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I. THEORETICAL CALCULATIONS

The potential energy profile for the full catalytic cycle of
olefin hydrogenation by Rh(PPhB)SCl has been studied with the a&
inttito MO method. Oxidative addition of H2 and olefin coordination
are exothermic and have no significant barrier. Olefin insertion
combined with the first portion of isomerization of the resultant
trans hydride alkyl complex to a cis complex constitutes the rate
determining step [1,2].

Quantum chemical calculations were performed on the
catalytically active species (HCo(CO)S, HCo(CO)4, and phosphine
subatituted derivatives) involved in cobalt carbonyl-catalyzed

hydroformylation {3].

References p. 555
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. HYDROFORMYLATION AND RELATED REACTIONS OF CO

i. Hydrogenation of CO to Hydrocarbons and to Oxygen- or

Nitrogen-Containing Organic Compounds

NaY zeolite-encapsulated Rh6(00)16’ reduced RhB clusters, and
bimetallic RhFe clusters were prepared and used as catalysts for
the synthesis of hydrocarbons and lower alcohols from CO + H2
[4].

The development and operation of a liguid-phase hydrogenation
process for manufacturing of MeOH from synthesis gas using Ni(CO)4
or Fe(CO)5 were dezacribed [5]. Synthesis of EtOH from CO + H2 with
RuB(CO)12 as catalyst dissolved in a high boiling sclvent was
studied in a continuous reactor at 220-240°C and 400-500 bar. The
main byproducts were MeOH, PrOH, MeOAc, EtOAc, and CH4. All these
products left the reactor with the unreacted synthesis gas. If the
small amount of Ru that evaporated with the products was
replenished the system could be kept going for 40 hours [6].
Ethanol was produced with good selectivity from CO + H, at 220°C
and 850 bar with homogeneous catalysts composed of uRu and Co
together with alkali metal halide or Me4NX promoters in
methylpyrrolidinone-tetraglyme soclvent [7].

Formaldehyde and glycolaldehyde have been identified as
intermediates of ethylene glycol synthesis from CO and H2
catalyzed by catalyst systems composed of Ru carbonyls and halide
salts. At low temperature the rate of formaldehyde formation was
found to be the rate-determining step. Selectivity of glycol
aldehyde formation increased if a Rh complex was added to this
catalyst system [8]. Addition of amines improved the activity and
selectivity of Rh catalysts for the direct synthesis of ethylene
glycol from CO and H2 under high pressure (1800 bar). Bulky amines
like triisobutylamine or tribenzylamine were especially effective.
The optimum amine:Rh ratios for ethylene glyccl formation strongly
depended on the polarity of the solvent [9].

The reaction between COZ’ H2 and Me,NH tc¢ yield dimethyl

2
formamide

cO0, + H, + Me, NH —= HCONMe

z * Hy 2 + Hy0

2
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wag realized with the diplatinum complex Ptz(u—dppm)3 as catalyst
under mild conditions (25«10000, 1-100 bar). The reaction Iis
reversible; at higher temperatures and lower pressures DMF was
L H
this new reaction was found to be 90-95%, some MeBN was formed as
byproduct [10].

decomposed by water into CO 5 and MezNH. The selectivity of

2. Hydroformylation
ad Co Catalysts

If hexene-1 is added to a THF solution of 00012 and COQ(CO)B
(1:1) and the reaction mixture treated with CO and H2 (1:1, total
pressure 800 mmHg) at room temperature, C7 aldehydes are formed in
a slow reaction (one day or more). Dihydrogen ias activated under
these unusually mild conditions by highly polarized Co2+ cations
generated from 00012 [11]. Stoichiometric hydroformylation of
allylbenzene with HCo(CO)4 is catalyzed by COZ(CO)B. The main
aldehydic product is PhCHEtCHC which is formed wvia a mechanism
characteristic for aliphatic olefins and not by one operative for
styrenes [12]. Stoichiometric hydrogenation and hydroformylation
of cyclopentene with HCo(CO)4 has been studied under 100 bar D2
pressure. About 30% of the alkane and aldehyde formed contained
deuterium showing that some "semi-catalytic” reaction also took
rlace under such conditions £13]. Deuterioformylation of
2,2,3-trimethyl-1-butene (1) leads to labeled
3,4,4-trimethylpentanal (2) as the sole aldehyde product; in the
B-position to the aldehyde group mainly H is found in the case of
cobalt while in the case of rhodium the product has only D on that
position. This suggests different mechanisms for the two metals
[14].

(IZHS (|JH3 CHg Gy
CH3—<I;-C= CHZ———-CHS—(IJ~gH—CH2CHO
CHy CHy
1 2
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The complex Sn[Co(CO)4]4 catalyzes the hydroformylation of
l-hexene with rather low activity. In the presence of propylene
glycel significant amounts of acetals are formed - more than in
the presence of COZ(CO)B suggesting, that the mixed metal complex
promotes the consecutive aldolization of the aldehydes formed
(15]. Hydroformylation of tBuCH=CH,, to tBuCH,CH,,CHO (25%
conversion after 24 hours) is catalyzeg by CoRh(CO)TQatuOOC and 10
bar (HZ:CO =4:1). Pure HCO(CO)4, COZ(CO)B, or Rh4(CO)l2 show very

little, if any, catalytic activity under these conditions [16].
See also [41].

B> R Catalysts

Regioselectivity of the Rh-catalyzed hydroformylation of
l-hexene was investigated [17]. Hydroformylation of dimethyl
itaconate with Rh carbonyl catalyst gives preferentially dimethyl
Z—{formylmethyl)butanedicate. In the presence of phosphines this
regioselectivity is completely reversed [18]. The hydroformylation
of cyclohexene at low pressure (34 bar CO + H,) and 125°C  with
Rh4(CO)12 as catalyst was found to be first order each in
catalyst, olefin, CC, and HQ concentration. This suggests that
under such conditions the r;action is catalyzed by a Rh4 carbonyl
cluster specieg [19]. Hexene-1 was hydroformylated at 80-100°C and
20-60 bar using [Rh(CO)2C112 or Rh4(CO)12 as catalysts. The effect
of solvents and PPh3 on the activity and selectivity of the
catalysts was studied. The activity of Rh4(CO)12 sharply increased
above a molar ratio of P:Eh = 2:1 [20]. Deuteroformylation of
styrene was carried out at 90° and 160 bar (CO/D, = 1/1) in the
presence of Rh4(CO)12 as catalyst precursor. At ;artial conversion
f2-deuterostyrene, PhCH=CHD and 73,3-dideuterostyrene, PhCH=CD, were
recovered. This result suggests that under hydroformyzation
conditions the ©branched alkylrhodium intermediate in part
dissociates into rhodium hydride and deuterated olefin [21].

The kinetics of hydroformylation of 1-hexene have been
studied using HRh(CO)(PPhs)S as catalyst in EtOH solution at
30-50°C and 1-60 bar total pressure. The reaction was found to be
first order with respect to catalyst and HZ’ the rate versus Poo

and olefin paased through maxima ([22]. A cracking fraction

containing 74-86% 1-hexene was hydroformylated at 100°C and 15 bar
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using Rh(acao)(CO)(PPhB) as catalyst. The use of a wvery high
PPh3:Rh ratio (400:1) promoted the formation of n-heptaldehyde and
retarded catalyst deactivation [23]. Indene was hydroformylated
using Rh(CO)(PArS)ZCl complexes as catalysts. The catalyst
containing the tri-o-tolylphosphine ligand gave a high selectivity
to l-indancarboxaldehyde [241. The complex (triphos)RhH(02H4) has
been used as catalyst for the hydrogenation and hydroformylation
of hexene~1. The n:i ratio of C7 aldehydes formed was higher than
that obtained with HRh(CO)(PPha)8
Hydroformylation of cyclododecatriene (3) with HRh(CO)(PPh3)3
catalyst afforded only aldehydes (4) and (5) corresponding to

under similar conditions [25].

as

selective monohydroformylation of the trans double bond. No
selectivity was found, however, if the same catalyst was employed
for hydrogenation of (3) [26].

CHO
CHO

Hexene-1 was hydroformylated at 4OOC and 1 bar with

HRh[P(OPh)3]4 and Rh[P(OPh)a]S[P(OPh)Z(OCSH4)] as catalysts.
Catalytic activity of both catalysts was comparable to that found
for the Rh(acac)[P(OPh)a]2 + n P(OPh)3 systems £27]. The
deactivation of Rh—PPh3 complex catalysts in the presence of
oxygen, sulfur, chlorine, and their compounds in hydroformylation
of propene was studied. The poisoning effect caused by oxygen was
temporary while the deactivation of the catalyst by sulfur,
chlorine, and their compounds was permanent [28]. The effect of
tris(3,4-dimethylphenyl)phosphite as ligand in hydroformylation of
1-heptene using Rh(CO)Z(acac) as catalyst was studied. The ratio
of straight to branched chain aldehydes formed was larger than in
the case of PPh3 [29]. The catalytic activity of the Rh(I)
complexes Rh(acac)[P(OPh)S]Z, Rh(acac)(CO)2 and Rh(acac)(CO)(PPhB)
for hydroformylation of l1-hexene at 40°C and 1 bar was examined in

the presence of phenylphosphiteas containing Me, NO.,, or Cl

Z
subatituents in the phenyl ring. No effect was obaserved in the
case of Rh(acac)[P(OPh)SJ2 [30]. The activity and

References p. 555
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regioselectivity of Rh-phosphine catalysts used for the
hydroformylation of styrene did not change with +the P:Rh ratio
above 2:1 and 1:1 respectively, if the phosphine ligand (6) was
used. This proves that under the conditions used (4006, 20 Dbar)
only a disubstituted Rh carbonyl hydride species was active as
catalyst [31].

Ph@ Ph 6

|
Ph

Hydroformylation of N-allylacetamides (e.g.7) in the presence
of Rh carbonyls as catalysts yields as first products the expected

aldehydes (8) and (9). The linear isomer (9), however, reacts

further under the reaction conditions forming ring-closure
products (10) and (11). Highest yields of the cyclic aldehyde (11)
(the product of double carbonylation) were achieved with

[Rh(dppb)(NBD)]ClO4 as catalyst [32].

10 n

Chiral cyclopentadienyl complexes of Rh have been tested as
catalysts for hydroformylation and hydrogenation. Complex (12)
catalyzed the hydroformylation of vinyl acetate to give
2-acetoxXypropanal with 3% enantiomeric excess and complex (13}
catalyzed the hydrogenation of methyl a-acetamidocinnamate to give

6% enantiomeric excess [33].
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Dinuclear Rh complexes of the type ha(p—SBut)2(CO)2L2, where
L2 is a diphosphine, were used as catalyste for the
hydroformylation of 1i-hexene. Those complexes in which the
diphosphine ligands maintained a short Rh-Rh distance were the
most active [34]. The dinuclear Rh(I) complexes with mixed
bridging ligands ha(,u-L)(M—SBut)(CO)z[P(OMe)B]2 (L = pyrazolate
or benzotriazolate) were tested as hydroformylation catalysts at
80°C and 6 bar. These complexes were almost as active as the
well-established thiolato bridged analog Rh,z(u—SBut)z(CO)2
[P(OMe)aj2 [35].

Hydroformylation of 1-hexene in a two-phase system using
water-soluble Rh-phosphine complexes formed in situ was studied in
detail. The IR spectra showed that the same water-soluble active
species were formed starting from thP(m—C6H4SO3Na) and
[Rh(COD)Cl]Z, Rh(acac)(CO)z, or RhClS.BHZO {38]. Hydroformylation
of linear a-olefins in a water/organic two-phase system using Rh
complexes of PhBPCSH4COOH—p as catalysts at 80°C and 5.5 bar H2+CO
has been described. Very high normal:iso aldehyde ratios (up to
100:1) were achieved at pH 10 in the presence of a surfactant like
012H25NMeSBr [37].

The heterobimetallic complex szzr(u—PPhg)thH(CO)PPh3 was
applied as catalyst for +the hydroformylation of l-hexene at
25-50°C and 1 bar CO + HZ' Although the rate of reaction was lower
than with HRh(CO)(PPh3)3,
wags significantly higher {38]. The catalytic activity of
[Rh(COD)(PPh3)2]+ for hydroformylation of olefins was decreased by
the addition of the diphosphines szM(CHzPPhZ)2 (M = Ti,Zr). 1In
accordance with this finding also the mixed-metal catalysts
IszM(CHzPPh
{38]. Polybutadienes were hydrogenated, hydroformylated and

the selectivity for terminal aldehydes

) Rh(COD)]+ showed only moderate catalytic activity
2°2

References p. 555
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hydroxymethylated using Rh(PPhB)SCl, HRh(CO)(PPhB)B, and
HRu(CO)(PPhB)BCl as catalysts. No changes in chain length
properties were observed on hydrogenation [40]. Allyl alcohol,
allyl acetate, and allylamine were hydroformylated or homologated
with CO + H2 using HRh(CO)(PPh3)3, Ruog, or COE,(CO)8 catalysts
[417.

See also [14,16,34,122].

c’ Cther Metals as Catalysts

The catalytic activities of [HRu(CO)4]', [HRUBCCO)lljw, and
RUB(CO)l2 for hydroformylation of olefins were compared. In the
case of styrene and ethyl acrylate, [HRU(CO)4} was found to be
the most active [42]. Alkali metal halides increase the catalytic
activity of RuB(CO)12 in the hydroformylation of ethene; the
RUB(CO)lE + Csl + CsOH + THF system showed the highest activity.

IR spectroscopy indicated the presence of [HRuq(CO) as the

1
main Ru component in the reaction mixture [43]. Hydiéformylation
of l-hexene was carried out using the water-zoluble Ru(lli)
complex K[Ru(EDTA-H).2H,O as catalyst at 13 ¢ and B0 bar CO + H,
in EtOH/H,0 = 4/1 solve;t mixture. The reaction was slow buz
vielded e;clusively linear heptadehyde [44). Hydroformylation of
allyl alcohol in agueocus solution using a Ru(II1)-EDTA complex as
catalyst at 90-130°C and 25-65 bar COD + H, furnishes ¥-
hydroxybutyraldehyde as the primary produgt. Segondary reactions
(cyclization and hydrogenation) result in the formation of
y-butyrolactone, dihydrofuran and 1,4-butanediol as side products
[45]. The dinuclear Ru carboxylato complexes Ruz(quOCR)Z(CO)4L2
(R = Me,Ph,CFa,tBu; L = PPha,PBua,P(OPh)S,P(OMe)S) catalyze the
hydroformylation of linear 1l-alkenes at 10-30 bar and BOOC,
provided that a small amount of a base is added to the reaction
mixture. A mechanism involving dinuclear intermediates in the
catalytic cycle was proposed [46]. Terminal olefins could be
hydroformylated to aldehydes with predominantly linear structure
with Ru catalysts (Rqu or RUS(CO)12) modified by N- or P-ligands
such as bpy or dppe and working in low-melting gquaternary
rhosphonium salts (e.g. Bu4PBr) as solvents. The influence of
reaction conditions {temperature, pressure, catalyst
concentration, and structure of ligands) has been investigated in
detail [47].
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The complex trans—[PtClz(COCHZCHZPh)(PPh3)2].EtOH, in
combination with SnClz_ZHZO, was found to be an active catalyst
for the hydroformylation of styrene. The complex was synthesized
from atyrene, CiS—[PtClz(PPh)S)Z], CcO, and H2 under
hydroformylation conditions (100°C,100 bar) [48]. Platinum(II)-
aminophosphinephosphinite complexes combined with SnCl2 were used
as catalysts for the hydroformylation of atyrene. The complexes
were prepared from K[Pt(C2H4)Cla] and chiral ligands of type (14)
and (15). Best optical yield (48%) was achieved with the ligand

(15; RS = opPn,, R? = COOEt) (49].

) R! RzH R
:fh.____agr 14 -H 15
N7 R4

Ph,PO MeNPPh, |
PPh,

Asymmetric hydroformylation of prochiral olefins is catalyzed
by PtCl(SnCla)f(S,S)—BDPP] ((S,S)-BDPP = 16). The linear (non
chiral) regioisomer 3-phenylpropanal is the main product of
styrene hydroformylation, but the enantioselectivity of
Z-phenylpropanal is unusually strongly influenced by the reaction
temperature: the S-enantiomer predominates at lower and the

R-enantiomer at higher temperatures [50].

' 16 ; (S,S)-BDPP
Ph,P  PPhy

The effect of styrene polymer ligand and transition metal
complexes on the selectivity and activity of the catalysts in

hydroformylation of 1-hexene was studied [51].

See also [15,19,38,39,40,41,122].
40,41,122].

d> Heterogeneous Systems (Supported ComplexesD

The catalytic activity in hydroformylation of HCo(CO)A,
substituted by mono- and bidentate phosphines and silylphosphine

References p. 555
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ligands was studied. The results were used to obtain a
heterogeneous catalyst which is active, selective and stable in
the gas-phase hydroformylation of propene [521. Adding silica gel
during the formation of HCo(CO)Z(PBuB)2 from HCO(CO)4 and PBu8
(1:5) partially deactivated the homogeneous catalyst in the
hydroformylation of propene. Immobilizing the ligand by using
silica gel with MeOSiMe(CHECHZPBuZ)2
which was stable for more than 300 hours at 180°C and 100 bar
[53].

Cyclohexene was hydroformylated with a catalyst consisting of

gave a selective catalyst

a polyalumazane-Co-Ru bimetallic complex supported on silica. The
cyclohexanecarboxaldehyde formed as primary product was partly
hydrogenated +to the corresponding alcohol in a consecutive
reaction. The amount of alcohol increased with increasing Ru:Co
ratic of the catalyst [54]. Higher activities for +the gas-phase

hydroformylation of ethene and propene were achieved on
carbon-supported Rh-Co bimetallic clusterz than on Rh-only and
Co-only catalysts. Cobalt is supposed to prevent sintering of the
Rh aggregates [55]. Homo- and heteronuclear Pd- and Co-containing

complexes anchored on phosphinated silica have been used for gas
rhase hydroformylation of propene. Due to synergistic effects
rroductes were produced in the presence of Pd-Co catalysts already
at 40-70°C [(56].

Propene was hydroformylated at 90-140°C and 20 bar using a
supported liquid phase catalyst composed of styrene-divinylbenzene
copolymer and HRh(CO)(PPh3)3 dissolved in PPhS. Aldehyde
selectivity was 100% at 120°¢C [57]. Five kinds of
polymer-anchored aminophosphine-Rh complexes were prepared and
used as catalysts for the hydroformylation of diiscobutylene [58].
Several polymeric ligand-bound Rh complexes were prepared starting
from [Rh(CO)2C1]2 and functional cross-linked polystyrenes
containing amine, aminophosphine, or phosphite groups. These
polymeric complexes were used as catalysts for hydroformylation of
diisobutylene at 110°C and 60-100 bar. Most of the catalysts
showed good catalytic properties. The elution of Rh was studied in
most detail [59]. The kinetics of hydroformylation of propene with
a supported liquid phase catalyst containing Rh-dibenzophosphole
complexes have been determined. The reaction was zero order in CO
and Hz, and first order in propene [B60]. Several new types of
polymeric ligands based on polystyrene and their Rh complexes were
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synthesized and tested as catalysts for the hydroformylation of
diisobutylene [61].

Mercaptopropyl-containing siloxane and mercaptomethylated
polystyrene were used as supports for Rh catalysts for
hydroformylation of cyclohexene. These catalysts showed higher
activity and stability than the phosphine-containing
polymer—supported Rh catalyst [62]. Hydroformylation of propene
was carried out with a catalyst obtained by supporting solutions
of HRh(CO)(PPh3)3

reaction was first order in propene and zero order in both H2 and

in phenyldibenzophosphole on silica. The

CO [63]. Cyclohexene was hydroformylated using a SiOz-supported
polytitazane rhodium complex catalyst at 120°C and 60 bar. The
catalyst was stable for turnover numbers higher than 20.000 [64].
Reduced Rh/SiO2 catalysts were exposed to a flow of H2 containing
10.9 ppm HZS and then reduced again. Sulfur preadsorbed in this
way strongly suppressed the hydrogenation of ethene but increased
the rate of hydroformylation. Consequently, the selectivity of
propionaldehyde formation was substantially improved [65]. Ethene
was hydroformylated in the vapor phase at 180° and 20 bar using
Rh/SiO2 catalysts. The activity of the catalysts increased
remarkably if the Rh particle size was below approximately 30 g
[66].

e Modiyfied Hydroformylations

In the presence of tertiary amines, iron carbonyla catalyze
the hydroformylation of styrene with CO and HZO’ and the reduction
of aldehydes and ketones by CO and HZO’ or with HZ‘
and dimerization are important side reactions in the

Hydrogenation

hydroformylation of styrene. Hydrogenation of Schiff bases with H2
and iron carbonyls does not require addition of an extra base
{67]. Allyl alcohol was hydroformylated with CO + HZO using a
Ru(III)-EDTA complex as catalyst. The product composition (17,
36%; 18, 25%; 19, 25%) was like that obtained with the same

catalyst using a CO + H, gas mixture ([68].

2

ANLOH  ___ OHC _A_OH [_/LO R on
0

17 18 19
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Hydrocarbonylation of diphenylacetylenes (20) with CO + HZO
and COZ(CO)B + PR3 (R = Bu, Ph) catalysts at 220°C and 100 bar
furnishes indanones (21 ) in good yvields. With H2 instead of H20
only hydroegenation to the corresponding ethylbenzene derivative
takes place [69].

Ph—-C=C-Ar ——
Ar

20 21

Synthesis of substituted cyclopentanones (23) via hydro-
carbonylation-cyclization of 1,4-dienes (22) has been studied.
Both Co and Rh carbonyl catalysts could be applied either with
CO+H2, or with CO+H20; best results were achieved with Rh and CO+
HZO at 100°C and 30 bar. At low catalyst concentrations

exo-methylenecyclopentanones (24) were formed as byproducts [70].

Al SR

22 23 24

Hydroformylation of the fluoroolefin CSFSCH:CH2 and in situ
amidocarbonylation of the aldehydes formed catalyzed by
Coz(CO)S—Rh4(CO)12 systems proceeds with excellent
regioselectivity forming predominantly the branched chain

amincacid isomer:

NHCOMe
Me CONH»
///——"C6F5CH2CH2CHO — = C¢F5 COOH
CSFSCH =CH,
CHy
Me CONH
\\\—""C6F5$HCHO 2 CGFSA\T/COOH

CHs NHCOMe
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It has been proved that hydroformylaticn in this system is
catalyzed by the mixed metal complex CoRh(CO)7, the relative
activity of whieh to COZ(CO)B is about 22.000 per metal atom (i.e.
COZ(CO)B is practically inert under the reaction conditions)
(71].

See also [32].

3. Hydrocarbonylation (Homologation) of Alcohols, Aldehydes, and
Esters with CO + Hla

Iron pentacarbonyl combined with cyclic amines, e.g.
N-methylpiperidine was found to be the most active and selective
catalyst of methanol homologation [72]. The ether—-phosphine
ligands (25,26) gave high selectivities and conversions in the
Co-catalyzed hydrocarbonylation of MeOH to MeCHO (73].

PhPL, Ph P CH2CHoPPh L= —CHZ‘[OJ
U L 0
25 26

1

L= —CH "'[ 0
= )
Oj ) —CHZ—[O] 1 ~CHoCHyOMe

Hydrocarbonylation of methanol to acetaldehyde (and
carbonylation to acetic acid) were investigated with CoI2 as
catalyst and the phosphines (27) and (28B) containing ether groups
as ligands. Best results (turnover numbers up to 1300/hour) were
achieved with the ligand (27a) [74].

R
0 a) Ph 0
[ 1 b) mesityl C )—CH,PPhy
0~ ~CH2PR2 ¢) Cy 0
27 28

Homologation of methanol to ethanol was achieved at unusually
low pressure and temperature (70 Dbar, 1400) using a catalyst
system composed of Rh(CO)z(acac), RuCla.SHZO, a diphosphine and

References p. 555
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Mel (1:2:2:40). The best diphosphine was dppp with which ethanol
selectivity reached 80%. The remainder of the ligquid product was
acetic acid which could not be reduced to ethanol wunder these
conditions [75]. Hydrocarbonylation of CZ~C4 alcohols with Co +
Ru catalyst and 12 or KI as promoter has been studied at 170-200°C
and about 500 bar syngas pressure. Highest yields of the next
higher alcohols were obtained with catalyst compositions of 80-85
mol% Co and 15-20 mol¥% Ru. A mechanism was proposed according to
which an intermediate olefin is hydroformylated by cobalt and the
acylcobalt complex is attacked by a rutheniuvm hydride [76]. The
reaction of ethyl orthoformate with CO + H2 in the presence of Rh
carbonyl catalysts has been studied at 80 bar and 150-170°C. The
main reaction was hydrogenation leading to EtOH and CHZ(OEt)Z;
with Rh(OEt)2+ Mel catalyst systems some carbonylation to ethyl
propionate, 1,l-diethoxypropane, and diethyl carbonate were
obiserved (maximum total selectivity 12%) [77]. Reductive
carbonylation of methyl formate at 180°C and 80 bar CO with Rh+I~
catalyst leads to acetaldehyde in about 80% yield:

HCOOCH3 + CO ———- CHqCHO + CO,
The main side product is MeOH ([78]. The yield of ethylene glycol
in the hydroformylation of formaldehyde with Co carbonyl catalyst
could be increased by addition of RUS(CO)1” and phenol to about
=
85% at 180°C and 200 bar [79].
See also [33].

4. Coordination Chemistry Related to Hydroformylation

Kinetic investigation of the reductive elimination reactions

of RCOCO(CO)4 {R = Pr, iPr) with H, or HCo(CO)4 showed that under

2
conditions of catalytic hydroformylation of propene,
butyraldehydes are formed mainly by the reaction with H2 [80]. The
reaction of HRh(CO)(PPhg), with CO has been studied by 'H, 1°¢,

and 3lP NMR and the results of these investigation were used to

interpret the regioselectivities (normal:branched aldehyde ratios)
observed in the hydroformylation of clefins catalyzed by Rh—PPh3
complexes. It was concluded that the catalytic results can be best

explained by the two co-ordinatively unsaturated intermediates
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(€9) and (30) assuming that the monophosphine complex reacts with

lower regioselectivity toward terminal olefins [81].

H H
' 1
Ph.,P - Rh - PPhq 29 Pth - ? - CO 30
~ ' L P
CO CO

5. Water Gas Shift Reaction

The water gas shift reaction is catalyzed by K[{Ru(HEDTA)(CO)]
even at 20°C and 1 bar CO pressure. The turnover number 1is under
optimal conditions (50°C and 15 bar) 350 mol CO/H, per mol
catalyst and hour, which is the highest value observed Gp till now
for a homogeneous catalyst [82]. The kinetics of the water-gas
ahift reaction catalyzed by Os carbonyls supported on X-type
zeolite were studied by using a flow reactor. The nature of the
carbonylic surface species and their interconversions were studied
by spectroscopic techniques [83]. Several Rh(I) complexes
containing the ligand P(C6H4SOBNa—m)3 (L) catalyze the water-gas
shift reaction and the hydroformylation of hexene-1 at 80°C and 8
bar in water as solvent. Highest rates were obtained with the
complex Rh.z(u—SBut')z(CO)ZL2 [847]. The Ir(III) complexes
[Cp*Ir(bPY)Cl]+, [Cp*Ir(bpy)H}+, and [Cp*Ir(phen)Clj+ were
shown to be active catalysts for the water gas shift reaction at

room temperature under irradiation with visible light [85].

6. Reduction with CO or CO + H2

KHFe(CO); generated in situ from Fe(CO)5 and K2C03 in MeOH
catalyzes the reduction of aryl iodides +to the corresponding
hydrocarbons under CO at 80°C. Reduction of L mol of Arl needs 1
mol of CO and 2 mol of K2003. Up to 18 catalytic cycles could be
achieved [B86]. Aldoximes could be selectively transformed by CO
into nitriles wusing Rhe(CO)16 as catalyst according to the

following reaction:
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R-CH=N-OH + CO — =  R-CN + CO, + H,

Reaction conditions were 40°C and 8 bar, basic additives as
KOH or diamines were necessary. The corresponding alcohols were
formed as byproducts [87]. Reduction of nitrobenzene with CO in
the presence of protonated Pd carbeonyl pheosphine complexes formed
ire =¥tw from Pd(OAc)z, PPha, and HClO4 was studied [88]. The
trinuclear complex PhCCo3(CO)9 catalyzes the reduction of aromatic
nitro compounds to the corresponding anilines under phase transfer
conditions in the presence of NaOH and CO. Carbon dioxide is

formed and a significant part of the complex is transformed into

Co(GO)4_ under the reaction conditions [89]. The tetranuclear
complex (31) (O/_\N = Z-methylauinolin-8-0l) catalyzes the
deoxygenation of some nitro- or nitrosc—compounds by CO under

pressure (6-100 bar) at relatively high temperatures (80~1OOOC).
For example aliphatic nitroalkanes are transformed into the
corresponding nitriles or oximes; nitrobenzene, however, does not

react under such conditiens [90].

Co —
N | 0 N
\Cu/ ~ Cu/—CO
/ \
0] 0 N
\ /
OC—Cu Cu

Deoxygenation of aliphatic nitro compounds to nitriles and of
hydroxylamines to amines by CO + H_, at 40°C and 16 bar is
catalyzed by polymeric Rh carbonyl hclusters which are formed
in sttu from RhG(CO)le and aminated polystyrenes. The catalyst may
be easily separated from the reaction mixture by filtration; its
IR spectrum indicates the formation of Rh carbonyl cluster anions
under the reaction conditions (8911,

See also [B7].
7. Miscellaneous Reductive Transformations of CO and CO2

Ethyl iodide or benzyl bromide could be hydrocarbonylated to
vield propiconaldehyde and phenyl acetaldehyde, respectively, by
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controlled-potential electrolysis of their solution in THF in the
presence of Fe(CO)S, followed by treatment with CO and finally
with AcOH. Probably RFe(COJ4 complexes are intermediates of the
reaction [92]. RuB(CO)12 and (less efficiently) Ru(CO)B(PPhB)2
catalyze the reductive carbonylation of nitrobenzene and of
substituted aromatic mononitro compounds in toluene-MeOH to give
the corresponding methylcarbamates at 160°C and 60 bar, with high

selectivity, in the presence of Et4NCl as cocatalyst:
ArNOQ + 3 CO + MeOH g ArNHCOOMe + 2 COO

If water is added to the reaction mixture, aniline is the
main product [93]. Dissolving potassium in THF containing V(CSHS)2
gives a solution of K[V(CGHS)ZJ which reduces 002 or CO to oxalate
and small amounts of formate and glycolate [94]. Carbon dioxide
reduction to CO on electrodes coated with polymeric films obtained
by oxidative electropolymerization of Re(L)(CO)301 complexes,
where L is a 2,2’~-bipyridine derivative substituted by
pyrrole-containing groups, has been investigated. Small amounts of
formate and oxalate were also formed [95]. Reductive carbonylation
of MezNH to DMF with 002 + H2 and the (simultaneocus) reduction of
DMF by H2 to MeSN have been investigated with Ru,0s,Rh,Ir, and Pt
complexes as catalysts at 125-150°C and about 100 bar. Platinum
complexes were found toc be the most active in both cases [96].

Photochemical reduction of CO2 to CO and HCOO  was achieved
by using 1l-benzyl-1,4-dihydronicotinamide (BNAH) as electron donor

and {Ru(bpy)3]2+

as catalyst, in HZO/DMF. The reductant was
oxidatively dimerized to (BNA)2 [97]. Electroreduction of CO2 is
catalyzed by Co(IIl)-, Fe(II)-, Ni(II)-, and Cu(ll)-complexes of
1,10-o-phenanthroline. The ligand participates in the reaction
[(981. Carbon dioxide has been reduced electrocatalytically to
methanol at Pt electrodes modified with different metal porphyrins
(Co,Fe,Ni,Cr) in the presence of [Fe(CN)5(H20)]3_ or the Co(lI)
complex of (32) as homogeneous catalyst. The highest current
efficiency (15.1%) was achieved with (TPP)Co and the Co complex of

(32) [991.
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NO
OH
3 ) 32
Electrochemical reduction of 002 to formate and CO, and

simultaneous carboxylation of ketones at the a-carbon were carried
out in the presence of [Ru(bpy)9(CO)2]‘+. Ketones play the role of

the proton source in these reactions [100]:

RCOCH,R RCOCHRCOO ™

<

2 CO., 2 e HCOO  or CO

The complex cis—[Rh(bpy)z(Tf)z](Tf) is an electrocatalyst for
the reduction of C02 to formate in MeCN solution. The protons
required for the reduction are furnished by the [NBu4]+ ions of
the supporting electrolyte [101). Carbon dioxide coordinated to
Ni(Q) in (CySP)zNi(COQ) is easily reduced to bound CO in
(CyBP)ZNi(CO)2 by aliphatic or aromatic thiols. The reduction is
selective (no formates or oxalates are formed), and the system
provides a reasonable model for the Ni-containing enzyme carbon
monoxide dehydrogenase [102]. The complexes Ni(cyclam)2+ and
Niz(biscyclam)4+ have been tested as electrocatalysts for the
reduction of COZ' Both catalysts gave only Cl products; in water
only CO was formed, whereas in low water content DMF high faradaic

yields of formate were observed [103].

H/\H H/ \H H/ \H

G Co G

33 ; cyclam 34 ; biscyclam
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The complexes [PdPPh(CHZCH.ZPth)z(PRB)](BF4)2 (R = Et,0Me)

were found to be catalysts for the electroreduction of CO, [104].

See also [180].

III. HYDROGENATION AND REDUCTION

1. Hydrogenation of Olefins

a2 Ru and OUs Catalysts

The complexes H2Ru(CO)2L2 (L = PMezPh or AsMezPh) hydrogenate
ethene in a stoichiometric reaction; the starting complexes may be
regenerated by treatment with H2 [1058]. Catalysts prepared from
Rh2+
2-6 were used for the hydrogenation of olefins in toluene at
20-80°C {1081. The Ru(Il) complexes of the types (RSP)ZRu(CO)ZCl2
and (RBP)SRu(CO)Clz (R3P = alkyl or aryl phosphines) were tested

or Ru3+ and trioctylamine with amine:metal molar ratios of

as catalyst for the hydrogenation of l-hexene at 100°C and 7 bar
in EtOH/benzene. Reaction rates decreased with decreasing size and
increasing basicity of the phopsphines [107]. The trinuclear
cluster (M—H)ZRus(HB—O)(CO)S(dppm)2 was found to be a catalyst for
the hydrogenation of l1-hexene at 55°C and 7.4 bar. The reaction is
first order in complex concentration indicating that the cluster
remains intact during the catalytic cycle [108].

The silica-supported cluster Oss(CO)lo(u—H)(u—SiE ) catalyzes
the hydrogenation of ethene at 90°C and 1 bar; reaction kinetics,
volumetric and IR studies indicate a mechanism involving the
intact triosmium framework in all the elementary steps forming the
catalytic cycle. However, complex 0s5(C0),,(#-H)(#-OPh) is quickly
tranaformed in solution under catalytic conditions with loas of
PhOH and formation of HZOSS(CO)IO and H4Os4(CO)12 £109].

See also [162,195].
b> Co, Rh, and Ir Catalysts

Cobalt-ethylenediamine and Co-glycine complexes were

supported on divinylbenzene-styrene macroporous beads and their
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catalytic activity tested for the hydrogenation of 1~octene [110].
Several dinuclear Rh complexes containing hydride bridges like
[(triphos)Rh(u—H)BCo(triphos)]2+ were found to be catalysts for
the hydrogenation of dimethyl maleate and dimethyl
acetylenedicarboxylate. In the catalytic cycles some of these
compounds were resistant to fragmentation and therefore
responsible for the catalysis [111].

Homogeneous hydrogenation of cyclohexene catalyzed by
Rh(PPha)SCl, Rh(dppe_)Cl2 and Rh(NPZ)Cl (NP2 = HN(CHBCHzPth)Z)
was investigated at 10-40°C and 0.6 bar. Thermodynamic parameters
for the formation of the corresponding dihydrido and olefin
complexes of Rh(I) were calculated. The insertion of the olefin
into the Rh-H bond seems to be controlled mainly by the entropy
factor in the reaction rather than the enthalpy {112]. The
kinetics of homogeneous hydrogenation of oa-methylstyrene with
Rh(PPhs)BCl as catalyst has been studied in a well-stirred bubble
reactor. It was shown that an overall rate constant, combining
rate contants of reversible adition of H2 to the catalyst and the
subsequent irreversible reaction, can describe the overall rate
[113]. Homogenecus hydrogenation of olefinic steroids has been
investigated wusing Rh-phosphine catalysts prepared iin situ,
Reducing 3-oxo-4-ene steroids gave mainly the trans-anellated
a-derivatives; the most favorable isomer ratio (Ha:53 = 9:1) was
observed in the hydrogenation of 4-androstene-3,17-dione using a
[Rh(NBD)C1], + PPh,Me (P:Rh = 3:1) ecatalyst [114]. Simultaneous
hydrogenati;n and uesterification of a,ff~unsaturated carboxylic
acids is catalyzed by [RhCl(l,Swhexadiene)]2 or RhCl3 in MeOH.
When an aryl group is present in the reactant, the reduction of
the arene ring alsc takes place under the reaction conditions. No
reaction occurs in the absence of H, suggesting that a Rh hydride
is the key catalytic species for bogh reduction and esterification
[1156].

Cyclopentene was hydrogenated in a two-phase system with
RhCl3 and the water—-solubile ligand triphenyl phosphine
meta~trisulfonate under room conditions. It was shown that the
rhogphine is oxidized to the corresponding phosphine oxide and
that catalytic activity is associated with colloidal Rh stabilized
by this protective dispersent [116]. The crown ether-modified
phosphines (35; n = 1-4) were used as ligands combined with

[Rh('COD)Cl]2 for the hydrogenation of K and Cs cinnamates in a
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two-phase (benzene/water) system. Hydrogenation took place in the
organic phase due to the extraction of the alkali metal cation by

the crown ether moiety [117].

LX :
Ph,P 0

Polyethylene hollow fibers were krominated, phosphinated, and
treated with Rh(PPh3)301 to give a catalyst useful for
hydrogenation of olefins in a fixed-bed flow reactor. The catalyst
could be easily separated and reused without loss of activity
[118]. A catalyst for hydrogenation of olefins was developed
consisting of Rh(PPh3)3

single crystals. These single crystals had a high surface:vcoclume

Cl bound to the surface of polyethylene

ratic and the catalysts was more active than a similar bead system
(119]. The following catalysts fixed to functionalized silica gel
were prepared and tested for hydrogenation of olefins: neutral Rh
complexes immobilized by bidentate phosphines, cationic Rh
complexes attached via monodentate rhosprhines, and Ti(IV)
complexes attached to an immobilized Cp ligand [120].

Rhodium(I) and iridium(I) complexes of the type
[M(diene)(L)zl(ClO4) containing phosphine sulfide (L) ligands were
used as catalysts for the hydrogenation of olefins [1211].
Organometallic Keggin ion complexes like [Rh(CO)(PPhS)]4SiW12040
and [HZIr(PPhS)Z]SPw1204O were tested as catalysts for the
hydrogenation, dehydrogenation, and hydroformylation of olefins
and in C-H activation ©processes [122]. The WE—HE complex
[Ir(H)z(Hz)(PMezPh)SJ+ catalyzes the hydrogenation of ethene under
mild conditions. The catalytic cycle starts with the substitution
of the n“-H, ligand by ethene (123].

See also [25,26,33,194,244].

c> Ni, Pd, and Pt catalysts

Optimal conditions for the preparation of catalysts for the

hydrogenation of cyclohexene based on Ni(II) salts
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(acetylacetonate, stearate, etc.) and Al or Li alkyls were
described. Solvent effects were studied [124].

Homogeneous hydrogenation of cyclohexene with [PAd(L)C131C1 (L
= PhCHZN(CHZCHZPPhZ)2 has been studied at 25—4OOC and 0.1-1 Dbar

HZ' Several hydride complexes wWere characterized by NMR
spectroscopy. Two mechanisms were proposed [125]1. The catalytic
activity of the complexes [(Pd(L)C11CI (L = NH(CH,CH,PPh,), or

N(CH CH PPh2)

has been tested. The rate of hydrogenation was found to be first

3) for the homogeneous hydrogenation of cyclohexene

order in catalyst, fractional order in substrate and independent
of H2 pressure. Several hydride species were identified as
intermediates by NMR spectroscopy [126].

Rate constants were determined for the hydrogenation of
alkenes on Pd-polyheteroarylene catalysts. The activity of the
catalysts was governed largely by the degree of charge transfer
from Pd to the electronic system of the polymer [127]. A
polymer-bound Pd(II) complex has been prepared by the reaction of
PdCl, with a chelate resin of B8-aminoquinoline and wused as
catazyst for the hydrogenation of olefins. No obvious loss of P4
from the catalyst was observed f128j3. Poly(vinylpyridine)
complexes of Pd catalyze the hydrogenation of allyl alcohol.
Activity of the catalysts depends on the position of the vinyl
group on the pyridine ring: complexes prepared from polymers of
4-vinylpyridine were found to be the most active [129]. Palladium
complexes fixed on an ethene-propene—ethylidenenorbornene
copolymer grafted with vinylpyridine were used as catalysts for
the hydrogenation of alkenes. The nature of the solvent strongly
influenced the reaction; highest rates were obtained in MeOH +
benzene [130]. Palladium chloride fixed on polyethyleneimine
catalyzes the hydrogenation of allylphenocls to propylphencls at
25-50°C and 5-20 bar. Under similar conditions a
RhClB—polyethyleneimine catalyst leads to products formed by ring
hydrogenation [1311.

Platinum and palladium complexes of the crosslinked polymers
rrepared from poly(vinyl alcohol), SiOz, p—Me NCSH4CHO and
glutaraldehyde were used as catalyst for the hydrogenation of
3everal simple and functionalized olefins. The polymer Pt complex
was more effective than HZPtClG [132]. Platinum(IV) complexes of

4
hydrogenation of aqueous allyl alcohol. Selectivity of these

poly(vinylpyridines) reduced with NaBH or HO catalyze the
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catalysts is higher than that of Pt black [133].
See alsc [189].

d> Other Metals as Catalysts

Hydrogenation of mono- and disubstituted alkenes is catalyzed
by szTi01(AlH3), a complex prepared from szTiCl2 and LiAlH4
[134]. When supported on dehydroxylated or partly dehydroxylated
alumina, the complexes CPZZrMez, Cp;ZrMez, and Cp*ZrMe3 are highly
active catalysts for propene hydrogenation, even at - 3°¢ [135].

Aluminosilicate-supported Cr(n—CSHS)3 catalyzes the
hydrogenation of o-olefins [136]. The cluster complex
ReS(CO)e(us—H)z(u;Pth)3 catalyzes the hydrogenation of
cyclohexene at 20 C and 10 bar [137].

The dimeric hydride (LThH2)2 (L = 36) catalyzes the

hydrogenation of 1-hexene about 1000 times faster than the
structurally similar CCp;ThHZJZ. Preliminary kinetic measurements
indicate that the rate-limiting step is the hydrogenolysis of the
intermediate Th-alkyl complex [138].

Me Me
Me NI‘Q Me
Si 36
]
Me Me Me
Me Me

See also [120].

2. Asymmetric Hydrogenation of Olefins

The titanocene complexes L2T1012 containing the chiral
cyclopentadienyl ligands L = (37) and (38) were used as catalyst
precursors for the hydrogenation of 2-phenyl-l-butene. The
complexes were transformed into the catalitically active species
by addition of BuLi. Optical yields up to 34% were achieved [139].
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Mg Me

37 38

Me

Chiral allylic¢ secondary alcohols like (39) and (40) have
been resolved efficiently by homogeneous hydrogenation catalyzed
by (R)- or (5)-BINAP-Ru diacetate complexes. Up to 76:1
differentiation was obtained between the enantiomeric unsaturated

alcohols resulting in 99% optically pure unreacted alcohols [140].

4 J
OH PPh2

COOMe 41, (R)-BINAP

™
39 40

Naturally occurring plant polyprenocls (42; n = 13,14,15) were
asymmetrically hydrogenated to the corresponding dihydroisoprenols
(dolichols) (43) using (BINAP)Ru(OOCCF3)2 as catalyst. Only 2%
hydrogenation was observed at any other olefinic double bond and

the optical yield was at least 95% [1417].

42 43
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Homogeneous hydrogenation of (44) with (PPha)zRu(OOCCFa)2
[Rh(COD)(dppe)]+ as catalyst gave the diastereomer (45a) with
95-99% selectivity. The results indicate that the group NHCOOMe
{which binds to the catalyst) directs the addition of hydrogen to

or

the olefinic diastereoface proximate to this group [142].

NHCOOMe NHCOOMe NHCOOMe
o )\(coowz Ph/K:,coom v pn /k(coom
A 45a 45b

Rhodium complexes containing chiral P ligands and wused for
the asymmetric hydrogenation of PhCH=C(NHAc)COOR (R = H, alkyl,
benzyl) were classified according a conformational angle. The
absolute configurations of the products depended on the sign of
this angle [143]. Simple stereochemical rules were eatablished for
the relationship between product configuration and catalyst or
reactant configuration for asymmetric hydrogenation of
dehydroacylamino acids in the presence of Rh-phosphine complexes
[144]. The interconversion of diastereomeric N-acyl dehydroamino
acid or ester ligands in Rh diphosphine complexes which occurs
under the conditions of asymmetric hydrogenation has been studied
uzing the DANTE magnetisation transfer technigque. Two pathwaysa
were ildentified, one involving dissociation of the enamide ligand
followed by recombination from the solute pool, and an
intramolecular reaction characterized by the dissociation of the
olefinic part of the ligand with the amide group remaining
co-ordinated throughout this process. Interestingly, the
N-pivaloyl derivative showed the slowest rate of exchange and at
the same time the lowest optical yield in asymmetric hydrogenation

using dipamp (46) as chiral ligand {[145].

OMe Ph
I Ome
p~ P 46 ; dipamp

Ph
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Analogues of DIOP bearing para—Me?N groups were used as
chiral ligands in asymmetric hydpogenatign of ketopantolacetone,
itaconic acid, or dimethyl itaconate with Rh(I) complex catalysts.
Reaction rates and enantioselectivities were higher than those
obtained with the conventional Rh-DIOP systems [146].
Ruthenium(II)-BINAP complexes were found to be effective catalysts
for asymmetric hydrogenation of itaconic acid and its derivatives;
86-90% optical yields were achieved [147]. Trisubstituted acrylic
acids (47; R,R° = Me,CD
hydrogenated with Rh(I) catalysts formed in sttu from
[Rh(NBD)Cl]Z, AgBF4, and the chiral ferrocenylphosphines (48;
R2 = (CH2)5, Etz, Buz). Optical yields a8 high as 80% were

3-Et.Ph; R # R’') were asymmetrically

achieved at room temperature and 100 bar H, [148].

R H Me
R\ Ve 4 Me
C C
.7

N
I - Fe "PPhy “ONR, 48

C
VRN
Ph”  COOH @—Pphg

Rhodium(I) complexes of the type [(COD)YRh(L)C1] and
[(COD)RhL]+ containing the chiral phopsphines L = PRS’ PhPRz,
thPR, and MeZPR where R is the (S)-(+)-2-methylbutyl substituent,
were applied as catalysts in asymmetric hydrogenation of
Z-o—-N-acetamidocinnamic acid. Highest optical yield was 15% [149].
N-substituted a-(aminocalkyl) acrylates (49; R = Me,Et; ¥ = COMe,
COOBut) were hydrogenated with cationic Rh(I) complexes containing
achiral (dppb) or chiral (dipamp) diphosphine ligands. In both
cases the antt iscmers were obtained with high stereoselectivity;
in the case of the dipamp-containing catalyst good kinetic
resolution was observed and the (R) product was cbtained at about

50% conversion ([1501].

NHY NHY
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0O,N-Bis(diphenylphosphino) derivatives of chiral trans- and
cis-2-aminocyclohexanols were prepared and used as ligands in
enantioselective hydrogenation of dehydro-a-acylamino acids with
cationic Rh(I) complexes as catalysts. In some cases high (»>97%)
optical yields were achieved [151]. The two enantiomers of the
0,N-bis(diphenylphosphino)aminoalkanaol (50) have been prepared and
used as ligands in asymmetric hydrogenation of olefins with Rh(I)
complexes. Optical yields between 85 and 83% were achieved with

acetamidocinnamic and acetamidoacrylic acids as substrates [152].

ve
OPPhs .-NPPho
™~ t"lPPhQ OPPh,

Me
50

The chiral aminophosphine-phosphinites (51) and (52) were
applied in the asymmetric hydrogenation of acetamidocinnamic acid
with Rh complexes as catalysts. In the case of ligand (52) optical
yvields were dramatically affected by the solvent wused. The
enantiodifferentiating ability of the catalysts was better if the
ligands were added in the form of their Cu complexes and the Rh

complexes were generated in situ [153].

PPh, O
L
(N (O
? CH20PPh2
PPh, Ph,POCH;
51 52

The chiral complex [(NBD)RhL]+(CIO4)~ (L = B53) was prepared
and used as catalyst for aaymmetric hydrogenation of a-acetamido
cinnamic acid derivatives. Based on X-ray structure determination
a correlation was found between the configuration of the phosphino
Ph groups and that of the products [154].
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CHoPh
™C —CH2
~
MeN ? 53
Ph2P PPh2
a~Acetamidocinnamic acid was hydrogenated to the
(3)-enantiomer with 60% enantioselectivity using

[Rh(L)(COD)](ClO4) (L = 54) as catalyst [155].

A
[ CHoPh
54
Ph,PO ?Pth
Me

Agymmetric hydrogenation of (55) was carried out in the
presence of [Rh(COD)(BPPM)](ClO4) adsorbed on methylated silica
gel. The adsorption of the complex could be improved by
introducing a stearoyl group instead of the butoxycarbonyl group
of BPPM . When the recovered catalyst was reused three times the

optical yield decreased gradualy from 85 to 69% [156].

Ph,P,

CH&‘O NHOAc 56 ; BPPM

! t
COOBu
55

Palladium catalysts obtained in situ from PdCl, and either
(8)-o-phenylethylamine, (8)-N-isopropyl-a-phenylethylamine, or
(8)-phenylalaninol as chiral 1ligands were applied in the



459

hydrogenation of a-nitrocaprolactam to (S)-a-aminocaprolactam.

Optical yields varied between 1-13% [157].
See also [435].
3. Hydrogenation of Dienes and Alkynes

Hydrogenation of butadiene was carried out over molybdenum
carbenyl/zeolite catalysts at 50-150° and 0.2 bar. Based on the
results of IR apectroscopic investigations it was concluded that
the catalytically active species was adsorbed Mo(CO)3 [158].
Hydrogenation of phenylacetylene to styrene with FeSts—AlEt3 and
NiStz—AlEt3 catalysts was studied wusing D-labeling experiments
{159]. When olefins or acetylenes were hydrogenated with
para-enriched H2 in the presence of H4Ru(PPh3)3, strong induced
polarization leading to enhanced 1H NMR absorptions and emissions
could be observed. This observation proves the pairwise transfer
of para-enriched H2 to the substrate [160]1. Phosphine substituted
derivatives of CpNiMB(u—H)S(CO)9 and MB(CO)l2 clusters (M = Ru,
Os) were tested as catalysts for hydrogenation of 1,4-pentadiene
at 120°C. Most complexes showed a slight catalytic activity [161].
The nz—Hz complex Os(HZ)(H)(CO)(PPré)ZCl catalyzes the
hydrogenation of alkenes and alkynes [1682].

Hydrogenation of styrene-butadiene rubber using Rh(PPh3)3C1
as catalyst was reported [163]. The rubbery center block of a
triblock styrene-butadiene rubber could be converted into a
gemicrystalline, low density polyethylene-like polymer by treating
it with H2 in the presence of [Ir(COD)(py)(PCys)]PF6 as catalyst
[164]3. The Pd(II) complex of interlamellar montmorillonite-2-
diphenylphosphinoethylsilane catalyzes the hydrogenation of
alkynes to alkenes with >95% cis-selectivity. The catalyat |is
superior in this respect to the conventional Lindlar catalyst
[165]. The inscluble Pd(salen) complex was found to be an active
and selective heterogeneous hydrogenation catalyst for the
reduction of alkynes in the presence of alkenes and of alkenes in
the presence of other functional groups. The activity of the
comblex is not due to the formation of metallic Pd [166]. The
Pd012 complex of a polymeric support Dbearing isonitrile groups
was tested as hydrogenation catalyst at 21°C  and 3 bar.
Phenylacetylene was hydrogenated to stilbene and ethylbenzene,
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benzaldehyde to benzylalcohol [1671. The clusters
(Pd,(8nCl,),(SnCly) 177 (m = B, n = 5; m = 4, n = 3) catalyze the
hydrogenation of dienes [1681. Reductive cyclization of 1,6-diynes
(e.2.57) to dialkylidenecycloalkanes with EtasiH as reductant is
catalyzed by (_dba)Bsz.CHCH3 in the presence of tri-o-tolyi-
phosphine and AcOH in benzene solution. The catalytically active

species is presumably a hydridopalladium carboxylate [1689].

iProoc, CoOPr!
0~ 4COO0Pr!

_<:r 0 O

C O coopr y

57

Palladium(II) ferrocenyl sulfide complexes of the type (58;
R = Cl—C5 alkyl, phenyl, g-tolyl) catalyze the hydrogenation of
conjugated dienes to monoenes with good selectivity. Addition of

AgNO3 in the absence of water increases the selectivity [170].

R
7/
S:PdClz
Fe N
S

Homogeneoug and supported Pd and Pt complex catalysts with
N-containing ligands were prepared and used for the hydrogenation
of olefins, dienes and alkynes. Molar activities of the supported

complexes were in the range 20.000-100.000 mol substrate/metal
hour (171].

See also [1B839].
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4. Hydrogenation of Arenes and Heterocyclic Compounds

Benzene is hydrogenated in MeOH solution on Pd/carbon at 30°C
and 1 bar to cyclchexane if Ru(NH3)5(OTf)3 is present; in the
absence of the Ru complex the catalyst is ineffective. The effect
of the Ru complex is probably due to the intermediate formation of
nz—benzene complexes in which ligation disrupts the aromacity of
the arene [172]. The use of Rh(PPha)BCl and Ru(PPhS)aC-l2 as
catalysts for the reduction of the hetercatom-containing ring in
polynuclear heteroaromatic compounds has been investigated. The
reduction of quincline was found to start with the reversible
hydrogenation of the C=N bond followed by an irreversible
reduction of the C3-C4 bond. Several gquinoline-Rh complexes have
been identified 1in the reaction mixtures [173]. Naphthalene,
quinoline, isoquinoline, and substituted quinolines were
hydrogenated to the corresponding tetrahydro derivatives at SOOC
and 50 bar using the Ziegler-type catalyst CoSt2 + AlEt3 in
hexane. Compounds containing sulfur, nitro, and chlorine
functional groups deactivated the catalyst [174]. Regioselective
hydrogenation of quinoline, isoquinoline, and 2Z-methylquinoline to
the corresponding 1,2,3,4-tetrahydro derivatives is catalyzed by
[Cp*Rh(p-xylene)]2+or [Cp*Rh(MeCN)3]2+in MeOH solution at 80°C and
35 bar. Further reduction does not take place under such
conditions [175]. Pyrene could be hydrogenated in 60% yield to
symmetrical hexahydropyrene with a Ziegler-Sloan-Lapporte catalyst
based on Ni(acac)2 and EtBAl [1786].

See also [115,131,223].

S. Hydrogenation of Carbonyl Compounds

The kinetics of the catalytic hydrogenation of cyclohexanone
with RuH4(PPh3)3 or {RuHS(PPha)SJ_ were measured. Based on these
results it was concluded that anionic character of the Ru complex
is not a significant contributor to its catalytic activity [177].
Dimethyl oxalate could be hydrogenated at 180°C and 200 bar H2 in
the presence of Ru(CO)z(PBuB)2

a rapid reaction) and subsequently to ethylene glycol (in a

(OAc)2 first to methyl glycolate (in
significantly slower reaction). Pretreatment of the catalyst with

ethylene glycol increased its activity [178]. The cluster anion
[HzRu4(CO)lo]— was found to catalyze the hydrogenation of the keto
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group in acetacetic amides and esters at 10°C and 40 bar in THF
solution. Acetacetic esters were converted in a consecutive

coupling step into new diester derivatives (59,60) [178].

CH3CCH2COO$HCH2COOR 59
1

CHyCCHRCOOR —= CHACHCHZCOOR 0 CH3
|
0 OH CH3CHCHpCOOCHCHZCOOR 60
OH CHjy

The complexes Ru(CO)S(PPhs)2 and Ru(CO)4(PPh3) were found to
catalyze the hydrogenation of benzaldehyde to Dbenzyl alcohol
photochemically. Since both complexes also catalyze the
prhotochemical carbonylation of benzene to benzaldehyde,
carbonylation in the presence of H, leads directly to benzyl
alcohol. Although this reaction “is thermocdinamically more
favorable than carbenylation alone, no significant increase in
vield could be observed [180]. The trinuclear Ru cluster (61) was
found to be a good catalyst precursor for the hydrogenation of
cyclohexanone at 120°C and 40 bar. It was transformed under the
reaction conditions partly into (62). This result suggests, that a
bridging phosphido group may serve in catalytic cycles as hydrogen
"reservoir" through intermediates containing secondary phosphines
as ligands [1817.

e e
Ph N Ph a
\P N \P N

|
AN\ — Ru(CO)2 / Ru(CO)g
(C0)2 Ru/ / Phy (CO)3RU /
Ru PPhsH
ot (coy, /(CO)Z 2
61 62
Chiral ketones of type (63) (R = PhCH,, iBRu,

cyclohexyl-methyl) were asymmetrically hydrogenated with
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RuBr,.{ (S)-BINAP] to give the desired threo products (64) in over
99% ;ield and better than 97% enantiomeric excess. The latter
value shows that the r-stereocenter does not racemize under the
reaction conditions (ZOOC. 100 bar, EtOH solution) (182].

0 OH OH
R\/'\/cooa R \‘/'\/ COOEt RY'\/COOEt
NHBoc NHBoc NHBoc
63 64

The chiral Ru complex Ru2C14[(R)—BINAP]2(NEt3) has been used
as an efficient catalyst for the asymmetric hydrogenation of
1,3-diketones (65) to the corresponding diols (66 and 67). In all
the cases examined (R,R'" = Me, Et, iPr, iBu, or Ph) a high excess
(89-99%) of the (R,R)-anti isomer (66) was formed [183].

Asymmetric hydrogenation of many functionalized ketones was
performed with high enantioselectivity (optical yields above 90%)
using Ru(II)-BINAP complexes as catalysts. Reaction conditions
were 30°C, 40-100 bar and 8-185 hours reaction time. The key
factor in stereodifferentiation is the simultaneous coordination
of the carbonyl oxygen and the heteroatom to the Ru atom, making a
five~- or six-membered chelate ring; N- or O-containing functional
groups or even halogen atoms may serve as directing groups [(184].
Enantioselective hydrogenation of the chioro ketone (68) with
Ru(OAc)z(BINAP) as catalyst precursor at 100°C and 100 bar
afforded the chloro alechol (69) in 97%¥ optical yield within 5
minutes. If the reaction was conducted at room temperature
(necessary reaction time was 25-40 h) optical yield was below 70%
[1851.
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0 0 OH O
c1\)'\/lLOEt —_— Cl\)*\/'LOEt
68 69

The chiral aminophosphinephoaphinite ligands (70) and (71)
were found to give with [Rh{COD)Cl], in sttu active and selective
catalysts for hydrogenation of activated ketones like (72) or

(73). Enantioselectivities were in the range of 70-8B0% [186].

PhCH2COCONHCH,Ph 72

H Me Me
[ :L’ 0
N™ YCH,0PR, Cszo’l\‘H M@t—/i 7
PRy CHpNPCy, 070
71

70 ; R=Cy,cyclopentyl

See also [67,146,167,195,2101.

6. Hydrogenation of Nitro Compounds

Hammett plots were obtained for the hydrogenation of RC6H4NO2
and the reductive amination of iPrCHO with a
Pd/poly(4-vinylpyridine)-polyethylene graft copolymer as catalyst
[187]. Aromatic nitro compounds were hydrogenated under normal
pressure using M(acac)g (M = Pd,Pt) complexes as catalysts. The Pd
complex was more actzve than its Pt analog. Partly reduced
nitroaromatics could be hydrogenated only in the presence of PhNO,'7
[188]. Complexes of Pd and Pt with organic dyes were immobilizea
on organic and inerganic supports and used as catalysts  for  the
hydrogenation of nitro groups, conjugated double bonds and
acetylenic bonds [1839]. Pd(II) and Pt(II) anchored to 2%- and
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4-vinylpyridine polymers of different molecular weights were used
for the hydrogenation of nitro aromaties to anilines at 50°cC.
Palladium complexes were far more effective than their platinum
analogs; the activity of the catalysts decreased with increasing
molecular weight of the polymers {190].

See also [194].

7. Miscellanecous Hydrogenations

Hydrogenolysis of alkanes and cycloalkanes was observed at
180°C and 50 bar H, in the presence of a Re,(C0);, + iBu,AlH
catalyst system. All possible lower molecular weight alkanes were
formed as products and turnover numbers per Re atom were around
100 in a few hours [191].

Aromatic imines ArC(Me)=NCH,Ph (Ar = Ph, 2-MeO-C_H 4-Me(-

06H4) were hydrogenated to the cgrreSponding secondary6 gmines at
70 bar in 1:1 MeOH:CSH6 using a chiral in situ catalyst system
formed from [Rh(NBD)Cl]2 and (R)—PhZPCH(CSHll)CHZPPhZ. A maximum
of 91% enantiomeric excess was achieved at low temperatures in the
presence of iodide as cocatalyst. The system was ineffective for
the asymmetric hydrogenation of aliphatiec imines [192]. Asymmetric
hydrogenation of the substituted phenylpyrrolines (74; R = H,CF3)
with catalysts formed in situ from Rh(COD)Cl, and chiral
phosphines gave the corresponding pyrrolidines in ;ax. 36% optical

vield [193].

N-CR 7%
0

Ph

A catalyst for the hydrogenation of olefins, MeCN, and PhNO2
was prepared by treating SiO2 with hydrolyzed poly
{[r-(m-diphenylphosphinophenyl )propyllsiloxane} and then reacting
with rhodium trichloride. The catalyst could be recovered and
reused with little loss of activity [194]. Olefins, aldehydes,
ketones, o,3-unsaturated carbonyl compounds and nitriles were
hydrogenated at 100°C and 14-70 bar using RuClz[PhP(CHZCHZPPhZ)Z]

ags catalyst. Hydrogenation of nitriles furnished a mixture of
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primary, secondary, and tertiary amines [195].
See also [67,96].

8. Dehydrogenation

Polyquinocline was synthesized from ,2,3,4~tetrahydro-
quinoline by dehydrogenative polymerization wusing as catalyst
precursor Re o-aminobenzenethiclate which transformed in sitw into
an active dehydrogenation catalyst [186]

Dehydrogenation of 1,4-cyclohexadiene to benzene is catalyzed
at 25°C by the radical anions derived from (CﬁHS}ZCF or (C Hﬂ) Mo
and Na sand in 1,2-dimethoxyethane. Under the same COHdlulODb,
(benzene)(1,3~-cyclchexadiene)Fe(0) prometes both dehydrogenation
and disproportionation to benzene and cyclohexene [197]). The
polyoxotungstates (Bqu)4W10039, H. PW1204O, and (Bu N) PW 40
were tested a3 catalysts for the photochemical dehydrosenatlon of
alkanes and cyclocalkanes. Strong acids increased the selectivity
and rate of the reaction, in some cases gquantum yields around 100%
have been achieved [198].

Dehydrogenation of methanol to formaldehyde ig catalyzed at

reflux temperature by Ru(OAc)Cl(PEtPh?)B. The catalyst is
sradually transformed into RuClH(CO)(PEtPhO)g and thus looses its
activity [199]. The complex huH (N )(PPh catalyzes the

dehydrogenation of alcohols and lelb at 150" C in the presence of
NaQOH. The catalytic cycle probably involves RuH4(PPh3)3 which
contains coordinated dihydrogen [200]. Dehydrogenation of
secondary and allylic primary alcohols to carbonyl compounds with
allyl methyl carbonate was carried out in the presence of Ru or Pd
complexes. The reaction proceeded under neutral conditions and
hence variocus acid- or base-sensitive functional groups were not
affected [201].

n-Heptane and n-octane were dehydrogenated to the
corresponding 1- and Z-alkenes at 70~-90°C  under Fhotocatalytic
conditions using Rh(CO)(PRS)QCl (R = Ph, Et, Me) complexes.
Activity of the catalysts increased in the stated order of
rhosrhine ligands; the largest turnover frequency was 795 hll
[202,203]. Dehydrogenation of alkanes or cycloalkanes is catalyzed
by Rh(CO)(PMeS)QCI under mercury-lamp irradiation at room
temperature. Cyclohexene and benzene are formed from cyclohexane

(turnover numbers 132 and 3, respectively), Z-hexenes are the main
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products of the dehydrogenation of n-hexane. No H acceptor is
necessary [204]. Catalyzed by Rh(CO)(PMeS)ZCl under irradiation,
l-decene undergoes dehydrogenation, hydrogenationand dimerization
reactions leading to a mixture of isomeric CZO dienes and
saturated hydrocarbons. Small amounts of intramolecular
dehydrogenation products {decadienes, cyclodecane,and cyclodecene)
were also formed [205]. Methyl propionate could be
photocatalytically dehydrogenated to methyl 4-propionyloxybutyrate
(73) (head-to-tail dimer) in the presence of Rh(CO)(PMes)ZCl at
room temperature. Methyl acrylate was presumed to be an

intermediate of the reaction [206].

2 CHBCHZCOOCHO —_—— CHZCH COOCHOCH.CHZCOOCH3

2 2

7S

Dehydrogenative croas coupling of benzene with methyl
acrylate to yield methyl cinnamate (75; mainly trans-isomer) was
accomplished with Rh(CO)(PMeS)ECl as catalyst under irradiation.
3-Phenylpropionate was formed as minor byproduct. The reaction of

toluene afforded meta-substituted isomers as main products [207].

-H
@ + CHy=CHCOOMe —2 @cmmcoom . @—CHZCHZCOOMQ
76

The catalyst system generated from RhCl.BHzo and Aligquat 336
or sSome other phase-transfer catalyst catalyzes the
dehydrogenation and disproportionation of 1,3-cyclochexadiene into
benzene and cyclohexene at 70°C. Polar organic seolvents promote
dehydrogenation (more benzene than cyclohexene is formed), in
toluene only disproportionation takes place. Water is essential
for the activity of the catalyst ([208]. Irradiating a benzene
solution of Et,SiH containing Rh(CO)(PMeS)ZCl as catalyst,

3
triethylphenylsilane and biphenyl are formed and H, is evolved:

PhH + EtSSiH —_— PhSiEt8 + Ph-Ph + H2
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A rhodium hydride species is assumed as the key intermediate
of the catalytic cycle [209]1. The complex Ir(COJ(PPhB)z(ClO4)
astoichiometrically dehydrogenates PhCH:CHCHEOH to PhCH=CHCHO and
catalyzes the hydrogenation of PhCHZCHZCHO to PhCHZCHBCHQOH at
room temperature and atmospheric pressure [210].

See also [122].

9. Hydrogen Transfer Reactions

a’ Hydrogenation of C=C Bonds

Transfer hydrogenation of anthracene with tetralin as H
sogurce wasg investigated with Co(II), Fe(IIlI}, and OCr(III) TPP
complexes as catalysts at 70°¢C. (TPP)Co(II) exhibited {he highest
activity [(211].

See also (2127.

4

2 Hydrogen Transfer Reactions lnvoluing

~ - ~
LC=0 and _CHOH CGroups

Group 4 metallocene complexes such as CpQZrHQ, and CpZHfH2
catalyze the chemoselective reduction of polycarbonyl compounds to
hydroxycarbonyl compounds by iPrOH. Reductien of keto aldehydes
proceeds selectively at the aldehyde group to provide the
corresponding hydroxy ketones. Under similar conditicns, however,
cyclohexanediones are aromatized to benzenediols. The two
complexes also catalyze the selective reduction of various
a,f3-unsaturated carbonyl compounds to the corresponding allylic
alcochols in good to excellent yields [212]. The titanium system

obtained from Cp..‘,TiCl,7 and Et_ Al, followed by thermal treatment in

tetralin at EOO—ZZOOC, catalyzes hydrogen transfer reactions of
CHZO (added as trioxane) at 216°¢ resulting in the formation of
methanol, methyl formate, methylal and CO [213].

Selective transfer hydrogenation of a,?-unsaturated
aldehydes to a,f-unsaturated alcohols by iPrOH is catalyzed by
H4Ru4(CO)8(PBu3)4. Kinetic data support a mechanism according to
which the catalyst remains a Ru4 cluster and is not fragmented
into smaller species f21473. Transfer hydrogenation of
cyclohexanone or acetorhenone with iPrOH and HMCl(CO)(PPr;Jz (M =

Ru,0s) as catalyst proceeds with reasonable rate only in the
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presence of.NaBH4 or KOH as cocatalysts. Probably the polyhydrides
H4M(COJ(PPré_)2 are formed under such conditions and these azct as
catalystse [215]. Transfer hydrogenation of hexane-2-one by iPrOH
is catalyzed at 110-1390°C by an osmium cluster catalyst prepared
by refluxing an n-octane solution of OSB(CO)12 with silica wunder
Ar [2186].

The binuclear complexes H(CO)(PPhS)QRu(L—L)M(COD) (HL-LH =
= 2,2"-biimidazole, M = Rh,Ir) were found to be more active as
catalysts for the transfer hydrogenation of cyclohexanone or
cyclohezene by iPrOH than the mononuclear parent (Ru, Rh, or Ir)
compounds. The binuclear complexes could be recovered unchanged
after the reactions [217]. In the presence of some ligands
ha(OAc)4 showed good catalytic activity for H transfer from iPrOH
to cyclohexanone or other unsaturated compounds. The most active
system was obtained from ha(OAc)4 and bpy in a molar ratio 1:8
[218]. Synthesis of a-trimethylsilyl ketones (77; R,R* = H or
different alkyl groups) was achieved from f3-trimethylsilyl
alcohols by wusing a,3-unsaturated carbonyl compounds (e.g.
2-cyclohexanone) as hydrogen acceptors and HRh(PPh3)4 as transfer
hydrogenation catalyst at 100°¢C [219].

SiMe3 Smkg
OH 0 0 0
77
¢ Reduction of Nitro Compounds
Transfer hydrogenation of aromatic nitro compounds by

hydrazine to the corresponding anilines is catalyzed by
(Bu4N)[Ni(tdt)2] (tdt = toluene-3,4-dithiolate) and analogous Ni
complexes in refluxing THF. Hydroxylamine derivatives are formed
as intermediates [220]. Reduction of aromatic nitro compounds by
benzoin and EtaN is catalyzed by [Fe4S4(SPh)4]2_ in MeCN solution.
Nitrobenzene is reduced to aniline, m~dinitrobenzene to
m-phenylene diamine or m-amino nitrobenzene, depending on the

excess of reducing agent [221].
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.
d> Foermates as Hydragen Donors

Ketones and aldehydes were reduced with good yields to
alcohols with Cp,TiCl, as catalyst and HCOOH + Et.,N as H source
[2227. S )

Cationic Rh(III) complexes like [Cp*(bpy)RhCl]+ catalyze the
reduction of NAD(P) by formate:

NAD(P)® + HCOOT ~ ——e NAD(P)H + CO,

Reduction of NAD(P)+ by HQ is also catalyzed by these
complexes but this reaction is slgw compared to the reduction by
formate [223]. Enantioselective transfer hydrogenation of
a,f2-unsaturated carbeoxylic acids by triethylammonium formate is
catalyzed by Rh complexes formed ¢n sttu from [Rh(COD)Cl, and
chiral diphosphines. Highest reaction rates and optical ;ields
were achieved with DIOP (78) or BPPM which form seven membered

chelate rings. The best solvent was DMSO [224].
0 PPh
X 78 ; (-)-DIOP

Selective hydrogenolysis of alkenylcyclopropanes (79) having
two electron-withdrawing groups (E = COMe, COOMe) was carried out
using a Pd-phosphine catalyst (formed in situw from sz(dba)a-CHCl8
and PBUS) and ammonium formate in dioxane at reflux temperature.

Cyclopropane ring opening proceeds with inversion [225].

R2 R2
E 3 3
e —
E R E R' H
79

Hydrogenolysis of propargyl carbonates (80) with ammonium

formate in the presence of a Pd complex and a tertiary phosphine
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(PBua, PPhs, or dppe) gave 1,2-dienes (81) along with smaller

amounta of simple alkynes (82) [226].

HC= CCRR'0COOMe ——e CH,=C=CRR" + HCECCHZR' + CHSCECR'
80 81 82

R = H, Me; R = n-CBH17, (CH2)2CHZCM321 Ph

Isomerization/hydrogenation of 4-hydroxy-2-alkyncates and
4-hydroxy-2-alkyn-1-ones (83; R = aryl, heterocaryl, vinyl; R’ =
OEt, aryl) to give 1,4-dicarbonyl derivatives (84) has been
achieved by treatment with tributylammonium formate in the
presence of Pd(OAc)z(PPhS)2 ag catalyst. The presence of both
carbonyl and aryl/heterocaryl/vinyl groups in the starting material
is necessary, otherwise base-catalyzed isomerization of the
propargylic system is prevented and only hydrogenation of the C,C

triple bond can be observed {227].

0]
H 0 \
Y R
R—I—— = —< —_— R
OH R o}
83 84

In the presence of formic acid, EtSN, and a Pd(II) catalyst
the alkyl 4-hydroxy-2-alkynocates (85; R = H,Me; R*> = Me,Et,Ph;
RR” = cycloalkyl; R”" = Me,Et) undergo a one-pot hydrogenation-

cyclization reaction to form the butenolides (86). Increasing the

excess of formic acid results in the formation of saturated

r—-lactones [228].
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10. Reduction without Molecular Hydrogen
a2 Stotchiometric Reduction with Low-Valent Transittion Metal

Comgplexes

Pyridine N-oxides, PhBAsO and (CBH17)3
SmIO and nitrobenzenes were reduced to anilines with Sml, in MeOH

NO were deoxidized by

[225]. Nitroarenes were reduced by Sm (and less effectively, Yb)
metal to azoxy compounds. Best yields were achieved in the
presence of small amounts of MeOH and HMPA [230]. Benzil could be
asymmetrically reduced to benzoin by SmI, in THF solution in the
presence of a chiral auxiliary lik; quinine or diethyl
L-(+)-tartrate. Addition of HMPA increased the enantioselectivity

of the system; best optical yields (up to 56%) were achieved with

gquinidine ([231]. Samarium diiodide promotes intramolecular
reductive coupling of functionalized keto aldehydes (87 ),
generating stereoselectively cts-2,3~-dihydroxycyclopentane

derivativez (88) [232].

0O O
R = alkyl,Ph
R R Y — R® = H.Me,Et
OHC MO Y = OEt,NMe,
87 88

In the reduction of a-keto esters by Ti(III) the dimeric or
monomeric reduction products (pinacols or secondary alcohols,
regpectively) could be made to predominate by the choice of the
solvent. Dimerization increased with increasing dielectric
constant and/or increasing hydrogen ion concentration [233].
Heterocyclic aromatic disulfides with a N a to the 5 atom could be
reduced to the corresponding thiols by TiCla in the presence of
citrate. Simple alkyl or aryl disulfides did not react [234].

Reduction of nitroarenes to the corresponding amines, of
alkyl or aryl halides to hydrocarbons and of acylic
o,f3~unsaturated ketones to saturated ketones was achieved with
CpV(CO)3 under phase transfer conditions using 5N NaOH and
(Bu4N)HSO4. The reactions proceed probably via electron transfer
pathways [235). The kinetics and mechanism of +the reduction of
cystine to cysteine by vanadium{(II) in sglightly alkaline medium

has been studied. The data were consistent with a mechanism
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involving two @parallel paths leading to vanadium(II) and
vanadium(IV), with precursors differing by one cystine ligand
[2361.

Epoxides could be selectively deoxygenated to the
corresponding alkenes by treating with MoO(SZCNEtz_)2 in toluene at
80-130°C. Over 98% retention of stereochemistry was observed
[237]1. Thicls (R3H) were reduced with good yields to the
corresponding hydrocarbons (RH) by treatment with stoichiometric
amounts of W(CO)6 in chlorobenzene solution at reflux temperature.
Small amounts of the dimers R-R were formed as byproducts ([(238].

The anionic hydride [HFe(CO)q]— reduces aldehydes and ketones
to alcohols in THF solution in the presence of CFSCOOH at reflux
temperature. The reduction of nitrobenzene to aniline, of benzoyl
chloride to benzaldehyde and benzyl alcohol and of benzyl chloride
to toluene proceeds already at room temperature [2389]. The
rubredoxin model complex [Fe(SCsH4Me—p)4]— stoichiometrically
reduces tBuOOH to tBuOH [240]}. N-Aryl-O-pivaloylhydroxylamine=s
(89; X = m-Br, p-Cl, 3,4—012, p—NOZ) are rapidly reduced by an
excess of F62+ to the corresponding anilines. The reaction
requires complexation of the ester with Fe2+ and proceeds with
hydrolysis of the N-O bond since nearly quantitative yields of
pivalic acid can be isolated toc [241].

0
1]
HNOCBut NH2
89 —_—
X X

Second-order rate constants were determined for the reduction
of indigo carmine by several amino alcohol coplexes of Co in
aqueous solution [242]. The kinetics of stoichiometric
hydrogenation of a,B3-unsaturated esters or ketones by HCo(CO_)4
were determined. Both reactions are catalyzed by COZ(CO)S [243].
The nz—HZ complex [(H2)Rh(PP3)]+ [PP:3 = P(CHZCHZPth)SJ
sgtoichiometrically hydrogenates the C=C double bond of dimethyl
maleate at room temperature in THF solution. The analogous Co and
Ir complexes (the latter is a dihydride) are inactive [244].

Selective reduction of the C=C bond in «,3-unsaturated

ketones or esters has been achieved with the Cu(I) hydride cluster
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[(PPhSJCuH]6 in benzene at room temperature. The reduction was
stereoselective and the major products arose from hydride addition

to the least hindered face of the substrate [245].

b> Inorganic Reductants n the Presence of Transtition Metal

Complexes

Chemoselectivity could be achieved in the reduction of
D-fructose and D-glucose when CeCl3 was used with NaBH4 [2461).
highly selective reduction of a,B-carbonyl compounds to the
corresponding allylic alcohols has been achieved by
NaBH4/LnCpClz(THF)3 (Ln = Sm or Er) in MeOH [247]. Reduction of
1-hexene with Cp3Ln/NaH (Ln = La,Pr,.Nd,Sm,Tb,.Y,Er,Yb.,Lu) in THF at
45°¢C gave hexane after hydrolysis. The Cpasm/NaH system was the
most active. This latter reagent also catalyzed the Thydrogenation
of l-hexene at 45°C and 4 bar [248].

Vitamin D, (90} and its derivatives were regioselectively

reduced to the corresponding 10,19-dihydrovitamins D, (e.g. 91a

and 91b) by treatment with szTiClO + LiAlH4 followed by

hydrolysis [248].

HO-~

%0 91a, X=Me, Y=H
91b, X=H , Y=Me

Low-valent titanium, prepared from TiCl:3 and LiAlH4, was used
to reduce 2-yne-1,4-diols (92) to 1,3-dienes (93). The reacticn
was not stereospecific and monoolefins were formed as byproducts
[2501].
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R >_____\§<R R=R'=Me
R‘%— —— —+R\ ——— R\ f -
OH HO R' R. R = (CHs
92 93

Aliphatic, aromatic, and «,3—unsaturated ketones are readily
reduced to the corresponding secondary alcohols by iPrMgBr in the
presence of a catalytic amount of bis(neomenthylcyclopentadienyl)
titanium dichloride. The effective reducing agent is probably
(nmenCp)zTiH [251]. Epoxides can be deoxygenated to alkenes by
"reactive titanocene” prepared in situ from Cp,TiCl, and Mg in THF
solution. The same reducing agent transforms u;satu;ated aldehydes
at -78°C into dimeric diols (94) or at room temperature into
divinyl ethers (95) [252].

HO OH

/Q\y/}_—i\v/ﬂ\
/\/CHO - R # R 94

R Te— R’NNb/A\O/ﬁ\‘éf\R 95

Camphor (96) is reduced by TiCl4 + Mg 1in the presence of
tBuOH to isoborneol (97, 58%) and borneol (98, 32%). The same
reagent reduces (R)-{+)-carvone (99) to the corresponding pinacols
(100) {2531].

A - A 4y

96 97 98

H
0

[: r() +
AN '
99

--OXT

AN~
100
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Reduction of diketo selenides (101; R = H,Me) with a
low-valent Ti reagent prepared from TiCl4 and Zn powder in THF,
afforded 2,5-dihydroselenorhenses (102) and 1,3-dienes (103) in
comparable yields [2547.

Y ) SRR
R 'S¢ "R R”™ "s¢” 'R
101 102 103

Reduction of acetylene by Zn amalgam is catalyzed by
szMoz(CO)4 and CPZMOE(CO)4(CEH4) [2565]. Reduction of sulfoxides
and pyridine N-oxides with low-valent tungsten reagents derived
from WCLS/BuLi or WClB/Zn gave the corresponding sulfides and
pyridines in almost quantitative yields. At low temperatures
WCl4(THF)n was isclated from the WClG/BuLi reaction mixture [256&.
The cubane clusters [MoFegsq(SCBH4—p—n—octyl)3(0268614)L]”
(L = DMF, MeZCO) and [Fe454(SCGH4—p—n—octyl)4} function as
catalysts for the reduction of n—CBHllN3 by Na28204 in agueous
Triton X-100 micellar solutions, giving n—C5H11NH2 and N2_ The
reduction is enhanced by the methyl viologen dication and in its
presence also N2H4 and NHS are formed by the FeMo cluster catalyst
[257]. The kinetics of the reduction of (104) with dithionite
el (R =

Me; n = 1,2 in

catalyzed by the Fe~8 clusters [Fe4S4CSR)4
CHZCH(COONa)NHCOMe, CHECH(COONa)NHCO(CHz)18
cetyltrimethylammonium bromide micelles have been studied. Both
electron transfer reactions (from dithionite to the catalyst and
from the catalyst to the substrate) showed almost the same

efficiencies as those of native ferredoxinsg [258].

104

The stereochemistry of reduction of several cyclic ketones by

a variety of complex reducing agents composed of NaH + MX, +
L

MeSSiCl (MX2 = CoClz, MnClZ, or Ni(OAc)Z) has beeen investigated.
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Stereochemistry was principally determined by the metal salt; Ni
and Co had a strong tendency to produce the more stable alcohol
f258]. The 2-oxo group on triterpenoid pentacyclic skeletons was
selectively reduced to give 2R3-OH axial derivatives using
chloroiridic acid and P(OMe)B. Oxo groups in other positions did
not react [260].

A homogeneous organonickel reagent prepared from nickelocene

and LiAlH4 was shown to be effective for the reduction of

carbon-sulfur bonds in thiocls., thicethers, sulfoxides, and
sulfones to the corresponding carbon-hydrogen bonds. Other
functional groups such as isolated double bonds, esters,

carbonyls, and halides remained intact under such conditions
[261]. Olefinic doble bends were hydrogenated by adding the
gubstrate and water or MeSSiCl simultaneously to a complex
reducing agent (CRA) composed of anhydrous nickel acetate, NaH,
and tert.-pentyl alcohol in THF. Olefins were hydrogenated to
saturated hydrocarbons, diolefins to monocolefins and unsaturated
ketones or esters to the corresponding saturated derivatives
[262]. Epimerization of diastereomeric secondary alcohols has been
achieved by the complex reducing agent composed of NaH +
2,5-dimetyl-2,5-hexanediol + Ni(OAc), + MgBr, via successive
dehydrogenation~-hydrogenation as sho;n below (§ or R’ = chiral

alkyl or cycloalkyl group):

These reactions are controlled by thermodynamic factors [2683]. The
complex reducing agent (CRA) composed of Ni(OAc),, NaH, and
tert.-pentyl alcohol was used for the reductive desul;urization of
thicketals, thiophenes, aulfoxides, and sulfones to the
corresponding hydrocarbons. The new reagent proved to be as
effective as Raney Ni [264]. Reduction of azaaldrin (105) by the
NaH-t-pentylONa - Ni(OAc)2 complex reducing agent (NiCRA) vyields
the tetrachloro (106) and trichloro derivatives (107) [265].
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Reduction of propargyl alcchol derivatives RC=CCHRR" (R =
H,alkyl; R* = Br, SOBMe, OP(O)(OEt)z) with LiALH4. NaEH4, or
LiBHEt3 catalyzed by Pd(PPh3)4 gave mainly allenes RHC=C=CHR and
RCEECCHER. Highest yields of allenes were obtained with LiBHEt8
[266]. Reductive cyclization of the enyne (108) catalyzed by
(dba)anE.CHCl8 + (O—MeCBH4)8P and using MeSSiH as hydride source
gave the two diastereomeric cyclopentane derivativez (109a) and
(109b) in a 5:1 ratio [2871].

MeOOC MeOO0C
AN
¥
MeOOC COOMe

108 109 a 109 b

Reduction of Me(OH to CH4 by HI is catalyzed by Pt ions [288].

Reaction of iPrMgCl with o,B-epoxy silanes (110) in the
rresence of CuCN was found to result in deoxygenation and
ring-opening to give vinylsilanes (111) and -hydroxysilanes
{(112), respectively. The ratioc of the two products depended on the
structure of the silyl group (s=i): S?MeB led exclusively to the
ring-opening product while SiMez(OPrl) gave almost exclusively the

decoxygenation product [268].

R

-CoH . ' -
n C6 B\\<TTﬂASI IPngCl n CGHB\%/&\“Si + n"(:6"11»3\]//1\.,.\’\Si
(0]

CuCN OH
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Active uranium, prepared in hydrocarbon solvents from UCl4

and [TMEDA)Li]z(naphthalene) (TMEDA = N.,N,N’,N"-tetramethyl-
ethylenediamine), reduces benzil or benzoin to bibenzyl. The
reaction proceeds over diphenylacetylene and stilbene as

intermediates [270].
See also [3061.

c2 Orgaonic Reductants in the Presence of Transttion Metal

Complexes

Several Cr(CO)B—complexed aromatic ketones could be
enantioselectively reduced by baker’s yeast; in some cases (e.g.
acetophenone) the reduction was faster and the enantioselectivity
higher than with the uncomplexed ketone [271]. Aromatic nitro
compounds were reduced to amines by Z2-mercaptoethancl in the
presence of [FeBO(OAc)prBJ as catalyst in py as solvent at room
temperature:

+ 2 H,O

CH,, S~

)o

ArNO, + 6 HOCHZCH.SH ——== ArNH, + 3 (HOCH2

2

Several related mixed trinuclear acetate complexes of the
type [Fel''M'T0(0Ac) py,] (M = Mn, Fe. Co, and Ni) were found to
be also ;ctive and the catalysts could be used for the reduction
of benzil to benzoin and of azobenzene to hydrazobenzene

too [272].
d>) Electroreduction and Photoreduction

The szNbClz_ anion has been shown to be an efficient
catalyst for the electrochemical reduction of benzyl chloride to
bibenzyl [273]. Conditions for the electroreduction of
m-nitroaniline to m-phenylenediamine were optimized using the
T13+/Ti4+ redox system [274]. Aromatic amines were obtained as the
sulfates in 67-99% yield by electrochemical reduction of the
corresponding nitro compounds in HZSO4 containing 2-3% Ti(SO4)2
[2756]. Voltammetric studies on the electroreduction of
p-nitrophenetole with and without Ti(IV) sulfate on a Cu cathode
were reported. The catalytic influence of the Ti4+/Ti3+ couple
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could be clearly established [2767. Electroreducticn of

nitrobenzene was studied on a glassy C electrode in the presence
" ) > : I : o

of Cr“+/Cr3+, V“+/V4+, Ti3+/Ti4+, Fe“+/Fea+, and Feo/Fe“+ redox

systems. The most effective were V2+/’V4+ systems which quickly
reduced phenylhydroxylamine, the intermediate product of the
reaction [277]. Aromatic hydrocarbons can be activated for
electrochemical reduction (hydrodimerization or hydrogenation) by
transforming them into Cr(CO)3 complexes. Stilbene was
hydrodimerized in this way wvia its mono Cr(CO)8 complex 1into
1,2,3,4-tetraphenylbutane [278]. The reduction of allyl halides to
1,5-hexadiene at glassy carbon electrodes is catalyzed by
bipyridyl complexes of Co(II) in agqgueous micellar solutions
containing Na dodecyl sulfate or cetyltrimethylammonium bromide.
An organocobalt(]l) intermediate was chserved [279].

Visible-light-photoinduced hydrogenation of acetylene and
ethene was accomplished employing an agquecous system containing
[Ru(bpy)3]2+ ag photosensitizer, ascorbate as sacrificial electron
donor, and [RhCl(dpm)B]B— (dpm = diphenylphosphinobenzene-—
sulfonate) as catalyst. In the presence of CO hydroformylation of
ethene took place [280]. Photoreduction of the NAD(P)  model
compounds (113; X = CONHZ, Ac) with BPh4_ in an alcohol containing
solvent mixture (benzene/MeCN/iPrOH) using (CEP)RhAc as catalyst
gave the corresponding 1,4-dihydropyridine derivatives (114).
Hydride transfer was supposed to take place via an intermediate
Rh-hydride complex [2811].

H o H
X X X
|, + BPh; + ROH —= [ [ * Ph-Ph+ ROBPh,
N

| |
CH,Ph CHoPh
13 14

See also [95,97-99,101,103,104].
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IV. OXIDATION
1. Catalytic Oxidation of Hydrocarbons and Hydrocarbon Groups
with O

2
a2 Oxidation of Alkanes

The activity of catalysts in the oxidation of cyclohexane by
O, decreases in the following order: CrSts*V VOSt, > MoO(acac)? >

P

CoSt2 > MnSt2 > NiSt.2 > CuSt2 > CeSt4 > TiSt4 [282]. The rate
constants of oxidation of cholesterol by O, in the presence of
tetra-meso-substituted metalloporphyring (;ontaining Cr, Mn, Fe,
Co, or Ni) have been determined. The reaction proceeded rapidly in
those cases where the intermediate metalloporphyrin-0, complex
contained singlet oxygen [288]. B

Oxidation of polyethylene dissolved in hexadecane by O, with
a MnSt2 + NaSt catalyst was faster than the oxidatzon of
hexadecane alone {284]. Autocatalysis is completely eliminated in
the first step of the liquid-rhase oxidation of n-dodecane by 0O,
if Mn naphthenate is added to the reaction mixture [285]. Th;
optimum temperature for the oxidation of paraffin mixtures to
fatty acids by O2 and KMnO4 as catalyst was found to be 130°C
[286]. In the oxidation of alkanes with 0, in the presence of
CpMn(CO)8 as catalyst carboxylic acid form;tion was inhibited by
other O-containing products in the order aldehydes > ketones >
alcohols. The rate of formation of organic carbonyl compounds
increased in the presence of aldehydes and acids, and decreased in
the presence of ketones [287]1. Hydroxylation of simple alkanes and
the selective C-25 hydroxylation of cholesterol by O2 in the
presence of ascorbic acid have been achieved using as catalyst a
Mn(I1l) porphyrin having the groups (115) at the four meso
positions of the porphyrin ring and intercalated into a synthetic
bilayer ligquid membrane composed of dimeristoylphoapholine. The
system strikingly mimicks the C-26 hydroxylation of cholesterol by
liver mitochondrial cytochrome P-450 [288].

115
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Adamantane and cyclchexane could be oxidized to the
corresponding alcohols and ketones by O, in CH.Cl. in the presence
r s a

of AcOH, Zn powder and the iron complex (116) at room temperature
and 1 bar [289].

0

<N\ //

LFe. “Fel
‘?o\ro'[:'Z 116 L= N/ \N BH
O\%B/O \b/ 3

The kinetics of the Ru(III)~-EDTA catalyzed oxidation of
cyclohexane to cyclchexanol and of cyclohexanol to cyclohexanone
by O,_J in acidic medium have been determined and the activation
para;eters were calculated [280]. The rates of these oxidations
increased in the presence of cetyltrimethylammonium bromide,
mainly because of a decrease in activation energy [291].

Liquid-phase oxidation of cyclohexane tc dibasic acids hag
been studied in glacial acetic acid solution with the Co-form of a
weak acid resin as catalyst at 85-105°C and 5-20 bar O,. Addition
of cyclohexanone decreased the induction period of th; reaction.
The yield of adipic acid was higher than that in cyclohexanone
oxidation alone [282]. The influence of water on the oxidation of
cyclohexane by 0, catalyzed by Co(OAc)?.4HQO was determined [2983].

Cyclohexanebis oxidized to cyclghex;none by air at room
temperature and atmospheric pressure in pyridine solvent using
CU(C104)2.6H20 or Fe(ClO4)2.6H20 as catalyst. Small amounts of
cyclohexancl are also formed but the alcohol is not an

intermediate of ketone formation [294].
Cee also [326,417].
L2 Oxtdation cof Olefins

Olefins were oxidized to alcohols by Og in MeOH solution in
the presence of metal porphyrin comple;es and NaBH4. Metal
mesw-tetrakis(sulfophenyl)porphines showed higher activity than
metal TPP complexes (295]. Oxygenation of ethyl oleate in the
presence of M(TPP) + NaBH4 + Avicel (a micrecrystalline form of

cellulose) or M(TPP) + thiclato 1ligand (cysteine or N-acetyl
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cysteine) has been studied (M = Mn, Fe, Cr). The products were
either ketones (at the 9- or 10-position), mono-ols (at the 5~ or
10-position) or diols (at the 8-~ and 1ll-positions) [296].
Thiclate-metal loporphyrin complexes were reported to catalyze the
oxygenation of cyclohexene with O, yielding mainly cyclohexanone
and cyclohexanol acting thus as mgdel syvstems of cytochrome P-450.
The system composed of (TPP)Mn, cysteine, Mn3+, and NaEH4 was
found to be the most effective but alseo (TPP)Cr or (TPP)Fe could
be used instead of (TPP)Mn [297]. Oxidation of olefins with O, and
a reducing agent was astudied with different ;etal
meso-tetrakis(p-sulfonatophenyl )porphins (TPPS) in MeOH as
solvent. The best system was that comprising Mn(TPPS) and NaBH4-
It was concluded that the active species of the catalytic process
was not a metal-oxo complex. The olefin was mainly transformed
into the corresponding alcohol [2898].

Oxidation of propene to propylene oxide and allyl alcohol on
an immobilized complex of iron protoporphyrin has been studied
{289). The effect of Fe(III) palmitate on the rate of oxidative
deterioration of palm oil was evaluated. Iron(III) palmitate
mainly increased the rate of formation of secondary producta
{300]. The oxidation of l-hexene to Z2-hexanone by O, is catalyzed
by [RuClz(H20)4]+ at 35°C in a water/dioxane solutign; the product
ketone is formed in 54% yield. This system represents the first
monometallic catalyst system for Wacker oxidation of olefins to
ketones [301]. Liquid-phase oxidation of cyclchexene with O, in
the presence o¢f cobalt-containing polymer catalysts has “been
atudied. A Co diacrylate-polyethylene graft polymer was found to
be the most active. No correlation was found between the type of
coordination and catalytic activity [302]. The liquid~phase
oxidation of 3-carene with O2 in the presence of Co(acac)2 as
catalyst to give 3-caren-5-one was studied. The main byproduct was
the corresponding peroxide [303]. Liquid-phase oxidation of
1-decene with 07 and Co(acac)., as catalyst gave l1-decen-3-one with
80% selectivityu [304]. Cobazt(II)—Schiff base complexes Co(L)
(117) were used as catalysts for the oxidation of alkenes to
ketones with 02 at 60°C in primary or secondary alcchols as
solvents. No reaction took place in aprotic solvents; using benzyl
alcohol as solvent it was shown that the reaction proceeds as a

co-oxidation and benzaldehyde is formed [3056].
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Z = (CHply ; n=2-4
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Oxygenation of styrene with O, and BH4_ using dmgH, TPP,
galen or phthalocyanine complexes of Co, Fe, and Mn as catalysts
was investigated. Main product of the reaction was l-phenylethanol
but mome hydrogenation to ethylbenzene and 2,3-diphenylbutane also
took place [306]. The chiral Co Schiff base complexes (118-121)
have been used as catalysta for the oxidation of styrene to
1-phenyl ethancol. Modest enantioselectivities were observed; the
best value was 38% which was achieved with the complex (121; R =
H) [307,308].

R R Me Me
0\ /0 O\ /O
Co\ ,C°\ _
_N’ N.. _‘N N
Me Me Me  Me
118 ; R = H,Me ,MeO 119
Me Me R R
o O 0 0
\Co/ \COI
’ N N

120
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The Co(II) Schiff base chelate (152) catalyzes the
oxygenation of 4-stilbenols (122; R = H,Me,tBu) to give two
molecules of aldehydes. Both O atoms are incorporated into the

products, providing a good model for dioxygenase reactions [309].

R R
R

R
122

Liquid-rhase oxidation of styrene by O2 in toluene solution
and with Rh(PPhS)scl as catalyst gave selectively benzaldehyde and
formaldehyde as primary products. Optimum reaction temperature was
75°¢C; higher temperatures and styrene conversions led to the
formation of benzoic acid [310]. The same reaction was performed
at 100°C also with Rh(PPhS)acl anchored to polymeric Amberlite
beads. In this case styrene conversion depended on catalyst
loading and distribution [311].

Mono- and binuclear polyketone complexes of Ni(II) and Cu(II)
were tested as catalysts for the oxidation of propene with O,
[312]. B

Nitro and nitrate complexes of Pd(II) with the general
formula Pd(NOn)z_mClm(MeCN)2 {n = 2,3; m = 0,1,2) were ‘tested as
catalysts for the oxidation of ethene and propene [313].
Cyclopentene is oxidized to cyclopentancne by O, in tetralin
containing dichloropalladium complexes. The reactio; proceeds by
oxidation of tetralin to a-tetralyl hydroperoxide which then
initiates radical chain processes [314]. Oxidation of 1-decene by
O, in the presence of Pd(II) complexes as catalysts gave
l:decene—B—one in 60% yield ([315]. Acetoxylation of propene to
allyl acetate with O
the Pd clusters Pd
[316].

Alkenes were oxidized to ketones with 02 in EtOH containing
PdClz, BiClB,
ketone, the second co-oxidized a solvent molecule [317]. A

and AcOH was performed using as catalysts

O(OAC)180 and Pd561XBO(PF6)SO (X = phen)

2
56156

and LiCl. One oxygen atom was incorporated into the

chloride-free catalytic system composed of Pd(OAc),, hydroguinone
and iron phthalocyanine has been developed for th; oxidation of
olefins to methyl ketones with 02. The iron complex catalyzes the
oxidation of hydroquinone to quinone which acts as the oxidant of

the Pd-catalyzed oxidation of the olefin. The reactions were
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performed in aquecus DMF [3181. The oxidation of ethene to

acetaldehyde with O, on a supported liguid-phase Wacker catalyst
O

adsorbed on alumina was investigated. The active phase f the
catalyst was a chlorinated agueocus solution of CuCl,. Pd4dCl.. and
Cu(NO,),; reaction temperature was 40-80%C [319). The allyl

alcohol derivative (123) was oxidized to the corresponding ketone
(124) with good yields using the following systems: 0, + PdCl, +
and O, + PdCl(NOq)(MeCN)Q. Best selectivity

(99%) was obtained with the last combination, the other systems

CuCl, gquincne + P4Cl,,

furnished minor amounts of (125) tco {320].

Acetyl derivatives of B-hydroxyalkanoic acids (126) were
prepared by oxidative carbonylation of terminal olefins with CO +
02 in ACEO solution catalyzed by PdCl2 + CuClZ at 80°C and
atmospheric pressure. Allylic alcchols were transformed 1in  EtOH
z0lution under similar conditions into £3,r-diethoxybutanoates
(127) [321].

RCH:CH9 + CO + 1/2 O, + ACZO ——t— R?HCHOCOOAC 126
OAc
R R
CHCHZCHQ + CO + EtOH ————— CHCHCH,,COQEt 127
4 a CH(OEt) L~
HO 3 Et0 OEt
The Cu(OAc)Q - LiBr system catalyzes the oxidation of

1,4~-diphenyl-1,3-butadiene to 2,5-diphenylfuran (128) and that of
2,6-di-t-butylphenol to the diquinone (129) by O, in an AcOH -
Ac,0 1:1 mixture. The two products were isolated in 30 and 60%

yvield, respectively ([322].
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See alao [480].
c¢> Epoxidation of Olefins

Polymer-supported (NH4)6M07024, MoOz(acac)z, and MOOECl2
catalyze the epoxidation of cyclohexene [323).

Cyclohexene was epoxidized with O2 using a catalyst which
consisted of Pt on silica and a homogeneously dissolved
(TPPI)Mn(III) complex. The reaction was carried out in the presence
of H, as cooxidized species [324]. Alkenes were epoxidized by O,
at 8600 uging the complexea (130) as catalysts. The inductio;
period of the reaction could be reduced by the addition of

pyridine [325].
(. ®

L) ‘
Mn Mn
~Yin O Y)n n=23

XY =0 orNO

The Ru(III) Schiff base complexes Ru(saloph)(Im)Cl and
Ru(=alen)(Im)Cl (Im = 1imidazole) catalyze the oxidation ot
cyclohexene predominantly to cyclohexene oxide and cyclohexanone,
respectively [328]. Cyclohexene was epoxidized with O, wusing
Rh(saloph)(L)Cl complexes (L = Cl1 , imidazole, 2—methylim£dazole,
or py) as catalysts in water/dioxane as solvent at 35°C. The
catalytic activity of the complexes increased in the stated order
of ligands L [327]. Cholest-5-ene (131) and cholesterol
derivatives in which the OH group is protected (132b,132c) were
epoxidized highly stereospecifically to the B3-derivatives by air
with (TMP)Ru(O)2 as catalyst. Cholesterol (132a) itgelf was

unreactive [328].
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i |
a, R=H
b, R=Ac
¢, R=tBuMe;Si
RO

LK) 132

Ligquid-phase oxidation of 4-vinylcyclohexene by O2 catalyzed
by CoBr? and a complex Mo catalyst gave 4-vinyl epoxycyclohexane
along w;th unsaturated alcchols and ketones [32971.

See also [4569].

d> Oxidation of Aromaiics

Rate constants for the oxidation of anthracene to
anthraguinone by O2 in the presence of Mn porphyrine and NaBH4
were determined [330].

The system Ru(lIl)-EDTA-ascorbic acid-0, selectively oxidizes
toluene to ¢-creols. Based on kinetic, s;ectrophotometric and
potentiometric measurements a mechaniesm was proposed which
involves the formation of an intermediate Ru(IV) dioxygen complex
[3311].

Methyl acetate is one of the main byproducts in the air
ocxidation of p-uylene to terephthalic acid in acetic acid solution
and with a Co-Mn-Br catalyst system. It has been shown, that by
recycling the ester to the oxidation process it is oxidized under
the technological conditions (22000 and Z4 bar) into acetic acid,
CO, and CO,‘7 (332]. In the oxidation of m-xylene with Oo and a
Co-Mn cat;lyst system, Co2+ plays the main role i; chain
initiation while Mn2+ reacts with peroxy, acylperoxy, and acyloxy
radicals [333]. Liguid-phazse oxidation of p-methoxytoluene to
p-anisaldehyde with OQ in the presence of Co based catalysts has
been studied. With Co?OAc)7.4H90 alone only traces of the desired
product could be obtained: u;on addition of Mn{(OAc),.4H,O0 or
Ce(OAc)S.HZO a congiderable improvement was observed. uTheH most
effective catalyst system (76% yield of p-anisaldehyde) was
composed of Co, Ce, and Cr acetates [334]. In a similar system,

the yvield of 3,4,5-trimethoxybenzaldehyde from
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3.4,5-trimethoxytoluene was highest (32%) 1if a Co(OAc),.4H, 0 +
Mn(OAc)2.4H20 {3 + 1) catalyst mixture was used [335]. Eompiexes
of Co, Ni, and Cu with aromatic Schiff bases containing sulfur,
nitrogen, and phosphoryl donor groups were tested as catalysts in
the 1liguid-phase oxidation of cumene. Both catalysis and
inhibition were observed [336].

Fluorene was oxidized to phthalic acid with O2 in the liquid
rhase in the presence of Co complexes, e.g.

+
and

[Co(nicotinate),](NC35), or activated carbon containing Co?
Br~ [337]. Effe;ts of “temperature, catalyst, initiator concen-
tration, and addition of MeCOPh initially to the reaction mixture
were determined for the liquid-phase oxidation of ethylbenzene to
acetophenone in the presence of Co salt catalysts. The Co
naphthenate + dibenzoylperoxide system was the most convenient to
handle {338]. Both Co(St)2 andf Cr(St)3 catalyze the oxidation of
®ylenes by 02; combinations of the two catalysts show the highest
activity [339]. Cobalt complexes with N,N’-methylene-
diacrylamide-crosslinked acrylic acid-di-ethyl vinyl phosphonate
copolymer showed a high catalytic activity in liguid-phase
oxidation of xylenes to toluic acids [340]. Complexes of Co with a
copolymer of vinylphosphonic acid diethyl ester and acrylic acid
were prepared in the presence of ethylbkenzene and after the
removal of the substrate were used as catalysts for the
liquid-phase oxidation of ethylbenzene with O?. The prearrangement
of the complexes in this way resulted in a c;nsiderable increase
in activity and selectivity [341]. Cobalt(Il)-pyridine complexes
bound to latex copolymers of styrene, divinylbenzene, and either

acrylic or methacrylic acid catalyze the autoxidation of tetralin:

QO — CO

0 HO

These heterogenized catalysts are more active than Co(Il)-py

complexes in aqueous solution or Co-acetate in acetic acid [342].
The Ni(acac),-HMPA catalyst wused in the oxidation of

ethylbenzene by Ozuis oxidized during the process at the methine

C-H bond. This results in an increase of selectivity of
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hydroperoxide formation [343]. If N-methyl-Z2-pyrrolidinone (L) is
uzed as electron donor ligand instead of HMPA in this system, the
active catalyst formed during oxidation has the composition
Niz(acac)(OAc)B_L.2HEO {344].

Oxidation of benzene with OO in the presence of CuCl as
catalyst in a water-benzene tw0*;hase system has been studied.
Phenol and hydrogquinone were the main products; their ratio
strongly depended on the pH of the solution. The results were
compared to those obtained with CuCl/HzO2 and FeSO4/H202 systems
{345]. Benzene dispersed in agueous sulfuric acid was hydroxylated
with O, in the presence of CuCl to give phencl and hydroquinone in
yieldsuof 24 and 8%, respectively. The active species generated by
the Cu—O2 system was reported to be the hydroxyl radical (3468].
Oxidation of cumene by O, is catalyzed by CuCl, fixed on
aminopropyl Aerosil. The Zatalyst increases the“ rate ot
hydroperoxide decomposition and thereby initiates a radical-chain
process [347]1. The <Cu(l) rhenolato complex (133) reacts with
excess phenol under O, to give the Cu(Il) catecholato complex
{134). The catechoiato group originates from a phencl

hydroxylation reaction assisted by the Cu center [3481.

(phen)(PhaP)Cu(OPh) ————— (phen)Cu(OPh)(OC6H4OH—O)
133 134

See also [74,710].

2. Catalytic Oxidation of O-Containing Organic Compounds

a2 Oxidation of Alcohols

The Pt/C - CeClB— 812(804)3 system in aqueous MeCH has been
found to catalyze the selective oxidation of m-hydroxybenzyl
alcohol by O? to m-hydroxybenzaldehyde (83% yield). The role of
CeCl3 is notuclear [349]. Benzoins, p—RCSH4CH(OH)COCSH4R—p (R =
H,Me0,Cl), were oxidized to the corresdponding benzils with air or
amine N-oxides in the presence of Mo(Vl) complexes of cysteine
esters or cysteilne-containing peptides [350). Catalytic oxidation
of alcohols with O, in the presence of silica-surported transition
metal chlorides ha; been studied. The highest sgelectivity in
oxidation of EtOH to AcH was obtained with supported Mn012 [3617].
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Aryl-substituted 1,2-diols were selectively cleaved to
aldehydes or ketones as oxidation products at room temperature by
O, in the presence of catalytic amounts of {TPP)FeCl and
s;oichiometric amounts of l-benzyl-3-carbamoyl-1,4-dihydropyridine
(BNAH). Reduction of the Fe(IIIl) complex by BNAH to Fe(II) starts
the catalytic cycle: (TPP)Fe(lIl) reacts with O, to form (TPP)Fe=0
which oxidizes the diol and Fe(1II) formed is« again reduced by
BNAH to Fe(II) [352]. Oxidation of alcohols to the corresponding
carbonyl compounds by air is catalyzed by [Bu4N]
[OS(N)(CHZSiMeB)Z(CrO4)] in MeCN asolution at 709C. The catalyst ia
highly selective: only aldehydes are formed from primary alcohols,
and PPh3
conditions [353].

In the oxidation of cyclohexanol to cyclohexanone by O, at

or olefins are not oxidized under such reaction

120-1685°C and 10 bar, high conversion and selectivity were
obtained with PdCl2 and Fe2(804)8 as catalysts [354]. A
silica-supported polysilazane-Pt complex has been prepared and
uged as catalyst for the oxidation of alcohols to the
corresponding carbonyl compounds with 0, at room temperature. The
catalyst could be reused several times E355].

Saligenols (135, R = H,tBu) were oxidized by 0O, in the
presence of an excess of metallic Cu or Fe and a catalytzc amount
of Cu2012 or FeCl2 in MeOH =olution to the Cu or Fe complexes of
salicylaldehydes (136). The complexes may be easily converted into
the free salicylaldehydes (137) [356].

w, S Me
M.
OH 0 9 OH
R R R
135 136 137

Oxidation of primary alcohols to carboxylic acids by O9 is
catalyzed by Cu-phen complexes in the presence of bases. Eu(I)
complexes catalyzed the formation of aldehydes; in the presence of
Cuf{lIl) complexes carboxylic acids were formed. In agueous media,
PrOH was preferentially oxidized to formic acid whereas in
nonaqueous media PrCH and PhCHEOH were oxidized to propionic and

-
benzoic acids, respectively [357,358]. The cu=t complex of a
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14-membered macrocyclic dioxotetramine ligand catalyzes the
orxidation of benzyl alcchel by O, to benzaldehyde in MeCN solution
containing PhCH,ONa. Oxygen is t;ansformed inte H,0, £(3%391. The
binuclear Cu(II; complex (138), prepared from Cu(Ij ;nd the ligand
(139) followed by oxidation with O,, catalyzes the oxidation of
a-hydroxy ketones to diketones and“of hydroquinones to guinones.
Thus benzoin was quantitatively oxidized in a few minutes with OQ

to benzil in MeOH soiution [360].

! \ | |
N O N
o ed N N
—N \?/ “N== —N N=
N\ / H \ / \ / \ 7/

138 139

See also [290,291,305].

&5 Oxitdation of Phencols

Catalytic oxidation of (140) to (141) by O, in the presence
of the Mn(II) complex (142) is influenced by anbexternal magnetic
field (highes rate was measured at about 1.4 kG). If the
substrate contained I at the parae position, a magnetic kinetic
isotope effect was observed. Catalyst regeneration by forming the
phenol radical is the most likely origin of the magnetic field
effect [361].

Dh Qe

140 141 142

The catalytic oxidation of (143) to (144) and (145) in MeOH
solution wusing a catalyst prepared by impregnation of an
acid-modified T'Aloog with an agqueous sclution of K4[Fe(CN)6] was
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reported. If the reaction was carried out in a chloroform
suspension, the dimeric derivative (146) was the product. The
3 raez.

v *Q*

cuzom

Cobalt(1I) complexes of TPP-OR-p (R = Me or polymer-bonded

actual catalytic species is probably [Fe(CN)a]

OH

e
143 \

benzyl) were prepared and used as catalysts for the oxidation of
hydrogquinone to quinone. The monomeric catalyst was more active
but difficult tec reuse whereas the polymeric catalyst showed
unchanged activity even after 3 uses [363]. Several hydrophobic
derivatives of vitamin B12 have been tested as catalyats for the
air oxidation of ubihydroquinone. Complexes with CN group(s) on Co
showed no activity [364]. The Co(IIl) complex (147) catalyzes the
oxidation of (148) to (149) at room temperature and atmospheric
pressure in toluene sclution containing >1% pyridine. The new
catalyst was found to be more active than Co(salen) and its

derivatives [3651].

Ph Ph
-0 /o——c‘/ o
N ,CQ N
N\ /7 \ 7/
%7 148 149

The catalytic efficiency of cobalt complexes with tetra- and
quinquedentate Schiff base ligands in the oxidation of
2,6-di-tert-butylphenol by O2 wag studied. The complexes CoL and
CoL(OAc) contained Schiff bases (HZL) rrepared from S5-formyluracil
or 5-formyl-1,3-dimethylbarbituric acid and different aliphatic
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diamines or HZN(CHZJSNMe(CHE)SNH2 [366]. The effect of magnetic

field between O and 70 kG on the oxidation of (130) by Q. to form

(1513, and catalyzed by (152) has been reported. The Hrate was

highest around 1 kG: the relative rate as compared to that

measured at zero magnetic field was about 1.7. Magnetic isctope
£

”
‘ects were observed for (150)~4—dl—OD and l'O—enriched 0. [3B871.

ot Qe
o v oy

150 151 Me 152

Autoxidation of 2,6-di-tert-butylphencl tc diphencguinone
(129) is catalyzed by Co phthalocyaninetetrasulfonate (153). It
was shown that the rate of O, consumption is about 10 times higher
if (153) is bounded to styre;e—divinylbenzene latevwes substituted
with guaternary ammonium ions than if it is acting 1in agqueous

soiution [(368].

503
N, 7
045 / P
N —— (;o —N
N S07;
NN 3
503 153

The mechanism of the oxidation of naphthols by 0. mediated by
CuCl depends on the solvent: in MeCN a radical-ion pa;r mechaniazm
was abserved whereas in MeOH hydrogen abstraction by free radicals
was involved [369]. The kinetics of oxidation of

2,6-dimethylphenol (DMP) by OQ to the corresponding
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rolyphenyleneoxide (as main product) and diphenoquinone {(as minor
product) catalyzed by Cu(ll) complexes of 4-(N,N-dimethylamino)
pyridine or its polystyrene-bound analog were studied. Based on
the results it was suggested that DMP is oxidized by mononuclear
Cu(IIl) complexes but reoxidation of Cu(l) needs dimerization
[3701]. The Cu(acac),-pyridine system and Cu(Ill)-poly
(vinylpyridine) complexe; were used as catalysts for the oxidation
of 3,5-di-tert-butylpyrocatechol with O, to the corresponding
o-benzoquinone. A dimeric Cu(Il) complex ;as assumed to be the
active species in the homogeneous system [371]. Copper(II1)
chelate-amine complexes catalyze +the oxidative coupling of
2,6-dialkylphencls by 02. The rate-determining step is the
reaction between O2 and the Cu-phencl adduct {372].

See also [318,322,360.389].

¢ Oxidation of Aldehydes and Kelones

The chlorine-bridged binuclear complex Mn2012(PPr3)2
catalyzes the oxidation of acrolein wunder mild conditions. The
reaction proceeds via a Mn—O? complex [373]. Monocyclic ketones
are oxidized in glycoldimeth;lether solution by 0:2 in the presence

of KOH, KQCOq, and catalytic amounts of ReQ(CO) andg

polyethyleneglycol at room temperature and 1 Dbar téo give
dicarboxylic acids in good yield. The mechanism of this
rhase-transfer catalytic reaction is unclear [374]. Oxidation of
benzaldehyde with O, in the presence of (TFP)Co, (TPP)FeCl, and
{TPP)MnCl has been vaestigated. The reaction 1is catalyzed by
gspecies which are formed from the metalloporphyrin and perbenzoic
acid with the destruction of the porphyrin ring [375]. Oxidation
of cyclohexancone by O, catalyzed by Co(OAo)2.4HOO and NaBr Ileads
to at least five diff;rent products with more tﬁan 5% yield. The
system shows oscillatory behavior with respect to redox potential,

03+, and Br , conductivity, and

concentrations of dissoclved 02, C
in chemiluminescence [376]. A kinetic study of the oxidation of
iPrCHO with O2 in the presence of C.o(OAc)2 indicated that the
catalyst participated only in the abstraction of the aldehydic H
from the substrate [377]. Liquid-phase oxidation of cyclohexanone
to dicarboxylic acids has been studied in AcOH solution using the
Co-form of a weak acid cation exchanger as the catalyst at

83—11800 and 5-10 bar 02. Water was detrimental +to the catalyst
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due to the elution of Co; addition of Ac,0 reduced the amount of
Co ion eluted and alsc increased the ureaction rate [3783. A
heterogenized homogeneous catalyst for the oxidation of
acetaldehyde to peracetic acid was prepared by Co ion exchange on
a polymer support. The selectivity and yield obtained with this

catalyst were higher than when using a homogeneous catalyst [3791].
See also [332].
d2 Miscellaneous Oxidations

Oxzidation of ({154) by 0, is catalyzed by VO(acac),,
MDOQ(acac)Z, and Cr(acac)g; (1553 and (156) are formed as mazn
products. The yield of {155) decreases in the stated order of
complexes, epoxidation and the yield of (156) increases in the
order Cr < V < Mo [380].

OAc OAc
0]

154 155 156

Oxidation with C-C bond cleavage of the lignin model compound
{157) by O, was achieved with a Mn(II) acetate + Co(Il) acetate
(1:9) + ac;taldehyde catalyst aystem in acetic acid at 170°C  and
35 bar 96% N2 + 4% 02' The same reaction took place with
stoichiometric amounts of Co(IIl) acetate in refluxing acetic acid
[381].

(|JH20H
(H-0 CHO
CHOH OMe
— - + HO@ + OHCCH,O0H
OMe
OMe OMe MeO
OMe
157

Sucrose increases the rate of the Cu-catalyzed oxidation of

ascorbic acid by air [3B2].
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3. Catalytic Oxidation of N-Containing Compounds with 02

A radical mechanism was confirmed for the oxidation of
indigocarmine by O, in the presence of a Mn(II)-histidine complex
catalyst (383]. Ox;dation of o-phenylene diamine with 02 in MeOH
solution in the presence of Mn(I1) perchlorate gave the complex
Man containing the ligand (L = 158) formed by trimerization of

oxidized o—-phenylene diamine [3841}.

H2N NH2 H NH
_— 158
Sy T D
NH2 HoN NH2 HoN

Manganese(II) chloride promotes the oxidation of the
benzodiazepine derivative (159) by O2 in MeOH solution to the
dimeric product (160) [3B85].

N3 H-N N
0T — g e
N—{~CH3 N H3
H -
X
u CH3
159 CHy 160

Hydroxylation of L-phenylalanine by 02, Fez, and EDTA was
performed in an electrochemical cell in which the cathode acted as
the reductant which is necessary for the regeneration of Fe2+. In
addition to several unidentified products, o-, m—, p-tyrosine, and
DOPA were also formed but the overall yield of these valuable
compounds did not exceed 12% [386].

1,2-Diphenylhydrazine is catalytically oxidized by O2 to
zobenzene in the presence of (PhaP)Co(dmg)2 at 30°C. The reaction
does not involve HZOZ as an intermediate. Superoxo and oxo

cobaloxime species were supposed to act as two-electron oxidants
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[387]1. Catalytic oxidation of secondary aromatic amines with 0, +
Coc(salen) in ethanol at 60°C affords the corresponding iminesu in
high yields. The electron accepting reactive reagents probably the
hydroxocobalt(III) species (388]. The N4ﬂmacrocyclic Co(II)
complex (161) was used as catalyst for the oxidation of
hydroguinones to guinones and hydrazobenzene to azobenzene by air
in chloroform solution. Activity of the catalyst decreased upon

the addition of a N-base like pyridine [3831.

|
N\ /N
T
N N

Co(salen) catalyzes the oxygenation of indecles in micellar
solutions [390}. Dicopprer(II) complexes of the macrocyclic ligands
(162; R = H,Me) stoichiometrically oxidize hydrazobenzene to
azobenzene; under 02, the dicopper(l) complexes of the same ligand

act as catalysts for this oxidation [391].
[ N
| O |
K
162
RN NR
|l o |
\ /

The catalytic activities of +the binuclear complexes of
Cu(lIl), Co(II) and Mn(II) with the ligand (163) were compared for
the oxidation of N,N,N’ N’-tetramethyl-p-phenylenediamine by O,.
The highest activity was observed for the Cu(Il) complex [392]. B

SN Me 7
lN’ ‘Nl
N NCH,y CHoN N 163
D ad
SEERING
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4. Catalytic Oxidation of P-, S-, Se-, or Cl-Containing Organic
Compounds with 02
Mixed +trialkyl phosphates (164; R,R° = alkyl,Ph) were
synthesized by oxidative phosphorylation of alcohols with dialkyl
phosphonates and O, in the presence of CuCl9 at 50°C [393].

0
& \ CuCl, 0
(ROPPL, + ROH + 0 ————= (RO)2P<OR‘ + H0

164

Selective oxidation of thioethers to sulfoxides by 0, at 70°C
and 8 bar is catalyzed by (NH4)2Ce(N03)6. Both atoms of O, are
incorporated into the product sulfoxide. The following mechanism

has been proposed for the reaction [3941:

RS
Ce" ¢ 2R,S0

R,S00 R,S00™

Hemin catalyzes the oxidation of dithiothreitel by O, to its
intramolecular disulfide [395]. The kinetics of oxid;tion of
cysteine with 0, and Fe acetate complexes as catalysts was
studied. The dat; suggest that polynuclear Fe(II,III) complexes
are the catalytically active species [396]. Polymeric catalysts
consisting of Co(II)phthalocyanine-tetrasodium sulfonate bound to
basic polymers [water soluble polyamines or poly(quaternary
ammonium hydroxides)] exhibit a high activity in the oxidation of
water soluble thiols to disulfides with 02 in agqueous media [397].
The kinetics of oxidation of 2-mercaptoethanol were investigated
in the presence of such catalysts. Reaction rates followed the
two-substrate Michaelis-Menten law [398]. The kinetics of cysteine
autoxidation catalyzed by Co(II) tetrasulphoprhthalocyanine has
been studied by the polarcographic method. An intermediate complex

composed of the catalyst, cysteine, O,, and probably a second
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cysteine as an RS™ radical was proposed [399]. The reaction was
inhibited by the products [400]. Cobalt phthalocyanine-
tetrasulfonate was bound to cationic latexes prepared from

styrene, divinylbenzene, ethyldivinylbenzene, and surface active
monomer and used as catalyst for the oxidation of 1-decanethiol
by O, [401]. The Co-tetraazall4jannulene complex (165} catalyzes
the gxidation of aromatic thiols by air to disulfides with good

yields. No byproducts are formed [402].

N N
N v
SOOI
N N

Reaction of CuClz.ZHOO with alkyl thicethers in air

vields the tetranuclear clusters Cu ClSO(OSR2)4 containing the

corresponding sulfoxides as ligaﬁds. Copper (Ij-thioether
complexeas were proposed as intermediates which in turn are
oxidized by air to the final preducts [403].

Saturated hydrocarbons could be transformed into phenylseleno
derivatives by oxidation with air in the presence of Ph25e2 and
iron powder (or FBBO(OAC)Spy3_5 + Zn) 1in acetic acid/pyridine.
Species containing ircon-carbon e¢-bonds were postulated as
intermediates which react with PhQSe? to produce RSePh [404].

Kinetic data of the Sxiaation of o-chlorotoluene,
2,3.6-trichlorotoluene and g-toluic acid with 0O, in the presence
of Co(QOAc), and NaBr were determined [405].“ The kinetics of
oxidation ;f g-chlorophenol in supercritical water (400°C and 240
bar} have been investigated. Addition of Cu(Il) and Mn{(II) salts
as catalysts resulted in modest increases of the oxidation rate

[4061].

See also [660].

5. Catalytic Oxidation of Organic Compounds with Organic or
Inorganic Oxidants

a? Oxidation of Hydrocarbons or Hydrocarbon Groups

Cerium(IV) ammonium nitrate has been investigated as catalyst

for the hydroxylation of aromatic substrates (toluene, phenol,
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2-methylphenol, and 2,68-dimethylphenocl) by H202 in water/AcOH
solution at 30°C. Addition of surface active agents had a marked
influence on selectivity: anionic sodium dodecyl sulfate increased
the yield of hydroxylated products, while the yields of
oxidatively coupled and nitro-substituted phenolic side products
increased in the presence of cationic cetyltrimethylammonium
bromide [407,408].

Cyclohexane was oxidized to cyclohexanol and cyclohexanone by
H, O, in AcOH + H,O_, containing NH4VO3 or VO(acac)z. Interestingly

272 272
cyclohexanol was not converted to cyclohexanone under these

conditions ([408]. Regioselective a-oxidation of alkynes to
conjugated ynones (166; R,R’* = alkyl, phenyl) was achieved with
tBuOOH and catalytic amounts of Cr03. Yields were superior to
those with stoichiometric chromium procedures. Probably
propargylic alcohols are the intermediates of this oxidation
[410].
R’ R
R—=—rvS - R—E—< 166
(0]

Terminal alkynes were oxidized to a-keto aldehydes with HZOZ
in a two-phase (HZO/dichloroethane) system containing a
rhase~transfer catalyst (e.g. Aliguat), NaZMoO4 as oxidation
catalyst, and Hg(OAc)2 ag alkyne activating agent. In the presence
of Na2W04 as catalyst, carboxylic acids were formed as main
products [411]. 12-Heteropolyacids were used as catalysts for the
oxidation of cyclopentene to glutaraldehyde with H202 in PBu3

solution. Best results were obtained with Mo-W mixed
heteropolyacids with the composition HSPM$}2—xwa4O (x8_= 1-9)
[4123. The heteropolytungstates P’Wllo:39 ’ slwlloag . and

PMWllosgn_ (M = Ni, Co, Cu, n = 5; M= Fe, n = 4) were used in the
form of their tetracyclohexylammonium salts as catalysts for the
oxidation of olefins with H202 in a water/dichloroethane two-phase
system. In the case of cyclohexene as model subgtance
trans-1,2-cyclohexanediol, adipaldehyde, and adipic acid were
formed [413].

Reaction of iodosylarenes with alkenes in a water/organic

two-phase system in the presence of sodium halides or azide and
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catalyzed by Mn tetrarylporphyrin complexes yields both alcchols
and alkyl halides (or azides). Selectivity for oxygen
incorporation increases with increasing electron withdrawing
character of the porphyrin ring [414]. Addition of the tin Lewis
acids Ph3SnOOCC7F15 and PhBSnOBSC6F18 increased the reactivity and
reduced the radical character of hydrocarbon oxidation reactions
in CH2012 solution using PhIO and Mn porphyrins, (TPP)MnOCAc and
{TpyPIMnOAc, due to substitution of AcQ by the perflucro anions.
Accordingly, less chlorinated byproduct and less allylic oxidation
wa3 observed when oxidizing cyclohexane and cyclohexene,
respectively [415]. Ethane, propane, and cyclohexane were oxidized
in MeCN solution at room temperature to EtOH, iPrOH, and
cyclohexancl or cyclohexanone, respectively, with tBuOOH in the
presence of manganese clusters, Mn3_4ol_2(OOCR)6_7L2_3 (R = Me,Ph;
L = py, bpy), as catalysts. Radical traps did not inhibit the
reaction suggesting that free alkoxyl or peroxyl radicals are not
involved in the process [416].

The complex FeZO(OAC)ZClZ(bpy)2 was used as catalyst for the
hydroxylation of ethane, propane, and cyclohexane with +tBuOOH in
MeCN solutlion at room temperature. Highest yield of alcohel was
achieved with cyclohexane (32%). Using this catalyst with O2 as
the monooxygen donor in the presence of zinc powder and glacial
acetic acid only small amounts of cyclohexanone were formed {417].
Hydroxylation of benzene with HZOZ in the presence of Fe(II)- or
Fe(IIll)-crown ether complexes was studied in aqueous solution at
509C. The Fe(IIl)-dibenzo-18-crown-6 system gave the best results;
the yield of PhOH reached 80% under optimal reaction conditions
{418]. Hydroxylation of substituted benzenes with HZOr7 in the
presence of F93+ or Cu2+ has been studied in relatio; to the
rearrangement of hydrogen atoms (NIH shift). High shift wvalues
(40%-50%) were observed indicating one-electron oxidation of the
dienyl radical as one of the principal processes occurring under
such conditions [419]. Complexes of Fe(IIl), Fe(III), Cu(ll),
Rh(II), and Pd(II) were used as catalysts for the hydroxylation of
benzene with H202 in the presence of polymers, e.g. poly(ethylene
glycol) or poly(acrylic acid). Yields of phenol were about 50%
[4207].

The Cis—[Ru(L)Z(OHZ)Z]Z+ complexes (L = substituted bpy or
rhen) catalyze the oxidation of saturated hydrocarbons to alcohols

and ketones by tBuOOH in acetone as solvent. The oxidations are
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inhibtited by MeCN and proceed by a radical mechanism ([421]. The
Ru(III)-EDTA-~ascorbic acid—H202 system oxidized cyclohexane to
cyclohexanol. Cn the basis of kinetic results it was proposed that
ascorbic acid reduces the metal chelate Ru(III)-EDTA to
Ru(II)-EDTA and this latter complex catalyzes the oxidation of
cyclohexane [422]. Oxidation of alkenes by O2 is catalyzed by
[Ru30(pfb)G(Et20)3](pfb) (pfb = perfluorobutyrate) in MeCN as
solvent at 65°C and 3 bar. Mechanistic studies indicate that these
oxidations invelve a free radical chain pathway [423]. The side
chain of alkyl aromatic compounds could be oxidized to aldehydes,
ketones, or alcohols by agueous H202 in the pregence of a Ru(IIIl)
salt and a quaternary ammonium phase-transfer catalyst. Thus.
tetraline was transformed with 65% yield into 1-tetralome [424].
The kinetics of oxidation of alkylbenzenes by Cr(VI) catalyzed by
Ru(IV) were studied. The results indicated a mechanism involving
equilibrium formation of a Cr(VI)-Ru(IV) complex followed by the
rate-determining electron transfer from alkylbenzene to this
complex [425].

A new catalytic, asymmetric dihydroxylation of alkenes has
been developed. The method is based on the asymmetric
stoichiometric hydroxylation of alkenes with 0304 in the presence
of chiral tertiary amines (e.g. cinchona alkaloids like quinine or
quinidine). The procedure was transformed into a catalytic process
by using N-methylmorpholine N-oxide as oxidant and only catalytic
amounts of 0804. Unlike asymmetric epoxidation or asymmetric
hydrogenations this method requires no directing functional group
on the olefin; optical yields are usually above 50% [426].
Dihydroxylation of olefins with a catalytic amount of OsO4 and
N-methylmorphecline N-oxide was achieved with high yields in CH2C12
solution in the presence PhB(OH)z, giving the corresponding
phenylboronic esters (e.g.167). The dihydroxyphenylborane acts as

a diol captor thus preventing further oxidation [427].

—_— @3:5% 67

Anthracene is converted into anthraquinone, 1l-octene into

2-octanone, and l1-phenylethancl into acetophenone with 895-100%
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isolated yields by oxidation with tBuOOH in +the presence of
Rh(PPh,),Cl or [(dppe)Rh(MeGH) 1"
ligands of the catalysts are rapidly attacked during these

as catalysts. The phosphine

oxidations but this dces not decrease the activity of the
catalytic system. A metal-centered mechanism is believed to be
more probable than a free radical pathway [428].

The kinetics of oxidation of allyl alcohol by Pd(II) and
guinone as reoxidant of Pd(0) have been determined using a
potentiometric procedure. The results allow the conclusion that
the mechanism of allyl alcohol oxidation involves an irreversible
cis hydroxypalladation step [429].

2+ (L = 168) was used as

The dinuclear copper complex L.2Cu
catalyst for the oxidation of styrene and trans-stilbene by PhIO.
Both styrene oxide and benzaldehyde were formed from styrene;
however, benzaldehyde was the only product of trans-stilbene

oxidation [4307.

S
L
N
S S
168
S S
N\
I =

See also [451,457,469,473,479].
&> Epoxidation of Olefins

Epoxidation of primary and secondary alcohols with the
Ti(OPri)4 - tartrate - tBuOOH system has been studied using model
substrates having bulky substituents at the olefinic terminus.
Moderate increase of bulk increased the rate of epoxidation and
the kinetic resclution operating in these systems [(431].
Asymmetric epoxida?ion of (169) by tBuOOH in CH2012 in the
presence of Ti(OPrl)4 and diisopropyl L-(+)-tartrate gave 65%
(170) [432].
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0
AN —_— /4:1/A\V/ﬁ\
HOCH™ COOMe HOCH; COOMe
%69 170
Epoxidation of the allylic alcohol (171) with

tBuOOH/Ti(OPri)4 and (+)- or (-)-diethyltartrate gave in both
cages stereospecifically (172), although the reaction with
(-)-diethyl tartrate was noticeably slower. Accordingly the
hydroxyl group showed no directional effect which is an unusual
result [433].

7 172

Kinetic resoclution of the racemic allylic alcchol (173) by
the Sharpless method (tBuOOH + Ti(OPri)4 + diisopropyl tartrate)
afforded the epoxy alcochols {(174a) or (174b) depending on whether
L-(+)- or D-(-)-diisopropyl tartrate, respectively, were used as

chiral auxiliary reagents [434].

/ ]
oH - 174 a
/\/\)\ o OH
173 T~ A~ 174 b

The Sharpless-epoxidation of allylic alcohols (Ti catalyst,
AS 1986 ref.430) has been applied for the preparation of chiral
bisphosphines as shown below:
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o)
Rl — = RO H — - R 9 oTs
OH PPha
— R A e, RY'\/Pth
FI’PhZ OH
175 176

The phosphines (175) and (176) were used as ligands in the
asymmetric hydrogenation of (Z)-a-acetamidocinnamic acid [435].
Sharpless epoxidation of the wunsaturated ClD sugar derivatives
(177) and (178) gave in each case two corresponding diastereomeric
epoxides. The ratioc of the two diastereomers could be changed by
using L-{+)- or D-(-)-diisopropyl tartrate as chiral auxiliary
£436].

ET Y

/ H

0 0 - OH
0

177 178

Methyl gibberellate gave the epoxide (179) when treated witha
modified Sharpless reagent [437].

179

The complexes LTi0O and LMoO2 (L = 180) were used as catalysts
for the epoxidation of olefins (181) and (182) with tBuOOH. Good

chemical yields but only low optical yields ( <15% ) were achieved
[438].
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0
Ph Ph Ph
W WG ¢
N— H  CHyOH
OH COOH A
180 181 182
Epoxidation of the abietic acid esters (183; R = CH,CH,OH,

R*> = H; or R = Me, R’z OH) with tBuOOH and VOfacac), gave the
eproxides (184) or (185) and (186), respectively [439].

< “OH
Me COOCH2CH20H

Qpri 184 185

Me” COOMe

The Sharpless epoxidation procedure using tBuOOH and
VO(acac)2 has been applied to for allylic alcohols bearing a
(diene)Fe(CO)3 moiety. For example, the two diastereomeric

epoxides (188) were prepared starting from the organoiron complex
(187) [440].

OH
MeQOC -//\_/\\——( H
Fe

187 188
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Several clefins were epoxidized with tBuOOH using MoOz(salen)
as catalyst. The relative rates followed the order cyclooctene >
norbornene > cyclopentene > cycloheptene > cyclohexene [441].
Addition of amines significantly improved the activity and
selectivity of MoOz(acac)2 catalyst used in the epoxidation of
alkenes with tBuOCH. Among the amines tested pyridine was found to
be the most effective [442]. The kinetics of epoxidation of
isopropyl oleate with cumyl hydroperoxide and Mo acetylacetonate
as catalyst were studied [443]. Epoxidation of butyl oleate with
cumyl hydroperoxide using Mo acetylacetonate as catalyst proceeds
through formation of & hydroperoxide-metal complex and the
irreversible reaction of this complex with the olefin to form the
epoxide [444]. The epoxidation of rapeseed 0il was carried out
using cumyl hydroperoxide, Mo acetylacetonate as catalyst and Na
stearate as stabilizer. The process parameters were optimized
£4457]. The ligquid-phase epoxidation of corn 21l with
cumylhydroperoxide and Mo acetylacetonate as catalyst at 110-125°C
was otiudied. Increasing the unsaturation of the o0il (i.e. 1its
lincleic acid content) increased the rate of epoxide formation
[446]. Complex formation between Mo(CO)6 and hydroperoxides has
been studied using NMR paramagnetic shifts. Based on these data
the mechanism of alkene epoxidation in systems containing Mo(CO)6
and hydroperoxides was discussed [447]. Heterogenized catalysta
rrepared from dihydroxyboryl-aubsatituted polymeric resins and
NaZMoO4 were used for the epoxidation of cyclohexene with tBuOOCH
or PhCH(OOH)CHB. The catalyst could be recovered by filtration and
showed no apparent loss of activity [448]. BSeveral Mo-containing
catalysts were tested for the epoxidation of the cyclododecatriene
isomer (189). Highest yields of the desired epoxide (190) were
obtained with a complex formed from MoO3 and H202 in the presence
of HMPA [4489].

| L

189 190
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The supported molybdenum catalyst (191a) was prepared
starting from polystyrene-supported glycine and the
8-hydroxyquinoline derivative (192) and used for the epoxidation
of olefins with tBuOOH in CHZCIZ.‘
were the same as those obtained with the homogeneous analog (191b)
[4501].

Conversions and selectivities

N | N
IN, 7

o-mdop | OH
~0” “NCH,CO-X 0

191a; X = polymer Né :©
191 b; X = OMe 192 N

Epoxidation of olefins and allylic alcohols, oxidation of
secondary alcohols to ketones, and oxidative cleavage of olefins
and diolefins to carboxylic acids were accomplished with HZOZ
under two-phase conditions (CHClS/water) using HSPM012040 or
HSPw1204O as catalyst and cetylpyridinium chloride as phase-
transfer agent . The tris(cetylpyridinium) salt of 12~
tungstophosphate, prepared independently could be used as catalyst
under homogeneous conditions in tBuOH as solvent for the same
reactions [451,452]. The peroxotungstates Q3(PO4IW(0)(05)1,)
containing strongly lipophilic ammonium cations Q@ = RZNMe (R =
n-octyl, n-palmityl, or n-stearyl) catalyze the epoxidation of
olefins by HZOZ in an aqueous/organic biphase system. A variety of
water—-insoluble alkenes were epoxidized in high yields by +this
method if an excess of olefin was used [453].

The catalytic epoxidation activity of [(salen)Mn(HZO)](PFs)
could be improved by adsorbing the complex on kaolinite clay. It
was demonstrated that the radical pathway for tBuOOH decomposition
leading to side-product formation with cyclohexene was supressed
and the oxometal route became the predominant pathway for
epoxidation [454]. Manganese(IlI) tetraarylporphyrins were tested
as catalysts for epoxidation of olefins with NaOCl in aqueous
CH2012 in the presence of N-hexylimidazole as axial ligand, and of
a phase-transfer catalyst. Most Qf the complexes were rapidly
deactivated with the exception of (ClBTPP)MnOAc which epoxidized

olefins at 0°C in very short reaction times ([455]. Results cof
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kinetic experiments on olefin epoxidation in a CH,Cl./H. O system
containing a phase-tranasfer agent with NaOCl ;s Hox;dant and
(TPPYMn(I11) complexes as catalysts do not support the formation
of an intermediate composed of an alkene and a hyrervalent
metaloxo porphyrin [456). In the presence of 10-20 egquivalents of
imidazole, (C18TPP)MnC1 i3 a highly efficient catalyst for the
epoxidation of alkenes with HQOV (90~100% in less than 1 hour at
room temperature). Epoxidatio; ;s sterecspecific and corresponds
to a synr addition of O to the double bond. The same system can
alsoa be used for the oxidation of alkenes leading to the
corresponding alcohols and ketones with 40-80% yields [4571. The
dienes (E)- and (Z2)-(193) (R = Me, CH2Ph) were regioselectively
epoxidized to the moncepoxides (194) by Na0Cl + (TPP)MnOAc.

Epoxidation of the second double bond was less efficient [4881.

o]
7/ \
Me;C=CHCHpCH € =CHCHOR — MeC —CHCHZ CHpC = CHCH,OR
CH3 CH3
193 194
Epoxidation of c¢cis-fS-methylstyrene with (TMP YMn(Q) as
catalyst was investigated using different oxidants (NaOCl, HQOQ,

cumyl hydroperoxide, IO;, PhICQ, and 02). It was shown that both
MnIV(O) and MnV(O) are competent oxidants and display different
reactivities: Mn(IV) complexes produce predominantly
trans-epoxides from c¢is-plefins while Mn(V) complexes epoxidize
olefinsg in a predominantly stereoretentive fashion {4597.
Manganese tetrakis(halogenoaryl)porphyrins were tested as
catalysts for the epoxidation of cyclooctene with NaOCl. Those
complexes which had the halogen in ortho positions of the vphenyl
rings, like Mn tetrakis(2,6-dichlorophenyl)porphyrin were found to
be stable under the conditions of epoxidation, while for example
Mn tetrakis(3,5-dichlorophenyl)porphyrin was totally unstable.
This proves that both steric and electronwithdrawing effects of
the substituents are important [460]. Atropisomeric porphyrins
having 3,5-di-tBu-2-nitrophenyl groups at the meso positions were

prepared and their MnBr and FeBr complexes used as catalysts for
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epoxidation of olefins with PhIO or NaOCl. These catalysts were
somewhat more active than the corresponding TPP complexes but no
asignificant differences were found between the individual
atropisomers (4617]. Complexes of 5,10,15,20-tetrakis
{(4-aminophenyl )porphyrin with Mn, Fe, and Cr were incorporated
into water-soluble polymers and used as catalysts for the
epoxidation of 2,5~dihydrofuran with NaOCl {462]. Manganese(III)
complexes of the "picnic basket” porphyrins (PBP, 195) were
teated as catalysts for the epoxidation of clefins uging different
oxidants (PhIO, NaOBr, HZOZ)' Competitive epoxidations of
cis’trans olefin mixtures proved that these catalysts show
practically no selectivity for ci¢s-olefins 1like it has been
cbserved with sterically strongly hindered catalysts as (TMP)MnBr.
This suggests that epoxidation takes place at the unhindered face
of the complex deaspite the presence of a large excess of
nitrogeneocus base (1,5-diphenylimidazole)} [463].

195 ; R=-(CHz)g~,~ CH, O‘CHz‘

Manganese porphyrin complexes containing a pyridine or
imidazole ring fixed in the axial coordination position by two
chains attached to the macrocycle (for example see 196) have been
used as catalysts for the epoxidation of olefins with NaOCl. With
such catalysts and stilbene ag olefin, the c¢tis-gtilbene oxide
percentage waa alwaya in the range 85-93%, whereas without
N-donors (for example with (TPPI)MnOAc) the configuration of the
starting olefin was nearly leost during catalytic epoxidation
[464].

References p. 5565



512

196

Several olefins have been epoxidized with NaOCl in the
presence of Fe(I1II) and Mn(111) complexes of MeSTPP. The crtho
subgtituents showed little influence on the kinetic parameters in
the case of iron complexes in contrast to the case o©f manganese
complexes [465]. The alkene (197) has been epoxidized in high
yvield (>80%) with CSFSIO as oxidant applying the following
complexes as catalysts: (FEOTPP)FeCl, (ClBTPP)FeCl, and
(ClBTPP)MnOH. Epoxidation with (FZOTPP)FEC1 provided (198) in 95%
vield and no other O-containing products were formed. The absence

of any rearrangement of the cyclopropyl substituents excludes the

intermediacy of a radical intermediate with the structure (199)
[466,467].
Ph Ph
Ph Ph —= PhA Aph
C=C
/ /
H \H /\ \H
197 198
ph4 ﬂp,,
HC-—-CH
OM

199
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A kinetic method for measuring the relative rates of
epoxidation of various alkenes has been developed. With this
technique a linear relationship between the logarithm of the rates
of epoxide formation and the ionization potential of the alkene
has been observed in the case of epoxidation with CBFSIO catalyzed
by (ClSTPP)Fe01 [468]. The stereoselectivity of epoxidation of
cis-gtilbene by the Fe(TPP)Cl-tBuOOH system depended on the
concentration of the catalyst. In the reaction of cholesteryl
acetate with the s=ame system both allylic oxidation and
epoxidation took place; epoxidation was f3-selective independently
of catalyst concentration [4689]. Alkenes were epoxidized with high
yield using C6F5IO and (mesc-tetrakis(2,6-dibromorhenyl)
porphinato)iron(IIl) chloride, (BrBTPP)FeCl, as catalyst. Due to
severe steric hindrance caused by the o¢-~bromine substituents
alkene orbitals can only interact with the orbitals on iron bound
oxygen in this system; the high efficiency of this catalyst proves
that this is the only interaction which is needed for epoxidation
[470]). Olefins are epoxidized and a-diols are cleaved into
carbonyl compounds by FSCGIO or wm-chloroperbenzoic acid in the
presence of (ClBTPP)Fe(III)+(ClO4)— as catalyst. In a
stoichiometric reaction this catalytically active complex can be
transformed by these oxidants into [(ClBTPP‘—)Fe(II)(O)+] which,
in turn, oxidizes olefins in a steoichiometric reaction to
epoxides and cleaves a-diols into carbonyl compounds . The
chemistry of this intermediate species parallels that of
cytochrome P-450 [4717. The rate of reaction between
e-cyano—-N,N-dimethylaniline N-oxide and [(TPP)Fe]EO was found to
be independent of the concentration of 2,3-dimethylbutene-2 added
to the reaction mixture although the olefin was transformed into
its epoxide. This shows that olefin epoxidation ias not the
rate~limiting step in thia system [472]. Product yields were
determined for the reactions of cis-stilbene with CGFSIO in the
presence of (ClBTPP)FeCl and (FEOTPP)FeCl as epoxidation
catalysts. It was concluded that cis-gtilbene oxide,
diphenylacetaldehyde and deoxybenzoin were formed through the
carbocation (200) whereas benzaldehyde and polymeric products were
produced from the carbocation radical (201) through interaction

with atmospheric oxygen [473].
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il

Fe —0O Ph " +-Ph
. Fe =0 )

Ph Ph

200 201

Cyclohexene and styrene were epoxidized with KH805 in

e

CHZClZ/HZO two-phase saystem using Fe(IlIl)-phthalocyanine as
catalyst and dimethylbenzyltetradecylammonium chloride as
rhase-transfer agent. Addition of N-bases as axial ligands had no
significant effect on catalyst activity and selectivity [474].
Anhydrous FeClS,
olefins and the oxidative cleavage of 1,2-diols by HQOB" A highly

digsolved in MeCN, catalyzes the epoxidation of

electrophilic Fe(lIll)-oxene species 1s supposed to be an
intermediate [475].
The complexes [(dppp)MCl](ClO4) (M = FEu, 0s) promote the

oxidation of alkenes by HZOO, NaOCl or PhIQ; usually epoxides are
the main reaction products but in some cases other oxidation
pathways are dominant. Osmium is more active than ruthenium but

legss selective for epoxide formation [476].

Alkenes were epoxidized 1in a two-phase system using
iodosylbenzene as oxidant, Co(salen)(HOO)Q*l as catalyst and
{3-cyclodextrin as prhase-transfer agent. Addition of

4-methylpyridine increased the rate of epoxidation [477].

The use of Ni(salen) as catalyst for the epoxidation of
olefins with NaOCl has been reported. Electron-rich arcmatic
olefins like {-methyl styrene were converted to epoxides in
excellent yields, aliphatic olefins were reactive but gave large
amounts of byproducts [47817]. Cyclohexene and various
aryl-substituted alkenes were oxidized with the cyclam complex of
Ni(NO3)2 as catalyst and PhI0O as terminal oxidant. Epoxides were
the major products; however small amounts of ring-opened products
were formed and over-oxidation to ketones or aldehydes,
furthermore allylic oxidation of cyclohexene were also observed.
Using Ni(II) complexes of chiral cyclam derivatives (202), no
enantioselectivity was obtained. If epoxidation o¢f styrene was
perfomed in the presence of 0 aignificant amounts of

2’
benzaldehyde were also formed [479,480].
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R
o
[N 202; R= CHoOH, CH0SiMesBu!
AN NR

N

A detailed kinetic study of the epoxidation of l1-octene with
H202 catalyzed by (L)Pt(CFBJOH or [(L)Pt(CFB)(CHZClz)](BF4) (L =
cis-1,2-bis{diphenylphosphinc)ethylene) has been reported. In both
cases the kinetic analysis suggested a mechanism in which the
actual oxidant is a PtOOH species that reacts with a Pt-olefin
complex to give the epoxide and a PtOH species (481].

See also ([430].

¢2 Oxidatlion of O-Containing Functional Groups

The kinetics of the Ce(Ill))-catalyzed oxidation of oxalic
acid by bromate were determined [482]. Enantioselective oxidation
of racemic 2-furylcarbonyls (203; R = alkyls,Ph) using tBuOOH,
L-(+)-diisopropyl tartrate and Ti(OPri)4 provides by asymmetric
kinetic resolution optically active 2~furylcarbinols (204) in
32-42% yield and better than 95% optical purity [483)].

7
[N, — [ ‘
0 0 R HOV O TR
OH OH H

203 204

Oxidation of iPrOH by H,O0, to acetone catalyzed by

2

MoOz(acac)2 or VO(OPri)3 was studied using kinetic and
1BO—labeling experiments. Evidence was presented for a radical
pathway. If the experiments were conducted under air, atmospheric
0, also participated in the reaction [484]. Tetrabromo-

)
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oxomolybdate(V) immobilized on alkylammonium cation-type polymers
is an active catalyst for the oxidation of alcohols and
epoxidation of olefins with tBuOOH [485]. Tertiary and secondary
glycols are oxidatively cleaved by tBuQOH and MocO,(acac), with
high yields to ketones and carboxylic acids, respect;vely. If used
in stoichiometric quantities, MoO,(acac)., alone also cleaves
glycols to the corresponding carbonyz compo;nds [486]. Oxidation
of a,w-dicls to lactones was performed with good to excellent
yields with H202 and tris(cetylpyridinium) lZ-tungstophosphate as
catalyst in tBuOH solvent at reflux temperature. The analogous Mo
complex was much less active [487].

The kinetics of chromic acid oxidation of dimethyl malonate

in agqueous ACOH—HQSO4—H3PO4 in the presence and absence of MnL+
were determined (488). The chromic oxidation of oxalic acid at
high acid concentrations was found to be catalyzed by Mn“', Fe=",

and Ce°t [4897.

Agglomerated [Fe4541

2.,4,6-trimethylbenzene-1,3~dithiolate, benzene-1,3-dithiolate, or

= clustere multiply bridged by

benzene-1,4-dithiolate and scluble in DMF catalyze the oxidation
of benzoin to benzil by e-benzoquinone [450]. The rate of O atom
transfer from m-chloroperoxybenzocic acid to the iron{III)
tetraphenylporphyrin (205) with a covalently-attached phenolate
tail was monitored by trapping the high-valent oxo-iron
intermediate with 2,4,6-tri-tert-butylrhenol and observing the
rate of formation of the 2,4,6-tri-tert-phenoxide radical. This
process was approximately four times faster than with (TPP)FeCl
[4917].

Ph 0
HN

. Q 205
L

Ph

Bis(trimethylsilyl) peroxide effectively oxidizes alcohols to
the corresponding carbonyl compounds in the presence of Cr(VI) or

Ru(II) complexes as catalysts in dichloromethane. Using
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Ru(PPh)SCl2 ag catalyst, primary alcohols can be selectively
oxidized in the presence of secondary alcohols [492]. The kinetics
of oxidation of diethylene glycol and its monomethyl ether by
N-bromoacetamide catalyzed by Ru(III) chloride have been
determined. The products of the reactions were identified as the
corresponding acids [493]. Based on kinetic measurements a
mechanism was proposed for the oxidation of 1,2-diocls with
[Fe(CN)S]B_ catalyzed by Ru04. Accordingly, the slow step 1is the
decomposition of a diol-Ru(VIII) complex into aldehyde and a Ru
hydride which is then reoxidized by [Fe(CN)Sjs— [494]1. The
ruthenate ion-catalyzed oxidation of Na malate and Na mandelate by
alkaline [Fe(CN)G]B— showed Michaelis-Menten behavior (495]. The
kinetics of oxidation of 2,3-butanediol and Z-ethyl-1,3-hexanediol
by [Fe(CN)G]S" catalyzed by Ru(VI) were determined. The data
suggest a complex formation between ruthenate and diol prior to
oxidation [496]. The kinetics of oxidation of cyclic ketones to
dicarboxylic acids by periodate in the presence of Ru(III) and
Os(VIII) have been studied. Catalytic activity of the complexes
increased in the stated order [497]. Oxidation of 2-octanol by
NaBr03 in a biphasic system (water/CCl4) mediated by RuO4
generated in sitw has been optimized. A phase-transfer catalyst
like Aligquat 336 was not necessary for the reaction [498]. The
selective oxidation of primary alcohols to carboxylic acids,

secondary alcohols to ketones and primary benzylic alcohols to

aldehydes was performed with good yields in a RuClS.BHOO - H20.j
phase-transfer catalyst system. Similar catalyst gystems
containing PdClZ, RhCla.BHZO, MnClz.4H20, or CoClz,BHzo showed

poor activity and selectivity [498].

Oxidation of aliphatic aldehydes by [Fe(CN)GJS_ catalyzed by
Os(VIII) was found to be zero order in oxidant and first order in
both aldehyde and catalyst. The data suggest that the anion of the
aldehyde hydrate is involved in the oxidation [500]. The kinetics
of uncatalyzed and Os(VIII)-catalyzed oxidations of acetophenone
and some substituted acetophenones by diperiodatoargentate(III)
have been invesgtigated. The order in Ag(IJI) was one in the
absence and zero in the presence of 0s(VIII) [501].

The kinetics of oxldation of diacetone alcchol by Ce(IV) both
in the absence and presence of Ir(III) as catalyst has been

4+
e

determined. It was proposed that C oxidizes an

Ir(I1I1)-substrate complex to give an Ir(IV)-substrate complex
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which decomposes into Ir(III1) and first stage intermediate
products [5H02].
3-Substituted l-alken-4-pls (206; R = Me,(CH?)7COOMe,COOMe,

TS,OCHEPh; R’:n—hexyl,H,CHKCHCHs,CHZOCOPh,CHZOCOPh,CHQOCHZPh) were
oxzidized with PdClz—benzoquinone regioselectively at the terminal
carbon to afford cyclic hemiacetals (207), which were converted to
r-butyrolactones (208) by CrO8
When the 4-hydroxy group was blocked by acetylation, the oxidation

-H,50, in acetone (Jones oxidation).

became slower and gave only methyl ketones in low yield [503].

OH
0 ' 0 f
/YKR. —— HOM(JR — OﬁR
R R R
206 207 208

The rate of oxidation of mannitol and sorbitocl by vanadium(V)
in sulfuric acid was significantly increased by Cu(lIl) ions. This
was attributed to the formation of a Cu-substrate complex 1in the
initial step ([504]. Primary alcohols could be conveniently
oxidized to carboxylic acids using solid KMnO4/CuSO4.5H20/KOH in
an organic solvent. No added base was necessary for the oxidation
of 1,4- and 1,5-diols which were transformed by solid
KMnO4/CuSO4.5H)O into the corresponding lactones. Feor example, the

P
<

insect repellent (2103 was prepared from (209) in 83% yield [(505].

Me Me

i
T
4 H

HO
Me o Me

209 210

g
Oxidation of glycolic acid with H907 in the presence of Cu“+

is first order in substrate and half order in catalyst and oxidant

[506]. The kinetics of oxidation of malic acid by alkaline

[Fe(CNJGJd— catalyzed by Cu(Il) have been determined. Cu(II)- and

Cu(Ill)-malate complexes were suggested as intermediates ([507].
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Copper complexes of Schiff bases bound to styrene-divinylbenzene
copolymers were wused as catalysts for the oxidation of
2,3,6-trimethylphenocl to 2,3,5-trimethylbenzoquinone by H,0,
[608]. Copper(Ill) chloride has been found to be a highly effect;v;
catalyst for the oxidative cleavage of O-benzylidene rings by
tBuOOH. The reaction was successfully used for the conversion of
4,6-0-benzylidenehexapyranoside derivatives (e.g. 211) into the
corresponding 4- and 6-benzoates. Pd, Fe, and Ni salts also showed
catalytic activity [5089].

ph/Vo OH 00CPh
0 —
MeO PhCOO Q * HO 0
MeO MeO
MeO e
Me MeO  Lhie MeO
21 ¢

Jee also [451,471,475].

d> Oxidation of N-Containing Functional Groups

The kinetics of the oxidation of aspartic acid by Ce(IV) in the
presence of Mn2+ have been determined [510]. Oxidative cleavage of
the double bond in (212) to prepare the carboxylic acid derivative
(213) could be accomplished with 70-80% yield either directly with
KMnO4 + NaIO4, or with OsO4 + NaIO4 followed by oxidation of the
resulting aldehyde with KMnO4 (511].

H H H H
//\d___fﬁ\p/Ph ,/\\L__%/COOH
N N
o? NAr o? “MAr
212 213

The kinetics of the Ru(III)-catalyzed oxidation of some
aminoalcohols by chloramine-T in HClO4 medium have been studied.
The reactions are first order with respect to oxidant and catalyst
and independent of substrate concentration [512]. Quinoline was

oxidized to pyridine-2,3-dicarboxylic acid by NaOCl in the
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presence of high valenced Ru complexes [513]. The kinetics cf the
Ru(VI)-catalyzed oxidation of benzyl amine and n-butyl amine by
alkaline [Fe(CN)GJS_ were studied [514]. Pseudo-second order rate
constants were determined for the Ru(IlI)-catalyzed oxidation of
diethanolamine by alkaline [Fe(CN)8]3~ [615]. Oxidative
degradation of biologically important a-—amino acids to
dicarboxylic acids could be performed with NaIO4 in a Dbiphasic
CCl4 + MeCN/HZO system in the presence of RuClB.SHZO as catalyst.
Thus, tryptophan (215) was transformed 1into aspartic acid and

rhenylalanine (216) into phenylacetic acid [516].

COOM 0
| ¢ . Hooc” Ny COOMe
N~ NHCOPh NHCOPh
H
215
PRCHaCHCOOH ~ ——=  PhCHpCOOH

NH»
216

Oxidation of tertiary amines with tBuOCH in the presence of

Ru(PPhS)SCl2 gives the corresponding o—(tert-butyldioxy)alkyl--

aminea (218). In the case of tertiary methylamines (217)
subsequent hydrolysis with aquecus HCl1 leads via selective
N-demethylation to secondary amines (219). This reaction sequence

mimics biological oxidative demethylation of amines catalyzed by
P-450 [B17].

R R R
N\
ON-CHy —=  N-CH-00B —=  NH
R’ R’ R

217 218 218
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The kinetics of the Os(VIII)-catalyzed oxidation of
aminoalcohols by chloramine-T in alkaline medium have been
investigated. The rates were first order in Os(VIII) for primary
amino alcohols whereas in the case of diethanolamine and
triethanolamine parallel catalyzed and uncatalyzed reaction
pathways were found [518].

The kinetics of oxidation of mono-, di-, and triethanolamines
by chloramine-T were studied in the presence and absence of
Ir(III) as catalyst in aqueous acetic acid sclution. A mechanism
was proposed [519]. Regiosprecific aromatic hydroxylation of
azobenzenes was accomplished by complexing the azo sulfoxides
(220; R’ = Me, CH_Ph) to Pd, oxidizing the complexes (221) with
m—chloroperbenzoig acid to (222) and eliminating the ligands (223)

by reductive treatment with hydrazine [520].

R’ R R’ R'
Q\ /Cl Q 0\ /Cl OH
N //,PU Pd
SN Nan Ny Nan
S(O)R S(O)R S(OR S(OR
220 221 222 223
Derivatives of L-tyrosine (224; R = Z, Boec, COOEt;
R = COOMe,CHZOAc,H; R" = OMe,0Ac,H) were oxidized with high

threo sgelectivity at the benzylic position to vield the
corresponding cyclic carbamates (225) with KZSZOB and catalytic
amounts of CuSO4 {b21].

0-—C¢o
R" NHR R NH

224 225
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The 8g(Il) catalyzed oxidation of alanine, wvaline, leucine,
aspartic acid, and glutamic acid by Ce(IV) in HNO3 was found to be
firast order each in Ag(l), Ce(IV), and the amino acids
[522,523]. Rates of oxidation cof aliphatic amines with Ce4+ in
HNOS, both in the presence and absence of Ag+ were determined.
Linear Taft's plots were cbtained [524]. Oxidation of PhCONHNHZ

with peroxydisulfate catalyzed by Ag+ yvields PhCOOH and N, [525].

el Oxidation of Si-—, P, 55—, Cl— and Br- Containing Organtic

Compounds

Sharpless epoxidation (tBuOOH + Ti(OPrl)4 + (+)-diethyl
tartrate) of the alkenylsilancl (226) gave the epoxide (227) in
50% yield. After cleavage with fluoride (Et4NF), (8)-styrene oxide

was obtained with 85-95% enantiomeric excess [5H26].

o Ph, O
7 SiMeyOH - 4_\\

226 227

SiMe0H

Oxidative desulfurisation (AS. 1987, ref._481) of penta-
covalent phosphorus compounds was achieved with cumyl
hydroperoxide and Mn(III) or Fe(IIIl) TPP complexes as catalysts.
Because of side reactions a tenfold excess of hydroperoxide had
to be used [527]). Adenosine-5’-monophosphate (228; X = H) was
hydroxylated with KHSO5 as oxidant and the pentaacetate of
meso-tetrakis- (N-methyl-4-pyridyl)porphyrinato-Mn(IIl) as catalyst
in a buffered agqueous scolution to 8-hydroxyadenosine-5"-mono-
rhosphate (228; X = OH) with 2b% vyield. The reaction went to

completion within a few seconds [528].
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NH2
N/ N
0 )IH
HO—P -0 KN | 228
| CHy o
HO
HO OH

The cyctochrome P 450 monooxygenase model system consisting
of iodosylbenzene and derivatives as oxidants and
metalloporphyrins as catalysts was studied to determine the
influence of catalyst structure on S-oxidation and of oxidant
structure on S-dealkylation {529].

The following asymmetric oxidations of organic sulfur
compounds were performed with tBuOOH in the presence of Ti(OPri)4
and (+)-diethyl tartrate: RSSR to RS(O)SR, 4—MeCGH4SNR2 to
4—MeCGH4S(O)NR2, and RSOR to RS(O)OR (R = alkyl or aryl).
Enantiomeric excesses up to 50% were obtained [5630]. Asymmetric
oxidation of sulfides by hydroperoxides mediated by chiral Ti
complexes has been further developed. It was shown, that cumyl
hydroperoxide gives higher enantioselectivities than +tBuOOH and
that molecular sieves have a beneficial effect [531]. Oxidation of
alkyl, aryl, and heterocyclic sulfides with tBuOOH and the chiral
Ti complexes (229) as catalyst (R = iPr, tBu) gave the

corresponding sulfoxides with up to 21% optical yields {£321].

O\Ti
229
_N/I

*
R,L\g,o

The effect of (NH,),MoO,, Ha[P(W30,4),], HalP(M0og0,4),1], and
Na2W04 as catalysts on the oxidation of penicilline G and V +to
their S-oxides by H202 has been investigated. The best yield of
penicillin G S-oxide was obtained with N32W04 [633].

Oxidation of L-cysteine by H202 in the presence of

[Fe(tetpy)(OH)2]+ ions anchored to poly(D-glutamate) or
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poly(L-glutamate) matrixes has been studied. The reaction did not
exhibit any stereoselectivity [534]. Oxidation of cimetidine with
the Fenton reagent (Fe2+/HOOQ) wag studlied in the presence of
various chelating 1igands.HL;gands with high affinity to Fez+
inhibited the reaction: ligands with high affinity to Fe8+
selectively promoted either hydroxylation, N-demethylation or
sulfoxidation [5357.

The Pd complexes (230; R = Me,PhCH.,) could be oxidized with
percarboxylic acids into the complexe; (231). Since complexes
(230} are easily synthesized from the corresponding
2-(alkylsulfinyl) azobenzenes and the rhenolic ligands in (231)
can be set free by demetallation with hydrazine hydrate in MeCN,
thig reaction sequence 1is actually a regiospecific ortho
hydroxylation of the aromatic ring [H36].

?l
Pd —S(OR oL _K“
N — N
230 231
The complete oxidative destruction of polychlorinated

biphenyls with RuO4 and agqueous NaOCl at 84°C was reported [537].
The kinetics of oxidation of mono—-, di-, and trichloroacetic acids
by chloramine-T in acid medium were determined in the absence and
in the presence of Ir(IIl) as catalyst. A first-order dependence
in Ir(III) was found [5381].

Asymmetric epoxidation of the bromo allylic alcohol (232b)
with tBuOOH in the presence of Ti(OPri)4 and L-(+)-dimethyl
tartrate gave epoxide (233b) in 85% yield (99% o.y.). The
bromine-free epoxy alcohol was, however, unstable under the

conditions of Sharpless epoxidation of (232a) [539].

OMe OMe
X X ”Q
O‘ OH OH a; X=H
b, =
OMe OMe X=Br

232 233
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Oxidation of 3-bromopropicnic acid by alkaline [Fe(CN)stﬁ
4 produced HOCH,CH(OH)COOH [540]. 1,3~dibromo-4-

-phenylcyclopentane (234) is transformed by anhydrous H,O, in

catalyzed by 0s0

ether in the presence of =silver acetate into the endoperoxides
(235) and (236), and the hydroperoxides (237) and (238) [541].

Br OOH OOH
o K, Q
Ph O 0
Y 1 Ph Ph Ph
234 235 236 237 238

6., Stoichiometric Oxidation of Organic Compounds with High Valent
Transition Metal Complexes

a2 Oxidation of Hydroecarbons or Hydrocarbon Groups

Oxidation of anthracene, naphthalene, p-xylene, p-methoxy-
toluene and toluene by Ce(IV) in a two-phase system containing a
rhase transfer catalyst was reported [542]. Ceric ammonium sulfate
in sulfuric acid was found to be a useful reagent for the
oxidation of polynuclear aromatic hydrocarbons to lactones or
quinones. Thus, for example, benzofluoranthene (239) gave a
mixture of the quinones (240) and (241), while chrysene (242)
could be transformed intc the lactone (243) [543].

YD - oD o

0
239 240 241

242
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The «./-unsaturated ketones (244; R = Ph, PhCH=CH; R°= =
H,Me,0OMe) were oxidized by ceric ammonium nitrate intc a mixture

of RCOOH and R’C6H4COOH [644].

RCOCH =CH @— R' 244

Oxidation of tetrarylpropenes, e.g. Ph,C=C(Me)CHPh, with
Cr0,-Ac,0 gave epoxides and cleavage products, En this caseu Ph,CO
and  Ph,CHCOMe [545]. Oxidation of methylbenzenes  with
trimethyzsilyl chlorochromate in CCl4 gave the corresponding
benzaldehydes in good yvields. The oxidant was prepared by treating
MessiCl with Cr03 [B46]. 2-Cyanopyridinium chleorochromate has been
found to be the reagent of choice for the oxychlorination of
alkenes into as-chloroketones. For example, norbornene was cleanly
oxidized to sxo-(245); in the case of cyclohexene some allylic

oxidation was also observed [547].

Cl
" 245

Pyridinium chlorochromate in refluxing benzene was an
effective and convenient reagent for the oxidation of cholesteryl
benzoate to 7-oxocholesteryl benzoate in 87% yvield {h4as].
Pyridinium chlorochromate in refluxing benzene or DMSO and
pyridinium dichromate in pyridine were effective reagents for
allylic oxidation of steroids (246) to give steroids (247) [b43].

Me R] 246: R = PhCO, RY = CoHy o
2 .3
Me R® = R9= H
1 o 3
R=g!=4ac, R°F=R" = 1§

247; R°R° = 0
RO ’ -



527

The influence of meta- and parae-substituents on the kineties
of oxidation of phenoxyacetic acids by KMnO4 in agqueous AcOH was
atudied [550]. Benzylic CH2 or CHOH groups were transformed into
keto groups. benzylic tertiary CH groups into tertiary carbinol
groups by oxidation with KMnO4 in the presence of Bu4NHSO4. Thus,
for example, fluorene gave fluorenone and PhBCOH gave [551].
Kinetic data for the oxidation of MeCRQCOONa (R = H,D) by MnO4 in
water show that the rate-determining step is the transfer of H
from the methylene group to the oxidant [552]. Anethole was
oxidized to anisaldehyde with KMnO4 in water-~dichloromethane
solution using (cetyl)Me3N+Br- as phase-transfer catalyst. The
yield was 68% [553]. Longicamphenilone (248) was prepared by
rhase~-transfer-catalyzed KMnO4 oxidation of longifolene (Z249)
£654].

248, RR=0

249; RR = CHy

The kinetics of oxidation of cinnamic acid by (NMeBu3)(MnO4)
have been determined. The reaction waa found to be first order in
both reactants. A Hammett plet was determined for m— and
p-substituted cinnamic acids [555]. Oxidation of compounds (250)
with [Ets(PhCHz)N]+(MnO4)— proceeded regioselectively at the
methyl groups located on the aromatic ring and gave the

corresponding mono- or dicarboxylic acids [556].

OAc
Ac
250, R = H, Me
Me R

Oxidation of f3-keto esters (251) by Mn(OAc)S.ZHZO in the
absence or presence of olefins (e.g.252) was studied. Unsaturated
esters like (253) were formed in the presence of the olefin; in
the absence of olefins the main products were either volatile
compounds (in the case of unsubstituted esters; 251; R = H,
R’ = Me) or dimers (in the case of 2-substituted esters; 251;
R = Me, R’ = Et) [557].
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0 CHp
/“\(COOR’
R
AN
251 252 253
Oxidative cyclization of the unsaturated ?-ketoesters 254; R

= H,Me,Cl,allyl; n = 1,2) with Mn(OAC)S.QHOD and Cu(OACEO.HOO gave
the seven- and eight-membered ring compecunds (255,256) in moderate

yields. Oligomers were formed as byproducts [538].

0 0 0

R
COOEL R R
. COOEt COOEY

(CH2)n // (CH2)R (CH2)n /

254 255 256

The stereochemistry of <¢is hydroxylation of substituted
cyclopentenes with OsO4 and bhasic KMnO4 have been investigated.
Hydroxylation of (257) by OsO4

corresponding acetonide furnished (258) (i.e. hydroxylation

followed by conversion to the

occurred at the sterically hindered face) while the same procedure
furnished isomer (259) if KMnO4 was employed. Hydroxylating (£60)
with OsO4 gave, however, compound (261) showing that osmylation is

directed by the nitrosulfonylmethane substituent [555].

NHCOOMe

NozT:}‘

N
NOz ¢ NO2 O\,
PhSOZ«KQ/N PhSOzAkQ/N phsOZ‘kQ/
o. 0 ¢ b
> X

257 258 259
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260 261

Oxidation of trans-olefina (262) with OsO4 employing the
chiral diamine (265) at -110°C in THF afforded, after reduction of
the osmate esters with LiAlH4, the corresponding c<¢is-diols (264)
having the absolute configuration shown, with high
enantioselectivity. The organometallocycle (263 L = 265) was

proposed as a plausible intermediate [560].

I AA R,
R w HO OH
262 264
See also [410,426,495,545,599,626,639,640,645].
b> Epoxidation of Olefins
The enol ethers (266; Ar = Ph, naphthyl) react with the

metal (VI) oxodiperoxo complexes (py)MO(02)2 (M = Cr,Mo) to give,
among other oxidized products, dicxetanes {267) and epoxides
(268). It was shown that epoxides are +the intermediates of

dioxetane formation [661].
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OMe 00 ome O OMe
ﬁAr —-—@—_—KAF + @_l(Ar

266 267 268
Epoxidation of the tricyclodecatriene derivate (&69) with

MoO. .2?HMPA gave the epoxides (270) and (271) in a &:1 ratio [562].

) 0
/ COOMe &,cwm COOMe
1
COOMe COOMe o COOMe

269 270 27

The Ru(II1) nitro complex  trams-[Ru(NO,)(PMey),(trey) 1™
(272) oxidizes alcochols to aldehydes and epoxidizes olefins

according the following reactions [EB83]:
2 (272) + PhCHOH —= [Ru(NOZ)(PMeB)E(trpy)]+ + PhCHO + 2H'
(272) + norbornene —= [Ru(NO)(PMeg),(trpy)1<"

+ exo-2,3~-epoxynorbornane

A peneral procedure for epoxidation of clefinic bipyranosides
(273; R = Me. benzyl, and substituted benzyls) was developed which
gives the diastereomerically pure epoxides (274). The procedure
involves hydroxylation with OsO4 followed by reaction with
phosgene iminium chloride and treatment of the resulting

chlorocarbamates with NaOMe [564].

RO RO
o
0 0
0 0
0 0
7
PRCH™ PhCH0 e PRCH2 ™" PhCH0 e
273 274

See also [483,526,539].
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c2 Oxidation of O-Containing Functiconal Groups

Kinetic measurements were carried out for the oxidation of
allyl alcohol and its derivatives with Ce(IV) in agueous solutions
of perchloric acid [565]. Oxidation of crotyl alcohol,
crotonaldehyde, and crotonic acid by Ce(IV) affords AcOH, HCOOH,
and CO,. Mechanisms were proprosed [566]. The kinetics of the
oxidatZon of several 05 and CS monosacharides by Ce(IV) in HClO4
were studied. Two complexes were formed in each case [567]. The
methoxy compounds (275; R = NOE,Cl,H,Me,OMe) were rapidly oxidized
by (NH4)2Ce(N03)6
near gqguantitative yield. Analogous compounds with OH instead of

at room temperature to give p-anisaldehyde in

the OMe group gave, however, a red Ce complex which did not

oxidize under these reaction conditions {568].

OH
|
MeO—QCHCHz —@—R 275
Oxidation of ecyclooctenocls (876; R = H,Me) with ceric
ammonium nitrate afforded regio- and stereoselectively the
bicyclic ethers (277) [569].
HO R
———
ONO2
276 277

The kinetics of oxidation of o-cresocl by Ce(lIV) were
determined [570]. A method for the synthesis of methylquinones
from methylphencls by oxidation with anodically regenerated Ce4+
hasbeen developed. For example, (279) could be prepared either
from (278) or from (280) in 70-80% yield [571].
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OH 0
Me Me Me
Me Me Me Me Me Me
0 OH
278 279 280

Oxidation of the

with (NH4),;,Ce(NOa)6 gave two 1isomeric
(282) and (283) ( R =— H, CHO,

tetramethoxynaphthalene derivatives (281)
dimethoxynaphthaquinones

a-hydroxyalkyl, o-oxocalkyl) [572].

MeO  OMe MeO O 0O OMe
R R R
g — Qv -
MeO OMe MeO O 0 OMe
281 282 283

Rate constants for the oxidation of methyl ketones by Ce(IV)
were determined [573). Ceric ammonium nitrate was found to

be an
effective reagent for the oxidative decarboxylation of
a-alkoxymaloic acids like (284) into the corresponding lactones
(285) [574].

COOH o
0 COOH — -

284 285

A linear dependence on acidity was found for the oxidation of
lactic acid and tartaric acid by

vanadium(V) in
medium [(5757.

a nitric acid
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Magnetic measurements on the inorganic residue from chromate
oxidation of alcohols indicated formation of Cr(III) in the
reaction [576]. Primary alcochols were oxidized with HZCPO4
adsorbed on aluminium silicate to give the corresponding aldehydes
in 74-80% yields [577]). Allyl alcohols were oxidized to acrolein
derivatives in 69-80% yield by H20r04 adgorbed on silica gel using
CCl4 as solvent [578]. The oxidation of aliphatic acetals by CrO3
in aqueous AcOH is first order each in oxidant and acetal, and
vields the corresponding ester as the main product. Kinetic data
suggest that the elimination of a proton from the complex
involving the acetal and Cr is the rate-determining step [579].
Oxidative cleavage of secondary-tertiary 1,2-glycols or a-hydroxy
ketones (e.g. 286 or 287 ) with the Jones reagent (CrO3 in aqueous
sulfuric acid) gave the corresponding ketoacids (e.g. 288) in
excellent yields [580].

286 287 288

The oxidation kinetics of citric acid with K2Cr207 in acid
medium were studied spectrophotometrically [581]. Cholesterol was
oxidized to the «a,f-unsaturated ketone (289) with K20r207
deposited on A1P04, BPO4,

supports with small surface areas and large pore diameters gave

or A1P04—BPO4 as inert supports. Solid

more active reagents [582].

Me
CaH
Me 8717

289
0

In 90% aqueous acetone the rate of allyl alcohol oxidation by
Cr(VI) is markedly decreased by chloride ion; this effect is due

to the formation of ClCrOS_ which 1is a less powerful oxidant
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{583]. Potassium chlorochromate was found to be a versatile
oxidant for the conversion of secondary saturated, as well as
allylic and benzylic alcohols, to the corresponding carbonyl
compounds. The reagent was less useful for the conversion of
saturated primary alcohols [5841. The kinetics of the oxidation of
30 monosubstituted benzyl alcohols to the corresponding
benzaldehydes by pyridinium fluorochromate (PFC) have been
studied. The reactions were first order in oxidant and showed
a Michaelis-Menten type kinetics with respect to the substrates,
indicating the formation of a PFC-alcohol complex in the
preequilibrium [585]. Primary and secondary alcohols were oxidized
by l-methylimidazolium chlorochromate to the corresponding
aldehydes and ketones. The same reagent oxidatively cleaved oximes
to the corresponding carbonyl compounds [586]. Oxidation of +the
lignan medel compounds (£90; R,R = (OMe), or OCH,O0) by pyridinium
chlorochromate gave the lactones (291) a;d (aga)uin a 2:1 ratio
[58717.

90 0 :
R CH0H F
O r 290 291 292

R

Trimethylsilylchromate, prepared tn situ from CrO3 and
MeSSiOSiMea, oxidizes primary and secondary alcohols to the
corresponding carbhonyl compounds in 75-93% yields [5BB].

The kinetics of oxidation of D-fructose, D-glucose, and
D-mannose by [COW12040}5_ in aqgueous media have been investigated.
The reactions were catalyzed by alkali metal ions [5839].

Cinnamyl, cyclopentyl, and cyclohexyl alcohols were easily
oxidized to aldehydes in good yield by barium manganate in CH,C1,
[690]. Oxidation of primary alcohols with KMnO4 in a two—pﬂas;
system using tris[Z-(methoxyethoxy)ethyllamine as phase-transfer
catalyst gave the corresponding aldehydes in 54-91% yield ([591].
Based on kinetic measurements it was concluded that the oxidation
of formic acid by permanganate in aqueous HClO4 rroceeds via

several parallel reactions [582]. Symmetrical xanthones (e.g.294)
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were prepared by alkaline KMnO4 oxidation of the corresponding
spirolactones (293) [593].

0
MQIOIMQ

293 294

Oxidation of (295; R = CHO) with KMnO4 gave the corresponding
acid (295; R = COOH) and the two rearranged products (296) and
(297) ([594].

CH2CH2R 0
NO2 WCOOH ASAA
0™o HOOC COOH
NO37
295 296 297

Oxidation of formic acid by (BusMeN)+(MnO4)_ in CH2012
solution proceeds by a non-catalytic and an autocatalytic pathway;
in the latter, one of the reaction products, colloidal MnO2 acts
as the catalyst. Both mechaniams are strongly inhibited by water
[595]. Treating crystalline MnO2 with wultrasound increased its
activity as oxjdant for the transformation of alcohols to carbonyl
compounds [586]. The kinetics of oxidation of benzaldehyde by
manganese (II1) pyrorhosphate were determined [597]. The
selectivity of radical generation in the oxidation of carbonyl
compounds by Mn(III)acetate was studied. The effects of chain
propagation and initiation by Mn(III) could be separated; the C(1l)
position was found to be the mést reactive in the initiation step
[698]. Manganese(I1IIl) acetate oxidation of aroylacetates (298; Ar

= Ph or substituted Ph) in the presence of a styrene derivative
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(299; R = Me, CHZOAC, COOEt) gave the dihydrofuran derivatives
(300) in 40-70% yield [539].

o o Ar_ COOEt
A ANAoEr * ANy T O R
Ar
298 299 300
The kinetics of oxidation of ascorbic acid by Fe(III) have

been investigated in aqueous sclution using the stopped-flow
technique [B80C]. Barium ferrate monochydrate BaFeO4.HZO was found
to be a useful oxidant for the oxidation of a large number of
organic compounds under aprotic conditions. Alcohols and
hydrogquinones were converted into the corresponding carbonyl
compounds, aromatic amines into their azo compounds, benzylamine
to benzaldehyde, and thiols to disulfides in high yields [601].
Acyloins, RCOCH(OH)R (R = H,alkyl,Cy) were oxidized with
[Fe(CNJSIS'

decreased with increasing bulkyness of the groups R [802]. The

in alkaline medium. The reactivity of the substrates

aromatic pinaccl type compounds (301 ) could be oxidatively cleaved
into the corresponding ketones by Fe(phen)a. Pinacol itself proved

to be inert against this type of oxidative cleavage [603].

(I)HO|H .Oé
R-C-C-R ——= 2R “Ph R = Mg, Ph
| |
Ph Ph
301

2,3-Dihydroxybenzoic acid (302} is oxidized by aqueous Fea+

to the corresponding quinone (303). Based on kinetic measurements

a mechanism was proposed for the reaction [604].

COOH COOH
OH 0
OH 0
302 303
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Phenol is oxidized +to quinones (88% para and 12% ortho
isomer) and cyclohexene to cyclohexen-3-one by [(bpy)..)(py)Ru(O)]2+
in acetonitrile solution. The mechanism of these rgactions has
been studied by kinetic and spectroscopic methods [605]. The
kineties of oxidation of phenol and alkylated phenol derivatives
by [(bpY),(py)Ru' (017" and [(bpy),(py)Ru T (0H)3%* to give the
corresponding quinones have been studied in agueous solution and

in MeCN. Isotopic labeling experiments with 18Ohave shown that

VI:0]2+

quantitative. A Ru(II) complex has been detected as intermediate

the transfer of the oxo group from ([Ru to phenol is
[606]. The kinetics of oxidation of ascorbic acid by
[RuCl,(H,0),1%, [Ru(iminodiacetate)]’, and [Ru(EDTA)]" have been
determined. Kinetic, spectroscopic, and thermodinamic parameters
were reported for the formation of intermediate Ru(III)-ascorbate
(1:1) and Ru(III)-chelate-ascorbate complexes [607].

Based on spectrophotometric studies, a mechanism has been
suggested for the oxidation of 2,2'-dihydroxy diethyl ether by
OsO4 [e08].

Benzyl alcohol and substituted benzyl alcohols were oxidized
to the corresponding benzaldehydes with Co(III) acetate in the
prresence of NaBr. If allylic alcohols were oxidized with Co(III)
acetate, no NaBr was necessary but a larger excess of oxidant had
to wused [809]. Activity of Co(III) in the oxidation of
hydroxyethyl cellulose is decreased by the addition of organic
acids. This effect is due to the formation of inactive CoOH2+ -
acid complexes [610]. The kinetics and mechanism of the oxidation
of ascorbic acid by trisoxalatocobaltate(IIl) were studied. As
shown by the pH dependence of the process, oxidation of the doubly
deprotonated substrate was the fastest in the system [8611].
Oxidation of catechol and 3,5-di-tert-butylcatechol by [IrClejz_
in an SDS/1-butanol/toluene/water microemulsion has been
investigated [612].

Oxidation of iPrOH by HthCl6 ig eignificantly accelerated by
metallic Pt [613].

The influence of acetonitrile on the kinetics of oxidation of
ascorbic acid by Cu(Il) and the ferrocenium ion in MeCN - HZO
solvent mixtures was determined [614]. Oxidation of D-lyxose by
Cu2+ in H2504 at 130°¢C gave a mixture of CZ—C4 hydroxycarboxylic
acids. Kinetic parameters of the oxidation were determined [615].

Oxidation of dihydroxystilbene with Cu2+ at 155°¢ gave
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e-hydroxybenzoic acid [616]. Copper{Ill) nitrate (and to a lesser
extent also Cr, Fe, Ce. Mn, and Ag nitrates) supported on silica
gel were used to oxidime secondary alcohols +to ketones and
benzylic alcohols to aldehydes in refluxing CCl4 or hexane. Yields
were much lower in the absence of silicagel [617]. Oxidation of
1,2~ethanediol, 1.2-propanediol, and 1,.2-butanediol with
[Cu{IO4)3]~ in an aqueocus alkaline medium furnishes formaldehyde
and the corresponding aldehydes. The rate of oxidation decreases
with increasing IO; concentration [818]. The hydroguinone
derivative (304) was oxidized to (305) in a two-phase system by
Ag0 in the presence of 2,6-pyridinedicarboexylic acid or with
Ce(IV) in the presence of Na dodecyl sulfate. The latter system

oxidized substituted toluenes to the corresponding benzaldehydes
[6819].

OMe 0
Me Me Me Me
Me Me Me Me
OMe 0
304 305

See also (381,488,501-504,511,544,545,551,563,648,657,6641.

dl) Oxidation of N-Containing Organic Compounds

The kinetics of oxidation of 1,8-diamino-4,5-dihydroxyanthra-
quinone-2,7-disulfonate with Ce(1IV) were determined [620].

Oxidation of (306) with cerium perchlorate in perchloric acid gave
(307) (B8211.

0 0
Me !lq Me Me l{:l41 COOH
Me

306 307
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Tetrahydroisoguinolines (309) were obtained by the oxidative
cyclization of 3-aminoc ketones (308; R = HNO,; R’,R" = (CHZ)n’
n = 3-5) by Ce(SO4)0—H2504 [622].

R
MQ\N R
WCO?HCHZTCHZ —_—
R*  Me
R'CO R"
308 309

Oxidation of (310) with VOO5 in sulfuric acid gave
P—C106H4COCH20H, P—ClCGH CHZCH2COOH, P—ClCGH4CHZCOCOOH and the
&—-valerolactones (311; R = H,Me) [623].

0
ROOCCH
CH2~<::>~C1 2
MeO
¢ ~ OH
MeO ~NMe CHOCl
310 311

Oxidation of [3-hydroxynitrosamines or {-nitrosoureas with
CrOS—celite or CrOS—Florisil in EtOAc gave the corresponding f3-oxo
derivatives in 3B-70% yield [B24]. Oxidation of indigo carmine by
chromic acid in acidic media was found to be first order in
substrate, oxidant and perchloric acid [625]. Oxidation of the
vinca alkaloid derivatives (312) with chromyl acetate (CrOS/ACEO)
in dichloromethane/acetic acid resulted, by ring cleavage 1in the

macrocyclic compounds (313) [626].
N 0 N
| T m\/o Reen
'fj{ | ﬁ ¢
!52 Et

312 313

Oxidation of N,N-diethyl-p-phenylenediamine by 12-tungsto-
cobaltate was studied in a stopped-flow apparatus [627].
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The kinetics of permanganate oxidation of f#-phenylalanine in
agqueous HClO4 have been studied spectroprhotometrically. Evidence
tor the formation of an intermediate complex between the amino
acid and the oxidant was presented [828]. The kinetics of
oxidation of a-leucine, isoleucine and benzoylglycine in alkaline
medium by KMnO4 were studied [629]. Oxidation of L-isocleucine with
Mn04 in buffered neutral aqueous solution showed autoccatalysis by
colloidal MnO, {630]. O=idation of L-alanine ({86311, L-threonine
{68321, and nglutamic acid [833)] by permanganate in aqueous
rhosphate buffers is autocatalyzed by the inorganic reaction
product, colloidal MnO, stabilized in sclution by adsorption of
phosphate ions on its ;urfaceV A catalytic and a non-catalytic
reaction pathway are simultaneously operating in this system.

Oxidation of ethylenediaminetetraacetate by Mn0, was found to be

second order in oxidant, first order in subsﬁrate and inverse
first order in H+_ Mn(II) retarded the reaction [6834]. Oxidation
of n-caproamide and i-caproamide with KMnO4 in alkaline medium was
found to be first-order with respect to amide and zero-order with
reapect to permanganate [635]. The kinetics of oxidation of
rhthalimide by KMnO4 in agueous NaOH have been studied. A radical
mechanism was proposed (68368]. The kinetice of oxidation of
Z2,6-diphenylpiperidin~-4-one and its 3-methyl derivative by acidic
KMnO4 has been studied in AcOH—HEO. A sultable mechanism was
suggested [837]. Oxidation of the qgquinoxaline derivatives (314)
and (316) with KMnO ~MeECO gave the corresponding dehydro

4
compounds (315) and (317) [6387].

H
N 0\
LI, — QO moe
! H 1
R R

RI-'-MQ,Ph,CHzPh

314 315
l'>h
@( I X
zN\ N
CHaPh N - NN
N7SNTINCH PR
Me

316 317
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Aryl-substituted pyrazoles were obtained by the oxidation of
the corresponding pyrazolines with MnC, [633]. Manganese(III)
acetate was found to be a mild and selgctive reagent for the
oxidation of a variety of N-protected indolines (318; R = H,
CHZPh, Et, COPh, COMe, CONEtz, Br; X = CONEtz, SOQPh, COMe) to the
corresponding indoles (319) [640].

318 318

The kinetics of oxidation of phenylalanine and leucine by
alkaline [Fe(CN)S]B_ have been determined. The products obtained
were the corresponding keto acids [641]. Oxidation of arginine by
alkaline [Fe(CN)BJB_ was found to be first order in substrate,
oxidant, and OH . Oxidation of +tryptorhan to the corresponding
keto acid by the same reagent, however, was independent of alkali
concentration [642,643]1. Oxidation of glycine with alkaline
{Fe(CN)GJS_ gave glyoxylic acid. The slow step of the reaction
involved the formation of a radical intermediate [644].

Oxidation of 2-picoline and 3-picoline by Co(III) acetate
afforded the corresponding carboxylic acids in up to 52% yield
(645].

Copper perchlorate in MeCN oxidizes the nitronyl nitroxide
radical (320) to the nitrosonium perchlorate (321) in good vyield
[646].

0 0
N N
Y—ph D—ph
N _
Or 5 co;
320 321

The ternary Cu(ll) complexes (322) and (323), containing
coenzyme PQQ and bpy or trpy oxidize benzylamine to benzaldehyde.
In the case of (323) this oxidation is faster by a factor of about
15 than the control reaction with free PQQ [647].
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322 323

See also [391,524,588,884,601].

e Oxidation of P-. S-, Te-, F—, and Cl-Containing Organic

Campoundz

Owxidation of alcohols by pyridinium fluorochromate,
CSHSNHCrOEF, in CH,:,ClG requires 1 mol of oxidant for 1 mecl of

substrate. Oxidation of PPh3 is a clear-cut example of oxygen

transfer, the oxidant is transformed into C5H5NHCr09F [648]1. The
Cr(V) complex [(salen)Cr:O]+(CF3SO3)_ oxidizes  alkynes to
1.2-diones and phosphorous ylides to phosphine oxides and organic

carbonyl compounds:

PhC = CPh ———= Ph-C-C-Ph
o)

o

Ph3PCRR' ——= Ph3PO *+ 0= CRR'

The oxidation requires two moleculesg of the complex for one
molecule of gsubstrate; an alkylidene complex of the type
(salen)Cr‘:CR2 is assumed as an intermediate [648]. The bis-u-oxo
complesx [Cp*IrO],‘Z rapidly ozidizes CO to 002 and PPh8 to OPPh3
[650].

The kinetics of oxidation of cysteine with chromate in acid
golutions were determined by spectrophotometric methods [8511. The
oxidation kinetics of methionine by Cr(VI) in aqueous perchloric
acid have been studied and the activation parameters determined
[652]. Oxidation of EtS8H by chromic acid preceeds via the
reversible formation an intermediate chromic acid thicester. If

EtSH is present in large excess, Cr(IIl) and EtSSEt are formed as



543

products [653]. Oxidation of dipentyl and diphenyl sulfoxides with
Cr(VI) in sulfuric acid was found tc be first order each in
oxidant and substrates [654]. Rate constants for the pyridinium
chlorochromate oxidation of several eortho-substituted rhenyl
methyl sulfides have been determined. The reaction is sterically
hindered by the ortho substituents in the benzene ring [655].

The anionic and coordinatively saturated oxodiperoxo-
molybdenum complexes (234) and (235) have been used for the
atoichiometric oxidation of sulfides +to sulfoxides and of
aulfoxides to sulfoneg. Oxidation appears to proceed through an
electrophilic oxygen transfer from the peroxo complexes to the
substrates [656].

0 0
o f o oj o
\
| Mo/ | Mo
o//\o 324 o/\o 325
\\ Ol

Oy °
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SNPTe

&

z

The kinetics of oxidation of thicglycolic acid and
gtructurally related hydroxy acids with manganic pyrophosphate in
sulfuric acid medium was studied. A cyclic 1:1 complex was
proposed as an intermediate [8657].

The kinetics and mechanism of the oxidation of 1-butanethiol
and 2-butanethiol by (Fe(CN)B]— have been studied and activation
parameters evaluated in MeOH—HZO solution [658]. The kinetics of
oxidation of cysteine to cystine by Fe(III) in acidic solution
were determined [658]. Sodium nitroprusside, Naz[Fe(CN)5NO].2H20
oxidizes glutathione (GSH, 326) to diglutathione according to the

following stoichiometry:

GSH + [Fe(ON)g(NO))J®" ——= 1/2 GSSG + NO + H'
‘ 2+

+ 5/6 [Fe(CN)6]4_ + 1/6 Fe

In the presence of air, oxidation becomes in part catalytic
[660]. The kinetics of oxidation of thiophene by Pd(II) agqua
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complexes in acidic solution have been studied. Z-Hydroxythiophene
waa produced [661]. Glutathione (326) is oxidized to the
corresponding disulfide (diglutathione) by Cu(Il} complexes of
thicaza ligands like (327). These complexes may he regarded as

models of "blue'” copper proteins [B62].

HOOC?HCHzCHzCONH?HCONHCHzCOOH S S
NHZ CHpSH

326 327

Tellurorhosphoranes R P=Te (R = iPr, +tBu) are oxidized by

ferricenium salts to give the dications RSP Te-Te-Te- PR 2 [B63].

Oxidation of l-chloro-3-alkoxy-Z-propanols with K C1,,O7 H2 4 gave
the corresponding propanones in 43-50% yield {664]. Oxidation of
branched—-chain internal fluorcolefins with 3.3-0.7 equiv. KMnO4 in

~

agqueous acetone below o°c gave diketones and tertiary diols [665].

See also [559,601,8640].

7. Electrooxidation and Photooxidation

Electrochemical oxidation of MeOH on Pt electrodes is
catalyzed by adsorbed Mo species. The rate of oxidation increases
several thougand fold; a detailed analy=sis of the results suggests
that the adsorbed Mo(IV)/Mo(Il1l) couple is catalytically active
[666].

Epoxidation of cis-cyclooctene by O.7 is catalyzed by a Mn
porphyrin polymer film deposited on an electrode. The catalyst was
prepared from a pyrrole-substituted Mn porphyrin monomer by
electrochemical polymerization [667]. An electrochemical system
conaigting of (TPP)MnCl and imidazole as catalyst, MeCN-H,O as
solvent and acetic acid as proton donor activates 02~ and
epoxidizes various alkenes with yields around 50% based on
consumed electrons and oxidizes alkanes into alcchols and ketones

(with significantly lower yields, however). Acetic acid is
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consumed during the electrolysis as expected for a monooxygenase
reaction [668]:

RH + O, + 2 + 2H ——— ROH + H,O

2 2

Catalytic oxidation of alkanes to alcohols and ketonegs was
shown to take place in an electrochemical cell with an Fe
porphyrin complex deposited on a graphite electrode [668]. Using
iron bpy or phen complexes as redox catalysts NAD(P)H could be
electrochemically oxidized to NAD(P)+ in a tris—HQSO4—buffer
solution. This enabled the electrochemically drivenu enzymatic
oxidation of 2-hexen-1-ol or Z2Z-butanol to the corresponding
carbonyl compounds [670]. Electrocatalytic oxidation of
cyclohexene in dichloromethane containing Pr4NClO4 and Bu4NF.3H20
is catalyzed by (TPP)FeF, . The products are cyclohexencne,
2-cyclohexen-1-0l, and cycl;hexene oxide in approximately egual
amounts. Water introduced in the form of the hydrated fluoride
salt apparently provides the source of oxygen [6711].
Electrooxidation of alkyl phenyl sulfides to chiral sulfoxides was
prerformed using an electrode coated by Na montmorillonite,
ion-exchanged with optically active [Ru(phen)3]2+ [672]. The

electrochemical oxidation of alcohcls to aldehydes or ketones and

tetrahydrofuran to r-butyrolactone is catalyzed by
ciS—[Ru(Clpry)D(OH)2]£+ (Cl,bpy = 6,6"~dichloro-2,2"-bipyridine).
Current efficiencies were between 80 and 97% {673]. An

electrocatalytic procedure has been described for the oxidation of
alkenes to carbonyl compounds and of ketones to carboxylic acids
using the Ru(IV) oxidant [Ru(trpy)(bpy)0]2+, generated in situ
from[Ru(trpy)(bpy)(HZO)]2+. Thus, for example, Z2-cyclohexene-1-one
was obtained from cyclohexene in 48% yield [674]. Electrolysis of
an agueous solution of benzyl alcohol containing Na2003 on a
carbon-felt electrode coated by poly [Ru(L)3]2+ and Rqu produced
benzaldehyde with 76% current efficiency. The Ru-containing
polypyrrole film was prepared by controlled-potential oxidation of
[Ru(L)41%% (328) in MeCN on a Pt disk [675].
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i
Me (CH2)4 328
Ru I N /
& X
L N N 3 |

Silver ion catalyzes the indirect electrochemical oxidation
+ + . e o
3 /Ce4 az mediator [B676].

The Ti(IV) complexes formed from TiCl4 and HZO? in alcohelie

of toluene to benzaldehyde with Ce

solutions decompose on UV irradiation with formation of Ti(III)
compounds and oxidation of the alcohol to aldehyde [677]3. A
convenient one-pot procedure for the aynthesis of epoxy alcohols
(329) and (330) by photooxygenation of cholesterol in the presence
of Ti(OPriJ4 was developed. The ratio of the two products depended

on the solvent used [B878].

Me

Me
329; R=0H, R'R"=0

330; RR' =0, R'=
HO , R"= OH

Photooxygenation of the dichloro olefin (331) in the presence
of Ti(OPr)4 resulted in the formation of the epoxy alcohol (332)
and the allylic alcohcl (332). In contrast, the dibrome olefin
(334) was transformed under the same conditions into a complex
mixture containing, among other compounds, (335), (336), and (337)
[679].
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Me CH,Cl ClCHZ OH CICHp OH
j( —_— Me + / Me
CICH; Me O CHyU CHpCl

331 332 333

— Me + CHoBr + Me

Mej ECHZBr BrCHp OH  Me ~ OH cHy o
Me CHoBr O CHyBr CHyBr

BrCH2

334 335 336 337

Photooxygenation of 2,5-dimethyl-2,4-hexadiene (338) gave
epoxry alcohol (339) if Ti(OPri_)4 was used as catalyst while epoxy
alcohol (340) was the sole product if the reaction was performed
in the presence ot VO(acac)g. The reason for this unexpected
regioselectivity difference is that the vanadium catalyst effects
isomerization of the intermediate allylic alcohol (341) into (342)
[680].

338 339 340 341 342

Photocatalytic ligquid-phase oxidation of MeOH, EtOH, and PrOH
with O2 and VOCl:3 or NH4V(SO4_)2 as catalysts was studied.
Photocatalytic activity decreased with increase of temperature
[681].

Photochemical epexidation of clefins by O2 was achieved with
the Mo(V) complex catalyst Mo(O)(OEt)(TPP-Me-p); terminal olefins,
however, did not react under these conditions. The actual catalyst
was the Mo(IV) complex Mo(O)(TPP-Me-~p) formed in sttu [682].
Photochemical oxidation of alkanes (mainly to alkenes) is

catalyzed by a—HaPW1204O-nH20 in acetonitrile solution.
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Reoxidation of the photoreduced polytungstate is facilitated by Pt
and its presence results therefore in increased turncover rates but
at the same time decreases alkene selectivities [683]. The
chemical and photochemical characteristics of the rpolytungstates
involved in this process were investigated in detail £684].

The kinetics of oxidation of formic acid by 0, under
photocatalytic conditions in the presence of iron igns was

investigated. The catalytic cycle is composed of twa main steps:
3+ 2+

formic acid is oxidized by Fe to €O, and H,0 and Fe” i=
reoxidized by O, [885]. Visible irradiation of a methanolic
solution of furfural containing dilute agqueous HQOG and

[FeCp(C6H5R)JPF6 (R = H,Cl1,Me) as catalyst yields methyl 2-furoate
quantitatively. The catalyst can be iscolated from the reaction
mixture and recycled [686]. Photo-oxidation of organic substrates
is catalyzed by trans-[Ru’ (L)(0),1(C10,), (L = 343) and
(PhyAs),[0s 1(CN),(0),] in MeON at 25°C. Olefins are transformed
into epoxides and carbonyl compounds, alcohols inte aldehydes or
ketones, toluene into benzaldehyde and dibenzyl sulfide into the

corresponding sulfoxide [BB7].

Me

Irradiation at » » 480 nm of the purple solution of OsO4 and
anthracene in hexane yielded anthraquinone as the major product.
Interestingly, the same product was formed also from 9-substituted
(BP,NOO) anthracenes [688)].

Tge light-promoted oxidation of terminal alkenes by O, in the
rresence of Pd(II) complexes leads to «,B-unsaturated garbonyl
compounds (344, 345). The formation of isomeric olefins is retarded

if the reaction is performed in acetone [689].
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Photochemical oxidation of adamantylideneadamantane in the
presence of UOZ(NOS)Z‘SHZO as sensitizer gave adamantylidene-
adamantane-1,2-dioxetane and adamantanone (3:1) in 70% vyield
[690]. Photo-oxidation of L-aspartic acid by uranyl ions in acidic

medium gave malonic acid [B8891].
See also [386,571].
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acetylacetonate

Annual Survey on Hydroformylation, Reduction
Oxidation

see Fig.41

see Fig.56

tert—-butoxycarbonyl, —COOBut

2,2’ -bipyridine
meso-tetrakis(2,6~dichlorophenyl)porphinato
1,5-cyclooctadiene

cyclopentadienyl

rentamethylcyclopentadienyl

see Fig.33

dibenzylideneacetons

gsee Fig.78

see Fig_46

dimethylglyoxime
l,4-bis(diphenylphosphino)butane, Ph2P(CH2)4PPh2
1,2-bis(diphenylphosphino)ethane, PhZPCH CH PPh2

272
bis(diphenylphosphino)methane, Ph PCH,,PPh2

1,3—bis(diphenylphosphino)propane? PhZP(CHZ)aPPh2
meso-tetrakis(pentafluorophenyl)porphinato
hexamethylphosphoric triamide
meso-tetrakis(2,6-dimethylphenyl }porphinato
2,3,7,8,12,13,17,.1B-octaethylporphinato
optical yield

1,10-phenathroline

pyridine
N,N’-bis(salicylidene)-ethylenediaminato
N,N’-bis{=alicylaldehyde)-o-phenylenediaminato
stearate, nCl7H35000

2,2':87,2°7:6",2’° ~tetrapyridyl
trifluoromethanesulfonate (triflate), CF3803—
meso-tetramesitylporphinato
5,10,15,20-tetraphenylporphinato
meso-tetrakis(4-pyridylphenyl)porphinato
MeC(CHZPPhZ)s

2,2’:6'2"-terpyridine
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g-toluenesulfonyl (tosyl), p—CHSC6H4809-
benzyloxycarbonyl., ~COOCH9Ph

Metal index

Ti

Zr
Hf
v

Nb

Mn

Fe

Ru

39. 120, 134, 139, 213, 222, 233, 234, 245-254, Z274-277,
282, 431-438, 483, 526, 530-532, 539, 677-68B0

38, 136, 21z

212

94, 236, 277, 282, 380, 409, 439, 440, 48B4, 504, 575,

823, 680, 681

273

99, 136, 197, 211, 271, 277, 278, 282, 283, 296-298, 338.
353, 380, 410, 425, 462, 488, 482, 503, 545-548, 561,
576-588, 617, 623-626, 648, 649, 651-655, 664

158, 187, 237, 2565, 257, 282, 323, 328, 350, 380, 411,
412. 438, 441-452, 484-487, 533, 561, 582, 656, 666, B8Z
122, 188, 238, 256, 411-413, 451-453, 4387. 533, 539, 627,
683, 684

269, 272, 282-288, 2896-298, 306, 324, 325, 330, 332-335,
351, 361, 373, 375, 381, 383-385, 392, 406, 414-4186,
454-467, 488, 489, 489, 505, 6510, 511, 527, 528, 550-b59,
590-699, 617, 628-640, 657, 665, 667, 668

895, 137, 191, 186, 374

5, 67, 72, 86, 92, 98, 899, 148, 159, 170, 197, 211, 221,
238~241, 257, 258, 272, 277, 283, 289, 284, 236-300, 306,
318, 345, 352, 354, 356, 362-366, 368, 375, 386, 395, 3896,
404, 413, 417-420, 440, 481, 462, 465-475, 489-491,
494-496, 500, 507, 509, 514, 515, 527, 534, 535, 540,
600-604, 614, 617, 641-644, 658-660, 663, 669-671, 685, 686
6-8, 40-47, 54, 68, 75, 76, 79, 82, 93, 96, 97, 100,
105-108, 140-142, 147, 180, 172, 173, 177-185, 195,
199-201, 214, 215, 217, 280, 280, 281, 301, 326, 328, 331,
421-425, 476, 492-499, 512-517, 537, 563, 605-807.
672-675, 687

83, 96, 109, 161, 16Z, 215, 216, 353, 428, 427, 476, 4897,
500, 501, 511, 518, 540, 559, 560, 564, 608, 687, 688

3, 7, 11-16, 41, B52-56, 69-71, 73, 74, 78, 79, 30, 89, 98,



Rh

Ir

Pd

Pt

Ag
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99, 110, 111, 174, 211, 242-244, 269, 272, 279, 282, 283,
292, 293, 298, 302-309, 329, 332-34Z2, 363, 367, 375-379,
381, 387-390, 392, 397-402, 405, 413, 477, 489, 589,
609-611, 627, 645

1, 2, 4, 8, 9. 14, 16-41, 55, §7-86, 70, 71, 75, T7, 78,
81, 84, 87, 91, 96, 101, 106, 111-122, 131, 142-1486,
148-156, 163, 173, 175, 186, 182-184, 202-209, 217-219,
223, 224, 244, 280, 281, 310, 311, 327, 420, 428, 493

85, 96, 121-123, 164, 210, 217, 244, 260, 502, 5189, 538,
612, 650

5, 98. 99, 102, 103, 124, 1859, 161, 176, 220, 259,
261-265, 272, 282, 283, 298, 336, 343, 344, 413, 478-480,
509

56, 88, 104, 125-132, 157, 1685-171, 187-180, 201, 225-228,
266, 267, 313-321. 354, 420, 429, 499, 503, 509. 520, 5386,
661, 689

10, 48-50, 132, 133, 171, 188-190, 268, 324, 355, 481, 613
90, 98, 153, 245, 268, 282, 294, 98, 320-322, 336,
345-348, 356-360, 369-372, 382, 391-393, 403, 406, 413,
420, 430, 504-509, 521, 558, 614-618, 646, 647, 662

148, 501, 522-525, 541, 617, 619, 676

Lanthanides 248

Ce

Sm
Er
Th
U

246, 282, 334, 349, 394, 407, 408, 482, 489, 502, 510,
522-524, 542-544, 565-574, 617, 619-622, 676

230-232, 247

247

1338

270, 680, 691

Transition metals, general 51, 235, 528
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