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T h e s i s A b s t r a c t  
!

Int er e st! i n! h et er o bi m et alli c! c o m pl e x e s! st e m s! fr o m! t h e! pr o mi s e! t h e y! h ol d! a s! pr e c ur s or s! t o!

m at eri al s,! r e a g e nt s!i n! s y nt h e si s ,!a n d! a s! n e w! c at al y s t s.! T he !t h e si s! b e gi n s! b y!pr e s e nti n g !t h e!

T M – H – M!li n k a g e!( T M! =!tr a n siti o n! m et alA! M! =! M g,! Z n,! Al,! G a) !a n d! or g a ni s i n g!t h e!f ull! c at al o g u e!

of! e x a m pl e s !f or!it s!d e v el o p e d !u n d er st a n di n g. !

T h e! ! Gdi k eti mi n at e /(trih y dri d o) zir c o n o c e n e !c o m pl e x e s! of! M g! a n d! Z n! (D M g • Z r'a n d !D Z n• Z r )!

ar e!r e p ort e d,! cr e ati n g! a! M g,! Z n,! Al! s eri e s .! T h e! Zr– H – Z n!li n k a g e!i s! hit h ert o! u n k n o w n ,! a n d! Zr–

H – M g! h a s! n ot! b e e n!r e p ort e d! wit h o ut! s u p p ort!fr o m! al k y n e! or! al k e n e! bri d gi n g!li g a n d s .! T h e! n e w!

c o m pl e x e s! s h o w! v er y!littl e! e vi d e n c e! of! bri d g e! cl e a v a g e !t o!f or m!t h e! m o n on u cl e ar !c o m pl e x e s !

u n d er! 3 6 3! K .! S u c h! di s s o ci ati o n!i s!f a cil e!i n!t h e! al u mi ni u m! s y st e m!(M Al • Z r)!d o w n!t o! 1 9 3 !K .!T h e!

bri d gi n g! u nit! i s! pr o b e d! f urt h er! u si n g! 1 H!  N M R ! s p e ctr o s c o p y! a n d ! D F T! c al c ul ati o n s :! a ! ‘ c o g’!

m e c h a ni s m!i s! e st a bli s h e d !f or!t h e!c h e mi c al! e x c h a n g e! pr o c e s s! b et w e e n! t er mi n al! a n d! bri d gi n g!

h y dri d e !i n! b ot h!t h e! M g! a n d! Z n! a n al o g u e s.!T hi s! e x c h a n g e,! a n d! M II/ Zr! di s s o ci ati o n,!ar e !f o u n d!t o!

b e! e a si er! wit h! D Z n• Z r .!

T h e! r e a cti vit y! diff er e n c e s ! i n! t h e! M/ Zr! s eri e s! ar e! i n v e sti g at e d! wit h! r e g ar d s! t o! al k e n e!

i s o m eri s ati o n.!I n!t h e! c a s e! of!ti g htl yGb o u n d !D M g• Z r !(a n d !t h e! e a sil y! di s s o ci ati n g!M Al • Z r),!o nl y !t h e!

c at al yti c!i s o m eri s ati o n! of! c y cl o o ct a G1, 5 Gdi e n e! t o!c y cl o o ct a G1, 3 Gdi e n e !i s!eff e ct e d .!H o w e v er,! th e !

sli g htl y!  w e a k er Gb o u n d! D Z n• Z r ! r e a ct s!  wit h! eit h er! c y cl o o ct a di e n e! t o! gi v e! a! n e w ! Zr – H – Z n !

c o m pl e x!t h at!i n cl u d e s! a! bri d gi n g !c y cl o o ct y n e !li g a n d.!It!i s! pr o p o s e d!t h at!D Z n• Z r !h a s!t h e! a bilit y!

t o!di s s o ci at e!t o! gi v e !a! s p e ct at or! Z n! h y dri d e!fr a g m e nt! a n d!t h e! Zr! c e ntr e!t h at!i s! a cti v e !f or!t h e! o nG

m et al!i s o m eri s at i o n,! b ef or e!l at er!r e c o m bi n ati o n.!Ti g htl y Gb o u n d! D M g• Z r !gi v e s! th e !(E )Gs el e cti v e !

i s o m eri s ati o n! of! t er mi n al! al k e n e s! t o! i nt er n al! p o siti o n s! wit h! a ! hi g h ! r ati o! of! al k e n e: al k a n e!

pr o d u ct s! a cr o s s! a! n u m b er! of! s u b str at e s !– !M Al • Z r'gi v e s!l ar g er! a m o u nt s! of! al k a n e! b y Gpr o d u ct s ,!

a n d 'D Z n• Z r' i s! n ot! a n! a cti v e!c at al y st. !!
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t h e s h o plift e r s of t h e w o rl d, 
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D e cl a r a t i o n o f O ri gi n ali t y  
!

T h e!  w or k! c o nt ai n e d!  wit hi n! t hi s! t h e si s!  w a s! p erf or m e d! at! I m p eri al!  C oll e g e! L o n d o n! b et w e e n!

S e pt e m b er! 2 0 1 3 !a n d! O ct o b er !2 0 1 6 .!U nl e s s! st at e d! ot h er wi s e, !t hr o u g h! cit e d!r ef er e n c e! or! ot h er!

a c k n o wl e d g e m e nt,! it! i s! e ntir el y!  m y! o w n!  w or k! a n d! h a s! n ot! b e e n! pr e vi o u sl y! s u b mitt e d! f or! a!

d e gr e e! at!t hi s,! or! a n y! ot h er! u ni v er sit y. !

!

!

C o p y r i g h t D e cl a r a ti o n  
!

T h e! c o p yri g ht! of! t hi s! t h e si s! r e st s!  wit h! t h e! a ut h or! a n d! i s!  m a d e! a v ail a bl e! u n d er! a!  Cr e ati v e!

C o m m o n s! Attri b uti o n! N o n GC o m m er ci al! N o! D eri v ati v e!li c e n c e. !R e s e ar c h er s! ar e!fr e e!t o! c o p y,!

di stri b ut e! or!tr a n s mit!t h e!t h e si s! o n!t h e! c o n diti o n!t h at!t h e y! attri b ut e!it,!t h a t!t h e y! d o! n ot! u s e!if!f or!

c o m m er ci al! p ur p o s e s! a n d!t h at!t h e y! d o! n ot! alt er,!tr a n sf or m! or! b uil d! u p o n!it.! F or! a n y! r e u s e! or!

r e di stri b uti o n,!r e s e ar c h er s! m u st! m a k e! cl e ar!t o!ot h er s!t h e!li c e n c e!t er m s !of!t hi s! w or k.! !

!
!
!  
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A c k n o wl e d g e m e n t s  
!

Dr! M ar k !R.! Cri m mi n!i s! a n! ali e n! – !t h e! s ort! of! m a n! w h o! b uilt!t h e! P yr a mi d s,! o nl y!f or! c o n s pir a c y!

t h e ori st s!i n!l at er! mill e n ni a!t o!d e d u c e !a n! e xtr a Gt err e stri al!a g e n c y .!I! h a v e! h a d!t h e! pl e a s ur e! of!

b ei n g! b ut! o n e! of!t h o s e! p yr a mi d s,! p er h a p s! t h e!‘ diffi c ult! s e c o n d! p yr a mi d’,!b uilt! o n! s hifti n g! s a n d s!

a n d! fr o m!f alli bl e! m at eri al s.!T h er e!i s! of! c o ur s e! v er y!littl e! e ntr o pi c! c h a n c e!t h at! I!w o ul d! h a v e! b e e n!

c a p a bl e! of! b uil di n g! m y s elf.! T h er ef or e ,!si n c er el y, !I! s h all!f or e v er! b e!i n d e bt e d!t o! hi m.!!

T h a n k! y o u! f or! al w a y s! b ei n g! a! g o o d! s p ort,! f or! t e a c hi n g!  m e!  O c c a m’ s! r a z or! a n d! t h e!

i m p ort a n c e! of! St or y,! a n d! s h o wi n g! m e!t h e! h u m bli n g!f e at s! w hi c h! ar e! a c hi e v a bl e! w h e n! o n e!i s!

tr ul y!i n!l o v e! wit h!o n e’ s !w or k. !

M yt h ol o g y! st at e s!t h at! e v er y! ar c hit e ct !of!t h e !a n ci e nt! p eri o d! n e e d s! a !sl a v e!l a b o ur! w or k!f or c e ,!

a n d! O,! w h at! a! w or k!f or c e.! Of! c o ur s e!t h er e!i s! P et er! H a y c o c k! a n d! A n dr e w! W hit e! of!t h e! N M R!

a n d!  X R D! s er vi c e s! r e s p e cti v el y.!  T h a n k s! f or ! all! t h e ! l o n g! sl o g s!  w h er e! t h e! r e s ult s!  w er e! of! n o!

si g nifi c a n c e! t o! y o u A! a n d! t h a n k s! f or ! ki n dli n g ! m y! i nt er e st! i n ! cr y pti c! cr o s s w or d s! a n d! r a gl a n!

s w e at er s .!N o n et h el e s s,!I! still! wi s h! a! pl a g u e! o n! b ot h! y o ur!f o ot b all! cl u b s.! B ut!t h e n!t h er e!i s!t h e!

a b s ol ut e !l o w e st!a n d! m o st! d utif ul !c a st e !of! sl a v e s ,!t h e! Cri m mi n!G r o u p,! s el e ct e d! s o! a p p osit el y!

b y! M ar k!t o! c o m pl e m e nt! a n d! s u p p ort! e a c h! ot h er! w h e n! hi s! o w n! br a n d! of! a c a d e mi c! z e al otr y! f ail s.!

A di,! D a vi d,! Ol g a,! S a m,! Al e x,! W e n yi,! A n d y,! Cl ar e,! Br y a n,! T o m,! M artí! a n d! Gr e g:! t h a n k! y o u!f or!

b ei n g! s u c h! a! w ell Gr o u n d e d! b u n c h! of!n er d s ,!f or! d oi n g! all!t h e!t o u g h!j o b s!i n!t h e!l a b! a n d! offi c e,!f or!

y o ur! a c a d e mi c! b e q u e st s ,!a n d!f or! y o ur! u ni q u e !r e cr e ati o nal! h a bit s .!M a y! y o ur! S c hl e n k!li n e s! b e!

bl e s s è d,! a n d! y o ur! gl o v e b o x e s! s e al e d! wit h! a! ki s s. !

!

" " " !

!

S p e a ki n g! of! airti g ht !b o x e s ,!t h er e!i s! n o! d o u bt!t h at!t h e!pr o d u cti o n !of!t hi s!t h e si s! w o ul d! h a v e!

b e e n! i n! s o m e! w a y s!s m o ot h er !if!it! w er e!writt e n !i n! a! o n eGm a n! c a p s ul e!i n! n e ar Ge art h! or bit,! wit h!

a n!i nfi nit e! s u p pl y! of! e g g! c u st ar d!t art s.! Y et ,!it!i s! a!tr ut h! u ni v er s all y! a c k n o wl e d g e d,!t h at! a! si n gl e!

m a n! i n! d e sir e! of! e g g! c u st ar d! t art s ,!  m u st! b e! i n!  w a nt! of! a! lif e.!A s! s u c h,! I!  w o ul d! li k e! t o! gi v e!

u n e n di n g!t h a n k s!t o! all!t h e!fri e n d s!t h at! h a v e,! o v er!t h e! p a st!f o ur! y e ar s,! fr u str at e d! m y! e n d e a v o ur s!

wit h! w el c o m e! di str a cti o n s! a n d!i nt err u pti o n s.! Y o u! st o p p e d! m e!l o si n g! m y! mi n d !w h e n!I! n e e d e d!it!

m o st .!T h a n k s!t o! m y!f a mil y !f or!gi vi n g! m e !b eli ef! a n d! m o n e y ,!t h e! d e a d! o n e s!e q u all y .!T h a n k s!t o!

t h e!st at e !&! p o p ul ati o n! of!t h e! U K,!f or! ( a m o n g st! ot h er!t hi n g s)!y o ur!i n d ul g e n c e.! !

O n e! p er s o n! h a s! m a d e !f ar!m or e! s a crifi c e s!t h a n! a n y o n e! d uri n g !t h e! writi n g! of!t hi s!t h e si s.!I n!

f a ct,!I! o nl y! m a d e!t h e! gr a v e! mi st a k e!of! b e gi n ni n g!t h e! bl o o d y!t hi n g! b e c a u s e! s h e !w a s n’t! ar o u n d.!

J a d e! H u a n g,! s e e! y o u! aft er w ar d s.!!! !

!
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C H A P T E R 1 –  I N D R O D U C T I O N  

M a g n e si u m, Zi n c, Al u mi ni u m a n d G alli u m H y d ri d e 
C o m pl e x e s o f t h e T r a n si ti o n M e t al s  
               1 '

1 . 1 I N T R O D U C T I O N            2  

1 . 2 ## -C O M P L E X E S ( T M $$ H – M )          4  

1 . 3 O X I D A T I V E A D D I T I O N ( H – T M – M )          8  

1 . 4 L O W -V A L E N T M A I N G R O U P L I G A N D S F R O M 

D E H Y D R O G E N A T I O N ( T M $$ M )         1 0  

1 . 5 H Y D R I D E -B R I D G E D L E W I S A D D U C T S ( T M – H %% M )    1 2  

1 . 5. 1  L a t e T r a n si ti o n M e t al A d d u c t s        1 2  

1 . 5. 2  E a rl y T r a n si ti o n M e t al A d d u c t s        1 4  

1 . 6 M U L T I P L Y -B R I D G E D ( T M – H n – M, n > 1 ) C O M P L E X E S    1 6  

1 . 6. 1  R a r e E a r t h M e t al A d d u c t s         1 6  

1 . 6. 2  G r o u p 4 M e t al A d d u c t s         1 7  

1 . 6. 3  L a t e T r a n si ti o n M e t al A d d u c t s        2 0  

1 . 7 D I S C U S S I O N            2 3  

1 . 7. 1  S t r u c t u r e a n d B o n di n g         2 3  

1 . 7. 1. 1  Si g m a -C o m pl e x e s a n d O xi d a ti v e A d di ti o n    2 3  

1 . 7. 1. 2  M ul ti pl y -b ri d g e d H y d ri d e C o m pl e x e s     2 6  

1 . 7. 2  R e a c ti vi t y            2 7  

1 . 7. 3  P o t e n ti al i n C a t al y si s          2 9  

1 . 8 A P P E N D I X             3 1  

1 . 9 R E F E R E N C E S          3 2  
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C H A P T E R 2  

C h a r a c t e ri s a ti o n  o f ( H y d ri d o ) Zi r c o n o c e n e C o m pl e x e s o f 
M a g n e si u m, Zi n c a n d Al u mi ni u m  
               3 8  

2. 1  I N T R O D U C T I O N            3 9  

2. 1. 1   Ai m s             4 0  

2. 2  S Y N T H E S I S & G R O U N D S T A T E C H A R A C T E R I S A T I O N   4 2  

2. 2. 1   P r e p a r a ti o n            4 2  

2. 2. 2   S t r u c t u r al C h a r a c t e ri s a ti o n        4 2  

2. 2. 2. 1   Si n gl e -C r y s t al X -r a y Diff r a c ti o n        4 2  

2. 2. 2. 2   S t r u c t u r e b y D e n si t y F u n c ti o n al T h e o r y      4 5  

2. 2. 2. 3   S t r u c t u r e b y N M R C h a r a c t e ri s a ti o n       4 7  

2. 3  C H A R A C T E R I S A T I O N O F S T R U C T U R A L I N T E G R I T Y   5 0  

2. 3. 1   R el a ti v e S t a bili ti e s          5 0  

2. 3. 1. 1   E x p e ri m e n t al S t u di e s          5 0  

2. 3. 1. 2   T h e o r e ti c al S t u di e s          5 4  

2. 3. 2   H y d ri d e E x c h a n g e P h e n o m e n a        5 5  

2. 3. 2. 1   N M R S t u di e s           5 5  

2. 3. 2. 2   T h e o r e ti c al S t u di e s o n t h e E x c h a n g e M e c h a ni s m     5 9  

2. 4  S T O I C H I O M E T R I C R E A C T I V I T Y        6 3  

2. 4. 1   C – F b o n d Cl e a v a g e of P e n t afl u o r o b e n z e n e     6 3  

2. 4. 2   C r o s s o v e r wi t h a n O x a zi r c o n a c y cl e F r a g m e n t     6 6  

2. 4. 3   P u ri t y             6 9  

2. 4. 3. 1   1 H N M R            7 0 !

2. 4. 3. 2   C ol o u r            7 1  

2. 4. 3. 3   Q u a n ti t a ti v e A n al y si s         7 2  

2. 5  C O N C L U S I O N S            7 3  

2. 5. 1   F u t u r e W o r k            7 4  

2. 5. 1. 1   I n e r t B o n d Cl e a v a g e ( C – F / C – O)       7 4  

2. 6  E X P E R I M E N T A L            7 6  

2. 6. 1   G e n e r al             7 6  

2. 6. 1. 1   D a t a T r e a t m e n t & E q u a ti o n s        7 6  



!
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2. 6. 1. 2   M a t e ri al s            7 6  

2. 6. 2   S y n t h e si s a n d C h a r a c t e ri s a ti o n of t h e Bi m e t alli c H y d ri d e 

C o m pl e x e s            7 8  

2. 6. 2. 1   P r e p a r a ti v e -S c al e S y n t h e si s        7 8  

2. 6. 2. 2   N M R -s c al e E x p e ri m e n t s         8 0  

2. 6. 3   X -r a y C r y s t all o g r a p h y          8 4  

2. 6. 3. 1   D a t a a n d P a r a m e t e r s          8 4  

2. 6. 3. 2   C o m m e n t s o n t h e S t r u c t u r e s of t h e H e t e r o bi m e t alli c C o m pl e x e s  8 5  

2. 6. 4   D F T S t u di e s            8 7  

2. 6. 4. 1   C al c ul a t e d S t r u c t u r e s         8 7  

2. 7  R E F E R E N C E S          8 8  

 

C H A P T E R 3  

I s o m e ri s a ti o n o f C y cl o o c t a di e n e t o C y cl o o c t y n e  wi t h a 
Zi n c/ Zi r c o ni u m H e t e r o bi m e t alli c C o m pl e x  
              9 1  

3. 2  I N T R O D U C T I O N            9 2  

3. 1. 1   Al k y n e s a n d Di e n e s i n I s o m e ri s a ti o n      9 2  

3. 1. 1. 1   B a c k g r o u n d           9 2  

3. 1. 1. 2   M e c h a ni s m s of Al k y n e/ Di e n e I s o m e ri s a ti o n      9 3  

3. 1. 1. 3   Ai m s             9 5  

3. 2  R E S U L T S             9 6 !

3. 2. 1   C y cl o o c t a di e n e I s o m e ri s a ti o n R e a c ti o n s      9 6 !

3. 2. 2   S t r u c t u r al A n al y si s of t h e C y cl o o c t e n e A d d u c t    9 7 !

3. 2. 2. 1   E x p e ri m e n t al D a t a          9 8  

3. 2. 2. 2   D e n si t y F u n c ti o n al T h e o r y C al c ul a ti o n s      1 0 0  

3. 2. 3    S t a bili t y of t h e M e t all a c y cl o p r o p e n e       1 0 1  

3. 2. 3. 1   T h e o r e ti c al S t u di e s o n S t a bili t y        1 0 1  

3. 2. 3. 2   E x p e ri m e n t al S t a bili t y a n d R e a c ti vi t y       1 0 5  

3. 2. 4   M e c h a ni s ti c S t u di e s          1 0 7  

3. 2. 4. 1   S u b s t r a t e S c o p e           1 0 7  

3. 2. 4. 2   R e a c ti o n Ki n e ti c s          1 0 8  

3. 2. 4. 3   M e c h a ni s ti c P r o b e s a n d C o n t r ol E x p e ri m e n t s     1 1 1  



!
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3. 3  M E C H A N I S T I C D I S C U S S I O N A N D D F T S T U D I E S    1 1 5  

3. 3. 1   M e c h a ni s ti c Di s c u s si o n a n d D F T S t u di e s     1 1 5  

3. 3. 2   C ( s p 2 ) – H Cl e a v a g e T h e o r e ti c al I n v e s ti g a ti o n     1 1 7  

3. 3. 3   S el e c ti vi t y a n d B y -p r o d u c t s        1 1 9  

3. 3. 3. 1   B y -P r o d u c t s           1 1 9  

3. 3. 3. 2   H e t e r o bi m e t alli c Eff e c t wi t h Zi n c       1 2 1  

3. 4  C O N C L U S I O N S            1 2 2  

3. 4. 1   F u t u r e W o r k            1 2 2  

3. 4. 1. 1   T h e o r e ti c al S t u di e s          1 2 2  

3. 4. 1. 2   Di e n e/ Al k y n e V a ri a ti o n         1 2 2  

3. 4. 1. 3   E x p e ri m e n t al W o r k o n Z r         1 2 3  

3. 4. 1. 4   H e t e r o bi m e t alli c Eff e c t s wi t h Al/ Z r a n d M g/ Z r S y s t e m s   1 2 3  

3. 4. 1. 5   Wi d e r W o r k           1 2 4  

3. 5  E X P E R I M E N T A L            1 2 5  

3. 5. 1   G e n e r al             1 2 5  

3. 5. 1. 1   M a t e ri al s            1 2 5  

3. 5. 2   P r e p a r a ti v e -S c al e S y n t h e si s        1 2 5  

3. 5. 2. 1   N M R -s c al e C a t al y si s          1 2 7  

3. 5. 2. 2   N M R -s c al e R e a c ti o n s          1 2 9  

3. 5. 3   D F T S t u di e s            1 3 7  

3. 5. 4   X -r a y C r y s t all o g r a p h y S t u di e s        1 4 0  

3. 5. 4. 1   D a t a a n d P a r a m e t e r s          1 4 0  

3. 6  R E F E R E N C E S          1 4 2  

 

C H A P T E R 4  

( E ) -S el e c ti v e Al k e n e I s o m e ri s a ti o n C a t al y si s wi t h a 
M a g n e si u m/ Zi r c o ni u m H e t e r o bi m e t alli c C o m pl e x     
             1 4 6  

4. 1  I N T R O D U C T I O N T O A L K E N E I S O M E R I S A T I O N     1 4 7  

4. 2  R E S U L T S             1 4 9  

4. 2. 1   Al k e n e I s o m e ri s a ti o n          1 4 9  

4. 2. 2   M e c h a ni s ti c S t u di e s          1 5 1  

4. 2. 2. 1   M e t al H y d ri d e I n s e r ti o n -eli mi n a ti o n M e c h a ni s m     1 5 1  



!
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4. 2. 2. 2   & -All yl H y d ri d e M e c h a ni s m        1 5 3  

4. 2. 2. 3   M o n o m e t alli c C a t al y s t a n d t h e O ri gi n of S el e c ti vi t y    1 5 7  

4. 2. 2. 4   Ki n e ti c A n al y si s f o r t h e  M g/ Z r C a t al y s t      1 5 8  

4. 3  D I S C U S S I O N            1 6 3  

4. 3. 1   M e c h a ni s ti c P r o p o s al f o r t h e M g/ Z r C a t al y s t     1 6 3  

4. 3. 1. 1   O n -c y cl e M e c h a ni s m          1 6 3  

4. 3. 1. 2   P r e -c a t al y s t A c ti v a ti o n         1 6 4  

4. 3. 2   A u t o c a t al y si s            1 6 5  

4. 3. 2. 1   All yl b e n z e n e           1 6 5  

4. 3. 2. 2   All yl t ri m e t h yl sil a n e          1 6 6  

4. 3. 2. 3   O ri gi n of A u t o c a t al y s t        ! 1 6 6  

4. 3. 3   G e n e r al M e c h a ni s ti c S u m m a r y        1 6 7  

4. 4  C O N C L U S I O N            1 6 8  

4. 5  F U T U R E W O R K            1 6 9  

4. 5. 1   D M g • Z r  & D M g • 1 4           1 6 9  

4. 5. 2   E x p e ri m e n t al I s s u e s          1 6 9  

4. 5. 3   E xi s t e n c e a n d I d e n ti t y of c a t *        1 7 0  

4. 5. 3. 1   S y n t h e si s of c a t *  C a n di d a t e s        1 7 0  

4. 5. 3. 2   D M g • Z r / All yl b e n z e n e: c o n t r ol s a n d t r a p s f o r c a t *    1 7 1  

4. 5. 3. 3   M g  a n d Z n S y s t e m s          1 7 2  

4. 6  E X P E R I M E N T A L            1 7 3  

4. 6. 1   G e n e r al             1 7 3  

4. 6. 2   P r e p a r a ti v e -S c al e S y n t h e si s        1 7 3  

4. 6. 3   N M R -S c al e R e a c ti o n s          1 7 5  

4. 6. 3 . 1  C a t al yi c E x p e ri m e n t s (f o r T a bl e 4. 1)      ! 1 7 5  

4. 6. 3 . 2  M e c h a ni s ti c C o n t r ol s         ! 1 8 1  

4. 6. 3 . 3  Ki n e ti c s of Al k e n e I s o m e ri s a ti o n C a t al y si s     ! 1 8 7  

4. 6. 4   X -r a y C r y s t all o g r a p h y         ! 1 9 0  

4. 6. 5   D F T S t u di e s           ! 1 9 2  

4. 7  R E F E R E N C E S         ! 1 9 3 !

!

!



!
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5  S u p p o r ti n g I n f o r m a ti o n        1 9 6  

5. 1  D F T D A T A             1 9 6  

5. 2  N M R D A T A             1 9 9  

!  
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L i s t o f A b b r e vi a ti o n s  

!

2 , 6Gx yl yl ! 2, 6 GD i m et h yl p h e n yl!!

Ar ! ! Ar o m ati c! gr o u p !

B DI ! ! ! GDi k eti mi ni n at o !

BI N A P !! 2, 2' Gbi s( di p h e n yl p h o s p hi n o) G1, 1' Gbi n a p ht h yl !

c at.! ! ! C at al y st !

C p * ! ! P er m et h yl c y cl o p e nt a di e n yl,! ' 5 GC 5 M e 5 !

C O D ! ! C y cl o o ct a di e n e !

C y ! ! C y cl o h e x yl !

D ! ! D e ut eri u m,! 2 H! !

Di p p ! ! 2, 6 GDi Gi s oGpr o p yl p h e n yl !

D F T ! ! D e n sit y!f u n cti o n al !t h e or y!

E ! ! El e m e nt !

f sr! ! F or m al! s h ort n e s s! rati o !

F TI R ! ! F o uri er!tr a n sf or m!i nfr ar e d! s p e ctr o s c o p y !

L n ! ! L a nt h a ni d e !

M ! ! M ai n! gr o u p! m et al !

M e s ! ! 2, 4, 6 GTri m et h yl p h e n yl !

N B O ! ! N at ur al! b o n d! or d er !

N M R ! ! N u cl e ar! m a g n eti c!r e s o n a n c e !

N O E S Y ! N u cl e ar! O v er h a u s er! eff e ct! s p e ctr o s c o p y !

N P A ! ! N at ur al! p o p ul ati o n! a n al y si s !

o x.! a d d n. ! O xi d ati v e! a d diti o n !

Pi n ! ! Pi n a c ol at o !

p K a ! ! A ci d! di s s o ci ati o n! c o n st a nt !

Q T AI M !! Q u a nt u m!t h e or y! of! at o m s!i n! m ol e c ul e s !

r e d.! eli m.! R e d u cti v e! eli mi n ati o n !

r ef.!! ! R ef er e n c e !

T c ! ! T e m p er at ur e! of! c o al e s c e n c e !

T H F ! ! T etr a h y dr of ur a n !

T M ! ! Tr a n siti o n! M et al,!i n cl u di n g !t h e!l a nt h a ni d e s!

T M E D A ! N, N, N′, N′ GT etr a m et h yl et h yl e n e di a mi n e !

T S ! ! Tr a n siti o n! st at e !

V T ! ! V ari a bl e Gt e m p er at ur e!

W BI ! ! Wi b er g! b o n d!i n d e x !
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K e y f o r  I m p o r t a n t L a b ell e d C o m p o u n d s  

 

N ot a! b e n e :!Lit er at ur e! c o m p o u n d s! ar e! n u m b er e d! a s! si m pl e! Ar a bi c! n u m er al s! wit hi n !C h a pt er !1 ,!

b ut!i n!t h e! f oll o wi n g! c h a pt er s!t h e y!ar e! gi v e n!t h e! pr efi x!“ 1. ”!– !i. e.!8 0 !b e c o m e s! 1. 8 0 !i n! c h a pt er s!

2 – 4. !

!

!

!

! !
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“ I n a w a y, lit e r at u r e i s t r u e r t h a n lif e … O n p a p e r, y o u s a y e x a ctl y a n d c o m pl et el y w h at 

y o u f e el. H o w e a s y it i s t o b r e a k t hi n g s off o n p a p e r! ”  

Si m o n e! d e! B e a u v oir,! T h e! M a n d ari n s !
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C H A P T E R 1  –  I N T R O D U C T I O N 

M a g n e si u m, Zi n c, Al u mi ni u m a n d 
G alli u m H y d ri d e C o m pl e x e s of t h e 
T r a n siti o n M et al s  
 

!

!

!

!

!

!

!

!

!

!

!

T h e$ pr e p ar ati o n$ a n d$ a p pli c ati o n s$ of$ h et er o bi m et alli c$ c o m pl e x e s$ c o nti n u e$t o$ o c c u p y$

r e s e ar c h er s$ i n$ t h e$ fi el d s$ of$ or g a n o m et alli c,$  m ai n$ gr o u p,$ a n d$ c o or di n ati o n$ c h e mi str y.$

T hi s$i nt er e st$ st e m s$fr o m$t h e$ pr o mi s e$t h e s e$ c o m pl e x e s$ h ol d$ a s$ pr e c ur s or s$t o$ m at eri al s,$

r e a g e nt s$i n$ s y nt h e si s$ a n d$ a s$ n e w$ c at al y st s.$ T hi s$ c h a pt er$ or g a ni s e s$t h e$ st at e:of :t h e:art$

u n d er st a n di n g$ of$t h e$ T M – H – M$li n k a g e$( T M$ =$tr a n siti o n$ m et alA$ M$ =$ M g,$ Z n,$ Al,$ G a).$It$

di s c u s s e s$t h e$ str u ct ur e$ a n d$ b o n di n g$i n$t h e s e$ c o m pl e x e s,$t h eir$ k n o w n$ r e a cti vit y,$ a n d$

t h eir$l ar g el y$ u nr e ali s e d$ p ot e nti al$i n$ c at al y si s.$

$

P art s$ of$t hi s$ c h a pt er$ h a v e$ b e e n$ p u bli s h e d: $

M.! J.! B utl er! a n d! M.! R.! Cri m mi n, $C h e m.$ C o m m u n .,! 2 0 17 ,!5 3 ,! 1 3 4 8– 1 3 6 5 .!



!

2 !

1. 1 $ I N T R O D U C T I O N  

T h e! c at al yti c! pr a cti c e s! of!  C – H! b o n d! f u n cti o n ali s ati o n,! d e h y dr o c o u pli n g! (f or! h y dr o g e n!

st or a g e),! h y dr o b or ati o n! a n d! h y dr o sil yl ati o n! ar e! all! attr a cti v e! pr o s p e ct s!f or!t h e!f ut ur e! c h e mi c al!

e c o n o m y.! T h e! m o d er n! d e v el o p m e nt!i n!t h e s e! m et h o d ol o gi e s! c o nti n u e s!t o! b e! e n h a n c e d! b y!t h e!

p er c e pti o n! of! b or a n e! a n d! sil a n e! σ Lc o m pl e x e s! a s!i nt er m e di at e s!i n!r e a cti o n! m e c h a ni s m s!( Fi g ur e!

1. 1 ).!

A! σ Lc o m pl e x! c a n! b e! d e s cri b e d! a s! a n! ! 2 Lbi n di n g! of!t h e! " LE – H! b o n d!t o! a!tr a n siti o n! m et al!

c e ntr e! ( E!  =!  C,!  Si,!  B,!  H). 1, 2 ! Al o n g!  wit h! di h y dr o g e n! c o m pl e x e s, 3 L6 ! " Lsil a n e s! ar e! t h e!  m o st!

c o m pr e h e n si v el y! st u di e d!t y p e! of!t hi s! b o n di n g! m o d e. 7 L1 2 ! W hil e!t h e!l att er! a p p e ar! a s! p ot e nti al!

i nt er m e di at e s!i n! al k e n e! h y dr o sil yl ati o n! vi a!t h e! C h al k– H arr o d! m e c h a ni s m, 1 3, 1 4 !t h e!f or m er! b e ar!

si g nifi c a n c e!f or! a!r a n g e! of!i n d u stri all y!r el e v a nt! h y dr o g e n ati o n!r e a cti o n s. 1 5, 1 6 !I n! C– H! b or yl ati o n,!

st a bili s ati o n! of! c at a l yti c! i nt er m e di at e s! b y! a!  T M– H – B ! i nt er a cti o n! h a s! b e e n! s u p p ort e d! b y!

si g nifi c a nt! e x p eri m e nt al! m e c h a ni sti c! st u di e s. 1 7 L1 9 !!

!

Fi g u r e 1. 1. # T h e! c o nti n u u m! b et w e e n! " Lc o m pl e x! a n d! o xi d ati v e! a d diti o n!f or!t h e! c o or di n ati o n! of!

E – H! b o n d s!t o! a!tr a n siti o n! m et al. !

A! 3 Lc e ntr e! 2 Lel e ctr o n!i nt er a cti o n,!t h e! ! 2 Lli g ati o n! of! E– H!t o! T M! c a n! b e! vi e w e d! wit hi n!t h e! D e w ar L

C h att LD u n c a n s o n! m o d el! a n d!i nt er pr et e d! a s! a! c o m bi n ati o n! of:!i)! d o n ati o n! of!t h e! " Lel e ctr o n s!i n!

t h e! E– H! b o n d!t o! a! v a c a nt! or bit al! o n!t h e!tr a n siti o n! m et al! a n d!ii)! b a c k Ld o n ati o n!fr o m!t h e! m et al!

i nt o! t h e! " * Lo r bit al! of! t h e! s a m e!  E– H! b o n d.!  T h e! r e s ulti n g! " LE – H! a d d u ct! r e pr e s e nt s! a n!

i nt er m e di at e! al o n g!t h e! o xi d ati v e! a d diti o n!r e a cti o n! c o or di n at e!(Fi g ur e! 1. 1 )!– !p art! of! a! c o nti n u u m!

of! b o n di n g! d e s cri pti o n s! b et w e e n! fr e e!  E – H! a n d!  E – T M – H.! It! i s! cl e ar! t h at! t h e! n at ur e! of! t h e!

b o n di n g!i n! T M – H – E! c o nt ai ni n g! c o m pl e x e s!i s! a!t u n e a bl e! pr o p ert y,! b ei n g! a! c o n si d er ati o n! of!t h e!

s y m m etr y! a n d! e n er g y! of!t h e!fr o nti er! or bit al s! of!t h e!tr a n siti o n! m et al!fr a g m e nt! al o n g! wit h!t h e!

s u b stit u e nt s! o n,! a n d! n at ur e! of,! E.! !

! A!f u n d a m e nt al! q u e sti o n!t h at! ari s e s! w h e n! c o n si d eri n g!t hi s! m o d el,!i s:! w h at! h a p p e n s! w h e n! C,!

B! a n d!  Si! ar e! r e pl a c e d! b y!  m et alli c!  m ai n! gr o u p! el e m e nt s! s u c h! a s!  M g,!  Z n,!  Al,! or!  G a ?!  T h e!

i n cr e a s e d! i o ni c! c o ntri b uti o n!  wit hi n! t h e!  T M– H – M! i nt er a cti o n!  will! n e c e s s aril y! gi v e! a n ot h er!

di m e n si o n!t o!t h e! b o n di n g! d e s cri pti o n.! A s! wit h! sili c o n,!t h e! a bilit y! of!t h e s e! el e m e nt s!t o! e x p a n d!

t h eir! c o or di n ati o n! s p h er e!l e a d s!t o!t h e! p o s si bilit y! of!f or mi n g! a d diti o n al! b o n di n g!i nt er a cti o n s! wit h!

e xi sti n g! li g a n d s! o n! t h e!  T M! fr a g m e nt.!  F urt h er m or e,! f or! t h e! h e a vi er! gr o u p! 1 3! el e m e nt s! t h e!

f or m ati o n! of!l o wLv al e nt! M I!li g a n d s!t hr o u g h! m a nif e st ati o n! of!t h e!i n ertLp air! eff e ct! b e c o m e s! a n!



!

3 !

i m p ort a nt! c o n si d er ati o n. !

T h e! T M – H – M! m otif!i s! o n e! w a y! of! a dj oi ni n g!t w o! m et al! c e ntr e s! b e ari n g! at!l e a st! o n e!r e a cti v e!

h y dri d e!li g a n d!( Fi g ur e! 1. 2 a ).! T hi s! m otif! c a n! al s o! b e! o bt ai n e d! b y! c o or di n ati n g! a!tr a n siti o n! m et al!

h y dri d e!t o! a! n e utr al! m a i n! gr o u p! m et al!fr a g m e nt! (Fi g ur e! 1. 2 b ),! a n d! m ulti pl y! bri d g e d! s p e ci e s!

f or m e d! b y! a! c o m bi n ati o n! of!t h e!t w o! af or e m e nti o n e d! d o n orLa c c e pt or!i nt er a cti o n s!( Fi g ur e! 1. 2 c ).!!

!

Fi g u r e 1. 2. # ( a)!T h e !c o nti n u u m!f or! a d diti o n !of! M – H !t o! a!tr a n siti o n! m et al.!( b)! L e wi s! a d d u ct s!

b et w e e n! a! T M! h y dri d e! a n d! M,!( c)! c o m bi n ati o n! of!i nt er a cti o n s.! !

H er ei n!i s! s ur v e y e d!t h e !k n o w n! h et er o bi m et alli c! c o m pl e x e s! of!tr a n siti o n! m et al! a n d! m ai n! gr o u p!

h y dri d e s.! T h e! c o or di n ati o n! c h e mi str y! of! h et er o bi m et alli c!tr a n siti o n! m et al! h y dri d e s ,2 0 L2 2 !a n d! of!

Al,!  G a,! I n! a n d!  Z n Lb a s e d! li g a n d s! at! a! tr a n siti o n!  m et al! c e ntr e! h a v e! b e e n! s u m m ari s e d!

pr e vi o u sl y. 2 3 L2 6 ! T o! f o c u s! t h e! di s c o ur s e,! a! l o o s e! d efi niti o n! of! ‘ h et er o bi m et alli c! h y dri d e!

c o m pl e x e s’! i s! e m pl o y e d.!  T h e! c o m pl e x e s!  m o stl y! fit! t h e s e! crit eri a:! ( a)! cr y st all o gr a p hi c all y!

c h ar a ct eri s e dc! ( b)! 1: 1! r ati o! of! tr a n siti o n: m ai n! gr o u p!  m et alc! ( c)! t h e! a b s e n c e! of!  T M T M!

i nt er a cti o n sc! ( d)$a! h y dri d e!li g a n d!i n! a! bri d gi n g! r ol e.! T h e! s ur v e y!i s! arr a n g e d:! T M ← H – M,! T M –

H → M,! T M – H n – M!( n! >! 1). !

T h e! h alf Larr o w! n ot ati o n! a n d! c o v al e nt! b o n d! cl a s sifi c ati o n! a d v o c at e d! b y! Gr e e n,! Gr e e n! a n d!

P ar ki n! ar e! u s e d!t o!r e pr e s e nt!t h e! T M – H – M! 3 Lc e ntr e! 2 Lel e ctr o n!i nt er a cti o n s. 1 1 !T hi s!f or m ali s m!i s!

e m pl o y e d! a s! a n! or g a ni s ati o n al! pri n ci pl e! n ot! a s! a n! a b s ol ut e!i nt er pr et ati o n! of!t h e! b o n di n g! wit hi n!

T M – H – M! u nit s.! T h e!li n e! dr a wi n g s! ar e! c o n str u ct e d!fr o m!t h e! p er s p e cti v e! of!t h e!tr a n siti o n! m et al!

c o or di n ati o n! e n vir o n m e nt!i n! or d er!t o!r e pr e s e nt! c h ar g e! n e utr al !s p e ci e s!r at h er!t h a n! a n! a c c ur at e!

r e pr e s e nt ati o n! of!t h e! b o n di n g! wit hi n!t h e! T M– H – M! gr o u p.! T h e!lit er at ur e! s ur v e y!i s!f oll o w e d! b y!

di s c u s si o n! of! t h e! “ c o nti n u u m”! of! b o n di n g! d e s cri pti o n s,! r e a cti vit y! a n d! t h e! p ot e nti al! t h e s e!

c o m pl e x e s! h ol d!f or! c at al y si s. !
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1. 2 $ " -C O M P L E X E S  ( T M← H – M)  

T h e! Cri m mi n! gr o u p! h a s !r e p ort e d! 1 ,! a! Z n! c o n g e n er!of! str u ct ur all y! r el at e d  " Lal a n e! c o m pl e x e s!

(Fi g ur e! 1. 3 ).2 7 ! T h e! bi n di n g! of! t h e! zi n c! h y dri d e! t o! t h e!  C u I! c e ntr e! i s!  w e a k! a n d! r e v er si bl e.! I n!

t ol u e n e! or! b e n z e n e! s ol uti o n,! a n! e q uili bri u m! e xi st s! b et w e e n!t h e! h et er o bi m et alli c! c o m pl e x! a n d!

t h e! ! 2 Lar e n e! c o m pl e x! of! C u I.!  T h e! el e ctr o ni c! str uct ur e! of! t h e! t hr e e Lc e ntr e! li n k a g e! h a s! b e e n!

i n v e sti g at e d! b y! D F T! c al c ul ati o n s.! T h e! a n al y si s! s u g g e st s!t h at!t h e!f or m al! L! d o n ati o n! of!t h e! M–

H! " Lb o n d!t o!t h e! 4 s! or bit al! o n! C u I!i s! a c c o m p a ni e d! b y! w e a k! C u→ M! b a c k Ld o n ati o n!i nt o!t h e! M – H!

" * Lor bit al! ( s e e! D i s c u s si o n,!s e cti o n !1. 7. 1. 1 ).!I n! c o m bi n ati o n,!t h e! d at a! all o w! 1 !t o! b e! d e s cri b e d!

a s! a! w e a kl y! b o u n d! " Lc o m pl e x. !

!!!!!!!!!!!!!!!!!!!!! !

Fi g u r e 1. 3. # A  " Lz i n c a n e! c o m pl e x! of! C u
I
!

C o or di n ati o n! of!  Al – H! b o n d s! t o! C u I! h a s! al s o! b e e n! e x a mi n e dc! c o m pl e x e s! p o s s e s si n g! f o ur L

c o or di n at e! a n d!fi v e Lc o or di n at e! al u mi ni u m! c e ntr e s! h a v e! b e e n!i s ol at e d! ( Fi g ur e! 1. 4 ,!2# a n d! 3 ).!

T h e! bi n di n g! of!  C u – H – Al! i s! a g ai n!  w e a k! a n d! r e v er si bl e! b a s e d! o n! s ol uti o n!  N M R! st u di e s! a n d!

cr o s s o v er! e x p eri m e nt s.!I n! D F T! c al c ul ati o n s,!t h e! c o or di n ati o n! of! e x o g e n o u s!li g a n d s!t o!t h e! C u I!

fr a g m e nt! w a s!f o u n d! b e!i n cr e a si n gl y! e x er g o ni c! a cr o s s!t h e! s eri e s! C 6 F 6! <! H – B! <! H – Si! <! C 6 H 6! <!

H – Z n! <! H – Al! – !a!tr e n d!t h at!i s! m a nif e st!i n!t h e! e x p eri m e nt al! d at a. 2 7 !

I n!2# t h e! C u Al! v e ct or!li e s! o ut si d e! of!t h e! H – Al – H! w e d g e! – !t h e! o nl y! e x a m pl e! of!t hi s! str u ct ur al!

f e at ur e!i n! m ai n! gr o u p! m et al!" Lc o m pl e x e s. 2 7 !T h e!‘l e e! si d e’! c o or di n ati o n! of!t h e! Al – H! b o n d! a n d!

v er y! l o n g! i nt er m et alli c! di st a n c e! i n! 2# ar e! n ot a bl e.!  F or! c o m p ari s o n,! " Lc o m pl e x e s! of!  H B pi n!

( pi n a c ol b or a n e)! or! H B c at!( c at e c h ol b or a n e)! s h o w! diff er e nt! c o or di n ati o n! g e o m etri e s!t o!t h o s e! of!

f o urLc o or di n at e! b or a n e s! B H 3 • E M e3 !( E! =! N,! P).2 8, 2 9 !T h e! di s cr e p a n c y! h a s! b e e n!r ati o n ali s e d! b y!

di sr u pti o n! of! t h e!  T M B! b a c k Ld o n ati o n! d u e! t o! t h e! a b s e n c e! of! a! v a c a nt! a c c e pt or! or bit al! of!

s uit a bl e! e n er g y!i n! B H 3 • E M e3 ,! b e!it!t h e! b or o n! pLor bit al! or!t h e! " * Lor bit al! of!t h e! B – H! b o n d. 2 8 !W hil e!

st eri c!f a ct or s! ar e! u n d o u bt e dl y!i m p ort a nt,! a! si mil ar! eff e ct! m a y! e x pl ai n!t h e! s oli d! st at e! str u ct ur e s!

of! 2# a n d! 3 .! D F T! c al c ul ati o n s! ar e! c o n si st e nt! wit h!r e d u c e d! b a c kLd o n ati o n!fr o m! d 1 0 !C u I!i nt o!t h e!

Al – H! " * :or bit al! of! t h e! fi v e Lc o or di n at e! s p e ci e s!  w h e n! c o m p ar e d! t o! t h e! f o ur Lc o or d i n at e!

a n al o g u e. 2 7 ! Hi g h er! n u cl e arit y! s p e ci e s! c o nt ai ni n g!  C u – H – Al! i n t er a cti o n s! ar e! k n o w n! a n d! t h e!
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i nt er m et alli c! cl u st er! [( C p * Al C u)6 H 4 ]! h a s! b e e n! o bt ai n e d! fr o m! r e a cti o n! of! [ C p * Al]4 ! wit h!

[ P h3 P C u H] 6 .
3 0 !

!

Fi g u r e 1. 4. # " LAl a n e,! " Lg all a n e !a n d! " Lz i n c a n e!c o m pl e x e s! of!l at e! T M .!

Al dri d g e! a n d! c o Lw or k er s $pi o n e er e d!t hi s! ar e a! of!r e s e ar c h! a n d! h a v e!i s ol at e d! a! s eri e s! of! " :al a n e!

a n d! " :g all a n e! c o m pl e x e s! of! gr o u p s! 6! a n d! 7!tr a n siti o n! m et al! c ar b o n yl !c o m pl e x e s .3 1 L3 5 !Li k e! 2 !

a n d! 3 ,! t h e! str u ct ur e s! of! 4 – 7# c o nt ai n # " :Al – H! a d d u ct s! a n d! d eri v e! fr o m! li g a n d! e x c h a n g e!

r e a cti o n s,!i n!t hi s! c a s e!fr o m!t h e! p ar e nt! m et al! c ar b o n yl! u n d er! eit h er!t h er m al! or! p h ot o c h e mi c al!

c o n diti o n s.! F o ur Lel e ctr o n,! ! 2 :! 2 Lc o or di n ati o n! of! H – Al – H!( 8 – 9 )!r e q uir e s! a! 1 4Lel e ctr o n!tr a n siti o n!

m et al! fr a g m e nt,! { M( C O) 4 }! a n d! n e c e s sit at e s! di s pl a c e m e nt! of! t w o! li g a n d s! fr o m!  M L 6 ! st arti n g!

m at eri al s. 3 1, 3 3, 3 6 ! C o m pl e x e s! 7 *C r/ Al# a n d! 8 *C r/ Al# h a v e! n ot! b e e n! s e p ar at e d! a n d,! li k e! t h eir!

h e a vi er! c o n g e n er s,! 7 *M o/ Al# a n d! 8 *M o/ Al !w er e!i s ol at e d!i n! a n! a p pr o xi m at e! 9: 1! mi xt ur e! wit h!t h e!
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mi n or! c o m p o n e nt! c o nt ai ni n g!t h e! ! 2 :! 2 Lc o or di n ati o n! m o d e. 3 4 !T h e! a d d u ct! 8 *W/ Al !c o ul d! n ot! b e!

o bt ai n e d! b y! p h ot o ej e cti o n! of!  C O! fr o m! [ W( C O) 6 ]! a n d!  w a s! fi n all y! o bt ai n e d! u n d er! t h er m al!

c o n diti o n s! u si n g! [ W( C O) 4 ( 1, 5LC O D)]! a s! a! pr e c ur s or! ( C O D!  =! c y cl o o ct a di e n e). 3 4 ! T h e!  M Al!

di st a n c e!i n! 8 *W/ Al !i s! s h ort er! t h a n!  w o ul d! b e! e x p e ct e d! b a s e d! o n! t h e! li g ht er!  m e m b er s! of! t h e!

s eri e s,! pr e s u m a bl y! d u e!t o! a!ti g ht er! bi n di n g! of!t h e! " :al a n e!t o!t h e! m or e! e x p a n d e d! 5 d! or bit al s! of!

W.!I n! c o ntr a st!t o!t h e! W! a n al o g u e,! 8 *C r/ Al# m a y! b e!f or m e d! dir e ctl y! u p o n! h e ati n g! 7 *C r/ Al :! E yri n g!

a n al y si s! a n d!t h e!fir st! or d er! ki n eti c s! of!t hi s!r e a cti o n! h a v e!l e d !Al dri d g e! a n d! c o Lw or k er s!t o! s u g g e st!

it! pr o c e e d s! b y! a n! a s s o ci ati v e! p at h w a y.3 4 !!

All! T M – H – Al! h et er o bi m et alli c! c o m pl e x e s! c h ar a ct eri s e d! b y! Al dri d g e $a n d! c o Lw or k er s! s h o w!

sl o w! e x c h a n g e! b et w e e n!t h e! bri d gi n g! a n d!t er mi n al! h y dri d e!li g a n d s! o n!t h e! N M R!ti m e s c al e! at!

a m bi e nt!t e m p er at ur e. 3 1 L3 4, 3 6 !Fr o m! str u ct ur al! a n d! s p e ctr o s c o pi c! e v al u ati o n! of!t h e s e! c o m pl e x e s!

(4 – 9 ),!it! a p p e ar s!t h at! b a c kLd o n ati o n!i nt o!t h e! M – H! " * !or bit al!i s! n e gli gi bl e.! W hil st !t h e! cl o s e! T M M!

c o nt a ct s! ar e !s h ort! e n o u g h!t o! hi nt! at! T M – M!i nt er a cti o n !( e s p e ci all y!i n!9 *G a ),!t h e!f o urLm e m b er e d!

ri n g! i m p art e d! b y! t h e ! 2 :! 2 Lc o or di n ati o n!  m o d e! i n! 8 – 9 ! d e m a n d s! s u c h! a! s h ort! c o nt a ct. 3 3 ! T h e!

w e a k er! n at ur e! of!t h e! G a – H! b o n d s!( cf. !Al – H)! m e a n s! 8 *G a !i s! o nl y! a! mi n or! pr o d u ct! of!t h e!r e a cti o n!

of!t h e! c orr e s p o n di n g! g all a n e! wit h![ M( C O) 4 ( 1, 5LC O D)]! a s!t hi s! s p e ci e s!i s! u n st a bl e! wit h!r e s p e ct!

t o! di h y dr o g e n! eli mi n ati o n!(s e e! s e cti o n! 1. 4 ).3 6 !!

Alt h o u g h! t h e! c o or di n ati o n! c h e mi str y! of!  Z n – H – T M! a n d!  M g – H – T M! gr o u p s! r e m ai n s!

u n d er d e v el o p e d! w h e n! c o m p ar e d!t o!t h e! al u mi ni u m! a n al o g u e s,! th e! gr o u p !h a s !r e c e ntl y!r e p ort e d!

a! s eri e s! of! " Lzi n c a n e! c o m pl e x e s! of! cl o s el y!r el at e d!tr a n siti o n! m et al! c ar b o n yl!fr a g m e nt s.! Li g a n d!

e x c h a n g e!r e a cti o n s!r e a dil y! o c c ur! u n d er! p h ot o c h e mi c al! c o n diti o n s! a n d! 5 *Z n ,!7 *Z n ,!1 0 – 1 1 !h a v e!

b e e n!i s ol at e d! a n d! cr y st all o gr a p hi c all y! c h ar a ct eri s e d. 3 7 !

U e n o! a n d! c o Lw or k er s! pr o vi d e d! e vi d e n c e!t h at!t h e! ! 2 :! 2 Lc o or di n ati o n! m o d e!i s! n ot! n e c e s s ar y!

f or!t h e! st a bili s ati o n! of!" :g all a n e s, !a n d!r e p ort e d! 1 2 !a n d! 1 3 .3 8, 3 9 !T h e s e! c o m pl e x e s! w er e!f or m e d!

fr o m! di s pl a c e m e nt! of!  T H F! or!  C O! fr o m! gro u p! 6! tr a n siti o n!  m et al! c ar b o n yl! c o m pl e x e s ! b y!

G a H 3 • q ui n u cli di n e.!  W hil e! t h er e! i s! littl e! a c c o u nt! f or!  T M G a! i nt er a cti o n s! i n! 1 2 ,# 1 2 *W ! a g ai n!

c o nt ai n s! a! s h ort er! T M G a! s e p ar ati o n!t h a n! w h at! w o ul d! b e!r e a s o n e d!fr o m!i n s p e cti o n! of!t h e! s oli d!

st at e! str u ct ur e s! 1 2 *C r# a n d! 1 2 *M o .3 8, 3 9 !C o m pl e x! 1 3# i s! n oti c e a bl y! si mil ar!t o!6 !i n!t er m s! of!t h e!

T M – H – M! p ar a m et er s.!I n! b ot h! c a s e s,!t h e! C p c e ntr oi d – M n – H – M!t or si o n! a n gl e!i s! n e ar! 9 0 °! all o wi n g!

f or! o v erl a p! of!t h e! M– H! " * :or bit al! wit h!t h e! H O M O! of!t h e! M n!fr a g m e nt.! T h er e! ar e! al s o! si mil ariti e s!

t o!t h e!fir st!r e p ort e d! e x a m pl e! of! a!" :al a n e! c o m pl e x.! F or m all y! a! Ni 0 !s p e ci e s! p o s s e s si n g! a!tri e n e!

li g a n d! a n d! a! c o or di n at e d! al a n e,!1 4 !c o nt ai n s! a n! u n s u p p ort e d! Ni – Al – H!li n k a g e!t h at! s ur vi v e s!t h e!

s u b stit uti o n! of! t h e! tri d e nt at e! li g a n d!  wit h! t hr e e! e q ui v al e nt s! of!  C O! t o! f or m! [( C O) 3 Ni( µ L

H) Al M e 2 • q ui n u cli di n e].4 0 !!

A n! alt er n ati v e! a p pr o a c h! t o!  T M – H – Al! gr o u p s! h a s! b e e n! di s c o v er e d! b y!  Fi s c h er! a n d! c o L

w or k er s.! A d diti o n! of![ C p * Al] 4 !t o!tr a n siti o n! m et al s! wit h!l a bil e!li g a n d s!i s! pr o p o s e d!t o! g e n er at e!

i nt er m e di at e s! of! t h e! f or m! [ T M( Al C p *)n ]! ( n!  =! 4– 6 )! w hi c h! r e a ct! f urt h er,! eff e cti n g! t h e! i nt er L! or!
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i ntr a m ol e c ul ar!  C– H! a cti v ati o n! of! ar e n e s! or! al k a n e s. 4 1, 4 2 ! C o m pl e x e s! 1 5 – 1 6# (Fi g ur e! 1. 4 )! ar e!

f or m e d! t hr o u g h! t hi s! r o ut e! a n d! p o s s e s s! g e o m etri e s! t h at! ar e! c o n si st e nt!  wit h! t h e " Lal a n e s!

d e s cri b e d! a b o v e.! F or! e x a m pl e,!t h e! Al – H! di st a n c e!i n! 1 5# of! 1. 7 6( 3)! Å!li e s! wit hi n!t h e! r a n g e! f or!

e st a bl i s h e d!" Lal a n e s.! W hil e! 1 6 !p o s s e s s e s! el o n g at e d! Al – H! di st a n c e s!r a n gi n g!fr o m! 1. 8 8( 8)!t o!

1. 8 9( 7)! Å,!t h e s e! ar e! p er h a p s !s h ort er!t h a n!t h e! >! 2. 0! Å! s e p ar ati o n!r e q uir e d!t o! s u g g e st! o xi d ati v e!

a d diti o n! ( vi d e$i nfr a ).! T h e!l att er! m a y! b e! d e s cri b e d! a s! a! c o m pl e x! c o nt ai ni n g! st r et c h e d! " Lal a n e!

li g a n d s! wit h! a n! Al– H – T M! g e o m etr y! s o m e w h er e! b et w e e n! c o or di n ati o n! a n d! o xi d ati v e! a d diti o n.! !
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1. 3 $  O X I D A T I V E A D D I T I O N ( H– T M – M)  

T h e! Cri m mi n! gr o u p !h a s! r e p ort e d! t h e! t h er m al! r e a cti o n! of!  M– H! b o n d s! ( M! =! Al,! Z n,! M g)! wit h!

[ C p * R h( H)2 ( Si Et3 )2 ]!t o!f or m!1 7 #a n d! 1 8 ,4 3 !a!r e a cti o n!t h at!i s! b eli e v e d!t o! pr o c e e d!t hr o u g h!t h e! 1 6 L

el e ctr o n! i nt er m e di at e! { C p * R h H( Si Et 3 )}.!  T h e s e! s p e ci e s! ar e! diff er e nt! t o! t h e! " Lc o m pl e x e s!

d e s cri b e d! a b o v e! a n d! d at a! ar e! c o n si st e nt! wit h!t h e! pr o d u ct! of! o xi d ati v e! a d diti o n!( Fi g ur e! 1. 5 ).!!

!

Fi g u r e 1. 5. # a)! T h e !cr y st al! str u ct ur e! o f!1 7 *Al .! S el e ct e d! b o n d!l e n gt h s![ Å]:! R h( 1)– Si( 1)! 2. 3 6 6 8( 7),!

R h( 1) LAl( 1)! 2. 4 5 7 9( 7),! Al( 1) – H( 1)! 1. 5 1( 2),! Al( 1) – H( 2)! 2. 1 3( 3),! Al( 1) – H( 3)! 2. 2 2( 3),! R h – H ( 2),!

1. 4 7( 3),! R h – H( 3)! 1. 5 3( 3).! b)! O xi d ati v e! a d diti o n!( h y dri d e!t r a n sf er)! of! M– H! b o n d s!t o! a! R h! c o m pl e x !

I n! all! c a s e s!t h e! T M– M! di st a n c e s! ar e! wit hi n!t h e! s u m! of! c o v al e nt!r a dii! a n d!t h e! M H! di st a n c e s!

str et c h!t o! w ell! b e y o n d! 2. 0! Å.! M or e o v er!t h e!f o ur Ll e g g e d! pi a n oLst o ol! g e o m etr y! ar o u n d!t h e! R h!

c e ntr e,!i n cl u di n g!t h e! tr a n sLr el ati o n! of!t h e! h y dri d e!li g a n d s,!i s! c o n s er v e d! w h e n! c o m p ar e d! wit h!

sil yl !a n d! b or yl !a n al o g u e s,![ C p * R h( H) 2 ( Si Et3 )( X)]!( X! =! Si Et3 ,! B pi n).! T h e! d e s cri pti o n! of!1 9# a s! a n!

o xi d ati v e! a d diti o n! pr o d u ct! i s! s u p p ort e d! b y! t h e! si g nifi c a nt! 1 J R h – H ! v al u e! of! 4 0. 2!  H z! a n d!

t er mi n al # ( R h– H)!fr e q u e n c y! of! 1 9 6 6! c m L1 .! T h e!c al c ul at e d! c h ar g e s! ( N B O! a n al y si s)! o n! R h! ar e!

si g nifi c a nt!f or! o nl y!t h e! Z n! a n d! M g! a n al o g u e s.! A s! s u c h,! w hil e!t h e s e! Z n! a n d! M g! c o m pl e x e s! c o ul d!

b e! d e s cri b e d! a s! o xi d ati v e! a d diti o n! pr o d u ct s,! h y dri d e!tr a n sf er!t o!f or m! a n!“ at e Lc o m pl e x”!i s! al s o!

a!f air! d e s cri pti o n. 4 3 !

!

Fi g u r e 1. 6. # H y dri d e!tr a n sf er!t o!f or m! a!ti g htl y! b o u n d!i o n Lp air,! c o m pl e x! 2 0 .
4 6

!!

T h e! str u ct ur e! of! 1 7 *Al ,! a n! a n al o g u e! of! 1 8 # t h at! i n c or p or at e s!  m or e! st eri c all y! d e m a n di n g!

s u b stit u e nt s! o n! t h e  $ Ldi k eti mi n at e! li g a n d,! s h o w s! a! g e o m etr y!  wit h! f a mili ar! tr a n sLdi s p o s e d!

r ef. 4 3

2 0

{ M L2 X 4 Z}
- ≡  M L 2 X 5

R h

Si Et 3

H

H
iPr iPr

M

N

N
iPr

iPr

1 8

M = Al – H, Z n, M g

1 9

R h

Si Et 3

H

H
M e s

Al

N

N

M e s
H

R h

P M e 3

H
iPr iPr

Z n

N

N
iPr

iPr

r ef. 3 7

M L 3 X 3

R h
Al

H 3

H 2 H 1

Si

b)a) 1 7 1 8 1 9

r ef. 4 3

H
F e

iPr

iPr
N

N

iPr

M L 4 X 2 = { M L3 X 3 }
– Z +

r ef. 4 5

H
H

T H F
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!

9 !

h y dri d e s,! s h ort! T M – Al! di st a n c e! a n d!l o n g! Al H! di st a n c e s!( Fi g ur e! 1. 5 ).! R e a cti o n! of!1 8 *Z n !wit h!

a n! e x c e s s! of! P M e 3 !u n d er! p h ot o c h e mi c al! c o n diti o n s!l e a d s!t o!t h e! eli mi n ati o n! of! a n! e q ui v al e nt! of!

sil a n e! a n d!f or m ati o n! of! 1 9 .! T hi s!l att er! h et er o bi m et alli c! c o m pl e x! a g ai n! c o nt ai n s!a! s h ort! T M – M!

di st a n c e! a n d! a! M H! s e p ar ati o n! of! gr e at er!t h a n! >! 2. 1! Å. 3 7 !!

Mi n di ol a! a n d! c o Lw or k er s! h a v e! i s ol at e d! a! r el at e d!  F e – H – M g! c o m pl e x,! al b eit! a s! a!  mi n or!

c o m p o n e nt! of! a!  mi xt ur e! f or m e d! u p o n! r e a cti o n! of!  Et M g Cl!  wit h! a n! ir o n! c hl ori d e! pr e c ur s or. 4 4 !

C o m pl e x! 2 0 #(Fi g ur e! 1. 6 )! al s o! r e s ult s!fr o m! C – H! a cti v ati o n! of!t h e!li g a n d. 4 5 ! W hi l st!it! c o ul d! b e!

a s si g n e d! a s! a n! " LM g – H! c o m pl e x! of! F e!t h e!l o n g! M g H! di st a n c e! a n d! s h ort! F e – H! s e p ar ati o n!

m a k e!t hi s! d e b at a bl e .!It!i s! ar g u a bl y! cl o s er!t o! a n! at eLc o m pl e x!f or m e d! b y! a!ti g htl y! b o u n d! { F e–

H} − → M g + !i o nLp air.! Alt h o u g h! b ot h! 2 0 !a n d! 1 7 – 1 9 !c a n! b e! d e s cri b e d! a s!t h e! pr o d u ct s! of! h y dri d e!

tr a n sf er!t h e! k e y! diff er e n c e!i s!t h at!t h e!l att er! ar e!f or m e d!fr o m! a d diti o n! of!t h e! M– H! b o n d!t o!t h e!

T M! c e ntr e! a n d! c o nt ai n! a! d efi n e d! a n d! q u a ntifi a bl e! T M – M! b o n d. !



!

1 0 !

1. 4 $ L O W -V A L E N T M A I N G R O U P L I G A N D S F R O M 

D E H Y D R O G E N A T I O N ( T M← M)  

T h e! pr o d u ct s! of! o xi d ati v e! a d diti o n! of! M – H! b o n d s!t o!tr a n siti o n! m et al s! m a y! o nl y! b e!i nt er m e di at e s!

o n! a! p at h!t o! c o or di n at e d!l o w Lv al e nt!fr a g m e nt s!( M! =! Al,! G a).! A s!t h e! m ai n! gr o u p!i s! d e s c e n d e d,!

n ot! o nl y! d o e s!t h e!r e d u c e d! M – H! b o n d! str e n gt h!r e s ult!i n! e a si er! M – H!“ b o n d! a cti v ati o n”,! b ut!t h e!

m a nif e st ati o n! of! t h e! i n ert! p air! eff e ct!  m e a n s! t h e! l o w er! c o m m o n! o xi d ati o n! st at e! b e c o m e s!

i n cr e a si n gl y! st a bl e.!!

T w o! e x a m pl e s! of! t h e! g e n er ati o n! of!  Al I! li g a n d s! b y! t h e! d e h y dr o g e n ati o n! of! al umi ni u m!

di h y dri d e! pr e c ur s or s!i n!t h e! c o or di n ati o n! s p h er e! of! a!tr a n siti o n! m et al! h a v e! b e e n!r e p ort e d.! T h e!

pr o d u ct s! of! t h e s e! r e a cti o n s! r et ai n! a n! u n d e ni a bl e!  H Al! i nt er a cti o n.!  T h e! p h ot o c h e mi c al!

eli mi n ati o n! of!  H Si Et 3 ! fr o m! 1 8 # l e a d s! t o! t h e! di m er!2 1# (Fi g ur e! 1. 7 ).4 3 ! C o m pl e x! 2 1# c o nt ai n s ! a!

{R h 2 Al 2 H 4 }! c or e.!  S u p p orti n g! t h e! ar g u m e nt! f or! Al I! i s! t h e! d e vi ati o n! of! t h e! al u m o c y cl e! fr o m!

pl a n arit y,! s u g g e sti v e! of! d e cr e a s e d  % Ld o n ati o n! b y!t h e! N! at o m s!i nt o!t h e! 3 p! or bit al! of! Al.! T hi s!

all o w s!f or! Al I!!t o! a ct! a s! b ot h! a! ZL!a n d! L Lt y p e!li g a n d! wit h! r e s p e ct!t o! Rh. 4 3 !Str u ct ur all y! r el at e d!

i nt er m et alli c! c o m p o u n d s! c o nt ai ni n g! {Pt 2 G a 2 H 4 },
4 6 ! {R u 2 G a H 2 },

4 7 ! {R u 2 G a 2 H 4 },
4 8 ! {R u 2 Al 2 H 4 },

4 8 !

{C o 2 H 2 Al 2 },
4 9 !{R h 2 Z n 2 H 2 }!gr o u p s! ar e! all! k n o w n, 5 0, 5 1 !a s !ar e! hi g h er! n u cl e arit y! s p e ci e s!i n! w hi c h!

m ulti pl e! m ai n! gr o u p!fr a g m e nt s! a ct! a s!li g a n d s!f or!t h e!tr a n siti o n! m et al!( s e e! 1. 8 !A p p e n di x,! Fi g ur e!

1. 2 5 ).5 2 L5 7 ! T h e!  w or k! o n! cl u st er! c o m pl e x e s! s u p p ort e d! b y! or g a n o zi n c,! or g a n o al u mi n u m! a n d!

or g a n o g alli u m!li g a n d s! h a s! b e e n!r e vi e w e d! b ef or e. 2 3 L2 6 !

!

Fi g u r e 1. 7. # G e n er ati o n! of! Al
I
!li g a n d s!fr o m! a d diti o n! of! al u mi ni u m! di h y dri d e s!t o! T M!

C o or di n ati o n! of! a! r el at e d! al u mi ni u m! di h y dri d e!t o! a! 1 4 Lel e ctr o n! { C o I( C O)3 }
+ !s y nt h o n! gi v e s! 2 2#

(Fi g ur e! 1. 7 ).3 4 !T hi s!l att er! s p e ci e s! a p p e ar s!t o! b e! a! pr o d u ct! of! si m ult a n e o u s! a d diti o n! of! b ot h! Al –

H! b o n d s!t o! C o.! T h e! bri d gi n g! Al H! di st a n c e s! of! 1. 9 2( 3) – 1. 9 8( 3)! Å!i n! 2 2# ar e! c o m p ar a bl e!t o !t h o s e!

f o u n d!i n!t h e! o xi d ati v e! a d diti o n! pr o d u ct s!1 7 *Al# or! 1 8 !of! 2. 0 – 2. 2! Å ,!b ut! ar e!l o n g er!t h a n!t h o s e!

f o u n d!i n!" Lc o m pl e x e s! of!t h e! s a m e! al u mi ni u m! s p e ci e s! w hi c h!t y pi c all y!r a n g e!fr o m! 1. 6 – 1. 8! Å.! A s!

wit h! 2 1, !t h e! al u mi ni u m! c e ntr e!r e c ei v e s! a d diti o n al! el e ctr o n! d e n sit y,! h er e! b y! e n dLo n! c o or di n ati o n!

of! a n!i s o c ar b o n yl!li g a n d! of!t h e!f or m all y! a ni o ni c! { C o( C O) 4 }
!m oi et y.! T h e! el e ctr o ni c! str u ct ur e! of!

2 2

[ M L5 ]
+

C oO C
H

O C

H

iPr
iPr

Al

N

N

Di p p
O C O

C

C o( C O) 3

C o( C O)3
H

H
Al 3 +

C o( C O) 4

C o( C O)3
H

H
Al 1 +

C o( C O) 4

2 1

M L 3 X 3 Z

r ef. 4 3

R h
H
H

M e s Al

N
N

M e s

2

[ M L4 X 2 ]
+

r ef. 3 4



!

1 1 !

2 2 ! li e s! s o m e w h er e! b et w e e n! t h e! bi s ! " Lc o m pl e x! a n d! t h e! d e h y dr o g e n at e d!  C o III/ AlI! s p e ci e s!

(Fi g ur e! 1. 7 ).!!

C o m pl e x ati o n! of! g all a n e s!t o!l at e!tr a n siti o n! m et al! c ar b o n yl !c o m pl e x e s !( T M! =! Cr,! M o,! W,! M n,!

F e,! C o)! h a s! b e e n! s h o w n!t o!l e a d!t o!t h e!f or m ati o n! of! G a I!li g a n d s!(Fi g ur e! 1. 8 ).! O v er all,!t h e! g alli u m!

L Lt y p e! li g a n d! eff e cti v el y! r e pl a c e s! a! c ar b o n yl! li g a n d.! T h e! pr o c e s s! i n cl u d e s ! s p o nt a n e o u s! or!

p h ot o Li n d u c e d! e xtr u si o n! of! di h y dr o g e n!( s e e! Di s c u s si o n,! Fi g ur e! 1. 2 3 ).3 4, 3 6 !C o m pl e x e s! 2 3# a n d!

2 4 !ar e!f or m e d!fr o m! a d diti o n! of! g all a n e s!t o![( ! 5 LC 5 H 4 M e) M n( C O) 3 ]! a n d![ T M( C O)n ]! ( T M! =! Cr,!

M o,! W,! n! =! 6c!! T M! =! F e,! n! =! 5)! pr e c ur s or s.! A! H – T M – G a – H! i nt er m e di at e!i s! pr o p o s e d,!fr o m!

w hi c h! 1, 2 Le li mi n ati o n! of! di h y dr o g e n! o c c ur s.!!

!

 
Fi g u r e 1. 8. # G e n er ati o n! of! G a

I
!li g a n d s!fr o m! a d diti o n! of! g alli u m! di h y dri d e s!t o! T M!

R e a cti o n s! e m pl o yi n g! 3 4 Lel e ctr o n! c ar b o n yl! c o m pl e x e s![ M n 2 ( C O)1 0 ]! or![ C o2 ( C O)8 ]!i n! pl a c e! of!

t h e! 1 8Lel e ctr o n![ M( C O) n ]! c o m pl e x e s! pr o c e e d! si mil arl y.! F or! C o,!o xi d ati v e! a d diti o n! of!t h e! G a – H!

b o n d!i s!f oll o w e d! b y! H 2 !eli mi n ati o n! a cr o s s!t h e! T M – M! b o n d!t o! gi v e! 2 5 .! F or! M n,! o xi d ati v e! a d diti o n!

i s!f oll o w e d! b y! r e d u cti v e! eli mi n ati o n! of! H– T M( C O) 4 !a n d  & Lmi gr ati o n! of!t h e! r e m ai ni n g! h y dri d e!

fr o m!  G a! t o!  M n! t o! f or m! 2 6 .3 6 ! T h e! pr e Lmi gr ati o n! i nt er m e di at e! – ! a!  M n – G a – H!  m oi et y! – ! fi n d s!

e x p eri m e nt al! s u p p ort! fr o m! t h e!  w or k! of! t h e! gr o u p s! of! b ot h!  Dri e s s! a n d!  Fi s c h er!  w h o! h a v e!

r e p ort e d! c o m pl e x e s! c o nt ai ni n g! F e ← G a– H, 5 8 !a n d! T M ← M – H! m oi eti e s!( T M! =! Cr,! M o,! Z nc! M! =!

Al,! G a). 5 9 L6 1 !!

!
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!

1 2 !

1. 5 $ H Y D R I D E -B R I D G E D L E W I S A D D U C T S ( T M– H → M)  

1. 5. 1 !L a t e T r a n s i t i o n M e t a l A d d u c t s   

L e wi s! a ci di c!  m ai n! gr o u p!  m et al! c e ntr e s! wit h o ut ! h y dri d e! s u b stit u e nt s!  m a y! b e! c o or di n at e d! b y!

tr a n siti o n! m et al! h y dri d e s!i n!t w o! diff er e nt! w a y s:!i)!t hr o u g h! a! dir e ct! m et al– m et al!i nt er a cti o n!fr o m!

d o n ati o n! of! d Lel e ctr o n s! of!t h e! T M!t o!t h e! m ai n! gr o u p! m et al!( Z Lt y p e!li g a n d)! or!ii)!t hr o u g h! 3Lc e ntr e!

2 Lel e ctr o n! h y dri d e! bri d g e s! of! t h e! f or m!  T M – H → M! ( Fi g ur e! 1. 2 b ).!  Eli mi n ati o n! r e a cti o n s!  m a y!

r e s ult!fr o m!t h e s e! a d d u ct s! (Fi g ur e! 1. 9 ).! F or! al k a n e! ( or! ar e n e)! eli mi n ati o n!t o! o c c ur,!th e! p K a !of!

t h e! h y dri d e!m u st! b e !l o w! e n o u g h! a n d!t h e! m et al! al k yl!( or! ar yl)! b a si c!e n o u g h .!!

!

Fi g u r e 1. 9. # Al k a n e! a n d! ar e n e! eli mi n ati o n!fr o m! L e wi s! a ci d Lb a s e! a d d u ct s. !

!

Fi g u r e 1. 1 0. # L at e!tr a n siti o n! m et al! a d d u ct s. !

T M M R n

H

H

T M M R n- 2T M M R n- 1

H
-R H -R H

A B C



!

1 3 !

F or! e x a m pl e,! A n d er s e n! a n d! B er g m a n! h a v e!r e p ort e d!t h e!r e a cti o n! of![ C p *Ir( H) 2 ( P M e3 )]! wit h!

a! s eri e s! of! or g a n o Lal u mi ni u m! a n d! Lm a g n e si u m! c o m p o u n d s! ( Fi g ur e! 1. 1 0 ).6 2 ! C o or di n ati o n! of!

P h 3 Al!t o!f or m! 2 7# r e s ult s!i n!t h e! wi d e ni n g! of!t h e! H– Ir– H! a n gl e! b y! 2 0 °! a n d! si g nifi e s! d o mi n a nt! T M –

M! b o n di n g.! A d d u ct! 2 7# i s! r e pr e s e nt ati v e! of!b o n di n g! sit u ati o n! A .! I n! c o ntr a st,! t h e! r e a cti o n! of!

[ C p *Ir( H)2 ( P M e3 )]!wit h! P h 2 M g( T H F) 2 ! eli mi n at e s! b e n z e n e! a n d! f or m s! 2 8 ,!  w hil e! t h at!  wit h!  Al Et3!

eli mi n at e s!t w o! e q ui v.! of! et h a n e! a n d! yi el d s!t h e! di m eri c! s p e ci e s![ C p *Ir P M e 3 (µ LAl Et)] 2 ,!2 9 .#T h e s e!

T M – M! pr o d u ct s! ar e! di m eri c! e x a m pl e s! of! B# a n d! C# r e s p e cti v el y.!B ot h! 2 8# a n d! 2 9 !a cti v at e! C O 2 ,!

gi vi n g![ C p *Ir( P M e 3 ) C O]! a s!t h e! T MLc o nt ai ni n g! pr o d u ct. 6 2
  

T h e! T M M! di st a n c e s!i n! 2 7 – 2 9# ar e!i n! t h e!r a n g e! of! t h e!s u m! of!t h e! c o v al e nt! r a dii,! a n d!t h e!

c o or di n ati o n! at!iri di u m!i n! 2 7# i s! s u c h!t h at!t h e!Ir– Al! b o n d!i s! di st ort e d! a w a y!fr o m!t h e!Ir H 2 !pl a n e!

b y! 3 7 °. 6 2 !T h e! g e o m etri e s! c o ntr a st! wit h!t h o s e! of! 3 0 *W# a n d! 3 0 *M o .! Fir st!r e p ort e d#b y! W ail e s! et$

al. 6 3 !a n d! St orr! et$ al. ,6 4 $3 0 *W !h a s! b e e n! c h ar a ct eri s e d! b y! X Lr a y! diffr a cti o n! a n d! a n al y s e d! b y! D F T!

m et h o d s. 6 5, 6 6 !W hil e!t h e! c urr e nt! u n d er st a n di n g!i s!t h at!t h e!t w o! m et al s!i nt er a ct!t hr o u g h! a! si n gl e!

h y dri d e! bri d g e!t o! Al,!t h er e!i s!li mit e d! d at a!t o! s u p p ort! a! n o n Ln e gli gi bl e! T M → M! d o n ati o n.! Fir stl y,!

t h e! H O M O! o n!t h e! T M!fr a g m e nt!i s! c al c ul at e d!t o! b e!a! m et al Ll o c ali s e d! dLor bit al Lt y p e! s uit a bl e!f or!

el e ctr o n! d o n ati o n.!  S e c o n dl y,! t h e!  B X 3 ! ( X!  =!  F,!  Cl)! a d d u ct s! of! t h e! s a m e!  T M! fr a g m e nt s!  w er e!

c al c ul at e d! wit h!t h e! b or o n! at o m!l yi n g! o ut si d e! of!t h e! H – T M – H! w e d g e. 6 6 !!

Alt h o u g h!t h e! g alli u m! a n d! b or o n! a n al o g u e s! of! 3 0# ar e! y et!t o! b e! i s ol at e d,!1 H! N M R! d at a!f or! a!

G a M e 3 /[ C p2 W H 2 ]! a d mi xt ur e! s h o w s!li k el y! e q uili bri u m! b et w e e n!fr e e! c o m p o u n d s! a n d! a! w e a kl y!

b o u n d! a d d u ct. 6 7 !T h e s e! d at a! ar e! c o n si st e nt! wit h!t h e! k n o w n! a c c e pt or! str e n gt h! of!t h e! L e wi s! a ci d s!

Al M e 3! >! G a M e 3! >! B M e 3 .! R h eni u m! a n al o g u e s! of! 3 0# w er e! di s c o v er e d! b y! W ail e s! et$ al. !u si n g!t h e!

m et all o c e n e![ C p 2 R e H]. 6 3 !T h e! p ot e nti al!f or!r e v er si bl e! H/ D! e x c h a n g e! b et w e e n!t h e! h y d ri d e s! a n d!

pr ot o n s! of!t h e! c y cl o p e nt a di e n yl!ri n g! of! 3 0 *W# h a s! b e e n! hi g hli g ht e d! a n d! pr o p o s e d!t o! o c c ur! b y! a!

m e c h a ni s m!i n v ol vi n g! a n c hi m eri c! a s si st a n c e. 6 5 !N o n Lr e v er si bl e!i ntr a m ol e c ul ar! d e pr ot o n ati o n! of!

t h e! c y cl o p e nt a di e n yl!li g a n d s!i s! al s o! w ell! e st a bli s h e d,! a n d! oft e n!l e a d s!t o! hi g h! n u cl e arit y! s p e ci e s!

s u c h! a s! c o m pl e x! 3 1 .6 8 L7 1 !

W h e n! [ C p 2 M o H 2 ]!  w a s! tr e at e d!  wit h! et h yl zi n c! br o mi d e,! 3 2 ! w a s! i s ol at e d! a n d! pr e s u m e d! t o!

d eri v e!fr o m! Z n Br 2 !f or m e d!fr o m! a! S c hl e n kLt y p e! e q uili bri u m.7 2 !A n  ! 2 :! 2 Lb o n di n g! m o d e! of!t h e! M o!

h y dri d e s! i s! i m pli e d! b y! t h e! n arr o wi n g! of! t h e!  M o H 2 ! w e d g e! u p o n! a d d u ct! f or m ati o n,! d at a! t h at!

c o ntr a st!t h o s e! of! 2 7 .! A! si mil ar! a d d u ct,!3 3 ,!i s!f or m e d!fr o m! a d diti o n! of! a!bi s Lar yl o x y! zi n c! s ol v at e!

t o! a! R h!tri h y dri d e! c o m pl e x.7 3 !

R e a cti o n! of! a! mi xt ur e! of! N b Cl 5 ,! s o di u m! c y cl o p e nt a di e n yl! a n d! zi n c! p o w d er!i n! T H F! u n d er! a n!

at m o s p h er e! of!  C O,! a n d! s u b s e q u e nt! tr e at m e nt!  wit h!  N a B H 4 ,! gi v e s! 3 4 .7 4 ! T h e!  m et al m et al!

di st a n c e! i n! 3 4 ! i s! j u st!  wit hi n! t h e! s u m! of! t h e! c o v al e nt! r a dii! a n d! t h er e! i s! a! s hift! of! t h e # ( C O)!

a b s or pti o n! u p o n! c o or di n ati o n! of!t h e! L e wi s! a ci d !r el ati v e!t o![ C p2 N b( C O) H]!( 1 9 1 0 !t o!1 9 6 0! c m L1 ).!

B ot h!fi n di n g s! m ar k! a! si g nifi c a nt! N b → Z n!i nt er a cti o n.!I n! c o ntr a st,! o nl y! a! s m all! s hift!i n!t h e! # ( C O)!

a b s or pti o n!i s! s e e n! u p o n!r e a cti o n! of![ C p 2 N b H( C O)]! wit h! Al Et 3 .
7 5 !B a s e d! o n! si g nifi c a nt! c h a n g e s!



!
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t o! t h e! h y dri d e! r e s o n a n c e! o b s er v e d! b y! 1 H!  N M R! d at a,! t h e! c o or di n ati o n! of!  Al Et 3 ! i n!

[ C p2 N b( L) H• Al Et 3 ]!( L! =! C O,! C2 H 2 ,! P M e3 )!i s! pr o p o s e d!t o! o c c ur!t hr o u g h! a µ Lh y dri d e!li g a n d!r at h er!

t h a n! a! dir e ct! m et al m et al!i nt er a cti o n.! R el at e d!r e a cti o n s! b et w e e n! a! 1: 1! mi xt ur e! of![ C p 2 N b H 3 ]! or!

[ C p2 T a H 3 ]! a n d![ C p2 Z n]! d o! n ot!l e a d!t o! a d d u ct!f or m ati o n! b ut! c y cl o p e nt a di e n e! eli mi n ati o n! a n d!

f or m ati o n! of! n e w! s p e ci e s!3 5# a n d! 3 6# b ot h! of! w hi c h! c o nt ai n! T M – Z n! b o n d s. 7 6, 7 7 !T e b b e! a n d! c o L

w or k er s! r e p ort e d! t h e! d 1! c o m pl e x! [( C p 2 N b H 2 )2 Z n]! fr o m! t h e! 1: 2! r e a cti o n! of!  Et 2 Z n!  wit h!

[ C p2 N b H 3 ].
7 5 !Hi g h er! n u cl e arit y! s p e ci e s! 3 6 – 3 8# h a v e! b e e n!i s ol at e d!fr o m!r e a cti o n s! of!r ut h e ni u m!

p ol y h y dri d e! c o m pl e x e s! or![ C p 2 M o H 2 ]! wit h! m ai n! gr o u p! al k yl s!(Fi g ur e! 1. 1 0 ).7 8 L8 1 !T h eir! d at a! s h o w!

n o! si g n s! of! h y dri d e!i nt er a cti o n! wit h!t h e! m ai n! gr o u p! m et al s.!  

!

Fi g u r e 1. 1 1. # A d d u ct s!fr o m! H 2 !or! C – H! a d diti o n! a cr o s s! a! Pt → Al! B o n d .!

I n! m or e!r e c e nt! w or k,! B o uri s s o u,! U hl! a n d! c oLw or k er s! h a v e! s h o w n!t h at! h y dr o g e n ati o n! of! a n!

i ntr a m ol e c ul arl y! c o or di n at e d!  Pt→ Al! a d d u ct! l e a d s! t o! t h e! h et er o bi m et alli c! h y dri d e! 3 9 ! (Fi g ur e!

1. 1 1 ).! 8 2 ! C al c ul ati o n s! s u g g e st! t h at!  H 2 ! a d diti o n! o c c ur s! a cr o s s! t h e!  Pt → Al! b o n d.!  T h er e! i s!

pr e c e d e nt! f or! t hi s! i ntr a m ol e c ul ar! c o or di n ati o n!  m o d e:!  Fi s c h er! a n d! c o Lw or k er s! h a v e! r e p ort e d!

t h e! g alli u m! a d d u ct!4 0 .8 3 !R el at e d! h y dr o g e n ati o n!r e a cti o n s! of! pl ati ni u m! di e n e! c o m pl e x e s! eit h er!

b e ari n g! a!  Z Lt y p e!  Al! li g a n d! or! i n! t h e! pr e s e n c e! of!  G aI! c o Lli g a n d s! l e a d! t o! t h e! f or m ati o n! of!

h et er o bi m et alli c! c o m pl e x e s! b e ari n g! t er mi n al! h y dri d e! li g a n d s! o n! t h e! tr a n siti o n!  m et al! ( s e e!

A p p e n di x,! Fi g ur e! 1. 2 5 ).4 6, 8 4 ! F or! e x a m pl e,! 4 1 ! i s! f or m e d! u p o n! h y dr o g e n ati o n! of! a!

Pt n or b or n a di e n e! pr e c ur s orc! it! i s! c urr e ntl y! u n cl e ar! if! t h e!  Pt → Al!  m oi et y! pl a y s! a! r ol e! i n!

di h y dr o g e n! a cti v ati o n!( Fi g ur e! 1. 1 1 ).8 4 !!

1. 5. 2 !E a r l y T r a n s i t i o n M e t a l A d d u c t s   

R el e v a nt!t o! Zi e gl er LN att a! p ol y m eri s ati o n,!  Zr – H → Al! L e wi s! a ci d Lb a s e! i nt er a cti o n s! h a v e! b e e n!

k n o w n! f or! s o m e! ti m e. 8 5 ! C o or di n ati v el y! s at ur at e d,! d 0 ! h et er o bi m et alli c! c o m pl e x e s!  m a y! b e!

f or m e d! b y! c o or di n ati o n! of!t h e! p ar e nt! h y dri d e!t o! a! L e wi s! a ci d.! F or! e x a m pl e,!4 2 !w a s! s u g g e st e d!

b y! W ail e s! a n d! c o Lw or k er s! b a s e d! o n! 1 H! N M R! e x p eri m e nt s! a s! e arl y! a s! 1 9 7 2. 6 7 !Cr y st all o gr a p hi c!

c h ar a ct eri s ati o n! of! r el at e d! a d d u ct s! 4 3# a n d # 4 4 ! c o nt ai ni n g! i nt er L! a n d! i ntr a m ol e c ul ar!  Zr – H – Al!

m oi eti e s! w a s!l at er!r e p ort e d. 8 6, 8 7 !W hil e!t h er e!i s!l e s s! d at a!f or! h af ni u m ,#t h e! a d d u ct!4 5# h a s! b e e n!

r e p ort e d! a n d!i s! n ot a bl e!f or!t h e!l o c ati o n! of!t h e! Al! c e ntr e! o ut si d e! of!t h e! H – H f– H! w e d g e.! T h e!



!
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p o siti o n! of!t h e! h y dri d e s! ar e! u n u s u al! w h e n! c o m p ar e d!t o!r el at e d! gr o u p! 4! m et all o c e n e s! a s!i s!t h e!

1 6 Lel e ctr o n! c o nfi g ur ati o n! of! Hf. 8 8 !F or! gr o u p!fi v e! a n al o g u e s,![ C p 2 T a H 3 • M Etn ]!f or m s!irr e v er si bl y!

f or! M! =! Al,! G a!( n! =! 3)! b ut!r e v er si bl y!f or! Z n!( n! =! 2).7 5 !S oli d! st at e!i nfr ar e d! s p e ctr o s c o p y! a n d! X L

r a y! diffr a cti o n! d at a! f or! a! r el at e d! c o m pl e x,! 4 6 ,! ar e! c o n si st e nt!  wit h! f or m ati o n! of! a n! a d d u ct!

c o nt ai ni n g!t w o! T a – H → Z n!li n k a g e s!f or mi n g! a n! ! 2 :! 2 Lc o or di n ati o n! m o d e,! alt h o u g h! N M R! d at a!

s u g g e st!t h at! o nl y! o n e! bri d gi n g! h y dri d e!i s!r et ai n e d!i n! s ol uti o n!( Fi g ur e! 1. 1 2 ).8 9 !!

!

Fi g u r e 1. 1 2. # E arl y! T M!/! m ai n! gr o u p! a d d u ct s .!

A n w a n d er! et$ al .! h a v e! i n v e sti g at e d! t h e! r e a cti o n s! of! yttri u m! a n d! l ut eti u m! al k yl! a n d! a mi d e!

c o m pl e x e s!  wit h! al u mi ni u m! h y dri d e s. 9 0 L9 3 ! F or! e x a m pl e,! l a nt h a ni d e! h y dri d e! b o n d s! i n! 4 7# ar e!

c a p p e d! a n d! st a bili s e d !b y! L e wi s! a ci di c! al u mi ni u m! sit e s. 9 2 !T hi s! m otif!i s! n ot! u ni q u e!t o! 4 7 ,! a n d!!

X Lr a y! d at a! h a s! b e e n! c oll e ct e d! o n!  m o n o m eri c! [ C p 2 L u( µ LH)• Al H 3 • N Et3 ],
9 4 ! a n d! di m eri c!

[ C p * Y( M e)(µ LH) Al M e 2 (µ LH)] 2 .
9 5 ! D e s pit e! t h e! c o or di n at e d! L e wi s! a ci d,! 4 7# di s pl a y s! r e a cti vit y!

c o n si st e nt!  wit h! a! t er mi n al! h y dri d ec # d e pr ot o n ati o n! of! 2, 6 Ldi m et h yl a nili n e! g a v e! c o m pl e x! 4 8 .!

H er e,!t h e!i mi d e!li n k er #s u p p ort s! a n!i ntr a m ol e c ul ar! L n – H → Al!i nt er a cti o n!( Fi g ur e! 1. 1 2 ).9 2 !!

r ef. 6 7

4 2 4 3

4 8

M L 5 X 4

Zr

Al
H

M L 6 X 4

M L 2 X 3

H

H
H

Zr Zr

H

Al M e 3

Al M e 3

r ef. 8 6

r ef. 9 2

4 7

L n

N N
B

N N
N N

H

tB u

tB u
tB u

H

H

Al

Al

L n
N N

B

N NN N
H

tB u

tB u
tB u

H

N

Al
M e

M e

M L 2 X 3

r ef. 9 2

L n = L u, Y

( T p el e ctr o n c o u nt e d a s C p)

Zr

Al

Si M e 3

Si M e 3

iB u
iB u

H
H

M L 5 X 4

r ef. 8 7

4 4

Hf

H

Al

Br

H
H O

tB u

M L 4 X 4

r ef. 8 8

4 5

2

M L 4 X 5

Cl

Cl
Z n

H

H
T a

H T H F

4 6

r ef. 8 9



!

1 6 !

1. 6 $ M U L T I P L Y -B R I D G E D ( T M– H n – M,  n  >  1)  

C O M P L E X E S  

1. 6. 1 !R a r e E a r t h M e t a l  A d d u c t s  

!

Fi g u r e 1. 1 3. # #C o or di n ati o n! of! al u mi ni u m! h y dri d e s!t o!r ar e! e art h! m et al! c e ntr e s. !!

[( C5 M e 5 )2 Y M e( T H F)]! r e a ct s! wit h! H Al{ N( Si M e 3 )2 }2 !all o wi n g!tr a p pi n g! of! µ LH 2 Lbri d g e d! 4 9 .9 6 !T h e!

al a n e!i n!t hi s! c o m pl e x!i s! str o n gl y! b o u n d! a n d! a d diti o n! o f! d o n or,!i n cl u di n g! c h el ati n g,!li g a n d s! c o ul d!

n ot! eff e ct! s e p ar ati o n! of!t h e! h et er o bi m et alli c! c o m pl e x.! T h e! c o or di n ati o n! m o d e!i n! 4 9# i s! pr eLd at e d!

b y!t h o s e!f o u n d!i n! 5 0 – 5 4 !r e p ort e d! b y! B ul y c h e v! a n d! c oLw or k er s!i n!t h e! 1 9 8 0 s. 9 4, 9 7 L1 0 5 !I n!t h e s e!

l att er! c o m pl e x e s,!t h e! Al!fr a g m e nt! a n d! h y dri d e! s o ur c e! d eri v e!fr o m! eit h er! Li Al H4 !or! Al H 3 • L!( L! =!

N Et 3 ,! T H F,! O Et2 ),
!a n d! eit h er!t h e! c hl ori d e! or! h y dri d e!li g a n d s!t a k e! u p!  µ 3 Lc o or di n ati o n! m o d e s. !

A m o n g st! t h e! c o m pl e x e s! [ C p 2 Y H• Al H 3 L] 2! (5 0 ),! t h e!  Y Al! di st a n c e s! d e cr e a s e,! a n d!  Al – H!

str et c hi n g!fr e q u e n ci e s!i n cr e a s e,! a cr o s s!t h e! s eri e s! L! =! Et 2 O! <! T H F! <! N Et 3 .
!T h e!fi v e Lc o or di n at e!
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Al! c e ntr e s! f o u n d!i n#t h e s e! c o m pl e x e s! ar e! n ot a bl y! diff er e nt!t o!t h e! b or at e! a n al o g u e s,! w h er e!t h e!

b or o n! at o m! d o e s! n ot! e n g a g e!i n! c o or di n ati o n! n u m b er s! hi g h er!t h a n! f o ur,!a n d! s ol v ati o n! o c c ur s!

at!t h e!r ar e! e art h! m et al! c e ntr e!( Fi g ur e! 1. 1 3 ).1 0 6 !!

Al a n e s!r e a ct! wit h! yttr o c e n e! h y dri d e! or! c ar b o x yl at e! c o m pl e x e s!t o!f or m! Y ← H – Al! a d d u ct s!( 5 5 –

5 6 ).9 5 ! W hil e! i n v e sti g ati n g! t h e! s alt!  m et at h e si s! of! a! $ Ldi k eti mi n at o Ls u p p ort e d!  S c! di c hl ori d e!

c o m pl e x! wit h! Li Al H 4 ,! Pi er s! a n d! c oLw or k er s!i s ol at e d!t h e! al a n e! a d d u ct,! 5 7 .1 0 7 !I n!5 7 ,! b ot h! m et al s!

ar e! si x! c o or di n at e,! a n d!t hi s!i s!t h e! o nl y!ti m e! a!( µ LH) 3! bri d gi n g! m otif! i s!s e e n!i n!t h e! a b s e n c e! of! a!

l at e! T M.!H et er o bi m et alli c! h y dri d e s! of! r ar e! e art h! m et al s! ar e! n ot!li mit e d!t o!t h o s e!i n! w hi c h!t h e!

h e a v y!  m et al! i s! i n! t h e!  + 3! o xi d ati o n ! st at e .!  B ul y c h e v! et$ al. ! f o u n d! t h at! [( 1, 3LtB u 2 LC 5 H 3 )2 S m II]!

p arti all y! d e c o m p o s e s!i nt o! a n! o ct a n u cl e ar! a g gr e g at e! of! S m III!a n d! al a n e,! w h e n!tr e at e d! wit h! Al H 3!

i n! t h e! pr e s e n c e! of! T M E D A. ! U p o n! s u b stit uti o n! of! t h e! al a n e! f or!  Al D 3 ,! h o w e v er,! 5 8 ! m a y! b e!

i s ol at e d:! a n! a p p ar e nt! eff e ct! of!i s ot o pi c! s u b stit uti o n.1 0 8 !!

1. 6. 2 !G r o u p 4 M e t a l A d d u c t s   

I n! u n d er st a n di n g! t h e! r ol e! of!  m et h yl al u mi n o x a n e! i n! p ol y m eri z ati o n! c at al y si s, 1 0 9 ! B er c a w,!

Bri n t zi n g er! a n d! ot h er s$h a v e!r e p ort e d! N M R! st u di e s! o n! h y dri d e Lbri d g e d! Zr/ Al! oli g o m er s,!tri m er s!

a n d! di m er s!i n! s ol uti o n!( 5 9 – 6 0 ).8 5, 1 1 0 L1 1 2 !T h e y! c o n cl u d e d!t h at! bi n u cl e ar! str u ct ur e s! of!t y p e! 6 0# ar e!

o nl y! pr o d u c e d! f or! a n s a Lm et all o c e n e s! a n d! i n cl u si o n! of! a! t er mi n al!  M e! li g a n d! o n!  Zr! c a u s e s!

d e c o m p o siti o n.!  C ati o ni c!  Zr L! a n d!  Hf La n al o g u e s! ar e! k n o w n. 1 1 3 L1 1 5 ! It! h a s! b e e n! s h o w n! t h at!

{ Zr(µ LH) 3 Al 2 }
+ !r e a ct s!r e v er si bl y! wit h! Al M e3 !or! Cl Al iB u 2! t o! gi v e! di m et h ylL!or! di c hl or o Lbri d g e d! Zr/ Al!

s p e ci e s!( Fi g ur e! 1. 1 4 ).1 1 4 !

A n! e arl y! e x a m pl e! of! a!  Zr – H – Al! c o m pl e x!  w a s! p u bli s h e d! i n! 1 9 9 7! b y!  R a st o n! a n d! c o L

w or k er s. 1 1 6 !Str u ct ur all y! a n d! s y nt h eti c all y,! 6 1 !i s!a! l o gi c al! e xt e n si o n! of!t h e! w or k! of! B ul y c h e v!et$

al.$ (vi d e$ s u pr a ).!T h e s e! s p e ci e s! ar e! p o orl y! s ol u bl e!i n! all! c o m m o n! or g a ni c! s ol v e nt s! b ut! T H F,! a n d!

r e q uir e! st a bili s ati o n! b y! a! b a s e.! P o w er! a n d! W e h m s c h ult e! a d d e d! a! s u p er! b ul k y! ar yl! gr o u p!( 6 2 )!

i m pr o vi n g! s ol u bilit y! a n d! er a di c ati n g! t h e! n e e d! f or! b a s e! st a bili s ati o n.1 1 7 ! B a s e Lfr e e! c o m pl e x e s!

h a v e! al s o! b e e n! r e p ort e d # b y!  St e p h a n! a n d! c oll e a g u e s. 1 1 8 ! N M R! d at a! a n d! c al c ul ati o n s! f or! t h e!

m o n o m er s! 6 2# s u g g e st! b ot h! f a st! i ntr a m ol e c ul ar! h y dri d e! e x c h a n g e! a n d! a n! i nt er m ol e c ul ar!

e x c h a n g e! b et w e e n!t h e! h et er o bi m et alli c! c o m pl e x! a n d!it s! h o m o m et alli c! p art s!i n! s ol uti o n. !T h e!

Cri m mi n !gr o u p! h a s! al s o! p u bli s h e d! a n! e x a m pl e! of!t hi s!t y p e: #s ol u bl e!i n!t ol u e n e! a n d! h e x a n e! 6 3 *

Al !e xi st s!i n! e q uili bri u m! wit h!t h e! al a n e! a n d![ C p 2 Zr H( µ LH)] 2 !(Fi g ur e! 1. 1 4 ).1 1 9 !!

M a n y! of!t h e! Zr I V/ Al! h et er o bi m et alli c! h y dri d e! c o m pl e x e s! ar e! s y nt h eti c all y! a c c e s si bl e! b y! s altL

m et at h e si s! r e a cti o n s! of!t h e! p ar e nt! zir c o n o c e n e! di h ali d e! wit h! al u mi ni u m! h y dri d e! r e a g e n t s.1 2 0 !

Si mil ar!r e a cti o n s! wit h!tit a ni u m(I V)! pr e c ur s or s! c o m m o nl y!l e a d!t o!i s ol ati o n! of! pr o d u ct s! wit h! Ti!i n!

t h e!  + 3! o xi d ati o n! st at e.1 2 1 L1 2 8! T hi s! i s! di s pl a y e d!  m o st! n a k e dl y! i n! t h e! r e c e nt! r e p ort! of! 6 4# b y!

B e w eri e s. 1 2 9 ! Si x L,! fi v eL! a n d! f o ur L! c o or di n at e! al u mi ni u m! c e ntr e s! h a v e! b e e n! r e p ort e d! i n!

{ Ti2 Al 2 H 8 },! { Ti2 Al H 5 },! a n d! { Ti Al H2 }! c or e s! r e s p e cti v el y! (6 5 – 7 2 ).1 1 8, 1 2 0 L1 3 4 ! T h er e! i s! o nl y! li mit e d!



!
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pr e c e d e nt!f or! si mil ar! r e d u cti o n! c h e mi str y! o c c urri n g! wit h! Zr. 1 3 2 , 1 33 !T h e! o b s er v e d! c o or di n ati o n!

m o d e s! of! Al x H y !u nit s!i n!t h e s e! a n d!r el at e d! gr o u p! 4! c o m pl e x e s! ar e! c o m m o n!t o! h et er o bi m et alli c !

c o m pl e x e s !a n d! ar e!f o u n d!i n!r el at e d! T a,! N b,! M n! a n d! R u! c o m pl e x e s!( vi d e$i nfr a ).!!

!

Fi g u r e 1. 1 4. # Gr o u p! 4! c o m pl e x e s! wit h! m ulti pl e! h y dri d e! bri d g e s.! !

S u b stit uti o n! of! t h e! t er mi n al,! X Lt y p e! h y dri d e s! o n! al u mi ni u m! f or! h ali d e, 1 2 1, 1 3 2 ! al k yl, 1 2 8 , 1 3 2,1 3 3 !

al k o xi d e 1 2 4 , 1 27 ! or! a mi d e 1 2 4 , 1 25 ! h a s! littl e! i nfl u e n c e! o n! str u ct ur e .! M a g n e si u m Lb a s e d!

Si H

X
H

Zr Al tB u 2R'

X = Cl, H
R' =  C M e 2 , 

C H 2 C H 2 , Si M e 2
R = H, M e

R

6 0

H
Zr

H

Al

N

H
X

H

6 1

N

Al
H

H
T M

H

H

r ef. 1 1 8 & 1 2 3

6 2

r ef. 1 1 6 & 1 1 7

L

2

or

HZr
Al iB u 2

Si
H Al iB u 2

H X = X' = H
L =

X = C 6 H 3 - 2, 4, 6-tB u

X = H, M e; L = n o n e

5 9

B Ar F
4

+ 1 0 e x a m pl e s 
wit h ot h er zir c o n o c e n e s

6 8

H
Ti Al

H

iB u

iB u

6 4

r ef. 1 2 8

7 0

r ef. 1 2 2

H
Ti Al

H
H H H 2 C

N

2

Al
H

H
Ti

X'

X

X = H, X' = O Et, N Et 2 , r ef.  1 2 4
X = H, X' = N( C 2 H 4 )2 O, r ef.  1 2 5
X = X' = O C H 2 C H 2 O M e, r ef.  1 2 7

2

6 9

r ef. 1 2 1

H
Ti Al

H

O Et 2

Cl
Cl

M g
H

H
Ti

P h

r ef. 1 3 8

M e

M e

C p

H

Ti

Et 2 Al

Ti

Al
Et

Et

H

M g
H

H
Ti

P h

r ef. 1 3 7

7 6

O

O

r ef. 1 3 5

7 2

M L 5 X 3

T M = Zr H, Ti

H
T M Al

H
X

H
T M

H

C p*, T M = Ti, X = H, r ef.  1 2 3 
C p, T M = Ti, X = B H 4 , r ef. 1 2 9

C 5 H 4 Si M e 3 , T M = Zr H, X = H, r ef.  1 2 0

6 5

T M

Al
H

Cl Cl

H

T M

H

T M = Ti, Zr

r ef. 1 3 2 & 1 3 3

Ti

Al
H

M e M e

H Ti

H

r ef. 1 3 2

Zr Al
H N

N
H

H

6 3

r ef. 1 1 9

7 3

M g
H

H
Ti

X

L 2

X = Cl, Br; L = T H F, Et 2 O

r ef. 1 3 4 & 1 3 8

M g
H

H
Ti

H

H

C p = C p*, C 5 M e 4 H, C 5 M e 3 H 2

Ti

7 1

6 76 6

M g
H

H
Zr

C

M e 2
Si

Si

M L 5 X 4

7 8

r ef. 1 4 0

M g
H

H
T M

C

M e 2
Si

Si
( T H F) 2

7 9

r ef. 1 3 8 & 1 4 0

Zr, n = 0
Ti, n = 1

n

H 2H 2

M L 5 X 3

2

r ef. 1 4 2

7 4 7 5

7 7

r ef. 1 3 3

H

N

Ti

N

M g M g

Cl
T H F
T H F T H F

T H F

H

P h 2 P P P h 2

tB u

tB utB u

tB u

H

M e 3 M e 3

M L 5 X 3

r ef.  1 1 1M L 5 X 4r ef.  1 1 4, 1 1 5M L 5 X 4 M L 5 X 4

M L 5 X 4

M L 5 X 3 M L 5 X 3

M L 5 X 3
M L 5 X 3

M L 5 X 4  &  M L 5 X 3 M L 5 X 3 M L 5 X 3
M L 5 X 3

M L 5 X 3 M L 5 X 3 M L 5 X 3
M L 5 X 3



!

1 9 !

h et er o bi m et alli c s! of! gr o u p! 4! m et all o c e n e s !(7 3 – 7 7 )! c a n! b e! pr e p ar e d! b y!r e a cti o n! of!t h e! p ar e nt!

m et all o c e n e! di c hl ori d e! wit h! eit h er! Gri g n ar d!r e a g e nt s! or! M g 0 !p o w d er!i n! et h eri c! s ol v e nt s. 1 3 4 L1 4 2 !

F or! pr e p ar ati o n s!i n! w hi c h! a! m ai n! gr o u p! h y dri d e!i s! n ot! u s e d! a s! a!r e a g e nt!t h e! h y dri d e!li g a n d s!

r e s ult!fr o m! eit h er:!i)! C– H! at o m! a b str a cti o n!fr o m!t h e! s ol v e nt!( T H F),!i i) $ Lh y dri d e! eli mi n ati o n!fr o m!

a!  m ai n! gr o u p! al k yl,! or! iii)!  C – H! b o n d! a cti v ati o n! of! t h e! c y cl o p e nt a di e n yl! li g a n d! ( or! it s!

s u b stit u e nt s).! Li g a n d! a cti v ati o n! i s! c o m m o n! i n! t h e s e! c o m pl e x e s! a n d! i ntr a m ol e c ul ar!

d e pr ot o n ati o n!t o!f or m! di a ni o ni c! C p!li g a n d s,!i n cl u di n g!“t u c k Li n”! c o m pl e x e s! h a s! b e e n! o b s er v e d!

t o!l e a d!t o! b ot h! di a m a g n eti c! T MI V!a n d! p ar a m a g n eti c! Ti III!c o m pl e x e s!( 7 2# &! 7 8 – 7 9 ).1 2 5, 1 3 2, 1 3 3, 1 4 3, 1 4 4 !

!

Fi g u r e 1. 1 5. # C o or di n ati o n! of! M – H!t o! Zr! a n d! Ti! m et all o c y cl o pr o p e n e! a n d! m et all o c y cl o pr o p a n e!

c o m pl e x e s !

T h e!fir st! c o nfir m e d! zir c o ni u m Let h y l e n e! c o m pl e x!8 0 !w a s !r e p ort e d! b y! P ar ki n! a n d! c oLw or k er s #

(Fi g ur e! 1. 1 5 ).1 4 5 ! B y! di nt! of! t h e! bri d gi n g! c ar b o n,! 8 0 ! i s! str u ct ur all y! r el at e d! t o! a! cl a s s! of!

h et er o bi m et alli c! c o m pl e x e s! c o nt ai ni n g! a! pl a n ar,!f o ur Lc o or di n at e! c ar b o n!i n!t h e! s a m e! p o siti o n. !

T h e! T M – H – M! c o n n e cti o n! i n!t h e s e!zir c o ni u m(I V)! a n d!tit a ni u m(I V)! s p e ci e s! i s! s u p p ort e d! b y!a!

bri d gi n g! m et all a c y cl o pr o p a n e! o r! m et all a c y cl o pr o p e n e! (8 0 – 8 7 ,!Fi g ur e! 1. 1 5 ).8 7, 1 4 6 L1 5 3! A! k et e n e!

a n al o g u e!i s! al s o! k n o w n! w hi c h!i n c or p or at e s! a n! o x y c y cl o pr o p a n e!ri n g !( n ot!r e pr e s e nt e d!i n!Fi g ur e!

H
T M

R

Al
iB u

R

8 2

M L 5 X 4

r ef. 1 5 0

M L 5 X 4
r ef. 1 5 1 & 1 5 2

8 6

H
T M Al

iB u

iB u

R 2
R 1

M = Ti, Zr

R 1  = H, P h,

        Si M e 3 , 

R 2  = Si M e 3

H
Zr Al

Si M e 3

M e 3 Si

iB u
iB u

8 1

T M = Zr

R 1 = R 2  = -( C H) 4 -, -( C H2 )4 -

M g
H

ZrSi

M L 5 X 4

8 0

r ef. 1 4 5

M L 5 X 4

r ef. 1 4 6, 1 4 8, 1 5 0

M L 5 X 4

r ef. 1 5 3

H

Zr

Al
iB u

iB u

N

8 5

H
Zr

tB u

M g
O

n B u

8 4

M L 5 X 4

r ef. 1 4 9

R = P h, T M = Zr, n = 0

R = tB u, T M = Ti, n = 1

( T H F)n

H

Zr

Al

Si M e 3

Si M e 3

iB u

M L 5 X 4
r ef. 8 7

8 7

H
Zr Si

8 3

M L 5 X 4

r ef. 1 4 9

H

Zr

tB u

M g
H

Zr

tB u



!

2 0 !

1. 1 5 ).1 5 4 ! T h e! str u ct ur e s! of! 8 3 – 8 7 # ar e! di st ort e d! t o! a c c o m m o d at e! a d diti o n al! i ntr a m ol e c ul ar!

bi n di n g!i nt er a cti o n s.! C al c ul ati o n s! h a v e! s h o w n!t h at! el e ctr o n! d o n ati o n!fr o m!t h e! bri d gi n g! Zr – C $

b o n d!t o!t h e! L e wi s! a ci di c! m ai n! gr o u p! c e ntr e! pl a y s! a! k e y!r ol e!i n!t h e! st a bili s ati o n! of!t h e s e! s p e ci e s!

(8 1 )! a n d! e x pl ai n s!t h e! u n u s u al! g e o m etr y! at!t h e! bri d gi n g! c ar b o n. 1 4 7 #

1. 6. 3 !L a t e T r a n s i t i o n M e t a l A d d u c t s   

M ulti pl y Lbri d g e d! m ai n! gr o u p! c o m pl e x e s!( M! =! M g,! Z n,! Al! a n d! G a)! of!l at e!tr a n siti o n! m et al s! h a v e!

b e e n! k n o w n!f or! m or e!t h a n! 5 0! y e ar s.! M u c h! of!t h e! e arl y! w or k!i s!li mit e d! b y!t h e! a c c u r a c y! of!t h e!

s p e ctr o s c o pi c! m et h o d s! of!t h e! p eri o d. 2 0 !N e v ert h el e s s,!it! h a s! b e e n! cl e ar!f or! s o m e!ti m e!t h at!t h e!

el e ctr o n e g ati vit y! diff er e n c e! b et w e e n!l at e! T M! a n d! m ai n! gr o u p! m et al s! cr e at e s! a! s i g nifi c a nt!i o ni c!

c o ntri b uti o n! t o! t h e! b o n di n g. 2 0 ! C o m pl e x e s! 8 8 – 9 6 # ar e!  m o stl y! pr o d u ct s! of! s alt!  m et at h e si s!

b et w e e n!lit hi u m! al u mi n o h y dri d e s! a n d! T M! c hl ori d e s. 1 5 5 L1 6 9 , 1 7 1!

C o m m o n! t h e m e s! e m er g e! i n! t h e! c o or di n ati o n! g e o m etri e s! of! t h e s e! c o m pl e x e s! ( Fi g ur e!

1. 1 6 ).1 7 0 ! U nli k e! t h e! gr o u p! 4! a n al o g u e s! d e s cri b e d! a b o v e,! t h e!  (µ LH) 3 ! bri d g e! i s! a! r e o c c urri n g!

f e at ur e.! G e o m etri e s! at! al u mi ni u m! ar e!t y pi c all y!tri g o n al! p yr a mi d al!( 5Lc o or di n at e) 1 5 9 !or! di st ort e d :

o ct a h e dr al!( 6 Lc o or di n at e).! T h e! hi g h! c o or di n ati o n! n u m b er! a n d!t h e! g e o m etr y! of!li g a n d s! ar o u n d!

t h e! T M! c e ntr e s! pr o vi d e s! c o or di n ati v e! s at ur ati o n,! a n d!i n! m o st! c a s e s! m a k e s!t h e! e xi st e n c e! of! a!

m et al – m et al! b o n d! v er y! u nli k el y.! F or! 8 8 ,#t hi s!fi n di n g!i s!i n! dir e ct! c o ntr a st!t o!t h e! d at a!r e p ort e d!f or!

t h e!r el at e d! R h/ Al! s p e ci e s!1 9 *Al# a n d! 1 8 #(Fi g ur e! 1. 5 ).1 7 1 !

I n! s ol uti o n!  m a n y! of! t h e s e! c o m pl e x e s! ar e! fl u xi o n al! a n d! pr o vi d e! ti m eLa v er a g e d! 1 H!  N M R!

c h e mi c al! s hift s! f or! bri d gi n g! a n d! t er mi n al! h y dri d e s.! I n! r el ati o n! t o! t hi s! p h e n o m e n o n,! t h e!

c o m pl e x e s! 9 7 # a n d! 9 8 ! r eLill u str at e! t h e! i o ni c! c o m p o n e nt! of! t h e! b o n di n g.!  T h e!  m ai n! gr o u p!

fr a g m e nt! of!9 7 !a n d! 9 8 !i s! { Al M e2 }
+ ,! w hi c h! m a y! e x c h a n g e! b et w e e n! diff er e nt! p o siti o n s! o n!t h e!

f a c e! of!t h e!{ P3 R e H 4 }
–
!a n d!{ P 2 R e H 6 }

– !p ol y h e dr a. 1 7 2 !F or! c o m p ari s o n,![ R e H 9 ]
2 – !i s! w ellLk n o w n! a s!

th e! di p ot a s si u m! s alt. 1 7 3 !

T h e! l o w Ls pi n! gr o u n d! st at e! st r u ct ur e! of! 9 9 # h a s! b e e n! t h or o u g hl y! i n v e sti g at e d! b y!

c o m p ut ati o n al!  m et h o d s. 1 7 4 ! T h e! fr o nti er!  m ol e c ul ar! or bit al s! of! 9 9 # d o! n ot! s u p p or t! b o n di n g!

b et w e e n!  F e! a n d!  Al,! a n d! t h e! a ut h or s! pr e s e nt! t h e! c o m pl e x! a s! b ei n g! d o mi n at e d! b y! a! str o n g!

d o n ati o n! of! el e ctr o n! d e n sit y! fr o m! a! { F e – H} – ! fr a g m e nt! t o! { Al X2 }
+! ( X!  =!  OLC 6 H 3 L2, 6 LtB u).!  T hi s!

c o n cl u si o n!i s! a! g o o d! g e n er al!i n si g ht!i nt o!t h e! el e ctr o ni c! str u ct ur e! of !t h e!l at eLT M( H) n Al! b o n di n g,!

t h e! di m eri c! e x a m pl e s! of! w hi c h! ar e! s u m m ari s e d!i n!9 4 – 9 6 .!

A n! alt er n ati v e! s y nt h eti c! a p pr o a c h! t o!  m ulti pl y Lbri d g e d!  m ai n! gr o u p! c o m pl e x e s! of! t h e! l at e!

tr a n siti o n!  m et al s! i s! t hr o u g h! t h e! a d diti o n! of!  H2 ! a cr o s s! a n! u n s u p p ort e d!  R u – Z n! b o n d.!  T h e!

R u( H) 2 Z n!  m oi et y! i n! 1 0 0 *H 2# di s c o v er e d! b y!  W hittl e s e y! a n d! c o Lw or k er s! d e m o n str at e d! g o o d!

t h er m o d y n a mi c! st a bilit y! a n d! s ur vi v e s! e xtr u si o n! of! di h y dr o g e n! b y! h e ati n g! i n$ v a c u o! t o! f or m!

1 0 0 .1 7 5 !!T h e! h y dri d e!li g a n d !tr a n s!t o! H2 !i n!1 0 0 *H 2 !i s! pr oti c! a n d! si g nifi c a ntl y!cl o s er!t o!! R u,! w hil e !

!



!

2 1 !

!!

!

Fi g u r e 1. 1 6. # L at e! T M! H et er o bi m et alli c s! c o nt ai ni n g! m ulti pl e! bri d gi n g! h y dri d e s .#

! !

r ef. 5 0

1 0 2

M L 3 X 3

1 0 3

R h
P

H

H

P

iPr 2

iPr 2

R h
P

P

iPr 2

iPr 2

M L 3 X

H

H
M g B n

R h

H
H

Al
N

N

H
Cl

r ef. 1 7 1

M L 3 X 3

8 8

H

H
M g B n

R e

P

H
P

HH
Al

H
H

H

M e

M e
R e

P

H

P

H

P

Al

M e

M e

H

M e
M e

H

M e P h 2

M L 3 X 5M L 4 X 3

9 89 7

8 9

WH

P M e 3

M e 3 P

P M e 3

H

H

H

H

AlCl
Cl

N M e 3

M L 4 X 4

R u
H

H H

H

P C y 3

P C y 3

Z n M eM e Z n

M L 4 X 2

1 0 1

r ef. 1 7 2r ef. 1 7 2

r ef. 1 5 7

r ef. 1 7 6

L n T M
H

H
Al T M L n

H

HH

H
H

Al

H
 
T M = M o H, L n  = ( D M P E) 2 , r ef. 1 6 8
T M = M n( H) 3 , L n  = ( P M e 3 )3 , r ef. 1 5 5
T M = R u( H), L n  = P 4  c h el at e, r ef. 1 5 8 
T M = N b, L n  = C p 2 , r ef. 1 6 9

R u
O C

H

H
Z n Et

N N

NNDi p p Di p p

Di p pDi p p

H
H

1 0 0- H 2

F e

N

N
N

H

H
H

Al

O Ar

O Ar

9 9

M L 4 X 3

r ef. 1 7 8

Ar = C 3 H 3 - 2, 6-tB u

M L 4 X 2
r ef. 1 7 5

B Ar F
4

r ef. 5 0

9 4

R u
H

HR 3 P

Al H 2

R = M e, Et, iPr, P h

r ef. 1 6 6

9 0

R u

H

H

Al
H

HH

R u

H
Al

H

H H

C p*

r ef. 1 6 7

9 1

L n T M H

H

M H

HH

T M L n

H

T M = R u, L n  = ( P P h 3 )3 , 

  M = Al, r ef. 1 6 1

T M = F e, L 3  = t a c n, 

  M = Z n – , r ef. 1 7 4

L n W
H

H
Al H

H

W L n

H

L n  = ( P M e 3 )3 H 3

r ef. 1 6 3 & 1 6 5

9 2

L n T a
H

H
Al T a L n

H

HO
R

R
O

O R

Al

O R

L n  = C p 2 , D M P E 2

R = O ( C H 2 )3 C H 3

9 5 9 6

R u

H
H Al H

H

R u

H

9 3

C p** C p

P h 2 P P P h 2

r ef: 1 5 9

H
HH

H

1 0 4

B H 2
H 2 B

M n P( O Et) 2

O

P( O Et) 2
M nH

Z n

HM e 2
N

N
M e 2

1 0 5

r ef: 1 7 7

O C

C O

O C

O C

C O

C O

r ef. 1 7 4

r ef. 1 7 0

* C p

V

M e P h 2 P P H P h 2 M e

Z nZ n

V

P P h 2 M eM e P h 2 P

H

H

H

H

M L 4 X 2 M L 4 X 2

M L 4 X 4  & M L 5 X 4 M L 4 X 2

M L 3 X M L 5
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2 2 !

t h e! h y dri d e!tr a n s$t o! C O!i s! h y dri di c! a n d! e q ui di st a nt! b et w e e n!t h e! m et al s.! N B O! c al c ul ati o n s! s h o w!

n o! si g n! of! R u – Z n!i nt er a cti o n!i n! eit h er! c o m pl e x.! H o w e v er,! a! Q T AI M! c al c ul ati o n! o n! 1 0 0 !s h o w s!

a! R u – Z n! b o n d! p at h! a n d! o nl y! o n e! Z n – H! b o n d !p at h .!It! c a n! b e!t e nt ati v el y! c o n cl u d e d!t h at!t h e!µ L

H! at o m s! i n! 1 0 0 *H 2 ! a n d! 1 0 0# ar e! i nt er m e di at e! a n d! “fl e xi bl e”! b et w e e n! t er mi n al! a n d! bri d gi n g !

c h ar a ct er.! Fi s c h er! a n d! c o Lw or k er s! h a v e!r e p ort e d!t h e!r el at e d! c o m pl e x! 1 0 1 ,! w hi c h!r e s ult s!fr o m!

a d diti o n! of! 4. 5! e q ui v al e nt s! of!  Z n M e 2 ! t o! a!  R u/ Al! h et er o m et alli c! c o m pl e x! pr e p ar e d! i n$ sit u! b y!

mi xi n g! [ R u( P C y 3 )2 (!
2 LH 2 )2 ( H)2 ]! a n d! [ C p * Al]4 .

1 7 6 ! T w o! d e c a d e s! b ef or e,!  R h/ M g! c o m pl e x e s! 1 0 2 !

a n d! 1 0 3 !w er e! pr e p ar e d! b y! Fr y z u k, !h o w e v er!t h eir!t h er m al!i n st a bilit y! pr e cl u d e d! c h ar a ct eri s ati o n!

b y! a n yt hi n g! ot h er!t h a n! 1 H! a n d! 3 1 P! N M R! s p e ctr o s c o p y! ( Fi g ur e! 1. 1 6 ).! A! n u m b er! of! di n u cl e ar!

( wit h! r e s p e ct!t o! T M)! c o m pl e x e s! s u p p ort e d! b y! c h el ati n g!li g a n d s! or!i n v ol vi n g! T M – T M! b o n di n g!

i n cl u di n g!1 0 4 – 1 0 5 !ar e! al s o! k n o w n. 1 7 7, 1 7 8 !

!

 



!

2 3 !

1. 7 $ D I S C U S S I O N  

Pr e s e nt e d! a b o v e!i s! a n! e x h a u sti v e! a c c o u nt! of!t h e! h et er o bi m et all i c! h y dri d e! c o m pl e x e s!r e p ort e d!

o v er! t h e! l a st! h alf! a! c e nt ur y ,! al o n g!  wit h! t h eir! pr e p ar ati o n! a n d! str u ct ur al! f e at ur e s.!  D uri n g! t h e!

Cri m mi n !gr o u p’ s !r e s e ar c h!i n!t hi s! ar e a! a n d!t hr o u g h! a n al y si s! of!t h e! m at eri al! a b o v e,! r e c urri n g!

i s s u e s! i n! t h e! u n d er st a n di n g! of! t hi s! f a mil y! of! c o m pl e x e s! h a v e! a p p e ar e d .!  F or! t h e! b e n efit! of!

p ot e nti al!f ut ur e! st u di e s,!t h e s e!i s s u e s! ar e! di s c u s s e d! b el o w. !

1. 7. 1 !S t r u c t u r e a n d B o n d i n g  

1. 7. 1. 1 # Si g m a -C o m pl e x e s a n d O xi d a ti v e A d di ti o n   

T h e! c urr e nt! u n d er st a n di n g! of!t h e! T M ← H – M!li n k a g e! ( M! =! M g,! Z n,! Al,! G a)!i n! " Lc o m pl e x e s!i s!

t h at!it!i s! c o m pri s e d! pri m aril y! of! a! d o n or!i nt er a cti o n!fr o m! m ai n! gr o u p! m et al! h y dri d e!t o! a! v a c a nt!

or bit al! of! s uit a bl e! s y m m etr y! o n!t h e!tr a n siti o n! m et al!fr a g m e nt.! T h er e!i s!li mit e d! d at a!t o! s u p p ort!

si g nifi c a nt! b a c k Ld o n ati o n!fr o m!t h e! m et al!t o!t h e! M – H! " * Lor bit al.! F or! e x a m pl e,! c al c ul ati o n s! o n!

c o m pl e x e s! 1 – 3 !el u ci d at e! a! d o n or La c c e pt or!i nt er a cti o n! wit h!t h e! 4 s Lor bit al! of!t h e! C u! d 1 0 !fr a g m e nt!

a cti n g! a s!t h e! a c c e pt or:! s e c o n d Lor d er! p ert ur b ati o n! c al c ul ati o n s!r e v e al! o nl y! a! s m all! c o ntri b uti o n!

fr o m! b a c kLd o n ati o n!( Fi g ur e! 1. 1 7 ).2 7 !$

!

Fi g u r e 1. 1 7. # B o n di n g! d e s cri pti o n! of! 1 – 3 .!

T h e! m o d el!i s! s u p p ort e d! b y! c o m p ari s o n! of!t h e! c ar b o n yl! str et c hi n g!fr e q u e n ci e s! of! c o m pl e x e s!

of!t h e!f or m![( ! 5 LC 5 H 4 M e) M n( C O) 2 L]! w h er e! L!i s! a n! E – H! or! M – H! b o n d.! Li st e d!i n! T a bl e! 1. 1 #t h e s e!

d at a! s h o w!t h at! " Lal a n e,! " Lg all a n e! a n d! " Lzi n c a n e! c o m pl e x e s! ar e! si mil ar!t o!t h o s e!f or m e d!fr o m!

f o ur! c o or di n at e! b or a n e s! s u c h! a s! H3 B• N M e 3 .! T h e! d at a! ar e! co n si st e nt! wit h!li mit e d! b a c k! b o n di n g!

i nt o! t h e!  M– H! b o n d! a n d! c o ntr a st! t h o s e! of! t hr e e Lc o or di n at e! " Lb or a n e s! a n d! " Lsil a n e s!  w h er e!

i n cr e a s e d! b a c kLd o n ati o n! t o! t h e!  E – H! b o n d! r e s ult s! i n! hi g h er! fr e q u e n c y! c ar b o n yl! str et c hi n g!

fr e q u e n ci e s.3 7 ! T h e! d o mi n ati o n! of! t h e! " Ld o n ati o n! c o m p o n e nt! of! t h e! b o n di n g,! a n d! t h e!



!
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i m p ort a n c e! of! t h e! i o ni c! c o m p o n e nt! t o! b o n di n g,! i s! r e a dil y! u n d er st o o d! b y! c o n si d eri n g! t h e!

diff er e n c e! i n! t h e!  P a uli n g! el e ctr o n e g ati vit y! of! t h e! el e m e nt s! i n v ol v e d! f or! c o or di n ati o n! of!  E – H!

(' ( p :! B! =! 0. 1 8,! Si! =! 0. 3 2)! a n d! M– H! b o n d s!( ' ( p :! M g! =! 0. 9 2,! Z n! =! 0. 5 7,! Al! =! 0.6 1,! G a! =! 0. 4 1). !

T a bl e 1. 1. # C o m p ari s o n! of! C O! str et c hi n g!fr e q u e n ci e s!i n![( ! 5
LC 5 H 4 M e) M n( C O) 2 L].! B DI$ =$ ( 2, 6L

i
Pr 2 C 6 H 3 C N M e) 2 C H.! A d a pt e d!fr o m!r ef er e n c e! 3 7. !

!!

C o n si d eri n g!t h e! str u ct ur e s! of!t h e!i s ol at e d! c o m pl e x e s!i n! s e cti o n s! 1. 2 !a n d !1. 3 ,!it! b e c o m e s! cl e ar!

t h at! t h e!  w ell! u n d er st o o d! c o nti n u u m! b et w e e n! " Lc o m pl e x e s! a n d! o xi d ati v e! a d di ti o n! pr o d u ct s!

d et ail e d!f or! a d diti o n! of! E – H! b o n d s!t o!tr a n siti o n! m et al s! al s o! a p pli e s!t o! M – H! b o n d s.! !

T h e!tri a n g ul ar! T M – H – M! u nit!i s! s u bj e ct!t o! str u ct ur al! c h a n g e s! a s!t h e! el e ctr o n! d e n sit y! c h a n g e s!

at!t h e! T M!( Fi g ur e! 1. 1 8 ).! T h e!f or m al! s h ort n e s s!r ati o!(f sr)1 7 9 !n or m ali s e s!t h e! m et al m et al! di st a n c e!

a n d! h a s! b e e n! u s e d!t o! e v a l u at e!t h e!i nt er m et alli c!i nt er a cti o n!i n! c o m pl e x e s! c o nt ai ni n g!t w o! m et al s!

i n! cl o s e! pr o xi mit y.3 7 !F or! d at a! c oll e ct e d!t o! d at e,!t hi s! m etri c! a p p e ar s!t o! c o n v e ni e ntl y! d e s cri b e!

t h e! e xtr e m e s! of! t h e! r e a cti o n! c o or di n at e: " Lc o m pl e x e s! ( f sr! a p pr o x.!  >! 1)! a n d! pr o d u ct s! of!

o xi d ati v e! a d diti o n!/! h y dri d e!tr a n sf er!( f sr!a p pr o x.! ≤! 1). !!

!

Fi g u r e 1. 1 8. # C o m p ari s o n! of! k e y! di st a n c e s![ Å]! a n d! a n gl e s![ °] !fr o m! XLr a y!( T M M)! str u ct ur e s! of! !

c o or di n at e d!( a)! Al – H! a n d!( b)! Z n – H! b o n d s.! Tr e n d s! c o nfir m e d! b y! D F T! st u di e s. !

L n 1 ( c m– 1 ) n 2 ( c m– 1 )

2. 6 1 4 3( 7)
f s r = 1. 0 8

2. 4 5 2 7( 8)
f s r = 0. 9 8

3. 1 2 3 1( 5 )
f s r = 1. 2 9

2. 4 1 0 8( 5)
f s r = 0. 9 7

2. 3 5 8 4( 5)
f s r = 0. 9 8

2. 7 6 3 7( 4)
f s r = 1. 0 9

7 -M o/ Z n 1 1 2 0

1 932

b)

a)

1. 71. 7 2. 2
1 4 0

1 0 3

8 51 0 7

9 2 7 6
2. 21. 81. 8

C u C u R h

M o C o R h
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V er y!r e c e ntl y! t h e!Cri m mi n! gr o u p! h a s !d e s cri b e d!t h e!r e a cti o n! c o or di n at e!f or!t h e! a d diti o n! of!

zi n c – h y dri d e s!t o!tr a n siti o n! m et al! c e ntr e s.! T hr o u g h!i s ol ati o n! of! a! s eri e s! of! diff er e nt!tr a n siti o n!

m et al! c o m pl e x e s! a n d! D F T! st u di e s ,!a! b o n di n g! c o nti n u u m !w a s! o utli n e d.!It! i s! c h ar a ct eri s e d! b y!

t h e!tr a n sf er! of! el e ctr o n! d e n sit y!fr o m!t h e! br e a ki n g!of!t h e!( l ar g el y!i o ni c)!Z n – H! b o n d!t o!f or mi n g !

t h e!(i n cr e a si n gl y! c o v al e nt)!T M – H! a n d! T M – Z n! b o n d s! ( Gr a p h! 1. 1 ).! O nl y! at! v er y! s h ort! T M Z n!

s e p ar ati o n s! d o e s! t h e!  Z n – H! b o n d! b e gi n! t o! l e n gt h e n! si g nifi c a ntl y.!  T h e!  Z n – H! b o n d! v ari e s!

b et w e e n! a p pr o x i m at el y!1. 7 – 1. 8! Å!f or! " Lzi n c a n e! c o m pl e x e s! b ut!i n cr e a s e s !dr a m ati c all y!t o! 2. 2! Å!

f or!t h e! pr o d u ct! of! o xi d ati v e! a d diti o n.!Si mil arl y, !f or!" Lal a n e! c o m pl e x e s!t h e !Al – H! s e p ar ati o n! of!

1. 6 – 1. 8! Å!i n cr e a s e s!t o! >! 2. 0! Å!f or! pr o d u ct s! d efi n e d! a s! o xi d ati v e! a d diti o n.! T h e! br e a ki n g! p oi nt!

of!t hi s! b o n d! a p p e ar s!t o! o c c ur! q uit e!l at e! al o n g!t h e!r e a cti o n! c o or di n at e. !

!

G r a p h 1. 1. # R e a cti o n! c o or di n at e!f or!t h e! a p pr o a c h! of! a! Z n – H! b o n d!t o! a!tr a n siti o n! m et al ,!a d a pt e d!

fr o m!r ef er e n c e!3 7. !

C o m p ari s o n! of! a! s eri e s! of! E – H! a n d! M – H! c o m pl e x e s! of! a! si n gl e!tr a n siti o n! m et al!fr a g m e nt,!

{ C p * R h( H)( Si Et3 )}! h a s! all o w e d! u s!t o! c o n cl u d e!t h at!t h e!i o ni c! c o m p o n e nt!t o! b o n di n g! r e m ai n s!

i m p ort a nt! f or! t h e! pr o d u ct s! of! o xi d ati v e! a d ditio n! a n d! i s! s u c h! t h at! f or!  M!  =!  Z n! a n d!  M g! t h e s e!

c o m pl e x e s! c a n! a c c ur at el y! b e! d e s cri b e d! a s! a! r e s ult! of! h y dri d e! tr a n sf er.!  T h e! t w o! e xtr e m e!

v al e n c e! b o n d! d e s cri pti o n s ! of! 1 7 # a n d! t h e! r el at e d!  H – Si Et 3 ! a n d!  H – B pi n! c o m pl e x e s! ar e!

r e pr e s e nte d !i n!Fi g ur e! 1. 1 9 .! D F T! c al c ul ati o n s! s h o w!t h at!t h e! c o v al e nt! c o ntri b uti o n!t o!t h e! T M– M!

b o n d!( Wi b er g! B o n d!I n d e x)! d e cr e a s e s! al o n g!t h e! s eri e s! Si! ~! B! <! Al! < !M g! ~! Z n !w hil e!t h e! c h ar g e!

o n!r h o di u m! b e c o m e s! s i g nifi c a nt!f or!t h e! Z n! a n d! M g! m e m b er s! of!t h e! s eri e s!( N P A! c h ar g e! o n! R h:!

B pi n! =! – 0. 0 3,! Al( H) B DI !=! – 0. 1 1,! M g B DI !=! – 0. 9 9).!I n! c o m bi n ati o n!t h e! d at a! s u g g e st!t h at!t h e!

i o ni c! c o ntri b uti o n! b e c o m e s! m or e! si g nifi c a nt!f or!t h e! m or e! el e ctr o p o siti v e! el e m e nt s.!!

T h er e! ar e! cl e ar! p ar all el s! b et w e e n! t h e! z witt eri o ni c! v al e n c e! b o n d! d e s cri pti o n! E # a n d! t h e!

n e utr al! d o n or La c c e pt or! c o m pl e x e s,!  T M → M – H.!  T h e s e! s p e ci e s! ar e! c o n n e ct e d! p art s! of! a!

c o nti n u u m! of! b o n di n g! d e s cri pti o n s! a s! ar e!  " Lc o m pl e x e s! of!t h e!f or m! T M ← H – M! a n d! T M – H → M!

a d d u ct s.! It! a p p e ar s! t h at! a s! t h e! f sr! pr o vi d e s! s o m e! i n si g ht!  w h e n! c o m p ari n g! c o or di n ati o n!

H

T MZ n

H

T MZ n

f o r m al s h o rt n e s s r ati o

T
M

–H
–Z

n 
(

°)

1 2 0

1 0 0

8 0

6 0

0. 9 4 1. 0 2 1. 0 4 1. 0 610. 9 80. 9 6 1. 0 8 1. 1 0
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c o m pl e x e s! of!t h e! M – H! b o n d!t o! T M,!it! m a y! al s o! b e! of! s o m e! u s e!i n! c o n si d eri n g! c o or di n ati o n! of!

t h e! T M– H!fr a g m e nt!t o! M.! T h e! b o n d! di st a n c e s! a n d! a n gl e s! ar o u n d!t h e! N b – H – Z n! m oi e t y! of!3 4#

a n d! 3 5 !ar e! c o m p ar e d!i n !Fi g ur e! 1. 2 0 .! T h e!f sr!r ati o! d e cr e a s e s! a n d! T M– H – M! a n gl e! b e c o m e s!

i n cr e a si n gl y! a c ut e! w h e n! c o m p ari n g! a! c o m pl e x! wit h! a! g e n ui n e! T M– M! b o n d! (3 4 )! a g ai n st!t h at!i n!

w hi c h! t h e! pri m ar y! i nt er a cti o n! b et w e e n! t h e! t w o!  m et al s! o c c ur s! t hr o u g h! a! 3 Lc e ntr e! 2 Lel e ctr o n!

T M – H – M! b o n d. !

!

Fi g u r e 1. 1 9. # E xtr e m e! b o n di n g! d e s cri pti o n! of! 1 7 !a n d!r el at e d! c o m pl e x e s .! A d a pt e d!fr o m!r ef er e n c e!

4 3 .!

!

Fi g u r e 1. 2 0. # C o m p ari s o n! of!t h e! b o n d!l e n gt h s![ Å]! a n d! a n gl e s![ ° ]!i n!3 4 #a n d! 3 5 .! Fi g ur e!a d a pt e d !

fr o m!r ef er e n c e!7 6 .!!

W hil e,!i n! g e n er al,!t h e! hi g h er! el e ctr o n e g ati vit y! of!t h e! m ai n! gr o u p! el e m e nt!i n! sil a n e s!( a n d!t o!

a n! e xt e nt! b or a n e s)! m e a n s!t h at! T M – H → E R n !b o n di n g! d e s cri pti o n s! ar e!l e s s! c o m m o n,!t h er e!i s!

gr o wi n g! a p pr e ci at i o n! t h at! t h e s e! d e s cri pti o n s!  m a y! b e! r el e v a nt! i n!  " Lsil a n e! a n d! " Lb or a n e!

c h e mi str y.! F or! e x a m pl e,! a n! {Ir– H }– → Si R 3
+ !i nt er a cti o n! h a s!r e c e ntl y! b e e n!i n v o k e d!t o! e x pl ai n!t h e!

el e ctr o ni c! str u ct ur e! of! a n!i nt er m e di at e!i s ol at e d! d uri n g! c at al yti c! st u di e s!i n!t h e! d e h y dr o c o u pli n g!

of! sil a n e s! a n d! al c o h ol s. 1 8 0 !R el at e d! b or a n e Lc a p p e d!tr a n siti o n! m et al! h y dri d e s,! e s p e ci all y!t h o s e!

g e n er at e d! b y! r e v er si bl e! a d diti o n! a cr o s s!  T M → B! b o n d s! ar e! g ai ni n g! i n cr e a si n g! att e nti o n! i n!

c at al yti c! h y dr o g e n ati o n! pr o c e s s e s. 1 8 1 !!

1. 7. 1. 2 # M ul t i pl y b ri d g e d h y d ri d e c o m pl e x e s   

A s!t h e! n u m b er! of! bri d gi n g! h y dri d e!li g a n d s!i n cr e a s e s! s o! d o e s!t h e! c o m pl e xit y! of!t h e! str u ct ur e!

a n d! of!t h e! b o n di n g! d e s cri pti o n s.! Wil ki n s o n! h a s! c o m m e nt e d:! !

“ T h e$ si mil arit y$ of …tr a n siti o n$ m et al$ al u mi n o h y dri d e s$t o$ al a n e s$ s u g g e st$t h at,$ w h er e a s$it$i s$

c orr e ct$ t o$ c o n si d er$ tr a n siti o n$  m et al$ b or o h y dri d e s$ a s$ c o n si sti n g$ of$ L n M
+ $ a n d$  B H 4

– $ m oi eti e s,$

R h

Si Et 3

H

H
iPr iPr

M

N

NiPr

iPr

R h

Si Et 3

H

H
iPr iPr

M

N

N
iPr

iPr 1 7

M = Al – H, Z n, M g

D E

2. 8 3
f s r = 1. 1 3

3 4

N b N b

3 5

2. 5 4
f s r = 1. 0 1

m et al -m et al
a d d u ct

h y d ri d e -b ri d g e d 
a d d u ct

1 0 7
1. 7 7

8 8
1. 9 7
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si mil ar$ m o d el s$f or$ al u mi ni u m$ a n al o g u e s$ ar e$ n ot$ a s$ a c c ur at e.$It$ m a y$ b e$ wi s er$t o$ c o n si d er$t h e$

c o m pl e x e s$ a s$ b ei n g$ d eri v e d$fr o m$ d o n or :a c c e pt or$i nt er a cti o n s.” 2 0 $$

Alt h o u g h! g e n er all y!tr u e!f or!r ar e! e art h! a n d! gr o u p! 4! c o m pl e x e s! d e s cri b e d!i n !s e cti o n! 1. 6. 2 ,! m a n y!

l at e! tr a n siti o n!  m et al! a d d u ct s! ar e! d e s cri b e d! a s! at e Lc o m pl e x e s! f or m e d! of! { T M – H n }
– ! a n d!  M + !

fr a g m e nt s!(Fi g ur e! 1. 2 1 ).!!

!

Fi g u r e 1. 2 1. # Li miti n g! b o n di n g! d e s cri pti o n s!i n! m ulti pl y! bri d g e d! h et er o bi m et alli c! c o m pl e x e s. !

A! n u m b er! of! s p e ci e s! h a v e! b e e n!i s ol at e d!t h at! c a n! b e! c o n si d er e d! c o or di n at e d !c o m pl e x e s! of!

t h e!tr a p p e d! p ar e nt! h ydri d e s,!t h e s e!i n cl u d e! {M g H 4 }
2 – ,!{Al H 4 }

– ,!{Al H 5 }
2 – ,!{Al H 6 }

3 – ,!{Z n H 6 }
4 – ,! a n d!

{Al 2 H 8 }
2 – !str u ct ur al! c or e s ,!w hi c h! c a n! b e! c o m p ar e d!t o! si mil ar! c o m pl e x e s! c o nt ai ni n g! {Si H 4 }!a n d !

{Si H 6 }
2 – ! tr a p p e d! b et w e e n! t w o! tr a n siti o n!  m et al s.1 8 2, 1 8 3 ! T h e s e! s p e ci e s! el u ci d at e! t h e! g e n er al!

c o or di n ati o n! m o d e s!f o u n d!i n! m ulti pl y! h y dri d e! bri d g e d! s p e ci e s!( Fi g ur e! 1. 2 2 ).! M or e!r e c e ntl y,!t h e!

Cri m mi n! gr o u p! h a s ! f o u n d! t h at! t h e! a g gr e g ati o n! st at e! of! t h e! c o m pl e x e s!  m a y! b e! r e d u c e d! b y!

i n c or p or ati n g! ki n eti c all y! st a bili si n g!li g a n d s! o n! M.2 7, 3 7, 4 3 , 1 1 9, 1 7 1#

!

Fi g u r e 1. 2 2. # C o or di n ati o n! g e o m etri e s! of!tr a p p e d! {M H x }
n –

!u nit s! a n d! c o m p ari s o n!t o! sil a n e!

c h e mi str y. !

1. 7. 2 !R e a c t i v i t y  

T h e! 3 Lc e ntr e! 2 Lel e cr o n!  T M – H – M!  m oi et y! i s! s ur pri si n gl y! st a bl e.!  T h e! n o v el! gr o u n d! st at e!

str u ct ur e s!f o u n d!i n! h et er o bi m et alli c! T M – H – M! c o m pl e x e s! ar e! oft e n! a s s u m e d!t o! h er al d! u n u s u al!

r e a cti vit y.!  T hi s! c orr el ati o n! i s! f ar! fr o m! pr o v e n.! I n d e e d,!  w h e n! it! c o m e s! t o! r e a cti vi t y,! t h e!

u n d er st a n di n g! of!t h e! gr o u n d! st at e! str u ct ur e!i s! n ot! e n o u g h.! F or! e x a m pl e,! a! c o m m o n!f e at ur e! of!

M
H

H
T M

M
H

X
T M

X = h al o g e n

T M  < T M  > 

M
H

H
T MM

H

H
T M

T M  ~  

L n T M
H

H
M T M L nH

H

L n T M H

H

M H

HH

T M L n

H

L n T M
H

H
Al T M L n

H

HH

H
H

Al

H

M = Si, Al, Z n

M = Si, M g

L n T M
H

H Al
H

H
T M L n

H



!

2 8 !

t h e! d at a!f or!t h e! m ulti pl yLbri d g e d! h y dri d e s!i s! e x c h a n g e! b et w e e n! h y dri d e! p o siti o n s!i n!t h e! s ol uti o n!

p h a s e. 1 7 5 !

B y! f ar! t h e!  m o st!  w ell! u n d er st o o d! r e a cti o n! of!  T M – H – M! gr o u p s! ar e! t h o s e!  w hi c h! i n v ol v e!

eli mi n ati o n! of! di h y dr o g e n.! E x p eri m e nt all y,! w hil e!t hi s!r e a cti vit y! h a s! b e e n! o b s er v e d!f or! b ot h! Al!

a n d! G a! c o m pl e x e s,! e x a m pl e s! of!t h e!l att er! d o mi n at e.! T hr o u g h!t h e!i s ol ati o n! of!i nt er m e di at e s!

a n d! ki n eti c! a n al y si s,! a! n u m b er! of! m e c h a ni s m s!f or! H 2 !eli mi n ati o n! h a v e! b e e n!i d e ntifi e d! a n d! ar e!

pr e s e nt e d! i n ! Fi g ur e! 1. 2 3 .!  B ot h! & Lmi gr ati o n! a n d! 1, 2 Leli mi n ati o n! of!  H 2 ! a cr o s s! a!  T M – M! b o n d!

h a v e! b e e n! u s e d! t o! r ati o n ali s e! t h e! f or m ati o n! of!  G a I! li g a n d s! i n! t h e! c o or di n ati o n! s p h er e! of!

tr a n siti o n! m et al s.!!

T h e! mi cr o s c o pi c!r e v er s e! of!t h e! 1, 2 Leli mi n ati o n! of! di h y dr o g e n!fr o m! a! T M( H) – M( H)! u nit!i s! H 2 !

a d diti o n! a cr o s s! a! d ati v e!  T M ← M! b o n d.!  A ! h a n df ul! of! e x a m pl e s! of! t hi s! t y p e! of! r e a cti vit y! ar e!

k n o w n,! al b eit!fr o m! a d d u ct s!i n! w hi c h!t h e!r ol e s! of!t h e! m et al s!i n!t h e! L e wi s! a ci d Lb a s e! a d d u ct! ar e!

r e v er s e d.! F or! e x a m pl e,!t h e! a d diti o n! of! di h y dr o g e n! a cr o s s! Pt → Al! a n d! R u → Z n! b o n d s!t o!f or m!

h et er o bi m et alli c! c o m pl e x e s! i s! k n o w n. 8 2 ,1 7 5 ! It! re m ai n s! li k el y! t h at! si mil ar! r e a cti vit y!  will! b e!

di s c o v er e d!f or! T M ← M! a d d u ct s.! T hi s! m a y! w ell! b e!f or e s h a d o w e d! b y!t h e! e xi sti n g! o b s er v ati o n s!

of! b ot h!i nt er L!a n d!i ntr a m ol e c ul ar! a d diti o n! of! c ar b o n – h y dr o g e n! b o n d s! a cr o s s! i n$ sit u!g e n er at e d!

T M ← M!( 1 6 )! a n d! T M– M!( 2 0 ,# 3 1,!4 4 )! c o m pl e x e s.!

!

Fi g u r e 1. 2 3. # Pr o p o s e d! m e c h a ni s m s!f or! H 2 !eli mi n ati o n!fr o m! h et er o bi m et alli c! h y dri d e s. !

D F T! st u di e s! o n! T M – H – Z n! c o m pl e x e s! h a v e! s h o w n!t h at! a s!t h e! h y dri d e!i s!tr a n sf err e d!fr o m!

zi n c! it! b e c o m e s! l e s s! h y dri di c! a n d!  m or e! a ci di c. 3 7 ! W hil e! t h e! d at a!  w o ul d! s u g g e st! t h at! a! ri c h!

a ci d/ b a s e! c h e mi str y! m a y! b e! p o s si bl e! wi t h! h et er o bi m et alli c! h y dri d e! c o m pl e x e s,!t h e!r e a cti vit y! of!

t h e s e! s p e ci e s! r e m ai n s! u n d er st u di e d.!  T h e! s a m e! c a n! b e! s ai d! f or ! i n s erti o n! of! u n s at ur at e d!

s u b str at e s! ( e. g.! al k e n e s,! al k y n e s,! C O,! C O 2 ,! et c.)!i nt o! 3Lc e ntr e! 2 Lel e ctr o n! T M – H – M! b o n d s:!it!



!
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r e m ai n s! u n cl e ar! h o w! t hi s! c h e mi str y!  will! c o m p ar e! t o! t h e!  w ellLst u di e d! r e a cti o n s! of! tr a n siti o n!

m et al! h y dri d e s. !

1. 7. 3 !P o t e n t i a l i n C a t a l y s i s   

Tr a n siti o n!  m et al! h y dri d e! c o m pl e x e s! ar e! k n o w n! i nt er m e di at e s! i n! t h e! h y dr o g e n ati o n! of!

u n s at ur at e d! h y dr o c ar b o n s,! C O!( Fi s c h er LTr o p s c h),! a n d! C O 2 !al o n g !wit h! n u m er o u s! ot h er! s m all!

m ol e c ul e s. 1 8 4 L1 8 6 !T h e y! al s o! pl a y! a! k e y!r ol e!i n! h y dr o g e n a s e! e n z y m e s! a n d!r el at e d! c at al y st s!f or!

H + ! r e d u cti o n! t o!  H2 ! a n d! h a v e! b e e n! i n v o k e d! a s! ( off Lc y cl e)! i nt er m e di at e s! d uri n g! a! n u m b er! of!

i m p ort a nt! p ol y m eri s ati o n!r e a cti o n s!i n cl u di n g! Zie gl er LN att a! c at al y si s. 8 5, 1 0 9! !!

T o! d at e! h o w e v er,! d efi n e d! c at al yti c! r e a cti o n s! b eli e v e d! t o! i n v ol v e! h et er o bi m et alli c! h y dri d e!

c o m pl e x e s! ar e!li mit e d.! S y st e m s!t h at! ar e! c at al yti c!i n! b ot h!t h e!tr a n siti o n! a n d! m ai n! gr o u p! m et al!

ar e!t h e! m o st! attr a cti v e.! L u! a n d! c o Lw or k er s! h a v e!r e p ort e d!t h e! h et er o bi m et alli c! c o m pl e x e s! 1 0 6 !

a s! c at al y st s!f or! al k e n e! h y dr o g e n ati o n! a n d!i s o m eri s ati o n! a n d! d e m o n str at e d!t h at!t h e! n at ur e! of!

t h e! m ai n! gr o u p! m et al,! M,! eff e ct s!t h e! a cti vit y!(Fi g ur e! 1. 2 4 ).1 8 7 #Di h y dr o g e n! a cti v ati o n! b y! a d diti o n!

a cr o s s! a! Ni → M! b o n d! h a s! b e e n! pr o p o s e d! a s! a! k e y! st e p!i n! h y dr o g e n ati o n! c at al y si s. !A d diti o n all y,!

I w a s a w a! &! T a k a y a! h a v e! v er y!r e c e ntl y! e n gi n e er e d! Pt– M !c o m pl e x e s!( M! =! Al,! G a,!I n) ,!i n s pir e d!

b y! L u’ s! c o m pl e x,! b ut! wit h !pi n c er Lt y p e!li g a n d s! a n d!t h e! ai m! of!i m pr o vi n g! s u b str at e! a c c e s s!t o!t h e!

tr a n siti o n! m et al.1 8 8 !W h e n! M! =! Al,!t h eir! s y st e m! c at al y s e s! h y dr o sil yl ati o n! of! C O 2 !wit h!t h e! b e st!

T O F $ r e p ort e d! t o! d at e! ( 1 93 0 0! h – 1 ),! a n d! e x c ell e nt! c o n v er si o n! of! t h e! sil a n e! s u b str at e.!  T h e!

m e c h a ni s m!i s! y et!t o! b e! d e s cri b e d,! b ut!t h e! pr e Lc at al yti c! mi xt ur e! cr e at e s! v er y! s uit a bl e! c o n diti o n s!

f or!C O 2! i n s erti o n!i nt o!Pt/ Al! h y dri d e!i nt er m e di at e s. !

!

Fi g u r e 1. 2 4. # C at al yti c! al k e n e !h y dr o g e n ati o n! a n d!i s o m eri s ati o n! b y! h et er o bi m et alli c! c o m pl e x e s !

T h e!i m p ort a n c e! of!tr a n siti o n! m et al! h y dri d e s!t o! n u m er o u s! a s p e ct s! of! c at al y si s!i s! n ot! u p!f or!

d e b at e.!  W h et h er! or! n ot! h et er o bi m et alli c! c o m pl e x e s!  will! b e! a bl e! t o! off er! a d v a nt a g e s! o v er!

e xi sti n g! m o n o m et alli c! s y st e m s! r e m ai n s! a n! o p e n! q u e sti o n!f or!t h e! c o m m u nit y.!It!i s! cl e ar!t h at!

s u b st a nti al! d e v el o p m e nt s! i n! t h e! st oi c hi o m etri c! a n d! c at al yti c! r e a cti vit y! of! h et er o bi m et alli c!

h y dri d e s! n e e d!t o! b e! m a d e.! N e v ert h el e s s,!t h e! c o Ll o c ati o n! of!t w o! m et al s! b y! dir e ct! m et al– m et al!
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b o n d s! a n d/ or! bri d gi n g!li g a n d s! off er s!t w o! o p p ort u niti e s!i n! c at al y si s:! n e w!f u n d a m e nt al !r e a cti vit y,!

a n d!fi n e!t u ni n g! of! s el e cti o n! e v e nt s!i n! k n o w n!r e a cti o n s.! !

T h e! t a s k! f or! t h e! c urr e nt! g e n er ati o n! of! c h e mi st s! i s! t o! tr a n s cri b e! t h e! k n o w n!  m et h o d s! f or!

pr e p ar ati o n,! a n d!t h e! str u ct ur al! u n d er st a n di n g! of,! h et er o bi m et alli c! h y dri d e! c o m pl e x e s!i nt o! n e w!

r e a cti vit y.! W hil e! pr o gr e s s!i n!t hi s! ar e a! s e e m s!t o! h a v e! b e e n! m a d e!i n! st o p s! a n d! st art s,! gi v e n!t h e!

r e n e w e d! i nt er e st! i n! h et er o bi m et alli c! a n d!  m ai n! gr o u p! c o m pl e x e s! f or! c at al y si s,! t h e! c h all e n g e!

a p p e ar s!ti m el y. 1 8 6, 1 8 9 L1 9 0 !!

!



!

3 1 !

1. 8 $ A P P E N D I X  

!

Fi g u r e 1. 2 5. # Str u ct ur e! of! h et er o bi m et alli c! h y dri d e s!( m a n y! c o nt ai ni n g! n o n Lbri d gi n g! h y dri d e s)! n ot!

i n cl u d e d!i n! m ai n!t e xt.!

!
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1. 9 $ R E F E R E N C E S  

1 ! R.! H.! Cr a btr e e,! A n g e w.$ C h e m., $I nt.$ E d.,! 1 9 9 3,!3 2 ,! 7 8 9– 8 0 5. !
2 ! M.! Br o o k h art,! M.! L.! H.! Gr e e n! a n d! G.! P ar ki n,! Pr o c.$ N atl.$ A c a d.$ S ci.$ U.$ S.$ A. ,! 2 0 0 7,!1 0 4 ,! 6 9 0 8–

6 9 1 4. !
3 ! G.! J.! K u b a s,! Pr o c.$ N atl.$ A c a d.$ S ci.$ U.$ S.$ A ,! 2 0 0 7,!1 0 4 ,! 6 9 0 1– 6 9 0 7. !
4 ! G.! J.! K u b a s,! J.$ Or g a n o m et.$ C h e m ,! 2 0 0 1,!6 3 5 ,! 3 7– 6 8. !
5 ! G.! J.! K u b a s,! A c c.$ C h e m.$ R e s. ,! 1 9 8 8,!2 1 ,! 1 2 0– 1 2 8. !
6 ! S.! S a b o LEti e n n e! a n d! B.! C h a u dr et,! C o or d.$ C h e m.$ R e v. ,! 1 9 9 8,!1 7 8 *1 8 0 ,! 3 8 1– 4 0 7. !
7 ! G.! Al c ar a z,! M.! Gr elli er! a n d! S.! S a b o LEti e n n e,! A c c.$ C h e m.$ R e s. ,! 2 0 0 9,!4 2 ,! 1 6 4 0– 1 6 4 9. !
8 ! J.! Y.! C or e y,! C h e m.$ R e v. ,! 2 0 1 6,!1 1 6 ,! 1 1 2 9 1– 1 1 4 3 5 !!
9 ! S.! L a c h ai z e! a n d! S.! S a b o LEti e n n e,! E ur.$ J.$I n or g.$ C h e m. ,! 2 0 0 6,! 2 1 1 5– 2 1 2 7. !
1 0 ! G.!I.! Ni k o n o v,! J.$ Or g a n o m et.$ C h e m ,! 2 0 0 1,!6 3 5 ,!2 4 – 3 6. !
1 1 ! J.! C.! Gr e e n,! M.! L.! H.! Gr e e n! a n d! G.! P ar ki n,! C h e m.$ C o m m u n. ,! 2 0 1 2,!4 8 ,! 1 1 4 8 1– 1 1 5 0 3. !
1 2 ! J.! Y.! C or e y,! C h e m.$ R e v. ,! 2 0 1 1,!1 1 1 ,! 8 6 3– 1 0 7 1. !
1 3 ! S.! B.! D u c k ett! a n d! R.! N.! P er ut z,! Or g a n o m et alli c s ,! 1 9 9 2,!1 1 ,! 9 0– 9 8. !
1 4 ! S.! S a k a ki,! N.! Mi z o e! a n d! M.! S u gi m ot o,! Or g a n o m et alli c s ,! 1 9 9 8,!1 7 ,! 2 5 1 0– 2 5 2 3. !
1 5 ! G.! J.! K u b a s,! C at al .$L ett ,! 2 0 0 5,!1 0 4 ,! 7 9– 1 0 1. !
1 6 ! G.! J.! K u b a s,! C h e m.$ R e v. ,! 2 0 0 7,!1 0 7 ,! 4 1 5 2– 4 2 0 5. !
1 7 ! C.! E.! W e b st er,! Y.! F a n,! M.! B.! H all,! D.! K u n z! a n d! J.! F.! H art wi g,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 0 3,!1 2 5 ,!

8 5 8 – 8 5 9. !
1 8 ! J.! F.! H art wi g,! K.! S .! C o o k,! M.! H a p k e,! C.! D.!I n c ar vit o,! Y.! F a n,! C.! E.! W e b st er! a n d! M.! B.! H all,! J.$

A m.$ C h e m.$ S o c. ,! 2 0 0 5,!1 2 7 ,! 2 5 3 8– 2 5 5 2. !
1 9 ! I.! A.!I.! M k h ali d,! J.! H.! B ar n ar d,! T.! B.! M ar d er,! J.! M.! M ur p h y! a n d! J.! F.! H art wi g,!C h e m.$ R e v. ,! 2 0 1 0,!

1 1 0 ,! 8 9 0– 9 3 1. !
2 0 ! A.! R.! B arr o n! a n d! G.! Wil ki n s o n,! P ol y h e dr o n ,! 1 9 8 6,!5 ,! 1 8 9 7– 1 9 1 5. !
2 1 ! G.! L.! S ol o v ei c hi k! a n d! B.! M.! B ul y c h e v,! R u s s.$ C h e m.$ R e v. ,! 1 9 8 3,!5 1 ,! 4 3– 6 0. !
2 2 ! G.! P ar ki n,!i n! M et al :M et al$ B o n di n g ,! e d.! G.! P ar ki n,! S pri n g er! B erli n! H ei d el b er g,!2 0 1 0,! v ol.! 1 3 6,! p p.!

1 1 3 – 1 4 5. !
2 3 ! R.! A.! Fi s c h er! a n d! J.! W ei ß,! A n g e w.$ C h e m., $I nt.$ E d.,! 1 9 9 9,!3 8 ,! 2 8 3 0– 2 8 5 0. !
2 4 ! C.! G e m el,! T.! St ei n k e,! M.! C o k oj a,! A.! K e m pt er! a n d! R.! A.! Fi s c h er,! E ur.$ J.$ I n or g.$  C h e m. ,! 2 0 0 4,!

4 1 6 1 – 4 1 7 6. !
2 5 ! T.! B oll er m a n n,! C.! G e m el! a n d! R.! A.! Fi s c h er,! C o or d.$ C h e m.$ R e v. ,! 2 0 1 2,!2 5 6 ,! 5 3 7– 5 5 5. !
2 6 ! S.!  G o n z al e z LG all ar d o,!  G.!  Pr a b u s a n k ar,!  T.!  C a d e n b a c h,!  C.!  G e m el,!  M.! v o n!  H o pff g art e n,!  G.!

Fr e n ki n g! a n d! R.! A.! Fi s c h er, !i n!M et al :M et al$ B o n di n g ,!e d.! G.! P ar k i n,!S pri n g er! B erli n! H ei d el b er g, !
2 0 1 0,! v ol.! 1 3 6, !p p.! 1 4 7 – 1 8 8. !

2 7 ! A.! E.! N a k o,! Q.! W.! T a n,! A.! J.! P.! W hit e! a n d! M.! R.! Cri m mi n,! Or g a n o m et alli c s ,! 2 0 1 4,!3 3 ,! 2 6 8 5–
2 6 8 8. !

2 8 ! S.! S c hl e c ht! a n d! J.! F.! H art wi g,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 0 0,!1 2 2 ,! 9 4 3 5– 9 4 4 3. !
2 9 ! T.! K a ki z a w a,! Y.! K a w a n o! a n d! M.! S hi m oi,! Or g a n o m et alli c s ,! 2 0 0 1,!2 0 ,! 3 2 1 1– 3 2 1 3. !
3 0 ! C.!  G a n e s a m o ort h y,! J.!  W e ßi n g,!  C.!  Kr oll,!  R.!  W.!  S ei d el,!  C.!  G e m el! a n d!  R.!  A.!  Fi s c h er,! A n g e w.$

C h e m., $I nt.$ E d.,! 2 0 1 4,!5 3 ,! 7 9 4 3– 7 9 4 7. !
3 1 ! I.!  M.!  Ri d dl e st o n e,!  S.!  E d m o n d s,!  P.!  A.!  K a uf m a n,! J.!  Ur b a n o,! J.! I.!  B at e s,!  M.! J.!  K ell y,!  A.! L.!

T h o m p s o n,! R.! T a yl or! a n d! S.! Al dri d g e,! J .$ A m.$ C h e m.$ S o c.,! 2 0 1 2,!1 3 4 ,! 2 5 5 1– 2 5 5 4. !
3 2 ! I.! M.! Ri d dl e st o n e,! J.! Ur b a n o,! N.! P hilli p s,! M.! J.! K ell y,! D.! Vi d o vi c,! J.!I.! B at e s,! R.! T a yl or! a n d! S.!

Al dri d g e,! D alt o n$ Tr a n s. ,! 2 0 1 3,!4 2 ,! 2 4 9– 2 5 8. !
3 3 ! J.!  A.!  B.!  A b d all a,! I.!  M.!  Ri d dl e st o n e,!  R.!  Tirf oi n,!  N.!  P hilli p s,! J.! I.!  B at e s! a n d!  S.!  Al dri d g e,! C h e m.$

C o m m u n. ,! 2 0 1 3,!4 9 ,! 5 5 4 7– 3. !
3 4 ! J.!  A.!  B.!  A b d all a,! I.!  M.!  Ri d dl e st o n e,! J.!  T ur n er,!  P.!  A.!  K a uf m a n,!  R.!  Tirf oi n,!  N.!  P hilli p s! a n d!  S.!

Al dri d g e,! C h e m.$ E ur.$ J. ,! 2 0 1 4,!2 0 ,!1 7 6 2 4 – 1 7 6 3 4. !
3 5 ! I.! M.! Ri d dl e st o n e,! J.! A.! B.! A b d all a! a n d! S.! Al dri d g e,!i n! A d v a n c e s$i n$ Or g a n o m et alli c$ C h e mi str y ,!

2 0 1 5,! v ol.! 6 3,! p p.! 1 – 3 8. !
3 6 ! J.! T ur n er,! J.! A.! B.! A b d all a,! J.!I.! B at e s,! R.! Tirf oi n,! M.! J.! K ell y,! N.! P hilli p s! a n d! S.! Al dri d g e,! C h e m.$

S ci. ,! 2 0 1 3,!4 ,! 42 4 5 – 4 2 5 0. !
3 7 ! O.! E k k ert,! A.! J.! P.! W hit e! a n d! M.! R.! Cri m mi n,! A n g e w.$ C h e m., $I nt.$ E d.,! 2 0 1 6,!5 5 ,! 1 6 0 3 1– 1 6 0 3 4 .!
3 8 ! K.! U e n o,! T.! Y a m a g u c hi,! K.! U c hi y a m a! a n d! H.! O gi n o,! Or g a n o m et alli c s ,! 2 0 0 2,!2 1 ,! 2 3 4 7– 2 3 4 9. !
3 9 ! T.! M ur a o k a! a n d! K.! U e n o,! C o or d.$ C h e m.$ R e v. ,! 2 0 1 0,!2 5 4 ,!1 3 4 8 – 1 3 5 5. !
4 0 ! K. LR.! P or s c h k e,! W.! Kl ei m a n n,! Y. LH.! T s a y,! C.! Kr u g er! a n d! G.! Wil k e,! C h e m.$ B er. ,! 1 9 9 0,!1 2 3 ,! 1 2 6 7–

1 2 7 3. !
4 1 ! T.! St ei n k e,! C.! G e m el,! M.! C o k oj a,! M.! Wi nt er! a n d! R.! A.! Fi s c h er,! A n g e w.$ C h e m., $I nt.$ E d.,! 2 0 0 4,!4 3 ,!

2 2 9 9 – 2 3 0 2. !
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4 2 ! T.!  St ei n k e,!  M.!  C o k oj a,!  C.!  G e m e l,!  A.!  K e m pt er,!  A.!  Kr a p p,!  G.!  Fr e n ki n g,!  U.!  Z e n n e c k! a n d!  R.!  A.!
Fi s c h er,! A n g e w.$ C h e m., $I nt.$ E d.,! 2 0 0 5,!4 4 ,! 2 9 4 3– 2 9 4 6. !

4 3 ! O.! E k k ert,! A.! J.! P.! W hit e,! H.! T o m s! a n d! M.! R.! Cri m mi n,! C h e m.$ S ci. ,! 2 0 1 5,!6 ,! 5 6 1 7– 5 6 2 2. !
4 5 ! L.! J.! H o u nj et,! D.! A d hi k ari,! M.! Pi n k,! P.! J.! C arr oll! a n d! D.! J.! Mi n di ol a,! Z.$ A n or g.$ All g.$ C h e m. ,! 2 0 1 5,!

6 4 1 ,! 4 5– 4 8. !!
4 6 ! L.! F o hl m ei st er,! S.! Li u,! C.! S c h ult e n,! B.! M o u b ar a ki,! A.! St a s c h,! J.! D.! C a s hi o n,! L.! G a gli ar di! a n d! C.!

J o n e s,! A n g e w.$ C h e m.,$I nt.$ E d. ,! 2 0 1 2,!5 1 ,! 8 2 9 4– 8 2 9 8. !
4 6 ! A.! K e m pt er,! C.! G e m el! a n d! R.! A.! Fi s c h er,! C h e m.$ E ur.$ J. ,! 2 0 0 7,!1 3 ,! 2 9 9 0– 3 0 0 0. !
4 7 ! A.! D o d di,! G.! Pr a b u s a n k ar,! C.! G e m el,! M.! Wi nt er! a n d! R.! A.! Fi s c h er,! E ur.$ J.$I n or g.$ C h e m. ,! 2 0 1 3,!

3 6 0 9 – 3 6 1 5. !
4 8 ! T.! C a d e n b a c h,! T.! B oll er m a n n,! C.! G e m el! a n d! R.! A.! Fi s c h er,! D alt o n$ Tr a n s. ,! 2 0 0 9,! 3 2 2– 3 2 9. !
4 9 ! J.! J.! S c h n ei d er,! C.! Kr u g er,! M.! N olt e,!I.! A br a h a m,! T.! S.! Ert el! a n d! H.! B ert a g n oli,! A n g e w.$ C h e m., $

I nt.$ E d.,! 1 9 9 4,!3 3 ,! 2 4 3 5– 2 4 3 7. !
5 0 ! M.! D.! Fr y z u k,! D.! H.! M c C o n vill e! a n d! S.! J.! R etti g,! Or g a n o m et alli c s ,! 1 9 9 0,!9 ,! 1 3 5 9– 1 3 6 0. !
5 1 ! M.! D.! Fr y z u k,! D.! H .! M c C o n vill e! a n d! S.! J.! R etti g,!Or g a n o m et alli c s ,! 1 9 9 3,!1 2 ,! 2 1 5 2– 2 1 6 1. !
5 2 ! T.! C a d e n b a c h,! C.! G e m el,! R.! S c h mi d,! M.! H al b h err,! K.! Y u s e n k o,! M.! C o k oj a! a n d! R.! A.! Fi s c h er,!

A n g e w.$ C h e m., $I nt.$ E d.,! 2 0 0 9,!4 8 ,! 3 8 7 2– 3 8 7 6. !
5 3 ! T.!  C a d e n b a c h,!  T.!  B oll er m a n n,!  C.!  G e m el,!  M.!  T o m b ul,! I.!  F er n a n d e z,!  M.!  V.!  H o pff g art e n,!  G.!

Fr e n ki n g! a n d! R.! A.! Fi s c h er,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 0 9,!1 3 1 ,! 1 6 0 6 3– 1 6 0 7 7. !
5 4 ! T.! C a d e n b a c h,! C.! G e m el,! T.! B oll er m a n n,!I.! F er n a n d e z,! G.! Fr e n ki n g! a n d! R.! A.! Fi s c h er,! C h e m.$

E ur.$ J .,! 2 0 0 8,!1 4 ,! 1 0 7 8 9– 1 0 7 9 6. !
5 5 ! A.! K e m pt er,! C.! G e m el,! T.! C a d e n b a c h! a n d! R.! A.! Fi s c h er,! Or g a n o m et alli c s ,! 2 0 0 7,!2 6 ,! 4 2 5 7– 4 2 6 4. !
5 6 ! M.! M ol o n,! C.! G e m el! a n d! R.! A.! Fi s c h er,! J.$ Or g a n o m et.$ C h e m ,! 2 0 1 4,!7 5 1 ,! 5 7 3– 5 7 8. !
5 7 ! B.! B u c hi n,! C.! G e m el,! A.! K e m pt er,! T.! C a d e n b a c h! a n d! R.! A.! Fi s c h er,! I n or g.$ C hi m.$ A ct a,! 2 0 0 6,!

3 5 9 ,! 4 8 3 3– 4 8 3 9. !
5 8 ! G.! T a n,! T.! S zil v á si,! S.!I n o u e,! B.! Bl o m! a n d! M.! Dri e s s,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 1 4,!1 3 6 ,! 9 7 3 2– 9 7 4 2. !
5 9 ! R.! A.! Fi s c h er,! T.! Pri er m ei er! a n d! W.! S c h er er,! J.$ O r g a n o m et.$ C h e m,! 1 9 9 3,!4 5 9 ,! 6 5– 7 1. !
6 0 ! R.! A.! Fi s c h er,! M.! M.! S c h ult e,! J.! W ei ß,! L.! Z s ol n ai,! A.! J a c o bi,! G.! H utt n er,! G.! Fr e n ki n g,! C.! B o e h m e!

a n d! S.! F.! V y b oi s h c hi k o v,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 9 8,!1 2 0 ,! 1 2 3 7– 1 2 4 8. !
6 1 ! R.! A.! Fi s c h er! a n d! T.! Pri er m ei er,! Or g a n o m et alli c s ,! 1 9 94,! 1 3 ,! 4 3 0 6– 4 3 1 4. !
6 2 ! J.! T.! G ol d e n,! T.! H.! P et er s o n,! P.! L.! H oll a n d,! R.! G.! B er g m a n! a n d! R.! A.! A n d er s e n,! J.$ A m.$ C h e m.$

S o c. ,! 1 9 9 8,!1 2 0 ,! 2 2 3– 2 2 4. !
6 3 ! H.! Br u n n er,! P.! C.! W ail e s! a n d! H.! D.! K a e s z,! I n or g.$ N u cl.$ C h e m.$ L ett.,! 1 9 6 5,!1 ,! 1 2 5– 1 2 9. !
6 4 ! A.! St orr! a n d! B.! S.! T h o m a s,! C a n.$ J.$ C h e m. ,! 1 9 7 1,!4 9 ,! 2 5 0 4– 2 5 0 7. !
6 5 ! J.! W.! Br u n o,! J.! C.! H uff m a n! a n d! K.! G.! C a ult o n,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 8 4,!1 0 6 ,! 4 4 4– 4 4 5. !
6 6 ! M.! A m ati! a n d! F.! L elj,! C a n.$ J.$ C h e m. ,! 2 0 0 9,!8 7 ,! 1 4 0 6– 1 4 1 4. !
6 7 ! P.! C.! W ail e s,! H.! W ei g ol d! a n d! A.! P.! B ell,! J.$ Or g a n o m et.$ C h e m ,! 1 9 7 2,!4 3 ,! C 2 9– C 3 1. !
6 8 ! M.! L.! H.! Gr e e n,! R.! E.! M a c K e n zi e! a n d! J.! S.! P ol a n d,! J.$ C h e m.$ S o c.,$ D alt o n$ Tr a n s. ,! 1 9 7 6,! 1 9 9 3–

1 9 9 4. !
6 9 ! M.! St e n d er,! H.! O e s e n,! S.! Bl a ur o c k! a n d! E.! H e y! H a w ki n s,! Z.$ A n or g.$ All g.$ C h e m. ,! 2 0 0 1,! 9 8 0– 9 8 4. !
7 0 ! R.! A.! F or d er! a n d! K. !Pr o ut,! A ct a$ Cr y st. ,! 1 9 7 4,!B 3 0 ,! 2 3 1 2– 2 3 1 7. !
7 1 ! S.! J.! R etti g,! A.! St orr,! B.! S.! T h o m a s! a n d! J.! Tr ott er,! A ct a$ Cr y st. ,! 1 9 7 4,!B 3 0 ,! 6 6 6– 6 7 2. !
7 2 ! D.! E.! Cr ott y,! T.! J.! A n d er s o n,! M.! D.! Gli c k! a n d! J.! P.! Oli v er,! I n or g.$ C h e m.,! 1 9 7 7,!1 6 ,! 2 3 4 6– 2 3 5 0. !
7 3 ! R.! L.! G e ert s,! J.! C.! H uf f m a n! a n d! K.! G.! C a ult o n,!I n or g.$ C h e m.,! 1 9 8 6,!2 5 ,! 5 9 0– 5 9 1. !
7 4 ! M.! A.! P or ai LK o s hit s,! A.! S.! A nt s y s h ki n a,! A.! A.! P a s y n s kii,! G.! G.! S a di k o v,! Y.! V.! S kri p ki n! a n d! V.! N.!

O stri k o v a,! I n or g.$ C hi m.$ A ct a,! 1 9 7 9,!3 4 ,! L 2 8 5– L 2 8 7. !
7 5 ! F.! N.! T e b b e,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 7 3,!9 5 ,!5 4 1 2 – 5 4 1 4. !
7 6 ! P.! H.! M.! B u d z el a ar,! A.! A.! H.! V a n! D er! Z eij d e n,! J.! B o er s m a,! G.! J.! M.! V a n! D er! K er k,! A.! L.! S p e k!

a n d! A.! J.! M.! D ui s e n b er g,! Or g a n o m et alli c s ,! 1 9 8 4,!3 ,! 1 5 9– 1 6 3. !
7 7 ! P.!  H.!  M.!  B u d z el a ar,!  K.!  H.!  D e n!  H a a n,! J.!  B o er s m a,!  G.! J.!  M.!  V a n!  D er!  K er k! a n d!  A.! L.!  S p e k,!

O r g a n o m et alli c s,! 1 9 8 4,!3 ,! 1 5 6– 1 5 9. !
7 8 ! M.! O h a s hi,! K.! M at s u b ar a,! T.!Ii z u k a! a n d! H.! S u z u ki,! A n g e w.$ C h e m., $I nt.$ E d.,! 2 0 0 3,!4 9 ,! 9 3 7– 9 4 0. !
7 9 ! M.! O h a s hi,! K.! M at s u b ar a! a n d! H.! S u z u ki,! Or g a n o m et alli c s ,! 2 0 0 7,!2 6 ,! 2 3 3 0– 2 3 3 9. !
8 0 ! K.! Pr o ut! a n d! R.! A.! F or d er,! A ct a$ Cr y st. ,! 1 9 75,! B 3 1 ,! 8 5 2– 8 5 6. !
8 1 ! M.! L.! H.! Gr e e n,! G.! A.! M o s er,!I.! P a c k er,! F.! P etit,! R.! A.! F or d er! a n d! K.! Pr o ut,! J.$ C h e m.$ S o c.,$ C h e m.$

C o m m u n. ,! 1 9 7 4,! 8 3 9– 8 4 0. !
8 2 ! M.! D e vill ar d,! R.! D e cl er c q,! E.! Ni c ol a s,! A.! W.! E hl er s,! J.! B a c k s,! N.! S aff o n LM er c er o n,! G.! B o u h a dir,!

J.! C.! Sl o ot w e g,! W.! U hl! a n d! D.! B o uri s s o u,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 1 6,!1 3 8 ,! 4 9 1 7– 4 9 2 6. !
8 3 ! R.!  A.!  Fi s c h er,!  D.!  W ei ß,!  M.!  Wi nt er,! I.!  M üll er,!  H.!  D.!  K a e s z,!  N.!  Fr ö hli c h! a n d! G.!  Fr e n ki n g,! J.$

Or g a n o m et.$ C h e m ,! 2 0 0 4,!6 8 9 ,! 4 6 1 1– 4 6 2 3. !
8 4 ! B.! E.! C o wi e,! F.! A.! T s a o! a n d! D.! J.! H.! E m sli e,! A n g e w.$ C h e m., $I nt.$ E d.,! 2 0 1 4,!5 4 ,! 2 1 6 5– 2 1 6 9. !
8 5 ! L.!  V.!  P arf e n o v a,!  P.!  V.!  K o v y a zi n,! I.!  E.!  Nif a nt’ e v,! L.!  M.!  K h alil o v! a n d!  U.!  M.!  D z h e mil e v,!
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Or g a n o m et alli c s ,! 2 01 5,! 3 4 ,! 3 5 5 9– 3 5 7 0. !
8 6 ! V.!  V.!  B url a k o v,!  P.!  Ar n dt,!  W.!  B a u m a n n,!  A.!  S p a n n e n b er g! a n d!  U.!  R o s e nt h al,! Or g a n o m et alli c s ,!

2 0 0 6,! 2 5 ,! 5 1 9– 5 2 2. !
8 7 ! J.! K o pf,! H.! J.! V oll m er! a n d! W.! K a mi n s k y,! Cr y st.$ Str u ct.$ C o m m u n. ,! 1 9 8 0,!9 ,! 9 8 5.!
8 8 ! A.!I.! Si z o v,! T.! M.! Z v u k o v a,! A.! A.! G or k o v s kii,! Z.! A.! St ari k o v a! a n d! B.! M.! B ul y c h e v,! R u s s.$ C h e m.$

B ull. ,! 2 0 0 4,!5 3 ,! 2 1 7 5– 2 1 7 8. !
8 9 ! T.! M.! Ar k hir e e v a,! V.! K.! B el' s kii,! B.! M.! B ul y c h e v! a n d! G.! L.! S ol o v ei c hi k,! R u s s.$ C h e m.$ B ull. ,! 1 9 8 6,!

3 5 ,! 2 5 8 5– 2 5 8 7. !
9 0 ! D.! S c h ä dl e,! C.! S c h ä dl e,! D.! S c h n ei d er,! C.! M ai c hl e LM ö s s m er! a n d! R.! A n w a n d er,! Or g a n o m et alli c s ,!

2 0 1 5,! 3 4 ,! 4 9 9 4– 5 0 0 8. !
9 1 ! C.! S c h ä dl e,! C.! M ai c hl e LM ö s s m er,! K.! W.! T ör nr o o s! a n d! R.! A n w a n d er,! Or g a n o m et alli c s ,! 2 0 1 5,!3 4 ,!

2 6 6 7 – 2 6 7 5. !
9 2 ! C.! S c h ä dl e,! D.! S c h ä dl e,! K.! Ei c h el e! a n d! R.! A n w a n d er,! A n g e w.$ C h e m., $I nt.$ E d.,! 2 0 1 3,!5 2 ,! 1 3 2 3 8–

1 3 2 4 2. !
9 3 ! M.! G.! Kli m p el,! P.! Sir s c h,! W.! S c h er er! a n d! R.! A n w a n d er,! A n g e w.$ C h e m., $I nt.$ E d.,! 2 0 0 3,!4 2 ,! 5 7 4–

5 7 7. !
9 4 ! S.! Y.! K nj a z h a n s ki,! B.! M.! B ul y c h e v,! V.! K.! B el s k y! a n d! G.! L.! S ol o v ei c hi k,! J.$ Or g a n o m et.$ C h e m ,!

1 9 8 7,! 3 2 7 ,! 1 7 3– 1 7 9. !
9 5 ! C.! S c h ä dl e,! A.! Fi s c h b a c h,! E.! H er dt w e c k,! K.! W.! T ör nr o o s! a n d! R.! A n w a n d er,! C h e m.$ E ur.$ J. ,! 2 0 1 3,!

1 9 ,! 1 6 3 3 4– 1 6 3 4 1. !
9 6 ! C.! S c h ä dl e! a n d! R.! A n w a n d er,! E ur.$ J.$I n or g.$ C h e m. ,! 2 0 1 3,! 3 3 0 2– 3 3 0 6. !
9 7 ! E.!  B.! L o b k o v s kii,!  G.! L.!  S ol o v ei c hi k,!  A.!  B.!  Er of e e v,!  B.!  M.!  B ul y c h e v! a n d!  V.!  K.!  B el' s kii,! J.$

Or g a n o m et.$ C h e m ,! 1 9 8 2,!2 3 5 ,! 1 5 1– 1 5 9. !
9 8 ! E.! L o b k o v s k y,! G.! L.! S ol o v e y c hi k,! B.! M.! B ul y c h e v,! A.! B.! Er of e e v,! A.!I.! G u s e v! a n d! N.!I.! Kirill o v a,!

J.$ Or g a n o m et.$ C h e m ,! 1 9 8 3,!2 5 4 ,! 1 6 7– 1 7 2. !
9 9 ! V.! K.! B el' s kii,! B.! M.! B ul y c h e v,! A.! B.! Er of e e v! a n d! G.! L.! S ol o v ei c hi k,! J.$ Or g a n o m et.$ C h e m ,! 1 9 8 4,!

2 6 8 ,! 1 0 7– 1 1 1. !
1 0 0 ! V.! K.! B el s k y,! A.! B.! Er of e e v,! B.! M.! B ul y c h e v! a n d! G.! L.! S ol o v ei c hi k,! J.$ Or g a n o m et.$ C h e m ,! 1 9 8 4,!

2 6 5 ,! 1 2 3– 1 3 3. !
1 0 1 ! S.!  Y.!  K nj a z h a n s ki,!  B.!  M.!  B ul y c h e v,!  O.!  K.!  Kir e e v a,!  V.!  K.!  B el s k y! a n d!  G.! L.!  S ol o v ei c hi k,! J.$

Or g a n o m et.$ C h e m ,! 1 9 9 1,!4 1 4 ,! 1 1– 2 2. !
1 0 2 ! V.! K.! B el s k y,! Y.! K.! G u n’ k o,! B.! M.! B ul y c h e v! a n d! G.! L.! S ol o v ei c hi k,! J.$ Or g a n o m et.$ C h e m ,! 1 9 9 1,!

4 1 9 ,! 2 9 9– 3 1 0. !
1 0 3 ! Y.! K.! G u n’ k o,! B.! M.! B ul y c h e v,! A.!I.! Si z o v,! V.! K.! B el s k y! a n d! G.! L.! S ol o v ei c hi k,! J.$ Or g a n o m et.$

C h e m ,! 1 9 9 0,!3 9 0 ,! 1 5 3– 1 5 8. !
1 0 4 ! A.! B.! Er of e e v,! B.! M.! B ul y c h e v,! V.! K.! B el' s kii! a n d! G.! L.! S ol o v ei c hi k,! J.$ Or g a n o m et.$ C h e m ,! 1 9 8 7,!

3 3 5 ,! 1 8 9– 1 9 9. !
1 0 5 ! S.!  Y.!  K nj a z h a n s ki,!  E.!  B.! L o b k o v s k y,!  B.!  M.!  B ul y c h e v,!  V.!  K.!  B el s k y! a n d!  G .! L.!  S ol o v ei c hi k,! J.$

Or g a n o m et.$ C h e m ,! 1 9 9 1,!4 1 9 ,! 3 1 1– 3 2 4. !
1 0 6 ! M.! F.! L a p p ert,! A.! Si n g h,! J.! L.! At w o o d! a n d! W.! E.! H u nt er,! J.$ C h e m.$ S o c.,$ C h e m.$ C o m m u n. ,! 1 9 8 3,!

2 0 6 – 2 0 7. !
1 0 7 ! K.! D.! C o nr o y,! W.! E.! Pi er s! a n d! M.! P ar v e z,! Or g a n o m et alli c s ,! 2 0 0 9,!2 8 ,! 6 2 2 8– 6 2 3 3. !
1 0 8 ! Y.! K.! G u n' k o,! B.! M.! B ul y c h e v,! V.! K.! B el s k y! a n d! G.! L.! S ol o v ei c hi k,! J.$ Or g a n o m et.$ C h e m ,! 1 9 9 2,!

4 4 0 ,! 4 7– 5 2. !
1 0 9 ! H.! G.! Alt! a n d! A.! K ö p pl,! C h e m.$ R e v. ,! 2 0 0 0,!1 0 0 ,! 1 2 0 5– 1 2 2 2. !
1 1 0 ! L.!I.! S h o er,! K.!I.! G ell! a n d! J.! S c h w art z,! J.$ Or g a n o m et.$ C h e m ,! 1 9 7 7,!1 3 6 ,! C 1 9– C 2 2. !
1 1 1 ! S.! M.! B al d wi n,! J.! E.! B er c a w! a n d! H.! H.! Bri nt zi n g er,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 0 8,!1 3 0 ,! 1 7 4 2 3– 1 7 4 3 3. !
1 1 2 ! U.! M.! D z h e mil e v! a n d! A.! G.!I br a gi m o v,! R u s s.$ C h e m.$ R e v. ,! 2 0 1 2,!8 1 ,! 5 2 4– 5 4 8. !
1 1 3 ! K.!  P.!  Br yli a k o v,!  E.!  P.!  T al si,!  A.!  Z.!  V o s k o b o y ni k o v,!  S.! J.! L a n c a st er! a n d!  M.!  B o c h m a n n,!

Or g a n o m et alli c s ,! 2 0 0 8,!2 7 ,! 6 3 3 3– 6 3 4 2. !
1 1 4 ! S.! M.! B al d wi n,! J.! E.! B er c a w,! L.! M.! H e nli n g,! M.! W.! D a y! a n d! H.! H.! Bri nt zi n g er,! J.$ A m.$ C h e m.$ S o c. ,!

2 0 1 1,! 1 3 3 ,! 1 8 0 5– 1 8 1 3. !
1 1 5 ! S.! M.! B al d wi n,! J.! E.! B er c a w! a n d! H.! H.! Bri nt zi n g er,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 1 0,!1 3 2 ,! 1 3 9 6 9– 1 3 9 7 1. !
1 1 6 ! K.! K h a n,! C.! L.! R a st o n,! J.! E.! M c Gr a d y,! B.! W.! S k elt o n! a n d! A.! H.! W hit e,! Or g a n o m et alli c s ,! 1 9 9 7,!

1 6 ,! 3 2 5 3– 3 2 5 4. !
1 1 7 ! R.! J.! W e h m s c h ult e! a n d! P.! P.! P o w er,! P ol y h e dr o n ,! 1 9 9 9,!1 8 ,! 1 8 8 5– 1 8 8 8. !
1 1 8 ! N.! Et ki n,! A.! J.! H o s ki n! a n d! D.! W.! St e p h a n,! J.$ A m.$ C h e m.$ S o c. ,! 1 99 7,! 1 1 9 ,! 1 1 4 2 0– 1 1 4 2 4. !
1 1 9 ! S.! Y o w,! S.! J.! G at e s,! A.! J.! P.! W hit e! a n d! M.! R.! Cri m mi n,! A n g e w.$ C h e m., $I nt.$ E d.,! 2 0 1 2,!5 1 ,! 1 2 5 5 9–

1 2 5 6 3. !
1 2 0 ! N.! Et ki n! a n d! D.! W.! St e p h a n,! Or g a n o m et alli c s ,! 1 9 9 8,!1 7 ,! 7 6 3– 7 6 5. !
1 2 1 ! E.!  B.! L o b k o v s kii,!  G.! L.!  S ol o v ei c hi k,!  B.!  M.!  B ul y c h e v,!  R.!  G.!  G err! a n d!  Y.!  T.!  Str u c h k o v,! J.$

Or g a n o m et.$ C h e m ,! 1 9 8 4,!2 7 0 ,! 4 5– 5 1. !



!

3 5 !

1 2 2 ! E.! B.! L o b k o v s kii,! G.! L.! S ol o v ei c hi k,! A.! J.! Si s o v,! B.! M.! B ul y c h e v,! A.!I.! G u s e v! a n d! N.!I.! Kirill o v a,! J.$
Or g a n o m et.$ C h e m ,! 1 9 8 4,!2 6 5 ,!1 6 7 – 1 7 3. !

1 2 3 ! V.! K.! B el' s k y,! A.!I.! Si z o v,! B.! M.! B ul y c h e v! a n d! G.! L.! S ol o v ei c hi k,! J.$ Or g a n o m et.$ C h e m ,! 1 9 8 5,!2 8 0 ,!
6 7 – 8 0. !

1 2 4 ! T.! Y.! S o k ol o v a,! A.!I.! Si z o v,! B.! M.! B ul y c h e v,! E.! A.! R o z o v a,! V.! K.! B el s k y! a n d! G.! L.! S ol o v ei c hi k,! J.$
Or g a n o m et.$ C h e m ,! 1 9 9 0,!2 8 8 ,! 1 1– 1 9. !

1 2 5 ! A.!I.! Si z o v,! T.! M.! Z v u k o v a,! V.! K.! B el s k y! a n d! B.! M.! B ul y c h e v,! R u s s.$ C h e m.$ B ull. ,! 1 9 9 8,!4 7 ,! 1 1 8 6–
1 1 9 2. !

1 2 6 ! A.!I.! Si z o v,! T.! M.! Z v u k o v a,! B.! M.! B ul y c h e v! a n d! V.! K.! B el s k y,! J.$ Or g a n o m et.$ C h e m ,! 2 0 0 0,!6 0 3 ,!
1 6 7 – 1 7 3. !

1 2 7 ! R.!  S u n,! J.! Li u,!  S.!  Y a n g,!  M.!  C h e n,!  N.!  S u n,!  H .!  C h e n,!  X.!  Xi e,!  X.!  Y o u,!  S.! Li! a n d!  Y.! Li u,! C h e m.$
C o m m u n. ,! 2 0 1 5,!5 1 ,! 6 4 2 6– 6 4 2 9. !

1 2 8 ! J.! T h o m a s,! M.! Kl a h n,! A.! S p a n n e n b er g! a n d! T.! B e w eri e s,! D alt o n$ Tr a n s. ,! 2 0 1 3,!4 2 ,! 1 4 6 6 8– 1 4 6 7 2. !
1 2 9 ! A.! I.!  Si z o v,! I.!  V.!  M ol o d nit s k a y a,!  B.!  M.!  B ul y c h e v,!  V.!  K.!  B el' s kii! a n d!  G.! L.!  S ol o v ei c hi k,! J.$

Or g a n o m et.$ C h e m ,! 1 9 8 8,!3 4 4 ,! 1 8 5– 1 9 3. !
1 3 0 ! A.!I.! Si z o v,! T.! M.! Z v u k o v a,! V.! K.! B el s k y! a n d! B.! M.! B ul y c h e v,! J.$ Or g a n o m et.$ C h e m ,! 2 0 0 1,!6 1 9 ,!

3 6 – 4 2. !
1 3 1 ! A.!I.! Si z o v,! T.! M.! Z v u k o v a,! V.! K.! B el s k y! a n d! B.! M.! B ul y c h e v,! R u s s.$ C h e m.$ B ull. ,! 2 0 0 1,!5 0 ,! 2 2 0 0–

2 2 0 2. !
1 3 2 ! L.! J.! G u g g e n b er g er! a n d! F.! N.! T e b b e,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 7 3,!9 5 ,! 7 8 7 0– 7 8 7 2. !
1 3 3 ! F.! N.! T e b b e! a n d! L.! J.! G u g g e n b er g er,! J.$ C h e m.$ S o c.,$ C h e m.$ C o m m u n. ,! 1 9 7 3,!2 2 7 – 2 2 8. !
1 3 4 ! S.!I.! Tr o y a n o v,! V.! V ar g a! a n d! K.! M a c h,! J.$ Or g a n o m et.$ C h e m ,! 1 9 9 3,!4 6 1 ,! 8 5– 9 0. !
1 3 5 ! R.! G y e p e s,! K.! M a c h,!I.! Ci s ar o v a,! J.! L o u b,! J.! Hill er! a n d! P.! Si n d el ar,! J.$ Or g a n o m et.$ C h e m ,! 1 9 9 5,!

4 9 7 ,! 3 3– 4 1. !
1 3 6 ! M.! H or á č e k,! J.! Hill er,! U.! T h e w alt,! M.! P ol á š e k! a n d! K.! M a c h,! Or g a n o m et alli c s ,! 1 9 9 7,!1 6 ,! 4 1 8 5–

4 1 9 1. !
1 3 7 ! V.! K u pf er,! U.! T h e w alt,! M.! H or á č e k,! L.! P etr u s o v a! a n d! K.! M a c h,! I n or g.$ C h e m.$ C o m m u n.,! 1 9 9 9,!2 ,!

5 4 0 – 5 4 4. !
1 3 8 ! K.! M a c h,! R.! G y e p e s,! M.! H or á č e k,! L.! P etr u s o v á! a n d! J .!K u bi št a,! C oll e ct.$ C z e c h.$ C h e m.$ C o m m u n. !

2 0 0 3 ,!6 8,! 1 8 7 7 L1 8 9 6 !
1 3 9 ! M.! H or á č e k,!I.! Ci s ar o v a,! J.! C ej k a,! J.! K ar b a n,! L.! P etr u s o v a! a n d! K.! M a c h,! J.$ Or g a n o m et.$ C h e m ,!

1 9 9 9,! 5 7 7 ,! 1 0 3– 1 1 2. !
1 4 0 ! M.! H or á č e k,! P.! Št ě p ni č k a,! J.! K u bi št a,! K.! F ejf ar o v á,! R.! G y e p e s! a n d! K.! M a c h,! Or g a n o m et alli c s ,!

2 0 0 3,! 2 2 ,! 8 6 1– 8 6 9. !
1 4 1 ! J.! G.! K e n w ort h y,! J.! M y att! a n d! M.! C.! R.! S y m o n s,! J.$ C h e m.$ S o c.,$ A ,! 1 9 7 1,! 1 0 2 0– 1 0 2 5. !
1 4 2 ! Q.! F.! M o k u ol u,! P.! A.! D u c k m a nt o n,! A.! J.! Bl a k e,! C.! Wil s o n! a n d! J.! B.! L o v e,! Or g a n o m et alli c s ,! 2 0 0 3,!

2 2 ,! 4 3 8 7– 4 3 8 9. !
1 4 3 ! E.! B.! L o b k o v s kii,! G.! L.! S ol o v ei c hi k,! A.!I.! Si z o v! a n d! B.! M.! B ul y c h e v,! J.$ Or g a n o m et.$ C h e m ,! 1 9 8 5,!

2 8 0 ,! 5 3– 6 6. !
1 4 4 ! E.! B.! L o b k o v s kii,! A.!I.! Si z o v,! B.! M.! B ul y c h e v! a n d!I.! V.! S o k ol o v a,! J.$ Or g a n o m et.$ C h e m ,! 1 9 8 7,!3 1 9 ,!

6 9 – 7 5. !
1 4 5 ! H.! L e e,! T.! H a s c all,! P.! J.! D e sr o si er s! a n d! G.! P ar ki n,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 9 8,!1 2 0 ,! 5 8 3 0– 5 8 3 1. !
1 4 6 ! G.!  Er k er,!  M.!  Al br e c ht,!  C.!  Kr u g er,!  S.!  W er n er,!  P.!  Bi n g er! a n d!  F.! L a n g h a u s er,! Or g a n o m et alli c s ,!

1 9 9 2,! 1 1 ,! 3 5 1 7– 3 5 2 5. !
1 4 7 ! R.! Gl eit er,!I.! H yl a LKr y s pi n,! S.! Ni u! a n d! G.! Er k er,! A n g e w.$ C h e m., $I nt.$ E d.,! 1 9 9 3,!3 2 ,! 7 5 4– 7 5 6. !
1 4 8 ! M.! Al br e c ht,! G.! Er k er! a n d! C.! Kr u g er,! S y nl ett ,! 1 9 9 3,! 4 4 1– 4 4 8. !
1 4 9 ! G.! B e n d er,! T.! Wi e g a n d,! H.! E c k ert,! R.! Fr ö hli c h,! C.! G.! D a nili u c,! C.! M ü c k LLi c ht e nf el d,! S.! N d a m b u ki,!

T.! Zi e gl er,! G.! K e hr! a n d! G.! Er k er,! A n g e w.$ C h e m., $I nt.$ E d.,! 2 0 1 2,!5 1 ,! 8 8 4 6– 8 8 4 9. !
1 5 0 ! P.! Ar n dt,! A.! S p a n n e n b er g,! W.! B a u m a n n,! S.! B e c k e! a n d !U.! R o s e nt h al,! E ur.$ J.$I n or g.$ C h e m. ,! 2 0 0 1,!

2 8 8 5 – 2 8 9 0. !
1 5 1 ! V.!  V.!  B url a k o v,!  P.!  Ar n dt,!  W.!  B a u m a n n,!  A.!  S p a n n e n b er g! a n d!  U.!  R o s e nt h al,! Or g a n o m et alli c s ,!

2 0 0 4,! 2 3 ,! 4 1 6 0– 4 1 6 5. !
1 5 2 ! V.! V.! B url a k o v,! K.! K al et a,! T.! B e w eri e s,! P.! Ar n dt,! W.! B a u m a n n,! A.! S p a n n e n b er g,! V.! B.! S h ur! a n d!

U.! R o s e nt h al,! Or g a n o m et alli c s ,! 2 0 1 1,!3 0 ,! 1 1 5 7– 1 1 6 1. !
1 5 3 ! P.! Ar n dt,! A.! S p a n n e n b er g,! W.! B a u m a n n,! V.! V.! B url a k o v,! U.! R o s e nt h al,! S.! B e c k e! a n d! T.! W ei s s,!

Or g a n o m et alli c s ,!2 0 0 4,! 2 3 ,! 4 7 9 2– 4 7 9 5. !
1 5 4 ! R.! M.! W a y m o ut h,! B.! D.! S a nt ar si er o,! R.! J.! C o ot s,! M.! J.! Br o ni k o w s ki! a n d! R.! H.! Gr u b b s,! J.$ A m.$

C h e m.$ S o c. ,! 1 9 8 6,!1 0 8 ,! 1 4 2 7– 1 4 4 1. !
1 5 5 ! G.! S.! Gir ol a mi,! G.! Wil ki n s o n,! M.! T h or nt o n LP ett! a n d! M.! B.! H ur st h o u s e,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 8 3,!

1 0 5 ,! 6 75 2 – 6 7 5 3. !
1 5 6 ! G.! S.! Gir ol a mi,! C.! G.! H o w ar d,! G.! Wil ki n s o n,! H.! M.! D a w e s,! M.! T h or nt o n LP ett,! M.! M ot e v alli! a n d! M.!

B.! H ur st h o u s e,! J.$ C h e m.$ S o c.,$ D alt o n$ Tr a n s. ,! 1 9 8 5,! 9 2 1– 9 2 9. !



!

3 6 !

1 5 7 ! A.! R.! B arr o n,! G.! Wil ki n s o n,! M.! M ot e v alli! a n d! M.! B.! H ur st h o u s e,! J.$ C h e m.$ S o c.,$ D alt o n $Tr a n s. ,!
1 9 8 7,! 8 3 7 – 8 4 6. !

1 5 8 ! R.! Gil b ert LWil s o n,! L.! D.! Fi el d! a n d! M.! B h a d b h a d e,! I n or g.$ C h e m.,! 2 0 1 4,!5 3 ,! 1 2 4 6 9– 1 2 4 7 9. !
1 5 9 ! G.! S.! Gir ol a mi,! Or g a n o m et alli c s ,! 1 9 9 7,!1 6 ,!2 9 8 7 – 2 9 9 4. !
1 6 0 ! M.! Pl oi s,! T.! Wi e g a n d! a n d! R.! W olf,! Or g a n o m et alli c s ,! 2 0 1 2,!3 1 ,! 8 4 6 9– 8 4 7 7. !
1 6 1 ! M.! P l oi s,! R.! W olf,! W.! H uj o! a n d! S.! Gri m m e,!E ur.$ J.$I n or g.$ C h e m. ,! 2 0 1 3,! 3 0 3 9– 3 0 4 8. !
1 6 2 ! T.!  N.!  Gi e s h off,!  M.!  Vill a,!  A.!  W elt h er,!  M.!  Pl oi s,!  U.!  C h a kr a b ort y,!  R.!  W olf! a n d!  A.! J a c o bi! v o n!

W a n g eli n,! Gr e e n$ C h e m. ,! 2 0 1 5,!1 7 ,! 1 4 0 8– 1 4 1 3. !
1 6 3 ! A.! R.! B arr o n,! M.! B.! H ur st h o u s e,! M.! M ot e v alli! a n d! G.! Wil ki n s o n,! J.$ C h e m.$ S o c.,$ C h e m.$ C o m m u n. ,!

1 9 8 5,! 6 6 4 – 6 6 5. !
1 6 4 ! A.! R.! B arr o n! a n d! G.! Wil ki n s o n,! J.$ C h e m.$ S o c.,$ D alt o n$ Tr a n s. ,! 1 9 8 6,! 2 8 7– 3. !
1 6 5 ! A.! R.! B arr o n,! D.! L y o n s,! G.! Wil ki n s o n,! M.! M ot e v alli,! A.! J.! H o w e s! a n d! M.! B.! H ur st h o u s e,! J.$ C h e m.$

S o c.,$ D alt o n$ Tr a n s. ,! 1 9 8 6,! 2 7 9– 2 8 5. !
1 6 6 ! D.! H.! L e e,! H.! S u z u ki! a n d! Y.! M or o Lo k a,! J.$ Or g a n o m et.$ C h e m ,! 1 9 8 7,!3 3 0 ,! C 2 0– C 2 2. !
1 6 7 ! M.! D.! Fr y z u k,! G.! K.! B.! Cl e nt s mit h! a n d! S.! J.! R etti g,! I n or g.$ C hi m.$ A ct a,! 1 9 9 7,!2 5 9 ,! 5 1– 5 9. !
1 6 8 ! V.! S a b o o n c hi a n,! G.! Wil ki n s o n,! B.! H u s s ai n LB at e s! a n d! M.! B.! H ur st h o u s e,! P ol y h e dr o n ,! 1 9 9 1,!1 0 ,!

5 9 5 – 6 0 3. !
1 6 9 ! G.!I.! Ni k o n o v,! L.! G.! K u z mi n a! a n d! J.! A.! K.! H o w ar d,! J.$ C h e m.$ S o c.,$ D alt o n$ Tr a n s. ,! 2 0 0 2,! 3 0 3 7–

3 0 4 6. !
1 7 0 ! T.! J.! M c N e e s e,! S.! S.! Wr ef or d! a n d! B.! M.! F o x m a n,! J.$ C h e m.$ S o c.,$ C h e m.$ C o m m u n. ,! 1 9 7 8,! 5 0 0–

5 0 2. !
1 7 1 ! O.! E k k ert,! S.! D.! A.! Str u dl e y,! A.! R o z e nf el d,! A.! J.! P.! W hit e! a n d! M.! R.! Cri m mi n,! Or g a n o m et alli c s ,!

2 0 1 4,! 3 3 ,! 7 0 2 7– 7 0 3 0. !
1 7 2 ! W.! A.! S k u pi n s ki,! J.! C.! H uff m a n,! J.! W.! Br u n o! a n d! K.! G.! C a ult o n,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 8 4,!1 0 6 ,!

8 1 2 8 – 8 1 3 6. !
1 7 3 ! K.! K n o x! a n d! A.! P.! Gi n s b er g,! I n or g.$ C h e m.,! 1 9 6 4,!3 ,! 5 5 5– 5 5 8. !
1 7 4 ! M.! Oi s hi,! T.! E n d o,! M.! O s hi m a! a n d! H.! S u z u ki,! I n or g.$ C h e m.,! 2 0 1 4,!5 3 ,! 5 1 0 0– 5 1 0 8. !
1 7 5 ! I.! M.! Ri d dl e st o n e,! N.! A.! R aj a bi,! J.! P.! L o w e,! M.! F.! M a h o n,! S.! A.! M a c gr e g or! a n d! M.! K.! W hittl e s e y,!

J.$ A m.$ C h e m.$ S o c. ,! 2 0 1 6,!1 3 8 ,! 1 1 0 8 1– 1 1 0 8 4. !
1 7 6 ! M.! M ol o n,! C.! G e m el! a n d! R.! A.! Fi s c h er,! E ur.$ J.$I n or g.$ C h e m. ,! 2 0 1 3,! 3 6 1 6– 3 6 2 2. !
1 7 7 ! V.!  Ri er a,!  M.!  A.!  R ui z,!  A.!  Tiri pi c c hi o! a n d!  M.!  Tiri pi c c hi o LC a m elli ni,! Or g a n o m et alli c s ,! 1 9 9 3,! 1 2 ,!

2 9 6 2 – 2 9 7 2. !
1 7 8 ! R.! L.! B a n s e m er,! J.! C.! H uff m a n! a n d! K.! G.! C a ult o n,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 8 3,!1 0 5 ,! 6 1 6 3– 6 1 6 4. !
1 7 9 ! T h e! f sr$i s!d efi n e d! a s!t h e! d ( T M − M)/[rM ( T M) +rM ( M)]! w h er e!rM !i s!t h e! si n gl eLb o n d!r a di u s! of!t h e! at o m!

d efi n e d! b y! L. !P a uli n g,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 4 7,!6 9 ,! 5 4 2– 5 5 3. !
1 8 0 ! M .!  H a m d a o ui,!  M.!  N e y,!  V.!  S ar d a,! L.!  K ar m a zi n,!  C.!  B aill y,!  N.!  Si eff ert,!  S.!  D o h m,!  A.!  H a n s e n,!  S.!

Gri m m e! a n d! J. LP.! Dj u ki c,! Or g a n o m et alli c s ,! 2 0 1 6,!3 5 ,! 2 2 0 7– 2 2 2 3. !
1 8 1 ! W.! H.! H ar m a n! a n d! J.! C.! P et er s,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 1 2,!1 3 4 ,! 5 0 8 0– 5 0 8 2. !
1 8 2 ! I.! At h e a u x,! B.! D o n n a di e u,! V.! R o dri g u e z,! S.! S a b oLEti e n n e,! B.! C h a u dr et,! K.! H u s s ei n! a n d! J. LC.!

B art h el at,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 0 0,!1 2 2 ,! 5 6 6 4– 5 6 6 5. !
1 8 3 ! M.! C.! Li p k e! a n d! T.! D.! Till e y,! A n g e w.$ C h e m., $I nt.$ E d.,! 2 0 1 2,!5 1 ,! 1 1 1 1 5– 1 1 1 2 1. !
1 8 4 ! R.! N.! P er ut z! a n d! B.! Pr o c a c ci ,!C h e m.$ R e v. ,! 2 0 1 6,!1 1 6 ,!8 5 0 6 – 8 5 4 4 !
1 8 5 ! E.! S.! Wi e d n er,! M.! B.! C h a m b er s,! C.! L.! Pit m a n,! R.! M.! B ull o c k,! A.! J.! M.! Mill er! a n d! A.! M.! A p p el,!

C h e m.$ R e v. ,! 2 0 1 6,!1 1 6 ,! 8 6 5 5– 8 6 9 2. !
1 8 6 ! A.! M ait y! a n d! T.! S.! T e et s,! C h e m.$ R e v. ,! 2 0 1 6,!1 6 ,#8 8 7 3 – 8 9 1 1 !
1 8 7 ! R.! C.! C a m m ar ot a! a n d! C.! C .! L u,!J.$ A m.$ C h e m.$ S o c. ,! 2 0 1 5,!1 3 7 ,! 1 2 4 8 6– 1 2 4 8 9. !
1 8 8 ! J. T a k a y a a n d N. I w a s a w a, J. A m. C h e m. S o c. , 2 0 1 7, 1 3 9 , 6 0 7 4– 6 0 7 7. !
1 8 9 ! N.! P.! M a n k a d,! C h e m.$ E ur.$ J. ,! 2 0 1 6,!2 2 ,! 5 8 2 2– 5 8 2 9. !
1 9 0 ! R.! J.! Ei s e n h art,! L.! J.! Cl o u st o n! a n d! C.! C.! L u,! A c c.$ C h e m.$ R e s. ,! 2 0 1 5,!4 8 ,!2 8 8 5 – 2 8 9 4 !
! !
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“ T o s e e w h at i s i n f r o nt of o n e’ s n o s e n e e d s a c o n st a nt st r u g gl e. ”  

G e or g e! Or w ell,! I n$ Fr o nt$ of$ Y o ur$ N o s e$

!
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C H A P T E R 2  –  C h a r a ct e ri s a ti o n  of 
( H y d ri d o)Zi r c o n o c e n e C o m pl e x e s of 
M a g n e si u m, Zi n c  a n d Al u mi ni u m  

!

!

!

!

!

!

!

!

T h e $zir c o n o c e n e/ ! ,di k eti mi n at e$ c o m pl e x $of$ Al $c a n$ b e $s y nt h e si s e d$fr o m$ it s$p ar e nt$ Al$

a n d$ Zr$ h y dri d e s ,$ a s$ r e p ort e d$ pr e vi o u sl y$b y$t h e$ Cri m mi n$ gr o u p .$T h e$ s y nt h e si s$ of $t h e$

M g$ a n d$ Z n$ h o m ol o g u e s$i s $h er ei n $d e v el o p e d .$F oll o wi n g$ s c al e ,u p$ a n d$i s ol ati o n,$ s oli d ,$

a n d$ s ol uti o n ,st at e$ str u ct ur e s$ ar e$ c o nfir m e d$ a n d$ c orr el at e d$ b y$ si n gl e ,cr y st al$  X ,r a y$

diffr a cti o n,$ D F T$ st u di e s,$  C H N$ a n al y si s, $ a n d$ m ulti n u cl e ar$ a n d$ v ari a bl e ,t e m p er at ur e$

N M R $s p e ctr o s c o p y .$U nli k e$t h e$ Al$ a n al o g u e,$t h e$ M g$ a n d$ Z n$ c o m pl e x e s$ s h o w$ v er y$littl e$

e vi d e n c e$ of$ di s s o ci ati o n$ u n d er$ 3 6 3$  K.$  T h e$  M II/ Zr$ h et er o bi m et alli c$ c o m pl e x e s $ ar e $

t h er ef or e$ f o u n d$ t o$ b e$  m u c h$  m or e$ st a bl e$ i n$ e x p eri m e nt al$ a n d$ c o m p ut ati o n al$ t e st s.$

C al c ul ati o n s$f i n d$t h e$ m o st$ st a bl e$ h o m ol o g u e,$t h e$ M g/ Zr$ s y st e m,$t o$h a v e$ a$l ar g e$ at e $

c o m pl e x$ c o m p o n e nt$ t o$ it s$ b o n di n g$ c h ar a ct er.$  A n$ e x c h a n g e$ pr o c e s s$ b et w e e n$ a$

t er mi n al$ a n d$ bri d gi n g$ h y dri d e$ i s$ q u a ntifi e d$ b y$ v ari a bl e ,t e m p er at ur e$ 1 H$  N M R $

s p e ctr o s c o p y,$ a n d$ t h e$  m e c h a ni s m$ i s$ pr o p o s e d$ u si n g$  D F T$ c al c ul ati o n s.$ Fi n all y,$

h et er o bi m et alli c$ s p e ci e s $ ar e$ f o u n d$ t o$ h a v e$ v ari e d$ r e a cti viti e s$  wit h$ r e g ar d s$ t o$ C Ar – F$

b o n d $cl e a v a g e $a n d $a n$ o x a zir c o n a c y cl e$fr a g m e nt. $

$

P art s$ of$t hi s$ c h a pt er$ h a v e$ b e e n$ p u bli s h e d: $

M.! J.! B utl er,! A.! J.! P.! W hit e! a n d! M.! R.! Cri m mi n, $A n g e w.$ C h e m.$I nt.$ E d .,! 2 0 1 6,!5 5 ,! 6 9 5 1– 6 9 5 3. $

M
H N

N
H

H

Ar

Ar

Zr

M  = M g, Z n, Al( H)

c h ar a ct eri s ati o n
&

st oi c hi o m etri c 
r e a cti vit y

M
N

N
H

Ar

Ar

H

Zr

H
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2. 1 $ I N T R O D U C T I O N  

Pr e vi o u s!i n v e sti g ati o n s!i nt o! e q uili br ati o n !of! a ![ C p2 Zr Cl 2 ]!pr e Kc at al y st !(S c h e m e! 2. 1 a )!wit h !al a n e !

M 1 !i n! a!1: 1 0! mi xt ur e !yi el d e d !M Al• Z r !(s e e n !i n! C h a pt er! 1!a n d )n u m b er e d! pr e vi o u sl y !a s! 1. 6 3 ).1 !I n!

or d er!t o!i s ol at e! a n d! c o nf ir m!t h e! h et er o bi m et alli c! c o m pl e x,! a!m or e! w or k a bl e! pr e p ar ati v e! s c al e!

s y nt h e si s! w a s! a c hi e v e d! b y! u si n g!t h e! p ar e nt! h y dri d e s! of!t h e!t w o! m et al!fr a g m e nt s ,!Z r• Z r !a n d!

M 1 !(S c h e m e! 2. 1 b).! Gr o wt h! of! si n gl e! cr y st al s! of! M Al• Z r !s uit a bl e!f or! a n !X Kr a y! diffr a cti o n! st u d y!

f ail e d.!T h e! ar yl! gr o u p s! o n!t h e! al u mi ni u m! c o m p o u n d! w er e! c h a n g e d.! T h e! 2, 6 Kx yl yl! a n al o g u e,!

X Al• Z r) g a v e!t h e! cr y st al! str u ct ur e! s h o w n !i n!Fi g ur e! 2. 1 .!!

!

S c h e m e 2. 1. ) a)! S y nt h e si s! of!
M
Al• Z r !b y!li g a n d! e x c h a n g eZ! b)! s y nt h e si s! of!

M
Al• Z r) b y! p ar e nt!

h y dri d e! c o m bi n ati o n.! Fi g ur e! a d a pt e d!fr o m !a !pr e vi o u s! p u bli c ati o n! b y!t h e !Cri m mi n !gr o u p.
1
!

U p o n! di s s ol v in g !p ur e! cr y st al s! of! X Al• Z r, !1 H! N M R! s i g n al s!f or!Z r• Z r !a n d! X 1 !ar e! pr e s e ntZ!t h e!

e q uili bri u m! b et w e e n! t h e! h o m o K! a n d! h et er o bi m et alli c! h y dri d e s ! w a s! e vi d e n c e d! b y! cr o s s o v er!

e x p eri m e nt s! of! X Al• Z r) wit h! M 1 .! T h e! c o n si d er a bl y! br o a d e n e d! bri d gi n g! h y dri d e!1 H! N M R! si g n al s!

a p p e ar! i n! t h e! c h ar a ct eri sti c! r e gi o n! u pfi el d! of ! " ! = ! 0! p p m.!  V ari a bl e Kt e m p er at ur e! ( V T)! a n d!

N O E S Y!  N M R! e x p eri m e nt s! s h o w! t h at,! i n! p art,! t h e! li n e! br o a d e ni n g! i s! d u e! t o! sit eKe x c h a n g e.!

A b o v e! 2 6 3! K,! all! of!t h e! h y dri d e! at o m s $i n!M Al• Z r) ar e!i n!f a st! e x c h a n g e.! T h e! 1 H! N M R! d at a! a n d!

s ol uti o n Kst at e! b e h a vi o ur! ar e! s u m m ari s e d!i n! Fi g ur e! 2. 2 .!!

T h e!t er mi n al! h y dri d e s! p o s s e s s! p o siti v e! c h e mi c al! s hift! v al u e s !(r el ati v e!t o!t etr a m et h yl sil a n e),!

w hi c h!i s!t y pi c al! of! d 0 !m et al s.! T h e y! ar e!i n v ol v e d!i n! a! c o al e s c e n c e! e v e nt! wit h! b ot h! H µ  si g n al s !

(T c !=! 2 8 3! K) .! T h e! e x c ha n g e! of!t h e! h y dri d e s!i s! a! c o n s e q u e n c e! of!t h e! si g nifi c a nt! pr o p e n sit y! of!

M Al• Z r) t o! di s s o ci at e.1 !T h e! di s s o ci ati o n! c o n st a nt! w a s! n ot! q u a ntifi e d!i n!t h e! st u d y,! b ut! at! r o o m!

t e m p er at ur e!t h e! e q uili bri u m!li e s!t o w ar d s!M Al• Z r .)In!t ol u e n e Kd 8 !at! 2 9 3! K !th e!r ati o! of !M 1 :M Al • Z r)

i s!r o u g hl y!1: 5 .!!

Zr
H

H
Zr

H

H

Al
H

N

N

M e s

M e s

H 3 0 mi n s

C 6 D 6 , 2 5 ° C

Zr
Cl

Cl

+

+
3 0 mi n s

C 6 D 6 , 2 5 ° C

1 0 e q ui v.

Al
Cl

N

N

M e s

M e s

H
Al

H
N

N

M e s

M e s

H

Zr Al
H N

NH H
H

M e s

M e s

Zr Al
H N

NH H
H

M e s

M e s

+a)

b)

0. 5 e q ui v.

M Al • Z rZ r • Z r M 1
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!

Fi g u r e 2. 1. ) Cr y st al! str u ct ur e! of!
X
Al• Z r )( 5 0 %! pr o b a bilit y! elli p s oi d s).!Fi g ur e! a d a pt e d!fr o m! r ef.! 1.!

S el e ct e d! b o n d!l e n gt h s![ Å]! a n d! b o n d! a n gl e s![ ° ]:!Al 1 KKKZr 1! 3. 0 0 6 (4 ),!Al 1 – N 3! 1. 9 4 6 4( 1 0),!

Al 1 – N 1! 1. 9 4 9 3( 1 0),! Zr – C! 2. 4 9 6 4( 1 4) – 2. 5 2 1 9( 1 3)Z! N 1 KAl KN 3! 9 3. 1 4( 4) !

!

Fi g u r e 2. 2. ) H y dri d e Kr el at e d!
1
H! N M R! d at a!f or!

M
Al• Z r) i n!t ol u e n eKd 8 !( 4 0 0! M H z).!L eft:!t h e!

c h e mi c al! s hift s! of!t h e! h y dri d e! at o m s! at! 2 3 3! K.! Ri g ht:!t h e! h y dri d e!r e gi o n! of!t h e! v ari a bl e K

t e m p er at ur e! N M R! e x p eri m e nt.!!

2. 1. 1 !A i m s  

C o m p o u n d s! X Al• Z r) a n d! M Al• Z r) w er e! c at al yti c all y! c o m p e t e nt! f or!  C– F! b o n d! cl e a v a g e .!  F or! a!

si mil ar!i n ert! b o n d! cl e a v a g e !c at al y si s ,!M Al• Z r) h a s! al s o! b e e n! a p pli e d! a s! a! c at al y st :!th e!f or m al!

i n s erti o n! of!  Al! i nt o! a n! et h eri c!  C– O! b o n d! i s!  m e di at e d! b y! M Al• Z r, 2 ) a s!  w ell! a s! [ C p 2 Zr Cl 2 ].
3 !

T h er ef or e,! t h e! gr o u p! w a s!i nt er est e d!i n !e x p a n d i n g!t h e!s eri e s! of! h et er o bi m et alli c! c o m pl e x e s!t o !

i n cl u d e! ot h er!  m ai n! gr o u p!  m et al s.! T hi s! u n d ert a ki n g!  mi g ht! e v e nt u all y! l e a d! t o! di s c o v er y! of!

c at al yti c!t e c h n ol o gi e s !t h at! ar e! e n vir o n m e nt all y! a n d! e c o n o mi c all y! a gr e e a bl e.!M g ,! Al,!Z n! a n d!

Zr! ar e! s e v er al! or d er s! of! m a g nit u d e! m or e! a b u n d a nt!t h a n! c o m m o n! c at al y st! m at eri al s! s u c h! a s!

t h e! n o bl e! m et al s.4 !T h u s!t h er e!i s! a! cl e ar! b e n efit !i n! c o st.! Hill!et$ al. !gi v e!t h e! e x a m pl e! of:! r h o di u m!

- 4 .0- 3 .5- 3 .0- 2 .5- 2 .0- 1 .5- 1 .0- 0 .50 .0
p p m

1 9 3 	K

2 1 3 	K

2 3 3 	K

2 5 3 K

2 9 3 	K

3 1 3 	K

3 3 3 	K

2 7 3 	K

3 5 3 K

H t +$ H µ

H µ H µ’

Z r • Z r :$  Hµ
D Al • Z r

T c 2 ( Hµ + H t) = 2 8 3 K
T c 1 ( Hµ + H µ ’) = 2 6 3 K

N 1

N 2

Zr 1

Al 1

H 4

H 1

H 2

C 2

H 3
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U S $ 1 3 0 0/tr o y! o z,! pl ati n u m!  U S $ 1 6 0 0/tr o y! o z,! iri di u m!  U S $ 1 0 7 0/tr o y! o z! v e r s u s! m a g n e si u m!

U S $ 0. 1 3/tr o y! o z. 5 !

M or e o v er,! f r o m! a! f u n d a m e nt al! st a n d p oi nt,! th er e! i s! li mit e d! pr e c e d e nt! f or! c o m pl e x e s!

c o nt ai ni n g! Zr – H – M g! gr o u p s ,! a n d! n o! pr e vi o u s! e x a m pl e s! w h er e!t h e! M g! at o m!i s!st a bili s e d! b y!

eit h er! a! s t eri c all y! d e m a n di n g! or!# 2 !s p e ct at or! li g a n d!( s e e! C h a pt er! 1).!!M ol e c ul e s !c o nt ai ni n g! a!

Zr – H – M! ( M!  =!  C a,!  Z n,!  G a)! m oi et y! ar e! u n k n o w n. ! W e! e n vi s a g e d ! t h at! co m p ari s o n ! of! M Al• Z r !

a m o n g st! a ! s eri e s! of ! M • Z r) ( M) = ) Al,!  M g,!  Z n )) a n al o g u e s! w o ul d! l e a d! t o! a n ! a d v a n c e! i n!

u n d er st a n di n g! of! t h e! m o d ul at e d! r e a cti vit y! of ! h et er o bi m et alli c ! c o m pl e x e s! li n k e d! b y! t hr e eK

c e ntr e Kt w oKel e ctr o n !m et al Kh y dri d e !b o n d s.! !
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2. 2 $S Y N T H E S I S &  G R O U N D S T A T E C H A R A C T E R I S A T I O N  

2. 2. 1 !P r e p a r a ti o n  

T h e!r e a cti o n s! of! o n e! e q ui v.! of![ Di p p B DI M g( µ KH)] 2 !(
D 2 2 )

6 !or!t w o! e q ui v.! of![ Di p p B DI Z n H]! (D 3 )7 !wit h!

a! sl urr y! of![ C p 2 Zr H( µ KH)] 2 !(Z r• Z r )!i n! C6 D 6 !w er e! m o nit or e d! b y! 1 H! N M R! s p e ctr o s c o p y!( Di p p B DI$ =!

{[ 2, 6KiPr 2 C 6 H 3 ] C N M e}2 C H).! Wit hi n! 1 2! h! at! 2 5! ° C!t h e! h et er o bi m et alli c! c o m pl e x e s! D M• Z r) ( M! =!

M g,! Z n)! w er e!f or m e d! (S c h e m e! 2. 2 ),!a s! e vi d e n c e d! b y!i n s p e cti o n! of!t h e! h y dri d e!r e gi o n! of!t h e!

1 H! N M R! s p e ctr u m.! N o! b y Kpr o d u ct s! c a n! b e! d et e ct e d! w h e n!t hi s! s y nt h e si s!i s!f oll o w e d! b y! N M R !

s p e ctr o s c o p y .!B ot h!t er mi n al! a n d! bri d gi n g! h y dri d e! si g n al s! of![ C p 2 Zr H( µ KH)] 2! w er e!l o st,! a n d!t w o!

n e g ati v e! c h e mi c al! s hift! si g n al s! of! e q u al!i nt e n sit y! s u g g e st e d!t w o! bri d gi n g! h y dri d e s!i n! a! n e w!

c o m pl e x.! S c al e Ku p!i n!t ol u e n e! gi v e s !i s ol at e d!yi el d s! of! 5 5 % !(D M g• Z r )!a n d )3 8 %! (D Z n• Z r ).!

!

!

S c h e m e 2. 2. ) Pr e p ar ati o n! of!
D
M g• Z r !or )

D
Z n• Z r) fr o m!t h e!p ar e nt! h y dri d e s. !

!

2. 2. 2 !S t r u c t u r a l C h a r a c t e r i s a t i o n  

2. 2. 2. 1 ) Si n gl e -C r y s t al X -r a y Di f f r a c ti o n  

Cr y st al! str u ct ur e s! w er e! o bt ai n e d!fr o m!t h e!( c ol o url e s s)! si n gl e! cr y st al s! of! Di p p B DI M H • Z r!gr o w n!

fr o m!n ,h e x a n e! a t!– 3 0!° C.! N eit h er! of!t h e! cr y st al s! c o ul d! b e! u s e d!t o! s u p pl y!t h e! h y dri d e s’!l o c ati o n .!

T h e!( µ ,H) 2 !li n k a g e!i s!r e pr e s e nt e d! b y! a n!i nt er m et alli c!v e ct or !i n!t h e! str u ct ur e s!(Fi g ur e! 2. 3 ).!B ot h!

of! t h e! cr y st al s! g a v e! a! u nit! c ell! c o nt ai ni n g! t w o ! m ol e c ul e s!  wit h! v er y! sli g htl y! diff er e nt!

h e t er o bi m et alli c! g e o m etri e s,!  w hi c h! ar e! i s o str u ct ur al! ( s e e! s e cti o n ! 2. 6. 3 ).!  Ar bitr ar y! c h oi c e! of!

o n e! str u ct ur e! will! b e! q u ot e d! h er e.! T h e! Zr KKKZ n! di st a n c e! of! 2. 8 8 6 6( 9)! Å!i s!i n! e x c e s s! of!t h e! s o l e!

e x a m pl e! of! a! C p 2 Zr – Z n R! b o n d,!f o u n d!t o! b e! 2. 7 7 2 1( 7)! Å. 8 !T h e!l o n g er! di st a n c e!f or! M g KKKZr,!

3. 0 9 5( 3)!  Å,! s e e m s! t o! r efl e ct! t h e! i n cr e a s e! i n! c o v al e nt! r a dii! of!  Z n! a n d!  M g! ( 1. 2 2! a n d! 1. 4 1!  Å!

r e s p e cti v el y).9 !R el at e d! h y dri d e Kbri d g e d! M g/ Zr! c o m pl e x e s! ( c o v er e d!i n! Fi g ur e! 1. 1 5 )1 0 K1 2 ! h a v e!

s m all er !f sr!v al u e s !t h a n!D Z n• Z r !a n d! D M g• Z r !( 1. 0 7! a n d! 1. 1 0!r e s p e cti v el y).!T h e s e! d at a! d o! n ot,!i n!

o ur! o pi ni o n,! c h a n g e!t h e! e x p e ct ati o n!f or! bri d gi n g! h y dri d e s. !

Zr
H

H
Zr

H

H

+ M

Di p p

Di p p

N

N

H
C 6 D 6

2 5 ° C, 1 2 h
n

Z r • Z r
D 2 2 : M = M g, n = 2, 1 e q ui v. 
D 3 : M = Z n, n = 1, 2 e q ui v.

D M g • Z r or D Z n • Z r

Zr
H

H
H

M

Di p p

Di p p

N

N
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Fi g u r e 2. 3. ) Cr y st al! str u ct ur e s! of! a)!
D
M g• Z r !a n d! b)!

D
Z n• Z r )– !5 0 %! pr o b a bilit y! elli p s oi d s .!!

!

T a bl e 2. 1. ) S el e ct e d! g e o m etri c al! p ar a m et er s!f or!
D
M g• Z r !a n d !

D
Z n• Z r .!I n!

X
Al• Z r,) th e!

N( 3 )KAl( 1 )KZr( 1 )! a n d! N( 1)KAl( 1 )KZr( 1)! a n gl e s:! 1 2 1. 2 6( 3 )° !a n d! 1 2 4. 6 4( 3 ) °!

r e s p e cti v el y!– !ot h er!
X
Al• Z r !d at a!i s!i n! Fi g ur e! 2. 1 .!

!

 

H y d r i d e P o s i t i o n s  

B ot h!  X Kr a y! diffr a cti o n! e x p eri m e nt s ! r e v e al! r o u g hl y! fl at! o v erKall! s h a p e s! (i g n ori n g! t h e!

p er p e n di c ul ar! di Ki s oKpr o p yl ar yl! ( Di p p) ! gr o u p s ).!  T h e! i nt er m et alli c! ar e a s! ar e! l e s s! st eri c all y!

cr o w d e d !o n! o n e!f a c e.! T hi s! o p e ni n g!i s! m o st!li k el y!t o! b e!t h e!l o c ati o n! of!t h e!t er mi n al! h y dri d e!

at o m !(Fi g ur e! 2. 4 a ).!T h e !m ol e c ul ar! or bit al! ar g u m e nt s! ar e! c o n si st e nt .!C o m pl e x e s! of!t h e!f or m!

[ C p2 M H 3 ]!r e q uir e!t h at!t h at!t h e!t hr e e! h y dri d e!li g a n d s!f a n! o ut!fr o m!t h e! m et al! c e ntr e!i n!a! pl a n e !

t h at!bi s e ct s !t h e!C p c e ntr oi d – Ž r– C p c e ntr oi d !r efl e x! a n gl e !(Fi g ur e! 2. 4 b) .1 3 !It! w a s!t h er ef or e! pr e di ct e d!

t h at! t h e! p o siti o n! of! t h e!  M( µ ,H) 2 Zr ( Ht)! pl a n e! i s! ort h o g o n al! t o! t h e! # 2 KB DI – M! ri n g ! (t he ! bl a c k K

s h a d e d! pl a n e!i n! Fi g ur e! 2. 4 a) .!!

N 1 B M g 1 B

C 2 B

N 3 B

Zr 1 B

a) b )

N 1 B

Zr 1 B

Z n 1 B

C 2 B

N 1 B

B o n d Di st a n c e s [ Å]  !! !! !!

Zr( 1 B) -M g( 1 B)  3. 0 9 5( 3) ( ( Zr( 1 B) -Z n( 1 B)  2. 8 8 6 6( 9) (

M g( 1 B) -N( 3 B)  2. 0 3 2( 8) ( ( Z n( 1 B) -N( 1 B)  1. 9 8 4( 3) (

M g( 1 B) -N( 1 B)  2. 0 4 2( 8) ( ( ! (

Zr – C  2. 4 7 5( 1 0) – ( ( Zr – C  2. 4 7 8( 5) – (

! 2. 5 1 6( 1 3) ( ( ! 2. 5 1 6( 1 3) (

( ( ( ( (

B o n d A n gl e s [ °]  
(( !! !! ((

N( 3 B) -M g( 1 B) -N( 1 B)  9 1. 8( 3) ( ( N( 1 B) -Z n( 1 B) -N( 1' B)  9 5. 0 1( 1 9) (

N( 3 B) -M g( 1 B) -Zr( 1 B)  1 3 7. 5( 2) ( ( N( 1 B) -Z n( 1 B) -Zr( 1 B)  1 3 2. 4 2( 1 0) (

N( 1 B) -M g( 1 B) -Zr( 1 B)  1 3 0. 7( 3) ( ( 0( 0(

(
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Fi g u r e 2. 4. ) a)! S p a c e Kfilli n g!( 1! v a n! d er! W a al s!r a di u s)!cr y st al! str u ct ur e ,!r e v e ali n g!t h e! s u s p e ct e d!

t er mi n al! h y dri d e!i nt er sti c e!a b o v e!t h e! N KN KZ n KZr! pl a n e!i n!
D
Z n• Z r )(fr o m! b ot h! e n d s! of!th e! m ol e c ul e) .!

b)! T h e! pr e di ct e d! [ C p2 M H 3 ]! h y dri d e! p o siti o n s!fr o m! M O!t h e or y.
1 3

!

T h e! a p p ar e nt! p o siti o n! of!t h e! h y dri d e!li g a n d s!i n! D M g• Z r !a n d! D Z n• Z r) c o ntr a st s! x Al• Z r .!I n!t h e!

l att er,!t h e!fi v eKc o or di n at e! Al !i m p art s!it s! o w n! str o n g! d e m a n d s!o n!t h e! c o or di n ati o n! g e o m etri e s!

(Fi g ur e! 2. 1 ),! a n d! { C p Zr C p}! i s! p er p e n di c ul ar! t o! t h e! p o siti o n! i n! D M g• Z r ! a n d! D Z n• Z r .!  T h e!

st u b b o rn n e s s ! of! t h e!  Al! c e ntr e’ s! s q u ar e Kb a s e d! p yr a mi d al! c o or di n ati o n! e n vir o n m e nt ! c a n! b e!

q u a ntifi e d! u si n g!t h e!t a u!i n d e x!f or!fi v e Kc o or di n at e! c o m p l e x e s! ($ 5 ).
1 4 )X Al• Z r !h a s! a $$ 5 !v al u e! of!

0. 0 1,!  w hi c h! o n! a! s c al e! of! 0 – 1,! s h o w s! a!  mi n u s c ul e! di st orti o n! t o w ar d s! tri g o n al! bi p yr a mi d a l!

g e o m etr y. ! T hi s! r e n d er s! t h e! (µ ,H) 2! at o m s! p ar all el! t o! t h e! # 2 KB DI – M! ri n g ,! a n d! t h er ef or e! t h e!

zir c o n o c e n e !f all s!i nt o! a n! e s s e nti all y! ort h o g o n al! p o siti o n.!!

S t e r i c C o n c e r n s  

T h e! ori e nt ati o n! of!t h e! M II!c o m pl e x e s! a n d!t h e!l e s s er! n u m b er! of! h y dri d e s! ar o u n d! M!i s! b ett er!

f or!  mi ni mi si n g! st eri c! cl a s hZ! st eri c! c o n c er n s! c a n! h a v e! cr u ci al! eff e ct s! o n! t h e! st a bilit y! of!

c o m p o u n d s! s u c h! a s!t h e s e.! F or! e x a m pl e, !i n!x Al• Z r) t h e!{ C p Zr C p}!l e a n s! a w a y!fr o m! Al– H tZ!th u s,!

H! at o m s! o n!t h e! C p!li g a n d! o p p o sit e!t o! Al – H t!c o m e !i nt o! cl o s e! c o nt a ct!( 0. 3! Å! b el o w!t h e! s u m! of!

v a n! d er! W a al s!r a dii) 1 5 !wit h! a! m et h yl! pr ot o n! o n!t h e! x yl yl !ri n g s.! A!l ar g er! a m o u nt! of! s h ort! c o nt a ct s!

c a n! b e! e n vi s a g e d!i n!t h e! str u ct ur e! of! t h e! Di p p! a n al o g u e.!D Al• Z r !w a s! n ot! d et e ct e d! b y! e q ui v al e nt!

s y nt h e si s! ( s e e! s e cti o n! 2. 3. 1 ).!  W e!  mi g ht! pr e di ct! t h at! t h e! l att er! i s!di sf a v o ur e d! d u e! p ur el y! t o!

st eri c! cl a s h. !!

T w o! diff er e nt! di st orti o n s! of!t h e! e s s e nti al! Di p p B DI M H • Z r!str u ct ur e! ar e! s e e n. !B ot h! s e e m!t o!

cr e at e!f urt h er! s p a c e!f or!t h e!t er mi n al! h y dri d e!i n!t h eir! o w n! w a y. !I n!D Z n• Z r !t h e! s p a c e! s e e m s!t o!

ari s e!fr o m! ! Kdi k eti mi n at o KZ n! m et all a c y cl e! a d o pti n g! a! s h all o w! b o at! str u ct ur e.! T h e!‘ st er n’! a n d!

‘pr o w’! ar e!t h e! sli g htl y!r ai s e d! C ! !a n d! Z n! at o m s.! T h e! Di p p! gr o u p s! a n d!t h e! C p!li g a n d s! dr o p! wit h!

t h e! h ull,!l e a vi n g!t h e! o p e n! r e gi o n! a b o v e!t h e! c o pl a n ar! N, NKZ n KKKZr.! T h e s e!li g a n d! gr o u p s! al s o!

r e m ai n! e cli p s e d.! T hi s ! s y m m etr y! i s! a b a n d o n e d ! i n! D M g• Z r ,! t h e! t wi sti n g! of! a! C p! li g a n d!

M
H N

N
H

H

Di p p

Di p p

Zr

Zr 1 B
Zr 1 B

a)

b )



! !
4 5 !

d o w n w ar d s! a n d! a w a y!fr o m!t h e! # 2 ,B DI KKKM! pl a n e!( b y! 1 8. 3 °)! cr e at e s !s p a c e!f or! H t.!T h e! diff er e nt!

c o nf or m ati o n s!i n! D M g• Z r) a n d! D Z n• Z r) m a y! b e! c a u s e d! b y!t h e! M KKKZr! di st a n c e s.! A !s h ort er! M KKK

Zr! di st a n c e!i n! D Z n• Z r !w o ul d !f or c e! gr e at er! e v a si v e! a cti o n! b y!t h e!l ar g er! gr o u p s! ar o u n d!t h e! MKKK

Zr!r e gi o n,! a n d!t hi s!i s! p er h a p s! p art! of!t h e!r e a s o n!f or!t h e! b o at! str u ct ur e! of!t h e! B DI !c h el at e. !

N o n -C o v a l e n t I n t e r a c t i o n s  

T h er e! ar e! s o m e !o ut st a n di n gl y! s h ort !c o nt a ct s !b et w e e n! at o m s!i n! D Z n• Z r !a n d! D M g• Z r .! R at h er!

t h a n! ar e a s! of! st eri c! cl a s h,! t h e! pr o xi mit y! of! s o m e!  CC p – H! b o n d s ! t o!  Di p p! ar yl! ri n g s! i n!

Di p p B DI M H • Z r! m a y! a ct u all y! b e! a s cri b e d!  w e a kl y! st a bili si n g! (r o u g hl y! 5! k c al!  m ol – 1 )1 6 ! C H/ % !

i nt er a cti o n s.!Fi g ur e! 2. 2 5 !( s e e! E x p eri m e nt al)! ill u str at e s!t h e s e!s h ort! C C p H KKKAr c e ntr oi d! di st a n c e s!

i n!D Z n• Z r !a n d! D M g• Z r ,! w hi c h!ar e! s h ort er!t h a n!t h o s e!i n!t h e! r el at e d! e x a m pl e s.! T h e! % Ks y st e m!

a ct s! a s! a! s oft! L e wi s! b a s e!t o!t h e! v er y! sli g htl y! a ci di c! C C p – H " +! b o n d ,! wit h! dir e cti o n alit y.! T h e! e d g e s!

of! t h e! c y cl o p e nt a di e n yl! a ni o n! h a v e! b e e n! s e e n! t o! a ct! t hi s!  w a y! i n! i nt erm ol e c ul ar! s oli d! st at e!

i nt er a cti o n s.1 6, 1 7 ! T h e s e ! mi ni m al! f or c e s! ar e!  m or e! u s u all y! a s s o ci at e d!  wit h! gr o u n d! st at e s! i n!

m a cr o m ol e c ul ar! c h e mi str y,! b ut! or g a n o m et alli c! a n d! c o or di n ati o n! c h e mi st s! ar e! gi vi n g! t h e m!

i n cr e a si n g! a p pr e ci ati o n,1 6, 1 8 K2 0 ! al o n g!  wit h! di s p er si o n! f or c e s,! a s! str u ct ur e K2 1 ! a n d! r e a cti o n K

d efi ni n g 2 2 !f e at ur e s.!!

T h e )C H/ % !i nt er a cti o n s!diff er !i n!t h e! M g!a n d! Z n! a n al o g u e s’! ( s e e! Fi g ur e! 2. 2 5 ).!D M g• Z r )o nl y!

h a s! o n e! s u c h! s h ort! c o nt a ct,! w h er e a s! D Z n • Z r)di s pl a y s! c o nt a ct s! o n! b ot h!‘ wi n g s’. !T hi s! diff er e n c e!

i s!n ot! attri b ut a bl e!t o! o n e! si n gl e! str u ct ur al!f a ct or. )H o w e v er,!t h e! g e o m etri c al! c o ntr a cti o n! br o u g ht!

a b o ut! b y! t h e! s h ort er!  M KKKZr! v e ct or! i n! D Z n• Z r ! m a y! all o w! t h e! d o u bl e Ksi d e d!  C – H KKKAr c e ntr oi d !

a p pr o a c h.! F urt h er m or e, !t h e! diff er e n c e s!i n! cr y st al! p a c ki n g!i n!D Z n• Z r !a n d! D M g• Z r !m a y! b e! p art!

of! t h e! r e a s o n! f or! t h e! c o nf or m ati o n al! diff er e n c e s! b et w e e n! t h e! t w o.! A d diti o n all y ,!  Ci Pr– H KKKN!

i nt er a cti o n s!(Fi g ur e! 2. 2 5 )! ar e! p o s si bl e!( s e e! E x p eri m e nt al,! s e cti o n!2. 6. 3. 2 ).!!

2. 2. 2. 2 ) S t r u c t u r e b y D e n si t y F u n c ti o n al T h e o r y  

D F T! st u di e s! o n! t h e! M II! h et er o bi m et alli c! c o m pl e x e s ) d e m o n str at e! t h at! t h e! t hr e e! h y dri d e s! d o!

i n d e e d!c o Ke xi st!i n! a! pl a n e! ort h o g o n al!t o!t h at! cr e at e d! b y!t h e! β Kdi k eti mi n at e!li g a n d.! T hi s! w a s!

m a d e! cl e ar! b y! a n! i niti al! s et! of! c al c ul ati o n s ! – ! m 0 6 2 x! f u n cti o n al! a n d! h y bri d! b a si s! s et! 6, 3 1 G!

( C/ H/ N)! a n d! L a nl 2 D Z!( Al/ Z n/ M g/ Zr)!– !o n!t h e!t hr e e! h et er o bi m et alli c! c o m pl e x e s! D M g• Z r ,!D Z n• Z r)

a n d ) M Al • Z r.) Wit h! t h e! h y dri d e! p o siti o n s! pl a c e d! i n! a! v ari e d! r a n g e! of! i n p ut s,! t h e! s a m e!

arr a n g e m e nt! al w a y s!r e s ult e d. !U si n g!t h e! G AI O! m et h o d! o n!t h e! o pti mi s e d! str u ct ur e s !of !D M g• Z r)

a n d! D Z n• Z r ,!t h e! a s si g n m e nt! of! Hµ !a n d! H µ ’!si g n al s!i n!t h e! N M R! d at a! w a s! m a d e. !T h e! m o st! u pfi el d!

h y dri d e! si g n al! i s!t h at! of! Hµ ’,!t h e! bri d gi n g! at o m! di st al!t o!t h e! Ht.!All! H KKKH!( h y dri d e)! di st a n c e s! ar e!

o v er! 1. 6! Å,! m e a ni n g!t h e! p o s si bilit y! of! m e a ni n gf ul! H – H! b o n d s! c a n! b e! e x cl u d e d.! T hi s! c o n cl u si o n!

w a s! b or n e! o ut!i n!t h e!r e s ult s! of! T 1 !N M R! e x p eri m e nt s! a n d! of! a n! N B O! a n al y si s. !
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Fi g u r e 2. 5. ) N P A! c h ar g e s! a n d! Wi b er g! b o n d!i n di c e s!( W BI)!f or! t h e! met al Kh y dri d e! c or e s! of!t h e!

k e y! bi m et alli c! c o m pl e x e s!( & B 9 7 x D!f u n cti o n al! a n d! h y bri d! 6, 3 1 1 G/ S D D! b a si s! s et). !T h e! W BI Kr el at e d!

p ar a m et er s!t a k e! all!li g a n d s!i nt o! c o n si d er ati o n,! n ot! o nl y!t h e! c or e s. !

T h e! N B O! a n al y si s!( c arri e d! o ut! u si n g! a!l e v el! of!t h e or y! e st a bli s h e d! el s e w h er e!i n!t h e! st u d y)!

a n d!  Wi b er g! b o n d! i n d e x! c al c ul at i o n s,2 3 ! all o w s! c o m p ari s o n! of! bri d gi n g!  m o d e s! i n! bi m et alli c!

s y st e m s,! a s! w ell! a s! t h eir! o v er all! d e gr e e! of!i o ni c! c h ar a ct er.2 4 K2 6 !It! w a s!f o u n d!t h at! a! zir c o n at e!

d e s cri pti o n! of!t h e! c o m pl e x e s! b e c o m e s!i n cr e a si n gl y! si g nifi c a nt!i n!t h e! or d er:! M Al• Z r !< !D Z n• Z r !<!

D M g• Z r .! T hi s!i s! e vi d e n c e d! b y!t h e!i n cr e a si n g! c h ar g e! o n! M! a n d!t h e! w e a k er! b o n d!i n di c e s!f or!t h e!

(µ KH) – M! b o n d s!( Fi g ur e! 2. 5 ).! T h e! 3 c,2 e! bri d g e s! ar e! m u c h! m or e! c o v al e nt !o n!t h e! Zr! si d e.! !

Wi b er g! b o n d! i n di c e s! ar e! oft e n! si mil ar! t o! t h e! b o n d! or d er s! pr o p o s e d! b y! v al e n c e! b o n d!

t h e or y.2 7 ! T h e y! d e s cri b e! s ol el y! c o v al e nt! i nt er a cti o n s. 2 3 ! T h e! b o n d! or d er s ! s u m m e d! ar o u n d!  M!

(i. e.!' W BI )!f orm! a! d e cr e a si n g! p er c e nt a g e! of!t h e!t h e or eti c al! v al e n c e! n u m b er! o n! M!( i. e.!% v al),!

i m pl yi n g!t h at! a n!i n cr e a si n g! p orti o n! of!t h e! b o n di n g!i s!i o ni c.! F or! e x a m pl e,!t h e! v al e n c e! n u m b er!

of! M g! s h o ul d! b e! 2,! a n d! n ot! o nl y!i s!it s! N P A! c h ar g e! v er y! cl o s e!t o!t hi s! v al u e,! b ut! al s o! it s! Wi b er g!

b o n d!i n di c e s!t ot al! o nl y! 0. 4 6! – !t h er ef or e,!j u st! 2 3 %! of!t h e! b o n di n g! ar o u n d! M!i s! c o v al e nt.!!

T h e! d at a! a gr e e s!  wit h! t h e! di s c u s si o n! i n! s e cti o n ! 1. 7. 1. 2 :! i n!  m ulti pl yKbri d g e d! h y dri d e!

c o m pl e x e s,! u n e q ui v o c all y! el e ctr o p o siti v e!  m et al s!  will! u n b al a n c e! n e utr al! d o n or Ka c c e pt or!

bri d gi n g! s y st e m s.! T h e! a c c e pt or!fr o nti er! m ol e c ul ar! or bit al! of! Z r !li e s!i n si d e!t h e! HKŽr KH! a n gl e,!

a n d! s e c o n d Kor d er! p ert ur b ati o n!t h e or y! c al c ul ati o n s! s h o w! h o w!t h e! di m er,! Z r• Z r ,!i s! h el d!t o g et h er!

b y! str o n g! d ati v e! c o v al e nt! ( Zr – H µ )( { Zr}! d o n ati o n!i nt o!thi s! or bit al! ( Fi g ur e! 2. 6 ).! T hi s! s e e m s!t o!

ali g n!  wit h! t h e! sli g ht! di s p arit y! i n!  W BI! v al u e s! b et w e e n! t h e!  Zr – H µ ! a n d!  Zr – H µ ’!b o n d s! i n! Z r• Z r ,!

Fi g ur e! 2. 5 .! T h e! b o n d!i s! sli g htl y! w e a k er!f or!t h e! d o n orKa c c e pt or! si d e !of!t h e! bri d g e.! T h e! s a m e!

H

H
H

Zr

H

M g

H

H
H

ZrAl+ 0. 6 4 + 1. 4 4

– 0. 1 7 – 0. 2 4

– 0. 3 9– 0. 2 5

0. 1 8

0. 7 90. 2 8

0. 3 6

0. 5 7

0. 8 0 0. 4 7

+ 0. 6 0 + 1. 7 5

– 0. 3 9– 0. 1 7

– 0. 4 3

0. 0 4

0. 6 20. 8 0

0. 6 4

0. 0 9

0. 0 9

Z n

H

H
H

Zr + 1. 5 6+ 0. 5 8

– 0. 1 6 – 0. 3 3

– 0. 3 9

0. 1 0

0. 5 70. 7 9

0. 6 0

0. 1 7

0. 1 5

Z r

H

H
H

Zr 0. 2 9

0. 3 80. 8 1

0. 4 3

+ 0. 5 8

– 0. 1 9 – 0. 1 9

– 0. 1 9

N P A c h ar g e

Z r • Z r

D M g • Z rD Z n • Z rM Al • Z r

Σ W BI = c o v al e nt b o n d or d er b et w e e n M
a n d all it s li g a n d s

( % v al = Σ W BI a s % of v al e n c e n u m b er)

Σ W BI ( % v al)
Al = 2. 4 0 ( 8 0 %)

Σ W BI ( % v al)
M g = 0. 4 6 ( 2 3 %)

Σ W BI ( % v al)
Z n = 0. 8 3 ( 4 2 %)

i n cr e a si n g N P A c h ar g e o n M;
l e s s c o v al e nt (µ - H) –M b o n d s

i n cr e a si n g at e- c o m pl e x c h ar a ct er

gr e at er c o v al e nt ( % v al) c o m p o n e nt

W BI
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di s p arit y! a p p e ar s! i n! M Al• Z r ! a n d! D Z n• Z r ,!  w h er e! t h e!  m et al s! ar e! l e s s! el e ctr o p o siti v e.!  T hi s!

s u g g e st s!t h at! a! r e s o n a n c e! str u ct ur e!i n v ol vi n g!t h e! n e utr al !p ar e nt! h y dri d e!fr a g m e nt s! m a y! b e!

m or e! r el e v a nt! i n! t h e s e! c a s e s.!  A n y!  m et al Km et al! b o n di n g ! i n!Fi g ur e! 2. 5 ! w a s! a s cri b e d! t o! t h e!

c o m p ut ati o n al!i nt er pr et ati o n! of!t h e! ) 2 !( M– H) ( M!i nt er a cti o n!( s e e! E x p eri m e nt al! s e cti o n! – !t h er e!

i s! n o! e vi d e n c e!f or! m et alKm et al! or bit al s! el s e w h er e!i n!t h e! N B O!r e s ult s).! !

I n! t h e! h et er o bi m et alli c! c o m pl e x e s,! s e c o n d Kor d er! p ert ur b ati o n! a n al y si s ! fi n d s! a! gr e at er!

e m p h a si s! of! t h e! a ni o ni c! { C p 2 Zr H 3 }
– ! fr a g m ent! o v er! { C p 2 Zr H 2 }.!  T h e!  m a g nit u d e! of! t h e! d o n orK

a c c e pt or!i nt er a cti o n s!fr o m! { C p 2 Zr H 3 }
– !t o! M! dr o p s!i n!t h e! or d er! Al! >! Z n! >! M g.! W e! k n o w!t h at!

M Al• Z r !i s! b y!f ar!t h e! w e a k e st! b o u n d! h et er o bi m et alli c! c o m pl e x!( s e e! e q uili bri u m!i n!Fi g ur e! 2. 2 ),!

t h er ef or e,! t h e! c o ntr a sti n g! tr e n d! i n! bi n di n g! i nt er a cti o n! e n er gi e s! i n! Fi g ur e! 2. 6 ! i s! pr o b a bl y!

d e m o n str ati n g! t h e!  w e a k er! c o v al e nt! i nt er a cti o n s! i n! t h e!  Z n! a n d!  M g! a n al o g u e s.!  Fi n di n g s!

di s c u s s e d! b el o w! ( s e cti o n! 2. 3. 2. 2 )! s e e m!t o! a d d!f urt h er! e vi d e n c e!t o!t h e! str e n gt h !of!t h e!i o ni c!

b o n di n g!i n! D M g• Z r .!

!

Fi g u r e 2. 6. ) T h e! e n er gi e s! of! h y dri d e Km et al! d o n or Ka c c e pt or!i nt er a cti o n s,! c al c ul at e d! u si n g!

s e c o n d Kor d er! p ert ur b ati o n!t h e or y!i n! D F T! c al c ul ati o n s. !

2. 2. 2. 3 ) S t r u c t u r e  b y N M R C h a r a c t e ri s a ti o n  

T h e! bri d gi n g! a n d!t er mi n al! h y dri d e s! w er e! r e s ol v e d! b y! 1 H! a n d! C O S Y! N M R! e x p eri m e nt s.! F or!

e x a m pl e,! i n! D M g• Z r) t h e! bri d gi n g! h y dri d e s!  Hµ $ a n d!  H µ ’! ar e! c h e mi c all y! a n d!  m a g n eti c all y!

i n e q ui v al e ntZ! at! 2 9 8! K!i n!t ol u e n eKd 8 !t h e y! r e s o n at e! at!" $= !– 2. 0 0! a n d! – 2. 8 7! p p m! r e s p e cti v e l y.!

B ot h! bri d gi n g! h y dri d e s! c o u pl e! t o! t h e! t er mi n al! h y dri d e! ( H t)! f o u n d! at! " $ = ! 1. 5 5! p p m.! L o n g! T 1 !

r el a x ati o n! ti m e s! ( 0. 5– 1. 2! s)! f or! t h e! s eri e s! of! c o m pl e x e s! m a k e! t h e ! e xi st e n c e! of!  H KKKH!

i nt er a cti o n s!i m pr o b a bl e!(T a bl e! 2. 2 ).2 8 !A! s u m m ar y !of !t h e! N M R! d at a!i s! c oll e ct e d!i n!T a bl e! 2. 3 .!!

H µ '

H
H µ

Z r

H

Al M g

H

H
H

ZrZ n

H

H
H

Zr

Zr

H

H
H

Zr

d o n or- a c c e pt or i nt er a cti o n 
( Zr – H µ )       Zr( d- or bit al)

H

Z n 4 s M g 3 sAl s p 2Al 3 p

Z r – H µ

Z r – H µ 'do
n
at

or 7 7

7 0

2 9

2 8

4 5

-

9 4

1 8 0

a c c e pt o r o r bit al

( k c al m ol - 1)

1 5 1 k c al m ol - 1

d e cr e a si n g m a g nit u d e of d o n or- a c c e pt or i nt er a cti o n( s)

i n cr e a si n g at e- c o m pl e x c h ar a ct er
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T a bl e 2. 2. ) T 1 !r el a x ati o n!ti m e s!i n!t ol u e n eKd 8 !( 2 9 8! K).!

H y d ri d e  D Z n • Z r  D M g • Z r  

H t! 9 5 0! m s ! 7 0 0! m s !

H µ ! 5 7 0! m s ! 5 3 0! m s !

H µ ’! 1 . 1! s! 1. 2! s !

!

R ot ati o n! of!t h e! N – C i p s o$b o n d!i s! o st e n si bl y! h a m p er e d! at!l o w er!t e m p er at ur e s.! D e c o al e s c e n c e !

of!t h e! Di p p! si g n al s! o c c ur s! b et w e e n! 2 9 3 – 3 0 3! K!i n! D Z n• Z r 4) th e! a n al o g o u s! d e c o al e s c e n c e!i n!

D M g• Z r !r e q uir e s! a! m u c h!l o w er!t e m p er at ur e!( b el o w! 2 2 3! K),! b ut!i n!t hi s!c a s e!t h e! iPr! m et h a n e tri yl!

si g n al! i s! n ot! cl e arl y! d e c o al e s c e d.!T h e! m or e! c o m p a ct! s oli d Kst at e! str u ct ur e! of! D Z n• Z r) m a y! b e!

r el at e d!t o!t h e!hi g h er! a cti v ati o n! e n er g y !of!t hi s! r e stri ct e d!r ot ati o n.! A b s e n c e! of!t h e! p h e n o m e n o n!

i n!t h e! m e sit yl! si g n al s! of!M Al• Z r) a d d s!t o! pr e vi o u s! c o n cl u si o n s.! N a m el y,!t h e!{ C p 2 Zr H 2 }!fr a g m e nt!

i s! h el d!r el ati v el y!f art h er! a w a y!fr o m!{M e s B DI Al H 2 }!( s e e:!f sr$v al u e s,! a n d! s h ort! c o nt a ct s!i n! Fi g ur e!

2. 2 5 ).!  A d diti o n all y,! t h e! r e v er si bl e! bi n di n g! of! M 1 ! a n d! { C p 2 Zr H 2 }! c o ul d! f a cilit ate! N – C i p s o! b o n d!

r ot ati o n! at! all! o b s er v e d!t e m p er at ur e s.!

T h e! li g a n d!gr o u p s! t h at! st eri c all y!i m pi n g e! u p o n!t h e!h y dri d e s !i n!t h e! cr y st al! str u ct ur e!– !Di p p $

a n d!  C p! – ! pr e s e nt! a n! n u cl e ar! O v er h a u s er! e ff e ct! i n!  N O E S Y! e x p eri m e nt s!w h e n! t h e! h y dri d e!

si g n al s! w er e!irr a di at e d! ( se e! s e cti o n! 2. 3. 2. 1 ,!Fi g ur e! 2. 1 2 !&! Fi g ur e! 2. 1 3 ).! T h e! p e a k s! aff e ct e d!

ar e! c o n si st e nt! wit h!t h e! cr y st all o gr a p hi c! str u ct ur e !b ei n g!r et ai n e d!i n! s ol uti o n .!

T a bl e 2. 3. ) A !s u m m ar y !of !t h e!
1
H! N M R !d at a!f or!t h e! h et er o bi m et alli c! c o m pl e x e s !(2 9 8! K,!

t ol u e n eKd 8 ).!

  
D Z n • Z r  D M g • Z r  M Al • Z r ( ‡) 

H t! 1. 8 0! p p m ! 1. 5 5! p p m ! 1. 1 2! p p m !

m ult .! d d ! d d ! s !

2
J H KH ! 8. 3,! 6. 3! H z ! 1 3. 0,! 6. 6! H z ! K!

H µ ! – 1. 2 2! p p m ! – 2. 0 0! p p m ! – 2. 4 9! p p m !

m ult .! d ! d d ! s,! br !

2
J H KH ! 8. 3! H z ! 1 3. 0 ,!6. 6 !H z ! K!

H µ ’! – 2. 2 0! p p m ! – 2. 8 7 !p p m ! – 2. 7 6! p p m !

m ult .! d ! d d ! s,! br !

2
J H KH ! 6. 3! H z ! 6. 6 ,!6. 6 !H z ! K!

T c( Di p p) $ 2 8 3! K ! 2 1 3! K ! K!

T c( Ht/ H µ )$ 3 7 3! K ! 3 9 3! K ! 2 8 3! K !
‡!
 " !v al u e s! q u ot e d! ar e!f or!t h e! 2 3 3 K! s p e ctr u m.!

T er mi n al! h y dri d e! o n! Al! " !=! 4. 8 5! p p m. !
 

!
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!

Fi g u r e 2. 7. ) V T!
1
H! N M R! s p e ctr a! of!

D
M g• Z r !b et w e e n! 1 9 3 – 3 7 3! K !(t ol u e n eKd 8 ).!

!

Fi g u r e 2. 8. ) V T!
1
H !N M R! s p e ctr a! of!

D
Z n• Z r) b et w e e n! 1 9 3 – 3 7 3! K !(t ol u e n eKd 8 ).!

- 4 .0- 3 .5- 3 .0- 2 .5- 2 .0- 1 .5- 1 .0- 0 .50 .00 .51 .01 .52 .02 .53 .03 .54 .04 .55 .05 .56 .06 .57 .07 .5
p p m

3 0 3 	K

2 9 3 	K

2 1 3 	K

2 8 3 	K

2 7 3 	K

2 6 3 	K

2 5 3 	K

2 4 3 	K

2 3 3 	K

2 2 3 	K

2 0 3 	K

1 9 3 	K

3 3 3 	K

3 7 3 	K

3 6 3 	K

3 5 3 	K

3 4 3 	K

3 2 3 	K

3 1 3 	K

	3 0 3 	K

C p 2 F e

x x
t ol u e n e

C p C ! H H i Pr M e i PrM e B DI M e i PrAr B DI

H " ’H "

H t

-3 .5-3 .0-2 .5-2 .0-1 .5-1 .0-0 .50 .00 .51 .01 .52 .02 .53 .03 .54 .04 .55 .05 .56 .06 .57 .07 .58 .0

2 9 3  K

2 1 3  K

2 8 3  K

2 7 3  K

2 6 3  K

2 5 3  K

2 4 3  K

2 3 3  K

2 2 3  K

2 0 3  K

1 9 3  K

3 3 3  K

3 7 3  K

3 6 3  K

3 5 3  K

3 4 3  K

3 2 3  K

3 1 3  K

 3 0 3  K

(+ 1 0 0  ° C )

(- 8 0  ° C )

V T  N M R  e x p t .  Z n • Z r  i n  t o l u e n e - d 8 ;  1 H  4 0 0  M H z ;  c o m p i l e d  s p e c t r a ,  - 8 0 °  < — >  1 0 0 ° C

C p 2 F e

x x
t ol u e n e

C p

C ! H

H i Pr M e B DI M e i PrAr B DI

H " ’H "

H t

M e i Pr

x

Si. gr e as e
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2. 3 $ C H A R A C T E R I S A T I O N O F S T R U C T U R A L I N T E G R I T Y  

2. 3. 1 !R el a ti v e S t a b i l i t i e s  

2. 3. 1. 1 ) E x p e ri m e n t al S t u di e s   

T h er e! i s! n o! i n di c ati o n! of! t h e! di s s o ci ati o n ! of! D M g• Z r ! or! D Z n• Z r ! i n! b e n z e n eKd 6 ! or! t ol u e n e Kd 8 !

s ol uti o n s ! b et w e e n! 1 9 3! a n d! 3 7 3!  K .!  T h e! e q uili briu m ! b et w e e n! M Al• Z r) a n d! t h e!  m o n o m et alli c!

r e a ct a nt s! h a s! b e e n!r eKe x a mi n e d! a n d! q u a ntifi e d! b y!t h e! v a n’t! H off! a n al y si s!( 2 8 3 – 3 3 3! K,! Gr a p h!

2. 1 ).!A! v al u e!fr o m!t h e! 1 H! N M R! s p e ctr u m! at! 2 9 3! K! w a s! n ot!i n cl u d e d! b e c a u s e! of! p o or! s hi m mi n g.!

A c c or di n g!t o!t h e s e! r e s ult s,!f or m ati o n! of!t h e!M Al• Z r !h et er o bi m et alli c! c o m pl e x!fr o m!it s! p ar e nt!

h y dri d e s! i s! eff e cti v el y! a ! t h er m o n e utr al! pr o c e s s .! W h e n! mi x e d ! wit h! M Al• Z r ! ( or! X Al• Z r ),! t h e!

m a g n e si u m! or! zi n c! h y dri d e! c o m pl e x e s ) w er e ! e x p e ct e d! t o! di s pl a c e! t h e!  w e a kl y! b o u n d! al a n e!

fr a g m e nt.!C o m bi ni n g! M Al• Z r !wit h! 0. 5! e q ui v.! D 2 2 ,!or !1! e q ui v.! D 3 ,! pr o v e d!t hi s!t o! b e!t h e! c a s e.!!

!

G r a p h 2. 1. ) A! v a n’t! H off! pl ot!f or!t h e! di s s o ci ati o n! of!
M
Al• Z r !(5 7. 0! m M )!i n!t ol u e n eKd 8! b et w e e n!

2 8 3! a n d! 3 3 3! K! at! 1 0! K!i nt er v al s.! I n s et:!t h e! d eri v ati o n! of!K e q !a n d! s u b s e q u e nt l y! o bt ai n e d!

t h er m o d y n a mi c! v al u e s.!!

P ut!t e nt ati v el y,!{ Di p p B DI M g H} )s e e m s!t o! b e!t h e! str o n g e st! bi n d er! of!{ C p 2 Zr H( µ KH)}.! H o w e v er,!

t hi s! di sti n cti o n! b et w e e n!t h e! MII!h y dri d e! p art n er s!i s! n ot! cl e ar! c ut.! S c h e m e! 2. 3 !s h o w s! h o w! a !

cr o s s o v er! e x p eri m e nt !w a s! a p pr o a c h e d! fr o m! b ot h! M g! a n d! Z n! p ar e nt! h y dri d e! st arti n g! m at eri al s.!

B ot h! gi v e! si mil ar!( y et! sli g htl y !i m p erf e ct)!r e s ult s.! T h e!r e a cti o n s!l e d!t o!t h e!f or m ati o n! of!D M g• Z r )

a s!t h e! m aj or! pr o d u ct .! B ut! a! c om pl et e! c o n v er si o n!i s! n ot! s e e n!fr o m! eit h er! st arti n g! p o siti o n.!I n!

f a ct,!t h e!D M g• Z r) yi el d s!i n! S c h e m e! 2. 3 !aft er! 1 1! d! ar e! 1 0 %! b el o w!t h e! yi el d s! aft er! 1! d.! F urt h er!

l n(K e q ) = 5 2 7 2. 6( 1/ T ) - 1 8. 1 5 5

R ² = 0. 9 8 3

-3

-2. 5

-2

-1. 5

-1

-0. 5

0

0. 5

1

0. 0 0 2 9 0. 0 0 3 0. 0 0 3 1 0. 0 0 3 2 0. 0 0 3 3 0. 0 0 3 4 0. 0 0 3 5 0. 0 0 3 6

l
n(

K
e
q)

1/ T ( 1/ K)

∆ H o =" 0. 1 5" ± 0. 0 1 k c al" m ol – 1

∆ S o =" .0. 5 2" ± 0. 0 4 c al – 1" K – 1" m ol
∆ G 2 9 8 K =" 0. 3 1" ± 0. 0 2 k c al" m ol – 1

[ M Al • Z r ]

[ M Al • Z r ][ M 1 ]
K e q =



! !
5 1 !

h e ati n g! of! t h e! s a m pl e s! at! 8 0! ° C! di d! n ot!  m o v e! t h e! pr o d u ct! di stri b uti o n .! I n! s e ar c hi n g! f or!

m o v e m e nt! of !t h e! p o siti o n! of!e q uili bri u m,! v ari a bl e Kt e m p er at ur e! N M R! e x p eri m e nt s! s h o w e d! o nl y!

t h e! k n o w n!li n e!s h a p e! c h a n g e s! a n d! e x c h a n g e! pr o c e s s e s!( s e cti o n! 2. 3. 2. 1 )! a n d! n o! cl e ar! c h a n g e!

i n! yi el d!t o w ar d s! eit h er! pr o d uct.! !

T h er e!i s! a!l ar g e! di s p arit y!i n!t h e! yi el d s! ( 1 0 – 1 5 %)! d e p e n di n g! o n! w hi c h! p e a k s! ar e! u s e d!f or!

t h e! i nt e gr al sZ! t h e! l o w er! e sti m at e s! ar e! q u ot e d.!  A s! a! c o n s e q u e n c e! of! t hi s! i m pr e ci si o n,! t h e!

diff er e n c e s!i n! e q uili bri u m! p o siti o n! b et w e e n!t h e! p ar all el!r u n s! m a y! n ot! b e! s i g nifi c a nt.!H y st er eti c!

c h a n g e!i n!t h e! h y dri d e!r e s o n a n c e! s h a p e s!( s e e! s e cti o n !2. 4. 3. 1 )! m a y! b e! a!f urt h er! c a u s e! of!t h e!

err or!i n!t h e! m e a s ur e m e nt s.! T h e! b ar el y! a v oi d a bl e!i m p urit y! of! D 2 2 !al s o! c o m pr o mi s e s !t h e!fi d elit y!

of!t h e! e x p eri m e nt.! W h at! c a n! b e! c o n cl u d e d!i s !t h at,!w h e n !i n! c o m p etiti o n!wit h! D 3 ,!t h e! p ar e nt!M g !

h y dri d e !i s!t h e! m o st!f a v o ur e d!i n! bi n di n g!Z r .!!

!!

S c h e m e 2. 3. ) R e s ult s! of! cr o s s o v er! e x p eri m e nt s! b et w e e n!
D
Z n• Z r !a n d!

D
2 2 ,!a n d!

D
M g• Z r) a n d!

D
3 .)

Yi el d s!r e pr e s e nt!r e s ult s!(l o w e st! e sti m at e s)! aft er! 1 1! d. !

A t t e m p t e d S y n t h e s e s o f A n a l o g u e s  

!

Fi g u r e 2. 9. ) M ai n! gr o u p! c o m p o u n d s!t h at!f ail e d!i n!t h e! s y nt h e si s! of! h et er o bi m et alli c! h y dri d e!

c o m pl e x e s,!
R
B DI M • Z r.!!

I n! a d diti o n!t o!t h e! cr o s s o v er! e x p eri m e nt s,! w e!f o u n d!t h at![ C p2 Zr H( µ KH)] 2 !a n d![ Di p p B DI Al H 2 ]! d o!

n ot!f or m! a! st a bl e!i s ol a bl e! h et e r o bi m et alli c! at! 2 5!° C.!T h e!i nfl u e n c e! of!i n cr e a si n g! st eri c! d e m a n d!

o n!t h e! p o siti o n! of!t h e! e q uili bri u m!i s! t h u s!d e m o n str at e d.! T h u s ,![Di p p B DI Al H 2 ]! will! al m o st! c ert ai nl y!

n ot! ej e ct! M 1) fr o m!M Al• Z r .!T h e!f or m ati o n! of! D Al• Z r !b y! t h e! Cri m mi n!gr o u p! h a s! pr e vi o u sl y! b e e n!

m i s attri b ut e d,2 9 !a n d!it!i s! n o w!r ul e d! o ut!t hr o u g h!t hi s!r o ut e .!A !fi v eKc o or di n a t e! AlIII!di h y dri d e! (T 1 )!

M
H N

N
H

H

Di p p

Di p p

Zr M'
N

N

Di p p

Di p p

H M g
H N

N
H

H

Di p p

Di p p

Zr ++

2 5 ° C, 1 1 d

0. 0 3 m m ol 0. 0 3 m m ol

8 5 % 8 %

1 1 %7 7 %

M' = M g

M' = Z n

M = Z n

M = M g

0. 5 m L
b e n z e n e- d 6

Z n
H N

N
H

H

Di p p

Di p p

Zr

N N
Di p p

Al

NH
H

[ C p2 Zr H 2 ]2
[ 0. 0 0 5 6] M

rt, 5 0 ° C, 8 0 ° C
6 0 0 µ L C 6 D 6

Zr Al

N

H N

N

Di p p

H

H

H

[ 0. 0 1 1] M

T 1

2

M

Di p p

Di p p

N

N
H
H

C a

Di p p

Di p p

N

NH

T H F

M  = Al ( D 1 )

    = G a (D 6 )
D 7 2
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w a s ,! n ot! s ur pri si n gl y,!al s o! u n s u c c e s sf ul!i n!f or mi n g! a! d o n or Ka c c e pt or! c o m pl e x! wit h!{ C p 2 Zr H( µ K

H)} !(Fi g ur e! 2. 9 ).!!

T h e! h e a vi er! m ai n! gr o u p! m et al s! C a! a n d! G a! c o ul d! n ot! b e! pr e p ar e d! b y!t h e! m et h o d! o utli n e d!

i n!s e ct i o n!2. 2. 1 .! N o!f or m ati o n! of!D G a• Z r !w a s! wit n e s s e d!i n! a!t e st!r e a cti o n! u si n g!  ! Kdi k eti mi n at e K

s u p p ort e d! g alli u m! h y dri d e! ( D 6 ).! Tr e at m e nt! of! ! Kdi k eti mi n at e Ks u p p ort e d! c al ci u m! h y dri d e! ( D 7 2 )!

wit h! Z r• Z r ! g a v e! li g a n d! r e di stri b uti o n! ar o u n d! t h e!  C a! c e ntr e! at! r o o m! t e m p er at ur e! t o! f or m!

[ C a{( Di p p N C M e)2 C H} 2 ],!a n d!t h e! p ut ati v e! D C a• Z r !h et er o bi m et alli c! c o ul d! n ot! b e!i s ol at e d. !O n!t h e!

b a si s! of! s o m e! pr e c e d e nt! f or! or g a n o h y dr o b or at e! zir c o n o c e n e! c o m pl e x e s, 3 0 ! a n ! att e m pt!  w a s!

m a d e!t o! a d d! B! a n d! Si!t o!t h e! s eri e s! of!{ Zr( H t)(µ ,H) 2 M}! c o m pl e x e s.! Alt h o u g h!r e a cti v e !wit h! Z r• Z r ,!

n o n e! of! pi n a c ol b or a n e,! p h e n yl sil a n e! a n d! di m et h yl p h e n yl sil a n e! yi el d e d! w or k a bl e!r e s ult s! w h e n!

mi x e d !wit h!it .!T h e! bl a c k! a n d!i ntr a ct a bl e! mi xt ur e s! a c q uir e d! m a y! c o nt ai n !Zr II! s p e ci e s!f or m e d!

aft er!i niti al!f or m ati o n! of!t h e! h y dri d e Kbri d g e d !s p e ci e s. 3 1 !

T h e! st eri c all y! u n dr e s s e d! a n al o g u e s,! M Z n• Z r !a n d! M M g• Z r, !h a v e! b e e n !bri efl y !i n v e sti g at e d.!

W e! w er e! u n a bl e!t o! o bt ai n!t h e! M e s Ks u b stit ut e d! zi n c! h y dri d e!( M 3 )! vi a!t h e! s y nt h eti c!r o ut e!of! D 3 .!

J o n e s! a n d! c o Kw or k er s! h a v e! u n s u c c e s sf ull y! att e m pt e d! s y nt h e si s! of! [M e s B DI M g( µ KH) 2 ]2 !(
M 2 )Z3 2 !

w e! w er e! al s o! u n s u c c e s sf ul! b y !t hi s! r o ut e,! w hi c h!f ail s!t o! gi v e!t h e! n e c e s s ar y![M e s B DI M g – n B u ]2 !

i nt er m e di at e.!

H o w e v er,!i n!t h e! c a s e! of! M Z n• Z r ,! w e! w er e! a bl e!t o! pr o vi d e! pr o of! of!s y nt h e si s !b y! u s i n g!t h e!

i s ol a bl e![M e s B DI Z n Et] .!It s!r e a cti o n! wit h!Z r• Z r !at!r o o m!t e m p er at ur e! gi v e s! a! n u m b er! of! si g n al s!i n!

t h e! bri d gi n g! h y dri d e! r e gi o n! of! t h e! 1 H!  N M R! s p e ctr u m! aft er! l e s s! t h a n! a n! h o ur! at! r o o m!

t e m p er at ur e!(Fi g ur e! 2. 1 0 ).!!T h e! si g n al s! at! " !=! – 1. 4 3! a n d! – 2 .3 1 !p p m!l o o k!li k e! c orr e s p o n d e nt s!

of!t h e! si g n al s!i n! D Z n• Z r,) s hift e d! u pfi el d.! T h e!r e a cti o n! mi xt ur e!r e m ai n e d! d ar k! gr e e n! t hr o u g h o ut,!

a n d! a !si g n al! at! " !=! – 3. 1 2! p p m! gr e w!i n! aft er! h e ati n g!t h e! s a m e! s a m pl e!f or! 4! h! at! 8 0! ° C.! B a s e d!

o n!t h e! h y dri d e! p e a k s! (a g ai n st!t h e! [M e s B DI Z n Et ]!st arti n g! m at eri al ),! a! 5 5 %! yi el d! of!M Z n• Z r !w a s!

s e e n! b y! N M R.! Ot h er! pr o d u ct s! ar e!li k el y!t o! b e! mi x e d! h y dri d o! al k yl! c o m pl e x e s.! !

!

Fi g u r e 2. 1 0. ) T h e!
1
H! N M R! s p e ctr u m!( 0! — !– 4 !p p m ,! 2 9 8! K,! b e n z e n eKd 6 )! of!t h e!r e a cti o n! of!

[
M e s

B DI Z n Et ]!aft er! 4 !h! at! 8 0 !° C. !T h e !s u p p o s e d! bri d gi n g! h y dri d e! si g n al s! of!
M
Z n• Z r) ar e!i nt e gr at e d !

a g ai n st! a n!i nt er n al! st a n d ar d!t o! gi v e!t h e! yi el d. !!
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G r e at er! st eri c s! o n!t h e! c y cl o p e nt a di e n yl!lig a n d s !w er e !t e st e d!fl e eti n gl y!b y! t h e!e x p eri m e nt s !

i n!S c h e m e! 2. 4 a ,!i. e.!li g a n d! e x c h a n g e!r e a cti o n s!b a s e d! o n! S c h e m e! 2. 1 a .!T h e! s m all e st! p o s si bl e!

a d diti o n!t o!t h e! st eri c s! w a s! m a d e,! b y! u s e! of! ( 1, 1'Kdi m et h yl) zir c o n o c e n e !di c hl ori d e .!T h e!r e s ult s!

ar e! e n c o ur a gi n g ,! alt h o u g h! th e! i n s ol u bilit y! of! t h e! st arti n g!  m at eri al! a n d! pr o d u ct s!  m a k e s! f or!

diffi c ult!r e a di n g !of!t h e! 1 H! N M R! s p e ctr a .!S i g n al s! c orr e s p o n di n g!t o!( 1, 1'Kdi m et h yl) zir c o n o c e n e!

di h y dri d e )(Z r’• Z r’ ))ar e !cl e ar !aft er! < !1 !h! wit h! D 2 2 !at! r o o m!t e m p er at ur e.! T h e!s y m pt o m ati c !h y dri d e!

tri pl et s,!at! " $=! + 4. 1 7! a n d! – 2. 7 4! p p m! (2 J H KH! =! 7. 3! H z) ,!ar e! of!t h e! a p pr o pri at e !i nt e gr ati o n!v al u e s .!

Eit h er! si d e! of!t h e! u pfi el d! p e a k,! a! v er y! br o a d! p air! of! p e a k s! sit,!l o o ki n g!li k e !bri d gi n g! h y dri d e!

si g n al s! f or ! D M g •Z r’ ) (" $ =! – 1. 6 7! a n d! – 2. 9 5! p p m). ) A! ! Kdi k eti mi n at o! s p e ci e s,! pr e s u m a bl y!

[Di p p B DI M g Cl ]! (" $ =! 4. 7 8 ! ( C! H)! p p m) ! i s! t h e! b y Kpr o d u ct. ! T h e! r e s ult! s h o w s! a! r el ati v el y!

u nf a v o ur a bl e! a s s o ci ati o n! c o n st a nt! (S c h e m e! 2. 4 b)! f or ! t h e! p ut ati v e! M g/ Zr! h et er o bi m et alli c!

c o m pl e x ,! aft er! t h e! l i g a n dKe x c h a n g e! st e p ! (S c h e m e! 2. 4 a) .! T h e! pr e s e n c e! of! Z r’• Z r’ ! s u g g e st s!

t h at! t h e! r o ut e) i s! li k el y! t o! l e a d! t o! a n! e q uili bri u m! a m o n g st! pr o d u ct s,! f a v o uri n g! t h e! p ar e nt!

h y dri d e s.! T h e! e q uili bri u m! s h o ul d! b e! m or e! a ki n!t o!t h at! of! M Al• Z r) (S c h e m e! 2. 1 b),! wit h!r e v er si bl e!

bi n di n g! of!t h e! h et er o bi m et alli c! c o m pl e x! a n d! a!l ar g er! p o siti v e! ∆ G 2 9 8 K! v al u e.! A n al o g o u s!li g a n d!

e x c h a n g e! pr e p ar ati o n s! of ) D M g• Z r) a n d ) D Z n• Z r) d o! n ot! s uff er! fr o m! t hi s! pr o bl e m ! i. e.! n o!

zir c o n o c e n e! di h y dri d e! s p e ci e s!i s! s e e n !i n!t h e!1 H! N M R! s p e ctr u m .!

!

S c h e m e 2. 4. ) a)! T h e! d e sir e d!li g a n d! e x c h a n g e!r o ut e!t o!( 1, 1' Kdi m et h yl) zir c o n o c e n e Kc o nt ai ni n g!

h et er o bi m et alli c! c o m pl e x e s.! b)! A!r ati o n al e!f or!t h e! o b s er v ati o n! of! Z r’• Z r’ .!

B y!t h e! s a m e!r o ut e, !att e m pt e d! D Z n• Z r’) pr o d u cti o n !w a s!l e s s!i nf or m ati v e .!A d diti o n! of! 3! e q ui v.!

( or! m or e)!of! D 3 !t o!Z r’• Z r’ !l e d!t o! v er y!littl e! c h a n g e!i n!t h e!1 H! N M R! s p e ctr u m !a n d! n o! si g n al s !i n!

t h e! h y dri d e!r e gi o n.!( T h e! M e C p !r e s o n a n c e! di vi d e d!i nt o! s e v er al! s p e ci e s,! s u g g e sti n g!r e a cti vit y ,!

b ut! D 3) s h o w e d! o nl y! c h a n g e s!i n!r el ati v e! p e a k!i nt e n sit y. ))C o n v er s el y,! a !1: 1! c o m bi n ati o n! of! D 3 !t o!

Z r’• Z r’ !di d!r e a ct,! s h o wi n g! a!tr a c e! a m o u nt! of! a! p air! of !bri d gi n g! h y dri d e s! s e e n! cl e arl y! at! " $=! –

0. 7 9!( d,! 2 J H H !9. 1! = !H z,! H µ )!a n d! – 1. 8 5!( d,! 2 J H H !=! 6. 5! H z,! H µ ’)!p p m!i n!t h e! 1 H! N M R !s p e ctr u m ,! wit h!
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n o! si g n! of!t h e! h y dri d e! si g n al s!f or! Z r’• Z r’ .!S y nt h e si s! of! D Z n• Z r’) fr o m! p ar e nt! h y dri d e s!i s!t h er ef or e!

n ot!r ul e d! o ut .!!

2. 3. 1. 2 ) T h e o r e ti c al S t u d i e s  

Si m pl e! c al c ul ati o n! of!t h e!r el ati v e! st a bilit y! of! p ar e nt! h y dri d e s! a n d! M/ Zr! pr o d u ct s! c a n! b e! u s e d!

t o! i n v e sti g at e! t h e! Gi b b s! fr e e! e n er gi e s! of ! f or m ati o n.! F or! r e a s o n s! r el ati n g! t o!  C h a pt er! 3, !

c al c ul ati o n s!  w er e! r u n!  wit h! t h e! & B 9 7 x! f u n cti o n al .! T h e! f or m ati o n! of! M Al • Z r! w a s! f o u n d! t o! b e!

u nf a v o ur a bl e! ( ∆ G 2 9 8 K ! =!  + 5. 3 !k c al !m ol – 1 )! u n d er! t h e s e! c o m p ut ati o n al! c o n diti o n s ! – ! a! r e s ult ! at!

o d d s!  wit h! t h e! e x p eri m e nt al! d at a. ! H e n c e, ! di s p er si o n!  w a s! i n cl u d e d! i n! t h e! f u n cti o n al! ( i. e.$

& B 9 7 x D !w a s! u s e d ),! a n d!a !f a v o ur a bl e!∆ G 2 9 8 K !v al u e! w a s! r e ali s e d.! T h e! n e c e s sit y! of! di s p er si o n!

for c e s!i n!t h e! c o m p ut ati o n al! e x p eri m e nt s! st at e s !t h e! si g nifi c a n c e! of!t h e!i nt er a cti o n s!of !t h e! b ul k y!

li g a n ds! ar o u n d!t h e! m et al! h y dri d e! c or e.!I m p ort a n c e! of! n o n Kcl a s si c al!i nt er a cti o n s! w a s!t o u c h e d!

u p o n!i n!t h e! a n al y si s! of! cr y st all o gr a p hi c! d at a!( s e cti o n! 2. 2. 2. 1 ).!!

! !

Fi g u r e 2. 1 1. ) C o m p ut ati o n al!r e s ult s!f or!t h e!r el ati v e! st a biliti e s! of!
R
M• Z r !a s!f or m e d!fr o m! Z r• Z r !a n d!

t h e!p ar e nt !m ai n! gr o u p! h y dri d e !c o m pl e x e s !( u si n g!t h e!& B 9 7 x D!f u n cti o n al! a n d! S D D/ 6 K3 1 1 G! b a si s!

s et s). !V al u e s!i n! br a c k et s! ar e! ∆ G 2 9 8 K $v al u e s !d eri v e d!fr o m!t h e! di m eri c! M g! h y dri d e! st arti n g!

m at eri al s. !!!

Fi g ur e! 2. 1 1 ! gi v e s! a! c o m p ari s o n! of! t h e! h et er o bi m et alli c! c o m pl e x e s’! st a biliti e s! a cr o s s ! all!

t hr e e!  m ai n! gr o u p!  m et al s! a n d! t h e!  Di p p! or!  M e s! li g a n ds.! U n d o u bt e dl y ! – ! a n d ! i n! li n e!wit h! t h e!

e x p eri m e nt al! d at a !– !t h e! Al/ Zr! c o m pl e x e s! ar e! m u c h!l e s s!f a v o ur e d!t h a n!t h e! MII!a n al o g u e s.! I n!

all! c a s e s,!t h e! M e s!li g a n d! a n al o g u e!i s! m or e! st a bl e!t h a n!t h e! Di p p! c orr e s p o n d e nt.! T hi s!i s! m o st !

a p p ar e nt! wit h!t h e! M II!c o m pl e x e s ,! p arti c ul arl y! wit h! Z n.!T h e!r e m o v al! of! s o m e! C C p H KKKM e i Pr!cl a s h!

( a s! s h o w n!i n! Fi g ur e! 2. 2 5 )! w o ul d! e x pl ai n!t hi s! eff e ct.! W h e n! c o n si d eri n g!t h e! pr o b a bl e! di m eri c!

n at ur e! of! t h e! p ar e nt!  m a g n e si u m! h y dri d e! ( D 2 2 ),
3 3 ! t h e! * G 2 9 8 K ! v al u e s! f or! t h e! f or m ati o n! of! t h e!

M g/ Zr! c o m pl e x e s! b e c o m e!l e s s!f a v o ur a bl eZ! M g!i s!f o ur Kc o or di n at e!i n! b ot h! st arti n g! m at eri al! a n d!

Δ G ° 2 9 8 K  ( k c al m ol - 1)

g a s p h a s e

[R B DI M H] nm

+

– 3. 8

– 3 6. 9

M Al • Z r

D M g • Z r

– 4 0. 4 M M g • Z r

– 2 0. 7 D Z n • Z r

– 2 8. 9
M Z n • Z r

D Al • Z r– 2. 0

– 2 3. 8

0. 0

M = M g, R = M e s
n = 2, m = 1

– 1 2. 3
M = M g, R = Di p p

n = 2, m = 1

M = M g, Al( H), Z n 
n = 1, m = 2

[ C p2 Zr H 2 ]2

( – 2 4. 7 )

( – 1 6. 6 )

M
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N
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H

R

R

Zr2
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pr o d u ct,! a n d! t h e! m a g nit u d es !of!f a v o ur a bilit y! ar e !r o u g hl y! h al v e d!b e c a u s e !p art! of!t h e! dri vi n g!

f or c e!f or!f or m ati o n!i s!r e m o v e d.!!T h e!r el ati v e! st a b ilit y! of! M g! a n d! Z n! c o n g e n er s! d o e s! n ot! a gr e e!

wit h! e x p eri m e nt al! e vi d e n c e !w h e n !t h e! di m eri c! M g! p ar e nt! h y dri d e!i s! u s e d.! T hi s!i s!li k el y! a!f ail ur e!

of!t h e! c o m p ut ati o n al!l e v el! of!t h e or y,! f or! e x a m pl e!t h e! a b s e n c e! of! s ol v e nt! c orr e cti o n.!!!!

2. 3. 2 !H y d r i d e E x c h a n g e P h e n o m e n a   

2. 3. 2. 1 ) N M R S t u di e s  

V ari a bl e!t e m p er at ur e !a n d! N O E S Y !N M R! e x p eri m e nt s! s h o w! a! c h e mi c al! e x c h a n g e! pr o c e s s!

b et w e e n!  H t! a n d!  H µ ’$ i n! D M g• Z r) a n d ) D Z n• Z r .! T hi s! p h e n o m e n o n! i n di c at e s! at! l e a st! p arti al!

l o o s e ni n g! of!t h e! h et er o bi m et alli c!c o m pl e x !i n!t ol u e n eKd 8! s ol uti o n.! P urit y! s e e m s!t o! h a v e! a n! eff e ct!

o n!t h e! e a s e! of!t h e! sit e! e x c h a n g e!( vi d e$ i nfr a,!s e cti o n! 2. 4. 3. 1 ).!R e p ort e d! h er e! i s!t h e! u p p er!li mit!

at! w hi c h!t h e! c h e mi c al! e x c h a n g e! b et w e e n! H t!a n d! H µ ’!i s! o b s er v e d!– !wit h!t h e!i m pli cit! a s s u m pti o n!

t h at! tr a c e! i m p uriti e s! ar e! ai di n g! t h e! h y dri d e! sit eKe x c h a n g e ! i n! t h e! l o w er! t e m p er at ur e! c a s e.!

Fi g ur e! 2. 1 2 ! s h o w s! t h e! r e s ult s! f or! D Z n• Z r ,!  w h er e! t hr e e! s p e ctr a!  w er e! o bt ai n a bl e! at! eit h er !

t e m p er at ur e,! o n e! f or! e a c h! h y dri d e! i n cl u di n g! H t.! Fi g ur e! 2. 1 3 ! s h o w s! t h e! r e s ult s! f or! D M g• Z r ,!

w h er e! t h e! Ht!r e s o n a n c e! w a s! hi d d e n,!all o w i n g!o nl y!t w o! s p e ctr a!t o! b e! m e a s ur e d ,! o n e!f or!t h e!

irr a di ati o n! of!H µ ’!a n d! o n e! of! H µ .!

T h e! d at a! ar e! c o n si st e nt! wit h!t h e! c h e mi c al! e x c h a n g e! of! H t/ Hµ ’.!W h e n!t h e!irr a di at e d! p e a k!

s h o w s! si g n al! e n h a n c e m e nt! t o! a n ot h er! p e a k! of! t h e! s a m e! p h a s e,! c h e mi c al! e x c h a n g e! i s!

o p er ati n g! b et w e e n!t h e!t w o.! A! n u cl e ar! O v er h a u s er! eff e ct!( n O e)! a m o n g st!r e s o n a n c e s! b el o n gi n g!

t o! pr ot o n s! ar o u n d! t h e! i nt er m et alli c! r e gi o n! i s! al s o! di s pla y e d.! I n v er s e! p h a s e! si g n al!

e n h a n c e m e nt!i s!i n di c ati v e! of! n O e! b et w e e n!t h e! p e a k s. !!

At! hi g h! t e m p er at ur e s,! t h e! 1 H!  N O E S Y! e x p eri m e nt s! a p p e ar! t o! hi g hli g ht! a! p arti ci p ati o n! of!

p e a k s! ot h er!t h a n! H t/ Hµ ’!i n!t h e! c h e mi c al! e x c h a n g e.! T hi s!i s! d u e!t o! pr o xi mit y! a n d! bro a d n e s s !o f!

t h e!irr a di at e d! p e a k s,! a n d!i s!tr e at e d! a s! a n! art ef a ct! of!t h e! e x p eri m e nt al! pr o c e s s.!It!i s! p arti c ul arl y!

i m p ort a nt!t h at!t hi s!i s! di s c o u nt e d!i n!t h e! c a s e! of!D M g• Z r ,! w h er e! Hµ $s e e m s!t o! b e! p art! of!t h e! sit e K

e x c h a n g e! wit h! H µ ’$(Fi g ur e! 2. 1 3 ).! W h e n !t h e! br o a d!H µ ’$p e a k!i s!irr a di at e d, !si g n al! e n h a n c e m e nt!

f or! Hµ !(" $=! – 2. 0 5! p p m)!i s! o b s er v e d.! H o w e v er,! u p o n!irr a di ati o n! of!t h e!l att er,!t h e! c o m pl e m e nt ar y!

si g n al! e n h a n c e m e nt! of! H µ ’$d o e s! n ot! o c c ur. ! I n v ol v e m e nt! of!  Hµ ! i s! n ot! s e e n! i n! t h e! e q ui val e nt!

D Z n• Z r !t e st sZ!t h e! bro a d n e s s !of! H µ ’$d o e s! n ot!i m pi n g e! u p o n!t h e! H µ $si g n al .!

T a bl e 2. 4. ) T h e! c o al e s c e n c e!t e m p er at ur e s!f or!t h e! c h e mi c al! e x c h a n g e! pr o c e s s! b et w e e n! H t!

a n d! H µ ’.!

  
D
Z n• Z r !

D
M g• Z r !

M
Al• Z r) !

T c ( Ht/ Hµ ')! 3 7 3! K ! 3 9 3! K ! 2 8 3! K !

!
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Fi g u r e 2. 1 2. ) A! st a c k! pl ot! of!t h e! N O E S Y!
1
H! N M R! e x p e ri m e nt s!f or!

D
Z n• Z r) i n!t ol u e n eKd 8 .!C h e mi c al!

e x c h a n g e! si g n all e d! b y! p e a k! e n h a n c e m e nt!i n!t h e! n e g ati v e! p h a s e.! T h e! p e a k s !s u bj e ct!t o !irr a di ati o n!

ar e! m ar k e d! wit h!{irr.}. !

!

Fi g u r e 2. 1 3. ) A! st a c k! pl ot! of!t h e! N O E S Y!
1
H! N M R! e x p eri m e nt s!f or!

D
M g• Z r) i n!t ol u e n eKd 8 .!

C h e mi c al! e x c h a n g e! si g n all e d! b y! p e a k! e n h a n c e m e nt!i n!t h e! n e g ati v e! p h a s e.! T h e! p e a k s! s u bj e ct!t o!

irr a di ati o n! ar e! m ar k e d! wit h!{irr.}.!
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T h e! T c !v al u e s! s h o w n!i n! T a bl e! 2. 4 !ar e!t a k e n!fr o m!t h e! v ari a bl e Kt e m p er at ur e! N M R! st a c k! pl ot s!

di s c u s s e d! a b o v e.!  T h e y! c a n! b e! i n t er pr et e d! a s! a!  m e a s ur e! of! t h e! a cti v ati o n! t e m p er at ur e! f or!

c h e mi c al! e x c h a n g e .! A s!t h e!t e m p er at ur e!i s!i n cr e a s e d,!t h er e!i s! a! c o n c o mit a nt! c oll a p s e! of!t h e!

H µ !d o u bl et! of! d o u bl et s!t o!f or m! a!tri pl et.! T h er ef or e,!t h e!r el ati v e!ti g ht n e s s! of! bi n di n g! of!{ C p 2 Zr H 2 }!

t o!t h e! mai n! gr o u p! h y dri d e!fr a g m e nt! c a n! b e! c o n si d er e dZ! { D 2 }!i s!t h e! m o st!ti g htl y! b o u n d! – ! M 1)

cl e arl y!t h e!l o o s e st.! C o ntr ar y!t o! d at a!f or! M
Al• Z r ,!t h e!f a st! e x c h a n g e! r e gi m e!i s! n ot! r e v e al e d!i n!

D Z n• Z r) a n d! D M g• Z r .! T h e! c o n cl u si o n! m at c h e s!t h e! cr o s s o v er! e x p eri m e nt s! a n d! c o m p ut ati o n al!

r e s ult s,! w h er e!D 3) w a s! al s o! s h o w n!t o! b e! n e arl y! a s!ti g htl y! b o u n d! a s! D 2 .!

!

Fi g u r e 2. 1 4. ) M o d ell e d! h y dri d e!r e s o n a n c e s! of!
D
Z n • Z r !fr o m! 2 9 3!t o! 3 6 3 K.!

V T! N M R! d at a! w a s!tr e at e d! b y! c o m p ut ati o n al!li n e! s h a p e! a n al y si s!t o!f urt h er! s cr uti ni s e!t h e!

c h e mi c al! e x c h a n g e! pr o c e s s e s.! T h e! m o d ell e d! d at a! ar e! pr e s e nt e d!i n! Fi g ur e! 2. 1 4 !a n d!t h e! E yri n g!

a n al y si s!i n! Gr a p h! 2. 2 .! Fit s!f or!k !w er e! o pti mi s e d!t o!t h e! e x p eri m e nt al! d at a,! gi vi n g!t h e!f oll o wi n g!

a cti v ati o n! p ar a m et er s!f or!t h e! e x c h a n g e! of! H t!w it h! Hµ ’:!! ∆H ‡ !=! 1 7. 6 !± !0. 3 !k c al! m ol – 1 ,! ∆S ‡ != !+ 3. 1 !

± !1. 1 !c al !K – 1 !m ol – 1 ,! ∆G ‡
2 9 8 K != !1 6. 6 !± !0. 0 !k c al! m ol – 1 .! D u e!t o!t h e!i n a bilit y!t o! o b s er v e! cl e ar! p e a k s!

f or! Ht!a cr o s s!t h e! c o al e s c e n c e!t e m p er at ur e s! b y! 1 D! N M R! e x p eri m e nt s,! d at a!f or! D M g• Z r) h a v e!

n ot! b e e n! m o d ell e d.! A! si mil ar! s et! of! a cti v ati o n! p ar a m et er s! ar e! e x p e ct e d.! C ert ai nl y,! a! c a uti o u s!

pr e di cti o n! c o ul d! b e! m a d e! c o n si d eri n g!t h e! af or e m e nti o n e d! d at a! s h o wi n g! D M g• Z r !t o! b e! m or e!

ti g htl y! b o u n d.!  T h e!  Gi b b s! fr e e! e n er g y! of! a cti v ati o n! s h o ul d! b e! gr e at er.!  M or e o v er,! cr u d e!

e sti m ati o n s! of! ∆ G ‡
2 9 8 K !c a n! b e! m a d e! u si n g!t h e! T c !v al u e!( s e e! E x p eri m e nt al).! A! v al u e! of! 1 7! k c al!

m ol – 1 !i s! o bt ai n e d!fr o m! a n! e q u ati o n!t h at! al s o!fitti n gl y!pr e di ct s! ∆ G ‡
2 9 8 K != !1 6 !k c al! m ol – 1! f or!t h e!

e x c h a n g e!i n! D Z n• Z r .! T h e!r el e v a nt! e sti m at e!f or!M Al• Z r !i s!∆ G ‡
2 9 8 K != !1 2 !k c al! m ol – 1 .!!

A! p o siti v e! e ntr o p y! of! a cti v ati o n!i s!i n di c ati v e! of! a! di s s o ci ati v e!r at e Kd et er mi ni n g! st e p!f or!t h e!

h y dri d e! e x c h a n g e! m e c h a ni s m.! A! p o s si bl e! m e c h a ni s m!i s! pr o p o s e d!i n! Fi g ur e! 2. 1 5 .!It!i n v ol v e s!

t h e! p arti al! di s s o ci ati o n! of!t h e! c o m pl ex !t o!t h e! si n gl e! h y dri d e! bri d g e!str u ct ur e!( D M <)) 1 <Z r ),! b ef or e!

a! r e c o n n e cti o n! of! t h e! d o u bl e !bri d g e! t hr o u g h! t h e! er st w hil e !t er mi n al!h y dri d e.! T h e! i niti al!st e p!
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( br e a ki n g! of!t h e!o ut er !h y dri d e! bri d g e)! c o n stit ut e s! a!l o s s!i n! or d er,! w hi c h! a gr e e s! wit h!t h e! p o siti v e!

∆ S ‡! v al u e.! A n! alt er n ati v e! m e c h a ni s m! of! H t/ Hµ ’!e x c h a n g e! h a s! b e e n! p o sit e d! pr e vi o u sl y: !S h or e!

a n d! c o Kw or k er s! pr o p o s e d! a! r ot ati o n! ar o u n d! a! si n gl e! h y dri d e! bri d g e!i n! a![ C p 2 Zr H t(µ KH) 2 B R 2 ]!

s y st e m. 3 4 ! T h e ! e x c h a n g e ! w a s! e x a mi n e d! b y ! N M R! li n e! s h a p e! a n al y si s! i n! t h e! [ C p 2 Zr H t(µ K

H) 2 B( C 5 H 1 0 )]! s y st e m!t o! gi v e! a cti v ati o n! p ar a m et er s! of! ∆H ‡ !=! 1 9. 3! k c al! m ol – 1 ,! ∆S ‡ !=! + 1 5! c al! K – 1 !

m ol – 1 ,! a n d! ∆G ‡
2 9 8 K !=! 1 4. 9! k c al! m ol – 1! ( st a n d ar d! err or s! n ot! pr o vi d e d).3 4 !T hi s! Gi b b s!fr e e! e n er g y!

of! a cti v ati o n!i s!i nt er m e di at e! b et w e e n! M A l• Z r)a n d! D M g• Z r /D Z n• Z r !( s o!t o o!i s!t h e! e sti m at e d! v al u e!

b a s e d! o n!t h e! T c :! + 1 3. 5! k c al! m ol– 1 ).!T h e! e ntr o p y! of! a cti v ati o n!i s! m u c h!l ar g er!t h a n!i n!t h e! M g/ Zr!

s y st e m,! p er h a p s!i n di c ati n g!t h e! gr e at er! di s or d er!i n!t h e!r ot ati o n al! a cti o n.! T h e!li g a n d! st eri c s! m a y!

bl o c k!t h e! r ot ati o n! ar o u n d!t h e! ZrKKKH µ – M! a xi s. !I n!t h e!! Kdi k eti mi n at e! c o m pl e x e s. !!

!

G r a p h 2. 2. ) E yri n g! a n al y si s! of! h y dri d e! e x c h a n g e!i n!
D
Z n • Z r ,!a s! p er! m o d ell e d!

1
H! N M R !

li n e s h a p e s.!

!

Fi g u r e 2. 1 5. ) Pr o p o s e d! m e c h a ni s m!f or!t h e! c h e mi c al! e x c h a n g e! b et w e e n! H t!a n d! H µ ’!i n!
D
M• Z r !( M! =!

Z n,! M g) ,! s h o wi n g!t h e!r e arr a n g e m e nt! p att er n!i n!t he! h y dri d e! c or e .!

I n!t h e!r el at e d!B/ Zr! a n al o g u e! st u di e s,! S h or e! et$ al. !al s o! o b s er v e d! a n! e x c h a n g e! b et w e e n!t h e!

t w o!bri d gi n g !h y dri d e s. 3 0, 3 1, 3 4 !A! m e c h a ni s m! w a s! p o sit e d!i n! w hi c h!t h e!i n n er! h y dri d e!( H µ )! bri d g e!

w a s! br o k e n! (i n st e a d! of!t h e! o ut er,! a s!i n!Fi g ur e! 2. 1 5 a ).!F or!t h e!r at e Kd et er mi ni n g! st e p,! w h e n!t h e!

l n(k /T ) = -8 8 4 8. 5( 1/ T ) + 2 5. 3 2 2

R ² = 0. 9 9 8
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e x c h a n g e! ki n eti c s! w er e! a n al y s e d ,! a! n e g ati v e! e ntr o p y! of! a cti v ati o n!w a s!f o u n d !(– 0. 9! c al! K – 1 !

m ol – 1 ).3 4 ! H e n c e,! a! r e v er si bl e  + Keli mi n ati o n! of! a!  Zr – C C p – H! b o n d!  w a s! u s e d! t o! e x pl ai n! t h e!

e ntr o pi c! or d er. !W e! d o! n ot! b eli e v e! s u c h! a! pr o c e s s!i s! at! pl a y!i n! D Z n • Z r)a n d! D M g• Z r .!

2. 3. 2. 2 ) T h e o r e ti c al S t u di e s  o n t h e E x c h a n g e M e c h a ni s m  

H y d r i d e E x c h a n g e  v i a a C o g M e c h a n i s m  

B ef or e! e n g a gi n g! i n!  D F T! st u di e s! p ert ai ni n g! t o! t h e! h y dri d e! e x c h a n g e!  m e c h a ni s m,! t h e !

pr o p o s e d!  m e c h a ni s m! ( Fi g ur e! 2. 1 5 )! w a s ! c o n t e m pl at e d.!  T hi s!  m e c h a ni s m! c a n! b e! li k e n e d! t o!

t ur ni n g! of! a!c o g !s y st e m ,! w h er e b y!t h e!t hr e e!m et al Kh y dri d e! b o n d s! t a k e!t h e!r ol e! of!t h e!c o g w h e el s ’!

t e et h.! T h e!  m et al s! ar e! t h e! c o g w h e el s! t h e m s el v e s .! I n! Fi g ur e! 2. 1 5 ,! D M <)) 1 <Z r ! r e pr e s e nt s! t h e!

str u ct ur e! h alf w a y! t hr o u g h! t hi s! c o g! t ur ni n g! pr o c e s s! ( w h er e! t h e! a n gl e!  M KH KZr!  =! 1 8 0 °). !

I m p ort a ntl y,!t hi s! str u ct ur e! m a y! b e! a n!i nt er m e di at e!– !a n! e n d Ko n! ) 1 !c o or di n ati o n !of! M – H!t o! Z r) – !

or !it! m a y! b e! a!tr a n siti o n! st at e! b et w e e n!t h e!t w o! e q ui v al e nt! MII/ Zr! str u ct ur e s.!!

!

Fi g u r e 2. 1 6. ) T h e! c al c ul at e d!tr a n siti o n! st at e! ( k c al! m ol
– 1

,! at! 2 9 8!K )!f or!si n gl e Kst e p !H t/ Hµ ’!

e x c h a n g e!i n!
D
Z n• Z r !vi a !t h e!“ c o g! m e c h a ni s m”.!!

T h e! si m pl e st! a p pr o a c h! t o!o pti mi s i n g!t h e!D M <)) 1 <Z r !c o m pl e x e s !w a s!t a k e n,! n a m el y !fr e e zi n g!

t h e!M KH µ KZr! a n gl e! at! 1 8 0 °.! I n! t h e! c a s e! of! D Z n <)) 1 <Z r ,! th e! str u ct ur e! r et ur n e d! pr o v e d! t o! b e! a!

tr a n siti o n! st at e,!i. e.$[D Z n <)) 1 <Z r ]‡ .! T h e!cr u ci al! vi br ati o n!i n!t hi s!tr a n siti o n! str u ct ur e!i s!t h e! r o c ki n g!

of! t h e! h y dri d e! b o n d s! a s! ill u str at e d! a n d! pr e di ct e d! i n! Fi g ur e! 2. 1 5 a .!  T h e! r el e v a nt!  Gi b b s! fr e e!

e n er g y! b arri er!t o! h y dri d e! e x c h a n g e!i s! 1 2. 0! k c al! m ol K1 Z!t hi s! v al u e!i s! n ot! pr o hi biti v el y!l ar g e! a n d!

i s!i n!t h e!ri g ht!r e gi o n! c o m p ar e d!t o!t h e! e x p eri m e nt al! d at a!(cf.$ 1 6. 6 !± !0. 0 3 !k c al! m ol – 1 !fr o m!Gr a p h!

2. 2 ).!B y! D F T,![ D M g <)) 1 <Z r ]‡ !h a s! a! 1 4. 6! k c al! m ol – 1 !Gi b b s!fr e e! e n er g y! b arri er.! T hi s!i s! n e ar!t o,! y et!

hi g h er,! t h a n! t h at! of! [ D Z n <)) 1 <Z r ]‡ ! – ! i n! li n e!  wit h! t h e! e x p eri m e nt al! e vi d e n c e.!  T h e! str u ct ural!

c h a n g e s !of!t h e! M g/ Zr! tr a n siti o n! st at e!(Fi g ur e! 2. 1 7 a) !m a y! e x pl ai n!t h e! hi g h er! ∆ G ‡
2 9 8 K !v al u e. !

0. 0

+ 1 2. 0

Δ G 2 9 8 K 

( k c al m ol - 1)

ω B 9 7 x D
C H N 6 3 1 1 G
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T h e! s a m e! a p pr o a c h! t o![D M g <)) 1 <Z r ]‡ !c o n str u cti o n! di d! n ot!i m m e di at el y! yi el d! a!tr a n siti o n! st at e.!

O pti mi s ati o n! of! [D M g <)) 1 <Z r ]‡ !e v e nt u all y! l e a d s!t o! a! str u ct ur e!i n! w hi c h!t h e! MKH µ KZr! a n gl e! i s!b e nt!

t o!1 4 8. 7 °! (Fi g ur e! 2. 1 7 a !– !b e n di n g! wit hi n!t h e! pl a n e! of!( N, N) KM g KZr ).!N o! ot h er!li g a n d! gr o u p !( o n!

eit h er!  m et al! fr a g m e nt) ! i s! si g nifi c a ntl y!  m o v e d ,! a n d! t h u s! H µ ! i s! still! e q ui di st a nt! fr o m! b ot h!  H t!

at o m s .! Int er e sti n gl y ,! it! br e a k s! t h e! pl a n e ! of! t h e!  m et al s! a n d! t h e! h y dri d e s .! T hi s ! pl a n e! i s!

m ai nt ai n e d! i n! [D Z n <)) 1 <Z r ]‡ ,! D Z n• Z r ! a n d ) D M g• Z r ! a n d! i s! c o n st a nt!  wit h! t h e! zir c o n o c e n e!  F M O!

ar g u m e nt s .1 3 ! T h e! str u ct ur e! n e v ert h el e s s! r e pr e s e nt s! t h e!  mi d p oi nt! of! t h e! “ c o g s”! t ur ni n g. !

H o w e v er,!t h e! di st orti o n!t o!t h e! Zr K( H)3! pl a n e! m a y! pl a y! a! p art!i n! m a ki n g!t h e! h y dri d e! e x c h a n g e!

l e s s! f a v o ur a bl e.! I ntri n si c! r e a cti o n! c o or di n at e! (I R C)! c al c ul ati o n s! s h o w! t h at ! t h e! gr o u n d! a n d!

tr a n siti o n! st at e s! ar e!li n k e d! b y!t h e!e x p e ct e d! p at h w a y s !– !i. e.!t h e!m o v e m e nt s !i n!Fi g ur e! 2. 1 5 .! T h e!

e x c e pti o n al! pl a c e m e nt !of! H µ !i n![D M g <)) 1 <Z r ]‡ !m e a n s!t h at! t h e! p at h! of!t h e! Hµ !i s! sli g htl y! diff er e nt.!

A s!t h e! M g – H µ  b o n d! i s! m o v e d! d uri n g!t h e! m e c h a ni s m,!it!s wi n g s !o ut! of!t h e! M g K( Hµ , Hµ ’)KZr !pl a n e !

i n! a n! ar c.!T hi s! q uir k! m e a n s!t h e !M g KKKZr! di st a n c e!i n!t h e!tr a n siti o n! st at e! n e e d! n ot!l e n gt h e n! a s!

m u c h! a s! Z n KKKZr! (Fi g ur e! 2. 1 7 b) ,! w hil st!t h e! Hµ  k e e p s!t h e! s a m e! di st a n c e!fr o m! Zr!i n! b ot h. !I n! b ot h!

tr a n siti o n! st at e s,!t h e! M– H µ !b o n d !i s!l e n gt h e n e d.!!

!

Fi g u r e 2. 1 7. ) a)! S tr u ct ur e! of![
D
M g <))

1
<Z r ]

‡
Z!b)!t h e! i n cr e a s e!i n! k e y! str u ct ur al! par a m et er s! of! t h e!

m et al Kh y dri d e! c or e s! of![
D
M <))

1
<Z r ]

‡
!r el ati v e!t o!t h eir! gr o u n d! st at e sZ! a n d! c)!t h e! c h a n g e!i n!s el e ct e d!

N B O! p ar a m et er s !(i n cl u di n g,!d o n or Ka c c e pt or!i nt er a cti o n! e n er gi e s ).!!

T h e! s m all! diff er e n c e ! b et w e e n!  M g! a n d!  Z n! e x c h a n g e!  m e c h a ni s m s ! i s! li k el y! d u e! t o! t h e!

si g nifi c a n c e! of!t h e!i o ni c !b o n di n g! a n d!t h e! {C p 2 Zr H 3 }
– !fr a g m e nt!i n!t h e!M g/ Zr! s y st e m !( s e cti o n!

2. 2. 2. 2 ).!T h e! c o ul o m bi c !attr a cti o n!i n !D M g• Z r !a p p e ar s!t o! b e! str o n g! e n o u g h!t o!t u g! M g! a n d! Zr!

cl o s er!t o g et h er!r e g ar dl e s s! of!t h e! pr ef er e n c e!f or! a! 1 8 0 °! M KH µ KZr !a n gl e !s u g g e st e d! b y !m ol e c ul ar!

or bit al! ar g u m e nt s .!T h e! d at a!i n! Fi g ur e! 2. 1 7 c !ar e! c o n si st e nt!i n! s h o wi n g!t h at!t h e! m or e! c o v al e ntl y!

b o n d e d! Z n/ Zr! h et er o bi m et alli c! c o m pl e x!i s! m or e! o bli gi n g!t o! p arti al! di s s o ci ati o n,! b a s e d! o n!t h e!

∆ M g ---Zr = + 0. 3 6 Å
∆ M g – H µ = + 0. 1 9 Å
∆ Zr – H t = + 0. 0 4 Å

∆ G ‡
2 9 8 K = 1 4. 6 k c al m ol -1

M g Zr

H µµ

H t3. 4 6 Å

1. 6 8 Å

1 . 8 8 Å

∆ Z n ---Zr = + 0. 5 6 Å
∆ Z n – H µ = + 0. 1 9 Å
∆ Zr – H t = = + 0. 0 3 Å

∆ G ‡
2 9 8 K = 1 2. 0 k c al m ol -1

[D Z n -hh 1 -Z r ]‡[D M g -hh 1 -Z r ]‡
a)

b)

[D M g -hh 1 -Z r ]‡

c)

∆ q Zr
‡ = + 0. 0 2

∆ W BI (Zr – H µ )‡ = – 0. 0 7
∆ W BI ( M g– H µ )‡ = + 0. 0 2

∆ E {Zr – H µ } →{ M g3 s }‡

= + 2 k c al m ol -1

∆ q Zr
‡ = + 0. 1 4

∆ W BI (Zr – H µ )‡ = – 0. 1 9
∆ W BI ( Z n– H µ )‡ = + 0. 1 2

∆ E {Zr – H µ }→{ Z n 4 s }‡

= + 3 5 k c al m ol -1

c h a n g e i n N B O p a r a m et e r s i n t h e T S‡
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gr e at er! c h a n g e! s e e n!i n!t h e! p ar a m et er s.! D uri n g!t h e! m e c h a ni s m,!t h er e!i s! v er y!littl e! c h a n g e!i n!

t h e!r el ati v e! N P A! c h ar g e! diff er e n c e! b et w e e n! M g! a n d! Zr!(∆ {q Zr !– !q M g }‡ !=! + 0. 0 2 ).! T hi s!i s! n ot! s o!

f or!D Z n• Z r) (( )[D Z n <)) 1 <Z r ]‡ :!a! cl e ar!i n cr e a s e!i n! Z n/ Zr! c h ar g e! s e p ar ati o n!( ∆{ q Zr !– !q Z n }
‡ !=! + 0. 1 4)!

st e m s!fr o m !d e v el o p m e nt! of! p o siti v e! c h ar g e! o n! Zr!i n![ D Z n <)) 1 <Z r ]‡ .!T h i s! pr e s e nt s! a!pi ct ur e! of! a!

st u b b or n l y!i o ni c!M g/ Zr! h et er o bi m et alli c !c o m pl e x,! alr e a d y! v er y !c h ar g e Ks e p ar at e d!( q Zr !– !q M g != !–

1. 1 7! v s. ! q Zr !– !q Z n ! =! – 0. 8 3),! a n d! q uit e! i nfl e xi bl e! t o! i ntr a m ol e c ul ar! str u ct ur al! c h a n g e.!

N e v ert h el e s s,! t h e! ki n eti c! p ar a m et er s! ar e! still!n ot! v er y!f ar! r e m o v e d!fr o m! t h o s e! of! t h e!  Z n/ Zr!

s y st e m .! B ot h! a gr e e!wit h !t h e! M/ Zr! e x p eri m e nt al! e sti m at e s.!!

P a r t i a l D i s s o c i a t i o n a n d O t h e r M e c h a n i s t i c P o s s i b i l i t i e s  

Wit h! t h e!m e c h a ni s m! of! S h or e! et$ al. !i n! mi n d!(vi d e$ s u pr a )!– !i n! w hi c h!Z r) m a y!r ot at e )ar o u n d!

a n! ) 1 !bri d g e d! i nt er m e di at e$– !th e!i n cr e m e nt al! di s s o ci ati o n! of!t h e! M II/ Zr! c o m pl e x e s!t o!D M <)) 1 <Z r !

w a s!  mi mi c k e d! u si n g! a! r el a x e d! di s s o ci ati o n! s c a n .!  Th e!  M KKKZr! di st a n c e!  w a s! i n cr e a s e d!

i n cr e m e nt all y! b y! 0. 2! Å,! a n d!t h e! str u ct ur e! of!t h e! c o m pl e x! o pti mi s e d! at! e a c h! di st a n c e.! T a ki n g!

t h e! el e ctr o ni c! e n er gi e s! al o n g! t h e! p oi nt s! of! t h e! s c a n! gi v e s! t h e! p ot e nti al! e n er g y! s urf a c e s! i n!

Gr a p h! 2. 3 a.!  F or! f urt h er! c o m p ari s o n,! t h e! di s s o ci ati o n! s c a n!  w a s! al s o! c al c ul at e d! f or! M Al• Z r .!

Gr a p h! 2. 3 b! h el p s!t o! d et ail!t h e! str u ct ur al! c h a n g e s! u p o n! M/ Zr! di s s o ci ati o n.!It! s h o w s! h o w!t h e! M –

H µ ! b o n d! di st a n c e! v ari e s! d uri n g! t h e! s c a n,! c o m p ar e d! t o! t h e! gr o u n d! st at e! h et er o bi m et alli c!

str u ct ur e. !

!

G r a p h 2. 3. ) a)! C h a n g e!i n! e n er g y! a n d! b)! c h a n g e!i n! M KKKH µ !b o n d! di st a n c e!i n!t h e!r el a x e d!

di s s o ci ati o n! s c a n!i n!t h e! M/ Zr! h et er o bi m et alli c! h y dri d e! c o m pl e x e s!( & B 9 7 x D!f u n cti o n al! a n d! S D D/ 6 K

3 1 1 G! b a si s! s et s ).! O n!( b),!t h e! M– H! b o n d! di st a n c e!i n!t h e!i s ol at e d! m ai n! gr o u p!fr a g m e nt!i s! m ar k e d!

wit h! , .!I n s et:!t h e! e x c e pti o n al! a s y m m etri c! m et alKh y dri d e! c or e! g e o m etr y. !

T h e!r e s ult s!t ell! u s!t w o!t hi n g s:!i)! a!r ot ati o n al! h y dri d e! e x c h a n g e! m e c h a ni s m!i s! v er y! pr o b a bl y!

hi g h er! i n! e n er g y! t h a n! t h e! c o g!  m e c h a ni s mZ! ii)! t h e! a cti o n ! of! di s s o ci ati o n! i s! a g ai n! diff er e nt!

-0. 2

-0. 1 5

-0. 1

-0. 0 5

0

0. 0 5

0. 1

0. 1 5

0. 2

0 0. 2 0. 4 0. 6 0. 8 1 1. 2

∆ Å# M g – H

∆ Å# Z n – H

∆ Å# Al( H) – H

0

5

1 0

1 5

2 0

2 5

3 0

0 0. 2 0. 4 0. 6 0. 8 1 1. 2

∆
E

di
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(
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1
)

∆ M ---Z r ( Å )

∆
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)

∆ M ---Z r ( Å )

a) b)

D M g• Z r

D Z n• Z r

M Al• Z r

D M g• Z r

D Z n• Z r

M Al• Z r

M g

H

H
H

Zr
δ -

δ +
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b et w e e n !t h e! M g! a n d! Z n! a n al o g u e s.! Wit h!re g ar d s!t o!i),!t h e!r ot ati o n al! m o v e m e nt! of! Z r) ar o u n d!

t h e)) 1 !bri d g e! w a s!it s elf! a p pr o xi m at e d!t o !r e q uir e! 1 0– 2 0 !k c al !m ol – 1 !i n! Gi b b s!fr e e! e n er g y,!b ut !

t hi s! i s! a d diti o n al! t o! t h e! > 1 0! k c al!  m ol – 1 ! n e e d e d! t o! s e p ar at e! t h e!  M/ Zr! c o m pl e x e s! t o! t h e! ) 1 !

c o n diti o n !(Gr a p h! 2. 3 ,!n. b.$ e n er g y!i n! * E !h er e) .!T h e !c o m p ari s o n! of! e n er gi e s!i n v ol v e s !mi xi n g! of!

el e ctr o ni c! a n d!fr e e! e n er gi e s,! b ut!t h e! c o g! m e c h a ni s m! d o e s! a p p e ar! m or e!li k el y!t o! o c c ur ,! wit h!

at$ m o st !ar o u n d !h alf! of!t h e! e n er g y! b arri er. !!

T h e! M g – H µ  pl ot! o n! Gr a p h! 2. 3 b! s h o w s! t h e! diff er e n c e!i n! di s s o ci ati o n! p att er n s.!U nli k e!t h e!

s y m m etri c al! str et c hi n g! s e e n! i n! D Z n• Z r ,! b ot h ! H µ !a n d ! H µ ’$ w er e! dr a w n! a w a y! b y! t h e!  Zr! c e ntr e !

d uri n g!t h e!fir st! 0. 4! Å! of! M KKKZr! str et c hi n g !(Gr a p h! 2. 3 b,!i n s et) .!It!t a k e s! m or e!t h a n! 0. 6!Å! of! m et al!

di s s o ci ati o n! b ef or e!t h e !c oll a p s e !of !t h e! M g– H µ  di st a n c e! b el o w!t h at! of!t h e! r e s p e cti v e! b o n d!i n!

D M g• Z r .!T hi s!r eit er at e s !t h e!r e c al citr a n c e! of!t h e!at e! c o m pl e x! c h ar a ct er! a n d!t h e! p er v a si v e n e s s!

of! [ C p2 Zr H 3 ]
– !n e ar!t h e! gr o u n d! st at e! of! D M g• Z r .! O n c e!t h e! m et al! c e ntr e s! ar e! 0. 6! Å! a p art,!t h e!

M g KH µ KZr! a n gl e! r el a x e s! q ui c kl y! t o w ar d s ! 1 8 0 °,!  w hi c h! it! h a s! all! b ut! r e a c h e d! b y! 0. 8!  Å!  M g/ Zr!

di s s o ci ati o n.! !

I n! c o ntr a st!t o![D M <)) 1 <Z r ]‡ ,)t h e! Al! a n al o g u e!(M Al <)) 1 <Z r )!a ct u all y! o pti mi s e d!t o !a!l o c al! mi ni m u m. !

It!i s! c al c ul at e d!t o! b e!+ 7 . 7!k c al! m ol – 1 !a b o v e !M Al• Z r .! Fr o m!Fi g ur e! 2. 2 !a n d !Fi g ur e! 2. 1 1 !w e! k n o w!

t h at!t h e! d o u bl y!bri d g e d! M Al• Z r !i s! o nl y! sli g htl y!f a v o ur e d! wit h!r e s p e ct!t o!it s! p ar e nt! h y dri d e s.!T h e!

G di s s !f or!M Al• Z r !i s! c al c ul at e d!t o! b e! 1 4. 6! k c al! m ol– 1 .!T h er ef or e, !t h e! si g nifi c a n c e! of! a n y!h y dri d e!

e x c h a n g e!  m e c h a ni s m! i n v ol vi n g! M Al <)) 1 <Z r ) i s! p er h a p s! q u e sti o n a bl e,! o wi n g! t o! t h e! pr o b a bl e!

c o m p etiti o n! wit h! a n! e ntir el y! di s s o ci ati v e!i nt er m ol e c ul ar! m e c h a ni s m .!O n!t h e! ot h er! h a n d,!t h e!

c al c ul at e d! G di s s !v al u e s! f or!D M g• Z r) a n d! D Z n• Z r !ar e! + 3 1. 2 !a n d! + 2 3. 1! k c al! m ol – 1 !r e s p e cti v el y.!

T hi s! m e a n s!t h at!t h e! M II/ Zr!c o m pl e x e s! h a v e! t h e! st a bilit y!fr o m!w hi c h!t o! p erf or m!i ntr a m ol e c ul ar!

e x c h a n g e! pr o c e s s e s !( s u c h! a s!i n!Fi g ur e! 2. 1 6 )!wit h o ut! b ei n g!tr o u bl e d! b y! c o m pl et e !di s s o ci ati o n .!



! !
6 3 !

2. 4 $ S T O I C H I O M E T R I C R E A C T I V I T Y  

O n c e! c h ar a ct eri s e d,! t h e!  M g! a n d!  Z n! h e t er o bi m et alli c! c o m pl e x e s!  w er e! s u bj e ct e d! t o! s o m e!

e x pl or at or y! r e a cti vit y!t e st s.! T h e s e!t e st s! ar e! s p e cifi c all y! r el at e d!t o!t w o! pr e vi o u s! p u bli c ati o n s!

m a d e! b y!t h e! gr o u p, 1, 3 ! a n d!  m or e! g e n er all y! t o! t h e ! Cri m mi n ! gr o u p’ s! s e ar c h! f or! c at al yti c! i n ert!

b o n d! a cti v ati o n! u si n g! m et al s! t h at! ar e! e n vir o n m e nt all y!p al at a bl e. 3 5 !!

2. 4. 1 !C – F b o n d C l e a v a g e o f P e n t a fl u o r o b e n z e n e  

T h e! gr o u p’ s! pr e vi o u s! w or k! wit h! m ai n! gr o u p! m et al! h y dri d e s! a n d! C – F! b o n d s! of! fl u or o ar e n e s!

h a s! b e e n! f o c u s e d! o n! c at al yti c! h y dr o d efl u o ri n ati o n.1, 3 6 ! C h e m o s el e cti v e! m et al ati o n! of! t h e s e!

i n ert! b o n d s! h a s! b e e n!t h e!d o m ai n !of!l o w Kv al e nt !m ai n! gr o u p! m et al!r e a ct a nt s. 3 5, 3 7 !F or!t hi s!r e a s o n,!

it!  w a s!s ati sf yi n g ! t o! fi n d! al m o st! q u a ntit ati v e! zi n c ati o n! of! p e nt afl u or o b e n z e n e! ( C 6 F 5 H) ! w h e n!

D Z n• Z r ! i s! tr e at e d!  wit h! l ar g e! a n d! s m all! e x c e s s e s! ( 1 0! or! 1. 3! e q ui v.).! Fi g ur e! 2. 1 8 ! s h o w s! t h e!

cr y st al! str u ct ur e! of! t h e! Z n– Ar F !pr o d u ct! [Di p p B DI Z n( p KC 6 F 4 H)] .!H y dr o d efl u ori n ati o n!i s! r e v e al e d!

i n!t h e!mi n or! b y Kpr o d u ct:! p ar a KC 6 F 4 H 2! i s!f or m e d!i n! a! 1: 2!r ati o!a g ai n st $[
Di p p B DI Z n( p KC 6 F 4 H)] .! T h e!

Zr! c e ntr e! t a k e s! t h e! e q ui v al e nt s! of! fl u ori d e! t o! f or m! [ C p2 Zr F 2 ]! ( 1: 1. 3! a g ai n st! [Di p p B DI Z n( p K

C 6 F 4 H)]). !

!

Fi g u r e 2. 1 8. ) T h e! cr y st al! str u ct ur e! of![
Di p p

B DI Z n( p KC 6 F 4 H)]!( 5 0 %! pr o b a bilit y! elli p s oi d s).! S el e ct e d!

b o n d!l e n gt h s![ Å]! a n d! b o n d! a n gl e s![ °].! Zr( 1) – O( 1)! 2. 2 1 6 3( 1 7),! Zr( 2) – O( 1)! 2. 1 9 1 5( 1 8) ,!

Zr( 1) – C( 7)! 2. 3 6 2( 3),! O( 1) – Zr( 1) – C( 7)! 7 0. 7 9( 8). !

Wit h! t h e! r el at e d! s y st e m s ,! M Al• Z r) a n d! Z r• Z r ,! M – Ar F ! pr o d u ct s! h a v e! b e e n! o b s er v e d! i n!

r e a cti o n s!  wit h!  C6 F 5 H.! J o n e s! a n d! c o Kw or k er s! f o u n d! t h at! Z r• Z r ! gi v e s! a! zir c o n ati o n! pr o d u ct,!

[ C p2 Zr( p KC 6 F 4 H) F]Z 3 8 !a n d!i n! a! Al/ Zr! s y st e m,![ M e s B DI Al( p KC 6 F 4 H) F]!i s!t h e! m aj or! pr o d u ct! w h e n! 1!

e q ui v.! M 1) a n d )C 6 F 5 H! ar e! r e a ct e d!i n!t h e! pr e s e n c e! of! 5! m ol %! [ C p2 Zr Cl 2 ].
3 !I n!t h e! e x pl or at or y!

C 2

N 1

N 3

Z n 1

F 3 6

F 3 2

F 3 5

F 3 3

C 3 1

C 3 2

C 3 6
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r e a cti o n! wit h!t h e! Z n/ Zr! s y st e m!(S c h e m e! 2. 5 ),! n o! c at al yti c!t ur n o v er!r e s ult e d! w h e n!f urth er! D 3) i s!

a d d e d.!  T h e!  Z n – H! b o n d s! ar e! n ot! a bl e! t o! a cti v at e! t h e! str o n g!  Zr – F! b o n d s! of! [ C p2 Zr F 2 ].!  T hi s!

c o ntr a st s! t h e! c a s e!  wit h!  Al – H,!  w h er e!  Al – F! i s! str o n g! e n o u g h! t o! f or c e! r ef or m ati o n! of!  Zr – H!

b o n d s. 3 9 !T h er e! i s! n o! e vi d e n c e! of![Di p p B DI Z n – F ]!f or m ati o n! at! all! d uri n g!t h e!r e a cti o n!i n!S c h e m e!

2. 5 .!!

!

S c h e m e 2. 5. ) E x pl or at or y! C – F! b o n d! cl e a v a g e! of! p e nt afl u or o b e n z e n e! b y!
Di p p

B DI M
II
H • Z r.!

Gl ari n gl y,! i n! t h e! c a s e! of! D M g • Z r,! t h e!  m ai n! gr o u p!  m et al! i s! s u c c e s sf ul! at! a cti v ati o n! of!

[ C p2 Zr F 2 ],! a n d! n o n e! of! t h e! l att er! i s! o b s er v e d! (S c h e m e! 2. 5 ).!  H o w e v er,! it! a p p e ar s! t h at! t h e!

fl u or op hili cit y! of! M g!i s!t o o! s e v er e,! c o m pl et el y! pr e v e nti n g !a n y! m et al ati o n! of!t h e!fl u or o ar e n e.! A!

si g nifi c a nt! a m o u nt! of! fr ee!li g a n d!( 1, 3 Kdi k eti mi n e)! w a s!i d e ntifi e d! i n!t h e!r e a cti o n! mi xt ur e!b y! 1 H!

N M R,!  w hi c h! s u g g e st s! t h at! d e gr a d ati o n! of!  M g! c o m pl e x e s! i s! l e a di n g! t o! i n s ol u bl e!  M g x Zr y F z !

m at eri al.! T hi s!i s! s u p p ort e d! b y! a! s pr e a d! of! s m all! p e a k s!t o w ar d s! – 2 0 0! p p m!i n!t h e! 1 9 F! N M R.! T h e!

h y dr o d e fl u ori n ati o n! pr o c e s s!i s! still! s u c c e s sf ul,! s h o wi n g! n o! diff er e n c e!t o!t h e! Z n/ Zr!r e a cti o n!i n!

t er m s! of! yi el d.! R e c e ntl y,! s e p ar at e!( u n p u bli s h e d)! w or k! wit hi n!t h e! gr o u p! h a s!f o u n d!t h at!D 2 2 !al o n e!

p erf or m s! m a g n e si ati o n! of! C 6 F 5 H!t o! gi v e![ Di p p B DI M g( p KC 6 F 4 H)].
4 0 !T h e! a n al o g o u s! c o ntr ol! wit h!

D 3) gi v e s! C – H!f u n cti o n ali s ati o n! of! C 6 F 5 H!t o!f or m![ Di p p B DI Z n( C 6 F 5 )].
4 1 !

S o m e! di s c u s si o n! o f! m e c h a ni s m!i s! n e e d e d!i n! or d er!t o! att e m pt!t o! e x pl ai n!t h e! pr e s e n c e! of!

di h y dr o g e n! i n! t h e! r e a cti o n s.! It! i s! pr o b a bl e! t h at! s e v er al!  m e c h a ni s m s! ar e! o p er ati n g! i n!

c o m p etiti o n. !T hi s!i s!t h o u g ht!t o! b e!t h e! c a s e!f or! Z r• Z r !r e a cti vit y,3 8, 4 2 !a n d! of! c o ur s e !a !m ai n! gr o u p!

fr a g m e nt! s h o ul d! cr eat e! e v e n!  m or e!  m e c h a ni sti c! p o s si biliti e s.! T h e! c o m p etiti o n ! a m o n g st!

m e c h a ni s m s !will! b e! aff e ct e d! b y!t h e!i d e ntit y! of! M,! a n d! s o! a! diff er e nt! m e c h a ni s m!i s!li k el y!f or!

Z n/ Zr! c o m p ar e d!t o! M g/ Zr .!!

F or! t h e!  Zr/ Zr! c o m pl e x,! t h e ! S N Ar! m e c h a ni s m! i s! f a v o ur ed ! b y! J o n e s! et$ al. ,!  wh er e b y! t h e!

h y dri d e s! of!{ C p 2 Zr H 2 }!ar e!t h o u g ht!t o! b e! n u cl e o p hili c.! A s! f o u n d!i n!Fi g ur e! 2. 5 ,!t h e! h y dri d e s! of!

t h e! h et er o bi m et alli c! c o m pl e x e s! ar e!  m or e! n e g ati v el y! c h ar g e d! t h a n! t h e! h o m o bi m et alli c!

c o u nt er p art. !T h e! m o n o m er,! Z r ,!h ol d s! a! q H != !– 0. 3 0! c h ar g e! o n!it s! h y dri d e! at o m s,! w hi c h!i s!j u st!

b e n z e n e- d 6
M

H N

N
H

H

Di p p

Di p p

Zr

M = M g

M = Z n

1 2 h 5 0 ° C

Z n
N

N

Di p p

Di p p

FF

F F

M g
N

N

Di p p

Di p p

F

H

F

F

F

F

F

H

F

F

H

F

F

H

F

F

H

F

F

+

+

+

4 5 %

4 5 %

2 d 5 0 ° C

9 0 %

< 1 0 % a

Yi el d s b a s e d o n Di p p B DI M IIH • Z r

H

–  [ C p2 Zr F 2 ]    1: 1. 3

+   H 2

+   H 2

[ C p2 Zr F 2 ]
n ot o b s er v e d

2

1 0 e q ui v.
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s h y! of!t h e! v al u e s!f or! D Z n • Z r.!T h e! o ut er! bri d gi n g! h y dri d e!i s! t h e! m o st! h y dri di c!i n!D M g • Z r)a n d!

D Z n • Z r) ( e. g.! q H ! =! – 0. 4 3! f or! D M g • Z r).) T hi s! at o m! i s ) f e a si bl e! a s! a! n u cl e o p hil e! b e c a u s e! t h e!

c al c ul at e d!  H O M O s ! of! b ot h! D M g • Z r) a n d! D Z n • Z r) ar e! b a s e d! o n!  Zr – H µ ’! b o n di n g! or bit al s! ( s e e!

E x p eri m e nt al,! Fi g ur e! 2. 2 7 ).!A! S N Ar!tr a n siti o n! st at e! s u c h! a s!t h at!i n !Fi g ur e! 2. 1 9 a !m a y!t h er ef or e!

b e! pr o p o s e d.! A! p at h w a y!t hr o u g h!t hi s !tr a n siti o n!st at e !c o ul d!l e a d!t o! pr o d u cti o n! of! p KC 6 F 4 H 2 .!T h e!

fl u ori d e!l e a vi n g! gr o u p! c o ul d! b e! a b str a ct e d! b y! a!tr a n si e nt! c ati o ni c! h et er o bi m et alli c! c o m pl e x.$

Aft er!t h e s e! S N Ar! st e p s, !t h e! m et al! s p e ci e s!i s!li k el y!t o!di s s o ci at e !i nt o! si n gl e! m et al!fr a g m e nt s.!

D uri n g!t h e!r e a cti o n ,!D 3 )i s! o b s er v e d!i m m e di at el y.!It! st e a dil y! gi v e s! w a y!t o![Di p p B DI Z n( p KC 6 F 4 H)] !

o v er!t h e!f oll o wi n g! 2 4! h.! T h e r ef or e,![ C p2 Zr H F]! mi g ht! b e !e x p e ct e d, !fr o m! w hi c h!Z r !a n d! [ C p2 Zr F 2 ]!

ar e! a c c e s si bl e. !

T h e! Z n! h y dri d e! c o m pl e x! m a y!f or m! di h y dr o g e n!i n! a! - Kb o n d! m et at h e si s! r e a cti o n! wit h!t h e!

h y dr o d efl u ori n ati o n !pr o d u ct !(p KC 6 F 4 H 2 ).!A! H 2 !r e s o n a n c e! w a s! s e e n!i n!t h e! 1 H! N M R! s p e ctr a! of!

t h e! r e a cti o n! of! D 3 ! wit h! v ari o u s! fl u or o ar e n e! s u b str at e s .4 1 ! D Z n • Z r) i s! i n ert!  w h e n! tr e at e d!  wit h!

C 6 F 4 H 2 !u n d er!t h e! s a m e! c o n diti o n s! a s!i n! S c h e m e! 2. 5 .!

!

Fi g u r e 2. 1 9. ) a)! P o s si bl e!tr a n siti o n! st at e!f or! C – F! a cti v ati o n! o n! a! h y dr o d efl u ori n ati o n! p at h w a y!

a n d! b)! a! pr o p o s e d! p at h w a y!f or! di h y dr o g e n! pr o d u cti o n.
4 3

!

H o w e v er,!t h e! m e c h a ni sti c! r ati o n al e! a b o v e !d o e s! n ot! e x pl ai n!t h e! M g/ Zr! r e a cti vit y:! n o! M g – !

Ar F ! s p e ci e s! ar e! s e e n,! a n d! wit h! { D 2 }! o nl y ! Ar F – F ! b o n d! a cti v ati o n! o c c ur s .4 0 ! A n! alt er n ati v e!

m e c h a ni s m! pr o p o s e d! b y! J o n e s! a n d! c o Kw or k er s! c o ul d! y et !e x pl ai n!t h e !ori gi n! of !di h y dr o g e n! i n!

t h e! D M g • Z r! r e a cti o n! mi xt ur e .! T h e! p at h w a y! i n! Fi g ur e! 2. 1 9 b! s h o w s! h o w ! a!  Zr II! s p e ci e s! c a n !

ori gi n at e! i n!Z r !b y! r e d u cti v e! eli mi n ati o n! of! C p H.! J o n e s! et$ al. !h a v e! s u g g e st e d !t hi s!r e v er si bl e!

pr o c e s s! f or![ C p *2 Zr H 2 ],
4 3 !b ut!t h e! m e c h a ni s m! s h o ul d! o c c ur! wit h! C p!li g a n d s!t o o:! in! u n p u bli s h e d!

d e ut eri u m Kl a b elli n g! e x p eri m e nt s!r el ati n g!t o!Z r• 8) ( s e e! b el o w)! e x c h a n g e! b et w e e n! h y dri d e s! a n d!

C p! gr o u p! pr ot o n s! h a s! b e e n! o b s er v e d .2 !Aft er! att a c k! of! Zr II!o n!t h e!fl u or o ar e n e,! H F!i s! pr o d u c e d!

t h at!  will! q ui c kl y! pr ot o n at e! a n d! r e m o v e! a v ail a bl e!  m et al! h y dri d e! t o! f or m!  H2 .! T hi s! p at h w a y ! i n!

Fi g ur e! 2. 1 9 b !i s! m or e!li k el y!i n!t h e! c a s e! of!t h e! M g/ Zr! s y st e m!b e c a u s e,! aft er!t h e!tr a n siti o n! st at e!

{ C p2 Zr H( X)}
H 2H – F

C 6 F 5 H

- [ C p2 Zr F ( X)]
S N A r

- [ C p2 Zr H( Ar F )]

M

H
N

N
H

H

Di p p

Di p p

Zr

F
F

F
F

F

δ

δ
S N A r

a)

b)

H

Zr

H
H F

F

F

F

F

H

Zr

H
H

H

H

Zr

r e d. 
eli m.
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i n!Fi g ur e! 2. 1 9 a, !t h e! v er y!fl u or op hili c! M g! s h o ul d! wi n! o ut!i n!t h e! b attl e!f or!t h e!fl u ori d e!li g a n d,!

l e a vi n g!{ C p2 Zr H 2 }.! T hi s! al s o! e x pl ai n s!t h e! a b s e n c e! of![ C p 2 Zr F 2 ],! w hi c h!d o e s !b uil d! u p !w h e n! M II!

i s!t h e!l e s s!fl u or op hili c! Z n.! !

2. 4. 2 !C r o s s o v e r w i t h  a n  O x a z i r c o n a c y c l e F r a g m e n t   

I n!t h e! st oi c hi o m etri c!r e a cti o n! of! b e n z of ur a n)wit h! Z r• Z r, !Z r• 8 !i s!i s ol at e d!fr o m! a! mi xtur e! of! C – O!

b o n d! cl e a v a g e! pr o d u ct s !(S c h e m e! 2. 6 ).! T hi s! pr o d u ct!h a s! b e e n!r e p ort e d! wit hi n!t h e! gr o u p.! T h e!

r e a cti o n! h a s! e m er g e d! a s! p art! of ! t h e! af or e m e nti o n e d! m e c h a ni sti c! st u di e s! i nt o! t h e! c at al yti c!

C vi n yl – O! cl e a v a g e! of! b e n z of ur a n. 3, 4 4 !T h e! cr y st al! str u ct ur e !of! Z r• 8 !i s! di s pl a y e d!i n!Fi g ur e! 2. 2 0 .!

T h e! b e h a vi o ur! of! Z r• 8 !t o w ar d s! M g,! Z n! a n d! Al! h y dri d e!fr a g m e nt s!i s!i nt er e sti n g!– !i n! p arti c ul ar,!

t h e! p ot e nti al!f or! cr o s s o v er! b et w e e n!t h e!t w o!t y p e s! of! bi met alli c! c o m pl e x.! !

!

S c h e m e 2. 6. ) S y nt h e si s! of! Z r• 8 !b y! C – O! cl e a v a g e! of! b e n z of ur a n.! !

!

Fi g u r e 2. 2 0. ) T h e! cr y st al! str u ct ur e! of! Z r• 8 .! S el e ct e d! b o n d!l e n gt h s![ Å]! a n d! b o n d! a n gl e s![° ].! Zr(1 )–

O (1 )!2. 2 1 6 3( 1 7),! Zr (2 )– O (1 )!2. 1 9 1 5( 1 8),! Zr (1 )– C( 7)! 2. 3 6 2( 3),! O (1 )– Zr (1 )– C (7 )!7 0. 7 9( 8). !

A!tr a n s m et all ati o n!i s! eff e ct e d! w h e n! M 1) a n d! Z r• 8) ar e!r e a ct e d! wit h!f or ci n g! c o n diti o n s,! gi vi n g!

t h e! o x aKal u m a c y cl e! 9) (S c h e m e! 2. 7 ).! T hi s!r e a cti o n! w a s!f oll o w e d! b y!1 H! N M R! s p e ctr o s c o p y,! a n d!

9 !c o nfir m e d! a g ai n st!lit er at ur e! d at a. 3 !T h e! al u mi ni u m! h y dri d e s! of! M 1 !ar e!f or m all y!tr a n sf err e d!t o!

t h e! al k ylKli g at e d! Zr!of! 8) t o! gi v e!Z r• Z r !a s! b y Kpr o d u ct.! T h e! Al! pr o d u ct! 9 !i s! a! m aj or! pr o d u ct!i n!t h e!

c at al yti c! pr o c e s s! d e v el o p e d! b y!t h e! gr o u p! – !a!f or m al!i n s erti o n! of! Al!i nt o!t h e! C vi n yl – O! b o n d! of!

b e n z of ur a n.! !

O

7 d, 2 5 ° C
b e n z e n e- d 6

2 e q ui v.
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+

Z r • Z r
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!

!!

S c h e m e 2. 7. ) Pr o d u cti o n! of! 9 !vi a!li g a n d! e x c h a n g e. !

C o n si d eri n g!t h e! di v al e n c y! of! M g! a n d! Z n,! a!tr a n s m et all ati o n! of!t h e!t y p e!i n! S c h e m e! 2. 7 !i s!

n ot! all o w e d .!I n!t hi s! c h a pt er,!t h e! str o n g! pr ef er e n c e!f or! Zr/ MII!h et er o bi m et alli c! c o m pl e x e s! o v er!

t h e! m o n o m et alli c! p ar e nt! h y dri d e s!h a s! b e e n! d e m o n str at e d .! T hi s!l e d!t o!t h e!h o p e !t h at!{ C p2 Zr H 2 }!

mi g ht! b e! di s pl a c e d! b y!t h e!fr a g m e nt s! D 2 !or! D 3 )t o! gi v e)Di p p B DI M H • 8,! wit h!t h e! a d d e d! b e n efit!t h at!

t h e!i n s ol u bilit y! of!{ C p2 Zr H 2 }! w o ul d! s e par at e!t h e! pr o d u ct s.! T h e!r e s ult s! of! cr o s s o v er!r e a cti o n s!

i n! b e n z e n eKd 6 !ar e! s h o w n!i n! S c h e m e! 2. 8 !a n d! S c h e m e! 2. 9 .!T h e!t e st s! h a v e! s h o w n! t h at! alt h o u g h!

t h e!tr a n sf er! of!8 !i s!d efi nit el y! f e a si bl e,!i s ol ati o n! a nd! c h ar a ct eri s ati o n! of!t h e!r e s ulti n g! c o m pl e x e s!

i s! m a d e! diffi c ult! b y!t h e! e x p eri m e nt al! pr a cti c aliti e s.!

!!!!! !

S c h e m e 2. 8. ) R e a cti vit y! of!
D
M g• Z r !wit h!t h e! o x a zir c o n a c y cl e! Z r• 8 .!!

!

S c h e m e 2. 9. ) Pr o d u cti o n! of! p ut ati v e!
D
M g• 8 !( a n d!

D
Z n• 8 )!fr o m!Z r• 8 .)

O n!r e a cti o n! wit h! D M g• Z r ,)a! si n gl et!r e s o n a n c e! at! " !=! 0. 2 3! p p m! e m er g e d! aft er! h e ati n g.!It! w a s!

a s s u m e d! t o! ari s e! fr o m! a! si n gl e! bri d gi n g! h y dri d e! i n! D M g• 8 .!  Aft er! e xt e n si v e! h e ati n g,! t h e!

cr o s s o v er! c o ul d! n ot! b e! a d v a n c e d!f urt h er!t h a n! a! 5 0 – 6 0 %! c o n s u m pti o n! of! Z r• 8 !a n d! D M g• Z r.) A !

4 0 %! yi el d! of! D M g• 8) w a s!r et ur n e d. )!R at h er!t h a n!t h e! pl a n n e d! cl e a n! pr o d u cti o n! of! D M g• 8 ,! s e v er al!

u n k n o w n! m ulti pl et s! w er e! s e e n!i n!t h e! bri d gi n g! h y dri d e! r e gi o n! of!t h e! 1 H! N M R! s p e ctr u m! aft er!

5 !h! at! 8 0!° C.! F urt h er! h e ati n g! o nl y! gr e w!t h e s e! p e a k s.! E xt e n si v e! h e ati n g!t o! a n! a n al o g o u s! D Z n• Z r)
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Fi g u r e 2. 1 6
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r e a cti o n! mi xt ur e! gi v e s!n o! cl e ar!r e a cti o n! at! all!( S c h e m e! 2. 8 ).! T h e!t h er m ol y si s! n e c e s s ar y!t o! s e e!

di s pl a c e m e nt! of!{ C p 2 Zr H 2 }!fr o m!Z r• 8 !li mit s!t h e! vi a bilit y! of!t h e!r e a cti o n! a s! a! s y nt h eti c!r o ut e!t o!

i s ol a bl e! MII/ Zr! al k o xi d e! str u ct ur e s.!!

U s e! of! t h e! p ar e nt! h y dri d e s! i s!  m u c h!  m or e! s u c c e s sf ul! i n! g e n er ati n g! t h e! al k o xi d e Kbri d g e d!

h et er o bi m et alli c! c o m pl e x e s! ( S c h e m e! 2. 9 ).! T h e s e! r e a cti o n s!  w er e! c o m pl et e d! cl e a nl y! ( s e e!

Fi g ur e! 2. 2 1 )!w it h!t he! ai m! of! u n c o v eri n g! a! c o nfi d e nt! a s si g n m e nt! of!t h e! p ut ati v e! D M g• 8) b y! 1 H!

N M R !s p e ctr o s c o p y .!Fi g ur e! 2. 2 2 !s h o w s! a n! a s si g n m e nt! of! p e a k s!t o! D M g• 8 .!I nt er e sti n gl y,! a n!

eli gi bl e! s p e ci e s! i s! al s o! pr o d u c e d! i n! t h e! zi n c ! f or m! of! t h e! r e a cti o n.!  Th e! si n gl et! r e s o n a n c e!

( pr e s u m e d! t o! b e! of! t h e! bri d gi n g! h y dri d e)! i s! f o u n d! at!" $= !– 0. 4 0! p p m,! al b eit!  wit h! i n c o m pl et e!

c o n v er si o n,! e v e n! aft er! e xt e n d e d! h e ati n g! at! 8 0! ° C.! T h e! si g n al s!f or!t h e! zi n c! a n al o g u e,! D Z n• 8)

ar e! si mil ar!t o! D M g• 8 !i n! p att er n.! U nf ort u n at el y,!t h e! str u ct ur e!i s!l e s s! cl e arl y! a s si g n a bl e! b e c a u s e!

of!t h e! br o a d n e s s !of! si g n al s!i n!t h e! ot h er! pr o d u ct!( D Z n• Z r ),!a n d !t h e!i n c o m pl et e!r e a cti o n!l e a d s!

t o! a! cr o w d e d! s p e ctr u m.!!

T h e! r e a s o n!f or! a n y! c o n v er si o n! at! all!i n!t h i s!zi n c/ o x a zir c o n a c y cl e! r e a cti o n !i s!pr o b a bl y!t h e!

a cti o n! of! t h e! c o n c o mit a ntl y! f or m e d! D Z n• Z r ! a s! a! t h er m o d y n a mi c! si n k .!  T h e! o x a zir c o n a c y cl e!

m oi et y!( 8 ))i s!t h u s!fr e e d!f or! bi n di n g! wit h! a n ot h er! e q ui val e nt !of! D 3 .!T h e! s a m e! e x pl a n ati o n! c o ul d!

b e! gi v e n!f or!t h e! q u a ntit at i v e! yi el d!a n d! f a cil e!c o n diti o n s !i n!t h e! c a s e! of!D M g• 8 .!!

!

Fi g u r e 2. 2 1. ) T h e!
1
H! N M R! d at a!f or!t h e!r e a cti o n! c o m p o n e nt s !of !S c h e m e! 2. 9 !i n!t h e!

D
M g• 8) fr o m:!

a)!
1
H! s p e ctr u m! of

)
Z r• 8 Z! b)!r e a cti o n! mi xt ur e! aft er! 4! d! c o nt ai ni n g!

D
M g• 8 Z! c)!

D
M g• Z r) f or! c o m p ari s o n.!
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T h e! pr o d u ct s! D M g• 8 !a n d! D Z n• 8 !ar e! n ot! e a sil y!i s o l a bl e!fr o m!t h e!r e a cti o n! mi xt ur e s!i n! w hi c h!

t h e y! ar e! pr o d u c e d,! a n d! h e n c e,! pr e p ar ati v e! s c al e! r e a cti o n s! h a v e! n ot! b e e n! att e m pt e d.!

N ot wit h st a n di n g,! t h e! o ut c o m e s! of! t h e s e! e x p eri m e nt s!  wit h! 8 ! c o m pli m e nt! c o n cl u si o n s!  m a d e!

pr e vi o u sl y!i n!t hi s! c h a pt er.! T h e! bi n di n g! of! a! zir c o n o c e n e!fr a g m e nt!i s! o st e n si bl y! m or e!f a v o ur a bl e!

wit h!{ Di p p B DI M g H}!t h a n! wit h![ Di p p B DI Z n H].!I n!t hi s! c a s e,!t h e! s u p eri or! o x o p hili cit y! of! M g! o v er! Z n!

m a y! a d d!t o!t h e! diff er e n c e! b et w e e n!t h e! bi n di n g! str e n gt h s.! !

A s!t o u c h e d! u p o n! a b o v e ,)Z r• 8 !a n d! 9 !ar e!f or m e d!fr o m!t h e! C – O! b o n d! cl e a v a g e! of! b e n z of ur a n!

b y! zir c o n o c e n e! di h y dri d e! ( wit h! a n d!  wit h o ut! t h e! pr e s e n c e! of! M 1 ! r e s p e cti v el y).!  T h u s,! t h e!

h et er o bi m et alli c! h y dri d e! c o m pl e x e s! s h o ul d! b e! pr o b e d!f or!t h eir!i n ert! b o n d! a cti v ati o n! c a p a biliti e s!

wit h!t h e! s a m e! s u b str at e.! H o w e v er,! n o! r e a cti o n! w a s! s e e n! b et w e e n! D M g• Z r !a n d! b e n z of ur a n!

w h e n! a! 1: 1! mi xt ur e! w a s! h e at e d!f or! 2 4! h! at! 8 0 ° C!i n! b e n z e n e Kd 6 .!!

!

Fi g u r e 2. 2 2. ) A s si g n m e nt! of!
1
H! N M R!r e s o n a n c e s!

D
M g• 8) fr o m! a!r e a cti o n! mi xt ur e! c o nt ai ni n g

)

D
M g• Z n !a n d!r e si d u al! Z r• 8 .!!

2. 4. 3 !P u r i t y  

B ef or e! g oi n g! i nt o! e xt e n d e d! i n v e sti g ati o n s! o n! t h e! r e a cti vit y! a n d! c at al yti c! pr o p erti e s! of! t h e!

h et er o bi m et alli c! c o m pl e x e s !( C h a pt er s! 3! a n d! 4),!t h eir! p urit y! n e e d s!t o! b e! e x a mi n e d.!T h e! yi el d s!

a n d!t h e! p urit y! of!t h e! h et er o bi m et alli c! c o m pl e x e s! ar e! n o! d o u bt!li mit e d! b y!t h e!i m p uriti e s!i n!t h e!

st arti n g! m at eri al s .! T hi s!i s!e s p e ci all y !a! c o n c er n! wit h !D 2 2 !a n d! Z r• Z r .!W a s hi n g! of! D 2) h a s! b e e n!

u n a bl e!t o!r e m o v e!t h e! ~ 5 – 1 0 %! of! a n! u n k n o w n! ! ,di k eti mi n at o !i m p urit y.!F or! pr o c e d ur e s!r e p ort e d!

h er ei n,! Z r • Z r) r et ai n s! t h e! r e dKp ur p l e! c ol o ur! of! it s!  m ot h er! li q u or! w h e n!  w a s h e d! i n!  T H F! – !

a c c or di n g!t o!lit er at ur e!t h e! pr o d u ct! s h o ul d! b e! c ol o url e s s. !
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O b s er v ati o n s! a n d! e x p eri m e nt s !p ert ai ni n g!t o!i m p urit i e s!ar e !di s c u s s e d !b el o w !i n!t hr e e!p art s :!

(i)! 1 H! N M R! p e a k! s h a p e s! of!t h e! u pfi el d! h y dri d e s! (ii)! c ol o ur! a n d! c ol o ur Kc h a n g e s,! a n d! (iii)! b y!

s o m e! b a si c! q u a n tit ati v e! a n al y si s.!!

2. 4. 3. 1 ) 1 H N M R  

T h er e! ar e!t w o! str a n g e! p h e n o m e n a!i n!t h e! bri d gi n g! h y dri d e! 1 H! N M R! si g n al s! of! D M g• Z r !w hi c h!

r e v e al! u n k n o w n! di m e n si o n s! of!t h e! p urit y.!

S h o u l d e r P e a k s  

B ot h! bri d gi n g! h y dri d e! si g n al s! s h o w! a! s m all er!r e s o n a n c e! of!t h e! s a m e! s h a p e! o n!t h e! u pfi el d!

s h o ul d er! ( Fi g ur e! 2. 2 3 ).!  T h e! p h e n o m e n o n ! i s! s o m eti m e s! s e e n! f or! t h e!  Z n! a n al o g u e! (Fi g ur e!

2. 2 3 a) ,! b ut!t o! a!l e s s!d et e ct a bl e! e xt e nt !t h a n!i n!D M g• Z r) (Fi g ur e! 2. 2 3 b) .!T h e!‘ d e p ut y !p e a k’!f oll o w s!

t h e! b e h a vi o ur! of! it s! bi g g er! r el ati v e! at! all! t e m p er at ur e s.!  T h er e! i s! n o! si g n! t h at! o n e! p e a k! i s!

c o n s u m e d! b ef or e!t h e! ot h er! d uri n g!r e a cti vit y.! N o!‘ d e p ut y! p e a k’!i s! s e e n!i n!t h e! D M g• Z r !or )D Z n• Z r !

pr o d u ct s )if!t h e y! ar e! pr e p ar e d!fr o m!t h e!li g a n d! e x c h a n g e!pr o c e d ur e !i. e.![ C p2 Zr Cl 2 ]!wit h! e x c e s s!

m ai n! gr o u p! h y dri d e.! N o! s p e cifi c! e x p eri m e nt s! h a v e! b e e n! c arri e d! o ut! t o! s e e! if! t hi s! i s! a!

c o n c e ntr ati o n Kd e p e n d e nt! eff e ct,! b ut!it! d o e s! n ot! a p p e ar!t o! b e. !O n e! e x pl a n ati o n! c o ul d! b e! mi n or!

pr e s e n c e! of! a n!i s ot o p o m er,! a s! a!r e s ult! of! H/ D! e x c h a n g e.! !

!

Fi g u r e 2. 2 3. ) a)! T h e! u pfi el d!f a c si mil e s! o n!t h e! s h o ul d er! of!t h e! m ai n! bri d gi n g! h y dri d e!r e s o n a n c e s!

i n!
D
Z n• Z r .! b)! T h e!

1
H! N M R! si g n al s!f or!t hr e e! s e p ar at e! s a m pl e s! of!

D
M g• Z r .! All! s a m pl e s! ar e!

b et w e e n! 4 7 – 5 5! m M!i n! b e n z e n e Kd 6 !at! 2 9 8! K. !

L i n e S h a p e C h a n g e s  

V ari a bl e!t e m p er at ur e! N M R! e x p eri m e nt s! o n )D M g• Z r !a n d )D Z n• Z r !s h o w! a! pr o c e s s! of! c h e mi c al!

e x c h a n g e!i n v ol vi n g!t h e! h y dri d e! 1 H! N M R! si g n al s! ( s e e !T a bl e! 2. 3 ,!Fi g ur e! 2. 7 !a n d! Fi g ur e! 2. 8 ).!

F or$ D M g• Z r) o nl y ,!t h e! e a s e! of!t h e! e x c h a n g e! pr o c e s s e s! a p p e ar s!t o! b e! d e p e n d e nt! o n!t h e!tr a c e!
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i m p urit y! pr ofil e! a n d/ or! pr e p ar ati v e! cir c u m st a n c e s.!  Diff er e nt! b at c h e s! of! D M g• Z r ! s h o w e d! t h e!

s a m e! c h e mi c al! e x c h a n g e! pr o c e s s! b ut! o p er ati n g! at!l o w er!t e m p er at ur e!( Fi g ur e! 2. 2 3 b ).!It! s h o ul d!

b e! n ot e d! t h at! t hi s! i s! s e e n! o nl y$ i n$ t h e$ h y dri d e$ si g n al s .! T y p e! III! p e a k s! ar e! s e e n!  w h e n! t h e!

pr e p ar ati o n! of! D M g• Z r !i s!f oll o w e d! b y!1 H! N M R,! s o! it! w a s!pr o p o s e d!t h at!tr a c e! r e m ai n s! of!t h e!

p ar e nt! h y dri d e s!f a cilit at e!t h e! sit e! e x c h a n g e! of!t h e! h y dri d e s.! !

T o!t e st!t hi s !h y p ot h e si s ,! d o pi n g! e x p eri m e nt s! w er e! c arri e d! o ut,! w h er e b y! s m all! a m o u nts !of!

p ar e nt! h y dri d e s!  w er e! a d d e d! t o! ‘ p ur e’! s a m pl e s! of! I! or! III) t y p e s.) T h e! r e s ult s! (s e e ! 2. 6 !

E x p eri m e nt al, ! T a bl e! 2. 5 )! d o! n ot! s u g g e st! i n v ol v e m e nt! of! t h e! p ar e nt! h y dri d e! s a m pl e s ! i n!

e x c h a n g e! pr o c e s s e s Z! no! c h a n g e s! i n! t h e! p e a k! s h a p e s!  w er e! s e e n!  wit h ! a d diti o n! of ! t h e s e!

i n di vi d u al! a d diti v e s.!H o w e v er, !p u z zli n gl y, !t h e! cr o s s o v er! e x p eri m e nt! (S c h e m e! 2. 3 ,! M’! =!M g)!

w h er e! e q ui m ol ar! { D 2 }! di s pl a c e s! D 3) fr o m!D Z n• Z r ,!s h o w e d! d e v el o p m e nt! of! I!i nt o! p e a k!t y p e!III)

(vi a ) II).! Wit h! n o! d o p a nt s! pr e s e nt ,! h e ati n g! s a m pl e s! of! I! a n d! III! g a v e! f urt h er! r e s ult s! t h at! ar e!

c o ntr a di ct or y! a n d! h ar d! t o! r e c o n cil e.!  A ft er! e xt e n d e d! h e ati n g! ( 5 0! or! 8 0! ° C),! t h e! r o o m!

t e m p er at ur e! N M R! si g n al s! of!t y p e!I$m o v e!t o w ar d s! t y p e!III.! H o w e v er,!t h e! o p p o sit e!tr a n siti o n!i s!

s e e n! w h e n! III)w a s! g e n er at e d! i n$ sit u!fr o m!t h e! p ar e nt! h y dri d e s! an d! h e at e d! at! 5 0! ° C!f or! a! w e e k.!

I s ol at e d! s a m pl e s! wit h! si g n al s! of!III)di d! n ot! d o!t hi s. !!

O n e! p o s si bl e! e x pl a n ati o n! f or! t h e! tr a n siti o ns ! b et w e e n! t h e! sl o w/i nt er m e di at e! e x c h a n g e!

r e gi m e s! i s! t h e! pr e s e n c e! ot h er! i m p uriti e s! – ! i m p uriti e s! t h at! b uil d! u p/ br e a k! d o w n!  w h e n! t h e!

s a m pl e!i s! e xt e n si v el y! h e at e d.! T h e!i m p uriti e s! s h o ul d! a s si st !i n!t h e!c h e mi c al! e x c h a n g e! b et w e e n!

h y dri d e ! at o m s,! eit h er! b y! di sr u pti n g! t h e! bri d g e! b et w e e n! t h e! tr a n siti o n Km ai n! gr o u p!  m et al!

fr a g m e nt s,! or! b y! s u p pl y! of! e xtri n si c! h y dri d e! at o m s!i n! a n!i nt er m ol e c ul ar! f a s hi o n.4 5 !T h e! sl o w!

e x c h a n g e Kt y p e! s a m pl e!(I)! w a s! u s e d!i n!t h e! V T! N M R! e x p eri m e nts !u s e d!i n! s e cti o n! 2. 3. 2 !(Fi g ur e!

2. 7 !a n d! Fi g ur e! 2. 1 3 )!f or! c h ar a ct eri s ati o n! of!t h e! h y dri d e! e x c h a n g e! m e c h a ni s m.!T h er ef or e,!t h e!

d at a! s h o w n! i s!t h e! u p p er!li mit! of!t h e!T c !a n d! a cti v ati o n! p ar a m et er s,! w hi c h! m a y! b e!l o w er e d! b y!

i mp uriti e s!i n! III.! T h e! s a m e!i m p uriti e s!i n!t h e!D M g• Z r) s y st e m! m a y! al s o! b e! c ul p a bl e!f or!t h e! b ett er!

s u b stit uti o n! of! Z r !b y! 8 !i n!S c h e m e! 2. 9 ,! w h e n! c o m p ar e d! wit h!t h e! Z n/ Zr! s y st e m.!!!

2. 4. 3. 2 ) C ol o u r  

I n!t h e! pr e p ar ati v e! s c al e! s y nt h e s e s! of!D M g• Z r) a n d !D Z n• Z r !d e v el o p m e nt! of! c ol o ur!i s! di s pl a y e d!

i n! t h e! r e a cti o n! s ol uti o n s.! A lt h o u g h! t h e! r e cr y st alli s e d! D M g• Z r) a n d! D Z n• Z r ! ar e! c ol o url e s s,!

oft e nti m e s!t h e!r e a cti o n! mi xt ur e ’ s!c ol o ur! h a s! b e e n! p er si st e nt! o n!t h e!r e cr y st alli s e d! m at eri al. !T h e!

D M g• Z r !s y nt h e si s!t ur n s! gr a d u all y!r e d Kbr o w n! a s!t h e!t ol u e n e! sl urr y! gr a d u all y!t a k e s! u p! Z r • Z r)i nt o!

t h e! s ol uti o n!a n d!t h e! mi xt ur e! b e c o m e s! h o m o g e n e o u s .!T h e!r e d Kbr o w n! c ol o ur!i s!f a mili ar!t o! Zr/ M g!

c h e mi str y.!  A n! alt er n ati v e! pr e p ar ati o n! of! Z r• Z r ! d efi n e d! b y ! W ail e s! et$ al. ! u s e s ! M g ( s)! a n d!

zir c o n o c e n e! di c hl ori d eZ 4 6 .! A! str o n g!r e d! h u e! w a s! s e e n!i n!t h e! s u p er n at a nt! s ol uti o n!s u g g e sti n g!

mi n or! f or m ati o n! of!  Zr III! s p e ci e s! s u c h! a s! 1. 7 9 ) (s e e! s e cti o n! 1. 6. 2) .! M or e o v er,! t h e! l att er!  w a s!

di s c o v er e d! a s! a! mi n or,!i n s e p ar a bl e! Zr III!r el ati v e! of! a! m aj or! ZrI V/ M g!h et er o bi m et alli c! c o m pl e x!
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(1. 7 8 ).1 1 !T h er ef or e,!it! c a n n ot! b e! di s c o u nt e d !t h at!t h e! yi el d s! of!D M g• Z r) a n d! D Z n• Z r) ar e!li mit e d!

b y! f or m ati o n! of!r el ati v el y! s ol u bl e! p ar a m a g n eti c! s p e ci e s.! T h e! hi st ori c! w or k! b y! W ail e s!et$ al. 4 6, 4 7 !

al s o! s u g g e st s! t h at! s u c h! b y Kpr o d u ct s!  m a y! b e! oli g o m er s! b et w e e n!  Zr! a n d!  m ai n! gr o u p!  m et al!

c o m pl e x e s. !

2. 4. 3. 3 ) Q u a n ti t a ti v e A n al y si s  

El e m e nt al! a n al y si s! h a s! b e e n! c arri e d! o ut! o n!t h e! b ul k!i s ol at e d! s a m pl e s !of! D M g• Z r) a n d! D Z n• Z r !

f or! w hi c h!t h e!i s ol at e d!yi el d s! a r e! r e p ort e d.! T h e! v al u e s! r et ur n e d! ar e! wit hi n!t h e! s uit a bl e! r a n g e!

b ut! d o! n ot! fi n d!e x c ell e nt! a gr e e m e nt .!( F or!D M g • Z r)(C,! 7 0. 2 9 %Z! H,! 8. 1 7 % :!N,! 4. 2 0 % )! e x p eri m e nt!

f o u n d:! C,! 7 0. 1 1 %,!  H,! 8. 0 0 %Z!  N,! 4. 3 6 % .! F or! D Z n• Z r ! (C,! 6 6. 2 1 %Z!  H,! 7. 6 9 %Z!  N,! 3. 9 6 % )!

e x p eri m e nt! f o u n d:!C,! 6 6. 0 9 %,! H,! 7. 4 9 %Z! N,! 3. 9 8 % .)!T hi s! q u a ntit ati v e! a n al y si s! of! p urit y! h a s!it s!

li mit ati o n s! wit h! airKs e n siti v e! c o m p o u n d s. 4 8 !!
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2. 5 $ C O N C L U S I O N S  

T h i s! c h a pt er! h a s! t h or o u g hl y! i n v e sti g at e d! t h e! c o or di n ati o n! c h e mi str y! of! t w o! n e w!

h et er o bi m et alli c! c o m pl e x e s,! D M g• Z r) a n d! D Z n• Z r .) T h e! c o m pl e x e s! ar e! pr e p ar e d! fr o m! si m pl e!

st oi c hi o m etri c! a d diti o n! of!t h e! p ar e nt! h y dri d e !fr a g m e nt s,!{C p 2 Zr H 2 }!a n d! {Di p p B DI M H },!t o! cr e at e!

a!  m et al! h y dri d e! c or e!  wit hi n! a! ! Kdi k eti mi n at e/ m et all o c e n e ! li g a n d! s y st e m.! !  U nli k e! t h e!  Al!

a n al o g u e! a n d! pr e c e d e nt!( X Al • Z r)!t h e! h y dri d e! at o m s! c o ul d! n ot! b e!l o c at e d!i n! si n gl e! cr y st al!X Kr a y!

diffr a cti o n! e x p eri m e nt s.! Fr o nti er! m o l e c ul ar! or bit al! ar g u m e nt s,! st u d y! of!t h e! wi d er! a n at o m y! of!

t h e! c o m pl e x,! a n d!i n$ sili c o$c al c ul ati o n s! pl a c e d!t h e! h y dri d e s! p er p e n di c ul ar!t o!t h e! ! Kdi k eti mi n at e!

pl a n e .!!

T h e ! Ar M •Z r ) c o m pl e x e s! ( M!  =!  Al H,!  M g,!  Z n)! ar e! i n cr e a si n gl y! st a bl e! i n! t h e! or d er! M Al • Z r! <!

D Z n • Z r!<! D M g • Z r,! a! s eri e s! c o nfir m e d! c o m p ut ati o n all y! a n d!t hr o u g h! M!fr a g m e nt! di s pl a c e m e nt!

e x p eri m e nt s.! T hi s! i s! p artl y! d u e!t o!t h e!s e n siti v it y! of!t h e! c o m pl e x e s!t o!t h e! st eri c s! of!t h e! Ar! gr o u p:!

t h e! s m all er!  Z n! at o m! a n d! e xtr a! v al e n ce ! o n!  Al! r e q uir e! cl o s er! a p pr o a c h! of! t h e! t w o! li g a n d!

s y st e m s .! T hi s! i s! d e m o n str at e d! b y! t h e! f ail ur e! t o! s y nt h e si s e! D Al • Z r,! a n d! b y! t h e! h a m p er e d!

r ot ati o n al! pr o c e s s e s! of! t h e!  Di p p! gr o u p! o b s er v e d ! i n!1 H!  N M R! st u di e s! of! D Z n • Z r.! T h e! s a m e!

s eri e s! d e s cri b e s! t h e! i n cr e a si n g! i o ni cit y! t o! t h e! b o n di n g! i n! t h e! c o m p o u n d s,! a n d! i n cr e a si n g!

h y dri cit y! of!t h eir! bri d gi n g! H! at o m s.! !

V ari a bl e Kt e m p er at ur e!a n d! N O E S Y !1 H! N M R! e x p eri m e nt s !s h o w! a! diff er e nt!r at e! of! t er mi n alK

t oKdi st al! h y dri d e! e x c h a n g e !i n!Di p p B DI M H • Z r:!t h e! e x c h a n g e!i s!f a st er! wit h!D Z n • Z r)( at! 3 7 3! K).!T h e!

e x c h a n g e! pr o c e s s! w a s! pr o b e d! wit h! E yri n g! a n al y si s! (f or!D Z n • Z r)!a n d! D F T! c al c ul ati o n s,! a n d! a!

“ c o g”!m e c h a ni s m! w a s!f o u n d.!I n! a! si n gl e! st e p,! t h e! c e ntr al!( M)!h y dri d e! a p p e ar s!t o!fli c k!t h e! o ut er!

( Zr)!h y dri d e s! b et w e e n! bri d gi n g! a n d!t er mi n al!r ol e s .!T h e! m or e! st a bl e! D M g • Z r)h a s! a n!i n cr e a s e d!

fr e e!e n er g y! of! a cti v ati o n,! a n d!it!t a k e s!l e s s! e n er g y!t o! di s s o ci at e!t h e! m et al s!i n! D Z n • Z r.)M or e!

D F T! a n al y si s! s u g g e st s!t h e! si g nifi c a nt )at e !c o m pl e x )d e s cri pti o n !i n!t h e! M g/ Zr! c o m pl e x!i s!t h e!r o ot!

of!t h e s e! diff er e n c e s. !

B ot h! h et er o bi m et alli c! s p e ci e s! c a n! h y dr o d efl u ori n at e! C 6 F 5 H.! H o w e v er,!t h e! fl u or op hili cit y! of!

M g,! c o m p eti n g! wit h!t h at! of! Zr,! a p p e ar s!t o!l e a d!t o! a! d e gr a d ati o n! of !or g a n o m et alli c! b y Kpr o d u ct s.!

I n!t h e! c a s e! of!D Z n • Z r,!t h e! Zr! c e ntr e!t a k e s!t h e!fl u ori d e!a n d! a! v er y!l ar g e! yi el d! of! p ar a Kzi n c at e d!

fl u or o ar e n e!i s! aff or d e d.!A n! S N A r !m e c h a ni s m! of! h y dr o d efl u ori n ati o n!i s! pr o p o s e d!t o!i n v ol v e!t h e!

h y dri d e! b a s e d! H O M O! of!t h e! M II/ Zr! s y st e m s.!A n! o x a zir c o n a c y cl e!fr a g m e nt !(8 )!a p p e ar s!t o! m arr y!

wit h!t h e! M g! h y dri d e!fr a g m e nt! m o st! cl e arl y .!T hi s!i s! p er h a p s! al s o! d u e!t o!t h e! s u p eri or! o x o p h ili cit y!

of!t h e! gr o u p!t w o! m et al. !!
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2. 5. 1 !F u t u r e W o r k  

A s! t h e! f oll o wi n g! c h a pt er!  will! ill u str at e, ! t h e s e! c o m pl e x e s! h ol d! p ot e nti al! f or! e x c e pti o n al!

r e a cti vit y.! Fi n all y,! C h a pt er! 4! d et ail s! s o m e! c at al yti c! c a p a biliti e s! of!t h e! c o m pl e x e s.! T h er ef or e,!

e xt e n si o n! of! t h e! s eri e s! of! c o m p o u n d s!  wit h! r e s p e ct! t o! t h e! li g a n d! c o ul d! s e e! t u ni n g! of! t h e!

r e a cti vit y! a n d! c at al yti c! pr o p erti e s.!  F or! e x a m pl e,!  D F T! st u di e s! pr e di ct! gr e at er! st a bilit y! of! t h e!

M e s! a n al o g u e s! M M • Z r.)J o n e s! a n d! c o Kw or k er s! h a v e !f o u n d)d e v el o p m e nt s !i n!a )l ot$of!t h eir! o w n!

w or k ! o n ! M g! a n d!  Z n! bi m et alli c! c o m pl e x e s! t hr o u g h ! di v er sifi c ati o n! of! t h e! ! Kdi k eti mi n at e !

li ga n d .3 2, 4 9 K5 1 !T hi s! will !d e p e n d! o n!t h e! u s e! a n d! d e si g n! of!( cir c uit o u s)! m et h o d s!t o! g e n er at e!t h e!

p ar e nt! h y dri d e! c o m pl e x e s. ! F urt h er! c al c ul ati o n s! c a n! al s o! b e! u n d ert a k e n! i n! or d er! t o! j ud g e!

w h et h er !t h e! C p’!(Ar M • Z r’)! a n al o g u e s!ar e! w ort h!f oll o wi n g! u p! e x p eri m e nt all y.! !

M ai nl y!f or !t h e!i n v e sti g ati o n! of!t h e! h y dri d e! e x c h a n g e! pr o c e s s( e s),! de ut eri d e! a n al o g u e s! of!

t h e! c o m p o u n d s! w er e! bri efl y! c o n si d er e d! d uri n g!t h e! e x p eri m e nt al! st u di e s!t h at!f or m!t hi s! c ha pt er.!

O nl y![ C p 2 Zr D 2 ]2 !w a s !a c c e s si bl e ,! a n d! u s e!of! a!( 9 0 %! p ur e) !b at c h!f or! s y nt h e si s! of !t h e!D M • Z rKd 2 !

( M! =! M g,! Z n)! c o m pl e x e s!l e d!t o!f ull!s cr a m bl i n g! of!t h e!d e ut eri d e s !a m o n g st!t h e! h y dri di c! p o siti o n s .!

F urt h er!i nf or m ati o n! o n!i ntr a K!a n d$i nt er m ol e c ul ar! e x c h a n g e! pr o c e s s e s! s h o ul d! c o m e! a b o ut!if!t h e!

p ar e nt! d e ut eri d e s! ar e! s y nt h eti c all y! a c c e s si bl e ! wit h! g o o d! p urit y .! A n!  E yri n g! a n al y si s! o n! t h e!

ki n eti c s! of!t h e! m ai n! gr o u p!fr a g m e nt! cr o s s o v er!r e a cti o n!i n! S c h e m e! 2. 3 !s h o ul d! al s o! b e! a bl e!t o!

s u p p ort!t hi s .!!

It! s h all! al s o! b e! i nt er e sti n g! t o! a b str a ct! a! h y dri d e! fr o m! t h e! Ar M • Z r! c o m pl e x e s.! If! t h e y! c a n!

s ur vi v e!i n! a n! a s s o ci at e d! st at e,! a!fr e e! c o or di n ati o n! sit e!( pr e s u m a bl y! o n! Zr + )! will! cr e at e!p ot e nti al!

f or! p ol y m eri s ati o n! or! h y dr o m et all ati o n! c at al y si s.5 2 K5 4 !W or k! o n!t h e! eli mi n ati o n! of! H 2 !t o!f or m!l o wK

v al e nt! M/ Zr! s p e ci e s!i s! o n Kg oi n g,! a n d!i s! c o v er e d!i n!t h e! s u b s e q u e nt! c h a pt er s.! !

2. 5. 1. 1 ) I n e r t B o n d  Cl e a v a g e ( C – F / C – O )  

A s! d e s cri b e d! i n! t h e! I ntr o d u cti o n,! all! of! t h e!  w or k! o n! Ar M • Z r) h a s! st e m m e d! fr o m! a! si n gl e!

m e c h a ni sti c! e x p eri m e nt!r el ati n g!t o! pr e c at al y st! a cti v ati o n!i n! C – F! a n d! C – O! a cti v ati o n! c h e mi str y. !

T h e! st u d y! will! c o nti n u e!t o! p ur s u e !t h e! C– O! a cti v ati o n! (of! b e n z of ur a n )!wit h!t h e! M II!c o m p o u n d s.!

Alt h o u g h! D M g • Z r)f ail e d!t o!r e a ct! wit h! b e n z of ur a n,! e vi d e n c e!i n! C h a pt er! 3! s u g g e st s!t h at!D Z n • Z r)

m a y! b e!  m or e! s u c c e s sf ul! a s! it! i s! a! littl e! l o o s er! b o u n d.!  T h e! in$ sit u$ f or m ati o n! of! t h e!

h et er o bi m et alli c! c o m p o u n d s! ( S c h e m e! 2. 1 a)! i n! t h e! pr e s e n c e! of! b e n z of ur a n!  will! b e! a n!

i nt er e sti n g! c o m p ari s o n!t o!t h e! Al! w or k.! Ot h er! st u di e s! h a v e! s u g g e st e d!t h at!f or m ati o n! of!r e d u c e d!

s p e ci e s! i s! k e y! t o! t h e! a cti v ati o n! of! b e n z of ur a nZ 4 4, 5 5 ! t h er ef or e,! str at e gi e s! s u c h! a s! p h ot ol yti c!

c o n diti o n s! a n d! h y dr o g e n!tr a p s! s h o ul d! b e! c o n d u ci v e.! !

W or k!i s! alr e a d y! s u c c e s sf ull y! u n d er w a y !wit hi n!t h e! gr o u p!t o! e xt e n d!t h e! s u b str at e! s c o p e! of!

t h e! fl u or o ar e n e! zi n c ati o n! b y! D Z n • Z r.4 1 ) O n e ! i nt er e sti n g! o b s er v ati o n! w hi c h!  w a s! o mitt e d! fr o m!

s e cti o n! 2. 4. 1 !i s!f or m ati o n! of! a!bri d gi n g! h y dri d e Kc o nt ai ni n g! i nt er m e di at e.!( T h e! 1 H! N M R! of!t h e!
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r e a cti o n,! s h o wi n g!t h e!i nt er me di at e,!i s!t o !b e !f o u n d!i n!t h e! E x p eri m e nt al!s e cti o n ,!Fi g ur e! 2. 2 4 .)!

T hi s! u n k n o w n! i nt er m e di at e! i s! e mi n e ntl y! i s ol a bl e,! a n d!  m a y! i nf or m! t h e! a s si g n m e nt! of! t h e!

m e c h a ni s m.!  Ki n eti c! a n al y si s! s h o ul d! al s o! b e! a c hi e v a bl e.!  T h e! r e a cti viti e s! of! t h e!  m ai n! gr o u p!

(h y dri d e )!fr a g m e nt s!ar e! m o d ul at e d !b y!t h eir! att a c h m e nt!t o! Z r Z!t hi s!will!fit!i nt o!t h e! gr o u p s ’!r aft! of!

st u di e s! o n! Ar B DI M H! c o m p o u n d s ,!t h eir! mi xi n g! wit h! v ari o u s!tr a n siti o n! m et al!fr a g m e nt s,! a n d!t h e!

r e a cti vit y! wit h! C– F! b o n d s .!
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2. 6 $ E X P E R I M E N T A L  

2. 6. 1 !G e n e r a l  

A ll! m a ni p ul ati o n s! w er e! c arri e d! o ut! u si n g! st a n d ar d! S c hl e n kKli n e! a n d! gl o v e b o x!t e c h ni q u e s! u n d er!

a n! i n ert! at m o s p h er e! of! ar g o n! or! di nit o g e n.!  A!  M Br a u n! L a b m a st er! gl o v e b o x!  w a s! e m pl o y e d,!

o p er ati n g! at! < 0. 1! p p m! O 2! a n d! < 0. 1! p p m! H 2 O.! S ol v e nt s! w er e! dri e d! o v er! a cti v at e d! a l u mi n a!fr o m!

a n!  S P S! ( s ol v e nt! p urifi c ati o n! s y st e m)! b a s e d! u p o n! t h e!  Gr u b b s! d e si g n! a n d! d e g a s s e d! b ef or e!

u s e.! Gl a s s w ar e! w a s! dri e d!f or! 1 2! h! at! 1 2 0! ° C! pri or!t o! u s e.! B e n z e n e Kd 6 !a n d!t ol u e n e Kd 8 !w er e!

st or e d! o v er! m ol e c ul ar! si e v e s! a n d! di still e d! pri or!t o! u s e.! N M R Ks c al e!r e a cti o n s! w er e! c o n d u ct e d!

i n! J.! Y o u n g’s!t a p!t u b e s! a n d! pr e p ar e d!i n! a! gl o v e b o x.! All! h e ati n g! m e nti o n e d! w a s! d o n e! u si n g!

sili c o n e! oil! b at h s.! 1 H,! 1 3 C, !a n d! 1 9 F !N M R! s p e ctr a! w er e! o bt ai n e d! o n! B R U K E R! 4 0 0! M H z! or! 5 0 0!

M H z!  m a c hi n e s! u nl e s s! ot h er wi s e! st at e d .! 1 9 F! r e s o n a n c e s! ar e ! q u ot e d! a g ai n st! t h e! st a n d ar d!

C F Cl 3 .!A ll!1 H !p e a k!i nt e n siti e s! ar e! d eri v e d! a g ai n st! a n! i nt er n al! st a n d ar d! p e a k!(1 H! C p 2 F e,  " $=!

4. 0 0! p p m)! wit h! v al u e s! q u ot e d!i n! p p m. !D at a! w a s! pr o c e s s e d! u si n g!t h e! M e st R e N o v a! s oft w ar e.!

El e m e nt al! a n al y s e s! w er e! c arri e d! o ut! b y! St e p h e n! B o y er! at! L o n d o n! M etr o p olit a n! U ni v eri st y. !

2. 6. 1. 1 ) D a t a T r e a t m e n t & E q u a ti o n s  

Err or! v al u e s! w er e! c al c ul at e d!i n! all! sit u ati o n s! b y! u s e! of!t h e!r e gr e s si o n! a n al y si s! c al c ul ati o n!i n!

Mi cr o s oft! E x c el! s oft w ar e.! V T! N M R! d at a! w a s!fitt e d! u si n g!li n e! s h a p e! a n al y si s!( Fi g ur e! 2. 1 4 )! wit h!

t h e!  D N M R! pr o gr a m! i nt e gr at e d ! i nt o!  T o p sp i n! v 3. 1.!  T h e! h y dri d e! r e s o n a n c e s! of! D Z n• Z r) w er e!

fitt e d! o v er!t h e! 3 0 3– 3 5 3 !K!r a n g e! wit h! a n!i niti al!li n e! br o a d e ni n g!f a ct or! of! 2! H z. !!

T h e! H ol m KG ut o w s k y !e q u ati o n! w a s! u s e d!f or! e sti m ati o n! of!t h e! Gi b b s!fr e e! e n er g y! of! a cti v ati o n!

f or! h y dri d e! e x c h a n g e!i n!t h e! h et er o bi m et alli c! s y st e m s!( s e cti o n!2. 3. 2. 1 ):!

!

a n d !k !=!t h e!r at e! of! e x c h a n g e! b et w e e n!t h e! h y dri d e! p e a k s!( H z), !

T c !=! c o al e s c e n c e!t e m p er at ur e !( K),!

R !=! g a s! c o n st a nt!( c al! K – 1 !m o l– 1 ),!

a n d! ∆ . !=! m a xi m u m! s e p ar ati o n! of! h y dri d e! p e a k s!( H z). !

2. 6. 1. 2 ) M a t e ri al s  

T h e! s y nt h e s e s! of! t h e! pr o Kli g a n d! B DI H! a n d! t h e! s eri e s! of! β Kdi k eti mi n at e Kst a bili s e d!

m a g n e si u m, 3 2 ! al u mi ni u m, 5 6 ! zi n c ,7 ! g alli u m 5 7 ! a n d! c al ci u m 5 8 ! c o m pl e x e s ! w a s! a c hi e v e d! u si n g!

lit er at ur e! pr o c e d ur e s.
!
F err o c e n e!  w a s! s u bli m e d! b ef or e! u s e.!  H y dr o c ar b o n s!  w er e! dri e d! o v er!

! =
# ∆ %

2
∆ ( ‡

2 9 8 , = - . / ( 2 3 .7 6 × l n
. /

!
),"" w h er e
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a cti v at e d! 3!  Å! m ol e c ul ar! si e v e s! a n d! fr e e z e Kp u m p Kt h a w! d e g a s s e d! b ef or e! u s e.!  All! ot h er!

c h e mi c al s! w er e! p ur c h a s e d!fr o m! Si g m a! Al dri c h! a n d! u s e d! wit h o ut! p urifi c ati o n! u nl e s s! st at e d.! !

Z i r c o n o c e n e  D i h y d r i d e  

Zir c o n o c e n e! di h y dri d e!( Z r• Z r )! w a s! pr e p ar e d!b y!t h e! pr o c e d ur e! of! W ail e s! a n d! W ei g ol d. 4 6 !F or!

u s e!i n!t h e!r e d u cti o n! of![{ C p 2 Zr Cl} 2 O],! Li Al H 4 !w a s! p urifi e d! b y !e xtr a cti o n!fr o m! T H F Z!1 0 !gr a m s !of!

gr e y! Li Al H 4 !( Si g m a! Al dri c h)!w a s! sl urri e d!i n! a p pr o xi m at el y! 5 0! m L! of! T H F.! T hi s! w a s !f oll o w e d! b y!

filtr ati on! a n d!r e m o v al! of!t h e! s ol v e nt! u n d er!r e d u c e d! pr e s s ur e.! T h e! mi xt ur e! w a s! h e at e d!t o! 4 5 !° C!

t o! r e m o v e!t h e!l a st!tr a c e s! of! s ol v e nt! a n d!t h e! c ol o url e s s! s oli d!i s ol at e d! pr o v e d! s ol u bl e!i n! T H F!

a n d! Et 2 O.! !

Wit h! o ur! o w n! pr e p ar ati o n s! of! Z r• Z r ,! v ar yi n g! s h a d e s! of!r e dKpi n k !d e v e l o p e d!i n!t h e!r e d u cti o n!

st e p,! t h e! s h a d e!s e e mi n gl y! d e p e n d e nt! o n!t h e! b at c h! of! T H F Ke xtr a ct e d! Li Al H 4 Z!Li Al H 4 !p urifi e d! b y!

e xtr a cti o n!fr o m! Et 2 O! w a s! u n s u c c e s sf ul!i n!t h e! s y nt h e si s! of! Z r• Z r .!W a s h e d!i n! T H F,! Z r • Z r)r et ai n s!

t h e! r e dKp ur pl e! c ol o ur! of!it s! m ot h er!li q u or.! Af t er! st or a g e! of! o ur!Z r • Z r) f or!l o n g! p eri o d s!i n! a! N2 !

gl o v e b o x! ( s e v er al!  m o nt h s),! t h e! c ol o ur!  w a s! l o st.!  T h e! lit er at ur e! d e s cri b e s! t h e! i s ol at e d!

mi cr o cr y st alli n e! c o m p o u n d! a s! c ol o url e s s,! b ut!r el at e d!( h y dri d o) zir c o n o c e n e s! a s! pi n k,! or!t ur ni n g!

pi n k! aft er! e x p o s ur e!t o!li g ht. 4 6 !

T h e! p urit y! of! Z r• Z r ! w a s! j u d g e d! b y! a n!  N M R! t u b e Ks c al e! titr ati o n!  wit h! r e a cti o n Kgr a d e!

a c et o n e. 5 9, 6 0 ! T hi s!  m et h o d! i s! b e st! f or! d et e cti n g! t h e! a m o u nt! of! zir c o n o c e n e! c hl ori d e! h y dri d e!

( S c h w art z’!r e a g e nt)!i n!t h e! zir c o n o c e n e! di h y dri d e! m at eri al.! T h e! q u a ntit ati v e!i nf or m ati o n! c o m e s!

i n! t h e! r ati o! of! t h e! pr o d u c e d!  m o n oK! a n d! di Ki s oKpr o p o xi d e s,!  w hi c h! i s! r e a d! a s!

[ C p2 Zr ( H) Cl]:[ C p2 Zr H 2 ]2 .! T h e!i nt e gr ati o n! of!t h e! m et h yl! p e a k s! ([ C p2 Zr( O iPr) 2 ]!" $=! 0. 9 9! p p m,! 6!

H, !d,! 3 J H KH! =! 6! H zZ![ C p 2 Zr( O iPr) Cl]! " !=! 1. 1 0! p p m,! 1 2! H, !d,! 3 J H KH! =! 6! H z)! s h o w e d! 1: 1 0! r ati o! of!

[ C p2 Zr( H) Cl]:[ C p 2 Zr H 2 ]2 .! A! c o n c er n!i n!t h e!titr ati o n!r e s ult s!i s!t h e! pr e s e n c e!of! m a n y! ot h er!tr a c e!

p e a k s.! T h e! s p e ctr u m!i s! d o mi n at e d! b y![ C p 2 Zr( O iPr) 2 ]! si g n al s,! b ut!t h e! u n k n o w n!tr a c e! s p e ci e s!

d e n y! a! q u a ntit ati v e! e sti m at e! of!t h e! o v er all! p urit y! b y!t h e! a c et o n e! m et h o d. !T h e! effi c a c y! of!t h e!

t e c h ni q u e!i s!li mit e d! b y!t h e! err or!i n! pi p etti n g! a! s mall! a m o u nt! of! a c et o n e,! a n d!t h e! d etri m e nt al!

eff e ct s! t h at! l ar g e! a m o u nt s! of! Z r• Z r ! c a n! h a v e! o n!  N M R! si g n al! s hi m mi n g.! Z r• Z r ! s h o w s!

a c c e pt a bl e! el e m e nt al! a n al y si s! r e s ult s:! e x p e ct e d!  C! 5 3. 6 8 %,!  H! 5. 4 3 %Z! f o u n d!  C! 5 3. 7 6 %,!  H,!

5. 4 1 %. !
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2. 6. 2 ! S y n t h e s i s a n d C h a r a c t e r i s a t i o n o f t h e B i m e t a lli c 

H y d r i d e C o m p l e x e s  

2. 6. 2. 1 ) P r e p a r a ti v e -s c al e S y n t h e s i s  

!

S c h e m e 2. 1 0. ) S y nt h e si s! of![( Di p p N C M e )2 C H 2 ] M g(µ KH) 2 H Zr C p 2 ,!M g• Zr )(Di p p $=$ 2, 6 Kdi K

i s oKpr o p yl p h e n yl) !

S y n t h e s i s o f D M g • Z r $

I n! a! gl o v e b o x,!t h e! m a g n e si u m(II)! h y dri d e!( 2 9 8! m g,! 0.3 3 6 !m m ol,! 1! e q ui v.)! w a s! a d d e d!t o! a!

2 0! m L! s ci ntill ati o n! vi al! a n d! di s s ol v e d!i n! 1 5! m L! dr y!t ol u e n e.! T h e! zir c o n o c e n e! di h y dri d e! ( 1 5 0!

m g,! 0. 3 3 6! m m ol,! 1! e q ui v.)! w a s! w ei g h e d! a n d! a d d e d!t o!t h e!fl a s k! a s! a! s oli d.! T h e!r e a cti o n! mi xt ur e!

w a s! stirr e d!f or! 4 8! h.! T h e! s ol v e nt! w a s!r e m o v e d! u n d er!r e d u c e d! pr e s s ur e!t o! gi v e! a! gl a s s y! oil! of!

y ell o wi s h! h u e.!  Di s s ol vi n g! t h e! cr u d e!  m at eri al! i n! c a.! 2 0!  m L! of! n Kh e x a n e! g a v e! a! r e dKbr o w n !

s ol uti o n,! w hi c h! w a s!filt er e d! a n d! c o n c e ntr at e d!t o! c a.! 5! m L.! St or a g e! of!t hi s! s ol uti o n! a! – 3 5! ° C!

r e s ult e d!i n! cr y st allis ati o n! of!t h e! pr o d u ct! D M g• Z r $(2 5 4! m g,! 0 .3 6 9! m m ol,! 5 5 %). $1 H! N M R! ( 4 0 0!

M H z,! 2 9 8! K,! b e n z e n e Kd 6 )!" $= !7. 1 2 K7. 0 0!( m,! 6 H,! H Ar yl ),! 4. 9 9!( s,! 1 0 H,! C p2 ),! 4. 9 4!( s,! 1 H,! Cβ ),! 3. 2 7!

( h e pt,!3 J H KH !=! 6. 6! H z,! 4 H,! C H M e 2 ),! 1. 4 6!( d,!3 J H KH !=! 6. 6! H z,! 6 H,! C H M e 2 ),! 1. 1 3!( d,!2 J H KH !=! 6 . 6! H z,!

6 H,! C H M e 2 ),!K1. 8 7!( d d,! 1 H, !2 J H KH! =! 1 3. 0,! 6. 6! H z,),! K2. 8 0!( d d, !1 H, !2 J H ,H !=! 6. 6,! 6. 6! H z,).! 1 3 C! N M R!

( 1 0 1! M H z,! 2 9 8! K,! b e n z e n eKd 6 )! " !=! 1 6 9. 3 3! ( N – C α ),!1 4 4. 6 6! ( C i p s o),! 1 4 2. 4 9! ( Co ),! 1 2 6. 3 6! ( Cp ),!

1 2 4. 4 6!( C m ),! 9 7. 4 1!( C p2 ),! 9 4. 9 0!( Cβ ),! 2 8. 5 4!( CiPr ),! 2 4. 4 3!( C HM e 2 ),!! 2 4. 3 4!( C HM e ),! 2 3. 8 5!(M e )Z!

F TI R! . !!( c mK1 ):! 2 9 5 9! s,!! 2 8 6 8! s,! 1 5 5 1! s,! 1 5 2 3! s,! 1 4 3 6! s,! 1 4 0 3! s,! 1 3 1 7! s,! 1 2 6 1 s,! 1 1 7 9! s,! 1 1 0 0!

s,! 1 0 1 7! s,! 9 3 6! s,! 8 5 5! s,! 7 9 5! s.! El e m e nt al! a n al y si s! c al c.! f or!  C 3 9 H 5 4 M g N 2 Zr:!  C,! 7 0. 2 9 %Z!  H,!

8. 1 7 %Z! N,! 4. 2 0 %Z!f o u n d! C,! 7 0. 1 1 %,! H,! 8. 0 0 %Z! N,! 4. 3 6 % !

$

S c h e m e 2. 1 1. ) S y nt h e si s! of! [( Di p p N C M e)2 C H 2 ] Z n(µ KH )2 H Zr C p 2 ,!
D
Z n• Z r !( Di p p! =!2, 6 Kdi Ki s oK

pr o p yl p h e n yl )!
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S y n t h e s i s o f D Z n • Z r $

I n! a! gl o v e b o x,! t h e! zi n c(II)! h y dri d e! ( 3 2 5!  m g,! 0. 6 7 1!  m m ol,! 2! e q ui v.)!  w a s! a d d e d! t o! a! dr y!

s c hl e n k! fl a s k! a n d! di s s ol v e d! i n! dr y! t ol u e n e! t o!  m a k e! a! 0. 0 5 6!  M! s ol uti o n.!  T h e! zir c o n o c e n e!

di h y dri d e! ( 1 5 0!  m g,! 0. 3 3 6!  m m ol,! 1 ! e q ui v.)!  w ei g h e d! a n d! a d d e d! t o! t h e! fl a s k! a s! a! s oli d.!  T h e!

r e a cti o n! mi xt ur e! w a s! stirr e d! o v er ni g ht.! T h e!r e a cti o n! mi xt ur e! a c q uir e d! a! vi ol etKbl u e! c ol o ur. !T h e!

s ol uti o n! w a s!filt er e d! a n d! c o n c e ntr at e d! t o! a! cr u d e! offKw hit e! s oli d .! T h e! pr o d uct! w a s !e xtr a ct e d!

i nt o!n Kh e x a n e,!t h e! v ol u m e!r e d u c e d!t o! s at ur ati o n! of! c o n c e ntr ati o n,! a n d !t h e! d e sir e d! pr o d u ct! w a s!

r ecr y st alli s e d!fr o m!t hi s! s ol uti o n! o v er!t w o! d a y s! at! K3 5 !° C.!! L ar g e,! c ol o u rl e s s,! c u bi c! cr y st al s! of!

D Z n• Z r !w er e! o bt ai n e d!( 1 7 9! m g,! 0. 2 5 3,! 3 8 %). !1 H! N M R!( 4 0 0! M H z,! 2 9 8! K,! b e n z e n e Kd 6 )!" !7. 1 2! – !

7. 0 9!( m,! 6 H,! H Ar yl ),! 4. 9 5!( s,! 1 H,! Hβ ),! 4. 9 4!( s,! 1 0 H,! C p2 ),!! 3. 3 6!( br,! 4 H,! CH M e 2 ),! 1. 9 5!– !1. 9 1!( d d,!

2 J H KH !8. 3,! 6. 3! H z,! 1 H,! H t),! 1. 4 7!( br,! 6 H,! C HM e 2 ),! 1. 1 4!( br,! 6 H,! CH M e 2 ),!K1. 0 8!( d,! 2 J H KH !=! 8. 3! H z,!

1 H,! H µ ),!K2. 0 6!( d,! 2 J H KH !=! 6. 3! H z,! 1 H,! H µ ’).!
1 3 C! N M R!( 1 0 1! M H z,! 2 9 8! K,! b e n z e n e Kd 6 )!" !1 6 7. 4 6!!

( Cα ),!1 4 6. 0 9!( C i p s o),! 1 4 2. 5 1!( Co ),! 1 2 6. 4 1!( Cp ),! 1 2 4. 5 2!( Cm ),! 9 7. 9 7!( C p2 ),! 9 4. 6 4!( Cβ ),! 2 8. 3 9!( CiPr ),!

2 4. 4 7!( C H M e 2 ),!! 2 4. 2 9!( C H M e2 ),! 2 4. 0 5!(M e )Z! F TI R!. !( c mK1 ):! 2 9 5 9! s,!! 2 8 6 6! s,! 1 6 2 2! s,!1 5 4 9! s,!

1 5 1 9! s,! 1 4 6 0! s,! 1 4 3 6! s,! 1 4 0 2! s,! 1 3 6 3! s,! 1 3 1 4! s,! 1 2 5 9! s,! 1 1 7 4! s,! 1 1 0 3! s,! 1 0 6 3! s,! 1 0 1 5! s,! 9 3 4!

s,! 7 9 2! s.! El e m e nt al! a n al y si s! c al c.!f or! C 3 9 H 5 4 Z n N 2 Zr:! C,! 6 6. 2 1 %Z! H,! 7. 6 9 %Z! N,! 3. 9 6 %Z!f o u n d! C,!

6 6. 0 9 %,! H,! 7. 4 9 %Z! N,! 3. 9 8 % !

!

S c h e m e 2. 1 2. ) S y nt h e si s! of! Z r• 8 !

S y n t h e s i s o f Z r • 8   

I n! a! gl o v e b o x,! b e n z of ur a n! ( 0. 1 6! g,! 1. 3! m m ol,! 2! e q ui v.)! a n d![ C p2 Zr H( µ KH)] 2 !( 0. 3 0! g,! 0. 6 7!

m m ol)! w er e! w ei g h e d! a n d!tr a n sf err e d!t o! a! J! Y o u n g ’s!t a p! a m p o ul e.! T ol u e n e!( 5! m L)! w a s! a d d e d,!

t h e! a m p o ul e! w a s! s e al e d,! r e m o v e d!fr o m!t h e! gl o v e b o x! a n d!t h e! r e a cti o n! mi xt ur e! stirr e d!f or! 7!

d a y s! at! 2 5! ° C.! T h e! mi xt ur e! w a s!filt er e d,! a n d!t h e! v ol u m e!r e d u c e d!t o! c a! 3! m L.! St or a g e! of!t hi s!

s ol uti o n! at! K2 0! o C! g a v e! c ol orl e s s! cr y st al s! of! Z r• 8 )( 0. 0 6 4! g!,! 0. 1 1! m m ol,! 1 6! %).!1 H! N M R!( C 6 D 6 ,!

4 0 0! M H z,! 2 9 8! K)! " !– 1. 7 4!( d,! 1 H,! J !=! 1 2. 0! H z,! Zr – H µ ),! 1. 69!( d,! 3 H,! J !=! 6. 8! H z,! M e ),! 2. 5 3!( q,!

1 H,! J !=! 6. 8! H z,! C H M e),! 4. 1 3!( d,! 1 H,! J !=! 1 2. 0! H z,! Zr – H t),! 5. 2 7!( s,! 5 H,! C pH ),! 5. 5 7!( s,! 5 H,! C pH ),!

5. 6 2!( s,! 5 H,! C p H ),! 5. 6 7!( s,! 5 H,! C pH ),! 6. 7 0– 6. 7 2!( m,! 1 H),! 7. 0 5 – 7. 1 0!( m,! 2 H),! 7. 1 9 – 7. 2 1.! 1 3 C!

N M R!( C 6 D 6 ,! 1 0 0! M H z,! 2 9 8! K)! " !1 9. 7 ,! 4 7. 1,! 1 0 3. 6,! 1 0 5. 4,! 1 0 6. 9,! 1 0 8. 3,! 1 1 4. 5,! 1 2 1. 2,! 1 2 2. 9,!

1 2 3. 0,! 1 4 8. 7,! 1 6 6. 4Z !F TI R! . !( c mK1 ):!2 8 2 9! s, !1 4 7 0 !s !( Ht),!1 4 3 8 !s,! 1 4 0 0 !s,! 1 2 8 0 !s !( Hµ ),! 10 1 2 !s,!

8 0 2 !s,! 7 5 4 !s, !Pr e p ar ati o n! of!t h e! d e ut eri d e !a n al o g u e s! w a s! att e m pt e d,! b ut! h y dr o g e n! at o m s! ar e!

Zr
H

O

H

Zr

Z r • 8

O
Zr

H

H

H

Zr

H

+

2 e q ui v.

t ol u e n e
7 d 2 5 ° C
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s cr a m bl e d! i nt o ! t h e! p o siti o n s! t o! gi v e!  mi x e d! s y st e m s.! D u e! t o! t h e! s e n siti vit y! of! t h e ! c o m pl e x!

r e p e at e d! att e mpt s!t o! a c q uir e! s ati sf a ct or y! C H N! a n al y si s!f ail e d. !

2. 6. 2. 2 ) N M R -s c al e E x p e ri m e n t s  

U nl e s s! st at e d! ot h er wi s e,! N M R Ks c al e! e x p eri m e nt s! wit h! yi el d! c al c ul ati o n s! w er e! c arri e d! o ut! b y!

t h e!f oll o wi n g! g e n er al! pr o c e d ur e:!!

I n! a! gl o ve b o x,!t h e! st arti n g! m at eri al! ( yi el d Kd et er mi ni n g! r e a ct a nt )!w a s! w ei g h e d!i nt o! a! 4! m L!

s ci ntill ati o n! vi al.! T h e! s oli d! w a s! di s s ol v e d!i n! 0. 5! m L! of! b e n z e n e Kd 6 ,! a n d!f err o c e n e!( c a.! 2– 3! m g)!

w a s! a d d e d!t o!t h e! s ol uti o n! dir e ctl y! b y! s p at ul a.! T hi s! mi xt ur e! w a s!tr a n sf err e d! i nt o! a! J! Y o u n g’ s!

N M R!t u b e,! a n d! a! 1 H! N M R! s p e ctr u m! c oll e ct e d!f or!t h e! yi el d! c al c ul ati o n! p ur p o s e s.! T h e!t u b e! w a s!

r e o p e n e d! b a c k!i n si d e!t h e! gl o v e b o x,! a n d! e m pti e d!i nt o! a n ot h er! 4! m L! s ci ntill ati o n! vi al! c o nt ai ni n g!

t h e! r e q uir e d! a m o unt! of! s e c o n d! r e a ct a nt.! T h e! r e a cti o n! mi xt ur e! w a s! a git at e d!t o! h o m o g e n eit y!

a n d! pi p ett e d! b a c k!i nt o!t h e! s a m e! N M R!t u b e.! !

E t h y l E x c h a n g e S y n t h e s i s o f M Z n • Z r  

!

S c h e m e 2. 1 3. ) I n$ sit u!s y nt h e si s! of! p ut ati v e!
M
Z n• Z r .!

M e s B DI Z n Et )( 2 0! m g,! 0. 3 9! m m ol,! 1! e q ui v.)! w a s! w ei g h e d!i n! a! 4! m L! s ci ntill ati o n! vi al!a n d!t h e n!

di s s ol v e d!i n! b e n z e n e Kd 6 !( 0. 5! m L).! Z ir c o n o c e n e! h y dri d e! ( 9! m g,! 0. 0 2 0! m m ol,! 0. 5! e q ui v.)! w a s!

w ei g h e d! b y!r e m o v al!fr o m!t h e! b ul k! st o c k! o n!t o! s p at ul a!ti p.! T h e!l o a d! o n!t h e! s p at ul a! w a s!t h e n!

dr o p p e d!i nt o!t h e! J! Y o u n g’ s! N M R!t u b e.! T h e!r e s e al e d!t u b e! w a s! s h a k e n! a n d! t h e!r e a cti o n! mi xt ur e!

t ur n e d!fr o m! y ell o w!t o! d ar k! gr e e n.! T h e! r e a cti o n! pr o gr e s s! w a s!f oll o w e d! b y! 1 H! N M R! at! r o o m!

t e m p er at ur e.! T h e!fi n al! mi xt ur e! w a s! bl a c kKgr e e n! a n d! c o nt ai n e d! s oli d s.! !

C h l o r i d e E x c h a n g e S y n t h e s i s o f D i p p B D I M I I H • Z r  

!

S c h e m e 2. 1 4. ) Li g a n d! e x c h a n g e! s y nt h e si s! of! M
II
• Z r!( R! =! H,! M e).!

Z n
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N
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T h e!li g a n d! e x c h a n g e! s y nt h e si s! of!t h e! h et er o bi m et alli c! h y dri d e !c o m pl e x e s !(D M g• Z r ,!D Z n• Z r ,!

D M g• Z r ’)a n d! D Z n• Z r ’)! w a s! a d a pt e d!fr o m!t h e! pr e vi o u s! w or k! wit hi n!t h e! gr o u p !b e c a u s e! of! p o or!

s ol u bilit y! of!t h e! M II!h y dri d e s! c o m p ar e d!t o!t h e! al a n e .1 !I n! a! gl o v e b o x,! zir c o n o c e n e! di c hl ori d e! or!

( 1, 1'Kdi m et h yl) zir c o n o c e n e! di c hl ori d e!( 0. 0 3 4! m m ol,! 1! e q ui v.)! a n d! t h e! m ai n! gr o u p!h y dri d e )( 0.1 7 !

m m ol,! 5 !e q ui v.)! w er e! w ei g h e d! s e p ar at el y!i n! 4! m L! s ci ntill ati o n! vi al s .!B e n z e n e Kd 6 !( 0.6 !m L)! w a s!

a d d e d! t o! t h e!  m ai n! gr o u p! h y dri d e! vi al! a n d! t h e!  mi xt ur e! a git at e d! u ntil! all!  m at eri al! c o ul d! b e!

tr a n sf err e d!t o!t h e! zir c o n o c e n e! di h y dri d e! vi al.! T h e!mi xt ur e! w a s!t h e n!tr a n sf err e d! a s! e ntir el y! a s!

p o s si bl e!t o! a! J !Y o u n g ’s!t a p! N M R!t u b e ,! vi a! P a st e ur! pi p ett e.!!

C r o s s o v e r o f t h e M a i n G r o u p H y d r i d e F r a g m e n t  

!

S c h e m e 2. 1 5. ) S u b stit uti o n! of!t h e! m ai n! g r o u p! h y dri d e!fr a g m e nt!i n!t h e! h et er o bi m et alli c!

c o m pl e x e s. !

I n! a! gl o v e b o x,! M Al• Z r ) ( 1 1!  m g,! 0. 0 1 9!  m m ol,! 1! e q ui v)! w a s! u s e d! f or! t h e! di s pl a c e m e nt!

e x p eri m e nt s! wit h!t h e!r el e v a nt! Di p p B DI M IIH! c o m pl e x e s:! D 2 2 !(8 !m g,! 0. 0 0 9 !m m ol,! 0. 5! e q ui v)! a n d!

D 3) ( 9 !m g,! 0. 0 1 9! m m ol,! 1! e q u i v).!L ar g er! a m o u nt s! w er e! u s e d!t o! r e d u c e!t h e! eff e ct s! of! err or!i n!

t h e! m or e! b al a n c e d! M g/ Z n! e x p eri m e nt s!( 0. 5! m L! b e n z e n eKd 6 !s ol uti o n s).! M or e o v er,!t h e! st arti n g!

mi xt ur e! a n d! yi el d s! w er e! b a s e d! o n!t h e! p ar e nt! h y dri d e s!t o!j u d g e!t h eir! p urit y! b ef or e!t h e!r e a cti o n:!

D 2 2 !1 3 !m g !( 0. 0 1 5! m m ol,! 0. 5! e q ui v.)!a n d! D 3 !1 4! m g !( 0. 0 3 0! m m ol,! 1! e q ui v.).! D M g• Z r !or! D Z n• Z r )

w er e!t h e n! a d d e d :!2 1 !m g,! 0. 0 3 0! m m ol,! 1! e q ui v. ).!!
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C r o s s o v e r o f t h e O x a z i r c o n a c y c l e F r a g m e n t f r o m Z r • 8  

!

S c h e m e 2. 1 6. ) R e a cti o n s! of !Z r• 8) wit h! m ai n! gr o u p! p ar e nt! h y dri d e s. !

T h e! s a m e! e x p eri m e nt a l!s et! u p !w a s! e m pl o y e d !f or!all!t hr e e! M g,! Z n! a n d! Al! a n al o g u e s! of!t h e!

e x p eri m e nt! ( S c h e m e !2. 7 !a n d! S c h e m e! 2. 9 ).!T h e! yi el d! w a s! c al c ul at e d! b a s e d! o n!t h e! st arti n g!

m at eri al! Z r• 8 ) ( 1 1!  m g,! 0. 0 1 9!  m m ol,! 1! e q ui v.).! T h e! a m o u nt! of! r el e v a nt!  m ai n! gr o u p! h y dri d e!

c o m pl e x! u s e d !w a s :!M 1 !(7! m g, !0. 0 1 9! m m ol ),!D 3 !(1 8 !m g ,!0. 0 3 8! m m ol ),!a n d !D 2 2 !(1 7 !m g,! 0. 0 3 8!

m m ol) .!T h e! pr o d u ct! 9 !w a s!i d e ntifi e d!i n!t h e! 1 H! N M R! b y!t h e! p e a k s! r e p ort e d!i n!t h e! pr e vi o u sl y!

p u bli s h e d! w or k! of!t h e! gr o u p. 3 !T h e! yi el d! w a s! c al c ul at e d! b a s e d! o n!t h e! st arti n g! m at eri al! Z r• 8 .!

F or!t h e! r e a cti o n!i n! S c h e m e! 2. 8 ,!t h e! yi el d! w a s! a g ai n! b a s e d! o n!t h e! s a m e! st arti n g! s ol uti o n! of!

Z r• 8 ,! b ut))D M g• Z r !( 1 4! m g,! 0. 0 2 1! m m ol,! 1. 1! e q ui v.)! w a s!t h e n! a d d e d!i n!t h e! s a m e! w a y.!

R e a c t i o n s w i t h F l u o r i n a t e d B e n z e n e s  

B e n z e n e Kd 6 !s ol uti o n s !( 0. 4 5! m L)!of )D M g• Z r) ( 1 0! m g,! 0. 0 1 5! m m ol,! 1! e q ui v).! or!D Z n• Z r) ( 1 1! m g,!

0. 0 1 5!  m m ol,! 1! e q ui v.)!  w er e!  m a d e! u p! i n! t h e! st a n d ar d! pr o c e d ur e.!  T h e! l ar g e! e x c e s s! of!

fl u ori n at e d!b e n z e n e s !w er e! a d d e d! b y! m e c h a ni c al! mi cr o pi p ett e:! C 6 F 5 H!( 1 7! µ L,! 0. 1 5 0! m m ol,! 1 0!

e q ui v. ),! p ar a KC 6 F 4 H 2! (1 7 ! µ L,! 0. 1 5 0 ! m m ol,! 1 0 ! e q ui v.) .! Cr y st al s! of! [Di p p B DI Z n( p KC 6 F 4 H)] ! w er e!

gr o w n! b y! c o n c e ntr ati o n! of!t h e!r e a cti o n! mi xt ur e,! e xtr a cti o n! wit h! c a. !3! m L! h e x a n e,! a n d! st or a g e!

at !– 3 5! ° C.! T h e! cr o p! w a s! o nl y! e n o u g h!f or!t h e! X Kr a y! diffr a cti o n! e x p eri m e nt.!

F or![ C p 2 Zr F 2 ],!
1 H! N M R!( b e n z e n e Kd 6 ):!" $=! 5. 9 5!( s,! 1 0 H,! C p)! p p m.! 1 9 F! N M R! c h e c k e d! a g ai n st!

a!lit er at ur e!r e p ort 3 8 !(3 7 7! M H z,! b e n z e n e Kd 6 ):!" $= !+ 3 1. 0!( s,! 2 F,! Zr F 2 )! p p m.!F or![ Di p p B DI M g F] 2 !!
1 9 F!

N M R! c h e c k e d! a g ai n st! a!lit er at ur e!r e p ort 6 1 !( 3 7 7! M H z,! b e n z e n eKd 6 ):!" $=! – 1 8 7. 8!( s,! M g F)! p p m. !

F or! [Di p p B DI Z n( p <C 6 F 4 H)] !1 H! N M R!( b e n z e n e Kd 6 ):!" $= !6. 0 6 – 5. 9 7 !( m,! 1 H,! C6 F 4 H) ,!5. 0 6!( s,! 1 H ,!

C ! H ),! 3. 2 6!(s e pt. ,!4 H, !3 J H KH !=! 6. 8! H z, !C H M e 2 ),! 1. 6 7!( s,!6 H ,! N = C M e),! 1. 2 6!( d,!1 2 H, !3 J H KH !=! 6. 8!

H z,! C H M e 2 ),! 1. 1 1! ( d,! 1 2 H, ! 3 J H KH ! =! 6. 8!  H z,! C H M e 2 )! p p m.! 1 9 F!  N M R! ( b e n z e n e Kd 6 ):! " $ =! –

1 1 6. 4 9 — !– 1 1 6. 8 2!( m,! 2 H ,! FK2, 6 ),!– 1 3 9. 2 7 — !– 1 3 9. 6 3!( m ,! 2 H,! FK3, 5 )!p p m.! F or! C 6 F 4 H 2 ,!
1 H! N M R!

+ D M(II) •Zr

D 2 2
1 e q ui v.

Zr
H

O

H

Zr

Z r • 8

O
ZrM

N

N

Di p p

Di p p

H

Al

M e s

N

N
M e s

O
6 h  8 0 ° C

b e n z e n e- d 6

[ C p2 Zr H 2 ]2

9

2 e q ui v. D 3

M 11 e q ui v.
+
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( b e n z e n eKd 6 ):!" $=! 6. 1 2!( q n,! 2 H,! 3 J H KF !=! 8. 7! H z,! C Ar H)! p p m.! 1 9 F! N M R!( b e n z e n e Kd 6 ):!" $=! – 1 3 9. 4 9 !

(t,! 4 H,!3 J H KF !=! 8. 7,! C Ar F)! p p m.! !

!

Fi g u r e 2. 2 4. ) A! st a c k! pl ot! hi g hli g hti n g! a n! u n k n o w n!i nt er m e di at e!( " !=! – 1. 3 8! p p m)!i n!t h e!r e a cti o n!

of!
D
Z n• Z r )wit h! 1 0! e q ui v.! C 6 F 5 H !i n! b e n z e n eKd 6 .!!

!  

0 .00 .51 .01 .52 .02 .53 .03 .54 .04 .55 .05 .56 .06 .57 .07 .58 .0
p p m

- 2 .4- 2 .2- 2 .0- 1 .8- 1 .6- 1 .4- 1 .2- 1 .0
p p m

( h y dri d e s)n ot)t o) s c al e)

*

D Z n • Z r

Di p p B DI Z n ( p4C 6 F 4 H)

+ 1 0) e q ui v.)
C 6 F 5 H

D 3

*

5 0 ° C
b e n z e n e 4d 6

! =) – 1. 3 8) p p m)
*)( dt ,)J =) 8. 9,) 3. 5) H z )#

3 0) mi n
2 5) ° C

6 h
5 0) ° C

1 5) h
5 0) ° C

4 0) h
5 0) ° C

C 6 F 5 H

C p 2 Zr F 2

C 6 F 4 H 2

C p 2 F e
x
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D o p i n g o f H e t e r o b i m e t a l l i c C o m p l e x S o l u t i o n s  

A d diti o n! of! c a. ! 1 – 2 ! m g! of! t h e! d o p a nt!  w a s!  m a d e! vi a ! s p at ul a! dir e ctl y! t o! t h e!  N M R! t u b e!

c o nt ai ni n g!t h e !0. 0 5 5! m M !st arti n g! s ol uti o n !( b e n z en e Kd 6 ).!T h e!r e s ult s! ar e! s u m m ari s e d!i n! T a bl e!

2. 5 .!!

T a bl e 2. 5. ) T h e! arr a y! of! c o ntr ol! e x p eri m e nt s!(r o o m!t e m p er at ur e,! 1! d)!f or!i n d u c e m e nt! of!
1
H!

N M R! p e a k! s h a p e! c h a n g e.!
‡
S e q u e nti al! a d diti o n! of!

D
2 2 !a n d![ C p 2 Zr H 2 ]2! w a s! u s e d! a s!

e q ui v al e nt!t o! a d diti o n! of )III!

!

2. 6. 3 !X -r a y C r y s t a l l o g r a p h y  

2. 6. 3. 1 ) D a t a a n d P a r a m e t e r s  

X -r a y C r y s t a l S t r u c t u r e o f D M g • Z r  

C 3 9 H 5 4 M g N 2 Zr · C7 H 8 ,!M !=! 7 5 8. 5 0,!tri cli ni c,! P K1!( n o.! 2),! a !=! 1 1. 0 3 0 0 1( 1 8),! b !=! 1 8. 1 4 5 0( 3),! c !

=! 2 2. 1 4 1 9( 8)! Å,! + !=! 1 0 6. 3 4 0( 3),! ! !=! 9 0. 8 4 0( 3),  / !=! 9 0. 0 6 0 3( 1 3) °,! V !=! 4 2 5 1. 9 6( 1 8)! Å 3 ,!Z !=! 4!

(t w o!i n d e p e n d e nt! m ol e c ul e s),! 0 c al c d !=! 1. 1 8 5! g! c m – 3 ,!µ ( M oK α )! =! 0. 3 0 5! m m– 1 ,!T !=! 1 7 3! K,! y ell o w!

bl o c k s,!  A gil e nt!  X c ali b ur! 3!  E! diffr a ct o m et erZ! 1 9 5 1 6! i n d e p e n d e nt!  m e a s ur e d! r efl e cti o n s,! F 2 !

r efi n e m e nt,! R 1 ( o b s)!  =! 0. 1 0 8 0,! w R 2 ( all)!  =! 0. 3 1 7 8,! 1 3 9 7 0! i n d e p e nd e nt! o b s er v e d! a b s or pti o n K

c orr e ct e d!r efl e cti o n s![| F o |! >! 4- (|F o |),! 21 m a x !=! 5 8 °],! 9 3 7! p ar a m et er s.! C C D C! 1 4 5 4 1 0 2 .!

X -r a y C r y s t a l S t r u c t u r e o f D Z n • Z r  

C 3 9 H 5 4 N 2 Z n Zr,! M !=! 7 0 7. 4 3,! m o n o cli ni c,! P 2 1 /m !( n o.! 1 1),!a !=! 9. 0 2 0 1( 4),! b !=! 2 0. 8 8 7 8( 7),! c !=!

1 9. 4 3 6 9( 6)!  Å,!  ! ! =! 9 1. 3 5 0( 3) °,! V ! =! 3 6 6 1. 1( 2)!  Å 3 ,! Z ! =! 4! (t w o! i n d e p e n d e nt! C S Ks y m m etri c!

m ol e c ul e s),! 0 c al c d !=! 1. 2 8 3! g! c m – 3 ,!µ ( M oK α )! =! 0. 9 6 7! m m– 1 ,!T !=! 1 7 3! K,! c ol o url e s s!t a bl et s,! A gil e nt!

X c ali b ur! 3!  E! diffr a ct o m et erZ! 7 4 9 6! i n d e p e n d e nt!  m e a s ur e d! r efl e cti o n s ! (R i nt! =! 0. 0 2 8 6) ,! F 2 !

r efi n e m e nt,! R 1 ( o b s)!  =! 0. 0 5 3 7,! w R 2 ( all)!  =! 0. 1 3 1 9,! 6 2 4 5! i n d e p e n d e nt! o b s er v e d! a b s or pti o n K

c orr e ct e d!r efl e cti o n s![| F o |! >! 4- (|F o |),! 21 m a x !=! 5 7 °],! 4 0 8! p ar a m et er s.! C C D C! 1 4 5 4 1 0 3 .!

M g
H N

N
H

H

Di p p

Di p p

Zr
I

- 1. 8 6 p p m ( d d) 
- 2. 8 0 p p m ( d d)

- 1. 8 6 p p m (t) 
- 2. 8 0 p p m ( s, br)

I I I

[ C p2 Zr H 2 ]2

[ C p2 Zr H 2 ]2

-

-

I I I ( ‡)

I

D 2 2

D 2 2

I I

I I I

I I I

a d diti v e ( 1 m g)

I I I

m ai n s a m pl e
( 1 5 m g)

I

I I II I I I I I

-

-



! !
8 5 !

X -r a y C r y s t a l S t r u c t u r e o f D i p p B D I Z n ( o -C 6 F 5 H )  

C 3 5 H 4 2 F 4 N 2 Z n ,!M !=! 6 3 2. 0 7 ,!tri cli ni c,! P K1 ,!a !=! 1 0. 7 8 6 6( 6) ,!b !=! 1 1. 9 8 2 6( 6) ,!c !=! 1 3. 6 3 5 7( 6)!

Å,! + !=! 8 1. 3 3 5( 4) ,!! !=! 8 3. 1 5 3( 4) , / !=! 7 0. 4 3 4( 5) ° ,!V !=! 1 6 3 7. 2 4( 1 5 )!Å 3 ,!Z !=! 2 ,!0 c al c d !=! 1. 2 8 2! g !c m K3 ,!

µ ( M oK α )! =!0. 7 9 8!! m m – 1 ,!T !=! 1 7 3! K,! c ol o url e s s! bl o c k s,! A gil e nt! X c ali b ur! 3! E! diffr a ct o m et erZ! 6 4 4 7!

i n d e p e n d e nt! m e a s ur e d!r efl e cti o n s!(R i nt!=! 0. 0 1 9 2 ),!F 2 !r efi n e m e nt,!R 1 ( o b s)! =!0. 0 4 1 1 ,!w R 2 ( all)! =!

0. 0 8 2 3 ,!5 3 0 6 !i n d e p e n d e nt! o b s er v e d! a b s or pti o nKc orr e ct e d!r efl e cti o n s![| F o |! >! 4- (|F o |),! 21 m a x !=!

5 7 °],! 3 8 9 !p ar a m et er s. !

X -r a y C r y s t a l S t r u c t u r e o f Z r • 8  

C 2 8 H 3 0 O Zr 2 ,!M !=! 6 4 3. 0 7 ,! m o n o cli ni c,! P! 21 /c ,!a !=! 1 1. 9 7 1 1( 3)! Å , + !=! 9 0 ° ,!b !=! 8. 1 3 3 7 6( 2 0)! Å,!

! != !9 2. 8 9 3( 3) ° ,!c !=! 2 8. 8 6 4 1( 8)! Å ,!!/ !=! 9 0 ° ,!V !=! 2 8 0 6. 9 2( 1 3)! Å 3 ,! Z! =! 4,!0 c al c d !=! 1. 5 2 2! g! c m – 3 ,!

µ ( M oK α )!  =! 0. 7 6 8!  m m K1 ,! T ! =! 1 7 3!  K,! p al e! y ell o w! t a bl ul ar! n e e dl e s ,!  A gil e nt!  X c ali b ur! 3!  E!

diffr a ct o m et erZ! 5 6 2 9 !i n d e p e n d e nt! m e a s ur e d!r efl e cti o n s!(R i nt!=! 0. 0 2 3 9) ,!F 2 !r efi n e m e nt,!R 1 ( o b s)!

=! 0. 0 3 5 5 ,!w R 2 ( all)! =!0. 0 5 9 9 ,!4 8 9 0 !i n d e p e n d e nt! o b s er v e d! a b s or pti o nKc orr e ct e d!r efl e c ti o n s![|F o |!

>! 4 - (|F o |),! 21 m a x !=! 5 7 °],! 3 4 7 !p ar a m et er s. !!

2. 6. 3. 2 ) A d d i ti o n al C o m m e n t s o n t h e C r y s t al S t r u c t u r e s o f t h e 

H e t e r o bi m e t alli c C o m pl e x e s  

!!!!!!!! !

Fi g u r e 2. 2 5. ) S el e ct e d!i ntr a m ol e c ul ar! s h ort! c o nt a ct s!( s m all er!t h a n! s u m! of! v a n! d er! W a al s!r a dii)!i n
)

D
Z n• Z r) (l eft),!

D
M g• Z r) (ri ght).! C o nt a ct s! ar e! c ol o ur! c o d e d! o n! a!l o n g Kt oKs h ort /c y a n Kt oKd ar k!

bl u e! s p e ctr u m.! !

T h e! o n e Ksi d e d )D M g• Z r !c o nt ai n s! a! s h ort er! C – H KKKAr c e ntr oi d !b o n d!t h a n!i n! D Z n• Z r !( 2. 5 1 5! c o m p ar e d!

t o! 2. 6 1 4!  Å).!  T h e! c o nf or m ati o n al! fr e e d o m! of! h a vi n g! a! r e m ot e!  C p! li g a n d! c o ul d! all o w!

C H KKKAr c e ntr oi d ! i n! D M g• Z r ! t o! r e a c h! b ett er! o pti m u m! l e n gt h.!  T h e! fr e e d! u p! C p!  m a k e s! l o n g er!

i nt er m ol e c ul ar! s h ort! c o nt a ct s!  wit h!  C p! a n d! iPr! i n! t h e! cr y st al! l atti c e.!  T h e! l att er! i s! p o s si bl y!

C Ar H KKK% Ar! attr a cti o n!( C i PrH KKK% C p! =! 2. 7 2 4! Å).! !
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I ntr a m ol c ul ar! h y dr o g e n! b o n dKt y pe! i nt er a cti o n s! h a v e! b e e n! a s s ert e d! pr e vi o u sl y! i n! Di p p K

s u b stit ut e d! k eti mi n at e! a n d  ! Kdi k eti mi n at e! li g a n d s,!  w h er e b y! t h e!  m et h a n etri yl! pr ot o n! a n d!  N!

at o m! ar e!i n v ol v e d!i n! a! C – H KKKN! s h ort! c o nt a ct. 6 2 K6 4 !T h e! N! at o m! a ct s! a s! a! s oft! b a s e!t o w ar d s!t h e!

s oftl y! a ci di c! pr ot o n.! T h e s e!i nt er a c ti o n s! ar e! a p p ar e nt!i n!t h e!Di p p B DI M IIH • Zr! s p e ci e s.! T h e! pr ot o n s!

sit! n e ar!t h e! N! at o m s!( cf .! s u m! of! v a n! d er! W a al s!r a dii1 5 !=! 2. 7 5! Å),! a n d!t h eir! st o o pi n g! di st ort s!t h e!

t etr a h e dr al! g e o m etr y! of!t h e! m et h a netri yl! C iPr !at o m.! O nl y!t w o! cl o s e! c o nt a ct s! of!t hi s! ki n d! s h o w!

i n! X Al• Z r ,! a n d! t h e y! ar e!  ~ 0. 1– 0. 2!  Å! l o n g er! t h a n! i n! t h e! f o ur Kc o or di n at e!  m ai n! gr o u p!  m et al!

c o m pl e x e s: )D Z n• Z r ,!D M g• Z r !a n d! Di p p B DI Al( ) 1 KC p) R!( R! =! Et,! M e). 6 4 !!

P er h a p s! a n ot h er! n o n Kc o v al e nt!i nt er a cti o n!i n! X Al• Z r) i s!t h at! of!t h e!t er mi n al! al u mi ni u m! h y dri d e!

a n d!t h e! m et h a n etri yl! pr ot o n s:! Al – H " KKKK " + H – C iPr! ( 2. 3 0,! 2. 3 3! Å).! A n! Al– H " KKKK" + H – X!“ di h y dr o g e n!

b o n d”! h a s! n ot! b e e n!r e c or d e d! cr y st all o gr a p hi c all y, 6 5 !b ut! a n! Al – H " KKKK" + H – C!i nt er a cti o n! h a s! b e e n!

s e e n!i n! a! c o m p ut e d!i nt er m e di at e. 6 6 !T h e! n e ar!li n e ar! arr a n g e m e nt! of! H " KKKK" + H – C iPr! ( 1 5 6. 1 °)!fit s!

t h e!r e q uir e m e nt!f or! dir e cti o n alit y!i n!t h e s e! s p e ci al! h y dr o g e n! b o n d s.6 5 !

! !
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2. 6. 4 !D F T S t u d i e s  

C a l c ul ati o n s!  w er e! c o n d u ct e d! i n!  G a u s si a n 0 9.!  All!  mi ni m a!  w er e! c o nfir m e d! b y! fr e q u e n c y!

c al c ul ati o n s! a n d! s oli d Kst at e! d at a!  w er e! u s e d! a s! a n! i n p ut! f or! t h e! at o m! c o or di n at e s.!  N B O!

c al c ul ati o n s! w er e! r u n! u si n g! N B O! v 5. 9! wit hi n! g 0 9.! A! s eri e s! of!f u n cti o n al s! ( B 3 L Y P,! M K0 6 2 x,!

& B 9 7 x,! & B 9 7 x D)! a n d! b a si s Ks et s!( 6, 3 1 1 G!/! 6, 3 1 G !/! L a n L 2 D Z!/! S D D)! w er e!i n v e sti g at e d.!I n! all!

c a s e s!t h e! g e o m etri e s! w er e! c o m p ar e d! a g ai n st!t h e! s oli d Kst at e! d at a.! A n! & B 9 7 x D!f u n cti o n al! a n d!

h y bri d! b a si s! s et! 6, 3 1 1 G! ( C/ H/ N)! a n d!  S D D! ( Al/ Z n/ M g/ Zr)!  w er e ! e m pl o y e d.! Tr a n siti o n! st at e s!

w er e! c o nfir m e d! b y!i ntri n si c!r e a cti o n! c o or di n at e! c al c ul ati o n s! a n d! a! si n gl e! n e g ati v e!fr e q u e n c y!

vi br ati o n! a p p e ari n g!i n!t h e!r e s ult s! of!fr e q u e n c y! c al c ul ati o n s. !

2. 6. 4. 1 ) C al c ul a t e d S t r u c t u r e s  

S o m e! r ef er e n c e! str u ct ur e s! w er e ! b e e n! s u bj e ct e d! t o! a n!  N B O! a n al y si s,! i n! o r d er! t o!  m a k e! a!

c o m p ari s o n! b et w e e n!t h e! bi n di n g! m o d e s!i n!t h e m! a n d!t h e! str u ct ur e s!i n! Fi g ur e! 2. 5 ,! a n d! h o w!t h e!

m et h o d! q u a ntifi e s! d o n or Ka c c e pt or! b o n di n g.! !!

!

Fi g u r e 2. 2 6. ) N P A! c h ar g e s! a n d! Wi b er g! b o n d!i n di c e s!( W BI)!f or!t h e! h et er o at o m Kh et er o at o m!

b o n d s!i n! b or a n e!tri m et h yl a mi n e! a n d! a! str u ct ur e!r e p ort e d! b y !R o bi n s o n! et$ al .
8
!(& B 9 7 x D!

f u n cti o n al! a n d! hy bri d! 6, 3 1 1 G/ S D D! b a si s! s et). !

!!!!!!!!!! !

Fi g u r e 2. 2 7. ) C al c ul at e d! H O M O! of!
D
M g• Z r) (l eft)! a n d)

D
Z n• Z r) (ri g ht).!

!

B
HH

N

H

Zr

Z n

Z n

Ar

Ar

0. 5 5

– 0. 4 5

– 0. 1 6

+ 0. 9 8

+ 0. 3 4

0. 5 8

t ot al W BI ( % v al)
B = 3. 5 7 ( 1 1 9 %)
N = 3. 3 7 ( 1 1 2 %)
C = 3. 8 0 ( 9 5 %)

t ot al W BI ( % v al)
Zr = 3. 9 0 ( 9 8 %)
Z n = 1. 1 0 ( 5 5 %)

– 0. 3 6

– 0. 5 7
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2. 7 $ R E F E R E N C E S  

1 ! S.! Y o w,! S.! J.! G at e s,! A.! J.! P.! W hit e! a n d! M.! R.! Cri m mi n,! A n g e w.$ C h e m.,$I nt.$ E d. ,! 2 0 1 2,!
5 1 ,! 1 2 5 5 9– 1 2 5 6 3. !

2 ! M.! J.! B utl er! a n d! M.! R.! Cri m mi n,! u n p u bli s h e d$r e s ult s ,! 2 0 1 4.!
3 ! S.! Y o w,! A.! J.! P.! W hit e,! A.! E.! N a k o,! L.! N e v e u! a n d! M.! R.! Cri m mi n,! Or g a n o m et alli c s ,!

2 0 1 3,! 3 2 ,! 5 2 6 0– 5 2 6 2. !
4 ! A.! A.! Y ar o s h e v s k y,! G e o c h e m.$I nt. ,! 2 0 0 6,!4 4 ,! 4 8– 5 5. !
5 ! M.! S.! Hill,! D.! J.! Li ptr ot! a n d! C.! W e et m a n,! C h e m.$ S o c.$ R e v. ,! 2 0 1 6,!4 5 ,! 9 7 2– 9 8 8. !
6 ! S.! P.! Gr e e n,! C.! J.! J o n e s! a n d! A.! St a s c h,! A n g e w.$ C h e m.,$I nt.$ E d. ,! 2 0 0 8,!4 7 ,! 9 0 7 9– 9 0 8 3. !
7 ! J.! S pi el m a n n,! D.! Pi e si k,! B.! Witt k a m p,! G.! J a n s e n! a n d! S.! H ar d er,! C h e m.$ C o m m u n. ,!

2 0 0 9,! 3 4 5 5 – 3 4 5 6. !
8 ! Y.! W a n g,! B.! Q uilli a n,! C.! S.! W a n n er e,! P.! W ei,! P.! V.! R.! S c hl e y er! a n d! G.! H.! R o bi n s o n,!

Or g a n o m et alli c s ,! 2 0 0 7,!2 6 ,! 3 0 5 4– 3 0 5 6. !
9 ! B.! C or d er o,! V.! G ó m e z,! A.! E.! Pl at er o KPr at s,! M.! R e v é s,! J.! E c h e v errí a,! E.! Cr e m a d e s,! F.!

B arr a g á n! a n d! S.! Al v ar e z,! D alt o n$ Tr a n s. ,! 2 0 0 8,! 2 8 3 2– 2 8 3 8. !
1 0 ! H.! L e e,! T.! H a s c all,! P.! J.! D e sr o si er s! a n d! G.! P ar ki n,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 9 8,!1 2 0 ,!

5 8 3 0 – 5 8 3 1. !
1 1 ! M.! H or a c e k,! P.! Št ě p ni č k a,! J.! K u bi št a,! K.! F ejf ar o v á,! R.! G y e p e s! a n d! K.! M a c h,!

Or g a n o m et alli c s ,! 2 0 0 3,!2 2 ,! 8 6 1– 8 6 9. !
1 2 ! G.! B e n d er,! T.! Wi e g a n d,! H.! E c k ert,! R.! Fr ö hli c h,! C.! G.! D a ni li u c,! C.! M ü c kKLi c ht e nf el d,! S.!

N d a m b u ki,! T.! Zi e gl er,! G.! K e hr! a n d! G.! Er k er,! A n g e w.$ C h e m.,$I nt.$ E d. ,! 2 0 1 2,!5 1 ,! 8 8 4 6–
8 8 4 9. !

1 3 ! C.! J.! B all h a u s e n! a n d! J.! P.! D a hl,! A ct a$ C h e m.$ S c a n d.$ B ,! 1 9 6 1,!1 5 ,! 1 3 3 3– 1 3 3 6. !
1 4 ! A.! W.! A d di s o n,! T.! N.! R a o,! J.! R e e dij k,! J.! v a n! Rij n! a n d! G. !C.! V er s c h o or,! 1 9 8 4,! 1 3 4 9 –

1 3 5 6. !
1 5 ! A.! B o n di,! J.$ P h y s.$ C h e m. ,! 1 9 6 4,!6 8 ,! 4 4 1– 4 5 1 .!
1 6 ! S.! H ar d er,! C h e m.$ E ur.$ J. ,! 1 9 9 9,!5 ,! 1 8 5 2– 1 8 6 1. !
1 7 ! S.! S z u m a c h er,!I.! D.! M a d ur a,! J.! Z a c h ar a! a n d! A.! R.! K u ni c ki,! J.$ Or g a n o m et.$ C h e m. ,! 2 0 0 5,!

6 9 0 ,! 1 1 2 5– 1 1 3 2. !
1 8 ! O.! T a k a h a s hi,! Y.! K o h n o! a n d! M.! Ni s hi o,! C h e m.$ R e v. ,! 2 0 1 0,!1 1 0 ,! 6 0 4 9– 6 0 7 6. !
1 9 ! M.! Ni s hi o,! Y.! U m e z a w a,! K.! H o n d a,! S.! T s u b o y a m a! a n d! H.! S u e z a w a,! Cr y st E n g C o m m ,!

2 0 0 9,! 1 1 ,! 1 7 5 7– 3 2. !
2 0 ! D.! Q ui ñ o n er o,! P.! M.! D e y à,! M.! P.! C arr a n z a,! A.! M.! R o drí g u e z,! F.! A.! J al ó n! a n d! B.! R.!

M a n z a n o,! D alt o n$ Tr a n s. ,! 2 0 1 0,!3 9 ,! 7 9 4– 8 0 6. !
2 1 ! J. KD.! G u o,! D.! J.! Li ptr ot,! S.! N a g a s e! a n d! P.! P.! P o w er,! C h e m.$ S ci. ,! 2 0 1 5,!6 ,! 6 2 3 5– 6 2 4 4. !
2 2 ! M.! Y a m a k a w a! a n d!I.! Y a m a d a,! A n g e w.$ C h e m.,$I nt.$ E d. ,! 2 0 0 1,!4 0 ,! 2 8 1 8– 2 8 2 1. !
2 3 ! K.! B.! Wi b er g,! T etr a h e dr o n ,! 1 9 6 8,!2 4 ,! 1 0 8 3– 1 0 9 6. !
2 4 ! P.! C ui,! T.! P.! S p a n i ol,! L.! M ar o n! a n d! J.! O k u d a,!C h e m.$ C o m m u n. ,! 2 0 1 4,!5 0 ,! 4 2 4– 4 2 6. !
2 5 ! Y.! Z e n g,! H.! F e n g,! Y.! Xi e,! R.! B.! Ki n g! a n d! H.! F.! S c h a ef er!III,! E ur.$ J.$I n or g.$ C h e m. ,! 2 0 1 3,!

2 0 7 0 – 2 0 7 7. !
2 6 ! K.! Nij e s h,! S.! D e! a n d! P.! P ar a m e s w ar a n,! D alt o n$ Tr a n s. ,! 2 0 1 6,!4 5 ,! 7 8 3 6– 7 8 4 6. !
2 7 ! L.! K.! H ar p e r,! A.! L.! S h o af! a n d! C.! A.! B a y s e,!C h e m P h y s C h e m ,! 2 0 1 5,!1 6 ,! 3 8 8 6– 3 8 9 2. !
2 8 ! D.! G.! H a milt o n! a n d! R.! H.! Cr a btr e e,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 8 8,!1 1 0 ,! 4 1 2 6– 4 1 3 3. !
2 9 ! I.! M.! Ri d dl e st o n e,! J.! A.! B.! A b d all a! a n d! S.! Al dri d g e,!A d v.$ Or g a n o m et.$ C h e m. ,! 20 1 5,! 6 3 ,!

1 – 3 8. !
3 0 ! X.! C h e n,! S.! Li u,! C.! E.! Pl e č ni k,! F. KC.! Li u,! G.! Fr a e n k el! a n d! S.! G.! S h or e,! Or g a n o m et alli c s ,!

2 0 0 3,! 2 2 ,! 2 7 5– 2 8 3. !
3 1 ! F. KC.! Li u,! J.! Li u,! E.! A.! M e y er s! a n d! S.! G.! S h or e,! I n or g.$ C h e m.,! 1 9 9 8,!3 7 ,! 3 2 9 3– 3 3 0 0. !
3 2 ! S.! J.! B o n y h a d y,! C.! J.! J o n e s,! S.! N e m b e n n a,! A.! St a s c h,! A.! J.! E d w ar d s! a n d !G.! J.!

M cI nt yr e,! C h e m.$ E ur.$ J. ,! 2 0 1 0,!1 6 ,! 9 3 8– 9 5 5. !
3 3 ! S.! J.! B o n y h a d y,! D.! C olli s,! G.! Fr e n ki n g,! N.! H ol z m a n n,! C.! J.! J o n e s! a n d! A.! St a s c h,! N at.$

C h e m. ,! 2 0 1 0,!2 ,! 8 6 5– 8 6 9. !
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3 4 ! F. KC.! Li u,! G.! Fr a e n k el,! A.! C h o w! a n d! S.! G.! S h or e,! M a g n.$ R e s o n.$ C h e m. ,! 1 9 9 8,!3 6 ,! 1 4 5–
1 5 0. !

3 5 ! W.! C h e n,! C.! B a k e w ell! a n d! M.! R.! Cri m mi n,! S y nt h e si s ,! 2 0 1 7,!4 9 ,! 8 1 0– 8 2 1. !
3 6 ! A.! J.! P.! W hit e,! M.! R.! Cri m mi n,! O.! E k k ert,! S.! D.! A.! Str u dl e y! a n d! A.! R o z e nf el d,!

Or g a n o m et alli c s ,! 2 0 1 4,!3 3 ,! 7 0 2 7– 2 0 3 0. !
3 7 ! C.! B a k e w ell,! A.! J.! P.! W hit e! a n d! M.! R.! Cri m mi n,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 1 6,!1 3 8 ,! 1 2 7 6 3–

1 2 7 6 6. !
3 8 ! B.! L.! E d el b a c h,! A.! K.! F.! R a h m a n,! A.! K.! F a zl ur! R a h m a n,! R.! J.! L a c hi c ott e! a n d! W.! D.!

J o n e s,! Or g a n o m et alli c s ,! 1 9 9 9,!1 8 ,! 3 1 7 0– 3 1 7 7. !
3 9 ! U.! J ä g er KFi e dl er,! U.! J a e g er KFi e dl er,! P.! Ar n dt,! U.! R o s e nt h al,! M.! Kl a h n,! A.! S p a n n e n b er g,!

W.! B a u m a n n! a n d! V.! V.! B url a k o v,! J.$ M ol.$ C at al.$ A:$ C h e m. ,! 2 0 0 7,!2 6 1 ,! 1 8 4– 1 8 9. !
4 0 ! M.! R.! Cri m mi n! a n d! O.! E k k ert,! u n p u bli s h e d$r e s ult s ,! 2 0 1 7.!
4 1 ! M.! R.! Cri m mi n! a n d! M.! G.! P a dill a,! u n p u bli s h e d$r e s ult s ,! 2 0 1 7.!
4 2 ! W.! D.! J o n e s,! D alt o n$ Tr a n s. ,! 2 0 0 3,! 3 9 9 1– 3 9 9 5. !
4 3 ! B.! M.! Kr aft! a n d! W.! D.! J o n e s,! J.$ Or g a n o m et.$ C h e m. ,! 2 0 0 2,!6 5 8 ,! 1 3 2– 1 4 0. !
4 4 ! M.! R.! Cri m mi n,! M.! J.! B utl er! a n d! A.! J.! P.! W hit e,! C h e m.$ C o m m u n. ,! 2 0 1 5,!5 1 ,! 1 5 9 9 4–

1 5 9 9 6. !
4 5 ! F. KC.! Li u,! J.! Li u,! E.! A.! M e y er s! a n d! S.! G.! S h or e,! I n or g.$ C h e m.,! 1 9 9 9,!3 8 ,! 2 1 6 9– 2 1 7 3. !
4 6 ! P.! C.! W ail e s! a n d! H.! W ei g ol d,! J.$ Or g a n o m et.$ C h e m. ,! 1 9 7 0,!2 4 ,! 4 0 5– 4 1 1. !
4 7 ! B.! K a ut z n er,! P.! C.! W ail e s! a n d! H.! W ei g ol d,! J.$ C h e m.$ S o c.,$ C h e m.$ C o m m u n. ,! 1 9 6 9,!

1 1 0 5 – 1 1 0 5. !
4 8 ! F.! P.! G a b b aï,! P.! J.! C hiri k,! D.! E.! F o g g,! K.! M e y er,! D.! J.! Mi n di ol a,! L.! L.! S c h af er! a n d! S. KL.!

Y o u,! Or g a n o m et alli c s ,! 2 0 16,! 3 5 ,! 3 2 5 5– 3 2 5 6. !
4 9 ! C.! E.! K ef ali di s,! C.! J.! J o n e s! a n d! L.! M ar o n,! D alt o n$ Tr a n s. ,! 2 0 1 6,!4 5 ,! 1 4 7 8 9– 1 4 8 0 0. !
5 0 ! A.! J.! B o utl a n d,!I.! P er ni k,! A.! St a s c h! a n d! C.! J.! J o n e s,! C h e m.$ E ur.$ J. ,! 2 0 1 5,!2 1 ,! 1 5 7 4 9–

1 5 7 5 8. !
5 1 ! L.! M ar o n,! A.! St a s c h,! R.! L alr e m p ui a,! C.! E.! K ef ali di s,! S.! J.! B o n y h a d y,! S.! J.! B o n y h a d y,! B.!

S c h w ar z e! a n d! C.! J.! J o n e s,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 1 5,!1 3 7 ,! 8 9 4 4– 8 9 4 7. !
5 2 ! R.! G o n z ál e z KH er n á n d e z,! J.! C h ai,! C.! Ji a nf a n g,! R.! C h arl e s,! O.! P ér e z KC a m a c h o,! S.!

K ni aj a n s ki! a n d! S.! C olli n s,! Or g a n o m et alli c s ,! 2 0 0 6,!2 5 ,! 5 3 6 6– 5 3 7 3. !
5 3 ! S.! M.! B a l d wi n,! J.! E.! B er c a w! a n d! H.KH.! Bri nt zi n g er,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 1 0,!1 3 2 ,!

1 3 9 6 9 – 1 3 9 7 1. !
5 4 ! C.! S c h ä dl e! a n d! R.! A n w a n d er,! E ur.$ J.$I n or g.$ C h e m. ,! 2 0 1 3,! 3 3 0 2– 3 3 0 6. !
5 5 ! T.! C h u,! G.!I.! Ni k o n o v,! Y.! B o y k o! a n d!I.! K or o b k o v,! Or g a n o m et alli c s ,! 2 0 1 5,!3 4 ,! 5 3 6 3–

5 3 6 5. !
5 6 ! A.! E.! N a k o,! S.! J.! G at e s,! A.! J.! P.! W hit e! a n d! M.! R.! Cri m mi n,! D alt o n$ Tr a n s. ,! 2 0 1 3,!4 2 ,!

1 5 1 9 9 – 1 5 2 0 6. !
5 7 ! S.! Si n g h,! H. KJ.! A h n,! A.! St a s c h,! V.! J a n ci k,! H.! W.! R o e s k y,! A.! P al,! M.! Bi a d e n e,! R.! H er b st K

ir m er,! M.! N olt e m e y er! a n d! H.KG.! S c h mi dt,! I n or g.$ C h e m.,! 2 0 0 6,!4 5 ,! 1 8 5 3– 1 8 6 0. !
5 8 ! S.! H ar d er! a n d! J.! Br ett ar,! A n g e w.$ C h e m.,$I nt.$ E d. ,! 2 0 0 6,!4 5 ,! 3 4 7 4– 3 4 7 8. !
5 9 ! D.! B.! C arr! a n d! J.! S c h w art z,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 7 9,!1 0 1 ,! 3 5 2 1– 3 5 3 1. !
6 0 ! J.! S c h w art z,! K.!I.! G ell,! B.! P o si n! a n d! G.! M.! Willi a m s,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 8 2,!1 0 4 ,!

1 8 4 6 – 1 8 5 5. !
6 1 ! H.! H a o,! M. !N olt e m e y er,! H.! W.! R o e s k y,! Y.! Di n g,! C.! C ui,! M.! S c h or m a n n,! H. KG.! S c h mi dt!

a n d! B.! Ž e m v a,! J.$ Fl u ori n e$ C h e m. ,! 2 0 0 2,!1 1 5 ,! 1 4 3– 1 4 7. !
6 2 ! M.! St e n d er,! R.! J.! Wri g ht,! B.! E.! Ei c hl er,! J.! Pr u st,! M.! M.! Ol m st e a d,! H.! W.! R o e s k y! a n d! P.!

P.! P o w er,! J.$ C h e m.$ S o c.,$ D alt o n$ Tr a n s. ,! 2 0 0 1,! 3 4 6 5– 3 4 6 9. !
6 3 ! I.! D.! M a d ur a,! J.! Z a c h ar a,! K.! L e s z c z y ń s k a!a n d! A.! R.! K u ni c ki,! J.$ M ol.$ Str u ct. ,! 2 0 1 0,!9 6 8 ,!

9 3 – 9 8. !
6 4 ! K.! L e s z c z y ń s k a,!I.! D.! M a d ur a,! A.! R.! K u ni c ki,! J.! Z a c h ar a! a n d! M.! Ł o ś,! J.$ Or g a n o m et.$

C h e m. ,! 2 0 0 7,!6 9 2 ,! 3 9 0 7– 3 9 1 3. !
6 5 ! N.! V.! B el k o v a,! L.! M.! E p st ei n,! O.! A.! Fili p p o v! a n d! E.! S.! S h u bi n a,! C h e m.$ R e v. ,! 2 0 1 6,!1 1 6 ,!

8 5 4 5 – 8 5 8 7. !
6 6 ! G.! T a n,! T.! S zil v á si,! S.!I n o u e,! B.! Bl o m! a n d! M.! Dri e s s,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 1 4,!1 3 6 ,!

9 7 3 2 – 9 7 4 2. !
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“ S e e ki n g w h at i s t r u e i s n ot s e e ki n g w h at i s d e si r a bl e. ”  

Al b ert! C a m u s,! T h e$ M yt h$ of$ Si s y p h u s !

!
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C H A P T E R 3  –  I s o m e ri s a ti o n o f 
C y cl o o ct a di e n e t o C y cl o o ct y n e w it h a  
Zi n c /Zi r c o ni u m H et e r o bi m et alli c 
C o m pl e x  
!

!

!

R e a cti o n) of)t h e) zi n c/ zir c o ni u m) h et er o bi m et alli c) c o m pl e x) D Z n• Z r )wit h) c y cl o o ct a 71, 5 7

di e n e)( 1, 5 7C O D))r e s ult s)i n) sl o w)i s o m eri s ati o n)t o) c y cl o o ct a 71, 3 7d i e n e)( 1, 37C O D),) al o n g)

wit h)t h e)f or m ati o n) of) a) n e w) c o m pl e x)t h at)i n cl u d e s) a) c y cl o o ct y n e )li g a n d) bri d gi n g)t w o)

m et al) c e nt re s.)  W hil e) a n al o g o u s)  M g/ Zr) a n d)  Al/ Zr) h et er o bi m et alli c) c o m pl e x e s) ar e)

c o m p et e nt)f or)t h e) c at al yti c)i s o m eri s ati o n) of) 1, 5 7C O D)t o) 1, 3 7C O D,) o nl y)i n )t h e) c a s e) of)

t h e) zi n c) s p e ci e s)i s)t h e)tr a p p e d)c y cl o o ct y n e) o b s er v e d.) )

T h e) f a v o ur a bl e) bi n di n g) of) c y cl o o ct y n e) t o ) bri d g e ) Zr) a n d)  Z n) pr o vi d e s) a)

t h er m o d y n a mi c) dri vi n g)f or c e)f or)t h e)ot h er wi s e) c o ntr at h er m o d y n a mi c )i s o m eris ati o n.) It)

i s) s h o w n) t h at) t hi s) dri vi n g) f or c e) i s)n ot) u ni q u e)t o)t h e) Z n )c a s e,) a n d) t h er ef or e) t h at) t h e)

m e c h a ni s m) of)t h e)r e a cti o n)i s)t h e) ori gi n) of)t h e) Z n/ Zr) c o m pl e x’ s) u ni q u e) c a p a cit y)f or)t h e)

r e a cti o n.)Ki n eti c) a n al y si s )of)t h e) m e c h a ni s m )s h o w s) a) di s s o ci ati v e)r at e 7li miti n g) st e p)wit h)

a) 0 t h7or d er) d e p e n d e n c e) o n) di e n e) c o n c e ntr ati o n )a n d) 1 st 7or d er) d e p e n d e n c e) o n) D Z n• Z r .))

E x p eri m e nt al) c o ntr ol s ) s u g g e st) t hi s) st e p) t o) b e) t h e) di s s o ci ati o n) of) { C p2 Zr H 2 }) a n d)  Z n)

h y dri d e)fr a g m e nt s.) T h e )st e p)i s) s e e mi n gl y) u n att ai n a bl e) wit h) D M g• Z r )– )a n) o b s er v ati o n)

w hi c h)i s) a s cri b e d)t o)t h e) gr e at er)i n t e grit y) of)it s)µ 7h y dri d o)li n k a g e. )I niti al) D F T) m e c h a ni sti c)

st u di e s ) s er v e) t o) el u ci d at e) a) ! 7all yl) m e c h a ni s m ) of) { C p2 Zr
II}) c h ai n)  w al ki n g) al o n g) t h e)

di e n e) m oi et y ,)i n cl u di n g)r ar e) s p2 7" 7h y dri d e) eli mi n ati o n .)It)i s) pr o p o s e d)t h at) a n) al k y n e)Zr )

c o m pl e x)f or m e d) d uri n g)t hi s) pr o c e s s)i s)tr a p p e d) b y)t h e) s p e ct at or) zi n c) h y dri d e)fr a g m e nt. )

)

P art s) of)t hi s) c h a pt er) h a v e) b e e n) p u bli s h e d: )

M.! J.! B utl er,! A.! J.! P.! W hit e! a n d! M.! R.! Cri m mi n, )A n g e w.) C h e m. ,)I nt.) E d.,! 2 0 1 6,!5 5 ,! 6 9 5 1– 6 9 5 3. ! !

M  = Z n

8 0 ° C 8 0 ° C

e x c e s s

b)M =  M g , 5 m ol %a)

hi g h r ati o of
di e n e: al k e n e + al k a n e

di e n e t o al k y n e 
i s o m eri s ati o n

Di p p

M
H N

N
H

H

Di p p

Zr

iPr

iPr

Z n

H N

N
Zr

iPr
iPr
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3. 1 ) I N T R O D U C T I O N  

3. 1. 1 ! A l k y n e s a n d D i e n e s i n I s o m e ri s a ti o n  

3. 1. 1. 1 ) B a c k g r o u n d  

D e s pit e! d e c a d e s! of!r e s e ar c h!i nt o! al k e n e!i s o m eri s ati o n, 1 !t h e! c o n v er si o n! of! di e n e s!i nt o! al k y n e s!

h a s ,!t o!t h e! b e st! of! o ur! k n o wl e d g e,!li mit e d! e x p eri m e nt al! su p p ort .2, 3 !A!r el at e d!r e a cti o n,! al k e n e L

t oLal k y n e! d e h y dr o g e n ati o n,! h a s! o nl y! li mit e d! pr e c e d e nt. 4, 5 ! T h e! p a u cit y! of! e x a m pl e s ! c a n! b e!

e x pl ai n e d! b y! c o n si d eri n g!t h e!t h er m o d y n a mi c s! of!i s o m eri s ati o n.! Fr o m! g a s Lp h a s e! c al ori m etr y!

m e a s ur e m e nt s,!t h e! ∆ H f°! v al u e s!f or! 1, 3 Lb ut a di e n e! a n d! 2 Lb ut y n e! ar e! 2 6. 7 !± !0. 2! a n d! 3 4. 7 !± !0. 2!

k c al! m ol L1 ! r e s p e cti v el y.6 ! Di e n e Lt oLal k y n e! i s o m eri s ati o n! b e c o m e s! i n cr e a si n gl y! u nf a v o ur a bl e!

wit hi n! s m all! or!  m e di u m! c ar b o c y cl e sT! al k y n e! a n d! all e n e ! s p e ci e s ! w o ul d! b e! e x p e ct e d! t o!

i n c or p or at e! si g nifi c a nt! ri n g! str ai n.7, 8 !C al c ul ati o n s! of!t h e! r el ati v e! st a biliti e s!f or! C 8 H 1 2! ri n g s! ar e!

s h o w n!i n !Fi g ur e! 3. 1 .! T h e!t h e or eti c al! v al u e s! ar e! c o n si st e nt! wit h! e x p eri m e nt al!t h erm o c h e mi c al!

d at a!fr o m! T a s ki n e n! a n d! N u m m eli n. 9 !F or! e x a m pl e,! 1, 5 L!a n d! 1, 3 LC O D! ar e! s e p ar at e d! b y! 5! k c al!

m ol – 1 !a c c or di n g!t o! b ot h! e x p eri m e nt! a n d! c al c ul ati o n .!

!

Fi g u r e 3. 1. ) !!!R el ati v e! Gi b b s!fr e e! e n er gi e s!( 2 9 8. 1 5! K)! of!i s o m er s! of! C 8 H 1 2 !( B 3 LY P!f u n cti o n al!

a n d! 6 L3 1 1 G !b a si s! s et). !

C o n si st e nt!  wit h! t h e s e! d at a,! t h e!  mi cr o s c o pi c! r e v er s e! r e a cti o n,! al k y n e Lt oLdi e n e!

i s o m eri s ati o n,! c a n! b e! c at al y s e d! b y! r h o di u m/ BI N A P,1 0, 1 1 ! r ut h e ni u m! h y dri d e,1 2, 1 3 ! or! g ol d(I)!

c o m pl e x e s. 1 4 !A n! or g a n o m a g n e si u m! c o m pl e x! h a s!r e c e ntl y! b e e n! e m pl o y e d! a s! a! c at al y st!f or!t h e!

i s o m eri s ati o n! of!t er mi n al! al k y n e s!t o! all e n e s! a n d!i nt er n al! al k y n e s.1 5 !C y cl o o ct y n e !c o m pl e x e s! of!

Pt 1 6 ! a n d!  M n 1 7 ! ar e! pr o n e! t o! r e arr a n g e m e nt! i nt o! 1, 3 L! a n d! 1, 2 Ldi e n e! ( all e n e )! c o m pl e x e s !

r e s p e cti v el y.!R el e v a nt!t o! o ur! o w n! st u di e s,! g r o u p! 4! c o m pl e x e s!(i n! c o m bi n ati o n! wit h! m a g n e si u m!

r e d u ci n g! a g e nt s)! h a v e! s o m e! p e di gr e e! i n! al k e n e! i s o m eri s ati o n.!  R o s e nt h al! a n d! c o Lw or k er s!

h a v e! u s e d! gr o u p! 4! m et al l o c e n e! al k y n e! c o m pl e x e s1 8 !t o! c atal y s e!t h e!i s o m eri s ati o n! of!li n e ar! a n d!

c y cli c! di e n e s. 1 9 !St u di e s! b y! Qi a n! et) al. )h a v e! eff e ct e d! 1, 3 L!t o! 1, 5LC O D! i s o m eri s ati o n! b ot h! wit h!

[ C p2 Ti Cl 2 ]/ M g( s)!a n d! wit h! [ C p2 Ti Cl 2 ]/ Gri g n ar d! pr eLc at al y st! mi xt ur e s .2 0 !M e c h a ni sti c! a s si g n m e nt s!

i n!t hi s!ar e a! m u st! b e! c a uti o u s.! A s! h a s! b e e n! di s c u s s e d!i n! C h a pt er! 1,! b ot h! Gri g n ar d! a n d! M g ( s)!

r e d u cti o n s! of![ C p2 M Cl 2 ]! m a y! yi el d! u n e x p e ct e d! MIII!h y dri d e s !a s! w ell! a s!{ C p 2 M
II}.! T h e! a b s e n c e!

or! pr e s e n c e! of! a! h y dri d e! li g a n d!i n!t h e! a cti v e! s p e ci e s! m a y! di sti n g ui s h! b et w e e n!t w o!pr e v al e nt!

m e c h a ni s m s.! !

•

Δ G

( k c al m ol - 1) + 1 9 + 1 5 - 1. 50. 0 - 5
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3. 1. 1. 2 ) M e c h a ni s m s  o f Al k y n e/ Di e n e I s o m e ri s a ti o n  

Al k y n e/ d i e n e!i s o m eri s ati o n!i s!p er h a p s! u n a p pr e ci at e d!i n!t h e! wi d er!fi el d !of! a! s p e cifi c! c a s e! of!

al k e n e!i s o m eri s ati o n ,! b ei n g! wit h o ut! e x pli cit! c o n si d er ati o n!i n!r e vi e w! arti cl e s.!F or! m o n o Lal k e n e !

i so m eri s ati o n !th er e! ar e!t w o! pr e v al e nt! m e c h a ni s m s!f or!t h e! m o v e m e nt! of! a! C = C! b o n d! al o n g! a!

c ar b o n! c h ai n. 2 1 !B ot h! m e c h a ni s m s !i n v ol v e!r ot ati o n! of! M– C! b o n d s! i n!i nt er m e di at e s,! w hi c h!a ct s!

a s!t h e! s el e cti o n! e v e nt!i n!t h e! g e n er ati o n! of!t h e!i s o m er s .!F or! m et al! c e ntr e s !i n! p o s s e s si o n! of! a!

h y dri d e!li g a n d !([ M]– H) ,!r e v er si bl e!i n s erti o nLeli mi n ati o n! of!t h e! C = C! b o n d! i s! m o st! c o m m o n.!!

!

Fi g u r e 3. 2. ) T h e! t w o! g e n er al! m e c h a ni s m s!of! al k e n e!i s o m eri s ati o n!i n!t h e! c o nt e xt! of!

al k y n e / di e n e!i s o m eri s ati o n!b y! a! m et al! c e ntr e,![ M] .!

T h e! g e n er al! m e c h a ni s m!i s! e a sil y! a d a pt e d!f or! al k y n e/ di e n e!i s o m eri s ati o n!( Fi g ur e! 3. 2 a,! M –

H! i n s erti o n Leli mi n ati o n!  m e c h a ni s m):! it! h a s! l o n g! b e e n! pr o p o s e d! f or! r ut h e ni u m! h y dri d e!

e x a m pl e s! of! al k y n e Lt oLdi e n e! i s o m eri s ati o n. 1 2 ! T h e! c ar b o n Lc ar b o n!  m ulti pl e! b o n d! i s!

h y dr o m et all at e d,! a n d! s u b s e q u e ntl y! " Lh y dri d e! eli mi n ati o n!  m a y! o c c ur! fr o m! t w o! alt er n ati v e!

p o siti o n s!t o! gi v e!t h e! di e n e!i s o m er s.! T h e! h y dr o g e n! at o m s! ar e!i nt er m ol e c ul arl y! e x c h a n g e d!t o!

f a cilit at e! t h e! s h uttli n g! of! t h e! u n s at ur ati o n! ( a s! s h o w n! i n! Fi g ur e! 3. 2 a! b y! t h e! r e d! H! a t o ms ).!

C at al yti c!t ur n o v er!i s! p o s si bl e! u p o n!t h e!r ef or m ati o n! of!t h e! m et al! h y dri d e! c o m pl e x.! !

F or! al k e n e!i s o m eri s ati o n! b y! m et al! c at al y st s! wit h o ut) a! h y dri d e!li g a n d,!t h e!  ! Lall yl! m e c h a ni s m!

i s! t h e!  m ai n!  m e c h a ni sti c! alt er n ati v e.!  Aft er! al k e n e! c o m pl e x ati o n! t o! [ M],! a n!all yl! C – H! b o n d!i s!

o xi d ati v el y! a d d e d! a cr o s s!t h e! m et al! c e ntr e,! a n d!t h e! m et al! c e ntr e! g ai n s! a! ! Lall yl! a n d! a! h y dri d e!

li g a n d.!R e d u cti v e! eli mi n ati o n! of!t h e s e!li g a n d s! m a y! gi v e! diff er e nt! al k e n e!i s o m er s,! d e p e n di n g!

[M ] –H or [M ]

1 2

3 4 1

2 3

4

H '[M ]

[M ] H

[M ] H

•

H

H[M ]

H

1 2

3

4

1

23

4 1

2 3

4

[M ]

•
1 2

3

4

[M ] H

1
2 3

4

H

H

[M ] H

4

H

1
2 3

H

M – H i n s erti o n- eli mi n ati o n

[M ]

π - all yl

η 3 - pr o p ar g ylη 3 - h o m o all e n yl

al k y n e/ di e n e i s o m e ri s a ti o n

a) b)
4

1

2 3
H
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o n! w hi c h! C Lp o siti o n! of!t h e! ! Lall yl! m oi et y!r e c ei v e s!t h e! H! at o m.! O v er all,!t hi s!i s !a n!i ntr a m ol e c ul ar!

mi gr ati o n! of!t h e! h y dr o c ar b o n’ s! pr ot o n s .!It!is! a! si mil arl y! w ell Lk n o w n! m e c h a ni s m, 2 1 !a n d!it! h a s!

b e e n! pr o p o s e d!f or! s o m e! of!t h e! af or e m e nti o n e d! e x a m pl e s! of! c y cl o di e n e!i s o m eri s ati o n. !!

I n! Fi g ur e! 3. 2 b ,! t h e ! Lall yl!  m e c h a ni s m ! h a s! b e e n! r e pr e s e nt e d! wit hi n ! al k y n e /di e n e!

i s o m eri s ati o n.!A c c or di n gl y,!t h e! all yl! i nt er m e di at e!m u st! b e c o m e!t h e !m or e! e x oti c! pr o p ar g yl !a n d!

h o m o all e n yl !s p e ci e s .!It!i s!at! t h e s e!i nt er m e di at e s!t h at!# 3 L# 1 !sli p p a g e! all o w s!f or! a n !M – C! b o n d!

ar o u n d!  w hi c h! r ot ati o n! c a n! o c c ur .! T h u s ! o c c ur s! t h e! s el e cti o n! e v e nt! i n! t h e! al k y n e/ di e n e !

i s o m eri s ati o n.! T h e! r e sti n g! h a pti cit y! of! pr o p ar g yl! i nt er m e di at e s! i s!  m et al L! a n d! li g a n d L

d e p e n d e nt :2 2 !a n  # 3 Lpr o p ar g yl!i nt er m e di at e !i s!vi a bl e ,2 3 L2 5 !b ut !a !f a v o uri n g!of !# 1 Lpr o p ar g yl!li g a n d!

i s! al s o! p o s si bl e.2 6, 2 7 ! N M R! st u di e s! h a v e! s u g g e st e d! a! zir c o n o c e n e! pr ef er e n c e! f or! a n  # 3 L

pr o p ar g yl! c o m pl e x!(r at h er!t h a n! a n  # 1 Lall e ni c!f or m)!i n! o n e!i n st a n c e. 2 8 !!A! m et al! ! Lh o m o all e n yl !

c o m pl e x !(Fi g ur e! 3. 2 b) !i s!e x c e pti o n all y! r ar e,! b ut! h a s! b e e n! r e p ort e d! a s! a n !e x o Lal k yli d e n e L# 3 L

all yl !li g a n d! of! R e! b y!C a s e y !a n d! c o Lw or k er s .2 9 !A g ai n,! a n! # 1 Li s o m er!i s!t h e or eti c all y! p o s si bl e,!

a n d! p er h a p s!  m or e! li k el y! b e c a u s e! of! t h e! c o n str ai nt s! of!  C = C! c o or di n ati o n! i m p o s e d! b y! t h e!

ort h o g o n alit y! of! t h e! all e ni c! ! Lb o n d s .! It! h a s! b e e n! s h o w n! t h at! t h e! all e n e!a d d u ct!  m a y! b e! t o o!

st a bl e!t o! all o w!t h e!f ull!r e a cti o n! or! c at al yti c!t ur n o v er. 3 0 !A!r el at e d! n o n Lr e d o x!v er si o n! of!t h e! all yl !

m e c h a ni s m! h a s! b e e n! pr o p o s e d!f or !t h e!g ol d (I)! al k y n e Lt oLdi e n e! c at al y si s !m e nti o n e d! a b o v e T!it!

i n v ol ve s !a n c hi m eri c! a s si st a n c e !b y !a! p e n d a nt! a mi n e ,! d e pr ot o n ati n g!t h e! c o or di n at e d! al k y n e! at!

t h e! pr o p ar g yl! p o siti o n.1 4 !!

T h e! si n gl e! e x a m pl e! of! di e n e 7t o7al k y n e ! i s o m eri s ati o n! i s! st oi c hi o m etri c all y! eff e ct e d! b y!

[ C p *2 T a H 3 ]! a n d!pr o d u c e s! a n! al k y n e!li g a n d! b o u n d!t o! { C p * 2 T a H} .2 !T h e! r e a cti o n!i n v ol v e s!t w o!

e q ui v al e nt s! of! b ut a L1, 3 Ldi e n e,! o n e! of! w hi c h!i s! h y dr o g e n at e d! b y!t h e! m et al! c o m pl e x! t o! gi v e! b utL

1 Le n e ,!a n d! t h e! ot h er! c o n v ert e d!t o!th e !T a III!h y dri d e !s p e ci e s !(S c h e m e! 3. 1 a ).!Pr e s u m a bl y,!t h e!

al k y n e! a d d u ct!i s! pr ef err e d! o v er! al k e n e! or! all e n e! a n al o g u e s!f or!it s! str o n g er! st a bili s ati o n! of!t h e!

T a! c e ntr e.! T hr o u g h! t h e! a ut h or s’! pr e p ar ati o n! of!t h e! h y dri d o!i nt er m e di at e s,!t h e y!d e d u c e d!t h e!

i n s erti o nLeli mi n ati o n!  m e c h a ni s m ! – ! t h e! a nti Lcl o c k wi s e ! r e a cti o n! i n! Fi g ur e! 3. 2 a. ! H o w e v er,! n o!

al k yl! i nt er m e di at e s!  w er e! i s ol at e d! a n d! n o! i s ot o p e! l a b elli n g! e x p eri m e nt s!  w er e!  m a d e,! s o! t h e!

m e c h a ni sti c! a s si g n m e nt! i s! i nc o m p l et e.!Bri n k m a n n! et) al. ! p u bli s h e d! a! { C p *2 Ti}! st u d y! s e v e n!

y e ar s! aft er w ar d s :!is o m eri s ati o n! of! a n! # 3 Lall yl!t o! a n !# 1 L1 Lpr o p e n yl!li g a n d !(S c h e m e! 3. 1 b) !w a s!

r e v e al e d!t o! pr o c e e d! vi a !a n! all e n e! a n d!t h e n! a! pr o p y n e !c o m pl e x. 3 1 !T h e! m e c h a ni s m!i n! Fi g ur e!

3. 2 b!  w a s! i m pli e d! b y! t h e s e! s p e ci e s! a n d! t h e! t w o! ot h er! i nt er m e di at e s! c h ar a ct eri s e d ! i n) sit u.!

Tit a ni u m!i s!i n!t h e! + 3! o xi d ati o n! st at e!t hr o u g h o ut.! T h e! m et al!r e d o x!i s!r e pl a c e d! b y!i n v ol v e m e nt!

of!t h e! r e d o xLa cti v e!f ul v e n e / c yc lo p e nt a di e n e !li g a n d.!!!
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S c h e m e 3. 1. ) a)! T h e! di e n e Lt oLal k y n e !i s o m eri s ati o n!r e p ort e d! b y! Gi b s o n,! P ar ki n! a n d!B er c a w. !b)!

Bri n k m a n n! et) al. ’ s!i s o m eri s ati o n! of! a n!# 3
Lall yl!li g a n d .!

3. 1. 1. 3 ) A i m s  

H er ei n,! w e! s h o w!t h at!t h e!i s o m eri s ati o n! of! c y cl o o ct a di e n e s !t o! c y cl o o ct y n e!i s! p o s si bl e! wit hi n!

t h e! c o or di n ati o n! s p h er e! of ! D Z n• Z r .) C at al yti c! di e n e! i s o m eri s ati o n! i s! a c hi e v e d!  wit h! D M g • Z r,!

M Al • Z r,! a n d!Z r • Z r.!Pri m aril y,! t h e!i nt er e st!li e s!i n!t h e!r e a s o n!f or!t h e!‘ h et er o bi m et alli c! eff e ct’:!t h e!

e x cl u si vit y! of!t h e!tr a n sf or m ati o n!t o! D Z n• Z r )a n d! n ot!it s! M g! a n d! Al! c o u nt er p art s .!Wit h!t hi s!i n! mi n d!

t h e! gr o u n d! st at e! str u ct ur e! of!t h e! o ct y n e! pr o d u ct! h a s! b e e n!a n al y s e d !i n!j u xt a p o siti o n! wit h!t h e!

st arti n g!  m at eri al s .!  S u b s e q u e ntl y,! c o ntr ol,! ki n et i c! a n d! t h e or eti c al! e x p eri m e nt s! h a v e! all o w e d!

di s c u s si o n! of!t h e!r e a cti o n! m e c h a ni s m! wit h!r e g ar d s!t o! Fi g ur e! 3. 2 !a n d! S c h e m e! 3. 1 .!

C p* 2 T a H 3
C p* 2 T a H

2+ +
5 d, 1 1 0 ° C

t ol u e n e

a)

b)
TiC p*

H TiC p*
H

H

H
H

TiC p*

TiC p*
TiC p*TiC p*

H

H H
H

HH

5 h, 2 0 ° C
b e n z e n e- d 6

r ot ati o no b s er v e d b y 
1 H N M R



!

!

9 6 !

3. 2 ) R E S U L T S  

3. 2. 1 !C y c l o o c t a d i e n e I s o m e r i s a t i o n R e a c t i o n s  

T h e!r el at e d! bi m et alli c! c o m pl e x e s !D M g• Z r ,!M Al• Z r ,! a n d!Z r• Z r !c o n si st e ntl y! gi v e! mi xt ur e s! of! 1, 3 L

C O D,! c y cl o o ct e n e,! a n d! c y cl o o ct a n e!fr o m! 1, 5 LC O D.! A! s u m m ar y! of!t h e!r e s ult s!f or!t h e! c at al y si s!

i s! s h o w n!i n!T a bl e! 3. 1 .! T h e! M g! c o n g e n er! si m pl y! c at al y s e s!t h e! e x p e ct e d!i s o m eri s ati o n! of!t h e!

di e n e! o v er! 3! d! at! 8 0 ° C.! W hil st! a!l ar g e! a m o u nt! of! D M g• Z r !s ur vi v e s!t h e! pr o c e s s! a n d!i s! d et e ct a bl e !

i n! t h e! pr o d u ct!  mi xt ur e,! t hi s!  w a s! n ot! t h e! c a s e! f or! M Al• Z r ! o r! si m pl y) Z r • Z r.!  B ot h! c o m pl e x e s!

c at al y s e! t h e! i s o m eri s ati o n,! b ut! n eit h er! c o m pl e x! s ur vi v e s! t h e! fir st!  mi n ut e s ! of! r e a cti o n! ti m e .!

Tr a c e! a m o u nt s! of! 1, 4 LC O D! a n d! c y cl o o ct a n e! w er e! o b s er v e d!i n! all! c a s e s. !

T a bl e 3. 1. ) R e s ult s! of! c at al y st! c o m p ari s o n! e x p eri m e nt s! wit h! c at al y st s!
D
M g• Z r ,!

M
Al• Z r ,! a n d!

Z r• Z r .!

!

T h er e!i s! a! v er y! hi g h! o v er all! yi el d! of!t h e! c at al y si s! u si n g! M Al• Z r ,!a n d!t h e! c o n diti o n s! ar e!f a cil e.!

H o w e v er,! it! s e e m s! t h at! t h e! c o n s u m pti o n! of! t h e! pr e Lc at al y st! l e a d s! t o! l ar g er! a m o u nt s! of!

c y cl o o ct a di e n e! h y dr o g e n ati o n.! Z r• Z r !d o e s! n ot! s uff er!fr o m!t hi s! pr o bl e m! w h e n! 0. 5! m ol %! of!t h e!

c o m pl e x! i s!d e pl o y e d.!  T h e!  M g! c o m p o u n d!  m a n a g e s! a! g o o d! o v er all! yi el d!  wit h! l o w! l e v el s! of!

h y dr o g e n at e d! pr o d u ct.! At!l o w er!l o a di n g s,! c at al y si s! wit h! D M g• Z r !s h ut s! d o w n.! R e p e at e d! a n d!

p orti o n wi s e ! a d diti o n! of! t h e! s u b str at e! t o! a! D M g• Z r ! c at al yti c! r u n ! (at! 5 0! ° C )! f o u n d! a n! u p p er!

e sti m at e !of! T O N !t o! b e! 7 0.!F or! c o m p ari s o n,!t h e! T O N) f or!Z r• Z r !at! 1! m ol %!l o a di n g! a n d! 2 5! ° C! i s!

i n! e x c e s s! of! 1 0 0.!Is o m eri s ati o n! u si n g! t h e!M g! c at al y st!i s! n ot!i n hi bit e d! b y! pr e s e n c e! of! e x c e s s!

tri m et h yl p h o s p hi n e.!

T h e ! r e a cti o n! of!D Z n• Z r !wit h! 1, 5 LC O D! i n! b e n z e n e Ld 6 !at! 8 0  ° C! r e s ult e d! i n!  m or e! t h a n! 5 0 %!

c o n v er si o n! of! t h e! h y dr o c ar b o n!  wit hi n! 2 4 "h! a n d! f or m ati o n! of! 1, 3 LC O D ,! 1, 4LC O D ! a n d!

t e m p. 
( ° C)

5

5

1

1

8 0

2 5

2 5

2 5

9

1

4 8

1 2 2

7 0

> 9 5

3 5

8 0

2 0: 1

1 1: 1

1 0: 1

2 7: 1

ti m e
( h)

1, 3- C O D
: C O E

l o a di n g
( m ol %)

c o m bi n e d
yi el d ( %)

6 0

0

0

0

c at al y st
r e m ai n s ( %)

b

a

a T h e r ati o i s a n e sti m at e b a s e d o n t h e r el ati v e p e a k h ei g ht s of e a c h pr o d u ct i n t h e 2. 1 5 – 2. 0 3 p p m 

wi n d o w.  b O v er 1 h at 2 5 ° C, t h e yi el d di mi ni s h e d ( 2 4 0 h, 7 5 %) a n d a tr a c e of o ct a n e w a s 

o b s er v e d.

b

c at al y st

C 6 D 6
2 5 or 8 0 ° C

c at al y st
+ +

M Al • Z r

Z r • Z r

D M g • Z r

+

0. 3 7 M
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c y cl o o ct e n e! ( a! s u m! t ot al! of! 8 0 %! yi el d! b a s e d! o n! 1, 5 LC O D),! t h e! h et er o bi m et alli c! c o m pl e x )

D Z n• 1 0 !( 8 5 %! b a s e d! o n!D Z n• Z r ),! a n d!tr a c e! c y cl o o ct a n e!(S c h e m e! 3. 2 ).! 

!

S c h e m e 3. 2. ) I s o m eris ati o n! of! 1, 5 Lc y cl o o ct a di e n e! wit h!
D
Z n• Z r .!

O v er!t h e! c o ur s e! of!t h e! r e a cti o n,!t h e! h y dri d e! r e s o n a n c e s! of !D Z n• Z r !o b s er v e d! at! $ )=! – 1. 0 9!

( d,!2 J H LH = 8. 3 "H z),! – 2. 0 7! ( d, !2 J H LH ! = ! 6. 3 "H z)! a n d! 1. 8 0! ( d d, !2 J H LH ! = ! 8. 3,! 6. 3 "H z) "p p m! sl o wl y!

d e cr e a s e d! i n! i nt e n sit y! a n d!  w er e! r e pl a c e d! b y! a! n e w! r e s o n a n c e! at ! $ ) =! – 1. 2 2! ( s) "p p m.!  T h e!

pr ot o n s! a dj a c e nt!t o!t h e! u n s at ur at e d! c ar b o n – c ar b o n! b o n d!i n !D Z n• 1 0 !ar e! o b s er v e d! a s! a! s eri e s!

of! o v erl a p pi n g! m ulti pl et s! at !$ )= !3. 1 3 – 3. 1 8 "p p m,! w hil e!t h e !1 3 C "N M R!r e s o n a n c e s! of!t h e! al k y n e!

a p p e ar! at !$ )=! 1 1 1. 9! a n d! 1 8 4. 3 "p p m !f or!C µ !a n d! C % !r e s p e cti v el y.!T h e s e! s hift s! ar e!i n! g e n er al!

a gr e e m e nt! wit h! pr e c e d e nt s!( w hi c h !w er e! di s c u s s e d!i n! C h a pt er! 1). 3 2 L3 5 !F or! f urt h er!c o m p ari s o n,!

th e! m o n o m et alli c! c y cl o h e x y n e !a d d u ct ,![C p 2 Zr (# 2 LC 6 H 8 )•P M e 3 ],! h a s! 1 3 C! N M R! r e s o n a n c e s! at!!

$ )= !1 5 0. 0! a n d ! 1 8 1. 6 ! p p m! f or! t h e!  C ≡ C! at o m s. 3 6 ! A n! a n al o g o u s! p h o s p hi n e! a d d u ct!  w a s! n ot!

i d e ntifi e d! b y!1 H! or! 3 1 P! N M R! s p e ctr o s c o p y! w h e n !t h e!r e a cti o n!i n!S c h e m e! 3. 2 !w a s!r u n! wit h! o nl y!

1. 5 !e q ui v.! of! c y cl o o ct a di e n e !a n d !i n!t h e! pr e s e n c e! of! 5! e q ui v.!tri m et h yl p h o s p hi n e.!D Z n• Z r !w a s!

o b s er v e d!t hr o u g h o ut. !A! p ur e! s a m pl e! of! c o m pl e x !D Z n• 1 0 !c at al y s e s!t h e!i s o m eri s ati o n! of! 1, 5 L

C O D!t o! 1, 3 LC O D! at! 5 "m ol "%!l o a di n g! a n d! 8 0  ° C.! T h e!r e a cti o n!i s! al b eit! e xtr e m el y! sl o w,!t a ki n g!

a! p eri o d! of! 4 "w e e k s,! a n d! n o! D Z n• Z r) i s! o b s er v e d.!

T a bl e 3. 2. ) R e s ult s! of! 1, 5 LC O D!i s o m eri s ati o n! wit h!
D
Z n• 1 0) a s !c at al y st. !

!

3. 2. 2 !S t r u c t u r a l A n a l y s i s o f t h e C y c l o o c t y n e A d d u c t  

C o n si d er ati o n! of!t h e! D e w ar LC h a ttLD u n c a n s o n! m o d el!f or!t h e! bi n di n g! of! al k e n e s! or! al k y n e s!t o!

gr o u p! 4! m et al s! wit h! a! d 2! el e ctr o n !c o nfi g ur ati o n!l e a d s!t o!t w o !e xtr e m e! b o n di n g! pi ct ur e s:! a! Zr II!

a d d u ct! or! a!  Zr I V! t hr e eLm e m b er e d!  m et all a c y cl e.!  Gr o u p! 4!  m et all o c e n e! pr e c e d e nt s! ar e!

iPr

iPr

Z n

H N

N
Zr

iPr
iPr

 C6 D 6

8 0 ° C, 2 4 h

6. 5 e q ui v.

D Z n • Z r D Z n • 1 0  ( 8 5 %)

iPr

iPr

Z n
H N

N
H

H
Zr

iPr
iPr

c a. 3: 1

6 0 %
yi el d fr o m 
1, 5- C O D

+

+

tr a c e

+

+

2 0 %

5 8 0 7 3 0 8 5 2 0: 1 6 5D Z n • 1 0

a T h e r ati o i s a n e sti m at e b a s e d o n t h e r el ati v e p e a k h ei g ht s of e a c h pr o d u ct i n t h e 2. 1 5 – 2. 0 3 p p m 

wi n d o w.

t e m p. 
( ° C)

ti m e
( h)

1, 3- C O D
: C O E

l o a di n g
( m ol %)

c o m bi n e d
yi el d ( %)

R B D I M • Z r

r e m ai n s ( %)
ac at al y st
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c o m m o nl y! d e e m e d! t o! b e ! t h e! l att erT! et h yl e n e! c o m pl e x e s! of!  Ti! a n d!  Zr!  m et all o c e n e s! e x hi bit!

c o n si d er a bl e! d ! – ! *! b a c k Ld o n ati o n! a n d! h a v e! b e e n! f or m ul at e d! a s!  m et all a c y cl o pr o p a n e!

c o m pl e x e s. 3 7, 3 8 ! T h e! C – C ! m ulti pl e! b o n d!i n! B u c h w al d! et) al. ’ s! c y cl o h e x y n e! a d d u ct! [ C p2 Zr( # 2 L

C 6 H 8 )• P M e3 ]! w a s!j u d g e d!t o! b e!i n di c ati v e! of! a! m et all a c y cl o pr o p e n e!m oi et y .3 6 !!

T w o! e xtr e m e,! a n d! si m plifi e d,! b o n di n g! pi ct ur e s! c a n! b e! b uilt! f or! D Z n• 1 0 ! (Fi g ur e! 3. 3 ):! a!

c y cl o o ct y n e!  Zr II! c o m pl e x! ( A )! a n d!  ZrI V! d im et all a bi c y cl i c! c o m pl e x e s! ( B ! a n d! C ).!  Aft er! a n!

e xt e n si v e !e x p eri m e nt al! s ur v e y! of! Zr/ Al Lbri d gi n g! al k y n e s! a n al o g o u s!t o! D Z n• 1 0 ,)Er k er! a n d! c o L

w or k er s! p o sit e d!t h e! d o mi n a n c e! of! B !(a n d!r el at e d! d e s cri pti o n s )!f or!t h e! m otif.3 3 !!

!

Fi g u r e 3. 3. ) S o m e! e xtr e m e! b o n di n g! d e s cri pti o n s! of!
D
Z n• 1 0 .!

I n!t h e! s a m e! y e ar! Gl eit er!et) al.) c o m pil e d! a n! a b)i niti o) m ol e c ul ar! or bit al! st u d y! of!t h e! g e n er al !

Al/ Zr ! c or e! s y st e m. 3 9 ! It! f o u n d! a! fi v eLm e m b er e d! di m et all a c y cli c! c o v al e nt! str u ct ur e.! It!  w a s!

a p p ar e nt!t h at!t h e! C µ )w a s! st a bili s e d! b y! & Ld o n ati o n !t o! Zr! a n d!t h e! g o o d! d o n or! pr o p erti e s! of! Al!

a n d! C % .!Wit h! n o! b a c k Ld o n ati o n!fr o m! Zr !t o!C µ ,!t h e! c o n cl u si o n s!fit! a!B 2) c h ar a ct er.! A n al y si s! of!

o ur! o w n! str u ct ur al! d at a!t a k e s!t h e s e!fi n di n g s !i nt o! c o n si d er ati o n.!

3. 2. 2. 1 ) E x p e ri m e n t al D a t a  

F oll o wi n g! a! pr e p ar ati v e Ls c al e! e x p eri m e nt, !D Z n •1 0 !w a s!i s ol at e d! a s! si n gl e! cr y st al s!fr o m! a n !n L

h e x a n e! s ol uti o n! at! – 3 5  ° C.! T w o!i n d e p e n d e nt! m ol e c ul e s! w er e! o b s er v e d!i n!t h e! u nit! c ell.! T h e s e!

m ol e c ul e s! diff er ! v er y! sli g htl y ! wit h! r e s p e ct! t o! t h e! c o nf or m ati o n! of! t h e! c y cl o o ct y n e! ri n g T! o n e!

c o nf or m er! h a s!t e n! p erf e ctl y! e cli p s e d! C – H! b o n d s !(Fi g ur e! 3. 4 ,!ri g ht).! N e v ert h el e s s,!k e y! b o n d!

di st a n c e s! a n d! a n gl e s! a b o ut! t h e! bi m et alli c! c or e! d o! n ot! v ar y! si g nifi c a ntl y! a n d! a! si n gl e! d at a! s et!

h a s! b e e n!i n cl u d e d !(Fi g ur e! 3. 4 !– !i m a g e! o n!t h e!l eft! s h o w s! g e o m etr y! of!t h e! bri d gi n g!li g a n d s).!!

T h e! zir c o ni u m! a n d! zi n c! m et al! c e ntr e s !ar e! bri d g e d! b y! n ot! o nl y!t h e! al k y n e!li g a n d! b ut! al s o! a!

si n gl e! h y dri d e.! T h e! Zr LLLZ n! di st a n c e! of! 2. 7 9 4 3( 3) "Å!i s! a p pr o xi m at el y! 0. 1 "Å! s h ort er!t h a n!t h at!

o b s er v e d!i n!t h e! p ar e nt! c o m pl e x !D Z n •Z r .! T h e! Z n– C! b o n d!l e n gt h! of! 2. 1 9 8( 2) "Å!i s! sli g htl y!l o n g er!

iPr

iPr

Z n

H N

N
Zr

iPr
iPr

iPr

iPr

Z n

H N

N
Zr

iPr
iPr

iPr

iPr

Z n

H N

N
Zr

iPr
iPr

iPr

iPr

Z n

H N

N
Zr

iPr
iPr

B 1

B 2
A C

o ct y n e c o m pl e x

zir c o n a c y cl o pr o p e n e

zir c o n at e c o m pl e x
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t h a n! t h e! 1. 9– 2. 1 "Å! r a n g e! e st a bli s h e d! f or! n o n Lbr i d gi n g! Z n – C! & Lb o n d s,! b ut! s h ort er! t h a n! t h e!

r a n g e! of! 2. 2– 2. 3 "Å!r e p ort e d!f or! str o n gl y! ! Lc o or di n at e d! al k e n e! c o m pl e x e s! of! Z n II.4 0 !!

!!! !

Fi g u r e 3. 4. ) T w o! vi e w s !of!t h e! c r y st al! str u ct ur e!( 5 0 %! pr o b a bilit y! elli p s oi d s)!of! m ol e c ul e! A!i n!t h e!

u nit! c ell! of!
D
Z n• 1 0 .!H y dr o g e n! at o m s! ar e! o mitt e d! s a v e!t h o s e! o n!t h e! c y cl o o ct y n e!fr a g m e nt !

a n d!t h e! h y dri d e!li g a n d. !S el e ct e d! b o n d!l e n gt h s![ Å]! a n d! b o n d! a n gl e s![ °]: !Zr( 1 A) – C C p !

2. 5 0 3( 3) – 2. 5 6 5( 3)T! Z n( 1 A) LN( 3 A)! 2. 0 0 9 7( 1 8)T! Z n( 1 A) LN( 1 A)! 2. 0 1 0 1( 1 8)T! N( 3 A) LZ n( 1 A) L

N( 1 A)! 9 6. 5 2( 7) !

T h e !s y nt h e si s! of! t h e!r el at e d! c o m pl e x e s! w a s! pi o n e er e d! b y! B u c h w al d,! Er k er,! a n d! ot h er s! a s!

p art! of! st u di e s!i nt o! pl a n ar!t etr a c o or di n at e! c ar b o n! s p e ci e s! of!t h e!f or m! R 2 C M 1 M 2 !( M1 != !Zr,! M 2 != !

Zr,!  Al,!  G a,!  B). ! I n d e e d,! i n! D Z n • 1 0! th e! s u m! of! t h e! a n gl e s! ar o u n d! t h e! bri d gi n g! C( 3 1 A)! i s!

3 6 0. 0 5( 5 5) °. !T a bl e! 3. 3 !c o m p ar e s!t h e! str u ct ur al! d at a!r el at i n g!t o!t h e! c o or di n at e d! al k y n e! u nit!i n!

D Z n • 1 0)Zr – H Lc o nt ai ni n g! pr e c e d e nt s .!T h e! Zr – C % !a n d! Zr – C µ !b o n d!l e n gt h s! ar e! c o n si st e nt! wit h!

t h e! a s y m m etri c! sli p! of!t h e! al k y n e!t o w ar d s!t h e! zi n c!(a s! p er! B) a n d! C ).!T h e! m ai n! gr o u p!fr a g m e nt!

i n! virt u all y! all!lit er at ur e! e x a m pl e s!i s!{ H– Al( iB u) 2 }T!t h e! gr e at er! st eri c! b ul k!i n!{D 3 }!a p p e ar s!t o! h a v e!

a!l e n gt h e ni n g! eff e ct! o n! t h e!  M– C µ ) b o n d.! C ert ai nl y,!t h e! st eri c!l o a di n g! o n!t h e! Z n! m ai n! gr o u p!

fr a g m e nt!i s! o ut st a n di n g,! b ut!t h e!di st a n c e! b et w e e n!t h e !t w o!m et al s! ( n or m ali s e d! a s! f sr)!i s!t h e!

s h ort e st! r e p ort e d!f or! a! str u ct ur e! of!it s! ki n d.!!

K n o w n! c y cl o o ct y n e! c o m pl e x e s! of! M I!( M! =! C u,! A g,! A u)! p o s s e s s! C– C! b o n d!l e n gt h s!i n!t h e!

r a n g e! 1. 1 9 2( 1 0)– 1. 2 4 3( 1 1)!  Å, 4 1 L4 3 ! w hil e! a!  R e! c y cl o o ct y n e! c o m pl e x! s u p p ort e d! b y! a! pi n c er!

li g a n d! c o nt ai n s! a! C– C! b o n d!l e n gt h! of! 1. 3 2 0( 1 0)! Å, 4 4 !!si mil ar! t o!1. 3 0 8( 3)! Å !o b s er v e d!i n! D Z n • 1 0.!

T h e! C µ – C % ! l e n gt h! i s! at! t h e! l o w! e n d! of! t h e! d at a ! r a n g e! i n! T a bl e! 3. 3 .! O nl y! t h e! p h o s p hi n e L

s u p p ort e d!  Zr Lc y cl o h e x y n e! c o m pl e x! ( e ntr y! i)! a n d! t h e! ot h er!  MII! e x a m pl e! ( e ntr y! ix )! ar e!

c o m p ar a bl e .! T h e! C µ – C % ! b o n d! l e n gt h! a n d! o bt u s e!  C – Č – C! b o n d! a n gl e s ! i n! D Z n • 1 0! l o o k!

a p pr o pri at e! n e xt!t o!t h e! pr e vi o u sl y!r e p ort e d! str u ct ur e s !i n!T a bl e! 3. 3 ,!s u p p ort i n g!t h e!f or m ul atio n!

N 1 A

N 3 A

H 1 A

C 3 1 AC 3 2 A

C 3 8 A

C 3 3 A

Zr 1 A

Z n 1 A

C 2 A

N 1 A N 3 AH 1 A

Z n 1 A

C 3 1 A

C 3 2 A

C 2 A



!
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a s! a n! o n Lm et al! al k y n e .! B u c h w al d! a n d! c o Lw or k er s! h a v e! al s o! r e p ort e d! t h e! s y nt h e si s! of!

[ C p2 Zr( # 2 Lc y cl o o ct y n e)( P M e 3 )],! b ut! u nf ort u n at el y! t hi s! c o m pl e x! h a s! n ot! b e e n! str u ct ur all y!

c h ar a ct eri s e d. 4 5  

T a bl e 3. 3. ) Al k y n e Lr el at e d!b o n d!l e n gt h s![ Å]! a n d! a n gl e s![ °] !of !h y dri d o !Zr/ M! c o m pl e x e s! ( M! =!

Al,! M g,! Z n ,! P)!wit h! r el at e d!t o!
D
Z n• 1 0 .!E sti m at e d! st a n d ar d! d e vi ati o n s! gi v e n!(i n!

p ar e nt h e s e s)! w h e n! a v ail a bl e!fr o m!t h e! pri m ar y!lit er at ur e. !
a
P M e 3 !i. e.!n o! h y dri d e. !

b
e bt hi! =! r a cL[ 1, 2Let h yl e n e L1, 1’ Lbi s( # 5

Lt etr a h y dr oi n d e n yl)]!

" C p  M  al k y n e  C ≡ C  Z r – C µ  Z r – C α  f s r 

D Z n • 1 0 C p 2 ! Z n ! c y cl o o ct y n e ! 1. 3 0 8( 3) ! 2. 4 4 4( 2) ! 2. 1 7 6( 1) " 1. 0 3 !

i
3 6

) C p 2 ! P
a
! c y cl o h e x y n e ! 1. 2 9 5( 2 5) ! 2. 1 6 5( 1 3) ! 2! 2 4 4( 1 2) ! 1. 0 5 !

ii
4 6

) C p 2 ! P
a
! b e n z y n e ! 1. 3 6 4( 8) ! 2. 2 6 7( 5) ! 2. 2 2 8( 5) ! 1. 0 5 !

iii
4 7

) C p 2 ! Al ! c y cl o h e x y n e ! 1. 3 1 1 ! 2. 4 2 9( 9) ! 2. 1 6 3( 9) ! 1. 0 7 !

iv
3 2

) C p 2 ! Al ! b e n z y n e ! 1. 3 7( 1) ! 2. 4 3 6( 9) ! 2. 1 6 6( 9) ! 1. 0 7 !

v
4 7

) C p 2 ! Al ! 4, 4' Ldi p h e n yl a c et yl e n e ! 1. 3 2 6 ! 2. 3 9 8( 4) ! 2. 1 8 5( 4) ! 1. 0 7 !

v i
4 8

) C p * 2 ! Al ! M e 3 Si C ≡ C H ! 1. 3 3 1( 7) ! 2. 4 8 9( 5) ! 2. 1 3 2( 5) ! 1. 1 1 !

vii
4 8

) C p * 2 ! Al ! M e 3 Si C ≡ C – C H = C( M) P h ! 1. 3 3 0( 6) ! 2. 3 5 4( 4) ! 2. 2 3 7( 4) ! 1. 0 9 !

viii
3 4

) e bt hi
b
! Al ! M e 3 Si C ≡ C Si M e 3 ! 1. 3 3( 2) ! 2. 3 8 4( 1 5) ! 2. 2 2 1( 1 3) ! 1. 0 6 !

i x
3 5

) C p 2 ! M g ! 2, 5, 5 Ltri m et h ylL1 Lh e x e n L3 Ly n e ! 1. 3 0 7( 5) ! 2. 3 2 3( 4) ! 2. 1 9 8( 4) ! 1. 0 8 !

!   " C – Č µ – C  C – Č α – C  M – C µ   

   D Z n• 1 0  1 2 9. 0( 2) ! 1 3 3. 9( 2) ! 2. 1 9 8( 2) ! !

   i) 1 2 6. 0( 1 2) ! 1 2 5. 2( 1 2) ! 3. 1 0 !

!   ii) 1 2 0. 2( 5) ! 1 2 2. 1( 5) ! 3. 0 4 ! !

!   iii) 1 2 6. 1 ! 1 2 0. 3 ! 2. 0 9( 1) ! !

   iv ) 1 1 7 .0 ! 1 2 2. 4 ! 2. 0 9( 1) ! !

   v ) 1 2 6 .0 ! 1 3 3. 2 ! 2. 1 6 2( 5) ! !

   v i) 1 1 1. 5 ! 1 2 7. 4 ! 2. 0 8 2( 5) !

!   v ii) 1 3 1. 4 ! 1 2 6. 0 ! 2. 1 0 7( 5) !

!   vi ii) 1 1 7. 2 ! 1 4 0. 4 ! 2. 1 5( 2) ! !

   i x) 1 3 5. 0( 4) ! 1 3 2. 0( 4) ! 2. 3 5 6( 4) !

)

3. 2. 2. 2 ) D e n s i t y F u n c ti o n al T h e o r y C al c ul a ti o n s  

I n! or d er!t o! g ai n! a! d e e p er! u n d er st a n di n g! of! al k y n e! bi n di n g!i n!D Z n• 1 0 !a n d!t o! pr o b e!t h e! n at ur e!

of! t h e!  Zr LLLZ n! i nt er a cti o n! a! s eri e s! of!  D F T ! c al c ul ati o n s!  w er e! c o n d u ct e d.! B e n c h m ar ki n g!

c al c ul ati o n s! e st a bli s h e d!t h e! ' B 9 7 x!f u n cti o n al! a n d! h y bri d! b a si s Ls et! 6, 3 1 1 G!( C/ H/ N)! a n d! S D D!

( Z n/ Zr)! a s!t h e! b e st! c o m bi n ati o n!f or! m at c hi n g!t h e!s oli d Lst at e !d at a! – !s p e cifi c all y!t h e!i nt er m et alli c!

di st a n c e! a n d! Z n – at o m! di st a n c e s! ( s e ct i o n!3. 5. 3 ).! Q T AI M! ( B a d er)! a n al y si s! w a s! m a d e! o n!t h e!

o pti mi s e d! str u ct ur e. !

B ot h!  N B O! a n d!  Q T AI M! a n al y s e s! ar e! c o n si st e nt!  wit h! t h e! f or m ul ati o n! of! D Z n• 1 0 ! a s! a!

m et all a c y cl o pr o p e n e! c o m pl e x.! H o w e v er,! t h e!t w o! c o m p ut ati o n al! a p pr o a c h e s!a s si g n! diff er e nt!



!

!

1 0 1 !

i m p ort a n c e!t o!t h e! Zr− C µ – Z n !i nt er a cti o n!(Fi g ur e! 3. 5 )T!t hi s!i s! a! n e c e s s ar y! c o n s e q u e n c e! of!t h e!

diff er e nt!t h e or eti c al! b a si s! of! e a c h! a n al yti c al! m et h o d .!I n!t h e! N B O!r e s ult s,!th e! N P A! c h ar g e! o n!

Z n! a n d! s m all! Wi b er g! b o n d! or d er s! f or! Z n – C µ ! a n d!  Z n – H! ar e! s u g g e st i v e! of! pri m aril y! i o ni c!

i nt er a cti o n s! b et w e e n!  Z n! a n d! s urr o u n di n g! at o m s.! T hi s! pi ct ur e! of! a! t y p e! C ! c o m p o u n d ! i s!

rei nf or c e d! b y! t h e ! s e c o n d Lor d er! p ert ur b ati o n! t h e or y! d at a :! tw o ! c o n s pi c u o u sl y! l ar g e! d o n orL

a c c e pt or!i nt er a cti o n s!fr o m!t h e! Zr – H!( 1 1 2! k c al! m ol L1 )! a n d! Zr– C µ !( 1 0 6! k c al! m olL1 )! b o n d s!t o!t h e!

v a c a nt! 4 s! or bit al! o n! a! f or m al! [ Z n B DI ]+ ! fr a g m e nt! i n di c at e! at e Lc o m pl e x! str u ct ur e .! Still ,! in!

c o m bi n ati o n!  wit h! t h e!  C % – C µ ! b o n d! i n d e x! of! 1. 8 7,! t h e s e! d at a! ar e! c ert ai nl y! s u g g e sti v e! of!

si g nifi c a nt! b a c k Ld o n ati o n!t o!t h e! al k y n e!li g a n d! b y !Zr. !

!

Fi g u r e 3. 5. ) N P A! c h ar g e s! a n d! Wi b er g! B o n d!i n di c e s! a c q uir e d!f or!
D
Z n• 1 0) b y! N B O! c al c ul ati o n s,!

a n d!t h e! el e ctr o n Ld e n sit y! c o nt o ur! pl ot! wit h! a n! o v erl ai d! c al c ul at e d! str u ct ur e!fr o m! Q T AI M!

a n al y si s! pr e s e nt e d!i n!t h e!{ Zr H Z n}! pl a n eT!t h e! d ot s! s h o w! b o n d Lcriti c al! or!ri n g Lcriti c al !p oi nt s. !

Q T AI M! a n al y si s! pr o vi d e s! a! v al e n c e! b o n d! d e s cri pti o n! m or e! a ki n!t o!t h at! of! B 2 T! c al c ul ati o n s!

r e v e al! t h at! t h e! c or e! of! D Z n• 1 0 ! m a y! b e! c o n si d er e d! a s! a n! u n u s u al! fi v e Lm e m b er e d! ri n g!

i n c or p or ati n g! t w o! c ar b o n! at o m s,! a! h y dri d e,! zi n c! a n d! zir c o ni u m.! I n! c o m bi n ati on,! t h e! d at a!

s u g g e st! c o n si d er a bl e! ! 7b o n di n g !t o!t h e!al k y n e! li g a n d! a n d!s u p p ort! d e s cri pti o n! of! D Z n• 1 0 !a s! a!

sli p p e d!  m et all a c y cl o pr o p e n e .!  T h e! c o n cl u si o n! a n d! d e s cri pti o n! d o e s! n ot! f u n d a m e nt all y!

c o ntr a di ct! a n y! of!t h e! pr e vi o u s!t h e or eti c al! st u di e s! o n!‘ pl a n ar! c ar b o n’! i n!t h e! Al/ Zr!c o m pl e x e s,!

n a m el y! t h e! w or k s! of! Gl eit er!a n d! Er k er! et) al. 3 9 !a n d! B u c h w al d !et) al ..3 3 !

3. 2. 3 !S t a b i l i t y o f t h e M e t a l l a c y c l o p r o p e n e   

3. 2. 3. 1 ) T h e o r e ti c al S t u di e s o n S t a bili t y  

S c h e m e! 3. 2 !s h o w s!t h at! a! c o n si d er a bl e! a m o u nt! of! di e n e! h y dr o g e n ati o n !t a k e s! pl a c e!d uri n g!t h e!

i s o m eri s ati o n! pr o c e s s e sT! c y cl o o ct e n e!i s!f or m e d! d uri n g!t h e!f or m ati o n! of!D Z n• 1 0) fr o m!1, 5 LC O D .!

T h er ef or e,!  w e!  m u st! c o n si d er!  w h et h er! t hi s! tr a n sf er! h y dr o g e n ati o n! of! 1, 5 LC O D! t o! f or m!

c y cl o o ct e n e! i s! a! vit al! st e p! i n! th e! f or m ati o n! of! t h e! sli p p e d!  m et all a c y cl o pr o p e n e.! D F T!

c al c ul ati o n s ! s h o w! t h at! tr a n sf er! h y dr o g e n ati o n! i s! n ot! t h er m o d y n a mi c all y! n e c e s s ar y! f or!



!

!

1 0 2 !

f or m ati o n! of!D Z n• 1 0 .!H e n c e !t h e!li g a n d! e x c h a n g e!r e a cti o n,!D Z n• Z r) +! c y cl o o ct y n e! → )D Z n• 1 0) +!

H 2 ,!i s! c al c ul at e d!t o! b e! e x er go ni c! wit h! ( G ° r x n!=! – 2 2 "k c al  m ol − 1 !(Fi g ur e! 3. 6 ).!!

!

Fi g u r e 3. 6. ) C al c ul at e d! v al u e s!f or!f or m ati o n! of!
D
Z n• 1 0 !fr o m! 1, 5LC O D!(i s o m eri s ati o n)! a n d!fr o m!

li g a n d! e x c h a n g e! of!t w o! h y dri d e s!f or! c y cl o o ct y n e!(' B 9 7 x! f u n cti o n al!a n d! S D D! b a si s! s et!f or!

t h e! m et al s,!6, 3 1 1 G +( d, p)! f or!t h e! C/ H/ N! at o m s).!

T h e! c orr e s p o n di n g! v al u e s!f or!t h e!t w o! ot h er! m ai n! gr o u p! m et al s! w er e! al s o! c al c ul at e d,! al o n g!

wit h! t h e!  Gi b b s! fr e e! e n er gi e s! of! i s o m eri s ati o n! fr o m! 1, 5 LC O D.!  T hi s! i n v ol v e d! o pti mi s ati o n! of!

D M g• 1 0) a n d )M Al• 1 0 !( s e e! s e cti o n! 3. 5. 3 ).! Pr e di ct a bl y,!t h e!l att er! a p p e ar s! p arti c ul arl y! str ai n e d,!

wit h! t h e! { Zr Lc y cl o o ct y n e LH µ }) pl a n e! a p pr o a c hi n g! a! 4 5 ° ! tilt! a g ai n st! t h e! { B DI Al}! pl a n e ! ( s e e!

E x p eri m e nt al! s e cti o n) .!  N e v ert h el e s s,! t h e! li g a n d! e x c h a n g e! f or m ati o n! of! R B DI M H •1 0) i s!

f a v o ur a bl e!i n! all!i n st a n c e s!( M! =! Al( H),! M g! a n d! Z n).!T hi s!r e s ult!t ell s! of! a !st a bilit y!i n!t h e! sli p p e d!

m et all a c y c l o pr o p e n e!m oi et y !t h at!i s! a bl e!t o! off s et! c o n si d er a bl e! d e st a bili s ati o n! el s e w h er e!i n!t h e!

m ol e c ul e .!P er h a p s! m o st!i nt er e sti n gl y ,!t h e! pr o d u ct s! of! b ot h!i s o m eri s ati o n! a n d!li g a n d! e x c h a n g e!

ar e! 1 – 2 !k c al! m ol – 1 !m or e! st a bl e!f or! M g!t h a n!f or! Z n. !!

Fi g ur e! 3. 6 ! al s o! s h o w s! t h e! ( G ° r x n! v al u e s! f or! t h e! c o m pl et e ! di e n e Lt oLal k y n e! i s o m eri s ati o n. !

T h e s e! ill u str at e!t h e! s a m e! p att er n! of!f a v o ur a bilit y! b ut!at! a !c o st.! T h e! diff er e n c e! b et w e e n!t h e!

si m pl e!li g a n d! e x c h a n g e! a n d!i s o m eri s ati o n! r e a cti o n s !i s!c a. !2 1 !k c al! m ol – 1! f or!t h e! M g! a n d! Z n!

r e a cti o n s,! w hi c h! i s! o nl y!  m ar gi n all y! l ar g er! t h a n! t h e! e n er g y! diff er e n c e! b et w e e n! t h e! i s o m er s!

c y cl o o ct y n e! a n d! 1, 5 LC O D!( Fi g ur e! 3. 1 ).! Fr o m!t hi s!r e s ult,!t w o! si m plifi e d! c o n cl u si o n s! m a y!f oll o w:!

eit h er! a)!t h e! pr o d u ct!i n v ol v e s! v er y!littl e! di st orti o n !of!t h e! or g a ni c!ri n g!fr o m!it s!fr e e! st at eT! or! b)! a!

l ar g e! a m o u nt! of! di st orti o n!( a n d! st eri c! cl a s h)!i s! di s c o u nt e d! b y! a! str o n g! e n er g y! of! bi n di n g! of!t h e!

al k y n e! t o! t h e! h et er o bi m et alli c! c o m pl e x.! Fr a g m e nt! a n al y si s! of! D Z n• 1 0 ! (a n d! t h e! ot h er!

a n al o g u e s ))all o w s! q u a ntifi c ati o n! of!t h e!i m p ort a nt!f a ct or s!t h at! aff e ct!t h e! st a bilit y! of!t h e! c o m pl e x ,!

a n d!it! s h o w s!t h e! l att er! st at e m e nt!t o! b e! c orr e ct!– !str o n g !bi n di n g! of!t h e! al k y n e! i s! k e y.!

iPr

iPr

M

H N

N
Zr

iPr
iPr

iPr

iPr

M
H N

N
H

H
Zr

iPr
iPr

- H2

- 1. 1 - 2. 2

- 2 1. 9 - 2 3. 0

D Z n • Z r D M g • Z r

2 0. 0

- 8. 0

M Al • Z r

a)  i s o m e ri s ati o n

b)  li g a n d e x c h a n g e

Zr Al
H N

N

H

a)

b)

Δ G = ( k c al m ol - 1)

M = Al( H)
M = Z n, M g
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F r a g m e n t A n a l y s e s  

B y! br e a ki n g!t h e! m ol e c ul e!i nt o! or g a n o m et alli c! a n d! c y cl o o ct y n e!fr a g m e nt s,!t h e! d i st orti o n! a n d!

bi n di n g! e n er gi e s ! w er e! q u a ntifi e d ! (Fi g ur e! 3. 7 ).! T h e! di st orti o n! e n er gi e s! of! t h e! c y cl o al k y n e!

(( E 0 ,di st n _ C O C) =! + 3 9 "k c al  m ol − 1 )! a n d! bi m et alli c! c o m pl e x!(( E 0 ,di st n _ M Zr) = !+ 1 6 "k c al  m ol − 1 )!fr a g m e nt s!

al o n g! wit h!t h e! e n er g y! of! al k y n e! bi n di n g!( ( E 0 ,bi n d !=! – 1 1 9 "k c al  m ol − 1 )!r e v e al s!t h at!t h e! d ef or m ati o n!

e n er gi e s! ar e! a ptl y! c o m p e n s at e d!f or! b y!t h e!l ar g e! bi n di n g! e n er g y !f or!D Z n• 1 0 .!M et al! c o or di n ati o n!

of!t h e! o ct y n e!t h er ef or e! a p p e ar s!t o! h a v e!t h e! k e y! r ol e!i n!t h e! ot h er wi s e! c o ntr at h er m o d y n a mi c!

pr o d u cti o n! of! al k y n e!fr o m! di e n e. !

T h e! ( E 0 ,di st n _ C O C) v al u e )f or! M Al • 1 0) i s! 6! k c al!  m ol– 1 ! l ar g er! t h a n! f or! t h e!D Z n• 1 0 ) a n d ) D M g • 1 0,!

w hi c h! b e g i n s! t o! e x pl ai n! t h e! di sf a v o ur e d! i s o m eri s ati o n! r e a cti o n!  wit h! M Al • 1 0.) T h e! o nl y!

diff er e n c e! b et w e e n!t h e! e n er g y! c y cl e s! of! D M g • 1 0)a n d! D Z n • 1 0!i s!t h e! str o n g er! e n er g y! of! bi n di n g!

f or! t h e! f or m er! (( E 0 ,bi n d != !– 1 2 7 "k c al  m ol − 1 ).! F urt h er m or e, ! t h e! s a m e ! v al u e ! f or! M Al • 1 0)

(( E 0 ,bi n d )= !1 2 1 "k c al !m ol − 1 )! i s! a ct u all y! sli g htl y! gr e at er! t h a n! t h at! of! D Z n • 1 0.! T h e! e n er gi e s! of!

f or m ati o n! w o ul d! s e e m!t o! r eit er at e!t h at!t h er e!i s! n ot hi n g!i n h er e ntl y! s p e ci al! a b o ut!t h e! gr o u n d!

st at e! e n er g eti c s! of! D Z n • 1 0)t h at!l e a d s!t o!it s! u ni q u e!f or m ati o n.!

!

Fi g u r e 3. 7. ) O ct y n e!f ra g m e nt! a n al y si s! of!
D
Z n• 1 0 )a n d! (i n s et)!t h e! c o m p ari s o n!of! el e ctr o ni c!

e n er gi e s !wit h!t h e !r e s ult s! of!t h e!a n al o g o u s !M g! a n d! Al! h et er o bi m et alli c! c o m pl e x e s. !

I n! a! c o m pl e m e nt ar y! a n al y si s,! br e a ki n g! of!t h e! c o m pl e x e s!i nt o!Di p p B DI M H! a n d !1 0 )m ol e c ul e s!

all o w s! c o m p ari s o n! of! t h e! di st orti o n! a n d! bi n di n g! e n er gi e s! of!t h e!fr e e! zir c o n a c y cl e! wit h!e a c h!

iPr

iPr

Z n

H N

N
Zr

iPr
iPr

∆ E 0, di st n _ C O C

= 3 9 k c al m ol - 1

∆ E 0, di st n _ Zr Z n

= 1 6 k c al m ol - 1

∆ E 0,f  = 6 4 k c al m ol - 1

∆ E 0, bi n d  =  1 1 9 

k c al m ol - 1

iPr

iPr

Z n

H N

N
Zr

iPr
iPr

+

di st o r t e d, u n b o u n d st at e s

o pti mi s e d, u n b o u n d st at e s

1 , b o u n d st at e

+

Zr Z n
H N

N

iPr

iPr
iPr

iPr

ω B 9 7 x
C H N 6 3 1 1 G +( d, p)

Zr Z n S D D

! E 0,f% Al# = %4 8
Z n = %6 4
M g =# %7 8

! E 0, di st n C O C

Al# ># Z n, M g

! E 0, di st n M Zr

Al ># Z n ,#M g

D Z n •1 0

! E 0, di st n M Zr
Al$ = + 2 8

Z n,$ M g =$ + 1 6

! E 0, di st n C O C
Al$ = + 4 5

Z n,$ M g =$ + 3 9

! E 0, bi n d

M g ># Al ># Z n

M g$ =$ 41 2 7
Al$ =$ 41 2 1

Z n$ =$ 41 1 9

(k c al# m ol %1 )
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m ai n! gr o u p! h y dri d e!fr a g m e nt !(Fi g ur e! 3. 8 ).! T h e! m a g nit u d e s! of! di st orti o n! ar e!i n! t h e!f a mili ar! Al!

>! Z n! >! M g! s e q u e n c e .!T h e! {Di p p B DI M IIH}!fr a g m e nt s !ar e!r el ati v el y !u n p ert ur b e d! c o m p ar e d !t o!t h e!

( E 0, di st n _ Al !v al u e !f or!{M e s B DI Al H 2 }!( + 5 3! k c al! m olL1 ),!w hi c h!i s! m or e!t h a n! d o u bl e!t h e! si z e.! D e s pit e!

a!l ot! of!t h e! di st orti o n! b e c o mi n g! r el a x e d! o n!t h e! bi n di n g! of! 1 0 !t o! {M e s B DI Al H 2 },!t h e! a d diti o n al!

e n er g y! c o st!( of! di st orti o n)! i s!cl e a rl y!a n! ori gi n! of!it s !u nf a v o ur a bl e!f or m ati o n !(Fi g ur e! 3. 6 ).)!

!

Fi g u r e 3. 8. ) Zir c o n a c y cl e!f r a g m e nt! a n al y si s! of!
M
Al • 1 0)a n d!(i n s et)!t h e! c o m p ari s o n! of! el e ctr o ni c!

e n er gi e s! wit h !t h e!r e s ult s! of!t h e! a n al o g o u s! M g! a n d!Z n !h et er o bi m et alli c! c o m pl e x e s. !

!

Fi g u r e 3. 9. ) S el e ct e d! s e c o n d Lor d er! p ert ur b ati o n!t h e or y! d at a!f or!i nt er Lm et al!fr a g m e nt! el e ctr o n!

d o n ati o n. !

At e ! c o m pl e x e s! ( b o n di n g! d e s cri pti o n! C ,! Fi g ur e! 3. 3 )!  m a y! b e! c o n si d er e d! a s! p art! of! t h e!

str u ct ur al! c o m p ari s o n! a n d! fr a g m e nt! a n al y si s.!  A! dir e ct! a p pr o a c h! i s! t h e! c o m p ari s o n! of! t h e!

s e c o n d Lor d er! p ert ur b ati o n! t h e or y! d at a! ( Fi g ur e! 3. 9 )! pr e vi o u sl y! di s c u s s e d! i n! s e cti o n! 3. 2. 2. 2 .!

∆ E di st n _ Al

= 5 3 k c al m ol - 1

∆ E di st n _ Zr

= 2 1 k c al m ol - 1

∆ E f  = 1 4 k c al m ol - 1

∆ E 0, bi n d  =  8 8

 k c al m ol - 1
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H er e!t h er e!i s! a! bi g! diff er e n c e! b et w e e n! all!t hr e e! c o n g e n er s.! T h e! M g! at o m! h a s!t h e! w e a k e st!

i nt er a cti o n!  wit h! t h e! zir c o n at e! fr a g m e nt.!  T h e! d at a! c orr el at e!  wit h! t h e! or d er! of!  P a uli n g!

el e ctr o n e g ati vit y!f or! e a c h! m ai n! gr o u p! m et al.! T h e y! d o! n ot! c orr el at e! wit h!t h e! or d er! of! r el ati v e!

st a biliti e s! of! e a c h! sli p p e d! m et all a c y cl o pr o p e n e.! T h e! str e n gt h! of!t h e s e!i nt er a cti o n s!i s!t h er ef or e!

n ot! st a bilit y Ld efi ni n g.! !

I n!t h e!i nt er e st! of! c o m p ut ati o nal !aff or d a bilit y,!t h e! pr e s e nt e d! c al c ul ati o n s! w er e!r u n! wit h o ut! a!

di s p er si o n! c orr e cti o n.! T hi s! m e a n s!t h at!t h e! e n er gi e s! of! bi n di n g! ar e! p er h a p s! u n d er e sti m at e d!

( a s! s e e n! in! s e cti o n! 2. 3. 1. 2 ).! Alt h o u g h! t hi s! p ut s! a! li mit ati o n! o n! t h e! a c c ur a c y! of! t h e !

c o m p ut ati o n al! m et h o d s ,! c o n cl u si o n s! m a d e! wit hi n!t h e! s elfLc o n si st e nt! s eri e s! of! h et er o bi m et alli c!

c o m pl e x e s! o u g ht!t o! b e!r eli a bl e. !!!

3. 2. 3. 2 ) E x p e ri m e n t al S t a bili t y a n d R e a c ti vi t y  

I niti al! att e m pts!t o! di s pl a c e!t h e! c y cl o o ct y n e!fr a g m e nt!fr o m !a! p ur e! s a m pl e! of! D Z n• 1 0) wit h! e x c e s s!

tri m et h yl p h o s p hi n e! at! 8 0 ° C!l e d!t o! n o! c h a n g e!i n!t h e!r e a cti o n! mi xt ur e. !V ari a bl e Lt e m p er at ur e!1 H !

N M R! d at a! (t ol u e n eLd 8 )!r e v e al!t h at! D Z n• 1 0 !r et ai n s!it s!i nt e grit y!i n! s ol uti o n,! u n d er goi n g!littl e! or!

n o! c h a n g e! a cr o s s!t h e! 1 9 3!t o! 3 5 3! K!t e m p er at ur e!r a n g e. !!

D e s pit e!t hi s! a p p ar e nt!l a c k! of! str u ct ur al! fl e xi bilit y!a n d! c a p a cit y!f or!li g a n d! di s s o ci ati o n ,!it!i s!

p o s si bl e! t o! e x c h a n g e! t h e! {Di p p B DI M H }! fr a g m e nt.) H alf! a n! e q ui v al e nt! of! D 2 2 ) w a s! h e at e d! i n!

b e n z e n e Ld 6 !at! 8 0 !° C!f or! 2! d!i n!t h e! pr e s e n c e! of! D Z n• 1 0) (S c h e m e! 3. 3 ).! A! h y dri d e!r e s o n a n c e!i n!

1 H! N M R! s p e ctr u m! at! $ !=! – 1. 8 5! p p m !( al o n g! wit h! s o m e! ot h er! vi si bl e! p e a k s)!w a s! a s s u m e d!t o! b e!

a! si g n! of!t h e!f or m ati o n! of! D M g •1 0 !(cf. !$ != !– 1. 2 3! p p m!f or! D Z n• 1 0 ).! O nl y! s m all! a m o u nt s! of!D 2)

a n d! tr a c e s! of! D Z n• Z r ,! 1, 3LC O D! a n d! c y cl o o ct e n e!  w er e! di s c er ni bl e .! T h e ! 1 H!  N M R! s p e ctr u m!

r e v e al e d! 8 8 %! c o n s u m pti o n! of!D Z n •1 0) y et )t h e!r e a cti o n! yi el d e d!j u st! 1 5 %! of!D M g •1 0 .!!

!

S c h e m e 3. 3. ) E x p eri m e nt al! d i s pl a c e m e nt! of!t h e!zi n c! h y dri d e!fr a g m e nt!i n!
D
Z n• 1 0 !b y! a! m a g n e si u m!

c o u nt er p art. !

A n !u n e v e n! m a s s! b al a n c e! m a y! b e! e x pl ai n e d! b y!t h e! o b vi o u s! d e v el o p m e nt! of! gr e y! s oli d s!i n!

t h e!t u b e,! a n d! c ol o ur! c h a n g e!fr o m! y ell o w!t o! d ar k! gr e e n!– !b ot h !si g n s! of! si g nifi c a nt! d e gr a d ati o n!

i n! zir c o n o c e n e! sy st e m s .!A d diti o n! of! a!f urt h er! e q ui v al e nt! of! D 2 !a n d! h e ati n g!f or! a!f urt h er! 2! w e e k s!

s e e s! s ur vi v al! of! D M g •1 0) a n d! o nl y!tr a c e! D Z n •1 0 .! T h e!tr a c e! 1, 3LC O D!i s! c o n s u m e d,!l e a vi n g! o nl y!
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c y cl o o ct a n e.! D e s pit e!t h e! p o or! yi el d,!it!i s! a p p ar e nt!t h at! D M g •1 0) i s!f or m e d!i n!t hi s!r ea cti o n! a n d!

t h at! t hi s! h et er o bi m et alli c! c o m pl e x ! i s! n ot! o nl y! s y nt h eti c all y! a c c e s si bl e! b ut!  m a y! b e!  m or e!

t h er m o d y n a mi c all y! st a bl e! t h a n! t h e!  Z n! a n al o g u e.! T h e! e x p eri m e nt! c o nfir m s! t h e! c o n cl u si o n s!

fr o m! t h e!  D F T! c al c ul ati o n s,! i n! p arti c ul ar,! t h e! fr a g m e nt! a n al y si s! of! Fi g ur e! 3. 8 ,!  w h er e! a!

Di p p B DI M H! m ol e c ul e! c a n!tr a p! 1 0 .!!

W h e n! D Z n • 1 0)i s! h e at e d!i n! a! s e al e d!t u b e! u n d er! 1! at m! of! di h y dr o g e n!(S c h e m e! 3. 4 )!a! si mil ar!

a m o u nt! of! d e gr a d ati o n ! (i n cl u di n g! bl a c k e ni n g! of! t h e!  mi xt ur e) ! w a s!  wit n e s s e d .! A! c o ntr ol!

e x p eri m e nt! s h o w e d! n o! s u c h! d e gr a d ati o n! of! D Z n• Z r ! u n d er!  H 2 ! at m o s p h er e .! T h e! sli p p e d!

m et all a c y cl o pr o p e n e! i s! h y dr o g e n ol y s e d ! t o! t h e! Z n/ Zr ! trih y dri d e ! a n d! c y cl o o ct e n e ,! al b eit! wit h!

m o d e st! yi el d .!T hi s!l o w Lyi el di n g! a n d! r el ati v el y!f or c e d! r e v er si o n! of! D Z n • 1 0) t o!D Z n • Z r) c o nfir m s!

t h at! D Z n • 1 0) i s! r el ati v el y! st a bl e.!T h er e! w a s! n o! pr o d u cti o n! of !a n y! C 8 H 1 4 !m ol e c ul e s !– !n o !fr e e!

c y cl o o ct y n e ! or,! “r e v er s eLi s o m eri s e d”!di e n e s .! T o! c h e c k! if! s u c h ! C 8 H 1 4 ! ri n g s! m a y ! h a v e! b e e n!

i nt er m e di at e s!i n!t h e!S c h e m e! 3. 4 !r e a cti o n,!a!r e a cti o n! of! D Z n• Z r !a n d! 1, 5 LC O D! w a s! c o n d u ct e d!

u n d er! H 2 !at m o s p h er e:!t h er e! w a s! n o! n oti c e a bl e!i n cr e a s e!i n! c y cl o o ct e n e! pr o d u cti o n. !T h u s,! i n!

c o m bi n ati o n! wit h!lit er at ur e! pr e c e d e nt ,4 9 !t h e!r e a cti o n!i n!S c h e m e! 3. 4 !i s! a! h y dr o g e nol y si s !of!t h e!

Zr – C! b o n d s! of!t h e! m et all a c y cl o pr o p e n e !u nit .!!

!

S c h e m e 3. 4. ) H y dr o g e n ol y si s !of!
D
Z n• 1 0 :!a! 2 0 %! yi el d! of! [

Di p p
B DI Z n P h ]! w a s! al s o!r et ur n e d!( s e e!

f oll o wi n g! s e cti o n! a n d!Fi g ur e! 3. 1 7 !f or! di s c u s si o n).!

T h e! c o m p ut ati o n al!r e s ult s! al s o!i n di c at e d!t h at!t h e! o n Lm et al !i s o m eri s ati o n!d o e s! n ot !r e q uir e!

t h er m o d y n a mi c! p a y Loff! b y! pr o d u cti o n! of ! 1, 3 LC O D.! A! c o ntr ol! e x p eri m e nt ! c o nfir m s ! t hi s.!

R e a cti o n! of !D Z n •Z r !wit h! e x c e s s !of! 1, 3 LC O D !(r at h er!t h a n! 1, 5LC O D)! gi v e s! D Z n• 1 0 !i n! 9 0 %! yi el d!

b y! N M R! s p e ctr o s c o p y .!T h er e! w a s! n o! n oti c e a bl e! diff er e n c e!i n!r e a cti o n!ti m e! c o m p ar e d!t o!t h e!

r e a cti o n!i n! S c h e m e! 3. 2 !a n d !n o !1, 4 LC O D !i s!f or m e d.!If! e x erg o ni c!i s o m eri s ati o n! of! di e n e! w er e!

re q uir e d!f or! si m ult a n e o u s! D Z n• 1 0 !pr o d u cti o n,!t h e n! a! d e pl et e d! yi el d! of! D Z n• 1 0 !m a y! b e !e x p e ct e d!

w h e n ! t h e! di e n e! s u b str at e! i s ! alr e a d y! t h e! m o st! st a bl e! i s o m er.! C o n v er s el y, ! t h e! c al c ul ati o n s!

s u g g e st e d!t h at !h y dr o g e n ati o n! of! a n! e q ui v al e nt! of! c y cl o o ct a di e n e! w a s! n ot! t h er m o d y n a mi c all y)

r e q uir e d.! T h e!r ati o! of! D Z n• 1 0 : c y cl o o ct e n e!i n!t h e! e x p eri m e ntal! d at a !( 1: 1. 2)!i nti m at e s!t h at! t hi s!

h y dr o g e n ati o n! m a y! b e! a! r e q uir e m e nt)of!t h e! m e c h a ni sti c !p at h w a y .!
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3. 2. 4 !M e c h a n i s t i c S t u d i e s  

T h e! c o m p ar ati v e! gr o u n d! st at e! str u ct ur al! c al c ul ati o n s! off er! n o! o b vi o u s! cl u e s! a s!t o! w h y! D Z n• Z r !

i s! u ni q u e! i n! p erf or mi n g! t h e!o n Lm et al! i s o m eri s ati o n .! T h er ef or e,! a ! s el e cti o n! e v e nt! al o n g! t h e !

m e c h a ni sti c! r o ut e! s h o ul d ! b e! t h e! s o ur c e! of! t h e! diff er e n c e s! b et w e e n! t h e! r e a cti viti e s! of! t h e!

h et er o bi m et alli c! tri h y dri d e! c o m pl e x e s.! B el o w! i s! pr e s e nt e d! a! d et er mi n ati o n! of! t h e! r e a cti o n!

ki n eti c s! a n d! a! s eri e s! of! m e c h a ni sti c! e x p eri m e nt s !a n d! c o ntr ol s .! Al s o!i n cl u d e d!i s! a!bri ef! i niti al!

a s s e s s m e nt! of! s u b str at e! s c o p e.! Alt h o u g h! t h e!s u c c e s s! a n d! f ail ur e! of! v ari o u s! s u b str at e s! o nl y!

p artl y! d e p e n d s! o n! m e c h a ni s m,!i s!it! pr e s e nt e d! h er e! b e c a u s e!t h e! w or k !m e nti o n e d !a b o v e !(T a bl e!

3. 3 )! h a s! s h o w n!t h at! sli p p e d!zir c o n a c y cl o pr o p e n e s! fr o m! v ari o u s! al k y n e s!i s!f e a si bl e,! a n d! c ert ai n!

f ail ur e s! gi v e!i nt er e sti n g! b yLpr o d u ct s.! !

3. 2. 4. 1 ) S u b s t r a t e S c o p e  

T h e! m e c h a ni s m! t ol er at e s!a! sli g htl y! s m all er! di e n e! ri n g! si z e.!Is o m eri s ati o n!i s! b ar el y! aff e ct e d! b y!

c utti n g!t h e! h y dr o c ar b o n!fr o m !8!t o! 7! c ar b o n s!( S c h e m e! 3. 5 )T!D Z n• 1 1 !i s!f or m e d!wit h! a n! 8 5 %! yi el d!

i n! t h e! 1 H!  N M R! s p e ctr u m! b a s e d! o n! D Z n• Z r .! Al s o! b a s e d! o n! D Z n• Z r ,! 9 0 %! c y cl o h e pt e n e! i s!

f or m e d.!T h e! pr o d u ct! w a s!i s ol at e d! a n d!f ull y! c h ar a ct eri s e d! b y! 1 H! a n d! 1 3 C! N M R! s p e ctr o s c o p y !

( s e e! 3. 5 !E x p eri m e nt al ).!C al c ul ati o n s! (t h e! s a m e! a s! p erf or m e d!f or!t h e! C 8 H 1 4 !i s o m er s)! gi v e! a!

diff er e n c e!i n!fr e e! e n er g y! of! 2 7! k c al! m ol L1 )b et w e e n! fr e e! c y cl o h e pt y n e! a n d! c y cl o h e pt aL1, 3 Ldi e n e. )

!

S c h e m e 3. 5. ) S u c c e s sf ul! sli p p e d! m et all a c y cl o pr o p e n e Lf or mi n g!r e a cti o n s.!

W it h! c y cl o h e xa di e n e! s u b str at e s !n o! c y cl o h e x y n e! pr o d u ct s! w er e! o b s er v e d. !W h e n! r e a ct e d!

wit h! D Z n• Z r ,!r e a cti o n s! of!b ot h! c y cl o h e x a L1, 3 L!a n d! L1, 4 Ldi e n e! g a v e! p e a k s!f or! c y cl o h e x e n e!i n!

t h e!1 H! N M R! s p e ctr a! ( S c h e m e! 3. 6 ).!D i s pr o p orti o n ati o n! of!t h e! di e n e!i s!t o! b e! e x p e ct e d.1 9 !T h e!

c o m pli m e nt ar y! di s pr o p orti o n ati o n! pr o d u ct,! b e n z e n e,!  w a s! e x p e ct e d! b e c a u s e! t h e! yi el d! of!

c y cl o h e x a di e n e! a c c o u nt e d! f or! n o!  m or e! t h a n! 2 0 %! of! t h e! st arti n g!  m at eri al.! H o w e v er,! t h e!

si n g ul ar! m aj or! or g a n o m et alli c! pr o d u ct!i n!t h e! 1 H! N M R! s p e ctr a! w a s! [Di p p B DI Z n P h ],! wit h!it s!B DI !

m et h yl yli d e n e !r e s o n a n c e!s e e n! cl e arl y! at! $ !=! 5. 0 4! p p m T!t h e! ot h er! si g n al s! of!t h e!Di p p B DI) li g a n d!

al s o! a gr e e! wit h!t h e!lit er at ur e! v al u e s !( s e e! E x p eri m e nt al,! Fi g ur e! 3. 2 2 ).5 0 !H o w e v er,!t h e! p h e n yl!

li g a n d!p e a k s! o v erl a p! wit h!t h e! b e n z e n e! p r o d u c e d! i n!t h e! r e a cti o n,! m a ki n g!t h e! q u a ntit y! of!t h e!

or g a ni c! c o m p o u n d !i n e sti m a bl e.!F or!t h e! s a m e! r e a s o n s,!it!i s! n ot! p o s si bl e!t o! s a y!if!t h e! p h e n yl!
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m oi et y! i s! d e ut er at e d! (fr o m! s ol v ol y si s! of! t h e! st arti n g!  m at eri al). ! T h e! o nl y! si g n! of! a n!

a c c o m p a n yi n g! zir c o n o c e n e Lr el at e d! s p e ci e s! w a s!t h e! r e a cti o n! mi xt ur e! d e v el o pi n g! a n! o p a q u e!

bl a c k! c ol o ur.! !

!

S c h e m e 3. 6. ) O xi d ati o n! a n d! C – H! a cti v ati o n! of! c y cl o h e x a di e n e s! wit h!
D
Z n• Z r .!!

T h e! str o n g! bl a c k e ni n g! of!t h e! s ol uti o n!i s! t y pi c ally! a c c o m p a ni e d !b y! a n!i ntr a ct a bl e !1 H! N M R!

s p e ctr u m ,! b ut!t hi s! w a s! n ot!t he! c a s e! h er e .!Al s o! u n u s u al! w a s!t h e!i n cr e a si n g! of!t h e! c y cl o h e x e n e!

yi el d! aft er!ti m e! p oi nt s! w h e n !t h er e! w a s! n o! o st e n si bl e! pr e s e n c e! of! di e n e!r e a ct a nt.!N M R Lsil e nt!

pr o d u ct s! m a y! b e !r e s p o n si bl e!f or!t hi s! a n d!a n !i n c o m pl et e! m a s s! b al a n c e.!D uri n g!t h e! r e a cti o n,!

H/ D! e x c h a n g e! i nt o! t h e! h y dri d e! p o siti o ns ! of! D Z n• Z r ! w a s! o b s er v e d ,! a s! e vi d e n c e d! b y! t h e!

f or m ati o n! of! a! s eri e s! of! i s ot o p o m er s! b y! 1 H!  N M R. ! T hi s ! c h a n g e! i n! h y dri d e! p e a k! s h a p e s! i s!

e vi d e n c e!f or! s ol v ol y si sT !th e! [Di p p B DI Z n P h ]!c o m pl e x! m a y! n ot! a c q uir e!it s! p h e n yl! li g a n d!fr o m!t h e!

c y cl o h e x a di e n e s !b ut !fr o m!t h e! b e n z e n eLd 6 !s ol v e nt!(t o! gi v e![ Di p p B DI Z n ( P hLd 5 )]).!!

T h e ! c o m m er ci all y! a v ail a bl e! E, E, Z Lc y cl o d o d e c a L1, 5, 9 Ltri e n e! a n d! o ct a L1, 7 Ldi e n e ! w er e !

att e m pt e d!f or! al k y n e!f or m ati o n !o n !D Z n• Z r ,! b ut!t h e! pr o d u ct s! ar e! n ot! y et! u n d er st o o d.!!

3. 2. 4. 2 ) R e a c ti o n Ki n e ti c s  

C y cl o o ct a L1, 3 Ldi e n e!i s!t h e! s u b str at e!t h at! gi v e s!t h e !sli g htl y!ti di er! a n d! m or e! dir e ct! f or m ati o n! of!

D Z n• 1 0 .! It!  w a s! t h er ef or e! u s e d! f or! ki n eti c! a n al y si s ! b y! 1 H! N M R! s p e ctr o s c o p y ! of! a n! i nLpr o b e !

r e a cti o n.!A! pl ot! of! t h e!c o n c e ntr ati o n !of! D Z n• Z r !a s! a!f u n cti o n! of!ti m e! s h o w s! a!fir st Lor d er! d e c a y!

u n d er! p s e u d o Lfirst Lor d er! c o n diti o n s! ( 1 1 Lf ol d! e x c e s s! of! 1, 3LC O D! a n d! 8 0 !° C! h e ati n g !– !Gr a p h!

3. 1 ,! r e d!  m ar ker s ).! T h e! pr o d u cti o n! of! D Z n• 1 0) eff e cti v el y!  mirr or s! t h e! d e c a y .) R e m o vi n g! t h e!

p s e u d o Lfir stLor d er! c o n diti o n s! a n d! dr o p pi n g!t o!j u st! 4! e q ui v.! of!t h e !di e n e!( Gr a p h! 3. 1 ,! bl u e! m ar k s)!

l e a d s!t o! a n! al m o st!i d e nti c al! r e a cti o n! pr ofil e.! L ar g er! e x c e s s e s! of! 1, 3LC O D! ( 2 4 L!a n d! 6 4 Lf ol d)!

gi v e s !t h e! s a m e!r e s ult!– !a! t½
(1 )

!of! ar o u n d! 6 6 0 0 !s .!!

T h e! o b s er v e d! r at e! c o n st a nt s! ( k o b s )! ar e! e s s e nti all y! u naff e ct e d! v ar yi n g! t h e! e x c e s s! of! 1, 3 L

C O D.! T h e! c o effi ci e nt! of! d et er mi n ati o n!t a k e n!fr o m! Gr a p h! 3. 3 a!i s! p o or,! b ut! b y! vi s u al!i n s p e cti o n!

it!i s! cl e ar!t h at!t h e!r at e!i s! u n aff e ct e d! b y! 1, 3LC O D.! T h e!r e a cti o n!i s!t h er ef or e!fir st! or d er! o v er all. !

T h e! a cti v ati o n! p ar a m et er s! f or! t h e! i s o m eri s ati o n! ar e! ( H ‡ ! =! + 3 3. 6 ! ± ! 0. 7 ! k c al!  m ol − 1 ,!

( S ‡ != !+ 2 3. 2 !± !1. 9 !c al! m ol − 1 !K − 1 ,!a n d! ( G ‡
2 9 8 K !=! + 2 6. 7 !± !1. 2 !k c al! m ol − 1 !a s! d et er mi n e d!fr o m! a n!

Z n
H N

N
H

H

Di p p

Di p p

Zr +

0. 1 5 e q ui v.

> 9 9 % c o n s.

> 9 9 % c o n s.

9 0 % c o n v.

b e n z e n e- d 6 Z n
N

N

Di p p

Di p p

2 0- 4 0 % yi el d

b a s e d o n D Z n • Z r

+
8 0 ° C



!

!

1 0 9 !

E yri n g! pl ot !(Gr a p h! 3. 3 b) !a n d!r at e! c o n st a nt s! o bt ai n e d !b et w e e n! 3 5 3 !a n d! 3 6 8 !K !(Gr a p h! 3. 2 !a n d!

T a bl e! 3. 4 ).!T h e!r at e Ld et er mi ni n g! st e p!i n v ol v e s! a! si g nifi c a nt! a m o u nt! of! b o n d Lbr e a ki n g! a n d! a n!

i n cr e a s e!i n! di s or d er! c o m p ar e d! wit h!t h e! gr o u n d! st at e.!

!

G r a p h 3. 1. ) D e c a y s! of!
D
Z n• Z r )a n d! pr o d u cti o n! c ur v e s! of!

D
Z n• 1 0 !i n!t h e! 1, 3LC O D!i s o m eri s ati o n!

r e a cti o n s,! w h er e!t h e! e x ce s s! of!t h e!l att er!( N ,!i n! e q ui v.)!i s! v ari e d.!

!
!

T a bl e 3. 4. ) S u m m ar y! of! ki n eti c! a n al y si s!f or!i s o m eri s ati o n! of! 1, 3 LC O D! b y!
D
Z n• Z r .!!

!
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1 0

1 5

2 0

2 5

3 0
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4 0

4 5

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0 4 5 0 5 0 0

Z n • Z r  ( m M)

Z n Z r  / m M

Z n Z r  / m M

Z n Z r  / m M
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M
)

t ( mi n s)

N = 4  

N = 6 4

N = 11

N = 2 4

0

5

1 0

1 5

2 0

2 5

3 0

3 5

4 0

4 5

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0 4 5 0 5 0 0

[D
Z

n
•
1
0

] 
(m

M
)

t ( mi n s)

iPr

iPr

Z n

H N

N
Zr

iPr
iPr

Z n
H N

N
H

H

Di p p

Di p p

Zr
b e n z e n e- d 6

N e q ui v.

4 8 0 0. 3 4 8 4. 5: 1

t e m p. ( ° C)
k o b s

( s- 1)
1, 3- C O D

: C O E
a

a T h e  r ati o  ( aft er  t hir d  h alf  lif e)  i s  a n  e sti m at e  b a s e d  o n  t h e  i nt e gr ati o n  of 
t h e sli g htl y o b s c ur e d m ulti pl et s at δ  = 5. 8 3 – 5. 7 7 p p m a n d 5. 6 4 – 5. 5 7 p p m 
r e s p e cti v el y.

NE nt r y

1 1 8 0 0. 3 7 8 1 1: 1

2 4 8 0 0. 3 6 0 2 2: 1

6 4 8 0 0. 3 4 2 5 0: 1

1 1 7 0 0. 0 7 8 1 3: 1

1 1 7 5 0. 1 6 2 1 3: 1

1 1 8 0 0. 3 0 0 1 0: 1

1 1 8 5 0. 5 8 2 1 1: 1

i

ii

iii

i v

v

vi

vii

viii

Δ

1,
3-

C
O

D
Ey
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n
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!

!

1 1 0 !

!

G r a p h 3. 2. ) T h e! s e mi Ll o g! pl ot! of!t h e! E yri n g! a n al y si s! of!r e a cti o n!r at e! b et w e e n! 7 0– 8 5 ° C. !

!

G r a p h 3. 3. ) a)! D et er mi n ati o n! of! or d er!i n! 1, 3 LC O D! b et w e e n! 4 – 6 4! e q ui v al e nt s.! b)! A n! E yri n g! pl ot!

b et w e e n! 3 5 3! a n d! 3 6 8! K! at! 5! K!i nt er v al s.! !

T h e! h alf Llif e! of!t h e! or g a n o m et alli c! c o m p o u n d!i s! n ot! c h a n g e d! b y! u s e! of! o nl y! 1. 5! e q ui v.! of!

t h e! di e n e.!T h e!r e s ult s! of!t hi s!r e a cti o n! a s! a n!i nfr e q u e nt! p oi nt! ki n eti c s! e x p eri m e nt! ar e! s h o w n!i n!

S c h e m e! 3. 7 .! A d diti o n all y,! t h e! pr e s e n c e! of! p ot e nti al! r e a cti o n! i n hi bit or,!  P M e 3 ,! h a s! n o! vi si bl e!

eff e ct! o n! t h e! i s o m eri s ati o n.! T h e!  m a xi m u m! o b s er v e d! yi el d! of! D Z n• 1 0 ! w a s! 3 0 %,!  w hi c h! t h e n!

st all s! a n d! d e pl et e s!  wit h! f urt h e r! h e ati n g.!  D uri n g! t hi s! ti m e,! t h e! a m o u nt! of! c y cl o o ct e n e! al s o!

p a s s e s!t hr o u g h! a! m a xi m u m! – !f or! c o m p ari s o n!t o!T a bl e! 3. 4 ,!t h e!r ati o! 1, 3LC O D: C O E! aft er! t½
( 3)!

i s! 1: 2.! T hi s! c o n c o mit a nt! c oll a p s e!i n! yi el d!i s! p o s si bl y! d u e!t o!t w o! si d e! r e a cti o n s.! B ot h!D Z n• Z r !

a n d! D Z n• 1 0 !ar e!li k el y!t o!r e a ct! wit h! c y cl o o ct e n e,! e s p e ci all y! w h e n!t h er e!i s! a!l a c k! of! c o m p etiti o n!

y = -1 6 7 6 1( 1/ T ) + 3 4. 9 7

R ² = 0. 9 9 9

-1 2. 7 5

-1 2. 5

-1 2. 2 5

-1 2

-11. 7 5

-11. 5

-11. 2 5

-11

-1 0. 7 5

-1 0. 5

-1 0. 2 5
0. 0 0 2 7 0. 0 0 2 7 2 0. 0 0 2 7 4 0. 0 0 2 7 6 0. 0 0 2 7 8 0. 0 0 2 8 0. 0 0 2 8 2 0. 0 0 2 8 4

l
n[

k
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]

1/ T ( K-1 )

k
o
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–
1
)

N (e q ui v . of 1, 3 -C O D)

a) b)

0. 1

0. 2

0. 3

0. 4

0. 5

0. 6

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0

k o b s = 0. 3 5 6( 2 0)  s – 1



!

!

1 1 1 !

fr o m! t h e! di e n e.! It! f oll o w s! t h at! n eit h er! of! t h e! r e a cti o n s!  w o ul d! s e e m! t o! g e n er at e! D Z n• 1 0. !

M e c h a ni sti c! c o ntr ol! e x p eri m e nt s! h a v e! e x pl or e d!t hi s! – !S e cti o n! 3. 2. 4. 3 .!

!

S c h e m e 3. 7. ) A! s p ar s e! p oi nt! ki n eti c s! e x p eri m e nt! (a n d!r e s ult s )!f or!r e a cti o n! of!
D
Z n• 1 0 !wit h! a! 1. 5!

e q ui v.! e x c e s s !of! 1, 3 LC O D. !

3. 2. 4. 3 ) M e c h a ni s ti c P r o b e s a n d C o n t r ol E x p e ri m e n t s  

W h e n!r e a ct e d!i n!i s ol ati o n, !D Z n• Z r )a n d! 6. 5! e q ui v.! c y cl o o ct e n e! ar e! u n a bl e!t o! gi v e!f or m ati o n! of!

D Z n• 1 0 ) (S c h e m e! 3. 8 ).! T hi s ! r e s ult! i s! s u g g e sti v e! of! a! c h ai n Lw al ki n g!  m e c h a ni s m! f or ! D Z n• 1 0 !

f or m ati o n.!It!i s! n ot!c o n si st e nt! wit h !f or m ati o n! of!D Z n• 1 0 !b y !h y dr o g e n ati o n !of! 1, 3 LC O D! f oll o w e d!

b y! d e h y dr o g e n ati o n !a n d! s u b s e q u e nt! bi n di n g !of!t h e!r e s ulti n g! c y cl o o ct e n e! b y! a! Zr/ Z n! c o m pl e x .!

D uri n g!t hi s! r e a cti o n,!t h e! h et er o bi m et alli c! c o m pl e x! d e c o m p o s e s! c o m pl et el y, !a n d!it!i s !l ar g el y!

c o n v ert e d!t o! [Di p p B DI Z n P h ]!(6 0 %! yi el d ).! T hi s!i s! a! simil ar! r e s ult!t o!t h at! of!t h e! c y cl o h e x a di e n e!

s u b str at e s,! a n d! a g ai n! t h e! h e at e d! r e a cti o n!  mi xt ur e! i s! bl a c k!  wit h! n o! zir c o n o c e n e! pr o d u ct!

d et e ct a bl e! b y! 1 H! N M R. !H er e,!t h e!f or m ati o n! of! [Di p p B DI Z n P h ]!d efi nit el y! i n di c at e s! C– H! a cti v ati o n!

of!t h e! s ol v e nt. !F urt h er m or e,! a! c o ntr ol! e x p eri m e nt! e st a bli s h e d!t h at! C – H! a cti v ati o n! d o e s! n ot!

r e s ult!fr o m!t h e!r e a cti o n! of!D Z n• 1 0 !wit h! c y cl o o ct e n e :!t h er e!i s! n o!r e a cti o n! b et w e e n!t h e!t w o!aft er!

e xt e n si v e! h e ati n g !at! 8 0! ° C .!C y cl o o ct e n e!i s! q ui c kl y! h y dr o g e n at e d! b y )Z r• Z r )u n d er!t h e! s a m e!

c o n diti o n s,! w it h! n o! di s c er n a bl e! or g a n o m et alli c! pr o d u ct s!i n!t h e!1 H! N M R !s p e ctr u m .!

!

S c h e m e 3. 8. ) C o ntr ol!r e a cti o n! of!
D
Z n• Z r) wit h! c y cl o o ct e n e. !

iPr

iPr

Z n

H N

N
Zr

iPr
iPr

Z n
H N

N
H

H

Di p p

Di p p

Zr
b e n z e n e- d 6

1. 5 e q ui v.

8 0 ° C

+

1 2 06 0 %

2 4 07 5 %

3 9 08 5 %

t ( mi n s)

2 5 %

3 0 %

3 0 %

7 5 09 5 % 2 0 %

2 0 %

2 5 %

3 0 %

2 0 %

1. 1 e q ui v.

1. 2 e q ui v.

1. 4 e q ui v.

1. 5 e q ui v.

+

e q ui v. c o n s.
( b a s e d o n 
D Z n • Z r )yi el dc o n s u m pti o n

( 5 e q ui v.
P M e 3 )

Z n
H N

N
H

H

Di p p

Di p p

Zr +

9 0 % c o n v.

b e n z e n e- d 6

Z n
N

N

Di p p

Di p p

6 0 % yi el d

b a s e d o n D Z n • Z r

1 8 h 8 0 ° C

( 7 5 % c o n s.)

5 e q ui v.

+ D Z n • 1 0

tr a c e

D 5
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!

1 1 2 !

A n! a m o u nt! of !h y dr o g e n ati o n! of!t h e! di e n e!( a n d! al k e n e)! i s! o b s er v e d!i n! all!of!t h e !af or e m e nti o n e d!

r e a cti o n s! wit h! R B DI M H •Z r )c o m pl e x e s .!N o!fr e e! di h y dr o g e n! h a s! b e e n! o b s er v e d!i n! a n y! of!t h e!

i s o m eri s ati o n!r e a cti o n s.! H e n c e! w e! m a y! p o sit!t h at!tr a n sf er! of!t w o! h y dri d e s!fr o m!R B DI M H •Z r) t o!

a! s a crifi ci al! e q ui v al e nt! of!t h e! s u b str at e!i s! a n! u n a v oi d a bl e! m e c h a ni sti c! st e p.! T h er m o d y n a mi c!

c al c ul ati o n s! gi v e! a! ( G ° r x n!of !– 1 5 "k c al  m ol L1 !for!t h e!r e a cti o n! of !D Z n• Z r) +! 2( c y cl o o ct a L1, 3 Ldi e n e) !

→ ) D Z n• 1 0) +! c y cl o o ct e n e .! H y dr o m et all ati o n! a n d! tr a n sf er! h y dr o g e n ati o n! b y! D Z n• Z r ! i s!

i n v e sti g at e d!b el o w.! !

H y d r o m e t a l l a t i o n  a n d T r a n s f e r H y d r o g e n a t i o n  

A! pr e vi o u s! m e c h a ni sti c! st u d y! h a s! u s e d! 4 ,4 Ld i m et h yl p e ntL2 Ly n e! a s! a! tr a p!f or!zir c o n o c e n e!

h y dri d e s !d u e!t o!it s! v er y!f a st! Zr – H! b o n d!i n s erti o n!r at e .5 1 !It s!r e a cti o n!wit h! D Z n• Z r !di d !n ot !all o w!

o b s er v ati o n! of !a!tr a p p e d! h y dr o m et all ati o n! pr o d u ct,! s u c h! a s! a! c o m pl e x! c o nt ai ni n g! {C p 2 Zr( H) –

C( M e) = C( H) tB u }.! I n! f a ct,! t h e! al k y n e! f or m all y! di s pl a c e s! t w o! h y dri d e! li g a n d s! of! D Z n• Z r ! a n d!

pr o d u c e s! D Z n• 1 2 !(S c h e m e! 3. 9 !a n d! Fi g ur e! 3. 1 0 )T!th e! pr o d u ct! of!tr a n sf er! h y dr o g e n ati o n !(i. e.!

4 ,4 Ldi m et h yl p e nt L2 Le n e )! w a s!i d e ntifi e d.! A! s ol e!n e w !h y dri d e! si g n al! e m er g e d !i n!t h e!e x p eri m e nt’ s!

1 H! N M R! s p e ctr a! at! $ !=! – 1. 4 1!( s)! p p m ,!a c c o u nt i n g!f or!t h e! Hµ )at o m )i n!D Z n• 1 2 .!C ol o url e s s! cr y st al s!

of! D Z n• 1 2) gr e w! fr o m! t h e! r e a cti o n!  mi xt ur e! aft er! 1!  m o nt h! at! r o o m Lt e m p er at ur e! a n d! all o w e d!

c h ar a ct eri s ati o n. !T h u s, !in!t hi s! e x p eri m e nt! 4, 4 Ldi m et h yl p e nt L2 Ly n e !d o e s! n ot! a ct! a s!t h e!i nt e n d e d!

h y dr o m et all ati o n! tr a p,! b ut! a s! a! h y dr o g e n! tr a p,! t a ki n g! t w o! h y dri d e s! fr o m! D Z n• Z r .!  A! s e c o n d!

e q ui v al e nt! of! 4, 4 Ldi m et h yl p e nt L2 Ly n e !t h e n!tr a p s!t h e!r e s ulti n g! Z n/ Zr!fr a g m e nt( s).!!

!

S c h e m e 3. 9. ) F ull! c o n s u m pti o n! of!
D
Z n• Z r !vi a) it s! h y dr o g e n ati o n! a n d!i n s erti o n! c h e mi str y! wit h!

li n e ar! al k y n e s!– !al l! yi el d s! b a s e d! o n!
D
Z n• Z r) b y!

1
H! N M R. !

D Z n• 1 2) r ei nf or c e s!t h e! g e n er al!i d e a!t h at!t h e!i niti ati o n! st e p!i n!t h e!i s o m eri s ati o n!r e a cti o n( s)!i s!

tr a n sf er! h y dr o g e n ati o n.! A ! { C p2 Zr
II}! fr a g m e nt! t h e n! f oll o w s,!  w hi c h! i s! s u b s e q u e ntl y! b o u n d! b y!

u n s at ur at e d! h y dr o c ar b o n!t o!f or m! a! t hr e eLm e m b er e d! zir c o n a c y cl e .!I n!t h e! c a s e! of!D Z n• 1 2 ,!t h e!

tB u
1 2 h

n Prn Pr

8 h

C 8 H 1 6  ( 5 5 %)

Di p p B DI Z n H ( 6 0 %)

( 8 0 %)

D Z n • 1 2  ( 3 5 %)

+

C 7 H 1 4  ( 2 0 %)

4 e q ui v.
8 0 ° C

b e n z e n e- d 6
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N
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tB u
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iPr

+

Z n
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N
H

H
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n Pr

n Pr

n Pr

n Pr
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!

1 1 3 !

l att er!i s! alr e a d y! a! zir c o n a c y cl opr o p e n e ,! a n d! n o!i s o m eri s ati o n! of!t h e! h y dr o c ar b o n!t a k e s! pl a c e.!

T h e!f or m ati o n! of! D Z n• 1 2) e x hi bit s!r e gi o s el e cti vit y.! T h e! t ertLb ut yl !gr o u p! a p p e ar s! o n!t h e! Zr! si d e!

of!t h e! h et e r o bi m et alli c! c o m pl e x,! pr e s u m a bl y! d u e!t o!t h e! mi ni mi s ati o n! of! st eri c! cl a s h! wit h!t h e!

iPr! gr o u p s. !

!

Fi g u r e 3. 1 0. ) T h e! cr y st al! str u ct ur e!( 5 0 %! pr o b a bilit y! elli p s oi d s)! of!
D
Z n• 1 2 .! H y dr o g e n! at o m s! ar e!

o mitt e d! s a v e!t h o s e! o n!t h e! C( 4 0)! m et h yl! gr o u p!i n! 1 2 !a n d!t h e! h y dri d e!li g a n d. !S el e ct e d! b o n d!

l e n gt h s![ Å]! a n d! b o n d! a n gl e s![ °]:C( 4 2) – C( 4 1)! 1. 3 1 2( 6) ,!Zr (1 )– H (1 )!1. 9 7 1( 1 3),! Z n( 1) – H (1 )!

1. 6 1 4 ( 1 5)T Zr (1 )– H (1 )– Z n (1 )! 1 0 2. 2 4( 7)!!

T h e!r e a cti o n! of! o ct L4 Ly n e! wit h! D Z n• Z r !al s o! g a v e! si mil ar! e vi d e n c e! of! h y dr o m et all ati o n! a n d!

tr a n sf er! h y dr o g e n ati o n:! t h e! pr od u ct!  mi xt ur e! c o nt ai n s! al k e n e( s).!  H o w e v er,! i n! t hi s! c a s e,! t h e!

m aj or! Zr! pr o d u ct!i s!t h e! zir c o n a c y cl o p e nt a di e n e! ( S c h e m e! 3. 9 ).5 2 !T hi s! s p e ci e s!i s! k n o w n!fr o m!

t h e! cr o s s! c o u pli n g! of! al k y n e s! ar o u n d! ZrII!c e ntr e s. 5 3 L5 6 !It!i s! a!tr a p p e d! { C p2 Zr}!fr a g m e nt! a n d! a!

m o n o m et alli c! e q ui v al e nt! of!t h e! sli p p e d! m et all a c y cl o pr o p e n e s.! A c c or di n gl y,!t h e! Z n!fr a g m e nt!

( p ar e nt! h y dri d e)!D 3 !i s! ej e ct e d!fr o m!t h e! Z n/ Zr! st arti n g! m at eri al.!

Al s o! u s e d! pr e vi o u sl y! a s! a! Zr – H!tr a p! w a s !m et h yl e n e c y cl o h e x e n e .5 7 !It s!r e a cti o n! wit h!D Z n• Z r !

i s! m e s s y,! b ut! h y dr o g e n at e d! al k e n e!i s! cl e arl y!i d e ntifi e d! b y!it s!m et h yl! d o u bl et! at! $ != !0. 8 7!( 3 J H LH !

=! 6. 4)! p p m !i n!t h e!1 H! N M R! s p e ctr u m .5 8 !H o w e v er,! t h e!o b s er v a bl e !or g a n o m et alli c! c o m pl e x!i n!

t h e! mi xt ur e!i s! n ot! a!{ C p2 Zr
II}Lr el at e d!fr a g m e nt! b ut![Di p p B DI Z n P h ].!T hi s! pr o d u ct! c o ul d! b e !t elli n g!

wit h! r e g ar d s! t o! t h e! f at e! of! { C p 2 Zr}! g e n er at e d! fr o m! tr a n sf er! h y dr o g e n ati o n .! R e d u c e d!

or g a n o m et alli c! s p e ci e s! ( s u c h! a s! { C p2 Zr
II})! ar e! al m o st! c ert ai nl y! a! n e c e s s ar y! b y Lpr o d u c t! of!

tr a n sf er! h y dr o g e n ati o n.! W h er e a s!t h e!r e a cti o n s!i n!S c h e m e! 3. 9 !!s h o w! al k y n e! m ol e c ul e s! a bl e!t o!

st a bili s e! Zr !a s! a! m et all a c y cl o pr o p e n e,! si mil ar!tr e at m e nt! wit h! al k e n e s!( m et h yl e n e c y cl o h e x a n e!

or! c y cl o ct e n e) !d o e s !n ot!l e a d!t o!tr a p p e d !{ C p2 Zr},! pr e s u m a bl y! b e c a u s e! of! w e a k er! pr o p e n sit y! of!

al k e n e s!t o! bi n d!t h e!tr a n siti o n! m et al.! A s! a! r e s ult,!t h e! Zr! c e ntr e! r e m ai n s! hi g hl y! r e a cti v e,! a n d!

e v e nt u all y! t h e! r e a cti o n!  mi xt ur e! i s! a bl e! t o! eff e ct! zi n c ati o n! of! t h e! s ol v e nt.!  T hi s! r ai s e s! t h e!

q u e sti o n:! d o! h et e r o bi m et alli c!l o wLv al e nt! s p e ci e s! e xi st!i n!t h e!r e a cti o n! mi xt ur e s ? !

Z n 1

Zr 1

C 4 1C 4 2

C 4 0

C 4 3

H 1

N 1

N 3

C 2
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L o w -v a l e n t I n t e r m e d i a t e s  

Att e m pt s! h a v e! b e e n!  m a d e! t o! i s ol at e! h et er o bi m et alli c! l o wLv al e nt ! i nt er m e di at e s! u si n g!  P M e 3 .!

P h o s p hi n e! a d d u ct s! of! Zr!i n! a!l o w Lv al e nt! s p e ci e s! s u c h! a s!t h at! s h o w n!i n! S c h e m e! 3. 1 0 !h a v e!

pr o v e n !u n Li s ol a bl e!t h u s!f ar.!N e v ert h el e s s,!f oll o wi n g!t h e! p h ot ol y si s! of! D Z n• Z r) b y ) 3 1 P! a n d! 1 H!

N M R! h a s! s h o w n! s o m e! e vi d e n c e! of! l o wLv al e nt! s p e ci e s.! R u n ni n g!t h e! e x p eri m e nt!i n! b e n z e n e Ld 6 !

g a v e!  D! s cr a m bli n g! i nto! t h e! h y dri d e! p o siti o n s,! a s! d et er mi n e d! b y! t h e! f a mili ar! li n e! s h a p e!

c h a n g e s. !Di h y dr o g e n! a p p e ar s!i n!t h e! 1 H! N M R! s p e ctr u m. !I n!1 H! N M R! s p e ctr a!t a k e n!i m m e di at el y!

aft er! p h ot ol y si s,! a! s eri e s! of! p e a k s !a ki n!t o! a! Di p p B DI Lli g at e d! c o m pl e x!a p p e ar !t o! b e!t h e! m aj or!

pr o d u ct s! of!t h e!r e a cti o n !( s e e! E x p eri m e nt al).!M o st! n ot a bl e! of!t h e s e!i s! a! si g n al!i n!t h e! bri d gi n g!

h y dri d e! r e gi o n! at! $ !=! – 3. 0 4! ( d,! J H LP !=! 3 6! H z)! p p m.! B y!t h e! si z e! of!t h e! c o u pli n g! c o n st a nt! a n d!

m ulti pli cit y,!t hi s! si g n al! a p p e ar s!t o! b e! c o u pli n g!t o! a! 3 1 P! at o m. !H o w e v er,! aft er !a! p eri o d! of !s e v er al !

d a y s !at! r o o m!t e m p er at ur e !o ut si d e! of!t h e! p h ot ol y si s !a p p ar at u s! t h e s e!p e a k s! ar e! si g nifi c a ntl y !

d e cr e a s e d!i n!i nt e n sit y .! T h e!i nt e n sit y! of!D Z n• Z r) p e a k s!i s! p artl y! r e g e n er at e d.! B e c a u s e! of!t hi s!

e q uili bri u m! eff e ct,! w e! h a v e! n ot! y et! b e e n! a bl e!t o!i s ol at e!t h e! m aj or! pr o d u ct. !M or e!fr u str ati n gl y,!

t h e!3 1 P! N M R !e x p eri m e nt s! d o! n ot! di s pl a y! a n! u n mi st a k a bl y! pr ot o n Lc o u pl e d! si g n al.! !

I n!t h e!e x p eri m e nt !wit h ![ C p2 Zr P h 2 ],!t h e! u nti d y! p h ot ol y si s! pr o c e s s! c o m p et e s! wit h! a! (r o o mL

t e m p er at ur e)! t h er m al! r e a cti o nT! [Di p p B DI Z n P h ]! i s! sl o wl y! pr o d u c e d! fr o m! t h e! li g a n d! e x c h a n g e!

b et w e e n! t h e! t w o! s p e ci e s .! T hi s!  m a y! or!  m a y! n ot! b e! d eri v e d! fr o m! a! d e sir e d!  Zr – Z n! b o n d e d!

pr o d u ct,! a n d! s er v e s!t o!r e mi n d! u s!t h at! m o n o m et alli c! Zr! m a y! a cti v at e! P h – H! al o n e,! a n d! p a s s!t h e!

p h e n yl!li g a n d!t o! Z n.! !

!

S c h e m e 3. 1 0. ) !E x p eri m e nt a l! att e m pt s! m a d e!o n !r e d u c e d! zir c o n o c e n e! s p e ci e s!r el at e d!t o!
D
Z n• Z r .!

Z n
H N

N
P M e 3

Di p p

Di p p

ZrZ n
H N

N
H

H

Di p p

Di p p

Zr

1 0 e q ui v. P M e 3

b e n z e n e

h ν  
4 0 0 W ( H g l a m p)
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Di p p

HZr
P h

P h
+
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2 h h ν  

4 0 0 W ( H g l a m p)
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3. 3 ) M E C H A N I S T I C D I S C U S S I O N  A N D D F T  S T U D I E S  

T h e!r e s ult s! a b o v e! pr o vi d e! a n! o utli n e!f or !t h e! m e c h a ni s m:! a!di s s o ci ati v e!r at e Ld et er mi ni n g! st e p !

(i n d e p e n d e nt! of! di e n e! c o n c e ntr ati o n!u n d er! s at ur ati o n! c o n di ti o n s),!tr a n sf er! h y dr o g e n ati o n!of!

o n e!  C = C! b o n d! i n! 1! e q ui v.! of! di e n e ,! a n d! t h e! p ot e nti al! f or! l o wLv al e nt! or g a n o m et alli c!

i nt er m e di at e s!ar e! all!f e at ur e s!t h at! n e e d!t o! b e! r e s ol v e d.! T h e! m e c h a ni s m! m u st! al s o! e x pl ai n! h o w!

t w o! C– C  ! Lb o n d s! ar e! br o u g ht! b et w e e n!t h e! s a m e!t w o! C! at o m s !t o! cr e at e!t h e! al k y n e! s y st e m.!I n!

C h a pt er! 2,!t h e! a s s o ci ati o n/ di s s o ci ati o n! of! D Z n• Z r) a n d! D M g •Z r) w a s! a n al y s e d! b y! D F T! a n d! p artl y!

b y! V T! N M R! wit h!t h e! e s s e nti al! c o n cl u si o n!t h at !D Z n• Z r )m or e! e a sil y! di s s o ci at e s )b el o w! 8 0! ° C.! !

3. 3. 1 !M e c h a n i s t i c H y p o t h e si s f r o m E x p e r i m e n t  

T a k e n!i n! c o m bi n ati o n! wit h!t h e!r e s ult s! of!t h e! E yri n g! a n al y si s,! w e! m a y! pr o p o s e! a! st arti n g! p oi nt!

f or! t h e!  m e c h a ni s m.!  R at eLd et er mi ni n g! di s s o ci ati o n! of!  Zr! a n d!  Z n! p ar e nt! h y dri d e! fr a g m e nt s !

(Fi g ur e! 3. 1 1 )!fit s!t h e! e x p eri m e nt al!z e r oLor d er! d e p e n d e n c e! of!r at e! o n! 1, 3 LC O D.! M or e o v er,! f ull!

di s s o ci ati o n! of! {C p 2 Zr H 2 }!a n d! {Di p p B DI Z n H} !i n v ol v e s! a n!i n cr e a s e!i n! e ntr o p y,! w hi c h!i s! c o n si st e nt!

wit h!t h e! e x p eri m e nt al! v al u e! (( S ‡ != !+ 2 2. 3 !± !1. 7 !c al! m ol − 1 !K − 1 ).!R at e Lli miti n g!i n s erti o n! of! al k e n e s!

i nt o! a!  Zr– H! b o n d! (i n! [ C p * 2 Zr H 2 ])!  w a s! f o u n d! t o! h a v e! l ar g e! n e g ati v e ! e ntr o p y! of! a cti v ati o n: 5 1 !

al k e n e!i n s erti o n!i s!t h er ef or e! di s c o u nt e d! a s! p art! of!t h e!r at e Ld et er mi ni n g! st e p.! C y cl o o ct a di e n e L

i n d u c e d! s e p ar ati o n! of!t h e! Zr/Z n !c o m pl e x! i s! n ot!i n cl u d e d!i n!t h e! h y p ot h e si s!b e c a u s e! a! pr e vi o u s!

Zr/ Al! st u d y! h a s! c al c ul at e d!t hi s!t y p e! of! i niti al! st e p!t o!h a v e! a!l ar g e! b arri er! h ei g ht ,! a n d!t her ef or e!

b e! d e p e n d e nt! o n! al k e n e! c o n c e ntr ati o n. 5 9 !!

!

Fi g u r e 3. 1 1. ) R at e Ld et er mi ni n g! g e n er ati o n! of!fr e e! zir c o n o c e n e! di h y dri d e !fr o m!
D
Z n •Z r .)!

T h e!f ail ur e! of! D M g •Z r) t o!r e a ct! wit h!t h e! al k y n e s!i n!S c h e m e! 3. 9 !( a n d!t o! c o n v ert!t o! D M g •1 0 )!

c o ul d! b e! e x pl ai n e d! b y!t h e! diff er e n c e!i n!t h e! di s s o ci ati o n! m e c h a ni s m! a n d/ or !e n er g y! of!t h e! Zr/ M g!

s y st e m.! T h e! v er y!l o o s el y! b o u n d! M Al• Z r !g a v e! c at al y si s! of! c y cl o o ct a di e n e!i s o m e ri s ati o n,!r at h er!

t h a n! M Al •1 0) f or m ati o n,! pr e s u m a bl y! vi a ! a! s e p ar at e!  m o n o m et alli c!  m e c h a ni s m.! Fr e e! a n d!

m o n o m eri c! zir c o n o c e n e! di h y dri d e! i s! li k el y! t o! r e a ct! v er y! q ui c kl y!  wit h! u n s at ur at e d! c y cli c!

h y dr o c ar b o n s !vi a) h y dr o m et all ati o n .6 0 !It! h a s!b e e n! s h o w n!t h at!i n c o mi n g! L Lt y p e!li g a n d!i n d u c e s!

t h e! eli mi n ati o n! of! al k a n e! fr o m! ( al k yl) zir c o n o c e n e! h y dri d e! c o m ple x e s. 6 1 ! Aft er! i n s erti o n! of! a!

di e n e! C = C! b o n d!i nt o!t h e! Zr – H! b o n d! of! zir c o n o c e n e! di h y dri d e,! a!f urt h er! e q ui v al e nt! of! di e n e!

m a y! pr o m o te !t h e!r ed u cti v e! eli mi n ati o n! of! c y cl o o ct a n e. !T h e!r e s ult!i s! n et!tr a n sf er! h y dr o g e n ati o n!

Z n
H N

N
H

H

Di p p

Di p p

Zr Z n

H N

NH

H
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H

H
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b y !zir c o n o c e n e! di h y dri d e,! a n d!f or m ati o n! of! a! zir c o n a c y cl o pr o p a n e! o n!t h e! r e s ulti n g! { C p 2 Zr
II}!

fr a g m e nt!(S c h e m e! 3. 1 1 ).!A s! m e nti o n e d! a b o v e,! Gi b s o n ,! P ar ki n! a n d! B er c a w! s a w! si m ult a n e o u s!

pr o d u cti o n! of! b ut L1 Le n e!( S c h e m e! 3. 1 )! w h e n!t h e y! pr o d u c e d! a!( h y dri d o)t a nt all o c e n e!# 4 Lb ut y n e!

c o m pl e x !fr o m! b ut aL1, 3 Ldi e n e! a n d![ C p * 2 T a H 3 ].!T h e! st eri c all y! u n e n c u m b er e d !{ C p2 Zr
II}! m a y! al s o!

b e! a bl e!t o!f a cilit at e! # 4 Lc o or di n ati o n! of! c y cl o o ct a L1, 3 Ldi e n e .6 2 !!

!

S c h e m e 3. 1 1. ) Tr a n s f er! h y dr o g e n ati o n! of! 1, 3LC O D! b y! zir c o n o c e n e! di h y dri d e. !

S cr uti n y! of! t h e! pr o d u ct!  mi xt ur e! i n! t h e! s y nt h e s e s! of! D Z n • 1 0! s h o w s! t h at! t h er e! i s! a n!

a p pr o xi m at e !1: 1 !r ati o! of! pr o d u ct!t o! c y cl o ct e n e.!F or! e x a m pl e,!f or!t h e! 8 5 %! yi el d! of! D Z n• 1 0 !fr o m!

r e a cti o n!of !1, 5 LC O D! wit h! D Z n• Z r )(S c h e m e! 3. 2 ),!t h er e!i s! ar o u n d!1. 2 !e q ui v al e nt s! of! c y cl o ct e n e.!

T h e! s a m e!r ati o!i s! s e e n!f or!t h e! e x p eri m e nt! u si n g!l ar g e! e x c e s s e s! of! 1, 3 LC O D!( T a bl e! 3. 4 ).! T hi s!

e vi d e n c e! s e e m s!t o! s u p p ort!t h e!r eli a n c e! of!t h e! m e c h a ni s m! u p o n!tr a n sf er! h y dr o g e n ati o n! b y !fr e e!

zir c o n o c e n e !di h y dri d e .!Wit h !s u p p o s e dl y! r el ati v el y!l o w! ki n eti c! b arri er s!f or!t h e! c o or di n ati o n! an d!

h y dr o m et all ati o n! of! 1, 3 LC O D,! it s! c o n c e ntr ati o n! s h o ul d! n ot! a p p e ar! i n! t h e! r at e! e q u ati o n ! – !

e s p e ci all y!if!it!i s! aft er!t h e!r at e Ld et er mi ni n g! st e p .!Fr o m! t h e!pr o d u c e d! zir c o n a c y cl o pr o p a n e ,!a !! L

all yl ! m e c h a ni s m! of! di e n e! i s o m eri s ati o n ! i s! pr o p o s e d! (Fi g ur e! 3. 1 2 ),!  w hi c h! e n d s!  wit h!

r e c o m bi n ati o n! of!t h e! Z n! a n d! Zr!fr a g m e nt s!(Fi g ur e! 3. 1 3 ).!T hi s!r e a cti o n! i s!t h u s! d e s cri b e d!a s! a!

‘h et e r e o bi m et alli c!r e b o u n d! m e c h a ni s m’!o n! a c c o u nt! of!t h e!fi n al! Zr/ Z n! ‘r e b o u n d’!st e p. !T h e! C – H!

b o n d! cl e a v a g e! st e p s !c a n! b e! vi e w e d! a s! s p 2 L" Lh y dri d e! eli mi n ati o n.! T h er e!i s! n o!r e a s o n!t h at!t h e!

c h ai n! w al ki n g! c o ul d! n ot! st art! o n! 1, 5 LC O D! a n d! al s o!r e a c h!t h e! al k y n e !(vi a !1, 4 L!a n d! 1, 3 LC O D) .!!

!

Fi g u r e 3. 1 2. ) M e c h a ni sti c! h y p ot h e si s!f or!t h e !di e n e Lt oLal k y n e !i s o m eri s ati o n! of! 1, 3LC O D! o n!

zir c o n c o c e n e .!

H

H

Zr Zr

∆ G 2 9 8  
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H
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!

Fi g u r e 3. 1 3. ) T h e! ‘r e b o u n d’! st e p! w h er e b y! zir c o n ac y cl o pr o p e n e! a n d! m ai n! gr o u p! h y dri d e!

fr a g m e nt s!r e a s s o ci at e!t o!f or m!t h e! pr o d u ct.!!

T h e! h y p ot h eti c al! m e c h a ni s m!i s!t h u s! di vi d e d!i nt o! f o ur!g e n er al! st a g e s:! (i)! di s s o ci ati o n! of!t h e!

h et er o bi m et alli c! c o m pl e xT! (ii)! tr a n sf er! h y dr o g e n ati o n! t o! eli mi n at e! t w o!  H! at o m s! fr o m! t h e!

zir c o n o c e n eT! (iii)!t h e!di e n e Lt oLal k y n e!i s o m eri s ati o n T! a n d!(i v)!t h e!‘r e b o u n d’!a s s o ci ati o n! of! 1 0 !

wit h! D 3 .! W hil st!t h e! c o m bi n ati o n! of!f u n d a m e nt al! st e p s!i n!t h e!t hir d! st a g e! h a s! b e e n! pr e vi o u sl y!

pr o p o s e d!f or! gr o u p! 4! s y st e m s, 1 9 !pr e c e d e nt! c a n n ot! b e!f o u n d!f or!t h e! pr o d u cti o n! of! a n! al k y n e! b y!

t hi s! r o ut e.!  Wit h! t hi s! i n!  mi n d,! t h e! b a si c! pr e mi s e! of! t h e! ! Lall yl!  m e c h a ni s m ! – ! s p e cifi c all y ! t h e!

u n u s u al! C (s p 2 )– H! cl e a v a g e ! e n) r o ut e ! t o! r ar e! di e n eLt oLal k y n e! i s o m eri s ati o n ! – ! h a s! b e e n!

s cr uti ni s e d! b y! a! pr eli mi n ar y! D F T! st u d y!( s e cti o n! 3. 3. 2 ).!T h e! a n al y si s!i g n or e s !( at!t hi s! st a g e!i n!

t h e! st u d y)! t h e! f u n d a m e nt al! st e p s! i n v ol v e d! i n! t h e! tr a n sf er! hy dr o g e n ati o n! of! t h e! di e n e! a n d!

f or m ati o n! of!t h e! 1, 3LC O D! c o m pl e x! of! C p 2 Zr .!W e! m a y! a s s u m e!f or! n o w!t h at! e n er g y! b arri er s!f or!

t h e! h y dr o m et all ati o n! st e p s! ar e!r el ati v ely !s m all. 5 9 !

3. 3. 2 !C ( s p 2 ) – H C l e a v a g e  T h e o r e ti c a l I n v e s ti g a ti o n  

!

Fi g u r e 3. 1 4. ) T h e! a cti v ati o n! of! a! C( s p
2
)– H! b o n d!i n! b o u n d! c y cl o o ct a L1, 3 Ldi e n e! b y! " Lh y dri d e!

eli mi n ati o n,! a s! c al c ul at e d! b y! D F T. !

T h e! di e n e!t o! al k y n e!i s o m eri s ati o n! s e cti o n !of!t h e!r e a cti o n! b e gi n s! wit h! I nt3 !i n!Fi g ur e! 3. 1 4 .!(It!

i s! pr e c e d e d! b y!tr a n sf er! hy dr o g e n ati o n !fr o m!Z r ,!w h er e !I nt1) =! C p 2 Zr H 2 •(#
2 L1 , 3LC O D)! a n d! I nt2) =!
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!

!

1 1 8 !

C p 2 Zr) .!T h e! C( s p 2 )– H! " Lh y dri d e! eli mi n ati o n !e n er g y! b arri er! w a s!f o u n d!t o! b e! 1 9. 1! k c al! m ol – 1 .!

T hi s!i s! a! s ur pri si n gl y! m o d e st! m a g nit u d e !c o n si d eri n g!t h e! str ai n e d Ll o o ki n g!t wi st!i n!t h e! or g a ni c!

ri n g! of!t h e!tr a n siti o n! st at e!(T S 3 – 4 ).!I nt4 !w a s!i n p ut! a s!t h e! # 3 Lh o m o all e n yl !h y dri d e!i nt er m e di at e ,!

y et !it!fr e el y! o pti mi s e s!t o!t h e!# 1 Li s o m er.! Vi s u al!i n s p e cti o n! of!t h e! o pti mi s ati o n! of!I nt4 !s u g g e st s!

t h at! st eri c! cl a s h! b et w e e n!pr o xi m al !C p! a n d! h o m o all e n yl!li g a n d s!i s! at!l e a st! p art! of!t h e!r e a s o n!

f or!t h e!# 1 !c o nfi g ur ati o n.! N e v ert h el e s s,!t hi s! str u ct ur e!i s! s c ar c el y! m or e! st a bl e!t h a n! T S 3 – 4 !a n d!

a c c or di n gl y,! T S 3 – 4 !i s!a !l at e!tr a n siti o n! st at e! b y! a p p e ar a n c e.!F or! e x a m pl e,!t h e! Zr – H! a n d! Zr – C % !

b o n d s!i n! I nt4 !ar e!t h e! s a m e!l e n gt h! a s!i n! T S 3 – 4 .!T h e !f oll o wi n g!r e d u cti v e! eli mi n ati o n! st e p s!(I nt4 )

→ ! I nt2 ! +! c y cl o o ct a L1, 2 Ldi e n e) ! ar e! i g n or e d! h er eT! t h er e! i s! li k el y! t o! b e! a! s u b st a nti al!

t h er m o d y n a mi c! p e n alt y!t o! s e p ar ati o n! of!t h e!fr a g m e nt s,!b ut! i n c o mi n g!C = C! li g a n d!i s!k n o w n!t o!

b e ! r at eLa c c el er ati n g ! a n d!  w o ul d! n ot! n e c e s s aril y! a p p e ar! i n! t h e! r at e! e q u ati o n .5 6, 6 3 ! A ! str o n g!

r e bi n di n g! e n er g y!t o! gi v e!t h e!# 2 Lc y cl o o ct a L1, 2 Ldi e n e! c o m pl e x!( I nt5 )!i s! al s o! pr e di ct e d.!!

!

Fi g u r e 3. 1 5. ) T h e! a cti v ati o n! of! a! C( s p
2
)– H! b o n d!i n! b o u n d! c y cl o o ct a L1, 2 Ldi e n e !b y! " Lh y dri d e!

el i mi n ati o n,! a s! c al c ul at e d! b y! D F T,! a n d!t h e!r el ati v e! e n er g y! of!t h e! zir c o n a c yl o pr o p e n e!1 0 ,!f or m e d!

b y! pr o p ar g yl!r e d u cti v e! eli mi n ati o n. !

T h e! # 2 Lc y cl o o ct a L1, 2 Ldi e n e! c o m pl e x,! I nt5 ,!i s! 1 0. 3!k c al! m ol – 1 !m or e! st a bl e!t h a n )I nt3 )(Fi g ur e!

3. 1 5 ).!T h e! # 2 Lc y cl o o ct a L1, 3 Ldi e n e!f o u n d!i n! I nt3 !i s!ti p p e d!o ut !t o w ar d s! a! C p! gr o u p,! c a u si n g! s o m e!

s h ort! c o nt a ct s! b et w e e n! H! a n d! C! at o m s!( c a. !2. 6! Å).! C o ntr a sti n gl y ,!t h e!ri n g! s y st e m!i n!I nt5 !k e e p s!

fl at! a n d! e q ui di st a nt!fr o m!t h e! C p!li g a n d s.! M or e o v er,!ri n g! str ai n!fr o m!t h e! all e n e! m oi et y!i s!r eli e v e d!

b y! t h e! # 2 Lbi n di n g ,! e x pl ai ni n g! t h e! r el ati v e! st a bilit y.! At! 2 7 .5! k c al!  m ol – 1 ,! th e )b arri er ! h ei g ht! f or!

I nt5 → T S 5 <6 !i s! 8. 4! k c al! m ol– 1! l ar g er!t h a n!t h e! pr e vi o u s!" Lh y dri d e! eli mi n ati o n !st e p :)I nt3 → T S 3 <4 .!A s!

t h e! al k y n e! b o n d! d e v el o p s! a n d!f or m s! a! str ai n e d!# 2 /# 3 Ltr a n siti o n! st at e,!t h e! C8 H 1 2 !ri n g!i s!f or c e d!

t o! b u c kl e!t o w ar d s! a! C p!li g a n d! a nd !m a k e! d e st a bili si n g !s h ort! c o nt a ct s! a g ai n. !It!i s! pr e di ct e d!t h at!

1. 8 9 1. 6 0

1. 2 7
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2. 4 0
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!

!

1 1 9 !

I nt5 → T S 5 <6 !will! b e!t h e! hi g h e st! ki n eti c! b arri er! o n!t h e! c o m pl et e!r e a cti o n! p ot e nti al! e n er g y! s urf a c e ,!

b ut!it!i s! n ot! s o! hi g h! a s!t o! pr e cl u d e!t h e !“! Lall yl”! m e c h a ni s m !b y!it s elf .! As! wit h )T S 3 <4 → I nt4 ,!t h e!

s u c c e e di n g!i nt er m e di at e!( I nt6 )!i s! o nl y! sli g htl y!l o w er!i n! e n er g y.!H o w e v er,!i n!t hi s! c a s e,!t h e! l at e!

tr a n siti o n! st at e!i s! vi si bl y! v er y! diff er e nt!fr o m!t h e!r e s ulti n g!i nt er m e di at e,!i n!w hi c h!i s! t h e! pr o p ar g yl!

li g a n d!i s!# 1 !b o u n d .!!

I nt er m e di at e!1 0) i s!3 2. 4! k c al! m ol – 1 !m or e! st a bl e!t h a n !I nt6 .!It! c a n! b e!f e a si bl y!pr o d u c e d! b y!

r e d u cti v e! eli mi n ati o n,! a n d!r e bi n di n g! of!t h e! c y cl o al k y n e!( st e p s! n ot!y et! c al c ul at e d! or! s h o w n! o n!

Fi g ur e! 3. 1 5 ).!Li k e!t h e! all e n e! a n al o g u e,!t h e! b o u n d! al k y n e!i s! m or e! st a bl e!t h a n!t h e! b o u n d! di e n e .!

T hi s ! c o nti n u e s! t h e! s u c c e s si o n ! of! e v er m or e! st a bl e! # 2 Li nt er m e di at e s.! Fr o m! e x p eri m e nt,! t h e!

st a bilit y! of! 1 0) i s! n ot! s uffi ci e nt!t o! s e e!it! o b s er v e d!i n!t h e!r e a cti o n! of!c y cl o o ct a di e n e! wit h! Z r• Z r .!

I n!t h e!r e a cti o n! mi xt ur e,!t h e! u n s at ur at e d! Zr! c e ntr e!i n!1 0 !i s!li a bl e!t o! ki n eti c!i n st a bilit y.!T h er ef or e,!

cr u ci all y,!t h e! h et er o bi m et alli c! r e b o u n d! c a pt ur e! of! 1 0 )(Fi g ur e! 3. 1 3 ))c o nf er s! c o m pl et e! st a bilit y!

o n!t h e! zir c o n o c e n e .!T h e! bi n di n g! e v e nt! 1 0 )+! D 3 ,! a s! c al c ul at e d!i n!Fi g ur e! 3. 8 ,! h a s! a!fr e e! e n er g y!

c h a n g e! of! ar o u n d! – 1 1. 5! k c al! m ol – 1 .!T hi s! o u g ht!t o! b e!t h e!t h er m o d y n a mi c! si n k!t h at! c a u s e s!t h e!

pr o c e s si o n! a cr o s s !t h e! u nf a v o ur a bl e! b arri er s! of!T S 3 – 4 !a n d )T S 5 – 6 !a n d! a w a y!fr o m! D Z n• Z r !a n d!t h e!

ki n eti c all y! u n st a bl e!i nt er m e di at e s. !

3. 3. 3 !S e l e c t i v i t y a n d B y -p r o d u c t s  

3. 3. 3. 1 ) B y -P r o d u c t s  

C y c l o o c t a d i e n e s  

T h e! p r o p o s e d!  m e c h a ni s m! gi v e s! a n! i nt er e sti n g! p er s p e cti v e! o n! t h e! c o mi n g! t o g et h er! of!

[Di p p B DI M H] !a n d! 1 0 .! T h e! pr o d u ct!D Z n• 1 0 !i s! eff e cti v el y! a! p arti al!i n s erti o n! of!t h e! Z n– H! b o n d!i nt o!

a! Zr – C! b o n d! of!t h e! 1 0 .!W er e! [Di p p B DI Z n H]!t o! att e m pt! a n!“ e arl y!r e b o u n d” !a n d! r ei n s ert!at! e arli er!

p oi nt s! i n! t h e!  m e c h a ni s m ,6 4 ! it!  w o ul d! li k el y! s uff er! fr o m! st eri c! cl a s h! a n d/ or! c o nf or m ati o n al!

c o nt or si o n.! !

!!

Fi g u r e 3. 1 6. ) T h e or eti c a l!f or m ati o n! of! a n! Zr/ Z n!µ 2
:# 2

Lc y cl o all e n e !c o m pl e x!r el at e d!t o!
D
Z n• 1 0 ,! aft er!

P ar ki n! a n d! c o Lw or k er s.
3 7

!

N e v ert h el e s s,!r e c o m bi n ati o n! of! Z n! a n d! Zr!fr a g m e nt s! at!t h e! # 2 Lall e n e! c o m pl e x! (Fi g ur e! 3. 1 6 )!

i s! a! p o s si bilit y! c o n si d eri n g! t h e! fi v eLc o or di n at e! bri d gi n g! vi n yl i c! c ar b o n! of!1. 8 0 ) ( s e e!  C h a pt er!
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1 2 0 !

1) .3 7 !S u c h! a! bri d gi n g! al k e n e! w o ul d! h a v e!l e s s! of! a! pr o bl e m!fitti n g!i nt o!t h e! cl eft! b et w e e n!t h e!

Di p p! gr o u p s! o n! t h e! c h el at e! li g a n d,! a n d! ri n g! str ai n! i n! t h e! all e n e!  w o ul d! b e! l e s s e n e d. ! T h e!

p ot e nti al!f or!t hi s! s p e ci e s! s h o ul d! b e!i n v e sti g at e d!i n!f ut ur e! c o m p ut ati o n al! w o r k.!

O t h e r S u b s t r a t e s  & t h e G e n e r a t i o n o f [ D i p p B D I Z n P h ]  

It! i s! s p e c ul at e d! t h at! l o s s! i n! yi el d! of! D Z n• 1 0 ! i s! d u e! t o! u n w a nt e d! pr o d u ct s! f or m e d! fr o m!

i n s erti o n! of! b o n d s!i nt o!t h e! Zr– C 5 4 !or! Zr – H! b o n d s! of!t h e! v ari o u s!i nt er m e di at e s .!F or!i n st a n c e,!

th e! i n s erti o n! of! a!C = C !b o n d!i nt o! a! zir c o n a c yl o pr o p e n e !w a s!i m pli e d! b y!t h e! r e s ult!i n! S c h e m e!

3. 9 .!  T h u s,! a! zir c o n a c y cl o p e nt a di e n e! w a s ! f or m e d! fr o m! t w o! o ctL4 Ly n e!  m ol e c ul e s. ! T hi s ! h a s!

pr e vi o u sl y! b e e n! o b s er v e d! a s! a n! u n w a nt e d! b y Lpr o d u ct!fr o m! a!r e a cti o n! mi xt ur e! c o nt ai ni n g! o ct L

4 Ly n e! a n d! { C p 2 Zr
II}.5 3 ! Wit h! t h e! c y cl o h e x a di e n e! s u b str at e s ,! di s pr o p orti o n ati o n!  w a s! s e e n.!

Lit er at ur e! pr e c e d e nt! h a s! s u g g e st e d! t hi s! c a n! o c c ur! at! t h e! ! Lall yl! i nt er m e di at e ,1 9 ! t hr o u g h!

i n s erti o n! of!a! s e c o n d! m ol e c ul e! of! c y cl o h e x a di e n e! i n s erti n g!i nt o!t h e!Zr – H! b o n d .!!

!

Fi g u r e 3. 1 7. ) A!r o ut e!t o![
Di p p

B DI Z n P h]! d uri n g!r e a cti o n! of!
D
Z n• Z r) wit h! al k e n e ,! st e m mi n g!fr o m!

‘ e arl y!r eb o u n d’! of! Zr! a n d! Z n!fr a g m e nt s. !

T h e! e xi st e n c e !of! {C p 2 Zr
II}!i n!t h e! s y st e ms !m e a n s!t h at! o xi d ati v e! a d diti o n! of! Z n – H! a cr o s s! Zr!

i s! p o s si bl e.6 9 !I n!t h e! c a s es! of! c y cl o o ct e n e! a n d!t h e! c y cl o h e x a di e n e s,!t h e! a m o u nt! of! al k e n e! or!

al k y n e! li g a n d s! dr o p s! dr a sti c all y! d u e! t o! h y dr o m et all ati o n! pr o c e s s e s. ! T h u s,! t h e! {C p 2 Zr
II}!

fr a g m e nt!i s! m or e! v ul n er a bl e!t o! att a c k! b y! Z n– H. !Fi g ur e! 3. 1 7 !s h o w s! h o w!f or m ati o n! of! a! dir e ct!

Zr – Z n! b o n d! gi v e s! o n e! e x pl a n ati o n!f or!t h e! pr o d u cti o n! of! [Di p p B DI Z n P h ].!A cti v ati o n! of! ar yl! C – H!

b o n d s! b y!  m et all o c e n e Lb o u n d!  m ai n! gr o u p!  m et al! fr a g m e nt s!  w a s! n ot e d! i n!  C h a pt er! 1 !

( c o m p o u n d s!1. 2 0 ,!1 . 3 1,!1. 4 4 ).7 0 L7 2 !A ll! pr e vi o u s!r e p ort e d! e x a m pl e s! h a v e! b e e n!i ntr a m ol e c ul ar.!

B e n z e n e! ( d e ut er o L! or! pr ot e o L)! a ct s! a s! a! h y dri d e! s o ur c e! f or!  Zr,!  w hi c h! c a n! c o nti n u e! t o!

h y dr o m et all at e! a n d! tr a n sf er! h y dr o g e n at e. ! It! s h o ul d! b e! i nt er e sti n g! t o! s e e! if!  C– H! a cti v ati o n!

o c c ur s!i n! al k a n e! s ol uti o n s.! I n!t h e!r e a cti vit y! of! ZrII!m et all o c e n e s,!t h e! n o n Li n n o c e n c e! of!t h e! C p!
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!

!

1 2 1 !

li g a n d s! (s p e ci fi c all y! t h e!  C– H! b o n d s)! al s o! off er s!  m a n y! r o ut e s! f or! d e c o m p o siti o n. 1 8, 3 1, 5 6, 6 5 L6 8 !

D ir e ct! o xi d ati v e! a d diti o n! of! P h– H!t o!{ C p 2 Zr
II})i s! p o s si bl e:! p h e n yl!li g a n d! e x c h a n g e! w o ul d!t h e n!

g e n er at e! [Di p p B DI Z n P h]!( s e e! di s c u s si o n! s urr o u n di n g! S c h e m e! 3. 1 0 b). )

3. 3. 3. 2 ) T h e H e t e r o bi m e t alli c E f f e c t  wi t h Zi n c  

T h e! Gi b b s!fr e e! e n er g y! c h a n g e!i s! – 1 1. 5! k c al! m ol – 1 !f or!t h e! a s s o ci ati o n!of!t h e! Z n – H!li g a n d! wit h!

1 0) ( n ot! i n cl u di n g! a! di s p er si o n! c orr e cti o n,!  wit h!  w hi c h! t h e! bi n di n g! c a n! b e! e x p e ct e d! t o! b e!

str o n g er) .!I n! c o m p ari s o n,!th e! a n al o g o u s! e v e nt!f or![ Di p p B DI M g H]!i s! t wi c e!a s !e x er g o ni c!( ∆ G 2 9 8 K !

=! – 2 2. 5! k c al! m ol – 1 ).!If!1 0 )a n d!{ Di p p B DI M g H })w er e !f or m e d!i n! a n y! si g nifi c a nt! c o n c e ntr ati o n!w h e n!

D M g •Z r) i s! r e a ct e d!  wit h! c y cl o ct a di e n e! t h e n! D M g • 1 0) s h o ul d! b e! o b s er v e d .! T h er ef or e,! t h e!

s el e cti vit y! of!t h e! Z n/ Zr! s y st e m!f or!t hi s!r e a cti o n! s h o ul d !n o t! b e! d eri v e d!fr o m!t h e!r e b o u n d! st e p.!!

H o w e v er ,!it!i s!p o s si bl e!t h at! {D 2 })m a y! b e! b o u n d! u p!i n! [Di p p B DI M g H] 2 ,! w hi c h!i s!it s elf!– 2 2. 4!

k c al! m ol – 1 !m or e! st a bl e!t h a n!it s! m o n o m eri c!fr a g m e nt! ( ∆G 2 9 8 K ,!i n cl u di n g! di s p er si o n!f or c e s,!fr o m!

s e cti o n! 2. 3 .1. 2 ),! a n d! h e n c e!  w e a k e n e d! i n! it s!  Gi b b s! fr e e! e n er g y! of! bi n di n g! of! 1 0 .!!

N ot wit h st a n di n g ,!S c h e m e! 3. 3 !cr u ci all y !s h o w e d!t h at ,! u n d er!r e a cti o n! c o n diti o n s,![Di p p B DI M g H] 2 !

c a n! sl o wl y! r e pl a c e![Di p p B DI Z n H]!fr o m! D Z n• 1 0 .!N eit h er! [Di p p B DI M g H] 2 )or )D Z n• 1 0 )w o ul d! b e! v er y!

g o o d! el e ctr o p hil e s/ n u cl e o p hil e s!i n! a n! a s s o ci ati v e! s u b stit uti o n! m e c h a ni s m,! c o n si d eri n g!t h eir!

c u m b er s o m e ! st eri c! l o a di n g.! A ! di s s o ci ati v e! e q uili bri u m! b et w e e n! 1 0 ! a n d! [Di p p B DI Z n H]! i s !

t h er ef or e! a s s u m e d.!

S o,! if! t h e! s el e cti vit y! d o e s! n ot! hi n g e! u p o n! t h e! r e b o u n d! e v e nt,!  w e!  m a y! pr e di ct! t h at! t h e!

di s s o ci ati v e! e q uili bri u m! b et w e e n! [Di p p B DI M H]! a n d! Z r )diff er e nti at e s! b et w e e n!t h e!t w o!t y p e s! of!

i s o m eri s ati o n!r e a cti o n! s h o w n!i n!T a bl e! 3. 1 !a n d! S c h e m e! 3. 2 .!Ki n eti c s! e x p eri m e nt s! h a v e! s h o w n!

t h at! t hi s! di s s o ci ati o n! c a n n ot! d e p e n d! u p o n! t h e! c o n c e ntr ati o n! of! i n c o mi n g! al k e n e! s u b str at e.!

C al c ul ati o n s!i n! C h a pt er! 2! h a v e! s h o w n!t h at!t h e! di s s o ci ati o n! c o n st a nt!f or![ B DI M H]• Z r )d e cr e a s e s!

i n!t h e! or d er! M g! >! Z n! > >! Al( H)!( w h er e!B DI) =! Di p p B DI )f or! M g! a n d! Z n,! a n d!B DI) =! M e s B DI )f or!Al( H)).!

It! a p p e ar s! t h at! f or! D Z n• Z r ,! Z r) i s! a v ail a bl e! t o! o p er at e! a ! m o n o m et alli c! di e n e Lt oLal k y n e!

i s o m eri s ati o n!m e c h a ni s m,! b ei n g! n ot!t o o!ti g htl y! b o u n d !(cf. !M g).! T h e! Zr! al k y n e! c o m pl e x!f or m e d!

i n!t hi s! m e c h a ni s m!i s! a d diti o n all y! a bl e!t o! b e!tr a p p e d! b y!t h e! m ai n! gr o u p!fr a g m e nt,! h a vi n g! n ot!

t o o!l o o s e! a n! affi nit y!(cf. !Al( H)).! !
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3. 4 ) C O N C L U S I O N S  

T hi s! st u d y! h a s! u n c o v er e d!t h e! pr o d u cti o n! a n d!i s ol ati o n! of! a !Z n/ Zr! sli p p e d! m et all o c e n e !(D Z n• 1 0 )!

of!t h e!t y p e! pi o n e er e d! b y! Er k er! a n d! R o s e nt h al !i n!t h e!l a st! q u art er! of! a! c e nt ur y.!O ut st a n di n gl y,!

t hi s!i s!t h e!fir st! Z n! m ai n! gr o u p!fr a g m e nt! e x a m pl e,!t h e!fir st! e x a m pl e!i n! w hi c h!t h at!fr a g m e nt!i s!

st eri c all y! b ul k y ,!t h e!fir st! e x a m pl e! n ot!t o! u s e! a n! al k y ne! st arti n g! m at eri al,! a n d!t h e! fir st! e x a m pl e!

t o! b e! f or m e d! fr o m! a! h et er o bi m et alli c! c o m pl e x.!T h e! s y nt h e si s! of! D Z n• 1 0 !i s! o nl y! t h e! s e c o n d!

e x a m pl e! of! di e n e Lt oLal k y n e!i s o m eri s ati o n.! F urt h er! a n al o g u e s! h a v e! b e e n! d e v el o p e d !b y !v ar yi n g!

t h e! al k y n e,! a n d ! s u b stit uti n g! t h e! zi n c! fr a g m e nt! of! t h e! c o m pl e x!  wit h! a!  m a g n e si u m! o n e.! T h e!

r e s ulti n g! M g/ Zr! a n al o g u e! i s!t h e! fir st! e x a m pl e! of! a! sli p p e d! zir c o n o c e n e!f or m e d! b y! fr a g m e nt!

s u b stit uti o n .!It! al s o! pr o v e d!t h at!t h e! m e c h a ni s m,!r at h er!t h a n!t h e!t h er m o d y n a mi c s,!i s!cr u ci al!i n!

t h e!u ni q u e! s u c c e s s! of! D Z n• 1 0 )f or m ati o n)b y!t h e! di e n e!i s o m eri s ati o n!r o ut e.! !

M e c h a ni sti c! e x p eri m e nt s! a n d! c al c ul ati o n s! h a v e! p oi nt e d!t o w ar d s! a! ! Lall yl! h y dri d e! p at h!t o!

D Z n• 1 0 ,! w hi c h!i s! c o n d u ct e d! b y! a! m o n o m et alli c! zir c o n o c e n e! c o m pl e x.!It! h a s! b e e n!i nf err e d!t h at!

o v erl y!ti g ht! a n d! o v erl y!l o o s e! bi n di n g! of!t h e! M g/ Zr! a n d! Al/ Zr! h et er o bi m et alli c! h y dri d e! c o m pl e x e s!

d ef er s! t h eir! r e a cti vit y! t o! t h at! of! r e g ul ar! di e n e! i s o m eri s ati o n! c at al y si s ! b y! diff er e nt!

m e c h a ni s m( s) .!W h et h er! or! n ot!t h e! m e c h a ni sti c !pr o p o s al!i s! c orr e ct! d o e s! n ot! d etr a ct!fr o m! a!

s ur pri si n g! c o n cl u si o nT! i n!t h e! c at al yti c!i s o m eri s ati o n! of! di e n e s,!al k y n e Lc o nt ai ni n g !i nt er m e di at e s!

ar e! p o s si bl e ! off Lc y cl e.!  T hi s! r e p ort! i s! p o s si bl y! a n! e x c e pti o n al! c a s e! of! t h eir! st oi c hi o m etri c!

o b s er v ati o n! d u e! t o! t h e! bi n di n g! b y! a! zi n c ! h y dri d e! c o m pl e x! a n d! t h e! f a v o u r a bl e!  m e c h a ni sti c!

l a n d s c a p e! pri or!t o!t h at! e v e nt.!

3. 4. 1 !F u t u r e W o r k   

3. 4. 1. 1 ) T h e o r e ti c al S t u di e s  

T h e!i m m e di at e! c o n c er n! of!f ut ur e! w or k! s h o ul d! b e!t o! c o m pl et e! a!f ull! c o m p ut ati o n al! st u d y! o n!t h e!

pr o p o s e d!  m e c h a ni s m! of! t h e! di e n e Lt oLal k y n e! i s o m eri s ati o n.!  N ot a bl y,! t hi s! s h o ul d! i n c l u d e! a)!

c ar ef ul! d e d u cti o n! of! t h e! r at e Lli miti n g! st e p! a n d! b)! a! c o n si d er e d! c o m p ari s o n! of!  C( s p 3 )– H ! v s.!

C( s p 2 )– H !" Lh y dri d e! eli mi n ati o n ,! a s!t h e!l att er!i s! p arti c ul arl y!r ar e.! D et ail e d!r e p ort s! h a v e! n ot! b e e n!

f o u n d.!T h e !ot h er! g e n er al!i s s u e!f or! D F T! st u d y!i s!t h e! r a n g e! of! alt er n ati v e! p o s si biliti e s!f or!t h e!

a cti v e! or g a n o m et alli c! s p e ci e s! i n! t h e! o n Lm et al! i s o m eri s ati o n. ! A nti Lh y p ot h e s e s! n e e d! t o! b e!

c o n si d er e d,! i nt er) ali a) t h e) s ur vi v al! of! a!  Z n/ Zr! c o m pl e x! t hr o u g h o ut ,! a n d) t h e!  M– H! i n s erti o n L

eli mi n ati o n! m e c h a ni s m. !

3. 4. 1. 2 ) D i e n e/ Al k y n e V a ri a ti o n  

R e s ult s! i n! s e cti o n! 3. 2. 4 ! (D Z n• 1 1 ! a n d ) D Z n• 1 2 )! h a v e! s h o w n! t h at! t h e! sli p p e d!

m et all a c y cl o pr o p e n e! m oi et y!i s! a v ail a bl e!f or! at!l e a st!t w o! ot h er! zir c o n a c y cl o pr o p e n e!fr a g m e nt s.!
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C o m p ari s o n! of!t h e!r at e! c o n st a nt!f or!t h e s e!t w o!r e a cti o n s!(t o!t h e! c y cl o o ct a L1, 3 Ldi e n e!r e a cti o n)!

s h o ul d! c o nfir m! or!r ul e! o ut!t h e! c urr e nt! m e c h a ni sti c! h y p ot h e si s.!I d e nti c al!r at e! c o n st a nt s! w o ul d!

i n di c at e!t h at!t h e! di e n e/ al k y n e! m oi et y! pl a y s! n o! p art!i n!t h e!r at eLli miti n g! st e p.! S u c h! a!r e s ult! w o ul d!

t h er ef or e! h e a vil y!f a v o ur!t h e! di s s o ci ati o n! of!D Z n• Z r )a s!t h e! sl o w e st! st e p.! !

T h e! p ut ati v e! r e a cti o n! m e c h a ni s m! m a y! b e! bl o c k e d!  wit h! u s e! of! di e n e s! c o nt ai ni n g! t erti ar y!

c ar b o n s,! n or b or n a L2, 5 Ldi e n e! a n d! 4 Lvi n yl c y cl o h e x a n e! b ei n g! t w o! s u c h! c a n di d at e s.!

I nt er m e di at e s!r el at e d!t o!I nt5 !or!t h e! pr o d u ct!i n! Fi g ur e! 3. 1 6 !m a y! b e c o m e! o b s er v a bl e! a s! a!r e s ult.!! !

3. 4. 1. 3 ) E x p e ri m e n t al W o r k  o n  Z r  

T h er e! ar e! still! ar e a s! i n!  w hi c h! t h e! e x p eri m e nt al!  w or k! d o n e! t h u s! f ar! c a n! b e! e x p a n d e d! a n d!

d e v el o p e d.! T h e! m ai n! c o n c er n! of!t h e s e! e x p eri m e nt s! s h o ul d! b e!t h e!i nt err o g ati o n! of!{ C p 2 Zr
II}! a s!

a!f u n cti o n al! p art! of!t h e! m e c h a ni s m.! Pri m aril y,!t hi s! s h o ul d!i n v ol v e! r efi n e d! att e m pt s!t o! cr e at e!

s y nt h o n s! a n d! tr a p s! f or! t hi s! l o w Lv al e nt! i nt er m e di at e! a n d! it s! r el at e d! str u ct ur e s! ( cf. ! s e cti o n!

3. 2. 4. 3 )T! tr e at m e nt!  wit h! c y cl o o ct a di e n e s! a n d/ or! D 3 ) s h o ul d! f oll o w .!  F or! e x a m pl e,! p h o s p hin e!

a d d u ct s! of! 1 0 ! or! e arli er! i nt er m e di at e s!  m a y! b e! att ai n a bl e! t hr o u g h! r o ut e s! d e v el o p e d! b y!

B u c h w al d, 3 6, 4 5, 7 3 a n d! b e n z y n e! a n d! c y cl o h e x y n e! a n al o g u e s! of! D Z n• 1 0) c o ul d! b e! p o s si bl e!t hr o u g h!

t h e s e! a p pr o a c h e s.! T h e! N e gi s hi!r e a g e nt! m et h o d!i s! y et!t o! b e!tri e d,7 4, 7 5 !a n d! a d v a n c e s! ar e! still!

b ei n g! m a d e!i n!t h e! ar e a! of! Zr II!s y nt h o n! g e n er ati o n. 7 6 !I n!t h e! p h ot ol y si s! of![ C p2 Zr P h 2 ]! wit h!D 3 ,)

p h o s p hi n e! c o or di n ati o n! or! e v e n! h y dr o m et all ati o n! tr a p s!  m a y! b e! a bl e! t o! arr e st!  Zr/ Z n!

i nt er m e di at e s.)A n!i n Lpr o b e! ki n eti c s! e x p eri m e nt! wit h! a!l ar g e! e x c e s s! of! c y cl o o ct a L1, 3 Ldi e n e! m a y!

s h o w! si g n s! of! di sr u pti o n!if! P M e 3 !w er e! al s o! pr e s e nt!i n! e x c e s s! or! wit h! u s e! of! a! c o or di n ati n g!

s ol v e ntT! S c h w art z! a n d! G ell! h a v e! n ot e d!t h e! a bilit y! of! p h o s p hi n e s!t o!i n d u c e!r e d u cti v e! eli mi n ati o n!

of! al k a n e!fr o m!( h y dri d o) zir c o n o c e n e! al k yl! c o m pl e x e s. 5 6 !!

Qi a n! et) al .! h a v e! u s e d! v ari a bl eLt e m p er at ur e! h y dr ol y si s! e x p eri m e nt s!t o! q u e n c h!t h e!r e a cti o n!

mi xt ur e! at! diff er e nt! st a g e s! of! pr o gr e s si o n. 7 7 !B y! a n al y si n g!t h e! h y dr ol y s e d! mi xt ur e!f or! di e n e! or!

al k e n e! pr o d u ct s,! diff er e nti ati o n! b et w e e n! t h e! t w o! g e n er al!  m e c h a ni s m s! ( Fi g ur e! 3. 2 )! i s!

t h e or eti c all y! p o s si bl e.!  P o s si bl e! p ar am a g n eti c! s p e ci e s! i n! t h e! f or m ati o n! of! D Z n• 1 0 ! c o ul d! b e!

i n v e sti g at e d! at! a!l at er! st a g e,!if!f urt h er!r e s ult s! d e m a n d!it.!

3. 4. 1. 4 ) H e t e r o bi m e t alli c E f f e c t s  wi t h Al/ Z r a n d M g/ Z r S y s t e m s  

T h e! m o n o m eri c! zir c o n o c e n e! di h y dri d e! – !s u p p o s e dl y! a c c e s si bl e! – !i s! e vi d e ntl y! o n!t h e! wr o n g!

si d e! of! t h e!  mi n u s c ul e! di s s o ci ati o n! c o n st a nt! of! D Z n• Z r) ( a n d! Z r• Z r ).!  T hi s!  m a k e s! it s! st u d y!

pr o bl e m ati c,! a n d! o nl y! s m all!i n dir e ct! e vi d e n c e! s u g g e st s! D Z n• Z r !c o m pl et el y! di s s o ci at e s! at! all.!

I n! t h e! c a s e! of! M Al• Z r )c o m pl et e! di s s o ci ati o n! i s! a s s ur e dT! n o! M Al• Z r !a n d! n o! o b vi o u s! bri d gi n g!

h y dri d e! si g n al s! ar e! s e e n!i n!t h e! 1 H! N M R! s p e ctr a! of!t h e! a cti v e! r e a cti o n! mi xt ur e!f or! 1, 5 LC O D!

i s o m eri s ati o n.!T hi s! h a s! b e e n !di s c o u nt e d! a s! a! r el at e d! m e c h a ni s m ,! b ut! c o oli n g,! sl o wi n g! a n d!

pr o bi n g! of!t h e! r e a cti o n! m a y! pr o vi d e! g e n er al! c o n cl u si o n s.! At!t h e! ot h er! e xtr e m e!li e s! D M g• Z r ,!

s h o wi n g! l e s s! di s s o ci ati o n! t h a n! D Z n • Z r.!  Al k y n e! i nt er m e di at e s! c o ul d! b e! pr o d u c e d! i n! it s!
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i s o m eri s ati o n! of! 1, 5L!t o! 1, 3LC O D,! a n d!t hi s! mi g ht! b e!tr a p p e d !wit h! a d diti o n! of! D 3 !t o!t h e! a cti v e!

r e a cti o n!  mi xt ur e.!  Unf ort u n at el y,! pr a cti c aliti e s! d o! n ot ! all o w! q u alit y! ki n eti c! a n al y si s! of! eit h er!

M g/ Zr! or! Al/ Zr! c y cl o o ct a L1, 5 Ldi e n e!i s o m eri s ati o n.! !

T h e! e vi d e n c e! f or! { C p 2 Zr
II}! ( a n d! t h e! h y dr o g e n ati o n! of! D Z n• 1 0 )! s u g g e st s! t h at! t h e!  Z n/ Zr!

s y st e m! m a y! b e! e m pl o y a bl e! a s! a! h y dr o g e n ati o n! c at al y st.! Gr atif yi n gl y,! a! t est! e x p eri m e nt !h a s!

s h o w n!t h at!t h e!r e a cti o n! of! 1, 5 LC O D! a n d! D Z n• Z r !u n d er! H 2 !at m o s p h er e!i n cr e a s e s!t h e!i nt e n sit y!

of!t h e! c y cl o o ct a n e! si g n al!r el ati v e!t o!t h e! N 2 !at m o s p h er e!r e a cti o n. !Of! c o ur s e,!t h e! s eri e s! of! M/ Zr!

c o m pl e x e s! ar e! all! c a n di d at e s !f or!i n v e sti g ati o n! of! c at al y st s!f or! h y dr o g e n ati o n!t e c h n ol o gi e s.!!

3. 4. 1. 5 ) W i d e r W o r k  

T h e! pr o p o s e d!  m e c h a ni s m! i s! di sti n ct! fr o m! t h e!  M – H! i n s erti o n Leli mi n ati o n! a s cri b e d! t o! t h e!

pr e vi o u s! di e n e Lt oLal k y n e! i s o m eri s ati o n ! e x a m pl e.!  R e vi e wi n g! t h e! 2 5 Ly e ar Lol d! r e p ort! fi n d s! n o!

r e s ult s!t h at!c o m pl et el y!r ul e !o ut!t h e! ! Lall yl! m e c h a ni s m.! Wit h! a!f ull! c o m p ut ati o n al! st u d y! o n!t h e!

m e c h a ni s m! of! D Z n• 1 0 )f or m ati o n,! a! p ar all el! st u d y! of![ C p *2 T a( H)( M e C ≡ C M e)] !(S c h e m e! 3. 1 a) !

w o ul d! b e! p arti c ul arl y!i nt er e sti n g :! co ul d! {C p * 2 T a H} !i s o m eri s e! c y cl o o ct a di e n e! a n d! ot her! di e n e s ?! !
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3. 5 ) E X P E R I M E N T A L  

3. 5. 1 ! G e n e r a l  

All! m a ni p ul ati o n s! w er e! c arri e d! o ut! u si n g! st a n d ar d! S c hl e n k Lli n e! a n d! gl o v e b o x!t e c h ni q u e s! u n d er!

a n! i n ert! at m o s p h er e! of! ar g o n! or! di nit o g e n.!  A!  M Br a u n! L a b m a st er! gl o v e b o x!  w a s! e m pl o y e d,!

o p er ati n g! at! < 0. 1! p p m! O 2! a n d! < 0. 1! p p m! H 2 O.! S ol v e nt s! w er e! dri e d! o v er! a cti v at e d! al u mi n a!fr o m!

a n!  S P S! ( s ol v e nt! p urifi c ati o n! s y st e m)! b a s e d! u p o n! t h e!  Gr u b b s! d e si g n! a n d! d e g a s s e d! b ef or e!

u s e.! Gl a s s w ar e! w a s! dri e d!f or! 1 2! h! at! 1 2 0! ° C! pri or!t o! u s e.! B e n z e n e Ld 6 !a n d!t ol u e n e Ld 8 !w er e!

st or e d! o v er! m ol e c ul ar! si e v e s! a n d! d i still e d! pri or!t o! u s e.! N M RLs c al e!r e a cti o n s! w er e! c o n d u ct e d!

i n! J.! Y o u n g’ s!t a p!t u b e s! a n d! pr e p ar e d!i n! a! gl o v e b o x.! All! h e ati n g! m e nti o n e d! w a s! d o n e! u si n g!

sili c o n e! oil! b at h s.! 1 H ,!1 3 C, !a n d! 3 1 P !N M R! s p e ctr a! w er e! o bt ai n e d! o n! B R U K E R! 4 0 0! M H z! or! 5 0 0!

M H z! m a c hi n e s! u nl e s s! o t h er wi s e! st at e dT! all! p e a k! i nt e n siti e s! ar e! d eri v e d! a g ai n st! a n! i nt er n al!

st a n d ar d! p e a k!( 1 H! C p 2 F e! $ )=! 4. 0 0! p p m)! wit h! v al u e s! q u ot e d!i n! p p m.! D at a! w a s! pr o c e s s e d! u si n g!

t h e! M e st R e N o v a! s oft w ar e.! El e m e nt al! a n al y s e s! w er e! c arri e d! o ut! b y! St e p h e n! B o y er! at! L o n d o n!

M etr o p olit a n! U ni v eri st y.  

3. 5. 1. 1 ) M a t e ri al s  

H y dr o c ar b o n s!  w er e! dri e d! o v er! a cti v at e d ! 3!  Å ! m ol e c ul ar! si e v e s! a n d! fr e e z e Lp u m p Lt h a w!

d e g a s s e d! b ef or e! u s e.!  All! ot h er! c h e mi c al s!  w er e! p ur c h a s e d! fr o m!  Si g m a!  Al dri c h! a n d! u s e d!

wit h o ut! p urifi c ati o n! u nl e s s! st at e d.! !

3. 5. 2 !P r e p a r a t i v e -s c a l e S y n t h e s i s  

S y n t h e s i s  o f  D Z n • 1 0  

I n! a! gl o v e b o x! 8 4! m g! of!D Z n• Z r !( 0. 1 1 9! m m ol)! w a s! w ei g h e d!i n! a! 2! m L! gl a s s! s ci ntill ati o n! vi al.!

T h e!  m at eri al!  w a s! sl urri e d! i n! 7 0 0! µ L! of!  C 6 D 6! a n d! 2 – 3!  m g! of! f err o c e n e! a d d e d! ( a s! i nt er n al!

st a n d ar d!f or! q u a ntifi c ati o n).! T h e!r e a cti o n! mi xt ur e! w a s!tr a n sf err e d! b y! P a st e ur! pi p ett e!i nt o! a! J!

Y o u n g! N M R!t u b e.! 1, 5 LC y cl o o ct a di e n e!( 9 5! µ L,! 0. 7 7 2! m m ol,! 6. 5! e q ui v.)! w a s!t h e n! a d d e d!t o!t h e!

r e a cti o n!  mi xt ur e! by! c ali br at e d! pi p ett e.!  T h e!  N M R! t u b e!  w a s! s e al e d! a n d! r e m o v e d! fr o m! t h e!

gl o v e b o x.! T h e!r e a cti o n! mi xt ur e! w a s! h e at e d!i n! a n! oil! b at h! at! 8 0! ° C!f or! 2 4! h! a n d!t h e! c o ur s e! of!

t h e! r e a cti o n! m o nit or e d! b y!1 H! N M R! s p e ctr o s c o p y! ( gi vi n g! a n! 8 5 %! yi el d! of! D Z n• 1 0 !b y!i nt er n al!

st a n d ar d).! T h e! N M R!t u b e! w a s!r et ur n e d!t o!t h e! gl o v e b o x,! a n d!t h e! mi xt ur e! w a s!tr a n sf err e d!t o! a!

2 0! m L! s ci ntill ati o n! vi al.! T h e! s ol uti o n! w a s! c o n c e ntr at e d! i n) v a c u o,!l e a vi n g! a! y ell o w! s oli d.! T h e!

cr u d e! m at eri al! w a s!trit ur at e d! wit h! 2! m L! of! n Lh e x a n eT!t h e! r e s ulti n g! y ell o w! s u p e r n at a nt!li q ui d!

w a s! d e c a nt e d! a n d!t h e!r e m ai ni n g! m at eri al!r e cr y st alli s e d!fr o m!t ol u e n e! at! – 3 5 !° C.! T h e! c ol o url e s s!

cr y st alli n e! s oli d! D Z n• 1 0 !w a s! c oll e ct e d! a s!t hr e e! cr o p s! ( 2 4. 6! m g,! 0. 2 9 6! m m ol,! 2 5 %). !1 H! N M R!



!

!

1 2 6 !

d at a!( C 6 D 6 ,! 2 9 8 K,! 5 0 0! M H z):!$ )– 1. 2 2!( s,! 1 H,! Zr H ),! 1. 1 2!( d,!6 H,! J !=! 6. 5! H z,! C H M e 2 ),! 1. 2 5!( d,!

1 2 H,! J !=! 6. 5! H z,! C H M e 2 ),! 1. 4 3– 1. 4 7!( m,! 2 H),! 1. 6 2!( d,! 6 H,! J) =! 6. 5! H z),! 1. 7 2!( s,! 6 H,! ( N CM e )2 ),!

1. 7 0 – 1. 7 6!( m,! 2 H),! 1. 9 2 – 1. 9 8!( m,! 2 H),! 3. 1 5 L3. 1 8!( m,! 4 H),! 3. 2 1!( h e pt et,! 2 H,! J !=! 6. 5! H z),! 3. 7 9!

( h e pt et,! 2 H,! J !=! 6. 5! H z),! 4. 8 7!( s,! 1 H,! C H ),! 4. 9 1!( s,! 1 0 H,! C pH ),! 7. 0 6L7. 1 3!( m,! 4 H,! Ar H ),! 7. 2 2!

( d,! 2 H,!J !=! 7. 5! H z) !p p m .!1 3 C! N M R! d at a!( C 6 D 6 ,! 2 9 8 K,! 1 0 0! M H z):!$ !2 4. 3!( C H M e 2 ),! 2 4. 4!( C HM e 2 ),!

2 4. 8! ( ( N CM e )2 ),! 2 5. 3! ( C HM e 2 ),! 2 5. 5! ( C HM e 2 ),! 2 5. 6! (C H 2 ),! 2 7. 5! (C H 2 ),! 2 7. 6! (C H 2 ),! 2 8. 3!

(C H M e 2 ),! 2 9. 0! (C H M e 2 ),! 2 9. 2! (C H 2 ),! 3 4. 0! (C H 2 ),! 3 7. 0! (C H 2 ),! 9 5. 2! (C H),! 1 0 2. 6! ( C p ),! 1 1 1. 9!

(C ) C ),! 1 2 4. 2!(Ar H),! 1 2 4. 6!( Ar H),! 1 2 6. 1!( Ar H),! 1 4 2. 6!( q u art.! Ar ),! 1 4 3. 0!( q u art.!Ar ),! 1 4 7. 0!( q u art.!

Ar ),! 1 6 7. 4!(C = N),! 1 8 4. 3!( C ) C )!p p m .!I nfr ar e d!( s oli d,! c mL1 )! 3 1 2 8!( w),! 3 0 6 4!( w),! 2 9 6 0!( m),! 2 9 1 8!

( m),! 2 8 6 8!( m),! 1 6 1 2!( w),! 1 5 4 7!( m),! 1 5 1 9!( m),! 1 4 3 2!( s),! 1 4 0 4!( s),! 1 3 6 0!( m),! 1 3 1 1!( s),! 1 2 2 9!( m),!

1 1 7 5! ( m),! 1 0 9 7! ( m),! 1 0 5 9! ( w),! 1 0 2 1! ( m).!  R e p e at e d! att e m pt s! t o! a c q uir e! s ati sf a ct or y!  C H N!

a n al y si s!f ail e d! d u e!t o!t h e! air! a n d! m oi st ur e! s e n siti v e! n at ur e! of!t hi s! c o m pl e x. !

S y n t h e s i s  o f  D Z n • 1 1  

T h e! pr o c e d ur e! c arri e d! o ut! w a s!t h e! s a m e! a s! wit h! D Z n• 1 1 ,! o nl y! wit h!l e s s! st arti n g! m at eri alT!

2 0 !m g! of! D Z n• Z r !( 0.0 5 6 !m m ol)! w a s! w ei g h e d!i n! a! 4 !m L! gl a s s! s ci ntill ati o n! vi al.! T h e! m at eri al! w a s!

di s s ol v e d !i n!0. 5! m L !of! b e n z e n e Ld 6 .!A d d e d! w er e! 2 0 !µ L! ( 0. 3 5 3!m m ol,! 6. 5! e q ui v.) !of !c y cl o h e pt a L

1, 3 Ldi e n e .!T h e! c ol o url e s s! cr y st alli n e! s oli d! D Z n• 1 1 !w a s! c oll e ct e d! (4. 6 !m g, !0. 0 2 8 !m m ol, !2 0 %). !

1 H! N M R! d at a!( C 6 D 6 ,! 2 9 8 K,! 4 0 0! M H z):!$ !– 1. 0 7!( s,! 1 H,! Zr H),! 1. 0 9!( d,! 6 H,! J !=! 6. 5! H z,! C H M e 2 ),!

1. 2 2! ( d,! 6 H,! J !=! 6. 5! H z,! C H M e 2 ),! 1. 2 4! ( d,! 6 H,! J !=! 6. 5! H z,! C H M e 2 ),! 1. 6 3! ( d,! 6 H,! J !=! 6. 5! H z,!

C H M e 2 ),! 1. 6 1– 1. 6 9! ( m,! 2 H),! 1. 7 1! ( s,! 6 H,! ( N CM e )2 ),! 1. 7 2– 1. 7 8! ( m,! 4 H),! 2. 7 9L2. 8 5! ( m,! 2 H),!

3. 0 5 – 3. 1 1!( m,! 4 H),! 3. 1 6!( h e pt et,! 2 H,! J !=! 6. 5! H z),! 3. 7 9!( h e pt et,! 2 H,! J !=! 6. 5! H z),! 4. 8 5!( s,! 1 H,!

C H),! 4. 8 9!( s,! 1 0 H,! C p H),! 7. 0 5 – 7. 1 2!( m,! 4 H,! Ar H),! 7. 2 2!( d,! 2 H,! J! =! 7. 5,! 1. 8! H z) !p p m .!1 3 C! N M R!

d at a!( C 6 D 6 ,! 2 9 8! K,! 1 0 0! M H z):!$ !2 4. 3!( C H M e 2 ),! 2 4. 4!( C HM e 2 ),! 2 4. 6!(( N CM e )2 ),! 2 5. 2!( C HM e 2 ),!

2 5. 6!( C H M e 2 ),! 2 7. 8!(C H M e 2 ),! 2 9. 0!(C H M e 2 ),! 3 0. 2!( C H2 ),! 3 1. 1!( C H2 ),! 3 4. 5!( C H2 ),! 3 9. 9!( C H2 ),!

9 5. 0! ({ N = C} 2 C H ),! 1 0 2. 6! ( C p),! 1 1 1. 9! ( C ≡ C),! 1 2 4. 2! ( Ar H),! 1 2 4. 6! ( Ar H),! 1 2 6. 1! ( Ar H),! 1 4 2. 5!

( q u art.! Ar),! 1 4 3. 0!( q u art.! Ar),!1 4 6. 9!( q u art.! Ar),! 1 6 7. 3!( C = N),! 1 8 9. 4!( C ≡ C) !p p m .!

S y n t h e s i s o f C p 2 Z r P h 2  

O n! a! v a c u u m!li n e,! P h M g Br!( 2. 0! M,! 7. 5! m L,! 1 5! m m ol)! w a s!tr a n sf err e d!t o! a! S c hl e n k!t u b e! b y!

s yri n g e! a n d!t h e! s ol v e nt! r e m o v e d! u n d er! r e d u c e d! pr e s s ur e.! T h e! s a m pl e! w a s!tr a n sf err e d!t o! a!

gl o v e b o x! a n d!  Et 2 O! ( 3 0!  m L)! a d d e d! f oll o w e d! b y! s oli d!  C p 2 Zr Cl 2 ! ( 2. 1! g,! 7. 1 8!  m m ol).!  A! l ar g e!

a m o u nt! of! c ol o url e s s! pr e ci pit at e!f or m e d.! T h e! mi xt ur e! w a s! stirr e d! o v er ni g ht! a n d!t h e! s ol v e nt!

r e m o v e d! u n d er!r e d u c e d! pr e s s ur e.! T h e! s oli d! w a s! w a s h e d! wit h!n 7h e x a n e!( 2! x! 2 0! m L)! a n d!t h e n!

e xtr a ct e d!i nt o!t ol u e n e! ( 2 0! m L)! a n d!filt er e d.! T h e!filtr at e! w a s! c o n c e ntr at e d!t o! h alf!t h e! v ol u m e!

a n d! st or e d! at! – 2 0 ° C!t o! gi v e!t h e! pr o d u ct! a s! c ol o url e s s! cr y st al s! ( 0. 4! g,! 1. 1! m m ol,! 1 5 %).! T h e!

s a m pl e! w a s!tr a n sf err e d!t o!t h e! gl o v e b o x! a n d! st or e d! a s! a! s oli d! at! – 3 5!° C .!!1 H! N M R!( C 6 D 6 ,! 2 9 8 K,!



!

!

1 2 7 !

4 0 0! M H z ):!$ !7. 3 0!( d,! J != !7. 2 !4 H,! o LP h),! 7. 1 7!(t,! J != !7. 3,! 4 H,! m LP h),! 7. 0 7!( t,!J != !6. 6,! 2 H,! p LP h), !

5. 9 1!( s,! 1 0 H,! C p )!p p m .!T h e! v al u e s! a gr e e! wit h!t h e!lit er at ur e!r e p ort. 7 8 !!

3. 5. 2. 1 ) N M R -s c al e C a t al y si s  

C a t a l y t i c 1, 5 -C O D i s o m e r i s a t i o n e x p e r i m e n t: D M g • Z r  a n d D Z n • 1 0  

I n! a! gl o v e b o x,!0. 0 0 9! m m ol !of! bi m et alli c! c at al y st! w a s! w ei g h e d!i nt o! a! 2 !m L! s ci ntill at i o n! vi al.!

T h e! s oli d! w a s !di s s ol v e d!i n! 5 0 0! µ L! C 6 D 6 .! Ro u g hl y! 2 L3! m g! of!f err o c e n e! w a s! a d d e d !t o!t h e! vi al!

( a s!i nt er n al! st a n d ar d!f or! q u a ntifi c ati o n).! T h e!r e a cti o n! mi xt ur e! w a s!tr a n sf err e d!t o! a n! N M R!t u b e!

a n d! c y cl o o ct a L1, 5 Ldi e n e! ( 0. 1 8 5!  m m ol,! 2 0! e q ui v.)! a d d e d! dir e ctl y! b y! c ali br at e d! pi p ett e. ! T h e!

r e a cti o n s! w er e! h e at e d!t o! 8 0!° C!i n! a n! oil! b at h.! T h e! pr o d u ct s! w er e! c o nfir m e d! b y! s pi ki n g! pr o d u ct!

mi xt ur e s !wit h! g e n ui n e! pr o d u ct .! T h e! c o m bi n e d! c y cl o o ct aL1, 3 Ldi e n e! a n d! c y cl o o ct e n e! yi el d! w a s!

c al c ul at e d!fr o m! 1 H! N M R! s p e ctr o s c o p y! i n) sit u!( C6 D 6 ).! B ef or e!t h e!t u b e! w a s! h e at e d!t o! 8 0!° C,!t h e!

s u b str at e,! c y cl o o ct a L1, 5 Ldi e n e,! w a s!i nt e gr at e d! o v er!t h e! si g n al! $ != !2. 2 1! p p m! ( 8 H,! 4 x{ LC H 2 L},!

m)T!t h e! c o m bi n e d! c y cl o o ct a L1, 3 Ldi e n e! a n d! c y cl o o ct e n e! yi el d! w a s! b a s e d! o n!t h e!i nt e gr ati o n! of!

t h eir! c o nj oi n e d! p e a k s!i n!t h e! wi n d o w! 2. 1 5– 2. 0 3! p p m! ( b ot h! m ulti pl et! p e a k s! r e pr e s e nti n g! 4! H,!

2 x{ LC H 2 L}).! A m o u nt s! of! c y cl o o ct aL1, 4 Ldi e n e! w er e! c al c ul at e d! b a s e d! o n!i nt e gr ati o n! of! a n !al k e n e!

pr ot o n! m ulti pl et! r e s o n a n c e! at! $ !=! 5. 4 2 – 5. 3 1 !p p m. 7 9 ! C y cl o o ct a n e! w a s! o b s er v e d! a s! a! s h ar p!

si n gl et! at! $ !=! 1. 4 9! p p m. 8 0 !!

A! r e p e at! of!t hi s! pr o c e d ur e! w a s! a d a pt e d !f or! m a ki n g! a n! e sti m at e! of!T O N .!W h e n! all !of !t h e!

i niti al! 1, 5 LC O D!  w a s! c o n s u m e d ,! f urt h er! e q ui v al e nt s!  w er e! a d d e d! t o! t h e! t u b e! b a c k! i n! t h e!

gl o v e b o x,! b ef or e! m o nit ori n g! b y! 1 H! N M R! a n d! h e ati n g! w a s! c o nti n u e d.! T h e!r e s ult s! ar e!ill u str at e d!

i n!Fi g ur e! 3. 1 8 .!

!



!

!

1 2 8 !

!

Fi g u r e 3. 1 8. )
1
H! N M R! s t a c k! pl ot!( b ott o m!t o!t o p,! 2 9 3! K,! b e n z e n eLd 6 )!of!t h e! T O N !e sti m ati o n!f or!

t h e!i s o m eri s ati o n! of! 1, 5L!t o! 1, 3LC O D! b y!t h e!
D
M g• Z r )c at al y st! at! 8 0 ° C .!

C a t a l y t i c 1, 5 -C O D i s o m e r i s a t i o n e x p e r i m e n t: M A l • Z r  a n d Z r • Z r   

I n! a! gl o v e b o x,! 5 0 0!µ L! C 6 D 6 !w a s!tr a n sf err e d!t o! a n! N M R!t u b e! c o nt ai ni n g! 2 L3! m g! of!f err o c e n e!

( a s!i nt er n al! st a n d ar d!f or! q u a ntifi c ati o n). !T h e! c y cl o o ct a L1, 5 Ldi e n e!( 0. 1 8 5! m m ol,! 2 0! e q ui v.)! w a s!

a d d e d!t o!t h e!t u b e! b y! c ali br at e d! pi p ett e! a n d! a! 1 H! N M R! s p e ctr u m! m e a s ur e d.! Aft er!r et ur ni n g!t h e !

N M R!t u b e!t o!t h e! gl o v e! b o x,!t h e!r e q uir e d! a m o u nt! of! bi m et alli c!( 0. 0 0 5! m m ol! Z r• Z r )! w a s! a d d e d!

t o!t h e!t u b e.! T h e! r e a cti o n! pr o gr e s s! w a s! m o nit or e d! at!2 5! ° C !b y! 1 H! N M R! s p e ctr o s c o p y.! M aj or!

p r o du ct s! w er e! c o nfir m e d! b y! s pi ki n g! wit h! g e n ui n e! s a m pl e s. !

- 4 .0- 3 .5- 3 .0- 2 .5- 2 .0- 1 .5
p p m

1 .01 .21 .41 .61 .82 .02 .22 .42 .62 .83 .03 .23 .43 .63 .84 .04 .24 .44 .64 .85 .05 .25 .45 .65 .86 .0
p p m

+ 2 0 e q .	1 ,5 -C O D

+ 2 0 e q .	1 ,5 -C O D

+ 2 0 e q .	1 ,5 -C O D

s p ik e d 	w .	1 ,3 -C O D

~ 7 5 % 	y ie ld

~ 8 	d

~ 3 	d

~ 5 	d

~ 2 	d

+ 1 0 e q .	1 ,5 -C O D

D M g •Z r	b e fo re 	re a c tio n

~ 1 1 	d

~ 9 	d

~ 1 0 	d

1, 3 $C O D
1, 3 $C O D

1, 5 $C O D

h y dri d e s

C p 2 F e

1, 5 $C O D



!

!

1 2 9 !

!

Fi g u r e 3. 1 9. ) St a c k! pl ot! of!
1
H! N M R! d at a!f or!t h e! r e a cti o n!of!

M
Al •Z r !( 5! m ol %)! wit h! 1, 5LC O D! at !

2 5 !° C !i n! b e n z e n eLd 6 .!

3. 5. 2. 2 ) N M R -s c al e R e a c ti o n s  

U nl e s s! st at e d! ot h er wi s e,! N M R Ls c al e! e x p eri m e nt s! wit h! yi el d! c al c ul ati o n s! w er e! c arri e d! o ut! b y!

t h e!f oll o wi n g! g e n er al! pr o c e d ur e:!!

I n! a! gl o v e b o x,!t h e! st arti n g! m at eri al! ( yi el dLd et er mi ni n g! r e a ct a nt)! w a s! w ei g h e d!i nt o! a! 4! m L!

s ci ntill ati o n! vi al.! T h e! s oli d! w a s! di s s ol v e d!i n! 0. 5! m L! of! b e n z e n e Ld 6 ,! a n d!f err o c e n e!( c a.! 2– 3! m g)!

w a s! a d d e d!t o!t h e! s ol uti o n! dir e ctl y! b y! s p at ul a.! T hi s! mi xt ur e! w a s!tr a n sf err e d!i nt o! a! J! Y o u n g !

N M R!t u b e,! a n d! a! 1 H! N M R! s p e ctr u m! c oll e ct e d!f or!t h e! yi el d! c al c ul ati o n! p ur p o s e s.! T h e!t u b e! w a s!

r e o p e n e d! b a c k!i n si d e!t h e! gl o v e b o x,! h y dr o c ar b o n! r e a ct a nt! a d d e d! b y! c ali br at e d! pi p ett e,! a n d!

r e s e al e d!f or!t h e!r e a cti o n.!!

S y n t h e s i s o f D M g • 1 0  b y S u b s t i t u t i o n  

T h e! st arti n g! s ol uti o n! of )D Z n• 1 0) ( 2 0!m g,! 0. 0 1 9! m m ol,! 1! e q ui v.!i n! 0. 5! m L! b e n z e n e Ld 6 )! w a s!

e m pti e d!fr o m!t h e! J! Y o u n g !N M R!t u b e!i nt o! a! 4! m L! s ci ntill ati o n! vi al! c o nt ai ni n g! w ei g h e d )D 2 2 )(8. 5!

m g,! 0. 0 1 9! m m ol,! 1! e q ui v. ).! T hi s! m et h o d! of! a d diti o n! w a s!r e p e at e d! aft er! 4 8! h! of! h e ati n g! at! 8 0 ° C.!

T w o! 1 H! N M R! st a c k !pl ot s! of!t h e!r e a cti o n! pr o gr e s s! ar e! s h o w n! b el o w.! !

4
.0

0

- 4 .0- 3 .5- 3 .0- 2 .5- 2 .0- 1 .5- 1 .0- 0 .50 .00 .51 .01 .52 .02 .53 .03 .54 .04 .55 .05 .56 .06 .57 .0
p p m

0
.4

4

0
.8

8

2
.4

3
2
.4

4
2
.6

7

3
.9

8
4
.0

0
4
.2

1
4
.2

4

5
.2

2

6
.7

6
6
.8

5

1
.5

0

2
.4

2
2
.5

6

1 5 mi n s
2 5( ° C

2 7 mi n s
2 5( ° C

1 0 d
2 5( ° C

1, 5 /C O D

1, 3 /C O D1, 3 /C O D

C p 2 F e

sili c o n e( gr e a s e

c y cl o o ct a n e

b e n z e n e /d 6



!

!

1 3 0 !

!

Fi g u r e 3. 2 0. ) St a c k! pl ot! of!
1
H! N M R! d at a!f or!t h e! h e ati n g! of!

D
Z n• 1 0 !at! 8 0 ° C!i n!t h e! pr e s e n c e! of!

D
2 2 .!

!

Fi g u r e 3. 2 1. ) St a c k! pl ot! of!
1
H! N M R! s p e ctr a !(in! b e n z e n e Ld 6 ,! 2 9 8! K)!e x p a n si o n s!f or!t h e! h e ati n g! of!

D
Z n• 1 0 !at! 8 0 ° C!i n!t h e! pr e s e n c e! of!

D
2 2 .!!

- 3 .0- 2 .5- 2 .0- 1 .5- 1 .0- 0 .50 .00 .51 .01 .52 .02 .53 .03 .54 .04 .55 .05 .56 .06 .57 .07 .5
p p m

1 2 	h

1 8 	h

2 4 	h

6 	h

4 8 	h

3 	d

+ 	2 n d 	e q u iv .	B D IM g H

1 	d

2 	d

+ 	1 s t	e q u iv .	B D IM g H
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H y d r o g e n o l y s i s o f D Z n • 1 0  

A !0. 5! m L! b e n z e n e Ld 6 !s ol uti o n! of! D Z n• 1 0) (3 9 !m g,! 0. 0 4 7! m m ol ))w a s! tr a n sf err e d!t o! a! J! Y o u n g!

N M R!t u b e! b y! P a st e ur! pi p ett e,! a n d!t h e!t u b e! w a s! s e al e d! a n d!r e m o v e d!fr o m!t h e! gl o v e b o x.! T h e!

t u b e!  w a s! att a c h e d! t o! a! v a c u u m/ N2 ! m a nif ol d,! a n d! t h e! s ol uti o n!  w a s! fr e e z e Lp u m p Lt h a w!

d e g a s s e d! 3!ti m e s! o v er.! A n! 1 H! N M R! w a s!t a k e n! of!t h e! mi xt ur e!( u n d er! a n! N 2 !at m o s p h er e!i n!t h e!

t u b e)! b ef or e! a n d! aft er!t hi s! pr o c e s s!t o! c h e c k!f or! si g n s! of! d e c o m p o siti o n!fr o m! a! p o s si bl e!l e a k!i n!

t h e! s e al! of! J! Y o u n g’ s!t a p.! T h e!t u b e! w a s! e v a c u at e d! w hil st!a g ai n !fro z e n ,!b ef or e! b ei n g!r e h e at e d!

t o!r o o m!t e m p er at ur e!a n d! dr y! H 2 !( 1! at m)!r el e a s e d!i nt o!t h e! h e a d s p a c e.! T h e!r e a cti o n! w a s! h e at e d!

i m m e di at el y! aft er! H2 !a d diti o n !(s e e! S c h e m e! 3. 4 !f or!r e s ult s):! a! 2 0 %! yi el d! of![Di p p B DI Z n P h ]! w a s!

al s o! r et ur n e d, ! j u d g e d! b y! t h e! i nt e gr ati o n! of! it s! $ ! = ! 5. 0 4 ! p p m!  m et h yl yli d e n e ! r e s o n a n c e.!

F urt h er m or e,! t h e! bri d gi n g! h y dri d e! p e a k s! s h o w e d! e vi d e n c e! of! i s ot o p o m er s,! a n d! t h er ef or e!

i n v ol v e m e nt! of! s ol v ol y si s.!

K i n e t i c s E x p e r i m e n t s o n  D Z n • 1 0  P r o d u c t i o n  

A! st o c k! s ol uti o n! of! 9 4! m g! of! D Z n• Z r) i n! 1! m L! b e n z e n eLd 6 !w a s! m a d e !u p!i n! a! 2 0! m L! s ci ntill ati o n!

vi al.! F o ur! 2 0 0! µ L! p orti o n s! w er e!t h e n! wit h dr a w n! b y! c ali br at e d! pi p ett e! a n d! e a c h!i nj e ct e d!i nt o! a !

s e p ar at e !J! Y o u n g! N M R!t u b e.! A! s p at ul a!ti p! of!f err o c e n e!( 2 – 3! m g)! w a s! dr o p p e d!i nt o! e a c h!t u b e!

t o! s er v e! a s!t h e!1 H! N M R!i nt er n al! st a n d ar d.! T h e! s ol uti o n s! w er e! dil ut e d! wit h! b e n z e n e Ld 6 .)T h e !

a m o u nt s! of! b e n z e n e Ld 6 !u s e d! ar e! c oll e ct e d!i n! T a bl e! 3. 5 .!T h e!t u b e s! w er e! s e al e d! a n d!l eft!i n!t h e!

gl o v e b o x! u ntil!t h e! d a y! of!t h e! N M R! e x p eri m e nt,! o n! w hi c h! o c c a si o n! 1, 3 LC O D! w a s! a d d e d! b y!

c a li br at e d! pi p ett e.!  Th e! t ot al! v ol u m e! of! e v er y! r e a cti o n!  mi xt ur e!  w a s! 0. 6! µ L,! a n d! t h e!

c o n c e ntr ati o n! of! D Z n• Z r) w a s! 4 4! m M.! !

I nt e gr ati o n s! of!t h e!H µ !p e a k!i n! D Z n• Z r) ($ !=! – 1. 1 4!( t,! J! =! 4. 5! H z)! p p m)!a n d! D Z n• 1 0) ($ !=! – 1. 2 2!

(s )! p p m))w er e!f oll o w e d! at! hi g h!t e m p er at ur e!( 3 4 3 – 3 5 8! K)! u ntil! at!l e a st! 8 7. 5 %! c o n s u m pti o n! of!

t h e!f or m er.!T h e! c y cl o o ct a L1, 3 Ldi e n e :c y cl o o ct e n e! r ati o!w a s! b a s e d! o n!t h e!i nt e gr ati o n! of! t h eir!

r e s p e cti v e!  m ulti pl et! p e a k s! at! ! $ ! ! =! 5. 8 3 – 5. 7 5! a n d! 5. 6 2 – 5. 5 7! p p m. ! N o! r e a cti vit y! at! r o o m!

t e m p er at ur e! w a s! o b s er v e d!( 2 4! h! 2 5 ° C),! a n d!t h e!t u b e s! w er e! n ot!fr o z e n! b et w e e n!t h e! a d diti o n!

of! 1, 3 LC O D! a n d!t h e! st art! of!t h e! ki n eti c! d at a.! H o w e v er,! all! r e a cti o n s! s h o w e d! a! s m all! a m o u nt!

( a p pr o xi m at el y! 5 %)! of! pr o d u cti o n! of! D Z n• 1 0 ,! s e e mi n gl y! c a u s e d! b y!t h e! h e ati n g!ti m e!t a k e n!t o!

s hi m!t h e! N M R! si g n al s.! T h e! 1 H! N M R! e x p eri m e nt s! w er e!r u n! wit h! 4! s c a n s!( L3 – 9! p p m)! p er! d at a!

p oi nt.! All!r e a cti o n s! s h o w e d! a! str a n g e! p h e n o m e n o n!i n!t h e!fir st!f e w! p oi nt s! of!i n! pr o b e! 1 H! N M R!

d at a.! T h e!i niti al!i nt e gr ati o n s! of!t h e! H µ !p e a k! of !D Z n• Z r) w er e!i n v ari a bl y! s m all er!t h a n!t h e! v al u e s!

a!f e w! p oi nt s!i nt o!t h e! e x p eri m e nt.! T h e! D Z n• 1 0) H µ )i nt e gr ati o n)di d! n ot! s uff er!fr o m!t h e!i n v er s e! of!

t hi s! p h e n o m e n o n!i. e.!gr e at er!i nt e gr ati o n s! at!t h e!i m m e di at e! b e gi n ni n g! of!t h e!r e a cti o n!t h a n!i n!

t h e!f oll o win g! e arl y! st a g e s .)T h e s e! d at a! w er e! a s s u m e d!t o! b e! a n! art ef a ct,! a n d!t h e y! w er e! n ot!

i n cl u d e d!i n!t h e! ki n eti c! pr ofil e! a n d!t h e! a n al y si s.! T h e! m a xi m u m!i nt e gr ati o n! ( u s u all y! at!t!=! 2 – 4!
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1 3 2 !

mi n s)! of!t hi s! p e a k! w a s! u s e d! a s!t h e! st arti n g! p oi nt,! b ut!t h e! c o n c e ntr ati o n! of! D Z n• Z r !w a s! a d a pt e d!

t o! b e! < 4 4! m M,! b a s e d! o n!t h e! a m o u nt! of!D Z n• 1 0) i n!t h e! v er y!fir st!r e al!ti m e! p oi nt.!!

T h e! si g nifi c a nt! di s a gr e e m e nt! b et w e e n!t h e!t w o! m e a s ur e d!( 8 0!° C)! 1 1 Lf ol d! e x c e s s!k o b s !v al u e s!

m a y! b e! d u e!t o!t h e! diff er e nt! s p e ctr o m et er s! u s e dT! a! 5 0 0! M H z! m a c hi n e! w a s! u s e d!f or!t h e!r el e v a nt!

or d er!i n! 1, 3 LC O D!r u n.! A! 4 0 0! M H z! m a c hi n e! w a s! u s e d!f or! all! ot h er! ki n eti c! e x p eri m e nt s.! !

T a bl e 3. 5. ) A m o u nt s! u s e d!i n!t h e! ki n eti c! a n al y si s.! !

!

!

!

G r a p h 3. 4. ) Fir st Lor d er! gr a p hi c al! a n al y si s! of!t h e! d e c a y! of!
D
Z n• Z r) w h e n!r e a ct e d! wit h! v ar yi n g!

e x c e s s e s! of! 1, 3 LC O D. !

4 8 03 8 7

t e m p. ( °C)
a d diti o n al

b e n z e n e- d 6  (µ L)
1, 3- C O D

(µ L)
e q ui v. 

1, 3- C O D

1 1 8 03 6 4

2 4 8 03 2 2

6 4 8 01 9 8

1 1 7 03 6 4

1 1 7 53 6 4

1 1 8 03 6 4

1 1 8 53 6 4
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3-
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R ² = 0. 9 9 9 7 8

y = -0. 0 0 6 t + 3. 6 6 2 8

R ² = 0. 9 9 9 0 8

y = -0. 0 0 5 6 t + 3. 5 7 0 4

R ² = 0. 9 9 4 2 8

1

1. 5
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2. 5
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3. 5

4

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0

L n[ Z n• Zr]

L n[ Z n Zr]

L n[ Z n Zr]

S eri e s 4

ln
[

D
Z

n
•

Z
r

]

t ( mi n s)

N = 4
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N = 11

N = 2 4



!

!

1 3 3 !

D i e n e/ A l k y n e  S c o p e a n d C o n t r o l s  

D Z n• Z r !( 2 0! m g,! 0. 0 2 8! m m ol,! 1! e q ui v.)! w a s! di s s ol v e d!in! b e n z e n e Ld 6 !( 0. 5! m L).!Aft er!t a ki n g! a!

pr e Lr e a cti o n!1 H! N M R! s p e ctr u m !0 . 1 8 4! m m ol!( 6. 5! e q ui v.)! of! h y dr o c ar b o n! s u b str at e! w er e! a d d e d!

b y! c ali br at e d! pi p ett e .!A! 1 H! N M R! s p e ctr u m! w a s! m e a s ur e d! a s! q ui c kl y! a s! p o s si bl e! aft er! mi xi n g!

of!t h e!r e a ct a nt s.!I n! s e v er al! c a s e s,!t h e s e! s p e ctr a! s h o w e d!t h at!t h e! a c c ur a c y! of!t h e! h y dr o c ar b o n!

a d diti o n! w a s! p o or! a n d!f e w er!t h a n! 6. 5! e q ui v.! h a s! b e e n! a d d e d.! T h e!tr u e! e x c e s s e s! of! s u b str at e!

ar e! st at e d!i n!t h e!r el e v a nt! s c h e m e s.! !

!

Fi g u r e 3. 2 2. )
1
H! N M R! ( b e n z e n eLd 6 )!st a c k! pl ot! of!t h e! 1 0! h! r e a cti o n!of!

D
Z n• Z r !wit h! c y cl o h e x a L1, 4 L

di e n e ,!i n cl u di n g!r e si d u al! bri d gi n g! h y dri d e! si g n al s! wit h! p ut ati v e! H/ D! s cr a m bli n g!(i n s et).!

T h e! c y cl o h e x a L1, 3 Ldi e n e!r e a cti o n! w a s!r u n!f or! 4! h.! Si g n al s!f or! [Di p p B DI Z n P h ]!w er e! c h e c k e d!

a g ai n st!t h o s e! r e p ort e d!i n!t h e! lit er at ur e.8 1 !A s! a! c o ntr ol,! it! w a s! d e m o n str at e d!t h at!t h er e!i s!n o!

r e a cti vit y! b et w e e n! c y cl o o ct aL1, 5 Ldi e n e! a n d! D 3 .! R e a cti o n s!  wit h! o ct a L1, 7 Ldi e n e! a n d!  E, E, Z L

d o d e c a L1, 5, 9 Ltri e n e! ar e! still! u n d er!i n v e sti g ati o n.! T h e!li n e ar! di e n e! m a y! h a v e! p artl y! b e e n! s u bj e ct!

t o! a! k n o w n! bi c y cl o m et all ati o n,8 2 !b ut! 1 H! N M R! s p e ctr a! of!t h e! cr u d e! r e a cti o n! mi xt ur e s! ar e!t o o!

cr o w d e d!f or! m e a ni n gf ul! a s si g n m e nt.! W h at! c a n! b e! s ai d!i s!t h at! n o n e! b ut! a!tr a c e! of! µ Lh y dri d o!

c o m pl e x! r e m ai n s! or!i s!f or m e d!i n! eit h er.!I n s erti o n! c h e mi str y!l o o k s!t o! b e!t h e! d o mi n ati n g! a n d!

u n s el e cti v e! pr o c e s s e s !at! pl a y.! !

!
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Fi g u r e 3. 2 3. )
1
H! N M R! ( b e n z e n eLd 6 )!st a c k! pl ot! of!t h e!r e a cti o n! of!

D
Z n• Z r !wit h! c y cl o o ct e n e. !

!

Fi g u r e 3. 2 4. )
1
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D
Z n• Z r !wit h! 4, 4’ Ldi m et h yl p e nt L1 L
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Fi g u r e 3. 2 5. ) R e a cti o n! of! o ct L4 Ly n e! wit h!
D
Z n• Z r )(i n! b e n z e n eLd 6 ))t o! gi v e! a! p ut ati v e!

zir c o n a c y cl o p e nt a di e n e. !

R e a c t i o n o f D Z n • Z r w i t h P M e 3  u n d e r P h o t o l y s i s  

Tri m et h yl p h o s p hi n e!( 1 2 9 !µ L ,! 1. 9 3 7!m m ol,! 1 0! e q ui v. )! w a s! a d d e d! b y!c ali br a t e d!pi p ett e !t o! a!

0. 5! m L! of! b e n z e n e Ld 6 !s o l uti o n! of!f err o c e n e!( c a.! 2– 3! m g) !a n d! 1! e q ui v .!of! D Z n• Z r !i n! a!J! Y o u n g’ s!

N M R!t u b e .!T h e!r e a cti o n! mi xt ur e! w a s!f oll o w e d! b y! 1 H! &! 3 1 P! N M R,! a n d!t h e! d at a! ar e !pr e s e nt e d!

i n!Fi g ur e! 3. 2 6 !a n d! Fi g ur e! 3. 2 7 !r e s p e ctiv el y .!

R e a c t i o n o f [ C p 2 Z r P h 2 ]  w i t h D 3  u n d e r P h o t o l y s i s  

Zir c o n o c e n e! di p h e n yl!( 1 5! m g,! 0. 0 2 1! m m ol,! 1! e q ui v.)! w a s! di s s ol v e d!i n! 0. 5! m L! of! b e n z e n e L

d 6 !al o n g! wit h !f err o c e n e! ( c a.! 2– 3! m g).! A !1 H! N M R! s p e ctr u m !of!t hi s! pr e Lr e a cti o n! mi xt ur e!w a s!

c oll e ct e d!f or!t h e! yi el d! c al c ul ati o n! p ur p o s e s T! 2 0. 5! m g! of!D 3 !( 0. 0 4 2! m m ol,! 1! e q ui v.)! w a s! w ei g h e d!

i nt o! a! s ci ntill ati o n! vi al.!  T h e! s ol uti o n! of! [ C p2 Zr P h 2 ]!  w a s! e m pti e d! o nt o! D 3 ,) t h e n! t h e! r e a cti o n!

mi xt ur e!  w a s! r et ur n e d! t o! t h e!  N M R! t u b e! b ef or e! b ei n g! s u bj e ct! t o! p h ot ol y si s .! T h e ! d e sir e d!

pr o d u cti o n !of! { C p 2 Zr
II}! (a n d!t h e n! a! Zr – Z n! b o n d e d! s p e ci e s )!w a s! e cli p s e d! b y!t h e! e a s e! of!t h e!

b a c k gr o u n d!t h er m al !r e a cti o n:![Di p p B DI Z n P h] !a n d! b e n z e n e! w er e! pr o d u c e d !( 5 0 %! aft er! 2 0! mi n! at!

2 5! ° C). !P h ot ol y si s!f or! 2! h! d ar k e n e d !t h e!r e a cti o n! mi xt ur e,!gi v i n g!a! d e e p! p ur pl e! s ol uti o n .!B y! 1 H!

N M R! s p e ctr o s c o p y,!t h e! b a c k gr o u n d!r e a cti o n! h a d! c o m pl et e d!t h e! c o n s u m pti o n! of!t h e! st arti n g!

m at eri al s! b y!t hi s!ti m e.! !!

!
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Fi g u r e 3. 2 6. ) A!
1
H! N M R !st a c k! pl ot! ( b e n z e n eLd 6 )!s h o wi n g!t h e! p e a k s! of!t h e! pr o d u ct! of! p h ot ol y si s!

of!
D
Z n• Z r !i n!t h e! pr e s e n c e! of!e x c e s s! P M e 3 ,! a n d!it s!s u b s e q u e nt! d e c a y! u n d er! a m bi e nt! c o n diti o n s.! !

!

Fi g u r e 3. 2 7. ) T h e!
3 1

P! N M R!( b e n z e n e Ld 6 )! p e a k s! of!t h e! n o nLi s ol at e d! pr o d u ct! of! p h ot ol y si s! of!
D
Z n• Z r !i n!t h e! pr e s e n c e! of! e x c e s s! P M e3 .!
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3. 5. 3 ! D F T S t u d i e s  

C al c ul ati o n s!  w er e! c o n d u ct e d! i n!  G a u s si a n 0 9.!  All!  mi ni m a!  w er e! c o nfir m e d! b y! fr e q u e n c y!

c al c ul ati o n s! a n d! s oli d Lst at e! d at a!  w er e! u s e d! a s! a n! i n p ut! f or! t h e! at o m! c o or di n at e s.!  N B O!

c al c ul ati o n s!  w er e! r u n! u si n g!  N B O! v 5. 9!  wit hi n! g 0 9.! All! tr a n siti o n! st at e s!  w er e! c o nfir m e d! b y!

i ntrin si c!r e a cti o n! c o or di n at e!(I R C)! c al c ul ati o n s.! T h e!r el ati v e! e n er gi e s! of!i s o m er s !of! C 8 H 1 2 !w er e!

c al c ul at e d! u si n g! t h e!  B 3 L Y P! f u n cti o n al! a n d! 6, 3 1 1 G +( d, p)! b a si s! s et,! c o nf or m ati o n! s e ar c h e s!

w er e! p erf or m e d! m a n u all y! b y!i niti ati n g! c al c ul ati o n s!fr o m! a!l ar g e! n u m b er! of! c o nf or m ati o n s!i n!

g 0 9.! B a d er! a n al y si s! w a s! c o n d u ct e d! o n! o pti mi z e d! g e o m etri e s!i n!t h e! AI M A L L! p a c k a g e.!I n! all!

c a s e s!t h e! g e o m etri e s! w er e! c o m p ar e d! a g ai n st!t h e! s oli d Lst at e! d at a.! !

C h o i c e o f F u n c t i o n a l  a n d B a s i s S e t  C o m b i n a t i o n  

A! s eri e s! of!f u n cti o n al s!( B 3 L Y P,! M L0 6 2 x,! ' B 9 7 x,! ' B 9 7 x D)! a n d! b a si s Ls et s!( 6, 3 1 1 G +( d, p)!/!

6, 3 1 G +( d, p)! /! L a n L 2 D Z! /!  S D D)!  w e r e! i n v e sti g at e d.! Fi g ur e! 3. 2 8 ! s h o w s! h o w! t h e! g e o m etri c al!

p ar a m et er s! of! t h e!  m et al Lm et al! c or e!  w er e! c o m p ar e d! i n! t h e! s e ar c h! f or! t h e! f u n cti o n al/ h y bri d!

b a si s! s et! c o m bi n ati o n!t h at! m at c h e d! b e st!t h e! e x p eri m e nt al! str u ct ur e.! A!tr u n c at e d! m o d el! of!t h e!

r el e v a nt! cr y st al! str u ct ur e! m ol e c ul e! w a s! u s e d! a s!t h e!i n p ut.! T h er e!i s!littl e!t o! c h o o s e! b et w e e n!

t h e!' B 9 7 x! a n d! ' B 9 7 x D!f u n cti o n al s,! s o! c o m p ut ati o n al! c o st! w a s! mi ni mi s e d! b y! c h oi c e! of!t h e!

f or m er.!A s !a! c o m pli m e nt !t o!t hi s! b e n c h m ar ki n g!a p pr o a c h ,!t h e! n o nLtr u n c at e d! str u ct ur e s! w er e!

u s e d! f or! d et ail e d! c o m p ari s o n! b et w e e n! t w o! di s si mil ar! m et h o d s! (Fi g ur e! 3. 2 9 ).!  T h e! s a m e!

m et h o d! pr o v e d!t o! b e!t h e! b e st! m at c h!f or!t h e! e x p eri m e nt al! d at a.!It! s h o ul d! b e! n ot e d!t h at!t h e!

g e o m etri c al! d at a! ar o u n d! t h e! h y dri d e! ar e! n ot!  w ell! r e pli c at e d.!  H o w e v er,! t h er e! i s! i n h er e nt!

u n c ert ai nt y!i n! h y dri d e!l o c ati o n s! b y! X Lr a y! cr y st all o gr a p h y.!I n!t hi s!i n st a n c e,! b ot h! m ol e c ul e s!i n!

t h e! u nit! c ell! w er e! a s se s s e d! u n d er!t h e! D F T! c al c ul ati o n.! T h e! o pti mi s ati o n s! di d! n ot! c o n v er g e!t o!

t h e! s a m e!str u ct ur al! c o nf or m ati o n .! T h e! s e p ar at e! o pti mi s ati o n!r e s ult s! s h o w! sli g ht! diff er e n c e s!i n!

t h e! c y cl o o ct y n e!ri n g! c o nfor m ati o n,! b ut!t h e r e!i s! n e gli gi bl e! Gi b b s!fr e e! e n er g y! diff er e n c e!(Fi g ur e!

3. 2 9 ).!
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Fi g u r e 3. 2 8. ) C o m p ari s o n !of! e x p eri m e nt al! b o n d! a n gl e s! a n d! b o n d!l e n gt h s! of!t h e! Zr LLLZ n! c or e!( of!

m ol e c ul e! B! wit hi n!t h e! u nit! c ell)! of!
D
Z n• 1 0 !a g ai n st! c al c ul at e d! v al u e s.! A!tr u n c at e d! m o d el!

w a s! u s e d,!i n! w hi c h!
i
Pr! gr o u p s! h a v e! b e e n!r e pl a c e d! wit h! m et h yl! gr o u p s. !

!

Z r Z n Z r Z n

Z r Z nZ r Z n

Z r Z n

m 0 6 2 x
H' 6 (3 1 G +

C,' N' 6 (3 1 G +( d, p )
Z n,' Zr S D D'

m 0 6 2 x
H' 6 (3 1 G +

C,' N' 6 (3 1 G +( d, p )
Z n,' Zr L a nl 2 D Z'

! B 9 7 x
H' 6 (3 1 G +

C,' N' 6 (3 1 G +( d, p )
Z n,' Zr S D D'

! B 9 7 x D
H' 6 (3 1 G +

C,' N' 6 (3 1 G +( d, p )
Z n,' Zr S D D'

X -r a y
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1 3 9 !

!

Fi g u r e 3. 2 9. ) C o m p ari s o n! of! c al c ul at e d! p ar a m et er s! of!
D
Z n• 1 0 !u si n g! m ol e c ul e! A! a n d! B!fr o m!t h e!

X Lr a y! cr y st all o gr a p hi c! d at a! a s!i n p ut s.! N o!tr u n c ati o n s! m a d e. !

X r a y A n gl e s [ °]

Z n

H

C C

Zr

C

C

9 5. 1 5( 1 4)

5 6. 4 3( 6)

1 0 2. 8 1

Z n

H

C C

Zr

C

C

9 4. 6 9( 1 4)

5 7. 1 3( 6)

1 0 2. 1 0

8 5. 2 3( 1 6)

Zr ---2. 8 0 6 Å ---Z n

Zr ---2. 7 9 4 3( 3) Å ---Z n

X r a y L e n gt h s [ Å]

m ol e c ul e B

Z n

H

C C

Zr

C

C

1. 9 3 1 1. 6 5 5

1. 5 3 3( 3)1. 4 9 9( 3)

1. 3 0 8( 3)

Z n

H

C C

Zr

C

C

1. 9 0 2 1. 6 8 3

1. 5 3 3( 3)1. 5 0 3( 3)

1. 3 1 1( 3)

2. 1 9 8( 2)

2. 1 7 6( 2)

8 4. 5 9( 1 6)

A

Z n

H

C C

Zr

C

C

1. 9 5 1. 8 2

1. 5 31. 5 0

1. 3 3

2. 1 8
2. 4 3 2. 3 1

1 3 3. 9( 2)

2. 4 4 4( 2)

2. 1 7 9( 2)
2. 4 3 5( 2) 2. 2 3 1( 2)

7 3. 8 1( 7)

1 3 5. 1( 2)

7 3. 7 9( 7)

Z n

H

C C

Zr

C

C

9 2. 0

5 6. 4

1 0 1. 1

8 4. 1

1 3 6. 2

7 5. 8 2. 9 1 2 Å

Z n

H

C C

Zr

C

C

1. 9 5 1. 8 2

1. 5 31. 5 0

1. 3 2

2. 1 8
2. 4 4 2. 2 8

Z n

H

C C

Zr

C

C

9 1. 5

5 4. 6

1 0 0. 2

8 4. 3

1 3 5. 9

7 5. 8 2. 8 9 7 Å

Z n

H

C C

Zr

C

C

1. 9 8 1. 7 3

1. 5 31. 5 0

1. 3 3

2. 1 7
2. 4 5 2. 2 2

Z n

H

C C

Zr

C

C

9 4. 5

5 6. 8

9 8. 3

1 3 4. 4

7 4. 0

2. 8 1 1 Å

8 5. 0

Z n

H

C C

Zr

C

C

1. 9 8 1. 7 4

1. 5 31. 5 0

1. 3 3

2. 1 7
2. 4 4 2. 2 3

Z n

H

C C

Zr

C

C

9 4. 8 2

5 6. 3

9 8. 8

8 4. 8

1 3 4. 7

7 4. 1

2. 8 2 3 Å

M 0 6 2 X 
Z r & Z n: L a nl 2 D Z 
C H N: 6- 3 1 G +( d, p)

ω B 9 7 X
Z r & Z n: S D D 

C H N: 6- 3 1 1 G +( d, p)

∆ G A B =  0. 5 k c al m ol - 1∆ G A B  =  0. 2 k c al m ol - 1

m o l e c ul e A

B

A

B

[ °]

[ °] [ °]

[ °] [ Å]

[ Å][ Å]

[ Å]
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1 4 0 !

!

Fi g u r e 3. 3 0. ) O pti mi s e d! D F T! str u ct ur e !of!
D
M g• 1 0 .!

!

Fi g u r e 3. 3 1. ) O pti mi s e d! D F T! str u ct ur e! of!
M
Al• 1 0 ,! ori e nt at e d!t o! s h ow !t h e! n o nLpl a n arit y! of!t h e!

sli p p e d! m et all a c c y cl o pr o p e n e! m oi et y.! !

3. 5. 4 ! X -r a y C r y s t a l l o g r a p h y  

3. 5. 4. 1 ) D a t a a n d P a r a m e t e r s  

X -r a y C r y s t a l S t r u c t u r e o f D Z r • 1 0  

C 4 7 H 6 4 N 2 Z n Zr,! M !=! 8 1 3. 5 9,! m o n o cli ni c,! P 2 1 /c !( n o.!1 4),! a !=! 1 6. 4 6 9 2( 5),! b !=! 3 6. 5 0 0 2( 1 0),! c !

=! 1 4. 0 4 8 1( 4)! Å,! " !=! 1 0 3. 3 4 2( 3) °,! V !=! 8 2 1 6. 8( 4)! Å 3 ,!Z !=! 8!(t w o!i n d e p e n d e nt! m ol e c ul e s),! * c al c d !

=! 1. 3 1 5! g! c m – 3 ,!µ ( M oK % )! =! 0. 8 7 1! m m– 1 ,!T !=! 1 7 3! K,! c ol o url e s s!t a bl et s,! A gil e nt! X c ali b ur! 3! E!

diffr a ct o m et erT! 1 6 1 5 2! i n d e p e n d e nt!  m e a s ur e d! r efl e cti o n s ! (R i nt! =! 0. 0 2 0 4) ,! F 2 ! r efi n e m e nt,!

M gZr

H µ

C µ
C !

N

Al

H t

H µ

Zr

C !

C µ

N
N



!

!

1 4 1 !

R 1 ( o b s)!  =! 0. 0 3 6 4,! w R 2 ( all)!  =! 0. 0 9 1 9,! 1 2 7 0 7! i n d e p e n d e nt! o b s er v e d! a b s or pti o n Lc orr e ct e d!

r efl e cti o n s![|F o |! >! 4& (|F o |),! 2+ m a x !=! 5 7 °],! 9 5 5! p ar a m et er s.! C C D C! 1 4 5 4 1 0 4 .!

T h e! str u ct ur e! of! D Z r• 1 0 !w a s!f o u n d!t o! c o nt ai n!t w o!i n d e p e n d e nt! c o m pl e x e s,! D Z r• 1 0 <A !a n d!

D Z r• 1 0 <B .! F or!e a c h! c o m pl e x!t h e! Zr – H – Z n! bri d gi n g! h y dr o g e n! at o m! w a s!l o c at e d!fr o m! a! ( F !m a p!

a n d! r efi n e d! fr e el y.!  T h e! st a n d ar d! c al c ul at e d! p o siti o n! f or! t h e!  C 2 – H! h y dr o g e n! at o m! i n! e a c h!

c o m pl e x! w a s!f o u n d!t o! diff er! si g nifi c a ntl y!fr o m!t h e! o b s er v e d! el e ctr o n! d e n sit y!i n!t h e! ( F !m a p,!

a n d! s o! t h e s e! h y dr o g e n! at o m s!  w er e! pl a c e d! i n! t h e! f o u n d! p o siti o n s! a n d! t h e n! r efi n e d! fr e el y!

s u bj e ct!t o! a! C – H! di st a n c e! c o n str ai nt! of! 0. 9 5 0! Å! (t h e! di st a n c e!t h at! w o ul d! h a v e! b e e n! u s e d!i n!

t h e! st a n d ar d!tr e at m e nt).!

X -r a y C r y s t a l S t r u c t u r e o f D Z r • 1 2  

C 4 6 H 6 4 N 2 Z n Zr ,!M !=! 8 0 1 . 5 8,!o rt h or h o m bi c,! P 21 2 1 2 1 ,!a !=! 1 1. 9 0 9 0( 3) ,!b !=! 1 7. 4 4 9 4( 4) ,!c !=!

1 9. 9 9 4 3( 5)! Å,! % !=! " !=! , !=! 9 0 °,!V !=! 4 1 5 4. 8 9( 1 7) !Å 3 ,!Z !=! 4 ,!* c al c d !=! 1. 2 8 1! g! c m – 3 ,!µ ( M oK % )! =!0. 8 6 0! !

m m – 1 ,!T !=! 1 7 3! K,! c ol o url e s s! bl o c k s ,! A gil e nt! X c ali b ur! 3! E! diffr a ct o m et erT!1 0 1 2 9 !i n d e p e n d e nt!

m e a s ur e d!r efl e cti o n s !(R i nt!=! 0. 0 2 5 9 ),!F 2 !r efi n e m e nt,!R 1 ( o b s)! =!0. 0 3 5 3 ,!w R 2 ( all)! =!0. 0 7 4 8 ,!6 7 2 6 !

i n d e p e n d e nt! o b s er v e d! a b s or pti o nLc orr e ct e d! r efl e cti o n s! [| F o |!  >! 4& (|F o |),! 2+ m a x ! =! 5 7 °],! 4 6 9 !

p ar a m et er s. !
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3. 6 ) R E F E R E N C E S  

!

1 ! E.! L ari o n o v,! H.! Li! a n d! C.! X.! M.! M a z et,! C h e m.) C o m m u n. ,! 2 0 1 4,!5 0 ,! 9 8 1 6– 9 8 2 6. !
2 ! V.! C.! Gi b s o n,! G.! P ar ki n! a n d! J.! E.! B er c a w,! Or g a n o m et alli c s ,! 1 9 9 1,!1 0 ,! 2 2 0– 2 3 1. !
3 ! H.! H o pf,! H.! Pri e b e! a n d! R.! W al s h,! J.) A m.) C h e m.) S o c. ,! 1 9 8 0,!1 0 2 ,! 1 2 1 0– 1 2 1 2. !
4 ! O.! V.! O z er o v,! M.! Pi n k,! L.! A.! W at s o n! a n d! K.! G.! C a ult o n,! J.) A m.) C h e m.) S o c. ,! 2 0 0 4,!1 2 6 ,!

2 1 0 5 – 2 1 1 3. !
5 ! D .! W.! R e e d,! D.! R.! P oli c h u k,! P.! H.! B ui st,! S.! J.! A m br o s e,! R.! J.! S a s at a,! C.! K.! S a vil e,! A.! R.!

S.! R o s s! a n d! P.! S.! C o v ell o,! J.) A m.) C h e m.) S o c. ,! 2 0 0 3,!1 2 5 ,! 1 0 6 3 5– 1 0 6 4 0. !
6 ! E.! J.! Pr o s e n,! F.! W.! M ar o n! a n d! F.! D.! R o s si ni,! J.) R e s.) N atl.) B ur.) St a n d. ,! 2 0 1 1,!4 6 ,! 1 0 6–

1 1 2. !
7 ! I.!Y a v ari,! J.) M ol.) Str u ct. ,! 1 9 8 0,!6 5 ,! 1 6 9– 1 7 2. !
8 ! K.! J.! D a o u st,! S.! M.! H er n a n d e z,! K.! M.! K o nr a d,!I.! D.! M a c ki e,! J.! Wi n st a nl e y! a n d! R.! P.!

J o h n s o n,! J.) Or g.) C h e m. ,! 2 0 0 6,!7 1 ,! 5 7 0 8– 5 7 1 4. !
9 ! E.! T a s ki n e n,! K.! N u m m eli n! a n d! J.! C h att o p a d h y a y a,! A ct a) C h e m.) S c a n d.) B ,! 1 9 8 5,!3 9 b ,!

7 9 1 – 7 9 2. !
1 0 ! T.! U c hi d a,! R.!Iri e! a n d! T.! K at s u ki,! S y nl ett ,! 1 9 9 9,! 1 7 9 3– 1 7 9 5. !
1 1 ! R.! S hi nt a ni,! W. LL.! D u a n,! S.! P ar k! a n d! T.! H a y a s hi,! C h e m.) C o m m u n. ,! 2 0 0 6,! 3 6 4 6– 2. !
1 2 ! K.! Hir ai,! H.! S u z u ki,! Y.! M or o LO k a! a n d! T.!I k a w a,! T etr a h e dr o n) L ett .,! 1 9 8 0,!2 1 ,! 3 4 1 3–

3 4 1 6. !
1 3 ! M.! S hi ot s u ki,! Y.! Ur a,! T.!It o,! K.! W a d a,! T.! K o n d o! a n d! T. LA.! Mit s u d o,! J.) Or g a n o m et.)

C h e m. ,! 2 0 0 4,!6 8 9 ,! 3 1 6 8– 3 1 7 2. !
1 4 ! Z.! W a n g,! Y.! W a n g! a n d! L.! Z h a n g,! J.) A m.) C h e m.) S o c. ,! 2 0 1 4,!1 3 6 ,! 8 8 8 7– 8 8 9 0. !
1 5 ! K.! M a s hi m a,! R.! R o c h at,! K.! M a s hi m a,! K.! Y a m a m ot o,! M.! J.! L o p e z,! H.! N a g a e! a n d! H. !

T s ur u gi,! C h e m.) E ur.) J. ,! 2 0 1 5,!2 1 ,! 8 1 1 2– 8 1 2 0. !
1 6 ! A.! K o ni g,! C.! W a g n er,! M.! B ett e! a n d! D.! St ei n b or n,! D alt o n) Tr a n s. ,! 2 0 1 2,!4 1 ,! 7 1 5 6– 7 1 6 2. !
1 7 ! S.! M.! C o u g hl a n! a n d! G.! K.! Y a n g,! J.) Or g a n o m et.) C h e m. ,! 1 9 9 3,!4 5 0 ,! 1 5 1– 1 5 5. !
1 8 ! U.! R o s e nt h al,! A.! O hff,! M.! Mi c h ali k,! H.! G örl s, !V.! V.! B url a k o v! a n d! V.! B.! S h ur,! A n g e w.)

C h e m.,)I nt.) E d. ,! 1 9 9 3,!3 2 ,! 1 1 9 3– 1 1 9 5. !
1 9 ! A.! O hff,! V.! V.! B url a k o v! a n d! U.! R o s e nt h al,! J.) M ol.) C at al.) A:) C h e m. ,! 1 9 9 6,!1 0 5 ,! 1 0 3– 1 1 0. !
2 0 ! Y.! L.! Qi a n,! G.! S.! Li,! X.! F.! Z h e n g! a n d! Y.! Z.! H u a n g,! J.) M ol.) C at al. ,! 1 9 9 3,!7 8 ,! L 3 1– L 3 5. !
2 1 ! S.! Bi s w a s,! C o m m e nt s)I n or g .)C h e m .,!2 0 1 5,! 3 5 ,! 3 0 0– 3 3 0. !
2 2 ! E.! S ori a n o! a n d!I.! F er n á n d e z,! C h e m .)S o c .)R e v .,! 2 0 1 4,!4 3 ,! 3 0 4 1– 6 5. !
2 3 ! V.! V.! Kri v y k h,! E.! S.! T ait s,! P.! V.! P etr o v s kii,! Y.! T.! Str u c h k o v! a n d! A.!I.! Y a n o v s kii,!

M e n d el e e v) C o m m u n .,! 1 9 9 1,!1 ,! 1 0 3– 1 0 4. !
2 4 ! S.! D o h ert y,! J.! F.! C orri g a n,! A .! J.! C art y! a n d! E.! S a p p a,!A d v.) Or g a n o m et.) C h e m. ,! 1 9 9 5,!

3 7 ,! 3 9– 1 3 0. !
2 5 ! A.! W oj ci c ki,! N e w) J.) C h e m. ,! 1 9 9 4,!1 8 ,! 6 1– 6 8. !
2 6 ! P.! W.! Bl o s s er,! J.! C.! G all u c ci! a n d! A.! W oj ci c ki,! J.) A m.) C h e m.) S o c. ,! 1 9 9 3,!1 1 5 ,! 2 9 9 4–

2 9 9 5. !
2 7 ! S.! O g o s hi,! Y.! F u k u ni s hi,! K.! T s ut s u mi! a n d! H.! K ur o s a w a,! J.) C h e m.) S o c.,) C h e m.)

C o m m u n. ,! 1 9 9 5,! 2 4 8 5– 2 4 8 6. !
2 8 ! S.! F.! Fill er y,! G.! J.! G or d o n,! T.! L u k er! a n d! R.! J.! W hit b y,! P ur e) A p pl.) C h e m. ,! 1 9 9 7,!6 9 ,!

6 3 3 – 6 3 8. !
2 9 ! C.! P.! C a s e y! a n d! Y.! W a n g,! Or g a n o m et alli c s ,!1 9 9 2,! 1 1 ,! 1 3– 1 5. !
3 0 ! N.! P h a d k e! a n d! M.! Fi n dl at er,! Or g a n o m et alli c s ,! 2 0 1 3,!3 3 ,! 1 6– 1 8 .!
3 1 ! P.! H.! P.! Bri n k m a n n,! G.! A.! L ui n str a! a n d! A.! S a e n z,! J.) A m.) C h e m.) S o c. ,! 1 9 9 8,!1 2 0 ,! 2 8 5 4–

2 8 6 1. !
3 2 ! G.! Er k er,! M.! Al br e c ht,! C.! Kr u e g er,! S.! W er n er,! P.! Bi n g er! a n d! F.! L a n g h a u s er,!

Or g a n o m et alli c s ,! 1 9 9 2,!1 1 ,! 3 5 1 7– 3 5 2 5. !
3 3 ! M.! Al br e c ht,! G.! Er k er! a n d !C.! Kr u g er,! S y nl ett ,! 1 9 9 3,! 4 4 1– 4 4 8. !
3 4 ! A.! S p a n n e n b er g,! S.! B e c k e,! P.! Ar n dt,! W.! B a u m a n n! a n d! U.! R o s e nt h al,! E ur.) J.)I n or g.)



!

!

1 4 3 !

C h e m. ,! 2 0 0 1,! 2 8 8 5– 2 8 9 0. !
3 5 ! G.! B e n d er,! T.! Wi e g a n d,! H.! E c k ert,! R.! Fr ö hli c h,! C.! G.! D a nili u c,! C.! M ü c k LLi c ht e nf el d,! S.!

N d a m b u ki,! T.! Zi e gl er,! G .! K e hr! a n d! G.! Er k er,!A n g e w.) C h e m.,)I nt.) E d. ,! 2 0 1 2,!5 1 ,! 8 8 4 6–
8 8 4 9. !

3 6 ! S.! L.! B u c h w al d,! R.! T.! L u m! a n d! J.! C.! D e w a n,! J.) A m.) C h e m.) S o c. ,! 1 9 8 6,!1 0 8 ,! 7 4 4 1–
7 4 4 2. !

3 7 ! H.! L e e,! T.! H a s c all,! P.! J.! D e sr o si er s! a n d! G.! P ar ki n,! J.) A m.) C h e m.) S o c. ,! 1 9 9 8,!1 2 0 ,!
5 8 3 0 – 5 8 3 1. !

3 8 ! S.! A .! C o h e n,! P.! R.! A u b ur n! a n d! J.! E.! B er c a w,!J.) A m.) C h e m.) S o c. ,! 1 9 8 3,!1 0 5 ,! 1 1 3 6–
1 1 4 3. !

3 9 ! R.! Gl eit er,!I.! H yl a LKr y s pi n,! S.! Ni u! a n d! G.! Er k er,! A n g e w.) C h e m.,)I nt.) E d. ,! 1 9 9 3,!3 2 ,! 7 5 4–
7 5 6. !

4 0 ! A.! W o ot e n,! P.! J.! C arr oll,! A.! G.! M a e stri! a n d! P.! J.! W al s h,! J.) A m.) C h e m.) S o c. ,!2 0 0 6,! 1 2 8 ,!
4 6 2 4 – 4 6 3 1. !

4 1 ! A.! D a s,! C.! D a s h,! M.! A.! C eli k,! M.! A.! C eli k,! M.! Y o u s uf u d di n,! G.! Fr e n ki n g! a n d! H.! V.! R.!
Di a s,! Or g a n o m et alli c s ,! 2 0 1 3,!3 2 ,! 3 1 3 5– 3 1 4 4. !

4 2 ! G.! Gr o g er,! U.! B e hr e n s! a n d! F.! Ol bri c h,! Or g a n o m et alli c s ,! 2 0 0 0,!1 9 ,! 3 3 5 4– 3 3 6 0. !
4 3 ! A.! D a s,! M.! Y o u s uf u d di n,! C.! D a s h,! M.! A.! C eli k,! G.! Fr e n ki n g! a n d! H.! V.! R.! Di a s,! A n g e w.)

C h e m.,)I nt.) E d. ,! 2 0 1 2,!5 1 ,! 3 9 4 0– 3 9 4 3. !
4 4 ! O.! V.! O z er o v,! L.! A.! W at s o n,! M.! Pi n k! a n d! K.! G.! C a ult o n,! J.) A m.) C h e m.) S o c. ,! 2 0 0 7,!1 2 9 ,!

6 0 0 3 – 6 0 1 6. !
4 5 ! G.! D.! C u n y! a n d! S.! L.! B u c h w al d,! Or g a n o m et alli c s ,! 1 9 9 1,!1 0 ,! 3 6 3– 3 6 5. !
4 6 ! S.! L.! B u c h w al d,! J.! C.! H uff m a n! a n d! B.! T.! W at s o n,! J.) A m.) C h e m.) S o c. ,! 1 9 8 6,!1 0 8 ,! 7 4 1 1–

7 4 1 3. !
4 7 ! G.! Er k er,! M.! Al br e c ht,! S.! W er n er,! M.! N olt e m e y er! a n d! C.! Kr u g er,! E ur.) J.)I n or g.) C h e m. ,!

1 9 9 2,! 1 2 5 ,! 1 9 5 3– 1 9 5 6. !
4 8 ! V.! V.! B url a k o v,! W.! B a u m a n n,! U.! R o s e nt h al,! P.! Ar n dt! a n d! A.! S p a n n e n b er g,!

Or g a n o m et alli c s ,! 2 0 0 4,!2 3 ,! 4 1 6 0– 4 1 6 5. !
4 9 ! C.! M c D a d e! a n d! J.! E.! B er c a w,! J.) Or g a n o m et.) C h e m. ,! 1 9 8 5,!2 7 9 ,! 2 8 1– 3 1 5. !
5 0 ! J.! Pr u st,! A.! St a s c h,! W.! Z h e n g,! H.! W.! R o e s k y,! E.! Al e x o p o ul o s,!I.! U s ó n,! D.! B ö hl er! a n d! T.!

S c h u c h ar dt,! Or g a n o m et a lli c s,! 2 0 0 1,!2 0 ,! 3 8 2 5– 3 8 2 8. !
5 1 ! P.! J.! C hiri k! a n d! J.! E.! B er c a w,! Or g a n o m et alli c s ,! 2 0 0 5,!2 4 ,! 5 4 0 7– 5 4 2 3. !
5 2 ! N.! C ol e s,! M.! C.! J.! H arri s,! R.! J.! W hit b y! a n d! J.! Bl a g g,! Or g a n o m et alli c s ,! 1 9 9 4,!1 3 ,! 1 9 0–

1 9 9. !
5 3 ! J.! M.! D a vi s,! R.! J.! W hit b y! a n d! A.! J a x a LC h a mi e c,! T etr a h e dr o n) L ett. ,! 1 9 9 4,!3 5 ,! 1 4 4 5–

1 4 4 8. !
5 4 ! S.! L.! B u c h w al d,! B.! T.! W at s o n! a n d! J.! C.! H uff m a n,! J.) A m.) C h e m.) S o c. ,! 1 9 8 7,!1 0 9 ,! 2 5 4 4–

2 5 4 6. !
5 5 ! D.! J.! Si k or a! a n d! M.! D.! R a u s c h,! J.) Or g a n o m et.) C h e m. ,! 1 9 8 4,!2 7 6 ,! 2 1– 3 7. !
5 6 ! K.!I.! G ell! a n d! J.! S c h w art z,! J.) A m.) C h e m.) S o c. ,! 1 9 8 1,!1 0 3 ,! 2 6 87 – 2 6 9 5. !
5 7 ! K.!I.! G ell! a n d! J.! S c h w art z,! J.) A m.) C h e m.) S o c. ,! 1 9 7 8,!1 0 0 ,! 3 2 4 6– 3 2 4 8. !
5 8 ! F.! T a ull aj,! D.! Ar m str o n g,! A.! J.! L o u g h! a n d! U.! F e kl,! P ol y h e dr o n ,! 2 0 1 6,!1 0 8 ,! 3 0– 3 5. !
5 9 ! E.! Y.! P a n kr at y e v,! T.! V.! T y u m ki n a,! L.! V.! P arf e n o v a,! S.! L.! K h ur s a n,! L.! M.! K h alil o v! a n d! U.!

M .! D z h e mil e v,!Or g a n o m et alli c s ,! 2 0 1 1,!3 0 ,! 6 0 7 8– 6 0 8 9. !
6 0 ! C.! A.! Br a dl e y,! E.! B.! L o b k o v s kii,!I.! K er e s zt e s! a n d! P.! J.! C hiri k,! Or g a n o m et alli c s ,! 2 0 0 6,!

2 5 ,! 2 0 8 0– 2 0 8 9. !
6 1 ! M.! Y o s hif uji,! K.!I.! G ell! a n d! J.! S c h w art z,! J.) Or g a n o m et.) C h e m. ,! 1 9 7 8,!1 5 3 ,! C 1 5– C 1 8. !
6 2 ! G.! Er k er,! G .! K e hr! a n d! R.! Fr ö hli c h,!J.) Or g a n o m et.) C h e m. ,! 2 0 0 4,!6 8 9 ,! 4 3 0 5– 4 3 1 8. !
6 3 ! C.! A.! Br a dl e y,!I.! K er e s zt e s,! E.! B.! L o b k o v s kii,! V.! G.! Y o u n g! a n d! P.! J.! C hiri k,! J.) A m.)

C h e m.) S o c. ,! 2 0 0 4,!1 2 6 ,! 1 6 9 3 7– 1 6 9 5 0. !
6 4 ! G.! Er k er,! J.! L.! P et er s e n,! R.! N o e! a n d! D.! Wi n g b er m u hl e,! A n g e w.) C h e m.,)I nt.) E d.,) 1 9 9 3,!

3 2 ,! 1 2 1 3– 1 2 1 5. !
6 5 ! J.! A.! P o ol,! E.! L o b k o v s k y! a n d! P.! J.! C hiri k,! Or g a n o m et alli c s ,! 2 0 0 3,!2 2 ,! 2 7 9 7– 2 8 0 5. !
6 6 ! N.! M.! W eli a n g e,! D.! S.! M c G ui n n e s s,! M.! G.! G ar di n er! a n d! J.! P at el,! D alt o n) Tr a n s. ,! 2 0 1 5,!

4 4 ,! 2 0 0 9 8– 2 0 1 0 7. !
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6 7 ! R.! C h o u kr o u n,! Y.! R a o ult! a n d! D .! G er v ai s,!J.) Or g a n o m et.) C h e m. ,! 1 9 9 0,!3 9 1 ,! 1 8 9– 1 9 4. !
6 8 ! B.! M.! Kr aft! a n d! W.! D.! J o n e s, !J.) Or g a n o m et.) C h e m. ,!2 0 0 2,! 6 5 8 ,! 1 3 2– 1 4 0. !
6 9 ! O.! E k k ert,! A.! J.! P.! W hit e! a n d! M.! R.! Cri m mi n,! A n g e w.) C h e m.,)I nt.) E d. ,! 2 0 1 6,! 1– 5. !
7 0 ! L.! F o hl m ei st er,! S.! Li u,! C.! S c h ult e n,! B.! M o u b a r a ki,! A.! St a s c h,! J.! D.! C a s hi o n,! K.! S.!

M urr a y,! L.! G a gli ar di! a n d! C.! J.! J o n e s,! A n g e w.) C h e m.,)I nt.) E d. ,! 2 0 1 2,!5 1 ,! 8 2 9 4– 8 2 9 8. !
7 1 ! M.! St e n d er,! H.! O e s e n,! S.! Bl a ur o c k! a n d! E.! H e y! H a w ki n s,! Z.) A n or g.) A ll g.) C h e m.,! 2 0 0 1,!

6 2 7 ,! 9 8 0– 9 8 4. !
7 2 ! J.! K o pf,! H.! J.! V oll m er! a n d! W.! K a mi n s k y,! Cr y st.) Str u ct.) C o m m u n. ,! 1 9 8 0,!9 ,! 9 8 5.!
7 3 ! R.! D.! Br o e n e! a n d! S.! L.! B u c h w al d,! S ci e n c e ,! 1 9 9 3,!2 6 1 ,! 1 6 9 6– 1 7 0 1. !
7 4 ! E. LI.! N e gi s hi,! D.! R.! S w a n s o n! a n d! T.! T a k a h a s hi,!J.) C h e m.) S o c.,) C h e m.) C o m m u n. ,! 1 9 9 0,!

1 2 5 4 – 1 2 5 5. !
7 5 ! E.! N e gi s hi,! F.! E.! C e d er b a u m! a n d! T.! T a k a h a s h i,!T etr a h e dr o n) L ett. ,! 1 9 8 6.!
7 6 ! N.! S u z u ki,! M.! H o s o y a,! Y.! Ari g a! a n d! Y.! M a s u y a m a,! J.) Or g a n o m et.) C h e m. ,! 2 0 1 7,!8 3 5 ,!

3 9 – 4 2 .!
7 7 ! L u,! Y.! Qi a n,! Ji a q ui! a n d! W.! X u,! J.) M ol.) C at al. ,! 1 9 8 6,!3 4 ,! 3 1– 3 8. !
7 8 ! K.! C.! J a nt u n e n,! B.! L.! S c ott! a n d! J.! L.! Ki pli n g er,! J.) All o y s) C o m p d. ,! 20 0 7,! 4 4 4 <4 4 5 ,! 3 6 3–

3 6 8. !
7 9 ! R.! G.! S al o m o n! a n d! N.! El! S a n a di,! J.) A m.) C h e m.) S o c. ,! 1 9 7 5,!9 7 ,! 6 2 1 4– 6 2 2 1. !
8 0 ! A.! K.! C o o k! a n d! M.! S.! S a nf or d,! J.) A m.) C h e m.) S o c. ,! 2 0 1 5,!1 3 7 ,! 3 1 0 9– 3 1 1 8. !
8 1 ! Y.! W a n g,! B.! Q uilli a n,! C.! S.! W a n n er e,! P.! W ei,! P.! V.! R.! S c hl e y er! a n d! G.! H.! R o bi n s o n ,!

Or g a n o m et alli c s ,! 2 0 0 7,!2 6 ,! 3 0 5 4– 3 0 5 6. !
8 2 ! W.! A.! N u g e nt! a n d! D.! F.! T a b er,! J.) A m.) C h e m.) S o c. ,! 1 9 8 9,!1 1 1 ,! 6 4 3 5– 6 4 3 7. !
!
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" H o w I l o n g t o cl e a r t hi s s o r di d t al e a w a y f r o m m y d e s k. "  

L e o! T ol st o y,! L ett er!t o! a! Fri e n d! r e:!A n n a) K ar e ni n a !
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C H A P T E R 4  –  (E )-S el e cti v e Al k e n e 
I s o m e ri s ati o n C at al y si s wit h a 
M a g n e si u m/ Zi r c o ni u m 
H et e r o bi m et alli c C o m pl e x   
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T h e$ i s o m eri s ati o n$ of$ t er mi n al$ al k e n e s$ t o$ i nt er n al$ p o siti o n s$  m a y$ b e$ c at al y s e d$ b y$

D M g• Z r $wit h$ hi g h$( E )9s el e cti vit y.$ It$i s$ s h o w n$t h at$ bot h$t h e$ c at al y st$ a cti vit y$ a n d$ s el e cti vit y$

i s$ d e p e n d e nt$ o n$ t h e$ i d e ntit y$ of$ t h e$  m ai n$ gr o u p$  m et al$ – $ D Z n • Z r( i s$ a$ c o m p ar ati v el y$

i n eff e cti v e$ c at al y st.$T w o$ s el e cti vit y$ e v e nt s$ ar e$i m p ort a nt:$t h e$ al k e n e: al k a n e$ r ati o$ a n d$

E: Z$r ati o.$ W hil e$t h e$ a cti v e $M /Zr$ c at al y st s $of $t h e$ s eri e s$ all$ yi el d$ pr o d u ct s$ wit h$ hi g h$(E )9

s el e cti vit y ,$ t h e$  M g/Zr$ h et er o bi m et alli c$ c o m pl e x$ gi v e s$ t h e$ hi g h e st$ r ati o s$ of$

al k e n e: al k a n e$ a cr o s s$ a$ n u m b er$ of$ s u b str at e s $ a s$  w ell$ a s$ b ei n g$  m o st$ c o n si st e ntl y$

s u c c e s sf ul$ wit h$t ot al$ yi el d .$ A n$ a p pr e ci ati o n$ of$t h e$f a ctor s$t h at$ d et er mi n e$ s el e cti vit y$l e d$

t o$t h e$i d e ntifi c ati o n$ of$Z r• Z r $a s$ a$ si m pl e$ y et$ effi ci e nt$ al k e n e$i s o m eri s ati o n$ c at al y st$ at$

l o w9l o a di n g s.$K i n eti c$pr ofil e s$ b etr a y e d$ a$ di sti n ct$ s u b str at e$ s e n siti vit y $i n$t h e$c at al y si s$

wit h$ t h e$  M g/ Zr$ c o m pl e x :$ t h e$ r e a cti o n$  wit h$ all yl b e n z e n e$ r e v e al e d$ a n$ a p p ar e nt$

a ut o c at al yti c$ r e gi m e,$  wit h$ t h e$ ( E )9al k e n e$ b e c o mi n g$ i n c or p or at e d$ i nt o$ t h e$ c at al y st$ i n$

s o m e$ w a y$t o$ gi v e$ a n$ u n k n o w n$ c at * .$ F ut ur e$ w or k$i s$r e q uir e d$t o$ e st a bli s h$t h e$ n at ur e$ of$

c at * .! $

P h M g
H N

N
H

H

Di p p

Di p p

Zr

t

P hm M
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4. 1 $ I N T R O D U C T I O N  T O A L K E N E  I S O M E R I S A T I O N   

F or! h e t er o bi m et alli c! c o m pl e x e s! c o nt ai ni n g! b ot h!  m ai n! gr o u p! a n d! tr a n siti o n!  m et al s,!

c o nt e m p or ar y! a p pr o a c h e s!  wit h!  w ell ?d efi n e d! s y st e m s,! h a v e! l o n g! b e e n! f or e s h a d o w e d! b y!

a d diti v e! eff e ct s! i n! c at al y si s.!  F or! e x a m pl e,! t h e! a cti v ati o n! of! gr o u p! 4!  m et all o c e n e s!  wit h!

m et h yl al u mi n o x a n e!( M A O)! w a s! a! k e y! di s c o v er y!i n!t h e! d e v el o p m e nt! of! h o m o g e n e o u s! Zi e gl er ?

N att a! c at al y st s!f or! al k e n e! p ol y m eri s ati o n. 1 ?4 !

I n! r el at e d! st u di e s,! a! h a n df ul! of! gr o u p! 4!  m et all o c e n e s! h a v e! b e e n! s h o w n! t o! eff e ct! t h e!

i s o m eri s ati o n! of! al k e n e s.! Ei s e n! a n d! c o ?w or k er s! h a v e! d e m o n str at e d! t h at! zir c o ni u m! a n d!

tit a ni u m! b e n z a mi di n at e! c o m pl e x e s!(Fi g ur e! 4. 1 ,!A )!i n! c o m bi n ati o n! wit h! a n! e x c e s s! of! M A O! ar e!

c a p a bl e! of!tri g g eri n g!t h e!i s o m eri s ati o n! of!t er mi n al! al k e n e s!t o!i nt er n al! p o sit i o n s.5, 6 !W hil e!t h e s e!

s y st e m s! a n d! str ai g htf or w ar d! Zr I V!m o n o h y dri d e! c at al y st s 7 ?9 !h a v e! b e e n! pr o p o s e d!t o! pr o c e e d! b y!

a n !i n s erti o n?eli mi n ati o n! m e c h a ni s m,! m e c h a ni sti c all y! di sti n ct! w or k! h a s! att e n d e d!t o! l o w?v al e nt!

gr o u p! 4! c at al y st s !a n d!t h e  ! ?all yl! h y dri d e! m e c h a ni s m. 1 0 ?1 2 !T h e!l att er! ar e !g e n er at e d!fr o m!t h e!

r e d u cti o n! of!  m et all o c e n e! di c hl ori d e! pr e c ur s or s! b y!  M g! ( Fi g ur e! 4. 1 ,! B ).! N e v ert h el e s s,!

pr e c at al y st ! c o m pl e x e s ! c o m bi ni n g ! a ! gr o u p! 4! a n d ! m ai n! gr o u p!  m et al! ar e,! t o! o ur! k n o wl e d g e,!

u n k n o w n. ! A! c o nt e m p or ar y! r e vi e w! of!  w ell ?d efi n e d! tr a n siti o n!  m et al! h y dri d e! c at al y st s! i n!

i s o m eri s ati o n s! h a s! b e e n! c o m pil e d! b y! M a z et! a n d! c o?w or k er s. 1 3 !Hi g hl y! s u c c e s sf ul!( E )?s el e cti v e!

c at al y st s! b a s e d! o n!l at e!tr a n siti o n! m et al s! h a v e! b e e n! d e v el o p e d! b y !t h e! gr o u p s! of!Gr otj a h n 1 4 ?1 6 !

a n d! Tr a p p .1 7 !

!

Fi g u r e 4. 1. # Al k e n e! i s o m eri s ati o n!c at al y s e d! b y! zir c o n o c e n e! c o m pl e x e s.! !

T hr o u g h! c o m p ari s o n! of !t h e#M / Zr#s eri e s !(Fi g ur e! 4. 1 ),!it!i s!s h o w n !t h at,! at! m o d er at e! c at al y st!

l o a di n g s! ( 5! m ol %),! b ot h! a cti vit y! a n d!s el e cti vit y! ar e! d e p e n d e nt! u p o n!t h e!i d e ntit y! of!t h e! m ai n!

gr o u p! fr a g m e nt.!  T hi s! ‘ h et er o bi m et alli c! eff e ct’! pr e d o mi n at el y! i nfl u e n c e s! t h e! al k e n e: al k a n e!

r ati o.! At!l o w er! c at al y st!l o a di n g s!t h e! p ar e nt! c o m pl e x![ C p 2 Zr( H)( µ ?H)] 2 !(Z r• Z r )!i s! a! m or e! effi ci e nt!

Zr
N

N
Cl

Cl

N

N

M e 3 Si

Si M e 3

M e 3 Si

Si M e 3

p - T ol

p - T ol

Zr
Cl

Cl
M

H N

N
H

H

Ar

Ar

Zr

+ M A O +  M g ( s)

A B

R R

Pr e vi o u s w or k:
Gr o u p(I V) + M ai n Gr o u p

C at al y st s A  or B

T hi s w or k: si n gl e- sit e 
h et er o bi m et alli c

c at al y st s
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c at al y st!f or !al k e n e!i s o m eri s ati o n!t h a n! a n y! m e m b er! of!t h e! h et er o bi m et alli c! s eri e s. !T hi s!r ai s e s!

t h e! q u e sti o n! of!t h e!tr u e! n at ur e! of!t h e! c at al yti c!s p e ci e s!i n!t h e !M/ Zr! s y st e m s. !
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4. 2 $ R E S U L T S  

4. 2. 1 (A l k e n e I s o m e r i s a t i o n  

I n! att e m pti n g!t o!e x pl or e !t h e!h y dr o m et all ati o n!r e a cti vit y! of! D M g• Z r !a n d #D Z n• Z r ,!t h eir!a bilit y !

t o!c at al yti c all y!i s o m eri s e!t er mi n al! al k e n e s!t o!i nt er n al! p o siti o n s !w a s! di s c o v er e d .! T h e!r e s ult s! of!

t h e s e! e x p eri m e nt s! ar e! pr e s e nt e d! i n! T a bl e! 4. 1 .! D M g• Z r# i s! a! s el e cti v e! c at al y st! f or! al k e n e!

i s o m eri s ati o n!gi vi n g!i nt er n al! al k e n e s! wit h!t h e!l o w e st!r e c or d e d! E :Z !s el e cti vit y! of! 1 2: 1.! Alt h o u g h!

M Al• Z r ! i s! al s o! a n! eff e cti v e! c at al y st! u n d er! i d e nti c al! c at al y st! l o a di n g s,! t h e! al k e n e: al k a n e!

s el e cti viti e s! ar e! s o m e w h at! l o w er! t h a n! t h o s e! r e c or d e d! f or! D M g• Z r .! T h e! b y ?pr o d u ct s! ar e! t h e!

c orr e s p o n di n g! al k a n e s! f or m e d! i n! a p pr o xi m at el y! 5 – 1 0 %! yi el d.!  C at al yti c! e x p eri m e nt s!

e m pl o yi n g! D Z n• Z r !w er e! sl o w,! r e s ulti n g!i n! o nl y!l o w! c o n v er si o n! o v er!t h e! s a m e!ti m e s c al e s! a s!

t h o s e! r e p ort e d! f or! D M g• Z r .! I n! c o m bi n ati o n,! t h e s e! d at a! d e m o n str at e! t h e! d e p e n d e n c e! of!

c at al y si s! o n!t h e! pr e s e n c e! a n d!t h e! n at ur e! of!t h e! m ai n! gr o u p!fr a g m e nt.! !

T a bl e 4. 1. # S c o p e! of! al k e n e!i s o m eri s ati o n! wit h!
Ar

M• Z r# ( R! =! Ar
X
!=! 4 ?X C 6 H 4 ).!

!

R = P h

2 4

2

1 6 8

7 5

9 5

9 0

4 0: 1

9 9: 1

6 4: 1

ti m e
( h)

E: Zs u b st r at e
c o m bi n e d
yi el d ( %)

4 5: 1

1 5: 1

9 9: 1

al k e n e
: al k a n e

c at al y st

b e n z e n e- d 6
5 0 ° C

c at al y st
5 m ol %

M Al • Z r

D Z n • Z r

D M g • Z r

a R e a cti o n c o n d u ct e d at 2 5 ° C.  b R ati o of 2 E : 2Z : 3E

R = Ar O M e
2 4

4

8 0

9 5

5 2: 1

3 6: 1

a

M Al • Z r

D M g • Z r

R = Ar
2 4

2 4

8 0

9 0

1 6: 1

2 0: 1

1 7: 1

2 2: 1M Al • Z r

D M g • Z r

R = Si M e 3

7 2

2 4

2 1 6

7 5

7 5

2 5

1 2: 1

2 2: 1

3: 1

3 5: 1

1 9: 1

3: 1

aM Al • Z r

D Z n • Z r

D M g • Z r

R = n Pr

4 8

2 4

1 6 8

7 0

9 5

8 0

4 0: 1 0: 1

1 1: 4: 3

6: 1: 2

9 9: 1

9: 1

9 9: 1

b

bM Al • Z r

D Z n • Z r

D M g • Z r

R R

4 8: 1

2 5: 1

a

a

b

C F 3
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T h e! diff er e n c e s!i n! c at al y st! effi ci e n c y! a n d! s el e cti vit y! w er e!f urt h er! u n d er s c or e d! b y! m o nit ori n g!

t h e!i s o m eri s ati o n! of! all yltri m et h yl sil a n e! a s! a!f u n cti o n! of!ti m e!(Gr a p h! 4. 1 ).! W hil e! b ot h!D M g• Z r !

a n d! M Al• Z r !gi v e! hi g h!r ati o s! of! al k e n e: al k a n e! at! hi g h! c o n v er si o n,! o nl y!t h e! m a g n e si u m! a n al o g u e!

d e m o n str at e s! hi g h! s el e cti vit y! o v er!t h e! e ntir e! c o ur s e! of!t h e!r e a c ti o n.! F or! b ot h! af or e m e nti o n e d!

c at al y st s!t h e! E: Z !s el e cti vit y!i s!l o w! at!l o w! c o n v er si o n s,! s u g g e sti n g!t h at!t h e! r e a cti o n s! m a y! b e!

u n d er!t h er m o d y n a mi c! c o ntr ol! wit h!t h e! (Z )?al k e n e! sl o wl y!i s o m eri si n g!t o!t h e! (E )?al k e n e! a s!t h e!

r e a cti o n! pr o c e e d s.!!

T h e!li mit s! of! t h e!c a t al y st s! w er e! e x pl or e d! a n d!t h e!i s o m eri s ati o n! of! all yltri m et h yl sil a n e! o v er!

3 8! h! at! 5 0! ° C! i s! still! o b s er v e d!  wit h! 0. 5!  m ol %! D M g• Z r# gi vi n g! a! 2 0: 1!  mi xt ur e! of! E: Z ! of! t h e!

vi n yl sil a n e!i n! 6 5 %! yi el d! a n d! o nl y!tr a c e! a m o u nt s! of!tr a n sf er! h y dr o g e n ati o n.! T hi s! e x p eri m e nt!

all o w s! a n! e sti m ati o n! of!t h e! u p p er! T O N !a s! 1 2 0.! !Att e m pt s!t o! e xt e n d!t h e! s c o p e!t o! m or e! hi n d er e d!

or! 1, 1 ?di s u b stit ut e d! al k e n e s! m et! wit h!li mit e d! s u c c e s s ,!a n d! b ot h! m et h yl e n e c y cl o h e x a n e! a n d!

4 ,4 ?di m et h yl ?p e nt ?1 ?e n e!f ail e d!t o!i s o m eri s e! u n d er!t h e !c at al yti c! c o n diti o n s.! N o! al k a n e! pr o d u ct s!

w er e! pr o d u c e d!fr o m!t h e s e! s u b str at e s! eit h er. !!

!

G r a p h 4. 1. # C at al yti c!i s o m eri s ati o n! of! all yltri m et h yl sil a n e! b y!
R
B DI M • Z r.!I n cl u di n g!E: Z !a n d!

al k e n e: al k a n e!r ati o s!r e s p e cti v el y,!f oll o w e d! a s! a!f u n cti o n! of!ti m e.! D at a !tr e n dli n e s!ar e! fitt e d! a s! a!

g ui d e! o nl y. !

Is ol ati o n! of!t h e! h et er o bi m et alli c! c o m pl e x!i s! n ot! a! pr er e q ui sit e!f or! c at al y si s,! a n d! a! mi xt ur e! of!

5!  m ol %! [ C p 2 Zr Cl 2 ]! a n d! 7. 5!  m ol %! [Di p p B DI M g( µ ?H)] 2 ! w a s! eff e cti v e! f or! t h e! i s o m eri s ati o n! of!

all yl b e n z e n e! ( s e e! E x p eri m e nt al) .! H o w e v er,!t hi s! r e a cti o n! di d! n ot! di s pl a y! 1 H! N M R! si g n al s!f or!

D M g• Z r ! at! a n y! p oi nt! d uri n g! t h e! i s o m eri s ati o n! of! all yl b e n z e n e. ! T h e r e! i s! al s o! n o! r e m ai ni n g !

D M g• Z r !i n!t h e!fi n al!i s o m eri s ati o n! r e a cti o n!mi xt ur e s! wit h !t h e!s u b str at e s! 4 ?all yl a ni s ol e! a n d! 1 ?

all yl ?4 ?(trifl u or o m et h yl) b e n z e n e.! A s! s u c h,!t h e!i n v ol v e m e nt! of! a! w ell ?d efi n e d! h et er o bi m et alli c!

pr e ?c at al y st! i n! t hi s! pr ot o c ol! i s! u n k n o w n .!  B a s e d! o n! t h e! c at al yti c ! a cti viti e s,! t h e! f o c u s! of! t h e!

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

0 2 5 5 0 7 5 1 0 0 1 2 5 1 5 0 1 7 5

D M g • Zr

D Z n • Zr

M Al • ZrM Al • Z r

D M g • Z r

D Z n • Z r

pr
o

d
uc

ts
 (

m
M)

ti m e ( h)

7 5 %
1 9: 1 / 2 6: 1

7 5 %
1 3: 1 / 2 6: 1

5 5 %
3: 2 / 2 3: 1

2 5 %
2: 3 / 2 4: 1

1 5 %
1: 1 / 1: 1

6 5 %
8: 1 / 1 5: 1

y i el d %
E :Z / al k a n e: al k e n e
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f oll o wi n g! i n v e sti g ati o n!  w a s! pl a c e d! o n!  m e c h a ni sti c! st u di e s! of! t h e!  w ell?d efi n e d! D M g• Z r ! pr e ?

c at al y st. !

4. 2. 2 (M e c h a n i s t i c S t u d i e s  

A! s e ri e s! of! e x p eri m e nt s! w er e! u n d ert a k e n!t o! g ai n! s o m e!i n si g ht!i nt o!t h e! m e c h a ni s m! of! al k e n e!

i s o m eri s ati o n! a n d!t h e! ori gi n! of! al k a n e! b y?pr o d u ct s.! T w o! wi d el y! a c c e pt e d! m e c h a ni s m s! w er e!

c o n si d er e d !(vi z. $Fi g ur e! 3. 2) :! a n! a d diti o n?eli mi n ati o n! m e c h a ni s m!i n v ol vi n g! al k e n e!i n s erti o n! a n d!

" ?h y dri d e! eli mi n ati o n! st e p s ,!a n d! a! r e d o x! m e c h a ni s m!i n v ol vi n g! g e n er ati o n! a n d!i s o m eri s ati o n!

of! a! ! ?all yl!i nt er m e di at e. !!

4. 2. 2. 1 # M e t al H y d ri d e I n s e r ti o n -eli mi n a ti o n  M e c h a ni s m  

A! n u m b er! of! o b s er v ati o n s! ar e! c o ntr a di ct or y!  wit h! a! h y p ot h eti c al! a d diti o n ?eli mi n ati o n!

p at h w a y:! 1)! th e!i n s erti o n! of! m et h yl e n e c y cl o h e x a n e,! di p h e n yl a c et yl e n e,! or! 2, 2 ?di m et h yl ?p e nt ?

3 ?y n e! i nt o!t h e!t er mi n al! Zr– H! b o n d! of! D M g• Z r !di d! n ot! pr o c e e d! at! 5 0! ° C! d e s pit e!t h e!l a st! al k y n e!

b ei n g! a n! o ut st a n di n g! tr a p pi n g! r e a g e nt! f or! [ C p * 2 Zr H 2 ]! (S c h e m e! 4. 1 )i1 8 ! 2)! t h e! r e a cti o n! of!

[Di p p B DI M g( µ ?R)] 2 !( R! =! n /s B u,! C H 2 C H 2 C H 2 P h)! wit h! Z r• Z r !r e s ult e d!i n!t h e!f or m ati o n! of! D M g• Z r #

(T a bl e! 4. 2 ,! e ntri e s!i! a n d!ii),!b ut! o nl y!tr a c e! a m o u nt s! of! al k e n e! pr o d u ct s! w er e! o b s er v e d.! !

B ot h!r e a cti o n s! pr o vi d e!i n si g ht!i nt o!r e v er si bl e! al k e n e!i n s erti o n!i nt o!t h e!t er mi n al! Zr – H! b o n d!

of! D M g• Z r .! Th e!f ail ur e! of! D M g• Z r !t o!f or m! di h y dri d o al k yl! a n al o g u e s! s u c h! a s!t h o s e!ill u str at e d!i n!

S c h e m e! 4. 1 ! m e a n s! t h at! h y dr o m et all ati o n! b y! t h e! c at al y st! i s! n ot! f a cil e ,! or! at! l e a st! n ot!

t h er m o d y n a mi c all y! d o w n hill.!  T h e!  m a g n e si u m! al k yl! r e a cti o n s! s u g g e st! t h at! " ?h y dri d e!

eli mi n ati o n!fr o m! a! zir c o ni u m! al k yl!i nt er m e di at e!i s! n ot!t h e! m aj or! p at h w a y!t o!f or m! D M g• Z r .!!

!

!

S c h e m e 4. 1. # Att e m pt e d!r e a cti o n s! of!
D
M g• Z r# wit h! u n s at ur at e d! h y dr o c ar b o n s .!

6. 5 e q ui v.

hi g h a n d l o w TM g
H N

N
H

H

Di p p

Di p p

Zr

tB u
M g

H N

NH

Di p p

Di p p

Zr

tB u

H

6. 5 e q ui v.
M g

H N

NH

Di p p

Di p p

Zr

D M g • 1 3
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T a bl e 4. 2. # F or m ati o n! of!
D
M g• Z r# fr o m! m a g n e si u m! al k yl! c o m pl e x e s.!

!

E ntr y!iii!i n! T a bl e! 4. 2 !f urt h er! c orr o b or at e s!t h es e !fi n di n gs .!T h e !n e o sil yl!li g a n d,!( C H 2 Si M e 3 )
– ,!

w a s! u s e d!f or!it s!l a c k! of! a! " ?h y dri d e! at o m .!T hi s! w a y, !a n !al k yl! h et er o bi m et alli c! c o m pl e x! mi g ht!

b e! tr a p p e d!i n!th e!r e a cti o n! of![ Di p p B DI M g( µ ?C H 2 Si M e 3 )]2 !wit h! Z r• Z r #(S c h e m e! 4. 2 ).!N e v ert h el e s s,!

al k a n e! b y ?pr o d u ct s! a g ai n! a c c o m p a ni e d!f or m ati o n! of!t h e! k n o w n !M g/ Zr !c o m pl e x.! Aft er! 2! d! of!

h e ati n g! a n d! c o m pl et e !c o n s u m pti o n !of ![Di p p B DI M g( µ ?C H 2 Si M e 3 )]2 ,! a!5 0 %! yi el d! of! D M g• Z r !w a s!

pr o d u c e d. !Al s o! o b s er v e d! w a s!t h e! di al k yl! c o m pl e x![ C p 2 Zr( C H 2 Si M e 3 )2 ]
1 9 !( 2 5 %! yi el d! aft er! 2! d).!!

!

S c h e m e 4. 2. # R e s ult s! a n d!i nf err e d! m e c h a ni s m! of!t h e!r e a cti o n! of! Z r• Z r !wit h! [
Di p p

B DI M g( µ ?

C H 2 Si M e 3 )]2 .!

T h e!r e s ult !of!t hi s! e x p eri m e nt! s h o w s !a! pr ef er e n c e!f or! e x c h a n g e !of!t h e! n e o sil yl! a n d! h y dri d e!

li g a n d s! b et w e e n!  M g! a n d!  Zr.! T h e! b y ?pr o d u ct s! of! t h e! i niti al! li g a n d! e x c h a n g e! f or m ! D M g• Z r #

(S c h e m e! 4. 2 ,! i n s et).! T h e! ot h er ! Zr ! c e ntr e ! h a s! c oll e ct e d! t h e! n e o sil yl! li g a n d! t o! b e c o m e !

[ C p2 Zr( C H 2 Si M e 3 ) H].! T h e!c o m pl e x !i s! n ot! o b s er v e d! dir e ctl y,! b ut!r e d u cti v e! eli mi n ati o n!fr o m!t h e!

s p e ci e s! e x pl ai n s! t h e! pr o d u cti o n! of! al k a n e! ( M e 4 Si ! – ! S c h e m e! 4. 2 )! a s!  w ell! a s!

[ C p2 Zr( C H 2 Si M e 3 )2 ],!  w hi c h! ari s e s ! fr o m! t h e! s e c o n d ! al k yl/ h y dri d e! li g a n d! e x c h a n g e.!  T h u s,!

M g- al k yl

R = n/ s B u

R = C H 2 C H 2 C H 2 P h

R = C H 2 Si M e 3

D M g • Z r al k e n e al k a n e

2 0 %

2 5 %

5 5 %

tr a c e

0 % 3 5 % b

0 % 1 5 % b

4 0 %

a  9: 2 n: s e c b ut yl M a g n e si u m
b v ol atil e pr o d u ct s, p er c e nt a g e s ar e l o w er e sti m at e s.

a

i

ii

iii

M g

H

N

N

Di p p

Di p p

Zr

H

RH

β - h y dri d e eli m.
n ot i m pli e d

4 h , 5 0 ° C

- R – H

M g
N

N

Di p p

Di p p

R+

M g al k yl

 iia   R = n/ s e c B u

i   R = C H 2 C H 2 C H 2 P h

iii   R = C H 2 Si M e 3

D M g • Z r al k e n e al k a n e( s)

2 0 %

2 5 %

4 0 %

tr a c e

0 % 3 5 % b

n/ a 1 5 % b

4 0 %

a  9: 2 t ert: s e c b ut yl M a g n e si u m
b v ol atil e pr o d u ct s, p er c e nt a g e s ar e l o w er e sti m at e s.

Zr
H

H
Zr

H

H

M g
H N

N
H

H

Di p p

Di p p

Zr

2

M g- al k yl

R = n/ s B u

R = C H 2 C H 2 C H 2 P h

R = C H 2 Si M e 3

D M g • Z r al k e n e al k a n e

2 0 %

2 5 %

5 5 %

tr a c e

0 % 3 5 % b

0 % 1 5 % b

4 0 %

a  9: 2 n: s e c b ut yl M a g n e si u m
b v ol atil e pr o d u ct s, p er c e nt a g e s ar e l o w er e sti m at e s.

a

i

ii

iii

M g
H N

N

Di p p

Di p p

Zr
H

R
H

β - h y dri d e eli m.
n ot i m pli e d

5 0 ° C, 2 d

+

M e
Si M e 3

M
N

N

Di p p

Di p p

M e 3 Si

Zr
H

H
Zr

H

H

2

Si M e 3

Zr
H

– D 2
– Z r

M g
H N

NH

Di p p

Di p p

Zr

M e 3 Si

Si M e 3

ZrDi p p B DI M g( C H 2 Si M e 3 )+

Si M e 3

r e d. eli m.
at Zr

L e x c h a n g e.

L e x c h a n g e.

– D 2
– Z r

b e n z e n e- d 6

al k a n e

2 5 % yi el d

D 2 + Z r D M g • Z r

n ot o b s er v e d
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[ C p2 Zr( C H 2 Si M e 3 ) H]!i s! u n st a bl e! wit h!r e s p e ct!t o!r e d u cti v e! eli mi n ati o n! a n d$ al k yl/ h y dri d e!li g a n d!

e x c h a n g e ,! a n d! b ot h! pr o c e s s e s! ar e! a p p are ntl y !i n! ki n eti c!c o m p etiti o n .!

A n! att e m pt! w a s! m a d e!t o! s y nt h e si s e!t h e!r el at e d! D M g• 1 3 #(S c h e m e! 4. 1 )!fr o m!li g a n d! e x c h a n g e!

[ C p2 Zr( # 1 ?C H 2 C y ) Cl]2 0 !( C y! =! c y cl o h e x yl)!a n d! 2! e q ui v.! D 2 2 ,!b ut! m et h yl c y cl o h e x a n e! w a s!t h e! o nl y!

a s si g n a bl e!  m a j or! pr o d u ct.! I n! c o m bi n ati o n,! t h e! d at a! i nti m at e! t h at! t h e! p ut ati v e! bi m et alli c!

di h y dri d o al k yl! a n al o g u e s! of! D M g• Z r !– !a! k e y!i nt er m e di at e!i n!t h e! pr o p o s e d!i n s erti o n ?eli mi n ati o n!

p at h w a y! – !m a y! n ot! b e!f or m e d! u n d er!t h e s e! c o n diti o n s.! M or e o v er,! al k e n e!i n s erti o n!i nt o! a! M – H!

b o n d! of!t h e! 1 8 ?el e ctr o n! c o m pl e x! D M g• Z r !i s! n ot!t h er m o d y n a mi c all y!f a v o ur a bl e!( b ut! c o ul d! b e!

r e v er si bl e! a n d! e n d er g o ni c).!

4. 2. 2. 2 #   !! -All yl H y d ri d e M e c h a ni s m  

T h e! r e s ult s! i n! s e cti o n! 4. 2. 2. 1 ! t ur n e d! t h e! f o c u s! of! t h e! i n v e sti g ati o n! t o w ar d s! e x a mi ni n g! a!

r e d o x!  m e c h a ni s m.! A! n u m b er! of! e x p eri m e nt s! h a v e! b e e n! c o n d u ct e d ! in! or d er! t o! pr o b e! t h e!

p o s si bilit y! of! a! si n gl y! h y dri d e ?bri d g e d! M g/ Zr! c o m pl e x .!S u c h! a! h et er o bi m et alli c! c o m pl e x! m a y b e!

b e!f or m e d!fr o m!r e d u cti v e! eli mi n ati o n! of! H 2 !o n! Zr, 2 1 !or! b y!i n s erti o n! of !a !t er mi n al!al k e n e!i nt o! Zr –

H! a n d!r e d u cti v e! eli mi n ati o n! of! al k a n e !(S c h e m e! 4. 3 ).!T h e!f or m er! pr o c e s s!i s! u nli k el y! u n d er!t h e!

t h er m ol yti c! c o n diti o n s! of! c at aly si si! a n!i nt er m e di at e! di h y dr o g e n! c o m pl e x !w o ul d!li k el y! d eli v er !

e x c h a n g e! b et w e e n! H t!a n d! H µ ,! w hi c h!i s! n ot! o b s er v e d!i n!t h e! V T! N M R! d at a! pr e s e nt e d!i n! C h a pt er!

2!( s e cti o n! 2. 3. 2 ).!!

!

S c h e m e 4. 3. # P o s si bl e! pr e ?c at al y st! a cti v ati o n! st e p s,! vi a !w hi c h! a !si n gl y! h y dri d e ?bri d g e d! M g/ Zr!

c o m pl e x !(
D
M g• 1 4 )! m a y! b e!f or m e d.!

R e d u c e d M/ Z r S p e c i e s  

W hil st! a!r e d u c e d! h et er o bi m et alli c! c o m pl e x! h a s! n ot! y et! b e e n!i s ol at e d,! s o m e! e vi d e n c e! h a s!

b e e n! c oll e ct e d !t o! s u g g e st!t h at!t hi s!i s! a c hi e v a bl e.!C urr e ntl y,!t h e!t a s k! s e e m s! m o st! w or k a bl e! b y!

mi xi n g!  S c h w art z’! r e a g e n t! a n d! t h e! l o w?v al e nt! " ?di k eti mi n at e!  M g I! c o m pl e x,! [Di p p B DI M g I]2 .!  At!

2 5 !° C !t hi s!l e a d s!t o! pr o d u cti o n! of! a! m aj or! s p e ci e s!( str u ct ur e! pr o p o s e d!i n! S c h e m e! 4. 4 )!wit h! a!

l o n e! si n gl et!i n!t h e!bri d gi n g! h y dri d e!r e gi o n! of!t h e! 1 H! N M R! s p e ctr u m !a t!$ !=! – 1. 9 9 !p p m .!!

M g
H N

N

Di p p

Di p p

ZrM g
H N

N
H

H

Di p p

Di p p

Zr M g
H N

NH

Di p p

Di p p

Zr

H
r e d. eli m.

at Zr

r e d. eli m.
at Zr

–  H 2

–
R

R

H

D M g • 1 4
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!

S c h e m e 4. 4. # P ut ati v e! pr o d u cti o n! of! Zr – H – M g! s p e ci e s!t hr o u g h!r e a cti o n! of! S c h w art z’! a n d! J o n e s’!

r e a g e nt s.!I n!t h e! a b s e n c e! of!f urt h er! str u ct ur al! d at a,!t h e! b o n di n g!i n!t h e!{ H – Zr – M g}! u nit!i s! ar bitr aril y!

d e s cri b e d. !

U s e! of !t h e!M e s B DI !li g a n d!l e d!t o! a! h y dri d e! si g n al! at!$ !=! – 2. 2 1 !p p m.! T h e! c o m pl e x!( M M g• 1 4 )!

i s!s h ort ?li v e d,! s uff eri n g! d et eri or ati o n! aft er! 1 2! h!at!r o o m!t e m p er at ur e .! T h e! a n al o g u e,!D M g• 1 4# i s!

m u c h! m or e! p er si st e nt ,!a n d !it!i s!t h e! m aj or! s p e ci e s!i n! a!r el ati v el y! cl e a n!r e a cti o n.!P o s si bl y !d u e!

t o!t h e!l ar g er! st eri c!d ef e n c e! of! Di p p B DI !(cf. !M e s B DI ),!it!s ur vi v e s !f or! at!l e a st! 2! w e e k s!( 1 5 %! yi el d,!

Fi g ur e! 4. 2 )!at!r o o m!t e m p er at ur e! i n!a n! N M R!t u b e! s c al e! r e a cti o n.!!!

!

Fi g u r e 4. 2. # St a c k! pl ot! of! s el e ct e d!
1
H! N M R! d at a!f or!t h e!r e a cti o n! of![ C p 2 Zr( H) Cl] #wit h!

[
Di p p

B DI M g] 2 #at!r o o m!t e m p er at ur e. !

T h e! pr e s e n c e! of! a! bri d gi n g! h y dri d e! si n gl et!r e s o n a n c e !a n d!t h e!r el ati v el y! u n c h a n g e d! p att er n!

of!t h e! ot h er! m aj or! p e a k s !(Fi g ur e! 4. 2 )!ar e! c o n si st e n t!wit h!t h e! pr o p o s e d! str u ct ur e!f or! D M g• 1 4 .!

N e v ert h el e s s,! a! pr e p ar ati v e! s c al e!r e a cti o n!i s! y et!t o! b e! s u c c e s sf ul!i n!t h e!i s ol ati o n! of! D M g• 1 4 .!

M at eri al! i s! l o st! fr o m! t h e!  m a s s! b al a n c e! a c c or di n g! t o! 1 H!  N M R ,! a n d! b ot h! r e a cti o n!  mi xt ur e s!

d e v el o p! a! d ar k! r e d! c ol o ur .#T h u s !it!i s! pr e s u m e d! p ar a m a g n eti c! ZrIII!s p e ci e s! ar e! b y ?pr o d u ct s. !

H

Cl

Zr

2 5 ° C
b e n z e n e- d 6

M g
N

N

R

R 2

+ M g

H

N

N

R

R

Zr + M g
N

N

R

R
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2

R = Di p p = D M g • 1 4

R = M e s = M M g • 1 4
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Int er e sti n gl y,!t h e! h y dri d e!r e s o n a n c e! a n d! ot h er! d o mi n a nt! p e a k s! of! D M g• 1 4 !ar e! al s o!r e c o g ni s e d!

a s! a!tr a n si e nt! pr o d u ct!i n!t h e! att e m pt!t o! s y nt h e si s e! D M g• 1 3 #(vi d e$ s u pr a !– !f or! s p e ctr u m! s e e!

Fi g ur e! 4. 1 2 ! aft er! 1! h! 3 0!  mi n s) .!  T hi s! o b s er v atio n!  m a y! r e s ult! fr o m! r e d u cti v e! eli mi n ati o n! of!

m et h yl c y cl o h e x a n e! fr o m ! [C p 2 Zr ( C H2 C y) H] ! t o! gi v e! { C p2 Zr},! a n d! c o m bi n ati o n! of! t h e! l att er!

fr a g m e nt! wit h!{D 2 }.!

Att e m pt s! t o! tr a p! t h e! l o w ?v al e nt! pr o d u ct s!  wit h ! p h o s p hi n e! li g a n d s! al s o!  m et!  wit h! li mit e d!

s u c c e s s ,! alt h o u g h!t he!r e s ult s! ar e! l e s s! e n c o ur a gi n g!f or! s y nt h eti c!r efi n e m e nt.!T h e!r e a cti o n s! ar e!

n ot! cl e a n,! a n d !n o n e! of!t h e! pr o c e d ur e s!tri e d!t h u s!f ar! a p p e ar s! s uit a bl e!f or! i s ol ati o n! of! a! pr o d u ct.!

T h er e!i s! n o!r e a cti o n! o n !h e ati n g! D M g• Z r# i n!t h e! pr e s e n c e! of! e x c e s s! P h2 P M e! or! P M e 3 .!H o w e v er,!

p h ot ol y si s! of! D M g• Z r !br o u g ht! a b o ut! c o n s u m pti o n! ( 1 5 %! aft er! 6 !h,! h % !4 0 0! W)! a n d !a !tr a c e! of!

D M g• 1 4 .! A d diti o n! of!5! e q ui v. !P M e 3 !t o!t h e!r e a cti o n! mi xt ur e! a n d!a! f urt h er!6! h! p h ot ol y si s !(S c h e m e!

4. 5 a) !br o u g ht! a b o ut! a n ot h er! 2 5 %! c o n s u m pti o n! of! D M g• Z r !a n d!f urt h er!tr a c e s! of! n e w! s p e ci e s !

( s e e!  E x p eri m e nt al,! Fi g ur e! 4. 1 5 )i! i n! t h e! 1 H!  N M R! a! p e a k ! r el ati n g! t o! t h e! p h o s p hi n e! gr o u p!

a p p e ar e d! at !$ !=! 0. 7 1! p p m!( d o u bl et,! 2 J H ?P !=! 5. 1! H z). !T h e! 3 1 P{ 1 H}! N M R! s p e ctr u m! s h o w e d!t w o!

tra c e! r e s o n a n c e s,! $ ! =!  + 8. 5 ! ( pr e s e nt! aft er! t h e! i niti al! 6! h! p h ot ol y si s)! a n d! – 4. 4! p p m,!  wit h! n o!

s plitti n g! a p p ar e nt! f or!eit h er! si g n al .!!

N o!fr e e! di h y dr o g e n! w a s! o b s er v e d! d uri n g!t h e!r e a cti o n.! T h er e! w a s! n o! c h a n g e!i n!t h e! h y dri d e!

r e s o n a n c e!li n e! s h a p e!t o! s u g g e st! H/ D! scr a m bli n g! a s! w a s! s e e n!i n!t h e! c a s e! of! D Z n• Z r# p h ot ol y si s.!

T h e!r e a cti o n! mi xt ur e! st a y e d! h o m o g e n e o u s! a n d! d e v el o p e d! a!li g ht!r e d! c ol o ur.! A s! wit h! S c h e m e!

4. 4 ,!t h e!i n c o m pl et e! m a s s! b al a n c e! c a n! b e! e x pl ai n e d! b y!f or m ati o n! of! o n e! or! m or e! p ar am a g n eti c!

s p e ci e s ,!li k el y!t o! b e! h et er o bi?2 2 !a n d! m o n o n u cl e ar 2 3, 2 4 !Zr III!c o m pl e x e s. !T h e s e! s p e ci e s! ar e!li k el y!

t o! gi v e!ri s e!t o!t h e! c ol o ur! c h a n g e.!

!

S c h e m e 4. 5. # Att e m pt s! at! s y nt h e si s! of!l o w ?v al e nt! s p e ci e s!t hr o u g h! p h ot ol y si s!i n!t h e! pr e s e n c e! of!

a)! 5! e q ui v.! P M e 3! (i n! b e n z e n e?d 6 ,!1 0! h)! a n d! b)! 5! e q ui v.! P M e 3! a n d! 5! e q ui v.! 3, 3 ?di m et h yl ?b u t?1 ?e n e!

(i n! b e n z e n e,! 2 0! h).!

T h e! c ol o ur! c h a n g e! a n d !th e! u n k n o w n! p e a k s!i n! 3 1 P! N M R! s p e ctr a! w er e! al s o !s e e n! w h e n!t h e!

p h ot ol y si s! e x p eri m e nt ! (S c h e m e! 4. 5 b) ! w a s! r u n! i n! t h e! pr e s e n c e! of! t h e! h y dr o g e n! tr a p! 3, 3 ?

di m et h yl ?b ut ?1 ?e n e!( T B E). !Tr e at m e nt! of!t h e! h et er o bi m et alli c! c o m pl e x! wit h!t hi s! al k e n e!r e a g e nt!

M g
H N

N
H

H

Di p p

Di p p

Zr

b)

h ν  4 0 0 W

a)
M g

H

N

N

Di p p

Di p p

Zr

P M e 3

Zr

P M e 3

D M g • 1 4

tr a c e
4 0 % c o n s.

3 1 P  N M R  
δ  = 1 8. 9 p p m
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d o e s! n ot! yi el d! a n y! r e a cti o n! u n d er!t h er m al! c o n diti o n s! ( 8! h,! 8 0! ° C).! U s e! of! T B E! gi v e s! ri s e!t o!

m a n y! ot h er! si g n al s !( s e e! E x p eri m e nt al! s e cti o n,!Fi g ur e! 4. 1 6 ),!i n cl u di n g! a! si g n al! at!$ !=! + 1 8. 9!

p p m!i n!t h e! 3 1 P! N M R! s p e ctr u m ,!w hi c h! i s! a s si g n e d! a s![ C p2 Zr( P M e 3 )2 ].
2 5 !T hi s! pr o d u ct! i m pli e s!

t h at! t h e! { C p2 Zr}! fr a g m e nt! i s! a c c e s si bl e ! fr o m! D M g• Z r ,! a n d! t h e! s e v er al! h y dri d e! c o nt ai ni n g!

pr o d u ct s! m a y! r e pr e s e nt! str u ct ur e s!i n! w hi c h!it!i s! b o u n d! b y! M g! a n d! P! li g a n d s.!N ot! pr e s e nt!i n!

t h e s e!r e a cti o n s!i s![ C p2 Zr( H) 2 P M e 3 ],! w h o s e!3 1 P! N M R! si g n al! at! $ !=! + 1 1. 7 !p p m !(tri pl et! of!d e ct et s )!

w a s!i d e ntifi e d! w h e n! Z r• Z r# a n d!t h e! p h o s p hi n e! w er e! mi x e d! at!r o o m!t e m p er at ur e.! !

D F T C a l c u l a t e d R e d u c e d M/ Z r S p e c i e s  

T h e! str u ct ur e! of! t h e! p ut ati v e! D M g• 1 4 # w a s! c al c ul at e d! ( Fi g ur e! 4. 3 ),! a n d! t h e! r e s ult!  w a s!

c o m p ar e d! a g ai n st! t h e! t h e or eti c al! Z n! a n al o g u e.!  T h e! c o m pl e x e s! diff er!  m or e! t h a n! a n y! ot h er!

M g/ Z n! c o m p ari s o n! el s e w h er e!i n!t h e! st u d y!( cf.$ C h a pt er! 2! a n d! C h a pt er! 3):! o n!t h e! o n e! h a n d,!t h e!

m et al ?m et al!li n k a g e!i n! D M g• 1 4# cl e arl y!i n v ol v e s !t h e! h y dri d e! at o m,! w h er e a s!t h e! h y dri d e! at o m!i s!

a! s p e ct at or !i n!t h e! Z n/ Zr! b o n di n g! of!D Z n •1 4 .!C o m pl e m e nt ar y !i n p ut! g e o m etri e s! w er e! u s e d!f or!

t h e! c al c ul ati o n s,! w hi c h! r et ur n e d!t h e! c or e! g e o m etri e s! s h o w n!i n! Fi g ur e! 4. 3 !i n! all! c a s e s.! T h e!

H ?M ?Zr! a n gl e s!i n! D M g• 1 4# a n d! D Z n •1 4 !ar e! 4 3 °! a n d! 9 3 °!r e s p e cti v el y. !B ot h! str u ct ur e s! s h o w! a n !

a p pr o xi m at e! 4 5 °!t wi st! of!t h e!{ C p ?Zr ?C p}! a x l e!r el ati v e!t o!t h e!" ?di k eti mi n at e! pl a n e. !N B O! a n al y si s!

( s e e!E x p eri m e nt al )!s h o w s! a n! at e! c o m pl e x! d e s cri pti o n! d o mi n at e s! D M g• 1 4 ,! a n d! Zr! a n d! Z n! ar e!

c o v al e ntl y! b o n d e d! i n!D Z n •1 4 #– !a gr e ei n g! wit h! si mil ar! c o m p ari s o n s! m a d e!i n !C h a pt er! 2.! !

!

Fi g u r e 4. 3. # N B O !a n al y si s !of !t h e!
D
M g• 1 4# a n d!

D
Z n• 1 4 !c or e!fr a g m e nt s :#N P A! c h ar g e s! o n! at o m s!

(r e d)! a n d! W BI s! b et w e e n! at o m s!( bl u e).!!

T h e! fr e e! e n er g y! of!eli mi n ati o n! of! di h y dr o g e n!fr o m!t h e!tri h y dri d e! pr e ?c at al y st s! w a s! c al c ul at e d!

t o! g a u g e ! t h e! r el ati v e! st a bilit y! of! t h e s e! c o m pl e x e s.! Fi g ur e! 4. 4 a! di s pl a y s! t h e! r e s ult s! – ! n o!

tr a n siti o n! st at e s!h a v e! b e e n! c al c ul at e d !at!t hi s! p oi nt. !I nt er e sti n gl y,!D M g• 1 4 !i s!8 . 1!k c al! m ol – 1 !l e s s!

st a bl e!t h a n! D Z n •1 4 .!C o ntr a sti n gl y ,!l o o ki n g! at!t h e!c o or di n ati o n! of !b ut ?1 ?e n e !t o!t h e! m o n o h y dri d e!

c o m pl e x e s !(Fi g ur e! 4. 4 b) ,#t h e!f or m ati o n!of! t h e!M g/ Zr !sli p p e d! m et all a c y cl o pr o p a n e! (D M g •I nt7 )!

i s! 9. 5! k c al!  m ol – 1 ! m or e ! f a v o ur a bl e! t h a n! t h e!  Z n/ Zr! c o u nt er p art.! ( T h e! r e gi o c h e mi str y! of! t h e!

bri d gi n g! al k e n e! w a s! b a s e d! o n!t h e! X ?r a y! str u ct ur e! of! D Z n •1 2 !i n! C h a pt er! 3.)!E v e n !c o n si d eri n g!

j u st! t h e! diff er e n c e s! i n! t h e! D M g• 1 4# a n d! D Z n •1 4 ! str u ct ur e s,! t h er e! i s ! a! g o o d! c h a n c e! t h at! t h e!

M g

H

Zr+ 0. 6 1 + 1. 5 8

– 0. 4 2

0. 2 6

0. 1 2

Z n

H

Zr + 1. 1 4+ 0. 9 4

– 0. 3 9

0. 7 1

0. 6 0

D M g • 1 4 D Z n • 1 4

h y dri d e- bri d g e d
at e c o m pl e x

m et al- m et al
b o n d e d c o m pl e x

0. 7 5
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ki n eti c! b arri er s! s urr o u n di n g! t h e! s p e ci e s!  will! diff er! si g nifi c a ntl y! wit h! r e g ar d s! t o! i n c o mi n g!

s u b str at e .!!

!

Fi g u r e 4. 4. # C o m p ari s o n! of! st a biliti e s! of! s o m e! p o s si bl y! e arl y! m e c h a ni s m!i nt er m e di at e s,! M •1 4#

a n d! M •I nt
7 #
( M! =!

D
M g ,!

D
Z n ).!

4. 2. 2. 3 # M o n o m e t alli c C a t al y s t a n d t h e O ri gi n o f S el e c ti vi t y  

T h e!f or m ati o n! of! hi g h! q u a ntiti e s! of! al k a n e! b y ?pr o d u ct s!f or! M Al• Z r !c a n !b e a !e x pl ai n e d! b y! a n!

alt er n ati v e!  m e c h a ni s m! f or! pr e ?c at al y st! a cti v ati o n! f or! t hi s! h et er o bi m et alli c ! c o m pl e x .!

Zir c o n o c e n e! di h y dri d e s! ar e! e st a bli s h e d! al k e n e! h y dr o g e n ati o n! c at al y st s. 4, 2 6 ?3 2 !I n!b e n z e n e ?d 6 !

M Al• Z r ! e xi st s! i n! e q uili bri u m!  wi t h! Z r• Z r# a n d # M 1 .!  T h e! zir c o n o c e n e! di h y dri d e ( i s! k n o w n! t o!

e q uili br at e! wit h! 2! e q ui v.! of! m o n o m eri c! [ C p2 Zr H 2 ]! at! 8 0! ° C.3 3 !Al k e n e!i n s erti o n!i nt o![ C p 2 Zr H 2 ]!

w o ul d!r e s ult!i n!t h e!f or m ati o n !of !m o n o m eri c! 1 6 ?el e ctr o n! c o m pl e x e s! of!t h e!f or m![ C p 2 Zr( H) R]! or!

[ C p2 Zr R 2 ].!S t u di e s! o n! al k e n e!i n s erti o n!i nt o! Zr– H! b o n d s!( a n d!t h e! mi cr o s c o pi c!r e v er s e! " ?h y dri d e!

eli mi n ati o n)! h a v e! b e e n! c arri e d! o ut! b y!  C hiri k,!  B er c a w! a n d! c o ?w or k er s. 1 8, 3 4 ! " ?H y dri d e!

eli mi n ati o n! a n d!r e d u cti v e! eli mi n ati o n! of! al k a n e s!fr o m!t h e s e! s p e ci e s,! eit h er!i n!t h e! a b s e n c e! or!

pr e s e n c e! of! a n! e xt er n al! al k e n e! or! di h y dr o g e n,! i s!  w ell ?e st a bli s h e d! a n d! h a s! b e e n! st u di e d! i n!

d et ail. 3 5 ?4 0 ! M or e o v er,! it! h a s ! b e e n! d e m o n str at e d! a b o v e! ( s e e ! T a bl e! 4. 2 ).! T hi s! r e d u cti v e!

eli mi n ati o n! e x pl ai n s ! al k a n e! f or m ati o n ,! a n d ! it! w o ul d ! g e n er at e! a! l o w ?v al e nt! zir c o n o c e n e!

i nt er m e di at e,!  w hi c h,! b a s e d! o n! pr e c e d e nt ,! s h o ul d! b e! a n! a cti v e! c at al y st! f or! al k e n e!

i s o m eris ati o n. 1 0 ?1 2 !T hi s! h y p ot h e si s!i s! c o n si st e nt! wit h!t h e!l o w!r ati o s! of! al k e n e: al k a n e! o b s er v e d!

i n!t h e!i niti al!p eri o d! of!t h e!r e a cti o n!( Gr a p h! 4. 1 )! a n d! s u g g e st s!t h at#M Al• Z r !m a y! si m pl y! b e! a cti n g!

a s! a! pr e c ur s or!t o! Z r• Z r .!!

T o! f urt h er! e x pl or e! t hi s! h y p ot h e si s,! Z r• Z r# w a s! i n v e sti g at e d! a s! a! c at al y st! f or! al k e n e!

i s o m eri s ati o n! of! t er mi n al! al k e n e s! at! diff er e nt! c at al yti c! l o a di n g s.!  T h e! r e s ult s! of! t h e s e!

e x p eri m e nt s! ar e! pr e s e nt e d!i n! T a bl e! 4. 3 .! F or!t h e!i s o m eri s ati o n! of! all yl b e n z e n e! c at al y s e d! b y!

Z r• Z r ,! at! hi g h! c at al y st!l o a di n g s! ( 5! m ol %)!t h e! al k e n e: al k a n e! r ati o!is!l o w! w hil e! at!l o w! c at al y st!

l o a di n g s!( 0. 5! m ol %)!t hi s!r ati o!i s! hi g h.! T h e!i m pli c ati o n!i s!t h at! c at al y st!i niti ati o n!r e s ult s!i n!tr a n sf er!

M g
H N

N

Di p p

Di p p

Zr

C H 3
H
H

Z n
H N

N

Di p p

Di p p

Zr

η 2

D M g • I n t 7( n B u)

M
H N

N
H

H

Di p p

Di p p

Zr

+ 2 1. 3

Δ G 2 9 8 K
+ 2 9. 3

– 5. 3

– 0. 8

k c al m ol – 1
D Z n • 1 4

D Z n • I n t 7( n B u)

D M g • 1 4

Δ Δ G  = 3 4. 6
Δ Δ G  = 2 2. 1

Z n

M g
– H 2

ω B 9 7 x D
C H N 6- 3 1 1 G

Zr Z n S D D

b)
b)

a)
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h y dr o g e n ati o n! of! t h e! al k e n e! a n d! t h e! hi g h er! t h e! c at al y st! l o a di n g! t h e! gr e at er! t h e! q u a ntit y! of!

al k a n e!f or m e d.! At!l o w!l o a di n g s! Z r• Z r#i s! a! si m pl e! a n d! effi ci e nt! c at al y st!f or!al k e n e!i s o m eri s ati o n,!

si d e!r e a cti o n s! ar e! a v oi d e d,! a n d!t h e! c at al y st!i s! c o m p etiti v e! wit h! s y nt h eti c all y! c o m pl e x! gr o u p! 4!

i niti at or s!f or! al k e n e!i s o m eri s ati o n.5 ?1 2 !

F or! c o m p ari s o n,!l o w ?l o a di n g! e x p eri m e nt s! wit h!D M g• Z r !a n d !t h e!t hr e e! s u b str at e s!i n!T a bl e!

4. 3 ! w er e! c arri e d! o ut.! O v er all,! t h e! h et er o bi m et alli c! c at al y st! s h o w s! n o! gr e at! i m pr o v e m e nt! i n!

p erf or m a n c e!f or! all yltri m et h yl sil yl! a n d! h e x e n e! i s o m eri s atio n.! T h e! s el e cti vit y! of!i s o m eri s ati o n!

b y! 1!  m ol %! of! D M g• Z r ! i s! s u p eri or! t o! t h e! 5!  m ol %! r u n s! i n!T a bl e! 4. 1 .! T h e! 1 H! N M R! si g n al s! of!

D M g• Z r ! r e m ai n e d! pr e s e nt! t hr o u g h o ut.! A! 1!  m ol %! l o a di n g! of! D M g• Z r ! w a s! s u c c e s sf ul! i n!

i s o m eri s ati o n! of! all yl b e n z e n e! w h e n! h e at e d!f or! 1 0 0! mi n! at! 8 0 ° C.! N ev ert h el e s s,!t h e! r e a cti o n!

r a c e s!t o! c o m pl eti o n! gi vi n g! a! r e m ar k a bl e! al k e n e: al k a n e! r ati o! of! 2 5 0: 1! a n d! a! 9 0 %! yi el d.! T h e!

al k e n e! s el e cti vit y!i s! 5 5: 1! E :Z !aft er! c o n s u m pti o n! of! all yl b e n z e n e,! b ut! dr o p s!t o! 4 2: 1! aft er!f urt h er!

h e ati n g! of! t h e! i nt er n al! al k e n e s .! C at al y si s! of ! 4, 4 ?di m et h yl ?p e nt ?1 ?e n e! i s o m eri s ati o n!  w a s! n ot!

p o s si bl e! at !5 !m ol % !or! 1! m ol % !l o a di n g! of!Z r• Z r .##

T a bl e 4. 3. # Al k e n e!i s o m eri s ati o n! wit h! Z r• Z r# at!l o w!l o a di n g s. !

!!

4. 2. 2. 4 # K i n e t i c A n al y si s  f o r t h e M g/ Z r C a t al y s t  

C o m p e t i t i o n E x p e r i m e n t  

T o!f urt h er! m o nit or!t h e! p erf or m a n c e! of! D M g• Z r ,! a s! w ell! a s!t o!d eri v e! m e c h a ni sti c! ar g u m e nt s!

f or!t h e! c at al y si s,! a!ki n eti c! a n al y si s! w a s! pl a n n e d .! Fir stl y,!t w o! s u b str at e s! w er e!i n v e sti g at e d!i n! a!

c o m p etiti o n! e x p eri m e nt.! All yl b e n z e n e! a n d! h e x ?1 ?e n e! w er e! u s e d!f or!t h e!r o u g h! si mil arit y! of!t h eir!

r e a cti o n! ti m e s! a n d! t h e! cl e ar! s e p ar ati o n! of! t h e! cr u ci al! 1 H!  N M R! r e s o n a n c e s! u s e d! f or! yi el d!

R = P h
2 4

6 0

1. 5

1 5

9 0

9 0

4 5: 1

5 1: 1

5 5: 1

ti m e
( h)

E: Zs u b st r at e
c o m bi n e d
yi el d ( %)

9: 1

2 6: 1

2 5 0: 1

al k e n e
: al k a n e

c at al y st

b e n z e n e- d 6
5 0 ° C

c at al y st

Z r • Z r

a  O n o n e o c c ati o n, c at al y st d e at h b ef or e a n y c o n v er si o n.  b R e a cti o n t e m p er at ur e of 8 0 ° C w a s 

u s e d. c Yi el d c o ul d n ot b e i n cr e a s e d aft er 3 8 h. d R ati o of 2 E : 2Z : 3E.

R = Si M e 3

3 8

3 8

7 5

6 5

2 3: 1

1 2 8: 1

3 5: 1

6 1: 3
D M g • Z r

Z r • Z r

R = n Pr
3 8

7 1 2

9 0

> 9 5 %

1 6: 5: 8

2 0: 1: 5

3 0: 1

9 9: 1

d

dD M g • Z r

Z r • Z r

R R

m ol %

5

1

1

0. 5

1

0. 5

1

c

aD M g • Z r
b
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c al c ul ati o n.! E q ui m ol ar! a m o u nt s! w er e! a d d e d!t o!t h e! s a m e! s ol uti o n !of! 5! m ol %! D M g• Z r #(l o a di n g!

wit h! r e s p e ct! t o! o n e! s u b str at e ).! T h e! r e s ult s! ar e! ill u str at e d! i n! Gr a p h! 4. 2 .! Pri m aril y,! t h e!

e x p eri m e nt! d e m o n str at e s!t h e! c at al y st’ s! pr ef er e n c e!f or! c o n v er si o n! of! all yl b e n z e n e! o v er !h e x ?1 ?

e n e.! T hi s! w a s! p er h a p s!t o! b e! e x p e ct e d! c o n si d eri n g!t h eir! s e p ar at e!r e a cti o n!ti m e s! (i n!T a bl e! 4. 1 ).!

H o w e v er,! t h e! r e a cti o n! of! h e x ?1 ?e n e! i s! s u p pr e s s e d ! b ef or e! all! all yl b e n z e n e! i s! c o n s u m e d !

( s o m e w h er e! b et w e e n! 1 6! a n d! 1 9! h),! ar o u n d!w hi c h! ti m e!it! dr am at i c all y! a c c el er at e s!a n d!i s!it s elf!

c o n s u m e d!i n!t h e! n e xt! 4! h,! s o m e! 4 8! h! b ef or e!t h e! c o m pl eti o n! of!t h e! ori gi n al! e x p eri m e nt! q u ot e d!

i n! T a bl e! 4. 1 .! M or e o v er,! h e x ?1 ?e n e! i s o m eri s ati o n ! i n! t h e! a b s e n c e! of! all yl b e n z e n e! ( gr e e n!

m ar k er s! o n! Gr a p h! 4. 2 )!i s! o b vi o u sl y! sl o w er,!h a vi n g! o nl y! 7 0 %! c o n v er si o n !aft er! 4 8 !h. !T h er ef or e,!

a !s p e ci e s!i n v ol v e d!i n! all yl b e n z e n e! c at al y si s! i s!a c c el er ati n g!t h e! h e x ?1 ?e n e! c at al y si s! (o n c e!t h e!

f or m er!i s!fi ni s h e d).!!

!

G r a p h 4. 2. # P r o d u ct! di stri b uti o n!v s. !ti m e!f or!t h e!t er mi n al! al k e n e!i s o m eri s ati o n! of!a! mi xt ur e! of!

all yl b e n z e n e !a n d! h e x ?1 ?e n e !b y !5! m ol %!
D
M g• Z r .!D at a!tr e n dli n e s! ar e!ill u str at e d! a s! a! g ui d e! o nl y.!

R e s ult s!fr o m! a n!i s ol at e d! h e x ?1 ?e n e !c o ntr ol! e x p eri m e nt! ar e! al s o!i n cl u d e d. !!

I n!Gr a p h! 4. 2 ,!t h e! c ur v e!f or! (E )?1 ?p h e n yl pr o p ?1 ?e n e! i s! u n u s u al.!T h e! r at e! of! pr o d u cti o n! of!

(E )?1 ?p h e n yl pr o p ?1 ?e n e !a p p e ar s!t o!i n cr e a s e !e x p o n e nti all y !u ntil! t h e! p oi nt! of!f ull! c o n s u m pti o n!

of! all yl b e n z e n e,!t h e n!t h e! c o n c e ntr ati o n! d e c a y s! al m o st! a s! q ui c kl y ,! b ef or e! pl at e a ui n g!t o! gi v e! a!

fi n al!6 0 %! yi el d! of!t h e! (E )?i s o m er.!T h e! pl ot!f or! ( E )?h e x ?2 ?e n e !hi nt s! at!t h e! s a m e! p att er n.! T h e!

dr a sti c! b ur st!i n! c o n v er si o n! of! h e x ?1 ?e n e! pr e v e nt s!t h e! p oi nt! ki n eti c s! m et h o d!fr o m! c o n cl u di n g!

t h e!tr u e! s h a p e! of!t h e!(E )?h e x ?2 ?e n e! c ur v e!i n! Gr a p h! 4. 2 .!T h e! mi n or! pr o d u ct s! of! b ot h! s u b str at e s!

0

2 0

4 0

6 0

8 0
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4 8 h, 5 0 ° C
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+

5 m ol %
D M g • Z r
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gr o w!i n! aft er!t h e! p oi nt! at! w hi c h!t h e! m a xi m u m! yi el d! of!t h e! m aj or! pr o d u ct! h a s! b e e n! r e a c h e d.!

T h eir! yi el d s! ar e!t o o !l o w!t o! c o nfi d e ntl y!m o d el!t h e! pl ot s .!!

T h e! d e c a y! of! (E )?1 ?p h e n yl pr o p ?1 ?e n e! aft er! a! m a xi m u m! p oi nt!i s!r e a c h e d!i s! p arti all y! d u e!t o!

c o n v er si o n !t o!t h e!(Z )?i s o m er.!Y et ,!t h er e!i s! cl e arl y! m or e! g oi n g! o n:!t h e!a m o u nt! of! (Z )?i s o m er!

cr e at e d! d o e s! n ot! a c c o u nt!f or!t h e! e ntir e!l o s s!i n! yi e l d! of!t h e!(E )?i s o m er,!1 ?p h e n yl pr o p a n e! i s! o nl y!

pr e s e nt!i n!tr a c e! a m o u nt s ,! a n d!a t!t h e! e n d! of!t h e!r e a cti o n,! 3 0 %! of!t h e!c at al y st!i s! still! pr e s e nt .!A!

si g nifi c a nt! a m o u nt! of! s u b str at e ! m a s s! i s! u n a c c o u nt e d! f or ,! a n d! it! i s! p o s si bl e! t h at! al k e n e!

oli g o m eri s ati o n! or! p ol y m eri s ati o n! m a y! b e! o c c urri n g! at!l o n g er!r e a cti o n!ti m e s .!

F urt h er m or e,!t h e! m a xi m u m! yi el d! of!( E )?h e x ?2 ?e n e! al s o! s e e m s!t o! d e pl et e! a n d! c o in ci d e! wit h !

s m all! gr o wt h s!i n!t h e! mi n or! pr o d u ct s. !T o! e x a mi n e!t hi s! d e pl eti o n! pr o c e s s,! a n!i s ol at e d !r e a cti o n!

of! ( E )?h e x ?2 ?e n e #wit h! 5! m ol %! D M g• Z r !w a s! c o n d u ct e d.! T hi s! c o ntr ol! e x p eri m e nt!f o u n d!t h at !i n!

i s ol ati o n! t h e! c o n v er si o n! of! t h e!  m aj or$ (E )?i s o m er! i s! cl e arl y! sl o w er ! i n! t h e! c o m p etitio n!

e x p eri m e nt .! T h e! i s ol at e d! c o ntr ol! e x p eri m e nt! pr o d u c e d! s m all er! pr o p orti o n s! of! t h e!  mi n or!

i s o m er s.!It!t o o k!1 !d !of! h e ati n g! at! 5 0 !° C !t o!r e a c h! a!(E )?h e x ?2 ?e n e:( Z )?h e x ?2 ?e n e:( E )?h e x ?3 ?e n e!

r ati o! of! 1 8: 1: 1.! T hi s!i s!l o w er!wit h!r e s p e ct!t o !t h e!mi n or!i s o m er s!t h a n! t h e! s a m e!r ati o!c al c ul at e d!

fr o m!Gr a p h! 4. 2 !(a p pr o x.! 2 0 : 5:3 ).!E v e n! a !t ot al! 4! d! h e ati n g! of!t h e!i s ol at e d! e x p eri m e nt!l e d!t o! an !

i nf eri or!1 8: 2 :1! r ati o. !T h e! d at a! a g ai n! s u g g e st !t h at! a! m or e! a cti v e! c at al y st!i s! g e n er at e d!i n!t h e!

pr e s e n c e! of! all yl b e n z e n e. !

A l l y l b e n z e n e R e a c t i o n P r o f i l e s  

F or! cl o s er! i n s p e cti o n ! of! t h e ! u n u s u al ! r e a cti o n! pr ofil e! r e v e al e d! by! t h e! c o m p etiti o n!

e x p eri m e nt ,!i n?pr o b e! 1 H! N M R! a n al y si s !w a s! u s e d! t o! m o nit or!t h e!i s ol at e d!i s o m eri s ati o n! of!t h e!

d o mi n a nt! s u b str at e,! all yl b e n z e n e .!T h e! e x p eri m e nt s! w er e! r u n! at! 6 0 !° C!t o! all o w!f or! w or k a bl e !

r e a cti o n!ti m e si!th e !g e n er al !s h a p e! of!t h e!r e a cti o n! pr ofil e s! w a s!t h e! s a m e!f or! 5 0 ,! 6 0!a n d! 7 0! ° C !

r u n s.!T h e!r e s ult s! (e. g.$ Gr a p h! 4. 3 a !– !6 !m ol %! c at al y st )!c o nfir m!t h e! s u g g e sti o n! m a d e! e arli er! b y!

Gr a p h! 4. 2 :!t h e! m a xi m u m! of!(E )?1 ?p h e n yl pr o p ?1 ?e n e! c o n c e ntr ati o n! d o e s$ a p p e ar!t o! b e! a !c u s p .!

T h e! a c c el er ati n g!( E )?al k e n e! pr o d u cti o n!i s! st o p p e d! a br u ptl y!( at! 2 1 5! mi n!i n! Gr a p h! 4. 3 a)! u p o n!

t h e!t ot al! c o n s u m pti o n! of! all yl b e n z e n e.! A!c a. !3 %! yi el d! of! 1 ?p h e n yl pr o p a n e! a c c u m ul at e s! d uri n g!

t h e! r e a cti o n,! a n d! c o n c o mit a ntl y,!t h e!pr e ?c at al y st !(D M g• Z r )! c o n c e ntr ati o n!dr o p s!t o! 3! m ol % !of!

t h e!i niti al! all yl b e n z e n e! c o n c e ntr ati o n.! T h e! yi el d! of!t h e!(Z )?al k e n e!i s! n ot! a c c ur at el y! m e a s ur a bl e!

i n!t hi s! e x p eri m e nt,! b ut! a p p e ar s!t o!f oll o w!(E )?1 ?p h e n yl pr o p ?1 ?e n e,!i n! a!r o u g hl y! 4 0: 1! pr o p ort i o n!

a cr o s s! t h e!  w h ol e! r e a cti o n.!  A! pl ot! of! t h e! s u b s tr at e?r el at e d!  m a s s! b al a n c e! s h o w s! str a n g e!

b e h a vi o ur!( Gr a p h! 4. 3 a,! gr e y! di a m o n d s)i! b y!t h e! e n d! of!t h e!r e a cti o n,! o v er! 2 0 %! of!t h e! s u b str at e!

i s!  mi s si n g,! e v e n!  w h e n! c o n si d eri n g! t h e! a m o u nt! of! d e gr a d e d! c at al y st! ( w hi c h! c o ul d! f or m! off ?

c y cl e!  m et al! al k yl! s p e ci e s).!  T h e! ki n eti c! a n al y si s!  w a s! c arri e d! o ut! f or! a! r a n g e! of! c at al y st!

c o n c e ntr ati o n s,! a n d! Gr a p h! 4. 3 b! s h o w s! t h at! t h e! s a m e! g e n er al! pr ofil e! s h a p e! i s!  m ai nt ai n e d!
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b et w e e n !4 – 1 0! m ol %!l o a di n g s.! T h e!r at e! of! e a c h!r u n!i n cr e a s e s! wit h!i n cr e a s e d! D M g• Z r !l o a di n g!

(Gr a p h! 4. 3 b). !

!

G r a p h 4. 3. # a)! T h e!r e a cti o n! pr ofil e!f or!t h e!i s o m eri s ati o n! of! all yl b e n z e n e! wit h! 1 0! m ol %!l o a di n g!

of!
D
M g• Z r i! a n d!b)!r e a cti o n! pr ofil e s !of!t h e! s a m e!r e a cti o n! a cr o s s! a!r a n g e! of!f o ur! diff er e nt!l o a di n g s. !

At! 2!  m ol % ! of ! D M g• Z r ,! t h e! r e a cti o n! f ail e d! ( s e e!  E x p eri m e nt al,! Gr a p h! 4. 5 )! – ! wit h ! f ull!

c o n s u m pti o n! of! t h e! c at al y st!aft er! ar o u n d! 2 0 0! mi n.! T h e!f ail ur e! of! c at al y si s! at!t h e s e! c o n dit i o n s!

i s! at! o d d s! wit h!t h e! s u c c e s sf ul! 8 0! ° C,! 1! m ol %!D M g• Z r !e x p eri m e nt!i n! T a bl e! 4. 3 .! B ot h!t h e! 1! a n d!

2! m ol %! e x p eri m e nt s! u s e d!t h e! s a m e! st o c k! s ol uti o n! of! c at al y st.! T h e! d e at h! of!t h e! c at al y st!i n!t h e!

2! m ol %! e x p eri m e nt! m a y! b e! c a u s e d! b y! a d v e ntiti o u s! air! or! m oi st ur e,! b ut! m a y! al s o! b e! e x pl ai n e d!

b y! t h e! diff er e n c e! i n! h e ati n g! c o n diti o n s.!  R e p e at! e x p eri m e nt s! ar e! n e c e s s ar y.!  S h o ul d! t h e!

c at al y st! d e at h! b e! a! p er si st e nt! c o n diti o n,!t h e n!i s s u e s! wit h! s u b str at e! a n d! c at al y st! p urit y! n e e d!t o!

b e! a d dr e s s e d. !

A! c o nt r ol! e x p eri m e nt!  w a s! c arri e d! o ut! t o! c o nfir m! t h at! t h e! D M g• Z r ! pr e ?c at al y st! d o e s! n ot!

pr o d u c e! a! c at al y st! si m pl y! b y!t h er m ol y si s.! T h e! pr e ?c at al y st!( 6! m ol %)! w a s! h e at e d!f or! 2 0! h! at! 5 0!

° C! i n! b e n z e n e ?d 6 ,!b ef or e$ t h e! a d diti o n! of! t h e!al k e n e! s u b str at e.! T hi s! pr e ?h e ati n g! p eri o d! w a s!

c h o s e n! b e c a u s e! Gr a p h! 4. 2 ! s h o w s! t h at! 2 0! h! of! h e ati n g! at! 5 0! ° C! l e a d s! t o! t h e!  m a xi m u m!

a c c el er ati o n! i n! r e a cti o n! r at e.!  T h er e! i s! n o! cl e ar! diff er e n c e! i n! t h e! r e a cti o n! pr ofil e s! ( s e e!

E x p eri m e nt al,! Gr a p h! 4. 7 ).!

A l l y l t r i m e t h y l s i l a n e R e a c t i o n P r o f i l e s  

T h e! u n u s u al! s h a p e! of! t h e! all yl b e n z e n e! r e a cti o n! pr ofil e s! i n! Gr a p h! 4. 3 ! a n d! Gr a p h! 4. 2 !

s u g g e st e d !a !c o m pl e xit y!t o!t h e! m e c h a ni s m! w hi c h! w a s! n ot! e x p e ct e d !b ef or e!t h e! ki n eti c! a n al y si s.!

Wit h!t hi s!i n! mi n d,! a !f urt h er!i n?pr o b e!r e a cti o n! pr ofil e! h a s! b e e n! m e a s ur e d !f or! c o m p ari s o n:!t h e!
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i s o m eri s ati o n! of! all yltri m et h yl sil a n e!at! 6 0 ° C! ( Gr a p h! 4. 4 ).!T h e! r e s ult s! ar e! m ar k e dl y! diff er e nt.!

T h e! d e c a y! of!t h e! st arti n g! m at eri al! h a s!t w o!r e gi m e s.! T h e!( Z )?i s o m er!i s!i niti all y! pr o d u c e d! m or e!

t h a n! t wi c e! a s! q ui c kl y! t h a n! t h e! (E )?i s o m er,! b ut! t h e! f or m er’ s! pr o d u cti o n! s u b si d e s! aft er! 9 0!

mi n ut e s .! Th e!( E )?al k e n e! b e gi n s! t o! d o mi n at e! aft er! 2 0 0! mi n.!!

T h e! pr o d u cti o n! of!t h e!i nt er n al! al k e n e s,! a n d! c h a n gi n g! r el ati v e! r ati o,!i s! c o n si st e nt! wit h!t h e!

pr e vi o u s!r e s ult s! of! Gr a p h! 4. 1 .!A s !w ell! a s !t h e! o b vi o u s!diff er e n c e s !i n!r e a cti o n! pr ofil e,!it! s h o ul d!

b e! n ot e d !t h at!t h e!all ytri m et h yl sil a n e! e x p eri m e nt!i n v ol v e s! virt u all y !n o! h y dr o g e n ati o n !c o m p ar e d!

t o! t h e! all yl b e n z e n e! a n al o g u e.!  O nl y! tr a c e! a m o u nt s! of! tri m et h yl pr o p yl sil a n e! ar e! o b s er v e d!

t hr o u g h o ut! t h e! e x p eri m e nt s! i n! Gr a p h! 4. 4 .! It! al s o! a p p e ar s! t h at! c at al y st! d e at h! i s! li n e ar! a n d!

sl o w er! i n!t hi s! c a s e.!O nl y !ar o u n d !5 %! of! D M g• Z r# i s!l o st! a cr o s s! 9 5 5! mi n.!!

!

G r a p h 4. 4. # R e a cti o n!tr a c e s! of!t h e!
D
M g• Z r ?c at al y s e d #i s o m eri s ati o n! of! all yltri m et h yl sil a n e! at!

6 0 ° C!( 6! m ol %!
D
M g• Z r ).!T h e! cr o s s! d at a! p oi nt s!(t h e!f ai nt er! gr a p h s)! ar e!t h e! d at a!fr o m!t h e! H g

0
!dr o p!

e x p eri m e nt. !

A s! a! c o ntr ol!f or! h et er o g e n e o u s! c at al y si s,!t h e! e x p eri m e nt! w a s!r e p e at e d! wit h!t h e! a d diti o n! of! a!

H g 0 !dr o p! at! 1 2 0! mi n!( Gr a p h! 4. 4 ).! T h e! c at al y si s! w a s! n ot! sl o w e d,! s u g g e sti n g!t h e! a cti v e! s p e ci e s!

i s! h o m o g e n e o u s.! A n! i n hi biti v e! eff e ct! of!  P M e 3! h a s! n ot! b e e n! f o u n d! t o! b e! cl e ar! c ut.!  T h e!

p h o s p hi n e! d o e s! n ot! s h ut! d o w n!t h e!i s o m eri s ati o n! c at al y si s! wit h! D M g• Z r# or! Z r• Z r ,! b ut!i n?pr o b e!

ki n eti c! e x p eri m e nt s! ar e! n e e d e d! t o! t e st! f or! s u bt l e! eff e ct s! o n! r e a cti o n! pr o gr e ss! ( s e e!  F ut ur e!

W or k,! s e cti o n! 4. 5 ).!
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4. 3 $ D I S C U S S I O N  

D M g• Z r ,! i s! a! p arti c ul arl y! c a p a bl e! al k e n e! i s o m eri s ati o n! c at al y st! f or! s e v er al! s u b str at e s ,!

c o m p ar e d! t o! it s! Al! a n d!  Z n! a n al o g u e s .! T h e! st u d y! h a s! c o n c e ntr at e d! o n! t h e!  m e c h a ni sti c!

c h e mi str y! b e hi n d! t h e! c at al yti c! s u c c e s s .! T h e! k e y! fi n di n g s ! s u p p ort! a n! ! ?all yl ! h y dri d e!

m e c h a ni s m :!

i.! D M g• Z r # d o e s! n ot! s h o w! a n y! si g n s! of! h y dr o m et all ati o n! of ! s e v er al! u n s at ur at e d! pr o b e!

s u b str at e s,! eff e cti v e l y!r uli n g! o ut! a n! M– H!i n s erti o n ?e li mi n ati o n! m e c h a ni s m.!

ii.! T h e ! l o s s! of#D M g• Z r # pr e ?c at al y st ! d uri n g! al k e n e! i s o m eri s ati o n ! i s! off s et! b y! t h e! yi el d! of!

al k a n e !b y ?pr o d u ct .!

iii.! C at al y si s! b y! D M g• Z r #gi v e s! hi g h !al k e n e: al k a n e! s el e cti vit y! c o m p ar e d!t o !t h e! ot h er! pr e?

c at al y st s. !

i v.! T h e!r e d u c e d,! m o n o ?h y dri d e! c o m pl e x! D M g• 1 4 #i s! e mi n e ntl y! a c hi e v a bl e.!

v. ! Wit h! all yltri m et h yl sil a n e! a n d! D M g• Z r ,!t h e! al k e n e!i s o m eri s ati o n!r e a cti o n! d o e s! n ot! u s e! a!

h et er o g e n e o u s! c at al y st. !

vi. ! Wit h! all yl b e n z e n e! a n d! D M g• Z r ,!t h e! ki n eti c! pr ofil e! of!t h e!r e a cti o n! s h o w s! a c c el er ati o n!i n!

r e a cti o n!r at e!t hr o u g h o ut.!

vii. ! O n c e! t h e! all yl b e n z e n e! i s o m eri s ati o n! i s! c o m pl et e,! t h e!  mi xt ur e ! s h o w s! t h e! a bilit y! t o!

dr a sti c all y !a c c el er at e! h e x ?1 ?e n e!i s o m eri s ati o n!( c o m p ar e d! wit h!t h e!r at e! w h e n!i s ol at e d!

D M g• Z r !i s!t h e! pr e?c at al y st). !!!

4. 3. 1 (M e c h a n i s t i c P r o p o s a l f o r t h e M g/ Z r C a t a l y s t  

Si g nifi c a ntl y,!t h e!i n s erti o n ?eli mi n ati o n! m e c h a ni s m!f or! D M g• Z r# w a s! all! b ut!r ul e d! o ut! e arl y!i n!t h e!

st u d y! ( s e cti o n! 4. 2. 2. 1 ).! T h e  ! ?all yl! h y dri d e! m e c h a ni s m!i s!t h er ef or e!li k el yi! a! si m pl e! bi m et alli c!

v er si o n! of!t hi s! m e c h a ni s m!i s! pr o p o s e d!i n! Fi g ur e! 4. 5 ,! wit h! Zr! a s!t h e! a cti v e! c e ntr e.! T h e! c at al yti c!

c y cl e !b e gi n s !aft er!tr a n sf er! h y dr o g e n ati o n! of! o n e! e q ui v al e nt! of! s u b str at e !t o! yi el d!t h e!p ut ati v e!

1 6 ?el e ctr o n! Zr! c at al y s t,!D M g• 1 4 .!!

4. 3. 1. 1 # O n -c y cl e M e c h a ni s m  

A n! 1 8 ?el e ctr o n! c o m pl e x! r e s ult s! fr o m! a! s e c o n d! e q ui v al e nt! of! t er mi n al! al k e n e! s u b str at e!

e nt eri n g! t h e! c o or di n ati o n! s p h er e! of!  Zr! ( a n d! p ot e nti all y!  M g).!  T h e! r e s ulti n g! i nt er m e di at e,!

D M g•I nt 7 ,!i s! a! h et er o bi m et alli c! al k e n e! a d d u ct,! a n d!b a s e d! o n! pr e c e d e nt!i n! C h a pt er s! 1! &! 3!( i. e.!

1. 8 0 !a n d #D M g• 1 2 ),!it s!f e a si bilit y! a s! a! sli p p e d! m et all a c y cl o pr o p a n e!i s! str o n g.! Fr o m!D M g•I nt 7 ,!

all yli c! C – H! a cti v ati o n! b y! a!f or m all y! d 2 !Zr! c e ntr e! all o w s! pr o gr e s si o n! of!t h e!i s o m eri s ati o n! st e p s.!

H arr o d! a n d! c o ?w or k er s! h a v e! d e m o n str at e d! t h at! zir c o n o c y cl o pr o p a n e s! ar e! c a p a bl e! of!

e q uili br ati n g! wit h!t h e! c orr e s p o n di n g! all yl! h y dri d e! b y! C – H! a cti v ati o n! of!t h e! all yli c! p o siti o n. 2 3 !I n!
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t h e! c urr e nt! c a s e,! s u b s e q u e nt! # 1 ?!t o!# 3 ?r e arr a n g e m e nt! (D M g•I nt 8 a  & #D M g•I nt 8 b )!f oll o w e d! b y!

r e d u cti v e! eli mi n ati o n! w o ul d! e x pl ai n! c at al yti c!t ur n o v er.! T o! cir c u m v e nt! a! 2 0 ?el e ctr o n! c o m pl e x,!

t h e!# 3 ?c o nfi g ur e d! D M g•I nt 8 b !i s! a bl e!t o!a c hi e v e! a! µ 1 !h y dri d e!li n k a g e!( {Zr – H }& M g). 4 1 $T h e! hi g h!

E: Z !r ati o! of!t h e! al k e n e! pr o d u ct s!i s!r e a dil y! e x pl ai n e d! b y! a! pr o c e s s!t h at!i s! u n d er!t h er m o d y n a mi c!

c o ntr ol.! T h e!( E )?i s o m er s! of! si m pl e! al k e n e s! ar e! sli g htl y! m or e! st a bl e!t h a n!t h e!(Z )?al k e n e s! b a s e d!

o n! st eri c s i4 2 !t h e!E :Z !r ati o!i n cr e a s es !o v er!t h e! c o ur s e! of!t h e!r e a cti o n .!Gr a p h! 4. 4 !s h o w s! h o w!( Z )?

tri m et h yl( pr o p?1 ?e n e ?1 ?yl) sil a n e!i s! ki n eti c all y!f a v o ur e d,! b ut!i s!t h e! mi n or! pr o d u ct! a s !t h e! s y st e m!

t e n d s!t o w ar d s! e q uili bri u m.!!

!

Fi g u r e 4. 5. # A! m e c h a ni sti c! p o s si bilit y!f or!t h e! c at al yti c!i s o m eri s ati o n! of! al k e n e s! b y!
D
M g• Z r .!

4. 3. 1. 2 # P r e -c a t al y s t A c ti v a ti o n  

It!i s!pr o p o s e d !t h at!t h e! hi g h! al k e n e: al k a n e! s el e cti vit y! o b s er v e d!f or! D M g• Z r !i s! a! r e s ult! of!t h e!

ti g htl y! b o u n d! h et er o bi m et alli c! c at al y st! n ot! di s s o ci ati n g! u n d er! t h e! r e a ctio n! c o n diti o n s ,! a n d!

t h er ef or e! n ot! g e n er ati n g!Z r .!T h e! m o n o m eri c! Z r# i s! e a sil y! s u s c e pti bl e!t o!t h e! m e c h a ni sti c! st e p s!

r e q uir e d! f or! tr a n sf er! h y dr o g e n ati o n! of! al k e n e! ( a n d!  m et al! r e d u cti o n).1 8, 3 4 ?4 0 ! Wit h! t h e! al k e n e!

i s o m eri s ati o n! at ! 5 0 !° C,! t h er m al! di s s o ci ati o n! of ! D M g• Z r ! s h o ul d! b e! virt u all y! n o n ?e xi st e nt.!

C h a pt er! 2 !s h o w s!t h at !D M g• Z r !i s!ti g ht er! b o u n d!t h a n!t h e! Z n! a n al o g u e.!A b o v e,!it !w a s! u nr e a cti v e!

wit h!t h e! zir c o n o c e n e! di h y dri d e!tr a p ,!4, 4 ?di m et h yl ?p e nt ?2 ?y n e !(S c h e m e! 4. 1 )! e v e n! at! 8 0! ° C.! At!
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t h e! s a m e! c o n diti o n s,! t h e! al k y n e! r e a ct s ! cl e a nl y ! wit h! D Z n• Z r ! t o! gi v e! D Z n• 1 2 # (S c h e m e! 3. 9 ).!

T h er ef or e,!f or! D M g• Z r !a n y! c at al yti c! m e c h a ni s m! s h o ul d! n ot! b e!r eli a nt! o n!t h e! di s s o ci ati o n! of! Z r #

fr o m!t h e s e! pr e?c at al y st s. !Wit h!t hi s!i n! mi n d,! S c h e m e! 4. 6 !gi v e s! a! m e c h a ni sti c! pr o p o s al!f or!t h e!

a cti v ati o n! of! D M g• Z r #b y!t er mi n al! al k e n e. !

!

S c h e m e 4. 6. # A! pl a u si bl e! c o or di n ati o n! of!t er mi n al! al k e n e!t o!
D
M g• Z r !a n d! s u b s e q u e nt! st e p s!f or!t h e!

pr o d u cti o n! of!t h e! a cti v e! c at al y st,!
D
M g• 1 4 .!

T h e!t er mi n al! al k e n e! m a y! a c hi e v e !# 2 ?c o or di n at i o n!t o!t h e! Zr! c e ntr e! aft er! p arti al! di s s o ci ati o n!

of!t h e! h et er o bi m et alli c!tri h y dri d e! c o m pl e x. 4 3 !S u b s e q u e nt! h y dr o m et all ati o n! of!t h e! c o or di n at e d !

al k e n e! b y! Zr – H t!gi v e s! a n! al k yl! bi s ?h y dri d o! c o m pl e x .!R e d u cti v el y! eli mi n at i o n!fr o m! s u c h! s p e ci e s!

h a s! b e e n! str o n gl y!i m pli e d! s e v er al!ti m e s !d uri n g!t h e! st u d y!( T a bl e! 4. 2 !a n d! s e cti o n! 4. 2. 2. 2 ).! T h e!

r e s ulti n g!c o m pl e x!i s!t h e! 1 6 ?el e ctr o n! Zr! s p e ci e s #D M g• 1 4 .!

A l k a n e! pr o d u ct s! ar e! s e e n! t hr o u g h o ut! t h e! c at al y si s! e x p eri m e nt s,! a n d! t h e! yi el d! of! al k a n e!

c o m p e n s at e s! f or!t h e! a m o u nt! of! c at al y st!l o st!i n! all!i n st a n c e s.! T hi s!i s! ni c el y!ill u str at e d!i n!t h e!

c o m p o siti o n! pr ofil e!i n! Gr a p h! 4. 3 a. !T h e! pr e ?c at al y st! a cti v ati o n! w o ul d! n ot! n e e d!t o! b e! w h ol e s al e:!

a! s m all! a m o u nt! of! a cti v ati o n! c o ul d! g e n er at e! a! v er y! s m all! c o n c e ntr ati o n! of!t h e! c at al y st.! T hi s!

w o ul d! e x pl ai n! w h y !o nl y!t h e! pr e ?c at al y st!i s! o b s er v a bl e!t hr o u g h o ut! t h e!r e a cti o n.!

4. 3. 2 (A u t o c a t a l y s i s  

4. 3. 2. 1 # All yl b e n z e n e  

T h e! e x p o n e nti al! a c c el er ati o n! of! t h e! all yl b e n z e n e! r e a cti o n! i s! t y pi c al! of! a n! a ut o c at al yti c!

m e c h a ni s m .4 4 !A n! a ut o c at al yti c!r e a cti o n! o c c ur s! w h e n!t h e! pr o d u ct! a ct s! a s!( or! f or m s! a! p art! of)! a!

s p e ci e s! t h at!i s!a! c at al y st !f or!t h e! pr o d u ct’ s!f or m ati o n.4 5 !T h e! pr o d u ct, !1 ?p h e n yl pr o p ?1 ?e n e ,!i s!n ot!

a bl e!t o! r e a ct! wit h!t h e!t er mi n al! al k e n e! al o n ei!it! w o ul d! s e e m!t h at! a n y! a ut o c at al y si s!w o ul d! g o! vi a$

w h at! Bl a c k m o n d! c all s! a!“li g a n d ?a c c el er at e d! c y cl e”. 4 5 !T hi s!i s!t h e! c a s e!i n! w hi c h!t h e! pr o d u ct ,! P!

(t h e!i nt er n al! al k e n e),!a ct s! a s! a!li g a n d!i n! a! n e w! or g a n o m et alli c! s p e ci e s! (i. e.!P! +! c at al y st !& !

c at * ).! T h e! n e w!c o m pl e x ,!c at * ,!i s! a!f ar! s u p eri or! c at al y st!f or!t h e!f or m ati o n! of! P!t h a n!w h at! w e nt!

b ef or e.! !

T h e!r e s ult s! of!t h e! c o m p etiti o n! e x p eri m e nt!l e n d! s u p p ort!t o!t hi s!t h e or y.! T h e! ot h er wi s e! sl o w!

h e x ?1 ?e n e! i s o m eri s ati o n! i s! gr e atl y! a c c el er at e d! aft er! t h e! c o m pl eti o n! of! t h e! all yl b e n z e n e!

i s o m eri s ati o n! pr o c e s s!(Gr a p h! 4. 2 !– !k e y!fi n di n g! vii .).! T hi s! s u g g e st s!t h at! b uil d?u p! of! c at * !(fr o m!
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a n! all yl b e n z e n e ?r el at e d!  m oi et y! a n d! M g/ Zr)! a ct s! a s! a! b ett er! c at al y st! f or! h e x ?1 ?e n e!

i s o m eri s ati o n! t h a n! D M g• Z r .! A d diti o n al! s u p p ort! i s! i n! t h e! ki n eti c! pr ofil e! f or! t h e! pr e ?c at al y st,!

D M g• Z r .!Gr a p h! 4. 3 a #s h o w s! h o w,! a s!t h e!( E )?i s o m er!i s! b ei n g! g e n er at e d!fr o m!t h e! s u b str at e,!t h e!

pr e ?c at al y st! c o n s u m pti o n! al s o! a c c el er at e s,! b ef or e! sl o wi n g!t o! a!li n e ar! c o n s u m pti o n! o n c e!t h e!

m a xi m u m! c o n c e ntr ati o n! of! pr o d u ct! i s! r e a c h e d.!  T h u s,! t h er e! a p p e ar s! t o! b e! a! c orr el ati o n!

b et w e e n!f or m ati o n! of! pr o d u ct! a n d! a! p ut ati v e!“ c at al y st !& !c at * ”!pr o c e s s. !!

F urt h er m or e,! a !v er y! si mil ar! ki n eti c! pr ofil e!t o!t h at! of!( E )?1 ?p h e n yl pr o p ?1 ?e n e!( e. g.$ i n!Gr a p h!

4. 3 )! w a s! e x hi bit e d! b y!t h e! pr o d u ct! of! a n! a ut o c at al yti c!r e a cti o n!r e p ort e d!t hi s! y e ar. 4 6 !T hi s! pr ofil e!

i n cl u d e s!t h e! dr o p!i n! pr o d u ct! c o n c e ntr ati o n! aft er!t ot al! c o n s u m pti o n! of! s u b str at e.! T h e! a ut h or s!

i m pl y!t h at!t hi s!pr o d u ct! d e pl eti o n !st a g e !o c c ur s! w h e n! a ut o c at al y si s! st o p s! a n d!t h e! a ut o c at al yti c!

s p e ci e s!i s!fr e e d! u p!t o!t a k e! p art!i n! c o u nt er pr o d u cti v e !pr o c e s s e s. !T h e! af or e m e nti o n e d !pi e c e s!

of! e x p eri m e nt al! s u p p ort! a n d !t h e!m at c hi n g! of! ki n eti c! pr ofil e s! wit h !lit er at ur e!pr e c e d e nt !m e a n!

t h at! a n! a ut o c at al y si s! e x pl a n ati o n!i s! pr ef err e d!t o! s u b str at e!i n hi biti o n.! T h e!l att er! w o ul d! h a v e!t o!

b e! v er y! pr o n o u n c e d!(f or! s o m e!r el ati v el y! si mil ar! s u b str at e s)!t o! h a v e! s u c h! a! m ar k e d! eff e ct.! !

4. 3. 2. 2 # All yl t ri m e t h yl sil a n e  

W h at!i s! m or e ,$t h er e!i s! a!f e at ure! of!t h e! d at a!t h at! m a k e s!it! p o s si bl e!t o! e xt e n d!t h e! af or e m e nti o n e d!

“c at * ”!h y p ot h e si s!f or!t h e! all yl b e n z e n e $a n d! t h e! all yltri m et h yl$i s o m eri s ati o ns. !It!i s! p o s si bl e!t h at!

i n!t h e!l o n g er!r u n s,! a! s e c o n d!r e gi m e!i n!t h e! c at al y si s!i s!r e a c h e d.!It! m a y!i n v ol v e!t h e!f or m ati on! of!

c at * .!A s! Gr a p h! 4. 4 !t e n d s!t o w ar d s!t!=! ' !t h e!h y p er b oli c !pl ot s !s u g g e st! a! m a xi m u m! c o m bi n e d!

yi el d! of! ar o u n d! 6 0 %!( 1 0 0! m M ).!It!i s!t h er ef or e! str a n g e!t h at!t h e! yi el d s! of!t h e!i n?pr o b e! ki n eti c s!

e x p eri m e nt s! diff er! fr o m! t h e! e arli er! r u n ! (Gr a p h! 4. 1 )! b y! 1 5 % .! T h e! p oi nt! ki n eti c s!  m a y! f ail! t o!

c a pt ur e! t h e! st e p! c h a n g e! b et w e e n!t w o!r e gi m e s.!!

It! w a s!i niti all y! a s s u m e d!t h at!t h e! w a y w ar d n e s s! of!t h e! 1 5! h!ti m e?p oi nt!i n! Gr a p h! 4. 1 !w a s! d u e!

t o!  m e a s ur e m e nt! err or! – ! b ut! n o w!  w e! s e e! t h at! t hi s!  m a y! n ot! b e! t h e! c a s e.! At! t!  =! 1 5 !h,! t h e!

e x p eri m e nt!i n! Gr a p h! 4. 1 !s h o w s! 5 5 %! c o m bi n e d! yi el d! a n d! a! 3: 2!r ati o! of! E :Z !pr o d u ct s.! T hi s!i s!i n!

f air! a gr e e m e nt! wit h!t h e!fi n al!tim e ?p oi nt! of!t h e!i n ?pr o b e! ki n eti c s!r e s ult s!( Gr a p h! 4. 4 !– !6 0! ° C,! 1 5!

h,! 5 6 %! yi el d,! 1 6: 5! E :Z ).!T h e! b o o st!i n! yi el d! b et w e e n! 1 5! a n d! 5 0! h,! m a y! ari s e!fr o m!t h e! g e n er ati o n!

of ! c at * ! (p o s si bl y ! a n! all yltri m et h yl sil a n e! a n al o g u e) .! R e p e at s,! a n d! a! l e n gt h e n e d! i n ?pr o b e!

ki n eti c s! e x p eri m e nt! will!r e s ol v e!t h e!i s s u e.! !

4. 3. 2. 3 # O r i g i n o f A u t o c a t al y s t  

F or! a! pl a u si bl e! c at * ,!i n c or p or ati o n! of!t h e! al k e n e! pr o d u ct! a s! a!li g a n d! w o ul d! pr o b a bl y! n ot! b e!

t ol er at e d! b y! a!( M g/ Zr)! bi m et alli c! c o m pl e x!( s e e!S c h e m e! 4. 1 !a n d! T a bl e! 4. 2 ).!T h e !c o or di n ati o n!

n u m b er !w o ul d! b e! pr o hi biti v el y! hi g h!f or!t h e! s p e ci e s!t o! b e! a! c at al y st .!T o! g e n er at e! a n! a cti v e! sit e,!

it!  m a y! b e! s u g g e st e d! t h at! t h er e! i s! d e c o m p o siti o n! of! t h e!  M g/ Zr! h et er o bi m et alli c! s p e ci e s!

pr e s e nt e d!i n! Fi g ur e! 4. 5 .!T h er ef or e,!t h e!tr u e! c at al y st! mi g ht! b e! s o m et hi n g!li k e!t h e! m o n o n u cl e ar!
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I nt8 a .!!Wit h!t er mi n al! h y dri d e s,!t h e! al k yl! c o m pl e x e s! (i n!Fi g ur e! 4. 6 )!ar e!t h e or eti c all y! c a p a bl e! of!

c at al y si n g!t h e!i s o m eri s ati o n! of! a n ot h er! e q ui v al e nt! of !i n c o mi n g! all yl b e n z e n e!vi a$ a n!i n s erti o n ?

eli mi n ati o n !p at h w a y .!!

!

Fi g u r e 4. 6. # C a n di d at e s!f or!t h e!r ol e! of! c at * !i n!t h e!t er mi n al! al k e n e!i s o m eri s ati o n s! b y!
D
M g• Z r .!

T h e !s el e ct e d !i s o m er s! of!I nt8 #ar e!i n cl u d e d! a s! c a n di d at e s!f or! c at *# t o! m a k e!t h e! p oi nt!t h at!t he y!

h a v e! a! fr e e! c o or di n ati o n! sit e! a n d!  m a y! h a v e! v ar yi n g! r e a cti vit y,! if! o nl y! d u e! t o! st eri c s. ! T h e!

g e n er ali s e d! al k e n e! c o m pl e x,! 1 5 ,! i s! r el at e d! t o! t h e! M/ Zr! sli p p e d!  m et all a c y cl o pr o p a n e s ! a n d #

D M g•I nt 7 .!A! f or m al!h y d r o g e n! at o m!tr a n sf er! ( H A T)!fr o m!t h e! {D 2 }!fr a g m e nt!t o!t h e! ZrI V!al k e n e!

c o m pl e x! w o ul d! gi v e ! a!  Zr III! h y dri d e! s p e ci e s.! T h e! l att er! i s! t h e or eti c all y! c a p a bl e! of! al k e n e!

i s o m eri s ati o n! b y!t h e!i n s erti o n?eli mi n ati o n! m e c h a ni s m. !

W h e n!t h e! s u b str at e!i s! all yl b e n z e n e! ( i. e.!R! =! P h),!it! c o ul d! b e!t h e! c a s e!t h at!t hi s! s u b str at e!

a c c el er at e s! t h e! d e c o m p o siti o n! p at h w a y! t o w ar d s! c at * ,! t h e! tr u e! c at al y st.! I n d e e d,! t hi s!

a c c el er ati o n!  w o ul d! b e! t o! t h e! e xt e nt! t h at! c at *# o p er at e s! fr o m! t h e! b e gi n ni n g! of! t h e! ki n eti c s, !

s u p p o s e dl y ! n ot! t h e! c a s e!  wit h! t h e ! all yltri m et h yl sil a n e! s y st e m.! W e!  m u st ! c o nt e m pl at e ! tri vi al!

f a ct or s!  w hi c h! c o ul d! e x pl ai n! t h e! c o m pl e x! b e h a vi o ur! of! t h e! c at al y si s! – ! f a ct or s! s u c h! a s! t h e!

i n v ol v e m e nt! of!i m p urit y!i n!t h e! m at eri al.!O n e! s u c h!t h e or y! h a s! alr e a d y! b e e n! c o v er e d!i n! s e cti o n!

4. 2. 2. 4 ,!vi z.$ t h e!e x p o n e nti al! b uil d ?u p! or! d e str u cti o n! of! a !k e y !i m p urit y!i n#D M g• Z r ,#w hi c h!l e a d s!t o !

c at * ! a n d! i n cr e a s e! of! t h e! r at e.! T h e! all yl b e n z e n e ! s a m pl e! c o ul d! j u st! a s! li k el y ! h ar b o ur! tr a c e!

i m p uriti e s,! a n d!t h e s e! c o ul d!b e!t h e!r o ot! of!t h e! s u b str at e! s e n siti vit y.! !

4. 3. 3 (G e n e r a l M e c h a n i s t i c S u m m a r y  

T h e!l o o s el y! b o u n d! M Al • Z r#a n d! Z r • Z r#ar e! b ot h! a bl e!t o! g e n er at e! Z r !a n d!t h u s! 1 4 !aft er! s u b s e q u e nt!

tr a n sf er! h y dr o g e n ati o n! of! 1! e q ui v.! al k e n e!(s e cti o n! 4. 2. 2. 3 ).!U ntil!f ut ur e! st u di e s,!i t!i s! a s s u m e d!

t h at!1 4 !o p er at e s! a s!t h e! a cti v e! s p e ci e s!i n!t h e s e! s y st e m s. !U n d er!t h e !c at al yti c! c o n diti o n s,! D M g• Z r !

a n d! D Z n • Z r#c a n n ot! g e n er at e! a p pr e ci a bl e! c o n c e ntr ati o n s! of #Z r .!It! h a s! b e e n! s h o w n!a b o v e! t h at!

t h e! M g/ Zr! pr e?c at al y st! m a y! u n d er g o! a cti v ati o n!t o! gi v e !a!r e d u c e d! s p e ci e s !(D M g• 1 4 ).T h e! r e a s o n!

f or!c at al yti c! a cti vit y! wit h !D M g• Z r !b ut! n ot !D Z n • Z r#m a y!li e!i n !a! diff er e n c e!i n!t h e!i m p urit y! pr ofil e s!

of!t h e! pr e ?c at al y st s.! C o ntr ol s!f or!i n v ol v e m e nt! of!t h e!i m p uriti e s! s h o ul d !b e! c arri e d! o ut! b ef or e!

l a u n c hi n g! e x pl or ati o n!i nt o!t h e! m e c h a ni s m( s)! b y! D F T!a n al y si s!( pri m aril y). $
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4. 4 $ C O N C L U S I O N  

I n! s u m m ar y,!D M g• Z r $i s! a n! a cti v e! a n d! s el e cti v e! c at al y st!f or!i nt er n ali s ati o n! of!a!r a n g e! of! t er mi n al!

al k e n e s ,! c o ntr olli n g! b ot h!t h e! al k e n e: al k a n e! a n d!E :Z !r ati o!e v e n! at!l o w!l o a di n g s.! C at al y si s! vi a$

t h e! zi n c! a n al o g u e! i s! f o u n d! t o! b e! r eli a nt! u p o n! l o n g! ( >! 3! d)! i niti ati o n! p eri o d s! t o! tri g g er! t h e!

br e a k d o w n! of!t h e! pr e ?c at al y st. !Di s a p p e ar a n c e !of!t h e! pr e ?c at al y st! i s!al s o! s e e n!f or! M Al• Z r $a n d!

Z r• Z r #r e a cti o n s! wit h!t h e!t er mi n al! al k e n e s.! T hi s!l e a d s!t o! s m all er! al k e n e: al k a n e!r ati o s,! w hi c h!i s!

n ot!t h e! c a s e!f or!t h e! Z n/ Zr! s y st e m.! A s! a!r e s ult,!l o w er!l o a di n g s!( b y! a n! or d er! of! m a g nit u d e)! w er e!

tri all e d!f or!Z r• Z r, !wit h! m u c h! s u c c e s s :!i m pr o v e d!yi el d s! a n d!i m pr o v e d !al k e n e: al k e n e! a n d! E :Z $

s el e cti viti e s! ar e !a c hi e v e d.! !

F or! D M g• Z r ,#a n!i n s erti o n ?eli mi n ati o n! m e c h a ni s m!i s!r ul e d! o ut! b y!t h e! pr e ?c at al y st ’s! c o m pl et e!

r el u ct a n c e! t o! r e a ct!  wit h! m et h yl e n e c y cl o h e x a n e,! di p h e n yl a c et yl e n e,! or! 2, 2 ?di m et h yl ?p e nt ?3 ?

y n e .!  A d diti o n all y,! i ntr o d u cti o n! of! s e v er al! " ?di k eti mi n at o!  m a g n e si u m! al k yl! c o m pl e x e s! t o!

[ C p2 Zr( H)( µ ?H)] 2 ! f ail s! t o! g e n er at e! a! s u p p o s e d! i nt er m e di at e! f or! a n! i n s erti o n ?eli mi n ati o n!

m e c h a ni s m: ! di h y dri d o al k yl! a n al o g u e s ! of! D M g• Z r ! ar e! n ot! o b s er v e d ,! n eit h er! ar e! a n y! al k e n e !

pr o d u ct s!t h at! mi g ht! b e! e x p e ct e d !fr o m!" ?h y dri d e! eli mi n ati o n!i n!t h e s e! s p e ci e s .!T h er ef or e,! a  ! ?

all yl! h y dri d e!  m e c h a ni s m ! i s! e x p e ct e di! D M g• Z r# c a n! b e! r e d u c e d! t o! a! r el at e d!  m o n o h y dri d o!

c o m pl e x! ( D M g• 1 4 )! w hi c h!i s! c at al yti c all y! o p er ati v e.! T h e!  m o n o h y dri d o! c o m pl e x! i s! a c c e s si bl e!

( a c c or di n g!t o!1 H! N M R) !fr o m![Di p p B DI M g I]2 !a n d! S c h w art z’!r e a g e nt.! !

Ki n eti c! pr ofili n g! of! t h e! all yl b e n z e n e! r e a cti o n!  wit h! D M g• Z r # g i v e s! u n e x p e ct e d! r e s ult s.!  T h e!

i s o m eri s ati o n! a c c el er at e s! u p! u ntil! c o m pl eti o n.!T hi s!i s!t h o u g ht!t o! b e! d u e!t o! b uil d ?u p! of! a! n e w!

c at al yti c! s p e ci e s,! c at * ,!  w hi c h! r e q uir e s! t h e! i nt er n al! al k e n e! pr o d u ct! f or! it s! f or m ati o n.! I n! a!

c o m p etiti o n! e x p eri m e nt,!t h e! r at e! of! h e x ?1 ?e n e!i s o m eri s ati o n!i s! gr e atl y! a c c el er at e d! aft er!t h e!

c at * ! fi ni s h e s! it s! a cti o n! o n! all yl b e n z e n e.!  H e n c e,! it! a p p e ar s! t h at!w h e n! c at * # i s! cr e at e d! i n! a n!

D M g• Z r / all yl b e n z e n e! s y st em,!it! o ut stri p s!t h e! st a n d ar d! M g/ Zr! c at al y st.! !

!!
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4. 5 $ F U T U R E W O R K  

4. 5. 1 ( D M g • Z r  &  D M g • 1 4  

T h er e !ar e! s e v er al! w a y s!t o! e x pl or e!t h e! vi a bilit y! of!t h e! D M g• 1 4 $c at al yti c!r o ut e !b ef or e!t ur ni n g!t o!

D F T! w or k.! Si m pl y!i n!t er m s! of! c oll e cti n g! m or e!i nf or m ati o n,!t h e! all yltri m et h yl sil a n e!i s o m eri s ati o n!

c a n! b e! u s e d! t o! a d v a n c e! a! c u st o m ar y! ki n eti c! a n al y si s! – ! i. e.! d eri v ati o n! of! t h e! or d er! of! t h e!

r e a cti o n!i n! c at al y st! a n d!i n! al k e n e,! a s! w ell! a s!t h e! ki n eti c! p ar a m et er s.! T hi s! a n al y si s! s h o ul d! h ol d!

f or!t h e!fir st! 2 4! h! of! e x p eri m e nt! at!l e a st,! b ef or e!t h e! p o s si bl e!r e gi m e! c ha n g e. $Wit h!t h e s e! ki n eti c!

e x p eri m e nt s,! P M e 3 !c o ul d! b e! e x pl or e d! a s !a! c at al yti c!i n hi bit or! – !it! h a s! b e e n!u s e d! a s! a n!i n hi bit or!

pr e vi o u sl y!f or! al k e n e! h y dr o g e n ati o n! b y! a! Zr ?c o nt ai ni n g! h et er o bi m et alli c! c o m pl e x. 4 7 !T h er e!i s! a!

c h a n c e!t h at! a n!i n hi bit or! m a y! st y mi e!t h e! p ut ati v e! c h a n g e!i n! c at al yti c!r e gi m e.! I n! ot h er! a d diti v e!

trial s,! r e p e at s! of! t h e!  m er c ur y! dr o p! e x p eri m e nt!  mi g ht! s h o w! t h at! it! a ct u all y! a c c el er at e s! t h e!

r e a cti o n!(Gr a p h! 4. 4 ).!$

T h er e!i s! m or e! s c o p e!f or!t h e! s y nt h e si s! a n d! c h ar a ct eri s ati o n! of! D M g• 1 4 .!S c h w art z! a n d! G ell’ s!

pr e p ar ati o n s! of! [ C p 2 Zr
II(L )2 ]! c o m p o u n d s3 6 ! fr o m! [ C p2 Zr H (C H 2 C y)]! c a n! b e! a d a pt e d! f or!

i ntr o d u cti o n! of!t h e!{ M g– H}!li g a n d.! F urt h er m or e,!i f! P M e3 !d o e s!i n hi b it!t h e!i niti al! c at al y si s,!t h e n!

s p e ctr o s c o pi c! si g n al s! f or! D M g• 1 4 • P M e3! m a y! b e! f o u n d. $ T h e! l att er! i s! p o s si bl y! s y nt h e si s e d!

i n d e p e n d e ntl y! b y! i ntr o d u cti o n! of!  P M e3 ! t o!t h e! r e a cti o n! i n! S c h e m e! 4. 4 .! ( A! e n c o ur a gi n g!  D F T!

c al c u l ati o n! gi v e s! t h e! ( G 2 9 8 K ! of! t hi s! tr a p pi n g! a s! – 8. 1! k c al!  m ol – 1 .)! O v er all,! it!  w o ul d! b e!

e n c o ur a gi n g!if !D M g• 1 4 #w er e! c at al yti c all y! c o m p et e nt.! !

Fi n all y,! w h at! h a s! n ot! y et! b e e n! e m p h a si s e d!i s!t h e! p arti c ul arl y! o d d! diff er e n c e!i n! r e a cti vit y!

b et w e e n! t h e!  Si / C! a n al o g u e s! all yltri m et h yl sil a n e ! a n d! 4, 4 ?di m et h yl ?p e nt ?1 ?e n e ! (i. e.$all yl ?T M S!

v s. !all yl ?tB u ).$T h e! e v e nt u al! m e c h a ni sti c! s ol uti o n! will! n e e d!t o!i n cl u d e! a! st e p! w hi c h!i s! pr o hi bit e d!

b y!t h e! diff er e n c e! b et w e e n! all yltri m et h yl sil a n e! a n d! 4, 4 ?di m et h yl ?p e nt ?1 ?e n e :!t h e! s h ort er!l e n gt h!

of! t h e!  C 4 – C 2! c o m p ar e d!  wit h! t h e!  Si – C! b o n d! f or! e x a m pl e.!  H o w e v er,!  m or e! tri vi all y,! t h e!

h y dr o c ar b o n! m a y! b e!l a c ki n g! a!tr a c e!i m p urit y!t h at!i s! c o nt ai n e d!i n!t h e! sil a n e,! a n d!t hi s! p o s si bilit y!

s h o ul d! al s o! b e! a n al y s e d. !

4. 5. 2 (E x p e r i m e n t a l I s s u e s  

M o nit ori n g! yi el d s!t hr o u g h! 1 H! N M R! s p e ctr o s c o p y! h a s! b e e n! diffi c ult,! wit h!r e s o n a n c e s! at! si mil ar!

fr e q u e n ci e s! a n d! b u s y! re a cti o n!  mi xt ur e s.!  G a s! c hr o m at o gr a p h y!  will! b e! a! g o o d!  w a y! t o!

cr o s s c h e c k! t h e! c urr e nt!  m et h o d.!  H o p ef ull y,! t hi s!  will! bri n g! a b o ut! a n! u n d er st a n di n g! of! t h e!

i m p erf e ct!  m a s s! b al a n c e! r e s ult s! ( s e e n! i n! s e cti o n! 4. 2. 2. 4 ).!  T h e! p o s si bilit y! of! p ara m a g n eti c!

s p e ci e s! i n! t h e! c at al yti c!  mi xt ur e s!  mi g ht! al s o! b e!  miti g at e d! b y! u s e! of! el e ctr o n! p ar a m a g n eti c!

r e s o n a n c e.! T h er e! ar e! e x p eri m e nt s!( m e nti o n e d!i n!t h e! R e s ult s! a n d! Di s c u s si o n)! w hi c h! c a n! b e!
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r e p e at e d! or! e xt e n d e d,! a n d!  will! cl e ar! u p! c at *# i s s u e s.!  F or! e x a m pl e,! i s! t h e! all yl b e n z e n e!

i s o m eri s ati o n!r e all y!i nt ol er a nt! of!l o w!l o a di n g! of!D M g• Z r #– !i s!t hi s!t e m p er at ur e!r el at e d ?!

4. 5. 3 (E x i s t e n c e a n d I d e n t i t y o f  c a t *  

4. 5. 3. 1 # S y n t h e si s o f c a t *  C a n di d a t e s  

T h e! all yl b e n z e n e/ D M g• Z r #r e s ult s!i m pl y!t h at!t h e! s y st e m! c o nt ai n s! a n! e x c ell e nt! c at al y st!(at !l e a st!

i n! t er m s! of!T O F )! a n d! c ert ai nl y! o n e! t h at!  w o ul d! b e! n ot a bl e! if! it! c o ul d! b e! i s ol at e d! a n d! u s e d!

g e n er all y. !F ut ur e! st u di e s! c o ul d!f o c u s! o n!tr yi n g!t o! pr e p ar e! c at *!i n d e p e n d e ntl y.! S y nt h e si s! of!

(E )?I nt8 c # a n d # (Z )?I nt8 c # (Fi g ur e! 4. 6 )# s h o ul d! b e! att e m pt e d,!  wit h! s u b s e q u e nt! tri alli n g! of! t h e!

pr o d u ct s !a s! c at al y st s !f or!t er mi n al! al k e n e!i s o m eri s ati o n.! W h e n!r e a ct e d! wit h! h e x?1 ?e n e,! w e! c a n!

e x p e ct! a! c at al yti c! r at e! si mil ar! t o! t h at! i n! Gr a p h! 4. 2 ,! if! t h e! s p e ci e s! i s! i n d e e d! c at * .!  A! cr u d er!

r el ati o n! of!t hi s! c o ntr ol! e x p eri m e nt!i s!t o!r e a ct!Z r• Z r# st oi c hi o m etri c all y! wit h! all yl b e n z e n e,! b ef or e!

i s ol ati o n! of!t h e! or g a n o m et alli c! s p e ci e s! b y!r e m o v al! of!t h e! v ol atil e s!i n$ v a c u o.!T h e! m at eri al! c a n!

t h e n! b e!tri e d!a s !a n !al k e n e!i s o m eri s ati o n! c at al y s t.!

F urt h er!i d e a s!f or! p o s si bl e! c at * !ar e! s h o w n!i n! Fi g ur e! 4. 7 !a n d! ar e!t a k e n!fr o m! w or k! b y! G er v ai s!

a n d! c o ?w or k er s ,9, 4 8 ! a n d!  S c h w art z! a n d! c o ?w or k er s .4 9 ! T h e!  G er v ai s! p a p er s! r el at e! t o! al k e n e!

i s o m eri s ati o n,! a n d! str u ct ur e s! s u c h! a s! t h o s e! b el o w!  w er e! f o u n d! i n! r e a cti o n!  mi xt ur e s!

u n e x p e ct e dl y.! T h e! Zr I V?Zr II!c o m pl e x!i s!i n s pir e d! b y! a! p h o s p hi n o m et h yl ?bri d g e d! c o u nt er p art !f or!

w hi c h! a! bi m et alli c! 1, 3 ?C O D! h y dr o g e n ati o n !m e c h a ni s m! w a s! pr o p o s e d .9 !B ot h! c o m pl e x e s! ar e!

p o s si bl e! fr o m! zir c o n o c e n e! h y dri d e! a n d! al k e n e!  mi xt ur e s. ! T h e!  S c h w art z!  m otif! c o m e s! fr o m !

i n s erti o n! of!t h e! al k e n yl!li g a n d!o n! Zr !i nt o! a!m ai n! gr o u p! h y dri d e !b o n d .! Al u mi ni u m! al k yl!v er si o n s !

w er e! m a d e ! (u si n g! µ ?Cl ),! b ut! {Di p p B DI M g} ! v ari ati o n s! h a v e! a! c h a n c e! of! s u c c e s s.! I n d e e d,!

h y dr o m et all ati o n! of! t h e!C = C !b o n d !i n!(Z )?I nt8 c #c o ul d! vi a bl y !gi v e! s o m et hi n g! si mil ar. !

!

Fi g u r e 4. 7. # P o s si bl e! c at * !str u ct ur e s!t a k e n!fr o m! w or k! b y! G er v ai s
9, 4 8,

!a n d! S c h w art z .
!4 9

!!

I n!r e g ar d!t o!t h e! all yl b e n z e n e!r e a cti o n,!c at *# g e n er ati o n! i n$sit u !m a y! b e! a c c el er at e d!( S c h e m e!

4. 7 ).! B y! u si n g!t h e! pr o d u ct s! a s! a n! a d diti v e!( 1: 1! wit h! all yl b e n z e n e)! or! a! pr e ?tr e at m e nt!( a s!i n!t h e!

r e p ort e d! e x p eri m e nt! of! pr e?h e ati n g!t h e! mi xt ur e),!it! c a n! b e! s e e n!if!t h e s e! pr o d u ct s! c h a n g e!t h e!

ki n eti c s! of! all yl b e n z e n e! c o n v er si o n! a n d!t h e! pr e ?c at al y st! c o n s u m pti o n.! T hi s! s h o ul d!t h er ef or e!

p oi nt!t o w ar d s!t h e!i d e ntit y! of! c at * .!T h e! s a m e!tri al s! m a y! b e!r u n! wit h! Z r• Z r !pr e ?c at al y st. !
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S c h e m e 4. 7. # T h e! u s e! of!i nt er n al! al k e n e! or!r el e v a nt! al k a n e! a s! a d diti v e! or! c)! pr e ?tr e at m e nt!i n!

or d er!t o! g e n er at e! c at * .!

4. 5. 3. 2 # D M g • Z r / All yl b e n z e ne : c o n t r ol s a n d t r a p s f o r c a t *  

In hi biti o n! e x p eri m e nt s! c o ul d! b e! i n v e sti g at e d!  wit h! t h e! g o al! of! i d e ntif yi n g! r e a g e nt s! t h at!

s el e cti v el y!i n hi bit! c at * .!A! si m pl e! st arti n g! p oi nt! m a y! b e!t o! w or k! o n!t h e! b e st! p o s si bl e! p urifi c ati o n!

of! t h e! s u b str at e! a n d! t h e! pr e ?c at al y sti! t h e! ki n eti c! pr ofil e s ! f or! t h eir! r e a cti o n! c a n! t h e n! b e!

c o m p ar e d!t o!t h at! o f!t h e! m or e!i m p ur e!ori gi n al .!If!i m p uriti e s! eff e ct!c at * ,!t h e n! diff er e n c e s! ar e!t o!

b e! e x p e ct e d. !

!

S c h e m e 4. 8. # Pl a n n e d!i n hi biti o n! a n d! c o m p etiti o n! e x p eri m e nt s!f or!t er mi n al! al k e n e!i s o m eri s ati o n!

c at al y s e d! b y!
D
M g• Z r .!

T h er e!i s!t h e n!r e c o ur s e! t o!i n hi bit!t h e!i s o m eri s ati o n! b y! a d diti v e s!(S c h e m e! 4. 8 ).!A s! m e nti o n e d!

e arli er ,! P M e3 !will! b e! a! g o o d! g e n er al! st arti n g! p oi nt. !I n!t h e! p a st,!it!t o o! h a s! hi g hli g ht e d!t h e!r ol e!

of!tr a c e!i m p uriti e s! a s! a cti v e! c at al y st s. 4 7 !A n!i n hi bit or! d e si g n e d!f or !a! m o n o n u cl e ar !zir c o n o c e n e!

s p e ci e s ,! b ut! n ot! a! bi m et alli c! s p e ci e s! (li k e! D M g• 1 4 ),! s h o ul d! gi v e! a! t elli n g! r e s ult! if! t h e!

a ut o c at al y si s! i s! d u e! t o! s o m et hi n g! li k e! I nt8 c .! A ! s el e cti v e! i n hi bit or! mi g ht! b e!

m et h yl e n e c y cl o h e x a n e ,! a! tr a p! f or! h y dri d o?zir c o n o c e n e! s p e ci e s! b ut! a p p ar e ntl y! i n ert!  wit h!

r e g ar d s! t o! D M g• Z r # (S c h e m e! 4. 1 ).! T hi s ! r ati o n al e! c a n! b e! us e d! f or! s e p ar at e! r e a cti o n s! u si n g!

diff er e nt! pr e ?c at al y st s! – !e. g. !if! P M e3 !i n hi bit s! c at al y si s! b y!Z r • Z r# b ut$ n ot !D M g • Z r#t h er e! will! b e!

s o m et hi n g!t o! b e!l e ar nt. !

D M g• Zr

P h P h

4 m ol %

P h+P h
+

5 0 ° C
+  c at*

D M g• Zr P h
4 m ol %

P h
5 0 ° C, 2 4 h

a)

c) c at*
5 0 ° C

P h P h+

D M g• Zr

P h P h

4 m ol %

P h+P h
+

5 0 ° C
+  c at*b)

P h

or

D M g• Zr

P h P h

4 m ol %

a d diti v e

( m ol %)

P M e 3

5 0

tB u M e 3 Si

2 5 1 0 02 5

+ a d diti v e
P h+

tB u

1 0 0
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U s e! of! all yltri m et h y sil a n e! a n d! 4, 4 ?di m et h yl ?p e nt ?1 ?e n e !a s! 1 0 0! m ol %! a d diti v e s! m e a n s!t h e s e!

ar e! c o m p etiti o n! e x p eri m e nt s!( S c h e m e! 4. 8 ).! T h e!r e s ult s! of!t h eir!r e a cti vit y! c a n! b e! e x p e ct e d!t o!

b e! diff er e nt,! j u st! h o w! t h e! ki n eti c s! of! h e x ?1 ?e n e!  w er e! c h a n g e d! s o!  m u c h! b y! t h e!

D M g • Z r/ all yl b e n z e n e!  mi xt ur e.!  S u c c e s sf ul! i s o m eri s ati o n! of! t h e! ot h er wi s e! r e c al citr a nt! 4, 4 ?

di m et h yl ?p e nt ?1 ?e n e #w o ul d! b e! p arti c ul arl y!t elli n g. !

T h e! c o m pl e m e nt ar y! a p pr o a c h!t o! hi g hli g hti n g! pr e s e n c e! of! c at * !i s!t o!m a k e! u s e! of!it! o n c e!it!

h a s! b e e n! g e n er at e d. !I n st e a d! of! a d di n g! s o m et hi n g!t o!t h e!r e a cti o n! mi xt ur e,!t h e! pr o d u ct! mi xt ur e!

c a n! b e !c o n c e ntr at e d,!t h e! v ol atil e s!r e m o v e d,! a n d!t h e! or g a n o m et alli c s! – !s u p p o s e dl y! c o nt ai ni n g!

c at *# – ! u s e d! a s! t h e! pr e ?c at al y st! f or! ot h er! al k e n e! i s o m eri s ati o n s.! T h e! ki n eti c s! of! e a c h!

e x p eri m e nt! s h o ul d! b e! c o m p ar e d. $!

4. 5. 3. 3 # Al a n d Z n S y s t e m s  

M e a s uri n g! ki n eti c! pr ofil e s! of!t er mi n al! al k e n e!i s o m eri s ati o n s! wit h!t h e! n o n ?M g/ Zr! s y st e m s!

m a y!fi n d!f urt h er! e x a m pl e s! of! c at al yti c!r e gi m e! c h a n g e s! or! a ut o c at al y si s.! T h e! v a c u u m!tr a n sf er !

pr o c e d ur e! – !t o!l o o k! at! or g a n o m et alli c!r e a cti o n! c o m p o n e nt s!– !c a n! b e! u s e d!t o! a s s e s s! s p e ci e s!

i n!t h e! a cti v at e d! Al/ Zr! a n d! Z n/ Zr! s y st e m s,! a n d!t h e! M g/ Zr! s y st e m s! w h er e! pr e?c at al y st! h a s! b e e n!

c o n s u m e d.! I s ol ati o n! a n d/ or! i d e ntifi c ati o n! of! c a n di d at e s! f o u n d! i n! t h e! cr u d e! r e a cti o n!

c o n c e ntr at e s! will!t h e n! all o w!t e sti n g! of!i n di vi d u al! c o m pl e x e s!f or! c at al yti c! c o m p et e n c y.! !

!
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4. 6 $ E X P E R I M E N T A L  

4. 6. 1 (G e n e r a l  

All! m a ni p ul ati o n s! w er e! c arri e d! o ut! u si n g! st a n d ar d! S c hl e n k ?li n e! a n d! gl o v e b o x!t e c h ni q u e s! u n d er!

a n! i n ert! at m o s p h er e! of! ar g o n! or! di nit o g e n.!  A!  M Br a u n! L a b m a st er! gl o v e b o x!  w a s! e m pl o y e d,!

o p er ati n g! at! < 0. 1! p p m! O 2! a n d! < 0. 1! p p m! H 2 O.! S ol v e nt s! w er e! dri e d! o v er! a cti v at e d! al u mi n a!fr o m!

a n!  S P S! ( s ol v e nt! p urifi c ati o n! s y st e m)! b a s e d! u p o n! t h e!  Gr u b b s! d e si g n! a n d! d e g a s s e d! b ef or e!

u s e.!  Gl a s s w ar e!  w a s! dri e d! f or! 1 2! h! at! 1 2 0! ° C! pri or! t o! u s e.!  B e n z e n e ?d 6 ! w a s ! st or e d! o v er!

m ol e c ul ar! si e v e s! a n d! di still e d! pri or!t o! u s e.! N M R ?s c al e!r e a cti o n s! w er e! c o n d u ct e d!i n! J.! Y o u n g’ s!

t a p!t u b e s! a n d! pr e p ar e d!i n! a! gl o v e b o x.! All! h e ati n g! m e nti o n e d! w a s! d o n e! u si n g! sili c o n e! oil! b at h s.!

1 H,! 1 3 C, !a n d! 3 1 P !N M R! s p e ctr a! w er e! o bt ai n e d! o n! B R U K E R! 4 0 0! M H z! or! 5 0 0! M H z! m a c hi n e s!

u nl e s s! ot h er wi s e! st at e d .! 1 H!  N M R ! p e a k! i nt e n siti e s! ar e! d eri v e d! a g ai n st! a n! i nt er n al! st a n d ar d!

p e a k! ( 1 H! C p 2 F e,  $ $ =! 4. 0 0! p p m)!  wit h! v al u e s! q u ot e d! i n! p p m. ! D at a!  w a s! pr o c e s s e d! u si n g! t h e!

M e st R e N o v a! s oft w ar e.!  El e m e nt al! a n al y s e s!  w er e! c arri e d! o ut! b y!  St e p h e n!  B o y er! at! L o n d o n!

M etr o p olit a n! U ni v eri st y. !

4. 6. 2 (P r e p a r a t i v e -S c a l e S y n t h e s i s  

[Di p p B DI M g( µ ?n /s B u) ]2 !w a s! s y nt h e si s e d! a c c or di n g!t o!lit er at ur e! pr e c e d e nt. 5 0 !!

[ D i p p B D I M g ( µµ -C H 2 S i M e 3 ) ] 2  

I n! a! gl o v e b o x,!t h e!li g a n d!Di p p B DI H!( 2 !g,! 4. 7 8! m m ol,! 1! e q ui v.)! a n d![ K N( Si M e 3 )2 ]!( 0. 9 5 g,! 4. 7 8!

m m ol,! 1! e q ui v.)! w er e! w ei g h e d! o ut! a n d!tr a n sf err e d!t o !a! S c hl e n k!fl a s k.! Dr y!t ol u e n e!( 1 0! m L)! w a s!

a d d e d! a n d!t h e!fl a s k! s e al e d! a n d!r e m o v e d!fr o m!t h e! gl o v e b o x.! T h e!r e a cti o n! mi xt ur e! w a s! stirr e d!

o v er ni g ht! a n d!t h e! s ol v e nt! r e m o v e d! i n$ v a c u o.! T h e! cr u d e! pr o d u ct! w a s! di s s ol v e d!i n! Et2 O! ( 2 0!

m L) ,!a n d !5. 3! m L !of ![M e 3 Si C H 2 M g Cl ]!(1 M !i n! Et2 O ,!5. 2 5! m m ol,! 1. 1! e q ui v. )!w a s! a d d e d! at! 0! ° C!

vi a !s yri n g e .!A n!i n st a nt! pr e ci pit ati o n! o c c urr e d.! T h e!r e a cti o n! mi xt ur e! w a s! stirr e d! o v er ni g ht! a n d!

t h e! s ol v e nt! w a s!r e m o v e d! u n d er!r e d u c e d! pr e s s ur e.! T h e! cr u d e! s oli d! w a s! e xtr a ct e d!i nt o! h e x a n e!

( 3 0! m L)! a n d! c o n c e ntr at e d!t o!i n d u c e! cr y st alli s ati o n,! w hi c h! o c c urr e d! at!2 5!° C !a n d! w a s!f urt h er e d!

b y! st or a g e! at! ?2 0! ° C.!  T h e! s oli d! o bt ai n e d,! c ol o url e s s! a n d! cr y st alli n e,!  w a s! f o u n d! t o! b e! t h e!

et h er at e! of!t h e!titl e! c o m p o u n d 5 1 !b y! 1 H! N M R.! A! p orti o n! of!t h e! 0. 8 9! g! yi el d! w a s! h e at e d! at! 9 0! ° C!

u n d er! d y n a mi c! v a c u u m!f or! 1! h,! gi vi n g ![Di p p B DI M g (µ 9C H 2 Si M e 3 )]2! a s! a! c ol o url e s s! p o w d er. !1 H!

N M R! ( 4 0 0! M H z,! b e n z e n e ?d 6 ,! 2 9 8!  K) $ !– 1. 4 3 !( s,! M g C H 2 ),!– 0. 1 6! ( s,! 9 H,! Si( C H 3 )3 ),!1. 1 3,! ( d,!

1 2 H,! 3 J H – H! =! 6. 9,! C H M e 2 ),!1. 2 9!( d,! 1 2 H,! 3 J H – H! =! 6. 9,! C H M e 2 ),!1. 6 5 !( s,! 6 H,!( N CM e )2 ),! 3. 1 3!( h e pt.,!

4 H,! 3 J H – H! =! 6. 9,! C H M e 2 ),! 4. 9 3!( s,! 1 H,!( N C)2 C H ),! 7. 1 2– 7. 1 0 !( m,! 6 H,! HAr yl ).!D u e!t o!t h e! s e n siti vit y!

of!t h e !c o m pl e x ,!r e p e at e d! att e mpt s!t o! a c q uir e! s ati sf a ct or y! C H N! a n al y s i s!h a v e!f ail e d. !!!
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[ D i p p B D I M g ( µµ -( C H 2 ) 3 P h ) ] 2  

I n! a! gl o v e b o x,!t h e!li g a n d!Di p p B DI H! ( 2 . 0!g,! 4. 7 8! m m ol,! 1! e q ui v.)! a n d! [K N( Si M e 3 )2 ]!( 0. 9 5!g,!

4. 7 8! m m ol,! 1! e q ui v.)! w er e! w ei g h e d! o ut! a n d!tr a n sf err e d!t o! a! S c hl e n k!fl a s k.! Dr y!t ol u e n e! ( 1 0!

m L)! w a s! a d d e d! a n d!t h e!fl a s k! s e al e d! a n d! r e m o v e d!fr o m!t h e! gl o v e b o x.! T h e! r e a cti o n! mi xt ur e!

w a s! stirr e d! o v er ni g ht! a n d! t h e! s ol v e nt! r e m o v e d! u n d er! v a c u u m.!  T h e! cr u d e! pr o d u ct!  w a s!

di s s ol v e d!i n! Et 2 O!( 2 0! m L)! a n d! a n! Et 2 O! s ol uti o n! of![ P h( C H 2 )3 M g Br],!fr e s hl y! pr e p ar e d!fr o m!t h e!

a d diti o n! of! P h( C H 2 )3 Br!( 0. 7 3 !m L,! 4. 7 8! m m ol,! 1! e q ui v.)!t o! m a g n e si u m!( 0. 1 3 8! g,! 5. 7! m m ol,! 1. 2!

e q ui v.), 5 2 !w a s! a d d e d! vi a!filt er! c a n n ul a.! T h e!r e a cti o n! mi xt ur e! w a s! stirr e d! o v er ni g ht,!t h e! s ol v e nt!

r e m o v e d! a n d!t h e! cr u d e! e xtr a ct e d!i nt o!n ?h e x a n e!( 3 0! m L)! a n d!t h e n!filt er e d!t o!r e m o v e! K Br.! T h e!

cl e ar!li g ht! y ell o w! s ol uti o n! w a s!t h e n! c o n c e ntr at e d!t o! a p pr o x.! 5! m L!t o! gi v e! c ol o u rl e s s! cr y st al s!

at! 2 5!° C.! T h e! pr o d u ct! w a s!i s ol at e d! a n d! p urifi e d! b y!t w o!f urt h er! r e cr y st alli s ati o n s!fr o m!n ?h e x a n e!

( 3! m L)! at! ?3 5! ° C!t o! gi v e![ Di p p B DI M g (µ ?( C H2 )3 P h )]! a s! c ol ou rl e s s! cr y st al s!i n! u n?o pti mi s e d! yi el d!

( 0. 1 0 7! g,! 0. 1 9! m m ol,! 4! %).!1 H! N M R!( 4 0 0! M H z,! b e n z e n e ?d 6 ,! 2 9 8! K) $ !?0. 1 6!( d d,! 2 H,! 3 J H ?H !=! 8. 0!

H z,! 7. 9! H z ,! CH 2 ),! 1. 1 7! ( d,! 3 J H ?H !=! 6. 9! H z, !6 H,! C H M e 2 ),!1. 2 9! ( d,! 3 J H ?H !=! 6. 9! H z, !6 H,! C H M e 2 ),!

1. 6 8!( m,! 2 H,! C H 2 ),!1. 7 1!( s,! 6 H,! ( N CM e )2 ),! 2. 3 3!( d d,! 2 H,!3 J H ?H !=! 8. 0,! 7. 9 !H z,! C H 2 ),! 3. 1 4!( h e pt,!

4 H, !3 J H ?H !=! 6. 9! H z, !C M e H M e’ ),! 4. 9 7!( s,! 1 H,!( N C)2 C H ),! 7. 0 3– 7. 2 2!( m,! H Ar yl )!p p m .!1 3 C! N M R!( 1 0 0!

M H z,! b e n z e n e ?d 6 ,! 2 9 8!  K)! $ ! 6. 1! ( C H 2 ),! 2 3. 5! (( N CM e )2 ),! 2 3. 6! (C M e H M e’ ),! 2 4. 7! (C M e H M e’ ),!

2 8. 6 !( CM e H M e ’),! 3 1. 3!(C H 2 ),! 4 4. 8!(C H 2 ),! 9 5. 3!(( N C)2 C H) ,! 1 2 4. 1!( Ar),! 1 2 5. 1!( Ar),! 1 2 5. 9!( Ar),!

1 2 8. 0 !( Ar),! 1 2 8. 8!( Ar),! 1 4 1. 9!( q),! 1 4 4. 0!( q),! 1 4 4. 5!( q),! 1 6 9. 2!(C = N) !p p m .! El e m e nt al! A n al y sis:!

c al c ul at e d!f or! C 3 8 H 5 2 M g N 2 :! C,! 8 1. 3 4i! H,! 9. 3 4i! N,! 4. 9 9.! F o u n d! C,! 8 1. 2 4i! H,! 9. 4 6i! N,! 4. 9 9.$

[ D i p p B D I M g ( µµ -O ( C H 2 ) 3 P h ) ] 2  

D uri n g! a! r e cr y st alli s ati o n! of! cr u d e ! [Di p p B DI M g (µ ?( C H2 )3 P h )]2 ! i n! t h e! a b o v e! pr o c e d ur e,! t h e!

al k o xi d e! titl e! c o m p o u n d!  w a s! u ni nt e nti o n all y! pr o d u c e d.! U p o n! filt er e d! tr a n sf er! of! a! n e ar ?

s at ur at e d! s ol uti o n! of! cr u d e![ Di p p B DI M g (µ ?( C H2 )3 P h )]2 !i n!n ?h e x a n e! t o! a! n e w!  S c hl e n k! fl a s k,! a!

c ol o url e s s! pr e ci pit at e! b e g a n!t o! c o m e! o ut! of! s ol uti o n! o n! a!l ar g e! s c al e.! C o oli n g! at! 0 !t h e n!– 2 0 !

° C!e n c o ur a g e d!f urt h er! pr e ci pit ati o n.! T h e! s u p er n at a nt! s ol uti o n! w a s! p artl y!r e m o v e d! b y!filtr ati o n,!

a n d! a! si n gl e! cr y st al! diffr a cti o n! e x p eri m e nt! c orr o b or at e d!  N M R! c h ar a ct eri s ati o n! of !

[Di p p B DI M g O (µ ?( C H2 )3 P h )]2 .!T h e! c ol o url e s s! cr y st alli n e! s oli d! w a s! dri e d! i n$ v a c u o!a n d!i s ol at e d! a s!

a! 0. 8 9! g! yi el d ! – !2 0 %! b a s e d! o n! a! s y nt h e si s! fr o m! 3. 2! g! of! Di p p B DI H. ! 1 H!  N M R! ( 4 0 0!  M H z,!

b e n z e n e ?d 6 ,! 2 9 8! K) $ !0. 3 1 !( d d,!3 H,! 3 J H ?H !=! 6. 9 !H z ,!C H M e 2 )!1. 0 6 !( d,!3 J H ?H !=! 6. 9! H z, !3 H,! C H M e 2 ),!

1. 1 8 !( d,!3 J H ?H !=! 6. 9! H z, !3 H,! C H M e 2 ),!1. 3 5 !( d,!3 J H ?H !=! 6. 9! H z, !3 H,! C H M e 2 ),!1. 4 1!( s,! 6 H,! ( N CM e )2 ),!

1. 9 0 – 1. 9 9 ! (m ,! 2 H,! C H 2 ),! 2. 5 5! (t,! 2 H, ! 3 J H ?H ! =! 7. 5!  H z, ! C H 2 ),! 2 .9 7 ! ( h e pt,! 4 H,! 3 J H ?H ! =! 6. 9!  H z, !

C H M e 2 ),! 3. 3 8! ( h e pt,! 4 H,! 3 J H ?H ! =! 6. 9!  H z,!  C M H M e 2 ),! 3. 6 0 – 3. 6 5! ( m,! 2 H, ! C H 2 ),! 4. 6 8 ! ( s,! 1 H,!

( N C)2 C H ),! 7. 02 – 7. 2 2!( m,! H Ar yl )! p p m.!1 3 C! N M R!( 1 0 0! M H z,! b e n z e n e ?d 6 ,! 2 9 8! K)!$ $2 3 . 5!(C H M e 2 ),!

2 3. 6 !(C H M e 2 ),! 2 4.1 !(C H M e 2 ),!2 4. 7! ( ( N CM e )2 ),! 2 5.4 !(C H M e 2 ),! 27 .9! ( C H M e 2 ),! 2 9.2! ( C H M e 2 ),!
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3 2. 8!( C H 2 ),!3 7. 4!( C H 2 ),!6 4. 1 !(C H 2 ),! 9 5. 3!(( N C)2 C H) ,! 1 23. 5 !( Ar),! 1 2 4. 1!( Ar),! 1 2 5. 5!( Ar),! 1 2 8.3 !

( Ar),! 1 2 8.5 ! ( Ar),! 1 4 1.8 ! ( q),! 1 4 2. 5! ( q), ! 1 4 3. 7 ! ( q),! 1 47. 3 ! ( q),! 1 69. 1 ! ( C = N)! p p m.! ! El e m e nt al!

A n al y si s:! c al c ul at e d!f or !C 3 8 H 5 2 M g N 2 O :! C,! 7 9. 0 8i! H,! 9. 0 8i! N,! 4. 8 5i!f o u n d:! C,! 7 9. 0 4i! H,! 9. 1 5i! N,!

4. 9 6. !!

T h e! pr o d u ct!i s! pr e s u m a bl y! a!r e s ult! of! t h e!u n w a nt e d! pr e s e n c e! of! O 2 !i n!t h e! s y st e m! at! s o m e!

p oi nt! d uri n g!t h e! w or k ?u p! of!t h e! al k yl! c o m pl e x.! T hi s! h y p ot h e si s!i s! s u p p ort e d! b y! st u di e s! o n! O 2 !

i n s erti o n! i nt o!  M g– R,! p arti c ul arl y ! b y!  P ar ki n! et$ al. 5 3 ! a n d! v er y! r e c e ntl y! b y! L e wi ń s ki! a n d! c o ?

w or k er s. 5 3 !T h e!l att er! w or k! h a s! e x a mi n e d!t h e! m e c h a ni s m! of! a n! al m o st!i d e nti c al!tr a n sf or m ati o n!

of![ Di p p B DI M g C H 2 P h] 2! i nt o![Di p p B DI M g (µ 9O C H 2 P h )]2 !i n!t h e! pr e s e n c e! of! dr y! air.!

4. 6. 3 (N M R -S c a l e R e a c t i o n s  

4. 6. 3. 1 # C a t al y i c E x p e ri m e n t s ( f o r T a bl e 4. 1 )  

I n! a! gl o v e b o x,! 0. 0 05 !m m ol! of! bi m et alli c! c at al y st! w a s! w ei g h e d!i nt o! a! 2 m L! s ci ntill ati o n! vi al.! T h e!

s oli d! w a s! di s s ol v e d!i n! 0. 5! m L! b e n z e n e ?d 6 .! R o u g hl y! 2?3! m g! of!f err o c e n e! w a s! a d d e d!t o!t h e! vi al!

( a s!i nt er n al! st a n d ar d!f or! q u a ntifi c ati o n).! T h e!r e a cti o n! mi xt ur e! w a s!tr a n sf err e d!t o! a n! N M R! t u b e!

a n d! al k e n e!( 0. 1 0 2 !m m ol,! 2 0! e q ui v.)! a d d e d! dir e ctl y! b y! c ali br at e d! pi p ett e.! T h e!r e a cti o n s! w er e!

h e at e d!t o! 5 0!° C!i n! a n! oil! b at h.! T h e! m aj or! pr o d u ct s! w er e! c o nfir m e d! b y! s pi ki n g! pr o d u ct! mi xt ur e s!

wit h! g e n ui n e! s a m pl e .!I n!t h e! c a s e s! w h er e!t hi s! w a s! n ot! p o s si bl e,! a ssi g n m e nt! of! st er e o c h e mi str y!

w a s! m a d e! b a s e d! o n! c o m p ari s o n!t o! pr e vi o u sl y! r e p ort e d! c h e mi c al! s hift s! a n d/ or! ol efi ni c! 3 J H – H!

v al u e s .!!

T h e! yi el d s ! w er e ! c al c ul at e d! fr o m! 1 H!  N M R! s p e ctr o s c o p y! i n$ sit u.! F or! e a c h! s u b str at e ,! th e!

s ali e nt ! s hift s! a n d! c o u pli n g! c o n st a nt s! ar e! li st e d! b el o w! t hi s! p ar a gr a p h. ! B ef or e! t h e! t u b e!  w a s!

h e at e d!t o! 5 0! ° C,!t h e! al k e n e! s u b str at e! w a s!i nt e gr at e d! o v er!t h e! m o st!i s ol at e d! si g n al!i n!t h e! 1 H!

N M R! s p e ctr u m.! T hi s! st arti n g! m at eri al!r e s o n a n c e! w a s! al s o! c h o s e n! o n!t h e! b a si s!t h at! a! p e a k!i n!

a! si mil ar!r e gi o n! w o ul d! b e !i nt e gr at e d!f or!t h e! m aj or! pr o d u ct!yi el di!(i n! s o m e! c a s e s)! al k e n e!r e gi o n!

p e a k s! d i d! n ot! gi v e! i nt e gr ati o n! v al u e s! c o n si st e nt!  wit h! al k yl! r e gi o n! p e a k s.! W hil st! t a ki n g! t hi s!

eff e cti v e!“t! =! 0”!ti m e ?p oi nt,!it! w a s! n oti c e d!t h at! s o m e!r e a cti o n s! w er e! willi n g!t o! o p er at e! at! r o o m!

t e m p er at ur e.! T h e s e!r e a cti o n s! ar e! m ar k e d!i n!T a bl e! 4. 1 .!

$

Or g a ni c$ c o m p o u n d $( *$ =$ n ot$ c o nfir m e d$ wit h$ g e n ui n e$ s a m pl e):$

$ ! p e a k$ i nt e gr at e d$ f or$ yi el d$ [p p m ,$ b e n z e n e 9d 6 ],$ r efer e n c e$ of$ lit er at ur e$ r e p ort$ u s e d $ f or$

c o nfir m ati o n $(b y$ $$ (i n$b e n z e n e 9d 6 ,$or $3 J tr a n s/ ci s!i n$t h e$ c a s e$ of$ a$ diff er e nt$ s ol v e nt).$

$

All yl b e n z e n e:# $ $3. 1 7!( d,! 2 H, !3 J H ?H! =! 6. 7! H z,! C H 2 )!

(E )?1 ?P h e n yl pr o p ?1 ?e n e:! $ !1. 6 4 !( dd ,!3 H, !J H ?H! =! 6. 6,! 1. 7 !H z,! C H 3 )
5 4 !



!
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(Z )?1 ?P h e n yl pr o p ?1 ?e n e * :!$ !1. 7 0 !( dd ,! 3 H,!J H ?H! =! 7 .2 ,! 1.9 !H z,! C H 3 )
5 5 !!

1 ?P h e n yl pr o p a n e * :!$ !0. 8 3! (t,! 3 H, !3 J H ?H! =! 7. 4 !H z,! C H 3 ),! or! ot h er wi s e:!$ !2. 4 3! (t,! 3 H, !3 J H ?H! =! 7. 4!

H z,! C H 2 )
5 6 !

!

4 @All yl a ni s ol e: !$ $3. 1 8 !( d,! 2 H,!3 J H ?H! =! 6. 6 !H z,! C H 2 )!

Tr a n s ?a n et h ol e:! $ $1. 7 0 !( d,!3 H, !J H ?H! =! 6. 7,! 1. 7 !H z,! C H 3 ),!6. 3 2 !(d q ,! 1 H!J H ?H !=! 1 5. 8 ,! 1. 7!H z) !

Ci s ?a n et h ol e * :!$ $1. 7 7 !( d,!3 H, !J H ?H! = !7. 2,! 1. 9 !H z,! C H 3 )
5 7 !

4 ?P r o p yla ni s ol e *:! $ $0. 8 6 !(t,! 3 H,!3 J H ?H! =! 7. 3 !H z,! C H 3 )
5 8 !!

!

1 @A ll yl@4 @(t rifl u o r o m et h yl)b e n z e n e: !$ $2. 9 8 !( d,! 2 H,!3 J H ?H! =! 6. 7! H z,! C H 2 )!

(E )?1 ?( Pr o p?1 ?e n yl) ?4 ?(trifl u or o m et h yl) b e n z e n e* :!$ $1. 5 7 !( dd ,! 3 H,!3 J H ?H! =! !6. 6,! 1. 5 !H z ,! C H3 ),!6. 0 7!

(3 J tr a n s!=! 1 5. 9! H z,! 4 J H – H! = !1. 8! H z,! Ar – C H = )!

(E )?1 ?( Pr o p?1 ?e n yl) ?4 ?(trifl u or o m et h yl) b e n z e n e* :!$ $1. 5 4 !(m ,! 3 H,!1. 9 !H z,! C H 3 ),!r e s o n a n c e! n ot!

cl e ar!f or! 3 J ci s .!

1 ?Pr o p yl ?4 ?(trifl u or o m et h yl) b e n z e n e *:!$ $0. 7 3 !(t,! 3 H,!3 J H ?H! =! 7. 3 !H z,! C H 3 ).!

R ati o s! t e nt ati v e! b e c a u s e! of! p e a k! o v erl a p s.! I n! a n!
1 9

F!  N M R! of! t h e! 1 ?All yl ?4 ?(trifl u or o m et h yl) b e n z e n e! e x p eri m e nt,! t h e!

si g n al!f or![
Di p p

B DI M g( µ ?F)] 2! i s!c oll e ct e d,! s u g g e sti n g! a cti v ati o n! of! a! C – F! b o n d! b y! a! m et al! c o m pl e x. !

All ylt ri m et h yl sil a n e :!$ $?0. 0 3 !( s,! 9 H,!Si( C H 3 )3 )!

(E )?tri m et h yl( pr o p?1 ?e n ?1 ?yl) sil a n e * :!$ $0. 0 9 !( s,! 9 H,!Si( C H 3 )3 ),
5 9 !!!

5. 6 8! (d q ,! 1 H,!3 J tr a n s!=! 1 8. 4 !H z,! 4 J H – H! = !1. 7! H z ,! CH C H M e ),5 9 !1. 6 6!( d d,! 3 H,! 4 J H – H! =! 1. 7! H z,! C H C H 3 )!!

(Z )?tri m et h yl( pr o p?1 ?e n ?1 ?yl) sil a n e * :!$ $0. 1 5 !( s,! 9 H,!Si( C H 3 )3 ),
5 9 !

5. 5 9! (d q ,! 1 H,!3 J ci s !=! 1 4. 0! H z,! 4 J H – H! = !1. 5 !H z ,! CH C H M e ),! 1. 6 6!( d d,! 3 H,!4 J H – H! =! 1. 5! H z ,! C H CH 3 )!!!

Tri m et h yl pr o p yl sil a n e * :!$ $90. 0 1 !( s,! 9 H,!Si( C H 3 )3 ),! 0.8 6 !(t,! 3 H,!3 J H ?H! =! 6. 0 !H z,! C H 2 C H 3 )!

!

(E )@h e x @1 @e n e :!$ $1 .9 5 !(q ,! 2 H,!3 J H ?H! =! 6. 9 !H z,! C H 2 )!

(E )?h e x ?2 ?e n e :$$ $1. 5 9 !( d,! 3 H,!3 J H ?H! =! 4. 0 !H z,! C H 3 )!!

(Z )?h e x ?2 ?e n e :$$ $1. 5 3 !( d,! 3 H,!3 J H ?H! =! 5. 7 !H z,! C H 3 )!

(E )?h e x ?3 ?e n e :!$ $0. 9 4 !(t,!6 H, !3 J H ?H! =! 7. 4 !H z,! 2{ C H 3 })!

Yi el d! e sti m at e d !fr o m:! t ot al! i nt e gr ati o n! of! t h e! u pfi el d!  C H3
!
tri pl et s! f or! all !pr o d u ct s!  mi n u s! t h e! i nt e gr ati o n! of! t h e! d o w nfi el d! vi n yli c!

m et h yl! p e a k s! of!t h e! al k e n e! pr o d u ct s,!l e a vi n g! a! v al u e!f or! ∫(?C H 3 )2 !i n! h e x a n e!a n d!( E )?h e x ?3 ?e n e ,! w hi c h! w a s! h al v e d! a n d!r e c o m bi n e d!

wit h!t h e!i nt e gr ati o n! of!t h e! vi n yli c! m et h yl s. !

!

4, 4 @Di m et h yl @p e nt @1 @e n e: !$ $0. 8 5!( s,! 9 H, !C q ( C H3 )3 )!

(E )?4, 4 ?Di m et h yl ?p e nt ?2 ?e n e *:! $ $1. 6 0!( d d,! 3 H,! 4 J H – H! =! 6. 3,! 1. 5! H z,! C H C H 3 ),!!

5. 4 7!( m ,! 1 H,!3 J tr a n s!=! 1 5. 2! H z )! 5. 3 2!(m, !1 H, !4 J H – H! =! 6. 3,! C H C H 3 )!

(Z )?4, 4 ?Di m et h yl ?p e nt ?2 ?e n e *:! n o$ p e a k s$ cl e arl y$ a s si g n a bl e !



!
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4, 4 ?Di m et h yl p e nt a n e *:! $ $0. 8 5 – 0. 8 8 !( m,!3 H, !C H 3 )!

L o w C a t a l y s t L o a d i n g E x p e r i m e n t s  ( f o r T a b l e 4. 3 )  

E x p eri m e nt s!  w er e! c ar ri e d! o ut! a c c or di n g! t o! t h e! g e n er al!  N M R! s c al e! r e a cti o n! pr o c e d ur e,!

h o w e v er,!  w hil st! t h e!  milli m ol e s! of! c at al y st!  w a s! k e pt! t h e! s a m e! a s! i n! t h e! 5!  m ol %! l o a di n g!

e x p eri m e nt s,! gr e at er! q u a ntiti e s! of!t er mi n al! al k e n e! w er e! u s e d!i n! 0. 6! m L! of! b e n z e n e ?d 6 :! 0. 4 9 5!

m m ol!f or! 1! m ol %!r e a cti o n s,! 0. 9 8 4! m m ol!f or!t h e! 0. 5! m ol %!r e a cti o n s. !

 

R e s u l t s o f C a t a l y s i s w i t h 5 m o l % Z r • Z r   

T a bl e 4. 4. # R e s ult s!f or!t er mi n al! al k e n e!i s o m eri s ati o n! e x p eri m e nt s! u si n g! 5! m ol %! of! Z r• Z r ,! n ot!

i n cl u d e d!i n!t h e! R e s ult s! s e cti o n.!!

!

!  

R = Ar O M e 4 9 0 2 6: 1

ti m e
( h)

E: Zs u b st r at e
c o m bi n e d
yi el d ( %)

9: 1

al k e n e
: al k a n e

b e n z e n e- d 6
5 0 ° C

Zr• Zr  ( 5 m ol %)

b R e a cti o n r u n at 2 5 ° C .

R = Si M e 3 1 5 6 5 3 3: 2 3 5: 1

R = Ar 2 4 7 0 2 0: 1 1 2: 1

R R

a

C F 3
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C o m p e t i t i o n E x p e r i m e n t  ( G r a p h 4. 2 )  

T h e! g e n er al! c at al yti c! pr o c e d ur e!  w a s! f oll o w e d,!  wit h! 2 0! e q ui v.! of! e a c h! al k e n e! s u b str at e!

a d d e d!t o!t h e! c at al y st! s ol uti o n.! A n!i niti al!r o o m!t e m p er at ur e! N M R! s h o w e d!t h at!t h er e! w a s! sli g htl y!

m or e! all yl b e n z e n e!t h a n! h e x ?1 ?e n e!i n!t h e! st arti n g! mi xt ur e.! A s s u mi n g! p erf e ct! a d diti o n! of!t h e!

l e s s! v ol atil e! all yl b e n z e n e,! a! c orr e cti o n! w a s! m a d e! b ef or e! st arti n g!t h e!r e a cti o n.! A!f urt h er! 2. 7!µ L!

of! h e x ?2 ?e n e!  w a s! a d d e d,! a n d! t h e!  N M R! s h o w e d! v er y! g o o d! p arit y! b et w e e n! t h e! r el ati v e!

c o n c e ntr ati o n s! of!t h e!t w o! s u b str at e s.! T h e! yi el d s! w er e! m e a s ur e d!( a s! b e st! a s! p o s si bl e)! u si n g!

i nt e gr ati o n! o v er! t h e! r e gi o n s! ill u str at e d! i n! Fi g ur e! 4. 8 .!  T h e! q u a ntit y! of! h e x a n e! c a n n ot! b e!

c al c ul at e d! b e c a u s e! of!tr a c e! h e x a n e!i n!t h e! c at al y st! s a m pl e. !

!

Fi g u r e 4. 8. # T h e !
1
H! N M R! s p e ctr u m !( b e n z e n e?d 6 )!b et w e e n! 0. 6 0 – 2. 1 0! p p m! aft er! 2 3! h! of!t h e!

c o m p etiti o n! e x p eri m e nt! at! 5 0! ° C .!

!  

0 .6 50 .7 50 .8 50 .9 51 .0 51 .1 51 .2 51 .3 51 .4 51 .5 51 .6 51 .7 51 .8 51 .9 52 .0 5
p p m

5
2
.8

3

2
2
6
.1

7

1
3
.3

5 1
5
3
.8

4

0
.5

2

1
5
4
.0

3

2
2
6
.4

2

1
3
.3

5

6
8
.2

1

2
4
.5

0

3
.2

1
-0

.0
2

Z -1 -p h e nyl pr o p -1 -e n e

E -1 -p h e nyl pr o p -1 -e n e

E -h ex -2 -e n e

Z -h ex -2 -e n e

E -h ex -3 -e n e

D M g• Z r
D M g• Z r

h e x a n e p h e n yl pr o p a n e
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A l l y l b e n z e n e I s o m e r i s a t i o n C a t a l y s e d b y a [ C p 2 Z r C l 2 ]  a n d [ D i p p B D I M g ( µµ -H ) ] 2  

m i x t u r e  

Wit h!t h e! ai m! of !f or mi n g!t h e! c at al y st!i n$ sit u,!5! m ol %![ C p 2 Zr Cl 2 ]! a n d! 7. 5! m ol %![Di p p B DI M g( µ ?

H) ]2 !w er e !u s e d !– !i. e.!a! 1: 3!r ati o! of! c hl ori d e: h y dri d e!i n! or d er!t o! all o w!f or! c o m pl et e! c o n v er si o n!

t o#D M g• Z r .!A! 0. 5! m L! b e n z e n e ?d 6 !s ol uti o n! of! 1 3. 6! m g! of! D 2 2 #( 1. 5! e q ui v.,! 0. 0 3 1! m m ol)!w a s! m a d e!

i n! a! 4! m L! s ci ntill ati o n! vi al.! Th e! s ol uti o n !w a s !tr a n sf err e d!t o! a n! N M R!tu b e .!F err o c e n e! wit h!( 2 – 3!

m g)! w a s! a d d e d! b y! s p at ul a .! T h e! yi el d! c al c ul ati o n! w a s! c ali br at e d! b y! m e a s ur e m e nt! of! a!1 H! N M R!

s p e ctr u m! at! t hi s! p oi nt.!  B a c k! i n si d e! t h e! gl o v e b o x,! t h e!  N M R! t u b e!  w a s! r e ?o p e n e d! a n d! t h e!

r e m ai ni n g!r e a ct a nt s! a d d e d:! 3! m g![ C p 2 Zr Cl 2 ]!( 1! e q ui v.,! 0.0 1 0! m m ol)! a n d! 2 7. 1! m L! all yl b e n z e n e!

( 2 0! e q ui v.,! 0. 0 2 1 !m m ol )!w er e! a d d e d!i n! q ui c k! s u c c e s si o n.! T h e!f or m er! w a s! dr o p p e d!i nt o!t h e!

t u b e! b y! s p at ul a,! a n d!t h e!l att er! w a s! a d d e d! b y! m e c h a ni c al! pi p ett e.! T h e!t u b e! w a s! s e al e d! a n d!

h e at e d! at! 5 0! ° C. !!

!

S c h e m e 4. 9. # All yl b e n z e n e! is o m eri s ati o n! c at al y s e d! b y! a! [ C p2 Zr Cl 2 ]!a n d! [
Di p p

B DI M g( µ ?H)] 2 !mi xt ur e !

T h e! mi xt ur e! w a s! eff e cti v e!f or!t h e!i s o m eri s ati o n! of! all yl b e n z e n e!( 9 5 %! yi el d! of! al k e n e s,! 2 0: 1!

{E :Z })!i n! 4! h! at! 5 0!° C.! H o w e v er,!t hi s!r e a cti o n! di d! n ot! di s pl a y!1 H! N M R! si g n al s!f or! D M g• Z r !at! a n y!

p oi nt! d ur i n g!t h e!i s o m eri s ati o n! of! all yl b e n z e n e.! T h e! yi el d!f or!t hi s! e x p eri m e nt!i s! 2 0 %! gr e at er!

t h a n! wit h!t h e!D M g• Z r !pr e ?c at al y st!( T a bl e! 4. 1 ),! a n d!t h e! st er e o s el e cti vit y!i s! o nl y! h alf! a s! g o o d.!!

A l l y l b e n z e n e I s o m e r i s a t i o n C a t a l y s e d b y a M g -a l k y l  a n d Z r • Z r  M i x t u r e   

!

S c h e m e 4. 1 0. # All yl b e n z e n e!i s o m eri s ati o n! c at al y s e d! b y! a! [
Di p p

B DI M g( µ ?H)] 2 !a n d! Z r• Z r !mi xt ur e. !

Cl

Cl

Zr

5 0 ° C, 4 h
b e n z e n e- d 6

P h

1 0 0 m ol %

M g
N

N

Di p p

Di p p

H

2

+

5 m ol % 7. 5 m ol %

P h+

9 5 %
E :Z  2 0: 1

P h+

5 0 ° C, 4 h
b e n z e n e- d 6

P h

1 0 0 m ol %

M g
N

N

Di p p

Di p p

H

2

5 m ol %

P h

+

P h

M g
N

N

Di p p

Di p p 2

P h

5 m ol %

P h+

9 0 m ol %

a)

b) P h

9 0 m ol %

5 0 ° C, 4 h
b e n z e n e- d 6

Z r • Z r

M g
N

N

Di p p

Di p p 2

P h D M g • Z r

+

5 %

< 5 %

5 %

9 0 %

M g
N

N

Di p p

Di p p 2

P h

5 m ol %

+
2. 5 m ol %
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A !st arti n g! s ol uti o n! of! D 2 2 !(5 .4 !m g,! 0. 0 0 6 !m m ol )!w a s! m a d e! of! 0. 5! m L! b e n z e n e ?d 6 !i n! a! 4! m L!

s ci ntill ati o n! vi al .!A ll yl b e n z e n e! (1 6. 1 !µ L ,! 0.1 2 2 !m m ol)! w a s! a d d e d !t o!t hi s! s ol uti o n! of!D 2 2 .!T h e!

l att er!d o e s! n ot!i n d e p e n d e ntl y! c at al y s e!t h e!i s o m eri s ati o n! of! all yl b e n z e n e !(S c h e m e! 4. 1 0 a) .!A ft er!

4! h! at! 5 0! ° C ,! all!D 2 2 !w a s! c o n s u m e di! 1! e q ui v.! of! al k e n e! h a d! b e e n !q u a ntit ati v el y !i n s ert e d!i nt o!

t h e! m ai n!gr o u p! h y dri d e! b o n d.! T hi s! w a s! c o nfir m e d! b y! c o m p ari s o n! of!t h e! N M R!t o! a! g e n ui n e!

s a m pl e! of! [Di p p B DI M g {µ ?( C H2 )3 P h }]2 !( s e cti o n!4. 6. 1 ).!!

T o! t h e! o p e n e d! J!  Y o u n g’ s! t u b e ! c o nt ai ni n g! t h e! pr o d u ct!  mi xt ur e! fr o m! S c h e m e! 4. 1 0 a ,! 0. 5!

e q ui v.! Z r• Z r# (2. 3! m g,! 0. 0 0 6 !m m ol )!w a s!t h e n! a d d e d! vi a !s p at ul a.! T h e!t u b e! w a s!r e s e al e d ,!a n d!

th e! pr o gr e s s! of! t h e! r e a cti o n! ( at! 5 0! ° C)!  m o nit or e d! b y! 1 H!  N M R. ! Yi el d s ! (S c h e m e! 4. 1 0 b )! ar e!

m e a s ur e d! fr o m! t h e! st arti n g! s ol uti o n! of! D 2 2 ! a n d! all yl b e n z e n e! ( b a s e d! o n! t h e! vi n yli c!  C H 2 !

r e s o n a n c e! of!t h e!l att er! at! 3. 1 8! p p m).!T h e! ( Z )?i so m er! yi el d! w a s!i n d et er mi n a bl e! d u e!t o! p e a k!

o v erl a pi!r el ati v e! p e a k! hi g ht s! all o w e d! e sti m ati o n! of!t h e! E :Z !r ati o! a s! 2 0: 1.!!

4. 6. 3. 2 # M e c h a ni s ti c C o n t r ol s  

R e a c t i o n s o f D M g • Z r  w i t h a l k e n e s a n d a l k y n e s  

D M g• Z r #(1 0 !m g ,!0. 0 1 5 !m m ol) !w a s! di s s ol v e d! in! b e n z e n e ?d 6 !( 0. 5! m L).! Aft er!t a ki n g! a!1 H! N M R!

s p e ctr u m ,! 0. 1 8 4!  m m ol! ( 6. 5! e q ui v.)! of! t h e! h y dr o c ar b o n! s u b str at e ! ( m et h yl e n e c y cl o h e x a n e,!

di p h e n yl a c et yl e n e,! 4, 4 ?di m et h yl p e nt ?2 ?y n e) ! w a s ! a d d e d! b y! c ali br at e d! pi p ett e.!  A! 1 H!  N M R!

s p e ctr u m!  w a s!  m e a s ur e d! a s! q ui c kl y! a s! p o s si bl e! aft er!  mi xi n g! of! t h e! r ea ct a nt s. ! T h e! r e a cti o n !

mi xt ur e s! w er e! h e at e d! at! 5 0! ° C! a n d!t h e n! 8 0! ° C!f or! o v er! 4! h.! N o!r e a cti o n! w a s! s e e n. !!

!

S c h e m e 4. 1 1. # F ail e d!r e a cti o n! b et w e e n! di p h e n yl a c et yl e n e! a n d!
D
M g• Z r .!

I n!t h e! c a s e! of!t h e! m et h yl e n e c y cl o h e x a n e! s u b str at e,!t h e! r e a cti o n! w a s! r e p e at e d!i n! 0. 5! m L!

t ol u e n e?d 8! a n d! v ari a bl e! t e m p er at ur e! 1 H!  N M R! s p e ctr a!  w er e! t a k e n! at! – 3 0! ° C! a n d!  + 5 0! ° C! t o!

c h e c k! f or! a n! e q uili bri u m! b et w e e n! st arti n g!  m at eri al s! a n d! i n s erti o n! pr o d u ct s! at! t h e s e!

t e m p er at ur e s.2 0 !N o! s u c h! c h a n g e! n or! a n y! ot h er! c h a n g e! w a s! o b s er v e d!i n!t h e! s p e ctr u m,! a si d e!

fr o m!t h e! k n o w n! V T! N M R! p h e n o m e n a!( C h a pt er! 2).!

R e a c t i o n o f M g -a l k y l s w i t h Z r • Z r  

T h e!r el e v a nt![ Di p p B DI M g R] 2 !c o m pl e x !(1 0! m g ,!R! = !{( C H2 )2 P h },!n/ s B u,!{ C H 2 Si M e 3 })!w a s !di s s ol v e d!

i n!b e n z e n e ?d 6 !( 0. 5! m L).!F err o c e n e!( 2 – 3! m g)! w a s! al s o! a d d e d.! Aft er!t a ki n g! a! 1 H! N M R! s p e ctr u m!

1 !e q ui v.! of! Z r• Z r !w a s! a d d e di!t h e! d e sir e d! a m o u nt,! w a s! w ei g h e d!i nt o! a! 4! m L! s ci ntill ati o n! vi al!

e x c e s s
P hP h

8 0 ° C, 2 4 h

M g
H N

NH

Di p p

Di p p

Zr

P h

H
P h

M g
H N

N
H

H

Di p p

Di p p

Zr
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a n d!t h e! r e a cti o n! mi xt ur e! p o ur e d! o n!t o!t h e! s oli d.! T h e! mi xt ur e! w a s! r et ur n e d!t o!t h e! J! Y o u n g’ s!

N M R!t u b e,! s e al e d,! a n d!i m m e di at el y! s u bj e ct e d!t o! h e ati n g! at! 5 0!° C.! H y dr o c ar b o n! pr o d u ct! yi el d s!

a n d!r ati o s! s e e m e d!t o! st a bili s e! aft er!r o u g hl y! 4! h!i n! e a c h! c a s e. !T o! ai d! a s si g n m e nt! of! pr o d u ct s,!

a! v a c u u m! tr a n sf er!  w or k ?u p!  w a s! c arri e d! o ut! o n! t h e! pr o d u ct!  mi xt ur e s! of! t h e!

[Di p p B DI M g {( C H2 )2 P h }]2 ! a n d ! [
Di p p B DI M g (n/ s B u )]2! e x p eri m e nt s.!  T h e! a s si g n m e nt s! of! r e d u cti v e!

eli mi n ati o n! pr o d u ct s!  w er e!  m a d e! b a s e d! u p o n! pr e vi o u s! r e p ort s! ( vi d e$ s u pr a ).!  T h e! " ?h y dri d e!

eli mi n ati o n! pr o d u ct! (E )?b ut ?2 ?e n e! – !si g n al s! at! $ !1. 5 7! a n d! 5. 4 7! p p m! – !w a s! n ot! o b s er v e d. 6 0  I n!

t h e! i n st a n c e! of! [Di p p B DI M g C H 2 Si M e 3 ]2! ! t h e! b y?pr o d u ct s! ( M e 3 Si) 4 C! a n d! [ C p 2 Zr( C H 2 Si M e 3 )2 ]!

w er e! c o nfir m e d! a g ai n st! w or k! b y! M ul v e y! a n d! Kl ett! et$ al. 6 1 !a n d! M eij b o o m 1 9 !r e s p e cti v el y.!

!

!

!

!

!

Fi g u r e 4. 9. # St a c k! pl ot! of!
1
H! N M R! d at a!f or!t h e!r e a cti o n! of![

Di p p
B DI M g {µ ?( C H2 )2 P h }]2 !wit h! Z r •Z r ,!

al s o! s h o wi n g!(t o p)!t h e! s e p ar ati o n!t h e! pr o d u ct! mi xt ur e! b y! v a c u u m!tr a n sf er !( b e n z e n e?d 6 ).!!
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!

Fi g u r e 4. 1 0. # St a c k! pl ot! of!
1
H! N M R! d at a!f or!t h e!r e a cti o n! of![

Di p p
B DI M g( µ ?

n/ s
B u) 2 ]!wit h! Z r •Z r ,! al s o!

s h o wi n g!(t o p)!t h e! s e p ar ati o n!t h e! pr o d u ct! mi xt ur e! b y! v a c u u m!tr a n sf er !( b e n z e n e?d 6 ).!!

!

Fi g u r e 4. 1 1. # St a c k! pl ot! of!
1
H! N M R! d at a!f or!t h e!r e a cti o n! of![

Di p p
B DI M g (µ ?C H 2 Si M e 3 )]2 !wit h! Z r •Z r .!
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I n s i t u  g e n e r a t i o n o f [ C p 2 Z r ( ## 1 -C H 2 C y ) C l ]  

I n! a! gl o v e b o x,! S c h w art z’! r e a g e nt! ( 3 1 ! m g,! 0. 1 1 3 ! m m ol,! 1! e q ui v.)!  w a s! sl urri e d! i n! 0. 5!  m L!

b e n z e n e ?d 6 .! T he! sl urr y! w a s!r e m o v e d!fr o m!t h e! 4! m L! s ci ntill ati o n! vi al! a n d! gi v e n!t o! a! J! Y o u n g’ s!

N M R!t u b e! vi a$ pi p ett e.! M et h yl e n e c y cl o h e x a n e!( 1 4! µ L,! 0. 1 1 3 !m m ol.,! 1! e q ui v.)! w a s! a d d e d!t o!t h e!

N M R!t u b e! b y! c ali br at e d! pi p ett e,! a n d!t h e!r e a cti o n! mi xt ur e! w a s!l eft! at!r o o m!t e m p er at ur e. !T h e!

1 H!  N M R! r e s o n a n c e s! of! [ C p 2 Zr( # 1 ?C H 2 C y ) Cl]! w er e! i d e ntifi a bl e! i n! a! s p e ctr u m! t a k e n! aft er! 9 0!

mi n s, 2 0 !a n d!t h e! a p p e ar a n c e! of!t h e! s p e ctr u m! di d! n ot! c h a n g e! o v er! a! w e e k! at!r o o m!t e m p er at ur e. !

M et h yl e n e c y cl o h e x a n e! ( b o u g ht,! dri e d! a n d! fr e e z e?p u m p ?t h a w e d)! c o nt ai n e d! c a. ! 5 %! 1 ?

m et h yl c y cl o h e x a n e!( Fi g ur e! 4. 1 2 !a n d! Fi g ur e! 4. 1 3 ).!!

!

S c h e m e 4. 1 2. # S y nt h e si s! of! [ C p2 Zr( # 1
?C H 2 C y) Cl] !fr o m! S c h w art z’!r e a g e nt.!

R e a c t i o n o f [ C p 2 Z r ( ## 1 -C H 2 C y ) C l ] w i t h D 2 2   

T h e ! N M R! t u b e! c o nt ai ni n g ! fr e s hl y! pr e p are d! [ C p2 Zr( # 1 ?C H 2 C y) Cl] # (S c h e m e! 4. 1 2 )! w a s!

r et ur n e d! t o! t h e! gl o v e b o x! a n d! e m pti e d! i nt o! a! 2 0!  m L! s ci ntill ati o n! vi al! a n d! a! f urt h er! 0. 5!  m L!

b e n z e n e ?d 6 !w a s! a d d e d!t o!t h e!r e a cti o n! s ol uti o n,! w hi c h! w a s! cl e ar! a n d! a! p al e! y ell o w! c ol o ur.! A!

0. 5!  m L! ali q u ot! of! t h e! r e a cti o n!  mi xt ur e!  w a s! t h e n! r e m o v e d! a n d! a d d e d! t o! a! s ci ntill ati o n! vi al!

c o nt ai ni n g! 5 0! m g!( 0. 1 1 4! m m ol,! 1! e q ui v.)! of! D 2 2# a n d! 0. 5! m L! of! b e n z e n e ?d 6 .! N ot! all!D 2 2# c o ul d! b e!

di s s ol v e d.! T hi s!r e a cti o n! mi xt ur e! w a s!t h e n! h al v e di! 0. 5! m L! w a s! a d d e d!t o! a! J! Y o u n g’ s! N M R!t u b e!

vi a !c ali br at e d! pi p ett e.! !

!

S c h e m e 4. 1 3. # R e a cti o n! of! [ C p2 Zr( # 1
?C H 2 C y) Cl]! wit h!

D
2 2 .!

T h e!r e a cti o n! of! Zr!r e a g e nt! wit h! M g! h y dri d e! w a s!f oll o w e d! b y! 1 H! N M R! at!r o o m!t e m p er at ur e!

(t o p!t w o! s p e ctr a!i n! Fi g ur e! 4 . 1 2!a n d! Fi g ur e! 4. 1 3 ).! B ot h!t h e! mi xt ur e!i n!t h e! N M R!t u b e! a n d!t h e!

r e m ai ni n g!  mi xt ur e! i n! t h e! s ci ntill ati o n! vi al! d e v el o p e d! a! br o w n ?bl a c k! h u e! a c c o m p a ni e d! b y!

w hit e/ br o w n! s e di m e nt.! T h e! ori gi n al! s ol uti o n! of![ C p 2 Zr( # 1 ?C H 2 { c y cl o h e x yl}) Cl]#r e m ai n e d! a! p al e!

y ell o w! s ol uti o n.! Aft er! 1! m o nt h,!t hi s! l att er!s ol uti o n! h a d!f o st er e d! cr y st al! gr o wt h,!f or! w hi c h! a! si n gl e!

Cl

Zr

Cl

H

Zr +

2 5 ° C, 2 h
b e n z e n e- d 6

Cl

Zr 2 5 ° C, 2 h
b e n z e n e- d 6

M g
N

N

Di p p

Di p p

H

2

+

0. 5 e q ui v.

+ M g
H N

N

Di p p

Di p p

Zr
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cr y st al! X ?r a y! diffr a cti o n! e x p eri m e nt! w a s!r u n.! U nf ort u n at el y,!t h e! str u ct ur e!r e s ol v e d! w a s!t h at! of!

[{ C p2 Zr Cl} 2 O]!( s e e! Fi g ur e! 4. 1 8 )! o wi n g!t o! d e co m p o siti o n. !

!

Fi g u r e 4. 1 2. # St a c k! pl ot! of! s el e ct e d!
1
H! N M R! d at a!f or!t h e!r e a cti o n! of![ C p 2 Zr( # 1

?

C H 2 { c y cl o h e x yl}) Cl]#wit h!
D
2 2 #at!r o o m!t e m p er at ur e.! Pr e c e di n g! s p e ctr a!r e m ai n! s u p eri m p o s e d! a s!

c ol o ur e d!tr a c e s! u n d er n e at h .$$

!

Fi g u r e 4. 1 3. # E x p a n d e d! al k yl!r e gi o n! st a c k! pl ot! of! s el e ct e d!
1
H! N M R! d a t a!f or!t h e!r e a cti o n! of!

[ C p2 Zr( # 1
?C H 2 { c y cl o h e x yl}) Cl]#wit h!

D
2 2 #at!r o o m!t e m p er at ur e.! Pr e c e di n g! s p e ctr a!r e m ai n!

s u p eri m p o s e d! a s! c ol o ur e d!tr a c e s! u n d er n e at h.! !
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M et hyl e n ec y cl o h ex a n e
1 -m et hyl -c y cl o h ex -1 -e n e

M et hyl e n ec y cl o h ex a n e + [ C p 2 Zr( H) Cl] n ," 2" d
2 5" ° C

b e n z e n e ,d 6

m et hyl c y cl o h ex a n e

Cl
Zr

*

*

*

*

*
*

*" = C p 2 F e

C p 2 F e

C p 2 F e

M et hyl c y cl o h ex a n e : ! 0. 8 7"( d," J" =" 6. 6" H z," C H 3

1" h" 3 0" mi n s
2 5" ° C

*

6 6" h" 2 5" ° C
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R e a c t i o n s o f M g I  d i m e r s w i t h [ C p 2 Z r ( C l ) H ]  

T h e! s oli d! [{R B DI M g I}2 ]! ( R! =! Di p p,! 2 4! m g,! 0. 0 1 2! m m oli! R! =! M e s,!8. 3! m g,! 0. 0 2 7! m m ol) !

w a s! w ei g h e d!i nt o! a! 4! m L! s ci ntill ati o n! vi al.! T h e! s oli d! w a s! di s s ol v e d!i n! 0. 5! m L! of! b e n z e n e ?d 6 ,!

a n d!f err o c e n e! ( c a.! 2 – 3! m g)! w a s! a d d e d!t o!t h e! s ol uti o n! dir e ctl y! b y! s p at ul a.! T hi s! mi xt ur e! w a s!

tr a n sf err e d! i nt o! a! J!  Y o u n g’ s!  N M R! t u b e,! a n d! a! 1 H!  N M R ! s p e ctr u m! c oll e ct e d! f or! t h e! yi el d!

c al c ul ati o n! p ur p o s e s.!  T h e! t u b e!  w a s! r e o p e n e d! b a c k! i n si d e! t h e! gl o v e b o x,! a n d!  S c h w art z’!

r e a g e nt! ( 1! e q ui v.)! w a s! a d d e d! vi a !s p at ul a ,! a n d! r e s e al e d!f or!t h e! r e a cti o n!( s e e! Fi g ur e! 4. 2 !i n!

t h e! m ai n!t e xt,! a n d!Fi g ur e! 4. 1 4 !b el o w ).!!

!

!

!

!

!

F i g u r e 4. 1 4. #St a c k! pl ot! of! s el e ct e d!
1
H! N M R! d at a!f or!t h e!r e a cti o n! of![ C p 2 Zr( H) Cl] #wit h!

[
M e s

B DI M g] 2 #at!r o o m!t e m p er at ur e. !

!  
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P h o t o l y s i s o f D M g • Z r  

A! 0. 5! m L! b e n z e n e ?d 6 !s ol uti o n !of! 2 3! m g! of! D M g• Z r #(0. 0 3 5! m m ol )#w a s! pr e p a r e d!i n! a! 4! m L!

s ci ntill ati o n! vi al! b y! a d diti o n! of! t h e! s ol v e nt! t o! t h e! s oli d! c o m pl e x. ! F err o c e n e! ( c a.! 2 – 3! m g)!

w a s! a d d e d !t o!t h e! s ol uti o n! dir e ctl y! b y! s p at ul a.!T hi s! mi xt ur e! w a s!tr a n sf err e d!i nt o! a! J! Y o u n g’ s!

N M R!t u b e,! a n d! a! 1 H! N M R! s p e ctr u m! c oll e ct e d!f or!t h e! yi el d! c a l c ul ati o n! p ur p o s e s.!Aft er! 6! h! of!

p h ot ol y si s!( 4 0 0! W! – !Fi g ur e! 4. 1 5 )!th e!t u b e! w a s!r e o p e n e d! b a c k!i n si d e!t h e! gl o v e b o x, !a n d! P M e 3!

( 1 0! e q ui v.,! 3 6!µ L)! w a s! a d d e d! b y! m e c h a ni c al! pi p ett e .!

!

Fi g u r e 4. 1 5. # St a c k! pl ot! of! s el e ct e d! N M R! d at a!f or!t h e! p h ot ol y si s! of!
D
M g• Z r# at!r o o m!t e m p er at ur e.!

Tri m et h yl p h o s p hi n e! w a s! a d d e d! aft er! 6! h! of! p h ot ol y si s. !

P h o t o l y s i s o f D M g • Z r  i n t h e P r e s e n c e o f 3, 3 -d i m e t h y l -b u t -1 -e n e  a n d P M e 3  

P r ot e o be n z e n e! ( 0. 5!  m L)! w a s!  a d d e d! t o!  2 3!  m g!  of! D M g• Z r ! (0. 0 3 5!  m m ol )# i n! a! 4!  m L!

s ci ntill ati o n! vi al.! T hi s! mi xt ur e! w a s!tr a n sf err e d!i nt o! a! J! Y o u n g’ s! N M R!t u b e .! S u b s e q u e ntl y,!b ot h #

T B E!( 3, 3 ?di m et h yl ?b ut ?1 ?e n e,! 7. 5! e q ui v.,! 3 3 !µ L)! a n d! P M e 3 !( 1 0! e q ui v.,! 3 6 µL)! w er e! a d d e d!

u si n g! a! m e c h a ni c al! pi p ett e! b ef or e!t h e! N M R!t u b e! w a s! s e al e d! a n d!t h e! p h ot ol y si s! ( 4 0 0! W)!

c o m m e n c e d. ! Fi g ur e!  4. 1 6 ! s h o w s! 1 H!  a n d! 3 1 P! s p e ctr a! aft er ! t h e!  p h ot ol y si s.!  T h e! s p e ctr a!

s h o w n! w er e! m e a s ur e d! w h e n!t h e! p h ot ol y si s! w a s! st o p p e d! a n d!t h e! v ol atil e! s p e ci e s!r e m o v e d!

i n$ v a c u o!b ef or e!r e ?di s s ol vi n g!t h e!r e a cti o n! mi xt ur e!i n! b e n z e n e ?d 6 .!
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i n# b e n z e n e-d 6#

wit h# 1 0# e q ui v.# P M e 3

3 1 P# N M R#( 1 6 1. 9# M H z,# 2 5# ° C)

P M e 3

P M e 3,     
2 J =# 2. 5# H z

6# h ,#h ! 4 0 0# W#
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2 3# m g# D M g • Z r
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!

Fi g u r e 4. 1 6. # N M R! s p e ctr a! f or!t h e!c o n c e ntr at e! of!t h e!r e a cti o n! mi xt ur e !aft er !p h ot ol y si s! of!
D
M g• Z r#

at!r o o m!t e m p er at ur e!i n!t h e! pr e s e n c e! of! T B E! a n d! P M e 3 .!

4. 6. 3. 3 # K i n e t i c s o f Al k e n e I s o m e ri s a ti o n C a t al y si s  

T a bl e 4. 5. # A m o u nt s! u s e d!i n!t h e! ki n eti c! a n al y si s! of!t er mi n al! al k e n e!i s o m eri s ati o n! c at al y si s. !

!

A! st o c k! s ol uti o n! of! 4 1! m g! of! D M g• Z r# i n! 0. 6! m L! b e n z e n e?d 6 !w a s! m a d e! u p!i n! a! 2 0! m L! s ci ntill ati o n!

vi al.! P orti o n s! of!t h e! c at al y st! s ol uti o n!( s e e! T a bl e! 4. 5 )! w er e!t h e n! wit h dr a w n! b y! c ali br at e d! pi p ett e!

a n d! e a c h!i nj e ct e d!i nt o! a! s e p ar at e! J! Y o u n g’ s! N M R!t u b e.! A! s p at ul a!ti p! of!f err o c e n e! ( 2 – 3! m g)!

w a s! dr o p p e d!i nt o! e a c h!t u b e!t o! s er v e! a s!t h e! 1 H! N M R!i nt er n al! st a n d ar d.! T h e! s ol uti o n s! w er e!

dil u t e d!  wit h! b e n z e n e?d 6 .# T h e! a m o u nt s! of! b e n z e n e ?d 6 ! u s e d! ar e! c oll e ct e d! i n! T a bl e! 4. 5 .!  T h e!

t u b e s!  w er e! s e al e d! a n d! l eft! i n! t h e! gl o v e b o x! u ntil! t h e! d a y! of! t h e!  N M R! e x p eri m e nt,! o n!  w hi c h!
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P M e 3

P M e 3

2 0# h ,#h ! 4 0 0# W#
i n# b e n z e n e.
R e a cti o n# mi x.# c o n c e ntr at e
i n# 0. 5# m L# b e n z e n e8d 6

3 1 P# N M R#( 1 6 1. 9# M H z,# 2 5# ° C)

1 H# N M R

3, 3 -di m et hyl -b ut -1 -e n e
( T B E)

D M g • Z r
D M g • Z r

C p 2 Zr( P M e 3 )2

J" =# 1 2. 1# H z

J" =# 1. 4# H z

4 1 23 6

a d diti o n al

b e n z e n e- d 6  (µ L)
al k e n e
(µ L)

st o c k s ol n. 
t a k e n (µ L)

D M g • Z r

m ol %

6 1 25 4

8 1 27 2

1 0 1 28 6

6 1 4 a5 1

4 6 4

4 4 6

4 2 8

4 1 4

4 4 9

a al k e n e = all yltri m et h yl sil a n e
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o c c a si o n! n e at! al k e n e! w a s! a d d e d! b y! c ali br at e d! pi p ett e.! T h e! v ol u m e! of! e v er y!r e a cti o n! mi xt ur e!

w a s! 0. 6! µ L,! a n d!t h e! c o n c e ntr ati o n! of! al k e n e #w a s! 1 7 5! m M.! T h e!t u b e s! w er e!fr o z e n! at! – 7 9! ° C,!

a n d! a! d u m m y! al k e n e! s ol uti o n! w a s! u s e d!t o!f or!t h e! s hi m mi n g! of!t h e! 1 H! N M R! s p e ctr u m! b ef or e!

t h e! c at al y st?c o nt ai ni n g!t u b e! w a s!i n s ert e d!i nt o!t h e! m a c hi n e.! !

A! 5 0 0! M H z! m a c hi n e! w a s! u s e d!f or! all! ki n eti c! e x p eri m e nt s!t o! gi v e! a! cl e ar er! p e a k! s e p ar ati o n.!

T h e! 1 H! N M R! e x p eri m e nt s! w er e! r u n! wit h! 2 0! s c a n s! ( – 3 — 9! p p m)! p er! d at a! p oi nt,! wit h! a! d at a!

p oi nt! e v er y! 5! mi n ut e s.! F or! all yl b e n z e n e,! p arti al! p e a k! o v erl a p! a t!t h e! hi g h!t e m p er at ur e!( d u e!t o!

i n?pr o b e! m o nit ori n g),! m e a nt!t h at!t h e!i nt e gr al! r e gi o n s! e m pl o y e d!i n!t h e! r e g ul ar! c at al y si s! ( vi d e$

s u pr a )! c o ul d! n ot! b e! u s e d.! U s e! of!t h e! al k e n e! pr ot o n!r e s o n a n c e s!( b el o w)!l e d!t o! a! p h e n o m e n o n!

w h er e b y! t h e!  m aj or! pr o d u ct ! w a s! a p p ar e ntl y! pr o d u c e d! i n! a!  > 1 0 0 %! yi el d.! C h e c ki n g! a g ai n st!

r el ati v e!i nt e gr ati o n s! of!p arti all y! m e a s ur a bl e! C H 2 !a n d! C H 3 !r e s o n a n c e s!i n!t h e! st arti n g! m at eri al!

a n d! pr o d u ct! s h o w e d!t h at!t h e! i nfl at e d! yi el d!w a s! a n! art ef a ct! of! u si n g!t h e!i nt e gr al s! of!t h e! p e a k s!

i n!t h e! al k e n e!r e gi o n.!!

T h e! yi el d s!  w er e ! h e n c e ! r ec ali br at e d! m a n u all y:! t h e! al k e n e! p e a k! i nt e gr al! of! t h e! st arti n g!

m at eri al!i n!t h e!fir st!ti m e! p oi nt! w a s! s et! a s! 9 9 %! of!t h e! s u b str at e! m a s s !( all o wi n g!1 %! f or!t h e!tr a c e!

a m o u nt s! of! pr o d u ct! alr e a d y! vi si bl e! i n! t h e! s a m e! s p e ctr u m) .! T h e n,! u si n g ! t h e! ori gi n al! n o n ?

ki n eti c s! r e s ult s!i n !T a bl e! 4. 1 !w er e! u s e d!t o! n or m ali s e!t h e! ki n eti c s! d at a.! T h e !f ull! s e q u e n c e! of!

(E )?i s o m er! % yi el d! v al u e s! ( a s!  m e a s ur e d! fr o m! t h e! al k e n e! si g n al! i nt e gr al) ! w er e ! m a ni p ul at e d!

t o g et h er! u ntil!th e !% yi el d! v al u e! at!t h e!ti m e! p oi nt !r el e v a nt!t o!T a bl e! 4. 1 !m at c h e d. !!

!

All yl b e n z e n e :!$ $5. 7 7 – 5. 8 8!( m,! 1 H, !P h C H 2 – C H = C H 2 )!

(E )?1 ?P h e n yl pr o p ?1 ?e n e:! $ !5. 9 5 – 6. 0 4!( d q,! 1 H, !J H ?H! =! 1 5. 7,! 6. 6! H z,! C H C H 3 )
5 4 !

(Z )?1 ?P h e n yl pr o p ?1 ?e n e:! $ !5. 5 6 – 5. 6 4! ( d q,! 1 H,!J H ?H! =! 1 1. 1,! 7. 6! H z,! C H C H 3 )
5 5 !!

1 ?P h e n yl pr o p a n e:! $ !0. 8 0 – 0. 8 4!(t,! 3 H, !3 J H ?H! =! 7. 3! H z,! C H 3 )
5 6 !

#

All ylt ri m et h yl sil a n e :!$ $– 0. 0 3!( s,! 9 H, !Si( C H 3 )3 )!

(E )?tri m et h yl( pr o p?1 ?e n ?1 ?yl) sil a n e *:! $ $0. 0 9!( s,! 9 H, !Si( C H 3 )3 ),
5 9 !!!

(Z )?tri m et h yl( pr o p?1 ?e n ?1 ?yl) sil a n e *:! $ $0. 1 5!( s,! 9 H, !Si( C H 3 )3 ),
5 9 !!!

Tri m et h yl pr o p yl sil a n e *:! $ $– 0. 0 1!( s,! 9 H, !Si( C H 3 )3 ),! 0. 9 7!(t,! 3 H,!3 J H ?H! =! 7. 2! H z,! C H 3 )!

!

T h e!r e a cti o n! pr ofil e! of!t h e! 2! m ol %! l o a di n g! e x p eri m e nt!(Gr a p h! 4. 5 )! s h o w s!f ull! c o n s u m pti o n! of!

t h e! c at al y st! aft er! ar o u n d! 2 0 0! mi n.!Initi al! sl o w! all y lb e n z e n e!i s o m eri s ati o n! e v e nt u all y! st o p s! aft er!

2 9 0!  mi n,!  wit h! j u st! a! 1 5 %! yi el d! of! t h e! ( E )?al k e n e,! tr a c e! ( Z )?i s o m er,! a n d! 2 %! yi el d! of!

1 ?p h e n yl pr o p a n e.! Aft er!t hi s,!( E )?1 ?p h e n yl pr o p ?1 ?e n e! d e c a y s! sli g htl y,!f alli n g! sl o wl y!t o! 1 4 %! yi el d!

o v er!t h e! n e xt! 1 0! h o ur s.! B ef or e! c at al y st! d e at h,!t h e! d e c a y! of!t h e! st arti n g! m at eri al!i s! a p p ar e ntl y!



!

! 1 8 9 !

z er o ?or d er.! T h e! z er o ?or d er!r at e! c o n st a nt!f or!( E )?1 ?p h e n yl pr o p ?1 ?e n e! pr o d u cti o n!i n!t h e!fir st! 1 0 0!

mi n!i s! 0. 0 6 6  ± !0. 0 0 1! m M! mi n – 1 .!

!

G r a p h 4. 5. # R e a cti o n! pr ofil e! of!t h e! att e m pt e d!i s o m eri s ati o n! of! all yl b e n z e n e! b y! 2! m ol %!
D
M g• Z r ,!

a n d!i n s et,!t h e! c al c ul ati o n! of!t h e! z er o ?or d er!r at e! c o n st a nt!f or!t h e!fir st! 1 0 0! mi n! of!( E )?1 ?P h e n yl pr o p ?

1 ?e n e! pr o d u cti o n .!!

A ft er! 7 0! mi n!at! 6 0! ° C ,! d e c a y! of! all yltri m et h yl sil a n e! s ettl e s!o n! a! s e c o n d ?or d er!r at e! c o n st a nt!

of! 4. 7 9  ± !0. 0 2 !n M ?1 !mi n – 1 !i n!it s!i s o m eri s ati o n! b y! 6! m ol %!D M g• Z r #(Gr a p h! 4. 6 ).!!

!

G r a p h 4. 6. # C al c ul ati o n! of!t h e! s e c o n d ?or d er!r at e! c o n st a nt!f or!t h e! m ai n! d o m ai n! of!

all yltri m et h yl sil a n e! pr o d u cti o n,! b et w e e n! 7 0 – 9 5 5! mi n! at! 6 0! ° C. !

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

1 8 0

0 1 8 0 3 6 0 5 4 0 7 2 0 9 0 0

All yl B n& / m M

1 +M e +St yr& / m M

y = 0. 0 6 6 2x  + 2. 5 2 7 1

R ² = 0. 9 9 7 7 7

2

3

4

5

6

7

8

9

1 0

0 2 0 4 0 6 0 8 0 1 0 0

(E )-1 -p h e nyl pr o p -1 -e n e

all yl b e nz e n e

ti m e ( mi n)

co
nc

e
nt

r
at

io
n 

(
m

M)

y = ( 4. 7 9x 1 0-6 ) x + 0. 0 0 7 1

R ² = 0. 9 9 4 4 5

0. 0 0 7

0. 0 0 7 5

0. 0 0 8

0. 0 0 8 5

0. 0 0 9

0. 0 0 9 5

0. 0 1

0. 0 1 0 5

0. 0 11

0. 0 11 5

0. 0 1 2

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0

(
m

M-
1
)

ti m e ( mi n)

1 /[ all yltri m et hyl sil a n e] 



!

! 1 9 0 !

!

G r a p h 4. 7. # R e a cti o n! pr ofil e! of!t h e!i s o m eri s ati o n! of! all yl b e n z e n e! b y! 6! m ol %!
D
M g• Z r ,! aft er! 2 0! h!

h e ati n g! of!t h e! pr e ?c at al y st! at! 5 0! ° C! i n!s ol uti o n. !

!

!

!

!

4. 6. 4 (X -r a y C r y s t a l l o g r a p h y  

 [ D i p p B D I M g O ( C H 2 ) 3 P h ] 2  

C 7 6 H 1 0 4 M g 2 N 4 O 2 ,!M !=! 1 1 5 4. 2 5,! Ort h or h o m bi c,! P 2 1 2 1 2 1 ,!a !=! 1 3. 0 9 6 2 7( 7),! b !=! 2 2. 7 5 7 1 5( 1 1),!

c !=! 2 2. 7 9 1 9 3( 1 3)! Å,! ) !=! β !=! * !=! 9 0 °,! V !=! 6 7 9 2. 7 7( 6)! Å 3 ,!Z !=! 4,!  + c al c d !=! 1. 1 2 9! g! c m – 3 , µ (C u K ) )!

=! 0. 6 7 3! m m – 1 ,!T !=! 1 7 3! K,! c ol o url e s s! bl o c k s,! A gil e nt! X c ali b ur! P X! Ultr a! A,! 1. 5 4 1 8 4! Å i! 1 3 3 2 7!

i n d e p e n d e nt! m e a s ur e d!r efl e cti o n s!(R i nt!=! 0. 0 2 2 2) ,!F 2 !r efi n e m e nt,!R 1 ( o b s)! =! 0. 0 2 9 4,!w R 2 ( all)! =!

0. 0 7 7 6,! 1 3 3 2 7 !i n d e p e n d e nt! o b s er v e d! a b s or pti o n?c orr e ct e d!r efl e cti o n s! [|F o |! >! 4, (|F o |),! 2- m a x !=! !

=! 5 7 °],! 7 7 7 !p ar a m et er s. !!

T h e! str u ct ur e! d o e s! n ot! d e p art! si g nifi c a ntl y!fr o m! w h at! w o ul d! b e! e x p e ct e d! b a s e d! u p o n!t h e!

str u ct ur e! of! [ Di p p B DI M g O C H 2 P h] 2 .
6 2 ! S el e ct e d ! b o n d! l e n gt h s! [ Å]! a n d! a n gl e s! [ °]:!  M g( 1) – O( 3 0)!

1 . 9 6 8 8( 1 3)!  Å,! M g( 1) – O( 7 0)! 1. 9 7 2 2( 1 3) ! Å,! M g( 2) – O( 3 0)! 1. 9 6 8 1( 1 3)! Å ,! M g( 1) – O( 7 0)!

1. 9 7 9 0( 1 3)! Å,! M g( 1) ???M g( 2)! 3. 0 0 5 7( 7),!  O( 3 0) – C( 3 1)! 1. 4 0 4( 2)!  Åi!  O( 7 0) – M g( 1) – O( 3 0)!

8 0. 7 6( 5) °,!  O( 7 0) – M g( 1) – N( 1)! 1 1 6. 6 8( 6) °,!  O( 3 0) – M g( 1) – N( 1)! 1 2 4. 8 2( 6) °,!  O( 7 0) – M g( 1) – N( 3)!

1 2 9. 0 7( 6) °,!  O( 3 0) – M g( 2) – N( 4 3)! 1 2 1. 5 6( 6) °,!  O( 7 0) – M g( 2) – N( 4 3)! 1 2 0. 8 2( 6) °,!  O( 3 0) – M g( 2) –

N( 4 1)! 1 2 2. 4 0( 6) °,! O( 7 0) – M g( 2) – N( 4 1)! 1 2 3. 0 9( 6) °.! !

 

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

1 8 0

0 1 8 0 3 6 0 5 4 0 7 2 0

1 "M e "St yr) m M

All yl B n) m M

c at. m M

[ H]"P. )  m  M

(E )-1 -p h e nyl pr o p -1 -e n e

all yl b e nz e n e

c at al y st

1 -p h e nyl pr o p a n e

co
nc

e
nt

r
at

io
n 

(
m

M)

ti m e ( mi n)
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!

Fi g u r e 4. 1 7. # Cr y st al! str u ct ur e! of![
Di p p

B DI M g O( C H 2 )3 P h] 2 !– !5 0 %! pr o b a bilit y! elli p s oi d s,! H! at o m s!

o mitt e d!f or! cl arit y .!!

 [ { C p 2 Z r ( C l ) } 2 O ]  

C 3 8 H 5 2 M g N 2 O,! M ! =! 6 0 7. 8 1,! tri cli ni c,! P ! ?1 ! ( n o.! 2),! a ! =! 9. 7 6 1 7( 5),! b ! =! 1 1. 7 3 7 8( 5),! c ! =!

1 2. 3 8 9 3( 8)! Å,! ) !=! 1 0 9. 6 9 2( 5) °,! " $=! 1 0 6. 6 9 1( 5) °,! * !=! 1 0 0. 6 5 6( 4) °,! V !=! 1 2 1 6. 1 8( 1 2)! Å 3 ,!Z !=! 2,!

 + c al c d !=! 1. 6 6 0 !g! c m – 3 ,! µ ( M oK ) )! =! 1. 0 9 3! m m– 1 ,!T !=! 1 7 3! K,! c ol o ur l e s s! bl o c k s,! A gil e nt! X c ali b ur! 3!

E! diffr a ct o m et eri! 4 7 7 8! i n d e p e n d e nt!  m e a s ur e d! r efl e cti o n s ! (R i nt! =! 0. 0 2 0 0) ,! F 2 ! r efi n e m e nt,!

R 1 ( o b s)!  =! 0. 0 3 1 8,! w R 2 ( all)!  =! 0. 0 6 4 6,! 3 9 7 7! i n d e p e n d e nt! o b s er v e d! a b s or pti o n ?c orr e ct e d!

r efl e cti o n s![|F o |! >! 4, (|F o |),! 2- m a x !=! 5 7 °],! 2 9 6! p ar a m et er s .!!

!

Fi g u r e 4. 1 8. # Cr y st al! str u ct ur e! of![{ C p 2 Zr( Cl)} 2 O] !– !5 0 %! pr o b a bilit y! elli p s oi d s,! H! at o m s!

o mitt e d!fr o! cl arit y .!S el e ct e d !b o n d!l e n gt h s![ Å]! a n d! a n gl e s![ °]: !Zr( 1) – O( 1)! 1. 9 5 7( 2)! Å,! Zr( 1) – Cl( 1)!

2. 4 7 3 6( 9)! Åi  O( 1) – Zr( 1) – Cl( 1)! 9 8. 3 7( 6) °,! Zr( 2) – O( 1) – Zr( 1)! 1 7 2. 9 9( 1 1) °. !

!

O 3 0

O 7 0

C 7 1

C 3 1

M g 1

M g 2

N 1

N 3

N 4 1

N 4 3

Zr 1

Zr 2

Cl 2
Cl 1

O 1
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4. 6. 5 (D F T S t u d i e s  

A si d e!fr o m!t h e! diff er e n c e!i n! h y dri d e! li g ati o n,!t h e!t w o! c o m p ut e d! c o m pl e x e s!i n!Fi g ur e! 4. 3 !a gr e e!

wit h!t h e! c o n cl u si o n s! a n d! si mil ar! c o m p ari s o n s! m a d e!i n! C h a pt er! 2.! A n! at e! c o m pl e x! c h ar a ct er!

d o mi n at e s! D M g• 1 4 ,! a n d!Zr! a n d! Z n! ar e! c o v al e ntl y! b o n d e d.! T h e! W BI! of! 0. 7 1! b et w e e n!t h e!t w o!

m et al s! n e arl y! m at c h e s!t h at!f or! Zr – H!( W BI! =! 0. 7 5).! T h e! Zr – M g! c o v al e nt! b o n d!i s! m u c h! w e a k er!

( W BI! =! 0. 2 6)i!it!i s! str o n gl y! p ol ari s e d!t o w ar d s! Zr,! b ei n g! 8 7 %! Zr! a n d! 1 3 %! M g! a c c or di n g!t o! N B O!

a n al y si s. !T h e! p ol ari s ati o n! i n!Zr – Z n!i s! w e a k er! – !t h e! diff er e n c e!i n!t h e! c h ar g e s! o n! Zr!i n!D Z n •1 4#

a n d! D M g• 1 4 !i s!( q {Z n – M g }$= !0. 3 3! – !a n d!t h er e!i s! a! m u c h!l ar g er! N B O! c o ntri b uti o n!fr o m!t h e! m ai n!

gr o u p! at o m! ( 3 8 %! Z n).! T h er e! ar e! si g nifi c a nt! d o n or ?a c c e pt or! h y dri d e ?bri d gi n g!i nt er a cti o n s!f or!

t he!  M g! c o m pl e x! o nl y.!  T h e!  Zr – H! b o n d! d o n at e s! i nt o! t h e!  Zr – M g! a nti b o n di n g! or bit al! ( 3 8! k c al!

m ol ?1 )! a n d!t h e! Zr– M g! b o n d! d o n at e s! b a c k!i nt o!t h e! Zr – H! a nti b o n di n g! or bit al!( 2 1! k c al! m ol – 1 ).!



!
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4. 7 $ R E F E R E N C E S  

!
1 ! C.! J.! H arl a n,! S .! G.! B ott! a n d! A.! R.! B arr o n,!J.$ C h e m.$ S o c.,$ D alt o n$ Tr a n s. ,! 1 9 9 7,! 6 3 7– 6 4 2. !
2 ! S.! M.! B al d wi n,! J.! E.! B er c a w! a n d! H. ?H.! Bri nt zi n g er,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 0 8,!1 3 0 ,!

1 7 4 2 3 – 1 7 4 3 3. !
3 ! A.! R.! Si e dl e,! R.! A.! N e w m ar k,! J.! N.! S c hr o e pf er! a n d! P.! A.! L y o n,! Or g a n o m et alli c s ,! 1 9 9 1,!

1 0 ,! 4 0 0– 4 0 4. !
4 ! P.! C.! W ail e s,! A.! P.! B ell! a n d! H.! W ei g ol d,! J.$ Or g a n o m et.$ C h e m. ,! 1 9 7 2,!4 3 ,! C 2 9– C 3 1. !
5 ! C.! A v er b uj! a n d! M.! S.! Ei s e n,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 9 9,!1 2 1 ,! 8 7 5 5– 8 7 5 9. !
6 ! E.! S h a vi v,! M.! B ot o s h a n s k y! a n d! M.! S.! Ei s e n,! J.$ Or g a n o m et.$ C h e m. ,! 2 0 0 3,!6 8 3 ,! 1 6 5–

1 8 0. !
7 ! C .! E.! P etri s or,! L.! M.! Fr ut o s,! O.! C a st a ñ o,! M.! E.! G.! M o s q u er a,! E.! R o y o! a n d! T.! C u e n c a,!

D alt o n$ Tr a n s. ,! 2 0 0 8,!3 ,! 2 6 7 0– 2 6 7 3. !
8 ! G.! C h a h b o u n,! C.! E.! P etri s or,! E.! G ó m e z ?B e n g o a,! E.! R o y o! a n d! T.! C u e n c a,! E ur.$ J.$I n or g.$

C h e m. ,! 2 0 0 9,! 1 5 1 4– 1 5 2 0. !
9 ! Y.! R a o ult,! R.! C h o u kr o u n,! M .! B a s s o?B ert! a n d! D.! G er v ai s,! J.$ M ol.$ C at al. ,! 1 9 9 2,!7 2 ,! 4 7–

5 8. !
1 0 ! S.! A.! R a o,! S.! A c h y ut h a! R a o! a n d! M.! P eri a s a m y,! J.$ Or g a n o m et.$ C h e m. ,! 1 9 8 8,!3 4 2 ,! 1 5–

2 0. !
1 1 ! A.! O hff,! V.! V.! B url a k o v! a n d! U.! R o s e nt h al,! J.$ M ol.$ C at al.$ A:$ C h e m. ,! 1 9 9 6,!1 0 5 ,! 1 0 3– 1 1 0. !
1 2 ! L u,! Y.! Qi a n,! J i a q ui! a n d! W.! X u,!J.$ M ol.$ C at al. ,! 1 9 8 6,!3 4 ,! 3 1– 3 8. !
1 3 ! E.! L ari o n o v,! H.! Li! a n d! C.! X.! M.! M a z et,! C h e m.$ C o m m u n. ,! 2 0 1 4,!5 0 ,! 9 8 1 6– 9 8 2 6. !
1 4 ! C.! R.! L ar s e n! a n d! D.! B.! Gr otj a h n,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 1 2,!1 3 4 ,! 1 0 3 5 7– 1 0 3 6 0. !
1 5 ! G.! Er d o g a n! a n d! D.! B.! Gr otj a h n,! Or g.$ L ett. ,! 2 0 14,! 1 6 ,! 2 8 1 8– 2 8 2 1. !
1 6 ! C.! R.! L ar s e n! a n d! D.! B.! Gr otj a h n,! T o p.$ C at al. ,! 2 0 1 0,!5 3 ,! 1 0 1 5– 1 0 1 8. !
1 7 ! M.! J.! S p all e k,! S.! St o c ki n g er,! R.! G o d d ar d! a n d! O.! Tr a p p,! A d v.$ S y nt h.$ C at al. ,! 2 0 1 2,!3 5 4 ,!

1 4 6 6 – 1 4 8 0. !
1 8 ! P.! J.! C hiri k! a n d! J.! E.! B er c a w,! Or g a n o m et alli c s ,! 2 0 0 5,!2 4 ,! 5 4 0 7– 5 4 2 3. !
1 9 ! R.! M eij b o o m,! J.$ Or g a n o m et.$ C h e m. ,! 2 0 1 0,!6 9 5 ,! 2 2 7 7– 2 2 8 0. !
2 0 ! J.! S c h w art z,! K.!I.! G ell,! B.! P o si n! a n d! G.! M.! Willi a m s,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 8 2,!1 0 4 ,!

1 8 4 6 – 1 8 5 5. !
2 1 ! H. ?H.! Bri nt zi n g er,! J.$ Or g a n o m et.$ C h e m. ,! 1 9 7 9,!1 7 1 ,! 3 3 7– 3 4 4. !
2 2 ! M.! H or a c e k,! P.! Št ě p ni č k a,! J.! K u bi št a,! K.! F ejf ar o v á,! R.! G y e p e s! a n d! K.! M a c h,!

Or g a n o m et alli c s ,! 2 0 0 3,!2 2 ,! 8 6 1– 8 6 9. !
2 3 ! V.! K.! Di o u m a e v! a n d! J.! F.! H arr o d,! Or g a n o m et alli c s ,! 1 9 9 7,!1 6 ,! 2 7 9 8– 2 8 0 7. !
2 4 ! R.! C h o u kr o u n! a n d! D.! G er v ai s,! J.$ C h e m.$ S o c.,$ C h e m.$ C o m m u n. ,! 1 9 8 5,!2 2 4 – 2 2 5. !
2 5 ! K.! M c N eill! a n d! R.! G.! B er g m a n,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 9 9,!1 2 1 ,! 8 2 6 0– 8 2 6 9. !
2 6 ! T.! T a k a h a s hi,! N.! S u z u ki,! M.! K a g e y a m a,! Y.! Nitt o,! E.! N e gi s hi,! M.! S a b uri! a n d! E. ?I.!

N e gi s hi,! C h e m.$ L ett. ,! 1 9 9 1,!2 0 ,! 1 5 7 9– 1 5 8 2. !
2 7 ! L.! A.! P a q u ett e,! M.! R.! Si vi k,! E.!I.! B z o w ej! a n d! K.! J.! St a nt o n,! Or g a n o m et alli c s ,! 1 9 9 5,!1 4 ,!

4 8 6 5 – 4 8 7 8. !
2 8 ! S.! C o ut uri er! a n d! B.! G a ut h er o n,! J.$ Or g a n o m et.$ C h e m. ,! 1 9 7 8,!1 5 7 ,! C 6 1– C 6 3. !
2 9 ! P.! C.! W ail e s,! A.! P.! B ell! a n d! H.! W ei g ol d,! J.$ Or g a n o m et.$ C h e m. ,! 1 9 7 2,!4 3 ,! C 3 2– C 3 4. !
3 0 ! R.! W a y m o ut h! a n d! P.! Pi n o,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 9 0,!1 1 2 ,! 4 9 1 1– 4 9 1 4. !
3 1 ! D.! H.! A p p ell a! a n d! S.! L.! B u c h w al d,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 9 9,!1 2 1 ,! 4 9 1 6– 4 9 1 7. !
3 2 ! M.! F.! Sl o a n,! A.! S.! M atl a c k! a n d! D.! S.! Br e sl o w,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 6 3,!8 5 ,! 4 0 1 4–

4 0 1 8. !
3 3 ! D.! G.! Bi c kl e y,! N.! H a o,! P.! B o u g e ar d,! B.! G.! S a y er,! R.! C.! B ur n s! a n d! M.! J.! M c Gli n c h e y,! J.$

Or g a n o m et.$ C h e m. ,! 1 9 8 3,!2 4 6 ,! 2 5 7– 2 6 8. !
3 4 ! J.! E.! B er c a w,! J.! A.! L a bi n g er,! M.! W.! D a y! a n d! P.! J.! C hiri k,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 9 9,!1 2 1 ,!

1 0 3 0 8 – 1 0 3 1 7. !
3 5 ! J.! E.! B er c a w,! D.! R.! M c Ali st er,! D.! R.! M c Ali st er! a n d! D.! K.! Er wi n,! J.$ A m.$ C h e m.$ S o c. ,!

1 9 7 8,! 1 0 0 ,! 5 9 6 6– 5 9 6 8. !



!
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3 6 ! K.!I.! G ell! a n d! J.! S c h w art z,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 8 1,!1 0 3 ,! 2 6 8 7– 2 6 9 5. !
3 7 ! K.!I.! G ell! a n d! J.! S c h w art z,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 7 8,!1 0 0 ,! 3 2 4 6– 3 2 4 8. !
3 8 ! B.! M! Kr aft! a n d! W.! D.! J o n e s,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 0 2,!1 2 4 ,! 8 6 8 1– 8 6 8 9. !
3 9 ! J ai m e! A! P o ol,! E. !B.! L o b k o v s k y! a n d! P.! J.! C hiri k,! J.$ A m.$ C h e m.$ S o c. ,! 2 0 0 3,!1 2 5 ,! 2 2 4 1–

2 2 5 1. !
4 0 ! E.! B.! L o b k o v s k y,! P.! J.! C hiri k,! W.! H.! B er n s k o ett er! a n d! J.! A.! P o ol,! Or g a n o m et alli c s ,!

2 0 0 6,! 2 5 ,! 1 0 9 2– 1 1 0 0. !
4 1 ! E.! Y.! P a n kr at y e v,! T.! V.! T y u m ki n a,! L.! V.! P arf e n o v a,! S.! L.! K h ur s a n,! L.! M.! K h alil o v! a n d! U.!

M.! D z h e mil e v,! Or g a n o m et alli c s ,! 2 0 1 1,!3 0 ,! 6 0 7 8– 6 0 8 9. !
4 2 ! R.! W.! H off m a n n,! C h e m.$ R e v. ,! 1 9 8 9,!8 9 ,! 1 8 4 1– 1 8 6 0. !
4 3 ! E.! Y.! P a n kr at y e v,! T.! V.! T y u m ki n a,! L.! V.! P arf e n o v a,! S.! L.! K h ur s a n,! L.! M.! K h alil o v! a n d! U.!

M.! D z h e mil e v,! Or g a n o m et alli c s ,! 2 0 1 1,!3 0 ,! 6 0 7 8– 6 0 8 9. !
4 4 ! P.! M ull er,! P ur e$ A p pl.$ C h e m. ,! 1 9 9 4,!6 6 ,! 1 0 7 7– 1 1 8 4. !
4 5 ! D.! G.! Bl a c k m o n d,! A n g e w.$ C h e m. ,! 2 0 0 9,!1 2 1 ,! 3 9 2– 3 9 6. !
4 6 ! M.! S a n k ar ali n g a m,! Y. ?M.! L e e,! W.! N a m! a n d! S.! F u k u z u mi,! I n or g.$ C h e m.,! 2 0 1 7,!5 6 ,!

5 0 9 6 – 5 1 0 4. !
4 7 ! A.! M.! B ar a n g er! a n d! R.! G.! B er g m a n,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 9 4,!1 1 6 ,! 3 8 2 2– 3 8 3 5. !
4 8 ! R.! C h o u kr o u n,! Y.! R a o ult! a n d! D.! G er v ai s,! J.$ Or g a n o m et.$ C h e m. ,! 1 9 9 0,!3 9 1 ,! 1 8 9– 1 9 4. !
4 9 ! F.! M.! H art n er,! S.! M.! Clift,! J.! S c h w art z! a n d! T.! H.! T uli p,! Or g a n o m et alli c s ,! 1 9 8 7,!6 ,! 1 3 4 6–

1 3 5 0. !
5 0 ! A.! P.! D o v e,! V.! C.! Gi b s o n,! P.! H or m nir u n,! E.! L.! M ar s h all,! J.! S e g al,! A.! J.! P.! W hit e! a n d! D.!

J.! Willi a m s,! D alt o n$ Tr a n s. ,! 2 0 0 3,! 3 0 8 8– 3 0 9 7. !
5 1 ! X.! H.! W ei,! M.! P.! C ol e s,! P.! B.! Hit c h c o c k! a n d! M.! F.! L a p p ert,! Z.$ A n or g.$ All g.$ C h e m. ,! 2 0 1 1,!

6 3 7 ,! 1 8 0 7– 1 8 1 3. !
5 2 ! M.! L.! H.! Gr e e n! a n d! M.! W a g n er,! J.$ C h e m.$ S o c.,$ D alt o n$ Tr a n s. ,!1 9 9 6,! 2 4 6 7 – 2 4 7 3. !
5 3 ! T.! Pi etr z a k,! T.! Pi etr z a k,! M.! K u bi si a k,!I.! J u st y ni a k,!I.! J u st y ni a k,! M.! K u bi si a k,! K.! Z el g a,! E.!

B oj ar s ki,! E.! Tr at ki e wi c z,! Z.! O c h al! a n d! J.! L e wi ń s ki,! C h e m.$ E ur.$ J. ,! 2 0 1 6,!2 2 ,! 1 7 7 7 6–
1 7 7 8 3. !

5 4 ! B.! J.!Ir el a n d,! B.! T.! D o bi g n y! a n d! D.! E.! F o g g,! A C S$ C at al. ,! 2 0 1 5,!5 ,! 4 6 9 0– 4 6 9 8. !
5 5 ! J.! H o n g,! Z.! Li,! Z.! C h e n,! L.! W e n g,! X.! Z h o u! a n d! L.! Z h a n g,! D alt o n$ Tr a n s. ,! 2 0 1 6,!4 5 ,!

6 6 4 1 – 6 6 4 9. !
5 6 ! Y.! W a n g,! W.! C h e n,! Z.! L u,! Z.! H.! Li! a n d! H.! W a n g,! A n g e w.$ C h e m.,$I nt.$ E d. ,! 2 0 1 3,!5 2 ,!

7 4 9 6 – 7 4 9 9. !
5 7 ! Z. ?M.! W a n g,! X. ?L.! S a n g,! C. ?M.! C h e! a n d! J.! C h e n,! T etr a h e dr o n$ L ett. ,! 2 0 1 4,!5 5 ,! 1 7 3 6–

1 7 3 9. !
5 8 ! C.! E.! H art m a n n,! V.! J ur čí k,! O.! S o n gi s! a n d! C.! S.! J.! C a zi n,! C h e m.$ C o m m u n. ,! 2 0 1 3,!4 9 ,!

1 0 0 5 – 1 0 0 7. !
5 9 ! E.! A.! A u sti n! a n d! C.! P.! C a s e y,! J.$ A m.$ C h e m.$ S o c. ,! 1 9 8 8,!1 1 0 ,! 7 1 0 6– 7 1 1 3. !
6 0 ! E.! A bi n et,! D.! M arti n,! S.! St a n df u s s,! H.! K uli n n a,! T.! P.! S p a ni ol! a n d! J.! O k u d a,! C h e m.$ E ur.$

J. ,! 2 0 1 1,!1 7 ,! 1 5 0 1 4– 1 5 0 2 6. !
6 1 ! A.! R.! K e n n e d y,! J.! Kl ett,! R.! E.! M ul v e y,! S.! N e wt o n! a n d! D.! S.! Wri g ht,! C h e m.$ C o m m u n. ,!

2 0 0 8,! 3 0 8 – 3 1 0. !
6 2 ! P.! J.! B ail e y,! R.! A.! C o x all,! C.! M.! Di c k,! S.! F a br e,! L.! C.! H e n d er s o n,! C.! H er b er,! S.! T.!

Li d dl e,! D.! L or o ñ o! G o n z ál e z,! A.! P ar ki n! a n d! S.! P ar s o n s,! C h e m.$ E ur.$ J. ,! 2 0 0 3,!9 ,! 4 8 2 0–
4 8 2 8. !

!
!
! !
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“ W h e n w e a r e n ot s u r e, w e a r e ali v e. ”

Gr a h a m! Gr e e n e !

!
!



!

! 1 9 6 !

5 –  S U P P O R T I N G I N F O R M A T I O N  

5. 1 ! D F T  D A T A  

!
C o m p o u n d!

D
M g• Z r !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )1 8 7 4. 0 7 4 4 2 1 !
E =! )1 8 7 4. 0 2 8 8 6 1 !
H =! )1 8 7 4. 0 2 7 9 1 6 !
G =! )1 8 7 4. 1 5 2 1 2 1 !
L o w e st! E n er g y! vi br ati o n s! =! 1 4. 1,! 1 8. 0,! 4 2. 9! c m

)1
!

!
C o m p o u n d!

M
M g• Z r !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )1 6 3 8. 4 4 6 9 5 3! !
E =! )1 6 3 8. 4 0 8 1 0 2 !
H =! )1 6 3 8. 4 0 7 1 5 8 !
G =! )1 6 3 8. 5 1 7 0 9 2 !
L o w e st! E n er g y! vi br ati o n s! =! 2 5. 6,! 2 5. 9,! 4 7. 0! c m

)1 !

!
C o m p o u n d!

D
Z n• Z r !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E = !)1 9 0 1. 1 2 7 2 8 6 !
E =! )1 9 0 1. 0 8 1 7 8 5 !
H =! )1 9 0 1. 0 8 0 8 4 0 !
G =! )1 9 0 1. 2 0 3 8 4 9 !
L o w e st! E n er g y! vi br ati o n s! =! 1 8. 4,! 2 0. 1,! 4 6. 0! c m

)1
!

!
C o m p o u n d!

M
Z n• Z r !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )1 6 6 5. 5 0 2 7 8 1! !
E =! )1 6 6 5. 4 6 3 6 0 1 !
H =! )1 6 6 5. 4 6 2 6 5 7 !
G =! )1 6 6 5. 5 7 3 3 5 5 !
L o w e st! E n er g y! vi br ati o n s! =! 2 3. 1,! 2 4. 3,! 4 6. 8! c m

)1 !

!
C o m p o u n d!

M
Al• Z r !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )1 6 8 1. 3 7 1 4 6 3 !
E =! )1 6 8 1. 3 3 2 7 0 1 !
H =! )1 6 8 1. 3 3 1 7 5 7 !
G =! )1 6 8 1. 4 4 0 7 7 1 !
L o w e st! E n er g y! vi br ati o n s! =! 2 4. 9,! 3 2. 1,! 3 5. 7! c m

)1
!

!
C o m p o u n d!

D
Al• Z r !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )1 9 1 6. 9 9 7 9 8 5! !
E =! )1 9 1 6. 9 5 2 9 6 1 !
H =! )1 9 1 6. 9 5 2 0 1 7 !
G =! )1 9 1 7. 0 7 2 5 3 5 !
L o w e st! E n er g y! vi br ati o n s! =! 2 7. 0,! 2 8. 9,! 3 9. 2! c m

)1 !

!

C o m p o u n d!
D
2 2 !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )2 8 7 7. 9 7 1 6 2 7 !
E =! )2 8 7 7. 9 0 1 6 9 7 !
H =! )2 8 7 7. 9 0 0 7 5 3 !
G =! )2 8 7 8. 0 7 2 6 7 7 !
L o w e st! E n er g y! vi br ati o n s! =! 2 0. 9,! 2 5. 4,! 3 2. 0! c m

)1
!

!
C o m p o u n d!

D
2 !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )1 4 3 8. 9 5 7 6 9 6! !
E =! )1 4 3 8. 9 2 1 9 8 2 !
H =! )1 4 3 8. 9 2 1 0 3 8 !
G =! )1 4 3 9. 0 2 6 5 7 2 !
L o w e st! E n er g y! vi br ati o n s! =! 1 3. 1,! 2 0. 1,! 4 2. 9! c m

)1
!

!
C o m p o u n d!

M
2 2 !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )2 4 0 6. 7 2 5 7 9 1 !
E =! )2 4 0 6. 6 6 9 0 9 6 !
H =! )2 4 0 6. 6 6 8 1 5 2 !
G =! )2 4 0 6. 8 1 5 5 2 6 !
L o w e st! E n er g y! vi br ati o n s! =! 1 1. 0,! 2 3. 2,! 2 5. 7! c m

)1
!

!
C o m p o u n d!

M
2 !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )1 2 0 3. 3 2 9 8 7 0! !
E =! )1 2 0 3. 3 0 1 4 8 5 !
H =! )1 2 0 3. 3 0 0 5 4 1 !
G =! )1 2 0 3. 3 8 8 7 9 6 !
L o w e st! E n er g y! vi br ati o n s! =! 1 0. 8,! 3 0. 3,! 3 4. 1! c m

)1
!

!
C o m p o u n d!

D
3 !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )1 4 6 6. 0 2 2 4 9 9! !
E =! )1 4 6 5. 9 8 6 7 4 6 !
H =! )1 4 6 5. 9 8 5 8 0 2 !
G =! )1 4 6 6. 0 9 1 2 9 6 !
L o w e st! E n er g y! vi br ati o n s! =! 1 5. 4,! 1 8. 4,! 3 4. 3! c m

)1
!

!
C o m p o u n d!

M
3 !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )1 2 3 0. 3 9 3 6 8 8 !
E =! )1 2 3 0. 3 6 4 7 8 3 !
H =! )1 2 3 0. 3 6 3 8 3 9 !
G =! )1 2 3 0. 4 5 4 2 1 1 !
L o w e st! E n er g y! vi br ati o n s! =! 1 1. 2,! 3 3. 5,! 3 5. 1! c m

)1
!

!
C o m p o u n d!

M
1 !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )1 2 4 6. 2 8 3 2 2 3! !
E =! )1 2 4 6. 2 5 4 9 7 2 !
H =! )1 2 4 6. 2 5 4 0 2 8 !
G =! )1 2 4 6. 3 4 1 6 4 8 !
L o w e st! E n er g y! vi br ati o n s! =! 1 6. 1,! 3 6. 4,! 3 7. 8! c m

)1
!

!

C o m p o u n d!
D
1 !

!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )1 4 8 1. 9 0 9 6 6 9 !
E =! )1 4 8 1. 8 7 4 6 3 8 !
H =! )1 4 8 1. 8 7 3 6 9 4 !
G =! )1 4 8 1. 9 7 4 8 2 3 !
L o w e st! E n er g y! vi br ati o n s! =! 1 7. 1,! 2 8. 7,! 4 1. 9! c m

)1 !



!

!

1 9 6 !

!
C o m p o u n d! Z r• Z r !
!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )8 7 0. 1 4 2 9 3 9 !
E =! )8 7 0. 1 2 2 2 9 6 !
H =! )8 7 0. 1 2 2 2 9 6 !
G =! )8 7 0. 1 9 2 1 8 9 !
L o w e st! E n er g y! vi br ati o n s! =! 3 0. 5,! 5 4. 4,! 7 0. 8! c m

)1 !

!
C o m p o u n d! Z r !
!! B 9 7 x D! 6 43 1 1 G !/! S D D!
Z P E =! )4 3 5. 0 3 9 1 7 9 !
E =! )4 3 5. 0 2 8 8 4 8 !
H =! )4 3 5. 0 2 7 9 0 4 !
G =! )4 3 5. 0 7 5 7 9 1 !
L o w e st! E n er g y! vi br ati o n s! =! 4 5. 8,! 5 7. 4,! 1 2 2. 3! c m

)1 !

!
C y cl o o ct y n e !
B 3 L Y P!/! 6 43 1 1 G !!
Z P E! =! )3 1 1. 9 0 7 2 7 1 !
E! =! )3 1 1. 8 9 9 4 4 1 !
H! =! )3 1 1. 8 9 8 4 9 7 !
G! =! )3 1 1. 9 3 9 0 7 7 !
L o w e st! E n er g y! vi br ati o n s! =! 1 5 2. 0,! 2 1 4. 1.! 3 5 3. 0! c m

)1
!

!
1, 2 4C y cl o o ct a di e n e !
B 3 L Y P!/! 6 43 1 1 G !!
Z P E! =! )3 1 1. 9 1 0 9 7 9 !
E! =! )3 1 1. 9 0 3 3 3 2 !
H! = !)3 1 1. 9 0 2 3 8 8 !
G! =! )3 1 1. 9 4 2 4 3 9 !
L o w e st! E n er g y! vi br ati o n s! =! 2 0 7. 8,! 2 6 7. 4.! 2 9 9. 2! c m

)1 !

!

1, 3 4C y cl o o ct a di e n e !
B 3 L Y P!/! 6 43 1 1 G !!
Z P E! =! )3 1 1. 9 4 5 7 4 1 !
E! =! )3 1 1. 9 3 8 3 7 1 !
H! =! )3 1 1. 9 3 7 4 2 7 !
G! =! )3 1 1. 9 7 6 9 1 6 !
L o w e st! E n er g y! vi br ati o n s! =! 2 2 7. 5! 2 4 8. 2.! 3 5 7. 8! c m

)1 !

!
1, 4 4C y cl o o ct a di e n e !
B 3 L Y P!/! 6 43 1 1 G !!
Z P E! =! )3 1 1. 9 3 8 0 6 7 !
E! =! )3 1 1. 9 3 0 4 5 3 !
H! =! )3 1 1. 9 2 9 5 0 9 !
G! =! )3 1 1. 9 7 1 4 1 3 !
L o w e st! E n er g y! vi br ati o n s! =! 1 4. 1,! 3 3 6. 8,! 3 6 0. 7! c m

)1 !

!
1, 5 4C y cl o o ct a di e n e !
B 3 L Y P!/! 6 43 1 1 G !!
Z P E! =! )3 1 1. 9 3 7 3 9 7 !
E! =! )3 1 1. 9 2 9 9 4 3 !
H! =! )3 1 1. 9 2 8 9 9 9 !
G! =! )3 1 1. 9 6 8 9 0 4 !
L o w e st! E n er g y! vi br ati o n s! =! 1 2 1. 1,! 3 2 3. 5,! 3 3 6. 1! c m

)1 !

!
C o m p o u n d!

D
Z n• 1 0,! M ol e c ul e! A !

!! B 9 7 x!/! 6 43 1 1 G !/! S D D!
Z P E! =! )2 2 1 1. 7 4 4 6 3 9 !
E =! )2 2 1 1. 6 9 1 6 7 2 !
H =! )2 2 1 1. 6 9 0 7 2 8 !
G =! )2 2 1 1. 8 2 7 3 1 0 !
L o w e st! E n er g y! vi br ati o n s! =! 3 2. 8,! 3 6. 1,! 4 3. 2! c m

)1
!

!

C o m p o u n d!
D
Z n• 1 0,! M ol e c ul e! B !

!! B 9 7 x! 6 43 1 1 G !/! S D D!
Z P E =! )2 2 1 1. 7 4 4 2 9 4 !
E =! )2 2 1 1. 6 9 0 8 8 0 !
H =! )2 2 1 1. 6 8 9 9 3 6 !
G =! )2 2 1 1. 8 2 8 0 9 9 !
L o w e st! E n er g y! vi br ati o n s! =! 3 1. 8,! 3 6. 8,! 4 2. 5! c m

)1
!

!
C o m p o u n d!

D
M g• 1 0 !

!! B 9 7 x! 6 43 1 1 G !/! S D D!
Z P E =! )2 1 8 4. 7 0 4 8 1 2! !
E =! )2 1 8 4. 6 5 1 7 9 0 !
H =! )2 1 8 4. 6 5 0 8 4 6 !
G =! )2 1 8 4. 7 8 8 5 9 2 !
L o w e st! E n er g y! vi br ati o n s! =! 3 0. 8,! 3 2. 0,! 3 7. 1 !c m

)1
!

!
C o m p o u n d!

M
Al• 1 0 !

!! B 9 7 x! 6 43 1 1 G !/! S D D!
Z P E =! )1 9 9 1. 9 7 8 0 7 2 !
E =! )1 9 9 1. 9 3 1 9 3 1 !
H =! )1 9 9 1. 9 3 0 9 8 7 !
G =! )1 9 9 2. 0 5 4 5 0 7 !
L o w e st! E n er g y! vi br ati o n s! =! 2 7. 6,! 3 2. 8,! 3 5. 9! c m

)1
!

!
C y cl o o ct y n e !
!! B 9 7 x! 6 43 1 1 G !
Z P E =! )3 1 1. 7 1 5 5 2 8 !
E =! )3 1 1. 7 0 8 1 2 9 !
H =! )3 1 1. 7 0 7 1 8 5 !
G =! )3 1 1. 7 4 6 7 9 3 !
L o w e st! E n er g y! vi br ati o n s! =! 1 4 1. 3,! 1 9 4. 4,! 2 2 0. 1! c m

)1
!

!
C y cl o o ct a 41, 3 4di e n e !
!! B 9 7 x! 6 43 1 1 G !
Z P E =! )3 1 1. 7 5 9 4 1 5 !
E =! )3 1 1. 7 5 2 3 5 4 !
H =! )3 1 1. 7 5 1 4 1 0 !
G =! )3 1 1. 7 9 0 3 1 3 !
L o w e st! E n er g y! vi br ati o n s! =! 1 7 6. 4,! 1 8 8. 5,! 2 5 6. 0! c m

)1
!

!
C y cl o o ct e n e !
!! B 9 7 x! 6 43 1 1 G !
Z P E =! )3 1 2. 9 6 1 1 9 3 !
E =! )3 1 2. 9 5 3 7 6 7 !
H =! )3 1 2. 9 5 2 8 2 3 !
G =! )3 1 2. 9 9 2 4 5 1 !
L o w e st! E n er g y! vi br ati o n s! =! 1 6 4. 6,! 1 8 2. 3,! 2 4 5. 7! c m

)1
!

!
C o m p o u n d! Z r !
!! B 9 7 x! 6 43 1 1 G !/! S D D!
Z P E =! )4 3 5. 0 3 2 3 3 2 !
E =! )4 3 5. 0 2 1 8 0 4 !
H =! )4 3 5. 0 2 0 8 6 0 !
G =! )4 3 5. 0 7 0 0 0 1 !
L o w e st! E n er g y! vi br ati o n s! =! 3 6. 1,! 4 1. 5,! 1 1 7. 7! c m

)1
!

!
C o m p o u n d!I nt

3
!

!! B 9 7 x! 6 43 1 1 G /! S D D!
Z P E =! )7 4 5. 6 0 9 4 4 3 !
E =! )7 4 5. 5 9 1 8 3 7 !
H =! )7 4 5. 5 9 0 8 9 2 !
G =! )7 4 5. 6 5 4 4 3 7 !
L o w e st! E n er g y! vi br ati o n s! =! 4 9. 9,! 6 3. 8,! 7 6. 6! c m

)1
!

!



!

!

1 9 7 !

C o m p o u n d!I nt
4
!

!! B 9 7 x! 6 43 1 1 G !/! S D D!
Z P E =! )7 4 5. 5 8 3 3 2 5 !
E =! )7 4 5. 5 6 5 2 9 4 !
H =! )7 4 5. 5 6 4 3 5 0 !
G =! )7 4 5. 6 2 9 3 3 8 !
L o w e st! E n er g y! vi br ati o n s! = !3 1. 7,! 5 4. 4,! 6 4. 6! c m

)1
!

!
C o m p o u n d!I nt

5
!

!! B 9 7 x! 6 43 1 1 G !/! S D D!
Z P E =! )7 4 5. 6 2 4 2 5 3 !
E =! )7 4 5. 6 0 6 3 8 1 !
H =! )7 4 5. 6 0 5 4 3 7 !
G =! )7 4 5. 6 7 0 6 9 9 !
L o w e st! E n er g y! vi br ati o n s! =! 3 5. 3,! 4 8. 6,! 5 3. 4! c m

)1
!

!
C o m p o u n d!I nt

6
!

!! B 9 7 x! 6 43 1 1 G !/! S D D!
Z P E =! )7 4 5. 5 8 1 8 0 7 !
E =! )7 4 5. 5 6 3 3 5 8 !
H =! )7 4 5. 5 6 2 4 1 4 !
G =! )7 4 5. 6 3 1 2 1 4 !
L o w e st! E n er g y! vi br ati o n s! = !8. 4,! 3 7. 8,! 4 7. 8! c m

)1
!

!
C o m p o u n d! 1 0 !
!! B 9 7 x! 6 43 1 1 G !
Z P E =! )7 4 5. 6 3 5 0 4 5 !
E =! )7 4 5. 6 1 7 0 6 3 !
H =! )7 4 5. 6 1 6 1 1 9 !
G =! )7 4 5. 6 8 2 8 4 6 !
L o w e st! E n er g y! vi br ati o n s! =! 2 2. 3,! 3 0. 1,! 4 5. 5! c m

)1
!

!
C o m p o u n d!

D
M g• 1 4 !

!! B 9 7 x D! 6 43 1 1 G !
Z P E =! )1 8 7 2. 8 5 4 2 1 1 !
E =! )1 8 7 2. 8 0 8 7 7 4 !
H =! )1 8 7 2. 8 0 7 8 3 0 !
G =! )1 8 7 2. 9 3 0 9 4 9 !
L o w e st! E n er g y! vi br ati o n s! =! 2 3. 5,! 2 6. 6,! 4 2. 4 !c m

)1
!

!!
C o m p o u n d!

D
Z n• 1 4 !

!! B 9 7 x D !6 43 1 1 G !
Z P E =! )1 8 9 9. 9 1 7 9 5 7 !
E =! )1 8 9 9. 8 7 2 1 6 9 !
H =! )1 8 9 9. 8 7 1 2 2 5 !
G =! )1 8 9 9. 9 9 5 3 2 8 !
L o w e st! E n er g y! vi br ati o n s! =! 2 5. 4,! 2 7. 3,! 3 6. 5! c m

)1 !

!
C o m p o u n d!

D
M g• 1 4• P M e 3 !

!! B 9 7 x D !6 43 1 1 G !
Z P E =! )2 3 3 3. 8 0 5 1 9 6 !
E =! )2 3 3 3. 7 5 2 6 2 1 !
H =! )2 3 3 3. 7 5 1 6 7 7 !
G =! )2 3 3 3. 8 8 8 0 6 5 !
L o w e st! E n er g y! vi br ati o n s! =! 2 0. 4,! 3 4. 1, !3 6. 6! c m

)1 !

!
C o m p o u n d!

D
M g•I nt

7( n 4B u )
!

!! B 9 7 x D !6 43 1 1 G !
Z P E =! )2 0 2 9. 9 8 5 1 7 9 !
E =! )2 0 2 9. 9 3 4 6 5 8 !
H =! )2 0 2 9. 9 3 3 7 1 3 !
G =! )2 0 3 0. 0 6 6 7 7 4 !
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