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ABSTRACT

Reactions of RuHC{(PPhs)s with zlkali hydroxides under various
conditions produce [RuH(OH)(PPhg)zs]n (S = H,0, THF; n = 1; S = H;0,
Me,CO, tBuOH, THF, n = 2). In acetone another compeuind believed fo be
the tetramer of formulation RusH, (OH) ;(PPh:) . (Me,CO),(CO)2(PPhs)e is
obtained. TFrom RuC?,(PPh;);, RuCf(CH) (PPh.).S5. (S = H,0, THF) and
[RuC{(OH) (PPhis) . (H20) ], were isolated, some reactions of the monomeric
chloro hydroxo complex were also undertakern.

Reactions to prepare alkoxo complexes were attempted by both
direct and indirect methods but unsuccessfully. From the reaction of
RuliC?(PPhs) s with NaOMe two compounds postulated as containing a formyl
group and coordinated formaldehyde ligand were obtained.
[Ru(PPhs) 5 (MeCN) 5 ] (PF¢) 2. 2MeCN was obtained through the reaction of
RuC?,(PPhs) s with AgPFs in MeCN and addition of NaOH to the dication
produced [Ru(OH) (PPh3s) 5 (MeCN) (H,0) ]PFs. 2MeOH.

Rull, (PPhs), reacts with styrene (St) to afford the tetra-ccordinate
ruthenium(0) complex Ru(St).(PPhs)2. This compound reacts with
hydrocarbons in the presence of excess PPhs; to yield RuH,(PPhs),. 1In
the absence of added PPhs green compounds analysing for [Ru(PPhs).St].0.5RH
are obtained at room temperature whilst an unidentified orange material
is obtained under reflux. Ru(St).,(PPhs), oxidatively adds hydrogen in
petrol and water in THF to give RuH,(PPhs). and RuH(OH) (PPh:) , (THF)
respectively.

Finally the reactions of the bis styrene complex with a number of
olefins were investigated. With ethylene, but-l-ene butadienc and
hex-2~ene, new ruthenium(0) complexes were obtained namely
Ru(C,H.) 2(CsHa) (PPhs) 2, Ru(n-1-4-C,He) (CoHg) (PPhs) 2, Ru(n-1-2-C.H¢)-

(n-1-4-C,He) (PPhy) , and Ru(n-1-4-Ce¢H;o) (Colls) (PPhy),. The known



Ru(CsHs) 2 (PPhs) 2 and RuH{n-1-5-CsHs) (PPhs) z were oktained from

propylene and cyclopentadiene and the new ruthenium(LI) complexes,
RuB(n-1-3-CeHy 1) (CoHs) (PPhs) 2, RuH(n-1-5-Cgll;) (PPhs) 2, Ru(CeHia) (n-1-5-C¢Hs)-
(PPhs) ; and Rufl(n-1-2-CgH;o) (n-1-3-CeHy) (PPhs) 2 the first from hex-l-ene

and the rest from cyclohexene, were synthesized. The last three

compounds have been shown to be interconvertible and this system is

active for the transfer hydrogenation of cyclohexene to cyclohexene

producing cyclohexane and benzene in a two to one ratio.

RuH, (PPhs) ., reacts with diphenylacetylens, phenylacetylene and
dimethglacetylene in toluene to give Ru(PhC=CPhCPh=CFh) (PhHC=CHPh) (PPhs)
{ Rup. (~CH=CPhC=CPh)} (~C=CPh) (PPhs) 2 ]» and Ru(n-1-4-C.Hs) (PPhs),

(C.Yis = butadiene). RuH(OH)(PPhs).(H:0) reacts with dimethylacetylene to

give the orthometallated complex [Ru(OH) (CcH,PPh,) (PPhs) (H20) ]2 .H20
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CHAPTER T

SURVEY OF THE KnOWN CHEMISTRY OF RUTHENIUM HYDRIDO COMPLEXES

CONTAINING TRIPHENYLPHOSPHINE

The introductory chapter to this thesis contains a brief survey of
the known chemistry of hydrido triphenylphosphine ruthenium(II) comp-~
lexes. A general review on metal hydrides appeared in 1971,1 and the
introductory chapter of a recent thesis contained a review on ruthenium
hydrides up to 1975.2 This review concentrates on the literature
published since then.

In 1961 Vaska and Diluzio reported the first hydrido triphenyl-
rhosphine complex of ruthenium,3 RuHCZ (CO) (PPhs) s, prepared by the
reaction of RuCf;.3H,0 with triphenylphosphine in 2-methoxyethanol.

The photolysis of this complex4 has recently been shown to give
RuHC#(PPhjy) 3, and RulCf{CO),(PPhs), produced Ly the reaction of free CO
generated in situ with RuHCZ(CO) (PPhs)s. Although the authors could

not isolate RuHC/(PPh;)s free from RuHCZ(CO) (PPhs)s and RuHI/ (CC) . (PPhs)a,
they detected it by its colour and its spectroscopic and catalytic
properties.

Addition of triphenylphosphite to RuHC/(CO) (PPhj;)s initially gives

simple substitution productSS:
RuHC¢ (CO) (PPhs) 5 + P(OPh) s -+ RuHC/(CO) (PPhs) [P (0OPh)s] + PPhs
RuHC?#(CO) (PPhs) . [P(OFh) 51 + P(OPh) s + RuHC/(CO) (PPhs)[P(OPh)sl, + PPhs

and on further reaction, the orthometallated complex (I).
RuKC/(CO) (PPhy) 5 and RuM,(CO) (PPhs)s (vide infra) react with
diazenium salts in acetone 6 to yield the aryldiimine complexes

RuC{ (NH=NAT) (CO) (PPh,) » (BF,) and [Rull(NH=NAT) (CO) (PPhs) 5 IBF, respeciively.



(PhO) sP

The former product is a salt in polar solvents, such as acetonitrile,
but BF, may be coordinated in the solid state, If the reaction of
RuHCZ(CO) (PPhs) s with (ArN.)PFs is carried in acetonitrile,7
{RuC?(CO) (NCMe) (EN=NAr) (PPhs) 2 JPFs (Ar = o-, m- or p-MeOCe¢H,) is obtaiﬁed.
These salts react in acetone with CO 6 to give the dicarbonyl complexes
{RuC?¢ (NH=NAr) {CO) , (PPh3) ; JBF, and [RuH(NH=NAr) (CO) . (PPhs) . ]BF., and
with lithium chloride to afford the neutral compounds RuC/,(NH=NAr) (CO) (PPhs)-
and RuHC{ (NH=NAr) (CO) (PPhs) ».

Ibers et al. prepared the first aryldiazohydrido complexes of
ruthenium 8 RuH(CO) , (NNPh) (PPhs) , and RuH(CO) (NNPh) (PPh;), by deproton-
ation of the respective phenyldiazene complexes using sodium hydroxide
in methénol at -20°c.

RuHC£(CO) » (PPh3) ? was obtained in 1973 from the reaction of CO
with RuHC{(PPh;)s in N,N'-dimethylacetamide.

RuHC{ (PPhs) s 10 was first obtained from the reaction of RuC/,(PPhs)s
with hydrogen in the presence of a base (triethylamine or sodium
phenoxide) in benzene. Tt was shown to be the most effective catalyst
known for the hydrogenation of terminal olefins. The hydrogenation of
1-hexene and ethyl acrylate by RuHCZ(PPhs)s prepared in situ from

RuCf,(PPh,) s in ethanol or benzene/ethanol has been studied,ll

and
turnover aumbers up to 3300 were reported,

RullCZ(FPhLs) s reacts with stoichiometric amounts of maleic acidl2
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to afford the hydrogenated organic product and the orthometallated

complex (II).

(Ph) sP c¢

/

c¢—°C
C/ \\C -——P—\—-‘Ph
\\\C———C// Ph
(1I1)

This compound reacts with hydrogen to give a red complex which,
although not isolated, is thought to be RuHC/(PPhs)., and which reacts
further with one mole of triphenylphosphine to yield RuHC/(PPhs)s.

RuHC/ (PPh3) 3 has been shown to catalyse the deuteration of the
ortho positions of the phenyl rings of triphenylphosphine,l3 the
recovered catalyst itself having ortho deuterated triphenylphosphine
rings. More recently it was shown to catalyse the deuteration of
carboranes and metallocarboranes 14 and the H,/D, exchange to afford HD.

The oxidative additions of carboranes (7,8—C2B9H:2 and
7,9-C2B9H:2) to RuHC/(PPhs) s have yielded novelldihydrido complexes of
ruthenium: 3,1,2- and 2,1,7—Rqu(PPh_e,)z(Cng,Hll).16 The latter complex,
the structure of which has been confirmed by X-ray crystallography has
been found to eliminate reversibly its hydride ligands as H, upon
heating in vacuo. |

RuHC/(PPh3) s reacts with the diphenyl triazenido anion 17 to yield
the hydrido complex: RuH(N3;Ph) (PPhs)s and with (ArN,)X in methanol 7
(Ar = pMeCsHu, 0-, m~ or p-MeOCe¢H,3 Z = BF, or PFe) to afford

[RuC? (N AT) 2 (PPh3) 5 IX.

15
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Similarly, RuHC¢(PPhi)s was shown to react with 1,3-di-p-tolyl-
triazene 18 to afford Ru(NsAr,) (PPhi), which is also obtained from
RuH,(PPhs)., and diphenyltriazene (Ar = Ph).

RuH(CO)PPhg) 3 and RuHC{(CO) (PPhs)s react with PhoNs, in
benzene/ethanol and benzene respectively,18 to yield Ru(PhNNNPh) (CO)-
(PPhs) 2. The entire runthenium triazenido system of this species has
been shown to be essentially planar by X-ray crystallography.19

Cenini et al. have found that the reaction of RuHC/(PPhs)s with
SO, in hexane affords RuHC/(S0,) (PPhj) ., one of the very few known
hydrido sulphurdioxide complexes.

Several reactions of RuHC/(PPhs)s with alkylating agents have
been investigated.21 The hydrido alkyl complexes RuH(Me) (PPhs),(Et,0).
and RuH(Me) (PPhs) o (MeLiS,)., (S = Et.0) were isolated from the reaction
of RuHC/(PPhs;) s with MeLi (small and large excesses respectively) at
0°C. These compounds are very reactive and decompose at room temper-—
ature to yield methyl or hydrido orthometallated complexes depending
upon the reaction conditions. If the reaction is carrvied out at room
temperature with different alkylating agents orthometallated complexes
invariably result: RuH(C¢H,PPh,)(PPhs).S (S = THF, Et.0) or
RuMe(CsH,PPh,) (PPhs) 2 (Et.0) from MesSiCH,Li or Meli,
RuH(CH4PPh,) (PPhy) 2 (Zn,MesCl) from ZnMe, and RuH(CgH,PPh,) (PPhs) . [Mg.Mes—
C¢{(OEt,),] from MgMea.

Finally, the related compounds RuHBr(PPh3)3,lO RuHI(PPh3)3,22
RuHC/{ (bipy) (PPhy) 2 10 and RuHC/(C,Hg) (PPhs) 2 10 are also known.

RuHCp(PPhg)z,23 which was first prepared in 1971 by the reaction
of RuC{Cp(PPhs), with LiAfH, in diethyl ether, was shown to react with
acetylenes RC=CR 24 (R = CF3, CO0Me) to give Ru(Cp) (PPhs), (-RC=C{(R)H)

with the R groups mutually cis for R = CFs; or trans (R = CO.Me) and

L2 1
(Cp) (FPha)RuC(CF3)=C(CF3)C(CF3)=CH{CF3). A new reaction between
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Ru(-C (CO;Me)=CH(CO,Me))¥Cp) (PPhs) >, and CF3;C=CCFs yielding:
Ru[ C(CO,Me)=C(CO,Me) C(CF3)=C(CF3)H](PPhs) (Cp) was observed and the
structure of the compound confirmed by X-ray crystallography.25

The hydrido nitrosyl complex RuH(NO) (PPhg)s was first obtained
from the reaction of ethanolic potassium hydroxide with trichloronitrosyl
bis(triphenylphosphine)ruthenium,26 but can be prepared in one
operation from ruthenium trichloride trihydrate.27 The solid state
structure of this compound has been shown by X-ray crystallography to
be a slightly distorted trigonal bipyramid.28

This complex has recently been shown to dimerise diphenylacetylene29

to the unusual dimer (III)

///'Ph

Ph

(11I1)

It trimerises phenylacetylene at room temperature and yields higher
polymers if the temperature is raised. Hex~l-yne, prop-2-ynyl alecohol,
propiolic acid and hexafluorobut-2-yne are also polymerised by

Rul(NO) (PPh3) .

RuH(NO) (PPhs) » and RuCZ(PPhs)s react with Co(NO)D, in THF -0 (D =
monoanion of dimethylglyoxime) to afford Ru(NO),(PPhs), obtained
originally from RuHl,(PPhs)s and NO (vide infra).

RuH(RCO,) (PPhs)s (R = Me, CH,Cf, CFs, Et, "Pr, iPr, MesC, Ph,
o-(0H)-CeH,) 31 were prepared in 1969 by Wilkinson et al.. Thece
compounds have been found to be very efficient hydrogenation catalysts.32

The crystal structure of the acetato complex shows it to be octahedral,

possessing meridionally arranged phosphines with the hydride mutually
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" cis to them and a bidentate acetate group.33 At 100 MHz the ‘H n.m.r.
spectra of the hydrido carboxylato complexes show quartet resonances for
the hydride 1igand.31 This was interpreted as indicative of the

hydride coupling té three equivalent cis phosphorus nuclei, which in
turn required a rearrangement of the complex in solution.

34,35 and found to

These spectra have been reexamined at 220 MHz
consist of a doublet of triplets with the two coupling constants being
almost identical, this interpretation fitting the crystal structure,
This and the proton decoupled >'P n.m.r. spectrum show that the hydrido
acetate is stereochemically rigid in solution at room temperature and
that no dissociation of a ligand occurs. From the catalytic point of
view this implies that the active species is spectroscopically
unidentifiable,35 a vacant site being necessary for the catalysis to
occur. RuHC{(PPhs)s was also found not to dissociate in solution.

RuH(OCOCF3) (PPhs) s first prepared by Wilkinson et al. 3 as also
been obtained from the reaction of RuH,(PPh;), with trifluoroacetic
acid.

RuH (OCORF) (CO) (PPhs) ., (RF = CF;, C,Fs, CeFs) is formed during the
catalytic reaction of Ru(OCORF).(CO)(PPhs)., with primary and secondary
alcohols to afford aldehydes and ketones,37 it was shown to be itself
a catalyst for these reactions in the presence of the corresponding
perfluorocarboxylic acid. RuH(OCOCF;) (CO) (PPhs). reacts with CO or
PPhs in ethanol to give respectively RuH(OCOCF;) (CO)»(PPhs). and

RuH(OCOCF5) (CO) (PPh3) 5

PPhs
oc. | ~PPhs
u
PPh, - 70N
Bl 0 g o }!‘Ph O\C/ o
Ru. TC—CF; 2o
oc”| N0 TPha 0
PPhs \\421\\5 oc. co
\\Rd//
7| So

CF,
PPhs 7



14

Solutions obtained by protonation of carboxylato complexes with
strong acids in methanol have been shown to hydrogenate a]kenes.32’39
For RuH(CO.Me) (PPha)s the acid dependent selectivity for hydrogenaticn

of olefins has also been studied.40

The isolation of the catalytically active species from this system
has been attempted,41 and it was shown that the protonation of
RuH(OCOMe) (PPhs) s in methanol with fluoroboric acid yields first a red
compound shown to be [RuH(PPh;s);L]BF, (L = solvent) and that this ages
to the yellow [RuH(PPhs).(H,0),(MeOH)]BF,. 1In the presence of excess
triphenylphosphine the finally isolated complex is [RuH(n®-CeHsPPh2) (PPhs) 2 |-
BF,. An intermediate in this reaction is [RuH(PPh3)4]+ prepared by
reaction of RuH.(PPha), and tritylhexafluorophosphate in dichloromethane
which reacts with other phosphines or nitriles to give a range of six
coordinate cations (RuHP5)+ (P = P(OEt).Ph, P(OMe),Ph, PPh,H and
[RuH(PPhs) 2 (RCN)s]T (R = Me, ®Pr, 1Pr, Ph, MeCeH,, MeOCsH4, CECeH,)
respectively.42 [RuH(PPh,) s ]BF, has been postulated as having a
phosphine ligand coordinated through one of its phenyl rings.41’42
This structure has been confirmed by X-ray crystallography.43

The dimeric [RuHX(PPh;).]., were obtained from the reaction of
hydrogen with ruthenium(III) complexes RuXs(PPhs). (X = C/, Br) in
N,N-dimethylacetamide or toluene.44 Using AsPhs as a ligand instead of
PPhs; the first hydrido ruthenium(III) complex RuH(Br) 2 (AsPha)» was
obtained.

RuH(BH,) {PPhs) s and RuH(BH,) (CO) (PPh,) . were prepared from the
reaction of ruthenium trichloridetrihydrate in ethanol with sodium
bérohydride in the presence of triphenylphosphine, and from the red
carbonyl ruthenium solution in ethanol with sodium borohydridc and

triphenylphosphine respectively.45

The interaction of RuCf,(PPh;)s and sodism borohydride in retluxing
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mixtures of benzene and methanol or ethanol has been shown by Wilkinson
et al, to yield Rqu(CO)(PPhs)s.lo This reaction has more recently been
shown to produce Rul,(PPhs)s, if carried out at room temperature or
Rqu(PPh3)4,46 if excess PPhs is added. The photolysis of RuH;(CO) (PPhi)s
produces hydrogen and a compound which is apparently Ru(CO) (PPhs)s but
which is probably an hydrido orthometallated complex, although it has not
been fully characterized.

RuH, (CO) (PPhs) s catalyses the dimerisation of tbutyl acetylene at

100°C in benzene.47 The main product of the reaction is (IV).

tBu

H

H Ntpy

(IV)

It also reacts with methyl propiolate to yield the metallocycle (V).48

Wilkinson and co-workers have studied the homogeneous hydroformyl-
ation of alkenes by use of ruthenium complex catalysts.49 Starting
from a number of different ruthenium complexes including the hydrido
species Rull,(CO),(PPhs),, RuH,(CO) (PPhs)s, RuH(NO) (PPhs)s, RuH.(PPhs)a,
RuH, (PPh,) 5 and RuHCp(PPh,) », they found that the ruthenium complex

reccvered from the reaction is invariably Ru(C0) 5 (PPhs), and they
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proposed a mechanism involving RuH.(CO).(PPhs). as the principal
catalytic species.
Dihydridotetrakis (triphenylphosphine)ruthenium was first obtained
in 1970 by Yamamoto et al. from the reaction of RuC{s.3H,0 or Ru(acac) s
with triphenylphosphine and triethylaluminium in tetrahydrofuran.22
It was shown to dissociate in benzene and undergo reversible combination
with molecular hydrogen and nitrogen to give respectively RuH,(PPhs)s
and RuH,N,(PPh,)s;. When dissolved in benzene in the presence of a large
excess of deuterium, RuH,(PPh,;), was found to exchange approximately
24-25 hydrogen atoms per mole of complex, indicating the reversible
exchange of all the ortho hydrogen atoms of the phenyl rings.
‘RUHQ(PPh3)3, which can be prepared more directly from RuCf¢,(PPhs)s
and sodium borohydride in benzene/methanol 46 (see above), reacts with
N., CO, NO, SO,, NOC{, MeCN and PhCN to give Ru(NO).(PPh,).,
Ru(S0,) 2 (PPhs) 2, RuCfs(NO)(PPhs)s, RuH,(MeCN)(PPhs)s and
Rull; (PhCN) (PPhs) 5. RuH,(PPhs)s and RuH,(PPhi). react with 052,46 the

former liberating 0.9 moles of hydrogen per mole cf complex, to give the

red crystalline complex Ru(HCS.),(PPh;). which has structure (VI).

PPhis
~————PPh;
Bu
: S
s;==ii
H
(VI)

. . . 50
This reaction was also reported by Robinson and co-workers who
investigated the reaction of CS, with a number of hydrido ruthenium

complexes, RuHC/¢(CO) (PPhs)s, RuHBr(10)(PPhs)s, RuH(OCOCF,) (CO) (PPhs),
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and RuH,{(PPh,), react to give: Ru(S,CH)C(CO)(PPhj3),, Ru(S,CH)Br(CO) (PPhs) .,
Ru(S,CH) (0CGCTF H(CO) (PPhs)» and Ru(S,CH),(PPhs),. RuHC/(PPhs)s and
RuH, (CO) (PPhs)s react to give sulphur containing compounds which could
not be isolated.
Vol'pin et al. have reported the reactions of RuH,(PPhs). and
Rull,N, (PPh;) ; with CO, which lead in benzene to a compound of stoichio-
metry Rqu(COZ)(PPhs)a.Sl Although the addition of CO, is reversible,
the properties of this complex are best explained in terms of the

equilibrium:

RuH, (CO,) (PPhs)s ——> RuH(NCO,) (PPhs)s

-~

If the reaction is carried out in methanol or ethanol, RuH(0,COR) (PPhs);
(R = Me or Et respectively) is obtained.52

Similarly in an ethanol-dimethylamine mixture, RuH(0,CNMe.) (PPhi)s
is obtained.53

RuH, (PPhs),, in the presence of trialkylamines has been shown
to catalyse the reactions of CO, with alcohols and hydrogenSA:

ROH + CO, + H, —» HCO.R + H,0 and of CO, with hydrogenssz CO, + Hy —
HCO.H.

Yamamoto et al. have reinvestigated the reactioms of RuH, (PPhs) &
with CS,, CO, and SOz,56 and have essentially found the same compounds
as had previously been described.

Rull,(PPhs), has been shown to react with vinyl acetate and vinyl
propiolate to yield RuH(CO.Me) (PPhs)s and RuH(COzEt)(PPh3)3,57 and
RuH,CO(PPhs) 5 reacts with weak carboxylic acids in 2-methoxyethanol to
form liydrido carboxylato derivatives.

Recently the reactions of RuH,(PPhi), with dicarboxylic acids and
a~-hydroxy acids have been raported >9 and compounds of type (VII) are

obtained for n = 2-4.
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PPhs PPhs
PhyP 0 0 PPh
13 . //, ~ //, \\\ 3
Ru C(CH 2>n
///| \\\0/// N ///‘ \\\
PPhs PPhs

(VII)

With CH,(COOH),, RuH(0,CCH,COOH) (PPhs)s is obtained and a<hydroxy acids
afford RuH(PPh,)s(0,CCH(OH)R) (R = Me or Ph).
Similar reactions occur with RuH;(CO) (PPhj;)s yielding the compounds

RuH(CO) (PPh3) 2 (0,CCH,0H) and (VIII)

PPhs PPhs
SN / \l e
Ru C(CHz)_C (n = 2-4)
OC///I 0 ///‘ \\\CO
PPh, PPhs,
(VIII)

These hydrido carboxylato compounds have been found to be effective
catalysts for the hydrogenation and isomerisation of alkenes.59

The addition of dimethylacetylene dicarboxylate to norboxrmene
derivatives has been shown to be catalysed by RuH,(PPhs), in benzene at

80°C,60 the exo compound always being obtained.

CO 2Me

/ + MeC0,-C=C-CO,Me —
L O, Me

The reactions of RuC/,(PPh;)s; with silicon hydrides (RaSiH) in
benzene has been shown to give RuHCZ(PPhs)s when R = Et, RuH{SiR3)(PPhs),

(R = OEt, Cf) and Ru(SiRs)z(PPhs)s (R = C£).°L
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These results have been confirmed by Kono and co-workers 62 but
they also found that in the absence of solvent RuC/,(PPhs)s reacted with
RsSiH (Rs; = C/5, Cf,Me, CfMe,, Ph(Me0)., (Et0)s) to give the four
coordinate RuH(SiRs) (PPhs) 2.

Finally they found that the reaction of RuH,(PPh;), with organo-
silicon hydrides gave the seven coordinate ruthenium(IV) complexes of
general formula RuHj;(SiR3) (PPha)s 62 (Rs = Ets, EtMe,, PhMea, Phs,eces).

[RuH(n®-CeH5PPh,) (PPh3) 2 X (X = BF,, PFs) is obtained from the
reactions of [RuH(PPh;),]PFs in dichloromethane 42 2na RuH(02CMe) (PPh3)s
with fluoroboric acid and excess phosphine in methanol 41 (see above).
The same compound is obtained if RuH,(PPh;), is used instead of
RuH(OZCMe)(PPh3)3.63 Furthermore, it has been shown that if
protonation of RuH,(PPhs), is carried out in the presence of benzene or
toluene, hydrido compounds containing m-bonded rings are obtained:
[RuH(n®-CsHsR) (PPhs) 2 JBF, (R = H or Me respectively). Similarly the
reactions of RuH,(PPhs), with excess phenol in toluene produces a
yellow neutral complex analysing for RuH(OCeHs) (PPhi)..2PhOH, which has

structure (IX).63

(IX)

If stoichiometric amounts of phenol are employed in the reaction
RuH(n >-0Ph) (PPha) . is obtained.
RuH, (PPh,), has been shown to be an active catalyst for the

-~

hydrogenation of ethylene and styrene 54 and RuH, (PPhs); for the
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hydrogenation of 1-pentenc.

Rul,N,(PPhs;) s has been shown to isomerize l-pentene in toluene at
2500,66 and the inhibiting influence of molecular nitrogen on this
reaction studied. During these reactions some ruthenium olefin
complexes were isolated or postulated; they will be discussed later.

Tmai and co-workers have shown that RuH,(PPhi), catalyses the
hydrogen transfer reactions, from isopropanol to cyclohexene giving
acetone and cyclohexane,67 from ethylbenzene or indane to aldeﬁydes
giving the corresponding olefins and alcohols 68 and from 2,5-dihydro-
furan; tri-n-propylamine benzyl alcohol, to aldehydes and ketones.69’7O
At least some of this work has been doubted recently by Wilkinson et

al. 71,72

since for example, Imai reports that Rul,(PPhs), and
n-hexaldehyde react in chloroform to form Ru(PPhs)s whereas RuH, (PPhs) 4
reacts immediately with chloroform to give RuHC/(PPhs)s which with
n-hexaldehyde under similar conditions gives either RuC/(CO) (COR) (PPhs).
or RuC{(COR) (PPhj3) 5.

This anomalous behaviour may be explained by the fact that Imai
uses Robinson's method for the preparation of RuH,(PPhs), and this has
been found unsatisfactory by Wilkinson gE_glL72

RuH, (PPha), was shown to initiate the polymerisation of
substituted olefines of high e values, for example, acrylonitrile,
methacrylonitrile, acrolein and methyl acrylate, and to form unstable
complexes with olefins of low e values. Tetracyanoethylene (TCNE)
maleic anhydride (MAnh), methyl and ethyl methacrylate (MMA and EMA)
styrene (St) and ethylene (E) afforded respectively the complexes
Ru(TCNE) 5 (PPh3) 2, Ru(MAnh)n(PPha)s_n, Ru(¥21A) (PPhs) 3, Ru(EMA) (PPhs) s,
RuSt (PPha) s and Ru(E) (PPh;)s. The full characterisation and in some
cases re-investigation of the new complexes has been reported recently

and will be discussed later in this chapter.
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The kinetics of the polymerisation of olefins of high e value
by RuH,(PPhs), were studied and a mechanism involving a slow initiation
step followed by rapid propagation and termination was proposed.73
During studies on hydrogenation and isomerisation of l-pentene

using RulH,R,;(PPhs)s and Rqu.(PPhg)s,Gz’-]4

Penella proposed a mechanism
involving a dihydrido complex RuH;(PPhs)s(CsHyo) which could be
prepared by the reaction of RuH,N.(PPhi)s or RuH,(PPhs)s with 2-pentene
or a small excess of l-pentene and a ruthenium(0) complex
Ru(PPhs) 3(CsH,0) prepared from the same ruthenium complexes and a large
exces; of l-pentene.

This has been shown to be incorrect 72 since the first reaction

leads in fact to RuH,(PPhs), and the second one to a 1,3-pentadiene

ruthenium(0) complex Ru(CsHg) (PPhg)s which has structure X.

ot N\

Ru

AN

PPhg PPhB

PPhs
(X)

Following the observation that complexes are formed by the
reactions of Rul,(PPhs), and various olefins 73 (see above), Yamamoto
and co-workers have studied these reactions in detail.

With alkyl methacrylate,75 they found that the complex analysing
for Ru(alkylmethacrylate) (PPhs)s is in fact an hydrido vinylic compound
formed through cleavage of a C-H bond. X-ray crystallography has

confirmed the structure to be (XI).
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C——2CHs

\/\

Pth————i

Ph sP PPh 3

(X1)

They investigated the reactions of ethylene, propylene, styrene
and butadiene with RuH, (PPhs), 76 and found that invariably an
equimolar amount of the hydrogenated product of the olefin and of a
ruthenium(0) complex Ru(olefin) (PPhjs)s was obtained. They found that
with styrene a purple compound analysing as Ru(St) (PPhs)s is obtained
and that in toluene it reacts to give back RuH,(PPhs),. We have
re-investigated this reaction and found this compound to be in fact
Ru(St) , (PPh;),, the preparation and reactions of RuSt,(PPhs)., mainly
with hydrocarbons, are the subject of the third chapter of this thesis.

Wilkinson and co-workers re-investigated the reactions of other
olefins with RuH,(PPhs). or Rul,(PPhs)a 72 and found that the reactions
of butadiene, l-butene and l-pentene with the di- and the tetra-hydrido
complexes of ruthenium led to ruthenium(0) diene complexes
Ru(C,He) (PPhs) s (XII) and Ru(CsHg) (PPhs)s (X) [see abovel.

H H
4\,
H H &

Ru

PhsP PPh,
PPhs

(XI1)
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The reaction with ethylene afforded a compound which analyses for
Ru(C.H,) (PPhy) ;3 but which is correctly written as the hydridoorthomet--
allated complex (XIII)

PPh,

4/) PPh,
Ru
H/l\C
PPhs

(XIIT1)

The reaction with propylene gave a bis allyl complex (XIV),
probably through an hydride allyl intermediate which could not be
isplated, Ru(CsHs), (PPhs),. This compound was found to possess a cis

stereochemistry.
PPh,
1
<Ru/

]
¥

PPhj

(XIV)

Finally the product of the reaction of Rul,(PPhs), with cyclooctadiene

was found to be the orthometallated compound (XV)

¢

(XV)

The reactions of Rull,(PPhs;), and Ruli, (PPhs)s with aldehydes and

. . 72 . . .
ketones were also investigated and it was shown that with enolisable
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ketones Rull,{C0O) (PPh,) . is obtaimed through hydrogenation of the carbon
oxygen double bond to the corresponding alcohols and subszquent
decarbonylation.

In acetone, if traces of water are present a red air-sensitive
compound is cbtained which was found to be RuH{OH) (PPhs).(H:0). The
preparation of this compound through a more direct route, its chemistry
and the preparation of related compounds are the subjects of Chapter II
of this thesis. With benzophenone, the compound obtained has one of

the ortho positions of the phenyl rings of benzophenone metallated (XVI).

PPhs

/

Ry
| >

PPhj

Ph
\C/O\

PPhs

(XVI)

Finally the reactions of RuH(CsH,PPh,) (PPhs) ;(Et,0) with weak acids
have been investigated, with water Rull(OH) (PPhs); (H,0) is obtained,
whereas with nitromethane the complex RuH(CH,NO;) (PPhj)s (XVII) which

contains an unusual bidentate nitromethanato jion is produced.

PPhs

H
\CA_:N/O\II{U/
e \o/| N

PPh

PPh,

(XVID)

This is also obtained from RuH, (PPhs)., and nitromethane.
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CHAPTER IT

REACTICHS OF RuHCZ(PPhs)s AND RuC/,(PPh;)s WITH

ALKALT HYDROXIDES AND ALKOXIDES ARD RELATED REACTIONS

Introduction

Ruthenium hydroxo complexes have been known since 1889 when
A. Joly reported [Ru(NH3),(NO) (OH) ]JX; (X = C/ or I),77 but apart from
the purely inorganic complexes ’8 little work has been done on these
compounds and no systematic attempts to prepare them have been reported.
The known hydroxo complexes of ruthenium can be divided into five
classes.

Hydroxonitrosyl Complexes of Ruthenium Rul, (GH) (RO} {py) 2 was

reported in 1931 by R.Charronnat79 More recently W.R. Roper reported
the preparation of some new hydroxo nitrosyl complexes which were
obtained as follows: Ru(OH) (NO)(CO) (PPhs), by chromatography of
RuC/(CO) (NO) (PPh3) » on deactivated alumina ;80 [Ru(OH)(NO)z(PPh3)2]+
by prolonged reaction of RuCZ,(CO),(PPhs), with sodium nitrite in
dimethylformamide in the presence of oxygen 81 and Ru(0,) (OH) (NO) (PPhs)
by the reaction of Ru(OH)(CO) (NO) (PPhs), with O, in a dichloromethane/-
ethanol mixture.8

Carboxylatohydroxo Complexes of Ruthenium In 1966 Wilkinson

reported the preparation of [Ruy(OCOR);(0H) (H,0) ](BPh,) obtained by

addition of tetraphenylborate ion to an aqueous solution of Ruz(OCOR)z.CZ83

and both Ruz0(C0,Me),(H,0), (OH) and [Rus0(CO,Me)(H,0) (OH)»] obtained by

/i
titration of [Ru30(002Me)6(H20)3]+ with sodium hydroxide.84 The

compound initially thought to have a p-dihydroxo bridged structure (I),32

PPhs  PPhs
NN NN
B AN
7 F7| Sou” | v R
PPh,  PPh,

(1)

F
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isolated from the reaction between Rul{CO.Me) (PPL,); and aqueous
fluoroboric acid in methancl has recently been reformulated as
[Ru(H)(Hzo)z(MeOH)\PPha)z]BFh.4l Finally Ishinory has reported
(Rus0(CH,C{CO.) ¢ (OH) (H,0) 2) 85 similar to the acetato complex quoted
above.

Hydroxo Complexes Containing Nitrogen Donor Lipands

[RucC?(0H) (py).JCt 86 and Ru(phen) , (OH) (C£04) 2. (H20)5; believed to have

the hydroxo bridged structure 87 (II) have been known for some years
N T4+
S L
N’// OH \\‘N
\\\N N-/// I

4C£0, .6H,0

(IT)

but more recently Ishimaya has synthesized a series of hydroxo (nitrogen

0

heterocycle) complexes of ruthenium: [Ru(OH)g(phen)]20,8°

RU<02)(OH)z(bipy),88 Ru (OH) » (py) = (N-N) 89

(N-N = bipy or phen),
90 . 90
Ru{OH) 5 (H,0) {phen), and Ru(OH) , (bipy)s.

Hydroxodiene and arene Complexes During attempts to prepare

Rus(C0) ;. under mild conditions by reduction of (Ru(NBD)Cfg)n with
hydrazine under a CO atmosphere, the dihydroxo compound Ru(OH),(CO).(NBD)
was obtained in high yield.91 More recently the reactions of
[n%(CeHe)RUCL, ], with sodium hydroxide and sodium carbonate were

attempted by Stephenson et al., the triply hydroxo bridged dimer 92 (I1D)

i 1+ [ ArRu —- OH
HO————«%—m—wRuAr
OH 5
OH-- 4-- - _Rulr 4l 2
{:://' \\\\ ///’ ‘“__, ////
OH ] ATrR4 —— QH
(Ar = Ph)

(I11) ()
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and the tetramer (IV) 93 (in the presence of magnesium sulphate)
were obtained.

Hydroxocarbonyl Complexes of Ruthenium Finally a number of

hydroxo carbonyl clusters have been reported in 1977 by J. Lewis.94
They were obtained as by-products from the carbonylation of hydrated
ruthenium trichloride in the presence of zinc shavings. They are:
Ru, (CO) 10CZ2 (OH) 2, Ru, (CO)10C¢z(OMe) (OH), and Ru, (CO)10C/¢ (0OMe), (OH).
The last two complexes are, together with Ru, (CO);0CZ,(0Me), and
Ru, (CO) ;oC£(0Me) 5, the only known alkoxo complexes of ruthenium.

No hydrido hydroxzo complexes of ruthenium were known prior to
this work and only three such complexes have been reported for other

95
a

metals: two molybdenum complexes, Mo, (CO)e(OH) s (H)s nd

{13 (CsHs)Mo ]2 (p=0H) (u-H) {p(n°CsH,-n"CsH,) ]}2PFs which has the

structure (V),96 and one osmium cluster O0s;{(CO);o(H) (OH) obtained by

H

Md/// \\\Mo
4i::ﬁ \\OH//’ [::>>
] |

)

,2PFg

the reaction of 0s35(C0),, with water.97 Following the observation that
orthometallated triphenylphosphine complexes of ruthenium will react

. 72
with water :

we attempted to prepare hydridohydroxo complexes of this kind by the
more direct route of reacting RulC/(PPhs)s with NaOH or KOH.

Since very little is known about hydroxo complexes of ruthenium,
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this study was extended to the preparation and reactions of chloro-
hydroxo and hydroxo cation.c complexes of ruthenium.

Finally we have also investigated the reactions of RuHC{(PPhj)s
with alkali metal alkoxides since no monomeric ruthenium(II) alkoxo
complexes have been reported although it has been proposed on the basis
of i.r. evidence that alkoxo intermediates of this kind are important
in the well-known decarbonylation of alcohols by low valent ruthenium

phosphine complexes.98’99

Results and Discussion

1) Reactions of RuHCZ(PPha)a. with Hydroxide TIon

The reactions of RuHC{(PPhs)s; with excess aqueous carbonate~free
NaOH or KOH in tetrahydrofuran (THF) yield red solutions from which a
red crystalline compound of stoichiometry RuH(OH) (PPhs).(THF) may be
isolated. TIf, however, the reaction is carried out in acetone, the
nature of the products is critically dependent upon the reaction
conditions. Thus, if the reaction of RuHC/(PPhs)s; with NaOH or KOH in
acetone at room temperature is carried out in the presence of > 10%
by volume of water, a red solid analysing as RuH(OH) (PPh;).(H,0) is
precipitated. The yellow filtrate contains only triphenylphosphine and
Na or KC{¢. The complex RuH(OH) (PPhs;),(H,0) is also formed from
RuHCZ(PPhs) s and KOH in toluene-~water mixtures.

On reducing the percentage of water in acetone, the yield of
RuH(OB) (PPLs) . (H,0) decreases and more ruthenium now remains in solution.
If only one drop (ca. 0.1 cec) of water is 2dded to 50 cc of acetone,
an orange-red solution is formed. From this solution, red and yellow

crystalline complexes may be jsolated, together with small amounts of
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Rqu(CO)(PPha)a.lo The red complex is considered, on the basis of i.r.,
H n.m.r. andl31P data, as well as its crystallographic molecular
weight (ca. 2500) to be a polynuclear* species probably of stoichiometry
Ru,H, (OH) 2 (PPh,) . (CO) . (PPhy) s (acetone) , and is discussed in detail
later.

The two yellow complexes which arce obtained analyse as
[RuH(OH) (PPhs)2S]. (S = H,0 or acetone), the complex with coordinated
water being less soluble and obtained in higher yield after longer
reaction times,

In the absence of added water, RuHCZ{(PPhs)s will not react with
KOH pellets in acetone, presumably ori acccunt of the insolubility of
KOH in acetone.

From the prolonged reaction of RuHC/(PPhi)s with KOH in refluxing
acetone in the presence of traces (< 17%) of water, the tetranuclear
species and [RuH(OH) (PPhs) ,acetone], are the only products, but if the
reaction is stopped after a short time (ca. 1 hr), spectroscopic
evidence indicates the presence of [RuH(OH) (PPhs),(Me,C0) ], and a
small amount of another CO-containing compound (vC-0 = 1880 cm™?').

The tetranuclear species may also be prepared by reaction of
RuH(0H) (PPhs) » (H,0) with KOH in acetone in the presence of less than
1% water, whilst refluxing RuH(OH) (PPhs;).(H:0) in dry acetone for
several days produces [RuH(OH) (PPh;),(Me.C0)]., indicating that
RuH(OH) (PPhs),(H,0) is intermediate in the formation of both
[RuH(OH) (PPh3) » (Me,CO) ], and the tetranuclear species. These reactions
are outlined in Scheme 1 and the mechanism of formaticn of the tetra-

nuclear species is discussed later.

ots
w

Hereinarfter referred to as 'The tetranuclear species'.
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N
tetranuclear species (i) [RuH(0H) (PPhs) 2 (Me2CO) 1.
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0 (ii), (1ii) ’
(ii), (iii)
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y / \(ii)

Carbonyl containing complex [RuH(OH) (PPha) . (H0) ]2
(vCO = 1880 cm™') (i1)

RuH, (CO) (PPhs) -

(1) NaOH, 10% 1,0, 25° (iii) XOH, < 1% H,0, reflux
(ii) KOH, < 1% H,0, 25o (iv) Reflux dry acetone

(v) KOH, dry acetone, 25°
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J

heme 1 Reactions of RuHC/ (PPh,;)s with KOH or NaOH in acetone
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The reaction of RuHC/{PPh;); with KOH pellets in t-butanol yields
RuH, (PPh,), together with yellow crystals of [RuH(OH)(PPhs)z(tBuOH)]2.
The latter compiex is also formed on reacting RullC{(PPh;) s with
potassium t-butoxide in t-butanol (see later).

All these hydridohydroxo complexes have been fully characterised
by elemental analysis, as well as by i.r., ‘H, and *'P n.m.r.
spectroscopy. Chemical evidence for the presence of hydroxide ion in
RuH(OH) (PPh3) , (H,0) is also afforded by its reaction with aqueous
fluoroboric acid in methanol to yield the known 41 complex iomn,
[RuH(PPh3)2(H20)(MeOH)2]+, presumably by protonation of the coordinated

hydroxo group:

RUH(OH) (PPha) 2 (H,0) + H' + BF; 2Oy [Rul(PPhs),(H,0) (MeOH), JBF,

Evidence that RuH(OH) (PPhs3),S (S = H,0, THF) contain only one
coordinated solvent molecule per ruthenium atom comes from analytical
data and from integration of solvent resonances in the *H n.m.r.
spectrum against those of the phenyl groups of PPhs.

It has not proved possible to measure molecular weights of these
complexes on account of their insolubility (dimeric species) and air-
~sensitivity (monomers), but RuH(OH) (PPhs).S (8 = H,0, THF) are
considered to be monomeric on the basis of their solubility, and scarlet
colour which appears to be characteristic of fivé coordinate sixteen

35,42 [but see below for

electron complexes of ruthenium(II)
RuH, (CO) (PPhs),(ROH) ]J. The yellow colour and relative insolubility,
together with infrared evidence (two vO-H), on the other hand, suggest

dimeric formulations for [RuH(OH) (PPhs),L] [L = H,0, Me,CO, "BuOW or

THF (see below)]. Tinally RuH(OH) (PPhi).S (S = THF or H,0) does not
react with 2,2-dimethoxypropane or with sodium amalgam in THF but

reacts with P,0s in toluene. The ruthenium complex is fixed on P,0s
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and cannot be extracted by organic solvents. Destruction of P20s by
water in THF liberates the complex as a brown powder soluble in DMSO
which analyses for Ru(PO.Hz)2(PPhs)a. RuH(OH) (PPhs) 28 (8 = THF, Hz0)
also reacts with CO in THF to give Ru(CO)s(PPhs).. We have followed
the reaction of Rull(0H) (PPhs).(THF) with CO by infrared and it is clear
that water (broad peaks at 330C and 1620 em~!) not formic acid is
formed, presumably by reductive elimination. However, the reaction is
very complex giving several different species as intermediates which
we have been unable to isolate or characterise, but a transient peak
at 1700 cm™*' may suggest the formation of a coordinated formyl or
HO(O)C-group by insertion of CO into the Ru-H or Ru-OH bond. This kind
of reaction has not previously been reported but is considered to be a
crucial step in the reduction of CO by hydrogen.loo However since
formic acid is not detected as a product, it is perhaps more likely that
the absorption near 1700 cm~' arises from a transient complex which

contains a bridging CO group.

2) Reactions of RuCf/.(PPhi), with Hydroxide Ton

RuC/,(PPhs) s does not react with KOH or NaOH in dry tetrahydrofuran
at room temperature but if 107 by volume of water is added, a reaction
does occur despite there being no apparent change in the orange brown
colour of the solution.

The first complex that may be isolated from the tetrahydrofuran
solution is RuC¢(O0H) (PPhs), (H,0) . which may be recrystallised unchanged
from toluene but which converts into RuC¢(0H) (PPhs) 2 (THF), on a
recrystallisation from tetrahydrofuran-petroleum. Longer rerction
times lead to the isolation of yellow-brown microcrystals of
stoichiometry [Ruc? (0H) (PPhs3) 2 (H,0) ], which may also be obtained by
recrystallisation of RuC¢{OH) (PPhj;)2(H,0). from warm toluene-petroleun

mixtures.
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In refluxing tetrahydrofuran containing 10% water, RuC{,(PPhs)s
and NaOl give a mixture of [RuCZ(01) (PPha) 2 (H20) 1, and, more surpris-
ingly, [RuH(OH) {PPhs),(THF)]., which is the sole product if refluxing
is prolonged for several hours. The origin of the hydride in this
complex is not clear but it is possible that it occurs by preliminary
formation of a dihydroxo species followed by elimination of water from the
hydroxide and an o-hydrogen atom of a cis-coordinated tetrahydrofuran
moiety then B-elimination of dihydrofuran from the alkyl, as in
Scheme 2. A similar mechanism is thought to account for the reaction
of RuMe(CGHbPth)(PPhg)an_n (n =2, L ==Et,0; n=1, L =MeLi.Et,0)
with tetrahydrofuran to give RuH(CGHhPth)(PPhs)n(THF)s_n and methane.21 “
If this mechanism does account for the formation of [RuH(OH) (PPhs), (THF) ],
it is probable that it occurs in a dimeric species [Ru(oH) , (PPhs) o (THF) ],
since there is no evidence for formation of the dimeric hydridohydroxo
compound from RuH(OH) (PPhs),(THF) even on prolonged reflux in
tetrahydrofuran, the monomer being recovered unchanged. In refluxing
toluene containing aqueous sodium hydroxide a complicated mixture of
compounds was obtained but no dihydroxo species.

Although RuC{ (OH) (PPhs), (Hz0). does not react with sodium
borohydride in tetrahydrcfuran, in toluene-water mixtures both
RuHC/(PPhs)s and RuH,(PPhj;), are formed in the presence of excess
triphenylphosphine, suggesting that, although both the OH and C/ groups
are reducible, the OH group is reduced preferentially. This may reflect
the higher six-coordinate trans-effect of the Ct” group, or may simply
be due to the greater intrinsic strength of the Ru-C! bond over the
Ru-OH bond, or to the different lattice energies of NaC{ and NaCOH.

Using the milder reducing agent, hydrogen in the presence of base

o
w”

A similar mechanism may alsc operate in transfer_hydrogen reactions
catalysed by low valent ruthenium compounds.101’
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RUC[ 2 (PPllg) 3

(i), (ii/ (ii)

L/ (i1) =
[RuC £ (CH) (PPh3) 2 (1H20) 1. > [RuH(OH) (PPhs) ,THF ],
e
(1)

v
RuHCZ (PPhs) 5 < (v) RuC ¢ (OH) (PPhs) 2 (H20) » (V) o RUHCZ (PPhs) 5 (1H20)

(v) \\\\\\\\ifii\

PN
Rul; (PPhs) (vi) Rul (0H) (PPh,) ,THF

(iv)
Vv

(i) NaOH, 10% H,0, THF, 25°C

(ii) NaOH, 10% H,0, THF, under reflux

(iii) Recrystallised from toluene-petroleum, 60°C
(iv) H,, excess KOH, THF, under reflux
(v) NaBH,, PPhs, toluene, water, 25°¢C

(vi) Recrystallised from THF-petroleum

"~ Scheme 3 Preparation and reactions of RuC{(OH) (PPhj).{H,0),
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(KNR) in tetrahvdrofuran, a mixture of [RuH(OH)(PPhB)Z(THF)]n (n =1

or 2) is formed. Although this appears to indicate that the chloride
group is preferentislly reduced under these conditions, this is in fact
not the case, since,‘if less KOH is employed in the reaction, the main
product is the red-purple complex RuHC{(PPli3),(H:0), which is presumably
analogous to the previously reported,12 though not isolated " RuHC((PPhs).".
The hydridohydroxo-complexes are then presumably formed by attack of OH™
on this complex.

As in previous studies,l02 a qualitative order of the trans
effects of the anionic ligands (H > ct > OH—) in five- and six-
coordirate complexes of ruthenium(II) is indicated by the much
slower reaction of RuC?,(PPhs)s with OH than of RuHCf(PPh;)s, and the
observation-that only one chloride ion of RuC/,(PPhs); is replaced by
hydroxide ion under mild conditions.

In a further attempt to prepare a diliydroxo species, the previously
unknown dication [RU(PPh3)3<MECN)3]2+ was prepared by reaction of
RuC?Z,(PPhs) s with AgPFe in acetonitrile. With one mole of NaOH in a
thf-water mixture the monohydroxo cation [Ru(OH)(PPhg)s(MeCN)(HZO)]+
was obtained but no dihydroxo species could be isolated even employing

a large excess of NaOH.

3) Reactions of RuHC/(PPhs)s with Alkowide Ions

The reaction of RuC{,(PPhs)s with NaOR (R = Et or iPr) has
previously been studied 20 under various conditions and dihydrido-
ruthenium complexes; Rul,(PPhs)sX (X = N, H,, CO, PPh,) invariably
result.

hie prolonged reaction of RullC{(FPh;)s; with NaOMe in diethyl ether
or tetrahydrofuran in the presence of ca. 2% methanol also leads to the

formation of RuH,(CO)(PPhs):. However, the reaction in tetrahydrofuran
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in addition gives a yellow crystalline complex. Rull, (PPhs) s (THE) % in
about 20% yield. 1If this raaciion in tetrahydrocfuran is stopped as

soon as the purplé colour of RuHCE(PPhs)s has disappeared, Rull, (PPhsy)s (THF)
is obtained in higher yield (ca. 50%), indicating that RuH.(PPhs) s (THF)

is probably an intermediate in the formation of RuH,(CO) (PPhs,s but

that not all of it is carbonylated in the long term.

Since the isolation of other intermediates from this reaction
should shed some light on the mechanism of decarbonylation of alcohels
in basic media by low-valent ruthenium phosphine complexes (which has
been postulated from i.r. evidence but never proved), we have
investigated the reactions of RuliC/(PPh,)s with NaOMe in the presence
of methanol under different conditions.

Thus, if the reaction of RullC/(PPh;)s with solid NaOMe is carried
out in ether in the presence of ca. 1% methanol at low temperature
0% a yvellow microcrystalline solid is deposited after several hours.

This solid (A) has absorptions in its i.r. spectrum arising from
RUHz(CO)(PPh3)3,lO as well as extra peaks at 2010w, 1632vsbr and
825m cm"l.+ On some occasions another yellow compound (B), with extra
peaks in its i.r. spectrum at 2720w, 2030w, 1600vs, 875m and 780s is
isolated under ostensibly the same rcaction conditions. The strong
peaks near 1600 cm™* for both of these complexes are presumably
indicative of aldehydic C=0 linkages. Complex B which has an extra
peak at 2720 em (vC-H) probably contains a coordinated formyl group

since vC=0 of the other known formyl complexes 104,105,106 are at

This compound is also the scie product from the reaction in
tetrahydrofuran of RullC{(PPiLis)s with Me,;5iCH,Li which has been

allowed to stand in air for several days and hence formed MeasiCHzOLi.lo3
It is unlikely that all the absorptions (see Experimental section)
arise from one compound since the relative intensities of the peaks

at 1940 and 1632 cm~* are variable.
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1580~1610 cm~', and since these compounds as wall as other aliphatic
aldehydes, although not formaldehyde, have vC-1I of the alcehydic moiety

near 2700 cm“1.107 Further, alkyl aldehydes, e.g., acetaldehyde, have

C-H deformations at 875 and 780 cm"‘,107 exactly the positions of the
other two extra peaks in the i.r. spectrum of 2; We therefore suggest
that this compound is RuH{CHO) (PPhs) S with the acyl group bound
through the carbon atom rather than through the C=0 bond as is found
for the related RuC!(C(O)R)(CO)(PPhs)z,l08 since in these complexes
C=0 is at much lower frequency - 1505-1510 cm~*.

Compound é; on the other hand, like formaldehyde itself,107 does
not have vC-H below 2800 cm™' and we formulate the compound as
RuH,(0OCHy) (PPhs)s. Since vC=0 in this complex is 113 cm~! below that
of the free ligand (1745 cm™') it is probable that the formaldehyde
group is bound to the metal via the C=0 double bond, rather than
through a lone pair on oxygen.

Unfortunately, it has not proved possible to purify these
compounds since recrystallisation leads only to RuH(CO)(PPhs)s, which
is also obtained from the filtered reaction solutions.

It is not clear what the difference is between the preparations
of complexes é:and E:but it may be that small changes in the
percentage of methanol ia the system tip the balance one way or the
other, since RuliCZ/(PPh;)s; will not react with N;OMe in diethyl ether
in the absence of methanol, whilst if 57 methanol is employed,
spectroscopic evidence indicates that a mixture of RuH,(CO)(PPhs)s,

RUHz(PPhg) 4 and RUH[‘ (PPhg) 3 22’46

is formed.
Tinally, the reaction of RuH,(PPhs), with gaseous formaldehyde
gives RuH;(CO) (PPhs) s in high yield.

These reactions are summarised in Scheme 4 and suggest a similar

mechanism for alcohol decarbonylation to those which have previously
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‘been pocstulated; the only differcnce being that formaldehyde,
having 1eft tlie conrdination sphere of the ruthenium atom oxidatively
adds a C-H bond to form an hydridoformyl derivative which, on hydride
transfer, leads directly to 2 C bound CO group and precludes the
necessity of postulating an O bound CO group.98

Since it appears that the P-hydrogen transfer veaction is important
in the decarbonylation of alkoxoe complexes of ruthenium, those which
do not contain B-hydrogen atoms on the alkoxide moiety (OPh, OBut)
should be elimination stabilized and should be isolable.

ihe reaction of RuHCZ(PPhi)s with sodium phenoxide, which leads
to RuH(OPh) (PPh3) 2, in which the phenoxo group is coordinated to the
ruthenium atom via its ring system rather than the oxygen atom has been
describedﬁx}ﬂowever, all attempts to prepare a t-butoxo complex have
been fruitless giving only [RuH(OH)(PPha)z(tBuOH)]z and small amounts
of RuH,(PPh;),, despite numerous attempts to remove any water from
t-butanol, by drying over sieves, distillation from magnesium or both.
Using sublimed KOBut in THF the reaction is not clean and a mixture
of a hydroxo compound and RuH;{(PPhs), is formed.

The isolation of hydroxo complexes from these reactions with
tpuo” suggests that water may be present and KOH formed in situ.
However, this does not appear to be the case, as reaction of
RulC{¢(PPhs)s with KOH in tBuOH under similar conditions is much slower
(3 days as against 3 hours) and produces higher yields of Rul,(PPhs),.
It may be that the t-butoxide forms but decomposes as shown in
Scheme 5 to give a coordinated hydroxo group and isobutylene. On

heating to 500°C t-butanol undergoes dehydration via a similar four-

_ . . 109
-~centred transition state to give isobutylene.
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Scheme 5 Mechaniem of decomposition of coordinated t-butoxide ligand

4) Turther Attempts to Isolate Alkoxo Complexes

In a further attempt to prepare alkoxo complexes, the reactions of
RuH(OH) (PPhiz) 5 (H-0) with alcohols, ROH (R = Me, Et or tBu) wera
attempted. Although no reaction was observed with t-butanol, methanol
and ethanol pave red solids, Rull(CO) (PPhs)..ROH, together with small

amounts of RUHz(CO)g(PPh3)2 110 and RU(CO)g(P?hs)z 111

(i.w. evidence)
on prolonged reflux.

The bright red colours of these complexes suggest five-coordinate
formulations 35,42 with one molecule of alcohol of crystallisation.
The proton n.m.r. spectrum of the methanol complex, however, indicates
a non-fluxional cis dihydride with one of the phosphines trans to a
hydride, so it seems likely that the complex is six-coordinate with
structure I (Figure 1). We cannot, however, rule out the possibility
that the complex has structure II and is rearranging slowly at room
temperature. The observations that the methanoi is retained on
recrystallisation of RuH,(CO) (PPh;)..MeOH from benzene-petroleum
mixtures and that vC-0 of the alcohol is at 1050 cm™?! (cf. 1030 cmu”?
for free methanol 112) strongly support the contention that methanol
is coordinated.

These complexes are presumably formed by trans-esterification of

the coordinated hydroxo group with alkoxide followed by decarbonylation

via a pathway similar to that shown in Scheme 4.
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The failure to prepare alkoxides of low valent ruthenium-phosphine
complexes is perhaps not surprising sincz to our knowledge the only
phosphine containing alkoxo complex of a mctal in the iron triad is

fac—Os(OEt)(82CNHe2)(PMe2Ph)3.113

Hy Hy
MeOHhm l ¢§“HB I N”SHB
“Ru 0C ———Ru . MeOH
- pr] ’ff '{{5‘5'--\. sc"“;-.’.
7 ~3 R
oC ' P ) P,
Py Py
(D (17)

Figure 1

Possible structures of Rul,(CO) (PPhj) , (MeOH)

5) Spectroscopic Properties

a) Infrared Spectra (Table 1)

All of the complexes show absorptions in their i.r. spectra
characteristic of coordinated triphenylphosphine groups, together with
other peaks which give some structural information.

For RuH(OH) (PPhs) .S, RuCf(OH) (PPhs) .S, and [Ru(OH) (PPhs) 5 (MeCN) (H,0) ]PF,
(S = H,0 or THF) a single peak near 3600 cm™' is indicative of

. . . 114-119 . . . .
coordinated hydroxide ion, whilst two peaks in this region for
[RuH(OH) (PPhs) L), (L = H,0, Me,CO or tBuOH) and [RuC{? (OH) (PPhs) »(H.0) ],

indicate either terminal hydroxo groups which are mutually cis or,

more likely, bridging hydroxo groups. Tor [Ru®(OH) (PPh,),(THF) 1, only



TABLE 1

- . -~ “ . a
Infrared Spectra of Ruthenium Complexes
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vRu-H vO-H §
Compound em=t I ! Other Bands

Rul (OH) (PPhs) , (H,0) 2100w 3600m
RuH (OH) (PPhs) , (THF) 2080v 3590m |
[RuH(OH) (PPh3) 2 (H,0) 1, 1980w 3570m, 3590mE
[Ruli (OH) (PPhs) 2 (Me,C0) 12 1980w  |3580m, 3600m 1715%n
[Rull(OH) (PPhs) 2 (THF) ], 2110m 3570mbr
[RuH(OH) (PPhs) » ( “BuOH) ], 1890m  |3590m, 3610m
RuC ¢ (OH) (PPh3) 5 (11,0) » 3600m 300%w
RuC/ (OH) (PPhs) » (THF) , 3580m 300%;
[RuC ¢ (OH) (PPhs) 5 (11,0) T 3580m, 3605m 280%w
RuHC? (PPha) , (H,0) 2020m 265

RuH, (CO) (PPhs)  (MeOH)
RuH, (€O) (PPh3) » (ELOH)

RuH, (PPhg) 5 {THF)

1985w, 2045w

1935sd, 1050%mbr

1940s%, 1050%mbr

Tetranuclear species 2005w 3585m l910sd, 1715bm
Ru(PPhs3) 2 (POLH2) 2 3300br 126of, 1ooof, 870"
h h
10 2 :
[Ru(PPhs) 5 (MeCN) 5 1 (PFs) 5. 2MeCN 2310w, 229C v,
835s™
[Ru(OH) (PPha) a (MeCN) (Hz0) JPF . 2MeOH 3580m | 2250u", 8357
S Nujol mulls . € yC-0 of coordinated alcohol
¥ vC=0 of coordinated acetone & vAs and vs of PO, group
¢ yRu-C! & yp-0
¢ vwC=0 b Free and coordinated MeCN

¥ VP-F




one VO-H is seen but since this is significantly broader than the single
vO-H of Rull(OH) (PPhs),(THF), it is probable that two abscrptions of
very similar energies are in fact present.

A single absorption near 2000 cm~' for RuH(OH) (PPhs)2S (8 = H,0
or THF), [RuH(ON)(PPhs)aLl. (L = H,0, Me,CO, THF or "BuOH) and
RuHC{ (PPhis) 2 (H,0) indicates the presence of an Ru-H bend. TFor
RuH, (PPh;) 5 (THF), the presence of two VRu-H at 1985 and 2045 cm™*
confirms it as a cis-dihydride and, although VRu-H in the other
dihydrido complexes, Rul,(CO) (PPhs),.ROI (R = Me or Et), are not
immediately apparent, slight asymmetry of vC=0 indicates that they are
probably near 1950 cm™?'.

The metal-chlorine stretches of RuC{¢(0OH) (PPhs).S,(S = H,0 or THF)
and [RuCZ/(OH) (PPhs) » (H,0) ], being near 300 cm™ ' are indicative of
terminal chlorine atoms.120 VRu-C/ at 265 cm~' for RuHC!(PPh,),(H,0)
is close to the value found — in the monomeric RuHC{ (PPhi)s in
which the chloride is tramns to the hydride e and since RuHC{ (FPhs), (H,0)
is deeply coloured, it seems likely that it is a five-coordinate monomer
with the chloride trans to hydride.

RuH, (CO) (PPhs)2.ROH (R = Me or Et) show absorptions near 1950 cm~!
indicative of terminal CO groups trans to hydrides (cf. 1940 cem~* for
vCO of Rqu(CO)(PPhs)s.10 Absorptions near 1050 cm~' are in the region
accepted for coordinated alcohol moieties,122 The 0-H absorptions of
Ru(PPhs) » (PO,H,), are seen at 3300 cm™' whereas the asymmetric and
symmetric VP==0Oof the PO, moiety are at 1260 and 1000 cm~? respectively,
VP-0H is at 860 cm~*.

Although absorptions arising from coordinated solvent molecules do
nct appear to be present in the case of THF, H,0 and tBUOH (some may be

3

hidden under phosphine absorptions) a peak near 1715 em™ in the i.r.

spectrum of [RuH(OH) (PPhj),(Me,C0)]; is assigned to vC=0 of



coordinated acetone, and peaks around 2300 cn™t in [Ru(PPhs) 5 (MeCN) 2 1-
(PFe) o and LRu(OH) (PPhs) ,(MeCN) (H,0) JP¥s are assigned to coordinated
acetonitrile.

B) 'H and *'P W.M.R. Spectra (Table 2)

Peaks between T 2.4 and 3.5 for all the complexes herein
reported indicate the presence of coordinaied triphenylphosphine groups,
although little stereochemical information is available from the broad
resonances.

?be presence of coordinated water in [RuH(OH)(PPh3)2(H20)]n (n=1
or 2), RuCf(OH) (PPhj),(H20)2, [RuCf(OI) (PPh,).(H,0) Jo, RuHCZ (PPhs) . (l.0)
and [Ru(0n) (PPhy) 5 (MeCN) (1120) J(PF¥s) is confirmed by peaks near T 9,
whilst the characteristic second order rescnances for coordinated
tetrahydrofuran are observed near T 6.2 and 8.5 for [RuH(OH) (PPhs), (THF) In
(n =1 or 2), RuCf(0H) (PPhs) . (THF), and Rull, (PPh,) 5 (THF). 1In
[RUH(OH) (PPhs) ; (Me,CO) ]; coordinated acetone resonates near T 8.3
whilst the tertiary butanol moieties in [RuH(OH)(PPha)z(tBUOH)]2
resonate at T 7.2 (0H) and 8.9 (tBu). Finally the presence of
coordinated acetonitrile in [Ru(PPhs) s (MeCN) ;] (PFe),and [Ru(OH) (PPhs) 5~
(MeCN) (H,0) ](PFs) is detected by resomances near T 8.0, and the hydroxo
protons of Ru(PPhs),(PO,H,). resonate at T 6.7. More structural
information is available from analysis of the high field region in 'H
n.m.r. spectrum since many of the complexes show well resolved hydride
resonances.

For RuH(OH) (PPhs) .S (S = THF.or H,0), as well as for
RuHC/ (PPh,) , (11,0}, a triplet nmear T 30 indicates coupling of the hydride
to two equivalent phosphorus atoms as would be expected for the
presumably fluxional five coordinate species. The proton noise
decoupled *'P n.m.r. spectrum of Rull(OH) (PPh;).(THF) in benzene, which

shows a cingle line, split into a doublet (QP = 39 Hz) when only the

H
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TABLE 2

, a
M n.m.r. Spectra of Ruthenium Complexes

Hydride Hydroxide|Coordinated Solventi
Compound T <£yH) T T (QH_H)
RuH (0H) (PPhs) 2 (H,0) 34.1 (39)t 9,958 8.5s
Rul (OH) (PPhs) , (THF) 34.0 (39)t 10.00s |6.30s” 8.45°
[RuB(OR) (PPhy) 2 (MeLCO) ]2 27.7 (2Nt 11.30s 8.3s
[RuB(OH) (PPhs) o (THT) ]2 27.9 (32t 11.65s |6.33° 8.48P
[ RuB(OH) (PPh,) 2 ( “Buo) ], 27.95(29)t 11.75s |7.9s 8.9s
RuC?¢ (OH) (PPhs) 2 (H20) , - 10.00s 9.4s
RuC? (OH) (PPhs) 5 (THF) 5 10.00s |5.057 8.25"
[RuC? (OH) (PPhs) - (H,0) ]2 14.85 9.6s
RuHC{ (PPhy) 2 (H20) 30.10(34) ¢ - 9.0s
RuH, (PPhs) 5 (THF) 20.30(36)q - 6.547 868"
RuH, (CO) (PPhs) » (E£OH) - 6.2(7)q  8.7(7tS
RuH, (CO) (PPhs) » (MeOH) HAZl.le(G,HAHB)d - 6.7s°
HB30.0(16,HAPC)

(76,HAPD)

(33,H3P0)

(42,HBPD)
Ru(PO,H:) 2 (PPhs) 2 6.67
[Ru(PPh3s) 5 (MeCN) 5 J(PF¢) 2. 2MeCN ; 7.9 7.95
[Ru(OH)(PPhg)a(MeCN)(HZO)]PFG.ZMeOH! 9.95 }8.4 7.7

i !

s = singlet; d = doublet; ¢t = triplet; q = quartet,.

In CsDs at 36° at 60 MHz, J in Hz;

“g

Second ordei pattern for coordinated THF;

0

- / » -
Coordinated alcohol; ¢ Tor assignments see Figure 1;

o

Broad.
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phenyl region of the proton spectrum is decoupied, is in total
agreement with this structure; whilst its chemical shift (76.2 ppm)*
is close to that found for the unique phosphorus atom of Rul(OAc) (PThy) s
and of RuCf.(PPhs)s at low temperatures,35 indicating that the phosphines
are probably trans to ligands of low trans-influence (Structuve III,
Figure 2), since for P trans to P typical chemical shifts are closer
to 40 ppm 35 and for P trans to H negative chemical shifts are often
observed.21’72

Once isolated, the dimeric species, [RuH(OH) (PPhs).S]. (S = B0,
Me,CO, THF), as well as RuH,(CO) (PPhs),.EtOH, are all too insoluble
for observation of their hydride resonances in the proton n.m.r. spectra,
but the presence of a resonance (t 4.8) corresponding to CHDC¢. when
they are dissolved in CDC{s; strongly indicates that the hydride is
indeed present. For [RuH(OH) (PPha).S], (S = Me,CO or THF) it has also
proved possible to observe the hydride resonances in super-saturated
reaction solutions prior to isolation of the complexes. Thus, both
these complexes, as well as the more soluble [RUH(OH)(PPhg)z(tBuOH)]z
show triplet resonances near t 28 (JPH =n= 30 Hz). This suggests that
the hydride is cis to the two phosphines and that the phosphines are
equivalent, as in IV or V (Figure 2), although it is possible that the
phosphines are non-equivalent but are fortuitously equally coupled to

5

the hydride, as in RuH(OAc)(PPh5)3.3 For [RuH(OH)(PPha)Z(tBuOH)]z

the observation of a singlet in the proton noise decoupled P n.m.r.

spectrum at 75.5 ppm which splits into a doublet (J.

= 36 Hz) when

only the phenyl region is decoupled confirms that the phosphorus atoms
123,124

are equivalent and are in the thermodynamically more favourable

cis configuration, as in structure V.

PR
B

Chemical shifts are to high frequency of external 85% H,;FPO,.
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The observation of a quartet at v 20.3 (JPH = 36 Hz) for

10 73.

RuH,(PPh,) 5 (VHF) indicates that unlike Rull, (PPhs)sL (L = CO, or DMF
this is a fluxional dihydrido complex. Eight line resonances for each
of the hydrides of RuH.(CO) (PPhs).(}MeOH) on the other hand indicate a
non-fluxional cis dihydrido stercochemistry.

Finally, the resonances of the protons of the coordinated hydroxo
moieties are of interest since they provide unequivocal correlations
of chemical shift with mode of coordination. Thus, in RuH(OH) (PPh;).S,
RuC/ (OH) (PPhs) 282, (S = H,0 or THF), and [Ru(OIl) (PPhj);(}MeCN) (H,0) J(PFq)
where terminal hydroxo groups are indicated by their i.r. specrra and
stoichiometries, the resonance is near Tt 10 whilst for the bridging
hydroxides of [RuH(OH) (PPhs),S]}. (S = H,0, Me,CO, THF or tBuOH) and
[RuCZ(OH) (PPhs) 2 (H,0) ],, the resonances are to higher field {t 12-15).

At first sight these resonances appear to be to somewhat higher

field than is usual for transition metal hydroxo compounds (T 6-3) 115,
119,125 however, for the bridging hydroxo groups in

118 . 126
Fez (CO) 6 (OH) [P (I)—C 5HL.1'IG) 2 } y and [Nl (CC £=CC12> (OH) (PPh3) ]2 the

chemical shifis are v 12.86 and 13.62 respectively whilst for
Ezggg—PtR(OH)(PPh3)2,126 the terminal OH proton resonates between T 9
and 12.5.

The fact that the bridging O-H protons in all the dimeric
hydridohydroxo complexes appear as a single liné suggests that the two
0-H groups are equivalent, as in structure V (Fig. 2). Ve do not
observe coupling of the 0-H protons to the phosphorus atoms in these
complexes, as is sometimes reported,126 for any of the complexes apart
from the tetranuclear species (sece below) but since the resonances are
slightly broad, it is possible that this broadening is produced by

small P-H couplings.

The solvent groups in Rul,(CO) (PPh;)..KOH resonate at T 6.7 (OMe)
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and v 6.2 and 8.7 (OLt) which are typical chemical shifis for
coordinated aicohol meieties.

It is not possible to ascertain unequivocally the structures of
the chlorohydroxo complexes but, on the basis of their preparatioans
(from trans-RuCf{,(Pllis)s under mild conditions) and the non-lability of
the second chloride ligand we propose that the hydroxide moiety is
trans to chloride and that the phosphines are mutually cis, as in VI
and VIT (Fig. 2). This structure (VII) for the dimeric species is in
part supported By the very different chemical shift of the bridging
0-H protons, compared with those in [RuH(OH) (PPhs).S]. (S = H,0, THF,
Me,C0 or tBuOH) and the observation of only one O0-H resonance,

indicating that the 0-H groups are chemically equivalent but that the

structure is different from those of the hydridohydroxo dimers.

6) Nature and Mechanism of Formation of the Tetranuclear Complex

As noted above, the prolonged reaction between RuHC/(PPhs)s and
NaOH in acetone in the presence of < 1% water gives a red crystalline
complex which, on the basis of its crystallographic molecular weight
(ca. 2500) and complex spectra is evidently a polynuclear, probably
tetranuclear species.

The i.r. spectrum of this complex shows absorptions attributable
to coordinated triphenylphosphine and acetone (1715 em™'), as well as
peaks at 3585, 2005 and 1910 em™? indicating the presencc of
cocrdinated OH , H and CO respectively. he presence of only one
vCO indicates that no more than two CO groups are present in the
mclecule.

The 'H and *'P n.m.r. spectra are collected in Table 3.
Integration of the resonances arising from the OH, H, and H, protons

indicates that there is an equal number of each of these three



TABIE 3

1H and >1P n.m.r. Data for Tetranuclear Species °

Chemical Shifts
o Coupling Constants, Hz
T 5 ©
Me,CO 8.3 P, 75.3 H,P, 8.0 H,P, 26.4 PP, %5.0 P,P,
CH 4 12.08 P, 71.5 H,P, 22.% H,P, 25.0 PP, 0 P.P,
OH, 12.25 P, 55.14 H,Ps 16.5 H,P; 0 PP, 0 HH
' :
H, 27.8 !
| i

In C¢Dg at 36°, for assignments see text.

a
b Me,Si at 1 10,

¢ In prm to high frequency of external 85% H,PO,.

d Assignments based on heteronuclear double resonance and partial decoupling studies.

IS



different types of hydrvogen atom. Further, since the region for
bridging hydroxo groups contains two resonances of equal intensity,

one a doublet (QP = 3 Hz) (Ols) and the other a singlet (OHA)“, it

SHS
seems probable that there are two of each kind of hydride atom, H,; and
Hz, and two non-equivalent hydroxo moieties. )
The proton noise decoupled *'P n.m.r. spectrum shows that there
are four different types of phosphorus atom in the intensity ratio
1:1:1:1, numbered in order of decreasing chemical shift. of
these, P, is coupled to all the other phosphorus atoms whilst P, is
only coupled to P,. P; and P, couple to one another as well as to P,.
The only possible explanation of these coupling phenomena which
does not invoke zero coupling between phosphorus atoms on the same
ruthenium atom, is that P, bridges twc ruthenium atoms one of which
(Ru;) has P, bonded to it and the other (Ru,) accommodates P; and P,..
Since bridging triphenylphosphine groups are unknowvn and unlikely, it
is probable that P, is the phosphorus atom of a bridging diphenylphosphido
group.
Since H, is coupled only to P; and P, it seems probable that it is
a terminal hydride on Ru;. H,, on the other hand, being coupled to all
four phosphorus atoms probably bridges the two ruthenium atoms. The
chemical shifts of the two hydrides are somewhat unusual since, in
general, bridging hydrides resonate at higher fields than do terminal
1,127 1

ones, However, in the recently isolated 28 [Ir.Hs (PPh,), IPF¢ the

bridging hydrides resonate at lower fields (t 16.9, 18.4) than do tlhie

This singlet resonance moves to higher field (r 12.4) on addition of
water to the n.m.r. tube and we suggest that this is probably due to
the replacement of coordinated acetone by coordinated water. Support
for this countention comes from the observation that recrystallisation
of the tetranuclear complex from wet benzene gives a less soluble red
solid which has an identical n.m.r. spectrum to that of the starting
compound except that there is no resonance at t 8.3, indicating loss
of coordinated acetone.
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terminal onas (71 33.9); also, with different tr ns ligands and
different clicmical environments, shieldiug cffects of the phenyl vings
may be sufficiently different to render assigoments bas:d on chemical
shift data alone relatively meaningless.

Since is so large (80 Hz), P, and H, are likely to be

J
-2 l!Hl
mutually trans. The chemical shift of P, (26.06 ppm) being of much
lower frequency than those of the other phosphorus atoms is also
consistent with its being trans to a hydride, although since the

21.72
? For

resonance is not to such low field as is sometimes cbeserved.
phosphorus trans to hydride, it suggests that the bridging hydride does
not have such a marked effect on the chemical shift of the phosphorus
atom trans to it as do terminal hydride ligands.

Unfortunately, little information is available on the cliemical

shifts and coupling constants of bridging phosphido groups so it is not

possible to deduce structural information from the coupling constants of

P, to the other magnetic nuclel but the values of EP;H;’ §é1Hz’ J?ZHI
and EP u strongly suggest that both H; and H, are c¢is to both P, and
24k2 _

P,, as well as to one another, which is only possible if P, and P, are

mutually trans. The very low value of suggests that these two

Zp.p,
phosphorus atoms are not mutually trans.

We are not able, on the basis of spectroscopic studies alomne,
unequivocally to assign a structure to this comélex but we suggest that
it is similar to one of those shown in Figure 3. Both of these struct-
ures fit about 90% of the data but in VIII, although the OH protons are
non-equivalent, as required, it is expected that if the OH proton on
Ru, couples to one P; it should also be coupled to the other omne and a
triplet rather than a doublet should be observed. In IX, on the other

hand, the two O-H protons are equivalent, and coupling to P; should

give a single doublet. A similar type of skeleton containing singlec
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(iii)
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species

(iv)
[RuH(OI) (PPhs) , (H,0) ]2
(i) Base catalysed decarbonylation of acetorne
(ii) KOH

(iii) Dimerisation

(iv) Solvent exchange

Scheme 6 Mechanism of rezction of RuHC/(PPhs)s with KOH in acetone

containing < 1% water
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and double bridges has recently heen reported 129 for Na,{Mo,0, (CH) ,-
(edta),].1211.,0.

If the structure is similar to one of thuse 1llusirated in
Tigure 3, it is clear that the dinuclear species which constitutes half
of the molecule could be formed from reaction of RuH(OH) (PPhs, , (Me,CO)
and RuH,(CO) (PThs),, with loss of benzenz and a triphenylphosphine
group. Indeed, the reaction between these two complexes in acetone
under reflux or at room temperature does give the tetranuclear species
and benzene is detected in the reaction solution by g.l.c.. Benzene
is also presant in the reaction mixture when the tetranuclear species
is prepared from RuHC{(PPhs)s and KOH.

Cleavage of a P-C bond of a triphenylphosphine group is mot unusual
and a similar reaction 130 to the one postulated here is the thermolysis
of RullNO(PPh)s; in decalin which leads to u,u' (PPh.) 2Ru,(NO), (PPh,) ..
These reactions presumably occur via a transition state such as that
showm in Scheme 7.

Finally, the carbonyl containing compound, which is obtained in
low yield if the reaction between RuHC{(PPh;)s; and XOH in refluxing
acetone containing less than 1% water is stopped after a short
reaction time, could either be a dimer of RuH,(CO) (PPhi)s; or the dimeric
unit from which the tetranuclear species is formed. We prefer the
latter explanation, firstly on account of the fact that the complex is
not present after longer reaction times and secondly because treating
RuH, (CO) (PPhj;) 5 under identical conditions gives an orange compound
whose resonances in the °'P n.m.r. spectrum are not present in that of
the reaction mixture from whiclh the carbonyl species is obtained.

The mechanism of the reaction of RullC¢{(PPhs)a, with NaoOl in

acetone is outlined in Scheme 6.



Microanalyses are by ButlLerverth liicroanalytical Consultancy
Limited. Infrared spectra were obtained using a Perkin-Elmer PE45ST
grating diffractometer, n.m.r. spectra using Perkin~Elmer R12 (60 Miz)
and Varian Associates ¥L-100~12 spectrometer (alP), the latter in the
Tourier transform mode with noise proton decoupling. HMelting points
were determined in closed capillaries under argon on an Electrothermal
melting-point apparatus and are uncorrected.

All solvents were thoroughly degassed beforé use and all
operations were carried out in an argon atmosphere, using standard
suba-seal and catheter tubing techniques. The petroleum used had
boiling range £0-60°C.

MeONa and “BuOK were made from the alcohol (purified by
distillation from magnesium) and the metal followed by evaporation to

. . t
dryness and sublimation (KO Bu).

31 32

RuHCf(PPh3)3,l Rquz(PPhg)g,l and RuH, (CO) (PPhs) 5 10 were

prepared by published procedures.

Microanalytical data for the new complexes are given in Table 4.

1. Hydridohydroxo(tetrahydrofuran)bis (triphenylphosphine)ruthenium(II)

a) RuHC{(PPhs)s (1 g, 1.08 mmole) was stirred in tetrahydrofuran
(100 cc¢) containing carbonate-free NaOH (10 cc, 0.5 M in water, 5 mmole)
for 16 hrs. On evaporation to small volume and addition of excess water
the very air-sensitive scarlet complex was precipitated. This was
collected and recrystallised from tetvahydrofuran-petroleum., Yield
ca. 90%.

b) As above but using KOH pellets and 10 cc water.

2. Hydridohydroxo(aquo)bis(triphénylphosphine)ruthenivm(IT)

a) As for 1(a) or (b) but using acerone (100 cc) as solvent.
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After 3 hrs stirring or 0.5 hrs refluxing the complex precipitated

from the solution as very air-sensitive scarlet micro-crystals. 1t was

washed several times with water. Yield ca. 100%Z. Evapcration of the
residual pale yellow solution left only a white solid identified as
triphenvlphosphine from its 1.r. spectrum.

b) RuHC#(PPhs)s (0.5 g, 0.54 mmele) and KOH (0.2 g, 3.6 mmole)
were stirred overnight in a 1 : 1 mixture of toluene and water (50 cc).
The scarlet §gligvthat collected at the interface was filtered off,
washed several times with water and dried in vacuo. Yield ca. 80%;

m.p. 172° decomp.

3. Reaction of RuHC/(PPh,)s; with KOH in acetone containing < 17 water

a) RuHC?(PPhs)s (1 g, 1.08 mmole) and KOH (0.57 g, 10 mmole) were
stirred in acetone (100 cc) containing 2 drops (ca. 0.1 cc) water for
two days. The yellow solid that precipitated (ca. 20%) was filtered off
and, after washing with water, dried in vacuo. It was ideatified as

u,u"—dihydroxodihydridodiaquotetrakis (triphenylphosphine)diruthenium(II).

On evaporation to 20 cc and addition of petroleum to the orange filtered
solution, orange crystals of the tetranuclear species (40%) were
isolated. These were sometimes contaminated with a yellow powder,
[Ruli(0H) (PPh4) ;Me,C0]. (ca. 20%) but these two compounds were separvated
by extraction of the orange crystals with acetone followed by addition
of petroleum. After crystallisation of the orange and yellow solids the
fittrate was further reduced in volume (to ca. 2 ce) and addition of
petroleum caused precipitation of a white solid identified as
Ruil, (C0) {PPhs); (i.r. evidence) (ca. 10%). The yield of

[Rud (OH) (PPh,) . (H,0) ], frem this reaction was increased after longer
reaction times (7 days) and it msy also be prepared by washing

[RuH(OH)(PPhS)z(tBuOH)]Q with water.
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4. The tetranuciear complex

a) - RuHC/(PPhs)s (1 g, 1.08 mmole) and KOII (0.57 g, 10 mmole) were
refluxed in acetone (100 cc) containing ca. 0.1 cc water for three
hours. A small amount of red RuH(OH) (PPhs),(H:0) precipitated and was
filtered off. The red solution which was chown to contain benzene
(g.1l.c. evidence), was evaporated to 20 cc and petroleum added until
the solution just became turbid. The yellow sclid that formed (ca.
10%) was identified as [RuH(OH) (PPhj;).(Me,C0)], and after filtration,
addition of more petroleum and cooling the orange crystals of the
complex were collected, washed with petroleum and dried in vacuo.
Yield, ca. 50%; m.p. 118°. When shorter reaction times (ca. 0.5 hrs)
vere employed and the solution evaporated to dryness, there was i.r.
evidence of another CO containing compound - vCO ~ 1880 cﬁ’l.

b) Ruli(0H) (PPhs).(H,0) (0.5 g, 0.76 mmole) and KOH 0.28 g,

5 mmole) were stirred, in aceteone (100 cc) containing ca. 0.1 cc water
for 16 hrs. Filtration of the solution followed by evaporation to

20 cc and addition of petroleum (100 cc) caused red needles of the
complex to be precipitated., Yield ca. 507%.

¢) RuH(OH) (PPhs),(H,0) (0.17 g, 0.26 mmole) and RuH,(CO) (PPhs);
(0.24 g, 0.26 mmole) were refluxed in acetone (10 cc¢) for 3 hrs. The
orange solution, which was shown to contain benzene (g.l.c. evidence)
was filtered to remove excess RuH,(CO) (PPhj;) s and RuH(OH) (PPhs) . (H,0)
and evaporated to dryness. I.r. and 'H n.m.r. evidence confirmed the

presence of the complex as the only acetone soluble product. Yield

ca. 507%.

5. 1, p'-dibydrovodihydridobis(acetone) tetrakis(triphenylphosphine) -

diruthenium(IT)

Rul (OH) (PPhaz) , (H.0) (0.5 g, 0.76 mmole) was stirred in dry
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acetone for several days, after vhich the yellow complex which had
precipitated was collected, washed with acetone and dried in vacuo.

Yield ca. 50%.

6. u,u'-dihydroxodihydridobis(t-butanol)tetrdkis(triphenylpliosphine)-

diruthenium{(II)

a) Potassium metal (0.5 g, 25 mmole) was dissolved in dry
t-butanol (40 cc) and the resulting solution filtered omto RuHC{(PPhj),
(0.5 g, 0.54 mmole). After stirring for several hours the yellow
precipitate was collected, It was recrystallized from toluene-petroleum
as yellow-orange crystals. Yield ca. 60%. Addition of petroleum to
the t-butanol filtrate produced RuH,(PPhs), in low yield.

b) RuHC/(PPhs)s (0.5 g, G.54 mmole) and KOH (0.57 g, 10 mmole)
were stirred in t-butanol (50 ce) for several days. The yellow solid
that precipitated was identified by i.r. spectroscopy as a mixture of
RuH,(PPhs), and the complex. Recrystallisation from toluene-—petroleum

yielded RuH,(PPhs)., as yellow crystals.

7. Reaction of RuHCZ(PPh;)s with KOBut in tetrahydrofuran

RUHCZ (PPhis) 5 (0.6 g, 0.65 mmole) and KO'Bu (0.15 g, 1.34 mmole)
were stirred in tetrahydrofuran (50 ce) for 16 hrs. The resulting
brown solution was evaporated to dryness and extracted with toluene
(10 cec). After filtration and addition of petroleum (20 cc) a small
amount of a brown amorphous solid, which was not identified but
contained coordinated - OH (n.m.r. evidence) separated. On standing,
the filtrate deposited yellow crystals identified as RuH,(PPhs), from

their infrared spectrum.

8. 'Dihydridocarbonylbis(triphenylphosphine)methanolruthenium(ITI)

RuBH(OH) (PPhs) . (H,0) (0.5 g, 0.76 mmole) was stirred under methanol
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(100 cz) for sixieen hours during which time the colcur changed from
scarlet to crimson. The complex was collected and dried in 'vacuo.
Yield ca. 80%. Evaporation of the yellow filtrate to dryness produced
a small amount of yellow solid which contained RuH, (CO).(PPhs), and

RuH, (CO) (PPh;) 5 (i.r. evidence).

9. Dihydridocarbonylbis (triphenylphosphine)ethanolruthenium(II)

As in 8, by refluxing in ethanol for &4 days to give crimson

microcrystals. Yield ca. 80%, m.p. 160° decomp.

10. Bis(dihydrogenphosphato)bis(triphenylphosphine)ruthenium(II)

P,0s (1 g, excess) was added to RuH(OH) (PPh;).(H,0) (0.5 g, 0.76
mmole )} in 50 ml of toluene. The solution was stirred under reflux for
5 hours during which it became colourless and the insoluble powder,
P,0s, became brown. The solution was filtered and attempts to extract
the powder with THF were unsuccessful. Tinally, water (50ml) was added
to a suspension of this powder in THF, P.0s reacted to give H3PO,
and a brown powder remained. It was washed several times with water
and gave the pure complex.

This compound was found to be soluble only in DMSO. Yield ca. 95%.

11. Chlorohydroxobis(aquo)bis(triphenylphosphine)ruthenium(IT)

RuCf¢.(PPhi)s (1 g, 1.04 mmole) and carbonate-free NaOH (5 cc, 0.5 M
aqueous, 2.5 mmole) were stirred in tetrahydrofuran for 16 hours. Omn
evaporation to 10 cc and addition of 50 cc water, an orange tar was
formed. Recrystallisation from toluene by concentrating a solution in a
siream of argon at room temperaturc gave the complex as orange

microcrystals. Yield ca. 20%; m.p. 160°. Warming the solution during

recrystallisation from toluene-petroleum caused some dimerisation to

[RuCf(0H) (PPhs) 2 (H,0) J,. Recrystallisation from tetrahydrofuran-petroleum
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gave yellow-brown necdles of chlorohydroxobis(tetrahydrcfuran)bic-

(triphenylphosphine)ruthenium(II) in high yield.

12. u,u'—dihydroxecdichlorobis(aquo)tetrakis(triphenylphosphine)-

diruthenium(II)

a) As in 9 but with a recaction time of five days. Yield

ca. 60%, m.p. 144°C.

13. [Tris(acetonitrile)tris(triphenylphosphine)ruthenium(II) Jbis~

hexafluorophosphate.bisacetonitrile

RuCf¢,(PPha)s (1 g, 1.04 mmole) was added to a suspension of AgPTFg
(0.15 g, 2.0 mmole) in degassed acetonitrile (50 ml). The mixture
became rapidly green, the solution was evaporated to a small volume,
extracted with 30 ml methanol and left at room temperature affording
yellow crystals of the complex. Yield ca. 60%.

The carbon analysis of this compound is consistently low (2%)
although the hydrogen, nitrogen and phosphorus analyses are very good.
This problem has also been shown to arise in the case of the similar

complex [Ru(PPhs)s(MeCN) 5 (Ho0) ] (BF.) 2.

14. Hydroxo(agquo)acetonitriletris(triphenylphosphine)ruthenium(II)-

hexafluorophosphate.bismethanol

[Ru(PPha)S(MeCN)3]2+(PF6)2.2MeCN (0.7 g, 0.5 mmole) was added to
a mixture of 1 ml aqueous sodium hydroxide 0.5 M (0.5 mmole) in
50 ml THF. The colour went from yellow-green to gold yellow. After
3 hours the solution was evaporated to dryness and recrystallised from

40 ml methanol giving yellow crystals of the complex. Yield ca. 307.

15. y,u'-dihydroxodihydridobis(tetrabhydrofuran) tetrakis(triphenylphos-

‘phide)diruthenium(II)

RuCl,(PPhs)s (1 g, 1.04 mmole) and NaOH (6 cc, 0.5 M aqueous;
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3 mmole) were reflured in tetrahydrofuran (50 cc) for 2 days. The
yellow-brown solution was evaporated to 5 cc and 20 cc water adced. The
resulting oil was recrystallised from tetrahydrofuran-petroleum as a

yellow microcrystalline powder. Yield ca. 30%. Using a reaction time

of 16 hours, and a similar work-up procedure, but recrystallisation
from toluene-petroleum, [RuC/(OH) (PPhs;).H,0], and the cowplex were

obtained successively in approximately equal yield (ca. 20%).

16. Hydridochloro(aquo)bis(triphenylphosphine)rutheniwm(II)

RuC? (OH) (PPhs) , (H.0), (0.6 g, 0.85 mmole) and KOH (0.16 g, 2.85
mmole) were refluxed in tetrahydrofuran with hydrogen passing for six
hours. On evaporation to 20 cc and addition of water (50 cc) a dark
0il separated. This was collected and recrystallised from toluene-petrol

as red-purple microcrystals. Yield ca. 70%.

An n.m.r. spectrum of the reaction solution obtained from the same
reaction but with 0.2 g RuC{(0H) (PPhj;), (H,0), showed only

[RuH(OH)(PPhg)z(THF)]n (n =1 or 2) to be present,

17. Reaction of RuC{¢(0H) (PPhs),(11,0), with NaBH, in the presence of

excess PPhs

RuC? (OH) (PPhs) 2 (H.0) . (0.5 g, 0.7 mmole), PPhs; (0.3 g, 1.14 mmole)
and NaBH, (0.1 g, 2.5 mmole) were stirred in toluene (60 cc) containing
water (10 cc) for 16 hours. Separation of the tﬁluene followed by
evaporation to 30 cc and addition of petroleum (50 cc) gave Rul,(PPhi),
(ca. 60%) and RuHC¢(PPhs)s (ca. 30%), identified by their infrared

spectra.

18. Dihydridotris(triphenylphosphine)tetrahydrofuranruthenium(II)

RuHC?¢ (PPhs)s (0.7 g, 0.75 mmole) and MeONa (0.08 g, 1.5 mmole) were

stirred in tetrahydrofuran (30 cc) containing methanol (1 cc) for 0.5 h.
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The orange solution was filtered and evaporated to half-volume. On
addition of petroleum (20 cz) and cooling, the complex separated as
yellow crystals that were collected and dried in vacuo. Yield ca. 507,
m.p. 170-200° decomp. On standing the orange filtrate deposited white
needles of RuH.(CO) (PPhs)s (i.r. evidence). Longer reaction times (16
hr) led to reduced yields (ca. 20%) of the complex, and increased yields

of 1{11112 (CO) (PPha) RS

19. Reaction of RuHC{(PPhs)s with sodium methoxide in diethyl ether

at low temperature

RuHC¢ (PPhs)s (0.5 g, 0.54 mmole) and MeONa (0.05 g, 0.9 mmole) were
stirred in diethyl ether (20 cc) and methanol which had not heen
pre-dried (0.25 cc) at 09C. After three hours the yellow precipitate
was collected and dried in vacuo. I.r. - 2010w, 1960w, 1940vs, 1900vsbr,
825m. Recrystallisation from toluene-petroleum afforded white crystals
of Rul,(CO) (PPhs)s (i.r. comparison with an authentic sample). On
some occasions a different yellow complex (i.r. 2720w, 2030w, 1600vs,

875m, 780s) was isolated from an ostensibly identical reaction.

20. Reaction of Rul,(PPh;), with formaldehyde

Formaldehyde, prepared by heating paraformaldehyde to 180° in a
slow stream of argon was passed through a solution of RuH;(PPhs),
(0.5 g, 0.43 mmole) in tetrahydrofuran (25 ce). After 5 min. the white
solid formed was collected and identified as paraformaldehyde. On

standing the pale filtrate deposited white needles of RuH,(CQ) (PPhs)s.



| TABLE 4

Analytical Data for New Ruthenium Complexes

¥

FOUND REQUIRED
COMPOUND COLOUR c H P Other c H P Other
Rul(0H) (PPh,) . (H,0) Scarlet 64.7 3.1 8.8 65.4 5.1 9.4
RuH (OH) (PPh4) 2 (THF) Scarlet 65.9 | 5.3 | 8.7 67.1 | 5.6 | 8.7
[RuH(0H) (PPhs) 2 (Me,CO) ], Yellow 66.6 | 4.9 8.7 66.8 | 5.4 8.8
[RuH (OH) (PPhs) . (THF) ], Yellow 67.3 | 5.2 8.6 67.1 | 5.6 8.7
[ RuH(OH) (PPhs) 2 "BuOH ], Yellow 65.9 | 5.0 | 8.8 66.9 | 5.9 | 8.7
RuC £ (OH) (PPha) 2 (H20) 2 ° Yellow-Brown | 61.5 | 4.4 | 8.4 | c¢, 5.0 | 60.5 | 4.9 | 8.7 | c¢, 7.1
RuC¢ (OH) (PPhy) 2 (THF) 2 Yellow-Brown | 65.6 | 5.5 | 6.9 | Cf, 6.2 | 64.3 | 5.7 | 7.6 | ¢, 4.3
[rucé(0H) (PPh3) 2 (H,0) 1, Yellow-Brown | 61.3 | 5.1 8.5 | C¢, 5.4 | 62.1 | 4.7 8.9 { Cc¢, 5.1
RUHC £ (PPhs) 5 (H,0) © Red-Purple | 63.6 | 4.8 | 9.8 63.6 | 4.9 | 9.1
RuEs (CO) (PPhs) 2 (MeOH) Crimson 64.4 | 5.0 | 9.0 63.8 | 4.8 | 8.7
RuH (CO) (PPhs) - (EroH) © Crimson 65.0 | 5.3 | 8.6 64.2 | 4.9 | 8.5
RuM, (PPhs) 5 (THF) Yellow 72.9 | 5.6 | 10.0 72.4 | 5.7 | 9.7
Tetranuclear species Red-Orange 65.5 6.2 8.2 0, 5.2 | 65.7 | 5.0 9.7 0, 3.8
Ru (PO, Hz) ; (PPhs) 5 Brown 52.8 | 4.8 | 14.6 52.9 | 3.9 | 15.2
[Ru(PPhs) 5 (MeCN) 5 ](PF¢) . 2MeCN Yellow 50.1 | 4.2 | 11.1 N, 5.1 ;52,1 | 4.3 | 11.2 N, 5.1
LRu(OH) (PPh,) s (MeCN) (H,0) JPFs.2MeOH Yellow 58.3 | 5.1 | 11.1 N, 1.3 | 52.3 | 5.0 ! 10.6 N, 1.2

a

C

M.W.
M.l

750(713.5) cryoscopically in benzene;
. 672(701) osmometrically, in benzene;

—

Chlorine analysis for this complex is comsistently low (ca. 1%);
M.W. 2500(2556) crystallographically.

<9



TABLE 5

Molar Conductance (A m) and Electrolvte Types

of Ruthenium Complexes

Measured at 26°C in degassed nitromethane (10~% solutions)

66

(Am) Electrolyte
Complex ohm™ x cm x mole™* Type
[Ru(PPhs) 5 (MeCN) 5 ] (PFs), 2MeCN 190 2 :1
[Ru(0H) (PPhs) 5 (MeCN) (H,0) JPFs.2MeOH 70 1:1
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CHAPTER ITIT

PREPARATION OF BIS(STYRENE)BIS(TRIPHENYLPHGSPHINL)RUTHENIUM(O)

"ITS REACTIONS WITH SATURATED HYDROCARBONS AND OLEFINS

AND SOME OXIDATIVE ADDITION REACTIONS OF

THIS COMPOUND

Introduction

Complexes of ruthenium in the formal oxidation state zero have
been postulated in many reactions such as transfer hydrogenation using
RuH,(PPhs) . as the catalyst 67 or hydrcgenation of olefins.64’ 133
These compounds are thought to be extremely active towards oxidative
addition 21 and may even be capable of activating alkyl C-H bonds.
Apart from the compounds containing CO or PT; 134 only a few compounds
of ruthenium in oxidation state zero are known.

Ruthenium(0) cyclodiene and arene complexes
Ru(CsHg) (CsHg) and Ru(CsHio) (CeH;.) have been prepared from RuC{f;.3H,0
and zinc dust in ethanol in the presence of cyclohexadiene and cyclo-
octadiene respectively.135 The latter has recently been shown to be a
valuable starting material for the synthesis of a number of other
ruthenium zero cyeclo olefin and arene complexes.l36 Ru(C,;Hg) (CeHy2),
Ru(CeHg) (CeH12), Ru(CeHsCH3) (Celly2), Ru(p-CeH4(CH3)2) (CoHyz) and
Ru(CgHe) (CsHs) were obtained respectively from the reactions of
Ru(CgHi0) (CeHi,) with cycloheptatriene, benzene, toluene, para-xylene
and cyclohexadiene.

The compound analysing for Ru(FPhs),(MeCN). obtained by electro-
chemical reduction of RuCf,(PPhs), in acetonitrile has been postulated
to have a 7 bonded acetonitrile ligand and to be best formulated as the

ruthenium zero complex Ru(PPhs)h(:—MeCN).MeCN.137
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Ru{P(0OCH;);]s has reccently been prepared by reduction of
RuC¢,(P(0CH3) 3) 4 using sodium amalgam in the presence of trimethyl-

phosphite.138

76
Some ruthenium zero olefin complexes Ru(C;H,) (PPhi) s,

Ru(St) (PPhs) 76 (St = styrene), and Ru(n-1-2-CsH;,) (PPhs)s 62,74,133
have been reported. The first and the third complexes have recently

been reformulated as RuH(CsH,PPh,) (CoH,) (PPha), and Ru(n-1-4-CsHg) (PPha)s.
We find that the second complex is in fact Ru(St),(PPhs),; its

structure and chemistry are discussed in this Chapter.

Two ruthenium zero butadiene complexes Ru(n-1-4-C,Hg) (PPh4) s 72,76

and Ru(n-1-4-C,Hs) . (PPhs) 12 have also been isolated.

Tinally RuN.(PPhjs)s has been reported, solely on the basis of
infrared evidence, to be the product of the reaction ef Ru(CsH;o) (PPhs)s
with N2.133

The activation of C-H bonds by means of transition metals is one
of the subjects in organometallic chemistry for which great intervest
has been shown in recent years.

Insertion into an activated aliphatic C-H bond has been achieved
in the following ways.

1) MH(C,oH,)(dmpe). (dmpe = bis(dimethylphosphino)ethane , CioH; =
naphthyl, M = ¥e, Ru)139 and [Ir(depe),]C? (depe = bis(diethylphosphino)-
ethane) 140 react with acetonitrile to afford MH(CH2CN)(dmpe)2 and
[IrH(CH,CN) (depe), ]JC! respectively.

2) Under U.7. irradiation toluene oxidatively adds to W(Cp).H., giving
W(Cp) 21 (CH,Ph) .~

Activation of aromatic C-H bands has also been obtained:

MH(C,0H-) (dmpe) ; reacts with ArHl (ArH = C¢HsCHs, CsHs, CsHsCN, CeHsNH,)

to give MH(Ar) (dmpe), + C10H8,139 and W(Cp).H, reacts with benzene and

substituted benzencsto give W(Cp).H(Air) and w(Cp)ArA% (Af = gubstituted
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aryl).lAl As noted above toluene gives first W(Cp) H(CH,Ph)

further reaction W(Cp).(CH.Ph) (CcH,CHy) can be obtained.
Finally a few cases of activation of alkanes are known.
WH,(Cp), under U.V. irradiation conditions reacts with

tetramethylsilane to afford the compound of Structure I.l41

(I‘Ie) 3 S i-CHz

W W

N

Cyclohexane is dehydrogenated to cyclohexene through U.V., irradiation

of solutions containing benzophencne and copper(II). 142

Finally an exchange between hydrogen and deuterium in aromatic
and aliphatic hydrocarbons has been achieved by a number of catalytic
143 . .
systems. The following systems are active:

1 (PtClu)z_ salts in acetic acid for exchange of hydrogen atoms of

4
hydrocarbOns With Dzo . 144, l }5

47

46 Talls (dmpe) » 1 and

2) Polyhydrides such as NbH3(C5H5)2,1
4

RelHs (PPhs) s 148 for exchange of hydrogen atoms of aromatic hydrocarbons
with deuterium.

, 143 149
3) Finally Nb(Cp).(CoHs) (CaH,) and RhCp(CzH,) 2 exchange

hydrogen atoms of their ligands with hexadeutercobenzene,

In the reaction of triruthenium dedecacarbonyl with n-nonane
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under reflux affording a-Ru.,(CO)isl, and @-Ru,(CO);,ll. which had been
thoughi: to proceed via activation of nonane, it has recently been
shown that tracee of water are in fact the hydride source.

In this Chapter we report the preparation and isolation of the
tetracoordinate ruthenium zero complex Ru(St),(PPh,)., the first
rutheniur zero sixteen electron complex isolated. We also report its
reactlons with saturated hydrocarbons and its use as starting material
for a number of ruthenium zero and ruthenium two olefin complexes.
Final?y oxidative addition reactions of this compound with E, and H,0

are also desceribed.

‘Results and Discussion

1) Preparation and Characterisation of Ru(styrene),(PPha.),

As reported by Yamamoto,76 RuH; (PPh,), reacts rapidly in styrene
to give very deep purple solutions from which diamagnetic purple
crystals may be obtained in addition of petroleum and cooling.
Yamamoto assigned the complex the composition Ru(CgHa) (PPhs)s con the
basis of analytical (C and H only), i.r. and M n.m.r. data. We find
that the complex analyses (C, H and P) better for Ru{(CsHsg)z (PPhs)..
The 1.r. spectrum of the complex does not show peaks assignable to
VM-H or to the presence of an orthometallated phenyl ring, and vC=C
of coordinated styrene is observed at 1589 em~'. An X-ray diffraction
study confirms Che bis phosphine formulation (see Appendix) and it is
thus the first sixteen electron complex of ruthenium(0), the molecule
adopts a distorted tetrahedral configuration. The instability of this
complex in common organic solvents other than styrene has precluded a
full n.m.r. characterisation of the complex. However, broad peaks at
§ 2.7 and 4.3 in the ratio 2 : 1 in thé H n.m.r. spectrum measured

quickiy in Ce¢Ds or in styrenme are tentatively assigned to the methylene



and methyne protons of coordinated styrene, respectively, by analogy
. . . - i rlDe . 150
with the relative chemical shifts of the protons in K[PtCl5(Calls) ],
although in our complexes the resonances are both to higher field.
A few other complexes of ruthenium(0) are known (see Introduction)
72 .
but the fact that, in contrast to other triphenylphosphine
containing olefin complexes of ruthenium, ortho-metallation cf a
phenyl group on phosphorus or styrene does not occur is presumably a
reflection of the steric congestion around the metal. This steric
congestion presumably also explains the relative insensitivity of
Ru(CgHg) 2 (PPhs) 2 to air - the solid may be handled in air for several
minutes before it starts to deteriorate although it reacts with water

in tetrahydrofuran te give RuH(OH) (PPh;) . (THF) - one of the few cases

in which water is oxidatively added to a complex.97

2)  Réactions of Ru(Cale),(PPhs), with Saturated Hydrocarbons (Scheme 1)

a) ‘In the absence of added triphenylphosphine

During our initial attempts to isolate Ru(Cslls)2(PPhi). by
evaporation of reaction solutions in styrene to dryness and trituration
under petroleum we observed essentially quantitative conversion to
RuH; (PPhsy),. It appeared that the hydrogen source might be the
saturated hydrocarbon. This, coupled with Yamamoto's observation
that Ru(CgHp) . (PPhs). also gives RuH,(PPhs), on interaction with excess
toluene, prompted us to investigate the reactions of Ru(Cels) 2 (PPha),
with saturated hydrocarbons.

Thus, stirring crystalline samples of Ru(CgHg):(PPha). as
suspensions in hydrocarbons (RH, R = hexyl, isopentyl, trimethylsilyl-
methyl) for several hours at room temperature invariably produced green
solids which analyse closely for Ru(Cgllg) (PPhy)..0-5RH. Mass spectral

studies of the gases above the green complexes show no evidence for
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,7Ru(CeHg)(P?hs>2.0'5RH -——- orange species
RH
Ru(CgHg) 2 (PPha) 2
RH 4+ 2Ph;,

N
% [Ru(Colls) (PPhs) 5] ~—oi» RuM,(PPhs)a

Scheme 1

alkane or alkene but on decomposition of the complex, R = hexyl, with
air, water, H,S0,, LiOH/H.0, benzene or Mel, alkane is released and no
deuterium incorporation is observed if the decomposition is carried out
using D,0, D,SO, or LiOD/D,0. Thus it is clear that the alkane moiety
is either trapped in the lattice or is present in the form ¢f an alkyl
hydrido complex.

The infrared spectra of all the green complexes have a weak peak
of variable intensity at 2080 cm—? and are all very similar except
that for R = Me,SiCH, , absorptions at 1248 and 860 cm™' are observed.
The close proximity of the positions of these bands to those of free
tetramethylsilane, together with the lack of observable splitting,151
strongly suggests that the tetramethylsilane is clathrated in the
molecule, and that activation ¢f a C-H bond has not occurred. The q
n.m.r. spectrum of the complex obtained from TMS, apart from phenyl
resonances, only shows one resonance from free TMS, at 6 0.0,

Further confirmation that C-d activation has not occurred is
afforded by the reaction of Ru(styrene) , (FPhs), with hexafluorobenzene

which agzin yields a green complex of formula Ru(CgHy) (PPh3) 2.0:5C6Fs

with an i.r. spectrum identical to thouse obtained from hexane and
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iso-pentane, except that the peak in the i.r. spectrum at 2080 cm™* is

totally absent and there are strong sharp peaks at 1570 and 1010 cﬁ”’
which are assignaed to a clathrated C4Fs moiety. That activation of a
C-TF bond has not occurred is confirmed by the absence of any absorption
assignable to VRu-F and the fact that there is only one vC-T.

The peak at 2080 cm~' in the i.r. spectrum of the green complexes
obtained from hydrocarbons probably arises from small amounts of
RuH:(PPhs), whose presence is confirmed by<31P n.m.r. spectra of the
green complexes. The hydride is formed in hizh yield when
Ru(CgHa) 2 (PPh3) ; is reacted with hydrocarbons in the presence of
excess PPhs (see below).

The exact nature of the green complexes has proved elusive since
they all decompose in solution to give an orange-brown species (here-

inafter referred to as the "

orange species') which we have been
unable to obtain in a crystalline state, but which *>’P n.m.r. studies

suggest is a complex mixture of several compounds. Solutions of

Ru(CgHsg) 2 (PPhs) 2 in benzene, toluene or tetrahydrofuran rapidly become

AL t

green and then brown, the " orange species" being isolated from the
brown solutions. In contrast to Yamamoto's report 76 we find that
RuH, (PPhs), can be isolated only if Ru(Cgls)»(PPhs), is recrystallised
from toluene in the presence of excess PPhs (see later).

Finally, if the reaction of Ru(CgHg)2(PPhi). with hydrocarbons are

" orange species™ is obtained with very

carried out under reflux, the
little contamination by RuH,(PPhs;).,, presumably, because the rate of

" orange species™ is increased more than the rate of

formation of the

foimation of Rul,;(PPhj)..

b) In the presence of excess PPh,

Reaction of Ru(CgHs) 2 (PPhs). with hexane and excess PPhs; at ruom
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temperature procduces a yellow solid in high yield which is ideatified as
- - ‘31 .

RuH,(PPhs), by its i.r. and P n.m.r. spectra. The orange solution

contains small amounts of other phosphine containing ruthenium complexes

" orange species" . Under reflux, a mixture of

including the
RuH,(PPha), and the " orange species" is obtained. In order to test
whether the hydride source in this reaction was triphenylphosphine o
hexane, Ru(CgHg)2(PPhs). was treated with triphenylphosphine in
hexafluorobenzene both in the absence and presence of added hexane.
The reactions are very slow at room temperature but on warming, in the

1"

absence of added hexane, no RuH,(PPhs), is formed and only the orange

species" is recovered whereas when the reaction is carried out in the

" orange species"”

presence of alkeone, a mixture of Rull,(PPhs), and the
is recovered.®

These experiments show unequivocally that the hydride source in
the formation of RuH.(PPh;), frem Ru(CsHs)z(PPhg)z and hexane in the
presence of PPhs is the hexane and that the system represents a rare
example of activation of alkanes by a discrete transition metal atom.
The necessity for the presence of excess PPhs for this reaction to
occur suggests that the active metal species is not Ru(Cglg) . (PPhg),
but rather a transient species, probably Ru(CgHgs) (PPhs)s. This is
probably formed by initial dissociation of styrene followed by attack

of PPhs; since this would account for the stability of Ru(CgHg)(PPhs).

in the presence of excess styrene. Furthermore, PPh; being a less

= It is essential that all reagents used in these reactions be
scrupulously dried since if wet solvents are used, hydrido species
are always obtained but these also appear to contain coordinated
OH - vO-H ca. 3600 cm™' so that some hydrido hydroxy complex is

present.



good T-acceptor than styreme, the electron density oni the metal atom
of Ru(CgHg) (PPha) s would be higher than on that of Ru(CoHs)2(PPhs)2,
thus rendering the metal atom more susceptible to oxidative addition
reactions. These reactions are outlined in Scheme 1.

The fate of the hydrocarbon in this reaction is not clear although
it is unlikely that hex-l-cne or hex-2--ene is formed as a by-product
since these react instantancously with Ru(CgHs)2(PPhs). (see below) and
resonances from the products of these reactions are not observed in
the ®'P n.m.r. spectrum of the products of reaction of Ru(CsHa)2(PPhs).
with hexane in the presence of excess PPh; after evaporation to dryness
and redissolving in CeHs. Attempts to identify the fate of the hydro-
carbon by carrying out the reaction of Ru(CgHg)2(PPhs): with a small
excess of hexane in hexafluorobenzene in the presence of excess PPhs
show that some medification of the hydrocarbon occurs since the two
broad 'H n.m.r. resonances of hexane which are of relative intensity
ca. 2 : 1 are found to be equally intense at the end of the reaction.

A new peak is also present in the alkane region of the gas chromato-
graph but we have been unable to identify it unequivocally.

In an attempt to provide unequivocal rather than circumstantial
proof that activation of hydrocarbons is occurring in these systems, we
have carried out the reaction of Ru(CgHg), (PPhs), with g}h—hexane in
an attempt to show that deuterium incorporation into the product occurs.
Unfortunately, VRu-D in RuD,(PThs). is obscured by ligand vibrations
and attempts to detect the presence of deuterium by direct D n.m.r.
proved fruitless. This is perhaps not surprising since the facile
exchange of hydride hydrogen atoms with the ortho hydrogen atoms of the
phenyl rings on coordinated triphenylphosphine in Rull; (PPhs), is well
documented.22 Furthermore, since Lhe reaction was carriéd out in the

presence of excess PPhj, with which the coordinated PPh; groups of
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RuH, (PPh.), readily exchange, the deuterium incorporation could be
such that the two deuterium atoms which should be incorporated inte
the molecule if hydrocarbon activation is occurring may be spread over
many sites and much of it may be removed from the RuH,(PPhs),
formed. This together with the splitting of the signals from the
deuterium atoms by phosphorus, the dissociation and exchange of free and
bound PPh; at room temperature and the low solubility and high molecular
weight of RuH,(PPhi), render it very unlikely that the enrichment would
give ?D resonances which are greater in intensity than those arising
from the natural abundance of deuterium in the solvent benzene.
Since the resonance from the deuterium of the solvent was not observed
we do not think that the lack of observation of deuterium incorperation
into Rull, (PPhs). in this reaction negates our theories that the hydride
ligands arise, initially at least, from the hydrocarbon.

Finally it is of interest that aromatic hydrocarbons (benzene,
toluene and even PPh, in large excess) produce Rul,(PPhs). on inter-—
action with Ru(CgHg) 2 (PPhy). in the presence of excess PPhi, although

for PPh; the yield is very low, the major product being the " orange

species” .

3) Reactions of Ru(CyHs) »(PPhs). with alkenes and dienes (sce Scheme 2)

a) Ethylene

Ethylene reacts slowly at room temperature with petroleum suspensions
of Ru(CgHg) 2(PPh;), to give an orange powder, Ru(CyH,).(CaHg) (PPh3i) ..
The same compound is obtained more rapidly if the reaction is carried
out in styrene, suggesting that it proceeds via an associative mcchanism
to give the transient species Ru(C,H.) (CsHs) 2z (PPhs). which has not been
isolated. Thig reaction in styrene is avidently reversible since passing

nitrogen through the solution of the ethylene complex in styrcne
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RU(Csz)z(CBH8><PPh5)2

A\

RuH(n-1-5-CsHs) (PPhi) »

RU(C3H5‘) 2 (PPhs) 2
=

v
P RU(n —1—4"C1..H6) (CaHe) (PPha) 2
4 - vi
RuH(n-1-3-CeH;; )(CsHa) (PPha) 2 < > Ru(N-1-4~C,He) (M-1-2-C,H¢) (PPh3) 2
xiii
v
Ru (T] ""l—l'r"‘CL.HG) 2 (PPh3)
vii
Ru(n-1-4-C¢H,,)(CeHa) (PPhs) 2 RuH{n~1-3-C¢H,) (CsHio) (PPh3) >
A
xii || xiii
Y Xi * 4
Rull (T]"'].—S""CGH;') <PPh3) 2 i:. Ru (n—l*S*C5H7) (CGHl 1) (PPha) 2
xiid
CoH. in petrol or styrene; vi bhex-l-ene; xi cyclohexene;
CsYs in heptane at 60°C; vii hex-Z-ene; xil recrystallisatica
1-butene in petrol, or butadiene in styrene; Viii 2 ml cyclohexene/50 ml petrol; benzene/petrol;
butadiene in petrol; ix 4 ml cvclohexene/10 ml petrol; xiii in solution in
cyclopentadiene; x 1 ml cyclohexene benzene.

Scheme 2

Reactions of Ru(CsHg) - (PPhs

Yo with olefins and dienes

LL
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regencrates the purple colour of Ru(CeHg):(PPhi)oz.

Infrared and ‘U n.m.r. studies on Ru(C,1,)2(CsHg) (PPhy), give no
indication of the presence of a metal-hydride or an Egjggzﬂnetallated
ring system but the presence of coordinated styrene is confirmed by
vC=C at 1595 cm~!. vC=C for coordinated ethylene is either too weak to
be observed or is masked by scme other absorptions.

Thé M n.m.T. spectrum of the complex shows a series of broad
resonances at 8§ 5.3, 1.9, 1.2 and 0.9 which presumably arise from the
olefinic protons but which we do not attempt to assign. TheialP n.m.T.
spectrum which consists of two doublets at 6 67.1 and 51.2 (EPP = 9.5
Hz) indicates that the complex has a rigid five coordinate stereochem-
istry and the low value of QPP appears not to be unusual for five
coordinate complexes of ruthenium(0) (cf. for Ru(C,He ) (PPhs)s,

JPP = 4.9 Hz).72’76

Like Ru(CgHg) z (PPhs) 2, Ru(CuH,)2(CeHg) (PPh.), is unstable in

solvents other than styrene, giving an orange decomposition produect and

Rull,(PPh3), in the presence of excess PPh;. However, the compound can

be crystallised from styrene-petroleum mixtures at low temperature.

b) Propene

Propene reacts only very slowly with petrolecum suspensions of
Ru(Cglls) 2 (PPh3), so that after 15 hours, mostly the green
Ru(CgHs) (PPhs) 2.0+5RH is obtained. However, at 60° in n-heptane
reaction proceeds smoothly to give the previously characterised 72

bis-m-allyl complex, cis-Ru(CsHs)2(PPhs). as an off-white powder which

may be recrystallised from benzene as orange crystals.

¢) But—l-ene and 1,3-butadiene

Interaction of but-l-ene with a petroleum suspension of

Ru(CzHg) 2(PPh4y) 2, gives a yellow powder which can be recrystallised from
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toluene or deuterobenzene as yellow crystallinz solvates,
Ru(C,He) (Csly) (PPh5) 2.5 (S = PhMe or Cg¢Dg). This compound is also
obtained from Ru(CsHs)z (PPhs),. and butadiene in styrene in the presence
of excess PPhs. The formation of butadiene from but-l-ene has
previously been observed in the reaction of Rull, {(PPh3) ., with vut-l-ene
to give Ru(C,He¢) (PPhs)s and presumably proceeds via a similar mechanism.
The presence of coordinated styrene in this complex is confirmed

! gnd broad resonances at & 5.7 (CH) and 3.2 (CH;)

by a peak at 1592 cm™
in the M n.m.r. spectrum whilst broad resonances from coordinated

butadiene are obscerved at § 4.3, 1.6 and -0.5.

In solution, Ru(C.H,) (CeHs) (PPhs) . apparently exists as an
equilibrium mixture of two isomeric forms in each of which the
phosphines are equivalent since the'alP n.m.r. spectrum invariably
shows two singlet resonances of relative intensity, Eﬁ;.l g 1.2 at
60.9 and 40.5 ppm. On slow crystallisation, however, only one isomer
is isolated, presumably on account of its lower solubility but this
again gives two resonances in the *'P n.m.r. spectrum on redissolving.
A small amount of Ru(C,Hs) (PPhi)s 72,76 appears also to be present in
solution (®'P n.m.r. data). The chemical shifts of the two resonances
suggest that cis (60.9) and trans (40.5) phosphine containing complexes
are present and we tentatively assign them structures A and B (R = H);
(see Figure 1) based on a square pyramidal geometry, although the
complexes probably have structures which are severely distorted from
any idealised stereochemistry.

In contrast to the reaction of Ru(CgHg)2(TPhs), with butadiene in
styrene, the reaction in petroleum preduces a white powder,
Ru(C.He) 2 (PPhs) >, which rapidly forms the known Ru(C.He), (PPha) 72 on
dissolving in aromatic solvents.

The 1.r. spectrum of Ru(C,Hs)2(FThs). contains strong sharp
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Structure of some Ruthenium Olefin Complexes
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abscrptions at 1610 (VC=C) and 1209 (SCH,) em™', the former of which
is close tc the position of vC=C for the free double bouds in

15 /
153 and Fe{C0),(C.He) 154 indicating

[Fe (n%=CsHs) (CO) 2 (Culle) T EFs™
that the butadiene moiety coordinates through only one double bond and
that the complex has a structure similar to the other complexes of
general formula Ru(C,Hg¢) (PPhs),L (L = PPhs or CeHs) that we have
isolated.

Solution studies on the complex are rendered very difficult on
account of its ready decomposition to Ru(CAHG)zPPh3,72 buﬁ an ' n.nm.r.
Spect;umof a freshly prepared solution in CgDs shows a series of broad

resonances stretching from § -0.5 to 6.4 (see Table II) in-

dicating that the two butadiene groups are not ecquivalent.

d) Hex-l-ene
Ru(CyHg) 2 (PPhs) ., reacts with neat hex-l-ene or with hex-l-ene in
1) (Cellg) (PPhig) 2

petroleum to give a yellew powder analysing for RuH(CsH,
which may be recrystallised from toluene as the yellow crystalline
toluenc solvate. Wo M-H is visible in the i.x. spetrum of this

complex but the presence of the hydride is established by the observation
of two triplets to high field in the 'H n.m.r. spectrum. The presence

' in the i.r.

of styrene is confirmed by an absorption at 1592 cm™
spectrum.

The fully decoupled ®*P n.m.r. spectrum of the main species present
in solution consists of three doublets at § 64.9, 64.8 and 51.3 ppm,
all with JPP = 18 Hz and in the relative ratio 1 : 1 : 2. On allowing
coupling to the hydride, each of these doublets splits into a further
doublet (JPH = 27 Hz). This together with the observation of two
triplets of equal intensity in the high field region of the H'n.m.r.

spectrum can only be explained by there being two metal centres each

of which accommodates one hydride and two phosphine groups in a facial
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confipuration and with the resonances from one of the phosphorus atoms
on each centre having identical chemical shifts whilst the chemical
shift of the other two phosphorus atoms differs by 0.1 ppm.

Since the low field 'H n.m.T. spectrum of this compound is very
similar to that of the mixture exo and endc (n-1-3-pentenyl) in
IICoL, (L. = Co 155 or PT, 156), we attribute the structures C and D
(see Figure 1) to the two isomers of RuH(Cglly,) (CeHg) (PPhs),. The
presence of other resonances in the‘alP n.m.¥r. spectrum together with
a high field signal at & -0.35 in the 'H n.m.r. spectrum even of
crystalline samples of Rull(CgHi,) (CsHs) (PPhs), indicates that in solution
a rearrangement occurs giving a hexadiene complex which was not
identified. This lends support to the mechanism proposed 72 for the
formation of a butadiene complex from l-butene through an hydrido

allyl intermediste.

e) cis-trans-hex-2-ene (87:13)

Interaction of Ru(CgHg);(PPhs). with a cis-trans mixture of
hex-2-ene either neat or in petroleum gives a complex of formula
Ru(CeH1o) (CeHg) (PPhs) .. Although the infrared spectrum of this complex
is very similar to that of RuH(CgHy,) (CoHg) (PPh3) 5, its n.m.Tr, spectra
indicate that it is a hexadiene complex of ruthenium(0). As with the
analogous butadiene complex, Ru(CeHio) (CoHg) (PPhs). exists in solution
in two isomeric forms and gives rise to two singlets of equal
intensity in the *'P n.m.r, spectrum. Once again, only one isomer
crystallises from solution, ;

The presence of complex resonances in thé M n.m.r. spectrum at
§ 2.7 (vbr multiplet) and & 1;0 (triplet with increased intensity on
high frequency side) clearly indicates the presence of an ethyl group

and hence that 1-3-hexadiene, rather than 2-4-hexadiene is coordinated



to the mctal whilst broad resonances at ¢ ~0.2 and ~-0.9 suggest that
the ethyl group is exo with respect to the metal as in A and B,
R = Et (see Figure 1).

It is worth noting that in the presence of excess triphenylphosphine
both hex-l-ene and cis~trans-lhex-2-ene give a mixture of
Rull, (PPhs) s and Ru{CeHio) (Cele) (PPhs)2. The reaction is noticeably
slower in the case of hex-l-ene which suggests that isomerisation to
hex~2-ene occurs as the first step of this reaction, Such isomerisations

are well known to be catalysed by hydrido ruthenium phosphine complexesol33

f) ° Cyclohexene

From the reaction of Ru{Csls) 2 (PPhs) . with cyclohexene, three
different products may be obtained, depending upon the reaction conditions.
Thus, reaction of Ru(CgHg)2(PPhs). with neat cyclohexene affords an
off white complex of stoichiometry RuH(Cg¢H;) (CsHio) (PPhs) . whilst
another complex, which is darker yellow but has the same empirical
formula is cbtained if the reaction is carried out in petroleum
containing a large excess of cyclohexene. This complex is
Ru(CeH,) (CoHy 1) (PPhs) .. From Ru(CeHe) - (PPhs): and a small excess of
cyclohexene in petroleum a third complex, Rull(C¢H,) (PPhs). is obtained.
Recrystallisation of Ru(CeH,) (CeHy1) (PPhs), from toluene/petroleum at
-20° gives RuH(CgHy) (CcHio) (PPhs), whilst the slow reaction of
RuH(C4H,) (PPhs) » with excess cyclohexene in benzene gives Ru(CgeH;) (CoHyp) =
(PPh;) . (n.m.r, evidence - see later).

The Infrared spectra of all the complexes show absorptions between
2700 and 2800 cm~! attributable to VvC-H of the methylene group of a
coordinated cyclo hexadienyl-moiety157: RuH(CsH7) (CsH,0) (PPhs) 2. and
RuH(PPhs) 2 (CeHl;) also show peaks attributable to vM—H;

This strongly suggests that RuH(PPhj).(Ce¢li;) is the hydrido

cyclohexadienyl complex (E in Scheme 3) isoelectronic with
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Rul(Frlig) 2 (CsHs) 23 and RuH{PPng)z(PhO).63 In agreement with this, a

shavp triplet from the metsl hydride is observed at § -12.4 (JPH =
27 Hz) in thé M n.m.r. sSpectrum and poorly resolved resonances at
§ 5.0(1), 4.85(2), 2.7(3), 1.6(1) are assigned to the proton 3;
2 and 2"y 1, 1' and 43 and 4' (for assigmmeants see Scheme 2), the exo
proton of the methylene group being to high field of the endo.158 The
°P n,m.r. spectrum shows a sharp singlet in the region expected for
mutually cis phosphines which splits into a doublet JPH = 27 Hz when
coupling to the hydride is introduced,

When either RuH(CgH7) (CeHyo) (PPhs)2 or Ru(CeHs) (CeHy1) (PPhi) o
is dissolved in benzene at room temperature, all the resonances
from RuH(CsH7) (PPhs). together with those from free cyclohexene are
observed, In addition, a poorly resolved triplet (JPH = 5 Hz) at
§ =5.6 and a singlet at § 2.7 are observed. The triplet at § -5.06
which is sharper at higher temperatures, could arise from a metal
hydride but the coupling constant to phospheirus suggests that the
hydrogen atom is two bonds removed from the metal atom and that the
resonance arises from the o hydrogen atom of a coordinated cyclohexyl
group as in F (Scheme 3). The peak at ¢ 2,7 is assigned te the various
protons of the cyclohexyl group. JPH is then similar to that observedzl
for the hydrogen atom on the unique methyl group of
RulHMe (PPhs;) » (MeLiOEL,) in thf (4 Hz). The very high-field shift of
this hydrogen atom is unusual but may be caused partly by shielding by
the metal atom but also by shielding from the ring currents of the
rhenyl groups on phocphorus or of the cyclohexadienyl ligand. Since
this complex contains no hydride we suggest that it is the compound
isolated as Ru(CeH;) (CsH,1) (PPh3),. The *'P n.m.r. spectrum of this

compounid only shows a single line at & 59.65 which does not change if

coupling with hydride is introduced.
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Scheme 3

Mechanism of insertion of cyclohexene into an Ru-H

bond. Compound in brackets not isolated.
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Even if solutions of RuH{(CsH») (CeHio) (PPhs) . are made up at -30
and the ' n.m.r. spectrum run at this temperature, ounly peaks
assignable to RuH(CsH;) (PPh;), and free cyclchexene are observable,
On warming, these pealks increase in intensity (owing to the greater
sclubility of the complex) and those from Ru(CeH,) (Cellr1) (PPha) 2
appear (these may also be present at -30°C but the low solubility of
the complex at this temperature would preclude their observation7
Thus, we have no direct *H n.m,r. data on RuH{CsH7) {CeH1o) (PPha) 2 but
in view of its decomposition to give RuH(CgH;) (PPhs)., cyclohexene and
Ru(CeHs) (CsH:1) (PPhs) ., the presence of a viM-H in the i.r; spectrum and
analytical data we propose that the complex contains an n(1-3)-
cyclohexadienyl moiety and a coordinated cyclohexene ligand as in G
(Scheme 3)., The free double bond in this complex should show vC=C
near 1655 cm‘l,lsg’ 160 and although there is a weak broad peak in this
region it is also present in the i.r. spectra of the n(1-5)cyclohexa-
dienyl complexes so probably does not arise from the free double bond.
vC=C in this kind of complex is sometimes weak.160

If these structures are in fact correct, we balieve this to be a
very rare example of a system in which all the steps of the insertion
of a free alkene into an M-H bond are directly observable and for which
all the intermediates are isolable.+ Thus, the cyclohexadienyl
ring of the coordinatively saturated RuH(Csﬂy)(?Pha)z disgociates a

double bond of the ring system to give a transient l6e complex contain-

ing an n(1-3)cyclohexadienyl ring., The vacant site on the metal is

T Feﬁz(Nz) (Pph3)3 is said 161 to gi'VC FeH(Cc‘Hle)(PPh;;)Q (solvent)- on

interaction with cyclohexene but the evidence is not compelling.
Osborn has observed 1 2 4 dynamic reversible insertion of C.H, into an
Mo-H bond,



then cacupied by an incoming cycliohexene ligand which then inserts
inte the 11-H bond with concomitant recoordination of the free double
bond of the cyclohrxadiene molecule (sece Scheme 3).

Finally, if solutions of Rul(CsH;) (CeHao) (PPhs) . or Ru(Celiy) (CeHii)-
(PPh,) ., are heated to 60° in deutero toluene the resonances from free
cyclohexene and from the coordinated cyclohexadienyl group disappear
and sharp peaks attributable to benzene and cyclohexane appear in the
M n.m.r. spectrum (G.L.C. evidence shows that benzene and cyclohexene
are formed in approximately 1 : 1 ratios). The most ratiomal
explanation of this observation is that transfer of hydrogen from the
methylene group of the cyclohexadienyl moiety to the cyclohexyl group
occurs, thus giving direct evidence for the type of mechanisms that has
been postulated for the removal of hydrogen from the ortho-position on
a triphenylphosphine, 21 propene, but-l-ene, pent-l-ene and cycloocta-
diene 72 in related ruthenivm systemws, We cannot rule out the
possibility that this reaction proceeds by initial formation of an
hydrido alkyl intermediate followed by loss of alkane and benzene but
we think it more likely that direct inter-ligand hydrogen transfer
occurs.,

This disproportionation of cyclohexene to cyclohexane and benzene
is evidently catalytic since if 0.2 g Ru(Cglls).(PPhs), is refluxed in
cyclohexene (5 ml) for 16 hours, glc data show that 9.8% of cyclohexane
and 4.5% benzene are formed. After a further 20 hours, 23,7% cyclo-
hexane and 107 benzene are present, which represents about 25 catalytic
cycles, A mechanism for this reaction is proposed in Scheme 4.

This catalytic reaction slowly poisons as a black solid, assumed
to be ruthenium metal, slowly precipitates. This problem can be
circumvented since the reaction also proceeds slowly at rvoom
temperature (catalysed by RuH(CeH;) (PPhs),) and n.m;r; evidence suggests

that both Rull(Csl;) (PPhs) 2 and Ru(CehHy) (CeHi,) (PPhs) . are present at



Scheme 4. Proposed mechanism for the catalytic disproporticnation of cyclohexene to benzene and

cyclohexane. P = PPhsy. Arrows within structures represent shifts of hydrogen atoms.
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all times in the solutioun.

g) Cyclopentadiene

Ru(CeHs) 2 (PPh3) o reacts rapidly with neat cyclopentadiene to give
2
a yellow complex jdentified as Rull{y-1-5-C.Hs) (PPh,) ., 3 by its i.r. and

1
I n.m.x. spectrum.

"4, Otlier Reactions of Ru(Cala).(PPhs).,

a) Carbon Monoxide

Ru(CgHs) 2 (PPh3), reacts rapidly with CO in styrene in the presence
of excess PPh; to give a pale yellow solution from which Ru(CO) 5 (PPhs), 111

may be isolated on addition of petroleum. Ru(CO)s3(PPha). is also obtained

on reaction of green Ru(CgHgy) (PPhs) .05 hexaune with CO in hexane,

b) * Hydrogen.

Yamamoto has reborted 76 that Ru(Cplla}2{PPhs), reacts with
hydrogen 1n styrene to give ethyl benzene and Rull,(PThi),.

In petroleum we find that Ru(CeHs)»(PPhs), reacts with hydrogen at
room tempsrature to give a chocolate brown complex, RuH,{(PPhs).. The
i.r. spectrum of this complex is similar to that of RuH,(PPha)a 46
and VRu-H appears as a broad peak at 1945 cm™' (1950 for RuH,(PPhs)s).
The proton n.m.r. spectrum shows only one broad peak in the hydride
region at 8.-10,25 (~7.05 for RuH,(PPli;),) which sharpens slightly
on warming to 50°C and broadens considerably on cooling to 0°C. The
°!P n.m.r. spectrum at 28 or 100°C consists of two slightly broad
einglets of equal intensity at & 75.5 and 56.1 both of which broaden
considerably when coupling to the hydride is introduced (the higher

field signal appears as a broad doublet, J 40 Hz). This suggests

Y
PH -~

that the two phosphines are non-equivalent even at lOOOC, but that come
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kind of exchange process (perhaps dissociaticn of just one of the

phosphines) removes the coupling. This

compound is probably an

intermediate in the hydrogenation of styrene by Rull;(PPhi), (see Scheme

5).
i
e |
\\ /
Ru
p” \P
P
Y—
Cola
P
Ru styrene
(AN
Ph ’\/j \\Pphs
4
Ph
¢
H
r P 7
PhIt l

Ph\/H/\EP

Scheme 5

PPh )

~ Hydrogenation of Styrene Using Rull, (PPhs;), as

the Catalyst

[Compound in bracket not isolated]
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Experimental

As in Chapter IT except for ificroanalyses by T. and E. Pascher
(Bonn), Buttervorth Microanalytical Consultancy (Teddington), and
Imperial College Microanalytical laboratories.

All solvents were thoroughly degassed and dried over sodium-—
-benzophenone ketyl (toluene, diethyl ether, tetrahydrofuran) or sodium
(petroleun, boiling range 40-60°C  and n-heptane) n-hexane was shaken
with concentrated sulphuric acid (99%), washed with water and distilled
from lithium.

Gaseous olefins were used without further purification.

Styrene was distilled under reduced pressure and stored under
argon (this was found not to be necessary for the preparation of
Ru(Cglls) 2 (PPhz) ). Hex-l-ene, hex-2-ene and cyclo-hexene were
purified by shaking with acidified solutions of ferrous ammonium
sulphate and passing through an alumina column.

Hexafluorobenzene was dried over molecular sieves.

Cyclopentadiene was obtained through cracking of

dicyclopentadiene.

1) Bis(styrene)bis(triphenylphosphine)ruthenium(0)

RuH, (PPhs), (1.15 g, 1 mmole) was dissolved in styrene (12 ml).
The colour changed immediately from yellow to purple. After one hour
petroleum (40 ml) was added, the solution was filtered and cooled to
-15°C affording deep red-purple crystals of the complex. Yield ca. 65%.
The crystallisation time was found to be variahble (3 days - 4 weeks).
However, by seeding the solution with previocusly obtained crystals of

Ru(CgHs) - (PPhs) . crystallisation is complete within 16 hours.

2) * Redctions of Ru(CgHs)2(PPhs)s with saturated hydrocarbons

Ru(St) 2 (PPhi), (0.4 g, 0.48 mmoles) was stirred in alkarne (40 ml)
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(TS, iropentane, n~hexone) for 24 hours, (72 Lours iIn the cose of
tetramethylsilane). The green powder which separated was collected,
washed with alkane (10 mls) and dried in vacuo. Yield‘EE;_QOZ. The
complex was identified as mainly Ru(CyHs) (PPhs):.0°5RH contaminated
wich a small amount of Ruli,(PPhs), (VRu-H = 2080 cm™').

When the above reaction was carried out under reflux an orange-
-brown material which °'P n.m.r. spectroscopy suggested was a complex
mixture of compounds was obtained. It did not contain RuH.(PPh:).

n

and is hereafter referred to as the " orange-species" .

3) Reaction of Ru(CeHg) 2 (PPhs) . with alkeanes in tlie presence of PPhs

Ru(CsHg) 2 (PPhy) » (0.4 g, 0.48 mmole) was added to n-hexane (50 ml)
containing triphenylphosphine (0.15 g, 0.57 mmoles). After stirring
for 15 hours the yellow-brown solid was collected, washed with n-hexane
and dried in vacuo. It was identified as a mixture of Rul, (PPhs), and
the " orange species™ by its 'H and *>'P n.m.r. spectra.

Under reflux the same mixture was obtained but with a higher

1"

proportion of the " orange species'.

4) Reaction of Ru(Cylg) 2 (PPhy) . with CeFs

As in (2) above but using hexafluorobenzene (10 ml) in place of
alkane. The green product which was collected and dried in vacuo was
identified as Ru(CgHs) 2 (PPhs)2.0°5C¢Te and contéined no RuH, (PPhs),.
Yield, ca. 90Z%.

Under reflux the " orange species" was again obtained in bigh

yield.

5) Reaction of Ru(CgHs) 2 (PPLs), with C¢Fs in the presence of excess TPhs

As (4) above but adding PPhs, (0.15 g, 0.57 moles) and carrying out

the reaction at 60°. The orange-brown powder which precipitated was

. . . - . o - . 1
collected and dried in vacuo, it was identified as the " orange-cpecies’



by its infrared spectrum. It contained no Ruilz(PPhs) ..
At room temperature the recction is very slow, no change being

observed after 1 week in CeFs (1.5 ml).

6) Reacticn of Bu(CeHs)2("Phs): with n~hexane in hexaflunrTobenzene in

the presence of excoss PPhj.,

Ru(CgHs) 2 (PPhs}, (0.3 g, 0.36 mmole) was added to C¢Fs (1.5 ml)
containing n-hexane (100 pf, 0.9 mmole) and triphenylphosphine (0.15 g,
0.57 mmole) and the vesulting suspension stirred for a week. Reaction
was not complete bukt an i.r. spectrum of the brown solid obtained on
filtration contained a peak at 2080 cm~' attributable to VM-H of

RUH;g (PPh3) A

7) Reaction of Ru(Csllg) s (PPhs)» with triphenylphosphine

Ru(Csls) » (PPhs) . (0.4 g, 0.48 mmole) was added te PPhs (1 g) and
the mixture heated until the PPh; was molten. The resulting orange-—
-browvn solution was stirred for one hour after which excess PPh; was
sublimed at 120° in vacuo. The resulting orange tar consisted mainly
of the " orange species" but contained a small amount of RuH,(PPhs),

(i.r. evidence).

8) Styrenebis(ethylene)bis (triphenylphosphine) ruthenium(0)

a) Ethylene was passed through a stirred suspension of
Ru(CgHg) 2 (PPh3) 2 (0.4 g, 0.48 mmole) in petroleum (50 ml) for 5 hr
at room temperature. The complex separated as an orange powder which
was collected and dried in vacuo. Yield, ca. 80%Z.

b) RuH:(PPh;). (0.5 g, 0.435 mmole) was stirred in styrene (10
ml) at room temperature for 30 min. Ethylene was then bubbled through
tbé purple solution for 30 min to give an orange sclution from which the

complex was obtained as orange crystals on addition of petroleum (40 ml)
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and cooling to -20°C. Yield, ca. 30/.

The following compounds were prepared as in 3(a).

Styrenébutzdienebis (triphanyighoerhina)ruthenivm(0)  from but-l-ene.

Yield, ca. 90%; it was also prepared from butzdiene as in 8(b). Yield,
‘ca. (N%; recrystallisatien from teluene (2 ml) or CgDs (1 ml) gave the

complex as the 1 : 1 solvates.

n(1-2)butadienz—n(l-4)butadienebis (triphenylphosohine) ruthénium(0)

from butadiene as an off-white powder. Yield ca. 80%. Recrystallisation
from Ce¢Ds~petroleum gave Ru(C,He) 2 (PPhs) (identified by its i.r. and
M n.m.r. spectra) as pale yellow crystals;

and Tetrahydridobis(triphenylphosphine)ruthenium(IV) from hydrogen as

a chocolate browm powder. VYield, ca. 80%.

9) Reaction of Ru(CaHg)2(PPhs), with propene

Propene was passed through a suspension of Ru(CgHg)2(PPhs) in
n-heptane at 60° for five hours. The off-white powder obtained was
collected and recrystallised from benzene (2 ml) to give orange
crystals of cis-Ru(CyHs)(PPhs). identified by its i.r. and H n.m.r.

spectra.

10) Hydrido n(1-3)hexenvlstyrenebis(triphenylphosphine)ruthenium(IT).0:5~

toluene

a) Ru(CgHs)(PPhs). (0.4 g, 0.48 mmole) was stirred with hex-l-ene
(3 ml) for 15 hr at room temperature during which time a yellow solid
precipitated. This was collected and recrystallised from toluene-
~-petroleum as yellow crystals. Yield after recrystallisaticn ca. 20Z.

b) as 10(a) above but the reaction was carried out with hex-i-ene

(2 ml) in petroleum (15 ml).

Prepared as in 10(a) but without recrystallisation were:
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Seyvrenchexadienebis(triphenviphosonine)rvineniumil) from

cig-trang-hex-2-zne as a yellow

powder. Yield, ca. 80%. This compound is also obtained along with

Rull, (PPhy), from the reaction between Ru(CgHs) 2 (PTha) o and hex-l-ene
or hex-2-ene in petroleum in thepresence of excess TPhs (°*P n.m.r.

evidence)

and Hydrido-n{l-3)cyclchezadienylcyclohexenebis (triphenylphosphine)-

ruthenium(II) from cyclohexene as off white microcrystals. Vield

ca. 60%. Thie compound was also obtained on recrystallisation of

Ru(CsHs) (CeHiy) (PPhs) , from toluene (2 ml).

Prepared as in 10(b) above was:

Cyclohexyl-n(1-5)cyclohexadienylbis (triphenylphosphine) ruthenium(C)

from cyclohexene as yellow microcrystals.

11) Hydridocyclohexadienylbis(triphenylphosphine)ruthenium(TT)

Ru(CgHz) 2 (PPh3); (0.15 g, 0.18 mmole) was stirred in petroleum
(50 ml) containing cyclohexene (3 ml) for 18 hrs. The vellow
solid that precipitated was collected and dried in vacuo. Yield, ca.

807%.

12) Reaction of Ru(CeH,)-(PPhs). with cyclopentadiene

Ru(CgHs) 2 (PPhs) 2 (0.3 g, 0.36 mmole) was dissolved in freshly
distilled cyclopentadiene (5 ml). Addition of petroleum (30 ml )
to the yellow solution obtained after 15 min afforded a yellow powder

identified as RuH(CsHs) (PPh,). from its i.r. and *H n.m.r. spectra.

13) Reaction of Ru(CgH.)2(PPhs). with CO

Rull, (PPhs) . (0.3 g, 0.36 mmole) was stirred in styrene (4 ml) for
30 mins at room temperature. CO was then passed through the purple
solution for 30 mins, during which time the conlour changed to pale

yvellow. On addition of petroleum (40 ml), Ru(CO)5;(PPhs)., identified



v its i.r. spectrum, separated as pale yellow microcin
e LT

1
S

Reactidn of RulCgB) - (Pfn.). with water

Ru(Calls) . (PPhs), (0.2 g, 0.24 mmele) was stirred with

tetrahydrofuran (4 ml) containing water (1.5 ml) for 10 hours a

96

temperature during which time the colour of the sugpension chsnged from

purple to red. The red solid was collected, dried in vacuo and

identified as Rul(OH) (PPhs)(thf) by its i.r. spectrum.
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TABLE IT

‘1H N.M.R. DATA FOR RUTHENTUM COMPLEXRS?

lisation;
see text,

B 4 .
n' coordinated . .
styrene dienes § Coordinated Hydride Other
Compound . (Jpg)
5 - I i olefins P 5
AAT “BB'l cC'
2.714.35
Ru(CgHe) 2(PPhs) 2
b 2.514.2
Ru(CsHe) (PPha) 5.0+ 5RH 3.7{4.9 0.0 ©
A4
Ru(C2Hs) 2(CeHs) (PPhs) 2 0.95, 1.3, 1.95, 5.3
Ru(C,Hg) (CyHs) (PPhs) 2.CoHel 3.2{5.7 -0.45 1.55{4.3 2.3 %
RU(C/_.HG)z(PPhs)z _0-5 2-1 4-7 1-5, 2\5 5.~, 5.4
RuH(CoH, 1) (Colls) (PPhs) 5 (C) 5.55 4.35, 4,9 |<10.5£(29.3 Hz)1-0.35, 0.85, 1.6
RuHl(CcHyq) (CsHg) (PPh3) , (D) 5.55 4.35, 4.9 ]-12,.3t(29.3 Hz) -O.35,f 0.85, 1.6
Ru(CoHyo) (CoHa) (PPh3) 2 5.5 {-0.2, -1.0 5.1 1.7,5 1.0 8
h
RuH(CsH,) (PPh3) 2 ~12.4t(27.0 Hz){| 5.0, 4.85, 2.7, 1.6
Ru(CsHi1) (CoH7) (PPhs) . -5.6, 2.7, 1.3, 1.0"
%
RUI{Q (PPhg)z 20. 25br i
a = iu C¢D. unless cotherwise stated; b = in styrene; c¢ = SiMe, for RH = SiMe,; d = not assigned; e = toluene of em
f = contaminated with an unidentified hexadiene complex (see text); g = aliphatic proton; h = for agsigam
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33p 1.3 .R. DATA

Compounds

Chemical Shifis”

and Ceoupling Constants

1{11(]']_1—4"(]1.1{5) (‘C{;Hg) (PPh:«) 2

60.21(s) (B), 40.50(s) (A)

RuH(CgHy1) {Calls) (PPhs) 2 (C)

64.87(d) and 51.35(d) JP P

(40 Hz) JPH 29 Hz

2

Rull{CsH.1) (Cala) (PPhs) » (D)

64.77(d) and 51.35(d) JP

40 iz H
Pa (40 1iz) JPH 29 Hz

Ru(CsHio) (CsHyp) (PPhj) 2

54.37(s) (B), 43.62(s) (&)

Ru(CzH,) 2(CsHa) (PPh3) 2

67.15(d)

51.20(d) JP P 9.6 Hz

1Lz

P\UH(C6H7) (Pr’h5) 2

61.46(s) JPH 27 Hz

Ru(CeH7) (Cell11) (PPh3) 2

59.65(s)

RUHL‘ (PPh 3) 2

75.5(brs) 56.1(brs)

0
K]

" In ppm to high frequency of external 857% HiPO,.



1

2)

3)

4)

5)

6)

1006

COMPLETE LIST OF BANDS

Ru(CsHa) 2 (PFlis) o

3140vw, 3050m, 201, 1590ms, 1580n, 1570w, 1430s, 1310w, 1300w,
1285w, 1220m, 1200m, 1180m, 1365m, 1155w, 1080ms, 1025m, 995m,
935w, 900w, 850vw, 77Cwsh, 760wsh, 750s, 740s, 720w, 700s, 6%0ve,
620m, 590w, 540s, 530s, 515vs, 500ms, 480m, 450m, 435m, 410w.

Ru(CeHs) (PPh3)2.0-5RE (R = hexyl or isopentyl)

3130vw, 3050m, 208Cw, 1550m, 1580m, 157Cm, 1420s, 1305w, 1210m,
1180m, 1150w, 1080ms, 10Z0m, 995w, 910w, 850w, 800m, 780vw, 740vs,
720w, 690vs, 615w, 515s, 505vs, 440m, 410m.

Ru(CoHg) (PPh,) 2.0 -581Me,

as (2) plus: 1245m, 860s.

RU(CBHs) (I‘Phg) 2.0’ SC(,FQ

as (2) but no absorpticn at 2080 cem™?

and plus 1525s, 1010s.

Orange species

3140vw, 3050m, 1590m, 1580m, 1570m, 1500w, 1430s, 1305w, 133va;
1215m, 1180m, 1150w, 1110w, 108Cm, 1065w, 1020m, 995m, 080w, 800m,
750s, 740w, 720w, 695vs, 680w, 615w, 530vs, 505s, 490m, 455&,
420m.

RU<CQHA) 2 (CGHB) (Ppha) 2

3140yw, 3050m, 1595msh, 1580msh, 1570m, 1430s, 1355w, 1310w, 1290w,
1260w, 1195m, 1180m, 1160mv, 1155mw, 1115w, 1080ms, 1025m, 1015w,
995m, 975w, 930w, 915w, 905w, 880w, 850m, 835w, 750s, 740s, 720w,

695vs, 620w, 600w, 530s, 510vs, 475m, 455m, 440w, 430m, 400m, 375w.



7) 3}1((::,}?15‘,) (Cg,?{d} (P‘:h;) 5.0 (39:1_

305Gm, 2280w, 1595w, 1585m, 1570m, 1405m, 1480w, 1475w, 1430s,
1330, 1310w, 1280vw 1235m, 120Cm, 118&na, 1182m, 1160w, 1115w,
10802, 1070w, 1040w, 1025m, 1600m, 950w, 90Cw, 88Cw, 850w, 810mw,
790w, 750s, 740s, 730w, 720w, 700vs, 680w, 620w, 550w, 550w,
540w, 528b, 5158, 508s, 49Cm, 450m, 410w,

8) RU(H‘].':‘&:‘CQH&) (ﬂ—l—-Z—CuHG) (PPI’Lal:-__

3140vw, 5060ww, 3040m, 3020w, 1610s> 1580m, 1510m, 1430s, 1330w,
1310w, 12857, 1210msh, 1200m, 1185m, 1175w, 1105w, 108Cm, 1040w,
1625w, 1015w, 1000m, 950w, 920w, 910w, 890w, 87Cw, 860s: 850w,
845w, 780vw, 750m, 740s, 720w, 695vs., 675w, 615w, 550w, 525s,
515s, 495s, 450ms, 430m, 420m, 4£05m.

9)  RuH(n’-CeHq1) (Colla) (PPha) o

3050m, 1590m, 1580m, 1570m, 1490m, 1430s, 1310w, 1250vw, 1230m,
1220w, 1185m, 1180w, 1155w, 1075ms, 102Z5m, 995m, 975w, 945m,

920w, 880w, 860m, 850w, 840w, 750s, 740s, 720w, 700vs, 078w, 660w,
620w, 560m, 550m, 535m, 5255, 515s, 500s, 490m, 450m, 430w, 410w,
405m,

10) Rll(n—l"ll"‘CsH'go) (Can) (PP]I 3) 2

3050m, 159Cm, 1580m, 1570m, 1490m, 1430s, 1205w, 1230m, 1220w,
1195w, 1185m, 1150w, 1115w, 1075ms, 1020w, 995w, 940w, 900w,
850m, 745s, 740s, 720w, 690vs, 620vw, 558w, 550m, 535m, 525m, 510s,
500s, 490m, 450m, 430w, 405m.

11) RUH(T]"]-—3“C6H'7) (CeHse) (PPhs) »

3130vw, 3040ms, 3000vw, 2790w, 2760wsh, 2010m, 1580m, 1570w, 1430s,
1305w, 1295w, 1180m, 1175w, 1150w, 1080ms, 1040w, 1025w, 995w,
960w, 930w, 900w, 870vw, 850w, 830w, 790w, 745s, 735s, 720w, 690s,

650m, 615w, 590m, 530s, 515s, 505s, 4#90s, 455m, 425m, 420m.



12)

13)

14)

Ru{Caliz) (0. ) {FPhs) o

3140vw, 3050m, 3010w, 277Cw, 1585m, 1570m, 1350w, 1368w, 1315w,
1305w, 120Cw, 1200w, 1180m, 1170wy, 1160w, 1115w, 1080ms, 1165w,
1140w, 1025:, 995m, 965w, 930w, 915w, 900w, 850m, 835w, 775w,
7455, 740s, 720m, 6%5vs, 680w, 65Cw, 620w, 595m, 3353s, 515s, 505s,
490c, 455m, 435w, 420m.

RuH(C.i,) {PPh.) ,

304Cm, 2780w, 274Cw, 1580m, 1570w, 1430s, 1305w, 1295m, 1180m,
1150w, 1080ms, 1070w, 1040w, 1025m, 995w, 970w, 930w, 900w, 350w,
830w, 780m, 735s, 720w, (90vs, 650m, 6%45m, 620m, 595m, 530m, 515s,
505s, 490s, 455m, 435m, 420m.

RuB,, (PPha) ,

3040w, 1945m, 1580w, 1565w, 1430s, 1305w, 1185m, 1155w, 1115w,
1080m, 1065w, 1020m, 995s, 750w, 745m, 740m, 730m, 720m, 695s,

680w, 630w, 615w, 545w, 54Cw, 520s, 450w, 415w, 400w.



Conpound Colour m.p. Fou?d Requifed

c bl P | Others C H i P lﬂthers
Ru(CsHs) 2(PPhs) 2 Purple 86d 175.3 |5.6 6.7 74.91 5.6 {7.4
Ru(CeHs) (PPh3) 2. 5SiMe, Green-grey 72,9 |6.4 |7.2|84: 1.9{71.4| 5.7 |8.0{Si: 1.8
Ru(CeHs) (PPhs)2-3CsHaz Green 72,4 |5.5 8.4 72.9{ 5.7 i8.1
Ru(CgHg) (PPhs) 2 2CeHas Green 72.9 |5.5 {8.5 73.1| 5.8 {8.0
Ru(CsHs) (PPhs) ;.2C4Fe Green 60d |67.25|4.7 {7.4 68.6| 4.6 |7.5
Ru(C2H,) 2 (Cells) (PPhs) 2 Orange 121 73.0 |6.5 |7.6 78:4¢: 5.0817.9
Ru(C,Hs) (CsHs) (PPhs) ..C-Hg Pale yellow 147 74.7516.4 |7.4 75.4] 6,0 {7.1
Ru(C4Hg) (CsHg) (PPhs3) 2.CeDs Pale vellow - 74.4 16.3 7.1 74.7! 5.8 }7.2
Ru(C,He) 2(PPh3) 2 Creamy-white 106d |72,0 |5.8 }8.6 72.0] 5.7 |8.5
RuH(CeH1,) (CeHg) (PPh3) - Yellow 119 74.2 16.3 7.4 73.81 6.15/7.6
RuH(CeH; 1) (CeHa) (PPh3) 2.0-5C7Hs Yellow - 74.7 |6.2 74.7| 6.3
Ru(CeHio) (CeHe) (PPh3) 2 Yellow 122 73.6 |6.0 {7.8 74.01 5.9 (7.6
RuH(CgHy) (CeHio) (PPh3) 2 Creamy-white 109 72.8 6.0 }8.0 73.2] 6.1 |7.9
Ru(CeH7) (CeH; 1) (PPh3) 2 Yellow 115 728 i N6 1% W 73.2}1 6.1 }7.9
RuH, (PPhs) » Chocolate~brown|118~122167.4 |5.4 }9.1 68.7] 5.4 9.9
RuH(CsH,) (PPhs) 2 Pale yellow 71.1 |5.5 (9.0 71.5| 5.4 |8.8

TABLE ¥

ANALYTICAL DATA

£0T
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CHAPTER 1V

SOME REACTTONS OF RUTHENTUM HYDRTDO COMPLEXES

WITR ACETYLENIC COMPOUNDS

Intfoduction

The reactions of transition metal complexes with acetylenic
compounds have received much attention during the past twenty years.l65
Although the chemistry of ruthenium has developed considerably during
this period, little work has been done on the reactions of ruthenium
complexes with acetylenes. In particular, the reactions of ruthenium
hydrido complexes with acetylenes have been limited to couwpounds
containing cyclopentadienyl, carbonyl or nitrosyl ligands.24’’25’29’47’48’163’164
After the investigation of the reactions of RuH,(PPhs), with
olefins,72 and the work described in the third chapter of this thesis,
it was of interest to study the reactions of RuH,(PPhs)., with acetylenes.

We have also investigated the reaction of RuH(OH) (PPhs),(H.0) with

but-2-yne.

Results and Discussion

1) Reaction of RuH,(PPhs), with diphenylacetvlene

Rul, (PPhs), reacts rapidly in toluene with 3 or more equivalents
of diphenylacetylene to give a deep red solution from which yellow
crystals can be isolated. Analytical and mass spectroscopic studies on
this complex are consistent with the composition Ru(H,) (PhC=CPh); (PPhs).
Infrared and 'H n.m.r. spectroscopy clearly demonstrate the absence of
hydride and -C=C- containing species. A broad band at & 3.8 in the ‘H
n.m.r. spectrum indicates the presence of olefinic protons. In the

mass spectrum diphenylethylene and a diphenylacetylene dimer are found,
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together with a diphenylacetylene dimer . triphenylphosphine adduct,
diphenylacetylene snd a small peak at m/e corresponding to C,Ph,H,.
This last peak could be, for example, 1,2,3,4-tetraphenylbutadiene
but since the intensity of this peak is much lower than that of the
diphenylacetylene dimer it is more likely that this peak comes from
reactions in the mass spectrometer.

These data suggest the presence in the molecule of 1,2-diphenyl~

ethylene and of 1,2,3,4-tetraphenylcyclobutadiene (Structure A).

Phy
Aé%%‘ _35V/ﬁ
e A

Ph~ A Ph

N S
Ru
N H
/,/’// N Ph
PhsP Y/
H
Ph
A

The dimerisation of diphenylacetylene to give 1,2,3,4-tetrauphenyleyclo-
] . 166
butadicne coordinated to a metal atom is not unusual.
This compound would be a four coordinate sixteen electron
ruthenium(0) complex in agreement with its very deep colouration in
solution (see preceding chapter).

Another possibility is a five coordinate ruthenium(II) complex

(Structure B).




. 29
Again precedents exist for compounds of this type, but the mass

spectrum together with olefinic resonance at low field in the 'H

n.m.r. spectrum leads us to favour structure A.

A mechanism for the formation of this complex is proposed in

Scheme 1.

PH ////
RU + PhCE=CPh SV, R
P

P P P P
P
L' H
Ph Ph Ph Pt
N T . ’~Ph
VAR 1 N
H ‘ H " ‘ H ////
BhC=CPh Ph
/// ,7‘Ph Ru i Ru
P P P P
P P
Ph Ph Ph Pl =D
N~/ ~ s {
Fu TN H —
H H H i P\\\\\ ::Ex\f—
PhC CPh Ph Ry Ph

1Y e /\\4\/% e

Scheme 1 Mechanism of

Fre———
formation of Ru(PhC=CPhCPh=CPh) (PhHC=CUPh) (PPhs)

106
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2) ‘Reaction: of Rufl;(PPhy), with phenvlacetylene

RuH, (PPhs), reacts rapidly in toluene with 3 moles of phenyl-
acetylene to give a deep green solution, from which green dichroic
crystals can be isolated. Analytical and spectroscopic data are
consistent with structure C. Evidence for a dimeric structure comes
from mass spectroscopy. The monomer can be detected together with
peaks at higher m/e which were identified as decomposition products of

C.

PPhs PPhy

H Fh
Vi /
=== —=C = = C——Ph
e S |

==C—Ph

c

The deep green colour of this complex is again in agreement with a

sixteen eleciron system. A mechanism for the formation of this complex
is proposed in Scheme 2. It is noteworthy that phenyl and diphenylacet-
yvlene react very differently, particularly that phenyl acetylene reacts
as a weak acid, the first step of this reaction probably being similar
to the formation of RuH(OH) (PPhs),(H,0) from RuH,(PPhs), and H20.72
If excess phenylacetylene is added and the mixture is allowed to
react for longer periods of time or if the reaction is carried out
under reflux, the solution turns brown and a brown powder can be
isolated. This solid was shown to be a mixture of several species

(mass spectrometry), but attempts to separate them by recrystallisation

or chromatography were unsuccessful.
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P
I H
P H
Ru 4+ H—~C=C—Ph —— =+ P —— ——Ru\\\ + PPhs + Hy
P///l \\\H C
AN
P \\§C\\\
P Ph
PhC=CH
Ph \
- l p /Ph
. C—— € ==CPh C
H\\C4¢9 Céﬁ?
y PLCECH y
P Ru e oo P————Ru
AN N
C. c
N X,
P \\\Ph P \\\Ph
-PPhs,
v
P P
? Ph
PhCEEE:C_“*“%Uf _?u———C:Et&C-———Ph
?h——~—C.§ﬁ::C-———*C -'-Htfi(
l Ph H
P
‘Scheme 2

Mechanism of formation of

[Rup (~CH=CPhC=CPh) (~C=CPh) (PPhs) 2 ]2
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RuH, (PPh:) . reacts with an excess of dimethylacetylene in toluene,
the colour of the solution changing from yellow to pale yellow.

Recrystallisation affords pale yellow crystals identified by infrared,

31

M n.m.v. and °'P n.m.r. spectroscopy, and elemental analysis as

Ru(butadiene) (FPhy)s. This isomerisation of a triple bond to two
double bonds is a rather unusual reaction. A plausible mechanism is

proposed in Scheme 3; it is similar to the formation of this

butadiene complex from l-butene and Rqu(PPh3)h.72

4) Reaction of RuH(OE) (PPhs),(H,0) with dimethylacetylene

RuB(OH) (PPhs3) . (H,0) reacts with an excess of dimethylacetylene
in diethyl ether to give an orange microcrystalline compound analysing
for [Ru(OH) (C¢H.PPh,) (PPhs) (H,0) ]..H.0, together with an unidentified
yellow brown solution. The presence of an extra molecule of water of
crystallisation comes probably from a side reaction in which
RuH(OH) (PPha) 2 (H,0) yields the yellow brown solution and liberates H,O.
The hydroxo ortho-metallated complex was identified by
spectroscopic methods (see later). A mechanism for its formation is
proposed in Scheme 4. This reaction is similar to that of RuHCZ/(PPhy)s
and activated olefins in the absence of hydrogen in which hydrogenation
of the olefin occurs with formation of a chloro ortho-imetallated complex.
This compound can exist in four isomeric forms of which three were
detected in the high field region (hydroxo resonances) of the 'H

n.m.r. spectrum.

5) Infrared spectroscopy (see Table)

All the compounds prepared show the characteristic absorptions of

triphenylphosphine at ca. 500, 700, 750, 1080, 1570 and 1580 cm™t.

| A )
In Ru{FhC=CPhCPh=CPh) (PhHC=CHPh) (PPhsy) mno coordinated PhC=CPh was
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H H C/Cﬂs
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Scheme 3

Mechanism of formation of

Ru(C4Hs) (PPhs) » from Rull, (PPh,) . and

CH,=C=C~CH,
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from but-2~-yne and RuH,(PPhs),
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chaerved, in agreement with the proposcd structure, C=C for coordinated
Ph:Ca was expected near 1800 cm™* (1776 em™' for RU(CO)z(PPh3>2(PhCECPh)-163
A1l the (~C=C-) stretching frequencies in [ Rup(-CiE=CPhC=CPh) (-C=CPh) -
(PPhs) o) were found at the same position (2045 em™'), whereas the
carbon-carbon double bond stretching frequencies in the two complexes
were at 1590 cm™t.

Finally [Ru(OH) (C¢HLPPh.) (PPhs) 2 (H.0) ]..H,0 shows vOH at 3600 cm™*
(like Rull(OH) (PPhj;).(H,0), see Chapter II of this thesis), and the
characteristic absorptions of an ortho-disubstituted phenyl ring at
1550 and 1410 cm™' (similar to other ortho-metallated ruthenium

complexes).21’72

6) N.M.R. Spectroscopy

All the compounds prepared show broad peaks between § 6.5 and § 8
| e S
due to the phenyl ring protons. Ru(PhC=CPhCPh=CPh) (PhHC=CHPh) shows a
broad peak at § 3.8 atiributed to the two protons of the diphenyl-
ethylene moiety.

[Ru(OH) (CcH,PPh,) (PPhs) (H20) ],.H,0 shows a peak attributed to the
protons on the bridging hydroxo groups at § -0.75, and coordinated
water at § 1.8. Two other small peaks are detected at § -1.15 and &
-1.7 which are probably due to the presence of different isomers in
solution.

Finally, the °p n.m.r. spectrum of [Rul(-CH=CPhC=CPh) (-C=CPh) (PPhs) . ]>
exhibits a singlet at 47.6 ppm, indicating two equivalent phosphorus
atoms probably trans to one another because of the low chemical shift.35
7) Mass Spectroscopy

"
The mass spectrum of Ru(PhC=CPhCPh=CPh) (PhHC=CHPhL) (PPhs), shows

the parent ion at m/e 899 (Ru 102), expected m/e 900 (Ru 102) and

f |
organic decomposition products at m/e 440 : Pth—CPh=CPhCPh=CPh+;

. ! L+ + +
356 : PhC=CPhCPh=CPh ; 180, PhHC=CHPh ; 179, PhHC=CPh ;

-
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178, PhCECPh+ (th2se three peaks having approximately the same intensity)
and a small peak at m/e 358 which could be PhHC=CPhCPh=CHPh+.
The parent ion of [RuM(-CH=CPhC=CPh) (~C=CPh) (PPhs)2]2 is not
seen biut the monomer is observed at m/e 929 (Ru 102), expected
m/e 930 (Ru 102) and loss of (~C=CPh) at m/e 828 (Ru 102) expects
829 (Ru 102). Peais of higher m/e corresponding to compounds

possessing two ruthenium atoms are also detected at m/e 1008, 1087

and 1136 (Ru 102).

Experimental

[See Chapters IT and III for general conditions]

1) 1,2,3,4~tetraphenylcvclobutadiene diphenylethylene(triphenyvlphosphine)-

ruthenium(0)

RuH, (PPhs), (0.45 g, 0.39 mmole) was added to a solution of
diphenyl acetylene (0.30 g, 1.68 mmole) in toluecne (40 ml). The
solution colour changed immediately to deep red, no other change in
colour being observed with further stirring. After 2 hours the solution
was evaporated to about 10 ml and petroleum was added. Filtering and
cooling at -15°C afforded yellow crystals of the complex. Yield,
ca. 75%. Significant infrared bands: 1500s, 1200w, 1180w, 810w,
790w, 765w, 760w, 750m, 730w, 720w, 705s, 695s, 610m, 592m, 565m, 550m,

530s, 510s, 500m, 450m.

2) bis{[u(2,4-bisphenylbut-3-yne-1-enyl) J(phenyl ethynyl)bis(triphenyl-

phosphine) ruthenium(IT)}

RuH, (PPh3), (0.5 g, 0.43 mmole) was added to a solution of phenyl
acetylene (0.279 g, 2.73 mmole) in toluene (45 ml). The colour changed
immediately to deep green. After ome hour the solution was evaporated

to 10 ml, petroleum was added and the mixture cooled to -15°¢. Deep
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green c¢rvstals of the cowplex were nhtained. Yield, ca. 50%.

Significant infrared bands: 2045m, 15%0s, 1205w, 1185w, 1155w,

535s, 5158, 4%0w.

3) Reaction of RuM,(PPhs), with but-2-yne, new preparation of

butadiene tris(triphenylphosphine)ruthenimm(0)

RuH, (PPhi), (0.5 g, 0.43 mmole) was added to a solution of
but-2-yne (0.2 ml, 2.5 mmole) in toluene (40 ml). The solution was
stirred for 15 hours during which time the colour became very pale
yellow., After evzporation to 10 ml, petroleum was added. Cooling to
-15% gave pale yellow crystals of butadilene tris(triphenylphosphine)-

ruthenium(0). Yield, ca. 40%.

4) p,p'-dihydroxobis(n®-2,diphenylphosphinophenyl)di(aquo)bis-

(triphenylphosphine)diruthenium(II) water.

RuH(OH) (PPh3) ., (H20) (0.5 g, 0.76 mmole) was added to a solution
of but-2-yne (0.2 g, 2.5 mmole) in diethyl ether (50 ml). The
solution was stirred for 15 hours after which time the complex
separated as orange microcrystals from a yellow brown solution. Yielc,

ca. 407%.



TABLE

Analytical and Infrared (em™?*) Data for Some Ruthenium Complexes

ANALYTICAL

|
i COMPLEX COLOUR |
E Found (%) Required (%) VCEC | ve=C | VO | Other
| j r | |
i | E i |
Ru(PhC=CPhCPh=CPh) (PhHC=CHPh) (PPhs) | Yellow| 80.3 | 5.3 | 4.2 | 80.1 | 5.2 ! 3.5 1590s |
| | |
’ |
[Rup (~CH=CPhC=CPh) (-C=CPh) (PPhs) 2 ]2 Green | 77.2 5.9 6.8 77.3 5.2 6.7 i 2045m | 1590Cs |
| |
| .
Ru{C,He) (PPha) 5 Yellow, 74.2 ! 6.1 8.9 | 74.0 5.4 9.9
| | |
| ' !
| [Ru(0H) (CsH,PPhXPPhs) (H20) ]2.H,0 Orange| 64.1 5.0 | 8.5 64.7 4.9 9.3 3600m, sh % 1550m, 1410m
i’ |

ST1
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APPENDIX

THE_CRYSTAL STRUCTURE OF Ru(CsHa) 2 (PPhs).

The crystal structure of Ru(CgHs) 2 (PPhs)}z has been determined by
Dr. M.A.A.F. De C.T. Carrondo and Dr. A.C. Skapski. The compound
crystallises in the triclinic group. The space group is“Pi, Z =24
The molecule is a distorted tetrahedron with.two molecules of styrene,
coordinated through their olefinic carbon-carbon double bonds, and
one molecule of triphenylphosphine being almost coplanar and the
other molecule of triphenylphosphine being perpendicular to this

plane (see diagram on following page).

Mosgt important band lengths and ‘a’n;.;leslz

Ru-P (in plane of styrene C=C) : 2.40 &
Ru-P (perpendicular to plane of styrene C=C) H 2.23 &
P-Ru-~P ¢ 107.9 R
Mean of Ru-C - 2.20 &

Mean of C=C (olefinic double bond of coordinated

(o]
styrene) t 1.47 A
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of RU(C3H5> 2 (PPha) 2
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