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1. Hydroformylation 

1.1. Homogeneous ,2vstems 

1.1.1. Cobalt catalysts 
The catalytic activity of Co2(CO)6(L) 2 complexes (L=P(CH2CHzCN)3, 

P(CHaCHaCOzCH3)3, P(CH2CH2CH2OCH3)3 and P(CH2CH2CH2OCH2CH3)3) in 
hydroformylati01~ of 1-hexene and propene was tested. The influence of solvent, 
reaction temperature, carbon monoxide partial pressure, and excess of free phosphine 
in solution on the chemo- and regiose!ectivity of the reaction was investigated and 
the results were compared with those obtained when using C02(CO)s or 
Co2(CO)6(PBu3) 2 as the catalyst precursors [I ]. 

Hydroformylation of 1-0ctenc in the presence of a heteronuclear C02Ni 
complex and of alkylidenecarbonyl cobalt clusters Coa(CO)9(I.~3-CR) (R = H, Me, 
Ph, COzMe, CO2Et, CO~Pr, CO~Bu, C1, Br, OMe) and their triphenylphosphine 
derivatives has been studied, The nature of the catalytically active sites and their 
formation and transformation during the reaction have been established by infi'ared 
spectroscopy [2]. The catalytic activity of the tricobait cluster complex 1 in hydrofor- 
mylation of 1-hexene was examined at 120 C and 80bar CO:H2= l:l in toluene 
( R = H )  and in polyethylene glycol (R =CH2CHe(OCH2CH2)9OH ) as the solvent. 

(~R 
RO,,,. si.OR 

t c.., 
(CO)3C<"~/00(00)3 

Co(COl 3 

(R = H, CH2CH2(OCIJ~CH2)9OH 

High conversion (up to 99.9%) and high aldehyd,,, selectivity (up to 95%) was 
achieved, h: the latter case the hydroformylation is performed under two-phase 
conditions. The addition of phosphanes was found tO improve the regioseiectivity 
[3]. Group 13 heterosiloxanes [Co3(COLCSiO3E" TH F]a ( E = AI, Ga, In) were tested 
as catalysts in I-hexene hydrofbrmylation at 120 C and 70 bar CO:H2= t:1. The 
A1- and Ga-containing heterosiloxanes show a better hydroformylation activity 
compared to the In analog [4]. 

The Shell hydroformylation process for the production of aliphatic alcohols used 
in detergent production was described [5]. 

The mechanism of olefin hydroformylation in the presence of a cobalt carbon- 
yl-pyridine complex as a catalyst precursor was studied using infi'ared spectroscopy 
[6]. The kinetics of hydroformylation of propylene tetramers in the presence of the 
catalyst precursors Cox(CO)a, Co2(CO)8/tri!aurilpbosphine, and a pyridine cobalt 
carbonyl complex were studied. A good agreement between the model proposed and 
experimental data was shown [7]. 

The importance of the macromolecule-metaI complex interactions and the 
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design of appropriate catalyst systems was illustrated among others for tb~e 
hydrofonnylation/hydroxymethytation of a number of polymers [8]. 

A theoretical study based on density functional theory was carried out on the 
reaction pathways leading to acetaldehyde and ethanol formation from the hydrogen- 
ation of the coordinatively unsaturated acetylcobalt tricarbonyt complex. It was 
found that, in the Hz-induced aceta|dehyde elimination reaction, the energy' barrier 
for the oxidative addition/reductive elimination process is only 36.3 kJ tool- 1 The 
production of ethanol from hydrogenatio-:l of acetaldehyde through a hydroxymethyl 
intermediate has an energy barrier of 42.3 kJ mol-l .  It was concluded that the 
catalytic generation of alcohols does not proceed via the formation of a hydroxy- 
carbene intermediate but rather through furHler hydrogenation of the aldehyde 
molecules [9]. 

1.1.2. Rhodium catalysts 
2H NMR investigation of the products of" the rhodium-catalyzed deutero[brmyla- 

tion of 1,l-diphenylethene obtained at partial substrate conversion (t 5 and 34%) at 
I00 C and 100 bar CO:D2 = 1:1 has shown the formation of monodeuterated olefin 
l,l-dipheny!ethene-2-d I and the labeled normal aldehyde arising from this substrate 
in addition to the expected diphenylpropanal-l,3-da. These results demonstrate that 
a tertiary atkyl-rhodium intermediate is formed, under hydroformylation conditions, 
in a larger amount than the normal isomer, but it undergoes ~3-hydride elimination 
only, without formation of the branched aldehyde [I0]. 

High ~.-regioselectivity was found in the rhodium-catalyzed hydroformylation of 
vinylpyrroles leading mainly to the branched aldehyde isomer in moderate to good 
yield [ I 1 ]. 

The influence of alkyl substituents in 1-alkene substrates in the rhodium-catalyzed 
hydroformylation in the presence of tris(2-wrt-butyl-4-methylphenyl) phosphite was 
studied and compared with that observed for the reaction involving the triphet~ytpbo- 
sphine-modified catalyst. Under mild conditior, s (70 C,  20 bar CO:H,= t : I )  the 
rates are only slightly affected by the alkyl substituents. The seiectivity towards the 
linear aldehyde increases progressively with substitution, from 66% for 1-octeiae up 
to 100% for 3,3-dimethyl-l-butene [12]. 

Hydroformylation of l-octene and styrene was studied usii~g [Rh(CO)2acac ] with 
bulky diphosphite ligands such as 2 or 3 as catalyst precursor. For styrene the 
product selectivity was found to depend strongly on the reaction temperature. Thus, 
a branched to normal ratio of 19 was found for ligand 2 at 40 C versus a branched 
to normal ratio of 0.t9 for ligand 3 (R='Bu,  R ' = H )  at 120 C. A bulky and 
bisequatorially coordinating diphosphite is required to obtain a high regiosetectivity 
t\~r linear aldehydes, while flexible diphosphites or eqt:atoriN!y-axiaiiy coordinating 
diphosphites lead to an enhancement of the branched aldehydes [t3]. 

A new catalytic system for one-step oxosynthesis of octanol from l-heptene was 
described. Rh2(OAc} 4 and [Rh(NH3)5Ct]CI2 with a tertiary phosphine were i~nnd 
to be elfective catalyst precursors for 1-heptene hydrofo~anylation to give octanot. 
The effect of various parameters on the reaction was studied and optimum vatues 
were determined. When an autoclave is charged at 120'C for 24 h with i-heptene 
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© CO/H2 {1:1} 120 bar ~ @ 

Rh4(CO)12, benzene, 40 °C 

" ~ C H O  

© 
L,...,f CHO 

97 : 3 

CO/N2 {1:1 ) 120 bar ~ C H O  
Rh4(00}12, benzene, 40 °C "~ + CliO 

I i 
H H H 

94 : 6 

'•CHO _CHO 

FIh4(CO)12, benzene, 40 ~C- + . 
I I I 
H H H 

94 : 6 

,Bo.r.q.,0o 
.. O 

tBu ~IB u tBu~tBu 

2 

, , , . , L  , . ~  R =tBu; R'=H 

~-'-o..~..o %~.o.-'%Z,,,-,' 
[ ~ o "  "oh/. ~ 



f l  g_htgv&3" / Coordinathm C7wmist~ T Reviews 167 (1997) 233 260 237 

(2mL), Rh2(OAc)4 ( i l  rag), ethanol (8 mL) and tributylphosphine (P:Rh molar 
ratio = 4:1 ) under syngas pressure of 50 bar (H2:CO = 2:1), it gives an alcohol yield 
of above 95% with n-octanol/Ls'ooctanoi ratio up to 2.0:1 [14]. 

Styrene hydroformytation was found to be catalyzed by Rh(aeac)(CO)2 in the 
presence of 4 equiv, of the ligands 4-6 at 80 :C and 6 bar of syngas to yield both 
normal and branched aldehydes. The regioselecdvity of the hydroformylation is: 
branched/normal ~2 for ligand 4, and a branched/normal ~4 for ligand 5 and 
6 [151. 

M8 

~ OAc 
/ ~ P P h 2  

~ - - - P P h  2 N.--PPh 
Pl'n2 ,~le 

'(.,.~f,,N~'PPh2 

4 5 6 

Rhodium carbonyl [Rh6(CO)~6] and tricyclohexylphosphine, in the presence of 
CO and HCOOH, was found to be an efficient cataiytic system for the regioselective 
conversion of atkenes containing a variety of functional groups, into branched and 
linear aldehydes at 50 ~:C in 1,2-dimethoxyethane solution [16]. 

The kinetics of hydroformylation of styrene were studied using the rhodium- 
complex Rh(COICI(TPP) 2 (TPP= 1,2,5-triphenyl-lH-phospho!e (7)) as a catalyst 
precursor. The rate of hydroformylation was found to be first order in styrene, 
Rh(COICI(TPP) 2 and partial pressure of dihydrogen, and negative first order in 
partial pressurc of carbon monoxide. The reaction orders are consistent with a 
mechmlism including dissociation of carbon monoxide from Rh(CO)CI( TPP)a com- 
plex formed outside the catalytic cycle during an induction period, leading to a 
!4-electron acylrhedium inlermediate RCORh(TPP) 2 and the rate :{etermining 
hydrogenolysis of the latter complex [ 17]. 

ph..X.%.p. 
I 
Ph 

The rhodium-phosphine complex catalyst Rh(CO}(acac)PPh 3 for t-hexene hydro- 
formylation was studied at 10 bar CO/H2= 1 and 25-i20 C by in situ ~H-NMR 
spectroscopy. The formation of a rhodium hydride complex was observed at room 
temperature from the precursor rhodium complex. "t-his intermediate complex began 
to decompose m 100C and disappeared completely at I20 C. The observed hydro- 
formylation activity was proportional with the hydride signal of the intermediate 
complex [ t 8]. 

Nove!, chiral, aza-l~-crown-5-containing phosohite iigands suct~ as 8 were 
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synthesized and characterized m~d used as ligands in rhodium-catalyzed hydro- 
formylation of atkenamides and styrene [19]. 

RCH2-,~ ~O L-~....,-CHeR 
;P-- 0"-" (CH2)3-- O--P( ~ (RH = aza-,S-crown-5) 

RCH/~O 0 CH2R 

8 

Rhodium-catalyzed hydroformylation of 9 with Hz/CO was found to give 
hexahydropyrrolo- and hexahydropyrido-[2A-b]quinazolines, e.g. 10. Reactions of" 
N-atlyl derivatives give a single regioisomer, and reactions of but-3-enyl analogs 
give mixtures of pyrrolo and pyrido derivatives [20]. 

L~I~CH2NH(CH2)nCR=CH2 Me; n = 1, 2) ~L"~-~ I ~  NH 2 (R=H,  ~ . , , ~  R 

9 10 

Hydroformylation of unsaturated alcohols catalyzed by Rh(CO)2(acac) modified 
with different phosphorus Iigands was studied. The hydroformyIation of 3- 
buten-2-ol, 1-octen-3-ol and 5-hexen-l-ol at 60 and 80 "C under 10 bar of H2/CO = 1 
give as main products 2-hydroxy-methyltetrahydrofuran, 2-hydroxy- 
5-pentyttetrahydrofuran and hydroxy aldehydes (7-hydroxyheptanal+2-methyl- 
6-hydroxyhexanat), respectively. The highest catalytic activity was found in systems 
modified with Ph2P(CH2)4PPhz and P(O-m-MeC6H4)3 [21]. 

A novel efficient synthesis of three important phaz~aceuticals: Fenpiprane ( 11 ), 
Diisopromine (12) and Tolpropamine (13), starting from simple 1,1-diarylethenes 
has been described. The substrates undergo rhodimn-cataiyzed hydroformylation 
with high selectivity to 3,3-diarylpropanals which were easily transformed to the 
corresponding tertiary amines by platinum-catalyzed reductive amination according 
to literature procedures in 80-85% yield [22]. 

11 12 13 

Poly(4..vinyipyridine)rhodium complex catalysts were used as catalysts for olefin 
hydrofomlytation [231. Investigations by in situ FT-IR, 1H- and IH131p}-NMR 
spectroscopy have shown that an unusual two-nucleus rhodium(ll) complex 
rac-[Rh2H2(p-CO)2(CO)2(et,ph-P4)][BF4]a (et,ph-P4 = Et2PCH2CH2P (Ph)CHzP(Ph) 
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-CHzCHaPEtz) is the catalytically active species in a~_kene hydroformylation using 
rac-[Rha(NBD)a(et,ph-P4)][BF4]: as catalyst precursor [24,25]. 

A rhodium diphosphine catalyst 14 containing electron withdrawing substituents 
on the tigand was found to be highly regioselective in the hydroformytation of 
vinylarenes giving high branched/linear product ratios [26]. 

COIH2 ao bar, 55 °Cm. CHO 

14, benzene., 24h . , . f ~ , . , ~  + 
100% con,#. 

i 9  : t 

C6F5~, tCeF5 

",,R~J 
C,F~ \C,F, 

14 

Highly regioselective rhodium-catalyzed hydroformy!ation under mild conditions 
with new classes of n-acceptor ligands I5-22 has been reported. For example: using 
0.357M Rh(CO)2(acac) and 2! in 1:2 molar ratio in toluene at 2 0 C  at~.d 50 bar 
CO~Ha = t, 98% conversion of styrene in 22 h resulted in 24.8:I = branched:linear 
aldehydes [27]. 

Factors controlling the selectivity for aldehyde formation in a new rhodium -phos- 
phine oxide ReN(CHa),,P(O)R~ (R'=Ph.  eycIohexyl; n=0,!,2,3: R=Me, Et, 
MeaCH or RaN = pyridyl) system has been investigated, it was found that: tigands 
having bulkier amino groups decrease the yield of ~he aldehyde slightly, ligands 
having amino groups with low basicity decrease the rate of the hydroformylation 
dramatically, the electronic properties of the phosphine oxide group have no influ- 
ence on the hydroformylation reaction, and uncoordinati~g solvents of low polarity 
such as dichloromethane, chloroform and toluene, gave the best reaction rate and 
selectivity. Spectroscopic investigation of the hydroformyla~,ion of styrene catalyzed 
by rhodium with ligand RhaP(O)CHaNMea has shown that the ligand is coordinated 
by the amino and the phosphine oxide groups under i bar CO-Ha and only by the 
amino group under 40 bar CO--Ha [28]. 

The rhodium-catalyzed hydroformylation of higher alkenes was studied using 
novel amphiphilic diphosphines 22-26. With l-octane at 80~C and 20bar 
CO:Ha= 1 in toluene, high normal:branched ratios (up to 51:1) were found with 
6-8% of isomerized octenes. The rate of hydrofbrmyiation using 23-26 was found 
to be first order and approximately first order, respectively, in rhodium and l-octene 
concentration. The order in carbon monoxide pressure is negative and that in 
dihydrogen pressure slightly negative. The recovery of ti~e catalyst was also 
studied [29]. 
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Rhodium complexes with the phosphite ligands 27 and 28 were found to catalyze 
the hydroformyiation of cyclohexene with average turnover frequencies of 428 and 
344 mol/moi h, respectively, over 4 h at 60 °C and 20 bar CO-Hz [30]. 

OP(OPh) 2 

27 28 

Effects of concentration and aryl conjugation on regiosetectivity of hydroformyla- 
tion of 1-dodecene and terminal olefins containing an aromatic substituent in the 
presence of rhodium(II bis(triphenylphosphite)acetytacetonate were studied [31]. 
The applicability of acetylcetlulose, polysulfonamide, potyamide and tetrafluoroeth- 
ylene-vinylidene fluoride copolymer based membranes was studied in separation of 
homogeneous rhodium hydroformylation catalysts. It was Ibund that rhodium com- 
plexes with phosphinated polybutadiene can be separated using polysulfenamide 
membranes. The catalytic properties of the rhodium complexes do not change after 
six operation cycles [32]. The stability of rhodium carbonyl catalysts modified by 
triphenylphosphine was studied under hydro)blTnylation conditions and the role of 
rhodium phosphidocarbonyl clusters in deactivation of the catalyst was examined 
[33]. 

Technology and apparatus for hydroformyiation of C4-C, o]efins in the presence 
of a modified rhodium carbonyi catalyst has been described. The negative influence 
of acetylene, dienes, carbon dioxide, oxygen and iron pentacarbonyI has been 
observed [ 34]. Oxidative regeneration of triphenylphosphine-modified rhodium cata- 
lysts for olefin hydroformylation by air was studied [35]. A catalyst obtained from 
(acetylacetonato)dicarbony|rhodium and tris(p-nonylphenyt)ph,~sphite was studied 
in the hydroforlnylation of t-hexene by tR and NMR spectroscopy. It was found 
that the catalyst is deactivated by hydrolysis and oxidation of the phosphite Iigand 
[36]. Carbonyl-rhodium complexes formed during formaldehyde hydroformyiation 
under synthesis-gas pressure in N. Nodimethylacetamide were investigated by infrared 
spectroscopy [37]. Hydroformytation with extremely low levels of rhodium has 
been applied for the highly selective, high turnover process for the production of 
isovaleraIdehyde [38], 

Asymmetric hydroformyiation of styrene using [Rh(p-OMe)(COD)] complex with 
(+)-BDPP (29) as the chirai auxiliary tigand was studied. The enantiomeric excess 
of (S)-2-phenyt-propanat observed heavily depends on the excess of diphosphine 
used and enantiomeric excesses up to 60% are achieved [39]. 

Asymmetric hydroformyiation of conjugated dienes such as l-vinyieyclob, exene. 
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"V'Y 
PPh 2 PPh2 

29 

(E)-t-phenylbuta°l,3°diene and 4-methylpenta-!,3-diene using (R,S)-BINAPHOS- 
rhodium(I ) complexes ((R,S)-BINAPHOS =30,L as catalysts was found to give opti- 
cally active IS,y-unsaturated aldehydes in high regio- (81-9t %) and enantioselectivi- 
ties (84-97% ee) [40]. 

3O 

Asymmetric hydroformylation catalyzed by a rhodium(I)-(R,S)-BINAPHOS 
complex has been studied with respect to the substituent effects in olefins on the 
regioselectivJty. Olefins bearing the larger substituents at the allylic position were 
found to give higher iso/normal selectivity. Results of deuteroformylation of 
4,4,4-triphenyl-l-butene suggested that the higher iso/norma! ratio may be attributed 
to the accelerated carbon monoxide insertion of the corresponding iso-a!kylrhodium 
intermediate [41 ]. 

Rh(acac)(CO)~-~J0 = 1:4 

P h 3 C " ~ "  :H2/CO (1:1) "~00 bar, 50 °C, 20h ~ P h 3 C ' f ~ ,  + Ph3C""""~/~CHO 
CHO 

ber~zene; substrJcet. = 250 

>99% conversion 60 40 

>99% ee 

Asymmetric hydroformylation of 31 using a rhodium( [ ) complex of a new chira! 
phosphine-phosphinite 32 as catalyst precarsor, afforded 33 along with its epimer 
and normal-isomer in 95% totai yield at 60 C and 50 bar CO/H~ = ~ [42]. 

tBuSiMe2 ~ tBuSiMe2 
O p(2.Naphthy~)2 O H ~ Me 

3!  32 33 
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Asymmetric hydroformylation of vinyl stdfides RSCH==CH2 (R =EI, CHMe,, 
CMe3, cyclohexyt, Ph, 4-MeC6H~)I, altyl sulfides RSCtfzCH=CH _, (R=CMea,  
Phi and allyI sutfone PhSOyCHyCH=CH2 catalyzed by (R,S)-B!NAPHOS/ 
Rh(acac)(CO)a afforded the correspondi~g branched aldehydes RSCH{CHO}Me~ 
RSCH2CH(CHO)Me and RSOeCHaCH(CHO)Me, respectively, as major pr~r~ducts 
in 60-89% ee. Using bulkier substi{uents o~ the sutPar in vinyl sv.tfides gave the 
branched aldehydes in higher regio- and enantioselectivides [43]. 

Chiral phosphinephosphites having axial and centra~ chirality have been tested in 
hydroformylation. For example, aliyl acetate undergoes hydroformyiatio3~ in the 
presence of Rh(acac)(CO)2 and 34 (t:5 ratio) to give a 64:36 ratio of 
AcOCH_,CH(CHO)Me and AcO(CHy}3CHO with 44% ee [44]. 

/ 
P - - U  

34 

A novel bis(phosphite} rhodium complex. Rha(tL.-bpnap)(COh, (bpnap = 35 }, was 
found to be an effective catalyst p, ecursor for the isomerization and hydro- 
formytation of l-octene, giving, for the Iatter reaction, moderate tinear branched 
selectivity for the product aldehydes. The hydroformyiation of a-m,edlyls~},rene with 
Rh(acac)(CO}2 and 35 gives essentially no enantiomeric excess of 3-pheeytbv.;anat 
[45!. 

/'~-'~X,...~ o,,,,p ' f °  ° " "  ~'"" ° ~ = ~ "  " LJ ,o 

35 

Homochiral derivatives of 2.2-dime~hyi-[.3-dioxola~?e, 24-38. v~er,e prepared f?-om 
L-(+)-tartrate and assessed among others in rhodi~.Lm- and pialinam-ca~a~yzed 
hydro~Ormytation and pal~adium-ca~alyzed hvdrocarbe~hoxvladon of styrene. 
Generally low enandoselectivity was fotmd [46]. 

Hydroformylation of various metha~iybo'rd~o-diphenyiphospMno benzoates. 39 
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<© ( 3  .... 

36 37 38 

using a Rh(acac)(CO)a/P(OPh h catalyst system resu!ted in the correspm~ding s vn- 
aklehyde 40 as main isomer in :good to exceltem yields and diastereoseiectivities [47]. 

i 3 ~ ~ P  i ~  L'£'~ pph 2 

R =~r, F,~ 2-f~l, CO2Mo. 2-prepen'fl, g*, PhC~" ~. EtO2CCCH(CHI) 

39 svn-40 anti-40 

Th~ dias~ereosclecdve hydroibrmyh~tion of 41 a n d  42 resulted in threo- and 
erythro-?-hydroxvatkana~ deri,.atives m ratios up ~.o 82:I8. using I mot% 
Rma.~cac~v.)~ 2 as ca~aI3:~t precursor a~ ~/1 (" m d  80 bar C O H ,  -- ] [48 I. 

See a~so Refs. [50.52.64.6{~.71,92]. 

OR' 

, B u ...,..I~..~...~.42. X ~" 
Me 

i 

X = OR. Y = H. R = H, p,'vMoy! D = C~cb'!, cyc!oho':yi 
X = H, Y = OR, R = H, pNaloy~ R' = N, COP!'~. pivaiovL M%CPh2SI 

Me3CM~2SL COMe 

41 42 

P, u3(CO',,~::t.Vbphenami~roiff~e-c'4talyzed hydroformyh~t:on of propene arid 
~,-octcae tmdc~ 80 bar of CQ~4e=  l at 120 ]30 C i~! an amide sohcnt gi~e~, the 
correspondh~g aldehydes in 65 9~7~ and 49  55% yield, respectivet 5. and whh ifig:h 
linearity O~-selectivity :_>95%} Fi'@ 

(1S.5S}-{.-)- and (~ R~5R)-(.I-}-fbpmcnc wcrc hydrol\~rmyla~ed in ~otucue to give 
(IS.2R.5SF a.~d ~IR22~5R~lOF~;.~,rmyIphv, me wffh up Io 95% diastcreosctectiviiy 



/£ ,[hLgrd O'  Cm~rdit*aliem Ck('misIr)" R,,'ri~w,, 167 { t997,~ 2d3 260 245 

using bimeta}lic CoRh tCOb  as a catalyst. At 70 ~25 C and under 60 bar of syngas. 
the yieIds of hydroformytated products do :'o~ exceed 30% because of the concomi- 
tam isomerization of [}- to ~-pinene. The catalyst was recoYered as so!ub!e cobalt 
carbonyl derivatives and a crystalline precipitate that comah~s most of the rhodium, 
mahHy as hexarhodium hexadecacarbonyt. ComparaNe yields and diastereesebetivi- 
tics were obtained from reactions in THF  with a mixture of tetrarhodium dodecacar- 
bonyi and [N{PPhJ_JCI as the cataiyst precursor. The corresponding (~&2R,5S)- 
and {IR,2S,5R-lO)-formylpinanes, along with the corresponding alcohols were 
obtained diastereoseiectiv@, by use of bimetallic cobalt ~rhodium or homometa~!ic 
rhodium carbonyl catalysts modified with bis(diphenyiphosphino)ethane [50]. 

The catalytic activity of new bhr, ctallic rhodium zirconium catalysts composed 
with Rh{acac}(COh ~md Cp_,Zr(CH~PPh,Ia or Cp~ZrH{CHzPPbat in l-hexene. 
1.5-hexadiene and !..7-octadiene hydrofi.wmyhetion was studied at S0 C. i 0ba r  
C O H 2 =  l [5t ]. The catalytic activity of bimetallic systems comaining the rhodium 
complex HRh{ P(OPh).~: .~ or HRh(CO}I P{OPhh[ .~ and the zirco~dum( tV ) complex 
('p2ZrH{CHaPh} was tes*,ed in the hydroformyh-ltion reaction of bhexene and E-, 
Z-2-hexep.e at 8(} C and !0 bar CO,H~= !. Ap, increase in mi~;o ratio from 2.2 {o 
3.5 and f r o m  0.4 to 3.7 uas  obser,, A respectively, in ]-hexene hydrol%rmyiati,,)~ in 
compari,;on with the rhodium only system~. The ~,electMu increase is caused by the 
inhibiting effect of the bimetalHc Rh Zr catalyst on 1-hexerm ~o E-. Z-2-bexenc 
isomerizatkm and E'-. Z-2-hexene hydrofonnylation [52]. 

2-Aminostyreue> were R)und to  react with carbor~, monoxide ~_md dihydrogen in 
the pre.,,ence of catal>dc quanti~ies of palladium -acetate and tricyc!ohexyiphosphh~e 
at 100 C and 40 bar CO ~ , =  5 to afford fh e-membered ring tactams i*,~ high }iced 
and selectivity, e.g. 

" , q ' ~ _ A  NH 2 CH2C %, 40 ha;. 109 C 4.8>, ~,~a~"~i, ~ 
H 

95% ye{d 

2-Ai!}Iphenols as reactants in thc aho~c rcac~{oY: gpc i~e- or .'.c'~erl-.:!~cmb~,red 

ring h~ctones [53]. 
Hydroform3h~tkm of aryl and en,,~l ~;i{h.,orcm~cdmne~t.Sh~rmm~,, in dte ~eacih:m 

wid~ CO, wioc@sib.ne a.,':d EGN m the prese,~ce of a c~m~[?tic am<ram o{ 
Pd(OAc }2 and 1.3-bis~diphenyiphosphonyl }prop;me was ibm~d to provide ~ variety 
of aromatic ~md ~.~>ur~sa~urated aldehydes [54}. 

Asyrnme[ric hydrofbrmylation of styre~ze with {Pt((S,S}- BDPPh]:  ~ (S>(_I.{ }a as 
catMyst precursor gave chemo-, regb. and enantk,.ose]ecti',itbs dill%relY, f:om tho,~e 
obtained with the c~wa~ent P~Ci{SnCIg[(S'.S}-BDPP} as ca~,aiyst p~-ec,~rso~ [55]. 
Asymmetric hydroformyhtio~n of sWrene catab:,ed b} Natinum{H ) a~ky] com- 
picxes~ [Pt{CH3)Ci{ P P~b con, tubing  ~'~tropi:~onk:,e dipimsphine< P - P = 4 3 - 4 £  ie 
the presence of SnCL, 1ms been s{t~dk:d, 

A~ 50 C and i00 bar CO, H:~ = i the brar~ched aidehyde was obtdned whh re©dot- 
ate regioselecdvib. Good enandosekctivkies ~up to 75~} were obtained using 44 as 
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~ PPh 2 

PPh 2 

CH30 PPh2 ~'~,1;. / / ,  ~(X,@pph2 
CHsO..~pph , f \O~HvPPh a 

-43 44 45 

the diphosphine ligand. The chirality of 2-phenytpropanal obtained in toluene or in 
tetrahydrofuran was found to be the opposite to that produced in dichloromethane 
or acetone. An unusual increase of the rate and enantioselectivity of the reaction 
with increasing partial pressure of carbon monoxide was observed using the 
diphosphine 43 [56]. 

See also Regs. [2,46,57,61 ]. 

1.2, Heterogeneous systems 

1.2.t, Supported complexes 
Tile hydroformylation of l-heptene catalyzed by homogeneous and heterogeneous 

Ru3(CO) n catalyst was investigated. ]"he maximmn selectivity to aldehyde was 
found at 120 °C, Supported Ru~(CO)~dCo~(COh catalysts have increased activity 
and selectivity to aldehyde [57]. Heterogeneous catalysts prepared from octacarbonyl 
dicobalt and alkaline earth oxides were lbund to be efficient in vapor-phase hydro- 
tbrmylation of ethene and propene [58]. ~3C solid-state NMR technique with 
high-power H deeoupling was employed to study heterogenized hydroformylation 
catalysts containing the anchored complexes of general composition 
----cSi-PzCo~(CO)~,6 and ~Si-P2Co~ICOV.~, (where = Si P2 is the diphosphine ligand 
covalently bonded to silica surt)~cet. The values of chemical shift anisotropy provide 
information on the molecular motion of anchored metal carbonyl fragments. 
Evidence was presented fbr the fast restricted motion of these fragments. The 
interactions of CO, Hz and e~hene with the anchored cobalt and pal!adium cobalt 
carbonyl complexes were studied to identify the species which might act as intermedi- 
ates in hydroformy!ation reaction [59]. Hydro!brmylation of mono and multiple 
unsaturated fatty acid derivatives with heterogenized cobalt carbonyl and rhodium 
carbonyl catalyst was described [60]. 

Hydrolbrmylation of methyl methacrylate was studied using a silica-supported 
poly-~/-amino propylsilgxana rhodium-cobalt bimetallic complex catalyst. The cata- 
lyst shows high stability dttring the reaction and could be used repeatedly. Hlgtl 
conversion (95.6%} and selectivity {92.8%) for the normal Mdel'yde methyt 
~3-formylisobutyrate was observed [()I]. 

The rhodium(1) complex [Rh(COD)Cf]z, intercalated into montmorilionite was 
tbund to be an effective catalyst ['or the selective hydroformylation of atlyi acetate 
derivatives to produce the corresponding linear or branched aldehydes. Linear 
aldehydes were obtained with high selectivily at temperatures > i30  C ,  while the 
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branched aldehyde could be obtained as the major product at lower temperature 
(< 50 ~'C ), and i:a excellen~ yield [62]_. Improved regioselectivity in hydroformyiation 
of l-hexene has been achieved by zeolite-encapsulated rhodium(t) species. The 
linear:branched ratio can be increased by as much as I0 times [63]. 

The structure and catalytic activity in gas-phase olefin hydroformylation of tetra- 
rhodium clusters coordinated with tris(hydroxymethyt)phosphine (THP) grafted 
onto silica surfaces were studied. EXAFS and IR spectroscopy has revealed that the 
number of tris(hydroxymethyl )phosphine [igands coordinating to the tetrarhodium 
cluster depends on the loading of THP. Tetrarhodium clusters on silica loaded with 
6.2 wt% THP are coordinated by two THP !igands and show much higher catalytic 
activity in hydoformylation reactions than that of monosubstituted clusters of 
THP/SiO2 obtained with 1.6 wt% loading or of Rh4(CO)m(THP) 2 in solution [64I. 
The vapor-phase hydroformylation of ethylene and propylene using rhodium 
complexes adsorbed on activated carbon and rhodium complexes intercalated in 
zirconium phosphonates was studied [65]. 

The ion pairs RhCI3/Aliquat 336~-~ and RhCI3,'[Me3N(CH,D3Si(OMe).~ICt 
entrapped in SiO2 sol-gel matrices were used among others as olefin hydro- 
formytation catalysts. The immobilized ion pair proved to be stable, leach-proof 
and recyclable. In comparison with the homogeneous RhCi3/A[iquat 336 catalyst, 
the immobilized catalysts proved to be superior in most cases [66!. 

Hydrofonnylation of propene to butyraldehydes over supD~rted aqueous phase 
rhodium catalysts was studied in a fixed-bed reactor-GC system. The effects of 
process parameters such as the ratio of tigand/rhodium. ~spes of st~pport, reaction 
press; ,e and temperature, and the water con)_ent i~_ fi~.e .~ed stream were investi- 
gated [67]. 

7)'(ms-[(RhCp*CH312(g-C,'!2L, I {Cp*=pentamethylcyclopentadienyi} was chemi- 
cally attached to inorganic oxides such as SiO> A}20 ~, TiO2 and MgO ~.o prepare 
rimdium dimer catalysts for etb.ene hydroformytation. Tb.e SiOe-a~.tached rhodium 
dimer showed highest activiiy and selectivity tSr the hydroformylat%n [68i. 

An elficient and reusable po!y~tyrm~e-supported qS-cyck>pemadienyl rhodium 
catalyst precursor 46 was prepared and used ~Vor the synthesis of subs!ituted eyclo- 
pentanones either via hydrocarbonylative cyclization startin~ f?om i,4-dienes 
or fi'om atlylvinyl ethers via tandem C~aisen rearrangement and intermotecu{ar 
hydroacylatio,a of the 4-pentanal intermediates [69]. 

L2 = (CO)2: 1,5<,3"c~c"o:t, adi~ne 

46 

The influence of Li ~. N a ~  K" -:rod Z,:~:- on siIica s~ppor~.ed duster anio~ 
[Rh12(CO)3o1 z- catMysts in ed~yiene hydroiBrmyla~ion ~3as been stud~ed. The selectiw 
ity for prop:ms| format{on was frmnd to depend on the com~,ercation in lhc R.',tlowing 
order: Zn> K k Li~  Na. The unpromoted s>stem, prepared from Ri~(COha is tess 
selective [701. 
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Supported aqueous-phase catalysts for the rhodium-based hydroformylation of 
methyl methacrylate were found to show much higher activities than those observed 
under comparable homogeneous and biphasic conditions [71]. 

Liquid phase hydroformylation of ring substituted styrenes catalyzed by Rh-B 
and Rh-Zn-B systems was characterized by ESCA, XRD and FT-IR spectroscopy. 
Both catalyst were lbund to be active in the liquid phase hydroformylation of ring 
substituted styrenes at 80 C and 100 bar CO/H2= I, rhodium/olefin molar ratio 
1.5 × 10 -3. No leaching of the catalyst was observed. The chemosdectivity was close 
to 100%, and the regioselectivity appeared to be cont,'olled by the nature of the ring 
substituents [72]. 

See also Refs. [75, 103]. 

1.2.2. Bipkasic sT,,~'/ems 
A high efficiency low pressure hydrotbrmyladon process for higher molecular 

weight oleiins has been developed using rhodium/ionic phosphine catalysts. Catalyst 
solubitization in the non-polar reactants and products is achieved using solubilizing 
agents, such as N-methylpyrrotidone, yielding single-phase systems. Separation of 
catalyst fl'om product is induced by the addition of small amounts of water outside 
the hydroformy!ation reactor. Under the two-phase conditions, most of the catalyst 
components are found in the polar N-methylpyrrolidone/water phase, and the pro- 
ducts (aldehydes, olefins, reaction byproducts) in a separate, non-polar, phase. The 
catalyst phase is recycled to the reactors after thorough drying to ensure a single 
homogeneous phase at reaction conditions. Traces of catalyst and solubilizing agent 
are effectively recovered from the product and recycled. A major advantage of this 
process, over water-based two-phase systems, is the high catalytic reactivity as well 
as the concomitant high olefin efficiency (>90%) which is achieved with oletins of 
low water soiubility [73]. 

Zwitterionic rhodium(l) complexes (sulfos)Rh(COD) and (sulfos)Rh(CO)2 
(sv, lfos=47) in liquid biphasic catalysis were described ibr the hydroformylation of 
1-hcxene, leading to C, alcohoIs in an alcohol/hydrocarbon system and C~ aldehydes 
in an alcoiml water/hydrocarbon system. All rhodium is recovered in the polar 
phase at the end of the catalytic reaction [74]. 

N a O a S - - ~ - C F ,  2 \C.PPh2 
/ " PPhp 

cH~ 
PPh 2 

47 

Three approaches lo catalytic hydrofl~)rmy!ation involving water solubJe ligands, 
some modified cyc!odexlrines as ligand, and reactions in an alumitlophosphate cavity 
have been described [75]. Solvent free biphasic hydroformyiation oC various water- 
insoluble terminal olefins was achieved in high yields and selectivities by using a 
water-soluble rhodium/triphenytphosphine trisulfonate catalyst and per(2,6-di-o- 
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methyl)-~-cyclodextrin as inverse phase transfer catalysts. The catalytic activities 
were up to ten times higher than those observed without per(2,6-di-o-methyl)-B-- 
cyclodextrin [76]. 

The new ligands obtained by sulfanation of 2,2'-bis(diphenylphosphino- 
methyl)-l,l'-binaphthalene and 3,4-dimethyl-2,5,6-triphenyI- t-phosphanor- 
borna-2,5-diene were tested for catalytic activity toward hydroformylation of 
propene. The reported data of the new water-soluble phosphines represent the best 
results so far recorded in the rhodium°catalyzed hydroformylation of propene [77]. 
The hydroformylation of 1-pentene to hexanals was studied using Rh(acac)(CO~ 2 
m the presence of triphenytphosphine and sodium salts of monosulfonated and 
trisulfonated triphenylphosphine in liquid 1,3-diatkylimidazolium salts and a water 
two-phase system [78]. 

The catalytic activity of the water-soluble rhodium complex HRh(CO)(DPM 1~ 
( D P M  = Ph2P(m-C,,H4SO3K )) in styrene hydroformylation was studied in a biphasic 
system. Under the conditions of 90 C, 50 bar syngas, ~"- ,~t~' V,,~r~, ratio=2 and 
reaction for 3 h, 97.8% conversion of styrene and 94.1% aldehyde yield with 1.5 
is'o/normal ratio were observed [79,80]. 

Water-solubie rhodium carbonyt complexes with nonionic complex ligands pre- 
pared by ethoxylation of tris(p-hydroxypheny!)phosphine were successfully 
used in the two-phase hydroformylation of higher-molecular-weight otefins at 
t00-130 C [81]. Thermoregulated phase-transfer catalysis of hydroformylation of 
1-hexene was carried out without water as solvent in the p:-esence of a 
RhCI3-P[p-CoH4OtCH2CH20),,H]3 catalyst system [82!. The surface active water 
soluble phosphine, P[p-C~H40(CHaCH,O),,H] 3, 0~=4), was used to generate an 
aqueous rhodium catalyst for the hydroformylation of l ododece~e. At I00 C, 50 bar 
CO/H2= 1, pH=6.5 and 4 h reaction time, 96.0% conversion of I-dodece,ae and 
84.0% yield of aldehyde (n/iso = 1.8) was achieved [83]. 

The influence of the composition of the aqueous phase on the catalytic properties 
of rhodium( 1II ) chloride modified by polyelectrolytes 48 was s~udied. 

• F1 ~ H :  X = H2POz 
e 

4 8  

The rate of hydroformylation was i\-mnd ~v increase with increasing pH of the 
aqueous phase. Addition of NaCL Na2SO_, or Na3PO4 dr-m~atics!!y changes the 
catalytic properties, Increasing the anion charge of the added electroly~e increases 
the stability of" the catalytic system [84}. 

The hydroformylation of propylene to butyraldehyde in the presence of water- 
sotubie rhodium catalysts was studied [85]. An aqueous phuse hydro~brmylation 
rhodium cataiyst was prepared on the basis of polyethylene glycol functiona~ized by 
phosphine groups [86]. 
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In the biphasic rhodium-catalyzed hydroformylation of l-hexene the ligands 49 
and 50 at 80 'C, 20 bar CO/H, = 1, in a water-toluene system gave 66% and 89% 
yield of aldehyde, n/&o = I and 0.88, respectively [87]. 

49 50 

The effects of reaction temperature, phase transfer agent and the concentration 
of rhodium catalyst were examined in the catalytic hydroformylation ofdicyclopenta- 
diene using a water-soluble rhodium phosphine complex in a two-phase system [88]. 

The kinetics of biphasic hydroformylation of 1-octene were studied in the presence 
of ethanol cosolvenL using the water-soluble [Rh(COD)CI]2oTPPTS (TPPTS= 
trisodium salt of trisulfonated triphenylphosphine) complex as a catalyst. The rate 
of hydroformylation was found to be first order with respect to both catalyst and 
olefin concentrations and fractional order with respect to dihydrogen concentration. 
The rate versus carbon monoxide concentration passed through a maximum, indicat- 
ing a negative order dependence at higher pressures. The results were interpreted 
on the basis of a welt-known bydroformylation mechanism, assmning the rate- 
determining addition of the olefin to the active catalyst [89,90]. 

See also ReI~. [3,71]. 

2. Hydroformylation relategl reactions of CO 

2.1. Si/ylfi.rmyhltion, hydrocarho.~y/ation, a!/~a.vycarhouyhaioiz am/ 
amid~carhot'd/ation 

The rhodium complex-catalyzed siiylRmnytadon of aldehydes was studied in THF 
solution at 25 C and 3--100 bar of carbon monoxide pressure using PhMe2SiH as 
the sihme reagent leading to the best results [91 ], e.g. 

"rHg: [Rh(COD)C~I2 
PhCH2CHO + PhMe2SiH + CO 

25 °C; 70 bar; 24h 

.,.OSiMe2Ph 
PhCH2-CH 

"Clio 

80% 

The inte:conversions between zwitterionic and cationic rhodium(l) complexes n~ 
catalysts in hydroformylation, silyiformylation and hydrogenations have be~:~ 
studied by NMR spectroscopy [92]. 

The hydrocarboxylation of ethylene to propionic acid was investigated. The best 
results were achieved by using RhCI3 • 3H20 as the catalyst precursor and i.-,doethane 
as the promoter at 192 C and !20 bar C O : C 2 H  4 --= 2:1 pressure [93]. Catalytic double 
carbonylation of diiodomethane in triethylorthoformatc in the presence of a homo- 
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geneous rhodium complex was achieved at 120'~C and t00 bar carbon monoxide 
partial pressure to give diethylmalonate in up to 68% yidd [94]. 

The amidocarbonylation of  benzyl chloride with acetamide to obtain 
d,l-N-acetylphenylalanine (51) has been explored. 

Co~.(CO)a; CO!Ha 288 bar 

CH3CONHz; 100 °C 

,o 

CHa--C~NH. CO0~HX / 

51 

The best result (82% yield of 51) was achieved by using methyl isobuty! ketone 
as the solvent and NaHCO 3 as an additive. Amidoearbonylation of benzyi alcohol 
gave 51 in only 8% yield [95]. 

See also Ref. [46], 

2.2. Water gas shift reactiotl aml reehecfio~t with CO or CO + t t20 

Liquefaction of  Yallcurn, Wyoming, Wandoan and illinois No. 6 coals was studied 
using water and carbon monoxide as a hydrogen source and iron pemacarbonyl 
with sult:ar as catalyst precursor. The liquefaction of Yaltourn coal at 375 C for 
60 rain at 70 bar (:cold) carbon monoxide pressure results in 95.6 wt% coal conversion 
with an oil yield of 37.0 wt%. The oil yield further improves in :: two-stage liquefac- 
tion procedure (60 mir, at 375 C and another 60 min at 425 C )  to 55.8 wt% [96]. 

TetracarbonyM:odate either as K *, Cs + or PPN ~ (PPN + =(PPh3):N *) was 
found to be a very active catat~st for the reduOdon of nitrobe:~.zene to aniline by 
CO/H20 in water as soJvent at 60 bar and 200 C .  The reaction is seiective for the 
nitro group [971. Reductive carbonylation or  aromatic dh:itro compounds such as 
1,4-dinitrobenzene, l~3-dinitrobenzene and 2,4-dinitrotoluene to ai~:ord valuable 
dicarbamates was found to proceed at t35 C and 60 bar carbon mo:~oxide pressure 
with reasonable rates and with high selectivities u:~der the infiuence of a 
Rh(phenanthroline)2(trifiate)2 catalyst in combination with an aromatic carboxyiic 
acid as cocatalyst {98]. 

Interconverting reactions of  Ru(0),  Ru ( t )  and Ru( [ i )  carbonyl complexes, 
together with Ru( t l )  hydrido carbony:s forn:ed in a~: acidic solution of  
Rub(CO)m: were studied in order to produce Hz and CO2 from H20 aad CO [99], 

The water-gas shift reaction and the selective reduction of :fitrobenzew: to aniline 
under water . :Is shift reaction conditions were lbund to be effeetive!y catalyzed by 
cationic rhodium(I)  complexes such as 52 [ 100]. 

The catalytic system PdCI2(PPh3), HCt  in dioxane was found to be high!y active 
and selective at 90 'C  and 30 bar carbon monoxide pressure in the hydrogen transfer 
reaction from H 2 0 - C O  ~o PhCOCH_,CH(OH )COOH which yields the correspond- 
i:~g y-keto acid PhCOCHzCH2COOH [ t0t]. 

The complex [Ptts(CO)Bo] 2- [MV ]2 + ( MV ~ ÷ = methyl v:o!ogen c~tion } encapsu- 
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/ "NJ 
Rh 

x = CH2CH2, CHzCH2C!-. Me; 

52 

lated in tile ordered mesoporous channels of FSM-16 (FSM = folded-sheet meso- 
porous material) was found to exhibit remarkably high activity ill the water gas 
shift reaction at 27 =C [102]. 

2.3. Reduction oj'CO amt C02 

SiOa-supported heteronuclear metal carbonyl complexes (dppe)Rh(~.~-CO)a 
M(CO)3 ( M - C r ,  Mo, W) were used as catalysts for carbon monoxide hydrogena- 
tion and hydroformylation of propene. The catalytic activities and selectivities were 
determined. High activity and selectivity of oxygenates for carbon monoxide hydro- 
genation was tbund u~der atmosph~:ric pressure and 240 C [103]. 

Based on simpie stoichiometric organometallic reactions a new catalytic cycle was 
proposed, tile ~alkenyl" mechanism, for methylene polymerization, which occurs 
during the heterogeneously catalyzed hydrogenation of carbon monoxide. Initiatioa 
occurs by coupling of surface methyne and methylene to give the surface vinyl. This 
then undergoes chain growth by reaction with sm'face methylene to give surface 
allyl. The allyl isomerizes to alkeny] which in turn homotoga~es with more methylene. 
Termination is by reaction of the alkenyl with surface hydride, giving the a!kene 
directly [ 104]. 

Addition of weak Br6nsted acids such as l-propanol. 2-pyrrolidone and 
CF3Ctt2OH was found to in~prove the turnover nu,nbers in tile electrochemical 
reduction of carbon dioxide to carbon monoxide by iron(0) porphyrins [105]. 
Electrocatatytic reduction! of carbon dioxide to formic acid and carbo~, mon- 
oxide by mixed-metal trimetaHic complexes of the lk~rm I[(bpyt,Ru(BL)121rCI_, } 5. 
(bpy=2,2'-bipyridine, BL=2,3-bis(2-pyridyl)quinoxaline or 2.3-bis(2-pyridyl)- 
benzoquinoxaline) was investigated. It was found lhat control!ed potential electroly- 
sis using these new trimetallic catalysts can give current elliciencies as higi~ as 99% 
for CO production with high turnover numbers. This is fl~. marked contrast to the 
lower curret~t efficiency achieved using the monometa!lic [lr(BL),CI:] + analogs 
which produce R~rmate as a reduction prodt!ct [ t06]. 

Hydrogenation of carbon dioxide with dihydrogen in the prese,lce of ruthenium 
chloride or ruthenium complexes ~as sludied. Ruthenium{ l! l)  chloride was ti?und 
to be an active catatysl precursor at 60 bar C O 2 / H  2 == }/] ~,l'~d at 60 C ill the presence 
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of triphenylphosphine and triethyiamine to produce 40mot formic acid/tool 
ruthenium/hour [ 107]. 

HCO2RuH(CO)(PPh3) 3 

'\ pph3 

/ 
CO2[H 2 

RUOi 3 + PPh 3 ~ H2Ru(CO)(PPh3) 3 HCO2RuH(CO)(PPh3)2 

,,,. / 

pP2~~1 ..1~L--,x, H 2 
HCOOH 

+ ,~ Et~>l 

Et3NH/HOO2" 

The anionic ruthenium complex [Ru(CO)~Ct3I was i)_mnd to catalyze the tbrma- 
1ion of med~yl formate from carbon dioxide, dihydrogen and medmnol at ¢~0 bar 
m'.d 160 C in the presence of a strong base such as pola.,.smm methylate [ 1081, 

The crystal structure of [Ru(bpy)2(CO}(qLC(O}OH )] - < bpy = 2,2'-bipyridine} 
as a key intermediate in C O 2 C O  conversion ha.~ been determined and com- 
pared with that of [Ru(qLCO_,){bpy}2CO }. The molecular structure of  
[Ru( bpy)2{CO)( qLC(O}OH )] has revealed ?,hat protona~ion of 
[Ru(qLCO2libpy)2CO] shortens the Ru-C(O)OH bond distance compared with 
the Ru CO_, one due to enhancement of d~ d,~* interaction in ~he former { I09]. 

Rapid, selective and high-yield hydrogenation of CO, can be achieved if [}!e 
carbon dioxide is in the supercri*ical state. Thus. i~. a s s  found that dissolving 
dihydrogem a tertiary amine, a catalyst pmcu'_,'sor such as RuH2[P(CHs)3] 4 or 
RuCI2[P(CH3).~]4~ and a promoter such as water, methanol or DMSO in supercritica! 
carbon dioxiue at 50 C leads to the genera*ion ol" f~rmic acid with turno,,.er ~eqt?,er> 
c-ics up to or exceeding 4000 h-" .  In general, experimems in which a second phase 
was formed by one or more reagents or additives had lower rates of reactkm. The 
high rate of  reaction is attributed to rapid diffusion, weak catalyst s,~Ivatiot~ and the 
b.igh miscibility of" dihydrogen in supercritica.i carbon dioxide [t 10]. 

The nature of the catalytically active interme~iiate ff~rmed in situ f'rom the tetra- 
meric cluster [~(CODIRBtla-H )}.~] and the bidema!e phospbJnc PhaP(CH:L, PPh, 
during hydrogenation of ca_rbon dioxide to formic acid wa~ investigated by kinetic 
m_easurements and by NMR spec'Goscopy { 1 i 1 ]. 

Highly active catalysts for ~ e  hydrogenation of carbon dioxide {o t\-~rmic acid in 
DMSO 'N Et3 were formed in sim.u from [',{COD ~Ri~(pC~ } { :] aud vario~s mo~oden- 
tare or biden~ate ligands wi~.h phosphorus as the donor atom. Thus. ff;rmic acid 
concentrations up to 2.3+0.2M can be obtained h: less than 6h  at ambient 
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temperature under a total initiai pressure of 40 bar by using rhodium concentrations 
of 5x10-3M [112]. The SiO2-supported heterobinuclear metal complexes, 
(PPh3)2HPt(~t-PPh2)M(CO)4 and (dppe)Rh(~-~-CO)2M(CO)3 (M=Cr ,  Mo, W; 
dppe = Ph2PCH2CH2PPh2) were found to be highly active and selective catalysts for 
carbon dioxide hydrogenation [ 113]. 

3. Reviews 

(1) Asymmetric catalytic reactions such as hydrogenation, hydroformylation~ 
oxidative carbonytation, hydrocyanation and hydrovinylation for practical synthesis 
of bio-active substances. A review with 61 references [I14]. 

(2) Carbonylation by complex catalysts. A review with more than 24 references 
among others on the hydrolbrmylation and silylt2~rmylafion of olefins. Recent results 
of branching-selective and asymmetric hydroformylation are described. Commercial 
processes of hydrotbrmylation using water-soluble organo-phosphines are dis- 
cussed [1151. 

(3) Some 13-dicarbonyl rhodium complexes functioning as a precursor of homogen- 
eous active catalyst for hydrogenation, selective hydroformylation, gas were summa- 
rized. A review with I29 references [116]. 

(4~ The research: "Facile catalyst separation without water: fluorous biphase 
hydrofonnytation of otefins" of I.T. Horvfith and J. Rfibai is reviewed with commen- 
tary (10 references) f117]. 

(5) Hydroformylation of simple oiefins catalyzed by metals and clusters supported 
on unfunctionalized inorganic carriers were i\,viewed (more than I23 references) 
[118]. 

(6) A review of applications of organometaliic cl~emistry in the petroleum refining 
and petrochemical industry, among others about hydroformytation products propa- 
noI and butanol/butyraldehyde (80 references} [I t9]. 

(7) Supported aqueous-phase catalysts. A review with 9 reference:; on immobiliza- 
tion of homogeneous metal complex catalysts on solid supports in hicdroformylation 
of t-octene and asymmetric hydrogenation of an acrylic acid [1201. 

(8) Catalytic conversions in water: environmentally a~ra¢tive processes 
employing water-soluble transition metal comple~.es. A review with 65 references 
discussing among otbers hydrofl~rmylation of propene in a two-pha:,e system 
(Ruhrchemie/Rhone. Pouienc process) and hydroformylation of higher otefins in a 
two-phase system [ 121 ]. 

(9) A review, with l 5 retk~rences, of the synthesis and aggregatio,l of water-soluble 
phosphines 53 and 54 and the hydroformytation catalytic activity of rhodium 
complexes of the phosphincs as compared to that of rhodium complexes of 
P(Ce, HaSO:~Na)3 [122]. 

(10) Models for supporled aqueous-phase catalysis. A review, with It references. 
on immobilized homoge~eous cata!ysts en solid supports for use in aqueous phase 
in olefin hydro[k)rmylation [ t 23]. 
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54 

( 1 i ) Homogeneous catalysis by none metal complexes. A review, with 7 refer- 
ences, among others on rhodium-catalyzed otefin hydro%rmy!ation [ t 24]. 

(!2) Molecular metal carbonyl clusters and volatile organometatlic compounds 
for tailored mono and bimetallic heterogeneous catalysts. A review, with 36 
refi~rences, among others of ethylel~e hydroformylation using silica supported 
[Rh12(CO)3o]  z -  as  precursor [125]. 

(13) Vinual!y no environmental impact: tile biphasic oxo process. A review 
with 24 references. The survey reviews t0 years of experience of t!~e 
Ruhrchemie/Rhone. Poutanc process, using RhH (CO)[P.-{ 3-C~H4SO,~Na)3]3 
catalyst, dissolved in water [126]. 

(14) Potential energy surfaces of transitiot>metaI-cata!yzed chemical reactions. A 
review with 94 references among others on the RhH(COh{PRe,}z-catalyzed olefin 
hydroformylation cycle [ t 27]. 

(15) Asymmetric hydrosily!ation and hydro~Zvmytation reaction, s. A review with 
greater than 29 references [t28]. 

(16) Macromoiecular metal complexes as catalysts with improved stabiIity. A 
review with 25 references on polymer-bound tertiary amine-copper complexes and 
polymer-bound phosphite-rhodium complexes as catalysts for oxidative couplina of 
phenols and hydroformylation of a!kenes, respectiveiy [ 129] 

( 1 ? ) Metal-catalyzed hydrofom:yiatioe~s. A re,Aew with 24 references on potemiati- 
ties and limits of hydroformylations and simi!ar reactions [13,9]. 

(18) Catalytic production of dimethylfom~amide from supercritica! carbon diox- 
ide. Methyl formate symhesis by hydrogenation of supercritical carbon dioxide in 
the presence of methanol. Sdectivity for hydrogenation or hydro%rmyiation of  
olefins by hydridowntacarbonylmanganese{~) in supercrhica! carb<m dioxide~ A 
review with commentary and ~ reference "about the title research of P.G. ~essop 
eta!.  [!3t].  

( i9)  A review of the selective catalytic reduction of aromatic rdtw compounds 
into aromatic amines, isocyana~.es, carbama~es a~?d nreas using carbon motloxide 
(greater thar~ i 27 references} [ 132]. 

(20) The organometallie chemistry of carbon dioxide. A rexiew with more ~haa 
i l l  references [~33]. 
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Table l 
Metal inde× 
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Metal Relbre*~ccs 

Zr [51.52.65] 
CF [103. It3] 
Me [103,113j 
W jI03.113] 
Mn [f31] 
Fe [81,99. t09] 
Ru [49,57,99,106 110.132] 
Co [I 7,9.50.57 61.95] 
Rh if0 48.50 52.6(t 74,76 94.97.98.100. I0~,111 i13.12i 
lr [t06] 
Ni [2] 
Pd [46,53.54,59.101.132] 
Pi [46.55.56.!1)2.!13] 
Zn I7~i,72t 
Sn [55.56i 

i2~.129,132] 

4. List of  abbreviatio|~s 

Ac acetyI 
acac ace*, yJ ace { ot~ 4 ~.e 
( + ) - B D P P  " . ~ T  

PPh2 PPh 2 

bpy 2.2 '-bipyridine 
C O D  1.5-cyctooctadiene 
Cp cyclopcntadienyl  
Cp* pew amelhylcyctopep4adienyt  
D M  F N,N-dimethyt fom~amide  
D M S O  dimelhylsullk)xlde 
d p p b  PhePCH_~CH:CIt2CHePPh e 
dppe  PhePCHeCHePPlae 
ee enan{ion!oric excess 
py pyridine 
RT  room temperal  ure 
TPPTS t r i sodiem salt o f  the trL-,utlcmaied ir ipheny!- 

phospbine  
wt% v,:eigh~ percent  

The metals and lheh  associated reicrence:+ aie  gi','e_,~ in Table t, 
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