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Abttorct 

The uses of trialkyl complexes of rhodium as homogeneous catalysts are reviewed. Although 
they have been much less studied than their triarylphosphine counterparts, rhodium trialkyl- 
phosphine complexes do have certain properties which make them suitable for a wide range 
of catalytic reactions, for some of which, they are the only systems available, or are the 
catalysts of choice. The major difference between complexes containing trialkylphosphines 
and those with triarylphosphines is that the electron donating trialkylphosphines lead to a 

her electron density on the metal and hence make oxidative addition reactions, even 
trates, more facile, Examples of where this is particularly beneficial include the 
activation of alkanes, either to produce alkenes and Hz or, in the presence of 

us aldehydes; the activation of amines in the 
alkenes; *heir obi nate alcohols, directly, via transfer of hyd 
such as alkenes, or in hydra ylation reactions where the alcohol is the 

carbonylatisn of allylchlarides and 

of rhsdiur;a also 

t af these reactions, apart from the hydr nation of aldehydes, 

Keywortls: Rbdium; ~ri~~ky~~h~s~hine~ Catalysis 

major recent advart9ces in the xnanufaetur 
rnieals have utilisc neous transitian metal camplex catalysed 
ite the gsoBlems be associated with the separation of the 
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products from the solvent and the catalyst, the very high activity and product 
selectivities that can be obtained have allowed some of these processes to be extens- 
ively exploited in industry. 

Three examples of successful innovations c-l‘ this kind involve rhodium-based 
systems: the extremely high activity, selectivity lnd stabilitv of the catalysts being 
sufficient to overcome the very high cost penalty of using khodium. These processes 
are the hydroformylation of alkenes using [ RhH(CO)( PPh,h] [ la], the carbonyla- 
tion of methanol using [Rh(CO),IJ [2] and the asymmetric hydrogenation of 
a-amidocinnamic acids used in the synthesis of a-dihydroxyphenylalanine (L-DOPA) 
for the control of the symptoms of Parkinson’s disease [ 31. 

Both the hydroformylation and asymmetric hydrogenation reactions involve the 
use of metal complexes containing arylphosphines (usually diphosphines in the 
asymmetric hydrogenation) so that ex tensive studies on the catalytic activity of such 
complexes have been carried out [ 1,3]. In contrast, the uses of alkylphosphine or 
diphosphine complexes of rhodium in catalysis have been much less comprehensively 
studied. In part, this was because in many of the early studies much lower selectivities 
and activities were observed for these complexes than for their counterparts contain- 
ing arylphosphines [4]. The low activities could be attributed partly to the generally 
lower liability of the Rh-- RR3 (R = alkyl) bond, meaning that the creation of vacant 
sites on the rhodium could be difficult, and partly to the fact that the electron 
donating phosphines might be expected to stabilise rhodium(II1) better than 
rhodium(I), whilst similar stabilities for the two oxidation states are required if a 
catalytic cycle is to involve both oxidation states. The handling of the liquid, air- 
sensitive and noxious trialkylphosphines is also rather more difficult than that for 
the triarylphosphines, which, as odourless solids, can be handled and stored in ‘air. 

Lore recently, however, it has become apparent that some of these properties 
rticularly the electron donatin ability of these trialkylphosphines) can be put to 

od use, and that there are certn reactions for which trialkylphosphine complexes 
hodium are the catalysts of choice, Amongst these, the most exciting and impor- 

tant is the cat al ctivation of C-- li bonds in simple 
or aldehydcs by carbonylation [6]. 
shift reaction ( W ‘73 and the direct format 
n of alkenes und conditions (40 bar, 120 

hydroformylation reactious are directed towards the production of alcohols for 
plasticisers, soaps or detergents. Rhodium-based catalysts generally produce alde- 
hydes so that a subsequent hydrogenation step is required [ 11. obalt catalysts 
promoted by trialkylphosphines do produce alcohols but the conditions are very 
forcing ( 150-200 “C, 50--400 bar) [ 91. 

In this review, we discuss the various homogeneous catalytic reactions for which 
trialkylphosphine complexes of rhodium can be used. The review is structured so 
that the degree of complexity of the reaction being catalysed increases towards 
the end. 

2, Isomerisation reactions 

Isomerisation is observed as a competing reaction in many rhodium-trialkylphos- 
phine catalytic systems. Surprisingly there are only a few examples where these 



systems are used for isomerisation alone. One is the catalysed isomerisation of 
vinylcyclohex-3-ene [ lo] in which a mixture of two products, both with conjugated 
double bonds, was obtained (Eq. ( 1)). Two catalysts were examined for this trans- 
formation, [ RhCl( PR&J, (R = Ph (phenyl) or ‘Pr). PiPrJ gave the more active and 
selective catalyst. 

[ Rh&‘l( SR)(CQ2( PtBu3)J (R = alkyl or t,an)substituted phenyl group, 
yl) 3s the catalyst, 1-octen-3-01, 4-allylanisole and tratw-stilbene oxide can 

be isomerised into 3-octanone, cis/truns-4-( l-prop le and desxybenzoin 
respectively, often in 100% conversion [ 111. [ RhCl( atalyses the isomerisa- 
tion of epoxides to aldehydes (ethene oxide) or ke ne oxide or propene 
oxide [ 12,133. [ RhWCl(CH,COR)( PMe,),] (R = Me or Ph) are isolated from the 
final solutions, suggesting that reductive eliminzlion of the ketone is the rate 

step. Using ethene oxide the isolated rhodium species is 
Me){ PMe&‘J, probably formed from oxidative addition of product 

ethanal to the complex 

rhodium compounds, 

enation of hex- 1 -em2 
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P’Bu3 

( 
Si(OMe)3 

[ RhH&l( PCy,),] is active for the hydrogenation of alkenes, particularly cod at 
1 bar and 100°C [ 183, whilst [RhHC12(PfBuPr2)2], in the presence of base, is as 
active as Wilkinson’s catalyst for the hydrogenation of hex-l-ene [ 191. Cationic 
rhodium complexes, such as [ RhHz L,] + (L = P’Bu, or PMe3) prepared in situ, have 
been studied for the partial hydrogenation of long chahn dienes with a view to 
applying this methodology to fats and oils. PMe, containing systems hydrogenate 
E double bonds preferentially and PiBu3 2 double bonds. PMe3 also isomerised the 
position of the remaining double bond to a greater extent than PiBuS. Using PMe,, 
60-70% of the dienes were converted to monoenes; the remainder were either fully 
hydrogenated or isomerisation products of the initial dienes [ 20). Dimeric complexes 
such as I have been used for the hydrogenation of 3-octen-3-01 to 3-octanol [ 2 I]. 

3.2. Hydrogenation of nitriles 

nd [Rh,H&-H2)( PCy,),] were the first catalysts to show activ- 
enation of nitriles at ambient temperature [22]. [RhH( 

0% conversions with Me( 
to the nitrile made the transformation 

ubstrates with nitrile ups 

ta the sltrornatic rin W ) were notably more ive. 
stem is not very selective: for unsaturated 

nation catalysts, to tu 
nzonitrile (27%) in 24 

3.3. Hydrogenation of aldehydes and ketones 

In contrast to alkene hydrogenation, trialkylphosphine-rhodium systems tend to 
be more effective (compared with the triarylphosphine-rhodium systems) in the 
hydrogenation of carbonyl groups. Aldehydes or ketones can therefore be hydro- 
genated to alcohols. 

High yields of alcohols could be formed from a range of aldehydes using 
[ Rh(nbd)( PEt&] C104 (nbd = norbornadiene; t = ethyl) dissolved in alcohols 
[23]. Between 79% and 97% conversion could be obtained from the aromatic 
aldehydes (e.g. benzaldehyde) and ca. 40% for aliphatic aldehydes. 
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Replacing PEt, with PMe, approximately halved the conversion [23,24], whilst 
PPhj gave negligible conversion, except when the aldehydic substrate, phenylacetal- 
dehyde, was used. In this case, the conversion was 45.7% (cf. 47.8% for PMe, and 
79.8% for PEt,). Bis(diphenylphosphino)ethane inhibited reactions catalysed b;* 
[Rh(nbd)(PEt3)2]CI0,. 

Ketones could also be hydrogenated using these cationic catalysts 111251 with 
conversions being in the range 47.6-100% (without much distinction between aro- 
matic methyl ketones or aliphatic methyl ketones). The rate of reaction for aldehydes 
was nearly an order of magnitude higher than for ketones. One notable exception 
was methoxymethyl methyl ketone, which wit hydrogenated at a similar rate to the 
aldehydes. This was attributed to the electron withdrawing effects of the methoxy 
group in the ketone [25]. 

Hydrogenation of unsaturated ketones show that C=C tended to be hydrogenated 
in preference to C=O. For instance, when methyl vinyl ketone was hydrogenated 
the C===C were completely hydrogenated within 0.5 h, whilst the carbonyl group was 
only 60% hydrogenated after 20 h, leaving 40% methyl ethyl ketone [25]. 

Using [ RhH( PEt,),] pre-prepared or prepared in situ from [Rh,(OAc),] and 
ydes such as heptanal or 2-methylpropanal can be cleanly 
, 40 bar, 120 “C) to give alcohols [ 8,26-281. Alcoholic 
were preferred. Reactions carried out using heptanal and 

xture of C$H&HDOH/D and C6H1&‘H20H/D, whilst 
was formed. This suggests that two mecha- 
hich the alcoholic proton of the solvent is 

uet, The two cycles proposed ar 
)J is active for the hydro 
ones (the ulkene bein 

P 
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and 25 “C. Selectivities were high (generally 90-96% at 100% conversion), but 
promoters such as water (aldehydes) or NaO (aq) (ketones) were necessary, and 
thus biphasic systems were formed. An attractive feature of this system is that 
[RhHC&( PCy,),] is easy to handle and air stable. Once activated it converts to 
[ RhH,Cl( PCy&] (isostructural and isoelectronic with [ RhH,Cl( PPh,)J, which is 
the active hydrogenation species in the Wilkinson’s catalyst system) [ 1 b]. 

Formaldehyde can be hydrogenated over [Rh(CO),(acac)] (acac = 2,4,-pentanedi- 
onato) modified with PBu, ( 145 bar, 150 “C, 1 h) giving 73.9% MeOH at 100% 
conversion [ 301. 

3.4. Asymmetric hydrogenation 

Although rhodium-based catalysts are amongst the most successful for the 
asymmetric hydrogenation of a-amidocinnamic acids or esters [3], attempts to 
use rhodium trialkylphosphine complexes in which the chirality is on P, {(S)-(=+)- 
2-methylbutyl) 3 P [ 3 1 ] or on a carboxylato ligand such as (+)-N-acet ylphenylalanine 
in [Rh(O&R*)P,I [ 32,331 have been rather unsuccessful, with enantiomeric excesses 
(e.e.j being generally less than 15%. For the carboxylate complexes, PMe, and PC& 
were the best phosphines tested giving e.e.s of 13% and 9.5% respectively, whilst 
phosphines containing aryl substituents generally gave ?AXS than 1% e.e. 
The hydrogenation of acetophenone using a cationic catalyst containing ((I?)- 
2=methylbutyl),P has also been attempted but tile e.e. was less than 0.3% [34]. 
Similarly disappointing results have been obtained using rhodium(I) catalysts con- 

ands of the form Cy,PCHzN( R)CH2PCy, (R = CHMePh, SHMeCO 

effect of added trialkylphosphines on the hydro enation of acetophen- 
one catalysed by Rl~Cl(nbd)]a ktnd ( -diop (diop = 2,3-0-isopropylidene-2,3- 
hydroxy=J &bis(dip nylphosphil;o)butar has been examined [ 361, The optical 

(+)-alcohol was 1% However, on addition of free triwlkylphosphine 
oduct became p ominatelv S-(-=)-alcohol (e.e. = 

12%) (R = Bu or Pe). examine this further the P: Rh was held steady at either 
r 3 : 1 and the ratio of diop: PRj varied. results are shown 

The shape of the graph for a 2 : 1 P : Rh ratio is simple to explain. With no free 
phosphine available, two catalytic species are present, one giving an optical yield 
(diop), the other not (PR,). The graph for the 3 : 1 P: Rh ratio is more complex, 
possibly indicating a third mixed phosphine species with one PR3 and a monodentate 
diop. The free end of the diop causes a reverse in stereochemistry compared with 
the bidentate system. 

The stereochemistry of hydrogenation of cyclic ketones (especially 4-t-butylcyclo- 
hexanone) has been examined in some depth [ 371, Using [RhCl(nbd)], with added 
PRS (R = Bu or Ph), predominantly anti alcohol was formed (slowly in the case of 
PPhJ). On addition of base (NEta), the system using PPh3 started giving syn-alcohol, 
while the selectivity in the PBu3 system remained unchanged. Preformed 



60 

0.4 0.6 0.6 1.0 1.2 1.4 1.6 

blOP/Rh 

Fig, 2, The influence of added PBu3 on the enantioselzctivity of the asymmetric hydrogenation 
of acstophcnsne using R catalyst formed in situ from [RhCl(nbd& and (-I-)-BIQB. El C P: Rh- 2:l; 

~PP:Rh==,:l [36=J, 

either phssphine. It was conjectured that the 
or 3) wns set up in the system, 

The reason for the chu in selectivity appear to be the way that Rh’, which 
binds the ~u~~tr~t~ for m hydridie catalysts, n Rhll*, responsible for su 

in dihydridic catalysts, e ordinate to the intermediate 
1dehyde into the Wh-- H snd. Rh”’ binds to the hard 

n alksxy intermediate, whilst for Rh’, an Rh-- 
ulky Rh complex occupies an equatsriai site 

~y~~~h~x~n~n~, the ways shown in .3 explain the stereochemistries of the 
observed products. insensitivity of the product to the 

sts that the stro 
iently hydridic 

they are not deproto 

psxides can be r in aqueous diglyme, 
Me3, PPh3 or Pz = 



Bu’ 

Bu’ 
H2 

Gu’ 
Rh(PR3)x -- H 

Bu’ But 
-t- 

_- 
0RhH(YR3)X - 

+ OH 

Fig. 3. Proposed rationalisation of different selectivities observed in the hydrogenation of 4-t-butylcyclo- 
hexanone using various catalysts. R = Bu or Ph [37]. 

1,2-bis(diphenylphosphino)ethane). The two most successful reactions involved sty- 
rene oxide and 3,4-epoxybut-l-ene, both giving anti products [ 38,391. Styrene oxide 
with PEt, gave 9Ooh conversion to PhCH2CH20H (66%), PhCH#HO (trace) and 
oligomers (22%). PMeJ achieved only 40% conversion (alcohols : oligomers being 
ca. 1: 1). PPhJ and 1,2-bis(diphenylphosphino)ethane give 100% conversion, but in 
both cases greater than 50% of the yield was oligomers. 3,4=epoxybut=l=ene was 
100% converted to the products shown in q* (3), in 8 h. Isomerisation and hydro- 
genation of the double bonds were competing reactions. Oligomers made up the rest 
of the products. In contrast, 1,2-epoxybutane only gave 0.65% conversion in 100 h. 

It was proposed that successfrll ri was mly achieved with epoxides for 
which a remote up in the molec can stabilise the bindin 
in II or III, deri froril 3,4-epoxybut-l-ene or styrene aide r 

r.krg of the four-membered ring of biphenylene to give biyrhenyl 
!Jed using hydrogenation (500 Torr, 85 “C) catalysbd by 

[Rh(C5Me,)Hz( PMe& although only 7 turnovers were observed in 7 days [40]. 
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4. Transfer hydragenatioa 

Transfer hydrogenation involves the transfer of two hydrogen atoms from a donor 
molecule, often an alcohol or ether, to an acceptor molecule. 

[RhH(CO)L,I (L = PEt,, PfBuj, PEt,Ph, PMePh2) is capable of effecting 
hydrogen transfer from benzyl alcohol to terminal alkenes (normally act-1-ene) in 
the presence of potassium benzoate. Turnovers of 35 in 4 h were recorded [41]. 

In a study of many metals (cobalt, rhodium, tantalum and iron to name but a 
few), with many ligands (mostly phosphines), it was found [42] that the best systems 
were generated in situ from [RhCl(cot)& and PEt,, PPr3 or PBu3 (4 equivalents). 
These cataiysed transfer hydrogenation reactions with greater than 83% conversion 
(93% in the case of PPrJ) using 1,4-dioxane as the donor with cyclopentene being 

0 0 4 wxcot)2l2 4 
0 PEt3, u30°c 

30 min. Ar 
(4 

A popular sacrificial donor employed is isopropanol. Rhodium-based catalysts 
ain formed itt situ from [Rhz(OAc&J [43], [RhCl(cot)Jz 6441 or [RhCl(cod)]2 
5] and various phosphines showed the highest activity for the transfer hydrogena- 

ollexane in 180 min. Using 
t isomerisation was also oeeurri 

eyclohexane ( 30%) and 1 -rnethyl~y~l~h~xen~ (60 

ompetes with, rather than 
iridium-based catalysts were less effective [4S]. 

product, whilst 
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Complexes of the form [{RhH(PCy,),)&N,)] and [RhH(P’Pr,),l are active 
catalysts for hydrogenation of ketones [46] or hex-I-ene [47] using either H2 or 
‘PrOH as the hydrogen source. Yields were 88-93% for Hz and 35-99% for ‘PrOH 
for various substrates, e.g. PhCOPh, MeCOCOMe [46]. 

Compcunds of formula [Rh,Cl(SR) (CO),( P’Eu,),] (It = alkyl or (unbsubstituted 
phenyl group) can catalyse the transfer hydrogenation of a&unsaturated ketones 
using formic acid as the sacrificial hydrogen donor (Eq. ( 5)) [ 111. 

cat. 

CeH5CH=CHC(0)CsH5 + HC02H+ C6H5CH2CH2C(0)C,H5 + CO2 
22h 

toluene 
97 OC 

(5) 

Although many catalyst systems are active for transfer hydrogenation from donors 
such as secondary alcohols, there are fewer that can activate C-H bonds in alkanes 
so that the alkane acts as a hydrogen donor. Some of the most active systems for 
this kind of reaction are based on rhodium trialkylphosphine catalysts. These reac- 
tions are related to the photochemical dehydrogenation of alkanes (see Section 6.1), 
where H2 is generated rather than being transferred to an acceptor molecule. 
However, [ RhCl(CO)( PMe3)2] can be thermally activated to give [ RhCl( PMeJ)2], 
which is a highly active transfer hydrogenation catalyst for alkanes in the presence 

q. (6)) [48]. 560 catalytic turnovers were observed in 25 h at 50 “C, whilst 
at 100 “C, 950 catalytic turnovers were achieved in less than 15 min. 

25haurs,6OT 
(6) 

In the absence of Hz, no cot was formed, It was conjectured that the tws equilibria 
qs. (7) NIP (8)) were iI1 Qperalioil after initial formafkm of [ RhCl( PMe& 

Hz * [RhH,Cl( PMeJ)2] (9) 

High pressures of H2 will keep the equilibrium of q* (8) far tQ the 1ef.h SQ 
[RhH,Cl( PMe3)2] is available to hydrogenate th a‘=PtQr alhe i?81* 
Nonetheless, there is evidently sufficient [RhCl( PMe&J present, even under the 

pressures of Hz, for alkane activation ts Qccur, SQ fhat the equilibrium constant 
q8 (9) must be very low. This is consistent: with the ready prQduCt.iQn of 

from alkanes in photochemical reactions cataljlsed by [ RhCl(CO)( PMej)2] (see 
Section 6.1). In a subsequent paper it was reported that [ RhCl( PMeJ)2 L] (L = 
PiBrA, PCya, PMe3) or [RhCl(PMe,)2]2 ale also good, if not better, precursors for 
the thermal hydrsgen transfer reactisns frQm alkanes [49]. 

[ RhCl( PMe&‘J2 reacts irh elhenc tQ give CRhCL(CH,~CH,)(PMe,)2]. This, in 
dt SQlUeiQn Qf CQf at 170” under ethcne (11 bar), gave 3 turnovers to cot (ethane 



being the other product) in 15 h [SO]. At higher pressures ethylcyclooctane and cot 
were produced. The system worked well up to 230 “C and 70 bar pressure, realising 
32 turnovers. Under more forcing conditions, significant metallic deposition occurred. 
Higher turnover numbers (160 h - ’ at 70 “C or 77 h- ’ at 30 “C) were observed [ 511 
at lower C2H4 pressures (1 bar) if the system was irradiated with visible light. 
[RhCl(C,H,)(PMe,),] absorbs at 416 nm, whereas [RhCl(CO)(PMe,),], which has 
been used for much of the C-H activation work, only absorbs in the ultra violet 
(u.v.). Labelling studies have confirmed that the reaction involves genuine hydrogen 
transfer and does not proceed via formation of free H2 [ 52,531. 

A potentially more useful hydrogen transfer reaction involves the use of alcohols 
as Hz sources in hydroformylation reactions. Thus, [ RhH(PEt,),] catalyses the 
formation of homologous alcohols from alkenes, CO (40 bar) and alcohols at 120 ‘C 
[54]. The aldehydes expected from the dehydrogenation reaction are only obtained 
in low yield but a variety of esters ( RCOIR’) are recovered instead. For example, 
with ethanol and hex-I-ene all of the esters with R = Me, hexyl or 2-methylpentyl 

2-methylhexyl are observed. Yie!ds of the alcohol products 
tOH < MeOH, suggesting steric influences might be impor- 

tant. Complete conversion of set-l-ene to C, alcohols was not observed because of 
isomerisatiotl reaction, but addition of hex-1-ene after a reaction of oct- 
omplete indicated that the catalyst retained its activity. A proposed 

mechanism for the transfer hydrocarbonylation is shown 
In ted studies, it has been shown that formaldL:hy 

both and HI in hydroformy~ation reactions (see Sect 

Aromatic chlsridtis can b under biphasic or phase transfer candi- 
$. ~n~~~~~~ly the catalyst 

era1 reaction is shown in 

conversions, 
atures to attain similar 

(10) 

tion is relubed to transfer hy nation except tha 
nother substrate. 

accessible temperatures so that hi 

is evolved 
for these 

s are only 



11 
Me 

) P 1’ 
ph-co 

I 
RCHzCHICHIOH 4 

+ 

‘f 

OC-,< 

P R 

11 &OH 

// EtOH 

Fig, 4. Proposed mechanism for the production of heptanol from l-hexene, CO and ethanol catalyscd 
by [RhHF’~]. P = PEt,, R = C,& [54-J. 

obtained for photochemical reactions or for reactions in which an or 
. uldehyde) under oes condensation or other kinds of reaction. 

Alkotnes tocatalytically dehy enated to alkenes at “C in the 
presence of ( BMej)J, although straight chain alkanes, e reaction 

-specific, giving a mixture of alkenes (see ‘Table 1) [S,%--60). 

Table 1 
Selectivity of hexane dehydrogenation under various conditions 

_~~.~---..*” . am*- . f 

PMcJRh t/h l-Mexcne/n! 2-Hexene/% 3-Hexcnef O/0 Turnovers 

2 3 7 77 15 5.4 
5 3 70 24 6 4.0 
5 22 51 40 9 18.7 

10 3 86 12 3 0.6 
10 22 67 26 7 7.2 



As can be seen from Table 1 addition of free PMe3 reduces the rate of the 
&hydrogenation reaction, but increases the selectivity towards hex-l-ene. At longer 
reaction times, the selectivity decreases, suggesting that hex-l-ene is formed first, but 
that the catalyst is also active for isomerisation [S J. Studies on the carbonylation 
of alkanes using the same system (Section 9.1) also indicate that the activation of 
terminal C-H bonds occurs preferentially. In addition to the presence of excess 
phosphine, higher temperatures and low catalyst concentration suppressed the iso- 
merisation, suggesting that alkene coordination is a necessary prerequisite to the 
isomerisation reaction [ 6! -631. Higher rates of dehydrogenation of cyclohexane 
were observed (up to 200 catalytic turnovers h-r at 96 “C) [64] and alcohols can 
also be dehydrogenated using the same system [58,65]. Even very small amount5 of 
CO (less than 60 Torr) inhibit the dchydrogenation reaction, allowing carbonylation 
(see Section 9.1) to predomknate [ 661. 

The importance of the reaction (the production of high added value alkenes from 
cheap alkanes) has led to extensive mechanistic studies being carried out. It has been 
shown by flash photolysis [67] that photolysis of [RhCl(CO)(PMe,)J leads to 
[ RhCl( PMe&] and CO. initially it was assumed that the subsequent reac’ions were 
all thermal so that light was only required to remove CO i;om the catalytic centre 
[ 5’1. For this to be possible thermodynamically, it is necessary for CO to recoordinate 
prior to loss of Hz or alkene. Alternatively, it has been proposed that the loss of Hz 
may also be photochemically driven, although CO recoordination was still proposed 

also active for the dehydr 



Fig. 6. Proposed mechanism 
[RhClP,]. P = PCy, [68]. 

H.. 7 
Rh-Cl 

H' fi 

for the photochemical dehydrogenation of cyclohexane catalysed by 

NMR studies on solutions obtained from the stoichiomctric addition of alkane to 
the catalyst [RhCl( PiPrJ2] indicated the presence of [ RhH&lLJ, [ RhHC12 LJ 
(L = P’Pr,) and four dimers, two of which are V and V; the other two were not 
fully characterised [ 691. 

Attempts to obtain more informati on the hydride s 
catalysis were carried out by monitori he reaction of [Rh 

en [‘XI]. This technique is &ally sensitive to 
Id improvement in signal-to-noise ratio over non-enrich 

addition to [ RhH,Cl( PMe&], a variety of other species, inclu 
This is an important observation, because [ RhCl(CO)( PMe- )] (three-coordinate, 

145, Rh’) and [RhH,Cl( PMe&] (five-coordinate, 16e-, Rh”‘), are very reactive 
and both are incipiently stabilised by the formation of the dimer. These results 
suggest that the catalytic intermediates in the dehydrogenation cycles (F 5 and 6) 
may also be stabilised in this way, but further suggests that intermediate ntaining 
only one phosphine ligand may also be important intermediates. 

Using C -- H-containing su rates that are incapable of forming alkenes, coupling 

reactions are observed, prob y vin free radical intermediates [ 71 IIS 
gives diphenyl and 
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wins-Rh(OH#COlL 

[trms-RhKO)(S)L2]OH 

co 
H20 
+L 1- 

RhzW)3L3 

II 

Fig. 7. Mechanism of the WGSR catalysed by trans-[RhHCOPJ. P = PiPrJ, S = solvent [73. 

thermodynamics allow much higher conversions to Hz. Homogeneous catalysts for 
this reaction which give high rates under mild conditions are thus highly desirable 
[7,f301. 

Some of the most active homogeneous catalysts for the WGSR are [RBHLJ 
t3 or P’Pr,), [RhzH&H2)( PCy,),], trans-[RhH(Nz) { PPh(‘Bu),}J and 

[ RhH( PtBu3)J. All act as catalytic precursors for the WGSR under rel mild 
conditions ( 100 > T r 50 “C). Turnover numbers of up to 35 h-l can be ed at 
20 bar [ 71. Using model studies and isolating various intermediates using different 

ands and solvents, the mechanism shown in Fig. 7 was proposed [?I. 
WGSR chemistry can used in such a way that water can act as the Hz source 

for a variety or” reactions. hus, alkenes, aldchydes or 
and/or hydroformylated. A typical reaction is shown in 
nnto). Ilcrc, both hydra enation and hydroformylati 
I-VII . 

(14) 

The transformations shown in Eqs. ( 1 S)--( 17) also occur under similar condi- 
tions [81]. 

CHI===CHCN = CH3CI&CN 100% (15) 



(17) 

23% 16% 

An elegant reactiebrr uses a catalyst prepared in situ from [Rh(CO),(acac)] and 
tj or PEt,Ph to catalyse the reduction of nitroaromatic compounds to amines 

by CO-Hz0 (Eq. (18)) [82,83]. 
NH, 

(Rh(acac)(CO)$PEt;t (1: 1) 
b 

NaOH,, aigiyme, 2h, 
GO( 1 bat), 2s”c 

w 

The catalytic turnover in the system using PEt, was 241, but incs*f?ased to 861 at 
50°C. Substituted nitro compounds could also be reduced, e.g. p-chloronitrobenzene 
produced g-chloroaniline in greater than 99% selectivity [ 82,831. 

n be converted (greater than 90%) to isocyanates (41%) using CO--Hz 
conditions in the presence of RhClj ??3Hz0 and PBu, (Eq. i 1 

r, 40°C) to formates in the presence 

complexes of rhodium 
ive aldehydes, This reaction 
ivated alkanes and urenes, 

be converted into b~~?~~ldehyde (and 
mild conditions (37 “C, C 
: 47.8 terrnovers had been 

sed, the cat&st w8s virtually inactive 
lcctrsn density on *the metal centse favours 

addition reactions are favoured by 
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CO inserts into the C-H bonds of substituted aromatic compounds such as 
nitriles, with overall conversion of 82% based on rhodium (Eq. (20)). The reaction 
shows some selectivity, in tins case to meta substitution, indicating that the metal 
acts as an electrophile [ 871. 

CHO 
14% 85% 1% 

The most important of these reactions is the catalytic carbonylatdon of straight 
chain alkanes to linear aldehydes, under irradiation with uv. light. A typical example 
using [RhCl(CO)(PMe&] for pentane is shown in Eq. (21). 

[~WCQ(PMq)21 
CO, hv, 16.5 h -A/+/V 

925a%m tixe 

+yM+JO_ +qJ 
2725%/Rh 

4O%/Rh not detected 

(21) 

+ ethttnal 
218O%tRh 

+ ethanol 
ASlO%/Rh 

+ n-C,&OH 
92O%lRh 

Not only is this a rare example of C-H activation in an unreactive alkane, but 
more importantly it was the first example where such a transformation could be 
rendered catalytic. It also gives the commercially desirable strai chain aldehyde 

Most of the products re terminal, implyin 
tivatcd most readily. ompeting formation 

ible isomerisation of the terminal alkenes so produced. Turnovers are reason- 
110 in 16.5 h). It was concluded 

probably be attributed to the t 
that the predominance of strai 

can modynamic stabilit 
alkyl hydrido rhodium complex formed. is stability has been 
the stoichiometric activation of n-alkanes by [Cp* 
Iq5-cyclopentadicnyl) [ S9]. There is some evidence [66] that co 
only one PMe3 group may be more active than [RhCl(CO)( PMe&]. 

It is proposed that the Ctrt-l, alkenes are formed by a Norrish type II reaction 
(Eq. (22)). This normally occurs using U.V. light of 290 nm wavelength, Pyrex 
in which the reactions were carried out, absorbs all light below 306 nm, so it was 
concluded that there was sufhcient irradiation into the low energy tail of the Norrish 
activation band to allow the reaction to occur. 

-N + CHQiO (22) 



PhCHO 

P 

[FthCl(CO)PJ 

_ 

.8, Proposed mechanism for the photochemical carbonylation of benzene in the presence of 
[RhCI(CO)PJ. P = PMej [913. 

Recently, detailed mechanistic studies have been carried out on the carbonylation 
of benzene by this system [90], Although near U.V. irradiation does lead to photoex- 
trusion of CO, and the product, [RhCl(PMe,)J, is efficient at activating C-II 
bonds (see Section 6. l), this reaction is of little importance under the CO atmosphere 

carbonylation reaction. Instead absorption of shorter wavelength 
0)( PMe&], which 
iate, which decays 

induced insertion ofC0 into the Rh--C bond. Subsequent 

an alkyl radical, which attacks the metal centre [ 93). 
d from alkanes or aromatics using isocy 

RhCIJ 0 %H20 acts as a catalyst precursor 
oyl chloride in 4% conversion after 2 h 

Br or I) formed in situ from [ Rh2(0 
lation of prop-2-enyl halides, bu 



or PhCl, to butenoic acid esters if the reactions are carried out in alcoholic solvents. 
No additional base is required. The major competing reaction is esterification of the 
propenyl halides, but selectively towards the ester is highest for the prop-Zenyl 
chloride [ 993. Interestingly, reactions carried out using either 1 -chlorobut-2-ene or 
3-chlorobut-l-ene give identical products (Eq. (23)), suggesting that the two ends of 
the ally1 group become equivalent at some stage during the reaction. This could 
occur either because the oxidation addition occurs via a free-radical process or 
because an r13-allyl intermediate is formed [99]. 

, [RhWO)~Et3)21 
-COOEt + 

Q CO(40 bar),120°C, OEt 

EtOH 

(23) 

A rare example of a double carbonylation of a geminal dihalide has been reported 
[ 1001 using the same catalyst system. CH& is converted to diethylmalonate, again 
in ethanol in the absence of base. A bimolecular mechanism was originally proposed, 
but more recent studies have suggested that coordinated ketene formed from I- loss 
from the proposed iodoacyl intermediate is more likely [ 101). A possible mechanism 
is shown in Fig. 9, 

thcrs can also be carbonylated in the presence of an iodide source using catalysts 
ed in situ from RhC13 ??3Hz0 and PBu3 or PPh3 [ 1021 These reactions almost 

certainly proceed uia a mechanism involving carbonylatioai of the alkyl iodide. In 
the example shown in Eq. (24), the substrate is completely consumed, but the 
products only account for 24.4% of the final product mixture if PBu3 is omitted. 
The selectivity is increased to 34.5% in the presence of PBu3. These reactions to 
produce levulinic acid could not be carried out using 3-butene-a-one as substrate. 
l-lowever, l-l readily adds to but-3-ene-2-one to ive the substrate shown in 



Eq, (24), thus providing a viable pathway from methylvinylketone to levulinic acid 
[102-j. 

/L 
OEr 

(24) 

9.3, Carbonylation of amines 

Primary amines can be converted into substituted formamides and ureas by 
using [RhCl(CO)J, with various phosphine ligands, including PMe3 and 
MeJ?t’HzCHzBMez, as in Eq. (25) [ 1031. 

h2N5u 
PMc3(P/Rh=x) c 5uNHCH0+5uNHC(O)NHBu 
,Qh.lfAYC 35% 65% x=0 

C0(6Ob~r) 62% 38% x=1 
1m 0% x=6 

(2% 

y-laetams can bc produced from the carbonylation of unsaturated amines using 
Q)( PI&&J (R = Me, Cy 6r ) but the reactions are non-selective (Eq. (26)) 
also be carried out usin osphine-free catalysts. CO- Hz seems to give 

better yields than 

reductive carbonylntisn 
most eflective catalyst 

r attractive c~rbonyl~tion is the reaction of alkenes with CO in 
00 produce carboxylic ac sters (the Reype reacti 

tion of dkenes with 
on, which pmceeds with an overall conversion of WV& is 
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// IRh(acad(CO~~ 
+ MeoH +Bu3 (P/Rh=2) 

CO (50 bar), 4 h 
0 

+H + others 

OMe 
14.5% 

3.5% 

The production of 2-methylbutanoic acid and derivatives from 2-methylpropene 
or 2-methylpropan-l-01 with CO using [ RhX2( PR,),] (X = monovalent anion, R = 
alkyl, cycloalkyl, aryl) has been described [ 1071. 

Ethylidene diacetate (l,l-diacetoxyethane) can be prepared in 90% yield with a 
selectivity of 80% from dimethyl ether and/or methyl acetate (Ey. (29)) [ lOS]. 
Ethylidene diacetate can be used as a solvent or a starting material for the production 
of vinyl acetate or acetic anhydride. 

Esters of propanoic acid can also be formed from the reaction oP’ ethene, but not 
higher alkenes, with CO--H, in the presence of hydrogen halides and 
[ RhCl( PPh&,( PBu& _,,]. The activity increases as n increases [ 1091. 

ted back to the 

at lQO”C, for l-decanal) but the system was 
reported to be just as active after 72 L. with no sign of catalyst decomposition. 

[RhX(CO)PJ (X = halide, P = phosphine) is also active for the decarbonylation 
( 180-200 ‘C for 2 h) of 2-chlorocarbonylnapthalene to 2-chloronapthalene in ca. 70% 
yield [ 112). 

ydroformylation 

Formally, hydroformylation is the addition of a hydrogen atom and a formyl 
group to a carbon-carbon double bond. Cobalt compounds have been known as 
homogeneous hydroformylation catalysts since the 1930s [9], but rhodium com- 
pounds have only been exploited since the late 1950s [ 11. 



N~rmi~lly, two aldehydes are formed from terminal alkencs. Addition of the formyl 
group to the terminal carbon atom gives a linear product, whereas addition of the 
formyl group to the internal carbon atom gives a branched chain product. It is useful 
to quote the selectivity of these products, when hydroformylating terminal alkenes, 
as a ratio in the form of linear: branched chain products or tt : i ratio as it is commonly 
termed. Linear products tend to be more commercially valuable, so a high II : i ratio 
is often desired, 

Triarylphosphine rhodium complexes [ 1) and trialkylphosphine cobalt complexes 
(which are less selective, active and stable, but give alcohols as the major products) 
[9] have been extensively studied, but less attention has been paid to trialkylphos- 
phine rhodium complexes as catalysts for the hydroformylation reaction. 

The main diircrcnce that has been observed using trialkylphosphine instead of 
triarylphosphine rhodium complexes is that alcohols rather than aldehydea can be 
formed under mild conditions ( 100--150 “C, 20- 100 bar C’O-.- H,). There is also a 

nificant effect of the solvent on the reaction products. 

a catalyst preparcd i~r s&d from Rh , PBuJ and Na 
[ 1 lS], it was shown that after 2-3 h i 195 ‘C, 92 bar) the major products from hex- 
l-enc (conversion 85%) were aldehydes (93%) but that alcohols were minor products 

.4%). After 12 h, however, the ldehyde accounted for 5 OJO of the products 
e alcshsis had incrcascd to 2 9O/;, (14: i rattos were ca : 1 in each ease), 

ks~t thct alcohsls arc formed in a two step proccsd ~icl the aldehydc 
Cal, as it is hnown that similar complexes are uctive catalysts 

t\ (see Scotion X3). Under some conditions, eaters, prcsurn- 
type c~~~~~~~stry can Ells0 h nificant rd‘as’tian prudUCin 

[ 114], 

1: i rrhas of 2: 1, but the l~ydr~f~rn~yl~~t~ol~ of 
only a 1 : 1 mixture of butanol and 



2-methylpropan- l-01 [ 1171. A slight improvement in this ratio (greater than 1 : 1) 

was made using [ Rh(acac)(CO)( FBuJJ [ 1181. It is desirable to produce II-butanal, 
which has two major commercial outlets, as butanol and 2-ethylhcxanol. in the 
industrial process, II : i ratios of 8- 16 : 1 are routinely obtained, but only using 
rhodium-PPh, systems [ 1193. 

A comparison [ 1201 of cobalt- and rhodium-based systems for the hydrocabonyla- 
tion of octenes shows that, when using cobalt-trialkylphosphine systems, starting 
with a single terminal or internal octene, a mixture of all four possible isomers of 
Cg aldehydes (nonanal, 2methyloctana1, 2-ethylheptanal and Spropylhexanal) is 
formed. Using rhodium-trialkylphosphine systems, however, only two isomers (non- 
anal and 2-methyloctanal) were formed for act-1-ene (the II : i ratio was 1.5 : 1). In 
the same paper it was shown that but-2-ene hydroformylates to give 2-methylbutanal 
in the presence of excess phosphine, but isomerises rapidly without the excess 
phosphine present. The authors suggest that a phosphine ligand must be lost from 
the catalyst to allow isomerisation to occur. Therefore, excess phosphine hinders this 
process and increases the selectivity of the reaction. 

A variety of other catalysts have been reported in the patent literature. These 
include Rh-C (5%) in the presence of PBu3 [ 121.1221; [Rh( PBuJ)J1 [ 123); 

)( P’Oc)J (Oc = octyl) [ 1241; [RhCl(CO)( PR&] (R = Bu, Oc or C&H-& 
[ 1251 and a system involving a catalyst prep d irl sirrr from a 1,5=cyclooctadiene 
imidaaole rhodium trimer in the presence of t3 [ 1261. Most of these complexes 
show reasonable activity at temperatures at or below lOO”C, with aldehydes as the 
major product and II : i ratios of about 2.5 : 1. 

A study was car out on 1,3=butadiene using Rh203 modified with various 
phosphitlcs ( PMq, 3, PC&, PiPrJ, PtBu3 and -C3 l-l&). The reaction condi- 
tions wt,re fairly scvcrc (200 bwr: CO--- I=&, 1 : 1, 130 , but sclectivitics were 1 
thb; lmmraldchydc (II : I IO : 1 ). III the dialdehyde, C KIti IL11 : r1.i kllded t 
the order of 1 : 2-5). th Ads arc hctwccn 43 - TP%h It was found that PiPrJ 

fmkl’ rutc rlml hotter ShjI ity tllblll PFhJ [ 127]. 

dct;rilcd studios [ 82 Ii%*1 of 111~ hyct~c,ue~hol~yIrllic,u of i\ variety of 

(IIRhH( PI&),] as mllysr prcclJrsor hrn& been reported. ill talucllc 

or products are keptsm1 und 2-l~cthylhcxtll~tII. In tctr(Lkydrahlra1’1 (thf 1, 
aldehydes arc the prsducls i\fkI 2 h of rejection, but tk9mls we selectively formed 

r re;uAon times ( I6 k). Using tkoholic solvents, however, heptanal ;1nd 
XiInol are the only products even after only 2 11 of reaction 

studies suggest that they are the primary products. Thus, using I& in 
heptanol formed is almost exclusively C4 H,CHDCP~,CD20H/D. whilst the hydro- 
genation of heptanal under I conditions produces a mixture of 
C~,H,~CWDOH/D and C”~,Ei, ,C’l-12Ql=l (see Section 3.3). A mechanism has been 
prop&xi in which the high d&mm density on the metal us a result of the ciectrol~ 

donating phosphines renders the oxygen atom of the metal-bound acyl specifies 
sufficiently negatively charged for it to by’ protonated by the alcoholic solvent 
to give a hydroxycarbene intermediate ( Fi 10). This proposal is supported 
by the detection by NM R of an malagous hydroxycarbcne complex, 
[Rh( ===C( j=l )oMe)CQ( p&),] + synthesised as shown in Fig. 11. The carbene 



+ 

P 
D2 11 

7 1’ 
Rh-CO 

P R 

. , 
P -l+ 



C atom resonates at 6 304 ppm. The activity of this catalytic system is very high 
with turnover number; up to 54000 h -’ for C2H, at 120°C and 40bar CO-Hz, 
but 11: i ratios were only of the older of 2-3 : 1. A study of the effect of different 
phosphines shows that alcohols are only produced using tris( primaryalkyl)phos- 
phines, whereas acetals are the major products if PPh3 or no phosphine is present, 
and PiPr3 promotes the formation of aldehydes. Catalysts for these studies were 
piepared ia situ from [Rh,(OAc),] and the phosphine [ 81. 

Gaseous H2 and CO can be replaced by paraformaldehyde in hydroformylation 
reactions using trialkylphosphine complexes such as [ RhH2(02COH)( P’Pr,)J as 
catalyst precursors ( Eq. (29)) [ 551. 

AA/ 
C~H,3CHO+C6H,3CH30H 

[RhHa(O~COH)(PiPrJ)a] (67%) (4%) 

+KH@),, 12O"C,20h,'I'HF +C6H,3C02CH3+C6H,~ (30) 

(1396) (3%) 

The overall conversion using PiPr3 was 100%. However, when using PPh,-derived 
catalysts the yield was virtually 0%. A rise in temperature to 150°C caused an 
increase in formation of alcohols and esters, at the expense of aldehydes. When using 

Ht3CH0 as substrate, instead of hex-1.ene, then alcohols an esters were again 
rmed. This suggests that at least one pathway to making coh& and esters 

involves the disproportionation of the aldehyde lly formed [ 55]. 
plexes, such as [RhH( N,)L,] (L = PtJ3uJ, PiPrj). HzWNZ: )( PCYJ h 
(L = PiPr3, PEt,), are also active catalysts for hyd mylation using paraformlde- 

idaphssphinerhsdi~~~~~ compounds, The best pl~~~~~~~~~ ned the 
,_,,(eyclo)alky oups and it was stipulottcd that the CI sl~~~~~~i 

e 15% 17 1”; 88%) conversi and 98O/o selwctiv were achieved, 2-metlslylbutantll 
d in 32: 1 ratio over other products 91, With unsymmetrict~l immnl 
roducts are observed. There is no idence for formation of 

product as a result of isomerisation of the alkene prior hydroformylati 
hydroformylation of hex-2- ene in ethanol using [ RhH (P .&I as catalyst precursor 

‘xture of 2-methylhexanol and 2-ethy ut no heptanol [81. 
he catalyst precursor [Rh(OAc)(eod 2 moditied with P%us or PCy,. it 

was possible to hydroformylate cyclohexene under relatively mild conditions 
( lo=-20 bar, 70- 9O’C) [ 1301. Owing to the symmetry of the substrate, only one 
product, cyelohexanal, was formed. Rates were similar to that obtained with PPhJ, 
but sluggish compared with those with bulky triarylphosphines. [RhCl(CO)( PCy&] 
has also been used for the hydroformylation of indene in 93% yield, as in 
[131-J. 



Trialkylphosphine rhodium complexes are the preferred catalysts for the hydrofor- 
mylation of 2- substituted alkenes [ 130,132]. For example, using [Rh(QAc)(cod)12 
and 2-meth!rlhex-1-ene as substrate, only the terminal C atom was functionalised 
because, for steric reasons, anti-Markownikoff addition of the Rh-H bond across 
the double bond to give the primary alkyl intermediate is very much preferred over 
Markownikoff addition to give the tertiary alkyl rhodium complex [ 1301. With 

Rh(acac)( )J and highly hindered tricycloalkylphosphines (ring size 3-14 
C atoms), aldehydes dnd alcohols could be made in ca. 2 1 ‘“/s yield. This was compared 
with 0.3% when using PPh3 [ 1321. 

he first step of a four step procedure to convert 2-methylbutene to 
droxymethyl-2,3-dimethylpentan-l-01 [ 1331 (a useful synthon in the pharma- 

ceutical industry for the production of carbamates, which find applications as tran- 
quilizers :lnd anti-hypertensives), involved the hydroformylation of 2=methylbut- 

[ R h( 2-ethyl hcxanoatc)3 in the presence of 3. The product was 
( 1. OO”h conversi 9 939; selectivity), forcing conditions 

50 bar, 130 “c) were cmplsycd. 
point substrates, such as nsaturatcd fatty acids ( 16 to 18 carbon 

ten l~ydr~formyl~~ted usin a soluble rhodiu compound such lis 
G)(ca)J in the prcscnc phosphincs 6 134] he phosphines used 

were unusual in the fact that ?ho ps on each ~l~os~l~i~~~ contuincd u total 
atoms (c’ 

c~~~v~rsi~~~~ WQS hi 

(32) 



Since trialkylphosphine rhodium complexes can catalyse the Airettt formation of 
alcohols (see Section 11.1) it is attractive for them to be used in the synthesis of 
butane-1,4-diol since this will allow the reaction to be carried out in one pot and 
eliminate the intermediate 4hydroxybutanal which may be susceptible to aldol 
condensation and internal acetal formation. The presence of the alcohol function in 
the substra;e means that alcohols rather than aldehydes may be the products even 
in aromatic solvents. 

Patents cover the use of rhodium carbonyl complexes with a wide variety of 
phosphines for the hydrocarbonylation of prop-2-en-l-01 [ 137,138-J. The phosphines 
that gave the best results were trialkylphosphines. Typical results are shown in 
Eq. (33). 

(33) 

Substituted ally1 alcohols (e.g. HOCW2 H ==CMeJ were only hydroformylated in 
w yield, but without any isomerisati ydroxyaldehydes can also be 

d in high yield using related catalysts RhW(CO)( PRJ)J (R = l3u or 
P 39,140). The 11: i ratios in these reacti e as high as 28 : 1, but in these 
the overall yields are disappointing. Higher boiling point products can account 

for as much as half of the product stream [ 140 J. 
R~ently, detailed studies have been reported on 1 hc l~ydrocarbonylation of prop- 

2-en- 1 001 us [ RhJOAc and PE1, as catalyst precursors [ “128 1. 11~ et halWl iil 
120 “C tt nd h H2 CO bar), thd\ major products IWC its sh0w11 in Eq. (34 ). 

This product distribution is of importance since the major branched chain product 
is not 2-methylpropan-1,3-diol but rather 2-~~~cthylprop;~n-f -ok The latter can be 
much more easily separated from 1.4.butunediol since their boiling points are sepa- 
rated by more than 120 (’ Studies lmder a variety of dif?‘erent conditions show that 
the primary reaction pr ucts are 1,4=butanediol, produced by a mechanism anam 
logous to that shown in Fig. 8, and 2-methylpropanal, which is subsequently 1 

(using CO -- l& in EtBH, UF-- 
to study the mechanism of the formation 
ex mixtures of multiply labelled products 
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are formed, which require special ‘jC( ‘H, 2D> NMR techniques for full quantitative 
analysis [ 1411, the mechanism proposed in Fig. 12 is fully consistent with the 
observed results. Changes in the H/D content of the solvent OH/D make quantitative 
analysis difficult, but it was possible to calculate a primary kinetic isotope effect of 4 
for the isomerisation of the vinyl alcohol to 2-methylpropanal. This is similar to 
values that have been obtained for related isomerisations using acid, base [ 1421 or 
metal complex catalysts [ 1431. 

1,4=Butanediol can also be obtained (after hydrogenation) from the hydroformyla- 
tion of cyclic acetals of CH2 -CHCHO (with 1,3-diols) using Co or Rh trialkylphos- 

t c +CQ 
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phine complexes [ 1441 s or in up to 69% yield from prop-2-en- l-01 using 
[Rh(acac)(CO)J, PRJ, (R = Me, Et. Bu, Oc) and a carbonitrile solvent of the general 
formula R’CHzCH2CH2CN (R’ = H or a hydrocarbyl group) [ 1453. 

Propenyl ethers ( ROCH2CH===CH2, R = Ph, Et or propenyl) can be hydrokw 
mylated using [Rh,(OAc),]- PEt, in ethanol [28]. The major products are 
4-hydroxybutyl ethers, 2-methylpropan-l-01 and the alcohol (ROH), although for 
dipropenylether, 1,4=butanediol is also formed, presumably from the prop-2-en-l-01 
released. It is assumed that the products are formed in an analogous fashion to those 
from prop-2-en-l-o1 in the same system (Figs. 10 and 12) except that the alcohol 
rather than water is lost from the hydroxycarbene intermediate analogous to that 
shown in Fig. 12. Small amounts of butanol are also obtained from this reaction. 
Using 3-butene-l-01 as substrate, the same catalyst system produces largely the diols, 
1,Spentanediol and 2-methylbutanediol. In this case there is 1::) driving force of 
conjugation assisting any dehydration reaction [ 281. 

Vinyl ethers give 1: 1 ratios of 2, and 3.alkoxypropanals on hydroformylation 
using rhodium carbonyls in the presence of PBu3 [ 1461 whilst vinyl esters also give 
the expected linear and branched products [ 1471. Interestingly, the branched chain 
products predominate, as the rhodium trialkyl phosphine complexes are especially 
active for the degradation of the straight chain product by the process shown in 

q. (35) [147-J. 

(35) 

A process for the hydroformylation of 2-methylbut-l-en-4-ol used a catalyst pre- 
pared in situ from a rhodium complex and various phosphines, includit u3 and 
PCy,. Yields of 2=hydroxy-4-methyltetrahydropyran were 85-9W-L The let was 
then reduced usin a s&table hyd enation catalyst to 
pentane- 1 Sdiol, wh h h&s been used in c production of polyuret 

which are srmilar to vinyl compounds, have been l~ydrof~r~~~ylatcd to 
e oxide is converted to l,3-propanediol in 28% yi 

and 100 bar in the presence of HI and 

and PBu3 or P vinyl chloride can be converted to 
2-chloropropanal in 12--14% yield and 81.5-83.1% selectivity (the best phosphine 
employed was triphenylphosphine, giving 29.5% yield and 88.4% selectivity) [ 150 

12. Production of I ,Zethanedisl from C 2 with or without formaldehy 

here has been considerable interest in discovering new routes to 1,2-ethanediol, 
which i(s currently produced from ethene, an oil-based feedstock, especially by the 
homogeneous hydrogenation of carbon monoxide or hydroformylation of formalde- 
hyde. Methanol is often a major by-product in these reactions, 1,2=ethanediol is 



useful as a starting material for polyester fibres and organic solvents, or as a low 
volatility antifreezing agent. 

The first reported synthesis of 1,2-ethanediol using rhodium-phosphine system5 
was via the hydroformylation of formaldehyde. 2-hydroxyethanal was the final pro- 
duct ( Eq. ( 36)), which could easily be hydrogenated to 1,2-ethanediol [ 15 11. 

(33) 



CO 
H-M - - HCO-M \ 

H-M 
A CH++M-M 

H-M+CHzO _ NHOCHz-M - H-M CHIOH 

11 
+M-M 

CO 
H-M HOCHKHO HOCHzCO-M - +M-M- 

M-M + I-I2 _- 2H-M 

Fig. 13. Proposed mechanism for the production of methanol and/or 1,2-ethanediol from CO and Hz 
catalysed by [RhCl(CO)(PR,),]. M = [Rh(CO),PRJ, R = Bu, ‘Pr, Cy or Ph [ 1611. 

P(CO)$h + 
I 

Rh(CO)zP 

P(CO),Rh 
a I-1 0 

Fig. 14. Possible mechanism for the formation of the crucial formyl intermediate during the cntalytic 
hydrogenation of CO catalysed by [RhCl(CO)P,]. P = PBuJ, P’PrJ, PCyJ or PP&. 

P, P = PiPr3 or P[c-C5 ,13), a strong i.r. absorption at 1959-4960 cm-l was 
The rhodium complexes formed were isolated and found to be 

3P]2. These complexes could be used as the starting catalysts and the 
librium was thought to exist at ambient temperatures 
RhH(CC&P] in the catalytic system [ lS9]. A 

Rh : phssphine ratio of 1: 1 was the best for bulky phosphines [ 1601. This also 
t the active species contains only one PR3 group. 

counts for the catalytic activity of both 

Formaldehyde formati , and the reductive 
~liminatiaria all result in binucleur produc 

formyl intermediate [ 1 

electron donating trialkylphosphines, the promoting effect of the phosphine may 
involve increasing the rate of intermolecular hydride transfer. The observation of the 
two species, [Rh(CO)3PRJ]z and [HRh(CQ),PR,] in the catalytic system makes it 

to speculate that the formyl intermediate mi ht be formed as in Fi 

dition of aldnhydes to substsrlrtes 

The addition of formaldehyde across double bonds has already been discussed in 
Section 11 .l. In a related reaction, five-membered cyclic ketones can be prepared 



, 15. Organic intermediates in the formtion of 2-othylhexanol from butanol via the Guerbet rewtitirr 
[ 168,169)+ 

from unsaturated aldefqdes by an intramolecular cyclisation reaction (Eq. (37)) 
167-J. 
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tricyclohexylphosphine is one of the most active promoters for the hydrosilation of 
terminal alkenes [ 1 73,17419 dienes [ 1743 or alkynes [ 1741, additionally it shows 
greater selectivity towards addition of the silicon atom to the terminal C atom of 
hex-1-ene or act-1-ene. With dienes, or alkynes, selective (60-70%) formation of 
monoene silanes is observed. The reaction of hex-1-yne was investigated in some 
detail and sampled at periods during the 8 h reaction. The 2 : E ratio was always 
close to 1:l. 

Since most catalysts give a product that is predominantly E, due to cis addition 
of the hydrogen atom and silyl group (mixtures of 2 and E products from rhodium 
catalysts have precedents in the literature) [ 175,176], the authors propose two 
possible explanations. Either addition is not stereospecific, or slow stereospecific 
addition takes place followed by rapid isomerisation. Other rhodium catalysts, 
however, show only slow Z/E isomerisation for alkenes [ 1751763. Cyclic or acyclic 
ketones can also be hydrosilated with greater than 70% selectivity using catalvsts r 
based on PCy, [ 174) or PBuJ [ 1771. 

3-aminoprop-l-ene has also been used as a substrate for hydrosilation reactions 
at 120°C in the presence of [ RhCl(cod)], and PEt, [ 178,179]. Yields are of the 
order of 75% and the selectivity towards the terminal product is hig&ier using PEt, 
(55 : 1) than using PPh3 (24: 1). 

Under near U.V. irradiation, hydrosilylation occurred between [( CH& SiH]20 and 
[H#?===CHSi(CH3)2]0, when exposed to air [180]. The reaction used a 
Rh ( I ) - PBu j-based process, rhodium being introduced as RhClj* 3H@ or 
[Rh Q)JJ. The reaction was aided by the prsence of air or an oxidising a 
which presumably allows the formation of the phosphine oxide, which might then 
weakly stabilise th but readily create a vacant site. 
111 the presence of )( IFMe,),], toluene can be sil 

s, but with little selectivity 

Rhodium-based catalysts have been employed to react secondary wlcohols or 
ketones with silunes & 18 ]. The aim of the work was to make trifumtisnal silanes 
with different substituen to induce chirality. The first step of the method was to 
USC a rhodium catalyst to obtain monosubstitution on the silane ( 

a-napht hyl ). 

RSi ‘Pr 
1 : 1 

i(0iPr)#2 -+= RSi( 
36% 64% 

(40) 

A chiral silane was produced, but it failed to give any significant chirality in the 
products obtained from hydrosilation reactions attempted with it. 

has been used to form aldehydes and ketones from benzoyl- 
ce of triethylsilane 1831. Yields of 27% ketone (e.g. benzo- 

phenonc from benzoyl chloride) and 4% aldehyde were produced. 



Although water can be added across the double bonds of alkenes in acid- 
catalysed reactions, the products are invariably formed by Markownikoff addition, 
so that secondary alcohols, rather than the more commercially valuable primary 
alcohols, are produced. As yet, there have been no reproducible examples of the use 
of metal-based catalysts for the hydration of alkenes, so that there is no simple 
method for the direct production of terminal alcohols from the addition of water 
across the double bond. One indirect method that has received extensive study is 
the ~~ydro~~oratioll of alkenes followed by oxidation of the borane so formed using 

en peroxide. Often, the borane used in the hydroboration reaction 
e and both straight chain and branched chain products can be 

produced. Small amounts of hydrogenation of the alkene sometimes occur, and the 
metal-based catalysts sometimes act to degrade the catacholborane to give first IN& 
and then trialkylboranes obtained from the addition of each of the B-H bonds of 
BH3 across the double bond g. (41)). Some of the most effective hydroboration 
eatalysls are triphenylphosphi complexes of rhodium [ lc) but rhodium trialkyl- 

nd active catalysts for the 
linear: branched ratio of 90: 1, with 10% 

ht chain product and only 

~o~~d~ti~~l~s~ t\rc i\II 



and aniline. For R =t Ph, 21 catalytic turnovers were observed with the 
hydroamination product being obtained in b Y4 yield. The linear: branched ratio 
for the hydroamination prodcicts was 1: 6, Sthough there is %:)rne evidence that the 
linear product arises from an uncatalyscd reaction. For m( = Bu, only brar ched 
products were observed, but 85% of the product wac. the oxidative hydroamination 
product [ 1861. Interestingly, when norbornei:e is used as the substrate, the slow 
catalytic reaction (25 turnovers, 70 “C, 12 days) only gives small amounts (33%) of 
the expected hydroamination product. The main product is formed by addition of 
an s&o-C-H bond of the phenyl ring of aniline across the double bond. Using 
diphenylarnine in place of aniline, the product from C-H activation is exclusively 
observed [ 1871. 

The addition of CBrCl, to double bonds generally occurs uitl a free radical 
mechanism. However, it has been shown [ lSS] that a more classical oxidative 
addition/insertion pathway is follows if [RhCl(CO)( PMe,)J is used as catalyst. 

r(CC13)Cl(CO)(PMe3),] has been isolated and shown to be as active as 
l(CO)( PMe3 r~. 

telarneriszrtion reactions 

111 t hc rlhsQlllce 0 ht [RhCl(C$)( PMe&J cutulyscs the dimerisution of alkynes 
as !hWll in Ey. (4 189 l!Xq. 

37?6 63% 
'BU 160% 0% 
Pk 0% 100% 
MtKK$H* 0% lQO% 

Me?lC=CH(CM%)~CMe=CH(CH~)~CM~(~~l) 100% 0% 

(44 

The eh’ect of phosphinc Ii and on the linear : brawhed ratio in the dimcrisation 
reaction has been explained [ 1933. Thus, electron donating ligands, such as PBu3, 
promote the formation of linear dimers unless they are very bulky (e.g. PCy,), in 
which cast the branched product is favoured as a result of ,stcric hindrance. 

When this reaction is carried out under illumination with U.V. light, the C-- H 
bonds of benzene are activated preferentially and substitute J styrenes arc formed 



R= Pr 68% 14% 
‘BU 48% 10% 
Ph 0% 90% 
MeO&H, 0% 95% 

(43) 

[RhCl( PMe&J also catalyses the dimerisation of methylvinylketone (Eq. (44)) 
[194,195-J. 

The catalytic addition of carbenes, generated in situ from diazoalkanes, to alkenes 
gives longer chain alkenes rather than cyclopropanes, which might have been 

RR’C===CHCH2R” (45) 

Turnover numbers can be as hi 15, For example 9-diazofluorene can be 
h ethene, propene or styrene. phenyldiazomethane can be coupled with 

iphcnylpropec 2. 

the polymerisation of 

lkynes and ethene can be coupled and carbonylated over a rhodium-trialkylphas- 
st Ha as the hydra 
k 
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If an alcohol is employed as the hydrogen source, then the reaction changes to 
give the unsaturated cyclic lactone shown in Eq. (48). Further reduction via transfer 
hydrogenation to give a pcaprolactone (also shown in Eq. (48)) can occur. 

A systematic study on the effects of different phosphines on the system was 
undertaken. The system comprised [ Rh,(CO),,] and phosphine in a secondary 
alcohol. More basic phosphines (than PPh3) reduced the activity of the catalyst 
(PEt, gave 18 turnovers (Rh atom)” h” I, PPh3 gave 108 turnovers (Rh atom)” h’ 1 
and also suppressed the secondary hydrogenation step. PEt, gave a ratio of 
furanone : lacto:le of 8 : 1, whilst for PPhj the ratio was 1: 107). The mechanism 
shown in Fig. 16 has been proposed [ 1991. 

COz reacts with butadiene in the presence of a rhodium-phosphine system to 
produce the furanone, possibly by the mechanism shown in Fig, 17. 
[Rh(acac)(CHz=CHz)J in the presence of PEt, proved to be the best catalyst for 
the transformation [ 2065 The only problem with the mechanism shown in Fig. 17 
is that for rhodium to be in the usual +3 oxidation state, L must be anionic. The 
only anionic li and present is acac, but the 18e’ rule requires that it must only be 
unidentate, a most unusual coordination mode for acac. 

16. Summary 

om the results escribed above, it is clear that trialkylphosphine complexes of 
rhodium have si nificant potential in a variety of horns encously catalysed processes, 

Et 

Fig. 16. Proposed mechanism for the condensation of ethene with alkyncs and CO in the presence of 
20methylpropan-l-01 catalysed by [Rh4(CO),2]-PR3. [Rh] = Rh(CQz(PR3), R = Et or Ph 61983. 



Fig, 17. Proposed mechanism for the condensation of 1,3-butadiene with CO2 in the presence of a 
entuiyst prepared irt siru from ~Rhtacnc)~C,W~,),~ and PEt, [ 199). 

particularly when sxidativc addition (sometimes ST difkult substrate:) is a key step 
in the catalytic prscess. As yet, no processes based on these types of catalyst have 
been cemmercialised, but with the different activities and select 
dxerved, ~418 since tlrere is ificant industrial experience in hardi 
systems containin ghincs, it seems unlikdy that this sta 
eantinue for very 



thf tetrahydrofuran 
CP $-cyclopentadienyl 
cat catecholate 
nbd norbornadiene 
Bu butyl 
Ph phenyl 
i.r. infra-red 
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