385

Journal of Organometallic Chemistry, 139 (1977) 385—401
© Elsevier Sequoia S.A_, Lausanne — Printed in The Netherlands

Tha Hydrogenation in Methanol Solution of the Caplexes

PhC1 (CO) {Pth[ (ay) nc{=012] }2 and PhCl(CD) [PPh2 (GXZGiZMGi3) 1 2.*

P.W. Clark and G.E. Hartwell -

Department of Chemistry, University of Queensiand, Brisbane, Australia
4067 and Department of Chemistry, Indiana University, Bloomington,
U.S.A.

(Received July l4th, 1977)

Abstnact
The complexes RhC1{CO){PPhal {als) CH=Ciz] }2 and RhC1(CO) [PPhy-
(Ci-!zcsizcigcicia)lz add hydrogen in methanol solution saturating the

olefin and forming RhC1(CO){PPhy([(CH3) _.CH3]}2, n = 0-3. The reaction

n+1
does not proceed in non-protic solvents. Carbon monoxide inhibits
the reaction, whereas excess ligand (for n = 2) becomes catalytically

saturated. The rate of the reaction depends largely on steric factors

and follows the order RhCl(CO) [PPhj (CHCH5CH=CH3) 15 > RhC1(CO) [PPhp-

(CHp CHCHECHCHS) 12 RhC1(CO) [PPhy (CHaCH2CHoCH=CHp) 12 > RhCL(CO) {PPhz-—
(CHpCH=CH2)} 12 > RhCL(CO) [PPhj(CE=CH3)}]12. Deuteration experiments
show that scrambling does occur and a mechanism for the hydrogenation
is proposed. Isomerisation for n = 3 occurs at higher temperatures

giving the efs-olefinphosphine complex RhC1(CO) [PPhy (Cﬂzcﬂzc-lgd\laig) 12.

Introduction
During recent years, there has been considerable research into

the synthesis, characterization and reactions ‘of unsaturated tertiary

*To whom correspdndence should be addressed at the University
of Queensland. == . ) C
fﬁo mpﬂn';s available.-
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phosphine and arsine complexes of rhodium(I) and iridium(I)[1-26].
Typical ligands include the o-styryl types P(o-CH,=CHCgHy)3[4,5,2],

P (0-CH=CHCgHy) 2Ph{9], P (0-CHo=CHCgH;)Ph16,7,13,14,22,24); the more
flexible ligands PPh3_x[(alz)ndi=CHz]x. x=1,2o0r 3and n =.0—3 12,3,
12,15,16,17,18]; and diphosphine and diarsine ligands such as

0-PhP (CgHCH=CHCgHy ) PPha-0[1,8,20], PhyPCH,CH,CH=CHCHCHoPPh3 [19,25)

Ph ASCHCH, CH=CHCHp CHpAsPhp [25] , and Bu,PCH,CH,CH=CHCH, CH,PBu, T [22] .
Since the metal-olefin bor;d in most cases studied is quite stable,

such complexes could serve as model complexes for the intermediates

in various homogeneous catalytic reactions involving transition metal
compounds particularly for homogeneous hydrogenation, isomerisation,

and hydroformylation reactions. We have previously reported, in a
communication, the initial results of our study into the hydrogenation
and isomerisation of the olefin part of the ligands of unsaturated
tertiary phosphine complexes of rhodium(I) [2]. It has also been
reported{18] by us that the complex RhCl(mbp},, mbp = but-e-enyldiphenyl-
phosphine, PPhjp (CH>CH,CH=CH,), reacts with hydrogen gas at one atmosphere
ad-5°C in methanol to form the dimeric complex RhyCls [PPho (CHoCH2CH2CH) 12.
Since then Bennett and Hann have reported a similar metal-promoted
hydrogenation of [Rh(spp)2]1BPh, spp = (o-vinylphenyl)diphenylphosphine,
O—CHp=CHCgH,PPh;, to give Rh(n®—CgHsBPh3) (n2-0-CH,=CHCgH,PPh,) plus
{(c-ethylphenyl)diphenylphosphine. This reaction of Bennett and Hann's
refutes the earlier work of Brookes®' con the same reaction in which

he claims to obtain Rh(nS-CgHs5BPh3) (0-C2HsCgH,PPhy) 2[14]. We now wish
to report in detail our s;udy into the hydrogenation and isamerisation
of the series of complexes RhC1(CO)L; where L = Pthl(diz)nCHsd{zl,

n = 0-3 and L = PPhy (CH,CH,CHSCHCH,) .

Experimental
The ligands d.iphenyl_vinylphosphine (273, ally].dirphenylphospr}'lin‘erlzalv . .
but—3—enyldipheny1phos'p§iné[29] and péﬁt—«i-enyldipﬁeny}l.ph&&_ﬁiﬁetﬂ]

were prepared by the 'st;vanda:d: litezatureme:hod by 'r-e‘a‘ct,mgv;h‘lozb )
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diphenylphosphine with the Grignard of the corresponding haloalkene
and vacuum distilling out the product. All phosphines were stored
under nitrogen until used. Chlorodiphenylphosphine and allyl chloride
waere obtained from Aldrich Chemical Company:; vinyl chloride, hydrogen,
deuterium and carbon monoxide were purchased from the Matheson Company;
S5-bromopent—-1-ene and 4-bromobut-l1-ene were obtained from Pierce
Chemical Company. Di-]j-chlorotetracarbonyldirhodi\m(I) [30] was prepared
by the literature method. All chemicals were reagent grade and were
used without further purification. Microanalyses were performed by the
Alfred Bernhardt Microanalytical Laboratory; Elback iber Engelskirchen,
West Germany, and by Huffman Laboratories Inc., Wheatridge, Colorado.
Infrared spectra were recorded using Perkin-Elmer 137, 137G or
621 spectrometers while the !H NMR spectra were obtained on a Varian HA100
spectrometer operated in the field sweep mode using intermal ™S as
the lock signal. Spectra were integrated on two to five samples and
the average taken. The integrals of the methyl and methylene protons
of the hydrogenated and deuterated samples were.calculated with respect
to the phenyl protons. Mass spectra of the complexes were recorded
using a Varian MAT CH-7 instrument operating under the same conditions
for each complex using a normal solid sample probe. As the intensities
of the parent (complex) ion were quite low, the phosphine peaks in
the mass spectrum were analysed to determine the amount of deuterium
added.
Prepanation of Complexes
The compounds trans-RhC1(CO} {Ethl(Qiz)nG{=d:!2] }2, n =0, 1 or 3
were prepared by the same method as Zrang-RhC1(CO) [PPhy (CHoCHaCH=CH,]5[15])
from RhyC1l5(C0)y; and an excess of the corresponding ligand. The
preparative conditions and yields are given below. The analyses are

given in Table 1. v
-Complex. - . . Solvent 8 Yield

BHCL(CO) {PPhp(CHeCH2} 12 .~ © ether 82
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RhCl (CO[PPhZ (Cﬂz(}i=ciz) ] 2 ether 95

RhC1 (CO) [PPhy (CH,CHpCHoCH=CH>) ]2  petroleum ether/ether 71

Prepanation of Canbonylchlonobis(eis-pent-3-enyldiphenylphosphine]-
ahodium{1), RRCE(CO) [PPh, (CH,CH,CHSCHCHS) T 5. '

A solution of 0.13g of carbonylchlorobis(pent-4-enyldiphenylphos—
phine) rhodium(I), RhC1(CO) {PPhy (CHo(HoCHoCH=CH3)]> in 80ml of methanol
was refluxed for 5h. The methanol was removed by vacuum and the
product (as an oil) was characterized by infrared and Iy NMR spectroscopy.
The same isomerisation occurred in refluxing benzene. For reactions,
the isomerised complex was prepared inm Situ.

Hydrogenation and Deuternation Reactions.

An excess of hydrogen or deuterium was bubbled slowly through a
deaerated methanolic solution of each compound. The final product was
crystallised from methanol for the reacticn of trans-RhC1(CO) {PPhsy-

[(CHp) CH=CHj] }> where n = 0, 1 or 2, and obtained as an oil for

n = 3 and for the product of the reaction with trans-RhCUCO}PPhs (CHyCHpCHE
CQHCH3],. The products were characterised by infrared and g Nur
spectroscopy. One product, rans-EhC1(CO) [PPhy(CHCHaCHY)l, was

analysed (Table 1) and the analysis was found to be satisfactory.

Discussion
Propenties of RhCE(CO)_[PPhZICHZCHZCH=CH2)]2
The compound RhC1({CO) [PPhj (CH2CHoCH=CHj3) ], is a yellow crystalline
solid which readily dissolves in non-protic solvents such as methylene
chloride, chloroform or benzene forming yellow solutions, and is moderately
soluble in protic solvents such as methanol {(ca. 15mM) and ethanol
(ca. 13mM) forming coliourless and pale yellow solutions respectively.
The vinyl, allyl and pentenyl complexes, RhC1(CO) {PPHZI((ﬂz)'nC!k(ﬂzl }a,
‘n=0, 1 or j.'»and RhC1(C0) [PPhy (CH,CH,CHECHCH3) ]2 display a similar
sblui:ility _in non-protic solvents but are somewhat less soluble in

©.In a»éhlotdfpm solution (19.7mM),. the compound RhCI(CO)-
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{PPhy (CH,CHCHi=CH2) 12 has an apparent molecular weight of 600

whereas under the same conditions in a methanol solution (7.4 mM),

the compound has an apparent molecular weight of 378 as determined

by vapour pressure osmometry. The calculated value for the

molecular weight is 647.  In chloroform (3.35 mM) the compound

RhC1{CO) [PPh; (CH>CHpTH=CH3) 12 is a non-electrolyte (molecular- conducti-—
vity = 0.04 ohm | mol”'), but in methanol (3.64 mM) the results are
consistent with the compound being 1:1 electrolyte (molecular
conductivity = 64.0 ohm } em® mol”'). The molecular conductivity

of a 5.32 oM solution of tetra-n-butylammonium iodide solution in
methanol was 77.8 oh.m..1 c:!n2 mol-l- These result; are consistent with
the observed infrared and !H NMR results. In the solid state (XBr)

in the infrared spectrum, the compound RhC1(CO) [PPhj (CHpCH,CH=CH3) 12
has a single carbonyl stretching band at 1950 an-1, and in a non-protic
solvent (methylene chloride) it again has a single carbonyl band at
1972 crn-l. while in a protic solvent (methanol)} it has two carbonyl

1 1

bands at 2004 ca = and at 1968 cm @ in the approximate ratio of

1:2. The reaction of FhC1l(cO) {PPhy (CH,CH,CH=CH,)}]1, with sodium tetra-
TABLE 2

Reaction Conditions for the Hydrogenation and Deuteration -
of
Rhcl(CD){Pthl(Oiz)nGiﬂzl}, n=0, 1, 2or 3
and

RhC1(C0) [PPh, (CH,CH,CHECHCHS) 12

Complex Time Temperature
RRCL(CO} [PPhy (CH=CH7) )2 . 12k 6a°%c
RhC1(CO) [PPhj (CH,CH=CH,) 12 ) 3h - . e4%
RhC1 (CO) [pphz(cszcnzca=c£lznz : R U - ambient

- ambient

e

RhC1{C0) [PPhy (CH,CH,CHaCH=CH) 15

RhC1(CO} [FPhj (CHCH,cuECHCHS) 12 - - it L S Sh R PR T aﬂblent §
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phenylborate in methanol gives the five-coordinate cationic complex

{rh (CO) [PPh, (CH2CH,CH=CH2) } 2 }BPhy, in which both olefins are coordinated

to the rhodium centre; and it has a single carbonyl resonance at 2001 cm‘1
in the solid state (KBr) and at 2028 <:m_1 in solution (methylene chloride)
{18]. The 1y nmr spectrum of the butenyl coompound in d-chloroform

shows olefinic resonances in the normal position at 4.20, 5.06 and

5.10T (Table 3). In the 1y MR spectrum of the butenyl compound

in d,-methanol, there are no resonances assignable to uncoordinated
olefin, and the upfield peaks are broad and somewhat obscured by the
residua.i. proton peaks of the methyl resonance of the solvent. Therefore
it is apparent that there is an equilibrium between RhC1(CO) [PPhy (CHCHCH=
CHy) I and {Rh(CO) [PPhy (CHCHoCH=CHZ) 12} in methanol, and that at

least one of the olefinic groups is bonded to the rhodium centre

and that there is probably an equilibrium between bonded and uncoordi-
nated olefins (See Scheme 1). Such eguilibria between bonded and

unbonded olefins in rhodium compounds are quite common e.g.

RhC1{PPh, (CH,CH,CH=CH5) 15, whose crystal structure has been determined{17],
exhibits similar fluxional behaviour[i8].
The Hydrogenation Reacition.

The reaction of hydrogen with the compounds RhC1l{CO) {Pth[(CHz)nCH=
CHz1}2, n = 0 - 3, and with RhC1(CO) [PPhj (CHaCHpCHECHCH3) 1, in methanol
under the conditions listed in Table 2 yields the compounds RhC1(CO)-
{Pthl(G!z)n+1a-l3l}z in which the olefin has been saturated. Although
no accurate rates were measured, it was cbviocus that the rate depended
greatly on the size of the chelate ring formed in the reaction. The
reaction of RhC1(CO) [PPhj (CHyCH,CH=CH2) ]2 with hydrogen proceeded
very quickly at room temperature, whereas RhC1(CO) [PPh;(CHCH=CH3)]2
and nhcl(cd) [Pth(Gi@z)] 2 needed refluxing conditions for the
reaction to proceed at any comparable rate. The relativé rates of
xv:eactio‘nr were RhC1(CO) [PFPh (CHpCHpCH=CHz) 12 > RRCL(CO) [BPhy (CHpCHpCHE
CHCH3) ]2 + RhCl{CD) [PPhé (cnzcazmzcuﬂzb)lz > RhC1{C0) (Pth (CHCH=CH) 15 >
Rhcl(co) [PPi:é’(m@é) 12- Upon. repeatmg “the reactions with deuterium,

S R POl ’ (Contimed on p. 393)
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it was found that 2.0 deuterium atoms per ligand- were added. The amount
of deuterium added was determined from accurate mass spectral data.

No hydrogenation of the ligands in methanol in the absence of the

metal complexes took place, and no incorporation of deuterium was
observed when hydrogenation took place in d;-methanol. No hydrogenation
was observed on attempting the reaction of RhC1(CO0) [PPh) (CHpCHCH=CHj) 12
in the non-protic solvents benzene, chloroform or ether. This is in

agreement with Wilkinson and co-worker's cbservation that although

TABLE 4

Added Deuterium Distribution from !H NMR
and

Mass Spectral Results

‘I‘Otala :[ntetnalb I:‘.xternalb
Deuterium Carbon Carbon

Compound Added
RhC1(C0) [PPhy (CH=CH,) ], © 2.00 0.94 1.06
RhC1(CO) [PPh3 (CHoCH=CH3) ] 2 2.05 0.79 1.21
RhC1 (00) [PPhy (CH,CHaCH=CH>) 12 1.99 0.75 1.25
RhC1(CO) {PPhy (CH» CHp CH=CHCH3)} 15 2.0 1.04 0.96
RhC1 (CO) [PPhy (CHoCHo CHaCH=CH3) 12 2.04 0.45 1.55
RhC1 (CO) [PPhy (CH,CHCH=CH) I 2 c

2.0 0.76 1.24
+ excess PEBhjp (CHpCHCH=CH))
PPh (CH2CHCH=CH)) 0.0 0.0 0.0
PPhy (CH=CH3) 0.0 0.0 0.0

a Mass Spectral Results.

b Number of deuterium atoms added per mole of ligand;

14 NMR values normalised to 2.0 deuterium atoms.

e T Deteminedbylﬂ mbinte»gratf:ion.
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RhC1(PPh3) 3 readily activates molecular hydrogen in benzene, the
corz;esponding carbonyl complex, Zrans-rRhCl(CO) (PPh3)2 does notl31].
Aiso in these non-protic solvents, the olefin is not coordinated to
ﬁm rhodium centre as determined by lH HMR.

In the original paper on the homogeneous hydrogenation of olefins
using RhCl(PPhj)3, it was suggested that the intermediate consisted
of a cis-dihydride complex with both hydrogens cts to the olefin
giving rise to a simultaneous addition to the olefin[31]. Since
then several authors have indicated that a two step mechanism is
mere likely [32] since scrambling does occur. Our work substantiates
this latter viewpoint since we do observe scrambling in our system
(See Table 4), and the extent of the scrambling depends on the size
of the chelated intermediate. The fact that there is an uneven dis-
tribution of deuterium atoms between the internal and external carbon
atoms of the olefin is consistent with the reversible metal-hydride-
olefin complex and metal-~alky:i complex reaction (See Scheme 2)}.

Such a reversible mechanism has recently been shown to exist in the
complex u-mo(czﬁz.)z(thP(:HzCHzPth)z]+[33]. It has also been shown
that ligands such as tri-n-propylphosphine and tri-n-butylphosphine

in the platinum camplexes PtsCl,Ls, undergo a hydrogen-deuterium
exchange reaction involving presumably a metal-hydride-alkyl
intermediate. The exchange in this reaction ié controlled by steric
requirements of the ligand and the most favoured intermediate involves
a S-membered chelate ring{34]. We are able to say that such an equili-
brium between. the saturated phosphine complexes, RhC1(CO) [Pthl(Gi)n+1-
CH31}> and a metal-alkyl-hydride species does not exist in oﬁr system
since only 2.0 deuteriums per ligand are incorporated, although the

activation of alkyl groups on rhodium is well known, and the dehydrogenation
of alkyl groups has been reported{19,20,22]}.

Ef4ect of Tempehatulie- Upon attem_ptihq to‘hydroqenate 'Rhcuco)-
[Pth(CHZCHZQkCBZ)]i in :ﬁetha:;ol at lower tempez;atuzes between -5°C

to -15%, the reaction is oonq:let;ely inhj.bitea- It is suggested that
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[Rh(CO) {PPhy [ (CH) _CH=CH1}21"

+
{Rh(CO) L{PPh; [ (CH3) n+1CH3? 1

Hp 5

Second Cycle

Scheme 2
Proposed Mechanism for the Hydrogenation of

Rh(CO)Cl{Pth[(CHZ)nCH=G'!2]}2 in Methanol, n = 0-3

the proposed equilibrium between bonded and uncoordinated olefin has
been shifted to the completely bonded species which could not activate

molecular hydrogen.

Ejfect c4 Added Ligand. In the presence of excess carbon
monoxide the hydrogenation of RhC1(C0) {PPhj (CH2CHCH=CH3)}21 in methanol
is completely inhibited and only the original complex is isolated.

‘Bowevér, whgq an excéss of the: ligand, PPh;(CH,CHCH=CHjy), is

added to the complex RhCl(CO) [PPhj(CHpCHpCH=CHz) )3, the colour changes
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jmmediately from colourless to yellow, suggesting the formation of the
complexes {Ph(cCO) [Pth(CHZCHZCH=C82)2]n}+, 2 € n € 4. The complex
[Ix{C0) (Ppha)z.]+ has been prepared in methancol by this method(35})}. when
hydrogen or deuterium is admitted to the solution, the olefin of both
the free ligand and camplexed ligand become hydrogenated or

deuterated respectively {See Scheme 1). In the deuteration experiment
2.0 atoms of deuterium are added per mole of ligand and the distribution
is the same as in the case without excess ligand (Table 4).  This
indicates that the same mechanism is operative where excess ligand is
present, and it indicates that an equilibrium is present between the
complexes {RhC1(cO) [PPhy (CHZC!-izQ-:=G!2)]n}+, 2 <n < 4. The reaction
was complete within one hour at room temperature and one atmosphere of
hydrogen. It should@ be noted that Wilkinson's catalyst, RhCl(PPhj3)3,

is inhibited by excess triphenylphosphine, but Wilkinson's catalyst ’

was used in a non-protic solvent such as benzene.

Isomerisation

Upon refluxing a solution of RhC1(CO) [PPhy (CHaCHCHCH=CH5)])2 in
methanol or benzene for about 5h, it was found that the olefin had
isomerised to give the complex RhC1{(CO) [PPhy (GIZCKZGigC!-iCH3)] in
which the olefin had the cis-configuration (by lH NMR). Such an
isomerisation has been reported in the preparation of tetracarbonyl-
{diphenyl—-2-(prop-cis-1-enyl) phenylphosphine)molybdenum(o) whose
structure has been confirmed by an X-ray analysis[36,37}. This
isomerisation also occurs in the preparation of Rh(nG—C5H58Ph3)-'
(n?-PPhjy (CHaCH,CHETIICH3) 1 [18] . We attempted to isomerise the ligand
in thé butenyl complex, RhC1{(CO) [PPh, (CHaCH,CH=CH;)]1,, but only a
nixture of compounds was isolated even after 88h of refluxing. .The -
isomerisation is proposed to proceed-via a m-allyl-hydride intermediate
as has been suggested elsewhere[38]. - :

Mechanism

A proposed mechanism for the. hydregenation’ of..th'esé co'mplexés-"is‘. .
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given in Scheme 2. The factors affecting the deuterium distribution in
the final products will depend on. (a) the amount of alkene isomerisation
(b} the Markownikov versus anti-Markownikov addition of Rh-H(D) to

the ligand Pthl(CHZ)nCH=CH2] [39] (c) the degree of scrambling detween
H and D in transition states.

It has been shown that the rate of isomerisation is much slower
than the hydrogenation reactions (see above). Both the butene and
pentene complexes, RhCL(CO)NPPhjy (CH,CHoCH=CH3)])p and RhC1{CO) {PPhp {CHCH,—
CHaCH=CHs) 15, are hydrogenated at room temperature; whereas the
isomerisation of the pentene complex oniy occurs at higher temperatures,
and the isomerisation of the butene complex is only minimal even after
prolonged refluxing. Therefore it is unlikely that isomerisation
has much affect in determining the product distribution. However, once
the alkyl intermediates 3 or 4 are formed, this c-ould promote the
isomerisation of the olefin particularly in the pentene case.

The factors influencing the addition of the Rh~H(D) to the ligand
PPhy (CH3CHCH=CH)) will depend on the polarity of the Rh-H(D) bond
and by the steric requirements of the ligand in forming the transition
states 2, 3 or 4. Since all the complexes are essentially the same,
the polarity of the Rh-H(D) should not change, and the addition should
depend on the steric requirements of the ligand. Masters and coworkers
have found that the most stable configuration for the intermediate in H(D}
exchange with the phosphine complexes of platinum Pt;Cl,La, L = P(C3H7)j
or P(CyHg) 3 involves a five membered ring system; and the stability
of ﬁxe intermediate follows the following ring size order, 5 > 6 > 4[34}.
Using this argument, then the intermediate 4 would be preferred for
the .compounds RhC1(CO) [PPha (CHyCHaCHpCH=CHp) 12, RhC1(CO) [PPhy (CHoCHoCHE
CHCH3) 12 and RhCl{CO) [PPha{CH;CH;CH=CH3) ]2, and the intermediate 3 would
be preferred for the compounds RhC1(CO) [PPhjs (CHCH=CHj3) ]2 and RhCl(CO)-
[Pth(CHédiz)Alz-k We are unable to give any definitive Ans-vers to the
;;toport;.ion of mtenned.lata 3 or 4 occurring in any particular case

since we are unable ‘to deternine the degree of scrambling between H
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and D in the transition states: and our system is further complicated
since we have two carbon sites for the initial addition of Rh-H(D)

to the olefin.
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