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The complexes ~Cl(CO){PPh2f(M2)n~=CH21}2 and BhCltCo)tPPb2- 

(~X~~P+fi&i~Us)l2 add hydrogen in methanol solution saturating the 

olefin and forming RhClt~l~PPh21(O12)n+,~31}2r n = O-3. The reaction 

does not proceed in non-protic solvents. Carbcnmonoxideiuhibits 

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 Rhtl(cO) CPPh2(CH2CH2CB=CU2)12 > BhCl(cO) IPPh2- 

(cx2~2~&i~3)12 s BhCl(cO) tPPh2(cU2CW2C3i2CH=M2)12 ' BhCl(CQ) IPPhz- 

Ku~cH=(N~)~~ ', Rhcl(cO) fPPh2Wi=(3H2)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 cis-olefinphosphine complex RhCl(COl[PPh2(CH2CH2(3H~CH(N3)12- 

During recent years, there has been considerable research into 

the synthesis, characterization and reactions'of uusaturated tertiary 

'To who0 correspondence should be addressed at the University 
af Queensland. 



phosphine and arsiue complexes of rhodium(I1 and iridium(I) 11-261. 

Typical ligands include the 0-styryl typss P(0~2=MCgH41314.5.91. 

P(O-C82=C8C68412PhC91, P(O-CH2'(NC6H4lPh2;6,',13,14.22.24]: themore 

flexible ligauds PPh3_xI~CK21nM=Cli21x~ x =l,Zor3andn=O-3 [2,3, 

12.15,16.17,181; and diphosphine and diarsine ligauds such as 

O-Ph2P(C6H~(H=(IIC6HI+)PPh2-0['1,8.201. Ph2PCH2CH2(1I=CFXH2CH2PPh2C19,251 

Ph,AsCIi2Mt~~arzor2AsPh2t251. and tB u2P~2~2~=~~2CH2PB"2t[221_ 

Since the metal-olefin bond in most cases studied is quite stable, 

such complexes could serve as model complexes for the intermediates 

in various hcmogeneous catalytic reactions involving transition metal 

ccmpouuds particularly for homogeneous hydrogenation, iscmerisation, 

and hydroformylation reactions. We have previously reported. in a 

comrmnication, the initial results of our study into the hydrogenation 

and isomerisation of the olefin part of the ligands of Maturated 

tertiary phosphine complexes of rhodium(IlC21. It has also been 

=po*edilSl by us that the complex Rhcl(nbp)2, mbp = but-e-enyldiphenyl- 

phosphine, PPl~KZI2(Ii+i'012). reacts with hydrogen gas at one atmosphere 

=d-S'C in methanol to form the dimeric complex R~~C~~CPP~~(M~CH~CH~~H~)I~- 

Since thenBenuettand Hannhavereportedasimil~metal-promoted 

hydrogenation of [Rh(sppl2lBPh4 spp = to-viuylphenylldiphenylphosphine. 

o-CXi~=CUC5Ii~PPh~, to give ah(n6c~H5BPh~l(rr2-o~~=~~8~P?h~l plus 

cO-ethylphenyl)diphenylphosphine~ This reaction of Bennett and Wanu's 

refutes the earlier York of Brookes' ori the same reaction in vhich 

he claims to obtain Rh~r16-C~K5BPh31~o-C2H5C6H~PPh2)2~141. We nov vish 

to report in detail our study into the hydrogenation and iscmerisatiou 

of the series of complexes RhCl(COl~ vhere L = PPh2i(cH21nCH=~21, 

n=O-3andL= 

ExpGYGmM 

The ligauds diphenylvinylphosphinet271. allyldiphauylphosphine[281; 
_. . : ‘. _, _ 

but-3_enyldiphenylphosph&eC291 ana peent-4-enyldiphenylphohosphlne[29) 

vere preparedby the staudard lite&ure method hy++&lq-&lom~ _-T 
-: :.. -’ __- . .:. 

..-_ --._; . . -:z 

‘.. ‘. -. . -... 
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diphenylphosphine with the Grignard of the corresponding haloalkene 

and va&um distilling out the product- All phosphines were stored 

under nitrogen until used- Chlomdiphenylphosphine and ally1 chloride 

were obtained fromAldrich Chemical Company; vinyl chloride, hydrogen, 

deuterium and carbon monoxide were purchased from the Katheson Company; 

5-bmwpent-l-ene and 4-bmmobut-l-ene were obtained from Pierce 

Chemical Company. Di-I-chlorotetracarnyldi=h~i~~I, 1301 was prepared 

by the literature method- AU chemicals were reagent grade and were 

used vithout further purification- Microanalyses were performed by the 

Alfred Bernhardt Micmanalytical Lab-oratory; Elback iiber Engelskirchen, 

West Germany, and by Huffman Laboratories Inc., Hheatridge, Colorado. 

Infrared spectra were recorded using Perkin-Elmer 137, 137G or 

621 spectrometers while the 1H NFlR spectra were obtained on a Varian HA100 

spectrometer operated in the field sweep mode using internal TMS as 

the look 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. Bass spectra of the complexes were recorded 

using a Varian M&T M-7 instrument operating under the same conditions 

for each complex using i 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- 

Paepanadon 06 Comptexea 

The compounds ~~-R~C~(CO)(PP~~C((N~)_C~~=C~~ZI)~, n = 0. 1 or 3 

were prepared by the same method as trims-RhCl(CO)CPPh2(CH2(H2CH=M212[15] 

from BhlCl2(CG)4 and an excess of the corresponding ligand- The 

preparative conditions and yields are given below. The analyses am 

given in Table 1. 

Solvent \ Yield 

ether 82 
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PhCl(CO[PPh2KH~(II=~2)12 ether 95 

Rhcl(CO) IPPhI(CB2M2fA2CH=CE2)12 petroleum ether/ether 71 

A solution of 0.13g of carbonylchlorobis(pent-4_enyldiphenylphos- 

phine)rhcdium(I). _~Cl(CO)fPPhp(CH2CH2(N2CI=M2112 in 8Oml of methanol 

was refluxed for 5h. The methanol was remwed by vacuum and the 

product (as an oil) was characterized by infrared and Iii NMR spectroscopy. 

The saue isomerisation occurred in refluxing benzene- For reactions, 

the isomerised complex was prepared in situ. 

ffyckogenation and Vctiaation Reationa. 

An excess of hydrogen or deuterium was bubbled slowly through a 

deaerated metbanolic solution of each compound. The finalproductwas 

crystallised from methanol for the reaction of tzwns-RhC1((1D1~PPh~- 

ItCH2),CH=M21~2 where n = 0. 1 or 2, and obtained as an oil for 

n = 3 and for the product of the reaction with trans_RhCUCO)[PPh,(CH2M2CH=C 

MCH3lZ. The products were characterised by infrared and lIi NUR 

spectroscopy- One product, trans-IzhCl(co)CPPh2((312~2M312 was 

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

The compound R~C~(CO)[PP~~(~I~M~(N=~~)I~ 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. ISuM) and ethanol 

(m_ 13sH) forming coiourless and pale yellow solutions respectively. 

The vinyl, ally1 and pentenyl complexes, _~cl(CO)fPPh21((82),CH=(H21~2, 

n = 0, 1 or 3, and PhCl(COo) tPPh~(CEI2Qi2Cii%X~3)12 display a similar 

solubility in non-protic solvents but are swhat less soluble in 

&ethanol_ In a-chloroform solution <19_7wSl 
.: 

the conpound RhCl(COl- 
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CPPh2(CH2CEI2CK=CEI2)12 has ah apparent sulecular weight of 600 

whereas Mder the same conditions in a methanol solution (7.4 aW, 

the compound has au apparent nrrlecular weight of 378 as determined 

by vapourpressureosx~matry_ The calculatedvalue forthe 

molecular weight is 647_ In chloroform (3-35 ULW the compound 

RhCl(C00) [PPh2(CX2CEi2CK=cH2)12 is a non-electrolyte Woleclilac-conducti- 

-1 
vity = O-04 ohm molt-'). but in methanol (3-64 r&4) the results are 

cowistentvith the compound being lrf electrolyte (molecular 

conductivity = 64-O ohm-' aa2 nnl~*)_ The molecular conductivity 

of a 5-32 uU solution of tetra-n-butylamnoniu iodide solution in 

-1 
methanol was 77-8 ohm aa2 sol-' _ These results are consistent with 

the observed infrared and %i NhR results. In the solid state (.KBrl 

iu the infrared spectrum, the compound RhCl(Co) fPPb2mi2CH2QI=M2)12 

-1 
has a single carbonyl stretching baud at 1950 cm , and in a non-protic 

solvent (methylem? chloride) it again has a siugle carbonyl band at 

-1 
1972 cm , while in a protic solvent (methanol) it has two carbonyl 

bards at 2004 cm-' and at 1968 cm-' in the approximate ratio of 

1~2. lI¶ae reaction of sbcl(co) ~PPht(Q12CPZCH-XS12)12 with sodium tetra- 

Reaction Conditions for the Hydrogenation and Deuteration 

Of 

Rhtl~COlfPPh2C~~2~~~=CH21~. n = 0. 1, 2 or 3 

Complex Time Temperature 

PhClKCJ~IPPh2K=CH2112 12h 64OC 

~h~lK0)tPPh2(of2CS=C=2~l2 3h 64OC 

R~c~(CO)CPP~~((H~CB~(~~=(SI~)I~ : lh .ambient 

fkCl(a30) IPPh2((B2~2~2~=c82)12-. ._ 5h .. ._ ambient: 

~hcl(CC11 CPPh2t~2CE,CE%E<a3112 -: > :::-- ;. ~. -sh. .: L -- -.I _. - ambient _. _ 
:. . 
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phenylborate in methanol gives the five-coordinate cationic complex 

~~(CO)[PPh2(~2M2~~M2))2)BPh4 in which both olefins are coordinated 

-1 
to the rhodiumcentre; and it has a single carbonyl resonance at 2001 cm 

-1 _ 
in the solid state WPr) and at 2028 cm m solution (methylene chloride) 

C 1 81_- The lIi NXP spectrum of the butenyl compound in d-chloroform 

shows olefinic resonances in the normal position at 4-20, 5-06 and 

5.10r (Table 3)_ In the IH N?lR spectrum of the butenyl compound 

in dq-methauol, there are no resonances assignable to uncoordinated 

olefin, and the upfield peaks are broad and somewhat obscured by the 

residual proton peaks of the methyl resonance of the solvent. Therefore 

it is apparent that there is an equilibrium betveen PhCl(C0) [PPh2(M2CII2CH= 

CH2))2 and ERZI(CO)[PPh2(CH2CH2(1I=CH2)12)+ in methanol, and that at 

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

and that there is probably au equilibrium between bonded and uncoordi- 

nated olefins (See Scheme 1). Such equilibria between bonded and 

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

~clIPPh2(CH2M2~~~2))2. whose crystal structure has been determinedC17). 

exhibits similar fluxional behaviourLl81. 

The fiydrwgetion Read-ion. 

The reaction of hydrogen vith the compounds PhCl(CO)fPPh2[(Ui2)u~= 

cH2112. n = 0 - 3, and with RhCl(C0) fPPh2((N2CH2&ZHCZi3))2 in methanol 

under the conditions listed in Table 2 yields the compounds PhCl(CO_)- 

tPPh2 C CCQ)n+1 CE13D2in which the olefin has been saturated. Although 

no accurate rates were measured, it was obvious that the rate depended 

greatly on the sire of the chelate ring formed in the reaction. The 

reaction of WC1KO)[PPh2(~2CH2CH=M2)12 with hydrogen proceeded 

veryquickly atroantemperature, whereas RhCl(CO)CPPh2((R2(H=CII2))2 

and RhCl(C0) [PPh2(CIirM2)12 needed refluxing conditions for the 

reaction td proceed at any comparable rate. The relative rates of 

reaction were PhCl(CO)[PPh2(CS2~2QI'(N2)12 > PhCl(CO)[PPh2(CS2CH2(Bz 

ai~ri~)]2 .x ~hc1[c~)[PPh2(~~Qf2QI2~~2)12 ' P.hCl(CO) CPPh2(C=2m=(112)12 ' 

~hClK0) CPPh2~WLXkI~)l~. upou repeating the reactions with deuterium, 
-_ ~. 

.- (oentirnled an p- 395) 
_ :- .: _ .-:: 
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it was found that 2.0 deuterium atoms per ligaud were added. 

of deuterium added was determined from accurate mass spectral 

No hydrogenation of the ligamds in methauol in the absence of 

metal complexes took place , and no incorporation of deuterium 

395 

The amount 

data. 

the 

was 

observed when hydrogenation took place in dl-methanol. No hydrogenation 

was obserwd on attempting the reaction of PhCl(CXJ1 [PPh2(CH2CH$H=Cn2)12 

in the nou-protic solvents benzene, chloroform or ether_ This is in 

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

TA8l.E 4 

Added Deuterium Distribution from 1H NYR 

and 

Wass Spectral Results 

Totala 
b 

Internal 
b 

External 

CCslpoulld 

Deuterium Carbon Carbon 

Added 

Rhcl(~o) IPPh2((N'M2)12 2.00 0.94 l-06 

Rhcl(cO) CPPh2(C&CH=CH2)12 2.05 0.79 1.21 

LuIcL(C01 CPPh3@i3CH$H=CW2)12 l-99 0.75 1.25 

Rh~l(C01 CPPh3(CH2CH2M=CDCH3112 2.0= l-04 0.96 

Ehcl(C0) CPPh2@Ii3(N2C&CH=M2)12 2.04 0.45 1.55 

RhclCcO) CPPh2UZii2dl2CH=(N2112 
2.0= 0.76 1.24 

+ excess PPh2(QI2M2rZi=Ct+) 

PPh2(C&C&(3H=C&l 

PPh2(Cfi=Qf2) 

0.0 0.0 0.0 

0.0 0.0 0.0 

a Mass Spectral Results. 

b Number of deuterium atoms added per mole of ligand; 

'H NWR values nomalised to 2.0 deuterium atoms. 

-E 
-= 

-De+rained by.:% WWR integration. 

: -... _, ._.:._.T. 
.I. ..~..._ 
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PhCl(PPhS32 readily activates molecular hydrogen in benzene, the 

corresponding carbonyl complex, ?!n'ons-PhCl(CO)(PPh9)2 &es not[31]. 

Also in these non-protic solvents. the olefin is not coordinated to 

the rhodium centre as determined by 1~ NIIR. 

In the original paper on the homogeneous hydrogenation of olefins 

using RhCl(PPh213, it vas suggested that the intermediate consisted 

of a cis-dihydride complex with both hydrogens cis to the olefin 

giving rise to a simultaneous addition to the olefin[31]. Since 

then several authors have indicated that a tvo step mechanism is 

more likely C321 since scrambling does occur. Our work substantiates 

this latter viewpoint since we do observe scrambling in our SyStem 

(See Table 4). and the extant of the scrambling depends on the sire 

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-alkyi complex reaction (See Scheme 2). 

Such a reversible mechanism has recently been shovn to exist in the 

complex IH~(c~~~)~(P~~PM;!CH~PP~~)~I+[~~I. It has also been shown 

that ligands such as tri-n-propylphosphine and tri-n-butylphosphine 

in the platinum complexes Pt2ClbL2. undergo a hydrogen-deuterium 

exchange reaction involving presusmbly a metal-hydride-alkyl 

intermediate. The exchange in this reaction is controlled by steric 

requirements of the ligand and the most favoured intermediate involves 

a S-membered chelate ringC341. We are able to say that such an egui?.i- 

brium between the saturated phosphine complexes, RhCl(C0) IPPh2C(CHH)n+l- 

Mgl~2 and a metal-alkyl-hydride species does not exist in our system 

since only Z-G deuteriuns per ligand ale incorporated. although the 

activation of alkyl groups on rhodium is well known. and t&e dehydr-enation 

of al-kyl groups has been reported119,20,22]. 

E&$ect 06 Tempena&e- Upon attempting to hydrogenate PbCl(CO)- 

[PPh2(CE2CEi2CFi=CK2)12 in methanol at lower temperatures between -S°C 

to -lS°C. the reaction is completely inhibited_ It is suggested-that 
: ..’ _I -1.._ : 

.- : 
._- 
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bh (CO) fPPh2 [ (‘X2) ,c~=c~~] )2) * 

(co)ui %AcH 2- 1 

\ 
CH’ = 

// 
H2C 

2_ 

I 
i- 

n 

Scheme 2 

Proposed Mechanism for the Hydrogenation of 

R~(CO)C~{PP~~[(~~),CH=OIZI~~ in Methanol, n = O-3 

the proposed equilibrium between bonded and uncoordinated olefin has 

been shifted to the completely bonded species which could not activate 

molecular hydrogen. 

Edieot c& Added tigmd. In the presence of erce.ss caxbon 

monoxide the hydrogenation of RhCl(CO) [PPh~(CH2M@WTH~)21 in EfS.hanOl 

is completely inhibited and only the original complex is isolated. 

However, when an excess of the ligand, PPh2(IN+H2CH=CH2), is 

a&& to the complex RhCl(COl CPP~~(CH~CQCH=MZ)I~~ the colour changes 
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immediately from colourless to yellow , suggesting the formation of the 

complexes CPh(CO)[PPh2(~2CH2CH'M2)21n)+, 2 c n c 4. The complex 

II.r(aU (PPh3)I&l+ has been prepared in methanol by this method[35]_ When 

hydrogen or deuterium is admitted to the solution, the olefin of both 

the free ligand and complexed ligand become hydrogenate& or 

deuterated respectively (See ScheIlae IL In the deuteration experiment 

2-O atons 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 =ZTFZ me&auism is operative where excass ligand is 

present, and it indicates that an equilibrium is present between the 

complexes &hCltCo> lPPh2(CH$i$XZ=CE2) InIf. 2<nc4_ The reaction 

uzs complete within one hour at room temperature and one atnosphere of 

hydrogen- It should be noted that Wilkinson's catalyst, PhCl(PPh3)3, 

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

was used in a non-protic solvent such as benzene_ 

Upon refluxing a solution of ~Cl(CO)[PPh2(Cti2(N2CH2Cil=M2)12 in 

methanol or benzene for about Sh, it was found that the olefin had 

isouerised to give the complex Rhcl(Co) IPPh~(C!i+f+Z&lXH~)l in 

which the olefin had the c&-configuration (by lH NM?)_ Such an 

isomerisation has been reported in the preparation of tetracarbonyl- 

Idiphenyl-2-(prop-m‘s-~-enyl)phenylphosphine)molybdenum~ol whose 

structure has been confirmed by an X-ray analysisI36.371. This 

isomerisation also occurs in the preparation of ECh(n6-C~HsBPh3)- 

Wi2-PPh~KH~CH2CHkliCfi311 CIEI. He attempted to isomerise the liqand 

Ln the butenyl complex, PhCl(C0) CPPh2(CH2CHZCE=M2)12. but only a 

nixture of conpounds was isolated even after BBh of refluxing. The. 

isonerisation is proposed to proceed-via a n-allyl-hydride intermediate 

as has been suggested elseuhereE381_ - 

Mecfdm : 

A proposed mxhanism for the hydrogenation:of;these complexes is. : 
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given in Scheme 2_ The factors affecting the deuterium distribution in 

the final products vi11 depend on.(a) the amount of alkene isomerisation 

(b) the Harkcunikov versus anti-Yarkownikov addition of Rh-H(D) to 

the ligand PPh2[(CH2)nM=CH21[391 (c) the degree of-scrambling -between 

ii and D in transition states- 

If has been shown that the rate of isomerisation is much slower 

than the hydrogenation reactions (see above)_ Both the butene and 

pentene complexes, ~~l~c0)[PPb~~cH~cH~cii=~~l1~ and shCl(Co) 1PPhr(CHaOIr- 

cH2cHH=cH~Il~. are hydrogenated at room temperature; whereas the 

isomerisation of the pentene.ccmplex only 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 couldpromote the 

iscmerisation of the olefin particularly in the pentene case. 

The factors influencing the addition of the W-H(D) to the ligand 

PPh2(CH@l2CH=CH2) will depend on the polarity of the Ph-H(D) bond 

and by the steric requirements of the ligand in forming the transition 

states 2, 3 of 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. pasters and coworkers 

have found that the most stable configuration for the intermediate in n(D) 

exchange with the phosphine complexes of platinum Pt2C14L2. L = P(CqH7)q 

or P(CqHq)q involves a five membered ring system: and the stability 

of the intermediate follows the following ring size order, 5 > 6 z. 4[341_ 

Using this argument, then the intermediate 4 would be preferred for 

the compounds RhCl(CO) [PPh~K%I2CSi@i2CIi=CH~ll~, RhCl(C0) IPPh2KH2a2CHg 

cJiCHq)l~ and RhCl(CO)[PPh2(CHt~2~I'M2)12, and the intermediate 3 would 

be preferred for the campounds RhC1(~0)[PPh2(CH2~=M2)12 and PhCl(CO)- 

IPPh2Uii-xxi2)l~~ We are unable to give any definitive ansvers to *e 

proportion of intermediates 3 or 4 occurring in any particular case 
_. . . . ..- 

since we are unable to determine 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 &e olefin- 

i_ 

2. 

3_ 

4. 

5. 

b_ 

7, 

8. 

9. 

lo_ 

Xl_ 

12_ 

13_ 

14. 

15_ 

16, 

17. 

18. 

19. 

20_ 

21, 

&A_ Bennett and P-A_ Longstaff, J_A?z~r_Chem.So&, 91(1969)6226- 

G-E_ Hartwell and P-i?. Clark, chem.&rzzun.,(1970~1115. 

P-W_ Clark and G-E_ Hartwell, Inorg_C&m.,9~1970)1948_ 

D-I_ Hall and R.S. Nyholm, C'he~.C0m~.i~.,(1970)488- 

C, Nave and X-R_ Troter, C.%em.Com?nm., (197111253. 
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