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1. Hydroformylation The phosphane-modified cobalt-catalyzed hydroformyla-
tion of 1-dodecene was investigated usih@nd 2 as the
1.1. Homogeneous systems modifier. The composition of the cobalt species in the reac-
tion mixture was deduced from high-pressure IR and NMR
1.1.1. Cobalt catalysts spectrd8].

A cobalt carbonyl carbene dimer, &€0)(IMes)
(IMes =1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene),

was tested as a catalyst for the hydroformylation of 1- P—CygH3;
octene. At 85 bar, HCO=2:1 pressure and 17Q, no + (R = CyoHa1)
hydroformylation products were obtaingl.

The HCo(COj-catalyzed acetylene hydroformylation re-
action has been investigated with the B3LYP density func-

tional method. It was found that acetylene hydroformylation 1 2
for producing unsaturated aldehyde takes place along a path-
way similar to that for olefing2]. The modified cobalt-catalyzed 1-octene hydroformyla-

The carbonylation reaction of propylene oxide in the pres- tion using limonene-derived phosphanes was investigated
ence of various [Lewis aciti[Co(CO)]~ salts was inves-  at 170°C and 85bar (B CO=2:1. The composition of the
tigated using in situ ATR-IR spectroscoB:Alkoxy-acyl- cobalt complexes in the reaction mixtures was deduced from
cobalttetracarbonyl species were found to be key intermedi- IR and NMR spectra and correlated with the products of the
ates from which two reaction routes start depending on the hydroformylation reactioif9].

Lewis acid used. Labile Lewis acid—alkoxy combinations fa- ~ The composition of the cobalt complexes in supercritical
vor producing primarily lactone produd3]. carbon dioxide derived from G(CO)[P(p-CFsCesHa)s]2

A wide range of epoxides were efficiently converted to under hydroformylation conditions has been investigated
protected aldols by hydroformylation—acetalization reaction by in situ high-pressure NMR spectroscopy. It was found
using Co(CO)g as a catalyst in trimethyl orthoformate. The that the phosphane-modified catalyst system is stable un-
formylation of terminal epoxides was found to be regioselec- der low carbon monoxide pressures and the hydroformyla-
tive for the terminal positioffd]. For example: tion reactions can be carried out at low pressuféB.and
59Co NMR spectra of the solution show that HCo(G[Pp-

OCH
PhCHzOCH\z HyCoy(CO)y  PNCHEOCH: | ’ CF3CgH4)3] and HCo(CO)[P(p-CFsCgH4)3]2 are the only
/c— H ,‘.‘\\)C_CHz—CH hydrido cobalt complexes present in detectable concentra-
H \o/ (CH;0),CH H OH (|)CH3 tionsin Ce(CO)s[P(p-CRCgsH4)3]2-catalyzed hydroformy-

lation reactiong$10].

The reaction of olefins (1-octene, 3,3-dimethylbutene, cy-  The hydroformylation of 1-pentene and the composi-
clohexene) introduced to a pre-equilibratech(@O)s + Hy tion of the cobalt complexes in the reaction mixture were
system has been investigated by high pressure infrared specstudied at temperatures in the range 120-Z1@nd pres-
troscopy. Based on the observed induction period for the for- sures between 34 and 80 bar using(@D)[P(OPh}], as
mation of the corresponding aldehyde, the decrease in con-the catalyst precursor. High-pressure IR and NMR spec-
centration of HCo(CQ) and increase in the concentration tra revealed the presence of various hydrido-cobalt species
of Coy(CO) during the induction period, an active catalytic [11].
species of the type H0,(CO), has been proposd#]. Ex- See also Ref58].
periments with isotope mixtures of,HD; in the gas phase
during the various steps of the reaction showed that the ratio; 7. 2. Rhodium catalysts
of H/D isotopes in the hydrocarbon portion of the aldehyde A theoretical investigation on the regio- and stereos-
product correlates with the HCo(C£PCo(CO), ratio in elective outcomes of the hydroformylation reaction with
solution, while the RG{O)H/RC{O)D product ratio cor-  an unmodified rhodium catalyst was carried out at the
relates with the H/D; in the gas phase. It was concluded  B3LYP/SBK(d) level on (1-vinyloxy-ethyl)-benzene and (1-
that the dominant pathway for the hydrogenolysis step in this methyl-but-3-enyl)-benzene. The theoretical results obtained
type of hydroformylation is the direct reaction of hydrogen are in good agreement with the experimental observations
or deuterium with the acyl complex intermedi§ég. [12]. Ethylene hydroformylation catalyzed by phosphaner-

The effect of argon (280 bar) on the rate of aldehyde for- hodium complexes was computed by means of the density
mation in 1-hexene hydroformylation catalyzed by(@O)s  functional theory at the B3LYP/6-31G(d,p) level (Rh and P
at 50°C, 70 barP(CO) and 85 baP(Hy) in toluene has been  were atthe LANL2DZ + polar basis set). The structures of the
investigated by high-pressure FTIR spectroscopy. The initial intermediates, the transition states, and the products were op-
rate of the reaction was found to be reduced by the presence ofimized[13]. A theoretical investigation of solvent effects on
argon. Asimilar effectwas observedinthe RhnH(CO)(B)Bh  hydroformylation was carried out at the B3LYP/6-31G(d,p)
catalyzed cyclohexene hydroformylation reactjéh level (LANL2DZ + polar for Rh and P}14].
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Algebraic system identification has been applied to the tris(3,5-bis(trifluoromethyl)phenyl)phosphine was found to
rhodium-catalyzed hydroformylation of alkenes using in situ be highly effective in compressed G@or double hydro-

FTIR spectroscopjl5]. formylation[23,24] The hydroformylation of propene in the
Hydroformylation of (R)-3-(pyrrol-1-yl)alk-1-enesy) in solvent mixture of supercritical COand water was inves-

the presence of RHCO);» at 100-125C and 30-100bar  tigated using a catalyst prepared from Rh(g@ac) and

CO:H; =1:1 gave a mixture of and5 [16]. TPPTS. Under the optimal reaction conditions 190-205 h

turnover frequency and a 44-butyraldehyde to isobu-

f/ \} [ \5 /R tyraldehyde product ratio was foufi@b].
Rh,(CO)45, toluene N ?\j The hydroformylation of the water-soluble substrates,
|
R)Y§O R
4 5

4-penten-1-ol and 3-buten-1-ol in aqueous solution using
R)\/ CO/MH;, (1:1) HRh(CO)(TPPTS)as the catalyst, was investigated. Activa-
tion parameters and reaction selectivity for the hydroformy-
3 (R =Me, 'Pr, "Pr) lation of 4-penten-1-ol were found to be dependent on solu-
tion ionic strength. As sodium sulfate was added the activa-
tion energy increased. The linear—branched selectivity was
strongly influenced by the ionic strength and temperature.
The reaction could be directed to yield a product distribu-
tion of modest linearity (75%) or an exceptionally high ra-
tio of the branched product (98%) as a cyclic 2-hydroxy-3-
methyltetrahydropyraff6].
A catalyst formed from RhGI3H,O precursor in triethyl

Deuterioformylation of 1-phenyl-1xs¢pyridyl)-ethenes in
the presence of a phosphane-modified,([®ID)»> catalyst
was carried out at 100 bar of CO;B 1:1 and 80 C at partial
substrate conversion. Based on dirédtNMR analysis of
the crude reaction mixture it was concluded that the branched
alkylrhodiumintermediate is almost exclusively fornj&d].
The catalytic activity of [RKrac-CpCQ(CHPhOH}
|(r|1\l E:ﬁ g] ﬂ;gr éfgrﬁ;:giz;’]aggfcfigf;gPQESHS]:&/TS”?] was orthoformate §0Iuti0n was found_to show high activity in_t_he
investigated and compared with that of [RPCOy- hydr_oformylauon re_actlon (_)f various alkenes. _The addition
(CHR),OH}(NBD)] (R =H, Me)[18]. of tnphgnyl phosphite to this catalytic systeml increased the
Dinuclear aryloxide- and carboxylate-bridged rhodium selectivity towards the branched aldehydes with aryl alkenes

complexes were tested as catalysts in the hydroformylation of [27].

styrene and 1-octene. A regioselectivity towards the branched H'_gh regio- and ste_reoselectlwty was achieved in
aldehyde up to 97 and 45%, respectively, was fo[i8]. rhodium-catalyzedortho-diphenylphosphanylbenzoate- (

A cationic rhodium(l) complex with hemilabile amino- and (IjD_PPtI)B)t-.;ﬁ;egted deroformytl)attlst)nt rzacﬁo;esD%vagnouts 13-
sulfur-containing phosphinite ligand was found to be efficient isubstituted and mono-substituted afly esters

catalyst for the hydroformylation of styrefi20]. [28]. For example:

O(o-DPPB) ~ 18mol%RN(COR(@ECac) (o pppR)O O (0-DPPB)O  Me
3 mol% P(OPh)s |
Bn Bn~ : + Bn I
| 40 bar CO:H, =1:1; 30 °C; 44 h H
Me “Me
90 : 10
(anti:syn = 98:2)

A new class of organophosphorus ligangs,-dimethyl-
ene(trip-cresyl) bicyclophosphite has been studied as a

The homogeneous hydroformylation of 1-octene using an promoter of Rh(CO)acac) in olefin hydroformylatiom,o’-
unmodified rhodium catalyst from a Rh(CfQ8cac) precur- Dimethylene(trip-cresyl) bicyclophosphite was found to en-
sorwas investigated in C@expanded solvent media. Attem- hance the activity and stability of the catalyst much more
peratures of 30 and 6, the turnover numbers for aldehyde strongly than PP P(OPh}, and etriolphosphit¢29]. An
formation in CQ-expanded acetone were found to be up to extended X-ray absorption fine structure characterization of
four-fold higher than those obtained in either neat acetone dilute rhodium-PEf catalysts of the 1-octene hydroformyla-
or compressed C£)f21]. Hydroformylation of styrene was tion reaction was made in supercritical carbon dioXiigj.
studied in supercritical C&using soluble rhodium catalysts, The effect of bite angle on 1-dodecene hydroformylation
bound to a fluoroacrylate copolymer backbone through phos-catalyzed by various diphosphine—rhodium complexes were
phine ligands. Conversions up to almost 100% and branchedstudied[31].
aldehyde selectivities of 95-100% were obtaifi2?]. The A rhodium catalyst modified with tetrakis-(2,4-gi-
rhodium-catalyzed hydroformylation of 1,5-hexadiene and butylphenyl)-4,4biphenylphos phonite was found to exhibit
1,7-octadiene to corresponding dialdehydes was investigatecexcellent catalytic activity as well as stability for the hy-
in compressed Cg&and in toluene using different fluorinated  droformylation of mixed olefins, especially butane dimer
phosphine compounds as ligands. The rhodium complex with [32].
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A new class of phospabarreler@-thodium catalysts has The one-pot hydroformylation/aldol reaction sequence
been described which allow the hydroformylation of internal was applied to unsaturated ketones and ketoesters in the pres-
alkenes with very high activity and no alkene isomerization ence of a rhodium catalyst to afford the corresponding car-
[33]. bocyclic aldol adducts in good yield38]. For example:

CO,Et CO,Et
| 0.9 mol% [Rh(COD)ClI],; 10 mol% p-TsOH
Ph (e} CH,Cly; 60 bar CO:H, =1:1; 80 °C, 20 h [e)
/ZP / (R =Ph, 'Pr, 2,4-Xylyl)
R 72%

R

The rhodium-catalyzed one-pot enolboration/hydrofor-
6 mylation/aldol addition sequence was used for the regio- and
Rhodium complexes with the formula [RhBp(CO)P] diastereoselective formation of carbocyclic quaternary cen-
(Bp = bis(pyrazolylborate), P = P(N€l4)3, PPh, P(p-MeO- ters from acyclic olefing39]. For example:
CesH4)3) were tested as catalyst precursors inthe hydroformy- o o
lation of 1-hexene. Yields of aldehydes of 80-87% were ob- COEL 4 05 g “Hx,BCI: 1.05 eq. EtN: 0 °C : 60 bar f §M:éozEt

tained at 80C and 10 bar CO:bl=1:1 without extra phos-
phane as co-catalyg34]. —
The rhodium(l) complex (tpms)Rh(C&ftpms = tris(pyr- 1.8 mol% XANTPHOS 9%

azoyl)methanesulfonate) was found to catalyze the hydro- ) ] ) o
formylation of 1-hexene, reaching an activity maximum at Sterically constrained diphosphonite ligands were used

about 60°C. When the hydroformylation was performed in for the rhodium-catalyzed hydroformylation of 1-octene and

acetone, all of the rhodium was recovered at the end of the2-Putene. High activities were obtained for 1-octene, with

reaction in the form of the rhodium(lll) bis(acyl complex good selectivity to the linear aldehyde. For the isomerizing

(tpms)Rh(COGH13)2 [35]. hydroformylation of 2-butene using the ligafidr-pentanal
The kinetics of the HRh(CO)(PBJa-catalyzed hydro- ~ Was obtained in selectivities of up to 62%0].

formylation of high-molecular-weightis-1,4-polybutadiene

Me CO:H, = 1:1; 0.9 mol%Rh(CO),(acac); 16 h OH

in monochlorobenzene solution were studied. The hydro-

formylation reaction was found to be first order with respect O O

tothe catalystand carbon—carbon double bond concentrations By 0 By
and CO:H =1:1 pressure. The apparent activation energy for o-P P~o

the hydroformylation ofis-1,4-polybutadiene over atemper-
ature range of 60—8C was estimated to be 41 kJ/n{8b].

Various phosphane-modified rhodium catalysts were By .. Bu
tested for the hydroformylation of unsaturated esters. Pro- 'Bu t Bu
nounced temperature dependence was observed on the re- Bu gy
gioselectivity and catalytic activity for these reactions.

Under appropriate conditions, either linear or quater- 7
nary products could be preferentially obtaingg¥]. For
example:

CHO

)L 2% L; 0.33% Rh(CO),(acac) Me><CHO . /(

t t t
Me~ ~CO,'Bu CO:H, = 1:1; toluene Me~ "CO,Bu  Me~ ~CO,'Bu
L = P(OPh)y; 100 °C; 8 bar 1 3 38
L = tdtbpp; 40 °C; 40 bar 1 : 0.6
CHO
2% L; 0.33% Rh(CO)y(acac) ~ Me_ CHO . i
Ph” “CO,Me COH, = 1:1: toluene Ph™ ~CO,Me Ph” “CO,Me
L = tdtbpp; 45 °C; 35 bar 13 : 1

tdtbpp = (2,4-di-Bu-CH30)sP
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Highly active and selective catalysts for the rhodium- The asymmetric hydroformylation of 4-fluoro-styrene and
catalyzed hydroformylation of 1-octene andns-2-octene vinyl acetate catalyzed by a diphosphite-rhodium complex
to nonanal, and for the hydroformylation of 2-pentene to was studied. High catalytic activity and good regioselectivity
hexanal were obtained by employing phenoxaphosphano-and up to 38% ee were obserjd®].
modified XANTPHOS-type ligandgt1]. A series of new mono- and bidentate phosphites were

The effects of pressure from 70 to 5500bar on the screened as ligands in the rhodium-catalyzed asymmetric hy-
phosphine-modified rhodium-catalyzed hydroformylation of droformylation of allyl cyanide. The bisphosphit& with a
linear olefins were investigated. At high pressures, the yields 2,2-biphenol bridge was found to be the best overall ligand
of aldehydes increased. Lower linear:branched ratios atleading up to 80% ee and to a branched:linear ratio of 20 with
higher pressure were believed to result from the formation of turnover frequency of 6251 at 35°C [47].
an unmodified rhodium catalyst. At high-pressures, increased
yields of aldehydes were obtained from the hydroformylation
of sterically hindered olefingl2].

The kinetics and mechanism of the hydroformylation
of styrene catalyzed by the rhodium-1,2,5-tripheni-1
phosphole system were studig#3]. The kinetics of the
isomerizing hydroformylation ofrans-4-octene in toluene
and in propylene carbonate catalyzed by the Rh¢CO)
(acac)/BIPHEPHOS system were investigated. The observed
kinetics in propylene carbonate were found to be practically

the same to those in toluene. However, the selectivity in the 15
target produck-nonanal was up to 95% in the former solvent
[44]. The optimum conditions for the asymmetric hydroformy-

Hydroformylation of styrene catalyzed by rhodium(lll) lation of vinyl acetate using the ESPHOS-ligand-modified
complexes and the ethoxycarbonylation of styrene catalyzedrhodium catalyst have been elaborated (ESPHOG=
by palladium(Il) complexes containing novel phosphine lig- [48].
ands8—14 were described. Using these ligands in RI{Cp")

(monodentate P-ligand) complexes as the catalyst precursor
in styrene hydroformylation led to higher than 99% chemose-

Ph
N N ’
lectivity. A strong dependence of the regioselectivity on the P- H R R
substituents was found for P-heterocyclic liga8d$l [45]. N 6 N
Ph
16

Cl_ Cl cl cl
Cl. ¢l | C Me
Me Me Me Me
Epj | b | [Pj P Desymmetrizing triphenylphosphite-modified rhodium-
" catalyzed hydroformylation with the aid of a planar chiral
© catalyst-directing groupl{) was communicated. The hy-
droformylation of ortho-diphenylphosphinylferrocene car-
Me boxylates of bisalkenylcarbinols and bisallylcarbinols was
found to give enantiomerically pureyn aldehydes and
8 9 10 1" enantiomerically purensi-aldehydes, respective[¢9]. For
/\_PPh, A\ PPHPr A PPh, example:
CN CN Me CN

12 13 14
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(0]
& >
to PP

17

= (S,)-0-DPPF or (R,)-0-DPPE

O(S,)-0-DPPF 0(S,)-0-DPPF
1.8 mol% [Rh(CO)y(acac)] + 7.2 mol%P(OPh),

Me Me 40 bar CO:H, = 1:1; THF; 70 °C; 48 h Me Me |o

syn >99% ee

e O(R,)-0-DPPF
MPPF 1.8 mol% [Rh(CO)y(acac)] + 7.2 mol%P(OPh), W
40 bar CO:H, = 1:1; THF; 50 °C; 21.5 h

anti >99% ee

The electronic and steric effects of phosphinite ligands on
activity and enantioselectivity in the rhodium diphosphinite-
catalyzed asymmetric hydroformylation of styrene were
investigated. In two series of ligands based &i1(1-
bi-2-naphthol and¥)-5,5,6,6,7,7,8,8-octahydro-1,tbi-2-
naphthol, the basicity was varied by using 4 #-CF3, 3,5-
(CH3)2, and 3,5-(Ck)2 substituents on the diphenylphos-
phine moieties. An increase in activity and in enantioselec-
tivity as well as an increase in the linear:branched aldehyde
ratio was observed with decreasing phosphinite baqieity

A new protocol in multisubstrate screening using an ar-
ray of parallel reactors for catalyst evaluation in modified 18
rhodium-catalyzed asymmetric hydroformylation reactions
was described. The method was demonstrated using a mixture - ]
of styrene, allyl cyanide, and vinyl acetate. Among 78 cata-  1he XANTPHOS-modified rhodium-catalyzed hydro-
lysts based on phosphites, phosphines, and phosphoramiditefPrmylation was used for the preparatior2dffrom 19 [54].
the phosphitd5 was found to be the most selective ligand.

Rhodium catalysts with this modifier gave 88% ee and >100:1 OH  0.06 mol% [R(OAc),l;; 1.2 mol% XANTPHOS O. _OH
branched:linear regioselectivity in asymmetric hydroformy-
lation of vinyl acetatg51].

Rhodium complexes containing chiral diphosphite ligands 49 20 89%
prepared from (R,5S,6R)-(trans,trans)-spiro[4,4]Jnonane-
1,6-diol with chlorophosphites were tested in the asymmetric
hydroformylation of styrene. Moderate enantioselectivity, up ~ See also Ref4§7,58,64—66,77,85,92,136]
to 49% ee, was obtaing®2]. Low enantiomeric excesses
were found in the asymmetric hydroformylation of styrene 1.1.3. Other metals as catalysts and bimetallic catalysts
and vinyl acetate using the chiral phosphonti®{modified A new hydroformylation of alkenes using carbon dioxide
rhodium catalysf53]. as a reactant in the presence of a ruthenium cluster complex

= 1.2 mol% 'PrzEtN; neat; 120 °C; 50 bar CO/H, = 1
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and halide salts was found. Similar or even better yields of 1.2.2. Supported complexes

alcohols were obtained as compared to the conventional hy- The catalytic activity of rhodium complexes supported
droformylation with CO under the same reaction conditions on Al,O3—ZrO, in hydroformylation was tested. Tethered
[55]. Rh(COY™* species were found to be active for olefin isomer-

The origin of synergism in the R{CO);»-catalyzed hy- ization but poor catalysts for hydroformylation of 1-hexene
droformylation of cyclopentene promoted with HMn(GO) at 80°C and 10 bar CO:p=1:1[65].
was investigated by in situ high-pressure FTIR spec-  SiO,-tetheredrhodium complexes derived from Rh(€O)
troscopy. Only four organometallic species, 4RPO);2, (acac) and 3-(mercapto)propyl- and 3-(1-thioureido)propyl-
CsHgCORN(CO), HMn(CO), and Mrp(CO)y0, were found functionalized silica gel, respectively, were used as catalysts
in the reaction mixture. The kinetics of cyclopentanecar- in the hydroformylation of various vinyl arenes and vinyl
boxaldehyde formation suggest that the origin of syner- acetate. Conversions, chemo- and regioselectivities obtained
gism is the HMn(CQg-attack on the acyl speci¢s6]. The with the SiQ-tethered catalysts were comparable with those
mechanism of the iridium-catalyzed hydroformylation has of the well-known homogeneous rhodium catal\j68].
been studied by NMR spectroscopy. Species including irid-  Hydroformylation of various unsaturated substrates, such
ium acyl and alkyl dihydride intermediates were detected as 1-octenesrans-2-octene,trans-3-octene, cyclohexene,
[57]. limonene, and styrene, was carried out using as the catalyst

Quantum mechanical calculations at the MP4(SDQ)// an oligomeric complex obtained by adding Rh(G@trac)
MP2 level of theory were carried out to evaluate the en- to oligo-1,4-phenyleneterephthalamide. Complete chemo-
ergies and reaction mechanisms involved in the olefin hy- selectivity to the oxo-products and acceptable regioselectiv-
droformylation promoted by a homogeneous Pt-Sn catalyst. ities were observefb7].

It was concluded that the hydrogenolysis and carbonylation  Catalysts obtained by immobilizing the rhodium com-
processes are the slowest steps of the Pt-Sn-catalyzed olefiplexes [Rh(CO)(P)(acac)] and [Rh¢Pacac)] (P = PRPCH,
hydroformylation cyclg58]. CH>Si(OMe)) onto silica were tested in the hydroformy-

A platinum-XANTPHOS tin(ll) chloride system was lation reaction of 1-hexene. The hydroformylation activity
found to be an active catalyst at 25-T@ and 120bar  was found to be strongly dependent on the presence and con-
of CO:H,=1:1 in the hydroformylation of styrene. High centration of the PRjro-catalyst. Without added P®hoth
chemo- and regioelectivities of up to 99.8 and 88%, respec- catalysts effect mainly the isomerization of 1-hexene to 2-
tively, were observedb9]. Deuterioformylation of styrene  hexend68].
using a Pt-Sn catalyst system was investigated. The re- A phenoxaphosphane-modified xanthene-type compound

sults of deuterioformylation with [(24S)-BDPP]Pt(SnG) covalently anchored on a polysiloxane support was used as
as the catalyst showed that platinum hydride addition to a ligand in the rhodium-catalyzed hydroformylation of 1-
styrene is largely irreversible at 3€, but reversible at 98C octene in toluene and in supercritical carbon dioxide. The
[60]. hydroformylation results obtained with the heterogenized lig-
See also Ref§82,115] and were found to be competitive with those obtained with
homogeneous systems employing XANTPHOS as the ligand
1.2. Heterogeneous systems [69].
Several phosphane ligands functionalized with glycine—
1.2.1. Supported metal catalysts urea groups and bound reversibly to silica were used as a

Mono- and bimetallic shell catalysts produced by ion beam ligand system in the rhodium-catalyzed hydroformylation of
assisted deposition were studied in hydrogenation and hy-1-octene. No catalyst deterioration or metal leaching was ob-
droformylation reactions. In 1-decene hydroformylation at served in 11 consecutive reaction cycles at@@nd 50 bar
160°C and 150 bar CO:pk=1:2 using a 750 nm rhodiumde- CO:H; =1:1[70].
posit on AbOj3 as the catalyst, a 62.6% yield of aldehydes A rhodium(l) diphosphine complex, [R2&[)(COD)]CI,
was observed. Among the bimetallic catalysts the Rh-Pt cat-anchored on functionalized carbon support was tested as a
alyst showed the highest activity and the Rh-Zr catalyst the catalyst for the hydroformylation of 1-octene. It was found
highest aldehyde selectivifg1]. that the catalyst shows an outstanding behavior, being fully

The hydroformylation of ethylene and 1-hexene using active and with almost constant selectivity to the linear alde-
PPhR-modified highly dispersed rhodium metal catalyst on hyde in four consecutive catalytic rufi&l].

SiOp was investigated. At 100C and 10 bar CO + Blpres-

sure the activity of the PRkmodified catalyst in the hy- HO™ "N PpPh,

droformylation reaction was found to be higher than that of

Rh/SIQ [62,63] PPh;
The effect of temperature, pressure, and solvent on the 21

yield of oxygenates in the low-pressure hydroformylation of
1-hexene over active carbon and silica-supported noble metal Rhodium complexes of (derr-butylphenyl)diphenyl-
(Ru, Rh, Pd, and Pt) catalysts were studiggl. phosphine and bis-(&+t-butylphenyl)phenylphosphine
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were attached to amino group functionalized mesoporousresults explain why a decrease in the normal to branched
molecular sieves MCM-41 and MCM-48, and used as aldehydes ratio is always observed when cyclodextrins
catalysts in the hydroformylation reaction of 1-hexene in are used as mass-transfer agents in aqueous biphasic
the liquid phase. The heterogenized catalysts were foundhydroformylation processg83].
to show catalytic activity and normal heptanal selectivity The rhodium-catalyzed hydroformylation of myrcene,
comparable to the corresponding homogeneous ffgs limonene, and camphene was achieved in a toluene/water
The rhodium complex, RhCI(PB)3, chemically tethered  biphasic system employing TPPTS and cetyltrimethylammo-
to the surface of the mesoporous molecular sieve MCM-41 nium chloride[84]. The effect of surfactants on the activ-
through (EtO3Si(CHz)sNH>2, was studied as a catalyst in ity and regioselectivity of rhodium—TPPTS-catalyzed aque-
the hydroformylation of cyclohexene. High activity and fair ous two-phase hydroformylation of 1-hexg8&,86]and 1-
stability of the catalyst was observed at T@and 28 bar  dodeceng87-90]was studied.
CO:Hx=1:1 [73-75] Similar results were obtained with Micelle effect of disulfonated cetyldiphenylphosphane in
catalysts prepared from [RhCI(C&) [76]. biphasic hydroformylation of higher olefins was investigated.
Comparative catalytic studies were performed of the am- Addition ofn-C16H33P(3-GH4SO3Na), to TPPTS—rhodium
inated MCM-41-tethered rhodium complexes and the corre- or TPPDS-rhodium hydroformylation catalysts proved to be

sponding untethered rhodium complexes in 1-heXgié, beneficial both for the reaction rate and linear aldehyde se-

1-octene, and styren@8] hydroformylation at 80C and lectivity [91].

2—-20bar CO:H=1:1. The influence of added P$bn the The complexes RhH(COY, where L=PPjh, TPPTS,

catalytic activity and the/iso aldehyde ratio was also inves- and TPPMS, were used as catalyst precursors for a com-

tigated[77,78]. parative study of the catalytic hydroformylation of sev-
eral C6 alkenes and alkene mixtures under moderate condi-

1.2.3. Biphasic systems tionsin homogeneous (PEland aqueous—biphasic (TPPTS,

An improved hydroformylation of 1-hexene with G@s TPPMS) media. The biphasic systems were found to be effi-
the carbonyl carbon source using4fR00);2 as the catalyst  cient for the hydroformylation of 1-hexene, 2,3-dimethyl-
precursor in a biphasic system consisting of ionic liquid and 1-butene, styrene, cyclohexene, and mixtures thereof, in
organic solvent has been reported. In the presence of 2 mol%waterh-heptane at 80C [92].

Ruz(CO)12 1-hexene gave in a toluene/[bmim]Cl system at The water-soluble rhodium complex R6z)(CO)-
140°C and 80 bar C@H>=1:1in 30 h an 84% total yield of (TPPMS) (pz =pyrazolate) was found to be active in the

C7 alcoholq79]. catalytic hydroformylation of 1-hexene and styrene in a two-
The water-soluble ruthenium complex, RyBO)- phase reaction mediuf@3].
(TPPMSY} (TPPMS=PhP(4-GH4SO3Na), was used as The effect of electronic and steric factors of the

a catalyst precursor for the aqueous-biphasic catalytic phosphine ligands in hydroformylation of 1-dodecene in
hydroformylation of alkenes and alkene mixtures under mild biphasic rhodium catalytic systems was investigated us-
reaction conditions. The activity trend was found to be 1- ingthe water-soluble ligands, tris[4-methoxy-3-(sodium sul-
hexene > cyclohexene > 2,3-dimethyl-1-butene. The catalystfonato)phenyl]phosphine and tris[2-methoxy-3-(sodium sul-
was found to be resistant to possible sulfur poig&@3. fonato)phenyl]phosphine in comparison to TPHY4).

Hydroformylation of 1-hexene catalyzed by water-soluble Hydroformylation of 1-dodecene under aqueous—organic
CoCh(TPPTS} inaqueous biphasic medium was studied. At two-phase reaction conditions with rhodium catalysts de-
100°C and 90bar CO:b=1:1 pressure >90% conversion rived from sodium salt of sulfonated 2;Ris(diphenyl-
with 68% selectivity for aldehyde andiso ratio of 3.0 for phosphinomethyl)-1;3biphenyl in the presence of cationic
the aldehyde was fouri@1]. surfactants was studig¢és].

Hydroformylation of 1-octene under aqueous two-phase A highly active and regioselective catalyst obtained from a
conditions was studied using aW-heterocyclic carbene novel dicationic phenoxaphosphino-modified XANTPHOS-
rhodium catalyst immobilized to an amphiphilic, water- type ligand22 and Rh(CO)(acac) for hydroformylation
soluble block copolymer support. The catalyst showed high of 1-hexene and 1-octene in 1-butyl-3-methylimidazolium
activity up to 2360 h? turnover frequency at 10@ and hexafluorophosphate was reported. At $Qthigh turnover
50 bar CO:H =1:1 pressure in four consecutive cyc|8g]. frequencies (>62001), high linear:branched ratios (>40)

The effects of methylated cyclodextrins on the and negligible catalystloss (Rh-loss<0.07%, P-loss <0.4%)
RhH(CO)(TPPTS) complex in hydroformylation con-  were observefd6].
ditions (50bar CO:H=1:1 and 80C) were investigated
by high-pressuréP NMR spectroscopy. It was found that P
the TPPTS dissociation equilibrium is influenced by the 5
stable inclusion complex formation between methylated @ O O N@ PoP =\©[ j©/
B-cyclodextrin and TPPTS. The methylateetyclodextrin LT V. bop PFs \ ©
does not interact with the TPPTS and the methylated
v-cyclodextrin can only weakly bind to the TPPTS. These 22
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Hydroformylation of 1-hexene in a liquid-liquid The phase-transfer and distribution of 1-octene in fluorous
biphase reaction environment using different ionic lig- biphasic hydroformylation was studi¢tO6]. The design of
uids and a rhodium/tri(3-sulfonyl)-triphenyl-phosphane-1,2- a continuous reactor for fluorous biphasic reactions under
dimethyl-3-butyl-imidazolium salt system as the catalystwas pressure and its use in RhH(GB(4-CGH4CsF13)3]-
studied. The activity of the biphasic ionic liquid system was catalyzed 1-octene hydroformylation was reported
found to be approximately one order of magnitude lower than [107].
that observed for the conventional rhodium/gBatalyst in Determination of carbon monoxide solubility in ionic lig-
toluene[97]. Hydroformylation of 1-butene was studied in uids and the relevance to the RhH(CO)(BR¥catalyzed
[bmim]BF4/H20 using RhGH/TPPTS as the catalyst precur- hydroformylation was communicatedl08]. The con-
sor. High selectivity for the linear aldehyde produetifo tinuous flow hydroformylation of 1-octene -catalyzed
ratio up to 9.1) was observgéa]. by Rh/[Rmim][PhPCH4SOs3] (Rmim = 1-propyl-, or 1-

Ammonium salts with a polyether-tail asionicliquids have pentyl-, or 1l-octyl-3-methylimidazolium) using supercrit-
been used in the two-phase rhodium-catalyzed hydroformy-ical carbon dioxide as a transport vector was studied
lation of 1-tetradecen®9]. [109].

The rhodium(l)-catalyzed biphasic hydroformylation
of 1-octene in various ionic liquids as the solvent and diphe-
nylphosphinod-methylpyridinium-bis(trifluoromethanesul- 2. Hydroformylation related reactions of CO
fonyl)amide as ligand was investigatgd0].

Rhodium complexes with the fluorous phosphine ligand 2.1. Silylformylation and silylcarbocyclization
P(4-CG/F15CH20O-CgHy)3 were found to be active catalysts in

the hydroformylation reaction of 1-octene in biphasic fluo- Cationic carboxylato dirhodium(ll) complexes with oxo
rous system (TOF = 3801 at 80°C and 40 bar CO:bl=1:1) thioether ligands were found to be promising catalysts of the
[101]. silylformylation reaction of 1-hexyne with dimethylphenyl-

A novel continuous homogeneous catalytic system for the silane[110].
long-term testing of hydroformylation in fluorous biphasic Rhodium-, cobalt-, or iridium-promoted cyclization of
systems was developed. Conversion levels up to 70% werel,6-enynes in the presence of a hydrosilane and carbon
observed, with linear to branched product ratios of around 12 monoxide was found to lead to the selective formation of
[102]. functionalized cyclic compounds. Using chiral phosphine-
See also Refg25,105] type ligands give enantiomerically enriched carbocycles with
modest enantioselectiviti€s11]. For example:

1.3. Coordination chemistry related to hydroformylation

EtO,C, - 1 mol% Rh(CO),(acac), (R)-BINAP, toluene
The band-target entropy minimization was applied in go,c + HSiMe,Ph + CO oC 20tmr 1om
the IR spectroscopic investigation to detect new complexes \ o

in the Rhy(CO)12-catalyzed homogeneous hydroformylation EtO,C ZsiMe,ph EtO,C > SiMe,Ph
of ethylene. The spectrum of Et&D)Rh(CO}(CoH4) was Etozc><IC\H * Et02C>CCCHO
identified[103]. °

The origin of chemoselectivity in the hydroformylation 1 : 15 (27% ee)

of alkenes catalyzed by trialkylphosphane complexes of

rhodium was investigated. In alkene hydroformylation re- Reaction of 1,6-enynes with hydrosilane in the pres-

actions carried out in protic solvents, monophosphane acylgnce of immobilized cobalt/rhodium bimetallic nanopar-
intermediates were found to be responsible for the aldehydetid(_}S was found to give 2-methyl-1-silylmethylidene-2-

formation in the case of'Prz and PBus, while a disubsti- oy cjopentanes in the absence of carbon monoxide and

tuted acyl inte.rme.diate was found to be responsible for the 2-formylmethyl-1-silylmethylidene-2-cyclopentanes under
alcohol formation in the case of PHtL04]. 1 bar carbon monoxide, respectivéiy 2].
See also Ref40].

2.2. Hydroxycarbonylation, hydroalkoxycarbonylation,
1.4. Engineering aspects of hydroformylation and alkoxycarbonylation

The mass-transfer effects in the biphasic hydroformyla-  The ruthenium(ll) complefac-[Ru(CO)(H20)3C(=0)-
tion of propene were studied using a water-soluble rhodium C;Hs)][CF3SQOs] dissolved in aqueous tetrabutylammonium
catalyst. It was shown that the accurate knowledge of the hydrogensulfate or sodium hydrogensulfate was found to
mass-transfer parameters in the gas-liquid system is nec-catalyze the hydrocarboxylation of ethylene to propionic
essary to predict and to optimize the production rate-of  acid under water—gas shift conditions at 280and 88 bar
butyraldehydg105]. CO:GHs=1:1]113].
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5-Hexenoic acid methyl ester was hydrocarboxylated us-
ing a Ca(CO)s/y-picoline precatalyst system at 150 and
200 bar CO pressure in methanol. An isolated yield of 82%
of isomeric dienoic acid methyl esteng/i(= 80/20) was ob-
tained[114]. 1 bar CO, 25 °C, 30 min

Ring-opening alkoxycarbonylation of epoxy-steroids us- / CO,Me
ing a Ce(CO)s/3-hydroxypyridine precatalyst was reported
[115]. For example: 23

e
5 mol% PdCI,(MeCN),

NP

M

/
N
Y

3 equiv CuCl,, MeOH 83%

Me o
OH

Me Coy(CO), NC}

_—

W
2 + CO + EtOH 75°C, 45 bar, THF

Ty

43%

The selective hydroalkoxycarbonylation of enamides to
N-acyl amino acid esters was reported. The use of low par-
tial pressure in this cobalt-catalyzed hydroalkoxycarbonyla-
tion was found to be an important reaction parameter for the
selective carbonylation, which prevents hydrogenation as a
side reaction. A DFT calculation of the possible catalytic cy-
cle explains the preferred pathway of this reacfib6]. For

Hydroesterification of vinylarenes using a mixture of
PdCh and monodentate phosphorus ligands as a cata-
lyst was studied. As ligands, methyldiphenylphosphane,
neomenthyldiphenylphosphane, and dicyclohexyl(phenyl)-
phosphane were found to be effective to obtain branched
esters with high regioselectivity without additives such as
acids. Wheng)-2-dicyclopentylphosphino‘anethoxy-1,1-

example: ) . e
P binaphthyl was used for the asymmetric hydroesterification
o) ) O  CO,Me of 2-methoxy-6-vinylnaphthalene§)-naproxen methyl ester
P§ A Ph 2ol CoxCOk MeOH, 1007 Py vah was obtained with 53% €@&20].
PRe N P(CO)=475bar, P(Hp) =25bar T N The cyclic hydrogen phospha2d was used as a chiral

ligand in the palladium-catalyzed asymmetric hydroxycar-
bonylation of styrene. Good regioselectivities (up to 97%)

. . , but low optical yields were obtaindd21].
In aqueous solution with tetrabutylammonium hy-

drogensulfate co-catalyst, rhodium complexes liki-
[Rh(CO)(amine}][PFg] (amine =4-picoline, 3-picoline, 2- O—H—OH
picoline, pyridine, or 2,6-lutidine) were found to catalyze the
hydrocarboxylation of ethylene to propionic acid. An in situ
FTIR spectroscopy study has confirmed that five coordinated
rhodium species of the typeans-[Rh(CO)x(amine}]* were
formed under catalytic conditions at 150 and 88 bar CO
pressurgl17]. 24

The catalytic potential of transition metal sulfides for abi- Palladium(ll) complexes with 1,bis(diphenylphos-
otic carbon fixation was assayed. It was found that at 2000 barphino)ferrocene, 1;4bis(diphenylphosphino)octamethylfer-
and 250 C the sulfides of iron, cobalt, nickel, and zinc pro- rocene, 1,%bis(diphenyphosphino)ruthenocene, and’-1,1
mote the hydrocarboxylation reaction via carbonyl insertion bis(diphenylphosphino)osmocene were used to catalyze
at a metal sulfide-bound alkyl group. The results of the study the methoxycarbonylation of styrene. The regioselective
support the hypothesis that transition metal sulfides may have(up to 85%) formation of 3-phenylpropanoate was ob-
provided useful catalytic functionality for geochemical car- served. The highest turnover frequency (334t 100°C
bon fixation in a prebiotic worlf118]. and 42bar CO pressure) was obtained with the’-1,1

The palladium-catalyzed cyclization/carboalkoxylation bis(diphenyphosphino)ruthenocene precursor in the presence
of various alkenyl indoles was reported. For example, of p-toluene sulfonic acid co-catalyft22].
the treatment of 1-methyl-2-(4-pentenyl)indole with a cat-  The mechanism for palladium-catalyzed alkoxycarbony-
alytic amount of PdG(MeCN), and a stoichiometric lation of cinnamyl chloride was investigated. An associative
amount of CuG in methanol under 1bar CO at room mechanism was observed at low pressure, while an insertion
temperature for 30min led to the isolation of tetrahy- mechanism was observed at high pressure or when an excess
drocarbazole23 in 83% vyield as a single regioisomer of ligand (PPB, P°Hxs, or hemilabile P—N ligand&5, re-
[119]. spectively) was used 23].

97% yield
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= of the two cyclopentanone6 and27 with 84% selectivity
I o en n=t20r3 [130].
N R N -
|
Ph
PdCl,(PPhs), + PPh; + SnCl
25 + CO 2! c 3)2 3 2
Palladium-catalyzed hydroxycarbonylation of aryl halides % 70°C, 40 bar, toluene

and benzyl chloride derivatives was studied using ionic lig-
uid media. The use of ionic liquid media increased the yield

of benzoic acid in hydroxycarbonylation of benzyl chloride 26 27
[124].

The methanolysis of acyl-palladium(ll) complexes rele-
vant to palladium-catalyzed methoxycarbonylation of ethy-
lene was found to proceed via coordination of methanol to
the palladium center prior to nucleophilic attack at the acyl
carbon[125].

The palladium-catalyzed carbonylation reactions of pen-
tachloropyridine and 2,3,4,5-tetrachloropyridine were inves-
tigated. 2-Ethyl-1-hexanol was found to be an effective
solvent and reactant above 10D and 1 bar CQ126]. For

56 : 44

2.4. Aminocarbonylation, amidocarbonylation, and
hydroaminomethylation

Density functional studies at the B3LYP/63LAN level
were made on the G¢CO)s-mediatedV,N'-dimethyl-urea
formation from methylamine. Two of the most probable re-
action pathways for the carbonylation were proposed and
examined[131]. Amidocarbonylation of alkenes with a

example:
3 mol% PhyP(CH,)sPPh,
cl 2 mol% Pd(OAc), cl cl
o] % Cl O bar, Na;COy cl O o] !
| _ CgH470H, 125-140 °C I _ + | _
cI” N7 CgH170,C~ N7 CI CgH170,C7 N7 ~CO,CgHy7

15% 64%

The palladium-catalyzed alkoxycarbonylation rea-
ction was used for the synthesis of 1-(alkoxycarbonyl)-
methylene-1,3-dihydroisobenzofurans and 4-(alkoxycar-
bonyl)benzof]pyrans from 2-alkynylbenzyl alcohols, 2-
alkynylbenzadehydes, and 2-alkynylphenyl ketoftea7].

Co(CO)g/SbR; system to obtainv-acetyla-amino acids
was studied132].

Rhodium-catalyzed carbonylation of 2-alkynylben-
zylamines under water—gas shift reaction conditions was

For example:
MeO,C
Bu 2\ Bu MeO,C
Z J
1 mol% Pdl,, 10 mol% KI, MeOH DN Bu
+
OH 80 °C, P(CO) = 16 bar, P(air) = 4 bar o (o)
25% 42%

The palladium-catalyzed carbonylation reactions of found to give a seven-membered heterocyclic product,

haloindoles in the presence of varidéisandO-nucleophiles 2,4-disubstituted-1,4-dihydrober¥izepin-3-ones, in good
were reported128]. A palladium colloid prepared by reduc-  yield [133]. For example:
tion of the [Pdf3-allyl)»Cl], precursor with vanadocene in

/ i ) NH
the presence of polyvinylpyrrolidone as a protecting polymer 2 0.5 mol% Rhe(CO) NH
was found to be an active and stable catalyst for methoxy- — ng, — e o
carbonylation of iodobenzene in various ionic liquid media 30 bar CO, 100 °C, Et;N ——
[129]. H,0, 1,4-dioxane, 7 h "By
See als437,45,133] _
70% yield
4,4-Diarylbutylamines like Fluspirilene and 4-amino-
2.3. Cyclocarbonylation 1,1-diarylbutan-1-ols like Difenidol were prepared in high

yields via rhodium-catalyzed hydroaminomethylation of 1,1-
Cyclocarbonylation of (R,4R)-isolimonene at 40 bar CO  diaryl-allylalcohols. Conversion of these olefins with carbon
catalyzed by [PdG(PPH)»] in the presence of Sn&RH,O monoxide, hydrogen and secondary amines was found to pro-
and a slight excess of PRhwas found to give a mixture  ceed with complete regioselectivify34]. For example:
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Ph.  oH 0.5 mol% [RN(COD)Cl,, dioxane Ph_  OH o tion rates accompanied by complete regioselectivity towards
Ph@ i Ph></\/N\) the branched amide were obtained in dichloromethéne/
HN_0. 1207C, 50 bar COH, = 3:2, 65 h methylpyrrolidinone mixturegl44].
100% Various indole carboxylic acid derivatives were prepared
. o _in excellent yield by the palladium-catalyzed carbonyla-
Rhodium(l) complexes with phosphine ligands bearing tjon of unprotected bromoindoles in the presence of dif-

additional donor sites in the backbone (for examg®), ferent N- and O-nucleophiles[145]. The mechanism of
were found to be active in the catalytic hydroaminomethy- the palladium-catalyzed amidocarbonylation was studied us-
lation of 1-pentene and styrene at®5 P(CO)=5bar and  jng phthalimide, formalhedyde, and carbon monoxide as a

P(H2) =50 bar[135]. model system, which giveé-phthaloylglycine in good yield
[146].
¢ 0
2.5. Water—gas shift reaction and reduction with CO or
CO + H,0
A novel mechanism for the gas-phase Fe(£@nd
N N base-catalyzed water—gas shift reaction was examined. The
reaction pathway predicted at the B3LYP/6-31++G(d,p)
co level involves the energetically barrier less formation of
P—th—P (CO)uFeCOOH", decarboxylation of (CQJFeCOOH" by
Ph”1 | 1 Ph the addition of CO to give (CQJeCHO, and evolution of
Ph Cl Ph H> upon addition of HO to the (CO)FeCHO intermediate
28 [147].

The effects of the support (4Ds, TiO2, SiO,, zeolite,
ZrOy, and ZrSiQ) on the water—gas shift reaction activity of
Rhodium-catalyzed tandem hydroformylation/reductive aruthenium complex catalystwere investigated. The catalytic
amination sequences starting from olefins were used for theactivity was found to be improved when the catalyst was
synthesis of new polyamine dendrimers units in solution as supported on weakly acidic alumifig48].
well as on solid suppoft.36]. Rhodium(l) complexes of the typeg¢is-[Rh(CO)-
Hydroaminomethylation of 1-dodecene with dimethy- (amine}][PFg] (amine =3-picoline, 2-picoline, 2,6-lutidine,
lamine using a water-soluble rhodium—phosphine complex, or 3,5-lutidine) in 80% aqueous amine solution were found
RhCI(CO)(TPPTS) in an agueous—organic two-phase sys- to catalyze the selective reduction of 4-nitrobenzoic acid to
temin the presence of cetyltrimethylammonium bromide was 4-aminobenzoic acid at 10€ under an atmosphere of CO
investigated. High reactivity and selectivity for tertiary amine [149].
were achieved at 13@ and 30 bar pressuf#37,138]
Rhodium(l) phosphite-catalyzed hydroaminomethylation 2.6. Reduction of CO,
of resin-tethered amino alkenes withh/80 was found to
give moderate to good yields of 5-, 8-, 10-, and 13-membered  The influence of the solvent and of different co-ligands on

heterocycle$139]. the ruthenium-catalyzed hydrosilylation of carbon dioxide
Synthesis of 4-dialkylamino#-furan-2-ones froma- was studied150]. The ruthenium-catalyzed hydrogenation

substituted 2-yn-1-ols, carbon monoxide, dialkylamines, and of aqueous bicarbonate was modef&6l1].

oxygen in the presence of catalytic amounts of ,Paas The electrochemical reduction of carbon dioxide to car-

reported[140,141] A novel polymer incarcerated palla- bon monoxide and formic acid using Co(ll) hexa-aza-
dium catalyst was found to be effective for the prepa- macrocycles as an electro catalyst was studied by cyclic
ration of N-acylw-amino acids[142]. The synthesis of  voltammetry and UV-vis spectroscofi52]. The electro-
1’-iodoferrocenecarboxamide or-ibdoferroceneglyoxylic reduction of carbon dioxide was studied by using a glassy car-
amide by palladium-catalyzed aminocarbonylation was in- bon electrode with Co(ll)-tetrabenzoporphyrin as absorbed
vestigated143]. layers or as a supramolecular system. The supramolecular
The effect of the reaction conditions on the palladium- electrode was found to be very stable and showed a high cat-
catalyzed aminocarbonylation of phenylacetylene in the pres-alytic respons¢153]. Co-facial dinuclear cobalt porphyrins
ence of (2-pyridyl)diphenylphosphane and methanesulfonic were found to exhibit a catalytic activity for the electrochem-
acid was studied. The catalytic activity was found to be ical reduction of carbon dioxidg 54].
strongly influenced by the basicity of the amine. Good reac-  Hydrogenation of agueous mixtures of calcium carbonate
tion rates were achieved using amines of low basicity such asand carbon dioxide using a water-soluble rhodium(l)-
aniline. The reaction solvent was found to influence both the monosulfonated triphenylphosphine complex catalyst
activity and the selectivity of the catalyst. The highest reac- was investigated. At 50C and 100bar total pressure
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(P(CO):P(H2) =1:4) the yield of formate was found to be
143% based on CaG(J155].
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(14) Recent advances in the synthesis of carbonyl com-
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Appendix A. List of abbreviations

acetyl
acetylacetonate
aryl

BINAP 2,2-bis(diphenylphosphino)-1;-binaphthyl

PPhy

g

OMe OMe

'Bu ! ! 'Bu
Q
P

O~

—

benzyl
2,2-bipyridine
butyl
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‘Bu isobutyl

COD 1,5-cyclooctadiene

Cp cyclopentadienyl

Cp pentamethylcyclopentadienyl
DMF  N,N-dimethylformamide

DFT  density functional theory

0-DPPB ortho-diphenylphosphinylbenzoate

ee enantiomeric excess

Et ethyl

FTIR  Fourier transform infrared

“Hx cyclohexyl

Me methyl

sNBD norbornadiene

Ph phenyl

Pr isopropyl

py pyridine

sc supercritical

THF  tetrahydrofuran

TOF  turnover frequency (mol product/mol cat/time)

TPPDS disodium salt of the disulfonated triphenylphos-
phine

TPPMS sodium salt of the monosulfonated triphenylphos-
phine

TPPTS trisodium salt of the trisulfonated triphenylphos-
phine

Ts tosyl p-toluenesulfonyl)
TsOH p-toluenesulfonic acid

oee

PPh,

XANTPHOS PPhy

Appendix B. The metals and their associated

references

Metal References

Zr [61,65]

Mn [56]

Re [146]

Fe [118,122,147]

Ru [55,64,79,80,113,114,122,148,150,152]

Os [122]

Co [1-11,58,81,111,112,115,116,118,131,132,152-154]

Rh [7,12-54,56,58,61-78,82-112,117,133,139,149,155,156,
163-165,167]

Ir [57,146]

Ni [118]

Pd [37,45,119-130,140-146,169]

Pt [58-61,64,146,164]

Cu [119]

Zn [118]

Sn [58-61,130]
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