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ABSTRACT 

Three series of o & p substituted 2,2-dichloro-1-Y-phenylethanes (where 

Y = OH, F & C1) have been-prepared with a view to investigating the stereo-

selective control, by ortho ring substituents, of eliminations towards dia- 

stereotopic.chlorine atoms; first observed in the 'abnormal' Michaelis-Becker 

reaction: When Y = OH, 'Y-eliminations produce o[-Chloroepoxides and when 

Y = F, 0-eliminations produce fluorostyrenes. Eliminations were not performed 

on the Y = Cl series. 

The work is split into three parts 

PART'l deals with the necessary background and the preparation of the starting 

materials. General stereochemical concepts and the origins of the problem 

investigated are discussed. The main elimination mechanisms are outlined and 

the pertinent literature on stereoselective eliminations is reviewed. Confor-

mational analysis by conventional nmr and by lanthanide induced shifts (LIS) 

is also reviewed. 

PART 2 deals with the conformational analysis of the starting materials and. 

the prediction of the elimination product isomer ratios. ABX spectral ana-

lyses were required as part of this work but standard texts were found to be 

confused. A detailed study of the ABX-system was therefore undertaken and is 

presented here. 

The conformational data contained in the accurate 1H, 19  H, 	and 13C nmr 

spectra of the three series is discussed at length and indicates that the 

conformations adopted by the various derivatives are similar in all three 

series. The use of Karplus-type equations to calculate individual rotamer 

3J, & 3J couplings, in highly substituted species, is shown to be unfeasible H 	HH 
by a re-examination of 3J couplings in a series of deoxyfluoro pyranoses. HF 
Values taken from these and other model systems are used to obtain accurate 

estimates of the individual rotamer 3JHF & 3J couplings in the Y = F series. 

These are then used, in a simple determinant method, to calculate the rotamer 

populations from the observed time-averaged couplings. From the qualified . 
assumption that elimination should proceed to the product isomers in proportion 

to the rotamer populations, the expected elimination product isomer ratios for 

the Y = OH and F series, are predicted. 

The development of a computer program,. METFIND VII, for the rotational 

optimisation of molecules from their LIS data is discussed and two shift re-

agent studies on the Y = OH series, with Eu(fod-d9)3  and Yb(fod-d9)3,  reported; 

the former being used to verify that conformational preferences, as monitored 

by coupling constants, remain unchanged on adding the LSR, the latter to opt- 

imise the molecular conformation. The LIS rotational optimisation results 



generally support thor.,,e obtained from the conventional nmr spectra. 

PART 3 deals with the elimination reactions of the Y = OH and .F series. The 

choice of base is discussed and the results of three sets- of elimination reac-

tions performed on each series presented. For both series several types of 

product were formed, with the major species -usually from the desired reaction. 

The Y = F series underwent predominantly stereospecific elimination whilst 

the Y = OH series underwent both stereospecific and stereoselective elimin- " 

ations, depending on the base employed; the latter approximately corresponding 

to the predicted product ratios. The factors controlling the mechanisms of 

both the main and side reactions are discussed. Under the conditions used, 

both series appeared to eliminate by an E1cB or ElcB-like mechanism. 

• 
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Still round the corner there may wait 

A new road or a secret gate, 

And though we pass them by today, 

Tomorrow we may come this way, 

And take the hidden paths that run 

Towards the Moon or to the Sun. 

J.R.R.Tolkien 
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1 STEREOSELECTIVITY IN ELIMINATION REACTIONS 

1-1 Introduction : Prochirality, Enantiotopism and Diastereotopism 

The term "PROCHIRAL", although proposed by Hanson in 19661 (just two 

years after the general adoption of the term "CHIRAL" proposed by Cahn, Ingold 

and Prelog2), has not found wide usage and a definition is appropriate. 

Of the six possible combinations of four groups arranged tetrahedrally 

about a central atom (see FIG.'-1.1), E and F stand out, as although they con-

tain the same groups "ghij" they cannot be superimposed. This property of an 

asymmetric centre is termed "CHIRALITY" and the ENANTIOMERS E and F may be as-

signed an unambiguous configuration (R) or (S) by applying the sequence rules 

of Cahn, Ingold and Prelog2'3 

g~g  
_g 

g g  

A 	B 	 C 	 D 
PROCHIRAL 

FIG.1-1.1 The Six Tetrahedral Arrangements  

Hanson' pointed out that of the four remaining combinations D also has 

a special significance, because if either of the two "point ligands" "g" were 

replaced by an "h", a CHIRAL arrangement E or F would be produced. Point lig-

ands have only two properties : 

(1) Any two point ligands may be identical or non-identical. 

(2) Any two point ligands cannot occupy the same point in space. 

Definition': If a chiral assembly is obtained when a point ligand in a finite 

non-chiral assembly of point ligands is replaced by a new point ligand, then 

the original assembly is PROCHIRAL (from PRO = before, CHIRAL). 

Cggij may be termed a PROCHIRAL CENTRE, just as Cghij may be termed 

CHIRAL. The two ligands "gg" in a prochiral group are referred to as "paired". 

These may be assigned individual identifiers "pro-R" and "pro-S" by the 

following method : 

Take one of the paired ligands and raise its sequence rule priority 

without affecting its priority relative to the unpaired ligands. Now arrange 

the modified (chiral) centre with the ligand of lowest priority away from the 

viewer (FIG.'-1.2) and assign its absolute configuration. If the modified 

g 

Say priority i) g > j 

FIG.1-1.2 	g' = pro-R; g" = pro-S 

With g' elevated priority 

sequence is clockwise (R). 

With g" elevated priority 

sequence is anti-clockwise (S) 
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centre has R chirality then the elevated paired ligand is assigned as pro-R 

and the other as pro-S, and vice versa. 

In the context of the title of this thesis, the expression "Prochiral 

Leaving Groups" refers to the two chlorine atoms on C-2 in compounds of the 

general structure : 

Y = OH, F, Cl; 

X = a range of ortho and 
para substituents. 

As can be seen from FIG.1-1.3,C-2 is prochiral due to the two chlorine 

atoms, but the chlorines themselves cannot possess prochirality. It has been 

pointed out that whereas R and CHIRAL refer to the same structural element 

in a molecule, pro-R and PROCHIRAL'do not. For complete correctness,"Prochiral 

Leaving Groups" could be replaced by "Paired Leaving Groups on a Prochiral. 

Centre", or alternatively "Diastereotopic Leaving Groups".* 

Two identical groups attached to the same atom in a molecule may possess 

one of three stereoisomeric relationships, ie. they may be EQUIVALENT, 

ENANTIOTOPIC or DIASTEREOTOPIC. As the expanded definitions of these terms 

have been thoroughly examined in the definitive review of Mislow and Raban5, 

only a brief description will be given here. 

TABLE 1-1.1 The Principal Attributes of the spatial Relationships Among Groups5 

I Type of Group Symmetry Criterion Substitution Criterion Excluded Point Groups 

E1JIVALENT Interchangeable 
by Cn 

(00>n>1) 
No isomers are generated 
with achiral or chiral 

test groups 

Conical (Co) ) and 
non-axial (Ci;Cs,Ci) 

- 

ENANTIOTOPIC Interchangeable 
only by Sn 

With achiral test groups 
enantiomers are generated. 
With chiral test groups 

diastereomers are generated 

Linear (Coo, Dad ) 

and chiral 	h- 
(Cn, n, T, 0, I) 

DIASTEREOTOPIC Not 
interchangeable 
by any symmetry 

operation 

With achiral or chiral 
test groups diastereomers 

are generated 

Linear (C00 	Ds} 
- 

As, by definition, the unpaired ligands on a prochiral centre are non-

identical, the paired ligands cannot be EQUIVALENT (see FIG.1-1.4+). 

A 	A' 
\;'a~ 

Cr 

X 	' \Y. 

C 
2 ► 

A' 
\ C 

~A 
.r'~ 

X 

FIG.1-1.4 	For A and A' to be equiv- 
alent, X must = Y. 	Equivalent groups 
are superimposable. (Rotn by 2f1/2) 

Paired ligands can meet the requirements for ENANTIOTOPISM (see FIG.1-1.5). 

* Unfortunately, this common misapplication of the term "Prochiral "l° was only 
appreciated after the thesis title was formally and irrevocably registered: 

FIG.1-1.3 	X 



A 	A' 	' 	A 	A' 	A 

V.' 	
C 
2 	~. 	reflection in NC.= 

X i ̀ Y (Rota by 2W2) Y/ ̀X • ACA' plane X/ \Y 
1 

FIG.1-1.5 This rotation,/reflection operation (a-= S1), is 
the requirement for A and A' to be enantiotopic. 

Enantiotopic groups are non-superimposable, but are normally "equiv-

alent" being indistinguishable by nmr and by their reactivity towards achiral  
reagents. 

When enantiotopic groups are reacted with chiral reagents, however, the 

transition states become diastereomeric; and as such states have different 

activation energies, the reactivity of the enantiotopic groups will become 

unequal and stereoselectivity may be observed. Similarly, enantiotopic 

groups may become distinguishable by immersion in a non-racemic chiral solvent. 

Frequently the distinctiveness of enantiotopic groups in chiral 

extramolecular environments is vanishingly small, but in some circumstances, 

especially in enzyme reactions, 1000 selectivity (stereospecificity) of one 

enantiotopic group can occur with the formation of only one diastereotopic 

product 

Naturally, paired ligands will meet the criteria for DIASTEREOTOPISM 

if one or both of the unpaired ligands is chiral (N.B. by definition the 

unpaired ligands are non-identical). 

Diastereotopic groups are non-superimposable, and barring accidental 

equivalence (which occurs quite frequently in nmr), are non-equivalent. Such 

groups will therefore have different physical and chemical properties, even 

in achiral extramolecular environments, and a degree of intrinsic stereo-

selectivity is to be expected. 

In the three series of compounds studied in the present work, the, two 

chlorine atoms on C-2 are adjacent to a chiral centre (C-1) and are therefore 

diastereotopic (see FIG.1-1.3). Unfortunately, we are unable to directly 

observe their physical non-equivalence by nmr, but it should be borne in mind 

that this is present and cannot be removed by bond rotation! 

For example, Pople7 considered the phenomenon of the methylene group 

adjacent to a chiral centre (FIG.1-1.6). The three rotamers are physically 

distinct and in the frozen out spectrum,$ three AB quartets occur. Under 

rapid rotation, the environments of Hi and H2 cannot be averaged out, their 

* Stereoselectivity may refer to (a) the discrimination between enantiotopic 
groups by a chiral reagent, or (b)the discrimination between diastereotopic 
groups by any reagent(5). 
$ See footnote p.20. 
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• 

FIG.1-1.6 

resultant time-averaged environments are still non-equivalent, and a single 

AB-quartet emerges. This chemical shift non-equivalence under conditions of 

" 	 8 rapid rotation has been termed intrinsic anisochronism" (AS.) by Gutowsky. 

Dabrowski and Ejchart9  have observed 
1
H nmr non-equivalence in both 

methylene protons and isopropyl methyl groups, in compounds analogous to 

those examined here : 

OH 
	

OH 
EL 	FIG.1-1.7 	Me 	Me 

• Ph 

	

	(Pr' = iso-propyl) 	Ph 	CH
2
OPri 

OPr 

iõ0.223ppm; J gem9.42Hz. 	AOMe0.141ppm; AJB..41le0.07Hz. 

The literature contains several reviews on non-equivalence of diastereotopic 
5,10,11 groups. 

In the study of elimination reactions involving diastereotopic chlorine 

atoms (FIG.1-1..1)  we observe a high degree of stereoselectivity, dependant on 

the nature of the aromatic ortho substituent X. It is our contention that the 

major cause of this stereoselectivity is not the chlorine atoms' intrinsic non-

equivalence, but is the preferential population of certain rotamers in these 

molecules, prior to reaction. Such preferences have been reported by various 

authors studying diastereotopic non-equivalence. 

Norris and Binsch12 have examined the 19F nmr of a large number of 

penta-halo substituted phenyl ethanes at low and ambient temperatures 

(eg.FIG.1-1.8)  The assigned shifts and couplings from the geminal fluorines 

in the "frozen-out" rotamers, weighted with the rotamer populations, were used 
A,LT. to calculate the components of the time averaged geminal anisochronism 	) 

and were found to be in good agreement with the anisochronism observed at 

ambient temperature (AAB)  (see TABLES 1-1.2 and 1-1.3). 

Several interesting points arise from this data. The rotamer prefer-

ences are in accord with the expected steric repulsion of the bulky chlorine 
,LT 

and phenyl groups. The intrinsic anisochronism term sm dominates the ob- 

served-anisochronism and is opposite in sign-to the conformer population term 

wc. Rotamer (2) is an example of accidental equivalence of the geminal 

fluorines. This also occurs under rapid rotation, if 0i and 0>c are equal 

$ At low temperatures the rates of molecular rotation may be reduced suffici-
ently for individual rotamers to be observable on the nmr time scale. This 
is referred to as a "frozen out spectrum': 
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FIG.1-1.8 

TABLE 1-1.2 Low Temp. Spectrum (10%v/v in CF2C ) bppm @94.1MHz rel.int.CFCL, 

Rotamer 	6A 6B AAB JA JAM , . <4,LT < > T 
`A>LLT 1 -66.87 -66.46 -0.41 169.8 12.1 7.9 

2 -70.33 -70.33 0 A2M 21.3 21.3 0.52 0.54 -0.02 

3 -64.07 -66.09 2.20 174.5 2 11.9 

TABLE 1-1.3 Ambient Temp. Spectrum bppm (P94.1MHz rel.int.CFC13 
Solvent Concn 6A 6B '6AB JAB JAM JBM 
CH2=CHC1 10% -65.970 -66.591 0.621 168.9 9.6 10.2 

CFC1
3 

0.4m -66.177 -66.757 0.580 168.9 10.0 10.2 

and opposite in signl2 

In an interesting re-examination of Intrinsic Asymmetry, Anderson, 

instead of comparing diastereotopic groups, has examined individual groups in 

prochiral situations where no orientational preferences exist, (eg. comparing 

the low temp 1H nmr shifts of geminal methyl groups in Me2XC.CYMe2). Differ- 

CF2BrCHFC1, Soon Ng14 concluded that the rotamer with hydrogen gauche to the 

• geminal fluorines was the most populated. This is somewhat surprising on 

steric grounds (gauche Cl and Br) (see FIG.1-1.9). When 

	

Cl 	F 	Norris and Binsch12 examined the frozen out spectrum of 

	

F 	F 	this compound they found the major rotamer (50%) to be 

the anti-periplanar form~5 (applying the sequence rules2) 

with the syn-clinal form, preferred by Soon-Ng, present 

in 42%. 

1-2. The E/Z Geometric Isomer Notation 

The cis/trans isomer notation for distinguishing isomers of 1,2-disub-

stituted alkenes may be unambiguously applied by considering the spatial rel-

ationships of the two hydrogen atoms about the double bond (FIG.1-2.1). 

CIS 	H\ e//'Y .TRANS 
(Latin - same) 	X/ 	\H (Latin -.opposite) 

FIG.1-2.1 

ences of approximately 0.lppm are claimed- in CHMe2CC1Me2. 

From an examination of solvent effects on the J and J~,F, couplings of 

Br 

H 

FIG.1-1.9 
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In the event of tri- or tetrasubstitution where no two groups are alike 

this simple nomenclature becomes ambiguous as deciding which group is cis or 

trans to which becomes purely arbitrary. Recently, the prefixes cis- and 

trans- to describe geometric isomerism have been replaced by the IUPAC de-

scriptors E and Z16 The set of operating rules for this notation was suggested 

by Blackwood et al '7 : 

Reference plane containing the 
II- bond. 

FIG.1-2.2  

(.1) Determine the relative priority of the groups A, B and C, D by applying 

the sequence rules of Cahn, Ingold and Prelog2 (Normally the Atomic No. (Rule 

2) of the directly attached atoms, or the size of the group when two alkyl 

groups are geminal, is sufficient). 

(2) The configuration with the two groups of higher priority on the same side 

of- the reference (TL) plane is assigned as the Z-isomer (German ZUSAMMEN = 

same). 

(3) The configuration with the two groups of higher priority on the opposite 

side of the reference plane is assigned as the E-isomer (German ENTGEGEN = 

opposite). 

1-3 Origins and Scope of the Problems Investigated 

This study was prompted by observations made by P.A.Worthingtonl$ whilst 

examining the course of the "Abnormal" Michaelis-Becker Reaction. In the 

"Normal" Michaelis-Becker Reaction~9'20 	
on 

(SCHEME 1), a dialkyl phosphate is 

reacted with an alkyl' halide to form a dialkyl alkyl'phosphonate (X) : 

0 
(RO)2PNa 	+ 	R'X 	P (RO)2PR' 

CX) 
SCHEME 1 	The Michaelis-Becker Reaction 

When the alkyl halide is an OL-halocarbonylcompound, however, the reac-

tion can take several different courses (SCHEME 2). 

Of the three main products, the ketophosphonates (XII) can be considered 

the 'normal product' by SCHEME 1. The 'abnormal products' are the epoxyphos-

phonates (XIII) and the vinyl phosphates (XIV). 

The course of the reaction depends on the nature of R, A, B and X in 
2 

(XI)6-31  and the effect of variation of any of these groups on the product 

NaX 

* Compounds (I) to (IX) have been reserved for the general series of compounds 
used in the experimental part of this work - see Chapter 2. 



(b)24 	0 
(Et0)2PH 

0 
+ CH2C1 

H 

Et3N • 
40-50°C 

(e)~5 (EtO)2PNa + Me8CH2C1 

)26 	0 (134 	Et 
2
0 

(Et0)2PNa + McCCH2Cl reflux ► 

Me 

(Eto)2PCH2CMe 

0 	41.2R' 
(B) 	(RO) P91-sC-C-X 

2 	R'Rrr 

R' R" 	0 R' 
(A) 	(RO)

2
P'' 	(RO) P C—R" 

0=C-R 	2.1
p~C—R 

Ketophosphonate (III) 

1 P 
0 

	 (RO) .2

t 

11X 
RR 

0' 
C T --- . (R0) 2P0C=CR' 
R 	- R R 

vinyl phosphate 

7 23-  

( 
)21-23 	0 

(MeO)2PH + 

0 0 	0 OH  
   PH 	-N-0H-~   (Me0) 2

P0,C1HCC1 	—P(Me0)3 	2 C 3  H/"Cl 

stable at 20°C 

0 OH 
(Et0)2P-C-CH2C1 

H 
stable >20°C 

0 ONa 
(Et0)2P-6-CH2C1 

Me 
'stable at 20°C 

0 
(Et0)2PCf-Q\CH2 
_ 	Me 

(Major Product) 

O A 0 
(Et0)21L6-8-R 

B 

g .. 	0 A . 	 0 : 0 

	

EtO)2PNa + R,8-CX 	► (Et 0)2P-C 	11 -A 
R B 

Generalised Reaction 

after Arbuzov
27,28 . 

0 

Et— tOHt► (EtO)2P-C- CH2 

reflux (Et0)2PO~H 

(XI) 	0 
(Et0)2P-0-C=C-A 

B 

SCHEME 2 Products of the "Abnormal" Michaelis-Becker Reaction 

ratios can now be fairly accurately predicted. 

The nucleophilic species in both the normal and abnormal reactions is 

believed to be (R0)2P'0, because of the isolation of the 0l-hydroxyphosphon-

ates21'22(SCHEME 2(a-c)). The most likely mechanisms are shown in SCHEME 3 : 

	► (Ro).2POC=CR' 
R R 

Vinyl phosphate (XIV) 

O-hydroxyphosphonate (basic condition) 

(R0)P C-C-X 2—~► (R0)2 2 B IT 2 

r 
(R0) P-O_C!X  2 A Rrr 	2 A R" 

epoxyphosphonate 
SCHEME 3 



• 
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Step (A-1) is the most likely route to the normal Michaelis-Becker pro-

duct, ie. attack on the a-carbon bearing the halogen. Step (A-2) via a Wittig 

type 4-centre rearrangement32 to the vinyl phosphate proposed by- Cramer33 and 

Perkow is unfeasible35 as the ketophosphonate (XII) (R' = R" = H; R = Ph) 

resisted all attempts to rearrange it to the isomeric vinyl phosphate (XIV). 

Step (B-1) with phosphorus attack on the carbonyl carbon and subsequent 

rearrangement to the vinyl phosphate (B-2), or elimination to epoxyphosphonate 

(B-3), was proposed by Bengledorf36'37 and is supported by isolation of the 

O-hydroxyphosphonate intermediates~3-25 and their proven ability to rearrange 

to vinyl phosphates
18,21-3,38 

Preference for the two routes (B-2) or (B-3) 

depends on the relative electrophilic properties of the phosphorus and the 

Qcarbon39 and the steric crowding of the IX,-carboni8 .- 	 This leads to a delicate 

balance between the vinyl phosphate and epoxyphosphonate formation depending 

on the substituents on C-2. 

Prior to Worthington's study, the geometry of the products of the 

'Abnormal' Michaelis-Becker Reaction was unreported apart from the observation 

by Pudovik40 (SCHEME 4) that treatment of diethyl phosphonate with 0f-chloro-

ethylacetoacetate in the presence of triethylamine gave one epoxide (XV) 

stereoselectively (Geometry undetermined but it was suggested that 4JPH might 

identify the E/Z isomer). 

0 	0 	Et ,N 	0 0 
(Et0)2PH + CH3CCHC1CO2Et 	3 D.(Et0)2P-C 2CHCO2Et 

Me 

SCHEME 4 
	

(KJ) 

The epoxyphosphonate forming reaction (B-3) occurs less frequently than 

the vinyl phosphate forming reaction (B-2) and often produces only one isomer 

(eg. SCHEME 5.1). 

Only one 
possible 
isomer 

 \CHMe 

0 
2 (Et0)2PNa 	D (Et0) ! -CH2 
R 

0 ~ . 
(Et0)2PNa —9 [ tO)2 _ *_c*_Brl--I> 

R Me 

0 
(1) R-8-CH2X + 

0 H 	0 

(2) R-8-a-Br + 
Me 

Intermediate 	(XVI) 
two- possible 

isomers 

SCHEME 5 (R = Me or 
41 

literature. 

= Cl or Br) Geometry of (XVI) not disclosed in 

A study of the geometries of the reactions in SCHEMES 4 and 5.2 would be 

extremely interesting as the intermediates both contain two chiral centres 

(see SCHEME 5) and can exist as two diastereomeric pairs of enantiomers. 



O 
0Br 

R 

SS (or RR) 

Br 
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Elimination from enantiomers leads to the same products, but as there 

are two possible steric pathways (spm and anti - see SECTION 1-4.2) ans°two 
diastereomers of the intermediate, the reaction has four possible courses 

(SCHEME 6). If both diastereomers of the intermediate are formed in equal 

amounts (formation of the intermediate is reversible,,"$'37 so the lesser ster-
ically favoured diastereomer may not be present) and both eliminate by the 

same route at similar rates, a 50 : 50 mixture Of'WZ epoxides would result. 
But if one diastereomer preferentially eliminated by the syn-pathway and the 

other by the anti-pathway, or one eliminated at a much higher rate, a stereo-

selective elimination would occur and one isomer would predominate. 

H-. Me anti O=P 	syn 
0=P R elimn 	elim 

Br 

SR (or RS) 

Me anti 0=P Me syn  

elimn~ 	• 

	

P=0 	elim ----eS .R 

	

Bru\ 	 /P10 
SR (or RS) 

ScHEME.6  

On reacting dimethyl phosphonate with 2-chloro propiophenone, 

Worthington18 observed (from 1H nmr) that only one isomer of the epoxyphospho-

nate (XVII) was formed (SCHEME 7). Subsequent isolation and treatment with 

(Me0) lH . + 00C-01 	(Me0) PO~Me + (Me0) P 	H + (Me0) PC4 ~O cHMe 
2 	Me 	20°C 	2 	2 	rt 	2 0 

20 C 

Z-3 	(XVII) 529 E-16% 
1 isomer 

(Me0)2 C --tHMe 	(Me0)24-6-CHC1Me 	(XVIII) 1 diastereomer 

O 

(Me0) PH + to 	of Ow (Me0)2 
PO ,H + (Me0) PC--=CHO RV 

2 	Cl  Me OH 	/1 	2 0 
(XIX) 	Z-30% 	(XX) 7Q% 1 isomer 

SCHEME 7 

gaseous hydrogen chloride converted this to dimethyl 2-chloro-l-hydroxy-l-

phenyl-propyl phosphonate (XVIII) (only one diastereomer by 1H nmr). The 

* An interesting discussion of this topic in terms of addition rather than 
elimination reactions is given in the introduction to S.I.Goldberg's "Asymm-
etric Selection via Eliminations; Selective Organic Transformations,1,363 
(1970), (Ed. B.S.Thyagarajan) 	. 

E-Isomer 

SS (or RR) Z-Isomer 
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geometry of the epoxide product was indeterminable in the absence of suitable 

models for the 4JPH coupling data. A similar reaction with 2-chlorobenzyl 

phenyl ketone (XIX) also produced only one isomer of the epoxide (XX). 

The geometry of the vinyl phosphate-forming reaction was examined in 

considerable detail18 to gain an understanding of the interactions controlling 

the E/Z isomer ratio. The results of these experiments are summarised in 
TABLES 1-3.1 to 1-3.4. 

.The E/Z isomers were assigned from the 1H nmr. .1,2-Disubstituted.ethy-
lenes could be readily assigned from the coupling constants : 3JHH(trans) 

3JHH(cis). It was hoped that the 4JPH 
would be similarly useful for the tri-

substituted ethylenes, but the relative magnitude of the cis and trans J's 

varied with the substituent R (see FIG.1-3.1) making this technique unreliable. 

It was postulated18 that when R = H, the (P-O-C=C) moiety is planar and there 

is little IT-bond contribution to the 4JPH coupling path. With a bulky R group 

0 	
For 	

■
R = H 4J (CIS) \ 4J (TRANS) 

	

(Et0) PO~~X~H 	PH 	 PH 

	

2 

R~\RTRANS -\X 	
For For R = O 4JPH(CIS) > 4JPH(TRANS) 

FIG.1-3.1 

(Me or 0) the system tends to be non-planar which introduces a negative Tc-

bond contribution to the 4JPH' As the two coupling constants are opposite in 

sign, ,2 and I
4
Jal(transd decreases and I4JPH(cis)) increases on going from R = 

H to R. 0, this phenomenon is readily explained if the trans J is positive and 

the cis J is negative, and both decrease as the (P-O-C=C) moiety becomes non-

planar. 

The 1H chemical shifts were used as the main tool for assignment with 

6H(E) > 6H(Z). Application of the substituent shielding coefficients to the 

equation of Pascual et al,~3 below, was of but limited use as additivity only 

holds for small substituents : 

6H = 7.28 + DCIS A + GTRANS B + 0GEM C 

Summary of Stereoselective Vinyl Phosphate Forming Reactions from RCO.CHXY 

0 n 	~p=0~ Q 
Basic Reaction 	RCCHXY 

Base 
APO P 	+ ~PO~X 

R X E 	R̂ H Z 

TABLE 1-3.1 Results of the Perkow Reaction  

R X Y P Base. Solvent TEMP 0 %Z 

0 Br (Me0)3P / MeCN 95°C 1 99 

Me Cl (Me0)3P / MeCN 115°C 92 8 

oH 40 60 
0 oF Cl (Me00p / MeCN 20°C 12 88 

ocl :3 97 
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TABLE 1-3.2 Major Effects on Changing R, X, Y and Base/Solvent Conditions 

R X Y P Base Solvent TEMP 0 ;,Z 

NH3  McOH 

Me Cl Cl (Me0)2P0.H Et3N MeCN 20°C 100 0 
NaH THF 

(Me0)PO.H   N1-1 3 Me0H 20°C 95 5 
2  Et3N MeCN 20°C 95 5 

0 Cl Cl 
(Me0)PO.NaT NH3 

McOH 20°C 100 0 
2 

Et3N MeCN 20°C 100 0 
(Me0)2PO.H NaH THF 20°C 100 0 

0 Br Br (Me0)2PO.H NaH THF 20°C 0 100 

NH3  McOH 30°C 33 67 
0 Me Cl (Me0)2PO.H Et3N MeCN 20°C 20 80 

NaH THF 20°C 75 25 
0 0 Cl (Me0)2PO.H NH3  McOH 30°C 100 0 

TABLE 1-3.3 Effects of Changing ortho and para Ring Substituents 

R X Y P Base Solvent TEMP 5 E SZ 
oil 95 5 
oF 6o 4o 
oCl 17 83. 

0 oBr Cl Cl (MeO)2PO.H Et3N MeCN 10°C 9 91 
oMe 77 23 
oOMe 5 95 
oNO2  37.5 62.5 

pF 
pCl - 

0 pBr 
pOMe 

pNO2  

C1 Cl (Me0)2PO.H Et3N MeCN 10°C 95 5 

o+pC1 30 70 

0 o+pMe Cl Cl (Me0)2PO.H Et3N MeCN 10°C 83 17 

2o+pF. 83 17 

Significant success in predicting 1H chemical shifts was obtained 

through a 'model system' approach using observed substituent chemical shifts 

(SCS) in analogous compounds to those being studied. This had previously been 

suggested by Tobey 4 as the only reliable way of allowing for steric inter-

actions between adjacent groups. 

The most striking results of the vinyl-phosphate forming reactions are 

those in TABLE 1-3.3 where the variation of the o-substituent in 2,2-dichloro-. 



TABLE 1-3.4 Effects of Changing Phosphorus Reagent & Solvent/Base Conditions  

R X Y P Base Solvent TEMP 0 ,%Z 
oH 100 0 

S 
°C 0 oF Cl (Me0)21H Et3N McCN 10 90 10 

oCl 28 72 

()CI NaOMe McOH 20°C 40 60 

S NaH THF 40 60 
0 oCi Cl (Et0)2PH 

NH3 EtOH 
20°C 

50 50 

oH (1)NH3 (1)MeOH (1)20°C 95 5 

0 oF Cl Me0,YH 45 55 
oCi Me [(2)Et3N (2)MeCN (2)10°C 5 95 

oH 77 23 

0 oF Cl MMOH Et3N McCN 10°C 35 65 
oCi 5 95 

0 Cl EtO~H NH3 McOH 20°C 85 15 

0 oCi Cl Mec JH 	N H3 McOH 20°C 0 100 

The assignment of the E/Z isomers Presented in TABLES 1-3.1 to 1-3.4 was 
performed as noted in theltext. The E/Z ratios were determined by averaging 
the integration from the H nmr peaks and from the g.l.c. trace, which were 
always in close agreement. 

2'-substituted acetophenones has a marked effect on the E/Z isomer ratio. 
The vinyl-phosphate forming reaction proceeds firstly to the CC hydroxy-

phosphonate by an addition reaction (see step (B-1), SCHEME 3). The next, 

'elimination step, may proceed by either a penta-covalent phosphorus species 

as an intermediate (PATHWAY 1), or as a concerted process (PATHWAY 2) SCHEME 8. 

t0 Ō R' 
(RO) 2P— C—C -Y 

R 

(1) 
stepwise (RO) 

Q 
, 	0 

— 4. (RO) 2PR)C_CYR' 
R 

(TS) 

2 9 V 
	

(2) 	
p 

(RO)2P 1 C0 X Y concerted 
 

(TS) 	 SCHEME 8 

As kinetic studies were beyond the scope of the work, a mechanism could 

not be established. It was assumed that in either case the transition state 

(TS) for the elimination involved an anti-periplanar arrangement of the (P-C1) 

and-(02
-X) bonds. Where X = Y = Cl, two such orientations could arise and the 

geometry Of the final product was determined by the preferred conformations in 

the transition state (see SCHEME 9). 



HO 	Me 

X 

(2) 

X Cale 0 

Cl -36° 
Br -30° 
I -17° 

Me 	OH 	X 	Cale 0 
\ 0 X H 40° 

F 	48.5
° 

(1) Me 	Me 45.5
° 

0 Cl (9 	X~ Cl 0G 	
0 

	
00 

Cl 	H 	HC1 	Cl 	Cl 
R2P=0 (1) 	R2F=0 (2) 	R2P=0 (3) 

-Cle 	1-Cle 
No direct anti- 

0 	0 	elimination pathway 
0 OPR2 	O y OPR2 

C1/\H 	H~ *C1 

• 

E-ISOMER 	Z-ISOMER 	SCHEME 9  

It was concludedl$ that a preponderance of E-isomer would occur where 

there is little interaction between the phenyl and dichloromethyl groups (ie. 

para X substituent). Under these conditions, Rotamer (1), with the negative 

oxygen moiety adjacent to the hydrogen atom on C-2, is preferred. 

This situation is similar to that envisaged in Cram's rule for carbonyl 

addition reactions, which states that the preferred conformation is that in 

which the carbonyl group is flanked by the smallest group on the a-carbon s 

Similarly, in additions of a nucleophilic reagent (R4X) to a-chloro carbonyl 

compounds (R1R2C1C.00.R3) the major chlorohydrin product was predicted by 

Cornforth46 to be that in which R4 was anti to the larger group of R1 and E2 
when the chlorine and hydroxy groups were also anti to each other (SCHEME 10). 

4 	1 2 0 	R1 OH R2 	Preferred product 
RX + R R C1CCR3 

R 	R4 	when R1 > R2 
Cl 	 SCHEME 10 

An ortho substituent on the phenyl ring has a marked effect on the 

• course of the elimination (see TABLE 1-3.3); (X = H,F,Me) gave predominantly 

the E-isomer, whilst (X = Cl,Br,OMe,NO2) gave mainly the - Z-isomer of the vinyl 

phosphate. The size,of the ortho substituent could not be the only factor 

controlling the isomer ratio as the ortho methyl derivative (sterically sim-

ilar to chlorine or bromine) gave 77% E-isomer. It was therefore proposed 

that the ortho substituents were interacting with the oxygen anion on the a.- 

carbon in the reaction transition state. 

An analagous system of several ortho substituted 4-fluoro-CC,a-dimethyl. 
47 

benzyl alcohols had previously been studied in these laboratories. Analysis 

of the 19F chemical shift data indicated that ortho X = H,F,Me substituents 

FIG.1-3.2 
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4 	adopted conformation (1) (see FIG.l-3.2)  whilst X = Cl,Br,I preferred (2). 

If such alignment of the ring substituent and oxygen atom was present in 
the a.-hydroxyphosphonate anion species then in the compounds with X = H,F,Me 

there would be little interaction between the ring substituent and the pro-

chiral C-2 group. This would therefore adopt the preferred rotamer ((1) in 

FIG.1-3.3)  as the major conformer, with a lesser amount of (2), and subsequent 

elimination would give the E-isomer as the major product. 

With X = C1,Br,OMe,NO2  the ring substituent would lie away from the neg-

ative oxygen moiety and be well placed to interact with the two chlorines on 

C-2. This repulsive interaction would favour rotamer (2) over rotamer (1) and 

the Z-isomer should predominate: 

  

■/P o H 
0 
E-ISOMER  

  

Pro-R 	0 

. MAJOR ROTAMER (1) 

 

Pro -11 

 

MINOR ROTAMER (1) 

›P H 	 >P0 Cl 
Pro-S 	0 	Ō 

MINOR ROTAMER (2) 	 Z-ISOMER 

OQ" 
p, 	Cl 
0 	Pro-S 

MAJOR ROTAMER (2)  

. Cl 

Conformations adopted 	Conformations adopted 
by X, H, F, Me 	 by X = Cl, Br, OMe, NO2  

FIG.1-3.3  The descriptors Pro-W/S refer to-the boxed chlorines. These are 
preferentially eliminated as they are anti-periplanar to the 
phosphoryl group. 

Similar arguments explained the course of the reactions with the 214' 

disubstituted (X = Cl,Me) and the 2;4;6'-trifluoro-acetophenones (the small 

size of the second ortho fluorine explained the'lack of Z-isomer preference). 

It was suggested18  that 3JPH  coupling constants of the a-hydroxyphosphonate 

intermediates would have confirmed the proposed structuring of the transition
50  

state (3  m having a Karplusk8
' 9 relationship to the dihedral angle, see 

SECTION 1-5-1),  but these compounds were too reactive to isolate. 

On changing the reactivity of the phosphorus. reagent (see TABLE 1-3.5) 

the E:Z isomer ratio was still mainly determined by the ortho phenyl substit-

uent. Trimethyl phosphite was slightly different as it carried out this 

reaction without added base (the Perkow Reaction), but otherwise appeared to 

conform to the structural habits of the dialkyl phosphonates and phosphinates 



	• (RO)2 ~~H 	(X = F, Cl; Y = Cl, F) 

(XXII) 	;.SCHEME 12  
-HC1 
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• in the intermediate 

(°1C1-ito. Me PO~/C1 

CCl..../..1\~/I\ H 
(0Me)3 	Cl 

H 

SCHEME 11 The Perkow Reaction 

The varying ratios of the E:Z isomers produced with the five phosphonat-

ing reagents was linked to their reactivity. For the more reactive reagents, 

the transition state should resemble the preferred conformation in the aceto-

phenone. Cram's rule would apply,, and the E-isomer would predominate. This 

represents kinetic control of the reaction. 

For a less reactive phosphorus reagent, the intermediate should be pro-

duced in equilibrium with the starting materials, giving ample time for the 

repulsive interactions between the ortho substituents and the chlorine atoms 

on C-2 of the intermediate to fully develop. This represents thermodynamic 

control and the Z-isomer would predominate. 

• 

TABLE 1-3.5 Effects of Modifying the Phos-

phorus Reagent on the E:Z Isomer Ratio 

Deriv X H o-F o-Cl 

P Reagent 0 %/Z  0 %Z %E %Z 

(Me0)3P 40 60 12 88 3 97 

Me,PH 77 23 35 65 5 95 
S - 

Me,PH 95 5 44 56 5 95 
0 

(Me0)2PH 95 5 60 40 17 83 
S 

(Me0)2PH 100 / g0 10 40 60 

The concept of elimination 

from the preferred rotamer cont-

rolling the geometry of the 

olefin product is supported by 

observations of the dehydro-- 

chlorination of 2-chloro alkyl 

phosphonates (XXI), the ground 

state conformations of which 

were determined by 1H and i9F 
51 nmr studies. These eliminat- 

ions occurred stereospecifically 

by both syn- and anti- routes 

probably via an E1cB mechanism, 

to form olefins in which X and 

In
cr

ea
si

ng
  R

ea
ct

iv
it

y
  

Y are cis (XXII), an arrangement resembling that found in the ground state 

(see SCHEME 12). 

• (R0)2PCHX.CHCIY 

The epoxide-forming reactions of Nouri-Bimorghi52,53 were cited18 as 

• the only similar literature examples. In these elimination reactions both 

2,2-dichloro-l-methyl-l-phenyl ethanol and 2,2-dichloro-l-phenyl ethanol 

formed just one epoxide (geometry unspecified) on treatment with potassium 

hydroxide (see. SCHEME 13). 
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1
Cl 

yfy R anti-elim R  0`H sw  
Cl 	0~ C̀l 

OH Ci 
f&C-C-H + 0: 
R Cl 	\ 	Cl 

SCHEME 13 (R = H; Me) 

R anti-elimn R 0 Cl 

Cl 	

0„.„/ 

Worthington suggested that if the proposed interactions between the 

ortho substituent and the dichloro methyl group in the 0-hydroxyphosphonates 

were correct, then similar changes in the nature of the ortho substituent in 

the 2,2-dichloro-l-phenyl ethanols should bring about preferences for differ-

ent isomers in the epoxide-forming eliminations. 

This. has been persued in the current work. These compounds have proved 

to be good models for the interactions suggested for the reactive intermediate 

in the "abnormal” Michaelis-Becker Reaction, as their preferred conformers may 

be examined whereas those of the a-hydroxyphosphonates could not. Their 

structures have been determined from the various coupling constants across the 

"free-rotation" bonds and from a study of the effects of adding Lanthanide 

Shift Reagents (LSR) to them in solution. 

The directly analogous elimination reactions for the 2,2-dichloro-l-

fluoro-l-phenylethanes have also been fully investigated. These were an 

obvious choice as inclusion of the fluorine atom greatly increases the nmr 

data, especially coupling constants, available in determining the geometries 

of both the starting materials and the elimination products. 

A series of 1,2,2-trichloro-l-phenyl ethanes was also prepared with the 

intention of examining both their nmr properties and the products of elimin-

ation. Preliminary elimination reactions, however, showed significant re-

verse elimination of the C-1 chlorine. This, and the inherent difficulties 

in determining the geometry of the tri-substituted ethylene elimination 

products, heralded the abandonment of this set. of reactions. 

For comparative purposes it was desirable to have the same range of 

ortho and para derivatives in these series of compounds. A variety of elec-

tron withdrawing and donating groups were chosen in order to ascertain the 

electronic effects on preferred conformation. Availability of the starting 

materials and difficulties in synthesizing precursors led to a final total 

of fifteen compounds in each of the three series. These were (in Hammett 

Order) : 	ortho and para : OMe, Me, H, F, Cl, Br, CF3, NO2. 

This number and range of compounds generated sufficient data for a realistic 

assessment of the properties of the three series. 
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1-4 .Elimination Reaction Mechanisms 

Kinetic studies were not carried out as part of'this work, and as such 

no direct evaluation of the mechanisms of either the olefin-forming ((3-) or 
epoxide-forming (y-) eliminations could be undertaken. Analogy with the work 
of others, and scrutiny of the results does, however, make discussion of the 

mechanisms plausible. A resume' of the characteristics of the main mechanisms54 

will therefore be given as a background to this discussion. 

1-4-1 The Main Mechanisms 

The illustrations in this section will be confined to 1,2-(P-)eliminations, 

although much of the material also applies to 1,3-(y-) and 1,4-(&-)eliminations. 

1-4-1.1 The E2 Mechanism ("Elimination, bimolecular") 

This is the most common elimination mechanism and is typified by the 

base-induced loss of HX from a saturated hydrocarbon, to form an olefin 

(SCHEME 14). The accepted mechanism was proposed by Hanhart and Ingold in 

192755 The process is concerted and follows second order kinetics56 (EQN.1). 

i 

x; 

 

K1 
	► 

C
=\ + BH X9 	SCHEME 14  

 

Rate = K1[ Be][RX] 

1-4-1.2 The El Mechanism ("Elimination, unimolecular") 

This elimination occurs in the absence of base, as a reversible ionis-

ation followed by the faster loss of a proton57 (SCHEME 15). The overall rate 

of the reaction (EQN.  may be deduced from the steady state approximation of 

the carbonium ion concentration (EQN.2). Normally the ionisation is irrevers-

ible (K-1[XP]< K2) and the rate reduces to first order (EQN.4) 

 A K1 
H-C-C` X 	H- r + X~ --?-b.  ~C 

K -a 
d [Re] _ 0 _ 
dt 

- 

+ I~ + Xe 

SCHEME 15  

FP ] 	EQN. 2 

Rate =K2[Re] 

Rate = 

KiK2[RX] 

K-1[Xe]+ K2 

K1[RX] 

EQN.3 

EQN.4 

This mechanism need not be considered further, as apart from the small 

amount of auto-elimination observed in the 1,2,2-trichlorophenyl ethanes, all 

the eliminations performed in this study had to be induced by fairly strong 

bases. 
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1-4-1.3 The ElcB Mechanism ("E1.im. unimolecular, from the conjugate base"). 

This is similar to the 

removal of the C3-proton, but 

leaving group departing in a 

F~H—C—X 

 
E2 mechanism, being promoted 

with the resulting carbanion 

separate step58 (SCHEME 16). 

by a base-induced 

stabilised and the 

K, 
	+ BH 2 t -- 	 C ~ C \ + BH + X 

K-1 	 SCHEME 16  

By utilising the steady state approximation for the carbanion concentration 

the overall rate may be deduced in a similar manner to the El mechanism (EQN.5). 

K K
2 

[RH][~] . 
Rate = K2[ 1v] _ 1 	 EQN. 5 

K_1[BH] + K2 

If the second step is much faster than the reversion to the starting 

material, the rate limiting step (r.l.s.) is the initial formation of the 

carbanion and the kinetics become secondorder and indistinguishable from E2 

(EQN.l). Alternatively, if the rate of reversion to starting material domin 

ates, the kinetics become more complex and in theory, distinguishable from E2 : 

K1K2[RH][#] 

A third limiting case has been investigated by Bordwell59 and Rappoport. 

If the substrate is very acidic but the leaving group is poor, as excess of 

base will rapidly generate the carbanion which will then slowly undergo first 

order decomposition to products. Under these conditions the reaction will be 

first order in substrate but zero order in base (EQN.7). 

Rate = K2[RH] EQN. 7 

1-4-1.4+ The Variable Transition State Theory 

The idealised E2 mechanism invōlves the simultaneous formation of a base-

hydrogen bond and a carbon-carbon TL-bond, and the breaking of a hydrogen-carbon 

bond and a carbon-leaving group bond. 

In the variable transition state theory the timings of these processes 

are expected to vary slightly under different circumstances, and hence in the 

transition state itself some processes may be more advanced than others. 

Variation in the structure of the elimination transition state was cited 

by Cram et a1
61 to explain observations of rate changes on modifying experi-

mental parameters (leaving group, base, etc.). Similar theories by other 

authors were collated by Bunnett62 who presented a comprehensive review of the 

theory and implications of the "variable transition state". 

Rate = K-1[BH] 
EQN. 6 



ElcB-like Productlike 
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64 

by Zāvada et al, illustrates. 

all possible variations in 

elimination transition state 

structures with the exception 

of the syn- and anti- stereo-

chemical types. 
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In the full realisation of this theor 63 the original concepts of three 

distinct elimination mechanisms become blended together in a "spectrum" of 

reactions; variations of the concerted E2 reaction forming the middle of this 

spectrum, with the stepwise El and E1cB mechanisms at the two extremes (see 

FIG.1-4.1). The prefix "Paene" (Latin = almost) was coined by Bunnett. 

The transition state utilised in a particular reaction system may be 

predicted to some extent from the structure of the substrate. Thus introduc-

tion of an electron-withdrawing group at CR should shift the transition state 

character to the right, whilst electron donors at Ca should give a leftward 

shift63 The central transition state should be stabilised by the same factors 
61 that stabilise the final product, and should have similar geometry. 

x6- 

X 

~c(3—ā 	~ iC - C̀~ 	C6=-C. 
 

H 	 ' 
H 	HS+ 

(a) El (b) El-like 	(c) Central 	(d) ElcB-- 
Paenecarbonium Paeneolefinic -like 

Paenecarbanion 

(e)'ElcB 

Range of E2 Transition States  

The Bunnett Variable E2H Transition State Spectrum 	FIG.1-4+.1  

It was further proposed62 that the transition state in the central mechanism 

need not occur at 50% rupture of the C-H and C-X bonds and 50% formation of 

the C-C n-bond but could occur at any other point where these three processes 

were equally advanced. The ability of the transition state to be "Reactant-

like" or "Product-like" completes the Bunnett elimination spectrum. 

Observations that very weak bases which are good SN2 nucleophiles, such 
67 

as thiolate ions
65,66 and halide ions in acetone, were some ten times more 

efficacious in inducing eliminations in tertiary-butyl chloride than ethoxide 
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ions in ethanol65 (which is a factor of 1010  stronger as a base) lead to a 

search for a significantly different transition state for this type of system. 

The common feature throughout the Burnett spectrum 3  (FIG.1-4.1)  is that 

the base attack is always at the a-proton. This system has therefore been 

labelled as E2H68  An alternative transition state spectrum was proposed by 
Winstein and Parker69  to cater for the new circumstance. The initial suggest-

ion67  that the SN2 and E2 reactions might proceed from a common intermediate, 

in which the nucleophile was bound to both the a-carbon and n-proton, was 

rejected70  because the anti-stereochemistry of the elimination was retained 

even when the base and leaving group were identical. The so-called Winstein-

ParkerE2C-E2H Transition State Spectrum 9  (FIG.1-4.3)  favours base to CC-carbon 
interactions for weaker bases and merges into the Burnett Spectrum in the E1cB-

like region as the base strength or substrate acidity increase. 

x6- 	xS- 

/ 
	

C 	iC(3 CL! 

H6+ B6- 	:6- 

(a)E2C 	(b) E2C-like 

   

FIG.l-4.3  The 
Winstein-Parker 

E2C-E2H Transition 

State Spectrum 

   

   

H 
:ō- B 	

(c) E2H 

Numerous arguments have been presented for and against these two 

theories71  the deficiencies of which an intermediate spectrum by McLenna 68  
has tried to circumnavigate. For our purposes an awareness of the continuum 

of mechanisms from E2 to E1cB should suffice. 

1-4-2 Stereochemistry  

At one time it was thought that as the E2 mechanismcis concerted, it 

should proceed stereospecifically via an anti-pathway; and since the carbanion 

intermediate in the E1cB mechanism is not configurationally stable, it should 

have no important stereochemical consequences. Both of these views, although 

largely true, have proven to be drastic oversitnplifications. 

As stated earlier, the idealised E2 reaction involves the synchronous 

making and breaking of four bonds, with two extreme geometries for the Ca.- X 

and CR-H bonds in the transition state of the process, ie. anti-periplanar or 

syn-periplanarl5  (see FIG.1-4.4).  Planar alignment of the bonds involved is 

favoured on stereo-electronic grounds as this arrangement provides maximal 

orbital overlap for transfer of charge. As there is no readily available 

method of distinguishing between "periplanar11  and "clinal" orientations in the 

transition state, it is normal practice to. simply refer to anti- and syn-

eliminations. 
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B 
H  s 	 CX ~► 	H 

anti-periplanar 	syn-periplanar 

Preferred elimination 
transition states. 

FIG.1-4.4 

In the majority of elimination reactions the observed anti/syn preference 

is of the order of 100072 Many factors have been invoked to explain this vast 

difference between arrangements which are quantum mechanically very similar?. 

Electrostatic repulsion of the. base and leaving group favours anti-elim-

ination.73 In the anti-orientation, electrons released from the C-H bond can 

displace the C-X bond by rear attack74'75 Steric repulsions in the staggered 

(anti-) configuration are likely to be at least 3Kcal/mole less than in the 

eclipsed (syn-) configuration. McLennan has pointed out that this factor 

alone makes the anti/syn ratio 16076 

In the majority of cases where the syn- pathway dominates, elimination 

takes place across a bond which is rotationally constrained by the system, ie. 

within cyclic77 or bicyclic structures. Even in aliphatic cases of syn-

elimination there is usually considerable steric congestion and the structure 

giving rise to the syn- pathway is closer to that of minimum energy than the 

anti- structure79 Cram et a161 studied eliminations from a series of 1,2-di-

phenyl-l-X-propanes (X = Cl, Br, NMe3 ) with a range of solvent/base condit-

ions. In every case the threo isomer (see FIG.1-4.5) gave the expected trans 

olefin and the erythro isomer, with the exception of X = NMe3 , gave the cis 
olefin. 

	

Me 	Ph 	X 	H 	 H 

`'`Ph 	` Ph 	LAMe3C1 J 

	

H 	H 	H 	H 	 ` 

(a).THREO. 	(b) ERYTHRO 	(c) ANTI-ROTAMER 	(d) SYN-ROTAMER 
Preferred as less steric FIG.1-4.5 	 conjestion 

- The preferred syn-elimination of the erythro isomer to the trans olefin 

when X = NM 
3 

may be rationalised by comparing steric congestion in the two 

rotamers (c) and (d) in FIG.1-4.5 (the bulkier groups are circled). 

A recent quantum mechanical treatment by Charton has shown that steric 

considerations are probably more important than electronic factors in control-

ling the course of E2 eliminations from substrates with bulky 0-alkyl groups8° 

In the absence of recognisable extenuating circumstances the anti-rule 

for E2 eliminations from alicyclic reactants should apply. 

If, in the ElcB reaction, the carbanion intermediate is fairly stable, 
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rotation of the Ca-Ca bond may be expected to occur before the second,elimin-

ation, step takes place. The stereochemical outcome will therefore be unpre-

dictable. If on the other hand, the carbonium ion is fairly short lived, and 

external structural factors limit the rotation of the Ca group, some retention 

of configuration might be expected. Whether the mechanism is formally syn- or 
51 

anti- would depend on the preferred structure of the starting material. 

The formation of epoxides (oxiranes) from the dehydrochlorination of 
81 chlorohydrins has been shown to proceed via a y(--ElcB mechanism, with a formal 

anti-pathway leading to inversion at Ca (see SCHEME 17)82'83 

0 H BrN H— n0~ 	H N Kl  
,C/ C 

0\ „ 
B 	Cl 	-1 	B .Cbl 	

A ., 

SCHEME 17 

The rotation of the Ca group prior to the second step in order to attain 

the anti-configuration of the X-group would doubtless take place if this 

rotamer was not already significantly populated. 

1-4-3 A Survey of the Pertinent Literature 

In the current work, the results of two different sets of elimination 

reactions have been interpreted in the light of predicted rotamer preferences 

for the starting materials (see SCHEME 18). Both the olefin-forming 

,̀„H 

N. 

00 	- 09 
H 	Cl 	Cl 	H 

PhCHOHCHC1
2 

+ g9-► 
Ph 	H f ph 	H 

(IV) 	Cl 	Cl 

0. 	0 
Cl H,.„,,,.H 

	

.11 	Ph 	Cl 

SCHEME 18 

18-eliminations and epoxide-forming y-eliminations have one proton available 

for abstraction by the base, while having a choice of two "identical” chlorine 

leaving groups. Even if the anti-mechanism operates exclusively, both series 
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can produce both the E and Z isomers by eliminating either of the diastereo-

topic chlorines. 

As the reactions involved are dissimilar, the 03-elimination may be E2 or 

EleB whilst the y-elimination is probably all E1cB; they will be dealt with 

separately. 

1-4-3.1 Olefin-forming  (3-Eliminations  

It is common in the literature to find studies with a choice of 13-pro-

tons for abstraction by the base (frequently on different carbons, leading to 

discussions of Hofmann84'55/Saytzeff85 preferences)54 but there are seldom 

cases with a choice of geminal leaving groups. In the cases of LET (XXIII)86 

and DDD (XXIV)87 studied by McLennan et al, both have choices of geminal 

leaving groups, but as the a-carbon is prochiral in both cases neither have 

interesting stereochemical consequences and no conclusions about the elimin-

ation pathway (syn/anti) can be drawn (SCHEME 19) . 

Ar2CH.CC13 	Ar2CHCHC12 any Hyroute 
	 Ar 

Ar 

(XXIII) DDI' 	(XXIV) DDD 

The only literature example of a conventional 0-elimination towards 

diastereotopic leaving groups, is that of Boyce et al l F111 nmr analysis of 

a series of 1,1,2,2-tetrasubstituted ethanes of which (XXV) is a member, 

showed that they exist predominantly in the single conformation in which the 

two hydrogens are gauche. Mild elimination (triethylamine in refluxing ether 

for seven days) proceeded stereospecifically by the anti-route to the E-vinyl 

phosphonate (XXVI) (SCHEME 20). 

0-P(OEt)2 	0 

1 	anti-elim 	(EtO)P~ 	,H
to 

Cl 

(XXVI) 	SCHEME 20 

Alunni and Baciocci have produced a series of papers in which they 

examined the cis/trans olefin ratios of compounds of the general type 

PhCH2CHXMe, (X = Br, I, 0Ts)88 They cite anti-stereochemistry with a predom-
inance of the trans isomer (which has much less steric conjestion in the 

transition state than the cis isomer). 

Most authors have interpreted their 13-eliminations as concerted E2 or 

E1oB-like processes. The ElcB mechanism has found favour where 0(.-electron 

withdrawing or resonating groups are present. DDT86 has been shown to elim- 

87 inate entirely by the E1cB mechanism whilst DDD only uses this mechanism 

(Ar = pC1C6H4-) 

Cl 

H 

SCHEME 19 
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20-30% of the time. Rappoport89 concluded that the base-promoted elimination 

of phenoxide from XCH2CH2OPh (X = electron-withdrawing group eg. NO2, Ac, Bz) 

followed 	ElcB kinetics, whilst Fiandanese et a190 interpreted the syn- 

stereospecific elimination of HF from the sulphonyl-activated fluoroethane 

(XXVII) as involving an EleB mechanism with possible ion pairing (SCHEME 21). 

	

S02PF 	
Et N 	PhSO 	H 
3 	+ Et3 DB • 

	

D 	syn 	H 	SPh 
SPh 	 -  

(XXVI I) 	 H„ Ne" •• 

	

S02P~ 	
Et N 	PhS02 	H 	Et3 
3 	 +  Et NPHFA 

	

D 	syn 	D 	SPh 	3 	Possible Transition 
State 

SCHEME 21  

1-4-3.2 Epoxide Forming y-Eliminations  

The stereochemistry of epoxide synthesis was comprehensively reviewed 

by Berti91 in 1974. He found that the majority of epoxides formed by 1,3-

elimination reactions were derived from (j-halohydrins (sometimes generated in 

situ), although other leaving groups such as tosylate,.sulphonate and quater-

nary ammonium salts were also used. The mechanism of elimination was E1cB 

and the geometry of the products was consistent with an anti-periplanar arr-

angement of the hydroxy and leaving groups. An interesting demonstration of 

this is the ring opening of trans stilbene oxide, with hydrogen chloride in 

chloroform, which occurs by an ion-pairing mechanism (see SCHEME 2a) to prod-

uce the threo-chlorohydrin exclusively. Subsequent recyclisation with base 

produces the cis-epoxide stereospecifically9
2 

• 9C1 0 	Cl 	H 

40 
H%/O 	Ph 	HC1 	1-144, C® 	 s~`Ph 'µ,Ph 	

:iim

P 	0\ h
1110. 

n • 
TRANS 	SCHEME 22 	

CIS 

Elkik and Le Blanc93 prepared several a.-fluoro epoxides by elimination 

of'HBr from mixtures of the diastereotopic alcohols (XXVIII) and (XXIX). They 

observed that the relative percentages of the E-(XXX) and Z-(XXXI) epoxides 

formed, corresponded to the ratio of the integrations of the 19F signals of 

the erythro- (XXVIII) and threo- (XXIX) signals respectively. The sole part-

icipation of the anti-mechanism is apparent from this data (see SCHEME 23). 

A previous study by Atlanti and Leroy on isomeric compounds had produced 

similar results. 
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Unlike the p-eliminations, considerable work has been performed with 

y-eliminations in which there are two geminal leaving groups. Even so, there 

has been relatively little investigation of the stereochemical consequences of 

this arrangement. 

The bulk of these studies appear in the French literature, and are 

centered on the'original and continuing work of Kirrmann, Duhamel and Nouri-

Bimorghi95 who were the first group to successfully isolate and fully charac-

terise a.-chloro epoxides (SCHEME 24). 

PhCC12CH2OH 
aq NaOH Cl~ /0\ ~H 
Et
20 1► Ph/

C 	C\
H 

SCHEME 24 

The main interest in these compounds was in their thermal and acid-

induced rearrangements; so much so, that in subsequent papers96'9I,9$ where 

the preparation of the isomeric 2-chloro-l-phenyl ethylene oxide from 2,2-

dichloro-l-phenyl ethanol was reported, on mention was made of its geometry : 

PhCHOHCHC12 	Base--O. PhCH \CHC1 	or HCl 	
PhCHC1-CHO 

SCHEME 25 

Delmond et a199 have reported a series of studies involving the elim-

ination of tributyl tin chloride from compounds analogous to those of Nouri-

Bimorghi. Again the main interest was in the a.-haloaldehyde product, although 

the symmetry of the starting materials excluded stereoisomers of the epoxide 

intermediate (SCHEME 26). 

IR
—C R—Gt—X. 200 ► R\C 0 

u3SnO $ 	[R' 	"H 

Not isolated 

R— Ī —C H̀ 

X 

(R = H, Me; X = Cl, Br) SCHEME 26 

A geometry for the a.-haloepoxides was first mentioned by the Duhamels. 
100,101 

They prepared three a-haloepoxides 	by elimination of•HX from the corr- 

esponding alcohols (RCHOHCHX2; 'R = tBu, X = Cl, Br; R = pNO20; X = Br) and 
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showed from the 3J (all 1.0 - 1.5Hz) that the three products all had trans 

geometries. This indicates anti-elimination from the least-hindered rotamers : 

X 	H 	Ri~ 2 iX 
R 	H r> H 	X 	 R 

	

--B- 
H 	H 

X 	 X) 
(LEAST HINDRANCE) 	TRANS 	(MOST HINDRANCE) 	CIS SCHEME 27 

Two years prior to Nouri-Bimorghi's isolation of the first a-chloro-

epoxide, Martinov and Titov102 had reported the preparation of the a-chloro-

C(-ester epoxide (XXXII) by the Darzens reaction103 (see review ref.91). From 

the data presented by the Russians, however, McDonald and Schwab104 were able 
to show that they had in fact isolated the isomeric 1-chloro-l-phenyl-pyruvate 

(XXXIII) (SCHEME 28). 

CHC12.0O2Me + E19.7 d9C12CO2Me 
PhCHO  

H Cl 
I 

Ph—+--C) —CO2Me 
0G Cl 

  

   

fem• 
---► PhC /NC1 --0O2Me 	D Ph— i —C—0O2Me 

H Cl 	H 

(=II) 	SCHEME 28  

Compounds of this type were eventually prepared by Villieras et105,106 

using both the Darzens route, and a modification of the Nouri-Bimorghi route. 

The base for the latter route had to be similar to the group R' (SCHEME 29) in 

order to prevent transesterification. For one com-

pound, sodium hydride in ether105.was successfully 

used. The geometry of a series of epoxides (XXXIV) 

(R' = iPr) produced by the Darzens reaction was 

determined by nn. This indicated that the E:Z iso-

mer ratio from this reaction was dependent on the 

relative size of R1 and R2 (see TABLE 1-4+.1). 

The authors interpreted these results in terms 

of rapid interchange between the two rotamers (XXXV) 

TABLE 1-4.1 Product Rat- and (XXXNI) with the ratio of elimination from the 
ios of Darzens Reaction less hindered rotamer (XXXV) being faster than from 

the more hindered rotamer (XXXVI) ie K> KE > KZ. 

• Several more recent papers
107,108 have used the LiCHC12 modification of 

the Darzens reaction (SCHEME 30) as a route to forming a-haloaldehydes. The 

geometry of the a.-haloepoxide intermediates received little attention as migra-

tion of the chlorine in the ring opening turns the a-carbon into an aldehyde. 

H 	R~0\ /H 
i 

I1 1 

(X o} I) 

RI 
R2 %E 

Me H 100 

Et H 100 

1Pr H 100 

iBu H 100 

Me Me (50) 

Et Me 75 
iPr Me 95 



OR' 
CC13CO2R' + iPrMgCl --0- CC1 = ' 

CC13CO2R" 

CHC12CO2R' + R1R2C0 

COR' 
Zn --- ' CCl =C 

2 \OZnCl 

base 	Rl\ /_ \ /Cl 
Darzens Reaction 	/C 	C CO R' 2 	2 

(XXXIV) 

2 \oMgC1 R1 OH 
C.03--CC12—CO 2R' 

R2 

11'019 in ROH 
or 

NaH in EtOH 

Z isomer SCHEME 29  

CHC12 

Cl 
R1 	R2 

Cl j CO 1Pr 

(imv) 

R2 

Cl 

E-Isomer 
RI) R2 

—~—d / 1 
CO2 Pr R 

.1 
+ LiCHC12 

R2 

SCHEME 30 

K Jf 
Cl 

R1 = H, Me, Et, iPr 
R2 = H, Me, Et 
R' = Me, Et, 'Pr 

Finally Fougerousse and Riehll4°9 have studied the addition/elimination 

reaction of methoxy ion to aldehydes of the general type (XXXVII). Unfortu-

.nately, all attempts to isolate the epoxide (XXXVIII) failed, as only the 

rearrangement product (XXXIX) is stable (SCHEME 31). 

X  

'
H 

R— i  

Y LAr 

(XXXVII) 

H 

R— i —0Me 	R C i —0Me 
'Y OMe 	X H 	X 

• (XXXVIII) 	(xxxix) 

X10 

R O i—H 

Where (X = Y = Cl ; X = Y = Br ; R = pentyl, hexyl, phenyl) SCHEME 31 

1-5 Structure Determination in Solution 

In this work, we hope to prove that the results of the elimination of 

HC1 from two series of similar compounds may be interpreted as arising from 

preferred conformations present in the ground state prior to reaction. An 

important part of this study, therefore, is to establish, by methods 
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independent of elimination results, that such preferences exist. 

As the evidence presented in the previous section shows, the products of 

elimination reactions are expected to resemble the structures of the transition 

states. Similar criteria may be applied to other chemical processes, which 

make them an inappropriate tool for examining the ground state structures. We 

must turn, therefore, to physical techniques. 

The obvious method of examining conformations in the solid state is 

X-ray crystallography, but the relevance of such observations to the struct-

ures pertaining in solution is arguable. 

All of the three main spectroscopic techniques available to the organic 

chemist (UV, IR, NMR) may be performad in solution. Calculating rotamer pref-

erences in complex molecules is, however, beyond the scope of standard low-

resolution infrared spectroscopy. Also in this instance, electronic (Uv/ 

visible) spectroscopy would be of little help as alterations in the cōnfōr-

mation of a side-chain, into which there is no conjugation, will have neglig-

ible influence on the Tt-+Tts' transitions in the phenyl ring. Furthermore any 

variations observed may be attributable to alterations in the excited (Tt*) 

state and not in the ground state. 

Fortunately there exist several well tried methods of studying confor-

mation using various aspects of the nmr experiment. These fall into three 

fields : 

(a) Coupling constants across the bonds in question (mainly 3J constants). 

(b) Chemical shifts of groups attached to the bonds and affected by their 

rotation. 

(e) Lanthanide Induced Shifts (LIS). 

Others have dealt comprehensively with these subjects in rigid, and to a les-

ser extent, in 'free' and 'hindered' rotation molecules. Here our interests 

lie in the latter case and so the discussion of these topics will be mainly 

in this area. 

LIS is potentially the most powerful tool of the three in examining the 

overall conformation of a molecule, but the interpretation of LIS data is not 

completely straightforward and there may be considerable limitations in its 

sensitivity to moderately large rotational changes. 

The structure determination of the elimination products (which have 

rigid side-chains) will be dealt with in Chapter 7. 

4 	1-5-1 Conformation Dependence of Coupling Constants  

In the phenyl ethanes studied we are interested in rotational conforma-

tion about two bonds only, ie. the C-1'/C-1 bond (orientation of the side-

chain to the plane of the phenyl ring) and the C-1/C-2 bond (orientation 
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within the ethyl group) (see FIG.1-5.l). 

(a) 

Where Y-= F, Cl, OH. 
Numbering convention 

FIG.I-5.1 

(b) 

C-l'/O-l 
Conformation 

y 

. HW; Cl 

Ph H 
o Cl . 

(c) (d) 

C~1/C~2 Useful 3J 
Conformation Couplings 

The dihedral angles will be measured 
clockwise in the S enantiomer as shown above. 

The main couplings ~seful in this context are those which depend on the 

dihedral angle determined by these bonds, ie. 3JHH ~d 3JFH for the latter and 
3 3· 3 JFC and JHe for the former. TheJHH couplings have obviously received most 

attention in the literature; the key work on quantifying their relationship to 

dihedral angle was first published by Karplus in 19594B (see EQNS.8 & q). 
Later, whilst revising his original eqUations49 (see EQN.IO) Karplus pointed · 

out that these simple relationships only hold under a small-range of idealized 

conditions. 

O· 2 
J = J cos ~ - K 

J J IBO 2~ K = cos l-' -

J = A + Bcos~ + Ccosg¢ 

(0
0 < ~ < 90°) 

(90° < 15 < IBOo) 

(for ail ranges of 15) EQN.I0 

. 0 . lBO 
(Typical values of constants : J = B.5, J = 9.5, K = 0.28, A = 4.42, 

B = -0.5, C = 4.5). The earlier equations are easier to visualise and for 

most practical purposes produce identical results (see ~G.I-5.2). 

"Perturbations" which can upset these relationships are associated with 

(a) adjacent electronegative substituents 

(b) the orientation of the substituents 

(c) the degree of hybridisation of the i~termediate carbon atoms 

(d) the relevant bond angles and bond lengths 

Perturbation (a) may be allowed for to some extent in free rotation systems, 

eg. mono_110 or l,l-disubstitutedlll ethanes, where there are no significant 

rotamer preferences 

3JHH = 9.5 - O.BE 

3JHH = lB.O - O.BrE 

EQN.ll* 

EQN.12 

(Where E equals Huggins electronegativity) 
3 110 * An alternative equation: JIll! = 8.4 .- ~.4~ i~ given in the same· reference 

for the completely. averaged coupling ie. ·JHH = 1/3(Jt + 2J g)' 
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SOLID CURVE - EQNS. 8 and 9 

BROKEN CURVE - EQN.10 

FIG.1-5.2 Comparative plots 

of the 

Karplus Equations 

Additivity of electronegative effects of substituents breaks down for 

1,2- or higher substitution, due to unequal rotamer populations and the vary-

ing orientations of the electronegative groups to the 'coupling path'. 

Evidence of substituent orientation dependence in vicinal couplings was 

presented by Bhacca and Williams
112 

from 3Jax,ea and 3Jeq in sterols (see 
ax 

FIG.1-5.3)• 

Newman Projections 
along the C-2/C-3 bond 
• of Ring A in a sterol. 

(®- OH, OAc) 3 
J = 5.5 ± 1Hz- 3- = 2.9-+ 0.5Hz 

111-1 
FIG.1-5.3  

Their conclusion that ® exerts a greater electronegative effect when it 

is trans to the coupling path was supported by the work of BoothT~3 The effects 

of (c) and (d) are thoroughly examined by Jackman and Sternhel1
114 

A purely empirical approach to the variation of 	in in 1,2-disubstitu- 

ted ethanes was adopted by Abraham and Gatti~~5 who identified five different 

coupling arrangements (see FIG.1-5.4). Graphical solutions of the dependence 

of these couplings on the substituents X and Y led to EQNS.13-17. Phillips 

and Wray
ll6 

later pointed out that EQNS.13 and 15  should produce the same 

results in mono-substituted ethanes but do in fact diverge as the electro-

negativity of the substituent increases. Using a modified graphical technique 

they reinterpreted the data of Abraham and Gatti to produce EQNS.18 and 19. 
gr 

3J in 	X 	 Ham; g 
HH 

Jg g~~H H t g H H t 
1,2-disubstituted 	Jt~ 

 
H 	H 	 H 	X 

ethanes after 	 Y 	 Y 
Abraham and Gatti115 	Trans rotamer 	Gauche rotamer 
FIG.1-5.4 Superscripts denote the orientation of the coupled protons, 

subscripts denote the rotamer. 



Jt = 1.35 + 0.63(Ex ± Ey) 

Jt = 18.07 - 0.88(Ex + Ey) 

J: = 8.94 	0.9k(Fx + 
Ey) 

Jg = 10.45 	1. 43 (Ex + Ey) 

Jt = 16.47 - 0.60(Ex + Ey) 

Jt = 3.51 + (Ey 0.91)(0.367 Ex - 0.402) 

J$ = 3.40 + (Ey - 1.93)(2.95
0 
- 1.003 Ex) 

EQN.13 

EQN. lk  

EQN.15  

EQN.16 

EQN.17 

EQN.18  

EQN.19 

3JHH coupling across a saturated C-C bond operates almost entirely by 
the Fermi-contact mechanism. Even in olefins, the TL-system is not involved 

in 3JHH coupling to any great extent120 With 3JHC and 3JHF the situation is 
120,121 not as simple. 

	

In saturated systems these couplings may still obey the 

Karplus rule

122,123 
as only 	 ' p 	 y 0-bonding electrons are used to transmit she 

coupling. In unsaturated systems, however, both 0- and Tt-bonds may be used 

and the simple Karplus relation can no longer be applied. 

Wasylishen and.Scheafer

122,124 

found that the 3JO coupling in propane 

obeyed the Karplus equation (EQN.10 : A = 4.26, B = -1.0, C = 3.56Hz) but the 

corresponding couplings in propene and toluene did not (see FIG.1-5.5). The 

weak dependence of the 3JCH in toluene on the dihedral Angle was explained by 

considering the C-C linkage in the phenyl ring as a composite of the single 

and double bonds in propane and propene respectively. 

Williamson et ali~5 have shown that 3J behaves in a Karplus-like 

HF 

fashion with a general cos20 dependence. Phillips and Wray

126 

examined 3JHF 

couplings in a series of deoxyfluoro-D-glucopyranoses. As expected they 

observed the 3JHF trans > 3JHF gauche and that directly attached electro-

negative substituents reduced these coupling constants in a stereospecific 

manner. They also observed the additional complication that these effects 

depend upon the carbon atom (ie. a- to H or F) to which the substituent is 

attached. 

These equations are consistent with the earlier observations
112,113 

that substituents exert a maximum effect when they are anti-periplanar to the 

coupled nuclei. As might be expected, on going from di- to tetra-substitution 

as in the compounds studied here, additivity of electronegative effects 

becomes both more complex and more uncertain. Reynolds 	

117-8 

p 	 ynolds & Woōd 	have studied 

several. 1,,2,2-trihalophenyl ethanes, predicting preferred rotamers in differ-

ent solvents from Abraham's electrostatic theory of solvation119 and M.O. 

calculations. Trends in the 3JHH couplings agreed with the calculated prefer-

ence of the trans H-H orientation in basic H-bonding solvents, but specific 

work on quantifying electronegative effects on 

3

JHH was omitted. 
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PROPANE 

FIG.l-.5.S (Adapted from 

Refs. 152 and 124). 
3 The J CH coupling constants 

were all calculated using 

the FPT INDO method. 

O+-----~----_.----_.------~----~----~ 
0, 30 60 90 120 150 

13CCCH Dihedral Angle 

In three bond couplings involving a proton, transmission of the coupling 

is mainly via sigma bondi~g electrons., Unfortunately 3JFC couplings, even in 

saturated systems, use several competing mechanisms, including "through space~' 

which makes their predictio~evaluation a hazardous procedure. A good example 

of the complications arising even in a' fixed saturated system is that of a 

series of methyl-2,2-difluorobornanes studied by Grutzner et al;27 which have 
. 13 128 

been discussed in detail in Stother's book on C nmr. In FIG.1-5.6 a selec-

tion of these couplings are illustrated (by heavy bonds) for those cases where 

one fluorine shows markedly larger coupling than the other over 3 or 4 bonds. 

Illustrations 6 and 7 show results which are difficult to explain and which 

highlight the idiosyncrasies of the 3JFC coupling. 

~F 
f--i--.bMe 

1 

6 7 

·~F 

~ 
5 

FrG.1-5.6 3 & 6 apply to any Me posn. 
In.7 both F's give same value J for all 
Me posns. except C-l or syn-C-7. 

1-5-2 Conformation Dependence of Chemical Shifts 

In this rather broad subject, the· circumstances involved and the inter­

pretations used will vary considerably from one case'to another. Each case, 



Me 

tBu 	X 

M Me 
X 	Me 	FIG.l-5.7 

Minor rotamer 
(X = OH, OMe only) 

(X = H, OH, OMe) Major rotamer 
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therefore, needs to be evaluated on its own merits by applying the criteria 

thought appropriate (for an example of ~9F conformational shift dependence12 

see FIG.l-1.8, TABLE 1-1.2). 

Similar effects on chemical shifts in frozen-out rotamers are well 

documented for many systems. In our case, where there appears to be consid-

erable rotational restriction at ambient temperatures, some benefit may be 

obtainable from a loose tre :ment of this kind which may at least indicate 

trends in the configurations adopted by the ethyl side-chain within a series 

of compounds. 

It may also be possible to obtain information on the C-1/C-1' bond 

orientation in the phenyl ethanes by analogy with the nmr data of phenyl vinyl 

phosphates18 Worthington found that the 1H shifts of the C-2 proton in the Z-

isomer of the 2'-substituted phenyl vinyl phosphates ( SCHEME 9) did not pro-
duce a linear plot against the 1H shift of the corresponding proton in the 

2'-substituted styrenes, whereas similar plots for the E and Z 4'-substituted 

and E 2'-substituted isomers were linear. To explain this anomalous behav-

iour it was postulated that in certain cases the orientation of the side 

chain brought the H-2 proton into the shielding cone of the benzene ring. 

Examination of Dreiding models of the phenyl ethanes studied shows that this 

interaction could easily occur for certain combinations of C-1/C-1' and C-1/ 

C=2 rotamers (ie. the,H-2 may penetrate the shielding cone which subtends an 

angle of ',33°  to the centre of the plane of the benzene ring129). 

The work of Phillips et al47 on conformational preferences in ortho sub- 

stituted para fluoroacetophenones, a-methyl styrenes and ct,a-dimethyl benzyl 

alcohols (already cited) compared observed variations of the 19F shift for 

various ortho substituents (ie. SCS - substituent chemical shifts) with the 

calculated II-electron densities at the para-carbon for a range of side-chain 
angles (using the CNDO/2 M.O. program) (see FIG.1-3.2). They were able to dir-
ectly correlate the changes in the TL-electron density at C-$ with the ~9F SCS 

by using a calculated proportionality constant of 661.5 ppm shift per unit 

electron density. 

A recent study of a similar system (see FIG.1-5.7) by Anderson and 
Pearson130 has used a combination of chemical shift information taken from 1H 

dynamic nmr spectra, 13C data and from shifts induced by the Lanthanide shift 
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reagent Eu(fod)3. The overall evidence indicated only one major rotamer pre-

sent at ambient temperatures in all three compounds, with the minor rotamer 

shown present when X = OH or OMe. 

1-6 Lanthanide Induced Shifts (LIS) 

31 In 1969 Hinckley' reported that bis pyridine tris C3-diketone Europium 

(III) complexes induced large shifts in the 1H nmr spectrum of cholesterol, 

without significant line broadening, and the field of "shift reagents" was 

born. The potential of shift reagents to simplify spectra was universally 

recognised and development of new shift reagents was rapidl32'133 Early quan-

titative work on "LIS" which used an r-3  dependency for the induced shift 

(where r = the metal/proton distance) was shown to be invalid, as shifts of 

• the wrong magnitude and sign were reported. The necessity for an angular 

term in the shift equation was pointed out by Horrocks135 and the simplified 

version of this, the already established McConnell-Robertson equation136 

found wide acceptance~37(see.SECTION 1-6-4.1). This led to a flood of public-

ations in which LIS data was used as a tool for studying molecular geometry as 

well as the "standard" uses for spectral assignment and simplification. 

At its height (1972-74) the applications of LIS were the subject of sev-

eral reviews138-140 and-have since been briefly reviewed annually in the 

Specialist Periodical-Reports-on-NMR.   An excellent treatment of the applic-

ations of LIS in conformational analysis, by Hofer, appeared in 1976. Very 

recently the whole field of Lanthanides, their electronic structure, complex 

formation, and interaction with organic molecules has been presented in the 

one review. This all encompassing introduction to the subject, by Mednejad; 3 

was found extremely useful. 

As part of the work undertaken in this project was the development of a 

computer program which optimises molecular conformation to achieve "best fit" 

of observed and calculated LIS data, it is necessary to review the relevant 

theoretical and practical aspects of analysing such data. 

1-6-1 The Components of the Induced Shift 

The formation of an adduct between a Lanthanide chelate and an organic 

substrate produces an internal anisotropic magnetic field around the substrate, 

which modifies its observed chemical shifts. If all these "induced shifts" 

were attributable to the same mechanism one would expect all the lanthanides 

to produce similar shift ratios with a given substrate. It was quickly noticed 

that this is not the case133 as different lanthanides not only produce shifts 

of varying ratios but also of different signs. In fact the observed induced 
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shifts comprise three separate interactions se P 	(see EQN.20), the degree of 

each present depending upon the particular lanthanide used, the nature of the 

binding site on the substrate, and.the nucleus examined (eg. 1H, ~9F, 13C etc) 

observed • dipolar + ©scontact + 65diamagnetic EQ,N. 20 

Whcrē AS bserver 

Asdipolar 
scontact 

• the observed induced shift. 

= the through space or "pseudo-contact" interaction (PCS). 

= the through bond or "Fermi-contact" interaction (CS). 

hsdiamagnetic - the directly bonded "complex-formation" interaction (CFS) 

Frequently the pseudo-contact term dominates and it is now standard . 

practice to ignore the CS and. CFS terms under certain circumstances. In the 

treatment of LIS data undertaken in Chapter 6 this assumption is made and will 

therefore be justified in the following pages. . The mathematical aspects of 

the CFS and CS terms need not be considered here as they play no important 

part in our results. They will only be mentioned qualitatively and for further 

details the reader should turn to the reviews already cited13,138-142 

1-6-1.1 The Dipolar Interaction (Pseudo-Contact Shift PCS) 

This is a direct through-space interaction between the electron magnetic 

moment of the paramagnetic ion and the magnetic moment of the resonating 

nucleus. This averages to zero under conditions of rapid tumbling if the mag 

netic moment of the lanthanide ion is isotropic (as in La, Gda+ and Lu,3+see 

SECTION 1-6.3). For an anisotropic lanthanide ion (ie. one in which the 4+f 

orbitals are unsymmetrically filled) pseudo-contact shifts are produced. These 

are a function of the substrate geometry and the anisotropy of the molecular 

magnetic susceptibility tensor of the lanthanide complex and'are given by the 

equation of Horrocks and Greenberg 	: 

HD IP 	ad  	
_ 2 

 (xX+ x J 
f  3co2 - l

] 	 xi] 
 sint~c 2 	F'l  

 r3 

Where xx, xy, x2 are the principal molecular susceptibilities 

N is the Avogadro Number 

r, 0, .(0 are defined in FIG.1-6.1  

FIG.1-6.1 The definition of the polar 

Coordinates r, 141, 0 in the system of 

• the principal components of the magnetic 

susceptibility tensor. 

When the magnetic moment of the complex has axial symmetry xx = xy and 

EQN. 21 
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EQN.21 simplifies to 
: HHDIP = 34xz _ 

xxl(3cos2q - 11 
J (. 	~ 	J EQN.22 

 

If the lanthanide is isotropic xX = xy = xZ and OHDIP/H averages to zero. The 

main assumption of virtually all computational approaches to "solving'; the 

metal position relative to the substrate in a lanthanide-substrate adduct is 

that the complex formed has effective axial symmetry (this was not assumed by 

Cramer et a1148). Under these conditions the simplified version of EQN.22, 

the McConnell-Robertson Equation (E0.23) can be used : 

DIP = K(3cos2(I) - 1)/r3 	EQN.23  

The constant K is the same for. all nuclei in a given complex and their 

relative shifts are given solely by the geometrical term. 

The success of assuming axial symmetry in analysing LIS data is quite 

remarkable in the light of X-ray observations of lanthanide chelate-substrate 

complexes. For axial symmetry the complex should have at least a three fold 

symmetry axis passing through the lanthanide ion. This is definitely not the 

case in the solid state149-151 Horrocks152 suggested that this apparent dich-

otomy could be rationalised if the lanthanide-substrate complex underwent a 

dynamic equilibrium between thirty or more geometrical isomers which were 

disposed such that theaverage orientation of the substrate lay in proximity 

to the lanthanide's maximum susceptibility axis. This model would justify 

assuming effective axial symmetry for the complex, and a "fixed" position of 

the metal relative to the substrate. 

Not only does the assumption of effective axial symmetry seem fully just-

ified by the success of its application, but the further assumption that this 

symmetry axis lies along the lanthanide-substrate "bond" has been profitably 

applied on many occasions. In several papers this orientation of the princi-

pal symmetry vector has been challenged but on optimisation has always been 

found to lie, within experimental error (c 2°), along the metal-substrate 

vector153-159 

An interesting consequence of the McConnell-Robertson Equation (EQN.23). 

is that the value of (3cos2t1 - 1) passes through zero when L, = 54°44' and the 

sign of the induced shift is inverted. This is the so-called "magic angle". 

1-6-1-2 The Fermi-Contact Interaction (Contact Shift - CS) 

This involves the direct delocalisation of unpaired 4f electrons of the 

lanthanide to the molecular orbitals of the substrate. The effect spreads over 

several bonds and the changes in the.. local... electron densities induce contact 

shifts160 which fall off rapidly with distance. As might be- expected TL-bonds 
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161 
are better transmitters of this effect than 0-bonds. 

1H nuclei, in contrast to ~3C and 	nuclei only suffer from CS to a 

very limited extent (CS « 10% PCS for 
1H 

closest to binding site)142 (relative 

CS 1.00 : 8..76. 35.91)138 

The degree of delocalisation is very dependent on the nature of the Ln 

(III)-substrate bond. As this bond becomes stronger (more covalent) the con-

tact shift contribution increases162 As the higher lanthanides have smaller 

radii163 (see SECTION 1-6.3) they are less able to form strong bonds. Varia-
tion of the lanthanide,

62,164-167 
the P-diketone chelating group168 and the 

.substrate donor group169 increase the contact shift : 

Yb < Pr C Tm. ( Dy K Tb' Er< Ho . < Nd < Eu 

dpm < fmd < pfd < fod (the order of the chelates Lewis acidity 70) 

-OH < -COR e -CONR2 < -NH2 

Virtually all authors agree that Ytterbium based chelates are the ideal 

shift reagents for accurate LIS worke
g'162,165-167,169,171 

as they produce 

shifts to lower field, (the alternative, Praseodymium, shifts to higher field) 

which have negligible CS contributions in all but the carbon a- to the binding 
site. In alcohols even the M-carbon has negligible contact shift (CS + CFS = 

50167 in bicyclo heptanols - poss.4% CFS169). In fact several authors
166,167 

have reported better fit of the calculated LIS data to the 13C observed LIS 

than to the H observed LIS. 

Because of its spherical symmetry Gadolinium does not produce any PCS 

and has therefore been used by several authors
145,162 

to study CS and CFS 

contributions; it has well established use as a "relaxation" or broadening 

agent (see SECTION 1-6.2). 

Contact shifts may be expected to be larger in the a-nucleus transoid to 

the L-X bond (see F'IG.1-6.2) than in the other a-Wue1ci158'172'11' This has 

been used to justify low CS in a-protons, 2 as relief of steric compression 

favours a cisoid relationship between the a-proton and the L-X bond195 

(L = lanthanide ion, 
X = substrate donor) 

CS : 	
i R2N 11-3 

FIG.1-6.2 

R2 R3 

L 

The interesting observation that contact shifts frequently alternate 

sign from the a- to the R-carbon has been made on several occasions165,171,174 

In the case of Eu(fod)3 with sterois165 the a-carbon suffered a large down-

field CS whilst the P-carbons suffered similar upfield CS's. Similar observ- 

ations were made with the alcohols studied in this work (see Chapter 6). 
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1-6-1.3 The Diamagnetic Interaction (Complex Formation Shift - CFS) 

This term is independent of the paramagnetism of the lanthanide and 

arises solely from perturbations of the substrate's electrons caused by the 

bonding to the shift reagent. Most authors have ignored CFS contributions in 

their calculations of induced shifts although its participation was questioned 

by Bleaney et al175  in 1972. 

As Lanthanum (Lay) and Lutetium (Lu3+) are diamagnetic (neither possess 

unpaired 4f electrons) and therefore do not produce PCS or CS shifts, their 
145'  146 induced shifts, which are surprisingly similar for extreme lanthanides,  

have been used to estimate the CFS contributions of other lanthanides169,176 

this effect is normally only significant Very close to the lanthanide binding 

site. Chadwick Chadwick and Williams 169  have estimated the CFS contribution to the 

Yb(dpm)3  induced shifts of the a-carbon to be as high as 17% in ketones but 

only 	4% in alcohols. They suggested that the ability of the carbonyl group 

to donate electrons fron the oxygen atom, leads to efficient transmission of 

charge away from the a-carbon, and subsequent deshielding. 

Most authors have concluded that CFS contributions to 1H shifts may be 

disregarded in non-aromatic protons
142,169,177 but that it is worthwhile 

estimating it in other atoms O(.- to the binding site145'177 For most purposes 

the CFS and CS "contaminants" of lanthanide induced shifts are undesirable, 

and the technique of estimating both terms from the gadolinium induced shifts 

(which have no PCS contribution) has proven fairly 	 145,162,175 y popular. 

1-6-2 Line Broadening  

As well as the included shifts already mentioned, the addition of a 

lanthanide chelate to an organic substrate in solution enhances the nuclear 

spin-spin relaxation rates which is observed as a broadening of the spectral 

lines. In molecules with little CS the line broadening may be interpreted 

solely from the metal-nucleus distance : 

Broadening (-lI, ) or 16 
	EQN.24  

2- r 

This effect is very short-ranged and because there is no angular term is 

easy to calculate. It has found some use in configurational studies (invaria-

bly in conjenction with LIS data155,178)  and is also a useful aid to line 

assignment. Gd(III) complexes are the ideal "relaxation reagents" as their 

induced shifts are usually small. 

In many circumstances line broadening becomes a nuisance as essential 

information such as accurate shifts and coupling constants may be obscured. 
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1-6-3 Properties of the Lanthanides - Choosing a Lanthanide Shift Reagent 

The Lanthanides or Rare Earths comprise 15 transition elements which 

form a subgroup within Group (III) of the Periodic Table. Through this series . 

the 4f subshell is progressively though irregularly filled. Two electron 

configurations are found (see TABLE 1-6-1) 

fn-1 5d1 6s2  and 4fn 5d° 6s2  

As the 4f electrons are well screened by the 5s and 5p subshells they play no 

part in bonding. Ln(III) is the most stable oxidation state and is formed by 

losing the 6s2  and a 4f (or 5d1  where present) electrons which results in a 

regular filling of the 4f subshell. The lanthanides are physically and chem-

ically similar although the closed shell configurations in Lai+ and Lu3+  make 

these diamagnetic whereas all ether Ln3+  ions have unpaired 4f electrons and 

are paramagnetic. 

The general decrease in ionic radii on going from La3+  to Lu3+  is known 

as the "Lanthanide Contraction"179  and is caused by the shape of the 4f orbit-

als giving imperfect shielding between the 4f electrons. This leads to an inc- 

rease in the effective nuclear charge causing contraction of the 4f subshell. 

Although the acidity of the Ln3+  ions increases along the series, a trend 

which would normally increase their binding strength, the reduction in avail-

able space for binding leads to steric hindrance. The strongest complexes 
3+ 

with organic molecules are therefore found for Dy, Tb3+  and Ho3+  which give 

the largest induced shiftsl33,145  but also have large CS contributions 

(see FIG.1-6.3). 

The criteria applied in selecting a lanthanide shift reagent will depend 

on the specific purpose for which it is required. For the assignment of a 13C 

(1H noise decoupled) spectrum, a shift reagent with a large overall shifting 

ability eg. a Dy+ or Tb3+  chelate would be ideal, as the amounts of CS or 

FIG.1-6.3 

The PCS (Solid line) and 

CS (Broken line) for the  

0(,-carbon in n-octylamine 

The shifts are in ppm 

(+ve to low field) for 

the Ln(fod)3  chelates145 



TABLE 1-6.1 Properties of the Lanthanide (3+) Ions. (Compiled from refs : 143,145,151,163,180-183) 

' 

Element & Symbol 
At 
No 

Electron 
Configuration 

of 
Neutral Atoms 

Config 

of
3+ 

Ionic 
Radii 

N
ord 

6 
Cos 

Relationship 
between 

Colour & No. 
of Unpaired 

 Electrons 

Properties 

X=Ln(ch). 
Hydratiofi 
Before & 
After 

Vacuum 

Relative 
Shifts 
6CS/5PCS 
Cc.-C in 
n-octyl-
amine 

Relative 
Broadening 

SEQ. 

4f 	5d 	6s 4f 	5p 

Lanthanum La 57 
0 	1 	2 

4f 	5d 	6s 
0 	6 4f 	5p 1.061 

12 
colourless 

0  
colourless 

DIAMAGNETIC 
CFS Only 

X .3H 0 
X2.1H2O 2 	2  

CFS 
Only 

Cerium Ce 58 4f2 	5d0 	6s2 4f1 5p
6 1.034 

rr 
/ 

/ / 

Praseodymium Pr 59 4f3 	
5d0 	6s2 4f2 5p6 1.013 

8H 12 
green 
2 

yellow on 
standing 

it -17 
+0.15 

0.005 B 4 

Neodyium Nd 60 4f 	5d0 	6s2 
41,3 5p6 0.995 reddish 

It 
-3 
+0.70  

8 

Promethium Pm 61 4f5 	5d0 	6s2 
444 5p6 0. 79 pink yellow 

spontaneously decays _ 

Samarium Sm 62 
44,6 	5d0 	6s2 4f5 5p6 

0.964 
8x 12 

yellow 
5 

~~ -0.5 
/ 

0.02 	B / 

Europium Eu 63 4f7 	5d1 	6s2 
41,6 5p6 0.950. 

8H 12 
pale pink 
6 

white on 
standing 

fr +12 
+0.80 

0.003 B 
9 

Gadolinium Gd 64 4f7 	5d1 	6s2 ke7 5p6 0.938 colourless CSo CFS 
it 

CFS 	, 
+CS 

/ / 

Terbium Tb 65 4f9 	5d0 	6s2 f8 5p
6 0.99213 pale pink X`X20 -0.21 

0.1 	B 6 

Dysprosium Dy 66 1Ef10 5d0 	6s2 1 f9 5p6 0.990;8 yellow t1 _o3i3 / 3 

Holmium Ho 67 4f11 5d° 	6s2 
44,105 p6 0.894 

7H 
pink yellow 

4 rr 
-20 
-0.19 

0.002 B 5 

Erbium Er 68 4f12 
	0 	

s 2 5d 	6 
11 	6 

4f 	5p 
0.881 

7H 
reddish 
3 I., 

+9 
10.25 

/ 7 

Thulium Tm 69 4f13 5d0 	6s2 
44,125p6 0.876.9 green 

rr +0.07 / 2 

Ytterbium Yb 70 
14 	0 	2 

4f 	5a 	
65 13 	6 4f 	5p 

0.858 
7H 

colourless 
1 

if 
+10 +10 

0,02 	B 1 

Lutetium Lu 71 4f14 5d1 	6s2 44.14 p6 0.848 
7H 

colourless 
0 

DIAMAGNETIC
CFS Only 

~T CFS 
Only 

/ / 

SEQ. = The order of preference for LIS conformational analysis studies; H = co-ord. no. of the hydrate. 
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broadening present would not matter. For assignment of a spectrum with many 

fine couplings the best reagent would be a Elt3+ or Pr3+ chelate, for even tho-

ugh considerable CS would be present with Eu, both give very short spin latt-

ice relaxation times (^'10 1 secs) which result in narrow nmr lines and no loss 

of fine structure. 

La, Lu and and Gd
a+ 

have found special uses for estimating CFS and CS 

contributions, whilst Gda+ with its generally small overall shift (CFS and CS 

only) is extensively used as a broadening reagent. 

For conformational analysis, shifts with the minimum of CFS and CS are 

essential and Yb3+ or Tn3 chelates are ideal. The most commonly used reagents 

for this purpose are Yb3+ chelates, they do however produce significant line 

,broadening and coupling information may be lost182 Birdsall et 
a1188 

have shown 

that, in complex flexible molecules, consideration of the coupling information 

is as important as the LIS and broadening data when determining the overall 

conformation. Also comparison of couplings before and after adding a shift 

reagent is a good cheek that dramatic changes in conformation do not take 

place. This is most conveniently done with a Eu3+ chelate, although the shift 

data obtained is unreliable for conformational work. 

Most authors have used a variety of LSR's in any one study to make allow-

ance for CFS, CS and changes in conformation; so selection of appropriate 

reagents is very important. 

As well as variation of the lanthanide there is also the choice of a 

variety of chelatesl 3 In general chelates containing the polyfluorinated 

species (fod) (see FIG.1-6.4) have been found to be the most soluble in organic 
solvents, and due to the higher Lewis acidity of Ln(fod)3 over other chelates, 

170 produce larger shifts. As Ln(fod)3 chelates are readily available and have 

the most favourable properties they were the automatic choice for this work. 

(N.B.to avoid confusion in 1H spectra the two shift reagents used were both 

deuterated ie. EU(fod-d9)3.and Yb(fod-d9)3). 

lp,113+) 

I I0, 	0 	
,F 

C F\C/ F 

tBu7 `~Q~ NCZ NC/ 

C F/ \F 1 \F 
H 	 F 

FIG.1-6. i  

(fod) = 1,1,1,2,2,3,3-heptafluoro-

7,7-dimethyloctane-4,6-dionate. 

* Several aothors have reported varying amounts of-"chemical exchange spin de 
coupling" when using'shift reagents (185-187):-This is observed as a decrease 
in'coupling constants and in extreme,,cases couplings are completely removed. 
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1-6-4 Treatment of LIS Data 

The use of LIS data in determining structural information in both rigid 

and flexible molecules has invariably involved some form of the McConnell-

Robertson equation. A variety of assumptions and approximations are usually 

made and several different methods of obtaining the "metal position" are in 

general use. So much so that choosing and justifying a suitable method of 

handling LIS data becomes a difficult decision. 

1-6-4.1 Basic Assumptions 

That. although the LSR-Substrate complex is in rapid equilibrium, the 
metal can be considered to occupy one fixed position relative to the 
substrate. 

The more general aspects of this have already been mentioned152  (see SECTION 

1-6-1.1). Several authors have argued that the metal might occupy a pair of 

positions with a symmetrical substrate and have tried to allow for this by 

"reflecting" the metal test position in the plane of symmetry of the 
substrate1 2,155,159,169 

That the induced chemical shifts are proportional to (3cos24 - 1)/r3 and 
that any shifts used in the calculation of the metal position are free 
from CS and CFS. 

Some authors have either assumed that the LIS data used was free of CS and CFS 
and have accepted the consequences137 or have,deliberately omitted those shifts 

over which there was some doubt165  In the.more precise work, various LSR's 

have been tested to find the best reagent
162,167  (usually a Yb chelate) or 

allowances have been made for CS and CFS by using La, Luh  and Gd3+  induced 
shifts 145,169,188 

That the "Principal Symmetry Axis"of the metal complex lies along the 
metal-substrate donor atom vector. 

Most authors now accept this as a statement of fact. Optimisation of the dir-

ection of the metal's Principal Symmetry Axis has been performed on many syst-

ems by many different authors and all have found this assumption to be valid 

within experimental error153-159  Wing et a1157 did not even assume axial symm-

etry but found that the McConnell-Robertson equation was adequate. 

That the geometry of the substrate does not change on binding to the LSR. 

This appears to be true in most examples in the literature, but should be 

checked in individual cases by monitoring coupling constants etc. before and 

after adding the LSR. For example, small conformational changes have been 

reported for hexanols on adding BU(dmp)3166  
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1-6-4.2 Basic Methods 

There are several basic methods. All as their startip~ point assume 

that the coordinates of the substrate are obtained from standard geometries or 

specific X-ray data and that at least part of the molecule is rigid relative 

to the metal. It is also expected that the LIS data used will have been adj­

usted so that only PeS contributions are present. 

The main method used involves "searching" a regular grid of possible 

metal positions (anything from 6 points on two vectors to 50,000 points at 

O.l~ intervals throughout a hemisphere centered on the donor atom) to find the 

-"best fit". At each search point the induced shifts of every atom are calc- , 

uIated from the McConnell-Robertson equation and the average error or "fit" of 

the calculated and observed data is determined. The main variation on-this 

. method, apart from the selection of the search points, is the formula used in 

determining the fit of the calculated data. Methods CDf error testing \<Till be 

considered in the next subsection. This general method of multi-site searching 

has the advantage that "contour plots" of fit vs. metal position can be gener-
- 189-ated. For example~ Armitage et al have produced planar contours of norm-

alised variance as a function of the lanthanide position (R,~,Q), whilst 

Willcott et all71~190 chose to display their polar coordinate contours using 

Sanson-Flamstead sinusoidal equal area'projections 

be.O ...------,r------,----__ 

112.0 

1.76 2.4 

Contours of normalised variance vs. Contours of the agreement factor R 
lanthanide position for diacetone- at intervals of 0.12, with the ou~er 
glucose._ One of a set of such maps contour @ R = 0.12 •. For each map the 
by Armitage et al (189). Ln-donor. distance is .constant (190). 

FIG. 1-6 • 5 Two Examples of Literature Representations of "Iv1etal SearCh" -Results 

Most authors who have used this method~ have defined their coordinate ' 

system with the donor atom at the origin and have located the metal search sites 

by polar coordinates. Some have chosen different origins (ego Barry et al155) 
157 

whilst one method ' even places the lanthanide at the origin and recalculates 
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• all of the substrate's coordinates for each search point: 

Several alternative methods have been devised; for example ApSimon and 

Beierbeck191 expanded the McConnell-Robertson equation into a Taylor series 

and used Newton's iterative method of linear least squares optimisation of the 

coordinates of the metal to obtain a rapid convergence onto the "best fit" 

metal position. Although they obtained similar results with borneol and iso-

borneol to previous literature work137 there is always the disadvantage with 

this method that an overall picture of the "best fit" cannot be obtained and 

an initially poor guess might produce a false optimum position. This method 

was also used by Ammon et al~56 

Rafelski et al192 used the geometric term of the McConnell-Robertson 

equation to calculate the shifts for each proton in a variety of molecules. 

The constant K was found by a least squares fit of the observed and calculated 

shifts. The metal position was then varied over a regular grid and the error. 

terms E and b (see EQNS.25 and 26) were plotted against metal-donor distance. 

The best fit was that position in which E and b were both at their lowest 

minimum. 

• K(3cos24)i - 1)/4 + 'b 	 EQN.25 

• (Si(obs) - Si(calc))2 	 EQN.26 

• Hawkes et al153,158 in a similar approach, minimised the error function iter-

atively. In a study of LSR-substrate complex stoichiometry, by Johnston et 

al;93 absolute rather than relative shifts were calculated. To reduce the 

coordinate variables, adamantane nitrile was chosen so that only the Ln-N 

distance had to be varied (see FIG.1-6.6). A computer non-linear regression 

method was used to isolate the Al (from LS) and D2 (from LS2) contributions to 
8 (see EQN.27) and to find the rate constants kl and k2 (see EQN.28). 

R 

o + 	 S] Al + -- p2 o rsi 	[S] 

FIG.1-6.6 

L + S 	1 + S 	LS2 

EQN.27 

EQN.28 

1-6-4.3 Fit Factors and Si:nificance Testi 

  

The basic method method of comparing two sets 

mean square of their. difference (see EQN.29). This 

tests which have been used to evaluate'"goodness of 

reviewed by Hofer142 The Hamilton agreement factor 

of numbers is the root 

and the host of related 

fit" of LIS data have been 

R (see EQN.30), was 
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• 	 originally intended for use in a crystallographic context but since its intro- 

duction to LIS calculations in 1972190  has found wide usage. 

Error 
[

( obs  Qcalc)2 2 
i i  (n = total No. of observations) 

EQN.29 

R 

w (Aobs - Qcalc)2 2 
1 i i 	i  
I  bs 

• EQN. 30 

The R factor differs from most tests in that it has weighted factors wi  

which are introduced to allow for those cases in which several equivalent atoms 

produce one shifted signal. As only one signal is observed it should not be 

treated preferentially to signals from single atoms and so the two or three 

calculated components of the signal are given weightings of 0.5 or 0.33 as 

appropriate so that each signal has a total weighting of 1.0. 

The usefulness of the R factor becomes apparent if two minima are found 

in a grid search with agreement factors of RI  and R2 (R = 0 is a perfect fit 

whereas R < 0.04 corresponds to agreement within experimental error). 

Hamilton194  has produced "Significance Tables" for R factor ratios (see TABT,F,  

1-6.2) which may be used to express the "confidence level" at which- one result 

may be rejected in favour of another. Defining the coordinates of the metal 

and scaling the calculated shifts involves four degrees of freedom. As the R 

factor ratio_ significance tables require one or more degrees of freedom at 

least 5 shifted centres are required. Say R1  = 0.07, R2  = 0.04 and there are 
9 shifted centres; then R ratio = 1.75, degrees freedom = 5, so the Bi minimum 
may be rejected at the 97.5% confidence level (from TABLE 1-6.2). 

1-6-4.4 Likely Sources of Error in Calculating Metal Positions from LIS Data 

The most likely errors are in the shift data itself, especially when 

shift reagents with high CS or CFS contributions are used. These can be minim-

ised by careful choice of LSR and also where practical by ommitting data from 

the atoms nearest to the binding site. 

Where shifts are very small (< 0.lppm) errors of measurement alone may 

also be significant. The standard method of reducing this error is to use 

several additions of LSR and extrapolate the induced shift to a 0.5 : 1 or 

1 : 1 ratio. Non-linearity of the plot of Lb vs. moles LSR may be due to exp-

erimental error in weighing the necessary milligram quantities of LSR (ApSimon 

and BeierbeckX96  have considered this problem and have shown that this can be 

overcome) or to concentration effects of excess LSR. 

Several authors have thought that the apparent insensitivity of the R 
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TABLE 1-6.2 R Factor  Ratios Significance Tablel94 

°Freedom 5 75% 9Q% 95% 97.5% 99% 99.5% 
1 1.414 2.613 6.392 12.746 25.471 63.665 100.000 
2 1.155 1.512 2.294 3.203 4.500 7.089 10.012 
3 1.093 1.294 1.687 2.092 2.610 3.517 4.418 
4 1.066 .1.205 1.462 1.711 2.014 2.510 2.972 
5 1.051 1.157 1.346 1.524 1.732 2.062 2.357 
6 1.042 1.127 1.276 1.413 1.571 1.814 2.026 
7 1.035 1.107 1.230 1.341 1.467 1.658 1.822 
8 1.031 1.092 1.197 1.290 1.395 1.552 1.684 
9 1.027 1.081 1.172 1.252 1.342 1.474 1.585 
10 1.024 1.072 1.153 1.223 1.301 1.416 1.511 
11 1.022 1.065 1.137 1.200 1.269 1.370 1.453 
12 1.020 1.059 1.125 1.181 1.243 1.333 1.407 
13 1.018 1.054 1.114 1.166 1.222 1.303 1.369 
14 1.017 1.050 1.105 1.153 1.204 1.278 1.338 

* 
factor to small changes in Ln-donor bond length have meant that errors in the 

substrate coordinates were unimportant (eg. Willcott et al190 and Williamson 

et al~96 who both derived their coordinate measurements from applying rulers 

to..Dreiding models:). Detailed studies of coordinate errors and their effects 

on LIS calculations have since been performed by Hinkley and Brumley197 198 

who concluded that the expected coordinate errors of + 0.1R would make errors 

in calculating LIS greater than in measuring them; and although this would 

only lower the overall fit in rigid molecules, it may make it impossible to 

• distinguish between closely related conformers. They suggested that using 

coordinate data from X-ray structures would minimise these errors and that 

suitable models should be chosen if necessary. 

1-6-5 Conformational Studies Using LIS 

Many LIS studies have been performed on rigid substrates of known geometry, 

using a variety of techniques for analysing the data. From this work several 

general observations can be made which provide a useful background for the 

more complex conformational studies. 

(a) Most authors accept the McConnell-Robertson equation with the 

* This phenomenon is well known (190,199,200) and has been the subject of 
several studies (169,201). Cramer et al (201) observed small changes in the R 
factor over the Eu-N bond range 2.15-3.158, for several nitrogen heterocycles 
which were almost insignificant when examined with Hamilton's confidence test 
(194). Similar observations lead Sneider and Weigand (167) to propose that var-
iations in the fit of calculated LIS data of less than 3%. were not significant. 
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metal's Principle Symmetry Axis lying along the Ln-donor bond. 

(b) The donor atom is normally placed at the origin of the search co-

ordinate system and search points are defined using polar coordinates. 

(c) Hamilton's R factor is the most widely used error measurement for 

comparing the observed and calculated LIS. Fits better than R = 0.10. are 

acceptable though poor. The best fits reported have R factors of 0.02 to 

0.015 (ie. less than % average error). 

(d) Ln-donor bond lengths are usually.. in the range 2.5-3.5R. 

(e) Ln-bond angles depend on the nature of the donor group and usually 

fall in the range 110-180,° averaging 130° for -OH and -C=0 groups. 

(f) Wherever possible the metal occupies the position with the least 

steric crowdingl67'195'202 

(g) In molecules with several potential binding sites, exclusive select-

ivity of the most favourable binding site has been observed
203,204 

(ie. that 

with least crowding; not always the best donor203). Simultaneous bonding of 

the metal to two adjacent sites is well documented2
05-210 

Two of these stud-

ies were on tetracycline2
09'210 

which has nine potential lanthanide binding 

sites, but at any one pH only offers one metal location. Celotti and 

Fazakerley209 found three different sites populated at three different pH 

values, two of which had the metal 	between two donor groups. 

Conformational work may be divided into two general areas : 

(1) The relatively simple task of deciding between a choice of isomers, 

eg. cis/trans, E/Z, endo/exo, axial/equatorial, etc. 

(2) The more complicated task of selecting the preferred conformation 

in a molecule with a degree of flexibility, ie. a "free-rotation" bond or a 

distortable ring. 

In many literature examples both of these problems are present in the 

same molecule and are tackled simultaneously. 

Many claims have been made for the usefulness of lanthanide shift 

reagents, but that of Gore and Armitage~99 that "Eu(foci)3 could be mimicking 

some steric/electronic feature of the olfactory receptor sites of the 

European Elm Bark Beetle" was definitely a milestone. This conclusion was 

voiced after studying the shifted 1H nmr of four diastereomers of multistri-

atin (a dicxabieyclo[3.2.1] octane), one of which was known to be the aggregat-

ing pheremone of the said insect. This molecule has two potential binding 

sites (see FIG.1-6.7) with one, OB, more hindered than the other, but surpris-

ingly favoured in the active C(.-isomer, drawn. In the three other structures, 

which had negligible biological activity, the lanthanide was found to favour 

OA. The four isomers were identified from their shifted spectra. 
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The four isomers were derived 
from the various combinations 
of axial and equatorial posi- Me 
tions available to the two Me 
groups. 

Hinkley and Brumley197 were able to distinguish between cis and trans 

pinocarveol (see FIG.1-6.8)  from their LIS but reported that their expected 
coordinate errors of +0.1R made the determination of the degree of folding 

about the C-2/C-4 axis less certain. 

Craig et a1207  examined a series of endo- and exo- bicyclo octene anhyd-

rides (see FIG.1-6.9).  They found no difficulty in identifying the isomers 
and concluded that the Europium chelate was "shared" between the two keto-

groups. 

Several authors have studied simple rotating systems including the seem-

ingly trivial problem of methyl group rotation, which has no effect on confor-

mation but which can have marked effect on calculated LIS. In a comparative 

study of nmr and X-ray techniques the structure of 3,3-dimethylthietane-1 

oxide.Eu(dpm)3. was determined. The authors asserted that all reasonable methyl 

rotamer averaging should be done before the LIS assignment could be regarded as 
157 

correct. Lenkinski and Reuben211 assessed various methods of averaging the 

rotation of the methyl and tertiary butyl group in pinacolone in conjunction 

with two proposed metal positions of different populations. Again they insis-

ted that appropriate rotamer averaging was essential in calculating LIS. 

Wherever possible LIS studies which have involved calculating preferred 

rotamers have been performed in systems which are partly rigid, so that the 

metal position can be fixed by using the "known" LIS data and then the "vari-

able" LIS data can be adjusted (ie. the group rotated) to find the optimium 

position. Hofer212  examined the orientation of an aryl methoxy group in three 

indanols(see FIG.1-6.10).  Once the metal position was fixed the expected 
shifts of the methoxy groups could be calculated. Non-hindered methoxy groups 

were found to have two minima whilst hindered groups had one, always in the 

plane of the ring (preferred for oxygen orbital overlap with 1M-system). The 

results were in good agreement with observed shifts. 

Montaudo et a1200,  213 have reported several studies on a range of 
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Methoxy indanols — also had 
substitution at 1 and 3. FIG. 1-6.10 

compounds which have two rigid parts connected by a rotatable bond (see FIG. 

1-6.11). They found the best metal position from the 'fixed" part of the mole-

cule then added the data from the "rotating" part and optimised the rotamer 

from the overall fit of the calculated LIS. As all the systems studied were 

capable of conjugation they were able to ascertain which of the two "in plane"  

rotamers was preferred. 

0 X = H -predonimantly trans 
X = R & OR -cis/trans mixture 

X X =  NR2 	-predominantly cis 

II 	l 
Y''i<1.%0  

N /0 	
X 
FIG.1-6.11 

Armitage et al189  considered the interesting problem of rotation in 

substrates which were rigid except for their point of attachment to the lanth-

anide (ie. via -OH and -NH2  groups). They found that highly hindered molecules 

such as diacetone glucose (FIG.l-6.12) gave good calculated LIS fits for static 

complex models, but more compact substrates, 

such as aniline, required internal rotation to 
XOP 	be taken into account before optimum fits 

could be found. 

Several studies which combine choice of 

isomer and selection of rotamer have been per- 
FIG.1-6.12 Diacetone glucose 	formed. Falk et al214 determined the config- 

uration of a 3,4-dimethylpyrromethanone using a combination of LIS data and 
Nuclear Overhauser measurements. Irradiation of the 4-Methyl group enhanced 
the olefinic proton by 30% (see FIG.1-6.13), hence indicating a Z-configuration. 
From LIS data with Eu(dpm)3  the E-configuration could be rejected at the 99% 
confidence level. The final best fit for the Z-isomer was the twisted syn-

configuration shown. 

For the slightly more complex structure shown in FIG.1-6.14 Sullivan 

found only poor correlation coefficient differences between the correct and 

incorrect assignments of the endo- and exo- diastereomers. He was unable to 

detect the effects of conformatiomal changes of the non-rigid part of the mole-

cule on the calculated LIS. 

Studies of very complex systems, ie. those with three or more rotating 

bonds, several possible binding sites, or large difficult-to-assign structures, 

have met with varying success, and usually many different sources of data, not 

just LIS, have to be interpreted to produce sensible results188 
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OMe 

FIG.1-6.13 Twisted o.o.p. FIG.1-6.14  

The earliest study on nucleotides was that of Barry et all78 where the 

first problem tackled was how lanthanides bind to phosphate groups. Their 

conclusion, similar to that of later work by Lavallee and Zeltmann216 was that 

the metal lies in the plane of the phosphorus and two of the oxygens, with its 

Principal Symmetry Axis directed towards the phosphorus atom. The alternative 

• metal position, ie. tetrahedrally disposed between the three available phosph-

ate oxygens, produced no solutions to the LIS data~78 

One of the weaknesses of Barry et al's worki78 on AMP and TMP was the . 

scanty amount of 1H LIS data used (5 shifts in both cases) considering that 

four free rotation bonds were being optimised. The later work of Angerman, 

Danyluk and Victor208 on the antimalarial drug chloroquine (see FIG.1-6.15) 
was on a firmer footing 	

1
H ng with 1~F H shifts considered at two temperatures. 

Although this molecule has three potential binding sites, the ring nitrogen 

was found to be ten times better at complexing with the LSR than the side-

chain amines. Firstly the LSR (Pr(tmh)3) was fixed relative to the quinoline 

rings and then the side-chain was added stepwise, each group being rotated to 

the optimum position before adding the next. Both structures determined by 

this method varied considerably from the X-ray structure of diprotonated 

chloroquine. This is discussed in detail in the paper along with the methods 

of the nmr assignment and LIS analysis. 

In a study which used both 1H and ~3C LIS, Williamson et al166 examined 
the conformations of all 18 possible C6 alcohols. They assumed the Ln-O bond 

length was 3Ā and the bond angle 130° and performed an initial crude screening 

of the large number of staggered conformations, by a manual search (ie. from a 

log-log plot of Ln-X distance vs. LIS they selected those conformers which gave 

a correlation coefficient of better than 0.5 to a line of slope -3). Having 
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thus selected 6 or 7 trial conformers for each alcohol these were then subject-

ed to a standard computer LIS calculating routine. Thus they were able to 

assign diastereotopic atoms with assurance, but warned that some LSR induced 

conformational changes occurred (see FIG.1-6.16).  

A large number of studies of conformations in amides have appeared in 

the literature. As these have recently been reviewed by Mednejad143 they will 

not be discussed here. The methods used are similar to those reported above 

and a typical example of a complex structure determination is that of N,N-di-

isobutyl-l,l,l-trifluoro acetamide which has five rotatable bonds and was 

investigated by 1H, 13C and 19 13C 	LIS143  Spectral analysis was very complex 

because the iso-butyl groups contain assymetric centres and the molecule there-

fore exists as a pair of diastereomers. A combination of double resonance 

experiments and computer analysis of the LIS data was necessary to assign the 

spectra; the conformational optimisation then followed using only the calc-

ulated LIS. 

It is recognised that the examples in this section by no means exhaust. 

the field and because of the need for brevity much interesting detail has had 

to be omitted. Once again the reader is referred to the article by Hofer;2  

which presents an overview of the rōle of LIS in conformational analysis, and 

to the references cited both here and by Hofer. 
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CHAPTER 2 
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2 PREPARATIVE CHEMISTRY LEADING TO THE THREE SERIES OF STARTING MATERIALS 

FOR ELIMINATION STUDIES  

2-1 Introduction 

The factors governing the choice of the starting materials have already 

been given. 

The basic preparative sequence is given in SCHEME 32 : 
0 

X 

Me 

(II) 
X 

• 
Cl2(hv) . 

HCO2H /CC14 

X . 
NaBH4 
McOH 
NaOH 

u 

 

PCl5 

(I) 

SCHEME 32  

. Any compound may be identified by its series number (III), (IV), (V) etc. 

and its ring substituent. 

eg : 2,2-dichloro-l-hydroxy-1-(k trifluoromethyl-phenyl) ethane 

could be referred to as the pCF3 Type (IV) alcohol, or merely pCF3(IV). This 

system of identification will be used where it aids the clarity of the text or 

where space (eg. within tables) demands. 

As the preparative scheme overleaf shows the ability to make a partic-

ular Type (III) ketone is the linchpin of the synthetic approach as the steps 

from (III) to (IV), and (IV) to (V) and (VI), are fairly straightforward. 

2-2 Experimental 

-Infrared spectra.(IR).were recorded using either a _Perkin Elmer 157 

(Sodium Chloride Prism) Spectrophotometer or a Perkin Elmer 157G (Grating) 
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Spectrophotometer. Oils were recorded as thin films, solids as mulls in nujol. 

Routine 1H nmr spectra were recorded in either carbon tetrachloride or 

deuterio-chloroform solutions on one of four Varian Associates NMR spectro-

meters (depending on availability). Two 60MHz instruments, a T60 and latterly 

an EM-360A, were used (both without field/frequency locking facilities), and 

two 100MHz instruments, an HA 100 (somewhat modified) and an XL 100-12, both 

with field/frequency locks and homo-nuclear decoupling facilities. 19F spec-

tra were recorded on the XL 100-12 at 94.16MHz in CDC13 solution. 

Gas liquid chromatography (glc) was carried out using a modified Perkin 

Elmer Fli gas chromatograph with a variety of 2m x imm OD columns and employ-

ing a flame ionisation detector. Approximate product ratios were determined 

manually. 

Reactions were normally followed by thin layer chromatography (tic) on 

home made plates (20 x 5cm and 7.6 x 2.5cm) using Merck silica gel F 
254' 

Column chromatography was carried out using Hopkins & Williams silica 

gel MFC (100-200 mesh) usually eluting with carbon tetrachloride/ethyl acetate 

mixtures. 

Routine mass spectra (MS) were recorded on a V G Micromass 7070, whilst 

gas chromatography mass spectra (GC/MS) were recorded on either a Perkin Elmer 

MS 270 or an MS 30. 

All boiling points were measured whilst distilling products under red-

uced pressure. (Distillations were stirred magnetically without air bleeds). 

2-3 Preparation of the 2,2-Dichloroacetophenones (Type (III) Ketones) 

The following acetophenones (compound (II) in SCHEME 32) were commercially 

available : 	X = H; ortho Cl, Me, OMe,NO2, CF3, NH2 

para F, Cl, Br, OMe, NO2, and CF3. 

Several other members of the series were available in this laboratory,
8 
namely : 

X = oF, pMe, and pNH2. 

Only the oBr acetophenone was unavailable. 

2-3-1 Preparation of 2'-Bromoacetophenone
217 

This was prepared from 2'bromobenzoic acid as shown in SCHEME 33. 

2'-Bromobenzoic. acid (24.67g, 0.12M) was stirred with thionyl chloride (75m1, 

124g, 1.10M) for twelve hours at 25°C, then refluxed for two hours. Excess 

thionyl chloride was removed at the pump. The product was distilled under 

reduced pressure to yield. 2'-bromobenzoyl chloride (XI) (21.91g, 81.5%), 

B.P.117°C/ 10mm Hg (Lit~~7 133-135/20mm Hg). 

Dry ethanol (2.5m1,0.04M) and dry carbon tetrachloride(0.5m1) were. added 
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/CO2Et 

cg_ 

• /CO2Et 
dry EtOH, Mg  
reflux HCl 	PI EtOMgCH 

\CO2 
 

Et 
(XL) 

CH(CO2Et)2 	H2S0 

CH Co2H 	LJ 
2 hrs reflux 1100 	Br 

(II) SCHEME 33  

Cod 
(XL) in 	► 

Br 	P1iC1 12 hrs 

to magnesium turnings (3.95g, 0.16M) in a 500m1 three necked flask equipped 

with a dropping funnel, condenser and dry nitrogen inlet. As soon as reaction 

started dry chlorobenzene (25m1) was added as solvent. Diethyl malonate (26g, 

0.16M) in 	ethanol (10mi, 0.1 ) was then added dropwise 	 ° dry 	7M 	pwise at 70 C._..The mix- 

ture was then refluxed for one hour at 100°C and then cooled to room temper-

ature. The resulting diethylethoxymagnesium malonate (XL) was then reacted 

in situ with the 2'-bromobenzoyl chloride (XLI) (21.91g, 0.1M) which was added 

dropwise in chlorobenzene (45m1) solution. The mixture was stirred at 25°C 

for twelve hours. 25% Sulphuric acid (25m1) was added and the organic layer 

was separated. This was concentrated in a rotorvapor at 100°C. Further 25% 

H2SO4  (25m1) and glacial acetic acid (25m1) were added and the mixture refluxed 

at 110°C for two hours. The product was wōrked up by ether/water extraction, 

neutralised with saturated sodium bicarbonate and then dried over anhydrous 

sodium sulphate to yield 2'-bromoacetochenone (18.6g, 93.5%),  a colourless oil 

B.P.112°C/10mm Hg (Lit217  133-5°C/20mm Hg), 1H nmr' Ō 7.9-7.5(4H,m); 2.42(3H,$). 

2-3-2 Methods Used in Preparing the 2,2-Dichloroacetophenones 

Considerable difficulty was encountered in preparing some of the Type 

(III) dichloroketones, especially those containing methyl or methoxy ring sub- 

stituents. Eventually three separate methods were adopted, which will be ill-

ustrated in turn with the substituents for which they were found best suited. 

All attempts at preparing the o and p amino derivatives failed and work on 

these substituents was eventually. abandoned. 

N.B. All handling of these chloro-ketones was done wearing gloves, in 

a fume cupboard, as they are powerful lachrymators and skin irritants.  

METHOD 1 (Successfully used for X = H; oF, Cl, Br, NO2, CF3; pF, C1, Br, NO2  

CF3). 



- 72 - 

eg. Preparation of 2,2-dichloroacetophenone (H(III)) by Direct Chlorination  

+ HC1T FAST-00" 
2  

. 0 

CH2C1 
+ Cl.  

X 

SLOW 

CHC12 4-FAST  
Cl2  Cl' + 

CHC1 	e 
+ HC1T 

VERY I 
SLOW I SCHEME 34 For the derivat-

ives given overleaf, stop-
ping this reaction at the 

e dichloro stage is fairly CC13 	CC1 
+ Cl' a FAST 	l 1 	2 + HClT easy. 

2  

Acetophenone (21.58,' 0.18M) was dissolved in.95% formic acid (75m1). The 

desired uptake of chlorine was calculated.as 12.6g. The flask was tared and 

chlorine was slowly passed through the stirred mixture, whilst irradiating 

with a UV lamp for a total of 50 minutes. Periodically, small aliquots were 

extracted for micro-slide tic (silica gel eluted with benzene) and the flask 

weighed. A typical tic slide is shown in FIG.2-3.1,'and the reaction was seen 

to proceed rapidly to.the dichloroketone. 

When the uptake of chlorine reached 13g, the supply was 

turned off and the flask stirred until tic indicated that 

CHC12- 	only the dichloroketone was present. Excess chlorine was 

CH2C1- 	removed by passing dry nitrogen through the mixture. The 

formic acid was evaporated off under reduced pressure on a 
0 

FIG.2-3.1 

oil, B.P.83°C/0.kmm Hg (Yield 30.1g, 88w) 1H nmr Ō 8.12-7.91+(2H,m),8.68-8.31 
(3H,m),6.66(1H,$). 

SM- 	Q 	rotorvapor. The product was ether extracted, neutralised 

with saturated sodium bicarbonate solution, dried over 

anhydrous sodium sulphate and then distilled under reduced 

pressure to yield 2,2-dichloroacetophenone as a colourless 

in 

METHOD 2 (Successfully used for X = H; pBr, Me, OMe) 
eg. Preparation of 2,2-dichloro-k'-methyl acetophenone (pMe(III)) by Friedel  

Crafts Acylation (see SCHEME 35) 

Dichloroacetyl chloride (29.6g, 0.2M) was added dropwise to a mechanically 

stirred suspension of finely powdered alumunium chloride_(29.kg, 0.22M) in 

freshly distilled sodium-dried toluene (100m1), under dry nitrogen. Some 
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CHC1
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	QA1C11 

+ HC1 
X 

COMPLEX PRODUCT. 

+ Ai(OH)3~ + 3HC1 

~AlCl3 
0 

CHC12 	H20 

SCHEME 35 

~0 
Cl2 

HCO H ~. 
2 	Cl 

0 

CHC12 

CHC12 

0 

'+ 

cooling was necessary to control the reaction. When addition was complete the 

mixture was refluxed for one hour, then cooled to room temperature. Water 

(140m1) was added dropwise over 30 minutes to destroy any unreacted aluminuim 

chloride. Concentrated hydrochloric acid (15m1) was added to break up any 

remaining solid complexes. The organic layer was separated, ether/water ext-

racted, neutralised with saturated sodium bicarbonate solution, and then dried 

over anhydrous sodium sulphate. 2,2-dichloro-k'-methyl acetophenone, a colour-

less oil,- was purified by reduced pressure distillation. B.P.78°C/0.2mm Hg 

(Yield 23.16g,55%) 1Hnmr b 8.03-6.91(4H, m), 6.12(1H, s), 4.11(3H, s) . 

METHOD 3 (Successfully used for X = oMe, oOMe, pOMe) 

When the ring substituent was methyl or methoxy, Method 1 led to the 

undesirable products shown in SCHEME 36. 

HCO H 
2 CC13 

0 

CHC12. ; 

SCHEME 36 

C12 
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The reaction scheme for Method 3 is similar to that for Method 1 (SCHEME  

.20 with conditions adjusted to. favour chlorination of the acyl methyl group. 

eg. Preparation of 2,2-dichloro-2'-methoxy-acetophenone (oOMe(III)) by Direct  

Chlorination under mild conditions  

2'-methoxy acetophenone (20.4g, 0.136M) was dissolved in carbon tetra-

chloride (125m1) and deuterioch1oroform (5m1). The flask was kept in semi-

dark conditions at ^'10°C. Chlorine gas-was passed slowly for 30 seconds into 

the solution and the contents of the flask stirred until the yellow colouration 

had cleaned, before passing chlorine for a further 30 seconds. After three of 

these additions a fine white preeipitate.started to form (the mono chloride). 

This was dissolved by adding 5ml aliquots of deuterio chloroform. -After 7 add- 

• itions a sample was withdrawn for 1H nmr. Subsequent additions of chlorine 

were for 15 seconds only, with 1H nmr at the completion of each stage. After 

the passage of chlorine for 315 seconds, 1H nmr showed virtually 100% yield of 

the desired product. Any unreacted chlorine was blown off with dry nitrogen. 

The product was washed with saturated sodium bicarbonate and dried over anhyd-

rous sodium sulphate to yield a colourless oil, 2,2-dichloro-2'-methoxyaceto-

phenone,B.P.85°C/0.6mm Hg (29.4g, 98$yield) 1H nmr 68.03-6.91(4H,m);6.12(1H,$); 

4.11(3H,$). 

2-3-3 Physical Properties of the Type (III) Dichloroacetophenones  

TABLE 2-3.1 Physical Properties of the Type (III) Dichloroacetophenones 

DERIV X M.W. METHOD 
USED 

o B.P. 
C/mm Hg 

STATE 
RECRYST 
SOLVENT 

M.P. 

H 189 1 & 2 83°/O.k colourless oil 

d F 207 1 70°/0.1 colourless oil 

o Cl 223.5 1 7k°/0.25 colourless oil - 

o Br 268 1 94°/0.35 colourless oil 

o Me 203 3 85°/0.6 colourless oil 

o OMe 219 3 95P/0.5 colourless oil 

o NO2  238 1 yellow oil McOH 84-85°  

o CF3  257 1 75°/0.3 colourless oil 

p F 207 1 71°/0.4 colourless oil 

p Cl 223.5 1 - colourless cryst McOH 61-62°  

p Br 268 .1 & 2 colourless cryst McOH 62-63°  

p Me 203 2 • 78°/0.2 colourless oil 

p OMe 219 2 & 3 1k6°/0.5 colourless oil 

p NO2  238 1 119°/0.3 yellow oil since 	cryst 

p CF 257 1 70°/0.2 colourless oil I 
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TABLE 2-3.2 H NMR Data of the Type (III) DichloroacetoPhenones*  

DERIV X AROMATIC PROTONS SIDE-CHAIN 1H DERIV 1H 

H 8.68-8.31(3H,m), 
8.1227.94(2H,m) 6:66(1H,$) 

o F. 7.90-6.90(4H,m) 6.63-6.60(1H,d, 
J..2.0Hz) 

o Cl 7.60-7.18(4H,m) 6.66(1H,$).  

o Br 7.70-7.20(4H,m) 6.60(1H,$) 

o Me 7.80-7.60(1H,m), 
7.45-7.10(3H,m) 6.54(1H,$) 2.42(3H,$) 

o OMe 8.03-6.91(4H,m) 6.12(1H,$) 4.11(3H,$) 

o NO 
2 , 

8.36-8.10(111,m), 
7.90-7.35(3H,m) 

6.32(1H,$) 

o CF3 7.75-7.65(4H,broad s) 6.53(1H,$) 

p F 
8.10-7.90(2H,dd,J=5.0/8.3Hz) 
7.22-6.90(2H,t,J=8.3Hz) 6.37(1H,broad s) 

p Cl 8.02-7.80(2H,d,J=8.3Hz), 
7.44-7.20(2H,d,J=8.3Hz) 6.42(1H,$) 

p 
Br  7.95-7.75(2H,d,J=8.3Hz), 

7.62-7.40(2H,d,J=8.3Hz) 6.47(1H,$) 

p 
7.97-7.74(2H,d,J=7.0Hz), 
7.30-7.04(2H,d,J=7.0Hz) 6.48(1H,$) 2.36(3H,$) 

p OMe 8.12-7.98(2H,d,J=9.0Hz)' 
7.04-6.68(2H,d,J=9.0Hz) 6.65(1H,$) 4.89(3H,$) 

p NO2  8.26-7.96(4H,m) 6.58(1H,$) 

p CF 
3 

8.18-8.07(2H,d,J=8.OF.z), 
7.72-7.60(2H,d,J=8.OHz) 6.45(1H,$) 

* All spectra were recprded in CClk  with internal TNS reference at 100 MHz 

WARNING : All are pungent, very powerful lachrymators and irritants, immisc-

ible with water and difficult to remove from the skin. 

2-4 Preparation of the 2,2-Dichloro-l-phenyl ethanols (Type (IV) Alcohols) 

The reduction of the Type (III) ketones to the Type (IV) alcohols was 

performed, in every instance, using the sodium borohydride method218 This was 

found to be quick, reliable and clean, unlike the similar lithium aluminium 

hydride method52  which was found to be inconvenient and unreliable due to var-

iations in the condition of the LAH itself. 

2-4-1 General Sodium Borohydride Method (see SCHEME 37) 

Sodium borohydride (2.0g,0.05M) (2-fold excess) in 0.2N aqueous sodium 

hydroxide (20m1) was added dropwise to the dichloroketone (III) (0.1M) in 

Analar methanol (100m1) at such a rate as to cause the methanol to gently 

reflux. Any borohydride clinging to the dropping funnel was washed into the 

reaction flask with water. The mixture was refluxed for 30 minutes before 
removing the methanol on a rotorvapor. The resulting white glutinous mixture 

was ether/water extracted, the organic layer being dried over anhydrous sodium 
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SCHEME 37 

 

sulphate prior to removal of the ether and distillation. Yields were quantit-

ative and the products very clean. 

2-4-2 Physical Properties of the Type (IV) Alcohols 

These are generally highly viscous oils, possessing a characteristic 

odour and mild irritant properties. 

TABLE 2-4.1 Physical Properties of the Type (IV) Alcohols 

DERIV X M.W. nD2'S oC~;'Hg STATE 
SOLVENT 

M.P. 

H 191 1.5590 77°/0.35 colourless oil since cryst. 

o F 209 1.5382 730/0.20 colourless oil since cryst. 

o Cl 225.5 1.5702 780/0.10 colourless oil 

o Br 270 1.5893 92%0.30 colourless oil 

o Me 205 1.5581 93°/0.10 colourless oil 

o OMe 221 1.5590 colourless cryst hexane 72-74° 

o NO2 240 1.5835 124°/0.30 yellow oil since 	cryst 63-65° 

o CF3_ 259 1.4858 68°/0.05 colourless oil 

p F 209 1.5332 76°/0.25 pale yellow oil 

p Cl 225.5 1.5653 98°/0.225 pale yellow oil 

p Br 270 1.5942 103°/0.005 colourless oil 

p Me 205 1.5525 102°/0.25 colourless oil 

p OMe , 

p NO2 

221 

240 

1.5647 

1.5888 

IQ0°/0.25 pale yellow oil 

yellow cryst 

. 

hexane 89-91° 

p CF3 259 1.4856 700/0.20 colourless oil 

Detailed 1H, 19r^ and 13C nmr spectra were recorded of the Type (IV),. 

(V) and (VI) compounds and are fully discussed in Chapter 4.. 

In the mass spectra of the Type (IV) alcohols (see 

TABLE 2-4.2) a major species (underlined) present in all 

samples was the X-substituted hydroxy tropylium ion : (M = 106 + X). 

OH 
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TABLE 2...:4.,a Mass Spe"tral Data of the Type (IV) Alcohols ~ 

DERIV M+ 
-n . 

Sub Pattern 100% 2nd 
3
rd 4th 5

th 6th 

H. 19°(1) 2 Cl 107 79(57) 77(37) 51 (l r
() 91(8) 108(8) 

o F 208(1) 2 Cl 125 97(28) 77(22) 51(io) 126(8) 109(T) 

o Cl 224(n) 3 Cl 141 77(73) 143(33) 51{17) 113(13) 50(li) 
o Br 270(1) 2 Cl. 1 Br 77 185(90) 187(82) 125(32) 78(31) . 51(30) 
o Le 204(n) 2 Cl 121 93(44) 77(34) 91(34) 65(12) 39(11) 
o OMe 220(5) 2 Cl 137 77(80) 125(79) 155(60} 107(60) 121(50) 
o N02 235(n) 2 Cl 28 77(89) 125(75) 152(61) 121(50) 175(41) 

o CF~ *241(1) 2 Cl 155 127(73) 175(53) 156(13) 75(10) 77(9) 
p F 208(n) 2 Cl 125 .97(44) 77(34) .51(15) 109(14) 126(12) 
p Cl 224(n) 3 Cl 141 77(67) . 143(29) 113(14) 125(14) 51(14) 
p Br 268(1) 2 Cl, 1 Br 185 187(95) 77(85) 78(40) 51(22) 50(20) 
p Me 204(n) 2 Cl 121 93(36) 91(31) 77(30) 65(11) 122(9) 
P OMe 220(2) 2 Cl 137 77(25) 109(17) 94(15) 121(11) 138(10)' 
p N0

3 
235(1) 2 Cl 152 77(18) 78(16) 106(15) 51(13) 94(12) 

p CF
3 *241(5) 2 Cl 175 127(72) 173(17) 176(13) 145(12) 147(9) 

n = negligible % ; * indicated highest observed line not M+ but M-17 

TABLE 2-4.3 Micro Analysis Data of the- Type (IV) Alcohols 

DERIV . REQUIRED FOUND 
X C H Cl N,F,Br C H Cl N,F,Br 
H 50.29 4.22 37.11 50.50 4.41 37·25 

of 45.96 3·37 33·92 9·09(F) 46.17 3.40 34.06 9.22(F) 
o Cl 42.61 3·31 47.16 42.70 3·15 46.63 
o Br 35.59 2.61 26.27 29.60(Br) 35.60 2.58 25.64 28.89(Br)* 
o Me 52.71 4.92 34.57 52.60 4.87 33.87 
o OMe 48.89 4.56 32.07 48.66 4·35 32.80 
o N02 40.71 2·99 30.03 5.93(N) 41.81 3.40 28.98 5.46(N) 

~3 41.73 2.72 27·37 22.00(F) 41. 73 2 .. 70 25.30 22.26(F) 
p F 45·96 3.37 33·92 9. 09(F) 46.00 3.42 31.51 9.56(F) 
p C1 42.61 3·13 47.16 43.97 3.26 43·85 
p Br 35.59 2.61 26.27 29.60(Br)· 36.55 2.93 27.71 31.08(Br)* 
pMe 52·71 4·91 34.57 52.66 4.83 33.53 
p OMe 48.89 4.56 32.07 48.67 4.46 31.75 
p N02 40.71 2·99 30•03 5.93(N) 42.90 3.39 29.88 6.17(N) 
p CF

3 41.73 2.72 27·37 22. 00(F) 43.35 3.05 21·92 22.48(F) . 

* Cl and Br analysed for simultaneously. 
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TABLE 2-4.4 Infrared Data of the Type (IV) Alcohols. 

DERIV 

X 

Film 

Type 

Peak 

1 

Peak 

2 

Peak 

3 

Peak 

4 

Peak 

5 

Peak 

6 

.Peak 

7 

Peak 

8 

Peak 

9 

Peak 

10 

Peak 

11 

Peak 

12 
H ;.zi11 3350.v 1490 m 1330 m 1190 s 1100 s 1070 s 1020 m 950 m 860 s 780 s 735 s 700 s 

o F liq 3450 s 1630 m 1580 m 1480 m 1450 s 1210 s 1070 s 1050 s 820 s 790 s 760 s 720 s 

o Cl liq 3350 s 1585 w 1565 w 1460 m 1430 s 1180 m 1085 s 1045 s 1030 s 840 m 760 s 715 m 

o Br null 3250 s 1585 w 1560 w 1320 m 1200 s 1120 a 1090 s 1020 m 840 m 770 s 750 a 710 s 

o Me liq 3350 s 2900 m 1600 w 1480 m 1450 m 1200 m 1110 m 1040 s 780 s 740 s 

o OMe cull 3250 v 1600 s 1580 m 1480 v 1280 a 1230 v 1080 s 1020 s 960 m 800 s 760 s 730 s 

o NO2 mill 3450 m 1600 m 1560 m 1500 v 1330 v 1220 s 1170 s 1090 v 850 s 805 s 770 s 740 s 

o CF3 liq 3350 s 2850 w 1600 w 1580 w 1450 m 1300 v 1160 v 1110 v 1040 s 790 s 770 s 740 s 

p F liq 3350 v 1600 s 1510 s 1220 v 1150 m 1050 m 840 s 800 s 790 m 745 m 

p Cl liq 3350 v 1590 m 1490 s 1400 m 1190 m 1090 v 1010 s 830 m 790 s 770 s 

p Br liq 3350 v 1580 m 1480 s 1390 m 1180 m 1070 s 1010 s 820 m 790 s 760 s 

p Me liq 3400 v 2450 m 1605 w 1510 m 1190 s 1085 s 1040 s 820 s 800 s 740 s 

p OMe liq 3400 s 2850 m 1610 s 1510 s 1300 m 1250 v 1170 s 1030 v 830 s 790 s 720 m 

p NO2 null 3450 m 1600 m 1520 v 1340 v 1180 m 1080 s 830 m 770 s 740 s 700 s 

p CF3 liq 3350 s 1620 m 1410 m 1320 v 1160 v 1120 v 1060 a 1020 s 840 s 790 s 750 m 730 s 

The major peaks are listed in descending order of their wavenumber (cml). 
Relative intensities : v = very strong; s = strong; m = medium; w = weak. 

2-5 Preparation of the 2,2-dichloro-l-fluoro-l-phenyl-ethanes (Tyne (V)  

Fluorides) 

The preparation of these compounds by the direct fluorination of the 

Type (IV) alcohols posed several practical problems, not the least of which 

was the preparation and handling of the fluorinating reagents. Reaction of 

the alcohol to give the fluoride was normally instantaneous and quantitative. 

4 	2-5-1 Preparation of the Fluorinating Reagents and the Type (V) Fluorides 

Two reagents were used, diethylamino-2-chloro-1,1,2-trifluōro ethane 

(DACTE)
119-222 

(XII) and diethylamino sulphur trifluoride (DAST) (XV)~~3 

both successfully, although both had their own disadvantages. 

Two special sets of apparatus were designed for these reactions, The 

first (FIG.2-5.1) was rather makeshift, consisting of a variety of parts both 

readily available and specially made, and had to be dissembled during the prep-

aration of the fluorinating reagent. The second, purpose built, (FIG.2-5.2), 

incorporated modifications which overcame most of these problems. 

Both reagents were prepared in both sets of apparatus, but here the prep-

aration of (DACTE) will be described using the first apparatus, and (DAST) 

using the second. All fluorinations were done in a specially prepared fume-

cupboard, observing all the precautions necessary in the handling of such 

dangerous materials. 
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2-5-1.1 Problems Involved in the Preparation of Diethylamino-2-chloro-1,1,2-

trif'uoro'ethane (DACTE). 

The basic method of preparation was simply to bubble the gas, chloro-

trifluoroethylene, through diethylamine for several hours and then distill off 

the product of the addition reaction : 

Et2NH 	+ 	CF2  = CFC1 	Et2NCF2CHFC1 

SCHEME 38 	(XL) 

The main problems encountered were : 

i) Increasing the reaction yield.to more than 20% 

ii) Wasting the minimum amount of thlorotrifluoroethylene 

iii) Keeping the reagent under dry nitrogen at all times 

iv) Handling an extremely dangerous fluorinating reagent which gives 

off HF fames immediately on contact with air. 

The basic apparatus for preparing the reagent is shown in FIG.2-5.1(a). 

After the apparatus had been flushed with dry nitrogen, the gas was passed 	• 

through the anti-suck-back flask, through the reaction flask and condensed at 

the dry-ice cold finger. Any uncondensed gas or pressure fluctuation was rel-

eased through a valve containing diethylamine. 

Several factors need to be considered in attempting to increase the 

reaction yield : 

(1) CF2CFC1 condenses at -27°C. 

(2) Et2NH freezes at -48°C. 

(3) Rate of reaction decreases with decreasing temperature. 

(4) Gas-liquid reactions are likely to be very inefficient compared to 

liquid-liquid reactions. 

Assuming that the dry ice condenser (at -78°C) condenses all of the 

chlorotrifluoroethylene it receives (a reasonable assumption) there are two 

basic,extreme methods for the preparation. 

(A) Keep the reaction flask between 0°  and 25°C. Pass the gas slowly 

and allow the condensate running back from the cold finger to react with the 

diethylamine: Continue for up to ten hours before flushing the unreacted gas 

and distilling off the product. 

(B) Cool the flask to -30°C. Pass the gas quickly until a slight 

excess has condensed. Stop the gas flow. Warm the flask (to -10°C if this is 

possible) and keep pouring dry ice into the condenser so as to contain the 

chlorotrifluoroethylene. Continue for as long as possible (usually 3 to 4 hrs) 

before flushing unreacted gas and distilling off the product. 

Both of the above methods, and a variety of intermediates, were used with 
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FIG.2-5.1 Apparatus Used in the Prep.ration/Distillation/Reaction of DACTE  

(b) 

STIRRER 

-P-WATER 

varying degrees of success. Method (B) generally seemed the more effective 

although average yields were only 20%. (Yields of 44% & 61% have been 

reported)2.19 '220 

Early attempts at conventional reduced pressure distillation of the pro-

duct produced a reagent which, although it fumed violently in air, was unreact-

ive towards alcohols. On distillation the reagent was collected in a flask 

(which was later fitted with a suba-seal) under dry nitrogen, and was dispensed 

with a syringe. As this proved unsuccessful it was decided to react the reagent 

with the alcohols before it could deteriorate. To do this a distillation app-

aratus involving a "vacuum lock" was designed (FIG.2-5.1(b)). This will be 

described below. 
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PROCEDURE 1 Preparation of Diethylarnino-2-chloro-1,1,2-trifluoroethane (DACTE) 

Diethylamine (36.5g, 0.6M) (freshly distilled from anhydrous sodium car-

bonate) was placed in the flask (FIG.2-5.1(a)), with a further small quantity 

in the- release valve, and cooled tO -35°C in an ethanol/dry ice bath. The 

condenser was cooled to -78°C and the gaseous chlorotrifluoroethylene was 

slowly bubbled through the diethylamine 'ntil sufficient (56g, 0.5M) had con-

densed. The ethanol/dry ice bath was allowed to warm to =5°C (over lhr) and 

the mixture was kept gently refluxing for khrs. (This required continual top-

ping up of the ethanol/dry ice condenser. It was necessary to gently warm the 

lower bath to maintain it at -5°C as the refluxing gas withdrew heat from it 

at a significant rate). 

The upper condenser was then allowed to warm up gradually so that any 

unreacted chlorotrifluoroethylene could be vented from the system. The flask 

was warmed to room temperature and flushed with a slow stream of dry nitrogen. 

The distillation part of the apparatus (FIG.2-5.1(b)) was thoroughly 

flushed with dry nitrogen, and with the aid of several well placed jets of dry 

nitrogen, was attached to the reaction flask without exposing the reagent to 

the air. 

The apparatus was connected to'a rotary pump via a mercury manometer, a 

nitrogen trap and two air bleeds. The pressure was very slowly reduced until 

the unreacted diethylamine boiled off (25°/250mm Hg). This was condensed at 

the liquid nitrogen trap. The water condenser was connected, the flask heated, 

and the pressure further reduced until the reagent began to distill over 

(B.P.50- 

A which was always maintained at the distillation pressure. Vessel B was norm-

ally kept flushed with nitrogen but could readily be pumped down to the same 

pressure as A. 

In this condition distillate could be run from A into B without stopping 

the distillation. Vessels A and B would then be isolated, distillation con-

tinuing in A whilst B was let up to room pressure under nitrogen. Vessel B 

was graduated so that aliquots of the fluorinating agent could be run directly 

onto the alcohol samples in the exchangeable reaction vessels C. Using this 

method as many as twelve samples have been fluorinated in quick succession. 

The alcohols, if liquids, were reacted neat; if solids, dissolved in the 

minimum amount of analar dichloromethane. To eacn 0.5g of alcohol (MW 200-270) 

was added 1.5ml of (DACTE) (MW 189.5). More accurate measurements were not 

attempted as this allowance was considered generous and was always sufficient. 

The reaction vessels C were B19 jointed side-arm test tubes. With this 

arrangement, dry nitrogen could be flushed over the reaction, and the copious 

0 
55°/20mmHg; Lit. B.P.32-33°/6mm Hg 22  ). This was collected in Vessel 
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white fumes of HF liberated could be vented to the fume-cupboard flue. 

Reactions were instantaneous and were characterised by the bright red 

colouration of the complex (XLII)222 which was later broken up by the addition 

of water. 

® F 
 F 

Et2NCF2CHFC1 -- * Et2N= C—CHFC1 FP ROH ►- Et2NI CHFC1 + HFt 
(IV)  

(XLII) 	 OR
O 	

® Ih 
 11 

R-F + Et2N—C—CHFC1 ~ H2O Et2N—C—CHFC1 519 
OR - . 	. 

SCHEME 39 	(V) 	(XLIV) 	(XLIII) 

After shaking for a short period, the reaction products were treated 

with water, dissolved in dichloromethane and transferred to a separating 

funnel. The organic layer was repeatedly washed with water and then neutral-

ised with saturated sodium bicarbonate solution. After drying over anhydrous 

sodium sulphate, the mixture was passed down a short Florosil column to rem-

ove the 1-chloro-l-fluoro-N,N-diethyl acetamide (XLIV) giving the Type (V) 

fluoride in good yield and in most cases,- high purity. Trace impurities Of 

the by-product (XLIV) in the final fluoride product were instantly charact-

erisable by both 1H and 19F nmr, and were removed by repeat chromatography 

of the product. ((XLIV) 1H nmr -CHFC1 66.28(1H,d,JHF=50.6Hz); 19F nmr 0/S 

36190-36250 (Relative to CDC13 lock) ie: 1$2.8 + 0.3ppm to highfield of 

CFC13 (JHF 50.5 + 0.6Hz) shift dependent on solution concentration). 

This method was used successfully with the following Type (IV) alcohols : 

(X = H; oF,•Cl, Br, Me, OMe; pF, C1). It failed to incorporate fluorine in 
both o and pNO2(IV), and was not tried with the remaining derivatives. 

2-5-1.2 Problems Involved in the Preparation of Diethylamino Sulphur 

Trifluoride (DAST) 

The basic method of preparation is similar to that of the (DACTE) in 

that it involves reaction of a gas with liquids at low temperatures, and 

purifying the reagent by distillation 

CFC1
3 
 

Et2NSiMe3 + SF4 	
8 
	Et2N SF3 + FSiMe3 

-7 	• 
(XLV),(DAST) 	SCHEME 40 

The problems associated with this preparation are similar to those of 

the (DACTE) preparation. An additional problem was the volatility of the 

sulphur tetrafluoride and the fluorotrimethyl silane both of which tended to 

bump rather than distill. A very long distillation was therefore required, 
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during which the sulphur tetrafluoride (B.P.-40"C), fluorotrimethyl silane 
(B.P.17°C), and the trichlorofluoromethane (B.P.25°C), had to be removed bef-

ore the DAST (B.P.56°/12mm Hg) could be isolated. 

The apparatus used for this preparation is illustrated in FIG.2-5.2.  It 
combines all the functions of the two sets of apparati FIGS.2-5.1(a) & (b) 

in one piece of glassware and therefore made the handling of the fluorinating 

reagents more efficient and safe. 

The apparatus was thoroughly baked dry before use. On assembly it was 

kept flushed with dry nitrogen. A wide temperature range silicon grease was 

used on all joints except the B19 cone which took the exchangeable fluorin-; 

ation reaction vessels C. This was fitted with a ptfe sleeve to avoid joint 

seizure. The only two taps that the DAST reagent came into contact with were 

greaseless ptfe barrel "ROTAFLO" stopcocks (3) and (4). 

Vessel A (a B29 test-tube, nominal capacity 60m1 calibrated in lml 

divisions was equipped with a small ptfe coated magnetic follower. The main 

reasons for using a test tube as a reaction vessel were : 

i) 	It 'could be calibrated 

ii), It could be completely immersed in a dewar containing an ethanol/ 

dry ice bath. This improved the efficiency of condensing the SF4  gas and 

also reduced the amount of topping up necessary in the dry ice bath. 

iii) If the mixture bumped during distillation it was easier to contain. 

Note that the joint in the reaction vessel A was well below the surface of 

the ethanol bath. This gave no problems with leakage. Also, stirring of the 

reaction mixture was necessary because the liquid partitioned into two phases. 

The upper ethanol/dry ice condenser was designed with an angled drip 

for distillation purposes and was fitted with a large vacuum jacketed reservoir 

to reduce the frequency of "topping up" with dry ice. The top of the cond-

enser assembly carried a B24 joint. For dry ice use this took a powder 

funnel, but later when a conventional. water condenser was required a dreschel 

head with a polythene extension tube was fitted, and the condenser flushed 

with water in a normal fashion. 

All flexible tubing used to carry gases, waste and vacuum was polythene 

and was renewed after each use. The waste outlet was continually flushed 

with nitrogen. As before vessel B was graduated for metering the amount of 

DAST used in each fluorination. 

Only one minor change of configuration was required during the course 

of the reaction: the interchange of a dropping funnel with the B10 distill-

ation thermometer, which was 'accomplished by using a slight positive pressure 

of nitrogen within the apparatus and the dropping funnel (empty at this stage). 
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FIG.2-5.2 Apparatus Used in the Preparation/Distillation/Reaction of DAST 

Liq. 
N2  

t Exhaust 

Gate. 
Clamp 

Dry 
N2  

"M.agic 
Bubbler" 

Air Bleeds 

7 	8P 	 — U 

P 

Ethanol/ 
Dry Ice 
Dewar 

Replaced 
by Oil 

Bath for 
Distn. 

iūl 

STIRRER 



-85- 

PROCEDURE 2 Preparation of Diethylamino Sulphur Trifluoride (DAST) 

Vessel A and the condenser were cooled to -78°C. Tap 3 was closed and 

tap 5 was opened to the flue. The nitrogen supply to tap l was stopped and 

the "magic bubbler" (see FIG.2-5.2) was used to test the opening Of the needle 

valve on the sulphur tetrafluoride- cylinder. The needle valve was closed and 

the traces of SF4  in the bubbler were flushed into the apparatus with dry 

nitrogen. Tap l was then adjusted to isolate the bubbler, and a slow stream 

of sulphur tetrafluoride was passed into the-apparatus. Periodically the 

ethanol/dry ice dewar was lowered to check the level of condensate. By this 

method a total of 5.7m1 (0.1M) of sulphur tetrafluoride was collected. The 

gas supply was stopped and the inlet line flushed with nitrogen before being 

closed at (2). Chlorotrifluoromethane (15m1) previously chilled to -60°  was 

run dropwise onto the sulphur tetrafluoride. A chilled (-60°) solution of 

diethylaminotrimethyl silane (13.6g, 0.09M) in chlorotrifluorō methane (14ml) 

was then added, very slowly, to the stirred reaction mixture. Two layers 

formed, the upper being dark: red in colour and comprising about 60°0 of'the 

mixture. 

The mixture was slowly warmed to -20°C and allowed to reflux for 3hrs. 

During this period the upper layer contracted until it comprised only 10% 

of the mixture. The condenser was allowed to warm up and any unreacted 

sulphur tetrafluoride was gradually released to the flue; the reaction flask 

was allowed to warm to room temperature.  

The oil pump was started with both air bleeds fully open and (5) open 

to the flue. Tap (6) was adjusted so that vessel B was connected to the 

nitrogen inlet. Tap 5 was opened to the pump, and very slowly (to prevent 

bumping) the air bleed at (7) was closed. The liquid nitrogen trap was 

positioned and the air bleed at (8) finely adjusted until the fluorotrimethyl 

silane gently boiled off, (16°/755mm Hg). The pressure was further reduced 

to remove the chlorotrifluoro methane (B.P.20°/600mm Hg). This stage took 

several hours, both volatile compounds being condensed in the liquid nitrogen 

trap. 

The water condenser was turned on, and vessel B was connected to the 

vacuum via tap 6. The pressure was further reduced and vessel A heated until 

the product diethylamino sulphur trifluoride (B.P.56°/12mm Hg) began to 

distill. Tap 3 at the reflux-ratio take-off was opened and the distillate 

run into vessel B. As before, vessel B could be isolated from the system 

and let up to room pressure for carrying out fluorinations. 

A total of 13.5m1 of DAST (a pale yellow liquid) was produced (100% 

theory yield = 14.5g, Lit. yield = 84+%, density unknown ... probable- yield 

N80%), sufficient for nine successive fluorinations. 
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1.Og samples of the Type (IV) alcohols (MW 200-270) were dissolved in 

Analar dichloromethane (lOml) and cooled to -78°C. To each sample was added 

DAST (1.5m1, MW 161). The reactions were far less violent than the similar 

DACTE fluorinations. The treated samples .(stoppered with a teat placed over 

the side-arm) were shaken, then warmed to room temperature and left overnight. 

• By this method all of the alcohols were successfully fluorinated with 

the exception of the oOMe derivative (which failed to incorporate fluorine 

three times. This was later fluorinated by the DACTE route). 

The reactions were very clean as the only by-product (XLVI) decomposed 

on work-up 

Et2NSF3  

(XLV) 

0 

+ ROH 

F 

► , + HFT Et2NI— OR 

F  * 

Et2NSF + RF t e  [Et2N_4oe 
• 

F  
0 

Et2NSF + H20 ► SO
2 
	+ 	HF+ 	+ Et2NH 

(XLVI) SCHEME 41  

2-5-2 Physical Properties of the Type (V) Fluorides  

These compounds are readily soluble;  in a range of solvents, possess a 

characteristic odour and are mild irritants. 

Notes on TABLE 2-5.1 (overleaf) 

GLC conditions : 1111 injections; column :2m x 8'}; 5% SP1000 on Chromosorb-P 
(65-80 Mesh); ® 113°C (Range 5x102). 

RT (retention time) normalised relative to H = 100. Actual retention time 

H = 8.65cm (from Et2) at chart speed 15"/hr = 13.5 mins. Impurity RTts 

normalised to individual derivative. 

The figures in parentheses in the glc impurities are % relative to Type (V) 

Fluoride = 100%. 

Both NO2  derivatives were undetectable by flame ionisation, 	_- 



DĒRIV 

X 
M+ 

Subn 
Pattern 

100% 
2nd 3rd 4th 5th 6th  

H 192(25) 2 CI 109 110(27) M+(25) 83(17) 157(16) M+2(16) 

o F 210(13) 2 Cl 127 128(16) M+(13) 175(11) M+2( 8) 101( 7) 

o Cl 226(10) 3 Cl 143 145(48) 144(10) M+(10) M+2( 9) 75( 8) 

o Br *272(24) 2 C1,1 Br 189 187(93) 108(36) 143(31) M+2(24) l20(20) 

o Me 206(14) 2 Cl 123 103(18) 124(17) M+(14) 115(11) 77(10) 

o OMe 222(16) 2 Cl 139 91(71) 109(24) M+(16) M+2(11) 140( 9) 

o NO2  237(  1) 2 Cl 154 109(82) 177(58) 123(46)  127(24) 51(23) 

o CF3  260(10) 2 Cl 177 127(51) 178(43)• 168(18) 109(17) 151(17) 

p F 210( 4) 2 Cl 127 57(15) 107(15) 101(15) 75(14) 128(13) 

p Cl 226( 6) 3 C1 143 145(40) 75(21) 107(20) 83(18) 50(18) 

p Br *272(13) 2 C1,1 Br 187 189(98) 108(20) M+2(13) M+( .8) 188( 8) 

p Me 206( 5) 2 Cl 123 115(15) 83(12) 63(12) 103(11) 77(11) 

"p OMe 222( 8) 2 Cl 139 96(22) 109(14) 63(13) 83(13) 85( 9) 

p NO2  237(18) 2 Cl 154 95(25) 124(18) M+(18) 155(14)  M+2(10) 

p CF3 260( 6) 2 Cl 177 127(50) 178(17) 75(13) 169(10)  158( 9) 
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• TABLE 2-5.1 Physical Properties of the Type (V) Fluorides  

DERIV 
X  MW nD

22.5 
STATE 

GLC Properties 
Product Impurities RT 

H 193 1.5375 colourless oil 100.0 : 47.4(1) 161.3(1) 

o F 211 1.5050 colourless oil 61.3 50.0(4) 11.3(0.5) 

o Cl 227.5 1.5394 colourless oil 167.6 50.7(2) 58.6(1) 	- 39.3(0.5) 
o Br 272 1.5585 colourless oil 287.9 ;53.8(8) 

o Me 207 1.5290 colourless oil 127.2 1 

o OMe 223 1.5324 colourless oil 342.2 

o NO2  254 1.5460 yellow oil 

o CF3  261 1.4674 colourless oil 41.0 

p F 211 1.5048 colourless oil 110.4 j35.6(3) 
p Cl 227.5 1.5397  colourless oil 368.8 !45.5(1) 30.4(1) 11.1(1) 

p Br 272 1.5630 colourless oil 682.6 41.7(7) 

p Me 207 1.5260 colourless oil 157.3 '73.5(1) 28.5(0.5) 

p OMe 223 1.5353  colourless oil 637.5 
p NO2  254 1.5523 yellow oil 

p CF3  ^ 	261 1.4696 colourless oil 94.5 88.0(1) 47.8(1) 40.3(1) 

TABLE 2-5.2 Mass Spectral Data of the Type (V) Fluoride*. 

* indicates M+2 line highest in molecular ion. group 

Again the major species present.(100% line in every instance) was the X-
substituted fluoro tropylium ion_ (M = 108 + X) . 
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TABLE 2-5.3 Micro Analysis Data of the Type (V) Fluorides. 

DERIV 

X 

REQUIRED FOUND 

C H F Cl N,Br C H F - Cl N,Br 

H 49.77 3.65 9.64 36.73 50.49 3".72 10;67 35.27 
.o F 45.53 2.87 18.00 33.60 46.52 3.13 17.33 32.04 

o Cl 42.24 2.66 8.35 46.75 42.54 2.60 9.06 45.75 

o Br 35.33  2.22 6.99 26.07 29.38(Br) 36.77 2.30 7.42 25.03 28.20(Br) 

o Me 52.20 4.38 9.17 34.24 41.27 3.07 8.89 28.51 

o OMe 48.46 4.07 8.52 31.79 48.45 4.32 8.68 31.62 

o NO2  37.82 2.38 7.48 27.91 5.51(N) 36.68 2.08 8.50 25.96 4.54(N) 

oCF3  41.41 2.32 29.11 27.16 42.20 2.54 28.31 25.81 

p F 45.53 2.87 18.00 33.60 40.81 2.36 19.63 32.77 
p Cl 42.24 2.66 8.35 46.75 44.02 3.26 9.97 38.47 

p Br 35.33 2.22 6.99 26.07 29.38(Br) 36.40 2.47 7.19 23.81 26.84(Br) 

p Me 52.20 4.38 9.17 34.24 52.63 4.42 9.32 33.63 

p OMe 48.46 4.07 8.52 31.79 46.76 4.14 9.59  31.87 

p NO2  37.82 2.38 7.48 27.91 5.51(N) 40.79 2.66 8.23 24.08 5.84(N) 

p CF3  41.41 2.32 29.11 27.16 41.78 2.41 28.45 24.52 

* Cl and Br analysed for simultaneously. Due to instrumental problems the 
microanalysis of these samples was held up for 10 months during which time 
some decomposed. 

TABLE 2-5.4 Infrared Data of the Type (V) Fluorides 

DERIV 
R 

Peak 
1 

Peak 
2 

Peak 

3 
Peak 
4 

Peak 

5 
"Peak 

6 
Peak 
7 

Peak 
8 

Peak 

9 
Peak 
10 

Peak 
11 

Peak 
12 

Peak 
13 

Peak 
14 

Peak 

15 
H 1485 w 1445 m 1210 m 1060 m 1025 m 1010 m 795  a 775 a 740 s 700 a 

o F 1615 m 1590 m 1490 a 1450 s 1225 s 1075 a 1020 a 825 a 800 a 765 s 
o Cl 1590 w 1570  w  1470  m 1440 m 1210 m 1130 m 1080 m 1050 m 960 m 600 a 780 v 760 a 720 m 
o Br 1590  m  1570 m 1470 s 1'40 s 1275 m 1210 s 1125 a 1080 a 1020 s 960 a 830 m 800 s 780's 760 v 720 a 
o Me 1600 w 1480 m 1455  m 1210 m 1065 m 1005 m 805 m 790 s 765 m 745 a 720 m 
o OMe, 2900 m 1600 a 1495 a 1460 a 1440 m 1285 s 1250 v 1075 a 1050 a 1015 a 960 m 800 a 765 a 730 a 
o NO2  1603 w 1570 w 1530  v 1345 v 1305  m 1210 w 1090 m 1065 m 860 m 795 a 775 a 740 s 700 m 
o CF3  1600 w 1580 w 1450 w 1310 v 1165 v 1120 v 1075 m 1060 m 1040 s 960 m 800 s 775 s 740 a 
p F 1605 a 1510 v 1225 v 1160 a 1070 m 1010 m 840 a 810 a 90.m 750 m 
p Cl 1590  m 1485 s 1400 m 1205 m 1090 s 1010 a 820 a 795 s 765 a 710 m 
p Br 1590  m 1480 m 1400 m 1205 m 1070 a 1010 s 820 m 795 a 765 a 705 m 
p Me 1605 m 1505 m 1200 m 1075 m 1020 m 1005 m 820 a 795 a 720 a 710 m 
p OMe' 2900 m 1615 a 1595  m  .1515  a 1460 m 1305 a 1250 v 1180 a 1065 m 1035 v 840 s 800 a 735 m 
p NO2  1525  v 1340 a 1300 m 1090 m 1060 a 860 m 790  m 770 a 740 a 700 m 
p CF3  1620 w 1415 m 1325 v 1170 s 1130 s 1070 a 1015 m 840'm 800 m 760 m 

All spectra were recorded on liquid films. 
The major peaks are listed in descending order of their wavenumber (cm 1). 
The relative intensities are denoted by the abbreviations : v = very strong; 
s = strong; m = medium; w = weak. 
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2-6 Preparation of the 1,2,2-Trichlorophenyl Ethanes (Type (IV) Chlorides). 

As with the preparation of the Type (IV) alcohols from the Type (III) 

ketones, this step was very straightforward- and in most cases proceeded' almost 

quantitatively and very cleanly. 

2-6-1 General Phosphorus Penrachloride Chlorination Method 

SCHEME 42  

POC13  + HC1 

2011r  
H3PO4  + 3HC1 

The Type (IV) alcohol was dissolved in the minimum amount of analar 

carbon tetrachloride and two equivalents of finely powdered phosphorus penta-

chloride was added directly to the solution. The mixture was then refluxed, 

with stirring, for half an hour before cooling and carefully quenching with 

water. This converted the phosphoryl chloride and any unreacted phosphorus 

to orthophosphoric acid, which conveniently partitions into the aqueous 

layer. The organic layer was separated, washed with water and then saturated 

sodium bicarbonate solution, before drying over anhydrous sodium sulphate to 

yield the crude chloride (VI). 

Pilot elimination reactions with the Type (VI) chlorides showed that 

"back elimination" of the dchlorine readily took place. It was therefore 

decided not to continue with eliminations from this series. As these comp-

ounds were eventually prepared on a small (0.3g) scale, solely for comparative 

nmr studies, they were only purified, where necessary, by column chromatography. 

2-6-2 Physical Properties of the Type (VI) Chlorides  

As with the Type (V) fluorides these compounds are readily soluble in . 

a range of.solvents, possess a characteristic odour and are mild irritants. 

Notes on TABLE 2-6.1 (overleaf) 

GLC conditions: 141.1 injection; column : 2m x e" 5% SP1000 on Chromosorb P 

(65-80) mesh (range 5 x 102). 
All other notes as for TABLE.2-5.1 except H RT = 5.05 cm. 
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TABLE 2-6.1 Physical Properties of the Tyne (VI) Chlorides  

DERIV 

X MW 
22.5  

nD STATE 
GLC Properties 

Product 	- RT 	 
100.0 117.8(1) 

Impurities 

39.6(1) 

RT 

H 209.5 1.5605 colourless oil 

o F 227.5 1.5392 colourless oil 64.3 23.1(6) 49..2(3)- 

o Cl 224.0 1.5706 colourless oil 155.4 22.3(17) 54.8(12) 

o Br 228.5 1.5888 colourless oil 257.4 22.6(7)-  55.4(4) 13.0(0.5) 

o Me 223.5 1.5600 colourless oil 108.9 16.3(3) 

o OMe 239.5 1.5520 colourless oil 271.3 

o NO2  254.5 1.5802 yellow oil 

,o CF3  227.5 1.5020 colourless oil 41.6 19.1(15) 

p F 227.5 1.5379 colourless oil 114.8 118.1(2) 39.6(1) 

p Cl 244.0 1.5723 colourless oil 358.4 39.8(1) 17.1(1) 

p Br 288.5 1.5921 colourless oil 663.4 39.1(2) 16.7(1) 9.3(1) 

p Me 223.5 1.5532 colourless oil 146.5 20.3(1) 

p OMe 239.5 1.5643 colourless oil 643.6 23.1(1) 

p NO2  254.5 1.5830 yellow cryst 

p CF3  277.5 1.4962 colourless oil 88.1 16.8(9) 7.9(5) 41.6(4) 

TABLE 2-6.2 Mass Spectral Data of the,Type (VI) Chlorides 

DERIV 

X 
Sub  

Pattern 
100% 2nd 3rd 4th 5th 6th 

H 208(12) 3C1 125 127(50) 51(17) 103(16) 77(13) 126(13) 

o F 266( 8) 3 Cl 145 145(47) 144(11) 121(10) 120( 9) 191( 8) 

o Cl r244( 8) 4 Cl 159 161(60) 77(18) 137(18) 101(17) 136(16) 

o Br *288(13) 3 C1,1 Br 205 203(85) 207(30) 136(23)-  75 (21) 101(17) 

o Me 222(24) 3 Cl 139 141(80) 115(60)-  103(33)  140(27) 222(24) 

o OMe 238( 7) 3 Cl 155 91(23) 125(16) 157(14) 89( 9) 238(  7) 
-o NO2  253( n) 3 Cl 170 112(78) 28(65) 75(60) 51(58) •89(5O) 

o CF3  276( 5) 3 Cl 193 195(41) 151(26)• 158(14) 194(12) 75( 9) 

p F 226( 6) 3 Cl 143 145(42) 120(12) 121(11) 144(11) 101( 9) 

p Cl *244( 6) 4 Cl 159 161(64) 75(12) 101(11) 136( 9) 137( 9) 

p Br *288(10) 3 C1,1 Br 205 203(75) 207(24) 136(14) 102(13) 188(10) 

p Me 222( 6) 3 01 139 141(28) 115(15) 103( 8) 140( 8) 117( 6) 

p OMe 238( 6) 3 Cl 155 157(30) 168(14) 203(10) 89( 9) 156( 9) 

p NO2  253( 7) 3 Cl 170 28(68) 172(33)  150(17) 136(17) 110(16) 

p CF3 
i  
276( 4) 3 Cl 193 195(31) 151(10) 194( 9) 171(  7) 75( 6) 

* indicates M+2 line highest in molecular ion group. . 
Again the major species present (10c? line in every instance) was the X-
substituted chloro tropylium ion (M = 108 + X). 



TABLE 2-6.3 Micro Analysis Data of the Type (VI) Chlorides  

DERM 

X 

CALCULATED FOUND 

C H N C H N 

H 45.86 3.37 45.35 3.40  
o F 42.24 2.66 41.67 2.80 

o Cl 39.39  2.48 41.16 2.80 

o Br 33.32 2.10 34.78 2.32 

o Me 48.36 4.06 48.66 4.07 

o OMe 45.13 3.79 44.14 3.68 

o NO2  37.76  2.38 5.50 40.27 2.72 5.42 

o CF3_  38.95 2.18 40.44 2.45 

p F 42.24 2.66 44.38 2.97 

p Cl  39.39  2.48 41.38 2.86 

p Br 33.32 2.10 ' 33.19 2.19 

p Me 48.36 4.06 49.49 4.04 

p OMe 45.13 3.79 45.70  3.95 
p NO2  37.76  2.38 5.50 37.94 2.58 5.02 

p CF3  , 38.95 2.18 . . 	_ 43.49 2.97 

TABLE 2-6.4 Infrared Data of the Type (VI) Chlorides  

All notes as for 

TABLE 2-5.3 

EJERtV 
X 

Peak 
1 

Peak 
2 

Peak 

3 
Peak 
4 

Peak 
5 

Peak 
6 

Peak 

7 
Peak 
8 

Peak 

' 9 
Peak 
l0 

Peak 
11 

Peak 
12. 

Peak 

13 

H 3000 m 1495 s 1400 s 1205 s 1190 m 1080 m 1010 m 810 s 745 s 720 v 

o F 2950  w 1620 m 1590  m 1490 v 1460 s 1240 s 1100 s 820 s 780 v 750  s 710 s 

o Cl 3000 m 1610 m 1595 m 1570 m 1470 s 1445 s 1275 m 1055 s 1040 s 920 m 820 s 760's 740 s 

o Br 3000 m 1615 m 1590  m 1575 m 1470 v 1440 v 1280 s 1190 s 1040 s 920 s 820 s 760 v 

o Me 2950 m 1600 w 1490  m 1460 m 1210 m 1280 m 810 s 760 a 740 s 705 s 

o OMe 2900 w 1600 m 1490 s 1465 s 1310 m 1250 v 1030 s 820 s 765 s 705 m 

o NO2  3000 m 1610 m 1580 m 153(v 1350  v 1190 m 1005 m 870 a 820 s 795 s 745 a 

o CF3  2900 m 1610 m 1460 m 1310 v 1170  v 1125 v 1040 s 930  m 825 s 805 s 780 a 720 s 

p F 2900 w 1605 s 1515 s 1420 m 1230  v 1060 a 1020 m 850 s 810 s 740 s 
p Cl 2900 w 1600 m 1500 s 1410 m 1100 a 1020 a 860 m 840 a 780 s 740 s 

p Br 2900 w 1600 s 1490 s 1405 s 1080 s 1020 s 860 m 830 s 775 s 740 s 

p Me 2900 m 1610 m 1515 m 1205 m 1180 m 910 m 830 s 790 s 750 v 700 m 

p OMe 2900 m 1615 s 1510 s 1460 s 1310 s 1250  v 1180 a 1120 s 1040 v 840 s 800 s '750 v 

p NO2  3000 m 1610 s 1530  s 1350 s 1215 m 1020 s 865 m 780 m 750 s 700 m 

p CF3  2900 m 1620 m 1420 m 1325 s 1170 s 1130 s 1070 s 850 m 760 m 720 m 

All spectra were recorded on liquid films. 
The major peaks are listed in descending order of their wavenumber (cml) 
Relative intensities : v = very strong; s = strong; m = medium; w =.weak: 
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2-7 Type (IV), (V) and (VI) Compounds Reported in The Literature  

34 out of the 45 compounds in these series are unreported (formula index 

in Chemical Abstracts up to June 1977). Most of the reported compounds (see 

TABLE 2-7.1) were isolu:,ed in studies- related to pesticides of the DDT (XXIII) 

and. DDD (XXĪV) type. 

TABLE 2-7.1 Physical Properties of the Type (IV), (V) and (VI) Compounds  

Reported in the Literature. 

DERIV Series Registry No. Physical Properties _References 

H 

(IV) 

2162-36-4 

MP 5452, 224 56225,226; 420 1. 5626 

BP 93°/2mrrHg~~5 121.5°/4mmHg
224 

1700/16mmHg
226 

52 

224-7 

238 

o Cl 27683-60-9 BP 127°/4mmHg~30 	nD 1.5675 230-2,238 

o Me 18067-50-0 BP 100-5°/4mmHg 225 

p Cl 41521-04-4 BP 140-
5o/2g228 158

°/4mmHg~~9 228-9,231,238 

p Me not reported BP 132-4°/6mmHg 225 

p OMe 58622-56-3 
1H nmr.67.03(J=9),6.570_9), 

5.78(J=5),4171(J=5)• 
233 

p.NO2 not reported MP 92°C (Recryst. Pet.Ether) 237 

H (V) 345-63-1 No details in paper. 234 

H 

(VI) 

1674-29-9 BP 
130o/17mmlig226 

1229/lOmmHg235 

nD0 1.5613235 
117-8,226,235 

p Cl not reported 
BP 99-101°/0.2mmHg ;20nD 1.5949 

BP 150-2

o 

/15mmHg ; nD 	1.5585 

229 

236 

p Me 33236-97-4 
1H nmr (CDC13) VA 5.89, VB 5.09 
JAB 5.98 Hz. 

117 
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CONFORMATIONAL DETERMINATION OF THE STARTING MATERIALS 
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CHAPTER 3 
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3 BASIC SPECTRAL ANALYSIS 

There are two basic nmr parameters, the chemical shift (b), which dep-
ends on the applied field and is measured in ppm, and the coupling constant 

(J), which is independent of the applied field and is measured in Hz. The. 

chemical shift parameter §(delta) has its usual mathematical meaning - "diff-

erence"- and is used to indicate the frequency difference between a signal 

and a fixed reference point (eg. a TMS 1H or,13C resonance). In this section 

the additional term V(nu) will be used for an absolute chemical shift (as in 

VA) and Ō will retain its "difference" connotation (as in SAB). 
The purpose of spectral analysis is to obtain these parameters from 

the spectrum for every resonating nucleus. This is a simple task in 1st 

1 	order spectra as internuclear perturbations (spin-spin couplings) can occur 

without spectral distortions, ie. the mid-point of a doublet corresponds to 

the uncoupled resonance frequency of a nucleus. The basic condition for two 

nuclei A and X to engage in first order coupling is for 5AB > 10:JAB. If 

this condition does not hold the spectrum will become 2nd order, distortions 

of the doublets will occur (an AB-system) and their simple analysis will 

become increasingly more inaccurate. 

3-1 Obtaining the Spectral Parameters' from an AB-System 

AB-systems may be readily identified by their characteristic "quartet" 

appearance (see FIG.3-l.l). The system is absolutely defined by three 

parameters VA, VB  and JAB  although only two parameters SAB  (from VA  - VB) and 
JAB  are necessary to define its appearance. Only two parameters, JAB  and 

VAB  (the mid-point of the quartet), may be measured directly from the spectrum 

(see FIG.3-l.l);  6AB'  VA  and VB require calculations. The whole system is 

defined by three equations (EQNS.31-33)239  which also apply to the "apparent 

AB-quartets" of the ABX-spin system (see SECTION 3-2). 

  

VAB . 

 

FIG.3-1.1 

  

b' AB 

 

     

        

LF 	AHF 	BLF 	BHF 

JAB = LP 	AHF = BLF 	BHF EQN.31 

EQN. 32 6AB = VA' - VB 	✓  (ALF - BHF)  (AHF - BLF) 

CALFJ/[AHFĪ - -[BHFI/{BLFI = (Ami, - 	,)/(A F  - Bap) Ev.33  
(Where LF = low field, HF = higYi field, and [ J denotes intensity) 
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As 6AB decreases, the distortions of the intensities of the two pairs 

of spectral lines increase, so that VA  and VB  remain approximately at the 

"centre of gravity" (ie. the average position of the peaks weighted by their 

intensities) of the lines from A and B. It should be emphasised that this 

commonly used analogy is only an approximation (see APPENDIX I). 

In all cases where chemical shifts (VA  and VB) were Obtained from AB-

systems, 2nd order analysis was performed- graphically using EQN.32 in conj-

unction with EQN.31l (see APPENDIX I).. 

VAB  = 2 (VA  + VB) = * (ALF + liF + F + HF) 	EQN. 31F 

3-2 Obtaining the Spectral Parameters from an ABX-System 

Obtaining spectral parameters from simple 1st order systems such as the 

two-spin AX and three-spin AMX-systems is trivial as both couplings and shifts 

may be read directly from the spectrum. As we have seen, analysis of the 2nd 

order AB-system remains straightforward but calculation is required to obtain 

the shifts. On proceeding to the three-spin partially 2nd order ABX-system 

many more complications arise; but, unlike the fully 2nd order ABC-system, 

analysis may still be accomplished by hand. In this work, the side-chains of 

the Type (v) fluorides provided classic examples of ABX-systems, ie. HA, HB, 

FX  (see FIG.3-2.1). 

A detailed study of ABX spectral analysis 

was undertaken after attempts at working through 

the standard methods of analysis in the text 
CI 

book by Pople et a1239  and the article by 	
Cl 

241 
Banwell240  both produced contradictory results. 	FIG.3-2.1 

3-2-1 Summary of Theory 

The quantum mechanical calculation of the transition frequencies and 

intensities which make up an nmr spectrum is based on evaluating the trans-

ition probabilities between nuclear spin energy levels. In a 1st order three 

spin system, AMX, the energy levels are the eigen values of a Hamiltonian 

operator with 8 "basic product spin functions" (bpsf's), simply obtained by 

taking all possible product combinations of the 0(. and 3 nuclear spin wave-
functions of each nucleus (see TABLE 3-2.1). 

In the partially 2nd- order ABX-system mixing occurs between those bpsf's 

in which the A and B nuclei both change spins. This generates the new eigen-

functions 3', 4', 5-' and 6' which reduce to 3, 4; 5.and 6 in the AMX limit. 

TABLE 3-2.1 lists the total spin (FZ) for each ABX stationary state wave-

function, together with explicit expressions for- the corresponding energy 

levels in terms of experimental parameters (for definition of the additional 



Basic Equations : 

Dcos 

D cos 2(sAB - L) 

D sin2o+ = D-sin2fŌ- = 2JA8 

D = z [ (8AB + L) 2 + JABJ 
VAB 	2(VA + VB) 

6AB = VA - VB 

N = 2(JAX + JBX) 

= 2(JAX - JBX) 

= z(bAB + L) 

terms N, L, D and J see EQNS.35-42) . 

TABLE 3-2.1 AMX Basic Product Spin Functions and.ABX Stationary State 

Wavefunctions and Energies (Taken from Ref .239) 

AMX-SYSTEM 
F 
Z. 

(EmZ) 

ABX-SYSTEM 

STATE 

BASIC PRODUCT 

SPIN FUNCTION 

A 	M 	X 

STATE 

STATIONARY STATE 

WANEh'UlJGYIOAl 
 

ABX 

STATIONARY STATE 

'ENERGY 

1 a a a +2 1 alt. 2 (VA+VB+VX) 1- * (JAB+jAXjBX) 

2 

3 

a 

a 

R 

a 

13 

a 

`3 

a 

a 

2 

2 

3' 

a r43 

coso+(043a) 

+ sings (13aa) 
- sin0+N3a) 

+ cos,04.(Raa) 

2 (VA+VB VX) + * (JAB JAX JBX) 

2vx - '+JAB + D+ 

2VX - 	AB +.:D+ 

5 

6 

a 

R 

13 

P 

a 

13 

13 

a 

1 
-2 

5'  

6'  

7 

cosO 4p) 

+ sini (pap) 

- sinfō-(a~3R) 
+ cosO (3a.R) 

1313a 

-2V
x - ūJAB + D- 

i 
1 	1 

-eux - ,*JAB - D- 

2 (VX VA-VB) + 11-(JAB-  JA.X JBX) 

8 13 13 13 -z 8 PPP- -2(vA+VB+Vx) + 	(JABAX+JBX) 

EQN.3  

EQN. 36 

EQN.37 

EQN. 38  

EQN. 39  

EQN. 4+0 

EQN. 4+1  

KN. 4R  

N.B. D and D_ were defined by Pople et a1239 as arbitrarily assigned inter- 

changeable positive quantities.» Banwell, 0 however, specified the relation : 

D+ > D- > 0 

The fifteen transitions, allowed by the selection rule AFZ = +1, 
between the eight energy levels are given in TABLE 3-2.2. Three of these are 
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combination transitions in which nominally all nuclei change their spin 

simultaneously. In the AMX-system none of these lines are seen, but as two 

of the transitions 	& 6'--.3') involve mixed states, they do appear in 

the ABX-system. (N:B. Transition 7—i2 always has zero intensity except in 

ABC-systems). 

TABLE 3-2.2 The 15 Allowed Transitions, and Their Origins, for an ABX-System 

LF 
z ORIGIN 

QF z ORIGIN 
AF z ORIGIN 

AF 
z  ORIGIN 

AF 
z  ORIGIN 

1 1 	1 1 	1 1 	1 3 	1 

2 ---►l X 5'—.2 B 6'—.2 A 7—.2 COMB 8 —a.5' A 

3'--,l B 5'—,3' X 6'--1.3' COMB 7—.3' A 8--.6' B 

4'--v1 A 5'---.4' COMB 6'—.4' X 7—v.k' 13 8---,..7 X 

The origins of these transitions (ie..the identity of the nucleus whose 

spin has changed) and the spin state(s) of the corresponding 1st order nuclei 

(ie. X for A or B, and A+B for X) are given in TABLE 3-2.3 together with the 

transition frequency (energy) and relative intensity (both of which were der-

ived from the expressions in TABLE 3-2.1). Throughout this work we adopt the 

convention that B resonates to high field of A, ie. 6 is always +ve. AB 

Several observations may be made from TABLE 3-2..3 : 

1) The AB-region has eight lines and the X has six (although two of these 

are combination lines and may not be observed). 

2) The AB-region consists of two apparent AB-quartets, namely lines 1-3-5-7 

involving the parameters D-  and 0_, and 2-4-6-8 involving D and. 0+  (see 
4 	EQNS.35-42), which have all the properties of normal AB-quartets with regard 

to line spacings and intensities (see SECTION 3-1). 

3) The X-region is symmetrical about vX. 

4) Many other relationships may be derived from the table - see EQNS.43-53. 

Equations Derived from TABLE 3-2.3 

VABI = Sep
8-6. = Sep-,.7_5  = Sep -2 = Seg3_1 

Sep$ 4  = 2D 	EQN.44  ; Sep7_3 = 2D_ - 

Midpoint a-quartet (ma) - Midpoint 16-quartet (m1) = 2IjAX-Fj 	= N 

Sep12_9  = PAX  + JBX! = 2N 

Sepi0-11 = 2(D - D-) 	EQN.48  ; Sepi5_14  = 2(D + D ) 

Sep12-14 	Sep$_3 	EQN.50 	Sep15-12 = Sep- 5-2 

EQN.43 

EQN.45  

EQN.46  

EQN.47 

EQN.49  

EQN.51  
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TABLE 3-2.3 The Energies and Intensities of the 14 Observable ABX Transitions  

TRANSITION ORIGIN ENERGY RELATIVE INTENSITY 

1 8 ---►6' B 	0 VV - 2(J ~ + N) - D_ 1 - sin20_ 

2 7-4.4' B a V 	- 2(JAB - N) - D.I. 1 - sin?D 

3 5'—♦2 B 	R VA 	1(.3-AB J 	- N) - D_ 1 + sin 	- 

4 3'—.1 B a VAB + 2(JAB + N) --D 1 + sin2j6+ 

5 8 --►5' A 	13 VAB - 1(„1-
AB 

J 	+ N) + D 1 + sin20- 

6 7 ---4.3'--a3' A 	a VAB - 2(JAB - N) + D D 1 + 

7 6'-02 A 	R vAB + 2 (J A 	- N) + D_ 1 - sin2O- 

8 4'— A 	a v 	+ -1(J 	+ N) + D AB 	2 1 - sin + * 1 

9 8--.7 X 	PR VX - N 1 

10 5'. -4-3' x 	Ra vX + (D+ - D-) c o s2 (6+ - 0_ ) 

11 6'-1•4' X 	aR vX - (D - 	D_) cos2(O+ - i) 
12 2---4.1 X aa VX + N 1 

14 5'.—.4' Comb. (X) vX - (D + D) sin2(0 	- 0-) 
15 6'—.3' Comb. (X) vX + (D + 	D_ ) sin2(0+ - L) 

Equations Derived from TABLE 3-2.3 (ctd.) 

-"I2-10 Sepll-9 = Se 17-3 = Sep-1 	JBx(-FJAB) 

Se 12-11 = Sep -9 = Sep$ Sep-1 	 -7 = Sep6_5 = JAX(+JAB) 

EQN. 52 

EQN•53 

3-2-2 Analysis of an ABX Spectrum 

Let us adopt the analysis method given by Banwell 
240  (essentially a step- 

wise treatment of the original text by Pople et.a1239) and apply it to the ABX 

spectrum of the side-chain of the o fluoro Type (V) fluoride (see FIG.3-2.2). 

FIG.3-2.2 The ABX Spectrum of 

o F Type (V) Fluoride (line-form) 

(a) The AB-region (1H ® 100MHz) 

(b) The X-region (19F 0 94.1MHz) 

The lower numbers- are the shifts 

(in Hz), whilst the upper numbers 

are the intensities relative to 

lines 9 and 12 in the X-region. 
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Note that four lines in the AB-region are significantly broadened by long-

range coupling. 

The only equations used in both texts, were those defining D and D-, 
and those derived from TABLE 3-2.3, ie. EQNS.35-53. These are sufficient to 

obtain all the ABX spectral parameters excepting the sign of JAB, which has 

no influence on the spectrum. Similarly, only the relative signs of J and AX 
J may be obtained. BX 

3-2-2.1 Analysis (i) Assuming D4. >, D > 0 

All six lines of the X-region are visible. Appling EQN.47, the separ-

ation of the strongest lines (9 and 12) gives : ZAX  JBXI = 57.7Hz. 

Applying the D rule (above) to 2QNS.48 & 49, lines (14,15) must always 

lie outside lines (10,11)240  giving the assignment for the"X-region as : 

12-15-10-11-14-9. The fact that the combination lines (14,15) are more int-

ense than lines (10,11) in this assignment is surprising, but we shall _proceed 

with the analysis. 

From EQNS.48 & 49 : 21D - DI. 	15:1Hz 	2(D+  + D-) 	35.5Hz. 

This leads to the solution D  = 12.65 ; D = 5.1Hz  

In the AB-region the two quartets may be easily identified as they do 

not overlap, and application of EQNS.44•& 45 to determine Sep8-4  and Sep9-3  

leads to the assignment : 7-5-3-1-8-6-4-2. IJABI is iininediātly seen to be 
5.0Hz. From EQNS.46 & 47 the separation of the_ mid-points'of the two quartets 

should equal 2Sepn, which it does. This assignment therefore passes all 
12-9 

the checks given by Banwe11240 
 

From EQN.37 : 0+  = 5.7 or 84.3°  and 0 = 14.67 or 75.34°. Since 

in our assignment [14,15] > [10,11], cos2(0+  - 0-) ( sin2(0+  - 0-) (see TABLE  
3-2.3). Therefore, either (a) 0+  = 5.7 and 0 	75.34 or (b) 0+  = 84.3 and 

= 14.67°. These two results are of course equivalent with regard to the 

intensities of the X-region lines (due to the 'square term' masking the "trivial 

reversal of sign"24o), but if both possibilities are utilised in EQNS.35 & 36  

apparently different results emerge : 
2 SAB  + 2L = (a) 12.40 (b) -12.40 

25,E - 2L = (a) -4.45 (b) 	4.45 

gives : . 6 	= 	(a) 7.95Hz (b) -7.95HzAB  
EQNS.35 - 36 gives : (JA JBX) _ (a) 33.7Hz (b) -33.7Hz  

= 57.7, is numerically-larger-than (JA  = T ) these 
the same sign. This leads to four possible solutions : 

From (a) 60  = 7.95 and (i) JAX  = 45.7 ; JBX = 12.0Hz 
or (if) J 	_ -12.0 ; JBX  _ -45.7Hz 

From EQN.35 : 

From EQN.36 : 

Adding EQNS.35 + 36  

Subtracting 

• As I  JA  + 
JaXI 

functions must have 
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From (b) 6 	= -7.95 and (iii) JAB  = 12.0 ; JBX  = 45.7Hz 
or (iv) JAX = -45.7 ; JB  = 12.7Hz 

Solutions (i) and (iii) are equivalent, as are (ii) and (iv), (A and B 

have merely interchanged in both cases), therefore (iii) and (iv) may be dis-

carded. However, (i) and (ii) are not equivalent as the larger J resides on 

a different nucleus in each case. Choosing which solution is correct may be 

done from the AB-spectral region. From TABLE 3-2.3,  lines (1-4) are derived 
from B and lines (5-8) from A. As Sep3-1 > Sepri7-5, the only acceptable sol 

ution is : 	6AB  = 7.95 ; JAX  = 12.0 ; JBX  = 45.7Hz.  

The system is now fully analysed, but checking this by re-calculating 

the AB region line positions and intensities according to TABLE 3-2.3  produces 
the bizarre spectrum shown in FIG.3-2.3.  The calculated AB-region is in fact 

FIG.3-2.3  
5 3 

     

S 3 

f I I 
6 

1 I I I I I 	l  
Obs. 

    

I 
 

Cale 

    

    

    

     

a mirror image of the original spectrum, but instead of the line assignment 

adopting the mirrored sequence, they have kept the original low to high 

field order with the 8-6-4-2 quartet now placed to low field of the 7-5-3-1 
quartet. 

Obviously aomething is amiss, and- the problem may be traced to the 

statement that D must be greater than D 240 

3-2-2.2 Analysis (ii) Assuming D_  >, D}  ).0  

Repeating the procedure used in analysis (i) leads to the assignments : 

4 	8-6-4-2-7-5-3-1 for the AB-region, and 12-15-10-11-14-9 for the X-region. 

This yields : D = 5.1, D = 12.65, JAB = 5.0 and (a) .0+  = 75.34 and 

0_ = 5.7°  or (b) O = 14.67 and 0_ = 84.3°. 

Simultaneously solving EQNS.35 & 36  gives : 6AB  = (a) 7.95 (b) -7.95Hz  
and (JA  - JBX)  = (a) -33.7 (b) 33.7Hz  

Again, this gives two non-equivalent solutions of which only : 

= 12.0 ;J 	= 45.7Hz,  fits the assigned line spacings. —AX 	 EX 

The calculated spectrum now agrees in every detail with observed 

spectrum and in the absence of further information would be accepted as the 

correct analysis. In this case, however, four lines in the AB-region are 

broadened by long-range coupling into the aromatic ring. The broadened lines 

must be attributable to the same nucleus, but our assignment suggests that 

the low field pair are from A whilst the high field pair are from B! 

This dichotomy arises from the statements239,240 that D and D' are both 

positive. They may in fact have opposite signs and this alters the spectral 

assignment. 
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3-2-2.3 Analysis (iii) Assuming D and D of Opposite Sign 

A suitable assignment for the AB-region is 4-2-8-6-.7-5-3-1 and for the 

X-region 12-11-15-14-10-9. Applying the usual relationships (as in analysis 

(i)),leads to the following parameters : 

D = -5.1 ; D = 12.65 ; 0~ = 165.32° ; 0 = 5.7° 

SAB  = 7.95 ; J 	= 5.0 ; J 	= 12.0 	J 	= 45.7Hz  BX 

The calculated spectrum now agrees exactly with experiment, and now the 

outermost pairs of lines in the AB-region originate from the same source, B. 

In addition lines (14,15) are of low intensity (as befits combination lines) 

unlike their counterparts in the earlier assignments. Note that lines (14, 
240 15) lie within (10,11), contrary to statements elsewhere. 

- 	This clearly is the correct solution, although it is identical to that 

obtained previously with both incorrect sets of assignments'. Obviously a 

more systematic approach to this problem is necessary. 

3-2-3 The Origins of the ABX Spectral Lines 

It is valid to describe the AB-region of an ABX spectrum as resulting 
from the perturbation of a normal AB-quartet by the a. and (3 spin states of 
X. When J and JBX have the same sign (assumed to be positive for conven 

ience), the interaction with X in the a.. spin state results in pairs of Aa 

and Ba lines to low field of their origins VA and V.B. This is illustrated 

in FIG.3-2.4 : 

FIG.3-2.4  

(a) The original AB-quartet 

in the absence of the X 

nucleus. 

(b) The formation of the ABA-

quartet by perturbation from 

the a-spin state of X. The 

ABp-quartet is formed•in a 

similar manner. 

_ The resulting AB-quartets, ABa and.ABR obey the standard relationships 

(EQNS.31-34). If J and JBx have opposite signs (arbitrarily with JAx neg-

ative) the L and (3 halves of the A spectrum change identity, ie. the Act lines 

lie to highfield of the Ap lines, and the.AB0 and ABp-quartets are formed as 
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4 	before, commonly with the AB -quartet within the AB -quartet. 

Equations Derived - from FIG.3-2.4
212 

	"apparent") (N.B. * is used to denote   

6 a = J(Sep2) 
(Sep

6-0 
	6AB + 2(JAX JBX) = 6AB 

+ L 	EQN. 5k 

vw 
AAB = 	VAB + (J 	) = VA + 2N = ma 	EQN.55 
a 

6AB 	J(Sep7 1) (SepS_3) = 6AB 
- 2cJ JBX-) •. = 6~ - L 	EQN.56  

VP = 	VV - ū(J+J) 	V~ - 2N = mR 	 EQN. 57 
ABa 

From EQNS.Sk & 56 : 	S~ - 6* 	= 2L 	 EQN.58  
a. 	R 

6 

	

	+ 5. = 26 	
EQN.59 

M 

From EQNS.55 & 57 : 	y* 	v** R = N 	D0.60
a•  

V* + v** = 2v~ 	 ERN.61 
a 	P 

The formation of the AB-region from the original AB-quartet, for a range 

of values of 60 (decreased in steps of 2jAD' with JAB
, JAX and J held con-

stant at 1, 3 and 5 respectively), is illustrated for JAx and J the same 

sign (FIG.3-2.5) and opposite signs (FIG.3-2.6). Note that both series of 

spectra suffer simplification of the AB-'region- by line overlap (cases (b), 

(d) and (f) in the former, and (h), (j) and (1) in the latter) and by a 

"c-ollapsed quartet" when 6~ = L.- For '6AB >, L, in both series, D+ and D- are 
; 

positive, ie. within both apparent quartets the lines originating from A are 

to low field of the lines from B, and the quartets may be termed "normal:} For 

6AB < L, in both series, D+ and D_ have opposite signs, ie. one quartet is 

"inverted" with the lines from A to high field of the lines from B. 

It is convenient to recognise four separate types of spectrum : 

Type I : J and J same sign 	I(a) D and D same sign 
AX 	BX 

I(b) D and D opposite signs 

Type II : JAx and JBx opposite signs II(a) D+ and D_ same sign 

II(b) D and D opposite signs 

In the absence of the X-region, the (a) and (b) assignments of the two 

chosen quartets of. any AB-region are indistinguishable. The spectrum "Type", 

for each assignment, may be determined as follows : 

Type I Spectra have the Am lines to low field of the AR lines. 

Type II Spectra have the converse (Arbitrarily fixing JBX as +ve in both). 

Normally the "Type" of the spectrum (ie. I or II) is the same for both assign- 

ments, with the one exception that the alternative to a Type I(a) in which 

6AB 7 N is a Type II(b) in which 64025 ( N. 

The formation of the X-region spectrum from the original X-singlet may 

be explained in a similar manner to the formation of the AB-region, with the 
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added difficulty of the mixing of the A and B spins. With A and B in the same 

spin state their interaction with X produces an ca-line (12) and a OP-line (9), 

which always have unit intensity and whose shifts (±N) are independent of SA. 

The degree of mixing of the bpsf's 3 and 4 to give wave functions 3' and 
4', and 5 and 6 to give 5' and 6' (see TABLE 3-2.3) in a system with fixed 
coupling constants, varies with 	as as the mixing coefficients 0 are depend- 

ent on SAB (see EQNS.35-37). Lines (10,11,14 and 15) are derived from trans-

itions from states 5' and 6' to 3' and 4'. Consequently, changes in the posi-

tions and intensities of these lines (defined in terms of D+ and 1+ respect-

ively) on varying SAB are difficult to visualise. This is evidenced by the 

mis-interpretations of the X-region of ABX spectra in the literature, eg. in 

the analysis of 2,4-dichloro-6-fluorophenol~39 the assignment of the spectrum 

is incorrect due to the wrongful definition of D and D- as positive. Sur-

prisingly, correct analytical results are obtained (as in Analyses (i) and (ii) 

above) because the method used only relies on identifying lines 9 and 12 in 
the X-region, and then measuring the separations of the inner and outer pairs 

of lines (10,11 and 14,15) without needing to know which pair is which. This 

leads to the correct magnitudes for the D's, although not necessarily to the 

correct sign or assignment. The "flexibility of sign" possessed by EQNS.35-37. 

accounts for any earlier mistakes. 

It is worthwhile examining the X-region in some detail, as this will 

clarify several problems that may arise in• the process of line assignment 

and analysis. 

The positions of lines (10,11) arid (14,15) are dependent on 2D and 2D-. 

If these terms are plotted against SAB in a perfectly general ABX case, discont-

inuities occur when 60 = +L (see FIG.3-2.7). Although unexpected, reference 

to FIGS.3-2.5(i) to (k) will explain how Seip-182-4 changes sign so rapidly as the 

ABa quartet inverts. 

In FIG.3-2.8 the positions of lines (10,11,14 and 15) are plotted for a 

range of 	The The "inner" and "outer" pairs of curves do not cross but are 

both asymptotic to the lines (Freq = +L) and (Freq = +5AB
), changing their 

identity where these lines intersect. Lines (10,11) are roughly parallel to 

(Freq = +L), whilst (14,15) parallel (Freq = +ŌAB) • Apart from• a few except- 
22-244 

ions 	this change of- identity when SAB _ +L has been overlooked in the 
literature. For example, in the context of deceptive simplicity, the 1:2:1 

X triplet is frequently incorrectly assigned as 12-(10,11)-9240,242,245 when 

6 = 0, when it should be labelled as 12-(14,15)-9 (the former assignment is 
AB 

only correct if L is also exactly zero. 

It should be noted that unlike lines (14,15) the ordering of (10,11)'is 

dependent on the magnitudes of JA and 43x , ie. 10 is to low field of 11 if 



10 SAB 

• -5 

• • • • ••■ 
	

I J 	_ 	' I 
1v
; 	I 	 I 
y 

---5 

11 	 10 

5 

J > Jam, and vice versa. AX 
From TABLE 3-2.3  [1l.,15] is given by sin2uo+  - 0_). Solving EQN.37  for 

0+ or 0 (abbreviated 0+) will always give two values which will be symmetric-
ally disposed about 0+  7:45°   if D+  is positive or 0+ = 135°  if D is negative 
(see FIGS.3-2.9(a) and (b)  and EQ.6.62).  

Therefore for any set of values of D , D-  and 8 , there will be twoAB 
values of (0+  - 0-) and hence two values of [1+,15] . In FIG. 3-2.10  the 
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FIG.3-2. 7 L = 5.JAB J AX < JBX  FIG.3-2.8  L = 2.J . All axes in 
units of J. 

FIG.3-2.9  The choice of solutions 
for (0+  - 0) and the definitions 
ofA+ and A 

(a) D+  and D-  both positive, ie. 
Type I(a) or Type II(a) 

(b) D and D-  of opposite signs, 
ie. 	Type I(b) or Type II(b). 

L1+  = 	145 - 2sin (JAB/2D+) I 

EQN. 62  
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solutions for [14,15] are plotted over a range of 6AB for the condition L = 

JAB. Again note the discontinuity when 6AB = L. In FIG.3-2.11 the "accept-

able" solutions for [14,15] (always the lower value), are plotted for several 

values of L. Obviously for %3> L the solid curve in FIG.3-2.10 has the cor-

rect value for [14,15] (ie. given by sin2IA+ - 0I ); for 60< L it is not so 

apparent, but in our experience all solutions lie on the dotted rather than 

the solid curve (ie. [14,15] = sin2+90 - + 
- A-)1). It may be easily proven 

that the range in which [14,15] > 0.5, is given by E0.63. (see APPENDIX II): 

sin2(0+ - .) -> . 0.5 when : L > 6AB > J(L2 - J2 AB) 	EQN. 63 
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t 	I 	o 	- 	l 	I 

[14,15] 

 

   

   

FIG.3-2.10 	 FIG.3-2.11 

FIG.3-2.10 The solid lines represent solutions obtained from sin2IA+ - -~ 
when6AB 

> L and sin2(90 - I ,6 -AI) `) when 6AB < L; The broken lines are 
solutions of sin2.(A+ + A) and sin l 90 - (~ + 0) ( . 

FIG.3-2.11 The "acceptable" values of [14,15] for L 2, 1 and 2.JAB. The 

broken curves outline the "discontinuity envelope", the right hand curve also 

acts as the boundary for the maximum value of [14,15] . 

In FIG.3-2.11 the "inner" and "outer" pairs of lines (10,11) and (14, 

15) interchange identity at the same point at which [14,15] undergoes its 

dramatic discontinuity. It is therefore more helpful to plot the variation 

in intensity of the "inner" and "outer" pairs of lines as 6~ varies (see 
FIG.3-2.12). The smooth curves obtained when coupled with the smooth curves 

obtained in FIG.3-2.8, demonstrate how the change of identity of lines in the 

X-region is easily overlooked. 
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FIG.3-2.12 The intensities of the 

inner and outer pairs of X-region 

lines. The circles and broken lines 

indicate where the pairs interchange 

identity. The value of [outer] tends 

to zero as 6 increases. AB 

0 [OUTER PAIR] 	[INNER PAIR] 1 

 

3-2-4 Line Assignment and Analysis of ABX Spectra  

This section is written in the form of a "working text" from which an 

inexperienced student should be able to assign and analyse virtually any ABX 

spectrum. FIGS.3-2.5 & 3-2.6 will be found particularly useful for identif- 

yang those conditions under which lines overlap and spectra simplify (ie. con-

tain less than 14 lines) . 

3-2-4.1 Line Assignment 

From the AB-region select two AB-quartets which comply with EQNS.31-33. 

Accurately measure the separation of the midpoints of the two earmarked 

quartets and check that this exactly equals half the separation of the two 

strongest lines in the X-region (see EQNS.k6 and 47). (If the X-region only 

contains four approximately equally intense lines, this may correspond to the 

inner or outer pair of lines). If this test fails, the two AB-quartets have 

been chosen incorrectly and must be re-selected. 

The quartets may now be assigned using the following rules : 

(i) The ABa-quartet has its midpoint to low field of the ABR-quartet 

(ii) The numbering of the lines is determined by their origin, ie : 

lines originating from B have numbers 1-2-3-4 

O. .. 	.. A 	.. 	5-6-7-8 

.. 	.. 	.. R 	.. 	1-3-5-7 

.. 	.. 	.. a 	.. 	2-4-6-8 
The lines always occur in pairs, separated by JAB, so it follows that 

the numbering for each pair is : 4a. 8-6 ; AR  = 7-5 ; Ba  = $-2 ; B3  = 3-1. 
(With the larger number always to low field). 

(iii) There are two possible assignments for any AB-region, only one of which 



-90— 0 
0 •1 2 3 .4 .5 •6 -7 -B •9 

B A 
I4,a2D4.1 and [14,15] 

-110-  

is correct. These assignments differ in one quartet only and for any spectrum 

this choice will only occur in the narrower quartet (ie. the quartet with the 

smaller 6* - see FIG.3-2.4). 

The assignment of the broader quartet is therefore straightforward with 

the lines originating from B to high field of those from A. 

ie. for the ABa,-quartet 8-6-4-2 ; for the ABR-quartet 7-5-3-1 
Of the two possible assignments for the narrower quartet, the "normal" 

assignment is given above, whilst the "inverted" assignment will be : 

for the ABa-quartet 4-2-8-6 ; for the ABp-quartet 3-1-7-5 
We now have the two possible assignments for the AB-region and will 

proceed to do likewise with the X-region. 

The two most intense lines, used in the first test, may immediately be 

assigned as 12 and 9. The assignment of the pairs of lines (14,15) and (10, 

11) may be rapidly carried out by using the relationships in EQNS.0-53, (NB. 

Use the sign convention that a measurement from low to high field is positive). 

With both AB-quartets "normal", lines (14,15) should lie outside (10,11), 

and conversely for one AB-quartet "inverted". If JAx  and Jac  have the same 
sign (Type I system), (10,11) will be inside (9,12), ie. N) L. If JAx  and. 

J have opposite signs (Type II sys-

tem) the converse is true, ie.:N C'L. 

Normally."inverting" one quartet will 

not change the general "Type" of the 

spectrum, but this may occur under 

certain. circumstances (see SECTION 

3-2.3) 

Having completed the two assign-

ments, we must choose which is cor-

rect. This is simply done by deter-

mining the expected intensity of lines 

(14,15), for both assignments, and 
rejecting the one with the wrong 

FIG.3-2.13 This is a "ready reckoner" 

for calculating [14,15] in any ABX 

spectrum (see text for instructions). 

The '0' curve is simply a plot of 

145 - Isla', whilst the '[14,15]'  

curve is a plot of sin2O. A larger 

version of this figure will be found 

in APPENDIX I. 



solution. It should be emphasised that it is perfectly in order for [14,15]  

(which, as combination lines, are expected to be weak) to be greater than 

[10,11 . A rapid method of calculating [14,15] is as follows : 

(i) Calculate IJAB/2D+I and JJAB/2D_I 

(ii) Calculate d+ and 0_, either using EQN.62, or the 'A' curve in FIG.3-2.13, 
reading A±. off on the 0(A) scale. 
(iii) (a) For,D & D the same sign : calculate ~~+ - A I and sight against 
the '[14,15]' curve, using the 0(A) scale; or use sin2IL+ - . - 

(b) For D & D_ opposite signs : calculate (A+ + A,_) and sight against 
the '114,15P  curve, using the 0(B) scale; or use sin21 90 - (0 + A=)1.  

Only one assignment of the X-region will fit the predicted [14,15] and 

once this has been unambiguously obtained we can proceed with the analysis. 

3-2-4.2 Spectral Analysis of the ABX Spin-System (The method used is essent- 

ially that of Abraham242) 

Having made the assignments, as above, only the AB-region is necessary 

for the subsequent analysis. IJABI may be read directly from the spectrum 
(EQN. 

20) . The values of 6 a, 6 R, Via and VAR may also be readily obtained 
(see FIG.3-2.4, EQNS.54-57 and APPENDIX I). It is important to note that when 

calculating 6* for an "inverted" quartet, the sign of the answer should be. 

negative (ie. take the negative root of the product of two negative numbers). 

Application of EQNS.58-61 will give values for L, N, 5 and Vom, whilst EQNS. 

64 & 65 give J and J (If careful attention is paid to the signs of L and N 
AX 

the relative values of J and J may be obtained unambiguously, without res-

orting to the selection procedure used in analyses (i) to (iii)). 

From EQNS.41 & 42 	J 	= N + L 	EQN.64 
AX 
J = N - L 	EQN.65 
BX 

D and D will already be known from determining the correct assignment 

earlier. The ac2eptable combinations of values of 0+ and 0 for a Type I(a) 

or II(a) spectrum are given by : 

0+ = 45 -A+ ; 0_ = 45 - L1_ 

and for a Type I(b) or II(b) spectrum : 

(i) 0+ = 135 + 0 ; 0_ = 45 - A Or 
(ii) 0+ = 135 - 	; 0_ = 45 + A Or 

= 45 + A+ ; f~_ = 45 +A_ 

• 45 + 	; j_ = 135 - A 

• 45 _ Q+ ; ~_ = 135+ A 

It should be emphasised that it is always worthwhile to re-create the 

observed AB-region from the calculated parameters, as this is the most con-

vincing method of verifying the analysis. 
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CHAPTER 4 
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4 CONFORMATIONAL ANALYSIS OF THE TYPE (IV), (V) AND (VI) COMPOUNDS FROM  

THEIR CONVENTIONAL 1H, 13C AND 19F NMR SPECTRA. 

4-1 Experimental  

All spectra were recorded on 0.5M solutions of the purified compounds in 

deuteriochloroform (MW in mg dissolved in2ml CDC1
3 
) using a Varian Associates 

XL100-12WG spectrometer operating at 23.5 KGauss. Apart from the 1H spectra of 

the Type (IV) alcohols, which were recorded in 5mm tubes, 10mm tubes were used 

throughout. All spectra were recorded with an internal deuterium frequency-

field lock onto the deuteriochloroform signal. 

1H spectra were recorded at 100.1MHz in continuous wave (CW) mode for 

the Type (IV) and (V) series, and in Fourier transform (FT) mode, using a 

Varian 620L computer with 16K store, for the Type (V) and (VI) series. Where 

necessary, specific homonuclear and ~9F heteronuclear decoupling ( 

were performed. A little variable temperature:work(ambient to.-50°C) was 

performed on the Type (IV) alcohols to determine the temperature sensitivity 

of the 1H chemical shifts, using 0.5M solutions made up in 1:1 CDC13/CFC13. 

19F spectra were recorded at 94.1MHz in the FT mode for the Type (IV) 

and (V) series only. Because of the need for accurate analysis of the ABX 

system of the Type (V) compounds, care was taken to ensure that the 1H and 

19F spectra were recorded on the same solutions on the same day, to minimise 

concentration/temperature effects. All 19F spectra were also recorded with . 

1H noise decoupling (19F[1H]). 

U3C spectra were recorded at 25.16MHz in the FT mode with broad band 

1H noise decoupling, (~3C[1HJ). 1H "gated decoupled" 13C spectra* (~3C[GD-1H]) 

which give all the 
nJC-H 

coupling information of a high resolution 13C spec- 

trum, but retain the signal/noise benefits of the Nuclear Overhauser enhance-

ment (NOE), were recorded on the Type (IV) alcohols. These spectra were in-

valuble for assigning the side-chain 13C resonances and also provided useful 

coupling information. Several attempts at observing 2&3JCH couplings, by 

using specific narrow band 1H decoupling (ie. irradiating the aromatic protons 

but not the side-chain protons) were unsuccessful. Previous work with single 

frequency 1H decoupling143 had been successful, but it was found impossible 

to irradiate a band 60Hz wide without giving off-resonance (partial decoupling) 

effects to 1H signals 100-400 Hz from the edge of the band. This resulted in 

*"Gated Decoupling" describes the following sequence of operations in an FT 
cycle: (1) Pulse delay with full noise decoupling; (2) Fire pulse; 
(3) Acquire free induction decay (FID). The noise decoupler is turned off . 

during steps (2) and (3).~3Each cycle-(1-3) may be repeated many thousand 
times before acquiring a C (FID) suitable for Fourier Transformation. 

1H[19Fi) 



H-3' 

When X is para, 5' and 6' degen-
arate to 3' and 2' respectively. 

FIG.4-1.1 

residual couplings in the 13  spectra. 

Further details of spectral parameters will be given where appropriate. 

4-1-1 Accuracy of Spectral Measurements  

The manufacturer's specification for the 12" magnet XL100 Spectrometer, 

a signal resolution of at least 0.3Hz, was routinely obtainable. 

All CW chemical shifts, shift differences and coupling constants were 

measured to the nearest 0.1Hz. Where two or more measurements were averaged, 

the result has been recorded to the nearest 0.05Hz. 

In_FT spectra the computer listings give shifts to the nearest 0.1Hz, 

but the digitisation rate (specified as Hz/point) was normally larger than 

this, ie 

1H and ~9F spectra - max errors + 0.2Hz (ie. .-0.002ppm) 

13C spectra - max errors + 0.5Hz or 0.63Hz (When X = F or OMe required 

sweep width of 2500Hz); (ie. ^' 0.020ppm) . 

These errors are equivalent to the digitisation rate. 

The likely errors in frequency between lines in different spectra should 

be better than + 1.0Hz. In an exercise involving 11 samples, the absolute 

machine offset of the 1H TMS resonance was determined by adding its offset 

from the edge of the FT spectral 'window?! to the spectral offset from the 

2D CDC13 lock signal. The average deviation of the 11 individual offsets 

from the overall mean (44+811.6Hz) was + 0.5Hz. 

4-1-2 Naming Convention Used in NMR Assignments  

The naming convention adopted is 

an extension of that used in Chapter 2, 

numbering ring substituents with a prime 

eg. X-n'. The OC and (3 side-chain 

carbons are numbered 1 and 2 respect-

ively whilst the protons are lettered 

A, B and C in low to high field order. 

Where necessary the side-chain fluorine 

will be numbered F1 and the ring sub 

stituent fluorine F2 (see.FIG.4-1.1) 

Type (IV) Y = OHC 

(V) Y _ F1 
(VI) Y = Cl 

CI 	CI 

X 

4-2 Spectral Assignment  

1H resonance assignments of the side-chain protons were straightforward 

and were aided, where necessary, by'decoupling and deuterium exchange exper-

iments. The assignment of the aromatic 1H resonances was only attempted on 

the seven para substituted compound in each of the three series. The AA'BB' 
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spectra were treated as pseudo-AB spectra to obtain the relevant shifts, and 

no further analysis was attempted. Full AB or ABX analyses were performed on 

the side-chain protons in the Type (IV) and (VI) or Type (V) spectra. 

~9F spectra provided no assignment problems. Where two fluorines were 

present their characteristic 1H coupling patterns gave instant identification. 

Assigning 13C spectra was more difficult. Usually the ortho and para 

fluoro compounds in each series were assigned first, with the aid of the nJFC 

couplings (which in fluorobenzene decrease regularly with distance, ie. C-1 
246 -245.3; C-2 21.0; C_3 7.7; C-4 3.3Hz ),and subsequent assignments utilised 

readily available128,246 benzene substituent chemical shifts (SCS). Once the 

Type (IV) alcohols had been assigned, the.SCS data from this "model system" 

was used to assign the Type (V) and (VI) spectra. Assignments were checked by 

• comparison with literature SCS data and in the case of the Type (IV) alcohols 

by 1JCH couplings from 13
C[GB-1H] spectra, comparative NOE measurements, and 

analysis of LIS data. 

4-3 ABX Analysis of the 1H and 19F Spectra of the Type (V) Fluorides  

As this subject has already been treated in depth it is appropriate that 

this series of ABX analyses be listed in full. Although this is normally un-

necessary, the fifteen analyses illustrate many of the points discussed in 

Chapter 3. TABLE 4-3.1 lists the shifts and heights of the 14 ABX lines and 

the 4 AB lines (from the 1419F] spectrum) for each derivative, together with 

the assignments allocated to the lines by the method given in SECTION 3-2-4.1. 

The relative shifts (offsets) of lines (i) to (vii) in the AB region are ref-

erred to line (viii) whose offset from TMS is given in Hz. Lines (I) to (IV) 

from the AB[X] spectrum are also referred to line (viii) for convenience. The 

X-region lines (i) to (vi) are referred to their overall mean, their absolute 

shifts being listed in SECTION 4-4-2. The height measurements (mm) are only 

consistent within individual spectral regions and are appended with the letter 

(b) where significant broadening (long range 1H coupling) is present. The 

third row indicates the origin of the spectral lines (A or B) and its possible 

assignment(s). In each ease the subscript indicates the incorrect. assignment. 

The naming convention adopted for the side-chain protons is the. same as that 

used in the Type (IV) and (VI) compounds (see FIG.3-2.1). On all but three 

occasions (X = oCl, oNO2 and oCF3) this labelling also agrees with the 

"nucleus B to highfield of nucleus A" convention. In these three cases, the 

• structural assignments of A and B are retained in the analyses, so that JAx, 

J r AB vA and VB refer to the same coupled nuclei as in the remainder of the 

series. TABLE 4-3.2 shows the intermediate and final results of the analyses, 

using the method given in SECTIONS 3-2-4.1 & 3-2-4.2. The important coupling 
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TABLE 4-3.1 Relative Shifts, Intensities and Assignments of the ABX and  

AB[X] Decoupled Spectra of the Type (V) Fluorides  

DER[/ 

r'-'s' 
H 	- 

AB-REOro(1 	t 	X-4T ;1011 Ai;(Y1 rr 

(11) 
52 

254 
A 

,.., 	1 ..[1,._ 

(t) -(tr) .(ut) Ov) 
49.'( 
48b 

B 48 

J (v) 

46.1 
64 
A 5 

(vt) 

44.3 
19b 
B 26 

(Of) 
5.4 
35b 
B 3 

(:•tttb 	(i) 

r553.7')/.5  
28b 	201 
B 1 	12 

(It) 
s 
(tu) (1v) _ 	(v_) 

-17.2 
193 

1014 

(vt)_ 

-2(.4 
198. 
9 

(I) 

58.1 
 151 

A 

(Ill 
.O 

149b 
B 

(TV) 	i 

23.o 
102b 
B 

.61.7 
34 
A 84 

56.4 
82 
A C•2 

51.ū 
50 
A 7 

17.0 
200 
1115 

o F 
50.5 
36b 
B 48 

45.4 
122b 
B 26 

41.3 
148 
A 84 

36.2 
41 
A 62 

30
.21 

25.1 

	

66 	104 

	

A 7 	A 5 

5.1 
87b 
B 3 

565.2::28.4 
59b 	119 
B 1 	12 

17.2 
159 
1115 

7.8 
37 
1511 

-7.6 
•29 
1410 

-17.2 
159 
1015 

-23.4 
180 
9 

37.6 
78 
R 

r.5 
235 
A 

27.7 
129b 
B 

22.6 
40b 
B 

* 

o C1 
48.5 
32b 
B 8 

45.15 
46b 

3 6 

31.75 
90 
A 4 

28.45 
69 
A 2 

15.11 
53 
A 37 

11.85 
99 
A 15 

52b 
B 7~ 

3.35.591.8 0.85 
32b 	243 
B 51 	12 

14.25 
233 
1015 

2.35 
21 
1510 

-2.45 
26 
1411 

-14.25 
235 
1124 

30.85 
250 
9 

23.5 
6 
AB 

o Br 
48.1 
48b 
B 48 

45.0 
- 71b 
B26 

37.0 
157 
A84 

34.0 
85 
A 62 

19.7 
110 
A7 

16.7 
152 
A5 

3.1. 
77b 
B3 

579.8 
51b 
B1 

31.2 
243 
12 

13.7 
232 
1115. 

2.7 
30 
1511 

	

-2.7 	-13.7 

	

29 	234 

	

1410 	1024 

-31.1 
246 
9 

29.2 
70b 
Sh 

26.7 
161b 
AB 

o Me 
52.9 
40b 
B 48 

46.5 
112b 
B 26 

40.8 
168 
A 84 

34.4 
56 
A 62 

32.2 
97 
A 7 

25.9 
140 
A 5 

6.3 
88b 

, B 3 

557.1:21.45 
50b 
B 1 

202 

12 

19.05 
170 

1115 

8.05 
37 
1511 

-7.75 	-18.95 
27 	. 169 

1410 	1014 

-27.55 
205 
9 

38.6 
28 
A 

32.2 
118 
A 

28.8 
85b 
B 

22.4 
19b 
B 

o OMe 
49.6 
30b 
B A81 

46.0 
134b 
B 26 

45.3 
279 
A 84 

41.9 
40 
A 62 

28.5 
165 
A 7 

25.1 
20) 
A 5. 

3.4 
63b 
B 3 

573.2 
49b 
B 1 

A1.45 
212 
12 

14.95 
167 
1115 

10.55 
56 
1511 

-10.55 -.14.75 
66 	162 
1410 	1014 

-31.55 
213 
9 

38.3 
133 

A 

34.9 
230 
A 

26.5 
103b 
B 

23.2 
62b 
B 

* 
o NO2 

56.8 
43b 

B"8 

54.8 
46b 

B 6 

21.5 
105 
A 4 

19.5 
93 
A 2 

11.1 
37b 
B 73 

9.1 
57b 
B 51 

2.0 	611.7 
120 	85 
A 3.1 	A 15 

2.5 
139 
12 

13.1 
135 
1015 

- 	-13.1 
138 

1114 

-32.6 
138 
9 

33.7 
122b 
B 

31.7 
150b 
B 

12.0 
235 
A. 

10.1 
208 
A 

o CFA 
51.9 
48b 

B 8 

48.2 
55b 
B6 

20.9 
165 
A4 

17.2 
124 
A2 

8.1 
29b 
B7

3 

4.4 
100b 
B5

1 

3.7 
166 
A 3.7 

531.1' 
25 
A 15 

0.45 
142 
12 

13.3 
123 
10i5 

-13.25 
- 	132 
1124 

-30.45 
147 
9 

30.3 
64b 
B 

26.1 
102b 
B 

12.3 
172 
A 

8.7 
122 
A 

p F 
60.7 
98 
A 84 

55.3 
281 
A 62 

50.9 
215 
A 7 

49.7 
151b 

3 48 

45.5 
222 
A 5 

44.4 
61b 
B 26 

5.3 
101b 
B 3 

533.5 
79b 
B 1 

6.95 
151 
•12 

17.15 
139 
1115• 

-17.15 
138 

1014 

-26.95 
148 
9 

55.6 
176 
A 

50.2 
273 
A 

27.6 
125b 
B 

22.2 
96b 
B 

p Cl 
60.9 

, 	100 
A 84 

55.6 
290 
A 62 

50.8 
222 
A 7 

49.5 
230b 
3 48 

45.6 
230 
A 5 

44.3 
100b 
3 26 

5.3 
190b 
B 3 

533.2 
160b 
B 1 

77.25 
134 
12 

17.25 
133 
1115 

-17.25 
147 

1014 

-27.25 
156 
9 

55.7 
107 
A 

50.5 
154 
A 

27.8 
109b 
B 

22.5 
.79b 
B 

p Br 
62.0 

! 	79 
A 84 

56.1 
192 
A 62 

52.0 
139 
A 7 

49.5 
102b 
3 48 

46.8 
150 
A 5 

44.0 
45b 
B 26 

5.3 
72b 
3 3 

531.1 
56b 
3 1 

• .25 
211 
12 

17.15 
203 

11, 

-17.15 
202 

1014 

-27.25 
212 
9 

56.6 
143 
A 

52.5 
169 
A 

26.3 
135b 
B 

23.0 
95b 
B 

p Me 
64.9 
65 
A 84 

59.3 
197 
A 62 

55.0 
133 
A 7 

50.0 
106b 
3 48 

49.5 
137 
A 5 

L 

	

44.5 	5.0 

	

513 	59b 

	

3 26 	3 3 

528.7 
46b 
B 1 

7.3 
124 
12 

17.3 
127 
11i5 

-17.3 
119 

1024 

127.3 
127 
9 

60.5 
67 
A 

54.8 
89 
A 

29.0 
57b 
B 

23.5 
39b 
B 

p 044e 
66.0 
27 
A 84 

50.3 
52 
A 62 

56.8 
42 
A 7 

51.0 
56 
A 5 

50.3 
27b 
B 48 

44.5 
13b 

B 26 

5.8 
23b 
B 3 

526.8 
18b 
3 1 

-6.85 
255 
12 

17.55 
252 

1115 

-17.55 
252. 

1014 

-26.85 
258 
9 

61.0 
66 
A 

55.3 
90 
A 

28.0 
43b 
B 

22.3 
31b 
B 

p NO2 
52.7 
23 
A 84 

48.1 
200 
A 62 

47.4 
100b 
B 48 

42.8 
19b 
B 26 

41.1 
110 
A 7 

36.6 
123 
A 5 

4.6 
6213 
13.3 

550.0 
42b 

13 1 

7.5 
181 
12 

20.8 
64 
1511 

15.8 
145 
1115 

-15.8 	-20.6 
124 	59 
1014 	1410 

-27.5 
187 
9 

46.9 
108 
A 

42.3 27.6 
158 11913 
A 	B 

23.0 
6713 
B 

p CF 
56.0 
34 
A 84 

51.0 
183 
A 62 

49.0 
67h 
B 48 

45.2 
90 
A 7 

44.2 
17b 

B 26 

40.2 
130 
A 5 

5.0 
4313 
B 3 

542.6 
3413 
B 1 

-7.35 
172 
12 

J 

26.65 
169 

1115 

-16.65 
150 

1014 

-27.35 
183 

9 

	

50.7 46.0 27.9 23.0 	I 

110 	164 	91b 	5813 

J 
AM 

	

B 	B 

and shift data produced in TABLE 4-3.2 appears elsewhere in this chapter in 

more convenient forms. Seven different line assignment patterns are found for 

the fifteen spectra (see TABLE 4-3.3), illustrating the pointlessness of pro-

diicing line assignment aids - it is far quicker to perform this task empirically. 

The characteristic broadening of the lines originating from BB in the 

Type (V) ABX spectra is illustrated in FIG.4-3.l. Similar broadenings, due to 

weak long range couplings in the aromatic ring, (
4 
Jai]were also observed 

throughout the Type (IV) and Type (V) AB-spectra: 

* = Origin B to lowfield of Origin A (labels for A and B derived from structure 

not nmr) 



TABLE 4-3.2 Intermediate and ~'lna1 Results of the Type (V) ABX Ana1ilses Using the' Method in Seotions 3-2-4.1 and 3-2-4.2 

ASSIGNMENT CrlliCK SPECTRAL ANALYSIS RESULTS DATA FRorli AB [Xl I 
." - .- -- .- -

Abs~ DERIV JAB 2D J ru/2D+ /).+ '"14.15] 1 rna. Lin' 5j\Ba. [6 J AX Jax °AB 
vA JAB VAB °AB -I + VAB I 

• I 

.J AX+JBJ< 2D J AFf'2D_ 6. 14,15] 2 6.m * 60 vB AbsVB 
I 

rnp 
... A~~ I --_. . . -.. --. .. -

H 5.40 12.05 0.448 31.6 0.030 53. 02 78.80 10.197 56.62 9.74 44.76 39.40 28.31 53.55 587.25 5.40 40.85 28.59 54.90 46.15 0.117 41.4 0.040 25.77 27.25 45.827 -35.03 25.25 558.95 

o F 5.10 9.20 0~554 28.1 0.150 43.35 58.1~5 -'7.65'7 16.92. 12.1J~ 44.36 29.23 8.46 33.45 598.65 5.10 30.10 8.91 I 56.80 25.10 0.203 39.0 0.035 15.10 28.25 24.516 -32.23 25.00 590.20 
;¥ 3.30 16.73 0.197 39.1 0.060 38.46 46.05 16.391 5.04 21.76 603.55 

! 

o C1 61.70 11.83 0.279 36.8 0.005 7.59 30.8'7 ~11.348 27.74 1'7.00 44.74 23.02 -2.52 24.28 606.10 23.50 
------. ---

o Br 3. 05 11.05 0.276 37.1 0.055 41.02 50.90 ~10.621 5· '{5 17.65 lP~.65 25.45 2.88 26.89 606.70 26.70 62.30 16.65 0.183 39.6 0.055 9.88 31.15 16.368 -26.99 24.01 603.80 I 

o Me 6.35 12.10 0.525 29.2 0.150 1~3.65 59.75 1-10.269 14.85 9.85 45.25 29.88 7.43 33·59 590.70 6.40 30.50 ' 7.42 55. 00 25.90 0.245 37.9 0.025 16.10 27·55 25.122 -35.39 26.16 585.25 

o OMe 3.40 4.10 0.829 1'7.0 0.281 45.05 59.90 -2.291 22.58 11.82 41~.98 29.95 11.29 35.59 608.80 
3·35 30.13 11.26 63.00 25.10 0.135 41.0 0.165 14.25 31.40 21l.869 -27.16 21l.31 597.50 

. -- f--->-- ----
* 2.00 35.30 0.056 Il2.3 0.005 38.15 ll).'lO 35.21~3 4J~ .12 10.82 622.50 o N02 65.10 9.00 0.222 38.5 0.025 5.55 32.60 8.877 20.37 19.42 45.7H 21.85 -22.06 32.88 644.60 1.95 21.88 -21.56 

.. 
.... , 3.70 31.00 0.119 41.5 0.180 34.55 38.60 30. Ti8 33.16 16.30 44.70 -16.58 11.01 592.10 o CF 19.30 3.70 19.35 ':'17.26 
3 60.90 4.40 0.841 16.3 0.285 lL05 30·50 2.301 28.40 27.59 608. '70 

p F 5. 1W 10.95 0.493 30.1 0.040 52.52 71.91~ 9.551~ 51~. 79 9.26 41l.94 38.9'7 27.40 52.6'7 586.15 5.40 38.90 27.47 53.90 45.55 0.119 41.5 0.100 25.42 27.10 45.235 -35.68 25.27 558.75 ---_ .. 
p C1 5.25 11.35 0.J+63 31.1 0.035 52.57 '78.00 10·.063 53·31 9.·56 44.74 39,00 26.66 52.33 585.55 

5.25 39.12 . 27.45 
54.50 45.55 0.115 41.6 0.085 25.42 27.15 45.246 -35.18 25.6'( 558.85 

p Br 5.20 12.45 0.418 32.5 0.025 53.1 r 79.20 11.335 57. i9 9.59 1l4. '71 39.60 28.90 54.05 585.15 5.20 40·35 28.94 54.50 46.'75 0.111 41.7 0.0'74 26.02 27.15 1~6. 451~ -35.12 25·15 556.25 

p Me 5.50 ) Ii .i~5 0.370 3il.1 0.018 51~.67 82.17 13.774 62.97 9.46 44.88 41.08 31.48 56.82 585.52 5.60 41.95 30.90 51~.60 I· !j;:.~)O 0.111 41.7 0.060 27.50 2'7.17 1~9.193 -35.42 25.34 551l.04 
----- -.]. 

p 0~1e 5.70 15.80 .0.361 34.3 0.018 55.25 83.65 14.11W 64.81 8.59 45.12 41.83 32.40 58.03 584.85 5.70 41.65 32.50 
53.70 51.00 0.112 41. 7 0.060 28.40 26.85 50.669 -36.53 25.63 552.45 

. - ... ...... " .~ . --, .. _--
p NO 4.60 5.30 0.868 14.'7 0.200 48,10 68.65 2.p32 38.90 10.73 44.37 34.33 19.45 44.05 594.05 4.60 34.95 18.74 

2 55. 00 36.60 0.126 41.3 0.312 20.55 27.55 36.266 "33.63 24.60 574~60 

p OF
3 

5.00 6.90 0.725 21.7 0.115 50.05 72.65 4.858 44.75 9.89 45.01 36.33 22.38 47.52 590.10 4.80 36.90 22.39 
54.70 40.20 0.124 41.4 0.205 22.60 21.45 39.888 -35.12 25.14 567.75 

'---'- -_._'-. 

I 

I-' 
I-' 
~ 



FIG.$-3.1 The AB-region of a Me (V). Note that the lines originating from BB  are significantly broader than those from HA. 



TABLE 4-3.3 ABX Line Assignments in the Type (V) Fluorides 

DERIV 
CORRECT ASSIGNMENT ALTERNATIVE ASSIGNMENT 

AB-REGION X-REGION • AB-REGION X-REGION 

H,PP,FC1 
pBr, PMe 

8-6-7-4-5-23-1 12-11-10-9 4-2-7-8-5-6-3-1 _12-15-14-9 

oF,oBO 
oMe, oMe 

4-2-8-6-7-5-3-1 12-11-15-14-10-9 8-6-4-2-7-5-3-1 12-15-11-10-14-9 

oCl 	. 8-6-4-2-3-1-7-5 12-10-15-14-11-9 8-6-4-2-7-5-3-1 12-15-10-11-14-9 

°NO2,oCF3  8-6-4-2-7-5-3-1 12-10-11-9 8-6-4-2-3-1-7-5 12-15-14-9 

pOMe 8-6-7-5-4-2-3-1 12-11-10-9 4-2-7-5-8-6-3-1 12-15-14-9 

pNO2  8-6-4-2-7-5-3-1 12-15-11-10-14-9 4-2-8-6-7-5-3-1 12-11-15-14-10-9 

pCF3  8-6-4-7-2-5-3-1 12-11-10-9 4-2-8-7-6-5-3-1 ,12-15-14-9 

4-4 Chemical Shift Data  

Analysis of the conformational data deducible from the various chemical 

shifts and coupling constants will be deferred to SECTIONS 4-7 & 4-8.  It is 

hoped that the compact presentation of the raw data will make referencing 

more convenient. 

4-4-1 1H Chemical Shifts  

The chemical shifts of the sife-chain protons are listed in TABLE 4-4.1. 

The shifts ofHC, the hydroxy protons in the Type (IV) alcohols, are strongly 

TABLE 4-4.1 Variations of the Chemical Shifts of HAL24  and HC  

DERIV
i 

 
X 

HA Hg HC 0AB 
(IV) (V) (VI) (IV) (V) (VI) 	i (IV). (IV) (V) 	(VI) 

H 577.65 587.25 599.45 493.65 558.95 520.I5 299.70  84.00 28.30 79.0 

o F 593.95  598.65 606.85 531.85 590.20  552.80 303.95 62.10 8.45 54.00 

o Cl '604.70 603.55  608.20 546.10 606.10 580.75 310.25 58.60 -2.55 27.45 

o Br 607.50 606.70 607.75 544.20 603.80 580.40 322.00 63.30 2.90 27.35 

o Me 580.85 590.70 602.45 520.00 583.25 547.05 295.40  60.85 7.45 55.40  

o 0Me,608.75 608.80 616.75 522.30  597.50  568.25 334.15 86.45 11.30 48.50 

o NO2  619.65 622.50 618.95'573.50  644.60607.50 327.00 46.15 -22.10 11.45 

o CF3  589.40 592.10 602.25 545.75 608.70 563.05 312.10 43.65 -16.60 39.20 

p F 573.75 586.15  595.35 493.95 558.75 518.15 302.00  79.80 27.40 72.20 

p Cl 573.75 585.55 595.05 492.85 558.85 516.15 289.00 80.90 26.70 78.90 

p Br 572.75 585.15 594.70: 490.40  556.25 514.55 297.70  82.35 28.90 80.15 

p Me 575.65 585.50  597.30  489.8O 554.05 516.80 287.90 85.85 31.50 80.50 

p OMe 573.45 584.85 595.50  448.15 552.45 515.804297.10 85.30 32.40 79.70 
p NO2  583.05 594.05 601.35 512.75 574.60 529.00 328.00 70.30 19.45 72.35 

p CF3  578.35 590.10  599.55 502.10  567.75 525.15 305.30  76.25 22.35 75.40 
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TABLE 4-4.2 SCS of HA  HB  and H0   in the Type (IV), (V) & (VI) Compounds (Hz) 

DERIV 

X 

HA HE  HC  SAB 
(IV) (V) (VI) (IV) (V) (VI) (IV) (IV) (V) (VI) 

$H 577.65 587.25 599.45 463.65  558.95  520.15 299.70'  84.00 28.30 79.30 

o F 16.30 11.40 7.35 38.20 31.25 32.65 4.25 -21.90 -19.85 -25.30 

o Cl 27.05 16.30 8.75 52.65 47.15 60.60 10.5g -25.40 -30.85  -51.85 
o Br 29.85 19.45 8.30  50.75 44.85 60.25 22.30 -20.70 -25.40 -51.95 

o Me 3.20 3.45 3.00 26.25 24.30 26.90 -4.36 -23.15 -20.85 -23.90 

o OMe 31.10 21.55 17.30 28.85 38.55 48.10 34.45 2.45 -17.00 -30.80 

o NO2  42.00 35.25 19.50 80.05 85.65 87.35 27.30 -37.85 -50.40 -67.85 

o CF 11-75 4.85 2.80 52.10 49.75 42.90 12.40 -40.35 -44.90 -40.10 

p F -3.90 -1.10 -4.10 0.30 -0.20 -2.00 2.30 -4.20 -0.90 -2.10 

p Cl -3.90 -1.70 -4.40 -0.80 -0.10 -4.00 -10.70 -3.10 -1.60 -0.40 

p Br -4.90 -2.10 _4.75 -3.20 -2.70 -5.60 -2.00 -1.65 -0.60 0.85 

p Me -2.00 -1.75 -2.15 -3.85 -4.90 -3.35 -11.30 .1.85 3.20 1.20 

p OMe -4.20 -2.40 -3.95 -5.50  -6.50 -4.35 -2.60 1.30 4.10 0.40 

p NO2  5.40 6.80 1.90 19.10 15.65 8.85 28.30 -13.70 -8.85 -6.95 

p CF3  0.70 2.85 0.10 8.45 8.80 4.00 5.60 -7.75 -5.95 -3.90  

$ All values are referred to those in the 'H' row, which are taken as zero. 
* These protons showed couplings to HB  normally only seen in very dry systems. 

TABLE 4-4.3 Chemical Shifts and SCS of H-2' and H-3' in the para-Series  

DERIV 

X 

H-2' H-3' 52'-3' 

(IV) (V) (V) (IV) (V) (VI) (IV) (V)  (VI)  

H 737.00 742.00 742.70 737.00 742.00 742.70 0 0 0 

p F 738.05 742.95 745.20 704.80 712.05 707.20 35.25 30.90 38.00 

p Cl 734.10 738.70 737.70 734.10 738.70 737.70 0 0 0 

p Br 728.10 734.25 733.55 749.15 759.30 751.45 -21.05 -25.02 -17.90 

p Me 727.35 730.05 743.95 717.35 722.25 719.85 10.05 7.80 15.10 SHIFTS 

p OMe 730.60 734.10 738.10 687.70 692.65 690.00 42.55 41.45 48.10 

p NO2  763.60 763.10 769.65 821.20 826.10 823.95 -57.60  -63.00 -56.30 

p CF3  755.10  756.80 763.10 763.10 768.50 763.10 -8.00 -11.70 0 

p F 1.05 0.95 2.50 -32.20  -29.95 -35.50 
I 

-2 . -30 

p Cl -2.90 -3.30 -5.00 -2.90 -3.30 -5.00 -6 -2 

p Br -8.90 -7.75 -9.15 12.15 17.30 8.75 LIT114  -13 +22 

p Me -9.65 -11.95 -7-75 -19.65 -19.75 -22.85 -9 -17 SCS 

p OMe -6.40 -7.90 -4.60 -49.30 -49.35 -52.70 VALUES -9 -43 

p NO2 22.60 21.10 26.95 84.20 84.10 81.25 +17 	• +95 

.p CF3  18.10 14.80 20.40 26.10 26.50 20.40 (0C14) +20 +80 

H-2 H-3 
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affected- by tracess-of-moisture and-are not. readily related to conformational 

properties of-the. molecules. _.Although these-compounds.. were dried over -anhy-• 

drous.sodium sulphate during the ether extraction-stage-of preparation, and 

subsequently vacuum-distilled and.dessicated, this was probably insufficient 

to remove all traces of water. The 1H SCS for HA,. HB  and HC  are given in 

TABLE 4-4.2. 

TABLE 4-4.3  shows the chemical shifts of the H-2' and H-3' pairs of aro-

matic protons for the symmetrical (para) members of the series. These shifts 

were derived by the approximate analysis of the AA'BB'-system as an AB-system. 

A similar techneque could not be applied to the ortho compounds whose aromatic 

protons form ABCD-systems. In all three series, the unsubstituted derivative 

(X = H) gave 1H spectra of the aromatic region which approximated to singlets. 

The offsets of these lines were used for calculating the SCS data. 

The SCS data given in TABLES 4-4.2 and 4-4.3  illustrate the effects of 

changing the aromatic sub- 
TABLE 4-4.4 SCS of HA   and HB   Between the Type 	stituent (X) within the 
(IV) and Type (V) or Type (VI) Compounds 	three series, while TABLES  

4-4.4 and 4-4.5  illustrate 

the effects of changing the 

side-chain substituent (Y) 

on going from the Type (IV) 

alcohols to the Type (V) 

fluorides and Type (VI) 

chlorides. The average Y. 

SCS, with standard deviations 

are appended. 

DERIV 

X 

HA  HB  

(V)-(IV) (VI)-(IV) (V)-(IV) (VI)-(IV) 

H 9.60 - 21.80 . 65.30 . 26.50 - 

o F 4.70 12.85 58.35 20.95 
o Cl -1.15 3.50 59.80  34.45 

o Br -0.80 0.25 59.40 36.00 

o Me 9.85 21.60 63.35 27.15 

o OMe 0.05 8.00 75.00 45.75 
o NO2  2.85 -0.70 70.90 33.80 

o CF3  2.70 12.85 62.95 17.30 

p F 12.40 21.60 64.80 24.20 

p Cl 11.80 21.30 66.00 23.30 

p Br 12.40 21.95 65.80 24.10 

p Me 9.85 21.65 64.25 27.00 

p OMe 11.40 22.05 64.30 27.65 

p NO2  11.00 18.30 61.85 16.25 

p CF3  11.75 21.20  65.65 22.05 

Average 3.48 10.02 64.38 30.24 

o Y.SCS + 4.06 + 8.26 + 5.49 + 8.53 

Average 11.28 21.23 64.74 23.88 

p Y.SCS + 0.98 + 1.14 + 1.26 + 3.41 
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TABLE 4-4.5 SCS of H-2' and H-3' Between the Type (IV) and Type (V) or Type 

(VI) Compounds 

DERIV 

X 

H-2' 	• H-3' 

(V)-(IV) (VI)-(Iv) (V)-(Iv) (VI)-(IV) 
H 5.00 5.70 5.00 5.70 

p F 4.90 7.15 7.25 2.40 
p Cl 4.60 3.60 4.6o 3.6o 
p Br 6.15 5.45 10.25 2.30 
p Me 2.10 7.60 4.90 2.50 
p OMe 3.50 7.50 4.95 2.30 

p NO2 3.50 10.05 4.90 2.75 
p CF3 1.70 8.00 4.60 0.00  

Average 3.93 6.88 5.81 2.69. 
p Y.SCS +1.42 + 1.82 + 1.86 + 1.48 

TABLE 4-4.6 H-X Shifts and SCS Data 

DERIV 

X 

SHIFIS scs (x) scs (Y) 
(Iv) (v) (VI) (Iv) (v) (vi) (v)-(Iv) (VI)-(iv) 

o Me 235.0 241.9 240.0 - - 6.9 	- 5.0 
p Me 232.0 236.8 236.6 -3.0 -5.1 -3.4 4.8 4.6 
o OMe 380.5 385.2 387.1 4.7 6.6 
p OMe 377.2 381.1 380.4 -3.3 -4.1 -6.7 3.9 3.2 

4-4-2 19F Chemical Shifts  

19F chemical shifts were referred to the absolute machine offset from 

the 2H (CDC13) lock signal, in preference to using an internal ~9F reference 

such as CFC13. This system was chosen because the accurate coupling measure-

ments performed necessitated the use of narrow spectral widths (300Hz or less),. 

and since the ~9F shifts observed ranged over 12700 Hz, with some lines 

18000 Hz from the standard CFC13 resonance, incorporation of an internal 

reference was impossible. The original "machine offsets" have been set rel-

ative to CFC13 by subtracting the machine offset of a 10% CFC13 in CDC13 

solution (CFC13 = 45956.1 Hz - the other observed shifts lay in the range 

31500-44200 Hz, ie. to high field of CFC13). In TABLES 4-4.7 and 4-4.8 the 

shifts are expressed in ppm (lppm = 94.1 Hz). 



TABLE 4-4.8 ~9F Chemical Shifts and SCS for 

the -F and -CF3  Aromatic Ring Substituents 

in the Type (IV) and (V) Series  

DERIV 

X 

Offset SCS 

(IV) (V) (IV) (V) (IV)-(V) 

o F -118.305 -117.496 +0.809 

p F -112.956 -111.412 5.349 6.084 +1.544 

o CF3 -58.024 -58.003 +0.021 

p CF3 -63.191 -63.342 -5.167 -5.339 	-0.151 
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TABLE 4-4.7 19F Chemical Shifts  

and SCS for the Type (V) Side-

Chain Fluorines 

DERIV 

X 

SIDE CHAIN F 

SHIFT SCS 

H -174.003 / 

o F -182.709 -8.706 

o Cl -190.713 -16.710 

o Br -189.630 -15.627 

o Me -172.845 +1.158 

o OMe -192.552 -18.549 

o NO2 -190.013 -16.010 

o CF3 -182.094 -8.091 

p F -172.143 +1.860 

p Cl -173.824 +0.179 

p Br -174.215 -0.212 

p Me -172.530 +1.473 

p OMe -169.729 +4.724 

p NO2 -176.633 -2.630 

p CF3 -175.986 -1.983 

4-4-3 13C Chemical Shifts  

For reasons similar to those discussed in SECTION 4-4-2 it was impract-

ical to use an internal TMS 13C reference. Instead, all ~3C spectra were 

initially referred to the centre line of the CDC13 triplet and subsequently 

set relative to TMS (CDC13 = 77.009 ppm from TMS). This enabled minimum 

spectral widths of 2000Hz or 2500Hz (where X = F or OMe) to be used throughout, 

giving digitisation rates of 0.5 or 0.63 Hz. 

Because of the high degree of electronegative substitution in the ethyl 

group, the C-1 and C-2 shifts were within a few ppm of the CDC13 resonance 

in all three series. 

The shifts in the following tables have all been derived from data to 

three decimal places. TABLES 4-4.9 to 4-4.11 list the observed 13C chemical 

'shifts of the three series of compounds. Where appropriate the ~3C shift of 

the ring substituent has been recorded. 
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TABLE 4-4.9 	C Chemical Shifts of the Type (IV) Alcohols (from TMS) 

X C-1' C-2' C-3' C-4' C-5' C-6' C-1 C-2 C-X 

H 137.34 127.08 128.46 128.71 128.46 127.08 78.76 76.38 

o F 124.81 159.87 115.37 130.44 124.38 128.51 73.13 75.35 
o Cl 135.08 132.14 129.42 129.90 127.07 128.78 74.93 75.07 
o Br 136.69 122.21 132.70 130.24 127.63 129.14 76.95 75.13 
o Me 135.91 135.77 130.61 128.70 126.31 126.37 75.21 76.08 19.49 

o OMe 125.73 156.11 110.40 129.71 126.81 128.53 75.31 75.43 55.41 

o NO2  132.94 147.81 124.71 129.61 133.63 130.13 73.60 75.61 

o CF3  136.14 127.90 125.91 128.98 132.12 128.86 74.01 75.82 124.13 

p F 133.12 128.96 115.42 162.98 78.15 76.28 

p Cl 135.74 128.53 128.64 134.86 78.09 77.09 
p Br 136.28 128.82 131.61 123.07 78.16 75.98 
p Me 134.49 127.00 129.16 138.86 78.70 76.49 21.09 

p OMe 129.51 128.37 113.88 159.04 78.46 76.53 55.26 

p NO2  144.20 128.26 123.49 148.17 77.67 75.50 
p CF3  141.14 127.62 125.39 * 78.13 75.89 123.89 

TABLE 4-4.10  13C Chemical Shifts of the Type (V) Fluorides (from TMS) 

X C-1' C-2' C-3' C-4' C-5' C-6' C-1 C-2 C-X 

H 133.92 127.01 128.48 129.83 128.48 127.01 94.99 72.00  

o F 121.87 159.84 115.62 131.58 124.46 128.64 90.00 71.06 

o Cl 132.33 131.84 129.62 130.80 127.17 128.58 91.88 70.87 

o Br 133.91 121.41 132.84 131.06 127.73 128.89 93.74 70.93 

o Me 132.78 136.04 130.82 129.69 126.31 126.84 92.39 71.98 19.35 

o OMe 123.04 155.92  110.43 130.61 120.78 127.80 91.36 71.38 55.50  

o NO2 
 130.45 146.79 125.01 130.45 134.02 129.61 90.85 71.51 

o CF3  * * 126.23 129.96 132.25 128.80 91.09 71.66 123.99 

p F 129.68 129.17 115.57 163.58 94.33 71.83 

p Cl 132.27 128.55 128.74 135.93 94.23 71.65 

p Br 132.67 128.77 131.66 124.15 94.12 71.53 

p Me 130.95 127.02 129.16 139.88 94.99 72.08 21.26 

p OMe 125.89 128.60 113.89 160.71 94.86 72.15 55.24 

p NO2  140.09 128.21 123.48 148.78 93.46 71.01 

p CF3  137.47 127.62 125.43 130.25 ,94.04 71.40 123.78 

II 	* 	Of the 330 carbon resonances present in these 45 compounds, only 4 could 
not be detected. These signals (C-4'pCF (IV), C-1' and C-2'oCF (V) and C-4' 
pCF (VI)) were all split into quartets (ōr double-quartets when3Y = F), by 
cowling to the nearby -CF3  groups and could not be distinguished from the 
spectral noise. Unobtainable data is indicated by * in the following tables. 
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TABLE 4-4.11 130 Chemical Shifts of the Type (VI) Chlorides (from TMS) 

X C-1' C-2' C-3' C-4' C-5' C-6' C-1 C-2 C-X 

H 135.67 128.48 128.51 129.52 128.51 128.48 67.20 74.55 

o F 123.58 159.76 115.66 131.25 124.52 130.07 60.74 73.64 

o Cl 133.84 133.84 129.69 130.54 127.31 130.25 63.66 73.59 

ō Br 135.45 123.41 132.97 130.78 127..92 130.4366.05 73.66 

o Me 135.01 135.94 130.73 129.24 126.67 127.67 63.45 74.41 19.56 

o OMe 124.54 156.24 110.79 130.56 120.83 129.74 63.17 73.96 55.68 

o NO2 130.54 148.40 124.76 130.35 133.43 131.66 61.78 73.96 

o CF3 135.42 128.98 126.02 129.49 132.50 129.75 64.24 73.87 123.81 

p F 131.29 130.49 115.51 163.23 66.17 74.48 

p Cl 133.88 129.96 128.71 135.61 66.12 74.25 

p Br 134.38 130.22 131.68 123.81 66.17 74.14 

p Me 132.75 128.32 129.19 139.58 67.14 74.67 21.19 

p OMe 127.62 129.77 113.87 160.42 66.94 74.81 55.30 

p NO2 141.77 129.97 123,24 148.38 65.24 73.63 

p CF3 139.16 129.19 125.49 * 65.95 73.98 123.76 

TABLES 4-4.12 to 4-4.14 list the SCS within the three series. The C-X data is 

unchanged as there are no suitable references. The usual convention of +ve 

shifts to low field of the X = H shift are used throughout. 

.TABLE 4-4.12 ~3C SCS of the Type (IV) Alcohols (Relative to X = H) 

X C-1' C-2' C-3' C-4' C-5' C-6' C-1 C-2 C-X 

H 137.34 127.08 128.46 128.71 128.46 127.08 78.76 76.38 

o F -12.53 +32.78 -13.09 +1.46 -4.08 +1.43 -5.69 -1.04 

o Cl -2.27 +5.06 +0.95 +0.92 -1.40 +1.69 -3.82 -1.31 

o Br -0.69 -4.87 +4.24 +1.53 -0.83 +2.06 -1.81 -1.25 

o Me -1.44 +8.69 +2.15 -0.28 -2.15 -0.71 -3.54 -0.30 19.49 

o OMe -11.62. +29.03 -18.06 +1.00 -7.65 +1.45 -3.45 -0.95 55.41 

o NO2 -4.41 +20.73 -3.75 +0.63 +5.17 +3.05 -5.15 -0.78 

o CF3 -1.20 +0.81 -2.55 0.00 +3.66 +1.78 -4.75 -0.57 124.13 

p F -4.22 +1.88 -13.04 +34.00 -0.61 -0..11 

p Cl -1.58 +1.45 +0.18 +5.89 -0.67 -0.29 

p Br -1.07 +1.74 +3.14 -5.91 -0.61 -0.41 

p Me -2.86 -0.08 +0.70 +9.89 -0.06 +0.10 21.09 

p OMe -7.84 +1.29 -14.58 +31.06 -0.30 +0.15 55.26 

p NO2 +6.86 +1.18 -4.98 +19.19 -1.09 -0.88 

p c 3 +3.80 +0.54 -3.08 * -0.63 -0.49 123.89 
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TABLE 4-4.13 ~3C SCS of the Type (V) Fluorides (Relative to X = H) 

X C-1' C-2' C-3' C-4' C-5' C-6' C-i C-2 C-x 

H 133.92 127.01 128.48 129.83 128.48 127.01 94.99 72.00 

o F 

o Cl 

o Br 

-12.05 

-1.59 
0.00 

+32.75 

+4.75 

-5.68 

-12.85 

+1.14 

+4.36 

+1.75 

+0.97 

+1.23 

-4.02 

-1.31 

-0.75 

+1.54 

+1.49 

+1.79 

-5.00 

-3.11 

-1.25 

-0.94 

-1.13 

-1.07 

o Me -1.14 +8.95 +2.35 -0.15 -2.17 -0.26 -2.60 -0.02 19.35 

o OMe -10.87 +28.83 -18.05 +0.79 -7.70 +0.70 -3.63 -0.62 55.50 

o NO2 -3.46 +18.31 -3.47 +0.62 +5.55 +2.51 -4.14 -0.49 

o CF3 * * -2.25 +0.13 +3.78 +1.71 +3.90 -0.34 123.99 
p F -4.24 +2.08 -12.91 +33.75 -0.66 -0.17 

p Cl -1.69 +1.45 +0.26 +6.10 -0.76 -0.35 

p Br -1.24 +1.68 +3.19 -5.68 -0.78 -0.47 

p Me -2.97 -0.07 +0.70 +10.05 -0.01 +0.09 21.26 

p OMe -8.03 +1.50 -14.59 +30.88 -0.13 +0.15 55.25 

p NO2 +6.18 +1.12 -5.00 +18.97 -1.54 -0.99 
p CF3 +3.56 +0.53 -3.04 +0.43 -0.95 -0.60 123.78 

TABLE 4-4.14 13C SCS of the Type (VI) Chlorides (Relative to X = H) 

X C-1' C-2' C-3' C-4" C-5' C-6' C-1 C-2 C-X 

H 135.67 128.48 128.51 129.52 128.51 128.48 67.20 74.55 

o F -12.08 +31.30 -12.85 +1.73 ;3.99 +1.60 -6.46 -0.91 

o Cl -1.82 +5.37 +1.18 +1.02 -1.21 +1.77 -3.33 -0.97 

o Br -0.21 -5.06 +4.46 +1.26 -0.59 +1.95 -1.14 -0.90 

o Me -0.64 +7.46 +2.22 -0.28 -1.84 -0.81 -3.74 -0.14 19.56 

o OMe -11.42 +27.77 -17.73 +1.04 -7.68 +1.27 -4.02 -0.59 55.68 

o NO2 -5.12 +19.93 -3.76 +0.83 +4.91 +3.19 -5.42 -0.59 

o CF3 -0.24 +0.51 -2.49 -0.03 +3.99 +1.28 -4.96 -0.68 123.81 

p F -4.38 +2.02 -13.00 +33.71 -1.02 -0.08 

p Cl -1.79 +1.49 +0.20 +6.09 • -1.07 -0.30 

p Br -1.29 +1.75 +3.17 -5.72 -1.03 -0.41 
p Me -2.91 -0.16 +0.68 +10.06 -0.05 +0.12 21.19 

p'OMe -8.04 +1.29 -14.64 +30.90 -0.26 +0.26 55.30 

p NO2 +6.10 +1.50 -4.97 +18.86 -1.96 -0.92 

p CF3 +3.50 +0.72 -3.02 * -1.24 -0.57 123.76 

TABLE 4-4.15 is analogous to TABLES 4-4.4 & 4-4.5 in that it presents 

the ?3C SCS due to changing the side-chain substituent (Y) on going from the 

Type (IV) alcohols to the Type (V) fluorides and Type (VI) chlorides. Again, 

average Y.SCS with their standard deviations are appended. 
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TABLE 4-4.1 ~3C SCS of the. Type (V) and Type (VI) Series Relative to the 

Type (IV) Series  

DERIV 

X 

C-1' C-2' c-3' C-4' C-5' c-6' C-1 C-2 C-X I 

(v1)71 (v)Y (VI)Y (v)y (Vi)Y (v)y_(vi)Y_ (v)Y (VI)Y (v)y ('J1)Y (v)Y (VI)Y (v)y (VI)Y (v)Y (vr)Yi 	(9)Y 
8 -3.43 -1.68 +0.01 +1,39 +0.02 +0.05 +1.13 +0.82 +0.02 +0.05 +0.01 +1 39 +16.24 -11.56 -4.39 -1.83 

o F -2.94 -1.23 -0.03 -0.09 +0.26 +0.30 +1.13 +0.81 +0.08 +0.14 +0.12 41.56 416.87 -12.39 -4.29 -1.71 

o Cl -2.75 -1.24 -0.30 +1.70 +0.20 +0.28 +0.90 +0.64 40.10 +0.24 -0.19 +1 47 +16 95 -11.27 -4.20 -1.49 

o Br -2.78 -1 24 -0.80 +1.20 +0.14 +0.27 +0.83 +0.55 +0.10 +0.29 -0.25 41.29 +16.79 -10.90 -4.21 -1.48 

o Me -3.13 -0.89 +0.27 +0.17 +0.22 +0.12 +0.99 +0.54 0.00 +0.36 +0.47 +1.30 +17.19 -11.76 -4.11 -1.67 -0.15 +0.06 

o OM. 

o 802 

-2:69 

-2.49 

-1.19 

-2.40 

-0.19 

-1.02 

+0.13 

+0.59 

+0.03 

+0.30 

+0.39 

+0.04 

+0.91 

+0.84 

+0.85 

+0.74 

-0.03 

+t.39 

+0.02 

-0.21 

-0.74 

-0.52 

+1.21 

+1.53 

+16.05 

+17.25 

-12.14 

-11.83 

-4 05 

-4.10 

-1.48 

-1.65 

+0.09 +0.27, 

o CF3 • -0.72 * +1.09 +0.32 +0.11 +0.98 +0.51 +0.13 +0.38 -0.06 +0.89 +17.08 -11.77 -4.16 -1.95 -0.41 -0.32 

p F -3.44 -1.84 +0.21 +1.53 +0.15 +0.09 +0.60 +0.25 +16.18 -11.97 -4.45 -1.80 

p Cl -3.47 -1.87 +0.02 +1.43 +0.10 +0.07 +1.07 +0.74 +16.07 -11.97 -4 33 -1.84 

p Br -3 61 -1.90 -0.05 +1.40 +0.06 +0.07 +1.08 +0.73 +16.05 -11.99 -4.45 -1.8> 

p Me -3.54 -1.74 +0.02 +1.32 -0.01 +0.03 +1.02 +0.72 +16.28 -11.56 -4.40 -1.82 +0.18 +0.10 

p ONe -3.62 -1.68 +0.23 +1.40 +0.01 -0.01 +0.67 +0.38 +16.40 -11.52 -4.38 -1.72 -0.01 +0.04 

p NO
2 

-4.11 -2.44 -0.05 +1.71 0.00 +0.c5 40.61 +0.21 . +15.78 -12.44 -4.49 -1.88 

p CF
3 1

-3.67 -1.98 0.00 +1.57 +0.05 +0.10 * * +15.91 -12.18 -4.50 -1.91 -0.11 -0.13 

A•rerage -2.89 -1.32 -0.29 -0.77 -0.91 +0.20 .0.96 +0.68 +0.10 +0.16 -0.15 +1.33'. +16.80 -11.70 -4.19 -1.66 

o Y.SCS +0.29 +0.48 +0.42 +0.62 +0.11 +0.12 +0.11 +0.13 +0.12 +0.19 +0.35 +0.21 +0.41 +0.44 +0.10 +0.16, 

Average -3.61 -1.92 +0.05 +1.47 +0.05 +0.06 +0.88 +0.55 +16.11 -11.90 -4.42 -1.83 

p Y.SCS +0.21 40.22 +0.10 +0.12 +0.05 +0.03 +0.22 +0.24 +0.19 '0.31 +0.05 +0.05 

4-5 Coupling Constant Data  

As in the previous section, the data is presented by class of coupling 

rather than by type of compound, since this facilitates comparison between com-

pounds. Again, conformational discussion will be avoided as the immediate aim 

is merely to present a large amount of data in a compact, logical fashion. 

TABLE 4-5.1 
3JHx 

Couplings Between the Side-Chain Protons HA, HB  and H 

DERIV 

X 

JABCoupling Constan jJ 	X.SCC Rel to H JAB Y.SCC Rel (IV) P̀ BC 

'SEEN (IV) (V) (VI) (IV) (V) (VI) (V)-(IV) (VI)-(IV) 

H 5.35 5.4o 5.90 - +0.05 +0.55 3.95 

o F 4.50 5.10 .6.15 -0.85 -0.30 +0.25 +0.60 +1.65 4.50 

6 Cl 3.20 3.30 5.25 -2.15 -2.10 -0.65 +0.10 +2.05 4.30 

o Br 3.00 3.05 5.05 -2.35 -2.35 -0.85 +0.05 +2.05 

o Me 6.00 6.35 7.40 +0.65 +0.95 +1.50 +0.35 +1.40 3.50 

o OMe 4.10 3.40 5.50 -1.25 -2.00 -0.40 -0.70 +1.40 6.50 

o NO2 2.85 2.00 4.15 -2.50 -3.40 -1.75 -0.85 +1.40 

o CF3 4.00 3.70 6.40 -1.35 -1.70 +0.50 -0.30 +2.40 

p F 5.50 5.40 5.50 +0.15 0.00 -0.40 -0.10 0.00 

p Cl 5.30 5.25 5.50 -0.05 -0.15 -0.4+0 -0.05 -(-0.20 

p Br 5.30 5.20 5.40 -0.05 -0.20 -0.50 -0.10 +0.10 

p Me 5.50 5.50 5.80 +0.15 +0.10 -0.10 0.00 +0.30 

p OMe 5.50 5.70 5.80 +0.15 +0.30 -0.10 +0.20 +0.30 3.50 

p NO2 4.90 4.60 5.25 -0.45 -0.80 -0.65 -0.30 +0.35 

p C F__ 5.15 5.00 5.50 -0.20 -0.40 -0.40 -0.15 +0.35 
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4-5-1 3J Coupling Constants HH 

For the side-chain protons HA, HB (and HC) the 3JBH couplings could be 

readily measured from the spectra to an accuracy of ±0.1Hz. These couplings 

and the equivalent of the SCS, the "substituent coupling constants" are given 

TABLE 4-5.2 3J Couplings Between  
H-2 and H-3 in the Para Derivatives also recorded for the aromatic protons 

HH 
	in TABLE 4-5.1. Similar information was 

of (IV), (V) and (VI) 	 H-2' and H-3' in the three sets of para 

derivatives (see TABLE 4-5.2) but be-

cause of the approximate nature of the 

AA'BB' analysis, the errors in measure-

ment of the 3J couplings are probably 

larger eg. +0.2Hz. 

These coupling constants are only 

listed for completeness. J's marked 

"unknown" could not be determined be-

cause the aromatic proton signals had 

collapsed to broadened singlets. 

4-5-2 2JHF and 3J Couplings from the Type (V) Fluorides 

These couplings were derived by the ABX analytical method detailed in 

SECTION 4-3 and are probably accurate to +0.1Hz. In one case only (pF(V)), 

TABLE 4-5.3 nJCF  Coupling Data for the ABX Analysis of the Type (V) Fluorides 

DERIV 

X 
2JHF = JBX E 	3J HF = JAX 3JHH = JAB E(JAB + J 	) 
J 
BX Rel to H J AX Rel to H J~ Rel to H E Other nJ  HF Rel to H 

H 44.75 9.75 5.40 15.15 

o F 44.35 -0.40 12.15 +2.40 5.10 -0.30 17.25 +2.10 

o Cl 44.75 0.00 17.00 +7.25 3.30 -2.10 20.30 +5.15 

o Br 44.65 -0.10 17.65 +7.90 3.05 -2.35 20.70 +5.55 

o Me 45.25 +0.50 -9.85 +0.10 6.35 +0.95 16.20 +1.05 1.0 
5JR 

F 

o OMe 45.00 +0.25 17.80 -1-8.05 3.40 -2.00 21.20 +6.05 e 

o NO2 45.80 +1.05 19.40 +9.65 2.00 -3.40 21.40 +6.25 

o CF3 44.70 -0.05 16.30 +6.55 3.70 -1.70 20.00 +4.85 

p F 44.95 +0.20 9.25 -0.50 5.40 0.00 	14.65 -0.50 0.85 4J
H rF 

p Cl 44.75 0.00 9.55 -0.20 5.25 -0.15 	14.80 -0.35 2 	1 

p Br 44.70 -0.05 9.60 -0.15 5.20 -0.20 	14.80 -0.35 

p Me 44.90 +0.15 9.45 -0.30 5.50 +0.10 	14.95 -0.20 1.3 7J 	F 
p OMe 45.10 +0.35 8.60 -1.15 5.70 +0.30 	14.30 -0.85 e 

p NO2 44.35 -0.40 10.75 +1.00 4.60 -0.80 	15.35 +0.20 ' 

p CF3 45.00 +0.25 9.90 +0.15 5.00 -0.40 	114.90 +0.25 

DERIV 3J 	H-2' and H-3' 

X (IV) (V) (VI) 

F 

Cl 

Br 

Me 

OMe 

NO2 
CF3 

8.6 

unknown 

8.5 

8.5 

8.85 

8.9. 

8.5 

8.8 

unknown 

8.75 

8.6 

8.7 

9.0 

8.6 

8.6 

unknown 

8.7 

8.55 

8.7 

8.8 

unknown 
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4JHF, couplings were observed between the two H-2' protons and the side-chain 

6  fluorine. As there was also a JFF coupling,'the expected 4 line X region of 

the ABX system became a 24 line X.region in an ABM2XZ system. The two 19F 

signals of the pF(V) fluoride are reproduced in  FIG.4-5.1. N.B. Through space 

nJHF,'s of 0.3Hz were also observed in oF(VI)[5JH F]and oCF (VI)[6JH F]. 
L A 	F ] 

and 
	l A l 

4-5-3 nJCF,  Couplings - Observed in the 13C Spectra 

TABLE 4-5.4  nJCF,Couplings Involving the -F and -CF,  Ring Substituents 

DERIV 
X 

C-1' C-2' C-3' 
(IV) (V) (VI) (IV) (V) (VI) (IV) (v) (vi) 

o'F_ 

o CF3  
12.8 
1.5 

12.55 
* 

12.6 

1.5 

246.8 

30.3 

248.3 

*. 

249.3 

31.1 

21.4 

5.8 

21.0 

5.7 

21.7 

5.7 
p F 
p CF3  

2.4 
1.5 

3.2 
1.5 

3.5 
--1.3 

8.1 
0 

8.45 
0 

8.5 
0 

21.8 
3.8 

21.9 
3.7 

22.2 
3.8 

DERIV 
X 

C-4' C=5' C-6' 
(IV) (V) (VI) (Iv) (v) (VI) (IV) (V) (VI) 

o F 
o CF3  

8.7 
0 

8.45 
0 

8.9 
0 

3.7 
0.8 

3.7 
1.0 

3.5 
0.8 

3.6 
0 

3.05 
0 

3.7 
0 

p F 
p CF3  

247.6 
* 

249.6 
33.1 

249.5 
* 

DERIV 
X 

C-1 C-2. C-X 
(IV) (V) (VI) (IV) (v) (vi) (IV) (v) (vI) 

o F 

o CF3  
1.8 
2.2 

1.9 
2.5 

2.2 
2.5 

2.6 
1.6 

2.55 
1.7 

2.8 
0 274.0 273.5 274.0 

p F 
p CF3  

0 
0 

0 
0 

0 
0 

1.6 
0 

1.3 
0 

1.1 
0 272.2 272.5 273.5 

Since these J's were measured from the 13C spectra they are subject to 

an error of +0.5Hz. In practice, however, observed errors are normally +0.3Hz, 

as estimated from the CDC13 1JC2H 
 couplings. 

In the Type (V) series the side-chain fluorine showed coupling to all 

the carbons apart from those meta to the side-chain (ie. C-3' and C-5'). The 

only exception to this occurred in the oNO2  derivative which possessed - a 

4JCF coupling to C-5' of 1.6Hz. The remaining couplings are listed in TABLE  

4-5.5. 
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FIG 4-5.1  19F Signals of 

(a) The aromatic fluorine 

(b) The side. chain - fluorine 

in p F Type (V) fluoride. 

These show the 2.6Hz 6JFF  
and 0.85Hz J, in 
addition to the normal 

nJ aromatic couplings HF 
and the It line X-region 

of the ABX spectrum. 

(a)  

I 
i 

I 

I 
1 

1 

(b)  
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TABLE 4-5.5 nJCF Couplings Involving the Side Chain Fluorine in the Type (V)  

Fluorides. 

DERIV 

X 

C-1' C-2' C-4' C-6' C-1 C-2 
J AJ J AJ J OJ J 61 J AJ J AJ 

H 20.7 6.6 1.8 6.6 186.8 32.5 

o F . 21.95 1.25 5.6 -1.0 1.45 -0.35 6.95 +0.35 187.5 +0.7 30.05 -2.45 

o Cl 22.3 1.6 5.7 -0.9 1.2 -0.6 9.0 +2.4 188.9 +2.1 26.7 -5.8 

o Br 22.5 1.8 5.8 -0.8 1.0 -0.8 9.5 +2.9 189.5 +2.7 26.4 -6.1 

o Me 19.5 -1.2 5.0 -1.6 2.0 +0.2 7.4 +0.8 185.5 -1.3 32.5 0 

o OMe 21.2 0.5 5.5 -1.1 1.2 -0.6 9.4 +2.8 186.4 -0.4 26.5 -6.0 

o NO2 22.0 1.3 3.6 -3.0 0.9 -0.9 13.6 +7.0 189.8 +3.0 24.7 -7.8 

o CF3 * / * / 1.8 0 9.1 +2.5 187.9 +1.1 27.6 -4.9 

p F 21.2 

n
 \O

 n
 n
 k
O

 t<1 K
l 

O
 O

 O
 O

 O
 p

  
O

 

6.65 +0.05 1.9 +0.1 6.65 +0.05 187.0 +0.2 33.1 +0.6 

p Cl 21.3 6.8 +0.3 1.8 0 6.8 +0.2 187.5 +0.7 32.5 0 

p Br 21.0 6.5 -0.1 2.0 +0.2 6.5 -0.1 187.5 +0.7 32.5 0 

p Me 21.0 6.1 -0.2 1.5 -0.3 6.4 -0.2 186.4 -0.4 33.1 +0.6 

p OMe 21.3 6.3 -0.3 1.0 -0.8 6.3 -0.3 186.0 -0.8 34.4 +1.9 

p NO2 21.0 7.2 +0.6 1.3 -0.5 7.2 +0.6 189.4 +2.6 31.5 -1.0 

p CF3 21.0 7.0 +0.4 2.0 +0.2 7.0 +0.4 188.4 +i.6 31.7 -0.8 

4-5-4 nJFF Couplings in the Type (V) Fluorides  • 

TABLE 4-5.6 nJFF  Couplings in 

the Type (V) Fluorides  

DERIV . oF oCF3 pF pCF~ 

1.0 nJFF 1.4 2.6 2.6 

No.bonds 4 5 6 7 

Although these couplings were taken 

from F1' 19F spectra., small spectral widths 

and therefore small digitisation rates 

were used. The errore should therefore be 

small eg. +0.1Hz. 

The large 5JFF coupling in the oCF
3(V) 

fluoride is probably a good example of 

"through space" rather than "through bond" coupling. 

4-5-5 Verification of the ~3C Assignments of C-1 and C-2 in the Type (IV)  

Alcohols  

A preliminary analysis of the Eu(fod-d9)3 induced shifts of the Type (IV) 

alcohols indicated that the assignments of C-1 and C-2 in the oCl and oOMe 

derivatives might be incorrect (these signals are only separated by 0.139 and 

0.124 ppm respectively). This was also suggested by the relative intensities 

of the signals compared to those in the other Type (IV) alcohols. 

A check, using~3C[1H-GD] spectra (see SECTION 4-1) comfirmed the deduct-

ions made from the LIS data, as the 1J CH couplings were characteristic for the 

two carbons. The data is given in TABLE 4-5.7, using the correct assignments. 
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TABLE 4-5.7 Data Used for Verifying the 13C Type (IV) Spectral Assignments  

DERIV 

X 

Data from 'Gated Dec.' Expt. Ht Ratio 

C-1/C-2 1JHC-1 1JHC-2 
2JH C 

1 2 

Ht Ratio 
C-1/C-2 

H 147.9 179.2 3.45 0.56 1.32 

o F 147.8 180.0 1.7 0.90 1.40 

o Cl 150.8 179.2 2.7 0.68 1.13 

o Br. 150.4 178.1 .b 0.68 1.47 

o Me 148.0 178.3 3.8 0.83 1.27 

o OMe 149.8 178.9 ,3.7 0.78 1.15 

o NO2 150.0 180.7 2.0 0.80 1.10 

o CF3 149.0 178.8 1.5 0.73 1.35 
p F 148.6 178.0 b 1.05 1.76 

p Cl 148.6 178.5 2.85 0.58 1.25 

p Br 148.9 179.0 2.9 0.78 1.16 
p Me 147.6 175.8 3.5 0.84 1.02 

p OMe 148.3 175.9 3.45 1.00 1.33 
p NO2 149.6 178.5 b 0.57 0.94 

p CF3 148.6 178.3 2.05 0.60 1.57 

Average 149.2 •178.3 

Std.Dev +1.6 +2.5 

Because of complex 

splitting patterns, the 

J's given in this table 

are likely to have errors 

of +1.0Hz. 

b indicates unresolved 

coupling - only broadening 

observed. 

4-5-6 Attempts at Obtaining 3JHBC2  Couplings in the Type (IV) Alcohols  

FIG.4-4.1 shows that determination of the 3J C coupling should give HB 
some indication of the conformation about the 	2 C-1/C-1' bond. Unfort- 

unately this information cannot be derived directly from the gated decoupled 

~3C spectrum as the C-2' signal shows couplings to all the aromatic protons as 

well as the side-chain protons. Obviously what is required is a high resolut-

ion 13C spectrum with selective decoupling of the aromatic protons. 

Since some related work - 13C assignment by single frequency 1H decoupl-

ing of 13C spectra had been successfully performed by M. Mednejad143 on the 

same instrument, it was thought that recording selective broad band 1H decoupl-

ed 13C would be straightforward. However this was not the case, for it was 

found impossible to irradiate the aromatic protons without giving off-resonance 

(partial decoupling) effects to the remainder of the nJCH couplings. 

41 

	

	The pOMe Type (IV) alcohol was chosen as a model, because the C-2' and 

C-3' resonances were well separated. Spectral accumulation times were very 

long (24 his instead of 4 hrs) to compensate for the loss of NOE. In all the 

partially decoupled spectrum was attempted four times - initially with a 100Hz 

noise decoupled band at lOW power, and finally using single frequency, decoupling 
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at 0.17W power. Even wit:, this very weak localised decoupling, 70% decoupling 

efficiency was observed in 1JCH 
couplings whose protons lay 327Hz from the 

frequency being irradiated (see TABLE 4-5.8 and FIG.4-5.2). 

Cou li p 1J~ % 
Decoupled 

Distance lH 
from Dec. 

NORMAL DEC 

C-2/HA 148.5 19.8 86.7 130 Hz 

C-1/HB 176.5 34.9 80.2 216 Hz 

C-X/Home 144.1 46.4 67.8 327 Hz 

TABLE 4-5.8 Extent of  

Decoupling 'Spillage' from 

Single Frequency Low Power 

Irradiation. 

FIG.4 5.2 Desired vs. Achieved 1H Decoupling Profile for Selective Decoupling 

The successful use of single frequency decoupling in the earlier work
143 

may be attributed to the criterion applied. In that exercise, "success" en-

tailed the assignment of a ~3C signal by significantly diminishing its 1JCH 
coupling, the magnitude of the lesser affected coupling constants being unim-

portant, whereas in this study the magnitudes of the remaining couplings are 

critical. 

4-5-7 Temperature Effects in 1H Spectra of the Type (IV) Alcohols. 

To facilitate the recording of low temperature (-50°C) spectra a 1:1 

CDC13/CFC13 solvent mixture was used. The low temperature spectra showed that 

JAB remained unchanged whilst significant chemical shift changes occured. 

Typical temperature induced shifts (for pMe(IV)) are shown in FIG.4-5.3 and 

From FIG.4-5.2 it is obvious that even if better decoupling control could 

be achieved; there would undoubtedly be a degree of partial decoupling of the 

desired 3JCH couplings which would render them useless. 



All lines are drawn from arbitary 
' origins. 
Both Jog values originally 5.5Hz. 
Broken line shows H change rate 
on same scale as otRer protons. 
Likely errors : ±5°C ; +0.2Hz 
within a spectrum (vertically) 
and +1.0Hz between_spectra. - 

f 
4Hz 

l_ 

Shift 

H 2~ 

Field 

H 3~ 

HB 

HA 

° HArom 
pMe 

0 	 

0 	20 	10 	0 	-10 	-20 	-30 	-40 	-50 	TEMP t 3 

TABLE 4-5.9 Significance of 	summarised in TABLE 4-5.9. The major con- 
1H Temperature Shifts. 

H 	

clusion that may- be   drawn from this data is 

that the conformational preferences of the 

side-chain, as monitored by JAB, appear to be. 

insensitive to a lowering of•the temperature 
0 

by 75 C (ie. either a single conformation is 

significantly occupied at room temperature or 

no preferences exist over the temperature 

range studied). 

A secondary motive in performing this 

experiment was that the spectrometer was over- 

Rate 
Hz/° 

Change 
in 5 C 

% Error 
in LIS 

hauled between recording the spectra of the Type (IV) alcohols with and without 

shift reagent, and the changes in the magnet cooling system may have altered 

the ambient probe temperature by up to 5°C (although 1-2°C was more likely). 

The data in TABLE 4-5.9 clearly shows that any temperature induced errors in 

the LIS data would be very small (<2%). H was not used in the shift study, 

and a glance at its remarkable temperature dependence is sufficient to dis-

count its SCS data as a source of conformational information. 

H-2 0.13 0.65 1.25 
H-3 0.04 0.20 1.30 
HA 0.25 1.25 2.00 

HB 0.34 1.70 1.65 
HC 3.40 17.00 4.25 
OMe 0.01 0.05 0.50 

FIG.4-5.3 Variation of 1H Shifts in pMe(IV) on Lowering the Temperature. 



- 135 - 

4-6 Parameters Governing Substituent Effects. 

Several substituent properties, for example, steric size, electronegat-

ivity, ability to participate in resonance hibridization, etc., combine to-

gether to define the "substituent effects" observed in all aspects of organic 

chemistry. 

TABLE 4-6.1 Parameters Governing Substituent Effects  

NT SUB 

X 

0 

(o 	+ OR) 

a 

(0I) 

TAFT 

OI  

TAFT 

0R 

I & R 

EFFECTS 

HUGGINS 
Eneg.114 

QEneg 

F_ 	- E 

OMe -0.268 +0.02 0.115 +0.02 0.23 -0.50 -I 	+R 3.50 
1.3 

Me -0.170 +0.02 -0.069 +0.02 -0.05 -0.12 +1 	+R 2.50 0.3 

H 0 0 0 0 / 	/ 2.20 0 

F 0.062 +0.02 0.337 +0.02 0.50 -0.44 -I 	+R 3.95 1.75 

Cl 0.227 +0.02 0.373 +0.02 0.47. -0.24 -I 	+R 3.20 1.0 

Br 0.233 +0.02 0.391 +0.02 0.45 -0.22 -I 	+R 3.00 0.8 

CF3  0.54 	+0.10 0.43 	+0.10 0.42 0.12 -I 	-R 3.40 1.2 

NO2  0.778 +0.02 0.710 +0.02 0.63 0.15 -I 	-R 3.35 1.15 

0 3.0 0.8 

OH 3.50 1.3 

One of the more useful gauges of these effects, the Hammett Substituent 

Parameters (0 and 0 )248'249  are listed in TABLE 4-6.1. These parameters m 
 

P. 
provide a measure of the total electronic influence of the various substit-

uents, independent of any steric or conjugative effects, since they are der-

ived from the linear free energy relationships between meta- and para- benzoic 

acid dissociation equilibrium constants : 

log K H  = p"X 	x.66  

Where KX  is the dissociation equilibrium constant for the m- or p- substit-

tituted benzoic acid; KH  is the dissociation equilibrium constant for the 

unsubstituted benzoic acid; .p is defined as 1.60 for benzoic acid and may vary 

from -6 to +4 for other equilibria; OX  is the Hammett Substituent parameter 

for the meta (0m) or para (0) substituent... 

p  
m 
is mainly a measure of polar (inductive). effects, and combines both 

inductive and resonance effects (these have been isolated by Taft
250 

 and are 

given- in TABLE 4-6.1 as 0I  and OR). A large range of Hammett/Taft type para- 

meters eg. m, O , p, 0p, 	0, 0°, OI, OR, 0', etc., have been generated in 
the literature (249) from substrates in which various other interactions, 

such as charge stabilisation by direct conjugation, can occur. Although 

correlation between some of these parameters and nmr chemical shifts are well 
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known (eg. 128,251) they will be used here only to establish general trends 

of similarities and differences. It is felt that more information than is 

available from these three series bf compounds would be required to make any 

more constructive use of these parameters. 

Huggin's Electronegativities (Ex  - the list in TABLE 4-6.1  is from ref. 

114) have also been correlated with certain 13C chemical shifts252 but no 

such correlations were found in these series. Their relationships to coupling 

constants are, however, well established (see SECTION 1-5-1)  and they will be 

used in this context later in this section. 

4-7 Interpretation of the Chemical Shift. Data  

The first and obvious observations to make on the chemical shift data, 

are the similarities between the three series, especially between the para 

derivatives. In the ortho series differences are more apparent but in virt-

ually every instance trends between the individual derivatives mirror those 

in the other series. This is illustrated for the 
IH data in FIGS.4-7.1 &  

4-7.2  which essentially present the data given in TABLES 4-4.1 to 4-4.5.  The 

scales of the plots should be noted as these vary considerably. Hence HA, 

which is further away from the ring substituents than HB, responds in a broad-

ly similar manner to varying the ring substituent X, but at about half the 

scale (see FIG.4-7.1(a) & (b)). 

The relative shifts of the Y SCS data (see FIG.4-7.1(c) & (d))  are, of 

course, dominated by the proximity of HA  and HB  to'the side-chain substituent 

Y. The near linearity of the para Y SCS demonstrate that the "pure" through 

bond electronic effects of the X substituents are virtually independent of the 

nature of Y. The erratic nature of the variation in the ortho Y SCS, which 

should contain a similar, though probably stronger, electronic component to 

the corresponding para Y SCS (assuming a similar conformation), demonstrates 

the steric effects of the ortho substituent, which are not independent of Y, 

especially in the case of HB  which is adjacent to Y. Since the changes in 

the shifts of HA  and HB  on going from ortho to para X could arise from at 

least three interactions, their interpretation is not straightforward, ie : 

1) Conformation changed; through bond electronic effect of X modified. 

2) Conformation changed; local electronic effects (eg. of CHC12 on HB) 

modified. 

3) Direct through space shielding of the side-chain by X possible in ortho 

derivatives. 

The para H-2' and H-3' data (shown in FIG.4-7.2)  are dominated by the 

proximity of the protons to the substituent X. When the expanded scale of 

plots (c) and (d), and the likely error of +1.0Hz for the Y SCS, are taken 
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FIG.4-7.1 X & Y.SCS of HA  & HB. Key: o% = o/p(IV); o/s = o/p(V); e% = o/p(VI). 
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FIG.4-7.2 X & Y.SCS of H-2' & H-3'.  Key as for FIG.4-7.1  (para data only) 
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into account, the scatter of the Y SCS data is relatively small. 

The side-chain 19F SCS of the- Type (V) compounds, and their relationship 

to Hammett's 0 and 0m  are plotted in FIG:4-7.3.  .Again the changes in the para 
SCS are fairly small and "well behaved" when compared to the ortho SCS. The 

para data shows good correlation to 0' and reasonable correlation to m, provi 

ded the substituents are split into two groups. 

.1) Those with lone-pair electrons eg. F, Cl, Br, OMe (also NR2, OH, etc.), 

labelled A.252  

2) Those without lone-pair electron eg. H,Me, CF3,  NO2  (also CN, COMB etc.), 

labelled A. 	(Although Me can behave as a "pseudo lone-pair donor" via hyper- 
conjugation there is little evidence of this here). 

This agrees with some of the findings of Inamoto et al252  and is a recur-

rent trend throughout the 13C SCS data. There is little correlation between 

the ortho SCS and either Hammett parameter (the F-Cl-Br apparent linearity is 

more a function of the closeness of the Hamrnett parameters than a property of 

the SCS data) apart from the A series with m. This may, however, be purely 

coincidental since any changes in the side-chain conformation could have little 

effect on the 19F chemical shift. 

Phillips and Wray, as part of a series of papers on the structural dep-

endence of the inductive effect, examined vicinal substituent effects on 19F 

chemical shifts.253,254  The difference in shielding between the two fluorines 

in the fixed conformation molecule CF2X.Cabc (see FIG.4-7.4)  was considered254  
to be dependent only on the angular primary and secondary vicinal delocalisation 

interactions?53  

2 
FIG.4-7.4 	b 

X 	Thus QF1F2  could be defined by EQN.67  : 

= EF,E0kc1(cos180°  - cos60°) + EFEbkbl(cos60°  - cosl80°) + 

EFEbkb2(cos180°  - cos60°) + EFE0kc2(cos60°  - cos180°) 	EQN.67.  

= 	 (EE
B . 
(Kbl - K

b2  ) 
	EC (K

c2 
 - x

cl 
 )) 	 EQN.68  

2 F -  

If b and c are both halogens then Kbl = K01 

reduces to 	AF  
ZF2 2 F(K2 K1)(Ec b)  

(N.B: the EX  values are the Huggins electronegativities of the substituents). 

4 	General values for the proportianality constants K1  and K2  could not be 

derived from the compounds studied, but literature data (255) indicated that 

LF1F2  was largely dependent on.the value of L Ebc._(see TABLE 4-7.1 & FIG.4-7.5) 

The AF1F2  value derived for compounds of the type CF2X.Cabc is directly 
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• 

. 
No. 

Subnt. 

b 

Subnt. 

c 

DEbc 
(Huggins) 

6kF1r2 

ppm 

10 Br Cl 0.2 ' 0-3 

20 Cl F 1.0 -4 

© H F 1.75 -'10 

analogous to the change in 

shift of the Type (V) fluorine 

on changing the side-chain con-

formation. FIG.4-7.6 shows the 

vicinal inductive components of 

the ~9F chemical shifts of the 

three possible Type (V) rotamers. 

The components are equal in 

rotamers 1 and 2 (analogous to 

a = H; b = c = C1 - in CF2X.Cabc) 

which should therefore -have 

very similar 19F shifts. Rot-

amer 3 has different component 

shifts, (analogous to b = H, 

a = c = Cl in CF2XCabc), and 

should therefore have a diff-

erent 19F shift. Since 

-C1 = 1.0, by comparison to 

the data plotted in FIG.4-7.5, 

the expected 19F shift differ-

ence between rotamer 3 and rot-

amers 1 or 2 is N 5.5ppm with 

rotamer 3 to higher field. 

If modification of the 

C-1/C-2 conformation (through 

steric control by the ortho substituents) can induce 19F shifts of 5-6 ppm, it 

is reasonable to expect that modification of the C-1/C-11 conformation can also 

induce 19F shifts (ie; depending on whether the C-F bond is periplanar or 

orthogonal to the phenyl ring). In addition the ortho substituents are two 

bonds closer to the C-F moiety than the para substituents, and, as well as 

being able to influence the fluorine directly "through space", should have 

stronger "through bond" interactions. Considering the combined effects of 

these interactions, the differences in the ranges of the ortho (20ppm) and 

para (jppm) X9F shifts do not seem unreasonable. From FIG.4-7.3 the likely-

hood of a high percentage rotamer 3 is oOMe, C1, Br, NO2 ~ oF, C 3 > oMe and 

para series. 

• To draw conclusions from the 13C data, it is first necessary to sort it 

into some logical order. If the ring carbon SCS are plotted against X (as in 

FIG.4--7 1(a)), the shifts are seen to be dominated by the X substituent eff 

ects 2t i, 24,' 
with only slight effects from the Y side-chain substituent. The 
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FIG.4-7.6 Conformation Dependent Components of Vicinal Inductive Effects  

Rotamer : 1 2 	3 

Gauche Component : cos60°(H+Cl) cos60°(H+C1) 	cos60°(C1+C1) 

Trans component : cosl800(C1) 

1-1-The  same 

cos180°(C1) cos1800(H) 

t 

L____. Difference equivalent to 
FIG.4-7.4 (a = c = Cl, b = H) 

TABLE 4-7.2 Carbons with Similar X SCS in the ortho and para Series. 

X Substituent Effect Carbon Atom No Bonds from Y Scatter in Y.SCS X.SCS 
Range ppm (V)-(IV) (VI)-(IV) 

ipso o C-2'_ 

p C-4' 

3 

5 

6.49 

0.22$ 

0.62r 
0.2k$ 

0 

o C-1' 2 0.29 0.48 

o o C-3' 4 0.11' 0.12 23 
p C-3' 4 0.05 0.03 

o C-4' "5 0.11 0.13 

m o C-6' 3 0.35* 0.20* 4 

p C-2' 3 . 0.10 0.12 
* 

p 
o C-5' it 0.12 

* 
0.19 

* 14 
p C-1' 2 0.21 0.22 

C 	(3 bonds) o C-1 1 0.41* 0.44* 
6.5 

C 	(5 bonds) p C-1 1 0.19 0.31 

C 	(4 bonds) o C-2 2 0.10 0.16* 1.5 
C 	(6 bonds) p C-2 2 0.05 0.05 

$ Y.SCS scatter, although large, is not unreasonable when compared to the 
range of the X.SCS 

ring carbons therefore fall into the four groups listed in TABLE 4-7.2. If 

the X and Y effects were totally independent (ie. with the same conformations 

for all three Y substituents, and the two SCS were additive) then the ring 

carbon Y.SCS (see TABLE 4-4.15) would have very little scatter (eg. std.dev. 

0.05ppm). Those carbons with rather more deviation in the Y.SCS than is reas-

onable from experimental error, are indicated by (*) in TABLE 4-7.2. The ~3C 

and 11.1 Y.SCS are illustrated in FIG.4-7.7. 

For the most part plots of the ring 13C SCS merely follow the standard 

X.SCS profiles predicted in the literature 128,247 and are therefore of little 
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FIG.4-7.7 1H and 13C Y.SCS (From Mean Values of (V)X - (IV)X and (VI)X -  

The ortho and para cases - standard deviation given in parenthesis. 

0.65(0.01 B 	2 -4.42(0.05) 

6.11(0.19) 

	

0.04(0.01) 2' 	-3.61(0.21) 

0.05 (0.10) 

0.05(0.05) 

	

0.06(0.02)3: 	0.88(0.02) 

help in determining the side-chain conformations. The only carbon shifts 

which might be of some help are those of C-1 and C-2 themselves, together 

with C-1' and C-X. 

In TABLE 4-7.3 all the chemical shift data (~3C, 
1H 

and 19F) available on 

the X substituent groups are summarised as the shifts incurred odchanging 

from para X to ortho X. In the 13C data, the average methyl group shift is 

quite large, whereas the methoxy 
TABLE 4-7 3 AX Shifts (para - ortho)(ppm) 

Nucleus Deriv (IV) (V) (VI) 

Me 1.60 1.91 1.63 

~3C OMe -0.15 -0.26 -0.38 

CF3 0.76 -0.21 -0.05 

1 Me -0.030 -0.051 -0.034 
H OMe -0.033 -0.041 -0.067 - 

19F 
F 5.349 6.084 NO 

CF3 -5.167 -5.339 DATA 

and trif:.uoromethyl (with the 

exception of oCF3 (IV)) groups 

barely shift at all. The obvious 

inference is that all the oMe 

derirvā.tives and oCF3(IV) prefer 

,conformations in which they 

interact with the substituted 

ethyl side-chain, whilst all the 

oOMe derivatives and oCF3(V) and 

(VI) favour the X and side- 

chain groups to be as far apart as possible. Unfortunately there is no supp-

orting evidence for this in either the 1H or 19F data. 

The X and Y.SCS for C-1 and C-2 are plotted in FIG.4-7.8, and for C-1' in 
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FIG.4-7.8. X and Y.SCS of the Side-Chain Carbons 
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FIG.4-7.9 C-1' X and Y.SCS. Key as for  FIG.4-7.1  
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FIG.4-7.9.  Again the trend for the para X.SCS to undergo regular variations 

is present whilst the oX.SCS are erratic. This is also in evidence in the Y. 

SCS for C-1, although for C-2 and C-l' both the ortho and para Y.SCS are 

fairly regular. The carbon skeleton of the phenyl ethanes appears to behave 

as an alternate hydrocarbon, with pC-1' and pC-2 X.SCS correlating well with 

Hammett 0 whilst pC-1 correlates with 0
m 
(see FIG 4-7.10).  It is somewhat 

p  
surprising that the two spa  side-chain°,arbons should fit into the alternate 

hydrocarbon scheme as this is a property usually associated with TL-systems. 

The oC-1 and oC-2 X.SCS show a lesser degree of correlation with m amd 0 , 
with the A and A groups 	falling on separate lines. Since Hammett para- 

meters are not expected to correlate well with ortho substituent effects
248,249  

(this is borne out in the oC-1' plot), the degree of correlation observed is 

quite surprising. Several groups (eg. oMe in the C-2 SCS, and H and oOMe in 

the C-1 SCS) consistently lie off the A or A lines indicating that steric as 

well as electronic factors contribute to the X.SCS. 

FIG.4-7.11  illustrates the alternating nature of the ring substituent 

effects into the side-chain. VC-1  shows little correlation to VC_1,  or VC-2 
but VC-2  is quite well correlated to VC-1, in both the ortho and para. series. 

(a related effect is noticeable in the nJCF  coupling data where both ortho and 
para fluorines show larger couplings to C-2 than to C-1 : This effect is 

normally only seen when the side-chain is unsaturated, eg. in styrenes and 

stilbenes, where spin coupling is transmitted over long distances by resonance 

effects
256, 2

57 - see FIG. 4-8.17)  . 
Used by itself, the shift data is insufficient to deduce many specific 

details about molecular conformations; it does however provide several useful 

generalities 

1) Substituent effects are very similar within the three series - indicating 

similar overall properties. 

2) The para series behave as predicted by Hammett parameters etc., and 

probably all have the side-chain in similar conformations or in "free rotation" 

with no conformational preferences. 

3). The ortho series produce seemingly erratic shifts from the side-chain 

nuclei, which are paralleled in all three series. These indicate a considerable 

amount of steric control of the side-chain by the ortho ring substituents 

which is reasonably independent of Y, ie. possibly dominated by interactions 

between X and the -CHC12  group rather than between X and Y. 

Further confirmatory details are undoubtedly contained in the shift data, 

which may only be unlocked by reference to the coupling information. Any such 

* From the Y.SCS data the X = H derivative appears to fit well into the para 
series but poorly into the ortho series. Instances of this behaviour occur 
throughout the chemical shift data of all three nuclei. 
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points arising from the data presented here, or in SECTION 4-4+ will be dealt 

with later in this chapter. 

4-8 Interpretation of the Coupling Constant Data 

Before commencing detailed discussions on the various couplings measured, 

it is worthwhile briefly summarising which' couplings are observable (or have 

been recorded) for each of the three series studied (see TABLE 4-8.1). The 

limited «common ground" between the three series, ie. 3JAB and  nJCF (3J2'3? 
is neither accurate enough for detailed consideration nor very relevant 

to the molecular conformational analysis) must first be examined to establish 

their main similarities and/or differences. The wealth of data presented by 

the Type (V) fluorides and the Type (IV) alcohols may then hopefully be util-

ised in conjunction to interpret their conformational preferences. The coup-

ling constants particularly useful in analysing the side-chain conformations 

are illustrated in FIG.4-8.1. 

TABLE 4-8.1 A Summary of the Types of Coupling Data Recorded in Section 4-5 ' 

Coupling Type (IV) Type (V) Type (VI) All Series 

nJHH 

AB 	BC 
.H2131  

AB 

H213' 

AB_ 

H2,31 

* 

[*l 

n 
JHF 

AX BX 

F
1-

long range Ring F long range 

nJCF Ring F/CF3 Ring F/CF3 

Side-chain F 
Ring F/CF3  * 

n 
JFF 

Between ring F 

& side-chain F 

n 
JHC 

Between HA/HB  

and C1/C2  

FIG.4-8.1 Useful Couplings  

a) over 3 or more bonds 
b) over 2 bonds 

c) over 1 bond 

4-8-1 Similarities Between the Type (IV), (V) and (VI) Coupling Constants  

The 3JHH 
 coupling constants listed in TABLE 4-5.1 are plotted in FIG.+-8.2. 

As with the chemical shift data (see FIG.4-7.1 (a & b)) the couplings in the 
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FIG.4-$.2 Variations in 3J Throughout the Type (IV); (V) and (VI) Series. AB 

para derivatives show much less variation than those in the ortho derivatives. 

In all three series there is a small but fairly well defined trend for the 

para couplings to decrease along the Hammett 6 series (from OMe to NO2). 

This trend is also present in the ortho couplings with the notable exception 

of the oOMe derivatives and, to a lesser extent, the oCF3  derivatives. 

Although the couplings for the ortho (and to a lesser extent the para) 

Type (VI) chlorides are significantly larger than those for the corresponding 

Type (IV) or (V) compounds, the overall trends parallel each other fairly 

closely, indicating that this effect is probably mainly a consequence of the 

side-chain substituent (Y = C1) contributing a smaller negative electroneg-

ative effect to the 
3
JAB than either the hydroxy- or fluoro- substituents 

(Ex  : Cl = 3.2, OH = 3.5, E = 3.95). It is, however, unlikely to account for 
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all the observed differences, as the relative J's of the Type (IV) and (V) 

series are very similar even though the electronegativities are fairly 

dissimilar ( E = 0.45). 

Slight inconsistencies in the Type (VI) data relative to the Type (IV) 

or (V) series are not, fortunately, of major concern here as no elimination 

reactions were undertaken on this series. The very close parallel of the 

Type (IV) and (V) data is however crucial, for if the various coupling data 

collected from both series can be combined, then we have a very powerful tool 

for conformational analysis. 

Turning to the nJCF couplings (see TABLE 4-5.4) we find that all three 

series respond similarly with the scatter from the mean normally well within 

the expected +0.5Hz error. Only three couplings stand out, namely the o and 

pF(IV) 1JCF.couplings to C-2' and C-4' respectively; and the oCF3(VI) 5JCF 

coupling to C-2. It has already been mentioned that the oCF3(VI) 3JAB coup 

ling is slightly anomalous- so it is probable that this compound adopts a diff-

erent conformation to its Type (IV) and (V) analogues. This is, however, not 

thought to be the case in the o and pF Type (IV) alcohols. 

It is well established that ~9F chemical shifts and 1JCF couplings are 

extremely sensitive to small changes in the electronic environment of the 

carbon atomi28 Although this dependence is complex, Muller and Carr258 noted 

that there is a linear relationship between ~9F shifts and 1JCF couplings 

within a family of compounds, such that the largest 1JCF values occur for the 

most deshielded fluorine. This has been shown to hold true in substituted 

fluorobenzenes by Weigert and Roberts259 where the average slope of a plot of 

JCF vs. ŌF is -0.90 (extrapolated from Figure 7)259 Not unexpectedly, the 

ortho substituent data shows considerable scatter in this plot. The gradient 

between the oF. Type (IV) and oF Type (_V.) shifts and couplings is -0.55. whilst 

the pF gradient is -0.77 (both of these figures are subject to very large 

errors). The effects observed are therefore analogous to those reported in the 

substituted fluorobenzenes, ie. they merely reflect the different inductive 

effects of the side-chain Y substituents. Fluorine and chlorine can be cons-

idered fairly similar in this respect, ie. they are both strong 0-bond electron 

withdrawers with a weaker ability to donate electrons from the non-bonding p 

(or d) orbitals, whereas the oxygen of the hydroxy group is both a strong p-

bond withdrawer and a strong p electron donator. On balance, therefore, when 

Y = F or Cl, electrons will be withdrawn from the 0-bond framework thus de- 

shielding the ring fluorine, whilst when Y = OH, the electron withdrawing/ 

donating characteristics of the hydroxy group will tend to cancel. 

On the basis of the rather limited. comparative coupling data available, 

it is reasonable to conclude that the interactions observed in the Type (.IV) 
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and-Type (V).  series .are very similar, indicating that the corresponding mem-

bers of ..these series adopt similar side-chain conformations. There is some 

evidence that the Type (VI) chlorides behave slightly differently and this may 

be a consequence of the steric interactions present when Y = Cl. 

4-8-2 A Detailed Examination of the Three Bond Coupling Data 

4-8-2.1 Trends Observed in the 3JHH and 3JHF  Couplings 

The side-chain 3JHH and 3JHF couplings for the Type (IV) and Type (V) 

series are plotted in FIG.+-8.3 against a 	In the para couplings we observe 
p 

the expected linearity with ap; 3JHF decreasing and-3JHH increasing as the 

electron donating ability of X increases. This reflects the opposite polar-

isation of the C-H and C-F bonds. Electron donation from the ring to C-1 red-

uces C-H ionic character but increases C-F ionic character thereby increasing 

the coupling transmitted in the C-H bond but decreasing the transmission in 

the C-F bond. These effects are very small (para 3
JHH ranges over ~1Hz, 

para 3JHF over --2Hz) indicating that similar conformational preferences per-  

. sist throughout the para series. The average para couplings (including X = H) 

are 3JHH(IV) = 5.32Hz; 3JHH 	H (v) = 5.26Hz; 3J F,(v) = 9.61Hz and 3JHH(VI) = 5.58Hz. 

As with the chemical shifts (see FIGS.4-7.1 and 4-7.3), the ortho coup-

lings appear to be very erratic. Some .trends are present, eg. the A-line 

(NO2-CF-H) and the Ā-line (Br-C1-F-H) in the 3JHF data, but in all cases at 

least one member of the A- or A- group lies well off the line so the signif- 

icance of these observations is debatable. 	• 

It is interesting to note that the H and pMe 3JHF couplings lie parallel 

to the "best fit" line of the remaining para derivatives (as in the chemical 

shift data - see FIG.k-7.3(b)) and that only poor correlation is available if 

an A line is considered. A similar effect has been observed in the chemical 

shift data of 4'-X substituted-4-fluoro-diphenyl acetylenes256 and is currently 

under investigation. 

19F shifts. The para data shows good correlation to a single straight line, 

and although more scattered, the ortho data follows a similar trend. This is 

analogous to the 1~C : 5F relationship258'259 F 	mentioned earlier and demon- 

strates that both F spectral parameters are highly dependent on the elec-

tronic character of the C-F bond. 

From an inspection of FIG.4-8.4 the Type (V) fluoride appears to fall 

into three groups : (1) all the para derivatives and oMe; (2) of & oCF3; 

(3) oCl, Br, OMe, and NO
2' 

which are the same as the three groups observed in 

FIG.4-7.3. The temptation to assign characteristic structures (rotamers) to 

each of these groups will be resisted for the present, on the grounds of 

insufficient data. 

In FIG.$-8.4+ the 3JHF couplings are plotted against their corresponding 



FIG. +-8.6 Synthesised 3JIi vs. 3JHF using J = J0~180 cos 2~  
where Jiill  = 8.5,JJ1 = 9.5Hz and JE,  = 33.7, Jig = 37.7Hz. 

FIG. 4-8. 4+ Type (V) 6F, vs. JAx 

3J1 vs. 	for the Type (V) Fluorides FIG.4-8.. 
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• In FIG.4-8.5 3J is plotted_.against 3JHF for the Type (V) fluorides. 

Two straight line plots, one for each of the ortho and para series, emerge. 

Again the Hand pMe derivatives-lie-parallel to the best fit para line, but 

even so the linearity of both series--is good. This result was unexpected, for, 

if the angular dependence of the substituent electronegative effects is igno-

red, both J's are controlled by a cost,' parameter and since they are 120° 

out of phase some form of ellipsoid should be generated. This is illustrated 

in FIG.4-8.6 where the two synthesised coupling constants are plotted against -

each other over the full range of 0. Although an ellipsoidal relationship 

does exist between the individual values of 3J and 3J „ this is not pro-

duced when the observed couplings are plotted against each other because-these 

J's are derived from weighted averages of all the molecular conformations 

adopted and not from a single rotamer. In the free rotation limit both J's 

will lie at the centre of the ellipsoid, (see FIG.4-8.6 - note that the "full" 

average J's are given by (JO + J180
)/4 

and the "three-rotamer" average J's 

(when JO = 0.895J180) give a figure —1.9% larger). 

Interpretation of FIG.4-8.5 is therefore far from straightforward since 
each experimental point represents the weighted average of all the rotamers 

adopted. The plot is, however, useful for identifying groups which probably 

adopt similar conformations. Again three groups are apparent (1) all the 

para derivatives and possibly of and oMe; (2) 0C1, Br, OMe, and CF3; (3) oNO2. 

Unfortunately the composition of these groups differs from the earlier groups 

seen in the plot of 3J vs. 6F (see FIG.4-8.4). 

In order to proceed further a closer look at the theoretical aspects of 

3J and 3J couplings is necessary. 

4-8-2.2 Empirical Approach to the Calculation of 3J and 3JHF 

In SECTION 1-5.1 the dihedral angle dependence of 3J and 3J couplings HH 	HF 
was discussed in some detail. The straightforward Karplus relation (EQNS.8-1048 

breaks down in the presence of electronegative substituents but nevertheless 

remains a useful guide, even in systems with tetra-substitution (as in 3J), 

as it defines the "maximum expected" coupling. 

In the absence of electronegative effects 3J obeys the Karplus HF 
equation~~5 : 

JHF = 31cos2O 	0°< 0 <. 900 
	EQN.70 

JHF = 44cos20 	90°< 0 <180° 	imv. 71 

EQN.71 was derived from the trans 3J coupling of 43.5Hz observed in HF 
the axial conformer of cyclohexyl__fluoride at low temperature26o  andmay rep- 

- resent a true "unperturbed" maximum for 3J 	EQN.70, however, is probably 



FIG.4-8.7 3JHF = 30.8Hz 

various fluoroethylenes (see with 

H, Where ABC = 

sensitive to electronegative 

was dependent on the siting 

of the substituents, eg. 

but this line was not persued. 

By combining 3JHF data for 0 = 60° and 180° (from unstrained systems) 

with 0 = 00 and 1200 data obtained from the•[2.-2.l] -bicyclo heptenes (see 

FIG.4-4.8) ( a risky practice as the bond angle sensitivity of 3J is well 

trans 

ution 

tribes all 

the observation 

(120°) coupling, are slightly more sensitive to electronegative substit-

(a factor which inhibits the derivation of a single equation that des-

rotamer/substituent effects on 3JxF or 3JHH couplings) and support 

of Abraham and Cavalli
261 that 3JHF is considerably more 

effects than 3J. It was also noted that 3JHF 

3 120 
HF 

\\30.120 H 
// HF 
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an underestimate,..as.the 0 c.oupling.on-which it is based1~5 (see FIG.4-8.7) 

of the two ester groups. 

averaged 3JH with incr-

substitution was ment-

(see EQN.12111). Follow-

and Cavalli
261 

obtained 
30. 

HF ' 

is undoubtedly lowered by the electronegative effects 

The linear decrease of 

easing electronegative 

ioned in SECTION 1-5-1  

ing this work, Abraham 

a°similar relation for 

3 AV .= jHF53.03 - 3.38EE (std.dev. 1.3Hz) 
EQN. 72  

From this it appears that 30. couplings are -.4 times more sensitive to 

electronegative effects than JHH. 

In order to eliminate variations in bond and dihedral angles when study-

ing vicinal couplings, Ihrig and Smith
262 

examined couplings in the Diels-

Alder adducts of hexachlorocyclopentadiene 

FIG.4-8.8). 

AB H, C =F; 

A =H, BC F; 

FIG.'-8.8 

These systems are extremely rigid giving dihedral angles of 0° and 120° 

but with slightly distorted C-C-H bond angles of —113°. The electronegative 

substituent effects were summarised by the equations : 

AC =H, B=F. 

BC =H,.A=F. 

3J 	= 53.11 - 3.311EE (0 = 2.44Hz) HF 
3,120 -  
HF 

30 _ 
HH 

EQN. 73 

EQN. 74 

EQN. 75 

EQN. 76 

34.5-2.65FE 

17.174 - 0.88EE 

3,11220 = 16.132 - 1.25EE HH 

(0 = 1.83Hz) 

(0 = 0.355Hz) 

(o = 0.419Hz) 

These indicate that for 3JHF the cis (0°) coupling, and for 3J the 
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125 • 
established ), Ihrig and Smith also obtained a family:'of Karplus-type equat-

ions_for different values of EE (ie. EEX  for the 4 substituents excluding the 
H and F nuclei) : 

3J, 	Acos20 

3JHF  = Bcos2O 

0  

90 

S 0 

( 0 

( 90  

(180 

EQN. 77 
a 
9 
11 
13 

24 
15 
8 

A 

52 
32 
16 EQN. 78 

The parameters A and B were found 

to obey the empirical relationships i 

The linear dependence of 3J on substituent electronegativities HF 
(ie. 26 F  = A - BEE), assumed by most authors was questioned by Hall and 

Jones. '  They reasoned that if a substituent X reduced a coupling constant J 

from J to (Jo  - Y) then a second substituent X would not reduce J to (Jo  - 2Y)

-  but rather should reduce it by the same fraction to (J0 
Y)2/J 

ie. 	dJ/dE _ -kJ or J = a.exp(-kE) 
	

EQN. 79 

This argument is clearly more logical than the linear dependence of J 

on EE as the electron density along the coupling path cannot be limitless. 

This theory was tested on the 3J couplings observed in a series of fluoro- 
HF 

substituted acenapthenes (see FIG.4-8.9)  where the dihedral angles are fixed 

at 0°  and -100°. Both linear and exponential equations were calculated for 

the observed data (see EQNS.80-83),  the exponential equations giving signif-

icantly better r.m.s. fits (N.B. EE only refers to the two non-participating 

substituents X and Y. 

3J 	= 87.75 exp(-0.2522EE)(Deviation +0.87) EQN.80  HF 
3J100 = 985.68 exp(-0.8749EE)(Deviation +0.18) EQN.81 

3J0  = 46.37 - 4.52EE 	(Deviation +1.32) EQN.82 
HF 

3J100 = 38.13 - 5.15 E (Deviation ±3.35) EQN.83 HF FIG. 4-8.9 

The various studies of three-bond couplings in rigid systems already 

discussed show that : 

a) the unperturbed couplings possess a Karplus dependence on the dihedral 
angle 0. 

b) as electronegative substitution increases the coupling decreases 
(possibly exponentially). 

c) the rate of this decrease depends on the geometry of the rotamer (H-F 
dihedral angle 0) . 
d) the electronegative effect varies with the siting of the substituent. 

Considerable attention has been paid to the nJ couplings in fluorinated HF 
126'264 carbohydrates 	as these provide "rigid" systems_with the potential of a 

2x104  

(EE)3  
-o 2A. 
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large variety of substituent/geometrical arrangements. A closer inspection of 

the study by Phillips & Wray126  (already cited - see SECTION 1-5-1), in which 
10 deoxyfluoro-D-pyranoses giving rise to.4 trans and 14. gauche 3J couplings, 
were examined (see TABLE 4-8.2),  is worthwhile here, as it illustrates the com 
plex dependence of 3JHF  couplings on both geometry and substitution patterns. 
In order to analyse substituent effects the "unperturbed" trans and gauche 

couplings were taken as 43.5260  and 16.0Hz261 respectively. 
For the 4 trans 3J couplings, it was only noted that one oxygen on the HF 

"coupled fragment", ie. the FSC— C,H  bonds, reduced the coupling from its un-

perturbed value by -10Hz (to 30/32Hz), whilst a second oxygen lowered the value 
still further (to 20/27.2Hz)126.A  closer inspection of the geometrical relat-
ionships of the various sugar oxygen functions to the coupled fragment ident-

ifies five possible electronegative interactions that might affect the observed 

couplings. These are indicated under each structure in TABLE 4-8.2 by a set of 

mnemonics and were selected by applying two criteria 

(1) Is the function directly attached to either carbon of the coupled frag-

ment ? This is a primary (1/2-bond) interaction and is denoted by the letters ' 
F or H to identify the carbon involved. 
(2) Is the oxygen-carbon bond anti-periplanar to any of the bonds in the 

coupled fragment? This is a secondary (3-bond) interaction and is denoted by 
one, of three symbols : FS 	anti-periplanar to the F-C bond; 

SH  - anti-periplanar to the C-C bond from the H end; 
SF  - anti-periplanar to the C-C bond from the F end. 

If these interactions are assumed to be additive then the equations for 

the 4 trans coupled moieties may be solved simultaneously to produce the unique 
solutions illustrated in FIG.4-8.10.  If these parameters are substituted back 
into equations of the type : J = JO  + Z (perturbation) ; the observed 

trans couplings are regenerated exactly. 

FIG.4-8.10  Perturbations to Trans 3JHF Couplings. 
• 

F 	F 	 F 	 F 	 F 

0 	 0 

H 	H 	H 	0 	H 	 H 

(43.5Hz) F -4.3Hz 	H -12Hz 	FS  -1.5Hz 	SF  +0.5Hz 

As trans 3JHF  couplings in pyranoses involve di-axial groups, there is 
no possibility of planar W-type interactions. This simplification is not pres-

ent in the 14 gauche couplings for which a total of 18 perturbations need to be 

considered (see TABLE 4-8.2).  These were identified by extending the method. 
already used to include W(4-bond) and 5-bond interactions. The criteria applied 
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TARTE 4-8,2 Stereosoec1flc Electronegative Interactions 1n DeoxyfluorO-D~Tanoses' 

Name ra. 

H~COH 
HO 

OH
E 

"'JHF t-H2 
Actual 27.2 

Calc (----) 

Ring 0 F 

-OH • 1 
-OH2 H 

-O~ SH 
-OH4 / 
-OH6 / 

Name II~ 

~J 
HF 

ActUal 

Calc 

Ring 0 

-0f1. 
-OH 2 

. -O~ 
-004 
-OH6 

Name 

)J
HF 

Actual 

Calc 

~ng 0 

-OHl 
-OH2 · 

-OH3 
. -OH4 
-OH6 

HO 

~
CH~H 

HO 
F 

H OH 
g-H 

1 
0.5 

( 2.0) 

g-lj 
14.5 

(15.5) 

. He(~) ~ 
H / 
.. .. 

IVa. 

g-~ g-~ 
4.5 15.0 

(4.5) (15.5) 

.. .. 

r~ 

:g-H2 
12.0 

(13.0) 

F '. 

II~ 

~
CH20HO 

HO . H 

HO OH 
F . 

H H 
g-~ g-~ 

2.5 14.5 
(2.0) (15.5) 

.. 

IV~ 

s-r:, g-HS 
4.5 16.0 

(4.5) (15.5) 

.. * 

M-Ila. 

g-H1 t-~ 

7.5 ,30.0 
(6.0) (----) 

.. . 

IlIa. 

F 
OH 

OH 
'g-H 

2 
12.0 

(11.5) 

g-H4 
12.0 

(11.5) 

/ 
H'" 

S 
H .. 

H 

/ 

Comoound name :. 

M-Ilf3 

t-H1 
20.0 

t-~ 
32.0 

(----) (----) 

H 

HO 
F 

.. 

/ 

III 8 

OH 

/ 

H 

/ 

H 

a./~ refers to C
1
-X orientation 

II etc. refer to pos1tion of F 

M - indicates Mannose (all others 

are glucoses) 

Coupl1na:s : 

t c trans ; g a gauche ; all calc 

and actual values taken from (126) 

Interact10ns : 

.. - site of F ; / - no interaction 

mnemonics are explained in text. 



He(FS) + SF(WH) + WF(5H) 

He(FS) + SF(WH) + 5H0 	= -4.5 

-11.5 EQN. 84 

EQN. 85 
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being similar to (2), ie 

(3) Is there a 4-bond 'trans-trans' planar path between the oxygen atom and 

either of the coupled . nuclei? This is a tertiary (4-bond) interaction and is 

denoted by WH  or WF. In cyclohexyl-type structures only di-equatorial groups 

can participate in W-interactions. 

(4) Only one arrangement of groups (1-eq and 4-eq) in the D-pyranoses has 

the correct geometry for a 5-bond interactions between 0 and F (or H). Al-

though the transmission of an electronegative effect has two potential routes, 

ie. via C2-C3  or C-05,  only the latter is thought viable. This is supported 

by the observation of larger JHH  couplings via oxygen-containing W-links, 

than via similar alkane arrangements. Five bond interactions may be consid-

ered as two planar S-interactions (to the 0-05  bond) with a dihedral angle of 

60°. These are denoted by 5H0 and- 5F0 in TABLE 4-8.2  with the additional para-
meter 5FOH  indicating that two bonds of the coupling path are involved in the 

5-bond perturbation (see FIG.4-8.11). 
The superscripts in the mnemonics indicate the orientation'of the nucleus. 

TABLE 4-8.2  shows that some -OH functions give rise to several types of per-
turbation. These are listed in order of importance (primary> secondary, etc.). 

Two additional perturbations to coupled nuclei adjacent to the rotating C6  

fragment are included, namely TF  - a through-space interaction between -0H6  

and F4,  and HSSHTF  - a multifunctional parameter for couplings between F4. 

and H5  (see FIG.4-8.11). 
The evaluation of these parameters was performed in a similar manner to 

those of the trans couplings. Of the 18 perturbations considered (see FIG. 

4-8.11)  only 12 could be.solved uniquely; these do,however, completely cover 
12 of the 14 gauche couplings. The remaining 6 perturbations (marked * in 

FIG.4-8.11)  each occurred only once; three in each of M-IIa(g-H1) and IIOC(g-H1) 

and are therefore known only- as two sets, ie : 

Tentative evaluation of these parameters has been performed by utilising 

several "justifiable" approximations, ie : 5H0 1-1; WF  = WF(5H) _ +1.5; 

He(FS) = Ha(FS) 	-11, etc. 

In a similar, though far less extensive, examination of the gauche 

coupling data, Phillips and Wray
126  only identified five perturbations. 

These, using the mnemonics in FIG.4-8.11  were : 
F or H = -2.5; any H(FS) _ -7.0; 

S or s (WH) _ -2.0; St(WH) or SH(WF) = +2.0. 
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FIG.4-8.11 Perturbations to. Gauche 3J Couplings 

With this limited"set of "parameters the gauche couplings could be pre-

dicted with an average error of +0.75Hz. With the full set of parameters 

given above, predicted and observed J's were identical in every case. 

This illustrates the extreme sensitivity of 3JHF couplings to 

FIG.4-8.12 Comparison of Perturbations Common to both Gauche and Trans 3JHF 
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substituent effects, even over 4 or 5 bonds. Comparison of the perturbations 
common to both the gauche and trans couplings (see FIG.4-8.12) gives an ind-

ication of the difficulties present in deriving equations of the form : 

3JHF = J.f(0) + bZ(EX.f(W)) + c 
	EQN. 86 

(where 0 = the HF dihedral angle; W = the XH or XF dihedral angles; and b and 
e are constants); which adequately define the dihedral angle and substituents/ 

dihedral angle dependence of 3JHF  in non-rigid systems. Such is the problem 
posed here for before the Jam, and Jim  coupling data of the Type (V) fluorides 
(which undoubtedly arises, not from single rotamers, but from population weigh-

ted rotamer averages) can be utilised to calculate preferred rotamer geometries 

we require some model on which to base accurate estimates of the individual 

rotamer couplings. 

If the orientation dependence of the electronegative effects are taken 
into account it should be relatively easy to rank the three main rotamer 

couplings (even is their actual values are much harderr to calculate). This 

is illustrated in TABLE 4-8.3 where EQN.86 has been applied with the following 

assumptions : 

(1) both f(o) and f(41) are cos2  functions, ie. gauche effects are the. 

size of trans effects. 

(2) the magnitudes of the electronegative effects are proportional to the 

"difference" Huggins electronegativity, ie. EX(X-H) see TABLE 4-6.1. 

TABLE 4-8.3  3JHH  and . HF  - Prediction of the Relative Size of the Three 
Rotamer Couplings  

ROTAMER 
NUMBER 

CONFORMATIONI  3JHH  Eneg 
Contributions 

3JHH Expected  
Value 

3JHF  Eneg  
Contributions 

3JHF Expected 
Value 

1 
H 

0 

F 

Cl 

Cl 
H  

HH trans 

A - 1.15b 
+ c 

HH gauche 1 

0.25A' - 1.45b' 

+ c' 
Cl 	0.5 

F 	0.25 

0 	0.25 

Cl 	1.25 
0 	0.25 

2 

• 

Cl 

P 

F 

Cl 

H 
H 

HH gauche 1 - 

0.25A - 2.50b 
+ c 

HF gauche 2 

0.25A - 2.05b' 
+ c' 

Cl 	1.25 
F 	0.25 

0 	1.00 

Cl 	1.25 
0 	1.00 

3 
Cl 

F 

H 

Cl 
H  

HH gauche 2 

0.25A - 3.20b 
A. c 

HF trans 

A' - 0.70b' 

. 	+ c'  

I 	
Cl 	1.25 

F 	1.00 

0 	0.25 

01 	0.5 

0 	0.25 
- 



- 163 

Even though A,A'b,b',c,&c are unspecified in this approxixation the 

rank of the J's can readily-be seen to be : J(trans) ) J(gauche 1) > J(gauche 2). 

From the figures overleaf, the time averaged couplings under free rotation 

are : 0.5A - 2.28b + c and 0.5A' - 1.40b' + c' ie. nearer J(gauche.l) than 

J(trans). 

From purely steric considerations, the order of preference for the three 

rotamers (when the ring substituent is in the para position) would be : 

Rotamer 1 > Rotamer 3 >j Rotamer 2 
this does not, however, take account of the more specific electronic repulsions 

present between the halogens in the Type (V) and (VI) series or between the 

hydroxy group and the two chlorine atoms in the Type (IV) alcohols. For 

example, the most stable rotamer in 1,1,2,2-tetrachloroethane has the hydrogens 

gaucne and not trans as might be expected265 

From a detailed examination of the temperature dependence (over the 

range 210-470°K) of the 1H and 19F spectra of a variety of polyhaloethanes, 

Gutowsky et a1265 were able to isolate the 3J and 3J couplings due to the 
HH 	HF 

individual rotamers. Although the values of - these couplings are the main 

concern here, the analytical method used is of direct reievance to any further 

work on the compounds under study and will therefore be briefly summarised. 

The observed couplings:(or shifts) may be given by an equation of the 

type 	 i~> = x1Ji~ + x2J2J + x3J33 	EQJL 87 

Where the Indices refer to the rotamers and x denotes the mole fraction. 

The population ratios xl : x2 : x3 are dependent on the relevant energies 

of the three rotamers. If we define AE1 = E1 - 3 and AE2 = E2 - 
3 

then : 

x1 x2 x3 	exp(- E1/RT) : exp(- E2/RT) : 1 	EQN.88  

The averaged coupling is then given by EQN.89 : 

/J 
> _ 

[Jiiexp(-El/RT) + J2jexp(-E2/RP) + 
\\ ii 	

[exp (AE1/RT) + exp (-611E2/RT) + 1 ] 

If the temperature dependence of <Ji;› results only from changes in the 

equilibrium proportions of the rotamers then it is possible, by a five para- 

meter least squares type analysis, to calculate the individual couplings (or 

shifts) and SE's involved. 

The couplings calculated for several halo-ethanes are given in "TABLE  

4-8.4 with particular attention paid to CHFC1.CHC12 in TABLE 4-8.5. 

In TABLE 4-8.5, the assignments of the two 3JHH gauche couplings (mark-

ed '*') have been interchanged with those given by'Gutowsky et al~6
5 because : 

(1) The assignment given265 is much less likely than the one chosen above; 

ie. trans effects should be stronger than gauche effects. 

(2) The method used derived the 3 J and 3 Jam, couplings independently from 

" EQN. 89 
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TABLE 4-8.4 
 3JHH  and 3J  Couplings in Polyhaloethanes, from ref.265 unless  

HF 
otherwise stated. 

trans 3J  HH gauche 3JHH trans 3JHF gauche 3J 

Cl 

Cl 

H 
Cl 

 Cl 
H 

Average 
30. 	6.70 HH  
Obs: 3.10 
(i 22°C) 

Cl 

Cl 

H 
H 

Cl 
Cl 

- 

F 
Cl 	Cl 

Cl 	Cl 
H 

. 

Cl 
Cl 

F 	. 
H 

Cl 
I 

16.35 - 0.8 2.01 + 0.08 
r 

 17.9 + 0.5267— 
18.26-+ 0.08 

<  2267 - 
1.00+0.02 

F 

Cl C1  

Average 
3J 	4.76 
Ob 	7 75 

(® 22°C)  

F 
Cl 
 H 

Cl 
F 
H 

F Br 

Br 

H 
ET . 

Br 

Br 
Br 

F 

Br 

1.15266— 

Br 
H 

3J 7.75 
obs 

10.25 ± 0.4 1 2.01 + 0.09 22.2266 

each other and the structures. The assignment of the couplings to the rotamers 

was then performed "by eye", using the calculated LE values (which in this 

case were very variable) as a guide. The authors stated that the 3JHF  gauche 

couplings could be misasigned because.  of the poor AE agreement between the 

JFK, and JHH  analyses. From our experience it appears more likely that the 

3JHx data is misassigned (see also SECTION 4-3-2.3). 

Repeated attempts, both graphical and algebraic, at deriving single 

equations to describe the 3JHF, couplings observed in the three cases shown in 

TABLES 4-8.4 and 4-8.5 and in the unperturbed case ( t 
 = 43.5, J = 16.0Hz), 

were unsuccessful. The approaches used were based on EQN.86 and its "improved" 

successors EQNS.90 and 91. 

3 60 

	

JHF = Jg  + FE(Fi  ' (W)) + Hi(EHf (W)) + f(G) 	EQN. 90 

	

3JHF = Jt  + FZ(EFf (W)) + HZ(EHf (W)) + f(G) 	EQN. 91 

Where Jg, Jt, F and H are constant for all compounds. 

EF  and EH  are the separated vicinal Eneg  interactions to F and H resp- 
ectively. 	

'' 
f(W) is a dihedral angle function such as cos W, costa, IcosWI, etc. 

f(G) is a geminal geometric term, constant for all three rotamers of 
any compound. 

The EF  and EH  terms were calculated with and without the electronegative 

interactions of the coupled nuclei themselves using Huggins and ."difference" 

Huggins values. 

Since a unique solution could not be found for these simple cases (three 



r! 
xl  

x1  

<J
HH 

\JHF/ 

1 

HH 
J2 

J2  

1 

3 
J3  

1 

H 
Jl
H  

jl 

1 

+ x2  + x3 	EQN.94  

x2 	x3 	= 	1 

 

  

HH HH HH Jl  J2  J3  
JHF  
1  
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1 1 1 
EQN.95 
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TABLE 4-8.5 	and and 3J ,Couplings in CHFC1.CHC1265  

ROT 
No. 

CONFORMATION 3J 	E• 
HH Jneg  

CONTRI&JTI0NS 

OBSERVED 3J HEI 
EXPECTED "'J 

33 	F, 
HF 	neg  

CONTRIBUTIONS 

OBSERVED 3J 
HF 

EXPECTED 3J HF 

2 
J HF 

F HH trans 3 6. 5 + 0.3 HF gauche 1 13.2 + 0.4 
H 	C1 

1  Cl 	H  Cl 	0.75 A - 1.19b Cl 	2.150. 0.25A' - 1.50b' 49.1 ± 0.2 
Cl F 	0.25 + e + c' 
F HH gauche 1 1.63 + 0.15* HF gauche 2 -2.8 1- 0.4 

2  Cl 	H C1 	2.25 0.25A - 2.69b • Cl 	2.25 0.25A' - 2.25b' 49.1 ± 0.2 
Cl 	i 	H F 	0.25 + c + c' 

F HH gauche 2 -2.62 + 0.65* HF trans 37.3 ± 0.3 
3 Cl 	Cl Cl 	1.5 0.25A - 3.2413 Cl 	0.75 A' - 0.75b' 49.1 ± 0.2 

Cl 	
H 	

H F 	1.0 + c + o' 

EXPECTED TIME 5.17 15.9 
Av CC(JPLINGS 0.5A - 2.38b 0.5A' 	- 1.5b' 49.1 + 0.2 

4 +c +e V  
OBSERVED AT 22°C 3.64 ± 0.07 9.07 + 0.13 49.1 ± 0.2 

3.7268 9.4268 

of the four compounds having only one gauche coupling) this approach was aband- 

oned. Although unable to calculate "from scratch" values for 	and and 3J HF 	HH 
couplings in the Type (V) compounds, a clear route to their close estimation 

from the analysed model systems of Gutowsky et al265  was still open. The con-

stituent couplings of CHC12.CHFC1 are particularly helpful here, as, in terms 

of electronegativities, this model is almost identical to the Type (V) fluorides 

(see TABLES 4-8.3 & 4-8.5). 

4-8-2.3 Calculation of Rotamer Populations in the Type (V) Fluorides. 

If the constituent 3J and 3JH, couplings are known for each rotamer of 

a compound such as CHFX.CHC12  then the relative rotamer populations may be cal- 

culated from the observed population weighted values (ie. <3J 	& <J ) byHH 
using the following equations : 

<3 HH>  = xl347 	x234 + x33j13111 
	

EQN.92 

<3UNF>3=
x1 JHF 

+ x23  HF + x33 JHF 	 EQN.93  
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If the coupling constants for CHFC1..CHC12 in TABLE 4-8.5 are taken as 

being (a) correct and (b) approximately equal to the couplings in the Type (V) 

fluorides, the above determinant (EQN.95) can be expanded to EQNS.96-98 to 

directly calculate the rotamer populations in the Type (V) fluorides (see 

TABLE 4-8.6 and FIG.4-8.13. 

(53.463 - 	40.1~JH> - 	4.25<J>)/-664.286 EQN.96 

_ 	(-650.034 + 	24.1<j1 ? + 	19.12<JHF>)/-664.286 EQN.97 

x3 = 	(-67.716 + 	16.0<IH) - 	14.87 Jam, )/-664.286 EQN.98 

expected range of trans 3J 14 whilst the latter is barely reduced at all from HH 
the unperturbed value of 43.5Hz260 

The problem undoubtedly lies in the difficulty of the analysis under-

taken by Gutowsky et a1265 Whereas all the compounds in TABLE 4-8.4 have two 

equivalent gauche rotamers and only require a three parameter analysis, 

CHFCI.CHC12 has three non-equivalent rotamers giving rise to five parameters. 

Errors in the analytical method are therefore more prominent in the latter case. 

TABLE 4-8.6 First Approximation to the Rotamer Populations in the Type (V) 

Fluorides 

Deriv X <3J > <3J > xl x2 x3 

H 5.40 9.75 30.79 50.20 19.01 

o F 5.10 12.15 30.51 44.38 25.11 

o Cl 3.30 17.00 22.75 36.95 40.30 

o Br 3.05 17.65 21.66 35.99 42.36 
o Me 6.35 9.85 36.65 46.47 16.95 
o OMe 3.40 17.80 23.86 34.29 41.85 

o NO2 2.00 19.40 16.44 34.76 48.80 

o CF3 2.70 16.30 18.68 41.14 40.18  

p F 5.40 9.25 30.47 51.64 17.89 

p Cl 5.25 9.55 29.75 51.32 18.93 
p Br 5.20 9.60 29.48 51.35 19.16 

p Me 5.50 9.45 31.20 50.70 18.10 

p OMe 5.70 8.60 31.86 52.42 15.72 
p NO2 4.60 10.75 26.60 50.22 23.18 

p CF3 5.00 9.90 28.47 51.22 20.31 

Av.pX(inc H) 5.26 9.61 29.79 51.18 19.04 

Unfortunately on inspection the calculated couplings for CHFC1.CHC1 65 

are rather dubious. This is particularly noticeable in the two trans J's : 

3JHH = 16.5; 3JHF = 37.3Hz. The former is 4Hz or so larger than the normally 
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• If the trans 3J couplings in CFC12CHC12 (18.2Hz) and CFBr2CHBr2  (22.2Hz) 

are taken as being correct then it is-found- that-they are fairly accurately 

predicted by a modification of the method.developed earlier for the deoxy 

fluoro pyranoses (see FIG.}-8.10).  This merely involves scaling the perturb-
ation to the electronegativity of the new substituent eg. perturbation 'F' 

when substituent = Cl is given by -l+.3(EC1  - EH)/(EO  - EH) - -3.3Hz. Thus 

the following trans 3JHF  couplings may- be calculated : 

CFC12CHC12(18.4+Hz); CFBr2CHBr2(23.4Hz); CHFC1CHC12(21.7Hz); CHFOCHC12(22.4Hz). 

If allowance is made for the apparent systematic error ie. CFC12CHC12  adjusted 

to 18.2Hz and CFBr2CHBr2  to 22.4+Hz we obtain CHFC1CHC12  (20.9Hz) and CHFOCHC12  

(21.4Hz). Before adjustment there was excellent agreement between them and 

the values for the two symmetrical molecules as calculated by the method of 
265.266 Gutowsky et al. 	This was clearly not the case for CHFC1.CHC1 indicating 

some fundamental error in the five parameter fitting routine used. 5  We will 

use the adjusted values as the "best estimate" of the trans 3J couplings.. 

A similar approach to the calculation of the gauche 3J,_ couplings, nx 
using the "additive perturbation method", may be adopted. 

From observation of the factors affecting both the gauche and trans 3JHF  

couplings (see FIGS.4-8.10 & 11  and the work of Abraham and Cavelli261) there 

is an obvious trend for perturbations which withdraw electrons from the C-H 

bond (ie. perturbations 'H' or 'F(HS)') to reduce the coupling significantly 

more than those affecting the C-F"bond (ie 'F' or 'H(FS)'). This is presum 

ably because transmission of the coupling depends on the electron density 

throughout the "coupling path" and it is far easier to withdraw electrons from 

the C-H bond (hence reducing the transmission) than from the C-F bond. As 

stated in the previous sub-section it was found impossible to solve EQNS.90 &  

9, for the 3JHF  data considered, particularly for the gauche couplings in 
CFBr2CHBr2  (1.8Hz) and CFC12CHC12  (1Hz). Since the latter has the same basic 

substituents as CHFC1CHC12  and CHFOCHC12  it is a better model than the former. 

Using the ratio C-H : C-F perturbations = 4 : 2.5, we obtain : 'H' _ 4, 'F' _ 

2.5, 'H(FS)' = 5 and 'F(HH)' = 8. These give the following gauche couplings : 

CFC12CHC12  (1Hz), CHFC1CHC12  (7.15,2.92Hz) and CHFOCHC12 (7.54,4+.15Hz),  which 

although approximate, are probably more realistic than those given by Gutowsky 

et al265  
The "best fit" 3JHH  coupling constants for a number of 1,1,2-trihalo-

phenylethanes and 1,1,2-trihalopropanes.have been calculated by Reynolds and 

Wood
1l8 

 (see SECTION 1-5-1)  to be 9.3,2.6 and 1.8Hz. These were assigned to 

rotamers 1,3 and 2118 but as with CHFC1CHC12  earlier (see FIG.4-8.5)  the 

gauche assignments have been reversed here. In fact, if the original assign-

ments are used with the oNO2  Type (V) data, a: negative population is found for 
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rotamer 1! The population calculated by Reynolds and Wood for 1,1,2-trichloro-

phenyl ethane'(ie. the unsubstituted Type SVI) chloride) were 0.53, 0.34 & 0.13 

for rotamers 1, 2 and 3 respectively. These give calculated 3J 	couplings HH 
of 5.88Hz by their assignment and 6.05Hz by the assignment used here. The lat-

ter compares favourably with the observed 3JHH  of 5.98Hz118  The resequenced 

3J" values of Reynolds and Wood will be used for the Type (V) fluorides. The 

derived values for the various couplings in CHFOCHC12  are therefore : 

TABLE 4-8.7 Best Estimates for the 3JHFi  and 3JHF   Couplings in the Type (V) 

If the calculated values of 3JHH  and 3J for CHFOOHC1 are substituted 

in EQN.95 the following equations are obtained : 

xl  = (48.17 - 17.250 HH> - 0.8<JH,>)/-118.287 	EQN.99 

x2 = (-185.448 + 13.86<JHa) + 7.5 JH, )/-118.287 	EQN.100 

x3  = (18.991 + 3.39(J > - 6.7<JHF))/-118.287 	EQN.101 

The calculated rotamer populations from the "raw" Type (V) coupling data 

are shown below 

TABLE 4-4.8 Rotamer Populations in Type (V) Fluorides using "Best Estimate" 

HF 	2 

Coupling Data  

Deriv X <3JHH> <3J x1  x2  x3  

H 5.40 9.75 44.62 31.69 23.69 

o F 5.10 12.15 41.87 19.98 38.15 

o Cl 3.30 17.00 18.90 10.32 70.78 

o Br 3.05 17.65 15.69 9.13 75.18 

o Me 6.35 9.85 58.54 19.92 21.54 

o OMe 3.40 17.80 20.90 4.08 75.02 

o NO2  2.00 19.40 1.56 10.34 88.10 

o CF3  2.70 16.30 9.68 21.79 68.53 
p F 5.40 9.25 44.28 34.86 20.86 

p Cl 5.25 9.55 42.30 34.71 22.99 
p Br 5.20 9.60 41.60 34.98 23.42 

p Me 5.50 9.45 45.98 32.42 21.71 

p OMe 5.70 8.60 48.22 35.46 16.32 

p NO2  4.60 10.75 33.63 34.72 31.65 

p CF3  5.00 9.90 

--: 9.61 

38.89 

42.48 
35.42  

34.21 

25.69 

23.30 Av.pX(inc.H) 5.26 
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Since the para substituents can have no steric influence on the rotamer 

preferences of the ethyl side-chain, their only mechanism of affecting the 

coupling constants is electronic. This may take two forms : 

(a) The rotamer preferences are the same for all the para derivatives and 	• 

the differences observed in the couplings merely reflect the electron donating/ 

withdrawing abilities of the ring substituent. 

(b) By donating/withdrawing varying levels of electron density from the side- 

chain the para substituents alter the relative energies of the three rotamers. 

This would lead to slight differences in the rotamer population from one 

substituent to another. 

The latter case is allowed for in TABLE 4-8.8.  If the approximation that 

the through bond electronic influence of the substituēnts is the same in both 

the ortho and para derivatives then the variations in the coupling constants 

not due to rotamer preferences in the ortho substituent may be allowed for, 

(see TABLE 4-8.9).  In reality a mixture of these two interactions probably 

occurs. 

Since the couplings observed when X H (see FIG.4-8.5)  lie off the straight. 

line given by the remainder of the para derivatives; the deviation of the 

couplings for the individual substituents are referred to the overall average 

of the para couplings. 

The rotamer population calculated in TABLES 4-8.8 & 4-8.9  can only be 

assumed to be rough guides to the structures pertaining in the chloroform 

solutions, because of the inaccuracies inherent in the various routes adopted 

TABLE 4-8.9 Rotamer Populations in the Type (V) Fluorides using para-Adjusted 
ortho Coupling. Data  

DERIV > <HF> Adjusted Rotamer 
Populations para ortho para ..ortho 

X Obs 
J OJ Obs 

J 
Adj 
J 

Obs. 
J AJ Obs 

J 
Adj 
J 

x1  x2 x3  

para Av 5.25 9.60 • 42.33 34.39 23.28 

o F 5.40 +0.15 5.10 4.95 9.25 -0.35 12.15 12.50  39.92 19.52 40.56 

o Cl 5.25 0 3.30 3.30 9.55 -0.05 17.00 16.95 18.87 10.64 70.50 

o Br 5.20 -0.05 3.05 3.10 9.60 0 17.65 17.65 16.42 8.54 75.03 
o Me 5.50 +0.25 6.35 6.10 9.45 -0.15 9.85 10.00 55.00 21.90 23.10 

o OMe 5.70  +0.45 3.40 2.95 8.60 -1.00 17.80 18.80 15.01 3.01 81.98 

o NO2  4.60 -0.65 '2.00 2.65 10.75 +1.15 19.40 18.25 10.27 10.01 79.72 

o CF3  5.00 -0.25 2.70 2.95 9.90  +0.30.16.30 16.00 13.12 20.76 66.12 

to estimate the individual rotamer coupling. constants. The rotamer distributions 

calculated in TABLES 4-8.8 and 4-8.9  are shown graphically in FIG.4-8.14. 
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FIG.4-8.14 Rotamer Populations in the 

Type (v) Fluorides Using the "Best-
Estimate" Individual. Rotamer Couplings 

and the para-Adjusted ortho Coupling 

Data (see TABLE 4-8.9). 
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4+-8-2.4+ Trends Observed in the 3JCF  Couplings -  
1 

The relevant 3JCF couplings fron TABLE 4-5.5 are plotted'in FIG.+=8.15 

againt Hammett p. 	1 

As expected the couplings for 

the para derivatives show a lin-

ear relationship to p. This is 

not the case for the ortho deriv-

atives and it is again tempting 

to assume that this is solely a 

conformational effect. Some of 

the idiosyncrasies of 3JCF coup-

lings have already been mentioned 

(see SECTION 1-5-1), but a fur-

ther examination of 3J
CF 

couplings 

in models approximating to the 

system studied here is required. 

FIG.4-8.15. 3JCF  Couplings in the Type (V) Fluorides 
1 

4-8-2.5 Empirical Approach to the Analysis of 3 J Couplings 

Ortho-substituted trifluoromethyl benzene was used as a model for the 

measurement of substituent effects on 3JCF couplings. Although many 1JCF 

coupling studies have been reported there are still surprisingly few reports of 

nJCF 
couplings. In the absence of a suitable reference, therefore, the less 

satisfactory substituted fluoro benzenes have been used. 

The 2JCF and 3JCF couplings for a range of ortho- and meta- substituted 

fluorobenzenes
269-272 

are plotted in FIG.$-8.16. These clearly show that the 

magnitude of the couplings to symmetrically disposed nuclei have a high depend-

ence on the nature of the substituents they carry. Further examples of this are 

seen in the work of Doddrell et al~73'27 (see FIG.+-8.17). 

With the exception of the ortho-fluoro trifluoromethylbenzene data272 

which although incomplete indicates that the presence of the ortho-fluorine 

reduces the coupling to C-2 by 1.3Hz, there is little available data for 

systems directly analogous to the Type (V) fluorides.. The data presented does 

however establish the sensitivity of 3JCF couplings to ring substituents and 

in the light of the insensitivity of JCH in toluene to dihedral angle124 (see 

FIG.1-5.) there is insufficient evidence to enable conformational data to be 

deduced from the 3JCF couplings with any confidence. 
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FIG.4-8.17 Substituent Effects on nJCF  Couplings  

4-8-3 Conformational Information Contained in the Long-Range Coupling Data 

There are several sets of long range couplings between various nuclei : 

The Type (V) fluorides have both 5JHF and 7JHF couplings to the ortho. and 

para methyl substituents of 1.0 and 1.3Hz respectively. Since the longer range 

coupling is larger, the 1.0Hz coupling to the ortho methyl protons cannot be 

considered to be a through space interaction. 

Conversely both the ortho fluoro and ortho trifluoromethyl groups in the 

Type (VI) chlorides show a 0.3Hz coupling (5JHAF and 6J
Hp
F respectively) to. 

the side-chain proton HA. These are almost definitely through space inter-

actions indicating that these compounds have the side-chain predomonantly in 

rotamers 1 or 3 (see TABLE 4-8.3). 

In rotamer 2 through space interactions between an ortho ring substituent 

and the side-chain HA proton are impossible because of the trans arrangement of 

HA and the phenyl ring. This is not so in either rotamers 1 or 3 (see FIG. 

4-8.18). Since the relative populations of the oF(V) and oCF3(V) are : 

40 : 20 40 and 10 : 20 : 70 respectively (both spend 8.'- of the time in 

rotamers 1 or 3) then the oF(VI) and oCF3(VI) data is not incompatible with 
the calculations performed on the Type (V) series (see SECTION 4-8-2.3). 
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Long range nJFF  couplings were observed in the four Type (V) fluorides 

with ring fluorine substituents. Of these the 2.6Hz coupling tō the oCF3  

group (SJ FF - cf. 4JFF  to of of 1.4Hz) is probably a through-space interaction, 

which is most likely to occur in the conformation shown in FIG.4-8.19. 

Among the remaining long range couplings are 

the 5JF C couplings in the Type (V) fluorides. Not 
1 4 

unexpectedly these are rather small (see FIG.4-8.20) 

and because of the high uncertainty (±0.5Hz) contain 

no useful conformational data. 

FIG.4-8.20  5JF C  Couplings in the Type (V) Fluorides. 
14 

Similarly the nJCF  couplings in the Type (IV), (V) & (VI) series contain 2 
little data of use for conformational analysis. They are, however, of interest 

in 'themselves and are therefore illustrated in FIG.4-8.21. Note that the coup-

lings to C-2 are stronger than those to C-1 in all the fluoro derivatives. 

Similar phenomena have been reported in fluoro-styrenes and napthenes273,274  

(see FIG.4-8.17) and in diphenyl acetylenes256  
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4-8-4 Conformational Information Contained in the Two Bond Couplings. 

4-8-4.1 The 2JHF Data. 

6 
The electronegative effects of both geminal275 and vicinal substitution27 

on 2JHF couplings have been studied by Phillips et al. In the Type (V) series, 

the substituents on the 
A,,C,F 

moiety were not changed directly, although 

the electronegativity of the phenyl ring substituent was, of course, modified. 

Assuming the electronegativities of the,-CHC12 and phenyl groups to be 2.6 and 

3.0 respectively, EQN.102, derived by Phillips et, .al~75 gives the values of 
2JHF in the Type (V) fluorides as 51Hz. This is rather high compared to the 
average observed value of 44.8Hz. 

2JHF = 78.76 + 8.45(EE) - 16.73(EX + Ey) 	(0 +2.1Hz) EQN.102 

From an analysis of the 2JHF couplings found in several series of fluoro-
carbohydrates (including those examined in SECTION 4-8-2.2 - see TABLE 4-8,2

126) 

Phillips & Wray276 deduced a simple set of additive rules for the calculation 

of the effects of vicinal substituents. These assumed a chair conformation 

for the ring and were as follows : 

Basic 2JHF, = 50+1Hz (replacement of (1-0 by 0 = +1Hz, by S = -4Hz) 

Substituent effects for X ( = F, OH, OR) vicinal to H-F: 

X axial -2Hz  axial -2Hz 

F axial X equatorial +1Hz F equatorial X equatorial +1Hz 

0 or S in ring +1Hz 0 or S in ring -2Hz 

These effects are illustrated in FIG.4-8.22 : 

Changing X from eq to ax lowers 2J by -3Hz HF 
Changing F from eq to ax has no effect unless 

X is a ring 0 (or S) in which case 2JHF, is 

raised by +3Hz 

FIG.4-8.22 Vicinal Substituent Effects on 2JHy  (Overall accuracy +1Hz). 

Application of these parameters to the three rotamers of the Type (V) 

fluorides is, unfortunately, complicated by the idiosyncrasy present in the 

magnitude of the effect when X is brans to H. In the absence of a ring system 

as a reference, these two situations cannot be resolved. Let us assume that 

any substituent trans to H reduces the 2JHF coupling by 2Hz. If an ( -oxygen 

(E0 = 3.5) raises 2JHF by 1Hz and an a-sulphur (ES = 2.5) lowers 2JHF, by 4Hz 
then a reasonable estimate for the effect of an"O-phenyl ring (E„, = 3.0) would 

appear to be -2.5Hz. In FIG.4-8.23 the additive rules of Phillips & Wray, 

with the assumptions made -above, are applied to the three Type (V) fluoride 

rotamers 
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FIG.4-8.23 Calculated 2J  for the Type (V) Fluoride Rotamers 

The coupling in rotamer 2 is thus 3Hz smaller than those in rotamers 1 

and 3. In FIG.4-8.24  the three calculated 	couplingss have all been lowered 

by 1Hz, then used to calculate population weighted average couplings using the 

rotamer population calculated in TABLE 4-8.9.  The fit of this calculated 

data to the observed data is mediocre, but if the assumptions/approximations 

made above and the small range of the data is taken into account this is not 

unreasonable. 

FIG.4-8.24 Observed vs. Calculated 2JI3,  Couplings  

The evidence presented indicates that the 2JHF  couplings are too insen-

sitive to be of significant help in determining conformational preferences. 

4-8-4.2 The 2JCF  Data  

The Type (V) fluorides possess 2JCF  couplings from the side-chain 

fluorine to both C-2 and C-1T. These are illustrated in FIG.4-8.25 (a & b). 

The para 2JC F  coupling shows a Hammett 0 relation to the ring substit- 
P 

uent. The overall2appearance of the 2JC F  data is reminiscent of the 3JHH 
data (see FIG.4-8.2),  and in FIG.4-8.25(3)  the two are plotted against each 

other. There is extremely good linearity in the ortho data,but not in the para. 

This is unusual as all previous relationships of this type have given better 

fits in the para data. There is no obvious explanation for this, but knowing 

that the 3J couplings are dependent on the.0-1/C-2 rotamer populations (see 
HH 

SECTION 4-8-2.3)  it is reasonable to expect the 2JC F  couplings to be similarly 
2  
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FIG.4-8.25 Two Bond F-C Couplings in the Type (V) Fluorides 

FIG.4-8.26 Relationships of 2JC F to 

Rotamer 3 Population2 

dependent. If the magngtudes of 

2 C F are compared with the rotamer 

populations, from the "best estimate" 

3JHH and BJH, couplings (see TABLE  

4-8.8), there is an obvious link 
to the relative population of rot-

amer 3, as shown in FIG.4-8.26. 

The linearity of the plot is 

very good, indicating that 2JC F 

is highly dependent on theper2 

eentage of rotamer 3 present and 

fairly insensitive to the levels 

of rotamers 1 or 2. 

The higher the level of rotamer 

3 the lower the observed coupling. 

Extrapolation of the ortho line in 

FIG.+-8.26 gives the expected values of 2JC F in rotamer 3 to bē (32.5 - 9.0HZ), 

and in rotamers 1 and 2 to be 35.3Hz. Unlike the 	couplings, therefore, the 

.JC F couplings are sensitive'enough to be useful in conformational analysis. 
2 
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FIG.4-8.27 The Relationship Between 2JC F  and 6F  in the Type (V) Fluorides  
2 

In FIG.4-8.27 the 2JC F couplings are plotted against 6F• This gives a 

better linear plot than the2 3J data (see FIG.4-8.4), which is to be expect-

ed since the former are far less dependent on dihedral angle terms than the 

latter. Again this confirms that all fluorine parameters (ie. shifts and 

couplings) are highly dependent on the electronic environment of the fluorine 

itself, in agreement with the observations of Muller and Carr258 (see SECTION 

4-8-1). 

2 	
The 2JC1 F couplings are illustrated in 

FIG.4-8.25(b). Compared to the 
r 

J F couplings, they have a very small range (only 3Hz) which makes the un-

certainty in the coupling measurement of +0.5Hz very significant. The coup-

lings appear to fall into three groups separated by 1Hz : (1) oF, Cl, Br, NO2; 

(2) All the para derivatives and oOMe; (3) oMe. In the absence of corrobor-

ating data these groups cannot be linked to particular structures. However, 

three geometric arrangements of the C-F bond to the plane of the phenyl ring 

can readily be proposed, ie. ti) = 0, 60 or 900; but there is insufficient data 
to substantiate any further assumptions/conclusions. 

4-8-4.3 The 2JC H Data 
2 

These couplings were observed in the ~3C[GD-1H] spectra of the Type (IV) 	. 

alcohols and as such are subject to.high-errors. Several of the expected 

couplings, were..not observed in the. complex splitting patterns, only broadening 

occurring:- These' data .can be of little help in conformational. analysis and are 

shown only for general interest below. Their average magnitude is in accord 
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FIG.4-8.28 2JC H  Couplings from the 13C 1H-Gated Decoupled Spectra of the  
2 	Type (IV) Alcohols 

4-8-5 Conformational Information Contained in the One Bond Coupling Data  

Three different one bond couplings were recorded - 1JC F from the ~3C[1H] 

spectra of the Type (V) fluorides and 1JC H and JO H 
from tie ~3C[GD-1H] 

spectra of the Type (IV) alcohols. These-are illustrated in FIG.4-8.29. 

Both sets of data from the 13C[GD-1H] spectra are subject to consider-

able experimental errors (^'+1Hz). This, coupled with their small overall 

range and seemingly erratic nature, makes them unsuitable for conformational 

analysis. 

The 1JC 
data is little better. Although it has a smaller experimental 

error (+0.5HzF and both ortho and para data show reasonably good dependence on 

their overall electronic environment (ie. they correlate with Hammett O) the 

couplings appear to be insensitive towards conformations adopted in the vicinal 

groups. 

4-9 Summary of Conformational Observations  

1) Both the chemical shift and coupling constant properties of the Type (IV). 

and (V) series are very similar, indicating that these series adopt similar 

conformations. The Type (VI) compounds follow parallel trends, with same 

evidence of minor conformational differences. 

2) The para data in all series tend to be regular, ie. either fairly constant 

or behaving as predicted by a substituent parameter (eg. O), suggesting that 

all para derivatives are either in free rotation or in some preferred confor-

mation. 

3) In SECTION 4-5-7 it was noted that the couplings in pMe(IV) were unaf-

fected by a lowering of the temperature by 75°C. Again this indicates either 

full free rotation or a single preferred conformation in the para derivatives. 

4) In contrast the ortho data is very erratic, with larger differences in 



F Cl Br OMe Me 	H 
13' 	

NO2 

190 

188- 

-86- 

-150- 

148- 

-180- 

-178- 

176- 

- 181 - 

FIG.4-8.29 One Bond Couplings 

both shifts and couplings between seemingly similar derivatives, eg. oF and oCl. 

This indicates steric control of the side-chain by the ortho ring substituents. 

5) Comparison of the Type (V) 19F shift data to CXF2Cabc indicates that 

resonances from rotamer 3 should occur significantly to higher field (N 5.5ppm) 
than resonances from rotamers 1 or 2. From FIG.4-7.3, therefore, higher rot-

amer 3 populations are more likely in the following sequence : 

•oOMe, Cl, Br, NO2 > oF, CF > oMe and all para derivatives 

The observed ortho~9F shift range of til8ppm is probably not wholly due to 

rotamer preferences but also contains a large-element of through bond substit-

uent effects etc. 

6) Differences between the ortho and para 13C-X shifts suggest that in all 

the ortho methyl groups, and in the oCF3 group in the Type (IV) alcohol, the 

side_-chain.adopts.an orientation adjacent to the ring.substituent. The 

reverse appears to hold for the remaining CF groups and the OMe groups. 
3 



-182-  

There isno support-for the eMe groups being-adjacent to the side-chain in 

either.the 1H shifts or the 5J coupling data. Long range JH F  couplings to HH 
the Type (l) of and oCF3  groups indicate-through space proximmity of the side- 

chain in either rotamers 1 or 3.. Similarly a 5JFF  coupling of 2.6Hz in oCF
3(V) • 

indicates proximity of the side-chain fluorine (rather than the -CHC12  group) 

to the ring substituent. 

7) By utilising a variety of routes, "best estimates" for the 3J and 3JHF 

couplings in the individual rotamers of the Type (V) fluorides have been calc-

ulated. These values have been used in conjunction with the observed three bond 

couplings to estimate the rotamer populations, present in. each.of-'the.fifteen 

Type (V) fluorides. Additional supporting data for the populations obtained 

comes from the 19F chemical shifts (the rotamer 3 preferences predicted in (5) 

are observed) and also from the 2JC F  coupling data, which is sensitive enough 

to be of use in conformational analysis. The estimated rotamer populations 

are given in TABLES 4-8.8 & 4-8.9. 
8) The rotamer preferences, predicted on steric grounds alone, were : 

rotamer 1) rotamer 3 ) rotamer 2. The observed ratios (for X = H) were 

44.6 : 31.7 : 23.7. This compares favourably with the literature observed
118  

populations in CHYC1CHC12  of : 53 : 34 : 13, indicating that a purely Hs-eerie 

bulk" approach to the problem of rotamer preferences in inadequate. This can 

be illustrated by the magnitude of the JHH  couplings in a series of compounds 

studied by Gutowsky et a1265 (see TABLE 4-9.1). Although one might expect the 

H-H trans rotamer to be preferred throughout this ..series, this is clearly not so. 

TABLE 4-9.1  3JHH  Couplings in a Serie of Substituted Ethanes at 2950K265  

Gauche H-H Preferred Av 3JHH 
CH2OCH2C1-  7.4+8 

CHC12CHC12  3.10 CH2OCH2Br 7.56 

CHC12CHF2  3.47 McCHBrCHBr(C00) 10.48 

CHC12CHFC1  3.64 pBrOCHC1CHO(C00) 10.82 

CHBr2CHBr2  6.62 CHBrOCHBr(C00) V 11.31 

CH,Q2CH2(C00) 7.21 Trans H-H Preferred 

4-10 Prediction of Elimination Product Geometries from the Calculated  

Rotamer Preferences 

Four (big) assumptions need to be made before predicting the geometries 

of the elimination products of the Type (IV) alcohols and Type (V) fluorides 

from the calculated rotamer populations 

(1) The calculated values are-accurate.. 

(2) The conformational preferences ramain_the same. under. the conditions used 

for the elimination reactions. (Since--different solvents were used this ass-

umption probably does not hold in every case) 
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(3) That the elimination reactions preserve the geometry of the starting 

materials, ie. they either proceed via an E2 mechanism or if an ElcB mechanism 

is involved-then the elimination step occurs before bond rotation can take 

place. This is illustrated in TABLE 4-10.1.. 

(4) That the elimination rate is identical in the two rotamers in which the 

leaving groups are trans to each other. 

TABLE 4-10.1 Expected Product Geometries from Initial Rotamers  

Initial Rotamer Product Y = OH Product 	Y = F 

1. 
H 

Y 
Cl 

H 
Cl 

H 
No direct route 

E Cl 

2 

:11

l 
Y 

Cl 

~O C1 F 

Z 
0)"-- Cl 

E 
3 

0 

Y 

H 
H 
. 

No direct route F 	
/
Cl 

R%r \H 
Z 

The. predicted elimination product geometries are given in TABLE 4-10.2 : 

TABLE 4-10.2 Predicted Product Geometries from Elimination of HC1 from the  

Type (IV) Alcohols and the Type (V) Fluorides 

DERIV Predicted Rotamer Pop" EPDXIDES OLEFINES 

X 1 2 3 E Z E Z 

para Av 42.3 34.4 23.3 55% 45% 60% 40% 

o F 39.9 . 19.5 40.6 66% 34% 32% 68% 
o cl 18.9 10.6 70.5 64% * * 36% 13% 87% 
o Br 16.4 8.5 75.0 66% * * 34% 10% 90% 
o Me 55.0 21.9 23.1 72% 28% 49% * * 51% 

o OMe 15.0 3.0 83.0 83% * * 17% 4% 96% 

o NO2 10.3 10.0 79.7 51% * * 49% 11% 89% 
o CF3 13.1 20.8 66.1 39% * * 61% 24% 76% 

Reactions marked * are likely to be slow as less than 50% of the starting 

material is in a suitable rotamer for direct elimination (ie. without bond 

rotation). 
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CHAPTER 5 • 
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5 METHODOLOGY % APPROACH TO CONFORMATIONAL ANALYSIS USING LANTHANIDE 

INDUCED SHIFTS 

Although the McConnell-Robertson Equation (see SECTION 1-6-1) is relat-

ively simple its immediate incorporation into a computer program to calculate 

the best-fit comformer of a flexible molecule is far from easy. The path 

chosen for the development of such a program, METFIND VII, is the subject of 

this short chapter. 

The problem has two distinct parts : 

(1) Finding the optimum metal position relative to the binding site and 

its immediate neighbours. 

(2) Finding the optimum molecular conformation. 

These can normally be treated separately, as in most molecules there are 

enough "fixed" atoms with LIS adjacent to the binding site, for the best metal. 

position to be located. The rotatable groups further away may then be consid-

ered in turn, moving them until the best fit between the observed and calcu-

lated LIS is achieved. 

This approach was adopted in developing METFIND, where the "rigid ease" 

was completely dealt with before attempting the logistic problems associated 

- with systems containing rotatable species. At all stages the aim has been to 

write a perfectly general program rather than one tailor-made for the phenyl 

ethanes under study. 

METFIND VII is the final version of a series of programs loosely based on. 

the program METALSEARCH, written by L.O.Ford and modified by D.J.Chadwick, a 

copy of which was generously given to us. METALSEARCH contained the rudiments 

of the later ME.TFIND series, but now bears little similarity to the complexity 

of METFIND VII. The main feature retained was the use of search blocks. 

METALSEARCH examined 4+0 search points per run, calculating the "goodness of fit" 

of the shifts induced by a hypothetical lanthanide.at each point, to the obs-

erved data. This forms the basis of METFIND although each search block now 

contains 500 points. The advantage of this method over rapid regression tech-

niques (see SECTION 1-6-4.2) is that it allows fitfactor-contour plots to be 

generated, minimising the chance of finding an isolated secondary maximum. 

5=1 Basic Assumptions 

The assumptions made were basically those already detailed in SECTION 

1-6-4.1. In practice the fourth assumption was checked by monitoring the 

coupling constants before and after adding the LSR. 
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5-2 .Finding the "Best Metal Position" for a Rigid Substrate  

5-2-1 Coordinate Systems  

The coordinate systems chosen for the METFIND series are shown in FIG. 

5-2.1. Rectangular Cartesian coordinates (X,Y,Z) are used for the substrate 
arranged so that 

(a) The complexation site is at the origin. 

(b) The next atom lies on the +ve X-axis, such that the bulk of the sub-

strate lies within the +ve X-hemisphere, with any major symmetry features in 

either the XY- or XZ- axial planes. 

FIG.5-2.1 Definition of the Coordinate Systems Used in ME,TFIND VII 

M ... represents the metal position as defined by. R, PHI and PSI. Its 

Qartesian coordinates are calculated as (OA,OB,BC). 

Mx, and Mxz  ... represent the metal positions after reflection in the 
XY- and XZ- planes. 

The metal search position is specified by polar coordinates (R,PHI,PSI) 

as shown in the diagram. The normal sector of space through which a search 

is conducted is confined to the -ye X-hemisphere (ie. R(1.5 - 4.5 a), PHI and 

PSI (90 - 270°) - typical literature results lie in the range 2.5 - 3.5 R)• 

Although polar coordinates are convenient because the metal-donor distance is 

a specifies variable, they have the distinct disadvantage of producing 3-D 
matrices of results that are difficult to visualize (FIG.5-2.5). 
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5-2-2 Data Required 

The following data is necessary to carry out a block search for a best 

fit metal position 

(1) The Cartesian coordinates of the substrate (in Ā) 

(2) The induced shift/broadening data in self consistent units (ie. ppm 

for mixed 1H, 19F and 13C data). 

(3) The metal search parameters (in Ā and degrees). R, PHI and PSI each 

require a minimum, maximum and incremental value in order to define a 5.R x 

lO.PHI x 10.PSI search block. 

(4) The options selected. A large range of these were written into the 

METFIND series and are discussed later in this chapter and in APPENDIX IV.. 

5-2-3_.Basic Calculations Performed 

For each of the 500 search sites in one block : 

The metal position is converted to Cartesian coordinates (OB,AB,AC) and 

the (metal-origin-X-axis) bond angle (180-BOM), and (metal-origin- XY-plane) 

dihedral angle (ABM), are calculated. 

Then for each shifted/broadened atom METFIND calculates the expected 

shift and broadening from the (metal-atom) and (atom-origin) distances 

(DISTMH and DISTP), and the cosine of the (atom-metal-origin) angle (HMOCOS). 

The - percentage differences of the observed and calculated effects (SDIFF.) 

are then tested against preset tolerances_(see next subsection). If all the 

tests are passed, an RMS DEVIATION of the observed : calculated data (SFIT) 

is produced and again tested against a preset tolerance. If this final test 

is passed a "FITFACTOR"r is calculated and printed in the output array. 

This illustrates the simplest possible case. Further steps need to be 

included if the data includes groups to be averaged, or if reflection of the. 

metal position is required (vide infra). 

5-2-4 Tolerance Tests and Fitfactors 

The fitfactor used in the original program METALSEARCH155 was based on 

an average error function : 	obs 	cale 
_Error = 	

Ai 
	obs s i— 	 EQjd.103 

(n1) 	
Di 

Most authors have preferred an RMS-type parameter such as Hamilton's R-factor 

(see EQN.30). Since the system used in METFIND treats each nmr signal indiv-

idually, averaging together the shifts for each atom in a group, a weighting 

factor (w.) is not necessary. The agreement factor chosen (SFIT) is a 

percentage- EMS deviation, calculated as follows : 

SDIFFi = 100.
(~ibs - Qialc)/L., 	 EQN.104  
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n (obs 
- ~

cale)I
~
obs• 

SFIT = 1.0 	z1-1 ~i 	 i ) 
 
 EQN.105 

n-1 

n-1 .is used in EQNS.103 and 105 because the calculated shift of the first group 

is normalised to the observed value. 

The larger SFIT the better the agreement (range 0 to 1). 

Tests are performed on SDIFFi and SFIT before producing a "FITFACTOR", 

to reduce computing time, terminating searche.,`ahen prohibitively large errors 

are found. The optional input for METFIND includes an overall error tolerance 

(FITLIM) outside which all values of SFIT are to be rejected. Values passing 

this test are scaled so that FITLIM = 0 and 1.0 = 1000 and printed in the out-

put array of FITFACTORS. In addition the individual shift errors (SDIFFi) are 

tested against a tolerance (TOL) which is weighted by the number of atoms obs- 

• erved (NPROT) to allow fox' statistical scatter of results (see EQN.106 and FIG. 

5-2.2). 
TOL = (1.25 + 0.0075. NPROT) x 100 (1 - FITLIM) : _.EQN.106 

NO ERROR 

FITLIM 

TOL 

X 

x 	x 
5c--- x —A 

x 
x  

X 

x x 
x 

X' x 

x 
xx 

x x 

x 

x 

X _ 

x 

SFIT 

TEST 2 

TEST 1 

x _ SDIFFi values 

This search plot produced 

shifts within the specified 

tolerances and a FITFACTOR 

would be calculated. 

  

FIG.5-2.2 METFIND Tolerance Tests : Any_ value of SDIFFi below TOL terminates . 

the calculation for that search point and the FITFACTOR is set to zero. 

In the original design of METFIND the group with the largest shift was 

expected to be used for normalisation. Since this is the most likely shift to 

have CS contamination, the program was modified so that any shift larger than 

that used for normalisation is excluded in the calculation of SFIT but is still 

tested against a modified TOL value. Similarly TOL was adjusted for shifts 

below 20% of the normalised value to allow higher percentage errors (see FIG. 

5-2.3) whilst retaining the shifts in the calculation of SFIT. 

FIG.5-2. Modification of TOL with ebs 

TOL is modified to allow for Fermi-

contact and shift measurement 

percentage errors. 

2o0 	 100 Lobs 20 0 
5-2-5 Metal Reflection Option 

Hofer 	mentioned the necessity of - averaging the calculated LIS of the 

'symmetrically disposed ortho and meta protons in pyridine if the best metal fit 

was not to be artificially forced into the plane of symmetry (see FIG.5-2.4). 
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CS ERROR 
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FIG.5-2.4
142 

Possible Calculated Lanthanide 

Positions in Pyridine (a) Without averaging 

(b) with averaging the symmetrically disposed 

nuclei. 

(a) 

 

H 

  

 

L 

This approach was taken one step further by Chadwick et al169(b),278 who 

argued that if the donor atom has two lone pairs bisected by a local plane of 

symmetry, then the metal should be expected to occupy both sites equally, and 

that averaging should be carried out between them. This is a trivial extension 

in highly symmetrical molecules but may be important in molecules with lower 

symmetry. For example, in FIG.5-2.1, the oxygen lone pairs would be expected 

to lie in the XY-plane and so METFIND could carry out metal reflection (and 

LIS averaging) in the XZ-plane. METFIND VII only caters for equally occupied 

sites; an extension, to optimise the metal position and weight the calculated 

LIS accordingly, was considered (see APPENDIX III), but as metal reflection 

was not heavily used in the study presented here the necessary alterations 

were not made. (A similar mathematical approach could also be of use in deter-

mining the relative metal preferences in molecules with multiple binding sites). 

5-2-6 Methyl Group Rotation Option 

The necessity for methyl group averaging
157, 211(see SECTION-1-6-5) was 

highlighted in the initial proving runs on METFIND where calculated 1H shifts 

for the cis-N-methyl protons in N,N-dimethylamine (see FIG.5-2.1), of -1, 200, 

200 were observed! This dramatic variation in the calculated shifts, due to 

the methyl protons straddling the "magic angle" (51°41+'), clearly indicates that 

rotational averaging is essential for methyl groups close to the binding site. 

The "100 position" averaging used by Ammon et a1156  is somewhat excessive 

and the other extremes of only using the mid-point of the three protons 	is 

unsatisfactory158  A "twelve point averaging" option included in METFIND has been 

found to be adequate, giving significant improvements in the fit over the un-

rotated methyl group method. 

5-2-7 METFIND Search Methods 

METFIND was designed to operate with a unit search block of 500 points, 

outputting a table of FITFACTORS after each block. Three types of search 

method were developed 

(a) NON-ITERATIVE MODE - a single block search is performed. 

(b) FOCUSING MODE - the initial search uses the input search parameters. 

The. maximum fitfactor in this search is then centered by moving the search 
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area, and further searches are performed until the maximum FITFACTOR found lies 

centrally within the search block.. The searches are then "focused" by reducing 

the steps between search points. The maximum FITFACTOR is again centred and a 

final focusing and centering performed. The three levels of "magnification" 

are referred to as RUNS; the individual search blocks as ITERATIONS : 

RUN 1 ... RSTEP = 0.10R; PHISTEP = PSISTEP = 5° (or Input values). 

RUN 2 ... RSTEP 	0.058; PHISTEP = PSISTEP = 2° 

RUN 3 ... RSTEP = 0.02R; PHISTEP = PSISTEP = 1° 
(c) MULTISCAN MODE - This enables hemispherical shells to be comprehensively 

searched by performing a series of 16 block searches in a rectangular pattern. 

FIG.5-2.5 Search Areas and Multiscan Search Patterns - Their actual shape 

and diagrammatic appearance from the FITFACTOR Table Output 

(a) How the 16 search blocks in a MULTISCAN cover a hemi-spherical shell 

(b) A typical search block : R(100-200/20), PHI(135-180/5), PSI(180-225/5) 

(0) Actual block appearance - looking along the X-axis 

(d) Distorted block appearance- given from the FITFACTOR Tables 1 	- Polar coordinate tables distort the spatial shape of the result. 
PHI tends to 90 or 270, PSISTEP tends to zero. 

The block shading is the same in FIGS.(a),(b) and (c) 
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(This can be reduced to 8 if planar s T*;metry and/or metal reflection are pres-

ent). Within a MULTISCAN the range of R is :.he same in every block, the only 

changes in range occurring in the PHI and PSI parameters. On completion of a 

MULTISCAN, PHI and PSI are reset to 900, R is incremented and the process 

repeated until the desired R range has been completely searched. This search 

technique is obviously extremely useful if a complete picture of the best 

metal position is to be acquired. The standard search pattern is illustrated 

in FIG.5-8.5. 

This and other METFIND options will be discussed in more detail in 

APPENDIX IV, together with the program structure and some typical input/output. 

5-3 Program Testing - Cholesterol 

To test METFIND I, the LIS study of cholesterol by Barry et al'1'55  (cho-

sen because the shift and coordinate data were given) was repeated. The shift 

assignments were assumed to be correct, but the peculiar numbering system and 

search origin chosen were not adopted. The numbering system used in shown in 

FIG.5-3.1, the orientation of the molecule in FIG.5-3.2, and the induced shifts 

and transposed coordinates in TABLE 5-3.1. 

FIG.5 3.1 Numbering System - carbon 
atoms numbered conventionally; protons 
numbered as carbons with suffix (a) if 
above plane, (b) if below (not used if 
only one proton-per carbon). In input, 
carbons denoted by prefix 6, protons 
by prefix 1. X signifies no data avail-
able. A total of 32 shifted groups 
were observed. No data was available 
for the side-chain (020  onwards). 

FIG.5-3.2 Orientation Viewed from the 
-ve X-axis. Ring A positioned symmet-
rically, about the XY-plane as shown. 
The position of H0, derived from X-ray 
data, was used by Barry et al (155). 
The lone pair syn to H is the least 
hindered and its occupation is supported 
by the results obtained(155) : R = 2.69k 
MOC = 14+0°. PHI = 207,°  PSI =-155? 
(prgdicted position from figure PHI = 
220, PSI = 1700). 

In FIG.5-3.2  the assumption that the -OH group is stationary was made in 

predicting the metal position. In practice, a variety of groups were used for 

normalisation in a series of FOCUSING MODE runs and since shifts larger than 

the normalising value are not used in calculating FITFACTORS the alloted 



TABLE 5-3.1  -Cholesterol - Induced Shifts and Coordinates (in g/100) "TABLE 5-3.2 Results of Focusing Metal Searches Using 
Cholesterol LIS Data 

ATOM 
NO X Y Z LIS NORM 

RUN 
ATOM 
NO X Y Z LIS NORM 

RUN 

100 -25 67 69 1604 (e) 609 553 137 7 57 
601 345 -..81 -122 132, (b) 109 565 .40 -36 49 

101a 378 •136 -208 89 610. 339 156 5 125 (k) 

loib 388 -16 -125 104 (m) 611 615 235 -98 43 
602 193 67 -129 314 (a/cl) 612 765 221 -111 0* 

102a 148 164 -137 296 (h/i) 613 840 218 20 25 
102b 165 6 -214 , 	260 (c) 614 773 117 115 25 
603 143 0 0 993 (f) 615 827 108 235 18 
103 178. -101 0 433 (g) 616 1009 124 170 0* 

604 190 71 126 314 (a*/d) 617 987 164 25 18 
104a 147 178 132 296 (h*/i) 618 840 360 82 21 

104b 160 14 212 246 (j) 118 780 427 20 
605 341 .85 125 114 (1) 118 801 356 184 

606 437 40 224 85 118 945 398 85 
106 368 -4 304 50 619 356 304 15 100 (n) 

607 559  48 229 40 119 251 313 -12 

608 623 143 135 40 119 371 340 120 80 

108 614 240 178 49 119 414' 365 -61 

* The zero shifts observed for atoms 612 and 616 were changed to l 
in the MEYFIND data in order to avoid attempted division by zero. 

RUN NORM 
ATOM 

NORM 
LIS NO 

 $ BEST METAL POSN + MAX R PHI PSI 

(a) 602 314 29  229 217 175 567 
(a*) 604 314 29 236 218 174 567 

(b) 601 132 23 285 217 169 554 

(c) 102b 260 25 290 229 168 474 

(d) 602/604 314 28 233 218 175 559 

(e) 100 1604 32 205 215 177 536 
(f) 603 993 31 140 207 180 444 

(g) 103a 433 30  259 224 174 568 

(h) 102a 296 27 205 217 177 529 
(h*) 104a 296 27 195 219.  180 500 

(Jr 1024/104a 296 26 200 218 178 505 
(j) 104b 246 24 328 221 161 556 

(k) 610 125 .22 157 212 178 436 

(1) 605 114 21 377 212  159 509 
(m) 101b 104 20 265 218 174 557 

(n) 619 100 19 212 217 178.  527 

Overall range - MIN 157 212 161 436 
excluding run 
(x) and run (1) MAX 328 229 180 568 

• + FITFACTORS scaled so that 0.75 = 0 and 1 = i000. 
ie. a FITFACTOR of 500 = a 12.5% RMS error. 

$ indicates the number of groups used in 
calculating FITFACTORS. 
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position of H0  is of no consequence. These are indicated in TABLE 5-3.1 by the 

letters (a) to (n). In runs (d) and (i) two groups with the same shift were 

used for normalisation. The results obtained are listed in TABLE 5-3.2. The 

groups were selected in order to gauge the CS contamination in the observed 

LIS close to the binding site and the effect on the result obtained of only 

using part of the LIS data available. All searches were started in the same 

area, namely : R(220-260/10), PHI(180-225/5), PSI(150-195/5), with METFIND 

allowed to centre and focus onto the maximum value without constraint. (N.B. 

Metal search radii will be quoted in R/100 when discussing METFIND input/output 

in order to keep all the search parameters integral). 

Several important observations can be made from the results : 

(1) They agree with those of Barry et al155  The slight differences observed 

• are probably attributable to the different error function used in METALSEARCH. 

(2) The choice of normalising group is critical and those likely to have CS 
contributions, eg. H0, 603, 605, etc. should be avoided. 

(3) The metal-donor radius is much more sensitive to changes than either of 

the angular terms. 

(4) Normalising on H3(g) gave the best result, (also the closest to Barry et 

al155), indicating little CS. The significantly different results obtained 

from H2  and H4  are possibly due to the omission of all the shifts closer to the 

binding site, which give the best "fix" on the metal position. 

This test work proved that METFIND functioned correctly and provided a 

useful warning of the precautions required to obtain sensible results. 

5-4 Approach to the Rotation Problem  

Several major questions had to be answered before molecular rotational 

optimisation could be undertaken using LIS data : 

(1) What operations are required to rotationally optimise complete molecules? 

(2) How may the complex instructions required be flexibly incorporated into 

a general purpose program? 

(3) What information/calculations are necessary to rotate a group? 

Although (3) is key, the answers to (1) and (2) provided the overall 

strategy and will therefore be considered first. 

5-4-1 Basic Concepts/Logistics of Rotational Optimisation  

For maximum flexibility the operation of the program was split into 15 

CYCLES, each performing a basic function nominated by a 15-digit input para-

meter (ROTN). The individual digits (NCYCOP) could then be used to select the 

sequence of the CYCLE operations, chosen from TABLE 5-4.1. 

Option (9) was not incorporated into METFIND due to the prohibitive 



CYCLE e NCYCOP OPERATION 

1 1 Centre search area onto max. FIT_ACTOR of "fixed atoms". 

2 2 Add side-chain proton - recentre search area. 

3 6 Rotate side-chain proton through 360°  (in 30
0
) return to optimum. 

4 4 Update stored coordinates 

5 2 Add phenyl ring and ortho substituent - recentre search area. 

6 6 Rotate ring through 360°  (in 30°), return to optimum. 

7 4 Update stored coordinates. 	-  

8 3 Optimise rotation of side-chain proton and ring in steps of 5
o. 

9 - 4 	.. :... Update stored coordinates. 

10 5 Optimise rotation of side-chain proton and ring in steps of 2°. 

11 4 Update stored coordinates. 

12_,. 5 Optimise rotation of side-chain proton and ring in steps of;1°. 

13 8 Update stored coordinates - output results to TAPE9 for punching. 

14 7 Perform "FREE ROTATIONAL AVERAGING" of side-chain proton. 

15 7 it 	ti 	it 	n • • 	of phenyl ring. 

computer-time required (up to 600 secs/CYCLE), instead it was envisaged that 

the max. FITFACTOR for the "fixed atoms" would be determined prior to the 

ROTATE run. 

The constraints imposed by the system within which the NCYCOP options 

were developed lead to the following features in METFIND VII : 

TABLE 5-4.1 METFIND - Rotation CYCLE Options (NCYCOP) 

No NCYCOP OPTION 

r-1
 
N

 t+  \  4
-  L

C\
 l O

 t
i  

CO
 O

N
 0

  
v
 

Centre search area onto maxiumum FITFACTOR of fixed atoms (GYRO > 0). 

Add next group(s) then recentre search area onto maximum FITFACTOR. 

Observe max. FITFACTOR region - ROTATE group(s) in sequence and optimise. 

Fix positions of all previously rotated groups (update stored coordinates). 

ROTATE and optimise indicated groups) using a smaller increment. 

Perform complete ROTATION of indicated group (30°  STEPS) then optimise. 

Perform "TWELVE POSITION FREE ROTATIONAL AVERAGING" of indicated group. 

As 4 then output final atomic coords and results to TAPE9 for punching. 

Perform a. full MtTLTISCAN then centre on max. FITFACTOR. 

Terminate JOB (STOP 3). 

All the molecular manipulation options are able to centre the max FIT-

FACTOR found, passing the working search parameters from one CYCLE to the next. 

Two sets of coordinate data are used, a stored version and a working version. 

The unmodified stored version is taken at" the beginning of each cycle unless 

TABLE 5-4.2 A Typical NCYCOP Sequence for a Type (IV) Alcohol (see FIG.5-4.1) 
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updated by options (4) or (8). Operations (3) and (5) may be performed on up 
to four groups, (6) and (7) on only one group per cycle. The increments used 

in operations (3) and (5) are selected by the user. Option (6) ensures that 

a secondary maximum is not found while performing rotational optimisation. 

Option (7) is useful for testing that an optimised orientation gives a signif-

icantly better fit than "free rotation", it is however expensive to use. 

In addition to the NCYCOP options each atom was given a GYRO option 

which defined its role within each CYCLE (see SECTION 5-4.2 and APPENDIX IV). 

A typical sequence of NCYCOP operations is given in TABLE 5-4.2. 

FIG.5-4.1 A Typical Type (IV) Alcohol 

showing (a) the "fixed atoms" 

(b) the rotatable bonds 

and the atoms affected. 

The ability to manipulate the nmr.inact-

ive species was also developed as they were, 

required for a molecule drawing program and 

also for defining certain rotational oper-

ations (vide infra). 

5-4-2 Requirements for Group Rotation 

These are extremely simple as only the coordinates of the atoms to be 

rotated and two points on the axis are required. The GYRO system was therefore 

introduced to define the role of each atom in each CYCLE by using the values 

(0) = Omit ; (2) 

(1) = Use ; (6) Point on axis ; 
(fixed) (8) 	(fixed) 

(3) 	 (2) 

~
Atom to be rotated about axis (6) 

(9) 	 (8) 

METFIND VII can rotate and optimise four groups independently in one CYCLE. 

5-4-3 The Calculation of Rotated Coordinates. 

X(x,y,z) is to be rotated about the axis defined by A(x,y,z) and B(x,y,z) 

(see FIG.5-4.2). The following calculations are performed : 

(1) Calculate the lengths AB, AX and BX (3-D Pythagoras). 

(2) Use cosine rule to calculate cos 0. 

(3) Calculate ratio AB/AC from AB/(AXcoso). 

(4) Use difference A(x,y,z) - B(x,y,z) to calculate C(x,y,z). 

(5) Use difference C(x,y,z) - A(x,y,z) = a(x,y,z) ; and 
C(x,y,z) X(x,y,z) = b(x,y,z) to find values ax, bz, 

etc. The components of the gradient of CY are then given by : 

• 
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x(ā b- ā b),y(ā 	- ā b ),z(ā 	- ā 	). y z 	z y 	zb  x 	x z 	xb  y 	Y/71  x 
(6) The coordinates of Y are then given by : 

(C + x,Cy  + y, c + z). 
(7) X90  is then calculated from the propor-

tions of CX and CY. 

(8) Using b(x,y,z) calculated in (5) and 

e(x,y,z) from C(x.y.z) - X90  (x,y,z), the coord-

inates of any point XT may be calculated from 

EQN.107 . 

X . C(x,y,z) - coscjb(x,y,z) + sin40(x,y,z) 

EQN.107 

FIG.5-4.2 X to be rotated 	This process can be repeated for any num- 

about axis defined by A and B ber of points X. to find the corresponding C., 

X90  and Xi for all points. For all atoms 
whose Ci  is on the B side of AB rotation will occur in the same sense (look-

ing along AB from B to A a positive rotation of Xi  produces a clockwise move-

ment). If, however, one Ci  is on the other side of A, that atom will be rot-• 

ated in the opposite sense. 

In METFIND VII the first axial atom found (even GYRO code) is assigned 

to A, the second to B. Care, therefore needs to be exercised in the ordering 

of the atoms in the data deck. For example, if the ortho substituted phenyl 

ring in FIG.5-4.3 is to be rotated, then the assignment of A and B as shown 

will only give the correct result if the bond length C-X < 1.4R(ie.X =.H or F). 

This chapter covers the 

main procedures used in METFIND 

VII and the reasons for their 

development. Obviously with a 

highly complex program, many 

foibles only become apparent 

with experience, and understanding and adaption only takes place by degrees. 

By this method many minor improvements have accrued to the METFIND series, 

making the final version MEIFIND VII extremely versatile. 

A full description of the Input/Output of METFIND VII, together with a 

program listing and an explanation of the options available, is given in 

APPENDIX IV. 

FIG.5-4.3 If C-X > 1.1  

then this assignment of 

A and B will rotate X in 

the opposite sense to 

the rest of the ring. 
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CHAPTER 6 
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• 

CONFORMATIONAL ANALYSIS OF THE TYPE (IV) ALCOHOLS FROM THEIR LANTHANIDE  

INDUCED SHIFTS 

6-1 Experimental  

The recording of the non-shifted spectra is reported in Chapter 4. 

Shifted spectra were recorded in five 10-mm nmr tubes, kept for this purpose 

and washed with cone. HNO3 between samples. The shift reagents, Eu(fod-d
9)3 

and Yb(fod-d9)3, were both commercially available and apart from vacuum 

desiccation no special precautions were taken in their use. 

Trial experiments had shown that addition of 100mg of Eu(fod-d9)3 or 

66mg of Yb(fod-d9)3 to 2m1 of 0.5M CDC13 solution of the alcohol substrates 

induced reasonable shifts in the linear region of an LSR LIS plot with an 

acceptable level of line broadening. Incremental additions of LSR to CDC13 

solutions were found to be unsatisfactory, as the weights added (-'10mg/aliquot) 

could not be accurately measured due to solvent evaporation (see FIG.6-l.l). 

-150- 

~100- 

LIS 
(Hz) 
-50 - 

HB 

	L, 	 
0 	1r0 	20 LSR 30 (mgt 40 

0 0 4:6 93 14.2  19.0 	Measured Wt  
ca 0 46 	169 	328 Actual Wt 	52.9  

FIG.6-1.1 Cumulative Weighting Errors Due to Solvent Evaporation in the Trial  
LIS Spectra of H(IV), Actual weights calculated using the correction 
technique of ApSimon and Beierbeck (19.6). 

The single additions of LSR (100mr or 66mg) to lmmole of the dry substr- 

ate, were therefore made before adding the dried CDC1 •'`(2m1 delivered from a 3 
syringe). The tubes were tightly capped and the 1H, (

19 F) and ~3C shifted 

spectra recorded within 24 hrs to minimise solvent evaporation. 

Little difficulty was found in assigning the shifted spectra. In only 

one instance, the Yb(fod-d9)3 1H spectrum of oMe(IV), were incremental add-

itions of LSR necessary, as the HALB and C lines moved to the edge of the 

aromatics. 

Throughout, the initial and final shifts were measured to the third 

decimal place in the FT ppm listings to avoid cumulative rounding off errors. 

5 0 



6-2 Choice of LSR  

The properties of the various lanthanide metals and chelates were disc-

ussed in SECTION 1-6-3. In the current work two LSR's were used : 

Eu(fod-d9)3  with its extremely low broadening factor. proved ideal for 

checking that substrate conformations do not alter significantly on adding 

LSR since tha various coupling constants are not destroyed by broadening; as 

occurs with other lanthanides. The coupling data obtained is discussed in 

SECTION 6-3-1. 

Having established substrate conformational homogeneity between the nor-

mal and shifted spectra, Yb(fod-d9)3, with its large low-field PCS shifts and 

negligible CS/CFS contamination, is the best reagent on which to base an LIS 

conformational study (see TABLE 1-6.1). 

6-3 Shifted Spectra of the Type (Iv) Alcohols  

6-3-1 Coupling Data from the Eu(fod-d9)3  Spectra  

Comparisons of the normal and shifted 3 J  and nJCF  couplings are pres-

ented in TABLES 6-3.1 & 6-3.2. Since there is general trend for all the 
couplings to decrease by 0.1 to 0.2 Hz on adding the LSR, the effects observed 

would not appear to be related to changes in conformation but rather due to 

a sn decou li "185-187 "chemical exchange pi 	p ng 	(see SECTION 1-6.3). 

X NORM LIS A X NORM LIS A 

H 5.35 5.15 -0.20 

o F 4.50 4.4+0 -0.10 p F 5.50 5.30 -0.20 

o Cl 3.20 3.20 0 p Cl 5.30 5.10 -0.20 

o Br 3.00 3.00 0 p Br 5.30 5.10 -0.20 

o Me 6.00 5.90 -0.10 p Me 5.50 5.20 -0.30 

o OMe 4.10 3.60• -0.50 p OMe 5.50  5.30  -0.20 

o NO2  2.85 2.70 -0.15 p NO2  4.90 4.80 -0.10 

o CF3  4.00 3.90 -0.10 p CF3  5.15 4.95 -0.20 

TABLE 6-3.1 Changes in  

3JH  Couplings on 
AB Adding LSR  

NB. 100mg Eu(fod-d9)3  

gives substrate : LSR 

ratio of 10 : 1. 

The use of LIS data in conformational analysis of the Type (Iv) alcohols 

is therefore justified as there is no evidence of significant conformational 

changes on adding the LSR. 

6-3-2 Shift Data form the Eu and Yb(fod-d9)3   Spectra 

The LIS values used with METFIND VII were derived by "normalising" the 

observed shifts such that the LIS of C-1 = 1000. in the case of the Eu(fod-d9)3  
data no allowances were made for CS and CFS contributions to the shifts, but 

for the Yb(fod-d9)3  da1aa9the shift of C-1 was reduced to 4% to eliminate the 

known CFS contribution. 	Since Yb(III) chelates give only 5% CS to the 
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TABLE 6-3.2 Changes in nJCF  Couplings on Adding LSR  

X Spectra C-1' C-2' C-3' C-4' C-5' C-6' C-1 C-2 C-X 
NORM 12.8 246.8 21.4 8.7 3.7 3.6  1.8 2.6 

oF LIS 12.8 246.8 21.3 8.7 3.6 3.4 1.6 •2.5 
A 0 -0.4 -0.1 0 -0.1 -0.2 -0.2 -0.1 

NORM 1.5 30.3 5.8 2.2 1.6 274.0 

oCF3  LIS 1.5 30.2 5.7 2.1 1.4 273.9 
A 0 -0.1 -0.1 -0.1 -0.2 -0.1 

NORM 2.4 8.1 21.8 247.6 1.6 
pF LIS 3.1 8.2 21.7 247.5 1.5 

A +0.5 +0.1 -0.1 -0.1 -0.1 
NORM 1.5 3.9 272.2 

pCF3  LIS 1.2 3.8 272.4 
A -0.3 -0.1 +0.2 

O -carbo in aminesl45  (compared to 45% for Eu(III)145 

	

n 	 ) , diminishing to 1% in
•  

	

alcohols, 	and and CS effects themselves are - short-ranged, no further meas- 

ures were taken to "correct" the observed shifts. 

TABLE 6-3.3 Actual LIS of C-1 Used for Normalisation (in ppm) 

DERIV X H oF oC1 oBr oMe oOMe °NO2  oCF3  

Eu LIS 
Yb LIS 

96%.Yb 

1.423 
1.353 
1.299 

1.590 
1.317 
1.264 

1.232 
0.964 
0.925 

1.347 
1.268 
1.217 

0.923 
0.992 
0.952 

1.699 
2.113 
2.028 

0.714 
1.213 
1.164 

0.471 
0.524 
0.503 

DERIV X H pF pC1 pBr pMe pOMe pNO2  pCF3  

Eu LIS 1.423 0.835 0.830 0.744 1.681 1.880 0.847 0.969 
Yb LIS 1.353 0.796 1.217 1.306 2.004 2.170 1.167 1.015 

96% Yb 1.299 0.764 1.168 1.254 1.924 2.083 1.120 0.974 

The normalised LIS of the Eu and Yb(fod-d9)3  spectra are listed in TABLES 

6-3.4 and 6-3.5. The shifts for H-2 and H-3 were derived from AB approximations 

to the AA TBB1-system (described in SECTION 4-5-1). 

Assuming that the maximum errors in the 13C measurements are +0.020 ppm 

and +0.002 ppm in the 1H and 19F LIS, then the maximum range of errors present 

in the normalised LIS data may be calculated (see TABLE 6-3.6). Although some 

of.these potential errors are fairly large, most are below 5%. This is not 

unreasonable when compared to the other sources of error in the LIS calculations 

(eg. coordinate errors and theoretical approximations). 

There are several reasons why additional LSR was not used (eg. to double 

the LIS and therefore halve the potential measurement errors): 

(1) Some difficulty was found in keeping 100mg of either IBR in solution in 
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1 TABLE 6-3.4  Observed Shifts on Adding E (fod-d, to the Tvoe (Iv) A1cchols (Normslised on C-1)  

X C-1' C-2' C-3' C-k' C-5' C-6' C-1 C-2 C-X HA  
315.5 

HB V. 
502.5 

mHC 
1924 

fIX/F H-2'  H-3' 
H 318.3 284.6 137.0  lca.9 1000 284.6 . 
oF 343.4 270.4 136.5 105.9 132.7 320.8 1000 279.9 317.0 540.9 2006 205.2 
oC1 467.5 223.2 142.0 106.3 148.5 374.2 1000 258.1 293.0 569.0 2192 . 
oBr 478.1 188.6 126.9 92.1 150.7 377.1 1000 250.9 239.0  511.5 1990 
oMe 353.2 228.6 176.6 143.0 179.8 374.9 1000 305.5 121.0 308.8 529.8 1844 121.3 
oOMe 343.7 353.1 163.0 75.3 118.9 280.2 1000 294.9 153.6 330.8 473.2 1593 75.4 
01102  525.2 133.1 92.4 162.5 392.2 1000  247.9 331.9 633.1 2521 
oCF 675.2 159.2 91.3  159.2  405.5 1000 353.3 256.9 305.7 607.2 2166 32.5 
pF 297.0  285.0 143.7 165.3 1000 273.1 368.9 550.9  2132  67.5 295.2 98.2. 
pC1 275.9  283.1 143.4 119.3 1000 257.8 404.8 641.0 2663 324.7 84.91 
par 289.0  303.8 127.7 107.5 1000 276.9 392.5 608.9 2444 - 377.4 59.11 
pMe 258.2 279.0  137.4  113.0 1000 267.1 119.1 385.5 615.7 2379 57.7 313.7 86.4i 
pOMe 260.1 293.6 143.1 125.5 1000 254.3 50.0  372.9 578.7 2234 38.3 293.4 85.41 
pNO2  328.2 314.0 137.6 1000 297.5 425.0  687.1 2672 347.7 102.ij 
pcF 286.9 290.0 150.7 1000 293.1 58.8 382.9 618.2 2452 0 302.4 76.41 
Av o 438.1 258.1 146.8 102.0 150.3  360.7 1000 284.0 '305.2 545.9 2029 
Av p 289.2 291.6 144.6 123.3 1000 275.6 381.0 600.4 2365 316.4 84.6i 

TABLE 6-3.5  Observed Shifts on Adding Yb(fod-do);  to the Type (IV) Alcohol (Normalised on 96% C-1) 

' X 1 	C-1' C-2' C-3' C-4' C-5' C-6' yyC-1 C-2 C-X HA  
394.1 

BB  
670'.2 

Mc  _ A'iFX  j H-2 H-3' 
H 1495.0 311.8 143.2  111.6 1000 505.0 1963 
oF 1489.7 234.8 141.6 110.0 142.4 337.0  1000 512.7 363.1 623.8 1741 218.4 
oC1 ! 555.7 259.5 144.9 112.4 160.0 406.5 1000 5'42.7 336.2 649.7 1835 
oBr 489.6 218.6 117.4 98.1 137.5 381.0 1000 514.4 332.0 663.2 1782 
oMe ',521.0 302.5 184.9 166.0 217.4 421.2 1000 536.8 164.9 401.8 678.0 1723 173.3 
o0Me,'453.1 292.2 139.0 101.1 116.7 282.5 1000 501.2 111.3 367.3 659.0  1779 94.8 
01102  473.4 201.9 134.9 103.1 131.4 380.6 1000 522.3 329.5 667.5 1873 
oCF3  493.0 292.3 175.0 157.1 188.9 387.7  1000 554.7 161.0 372.8 647.1  1658 125.2 
pF 511.8 331.2 130.9 125.7 1000 520.9 424.7 684.6 2206 38.9 319.8 71.9 
901 477.7 289.4 155.0 131.8 1000 412.7 335.2 535.5 1614 _ 253.4 66.8 
Oar 449.8_ 304.6 146.7 120.4 • 1000 518.3 321.8 480.9 1474 244.0 76.2 
pMe 477.1 307.7  144.5 116.9 1000 508.2 93.2 337.6 548.4 1500 42.6 275.2  75.4 
pOMe 491.6 324.5 161.3 145.5 1000 515.2 70.6 324.8 526.4 1443 54.2 270.8 102.0 
p1302  433.0  328.5 208.9 164.3 1000 425.0 345.1 604.9 1705 281.3 98.2 
pCF 416.8 293.6 141.7 1000 518.5 49.3 381.4  637.6  1905 30.5 295.2 100.1 
Av o 496.5 264.5 148.2 121.2 156.3 370.9 1000 526.4 357.5 655.5 1802 
Av p 469.1 311.4 154.0 130.9 100 490.5 358.1 586.1 1725 277.1 84.4 

2m1 of CDC13  so further additions of LSR would 'have required weaker samples 

and consequently longer acquisition times, etc. 

(2) The more LSR present, the more likelihood of its affecting the preferred 

conformations of the substrate. 

(3) Increasing the LIS of the 1H signals would have moved them under the 

aromatic resonances rendering them useless. 

(4) Additional LSR would have increased the line broadening - introducing 

further measurement errors. 

By plotting the Eu-LIS against the adjusted Yb-LIS for each substrate 

and constructing the best-fit line through the IH data a measure of the CS and 
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TABLE 6-3.6 Potential Measurement Errors in the Yb(fod-d9)3  LIS Data 

X C-1 SMATT,FST 13C LIS SMALLEST 1H LIS ~9F LIS 
LIS ERROR NORM LIS ERROR NORM LIS ERROR NORM LIS ERROR 

H 1.299 1.5% 111.6 13.8% 392.6 0.4% 
oF 1.264 1.6% 110.0 14.4% 363.1 0.4% 218.4 0.7% 
oCi 0.925 2.2% 112.4 19.2% 336.2 0.6% 
oBr 1.244 1.6% 98.1 16.4% 332.0 0.5% 

oMe 0.952 2.1% 166.0 12.7% 173.3 .
_ 
1.2% 

ooMe 2.057 1.0% 101.1 9.6% 94.8 1.0% 
°NO2 1.164 1.7% 103.1 16.7%  329.5 0.5% 
oCF3_ 0.503 4.0% 157.1 25.3% 372.8 1.1% 125.2 3.2% 
pF 0.764 2.6% 125.7 20.8% 424.7 0.6% 38.9 6.7% 
pC1 1.168 1.7% 131.8 13.E 335.2 0.5% 

pBr 1.254 1.6% 120.4 13.2% 321.8 0.5% 

pMe 1.924 1.0% 93.2 11.2% 42.6 2.4% 
pOMe 2.083 1.0% 70.6 13.6% 54.2 1.:`. 
pNO2 1.120 1.v. 164.3 10.9% 345.1 0.5% 

pCF3 0.974 2.Q% 49.3 41.6% 381.4 0.5% 30.5 6.7% 

Using 0.020 ppm as the max. Using 0.002 ppm as the max. 
error error 

X 

1-BOND 2-BONES 3-BONES 
TYPE HC C-1 C-2 C-1' C-2' C-6' 

H 
oF 
oCi 

412 
495 

595 

230 
130 
125 

-105 

-168 
-218 

-68 
-82 
-20 

45 
20 
0 

30 
20 

1 

oBr 640 240 -137 107 24 88 2 
oMe 505 220 -115 -52 0 47 1 

oOMe 312 280 -62 17 145 72 
oNO2 692 25 -260 60 / 15 2 

660 95 -150 230 55 oCF3 480 0 -155 235 80 

F
* 255 149 -170 -145 0 1 

p 330 200 -165 -140 -10 

pCl 715 -210 -245 -307 -65 
pBr 580 -265 -280 -378 -80 

pMe 700 -120 -302 -280 -65 
pOMe 1125 -125 -325 -295 -70 3 

pNO2 710 -165 -200 -180 -70 

pCF3 560 -10 -220 -125 -5 
* Upper line = best fitlinc. origin; 
Lower line = best fit ( H data only) 

TABLE 6-3.7 Estimates of the CS 
and CFS Contributions to the Eu 
LIS Data (Scaled to C-1 = 1000) 

CFS contributions to the Eu-LIS 

may be obtained. Several types 

of plot. emerge (see TABLE 6-3.7), 
typical examples of which are 

shown in FIG.6-3.1. The oCF3(IV) 

and pF(IV) LIS (FIG.6-3.2) appear 
to be slightly anomalous. 

The alternation of CS shown in 

the "Type 1" alcohols is in accord 

with the observations 165,171,174 

noted in SECTION 1-6-1.2, whilst 
the reversal of sign of C-1' pre-

sent in the "Type 2" alcohols may 

reflect a difference in the trans-

oidal relationship C-2 and C-1' to 

the. metal (see FIG.1-6.2158,172,173 . 
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FIG.6-3.1 Plot of Normalised Eu-LIS vs Yb-LIS for (A) oF(IV) - a 'Type l'  
Case, and (B) pMe(IV) - a 'Type 3' Case. 

The best-fit 1H line is used to measure the CS/CFS contributions in'the Eu-13C 
data (Vertical Bars). In every instance HC has a large +ve CS whilst C-2 has 
a'large -ve CS. Note that the axes have been compressed for convenience. 

Plot of Normalised Eu-LIS vs Yb-LIS for (A) 0CF3(IV)•- a 'Type 2'  
Case, and (B) pF(IV) - a 'Type 3' Case. 

These plots are anomalous inithe 15 Type(IV) alcohols as they are the only 
.eases in which the best-fit H line (solid) does not pass through the origin. 

FIG. 6-3.2 
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The significance of the 1H best-fit lines for the oCF3(IV) and pF(IV) 

alcohols not passing through the origin is elusive but may indicate a confor-

mational change between the Eu and Yb LIS.spectra. There is., however, no corr-

oborative coupling evidence that the Eu-substrate structures differ from those . 

in the normal spectra. 

The negative CS's for C-1 found in the "Type 3" cases are accompanied by 

very large positive values for the HC CS. This effect is obviously linked to 

the para series but whether it is due to a weakening of the O-Ln "bond", to 

relief of steric crowding in the vicinity of the binding site or the tendency 

of the para derivatives to occupy all three side-chain rotamers approximately 

equally (the ortho derivatives show considerable rotamer selectivity - see FIG. 

4-8.14) cannot be satisfactorily determined from the limited data available. 
Whatever the causes of the deviations between the Eu-LIS and the Yb-LIS, 

this brief comparison illustrates the necessity of selecting the Yb(fod-d
9)3 

data, as this is known to contain the highest percentage PCS of all the Lan-

thanide Shift Reagents (see SECTION 1-6-1.2), and is therefore the best LSR 

for conformational work. 

6-4 Substrate Coordinates 

The following assumptions/approximations were made in calculating the 

coordinate data : 

(1) The aromatic ring is planar with all angles equal to 120°. 

(2) The two side-chain carbons are fully tetrahedral (bond angles 109.5°) - 

an approximation as the C-C-Cl angle is known to be 111.5° in C2H5Cl and is 

probably 110.5° in C2H4C12~7902280 
(3) The C-O-Me angle = 121.. 

(4) The bond lengths were taken from standard texts279 280 (see TABLE 6-4.1). 

(5) For the initial substrate position a choice of three C-1/C-2 ROTAMERS 

(RŌT1, ROT2, ROTS) and two C-1/C-1' ORIENTATIONS (OR1: C-6' cis to HB, OR2: C-2' 

cis to HB) was available. Normally the preferred rotamer (from FIG.4-8.14) 

and the orientation which placed the larger LIS.of C-2' or C-6' cis to HB were 

chosen. Since choice of rotamer/orientation has no bearing on the position of 

the fixed atoms, and the first operation in the rotational optimisation of the 

molecule is to rotate all the bonds, selection of the initial substrate confor-

mation is only critical if a very poor fit is obtained in certain orientations. 

The atomic naming convention used for the Type (IV) alcohols (see FIG. 

6-4.1) was similar to that used for cholesterol in SECTIŌN 5-3. The "Fixed 

Atoms", ie. those whose positions do not change on rotation of the C-1/C-1' or 

C-1/C-2 bonds, are also indicated. 

The standard program COORD was used to obtain 3-D coordinates from the 

bond length and bond angle data and this was manipulated using a modified 
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TABLE 6-4.1 Bond Lengths Used in Calculating the Substrate Coordinates279'280 

BOND LENGTH BOND LENGTH BOND LENGTH 

-C-C- (SIDE) 1.54 -C--OH 	(SIDE) 1.48 =C-O-Me (SUBn) 1.35 
-C=C- (AROM) 1.40 (-C-0--H 	(SIDE) 0.97) -C-C-H3  (SUBn) 1.11 

=C-Me (AROM) 1.52. =C-F 	(AROM) 1.30 =C-NO2(AROM) 1.49 

=C--H 	(AROM) 1.08 =C-C1 	(AROM) 1.67 -N-02  (SUBn) 1.22 

-C-H 	(SIDE) 1.09 =C-Br 	(AROM) 1.86. -C-CF3(AROM) 1.52 
-C-Cl (SIDE) 1.76 =C-OMe (AROM) 1.36 .C-C--F3  (SUBn) 1.33 

FIG.6-4.1 Atom Naming Convention  

Based on four digits...the first two are 

• 

00 NOT 
USED 

	

108 	used for the Atomic Number (ie. C = 6, 

F = 9 etc.); the second two'for the car-

bon 
 

	

1708 	bon framework number : 1-8(9). 

version of S.J.Robert's program XYZFG to 

obtain coordinates in the desired orient- 

• ■ FIXED ATOM 	ation (ie. with the +X-Y plane passing 

through C-1, C-1` and C-4'). 

coordinates for the various groups of atoms are listed in 

TABLES 6-4.3 to 6-4.6,  the ROTAMER/ORI'NTATIONS selected for each of the 15 
Type (IV) alcohols being given in TABLE 6-4.2. 

TABLE 6-4.2 ROTAMERS/ORIENTATIONS TABLE 6-4.3 Coordinates of Fixed AtomQ 

  

X X04 xo9 

The calculated 

DERIV 
IC-1/C-2 

!1ROTAMER 
C-1/C-1' 

ORIENTATION 

H+PARA 1 1 

o F 1 

CU
 C

U
 C

U
 C

U
 1
-
1

 H
  C

U
 

o C1 3 

o Br 3 

o Me 1 

o OMe 2 

o NO2  3 

o CF3  2 

ATOM NAME X Y Z 

HB  107 1.8433333 0.5138310  0.8899812 

H-4'* 104 3.2800002 -5.0911688 0.0 

C-1 607 1.48 0.0 0.0 

C-2 608 1.9933329 0.7259630 -1.2574047 

C-l' 601 1.9866667 -1.4330697 0.0 

c-4' 604 2.9200001 -4.0729350 0.0 

0 800 0. 0 0.0 0. o 

* In the para series this is replaced by 
the deriv X. 

6-5 Approach to Rotational Optimisation (Rot/Opt) Using LIS and METFIND VII  

The method used is outlined in Chapter 5.  Two sets of searches/optimis-

ations were made for each set of LIS data : (1) Normalising on C-1 (607), 

gF(IV) Normalising on HB  (107). The Yb-LIS study of o F(IV) normalising on HB  

will be used as an example in this section (supported by APPENDIX IV), the 

condensed results for all alcohols, from both the biz- and Yb-LIS, being pre-
sented in SECTION 6-6. 



TABLE  6-4.5  Aromatic Ring Orientation Coorda 

OR 1 OR.2 x y z 
ATOM NAME ATOM NAME 
C-2' 602 C-6' 6c6 1.6484524 -2.2951087 -1.05 

C-3' 603 C-5' 605 2.1151192 -3.6150413 -1.05 

c-5' 605 c-3' 603 3.2582144 -3.2108960 1.05 

C-6' 606 C-2' 602 2.7915477 -1.8909634 1.05 

H-2' 102 H-6' 106 1.0275443 -1.9418764 -1.86 

5-3' 103 H-5' 105 1.8542110 -4.2800428 -1.86 
5-5' 105 5-3' 103 3.8791226 -3.5641283 1.86 

5-6' 106 H-2' 102 3.0524559 -1.2259620 1.86 
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TABLE 6-4.4  -CHC12  Rotamer Coordinates 

ATOM NAME X' 	I Y 	I z 

ROTAMER 1 

HA .108 1.6333332  0.2168460 -2.1392210 

Cl 1708 1.4066665 2.3853068 -1.25740+71 

Cl 1708 3.7533332 0.7259631 -1.2574047 

ROTAMER 2 

HA  108 1.6333332  1.7441967 -1.2574047 

Cl 1708 3.7533332 0.7259631 -1.2574047 

01 1708 1.4066667 -0.1037092 -2.6944387 

ROTA: ER 3 

HA  108 3.0733333 0.7259631 -1.2574047 

Cl 1708 1.4066667 2.3853068 -1.2574047 

Cl 1708 1.4066667 -0.1037092 -2.6944387 

TABLE 6.4.6  Ring Substituerit Coordinates  

SUBn  ATOM NVE ORn  -ORTHO X ORTHO Y OFTHO Z 	NAME 	PARA X PARA Y PARA Z 

F F 902 3.1056038 -1.0904987 2.0250000 	9041 3.3533335 -5.2985868 0.0  

Cl 	1  Cl 1702 3.1949890 -0.8626741 2.3025000 1704 3.4766669 -5.6474261 0.0 

Br Br 3502 3.2408895 -0.7456831 2.4450000i3504 3.5400002 -5.8265598 0.0 

CH3  

H1  

H2  

109 

109 

3.7969074 

2.2337517 

-1.4944794 

-0.6052060 

2.9206556 	109 

2.6940778v 109 

3.0566668 
3.0566668 

-6.0292637 

-6.0292637 

-0.9063112 

0.9063112 

H3 109 3.7137157 -0.0819470 1.7877665 109 4.5366669 -5.5060047 0.0 

c 609 3.1587518 -0.9550354 2.1900000 609 3.4266668 -5.5060047 0.0 

F1  909 3.9233887 -1.6013962 3.0654702 9091 2.9833335 -6.1329728 -1.0859404 

CF3 F2  909 2.0504184 -0.5358706 2.7939851 909 2.9833335 -6.1329728 -1.0859404 

F3  909 3.8237518  0.0910975 1.7080446 909 4.7566669 -5.5060046 0.0 

0 802 0.8665681 -1.8502977 -2.0699999 804  3.3733335 -5.3551553 0.0 

C 609t 0.5404329 -2.6815495 -3.0824999 609 3.0471980  -6.1864071 -1.0125000. 

OMe H 109 1 -0.0804753 -2.1566851 -3.7934081 109 3.4941677 -7.1546058 -0.8415918 

H2  109 1.4404328 -3.0219239 -3.5729540  109 1.9732596  -6.2893670 -1.0620459 

109 0.0004329 -3.53110409  H3 

 

-2.69113771 

N 

109 3.4132595 -5.7802500  -1.9438622 

702 0.7918291 -1.0877789 -2.1675000 704 3.4166669 -5.4777205 0.0 

NO2  01  802 1 0.3851624 -0.6575520 -2.1674999 804  3.1219373 -6.2289258 -0.9150000 

02  802! 0.4970995 -2.5589843 -3.0825000 804 4.1180632 -5.8767421 0.9150000 

6-5-1 Metal Search Based on Fixed Atoms  

The first stage in the rot/opt process is to find the best metal position 

relative to the "fixed" substrate atoms. In the Type (IV) alcohols these are 

Atom Nos.800,607,608,107,601,604 and 104 (or pX see FIG.6-4.1). Although this 

could be done as part of a ROTATE run by using NCYCOP = 1 (in effect a FOCUSING 

MODE search - see TABLE 5-4.1) it is more thorough to perform a complete 

MULTISCAN search using the fixed data and then to start the ROTATE run with 

the known maximum within the initial search area. This saves considerable 

time in the already lengthy - ROTATE. runs. and ensures that- an isolated maxi-

mum is not found. 
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In oF(IV) only five fixed atoms have observable LIS. The data used for 

the initial MULTISCAN search is shown in APPENDIX IV-1 with part of the output 

in APPENDIX IV-3. The max FITFACTOR (978) (using FITLIM = 0.500 ie. SFIT. 

0.989 or RMS error = 1.1%) was found at (300/155/240). 

As HB  (107) was used for normalisation only it atoms were used to locate 

the metal position. Since 3 atoms are the minimum requirement for a unique 

solution the likelihood of there being several equally plausible maxima is 

considerable. This is seen for oF(IV) in FIGS.6-5.1 & 6-5.2 where "ridges" in 

the FITFACTOR tables bifurcate, illustrating how real the possibility of sett-

ling on a secondary maximum is when using FOCUSING MODE searches. The occurr-

ence of secondary maxima decreases as the-number of atoms with LIS data increase. 

6-5-2 Rotational Optimisation 

Having established the position of the maximum FITFACTOR a ROTATE run can 

be considered. The SEARCH PARAMETERS are chosen so that the known max. is 

within the first search area with the first NCYCOP option = 1 so that this is 

centred on. Subsequent CYCLES add the side-chain and phenyl ring in turn, 

initially with crude rot/opt (30° steps), followed by finer adjustments until 

no further improvement in fit can be obtained. The NCYCOP sequence shown in 

TABLE 5-4.2 was widely applied although a modified sequence was used for oOMe 

& pOMe(IV) so that the orientation of- the OMe groups could be=optimised with 

respect:  to the. phenyl rings. 

The attempts at rot/opt of oF(IV) provide good examples of some of the 

problems incurred when using METFIND in the ROTATION MODE. These were mainly 

due to two maxima, present in close proximity, in the early stages of the runs. 

The problems are best illustrated by "talking through" a complete ROTATE run 

(see APPENDIX IV, p.278=279) then comparing the results of the two methods used. 

A ROTATE run starts with WRITEA output followed by.a table of the initial 

INTER-ATOMIC DISTANCES. Each CYCLE begins with a description of the operation 

selected and a listing of the atoms to be used. In CYCLE 1 the maximum (and 

secondary maximum) FITFACTOR of the FIXED ATOMS was centred on (see TABLE 

6-5.2). In CYCLE 2, H-108 (in ROT2) was added to the FIXED. ATOMS and the 

search area centred onto the new maximum. Only one rotatable group should be 

added at a time since the orientation is unlikely to be correct and hence the 

position of the max. FITFACTOR might move considerably, leaving no results in 

the search area and terminating the run. In CYCLE 3 a crude rot/opt of H-108 

was performed. This involves rotating the group (including any nmr inactive 

atoms) in steps of 30°  through a complete circle. Increments from 30°  to 330
0  

were abandoned in favour of a 30 to 180, -30 to -150 pattern as this gave less. 

incidence of the search area "wandering aimlessly" out to R = 600 (at which 



C 

B 
2.5 A 3.0 	35 1.5 2.0 ' 

•30o- 

MAX 

-Eno- 

-700- 

FIG.6-5.1  FITFACTOR MAXIMA vs RADIUS  

In both cases where "ridges" in the 
FITFACTOR tables bifurcate, on increasing 
the search RADIUS, the higher branches are 
initially lower than those leading to the 
secondary maxima and would therefore not 
be found by a FOCUSING MODE search. This 
illustrates the necessity for performing 
full MULTISCAN searches. This type of 
benaviour'is a function of the size of the 
data set and the tendency for the format-
ion of secondary maxima is considerably 
reduced by increasing the number of LIS 
observations used. 

FIG.6-5.2 FITFACTOR MAXIMA  : PHI vs PSI At Each Search RADIUS 

(s) Indicates maxima in the FITFACTOR "Ridges" 
(I) Indicates the position of the max. for the initial search 
(A,B,C) Indicate the limits of the FITFACTOR searches 

The -X'axis is towards the observer (ie. the molecule is behind 
the page). 



point runs are terminated). Even with the improved NCYCOP = 6, ROTATE pattern 

search areas can become SILLY (see p.277) if the initial direction of rotat-

ion is incorrect. This can, however, be overcome by using the NCYCOP . 3, 

ROTOPT = 6 option (vide infra). 

When starting a-search,'METFIND normally retains the parameters of the 

last search. This used to be so in ROTATE options when returning to the ori-

entation with the max. FITFACTOR. If, (eg. in NCYCOP = 6 operations) the search 

area has moved significantly away from the max. FITFACTOR position, the orig- 

inal•max. may not be refound. Sometimes a higher, though more frequently a 

lower "maximum", was found so the program was modified to return to the 

original max. only. In both the oF(IV) runs, the maxima found at each CYCLE- 3 

orientation were identical (see TABLE 6-5.1)  but the first run found a differ-
ent "maximum" on returning to the 90°  orientation. TABLE 6-5.2  shows this quirk 
had a dramatic effect on the course of the two rotational optimisation runs. 

TABLE 6-5.1 Maximum FITFACTORS Found at Each H-108 Orientation in CYCLE'3 

ORIENTN MAX R PHI PSI ORIENTN MAX R PHI PSI 

INITIAL 948 270  170 210 -30  963 275 175 182 

30 961 290 160 230 -60 916 315 185 177 

60 934 290 160 235 -90 864 315 185 182 

90 965 310 145 250 •-120 844 325 187 179 

120 949 270 170 205 -150 862 315 185 179 

150 962 275 175 182 +90(1) 750  265 142 129 

180 915 315 185. 175 +90(2) 965 1 310 145 250 

In CYCLE 4 the stored coordinates were updated with the new H-108 coord-

inates. CYCLES 5, 6 and 7 repeated the sequence used for H-108 with the ring 

carbons and ortho fluorine group. In both runs the initial ring orientation 

was found to be the best. 

CYCLE 8, with NCYCOP = 3 (increment = 5°) was the first stage of the 

finer optimisation of both rotatable groups. NCYCOP = 3 and 5 feature searches 

which check that new orientations have higher max. FITFACTORS than their pre-

decessors. If the first increment lowers the max. the direction of rotation 

is changed. Rotation continues until a max. value is passed, the orientation 

being reset to. the average position found at the highest FITFACTOR. Further, 

up to 4 groups may be rotated in turn, in one CYCLE, provided that the axial 

and rotating atoms of each are independent. Here, with only two groups to 

optimise, the process is straightforward,, although several repeats are needed. 

in order to overcome interactive effects •(rather analogous to shimming a magnet). 

Here the two runs differed dramatically, the first rotating H-108 by 

+60° the second by only +5°. Other differences remained marginal. CYCLE 8 
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was followed by two further ROTATION CYCLES (10 & 12) with CYCIF S 9, 11 & 13 

used to update the stored coordinate data. CYCLE 12 was the-final stage of the 

rot/opt p-rocess so CYCLE 13 used NCYCOP -.8 to output a copy of the coordinates 

for card punching. 

In the two remaining CYCLES, first the side-chain and then the phenyl 

ring were subjected to "TWELVE POSITION FREE ROTATIONAL AVERAGING" by using 

the NCYCOP = 7 option. Although very expensive (taking up to 100 CP secs per 

ITERATION) this is a very useful test of the significance of the orientation 

derived by the rot/opt process - if there is no drop in the FITFACTOR max. on 

"free-rotating" a group then the hypothetical "rigid" orientation has no sig-

nificance. This judgement should be weighted by the size of the group for if 

only one atom out of 11 (as occurs here with H-108). is free-rotated then its 

effect on the FITFACTOR should be expected to- be fairly small. 

TABLE 6-5.2 Rotational Optimisation of oF(IV) (Normalising on H-107) 

CYCLE NCYCOP OPERATION 
RUN l-  RUN 2 

ROTN MAX R PHI PSI ROTN MAX R PHI PSI 

1 1 FIXED ATOMS - 

+
  

 

955 270 175 185 978 300 155 240 

2 2 ADD H-108 948 270 170 210 ROT2 944 280 170 230 

3 6 ROTATE H-108 750 265 142 129 +90°.  965 310 145 250 

5 2 ADD RING + oF 897 235 160 192 0R2 893  300 150 235 
6 6 ROTATE RING + oF 898 235 162 192 0°  n " ,r " 

8 3 ,r 	H-108 948 271 174 180 +5°  903 305 146 245 

3 ,r 	RING + oF 949 272 174 179 -5°  914 305 152 239 

10 5 ,, 	H-108 950 272 174 179 -4°  916 305 150 241 

5 ,r 	RING + of r, " ,r „ -is  ,, ,, ,, n 

12 5 „ 	H-108 „ ,r „ +1.5°  917 3o4 152 239 

5 n 	RING + oF r, r, r, n -1.5°  917 303 153 238 

14 7 FREE ROTN H-108 939 272 175 179 933 263  173 183 
15 7 FREE ROTN RING + oF 866 252 135 104 832 178 158 170 

Although RUN 2 appears to be better in the first three CYCLES, RUN 1 is 

clearly better later on. This is borne out by the max. in CYCLE 14 being 11 

units lower than in CYCLE 12 for RUN 1 whereas it is 16 units higher in RUN 2: 

The side-chain orientation is definitely not optimised in RUN 2 but:is it opt -

mised in RUN 1? From TABLE 6-5.1 the "TWELVE POSITION AVERAGE" for H-108 

with just the 5 FIXED ATOMS is 924 ie. 41 units lower than the max. value 965. 

' Since FITFACTORS are based on an RMS function the expected drop in the max. 

FITFACTOR on free-rotating H-108 with 11 'atoms rather than 6 cannot be directly 
calculated; here the approximation 6/11 of 41 ie. 22 will suffice. The obs-
erved drop (11) is probably less significant than the drop seen in CYCLE 3, 
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ie. the significance of the side-chain orientation is debatable. On further 

examination of TABLE 6-5.1 the likelihood of a unique solution to the side 

chain orientation can be seen to be very small as maxima (0963+2) exist at . 

-30, +30, +90 and +150. 

The drop of 84 and 85 units respectively in max. FITFACTOR on rotating 

the ring and ortho fluorine appears to be fairly significant but on examining 

the CYCLE 6 output a secondary maximum of 884+ at 185/152/172 is found in both 

runs, which although at too short a radius to be treāted seriously shows the 

dangers of accepting results at their face value. 

6-5-3 Full MJLTISCAN Search  

Once a ROTATE run has been successfully completed a MULTISCAN MODE search, 

based on the full data as optimised, is performed to check that a secondary 

maximum was not used for optimisation. In the ease of oF(IV) this was only 

performed for the RUN 1 final orientation, the maximum found being identical 

to that found in the ROTATE run ie. 897(FITLIM1 = 0.750) 0 270/175/180. 

6-6 Results of Rotational Optimisation Using the Eu- and Yb-LIS  

6-6-1 Initial Maxima Found for the FIXED ATOMS 

In most cases there were _only 5 FIXED ATOMS. In some para derivatives 

TABLE 6-6.1 Maxima in Eu-LIS MJLTISCAN Searches of the FIXED ATOMS  

DERIV 
X 

No. 
ATOMS 

NORM ON C-607 NORM ON H-107 607 
2nd 

107 
2nd MAX R PHI PSI MAX R PHI PSI 

H 5 811 260 105 125 845 280 110 217 / * 

oF 5 897 270 100 190 904 280 105 225 / * 

oCl 5 901 240 155 205 981 200 150 190 / * 

oBr 5 903 170 14+5 195 943 150 14+5 190 / / 

oMe 5 743 260 110 195  714 260 115 195 / * 

oOMe 5 905 260 145 110 933  240 155 130 * * 

oNO2  5 797 210 155 220 907 200 155 220 / $ * 

oCF3  5 676 1225 160 217 966 250 160 130 / $ * 

PF 6 586 270 100 190 541 280 105 225 / * 

pCl 5 635 290 95 270 477 290  90 XXX / * 

pBr 5 749 290 90 XXX 685 290  95 90 / * 

pMe 9 441 280 100 222 362 290  95 255 / * 

pOMe 5 572 200  95  90 500 290 90 XXX / * 

pNO2  4 647 180 210 220 864+ 200 210 240 / $ 

pCF3  8, 105.  200 180 220 64 300 170 105 $ $.- 

* Secondary maximum at higher radius than max. value (9 of these values occ-
urred at 490/145/115). $ Secondary maximum at shorter radius than max. value. 
XXX When PHI = 90 all values of PSI are equal. 



this number-was higher (eg. pF and pMe) whilst with pNO2 the C-4' LIS signal 

was not observable, lowering the number to 4. The Eu-LIS results are given in 

TABLE 6-6.1,  the Yb-LIS results in TABLE 6-6.2.  Note the Eu-LIS results are 

generally poorer than the Yb-LIS results, with the radius of the latter usually 

longer..(especially when normalising on C-607). This is probably due to the CS 

addition to the .Eu-LIS of C-607. 

TABLE 6-6.2 Maxima in Yb-LIS MULTISCAN Searches of the FIXED ATOMS 

DERIV 
X 

No. 
ATOMS 

NORM ON C-607 NORM ON H-107 607 
2nd 

107 
2nd MAX R PHI PSI MAX R PHI PSI 

H 5 976 260 165 150' 970 250 155 135 / / 

oF 5 967 290 165 225 978 300 155 240 / / 

oCl 5 966 290 175 205 986 310 185 185 /. / . 

oBr 5 953 260 170 145 951 310 145 260 / / 

oMe 5 943 300 145 185, 985 360 160 170 / / 

oOMe 5 916 260 160 135 924 310 135 265 / / 

oNO2  5 918 255 170 152 940 310 145 260 / / 

oCF3  5 951 310 137 207 986 330 150 195 / / 

pF 6 763 320 190 160 769 340 190 155 / / 

pCl 5 898 230 135 165 926 220 125 145 / / 

pBr 5 756 320 140 250 985 220 110 170 / * 

pMe. 9 670 300 150.. 235 661 350 175 205 / / 

pOMe 5 787 300 145 225 782 220 135 125 / * 

pNO2  5 809 270 125 187 772 305 138 177 / / 

pCF3 
 

8. 793  310 160 245 767 300  175 145 / / 

* Secondary max. = 977 ® 410/180/210 in both cases. 

6-6.2 Results of the ROTATION MODE Runs  

The results from CYCLE 1 are the same as those given in TABLES 6-6.1 &  

6-6.2.  In CYCLE 2, H-108 is added and the max. FITFACTOR found. This is used 

as the 0°  reference in the CYCLE 3, NCYCOP = 6 rot/opt of H-108. As illust-

rated in SECTION 6-5-2  a knowledge of the individual results for the 30°  rot-

ation increments is useful in later determining the significance of the opt-

imised geometry. The maxima for CYCLES 2 and 3 are therefore given in TABLES  

6-6.3 and 6-6.4,  for the Eu- and Yb-LIS data respectively, with the CYCLE 5 

and 6 maxima for the phenyl ring optimisation given in TABLES 6-6.5 & 6-6.6. 

In all cases the upper values are for normalisation on C-607, the lower values 

for H-107. -S-(an abbreviation for SILLY) indicates the CYCLE and run termin-

ated due to an illegal search area (eg. R greater than 62, etc.). 

Where Me or CF3  groups were present these were "free-rotated" using the 

"TWELVE POSITION AVERAGING" option in addition to any ring rot/opt performed. 
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TABLE 6-6.3 CYCLES 2 & 3 : H-108 FITFACTOR Maxima for Eu-LIS Data. 

DERIV 
X 

Init 
ROTN 

-~50 -120 -90 -60 -30 0 30 60 90 120 150 180 NB 

H 
ROT1 
ROT1 

414 
/ 

534 
/ 

689 
/ 

800 
/ 

818' 775 
763 

681 
747 

579 
688 

483 
657 

408 
655 

362 
-s- 

359 
/ 1 / 

oF 
ROT2 
ROT2 

500 
658 

425 
656 

384 
684 

385 
745 

442 
825 

562 
898 

715 
225 

850 
915 
l 
865 

810 
807 

704 
740 

597 
687 2 

oC~. Rp 33 893 923 901 888 904 05 93o 871 820 809 3 7 

aBr 
ROT3 
RoT3 

746 
663 

721 
733 

779 
75 

738 
74o 

680 
684 

630 
604 

590 
535 

559 
516 

530 
515 

506 
525 

553 
548 

i67 
588 

oMe ROT1 
ROT1 

451 
/ 

542 
/ 

657 
/ 

745 
/ 

122 
/ 

741 
; 717 

687 
652 

609 
779 

535 
753 

477 
760 

440 
-s- 

423 
/ 4 

oOMe 
ROT2 
ROT2 

679 
687 

641 
671 

629 
687 

649 
737 

709 
815 

, 823 
909 

22 
912 

892 
901 

21~ 
231 

908 
916 

825 
817 

744 
724 

ROT3 640 563 543 508 475 452 433 415 395 383 400 625 oNO2 ROT3 314 410 489 494 453 401 360 318 280 256 259 5 

oCF 
ROT2 613 601 603 617 637 654 666 675 682 677 661 637 

777 3 ROT2 659 621 618 642 678 715 736 755 783 802 795 6 

ROT1 256 348 474 565 577 541 483 416 35o 293 257 23o 
PF ROT2 522 527 550 592 T41 667 La 666 636 598 561 534 7 

ROT1 / / / -S- 582 511 425 338 255 182 137 138 
pC1 ROT1 / / / / / / / / / / / / 8 

ROT1 302 426 583 703 686 608 513 423 341 275 235 240 
pBr ROT1 / / / / 7 616 556 522 511 -s- / / 

ROT1 160 251 372 445 446 414 366 311 254 194 145 126 
pMe ROT1 / / / / / -S- / / / / / / 9 

pOMe 
ROT1 
ROT1 

158 
/ 

283 
/ 

445 
/ 

560 556 
/ 

495 
-s- 

412 
/ 

325 
/ 

237 
/ 

156 
/ 

102 
/ 

99 
/ 9 

Ron. 356 418 467 488 471 415 339 274 236 230 253 297 
11'12 ROT2 299 324 384 F1,5 517. 590 ! f2g 542 133 0 0 0 10 

ROT1 103 116 123 120 106 97 82 73 70 72 79 89 
P'̀1.3 / / / 7- / / / / / / / / / 8 

Later solved by using ROT2 and NCYCOP = 3 
All results at MR = 500 

All results at -r R = 450, Sequence 30 to 330 used 

(4) This still occurred with an initial ROT2 position 

(5) All at R = 100 to 190 ... too close 

(6) Max at R = 80 ... much too close • 

(7) ROT1 search gave SILLY result in CYCLE 3. With ROT2 all results 
at R > 500 
SILLY result in CYCLE 1 

No results found with ROT]. or ROT2 

Had to use ROT2 to obtain a result 

446 indicates the maximum value; 935 indicates a secondary maximum value. 

(1)  

(2)  

(3)  

(8)  
(9)  
(10)  
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TABLE 6-6.4 CYCLES 2 & 3 : H-108 FITFACTOR Maxima for Yb-LIS data 

DERIV Init 
X ROTN -150 -120 -90 -60 -30 ; 	0 30 60 90 120 150 180 NB 

H .R0T2 
ROT2 

824 
813 

805 
795 

817 
813 

860 
863 

928 
944 

962 

9 
935 
916 

919' 
783 

938 
823 

945 
926 

256 
951 

875 
867 

ROT2 
ROT2 

852 
862 

833 
844 

844 
864 

882 
916 oF 

 

933 
963 

944 
948 

951 
261 

931 
934 

951 
965 

945 
949 

952 901 
915 1 262 

oCl 
ROT3 
RoT3 

841 
913 

910 
941 

943 
950 

969 
969 

958 
985 

950 
973 

959 
987 
9 942 

967 
889 
934 

845 
920 

830 
883 959 

oBr 
ROT3 
RoT3 

904 
725 

926 
782 

932 
904 

960 927 
887 

909 
903 

919 
916 

247 
948 

937 
95o 

909 
918 

880 
781 

864 
647 953 

oMe ROT1 
ROT1 

924 
~58 

242 
824 

865 
780 

808 
776 

820 
803 

900 
866 

888 
931 

842 
874 

826 
857 

838 
878 

875 
944 956 

oOMe ROT2 
ROT2 

817 
802 

797 
783 

805 
797 

842 
841 

897 
898 

911 
855 

826 
850 

771 
847 

815 
844 

893 
855 
9 866 

853 214 

RoT3 889 899 905 927 903 888 894 919 919 889 872 856 oNO2 ROTX 693 683 702 869 923 899 879 885 go8 922 910 2 76g 

ROT2 848 831 839 87o 915 952 876 814 822 901 248 889 oCF3 ROT2 892 874 893 946 990 864 813 824 888 972 945 930 

p F 
ROT2 
ROT2 

745 
760 

736 
748 

746 
757 

769 
787 

778 758 
854 

710 
819 

694 
812 

721 
822 

761 Ig3 
818 

769 
788 4:.--7 2 

pCl ROT1 
ROT1 

751 
222 

814 
902 

885 
851 

907 
835 

900 
851 

908 875 
218 

804 
808 

743 
704 

706 
621 

697 
566 

712 
926 3 916 

Ron 714 757 755 741 760 
r 

689 748 705 676 667 680 
ROT1 565 715 959 959 953 900 807 691 599 529 506 869 
ROT1 673 684 692 687 692 688 668 677 662 653 653 662 pMe ROT1 480 0 0 0 0 651 688 665 657 675 689 586 

RoT1 780 802 802 779 783 808 792 774 748 773 738 755 pOMe ROT1 603 715 K.I. 766 714 726 793 805 738 65o 587 559 

ROT1 719 769 819 826 821 8222 803 752 705 675 667 682 
pNO2 ROT1 / / / / / 800 983 / / / / / 4 

pcF3pC 
ROT1 
ROT1 

765 
766 

785 
766 

768 
738 

765 
728 

766 
751 

745 
771 

778 
765 

747 
737 

716 
708 

703 
698 

709 
708 

731 
735 

: 	(1) See SECTION 6-5.2 - results given for Run 1 search 

(2) 	Initial Rotamer derived from Max.found with Eu-LIS data 
(at 0 = 123.5°) 

Secondary max at R = 225 - Max at R = 455 (Repeat NCYCOP = 3 - 
Rotated +17.5°). 
NCYCOP = 3 search used as NCYCOP = 6 produced a SILLY result 
(R>6) Optimised at +25° Max 0 500/164/147 

(3)  

(4)  

• 



TABLE 6-6.5 CYCLES'5 &*6 : Ring FITFACTOR Maxima for Eu-LIS Data. 

.DERIV 
X 

Init 
ORN. -~50 -120 -90 -60 -30 0 30 60 90 120 150 180 NB 

H 0R1 
OR1 

617 
741 

588 
695 

640 
700 

724 
757 

7„4 695 
816 

617 
741 

588 
696 

640 
701 

724 
762 

742 
827 

695 
816 

oF OR2 
OR2 

767 
77- 

716. :636 
/ 

605 
/ 

623 
/ 

692 
799 0 

762 
725 

685 
642 

573 
435 

503 
-s- 

535 
/ 

616 
/ 

OR2 
OR2 

771 
944 

833 
520 

858 
521 

871 
647 

oCl 

 

825 
817 

736 
86o 

638 
862 

548 
890 

514 
89 

567 
762 

677 
626 759 

oBr 
OR2 
OR2 

642 
629 

754 
736 

809 
791 

809 
785 

761 	662 
7/41596 

536 
474 

432 
392 

390 
358 

432 
406 

531`' 
510 798 

oMe 
OR2 
/ 

655 
/ 

726 
/ 

699 
/ 

686 
/ 

711 
/ 

72 	, 675 
/ 

551 
/ 

430 
/ 

334 
/ 

396 
/ 

505 
/ 

OR1 564 571 546 574 586 59 i 547 483 418 398 445 517 
oOMe 

OR1 / / / / 566 560 / / / / / / 	2 

OR1 568 506 462 447 457 488 559 616 6./1 662a 639 619 
oNO2 

OR1 534 514 502 499 507 535 1570 595 599 597 592 570 

oCF3 0R2 0R2 
470 424 

106 
348 
0 

35o 
0 

360 
0 

416 
201 

420 
518 

406 
594 

0 
605 

0 
288 

0 
554 

0 
545 	3 369 

OR1 451_ 396. 474 588 624 574 1 44o 365 474 588 624 573 
pF OR1 / / / / / -S- 1 / ' / / / . / / 

pCl / 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 	t 
/ 	i 

OR1 / / / / / 491 409 -s- / / / / 
PBr / / / / / / / 	, / / / / / / 

pMe 
OR1 
/ / 

382 
/ 

312 392 
/ 

494 
/ 

522 
% 

487 
/ 	, 

3$1 
/ 

315 
/ 

391 
/ 

494 
/ 

522 
7_ . 

484 
/ 

OR1 / / / /. / 518 ' 412 292 -S- / / / 
pOMe / / / / / / / / / / / / / 

pN0 2 
OR1 
ORI 

/ 
/ 

/ 
/ 

/ 
-/ 

/ 
/ 

/ 
/ 

0 
0 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

3 
OR1 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ pCF 

 

/ 
/ 

0 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

Note that results are symmetrical for X = H and para X 

Kev : 	(1) 	Actual max observed at R = 420 - returned to max 837 @ 210 
Sequence 30-330 used. 

(2) NCYCOP = , STEP_ 50 used as previous NCYCOP = 6 searches 
had R> 6 . 

(3) All results at tiR = 100! 



TABLE 6-6.6 CYCLES 5 & 6 : Ring FITFACTOR Maxima for Yb-LIS Data  

DERIV 
X 

Init 
ORN 

-150 -120 -90 -60 -30 0 30 60 90 120 150 180 NB 

oR]. 804 766 816 898 222 891 804 766 816 898 98 891 H OR' 794 750 807 891 937 885 794 750 807  891 937 885 

of OR2 
0R2 

894 
876 

886 
815 

838 
799 

879 
867 

934 
897  

904 
866 

838 
805 

669 
729 

546 
644 

621 
628 

796 
817 884 

oCl 0R2 
0R2 

819 
800 

921 
913 

957 
2 

926 
goo 

941 
926 

905 
898 

818 
784 

711 
72o 

599  
598 

544  
515 

590  
559 

702 
676 

oBr 0R2 
0R2 

769 
580 

729 
728 

872 
925 

9 
959 

894 
890 

808 
800 

701 
701 

578 
580 

510 
508 

551 
537 

657  
641' 945 

oMe 0R2 
0R2 

736 
736 

826 
810 

85/ 856 856 
821 

825 
763 

740 
631 

609 
608 

411 
539 

264 
426 

372 
42o 

574 
609 832 

0R1 739 725 672 618 680 805 goo 892 821 759 795 866 
oOMe 

OR1 726 706 660 589 633 757 882 875 807 747 783 855 
0R1 729 63o 504 433 474 582 694 782 867 886 864 808 oNO2 oRX 416 452 561 673 763 877 87o 839 786 615 485 2 705 

CR2 822 871 845 832 838 8+1 783 646 0 0 0 62o oCF3 OR2 805 851f 824 801 767 759 720 658 548 202 419 615 

ori 553 475 54o 720 811 725 553 475 540 701 815 725 
pF OR1 568 497 542 707 806 694 568 497 535 676 78 709 

OR1 596 520 619 705 72 705 596 520 619 705 y34  705 pC1 0R1 553  523 603 676 743 675 551 520 616 695 686 674 

pBr OR1 
OR1 

575 
536 

494 
500 

622 
653 

749 
76 

776 
678 

724 
67o 

575  
536 

494 
505 

622 
662 

749 
7/3 

776 
684 

724 
671 

0R1 595 517 615  699 DI 66o 595 517  615 699 718 698 
pMe OR1 567 520 631 660 688 567 518 630 683 666 668 

p OMe OR1 
OR1 

572 
541 

452 
459  

573 
528 

755 
638 

820 
680 

754 
658 

547 
539 

414 
467 

553 
532 

71+0 
64o 

821 777 
675 622 

oR1 53o 426 531 689 706 529 426 531 689 747 706 
PNO2  OR1 / / / / 737 641 / / / / 7 / 3 

pCF3 OR1 
oni 

559 
549 

491 
496 

559 
549 

690 
683 

759 
7:C§ 

689 
683 

559 
550  

491 
497 

559 
549 

690 
683 

759 
769 

689 
683 

Key  : (1) If two maxima at same value returns to last one found 

(2) Initial Ring orientn  = result from Eu search ((i = 2700). Runs 
with OR1 gave lower results. 

As with H-108 Rotation NCYCOP = 3 used. Optimised at -35°  
Max 7370 332/165/167. 

The NCYCOP sequence was modified for the derivatives containing methoxy 

groups in order that these could be rotated relative to the phenyl ring. The 

normal (1) and modified sequences (2) are given below. Initially the OMe 

groups were set in the plane of the ring pointing away from the side-chain. 

I H-108 
FIXED 	RING 

-3 4-.55 4-5-8-i-7 (2) 
BOTH /H-108` 

TAPE9 RING 

4-3- 
as (1) 	OMe ALL I asi(1) 

OMe 

(3)  



TABLE 6-6.7 Rotational Optimisation of the Methoxy Groups  (Initial - CYCLER 

Final'CYCLE 12). 

DERIV LSR -150 -120 -90 -60 -30 0 30 60 90 120 150 18o OPT 
FINAL ,o 

oOMe 

Eu.l 
Eu.2 

484 
0 

556 
0 

615 
0 

604 
L  

602 
0 

588 
566 

586 
571 

603 
588 

622 612 
588 

579 
473 

418 
0 

102.5 
-60 614 

Yb.1 
Yb.2 

509 
535 

713 
734 

843 
832 

854 
838 

885 
869 

900 
882 

225 
L87 

868 
865 

797 
794 

711 
691 

639 
601 

520 
530 

12.5 
17.5 

pOMe 

EU.1
Eu.2) 

 
 Both runs failed before reaching this stage 

Yb.l 
Yb.2 

820 
681 

821 821 
688 

821 
692 

821 
622 

821 
69 

820 
691 

819 
688 

818 
685 

818 
682 

818 
680 

820 
680 

-120 
+47.5 684 

Full details of CYCLES8, 10 and 12 are omitted on grounds of space. The results 

after full rot/opt (CYCLE.13) and free rotation (CYCLES 111.&15) are given in 

TABLES 6-6.8 & 6-6.9. The omitted values in TABLE 6-6.8 are from runs which 

failed (due to poor LIS data) before completing optimisation, the abbreviations 

are explained below TABLE 6-6.9. 

TABLE 6-6.8 Final Results of the EU-LIS Rotational Optimisation of the Type  

(IV) Alcohols  

Deriv N MAX R PHI PSI Rot S Or S Rot(2) M Or(2) M MAX14 MAX15 V 

H 1 
lb 

753 
837 

250 
512 

109 
179 

153 
125 

211 
248 

2 
0 

216 
190 

0 
0 

/ 	- 
/ 

/ - 
/ 

600 
789 

772 
884 

1 
0 

oF 2 773 251 109 160 209 2 214 0 / 30 = 618 780 1 

oCl 3 
3b 

887 
844+ 

249 
196 

152 
145 

202 
178 

193 
150 

1 
1 

322 
120 

2 
2 
/ 
0 = 

/ 
/ 

874 
821 

752 
731 

1 
1 

oBr 4 
4b 

819 
807 

176 
153 

135 
142 

178 
183 

171 
265 

2 
2 

298 
298 

2 
2 

240 
145 

= 
= 

/ 
/ 

678 
655 

630 
591 

? 
0 

oMe 5 732 248 121 189 203 2 353 2 / / 645 502 1 

°MMe 6 626 198 155 162 263 0 180 0 210 = 60 = 610 627 1 

7 646 242 111 162 205 2 283 2 / / 508 569 1 °NO2 7b 612 122 150 188 124 2 270 1 / / 439 570 0 

oCF 3 
8 
8b 

479 
638 

250 
109 

162 
147 

213 
177 

241 
146 

0 
? 

157 
91 

? 
? 

/ 
./ 

30  
150 

1  
2 

495 
/ 

/ 
/ 

1 
0 

pF 9 625 258 111 175 149 2 212 0 / / 525 665 1 

pMe 12 525 277 103 182 220 2 209 0 / / 425 552  1 

The angles specified in the Rot & Rot(2) and Or & Or(2) cloumns of 

TABLES 6-6.8 & 6-6.9 (0 and w respectively - see FIG.1-5.1) were calculated 

using the following rules : 

For ROT1, ROT2 and ROTS, 0 = 180, 300 and 60°  respectively. 

For OR1 and OR2, W = 180 and 0°  respectively. 

METFIND measures side-chain rotations in the opposite sense to 0. 

(4) METFIND measures ring rotation in the opposite sense to W when X is H 
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TABLE 6-6.9 Final Results of the Yb-LIS Rotational Optimisation of the Type  

(IV) Alcohols 
Deriv N.IMAX R PHI PSI Rot S Or S Rot(2) M Or(2) M MAX14 MAX15 V 

1 951 250 171 179 308 1 211 0 150 = / 945 972 1 
lb 940 230 168 180 295 0 210 0 150 _ / 936 950 1 

2 	946 243 169 181 155 0 236 2 0 = 946 818 1 
°F  2b 950 272 175 179 150 1 3 2 15ō-  . 240 = 939 866 1 

oCl 3 	970  277 176 197 359 2 263 2 120 = 330 = 914 775 1 
3b 967 283  177 197 2 2 262 2 90  = 330  = 914 758 1 

oBr 4 	959  
4b 968 

251 
250 

171 
156 

149 
124 

125 
126 

2 
2 
323 
284 

2 
2 

0 
330 

= 
= 
/ 
/ 

915 
927 

722 
717 

1 
1 

5 	863 310 136 193 161 0 270 2 300 _ / 861 472 1 oMe 5b854 307 141 202 303 0 268 2 150 = / 851 444 1 

o0Me 
6 	914 
6b 896 

227 
215 

168 
170  

167 
170  

163 
155 

0 
0 

218 
220 

2 
2 

300 
330 

= 
= 

/ 
0 

t 
z 

911 
896 

759 
740 

1 
1 

• oNO2 7 	891 7b 886 
262 
260 

163 
159 

138 
130 

129 
131 

2 
1 

106 
282 

2 
2 

345 
334 

= 
= 

/ 
/ 

872 
870  

681 
672 

1 
1 

8 	884 316 141 219 302 0 242 2 30 = 0 = 885 424 1 0CF3 8b 876 316 144 220 303 0 242 2 30 _ / 873 407 1 

pF 
9 	845 
9b 838 

293 
300 190 7 

180 
179 

331 
152 

0 
0 

210 
209 

1 
1 300 = / 836  7879 1 

10 	738 213 165 180 168 0 210 0 240 = / 735 765 1 
pCl lOb 746 311 183 179 150 0 210 0 330 L / 744 737 1 

11 777 213 160 178 285 0 210 0 120 2 / 774 796 1 
pBr llb 785 168 132 162 190 2 234 0 / / 698 838 ? 

74 M  13"ee 
12 	727 
12b 703 

228 
303 

163 
173 

180 
182 

300 
25 

0 
2 

210 
208 

0 
1 

210 
150  _ _ 

/ 
/ 

727 
0 

749 
/ 

1 
1 

pOMe 13 	832 
13b 825 

247 
361 

141 
169 

174 
192 

150 
350 

0 
1 

215 
205- 

1 
1 120  = / 802 802 1 

14.  750 252 141 183 163 0 208 0 240 = / 745 745 1 
pNO2 14b 743 324 167 173 135 0 212 1 / / 735 723 1 

pCF3 15: 773 
15b 179 

264 
293 1811 178 148 0 209 1 315 = / 785 734 1 

Notes : N = Normalising group, n = 607, nb = 107. 
Rot & Or = Optimised Side-chain and Ring geometries. 
Rot(2) & Or(2) = Geometries of secondary maxima found in CYCLES 3 or 6. 
S = Significance of Optimised geometry compared to free-rotation maxima 
Scale : 0 = No significance; 1 = debatable significance; 2 = significant 
L = Larger but at R = 455. 
M = Magnitude of Secondary max. compared to max.: (_) = approx. equal, 
(2) = considerably lower. 
MAX14 & 15 : Maxima in CYCLES 14 & 15 - "free rotation" of H-108 and 
rings respectively. 
V = validity of CYCLE 12 maxima - if 2.1 < R <3.6 results invalid. 
Scale . 0 = Invalid; ? = debatable - rather low; 1 = Valid. 

or para, and in the same sense when X is ortho. 

Points (3) and (4) reflect the choice of the axial atoms A and B (see SECTION 

5-4-3) in the ROTATE runs. 
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The results of the Eu-LIS and Yb-LIS based optimisations (TABLES 6-6.8 
and 6-6.9) have little in common. This was expected as the EU-LIS data con-

tains significant CS distortions in at least three carbon atoms (see FIG.6-3.1) 

This is reflected in the generally poor FITFACTORS (cf. to the Yb-LIS results) 

and also in the small number of runs which (a) were completed (15), and (b) 

- produced FITFACTOR maxima in feasible positions (10) - a poor record out of 

the 30 runs attempted. Also as the same data was used for the two runs with 

each derivative these should, if no CS/CFS distortions were present, have pro-

duced similar maxima and optimised orientations. This is clearly not the 

case with the Eu-LIS data. 

The Eu-LIS results are therefore only reported for comparative purposes 

and.  are not intended to be taken as meaningful as there is ample evidence to 

contradict this. They do, however, serve as a useful warning that apparently 

sensible rot/opt can be performed using poor LIS data and emphasise the necess-

ity of ensuring that all the LIS data used is based solely on PCS. 

6-6-3 Results of the Full MULTISCAN Searches 

Having completed .a ROTATE run the coord. data output in CYCLE 13 was 

used in a full MULTISCAN search to check that the results were not based on a 

secondary max. Where this occurred the data/options were modified and the 

ROTATE run repeated until a satisfactory result was obtained. All the Yb-LIS 

rot/opt results fall into this category although several Eu-LIS results do not. 

It was intended that the CONTUR output from the full MULTISCAN runs 

should be used in plotting 3-D contours of the FITFACTORS. A colleague, 

J.C.Burgess, spent considerable time and effort in tackling the problems ass-

ociated with handling and converting arrays of up to 50,000 numbers in polar 

coordinates into sorted cartesian coordinates and then plotting stereoscopic 

surfaces of the contours produced. Unfortunately this mammoth project could 

not be finished in the time available and although well advanced had to be 

shelved. When necessary 3-D contours were plotted on a specially constructed 

model - see APPENDIX V. 

6-7 Interpretation of the Yb-LIS Rot/Opt Results  

A major shortcoming of the rot/opt method developed for METFIND VII was 
the assumption of a unique optimum conformation. This approach may seem very 

naive (especially in view of its failure in interpreting three-bond couplings - 

see SECTION 4-8.2) but the alternative of optimising randomly weighted populat-

ions, as well as performing the rot/opt process devised, was discounted for 

several reasons 

(a) Expense. METFIND VII was already a large complex program whose time 
and output usage bordered on and sometimes exceeded the maximum available, 
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ie. 600 CP. secs, 5120 lines of output. 

(b) Development time. This would have been considerable and the likelihood 

of successful debugging in the time available was small. 

(c) Applicability.. The Type (IV) alcohols have only one atom (H-108) on 

which to base rot/opt of the side-chain. This represents a grave weakness in 

the results already obtained and would prohibit the use of weighted population 

averaging such as that described in APPENDIX III. 

Point (c) should be borne in mind throughout the discussion in this section. 

As the rot/opt method assumed a unique "rigid" conformation care should be 

exercised in applying the results to the reality. ofrotating species which 

possibly possess preferred conformations. If we assume that eclipsed confor-

mations in the side-chain will be disfavoured and that results between two 

rotamers indicate that both participate, then by a crude "scoring" of the 

optimised rotations (for both sets of Yb-LIS data including any secondary 

maxima) it should be possible to obtain guidelines to the preferred confor-

mations of the Type (IV) alcohols. This has been attempted in TABLE 6-7.1  

with the inferences "calculated" from the following rules : 

(1) Each rotamer has an initial score of 2 - this introduces a rotational 

factor. 

(2) Each maximum is scored according to its significance and whether it is 

a secondary max: etc. ie. Significance Max 2nd(_)  2nd (0 

0 ' 	2 2 1 

1 4 3 2 (taken from 

2 8 7 5 TABLE 6-6.9) 

(3) The score attributed to each rotamer is weighted by the angles between 

the maxima and the rotamer, ie. 0°factor = 1, 300factor = ū, 600factor = , 
90°factor = 

The inferences gained by this. method, although very approximate, are 

substantially in accord with the more reliable rotamer positions calculated 

from the coupling data. Overall there is a tendency for the inferred results 

for the ortho Type (IV) alcohols to lie nearer a 33-34-33 distribution with 

• the LIS data than with the coupling data, but where one or two rotamers pre-

dominate in the LIS data these normally correspond to the preferred rotamers 

in the coupling data. For the side-chain, therefore, conformational analysis 

from the LIS data is severely limited as it is only based on one atom, making 

the results only useful for corroboration with those obtained from the coupling 

data. The optimised orientation in the phenyl ring in the para Type (IV) alc-

ohols suffers a different limitation caused by symmetry in the LIS data of the 

ortho and meta atoms which artificially forces it to be symmetrically disposed 

to the metal-oxygen vector. This is of little importance as the results for 
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TABLE 6-7.1 A "Preferred Rotamer" Interpretation of the Yb-LIS H-108 Rot/Opt ' 

Results 

ROAMER WA ROT" ~ ROT2 r9/// ROT ~~f TOTAL 
SCORE "SCORE" INFERENCE Ch. 4 EST 

FACTOR 1 
1 

/ 

1 
2 

/ 

3 

/ 

33 1 

/I ? 

u 1 2 

z 

1 ā/ 

3, 1 

1 

4 

1 
1 

? 

3 1 

/ 

3 
3 

/ 

1 
2 
/ 

1 POPULATIONS 

/ ROTAMER ROTAMER ROTAMER 

DERIVN Q°, °E-°m° °ō°o2'ETa °LS 1 2 3 1 2 3 1 2 3 

H 	a 
b 2 2 2 2 

5 3* 34 47 19 .44 32 24 

a 
oF 	b 2 

2 
4 2 2 2 

2 
4 7 4 7 39 22 39 40 20 40 

oCl 	a 7 
7 

8 
7 7 7 8 18,1 21 24 55 19 11 70 

oBr b 8 7 7 8 10 8 115—~ 29 25 46 16 9 75 

a oMe 

 

2 2 2 5 6 3 36 4+3 21 55 22 23 

oOMe b 2 
• 2 

2 2 5 5i 62 29 32 39 15 3 82 

0NO2 
b 

8 8 8 82 112 29 30 41 10 10 80 

0CF3 
b 

2 
2 

2 
2 2 7 5 14 50 36 13 21 66 

a 
pF 	b 

2 
2 2 2 2 5 52 32 36 39 25 44 35 21 

pCi 	a 
b 

1 
2 

1 2 
2 2  

1111 
 42 3-4 48 30 22 42 35 23 

pBr b 1 3 5 
1 1 1 3 97 311 3ū 58 23 19 42 35 23 

pMe 	b 8 2 2 8 8 9i 6* 10 36 25 39 46 32 22 

pOMe b 3 2 1 1 
4 

3 2 5 5? 6 30 34 36 48 36 16 

pNO
2 b 1 1 1 

2 
1 52 3 2u 51 28 21 34 35 31 

a pCF3 b 2 2 1 
2 
1 2 5 5i '5 33 34 33 39 35 36 

the para ring optimisations were consistently of low significance, supporting 

the view that the ring is freely rotating in these derivatives. Fortunately, 

the ortho ring rot/opt suffers no artificial constraints so the results may be 

interpreted at face value. 

By analogy to the findings of Anderson and Pearson
130 
 (see FIG.1-5.7) 

the rotamer with 4).  330+30° (R1) would be expected to be the most populated, 

with W = 150 + 300 (R2) as a lesser alternative; at ambient temperatures (see 

FIG.6-7.1). Ring optimisations at W = 240 + 45° (R3) could indicate inter-

actions between the ortho X and -CHC12 groups whilst W = 120 + 30° (R4) could 



FIG.6-7.1  The two least 
hindered rotamers for the 

phenyl ring in the Type 

(IV) alcohols. 

indicate interactions 

between the bulkier ortho X (eg. Me,OMe,NO2, CF3 
 ) and the -OH groups. 

From TABLE 6-6.9  there is some evidence that oF, Cl aand CF3  occupy R1 

about 50% of the time with oOMe lower at —35%. None of the derivatives have 

results at W = 150 + 30°  so it seems unlikely that R2 is occupied. Apart 

from Br and NO2 all the ortho derivatives have their major optimised orient-

ation within W = 240 + 30°  implying that the ring substituents in these com-

pounds have attractive interactions with the -CHC12  moiety of the side-chain. 

Both oBr and oNO2  have optimised orientations with C-6' and the -OH group 

approximately eclipsed (W = 283°) whilst °NO2  also has the reversed orient-
ation with C-2' and the -OH group approximately eclipsed (W = 106°). The 

latter could reflect an interaction between the -NO2  and -OH groups (R4+) 

whilst the former could still indicate an interaction between either -X and 

the -CHC12  groups (R3) although this is less certain than with the other 

ortho derivatives. 

Overall, therefore, the rot/opt results for the phenyl ring strongly 

support the postulate that ortho ring substituents interact with the side 

chain -CHC12  group and thereby control the molecular conformations about both 

rotatable bonds. The low significance of the para rot/opt results tends to 

support "free rotation" of the ring with a concommitant absence of direct 

"control" over the side-chain rotamer preferences by the ring. 

Both Yb-LIS runs optimise the ortho methoxy group it - 15°  out of the 

plane of the ring. The FITFACTORS from the complete rotation of this group 

(see TABLE 6-6.7)  show considerable rotamer sensitivity with the optimised 
geometry highly significant. Although slightly displaced this agrees with 

the findings of Hofer212  ie. methoxy groups prefer the least hindered co-

planar orientation to the ring thus enabling maximum overlap of the oxygen 

lone pairs with the it-system. The orientation of the para methoxy group is 

less clear, however, with the two runs optimising at -120 and 48? The reasons 

for this vast difference are the insensitivity of both runs to the OMe ori-

entation and the search method - METFIND always returns to the last maximum 

found in an NCYCOP = 6 operation (see TABLE 6-6.7).  There is therefore no 
conclusive evidence about the orientation of the para group but it is assumed 

that coplanarity prevails. 

To conclude this chapter, the FITFACTORS and metal positions of the rot/ 

opt results will be briefly discussed. 
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0 
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The max FITFACTORS found for the FIXED ATOMS are plotted in FIG.6-7.2 

This illustrates the generally poorer fit of the Eu-LIS data and also the low-

ering effect of increasing.the number of shifted groups used (as in pF,pMe and 

pC 3 and in the Eu'(H-107)pNO2  data based on 3 atoms compared to the Yb(H-107) 

pNO2  data based on 4 atoms). This effect also dominates the final rot/opt and 
"free-rotation" results (see FIG.6-7.3) where the generally poorer fit of the 

para derivatives reflects the larger number of shifted groups used (NB. The 

individual ortho and meta protons and carbons.. were treated as shifted groups 

rather than averaging them together in pairs). 

All of the ortho derivatives show benefits for the rot/opt results over 

FIG.6-7.2 Maximum FITFACTORS For the Eu- and Yb-LIS FIXED ATOM Searches  

• 

FIG.6-7.3 Maximum FITFACTORS Using Yb-LIS Data for CYCLES 12, 14 and 15 
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ring "free rotation" with the conspicuous drops in the CYCLE 15 max for oMe 

and oCF3  demonstrating the improvements in significance of the rot/opt results 

when large numbers of shifted groups are available for optimisation. Presumably 

this is not seen for oOMe because of the rotational freedom of this group. 

The overall low significance of the side-chain rot/opt is clear with 

only oCl, oBr, oNO2 and pBr(b) standing out. The latter is anomalous for as 

well as being the only rot/opt result at short radius it is also the only 

search in which the CYCLE 12 & 14 maxima were in significantly different posi-

tions. This defies explanation, especially as the pBr(a) search behaved norm-

ally, and can only be attributed to a foible in the search or rot/opt method 

used. The reader may already have noted several places in which search methods, 

etc. were modified in order to obtain sensible results. Such decisions were 

often subjective, based on a detailed knowledge of METFIND's idiosyncrasies, 

and cannot be readily explained. 

Not surprisingly some differences did occur between the positions of 

tha maxima in CYCLES 12 and 15, but not in the 6 cases where the CYCLE 15 

results were better than those in CYCLE 12. 

From TABLE 6-6.9  the average metal position is seen to lie at (258/164/ 
177) with the following ranges : R(168-361), PHI(136-190) and PSI(124-220). 

The distribution of the rot/opt maxima relative to the substrate are illust-

rated in FIG.6-7.4.  Although not as sterically sensitive as expected, there 

is a. definite trend for the maxima to lie in the least hindered zone. 

Finally the rot/opt maxima are presented as R-factors for comparison 

with the literature (best lit. results of ^0.02 are frequently obtained with 

fewer groups than those used here). There is no linear relationship between 

the two factors because the R-factor is not a true RMS % Error whereas the 

FITFACTOR is (see EQNS.30 & 105).  This was considered essential as the LIS 

data used spans two orders of magnitude and optimisation can only be sensibly 

performed by considering % Errors. 

TABLE 6-7.2 Rot/Opt Maxima for the Type (IV) Alcohols Expressed as R-Factors  

FACTOR H_ F Cl Br Me OMe NO2  

891 
.0382 

CF3  SERIES 

FIT- 
R- 

951 
.0209 

946  
.0243 

970  
.0126 

957 
.0190 

863 
.0348 

914 
.0380 

883' 
.0293 

ORTHO(a) 

FIT- 
R- 

940 
.0321 

950 
.0223 

967 
.0175 

968 
.0190 

854 
.0424 

896 
.0583 

886 
:0429 

875 
.0378 

ORTHO(b) 

FIT- 
R- .  

951 
.0209 

845 
.0470 

738 
.0702 

777 
.1066 

727 
.0695 

832 
.0812 

750  
.0707 

.791 
.0846 

PARA(a) 

FIT- 
R- 

940 
.0321 

838 
.0661 

746 
.0685 

783 , 
.1729 

703 
.0831 

825 
.0790 

743 
.0908 

810 
.1004 PARA(b) 
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FIG.6-7.4 Distribution of the Rot/Opt Metal Positions for the FITFACTOR Maxima. 
The two views are from the +Z axis (PHI) and +Y axis (PSI) respectively, with the radii projected onto 
the PSI or PHI = 180°  plane as appropriate by using R.cosPHII for the PHI view and R.cosPHI for the PSI view. 

Q = Overall Average. 
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PART 3 

ELIMINATION REACTIONS / OVERVIEW 

• 
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CHAPTER 7 
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7 ELIMINATION REACTIONS AND CONFORMATIONAL DETERMINATION OF THE PRODUCTS 

7-1 Experimental 

The details given in SECTION 2-2 apply here. 

7-2 The Choice of Base  

7-2-1 Trial Eliminations of HC1 from the Type (IV) Alcohols 

The main method reported for preparing d-chloroepoxides from their cor- 
.252-193-101.  responding dihalogenated alcohols (see SECTION 1-4-3.25 	) involves  

reacting the alcohol at --10°C with an equivalent amount of 1Qg aqueous potas-

sium or sodium hydroxide, both in the absence, or presence93,98 of an organic 

solvent (eg. methanol). 

The only elimination of a Type (IV) alcohol yet reported (X = H) was by 

Nouri-Bimorghi in 196697 The standard aq. KOH method was used96 with the prod-

uct identified by 1H nmr 3-96 but too unstable to be purified97 as it readily 

rearranged to the aldehyde (see SCHEME 25). The IR (1200, 925, 918, 800 cm-1). 

and 1H nmr (65.28(d,HA
); $.03(d,HB)ppm) spectra of the epoxide were reported53,96 

without mention of the coupling constants or geometry. (This has been identif-

ied as the cis isomer - see SECTION 7-4). 

All attempts at repeating this elimination under a variety of conditions 

gave absolutely no reaction, with the unchanged alcohol recovered on work-up. 

A rapid reaction occurred between H(IV) and potassium ethoxide in ethanol 

during which the epoxide was probably formed; but the 1H nmr spectrum of the 

products indicated re-attack by ethoxide to produce an ethoxy analog of the 

dimer (IL) reported by Kirrmann et a153'95 (see SCHEME 43). 

 C 	OH 	
H / 
	

~OMe 

;;v22_x: ----- Mc
H ~ 	

-HCl 
ug-CCl (OMe) -CH H] - 	~ 

SCHEME 43  

It was apparent that elimination required a strong base but a poor nucleo-

phile. Consequently a "phase trensfer reaction" between H(IV) dissolved in 

CD2Cl2and an equivalent amount of aqueous tetra-n-butyl ammonium hydroxide was 

attempted : although the organic layer became yellow the nmr showed negligible 

reaction. 

Similarly potassium tertiary butoxide (prepared by the method of Vogel 

(p290) from freshly cut potassium and purified by double sublimation) gave 

little reaction with H(IV) in sodium dried ether. It was therefore decided to 

try absolutely dry THF as the solvent.. This was prepared by refluxing "dry" 

THF over sodium wire until a drop of benzophenone turned the whole solution 
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blue. THF was then collected by distillation under dry nitrogen. 

Partial elimination ("35%) was achieved with 1 equivalent of potassium 

butoxide in dry. THF at 20°C, but was only marginally increased (to $09) by 

raising the reaction temperature to 45°C. 100% reaction of the starting mat-

erial was eventually achieved by using two equivalents of butoxide and stir-

ring overnight at 20°C. 

The 1H nmr spectrum of the products (see FIG.7-2.1) clearly shows two AB-

quartets from the cis- and trans- epoxides281 

The 2K0But/THF elimination method was satisfactorily used twice with the 

full set of Type (IV) alcohols (see SECTION 7-4). It was, however, not as 

clean as desired so a further method was sought. 

Whilst preparing a series of Of.-chloro-a-ester epoxides from the.corresp- 

g 	 Villieras et all°5,106 successfully ondin dichloroalcohols (Gee SCHEME 29), 

employed ethereal sodium hydride as the base for one reaction (see SCHEME 44), 

with the yield of (L) reported as 80%. 

OH 
iPr~ 	 NaH 	 iPr 0\ )J1 

Cd —CO Et 	• 
2 2 	Et20 0 0°C 	H 	CO2Et 

(L) 	SCHEME k4 

This reaction was attempted with H(IV), but in dry ether or in DMSO no 

elimination occurred. With dry THP and 1 equivalent of NaH (in pellet form), 

however, -65% elimination was achieved. This was raised to 90% by using 2 

equivalents of NaH at 20°C. 

Although this reaction was fairly clean, the use of THF had two distinct 

disadvantages : 

(1) Its miscibility with water made the work-up awkward. 

(2) It prevented the reaction from being followed by 1H nmr, and because of 

the low temperatures required in the epoxide work-up, could not be completely 

removed from the 1H spectra of the products. 

To avoid both problems, CC14 was investigated as a potential solvent for 

this reaction. An initial worry was the possible formation of dichlorocarbene 

under the strong reducing conditions, but a prolonged trial with refluxing 

CC14 showed no visible reaction of the NaH. 

Elimination reactions were successful in dry CClk, but 3 equivalents of 

NaH were needed to obtain complete reaction of the Type (IV) alcohols. The 

bulk of the NaH, however, remained unreacted due to the formation of NaCl on 

the surface of the pellets, rendering them inert. Optimum efficiency for the 

elimination was obtained at -40°C with complete reaction of the alcohols occ-

urring within l hours. Although not _completely clean, yields of the epoxide 

were fairly high, so this reaction was used as the second elimination method 



1 

FIG.7-2.1  1H Spectrum of the Epoxide Products from the Elimination Reaction of H(IV) with 2.K0Bu Note the 
broadening of the 1113  lines due to long-range coupling into the aromatic ring. 
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for the Type (IV) alcohol series (see SECTION 7:4) 

7-2-2 Trial Eliminations of HCl from the Type (V) Fluorides  

ily underwent elimination of HCI with triethylamine51  (see SCHEME 20), absol-

utely no reaction occured with the Type CV) fluorides. It was decided, there-
fore , to verify that elimination would occur by reacting oCl(V) with 1 eq. of 

lithium ethoxide (prepared by dissolving freshly cut lithium in Analar ethanol). 

Surprisingly, only partial elimination (-25% by 1H nmr) was observed at 

25°C; complete reaction requiring 2 eq. and heating at 60°C for 12 hours. This 

reaction was reasonably clean and was adopted for general use (see SECTION 7-"). 

Sodium hydride was examined as an alternative base; but gave no reaction 

in CC14  after 22 hours refluxing and showed only 5% elimination after 8 hours 
stirring in DMSO at 60°C. 

The 2K0But/THF method developed for the Type (IV) alcohols gave only part-

ial reaction with the Type (V) fluorides. A modified method was developed in 

which the Type (V) fluoride, dissolved in the minimum of dry THF, was rapidly 

run onto 2 eq. of KOBut  and then heated at 55°C for 2 hours. This reaction was 

found satisfactory and used for the full series (see SECTION 7-3). 

The instability of the epoxides made separation and identification of the 

Type (IV) alcohol elimination products difficult. The products from the Type 

(V) fluoride eliminations will therefore be examined first, so that analytical 

data from this source may be used to supplement the rather sparse data on the 

-alcohol elimination products. 

7-3 Products of the Elimination Reactions of the Type (V) Fluorides  

7-3-1 The Elimination Reactions  

Three series of eliminations were performed on the 1mMolar scale 

METHOD 1 (2.K0But/THF) 

The Type (V) fluoride (1mMole) dissolved in dry THF (5m1) was rapidly run 

onto dry potassium-t-butoxide (2mMole) in a flask heated at 55°C. A yellow 

colour developed instantly. After stirring under dry nitrogen for 2 hours the 

mixture was quenched with water. The reaction mixture was ether/water extrac-

ted; the two phases requiring "salting out" with sodium chloride. The organic 

layer was washed with water and then dried over sodium sulphate. 

METHOD 2 (2.LiOEt/EtOH) 

The Type (V) fluoride (1mMole)`was dissolved in Analar ethanol (5m1) and 

treated with lithium ethoxide (2mMole). in ethanol (5ml) in a 25m1 flask. 

The reaction mixture rapidly became yellow and was stirred for 12 hrs at 63°C. 

Although a dialkyl phoshāte analogue (XXV) of the Type (V) fluorides read- 
Is 



E  
(vfEI) lb 

PhC=_CC1 

(LII) 

METHOD 3 (3.Li0Et/EtOH) 

As METHOD 2 except 3 mMoles of lithium ethoxide were used and the react-
ions were performed at 81°C. 

Initial product recovery ratios from the ethoxide reactions were low, but 

this was remedied by using the following work-up sequence : 

The reaction mixture was transferred to a 100m1 separating funnel, and 

the flask washed alternately with water and chloroform (a total of 30m1 each) 

and finally with acetone (5m1). Dilute hydrochloric acid was added to the 

aqueous phase until the contents were at pH 7-8. After shaking, the chloro-

form layer was run off. Ether (30m1) was added and the extraction repeated. 

The combined ether and chloroform solutions were dried over sodium sulphate 

prior to removing the solvent under reduced pressure. 

The average product recovery (calculated assuming 100% elimination of HCl) 

was —85% by all three methods. The product mixtures were examined by 1H 

and 19F nmr, glc and GC/MS. No attempts were made to isolate individual pro-

ducts as the GC/MS data in combination with the nmr spectra provided suffici-

ent information for identification of all the major reaction products. 

7-3-2 GLC Analysis of the Type (V) Fluoride Elimination Products  

The components of the three sets of elimination products were examined by 

glc using the same column and conditions reported in SECTION 2-5-2. Most reac-

tions yielded two major and one or twomin.or products, the proportions of 

each varying with the method used. Since the three elimination methods gave 

essentially the same products (from the retention times in the glc) only 

those from METHOD 1 (2K0But/THF) were examined by GC/MS. (As before both NO2  

derivatives were undetectable by flame ionisation in the glc and by mass 

spectroscopy). 

For simplicity the glc data in TABLE 7-3.1 has been sorted according to 

compound type. This was done in conjunction with the GC/MS and nmr data, both 

of which are discussed later in this section. The results indicate that the 

following reactions occurred : 

-HC1 r^ r1 	F H 
PhCHFCHC12  	phi--NH + Ph"\C1 

(v) 	 I  Z  

-HC1 
_ , 	H\_ JC1 	2b 

PhCHFCHC12  

(LI) 

SCHEME 4+5 The E and Z isomers of (VIII) were probably not separable under 

the glc conditions used. 
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TABLE 7-3.1 The Assignment and Relative. Intensfties of the Major Peaks in the 

OLe of the Type (V) Fluoride Elimination Products 

i H 100.0 24.3 2.0: ~ 3S. 7" co.S 43.5 55.Q 15 •. 1 6.3, 6.2113.6 i 44.1 8.4 }S.3 27.3!1 35.5 9.9 4.1 

10 F 61.3 ': 40.0 7t;J.6.75.5179.1 29.4 1~.4 12.3 10.2 52.1 3.7 12.2 8.5 

\

0 Cl 167.6 50.8 80.1 95.3180.0 30.9 17.7 4.7 20.0 
,0 Br 2S7.9 . 55.9 £6.5 76.6 ~'1.1 33.2 25.6 11.1 23.5 57.0 9.7 29.4 

4.0 55.S 46.7 12.2 

32.2 
10 r.fe 127.2 1.0 1.0 5.1 ~ 28.0 56.4 ls.911:.1 i5.~ 37.1 25.2 28.2 25.2 
10 0Me 342.2 16.9122.2~ 60.4 78.4 78.5 7~.3; 36., 10.6 2.9 3.' 
10 C:';, 41.0 1.0 U.8 13.6 ~ 74.7 51.5 46.10 45.1 L}S.7 17.9 ::..5.2 13.21~29~0 ~.2 17.4 2S.1 

jp F 110.4 37.7 71.4

1

41.6 50.8 '13.3 23.1 9.524.9144.5 46.8 22.1 I 26.2 I p Cl 368.8 26.2 70.1 64.0 70.1 12.4, 25.4 20.2 26.C 44.0 

IP Br 682.6 37.6 60.0 65.1 72.5 12.7 31.7 17.8 20.6 44.0 

IP ~~ 151.3 13.0 39.8 54.1 33.9 38.1 16.0 45.9 5.4 10.0 ~S.5 

14.5 '23.4 

11.0 23.3 

47.7 51.2 

73.1 66.1 

5.4 2.5 7.2 

2.4 2.8 i 
3.9 1.8 4.1'1 

4.0 1.9 2.21 
1.0 1.0 1.0 I 
4.6 6.1 6.9 

I
p OMe ,637.5 J45.4 45.9 lS.3 20·5 18.9 54.1 5.013.4 56.0 

p CF~ 94 .5 ~ 7 54.9 8..9. 4 88 '..;.,9+-10_. ~'j ~3_r_. 0+-5=. 2~3_. 7:JF---:-'i=-'~='"t=-""""'=1it="7~1:-. O~'=.'t'4~· ...... 4 ~J~. 7 

r~,-.(V)_ •. ~.2~~" 2:: ~~:~~21:2~.:~~!:"~ ~~":? _~~:]" :7_.: ~~:.._l ~:-: ~~~_"?~ ~~:.:_~:~"~:~ .!~!~ ~..:: 

Together the Type (VIII)" (LI) and (LII) compounds accounted for 

~96~7.% of the reaction products." A·further·2.!% of the products gave sizeable 

peaks in the glc (listed under "VARIOUS" above) but none of these gave useful" 

GC/MS or nmr data. 

The expected product (VIII) (step la in SCHEME 45) was clearly preferred 

in all three methods with the exception of oMe, pMe a~d pOMe(V) in METHODS 2 

and 3. Significant differences do occur, however, between the" proportions of 

the dichlorostyrene (LI) (step 2a) favoured by METHODS 2 & 3 and the phenyl­

acetylenes (LII) (via either step lb or 2b) favoured"by METHOD 1. From the 

_ occurrence of products (LI) and (LII) (eg. in the pMe(V) eliminations), it 

seems unlikely that step 2b is responsible for the formation of the acetylene. 

Also, since the hydrogen and fluorine atoms are cis in:theE-isomer.of. (VIII), 

step lb is only likely to be significant from the Z-isomer~82 The routes and 

mechanisms of the various elimination reactions will be discussed later. 

Although the glc traces described above were recorded at constant temp­

erature, temperature programming was used for the GC/MS spectra. A typical 

example of the results obtained is shown in FIG. 7-3.1 together with the relev­

ant mass spactra. 

7-3-3 GC/~~ Identification of the Type (V) Fluoride Elimination Products 

Only the products of METHOD 1 were examined by GC/MS. The mass spectra 

of the two major peaks in the glc traces of all the Type (V) elimination pro­

ducts were immediately identifiable as the Type (VIII) and \LII) compounds 

(see TABLE 7-3.2). Further the Type (LI) styrenes were readily identifiable 

in the mass spectra of the products from H and oMe(V),. The Type (LI) peaks 

in TABLE 7-3.1 were assigned by reference to the Type (VIII) retention times. 
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TOTAL ION CONCENTRATION 42 

66 

FIG.7-3.1 The GC/MS of the H(V) Elimination Products (Recorded on an MS-30) 

The total ion concentrations of the products emerging from the 
column (3% OV17 - initial temp 90°C, programmed CD 1.

o 
C/min.) are shown in 

the lower figure. The four mass spectral scans shown above correspond to 
the peaks in the total ion concentration plot. These clearly identify the 
sequence : 	Type (LII) - (VIII) - (LI) - (V) 	for the main materials 
present in the gic of the elimination products. 

and by the intensity of the olefinic proton in the 1H nmr. 

Where present the elimination starting materials (the Type (V) fluor-

ides) gave identical mass spectra to those already reported in`TABLĒ 2-5.3. 



TABLE 7-3.2 GC/MS of the Type (V) Elimination Products (by METHOD 1) 

Type Deriv M+ 	ION 100% 
2nd 3rd 4th 5th 6th 

H .156(100) 101 M+ 121(68) 101(55) M+2(30) 120(14) 75(11) 

o F 174(100) 1C1 M+ 139(61) 119(44) M+2(31) 138(12) 79(11) 

o Cl 190(100) 2C1 M+ 154(88) 120(80) M+2(66) 156(29) 135(20) 

o Br *236 (79) 1C1,1Br 120 M+2(79) M+(64) 154(48) 198(33) 200(32) 

o Me 170 (64) 101 135 M+(64) 115(61) 113(32) M+2(20) 134(10) 

o OMe 186(100) 101 M+ 109(86) 122(39) 137(36) 143(35) 136(35) 

(ViII) o CFS  224 (48) 101 168 M+(48) 169(39) 71(19) M+2(16) 120(13) 

p F 174(100) 101 M+ 139(48) 119(41) M+2(30) 138(12) 69(11) 

p Cl 190(100) 2C1 M+ M+2(59) 120(45) 154(44) 156(14) 135(12) 

p Br *236(100) 1C1,1Br M+2 120(81) M+(75) M+4(25) 200(13) 198(13) 

p Me 170(100) 101 M+ 135(59)  115(36) 133(33) M+2(32) 57(18) 

p OMe 186(100) 101 M+ 171(38) 143(35) M+2(32) 173(13) 145(11) 

p CF3  224(100) 101 M+ 169(36) 189(33) M+2(33) 120(21) / 

H 136(100) 101 M+ 101(53) M+2(36) 75(21) 121(19) 100(18) 

o F 154(100) 1C1 M+ M+2(33) 119(25) 99(15) 118(14) / 

o Cl 170(100) 2C1 M+ M+2(66) 99(26) 135(23) 75(14) M+4(12) 

o Br *216(100) 1C1,1Br M+2 M+(78) 135(68) 99(47) M+4(25) 137(25) 

o Me 150 (56) 101 115 M+(56) M+2(16) 116(10) M-1 (9) 89 (9) 

o OMe 166(100) 101 M+ 131(70) 123(50) 103(38) M-1(33) M+2(32) 

(LII) o CF3  204 (54) 101 169 M+(54) M+2(16) 170(10) 185 (8) 99 (7) 

p F 154(100) 101 M+ M+2(29) 119(29) 99(15) 139(12) 118(12) 

p Cl 170(100) 2C1 M+ M+2(67) 99(31) 135(30) 120(20) 155(19) 

p Br *216(100) 1C1,1Br M+2 M+(80) 135(68) 99(50) 120(28) 137(21) 

p Me 150(100) 101 M+ 115(99) M-1(27) M+2(25) M+1(15) 114(13) 

p OMe 166(100) 101 M+ 151(49) 123(40) M+2(30) 153(17) 125(15) 

.-- 
p CF3  204(100) 101 M+ 169(54) M+2(29) 185(24) 154(21) 189 (6) 

H 172 (63) 2C1 156 101(88) 121(78) M+(63) 158(38) M+2(37) 
(LI) 

o Me 186 (31) 2C1 115 M+(31) 135(31) 151(30) M+2(30) 170(19) 

* Indicates M+2 line highest in molecular ion group. 

7-3-4 1H and 19F Spectra of the Type (V) Fluoride Elimination Products  

From the glc and mass spectra four types of compound were expected to 
* 

occur in the nmr spectra. Of these the Type (LI) styrenes and the E and Z 

isomers of the Type (VIII) styrenes were identifiable from their 1H olefinic 

singlets and 1H and 19F olefinic doublets respectively (see FIG.7-3.2).. The 

1H and 19F shifts of the ring substituents.were also recorded and it was 

*S1 ince only mixturesl  were examined no attempts were mace at interpreting the 
1 Zi aromatic region. H spectra were corded at 100NHz, F spectra at 94.1MHz. 
H shifts are listed in Hz from TMS, F shifts are listed_in ppm from CFC13.  
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METHOD 1 

METHOD 2 

7 	 6 	 5  

FIG.7-3.2  1H Spectra of the oMe(V) Elimination Products by METHODS 1 and 2: 
The 24Hz doublet (55.7kppm) is characteristic of the Z-Type (VIII) styrenes, 
whilst the broad singlet (56.85ppm) is characteristic of the Type (LI) styrenes. 
Note that the aromatics also contain lines from the Type (LII) acetylenes. 

Rpm, 



nJ 
HF 

Source n 

H-6' 4 1.00d 

Me 5 3.00q 
H-6' 4 0.70d 

OMe 6 0.65q 
4 0.70d 

X X J n 

nJ 
FF 

o F 	4 4.7 
o CF3 5 12.8 
p F 	6 0.75 
p CF3 7 /  

o F 

o Me 

o Me 

o OMe 

o NO2 
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from this source that the Type (LII) acetylenes were detected. 

All the spectra of the elimination product mixtures contained a prominent 

olefinic doublet (J = 24.4 + 2.1Hz) which was immediately assigned to the Type 

(VIII) styrenes. There was however little trace of a second doublet from the 

other Type (VIII) isomer. Eventually weak doublets (J = 13.3 + 0.2Hz) were 

found in some of the 19  spectra close to the prominent doublets, but it was 

also noticed that the 19F shifts of the latter were split into two very dist-

inct groups, separated by an average of 14.9ppm (N 1,400Hz) with the couplings 

in the low field group slightly smaller than those in the high field group. 

The limited 1H and 19F data available on the weak doublets is given in TABLE 

7-3.3 with the fuller data on the prominent doublets and their associated 
ring substituents given in TABLES 7-3.4 to 7-3.6. The identity of the various 

species present in these spectra will be discussed in the next subsection. 

TABLE 7-3.3 The 1H and 19F Chemical Shifts and 3J Couplings of the Side- 

Chain Nuclei of the Type (VIII) Styrenes (Weak Peaks) 

Deriv 19F Spectra 1H Spectra 
X 0/S Rel 0/S J Rel J 1 	%$ 3 0/S J 1 0 3 
H -111.264 0.000 13.50 0.00 / 7 / not seen / / / 

p Cl -111.489 -0.225 13.20 -0.30 5 8 6 626.1 13.20 3 5 4 

p Br -111.671 -0.407 13.45 -0.05 12 12 5 626.9 13.45 8 8 9 
p OMe -110.600 +0.664 13.40 -0.10 5 14 13 615.7 13.30 5 10 9 
p NO2 -112.323 -1.059 13.50 0.00 22 8 10 642.6 13.40 22 9 7 
p CF -112.033 -0.769 13.40 -0.10 25 4 / 635.2 13.30 17 4 / 

Av. -111.563 13.40 629.3 13.35 

$ The % abundance of these isomers was calculated from the FT spectral inten-
sity listings (ie. peak heights not areas) as the % of the total Type (VIII) 
olefin (ie. 100x[weak]/( [weak] + strong]). ). 

TABLE 7-3.4 1H and ?9F Chemical Shifts TABLE 7-3.5 Long Range. Couplings Obs- 

of the Ring Substituents of the Type 	erved in the ~9F Spectra of F-1 in  

(VIII) Styrenes 	the Type (VIII) Styrenes  

1H Spectrum ~9F Spectrum 
X, r •0/s x 0/S 

o Me 239.1 o F -111.742 
o OMe 387.4 o CF3 -60.571 
p Me 

p OMe 
238.8 
381.7 

p F 

p CF3 
-110.776, 

-63.501 

The shift data for the Type (LI) olefins is given in TABLE 7-3.7 and for 



TABLE 7-3.6 The 1H and 19? Chemical Shifts and 3JHF  Couplings of the Side-

Chain Nuclei of the Type (VIII) Styrenes (Prominent Peaks) 

Deriv 

X 
r 

19F SPECTRUM 1H SPECTRUM 
LF LINES HF LINES REL REL 

J 0/S 
REL 
0/S J 

REL 
J_ 0/S J 0/S J 0/S 

H / / -113.976 24.40 0 0 609.4 0 24.20 0 

o F / / -113.040 25.65 0.936 +1.25 636.3 +26.9.25.60 +1.40 

o Cl -101.855 23.90  / / 12.121 -0.50 617.0 +7.6 23.80 -0.40 

o Br -99.347 23.30  / / 14.629 -1.10 603.3 -6.1 23.20 -1.00 

o Me -97.540  23.40 / / 16.436 -1.00 574.2 -35.2 23.30 -0.90 

o OMe / / -111.186 26.5 2.790 +2.10 662.3 +52.9 26.70 +2.50 

o NO2 -99.907 22.35 	/ / 14.069 -2.05 593.0  -16.4 22.45 -1.75 
o CF3_  -94.992 22.30 	/ / 18.984 -2.10 582.3 -27.1 22.30 -1.90 

p F / / -112.957 24.10 1.019 -0.30 601.3 -8.1 24.20 0 

p Cl / / -114.078 24.00 -0.012 -0.40 607.5 -1.9 24.10 -0.10 

p Br / / 	-114.287 24.10 -0.311 -0.30 609.2 -0.2 24.10 -0.10 
p Me / / 	-113.757 24.20. 0.219 -0.20 603.1 -6.3 23.20 0 

p OMe / / 	-112.991 24.40 0.985 0 592.5 -16.8 24.40 +0.20 

p NO2  / / 	-114.941 23.70 -0.965 -0.70 635.2 +25.8 23.75 -0.45 

p CF3_  / / 	-114.818 23.95 -0.842 -0.45 1662.5 +13.1 24.00 -0.20 

Ay. -98.728 23.05 -113.594 24.50 Av A : 14.866ppm 

the Type (LII) acetylenes in TABLE 7-3.8. Each figure in TABLES 7-3.3 to 7-3.8  

is the average obtained from the three sets of elimination reactions. Spectra 

were recorded by dissolving the entire elimination products in CDC13  (2m1) 

and as recoveries were not 100% the samples were always more dilute than the 

TABLE 7-3.7 Chemical Shifts of the Type (LI) Styrenes  

Deriv 

X 

H-1 
6 

-Abundance Ring Abundance 

0/S Rel 0/S 1 2 3 Subnt 1 2 3 

H 685.9 0 3 49 23 ' N/A 'N/A N/A N/A 

o F Below Aromatics N/A N/A N/A -115.344 / 9 / 

o Br 697.5 +11..6 / .18 . / N/A N/A N/A N/A 

o Me 689.7 +3.8 / 133 138 226.8 / 285 194 

o CF3  723.7  +37.8 16 30 19 -63.317 20 11 23 

p F 679.7 -6.2 / 79 45 -112.384 / 455 56 

p Cl 676.8 -9.1 / 9 / N/A N/A N/A N/A 

p'Br 675.4 -10.5 / 9 / N/A N/A N/A N/A 

p Me 683.0 -2.9 / 92 89 237.2 / 150  567 

p OMe 677.1 -8.8 / 194 163i 380.2 / 1150 567 



TABLES 7-3.9 & 7-3.10. These show that 3JHF  is always significantly different 

in the cis and trans isomers of fluoro-olefins whilst the shift difference 

between the 19F signals is not always large. 

Some typical literature values for the differences in the 19F shifts255  

and J couplings
284 between the cis and trans- fluoro olefins are given in 3 

HF 

239 - 

TABLE 7-3.8 Chemical Shifts of • 

the Type'(LII) Acetylenes 

Deriv 

X 

1H / 19F 

0/s 

'', 	Abundance 

1 2 3 

o F -110.748 20 12 16 

o Me 244.5 54 133 113 

o OMe 386.1 37 5 5 

o CF3  -62.959 27 16 22 

p F -110.680 32 11 41 

p Me 235.9 108 / / 

p OMe 378.3 113 / 50  

p CF3  -63.481 ; 69 / / 

nominal 0.5M. Concentration effects on 

shifts, between samples, were however 

fairly small, ie. normally within + 2Hz. 

The Abundance data in TABLES 7-3.7 &  

7-3.8 was again calculated from peak 

heights but for these compounds the res-

ults are relative to the amount of Type 

(VIII) present, not a % of the whole pro-

duct le : 

Abundance =  ELI]  x 100 
[VIIIA 

The relative abundance of the Type 

(VIII), (LI) and (LII) compounds from the FT peak intensities shows reasonable 

agreement with the glc data (which is far more accurate). 

The H-1 singlets of the Type (LI) dichlorostyrenes all showed line broad-

ening due to long range couplings into the phenyl ring. The 1H shifts of H(LI) 

agree with the' lit.. _ spectrum: of .13, =diehlQrostyrene' - 67.25.(5H, m),. 6, 72(1H, s)
83 

 

7-3-5 1H and 19F NMR Identification of the Geometry of the Type (VIII)  

Fluorostyrenes  

TABLE 7-3.9 Chemical Shifts in Fluoro- TABLE 7-3.10  3JH,  Coupling in Fluoro- 

Olefins 	 Olefins 
r 
Fluoro-Olefin CIS TRANS A 

1. 	FMeC=CHC1 -89.66 -87.18 +2.48 

F 
2. C F/C CFC1 

65 

-126.9 -142.5 -15.6 

F 
3. 	)C=CFC1 
p(Me2N)C6F4 

-124.8 -140.4 -15.6 

Fluoro-Olefin CIS TRANS fl 

1. FHC=CH2  20 52.55 32.55 

2. FHC=CHF 2.8 19.63 16.83 

3. FC1C=CH2  8 40 32 

4. FC1C=CHC1 4.05 18.10 14.05 

5..FMeC=CHC1 10.824.2 13.4 

6. FOC_CHMe 22 37 15 

7. Fp C=CHf 21 • 67 46 

* As this section is specifically about F/H interactions the cis/trans nomen-
clature will be used to describe the relationship between the fluorine and 
proton rather than E/Z which is less specific. 
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The only conclusion that can be drawn from this is that all the 24.4

2.1Hz doublets in TABLE 7-3.6 belong to the trans (Z) Type (VIII) fluorosty-
renes whilst the 13.35 ± 0.15Hz doublets in TABLE 7-3.  are from the cis (E) 
isomers. 

The separation of the Z-isomers into two distinct groups gave cause for 

concern. The possibility that one of these groups was due to a rearranged 

product (eg. LIII) was considered, but discounted on several grounds : 

(1) The coupling data in TABLE 7-3.6 all indicate  
that the fluorine is attached to C-1. 

(2) The lack of broadening of the 1H doublets. 	F 	(LIII) 

(3) The similar break-down patterns in the mass spectra of the two groups. 

• 
Although the separation of the two Z-isomer groups is fairly large 

(^'1l.9ppm) the range of-the Type (V) fluoride shifts (23.3ppm), which were 

discussed in terms of preferred side-chain orientations in SECTION 4-7, is 

even larger. There is, however, no sensible correlation between the ortho 19F 

shifts in the Type (V) and (VIII) series, although the para derivatives do lie 

on a straight line (see FIG.7-3.3). 

The two obvious conformations for the Type (VIII) styrenes are shown in 

FIG.7-3.4. The large couplings seen between the oMe and oCF3 groups and the 

side-chain fluorine suggest that the low field group of 19F signals arise from 

conformer (a) whilst the. high field group are in conformer (b). 
X.1...., F 	 H 	F 

~Cl 	 _ L,,,Cl 

x,x'H 	(b) 

FIG.7-3.11- Preferred Conformers of the Z-Isomer of the Type (VIII) Styrenes  
(mum = steric interaction) 

Although a planar relationship between the phenyl ring and the side-

chain would be preferred for maximum conjugation, steric repulsions, especi-

ally in conformer (b), are likely to force non-planarity. For the oF and oOMe 

derivatives, however, attractive hydrogen bonding interactions are possible 

in conformer (b) which would facilitate molecular planarity (see'FIG.7-3.5) 

giving rise to the maximum obtainable 3JHS olefinic couplings. For the bulk-

ier ortho substituents conformer (a) clearly offers less steric hindrance 

than (b), but repulsions between the substituents and the olefinic fluorine 

would probably inhibit complete planarity with a concomitant lowering of the 

• 3J coupling. (The 3JHF couplings do increase inversely to the substituent's HF 
size, but this could also include a considerable through-bond electronic 

component). 

For the para substituents the small drop in HIF relative to oF and oOMe 
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FIG.7-3.3 ~9F Chemical Shifts : Type (V)  
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is not surprising as a repul-

sive H-H interaction rather 

than the attractive H-X.int-
eraction will occur in (b) 

causing a small degree of non 

planarity (The small fluctu-

ations in the couplings obs-

erved are'in accord with the 

expected Hammett Op type 

effects). 

The shifts of the olefinic 

fluorine and proton in both 

the E & Z isomers of (VIII)* 

gave reasonable straight line 

plots against 0 (see FIGS. 

7-3.6 & 7-3.7). No sensible 

trends appeared with the ortho 

data. 

Cl 	
FIG.7-3.5 Possible attractive 

interaction in conformer (b) of 

~J 	H 	the Z-isomer Type (VIII) styrene 
F ~ 	 0̀  °~ 

Me 
The 1H olefinic shifts of the para Type (LI) styrenes showed little 

correlation to 0 and the limited ortho data showed even less. 
p 

7-3-6 Possible Elimination Mechanisms  

In Chapter 1t the variations in the chemical shifts and coupling const 

ants of the Type (IV) alcohols and Type" (V) fluorides were interpreted as 

arising from different rotamer preferences in the ortho derivatives. This 

view was generally supported by the LIS rotational optimisation of the Type 

(IV) alcohols (see TABLE 6-7.1). Since in both series the direct anti-elimin-

ation of HC1 is possible in two of the three side-chain rotamers, leading to 

two isomeric products, it was argued that preferred rotamers would lead to 

preferred elimination routes and hence characteristic E:Z isomer product rat-

ios (see SECTION 4-10). The expected elimination product geometries were pre-

dicted (see TABLE 4-10.2) by making tha qualified assumption that elimination 

would proceed from the two appropriate_rotamers in proportion to. their relat-

ive populations. The predicted and observed E:Z ratio for the Type (VIII) 

fluorostyrenes are given in TABLE 7-3.10. 
Although the three elimination methods produced different ratios of 
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TABLE 7-3.10 Predicted and Observed Elimination Products from the Type (V)  

Fluorides 

DERIV 

PREDICTED OBSERVED 

TYPE • METHOD 1 METHOD 2 METHOD 3 
(VIII) TYPE(VIII) TYPE TYPE TYPE(VIII'TYPE TYPE TYPE(VIII:TYPE TYPE X E Z- % E Z- (LI) (LII), % E. 	Z- (LI) (LII) %- E Z 	- (LI) (LII) 

H 6o 4o 81 / loo 11 8 49 7 93 44 7 57 / 100 29 14 
o F 32 68 81 / 100 4 15 76 / 100 12. 12 81 / loo 9 10 

o Cl 13 87 82 / loo / 18 95 / 100 / 5 8o / 100 / 20 

o Br 10 90 72 / 100 / 28 79 / 100 10 11 74 / 100 / 26 

o Me 49 51 58 / 100 4 38 19 / 100 56 25 19 / 100 30 51 
o OMe 4 96 83 / 100 / 17 96 / loo / 4 94 / 100 / 4 
o NO2  11 89 * / 100 / * * / 100 / * * / 100 / * 

o CF3  24 76 54 / 100 27 19 58 / 100 20 22 52 / 100 33 15 
p F 60 40 76 / 100 / 24 42 / 100 48 10 52 / 100 23 25 
p C1 6o 40 73 5 95 / 27 65 8 92 15 20 73 4 96  / 27 
p Br 60 40 65 12 88 / 35 69 12 88 11 20 78 5 95 / 22 

p Me 60 40 54 / 100 / 46 39 / 100 55 6 8 / 100 52 10 

p OMe 6o 40 46 5 95 / 54 19 ̀14 86 ! 76 5 21 13 87 66 13 
p NO2  

p CF3  

60 

6o 

40 

40 
* 
60 

22 

25 

78 

75 

/ 

/ 

* 
40 

*, 

9l- 

8 

4 

92 

96 

/ 

;/ 

* 

6 

* 

96 

10 

/ 

90 
l00 

/ 
/ 

* 
4 

* The °NO2  and pNO2  products were not detectable by glc. The 1H nmr spectra 
showed no olefinic singlets from (LI) and contained insufficient information 
to calculate the abundance of the Type (LII) aceltylenes. 

-30_ 	
o 

-Hz- 
-10- 	 ° 

r10  

FIG.7-3.6 Plot of Type (VIII) E & Z 	FIG.7-3.7 Plot of Type (VIII) E & 2  

6 9F vs Hammett 0 bH-2 vs Hammett 
P 
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FIG.7-3.8 The E-
isomer of the Type 
(VIII) product  
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Cl 

-HC1 
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(VIII) :, (LI) : .(LII) the E:Z ratios for each fluorostyrene were similar. 

With the exception Of oMe(V), in which the unreactive rotamer 1 population was 

calculated as 55% (see TABLE 4-10.2), the Z-isomer was predicted to dominate 
the ortho products. In fact all the ortho eliminations proceeded stereospec- 

somer. 

In the para derivatives an E:Z ratio of 60-: 40 was 
ex:.cted but the average obtained was 6.4 :.93.6. The 

clue to this unexpected behaviour is the increased steric 

hindrance in the E-styrene (see FIG.7-3.8) which has the 

phenyl ring and chlorine cis. 
If elimination proceeded via an E2 mechanism, then 

unless the two routes had very different reaction rates the E:Z product ratio 

would equal the Rotamer 2 Rotamer 3 ratio. That this does not occur strongly 

suggests an E1cB or ElcB-like mechanism with a product-like transition state 

(see SECTION 1-4-1.4).  A C-1 carbanion would be well stabilised by the three 
electron withdrawing groups (F, 0 and CHC12) and this would allow either 

(a) rotation of the side-chain to produce the least hindered product or (b) if 

the product is hindered a reverse reaction to the starting material (k in 

SCHEME 16).  Thus the favoured product (Z) could be formed exclusively. 
There appears to be no pattern to the stereoselectivity of the elimin-

ation reactions of the para derivatives, with both electron donating and with-

drawing groups allowing moderate levels of E-isomer formation (cf. pOMe & pNO2). 

Although the elimination of HF from fCHFCH2CI has been reported to pro- 

a marked decrease. 

The direct anti-elimination of HF can only occur from Rotamer 3 (see 
SCHEME 46)  which also produces the Z-isomer of (VIII) by elimination of HC1. 

teed via an El mechanism285  this is unlikely here as strong basic conditions 

were necessary to form the Type (LI) styrenes from the Type (V) fluorides. 

Apart from the oCF3.derivative, little formation of the Type (LI) styrenes 
occurred in the 2KOBu/THF (METHOD 1) eliminations. Elimination of HF was, 

however, very significant in the 2Li0Et/EtOH/63°C (METHOD 2) elimination, but 

with more base and a higher temperature (3Li0Et/EtOH/81°C - METHOD 3) the 

formation of (LI), with the exception of the oCF3  and pMe derivatives, showed 

F JCl 
frThH 

SCHEME 46  The Possible 
(VIII) 	Eliminations from  

H\ 	,C1 	Rotamer 3  
0/ 	\C1  (LI) 

-HF 
lb 

Two factors favour the elimination of. HCl over HF from Rotamer 3 : 
(1) Chlorine is easier to displace than fluorine. 	' 

(2) The base approach to H-1 is likely to be less hindered by the phenyl 



ring than the approach to H-2 (which is also adjacent to the two bulky chlorine 

atoms). 

Point (2) probably accounts for the lack of significant (LI) formation 

with KOBut. LiOEt is a sufficiently strong base to overcome point (1) and its 

small size decreases the problems of steric hindrance. The difference in pro-

duct ratios between METHODS 2 and 3 probably represents a shift from kinetic 

to thermodynamic control, the Z-isomers of (VIII) being preferred to (LI) as 

there is less steric interaction between H-2 and the phenyl ring in (VIII) 

than with the corresponding chlorine in (LI). The of and oCF3 elimination 

may be rationalised in terms of an interaction between H-1 and the ring fluor-

ines hindering the elimination of HCl whilst the oMe group might aid eliminat 

ion of HF by interacting with the fluorine and encouraging a high degree of C-F 

bond polarisation (see FIG.7-3.9(a))., This.could also account for the powerful 

activation by those para groups capable of stabilising carbonium ion char- 

H~~~ ~- 	H 	F' + 	H 	acter at C-1 (see FIG.7-3.9(b)) and is supe- 
s+ 

ā_ 	
ation) 	> Cl > Br for the % formation 

of (LI). 

(a) 	(b) 	In SECTION 7-3.2 it was suggested that 

	

FIG.7-3.9 Stabilisationxof C-F 	step lb, the elimination of HF from Z(VIII), 
Bond Polarisation 	rather than step 2b, the elimination of- HC1 

from (LI) (see SCHEME 4+5) was the most probable route to the Type (LII) acet-

ylenes. This is certainly supported by the data in TABLE 7-3.10 where the 

levels of (LI) and (LII) produced by METHODS 1 and 2 indicate that (LI) res-

ists further elimination. 

As stated above, butoxide (METHOD 1) forms little (LI) because of steric 

hindrance, it therefore initially forms a high level of (VIII) (predominantly 

in the Z-isomer) which can then be re-attacked to produce the acetylene. This 

limitation does not apply to ethoxide (METHOD 2) which can form significant 

amounts of (LI), but on going from METHOD 2 to 3 there is a clear trend for 

the level of (LI) to fall whilst the levels of (LII) and sometimes (VIII) rise. 

The lower yield of (LI) represents a change to thermodynamic control which 

favours (VIII) and since more base is available in METHOD 3 a higher level of 

second stage elimination would be expected. The overall effect, therefore, is 

the observed shift from the formation of (LI).to the formation of (LII). 

As with the E:Z isomer ratios of (VIII), there is no descernable pattern 

in the (Lt1): (VIII) product ratios, and as the observed effects could not 

have been caused by varying reaction conditions (all derivatives -were reacted 

simultaneously, starting and finishing at 5 minute intervals, in the'same 

thermostated oil bath) no explanation can be offered. 

orted by the sequence OMe .~ Me (hyperconjug- 
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7-4 Products of the Elimination Reactions of the Type (IV) Alcohols  

7-4-1 The Elimination Reactions  

Three series of elimination reactions were performed on the 1mM scale 

using two methods, the first being used twice 

METHOD 1 (2.KOBut/THF) 

The Type (IV) alcohol (1mMole) was dissolved in dry THF (12m1) and added 

dropwise to a solution of potassium-.t-butoxide (2mMole) in dry THF (20m1) at 

20°C. A yellow colour rapidly developed. Stirring was continued overnight 

under dry nitrogen before quenching with water. The products were ether/water 

extracted as described for METHOD 1 in SECTION 7-3.1. The yellow colour passed 

into the aqueous phase but was later taken into ether by acidification with 

41 	dil. HC1. This normally accounted for 5-15% of the products. 

METHOD 2 (3.NaH/CC14) 

The Type (IV) alcohol (1mMole) was dissolved in dry CC14  (20m1) and 

stirred under dry nitrogen in a thermostated oil bath at 41°C. Sodium hydride 

pellets (3mMole) were added and the solution became yellow. After overnight 

stirring at 41°C the sodium hydride was removed by filtration, the filter 

being thoroughly rinsed with CC14. On extraction with water the yellow colour 

passed into the aqueous phase and was recovered lated by acidification as in 

METHOD 1. The organic phase was dried over sodium sulphate prior to removing 

the solvent under reduced pressure. 

7-4-2 Identification of the Type (IV) Alcohol Elimination Products by METHOD 1  

As mentioned earlier, no suitable method was found for separating the 

Type (IV) elimination products without the epoxides rearranging to the aldehyde. 

This reaction readily proceeded as was discovered in a detailed study of the 

elimination reactions•of H(IV) by. METHOD 2 : 

OH 	3NaH, 40°C . 
CHC12 	CC14. 

SCHEME 47 PRODUCTS A, B & C 

were examined by 1H nmr, IR  

glc and GC/MS  

aq layer + HCl 
ex. into CC14  

10% 

cold dil HCl 	'PRODUCTS CI 

A ® 8o°c 	T 

PRODUCTS B 

Analysis of the data obtained on the products, especially A, proved diff-

icult as several contradictory observations were made. The IR spectrum cont-

ained three bands in the carbonyl region (1670m, l690m, 1730w, cm ') as well 

as the epoxide bands reported by Nouri-Bimorghi53,96 (918s, 925s, 1200m cm 1) 

1  The H nmr, however, showed no peaks corresponding to either the expected 
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aldehyde (`CHC1CHO). or ketone (OCOCH2C1). Glc (column ; 3% OV-17 on.Chromo-

sorb G, 8 x lm; Temp Oven 100°C, Inj 250°C) showed two major products (rf.86 

& 100) which by GC/MS were virtually. identical (M+ 151+(156), main fragment-

ation to 125(127) then 91), ie. the epoxide and aldehyde : 

SCHEME 1+8 The similar 
mass spectral frag-
mentations of the 
Type (VIII) epoxides 
and Type (LIV) alde- 

154/156 	125/127 	91 	
hydes. 

The ratios of (VII) and (LIV) in the glc traces of PRODUCTS A varied 

with the column conditions indicating that the aldehyde was being formed by. 

decomposition of the epoxide on the column. The only product identifiable 

from the GC/MS arising from the original reaction was therefore the epoxide. 

Unfortunately this was not fully supported by the 1H nmr : 

57.397(.9.5H, s, aromatics); 5.365(1H,d,J_2.8Hz,H-2 in cis (VII)), 4.133(1H, d, 

J=2.8Hz,H-1 in cis (VII)) ppm. 

This reaction was repeated several times and apart from a weak singlet 

at 50.17ppm in some of the spectra no other lines occurred. The major product 

was clearly the cis-Type (VII) epoxide from both its 1H nmr and IR spectra53,96 

but the identity of the compound(s) enbancing the aromatic signal is uncertain. 

SCHEME 1+9 shows some of the possible elimination reactions of H(IV) with NaH. 

_The probability of 149 attack at the four. sites indicated should follow the 

sequence : 	0> 0> 5>0 

H 	 0-CHC1-CHO 	(LIV) 

0Q -HCl  
H 0 H 

H O 	0Cl 

Cl Cl 	E/Z (VII) 

Cl ,C1 

(VII) 

(L IV) 

/°\ fi1HC—CHC], 	Rearn.t  
-CHO e 

~
[0-CHCl] 

7 ® 	CHO [ fŌ-CHCI-CH~ 

-C1 	® 
d [C 	] 

JŌ-CHOH-CHO 	(LV) 

0 

O H2- y CHC12 

-HOC1 H\ 
	/H -HC 

Cl 	1 
E/Z (LVIII) 

SCHEME 119 Possible Elimination Reactions of the Type (IV) Alcohols  
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Although (LI), the most likely secondary product, was not present both 

(LII) and (LVI) fit the observed 1H nmr. The presence of the cyclo-propyl 

derivative (LVI) was supported by the mass spectrum of PRODUCTS A (without 

glc separation) which contained a weak line at 254 and 256 and also by the 

very high-field signals in some of the 1H nmr spectra. All of the alternat-

ive products given in SCHEME 49 do not fit the observed 
1H  nmr spectra because 

of the occurrence of non-aromatic signals (none of which correspond to the 

singlets marked $ in FIG.7-2.1 observed in the METHOD 1 eliminations). 

/0 The GC/MS of PRODUCTS A also suggest the presence of 

O 	isomers of (LX) and (LXI) but again these may be the. 

0 	 Cl 	results of reaction on the gic column. 

/ ; 	The major material in PRODUCTS C, the Type (LV) aid-
-1  

Ph. CO. CH-CC1.Ph 	ehyde, was readily identified by its GC/MS, IR (1730s cm ) 
(LXI) 	and 1H nmr (69.383  (1H,d,J=2.65Hz),5.033(lh,d,J=2.65Hz)ppm) 

Again the aromatics appeared as a sharp singlet 057.167 (- 10.25H)ppm) with a 

sharp high-field line (60.20(:0.77H)ppm). This suggests that in the reaction 

studied the elimination proceeded to,-5% of the Z-isomer of (VII) with ^-35% 

of the Type (LVI) cyclopropane and-10% of the Type (LII) acetylene : On tre-

atment with dil. acid or heat the Type (VII) epoxide suffers complete rearr-

angement to the aldehyde. 

Identification of PRODUCTS B was far from straightforward. The 1H nmr 

spectrum contained the following : 68.3-7.7(1Hm, aromatics), 7.6-6.8(4Hm, aro-

matics), 4.8-3.2(0.42Hm, olefinics). 0.2(0.33Hs, cyclopropyl)ppm. The aro-

matic region was reminiscent of benzoic acid and this was supported by a 

sizeable peak in the GC/MS of r4±122. This would appear to be one of the 

major products after treatment of the aqueous layer with dil. HC1. The GC/MS 

also contained a host of other products with parent ions as high as 250 and 

310 without any chlorine substitution patterns. How many of these were for-

med by reaction on the column was not determined but these probably account 

for the various signals in the 
1H  olefinic region. Significant peaks corr-

esponding to the Type (LVI) cyclopropane were not seen in the GC/MS. The 

route from the Type (IV) alcohol to the benzoic acid is unknown but a simi-

lar reaction was found to occur by METHOD 1 (ie. 5-10% of final product was 

a benzoic acid). 

Finally FIG.4-7.1 shows a series of 1H nmr spectra following the first 

stages of the reaction of H(IV) with Nail in CC14,  recorded using a T-1 program 

on an XL100. The first 10 spectra were recorded at 100 second intervals, the 

second 10 at 15 minute intervals. The poor resolution was due to precipi-

tation of NaC1 during the reaction. 

The spectra clearly show the disappearance of the H0  signal as the alk-

oxide (LXII) (indicated by the high field shift of the HA, HB  and H0  signals 
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in the presence of the -O Nt  ® moiety) is formed. This then undergoes a slow 
elimination reaction to the Z-epoxide (see  SCHEME 50). 

7-4-3 The Epoxide Product Isomer Ratios Produced by METHODS 1 and 2 

So far we have only examined the products of METHOD 2 which comprised 

50-70% (depending on the ring substituent) of the epoxide (Z-isomer only). 

Overall epoxide yields were similar by METHOD 1, but here both epoxides and 

also an additional product, giving rise to a singlet at 66.0 + 0.3ppm (see 

FIG.7-2.1), were formed. The structure of the latter remains a mystery as 

its 1H nmr does not correspond to any of the likely products in SCHEME 49. 
The identity of the cis-(Z) epoxides formed by METHOD 2 was comfirmed 

by its 1H nmr and IR spectra53'96  The trans-(E)-Type (VII) epoxides have not 

• been reported but the assignment shown in FIG.7-2.1 is supported by 1H data 

on analogous epoxides281'287 291 The observed couplings (2.8 + 0.15Hz ass- 

igned as cis 3Jim  and 0.65 + 0.15Hz assigned as trans 3J ) agree well with 
the classic study of Lehn and Rieh1281  in which the cis 'J in j Cl2oHX was 

shown to vary from 4.1 to 2.5 Hz and trans 3JHR  from 2.5 to 0.5Hz depending 

on the electronegativity •of X. This was explained by the geometry of epox- 

ides - the cis bonds are co-planar whilst the trans bonds have a dihedral 

angle of N 147°  giving a cos20 factor of 0.7 in the Karplus equation (see EQN.9). 

TABLE 7-4.1  1H NMR Spectra of the E and Z Type (VII) Epoxides 

• 

CIS (Z) EPDXIDE TRANS (E) EPDXIDE 
DERIV 1H  NMR RATIO 1H NMR RATIO 

X*  VA  VB 6AB JAB  1 1 2 VA  VB  6AB JAB  1 1 2 

H 536.5 11.13.3 123.2 2.80 19 47 100 492.7 419.8 72.9 0.80 81 53 

o F 539.2  433.7 105.5 2.75 27 25 100 494.2 443.7 50.5 0.60 73  75 
o cl 541.8 433.4 108.4 2.8o 16 9 100 472.7 449.4 23.3 0.50 84 91 

o Br 541.7 427.5 114.2 2.85 58 2 100 470.9 445.2 25.7 0.65 42 98 

o Me 542.5 417.4 125.1 2.85 55  72 100 473.4 426.8 46.6 0.80 45 28 

o CF3  539.9  441.9  98.0  2.95 90 465.1'446.6 18.5 0.70 100 100 10 

p F 534.0  410.0 124.0 2.85 38 54 487.9 415.9 72.o 0.75 62 46 

p Cl 534.0 408.8 125.2 2.75 59 5o 100 486.9 413.9 73.o 0.60 41 5o 

p Br 533.4  407.8 125.6 2.65 40 32 100 485.6 412.0 73..6 0.50 6o 68 

p Me 535.5 410.6 124.8 2.80 24 47 494.7 419.6 75.1 0.75 76  53 
p CF3  537.6 416.9 120.7 2.80 39 72 100 492.0 424.o 68.0 0.60 61 28 

* The.oOMe, °N0 pOMe and pNO derivatives either did not react with any of 
the bases tried2or  where reaction 	did occur failed to produce any epoxide. 
Both pF(IV) and pMe(IV) failed to form epoxides with NaH (pF(IV) yielded the 

. aldehyde - 69.491(1H,d,J=2.65Hz); 5.173(1H,d,J=2.65Hz)ppm in all three att-
empted reactions whilst pMe(IV)• appeared to polymerise - the 111 nmr signals 
were extremely broad and almost entirely in the aromatic region). 
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. The E:Z isomer ratios for the three sets of eliminationreactions, calc-

ulated from the 100MIHz 1H nmr spectral intensities, are given in TABLE 7-4.1. 
The large variation in VA  on going from the cis to the trans epoxide is 

probably due to the influence of the benzene ring current on the HA  proton 

when cis to the ring, ie. in the trans-epoxide. 

Several authors have attempted to calculate the 

preferred rotamer in -styrene oxide and results 

of 0 
= 125°,289.550 290 

and 30° 291 have been  

reported (see FIG.7-4.2)  with barriers to rot-

ation quoted as approximately 3.5kcal/mole289,291 

FIG.4-7.2 Definition 
	Turning to the epoxide isomer ratios - the 

of the angle 0 	stereospecificity of the NaH eliminations is 

surprising, especially when it is;realised•that. the Z-isomer is the-least 

sterically favoured. The expected elimination route is shown in SCHEME 51. 

i i;,,/ \C1 

SCHEME 51 Elimination Routes. 
to the E/Z Epoxides 

Note that the Z product is 
least favoured on steric 
grounds in the starting mat-
erial, product and transition 
state. 

Cl 	
Since METHOD 1 was duplic 

Z 	ated (both sets of eliminat- 

ions were performed under iden- 

tical conditions) the two sets of results should be averaged. Differences 

between the two sets indicate considerable sensitivity in the E:Z isomer ratio 

TABLE 7-4.2 Predicted and Observed Type 

(VII) Epoxide Isomer Ratios 

DERIV 
X 

PREDICTED METHOD 1 METHOD 2 
ROT3 E . Z E Z E Z 

H 23.3 55 45  67 33 / l00 

o F 40.6 66 34 74 28 / loo 

o Cl 70.5 64 36 87 13 / loo 

o Br 75.0 66 34 70 30 / 100 

o Me 22.1 72 28 37 63 / 100 

o CF3  66.1 39 61 100 / 10 90 

p F 23.3 55 45 54 46 / / 
p Cl 23.3 55 45 46 54 / loo 

p Br 23.3 55 45 -64 36 / 100 

p Me 23.3 55 45 64 36 / / 

p CF3 23.3 55 45 45 55 ./ loo 

to reaction conditions and ideally 

further replicates should have 

been performed to more accurately 

fix the isomer ratios. In TABLE 

7-4.2  the averaged results obtain-

ed by the two methods are compared 

to those predicted in Chapter 4  

from the coupling data. 

With the exception of oMe and 

oCF3  the E:Z isomer ratio predicted 

from the coupling data was realised 

by METHOD 1. This included several 

derivatives in which Rotamer 3 

(which allows no direct elimination 

route) was present in large amounts 

(40-75%). 
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7-4-4 Possible Elimination Mechanisms for Epoxide Formation  

The formation of epoxides from P-chloroalcohols has been shown to pro-

ceed via a y-E1cB mechanism81 83 (see SECTION 1-4-2). Because of the stability 

of the carbanion intermediate in p-ElcB mechanisms the stereochemical outcome 

is normally unpredictable. In y-eliminations, however, the presence of the 

stabilised -O species need not necessarily upset the rotamer preferences of 

the ground state alcohol so elimination may proceed to the expected products. 

This appears to be the case for the bulk of the eliminations performed with 

butoxide (METHOD 1) with only the oMe(IV) and oCF3(IV) derivatives going sub-

stantially to the unexpected epoxide. This appears to be a function of the 

size of the ortho substituent. 

In SECTION 6-7 interpretation of the rot/opt LIS results indicated that 

the Type (IV) alcohols all adopted conformations in which the ortho ring sub-

stituent was orientated towards the -CHC12 group, thus "controlling" the C-i/ 
C-2 bond rotation. On ionising the alcohol function this orientation may be 

destabilised for the bulky oMe and oCF3 groups, the former being attracted to-

wards the oxide ion, the latter being repelled. Having altered this controll-

ing influence the side-chain would be free to changeits conformational pref-

erences and hence produce unexpected product ratios. 

There is strong evidence (FIG.7-4.1) that the NaH eliminations (METHOD 2) 

also proceeded, initially at least, by an E1cB mechanism. The stereospecific-

ity*_for the least favoured Z-isomer is, however, puzzling as a mixture of E:Z 

isomers was expected. 

Let us assume that, in the first instance, elimination occured to the 

expected E:Z products (see SCHEME 51). NaH is a very powerful base which 

could then abstract either of the epoxide protons (see SCHEME 52). The carban-

ions produced would undergo rapid inversions between the two pyramidal forms 

with addition of a proton (from either another alcohol molecule or from the 
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SCHEME 52 Possible Formation of the Z-Epoxide by Base-Induced Rearrangement. 

* With the exception of oCF in which the 10% E-isomer probably reflects the 
stereospecificity of METHOD'l for the E-isomer. 
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aqueous work-up) occuring predominantly in the most stable carbanion. This 

would have the charged orbital away from the electron rich -C1 or -0 groups 

and would therefore favour the Z-epoxide. 

The thermodynamic control of. SCHEME 52 is the most-plausible route to 

the exclusive formation of the Z-epoxide. An alternative reaction involving 

an OC-elimination of HC1 could also participate : 

rhe formation of dichlorocarbene from treating chloroform with NaH is 

well known 

H H ~CC1 	
fast H 	+ eCC1 	slow ► CC1 + Cl9 SCHEME 53  3 	2 	3 	2 

A similar 2-step reaction could occur with the Type (IV) alcohols giving 

rise to the highly reactive intermediate (LXIII). Again the carbanion would 

prefer to lie away from the phenyl ring allowing an intramolecular rearrange-

ment to form the Z-epoxide. The presence of :CC12 and species such as (LXIII) 

in the Nall eliminations may account for some of the high Mw species seen in 

the GC/MS (see SECTION 7-4-2). 

• 



- 253 - 

CHAPTER 8 

• 



8 OVERVIEW 

8-1 Stereoselectivity Towards Diastereotopic Leaving Groups - Was this observed ? 

The simple answer is yes, as under some conditions stereospecificity 

was found in the eliminations from both the Type (IV) alcohols and the Type 

(V) fluorides (see TABLES 7-4+.2 and 7-3.10 respectively). The results 

provide a clear demonstration of the expected non-equivalence of paired groups 

on a prochiral centre which is adjacent to a chiral centre (see SECTION 1-1). 

Taking the question deeper - "Was the expected stereoselectivity 

observed ?" - a simple answer cannot be given. 

Throughout this work the strategy has been to find the conforma-

tion(s) preferred in the ground state and from these to predict the expected 

stereochemical outcome of elimination reactions. Even assuming that accurate 

calculation of the preferred orientations was achieved (see Chapters 4 & 6) 

several major assumptions were still needed in order to predict product 

isomer ratios (see SECTION 4-10). 

Bearing this in mind, the epoxide product ratios produced by the 

reaction of butoxide with the Type (IV) alcohols (METHOD 1) were, with the 

exception of the oMe and oCF3  derivatives, in extremely good agreement with 

those predicted (eg. average para E:Z ratio predicted = 55:4+5; observed = 

56.7:43.3 - see TABLE 7-4.2). This appears to indicate that the rotamer pop-

ulations calculated in CDC13  solution were similar to those present under the 

reaction conditions (THF solution) and that elimination proceeded towards the 

prochiral leaving groups in direct proportion to the appropriate rotamer 

populations. 

All previous work has indicated that the epoxide forming'j-elimin-

ations follow ElcB kinetics (see SECTION 1-4). As such, preservation of 

stereochemistry would not normally be expected. In SECTION 7-4-4, however, 

it was pointed out that the -0e  carbanion is one bond removed from the stereo- 

chemically important C-C bond (ie. there can be no loss of stereoselectivity 

by the usual method - pyramidal inversion at the carbanion) so except by 

through-space steric repulsions, interference with the preferred ground state 

conformations prior to elimination need not occur. In addition, the butoxide-

induced eliminations from the Type (IV) alcohols failed to produce the exp-

ected product ratios only when the extremely bulky oMe and oCF3  ring substit-

uents were present (see SECTION 7-4-4). 
Clearly, in the sodium hydride induced elimination from the Type 

(IV) alcohols (METHOD 2), stereospecific formation of the Z-epoxide was not 

anticipated (see SECTION 7-4). There is very strong evidence (FIG.7-4.1), 

however, that the reaction initially followed the expected mechanism (ElcB), 
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but it seems unlikely that the sterically unfavoured route to the Z-epoxide 

(SCHEME 51) would have been followed exclusively. Rather, the E/Z epoxides 

were probably formed in the expected ratio, and on re-attack by He (SCHEME  

2) suffered rearrangement to the Z-epoxide (see SECTION 7-4-4). 

Turning to the Type (V) fluoride eliminations; although the proportions 

of the Type (VIII) fluorostyrenes formed varied with the base, the E:Z ratio 

was similar in all three methods. Summarising TABLE 7-3.10  

ortho derivatives - expected E:Z ratio ='20 : 80; observed = 	0 : 100 

para derivatives 	- expected E:Z ratio = 60 : 40; observed = 6.4 : 93.6 

In predicting the E:Z isomer ratios the eliminations from rotamers 2 

and 3 (see TABLES 4-10.1 & 4-10.2) were assumed to proceed at identical rates 

without loss of configuration (ie. via the E2 mechanism). In the event, 

stereospecificity was observed throughout the ortho derivatives, including 

oMe(V) which was expected to give an E:Z ratio of 49:51; indicating that, if 

the calculated rotamer populations in the'Type (V) fluorides were approximat-

ely correct, then the rates of elimination from rotamers 2 and 3 were markedly 

different (ie. by several orders of magnitude). This was interpreted in 

SECTION 7-3-6 as strongly suggesting an ElcB or ElcB-like mechanism and is 

best appreciated by examining the possible reaction pathways (see SCHEME 55). 
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SCHEME 55 Elimination Reaction Pathways for Converting Type (V) to Type CVIII)  

Using oMe(V) as an extreme case (ROT2: ROT3 - 1:1 but E:Z = 0:2): to 

form the Z-isomer exclusively by the E2 mechanism the reaction rates must 

have the relative magnitudes - 	k1(k-1) > k3 ) k2 

Rapid interchange is expected between rotamers (kl/k-1), but substantial 

differences between rates k2 and k3 seem unlikely (rotamers 2 and 3 have 

fairly similar steric hindrance) unless the transition states are very "prod-

uct-like" (see SECTION 1-4-1.4). The E1cB (or ElcB-like) mechanism does, 
however, leave more room for stereospecificity, for not only are all the first 



-256-  

stages of the elimination reaction (k2  and k3) reversible, but the stabilised 

intermediates (ROT2' and ROTS' -.the carbanions of SCHEME 16) may also inter-

convert. As both ROT2' and E are more hindered than ROTS' and Z the sequences 

k4  ii k-k, k-2  i k-3  and k6  > k5 would be expected. Also the interconversion 

rates kl(k_1) and k4(k-4) would be expected to be fast relative to the react-

ion rates k2  to. k6.  A situation could easily arise, therefore, in which rates 

k4  and k-2  could dominate the fate of ROT2' preventing elimination via k5  to 

the E-isomer, ie k4  + k-2  > k2  + k-4 » k5. Provided that k6  t k-3  + 

reactions would proceed stereospecifically to the Z-isomer. 

The prediction of such stereospecific reactions was not possible from 

the data available without a prior knowledge of the elimination mechanism 

preferred. 

8-2 Relationship of the Type (IV) and (V) Eliminations to the 'Abnormal'  

Michaelis-Becker Reaction  

This work was prompted by the suggestion of P.A.Worthingtoni8  that the 

Type (IV) alcohols might be good models for the study of postulated ortho 

interactions in the o-hydroxy phosphonate intermediates of the 'abnormal' 

Michaelis-Becker reaction (see SECTION 1-3). Variations in the stereoselect-

ivity of this reaction, especially on modifying the ortho phenyl substituent 

(see TABLE 1-3.3), were attributed to changes in the preferences for partic-

ular side-chain rotamers (see SCHEME 9  and FIG.1-3.3). These preferences 
were thought to be controlled by interactions between the ortho ring substit-

uent and the -09  moiety. This was supported by previous observations47 but 

could not be directly verified due to the reactivity of the intermediates. 

FIG.8-2.1 compares the structure of the Type (IV) and (V) compounds 

and their elimination reactions to those of the at-hydroxy phosphonates. 

Whilst the Type (IV) alcohols are structurally closer to the a hydroxy phos-

phonates than the Type (V) fluorides, the latter do have the advantage of 

performing elimination reactions from the same rotamers and tō the same 

olefin isomers as the a-hydroxy phosphonates. Neither of the model systems 

however, mimicked the unique cyclisation-elimination process performed by the 

ot-hydroxy phosphonates (see SCHEME 8). 

As we have seen the Type (V) fluorides underwent more or less stereo-

specific elimination to the Z-fluorostyrenes despite predictions to the con-

trary. This was probably due to the formation and stabilisation of a carban-

ion intermediate (ie. an ElcB mechanism) which allowed complete thermodynamic 

control of the product geometry. These results are therefore of no help in 

verifying the postulated structures of thea,-hydroxy phosphonates18  the react-

ions of which were substantially under kinetic control (see TABLE 1-3.5). 
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FIG. 8-2.1 Comparison of Type (IV) & (V) •CoMpcunds to' the o.-hydroxyphosphonates  

• 
	 Similarly, although the Type (IV) alcohol eliminations showed stereoselectivity, 

this was in effect monitoring the rotamer 1 : rotamer 2 ratio and not the 

rotamer 2 : rotamer 3 ratio (see FIG.8-2.1), and is therefore not directly 

applicable to the Ol-hydroxy phosphonates. 

Solace is found in the rotamer population predictions for the Type (IV) 

and (V) series derived from the coupling data in Chapter 4 (see TABLE 8-2.1 - 

compiled from TABLES 1-3.3 & 4-10.2). If the E:Z vinyl phosphate ratios are 

compared directly to the rotamer 2 : rotamer 3 ratios there appears to be 

little correlation, but plots of 0 vs. ROT2 and %,Z vs. ROT3 show surprisingly 

good correlation when the sources of the sets of data are considered (see 

FIGS.8-2.2 & 8-2.3). In fact, excepting the oNO2(V) rotamer 3 population, 

the calculated rotamer populations for the Type (IV) & (V) series success-

fully predict the rank of the Es/Z isomer formation in the 'abnormal' Michaelis-

Becker reaction. 

Further support for the concept of elimination from preferred rotamers 

controlling the vinyl phosphate isomer ratio comes from the side-chain 19F 



TABLE 8-2.1 Comparison of E:Z Vinyl Phosphate Ratios to the Type (IV) & (V) 

Series Rotamer Populations  

DERIV 

X 

Vinyl Phosphate 
Product Ratios. 

Type (V) & (V) Rotamer 
Population Predictions 

E Z 1 2 3 

H 95 5 ~}2.3 34.4 23.3 

o F 60 40 39.9 19.5 40.6 

o Cl 17 83 18.9 10.6 70.5 

o Br 9 91  16.4 8.5 75.o 

o Me 77 23 55.0. 21.9 22.0 

o OMe 5 95 15.0 3.0 83.0 

o NO2 37.5 62.5 10.3 10.0 79.7 

p X 95 5 42.3 34.4 23.3 
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FIG.8-2.2 Rotamer 2 vs. E-Isomer 	FIG.8-2.3 Rotamer 3 vs. Z-Isomer 

Plots of the predicted rotamer populations of the Type (IV) & (V) series vs. 
the observed product isomer ratios of the 'abnormal' Michaelis-Becker Reaction 

shifts in the Type (V) fluorides (see SECTION 4-9, point (5)). These suggest 

the sequence : 	oOMe, Cl, Br, NO2 > oF, oCF3 > oMe, all pX 	for the 
rotamer 3 populations, which agrees with the observed incidence of the Z-

vinyl phosphate isomer in the OC- hydroxy phosphonate cyclisation/eliminations. 

No evidence was found, from either the conventional nmr shifts and 

couplings or the LIS data, to support the suggested ring substituent inter-

actions with the side-chain hydroxy groupi8 Instead the LIS data, almost 

unanimously, indicated that the major ring orientation throughout the Type 

(IV) series was such that. the X substituent and -CHC12.group were adjacent, 

ie. the ideal orientation for the "control" of the side-chain rotamer 
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preferences by the ring substituent (see SECTION 6-7). 

Overall, therefore, data from the:Type (IV) & (V) series is useful in 

increasing our understanding of the structures of the OE-hydroxy phosphonate 

intermediates, but the elimination reactions so far observed, especially for 

the Type (V) fluorides, possessed too much thermodynamic control for sensible 

correlation to the 'abnormal' Michaelis-Becker reaction which was primarily 

kinetically controlled. This last problem may be insurmountable if the Type 

(V) fluorides always eliminate via an ElcB mechanism. 

8-3 Success/Validity of the Approaches to Conformational Analysis Based on  

the Conventional NMR Spectra (Chapter 4) and the LIS Data (Chapters 5 & 6)  

With the exception of the METHOD 1 Type (IV) elimination results (see 

TABLE 7-4.2), which were subject to an unknown degree of bond rotation dur-

ing the reaction, there is no independent corroboratory measure of the succ-

ess or accuracy of the side-chain rotamer predictions for the Type (IV) & (V) 

series made in SECTIONS 4-8-2.1 & 6-7. For the most part, however, the 

results from the LIS data and the 	 JilF  data (together with those from 

the 2JCF and 6F  data) are mutually supporting. 

Whilst X-ray crystallography appears attractive as the only absolute 

method of verifying the preferred overall geometry it has two major limitations: 

(1) The molecule is examined in the solid state and not in solution where 

it performs its reactions. 

(2) Only one internal orientation of the molecule will be seen, which will 

probably correspond to the structure-  most occupied in solution but will give 

no data on conformational preferences between the various rotamers. 

A stereoselective reaction such as those already attempted with the 

Type (IV) & (V) series, is the only true method of confirming the rotamer pop-

ulations, but, as we have seen, unless conditions can be found under which 

the product isomer ratio reflects the starting material rotamer ratio (which 

the Type (V) results clearly do not), the results will be of little value. 

The validity of both approaches to the conformational determination of 

the Type (IV) & (V) series should be questioned. 

In Chapter 4  the conventional nmr parameters of chemical shift and 

coupling constant were used to obtain indications of conformational preferences. 

In this context the availability of a series or several series of compounds, 

within which to make comparisons, is essential as observations are largely 

relative and not absolute. 

Studies concentrated on the C-1/C-2 conformation, since this was impor-

tant in directing the course of the elimination reactions and also contained 

the mainstay of the conformational data : the 3J and 3JHF, couplings. The 
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complexity of the structural and substituent dependence of the 3JHF coupling 
was demonstrated with a series of deoxyfluoro pyranoses in SECTION 4-8-2.2. 

This indicated that a simple empirical approach (eg. EQN.86) would not satis-

factorily predict both the trans and gauche 3JHF (or 3JHH) coupling constants ' 

in a multisubstituted species (eg. a Type (V) fluoride). It was therefore 

& 3J couplings, and the estimated couplings of the individual rotamers. 
HF 

The determinant method used (EQNS.92-95,99-101) is perfectly sound provided 

that the assumption - that only the three staggered rotamers are occupied 

for any length of time - is valid. 

As the C-1/C-2 conformational analyses were quantitative, the results, 

unlike those from the remaining qualitative observations, are liable to close 

scrutiny. By the nature or the determinant method, however, it is difficult 

to judge the likely errors in the final rotamer figures, especially after 

the "para adjustment" made to the ortho derivatives (see TABLE 4-8.9). The 

observed couplings should be accurate to +0.05Hz whilst the errors in the 

calculated couplings should be within +1.0Hz. Overall the expected errors 

in the rotamer predictions should be within +10,g with the proviso that if 

significant errors are present the relative rotamer differences between the 

various derivatives should not change unduly. 

In Chapter 5 the rotational optimisation approach to conformational 
analysis by LIS was introduced and developed. In Chapter 6 this method was 
applied to the analysis of the LIS data of the Type (IV) alcohols using the 

program NILTFIND VII. 

Two LSR's were used : firstly Eu(fod-d9)3, to establish conformational 
homogeneity in the substrate during addition of the LSR (the low broadening 

of Eu(III) allowed successful monitoring of the various coupling constants) - 

secondly Yb(fod-d9)3, as this has very low CS/CFS cntamination and is there-
for the ideal shift reagent for conformational studies. 

The general rot/opt method is subject to several limitations : 

(1) the accuracy of the molecular coordinate and LIS data. For the simple 

molecules studied, standard bond lengths and angles should generate coord-

inates accurate to within +0.038 relative to the binding site (ie. errors in 

Ln-X radii within 3%). Potential measurement errors in the LIS data were, 

however, more serious (see TABLE 6-3.6). Although some ~3C LIS were 

decided to use a model approach to estimate the coupling constants for the 

individual side-chain rotamers in the Type (V) fluorides (see SECTION 4-8-2.3). 

Considerable care was taken, both in the choice of the model couplings and in 

their conversion to the estimates of the couplings in the Type (V) fluorides, 

every effort being made to justify and correct any approximations. The rot- 

•amer populations were then calculated from the observed "time averaged" 3JHK 
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potentially subject to large errors (due to digitisation rate and solubility 

limitations on LSR concentration - see SECTION 6-3-2), 76% of the data had 

max. errors <±5% with the average max _. error of the remainder rising to —15%. 

(2) the size of the data set. The accuracy of the general method is good 

with large data:sets'but progressively diminishes as the data set decreases. 

(NB. With very small data sets, eg. 3-4 atoms, excellent but generally mean-

ingless fits are obtained:). In particular the accuracy of a rot/opt step is 

very dependent on the number of shifted groups being optimised. This limit-

ation was particularly felt in this study as only one atom (H-108) was avail-

able for rot/opt of the C-1/C-2 bond. 

(3) the ease with which a search or rot/opt may concentrate on a false or 

secondary maximum metal position. This is well illustrated in FIGS.6-5.1 &  

6-5.2 and demonstrates that the utmost care is required to ensure that a rot/ 

opt search produces sensible results. The problem of secondary maxima is 

mainly a function of the small FIXED ATOM data set available for the Type (IV) 

alcohols. 

(4) interpretation of the result obtained. The method is analogous to X-

ray crystallography in that the final result only indicates one molecular 

conformation. The METFIND rot/opt technique differs, however, in the ability 

to compare the maximum rot/opt"position obtained with all the other orientat-

ions examined, to (a) determine the significance of the "max" result over 

free-rotation and (b) to evaluate contributions of other rotamers to the 

overall state in solution. As was seen in SECTION 6-7 the interpretation of 

these results is rather intuitive which unfortunately reduces their useful-

ness and reliability. 

In summary, the METFIND VII rot/opt method is basically sound as the 

only assumptiōns it requires are now accepted throughout the literature 

(eg. the alignment of the lanthanide's principal symmetry axis, etc.), or 

demonstrable before performing an optimisation (eg. substrate conformational 

homogeneity before and after adding LSR) (see SECTIONS 1-6-4.1 & 5-1). The 

method is, however, not completely straightforward to apply, as the rot/opt 

process is both complex and fraught with potential pitfalls, with consider-

able care essential in the interpretation of the results. 

The system studied (the Type (IV) alcohols) was not ideally suited to 

the rot/opt process, due to (a) the overall number of shifted atoms in the 

molecules and (b) the presence of only one nmr active atom in the key rotat-

ing species. Nevertheless useful results were obtained which both supported 

the conventional conformational analyses of Chapter 4 and supplied additional 

information on the orientation of the, phenyl ring substituents to the side- 

chain (see SECTION 6-7). 
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8-4 Areas for Further Work  

Several areas should be considered for further work : 

The conformational predictions made for the Type (IV) & (V) series 
remain substantially unconfirmed in the absence of'apprōpriate reaction cond-

itions for the proportionate conversion of the starting material rotamers to 

the product isomers. Further work may well establish suitable conditions 

(ie. favouring an E2 mechanism) at least for the Type (V) fluoride, and poss-

ibly for the Type (IV) alcohol eliminations. 

Further studies on conformational analysis in related systems, using 

both the conventional nmr and LIS techniques would also be interesting. The 

main limitation of the Type (IV) & (V) series (ie. only one nmr-active spec-

ies on C-2) could be overcome by examining compounds of the general type 

(I av-LxVIĪ) . 

OH 	H F 	H OH 
Me 	Me 

Me 	.H Me 
XX 
 X  (LXVI) 	

X 
(LXVII) 

Elimn 

H 0 
HF] H[F] 

  

F[H] 	F[H] 
X 	 X 
(IxVIII) 

	
(LXIX) 

Compounds (LXIV) & (LXV) would be of interest from both their nmr and 

chemical properties. These compounds would all be useful in demonstrating the 

the diastereotopic nature of the paired groups on the prochiral centre and 

should all possess ortho derivative dependent side chain conformations. 

The steric control of side-chain reactions, exercised by ortho ring 

substituents, could be exploitable in stereoselective/stereospecific organic 

syntheses, where selection of the appropriate ring substituent could be used 

to predetermine the isomer ratio of a reaction intermediate. 
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•_ 	APPENDIX I : GRAPHICAL METHODS FOR SPECTRAL ANALYSIS  

During the course of the theoretical work on the ABX-spin system, graph-

ical aids were found to be essential tools for understanding the movements of 

the spectral lines under various conditions; the most illustrative of these 

have been reproduced in Chanter 3  (see FIGS.3-2.5 to 3-2.12). A natural ext-

ension to this work included attempts to perform spectral analysis graphically. 

Applying Abraham's method of sub-spectral analysis242  to the AB-region of ABX 

spectra involves the individual treatment of the two apparent AB-quartets to 

• 

obtain 6* values (see EQNS 32 & 54),  and so  FIG.I-1 which is 
against Sepn (AFT  - B) was produced. (Throughout the graphs 

and: in Chapter 3  6AB,  JAX, -J L and N are scaled in units of 

removes one spectral variable and makes the plots universally 

of applying in only one instance). 

a plot of kis  

in this section 

JAB as this 

useful instead 

Using FIG.3-1.1, if we define 6 = A - BLF; then  6AB = /5(6 + 2) . 

FIG.I-1 is therefore a plot of 66  against 6 with the 1st order approximation 
6,0 = 6 + 1 also plotted for comparison. 

When drawing the 24 AB-regions in FIGS.3-2.5 & 3-2.6 it was necessary 

to solve a total of 20 AB-spectra in reverse, ie. given 6AB, to calculate the 
line separations and intensities. Again a graphical route was chosen to 

calculate intensities (see EQN.33). From TABLE 3-2.3 the total intensity of 

any, pair of AB-region lines, ie. A0(8-6) or Bp(3-1), is 2 (the sino+  terms 

cancel). This was taken as "UNIT INTENSITY" and the heights of the "inner" 

and "outer" quartet lines were calculated as fractions of this from the 

following relationship 

From EQN.33 	[outer]/ [inner] = 6/(6 + 2) 
[outer] + [inner] = 1 

• [cuter] = 1 

	

	1 	 
- (s/(6 +2)) +1 

1 	1 	 
- (26 + 2)7(6 + 2) 

[outer] = 	
6 	and 	[inner] = 

 (6 + 2) 
(26 + 2) 	(26 + 2)  

In FIG.I-2 [outer] is plotted against 610. Note that [outer] has still 

not attained the true 1st order value of 0.5 even at 6AB  = 20JAB, so in the 

minimum AX case of 6AB  = 10JAB there is still a 10% distortion of the quartet 

in intensity terms (ie. [45] : [551), but the actual distortion of the mid-

points of the doublets is less, at approximately 5% (JAB
). 

Using FIGS.I-1 & I-2 any AB-spectrum (or sub-spectrum) may be.rapidly 

analysed, and conversely, given 6AB, the appearance of an AB-region can be 

rapidly predicted. 
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When referring to the distortion of an AB-quartet, an analogy that is 

often made is that the true positions of A and B (vA  and VB) are at the 

"centres of gravity"  of the doublets from A and B. This is only approximately 
true (see FIG.I-2).  Using this argument,.if the ratio of the peak intensities 

is A : B (where A+B = 1) then the centre of gravity of the pair of lines will 

be. distance A from the foot of peak B. Therefore the plot of [outer] against 

6 (FIG.I-2)  shows the movement of the "centre of gravity" of the quartet. 
The true offset of vA  from AHF  (the more intense line) may be found from 
FIG.I-1  using : Offset = 2(5AB - 6). This produces the lower plot shown in 
FIG.I-2  which has a significantly different course from the "centre of grav-
ity" line. The "error" between the two lines is plotted on the left and 

reaches a maximum value or 0.15J when S = 0.`T 
AB 	AB 	75 AB.  

Unfortunately, ABX spectra have too many variables for their complete 

analysis to be attempted in one or two graphs; for even after removing the 

influence of JAB  one is still left with 8AB,  L and N which would have to be 

plotted simultaneously (ie. in families of curves, etc.) to obtain line 

positions, intensities or assignments. However, once the basic mechanism 

of formation of an ABX spectrum has been visualised (see FIGS.3-2.5;  3-2.6; 
3-2.8)  the line assignment process becomes fairly straightforward and further 
"aids"  to assignment would probably be more complicated to decipher than the 

spectrum itself. Also, once one assignment has been chosen as correct, its 

subsequent analysis is relatively straightforward, and if Abraham's sub-

spectral method is used242  the AB-analyses may be performed graphically (see 

above). 

The key area, therefore, in which graphical methods are useful, is in 

determining which assignment is correct. The only difficulty - that for 

each assignment there were two possible solutions for [14,15] (see FIGS.3-2.9  
to 3-2.11)  - was eventually resolved empirically and this enabled a graphical 

route to the calculation of [14,15] to be developed (see FIG.3-2.13  and the 
relevant text in SECTION 3-2-4.1).  FIG.I-3  is a more accurate version of 
FIG.3-2.13  and should be used in conjunction with the method given in SECTION 
3-2-4.1  to calculate [14,15] from the basic parameters IJAB/2D I  via A+. 

• 
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of the signals showing that these are not directly 
related. 
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FIG.I-3  A Ready Reckoner for Calculating [14,15]. For details of method of 
use see SECTION 3-2-4.1  



• (L2 - nJ 2)2 

)2 + 40.J.2)2 	(10) AB 

cos22 (0+ - 0..).((L2 - nJ 2)2 + 4L2.J 2) 

cos2(O+ - 0) _ (L2 - nJA2)/((L2 - nJ 

(9) 
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APPENDIX II : ABX ANALYSIS - CONDITIONS UNDER WHICH  [14 1.1110,111 

From FIG.3-2.11 it can be seen that for 6AB > L, [14,15]<;[10,11]. 

For part of the range ŌAB < L, [14,15] ) [10,11], but the lower limit of 

this condition requires quantifying. 

From TABLE 3-2.3 : 	[14,15]  

[10,11] 

Since : sin2A + cos2A = 1; this occurs when sin2(0+ - O_) > 0.5. 

0+ and 0 are defined in EQNS.35-37 : D cos 

D sin20 
Dividing (2) by (1) we obtain 	tan20+  = jAB/(6AB  

tan2O 

Applying the standard relation: tan(A - B) _ (tanA - tanB)/(1 + tanA.tanB) 

• sin2(O+ - 0_) 

• cos2(O+ - 0_) 

• JAB/(6AB  - L) 

• •5A, ± 2L (1) 
= 2JAB 	(2) 

+ L) 	(3) 

(4) 

we obtain : tan2(O+ - 0_) = (2L.JAB)/ 2 (L - 8 2 J~2) 

ie. n = (6AB/JAB)2 + 

tan2(O+ - 0) . = (2L.JAB
)/(L2 - nJA2 

Let 	_ AB 

then (5) reduces to : 

(T:1).JAB 

Substituting for tanA as sinA/cosA and squaring, we obtain : 

sin22Lp+ - 0-)/cos22(J
,+ - 0_) _ (4L2.J 2)/(L

2 - nJ 212 
	

(8) 

but sin2A = 1 - cos2A ; substituting in (8) and expanding, we obtain : 

but cos2A = 1 - 2sin2A; cos2(0+ - 0_) = 1 - 2sin2(0+ - 0_) 

Since we want to know when sin2(O+ - 0_) > 0.5 we may find this by 

evaluating the conditions under which cos2(O+ - 0_) ( 0.0 . 

This occurs when L2 - 
nJAB

2 < 0 	ie. when nJ 2 i L2 

Lines 14 and 15 are more intense than lines 10 and 11 when JAB  >  

Substituting (6) for n, this occurs when (S 2 	 + Jam) 2 0 AB  

With the lower limit of the intensity relation quantified we may now 

write the full relation as : 

[14,15] > [10,11] when 	L > 8AB  > f(L2 - JA2) 



APPENDIX III : Optimisation of Metal Reflection  

For the two metal positions M and MR, the individual calculated shifts/ 

broadenings-for each group have, percentage differences D and DR  from the 

observed data. To calculate the optimum proportions of M and MR  it is necess-

ary to find the minimum RMS error of a linear combination of M and MR  given 

by : 	(x.M + (1 - x).MR) 

Wish to find the minimum value of 	E(x.D + (1 - x).DR)2  

Expanding = E(x2.D2  + DR + x?DR + 2x. DDR  - 2x?DDR  - 2x. DR) 

x2E(D2  + DR - 2DDR) + x.E(2DDR  - 2DR) - EDR 
2 

For a minimum value d—x = 0 and 	2 = +ve .dx 

...a minimum occurs when x.E(D2  + DR - 2DDR) + E(DDR  - DR) = 0 

ie. when 	x 	E((4(  - DDR)/{D2. + DR - 2DDR)) 

AND 	E(D2  + DR - 2DDR) 

Threrfore, in order to find the optimum value of x, only the cumulative 

values of ED2, ED2  and EDDR  need to be stored (ie. 3 extra variables). Unfor-
tunately, if the individual errors between the weighted calculated shifts/ 

broadenings and the observed data are required, the individual values of D 

and DR  also need to be stored (ie. 2 x NGROUP variables). 

The following series of operations would be required to optimise the 

distribution between the two metal positions : 

(1) Check that : E(D2  + DR - 2DDR) > 0 
If this is the case then proceed to (2). If no;, then a minimum value 

cannot arise from a linear combination of M and MR  and the optimum position 

will therefore be the one with the lower overall error (ED or W. 

(2) Calculate x from the equation deduced above 

(3) Check that 0 < x ( 1 . If this is not the case proceed as in (1). 

If.this test is passed, then the overall RMS error is given by : 

,i/E(x.D + (1 - x).DR)2.  
n - 1 

JED2  
This is comparable with the standard equation : 	n-1 

This process may be equally well applied in determining the relative metal 

site preferences with two (or more) binding sites. 
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APPENDIX IV : METFIND VII (MET7IMD) 

IV-1 Input Data Decks  

An example of a typical data deck-is given below. This was used for 

the initial "FIXED ATOM" MULTISCAN search of the Yb-LIS data of oF(IV). The 

supplementary decks show how the first deck was modified for (a) normalisation 

on C-i (607), and (b) a full ROTATE run : 

TITLE( 	*X = ORTHO F TYPE(IV) ALCOHOL ROT2/0R2* 	) ORTHO F 
NATOM(05/13),NCENTR(11),SBOPT(1),NSIGN(3),NORM(1),ROTN(0 	-)ORTHO F 
ITER(7),REFLEC(3),LIM(2),TEST(0),BONGLE(O00),CONTUR(1),OMITA(0),Q IITC(0)ORTHO F 
FITLIM1(0.500),FITLIM2(0.500),FITLIM3(0.500),TYPLIM(0b500) 	ORTHO F 

	

107/1/01 1.8433333 0.5138310  O.8899812 02/ / / 	111111111111111 ORTHO F 

	

607/1/02 1.48 	0.0 	0.0 	01/03/05/16 	112211122222221 ORTHO F 

	

608/1/03 1.9933329 0.7259630-1.2574047 02/06/17/18 	112211122222221 ORTHO F 

	

604/1/04 2.9200001-4.0729350 0.0 	08/09/13/ 	111112244444412 ORTHO F 

	

601/1/03 1.9866667-1.4330697  0.0 	02/07/10/ 	111112244444412 ORTHO F 

	

108/1/06 1.6333333 1.7441967-1.2574047 03/ / / 	13311133333331 ORTHO F 

	

602/1/07 2.7915477-1.8909534 1.05 	05/08/11/ 	13355555513 ORTHO F 

	

603/1/08 3.2582144-3.2108960 1.05 	04/07/12/ 	13355555513 ORTHO F 

	

605/1/09 2.1151192-3.6150413.1.05 	04/10/14/ 	13355555513 ORTHO F 

	

606/1/10 1.6484524-2.2951087-1.05 	05/09/15/ 	13355555513 ORTHO F 

	

902/1/11 3.1056038-1.0904987 2.025 	07/ / / 	13355555513 ORTHO F 

	

103/1/12 3.8791226-3.5641283 1.86 	08/ / / 	13355555513 ORTHO F 

	

104/1,13 3.2800002-5.0911688 0.0 	04/ / / 	13355555513 ORTHO F 

	

105/1/13 1.8542110-4.2800428-1.86 	09/ / / 	13355555513 ORTHO F 

	

106/1/15 1.0275443-1.9418764-1.86 	- 10/ / / 	13355555513 ORTHO F 

	

800/1/16 0.0 	0.0 	0.0 	02/ / / 	11111111111 ORTHO F 
1708/1/17 1.4066667-0.1037092-2.6944387 03/ . / / 	13311133333331 ORTHO F 
1708/1/18 3.7533332 0.7259631-1.2574047 03/ / / 	13311133333331 ORTHO F 
NGROUP( 1),SHIFT( 623.8) 	 ORTHO F 
NGROUP( 2),SHIFT(1000.0) 	 ORTHO F 
NGROUP( 3),SHIFT( 512.7) 	 ORTHO F 
NGROUP( 4),SHIFT( 110.0) 	 ORTHO F 
NGROUP( 5),SHIFT( 589.7) 	 ORTHO F 
NGROUP( 6),SHIFT( 363.1) 	 ORTHO F 
NGROUP( 7),SHIFT( 284.8) 	 ORTHO F 
NGROUP( 8),SHIFT( 141.6) 	 ORTHO F 
NGROUP( 9),SHIFT( 142.4) 	 ORTHO F 
NGROUP(10),SHIFT( 337.0) 	 ORTHO F 
NGROUP(11),SHIFT( 218.4) 	 ORTHO F 
SEARCH RADIUS FROM (150) to (190) IN STEPS OF (10) 	ORTHO F 
SEARCH ANGLE PHI FROM (-90) TO (135) IN STEPS OF ( 5) DEGREES 	 ORTHO F 
SEARCH ANGLE PSI FROM ( 90) TO (135) IN STEPS OF ( 5) DEGREES 	 ORTHO F 

(a) 

	

607/1/01 1.48 	0.0 	0.0 	02/03/05/16 
107/1/02 1.8433333  0.5138310 0.8899812 01/ / / 
608/1/03 1.9933329 0.7259630-1.2574047 01/06/17/18 

	

601/1/05 1.9866667-1.4330697 0.0 	01/07/10/ 

	

800/1/16 0.0 	0.0 	0.0 	01/ / / 
NGROUP( 1),SHIFT(1000.0) 
NGROUP(,2),SHIFT( 623.8) 

112211122222221 ORTHO F 
111111111111111 ORTHO F 
112211122222221 ORTHO F 
111112244444412 ORTHO F 

111111111111 ORTHO F 
ORTHO F 
ORTHO F 

Changing the cards in parentheses is optional (see next section 
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(b)  

NATOM(11/07),NCENTR(11),SBOPT(1);NSIGN(3),NORM(1),RYTN(31264264344545877)0IHo F 
SEARCH RADIUS FROM (250) TO (290) IN STEPS OF (10) 	-ORTHO F 
SEARCH ANGLE PHI FROM (135) TO (180) IN STEPS OF ( 5) DEGREES 	..ORTHO F 
SEARCH ANGLE PSI FROM (180) TO (225) IN STEPS OF ( 5) DEGREES 	ORTHO F 

The input formats to METFIND VII are annotated, where possible, as this 

allows easy interpretation of punched decks and ensures correct formatting. 

Example (b) illustrates the ease with which the type of run can be 'modified 

without changing the basic COOED and SHIFT data cards. 

IV-2 Card Formats and Brief Descriptions of the Various Parameters and Options 

METFIND VII has ten different data cards : 

CARDS 1, 2, 3, 4, 7, 8 and 9 only appear once in any data deck. 

• CARDS 5, and 6 are repeated and form the COOED and SHIFT DATA BLOCKS. 

CARD 10 is optional and may be repeated. The.full 80 -characters are used. 

All entries must be numerical apart from the TITLE on CARD 1 and the 

IDENTIFICATION NAME marked 'nnaa' on CARD 5. 

CARD 1 ... REFERENCE INFORMATION 

TITLE( 	* 	 * 	) DATA 001 

This may contain any alphanumeric name up to 64 charaēters. 

CARD 2 ... OBLIGATORY DATA 
NATOM( / ),NCENTR( ),SBOPT( ),NSIGN( ),NORM( ),ROTN( 	)DATA 002 

NATOM =- The two. numbers indicate the total number of SHIFTED/BROADENED ATOMS  

and NMR INACTIVE ATOMS for which data is given in the COOED DATA 

BLOCK. As this contains ONE CARD PER ATOM the sum of these numbers 

must equal the number of cards in the BLOCK (maximum value = 100). 

NCENTR = The total number of SHIFTED/BROADENED GROUPS with an entry in the 

SHIFT DATA BLOCK. The same constraints apply as with NATOM. 

SBOPT = SHIFT/BROADENING OPTION. This informs the program what data is to 

be read from the SHIFT DATA. BLOCK. SBOPT can have only three values: 

(1) = shift data only; (2) = shift and broadening data; (3) broadening data only 

NSIGN = The sign of the SHIFT of the normalising (first) GROUP. Again this 

can have three values : (1) negative; (2) unknown; (3) positive. 

This is used to cheek that the sign of the first shift calculated. is 

correct, and can obviously save considerable wasted computer time. 

NORM 	The number of .SHIliTED/BROADENED- ATOMS in—the- first' GROUP. 

ROTN = - ROTATION OPTION.* -The-:first digit (ROTOPT) determines• Whether- rot-

ation is. required and at which rotational increment (see TABLE IV-2.1) 

The remaining 15 digits are the NCYCOP parameters for each of the 

15 CYCLES (see TABLE 5-4.1). Each time NCYCOP = 5 is used the 
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rotational increment is decreased together with the R, PHI and PSI 

increments to effect a degree of FOCUSING. 

TABLE IV 2.1 Rotational Increments for NCYCOP = 3/5 as Determined by ROTOPT  

ROTOPT t 	NCYCOP ROTOPT NCYCOP 
3 (1st) 	5 	(2nd) 3 (1st) 	5 	(2nd) 

- 1 1 1 1 6* 20 10 - 5 

2 2 1 1 7 30 15 5 

3* 5 2 1 8 45 20 10 . 

4* 10 5 2 9 60 30 15 

5* 15 5 2 0 ROTATION OPTION NOT SELECTED 

* Indicates the normal range of ROTOPT. 

CARD 3 ... OPTION SELECTION INFORMATION 

ITER( ),REFLEC( ),LIM( ),TEST( ),BONGLE( 	),CONTUR( ),OMITA( ),OMITC( ),DATA 003 

ITER = ITERATION OPTION. -  This may- have ten- values (see SECTION 5-2-7)': 

When = 0 ... NON-ITERATIVE MODE. Searches one block using the input SEARCH DATA. 

When = 1 ... FOCUSING MODE. Performs an iterative search. 

When = 2-9 ... MULTISCAN MODE. Performs (ITER - 1) MULTISCANS (see FIG.5-2.5) 

REFLEC = REFLECTION/ROTATION/SYMMETRY•OPTION. This may have - ten values and 

informs the program whether XY- or XZ- plane METAL REFLECTION and/or 

METHYL GROUP ROTATION are required (see SECTIONS 5-2-5 & 5-2-6) and 

also whether SYMMETRY will be present in the FITFACTOR TABLES (this 

can arise from either moleculair symmetry or the use of METAL REF-

LECTION). If SYMMETRY is present, half of the search blocks norm-

ally performed in the MULTISCAN MODE are suppressed. There is NO 

EF± CT on the output of the NON-ITERATIVE or FOCUSING MODES. For 

XZ-SYMMETRY blocks 9-16 are omitted, for XY-SYMMETRY blocks 3,4,7,8 

11,12,15 and 16 are omitted (see FIG.5-2.5d - NB. XY-SYMMETRY corr-

esponds to PSI = 180, XZ-SYMMETRY to PHI = 180). 

TABLE IV-2.2 REFLEC OPTION  

REFLEC REFN ROTN SYMM REFLEC REFN ROTN SYMM 

0 none none none 5 XZ ROTN XZ 

1 XY none -XZ: 6 none none XY 

2 XZ none XZ 7 none none XZ 

3 none ROTN none 8 none ROTN XY 

it XY ROTN ' 	XY 9 none ROTN XZ 

LIM = LIMIT OPTION. This is used to control the TOLERANCE TESTS in METFIND 

(see SECTION 5-2.4) and may have -three values : 

When = 0 ...- Preset values for -FITLIM(1, 2, 3) ,and TYPLIM of 0.9, 0.97, 0.985 

and_0.994 are selected. CARD 4 is not read-but must be present. 
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When = 1 or 2 .:. The values of FITLIM(1,2,3) and TYPLIM are read from CARD 4. 

When = 0 or 1 ... After completing the- last rITFACTOR TABLE (when ITER = 0 or 1) 

a detailed listing of the.SOLUTIONS whose FITFACTORS exceed TYPLIM 

will be given (WRITER output).—  

When = 2 ... Only the SOLUTION to the MAXIMJM FITFACTOR will be given, REGARD-

LESS OF WHETHER IT EXCEEDS TYPLIM. If there are several ident-

ical maxima the SOLUTION to the average position will be given. 

TEST = TEST OPTION. This is mainly used for diagnosis of input data err-

ors.and may have six values : 

When = 0 ... NO TESTING is performed. This is the normal running condition. 

When = 1 ... The input COORD data is TESTED by (a) calculating every inter-

atomic distance, and (b) calculating bond angles specified by the 

BONGLE OPTION. This test is routinely performed when NCYCOP = 1. 

in ROTATION MODE runs. 

When = 2 or 3 ... These options are intended for use when the _input data gives 
absolutely no results or when line assignments require checking. 

When = 2 ... This cancels all TOLERANCE TESTS and automatically gives WRITEB 

output for each search point. Output is usually stopped by line-

or time-limits so the values of RMCN, PHIMIN and PSIMIN should be 

set to the most likely metal position. The aim is to*find which 

ATOMS/GROUPS have SHIFTS/BROADS which consistently fail TOL TESTS. 

When = 3 ... This is a desperation measure only used if TESTS 1 & 2 are insuf-
ficient.. It produces a listing of every calculation performed in 

each search and shows at which point a test was failed. Details of 

the DIAGNOSTICS given by TESTS 1, 3 & 4 are given in the next 

section. 

When = 4 or 5 ... These are designed for use when only SHIFT(TEST = 4) or 
BROAD(TEST = 5) data is submitted and it is desired to know the 

other. This only affects WRITEB output (if present). 

BONGLE = BOND ANGLE TEST OPTION. For use with TEST = 1 or in the ROTATION 

MODE. 

When = n. (max value 50) ... The 'n' bond angles described in the CARD 10 BLOCK 

are calculated. To find the angle between AB and BC the SEQUENCE 

NUMBERS of the three ATOMS A, B and C are listed on CARD 10. 

CONTUR = CONTOURING OPTION. When set to 1 the initial INPUT DATA and all 

the FITFACTOR DATA from a full MJLTISCAN search are written onto a 

file (TAPES) for subsequent handling by a contour plotting package. 

OMITA = OMIT WRITER OPTION. When = 1 WRITEA output is suppressed. 

OMITC = OMIT WRITEC OPTION. This works in a similar manner to OMITA : 

When = 0 ... All WRITEC output (FITFACTOR TABLES) will be printed. 



When = 1-8 ... The first 1-8 ITERATIONS of WRITEC output will be suppressed 
provided that the max. FITFACTOR of an ITER=1,RUN-3 search is not 
within the edge of the search•(ie. FOCUSING has been completed) or 

that an ITER=O search is being performed. This ensures that the 

last WRITEC table will always be printed before any. WRITER output. 

When = 9 	All WRITEC output will be suppressed with the exception of any 

message informing the user that the table would have been suppressed 

anyway due to nil or duplicated results. This option is designed 

for use with the CONTUR option. 

CARD $ 	OPTIONAL INFORMATION (LIM) 

FITLIM1( . 	),FITLIM2( . 	),FITLIM3( . 	),TYPLIM( 	) 
	

DATA 004} 

This card is only read if LIM = 1 or 2, brit should always be present. 

FITLIM(1, 2, 3) = FITFACTOR LIMITS for RUNS. (1, 2, 3)(see SECTION 5-2.4). When 
ITER / 1, METFIND always operates under'RUN = 1 (FITLIM1) conditions. 

TYPLIM = TYPE (WRITEB) LIMIT. Only used when LIM = 1 whereupon WRITEB out-

put will only be produced for those SOLUTIONS whose FITFACTOR 

TYPLIM. 

CARD 5 ... COORD DATA BLOCK 
nnaa/c/dd xx.xxxxxxxyy.yyyyyyyzz.zzzzzzz bl/b2/b3/bk 	ggggggggggggggg DATA 005 

This card has no pre-punched structure as it may be supplied as 

output from either of the programs COORD or XYZFG whereupon 'nn' 

will contain the atom's ATOMIC NUMBER and 'xyz its COORDINATES. 

There will be ONE CARD PER ATOM. The ordering of these cards is 

crucial, as are the numbers 'c' and 'dd'. 

nnaa = ATOM IDENTIFICATION NAME. This may consist of any alphanumeric string. 

c = 	NUMAV. The number of ATOMS in the same GROUP as this ATOM. All of 

the'ATOMS in a GROUP MUST APPEAR TOGETHER.in.the data block alth-

ough their sequence is unimportant. 

dd = 	GROUP IDENTIFICATION NUMBER. These numbers must appear sequent- 

ially within the data block, starting from dd = 1. All ATOMS in  

the same GROUP MUST HAVE THE SAME dd NUMBER. 

xyz = The ATOM'S COORDINATE DATA. 

b(1-1) = The SEQUENCE NUMBERS of the ATOMS to which this atom is BONDED. 
g = - The GYROCODE NUMBER for the 15 ROTATION MODE CYCLES. 

Both b(1-k) and g are only used in the ROTATION MODE. Incorrect. 

values of b(1-1) will not affect the running of METFIND as they 
are included only for molecular structure drawing in the contour-

ing package, and for bond labelling (*) in the INTER-ATOMIS DIST-

ANCE Tables. 



CARL. 6... SHIFT/BROADENING DATA BLOCK 
NGROUP( ),SHIFT( 	. _)_,BROAD( 	. ) 
	

DATA 006 

This block contained ONE CARD PER SHIFTED/BROADENED GROUP 

(NB. Single ATOMS class as GROUPS_for.this.purpose). 

NGROUP = GROUP IDENTIFICATION NUMBER. This should correspond to 'dd' in 

the COORD DATA BLOCK (Other numbers, such as 'aā' may be placed 

here if convenient. If the value of NGROUP differs from 'dd' 

the warning "QUERY" is printed in the WRITEA output). 

SHIFT = The OBSERVED SHIFT of the GROUP on adding LSR. 

BROAD = The OBSERVED BROADENING of the GROUP on adding LSR. 

SHIFT and BROAD may be presented in any convenient self-consistent 

units. 

CARDS 7, 8 and 9 ... SEARCH PARAMETERS 
SEARCH RADIUS FROM ( ) TO ( ) IN STEPS OF ( ) 

	
DATA 007 

SEARCH ANGLE PHI. FROM ( ) TO ( ) IN STEPS OF ( ) DEGREES 
	

DATA 008 

SEARCH ANGLE PSI FROM ( ) TO ( ) IN STEPS OF ( ) DEGREES 
	

DATA 009 

These cards are self-explanatory. All entries should be integers, 

the RADIUS parameters being divided by 100 in the program (ie. 372 

= 3.72R). The angles PHI and PSI-Should lie between 90 and 270!:).'.. . 

CARD 10 ... OPTIONAL DATA TESTING īNFORMATION (BONGLE) 

/ $ / / 	/ / 	/ / 	/ / 	/ 	/  

This card has been treated under the heading BONGLE = n. 

IV-3 Output  

METFIND VII has four WRITE routines which serve the following functions : 

WRITEA : This outputs all the input data in an ordered fashion so that iden-

tification of the run and checking of data/options can be performed. 

Typical WRITEA printout is shown on p.276 (for the data given on p.270. 

Also illustrated are messages given when (1) the ROTATION MODE and 

(2) the CONTUR option are selected. 

WRITEB :'This outputs the detailed SOLUTIONS to individual search points, 

examples of which can be seen on p.279 & 280. 

WRITEC : This produces the FITFACTOR TABLES and associated messages - see p.277 

WRITED : This is only used in the ROTATION MODE and is responsible for most of 

the output reproduced on p.278-9. This is discussed in SECTION 6-5-2. 

Additional output is produced by subroutine DATEST (the INTER-ATOMIC 

DISTANCE and BOND ANGLE TABLES - see p.278 & 280) and by the TEST = 3 

option in subroutine DONEST - see p.280. 
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INTER-ATOMIIC DISTANCE TABLE . BONDS MARK D (*) . FROM INITIAL CO-ORD DATA ERFORE CONMENCINO ROTATIONAL OPTIMISATION 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

0 2.1104 1.4800 2.4661 5.0115 2.4496 2.7002 3.5314 4.6934 4.3180 3.0145 3.8845 5.5866 6.0563 5.0216 2.8785 0 

18 2.8817 2.6974 1.7600' 5.0304 3.0600 2.3519 3.6190 4.5900 4.6445 3.6879 3.8070 5.3046 5.9703 5.3879 3.8614 4.0244 

17 3.6633 2.6974 1.7600'.5.0304 3.0600 2.3519 4.3741 5.2061 3.9415 2.7504 5.1121 6.2314 5.9703 4.2823 2.0540 3.0413 

16 2.1104 1.4800' 2.4661 5.0115 2.4496 2.7002 3.5314  4.6934  4.3180 3.0145 3.8645 5.5866 6.0563 5.0216 2.8786 

15 3.7760 2.7268 2.9006 3.4033 2.1537 3.7838  3.4033 3.8800 2.1537 1.0800' 4.4874 4.9600 4.2955 2.4600 

14 5.5266 4.6817 5.0441 2.1537 3.4033 6.0583 3.8800 3.4033 1.0800*  2.1537 5.1800 4.2955 2.4800 

13 5.8542 5.4000 6.0890 1.0800*  3.8800 7.1425 3.4033 2.1537 2.1537 3.4033 4.4874 2.4800 

12 4.6599 4.6817 5.6284 2.1537 3.4033 6.5529 2.1537 1.0800' 3.4033 7.8800 2.5970  

11 2.3357 2.8165 3.9129 3.6097 2.3388 4.5801 1.3000' 2.3388 4.1000 3.6097 

10 3.4193 2.5295 3.0478 2.4249 1.4000*  4.0447 2.4249 2.8000 1.4000' 

9 4.5700 3.8176 4.3477 1.4000*  2.4249 5.3848 2.8000 2.4249 
8 3.9876 3.8176 4.7353 1.4000' 2.4249 5.7024 1.4000* 

7 2.5899 2.5295 3.5790 2.4249 1.4000' 4.4587 

6 2.4838 2.1556 1.0800*  6.0890 3.4352 

'5 2.1455 1.5200*  2.4985 2.8000 

4 4.7948 4.3200 5.0467 

3 2.1630 1.5400* 
2 1.0900*  

17 18 

0 3.0413 4.0244 

18 2.8741 

CYCLE NULBE•i 1 , OPERATION  1  SELECTED I.E. CENTRE SEARCH AREA ONTO MAX FITFACTOR OF CURRENT ATOMS  (GYRO 
	 0) 

THE ATOMS TO BE USED IN THIS CYCLE ARE - 

ATOM 
NUMBER 

REFERENCE 

MRL-?RS 

X-CO-ORD Y-CO0RD Z-CO-ORD OBSERVED 

SHIFT. 

GYRO 

CODE 

1 107/1/ 1 1.8433373 .5138310 .8699812 623.8 1 

2 607/1/ 2 1.4800000 0 0 1000.0 1 

3 608/1/ 3 1.9933329 .7259630 -1.2574047 512.7 1 

4 604/1/ 4 2.9200001 -4.0729350  0 110.0 1 
5 601/1/ 5 1.9866667 -1.4330697 0  489.7 1 

CYCLE 1 ITERATION 1 . MAX FITFACTOR - 978 APPEARED 1 TIMES , AVERAGE LOCATED AT R. 300 , PHI - 155 , PSI - 240 

PITFACTOR Table omitted here 

CYCLE NUMBER 2 , OPERATION 2 SELECTED I.E. ADD NEXT GROUP(S) THEN RE-CENTRE SEARCH AREA ONTO MAXIMJM FITFACTOR 
THE ATOMS TO BE USED IN THIS CYCLE APE - 

Table as above with one extra line : 

6 	108/1/ 6 	1.6333333 	1.7441967 	-1.2574047 	363.1 	1 

CYCLE 2 ITERATION 3 . MAX FITFACTOR . 944 APPEARED 1 TIMES , AVERAGE LOCATED AT R - 280 , PHI . 170 , PSI - 230 

FITFACTOR Table omitted here 

CYCLE NUMBER 3 , OPERATION 6 SELECTED I.E. PERFORM COMPLETE ROTATION OF INDICATED GROUP (30'  STEP) THEN OPTIMISE 

THE ATOMS TO BE USED IN THIS CYCLE ARE - 

Table as above with atoms 6,17 
and 18 added. GYRO-CODE of atoms 

2& 3. 28 6, 17&18-3 
ATOMS A AND B IS 2 AND OF ROTATED ATOMS I3 3 . THE ROTATED ATOMS HAVE BEEN MOVED + 30 0 DEGREES 

5 . MAX FITFACTOR - 961 APPEARED 1 TIMLr". , AVERAGE LOCATED AT R. 290 -, PHI - 160 , PSI - 230 

6 . MAX FITFACTOR - 961 APPEARED 1 TIMES , AVERAGE LOCATED AT R - 290 , PHI - 160 , PSI . 230 

ATOMS A AND B IS 2 AND OF ROTATED ATOMS IS 3 . THE ROTATED ATOMS HAVE BEEN MOVED + 60.0 DEGREES 

7 . MAX PITFACTOR,- 934 APPEARED 1 TIMES;, AVERAGE LOCATED AT R - 290 , PHI - 160 , PSI ..235 

OYR000IE NUMBER OF 

CYCLE 3 ITERATION 

CYCLE 6 ITERATION 

GYROCODE NUMBER OF 

CYCLE 3 ITERATION 

OYROCODE NUMBER OF ATOMS A AND B IS 2 AND OF ROTATED ATOMS IS 3 . THE ROTATED ATOMS HAVE BEEN MOVED + 90.0 DEGREES 

CYCLE 3 ITERATION 8 . MAX PITFACTOR . 965 APPEARED 1 TIMES , AVERAGE LOCATED AT P. - 310 , PHI - 145 , PSI . 250 

This continues through 120,150 

180,-30,-60,-90,-120 to -15008 

GYRCCODE NUM ER OP ATOMS A AND B IS 2 AND OF ROTATED ATOMS IS 3  . THE ROTATED ATOMS HAVE BEEN MOVED -150.0 DEGREES 

CYCLE 3.ITERATION 26 . MAX FITFACTOR - 852 APPEARED 2 TIMES , AVERAGE LOCATED AT PL.  315 , PHI - 185 , PSI . 179 
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THE ROTATION OF ATOMS OF GYROCODE 3 HAS BEEN OPTIMISED AT + 90.0 DEGREES . THE CO-ORAS OP THE CURRENT ATOMS ARE NOW 

ATOM 	REFERENCE 	X-CO-ORD 
NUMBER 	NUMBERS 

Y-CO-ORD Z-CO-oRD OBSERVED .GYRO 
SHIFT 	CODE 

• 

1 107/1/ 1 1.8433333 .5138310 .8899812 623.8 1 

2 607/1/ 2 1.480:000 . 0 0 1000.0 2 

3 • 608/1/ 3 1.9933329 .7259630 -1.25740E7 512.7 2 

4 604/1/ 4 2.9200001 -4.0729350 0 110.0 1 
5 601/1/ 5 1.9866667 -1.4330697 0 489.7 1 
6 108/1/ 6 1.2819485 .6017304 -2.0604601 363.1 3 
17 1708/•/** 3.5437373 .0444984 -1.7364163 0 3 

18 1708/*/*• 2.1888883 2.4395545 -.9067436 0 3 

CYCLE NUMBER 4 , OPERATION 4 SELECTED I.E. FIX POSITION OF ALL PREVIOUSLY ROTATED GROUPS (REPLACE Co-ORDINATES) 

THE NEW CO-ORD DATA OF THE ATOMS SUPPLIED IS z . 
CO-ORD & INTER-ATOMIC DISTANCE Tables 
omitted here 

CYCLES 5, 6 and 7 are repeats of CYCLES 2, 3 and 4 using the rotating ring atoms instead of the aide-chain stoma 

CYCLE NUMBER 8 , OPERATION 3 SELECTED I.E. OBSERVE MAX FITFACTOR REGION - ROTATE GROUPS IN SHQUEVCE AND OPTIMISE 

THE ATOMS TO BE USED IN THIS CYCLE ARE - 

CO-ORD Table omitted here ... Full set of 
atoms (1 - 18) with GYR000DES of atoms 2 

& 3-2; 3&4 - 4; 6, 17&18 - 3; and 

7 to 15 - 5. This allays the aide-chain 
and ring to be rotated/optimised separately. 

GYROCODE NUMBER OF ATOMS A AND B IS 2 AND OF ROTATED ATOMS IS 3 . THE ROTATED ATOMS HAVE BEEN MOVED + 5.0_DEGREES 

CYCLE 8 ITERATION 64 . MAX FITFACTOR - 903 APPEARED 1 TIMES , AVERAGE LOCATED AT R - 305 , PHI . 150 , PSI - 239 

GYROCODE NUMBER OF ATOMS A AND S IS 2 AND OF ROTATED ATOMS IS 3 . THE ROTATED ATOMS HAVE BEEN MOVED + 10.0 DEGREES 

CYCLE 8 ITERATION 65 . MAX FITFACTOR - 901 APPEARED 2 TIMES , AVERAGE LOCATED AT R - 310 , PHI - 149 , PSI - 241 

CYCLE 8 ITERATION 66 . MAX FITFACTOR - 902 APPEARED 1 TIMES , AVERAGE LOCATED AT R - 310 , PHI - 149 , PSI --241 

THE ROTATION OF ATOMS OF GYROCODE 3 HAS BEEN OPTIMISED AT + 5.0 DEGREES . TNE CO-ORDS OF THE CURRH' ATOMS ARE NOW 

.*a****a 	 CO-ORD & FITFACTOR Table omitted here 

OYR0C0DE NUMBER OF ATOMS A AND B IS 4 AND OF ROTATED ATOMS IS 5 . THE ROTATED ATOMS HAVE BEEN MOVED + 5.0 DEGREES 

CYCLE 8 ITERATION 68 . MAX FITFACTOR - 889 APPEARED 1 TIMES , AVERAGE LOCATED AT R - 310 , PHI - 143 , PSI - 245 

GYROCODE NUMBER OF ATOMS A AND B IS 4 AND OF ROTATED ATOMS IS 5 . THE ROTATED ATOM HAVE BEEN MOVED - 5.0 DEGREES 

CYCLE 8 ITERATION 69 . MAX FITFACTOR - 914 APPEARED 2 TIMES , AVERAGE LOCATED AT R - 305 , PHI - 152 , PSI - 239 

GYROCODE WEBER OF ATOMS A AND B IS 4 AND OF ROTATED ATOMS IS 5 . THE ROTATED ATOMS HAVE BEEN MOVED - 10.0 DEGREES 

CYCLE 8 ITERATION 70 . MAX FITFACTOR - 913 APPEARED 1 TIRES , AVERAGE LOCATED AT R - 305 , PHI - 153 , PSI - 239 

THE ROTATION OF ATOMS OF GYROCODE 5 HAS BEEN OPTIMISED AT - 5.0 DEGREES . THE CO-ORDB OF THE CURRENT ATOMS ARE NOW 

e*aaaaa 	CO-ORD & FITFACTOR Table omitted here 

CYCLES 9,10,11 and most of 12 are omitted as they are finer repeats of CYCLES 7 and 8 . CYCLE 12 ends with a WRITER 

THIS CYCLE STOPPED IN ROTATE SUB-CYCLE 3 AS NO FURTHER ATOMS TO ROTATE 

SOLUTION NUMBER - 2 , TYPLIM NOT SELECTED - SOLUTION TO MAX FITFACTOR ONLY , SCAN NUMBER - 1 

FITFACTOR OF SHIFT DATA FOR THIS SOLUTION - 917 , AS TOLERANCE - .5000 , GOODNESS OF FIT - .9585 
SEARCH PARAMETERS FOR THIS SOLUTION WERE 	 RADIUS - 3.03 , ANGLE PHI - 153 , ANGLE PSI - 238 

M-C-C BOND ANGLE - 118.175 DEGREES 	 M-O-C-(XY-PLANE) DIHEDRAL ANGLE - 59.002 DEGREES 

METAL CO-ORDINATES IN ANGSTROMS FROM THE BONDING SITE s X - -1.4306 , Y - 1.3756  , Z - -2.2895 

NORMALISING ATOM/GROUP : ACTUAL CALCULATED SHIFT - 	161.6088 , CALCULATED BROADENING - 	99.6325 

NGROUP 	SHIFTS : OBSERVED 	CALCULATED DIFFERENCE STAND.DEV. 	DISTMH • E-'MMOCOS 

1 623.800 623.800 0 0 4.644 .93436 
2 
3 
4 

1000.000 
512.700 
110.000 

1047.338 
518.502 
115.372 

4.734 
1.132 
4.884 

0  
0 
0 

3.950  
3.635 
7.339 

.94389 

.74050 

.85271 
5 489.700 493.420 .760 0 4.981 .92728 
6 363.100 360.421 -.738 0 2.860 .63731 
7 284.800 258.569 -9.210 0 6.313 .94606 
8 141.600 148.745 5.046 0 7.374  .92106 
9 142.400 137.098 -3:724. 0 6.230 .78718 
10 337.000  341.917 1.459 0 4.929 .82877 
11 218.4 218.776 .172 0 6.757 .95719 
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TEST=1,BONGLE=11 BOND ANGLE 1 BETWEEN ATOMS (12-10-•4,' . 76.038 DEGREES 
BOND ANGLE 2 BETWEEN ATOMS ( 3-11- 5) . 45.599 DEGREES 
BOND ANGLE 3 92TWEF11 ATOMS ( 1- 2- 3) - 51.437 DEGREES 
BOND ANGLE 4 BETWEEN ATOMS ( 5- 6- 7) - 59.695 DEGREES 
BOND ANGLE ,5 BETWEEN ATOMS ( 9-11-12) - 30.061 DEGREES 
BOND ANGLE 6 BETWEEN ATOMS ()- 8- 6) - 35.993 DEGREES 
BOND ANGLE 7 BETWEEN ATOMS ( 1- 6- 9) - 18.653 DEGREES 
BOND ANGLE 8 BETWEEN ATOMS ( 5- 2- 7) - 22.256 DEGREES 
BOND ANGLE 9 BETWEEN ATOMS( 5- 8-10) - 47.713 DEGREES 
BOND ANGLE 10 BETWEEN ATOMS ( 5- 2- 9) - 101.897 DEGREES 
BOND ANGLE 11 BETWEEN ATOMS ( 3-12- 6) • 44.323 DEGREES 

TEST=3...output for a carbon atom & 3 methyl protons in DMA, ie. 3  of the TEST=3 output for 1 search point. 

NSCAN - 4 , R . 300 , Pill - 180 , PSI - 150 , Y./Y/ZMETAL - -2.5981 	0 1.5000 

NPROT - 1 , NUMAV - 1 , ITOP . -9 , NTOT - 0 , PROTX/Y/Z - 	2.0208 1.2975 	0  
DISTX/Y/Z - -4.6189 -1.2975 1.5000 , SHIFTA - ( 132.186,7633.100) BROADA - ( 61.990, 100.000) 
DISTX/Y/Z - -4.6189 -1.2975  1.5000 , SHIFTS - ( 132.186,763).100,7633.100) , BROADS - ( 61.990,, 100.000, 100.000) 
SHIFT 0S8 - 7633.100  , CAIC - 7633.100  , PC DIFF - 	0 , TESTOL 	67.000 
NPROT - 2 , NUMAV - 3 , ITOT = 3 , NTOT - 12 , PROTX/Y/Z - 	3.7637 -.5001 -.8899 
DISTX/Y/z - -6.3618 	.5001 2.3899 , SHIFTA - ( 60.177,3474.918) , BROADA - ( 9.988, 16.113) 
DISTX/Y/Z - -6.36185001 -.6101 , slum- ( 55.729,3218.074,3346.496) , BROADB - ( 14.409, 23.245, 19.679) 
NPROT - 3 , NUMAV - 3 , ITOT - 2 , NTOT = 11 , PROTX/Y/Z - 	3.76375001 	.8899 
DISTX/Y/Z - -6.3618 	.5001 	.6101 , SHIFTA - ( 55.729,3218.074) , BROADA 	- ( 14.409, 23.245) 
DISTX/Y/Z - -6.3618 -.5001  -2.3899 , SHIFTS - ( 60.177,3474.918,3346.496) , BROADB  - ( 9.998, 16.113, 19.679) 
NPROT - 4 , NUMAV - 3 , ITOT - 1 , HIOT - 10 , PROTX/Y/Z - 	3.8712 2.0378 	0 
DISTX/Y/Z - -6.4693 -2.0378 1.5000 , SHIFTA . ( 45.015.2599.403) BROADA = ( 8.900, 14.357) 
DISTX/Y/Z - -6.4693 -2.0378 -1.5000 , SHIM - ( 45.015,2599.403,2599.403) , BROADB - ( 8.900, 14.357, 14.357) 
NPROT - 4 , NUMAV - 3 , ITOT - 0 , NTGT  - 9 , PROTx/Y/z - 	3.7375 -.7860 -.5138 	 • 
DISTX/Y/z - -6.3355 	.7860 2.0138 , SHIFTA - ( 60.768,3509.061) BROADA - ( 11.112, 17.926) 
DISTX/Y/Z - -6.3355 	.7860 -.9862 , SHIFTS - ( 58.269,3364.767,3436.914) , BROADB - ( 13.762,  22.200, 20.063) 
NPROT . 4 , NUMAV - 3 , ITOT - -1 , NTOT = 8 , PROT$/Y/Z - 	3.7375 -.2085 	.5138 
DISTX/Y/z - -6.3355 	.2086 	.9862 , SHIFTA - ( 60.852,3513.898) , BROADA - ( 14.436, 23.142) 
DISTX/Y/Z - -6.3355 	.2086 -2.0138 , SHIFTS - ( 63.201,3549.533,3581.715) , BROADS - ( 11.551, 18.633, 20.888) 
NPROT - 4 , NUMAV - 3 , ITOT - -2 , NTOT - 7 , Pf 	

Y/3995  , BROADA - (.02q 433, 15.217) DIsTls/Y/z - -6.3976 -.1018 2.5276 , sHI 59.420.3431.203)   FTA . 
DISTX/Y/Z . -6.3976 -.1018 -.4724 , SHIFTS - ( 54.226.3131.260,3281.231) , BROADB - ( 14.338, 23.129, 19.173) 
NPROT - 4 , NUMAV. 3 , ITOT - -3 , NTOT - 6 , RilcIX/y/Z - 	3.7995 1.2567 1.0276 
DLST$/Y/Z - -6.3976 -1.2567 	.4724 , SHIFTA - ( 48.070,2775.800) , BROADA - ( 12.816, 20.674) 
DISTX/Y/Z - -6.3976 -1.2567 -2.5276 , SHIFTS - ( 53.829,3108.356,2942.078) , BROADS - ( 8.554, 13.798, 17.236) 
NPROT - 4 , NUMAV. 3 , ITOT - -4 , NTOT - 5 , PRarX/Y/Z - 	3.8616 1.5671 -.5138 
DISTX/Y/Z - -6.4597 -1.5671 2.0138 , SHIFTA - ( 51.039,2947.244) , BROADA - ( 8.909, 14.371) 
DISTX/Y/Z - -6.4597 -1.5671 -.9862 , SHIFTS - ( 48.177,2781.993.2864.618) , SRAODB - ( 10.861, 17.520, 15.946) 
NPROT - 4 ,. NUMAV. 3 , ITOT = -5 , NTOT - 4 , PROF)/Y/Z - 	3.8616 2.1445 	.5138 
DISTX/Y/z . -6.4597  -2.1445 	.9862 , SHIFTA - ( 41.511.2397.032) , BROADA  - ( 9.450, 15.245) 
DIsTX/Y/z - -6.4597 -2.1445 -2.0138 , SHIFTS - ( 44.593,2575.063,2486.034) , BROADB - ( 7.820, 12.614, 13.930) 
NPROT - 4 , NUMAV . 3 , ITOT - -6 . NTOT - 3 , PROTx/Y/z . 	3.7279 -.6793 	0  
DISTX/Y/Z - -6.3260 	.6793 1.5000 , SHIFTA -::( 61.711.3563.526) , BROADA - ( 12.818, 20.677) 
DISTX/Y/Z - -6.3260 	.6793 -1.5000 , SHIFTS - ( 61.711,3563.526,3563.526) , BROADS - ( 12.818, 20.677, 20.677) 
NBi0T = 4 , NUMAV = 3 , ITOT - -7 , NT0T - 2 , PROTX/Y/Z . 	3.8354 	.8584 -.8899 
DISTX/Y/z - -6.4335 -.8584 2.3899 , SHIFTA  - ( 56.556,3265.810) , BROADA - ( 9.134, 14.735) 
DISTX/Y/Z - -6.4335 -.8684 --.6101 , SHIFTS - ( 51.806,2996.730,3131.270) , BROADS - ( 13.028, 21.016, 17.876) 
NPRGT - 4 , NUMAV - 3 , ITOT -8 , NTOT - 1 , PROTX/Y/Z - 	3.8354 1.8586 	.8899 
DISTX/Y/Z - -6.4335 -1.8586 	.6101 , SHIFTA - ( 42.469,2452.398) , BROADA - ( 10.817, 17.450) 
DISTX/Y/Z - -6.4335  -1.8586 -2.3899, SHIFTS - (- 47.764.2758.109,2605.253) , BROADB. ( 7.739, 12.484, 14.967) 
SHIFT 088 - 3548.000 , CALC - 3098.753 , PC DIFF - -12.662 , TESTOL . 67.000 

TEST=b SOLUTION NUMBER . 1 , TYPLIM NOT SELECTED - SOLUTION TO MAX FITFACTOR ONLY , SCAN NUMBER - 1 
PITFACTOR OP SHIFT DATA FOR THIS SOLUTION - 675 , AS TOLERANCE - .5000 , GOODNESS OF FIT - .8375 
SEARCH PARAMETERS FOR THIS SOLUTION WERE 	 RADIUS - 3.40 , ANGLE PHI - 225 , ANGLE PSI - 135 
M-O-C BOND ANGLE - 120.000 DEGREES 	M-0-C-(XY-PLANE) DIHEDRAL ANGLE - 35.264 DEGREES 
METAL CO-ORDINATES IN ANGSTROMS FROM THE BONDING SITE t X . -1.7000 , Y - -2.4042 , Z - 1.7000 
N0I ALISINO ATOM(/GROUP i ACTUAL CALCULATED SHIFT - 107.0710 , CALCULATED BROADENING - 35.4660 

NGftOUP SHIFTS f OBSERVED CALCULATED DIFFERENCE STAND.DEV. BROADS r OBSERVED CALCULATED DIFFERENCE STAND.DEV. DISTH HMOCOS 

1 7633.100  7633.100 0 0 100.000 100.000 0 0 5.517 .96573 
2 3548.000 3076.972 -13.276 2.366 100.000 36.481 -63.519 4.614 6.635 .86816 
3 7553.000 5407.331 -28.461 23.505 100.000 59.026 -40.974 12.803 6.236 .95562 
4 5516.000 5808.403 5.301 0 100.000 1434.076 1334.076 0 3.539  .67362 
5 3089.600 3626.800 17.387 0 100.000 92.819 -7.181 0 5.585 .79303 
6 6399.000 6478.859 1.248 33.125 100.000 652.707 552.707 215.004 4,424 .75922 
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IV-4 Program Structure and Listing 

METFIND VII consists of 11 subroutines, which, in order of listing, are : 

MAIN, READ, DATEST, WRITEA, WHICH, ROTATE, DONEST, WRITEB, WRITEC, WRITED, 

NEWLIM. The functions of WRITEA/p/c and D. have already been mentioned. Briefly 
the remaining subroutines perform the following operations : 

MAIN (MET7IND) : Controls most of the inter-subprogram communication (see BLOCK 

DIAGRAM 1) and is split into two distinct parts. The first deals with the NON-

ITERATIVE, FOCUSING and MULTISCAN MODES, the second with the ROTATE MODE. With 

the exception of the NON-ITERATIVE MODE, METFIND always operates in a cyclic 

manner. After the initial READ and WRITEA calls, both the FOCUSING and MULTI-

SCAN MODES perform ITERATIONS based on a (DONEST-WRITEC-LEWLIM) cycle; WRITER 
normally only being called once at the end of a FOCUSING (or NON-ITERATIVE) 

run. ROTATE CYCT.FS vary considerably with the NCYCOP option, but are generally 

based on a (WHICH-ROTATE-DONEST-WRITED) sequence; WRITEC only being called 

once at the end of each CYCLE and NEWLIM only when necessary. The basic 

"primary" CYCLE sequence is further complicated by many "secondary" subrout-

ine calls (see BLOCK DIAGRAM 1). 

READ : Merely reads the input data deck. 

DATEST : Calculates and outputs the INTER-ATOMIC DISTANCE & BOND ANGLE Tables. 

WHICH : Only used in the ROTATE MODE. WHICH selects the ATOMS/GROUPS to be 

used in each CYCLE from the GYRO and NCYCOP options and transfers coordinate 

data between the working and stored files. 

ROTATE : Only used in the ROTATE MODE. ROTATE performs incremental ROTATTIONS 
f 	on the ATOMS specified by the GYRO-CODES. Note that TWELVE POSITION AVERAGING 

of methyl group protons in done by DONEST. 

DONEST : The operating centre of the program responsible for calculating the 

SHIFT and BROADENING data, group averaging, methyl group rotation, metal refl-

ection, testing tolerances and producing the FITFACTORS for each of the 500 

search points in each search block. This involves using 4 nested DO loops, 
3 of which select the coordinates of the search point, the fourth controlling 
the ATOM/GROUP manipulations. 

NEWLIM : Calculates the limits of R, PHI and PSI for the next ITERATION. 

It was originally intended to include detailed flowcharts and document-

ation for METFIND VII, but the 20-30 pages required to do this thoroughly is 

prohibitive and the alternative of producing a diluted version would be inad-

equate for the interested reader. A .complete GUIDE TO METFIND VII will there-

fore be produced as a separate publication. A program listing is attached 
for reference. 



DATEST STOP 21 

DONEST 
* 

4* 

OD 	 

DONEST 
3* 

WRITEC 
* 

WRITEB 

--D 
	IDATEST 

WRITED 

WHICH 
* 
* 
* 
2* 
* 

	[STOP 0 

NEWLIM 

ROTATE 
* 
* 

NEWLIM 
*  

31 [STOP 
41 [STOP 

[STOP 51 

	[STOP 1 

71 [STOP  
STOP 10 

STOP 111 .Q 

Is- 	 WRITED 

WRITEC 
* 	[STOP 13j 

	(STOP 161 

NEWLIM * ----► 
*D 	 

* 

DATEST 

STOP 111 

	[STOP 121 
	'STOP lJ 

STOP 14/151 
STOP 16 

WRITED 

NEWLIM 

ROTATE 

WRITEB 
* 
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BLOCK DIAGRAM 1 : POSSIBLE SUBPROGRAM COIMJNICATION WITHIN METFIND VII 

MAIN  

RE 

WRITEA 

• 

(*) Is used to indicate a conditional 'transfer of control 

(n*) Indicates that 'nt  conditional transfers occur close together 



C 
C 

C 

C 

C 

+PROVO; 
 E T71N19INPU

T9
701B,OUTPUT

=2019.TAPES=INPUT,TAPE4=OUTPUT,  
°_0= 

COMMON IRMIN,IPMAX.IEST!°,1PHIMN.TPHIMX.IPHIST.IPStMN.IPSIMx.T°SIS 
+T.TTPQ.NITRR.LIM.BOT-M°(7.10P1.LOCAT=(100).SONn(?00) 
^0""('N 	 /0ATA /.+C--NTP .NGCOUP(10.).SOBS(1001.6OBS(1001.NPPOT. 

+.NSIGN.N00M.NCmct1CC).NUMAV(10P).0ROTX(1001.PROTY(10P).PFOTZW 0) •  
+J+C09011".'1.TITLF( 0 )/FITLIM/FITLIM(3).TYPLIM.FIT(3).TOL(31/WRITEn/ 
4T04LC( 100),!,,CALC(L00).SDIFF( 10C),9DIEF11001.SSIO.V(100).STOEV1100 
+,.NSCAN.NSCLN.=ANGL.DANSLC XM-TAL.Yv=TAL ZMTAL.SHIFTN . OADN.R I 
+.J.r.NR.NCHT.NPSI/MXFIT/mAX i? .WAXFHI.MAYPSI,MFLAG(161.LAF(16.41.NSM 
+eX.MYSFTT.MYS.MXSOMT."YS°SI.N3MAX.MX3FTT.MXBR.MX60HIOY EPSI/TA6LE 
♦S /ISFIT16,10.10).I9FIT15.10.101/JUMP/JUMP,PI.MULT.MPHI.HPSI 
!T"'NSTCN MAS11C) 
TNTEG_R /NAHE/CEFLFC,S800T.RUI.TEST. BONGLE,OMIi4.LMITC,CONTUR.ATOM/ 

+2 1T4/CYCLE .GYRI(in , ),0nT7,r:0•W!Y,ROTOPT 
041 A MAC/0,1..2.5.10.15.20.30.45,60f  
SELECT R  LINES-TO-THr -INCH 
W°ITE16.1) 

1 EO=mAT(1HT) 
^ALL SEelNn(T11 

C 	S-T CONSTANTS AND FLAGS . PPFS-T TOLERANCES 	• 
=UN = 'ULT = M°HI = "'CSI = NCYCOD = ROTWAY =.1 
NSCAN=ITER=NSCLN=NIT=R=J'JMP=NSIGN=REFLEC=LIM=TEST =C 
7ar°T = -1 

ALL = LAST = CYCLE = 0 
FTTLTM(11 = P.9r 
FTTLIM(?) = 7.97er 
FITLIM(3) = 0.9650 
TY°LT.M = 0.994 
ET = 3.11.1592663 95 / 1.0.0 

CALL REA'' 

CALCULATE °.C. TOLERANCES (FIT) AND INDIVIDUAL TOL (TOL) 
no 2 N = 1.3 • 
FTTIN) = lee.r - Ire.e . FITLIM(N) 

2 TOL(N) = 11.25 a  0.0575 • NPFOT) • FTTtN) 
IE(POTOOT .E). 0) GO TO 3 
00TOPT = ROTOPT + i 
C?TTNC = ELOAT('AG(BOTOPT)1 
C7"ITUR = MAx7OT = e 
ITCC = NCALL = 1 PU.) = 2 

3 IF(OMITA .rn. 1) 	WRIT' (6.4) 
4 rO0 mAT(1M1/22x.•THE LISTING OF TNPUT DATA AND PARAMETERS HAS BEEN 
4SUPCVrSS'n TO OVrRCO°° LIN'-LIMIT RFSTPICTIONS•/) 

IrCOI+ITA .ED. 0 .OR. CONTUR .00. 11 CALL WRITEA(ROTINCl 
• IF(TRST .60. 11 CALL DATEST(P2OTX.PRDTY,PxOTZ.NPROT,ATOM,6OND. 
+ (1 0NGLE.PI.TCALL) 

IFfOUITC GT. C) WL'ITr(6.5) WIC
5 FO-MAT ( /13XT►T4F FIRST •.I1.• TAELES OF FITFACTORS'WILL NOT SE LIS 
+TTO •  UNLESS 0 UN.3 AND JUMP=1 • TO OVERCOME LINE-LIMIT RESTRICTION 
+S•////1 

C 
TF(S900 T .60. P) GO TO 7 
00 6 N = 1.NC'NTR 
rc)S800T •LT. C) BOSS(N) = 100.0 
F I SP OPT .GT. 0) SO?SINI = 150.0 

r, nnNTTNUR 
I=12010CT .GT. 0) GO TO 9 
TF(JUMP.F1.2 .AND. LTM.LT.2 .ANO. MXSFIT.LT.TYPLTN .AND. MXBFIT. 

+LT.TYPLTM) STOPO 
C 

7 CALL DONEST(MCYROT.ROTWAY,ROTORT,NCYCOP.GYRO,T1) 
TF(NITrR.GT.OMTTC .02. JUMP.G= 1 .OR OMITC.E0.91 CALL WRITEC 

IF(ITE2 E0. 0) CO TO 6 
CALL NFWLIM 
GI TO 7 

1 CYCLE = CYCLE + 1 TALL SFCINO(T) 
w2 T,Tr14.2222) CYCLE.T-T1 

2222 FOOMl1Tf /10X.5START OF  CYCLE •.22.+ • TIME USED = •,F(1.3.• SECONDS* 
+5 

= 2 
°7TWAY = 1  
CALL WHICk(NCYCCF•NR_nr.Ar OM,PI.ACNGL°.NCALL) 
TF(NCYCCD. . 4) GO TO B 
IF ( N^_YCO2 .F

°_Cn. 
 0) GO TO 10 

Tr(N7YC" .cq. 2) HA Y'OT = 
IrlmCvCDP .LT. 3) GO Tn 10  

TiF(NCCYCCO° En. 5 •ANO. ROT PT •GGE. 3) PoT 01 = POTOPT 	i 
IF(N(VCOP .EIS. 5 •ANO. RDTOPT .GE• 6) POTOPT = ROTOPT - 
TF(MAX°OT .EO. PI STOP1 
IRSTCP = 5 
TPHIST = IDSTST = 2 
TF(RCTOPT .CD. 2) RUN = 2 
IF(NCYCOP .LT. 61 GO TO 13 
RUN = 3 
I°STEP = 10 
TPMIST = IPSTST = 5 

1T 
°OTINCr wlFLOAT(MAG(POTOPT)1 • PI 
LAST = JUMP = 0 

9 IFlN00T .GE. C) CALL ROTATE(POTINC.GYRO,ROTWAY.LAST,MAXRDT.M.PI• 
aNROT.NCYC0°•MYSFIT.I) - 	 - 

TF(LAST .50. 2 .ANO. NCYCOP .NE. 5) GO TO 0 
IF(LAST •EC. 2) JUMP = 2 

C 
10 CALL OONEST(MAYROT.ROTWAY.ROTOPT.NCVCOP.GVRO,TV 

TFIJLIMP .60. 2 .0P. HCYC'P .F0  9) GO TO 8 
+ TO 11 
IF(CA(ST.E'1.1.ANO.ROTWAY.E0.0).O.(NCYCOP.LE.2.AND.JUMP.E0.1)) GO 

IF(NCYCOP .10. 7 ANO. ROTWAY .NE. -2) GO TO 11 
CALL WPITEO(4.NITER.MXSFTT.NSMAX,MAX°.FLOAT(MAxPHI) •FLOAT(MAXPSI)) 
IF(°OTWAY .r0. -2 .0R. JUMP .00. 0 .ANO. NCYCOP .LF. 21 GO TO 12 
G0 	9 

ii JUMP = 
('ALL

TO 
 W PITEC 

TF(NCYCOR .LE. 2 .OR. NCYCOP .FO. 7) GO TO 8 
CO TO 9 

. 12 CALL
TO 

 NEWLIM 
GO 	10 

C END 
SUPROUTINE READ 

+7,ITER ,N ITE R .LIM,RO TFMP(7,10C ).LOCATE(1
ŌI).0OON0(270) •IPSIMX•IPSIS 

COMMON 	 /DATA/NCENTR,N6°OU0 HOO1.SOeS(100).8OES(100).N=BOT 
+.NSIGN.NORM.NAHE (100).NUTAV(100),PPOTX1100).P°OTY(100).PODTZ(150)• 
+JGPOU0 f1001.TITL=(8)/FITLIM/FITLTM(71.TYPLIM.TOL(3).FITf3) 

TNTEGFR /NAHE /P!FL6!.S'ODT.TUN. TEST .BCNGLE.UMIT4.OMITC,CONTUR.ATOM/ 
,POTN/CYCLE .GYPn11001.POTN.ROTWAY.RGTfPT 

C 	• 
C 	REAO CLOCK ... DATA r'R SHIFTED CENTRES ANO SEARCH PARAMETERS 
C 

RFAD(5.1C) (TITLF(T),I=1,81 	• 
10 FO0MATl0.Y.RAA) 	 - 	 - 

C 	05LIGATDPY INFORMATION 	• 
0EAO35. V) NPFOT,ATOM,NCENTR .SE-0PT.NSTF,N.NORM.ROTOPT,pOIN 

11 FOg1Ar(6X,I2,1X,I2,9%,I2.2(BX,I11,7x.Ii,7X.I1,Ii5) 
S900T = SCOOT - 2 	 • C 	- OPTT''NS PFnUTP°D 
RRAC(5,1?) ITE.C.°CFLEC.LIM.TEST.FONGLE.CONTUk.OMITA.ONITC 

12 FO2UAT(6Y,Ii,9x,Ii.6Y .I1.7x.I1.9x.I3.9x,I1.218 x.I1 ) ) C 	TOLERANCrS FOP FITFACTO?S 
TF(LTM .GF. 1) R=AO(5.13) (FITLIM(I).T=1,3).TYPLIM 

13 TOPMAT18X.F5.3,10X.F5.1.10X.F5.3.9X,T5.3) 
TF(LIM .r0. 0) RFA015.14) DUMMY 

14 FOPMAT(A1) 
C 	NAME/C000DTNATE DATA 

PFAOIE,15) (NA'•F(I),'(UMAV(I),NGCOUPII) .PTOTX(I),PROTY(I),PROTZII), • 
+FOND( ?•T-11,RONO(2•I),0YROII),I = 1,NPPOT) 

15 FOCMAT(A4.1X.T1.1X.I2.1X.3F1t.7.2A6,4x.I15) 	- 
TF(ATOM .60. 01 GO TO 160 
PrAn(51 16) INANE ( I),PROTX (T) 'PR OTY(I),FROTZ(II.BCM0l2*I-1),90ND(2* 

• I1.GYRO(I),I = N°°OT+1 , NP0OT+ATOM) 
16 FORMAT(A4,6X.3R10.7,246.4X.I15) 

C 	SHIFT /°ROAD DATA 
160 IF(SPOPTl 17,19.2/ 
17 CEA0(5.18) (jC',DUP(J),SOCS(J), J = 1.NCENT7 ) 
18 FOPMAT(7X,I2,8X,F6.1) 

GO TO 23 
19 

 
0 CA0(5,201 (JGcOUP(J1.SO6S(J).906S1J). J = 1.NCENTRI 

20 rOPMATI(7x•T2.2(9X,F6.1))) 
CO TO 23 

21 2110(5.22) (JCROUP(J),509S(J), J = 1,NCENTR) 
2? FOPMAT(7X.I2.22Y,F6.11 

C 	TNITTAL SEARCH AC=A 
23 PFA0(5,?4) ICMIN.ICMAX.I=STFP 
24 FORMAT(2rX.I3,FX.I3.150.I2) 

PFAD(5.25) IPSTMN,IPSIM), IPSIST 
25 EOPMAT(21X.I3,6)($I3.15X,I2) 

C 



ENO 
SJGQOUT!N°. OATrSTIX.Y.7,NPROT.ATOM.BON0.90NGLF,PT,NCALL) 
OiMFNSION 0150,501.NHSAO(50),X(100),Y(1001,7(100).9ONOI2001.STAR12 
•I.WORCf16l.'f(4) 
DATA STAB/• •~.4I/ 
TNTFGFO A(50)01501,C(501,PONGL =.ATOM 

C 	SST FLAGS ANO UARKERS • SNTEF COOROS OF ORIGIN AS NPROT+1 
N^ALL = 'TALL + 1 
JFLAG = 0 
NSTART = NTA9Lr = 1 
NOCTNT = NFROT • ATOM 
X(N''-INT+1) - Y(NP9INT•1) = 74NPRINT+1) = 0.0 

A99 FOONAT(1H1/32X.IIN cR-ATOMIC) DISTINCT TABU . BONDS MARKED (') . G 
4.1 Y-OAT=' PY TEST ORTTON = 1') 

C •FILL n ANO NHFAO 4QRAVc •.. I.H0FIZONTAL I J.K=VERTICAL AXES 
nO 910 I = 1.hFKINT+1 
N` r A!`(I) _ 
PI 970 J = 1.NPPINT+1 

9A^ Ofl,J) = SOPTC(X(T)-XIJ))►•2 + (Y(I)-Y(J)1**2 + (Z(I)-Z(J11 *021 
r 	rouNTS T4cLcr 	. D=T=CTS LAST TABLE 

T4'Lrs = FLOATINFRINT)/16.0 
901 Ir(TABL=S - NTAELE .LE. 1.C) JFLAG = 1 

NFIN = KSTART + 15 
IF(JFLAG .FO. 11 NFIN = NPRINT 

C 	- WRIT= HEAn7NGS 
wRITr(6,902)(NHFA0(T). I = NSTART. NFIN) 

9n2 FOF.5T(1'17//2x.1EI') 
P 	W±ITr IISTANCrS FROM ORIGIN 

WRIT=(6.903)(D(T,NaPINT+1),I = NSTART.NFIN) 
907 TO="'AT(1'X.•n •,15r8.4) 

WRIT= HALF-1IAGnNAL SUFRRESSEO DISTANCE TABLE 
00 9Ī0 K - ' 	NPRINT 
J = "PRINT + 2 - K 
NSTCP = J - 1 
TF(J GT. NFIN) NSTOQ  
TF(NSTCF-pSTdKT+1 .En. 0) GO TO 911 
Q=NINO 9 
WRIT-(9,905) EONO(?•J-1).BOND(2*J1 

905 r0=MAT(7A5) 
(1 wTtln a 
K• Aot5.dJr.1 f"tl),I • 1.41 

90', r3cMAT(4(1)(.121) 
nn iE7 KT . 1.16 

907 NOolfKI1 = STAr(11 
no 9CA KJ = 1,4 
N = '(KJ1 
)rtN.GT _O. AN'.N.G=.N,TA2T.ANU.'J.LC.NSTrPI WOQOIN-NSTART•11*STA=1?1 

409 {wt
TT'(6.909) J.t01T.J).WORntT-NSTART•11 , I * NSTART.NSTOP) 

101 FT"AT1/1X.I2,?X,16IF7. 4.A1)) 
910 CONTTNUE 

C 	CMrCK IF LAST TABLE 	. IF NOT RESET MARKERS 
911 Tr(JFLAG .EO. 1) GO TO 912 

NTARLF = NTARLr • 1 
NSTART - NSTART .2. 16 
GO TO 901 

C NOW CALCULATES REQUESTED BOND ANGLES 
912 TrABONGLF 

	21 )GOOTOn 	7 915 
R!AO(5.913). 1A (I),BII1,C(I)•I = 1,B0NGLE1 

913 F10"AT(100(TZ,?6(1X,I21/1) 
Wo rr 

914 rOIMA TttH1/5 5X.•TABLr OF SPEGIFIrD BOND ANGLES'//1 
915 DJ 917 N = 1.ECNGLE 

S4 = DIIIN).C1N1) 
=3 = OtACMI.CIN11 
SC = 7IA(N).0(':)) 
ANGA9C = ACOS((SC*.2 + Sd•.2 - SR••2)/(2.0 • SC • SA)) / PI 
Ir(AtN) .EO. NrTOT+1) AIM) = 0 
Ir(RIN) .r0. )1F=0T+1) P(M) = 0 
TFIT(NI .EO. NPROT+1) C(41 = 0 
WR•?TF(6.9161 N.A(N),E(N),CIN).ANGABC 	- 	- 

916 FOr ,̀AT(/10X.•0ON0 ANGL= •.I2.• BFTWErN ATOMS (',12,'-'.I2,'-•.I2,' 
+1 = •.F?.3.* OrGRESS*) 

91' ntNTINUF 
TF(NSALL .GE. 2) RFTIIRN 
Tn=7 

rNn 
SUr IUTINF WRITFA(ROTTNC) 
CO'.ON IR"IN.IcMAX.TKSTFR.IPHIMN.IPHIMX.IPHIST.IPSIMN,IPSIMX.IPSIS 

+'./TFR,NITrK,LTM,POT"'R(7.100).LOCATF(100).90ND(200) 
C10.!ON 	/DATA/''SFNTP.NGROUO(100).SO9S1100),60BS(100).NFROT 
+.4TESN,NPRM.NAME(10C1•M'UM4V(1C").RR.OTXt1(L )•PRUTY ( 10C).PROTZt1 11. 
2.J5RCUP(1OO),TITLE(91/FITLIM/FITLIM(3).TYPLIM.FIT13).TOL(31 

•ROTN/CYCLGP.GYRn(10UI.ROTN.ROTWAY.ROTOPTL
f.OMIT4.OMITCrCONTUR.ATOMI, 

DIMENSION WORDS(6),WUROS(i1)•OUERY(2) 
O4TA OUFRY/' 	..' CUrRY'/ 
DATA WORDS/'SHIFT'Z " ,'3Q0An','N'GATIVE'.'UNKNOWN'.'POSITIVE'/ 
DATA WUPOS/'XY'.'XZZ'.' '•'XY'•'X2',.XY'•'X2',•XY','XZ','5'•'H'/ 

C 
TF(S3OPT) 501.'03,501 

5O1 WRITE(6.5021 SBOPT,WORDS(SYOPT+2) 
502 FORMAT(//37x.•0ATA INPUT t SF OPTION = +.12,* I.E. ONLY •.A5,* D 

+ATA HAS RFFN GIVrN2 1 
GO TO 505 

501 WRIT-16.504) SEOPT 
504 

FOMAT(//32Y H ,rAAT 
P A 	 .I INPUT t S9 OPTION = *2,• I.E. 50114 SHIFT AN 

anR F=N  
505 WRTTr(6.00',) NPrOT.ATOM.NC=NTF  
506 FOPMOT1/12%.'TCTAL P4UMP-'B OF SHIFTED ATOMS 2 •,I2.• • TOTAL NUMBER 

+ OF NMR INACTIVE ATOMS = 2.I2.• , TOTAL NUMBER OF SHIFTED :ENTFES 
+_ *.I2) 

C 
WMITr q,,on 71 

507 FOPMATf//5X.•ATOU 	REFFRENCE 	X•CO-ORO 	Y-CO-0R0 	Z-CO 
•-OPO 	NGPOHP 06CFFVrO nHCFUV"0 	BfN050 TO 	GYFFO-C 
*OOF'/4X,$NIIMPER 	NUMD,PS•.SRX.*SHIFT 	EROAU 	ATOM NUMFEr• 
4/) 

C 	LOOP FOP ONNLY PRINTING °HIFT ANO n 000 DATA ONCE PCN G'+UUP 
C 	_ 

GO TO 509 	. 
509 I = T + 1 

IFIT F0. NPPOT+11 GO TO 546 
IF(NG OUP(I) .FO. MGROUP(I-1)) GO TO 511 

509 N 	1 + 
TF(NGROUP(I) .NE. JGQOUP(J)) N = 2 
WRIT'(6.510) I.NAMF(I).NUMAV(I),NGROJ'(I),PROTX(I),PROTY(I),PROTZI 

+I).OUEFY(N1.JGDOUP(J).SO5S(J).RODS(J).OUEQY(N),BOND(2*I-1),BOND(2• 
+I).GYPO(II 

51t F0PMAT16X 	,* I2.4X,A4,•/*,T1/*,I2,3(4X,FIL.7),A6.I3,1X,2(4X,F6,11. 
•3A6.4X.I05) 
GO TO 500 	 ` 

511 WRITr(6,512) T.NAMF(I).NUMAV(I),NGROUP(I),PROTX(I),PROTY(I),PROT7( 
+I),BON0(2•I-1).00N0(2•I).GYRO(I) 

512 FOPMAT(6X,I2,4X,A4.•/*,I1.•/*.I2.3(4X,F10.7),36X.2A6,4X,I15) 
GO O 

546 IFtTATO50M 0 .R9. 0) GO TO 511 
WRTTF(6,547)(I,NAMT(T).PPOTX(I),PROTY(I),PROTZ(I►,90NO(2•I-1).POND 
•(?2I1.GYRO(I1,T = NPPOT+1 • NPROT+ATOM) 

547 FORMAT((6X,i2.4X•A4.9X.3(F10.7.4)(1,3?X.2A6.4X.I15)) , 

C 
r, 	WRITE BLOCK 1 ... OUTPUTS INPUT DATA 
C 

IFIOMITA .EO. 0, GO TO 499 
IF(CONTUR .GT. 0 .ANO. OMTTA .'f) 1) GO TO 544 
Fr IURN - 

499 WRIT!(6.500) (TITLF(I). T=1.8) 
500 FORMAT(IH1/29X.•NOMETFINOMETFINOMETFINOMETFINOMETFINDMETFINOMETFTN 
•nMFTFINOMETFINOM,TFINOM=TFINDM-T=/29X,*OMETFIN)M=TFINOMETFINOM'TFI 
+NOMFTFTNOMFTFI40MFTFINnM=TFINOMETFINOM'TFINOMFTFINOMETF•/29XS•ME 
+IMD TF 	TF 	FT 	FI 	TF f(Mr IN 	INOMFTFI M-T NO 
+ 	IN 	FT2/29Y.•ET 	0 	Fl METFIND: TFIN ETFINO TEl 	ET N 
40 TF OMETFIN ETF ONE INDM FIN*/?9X.•TF 	IN FINCH FI 
4N0 FINDM FIN 	F OM FIN !TFINO TFI MET NOT 1NO2/29%.5F 
4T M T No 	INDHr TNOM 	INOMF TND T 	ME IND TFINDMF T 
+METF OMrT NOM•/29X.•IN ETF OM FINOMET NOME R1DN_T HDM FI 
+ FT ND TFINDMETF METFI METF OMF+/?9X.•ND TFI ME 	METF 
+ OMIT NnMFT 	ME INS T= 	TFINOM=TFIN M=IFI 	TF 	ET•/29X 
4,•DM=TFINOMrTFINDMrTFINOMETFINOMETFTNOMETFINDM=TFINDMETFINOMETrINC 
+METFIND"=TFTNDMrTF`/29X,•M=TFINOM.TTFINDMETFINOM_TFINOMETFINOMETFIN 
+OMETFINOMrTFTNOMETFINOMETFINOMFTFIMOMETFI•//38X,AA8) 

C 
511 IF(NORM .E0. 1) WRIT=!5.5141 
514 FOPMATl1HC/50Y.*FIRST ATOM LISTED USED FOR NORMALISATION*1 

IF(NOPH .GT. 11 WRITF(F,5151 NORM 
515 FOQMAT(1H0/47)(.*FIOST GROUP OF *01,* ATOMS USED FOR NORMALISATION 

+2) 
TF(S3OPT LF. C) W.RITF15.516) WOROS(NSIGN+3) 

516 FORMAT(IHO,38X.•SIGN OF SHIFT OF NORMALISING ATOM/GROUP ASSUMED TO 
+ 94 •9091 

C 
WRITF(6.517) IRMIN,IRMAX,IRSTEP,IPHIMN•IPHIMX,IPMIST.IPSIMN.IPEIMX 

517+FO2 MATIIHO/43X.2PAPNMrTEÔS GIVEN FOR THF INITIAL METAL SEARCH WERE 
+ ...2//29X.•RADIUS OF STARCH FROM ••I3,' T3 • I3,2 IN•STtPS OF ',I 
+29* NANC-MFTRFS FROM THE ORIGIN*//25X.*DIR:CTION OF SEARCH FROM *. 



I 

C 

C 

C 

413.• TOTO ../3.* IN STOPS IF •.12t* OEGREFS FROM THE XZ PLANS Hg,OUG 
IS*//41X. EN'1 FROM . 4, TO •I3• IN STEPS OF *912.*  

•EGRESS FROM THE x-AXIS IN THE XZ-PLANE*) 

C 	WRIT=(5.F181 ITER 
518 FOP*ATtIH'/57X1*.... OPTIONS SELFCTEO ....*//32X,*ITERATION OPTION 
• _ •.I1.' T.F.•) 
TF(ITER E^ 0) WRITr(5.519) 

519 =0: 7TFRATIVE_ MODE . ONLY ONE SEARCH PERFORMED*) 
TFIITFR EO. 1) WRITER.;2r) 

520 FI PATl1W+.59x.*FOCUSING MuOE 	SEARCHES FOR MAXIMUM FITFACTOR•1 
IE(TTFP GT. 1) WRITE(6.521) ITER-1 

521 FO="AT(1H+,F9X.*MULTISCAN MODE . PERFORMS *,I1.• BLOCK SEARCH FAIT 
+FRNS•1 

C 
IFIEOTOPT F'. 0) 4KIT_I6,`481 

'541 FOAUAT(tH0/50X.•THE ROTATE OPTION HAS NOT BEEN SELECTED.) 
TF(RnTORT ,_.1 ) WRITE(6.5491 FOTN.ROTTNC 

549 EO-VAT((H0/28Y.*THE 407ATE OPTION HAS BEEN SELECTED AND HAS BEEN G 
•IVFN THE VALUE - *.I15/140.24X.*THE MAGNTTUD- OF TH. FIRST DIGIT H 

L +AS ==FCTED AN INITIAL ROTATIONAL STEP OF 	F4.1.• DEGREES•/1H014X 
+̀ TNF SURSEOUENT OIGITS (ONE PrP CYCLE) INDICATE THE RFOUIRFD OPERA 
+TION roc/ EACH CYCLE 	THESE PAEAMETERS APF•/1H.,12)(.*USED IN CUNJU 
•N^TIEN WITH THE ATO"TC GYROCCD' TO CONTROL THE ROTATIONAL )PTIMISA 
+TION PROCESS - SEE PROGRAM GUIDE*) 

GO TO (522..24.524.522.524.524.522.522.522.522) • (REFLEC+1) 
5?' WPT7F(6•=23) REFLEC 
523 E3-VAT(1W0/25x.*CEFLEC OPTION = •.I1.* I.E. REFLECTION OF TH' ME 
•rAL POSITION HAS NOT SEEN REQUESTED*) 
'•0 TO F25 

574 4RITE(F.52G) CEFLEC,WUROS(PEFLFC) 
Sx, rro.AT(EH017SX..=EFLEC OPTION = 	I1.• I.,. k0FLTCTION OF TH: ME 
•T4L POSITION IN THE *02.*-PLANE HAS BEEN REQUESTED*) 

C 5?5 GI TO (F27.527.527,529.5?9.529.527,527.529.529) . (REFLEC+1) 
527 WRITEt6.5?8) 
528 F0="AI(/50x.*ROTATIONAL AV°RAGING OF METHYL GROUPS HAS NOT BEEN RE 
•OUESTEO*) 
GO TO 531 

530 rOC 
T (% 1X, TWELV' POINT ROTATIONAL AVERAGING OF METHYL GROUPS HA •524 HOP" 	r 	• 	P 	 F 

•S SEEN CEOUESTED*) 
P 

*.31 GI TO (F17.F37.532.532.532.5?2.512,532..532.532) • (ITER+11 
532 GO TO (533,535.535.533,535.535.535,535,535.5351 • (REFLEC+1) 
R31. HPITE(5.5341 
534 r0E"AT(/SOx.*SYMMETRY OE MULTISCAN OUTPUT HAS NOT BEEN ASSUMED*) 

Fo TO 577 
535 N4OP'O = 1C 

TF(=EFLEC.E0.2.OR.REFLEC.E0.5.OR.RFFLEC.EO.7.0R.REFLEGs O.9) 
• NWO-̂0 = 11 
WRITE(5.536) WURDS1NWOE0) WUROS(PEFLEC) 

536 EJEMAT(/50X,•SYMMETRY CF MULTISCAN OUTPUT ABOUT P•.A1•*I=180 HAS 8 
•EEN ASSU'.E0 140LECULIR 0.A2.•-SYMMETRY)*) 

C, 
537 HRITE(6.538) (FIT(I).2 = 1.31 
539 •

IVG DATA MHA VEXPITNESETLAS AFOLLOWS
E•ANCA/

26Y,■TOLERANCE FOR RUN
G) 

•_ •.E4.1.* 	TOLERANCE FOR RUN(?) - ~•.F4.1.* 	TOLERANCE FOR RUN(3 

+Ī VEN•AFFITFECT OR*OE T7EFOIĪN THELTABLES*~ 
THESE LIMITS • WILL 'E G 

TT)LIM E'l. 2) WRITE(5.539) 
53a FO:M•AT(/?9x.•LIM OPTION - 2 I.E. ONLY THE SOLUTION TO THE MAXIMU 

+M FITFACTOR WILL BE PRINTED*) 
IE(L!M LT. 21 WRITF(5.7401 LIH.TYPLIM 

540 +roDRS
T(/24X,•LIMOPTION = •,Y1,*P I.E. ONLY SOLJTIONS WHOSE FITFA 

	

EYCEE0 	F.E 4. WILL BE 	INTED*l 

C 	TF(TPSI .10. 0) WRIT:(6.541) 
541 F1='ATl1N0/30X.•TEST OPTION 	C I.E. TESTING OF THE PROGRAM/DATA 
• NOT P GUESTED*) 
!E(TEST .NE. 0) WPITE(5.5421 TEST 

542 F0=MAT(1"0/38X.•TEST OPTION = •.T1•• I.E. TESTING REQUESTED . 
+SEE PROGRAM GUIDE*) 

C 
IFIOONTUP .GT. 0) GO TO 544 
uPITE(5.5431 

543 E1-.AT(1 140/3^X,*CONTU0 O°TION = 0 I.E. GRAPHICAL OUTPUT MAS NOT 
•°-?N PECUCSTEC*////) 
RETURN 

544 WRIT (6.545) CONTUR 
545 FD.^M1AT(1.4"/39X.*CONTUR OPTION = *,I1,' I.E. GRAPHICAL OUTPUT HAS 
• BEEN FFOUFSTEO•//1PY.'* 	A METOATA TAPE HILL BE CFEAT 
*co 	////)  

C 	CRALLEATTACW(5HTAPE9R7HU. TDATA.C,
'ASRWRITE)METDATA ANO METPLOT 

C 	WRIT' BLOCK 1 ONTO TA0F9 	
TT 

WRITE(9.700)(TITLE(TI.I=1.0L IRMTM,IQSTTP,NPKOT+ATOH.ITER_L REFLEC 
700 FIEHAT(1A8/2U 3.2X),I2.2)2x.Il)) 

C 	WRITE BLOCK 2 ONTO TAPE") 
WRITE(9,7011 (NAME(If•PROTX(T).PR.OTY(I1.PRDTZ(I).BON0(2•T-1).90N0( 
+?*II.I = 1,NPPOT+ATO") 

C 
701 FOPMAT((A4,3(10X,F10.71.10X,2A5)) 

RETURN 
ENO 
SU'RnUTINE WHICH(NCYCOP,NKOT.ATDM.PI.8ONGL:.NC4LL) 
INTEGER TEMP,ATOM/ROTN/CYCLE.GYEO(104).ROTN 
COMMON IRMIN.TkMAX.TRSTEP.TPHIMN,IPHIMX.IPHTST.IPSIMN.IPSIMx.IESIS 

+M
+T.IT=R.NITFR.LTN.ROTEMP(7.1L.I .LOCATF(100).BOND(2001 

OMMON/DATA NC TR, NC ,PP (100).
509S(10Y).9O9S(10C).NPROT.NSIGN.NOR 

• 	 0).P O 	(100),PRCTZ(10C) 

IF(CYCLE .GT. 1) GO TO 301 
J = NCFNTR 
WRIT!(6.299) 

299 IRON INITIAL iCO-OPO iDATA TBEFORE ICOMMENCING L 	y ROTATIONAL OPTIMISATION' 
+1 
CALL DATEST(PFOTX.PPOTY.PROTZ.NPEOT•ATOM,BONO.90NGLE.PI.NCALL) 
00 300 7 - 1.NFROT+ATOM 
ROTEMP(1.11 	NUMAV(TI 
POTEMP(2,I) 	NGPOIIP(I) 
ROTEMP(3.I) = P°OTX(T) 
POTEMP(4.I) = PROTY(T) 
POTEMP(c.I1 = PROT717) 
ROT?4P(6.I) = GYRO(I) 

C 
300 ROTFMP(7.I1 = SOBS(I) 

• 
301 K = M = II • 0 

N = 15 - CYCLE 
N = 10**N 
NCYCOP = POTN / N 
POTN = RDTN - NCYCOR • N 
TF(NCYCC° .10. 01 STOP3 
IF(NCYCOP .NE. 4 .ANO. NCYCOP .NE.. 81 NROT • 0 

D0 30! I = 1.L+ATOM 
GYPO(I) = ROTFWP(6.I) / N 
POTE'P(F..I) = ROTEMP(5,T) - GYRO(/) • N 
IFINCYCOP .Fn. 4 .OR. NCYCOP .0 01 GO TO 303 
NUMAV( T1 =NGROUP(I)=PROTX(I)=P0OTY(I)=PFOTZ(I)=SOBS(I) =- 0. 
IF(G,YRO(I).S0.0.0R.I.GT.L.AND.GYR01II.LT.2) GO TO 303 
IF(GY.ROtT1 .FO. 0) GO TO 303 
IF(GYRO(T) .GT. 2 .ANO. NROT .EQ 01 NROT = 1 
M = M + 1 
NU"AV(M) = ROTEMP(1.L) 
NGPOUP(MI = ROTFMP(7.7/ 
PROTX(M) 	POTTMP(3,T1 
°ROTY(M) = ROTFM 0(4.T) 
PROT7(M) = POTFMF(5.I) 
GYPO(M) = GYRO(I) 
LOCATF(4) - I 
TF(I .GT. L) GO TO 302 
IF(M .GT. 11 I'i = 1 
IF( NGROUP(M).ED.NGPOUP(M-II).AND.GYRO(M).NE.GYRO(M-II)) STOPL 
IF(M.GT.I.AND.NGPOUP(M).EQ.NGROUP(M-II11 GO TO 303 
K = K + 1 
TEMP = NGROUP(M) 
5005(K) = ROTEMP(7•TEMP) 
GO TO 30! 

302 "'ROT = NROT + 1 
303 CONTINUE 

IF(N:YCOP .10. 4 .OR. NCYCOP .E0. 8) GO TO 3C4 
C 

IF(M .LT. 11 STOPS 
SOBS(1) = °OTFMP(7,1) 
NCFNTR. = K 
NROT = P OT - 1 
NRPOT = M - HOOT 
IF(NROT E0. -1) NPROT - M 
CALL WRITED(1,NCTCOP.CYCLF.L,NROT.H.ROTN) 
RETURN 

C 
304 nO 305 M - 1,NPROT+NROT 

TEMP = LOCATE(M)  
POTFVP13.TSM0I = PROTX(M) 
ROTFMP(4.TEMP) = PPOTr(4) 
POTEMP(5.TEMP) = PROT7(M) 



r 

305  C
F(apTEY0(1.TEMP) .NF. NUMAV(M1) ST006 
ONTINUE 

CALL WRITF0(t.NCV000.ATOM.L.K.4.ROTN) 
TF(NCYCOPF0. 8) RETUc1 
WR1TS(6.306) 

3C5 FOPmAT(1N1/15Y.hINTEP-ATO4IC DISTANCE TABLE • PONDS MARKED (*1 . F 
•0PM NEW CO-OPO DATA GENFPATED 9Y THE PREVIOUS ROTATION CYCLE') 
no 317 I = 1.L'ATOM 
P00TX(il = ROTFMP(T.T) 
00OTY(T1 = ROT=MP(401 

307 PRCT7(I1 - 00TFMF(5.I1 
CALL 01T=STIPPOTX.P?OTY.PPCT7.L.ATOM.90ND.90NGLF.PI.NCALL) 

FN7 
SU'tOUTINF Pf)TATE(POTINC.GYRO..OTWAY.LAST.MAXROT.N.PI.NPOT.NCYi:OP. 
+"XSFI T •HAP KXI 
'O 	N/*VFTT/P0.)(C.MA)PHLMAXF$T 
rOMmON/DA TA/NCENTD.NGROUD(10G).SORS(1001.6005(100.1.NPROT.NSIGN.NOR 
+....NAmr(l'r).NUmAv(1C''1.PPOTX(1rT),PROT1(1!),PROT7(100) 
nt"=NSTON A(3).P(3) C('0.31.X(20.31.CX(20.11.CY(20.31 
TNTEGiR GYP011001.00TWAY 

IF(N^Y^OP .c0. 7'.ANO. LAST .EO. 9) SO TO 326 
Ir(00TWAY .NS. 1 .AND. LAST .LE. 01 GO TO 315 
TF(LAST .=9. 01 GO TO 310 
N e N + 2 
Q7TWAY = 1. 

311 Ir(POTWAY .10. 11 IC=JC=KC.LC=HC.NC=MANGLE=LAST = 0 

T WAY = 
00 311 I = 1.N0P0T+NPOT 
IF(GYRO(I) .NE. N) GO TO 312 
JC = JC • 1 
I=(JC .GT. 21 STOP7 
TF(JC .°1. 2) GO TO 311 
A(11 = P= OT1(1I1 
A ( _') = F=OTY(I) 
A(3) = PPOT7tI1 
GO TO 31' 

311 0(1) = 0POTYti1 
P(?) = PiOTY(T/ 
.17) = ovOT7fi1 
GO TO 313 

C 312 IFIGYPO(I) .NE. N+1) GO TO 313 
C 	

KC = KC • 1 
Y(YC.11 = PcOTX(1) 
Y(KC.21 = P,OTY(I) 
Y(kC.71 = PPOT7tI) 

313 CONTINUF 
C 	

IF(KC .00. 0 .OR. JC .LT. 2) GO TO 724 

911 = 9(11 - A(11 
042 = 0121 - A(2) 
5.13 = 0(3) - A(3) 
A3 = SOPT(9AI••2 • 9A7••2 + 863•*2) 

C 	
00 314 I = 1.KC 
AX? = ((A11)-X(I.11)•*2•( A(2)-X(I.2)1**2+(A(31-X(I.31)**21 
532 = (0(11-X(I.111**2+(B(21-X(I.21)**2+(3(3)-X(I.3))**2) 
AC = ( 13*•2 + AX2 - A32) / (2 • AB) 
AC = AC / Al 

C 
^A1 = AC • 1 A1 
CA? = AC • 912 
CAT = AC • PAT 
C(I.1) = A(1) • CA1 
CIT.?) = A(2) • CA2 
((1.3) = At3) • C43 
Cx(T.11 = x(I.1) - C(T.11 
C1(Ī.21 = XIT.2) - C(I.2) 
CX1 L 31 - Y(I.31 - C(I.T1 
CY1 = CA? • CX(I.3) - 043 • CXII.2) 
CY? = CA3 • CXfI.11 - CA1 • CY(T.3) 
CY3 = CAS • CXII.21 - CA2 * CX(I.1) 
YCZ = CYS••? + CY2••2 + CY3+•2 
'CI T.SOPT((CXYT.11**2 • CX(I.2)**2 + CX(T.31**2) / YC2) 

fYlL2) _ - CY? * YC 
fY(T.?) _ - CY3 * YC 

314 C1 t1NUc 
IF(NCYCOP .=0. 7) PFTUcN  

315 IC = IC + 1 

TC 	P = 
F(NCYCOP .F0. 61 GO TO 325 
IF(TC .GT. 11 GO TO 316 
TOOTX 1 = ROTINC 
 TO 319 

316 IF(IC .EO. 2 .AND. POTWAY .EO. -1) IWAY = -1 
IF(IC .01. 2 AND. ROTWAYF0. 0) IWAY = LAST = -1 
TFII^.F9.3.AND.LAST.=0.-1.4NO.POTWAY.LT.PIIWAY=LAST=ROTWAY=O 
IF ( TC.E0.3.1)40.LAST.EO.-I.AND.POTWAY.E0.O GO TO 316 
TF(POTWAY NE. 0 AND. 07TWAY NE. 2) GO T7 317 
TF(L1ST E^. -1 .AND. 	ROTWAY .EO. 01 GO TO 319 
MC = MC • 1 
TOTROT = TOTPOT + ROTINC 
TF(POTWAY .19. 21 MC = LAST = 0 

317 TF(IC.Gc.2.AM0.NOTWAY.NF.-1.OF.IC.c9.2.AMO.00TWAY.F9.-1) G9 TO 319 
TF("C .GT. 0) TOTPOT = TOTPOT - 0.5•(FLOAT(MC1+2.0)*ROTINC 

316 IFIMC .=0. 0) TOTROT = TOTROT - POTINC 
LAST = 1 

319 C050 = COSITOT=OT1 
SIND • STN(TOTcOT) 
TF(AvSICOSP) .LT. 11-7) COSR = 11-7 	- 
IF(A0S(SINR) .LT. 11-7) SINR = 11-1 

TF(NCYCOP .FO. 7 .AND. LAST .50. 91 GO TO 3191 
T1 = 1 
T2 = NPPOT + NROT 
GO TO 3192 

3191 I1 = I2 = r'ARKX 
IF(MARKX .GT. MARK) LC = LC + 1 

C3192 00 3?2 I = I1 . I2 
TF(GYPO(T) .NE. )1+11 GO TO 322 
TF(NCYCOP .Nt. 7) LC = LC + 1 

P
*r'TY(I) 321,320.329 

32r 	CYILC.1)•COSR • CY(LC.1)*SINR 32C 
0ROTY(3) = C(LC.21 • CX(LC.2)*COSR + CY(LC.21•SINR 
PROT2(T1 = C(LC.31 • CY(LC.31•COSR + CY(LC.31•SINR 
GO TO 32' 

321 PROTx(I) = C(LC.1) + CXfLC.11•COSR - CY(LC.1)*SINR 
PROTY(II = C(LC.21 • CX(LC.2)*COSR - CY(LC.2)•SINR 
PROT7(1) = C(LC.31 + CX(LC.3)•COS0 - CY(LC.31*SINR 

322 fONTTNN= 
IF(NCYCOP .10. 7 .ANO. LAST •F0. 91 RETURN 
TF(KC .NE. LC) STOPIC • 
IF(LAST .10. 1) GO TO 323 

TOTPOT = TOTROT / 0 T 
CALL WRITEl(2.N.N•1.KC.IWAY.TOTROT:ROTINC) 
TOTPOT = TOTPOT * PI 
P=TUPN 

323 TOTPOT = TOTPOT / PI 
CALL WRITE913.NROT.N+1.KC.IWAY.TOTROT.ROTINC) 
TOTROT - TOTPOT * PI 
IF(N .EC. 81 GO TO 324 
RETUPN 

C 
324 CALL WRITE0(5.N.N+1.KC.IWAY.TOTROT.ROTINC) 

R?TUPN 

C 325 IF(MXSFIT LT. MAXPOT) GO TO 326 
MANGLE 

 ` ('AXP x  
MXTPSI = '(03PST 
MXTPHI = MAXPHI 

326 NC = NC + 1 
NNC = NC 
IF(MAPKX .LT. MARK, LC - 1 
IF(NCYCIP .10. 7 .AND. NROT .10. 2) MAPK = MAPKX 
IF(N^YCOP.00. 7) NNC = NROT 
TFINC .GE. 12 .ANO. NCYCOP .ME. 71 GO TO 327 
IF(NC .GT. 6 .AAO. NCYCOP .NE. 7) IWAY = -1 

1 	Y ~ 01007=FLOAT(N C NC 6 FLOAT(NNC) 	3.0 *PI 
GO Tn i19 

327 NCYCOP • 1 
MAXR = MXT0 
WAxPHI = MXTPHI 
MAXPSI - MYTPSI 
CALL NEFLIM 

TF(MANGLP A.GT.16) IWAY = -i 
.IF(IWAY .09. -1) MANGLF . MANGLE 	6 
TOTPOT = FLOAT(MANGLFI • 3T.9 * PI 

C 

C 



C 

C 

C 

•C 

C 

C 

GMOTO 319 

SUPPOUTINF DONFSTIMAXROT,ROTWAY.POTOPT.NCYCOR,GYRO,T11 
COMMON 1,MIN.I=.NAX.IESTE°,IPHIM4.IDHIMX.TPHIST.ICSIMN.IPSIMX,IPSIS 

• •T.TTFR.NTTEP.LIM/DATA/N=NTR.NGRO(!P(10C1.SORS(1001.906S(100) NPROT 
+.NSTGN.WORM•NAHEf100).NOMAV(10C).PROTX11001.P0ITY(1001,PFOTZ(1U0). 
+JGEOUP(100).TITLE(8)/FITLI./FITLIM(31.TYPLIH.FIT(3).TOL(3)/WRITFP/ 
♦SCAL^11^:).SCALC(1"C)•SDIFF11 1'1.BDIFF(1.O.SSTOEV110O,BSTOEV(100 
•).HScAN.NSOLN.FANGIF.OAN;LE YM- TAL!Y9ETAL•7M= TAL.SHIFTN.°R2ADN.R.I 
+.J0c.W. NPHT.NPSI/"xFIT/MAxF,MAXPH1,MAXPSI.MFLAG(161.LAP(15.41.NSM 
•Ax.HYSFIT.MxSE.MxSPHI.`!x SFST.NPMAX.Mx9FIT.MXR4.MXBPHI.MXRPSI/TABLE 
•0/TSEIT15.1'.1':),I9F'T(5,1C.1r1/JUMP/JUMP.PI MULT,MPHI,MFSI 
TNTFSER/NAHE/F=FLEC.S0PT.4UN.TEST.90NGLE.OMTTA.OMITC 
TNTEGER °OTWAY.POTOpT•Gy=0(100) 
1T•,FNSTnN ^TST (1'01.r(CHMO(1r0).X(12).V(1?).7(12).WO9CS(2) 
DATA W0.;7S/'SHIFT', 1 OROA1'/ 

C 	BEGINNING OF 'C NEST FOR METAL SCANNING 
C 

TF(hCY0C0 .HF. 81 GO TO 33 
LIM = J(I"P -  

? 39 NIT=C = NITE°+ 1 
CALL SECOND(T) 
WRITE14.22231 NI. 

?223 FOEMATIICX.'STARTEOFTITERATION •.I3.' . TIME USED = •0.8 30 $,CON 

rN •• R 	NSCAN = HFLAG('ITTc9) a !TOT = NTOT 	MXSFIT = MXRFIT a 0 
LA°(NITFR.1) = LA0INITEE.2) = LAP(NITEP.3) = LAP(NIT'ER,4) s 0 
SFIT = =FIT = 8.0 

^O 100 I = IRMIN,IPMAX.I2STEP 
NR = NR • 1 
° = FLOAT(!) • 0.01 
NPHT = 0 

IF(NCYC!10 .NF. 7) GO TO 39 
CALL SECONO(T1 
WRITF(4.???Z) HITFP,T-T1 

39 TF(J'JM° .LT. 2 .OR. LIM .4F. 2) GO T9 40 
IE(A9S(FLOAT(IMAXR)) .LE. FLOAT(IRSTEP)/2.0) GO TO 40 
GO TO 100 

C 

45 
321'4 

L= 
11S4N1iPP°I.t 

C 
C 	TFSTS FOP WHETHER SINGLE SHIFTED CENTRE OR GROUP FOR AVERAGING 

IF(NUMAV(L) .10. 1 .AND. NCYCOP .NE. 7) GO TO 46 
TFINUMAV(L) .10. 1) IFL4G  
IF(TFLAG .10. NUMAV(L)1 GO TO 46 
SSUM = 9SUM = SSUM2 = BSUM2 = SMDIST = SUM:OS = 0.0 
ITOT = NTOT = NUMAV(L) 
IF(PFFLF''.GT.2.AND.PFFLEC.NE.6.ANO.PEFLEC.NE.7.AND.NUMAV.IL).EQ.3) 
• NTOT = 12 

C 	CALCULATES DISTANCE OF ATOM FROM METAL , ANGLE , SHIFT AND BROAD 
46 DISTX = XMETAL.- PROTX(L) 

OI°TY = YMFTAL - PPOTY(L) 
0I511 = ZMETAL - P1/401Z(L) 
DISPH2 = OrSTX•OTSTX + OTSTY•OISTY + DISTZ•DISTZ 
GIST"H - SQ°T(OTSMHP) 

HIS2 PiĪXIL
)'PROX(L1•PROTYILI'PROTY(LI PPOTZIL)•PROT2L) 

CO = O 	
T
R - OISTP2) / (2.0 • DISTMH 

 
 R1 

SHIFTA 0000.0 • 1 1.0 • HMOCOS••? - 1.0 ) /(DISTMH•OISMH2) -  6ROAOA = 1.0E' 06 / (DISTMH • DISMH2)4•2 

IF(TEST .NF. 31 GO TO LT 
WRITF(6,9211 L.NUMAVIL).ITOT,NTOT.PR2TX(L1.PROTY(L1,PROT7(L) 

921 FOIMAT(100,•N0=0T = •.12,' 	NUMAV = 0.110 , !TOT = •,I2•' • NTOT ♦  
5 •,I~.• PPOTX /Y /7 - ••3F9.4) 

IF(L .GT. NORM) GO TO 922 	- 
SHIFTN = SHIFTA 	 - 
PROAPN = B°OADA 

922 SHNOEM = SHIFTA • SOTS(1) / SHIFTN 
PRNO°M = RPOADA • 8005(1) / OROADN 
W0ITEI6.9211 DISTX,OISTY.OTSTZ.SHIFTA,SHNOPM,DROADA BPNOFM 

923 FOPmAT(10X,.DTSTX /Y /7 = •.3F9.4,• , SHIFTA = !•,FB.,•,•, 	,•) 
+ 9EOADA = (•.F8.3.•,•,F8.3.1•)' 

C 
47 TF(RFFLEC.E0.1.OP.REFLEC.E0.2.O0.REFLEC.EQ.4.OR.EEFLEC.E0.5)GOT046 
• 
SHIFT = SHIFTA 
°ROAD - PPOAOA 

r 	
GO TO 49 

REFLECTS METAL IN XY 04 X? PLANA AND P'CALCULATES DATA 
48 IF(PEFLFC.F0.1,OP.0FFLEC.FO.41 0TST7 a -7M'TAL - PROT71l) 

IFtn.FLFC.FO.?.01,.REFLF0.5O.5) DISTY 	V"ETAL - PROTIIL) 
0ISMH2 = DI'TX•OISTX + DISTY•DISTY • DISTZ•OISTZ 
DISTMH = SORT(!1ISMH2) 
HMOCIs. (OTSHH? • A.F - OIGTP?) / (2.0 • DTSTMH • °) 
SHIFTS = 10''CC.0 • (3.1 • HMOCOS••2 - 1.t)/(OISTMH•DISMH2) 
SHTFT = (SHIFTA • SHIFTR) / ?.0 
PROADP = - 140E+06 / (DISTMH • OTSMH2)•42 
RROAO = (PROADA + PROA09) / 2.0 	 - 

IF(ITST .NF. 31 GO TO 49 
TF(L .GT. NO°M) GO TO 924 
SHIFTN = SHIFT 
OROAON = BROAD 

924 SHNORM = SHIFT9 • SORS(11 / SHIFTN 	- 
PRNDEM = 800603 • 8085(1) / PPOADN 
SHNAV = SHIFT • SOBS(11 / SHIFTN 
ORNAV = 9.0A0 • QO0S(1) / P°OAON 
WRITE16.9251 DISTX.DISTY.DISTZ.SHIFT9,SHNORM,SHNAV,BROA0B•8RNOFM. 
• 90NAV 

925 FOCMAT(10X.•OISTX/Y/Z = •.3F9.4.• • SHIFTS - 1•.F8.3,'.',F8.3,•.'. 
+F8.3.•) • 000AD6 = (•,FB.300,F8.30008.301•) 

C 	HOW APPLIES TFST TO SE'' IF PART OF A GROUP TO BE AVERAGED 
49 IF(NUMAV(LI.F0.1.ANO.GYRO(L).NF.3.)R.NUMAV(Ll.EQ.1.AND.GYRO(L) EQ. 

+3. A NO. NCYC OP. NE. 7) GO TO 6? 
SMDIST = SMOTST + DISTMH 

• SUMCOS - SUMCCS + HMOCOS 
SSUM = SSUM + SHIFT 
PSUM = ?SUM + PPOAO 
SSUM? = SSUM2 + EHTFT'•2 
BSUM2 = RSUH2 • 0R0110•'2 
TF(NCYCO° ME. 7 .00. GYRO(L) .NE. 31 GO TO 491 
JFLAG = 1FLAG + 1 
CALL ROTATE(0.5.GYPO.ROTWAY.9.MAXROT,2,PI.JFLAG,7,MXSFIT.L) 
IF(JFL G̀ .FO. 12) GO TO 491  

C 	COUNTS NUMFER OF PROTONS IN GROUP . IF LAST ONE AVERAGFS RESULT 
491 TFLAC = NUNAV(L) 

ITOT = ?TOT - 1 
X(NTOT) = FROTX(L) 
V(NTOT) = PROTY(L) 
Z(NTOT) = PROTZ(L) 

40 n0 100 J = IPHTMN.IPHINX.IPHIST 
MPH? = N°HT • 1 
PHI = FLrAt(180 - J) • PI 
NPSI = G 

TE(J'JMP LT. ^ OR. LI' .NE. 2) GO T9 41 

TF(A9SS CŌ
OAT(J-M AXPHI)) .LE. FLOATIIPHIST)/2.0) GO TO 41 

O TO

41 00 1^0 K = ICSIMN,I0SIMX.IPSTST 
N°SI = NPSI + 1 
PSI = FLC4T(180 - K1 • 0I 

IFfJUM° .LT. 2 DR. LIM .NF. 2) GO TO 42 
TEIA9StF1OAT( K-MAXPSI)) .LE. ELOAT(IPSIST)/2.01 GO TO 42 
GO TO 100 

42 NSCAM = NSCAN +1 
IG°OUP = ISFITIN°.NPHI,N°SI) = IPFIT(NR.NPMI•NPS1) = JFLAG = 0 
HSTOL = HOTOL = -1 
sS"DTF = 9SHOIF = 0.0000000001 

CALCULATES THr X.Y.Z COORDINATES OF THE METAL 
CXTPLN = R • COS(AES(PHI11  
XM=TAL = - PX2PLN + COSIABS(PST)) 
vMsraL ='P • SIN(PHT) 
7MFTAL = RX7PLN • SIN(PSI) 

IE(TFST .NE. 3) GO TO 43 
WRITE16.9201 NSCAN.I.J.K,X"ETAL,YM!TAL.ZMETAC 

920 FOEMAT(/10X.•NSCAN = •.73.• . R = '.I3.• . PHI = '.I3,• , PSI = ', 
+T3ys . X/V/7METAL = •.3F9.4/1 

r 
C 	CAL!'!ILATES °ONO AND 9THE0PAL ANGLES 

43 TFIJUMO .NE. 2 .ANO. TEST NE. 2) GO TO 45 
°ANGLE = 1811.0 - ATANIA9S(SQPT(YMETAL..2 + ZMETAL'•2) / XMETAL)) 
• / PI 
IE(YMETAL .N5. 0.01 GO TO 44 
OAM . 	= 
r. TO

LE 
45 

44 DANGLE = ATANHABS(7METAL / 'METAL)) / PI 

NOW CALCULATES PC SHTFT AND FROAO FOR FACH SHIFTED CENTRE 



8 

J
NTOT 
7LAG 

WCOT - 1 

IE(ITOT .GT. 0) GO TO 74 
TFtNUMAV(LI .EO. 2 .OR. NCYCOP .EO. 7) GO TO 61 
77(ITOT .LT.01 GO TO 50 
YTr M' = PROTY(L) 
YT.MD ='POOTY(L) 
7T'.MP - PROTZ(L) 

50 TFtNTO T.EO.0) GO TO 60 • 
•0 TO (S1.F'.Si.=4.5E,66.=7.F8.571 1 	NTOT 

51 PROTX(L) 	+0.66667•3(101 •+ 0.66667•X(11 1 - 0.33333+X1121 
OROYY(L) =• 0.656571 V1101 + 0.66667'3(ti - 0.33333•1'1121 
0ROT7(L1= •0.66667.7(111 4 0.66667.2111) 	 0.33333'2(12) 
CO TO 

 

46 
52 PROTX(L) =• 0.66657•Y(t0) - 0.31133'X(11) • 0.66667•X(12) 

~`C.'TY(L) . • P.6(•6G7'Yf1')- 0.33533•7(1)) •• 0.6E067•Y(12) 
P PT7(L) = 4 0.66647.2(101 - 0.33333'Z(111 4 0.66667•Z(12) 
CO TO 46 

53 OR'TXIL1 = - 0.33113•X(101 • 0.66667*X(11) • 0.66667*X(121 
PROTY(L) = - 0.33131•Y(10) • 0.66667+Y(111 + 0.66667*Y(12) 
PRft'(L) = - 0.33313.7(111 + 0.6E667.7411) • 0.66667'7(12) 
GO TO 46 

54 PROTXILI = • 0.91.0411.31101 + 0.33333*X(11) - 0.24401•X112) 
PR'1Y(L) = + 0.91068•Y110) + 0.33333•Y(11) • 0.241+01•Y(12) 
0k07711.1 = + 0.91068.7110) + 0.33033'7(11) - 0.24401.2(12)
• Te 

5S PRO' (L) = •  4 0.41048.1(101 - 0.2440113(111 • 0•33333'X1121 
PR^TY(l•) _ •• 0.91049`7(101 - O.24401•Y(11 • 0.33333•3(121 
PPoI KST = • 0.91 0E 8•7(S0) - 0.24401•2(11 ) + 0.31333sZ(12) 
;0 TO 46 

56 PROTX(L)_ • 0.333')3•X(101 •• 0.0106A.X(11 1 - 0.24401*X(12) 
DR"TY(L) = + C.33333•Y(10) + 0.9L068•Y (11) - 0.24401'Y ( 22) 
PROT7(t) = • 0.33333•2(11) • 0.91068•2(11) - 0.24401•2(12) 
'0 To 46 

57 DROYY(L ) = • 0.33331*X1101 - 0.24401•X(111 + 0.91068•X(121 
PDOTY(L)_ • 0.311331'1'1101 - 0.24401•Y(11) + 0.91068•Y(121 
PROT7(L) _ • 0.31333.7(101 - 0.?4401•2(111 • 0.9l06R•ZV21 
'•0 TO 4 

59 P?DTX(L)  = - 0.74401•X(10) • 0.91056•X(11 ) • 0.13333•X(12) 
OR)TY(L) = - 0.24401•Y(101 + 0.91060•Y(11) • 0.33333+Y(12) 
0PCT7(C1 = - 0.24401•7(101 + 0.9105857(11) + 0.33333•2(12) 
rn Tn 46 

59 PRrTY(L) _ - 13.241.01AO(tflI • 0.3•1.333• 1C MU) • 0.41168*X(121 

PPCTZIL1 = - 0.24411'7110)   	+ 
+ 0 33333.7l11l + 0.91068'Y112) 
• 0. 3333T•I1111 	0.910b8 Z112) 

S0 TO 46 
6' CRGTY(L1 = YTF0P 

.',-TY(L1 YT~"F 
PRCT7(L) - 2TF4P' 

61 Tr117771,0.°0.3.0R.R,FLc .F0.4.OR.RCFL.C.F0.5.0R.RFFLEC.E0.8.0(i.RE 
(FLEC.E0.91.ANO.LAUMAV(L).F0.3) NUMAV(L) = 12 
Tr(N^YCOP .E'). 7 .ANO. NUMAV(L)10. 12) NUMAV(L) = 3 
TF(I:CYC00 .FO. 7 .ANO. GYDO(L) .FO. 1) N(IHAV(L) = NUMAV(L) • 12  

69 
SON(If;R~ŪP) 4 (SCALrfIGROUPITSOaSIIGEOUPI1.100.Q/S08S U G2OuP) 
ABDIFF = ARS(SDIFF(IGROUP)) 
SSTO?V(IGROUP) = SSTOV 
TF(TFST .EO. 2) GO TO 70 
TESTOL = TOL(PUNI 
IF(SOBS(IGROUPI .LT. 0.2•SOBS(11) TESTOL = TOL(FUN) •0.2 • SOBS(1) 
+ / SOBS(IGROUP) 
IF(SOBS(IGROUP).GT.SOOS(1l1 TESTOL=TOL(RUNI*SOBS(IGa0UP1/SOBS(11 
Tr(T°ST .70. 31 HRIT=(6,9261 HOBOS(1).SOPS(IGROUF).SCALC(ISROUP), 

•+ St1IFF(I:ROUO),TESTOL 
926 FOP'AT(10X.A5.' O0S = •,F8.1, , CALC = *,F6.3,• . PC OIFF = •,F8. 

•?.• , TESTOL - ',FA.?) 
IF(T-ST E0. 5 ANO. SiOPT .EO. 11 GO TO 71 
IF(A10IFF.GT.TFSTOL) GO TO 100 
TF(S'BS(IGOOUP) .GT. SO?S(1/) GO TO 71 

• 70 SSMOIf = SSHUIF • SOIFFIIGROUPI*•2 
NSTOL = NSTOL • 1 

C 
Ti IF(TESrE0. 4 .ANO. JUMP .EO. 2) GO TO 72 

IF(S00OT) 74.72,72 
72 PCALC(IGOr11O1 = ROBS(11 • BPOA0 / aooA(IN 

?OIFF(IGROUD) _ (PCALCIIGROUPI-3C3S(IGOOUPI)'100.0/808S(IGROUP) 
ABOIFr - APS(BOIFF(IGROUPII 
BST0EV(IGROUP) = BSTOV 
TF(TFST .EO. 2) GO TO 73 
TESTOL = TOL(FUN) 
IF(?OB5.(IGPOI1P ) .LT. O.2.RO95(1)) TESTOL = TOL(RUN) *0.2 • BOBS(11 
+ / 900S(TGROUP) 
IFt009(T6cOUP).GT.B00S(tl) TESTOL=TOL(RUNI•603S(IGROUPI/B74S(11 
IF(TrST F^. 31 WPIT°(6.326/ HORDS(2),COES(IGROUP),BCALC(USROUP). 
• BOIFF(IGROUO),TESTOL • 
IF(TrST E0. 4 AN1. SBOPT .70. -1) G0 TO 74 • 
IF(A0DIF~ .GT. 

.ANI. 
	GO TO 100 

IF(B08S(IGPOUP ) .GT. BOBS(il) GO TO 74 ' 
73 9SM0TF = BSMOIF + BOIFF(IGFOUP1*'2 

N0TOL = NOTOL • 1 
74 CONTINUE 

C 	IF GET HC97 THEN ALL TESTS OK 

04LCULATFS :000NrsG OF FIT FACTORS 
)f(seOPO 7•,7',77 

75 TF(NSTOL F0. 0) GO TO 76 
CFTT - (.0 - 5llRTI 5SMPTF / FI08T(NSTO111 / 100.0 

+(RUNI I T••10 00.nTLI(1.0N))FITLL1(fi 
.N HX.NPSI) = IFTXI(SFIT .EIYtIM 

76 Ir(S5OPT1 75.77.77 
77 TF(NRTOL F0. 0) no TO 78 

BM* - 1.0 = S^DT(?SMO1F / FLOAT(N9T0l) I / 150.0 
IF(RFTT .GT. FITLIM 1DUUH I8FIT( NR.4PHI.NPSI1 • IFIX((OFIT -FITLIN 

.(RUN!) • 1000.0 / (1.0 - FITLIM(RU4111 r, 
C 	TESTS FOR CALLING HPITEB 

78 TF(TFST .EO. 2) CALL HPITFO(GIST.COSHMO.LTM,FITLIN.TYPLTM.ROTOPT) 
TF(UCTcoP .10. 8) CALL W0ITEOIfIST.COSHMO,NCYCOP.FTTLIM.TYPLIN.ROT 

+DDT! 
TF(N0YCOP .E0.-61 RFTUON 
IF(JUMP.LT.?) CO TO 70 
IF(LIM E9. 21 CALL HRITEBf0IST,C0SNMO.LIM,FITLIM ToPLIM.DOTOPTI 
TF(ROTOFT .GT. 0 .ANP. JUMP 00. 2 .09 NCYCOP i~0. 91 ReTURN 
TF(((SO.OPT.TO.-1 .OP. S30PT.r0.0).4N0. SFII.GT.TYPLIM) .OP. ((SBOP 
•T.r0.0 .OR. SBOPT.E0.1).ANO. BFIT.GT.TYPLIMI ) CALL WRITEŌ(OIST.CO 
+SHMO,LIM.FITLIM.TYPLIM.ROTOPT) 

70 TF(SOPTI 80.40083 
80 Ir(ISFIT(ND.NPHI.NPST) .LT. MXSFIT) GO TO A6 

. 	IF( ISFTI(N4,4PHI.NPSI) .GT. MXSFTTI GO TO 81 
NSMAX = NSOAX • 1 
MxSP = MXSR + 1 
MXSPHI 	MXSPSI + J 
MXSPSI = MXSPSI • K 
GO TO 42 

61 - MXSFAIT_=lISFITINR.NPHI,NPSI) 

MXSD = I 
MXSPSI= J 
MXSPSI = K 

C 
82 IF(S"OPT) 86,83.03 
81 TF(I?FIT(ND,NFHI.NDSI) .LT. MXFFIT) GO TO 16 

TF(TFFTT(N4.NPHI,NPSI1 .GT. MXBFIT) GO TO 04 
NBMAX = NBMAX + 1 

C C 	AVFFAGSS GROUP RESULTS 
!FLAG = 1 
OIST.H= SMOIST / FLOAT(NuHAV(LlI 
HM^'OS = SUMCCS / FLOATINUHAVILI) 
SHIFT = SSUM / FLOATTN09AVfL11 
AV=4? r SSIIM2 /FLOAT(NUHAV(L11 
6RC4'1 = 9SUM / FLOATIN11IIV(L)) 
AVED'2= 6SUM2 / FLOAT(NUMAV(L1) 
SSTDV = =1RT(AGS(AVSH2 - SHIFT••2)1 
*STCV = SORTIA_S(AVBR2 - 9r0A0••2)) 
TrtNCvCOP 70. 7 AN0. GYDO(L) .°0. 3) NUMAV(L) = NUMAV(L) / 12 
IR UUMAY1LI .10. 12) huM6V (L) = 3 	' 

C 

C 

C 

SFT NORMALISING SHIFT AND BROAD 
62 Tr(L NE. NORM) GO TO 69 

P
cT 

.OAON = 
SHIFT 

 
!FT530DY GT. 0) GO TO 69 
TESTS IF NORMALISING GROUP HAS CORRECT SIGN OF SHIFT 
CD TO (63.69.64) , NSTGM 

63 IE(SHIFTh .GT. 01 GO TO 100 
,O TO 69. 

64 IF(SHIFTN .LT. f1 GO TO 160 

"ALC PC SHIFTS AND ?ROADS .. T=SIS IF MITHIN TOLERANCES 
69 I C=Ou0 = ICROUF+ 1 

J 7t1UP(ISROUPI = NGROUD(L) 
fI T (IG9OURI = OIST"H 
MOSH'0(IGPOUP) = HMOCOS 
TF(TEST .E0. 5 .AND. JUMP .FO. 2) GO TO 69 

IF(S300T) 6'1.671.71 

CCC 
	FINDS MXFIT TO CENTRE SEARCH 



y. 

Mx?R = MY9R • I 
MXR091 = MX90HT • J 

P T7
I8- MX9 ST + K 

GO
84 Nx39n9T-=1IAFIT(NF,NPHI,N°SI) 

HX0= = I • 
WXAPHT = J 
MXVPSI = K 

C 
C 	CH=CKS Ir ONLY RESULTS 04 EDGE OF TABLE 

65 Ir('cLAG(NITER).EO.1.O°.ĪSFIT(NR.NPHI.NPSI).EQ.C.OR.ITER.LT.2) 
• GO TO 100 

77 IrIJ.F1.135.00.J.E').110.OR.J.E0.225.0R.K.EQ.135.DR.K.EO.180.0R.K. 
r.0 TO t97.98.89.87.88.89.88.89.88.891 . (P= FLIC+1) 

• 11.225) GO TO 91 
G TO 91 

88 TDlJ E'1.135.OP.J.E9.170.OR•J.EQ.225.0R.K.E0.1351 GO TO 91
cl 

89 Tr(J.E1.11r.OR.K.E0.1 15.OR.K.E0.190.0R.K.E1.225) GO TO 91 
90 MrLA;(NITER) = I 

GO TO 1 +" 
91 Ir(N0SI .10. 1) LAP(NITrR.1) = LAPINIT'P.1) • 1 

TE("PSI .10. 10) LAPt4ITER.2) = LAP(NITER.2) + 1 
Īr(N'HI .'0. 1) LAP(NIT=0.3) = LAP)NITFR.3) • 1 
IrINPHI .10. 1') LAPUNITER,4) = LAPtNITEF.4) • 1 

• 100 1'ONTTNU' 
C 

C 	
DROOUCES REFERENCE COOPOINATES FOR CENTERING SEARCH 

IrtS900T .11. 0) GO TO 101 
MAYR = MXBR = MXFR / N°MAX 
MAYPHI = HYaCHT = MX9PHT / NPWAX 
"AXPSI = MXBPST c MX90SI / NSMAX 

C 
(ctSa0PT .GT. 0) GO TO /02 

101 MAXI) = VXSR = HXSP / NSMAX 
HAxPHI = MXSOHI = MXSPHI / NSMAX 
`!AYESI = MYE05I = MXS°CI / NSMAX 

• 102 Tr( OTOPT .GT. 0) no TO 106 
IFfI'CLAGfNITEE) .EO. 1 .0R. SOOPT .GT. 0 .OR. ITER .1.1. 2) RETURN 
IEILAPINTTER.11 .10. 5 1 SO TO 103 
Trt"CLAG(NITCB-1) .FO. 0) MFLAG(NITER) = 1 	• 

103 TFILAP INTTF°,3) .10. 0) EETUcN 
CO TO (104015.104.154.106.104.105.104.105.1.041 . (REFLEC+1) 

104 Tf(MCLAG(NĪT-0-4) .£C. 9) MFLAGINIT£R) = 1 
PET '.1 0N 

105 Trt.r1AG(NTTER-2) .EO. 0) MFLAG(NITFR) = i 

C 
106+.

TowTMX.Ō0.MAxoSI.En.I°SIMN.ORMMAXPSI.iED.IPSIMX)PGOMTOO110
AXPHI.EQ 

TrIMxSFIT - MAXPOT) 107.108.100 
107 °OTHAY = -1 

C-TUz 4 
107 °OTH4Y = 
 ~ ocTUaN 
109 MOT.AY = 2 

OT = MXSrIT 
cETUCN 

110 AŌTWAY = -2 
RETURN 

F40 
SU°OUTINE NRITE6(DIST.COSHMO,LTH.FITLIM,TYPLIM.ROTOPT) 
CO"ION/OATA/NCENTR,NGROUP(100).SOBS(100).B09S(100).NPROT.NS NO,NAM 
•F(100).HUMAVt10O!,PPOTX(1001.PkOTY(1O01•PROTZt1001.JGROUP!iŌ01 /TAB 
+LEE/ISFITlE.10.Ef1,ISFIT(5.17.101/NRITEB/SCALCIICO).9CALCl16C1,SD/ 
►RF U Tr).OOIFF(100).SSTDFVl1001.9STOEV(109).NSCAN,NSOLN.BANGLE.PANG 
+LE.K4ETAL.Y"ETAL.24rTAL.SHTFTN.900404.R.I,J,K,NP,NPHI,NPSI 
TN'=GEO/NAUF/RFFLEC.SROOT . UN.TEST 
°T"=NSICN QIST(1f0).COcH40111C),WORDS(21.FITLIM(3) 
DATA WORDS/'SHIrT`,'R0OA0'/ 

WITE 9LOCK NUM6rR 2 ... OUTPUTS SOLUTIONS TO INDIVIDUAL SEARCHES 
C 	

MSCLM = NSOLN • 1 
IE(LI" .71. 6) GO TO 624 
WDITr(6.600) NSOLN.NSCAN 

600 r3=`-AT(140/19X.•SOLUTION NUM8EP = •,I3•• ,'.54X.+. SCAN NUMBER = * 
4.TT ) 
TF(TEST .FC. 21 GO TO E03  

601+LO 
1 

T(I M+.42X.*TYPLIM NOT SELECTED - SOLUTION TO MAX FITFACTO ON 
TTF(LTM 	O. 21 NPITr(6,601) 

IE(LIM A.T. 21•WPITE(6.6R21 TYPLIM 
602• 

FO MAT(1H+.42X.•TYPLIM HAS BEEN SELECTED ... IF FIT LT *.F5.4,' 06 

CO TO 605 
653WRITr(6,654) 
604 FOPMAT(1H+,42X.'TYPLIM NOT SELECTED - SOLUTIONS TO ALL SEARCH POIN 

+TS.) 
C 
60S IFIS9OPT1 116.506.607 
606 FACTOR=(1.-FITLIM1RUN)).(FLOAT(ISFIT(NR,NPHI,NPSI))/1000.01 

+ + FITLIM(EUN) 
N'= 1 	 • 
WRIT=(6.608) W0RDSINI,ISFIT(NR.NFHI.NPSI).FITLIM(RUN),FACTOR 
TF(SOOPT) 609.F07,507 

607•FACTOP.11.-FI LIM(PUN))*1FLOAT(I6FIT(NR.NPH/.NPS7)1/10°0.01
• 

N - 2 
WRTTr(6.fi081 WORDS(N).I9rIT(NR,IIPHI.NPSI).FITLIMIRUN).FACTO0 

608 FORMATI/19X.•FITFACTOR OF ...AS.' DATA FOR THIS SOLUTION = +,I3,• 
+ AS TOLERANCE = •.F5.4.' , 0000NESS OF FIT - •,F5.4) 

C 
609 WRITF(6.510) R.J.K 
610 FORMAT(/)9X•.SEA0CH PAR4m1TERS FOR TUTS SOLUTION NEPt .. . RADIUS 
• _ •,F4.2,* . ANGLE PHT = ■43.* • ANGLE PST = *.I3) 

M-0-C 

C 

614 NRTTr(6,61E1 WOPDSINI 
615 FORMAT(/26x *NCPOUP 	,.A50,5 I ORSCDVEO CALCULATEO OIFFERENC- ST 
•AND.CIEV. OĪSTMH HH0C0S+/) 

TFtTESi .10. D CR. TEST .10. 5) GO TO 516 
IF(~°OPT) 614.Fi6.614 

GO TO 615 
616 WRITE(6.6171 
617

♦t). FV.t/Z00 00SO2 OBSEDVEDS CALCULA TEI DIFFERENCE DSTAND.DEV. DIST 
•MH HHCrO ./) 

C 
Tc(TrST E0. 4 OR. TEST .1O. 5) GO TO 620 
IFtSOOPT) 618.621.622 

610 WRITr(R.619)(JGROUP(I).SOBS(I).SCALC(I),SOIFFII!,SS7DEV ( I),DIST(I) 
+ •c0BH40tII • I = 1,Nc,NT9) 

619 EO~MAT((30X,I2.14X.4(F8.3.3X).F6.3.3X.F6.5)) 
GO TO 623 

620 NRIT=16,62h(JGA0U P(T),SOBS(T),SCALC(II.SDIFF(IZ,SSTOEV(I1.50B`(I) 
+ TECALC( T1 ,60IFF(I).9STO!v(j),OTST(I).COSHMO(I) 	I 	1,NCENTR) 

621 FORMAT(I3XI2,1x.2113xFB.'0,3XF6.3,3Xc6.3.3x+-8.313XF6.3.3XF6.5)) 
CO TO 623 

622 NRITE(6.619)(JG°OUP(I).30BS(I),BCALCII),9DIFF(I),9STDEV(II,DIST(I1' 
• •COSITYO(I1 • I = 1,NC=NTR) _ 

C 

624 WRITf!9.62A1 FITLIM(RUNI•ISFIT(NP,NPHI.NPSTlR,J,K,XMETAL,YMETAL, 
+7ME Tal 

625 FORMAT(F5.3,3X.I3.3X.F4.2.2(3)(.I3).3(3X.r10.7)) 
WRTTE(9.626)(JGROUP(T),S09S(I),SCALC(I).SDIFF(I).SSTOEV(I),DIST(I) 
+.COSHMO(I) , I = 1,NCFMTRI 

626 FO°HAT((12,4(3X,F8.3)0X,F6.3.3x,F6.5)) 
CrTU=N 
END 	 . 
SUOROUTIME WRITEC 
COM"'fN IDMTW,IC MAX.IPSTEP.IPHI.N,IPHIMX.IPWIST.IFSIMN,IPEY Y,IPSIS 
•T.YTE R.NITER.LIM/MXFIT/MAXR,MAXPHI,HAXPS1,MFLAG(16).LAP(16.0.), MA 
+X.4 XCFIT.MXSQ.MX.SPHI.MXSPSI,NOMAX.MX9FIT.MXBR.4XpDH1.MXB P.SI /TAA LES 
+/ISFIT(5.10,EE).IBFIT(°.10,2r)/JUMR/JUMP,PT,MULT,MPHI.MPSI/FITLIM/ 
•EITLTH(') 
7NTE.ra/N4M?/R%FLrc.SPOPT,0UN,T5T. 3ONGLF,OMITA.OMITC.CONTUR,ATOM/ 
•ROTN/CYCLE,GYRO(100).a0T7.=OTNAY,ROTOPT 
nIMENSTCN WOOI`Z(1O),I0SIl1C) 
.04T4 W0R77./'FIRST'•'FINAL','PHI','PSI'0R0N','°OL','•1,'1 1.'SHIFT' • ,'300A7'/ 

WRITE:6.6111 EANGLE DANGLE 	• 
611 FO°MAT(/19X.*M-O-C 6040 ANGLE _ *,F7.3.* DEGREES 

+-(XY-PLANE) DIHEDRAL ANGL E _ '.17.3,* OEGP= FS*) 
C 

NRITf16.6121 XMETAL.YHE7AL.ZHE7AL 
612 FORMAT(/19X.*METAL CO-O 0OINATES TN ANGSTROMS EACH THE PONDING '41T -  
• t X = *,F7.4,* , Y = +.F7.4,* • Z = •.F7 4) 

C 
NRTTF(6.5131 sHIFTN.PDnAnN 

613 FORMAT(/19X.*)!ORMALISINC ATOM/GROUP t ACTUAL CALCULATED SHIFT = *. 
4F9.4.* , CALCULATEO EROADrNING = *.ERAS 

623 IFILIH .FO. 2 .ANO. TEST .NE. 2 .ANO. POTOPT .EO. 0) STOP11 
RETURN 

C 



• 

C 

C 

WRITE BLOCK NUMBER 1 ... G000N'SS OF FIT 3-0 TABLES 

TFfJUMP .EO. 2) STOP12 

T A° T LSSU°PKESSION FLOCK .1. ErECAUSE OF LACK OF RESULTS 
IF(SROPT-.FO. 1) GO TO 013 

C 	WRITE BLOCK 3 ONTO TARF9 
IFtCONTUR .GT. 0) WRITE(9.702) MPSI,HPHI.MNLT,HXSF1T.MXSPSI•MXSPHI 

. '+YMR 
707 F71MATt3t/2.2x).4(I3.2Y)) 

Ir("YSFTT .=O. 0) GD TO 100 
CO TO 9C? 

100 WRTTr(6•Pm1) NITER.MULT,IRMIN,IRMAX,IRSTEP.IPHIMN.IPHIMX.IPHIST, 
• TPSIMN,TPSTMY.IPSIST 

801F9MATt)H0/'0X.•NO R.'SUL1SFOR LTFRATION•.I2• MULE•
Ī
I1

=
• • SE +

RR AREA Rt•,I3.•- ,I3,/
•
,I2.•) • PHII•.I3.i_*.I3,•/

•
,2. )  • P5 

+I(•.T3.*-*,I3.*/•,T..2,11•) 
IF(1TF0 .LE. 1) STOP13 
L=AR = 1 
FET URN 

C 	T4?LE SURRRESS"0•. ONLY CONTAINS kESULTS DUPLICATED ELSEWHERE 
WRITF AL00K 4 ONTOTAP"9 

802 IFIFONTUR .GT. 0) WRITc(9.7031 ISFIT 
70T rO=.Ri(?5B1 

IF(OMITC •EO. 4) R=TURN 
Y t._rL4Gt'ITE ).E0.1.0-.SBOPT.GT.0.OR.ITER.LT.21 GO TO 813 

803 POP,4T h H0/11Y.,FRINTLNG OF THE TABLE FOR ITERATION •.I2.• MULY 
4•.I1.* • SUPPE-SSED AS ALL RESULTS DUPLICATED ON THE FOLLOWING TAB 
+LF(S) T •/) 

C 	LISTS OFTAILS'CF OVERLAPRING °nGFS 
IF(LAP(NITRR.3) EO. 0) GO TO 106 
GO TO ( 114.8^.5.8G4.81 4.905.8f4.8C5.8C4,865.804) t (REFLEC+1) 

804 WRITF(5.9111 LAPINITFR,3),WORPZ(2).WOROZ(3),W0R0Z(5),NITFR-4 
Gn TO 80A 

00c wRTT-(6.a111 LARINTT'R•31•NPR07(2).WoR02(3)1WOR0l(51,NITFR-2 
10, IF(LAR(':ITr4,1) •FO. 9) GO TO 907 

WRITF(F,111) LAP(NITE0.11•WOQD7(2),W0R02(4),WOROZt6),NITER-1 
807 TF(LAPIIITFR.41 F0. 0) GO TO 110 

Gn Tn (488.ano.Rna.8AR•ROq.888.8nn•a0R.R0V•An1) • (RTFL+C•1) 
501 WRITFl6.9111 LAP(NITER,4).WOKOZ(11.WOriJL (J)•W0KOZ15).NITER+4 

GO Tr PIP 
811 WRTTF(,.911) LaPINITFP,4).W0GD7(1),WORD2(3),WOPOZ(5).NITFR+2 
810 IF(LAP(NTTFR,2) .FO. 0) GO TO 812 

HRIIFS5.011 1 LAP(NITER.2),WOPOZ(1).WOR02I41.HOrD7(61•NITFR+1 
811 FOBMAT(43Y,00,• RESULTS TN THF •.45.1XA3.IYA30) OF ITERATION •.121 

• 
512 LFAP = I 

RFTURN 

C 	MOW WRITES OUT FITFACTOR TABLES 
813 TF(ITFP .EO. 0) JUMP = 

PO R14 T = 1.10 
114 IPSIII) = IPSIMN + I • IPSIST - IPSIST 

Ī0 	R 3 = IRMĪN + RT 2 • IPST= _P 
TR4 = IRMAX - TRSTFP 
I'(NITFrR :FQ. OMITC+1 .4ND. MULT .EO. 1) LEAP = P 
IF(S_ OPT!815.815.817 

115 WRIT-(5.8201W0r0Z(N).IRMIN.M0P07(9).RUN.NITER.MULT,FITLIM(RUN) 

+WRĪT=(6.Ā21) I51.(IPSI(II.I = 1.101 
WRITE(6.922) IRM.IRMAX.J'JMP,`+ XSFIT,NSMAX,PXSR.MXSPHI.MXSPSI 
00 116 I = 1 • 10 
K = IRHTMN + T°HIST * T - IPHIST 
WRITE(5.8?3) (OSFT7 (1.T•J).J = 1.10) 
WR1*F16.a24) (ISFIT(2•I.J)•J = 1.10) 
WRIT1(6.825) K.(ISFITI3.I.J).J = 1.10) 
NWITF 15,9?6! (ISFIT14•T•J1•J = 1,10) 
WWTT=IR.12?) tISFIT(S.I,Jt.J = 1.10) 

81, WRITE15028) 
WRIT.(502R) 
N = 
TF(S1DPT)919.017817 

817 WAITC(6,P20)WOFOf1(N),IRMIN WOROZ11Ot,RUN.NITER,MUL7.FITLIM( RUN) 
+ Ir2 
WRITS(5.121) IR3.(IPSI(I).T = 1.10) 
WRIT (6 Ī 822) I'4.I°MAX•JUMP,YX0 Tr,N9MAX,MXBR,MXBPHI,MXBPSI 

81A
K = IPHIMN + IPHIST • I - IPHTST 
W02 V (5,a23) (TDPIT(1 ,'.J).J = 1.10) 
WRTTF(Sj,P24) (IBFIT(2 I.J1,J = 1.10) 
WRITF(6.82°1 K.II0FTTĪ1*i,J1.J 	1.10) 

• 
: 1:181 

818 WRITE(6.828) WRITF(6,829) 819 RrTIRN 0 
820 FORMAT(A1.' 	R1='.I3.'•*FIT FACTORS OF 1.85.1 DATA FOR RUN '.11 

+••.ITERATION •.I0,'(HULT = ' I1,'1.SCALING•IS LINEAR SO THAT Q = 
+ F5.4,' OR 1155.AN0 999 = •9994*•'/1X,'• 	R2=',I3,' *',10(11X,'+ 
+ 2 11 

821 FORMAT(1X.'* °3=',I3,' 	•'.(10(4)(.73,4%.''1)) 
822 PORM8T(1X,•• k4=' I3.' 	.1 (11X,'•')/1Y.••R5=',I3•••*•• •.11.. 

+ •**PCT•*••MAX FIT FACTOR = '.T3,' , APPEAPEP '0.20 TIMES 	AVERA 
+GE LOCATED AT F = '•I3,' , PHI = '.I?.' , AND PSI ='.73,'•~*•PSI• 

• + 	') 
823 FORMAT((1X..*'.11(21X.•••1/1X,1 *'.111 •*'♦t0t6X•I3,' •'11 ) 
824 FOWMAT!fiz '••.11%.'0'.10(5X,239' 	R I))) 	- 
P25 FOAM0T( 1X,t••,4X•I?,' 	H'.(1'(4Y,I3•• 	H'))) 
825 FORMAT((1X,'••,11X,'I',10(3X,I3.FX.'I'))) 
827 FORMATI(IX.'*',11X,'•'.11(2X,T3,FX.•••))) 
870 E0RMATAV '*'.11(11X,'*'1/1X.111'•'1,10('••••PSI 	't) 
829 FOR9AT(1XI 

RCTUAN 
FN0 
SU9BOUTTNE WAITED( T1,I2•13,74•15 •AEI,A7) 
OMON IRMIN.IRMAX,I°STEO,IPHIMN.IPHIMYJPHIST.IPSIMNJPSIMX,IP$IS 

+T.ITER.NITER,LIM.ROTEMP(7,100).L0CATE(100).BON0(200) 
COMMON/RATA/NO NTR.NGROUP(1001.SOBS(1001.BOBS11U01.NPROT.NSIGN,NOR 
•M,NAME(1O0),NU"'AV(1001,PROTXl1C01.DROTY(1OG1,PR0iZ(l00),JGR0UP(100 
+),TIT LE(9) 
INTr0rR TEMP/R0TN/CYCLE.GYAO(100) 
OIm"NSTON SIGN(2) 
DATA STGN/'+•,•-•/ 
GO TO (4G0.421,423,425,427) , 71 

400 WRITF(5,401) CYCLF,I2 
401 FOOMAT(IN1.11X.*CY0LF NW'BEP •.T?.• . OPERATION •.I1.• SELECTED 1 

+.F.•) 
GO Tn (41 2.404.406.418.410,420.431.433) • 12 

407 14RTTF16,4031 
403 FOAMAT(1H+.58x.*CENTRE SEARCH AREA ONTO MAX FITFACTOP OF CURRENT A 

4i0MS (GYRO .GT. T)*1 
GO Tn 41, 

404 WRITF(6.4051 
405 F0RM8T(1N4,58Y0A0D NEXT GROUPIE) THEN RF-:ENTaE SEARCH AREA ONTO 

+MAXT"UM FITFACTOR+) 
GO TO 41? 

406 W°7Tr15,4071 	 ' 
407 r0FMAT(1N..SmX••000FQVT MAX FIIFACTOR RTG1ON - ROTATE GROUPS 'IN :E 

4OLIENCE AND ORTIMI0E•) 
GO Tn 

418 WWITE(6
41
A
2
0Rt 

409 FOBMAT(1H+,5SX.•FIX POSITIONS OF ALL PREVIOUSLY ROTATED GROUPS <=5' 
4018C

TO 
r CO-OPDINATF$)*) 

GO 	419. 
41C W4ITF(6,413) 
411 FORMAT(1H+,59X,•START ROTATING INDICATED GROUPtS) ALREADY :UPR NT 

+(SMALLER INCPFMENT)•) 
GO TO 412 

429 WRITF(6,43C) 
430 FORMAT(1H+,58X.*PERFORM COMPLETE ROTATION OF INDICATED GROUP (30' 

+FTE P1 THEN OPTIMISE+) 
no TO 412 

431 WP/T t4A32) 
432 FORMAT (I)1#,59X,+PERFORM TWELVE POSITION 'FREE-ROTATION' AVERAGING 

+OF INOICATFO GROUP*) 
nn TO 412 

433 WRIT"(6,4341 
434 FO°MA7(1H+,58X.*FINAL ATOMIC COORDINATES ANO RESULTS TO BE OUTPUT 

+TO TAPr9 FOR FUNCHTNG•) 

C 
GO TO 435 

' 
41? HRITP(5,4131 
413 FORMAT(1H0.50X,•THF. ATOMS TO BE USED IN THIS CYCLE ARE -•) 
414 W6TTPI..4151 
415 FOBk4iI1N0/20X,•ATOM 	REFERFNCE- 	X-CO-0P0 	Y-C 

+0-ORn 	Z-CO-000 	OBSERVED 	SYR01/19X,•NUMBFR 
+ NUM?ERS*,64X,•SHIFT 	000E•/) 

M = J = 0 
IF(T5 .EO. -11 I5 = 0 
00417 I = 1.NPROT+I5 

IF(IM.01. 1) J = 1 
IF(N:ROUD(I).FG.NGROUP(I-J)) M = M - J 
TEMP = 10CATE(I) 	 • 
WRITE(6.4161 LOCATE(I),NAME(TEMP),NUMAV(I).NGROUP(/).PROTX(I).PPOT 



203 IQMINa=OMAXP - 2 • I=STTP IRMAX = MAXR + 2 • IRST!P 
I°MTMN = MA'PHI - E • TPHTST 
TPMIMX = MAXPHI • 4 • IPHiST 
IPSIMN = MAXPSI - 5 • IPSIST 
IPSTMX = MAXPET + 4 • TPSIST 
IF(IDMN.LT.!.OR.IRMAX.GT.600.0R.IPHI MN.LT.30.OR.IPSIMN.LT.30.OR.I 
SPHIMX.GT.330.OP.IPSIMX.GT.330P GO TO 212 PETURN 

C 
C 	MULTISCAN '~ODF 	SFLECT TYPE OF BLOCK SEARCH REQUIRED 204 GO TO (2'7,2C5,216. 2'7,2`5.2'6,2F5,2:6.2'S.2(6),[REFLĒ..t•1) 
C 	CHOOSE NEXT SEARCH FLOCK 

205 CO TO (209.209.209.204.208.209.209,2101 , NITER 
206 GO TO (20A,208.208.209,208.208.2[8.210) , NITER 
207 	(2'8.2'9.209.2'9.278.2'8.2'0a 9.2CB.2I.8.2:8.2!9.2C8.2LE,2[8 

C 	TNCR:MPNTIALONG PSI AXIS 
209 IPSTMX = IPSIPX + 45 

I°.TMN = I°SINN + 45 
MPSI = MPS! + 1 
C=TL'PN 

C 	INc0. MENT ALONG PHI AXIS 
209 IPIMN = 90 

IPSTMX = 135 
IPHIMN = IPHIMII + 45 
IPHTM% = IOHT!'X + 45 	- 
M°H' = MPHT + 1 
MOST = 1 RETURN 

C 	STAPT NEN MULTTSCAN BLOCK 	INCREMENT ALONG R AXIS 210 TFIMULT EO. ITEP-11 GO TO 211 
IRMIN = IRMTN + 50 
IRMAX = IRMAX + 50 
TPHTMN = IPHIMN = 90 
TPHTMX = IPSTMX = 135 
MULT = MULT 4 1 
MOST = MPHT = 1 
NITE0  
P=TUPN

= 
 211 TF(CNDTUUR .EO. 0) STOP14 	 4 

CALL RETURN(5HTAPE91 
STOP15 

212 WRITī(6.213) IFNIN.IPHAX.IPSTFP.IPHIMN,IPHIMX.IPHIST.IPSIMN.IPSTMX 4.I0STST 
213 FOPMAT(1H1/10X.•SEARCH AOEA BECOMING SILLY THEREFOPE PROGRAM STOPP 
•EO•/10X,•THE ATTEMPTED SEARCH AREA WAS t Rl•.I39•-•.I3,./..I2.•1 
+ O
5TH0P16

I1•.I3,•-•,I3.•/•,I2,•) . PSII•.I3.•-•rI3,•/•,I2.•)•//) 
FNP 

•YtI) PROpT2pI ,SOFSIM) GYPOfI1 
416 EOCM=T(1H0.20X.12,AX,A4.•/•.I1,•/",I2•3(8X.F10.7),AX,F6.1,8X,I11 
417 CONTINUE W0Ir?(K.43II) 434 FnCM.T11H0/1 RETURN 

C 4141 NOITr(6,419) 
419 CORMATt1H0 47X.•THE NEW 1 0-ORD DATA OF THE ATOMS SUPPLIED IS 1 4, ) 

WRITF F.41F) 
C 

CO 4!C I0 1,144.13 
M E 4 + 
MUMAV(T) = ?OT,4P(1.T) 
P4 OUP( I) _ g0TFM0 (2.I ) 
I 

.GT. ĪĒIT(iIRU°I7.c.NpOOU°I I-J1! M o N- J 
420 NPITĒ( 50.16)  I.NAH=(I).NUMAV(11.NGROUP(I),ROTEMPl3.I1.ROTE4P( +4.1.1.01TEMP(5.I),QOTcMP170).GYFO(T). RETURN 

C 421 T = 1 IFtI5 LT. 0) I - 2 
4?~ Fl^MATĪIHP,/13x•GFR O0DOEINUMFFC OF ATOMS A AND 0 IS •.I1,• AND OF *P(TPtEo ATOMS IS •.I1.• . THE POTATEO ATOMS HAVE BEEN MOVED •.A1, 

+F5.1.• O=GRFCS•1 
PETU.,l 

C 
421 T = 1 

TF(15 LT. 0) I = 2 
NRITF(',424) I3.SIGN(T ).66 

424
+OOTIUĪS!01 AT3•,A1.F5.1.•TDEGFEFSA.OTHEOCOGOROSOOF THEICURRENTtlATOM 
+S A=E NOW.) 
T5 = T2 
GO TO 414 

C 425 I5= IEIX(A6) 17WRT+_-
( IX(A71 
15.426) CvCLE.I2.T3.I4,I5,I6,I7 

426•IT.. APPEARED .02.. TIMES~, AV!°4G10LOCAT30•AT MAXR 
	F,13ACTORPHI•= • 

T 	C /1 • 7 • TIMES 	 ED F 	 = • 	• 

• •.I=,• • PSI = •,I3) 
RETU=N 

C 42' WRIT= (5.420.1 (I2 / 2) 
47,+rt OFUATHjMQ/35XF•THIS CY

CLE ) STOPPED IN ROTATE SUB-CYCLE •.I1,• AS N 

CFTUr,N 
C 43G UqT Tr 1 9.4361 TITLE 

436 FfCMAT(6Y.94A ) 
WRITE(0.437) (NAME)I).,UNAV(I),NGROUP lI1.ROTEMP(3,I1,ROTEHP( 4.T), +POIFM P(5.I).RCNO(2•I-1) •10N012•I1.I , I = 1,13.I4) 

437 FO:MATI( A4,•/•.I1,•/••I2.1X,3F10.7.2A6,1X.I2)1 RETUP N 
=yn 
ru=couTTNF Nr)LTM 
^OMMON TOMTN,TPMAX.ICSTFP.TPHIMN.IPHTMX.IPHIST,IPSIMNIIPSIMX,IPSIS #7,ITE 6.NITER.LIM/MXFIT/MAXR.MAXPHI,M4XPSI/JUMP/JUMP,PI. MULT,MPHI.M .PSY 

r 	T T E_SER/NAHE/PEFLE_C,S1OPT.RUN,TEST.BONCLE,OMITA.0MITC,CONTJR 
C 	SEL°C TS FOCUSING OR MULTISCAN MODE 

TF(TTFR .GT. 1) GO TO 294 
C 
C 	EO"USING 400E 	. CHECK IF MXFIT ON EDGE OF SEAPCH 

+Tc^.IPHI MX,OR.MAXPSI.EO. PSIMN.O .MAXPSI.EO.IPSTMX)MGO TO 202 SI._. I 
IF(PU N .LT. 3) GO TO 2'0 
J'JM0 = JUMP + 1 GO TO °C3 

C 	FOCUS SEARCH APFA 
200 CU'! = OUN + 1 

TFtCU N .E4. 3) GO TO 2'1 
C 	DFT SEARCH STEPS FOR RUN = 2 

TRT-F, = 5 
T'MTST = IPSIST = 2 TO! ?C? • 
SET SEARCH STEPS FOR PUN = 

211 TFFT=P= 2 TO.,TST = IPSIST = 1 GI Tn ?P' 
(` 	5HTET SEARCH ACFA TO CENTRE MXFIT 	- 	- 	- 



r 	 
FIG.V-2. Plan and Side Elev- 

ation of the Base  

No top guide is necessary for 

the 35 PSI sheets as they are 

chamferred to pack tightly ar-

ound the central spine of the 

back-plate. 

APPENDIX V 	MODEL FOR PLOTTING 3D-FITFACTOR CONTOURS 

This perspex model was specially constructed in the Chemistry Department 

Workshop and consists of abase and back-plate as shown, at half scale, in 

FIGS. V-1 and V-2. The base-plate carries grooves at 50 intervals which locate 

a total of 35 PSI sheets, a template for which is given in FIG.V-3. FITFACTOR 

contours were plotted on these sheets with water soluble crayons (eg. Stabile) 

using the data output by METFIND in the MULTISCAN MODE. 

[ 	 ~ 	 1 

FIG.V-i. Front Elevation and Plan 

of the Back Plate  

A small hole, designed to support 

a Drieding model, is drilled in the 

centre of the back-plate. This en-

ables the FITFACTOR contours to be 

"fitted" to the proposed molecular 

geometry. 

Reference to FIG5-2.5 explains the need for a model such as this for 

examining polar coordinate results, for even with considerable practice it is 

difficult to visualize relationships between arrays of numbers in the FITFACTOR 

Tables and the shape and orientation of the actual data to the substrate. 
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3-D MODEL FOR DISPLAYING POLAR COORDINATE RESULTS FROM PROGRAM METFIND 

FIG.V-3. TEMPLATE FOR MARKING OUT 'PSI' SHEETS WITH FITFACTOR DATA 

Each sheet covers the area : R(2.0-3.4/O.l) , PHI(100-260/5) 

There are a total of 35 'PSI' sheets to cover the range : PSI(95-265/5) 
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