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1. Hydroformylation
i1 Homogeneous xvsterts

L1 Cobalt catalysis

The catalylic activity of Co{COtL); complexes (L=P{CH,CH,CN),,
P(CH,CH,CO,CH,), PCHL.CH,CH,OCH;); and P{CH,CH,CH,OCH CH,},) in
hydroformylation of 1-hexene and propene was tested. The influence of solvent.
reaction temperature, carbon monoxide partial pressure, and excess of free phosphine
in solation on the chemo- and regioselectivity of the reaction was mvestigated and
the results were comparcd with those obtained when wsing CoyCQ); or
CoxtCO} PBuy), as the catalyst precursors {1}

Hydroformylation of l-octenc in the presence of a lheteronuclear Co,Ni
complex und of alkylidenccarbonyl coball clusters Coy{CO),0L-CR) (R=H. Mec,
Ph. CO,Mec, CO,Et. COLPr, CQLBu, Cl. Br. OMce) and their triphenylphosphine
derivatives has becn studied. The nature of the cataiytically active sites and their
formation and transtormation during the reaction have been established by infrared
spectroscopy [ 2], The catalytic activity of the tricobalt cluster complex t i hyvdrofor-
mylation of I-hexene was cxamined at 120 C and 80 bar CO:Ha=1:1 in toluenc
{R=H) and in potvethyvlene glyco! {R =CH.CHAQCH CH,),OH ) as the solvent.

]
HO\EI,OH [A = H. CHaCHo DCHCH O
i
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High conversion (up 1o 99.9%) and high aldehyde sctectiaiy {up 1o 95%) was
achieved. In the fattor case the hydroformylation s performed under two-phase
coanditions. The addition of phosphances wus found to improve the regloselectivity
[3]. Group 13 heterosiioxanes [CoCOWLCSIC,E - THE L {E = AL Ga. i) were tesied
as cotalysts in I-hexene hydeolormylation at 120 C and T bar CO:H.=1:1. The
Al and Ga-containing heierosiloxuncs show a better hydroformylation activity
compared to the [n analog |4].

The Shett hydroformylation process for the production of abiphatic ricohels used
in detergent production was described |51,

The mechanism of oleflin hyvdroformylation m the presence of a cobalt carbon-
yl-pyridine complex as o catalyst precursor was studied using infrarcd spectroscopy
[61. The kinctics of hydreformylation of propylene tetramers n the presence of the
catalyst precursors CoCO),. Coy(CORAilauriiphosphine, and o pyridine cobalt
carbonyl complex were studied. A good agreement between the model proposed and
experimenial daty was shown {7].

The importance of the macromoleculc-metal complex interactions and ihe

3.1
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design of appropriate calalyst systems was illustrated among cthers Tor the
hydroformylation/hydroxymethylation of a rumber of polymers [8].

A theoretical study based on density functional theory was carricd out on the
reaction pathways leading to acetaldehyde and ethano] formation from the hydrogen-
aticn of the coordinatively unsaturaled acetyleobait tricarbonyl complex. It was
found that, i the Hy-induced acetaldehyde clmination reactioa. the cocrgy barricr
for the oxidative addition/reductive eliminafion process is only 36.3kJ mol ™*. The
production of cthanol from hydrogenation of acetaldehyde through a hydroxymethyi
intermediate has an energy barrier of 423 kImol ™ It was concluded that the
catalytic generation of alcobiols does not proceed via ihe formation of a hydroxy-
carbene inlermediate but rather through further hydrogenation of the aldchyvde
molecudes [91.

{.4.2. Rhodivm catalvsis

IH NAR nvestigation of the products of the rhodium-catulyzed devteroformyla-
tion of 1.1-diphenylethene obtained at partial substrate conversion (15 and 34%) at
100 C and 100 bar CO:D, = 111 has shown the formaticn of monodeuterated olefin
1.}-diphenylethene-2-d; ard the labeted normal aldehyde arising from this substrate
in addition 10 the expecicd diphenylpropunal-1.3-d;. These resulls demonstrate that
a tertiary alkyl-rhodium intermediate is formed. under hydroformylation conditions,
i a Jarger amount than the normal isomer, but it undergoes B-hydride eiimination
only. withoul lormation of the branched aldehyde [101.

High =z-regioselectivity was foind n the rhodium-catalyzed hydroformylziion of
vinylpyrroles icading mainly to the branched aldchyde isomer in mederate to good
yicid [11].

The influence of atkyl substituenis in 1-alkene substrates in the rhodinme-catalyzed
hvdroformylation in the presence of tris{ 2-reri-butyl-4-methylohenvi ) phosphite was
studied and compared with that observed for the reaction involving the triphenvipho-
sphine-modified catalvst. Under mild condition: {70 C, 20 bar COH,=1:1) the
rates are only shghtly affected by the alkyl substituents. The scicctivity towards the
lincar aldehyde mcreases progressively with substitution. from $6% for 1-octene up
10 100% for 3.3-dimethvi-1-butene [12].

Hydreformyiation of 1-octene and styrene was studied using [RE{CO)ucac] with
butky diphosphite ligunds such a5 2 ov 3 as catalyst precursor. For styrenc the
product selectivity was found to depend strongly on the reaction temperature. Thus,
a branched to normal ratio of {9 was found fur ligand 2 &1 40 C versus 4 branched
to normal rotio of 019 for ligand 3 (R="Bu. R'=H} at {20 C. A bulky and
bisegquatorially coordinating diphosphite is required to obtain a high regiosclectivity
jor linear aldchydes, while Aexible diphosphiies or equatonslly-axially coordimtting
diphosphites fead 1o an enhancement of the branched aldehydes [131

A new cataiviic syslem for one-step oxosynthesis of octanol from I-heptene was
deseribed. Rb(OAC), and {Rhi NH 3 CLICT, with a tertinry phosphine were found
to be cilective catalyst precursors for F-heptene hvdroformylation to give octanol.
The cficet of various purameters on the reaction was studied and opthnum values
were delermined. When an autoclave is charged at 120 C {or 24 h withh i-heptene
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(2ml) Rh{OAc), {11 mg). ethanol (8 mL) and U'ibutylphmphinc {P:Rh molar
ratio=4:1} under syngis pressure of 530 bur (H2CO = 2:1). 15 gives an alcohol yvield
of above 95% with #-octanol/isvoctanol ratio ap to 2.0:1 {14].

Styrene hydroformylation was {ound 1o be catalyzed by Rbfacac){CO), 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 sldchydes. The regioselectivity of the hvdroformylation is:
branched/nonnal =2 for Higand 4. and a branched/nonmal ~4 for fizand 5 and

6{15].
PPh, ;jppnz FPh, 3
@—Pth @-—Pﬂﬁz @—--Pphz )
4 5 &

Rhodium carbonyl [RIhJJCON} and tricyclohexylphosphine, in the presence of
CO and HCOOH., was found 10 be an efficient catalytic system for the regioseiective
conversion of dlkenes containing a variety of functional groups. to branched and
lincar aldehydes at 3¢ 'C in 1. 2-dimethoxyethane solution [16].

The kinctics of hydrolormylation of siyrene were studied using the rhodium-
complex Rh{COICH{TPP), (TPP= 1.2.5tnphenyi-1H-phosphole (7)) as a catzlyst
precursor. The rate ol hydroformylation was found lo be firsl order in styrene.
RE(CONCH{TPP), and partial pressere of dikydrogen. and negative first order in
partiaf pressure of carbon monoxide. The reaction orders are consisient with a
mgchanism inciuding dissociation of carbon monoxide from R (COYCIH{TPP ), com-
piex furmed outside the catalyiic cyele during an induction pericd. leading to a
id-clectron acvlrhedium imermediate RCORW(TEP), and the rate -ietermining
hydrogenolysis of {he latier complex {17].

Ph’Q-Ph
Ph
Fi

The rhodiwn -phosphine comples catalyst RECOWucue )PP, for [-hexene hydro-
formylation was studied at 10 bar CO/Hy=1 and 25-120 C by in siie "H-NMR
spectioscopy. The formation of a thadium hydride complex was observed at room
temperature from the precursor thodium complex. This futermediate complex began
1o decompose ai 10 € and disuppeared completely at 120 C. The observed hydro-
formylation activity was proportonal with the hydnde sigaal of the intermedinte
complex 18],

Novel. chiral. aza-id-crown-3-coniaining phosphite ligands such s 8 were
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synthesized and characterized and uwsed as Hgands in thodium-catalyzed hydro-
formylation of alkenamides and styrene [19].

RGH, CH.R
I )3—0— CH)— O*POI (AH = #2a-15crown-5}

RCHJ CHzR
-3

Rhodium-catalyzed hydroformylation of 9 with H;/CO was found to give
hexahydropyrrolo- and hexaliydropyrido-[2.1-Fleuinazolines, 2.g. 16, Reaciions of
N-ally} derivatives give a single regicisomoer, and reactions of but-3-cny! analogs
give mixtures of pyrrolo and pyrido derivatives [20].

CHNH(CH,)CR=CH
o % NH{CHg) 2 g T ’T:::>'“R
. RN

NHz H=H Me n=1,2) l

g 10

Hydreformylation of unsaturated alcohols caialyzed by Rh{CO}x{acac} modified
with diferent phosphorus ligands was studied. The hydroformytation of 3-
buten-2-of, I-octen-3-cl and 3-hexen-{-of at 60 and 80 “C under 10 bar of H,/CO =1
give as main  products  2-hydroxy-methyltctrahvdrofuran,  2-hydroxy-
S-pentyltetrahydrofuran and hydroxy aldehydes {7V-hydroxvheptanal4 2-methyl-
&-hvdroxyvhexanal ). respectively. The highest catalytic activity was found in systems
modified with Ph,P{CH,),PPh, and P{"d-m-MeC H, ), [21].

A novel efficient synthesis of three important pharmaceuticals: Fenpiprane (1),
Diisopromine (12) and Tolpropamine {13), starting from simple 1.1-dmrviethenes
has been described. The substrates underge rhodiwm-cataivzed hydroformylation
with high sclectivity 10 3,3-diaryipropansls which were easily transformed to the
corresponding tertiary amines by platinum- camlwcd reductive sminavion according
to literature procedures in 80-83% yield [22

oot S

11 12 13

Poiy{(4-vinylpyridinejrhodium complex catalysts were used as catalysts for olefin
hydreformylation 231 Investigations by in situ FT-ER, *H- and 'H{*'P}-NMR
spectroscopy  have shown that an unusual two-nucleus rhodiom{il} complex
rac-|RhHo(p-CO(COY et ph-PE Y BFY, {et.ph-P4 = ELPCHLCH, P(PRh)CH,P{ Ph)



£ Lngvary ; Coardingtfon Chemnisine Reviews (67 ¢ JUG7; 233 20 2

e}
L=

-CH.CH,PE1;) is the catalyucally active species in atksne hydroformylaton using
rac-[Rh,{ NBD);(et,ph-P4 I BF . as catalyst precursor {24,25L

A rhodium diphosphine catalysi 14 conizining electron withdrawing substituents
on the lgand was found to be highly regioselective in the hydroformylation of
vinylurcnes giving high branched;lincar product ratios {26}

CHO
COM; 30bar, 55 °C 2 CHO (}/“*\/\/
e I : + i i

14, beazene, Z4h - M
100 comve.
18 : !
C4F-
3 LeFs
-3 [
rd
‘61?2
P
CeFs  CiFg
14

Highly regioselective rhodium-catalyzed hydroformylation under mild conditions
with new classes of m-acceptor ligands 15-22 has been reporied. For example: using
2357 RhiCOxfacacy and 21 in |22 molar ratio in toluene at 26 C apd 50 bar
CO/H,=1. 98% conversion of styrenc in 22 h resulied m 24 8:1 = brauched:linear
aldehvdes {27].

Factors controlling the selectivity for aldehyde furmaiion tn a naw rhodium -phos-
phine oxide RLN{CHPOIR, (R'=Ph. cveclohexyl: n=0.1.23 R=pe, E1,
Me.OH or RuN=pyridyl} systemn has been investigated. 1 was found that: ligands
having bulkier amino groups decredse the vield of the akiehyde siightlv. lgands
having amine groups with low basicity decreuse the ratz of the hydroformylation
dramatically. the electronic properties of the phosphine oxide group have no isflu-
ence on the hydroformylation reaction, and uncoordinating sofvents of low polarity
such as dichloromethane, chiorofonm and toluene, gave the best reaction rate and
sclectivity, Spectrascopic investigation of the hydroformylation of styvone cataiyzed
by rhodium with ligand Rh,POICH,NMe, hus shown that the igand is coordinated
by the amine and the phosphine oxide groups under ¥ bar CO-H; and only by the
amino group utder 48 bar C0- H, {261

The rhodinm-catalyzed hydroformylation of higher alkenes was studied using
novel amphiphilic diphosphines 22-26. With t-octene at #)°C and 20 bar
COrH, = | in toluene. high normal:branched ratios tup 1o 31:1) were found wiih
G- 8% of 1somerized octenes. The rate of hydroformyiation using 23-26 was found
to be first order and approximatzly first order. respectively. in riicdium and -ociene
concentration. The order in carbon monoxide pressure is nepative and that in
dihydrogen pressure slightly segative. The recovery of the catalyst was alsc
studied [29].
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Rhodium complexes with the phasphite ligands 27 and 28 were found 1o catalyze

the hydroformylation of cyclohexene with average turnover [reguencics of 428 and
344 mol/mot h, respectively, over 4 h at 60 °C and 20 bar CO -H, {30].

OP{OPh), {PhO}.PO
QR{OPh}; (PR,

Effcets of conceniration and aryl conjugation on regloseleciivity of hydrolarmyla-
tion of 1-dodecene and terminal olcfins containing an aromatic sebsituent in the
presence of rhodium{ ) bis(tripheaylphosphitejacstylacetonate were studied {31].
The applicability of acetylcellulose, polysulfonamide, polyamide and ietraftuoroeth-
viene-vinylidene fluoride copolymer based membranes was studied in separation of
homogeneous rhodium hydroformylalion catalysts. 1t was {fouad that rhodium com-
plexes with phosphinated polybutadiene can be separated using polysulfenamide
membranes. The catalytic properies of the rhodium complexes do not change after
six operation cycles [32). The stability of chodium carbony! catalysts modified by
triphenyiphosphine was siudied under hydroformylation conditions and the role of
rhodium phosphidocarbonyl clusters in deactivation of the catalyst was exumined
1331

Technology and apparatus for hydreformylaticn of C, -C, olefins in the presence
of a4 modificd riodium carbonyl catalyst has been deseribed. The negative influence
of acetylene. dienes, carbon dioxide, oxygen and iron pentacarbonyl has been
observed [34]. Oxidative regencration of triphenylphosphine-modified rhodium caia-
lysts for olefin hydroformylation by air was studied [35]. A catelvst obtained from
(acetylacetonatoydicarbonylrhodium and tris{ p-nonyviphenyl 1ph.. .phite was studied
in the hydroformylation of I-hexene by IR and NMR spectroscops. R was foung
that the catalyst is deactivaied by hydrolysis and exidation of the phosphiiz Egand
[36]. Carbonyl-rhodiem complexes formed during formaldehyde hydroformyiaiion
undcr synthesis-gas prossure in N AV-dimethvlacctamide were investigated by infrared
spectroscopy [37). Hydroformyviation with extremely low levels of rhodium has
been applied for the highly sefective, high turnover process for the production of
isevaleratdehvde 381

Asymmetric hydroformylation of siyrene using { Rh{-OMepCODI] complex with
{+)3-BDPP {293 as the chiral auxillary Hgand was studied. The enantiomeric excess
of {S)-2-phenyl-propanal observed heavily depends an the axeess of diphosphine
used and enantiomeric cicesses up w 605 are achicved {39].

Asvimmetric hydroformylation of conjuguted dicnes such as {-vinvleveciohexepe.
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PPh, PPh,
2%
{£)-1-phenyibuta-1.3-diene and 4-methylpenta-1.3-diene using {R.5+-BINAPHOS-

thodium{I) complexes ({R.5)-BINAPHOS =31 as catalysts was found 1o give opti-
cally active B.y-unsaturated aldehydes in high regio- {(81-91% 1 and cnantiossiectivi-

ties {84 - 979% ec) [40].
= '
- ! PPh,
SO

30

re

Asymmctiic hydrolormylation catalyzed by a rhodium{ 1) -(£.5-BINAPHOS
complex has been studied with respuect to the substituent cffects in olefins on the
regioselectivity. Olefins bearing the larger substituents at the ailylic position were
found to give higher jso/mormal selectivity, Results of deuteroformyiation of
4.4 .4-triphenyl- 1 -butene suggested that the higher ise/normal ratio may be attribuled
to the accelerated carbon monoxide insertion of the corresponding fsa-atkvichodium
intermediate [41].

P Ahfzcac{SON30 = 1:4

o, C PCT N L PG CHO
EHo

HafCO (1:7) 180 bar, 50°C, 2Ch
tenzane: subsirfear, = 250
=30% COMVErSicn 1) - 45

=93% e

Asymmetric hydroformylation of 31 using « rhodium{ [} complex of a new chiral
phosphine-phosphinile 32 as catalyst precursor, afforded 33 along with s epimer
and norpral-isomer in 959 total yvield at 60 C and S0 bar COHL, =1 [42].

‘BuSiMe,
O

'BuSikle,
O

b(2-Maphthyl, By e
e
“)\—rj\ |
QP{d-CeHF), crio
J—tant

g

31 32 a3
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Asymmetiic hydroformylation of vinyl sulfides RSCH=CH, (R =Ei. CHMe,,
CMe,, cyciohexyl, Ph. 4-MeC i)l ally] sulfides RSCH,CH-=CH. (R =CMe;,
Ph) and allyl suifone Ph30,CH;CH-CH, catalyzed by (RSBINAPHGS,
Rit{acac)(CO), afforded the corrcsponding branched aldchvdes RECH (CHO N,
RSCH.CH{CHOMe and RSOLCHLCHCHOMe, respectively. as mujor praducts
tn 60-89% ce. Using bulkier substituents on the sulfur in vinyl sulfides guve the
branched aidehydes in higher regio- and enantioselectiviites [43].

Chiral phosphinephosphites kaving axial and central chirality have been tesied in
hydroformylation. For example. allvl acetate undergoes hydroformyiation in the
presence of Rb{acecy(CO); and 34 (1:3 ratio) to give a 6439 ratio of
AcOCH,CH(CHO)Me and AcO(CH,),CHO with 4% ce [44].

- -
= I¢ \§1 Fi'\il??'
S Nl V.

e
o
34

A novel bis(phosphite) rhodium compiex. Ri(u-DpnapiCOy,, (bpnan =38, was
found 10 be an eficetive catalyst procursor for the bomerization and hvdro-
formylation of f-octene. giving, for the latter redction. moederate Hneur branched
selectivity for the preduct aldehydes. The hvdroformylation of -methylssreine with
Rh{acaci{COy, and 38 gives essentially no enantiomeric exeess of R-phenyibuiunat
{45l

Homovhiral dervatives of 2. 2-diumethvi-1.3-diovelune, 36-38. were prepared jrom
LA =dartrate and aiscssed amony others in rhodium Poplatinem-catalyeed
hydrotovmylation und  paltadium-catalvzed hydrocarbethoxyvistion of stvvene
Generally fow cnantioselectivity was found [46].

Hydroformylation of variois mathaibvi-oribo-diphenyiphospiine benzoater 39
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using bimetatlic CoRhOO- as a catalyst, At 70 123 Cand under 60 bar of sy
the yiglds of hydrolormylated products do sl exceed 209 hecause ol thie canconti-

tamt somerization of B- 1o wpitene. Tie calilyst was recosered a3 soinble caubalt
carbonyt derivatives and a erystatlime precipitaie that contains most of ihe rhodium,
ntiniy a% hexarhodiunt hexadecacarbonyl. Compirable vields and diasterenselectivi-
tigs were obtained from reactions in THF with @ mixture of tetrarhodium dodecacar-

bonyt and [N{PPh,)IC] as the catalyst precursor. Yhe corvesponding (1822553
and {TR2SIR-10-formyipinunes, slong wilh the corresponding aleohols were
obtuined diasiereoselectively by wse of buinctalhc cobult thodium or homemetailic

rhodium crbonyt catatysls modificd with bis{diplenvishosnhino)eiitane 130].

The catadyiie activity of new bimetaliic rhadiom zircontom catalvsis composed
with Rhtacac OO, and CpafeiTH PPy, of UpaZeHICH PPhy) in $-herene.
1.5-hexadicne and 17-octadicne hvdroformylition was studied a0 80 O [Giae
CO H,=1 [31]. The catalvtic activity of himeladlic sy=tems containmg she rhodium
commples HERRIP{OPh 0, o HRACO ) POPh), L, wnd the ziccomuimt TV } complex
e ZeHICH PR was wested in the hvdroformsiation reaction of Yeheaene and £
AZhexene ai 8BGO and Hrbar SOHL =1 An increase mop oo ratia [vom 2.7 to
33 and from 9.3 1o 3.7 was obeer:s L respectneh, In i -hesaoe hvdroformyintion m
comparton with the rhodium anly nj,ﬁl\,"‘h. The selectvity mersase Is caised by i
inhibiting effect of the bimetallic R Zr cetidvst on I-heaone o 8- Z-2-howene
inciverization and £ - 2-heseny hydroformisdition {32

Toaminosivrenes were found o rract with corbon manoxide end dihvdiozen o
the prosence of cataly i guantiiies of pailadiem acotate and {ricyd
at 00 € und 40 har CO H. =5 to alfford fhe-membersd ring
amnd seleciivity, cg.
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43 a4 45

the diphosphine ligand. The chiratity of 2-phenylpropanal obtained in toluene or in
tetrshydrofuran was found to be the opposite to that produced in dichloromethang
or acctone. An unusual increase of the rate and enantioselectivity of the reaction
with increasing partial pressure of curbon monoxide was observed uwsing the
diphosphine 43 {561

See also Refs. [2.40.57,611.

1.2, Heterogeneous systenys

L2 Supported complexes

The hydroformylation of -heptene catutyzed by homogencous and helerogeneous
Ruy{COY, catalyst was investigated. The maxanwm seleciivity to aldehyde was
found at 126 “C, Supporied Ru0C0),,/Cod O, cataivsts have inereased activity
and selectivity 10 aldeliyde [37]. Heterogeneous catalysts prepared from actacyrbonyl
dicobult and alkaline carth oxides were found 10 be cllicient i vapor-phase hydro-
formylation of cthene and propene 58] C solid-state WMR technigque with
high-power H decoupling was emplosed 10 study heterogenized hydroformyiation
cilalysts  containing  the  anchored complexes  of  general  composition
=81 -PCo,CO4, , and =S1-P Lo 4 CO)-  twhere =51 P, is the diphosphine ligand
covalently bonded 1o stlica surface). The values of chetnical shill anisotropy provide
information on the molecular motion of avchored metal carbony! Mragments,
Evidence was presented for the fast restricted motion of (hese fragments. The
mieractions of CO. H, and cthene with the anchored coball and palladivm cobalt
carbonyl compleres were studted 1o identily the spectes which might act as intermedi-
ates in hydroformylation reaction {391 Hydrofornmwlation of mono and malliple
snspturated Lty acid derivatives with hererogenized cobalt carbony! and rlodium
carbonyl catalyst was deseribed [60].

Hydroformylation of methy! methucrylate was studied using a sibica-stpporied
poly-y-amino propylsitosma- thodium -cobult bimetallic complex catalyst, The coia-
Iyst shows high stability daring the reavtion and could be used repeatedly, High
conversion (93.69) and sefectivity (92.8%) for the normal aldeltyde meihyl
fiHormylisobutysate was observed 161}

The rhodium( 1) complex [RE(CODYCH,. intercalated into montmorillonite was
found to be an effective catatyst for the selective hydrotormylation of allvl acetate
derivatives to produce the corvesponding lincar or branched aldehydes. Lincar
aldehvdes were obtuned with high sclectivity at temperatures > 130 'C, while the
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branched aldehyde could be ebtained as the major product at lower temperature
(<50 °C ), and in excellens yicld [62]. [mproved regioselectivity in hydroformylstion
of l-hexenc has been achieved by zeolitc-encapsulited rhodiem{1) species. The
Hnear:branched ratio can be increased by us reuch as 13 tmes {63}

The structure and catalvtic activity in gus-phase olefin hydvoformylation of totra-
rhodium clusters coordinated with tris{ hydroxymethyl )phosphine {THP) grafted
onito silica surfaces were studied. EXAFS and IR spectroscopy has revealed that the
number of tris(hydroxymethyi )phosphine ligands coerdinating to the tetrarhodium
chuster depends on the loading of THP. Tetrarhodium clusters on sihica loaded with
£.2 wts% THP are coordinated by two THP ligands and show much higher catalytic
activity in hydoformylation reactions than that of manosuhsituted clusters of
THP/S10, ohained with 1.6 wi% loading or of Rhy{CO}, THP). in solution [64].
The vapor-phase hydroformylation of ethyvlene and propylesne using riodium
complexes adsorbed on activated carbon and shodium compiexes mtercalated n
zircontum phiosphonates was stodied [65].

The ien pairs RhCl/Aliquat 3368 and  RhCh i Me,N{CH ) Si{OMenR]Cl
entrapped in Si0, sol-gel matrices were nsed among others as olefin hydro-
formylation catalysts, The immobtlized son pair proved to be stable. Jeach-proof
and recvelable. In comparison with the homogeneous RuCisAbiguat 336 catalyst
the immobilized catalysts proved to be superior in most cases (66

Hydroformyiution of propene 1o butvraldehydes over suppoiied agueous phase
vhodhun catalysts was studied in a fixed-bed reactor GO sysiom, The efifects of
process paramelers sueh as the ratio of Heand-rhodiwm. vy pes of support. reaction
press. v and temperature, and the water comtent in :he feed strcam were invesi-
zated [67].

Treons-f RbCp" CH O {p-CILE (Op* == pentametin lovelopentadienyt 3 was chomi-
callv attached to morganic oxides such as 810, A0, Tio, and MG w prepure
rhodivm dimer catalysts for cthene hvdroformlation. The Si0,-uttuched rhodinm
dinter showed highest activity and selectivity for the hydrofornsvlation [681

An efficient and reusable pobvstyrene-supporied pi-cvcloneniadienyl rhodimm
carabyst precursor 46 was prepared and used ror the syithesis of substituted ovete-
peniapones either via hydrocarbonylutive cyclization starting from  T4-dienes
or from allylvinyl ethers vt tandem Claisen poarrangenent and imermotecutar
hydroacyiaton of the 4-penfanal intermadiates {691,

£
P = polymo: suzport,
- ’\/h}c-“‘e H—Fke Py siEo
Lp = (OO 1.8yoioo aeneny

415

The influcnce oF £ ~Na . K wsd 2077 ou sihea supponed chister anion
PRE, (T, catabsts in ethylene fonJdroform: ution has heen studied. The selectiv-
ity for propanad formation was feund o depond on the conntercaion in the tollowing
orderr Zn > K = LizNa, The vapromoiod syaler, propstred from RO s juss
selective [0
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Supported agueous-phase cafalysts for the rhodium-based hydroformylation of
methyl methacrylate were Tound to show much higher activities than those observed
uncler comparuble homogeneous and biphasic conditions |71,

Liguid phase hydroformylation of ring substiluted styrencs catalyzed by Rh- B
and Rh-Zn- B systens was characterized by ESCA. XRD and FT-IR spectroscopy.
Both catalyst were found o be active in the Hguid phase hydroformylation of ring
substitoted styrenes at §0 °C and 10 bar CO/Hy =1, rhodiumiolefin molar ratio
1.3 % 17 No leaching of the catalyst wus observed. The chemaoselectivity was close
to 108%. and the regioselectivily appeared o be controlled by the nature of the ring
substrtuents | 721

See alse Refs, [73,103]

A high efficicney low pressure hydrolormylation process for higher molecutar
weizht olefins has heen developed using rhodium, tonic phosphine catalvsts, Calaiyst
solubilization in the nonr-polar reactants and products is achicved using solubilizing
agents, such as M-methylpyrrolidone, yielding single-phase svstems, Scparation of
catalyst irom product is induced by the addition of small amounts of waler outside
the hvdrofonoylstion reactor. Uuder the two-phase conditions. most of the catalyst
components are found in the polar M-methylpyrrolidancewaler phase. and the pro-
ducts (aldehvdes. olefins. reaction byproducts) in o sepasiste. non-polar, phase. The
catabyst phase 15 recyeled to the reactors after thorovgh drying 1o ensuie a single
homosencous phase at reaction conditions. Traces of catalyst and solubilixing agent
we effectively recovered from the product and reeyeled. A major advantage of this
process. over water-based two-phase systems, is the high caalytic reactivity as well
as the comcomitant high olebn efliciency {=90%) which is achieved with olefins of
low water solubility [73].

Zwitterionic  rhodiumi by complexes  GsulfoRCODY und  (sulfesiRhiCO,
{xultos =471 i hguid biphasic eatalysis were deseribed for the hydroformylation of
-hexene, keading 1o C- alcohols in an alcoliol hvdracarban systam and C- aldehydes
in an aleohol winter hydrocarbon sysiem. All vhoditin is recovered in the polur
phase at the end of the catalylic reaction [74].

NaO s—< >—C'+
e ’\S,Pth

S

i

47

Three approaches to catalyviic hydroformytetion mvolving witer solubie Higands.
some modified evelodexirines as ligand. and reactions in an aluminophosphate cavity
lave bren deseribed [751 Selvent Tree biphasic hydrofermiylation of vavious waler-
insoluble termingl olefins was achieved in high vields and scleetivities by using g
water-soluble rhodiumytriphenyliphosphine trisulfonade catalyst and per(2.6-di-o-
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methyt)-B-cyclodextrin as inverse phase transfer catalysis. The catalytic actvities
were up 1o ten times higher than vhose observed without per(2.6-di-o-metiyl )-f3-
cyclodextrin [761.

The new hgands oblained by sulfonation of 2.2%-bis{diphenviphosphino-
methyl)-1,V-binaphthalene and 3.4-dmethyl-2 5. 6-triphenyl- 1-phosphanor-
boina-2.5-diene were tested for calalytic activity toward hydroformylation of
propenc. The reporied data of the new winter-soluble phosphines represent the best
restlts so far recorded in the rhodivwm-cattlyzed hydroformylation of propene [771,
The hydroformylation of {-pentene to hexanals was studied using RhjacacCOy,
in the presence of triphenylphosphine and sodium salts ol monosulfonated and
trisulfonated triphenylphosphine in hguid 1,3-diatkyimidazoliom salts and a water
two-phase system [78].

The catalytic activity of the water-spluble rhodium complex HRY(COK DPM ),
{DPM = Ph,P{m-C H.S0,K 1) in styrene hydroformylation was studied in 2 biphasic
system. Under the conditions of 90 C. 50 bar syngas. V0 Voene ratio=2 and
reaction for 3 h. 97.8% conversion of styrene and 4.1% aldehyde vield with 1.3
ivo/mormal ratio were observed [79.88].

Waler-soluble rhodium carbonyl complexes with noniontc complex ligands pre-
pared by ethoxylation of uris{ p-hydroxyphenyliiphosphine were suecessfully
used i the two-phase hydroformylation of higher-molecutar-weight olcfns at
100 136 C {81]. Thermoregulated phasc-iransfer catalysis of hyvdroformviation of
I-hoxene was carricd owl without waier as sobvert in the presence of o«
RLCT, -PLp-C HCHCH L CH 00, H ) catalvst system [B2]. The surfuce active water
soluble phosphine, P[p-C HOCH;CH,Gy R, {#=4) wias used o generate ap
agueous rhodium catalyst for the hyvdroformylation ol T-dadecene. AU 100 O 50 bar
CO/H.=1., pH =65 and 4 b reaciion tnne. 90.0% copversion of 1-dodeccne and
24.0% vield of aldchyde (niso =1 8} was achieved (831

The influence of the composition of the ugueous phase on the catabvie propertios
of rhodium( L]} chioride modified by polyelectroivios 48 was studied.

Behle, #=0
",‘ﬁ\ =t %=HPO
I3l Ha

S "

48

The rate of hydroformylation was found W Increase with incrcasing pld of the
aquecus phase. Addition of NaCl. Na 80, or Nu PO, dramoticadly changes the
catalviic propertics, [ncreasing ihe anion charge of the added electrelvie increisas
the stability of the cataivic system {841

The hydrolormylation of propylene to buiyrabdelyds in the proseicee of waler-
sotuble rhodiam catalysts was studied {831 An aqueous phase hydrofummaviation
rhodium catalyst was prepared on the basis of polvathylene ghveol funclionatized by
phosphise groums [86).
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In the biphasic rhodivm-catalyzed hydroformylation of t-hexene the ligands 49
and 50 at 80 C, 20 bar CO/H, =1, v 1 water -toluene system gave 06% and 89%
vield of aldehyde. wiivo =1 and 0.88. respectively [87).

we. Me Me %]

£h POyNa,
e A

Ph PONa Ph

45 50

The cffects of reaction temperalure, phase transfer agent and the concenlration
ol rhodium catalyst were examined in the calalytic hydvoformylation of dicyclopenta-
digne using a water-sotuble rhodinn phosphine complex in a two-phase system [83].

The kinetics of biphasic hydroformylation of 1-oclene were studied in the presence
of ethanol cosohvent. using the water-soluble [RICOMCLL, -TPPTS (TPPTIS=
trisodinm salt of tisulfonated triphenylphosphine) complex as a catalyst. The rate
of hydroformiylation was found to be lirst order with respect (0 both catalyst and
olelin concentrations and lractional order with respect to diiydrogen concentration.
The rate versus carbon monoxide concentration passed through a maximum, indicat-
ing a negative onder dependence at higher pressures. The resuils were interpreied
on the basis of a well-known bydroformylation mechanism, assunitg the rae-
determining addition of the olefin Lo the active catadyst (89,9}

Sece wiso Refs. 13,711

2. Hydroformylation related reactions of C6)

20 Sivlfornolurion, ivdracarboxvlaiion. atkoxvearbonylativn and
articocerhon-fesion

The rhodium complex-cataivzed silvHorimylation of aldehydes was studied in THF
sofution at 25 C anpd 3 106 bar of carbon monaxide pressure using PhiMe,Sil as
the sthurwe reagent leading 1o the best results [91]. ¢z

THF [RR{CODICH OSihvie,Ph
ACHACHO + PAMESIH + 00— Ve oh e
25 °C: 70 bar; 24l Z JI’"‘HO
B0%

The interconversions between zwiticrionic and cationic rhodivm{} complexes us
catalysts in hydroformviation, silylformyiation and bydrogenations have beon
studied by NMR spectroscopy [92].

The bydrocarboxyhation of cthyicne to propionic actd was imvestigaiad. The best
results were achioved by using RhCh; - 3H,0 as the catadyst precursor and v+ loethane
as Lthe promoter at 1927 Cand 120 bar COCH = 2:1 pressure [93). Catalyoe double
carbonylation of diisdomethane in tricthylorthoformate in the presence of @ homo-
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gencous rhodimn complex was achieved at 120 'C and 8 bar carbon mounoxide
partial pressure 1o give dicthylmalonate in up (o 68% vield [94)

Fhe amidocarbonylation of benzyl chlonde wih  acctamide to  obiain
i~ N-acetylphenyvialanine (31} has been explored.

CoalC0)g; OO 288 bar ,0
= CH—
CHLCONM,; 10620 N4

The best yesuit (#2% yield of 517 was achicved by using methyl isobuivl ketone
as the solvent and MNaHCO; as an additive. Amidocarbonytation of benzyl aleohol
prave SE i ondy 8% yield [95].

Sce also Ref [401

2.2 Water gas shift redction and reduction with CO or CO+ H O

Liquefaction of Yallourn. Wyoming. Wandoan and illinois No. 6 coals was studieg
using waler and carbon monoxide as a hydrogen source and ron pentacarhonyl
with sullur as catalysi precurser. The liquefuction of Yallourn coal at 375 C for
60 min ar 70 bar (cold) carbon monoxide pressave reseits tn 95,6 with coult conversion
with an oil yield of 37.0 wi%. The oil yield Turther improves in o two-stage Hguefac-
tion procedure {60 mir &t 373 € and another 60 mm a1 423 C) to 358 wif {906].

Tetracarhonyirhodate either as X7, G37 or PPNT (PPN =(PPhLN ) was
found 1o be a very active catalyst for the reduction of nitrobenzene to aniline by
CO. H.O i watey as solvent at 68 bar and 200 C. The reaction is selective Jor the
nitro group [97]. Reductive carbonylation of aromauce dinilro compeunds such as
L4-dinitrobenzene, [3-dinitrobenzens and 2 4-diniirotoluene 1o aiford valuable
dicarbamitics was found to proceed a1 135 T and 66 bar carbon wonoxide pressure
with reasonable rvates and with Digh selectivities under the mfluence of a
Rut phenanthroline),{iriflae), catalyst in combination with un aromatic carbosytc
acid as cotatalyst 198

together with Ru(lii hydrido carbonyls formed v an acidic solution of
Ru,{C0Y,; were studied in order 1o produce H, and OO rrom HO and CO 99

The water-2as shift reaction and the selective reduction of nitrobenzens 1o aniline
under water s shilt reaction conditioms were found 1o be eifectively catalyzed by
cationic thodiure (1) complexes such as 52 { HI0].

The catalvtic system PECLIPPh,), -HCOT in dionane was Yound 10 be highly active
and selective at 98 C and 30 bur carbon monoxide pressure in the bvdresen transier
reaction from H-0-CO o PRCOCH,CHIOH YOOOH which yields the correspond-
ing 7-keto actd PhCOCH CHL OO0 (10T

The complex [PLC0LE T IMY T (MY =methyl violegen cation) encapsu-



252 Fo Bagder  Conrafingtiomt Chesisnry Roveews J67 ¢[00 233 260

X = GHOHy, CHGHG | ey

fated in the ordered mesoperons channels of FSM-16 { FSM =folded-sheet meso-
porous nraterial ) was found to exhibit remarhably high activity m the water gas
shift reaction at 27 C [102].

2.3, Reduction of CO and CU.,

SiQ;-supporied  heteronuvclear  metal  carbonyl  complexes  (dppeiRAh-COn,
MUCOY; (M =Cr. Mo, W woere used as catalvsts for carbon monoxide hydrogena-
tion and hydroformylation of propene. The catalytic activities and sclectivitios were
determined. High activily and sclectivity of oxygenates for carbon monoside hydro-
genation was found under atmosphonic pressvre and 244 C {103].

Based on sunple stoichiometrie organometiiiic reactions o new catalviic cvele was
proposed, the “alkeny!™ mechanism. for methylene polymerization. which oceurs
during the heterogeneously catalyzed hydrogenation of carbon monoxide. Initiation
oceurs by coupling of serface methyne and methylene 10 give the surface vinvl, This
then undergoes chain growth by reaction with surface methylone w0 give suriuce
allyl. The allyl isomerizes o alkonvtwhich in turn homobozates with more methylene,
Termination is by reaction of the atkenyl with surfce hydride. giving the wlken
directly | 104].

Addition of weak Brénsted acids such as  I-propanol Z-pyrrolidene  and
CF,CH,0H was found to fmmwove the turnover numbers in the clectrochemical
reduction of carbon diexide w carbon monoxde by won(0} porphyrins [105].
Electrocatalytic redoction of carbon dioxide to formic actd and carhor won-
oxide by mixed-metal wimetallic complexes of the form [f(bpyLRu{BLILIRCEHE
{bpy =2.2%bipyridine.  BL = 2.3-bis{ 2-pyridyl jquinoxaline  or  2.3-bist 2-pyridvi-
benzoquinoxaline} was investigated. T4 was Found that controlled poteniial cleciroly-
sis ustng these now trimetallic catadysts can pive current efficiencies as gl as 99%
for CO production with Righ wuraover numbers. This 13 10 marked contrast 1o the
lower curient efliciency achieved using the monomantlic {HBLLCOL]T analogs
which produce formate as a reduciion prodect [TU6 ]

Hydrogenation of carbon dioxide with dihiydrogen i the presence of rethenivm
chloride or ruthenism complexes was studied. Bwhenium (33 chioride was found
1o beun active cataivst precursor at 60 bar COL /My = 17 and ail 60 in the presenee
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ol triphenylphosphine and tricthviamine to prodece 46mol formic acid-mol
raihenium hour [107].

HOORuBICONPR ),

NP
COH, /

RuCly + PPhy ~———mv HRUCONPPh), HEO,RLHICONPPI),

e

A

" H.
PBhy h
!
HOOOH
Lo,
. r M
ELMHHGO,

The apioaie ruthenium complex {RedCORCHY  wos Toand to caiadvze the forma-
tion of metdnd formate from carbon diozide, dibydrogen and methanod i 66 bar
and 160 O in the presence of a strong base such s podnssium mmh}!dlc FlO8 )

The erystat structure of TR bpydCO3 -COKI] T s hpy =224 bipvridine)
s g key intermediate in {0, CO conversion Ras been determimed and come-
pared  with that of {Ren"-COathpyiCOL The molecddar  structere of
[RUiBpyiCOR -COO Y] s revediod that mrotanaiion of
(Ru(n'-CO¢bpy1.COF shortens the Ru NO)OH .wnd distanee compared with
the Ru €0, one due o enhsncema of dn da® nte in b farmer (9]

Rapid, selective and lngh-vield |'|)'drou.3m11mn of {13 cun he achieved o the
carbon dioxide 18 in the supereritical state. Thas, i wos found that dissolving
dihvdrosen. a tertivry mming, a catalyst precursor such as Rl P00 L, or
RuCHIPICH 1, and g promoter such as water. mctiuinel or DAISO i supereniticnd
cirbon dioxiue at 30 C leads 1o the generavion of formiv ackd with turnover trequen-
eies up 1o or exceeding 3000 b Y In general, experimenix in which & second phase
wits formed by one or more reagents or additives st lower rates of meaction. The
hieh rite of weoaction s attributed to rapid ddlfusion, weak cutalvst salvation and the
high miscibility of dibydrogen in supereritical corbon Jicxide [T,

The nature of the catalvtically active intermeduae formed i situ rem the etr-
meric cluster {WCODRIMu-H 3] and the hdeniie phosphine PR POOH - LPPhS
during hydrogepation of carbon dioxide o formine aold way mvestigaied by kel
srrenients and by MNME speotroscopy 1111

Highiy active catalvals e hivddrogenalion *‘-E'm rhon dioide to ionmic acid 40
DMISO NEL, were formed 1a st From [HEORB0-07 1] wnd varices monoden-
Late or bidentuie Hgands with phosphorus as the doner wiom, Thas, {reane acid

T3R80 cen be gbiained o less than 00 w0 ambiznt

o

in
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temperature under a total nitial pressure of 40 bur by using rhodium concentrations
of 3x10°*M [112}. The S§iO.-supported helerobinuciear metal complexes,
{PPh;LHPHR-PPh)M{CO), and  (dppe)Rh(p-CORM{CO), (M=Cr, Mo, W,
dppe = Ph,PCH,CH,PPh; were found to be highly active and selective catalysts for
carbon dioxide hydrogenation {113].

3. Reviews

(1} Asymmetric catalyiic reactions such as hydrogenation, hydroformylation,
axidative carbonylation, hydrocyanation and hydvovinylation for practical synthesis
of bio-active substances. A roview with &1 references [114].

{2} Carbonviation by complex catalysts, A review with more than 24 reflerences
among others on the hydrofvrmylation and silylformyiation of olefins, Recent resulis
of branching-setective and asymmetric hydroformytation are described. Comniercial
processes of hydroformylation using water-soluble organc-phiosphines are dis-
cussed [115].

{3} Some B-dicarbonyl rhodimm complexes functioning ds & precursor of homogen-
eous active catalyst for hydrogenation, selective hvdroformylation. gas were sumima-
vized. A review with 129 references [116].

(4} The research: “Facile catalyst scparation without water: Ruorous biphuase
hydroformylation of ofchns™ of LT, Horvith and J. Rabal is reviewsed with comnien-
tary (10 referencesy {1171,

(3} Hydroformylation of simple olefins catalyzed by metals and clusters supported
on unitunctionalized tnorganic carriers were Soviewed {more than 123 references)
[118].

{61 A review of applications of organometaliic chemistry in the petroleum refining
and prirochemical industry. minong others sbout hydroforsylation products propa-
nol and butanolbutyraldelivde (80 references) {119].

{7) Supported aqueous-phase cataiysti, A review with 9 referencer un immobiliza-
tion of homogencous metal complex cutalvsts on solid supports in hedroformylation
of t-octenc and asyvmnietric hydrogeuation of an wervhic acid 1201

{8) Catalytic conversions I water:  environmentaily  aliraclie DEOUCRSCS
emploving waler-soluble transilion metal complexes. A review with 65 references
discusstng among others hyvdroformylation of propene b 4 iwva-phuse system
{Rubrchemie/Rhose Poudene processt and hvdroformylation of Pigher olofing in a
wwo-phase system 121,

() A review, with |5 references. of the synthess and aggrepation of water-sojuble
phosphines 53 and 84 and the hvdroformylation citulviic activity of rhodium
complexes of the phosphings as compared to that of rhedium compleses of
B(CH,SO Ny, [122]

(1) Moadels for supported aqueous-pluse catsbvsis. A review, with T references.
oit tmmoebilized homogencous cutalysts on solid supporty for use in agueous phase
in olefin hvdrolormylation {1331
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{11} Homegeneous catalysis by noble metal compleses. A review. with 7 refer-
ences. among others on rhodiwm-catalyzed ofefin hvdroformytation {1241

(123 Molecular metal carbonyl clusters and volaiile organometallic compounds
for tailored niono and bimetallic heterogeneous calalvsis. A review, with 36
reflerences, among others of cthylene hydroformyiztion using silica supporied
[Rit fCORY ™ as precursor [123]

€13y Virmally no environmental impact: the biphasic oxo progess. A review
with 24 references. The survey reviews 16 vears of experience of the
Ruhirchemie/REane - Poulane  process.  using  ROWH{COHP-{3-C H, SO Nak),
catalysi, dissolved in water 11204,

{14} Potenual energy surfaces of transition-metal-catalyzed chermicuyl reactions. A
review with 94 references among others on the REH(CO PR )cutalyzed oizfin
hydroformylation cycle {1271

(15} Asymametric hydrosilylation and hydroformylation reactons. A review with
greater than 29 references 11281,

{16} Macromoleculur metal complexes as catalysts with mproved stabibey, A
review with 25 referznces on polymer-bound ierttary smibig -copper comnlexes and
polymer-bound phosphine- rhodium complexes us catalysis for oxidative coupling of
pheniols and hydroformyiation of athenes, a'cs;}cctix-ciy [428].

{173 Metal-cartalvzed hydroformyvlations. A reswew with 24 re{n nees OR poteniiali-
ties and hnpts of hvdroformylations and similar reactions [120].

{133 Catatytic production of dimethviformamide from supereaiticat curbon dicx-
ide. Methy! formaie synthesis by hydrogenaiion of supercritca! varbon dioxids in
the prescnce of methanol, Selectivity {or huedrogenation or hydrelormy nii.('}!i of
oteling by hydriidopentacarbenvlmanganosey ) in superorttiea] cachon dio
review with commentsiy and 1 reference sbout the t i
ctal 13

(197 A review of the sciective catabviie reduction of aromati oiivre compoands
inte aromaiic amines. focvanaies, cathamaies and proas waing carbon monexsde
{areuter than 127 refercnces)

{201 The oreanametullic chamisiey of curbon dioside. A review with miore i
L references [1331
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Table 1

Metal index

htital Referoness

Zr F51.33 435)

Cr [LEAREKY

Mo [ k3

W 1103, 115}

Mn 31

Ie frla g

Ru (A9, 37,99, 106 1i() F3T)
Ca Th 795057 6195
Rh DLi MY 32060 T4076 S 07 95 b0 L ET) 11382 12 1 0e 1Al
i3 [ Eito]

i 23

Pd

Pi

A1

Sn

4. List of abbrevintions

Ac acety]
acae aceivincetonate

{+1-BDPP TN

hpy 2.2 bipyridine

oD [.3-cyclooctadiene

Cp cyetopentadienyt

Cp* peniamethyierclopeniadienyt
DA F VN dinethviformumide
DMSO dimethy lsulfoads

dppb Ph,PCHLCH.-CHLCH,PPL.
dppe Ph PO CELPPG,

oe Cruit ooy oxoess

Py prridine

RT FOQIT MR e

TP trisodiem salt of tse risalivnated inphony

phiosphine

wibe wighi poreent

The metubs and their associated referenees e given in Table |
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