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ABSTRACT  

The nydroformylation of alkenes using hydridocarbonyltris(tri-

phenylphosphine)rhodium(I), RhH(C0)(PPh3 )3 , under mild conditions 

(ea 25
0 

and 1 atm.) is described. The dependence of rate, substrate 

specificity and product distribution on catalyst concentration, 

partial pressures of carbon monoxide and hydrogen and temperature 

is discussed in terms of possible mechanisms. 

The presence of excess triphenylphosphine is important in 

achieving nigh yields of straight-chain aldehydes from alk-l-enes 

and the use of molten PPh3  as solvent allows high product specificity 

to be maintained at higher temperature and pressure (ca 100°  and 

300-700 lb.in,2). 

Reactions of RhH(CO) (PPn3 )3 , IrH(C0)(PPh3 )3  and IrR(CO)2(PPh3)2  

with alkenes and CO, H2  or HC1 to give alkyl and acyl species analogous 

to proposed intermediates in hydroformylation are described. The 

reactions of these species are shown to be consistent witn the proposed 

hydroformylation mechanism. In particular the reversible carbonylation 

and CO-insertion reactions of the rnodium(I) and iridium(I) species 

and the inhibition of reactions of H2  and HC1 with M(COR)(C0)2(PPh3 )2, 

M = Rh, Ir, by CO are noted. 

The preparation of 11-allylic complexes M(rT-A)(CO)(PPh3)2 , M = Rh, Ir; 

A = allylic group, by both diene insertion and Grignard reactions is 

described. N.m.r. spectra over the temperature range -80°  to +80°  

snow that the allylic groups are "dynamic". The reaction of 

Ir(r-A)(C0)(PP/13 )2  with CO in solution gives a mixture of) 0- 

r 	

and)2

-aliylic species and Ir(0-A) 	and Ir(COA)(CO)

2  

 

complexes have been isolated. Reactions of these allylic complexes 

with H2  and HCla're also described. The mechanism of nydroformylation 

of butadiene is discussed in terms of these results. 
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INTRODUCTION  

The "Oxon or hydroformylation reaction is tne conversion of an 

olefin into an aldehyde by interaction with carbon monoxide and 
, 

hydrogen in the presence of a catalyst. The reaction was discovered)  

in 1938 by Roelen during studies on the Fischer-Tropsch process and 

has acquired considerable industrial importance. It is normally 

carried out2 in an inert solvent (often a high-boiling phthalate 

ester which allows distillation of the reaction products) using a 

cobalt catalyst and CO + H2  at pressures of 200-300 atm. and temperatures 

in the range 100-120P. At higher temperatures, 150-180°, reduction 

of the products to alcohols takes place. These "Oxo-alcohols" are 

widely used for the production of plasticisers for polyvinylchloride, 

for the preparation of detergents and as solvents. The annual world 

capacity3  of Oxo-plant in 1968 was in excess of 1.5 x 106  ton. 

Much of the early work on the process, recorded in the patent 

literature, was concerned with industrial and commercial aspects rather 

than with the reaction mechanism, but after it was realised'.  that homo-

geneous catalysis was involved mechanisms began to be postulated. -The 

active catalyst was shown5 to be HCo(C0)4  formed in situ from metallic 

cobalt, cobalt salts or Co2(C0)8. 

7 

Alkyl- and acyl-tetracarbonylcobalt(I) complexes were then prepared
6 

by reaction of alkyl- and acyl-halides with Na[Co(C0)4] and the equili-

brium between RCo(C0)4  and RCOCo(CO)3 , (R = alkyl group), demonstrated.
6b 7 

The nature and reactions of these alkyl- and acyl-cobalt species has 

been reviewed.8 

The evidence relating to the mechanism of hydroformylation, which 

is largely based on the reactions of HCo(C0)4  with olefins at room 

temperature, has also been thoroughly reviewed9  and a self-consistent 

scheme which seems to explain the known facts is as follows: 



Co2  (C0)8+ H2 	VI 	2HCo(C0)4  (1)  

HCo(C0)4 	HCo(C0)3  + CO (2)  

RCH=CH2  

RCH=CH2  + HCo(C0)3  (3)  
HCo(C0)3  

RCH=CH2 	RCH2CH2Co(CO)3 	CO 	
RCH2CH2Co(C0)4 

(4)  

HCo(CO)3 	RCHCo(C0), RCHCo(C0)4  

CH3  CH3  

RICo(C0)4 	R,C0Co(C0)3  (5)  

CO 
R'COCo(CO)3 	RIcoco(c0)4  (6)  

H2 
RICHO + HCo(C0)3  (7)  RICOCo(C0)3/- 

HCo(C0)4 
R 'CHO + Co2  (CO)7  

H2  
MHO + HCo(C0)4  

RICOCo(C0)4(HCo(C0)4 	 (8) 
) R'CHO + Co2  (C0)8  

From equation 5 R' = RCH2  CH2  or RCHCH3  and thus the products from 

hydroformylation of RCHH2  are the isomeric aldehydes RCH2CH2 CHO 

and RCH(CH3 )CHO. Clearly both 4- and 5-coordinate cobalt(I), d
8, 

species are important in the mechanism. 

The straight-chain and branched-chain aldehyde products arising 

from hydroformylation of alk-l-ene are usually formed in a ratio of 

< 2:1 and alk-2-ene substrates yield a similar product distribution 

at low CO pressures
10 because rapid double-bond migration occurs and 

because terminal double bonds react more rapidly. Higher CO pressures 

inhibit the isomerisation. Commercial demand for straight-chain 

products has stimulated much research on modifying the catalytic 

system to increase the proportion of linear aldehyde and alcohol formed. 

8 
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Thus in addition to the use of higher CO pressures it was shown
11 

that lower reaction temperatures increase the product ratio. The 

use of polar solvents, e.g. methylethylketone in hydroformylation 

of propene, has been claimed
12 to greatly enhance the proportion of 

linear products. 

The reaction of HCo(CO)4  with alkenes at 1 atm. and ca room 

temperature13 gives differing acyl products according to the temperature 

and composition of the gas phase. These acyls could be collected 
14 

as stable triphenylphosphine adducts, RCOCo(CO)3(PPhy), and the 

configuration of the acyl group determined by g.l.c. analysis of the 

methyl esters formed after decomposition of the complexes with 12  and 

Me0H. This reaction of alkene with HCo(CO)4  under mild conditions 

was also shown to be affected15 by the presence of nucleophiles such 

as benzonitrile. The interconversion of isomeric acyltetracarbonyl- 

cobalt(I) species was observed
16 at room temperature and, although CO 

does not alter the final isomer proportions, it slows the reaction 

which is also very sensitive to solvent. These results were interpreted 

in terms of the reversible equilibria represented by equations 3, 4 and 
5 above and the effect of coordination of solvent or added nucleophile 
in stabilising tricarbonyl species. 

It was thus a matter of importance to ascertain wnich of the 

factors revealed by these low pressure reactions is important in 

defining reaction products under hydroformylation conditions. These 

seem to be (i) specificity in direction of addition of Co-H to RCHLICH2 ; 

(ii) selectivity of reaction of HCo(CO)y  between alk-l-ene and alk-2-ene. 

The rate of alkene isomerisation is known to be dependent on CO pressure
10b  

and isomerisation of intermediate acyls is thought
17 

to be slow compared 

with the overall process, on the basis of results on the reaction of 

alkylorthoformates with CO and H2  in the presence of Co2(C0)6  under 

hydroformylation conditions. This reaction is believed to involve 

alkyl- and acyl-cobalt intermediates and no isopropyl product was 

observed from n-propylorthoformate.
17 

HC(OR)3  + HCo(CO)4  -0 HCOOR + ROH + RCo(C0)4  

RCo(C0)4  + CO -e RCOCo(C0)4  

RCOCo(C0)4  + H2 	RCHO + HCo(CO)4  

RCHO + HC(OR)y  -. RCH(OR)2  + HCOOR 
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A small fraction (5%) of n-butyraldehyde was, however, formed from 

isopropylorthoformate and it has been noted
16 that isomerisation 

reactions of the acyl species are very solvent dependent, so that 

it is unlikely that they can be completely excluded under catalytic 

conditions. 

The addition of ligands which can compete with CO for coordination 
.1 8 

sites on the cobalt was also claimed to alter significantly the 

characteristics of the hydroformylation system; important examples 

being tertiary phosphines, phosphites and amines. Thus the Shell 

process,
19 under which the preferred modifier is PBu31  was claimed 

to allow the reaction to proceed at much lower pressures (ca 30 atm.) 

because of the stability of the catalytic hydride and, in spite of 

the low pressures, to give a high proportion of linear product. 

In addition this proportion could be maintained at higher temperatures, 

180-2000, when rapid hydrogenation occurs giving high yields of linear 

alcohols in a single step reaction. The use of tripnenylphosphtte, 

on the other hand, was claimed
18a to inhibit hydrogenation and allow 

preparation of alcohol-free aldehydes. 

Recent work
20 on these processes has suggested that the increase 

in the proportion of straight-chain product is principally determined 

by increased specificity for anti-Markownikov addition of tne Co-H to 

the terminal double-bond, caused by coordination of the phosphine to 

cobalt. Alkene isomerisation is also found to be slowed under these 

conditions and, since it probably occurs via reversible Markownikov 

addition, this may also be caused by the same enhanced specificity. 

LnCoCH2  CH2  CH2  R 
anti-Markownikov 

L
n
Co-H + RCH2 CH=CH 

Markownikov 
L CoCHCH2 R 

7 n  CHI  

LnCo-H + RCH=CHCH3 

20ab 
It has been suggested - that the specificity for anti-Markownikov 

addition arises from the more hydridic nature of the modified cobalt 

hydride. Thus replacement of a CO group in HCo(CO)1, by a tertiary 

phosphine which is a stronger 0-donor and a weaker 7-acceptor has been 



shown21 to greatly reduce the acidity of the metal hydride to water. 

(When the phosphine is PPh3  the acidity is reduced by ca 7 pK
a 
units). 

, Steric factors have also been proposeu
16 
 to account for the formation 

of linear products in the isomerisation of acyltetracarbonylcobalt(I) 

species because of interaction of the alkyl group on the alkene with 

the other ligands in the transition state leading to alkyl formation. 

Such effects may be expected to be greater wnen bulky phosphine groups 

are involved and may influence not only the direction of addition of 

Co-H to alk-l-ene but also the specificity of the interaction of the 

hydride between alk-l-ene and alk-2-ene (see rhodium system below). 

The differing effectiveness of a variety of phosphine and phosphite 

modifiers has been discussed20a 'b 922  in terms of these effects and 

also in terms of the ease of displacement of such ligands by CO under 

"Oxo" conditions. The relative importance of electronic and steric 

factors in such systems is not clearly established but it is relevant 

to note that the extent of ligand replacement in Ni(CO)4  and NiL4  

(L = tertiary phosphine) by different phosphines can be directly 

related23 to the "angle of the cone swept out in space" by the particular 

ligand used. 

Soluble complexes of metals other than cobalt have also been 
18,2k claimed in patents 	to act as catalysts for hydroformylation. 

Only rhodium, however, appears to be useful under less drastic condi-

tions than cobalt and it is assumed that the active species is HRh(C0)4  

formed in situ as in the cobalt case. Direct comparison using rhodium 

and cobalt carbonyls25 has shown that hydroformylation rates are 

substantially higher (x 10
2 
- x 103) when rhodium is used. Iridium, 

iron and nickel carbonyls failed to give significant conversion under 

similar conditions although at higher temperature (200°) iridium gave 

substantial hydrogenation. Reactions catalysed by rhodium carbonyls 

have been studied in detail26 and found to give lower straight- to 

branched-chain product ratios than those with cobalt. This has been 

attributed26a to greater.alkene isomerisation rates and faster relative 

hydroformylation of alk-2-ene compared to alk-l-ene. 

Rhodium metal or rhodium sesquioxide have been used as starting 

materials for forming the catalyst in situ in a number of preparative 

studies27  and the use of phosphine modifiers has also been found
28 

to affect the product composition. Coordination complexes of rhodium 

11 
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such as RhC13(PPn3 )3 , RhC13(pyridine)3  and Rh2 C12(SriC12 Et0104
29 

have also been used. 	The complexes trans-RhX(C0)(PR3 )2 , (X = Cl, 

Br or I; R = alkyl or aryl) were found
30 to be particularly active. 

At 100 atm.and 70°  such catalysts give a straight- to branched-chain 

product ratio of ca 2.7:1 from pent-l-ene and alk-2-enes were found 

to give only branched-chain products. Thus, although trans-RhCl(C0)(PPh3 )2  

catalyses alkene 

isomerisation is 

as in the cobalt 

isomerisation in the presence of H2  at 70°, such 

completely suppressed in hydroformylation, probably, 
31 case, by the high CO pressure. More recently-  a 

detailed study of the reaction with trans-RnCl(C0)(PP/13 )2  at lower 

pressures (ca 34 atm.) and at temperatures of. 100-150
o 

has examined 

the effects of the various reaction parameters on the product distribu-

tion and shown that, with > 995 selectivity to aldehydes, the reaction 

can give a linear content of 75 to 80% from alk-l-enes if excess PPh3 
is added to prevent alkene isomerisation which otherwise occurs under 

these conditions. 

An induction period observed in these reactions30  could be 

removed by addition of a hydrogen-halide acceptor, e.g. Et3 N, when 

Et3 NHC1 could be recovered after the reaction, which was found to 

proceed under milder conditions. This was interpreted as snowing 

that the active species is RhH(C0)(PPh3 )2  or another rhodium hydride 

formed by further carbonylation. 

RhCl(C0)(PPh3)2  + H2 	RnH(CO) (PRO2  + HC1 

RhH(C0)(PPh3 )2 , however, is very unstable and the pale-yellow solutions 

obtained after such amine-promoted hydroformylation reactions were 

extremely air sensitive. Addition of excess PPh3 before these reactions 

allowed recovery of the stable yellow complex RhH(C0)(PPh3 )3, previously 

prepared by Vaska.32  This compound can thus be used as a convenient 

catalyst and no induction period was observed in such cases. 

RhH(C0)(PPn3)3 , which dissociates a PPh3  

is also an active catalyst at 25°  and 1 atm. 

isomerisation35  and hydrogen atom exchange
30 

ligand in solution,33 

for hydrogenation,
34 
 

reactions of alkenes. 

It reacts reversibly with CO at 1 atm. to form RhH(C0)2(PPh3 )2  and 

dimeric species;33  the dicarbonyl hydride being much less active 

for isomerisation reactions. 	The properties of RhH(C0)(PPh3 )3  are 

summarised in Table I.1. 
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Using RhH(C0)(PPh3)3  it was found30 that hydroformylation can 

proceed at 1 atm. and 25°  and that under certain conditions ratios 

of straight- to branched-chain aldehydes of ca 20:1 could be achieved. 

This was in an essentially stoicheiometric reaction in which a benzene 

solution of RhH(CO)(PPh3)3  was first treated with CO to give RhH(C0)2(PPb3  )2 
and [Rh(CO)2  (PP113 )2 32 • 

	Alkene was then added and H2  bled into the 

system to give the aldehyde mixture (ca 100% based on Rh); the dimer 

[Rh(C0)2(PPh3)2]2  being cleaved by H2  to regenerate the nydrido species 

under these conditions. 

As a result of these investigations and in light of further 

information from the other catalytic reactions of RbH(C0)(PPh3)3  noted 

above, two mechanisms were proposed3°  for hydroformylation, which were 

based essentially on that of the cobalt system. They differ in the 

mode of attack of alkene on the catalyst. 

(a) The associative pathway 

RbH(C0)2(PPh3)2 ar'ene  RhH(alkene)(C0)2(PPh3)2  ;--• RhR(C0)2(P1413)2 

(b) The dissociative pathway 

RhH(C0)2(PPh3)2  --YPh3  RhH(C0)2(PPh3) 
arhene RhH(alkene)(C0)2(PPh3) 

RhR(C0)2(PP113)2  

A third possibility is that attack of alkene on trans-RbH(C0)(PPh3)2 , 

which is thought to be operative in hydrogenation reactions,34  can 

lead to aldehyde products by carbonylation after or concurrently with 

the hydride transfer reaction. Such a pathway is expected to give a 

similarly high specificity in respect of alk-l-ene vs alk-2-ene 

substrates as observed in hydrogenation where it was attributed to the 

maximum steric interaction of the trans-PPh3  groups, mutually cis to 

the hydride, with the approaching alkene. 

P.Ph3  4- 



In RhH(C0)2(PPh3)2  the PPh3  groups are probably cis and the molecule 

may also show fluxional behaviour like the iridium analogue, 

IrH(CO)2  (P1413)2 .36 

The reaction was taken to proceed from RhR(CO)2(PPh3)2  by 

alkyl transfer to coordinated CO giving a square acyl, Rh(COR)(C0)(PPh3)2 ; 

this then undergoes oxidative addition of H2  to give a dihydridoacyl-

rhodium(III) species, Rh(COR)H2(CO)(PPh3 )2 , which rapidly eliminates 

aldehyde forming HhH(C0)(PPh3)2  which takes up CO to reform RhH(C0)2(PPh3)2 • 
It was also anticipated that addition of CO to the square acyl to give 

Rh(COR)(C0)2(PPh3)2  would be likely and that such a reaction would 

block the oxidative addition of H2 , which is believed30 to be the rate-

determining step, and thus be inhibiting. 

Hydroformylation using IrCl(CO)(PPh3)2  and IrCl(C0)(P1311131)2 24d 

probably also proceeds by way of hydrido species and IrH(CO)(PPh3)3,32  

which has been shown37  to act as an hydrogenation catalyst for ethylene 

and acetylene under mild conditions (ca 1. atm.530°), has been used at 

100 atm., 70° 30but found to give considerably slower reaction than with 

the rhodium analogue. It is likely, however, that the reactions involved 

are broadly similar to those in cobalt and rhodium catalysis. These 

metals comprise the second subgroup of Group VIII in the Periodic Table 

(outer electron configuration d7S2) and can form compounds of similar 

stoicheiometry, albeit of vastly different stability. Although care 

must be exercised in comparing metals from different transition series 

studies of the compounds of one of these metals may give an insight 

into less readily studied reactions of another. 

The object of this study was to investigate truly catalytic 

(i.e. high conversion : catalyst ratio) reactions using RhH(C0)(PPh3)3  

under mild conditions with particular reference to the proposed 

mechanisms and to the factors influencing the product ratio in these 

circumstances. 

The work is described in four chapters. The first is concerned 

with direct measurements on the RhH(C0)(PPh3)3  catalysed hydroformylation 
,J system at ca 1 atm. and 25°. 	In the second chapter hydroformylation 

at higher temperatures and pressures and control of reaction products 

by the use of large excesses of PPh3  is described. Chapter III describes 

an approach to the mechanism of the catalytic reactions by isolation 

14 



and/or spectroscopic characterisation of postulated intermediates 

and study of the reactions of these species. Iridium complexes were 

of particular value, being considerably more stable than their rhodium 

analogues. This was also found to be true of the allylic complexes, 

formed by interaction of hydridocarbonyltriphenylphosphinerhodium(I) 

and iridium(I) compounds with conjugated dienes and allene and described 

in Chapter IV. 

15 
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Table 1.1. Properties of Hydridocarbonyltris(triphenylphosphine)rhodium(I) 

Preparation33 	trans-RhCl(C0)(PPh3)2  may be prepared38 by interaction 

of RhC13.3H20 with excess PPh3  and aqueous formalde- 

hyde in refluxing ethanol. 	(Yield ca 85°,0). 	Treat- 

ment of a suspension of trans-RhCl(C0)(PPh3)2  in 

refluxing ethanol with excess PPh3  and NaBH4  gives 

RhH(CO)(PPh3)3  in high yield (ca 9C5). 

Solid 	Yellow crystals, stable to air; m.p. 117°. 

Structure39 

I.R. spectrum 

Trigonal bipyramidal with an axial H-Rh-CO group. 

Nujol mull. 	V 	2040 (m)9  V 1923 (s) cm-1. RhH 	CO 
Cyclohexane solution 2005 (s), 	1935 (m). 

N.M.R. spectrum Room temperature: single broad line T 19.27 (C6H6) 
(33,40) 	resulting from exchange broadening due to PPh3  

dissociation. 

-35°  : 1:3:3:1 quartet of doublets T 19.69 (CH2C12 ); 

JPH 14Hz; J 	ca 1Hz. 

Solubilit y33 Moderately soluble in CHC13 , CH2C12  or C6H6 (ea 40 mg/ml). 

Sparingly soluble in cyclohexane (ca 1 mg/ml) and 

insoluble in light petroleum. The complex decomposes 

on standing in solution,41 losing H2  and forming a 

catalytically inactive dieter Ofth(C0)(PPh3)2]2. 	With 

chlorinated solvents trans-RhCl(C0)(PPh3)2  is formed 

on refluxing. 
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CHAPTER I  

Homogeneous Hydroformylation of Alkenes with Hydridocarbonyl-

tris(triphenylphosphine)rhodium(I) as Catalyst : Low Pressure  

System  

Introduction  
4 As noted above the previous studLes30  using RhH(C0)(PPh3)3  as 

a catalyst for hydroformylation at 25°  and 1 atm. involved reaction 

of solutions containing RhH(C0)2(PPh3)2  and [Rn(C0)2(PPh3)2]2 , formed33  

by passage of CO through benzene solutions of RhH(C0)(PPh3)3 , with 

alkene and H2. 

RhH(C0)(PPh3)3 	RhH(C0)(PPh3)2  + PPh3 

CO 
RhH(C0)(PPh3)2 	RhH(C0)2(PPh3)2  

-112 
2R1114 (C0)2  (PPh3  )2 	[Rh(CO )2  (PPh3  )2  ]2  

In the absence of alkene a red, carbonyl-bridged dimer, 

[Rh(C0)(PPh3)2S]2  (S = solvent) was snown33 to be formed on sweeping 

solutions of the yellow [Rh(C0)2(PPh3)2]2  with an inert gas and may 

be collected as the EtOH or CH2C12  solvate. 

-CO 
[Rh(C0)2(PPh3)2]2  [Rh(C0)(PP:13)2S32  

In the presence of even a 1 molar excess of PPh3  [as when formed from 

RhH(C0)(PPh3)3  ] the red and yellow dimers are cleaved by H2  at 1 atm. 

to reform the hydrido species. 	In the absence of excess PPh3 , however, 

an orange compound, [Rh(CO)(PPn3)2 12 , is formed.
41 This species is 

also formed by a slow decomposition of solutions of RhH(CO)(PPh3)3  

and both reactions probably occur via RhH(C0)(PPn3)2. 

2ROH(C0)(P1402 	[Rh(C0)(PP102]2  + H2  

This reaction is not reversed by H2  at 1 atm. and is responsible for 
44 

a marked loss of catalytic activity with time during hydrogenation'.  

and isomerisation35  reactions of alkenes using Rhil(C0)(PPh3)3. 

Prolonged treatment of solutions of [Rh(C0)(PPh3)2 12  containing 
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excess PPh3  with CO at 1 atm. was, however, found
41 

to give [Rh(C0)2(PPh3)2]2, 

from which the hydrido species can be formed. 	RhH(C0)(PPn3)3  can also 

be quantitatively regenerated by reaction of [Rn(C0)(PPn3)2 32  with 80 atm. 

H2  in the presence of a 2-fold excess of PPh3  at 600. 

The use of [Rn(C0)(PPh3)2S]2 as a catalyst for hydrogenation of 

hex-l-ene at ca 1 atm. and 250 was shown
41 to give rates initially faster 

by a factor of 1.4 than those found wnen RhH(CO)(PPh3)3  is used. This 

was attributed to the absence of the extra mole of PPh3  which otherwise 

competes with the alkene for coordination to the rhodium and also to a 

greater proportion of a further dissociated species, RhH(CO)(PPh3), 

which was described34  as a more active catalytic species present at low 

concentrations. The rate was however found to be slower after equili-

bration with H2  for 20 min. when substantial conversion to [Rh(C0)(PPn3)2I 

had occurred. 	Solutions of [Rn(C0)(PPh3)2S]2  were also shown to decompose 

spontaneously, albeit slowly, to give the inactive, non-bridged, dimer. 

The spectroscopic properties of these species in benzene solution 

are collected in Table 1.1, and Scheme I.1, reproduced from reference 1+1, 

is given as a convenient summary of the known chemistry of the system. 

Table 1.1  

Compound 	I.r. spectrum (cm
-1
) 
a 	N.m.r. spectrum  

     

  

VRhH 	 CO T values 

RhH(C0)(PPh3)2  2000 s 1920 m 19.27 (broad) 

RhH(C0)2(PPb3)2  2038 1980, 1939 19.10 (broad) 

[Rh(C0)2  (PPh3  )2 ]2 2005 an, 1985 s, 111110 

1790 sn, 1765 s 

[Rh(CO) (PPh3  )2  s]2  1740 

[Rh( CO ) (P13113 )2 ]2 1965 

a 	0.1 mm solution cell with compensation, s = strong 

m = medium 

sh = shoulder 

b 	100 MHz, 35°. 
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A. Equilibria 

The ready interconversion of the species other than 

[Rh(C0)(PPh3)2 12  described in Table 1.1 results in an equilibrium 

mixture being formed when RhH(C0)(PPh3)3  is dissolved in benzene 

under an'atmosphere containing both CO and H2. It is possible to 

make a rough estimate of the equilibrium proportions under an atmos-

phere of CO + H2  (1:1) by measuring the high-field n.m.r. spectrum 

of 15 mM RhH(C0)(PPh3)3  in benzene before and after equilibration 

with this gas mixture and again after adding a drop of liquid alk-l-ene, 

whose sole effect is to cause disappearance of the high-field line due 

to RhH(C0)2(PPh3)2. At 25°  the approximate proportions are 

RhH(C0)2(PPh3)21  55%; Rrin(co)(PPh3)2 , 25%; and [Rh(C0)2(PPh3)2]2 , 20%. 

These measurements are of limited value and depend on the rate of the 

reaction of RhH(C0)(PPh3)2  with the products of the RhH(C0)2(PPh3)2  + 

alk-l-ene reaction. The mmor. measurements show this to be slow under 

the conditions used. 

Solution i.r. spectra confirm that at 1 atm. RhH(CO)2(PPh3)2  

is the major species for CO:H2  < 1:1 but that at higher ratios 

[Rh(C0)2(113113)2]2  becomes more important. 	At 1 atm. [Rh(C0)(PPh3)2S]2  

is not an important contributor, even with CO:H2  = 1:6, although at 

lower total pressures of CO + H2  this species predominates. Quantitative 

estimation of the equilibrium proportions by i.r. is not possible because 

of overlap of bands. 

The equilibria in the presence of excess alk-l-ene will clearly 

be very different and the more stable intermediates are probably present 

in appreciable concentrations. Spectroscopic study of the reaction 

mixture during hydroformylation by circulation of the solution through 

an i.r. cell was not found to be possible as the equilibria involved 

are critically dependent on the presence of CO and H2  in solution, 

which must be continuously replenished otherwise the reaction uses 

CO and hydrogen from the complexes present to give aldehyde and 

[Rn(C0)(PPh3 )2S]2 ; this effect being faster the more concentrated 

the solution and the more H2-rich the gas mixture. Thus sufficiently 

high circulation rates could not be achieved without formation of 

bubbles caused by pressure changes in the circuit. 



B. Rates of Hydroforalylation  

1. Comparison of substrates  

The rates were measured by uptake 

conditions and are given in Table 1.2. 

of CO + H2  under standard 
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Table 1.2 Relative rates of hydroformylation of unsaturated 

substances a  using RnH(C0)(PPn3), as catalyst. 

Rate of uptake of H2  + CO (1:1) in ml min.
-1 at 50 cm gas pressure; 

catalyst concentration 2.5 mM, substrate concentration 1.0 M in 

benzene; 	temperature 250. 

Substrate 	Rate 

(1 ml min.
-1 = 4.5 x 10-6mole.1

-1s
-1
). 

Substrate 	Rate 

Allyl alcohol 7.05 Hept-l-ene 3.50  

Allylpnenyl ether 5.78 Dodec-l-ene 3.18 

Styrene 4.32 Vinyl acetate 0.75 

Hexa-115-diene 4.26 Cyclo-octene 0.26 

4-Vinyl- cyclohexene 4.21 Ethyl vinyl etner 0.20 

o-Allyl- phenol 4.03 Pent-2-enes (cis and trans) 0.15 

Pent-l-ene
b  

3.74 cis-Hept-2-ene 0.12 

Allyl-cyanide 3.72 dl-Limonene 0.10 

Allyl-benzene 3.56 2-Metnylpent-l-ene 0.06 
Hex-l-ene 3.52 

a 	1:1:1 mixtures of alkene, H2  and CO at 60 cm total gas pressure 

gave uptakes for ethylene and propylene of 4.55 and 1.60 ml min.
-1 

respectively. 

b 	In n-Hexaldenyde as solvent, rate = 2.20 ml min.
-1 

These results are of more practical interest than quantitative 

significance as functional groups present may substantially alter the 

properties of the solvent medium and may also solvate the complex, so 
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inhibiting substrate coordination in intermediates. 	It appears 

that alk-l-enes, including non-conjugated, non-cnelating dienes such 

as hexa-1,5-diene, react rapidly whereas alk-2-enes react more slowly 

by a factor of ca 25. Alkenes R1R2C=CH2  react even more slowly. 

Electronic and steric factors in other substrates effect the rate 

and also the product distribution. No detectable uptake (< 0.05 ml 
-1, 

min. ) was observed for cyclohexene, methylacrylate or a-pinene. 

Allyl-amine, hex-l-yne, penta-1,3-diene, cycloocta-113-diene, butadiene 

and allene react directly with the catalyst in the absence of CO and 

H2  and show no uptake in their presence (cf Chapter IV). Allylchloride, 

methallylcnloride and vinylchloride react to give trans-RhCl(CO)(PPh3)2  

and alkene. 	(cf treatment of RhH(C0)(PPh3)3  with CH3I gives CH,). 

2. Hydroformylation of hex-l-ene at low pressures  

The rate of hydroformylation of nex-l-ene was measured with 

variance of catalyst concentration, alkene concentration, partial 

pressures of CO and H2 , and temperature. Analysis of the product 

solutions by g.l.c. showed that hydrogenation accounted for < 1% of 

the products and the gas uptake measured could clearly be taken as 

the rate of hydroformylation. Isomerisation of hex-l-ene to cis-

and trans-nex-2-enes accounted for at most 2 - 3% of the products. 

Consumption of the substrate at the time of measurement was < 1% and 

overall reproducibility of the rate measurements was ca 4%. 

(a) Dependence on catalyst concentration. Results are shown in 

Figure 1.1. 	At catalyst concentrations above ca 6 mM the dependence 
is linear suggesting a pseudo-first-order behaviour. The apparent 

higher dependence at lower concentrations suggests a concentration-

dependent change from one active specios to another less-active one; 

i.e. a change of mechanism. A similar effect noted in hydrogenation 
34  with RhH(CO)(PPh3)3 	is attributed to further catalyst dissociation 

at concentrations below 1 mM. 

-PPh3 	-PPh3  
RhH(C0)(PPh3)3 	RhH(C0)(PPn3)2  = Rhii(c0)(P1413) 

In hydroformylation the effect may similarly arise from dissociation of 

the type 

-PPh3  
Rh11 (C0)2  (PPh3 )2 	RhH (C0)2  (PPh3 ) 
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10 
[Rilli(c0)(PPh3)3] mm 

Rate of hydroformylation of hex-1-ene as a function of catalyst 

concentration in benzene at 25°  and 50 cm (CO + H2 ) pressure (1:1); 

O hex-1-ene at 1.0 M, upper and right-hand scales; 

o hex-l-ene at 0.5 MI  lower and left-hand scales. 



24 

which, essentially, amounts to a change from associative to dissociative 

mechanism as previously suggested (p. 13). That the effect occurs at 

higher concentration than in hydrogenation may be attributed to the 

coordination of an extra CO promoting further PPh3  dissociation. 

If the initial addition of alkene to the Rh-H bond is the determining 

factor such loss of PPh3  at low concentration should and indeed does 

result in lower specificity of the catalyst in respect of both substrate 

alkene and of straight- to branched-chain product formed from alk-l-ene .  

(Table 1.3). 

Table 1.3  

Rate of uptake of CO + H2  (1:1) for a 1.0 M solution of 

alkene at 25°  and 50 cm gas pressure. 

Hex -1 -ene cis- and trans- 

 

Hex -2 -enes 

Catalyst 	Rate -1 
conc. mM 	ml min. 

Straight-:branched-
chain aldehyde 

Rate -1 ml min. 

2.5 3.52 ca 3:1 0.16 

40.0 29.04 ca 10:1 0.34 

It has already been noted (p.13) that lahH(C0)2(PPh02  is not such 

a specific catalyst30 as trans-RnH(C0)(PPh3)2  in hydrogenation and 

thus the importance of this effect of further dissociation may not 

be as important in hydroformylation. 

At catalyst concentrations below 0.5 mM the reacting solutions, 

instead of being yellow, rapidly become colourless and gas uptake 

ceases. In order to produce such a colourless solution at this 

concentration of catalyst alkene and CO, but not H21  are necessary. 

Further, the alkene must be added to the solvent under CO before the 

catalyst as otherwise a masking yellow colour, probably due to the 

yellow dimer, is formed. 	In Chapter III the ready reversible displacement 

of PPh3  by CO in species of the type MR(C0)2(PPh3)2  (H = Rh, R = C2  F411, 

EtCO, PnCO; M = Ir, R = EtCO, PnCO) to form MR(CO)3(PPn3 ) is described. 

By analogy with this and in view of the impossibility of i.r. or n.m.r. 

measurements at such dilution tnis colourless solution may be assumed 

to result from formation of Rh(COR)(C0)3(PPh3) species. 
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Since the equilibria in the system involve dimeric species the 

possibility of a concentration dependence of the rate arising from an 

equilibrium effect must be considered. It has been noted above that 

when the reaction is starved of CO and H2  formation of the red dimer 

[Rh(CO)(PPh3 )2 532  occurs, the rate depending on catalyst concentration. 

A similar effect is noted when the gas is pumped off after a kinetic 

run. The rate of hydroformylation however (Figure 101) does not show 

appreciable drop off in the nigh concentration range and it thus seems 

that, provided the gas pressures are maintained, the position of monomer-

dimer equilibria is not important in determining the rate. 

Measurements of the effects of other reaction variables were carried 

out at catalyst concentrations of 2.5 and 10.0 mM. 

(b) Dependence on substrate concentration. As observed in hydrogenations 

with RhCl(PPh3)3 42  and RhH(C0)(PPh3 )3  34  as catalysts, the rate 

approaches an asymptotic value with increasing alkene concentration 

(Figure 1.2). 	Plots of the reciprocal of the rate 1/R  (t.mol.
-1
s) 

against the reciprocal of the alkene concentration are linear with a 

positive intercept on the 1//1  axis (Figure 1.3). The reciprocal of 

this intercept gives the maximum possible rate under the specified 

conditions. 

Thus 1
Al = C(1/rB.) 

-1)+ C', where B is substrate and C and C' are 
/L 

constants. This behaviour is consistent with sequences of the type 

1 and 2, where A is catalyst 

K 	slow 
A + B ± AB 	products 	 1 

ki 	k2 
A + (gases) 	zz AI -4  products 	 2 

k_1 	B 
and both k2 and k are fast and ki  slow. At would be either a Rh

III 

trihydrido-species or an active species formed by slow addition of CO 

to A. However, since there is no evidence at any stage in the reaction 

for a long-lived Rh
III 

species and the reactions of the catalyst with 

CO are fast, allowing very rapid hydroformylation at low CO pressures 

(see below) it is likely that sequence 1 represents the reaction pathway 

and that AB is probably an acyl sp9cies (see Chapter III). 

(c) Dependence on gas pressures. 	(0 Dependence on total pressure 

at CO:H2  = 1:1. 	When a kinetic run is allowed to continue an uptake 
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curve of the general form shown in Figure 1.4 is obtained for a wide 

variety of substrate, substrate concentration, catalyst concentration 

and temperature. During the fall in pressure measured ca 12% of the 

alkene is converted and in tne absence of appreciable hydrogenation 

the gas available can be assumed to remain close to a 1:1 mixture. 

Thus it appears that the effect can be taken to be a significant 

increase in the rate at lower pressures. If the curve of Figure 1.4 

is differentiated with respect to time a plot of rate against pressure 

is obtained (Figure 1.5, D. 

(ii) Dependence on partial pressures of CO and H2. Since the rates 

were not measured at constant pressure, these measurements are neces-

sarily more qualitative. The rate was again taken at 50 cm total gas 

pressure, with Lhe gas used consisting of the appropriate mixture of 

CO, H2  and N2  to give the partial pressure of 25 cm for one reaction 

gas at this point while variation of the other was studied. These 

results are also shown in Figure 1.5 from which it is seen that there 

is a strong CO inhibition factor which overshadows a lesser dependence 

on the partial pressure of H2. For a 1:1 gas mixture at 50 cm total 

pressure the dependences are almost the same, accounting for the nearly 

linear uptake curves found in this region. The more rapid fall in 

rate as p(H2 ) is lowered below about 10 cm with p(CO) = 25 cm for the 

10 mM solution is probably associated with displacement of the monomer-

dimer equilibria towards [Rh(C0)2 (PP113 )2 ]2 • 

The possibility that the greater rates obtained at decreasing CO 

pressures [with p(H2 ) = 25 cm] are due to a steadily increasing contri-

bution of hydrogenation to the uptake is excluded on the basis of g.1.c. 

analysis of the solutions. Further, such hydrogenation could not 

readily account for the very sudden fall in rate and subsequent uptake. 

It is most probable that the inhibition is due to formation of 

Rh(COR)(C0)2(PPh3)2  and Rh(COR)(CO)3(PPh3) which are unreactive to H2  

(see Chapter III). 

The colour of the hydroformylation solutions also changes from 

the initial yellow to reddish when the rate starts to accelerate 

noticeably at p(CO) = ca 8 cm and becomes red by the time the rate 
suddenly slows again at p(CO) = ca 2 cm. The red colour is formed 

by pumping on a reaction solution at any time as noted above. The 
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Plot of gas pressure against time for nydroformylation of hex-l-ene 

(1 M) in benzene at 25°  with 10 mM-RhH(C0)(PPh3)3. 
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p(CO) or p(1i2 ) (cm. Hg) 

Plot of rate of nydroformylation of hex-l-ene (1 M) in benzene at 

250  and 50 cm total gas pressure against partial pressure of CO (C) with 

p(H2) 	25 cm, and against partial pressure of H2 (X) with p(CO) 25 cm, 

the pressure being made up with N2  ; A, [Ith11(C0)(PFn3  )3] at 10 mM; 

B, [RnH(C0)(PPh3)3] at 2.5 mM; 0, gives rate as a function of total 

pressure (CO 3 H2  = 1:1) from differentiation of curve of Figure 1.4. 
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rate of formation of the red colour, as well as being slower at 

lower catalyst concentrations, is also slower with higher partial 

pressures of CO. These colour changes can be associated with the 

reactions. 

Acyl intermediates 
- alkene 	412 	• 

CO 
	 RhH(C0)2(PPh3)2 
-  

-CO 
[Rh(co)2  (PPh3  )2  12 	[Rh(co)(pph3  )2  S]2  

yellow dimer 	red dimer 

This was confirmed by i.r. study. 

The reverse reaction occurs rapidly on adding H2  and CO and 

clearly occurs stepwise. There is an immediate initial formation 

of the very bright yellow colour of [Rn(Cq(PPh3)2 12  which then 

converts in about 1 min. to the more golden colour of the normal 

reaction mixture as the rate of uptake increases again. After 

such a gas consumption and refilling sequence there is a certain 

loss of activity (ca 20%). 	A smaller loss (< 10%) is also found 

when pressure is restored before it has fallen to the fast acceleration 

stage. These changes are probably greater than can be accounted for 

in terms of lowered alkene concentration butt  as there are necessarily 

alterations in the solvent system owing to formation of aldehyde, no 

direct conclusion can be drawn except that the lability of the equilibria 

'allows almost complete regeneration of catalytic activity from dimers 

very rapidly. Indeed the red dimer [Rh(C0)(PPh3)2SI, S = Et0H or 

CH2C12 , may be used as a hydroformylation catalyst and under the 

standard conditions of Table 1.2 with 2.5 mM rhodium concentration 

the rate for nydroformylation of hex-l-ene was 3.70 ml min.
-1 
 compared 

with 3.52 ml min.
-1  with RhH(C0)(PPn3)3 , probably as in the case of 

hydrogenation,41 because of the absence of the extra mole of PPh3. 

The solution became yellow on stirring the catalyst under CO and H2  

before adding the alkene, consistent with formation of RhH(CO)3(PPh3)2  

and [Rn(C0)2(PPh3)2 12 , and did not show loss of catalytic activity 

after prolonged equilibration as found"  in hydrogenation using 

[Rh(C0)(PPn3)2S]2 , when conversion to the inactive [Rh(C0)(PPh3)2 32 , 

which is not rapidly cleaved by H21  occurs. The loss of activity 

observed after either the RhH(C0)(PPn3)3  or Ofth(C0)(PPh3)2S]2 
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hydroformylation systems has been taken to very low pressures may 

be associated with some conversion to the inactive species via the 

red dimer which is the major rhodium species at these low pressures. 

After a system with any gas mixture p(H2 ) > p(CO) has passed 

through the stages of rapid rise and fall of gas uptake rate the red 

solution continues to absorb gas at a rate which is faster the greater 

is the pressure of gas remaining [which depends on the initial p(H2)4(C0)]. 

This uptake is probably due to hydrogenation at the very low residual 

CO pressure. 

(d) Dependence on temperature. Figure 1.6 shows values obtained 

in the range 15 - o
. The dependence is quite regular but since 

rates in the system are determined by the complex equilibria as well 

as by kinetic considerations no attempt nas been made to derive thermo- 

dynamic data or even a rate law. 

(e) Effect of addition of excess PPh3. This suppresses dissociation 

of species in the system and for hydrogenation34  a 2-fold molar excess 

was shown to decrease the rate by a factor of ca 18. The effect on 

the rate of hydroformylation is much less drastic (Figure 1.7) and this 

is of importance as the presence of excess PPh3  has three marked and 

desirable effects; (i) it increases the ratio of straight- to branched-

chain product (p.35), (ii) it effectively cuts down the amount of 

competing hydrogenation and alkene isomerisation at CO:H2  ratios < 1:1 

allowing use of such gas mixtures which are themselves associated 

with high rates and very high product ratios (pp.27,35), and (iii) it 

seems to inhibit dimerisation reactions in the system. 

(f) Hydroformylation in product aldehyde as solvent. This was shown 

to be possible and for pent-l-ene in freshly purified n-hexaldehyde 

the rate of gas uptake was lower by a factor of 0.6 compared with the 
rate for reaction in benzene. In view of the large solvent effects 

observed in high-pressure hydroformylations using trans-RhC1(C0)(PPh3)231 

a study of other solvent systems would be desirable. 	RhH(C0)(PPh3)3 , 

however, has a very limited solubility in more polar solvents at 250. 

C. Products ofHydroformylation Reactions  

A series of experiments was carried out at 1 *atm. total pressure 

to investigate the effect of conditions on the products of the hydro- 

formylation of hex-l-ene. 	As found previously30 no reduction to 
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Excess of PPh3 [mole/mole RhH(C0)(PPh3)3] 

Rate of hydroformylation of hex-1-ene (1 M) in benzene at 25°  as a 

function of added excess of PPh3  at p(CO) + p(H2 ) (1:1) 50 cm. 

Figures in parentheses give (En-heptaldehydel/[2-methylhexaldehyde]) formed. 
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alcohol (or acetal) was observed. However in the catalytic reaction 

a certain proportion of n-hexane and cis- and trans-nex-2..enes is found 

in the products arising from hydrogenation and isomerisation reactions. 

This proportion is very sensitive to the ratio of CO:H2  in the gas 

mixture used and becomes very important at ratios less than 1:1. The 

presence of PPh3  reduces the importance of these competing reactions. 

1. Aldehyde ratios  

Hydroformylation of alk-l-ene, RCH=CH2 , leads to formation of 

the two isomeric aldehydes RCH2C142CHO and RCH(CH3 )CHO as described 

above (p. 8). Under the conditions studied the ratio of aldehydes 

formed in a given catalytic run is fairly insensitive to the percentage 

of alkene consumed. Figure 1.8 snows the amount of each aldehyde 

produced, relative to an internal standard, as a function of time under 

fairly typical conditions. It is also clear from this that the rate 

is maintained to a nigh percentage of conversion (> 80% in this case). 

(a) Dependence on catalyst concentration. Under conditions at which 

the rate measurements were made, 2.5 mM catalyst concentration, the 

ratio of n-heptaldehyde to 2-methylhexaldehyde is ca. 3:1 and is only 

slightly higher at 10 mM. The conditions of the stepwise reaction 

reported previously30  to give ratios of ca 20:1 involve solutions 50 mM 

in catalyst. Under these conditions it was also noted that increasing 

reaction temperature from 25°  to 50°  caused a drop in ratio to ca 9:1. 

For 1 M hex-1-ene in benzene and CO H2  (1:1) at a total pressure 

of 1 atm. the results are shown in Figure 1.9. This snows that 

increased ratios are to be obtained with higher catalyst concentration, 

Which also means necessarily an increase in the concentration of free 

PPh3. The effect is thus attributed to suppression of dissociation, 

an associative mechanism being expected to lead to preferred formation 

of the linear alkyl initially because of the larger steric interaction 

of the incoming alkene with two bulky PPh3  groups. 

The observed temperature effect is small, but in the opposite 

sense to that noted previously.' The same trend nas, however, been 

found under a variety of conditions, e.g. in presence of a 3-fold excess 

of PPh3  (at 30 mM catalyst, 1:1 gas mixture the ratio is 12.1:1 at 250; 

16.8:1 at 40°); with different gas mixtures (at 30 mM catalyst, CO:H2  

0.8:1 the ratio is 10.5:1 at 25°; 19.5:1 at 40°). 
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Figure 1.8  
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Rate of formation of aldehydes from hex-l-ene (1 M) in benzene at 

25°  with [RhH(C0)(PPh3)3] at 15 mM and CO + H2  (1:1) at total pressure 

of 1 atm. 	Product ratio is 4.41:1 C)n-heptaldehyde; ❑  2-methylhexaldehyde. 
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At high catalyst concentrations precipitation of  [Rn(C0)2(PPn3)2 32  

occurs from the benzene-aldehyde mixtures rapidly formed, especially 

when CO-rich gas mixtures are used. For concentrations above 40 mM 
at 25

o 
under a 1:1 gas mixture the yellow dimer begins to precipitate 

in ca 15 min. At higher temperatures, however, and with gas mixtures 

rich in H2  there is no precipitation even with 50 mM solutions and 

complete conversion of alkene. 

(b) Presence of excess PPn3 	This increases the product ratio at the 

expense of the rate as noted above. Thus at 1 atm., 25°  for 30 mM 

catalyst and a 1:1 gas mixture, a 3-fold excess of PPh3  increases the 

ratio from 6.4:1 to 9.0:1 and a 6-fold excess raises this to 10.5:1. 

It will be observed that these are not as nigh as found in solutions 

after measuring gas uptake for 10 mM catalyst solutions in the presence 

of PPh3. 	(Figure 1.7). 	This is discussed below (p. 36). 

The colour of solutions is bright lemon-yellow in presence of 

PPh3  and shows no tendency to become red when agitation is stopped, 

even at high catalyst concentration. 

(c) Dependence on partial pressures of CO and H,. (i) The use of 

CO rich mixtures (CO:H2  2:1) causes reduction both in reaction rate 

and product ratio (Table 1.4).  The colours of such solutions are 

very bright yellow and [Rh(C0)2(PPn3)2 32  is rapidly precipitated at 

higher concentrations. The solutions again show no tendency to 

become red wnen agitation is stopped. 	(ii) Use of 1:2 CO:H2  gas 

mixtures give aldehyde ratios in excess of 26:1 even for 15 mM catalyst 

at 25°. The reaction is very fast but nydrogenation and isomerisation 

are serious competivirs. 

Table 1.4. Ratio of n-heptaldehyde to 2-metnylhexaldenyde formed by 

hydroformylation of hex-1-ene (1.0 M) in benzene under 

different gas mixtures at 1 atm. 

under CO:H2 	ratios 
1:1 	0.5:1 

[RhH(C0)(PP113)3] 
m.mole. 	1-1  

Temperature Product ratio 
2:1 

15 25°  4.4:1 4.3:1 > 26:1 
30 25°  5.6:1 6.5:1 

50 25°  6.4:1 8.b:1 
15 40°  4.4:1 6.0:1 

30 40°  5.6:1 7.1:1 

50 40°  7.0:1 10.5:1 
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(iii) There is also an effect of total pressure on the ratios which 

accounts for the fact that product ratios in solutions nydroformylated 

on the gas uptake apparatus, where reaction occurs at pressures 

decreasing from ca 60 cm, are nigher than those measured from 1 atm. 

reactions (cf. presence of excess PPh3  (b) above, and Figure 1.7). 

In order to check this effect parallel experiments were carried out 

at 1 atm. using a 1:1 CO:H2  gas mixture and a 1:1:1 CO:H2:N2  gas 

mixture. These showed that for 30 mM catalyst concentration, 1 M 

hex-1-ene at 25°  there was a loss in rate of ca 12% caused by dilution 

with N2  but a corresponding increase in aldehyde ratio from 6.5:1 

(87% straight-chain) to 20.1:1 (95% straight-chain). 

2. Products arising from competing reactions  

Hydrogenation and isomerisation of the alkene compete with 

nydroformylation in the catalytic system. At 25°  using 1:1 gas 

mixtures they account for 1 - 4% of the products and for lower CO:H2  
ratios they dominate the syStem. Cis- and trans-hex-2-enes are formed 

in approximately equal amounts under most conditions used. Addition 

of excess PPh3  suppresses the rates.of nydroformylation, hydrogenation 

and isomerisation but the last two are strongly suppressed as indicated 

by previous studies.3435  The results are summarised in Table 1.5. 

Table 1.5 Reaction products from nydroformylation of hex-l-ene (1.0 M) 

in benzene by 30 mM- RhH(C0)(PPN)3  under various conditions 

Mole excess 
PPh3 

at 1 atm. 

CO:H2  n-Heptaldehyde 
as % of total 
aldehyde 

% products of 
hydrogenation 
and isomerisa-

tion 

Alk-2-enes Temp. 
Alkane 

25°  1.0:1 86 1 - 4 Ca 10-20 

40°  1.0:1 88 1 - 4 ca 10-20  

3 25°  1.0:1 92 < 4 ca 20  

3 40°  1.0:1 93 ca 4 ca 20  

- 25° 0.8:1 91 10 ca 	4 

- 40°  0.8:1 95 22 Ca 	4 

- 40°  0.5:1 97 60 ca 	2 

3 40°  0.5:1 98.5 31 ca 	2 
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D. Hydroformylation of Styrene  

To aid the study of the factors influencing product ratios 

hydroformylation of styrene was investigated as n.m.r. can be used 

to determine acyls and product aldehydes and the system is simplified 

in the absence of isomerisation. 

When styrene is added to a benzene solution of Rhil(CO)(PPh3)3  under 

N2  there is no apparent reaction and alkyls cannot be detected by n.m.r. 

When CO is bubbled through the solution for a few seconds the colour 

becomes lighter and the high-field resonance of RhH(C0)(PPh3)2  

disappears. If CO is then allowed to escape from the gas phase 

above the solution the colour becomes red and traces of aldehyde are 

observed. This is presumably due to disproportionation of acyls 

formed to give the red dime'', [Rh(C0)(PPh3)2S32  in a similar way to 

reactions noted above for hex-l-ene (p. 30). Thus addition of 

RhH(C0)(PPh3)3  to a solution of styrene in benzene under 1 atm. of 

CO showed rapid conversion to a mixture of [Rh(C0)2  (PPh3  )2  32  and acyl 

species (i.r. band at 1645 cm-1; the terminal CO stretches overlap), 

to which can be assigned the formula Rh(COR)(C0)2(PPh3)2  by comparison 

with the analogous rhodium and iridium propionyl derivatives described 

in Chapter III. N.m.r. showed that the species present contain the 

groupings RhCOCH2CH2Ph [T 6.75, 7.47 (triplets); J = 8.0 Hz] and small 
amounts of RhCOCHPhCH3  ET 8.94 (doublet); J = 7.5 Hz; the quartet is 
hidden at T ca 6.7 by the low-field triplet of the more abundant linear 

acyl]. 

A series of catalytic runs were made at 1 atm. as for nex-l-ene 

using 1 M styrene in benzene with sampling for n.m.r. The product 

aldehydes give conveniently separated resonances. 

PhCH2CH2CHO 	T 7.45, 7.94 (triplets), J = 8.0 Hz 

PhCHCHO 
	

T 6.98 (quartet), 8.90 (doublet), J = 7.5 Hz 

Cu,  

Relative amounts of each were estimated by averaging several runs to 

give the ratio of straight- to branched-chain aldehyde reproducible 

to within ca 20%. 	Estimation of the percentage conversion was achieved 

to similar accuracy by integration of the highest-field proton of styrene. 
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Estimations in the presence of ethylbenzene, which partially overlaps 

the 0-proton resonance of the branched- and the a-proton resonance 

of the straight-chain aldehyde, are slightly less good. The results 

are shown in Table 1.b. 

Table 1.6. Products from hydroformylation of styrene (1.0 M) in benzene  

at 1 atm. and 25
0 

DRKH(C0)(PPh3)3] 

m.mole 1
-1 

Mole 
excess 
PPh3  

CO:H2  % Conversion Straight/a  ethylbenzene/ a  
of styrene 	branched 	aldehyde 
in 30 min. 	chain 

aldehyde 

15 

50 

50 

- 

- 

20 

1.0:1 

1.0:1 

1.0:1 

15 

25 

< 5 

0.11:1 

0.13:1 

0.27:1 

b 

b 

b 

15 - 0.5:1 45 0.50:1 0.48:1 

50 - 0.5:1 65 0.58:1 0.50:1 

15 3 0.5:1 15 0.24:1 b 

50 b 0.5:1 12 0.45:1 b 

a 	Average of samples taken over 2 hr reaction 

b 	< 0.05:1 

Under conditions relatively unspecific for hex-l-ene the ratio 

of straight- to branched-chain aldehydes was 0.11:1 and this is only 

slightly affected by changes of conditions. Only under conditions 

in which hex-l-ene gives very high ratios was a significant increase 

found. Addition of excess PPh3  allows use of 1:2 CO:H2  gas mixtures 

without hydrogenation but there is some indication that under these 

conditions the addition of PPh3  does not continue to promote linear 

aldehyde formation. 27Fluorostyrene reacted faster than styrene to 

give similar product ratios but the maximum obtained was 0.44:1. 

11.-Methoxystyrene reacted more slowly and gave even lower ratios. 

Clearly formation of the branched aldehyde is preferred under 

these conditions although the addition of PPh3  succeeds in increasing 

the proportion of linear product. 	The results, nowever, show that 

stoicheiometric reaction and catalytic hydroformylation give quite 

different products. Thus when styrene acyls are produced, as 
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described above, the straight-chain isomer is in great abundance 

(> 70%) and when H2  is carefully bled into the n.m.r. tube conversion 

to straight-chain aldehyde occurs with the same predominance. 

Although the concentration of catalyst was approaching saturation in 

this case (but not greatly different from 50 mM) it is clear from 

comparison with Table 1.6 that the direction of initial addition cannot 

be the only factor determining the products. 

The possibility of isomerisation of intermediates
16 

occurring 

via the equilibria: 

acyl 7.--* alkyl 	hydride + alkene 

was noted in the Introduction (p. 9) and such isomerisation at rates 

-comparable with the cata?ytic reaction could explain the observed 

results. Thus styrene would be taken to give more rapid Markownikov 

addition to RhH(C0)2(PPh3)2  initially with subsequent isomerisation 

allowing the acyls to reach their equilibrium proportions in the case 

of the step-wise reactions. Products in the catalytic hydroformylation 

would thus depend on the relative rates of isomerisation and oxidative-

addition reactions. 

Discussion 

1. Mechanisms operating 
The mechanisms proposed for the nydroformylation of alkenes 

catalysed by RhH(C0)(PPh3)3  are summarised on p.13 and have been used 

as a basis in the description of the new experimental evidence given 

above. The equilibria relating the species in solution and the rates 

of intermediate reactions, none of which are known quantitatively, will 

be sensitive functions of the reaction conditions and, in the absence 

of the possibility of direct measurements of these, information regarding 

the mechanism must be deduced from indirect evidence. 

Three hydrido species seem to be•present in solution under the 

catalytic conditions. These are expected
30 on the basis of steric 

interactions to snow increasing selectivity with respect to substrate 

and specificity with respect to linear alkyl formation in the order 

RhH(C0)2(PPn3) < RhH(C0)2(PPh3)2  < RnH(C0)(PPn3)2. 	It appears from 
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rate measurements (Figure 1.1) that RhH(C0)2(PP113 ) is probably the 

main active species at concentrations below ca 6 mM (dissociative 

mechanism), while above this concentration RhH(CO)2(I'Ph3 )2  dominates 

the reaction (associative mechanism). 	It has been found, however, 

that both the substrate and product specificity increase. markedly 

with catalyst concentration and, although the ratio of rates of 

reaction for alk-l-ene and alk-2-ene at 40 mM (85:1) is still much 

smaller than_that found in the hydrogenation reaction
34  at 0.5 mM 

(> 200:1), it seems likely that RhH(C0)(PPh3)2  cannot be excluded 

as a species contributing to the formation of aldehyde under these 

conditions. This is in agreement with the fact that it is present 

in substantial concentration in solutions of RhH(CO)(PPh3)3  under 

1 atm. of CO + H2  in the absence of alkene, and that high straight- 

.to branched-chain aldehyde ratios are found with CO:H2  < 1:1. 

Isomerisation and hydrogenation occurring simultaneously with 

hydroformylation probably also occur via this species. 

2. Difference between stoicheiometric and catalytic hydroformylation  

The results on hydroformylation of styrene show that when dicarbonyl 

acyls are formed and then treated in situ with H2  the proportion of 

linear aldehyde formed is much greater than in the catalytic reaction 

under CO and H2. Such a difference is not easily explained if the 

direction of initial addition of M-H to RCH=CH2  is the only or prime 

factor determining the nature of the products. This is especially 

so as, in the step-wise reaction, acyls are formed under 1 atm. CO 

and thus the proportion of RnH(CO)2(PPh3)2  should be greater compared 

with RhH(C0)(PPh3)2  than under a 1:1 gas mixture. 

The different products could b.?. explained if, following initial 

alkyl formation, there is an isomerisation of the intermediates at 

a slower rate than the catalytic reaction as noted above. 	In the 

Co(COR)(C0)4  systems
16 steric effects were suggested to account for 

the resulting increase in the proportion of the less hindered linear 

acyl. The more bulky PPh3 groups would doubtless make any such 

effects greater in the present system. 

Such a scheme could also involve the two hydrido species present 

at higher concentrations, with trans-RhIl(C0)(PP113  )2  providing a route 

for the formation of predominantly linear alkyls and acyls but at a 

slower rate than the less specific addition to RhH(C0)2(PPn3)2. 	This 
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would be consistent with the fact that styrene is hydroformylated 

relatively rapidly whereas it reacts only slowly in nydrogenation
34 

with this catalyst. The product distribution would thus depend on 

the relative rates of isomerisation and oxidative addition reactions, 

both probably occurring via the square acyl species as in Scheme 1.2.  

The steric and electronic factors controlling such equilibria 

and rates are, of course, very different for hex-].-ene and styrene 

as exemplified by their relative rates of hydroformylation and 

hydrogenation34 and the different product distribution in the former. 

The possibility of such intermediate isomerisation occurring at rates 

significant compared with the overall catalysis must, however, be 

4 considered. Thus the stepwise hydroformylati.on3°  by addition of 

hex-l-ene to RhH(C0)2(PPh3)2  and [Rn(C0)2(PPh3)2]2  followed by 

treatment with H2  yielded higher straight- to branched-chain ratios 

than catalytic nydroformylation under CO and H2  in similar conditions. 

3. Effect of temperature  

The formation of higher yields of linear aldehydes with increasing 

temperature has also been attributed to such isomerisation in cobalt 

systems
16 

and the results found in the low-pressure nydroformylation 

of hex-l-ene (Figure 1.9) may be interpreted similarly. Hydroformyla-

tion of styrene at 50
o 

nowever, did not give a significant increase 

in the proportion of linear product. 	It is also possible that the 

trend observed in Figure 1.9 could be attributed to an increased 

proportion of alkene addition to trans RhH(C0)(PPn3)2  formed by 

dissociation of CO as the temperature is increased. The reverse 

dependence of product ratio on temperature is observed at higher 

pressures (see Chapter II). 

4. Effect of gas ratios  

The nigh straight- to branched-chain product ratios (> 26:1) 

found in rapid hydroformylation using 1:2 CO:H2  mixture at 1 atm. 

may be similarly related to promotion of isomerisation by the effect 

of low CO pressure on the equilibria or to more initial addition of 

alkene to trans RhH(C0)(PPh3  )2  . Which of these is more important 

will depend on the proportions of RhH(C0)(PPn3)2  and Will(C0)2(PPn3)2  

and their relative rates of alkene addition. 	It will also depend 

on the rate of CO addition to RhR(CO)(PPh3)2  to give acyls as compared 

with addition of H2  or reversal of the addition causing hydrogenation 
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or, potentially, isomerisation. Under such conditions a large 

proportion of the products arises from the latter reactions. 	In 

the absence of alkene, even under a 1:6 CO:H2  atmosphere, the di- 

carbonyl hydride is found spectroscopically to be in nigh concentration. 

5. Inhibition  

The hydroformylation reaction is strongly inhibited by CO under 

the conditions studied, although CO is required to suppress hydrogenation 

and isomerisation. Such inhibition due to the formation of 

Rh(COR)(C0)2(PPh3)2  species, which may be inactive towards oxidative 

addition of H2 , was anticipated30 and will be discussed in Chapter III. 

6. Effect of PPn3  

As noted in the Introduction mucn work has been devoted to improving 

yields of linear aldehydes and alcohols by addition of tertiary phosphine 

ligands to cobalt end rnodium catalysts. 20,22,28,30,31 The factors 

which can influence the proportion of linear products and which may be 

affected by the presence of such ligands are (i) Markownikov vs anti-

Markownikov addition of M-H to RCH=CH2 ; (ii) alkene isomerisation and 

subsequent hydroformylation of RCH=CHR'i and (iii) isomerisation of 

intermediates. 	These have been discussed on pp. 9,10,11. 

In the case of RhH(CO)(PPh3)3  the effect of PPh3  dissociation 

on reaction specificity can be observed under mild conditions. Thus 

the change from the dissociative to the associative mechanism is 

reflected in both rate and product distribution while there is evidence 

at concentrations below 1 mM of tricarbonyl-mono-phosphine species and 

at high concentrations RhH(C0)(PPh3)2  is probably also involved in the 

reaction. 

The mucn smaller inhibiting effect of excess PPh3  on hydroformyla-

tion as compared with hydrogenation may be attributed to the ability 

of the 5-coordinate RhhI(CO)2  (mph, )2  to react with alkene more rapidly 

than the 5-coordinate RnH(C0)(PPn3)3  under mild conditions. 
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CHAPTER II  

Hydroformylation at Higher Pressures 

Introduction 

The use of trans-RhCl(C0)(PPn3)2  as a catalyst for nydroformylation 

at ca 500 lb in-2 and 100 - 150
o has been noted in the Introduction, and 

the report of this work31 notes that the exceptional stability of this 

catalyst allowed product distillation and catalyst re-use without loss 

of activity. The addition of Et3N to similar reactions
30  with 

trans-RhCl(C0)(PPh3)2 , which confirmed that nydrogenolysis occurs 

to give HC1 and an hydridorhodium species under hydroformylation 

conditions, also revealed that the removal of Cl from the system 

(as Et3NHC1) destroyed this stability and resulted in an extremely 

air-sensitive solution, probably because trans-RhH(CO)(PPh3)2  is very 

reactive in the absence of excess stabilising ligand (cf ref.41). 

Thus addition of PPh3  allowed the stable RhH(C0)(P1413)3  to be collected 

after hydroformylation. 

The use of RhH(C0)(PPh3)5  for hydroformylation of hex-1-ene in 

benzene at 70° and 1200 lb in-2 CO + H2  (1:1) was found
30 to give 

rapid nydroformylation but low straight- to branched-chain product 

ratios (< 3:1). 

In the present work it has been found that using 1:1 CO + H2  at 

400 lb in
-2 
 and 25°  the straight- to branched-chain product ratio 

from hydroformylation of hex-1-ene is 2.9:1 for a 15 mM solution 

of FthH(C0)(PPn3  )3  in benzene compared with 4.3:1 at 1 atm, and at 

45°  the ratio is even lower at 2.4:1. Under a 1:2 CO + H2  mixture 

at 400 lb in 2 and 25° the ratio is 4.0:1 but competing hydrogenation 

and isomerisation reactions are serious. 

The use of excess PPft3  to control the reaction selectivity has 

been described
31  for the trans-RhCl(C0)(PPh3)2  system, wnere up to 

50-fold molar excesses were used to give 76% straight-chain aldehyde 

product in nydroformylation of hex-1-ene in benzene at 500 lb in
-2  

and 100°. 	The use of excess PPh3  with a RhH(C0)(PPh3)3  system at 

500 - 700 lb in
-2  has also been reported43 to give ea 70% of linear 

aldehyde from alk-l-enes and long continuous runs of up to 234 hr 
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have been carried out in a recycle-system with such specificity. 

In both cases the selectivity to aldehyde products was ca. 99%. 

In view of the very marked effect of PPn3  concentration on 

the product distribution in the low-pressure system described in 

Chapter I a series of experiments was carried out to ascertain the 

degree of control which might be achieved in the catalytic system 

at higher temperatures and pressures by the use of excess PPh3. 

A. High Concentration Phosphine Systems  

At 65°  and 400 lb in-2  of 1:1 gas mixture, with a 100-fold 

molar excess of PPh3 , a 10 mM RhH(C0)(PPh3)3  solution with 1.0 M 

hex-1-ene in benzene gave 77% conversion in 30 min. with a 4.3:1 

product ratio (81% straight-chain) and less than 3% of products 
arising from hydrogenation and isomerisation reactions. With 

1:2 and 1:5 CO + H2  gas mixtures at constant p(CO), 133 lb in 2  

product ratios of 5.6:1 (ca 85% straight chain) were achieved with 

50-60% conversion in 30 min. at 65°, with hexane and hex-2-enes 
comprising 4 - 5% of the products. The increase in p(H2 ) did not 
increase the rate markedly. No reduction to alcohol was detected. 

At 85 - 90°  in molten PPh3  (100 g) hydroformylation of nex-l-ene 

(20 ml, 0.16 mole) by RhH(C0)(PPh3)3  (10 	i 3  mole) at 400 lb n 2  

(1:1 gas mixture) gave 92% conversion in less than 20 min. The 

aldehyde ratio was 16.0:1 (94% straight-chain) and hex-2-enes and 

hexane in the ratio of 6:1 accounted for ca 7% of the products. 

At 110
o 
conversion was complete in 6 - 8 min. with an aldehyde ratio 

of 6.5:1 (86.7% straight-chain) but ca 25% of the products were due 

to isomerisation and hydrogenation while traces of 2-ethylpentaldehyde, 

presumably from hydroformylation of hex-2-enes, were found. The high 

isomerisation may be caused by incomplete conversion of the catalyst 

to dicarbonyl species at this pressure of CO since at 110o and 700 lb in  

side products were reduced to 7% with an aldehyde ratio of 10.1:1 
(90.9% straight-chain) at complete conversion. 

Hydroformylation of propene, in which isomerisation is not a 

competing reaction, can be achieved in molten PPh3  to give aldehyde 

only. 	Using a 1:1:1 gas mixture of C3H6  + CO + H21  RhH(C0)(PPh3 )3  

(10-3 mole) in PPh3  (100 g) (with a small quantity of benzene as an 
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-2 	o analytical reference), in the range 110 - 240 lb n and 90 - 125 i  

n-butyraldehyde and iso-butyraldehyde are produced at rates which 

vary from 0.8 to 7.5 moles per mole catalyst per min. with 94 - 95% 

of linear product. Analysis of the gas phase by g.l.c. snows that 

loss of alkene by hydrogenation is only 0.3 - 0.4%, No butanol was 

detected. 

At higher temperatures, 1500 or above, with the same range of 

gas pressures,,the product ratio falls to about 6:1 and the rates 

also decrease. This effect has also been reported43 in other solvent 

systems and decomposition of the catalyst seems to be occurring at 

these temperatures. Thus the residual PPh3  melt recovered from such 

reactions is brown rather than the bright-yellow found at lower 

temperatures. 

Although hydroformylation of hex-l-yne and butadiene do not 

occur at 25°  and 1 atm. with RhH(C0)(PPh3)3  these substrates react 

readily at higher temperatures and pressures and also in molten PPh3. 

Thus at 1000 and 700 lb in-2 CO + H2  (1:1) in molten PPh3  hex-l-yne 

(substrate:catalyst mole ratio 1400:1) reacted completely in less than 

24 hr to give n-heptaldenyde and 2-metnylnexaldehyde  in the ratio 

4.0:1. Together these comprised 96% of the products, some reduction 

to alcohols having occurred because of the extended reaction time. 

Hydroformylation of butadiene with cobalt44 and rhodium45 catalysts 

normally gives only n-pentaldehyde and 2-methylbutyraldehyde and this 

has been attributed to rapid double-bond migration after the first 

hydroformylation step to give 03-unsaturated aldehydes, the double- 
, lapnds of which are only hydrogenateu.46  It was suggested47 that if 

such double-bond migration can be inhibited two hydroformylation 

steps should produce dialdehydes. Thus using47  an 85-fold molar 

excess of PBu3  as modifier and forming the catalyst in situ from 

Rn203  at 125°  and ca 300 atm. in diethyl ether the products comprised 

58% C5-monoaldehydes (96% straight-chain) and 42% C6-dialdehydes 

(2-methylpentan-1,5-dial, 2-ethylbutan-1,4-dial and nexan-1,6-dial 

in the ratio 6.4:3.2:1.0). 

In molten PPh3  (100 g) witn RhH(C0)(PPh3)3  (10-3  mole) at 1200  

and.700 lb in 2  CO + H2  (1:1) the mono-aldehyde fraction (91% straight-

chain) was found to comprise 70% of the products, the remainder being 
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higher-boiling materials which were not individually identified. 

Thus, although isomerisation of hex-1-ene during nydroformylation 

is largely inhibited under these conditions, the selectivity to 

formation of dialdehydes from butadiene is not very greatly enhanced. 

Tne high proportion of linear product is, however, maintained. The 

nydroformylation of butadiene is discussed further in Chapter IV 

where a possible interpretation of these results in terms of 

r-allylic intermediates rather than double-bond migration is 

suggested. 

It was not possible to study the reaction spectroscopically under 

the high-temperature and high-pressure conditions described above 

but the following observations are relevant:- 

(i) N.m.r. spectra of RnH(C0)(PPn3)3  in molten PPh3  at 90
o 
snow 

a single high-field line of half-width ca 2 Hz at T 19.17, indicating 

rapid ligand exchange. 

(ii) I.r. spectra in PPh3  melts over the temperature range 80 - 160°  

snow that RhH(C0)(PPh3)3  is stable up to ea 150°. Unfortunately the 

CO stretching region is substantially obscured by PPh3  bands in the 

melt, but the Rh-H stretching frequency at 2010 cm
-1  is lost at this 

temperature and a new band at 1965 cm
-1, as a snoulder on a PPh3  band, 

is formed. This may possibly be associated with the decomposition 

product [Rh(C0)(PPh3)2 1, which is, formed ° in solution (Scheme 1.1). 

No reaction was observed between RhH(C0)(PPn3)3  and CO at 1 atm. in 

such melts. 

(iii) Under similar conditions to those described above for hydroformyl-

tion of hex-l-ene at 110°, but under N2 , 40% isomerisation to cis- and 

trans-hex-2-enes was found after 1 hr. 

B. Relation to Other Catalyst Systems  

Although RhH(C0)(PPh3)3  was used throughout tnis study as catalyst 

for nydroformylation and shows unique activity at low pressure, it has 

already been noted that at higher pressures the same catalytic system 

can be generated from trans-RhCl(C0)(PPh3)2  in the presence of a base 

and excess PPh3.30 The lower activity of Rnc13(co)(PPn3)2  has been 

attributed29 '30  to the effect of HC1, formed in reduction of the 

complex under nydroformylation conditions, on the equilibria relating 
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cnloro- and nydrido-rnodium(I) species (see p.12). 	In the use 

of rhodium(III) complexes of the type RhHC12(C0)(PPh3)2 
48 this 

inhibition should be relatively smaller. 

Other rhodium(I) complexes which have been used as hydroformylation 

catalysts such as [RhCl(C0)2]2 
30,31,49, bridged carboxylates

24b,50 , e.g. 

[Rh(OCOCH3)(C0)2]2  or 0-diketonates
51, e.g. Rh(acac)(CO)2  may also be 

converted to hydrido species under hydroformylation conditions and in 

the presence of PPh3  to a catalytic system essentially the same as 

that formed with RhH(C0)(PPh3)3. 	Tnus Rn(acac)(CO)2 , when treated 

at 100 atm. with CO + H2  (1:1) at 40°  in benzene, gives free acetyl- 

acetone (detected by g.l.c. and i.r.) together with the binary carbonyls 

Rh3(CO)12  and Rh6(CO)16 
52. 	In the presence of alk-l-ene or cyclo- 

hexane (alkene:catalyst 25:1) complete hydroformylation occurred in 

less than 12 hr but under these conditions the system if: very unspecific 

and hex-l-ene gave n-heptaldehyde, 2-methylhexaldenyde and 2-etnyl- 

pentaldehyde in the ratio 2.1:1.8:1.0. 	In the presence of excess PPh3 , 

However,. Rh(acac)(CO)2  is converted quantitatively to RhH(CO)(PPh3)3  
2 

by CO + H2  (1:1) at 700 lb in and b0
o  and when used in molten PPh3  

as a catalyst for nydroformylation Rh(acac)(CO)2  gave the same product 

distribution as found with RnH(C0)(PPn3)3. 	A lower conversion rate 

in hydroformylation of hex-l-ene [at 110
o and 700 lb in 	8( in ca 

45 min. as compared with < 5 min. using RhH(C0)(PPn3)3] was found. 

This may be due to an induction period for conversion of the acetyl-

acetonate to the hydride by analogy with the induction period found
30 

when trans-RhCl(C0)(PPh3)2  is used. 

Discussion 

The lowered rates resulting from the use of very large excesses 

of PPh3  can be offset by the use of increased temperature and gas 

pressures so that high straight- to branched-chain aldehyde ratios 

can be achieved in rapid catalysis. 	In the extreme of using molten 

PPn3  as the reaction medium competing alkene isomerisation and 

hydrogenation can be minimised. The catalyst is fairly soluble 

(ca 0.08 g/g at 100°) in molten PPh3  which has a long liquid range 

(79 - > 360°). 
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The rate of alk-l-ene isomerisation in Pim, by RhH(C0)(P13h3)3  

under N2  is much slower tnan hydroformylation at similar temperatures 

and the isomerisation occurring in competition is suppressed by 

increased CO pressure (cf refs. 30 and 31). 	It thus appears reason-

able to suggest that under the conditions described above the main 

rnodium species which is attacked associatively by alkene is 

Rftli(C0)2(13Ph3)2. 



CHAPTER III  

Intermediate S  ecies in Ilydroformylation; Rhodium and 

Iridium Analogues  

Introduction  

The mechanism proposed
30 for the hydroformylation of alkenes 

using RhH(C0)(PPh3)3  as homogeneous catalyst has been briefly 

summarised on p.13, and in Scheme 1.2. At the beginning of this 
study the only species directly involved in these mechanistic routes 

which had been characterised spectroscopically33  was RhH(C0)2(PPh3)2. 

The iridium analogues, IrH(C0)(PPh3)3 32 and IrH(C0)2 (PPh3 )2 ,53 

had also been prepared and IrH(CO)2(PPh3)2  snown
36 to exist in at 

least two isomeric forms undergoing rapid fluxional transformations 

in solution. 

The intermediate species which were quoted in the Introduction 

are summarised in Figure 3.1. The hydrogenation,
34 hydrogen atom 

exchange"'  and isomerisation35  reactions are thus taken to proceed 

by way of alkene attack on the square hydride RhH(C0)(PPh3)2  to give 

the alkyl (I), the reverse reaction eliminating alkene and regenerating 

the hydride. 	At low concentrations, dissociation of PPh3  to give 

a formally 3-coordinate species was proposed. 	If alkene addition to 

Rn-H is anti-Markownikov tne elimination provides the path for only 

hydrogen atom exchange; Harkownikov addition provides an additional 

pathway for isomerisation (see p.10). Oxidative addition of H2  to 

(I) gives (II) from which alkane is eliminated with regeneration of 

the hydride. 	In hydroformylation the alkyl(III) is formed by either 

(a) coordination of alkene to RhH(C0)2(PPh3)2  or RhH(CO)2(PPn3) 

followed by hydride transfer (the associative or dissociative mechanisms), 

or (b) by coordination of CO to (I) (as discussed in Chapter I, p. 40). 

Alkyl transfer to coordinated CO in (III) leads to the square acyl (IV), 

or, if excess CO is present, probably also to (V). 	Oxidative addition 

of H2  to (IV) gives (VI) from which aldehyde is eliminated to regenerate 

Rnii(co)(1313h3 )2 . 	The species (III) and (V) being 5-coordinate may be 
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fluxional and unique designation of the geometry cannot be made, 

but in the square species the PPh3  groups are probably trans for 

Y30,34  (p.13). 

possibility of formation of the tricarbonyl species (VII) from (V) 

by loss of PPh3  at low concentration has been noted on p.24. 

The species where R is a hydrocarbon alkyl are extremely labile 

with snort lifetimes, necessarily so if the reactions are to be catalytic, 

and the possibility of detecting them in standing concentrations during 

the nydroformylation is remote. Even in absence of CO and H2  treatment 

of RhH(C0)(PPh3)2  in solution with ethylene under pressure (ea 50 atm) 

and at low temperatures in an n.m.r. tube failed to reveal30 a Rh-C2H5  

group. 	The alkyl species (I) or (III) could, however, probably be 

stable for rhodium and/or iridium if R is e.g. fluoroalkyl, aryl, 

neopentyl or benzy154  since metal-fluorocarbon bonds are generally 

much stronger than metal-hydrocarbon bonds, as are metal-aryl bonds 

wnicni  like neopentyl or benzyl, are further stabilised by their 

inability to undergo alkene elimination reactions by Hydride attraction 

from the 0-carbon.55  Benzyl compounds may in addition be stabilised 

by a TT-allylic contribution to the bonding. The formation of relatively 

stable rhodium acyl species from styrene has been noted above (p. 37). 

A. Fluoroalkyl Derivatives  

1. Trans-1 ,1 ,2,2-tetrafluoroethylcarbonylbis(triphenylphosphine)rhodium(I) 

When a solution of RhH(CO)(PPh3)3  in benzene is treated with 

tetrafluoroethylene (1 - 5 atm.) the yellow crystalline solid 

Rh(C2F0)(C0)(PPh3)2  may be isolated ( moo , 1990 cm
-1). This frequency 

c 
value, ca 30 cm

-1 above that of trans-RhCl(C0)(PPh3)2 , is consistent 

with replacement of Cl by C2F4H trans to CO,
56 therefore the compound 

can reasonably be formulated as trans. Molecular weight determinations 

indicate extensive dissociation in solution. 

Rh(C2F4H) (CO) (PPn, )2  Rh(C2F0)(C0)(13Ph3 ) + PPn3  

The 19F and 1H n.m.r. spectra are typical
56 for Rn-C2F4H 

(Table 3.1), although the Fa  resonance is broad and unresolved, 

probably due to PPh3  exchange at intermediate rates in the n.m.r. time 

scale. 	(Multiplet splitting due to Fa  -F
pI

F
a 
 -H S, Fa  - P and Fa  - Rh 

reasons connected with the reaction specificit The 
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is expected). On addition of excess PPh3  both Fa  and Fo  signals 

move upfield by ca 20 Hz and the F
a 
signal is now a broad triplet 

(J 9.0 Hz). The splitting may be due to an equilibrium shift to 

the undissociated form with equivalent trans-PPh3  ligands, or to 

an increase in the PPh3  exchange rate to the fast exchange limit 

allowing a combination of the F
a 
- H and F

a 
 - Rh couplings;  to be 

resolved. 

The chemical properties of trans-Rh(C2170)(C0)(PP113)2  are 

similar to those of trans-MX(C0)(PPh3)2 , where N = Rh or Ir; X = 

haliA 38157 except that the latter are not detectably dissociated 

in solution. Thus the complex undergoes several oxidative addition 

reactions as well as additions of neutral ligands to give 5-coordinate 

species. It acts as a moderately active catalyst for hydrogenation 

of alk-l-enes at 25°  and 1 atm. in contrast to the inactivity of the 

halides under these. conditions and this may be attributed to the 

formation of coordinatively unsaturated species by the dissociation 

of PPh3  as noted above. No hydrogen adduct could be detected at 

25
0 
 and 1 atm, however, in contrast to the extremely efficient 

, catalyst Rhcl(PP113,3.
42 

 

Hydrogen chloride reacts instantaneously with the complex in 

toluene at -70o and a pink complex is formed, which turns pale yellow 

on standing at -600  for a few minutes. 	In CH2C12 the transformation. 

from pink-red to yellow is very rapid even at -75. The n.m.r. 

spectra of both pink and yellow solutions at -700  in toluene shows 

a broad unresolved hydride resonance at ca T 22.6. Precipitation 

by chilled petroleum at ..700  gives an unstable pale-yellow solid 

whose i.r. spectrum has bands at 2155 and 2090-cm-1, assigned to 

Nilm  and N;c0  for a Rh(III) species, and a weak band at 1990 cm-1 

due to traces of starting material. 	At 250 the solid slowly loses 

HC1 and reverts quantitatively to trans-Rh(C2F4H)(C0)(PPh3)2  as shown 

by changes in the i.r. spectrum. 	If the solutions of the Rh(III) - HC1 

adduct are allowed to warm to 250, hydride transfer to the fluoroalkyl 

group to give fluoroalkane occurs rapidly. 	(Scheme 3.1); 

1,1,2,2-tetrafluoroethane was readily identified by 19F and 1H  n.m.r. 
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spectra58 and trans-RhCl(C0)(PPh3)2  by isolation of the solid 

(%) 1960; V 
co 	RhC1 308 cm-1).38 

The unstable pink and somewhat 

more stable pale-yellow species are probably two isomeric forms 

of Rh(C2 F4H)HC1(C0)(PPh3)2  possibly arising from cis- and trans- 

addition of the HC1. 	Dissociation and exchange of a PPh3  ligand 

to give a 5-coordinate species is also possible and this may account 

for the unexpected broadness of the n.m.r. resonances. 

Direct hydrogenation of the fluoroalkyl complex can be acnieved 

by hydrogen at 80 atm. pressure in presence of excess PPn3  and 

RhIl(C0)(PPn3)3  is regenerated; the presence of extra PPh3  being 
1  

required to prevent decomposition of the hydride to [Rh(C0)(PPn3)2j2 41  

(Scheme 1.1). 

Tne fluoroalkyl reacts readily with SO2  and the adduct is a 

yellow solid formulated as Rh(C217411)(C0)(S00(PPh3)2. 	This. loses 

SO2  after standing in vacuum for ca 8 hr,'while in solution SO2  can 
be swept out by N2. 

2. Reaction of trans-Rh(C2 F0)(C0)(PPn3)2  with CO 

Introduction of CO into a solution of the complex causes two 

consecutive reactions (Scheme 3.1) which can be followed by changeS 

in i.r. and n.m.re spectra. 	Small amounts of CO rapidly give complete 

conversion into a dicarbonyl species which has two strong CO stretches 

and which can be isolated as a stable white solid, Rn(C2F0)(CO)2 •PP ( 	) • h3-2. 

The final -1product in cyclohexane solution has a weak band at 2075 cm 
 

and a very strong one at 2020 cm
-1
. This is consistent with 

Rh(C2F0)(C0)3(PPn3) of C
3v 

symmetry having three equatorial carbonyls, 

which would give a weak Al  mode and a very strong E mode. Moreover, 

a weak "CO isotopic band is clearly observable ca 10 - 15 cm
-1 
 below 

the 2075 cm
-1 
 band as would be'expected for isotopic substitution at 

the natural abundance level for a totally symmetric vibration involving 

three CO groups. 	(The intensity of tne satellite should be ca 0.03 

that of the main peak). This complex could not be isolated pure even 

under high pressures of CO and its identification is only spectroscopic. 

However, it may also be noted that the frequencies of tne di- and tri-

carbonyl species are very similar to those reported
53b 

for the compounds 



55 

Ir(SnMe3)(C0)2(13n13)2  (1930 and 1975 cm-1) and 

Ir(SnMe3 )(C0)3(PPn3) 	(1950 vs and 2010 w cm-1). 

The carbonylation reactions are reversed on passing N2  or H2  

through the solution; the latter appears to be much more effective 

suggesting the possible role of a transient hydride intermediate. 

On treating Rh(C2F4H)(C0)(PPn3)2  with CO + H2  (1:1) at 1 atm. 

an  equilibrium mixture of di- and tri-carbonyl species is formed. 

The carbonylation in presence of excess PPh3  is very much slower and 

the abundance of the tri-carbonyl species is greatly reduced by 

displacement of the equilibria towards bis-phosphine species. 

The n.m.r. spectra of the solutions during the addition of CO 

snow a complete absence of 19F signals at tnp dicarbonyl stage. This 

suggests that the spectrum is completely collapsed owing to an exchange 

mechanism taking place at an intermediate rate. The 5-coordinate 

dicarbonyl could be showing fluxional benaviour56  pr alternatively 

PPh3  exchange could be occurring at a critical rate. Tne apparent 

molecular weight indicates that appreciable dissociation is occurring 

to give Rn(C2F4H)(C0)2(PPh3). 	On conversion to the tricarbonyl the 

19F resonances reappear although at lower fields than the multiplets 

of Rh(C2F0)(C0)(PPh3)2. When the conversion is only partial the 

signals are broader and are shifted to higher fields than in the final 

stage. 	It is probable that the resonances of the dicarbonyl inter-

mediate are located between those of the mono- and tricarbonyls, and 

that intermolecular exchange is taking place between the species that 

are in equilibrium at each particular stage of this reaction.59  

B. Reactions of MH(C0)(PP10% , M = Rh or Ir, with Ethylene and Carbon 

Monoxide  

1. Rhodium System  

The reaction of RnH(C0)(Pn13)3  with styrene in the presence of 

CO to give acyl species has been described above (p.37). 	An excess 

of liquid alk-l-ene, such as hex-l-ene, reacts in a similar way and 

in this case formation of the yellow dimer, [Rh(C0)2(P1413)2]2  can be 

more easily avoided. 	The i.r. spectrum of a benzene solution snows 
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Scheme 3.1  
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that a new species is rapidly formed which has two terminal carbonyl 

stretches at 1900 - 2000 cm
-1 

and an acyl band at 1620 - 1660 cm-1. 

For more detailed study ethylene has been used as tnis simplifies the 

spectra for n.m.r. study. 	The acyl band in the solution i.r. spectra 

is generally broad and in some cases split into two separate peaks 

possibly due to rotational isomerism of the acyl group (in'the case 

of the propionyl compound a shoulder is observed at 1650 cm
-1 

on the 

band at 1643 cm-1). These peaks show a constant intensity ratio 

under a wide range of CO and C2H4  atmospheres and in the presence of 

excess PPh3 , and are therefore not due to different species. 

The n.m.r. spectrum of a benzene solution of RnH(CO)(PPn3)3  under 

an equilibrium pressure of CO + C2H4  of ca 50 and 20 cm Hg respectively, 

shows a triplet and a quartet at T 9.26 and 7.07 (ratio 3:2; J 705 Hz), 

characteristic of a propionyl group bound to rhodium(I) [cf RhCOCH2CH2Ph 

and RhCOCHPhCH3  groups, p.37]. The assignment of this compound as 

Rh(COEt)(CO)2(PPh3)2  is confirmed by analogy with the stable iridium 

analogue described below. 

The propionyl is stable in solution under an atmosphere of CO 

and C2H4  over a wide range of composition, but on evacuation or on 

sweeping with inert gas, C2H4  is readily eliminated and the yellow 

dimer, [Rh(C0)2(PPh3)2]2  is formed with loss of H2  ; if the CO removal 

is carried too far [Rh(CO)(PPh3)2S]2  is obtained. 	These reactions 

are similar to tnose described in Chapter I for the intermediates in 

hydroformylation reactions on evacuation of the gas phase or on 

cessation of stirring. At low CO pressures tne propionyl can be 

stabilised by a high pressure (1 atm.) of C2H4  above the solution 

and, on addition of light petroleum to a toluene solution at - 100, 

a very unstable solid is precipitated. This has an i.r. spectrum 

similar to that of the solution (Table 3.1). 	The solid decomposes 

rapidly on standing, losing C2H4  and CO to give a product with 

co 1960 cm
-1

, presumably [Rh(C0)(PPn3) • 2 -4 • 
41 	The dicarbonylpropionyl 

species may also be formed readily in solution even in presence of a 

6-fold molar excess of PP113. 	It is readily shown that on addition of 

112  the propionyl reacts quantitatively to give propionaldenyde and 

RhH(C0)(PPn3)2 ; with gaseous HC1 it reacts similarly to give aldehyde 

and trans-RhCl(C0)(PP113)2 	(Scheme 3.2). 
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Tnis reaction of the propionyl with 112  or HCI to give aldehyde 

is inhibited when the partial pressure of CO exceeds about 50 cm in 

the system at 1 atm. Thus under a CO + HCI (1:1) mixture there is 

no reaction even during 24 hr, but if tne HC1 pressure is increased 

to 1 atm the half-time for the aldehyde formation reaction is ea 5 min. 

With CO H2  (2:1) the propionyl is ea 50% converted in ca.:1 hr whereas 

with CO + H2  (1:2) the half-time is 5 min. This result is clearly 

of importance in understanding the inhibition of the catalytic hydro- 

formylation reaction by CO. 	(p. 27). 

2. Iridium System  

This was studied in order to obtain a more stable and less labile 

system. 

IrH(C0)2(PPh3)2  on treatment with CO + C2  H4  (1:1, total 50 atm.) 

gave quantitative conversion into the stable crTftalline acyl compound 

Ir(COEt)(CO)2(PPn3)2  wnose i.r. and n.m.r. spectra are virtually 

identical with the spectra assigned to the rhodium propionyl (Table 3.1) 

and provide conclusive evidence for the formulation of the latter as 

5-coordinate. A similar iridium acetyl complex has been made
53b by 

the interaction of Na[Ir(CO)3  (PPn3)] with PPh31  Mel and CO, but this 

compound can also be obtaned by interaction of trans-IrCl(C0)(PPh02  

with MeLi followed by CO (20 atm.). This synthetic route should be 

a general procedure, as should the CO + alkene method if other alkenes 

are used. 	ThUs reaction of IrH(C0)2(PPh3)2  with CO +. C3H6  (1:1) 

at 30 atm. gave Ir(C0C3H7 )(C0)2(PlIn3)2. 	The n.m.r. spectrum snowed 

only the n-butyryl group [T 7.11(triplet);8.69(multiplet)i9.33(triplet)]. 

Small amounts of isobutyryl complex would not be easily detected, 

however, because of overlap in the methyl region and splitting of the 

unique proton. The preparation from the iridium dicarbonyl provides 

evidence for the original postulation30  that in the rhodium hydro-

formylation system it is RhH(C0)2(PPh3)2  which is attacked by alkene, 

whereas the preparation from IrCl(CO)(PPh3)2  is in part analogous to 

the route via BbIl(C0)(1Th3)2  discussed in Chapter I (Schemes 1.2, 3.2). 

The iridium propionyl reacts only slowly with 112  or HC1 to give 

propionaldehyde and IrH(C0)2(PPh3)2  or'IrCl(C0)(PPh3)2  respectively. 
Go 

(If excess H  C1 is used the adduct IrHC12(C0)(PPh3)2 	is obtained). 
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An intermediate oxidative adduct with HC!, Ir(COEt)HC1(CO)(PPh3)27  

can also be obtained as an unstable solid mixed with IrCl(C0)(PPh3)2  

by precipitation from benzene with petroleum [V o 2065; ),lirH  2122; c 
v 
o
(acyl) 1635 cm

-1] and can also be detected when the reaction is 
c 

H carried out in C - 2 -C-12 [vco  2080; \Jill, 2122; Co( acyl) 1630 cm-1]. 

The formation of aldehyde from the 5-coordinate acyls by action 

of either H2  or HC1 is inhibited by high concentrations of CO which" 

illustrates the necessity for displacement of a CO ligand in order 

that two sites be available for oxidative addition without exceeding 

the coordination number of 6; the much faster reaction with rhodium 

doubtless reflects the greater dissociation of the 5-coordinate acyl 

in that case. 

Further, the reaction of Ir(COEt)(C0)2(PPh3)2  with H2  in a closed 

system to give IrH(C0)2(11Ph3)2  and EtCHO can be assumed to involve 

either displacement of CO or of a PPh3  ligand by H2  giving either 

Ir(COEt)H2(C0)(PPh3)2  or Ir(COEt)H2(C0)2(PFh3), these species then 

eliminating aldehyde and recombining with the stoicneiometric amount 

of CO or PPh3  present to give IrH(C0)2(PPh3)2. The isolation of 

a monocarbonyl iridium(III) intermediate suggests that the CO displace- 

ment route is probably operative. The path involving PPh3  dissociation 

is probably unavailable in the rhodium system since the extra mole of 

free PPh3  present in solution; owing to the use necessarily of 

RhH(CO)(PPh3)3 , is likely to inhibit this dissociative step; moreover, 

any small amounts of the dissociated species formed would probably 

react immediately with the CO present in excess to give Rh(COEt)(CO)3(PPh3), 

so blocking the coordination site (see below). 

The dissociation of PPh3  and its replacement by another ligand 

is readily demonstrated for Ir(COEt)(00)2 1PP .--113,2. 	Thus on treatment 

with CO (1 atm.) for 15 min., or for snorter periods at higher pressures, 

a new acyl species is partially formed as shown by i.r. and n.m.r. 

spectra. The latter snows a new triplet and quartet shifted to lower 

fields; in benzene the quartets of the two species partially overlap 

since the difference in T values approximates to the coupling constants 

of both multiplets (7.5 Hz); in CH2C12 , however, the two distinct 

quartets are clearly observed (Table 3.1). 
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The i.r. spectrum (cyclohexane solution) has three new bands 

plus those of unchanged starting material; a weak band at 2055 cm-1  

("CO satellite at 2039 cm-1), a strong band at 1972 cm
-1

, and a new 

acyl peak at 1670 cm-1. The new species is formulated as Ir(COEt)(C0)3(PPI13) 

with C3v 
symmetry since the weak A, and strong E, carbonyl modes have 

the proper relationship with those of the dicarbonyl acyl (Table 3.1) 

as found for other -(CO)3(PPh3 ) and -(C0)2(PPh3)2  species [cf Rh(C2 F4H) 

species above]. The acyl band is shifted 27 cm
-1 
 to higher wavenumbers 

compared with the original compound owing to the stronger electron- 

withdrawing effect of the three CO groups. The tricarbonyl cannot 

be isolated pure owing to inhibition by the PPh3  displaced: 

Ir(COEt)(C0)2(PPh3)2  + CO;--* Ir(COEt)(CO)3(PPh3) + PPh3  

The formation in the rhodium system of small amounts of Rh(COEt)(C0)3(PPh3) 

can be observed by increasing to ca 1 atm. the CO in equilibrium with 

Rh(COEt)(C0)2(PPh3)2* 
	In CH2C12  solution a weak triplet appears 

(at T 9.01) below the strong triplet of the CH3  group of Rh(COEt)(CO)2(PPh3)2  

(cf corresponding iridium values). 

3. Decarbonylation of the propionyl compound  

On treatment of Ir(COEt)(C0)2(PPh3)2  at 120°  in vacuo, slow 

liberation of C2H4  and CO occurs to leave a solid mixture in which 

IrH(C0)2(PPh3)2  can be detected as the main product. 	No evidence 

of an alkyl intermediate was obtained. In solution, controlled 

stoicheiometric decarbonylation can be achieved by use of RhCI(PPh3)3. 42,61 

Oh mixing equimolar CH2C12  solutions at 25°  an immediate colour change 

occurs and trans-RnCl(C0)(PPh3)2  precipitates 

Ir(COEt)(C0)2(PPh3)2  + RhCl(PPn3)3 	RhCl(C0)(PPh3)2  + 

IrH(CO)(PPh3)3  + CO + C2H4. 

In benzene the reaction is slower and an unstable intermediate can be 

detected by its new strong band in the i.r. at 1912 cm-1. Warming 

a benzene solution of the acyl alone under N2  for ca 10 min. gives 

complete conversion to IrH(C0)2(PPh3)2 , CO and C2114. 	The decomposition 

in cyclohexane is slower still and peaks of the intermediates can be 

observed, aided by the fact that their solubility is nigher than that 

of the starting material. 	Thus when a suspension of Ir(COEt)(C0)2(PPh3)2 



is heated in cyclohexane for a few min. and then filtered, the i.r. 

spectrum of the solution snows the bands of the original compound 

at 1980 and 1938 cm-1 superimposed on those of the new species at 

1975 and 1925 cm-1 (the difficulty of the partial overlap of the 

bands at 1980 - 1975 cm
-1 can be overcome by observing the changes 

in the intensity of this band in several spectra at different stages 

of the dedomposition). These two new strong bands can be assigned 

to the intermediate alkyl species IrEt(C0)2(13Ph3)2. 	Other weak 

peaks around 2025 and 1950 cm
-1 may be due to isomers or to dispro-

portionation products such as IrEt(CO)(PPh3)2  or IrEt(CO)3(PPh3). 

4. Interaction of IrH(C0)2(PPh3)2   and C,LI.4  

This reaction is .complicated and the results depend on the 

temperature, solvent and pressure. 	In toluene at 250  with 10 atm. 
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C2114  with the proviso that the system 

releasing the pressure, a white solid 

light petroleum (-700). 

Ir(COEt)(CO)(PPh3)2  having a terminal 

band at 1635 cm-1. 

is cooled to -700 before 

can be precipitated with chilled 

acyl 

o at 1955 cm
-1 

and an acyl 
c 

This product is the square 

On working up the product at -500a mixture of this and a second 

compound( v. 1959, 1910  cm-1), probably the ethyl, is obtained. 

The reaction 

IrEt(CO)2  (PPh3  )2  -zt Ir(COEt)(C0)(PPh3  )2  

appears to be displaced to the right at low temperatures or at high 

C2H concentrations. 	[The CO insertion could be promoted by co-

ordination of C2  H4 to give Ir(COEt)(C2H4 )(CO) (PP113 )2 , analogous to 

the adduct IrI(C2H4 )(CO)(PPh3)2  b2]. 	The two products are reasonably 

soluble in cyclohexane at 25
o and both solutions nave identical spectra 

-1 
with predominantly strong bands at 1975 and 1925 cm 	attributed, 

as before, to IrEt(CO)2(PPn3)2. 	[The weak bands observed in the 

thermal decomposition of Ir(COEt)(CO)2(PPn3)2  in cyclohexane and 

also a new band at 1940 cm-1, probably obscured in that reaction by 

the bands of the starting material, are also observed]. On rapid 

evaporation the residue snows only the bands attributed to IrEt(C0)2(PPh02. 
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The two compounds can be handled for only snort periods (a few 

min.) as loss of C2H4  and regeneration of IrH(C0)2(PPh3)2  occurs. 

If the cyclohexane solutions are treated with CO, the bands due to 

Ir(COEt)(C0)2(PPh3)2  and Ir(COEt)(C0)3(PPh3 ) appear rapidly with 

disappearance of the initial ones. 

5. N.m.r. study of interaction of IrH(C0)(PPh3)3   and IrH(C0)2(PPh3)2  
with C, H4  

The interaction of both IrH(C0)(PPh3)3  and IrH(C0)2(PP113)2  with 

C2H4in CT] C12 solution can be studied by observation of the disappearance 

of the nigh-field lines and appearance of multiplets between T 7 and 10. 

(a) IrH(C0)(PPh3)3. 	The uptake of C2H4  by solutions of IrH(C0)(PPh3)3  

at 70 cm and 200  has been reported37  to give 28% conversion to species 

assigned as IrH(C2H4)(C0)(PPh3)3  or IrEt(C0)(P11,103  but no details 

were given to substantiate either compound. 

At 10 atm., 35° only about 10 - 20% conversion was found. After 
15 min. there is a broad triplet at T 8.74 (J 8.0 Hz) and a broad 
unresolved signal at T 8.22 attributable to an Ir-Et group. The fact 

that the reaction is also incomplete under these conditions suggests 

that PPh3  dissociation is involved and there is an equilibrium: 

IrH(CO)(PPh3  )3  + C2H4 	IrEt(C0)(PPh3)2  + PPh3. 

The broadness of the signals could be due to coupling and/or to 

exchange. 

After several hours the Et signals disappear and a sharp peak 

at T 9.16 only is observed, which is due to C2  H6. 	Since the hydrogen 

cannot come from the solvent the most likely source is the ortho-

hydrogen of tne phenyl group of one of the PPh3  ligands as in the 

intramolecular reactionb3  of RhMe(PPh3)3  which liberates methane, 

i.e. the reaction may be:- 

Ir(C2H5)(C°)(PP1102 
	C2H6 + Ir[(C6H4  )PPft2](C0)(PPn3) 

Such a reaction was not found to be the major pathway for the 

decomposition of RhH(C0)(PPh3  )2  in solution,
41 where a dimerisation 

leads to [Rh(C0)(PPh3)2 12  and H2. 	Dimeric species, nowever, have 
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not been characterised in the related iridium system and dimerisation 

would also have been expected to give some C4H10. 

(b) TrH(C0)2(PP113)2. 	This reacts completely with C2H4  at 35°  and 

10 - 15 atm. within 1 - 2 hr in two distinct stages (Figure 3.2). 

After the first 15 min. when ca 30% of the hydride is converted, 

the spectrum (CE C12 ) consists of three triplets, T 8.74 (J 8.0 Hz, 
broad), T 9.17 (1 7.0 Hz), and T 9.65 (J 7.5 Hz); two quartets, 
T 7.48 and 7.24; and a broad multiplet at T 8.22. The triplet at 

T 8.74 and the multiplet are due to IrEt(CO)(PPh3)2  as observed in 

the reaction of IrH(C0)(PPh3)3. The triplet at T 9.65 and quartet 

at T 7.48 (ratio 3:2) can be assigned to Ir(COEt)(CO)2(PPh3)2  by 

comparison with the spectrum of the isolated compound (Table 3.1). 

These two products, which are present in approximately equal 

concentration, may hence be formed by disproportionation: 

IrH(C0)2(PPh3)2  + C2H4 	IrEt(C0)2(PPn3)2  

2IrEt(C0)2(PPh3)2 	IrEt(C0)(PPh3)2  + Ir(COEt)(C0)2(PPh3)2  

The triplet at T 9.17 and the quartet at T 7.24 could be due 

to IrEt(CO)2(PPh3)2  but the chemical shift is more characteristic 

of a propionyl group (cf Table 3.1) and the spectrum may be attributed 

to a new propionyl species such as Ir(COEt)(C2 H4)(C0)2(PPh3) formed 

by one of the routes: 

Ir(COEt)(CO)2  (PPh3  )2 

I - PPh3 

Ir(COEt)(C2 114 )(C0)2 (PPh3 ) 

C2  H4  

-IrEt(C0)(PPh3)2  - PPh3  

2IrEt(C0)2(PPn3)2  

This interpretation is supported by the following observations: 

(i) On treating pure Ir(COEt)(C0)2(PPn3)2  in CH2C12  with C2H4  

(10 - 15 atm) the triplet and quartet at T 9.17 and 7.24 readily 

appear in small amounts. 
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Figure 3.2  
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g 

1  
7.0 	8.o 	9.0 	10.0 	21.0 

T Values 

N.m.r. spectra (100 MHz; 35°) of IrH(C0)2 (PPh3)2  in CIS C12 under C2 1I 
(Ca 10 atm.) 	A. after 10 min.; B. after 2 hr. Assignments: 
a, IrEt(C0)(PPh3  )2  ; b, Ir(COEt) (C0)2  (P13n3  )2  ; c, Ir(COWC2  H4  ) (C0)2  (PPn3 ) ; 
d, Ir(COEt) (CO) (PPh3  )2  ; el  IrH(CO )2  (PPh3  )2  ; f, IrEt(C0)2  (131413  )2 	(J, C2116 • 
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(ii) When IrH(CO)2(PPh3)2  is treated with C2H4  in the presence of 

excess PPh3  only the signals of Ir(COEt)(C0)2(PPh3)2  are 

observed. 	(In presence of excess PPh3  the reaction is slower 

and the first stage occurs in ca 1 hr). 

During the second stage of the reaction new signals are observed 

with concomitant disappearance of the high-field line and of the 

signals due to IrEt(C0)(PPh3)2  and Ir(COEt)(C2H4 )(C0)2(PP113): the 

species Ir(COEt)(C0)2(PPh3)2  remains essentially unchanged until 

equilibrium is attained. The principal new features are a triplet 

at T 9.95 and a quartet at T 7.70 (J 7.25 Hz; ratio 3:2) which 
predominate at the end of the reaction. 	A broad multiplet at T 8.30 

is also observed and finally a sharp peak at T 9.16 attributed to C2H6. 

The T 9.95 and 7.70 bands can be assigned to the monocarbonyl 
Ir(COEt)(CO)(PPh3)2  (which was isolated at low temperatures as noted 

above) since: 

(i) it has high abundance and a species containing three carbonyls 

Ir(COEt)(C0)2(PPh3)2  is also present, 

(ii) the chemical shifts correlate well with the other propionyls 

Ir(COEt)(C0)2(PPh3)2 , Ir(COEt)(C2H4)(C0)2(PPh3) and 

Ir(COEt)(CO)3(PPn3) (downfield shifts occur where PPh3  is replaced 

by Co). 

The multiplet at T 8.30 is probably due to the alkyl species 

IrEt(CO)2(PPh3)2 , which may be fluxional, as on cooling this broad 

signal splits into several complex and superimposed multiplets at 

-35 (a complete analysis is not possible because of reduced solubility). 
The small amount of ethane probably arises as before. 

In other solvents the spectra are also complicated but the behaviour 

is similar to that in CH2C12. 	It is important to note that in all 

final states the main species appears to be Ir(COEt)(CO)(PPh3)2  but the 

final equilibrium mixture depends on the temperature and the C2H4  pressure. 

C. Aryl and Benzoyl Derivatives  

The phenyl compound,
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RhPh(PPh3)3 , reacts very rapidly with CO 

in solution to give a mixture of benzoyl species, Rh(COPh)(C0)2(PPh3)2  

and itn(COPn)(C0)3(PPn3  ) • 	The different steps, for which only spectro-

scopic evidence is available, can be readily interpreted on the basis 

of the following iridium chemistry. 
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When a suspension of trans-IrCl(CO)(PPh3)2  in diethyl ether 

is treated with PhNgBr, or better, PnLi, the crystalline complex 

IrPn(C0)(PPh3)2  (Vco  1940 cm-1) can be readily obtained. 	This is 

moderately stable in diethyl ether although it decomposes rapidly 

in benzene or other hydrocarbons liberating benzene and forming 

a new species with v 1940 cm-1. This decomposition is doubtless 
co 

, similar to that noted above for IrEt(CO)(PPh3)2  and describedb3  

for RhMe(PPh3)3  and RftPh(PPh3)3  wnich, on heating for several hr 

in solution give Rh[(C6H4  )PPh2 ](PPh3)2  and CH4  or C6116. 	The role 

of the ether in stabilising the square phenyl compound is probably 

a coordinative blocking of the free axial coordination site used 

to facilitate hydrogen transfer from the Ph group of coordinated 

PPh3 and the formation of an intermediate iridium(III) compound, 

IrHPh[(C2H4)PPh2 ](C0)(PPn3)2  which subsequently eliminates benzene. 
-1 

A band at 2045 cm * in the i.r. spectrum of the solid residue recovered 

after decomposition in benzene may be 
co 

 of tnis iridium(III) species. 

IrPh(C0)(PPh3)2  also reacts rapidly with atmospheric 02  to give the 

adduct, Ir(Ph)02(CO)(PPn3)2  (v 	V o 	o o 
1980; 	835 cm-1) analogous to c  

IrC1(02)(C0)(PPI13)2 64. 

A freshly prepared solution of IrPh(C0)(PPh3)2  in cyclohexane 

has v 1960 cm
-1 

although the compound is of low solubility. On 
co 

treating a suspension with CO, the products are relatively soluble 

and a typical spectrum after ca 5 min. has two strong bands at 1980 

and 1940 cm-1, a weak band at 1960 cm
-1 due to starting material, 

and an acyl band at 1620 cm-1. 

On concentration under CO, the complex Ir(COPh)(C0)2(PPh3)2  

precipitates pure (Table 3.1). The solution spectrum of tnis pure 

complex in cyclohexane has bands at 1980, 1940 and 1620 cm
-1 
 but the 

relative intensities differ from those observed in the in situ prepara- 

tion from 1rPh(C0)(PPh3)2. 	This suggests overlapping of bands and 

the most obvious assumption is that a third species IrPh(CO)2(PPh3 )2  

with accidentally coincident frequencies is present in equilibrium 

with IrPh(CO)(PPh3)2  and Ir(COPh)(C0)2(PPh3)2. 	This is confirmed 

by displacement of CO on bubbling N2  through the solution when complete 

disappearance of the 1620 cm
-1 

band occurs. 	Tne resulting spectrum 

is due to IrPn(C0)(PPn3)2  and IrPh(C0)2(PP113 )2  and has vco  1980, 1960 
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and 1940 cm-1. 	[Some minor weak bands of uncertain assignment 

are also present, notably at 2025 cm
-1 

as found in solutions of 

IrEt (C0)2  (PPn3  )2  3. 

On prolonged treatment of a solution of Ir(COPh)(CO)2(PPh3)2  

with CO substantial amounts of Ir(COPh)(C0)3(PPh3) are formed 

2059, 1998 cm
-1 
 v o ; 	(acyl) 1637 cm-1]. 

c 

When the benzoyl mixture is treated with H2  no benzaldehyde is 

obtained and all the Ph group appears as benzene. Similarly if 

CO + H2  (1:1) is used only benzene appears but now more slowly. 

The difference from the propionyl is presumably due to the greater 

stability of the Ir - C bond in the phenyl relative to the benzoyl 

compound (cf also Ref. 56). 

The reaction of RnPh(PPh3)3  can thus be seen to proceed rapidly 

to Rh(COPh)(C0)2(PPh3)2  plus Rn(COPh)(C0)5(PPh3 ). 	On sweeping the 

solution with N2  for a few sec. the spectrum of pure Rh(COPh)(C0)2(PPn3)2  

is obtained and further sweeping gives a species witn a single peak 

at 1978 cm
-1

, presumably RhPh(C0)(PPh3)2 , plus small amounts of 

[Rh(C0)2(PPh3)2 12. 	The reaction is reversed again by CO to give 

the benzoyl species. 	In contrast to the iridium system, on treatment 

with H2  nearly quantitative conversion to benzaldehyde is observed. 

Discussion  

The above studies nave enabled the isolation and/or spectroscopic 

characterisation of rhodium and iridium compounds which correspond 

closely to the rhodium complexes postulated to be involved in the 

catalytic hydroformylation of alkenes. 

Simulating the square rnodium(I) alkyl (I) (Figure 3.1) are 

Rh(C2F4H)(C0)(PPh3)2  and IrPh(C0)(PPh3)2  with spectroscopic evidence 

for RhPh(C0)(PPh3  )2  and IrEt(CO)(PPh3)2. 	The differences between 

these compounds and tne actual alkyl intermediates in the catalytic 

reaction can be illustrated qualitatively as in Figure 3.3. 

Cy CO 



Figure 3.3 

rn 
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Reaction coordinate 

Qualitative form of energy diagram for RhH(C0)(PPn03  plus 

alkene to give RhR(CO)(PPh3)2  snowing relative stabilities 

of product for R = Et 	 , C2  Fy  H 	—I  and Ph — — 

The catalytic alkyl intermediate is very short-lived and 

readily reverts to Rh-H + alkene since its stability towards 

elimination is small. The fluoroalkyl is more stable since the 

Rh - C bond is stronger owing to the electronegativity of the F atoms 
+ 

and a certain amount of ionic resonance M - C or "double-bond 

character" in the metal to carbon bond. The Rh - C bond strength 

in the phenyl is probably slightly larger than'in alkyls due to the 

same sort of bond strengthening
56 

but the new stabilising feature is 

the unavailability of a direct pathway to regenerate the metal hydride 

by abstraction of hydrogen from the organic group.55  

It is reasonable to assume, however, that some of the cnemical 

properties of these related compounds which do not involve an elimina- 

tion reaction will be very similar. 	Thus the behaviour of 

Rh(C2F4H)(C0)(PPh3 )2  in readily dissociating suggests that 
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such dissociation may be expected in other square alkyls and may 

also reflect the loss of specificity to alk-l-ene in hydrogenation 

at low concentrations of RnH(C0)(131113)3 , attributed
34 to a second 

PPh3 dissociation. 

Although it was not possible to obtain a stable example, even 

for iridium, of an oxidative addition product of the alkyl with H2  

such as (II), that such species are very short lived is suggested 

by the facile displacement by H2  of CO in Ith(C2F4H)(CO)2(PPh3)2. 

A tractable HC1 adduct, Rh(C2F4H)HC1(C0)(PPh3)2 , was, nowever, 

obtained. 	The slow uptake37  of H2  by IrH(CO)(PPh3)3  at 70 cm, 200  

should also be noted in this connection. This reaction, which was 

reported for fairly dilute solutions (2.5 mM), probably gives the 

known
65 

 IrH3(CO)(PPh3)2  rather than the 7-coordinate complex originally 

suggested.37  

The driving force for hydride transfer to alkyl giving alkane 

is clearly large and several examples are noted, even with so stable 

a bond as the fluoroalkyl. Intramolecular transfer of an ortho-

hydrogen from a phenyl ring of coordinated PPh3  leading to elimination 

of alkane, probably also via an iridium(III) hydrido species, is noted. 

The steps of the hydrogenation reaction are tnus clearly simulated. 

Rapid reaction of the square fluoroalkyl and phenyl compounds 

with CO confirms the formation of 5-coordinate dicarbonyl alkyls 

species (III), Rn(C2F4H)(C0)2(PPh3)2  and IrPn(C0)2(PPn3)2 , %% Tien may 

dissociate a PPh3  ligand. The dicarbonyl alkyl species can also be 

formed by reaction ofMH(C0)2(PPh3)2  with alkene. 	As noted above 

these reactions to some extent parallel the alternative patnways 

discussed in Chapter I for the formation of such intermediates. 

No evidence has been obtained to indicate wnetner an associative 

or dissociative mechanism is operative in the interaction of 

IrH(C0)2(PPn3)2  with alk-l-enes, which causes their slow isomerisation 

to alk-2-enes at 25
0 36 and from which the characterisation of a number 

of alkyl and acyl species has been described above. 	IrH(CO)2(PPh3)2  

does not dissociate appreciably in benzene solution at 250  although 

the presence of a kinetically significant concentration of a 4-coordinate 

species cannot be excluded. 	An associative pathway involving the 

intermediate IrH(alkene)(C0)2(PPn3)2  is• also possible. 	The objection 
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to such an intermediate on the basis that it formally breaks the 

"inert-gas rule" for a d8 complex was discussed when the mechanisms 

were proposed for the rhodium system30 and it was noted that there 

is evidence
36 

for solvation of IrH(CO)2(PPh3)2  by carbon disulphide. 

[In the related cobalt system it has been suggested3  that a complex 

Coli(alkene)(C0)4  may be formally regarded as 1 }t(alkene)(C0)4.1 

It is clear, however, that a concerted mechanism involving coordination 

of alkene and simultaneous displacement of a PPh3  ligand may also be 

considered under the heading of "associative pathway" but implying 

an extremely snort-lived intermediate. Such a mechanism in no way 

contradicts the essential postulate that this route should be more 

substrate selective and more specific to linear alkyl formation than 

the dissociative route. 	The X-ray crystal structure
66 

of IrH(C0)2(PPh3)2  

shows that a relatively large unhindered area exists for approach to 

the metal and although this does not necessarily mean that a similar 

situation exists in solution it may be taken as an indication. The 

three bulky PPh3  groups in IrH(C0)(PPh3)3 , on the other nand, 

cause much greater steric hindrance to alkene approach to the metal. 

Thus, although IrH(C0)(PPh3)3  reacts initially with ethylene, the 

fact that the reaction then ceases suggests a dissociative pathway 

inhibited by excess PPh3. 

the high field quartet of 

350  to 1UU0  confirms that 

temperatures. 3b 

Broadening and ultimate coalescence of 

IrH(C0)(PPh3)3  on warming solutions from 

rapid PPh3  exchange occurs at these higher 

Only one analogue of the proposed square acyl(IV) was obtained, 

namely Ir(COEt)(COX PP.n3  )2  , and even this reverts easily to the 

dicarbonyl alkyl. The extraordinary ease with which decarbonylation 

and transfer reactions occur, not only with rhodium but also with 

iridium, snows that the activation energies for these elementary 

steps are very low. The difficulty in preparing the square acyls 

in presence of CO arises from the difficulty of preventing additional 

CO uptake to give M(COR)(C0)2(M13)2 , and even for the iridium acyl 

isolated the equilibrium 

MR(C0)2(PPh3)2  = M(COR)(C0)(14113)2 



72 

lies very much to the left. 	Since Ir(COEt)(CO)(PPh3)2  was obtained 

only in the reaction of IrH(CO)2(PPh3)2  and C2H4  it is possible that 

coordination of C2H4  under pressure promotes the transfer. 

The 5-coordinate dicarbonyl acyls (V) are easily obtained for 

both rhodium and iridium with either COEt or COPh and ready displace-

ment of one of the PPh3  groups by CO gives the tricarbonyl'species VII. 

In the presence of excess CO it was shown that oxidative addition of 

H2  or even HC1 to the dicarbonyl acyls does not occur and that only 

when CO pressure is lowered does conversion to aldehyde proceed. 

Since at lower pressure the system snould furnish some square acyl 

it seems likely that oxidative addition occurs only with the square 

species, only low concentrations of which may need to be present. 

Thus the CO inhibition in the catalytic nydroformylation reaction (p.27) 

is probably caused by formation of Rh(COR)(CO)2(PPh3)2  and 

Rh(COR)(CO)3(PPh3) and the latter may also be present in the colourless 

inactive solutions formed at catalyst concentrations below 0.5 mM (p.24). 

It will probably also be correct to expect that in the absence of 

substantial excesses of PPh3 in catalytic reactions, intermediates 

having only one PPh3  ligand are likely to be of importance. In 

principle a study of the reaction of Rn(COR)(C0)2(13Pn3)2  with CO 

and H2  mixtures of varying composition under conditions directly 

comparable with the catalytic reaction would be instructive, but 

the rhodium dicarbonyl acyl species are so unstable that rapid alkene 

elimination or aldehyde formation in the absence of a stabilising 

gas phase precludes such ah investigation. 

The only example of the octahedral acyl intermediate (VI) 

detected was that in the reaction of HC1 with ir(COEt)(C0)2(PPn3)2 ; 

however the formation of aldehyde establishes the principle of 

oxidative addition of H2  and elimination of aldenyde. 	It is 

'interesting to note that although when treated with CO + H2  (1:1) 

the rhodium propionyl and benzoyl and the iridium propionyl gave 

aldenyde, the iridium benzoyl gave solely benzene; the analogy 

between tne metals must hence always be treated with care. 



Table 3.1. Infrared (1600-2200 cm region) and nuclear magnetic resonance spectraldata for rhodium and iridium 
complexes  

Compound 
	

I•r• (cm-1) b 
	

n.m.r. (T values) 

Rii(C2  F4 H)(c0)(FPn3  )2  

Rh(C2  F411 )(C0)2 (PP113 )2 

Hn(C2F4H)(c0)3(P43n3) n  

Rh(c2  F410(S02  )(C0)(PP11, 

Rn(COEt)(C0)2(PPft3)2  

Ir(COEt)(CO)2  (PPh3  )2  

Ir(C°Et)(CC)3(PPL13) 

Ir(Et)(C0)2(PET13)2  

Ir(COEt)(C0)(PPn3)2  

Solid e  Solution 

1643m 

1634m 
1643m 
1625m 

1660m 
1670m 

Solvent 

H 5.00tt; Fa- 74.83(broad);F0-34.20d 

9 Hz; 	56 Hz) 0 	J - H-F 	H- 
a 	

Fo 

H 4.91 tt; F a 
 -73.20(broad); Fo  -34.55d 

No signals observed 

H 4.60tt; Fa7113.2(broad); Fi3-40.90d 

(T 	J H-F 	H- 5 Hz; 	60 Hz) - 	, 
a 	

Fp 

H 4.38tt; Fa783.9(broad); F 0-28.6d 

(H-F 8 Hz. J 	55 Hz) 
- a 	

' -H-F 

9.26t, 7.07q 	705 Hz) 

9.55t, 7.34q 

9027t, 7.10q (J 7.5 Hz) 

9.65t, 7.48q 

8.97t, 7.03q (J 7.5 Hz) 

9.11t, 7.11q 

9.95t, 7.70q (J 7.25 Hz) 

1990s g  

2003m, 1957s g 

)2  2060s g,i  

1975s, 1940s, 1628s 

1978s, 1920s, 1628s 

1959m, 1910s 

1955s, 1635m 

1995s 

2020s, 1968s 
2005s, 1958s 

2075w, 2015s 

2075w, 2020s 

2055s 

1990m, 1943s, 
1650sn. 

1975m, 1923s, 
1980m, 1928s, 
1980m, 1930s, 

2050w, 1980s, 
2055w, 1972s, 

?, 1912s 
1975m, 1925s 

1 

2 

1 
3 
1 

3 
1 

1 

4 

1 
3 

1 
3 
4 

1 

3 



Table 3.1 (continued) 

Rh(Ph)(C0)(PPh3)2  h - 1978s 3 

Rh(COPh)(C0)2(PPh3)2  h  - 1980s, 1945s, 1620m 1 
1985s, 1955s, 1630m 3 

Rh(COPh) (C0)3  (PPh3) h  2060w, 2005s, 1630m 1 
2062w, 2010s, 1640m 3 

Ir(Ph)(CO)(PPh3)2  1940s 1948s 1 
1960s 3 

Ir(COPO(C0)2(PPh3)2 1984m, 1930s, 1608m.1980s, 1940s, 1620m 3 

Ir(COPh)(C0)3(PPI13) 	h  2059w, 1998s, 1637m 3 

Ir(Ph)(00)2(PPn02 h - 1980s, 1940s 3 

a) Data for the following compounds which were tentatively characterised spectroscopically are found in the text: 

Rh(C2F4H)HC1(C0)(PPh3)2  Ir(COEOHC1(C0)(PPh3)2 , Rh(COEt)(C0)3(PPh3) 

b) All compounds snowed typical bands due to PPh3 ; Vco  values are given to + 2 cm
-1; s = strong, m = medium, 

w = weak, sh = shoulder. 

c) Proton resonances were measured at 100 MHz and are quoted as T values. Fluorine resonances, measured at 94.1 MHz, 
are quoted as p.p.m. relative to C6F6  as internal standard. 	All spectra were taken at 350; d = doublet of broad 
multiplets; t = triplet, tt = triplet of triplets, q = quartet. 

e) Nujol mulls 

f) Solvents:- 1, benzene; 2, toluene; 3, cyclohexane; 4, dichloromethane. 

g) Compounds also snowed bands typical of the fluoroalkyl group at ca 1140s, 1060s, and 915s cm
-1
. 

h) Compounds not isolated as pure solids. 

-1 
i) Also bands due to coordinated SO2  at 1190m, 1035s and 785s cm . 



CHAPTER IV  

Interaction of Hydridocarbonyltriphenylphosphine Complexes  

of Rhodium and Iridium with Conjugated Dienes and Allene  

Introduction 

It has been noted in Chapter I that no uptake of CO H2  (1:1) 

at ca 1 atm. and 25°  was detected in the attemptedhydroformylation 

of conjugated dienes,such as penta-1,3-dienelor allene using 

RhH(C0)(PPh3)3  as catalyst and no hydrogenation of penta-113-diene 

was found34 under similar conditions using this catalyst. 	It was 

clear that these substrates form relatively stable complexes with 

RhH(C0)(PPh3)3  in contrast to the intermediate species derived from 

alk-l-enes or ethylene described in Chapter III. These complexes, 

which are TT-allylic, and their iridium analogues are described in 

this chapter. 

- Allylic complexes are usually more -stable than simple alkyls54 

has been prepared67 from RhCl(PPh3)3  and Rh(r-ally1)(C0)2  from 

nave also been made67 by addition of conjugated dienes to RhH(PPh3)4  

and by interaction with allylmagnesium chloride the complex Rh(m-ally1)(PPh3  

[RhCl(C0)2  ]2 .b8 
	

Substituted allyl analogues of Rh(r-ally1)(PPh3)2 

	
)2  

and similar addition reactions of CoH(CO)k  are well known.b9 Addition 

of PPh3  to Rh(r-ally1)(C0)2  was reportedb8 to give Rn(r-ally1)(C0)(PP113)2  

but no details of this compound were given. 

A. Preparation of the Complexes M(Tr-A)(C0)(PP113), 	= 

A = Allylic Group  

When allene or butadiene is bubbled through a benzene solution 

of RnH(C0)(PPh3)3  for 5 min. the yellow solids Rh(r-ally1)(C0)(PPh3)2  

or Rh(r-l-methylally1)(C0)(PPh3)2  (Vco  1938 cm
-1

) may be crystallised 

by addition of ethanol. 

IrH(C0)2(PPh3)2  reacts similarly with allene to give Ir(r-ally1)(C0)(PPh3)2  

(V o  1930 cm
-1

) although the reaction takes ca 30 min. at. room temperature. c 

75 

Rh, Ir; 
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Addition of butadiene requires interaction of the gas with a refluxing 

benzene solution of IrH(C0)2(PPn3)2  for ca 2 hr while the addition 

of tetrametnylallene and isoprene require refluxing of a benzene solution 

of the hydride with a 10-20 fold excess of alkene for ca 12 hr. 

N.m.r. spectra of the products snows that tetramethylallene gives 

the allylic group CH2 	 C(Me)----  -- CH 	 CHMe2  probably by 

addition of the hydride to the more stable isomer CH2  ====LC(Me) - CH 

====LCMe2  which is formed during the reaction. Isoprene gives the 

allylic group CH2 	C(Me) 	CHMe on addition to IrH(CO)2  (PPh3  )2  

whereas the addition to CoH(C0)4  yielded only a product with the isomeric 

- CH2 	CH 	 CMe2  group. b9 

Attempts td add cyclohexa-1,3-diene, cycloocta-115-diene and 

2,5-dimethylnexa-2,4-diene to IrH(CO)2(PPh3)2  under similar conditions 

gave only substantial amounts of IrH(C0)(PPh3)3  p.nd an unidentified 

brown product. 

The reactions of RhH(C0)(PPh3)3  in benzene solution with dienes 

other than allene and butdiene occur slowly at room temperature and 

are complicated by a competing reaction associated with the growth of 

a band in the i.r. spectrum at 1965 cm
-1 
 similar to that attributed to 

[Rh(C0)(PP113)2 12  formed by the decomposition of RhH(C0)(PPh3 )3  in 

solution.41 Evidence for the formation of an allyl complex (V 
co 

competing reactions if carried out above ca 20
o
. 

The complexes Ir(7-ally1)(C0)(PPn3 )2  Rh(n-ally1)(C0)(PPh3)2 , 

Ir(r-2-methylally1)(C0)(PPn3)2  and Ir(n-2-methylally1)(C0)(AsPh3)2  

were also prepared by reaction of tne appropriate Grignard reagent 

with trans-MC1(C0)(PPh3)2  or trans-IrCl(G0)(AsPh3)2. 

Stabilities of the complexes The iridium complexes are pale yellow 

crystalline materials stable in the solid state towards atmospheric 

oxidation. 	They are soluble in aromatic solvents and to a slight 

extent in cyclohexahe. 	Although fairly stable in CH2  C12  they react 

slowly with CHC13  and with CS2. 

at ca 1940 cm-1) in ) 	solution was observed in each case, but particu- 

larly with isoprene and tetramethylallene which react faster, however 

pure compounds could not be obtained. 	Excess tetramethylallene was 

isomerised to 2,4-dimethylpenta-1,5-diene. 	Preparations of the simple 

allyl and 1-methylally1 rhodium species are also subject to such 
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The rhodium complexes are much less stable and decompose slowly 

in the solid state under N2  or in vacuum to yield a yellow-orange. 

material (v 1960 cm
-1
). 	The decomposition in solution is quite 

co 
fast and dominates the reactions of these species; it seems to 

occur more rapidly in cyclohexane and CH2C12  than in benzene and is 

accelerated when the solutions are treated with CO. The decomposition 

produCt can be precipitated with EtOH and analyses as Rn(C0)(PPh3)2. 

Although decomposition via RhH(C0)(PPh3)2  to give [Rilmpph3)2 12  

probably occurs during the slow preparative reactions, n.m.r. analysis 

of the gas formed by decomposition of preformed Rh(r-ally1)(C0)(PPn3)2  

(by condensation into an n.m.r. tube containing deuteriobenzene) 

showed no allene or methyl acetylene. Resonances due to propene were 

observed whether the decomposition occurred slowly at room temperature 

or rapidly at 600. 	At room temperature the solution becomes slightly 

orange-red whereas on heating it becomes deep-red. Both solutions 

yield a yellow-orange solid (v 1960 cm
-1
) on addition of EtOH. 

co 
It is possible that under these conditions the decomposition is 

occurring by the reaction 

Rn(n-c3  H5  ) (C0)(PPh3)2  

1111H(G-05H5)[(C6HOPPh2 1(CO) (PP/15) 

Rh[(C6HOPPh2  ](C0)(13Ph5 ) + C3H6 

involving activation of an ortho hydrogen of a phenyl ring of a PPh3 

ligand. 	A similar reaction is found
63 for the species RhR(PP113)3  

(R = alkyl) and has been noted in Chapter III as a possible explanation 

for the formation of etnane from iridium-ethyl compounds. Such a 
, 

reaction was also discussedkl  as an alternative-  pathway for the 

decomposition of RnH(CO)(PPh3)3  in solution. 

The complex Ir(r-2-metnylally1)(c0)(AsPn3)2  is much less stable 

towards atmospheric oxidation than are tne PPh3  complexes of iridium 
and decomposes in solution even under N2  as is shown by the replacement 

of the carbonyl band at 1940 cm
-1 

by another at 1975 cm-1  (in cyclo-

hexane). 

B. Nuclear Magnetic Resonance Spectra 

Tne data for the various allyls is summarised in Table 4.1. 	All 

show typical dynamic allylic spectra. 	Thus the very broad spectrum 



4.1 Nuclear magnetic resonance spectra (100 MHz) of 
complexes in benzene at 35o 

Principal resonances (T values)  

5.60 m; 8.18 vb 

5.10 m 

5.77 m; 7.91 b (1-methyl) 

5.12 m; 6.90 vb; 8.05 d 
(1-methyl, J = 6.0 Hz) 

8.14 (2-methyl) 

7.32 b; 7.70 (2-methyl); 8.65 

7.94 (2-methyl); 8.01 d 
(1-methyl, J = 6.0 Hz) 

7.66 (2-methyl); 8.79 d 
(isopropyl, 'J = 7.0 Hz) 

Table 

Complex 

Ir(r-C3H5)(C0)(PPn02 

Rn(7-005)(C0)(PPh02  

Ir(r-C4H7  )(CO) (PPh3  )2  

Rh(r-C4 H7  ) (CO) (PP113  )2  

Ir(rt-C4117  )(C0)(PP113)2  

Ir(r-C4 H7  )(C0)(AsPh02 

Ir(rr-05H9  )(C0)(P.P113 )2  

Ir( TT-C7  H1  3 )(co)(PP1102 

iridium and rhodium allylic 

Description 

Broad AX4  spectrum 

Other signals extremely broad 

Methyl unresolved, other signals 
broad 

Higher field signals very broad 

Other signals broadened between 
itM2):2  and A3  X4  spectrum 

AA; spectrum 

Other signals very broad 

Otner signals very broad 

m = multiplet; b = broad, vb = very broad, d = doublet 

* = 1-methylallyl derivative, t = 2-methylally1 derivative 
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of Rh(7-ally1)(C0)(PPn3)2  at 35°  begins to sharpen on warming 

towards an AX4  spectrum, although at 70°  the X signal (T 7.26) is 

still ca 18 Hz broad. 

Ir(7-allyl)(co)(pPn3 )2 , which shows a similar AX4  pattern at 
__o 	 „o 
),7 to that of the rhodium analogue at )) sharpens rapidly on 

warming and at 60°  in CI1C12  the A proton snows a sharp 1:4:6:4:1 

quintet (T 6.06; J 6.0 Hz) and the X resonance is a single broad 

line (T 8.74) which is not snarpened by irradiation of the quintet 

and is probably broadened by averaged 31P coupling (see below). 

Irradiation at T 8.74 collapses the quintet to a single line. 

On cooling tne CE C12  .solution of Ir(V-allyl)(C0)(PPn3)2  the 

spectrum first broadens and tnen becomes typical of an AM2 X2  system 

at ca -20°. On further cooling the spectrum again broadens until 

at -80°  there appears a new AGMPX spectrum show;rg five signals of 

equal intensities: three 

T 6.16, 7.04 and 8.75 and 

and 20 Hz, respectively). 

that these doublets arise 

formers. 

single lines (half-width ca 15 Hz) at 

two doublets at T 9.08 and 10.25 (J ca 22 

Spectra at 100 MHz and 56.45 MHz confirmed 

from couplings and not from separate con- 

The 2-methylally1 complex, Ir(r-2-methylally1)(00)(PP1102 , 

shows a similar spectrum at -80°  in CEC12  having two broad lines 

at T 7.47 and 8.74, two doublets at T 9.55 and 10.00 (J 22 and 24 Hz) 
and a strong doublet at T 8.32 (J 6.5 Hz) associated with the methyl 

group. 	(Intensities 1:1:1:1.3). These splittings are also frequency 

independent. Resolution of the fine structure on these resonances 

was not achieved at -75 - -80°, even on irradiation of the A proton 

in the allyl case, probably because the averaging process is not 

completely quenched at these temperatures. 

The arsine complex, Ir(r-2-methylally1)(C0)(AsPh02  snows only 

a simple A3GMPX spectrum at -70°  (in CIX13) with a sharp methyl at 

T 8.01 and sharp single lines at T 7.22, 8.48, 9.07 and 9.52 suggesting 
that the splittings observed in the complexes with PPn3  are due to 

31•P coupling. 
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The hignest field'resonances of these three compounds at low 

temperatures can be assigned as tne anti protons, since these are 

generally found at nigher field than corresponding Exa protons70 

and are expected to be more strongly coupled with the 3113  of a PPh3 
ligand. 	Such 31 P coupling to anti protons has been observed in 

planar complexes67 containing U-allyl groups and pnospnine ligands, 

although the coupling constants for the formally 5-coordinate species 

described above are considerably larger. The magnitude of such 

couplings will doubtless depend on the geometry of the compound and 

the orbitals involved in the M-P and M-allyl bonding. 

The splitting of tne methyl resonance in Ir(7-2-methylally1)(C0)(PPh3)2  

at low temperatures may be associated with a long range spatial coupling 

with a 31P nucleus (see Discussion, below). 

On warming the solutions of Ir(r-2-methyledly1)(C0)(PPh3)2  

from -80°  the two high field doublets coalesce simultaneously as 

the two lower single proton resonances coalesce. 	An A3 M2 X2  spectrum 

is observed at ca 10°  and the doublet 'structure of the methyl signal 
- 

collapses to a single line. 	At b0
o 
 an A3X4 spectrum is beginning to 

appear with a sharp methyl singlet but the X resonance is still very 

broad. 

Ir(n-2-methylally1)(C0)(AsPh3)2  snows a sharp A3  M2  X2  spectrum 

at 35o which also collapses at higher temperatures but is even more 

broad than the PPh3  complex at 60°. 

The further substituted allyl complexes also give temperature-

dependent n.m.r. spectra but show the sharp resonances of the substituent 

groups at 35°  with the exception of Ir(fl-l-methylally1)(C0)(PPh3)2  in 

which the methyl is a broad signal not resolved into a sharp doublet 

as in the rhodium analogue at this temperature. The allylic protons 

of these complexes give broad and/or obscured signals at 35°  but the 

observed resonances are given in Table 4.1. 

C. Reactions with Carbon Monoxide  

1. Infra-red spectra When a cyclohexane solution of any of the 

iridium complexes ( co — v ca 1946 cm
-1
) is treated with CO the solution 

becomes colourless and there is rapid growth of new 1.r. absorptions 
-1 

at 2014 and 1958 cm and others which are overlapped between 1960 and 
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1930 cm
-1
. Prolonged treatment with CO changes the relative 

intensities of these bands, which are complicated by overlap, and 

slight growth of new bands including one at 1644 cm-1, assigned to 

an acyl group, is observed. 	These changes are all reversible on 

passing N2  through the solution. Reversible CO insertion reactions 

of allyl groups have also been observed with cobalt carbonyl complexes.
71 

When suspensions of the allyl complexes in EtOH are stirred under 

an atmosphere of CO at room temperature for 6 - 8 hr the pure, Ignite, 

crystalline complexes Ir(COA)(CO)2(PPh3)2 , A = allylic group, are 

obtained. 	[ 
	c 
1973 s, 1925 s; v 

o
(acyl) 1638 m cm-1]. 	On similar CO 

  
treatment at -5°  for 2 - 3 hr the allyl and 2-methylally1 complexes 

yielded pure, white crystals of Ir(0-C3115)(C0)2(PP113 )2  and 

Ir(a-C4F17)(C0)2 (PPI13)2  [ co  1970 s, 1914 s; v 
=c
(C-allyl) 1617 w cm

-1
] 

c 
Similar reactions of tne otner complexes, all of which have terminal 

substituents on the allyl group, yielded only mixtures of the starting 

complex and the corresponding acyl species. 

The i.r. spectra of fresh cyclohexane solutions of Ir(COA)(CO)2(PPh3)2  

or Ii(G-A)(C0)2(PPh3)2  snow the same complex pattern shown by the 

solutions formed by prolonged CO treatment of the monocarbonyl compounds, 

with only a very weak acyl absorption and dominated by bands at 2014 

and 1958 cm-1; these do not appear to correspond with any of the bands 

found in the mull spectra of the solids. 	Accordingly they are assigned 

to Ir(n-A)(C0)2(PPh3 ), which is the principal dicarbonyl species 

present in solution. 	It is possible to follow the slow decomposition 

of the acyls Ir(COA)(CO)2(PPh3)2  in CO-saturated cyclohexane solution 

(Figure 4.1). 	The assignment of the i.r. bands can be made on the 

basis of these results, n.m.r. data (see below} and by comparison with 

the spectra observed in the related alkyl and acyl systems described 

in Chapter III. 

Table 4.2. Infrared spectra of species formed in the reaction of 

Ir(n-2-methylally1)(C0)(PPh3)2  with CO in cyclohexane solution 

Compound 	 V cm
-1 
	Figure 11.1 co 

Ir(U-C4117 )(C0)(PPY2 	1946 (s) 
	

a 

Ir("17—C4117  ) (C0)2  (PPh3) 2014 (s), 1958 (s) 

Ir( Cr-C4117  ) (Co 2(1'PI-13  ) 1984, 1941 

Ir( o-c4  H?  )(COVPPh3 ) 2044 (w), 1978 (s) 

I r( COC,.117  ) ( COI( 1-Th3  )2  1968 (s), 1929 (s) 1644 (m) 



Figure 4.1  
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Infra-red spectra snowing progressive cnanges on dissolution of 

Ir(COCk 117 )(C0)2(PPn3)2  in CO-saturated cyclohexane. 

1. Immediately after dissolution. 	2. After 1 min. 

3. After 2 min. 	 4. After 15 min. 
5. After then bubblinq N2  for 5 min. b. After bubbling X12 a further 15 min. 

Assignments are given in Table 4.2. 

b 



Although IrA(C0)2(PPn3)2  species decompose slowly in solution 

to the monocarbonyl, the i.r. spectra were studied between 25
0  and 

600   in cycIonexane and 25
o 

and -700  in C112C12. The four bands at 

2014 and 1958 cm-1  and 1984 and 1941 cm
-1 were observed to change 

intensities reversibly in these pairs although the changes were 

relatively small. It is likely that the formal 5-coordination 

of iridium is not exceeded in the dominant I7-form and that the C-form 

exists in solution with only one PPh3  group, particularly if C - r 

exchange is important in averaging of the n.m.r. signals. 	This is 

further supported by the presence of tricarbonyl species in the 

system (Scheme 4.1). 

Scheme 4.1. 
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Ir(n - A)(C0)(1Th3)2  

Ir(O - A)(C0)3(PPn3)  

4C0 -PPh3  
Ir(11 A)(C0)2(PPn3) 

-=-00 +PPh3  

-CO 
Ir(a A)(C0)2(PPn3) 

+CO 

-PPh3  

 

+PPh3  

   

Ir(COA) (CO) 2  (PPh3  ) 2  

Reactions of iridium allyl species in solution 

The white acyl and dicarbonyl allyl species lose CO when heated 

in the solid state under N2  at ca 80
o to give the corresponding 

pale-yellow monocarbonyl complex. 

In the preparations of the acyl Ir(C0C7H3 )(C0)2(PPh3 )2  white 

solids are often obtained which snowed i.r. bands at 1988, 1966, 
- 

1923 and 1646 cm-1. 	It is likely that the 1988 cm
-1  band together 

-1 
With a weak absorption at 2045 cm arise from contamination of the 

solid with Ir(G-C71113 )(C0)3(PPn3), which is identified in solution 
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by its formation from the acyl, its n.m.r. spectrum and by comparison 

of its i.r. spectrum with other IrR(CO)3(PPn3 ) species (see Chapter III). 

Ir(r-2-methylally1)(C0)(AsPh3)2  reacts very rapidly with CO in 

cyclohexane to give a dicarbonyl, ir(7-2-methylally1)(C0)2(AsPh3) 

(V o  2020; 1965 cm
-1 

in cyclohexane), which is unreactive both to c 
further reaction witn CO and to loss of CO on bubbling N2  through the 

solution. 

As noted above the reactions of the rhodium complexes in solution 

are complicated by decomposition which seems to be accelerated by 

interaction with CO. Thus treatment of a freshly prepared solution 

of Rn(r-ally1)(C0)(PPh3)2  in cyclohexane (V 1955 cm-1) with co 
co 

causes rapid replacement of the original spectrum by new bands at 

2020, 2000 and 1965 cm-1. Sweeping with N2  then causes disappearance 

of the 2020 and 2000 cm
-1 

bands and growth of the 1965 cm
-1 
 peak; only 

a small fraction of the starting material can be revived. The 1965 cm-1  

band is that of the decomposition product while the other two bands 

may be assigned to Rh(r-allyl)(C0)2(PPh3) by comparison with the 

iridium system. 

Prolonged treatment of Rh(r-ally1)(C0)(PPh3)2  solutions with CO 

gives no new bands which can be related to allyl complexes but some 

absorption at 1785 and 1990 cm-1 (obscured) associated with the yellow 

dimer, [11h(C0)2  (PPh3  )2 ]2 • 	Subsequent treatment with N2  leads to the 

replacement of these by the 1745 cm-1 band of the red, carbonyl-bridged 

dimer [Rh(C0)(PPh3)2S12  (see Scheme 1.1), concomitant with darkening 

of the colour to orange-red. The addition of PPh3  to the CO treated 

solution followed by treatment with H2  gives partial conversion to 

RhH(C0)(PPn3  )3  . 	These reactions are character'istic41  of 

[Rh(C0)(PPh3)2]2  which hence seems to be a major decomposition product 

of the allyls under these conditions. 

2. N.m.r. Spectra  When CO is passed through a deuteriobenzene 

solution of Ir(TI-C3H5)(C0)(PPh3)2  for ca 5 min. a new broad AX4  

n.m.r. spectrum is observed at 350  with the A multiplet at T 5.22 

and the new X resonance, which is broader than in the starting 

material, centred at T 8.12. 	After ca 2 hr treatment with CO 

this spectrum is substantially converted to another having a doublet 
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at T 6.31 (J 6.0 Hz) and olefinic resonances at T 4.50 to 5.10 

which may be assigned to the acyl grouping Ir - CO - CH2  - CH = CH2. 

A weak broad resonance at T 6.85 also grows with the acyl spectrum 

and may be assigned by comparison with other species to the methylene 

protons of a G-C3H5  group. Thus the signal bears a similar chemical 

shift relation to the acyl methylene protons as found between 

IrCH2CH3  and IrCOCH2 CH3  groups (Table 3.1), the difference being 

slightly smaller in this case because of the proximity of the double- 

bond. 	Its broadness may be ascribed to complex 3TP coupling and/or 

PPh3  exchange and, in addition, the molecule being 5-coordinate may 

show fluxional behaviour (cf spectrum assigned to Ir(C21i5)(C0)2(PPh3)2  

in Chapter III). 

As this signal appears with the acyl spectrum after prolonged 

CO treatment it is likely that it arises from Ir(0-C3H5)(C0)3(PPh3), 

which is expected to be an intermediate in forming the acyl and for 

which there is i.r. evidence. 	The species Ir(0-C31I5)(C0)2(PPh3), 

which is also present in the equilibria, was observed in the i.r. 

at an early stage in the reaction but may not be observed in the 

n.m.r. because of its low abundance, or if 0 - Ti interconversion 

is an active mechanism for averaging of the Ir(7-C3H5)(C0)2(PPh3) 

spectrum. 

These spectra can all be interconverted by passane of CO or N2  

through the solution and are obtained whether Ir(7-C3H5)(CO) (PP113)2 , 

Ir(G-C3115)(C0)2(PPh3)2  or Ir(C0C31i5)(C0)2(PPY13)2  are used as starting 

material, (Scheme 4.1). 	The substituted iridium allyl complexes 

behave similarly when treated with CO and the results are summarised 

below. 

(a) ir(7-1-methylally1)(C0)(PPn3)2 gives rapidly a new multiplet 

   

at T 5.28 and the methyl resonance is moved upfield to T 8.29 while 

remaining broad. 	The rest of the signals are broadened as in the 

allyl case and the spectrum is associated with the dynamic allyl 

Ir( IT-C4  H7  ) (C0)2  (PPh3  ) 	Further treatment with CO slowly gives 

incomplete conversion to the acyl Ir(COC4117  ) (C0)2  (1113h3  )2  which has 

resonances at T 4.3 to 4.75 (complex), 6.28 (four lines, apparently 
two doublets with Ji  = )12  = 6.0 Hz) and 8.50 (methyl resonance, 

approximating to a triplet). 	This spectrum is readily explained 
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on the basis of an approximately 1:1 miXture of the isomers having 

cis- and trans-Ir-CO-CH2 -CH=CH-Me groups with separate methylene doublets 

at T 6.22 and 6.33, and methyl doublets at T ca 8.48 and 8.53 superimposed. 

There is no evidence for the Ir-CO-CH(Me)-CH=CH2  grouping. 	A weak broad 

signal at T 6.82 may be associated with a G-C4H7  (but-2-enyl) species. 

(b) Ir(11-2-methylally1)(C0)(PPh3)2  gives a dynamic 7-allylic dicarbonyl 

species with the methyl resonance as a doublet at T 7.49 (J 6.0 Hz) and 

broad resonances at T ea 7.50 and 8.75. This is similar to the spectrum 

of Ir(n-2-metnylally1)(C0)(PPn3)2  at 0
o 
in CEC12. 	The acyl next formed 

has olefinic signals at T 4.75 to 5.35, a methylene signal at T 6.21 

and a methyl signal at T 8.39. 	Splittings on the methyl signal were 

not resolved but the methylene appears as two peaks ea 3 Hz apart, with 

that to lower field being smaller. 	It is likely that these methylene 

protons are not eouivalent and that rotational isomers together with 

allylic couplings give rise to the observed spectrum. 	A small broad  

signal at T 6.74 and a singlet at T 8.11 may be assigned to the 0-2-

methylallyl group (see Figure 4.2). 

(c) Ir(7-1,2-dimethylally1)(C0)(PPn3)2. 	The dicarbonyl 7-bonded species 

formed shows a doublet signal at T 7.53 similar to that found in the 

2-methylallyl complex and a slightly broad singlet at T 8.33 as found 

for the 1-methylally1 complex. This group is clearly dynamic at 35°  

and some of the remaining protons are represented by a broad signal 

centred at T ca 7.65, the others being obscured. 	The acyl species 

formed snows olefinic resonances (T 4.25 - 4.90) and two. peaks for the 

methylene protons - a singlet at T 6.11 and a signal having two peaks 

at T 6.20 and 6.24 similar to that found with the 2-metnylally1 derivative. 

These can be assigned as in the case of the 1-methylallyl derivative 

[(a) above] as cis- and trans-Ir-CO-C112 -C(Me)=CHMe,the methyl resonances 

all being superimposed in a broad signal at T 8.44 to 8.55. 	The 

isomer having the more complex methylene signal accounts for ca 60% 

of the acyl in solution and is probably the trans one. 	Two small 

signals which grow at T 8.10 and 8.22 and a broad resonance at T 6.75 

may be assigned as the two methyl and methylene resonances of 

Ir-CH2  -C(Me) =CHIsle of Ir( 6-05H9  ) (C0)3  (P13113  ) as discussed above. 	No 

evidence is found for the Ir-CO-CH(Me)-C(Me)=CH2  group. 
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N.m.r. spectrum (100MHz) at 350  of deuteriobenzene solution of 

Ir(r-2-methylally1)(CO)(PPh3)2  after ca 2 hr treatment with CO 

Assignment  

Signal 	Compound 	Description  

A 	f Ir(C0C4117  )(C0)2  (11113  )2  1.  
L Ir( G-C41-17  ) (CO )3  (1313113  ) J 	 olefinic 

B Ir(0004  H7  ) (C0)2  (PPYI3  )2 	 methylene 

C 	Ir( 0-C4H7  )(C0)3  (P13h3  ) 	methylene 

D Ir(U-C4117 )(C0)2(PPh3) 	methyl 

B solvent impurity 

F 	Ir( 0-C4117  ) (C0)3  (1)1'113  ) 	methyl 

G Ir(C0C4117 )(C0)2  (PP113  )2 	methyl 



(d) Ir(7-1-isopropyl-,2-metnylally1)(C0)(PPn3)2. 	The TT-bonded 

dicarbonyl snows a doubled methyl signal at T 7.53 [EE (b) and (c) 
above], and a new isopropyl doublet at T 8.96 (J b.5 Hz). 	The 

acyl is associated with olefinic signals (T 4.5 to 5.0), a singlet 

at T 6.06, the complex T 6.21 and 6.21+ resonance ref (b) and (c) 

above], a methyl singlet at T 8.45 and.two superimposed isopropyl 

doublets (J 6.5 Hz). at T 9.06 and 9.07 wnich are also superimposed 

with that of the r-allylic dicarbonyl species. These signals are 

assigned to a mixture of cis- and trans- isomers of the 

Ir-CO-CH2 -C(Me)=CH-CHMe2  group, as before, with ea 7( being that 

having the complex methylene signal (T 6.23). 	As in the other 

reactions there is evidence for the presence of a small amount of 

G-allyl species with signals at T 6.75 (broad) and 8.18 (methyl) 

but there is no evidence for the acyl Ir-(C0)-CH(Pri)-C(Me)=CH2. 

(e) Ir(r-2-methylally1)(C0)(AsPh3)2  gave rapid replacement of 

the A3 M2 X2  spectrum by another having equally sharp resonances 

at T 7.14, 7.48 (methyl) and 8.72. 	No further significant signals 

were found after treatment with CO for 2 hr at 400. 

D. 	Reactions with Hydrogen and Hydrogen Chloride  

The rhodium allyl species in benzene react very rapidly with 

H2  at 1 atm. to give red solutions (V 1965 cm
-1

) from which can 
co 

be precipitated an orange solid (v 1960 cm-1). 	If the reaction 
co 

is carried out in a closed system and the gas condensed and sealed 

into an n.m.r. tube (containing deuteriobenzene) mixtures of 

propene and propane, wnose ratio depends on the excess of H2  used, 

are detected. 

These reactions are readily explained by the ultimate formation 

of [Rh(C0)(PPn3)2 12 through the decomposition of the intermediate 

Rrili(C0)(13131-13  )2  which acts as an hydrogenation catalyst.41 

UJ 



H2  
Rh(TT-C3H5  ) (CO) (PPh3 )2 	Itnil(C0)(PPh3  )2 ÷ C3H6 	

112 	
>  C3  H8  

RnH(C0)(PPn3)2  

-H2  

[Rn(C0)(1)Ph3  )2 ]2 

The iridium complexes Ir(7 - A)(CO) (PPn3  )2  also react with H2  

but the additionally carbonylated species do so only indirectly. 

Thus treatment of a solution of Ir(COA)(C0)2(PPh3)2  and 

Ir(A)(C0)2(PPh3 ) with H2  first causes loss of CO to give 

Ir(r - A)(C0)(PPh3)2  before reaction with H2  occurs. 	The species 

then formed is the known65  IrH3(CO)(PPh3)2  identified by analysis 

and i.r. 2080, 1785 cm-1). 	This complex is (V 1965; VI co 	
rH 

presumably formed by oxidative addition of H2  to IrH(C0)(PPI13)2. 

H2  
Ir( A) (CO ) (PP113 )2 —> IrH(C0)(PPrI3  )2 + AH 

H2  

IrH3 (co)(ppn3 )2  

IrH3(C0)(PPh3  )2  may also be nrepared by addition of H2  to 

IrH(CO)2  (PPn3  )2  or by reaction of trans-IrCl(C0)(PPn3  )2  with BEI: 

in ethanol in absence of excess PPh3  or CO. 	It shows a very 

complex n.m.r. spectrum between T 19.0 and 21.2. 
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The reaction of the iridium allyl complexes with HC1 gives the 

very insoluble IrHC12 (C0)(PPh3 )2.
6o 

This prevents n.m.r. study to 

establish whether decarbonylation occurs before reaction with the 

acyl or dicarbonyl species; however, when HC1 is passed into a 

cyclohexane solution of the carbonylated materials, IrHC12 (C0)(13Ph3 )2  

immediately precipitates and i.r. of the solution shows only bands 

of the dicarbonyl allyl species, which may indicate that, like "21  HC1 

reacts rapidly only with Ir(n - A)(CO)(PPh3 )2  

Ir(A)(C0)(PPA3 )2  - HC1----->trans-IrCl(C0)(PPh3 )2  

HC1 

IrHC12 (C0)(PPh3)2 

Discussion 

All of tne stable solids described in this chapter contain 

TI-allylic groups, with the exception of the two compounds 

Ir(O - A)(C0)2 (PPh3 )24  A = allyl or 2-methylallyl4 WhiCh could be 

isolated presumably because of a fortuitous solubility effect. In 

all cases TI-allylic species are dominant in solutions. 	The high 

stability compared with the simple alkyls described in Chapter III 

can be ascribed to the increased binding energy of the TI-allylic 

system and also to the fact that hydride abstraction from the 

0-carbon of the alkyl chain to give the metal hydride is not favoured. 

This is so even in the O-allyl form, because of the relatively high 

energy of the allene or acetylene which would thus be produced. 

The fact that for the compounds with more than one CO group 

present decarbonylation occurs before reaction with 112  at 1 atm., 

suggests that the relative strength of the Ir-CH2 - and Ir-CO- bonds 

in these complexes is more like Ir-C6 H5  and Ir-CO-C6H5  than 

Ir-CH2 -(CH2 )nCH3  and Ir-00-(CH2 )nCH3 , since the benzoyl complex 

gives benzene on treatment with H2  whereas aliphatic acyls give 

aldehydes. 	The complexes Ir(COA)(C0)2 (PPh3 )2  are analogous to 

the stable acyl Ir(C0C2H 5 )(C0)2 (PPh3 )2 , but on warming the solid 

the latter forms IrH(C0)2 (PPh3 )2 	C2 H4 	CO (p.61) whereas the 

allylic derivatives only lose CO and retain the organic group as 

a TT-allyl. 



It was noted that the addition of IrH(C0),(PPh5)2  and CoH(CO)h  

to isoprene give different allyl products. 	If a simple 1,2-addition 

determines the nature of tne products, then only Markownikov addition 

of a metal Hydride to double bond A or B could lead to an allylic 

product. 	Thus the more acidic CoH(C0)4  addsb9 to the more basic 

double bond (A) while IrH(C0)2(PP1102  adds to double bond B. 

H 	H 

/ 

CH
3 C 	 CH3 	 C  

Co1l(C0)4 	IrH(C0)2(PPh3)2  \\ 
HC: 	C‹< 	CH2=C C --CH2 	 > Ir C 

A 
C 

CH3 	CI I3 

IrH(CO)2(PPh3)2  adds to 2,4-dimethylpenta-1,3-diene (the isomer of 

tetrametnylallene) at bond C but the reason is more likely to be steric 

than electronic as this addition gives the allyl group with fewer terminal 

substituents, which may interact sterically with bulky PPh3  ligands. 

 

CH, 

/ 
Clt3  

C  

C 	'\• CH3 

Irli(C0)2  (P1113  )2  
t^ — Ir 	CH3 

/r 

  

/C 

H 	
\

CH(CH3 )2 
Thus 2,5-dimethylnexa-2,4-diene has a similar double bond system but no 

addition was observed as a highly Hindered allyl (1,1-dimethyl-, 3-iso-

propylallyl) would be formed. 

The fact that CO insertion was found to occur only at the 

unsubstituted end of the allylic group further indicates that steric 

interactions are probably important. 	The final result in each case 

wrere an unsymmetrical allyl group is involved is thus a 1,4-addition, 

e.g. 
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N 
—Ir 

0 

N. II 	CO N‘  
---Ir---C ,CH:==CH---CH3  (---- 	Ir<-7.d

H 

\ 	CH 
CH2  

I 

cis and trans 	C1i3  

/11=C112  
IrH(C0),(PPN),  Ir 

CH2  = CH 	1,2-addition 

Cli3  

92 

CH2  

)C1-1 

CH 

cH, 

The failure of cyclic conjugated dienes to add to the hydride also 

suggests that the formation of an allyl group with substituents on 

both terminal carbons is unfavourable. 

Several structures can be proposed for tne formally 5-coordinate 

complexes Ir(U-ally1)(C0)(PPh3)2  involving square pyramidal or 

trigonal bipyramidal geometries and different ligand distributions. 

A reasonable proposal compatible with the experimental results is 

the idealised structure I (scheme 4.2). 	This has trans-PPh3  ligands 

as postulated for the related 4-coordinate alkyl structures (Ref.30 

and Chapter III), with the allylic group occupying a position trans 

to CO and the coordination site above the plane. 	In the alkyl 

species this vacant coordination site, if not blocked by. a coordinating 

solvent, could activate an ortno proton of a phenyl group of one of 

the PPh3  ligands providing a pathway for decomposition of the alkyl 

liberating alkane, or could activate a proton from the alkyl group 

leading to elimination of alkene. 	The structure I is only an extreme 

model and a whole range of distorted versions of this square-pyramid 

leading to the trigonal bipyramidal structure II are equally satisfactory. 

It can be noted that in any of these structures a close spatial 

relationship may exist between a 2-methyl substituent on the allyl 

group and a phosphorus atom of one of the ligands which could account 
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for the methyl doublet observed in the low temperature n.m.r. 

spectrum of Ir(7-2-metnylally1)(C0)(PPh3)2. 	Coupling was not 

observed
67 

between 37'P and the 2-methyl group in Rh(7-2-methylally1)(PPh3)2  

but in a planar structure close approach would not be expected. The 

coupling should be destroyed by any relative motions of the ligands 

and is found to be lost at about the same temperature as the first 

averaging process for tne terminal protons becomes rapid (see below) 

but is observed at 35o in the dicarbonyl 2-methylally1 species. 

The proposed structure somewhere between I and II allows.a simple. 

mechanism to be envisaged which can explain the temperature dependence 

of the n.m.r. spectra which indicate, at first, svn-svn and anti-anti 

averaging which occur simultaneously. This can happen by rotation 

of the allyl group about an axis normal to the allyl plane and passing 

through the metal', or by a pseudo-rotation of the other ligands by a. 

Berry-type mecnanism
72 
 as in Scheme 4.2; such a mecnanism providing 

a possible pathway for the fluxional behaviour of other formally 

5-coordinate iridium(I) complexes, e.g. IrH(C0)2(PPn3)2
36 

and 

IrR(COD)(PPh}le2  )2  R = alkyl group; COD = cycloocta-1,5-diene.73 

A similar pseudo-rotation mechanism has been postulated
74 to account 

for averaging in the n.m.r. spectruM of Mo(r-005)(7-C4H7 )(C0)2  which 

is formally 7-coordinate and in which fluxional behaviour may also be 

expected. 

At higher temperatures svn-anti exchange becomes important. 

This can arise either from a 0 - r mechanism or from a 'flip' mechanism75  

involving inversion of the allyl group about an axis through the terminal 

carbon atoms. 	The Ir(7-.2-methylally1)(C0)(AsPh3)2  and Ir(17-allyl)(C0)(PPh3)2  

species are at different stages of this averaging at 350 but neither 

the addition of a large excess of AsPh3  or PPn3  respectively, nor a 

change in basicity of solvent affected the line shapes appreciably. 

[Addition of excess PPn3  to solutions of Ir(17-2-methylally1)(C0)(AsP113)2  

causes rapid exchange to give Ir(r-2-methylally1)(C0)(PPn3)2 ]. 	This 

appears to rule out 0 - TT as the main mechanism for the averaging in 

the monocarbonyl species; however such a mechanism may operate in 

the dicarbonyl compounds as both C- and r-allyl species are present 

in solution after treatment with CO. 
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Possible mecnanism for svn-syn and anti-anti proton 

averaging by a pseudo-rotation mechanism. 
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The lability of the system Tr(n - A)(C0)(PPh3)2  -4- CO in 

solution and the complex equilibria involved are such that no 

single species is ever present exclusively (Scheme 4.1). 	The 

complexes Ir(0 - A)(CO)2(PPh3) may exist in solution with one or 

two PPn3  ligands. 	No n.m.r. signal attributable to this 0-allyl 

group was observed but while tnis may indicate that the inter-

conversion 

- A)(C0)2(PPn3) t  Ir(17 - A)(C0)2(PPh3) 

is occurring fast compared with the n.mor. time scale, the low 

abundance of tnis 0-ally1 species may equally be preventing observa-

tion of its spectrum. 

CO insertion occurs exclusively at tne unsubstituted end of the 

allyl group and cis and trans isomers about tne double-bond are 

formed when a terminal substituent is present. The isomer which 

nas the methylene resonance like that of the Ir-CO-CH2 -C(Me) = CH2  

group, and which becomes relatively more abundant with increasing 

substitution is assigned as that having the substituent trans to 

the acyl group. 

Since syn - anti equilibration is occurring at 35o and the methyl 
resonance of the 7-1-methylally1 is broadened it seems possible that 

there is an interchange of site between the terminal substituent and 

the allylic proton on the same carbon atom. 	At any given temperature 

the substituent group would be expected to populate the svn position 

increasingly in the order of increasing steric hindrance, i.e. 

U-1-methylally1 < 7-1,2-dimethylally1 < 11-1-isopropyl-2-metnylailyl, 

the temperature for quenching of such averaging would indeed be 

expected to follow this order. 	It is consistent with tnis that 

the relative abundance of the trans isomer of the acyl increases from 

5( to 7( in the same order if tne syn position of the TT-allyl 

becomes tne trans position of the 0-ally1 and thus the acyl, i.e. 
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Tne hydroformylation of butadiene using Rhil(C0)(1313n3 )3  in 

molten PPh3 under conditions in which double-bond migration during 

nydroformylation of alk-l-enes is largely inhibited has been described 

in Chapter II. 	Although a high ratio of straight- to branched-chain 

C5-aldehydes (10:1) was found less than 30% of the products could be 

attributed to C6—dialdehydes. 	It is thus possible that double-bond 

migration is not the principal factor responsible for tne prevention 

of formation of dialdehydes. 

If allylic rather than alkyl intermediates are favoured under 

hydroformylation conditions and since these can only arise from a 

Markownikov addition of the metal hydride to butadiene, the formation 

of a linear acyl must occur by CO insertion at the other, unsubstituted 

end of the allylic system, i.e. an overall 1.4-addition as described 

above for the iridium system. Such a pathway would thus account 

for the formation of predominantly linear aldehyde and also for the 

low conversion to dialdenyde as the remaining double-bond would he 

non-terminal in the Py position. 	Such an intermediate, CH5CH=CHCH2CH0, 

would also be consistent with the distribution reported for the 

dialdehyde fraction in a related system47 (82% 2-methylpentan-1,5-dial 

+ 2-ethylbutan-1 4-dial; ratio 2:1). 



EXPERIMENTAL 

A. General  

Microanalyses were by the Microanalytical Laboratory, 

Imperial College, and are collected in Table E.1. 

Molecular weights were determined using an Hitacni-Perkin 

Elmer Model 115 osmometer at 370 under N2  and melting points (uncorrected) 

on a Kofler hot-stage microscope. 

N.m.r. spectra at 35o were obtained using a Perkin Elmer R14 

spectrometer at 100 MHz for protons and 94.1 MHz for fluorine. 

Measurements at other temperatures were obtained on Varian Associates 

HA 100 (100 MHz; by Mr P.N. Jenkins, Imperial College) and 43100 

(56.45 MHz) spectrometers. 

Infra-red spectra were taken on Perkin Elmer model 237 and 257 •  

spectrophotometers; spectra of solids being measured as nujol mulls 

and solution spectra measured with compensation in 0.1, 0.5 and 1.0 mm 

liquid cells. 	A Research and Industrial Instrument Company variable 

temperature unit was employed in obtaining infra-red spectra in solution 

at other tnan room temperature. 

G.1.c. measurements were made using Perkin Elmer model Fli 

chromatograpns with flame ionisation detectors and peak areas obtained 

using a Kent Chromalogue electronic integrator. 

Rhodium trichloride trihydrate was from Johnson Matthey Limited; 

the only transition metal impurity is believed to be possibly a trace 

of iridium;76  triphenylphosphine (Albright and Wilson Limited) was 

recrystallised from benzene-ethanol before use: CO from Air Products 

was treated to remove pentacarbonyliron(0) impurity by passing the gas 

over asbestos wool at 5000. Hydrogen, from British Oxygen Company, 

was purified by passage through an Engelhard "Deoxon catalyst tube. 

Premixed CO + H2  and CO + C3H6  + H2  (British Oxygen Company) were 

analysed mass spectroscopically and were within 2% of the nominal 

value. 

All solvents were of reagent grade quality and were dried and 

degassed before use. 	All experiments were carried out under N2. 

RhH(C0)(PPh3)3  was prepared33 by Mr H.J. Smith. 
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B. Chapter I  

Sources and methods of purification of alkenes were as described 

previously77 and sodium dried AnalaR benzene (Hopkins and Williams) 

was used tnroughout as a solvent. 

1. Gas uptake measurements The metnod used was essentially that 

described previously42,34  for hydrogenation reactions but with a 

different initiation procedure. Benzene was degassed by evacuation 

followed by saturation with CO + H2  (1:1) six times in the tnermo- 

statically jacketed reaction flask attached to a vacuum line. 	The 

distilled alkene was added from a burette directly into the flask 

and, without further degassing, the pressure was adjusted so that the 

pressure at which the readings were required would be reached after 

2-3 min. The reaction was started by adding the catalyst in a 

teflon bucket to ti vigorously stirred solution. Complete disso-

lution was shown to occur very rapidly (< 1/4  min.). This procedure 

was adopted in order to avoid pumping on the solution containing the 

catalyst since, after treatment with CO, rapid dimerisation occurs on 

lowering the pressure as discussed in Chapter I. 	On completion of 

each run the system was evacuated and the partial pressure of the 

solution determined to + 0.2 cm. 

For very high catalyst concentrations (25 to 50 mM) the bulk 

of catalyst required a different tecnnique. The solid was weighed 

directly into the reaction flask and benzene was degassed and saturated 

with CO + 112  in a pressure-equalised dropping funnel attached to the 

reaction flask. 	The benzene was then added to the catalyst, the 

solution stirred, tne pressure adjusted to a suitable value and then 

alkene was added to initiate the run. The total volume of the solution 

was 50 ml. 

As before
42,34 the rate of uptake of gases was taken at the 

standard gas pressure from the tangent of the plot of pressure vs time. 

2. Reactions at 1 atmosphere A 25 ml flask with a side arm capped 

by a suba-seal, clamped to a shaker and immersed in a thermostat bath 

was attacned by polythene tubing to a premixed gas cylinder. Catalyst 

was weighed directly into the flask which was then purged with reaction 

gas for 5 - 10 min. by allowing the gas to pass out of a thin steel 

tube inserted through the suba-seal. 	Benzene was then added by 
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syringe through the seal, followed by alkene; tne steel tube was 

removed and the shaker started. The gas flow was maintained through 

a bubbler take-off placed near the neck of the flask to ensure that 

the correct gas mixture was constantly replenished during the reaction. 

Samples were removed by micro-syringe through the seal for g.l.c. 

analysis. 

For separation of aldehydes a 2 m squalene column at 900  was 

used. Separation of alkene isomers and alkane was made using a 4 m 
silver nitrate-dietnyleneglycol column at 400. Convenient separation 

of hex-l-ene, hexane and hex-2-enes together, 2-metnylnexaldehyde and 

n-heptaldehyde was achieved using a 2 m squalene column in conjunction 

with a linear temperature programmer between 40 and 1300. The ratio 

of straight- to branched-chain aldehyde was reproducible to within 

ea 3% and the proportion of hydrogenation and isomerisation products 

to within 10-15%. 

Reactions with styrene were carried out similarly but samples 

were analysed by n.m.r. measurements. 

The acyl species prepared from RhH(C0)(PP113)3  and styrene were 

formed under an atmosphere of CO on dropping RhH(C0)(PPh3)3  in a 

teflon bucket into a benzene solution of styrene in a flask attached 

to a vacuum line. 	After stirring, the solution was passed by way of 

a steel tube inserted through a suba-seal on a side-arm of the flask 

directly into the i.r. cell or n.m.r. tube under the CO atmosphere. 

C. Chapter II  

Reactions at nigh pressures These reactions were carried out in 

a Parr series 4500 1 t stainless steel autoclave fitted with a pressure 

gauge, stirrer and liquid and gas samplers. 

The autoclave was charged with PPh3  and dry benzene, if used. 

When liquid alkene was added the catalyst was suspended in a sealed 

thin-glass vial from an arm on the stirrer shaft and the autoclave 

sealed. 	(This precaution was taken in order to avoid alkene isomerisa-

tion before the desired reaction conditions had been attained and was 

not necessary in the case of propenes hex-1-yne or butadiene substrates). 

The interior of the autoclave Was then purged with N2 , and brought to a 

temperature about 10 below that required. 	The premixed gases were 
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then admitted to the desired pressure and tne stirrer started. 

The reaction began at once on pressure breakage of the glass vial. 

Tne nydroformylation reaction is appreciably exothermic and conse-

quently, within a minute or so of initiation, temperature rises of 

up to 10°C were observed. Tne temperatures of the reactions quoted 

are hence those of the reacting system. The pressure wasmaintained 

to within 10 lb.in-2  during the reaction period, after which stirring 

was stopped and the autoclave rapidly cooled. Liquid samples were 

then withdrawn for analysis. For reactions without solvent crystal-

lisation of PPh3  occurred on cooling so that the supernatant liquid 

was decanted and filtered prior to analysis. For hydroformylation 

of butadiene the required amount was condensed into the autoclave 

at -800. Propene was introduced with the gas mixture. 

In nydroformylation of hex-l-ene with CO:H2  different from 1:1 

there is a slight enrichment of the more abundant gas during a 

reaction carried out in this way. 	Thus for CO:H2  1:2 at a total 
2 

pressure of 400 lb.in after complete conversion of 0.1 mole alkene 

the gas ratio would be ca 1:2.3. 

D. Chapter III  

Preparations  

1,1,2,2-Tetrafluoroetnylcarbonylbis(triphenylphosphine)rnodium(I) 

RnH(C0)(PPn3)3  (0.8 g) was placed in a 50 ml Carius tube and toluene 

(20 ml) and C2F4  (equivalent to ca 5 atm. at 250) were condensed in 

and the tube sealed. 	[The C2 F4  was prepared by cracking P.T.F.E. 

(Fluon, Grade GI, I.C.I. Limited) at 6000  and pressures below 5 mm]. 

After warming to room temperature the tube was'shaken for 12 nr, 

during which time tne colour of the solution changed to a brighter 

yellow. 	After opening the tube, petroleum (b.p. 60 - 80°) (10 ml) 

was added and the precipitated yellow complex filtered, washed with 

petroleum and dried in vacuum (0.66 g, WO). 

1,1,2,2-Tetrafluoroethyldicarbonylbis(trinnenylnhospnine)rnodium(I) 

A suspension of Rn(C2 F41- )(C0)(PPn3)2  (0.2 g) in Et0H (10 ml) was 

stirred for 45 min. under an atmosphere of CO and the precipitated 

white complex filtered Under N2 , washed with Et011 and dried in 

vacuum (0.17 g, MO). 
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1,1,2,2-Tetrafluoroetnylcarbonyl(sulphurdioxide)bis(tripnenylpnospnine)- 

rhodium(I) 	Toluene (5 ml) was degassed in a flask provided with a 

magnetic stirrer and attacned to a  vacuum line. 	Rh(C2F4H)(C0)(PPn3)2  

(0.1 g) was then dropped into the toluene from a bucket system under 

1 atm. SO2  and the solution stirred for 45 min. during which time the 

fine yellow complex precipitated. The system was flushed with N2  

and the solid collected, washed with petroleum (b.p. 40 - 600) and 

dried in vacuum. 	(0.06 g, 55%). 

Propionyldicarbonylbis(tripnenylphosphine)iridium(I) 	IrH(C0)2(PPn3)2  

(1 g) was placed in a 100 ml autoclave and benzene (50 ml) added. 	The 

autoclave was pressurised with 15 atm. CO and 15 atm. C2H4  and rocked 

for 12 hr at 70
o
. After cooling to room temperature the pale yellow 

solution was siphoned into a flask together with a benzene washing of 

the autoclave and the volume taken to 10 ml under reduced pressure. 

EtOH (10 ml) was added to give the white complex wnich was filtered 

off, washed with Et0H and dried in vacuum. 	(1.0 g, 939). 	The butyryl 

complex was obtained by the same procedure using C3H6  instead of C2  H4. • 

Propionyldicarbonylbis(triphenylphospnine)rnodium(I) Benzene (5 ml) 

was degassed in a flask provided with a magnetic stirrer and attached 

to a vacuum line. 	RhH(CO)(PPh3)3  (0.1 g) was added from a bucket 

system under an atmosphere of CO + C2114  (1:1). 	After being stirred 

for 10 min. the solution was a brighter yellow than the solution of 

the starting material. 	Samples for i.r. and n.m.r. were siphoned off 

under the CO + C2H4  atmosphere through steel tubing directly into the 

solution cell or n.m.r. tube and the compound cnaracterised by comparison 

with the iridium analogue. An extremely unstable yellow solid was 

obtained by carrying out the reaction in toluene. 	After the solution 

had become bright yellow in ca 15 min. the atmosphere in the reaction 

flask was changed to nearly pure C2H4  without pumping on the solution, 

by equilibrating several times with a much larger volume of gas which 

was pumped each time and filled with pure C2H4. 	Light petroleum 

(b.p. 60 - 8U0) (5 ml) saturated with C2H4  was then added and the 

mixture stirred for 30 min. at -100, during which time the bright 

yellow complex precipitated. 	This was collected and snown to be 

the complex by i.r. (nujol mull); it could not however be pumped 

as in the absence of C2114  it rapidly decomposed to give [Hn(C0)(13Ph3)2 12. 

Attempts to precipitate the compound in the presence of CO resulted in 

decomposition to lai11(C0)(PP113)3  and [Rh(C0)2(PPn3)2]2. 
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Acetyldicarbonylbis(triphenylphospnihe)iridjum(I) 	IrCl(C0)(PPh5)2  

(1 g) was dissolved in benzene (80 ml) and CO bubbled through the 

solution. 	7 ml of a 1( solution of CH3Li in diethyl ether was 

added dropwise and the colour changed to orange red. The volume 

was then taken to 50 ml at reduced pressure and the solution filtered. 

The filtrate was passed to a 100 ml autoclave and this was rocked for 
• 

12 hr at 600  under 40 atm.CO. 	After cooling to room temperature the 

clear yellow solution was extracted through steel tubing and when the 

volume had. been reduced to 10 ml EtOH (10 ml) was added to give the 

yellow complex which was filtered off and dried in vacuum, (0.3 g, 299). 

The compound was shown to be identical to that prepared by a different 

preparative route. 
53b 

Pnenylcarbonylbis(triphenylphosphine)iridium(I) 	To IrCl(C0)(PPh3)2  

(0.5 g) in diethyl ether (25 ml) was added a slight excess of PnLi in 

diethyl ether solution prepared and standardised as described.78  

After being stirred for 12 hr the orange solution was filtered end 

the filtrate treated with an equal volume of EtOH to yield the orange 

complex which was filtered off, washed with EtOH, and dried in vacuum 

(0.2 g, 38%). 

Benzoyldicarbonylbis(triphenylphosphine)iridium(I) 	Cyclohexane (15 ml) 

was saturated with CO and siphoned under CO into a flask containing 

Ir(Ph)(C0)(PP113 )2  (0.1 g). 	The solution was stirred and concentrated 

under a stream of CO to yield white crystals of the complex which were 

filtered off and dried in vacuum (0.1 g, 900). 

E. Chapter IV  

Allene from the Matheson Company Limited,'butadiene from British 

Hydrocarbon Chemicals Limited and tetramethylallene from Koch-Light 

Limited were used as supplied; isoprene; cyclohexa-1,3-diene and 

2,5-dimethylhexa-2,4-dienefrom Kocn-Lignt Limited, and cycloocta-1,3-diene 

from City Service Research and Development Company were purified by 

vacuum distillation before use. 

1. Preparations, (a) Insertion reactions  

r-Allylcarbonylbis(tripnenylphounine)rhodium(I) and U-1-Methylallvl- 

carbonvlbis(tri”henylpnosphincOrhodium(I) 	Allene or butadiene was 

bubbled through a solution of RhH(C0)(PPn3 )3  (0.3 g) in toluene (10 ml) 
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for 5 min. 	The addition of EtOH (20 ml) with stirring of the solution 

under N2  at 0°  precipitated yellow crystals of the complex which were 

filtered, washed with EtOH and dried in vacuum (ca 0.2 g, 87%). 

r-Allylcarbonylbis(triphenylphosphine)iridium(I) and 11-1-Methylallyl- 

.carbonylbis(triphenylphosphine)iridium(I) 	Allene or butadiene gas 

was bubbled tnrougn a solution of IrH(C0)2(PP113)2  (0.3 g) in benzene 

(10 ml). 	In the case of allene the solution was stirred for 1 hr at 

room temperature, while for butadiene the solution was refluxed for 

2 hr. 	Addition of EtOH (20 ml) to the cold solution gave pale yellow 

crystals of the complex which were filtered, washed with EtOH and 

dried in vacuum (ca 0.25 g, 82%). 

11-1,2-Dimethylallylcarbonylbigtriphenylphosphine)iridium(I) and 

r-l-Isopropy1-2-methylallylcarbonylbis(triphenylphosphine)iridium(I) 

Isoprene (0.8 ml) or tetramethylallene (1.0 ml) was added to a solution 

of IrH(CO)2(PPh3)2  (0.3 g) in benzene (10 ml) and the solution refluxed 

for 12 hr. 	EtOH (20 ml) was added to the cold stirred solution to 

give pale-yellow crystals of the complex, which were filtered, washed 

with EtOH and dried in vacuum (ca 0.2 g, 62%). 

Interactions of IrH(C0),(13Ph,), with cycloocta-113-diene, cyclohexa-1,3-

diene and 2,5-dimethylhexa-2,4-diene These were carried out as for 

the isoprene reaction. The i.r. spectrum of the solution was followed 

over a reflux period of 48 hr after which reaction seemed to be complete. 
EtOFI was added to the stirred, brown solution at room temperature and 

a yellow solid precipitated wnich was identified by i.r. and n.m.r. 

as IrH(C0)(PP113)3. 	The other product was not identified. 

(b) Grignard reactions  

r-2-Methylallylcarbonylbis(triphenylphosphine)iridium(I) and 

r-2-Methylallylcarbonylbis(triphenylarsine)iridium(I) 	To IrCl(C0)(PPr13)2 

or IrCl(C0)(AsPh3)2  (0.5 g) in diethyl ether (25 ml) was added dropwise 

a slight excess of 2-methylallylmagnesium chloride in diethyl ether. 

After stirring for 4 hr the yellow solid was filtered and washed with 
Et0H. 	Recrystallisation from toluene-EtOH yielded the complex which 

was collected, washed with EtOH and dried in vacuum (ca 0.3 g, 60%). 
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U-Allylcarbonylhis(triphenylphosphine)iridium(T) and rhodium(I) 

identical with the products from the insertion reactions were also 

prepared by this method using allylmagnesium cnloride.79  

2. Reactions with carbon monoxide  

(a) Dicarbonyl acyl species ir(COA)(C0),(PPha),; A = C,H„ 

COL?  (1-methylallyl and 2-methylally1), CsH9  and C7111 3  

A suspension of Ir(11-A)(C0)(PPn3)2  (0.1 g) in EtOH (10 ml) was 

stirred under CO for 8 nr and the precipitated white crystalline 
complex filtered, washed with EtOH and dried in vacuum (ca 0.08 g, 75%). 

(b) Dicarbonyl 0-ally1 species Ir(G-A)(C0),(PPh3 ),; A = C,Hs , 

CL  H7  (2-methylaily1) 

A suspension of Ir(11-A)(C0)(PPn3)2  (0.1 g) in EtOH (10 ml) was 

stirred under CO at -5°  for 4 hr. The white precipitated complex 
was filtered cold, washed with cold EtOH and dried in vacuum (ea 0.08 g, 

75%). 

The dicarbonyl acyl and dicarbonyl 0-allyl species decompose on 

heating at ca 80°  to give the compound Ir(11-A)(C0)(14413)2  from which 

they were formed. 

3. Interactions with hydrogen 

Trihydridocarbonylbis(triphenylpnospnine)iridium(III) 

(a) From Ir(n-A)(C0)(PPn3 ), A = C3H5 , CL  H7  C51I91  C,H13  

Hydrogen was bubbled through a solution of ir(7-A)(C0)(PPh3)2  

(0.1 g) in benzene (5 ml) for 1 hr. 	Addition of Et0H yielded the 

yellow complex wnich was filtered, washed with Et0H and dried in 

vacuum (Ca 0.075 g, 80%). 

(b) From IrH(C0),(PPh,),  

Hydrogen was bubbled through a solution of IrH(C0)2(PPn3)2  

(0.2 g) in benzene (5 ml) under reflux for 2 nr. 	Addition of EtOH 

to the cold stirred solution yielded the yellow complex which was 

collected (0.15 g, 78%). 

(c) From trans-IrCl(CO)(PPh3)2  

A solution of NaBH4  (0.05 g) in Et011 (5 ml) was added to a sus-

pension of IrCl(C0)(PPh3)2  (0.1 g) in Et0H (15 ml) and the suspension 

stirred and heated for 1 hr. 	After cooling to Co the yellow precipitate 

of the complex was collected (0.07 g, 73%). 	The product in each case 

was identified by analysis, i.r. and n.m.r. as that reported.65 
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Rn(C2  F4  H ) (CO )2  (PP/13  )2 
C 61.8 4.2 F,9.9; P,7.8 d  C4 0 H31 02 P2 RI-, 61.2 F,9.7; 	P,7.9 784 

Rn(C2  F4  H ) ( CO) ( SO2  )(PPh3  ) 
c 56.8 3.7 P, 7.6 870 C39  H31  03  P2  RnS 57.1 P, 7.6 820 

Ir(C0C2 1-1 5  ) (C0)2  (PPn3  )2  116 58.8 4.3 0, 4.6 820 C41H35Ir03 P2 59.3 0, 5.8 830 
Ir(Ph)(C0)(P c 63.1 d

Pn3 )2  4.2 - C4 3 H3 5 IrOP2 62.8 - 822 

Ir(COPh)(CC)2(PPn3)2 
c 61.6 4.3 - d C 	r 45H  35I0 3P  2 61.5 . 878 

Rn( TT-C3 H5  ) (CO) (PPh3  )2  78 68.3 5.0 - d C4 0 H3 50P2 Rh 68.9 - 696 
Rn(n-C4117  )(c0) (PPh3  )2  e  .76 69.2 5.2 - d 

C41 H37 OP2 Rh 69.3 - 710 
Ir(11-C3 H 5  ) ( CO ) (PPh3  )2  145 59.8 4.3 - 751 C40  H3 5IrOP2  61.1 - 786 

! 
1 r( r-C4  H7  ) (CO) (PPh3  )2

e  142 61.6 4.7 - 805 C4  1  H37  IrOP2  61.5 - 800  

1r( r-05 H9  ) (CO) (PPh3  )2  133 62.2 4.9 - 781 C42 H39 IrOP2  61.9 - 814 

ir(11-C7  H13  ) (CO) (PPn3  )2  134 63.1 5.2 -  709 C44  114 3  irOP2  62.7 ' - 842 
Ir(n-C4 H7  )(CO )(PPn3  )2  f  143 61.7 4.7 - 778 C41  H37  Ir0P2  61.5 - 800 
Ir(r-C4  H7  ) (CO) ( AsPh3  )t 125 54.5 4.4 - d C41 H37 As2 Ir0 55.4 - 888 
Ir(C0C3 1-15  ) (C0)2  (PPn3  )2  C 60.1 4.4 - d C4 2 H35 Ir03 P2 59.9 - 842 
ir(C0C4 11.7 )(C0)2  (PPn3)2e c 60.1 4.4 - d C4 3 H37 Ir.°3 P2 60.3 - 856 
Ir(C0C4 H7  ) (C0)2  (PPh3  )2  f c 59.8 4.5 - d C4 3 H37 ir03 P2 60.3 - 856 
J r(C0C5H9  ) (C0)2  (PPh3  )2  

c 60.8 4.7 - d C4 4 H3 9 Ir03 P2  60.8 - 870 
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Compound 
a 

m.p. 
Found 

Empirical 
ormula 

Required 

C(%) H (%) Other 
Elements 00 

M
b C (%) H 	(%) Other 

Elements (%) 
M 

Ir(C0C7H13)(C0)(PP113)2 

Ir(C-C3H5)(C0)2(PP113)2 

Ir( G-C4H?  ) (C0)2  (PP113  )2 f 

IrH3(c0)(ppn3 )2  

c 

c 

c 

61.4 

60.7 

60.8 

59.2 

5.0 

4.5 

4.7 

4.3 

- 

- 

- 
- 

d 

d 

d 

C46H43I1-03 P2 

C 	r0 P., 41 H  35I 	2 	, 

C42 H37 Ir02 P2 
C37 H331r0P2  

60.9 

60.4 

60.9 

59.4 

4.9 

4.3 

4.5 

4.4 

- 

- 
- 

- 

886 
814 

828 

748 

(a) All compounds decompose on melting 

(b) In benzene 

(c) Compounds decompose in the solid state on warming 

(d) Compound decomposes in solution 

(e) 1-Methylally1 derivative 

(f) 2-MetnSrlally1 derivative 
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