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The Bodenstein approximation for trace-level intermediates 

was used to reduce multistep reaction-kinetic networks of 

arbitrary topology and size to simpler forms. The method was 

illustrated with hydroformylation of olefins as model reaction 

Cl]. As part of the hydroformylation catalytic cycle, the 



4 

oxidative addition of H to RCOCO(CO)~ has been studied 

theoretically by the CASED-;O method. Two reaction pathways were 

proposed for the reaction C21. From the results of approximate 

density functional calculations, it was concluded that both the 

oxidative addition/reductive elimination sequence and the process 

involving the distorted four-center intermediate (11 are likely to 

be a part of the mechanism of the product forming step in the 

cobalt-catalyzed olefin hydroformylation. The activation barriers 

in the case of the acetyl-cobalt tricarbonyl + Hz reaction were 

calculated to be 77-85 kJ/mol C33. 

R \,/O 
oc . . / \“” 

*- co .___ H##’ 
1 

oc’ 1 
C 
0 

A theoretical study on the insertion of formaldehyde into the 

cobalt-hydrogen bond of HCo(COIB (an important step of CO 

hydrogenation) revealed that an intermediate trigonal bipyramidal 

n-complex with CHzO in equatorial position was favored, and the 

methoxy insertion product was more stable than the corresponding 

hydroxymethyl complex 141. 

Molecular graphics and van der Waals minimizations were used 

to analyze the steric interactions of the enantioselective step of 
asymmetric catalytic hydrogenation of dehydro amino acids using 

chiral bidentate phosphine Rh(I1 complexes [?I]. 

Several INDO/l calculations on Ru(IVl-0x0 complexes with the 

intent of studying the various pathways and intermediates 

postulated for transition-metal-catalyzed oxygen atom transfer 

reactions involving high-valent, metal-ox0 complexes have been 

carried out. Calculations on the epoxidation of olefins with the 

model compound cirCRu(CH-CH=NH).(NHB)2(0)12+ showed that in this 

case the preferred pahtway is a nonconcerted Cl + 23 cycloaddition 

to yield a bound epoxide C63. The same molecular orbital model was 

employed to analyze the reaction between ethene and cis- and 

~~~~~[Ru(N~CH-CHPNH)~(O),I=+ complexes. In agreement with 

earlier experimental results calculations did show, that wkreas 



the trans isomer i s  s e l e c t i v e  f o r  e p o x i d a t i a n ,  the c is  isomer 

f u rn i shes  main ly  c leavage products  [ 7 ] .  The MO a n a l y s i s  o f  the 
2÷ i n t e r a c t i o n  between cis-[Ru(HN=CH-CH=NH)z(NH s) (0) ] and methanol 

us ing the INDO/I method has shown t h a t  a pathway which i n v o l v e s  

p r e c o o r d i n a t i o n  o f  the a l coho l  t o  the metal i s  c o m p e t i t i v e  w i t h  a 

pathway which i n v o l v e s  C-H a c t i v a t i o n  by the oxo l i gand  a lone 

[ 8 , 9 ] .  For e l u c i d a t i o n  o f  the mechanism o f  o x i d a t i v e  r i n g  c leavage 

o f  ca techo ls  w i t h  0 by nonheme i r on  enzymes, extended-HUckel z 
c a l c u l a t i o n s  were performed f o r  mono- and b i d e n t a t e  

c a t e c h o l a t o - i r o n  complexes and the 0 adduct o f  a z 
semiqu inona to - i ron  complex. The r e s u l t s  suppor t  the d i r e c t  a t t a c k  

of  0 on the semiquinonato l i gand  [ 1 0 ] .  By using the f r o n t i e r  z 
o r b i t a l  approach i t  was shown t h a t  an a lkene can add to  an osmium 

t e t r o x i d e - n i t r o g e n  l i gand  complex in  two ways: to  the two 

e q u a t o r i a l  oxygens and to  one e q u a t o r i a l  and one a x i a l  oxygen. The 

l a t t e r  was suggested to  account f o r  the e n a n t i o s e l e c t i v e  

d i h y d r o x y l a t i o n  of  a lkenes by OsO in  the presence o f  c h i r a l  4 
n i t r o g e n  l i gands  [ 1 1 ] .  The mechanism o f  o x i d a t i o n  o f  ethene to  

aceta ldehyde by the Pd n i t r i t e  complex Pd(NO2)Cl(CHsCN) z has been 

s tud ied  w i t h  the help o f  the CNDO-S z method [ 1 2 ] .  

I t  has been proposed t h a t  a l l  o x i d a t i o n s  o f  o rgan i c  

s u b s t r a t e s  by 0 are ca ta l yzed  by metal ions  (sometimes in  t r ace  2 
concen t ra t i ons )  and t h a t  i n h i b i t i o n  i s  due t o  the fo rmat ion  o f  

c a t a l y t i c a l l y  i n a c t i v e  complexes. Computer-s imulated k i n e t i c s  o f  

such a mechanism accounted f o r  a l  1 experimental ly observed 

i n h i b i t i o n  e f f e c t s  i n c l u d i n g  those which are considered as p roo fs  

of  chain mechanisms [ 1 3 ] .  

I I .  HYDROFORMYLATION AND RELATED REACTI(]N8 OF CO 

1.  Hydrogenat ion (Reduct lon) o f  CO to  Oxygen-Contaln lng Orgmnlc 

C ~ p o u n d s  

A d d i t i o n  o f  phosphor ic  ac id  t o  the Rus(CO)tz + PPNCI c a t a l y s t  

system markedly improved the s e l e c t i v i t y  o f  E tOH syn thes i s  from 

syn thes i s  gas a t  260 °C and 340 bar .  The best  r e s u l t  (51%)  was 

achieved in  d ipheny le thmr  as s o l v e n t .  The f a v o r a b l e  e f f e c t  o f  

phosphor ic  ac i d  i s  p robab ly  r e l a t e d  to  i t s  r o l e  as a source o f  H* 

ions .  Since the phosphate anion can not  coo rd i na te  to  Ru and thus 
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poison the catalyst it is superior to HX acids nhich at the same 

time provide the strongly coordinating halide anions C143. 

The electrocatalytic reduction of CO was studied in aqueous 

solutions with pentacyano complexes of cobalt as catalysts and 

graphite electrodes. Methanol and formic acid were formed [15J. 

The hydrogenation of CO was investigated using Rh~(COl_ 
catalyst in l-methylpyrrolidine as solvent at 210-270 "C and 

500-1800 bar total pressure (CO:H = 1:l). Selectivity for 2 
ethylene glycol, 1.2-propanediol and glycerol increased with 

increasing pressure; increasing the temperature decreased the 

selectivity to ethylene glycol and increased that to EtOH [Ml. 
See also [76,203,2171. 

2. Hydrofornylation 

al Cobalt Catalysts 

Hydroforeylation experiments with l-hexene in HeCN solution 

at 80 OC and 120 bar CO + Hz showed that reaction rates and 

regioselectivities do not depend on whether Coa(CO),, or co*(cOlL2 

are used as catalyst precursors. It was proposed that in such 

polar solvents HCo(COI l acts mainly as an acid and the first step 

of the catalytic cycle is the protonation of the olefin fl73. 
The protioformylation of (El-l,l,i-da-2-butene and the 

deuterioformylation of (El-2-butene was investigated using 

co*(col,z, or Pt(SnClslCC(R,RI-DIOPI as the catalyst precursor. 

The protium and deuterium contents of the products were discussed 

according the accepted reaction mechanism of hydroformylation 

C181. 
Carbonyl clusters containing the coa(colo entity were 

investigated as hydroformylation catalysts. Clusters of the type 

R~N[FeCos(COl~al were active catalysts for the hydroformylation of 

both terminal and internal olefins. The activity of Ycco,(col,z 
clusters decreased in the order Y = Pr > H > Ph > EtOOC > Cl 

c191. The activity of Coa(COl* - Rua(COlla catalysts for 

hydroformylation of ethene at 110 "C and 76 bar was higher than 

that Cot( or RUDER alone. Infrared spectra of the products 

showed that no mixed-metal carbonyls were formed C203. Bimetallic 

systems composed of cobalt carbonyls and lanthanide complexes 



(Cp2Yb, CpaYbCl, CpzLuCl, and CpaLul were tested as catalysts 

the hydroformylation of 1-octene. No significant influence of 

lanthanide component on the activity and regioselectivity 

cobalt carbonyl catalysts was observed C211. 

See also C&1,64,851. 

for 
the 

of 

b) Rhodium Catalysts 

CI kinetic analysis of the Rh~(COl~,_-catalyzed hydro- 

formylation of 2-butenes indicated that the mechanism involves 

fragmentation of the cluster to mono- and binuclear Rh complexes; 

the mononuclear complexes are the catalytically active species but 

the larger part of the rhodium is present in the form of the 

binuclear complexes C223. The influence of reaction parameters 

(temperature, total gas pressure, and time) on the 

chemoselectivity and regioselectivity in rhodium-catalyzed 

l-hexene hydroformylation (Rhl(COlla as catalyst precursor) has 

been investigated. It was found that the chemoselectivity to 

aldehydes was complete at room temperature, it decreased with 

increasing temperature and decreasing total pressure, but it was 

independent of the conversion. The regioselectivity increased in 

favor of the linear isomer when the temperature was raised and was 

independent of both total pressure and conversion. These 
observations have been explained by the differing bebaviors of the 

linear and branched alkyl rhodium intermediates towards *hydride 

elimination under the reaction conditions C231. Excellent regio- 

and stereoselectivity was observed in the rhodium-catalyzed 

hydroformylation of the phosphite ester (2) at 100 "C and 35 bar 

CO + Hz which gave exclusively aldehyde (31. Similar regiocontrol 

was shown in the hydroformylation of (41 which gave only the 

branched-chain aldehyde (5). In contrast, the phosphate ester 
corresponding to (4) gave an approximately equimolar mixture of 

branched-chain and terminal aldehydes [24]. 

OP(OEtl2 

2 

- fYCHO 
hOP(OEt)2 

3 
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CHO 

mOP(OEtl2 - LOPtOEtl2 

4 5 

Similarly, excellent stereo- as well as regio-control WdS 

achieved also in the rhodium-catalyzed hydroformylation of 

substituted alkenylphosphines like (6) at 28 bar HZ/CO (1:l) in 

ethyl acetate solution using CRh(OAc)zlz as a catalyst precursor. 

At 43-55 % and 90 OC aldehydes and alcohols, respectively, were 

formed in good to excellent yield C253. 

\ cl 
CHO -a -a cw 

Cy/PPhZ CH2/PPb C&PPh2 

6 

Hydroformylation of the cyclohexenc derivative (7) with 

phosphine-free rhodium catalysts resulted in the formation of the 

two regioisomeric aldehydes (8a) and (8b) in a 2.3:1 ratio. The 
addition of different phosphines or phosphites increased the 

amount of (8bY. To increase the more valuable isomer (8a) the 

auxiliary m-(diphenylphosphinojbenzoic acid group was incorporated 

into the starting olefin (7) to give (9); this phosphinated olefin 

gave after hydroformylation with C(COD)RhOClc]p the two analogous 

regioisomeric aldehydes (101) and (lob1 in a 4rl ratio 1261. 

&+ - H H 

Me 
H 

OsiMe2Bd 

7 8a 



- 1Oa + lob 

h Ph2P ’ 
9 

Hydroformylation of olefins was studied under mild conditions 

(50 OC and 1 bar) using Rh4(COlIz as catalyst precursor. The Rh 

complex itself was not catalytically active under these conditions 

but showed high catalytic activity in the presence of phosphines 

C271. Hydroformylation of dimethyl itaconate (111 with rhodium 

car-bony1 catalyst leads preferentially to (121. This 

regioselectivity is completely reversed by adding phosphines to 

the catalyst whereupon (131 becomes the favored prosuct C281. 

YOOMQ 
CH3-Y-CHo - 

7H2 

COOMe 

COOMa 

CH2=; 

dH, 

dOWe 

tooMa 
OHC-CH2-CH 

iH2 

$OMe 

The hydroformylation of N,N-diethyl methacrylanide 

N,N,N',N'-tetraethyl itacondiamide using Rh4(C011a or Rh 4 

and 

(COblZ 
and (R,Rl-DIOP as the catalyst precursor was studied [29]. 

The mechanism of propene hydroformylation catalyzed by 
Rh-phosphine complexes has been studied using IR-spectroscopy. 
Oxidative addition of HP to PrCORh(COla[PPhala was found to be the 
rate-determining step C303. The effect of different ligands in the 

catalyst precursor and the effect of excess PRS(R = Ph, OPh, OMe) 

References D. 170 
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on catalytic activity and selectivity in the rhodium-catalyzed 

hexene-1 hydroformylation was studied at 3 bar and 80 "C. 

Selectivity of n-aldehyde formation increased with increasing PIRh 
ratio, this was accompanied in the case of R = OPh, OMe with the 

decrease of catalytic activity C311. Hydroformylation of hexene-1 

catalyzed by RhH(PEta)a or Rha(Ok)~/PRa, (R = Me, Et or Bu), at 

120 OC and 80 bar produces a mixture of aldehydes and alcohols in 

toluene or THF but exclusively alcohols in ethanol C321. Mdehydes 

(n + iso) were obtained in 80-85X yield in hexene-1 

hydroformylation at 40 OC under atmospheric pressure of CO:Ha = 

1:1 using Rh(acac)CP(OPh)aIx as catalyst precursor together with 

pyridine or other tertiary amine5 in toluene solution c333. 
Terpenes and related molecules were hydroformylated under mild 

conditions (35 bar, W-140 OC) using Rh-phosphine catalysts. The 
selectivity of monohydroformylation of polyunsaturated substrates 

and the effect of alcohol and ester groups on the reaction was 

investigated C341. 

The liquid-phase hydroformylation of a commercially available 

low-molecular-weight polybutadiene using HRhlCO)(PPh 1 with 89 
excess PPh* was examined in toluene at 77-114 "C and 22 bar CO:Ha 

= 1:l. Only negligible olefin hydrogenation was observed. A 

comparison of the hydroforrylation rates of a 1:l 

cis/trans-3-octene mixture with that of syndiotactic 

1,2-polybutadiene and cis-1,4-polybutadiene has shown that the 

influence of molecular weight on rate was not significant under 

the above reaction conditions CJSI. Syndiotactic 1,2-polybutadiene 

reacted about six times as fast as 1,4-cis-polybutadiene and 

furnished a product containing mainly terminal aldehyde groups 
1341. Hydroformylation of a low-molecular-weight polybutadiene 

composed of 12X 1,2- and 88% 1,4-units with Rh(PPhalaC1 catalyst 

in the presence of excess PPha was examined. Only negligible 

hydrogenation was observed and gel permeation chroratograpy showed 

that aldehyde formation was uniform over the entire range of 

polymer molecular weight [37,381. 

The phosphite MeC(CHxO)aP was found to be comparable to PPh, 

as ligand in the hydroformylation of ally1 alcohol with Rhl(CO),a 
or Rh(acac)(CO)a catalysts and even gave a more stable catalyst 

system. The free phosphite was subject to hydrolysis but 

coordination to Rh suppressed this reaction allowing catalyst 

recycling after aqueous extraction of the products CJ91. 
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Hydrofornylation of 2,3-dihydrofuran with HRh(COlIPPhals as 

catalyst gives the regioisbmeric aldehydes, tetrahydrofurfural and 

tetrahydro-3-furancarboxaldehyde. The effect of temperature, 

pressure, catalyst concentration , and solvent on the isomer ratio 

was studied C401. Hydroformylation of a-vinyl- and 2-propenylfuran 

was studied with HRh(CO)(PPhsls as catalyst. Vinylfuran gave a 

mixture of the two isomeric aldehydes whereas propenylfuran 

underwent a regiospecific reaction to yield aldehyde (14) in 89% 

yield C41J. 

CHO 
I 14 
CH-CHZ - CH3 

The [Rh(~L)(COlzla/PPh, system (L = thiolatol was used as 

the catalyst precursor in the hydroformylation of 1-hexene at 5 

bar (COxtis = 1~1) and 80 OC in 1,2-dichloromethane. The best 

result, 94% conversion and 77% selectivity in linear aldehyde, was 

obtained with the p*CeH4F ligand in the case of a lr2 = Rh:PPhs 

ratio C423. Styrene and P-vinylfuran can be selectively 

transformed into the corresponding aldehydes under mild conditions 

by hydroformylation in the presence of Rhz(~SR121COlzLa (R = tBu, 

Ph; L = PPhs, P(OMe)a, P(OPhI51 complexes as catalysts. In order 

to facilitate the recovery of the catalyst two way5 to 

heterogenize the reaction medium were investigated: using the 

water-soluble trisulfonated triphenylphosphine ligand and 
immobilizing the complex onto a solid support c431. 
Hydroformylation of 2,3_dihydrofuran at 80 "C and 5 bar (CO:Hx = 

1:l) using CRh2CCrS(CH2),N~z)t(CODlpl as catalyst precursor 
together with P(O-2-tBuC6HI)s as auxiliary ligand gave a complete 
conversion into a 77~23 mixture of tetrahydrofuran-2- and 
-3-carbaldehyde. The latter was formed selectively from 
2,5-dehydrofuran at 30 bar using PPhs as auxiliary ligand c441. 
The dimeric cationic complexes (131 have been prepared and tested 
in the form of their chloride or tetrafluoroborate salts as 
hydroformylation or hydrogenation catalysts. The complex (15al 
(BF41p in the presence of excess PPhs wa5 found to be the most 
active hydroformylation catalyst; all the chlorides were inactive 

t451. 

References p. 170 
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I’ 15~1; L- L’ = COD 

;)Rh<;=RhOL 
\L’ 15b; L= L’ = CO 

15c; L= CO, L’= PPh3 

The zwitterionic rhodium complex (16) is a useful catalyst 

precursor for the regioselective hydroformylation of vinylarenes 

and vinylethers to branched-chain aldehydes; aliphatic or 

aromatic, 1,1-disubstituted olefins afford, however, linear 

aldehydes in a regiospecific process. These reactions occur under 

remarkably mild conditions: 47 OC, 14 bar CO:H = 1:2 in z CHCl= 

solution 1461. 

16 

‘dh 
(COD) 

The bimetallic complexes Cp:Zr(CHzPPhz)aCRh(~SBu')(C0)12 and 

Cp~Zr(CHaPPh2)OCRh(CODIlBPh~ (Cp: = n-CsHIBuL) were prepared and 

tested as hydroformylrtion catalysts C471. The Keggin-type metal 

oxide cluster anions CXMlzO~oln- (X = Si,P; II = Mo,W; n = 3,4) and 

EP'JMolSO_l*- react with C(PPhS)sRh(CO)l+ in MeCN - EtOH to form 

C(PPh3)SRh(COl(ngCNllnXM 0 
s2 40 

and C (PPh,~SRh(CO)lnXtl 0 
i2 10 

complexes. The complexes catalyze the hydrotormylation of oletins 

to aldehydes and the oxidation of aldehydes by O2 to carboxylic 

acids. Accordingly, these compounds act as bifunctional catalysts 

C4Bl. 
Bee also C18,61,64,85,104,141,170,1B31. 

cl Platinum Catalysts 

The effect of reaction parameter6 (temperature, pressure, 

PPha/Pt molar ratio, Sn/Pt molar ratio, catalyst concentration and 
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solvent) in hydroformylation of n-butener using 

PtCl2(COD)/PPhs/SnC12 as catalyst precursor Was studied. The 
linearity of the aldehydes was in the range of 40-70X, and in the 

best case ca. 150 turnovers per hour were obtained c491. The 
addition of PPNCl resulted in a more active system with increased 

stability and decreased isomerizing and hydrogenating behavior 

c501. The effect of phosphorus liqands (L) on the activity and 

selectivity of the catalytic system PtCl2(COD)/SnCl2/L in 

(Z)-2-butene hydroformylation was investigated. Forty ligands were 

examined at 120 OC and 140 bar CO/H2 = l/l in CH2Cl*. With aryl 

phosphites, selectivities of 65-75% in n-pentanal were achieved, 

along with a high activity of the catalytic system C517. The 

hydroformylation of different olefins using 

cis_CPtC12(PPhs)2J/SnC12 as the catalyst at 80-90 "C and 100 bar 

CO:H2 = 1:l was studied. The results obtained with ally1 benzene 

(100X conversion, 87X hydroformylation with a selectivity of 80% 

in y-aldehydel are higher than those reported for Co- or Rh-based 

systems C521. The complexes trans-[PtCl(COEt)(PMePh=)=l and 

trans-CPtCl(COEt)(PMezPh)z3 were examined as catalysts in 1-hexene 

hydroformylation in the presence of an excess of SnCls at 80 "C 

and 100 bar in toluene or CHaCla solution E531. Platinum complexes 

containing PhaP(O)H are active hydroformylation catalysts at 

80-100 OC and 30-100 bar; the reaction rates are the same as those 

obtained with platinum-trichlorostannate catalysts. Both aldehydes 

and alcohols are formed. Several alkyl and acyl complex 

intermediates have been identified 154,551. The effect of chain 

length of chelating phosphines and the basicity of nitrogen-base 

additives on hydroformylation of styrene and a-Me-styrene with 

PtCla/bisphosphine/SnCla catalysts was investigated at 100 "C and 

80 bar (CO/Ha = l/l) in toluene solution [E&l. 

The hydroformylation of (+I-R-limonene (17; X = Ha) and 

(-I-R-carvone (17; X = 01 in the presence of ptc1*-- 

-bisphosphine-SnCla catalytic systems at 40-120 "C and 80 bar 

resulted in the corresponding linear aldehydes (16,. The 

diastereomeric composition of the products upon variation of the 

chelating phosphine in the catalyst was studied [57]. 
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xQ - x$?_ 
17 18 

Mixtures of the complexes CPt(CpH411(+1-DIOPll ant 

CPtC1z((+l-DIOP)l were found to be active catalysts for 

hydroformylation of styrene and l-hexene at 100 OC and 100 bar. 

Asymmetry induced in the branched aldehydes wa5 10 and 2X, 

respectively CSSI. The hydroformylation of methyl methacrylate 

using C(R,R)-DIOPlPt(SnCla)C1, CRh(C012CIlZ + PPha + EtaNr 
CRh(C012C11Z + (S,S)-chiraphos * EtaN, and Rh+(CO) 

12 
catalyst 

precursor5 was reported. In the case of the Pt catalyst, 

(Sl-OHCCH(Me)COOMe was formed with 37% ee C591. The platinum(O) 

complexes Pt(C2H11L (L = (+I-DIOP, or 191, when promoted by 

MeSOaH, become active catalysts for styrene hydroformylation. No 

enantioselectivity was observed when using (+I-DIOP as ligand 

C601. 

CH2PPh2 

CH2PPh2 

See also [18,61,643. 
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d) Other Metals as Catalysts 

Hydroformylation of vinyltrimethylsilane catalyzed by Rh, Pt, 

Co, and Ru complexes was studied. Rhodium catalysts like 

HRh(CO)(PPha)a showed high activity but low regioselectivity at 80 

OC and SO bar (CO/H2 = l/l). Addition of a large excess of PPhs, 
increasing Poe, or lowering temperature improved the 

regioselectivity to n-aldehyde. With Cot( or with 

PtC12(PPha)2/SnC12 as catalysts, exclusively n-aldehyde was 
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obtained at 120 % or at 100 OC, respectively. Ru,(COliz gave the 
n-aldehyde with 86X regioselectivity Cbll. A 1O:l ratio of 

n-butyraldehyde and isobutyraldehyde was obtained in propene 

hydroformylation at 120 % and 27 bar CO + Ha (1:l) using 

[Ru's(saloph)CO1 as the catalyst in aqueous medium. A turnover 

rate of 17 mol/mol catalyst.hr was reported C621. The kinetics of 

l-hexene hydrofornylation in the presence of KCRurL* IsalophlCl~l 
as the catalyst in EtOH at 130 "C and 21 bar CO + Ha was studied. 

The conversion of l-hexene to a mixture of l-heptaldehyde (75X1 

and 2-methylhexaldehyde (25x1 was found to be first order with 

respect to the catalyst, substrate, CO, and Ho' concentrations. 

Based on these results a mechanism was suggested C631. 

The regioselectivity of hydroformylation of alkenes can be 
controlled by the use of bulky silyl groups attached to the 

alkene. Use of the tSu?hzSi- group leads to almost total 

regiocontrol (catalyst not given) C641. 

See also C19,20,21,47,48,157,1701. 

el Heterogeneous Sys terns (Supper ted Compl exesl 

Six kinds of zeolite catalysts containing Rh, Ru, or Co were 

prepared by cation exchange and tested as catalysts for the 

hydroformylation of 1-hexene. In general, bimetallic catalysts 

showed high catalytic activity. Addition of free PPha proved to be 

advantageous C651. Ruthenium-loaded NaX zeolite catalysts could be 

carbonylated to ruthenium carbonyl-loaded zeolite which was used 

as catalyst for the liquid-phase hydroformylation of l-hexene. DMF 
favored normal aldehyde, pyridine favored normal alcohol formation 

C661. 
A novel family of supported aqueous-phase Rh catalysts has 

been described. These catalysts consist of a water-soluble 

organometallic complex supported in a thin film of water residing 

on a high-surface-area hydrophilic solid. The catalytic reaction 

takes place at the water-organic interface where the organic phase 

contains the reactants and products. Hydroformylation of oleyl 
alcohol was accomplished at 100 "C and 51 bar using a Rh catalyst 
prepared from Rh(CO)z(acac) 1671. 

The vapor phase hydroformylation of ethene and propane at SO0 

torr and SO "C using cellulose acetate films containing 
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HRh(CO)(PPh,)s and PPh?, as the catalyst was investigated. The 
turnover rate with the membrane-supported catalyst (Cd. 25 mol 
propanal/mol Rh.h) was equal to or even slightly higher than that 
obtained under similar conditions using a homogeneous solution of 

HRh(CO)(PPhSIS in P-methylnaphthalene solvent E&183. 

The catalytic activity of RhCl(COf(PPh 1 immobilized to 92 
different crosslinked poly(styrene-divinylbenzene) copolymers was 

evaluated in the hydroformylation of propene. The activity of the 

catalyst was influenced by the degree of crosslinking, and the 

n-butyraldehyde/isobutyraldehyde selectivity increased with 
decreasing crosslink ratio [69]. Rhodium(I) complexes anchored to 

divinylbenzene crosslinked phosphinated polystyrene were prepared 
and used as catalysts for hydroformylation of l-heptene. Catalysts 

prepared from Rh complexes containing F,C=- ligands were more 

resistant against deactivation than those prepared from chloride 

containing precursors E701. The stability of a polymer-supported 

rhodium complex has been studied in the hydroformylation of 

hexene-1, using CRh(CO)$l] as z catalyst precursor and 

poly(vinylbenzy1 diethylenetriamine) as the polymeric ligmd. 

Elution of rhodium was strong during hydroformylation experiments 

but low in certain blank experiments. These results suggest that 

rhodium elution was probably related to the substitution of the 

polymeric ligand by a low molecular weight ligand during the 

catalytic cycle C71J. 

A new Rh dimer complex, trans-[: (RhCp*He)z(~CH,)pl, bound on 
the SiOz surface, was found to be more active (turnover frequency: 

0.00371min) and more selective (88.9%) than a conventionally 

prepared Rh/SiO= catalyst in ethene hydroformylation at 140 "C and 

0.4 bar total pressure of CH2=CHZ:CO:Hz = 1:l:l. The structural 

change of the Rh dimer sites in each reaction step of the 

catalytic hydroformylation was followed by means of in situ FT-IR 

and in situ EXAFS techniques. Based on these results a 

metal-assisted CO insertion mechanism was proposed [72,731. 
Silica gel-bound RhFe, PtFe and IrFe carbonyl clusters were 

found to exhibit high activities for CI alcohol formation in 

propene hydroformylation (162 "C, 1 bar total pressure) compared 

to that observed with RhJ(CCl)_ as the precursor c741. The 

hydroforrylation of l-hexene with ZSH zeolite-supported Ir 

catalysts has been investigated. Shape-selective zeolite affected 

the ratio of straight to branched aldehyde products C751. 
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Several polymer-supported transition metal catalyst have been 

prepared and tested for different organic reactions: platinum 

catalysts supported on polystyrene containing chiral diphosphines 

for asymmetric hydroformylation, ruthenium catalysts supported on 

polyquinoline for the oxidation of alcohols to aldehydes, and 

ruthenium, rhodium, or cobalt catalysts supported on silica 

containing chelating phosphinee for CO reduction, homologation and 

hydroformylation 1761. 

See also C431. 

3. Hydrocarbonylation (Homologation) of Alcoholr and Emtorr 

with C8 + Ha [H81RSl 

A new cobalt phosphine carbonyl 

Co(COls(PBuS)PBuz(Ol, was found to be a very effective 

for the homologation of methanol at 230 "C and 200 bar 

complex, 

catalyst 

co + HO 

pressure. Clt 29X conversion of methanol, 89X selectivity in 

ethanol formation and 2% selectivity in propanol formation was 

observed in benzene solution 1771. The kinetics of methanol 

homologation promoted by a catalyst formed in situ from cobalt 

acetate, PPh a, and methyl iodide was studied at 185 "C and 190 bar 

CO/Hz = l/l pressure by operating under batch conditions. Kinetic 

equations for the formation of acetaldehyde, ethanol, 

l,l-dimethoxyethane and methyl acetate were evaluated and used to 

represent the deactivating effect of reaction product on the 

catalyst, the positive effect of CO pressure on the homologation 

reaction rates, and the role of iodine C781. Testing other metals 

a5 cocatalysts, the Ru/Co combination showed a strong synergetic 

effect and a high selectivity to ethanol c797. Alcohol 

homologation catalyzed by cobalt-ruthenium-iodine complexes was 

studied at 170-200 OC and 450 bar CO:HZ = 1:2 pressure. Primary 

alcohols were found to be less reactive than secondary ones and 

much less than tertiary alcohols. The beneficial cocatalytic 

effect of the ruthenium component was mainly observed with primary 

low-molecular-weight alcohols. In addition to the expected 

homologue, also isomeric alcohols were produced in a ratio 

depending upon the alcohol [80J. 

The hydrocarbonylation of methanol to acetaldehyde by means 
of a catalytic system consisting of CoIa and the bisphosphine (201 
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with synthesis gas between 130 and 190 "C has been studied. At 270 

bar, PlaOH/ligand/CoIx = 800/1/l and 190 "C conversions reached 

approximately 90X and the total acetaldehyde selectivities were 

higher than 00% C81J. 

A novel catalytic method for homologation of benzylic or 

allylic type alcohols has been reported (eqr.1 and 2). The 

acetates of these alcohols react with excess HSiHe?, under 1 bar CC 

in the presence of Cox(CC), in benzene solution to afford the 

MeaSi-ether of the homologated alcohol in 70-92X yields. The 

reaction takes place also with naphthyl-, furanyl-, thiophenyl- 

and ferrocenyl methyl acetates C823. 

Ct$OAc CH2CH2OSiMQ 
4 2 HSi,MQ3 + CO -) + MQ3SiOAc 

OMQ OMU (Qq*1) 

79 ‘I. 

Ph/\\/\OAc + 2 HSiMe3 + CO - Ph/\\/\/OSiMQ3 + Me3SiOAc 

73 ‘I. 
(crq.2) 

The homologation of methyl formate to methyl acetate 
catalyzed by rhodium complexes in N-methylpyrrolidone was studied. 

In the presence of I- as promoter at 10 bar CC pressure and 195 
*c, selectivitier above 951 were found C833. The catalytic 
hydrocarbonylation of methyl acetate to ethylidenediacetate (eq.3) 

at 130-190 OC and CC:H = wa5 t 2:l pressure investigated using 
silica anchored (ether-phosphinej-rhodium and palladium complexes 

C843. 
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2 MoOAc + 2 CO + H2 - MQCH(OAC)~ + AcOH (=I. 3) 

See also E761. 

4. Coordination Chomirtry Rolatmd to Hydrotormylatim 

The reactions of Rh4(COlla and CoaRh(COliz were investigated 

in polar solvents under CO or CO + Hz pressure by electrochemical 

and IR spectroscopic methods. Both carbonyls were tested for the 

hydroforeylation of 1-hexene in HeCN C851. The kinetics of H 2 
activation by CoRh(CO1, were studied by high-pressure in situ 

infrared spectroscopy. The reaction was found to be first order in 

both CoRh(CO), and Hz, and zero order in CO. Based on this result, 

it was concluded that Hz reacts with CoRhfCOl, in a bimolecular 

reaction without the prior dissociation of a carbonyl ligand T.863. 

The conversion of Rh4(C01_ and Rh6(COl into the active 
id 

hydroformylation catalyst by reaction with CO, Hz, and olefin was 

studied C871. The acyldihydridoiridiur complex IrHz(COEtl(COl 

(dppel has been prepared. This is the first characterized example 

of that intermediate of the hydroforaylation catalytic cycle which 

preceeds the formation of the aldehyde. The complex eliminates 

propionaldehyde, a reaction that models the final 5tep of 

hydroformylation [88J. 

See also C250]. 

5. titer 6as Shift F&action and f?oductim with CO, CO + Hz, or 

CO + HP. 

The water-gas shift reaction has been observed to take place 

between 100 and 200 "C with CHFeHa(COl,,l- (H = 0s or Rul 

supported on naqnesia as catalyst E893. A catalyst from Ru,WO)~ 
and 2,2'-bipyridine was found to be the most active (4400 

turnovers per day at 150 "C and s 1 bar CO) in catalyzing the 

water-gas shift reaction, among other iron group metal home- and 
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heteronuclear clusters tested C903. A new cycle for the 

Pt-'&-catalyzed water gas shift reaction has been proposed C913: 

H’, c,_ 2 Pt6nC1312C+12-\_ 

[PtH(SnCl$2Cl12- [Pt(CO) (SnClg)p Cl]’ 

SnClq 

)/ 

SnCl4 

[Pt(CO)(SnCl3)3Cl2]- 

CO2 + H+ H20 

Ketoximes (21; R',R'=alkyl or dry11 were efficiently reduced 

to ketimines using catalytic amounts of RUDER at 100 "C under 

20 bar CO with isolated yields between 70 and 100 C923. 

R’\ R’ 
R2,C=N-OH + CO - ‘C=NH + CO2 

R2’ 

21 

Ureas are formed as the main products in the 

Rua(COliz-catalyzed reduction of substituted nitroaromatics in 

cyclooctene or cyclohexene solvent at 170 "C and 60 bar CO 

pressure C931. The reductive carbonylation of nitrobenzene to 

phenylurethane catalyzed by Ru(IIIl-Schiff base complexes has been 

studied. Among the complexes tested, KCRu(salophlClJ showed the 

highest catalytic activity at 160 "C and 15 bar CO in ethanol 

(saloph = (2211 C941. The rate of phenylurethane formation was 

first-order each in catalyst, CO and nitrobenzone concentrations 

E951. 
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22; saloph 

A highly selective palladium-catalyzed synthesis of 

N,N'-diphenylurea from nitrobenzene, aniline and CO was reported. 

In the most favorable case with a Ph(OClclz + NEtdC1 * PPha 

catalyst, the conversion of nitrobenzene was 100% at 120 "C and 40 

barC0 in toluene solution, and the diphenylurea yield was 98% 

C963. Reduction of nitrobenzene with CO in BuOH - H,O 

HCIOI1 solutions catalyzed by Pd-PPh 9 complexes 

investigated. It was shown, that the reduced forms of 
are Pd2(PPh31~(COl.H2SOI and Pd2(PPhs)~(CO).HCIO~ which 

- HzSO * (or 

has been 

the catalyst 

react with 

PhNO* to give PhNO and the oxidized forms of the catalyst, 

Pd(PPhSlzSOI and Pd(PPhs12(HZOl(C1011 C971. 

Reduction and reductive carbonylation of nitrobenzene by CO 

or CO + H in the presence of Rus(COlls as catalyst has been 2 
reinvestigated. Depending on the reaction conditions, aniline, 

PhNCO, and (PhNH12C0 were the main products. The mechanism of the 

reaction was modelled by studying stoichiometric reaction5 of 

several triruthenium carbonyl clusters like CRus(COllo(~,,-NPhll 

under conditions of the catalytic reaction. Two catalytic cycles 

were proposed C981. 

Iron pentacarbonyl showed a high catalytic activity in the 

liquefaction of soft brown coals with CO + Hz0 at 400 "C and 200 

bar. This was attributed to its solubility in the coal-oil mixture 

and the fine dispersion of Fe in the reaction mass E991. 

See also C103,13&3. 

6. Hydroformylation-Related Reactions of CO 

The extent of ketone formation in the hydroformylation of 

ethene and propene with cobalt carbonyl catalysts at 120-150 "c 

has been investigated. fit olefin conversions above 90X, 2.5-3.6X 

of ethene and 0.22-0.42X of propene were transformed into diethyl- 
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-ketone and C,-ketones, respectively. The iPrCOPrL : iPrCOPr : 
PrCOPr ratio was O-2:1.2:1 C.1001. 

The effect of functional groups in the Rh- or Co-catalyzed 

hydrocarbonylating cyclization of 1.4-dienes (231 or (241 on the 

yield of substituted cyclopentanones (251 was investigated. Dienes 

(231 with Y = COOR, OH, OR, and OAc result in the corresponding 

cyclopentanones (231 in moderate to good yields El011 whereas 

dienes (24) with 2 = OH, OMe, Ok, and OSiRa loose the original 

functional group Z during cyclization ClO23. 

23 24 25 

Carbonylation of cyclohexene in an alcohol/water (SO/201 

mixture catalyzed by CRu”(EDTCI-H)(CO)l at 120 OC and 20 bar m 
yields cyclohexene-l-carboxaldehyde (20X1, cyclohexene- 

3-carboxaldehyde 120x1 and cyclohexane carboxaldehyde [cSOy.l. The 

cyclohexane derivative is formed via hydrogenation of the 

unsaturated aldehydes by HP formed in a water-gas-shift reaction 

c1031. Hexene-1 could be hydroformylated to n-heptanol and 

2-methylhexanol with CO in the presence of HRh(PEtSjS as catalyst 

using alcohols as hydrogen source ClO43. Diphenylacetylene was 

hydrocarbonylated at 220 OC under 30 bar CO pressure in iPrOH in 

the presence of MI(CO)LZ (M = Co,Rh,Ir_) catalysts. The cyclic 
ketone (26) was formed in 42% yield together with carbonylated, 

hydrogenated and oligomerized products. In the presence of 

MI)(COl12 (M = Fe,Ru,Osl, no hydrocarbonylation but selective 

hydrogenation to stilbene occurred. Rua(COlla showed the highest 

catalytic activity and gave 99Y. yield of stilbene (E/Z = 841161 at 

100% conversion f1053. 

26 
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In connection with intermolecular hydroacylation of olrfins 

with aldehydes it was found that a mixture of n-heptanol and 

cyclohexene at 200 "C and 20 bar CO pressure in the presence of 

catalytic amounts of Rua(COlla gave cyclohexane carbaldehyde as 

transhydroformylated product in 29% yield C1063. 

ortho-Propenylanilines (27 and 28; R = H, Me, Ph, p-tolyl; X 

= H, Me, Cl) were hydroformylated with Rh-PPh, catalysts at 60 "C 

and 28 bar. The parent compound (271 gave exclusively the 

dihydroquinoline 1291 but the alcohols 128) were transformed into 

a mixture of quinoline (301 and dihydrobenzazepin (31) 
derivatives. With larger R substituents the selectivity of 

dihydrobenzazepin formation was 83-912 ClO71. 

H 

m 

/ 
\I 1 - 

m 
Ma 

NH2 ’ d 

27 29 

Piperidones (32; Ri = H, Me, Ph, 2-MeCy; RZ = H, 2-MeCyI Rs = 

H, Mel were prepared in high yields from S-aminopent-i-cnes and 

syn gas at 30 bar and 50 OC using CRh(OAc)ala and PPh, as catalyst 

precursors C1083. 

R3 R3 
R2 

xl 

CO* H2 R2 

ti 

Ma 
I - 

R’ NH2 R’ 
I! 

0 

32 

Hydroformamination (hydroformylation followed by reductive 
amination of the aldehydes with secondary or primary amines in one 
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step) of 2-vinylfuran (351 using HRh(COl(PPhala as catalyst gave 

tertiary amines (341 or imines (55), respectively, with 42-85X 

yield ClQ91. 

7H3 

CH= CH2 CH- CbNR2 Or 

Styrene was hydroiminoformylated with cyclohexylisocyanide 

and Ha at 150 OC and 50 bar in the presence of catalytic amounts 

of Ru3(COIlZ Cl101 (eq.41: 

PhCH=CHZ l C6Hl,N=C l H2 - PhCH-CH3 

AH 
30% (oq.4) 

The mechanism of Coa(CO)a-catalyzed amidocarbonylation of 

aldehydes was studied on the basis of a stereochemical approach. 

The results of experiments and molecular mechanics energy 

calculations indicate that the direct hydrolysis (or alcoholysis) 

of acylcobalt species is the actual pathway of amidocarbonylation. 

It was concluded that the coordination of the amide carbonyl to 

the cobalt metal center bearing a water (or alcohol) as a ligand 

is crucial for the suppression of hydrogenolysis (the formation of 

an aldehydel and promotes hydrolysis (or alcoholysis) even under 

high pressure of Ha Cllll. 

See also [157,2131. 

7. Reduction ot COa 

Dititanodecatungstophosphate, CPTiaWloO_17- was found to act 

as a multielectron transfer catalyst for the photochemical 

reduction of COa to CHI in aqueous solutions containing methanol 

as the electron donor C1123. 
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Electrochemical reduction of Cot into formate was carried out 

by using FedSSI cubane clusters (36) in DMF with initial current 

efficiencies of 40% (3(k) and 23% (36bl C1133. 

Y 
36a; X=-;-F- 

0 Mo 

36b; X= -C-f-3--CHy 

d 

The electrochemical reduction of CO* to CHI was studied on 

Nafion polymer electrolytes with chemically deposited transition 

metals (Re,Ru,Os,Rh,Ir,Ni,Pd,Pt,fig, and club. Rate of COa reduction 

increased with increasing heat of formation of the corresponding 

metal formates; this correlation suggests that formic acid (or 

formate) is the intermediate of the reduction c1141. Formate is 

photogenerated by visible light irradiation from CO= in DMF 

solution containing triethanolamine as electron donor in the 

presence of Ru complexes. Two catalytic systems have been 

investigated in detail: the first is composed only of tRu(bpylSJZ* 

and prodeuces the active catalytic species by photolabilisation of 

a bipyridine ligand, the second consists of LRuLf+ (L = 
bipyridine derivatives or l,lO-phenanthroline) as photosensftirer 

and a Ru-bpy-CO complex as homogeneous catalyst CllSl. Irradiation 

with visible light of a CO+-saturated triethanol- amine/DMF 

solution containing tRu(bpy1a12* and CRu(bpylz(CO)~12+ selectively 

produces HCOO- with a maximum quantum yield of 14%. Ale0 

l-benzyl-1,4-dihydronicotinamide be used instead of 

triethanolamine as electron donor, in this case along with some 

HCOO- mainly CO was the reduction product C1161. 

Carbon dioxide has been reduced catalytically $0 methanol 

with an electrode mediator and 1-nitroso-2-naphthol-3,C- 

-disulphonatocobalt(IIl and aquapentacyanoferrate(I1) complexes in 

0.1 M KC1 solutions. A hydrogen fuel cell was used as an mergy 
source to regenerate the active mediator c1171. The polypyridyl 
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bridging ligand coeplcxes tRh(LlzBrtli and CIr(L)zClzl* (L = 

37-101 catalyze the electrochemical reduction of CO* to foreate. 

The substitution of these bridging ligands for 2,2'-bipyridine 

produces complexes which require lower potentials for this 

reduction ciie3. 

37 

Nickel(II1 coeplcxes of the long-alkyl-substituted cyclam 

derivatives i4lb,c) were prepared and imbilized as eonolayers 

onto glassy carbon disc electrodes. These electrodes were foynd to 
be active for the electrocatalytic reduction of CO* despite the 

small aeounts of catalysts when coepared to the analogous, 

hoeogeneous systee c1193. 

RN f-7 +la; R,R'= H (cyclam) 
N N 

,R’ 

c 1 41b; R= nC16H33, R’=H 

R 
,N % 

U R 41~; R,R’= nC16H33 

The hoeogeneous catalytic reduction of CO* by a Pt 

coeplex was reported C1201. The platinue cluster 

[Ptz(~dppe)sl catalyzes the reversible reaction 

COP + Hx + "*NH HCONflez+HOz 

cluster 

coeplex 



The hydrogen producing reaction of DMF with water has been studied 

now at 100 "C in some detail. The activity of the catalyst 

gradually diminishes because some CO is formed as byproduct which 

poisons the catalyst Cl211. 

The electrochemical reduction of CO at various 2 metal 

electrodes in aqueous UHCOs solution was studied. Copper showed 

the highest electrocatalytic activity in formation of 

hydrocarbons, aldehydes, and alcohols C1223. 

See also C213J. 

III. BTION MD REWCTION 

1. Deuteration and H/D or H/t exchange 

From the stereochemical course and pattern of D-incorporation 

during hydrogenation of unsaturated carboxylic acids catalyzed by 

Ru(OAc)~(BINCIP1 it was concluded that a mechanism involving Ru 

monohydride complexes is operating c1233. Tripalmitolein, 

triolein, trilinolein and trilinolenin were deuterated with Dx 

using Rh(PPh3)sCl as catalyst. The deuterated triglicerides were 

transformed into methyl esters and analyzed for isotopic purity in 

this form. The dx products were 93-97X, the dd product 74X, and 

the ddrproduct 58% pure C1243. Selective hydrogenation of the 

prostaglandin derivatives WFxo and PSEs with deuterium in the 

presence of Rh(fVhplaCl in dioxane gave S,b-deuterated analogs 

with 60-00X yields and isotopic purities of 85-WY. Cl233. The 

mechanism of alkene hydrogenation with colloidal rhodium species 

stabilized by polysulfonated phosphines and phosphine oxides (CIS 

1988, ref.1161 was investigated using D2 in DzO or Hz0 and 

alternatively Hz in DzO. The results show that H(D) both from 

Hz(Dzl and HzO(DzO1 are incorporated into the product, the 

activation of Hp(D2) being predominant C1263. 

Hydrogen-deuterium exchange between 

catalyzed by L2Rh(H)Clz (L = PPr: or 

HP and CdDd or CdDsCDs is 

PCy.1 in the presence of 

solid KOH and by (PF+~lpRu(HIC1(CO1 in the presence of SO% aqueous 

NaOH and (PhCH2NfIt!,lC1 C1273. A new mechanism was proposed for the 

multiple H/D exchange in alkanes in the presence of Ft(IIl 

complexes Cl281. 
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Hydrogen isotope exchange of nitrobenzene with tritium gas 

and with tritiated water was studied over heterogeneous and 

homogeneous forms of Ni, Pd, and Pt. It was found that the 

exchange with tritiated water is characteristic for homogeneously 

catalyzed isotope exchange C1291. 

See also C1711. 

2. Hydrogenation of Olefinr 

a) Fe and Ru Catalysts 

Hydrogenation of cyclohexene and phenylacetylene with 

Fe(W). + Et,&1 catalyst system was studied. The composition 

the system varied during the course of hydrogenation El301. 

catalytic activity of the complexes formed in situ from Et,&1 

the 
of 

The 

and 

CFenCr 0(OOCR)6(Ht0)93NO~ (n = O-3; R = Ci4, CIs, Ci, linear 9-l-l 
alkyl) exceeds that formed from Et$l + Fe(St)s. This supports the 

determining role of polynuclear complexes in Ziegler hydrogenation 

catalyst5 C1311. Kinetic and mechanistic experiments have shown 
that hydrogenation of a-cyclopropylstyrene by a series of metal 

carbonyl hydrides (HCr(COISCp, HFe(CO)$p, HHn(CO)s, 
HrloNm)sCP*, 

HFe(CO)xCp*, 
HHn ( CO 1 4PP hs , HMo(CO)sCp, HMo(CO)~(PW~~ICP, 

HW(C0j3Cp) occured by a radical pathway. Rate-determining is the 

first hydrogen atom transfer in which a carbon-centered radical is 

formed, followed by a faster second hyrogen atom transfer from the 
metal hydride to this carbon-centered radical. The rate of the 

first hydrogen atom transfer is largely influenced by the strength 
of the M-H bond C1321. 

CI slow hydrogenation of 2-norbornene-5-carboxaldehyde to the 
norbornane aldehyde at 1 bar Hz and 65 “C in the presence of 
RuHC1(CO)t(PPhs)2 was observed c1331. The molecular hydrogen 
complex C($-Hz) (dppb)Ru(~-CllaRuCl(dppb)3 catalyzes the 

hydrogenation of alkenes in N,N-dimethylacetamide solution at 30 

OC and the transfer hydrogenation of acetophenone by iPrOH at 50 
OC in the presence of KOH c1341. Divinylbenzene-styrene 

copolymer-supported ruthenium-(trimethylenediamine) complexes were 

found to be active for cyclohexene hydrogenation in methanol at 

35-50 OC and 1 bar Hz C1351. ’ 
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Reductive alkylation of active methylene compounds was 

observed when heated with aldehydes at 135-230 "C under 100 bar 

synthesis gas in the presence of ruthenium carbonyl. E.g. from 

PhCHsCN and HCHO 86X isolated yield of PhCH(CHs)CN was obtained. 

The reaction pathway presumably involves aldol type condensation 

between the substrate and aldehyde, dehydration, and hydrogenation 

of the resulting olefinic bond C1363. 

See also C1031. 

bl Co, Rh, and Ir Catalysts 

The relationship between hydrogenation catalytic activity of 

CCo(dpnHll+X complexes (dpnH = trimethylenedinitrilodibutanone; X 
- _ 

= I , Br , SCN , H 0 2' PPh s, pyridinel, the ligand field parameters 

of the various X ligands and the ligand donor strength of the 

solvents used was studied C1373. The near IR spectra of CoidmgHfz 

and related complexes have been discussed with respect to the 

activity of these complexes as hydrogenation catalysts C1383. The 

/3-cyclodextrin-HCo(CN)s'- system has been found to be active in 

catalytic hydrogenation of a,@-unsaturated acids and their 

derivatives under 1 bar HZ at 70 OC C1393. The Co(acacls + EtaAl 

catalytic system looses its hydrogenating activity in the presence 

of co; Coz(COI, is being formed. The same deactivation was 

observed with the phosphine-containing catalytic systems Co(acac)s 

+ PRs + R’M (R’M = BuLi, PhMgBr) [140]. 

CI detailed study on the hydrogenation of various alkenes and 

alkynes and of the hydroformylation of alkenes has been carried 

out using organorhodium complexes containing MeC(CHPPhs)a c1.411. 

The activity for hydrogenation of olefins of the catalytic systems 

composed of CRh(OClclplz and l,lO-phenathroline, 2,2'-dipyridyl, or 

some of their derivatives has been investigated in methanolic NaOH 
solutions C1421. The binuclear Rh complexes CRha(hfacacl~Ls3 

(hfacac = hexafluoro acetylacetonato; L = axial pyridine or H,O 
ligand) are effective catalysts for the hydrogenation of 

allylbenzene. addition of PPhs greatly increases the activity 

11431. The tridentate rhodium(I) chelate complexes (PBCIlRhCl and 

(PPA)RhCl (PEA = bis(4-(diphenylphosphinobutyl)benzyl)pnine; PPCI = 

bis(3-diphenylphosphino)propyl)arine) were compared in catalytic 

cyclohexene hydrogenation. The rate-determining step is for both 
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catalysts dependent on chloride dissociation; accordingly the rate 

Of hydrogenation increases in polar solvents c1443. The 

hydrogenation products of 2,5-norbornadiene, 2,S-dihydrofuran and 

2,3-dihydrofuran using parehydrogen and CRh(NBD)2(PPhs)21*PFd or 

RhCl(PPhala as catalyst precursors in C6Dd show nuclear spin 

polarization in their H-NMR spectra [1451. A kinetic study of the 

hydrogenation of cis-1,4_polybutadiene in o-dichlorobenzene at 65 

OC and <1 bar Hz in the presence of RhCl(PPhala as the catalyst 

was performed C1461. Rhodium(II1) complexes of organic sulfides, 

RhC13Ls (L = different dialkyl sulfides), were tested as catalysts 

for the hydrogenation of maleic acid. A relation was found between 

the extent of dissociation of these complexes in solution and 

their catalytic activity C1471. The relative initial rates of 

l-hexene hydrogenation in acetone catalyzed by Rh(CODlL + 

complexes were found to be 1:7.5:13 for L = PPhs; (421, and 

respectively C1481. 

Rhodium-phyllosilicate catalyst precursors were prepared by 

supporting CRh(NBDl(MeaCO1xlC1OI on polygorskite or 

montmorillonite. These catalyst precursors became active for 

l-hexene hydrogenation in the liquid phase only after keeping them 

for some time under the reaction conditions C1491. The activity of 

the catalysts remained constant over several runs and no leaching 

was observed c1501. A polymer-anchored Rh catalyst has been 

prepared by sequential attachment of ethylenediamine to 

chloromethylated styrene-divinylbenzene and treating the 

functionalized polymer with RhCla.3HaO. This catalyst has been 
used for the hydrogenation of 1-octene [1X]. The physically 

entrapped complex (441 inside of cross-linked polystyrene was 

found to be an active catalyst for 1-hexene hydrogenation in 

methanol at 3 bar Ha pressure ClS21. 
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PF; 44 

Pt; ‘Ph 

A catalytic cycle for ethene hydrogenation using 

CIrHI(PMezPh)s]* as precursor has been established. One of the 

intermediates contains both an ethene ligand and an ethyl group 

C1533. The catalytic activity of cationic complexes of Ir(1) and 

Ir(III1 containing thioether and dithioether ligands was studied 

in hydrogenation of l-heptene and cyclohexene at 25 "C and 1 bar 

Hz in CHtClz Cl541. 

See also [105,156,164,3351. 

cl Ni, Pd, and Pt Cd talysts 

Ziegler-type homogeneous 

Co, or Pd salts were used to 

catalysts containing EtsAl and Ni, 

hyrogenate methyl linoleate under 

very mild conditions selectively to monounsaturated products. 

Node1 experiments showed that this selectivity was mainly due to 
the 1,4-position of the double bonds; dienes with greater distance 

between the double bonds were hydrogenated with less selectivity 

c1553. 

Unsaturated substrates were hydrogenated with PdCla or RhCls 

as catalysts in the presence of (tleOCHzCHzOCHzCH21sN L1563. The 

palladium carbonyl hydrido complexes CPd~(phenl~(CO12Hzl 
(OAclz.2AcOH and CPd~(phenlS(C01SHHzl(OAcl~.2AcOH catalyze the 

hydrogenation of olefins and the hydrocarbonylation of ethene to 

propanol and diethyl ketone C1571. Catalytic hydrogenation of 

alkenes, alkynes, organic nitro compounds, and compounds 

containing C=O, C-N, N==N, and CsN bonds has been carried out using 

or-tho-palladated complexes of the types trans+dLaXa and PdLL'Cla 

(L = 2_benzoylpyridine, 2-benzylpyridine, N,N-dinethylbenrylamine; 
L' = pyridine, PPhs; X = Oclc, Cl) in DHF. The actual catalytic 

species are Pd(L)(HlDRF complexes which have been isolated C15Bl. 
Hydrogenation of the unsaturated fatty acids-of living Tetrahymena’ 
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mimbres cells was attempted using palladium di-(sodium alizarine 

monosulfonatel as homogeneous catalyst. Chemical conversions were 

small and some enzymic retroconversion of saturated lipids to 

unsaturated lipids seemed to take place C1593. 

4-Vinylpyridine was copolymerized with divinylbenzene in the 

presence of silica gel to provide supports for PdCla and Pd(OAc)a 

hydrogenation catalysts. Kinetic results were given for the 

hydrogenation of cyclohexene at 30 "C and 1 bar ClbO]. 

(PhCN12PdC12 was supported on two copolymers containing carboxyl 

and pyridyl groups and employed as a catalyst for the 

hydrogenation of olefins under mild conditions. It was proposed 

that the Cl atom bridges present in the original Pd-polymer 

complexes were broken during activation C1613. Polymer-supported 

Pd catalysts for hydrogenation of cottonseed oil were prepared 

starting from different ion exchange resins. Catalysts with large 

pore diameters and surface showed the highest catalytic activity 

C1621. Palladium-lanthanoid bimetallic complex catalysts supported 

on chloromethylated beads derivatized with anthranilic acid have 

been synthesized and used for the hydrogenation of olefins. The 

promotion effect of the anchored Ln ions varied with their atomic 

number; the catalysts possessed the highest activity when the f 

electron number was 0, 7, or 14 C1631. Supported Pd and Rh 

hydrogenation catalysts were made by anchoring Pd(I1) or Rh(II1) 

salts on hydrogel polymers based on 2-hyroxyethyl methacrylate and 

other functional monomers. These catalysts were found to be 
effective for the hydrogenation of alkenes, alkynes and dienes in 

methanol and water under mild conditions (33 "C, 1 bar Hz C1641. 

Reacting Pt(OAc)* with octyl-, dioctyl-, or trinonylamine in 

toluene at RT gave products exhibiting catalytic activity for the 

hydrogenation of alkenes. Activity of the complexes was increased 

by supporting on AlaOS C1651. 

d) Other Metals as Catalysts 

An active hydrogenation catalytic system could be generated 

in situ by stirring a solution of CpaTiCla in THP with activated 

magnesium (metallic Mg either recovered from a Grignard reaction 

or activated by the addition of a small amount of 

1,2-dibromoethanel. The stable solution obtained in this way 
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effectively hydrogenated various types of olefins and acetylenes 
under ambient conditions C1661. Hydrogenation of l-hexene is 

catalyzed by Ti hydride complexes formed in situ from CpaTiClx (or 

its derivatives containing substituted cyclopentadienyl ligands) 

and IUaH or KH in toluene. Host of these catalysts exhibit high 

initial rates but then lose much of their activity within a few 

minutes Cl671. Hydrogenation of alkenes and cycloalkenes catalyzed 

by reduced CpzTiClz and by its immobilized analogue coordinatively 

bound to silica has been studied. The immobilized catalyst 

remained bound to the support and thus could be reused Cl681. The 

trinuclear complexes (Cp'Ti)xAlH,R (CP' = CsRs, 
R = Me, Bu, Ph, NEtz, BH4, OBu, OPr’) 

CsHJIe, CsRes, 
CsHIBuL; were prepared and 

tested as catalysts for the hydrogenation of hexene-1. Highest 

catalytic activities were observed for the complexes with R = OBu 

and OPr' Cl691. 

The hydrozirconium complex (r)~-tBuC~HH1)ZrHICH2PPh2) catalyzes 

the hydrogenation of olefins and diolefinr at 80 "C and 40 bar in 

THF solvent. The related bimetallic Zr-Rh complexes 

C(r)s-tBuCsH~)aZr(CHxPPhz)xRh(COD)3BPhl and (q"-tBuCsHd)aZr 

(CHtPPh+)zCRht(CrSBu')+(C0)23 act as hydroformylation catalysts at 

80 OC and 20 bar CO + Hp. The latter complex is significantly more 

active than Rhs(CI-SWIC)t(C0)2(dppb) c1701. Styrene was 

hydrogenated at 12 turnovers/min with 20 bar Ha at 25 OC using 

(43) and methylaluminoxane as catalyst. The catalytic deuteration 

using (-I-(46) and methylaluminoxane gave (-)-(RI-1,2- 

dideuteroethyl-benzene in 93% yield and 65X ee Cl713. 

45 ; R = Mo 

46; R = ( R I- binaphtholate 

The lutetium complex C(1,3-tBuC~H,BuC)~Lu(~~-H)ln 

the slow hydrogenation of l-hexene C1723. Catalyst 

composed of (CJleeRs)pLnClaLi(THP~~ + HH (Ln = Nd, Yb, 8d; 

catalyzes 

systems 

R= Me, 
Pr; M = Na, K) exhibit good activity for the hydrogenation of 

a-olefins. Removal of THP increased their catalytic activity but 
decreased their solubility in toluene. The activity of the 
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catalysts decayed rapidly in the presence of olefins C1733. 

Tridentate and bidentate polyquinolines were prepared by 

copolymerization of the three monomers (471, (481, and (491. 

Complexes of these polymers were used as catalysts for 

hydrogenation of I-hexene and hydroformylation of 1-pentene (metal 

not given) t1741. 

PhCb 

See also C131,132,163]. 

3. Asyvrtric Hydrogenation oT Oleflns 

The application of the complexes Ru(OOCRl~(BIN&P) (R = Me, 

tBu1 and CRuX(BINCIP)(arenellY (X,Y = halide1 for asymmetric 

hydrogenation of enamides, substituted acrylic acids, unsaturated 

carboxylic acids, allylic and homoallylic alcohols, pketo esters 

and a-amino ketones has been briefly summarized L1753. The 

substituted benzylidene succinic acids (501 were hydrogenated at 

room temperature and 3 bar with RuaCl~C(Rl-t+l- OF (Sl-(-l-BINWlz 

as catalyst to give the (Sl- and (RI-products (311, respectively, 

in over 90% optical yields. The corresponding alkylidene succinic 

acids (50; R = Me, iPr1 gave only significantly lower 

enantioseloctivities (63-7% eel Cl761. 

R Y COOH RF.. cook, R= ii 
- 

< 

d 
COOH COOH 

50 
4 e 

OMe 
51 
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The structure of the 1:l adduct formed from the asymmetric 

hydrogenation catalyst tRh(DIPMIPl~?leDH)zJ~ and methyl(Z)-r)- 

-propyl-a-acetamidoacrylate (an intermediate of the catalytic 

cycle) was determined. Also in this case the face of the C=C bond 

that is coordinated to the Rh atom is opposite to that to which Hz 

adds to form the predominant enantiomer of the hydrogenated 

product. Accordingly, the origin of enantioselection in 

hydrogenation is not the preferred mode of binding of the 

substrate but the higher reactivity of the minor diastereomer of 

the intermediate complex C177]. 

The catalytic asymmetric reduction of (l-naphthylmethylenel- 

succinic acid (521 with C(+)-BPPM-RhC1l/EtsN/H 7. (1 bar) in 

methanol or with C(+)-BPPM-RhC1041/H2 (5 bar) in PhH-EtOH gave 

(RI-(l-naphthylmethyllsuccinic acid (531 in 85X and 87% ee, 

respectively C1783. 

Nph 
a 

COOH HOOC COOH 

The hydrogenation of arylidene succinic acid half methylester 

(541 catalyzed by a rhodium(I) complex of the modified DIOP (561 
in the presence of EtaN gave optically active succinic acid 

derivatives (55) in 90-96X optical yield C1791. 

Ar\ Ar 
‘1 l/L I Z 

Hoot COOMQ ~oc-%OMP 

54 55 

Ar = 

PAr2 

PAr2 
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The prochiral unsaturated carboxylic acids (57) and (58) were 

hydrogenated in the presence of Rh(1) complexes containing chiral 

diphenylphosphines and diphenylphosphinites. Optical yields varied 

between 10-15X, indicating that the two substrates did not behave 

as bidentate ligandr. Highest enantioselectivity (45% eel with 

(58) was obtained using the chiral phosphine (59) Cl801. 

PhC / \ 4 Is - rc*” 
CH2 

57 58 59 

Rhodium complexes CCOD1Rh(PR,)21+PF~~ (or SW61 with new 

chiral electron-rich phospholanes (60,61, or 62; R = Me, Et, iPr_) 

were found to be efficient precursors for the enantioselective 

hydrogenation of methyl acetamidocinnamate and dimethyl itaconate 

to the corresponding phenylalanine and succinate derivatives. 

Quantitative yields and up to 91% ee were achieved at 1 bar H2 and 

25 OC ClEll. 

60 61 

R R 

62 

The chiral bisphosphine ligand (Ml was prepared and tested 

for the asymmetric hydrogenation of methyl (Z)-a-benzamido- 

cinnamate catalyzed by Rh(1) complexes. It was found that (6s) 

gave a lower ee than the related well-known BIN&P (Ml [1821. 
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Me 

Me 
PPh2 64 

PPh2 

The complexes [(P-PlRh(CODlJ+ formed from ERhlCODla3(BF41 and 
the chiral chelating bis(dioxaphospholane1 ligands (P-P) = (65; R 

= COOEt, COOPr', Phi were tested as catalyst5 for asymmetric 

hydrogenation of enamides and asymmetric hydroforaylation of 

styrene. Optical yields, however, were very low. Interestingly, 

the COD ligand was hydrogenated only after complete hydrogenation 

of the enamides Cl831. 

n 
R-J-j) pJ R 65 

Twenty-one optically active phosphines were tested as ligands 

in the Rh-catalyzed hydrogenation of (I)-a-acetanidocinnamic acid 

(AACl and of itaconic acid. Ligand (661 

hydrogenation of A&C at 1.1 bar Hz at 

catalyst from CRh(COD)Cll and (661 

(El)-N-acetylphenylalanine with 85-89 ee 

gave the best result. Thus 

30 "C with an in situ 

in methanol led to 

C1843. 

;Ph2 

Ph2P& PPh2 66 

Based on the crystal and molecular structure of the 

predominant diastereomer adduct of CRh(R,R-DIPAMP)(FieOH~~l~ 

(DIPANP = 67) and (Z)-/+propyl-cracetamidoacrylate (MPAA), it war 

concluded that the origin of enantiowlection in the 

CRh(R,R-DIP&HP)]*-catalyzed hydrogenation of tlPcIcI is not the 

preferred mode of binding of the prochiral substrate but, rather, 
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the higher reactivity toward Hz of the minor, less stable, 

diartereomer L1851. 

67 

The aminophosphine phosphinite ligands (RI- and (Sl-l-CloH,O 

CH(ORlCH2NRCHMel (R = PPh21 were prepared from the propranolol 

derivative R = H. Their neutral and cationic Rh complexes gave 
80-90x ee in the asymmetric hydrogenation of dehydroaninoacids 

C1861. &symmetric hydrogenation of methyl-a-acetaridocinnamate 

with CRhCOD)(L)]PF6 as catalyst (L = 6Sl gave the corresponding 

(A)-phenylalanine derivative with 33X optical yield C1871. 

H O-mant 

0 

68 

like (691 ware used as ligands Chit-al l-phosphanorbornadienes 

in the asymmetric hydrogenation of Z-a-acetamidocinnaaic acid 

CRh(CODlzl(PF61 as catalyst. Optical yields up to 30% 

achieved. Phosphines of this type are not susceptible 

racemization C1881. 

with 

were 

to 

Me 
Ph 

COOEt 

69 

The diphosphines (701-c) have been prepared and their 

cationic Rh(I1 complexes used as chiral catalysts for asymmetric 

hydrogenation of (Zl-a-acetamido cinnamic acid. Ligands (7061 and 

(70~) were more efficient than (7Oal C1891. 
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H a PR2 

k 
PR2 

70 

a; R = Ph 

b; R= 

Me 
c; R= Q NMe2 

Me 

Enantiomeric excesses of 67 to 97X were obtained in the enan- 
tioselective hydrogenation of Z-(4-MeO, 3-AcOC6HaCH=C(NHCOMe)COOH 

using the cationic complex CLzRh(NBD)Is* (La = the BDPP- derived 

water soluble phosphine 71) as catalyst in aqueous HBFI at 20 "C 

and 14 bar Hz C1903. 

v 71; Ar= ~&vle2H 
PA? PAq 

The relationship between product configuration and complex 

conformation of the catalyst in asymmetric hydrosilylation of 

acetophenone, ethyl acetoacetate and acetophenoxime, and in 

asymmetric hydrogenation of a-acetylaminocinnamic acid was studied 

using CRh(COD)Cll, and chiral chelating phosphine ligands. A 

simple rule was deduced: 6 and chair 6 conformation of the 

catalyst results in R-products, and A and chair A conformation 

results in S-products c1913. With (-)-1,2_bis(direnthyl- 

phosphinolethane as the ligand in the Rh-catalyzed hydrogenation 

of a-acetamino cinnamic acid to N-acetylphenylalanine, 20% ee was 

reported. The same catalyst led to 49X ee of 1-phenylethanol in 

the hydrosilylation of acetophenone after hydrolytic workup [192]. 

Dehydrodipeptides having the general formula 

RCONHC(=CHR')CONHCHR"COOH with a polycondensed aromatic ring (R' = 

1-naphthyl, 1-pyrenyl, 9-anthryl) were hydrogenated using a chiral 

Rh-phosphine catalyst. Dipeptides with a diastereorelective excess 

of 74-91X were obtained Cl931. Prochiral allylic amines were 

hydrogenated in the form of their hydrochlorides using Rh 
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complexes of various chiral 1,2-, 1,3-, and 1,4-diphosphines. Up 

to 60% ee-s were achieved C1941. Hydrogenation of alkene (721 in 

the presence of Ru(OAc)z-(R)-tolEINAP gave a quantitative yield of 

(73+74) with a 73:74 ratio of 99.9:0-l. The (Sl-tolEINAP ligand 

afforded a 73:74 ratio of 22:78 C1953. 

P (C&Me-p12 

P(C$i4Me-p)2 

(R) - tol BINAP 

Highly active and enantioselective heterogenized catalysts 

for the asymmetric hydrogenation of N-acylated dehydroamino acid 

esters were obtained by immobilizing chiral cationic rhodium(I) 

complexes with bisphosphinite ligands on sulphonated ion 

exchangers C1961. The catalytic asymmetric hydrogenation of 

prochiral unsaturated acids and esters using homogeneous and 

silica-immobilized p-thiolato-pchlorodicarbonyl bis(neomenthyl- 

diphenylphosphine)dirhodium complexes were studied [1973. 

Catalysts obtained by impregnating Ea90&, cellulose, silica gel. 
aluminium oxide, f+QCl, and charcoal with the complexes 

CRh(COD)(-l-DIOPIPF6, CRh(COD)(-)-norphoslPF6 and CRh(COD1 

(+I-norphoslPFs catalyze the enantioselective hydrogenation of 

(Z)-a-N-acetamidocinnamic acid in aqueous NaOH with up to 79X ee. 

If the cations of the mentioned complexes were bound to different 

acidic ion exchangers, even higher optical yields (87X) were 

achieved in ethanol solution C1981. The immobilized rhodium 

complexes (75), (76) and (771 on cation exchange resins catalyze 

the asymmetric hydrogenation of dehydroaminoacid derivatives with 
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no detectable loss of rhodium into the substrate phase. The 

observed rates are much slower but the enantioselectivities are 

comparable to those obtained with the non-supported complexes in 

homogeneous solution l'1991. 

H 6 
MW NM22 

75 

The binuclear complexes (+I- and f-l- (781 and the in situ 

Ma2N ‘NMq 

76 

Mgti ‘NMag 

77 

catalysts formed from CRhfCODlCll 2 
CpFe(CO1(COMeI(DIOPl, were used in 

hydrogenation of Z-a-N-acetamidocinnamic 

of up to 76% were obtained at RT and 1.1 

and (+I- and (-I- 
the enantioselective 

acid. Optical inductions 

bar Hz. 
catalysts in the hydrosylylation of acetophenone 

very low (<&.1X) optical yields [ZOO]. 

Using the same 

with PhaSiHx gave 

Ph$‘-0, 

CPFQ\ ,Rh(COD) 
; c=o 

0 ii, 

78 

Chiral phosphines were prepared from the ferrocenyl- 
alkylamines (791 and (801 by lithiation and reaction with PhxPCl. 
Only oily mixtures with an ill-defined distribution of phosphina 
substituents on the ferrocenyl ring were obtained which could not 
be separated satisfactorily. Use of this mixture in hydrogenation 
of N-acetyl-a-amino cinnamic acid with in situ Rh(I1 catalysts 
gave N-acetylphenylalanine with 84% ee E2013. 
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z 
Fe 

79 80 

4. Hydrogenation of Dimes and Alkynes 

A binuclear alkenyl-bridged It- complex (83). obtained from 

the reaction of (81) and (821 catalyzes the selective 

hydrogenation of 1,3-cyclooctadiene to cyclooctene at 00 OC and 40 
bar Ha in toluene solution C2023. 

c 1 
4” 

Cp2Zr 
/” /c” 1 
‘CHzPPh2 

+ CP2ZrlN) - 
n 

CP27+ [;;2 

81 82 83 

Using spectroscopic techniques it has been shown thrt d6 

metal carbonyls (Cr, MO, and Wl form nonclassical dihydrogen 

complexes rather than dihydrides under the conditions of 

photocatalytic hydrogenation of dienes. a new mechanism for the 

hydrogenation (deuterationl of norbornadiene was proposed in which 

all species have been identified by IR spectroscopy t203,2043. 
Highly stereoselective hydrogenation of trans-1,3-pentadiene to 

cis-2-pentene was found to be catalyzed at 150 "c by no(w16 

encaged in a NaY zeolite C2031. 

Regioselective catalytic hydrogenation of conjugated dienes 

has been reported using hydridopentacyanocobaltate anion together 
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with lanthanum or cerium chloride promoter and r)-cyclodextrin as 

phase-transfer agent C2061. Photoreduction of Ni(acacls by Hs in 

benzene sensitized by acetone yields transient Ni-hydride species. 

If the reaction is performed in the presence of excess COD, the 

diolefin is hydrogenated 12071. Amine-containing Pd complexes 

supported on Al*Os u5ed as catalysts for the selective 

hydrogenation of dimes and acetylenes were found to be relatively 

stable against different catalyst poisons such as organic sulfur 

compounds, PPhs, and CO L2081. 

Hydrogenation of diphenyl acetylene was studied using 

Mnz(COl_, Mns(COlp(PPhsH1, Nnz(CrHl(CrPPhHl(COls, 

Wnz(~H1(~PPhpI(CO1a, and Hnz(~-PPhsls(COls as catalysts C2093. 

A comprehensive investigation of the alkyne/alkene 

hydrogenation reaction in the presence of a range of in situ 

prepared tRuHL:l* and CRuHL~L;l+ (L' = group 15 donor ligand; L" = 

PMes, PHesPh) complexes was made. It was found that the course of 

the reaction depends on the size of the ligand L'. In the case of 

CRuHL~J* complexes a maximum rate of alkyne hydrogenation Wdb 

observed at ca. 120° cone angle. The ERuHL:L;l* complexes catalyze 

the hydrogenation of alkynes exclusively when the sum of the cone 
angles for the L' and L" ligands is 610 5 20*. No correlation was 

found between electronic parameters and the reaction rates or 

product selectivities C2101. The activation by hydrogen of 

RhCls-polyethyleneiaine catalysts for hydrogenation of alkynes has 

been studied. Depending upon the extent of Hs treatment,. the 
Rh(IIII centers were reduced to Rh(I1 and Rh(O1; the Rh(I) centers 

were the catalytically active ones. Formation of rhodium hydrides 

could not be observed [2111. 
The Pd-phosphine complexes Cp-ClPdCl(L)ls and tram-Cl sPdLs 

(L = 84a, b, or c) were tested as catalysts for the hydrogenation 

of hexyne-1 to hexene-1. Selectivities between 91 and 99X were 
achieved at 60 “C and 5 bar C2123. 

Ph2PR 

84 a b C 
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El new oligomeric heterogeneous salicylidene-ethylene- 

diarinepalladium(I1) complex was described. This green complex was 

a selective catalyst for the hydrogenation of alkynes and reduced 

only few other functional groups (aromatic nitro compounds and 

aromatic aldehydesl C2131. Radiation-induced copolymerization of 

cis-PdC1zCCNMe20C(OlCH=CHzlZ with dimethylacrylamide and 

methylenebisacrylamide furnished a terpolymer which WdS 

catalytically active for the hydrogenation of PhCsCli, styrene, and 

PhNOz in MeOH at RT and 1 bar E2141. Hectorite-intercalated PdfII) 

complex catalysts were prepared from CPd(NHa)~l'+ or a 

Pd(II)-triazine complex and used for the hydrogenation of terminal 

alkynes in DMSO C2151. 

See also [130,1643. 

5. Hydrogenation of Clrmes and Hoterocyclic Compounds 

The use of 2,&diphenylphenoxide or 2,4,&triphenylphenoxide 

ligation in the synthesis of the niobium complex (83) followed by 

hydrogenation 125 OC, 70 bar, 6 days) and hydrolysis gave 

2,4-dicyclohexylphenol or 2,6-dicyclohexyl-4-phenylphenol as the 

final product, respectively C2161. 

CY 

- HO -D- R - 
CY 

R = Ph or H 

Ar= R 

85 

Simple and polycyclic aromatic hydrocarbons are partially or 

completely hydrogenated with a large excess of LiAIHd at 100 bar 

Ha and 200 OC in the presence of small amounts of TiCl or 4 TiCle. 

Experiments with Da gas prove that the Ha molecule is also 

incorporated into the products C2173. Arenes (benzene, toluene, 

naphthaline) can be hydrogenated at RT and 1 bar using 

CRP(CHlSPRZ3Co(ally1 or cyclohexadienyll (R = iPr, Cyl complexes 

as catalysts C2181. Cyclohexanecarboxylic acids were prepared by 
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the hydrogenation of aromatic carboxylic acids using 

polycarboxylic acid-bound Pt or Rh catalysts. Polyacrylic acid-Rh 

displayed the highest catalytic activity C2191. 

The two RhfI) complexes CRh(Ll(NBDlJClO~ and Rh(L)Cla (L = 

86) were found to be efficient catalysts for the regioselective 

hydrogenation of N- or S-containing polynuclear heteroaromatic 

compounds. Ring saturation took place in all cases in the 

heterocyclic ring of the molecule. Both catalysts were inactive 

for the hydrogenation of pyridine and thiophene C2201. 

The ruthenium monohydride KERu(OEP)(Hl] has been found to 

catalyze H/D exchange at JO OC between Da0 and Ha in THF. Under 

similar conditions the monohydride complex reduces the NAD+ 

analogue (l-benzyl-N,Wdiethylnicotinamide)PF to * l-benzyl- 

N,N-diethyl-l,&dihydronicotinamide [:2211. 

6. Hydrogenation of Carbonyl Compounds 

Extremely high (97-9921 selectivities at complete conversion 

of a,(3-unsaturated aldehydes (cinnamaldehyde, crotonaldehyde, 

methyl-3-buten-Z-al and citral) in hydrogenations to the 

corresponding unsaturated alcohols using an in situ RuC l,/TPPTS 
catalyst system in toluene/water = l/l at 35 "C and 20 bar Ha were 

reported C2221. The combination of chiral carboxylato bridges with 

a chiral diphosphine bridge in diruthenium carbonyl complex 

catalysts resulted in satisfying catalytic turnovers, but very low 

enantioselectivity in the hydrogenation of hydroxyacetone to 

1,2-propanediol 12231. Hydrogenation of cyclic 0x0 esters (87; R = 

Me, Et; n = l-31 using C(BINCIP)Ru(CdH6)C11+C1 as catalyst gave the 

corresponding hyroxy esters in high enantiomeric and 

diastereomeric excesses C2241. 
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0 
COOR 

87 

Hydrogenation of the prochiral 4-0~0 carboxylates (W; R = 

Me, Et, nCaH17) at 100 bar and 23-35 OC in ethanol solution 

containing 0.1-0.3 molX of a BINAP-Ru(II1 catalyst, followed by 

heating the product mixture of the corresponding 4-butanolide and 

4-hydroxy carboxylic ester with &OH in PhMe gave optically active 

4-substituted 4-butanolides (891 in high yield. Hydrogenation with 

the (S)-BINW catalyst affords (S)-(W), whereas the (Rl catalyst 

produces the (R) enantiomer in more than 98% ee C2251. 

OEt - - 
0 

88 89 

0 

0 

R 
> 

Asymmetric hydrogenation of the keto esters (90; R = Cy, iPr1 

with RuBr2C(R)-BIN&PI catalyst at 100 bar and 100 OC in EtOH 

solvent and lactonizing the obtained hydroxy esters in refluxing 

toluene containing acetic acid gave (91) and (921 in 97-98X yield 

in an approximately 681 ratio C2261. 

BOCNH BocNH 

R+cmEt - 0 “+A 0 
0 

90 91 

BocNH 

+R i 

“6a 

92 

Isomerization of unsaturated alcohols to the corresponding 

saturated carbonyl compounds by Rh(COI(PPhJz(CIO~l or 

CRh(CO)(PPh9)31(CIOI) is accompanied by hydrogenation to saturated 

alcohols if the reaction is performed under Ha [2271. 

Ketocarboxylicacid derivatives were hydrogenated to the 

corresponding alcohols with excellent ee at room temperature and 1 



47 

bar Hz using CRh(CODlC11, and the aminophosphinephospinites (931 

or (941 (R,R’ = Cy or cyclopentyll as catalyst [228]. 

&symmetric hydrogenation of amino ketone derivatives (93) 

gave quantitative chemical yields and 86-972 ee of the 
corresponding (Sl-alcohols 

pressure using liqand (97) 

C2291. 

R’ /d 
rN\d * HC’ - 

95 

(961 in methanol at 50 "C and 20 bar Ha 

with 0.01 molY. CRh(COD)C1lz as catalyst 

,R2 ‘2P 

N\R3 
- HCI 

b- PPh2 
I 

Asymmetric hydroqenation of N-(benzoylformyll amino acids 
(98; R = Me, PhCHz) has been studied under ambient conditions in 

the presence of Rh(1) catalysts with (99) as chiral ligand. The 
neutral rhodium(I) precursor qave double asymmetric induction in 
methanol, while the cationic precursor caused an asymmetric 
induction controlled mainly by the substrate chirality C23OJ. 

PhCOCONH;HCOOH - Ph?HCONH~HCOOH 

k AH k 

98 

-N< 99 

The complex IrH~(PPr:lz catalyzes the hydrogenation of 
cyclohexanone to cyclohexanol at 80 "C and 1 bar Hz, and the 
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transfer hydrogenation of 3,3_dimethylbutenr by iropropanol at 30 

OC C2311. Selective hydrogenation of PhCH=CHCHO, PhCH=C(HelCHO, 

and PhCH=C(Cl)CHO to the corresponding unsaturated alcohols was 

reported by using Ir(CIOIILCOl(PPhsla, IrCl(PPhala, 

IrCl(COl(PPhala, or CIr(COI(PPhal,lCIOI as catalyst precursors at 

50 OC and 9 bar of Ha in CDCla solution C2321. The asymmetric 

catalytic hydrogenation of a-aminoketones (100; R = R' = CHaPh; 

R-R' = (CH 1 1 R = Me, R' = CHaPhl at 60 "C and 70 bar using the 

cationic i:i:ium complex CIr(prolophosl(CODll[BPh~l (prolophos = 

1.021 resulted in (RI-(+)-(101) with 20-30X ee 12331. 

Ph L 

0 

100 

See also [136,158,1753. 

7. Hydrogenation of Nitro Compounds 

101 

102 ; prolophos 

The complex RezS6(L),C1a (L = thioureal was prepared from 

thiourea, ReO., and HCl at 95 OC. This complex was found to be an 

active catalyst for the hydrogenation of aromatic nitro compounds. 

Its activity increased in the presence of added ligands like 

thiourea, PPha, or 2-mercaptobenzthiazole C2341. Rhenium(V) 

oxohalide complexes ReOX3L2 (X = Cl,Br; L 

their derivatives) have been tested as 

Complexes containing a Re-S bond were 

= (HzNLN)2CS, PP$ I and 
hydrogenation catalysts. 

found to catalyze the 

reduction of the nitro group in nitrobenzene and p-nitrotoluene at 

70-95 OC and l-100 bar Ha in DMF. Complexes with a Re-P bond 
selectively catalyzed the reduction of linear C6-C 10 u-olefins 

C2351. 
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Rate constants were determined for the hydrogenation of 

aromatic nitro compounds in alcohols on a palladium-containing 

anion exchanger composed of an aminated chloromethylated styrene- 

divinylbenzene copolymer. Swelling of the anion exchanger in 

alcohol increased the rates of hydrogenation [23&I. Catalytic 

activities in hydrogenation of nitrobenzene were determined for 

FdClp catalysts supported on different ion exchangers containing 

NH= OI- NH functional groups. The activities differed due to the 

differences in FdCl**- or polynuclear Fd chloro complex structures 

in the polymer matrixes C2371. Three types of bipolymer-supported 

FdC12 catalysts were prepared by combining linear polymers having 

strong or weak acidic oxy groups into strong-strong, strong-weak, 

and weak-weak polymer pairs. The activity of these catalysts for 

hydrogenation of nitrobenzene was about 4 times higher than that 

of a catalyst supported by a single polymer c23ai. The 

hydrogenation of (103) at 20-25 OC and 0.3-3 bar H2 pressure in 

the presence of catalytic amounts of FdC12 and iron powder in an 

EtOH/AcOH solvent mixture gave (104) in 87% isolated yield. When 

iron powder was replaced with Fe(OAc12, comparable results were 

obtained. The high selectivity was attributed to the intermediate 

formation of an iron-dinitroaromatic compound [2391. 

ofl / v- w 
F P I F 

WI NH2 
103 104 

N-Arylhydroxylamines were prepared by hydrogenating aromatic 

nitro compounds in the presence of Pt(II)-polyethyleneimine 

complexes reduced by NaBHI. Yields up to 98X were obtained when 

the hydrogenation was conducted in the presence of excess 

polyethyleneimine [2401. 

0. tlircrllanrws Hydrogenations 

Hydrogenolysis of allylic alcohols like (1031 using in situ 

generated HCO(CN)~~- and f+cyclodextrin gave the corresponding 

trans-olefins in good yield at room temperature C2411. 
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Ruthenium carbonyl complexes were found to be active 

catalysts for the selective reduction of Schiff bases between 70 

and 130 OC under 100 bar CO/Hz = l/l pressure. In 

N-isopropylpyrrolidinone as solvent and Rus(CQISz as catalyst 

precursor a complete conversion of N-benzylideneaniline to 

benzylaniline was achieved at 100 "c C2423. Asymmetric 

hydrogenation of imine (1061, catalyzed by RuaCl~ 

[(RI-(+I-BINAPla(NEtJ furnished, after crystallization, the 

enantiomerically pure sultam (Rl-(1071 in 72% yield. fkialogous 

(Sl-BIN&P-directed hydrogenation of (106) gave pure crystalline 

(Sl-(107) in 71% yield 12431. 

106 (I?)- 107 

Catalytic asymmetric hydrogenation of the imine, C\rN= 

C(CHsOMe)Me (Ar = 2,kdimethylphenyl or Z-methyl-Gethylphenyll, 

using in situ-prepared rhodium-phosphine catalyst systems was 

studied. Optical yields up to 69% ee were achieved by using low 

temperatures (-25 %I and 100 bar Ha pressure in a 

methanol-toluene solvent mixture and cycphos (1081 as the 

phosphine component of the catalyst C2441. 

.* b PPh2 
H 108; cycphos 

Cln attempt to model the catalytic' hydrogenation of the 

carbon-nitrogen double bond, reactions of binuclear rhodium 

hydrides (1091 with N-benzylideneaniline, benzophenone imine, and 
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isoquinoline have been studied. Chnido-hydride products of the 

general formula C(RIPCH2CH2PR2)Rhl+(IrNR'CH2R)(CrH) were prepared. 

Mechanistic studies of these reactions revealed that both metal 

centers are involved in the reduction of the C=lU bond. The use of 

(109) as catalyst precursor in imine hydrogenation resulted in 

seven turnovers at 25 OC, 1 bar Hz in 16 hours C2451. 

109; R = iPr, OPri 

Imines of type (110; R = Me, Et) were hydrogenated to the 

corresponting amines (111) at RT and 20 bar with catalysts 

obtained in situ from CIr(CODIClls and the chiral diphosphines 

(112-116). The l,%diphosphines (S,SI-chiraphos (112) and 

fR,R)-norphos (113) formed catalysts with low activity and 

enantioselectivity; among the 1,3- and 1,4-diphosphines (S,SI-BDPP 

(114). (S,SI-BPPM (US), and (S,SI-DIOP (UC), BDPP proved to be 

the most efficient (98X yield and 84X eel C2461. 

pw 
,’ k H 

Phzp PPh2 
H 

fi 
Ph2P 

112 113 

110 

p v 
b 
7 PPh2 

COO&’ 

111 

pph2 ppk2 
AA 

114 

PPh2 
PPh2 

115 116 
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Catalytic asymmetric hydrogenation of the imines (117-119) 

was studied in the presence of CIr(P-P1HIp12 type complexes (P-P = 

DIOP, BDPP, norphos, and BIN&P). The highest ee (SOY.1 was obtained 

in the hydrogenation of (1181 using (-l-EDPP as ligand in the 

catalyst precursor at 30 OC and 40 bar Ha pressure [2473. 

Ph 
)C=N 

‘Ph 

117 118 119 

The new anionic iridium(IIIl-tetraiododiphosphine complexes 

LiLIr(P-PlI 1 (P-P = dppe, dpe, (RI-prophos (12011 were found to 
l 

for the hydrogenation of imines under 25 bar be active catalysts 

Ha at 20 "C C2481. 

H 
Me ’ 

“( 

PPh2 

PPh2 

120 i (RI - prophos 

A series of silica-supported amino-containing polysiloxane-Pd 

complexes with N-donor ligands were prepared and used as catalysts 

for hydrogenation of imines. The hydrogenation of N-benzylidene- 

aniline was studied in detail C2491. 

The agglomerate C~Ph~PP)~CFe~S~~tmbdt'~p~MoVO~o~l~l~n exhibits 

catalytic activity for the reduction of azobenzene and 

phenylacetylene to hydrazobenzene and styrene, respectively, by 

EthNBHI in DMF-EtOH solution T.2501. 

See also [158,1751. 

9. Dehydrogmation 

fBudNl W 0 ~ 1. =t catalyzes the photocatalytic dehydrogenation of 

saturated hydrocarbons in the presence of alcohol, ester, and 

ketone functional groups. Thus, a 1:l mixture of cyclooctane and 

2-butanol gave. 75% cyclooctene and <2x 2-butanonr c2311. 
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Polyoxotungstates with formal redox potentials more negative than 

-1.0 v (vs. Ag/AgNos in WeCNl, such as [W~o0321*- and cW601p12-, 

photochemically dehydrogenate branched acyclic alkanes 

(2,3_dimethylbutane or 2,3_dimethylpentanel in high selectivity to 

a-olefins and the least substituted alkenes. Polyoxotungstates 

with ground-state formal redox potentials less negative than -1.0 

V, such as [a-PWizO_13- and Ca-PzWraOa216, photodehydrogenate 

the above alkanes in high selectivity to the thermodynamically 

most stable (i.e. the most substituted) alkenes. The intermediacy 

of organic radicals in these reactions was deduced from product 

distribution and ,kinetic data C2521. 

Catalytic cyclooctane dehydrogenation, yielding cyclooctene 

and dihydrogen, was observed under thermal reaction conditions 

using RhClLs or CRhClLal, (L = PPhs and P(p-tolyllal complexes. 

The best initial turnover frequency reported was 1.24 at 151 "c 

C2531. Bulky hydrocarbons like 2,2,5,5-tetramethylhexane and 1,3, 

5-tri-tert-butylbenzene proved to be inert solvents in the photo- 

assisted dehydrogenation of cyclooctane to cyclooctene cat;?iyzad 

by RhCl(C0) (PMeS12 at 100 Oc. The main byproduct at high 

conversion was 1,3-cyclooctadiene T.2541. The wavelength dependence 

in excimer laser-induced cyclooctane dehydrogenation catalyzed by 

RhCl(CO)(PMes)+ was studied and compared with benzene 

carbonylation to benzaldehyde. From the observed differences it 

was concluded that photoexcitation is necessary not only for the 

dissociation of CO from RhCl(COl(PMes)x but also for other steps 

in the carbonylation reaction C2591. 

The dehydrogenation of methanol to methyl formate and the 

isomerization of the latter to acetic acid (followed by 

esterification to methyl acetate) were achieved in a single step 

between 40 and 65 "C in MeNO= or MeCN using CRu(SnClalsLls- (L = 

MeCN, PPha) as catalyst C2561. In the presence of Pt(PPhsld, 
4,4-dimethoxybenzoin is transformed (dehydrogenated?) in benzene 

solution under Nx to 4,4'-dimethoxybenzil. The Pt complex formed 

in the reaction could be isolated after exposure to air in the 

form of PtOx(PPh,la C2571. Copper(II1 chloride dissolved in 

hydrochloric acid photocatalyzes the evolution of hydrogen at 26 

OC from aqueous solutions of ethanol C2581. 

Catalytic dehydrogenation of the hydrazine (1211 with 

RhCl(PPhsla in hot DMF in the presence of N-methylmaleimide leads 

to cycloadduct (1221 in 77X yield [259]. 
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See also [121,263,2641. 

10. Hydrogm Transfrr Reaction8 (Organic kwpoundr as 

Rtiuctan ts 1 

dl Transfer Hydrogenation af C=C and &%I?. Bonds 

The complexes HHCI(C01(PPr~12 (M = Ru,Oa) catalyze in the 

presence of NaBHI the transfer hydrogenation of phenyl acetylene 

to styrene by iPrOH. The reaction rate decreases significantly 

with time; this can be explained by a change in the active 

catalyst which is present in the reaction mixture. In the initial 

phase of the reaction the active complex is H4t4(CO)(PPr;lz which 

is transformed during the reaction gradually into 

M(C~Phlz(CO)(PP++ C2601. 

Transfer hydrogenation of itaconic acid with a mixture of 

formic acid and an amine (5:21 using a BPPM complex of rhodium as 

catalyst gave optically pure (Sl-methylsuccinic acid C2611. The 

asymmetric transfer hydrogenation of a, @-unsaturated carboxylic 

acids, esters and ketones using in situ catalysts formed from 

CRh(CODlC112 and chiral phosphines ((-I-DIOP, BPPM, or 1231 with a 

mixture of formic acid and EtzN as the hydrogen eource was 

investigated. The best enantioselectivities were achieved in the 

case of a,@-unsaturated carboxylic acids. In the case of 

3-methyl-2-cyclopentenone the carbon-carbon double bond was 

selectively reduced in the presence of BPPM and resulted in 30% ee 

of the (Rl-product C2621. 



The silica-bound rhodium carbonyl phosphine complex (1241 was 

shown to catalyze the disproportionation of 1.3-cyclohexadiene to 

cyclohexene and benzene at 60 "C and of dihydronaphthalene to 

tetralin and naphthalene at 90 OC in toluene or CDsOD solution. 

The accompanying dehydrogenation was less than 10X C263]. 

tBugP, /Cl, ,PBu+ 

,,/““\,p”\, 
124 

Disproportionation of cyclohexadienes or dihydronaphthalenes 

and the dehydrogenation of dihydroanthracene by stilbene are 

catalyzed by Ni(CODj2. Alkyl aluminum compounds increase the rates 

of these H-transfer reactions (eqs.3-7) [2641: 

+ + PhCH2CH2Ph 

(q.7) 

See also C2313. 

bJ Transfer Hydrogenation of Ketones and Mdehydes 

The ruthenium hydrides RuHI(PPhSIS and RuHs(PPhs). were found 

to be effective catalysts for the reduction of cyclohexanoner by 

hydrogen transfer from 2-propanol at room temperature C2651. The 

reduction of cyclohexanone by hydrogen transfer from isopropanol 

References p. im 
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catalyzed by [H(CO)(PPhslsRu(~-Cll(p-pyrazolofM(diolefinl1 (M = 

Ir,Rh; diolefin = COD, tetrafluorobenzobarrelenel at 83 OC Wd5 

reported C2661. CI radical mechanism Was suggested for the 

[(Ph3P)2N][HsRu*(CO)*=l-catalyzed disproportionation and transfer 

hydrogenation (by iPrOH) of cyclohex-2-ene-l-one to cyclohexanone 

and cyclohexanol. The mechanism was based on the observed ESR 
signal and on the inhibiting effect of radical scavengers C2671. 

Transfer hydrogenations of cyclohex-2-en-l-one, benzylidene 

aniline, and carbon tetrahalides by iPrOH and using Rug(C015a as 

precatalyst have been studied. Hydrogenation of 

cyclohex-2-en-l-one into cyclohexanol was found to proceed over 

cyclohexanone; two catalytically active Ru cluster intermediates 

have been isolated from this reaction C2681. CIromatic and 

aliphatic aldehydes were reduced selectively to the corresponding 

alcohols with good to excellent yields at 80 "C by hydrogen 

transfer from formate using water-soluble complexes of Ru(II1, 
Rh(1) and Ir(1) with monosulphonated triphenylphosphine (mSPPhzl, 
as the catalyst in an aqueous/organic biphasic system, according 

to eq.8 

RCHO + HCOO- + H 0 - + HCO - torg, (=W 2 RCHaOH torg, 3 taq, (eq.81 

RuClz(mSPPhz12 was found to be the most useful catalyst and 

HRu(OOCHl(mSPPh21s was identified as the key intermediate in the 

catalytic cycle C2691. Asymmetric transfer hydrogenation of 

acetophenone with 2-propanol at 60-80 "C using chiral ruthenium 

complexes of (+I-diphenylphosphinite-pantolactone 1125) or 

(+)-DIOP was studied. In the best case, 12X ee of the (+I phenyl 

ethyl alcohol was obtained. In the presence of asbestos, however, 

the (+) DIOP-based catalyst resulted in the (-1 alcohol in 19% ee 

E2701. 

125 

Hydrogenation of carbonyl compounds to alcohols was 
investigated using cyclooctane as a hydrogen donor in the presence 

of RhCI(CO)(PMe9)2 and irradiation at 325 nm. Cyclohexane- 
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carbaldehyde is reduced to cyclohexanemethanol in 87X at room 

temperature. In 40 h, 359 turnovers were achieved C2711. 

The Ir complexes (PNP)Ir(o,D'-cyclooctenyl) and 

(PLNt)Ir(~,nP-~y~looctenyl) (PNP = PrN(CHtCHtPPh212, PpNp = 

EtzNCHZCH2N(CH2CHzPPhzl~ were found to be good catalyst precursors 

for the chemoselective hydrogen-transfer reduction of 

a,f3-unsaturated ketones (such as benzylidene acetone) to allylic 

alcohols in refluxing iPrOH or cyclopentanol. The in situ prepared 

catalysts from [Ir(CODIOMelz and PNP or PzNz showed practically 

the same selectivities (7080%) as the isolated catalyst precursor 

complexes, but they were found to be more active C2721. The in 

situ system CIr(COTlzCllpl + (R,R)-(126) was found to be a very 

effective catalyst in the asymmetric hydrogen transfer reaction 

from isopropanol to acetophenone and to unsaturated ketones in the 

presence of KOH as cocatalyst at 83 "C. Good to excellent 

conversions and ee-s between 13 and 82Y. were reported C2731. 

Ph 
‘)( 

N 

Ph i-l 

126 

N 
r 

Ph 

d H 

Benzylideneacetone and other a, punsaturated ketones were 
selectively reduced (up to 95y.l to the corresponding allylic 

alcohols by hydrogen transfer from iPrOH at 83 "C catalyzed by 

CIr(CODIX1, (X = Cl or Me01 in the presence of aminophosphines 

(1271 and (1281 or using the Ir complex (1291 C274,2731. 

Ph2P 127 128 

NH2 NMe2 

129 

References p. 170 



58 

Cyclic functionalized products (130; X =I (CH 1 z n' 8(CHzln, 
Boc-N(CHzln, n = 1,2; Y = H, SiMea, Ph, CWMe, CCKEt; R = H, Me) 

were prepared in 30-75X yield by an intramolecular reductive 

cyclization of aldehydes and ketones with alkynes promoted by SmIz 

at 0 OC in THF/HtlPA containing stoichiometric amounts of tBu8H 

C2761. 

The SnIpcatalyzed Tishchenko reduction of /3-hydroxy ketones 

(for example, 151) has been reported3 this reaction affords the 

corresponding anti diol monoesters (132) in high yield and with 

excellent levels of stereochemical control. By using CDzCDO it 

could be demonstrated that the aldehyde is the exclusive source of 

hydride [2771. 

* 

+ PhcHo - 

131 132 

The reduction of ethylbenzoylformate with 1,5-dihydro- 

S-deazaflavin in the presence of the chiral NMR shift reagent 

tris-~3-~heptafluoropropylhydroxymethylene~~+)-camphoratol euro- 

pium gave (Sl-ethyl mandelate with 24-36X ee C2781. 

See also C1341. 

cl Transfer Hydrogenation of Pfiscellaneous Organic Compounds 

Reduction of N&D+ to NADH by formate in aqueous solution is 

catalyzed by the high-molecular weight Rh complex (133; PE8 = 

polyethyleneglycol with molecular mass 20,000). The use of this 

catalyst enables the continuous reduction of N&D+ in a membrane 

reactor without the need of catalyst recycling C279J. 
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133 

The catalytic activity of polymer-supported RhCll catalysts 

modified by Z+nethylpyrazole, imidazole, or benzimidazole in the 

reduction of nitrobenzene by NaBH or . 
Reductions with iPrOH were more effective 

phenols could be efficiently deoxygenated 

them into the corresponding triflates and 

iPrOH was determined. 

CZSQI. Highly hindered 

by first transforming 

treating the latter with 

HCOOH + BullN in the presence of ( PPhs) tPdCl z and dppp in DtlF 

solution at 100 "C C281J. Aryl wlfonates (134; Clr = 1-naphthyl, 

4-CNPh, 4-AcPh, 1-(9,10-anthraquinoyl); R = CFs, 4-FPh, Ph, 

p_tolYl. 4-HeOPh, Me) were reduced to the corresponding arenes by 

triethylammonium formate in the presence of Pd(OAc)z: + phosphine 

catalysts in DMF solution at 90 "C. With dppp as 1 igand arene 
yields were around 90% and no hydrolysis to phenols was observed 

L2823. 

ArOSOzR - CIrH 

134 

Reduction of methylene blue to leuco methylene blue by 
thioglycolic acid is catalyzed by Cu(I1); this redox reaction was 

carried out also across a keratine-immobilized membrane containing 

Cu(I1) ions C2831. 

See also C2681. 

11. Reduction Without Holmculrr Hydrogen 

d) Stoichiometric Reduction with Lou-Valent Transition Matal 

Complexes 

Refermces p. 170 



Steroidal 3-oxo-1,4-dienes (for example 1551 could be reduced 

by Fe(COls-NaOH-Hz0 in MeOH solution at 50-60 Oc to the 

corresponding cyclohexenones (1561. The regio- and 

stereoselectivity of the reaction depends on the substitution 

pattern of ring CI: C(1) and C(2) methylated products furnish A' 

products with Jlfstereochemistry, whereas C(4) methylated and 

unsubstituted steroids (like 1351 afford A4 derivatives C2841. 

135 136 

The dinuclear It-(111 complex CIra(L-L)~HHzlz+ 

138) reacts with styrene to give ethylbenzene and 

12851. 

-- 
f L/ ‘L ‘L 

H -‘d--- Y-H 0 N 

! E 

(1371 (L-L = 
EIr,(L-LIdI'+ 

137 139 

Selective reduction of terminal or internal alkynes to 

cis-alkenes in good yields was brought about by hydrometallation 

using [(PhaPICuHl, in benzene at RT or at reflux temperature. In 

the case of the acetylated tertiary propargyl alcohol (1391, 

reduction to a l,l-disubstituted allene was observed C2861. 

Ma \ 
Ph-c: -C=CH 

AAc 

;C=-C==CH2 
Ph 

139 



61 

Rapid d@OXyQenatiOn of alcohols and desulfurization of thiols 

was observed at room temperature by WClt(PMePhZ)~ (140) in 

stoichiometric reactions (eqs.8 and 9) f287J. 

-OH + 140 - N + k’(O)CI2(Pt”kPh2)3 + PWZphq (Qq.6) 

Et SH + 140 - EtH + W(S)Cl2(PbloPh2)3 + PMQPh2 (Qq;g) 

Epoxides can be deoxygenated to olefins by CpaTiCla in THF 

solution. If the reaction is performed in the presence of a H atom 

donor such as 1,4-cyclohexadiene, the intermediate radical can be 

trapped in the form of an alcohol. Both methods were successfully 

used for a variety of epoxides including the adenosine epoxides 

(141) C2881. 

tBu#iO 

tBu.fOa 

141i R=H,PhCO 

The reduction of 2,3-epoxy 

in THF at room temperature gave 

C2891. 

+ tB+O*;d 

alcohols (like 142) with CpaTiCl 

alk-1-ene-3-01s in 80-91X yields 

0 
-OH-- 4-L 

142 

C\cetone has been reduced to isopropyl alcohol in >8OX yield 

by tOs(NH9)s(H2)ls+ in CHsCN solution t2903. Organic carbonyl 

compounds such as acetaldehyde and acetone were reduced to the 
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corresponding alcohol with CpzHoHz and a protonic acid (e.g. &OH) 

at room temperature. The reduction of 4-tet-t-butylcyclohexanone 

afforded cis4- tert-butylcyclohexanol C2913. The asymmetric 

reduction of ethyl phenyl pyruvate with the homochiral iron 

complex ~R~-~-~-CCpFe~CO~~PPh+(O-l-~nthyl~)l-l-methyl-l,4- 

dihydronicotinoyl in the presence of magnesium perchlorate gave 

(RI-(-)-ethyl mandelate in 71% isolated yield and 52% ee [292]. 

The stable copper(I) hydride cluster C(PPhJCuH3 allow5 6 
chemoselective conjugate reduction of a,/funsaturated carbonyl 

compounds substituted at the y-position with methoxy, acetoxy or 

thiophenoxy groups at RT in excellent yield. Similarly, good 

results were obtained in the case of iodo, bromo or tosylato 

substituents in o-position. In the presence of MeaSiCl, the 

iodoalkyl enol ether (143) resulted quantitatively [293]. 

0 I MaaSiO 1 

ti 

.J 

63 143 

The reduction of o-hydroxybenzaldehydes (144; R = H, 3-Olle, 

4-OMe, S-OMe, 3-OH, 5-OH, 5-Br, S-Cl) by aqueous TiCla at SO-80 "C 

is a new simple way to the synthesis of 2-(benzofuran-2-yllphenols 

(1431. When the reduction is performed at 0 "C in the presence of 

acetaldehyde, stereoselective formation of 1,3-dioxolanee (1461 
occurs, due to in situ condensation with the intermediate dials 

C2941. 

Q- CHO - 
R 

OH R 
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N-protected aspartic and glutamic anhydrides (147; n = 1.21 

were reduced and decarbonylated to amino acids by refluxing with 

stoichiometric amoupts of Ni(CODILz-type complexes followed by 

acidic workup of the reaction mixture. The correlation of the 

product ratio 14S:149 with the substituents Rz (H, Z; phthaloyl; 

H, CFsCOO, and ligands L (bpy, PCY= PPh=,, MepNCHzCHpNllez, 

4,4-Me=phen) was studied C2953. 

0 
A , COOH 

(@2)n 

J 
147 148 149 

Ketimines were readily reduced at RT to the corresponding 

amines by treatment with ytterbium metal followed by quenching 

with water t296J. Primary amines like aniline, benzylamine, 

2-phenylethylamine, and cyclohexylamine gave selectively 

N-(cyclohexylmethyll- or N-(cycloheptylmethyl-N-alkyl(aryl)amines 

(150) with pimelaldehyde or suberaldehyde, respectively, in 42-63X 

isolated yield using KHFe(CO)* as a reducing agent under CO in 

EtOH solution C2971. 

R - NH2 + OHC(CH& CHO - 

n= 5,6 150 

Aromatic aldimines were reductively coupled to 1,2-diamines 

with good yields by treatment with SmIs in refluxing TW solution. 

Cross-coupling of aromatic ketimines with ketones to 

2-aminoalcohols was achieved by the same reagent in 44-731 yields 

12981. Reduction of the substituted nitrosobenrenes RCdHINO (R = 

3-Me, 4-OH, 4-Nbt) with TiCla in dioxane/HsO gave the 

corresponding aniline derivatives. In the case of R = 4-NHPh, 

however, the product was oligomeric emeraldine (1311 (2993. 
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151 

Dihydro-1,2-oxazines (152; R' = Ph, EtOOC; R2,Rs = H, R, Ph; 

X = morpholino, SuO, PhO, MeaSiOl were converted into pyrrole 

derivatives (153) via reductive deoxygenation by treating with 

Fea(COl_ in C1CH2CH2Cl, THF, or toluene at 90 "C. Yields between 

16 and 99X were reported C3003. 

R’ 
R’ 

H 

152 153 

The f lavin analogue (154) is reduced by the 

cis-dialkylcobalt(III) complexes ER2Co(bpy121* (R = Me, Et) in the 

presence of HCIOI to the corresponding dihydroflavin radical 

cation (eq.10) [3011. 

CR2Co(bpy121+ + (1341 + 2 H+ - R-R + CCo( bpy ),]‘+ + (154lH + 
2 

(eg.101 

154 

Isoxazolidines like (1331 were reduced to 1,3-aminoalcohols 

with Mo(COld in refluxing wet acetonitrile C3021. 
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Ph 

Y---I Ph,,,,Ph 

1 I 85 *I. 
PhNH OH 

a-filkoxycarbonylketene dithioacetals (156; R = H, Et, Ph, 
allyl) were smoothly reduced by the cyanocuprate tlexCu(CN)Lia at 

-20 OC to the corresponding vinyl sulfides (1371 in high yields. 

Mainly the (E)-isomers were formed with about 9Oy. 

stereoselectivity C3033. 

R 

>( 

cooMe 

MeS SMe 

R cooMl7 
C 

Me J( H 

156 157 

The gem-dibromocyclopropane (1581 reacts with Fe(CO) in 

presence of MeONa to yield the cyclopropane methyl esters Y1591 

along with monobronocyclopropanes (1601. Neither reduction nor 

reductive carbonylation take place in the absence of a nucleophile 

(MeONa), this suggests that the active species of the reactions is 

CFe(COl~(COOTle1l- 13043. 

- Ph + Ph 

158 

Reductive coupling of aromatic geminal dichlorides by Fe(I1) 

oxalate dihydrate in DMF gave (El-olefins. Thus, coupling of 

PhCHClx gave 60% (El-stilbene C3053. Reaction of Cr(COla(NH 1 ss 
with benzylic mono-, di- , and trihalides leads to the formation of 

1,2_diarylethanes, -ethenes, and diphenylathyne in satisfactory 

yields. Di(halomethyllbentene derivatives yield product mixtures 
containing both reduction products and coupling products: (161) is 

transformed into a mixture of (1621, (MS), and (164) C3061. 
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Cl 

Q- + + 
Cl 

161 162 163 164 

Aliphatic acid chlorides are reductively coupled by excess 
SmIz to ketones (1661. Under the same conditions, acid chlorides 

reductively couple with ketones to form the higher molecular 

weight ketones (1681. Ketols (165) and (167) are the intermediates 

of these reactions C3071. 

2 RCOCI - R-C-CH-R - 

t dH 
R-rCYR 

0 

165 166 

RCOCI l R’COR” - /R’ 
R-C-C, - 

II I R 
e R-:-CH;$ 

0 OH 0 

167 168 

bl Inorganic Reductants in the Presence of Transition Metal 

Complexes 

The reaction of the yttrotene chloride derivative 

(CsH_CHzOCHsCHzCsHjHIIYC1 and NaH with 1-hexene in THP at 45 "C 

afforded hexane C3OSl. Partial reduction of internal alkynes to 

(Zl-alkenes with up to W/l = Z/E ratios has been achieved with 

reaqmts prepared from NbCls or TaCls and zinc, in polar solvents 

13093. The conjugate reduction of a,(3-unsaturated carbonyl 

compounds by catecholborane was found to be greatly accelerated by 

the addition of 2 mo1X RhfPPhalaCl at -20 "C (eq.111 C3101. 
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Rh(l) 08(oR)2 H+ 

q 
0 

+ HBW4)2 - - (Qq.11) 

OCH2Ph 

82 % 

Cheroselective reduction of oxiranes (169,170) to secondary 

alcohols by HeLi or MeMgI in the presence of CUEW(PBU~~~ was 

observed after work up with aqueous NHaC1 C3111. 

169 

The reduction of ketones and aldehydes with HgHa as a 

reducing agent in the presence of a catalytic amount of first row 

transition metal halides was studied. The best conversions of 

cyclohexanone to cyclohexanol, 98X and 74X, were obtained at 25 "C 

in THF with FeCla and CoCla, respectively. Cyclohexane- 

carboxaldehyde and benzaldehyde were also reduced with high yields 

(60-90X) to the corresponding alcohols in the presence of either 

CoCla or FeCla f3121. Aliphatic, aromatic, and a,+unsaturated 

ketones were reduced to the corresponding secondary alcohols by 

iPrHgBr in the presence of bis(neomenthylcyclopentadienyl)titanium 

dichloride as catalyst. Diary1 ketones afforded reductive coupling 

products (pinacolsl under these conditions. Esters were reduced to 

the corresponding primary alcohols C3133. The reduction of 

alkylcyclohexanones and rigid bicyclic ketones to the 

corresponding cyclic secondary alcohols with NaH containing 

transition metal (Zn, Cd, Mn, Co, and Nil complex reducing agents 

was studied. Steric hindrance plays an important role in 

determining the structure of the alcohol; the apparent size of the 

reagents follows the trend Hnn>Zu,Cd>Ni,Co c3143. Reduction of 

acyclic phydroxy ketones mainly to eYn 1,3-diols has been 
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achieved with catecholborane; the stereoselectivity of the 

reaction could be increased in some cases by the addition of 

Rh(PPhafaC1. If reducing for example (171) to (1721, the synsan ti 

ratio could be increased in this way from 3:l to 1O:l C3153. 

-P C6H13 

171 

P C6H13 

172 

Reduction of the alkylidenechromanone (1731 with NaEHI in the 

presence of CeCla gave the allylic chromanol 1174) C3161. 

Moo , 0 -c8r & 

1’ Mo 

CH2 

173 

The bicyclic ketoether 

CeC1a.7Hp0 predominantly to 

175 

Me 
MU 

CH2 

174 

(1751 was reduced with NaEH and 
4 

the diol (176) C3173. 

176 

The reduction of alkyl azides to NHa by NazSz04 catalyzed by 
CRoFeaS4~SAr1,12- or CFe4S4(SClr43'- clusters or on a glassy carbon 

electrode modified with (Bu4N),,LMopFedSa(SPh)o] has been reviewed 

[3183. A one-pot reductive alkylation procedure to aromatic 

afnines, hindered amines, and a-trifluoromethylamincs from ketones 

and one equivalent of the corresponding starting amine was 
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developed using TiCI* and NaCNBHB C3191. An improved method for 

reductive alkylation of amines with aldehydes and ketones using 

Ti(OPr'll and sodium cyanoborohydride at room temperature was 

reported. Good yields (above GO%) were achieved even in the 

presence of acid-sensitive functional groups, for example in the 

reaction between (177) and (178) L3201. 

177 178 82% 

Heteroaromatic N-oxides and nitrones (for example 179 and 

lGO1 were readily and selectively deoxygenated to the 

corresponding bases or imines in excellent yields with a TiCI + 

NaI reagent system. The actual reducing agent is probably a 

low-valent Ti complex which is formed by the reduction of TiCIJ 

with iodide [3211. 

COOCH3 

d 
179 

CH3-y=CH 

The TiClb/SnC12 reagent system was used for the reductive 

deoximation of various aldoximes and ketoximes under mild 

conditions; the corresponding carbonyl compounds were obtained in 

high yields C322J. Reducing agents prepared from NaE)H., ZrCl., and 

chiral amino alcohols were applied to the enantioselective 
reduction of oxime ethers to primary amines. High optical yields 
(up to 9%) were achieved by proper combination of solvent, 
temperature, the structure of the amino alcohol, and the ratio of 
reagents C3231. Amine (182) is readily available in good yields by 

the reduction of oxime (1811 with TiCld + NaBHI f324J. 
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- 
Me & Mu 

H 
tiHp 

181 

firomatic nitro compounds were cleanly reduced to the 

corresponding primary amines by KBHI-CuCl. Nitroso-, azoxy-, and 

azobenzene were also reduced to aniline by the same reagent system 

C3293. Aromatic nitro compounds were reduced to the corresponding 

amines in 80-95X yield using a freshly prepared solid mixture of 

aluminium powder and NiClz.6Hz0 in THF E3261. Molybdophosphoric 

acid, HsP"o*zO*o. XH40 catalyzes the selective reduction of nitro 

compounds to anilines in the presence of aldehydes by Na%Hl at 

room temperature in MeOH solution. Tungstosilicic acid, 

HISiW~zOlo.XHzO is, under the same conditions, a selective 

catalyst for the reduction of cyclic ketones to cycloalkanols by 

NaEHI in the presence of aldehydes C3271. Reduction of substituted 

nitrobenzenes with NaH + Ni(OClcIz gave the corresponding aniline 

derivatives C3281. 

Reductive cleavage of S-O and S-C bonds in aromatic 

sulfoxides and of S-N bonds in aromatic sulfilimines by 

1-benzyl-1,4-dihydronicotinamide or NaBH is 4 catalyzed by 

(TPP)FeCl C3291. Complex reducing agents prepared from NaH, 

tert-pentylONa, and Ni(OClcjz were found to be active in 

hydrodesulfurization of dithioketols at 65 OC in THF solution 

(eq.121. Partial desulfurization was achieved by modifying the 

complex reducing agent with 2,2'-dipyridine (eq.13) C3301. 

CY, /SE’ 

bl2h 

CY, ,= 
C 

Ml?’ ‘SEt 

_ cy\ 
Me' 

cH2 (Qq.12) 

99 % 

Q\ /H cy\ 
- Me&Et 

+ 
Me/M2 

bq.13) 
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The catalytic activities of ammonium pertechnetate and sodium 

molybdate in the reduction of methylene blue by SnCla in acidic 

media at 25 OC were compared f3313. Selective reduction of the 

substituted 4H-1,3-thiazine-4-one (183; R = Ph, OEt) using NaBH 

and CeCl 9 in methanolic solution at 10 "C gave (184) in 50-57; 

yield 13321. 

183 184 

Organic halides can be reduced to the corresponding 

hydrocarbons by NaBHI in the presence of CpzMoHz or CpaMoCla as 

catalysts. The reaction takes place at 50-75 "C in THP or iPrClH. 

Alkoxycarbonyl and cyano groups are unaffected c3333. Primary 

alkyl halides were reduced to the corresponding hydrocarbons with 

Grignard reagents in the presence of (dppflPdC1 or 
2 

(dppf)Pd(O) 

(dppf = dichloroCl,l'-bis(diphenylphosphinolferrocene1 at 

subambient temperatures C3343. 

See also C217,2Gll. 

Cl Reduction via Hydrosilylation 

Rhodium(I1) perfluorobutyrate was found to be an effective 

catalyst for the reaction of alcohols with trialkylsilanes to 

yield trialkylsilyl ethers and HZ. If this reaction between Et2SiH 

and cinnamyl alcohol was performed in a closed vessel to contain 

the liberated H2, reduction of the C-C double bond occured along 

with silane alcoholysis to give the saturated ether (1851 C3351. 

PhCH=CHCH20H + EtsSiH - PhCH2CH2CH2DSiEte 

185 

The reduction of acetophenone through catalytic hydrosilation 

at 0 OC in 
m2C12 

with H2SiPh2 and a rhodium-imine catalyst, 

prepared in situ from [(CGDlRhC112 and ligand (1861, led to 
l-phenylethanol with 80-84X yield and low asymmetric induction 

13361. 
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186 

The Rh-catalyzed asymmetric reduction of acetophenone with 

HaSiPha in the presence of pyridineoxazoline (1871 and 

picolineoxazoline (188) cocatalysts was studied. It was found that 

the direction of optical induction was inverted in going from 

(187) to (188) and in the case of ClBBl a 1.2-fold excess of the 

ligand was sufficient to achieve the highest ee (47x) E3373. 

Et Et 

187 188 

Various a,f3-unsaturated esters were directly converted to the 

corresponding 2-hydroxyiminocarboxylic acid esters (189; R = H, 

Me, Pr, iPr, COOEt; R' = alkyl, Bn, Ar) at room temperature with 

butyl nitrite and PhSiH in 78-982 isolated a yields by using 

N,~-bis(2-ethoxycarbonyl-3-oxobutylidene)ethylenediaminato 

cobalt(II1 as the catalyst in THF solution [3383. 

NOH 

R+COOR’ + hONO + PhSiH3 - RJbORt 

189 

Compound (1901 was stereoselectively reduced in the presence 
of TiCl I by EtaSiH to (1911 13393. 

cc13 x 0 0 

bJAH$0OEt 

191 
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See also L191,1923. 

dl Elect?-oreduction and Photoreduction 

The photoreduction of methylviologen in lIeOH solution with 

triethanolamine as electron donor and catalyzed by phtalocyanine 

complexes of Y(III1, Sm(III), Gd(III1, Yb(III), and Lu(II1) has 

been reported [3401. The electrocatalytic reduction of cystine is 

catalyzed by the water-soluble Co(I1) porphyrin complexes 

Co ( TTAPP ) and Co(TSPP) (TTCIPP = tett-akia 

(4-trimethylammoniumphenyl)porphyrin; TSPP = tetrakis 

(4-sulfophenyllporphyrin) in aqueous sulfuric acid solution C3413. 

Oligomers of polyC4,4'-(p-biphenylenelamidel were synthesized by 

electrochemical reduction of p-BrCaHICONHc6HHIBr-p in the presence 

of a catalytic amount of (bpy)NiBra C3421. 

Photocatalytic hydrogenation of cyclohexene with Ha0 as a 

source of Ha by a Pt/CdS/RuOa semiconductor particulate system 

catalyzed by KCRu(H-EDTCIIC11.2HaO under ambient conditions in 

aqueous ethanolic solution was observed C3433. Photoinduced 

hydrometalation and hydrogenation of activated olefins with 

C?sH$loHz and CsHsNH* was investigated. Irradiation of a mixture of 

CsHsMoHa and excess fumaronitrile at 25 "C with 550 nm light gave 

CsHsMo(CH(CN)CHaCNlH in 95X isolated yield. Prolonged irradiation 

gave CsHJlo(NCCH=CHCNl and NCCHaCHaCN. The reductive elimination 

of succinonitrile from the hydridoalkylmolybdenum complex could be 

achieved thermally at 95 OC as well c3441. Photocatalytic 

asymmetric reduction of 3-methyl-2-oxo-butanoic acid to 

2-hydroxy-3-methylbutanoic acid was carried out in up to &OX ee in 

aqueous methanol with chiral BINAP-Rh(I) complexes and the 

semiconductor photocatalysts TiOz or CdS c3453. 

Rh(bpyIss+ 

Rh(terpy)as* and 
catalyze the photochemical reduction of NAD+ into 

1,4-NADH; triethanolamine acts as an electron donor C3461. 
Photosensitized reduction of vic-dibromo and keto compounds occurs 

in MeCN solution containing CRu(bpy)aIa* as photosensitizer and 
Et,N as electron donor. For example, dibromide (192) is reduced to 

olefins (193a) and (193b1, and diketone (194) is reduced to 
hydroxyketone (193). Cyclic voltammetry measurements reveal that 

CRu(bpy131+ acts as the catalyst [347]. 
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AH 

194 195 

12. Hydrosilylrtion 

The kinetics of 1-hexene hydrosilylation by triethoxysilane 

catalyzed by CRhCl(CODlL1 (L = PPha or 0.3 bis(diphenyl- 

phosphinoethylltetramethyldisiloxane was investigated using 

spectrophotometric and gas-chromatographie methods. It was 

concluded that hydrosilylation consists of two stages: the 

activation of the catalyst precursor, and a much faster catalytic 

cycle of hydrosilylation C3481. Hydrosilylation of 

1-vinylcycloalkenes with HSitleCla in the presence of 0.5 rnOl% 

PdC12(PPh,12 gave (Zl-l-ethylidene-Z-silylcycloalkanes in good 

yields at 80 Oc 13491. Palladium complexes with chiral 

(r)-aminoalkyllphosphine ligands (196; R f H, Me; R’ = Me, Ph; C\r = 
Ph, 4-MeOC6HHI, 4-C1C6H,) were found to be efficient catalysts for 

asymmetric hydrosilylation of cyclopentadiene and styrene with 

chlorosilanes at room temperature C3501. 

rRS02R’ 

PAr2 196 

Catalytic asymmetric hydrorylation of (1971 in the presence 

of f?hCl(CaH~)a and (R,Rl-DIOP or (RI-BINFtP in ClCHaCHaCl at 30-30 

*C, followed by HtOP oxidation of the intermediate (1981, afforded 

(1991 with up to 93% ee C3511. 



Me Me 

0 
‘SiR2H 

Me Me 

0 - SiR2 

Me Me 

1 (2S,3R) 

OH OH 

197 198 199 

The factors influencing the product composition in the 

hydrosilylation of l-hexyne catalyzed by Rh and CoRh mixed-metal 

complexes were studied. Under optimum conditions (l-hexyne: 

Co.Rh ( CO1 iz = 1000, 1-hexyne I EtsSiH = 1.5, 20 "C, 72 h in 

toluene) 96% yield of cis-l-(triethylsilyll-l-hexene was achieved 

[352]. The effect of 0 on the products of the Pt-catalyzed 7. 
addition of (nC6HHI,)MezSiH or BuMezSiOSiMe~H to MesSiCsCSiMes was 

investigated. With both hydrides, higher yields of the expected 

cis-adducts were obtained at 130 "C under Na containing traces of 

0 than under z dry air E3531. The iridium complexes 

(trisolIr(C H 1 z 4 2’ 
(trisolIr(coelz, and (indenyl)Ir(coe) were found 

to be highly active hydrosilylation catalysts even at room 

temperature (triso = trisfdiphenyloxophosphoranyllmethanide, 200; 

toe = cyclooctenel. The reaction is selective for 1-alkyne and 

regioselective for +products. From phenylacetylene and EtaSiH in 

the presence of 0.1 molX catalyst (Zl-~(triethylsilyll-styrene 

was obtained in 80% isolated yield C3541. 

200 

Hydrosilylation of a wide variety of nitriles with HSiHes at 

60 OC in the presence of Co2(C01a under an atmosphere of CO to 

give N,N-disilylamines in good yields (eq.14) has been examined 

f3553. 

Me CN + 2 HSiMe3 -Me/\ 0 CH2N(SiMu3)2 (eq.14) - 

91 .I. 
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IV. OXIDC\TIffl 

1. Catalytic Oxidation of Hydrocarbons and Hydrocarbon 

Broupr with 0 2 

al LTxidation of Sa turd ted Hydrocarbons 

The role of Ce(III1 stearate in the oxidation of pentadecane 

by Oz has been studied. The Ce salt participated only in the chain 

termination step C3563. 

CrSts and Cr(acac)a are very active catalysts for the 

oxidation of hydrocarbons by Oz. The hydroperoxides formed under 

such conditions oxidize these Cr(II1) compounds to Cr(VI) 

compounds and the latter catalyze the oxidation of secondary 

alcohols to ketones by hydroperoxides C3573. 

The contribution of monohydroperoxides to chain branching in 

liquid-phase oxidation of n-decane catalyzed by KSt + MnSta was 

determined C3581. 

Fe(DPAH)a CDPAH = (Z-carboxy+-carboxylatolpyridinel 

activates Oa for the ketonization of methylenic carbons and the 

dioxygenation of acetylenes, aryl olefins and catechols at room 
temperature. The reaction of cyclohexane and H,S with the iron 

complex and Oz in 1.8:l = py:HOFlc yielded cyclohexanone and S. 
C3591. Saturated hydrocarbons may be oxidized at room temperature 

to alcohols and ketones by Oa and the same catalyst also with 

hydrazobenzene as reducing agent. In the absence of hydrazobenrene 

only the catalyst is oxidized to (DPAH)zFeOFe(DPAH) . This 
2 

catalyst system mimics the chemistry of the methane monooxygenase 

proteins 13601. Isobutane and propane were oxidized by air in the 

presence of halogenated porphyrinatoironfII1) complexes to give 

tBuOOH and iPrOH + acetone, respectively. Increasing the halogen 

content of the ring increased the life and activity of the 

catalysts E3613. Oxidation of isobutane with O2 is catalyzed by 

(F2dTPP)FeX (X = Na, OH, Cl, Br, I) complexes. With (F20TPP)FeOH 

as catalyst 95% yield of tBuOH was achieved C3621. In the presence 

of catalytic amounts of FeCla.6H20, al kanes (cyclohexane, 
n-hexane), toluene and ethylbenzene were oxidized by air under 
visible light irradiation to ketones, aldehydes, and alcohols. 

MeCN, acetone, or CH2C12 were used as solvents; in the latter case 
(EtaNCH2Ph1Cl was added to aid the dissolution of the iron complex 



[363]. Evidence for a second intermediate, probably an Fe(III1 

alkoxide, has been found in a study of the Gif-type oxidation 

system (pyridine, FeClz.4Hz0, Zn-powder, AcOH) converting 

adamantane into adaaantanone C3643. The oxidation of 

3-ethylpentane at room temperature under Gifz" (Fe'*, Zn, py-AcOH, 

Gz) or GoAgz' (Fe'+, H 0 , py-ClcOH) conditions gave 

3-acetylpentane (201) as maj&'product (30-50X selectivity) C3653. 

+-T+T+++r 
CHO 

201 

The liquid-phase oxidation of n-octane with oxygen-nitrogen 

mixtures ~(0,) = 0.4 bar) catalyzed by cobalt palmitate at 145 "C 

was studied. Detected products were: hydroperoxides, 2-, 3-, and 

4-octanone, 2-, 3-, and 4-octanol, acetic, propionic, butyric, 

valeric, and caproic acids. Kinetic models were formulated C3661. 

The effects of formic and acetic acids on the CoStz-catalyzed 

oxidation of cyclohexane by Oz have been studied. Formic acid 

retarded whereas acetic acid accelerated oxidation. Formic acid 

exerts its inhibiting influence by competing with cyclohexyl 

hydraperoxide for Co(III1 and by enhancing chain-terminating 

processes C3671. Acetic acid enhances both the rate and 

selectivity of the oxidation of cyclohexane by 0 z catalyzed by 

cost*. This effect was attributed to the formation and rapid decay 

of the ternary complexes Ccyclohexane hydroperoxide.CoStz.AcOH] to 

radicals [36G]. 

bl Uxidation of UIefins 

CIlkane oxidation by air at 75 "C and 3 bar is catalyzed by 

ERuz,O(CsF,COOl~(EtzO1,l+. Cyclohexane is oxidized to a 5:l mixture 
of cyclohexanol and cyclohexanone. The turnovers are enhanced by 
the addition of t&z*, FeS* or Crs*. From n-hexene a 1:i mixture of 
hexanol-2 and hexanone-2 was obtained [369]. The VG(OR)Clz-induced 
oxidative aromatization of a,p-unsaturated cyclohexanones (for 
example (20211 with Oz a$ GO % and 1 bar in EtOH solution has 
been reported C3701. 
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Piperylene oligomers and cooligomers of piperylene with 

styrene, a-methylstyrene, isobutene or butadiene were oxidized in 

hydrocarbon solution with air in the presence of Mn or Co salts as 

catalysts and the oxidized oligodienes reacted with MnSOI and 

Co(NOJ+. The oxidized oligodiene Mn or Co salts prepared in this 

way were used as catalysts for the oxidation of diene oligomers 

[3711. Studies on cyclohexene oxygenation (20 "C, 1 bar Oa, 

benzene solvent) with netalloporphyrin-sodium 

borohydride-microcrystalline cellulose catalysts showed that the 

(TPP)Mn(III)/NaBH~/~vicel'/Op system is a good model of cytochrome 

P-450 monooxygenases C3723. 

90% 

Linoleic acid under oxygen atmosphere at room temperature in 

a phosphate buffer (pH 8) was rapidly converted into a mixture of 

hydroperoxides in the presence of a catalytic amount of the 

iron(II1) complex of peplomycin C3733. Oxidation of vitamin D 

(203) with Oa at room temperature or at 50 "C in MeCN in th: 

presence of (n-Bu~Nz)tFe~S.(SPh).l produced (5E)-lo-oxo- 

19-norvitamin Ds (2041 and 8-a-hydroxy-9,10-sec0-4,6,100- 

cholestatriene-3-one (205) mimicking biological oxidation C3741. 

I 

203 

I 
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The ruthenium-catalyzed oxidative cleavage reaction of 

carbon-carbon double bonds using molecular oxygen resulted in the 

corresponding carbonyl compounds. E.g.: from l-dodecene 90% 

undecanoic acid, from P-ethyl-1-hexene 88X 3-heptanone, and from 

methyl methacrylate 85% methyl pyruvate was obtained at 

atmospheric pressure and 40 OC in acetone solution using RuOt or 
RuCIS.nHzO as the catalyst precursor. Internal and 

methyl-substituted alkenes gave 20-25X epoxide besides the 

carbonyl product C3751. 

The activities of Co-containing polymeric catalysts for 

liquid-phase oxidation of cyclohexene have been determined. 

Catalysts with larger Co-Co distances were found to be more active 

C3763. The catalyst system CoBrz(py), + AIBN + AcOH was found to 

be the best for the oxidation of (-I-a-pinene to verbenone by 0s 

(24X selectivity and 7&X conversion at 60 "Cl E3773. Various 

S-hydroxy-1-alkenes (206; R = Ph, p-MeOC6H,. p-ClC6Hd, Me, tBu, 

PhCHal were converted to the corresponding P-hydroxymethyl 

tetrahydrofurans in good yield with extremely high trams 
selectivities by oxidative cyclization with molecular oxygen in 

the presence of a catalytic amount of bisfl-morpholino-carbamoyl- 

4,4-dimethyl-1,3-pentadionatolcobalt(II1 13783. 

RL - R 0 /, 
‘CT OH 

205 

A method for the direct peroxygenation of 4-phenyl-1-butene, 

styrene, and ethyl acrylate with Oa and EtsSiH in the presence of 

catalytic amounts of bis(l,3-diketonatolcobalt(II1 complexes was 

developed (eq.151. Up to 96% yields were observed in 

1,2-dichloroethane at 20 "C C3793. 

OOSiEtg 

RCH=CH2 + EtgSiH + 02 - R-CH-CH3 03% 15) 

Wacker-oxidation of various olefins catalyzed by PdCl= and 
conducted in a microemulsion containing formamide, HP, iPrOW, and 
p-Me(CHt)~CC6HI(OCHtCHZ).~ gave faster oxidation rates and better 
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yields of ketones than did classical (aqueous) media 13801. A 

method for the prediction of critical oxygen concentration has 

been demonstrated for the Wacker process C3811. New aspects of the 

oxypalladation of alkenes have been described. It was shown that 

in the Wacker-type oxidation the formal oxidation state of 

palladium(II1 remains constant throughout the reaction and that 

the Pd-OOH species derived from the oxygenation of the Pd-H 

species by O2 is the active catalyst C3821. Oxidation of i-butene 

to 2-butanone with 0 using a heterogenized z Wacker catalyet 

(PdC12, NaC1, and V 0 on CIlxOal was studied at 90-120 "C. 2s 
Butanone selectivity was 80-952, crotonaldehyde, acetone, 

acrolein, acetaldehyde and acetic acid were formed as byproducts. 

The activity of the catalyst gradually decreased due to chlorine 

loss C3831. The formation of n-olefin-palladium-cuprate complexes 

as intermediates was demonstrated by kinetic and spectroecopic 

methods in the formation of propylene glycol monoacetate in 

oxidation of propene by Ox in a PdClz + CuCls + Ac0l-i system E3841. 

The following reactions, catalyzed by Pd(OAc)a have been examined: 

acetoxylation of propene and butene-2, and the oxidative coupling 

of PhOAc in AcOH to give acetylated and acetoxylated PhOAc and 

biphenyl derivatives C3831. A palladium-catalyzed acetoxylation of 

cyclohexene to cyclohexenyl acetate in >85% yield was achieved 

using Oz as oxidant and a mixture of hydroquinone or benzoquinone 

and Cu(Oclclz as cooxidant at SO "C and 1 bar in AcOH. Mn(OClc) or 9 
co(oclclz in place of Cu(oclclz were found to be less efficient 
C386J. 

Oxidation of cyclohexene with Oz in the presence of Cu(I1) 

complexes of enaminoketone hydrarones derived from 

benzoylacetaldehyde was studied. Oxidation rate increased with 

increasing tetrahedral distortion of Cu(I1) coordination [387]. In 

the presence of a p-peroxo copper complex, 

CCu(HB(3,5-Mezpz)3)32(02) (pz = i-pyrazolyl), cyclohexene was 

oxidized by 0 at 25 OC to oxygenated z products such as 

2-cyclohexen-l-01 and 2-cyclohexen-l-one. Phenols and a catechol 

were both oxidatively coupled and oxygenated to give 

benzoquinones. Based on kinetic results, a mechanism was proposed 

for the oxygenation reactions in which homolytic cleavage of the 

O-O bond in the y-peroxo complex is followed by free radical chain 

reactions with Ox t3881. The kinetics of oxidation of cyclohexene 

by 0s in the presence of the Cu(II1 chelates (207; n = 2,6) has 
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has been studied. The kinetic parameters changed with time in the 

case of (207; n = 6) but remained constant with the other 

catalyst. This was explained by assuminq that the tetrahedrally 

distorted complex went through a configurational isooerization 

during the catalytic process C3893. 

207 

In the presence of bis (1,3-diketonato)cobaIto complexes, 

olefins (e-9. 1-decene, Z-methyl-1-decene, styrene, 3-methyl- 

3-butenyl benzoate) were converted to the corresponding hydrated 

products according to the Markownikov rule and to alkanes on 

treatment with molecular oxygen at 75 "C in a secondary alcohol as 

solvent. The formation of alkanes in this "oxidation-reduction 

hydration" was suppressed by using bis(trifluoroacetylacetonato1 

cobalt(I1) or bis(Z-ethoxycarbonyl-3-oxobutanolato)cobaltfIIl as 

catalyst and the alcohol products were obtained selectively from 

the olefinic compounds in good yields C3901. It was found that the 

oxygenation of a,(+unsaturated carboxylic acid esters like (202) 

with Oz proceads smoothly in the presence of PhSiHa and catalytic 

amounts of bis(dipivaloylmethanato)manqanese(II) to afford the 

corresponding a-hydroxycarboxylic acid esters in 76-942 isolated 

yields under mild conditions (0 "C, 1 bar_) C3911. 

A 
’ C00cH2Pt-1 

92 % 

208 

Reqioselective (1,4)-hydrocobaltation of myrcene 

Co(dmqla and Hz leads to a mixture of 

(2091 with 

(El- and 

(Zl-allylcobaloximes (210). These can be converted via oxidation 

by tetramethylpiperidine oxide followed by reduction with Zn dust 

into qeraniol and nerol (Z- and E-isomers of (2111). or via 

References p. 170 



oxidation by 0s followed by reduction with NaDH4 to racemic 

linalool (212) C3923. 

See also C3593. 

Cl Epoxidation of Olefinr 

Epoxidation of styrene, 2-norbornene and several norbomene 

analogues at 75 OC by molecular oxygen 11-3 bat-) catalyzed by 

bis(2-alkyl-1,3-diketonato)oxovanadiumfIV) complexes in the 

presence of 2-propanol and 4A molecular sieves was reported C3933. 

New catalysts consisting of a carbon fiber support loaded with 

vanadyl meso-tetra(3-acetaminophenyllporphyrin (AI through 

covalent bonding or vanadyl meso-tetra(4-pyridyllporphyrin (31 
through ionic bonding were prepared and their catalytic activity 

for olefin epoxidation investigated. Catalyst A gave higher yields 

and showed improved durabilty over a carbon fiber catalyst loaded 

with with mono- or bidentate vanadium complexes E3941. 

1,4-Diacryloylpiperazine-N,N-ethylenediaminediacetic acid 

Michael addition copolymers crosslinked with N-vinylpyrrolidone 

were grafted with Mo(VI1 to provide a catalyst for epoxidation of 

cyclohexene t3951. 

The epoxidation of alkenes with Ox using (TPPIMnCl as 

catalyst and N-hydroxyphthalimide, styrene, 2-norbornene, or 

indene as activators was reported. CIlkyl hydroperoxides which are 

formed by autoxidation of these activators are the oxygen source5 

which transfer monooxygen to the catalyst C3961. 
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Catalytic epoxidation of cyclooctene with 0 using 

electrocherically reduced ( FzoTPP ) FeCl or c5,:O,L5,20- 

tetrakiscl-naphthy11porphinatolmanganese(III) chloride nas 

achieved in DFIF containing AcaO as the electrophile C3973. The 

kinetics of the epoxidation of cyclohexene, methylcyclohexene and 

cis-cyclooctene by Oa catalyzed by CRuCl~(Hz01~3+ at pH 2.0 in 

water-dioxane were reported. The rate of the selective epoxidation 

was found to be first order with respect to catalyst and substrate 

concentrations and 1.5 order with respect to ox concentration. 

Eased on the kinetics, a mechanism involving homolytic cleavage of 

the O-O bond with concerted transfer of the oxygen atom to the 

substrate was suggested L398J. 

Olefins were epoxidized at 100 "C with molecular oxygen (4 

bar) in the presence of a primary alcohol, 4cI molecular sieves and 

bis(Z-alkyl-1,3-diketonato)nickel complexes as catalysts. For 

example see (eq.16; 86% yield) C3993. 

(p-CICgH&C = CHCH~CHZCH~ - A 
(p-C&H& C-CHCH+t$H3 (fw~) 

See also C375, 4541. 

d) Oxidatim of Alkynes 

CIlkynes (6-dodecyne, phenylacetylene, diphenylacetylenel net-e 
selectively 090%) oxygenated at 70-100 "C and 7 bar Oa to the 

corresponding carboxylic acids in the presence of ceric ammonium 
nitrate in CHaCN and Ha0 C4OOJ. Oxygenation of 4-substituted 
phenylacetylenes catalyzed by Co(salen) in alcohol at 60 "C 
resulted in highly selective incorporation of oxygen into the 
triple bond to give the corresponding acetophenones, and mandelic 
and phenyIglyoxylic esters E4013. Propargyl esters like (213) were 
converted to a-acyloxy-a,*unsaturated aldehydes in good to 
excellent yields by PdBra in THF under Oa at 65 "C C4023. 
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213 

See also C3593. 

e) Oxidation of Aromatics 

Ethylbenzene was oxidized to acetophenone with air in the 

presence of CrOa. The same reaction was faster if PhIO was used as 

oxidant and CrOa with a-picolinic acid as catalyst c4033. 

Supported reagents prepared by adsorption of dichromate or 

permanganate on alumina catalyze the oxidation diphenylnethane to 

benzophenone in the liquid phase by air at 150 "C. The reaction 

starts as a rapid stoichiometric oxidation and after some time 

goes over into a truly catalytic (but significantly slower) 

process C4041. The effect of free radical initiators like 

1,2,3,4-tetrahydro-l-naphthyl hydroperoxide on the oxidation of 

tetralin by Oa catalyzed by Cr(IIIf, tln(IIII, Fe(III), Co(III, 
Co(III), and Cu(II1 acetylacetonates has been investigated. Both 

increase and decrease of rate were observed. The results indicate 

that the free radical initiators act by affecting catalyst 

activity 14053. 

The addition of p-0aNC6HIC(OOHlHMe had no effect on the rate 

of oxidation of p-0aNC6HHIEt by Oa in the presence of Mn(OAcla as 

catalyst. This was attributed to the inhibition of the 

non-catalyzed radical chain oxidation process by the catalyst 

C4061. Porphyrin complexes of tln in the presence of NaBHl catalyze 

the oxidation of 2,&diaethylnaphthalene by 0s to a mixture of 
tetralin derivatives containing 1,3-diol, epoxy alcohol, and 

p-hydroxy ketone groups. Thus, the two main products of oxidation 

were (214) and (215) if meso-p-methoxyphenylporphinatomanganese 

chloride was used as catalyst f407,4083. 
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bH 

214 215 

The hydroxylation of benzene, toluene and anisole with 1 bar 

Oa at 25 OC using the oxygenase model FeCls/pyrocatechol/pyridine 

in the presence of excess hydroquinones as reductants was studied 

in MeCN solution. Probably an iron-oxygen species is the active 

species and not the OH radical C4093. The relatively weak 

catalytic activity of (TPPlFeCl for the oxidation of cholesterol 

and anthracene in the presence of NaBHd was attributed to the 

formation of a catalytically inactive ~0x0 dimer E4103. 

Mild benzylic oxidation with O2 (1 bar) was reported using 

catalytic amounts of cobaltfIX chloride in diglyme or 

diglyme-methylethylketone. From gmethylanisole 5OY. yield of 

p-anisaldehyde and 19% yield of p-anisic acid was obtained in 5 h 

at 90 OC. The selectivity for p-anisaldehyde could be increased 

dramatically either by lowering the temperature (60 OCl or by 

using CrCla as a cocatalyst. Tetraline and indane were oxidized 

selectively to 1-tetralone (71X yield) and 1-indanone (72% yield), 

respectively [4111. Oxidation of p-toluic acid methyl ester by Oa 

in the presence of CoStz was studied. Addition of MnStz suppressed 

the formation of CO= and thus increased selectivity E4123. CI 

heteroqenized complex of Co(I1) was synthesized using 

chromatographic grade silica as support. It has been used as 

catalyst for the oxidation of cumene by Oa in the liquid phase. 

High cumyl hydroperoxide concentrations were attained (up to 29%) 

14133. Oxidation of cumene and cyclohexene at &5-95O in the 

presence of CoCla, MnCla, CuCls, or NiCla on U-modified silica 

supports was studied. In the presence of the Co-, Mn-, and 

Ni-containing catalysts oxidation ocurred by a 

heterogeneous-homogeneous radical-chain mechanism, whereas in the 

case of the Cu-containing catalyst the reaction proceeded at the 

surface of the heterogeneous catalyst C4143. 
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A new phenol synthesis from benzene and Cl via direct z 
activation of a C-H aromatic bond by the Pd(OAc)a/phenanthroline 

catalyst system has been reported. Up to 13 turnovers were 

achieved in 1 hour at 180 OC, 15 bar Oa and 15 bar CO C4153. Cln 

increase of the turnover number up to 100 and of the yield of 

phenol from 6% to 25% was achieved by reducing the catalyst 

concentration to 20 mmolX C4161. 

Oxidative carbonylation of benzene derivatives to benzoic 

acids with 0s + CO was accomplished with the catalytic system 

consisting of Rh or Pd complex + Cu salt + CFaCOOH + (CFsCO)aO. 

The predominant formation of orthu- and para-toluic acids in the 

carbonylation of toluene suggests an electrophilic substitution 

mechanism C4171. A novel oxygenation of (216) to (2271 by Oa with 

a CuC12.2HzO-diethylamine complex catalyst was reported. At 60 "C 

and under Oa at atmospheric pressure, 97.6% conversion and 77.7% 

yield was achieved in 4 h. As a byproduct of the oxygenation 3.7% 

2,6-dimethyl-p-benzoquinone was also formed 14181. 

See also C363, 

2. Catalytic 

al Oxidatian 

Oxidation 

Mo 

216 

3853. 

OH 

Me, r4e 

- -6 \’ 
tH0 

217 

Oxidation of O-ContaMing C#poundr with Oa 

of Alcohols 

of EtOH by CrOs on SiO and the reoxidation of 7. 
chromium by Oa was studied C4193. The catalytic oxidation of 

benzoin and para-sustituted benzoins by Oa or pyridine-N-oxide, in 

the presence of CMoOaLzl complexes (L = S-deprotonated cysteine 

methyl ester or diethyl dithiocarbamate) was studied kinetically 

C4201. 
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Manganese thiophenolate and relenophenolate complexes 

CMn(EPh1~12- (E = S,Sel catalyze the air oxidation of benzoin to 

benzil, benzaldehydes to benzoic acids, benzhydrols to 

benzophenones, and hydrazobenzene to azobenzene in BMF. ESR 

measurements indicate that the catalytically active species are 
diamagnetic C4211. The tetranuclear Mn(IVl complex 

CTACNl~Mn~06JBr~ catalyzes the air oxidation of secondary alcohols 

into ketones and of PPha into OPPha C4221. 

The ruthenium cluster E~EtC00~6Ru90~HZO~~l~~EtCOO~~ used as 

catalyst for oxidation of alcohols with Oz could be quantitatively 

recovered and reused by adding to the 5olution polyethylene 

oligomers containing a terminal carboxylic acid group C4231. 

Copper and nickel chelates with 0- and N-containing ligands 

catalyze the autoxidation of polyethylene glycol. Their effect is 

due to the additional initiation of chains L4241. Oxidation of 

alcohols with Oz and using a Cu** - N,f+disalicylidene-ethylene- 

diamine system has been investigated. Primary alcohols were 

oxidized faster than secondary alcohols. Oxidation was promoted by 

the addition of NaOH but at the same time the selectivity of the 

reaction decreased C4251. The binuclear copper(I1) complex (2281 
was found to catalyze the selective oxidation of benzoin to benzil 

and the oxidation of hydroquinone to para-quinone by Oz under 

ambient conditions in methanol solution [426]. 

+ 

2ClO4 

218 

See also C763. 



bl Oxidation of Phenols 

The possibility of phenol hydroxylation during oxidation by 

Oz in presence of metal ions in acidic solutions was studied. 

Hydroxylation products fpyrocatechol and hydroquinone) were found 

in the case of V(II) and CrfIIf 14271. 

The Mn(II)-containing polytungstates CWI~OssMn(OHIZln- (X = 

Si,GeI and az- TPzW~,0~tln(OH)z18- are soluble in non-polar 

solvents such as benzene or toluene in the presence of 

tetraheptylammonium bromide or other phase transfer agents. These 

solutions catalyze the oxidation of 2,6- or 2,4,6-substituted 

phenols by Oz to the corresponding benzoquinones or polyphenyl 

ethers E4281. The epoxidation of cis-cyclooctene and the oxidation 

of 2,&-di-tert-butylphenol with molecular oxygen under atmospheric 

pressure in acetonitrile and dichloromethane solutions has been 

described using a poly(pyrrole manganese porphyrin) film electrode 

as a catalyst, which was propared by electrochemical 

rolymerization of Mnfp-pyr)TPP (2191 C4291. 

219 

Oxygenation of 3,5-di-tert-butylcatechol in THF by 
FeClz/pyridine/2,2'bipyridine/Oz (1 bar) at 25 "C results in 

3,5-di-tert-butyl-5-(carboxymethyl)-2-furanone and 3,5-di- tert- 
butyl-1,2-benzoquinone. The ESR spectra revealed that the systems 

with the highest g values were the most active C4301. The kinetics 



of tri-t-butylphenol (TBP) oxygenation to the peroxide (2201 in 

the presence of CFe(L)(MeCN)21[PF6]z (L = 221) as catalyst have 

been described by the following expression: - dCOs]/dt = 

k[catalystl[TBP]2[O~l.The reaction is inhibi 

sulfonic acid and pyridine 14311. 
,jbed by methane 

y - ogyJ(=$o 220 

221 

New catalytic systems composed of iron or copper, and CuCl or 

FeCls were described for the oxidation of 2-lhydroxymethyllphenols 

(222; R = H, He, Mu1 to the corresponding salicylaldehydes (223). 

One of the most active systems was Fe/FeClz/Oz/MeOH C4321. 

OH OH 
R CWH R 

R 
222 223 

Three groups of Co(II1 Schiff base complexes with different 

coordination core geometries and metal ion spin states were tested 

in MeCN solution as catalysts for oxygenation of 2,6-di- ter+ 
-butylphenol. The reactions proved to’ be very selective leading in 

most cases only to the corresponding parebenzoquinone. The 
results were interpreted in terms of electronic, structural, and 
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steric factors C4333. Complexes of cobalt with 2,2'-bipyridyl or 

imidazole and of manganese with PPrs, capable of binding 0 
2' 

were 

tested as catalysts for the oxidation of organic substrates with 

O2' 
Oxidation of hydroquinone with Co complexes as catalysts and 

of acrolein with the Mn complexes as catalyst were investigated in 

detail t4343. The liquid-phase oxidation of p-cl-es01 and 

substituted ccresols by air under alkaline conditions using CoC12 

as catalyst and MeOH as solvent was investigated and the reaction 

conditions optimized in order to obtain the corresponding 

aldehydes with high selectivities. Based on the experimental 

results a potentially useful procedure was developed for the 

production of 4-hydroxybenzaldehyde from rcresol [435]. Cresols 

were oxidized by O2 in cIc20 solution in the presence of transition 

metal acetates and different bromides as catalysts. The most 

active system was that which contained Co(II1, Ce(III), and NHdBr. 

Using this catalyst system, pcresol was transformed at 120 "c 

into p-acetoxybenzoic acid derivatives in about ?OX yield E4361. 
The oxidation of 2,6-di-tert-butylphenol by O2 was used to test 

the catalytic efficiency of "looping-over" cobalt 

tetraarylporphyrins (224). The most active systems at 23 "C and 
1.1 bar O2 in toluene solution were those with R = (CH+)+imidatol 

and R = (CH21~NH2 in the presence of NEt . In 3 both cases 100% 

yield of 2,6-di-tert-butylbenzoquinone was achieved C4371. 

Me 224 

Dinuclear complexes of Cu(II1 and CofIIl of ligand (2251 
catalyze the oxidation of 3,5-di-tert-butylcatechol and 
2,6-di-tert-butylphenol by 02. The catalytic activity of the 
Cu(I1) complex with Ns- as anion was found to be the highest 

C4381. 
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Et Et 

Et Et 

225 

CI kinetic study of the oxidative coupling polymerization of 

2,&dinethylphenol by Ot catalyzed by Cu(IIl-tmen complexes was 

described. Addition of OH- significantly increased the rate of the 

reaction C4393. The kinetics of the oxidation of pyrocatechol by 

O2 in the presence of catalytic amounts of Cu(I1) have been 

determined. The complicated rate law is explicable in terms of a 

chain mechanism in which the Cu(I)-dioxygen adduct CuOt+ is the 

active oxidizing agent C4401. Six different types of Cu(I1) 

complexes have been observed in the oxidative coupling of 

2,&dimethylphenol by Oz to polytoxy-(2,6-dimethyll-1,4- 

phenylenel and their roles in the catalytic process have been 

identified. The rate-determining step of oxidative coupling seems 

to be electron transfer from phenolate ions to Cu(III in these 

complexes f4411. The activities of the complexes (CUL~)(BF~)~ and 

CCuL2(HpO)zl(N09)z (226 = 11 as catalysts for the oxidation of 

2,6_dimethylphenol with O2 to give poly(phenylene oxide) and the 

diphenoquinone (2271 have been determined. Et=N increased the 

activity of these catalysts C4421. 

226 227 

The mono- and binuclear cu(11) complexes 

CCu2(L) (OIle)*3u3F4)*, cCu~(Llc1*3c1*, CcUa(L' )zWHe)z3(BF4)t, and 
Cu(L'lClz (L = 2281 L' = 229) catalyze the oxidation of catechol 

by Oz to u-quinone. The mononuclear complex was found to be the 

~ckr~nee~ p. lrn 
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least active. This supports the conclusion that two coppers need 

to be proximate for the binding of the two phenolic oxygens of the 

catechol for the two-electron redox reaction to occur C4433. 

229 

228 

See also C359, 4261. 

cl Oxidation of fildehydes and Ketones 

In the presence of Os, the heteropolyacids HS+n[PM~LZ_rrVnOIOj 

(n = l-31, or their Na acid salts react with benzylic ketones at 

room temperature in MeCN to afford the corresponding carboxylic 

acids and benzaldehyde in high yields E4443. Aldoses, e.g. xylose 

and glucose are oxidized at 30-W OC by Oa in the presence of 

porphyrin complexes of Mn(II) or Mo(VI) immobilized on 

polyacrylamide containing gels to HCOOH, CHzO, and xylonic and 

gluconic acids, respectively. The kinetics of the reaction were 

determined C4453. Oxidation of acetophenone by Oa in the presence 

of MnlII) salts gave mainly benzoic acid, with formaldehyde, 

formic acid, COz, and CO detected in the gaseous product. Eased on 

kinetic measurements a nonchain radical mechanism was proposed 

C4463. 

(TPPlFe(II1) complexes as the chloride, fluoride, or 

oxo-bridged dimer, were shown to catalyze the aerobic oxidation of 

propanal to propionic acid at ambient conditions in benzene 

solution f447]. 

A detailed molecular mechanism for the oscillation of the 

cos+ concentration during the Co'*- and Br--catalyzed 

air-oxidation of benzaldehyde to benzoic acid in 90% aqueous ACOH 

WdS proposed C4481. The first report on the phenomenon of 

propagating reaction fronts in the autoxidation process dissolved 
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oxygen-CofAcIa-benzaldehyde 

The effect of concentration 

front was studied C4491. 

Liquid-phase oxidation 

in glacial acetic acid has appeared. 

on the velocity of the propagating 

of crotonaldehyde by O2 to crotonic 

acid with a CuStx-aniline catalyst system was optimized 14501. The 

products formed in the copper-mediated oxygenation of 

phenylacetaldehyde and 3-phenyl propionaldehyde at 25 OC using the 

Cu(IIf-py-EtsN-MeOH system have been identified C4511. The product 

profiles of the liquid-phase air oxidation of 2-methylpropana? to 

2-methylpropionic acid revealed that copper ion is an effective 

reaction moderator for the Co or Mn ion catalyzed reaction C4521. 

See also E4343. 

dl Miscellaneous LhidatiDns 

The oxidation of clclohexenyl hydroperoxide with 0 was 
2 

studied in the presence of different vanadyl complexes. A high 

rate of radical formation was observed C4533. The simultaneous 

oxidation of a-cyclohexenyl hydroperoxide and 2-cyclohexen-l-01 

with O2 in the presence of VO(DMSOIs(C10112 has been investigated. 

Epoxidation of 2-cyclohexen-l-01 by the hydroperoxide was observed 

E4543. 

Fei'OEP-O2 was reduced with ascorbic acid sodium salt in the 

presence of water to Fe"OEP-OOH C4551. Oxygenation of the 

hydroperoxyde (230) in acetonitrile at 0 "C in the presence of 

Fe(phen)s(PF6)s and Cu(OS02CF,12 gave the equilibratig mixture of 

the dicarbonyl hydroperoxyde (2311 and the peroxy hemiacetal 

(232). The iron catalyst alone was ineffective and converted (250) 

only into cleavage products [4563. 

H 1 
I 

+ 

HOOI’ 
/ 

q"- 

230 231 
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Liquid-phase oxidation of formic acid in MeCN by Op is 

catalyzed by the giant Pd clusters Pds_(phenl_(OAcl,M, and 

Pd _(phen)_ 6. 0 (PFb) at 20-70 OC. The reaction is first order in 

the cluster and formic acid and the dependence on Oz concentration 

is described by a Michaelis-type equation C4573. 

3. Catalytic Oxidation ot 

Organic Compounds with 
N-Containing 

0 z 

Treatment of 2-phenylglycine with a stoichiometric amount of 

VO(OEt)Cla in ethanol under oxygen gave a mixture of ethyl 

benzoate and ethyl phenylglyoxylate C4581. 

Air oxidation of N,W_(dialkyllacylmethylamines (233) using a 

catalytic amount of CFe(salenllzO in the presence of 

2-mercaptoethanol gave the corresponding a-ox0 amides (2341 
(R,R’ ,R” = alkyl, phenyl, substituted phenyll. If NaxS was used 

instead of the thiol, a-oxo thioamides (2351 were obtained as the 

predominant products C4593. 

R-C - CH2N 
/R’ 

0 ‘R” 
233 

R-C-C- 
/R’ 

d d ‘R’ 

R-C-C-N /R’ 

6 j ‘R” 

234 

235 

Ckninomethylphenols (236; R = CH.NHMe or CHzNMez) oxidized by 
Oa in the presence of Fe and FeCla give aldehyde (236; R = CHOl, 
formamide (2541 R = CH8NMeCHOI, and oxazine (2371 C4601. 

vR 236 +j? 237 

t 
t 
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The breakdown at the amino acid side chain of the metal 

binding site in the bleomycin model compound (23G) was observed in 

the reaction with Fe(II1) + HzOz or with Fe(II1 

temperature C4611. 

+ Oz at room 

Me 

tBu0 

H 

CHO 

+ H2N 

238 

Low yields of lactams (0.5-4X) have been achieved in the Gif 

oxidation of quinine O-acetate, quinuclidine, N-methylmorpholine, 

codeine &acetate, and mesemrane using Fez,OO(OAcldPy,_, catalyst, 

zinc powder, acetic acid, and pyridine in air C46.21. The mechanism 

of the dioxygenation of 3-methyl-indole to o-formamidoacetophenone 

by atmospheric Oz in the presence of (TPPlFeCl and alkaline 

reagents was studied C4633. Oxygenation of 

I+ttet-t-butoxycarbonyl-L-tryptophan mediated by Fe(II)-EDTA and 

L-ascorbate resulted mainly in the oxidation of the indole moiety. 

Hydroxylation at C-3, C-5, and C-6 as well as ring opening between 

C-2 and C-3 have been observed C4641. An iron-catalyzed oxidation 

of bis(imidazol-2-yllmethane (239) into bis(imidazol-2-yllketone 

(2401 using FeCls or Fe(CIOI)a in ethanol at 50 "C and air hae 
been reported C4651. 
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Cyclohexylamine in ethanol medium was selectively converted 

to cyclohexylurethane by catalytic oxidative carbonylation at 160 

*C and 21 bar CO + Oz (1:0.5) in the presence of Ru(saloph)Cla 

[4&I. 

The oxidation of 4-substituted N,N-dialkylanilines with 0 z 
using a catalytic amount of CoCls in MeCN in the presence of 

acetic anhydride resulted in N-alkylacetanilides in up to 81% 

yield C4671. CfTPP)Col+ wa5 found to be an efficient 

electron-transfer catalyst for both the two-electron leq.17) and 

overall four-electron (eq.18) reduction of dioxygen by the NCIDH 
model compound lo-methylacridan at 

presence of perchloric acid C4681. 

&$ 
Y 
MQ 

Wr b) 

+ 02+ H+ - 

2 AcrH2 + 02 + 2H+ - 

25 "C in acetonitrile in the 

tie 
(Acr H+) 

2 AcrH+ + H20 

+ H2Q! (Qq.17) 

(oq.18) 

The oxidative carbonylation of aromatic primary amines (241; 

X = H, Me, F, Cl, Br) in methanol using CO and O2 with catalytic 

amounts of Co(salen) was investigated. Clt 60 "C, 10 bar CO and 2 

bar Oa ureas (242) were the main products; at 100 "C more 

carbamates (243) were formed and azoderivatives (2441 were usually 

minor side products. Starting from o-aminophenol, however, the 

corresponding azoderivative was the main product even at 25 "C 

E4691. 



The 1:l Pd(II1 complex of streptonigrin (2451 catalyzes the 

oxidation of NCIDH by Oa to N&D+ in a HEPES-buffered aqueous 

solution at pH 7.2 t4701. 

COOti 

Me 245 
Ho/ 0 Me0 ’ 

I 

ble 

An improved methodology for the oxidation of primary amines 

to nitriles by the CuCl - Oa - pyridine system was reported. 

CIlmost quantitative yields of aliphatic or aromatic nitriles were 

achieved C471J. The kinetics of this reaction have been determined 

and electron transfer from the amine to an oxocopper(I1) complex 

was proposed as the possible rate determining step C4721. The 

products and the kinetics of the copper(catalyzed autoxydation 

of carbohydrazyde, HtNNHC(=OINHNHt, with dissolved oxygen in water 

at pH 7.9 and 32 OC were studied. It was found that carbohydrazide 

reduces dissolved oxygen to HsOa and probably HsO in the presence 

of CuCla or CUSO~, and is transformed into hydrazine. The reaction 

is first order in 0 concentration 
2 

c4733. Air oxidation of 

N,N,-dimethylaniline in HeCN is catalyzed by Cu(I1); the products 

are CMe2NC6HICdH~NMe212+ and crystal violet. The reaction starts 

with a rapid electron transfer within a complex formed from the 

reactants, the rate-determining step is the decomposition of this 

complex c4743. The rate of this oxidation increased with 

increasing donor properties of the solvent. Cu(N0,12 was more 
efficient than CuC12, and no reaction was observed with cuWW2 

or CuBr2 C4753. In the presence of catalytic amounts of 2+ Cu , 

N-benzoylhistidine is completely oxidized under physiological 

conditions by O2 and ascorbate to a mixture of at least eight 

products [4763. 1-Methylimidazole and its analogs, including for 

example L-l-methylhistidine are oxidized by air in the presence of 

References p. tm 



98 

Cu(I1) and ascorbate to the corresponding 1-methyl-Z-imidazolones 

c4773. Irregular oscillation (chaotic behavior) was observed in 

the oxidation of NRDH by air in the presence of some Cu(I1) 

complexes. The demonstration of chaotic oscillation depended on 

the CuLp+/CuL+ redox potential (L = e.g. 1,4,7,X)-tetrathia- 

cyclododecane) C4783. 

See also t4213. 

4. Catalytic Oxidation of P- , or B-Containing Organic 
Compounds with O4 

Triphenylphosphine was catalytically oxidized in refluxing 

methanol by air in the presence of tNH11~L13002(00CC(S)Ph)3.mp 

[4793. Oxidation of PPh, by Oa in MeCN solution was studied in the 

presence of Fe(CIOl)a. In the course of the reaction Fe(III1 is 

reduced to Fe(II1 and stable (Ph,POl~Fe(ClO 1 is formed. 
42 

Oxidation of PPha is therefore not catalytic but stoichiometric in 

iron [4SO]. Epoxidation of cyclohexene and oxidation of PPha to 

ClPPh. with Oa or NaOCl as oxidants is catalyzed by RuWLl(HzOl 

(H4L = EDT&). In both cases, the active catalytic species has been 

characterized as Ru(=O)L-. The transfer of oxygen to the substrate 

is a concerted reaction C4811. The superoxo complex 

[(triphos)Rh(~L-Op)(~z-3,5-DDSQ)l~ catalyzes the oxygenation of 

PPha to OPPh?, and of 3,5-di-ter+butylcatechol to the 

corresponding o-quinone, muconic acid anhydride, and 

Zitpyran-Z-one under a dioxygen atmosphere at -15 "C in =Ylz 
(triphos = tleC(CHaPPhx1~; 3,5-DDSQ = 3,5-di-tert- 

butylsemiquinonate) C4821. 

Enzyme-like behavior was observed for the autoxidation of 

2-mercaptoethanol with Oa (1 bat-1 using polypeptide-wrapped 

unsubstituted Co or Fe phthalocyanine as a polymer catalyst. The 
polypeptide consisted of L-lysine, L-glutamic acid and *alanine 

[4833. Tetrasodium phthalocyaninatocobalt was used as a catalyst 

for the oxidation of thiols by Oa t4841. The kinetics of Oa uptake 

in the catalytic oxidation of 2-mercaptoethanol to the 

corresponding disulfide in aqueous solution at 25 "C in the 

presence of CoPc(SOaNa14 (2461 and 2,4-ionene (2471 was best 
described by including the intermediate HsO, accumulation process 

into the kinetic equations C4851. The effect of pH and the type of 
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ionene polymer on the observed kinetics of the oxidation reaction 

were studied in the case of 2-mercaptoethanol, aminoethanethiol 

and mercaptoacetic acid C4861. 

n=8600 
247 

Oxidation of cysteine by Cl2 proceeds in two steps. The first 

step is catalyzed by Cu(II1 and yields HaOs. The second step is 

the reaction between cysteine and HsOa which is spontaneous (not 

catalyzed by Cu(I1)) but can be catalyzed by Fe{111 or Fe(III1. 

The Cu- and Fe-catalyzed rates are not additive and the mechanisms 

of the two catalyzed reactions are not clear yet [4871. 

3. Catalytic Oxidation of Organic Compounds nith 

Organic or Inorganic Oxidants 

al Dxida tion of Hydrocarbons end Hydrocarbon 
Groups 

Titanosilicates with Si/Ti = 60 were prepared from Ti(OEtl*, 
Si(OEtld and PrINOH and tested as catalysts for the oxidation of 

alkanes with H,Os at 50 OC. Ketones and secondary alcohols were 
formed and a high shape-selectivity was observed5 competitive 
oxidation of hexane and cyclohexane led to a substrate selectivity 

of hexane/cyclohexane = 41. Oxidation rates of branched alkanee 
were negligible C4883. Chlorohydroxylation of olefin (2481 with 
TiCla in the presence of tBuoOH in CHsCls at -78 'C yielded 
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(249,250) and (251) in a 96:2 ratio. Recrystallization of the 

crude product gave (2491 in 76% isolated yield T.4891. 

Oxidation of methane by H 0 is and 
2 2 

catalyzed by KVOl 

VO(acac12 in CFsCOOH at 20 OC and 30-35 bar. The main product is 

CO2; small amounts of MeOH and CFsCOORe are also formed c4903. 

Oxidation of cyclohexane by H202 is catalyzed by vanadium 

compounds in AcOH and CFSCOOH solutions. In ClcOH, the only 

products are cyclohexanol and cyclohexanone; the ratio of the two 

products does not depend on conversion, and inhibitors of radical 

chain oxidations do not influence the reaction rate. The rate of 

oxidation is considerably higher in CF.COOH and the only product 

is the trifluoroacetate ester of cyclohexanol C4913. 

Oxidation of cyclohexene with CrOz + tBuOOH gave cyclohexene 

oxide, cyclohexenol and cyclohexenone in the ratio 3:1:40. 

Addition of NaHCOs increased the yield of epoxide L4923. 

Chromiur(VI1 0x0 compounds like CrOz or (Bu~N12Cr20, catalyze the 

oxidation of cyclohexane, PhEt, and styrene by H 0 in MeCN 
2 2 

solution C4931. Oxidation of benzylic alcohols, methylene groups 

in a-position to aryl, ethylenic or acetylenic groups into 

ketones, anthracene into anthraquinone and adamantane into 

adamantan-l-01 and adamantan-2-one by tBuOOH is efficiently 

catalyzed by (BusSnOf2CrOz at 40-80 "c. Yields are generally 

superior to those achieved in the presence of CrOz c4941. The 
allylic oxidation of (2521 using Cr(CO16 and tBuOOH to give enone 
(2531 (47x1 and bis enone (2541 (10%) has been reported C4953. 



252 253 254 

Oxidation of (2551 with tEuOOH in the presence of croa or 

CrICO16 gave (256) and (2571. Addition of pyridine or CIcOH 

influenced the relative amounts of the two products C4961. 

Mg $ &$ 

255 257 
256 

Oxidation of (2581 by CIcOOH in &OH to give (259) is 

catalyzed by the heteropoly acids HV s iz_XnoxO,(x = Q-41. 

Selectivity of the formation of (2591 increases with increasing 

proportion of tlo in the catalyst C4973. 

Internal alkynes (for example 2601 were oxidized with l clueous 

l-P2 catalyzed by peroxotungstophosphate under two-phase 

conditions using CHCla as the solvent, giving a,@-epoxy ketones 
and a,/)-unsaturated ketones as major products C4963. 

-r4 - 
260 62 *I. 15 % 
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Cyclohexane, ethylbenzene or adamantane were oxidized with 

40-69X yield to alcohols and ketones at 20 OC with turnover rates 

up to 80 cycles/nin with magnesium aonoperoxyphtalate in the 

presence of (CIaTPPlMnOAc as catalyst E4991. In the manganese 

porphyrin (TPP, TMP, FsoTPP and ClaTPP) catalyzed oxidation of 

cyclohexane by sodium chlorite, cyclohexanol and cyclohexanone are 

formed in CHsClx solution at 23 "C with high turnovers in parallel 

2e and 4e reactions, respectively CJOOI. Hydroxylation of ethane, 

propane, and cyclohexane by PhIO or tBuOOH using the following 

biomimetic Mn catalysts were described: Hn supramolecular 

porphyrins and open-face porphyrins, Mn nonporphyrin tri- and 

tetranuclear clusters, and a mononuclear W-substituted Keggin ion 

c5013. Mn(II1) meso-tetraarylporphyrins bearing halogen 

substituents on their mesa-aryl and pyrrole groups gave up to 70X 

yields for the parahydroxylation of anisole with HzOz as the 

oxidant in the presence of imidazole at 20 % in CHtC12-MeCN 

solution. Under the same conditions, phenanthrene was 

quantitatively oxidized to its 9,10-epoxide, and naphthalene was 

mainly oxidized to l-naphthol (40% yield) c5021. Manganese(II1) 

5-(nr(carboxyl)phenyl~-l~,lS,2~-triphenylporphyrin~ attached to 

steroidal substrates (17Cfmethyl- or 17(3-vinyl-5a-androstan-3a-011 

by an ester linkage, catalyzes the hydroxylation of these 

substrates at the Cc171 position with iodosylbenzene as the source 

of oxygen at ambient temperature in dry CHiClt under argon. 

Isolated yields of BOX, 90%, and 76% were obtained, respectively, 

based on recovered starting material. By altering the length of 

the tether linking of the steroid to the template, the 

hydroxylation could be directed to replace a hidrogen atom at the 

C(12) or C(14) position [5031. 

Cycle-octane, cyclohexane, adamantane, heptane and pentane 

were oxidized to a mixture of alcohols and ketones by PhIO in 

MeCN-CH2C12 solvent at 20 OC in the presence of catalytic amounts 

of MnCmeso-tetra~4-N-methylpyridiniumyl~porphyrinlCl*~ supported 

on montmorillonite. Yields up to 45x, based on PhIO were achieved. 

Under the same conditions cycle-octene was almost completely 

epoxidized. In these oxidations, the montmorillonite-supported 

catalyst was more efficient than the corresponding homogeneous or 

silica-supported Mn-porphyrin catalyst c5043. Manganese 

tetraphenylporphyrin fixed on imidazole modified silica was used 

as a catalyst for the oxidation and hydroxylation of cyclohexane 



with HIOz. A rather high loading of imidazolyl groups was 

necessary to ensure the permanent ligation of Mn to the surface 

c5051. Zeolite-encapsulated iron and manganese tetramethyl- 

porphyrin complexes were found to catalyze the oxidation of 

cyclohexane with hydrogen peroxide at 50 "c to cyclohexanone 

C5063. 

Cyclohexane has been oxidized to cyclohexanone with up to 83 

turnover at 20 *C under argon by 30% aqueous HzOz in pyridine in 

the presence of iron(picolinate or iron(l,lO- 

phenanthroline-2-carboxylate t5073. Unusually high values of 

kinetic isotope effect, up to 21.9 -+ 1.9 at 20 *C, were observed 

in cyclohexane oxidation by an iron tetramesitylporphyrin- 

hypochlorite system. Based on the very sharp temperature 

dependence of the effect, a tunnelling contribution to the C-H 

bond cleavage step has been suggested C5083. A new type of 

metal-induced activation of hydrogen peroxide by iron-picolinate 

complexes in pyridine/acetic acid solvent at room temperature for 

the efficient and selective transformation of methylenic carbons 

to ketones and the dioxygenation of acetylenes and aryl olefins 

has been investigated. Thus bis(picolinato)iron(II) catalyzes the 

near stoichiometric (72%) transformation of cyclohexane and HO 
2 2 

to cyclohexanone (95%) and cyclohexanol (5%). Similarly n-hexane 

gives with 52% conversion 3-hexanone (53%), 2-hexanone (46Y.1, and 

<2X 1-hexanol. From ethyl benzene the only detectable product 

acetophenone forms in 51% yield C5091. Cyclohexane was oxidized at 

25 OC under C\r in MeCN solution with tBuOOH in the presence of 

catalytic amounts of CFe(tris(Z-pyridylmethyl)amine)C121(C10~~ to 

cyclohexanol, cyclohexanone, t-butylperoxy-cyclohexane and 
chlorocyclohexane with 37% total yield C5103. Yields approaching 

10% based on H202 and turnover numbers of about 10 were observed 

in catalytic alkane (cyclooctane, cis-dekalin, trans-dekalin and 
tetralin) oxidations at room temperature in reverse microemulsions 

containing iron salts like FeSOd. Mixtures of ketones and alcohols 

were formed c5113. The FeC13-H202-pyridine-acetic acid system 
showed up to fiftyfold higher rates in oxidation of cyclododecane 

to cyclododecanone at room temperature in the presence of 

picolinic acid or its congeners C5121. Hydroxylation of aliphatic 
hydrocarbons by Hz02 catalyzed by iron complexes in the presence 
of Zn powder, AcOH, and 2,2'-bipyridine was studied. Major 
products were secondary alcohols C5133. Benzylic oxidations 
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promoted by iodosylbenzene in the presence of (FzoTPP)FeCI have 

been reported. The scope of hydrogen atom transfer and electron 

transfer mechanisms in these oxidations has been established 

[5143. Oxidation of ethylbenzene with HaOain the presence of 

Fe(NOala in homogeneous medium (HxO-MeCN) afforded PhCOMe. 

Catalytic activity could be increased by the addition of 

polyethylene glycol. Oxidation under heterogeneous phase-transfer 

conditions resulted in lower product yields C5151. The oxidation 

of n-butane and' propane in a HaOa-FeS+-pyridine-acetic 

acid-picolinic acid system gave 25% yield of 2-butanone and 13% 

yield of acetone, respectively based on HaOa C5161. The Fe(II1) 

porphyrinato complex (2611 catalyzes the oxidation of 

acenaphthylene to acenaphthen-l-one by iodosobenzene with 65% 

yield in CFaCHaOH as solvent. The special structure of the 

porphyrin ligand helps the binding of aromatic substrates in the 

vicinity of the iron center C5171. 

HBr .Et 

261 

The oxidation of (2621 with cumene hydroperoxide catalyzed by 

chloroiron(III)-5,10,l5,2O-tetraarylporphinate/~~thylimidazole 

systems gave (2631, (2641, and (263) in various proportions. The 

~ClaTPPlFeCl/~methylimidazole system in CHaCla at 25 "C was found 

to be the most effective for the aromatization of the ring A of 

(2621 C5183. 
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L 
HO 

263 

264 

265 

Oxidation of 2-methylnaphthalene to 2-methyl-1,4- 

naphthoquinone by 1Bu~Nl,CrsO, or tNH412Cr 0 in acidic 

MeCN is catalyzed by RuCls t5193. The kineti'cs 

aqueous 

and mechanism of 

oxidation of alkylbenzenes by Cr(VII catalyzed by Ru(IV1 has been 

studied. The results suggest that - among others - binuclear 

Cr(VIl-0-Ru(IV) species are responsible for the attack of the C-H 

bonds C5201. Ruthenium complexes containing aromatic diimines, 

macrocyclic tertiary amines, and porphyrins as ligands were used 

as catalysts for the oxidation of adamantane, cyclohexane, 

2,3_dimethylbutane, and methylcyclohexane with tEuOOH or PhIO 

C5211. The new ruthenium porphyrin, [tetrakis(2,&difluorophenyl) 

porphinato1Ru(CO)(~methylimidazole) was prepared and used as 

catalyst for the oxidation of hydrocarbons with NaOCl or tEuOOH. 

Styrene and a-methylstyrene underwent mainly double bond cleavage 

to give benzaldehyde and acetophenone, respectively; epoxidation 

was the principal reaction with cyclooctene, and cyclohexane was 

oxidized to cyclohexanol and cyclohexanone C5221. A 

ruthenium-substituted heteropolyanion with a hydrophobic counter 

cation, f IC~HHI.)~Nl?LSiRu(HZO)WiP39, catalyzes the oxidation of 

cyclohexene, rtyrene and l-octene by tBuOOH, WaSOs, PhIO, and 
NaIOI at 60 OC in a 1,2-dichloroethane-water mixture. Selective 

bond cleavage to aldehydes was found with NaIOd C5231. Oxidation 

of the bridged polycyclic alkane (2661 with stoichiometric 

quantities of NaIOI in the presence of catalytic amounts of RuCls 
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in a CCld-MeCN-Ha0 solvent mixture resulted in 73% (2671 and 13X 
(2681 at 70 OC. The results were explained by assuming a concerted 

oxidation mechanism involving the interaction of a tertiary C-H 
bond with in situ generated RuO [5241. 

266 

The oxidation 

.alkenes (2691, and 

267 268 

of aromatic rings (eq.191, primary alcohols, 

diols to carboxylic acids with RuOI in the 
temperature range of 25-40 'C has been shown to be a very 

efficient and simple reaction using periodic acid as the 
stoichiometric oxidant in a two-phase solvent system. The 
oxidation of an alcohol to the corresponding aldehyde by 
pyridinium chlorochromate, the Sharpless asymmetric epoxidation of 

an ally1 alcohol using Ti(O-i-Prf*, tBuOOH, and L-(+l-diethyl 
tartarate, and the RuO.-HIOI oxidation of a phenyl ring to 
carboxylic acid have been used in the total synthesis of 
(Rl-y-caprolactone (2701 C5291. 

OAc 

y - Hoot+ bs.19) 

269 80 .I. 

270 

The RuCls-catalyzed oxidation of (2711 by NaIOI gave (2721 in 

94% yield C526J. 
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k+ -& 
271 272 

Co ( bpy ) ,=+ catalyzes several oxidations by HzOz in MeCN or 

tleCN/py = 4/i solvent at room temperature. Aliphatic hydrocarbons 

are oxidized to alcohols and ketones, toluene to benzaldehyde and 

benzyl alcohol, benzene to phenol, benzaldehyde to benzoic acid, 

stilbene to benzaldehyde, and diphenyl acetylene to benzil C5271. 

Saturated hydrocarbons were oxidized and oxidatively 

chlorinated under ambient conditions with aqueous solutions of 

NaOCl in the presence of Nitsalen) as the catalyst. E.g. using 2.5 

molX catalyst, cyclohexane gave in 2 hr 512 yield of cyclohexyl 

chloride and 5% yield of cyclohexanone 15283. 

Ethene, propene, 1-butene, and 1-hexene were selectively 

oxidized to acetaldehyde, acetone, 2-butanone, and 2-hexanone, 

respectively, by NO using a PdClz-CuClz-Hz0 catalytic system under 

ambient conditions C529J. The pentacoordinated tetravalent Pd 

complex PdClz(COOBu)NO(PPhal has been found to be an intermediate 
in the Pd-catalyzed oxidative carbonylation of ethene and propene 
to acrylates and succinates by butyl nitrite and CO. CI catalytic 

cycle involving the redox transition PdlIIl/Pd(O) has been 

suggested E5301. A general laboratory-scale method for the rapid, 

quantitative conversion of olefins (l-octene, trans-2-octene, 
cyclohexene, cycloheptene and styrenef to ketones between 23 and 

60 OC by a chloride-free PdfIII/benzoquinone/HX system (X = CIOI, 

NOa, HSOI, BF*l has been reported C5313. Pseudocumene was oxidized 

to a mixture of trimethylphenol isomers by NazSzOa or HzOz in the 

presence of Pd(OAc)z as catalyst [532]. A triple catalytic system, 

consisting of Pd(OClcla, hydroquinone, and a metal macrocycle 

CFe(Pc), Co(salen) (2731, Co(saloph1, Co(TPP) OF Mn(TPPl1 was 

applied under mild aerobic conditions in selective oxidation of 
1,3-dienes to 1,4-diol derivatives, in oxidation of terminal 

olefins to methyl ketones, and in allylic oxidation of cyclic 
olefins. For example, air oxidation of 1,3-cyclohexadiene in CICOH 
at 25 OC gave up to 89% isolated yield of 
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tranrl,4-diacetoxy-2-cyclohexene. The interaction of the three 

catalytic cycles necessary for the functioning of this system is 

shown below C5333. 

Oxidation of 2-alkylcyclohexanones by Cu(Oclclz + Ia in 

aqueous acetic acid gave the corresponding 

3-alkyl-1,2-cyclohexanediones in the form of their enol tautomers 

[5343. Oxidative free-radical cyclizations of unsaturated +keto 

esters, 1,3-diketones, and malonate diesters with 2 equiv of 

Mn(OAc)a. 2HaO and 1 equiv of Cu(OAc)a.HaO were described. For 

example, (2741 was transformed into (275) in acetic acid solution 

between 20 and 50 OC with 71X yield C5353. 

0 
COOMQ 

5 \ 
274 275 

See also C403, 569, 572, 620, 655, 657, 663, 687, 688, 6931. 
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bl Epoxidation of Dlefins 

A mechanistic explanation for the stereoselectivity of the 

Katsuki-Sharpless epoxidation of allylic alcohols by diesters of 

(R,R)-(+)-tartaric acid, Ti(Oi-Pr14, and tBuOOH has been proposed 

E5363. 

The Sharpless epoxidation procedure CtBuOOH, Ti(OPr-') and . 
diisopropyl or dietyl tartrate] was used in the following cases: 

- (276) gave (277) in 90X yield and 90X ee [X571; 

AOH - &v-OH 
0' 

276 277 

- (278) and (279) were prepared from methyl gibberellate E5383; 

278 279 

- (280) and were (281) prepared with rloo and 2990% ee, 
respectively, from the corresponding alkene precursors E5393; 

f 
SiMeg 

f 
SiMe 

281 
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- (282) was transformed into (283; PMB = pmethoxybenzyl) C5401; 

282 283 

- epoxidation of the (Z) and (E) racemic ally1 alcohols (284) and 

(285) C5413; 

MeCHCH-CHCH2CH(OMe)2 

bH 
284 

MeCH=CH~HCH2CH@Me)2 

OH 
285 

- with cumene hydroperoxide instead of tBuOOH to prepare the 

epoxyalcohols (266) and (287) in 86 and 45% yield, respectively. 

Further catalytic oxidation of (2661 and (287) in MeCN at 25 OC 

using NaIOI and RuCls.3HsO gave the corresponding epoxyacids in 

65-86X yield (R = Me, HI C5421; 

286 287 

- diastereospecific formation of syn-poxides (2B9; R = Cy, Me, 

Et, iPI- in good yields from a,~unsaturated ketones (268) 

r.5433; 

RqA 0 

- % R 

288 289 
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- (290) gave the orthoester (291) C5441. 

290 

fin improved asymmetric epoxydation of ally1 alcohols using 

dialkyl tartar-ate/titanium-pillared montmorillonite as a 

heterogeneous catalyst and HxOa as oxygen source was reported. In 

a CHaCla/Phtle solvent mixture at -15 "C under Na 6891% isolated 

yields and 90-98X ee were achieved C5451. Epoxidation of l- and 
2-hexenes with HaOa is catalyzed by titanosilicate at 50 "C C5463. 

291 

Various fluoroallylic alcohols like (2921 were oxidized to 

the corresponding epoxides by tBuOOH in the presence of 

or Ti(OPr') 

VO(acaclz 

~ with 90-95X diastereoselectivity to the erythro epoxy 
alcohols C5471. 

F 
& -74 LR 292 

OHH 

Appropriately pretreated and modified carbon fibers were 

loaded with VO(acac)a or VOSOI.2Hz0 and used as catalysts for the 

epoxidation of cyclohexene with tBuOOH. The activity of these new 

catalysts was comparable to that of homogeneous vanadium katalysts 

C5481. Oxidation of 1,3-diphenylisobenzofuran by tBuOOH or cumyl 

hydroperoxide is catalyzed by vanadium(V) complexes. The results 
suggest that alkylhydroperoxides are activated by such vanadium 
complexes in a manner which gives them some singlet oxygen 
character. This could also explain the mechanism of olefin 

epoxidation with these catalytic systems C5491. A V8Cla based new 
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vanadium-pillared montmorillonite catalyst ShOWtZd unusual 

t-egioselectivity towards internal allylic double bonds in 

preference to terminal allylic double bonds in epoxidation with 

Hz",. For example leq.201 15501: 

(uq.20) 

The epoxydation of cyclohexene with t-butyl hydroperoxide 

catalyzed by molybdenum complexes showed a second order kinetics 

between 50 and 70 OC C5511. (TPP)MoO was used as catalyst in the 

epoxidation of alkenes by HaOs at 60 OC in n-propyl acetate. 

1,5-Cyclooctadiene, cyclooctene and styrene transformed 

selectively into the corresponding epoxides with yields up to 96X. 

In the case of 2-methyl-2-butene and cyclohexene, both epoxides 

and 1,2-diols were formed C5523. The epoxidation of Cs-CL0 alkenes 

with aqueous &OX hydrogen peroxide in the presence of molybdenum 

blue and BusSnOSnBus was studied. In the two-phase solvent 

CHCls-Hz0 at 25 OC 48-98X yields were obtained C5531. The 

epoxidation of sunflower oil by cumyl hydroperoxide using 

Mo(acacIp as catalyst was optimized to a maximum yield of 81% 

C5541. Rapeseed, soybean and sunflower oils were epoxidized by 

tBuOOH or cumyl hydroperoxide using Mo(Cqlb as catalyst. Epoxide 

yields up to 98X were achieved. This catalyst was more efficient 

than supported MoOa C5551. The MO complex (2931 is a highly 

selective catalyst for the epoxidation of alkenes by tBuOOH. With 

polybutadiene containing cis-1,4-, trans-1,4-, and 1,2-polymer 

units a very high selectivity for epoxidation of the backbone 

double bonds was observed C5563. 

293 
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Octene-1 was epoxidized with HzOz and WzEs as catalyst. Water 

inhibited the reaction C5573. 

Propene was epoxidized with EtCOOOH (generated in situ by Oz 

oxidation of HeCHO) using (TTPlMnCl as catalyst. This catalyst 

system was more active than that ;formed from (TTPlCo and PhCHO 

C5581. Factors ruling the epoxidation of internal and a-olefins by 

HOC1 and/or ClO- or HzOz and catalyzed by Hn(II1) 

tetraarylporphyrins were investigated in detail to find conditions 

for large scale practical application. The reactions were carried 

out in a CH2C12-Hz0 two-phase system at 0 OC 15591. Olefins (both 

cyclic and terminal) can be easily epoxidized with 30% HzOz under 

HzO-CHzClz two-phase conditions in the presence of (ClsTPPlMnCl as 

catalyst. The reaction is strongly accelerated by catalytic 

amounts of carboxylic acids (especially benzoic acid) and a 

lipophilic imidazole or pyridine (e.g. n-hexylimidazole or 

4-tSu-pyridinel which acts as an axial ligand. Several other 

phenyl-substituted TPP ligands were also tested but found to 

furnish less active or less stable catalysts. Kinetic data fit a 

Michaelis-Menten equation well C5601. Dibenzo-18-crown-6 acts both 

as a phase-transfer catalyst and as an axial ligand in the 

epoxidation of olefins by NaOCl in the presence of Mn(III1 

porphyrins C5613. The catalytic activity of (TAPlMnCl catalysts 
(TAP = tetrakis (aryl)porphyrin; aryl = 2,4,6-trimethyl-3,5- 

dihalophenyl; halo = chloro, bromo, iodo) has been tested in 

HOCl/ClO- alkene epoxidations. The stability towards oxidative 
degradation of these catalysts is similar to that of (ClaTPP)MnC1 

but they are optimized under quite different reaction conditions 

15621. The new Mn(IIIl-tetraarylporphyrins (294) and (2951, which 

contain a pyridine axial ligand connected through a flexible chain 

of 9 or 14 atoms connected to the ClsTPP structure, have been 

prepared and used as catalysts for the epoxidation of alkenes with 

HOC1 and HzOx. In some cases these catalysts proved to be as 
active and resistant to oxidative degradation as (ClaTPPlMn(II1) 
in the presence of an excess of pyridine, but generally their 
activity was inferior compared to that of this well-established 
catalytic system [563]. 

References p. 170 
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Cl 

R I X =OAc 

Cl 

294 

Ci 
Cl n = 5,lO 

295 R’- 

NHCO(CH2)n OCH2 

A comparison of Mn(BraTNPlC1 with Mn(TMP)Cl as catalyst in 

the KHSOs or magnesium monoperoxyphtalate epoxidation of olefins 

(cyclohexene, cyclooctene, styrene, and 1-octene) in air at room 

temperature showed higher reactivity and enhanced stability of the 

perbrominated derivative (Br,,TllP = meso-tetramesityl-p- 

octabromoporphyrinato) C5641. En han ted yields of styrene oxide 

(59X), stilbene oxide (53%) and cyclohexene oxide (49Y.j were 

obtained in the (TPP)?lnCl-catalyzed oxidation of styrene, 

cis-tilbene, and cyclohexene by HzOz in the presence of catalytic 

amounts of phenanthrenequinone C5653. The catalytic epoxidation of 

indene, styrene and 1-methyl-indene with (TMP)MnCl and 

hypochlorite was investigated. High yields of epoxide and good 

material balances were found in experiments at relatively high 

olefin concentrations 15661. Shape-selective catalytic epoxidation 

within the cavities of a series of manganese picnic basket 

porphyrins, Mn(PBP)X (296) was achieved by using a bulky, anionic 

axial ligand X (3,5-di-tert-butylphenoxide) and MeCN as solvent 

with iodosylbenzene as the oxidant at room temperature. The flat 

rigid p-xylyl basket (R = -CH2C6HdCH2-1 showed a dramatic shape 
selectivity for cirZ-octene versus cis-cyclooctene (>lOOO:l) in 

competitive epoxidation C5671. 
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R = - (CH2&,- n = 2,4,6,8,10 , 

-CH CH2- , 

296 

tIn(II)-salicylidene-aminoacid complexes are efficient 

catalysts for the epoxidation of olefins with PhIO. Oxygen 

transfer is not stereoselective since the E/Z epoxide ratio does 

not change significantly by changing the amino acid in the ligand 

[S683. Epoxidation of cyclohexene using various Mn(III1 Schiff 

base complexes as catalysts and PHI0 as oxidant gave cyclohexene 

oxide, cyclohexenol, and cyclohexenone. The effect of various 

additives like pyridine, imidazole, etc. showed, that axial 

ligation increases the yield of epoxide C5691. Manganese complexes 

of chiral Schiff bases have been found to catalyze epoxidation of 

alkyl- and aryl-substituted olefins (e.g.2971 with 

enantioselectivities higher than obtained with other nonenzymatic 

catalysts. Thus in the presence of catalysts of type (298) (R,R’ = 
H, Ph or tBu) and iodosoaesitylene as the oxygen atom source in 

CHzCN or CHzC12 at 25 OC, 20-932 ee and good isolated yields were 

reported C5701. 

Me 

. 

-6 298 

References p. 170 
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The catalytic asymmetric epoxidation of 1-phenyl-1-propene 

and dihydronaphthalene with PhIO in MeCN at 25 "c was studied 

using the optically active salen-Mn complexes (299) and (3001 as 

catalysts. The highest enantioselectivity (50% eel was obtained 

for (El-1-phenyl-l-propene C5711. 

300 

Hanganese(III1 complexes of the tetradentate Schiff bases 
(301) and (3021 catalyze the oxidation of cyclohexene by PhIO. 
With catalysts (301) and (302; R = Phi epoxide is the main 

product, catalyst (302; R = He) yields both cyclohexene epoxide 

and cyclohexenol E5721. 

Treatment of cyclooctenr with H,Oa in CHCls in the presence 
of (TPPICRe(COlalz as catalyst at 70 "C gave epoxide (303) in 90% 
yield. If the reaction was performed in dichlorethane in the 
presence of acetone, (3041 and (303) were also formed C5733. 
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303 304 305 

The e p o x i d a t i o n  o f  s t e r o i d s  w i t h  magnesium 

monoperoxyphthalate or  w i t h  PhIO in  the presence o f  Mn and Fe 

po rphy r i ns  was i n v e s t i g a t e d .  Near ly  complete ~ - s t e r e o s e l e c t i v i t y  

[97-99%) and 58% y i e l d  was observed in  the e p o x i d a t i o n  o f  

c h o l e s t e r y l  ace ta te  us ing PhIO as the o x i d a n t  and (TMP)FeC1 as the 

c a t a l y s t  [574 ] .  The o x i d a t i o n  o f  t ran~-hexene-2  by PhIO ca ta l yzed  

by (C14TPP)FeC1 i s  accompanied by the i r r e v e r s i b l e  t r ans fo rma t i on  

of  the c a t a l y s t .  A f t e r  a c i d i c  d e m e t a l l a t i o n ,  two i somer ic  

N - a l k y l p o r p h y r i n s  were ob ta ined  which were formed by the two 

p o s s i b l e  syn a d d i t i o n s  o f  an 0 atom and a p y r r o l e  N t o  the a lkene 

double bond [575 ] .  Cyclohexene i s  e p o x i d i z e d  q u a n t i t a t i v e l y  by 

m-ch loroperbenzo ic  ac id  in  the presence o f  (L)FeCI (L = 306) 

a l ready  a t  220-230 K [576 ] .  

CH 3 
H3C~. ,~H3  . 

CH 3 I 
H3C..(~/CH 3 i CO 

I H N ~  
,co c, ~ '  c.s 

,~c.~c.~ - . . ~ . , / ~ . - - g  , 
l ~ - : N " ~  I L ° 

References p. 170 
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Catalytic epoxidation of cyclohexene, 2,3-dimethyl-2-butene, 

and rtyrene with iodosobenzene at 0 "C using a cyclodextrin 

sandwiched Fe" porphyrin (307) was reported C5771. 

c---. 

307 ; (* .‘j = cyclocJextrin 
‘-____*’ 

A detailed study of olefin epoxydation (l-decene, vinyl- 

cyclohexane, styrene and cyclooctene) by the (Cl,,TPP)FeCl + C6FsI0 

system has been carried out mainly with the intention to determine 

the significance of catalyst deactivation by alkylation (see 

eq.211 of the porphyrin ring. From computer fitting of 

experimental data, partition numbers PN (PN = kcat/k. 1 were Lnact 
obtained which were found to be highly sensitive to the structure 

of the olefin C5783. The effects of electronic and steric 

properties of different synthetic hemin catalysts and olefin 

substrates on partition numbers were reported 15791. 

Y N 
Fe’ + ml!? + CgF510 

(q.21) 

N’d,‘” 
k;clt 

-\7 

R 

N’&‘N 0 

The epoxidation of alkenes catalyzed by Mn(II), Fe(II), 

Fe(III1, Co(II1, and Ni(I1) phthalocyanines has been studied. Mn 

and Fe phthalocyanines were most effective with PhICl as oxygen 

donor, whereas Co and Ni phthalocyanines were best under 

phase-transfer catalysis conditions with NaOCl as oxidizing agent. 
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In the presence of 2,6-di-tert-butyl-p-cresol the Fe catalyzed 

reaction leads to a highly stereospecific epoxidation of 

cis-alkenes C5807. The epoxidation of cyclohexene with PhIO in the 

presence of Fe(II1) Schiff base complexes in MeCN at 25 "C was 

studied C5811. Epoxidation of cyclohexene with iodosobenzene in 

the presence of Fe(OTflS, lEtsNHIFe(bpbl(OTflz (Hpbpb = 308) and 

A1(OTf)L, was studied. Since no significant difference was found 

between the reactivity of the iron an aluminum complexes it was 

concluded that high-valent metal 0x0 species are not involved in 

the reaction. The byproducts formed suggest a mechanism that 

involves electrophilic attack of I(1111 on the olefin 15821. 

308 

Epoxidation of chalcone and several substituted chalcones 

carried out with tBuOOH using the Fe(III1 complex (SW) 

catalyst. CI free radical mechanism was proposed C583J. 

I 309 

The kinetics of catalytic cyclohexene epoxidation with the 

was 

as 

Ru(II1) + EDTA + ascorbate + Hz02 system between 15 and 45 "C were 

studied. First order dependence of the reaction was observed with 

respect to Ru(III)-EDTA, ascorbic acid, HtOt and cyclohexene. A 

negative first order dependence was found with respect to hydrogen 

ion concentration C5841. The kinetics of epoxidation of 

cyclohexene and cyclooctene with KHSOs catalyzed by 
C (EDTA)Ru~~~(H~O)~- at pH 6 between 30 and 50 "C was determined 
C5851. 

References p. 170 
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Epoxidation of several chalcones with substituents on the 

phenyl rings was carried out with tBuOOH and a Co(I1) Schiff base 

complex as catalyst. The effect of reaction conditions on yield 

was studied C5861. Several chiral square planar Co(II1) complexes 

like (310) or (3111 have been prepared and used as catalysts in 

the epoxidation of styrene or substituted styrenes with 

iodosylbenzene. Chemical yields of 25-86.X and enantiomeric 

excesses between 0 and 17% were achieved C5873. 

Na+ 

Up to 640 turnovers 

of trans+-methylstyrene 

Ni"(salen1 catalyst at 

Na+ 

311 

per minute were found in the epoxidation 

at room temperature using NaOCl and 

pn 9.3. The best turnover rate is 

comparable to that observed in the presence of (ClaTPP)Fe(III) as 

catalyst C5883. 

Inorganic oxides promote the epoxidation of l-octene by HzOz 

catalyzed by (cirPhaPCH=CHPPha)Pt(CF,)OH in the liquid phase. The 

significant increase of catalytic activity observed under certain 

conditions was interpreted as a cooperation effect taking place at 

the interface between solid oxide support and solution [5891. 

It has been shown that in the presence of tertiary amines 

(e.g.) pyridinel AgaO and AgNOs catalyze the oxidation of alkenes 

to epoxides with iodosobenzene. The reaction is not 

stereoselective: ciralkenes yield mainly transepoxides. 

Epoxidation can also be achieved with clg,Oa alone; the yields and 

stereoselectivities are the same as in the case of AgaO and PhIO, 

indicating identical reaction paths C5903. 

See also C492, 502, 504, 522, 525, 592, 663, 664, 7891. 
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Cl Dihydroxylation of Olefins 

CI rate equation for the consumption of H202 in the 

NaZWOd-catalyzed hydroxylation of maleic acid by H 0 WdS 
22 

determined C5911. 

In a multistep synthesis of a trans-decalin epoxy-diacetate 

compound, dihydroxylation of (3121 with OS04 and 

~methylmorpholine-t+oxide, and epoxidation of (313) with 

VO(acac)z and tEuOOH was used C5921. 

312 

The sterically hindered 

OAc 

313 

chiral alkene (3141 was 
cis-hydroxylated to (3161 in 70X isolated yield by OS0 * + 
Wmethylmorpholine-Woxide. Cln Os(V1) intermediate (3151 wkch 
acts as a catalyst in the oxidation, has been isolated and 
characterized C5931. 

314 315 316 

CI modification of the catalytic vicinal hydroxylation of 
higher olefins by using hexacyanoferrate(II1) ion as a cheap and 
convenient oxidant and 0~0~ as catalyst has been reported (for 
example eq.22) [5943. 
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The OsOrcatalyzed hydroxylation of the diene (3171 with 

Wmorpholine-IV-oxide at room temperature provided butenolide (3181 

in 53% yield CS953. 

EtAA - 

317 318 

The highest enantioselectivities yet obtained in catalytic 

asymmetric dihydroxylation of olefins by 0~0~ have been realized 

using Ka[Fe(CN16J as the reoxidant. Isolated yields of 85-95% and 
up to 99X ee at room temperature were reported in the case of 

styrene, tranpstilbene, tr-ans-propenylbenzene, methyl cinnamate, 

cinnamyl acetate and trans-decene using dihydroquinidine 

p-chlorobenzoate as the chiral ligand C5963. CIryl ethers of 

dihydroquinidine (319) were found to be excellent ligands for both 

stoichiometric and catalytic asymmetric dihydroxylation of dialkyl 

substituted olefins such as (El-3-hexene. The catalytic asymmetric 

dihydroxylation reactions were carried out by using 0.004 equiv of 

OsOI and Wmethylmorpholine-*oxide or KSFe(CN)d as the secondary 

oxidant at 0 "C or at RT, respectively. The (R,R)-diol was 

obtained in B-902 yield with up to 95% in both the stoichiometric 

and catalytic processes CS971. 

Rood to excellent asymmetric induction and reasonable 

reaction rates were observed in heterogeneous catalytic 
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dihydroxylation of trans-sti 1 bene by using a polymer-bound 

alkaloid-OsOd complex and N-rethylmorpholine-Woxide or KaFe(CN16 

as the secondary oxidant E3981. The catalytic enantioselective 

Sharpless dihydroxylation (2 molX O&la, 10% dihydroquinidine- 

4-chlorobenzoate, Wmethylmorpholine-W-oxide, acetone/HP = 9/l, 

RT) was applied to obtain (321) in 88% yield and 82x ee from (320) 

15993. 

Moo , 

Bno ’ 
I TX- I 

:I 

OBn 

Oh42 

320 

Me0 0 

B \’ OH 

% 

HO \OBn 

‘, 

321 

High diastereofacial differentiation in OsOd-catalyzed 
dihydroxylation (3 molX OSO~, 2 equiv Wmethylmorpholine-N-oxide, 

acetone:HaO = 5:1, 25 OC) of acyclic bis-allylic compounds (such 
as 322) was found C6001. 

t BuMe2Si$I 
, Ettqzyf%Et >99% 

Eto2c-pco2Et \ + 

0Sik2But 

322 

Etyh$y i 

CO2Et c 1 % 

tBuMo2SiO OH 

Stereospecific double glycolization of the 
1,2_dihydropyridine derivative (323) in the presence of an excess 
of tV-methylmorpholine-IV-oxide and catalytic amounts of OsOI at RT 
leads to the tetrol (324) in 85% yield C6011. 

Referencu p. 170 
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hOtN COOMQ 

323 324 

See also C653, 6581. 

d) Oxidation of O-Containing Functional Groups 

Oxidation of malic acid by bromate catalyzed by CefIII) in 

the presence of Hg(II1 and Tl(II1) as bromide-scavengers leads to 

the formation of OHCCHaCOOH. The rate-determining step is the 

oxidation of the Ce(III)-malic acid complex by bromate C6021. 

Primary and secondary benzyl alcohols were selectively 

oxidized with high yields to the corresponding aldehydes or 

ketones using tBuOOH and catalytic amounts of Ti(OPr'ld or 

Zr(OPrjd at 20 "c C6033. 

A novel vanadium pillared clay was prepared by refluxing 

chloromontmorillonite with NH4VOs in dry acetone followed by 

washing with KOH to remove excess vanadate; the product was used 

as a shape-selective catalyst for the oxidation of benzylic 

alcohols with HzOz. Benryl alcohols and para-substituted 

alcohols were readily oxidized to the corresponding benzoic 

ortho-substituted benzyl alcohols and l-penylethanol 

recovered unchanged E6041. 

benzyl 

acids, 

were 

The oxidation of 2,6-di-tert-butyl-4-methyl-phenol with HzOz 
in the presence of heteropolyacids was studied. In the presence of 

12-molybdophosphoric acid as a catalyst at 30 "C, (325) was 

obtained as the major product C6051. 

325 
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17(20)-Dehydro-23,24-dinorcholan-22-oic acids like (3261 were 

converted with HzOz in the presence of molybdate or tungstate ions 

into 16-unsaturated 2Q-oxo-pregnanes in a simple one step reaction 

at 30 OC in 1 h C&Xl. 

326 

Biomimetic models of ligninase (a peroxidase which catalyzes 
the oxidation of lignin with Hz"zl based on anionic iron- or 
manganese-porphyrin complexes and K*So5 have been developed. 
Veratryl alcohol and (3271 were used as lignin models C6071. 

327 

Oxidation of alkyl and aromatic aldehydes by an 
(Fe2qTPPlFe(III)- m-chloroperbenzoic acid system at -78 "C led to 

carboxylic acids in good yields. Based on kinetic studies, a 
direct hydrogen abstraction mechanism was suggested 16083. The 
peroxidatic activity of the intermediate species, obtained from 
mesoferriheme (3281 and NaOCl, toward the oxidation of phenol with 
NaOCl was studied by the stopped-flow technique C609]. 

328 

$2 

y2 FH2 

COcr COO- 
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A novel iron porphyrin coordinated by thiolate anion (329; R 

= NHCOBu'l has been synthesized and tested as catalyst for the 
oxidation of 2,4,6-tri-tert-butylphenol(TBPH1 and l,l-diphenyl-Z- 

picrylhydrazine 1DPPHl by alkyl hydroperoxides to the 

corresponding TBP' and DPP' radicals. The new catalyst was found 

to be about 100 times more effective than (TPPlFeCl CblO]. 

329 

The Ru(II1) chloride catalyzed oxidation of C and C 

alkanols by CFe(CN1613- . 
9 4 

in mild alkaline medium is first order in 

alcohol, OH-, and zero order in oxidant. A mechanism based on 

these results has been proposed [bill. The Ru(IIII-catalyzed 

oxidation of cyclopentanol and cyclohexanol by an acidic solution 

of KBrOa in the presence of mercuric acetate was found to be 

second order in substrate, first order in Ru(II1) and zero order 

in bromate C6123. The kinetics of the Ru(III)-catalyzed oxidation 

of lactic acid by Wbromosuccinimide have been investigated in 

perchloric acid medium in the presence of mercuric acetate as 

scavenger. Pyruvic acid has been identified as a reaction product 

C6133. The kinetics of the Ru(II1) chloride catalyzed oxidation of 

glycolic acid and ethanol by alkaline [Fe(CN1,ls- have been 

determined. A similar mechanism was proposed for both substrates 

C6141. The kinetics of oxidation of digol and ethyl digol by 

Wbromoacetamide catalyzed by RuCla were determined in the 

presence of Hg(OAclZ. Digolic aldehydes were identified as the end 

products C6151. The catalytic oxidation of alcohols in the 

presence of excess N-methylmorpholine-hl-oxide by 
RuClz(PPha12(acacl has been reported C6163. The kinetics of the 

Ru(IIIf chloride-catalyzed oxidation of glycolic acid and mandelic 



127 

acid to glyoxylic acid and benzoyl formic acid, respectively, by 

N-bromosuccinimide (NBS1 at 30-49 "C show first-order dependencies 

each on NBS, substrate, Ru(III1, and Cl-, and a negative effect of 

succinimide CC173. Primary alcohols were selectively oxidized to 

the corresponding aldehydes by the RuCls//U-methylmorpholine- 

W-oxide system in DNP at 35 "C. The unsaturated alcohols ally1 

alcohol and cinnamyl alcohol gave selectively acrolein and 

cinnamaldehyde, respectively. Based on kinetic results, Ru(V)=O 
species were suggested to be involved in the reaction mechanism 

E6181. Oxidation of (3301 with NaIO in the 4 presence of a 

catalytic amount of RuOa or with CrOa in aqueous sulfuric acid 

(Jones reagent) gave 2-nitrobenzoic acid in 96% yield [6193. 

330 

The oxidation of (3311 and (3331 using NaIOI in the presence 
of catalytic amounts of RuCls. Hz0 in CCld/MeCN/HzO afforded (3321 
and (3341 in 69 and 72% yield, respectively C6201. 

- 
331 332 

H 

C6F5 

COOH 

Selective and fast conversion of primary ethers to esters (or 

lactonesl were achieved by using LiClO in the presence of 
catalytic amounts of RuClzLI (L = MezSO, (L) = dpppl complexes at 
22 OC (eq.23): 

2 
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CHa0CH2CHzCHZCHs + 2COl - CHaOC(=OlCHsCHaCHs + Ha0 (eq.251 

Isopropyl ether gave acetone, while secondary ethers bearing 

methylene groups in f3-position were converted into f3-keto ethers 

C6211.The products of the RuOl-catalyzed oxidation of 

2,3-epoxy-norbornane (3351 at 60 "C have been found to depend 

stronqly upon the nature of the reoxidizing compound C6223. 

85*/.(73 :19:8) 

Oxidation of iPrOH to acetone by N-bromosuccinimide in basic 

solution was investigated in the presence Ru(III1, os~vIII), and 

Ru(II1) + Os(VIII1 ions. The order in metal ion was found to be 

nearly unity in all the three catalyzed reactions; the orders in 

oxidant and substrate varied with the catalyst. Suitable 

mechanisms have been proposed C6231. Oxidation of (336; X = H, OH1 

with 0s04 and Wmethylmorpholine-N-oxide gave (336; X = 01 in 91X 

yield. Other cyclic allylic alcohols were also oxidized by this 

method C6241. 

Cobalt and iron salts strongly reduced the yields of 

benzenediol in the oxidation of phenol with peracetic acid due to 

336 
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their catalytic effect on the consecutive oxidation of these 

diols. This unfavorable effect could be eliminated by adding 

diphosphate which acts as a complexing agent t6253. 

The Rh(IIIl-catalyzed oxidation of 1,2-glycols to the 

corresponding carbonyl compounds by acid bromate is first order 

with respect to both Rh and glycol and independent of bromate 

concentration. A mechanism was proposed C6261. 

The kinetics of the uncatalyzed and of the Ir(IIII-catalyzed 

oxidation of oxalate ion by Wbromosuccinimide 

determined. A mechanism involving the hypobromite 

reactive species of the oxidant was proposed C6271. 

A catalytic synthesis of nitriles from aldehydes 

in the presence of aqueous ammonia by oxidation with 

at room temperature has been described. In 

have been 
ion as the 

and alcohols 

NiS04-KaSzO, 

particular, 

benzaldehyde and benzyl alcohol gave 100% conversion in 3 h, 

yielding 76% and 82% benzonitrile, respectively 16281. Transition 

metal ions like Ag(I), Mn(II), Cu(II1, Co(II1, and Ni(II1 catalyze 

the oxidation of diacetone alcohol by Ce(IV). A mechanism 

involving the formation of a complex between the substrate and the 

catalyst in a fast step followed by oxidation of this complex by 

Ce(IV) in a slow step was proposed C6291. Oxidation of ascorbic 

acid by peroxodiphosphate is catalyzed by trace metal-ion 

impurities of Cu(III and Fe(III1 present in the reagents. The 

catalytic activity of Cu(I1) is especially high and is so specific 

that the amount of Cu(I1) present in a system as impurity can be 

calculated from the initial reaction rates C6301. Copper(I) and 

copper mediated two-electron oxidations of benzylic alcohols 

like (3371 and diary1 acetic acids like (3381 to the corresponding 

carbonyl compounds by trimethylamine-IV-oxide occur at 60 "C in 

acetonitrile [6311. 

l-&H-COOH 

338 

L Phzc-0 70 .I. 
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The oxidative cyclization of cJ_hydroxy alkenee (e.g.3391 to 

o-lactones in 52-842 yield was achieved with a slightly wet 

mixture of KMnO and 
l 

Cu801.5Hz0 in CHxCla. Dry KMnOI and 

CuS01.5Hz0, or KHn04 alone do not effect this transformation. Clt 

least one carbon atom is lost in the process C6321. 

339 81% 

The kinetics of oxidation of benzoin and substituted benzoins 

C6331, of benzylphenylglycolic and substituted 

benzylphenylglycolic acid C6341, and of chalcones and substituted 

chalcones t6351 by SaOs'- in the presence of Ag+ have been 

investigated. Free radical mechanisms were proposed in all the 

three cases. Oxydation of MeOEt, HF, and anisole by SzOa2- is also 

catalyzed by fig*. The reaction is first order in oxidant and 

catalyst and is zero order in substrate. Acetaldehyde, 

2,3-dihydrofuran and benzaldehyde were identified as products 

C6361. 

See also C420, 527, 542, 655, 657, 711, 7551. 

e) Oxidation of N-Containing Organic Gaqwunds 

Oxidation of secondary amines with H202 in the presence of 

Na2WOd.H20 catalyst at room temperature in methanol or water gives 

nitrones (3401 in good to excellent yields. In the presence of 

alkenes at 90 OC isoxazolidines (341) were obtained 

C6371. 

MijAA 
I_ 

340 O 

- Ym N 

b 
341 

in one step 

09 % 

54 9. 
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l-Hydroxy-3,4-dihydroquinolin-2(lHI-ones (542; R = H, 4-He, 

6-k, &MeO, 6-MeCClNH, 6-Cl, 6-Br, 6-tleC0, 6-CN, E-Me) have been 

prepared in good to excellent yields by the sodium tungstate 

catalyzed oxidation of 1,2,3,4-tetrahydroquinolines with 30X 

aqueous HzOz in methanol at room temperature t6381. 

Oxidation of L-glutamic acid by Ce(S0112 in the presence of 
MnSOd is first order in both oxidant and substrate. A mechanism 

was proposed C6391. Oxidation of DL-alanine by Ce(SOdlp in the 

presence of Mn ‘+ ions was found to be first order in oxidant and 

fractional order in substrate. A mechanism has been suggested 

E640J. In a HCO,-/CO and the z buffer Mn(II1 Fe(I1) catalyze 

oxidation of amino acids by HzOz. Oxidation products are carbonyl 

compounds; in a parallel reaction about 50X of the HtOt consumed 

is decomposed to Oz and HZ0 C6411. Nicotine was oxidized with PhIO 

in the presence of (Cl~TPP)M(III) (M = Fe, Mn) as catalyst in dry 
CHzClz solution at RT. The iron catalyst gave (343) and (344) with 

low yields; the yields were higher with the Mn porphyrin complex 

and additionally also (3451 was formed E6421. 

The biomimetic hydroxylation of 5-nitroacenaphthene with PhIO 

in CHzClz in the presence of Cr(III1, MnlIII), or Fe(IIII 
tetraphenylporphyrins was studied in order to distinguish between 
mechanistic alternatives C6431. The 

N,Wdimethylbenzamides to the corresponding 

benzamides using (TPPlFe(III1 as catalyst and 

was studied. The rate of oxidation was found 
from the substituents in the aryl ring and a 
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isotope effect of 5.6 was observed. These results are consistent 

with a mechanism involving direct H atom abstraction from the 

substrate C6441. 

Oxidation of a-substituted nitriles PhCHRCN (R = He, Ph, 

CHaCOOEt, CHtCH2CH=CH2, OSiMeal with tBuOOH in the presence of 

RuCla(PPha)a yields the peroxides tBuOOCPhRcN. Under the same 

conditions, nitriles ArCHaCN (Ar = 4-MeOCbH,, 3,4-(Me0)aCdHa) give 

ArCOCN [64J]. Ruthenium-catalyzed oxidation of amides (e.g.3461 

and lactams (e.g.3471 with tEuOOH or AcOOH at room temperature and 

RuCla(PPha)aas catalyst precursor gave good to excellent isolated 

yields of the corresponding oxygenated products C6461. 

0 c 

Y 
c-l y ooeut 60 .I. 

tooMQ cooM0 
346 

99% 

347 

tert-Butyldioxyamides were obtained from amides by the 

ruthenium-catalyzed oxidation with tBuOOH. E.g. the treatment of 

(34S) with tBuOOH in the presence of 3 mol% of RuCla(PPh ) in 39 
benzene gave (349) in 60% isolated yield C6471. 

0 - 
Y 

0 
Y 

ood 

COOMe 

346 

tooMt2 
349 

Aliphatic primary amines gave the corresponding nitriles in 

84-971 isolated yields on treatment with NiSOI as catalyst and 

KaSaOa as an oxidant at room temperature C6481. 

Wbenzoylhistidine was oxidized with HaOa in the presence of 
cu=+ under physiological conditions (pH 7.2, RT). Seven different 
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oxidation products were detected, among them four asparagine 

derivatives which were formed by rupture of the imidarole ring 

C6491. A new reagent, CuClz + DMSO was developed for oxidation, 

oxidative cyclization, and chlorination. Thus, isoxazoiine was 

oxidized to isoxazole and dibenzoylmethane underwent oxidative 

cyclization to flavone C6501. IV-benzoyl-2-methylalanine (3501 was 

quantitatively orthohydroxylated through its copper salt by 

oxidation with trimethylamine-N-oxide at 75 "C in acetonitrile. 

Transitory formation of a copper(II1) species was proposed C6511. 

0” 3 O d%oH b / & COOH 

’ OH 

350 

Oxidation of (dimethylamino)ethanol by KSOs in the presence 

of clg+ is first order in alcohol, half order in fig+ and zero order 

in persulfate. A mechanism was proposed T.6521. 

See also [6551. 

fl Oxidation of Si-, P-, S-, or Br-Containing 

Organic Compounds 

Predominantly 1,2-anti-1,2,3-trio1 units (e.g. 331:352 = 

97:31 are formed from oxygen-substituted allylic and crotyl 

silanes with trimethylamine-tV-oxide at room temperature in the 

presence of catalytic amounts of 010~ C6531. 

MQ HOMQ 
MqSi 

+ 85 ‘I*_ 
MogSi 73 

HO HO OH 

351 

The oxidation of PPhS to OPPh= by MezSO is catalyzed by 

CHB(MeZpzlsVloO~X complexes at 40 OC (X = Cl-, SPh-, OPh-; Heapz = 

3,5-dimethyl-1-pyrazolyl) C654J. The kinetics of the oxidation of 

PPhs with NaOCl catalyzed by aquo-ethylenediaminetetraacetato 
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ruthenate(III1 in a water/dioxane medium were studied C6551. 

Ruthenium complex/Wmethylmorpholine-N-oxide systems oxidize 

alcohols, olefins, sulfides, and PPha. The reactions proceed via 

the formation of a higher valent metal 0x0 species. Alcohols are 

oxidized by hydride ion abstraction, in the other cases there is a 

net oxygen atom transfer onto the substrate C6561. Hydroxylation 

with 0~0~ and N-methylmorpholine-IV-oxide was applied to obtain 

diols from cyclic allylic phosphine oxides like (5331 C6571. A new 

oxidizing reagent prepared from Cu(III ion and HO a2 gave 
acetaldehyde from ethanol in 100 yield at 45 OC. The reagent 
readily oxidized PPha to O=PPha, diphenyl acetic acid to 

benzophenone, benzylamine to benzaldehyde and toluene to benzyl 

alcohol C6581. 

60% 

353 

The chemical and enzymatic S-oxygenation of 
2-(p-methoxyphenyll-1,3-dithiolane and 2-(pcyanophenyll- 

-1,3-oxathiolane has been investigated. By using the chiral 
sulfoxidizing system consisting of Ti(OPr'Il, (+)-diethyl 

tartar-ate, tBuOOH, and water, S-oxides were obtained in 76X and 
54X ee, respectively C6591. Asymmetric oxidation of dithio acetals 

and dithio ketals (354; R,R’ = H, He, tBu, Ph, EtOOC, PhOOCI n = 
2-4) to the corresponding monosulfoxides (3331 by tBuOOH with the 
catalyst system Ti(OPr'ld + (+I- or (-I-diethyl tartrate has been 

carried out. Simple 1,3-dithiolanes (334; n = 21 provided the best 
results (70-80X eel. As catalyst, VO(acacla, and as a 
stoichiometric oxidant, MoOz(acacl z were also tested 16603. 

ii 51 
R, S\ 

II 

A 5’ 
(cHz)n - 

R*. S, 4 S’ 
(c* + 

R, s\ d S' 
Whl 

R R 

354 355 
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S-methyl fl-hydroxysulfides, or their acetylated or silylated 

derivatives (356 = H, Ph; Y = H, Ph, Me; 2 = OH, OSiPha, OSiBuPha, 

0SiMe2Bu', Oclc) were asymmetrically oxidized to the corresponding 

sulfoxides (357) of fairly high enantiomeric purity (up to 80X) 

with t8uOOH, Ti(OPr'l., and (+I-diethyl tartrate C&l]. 

Y 0 Y 
MQS 

+ z - 
Mo5 

+ Z 
X X 

356 357 

The catalytic asymmetric oxidation of sulfides into 

sulfoxides with organic hydroperoxides in the presence of 

optically active Schiff base - oxovanadium complexes WdS 

investigated. The best result was obtained in the oxidation of 

methyl phenyl sulfide with cumene hydroperoxide at 0 "C. Up to 96% 

isolated yield and 42X ee was found using (358) in CHzClz C6621. 

&symmetric hydroxylation of benzylic methylene in methylene 

chloride solution with 20-72X yield and 41-72X ee, asymmetric 

epoxydation of olefins in toluene with 9-73X yield and 20-72X ee, 

and asymmetric sulfoxidation of aryl alkyl thioethers with 67-88X 

yield and 14-482 ee was achieved at 0 "C by iodosylbenzene in the 

presence of chiral, vaulted binaphthyl porphyrinato 

chloroiron(II1) or chloromanganese(II1) catalyst (cf. AS 1989, 

ref.4801 C6633. Catalytic oxygen atom transfer from PhIO to 

cyclohexene, methyl phenyl sulfide and methyl phenyl sulfoxide in 

CH2C12/DMF solution by a binuclear non-heme iron complex 

CFeZ*(H2HB~B)(~MeIm)l~ (HdHBAB = 1,2- bis(2-hydroxybenzamidol- 

benzene, N-MeIm = Wmethyl imidazole) was reported C6641. Sulfides 

of type (359; X = H, NOa, Me, Fsl were oxidized to sulfoxides by 

PhIO in CHzClp at -15 "C using the chiral iron porphyrins (3601 
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and (3611 as catalysts. Fair to good ee--5 (24-7331) and excellent 

turnover numbers (up to 1681 were obtained in the presence of 

l-methylimidazole as axial ligand E6651. 

R= 

Tetrabromoaurate(III1 is an efficient catalyst for the 

oxidation of sulfides to sulfoxides by HNOs in a biphasic system 

(MeNOz/HzOl. The method can be applied to all kinds of dialkyl and 

alkyl aryl sulfides and also to diary1 sulfides activated by 

electron-releasing substituents. No sulfone formation is detected 

and other oxidizable groups like allyl, tertiary amino, and 

hydroxy are not affected [6663. 

See also t792, 7941. 

gl Kinetic Resolutian by flsymrrretri-ic Oxidation 

Reaction of the racemic allylic alcohol (3621 with (+l 

diisopropyl tartrates, tBuOOH and Ti(OiPrlb in CHzClz at -20 "c 

produced the optically active epoxy alcohol (3631 and the 

kinetically resolved allylic alcohol (3641 in 45X yield, 97X ee 

and 46X yield, 97X ee, respectively C6201. 
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C6%< 
362 

H 

- c6F5 

Epoxidation of racemic (365) using the Sharpless procedure 

gave the epoxides (366) and (367) C&73. 

365 366 367 

allylic alcohol (368) was epoxidized 

(Ti.(OPr'l l + L-[+)-diisopropyl tartrate 

The t-acemic secondary 

using the Sharpless method 

+ tBuOOH in CH2C12). As a consequence of kinetic resolution only 

the (S)-enantiomer of (368) reacted and gave the epoxide (3691 

C&581. 

366 

Substituted racemic 

369 

trans-secondary allylic alcohols (for 

example 370) were converted to the corresponding arythro glycidols 

with excellent ee, applying the Sharpless kinetic resolution 

procedure (tBuOOH, (+I-diisopropyl tartrate, Ti(OPr'j4 L6693. 

CY 

k Q . 

370 

CY 

t 

1x2 
CY 

cki 
91 % Qe 
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The coupling of telluridc chemistry with the Sharpless 

kinetic resolution (Ti(O-i-PrIc, tBuOOH, (+l or 1-l diisopropyl 
tartrate) of secondary ally1 alcohols was found to be a powerful 
method for the conversion of a racemic ally1 alcohol to either 

enantiomer in high (70-90x1 yield and high enantiomeric purity. 
The procedure is based on the reduction of the epoxidized alcohol 
by Te2- to the alcohol having the configuration of the unreacted 
alcohol enantiomer C&703. PHydroxy amines with high optical 

purity could be prepared by kinetic resolution of racemic 
fl-hydroxy amines (3711 via enantioselective IV-oxide formation. 

Oxidation was performed by tBuOOH using Ti(OPr')* and 
L-(+I-diisopropyltartrate as catalysts C6711. 

OH 

J-4 NR2 - 
Hop 

tBu L NR2 + 
H ,m+ 

tau mu L YR2 
o- 

371 
n 
’ R2=Me2 , 

7-l 

6. Itoichioutric Oxidation of Organic C#lpwnds 
with High Valmt Transition H&al Conplexrr 

N 3 

al Oxidation of Hydrocarbons or Hydrocarbon Groups 

Oxidation of the Na adducts of anthracene and pyrene with 

(NH4)2CelN0 1 o d is accompanied by chemiluminescence E672J. 

Oxidation of succinic acid by acid dichromate was found to be 

first order in both substrate and oxidant C6731. The oxidation of 

glutaric acid by chromic acid in HCIOI showed first and second 
order kinetics with respect to the substrate and oxidant, 
respectively. Activation parameters were determined C6743. The 
relative rates of oxidation of the methyl group in substituted 
toluenes by CrOa or K2Crz0, in CIcOH un&r thermal and 
photochemical conditions have been determined. The results support 

a singla hydrogen-transfer mechanism for both reactions C6731. 
OxiditSon of dehydroabietic acid Me ester (372) with various 
Cr(V1) reagents led to the formation of the compounds (373-3751 
C6761. 



372 373 

Oxidation of (376; Z = 

2 = 0); oxidation of (377; 

sulfuric acid gives (517; R 

M PQ 

w k 
Acp3% $Y$y$G 377 

374 375 

H,H) with NazCrzO, in CIcOH gives (376: 
R = CHaOH) with CrOs in aqueous 

= CHO) f6771. 

The oxodiperoxomolybdenum complex CtloOs.py.Ll (L = 378) was 
found to be as effective as CMo05.py.HMPA3 in the a-hydroxylation 

of enolate anions. The new complex is a safer alternative to the 

HMPA complex since (578) has no carcinogenic properties C6781. 

c N’ 
MQ 

& 37s 
N 

A2 
The regioselective hydroxylation of ring-C aromatic 

diterpenoids like (379) via their (n_arene)tricarbonylchromium(O) 
complexes was performed after lithiation with BuLi, cupration with 

CuBr.SMe, and oxidation with MoOs.py.HMPA C6791. 

fl____&: 

379 66 v. 
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Methane is oxidized to CO* by KMnOI in aqueous sulfuric acid 

at 40-100 OC and 20-200 bar. If the reaction is performed in 

CFaCOOH, CFaCOOMe is formed selectively C6801. Aromatization of 

1,4-dihydroarenes by MnOa or the KMnO*-dicyclohexano-Cl8lcrown-6 

complex has been studied. Abstraction of the two H atoms occurs 

successively, the rate-determining step is the abstraction of the 

first H atom. CI moderate cis-selectivity was found for the 

abstraction of the second H atom by MnOa C6813. Based on the 

spectroscopic behavior and the kinetics of the permanganate 

oxidation of endo-dicyclopentadiene in CHaCla at 25 "C, the 

formation of a manganese(V) ester intermediate was observed. It 

was pointed out that these types of intermediates tend to be 

confused with soluble (colloidal) MnOa 16823. Oxidation of the 

benzofuranedione (380; R= Hl with Mn(OAc)a gave (380; R = Oclcl 
C6831. 

380 

The tricyclic enone 

give the enolone acetate 

(3811 was acetoxylated with Mn(OAc1 to 
9 

(382) C6841. 

381 382 

The rate of oxidation of substituted 1,4-cyclohexadienes by 
Fe(phen)a'+ to the corresponding arenes was studied. The results 
suggest a "homoconjugative" n-interaction between the double bonds 

of the 1,4-diene in the rate-determining step [685]. 

Oxidation of gibberellin ether (583; 2 = X = Hal with RuOa 
gave predominantly la&one (383; 2 = Ha, X = 01 with small amounts 

of isomeric la&one (583; 2 = 0, X = Ha) C686]. 
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X 

Methane was oxidized stoichiometrically by Co(OOCCFsls in 

CFaCOOH solution at 150-180 OC and lo-40 bar to give CFaCOOCHa in 

90% yield based on cobalt. In the presence of 1-5 bar of Os, the 

reaction was catalytic with respect to the cobalt salt. Smaller 

yields were obtained using Mn(OOCCFals as stoichiomettic reagent 

[687,6881. Oxidation of @-methylstyrenes by Co(III1 and Mn(III1 

acetates in AcOH has been studied. Main products were 

three-l-arylpropane-1,2-diol monoacetates in all cases C6891. The 
kinetics of the oxidation of ethyl acetoacetate and diethyl 

malonate by dodecatungstocobaltate(II1) have been studied in 

aqueous acidic medium at 60 OC. CI first order dependence of rate 

on both the concentrations of oxidant and reductant was obtained 

and the reaction was found to be catalyzed by alkali metal ions. 

An outersphere association between the complex and the reductant 

has been suggested as a plausible mechanism E6901. The kinetics of 

oxidation of ketones by dodecatungstocobaltate(II1) have been 

determined in aqueous acidic media. A general rate expression was 

derived and a mechanism was proposed which assumes the 

corresponding enol as the reactive species C691]. 

The product distribution and kinetics of the oxidation 

3-buten-Z-01 and 2-buten-l-01 by PdCIIZ- in aqueous solution at 

% have been investigated. The same rate equation was found as 

the ca5e of other acyclic olefins: dColefinI/dt 
kCPdC1~2-lColefinlCH+l~~[Cll~z, suggesting similar mechanisms 
all cases C6921. 

of 

25 

in 
El 

in 

Rate constants and activation parameteres have been 
determined for the Os(VIIIl-catalyzed and the uncatalyzed 

oxidation of Cs-C7 cyclic ketones by CCIg(IO1)a]- [693]. 
See also C404, 7913. 
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61 Epoxidation and Dihydroxylation of Olefins 

3-Cyclohexene-l-carboxylic acid and 2-cyclopentene-l-acetic 

acid gave the corresponding epoxides in 53x and 21X yield in a 

stoichiometric reaction with oxo(5,10,15,2C+tetrakis[2,6- 

-dimethyl-3-sulfonatophenyl)porphinato)chromium(V) in aqueous 

solution C6941. 

The nitrato complex FelNOalzCl(OPPh 1 selectively 92 epoxidizes 

cyclohexene; this is the first example of oxygen transfer from a 

nitrato ligand to an olefin C6951. The Ru(IV1 0x0 complex 

CRu(terpyl(tmen10l(ClO 1 oxidizes olefins to and 
42 

epoxides 

secondary alcohols to ketones. The second order rate constants for 

the reactions have been determined C6961. 

Oxidation of some olefinic compounds (ally1 alcohol, 

acrolein, acrylic acid, maleic acid, and cinnamic acid) by 

Os(VII1) has been studied in a HpS04-AcOH medium. The order in 

Os(VII1) and substrate was unity in all cases; acid decreased the 

rate C6971. c1 simple mechanistic explanation for 

enantioselectivity in the catalytic dihydroxylation of certain 

olefins by 0s04 under the influence of quinine and quinidine 

derivatives has been proposed C6981. The effect of the structure 

of chiral diamines in the enantioface differentiating 

dihydroxylation of styrene and styrene derivatives by diamine-OsO 
4 

complexes has been studied. It was concluded that the observed 

dramatic changes in enantioselectivity are essentially governed by 

steric factors in a tight conformation of the proposed 

intermediate C&991. The chiral 2,2'-bipyrrolidine 1384; R = 

neohexyll combined with 0s04 was found to be an excellent 

stoichiometric enantioselective dihydroxylation reagent for 

trans-disubstituted and monosubstituted olefins. E.g. 

(El-stilbene, dimethyl fumarate, (El-2-heptene or 1-heptene gave 

excellent yields and 91-100X ee of the corresponding 

dihydroxylated product at -79 OC in toluene or methylene chloride 

solution C7003. 

384 
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High diastereoselectivity (up to 61:l) has been found in 

osmylation of 1,1-disubstituted olefins like (385) possessing an 

allylic, oxygen-bearing stereocenter C7011. 

OS04 
-HO 

OBn OBn 

385 94 ‘I. 

The OsOl-oxidation of C=C double bonds to syn diols was 

applied in the preparation of several hydroxylated gibberellins 

(77-92X yields1 from gibberellin ring A olefins (386; X = H,H; 

H,OH; H,O&; 01. These experiments are claimed to be the first 

systematic study of the influence of two allylic substituents on 

the stereoselectivity of osmylation reactions C7023. 

386 

COOH (Ma) 

The osmylation of C_ (Buckminsterfullerene) with OsO in 

toluene at O-25 OC in the presence of pyridine gave an 81% tield 

of osmate ester corresponding to the addition of two OS(W) units 

per carbon cluster without disrupting the carbon framework C7033. 

See also C8011. 

cl Oxidation of O-Containing Functional Groups 

Cyclohexanol, 2-nethylcyclohexanol, and Z,b-dimethyl- 

cyclohexanol were oxidized by k(IV1 and some intermediate 

products were identified. The oxidizing agent was recovered 
anodically c7041. The oxidation of D-glucose, D-ribose, 
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D-erythrose, and DL-glyceraldehyde by Ce(IV1 WdS studied 

spectrophotometrically in aqueous H2SOI. The reactions were first 

order in both Ce(IV1 and aldose 17053. The effect of acrylamide on 

the kinetics of oxidation of tartaric acid by Ce(IV) in 

sulfuric-perchlot-ic acid media has been determined. A 

polymerization mechanism WdS proposed C7063. Cerium(IV1 

trifluoromethanesulfonate was found to be a powerful and selective 

oxidant of benzy 1 alcohols and alkylbenzenes to form the 

corresponding aldehydes or ketones at room temperature in MeCN/HzO 
= l/l 5olution c7073. The hemiketal (3871 was oxidized by 

(NH41zCe(N0 1 9 Q in acetonitrile-water to give 100X yield of the 

helical quinone (3881 C7081. 

367 388 

Benzyl alcohols and benzaldehydes were oxidized to benzoic 

acids by NaVOa, NH+VOs, or KzCrzO, in dilute perchloric acid 

C7091. The effect of pressure on the rates of oxidation of 

polyhydric alcohols by vanadium(V) has been studied. Radical 

formation by H-atom transfer was proposed as the mechanism of the 

rate-determining decomposition of a substrate-vanadium(V) complex 

C7101. Oxidation of D-galactose by vanadium(V) in aqueous acid 

solutions is first order in vanadium, second order in HCIOI (or 

HCl) and shows weak catalysis by RuCla C7111. 

Acid improved procedure for the preparation of pyridinium 

chlorochromate (Corey's reagent) has been described. The synthetic 

utility of this reagent increased if it was applied in anhydrous 

acetic acid for the oxidation of alcohols [712X. Based on 

experimental data (among them kinetic isotope studies) a mechanism 

for the oxidation of primary and secondary alcohols by pyridinium 

chlorochromate and two other, newly synthesized CrfVI) reagents 
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has been proposed [713]. Trirethylaemonium chlorochromate, alone 

or in the presence of molecular sieves, oxidizes alcohols in 

aprotic solvents to carbonyl compounds with quantitative yields 

[7143. Oxidation of cyclohexanol by CrOz in aqueous medium is 

accelerated by micelles of sodium lauryl sulfate. Catalysis has 

been attributed to enhanced concentration of the substrate in the 

micellar phase 17151. The activity and selectivity of CrOa 4 

MezSiCl for oxidation of alcohols could be significantly improved 

by the addition of alumina. For example, l-hexanol was oxidized to 

hexanal with 83% yield C7161. Oxidation of cholesterol with 

pyridinium dichromate in DMF at room temperature gave 

cholest-Ab-3,6-dione in 63X yield c7173. Immobilized pyridinium 

dichromates were prepared using crosslinked 

co-poly(styrene-4-vinylpyridinel converted with HBr or alkyl 

bromides as supports. These reagents were used for the oxidation 

of secondary alcohols to ketones E7181. Oxidation of ethylene 

glycol with pyridinium chlorochromate is first order in both 

oxidant and substrate and the reaction is catalyzed by acids. The 

thermodynamic parameters have been determined C7191. 

Primary aliphatic and aromatic alcohols were oxidized to 

aldehydes in up to 94Y. yield in EtzO by treatment with aqueous 

chromic acid at Xi-30 OC (7201. Oxidation of aromatic alcohols 

with CrOz in the presence of "wet-aluminium-oxide" in hexane at 

room temperature gave the corresponding carbonyl compounds in 

excellent yields C7211. The kinetics of oxidation of substituted 

benzyl alcohols by quinolinium dichromate in the presence of an 

acid were studied. The observed experimental data were 

rationalized in terms of a hydride ion transfer in the 

rate-determining step C7221. The kinetics of oxidation of benzyl 

alcohols by bisL2-ethyl-2-hydroxybutanoatoloxochromate(V1 has been 

investigated in aqueous acetic acid in the presence of HCIOI. CI 

mechanis involving hydride transfer from alcohol to Cr_(Vl was 

suggested C7231. Oxidation of benzyl alcohol by KzCrzO, in aqueous 

HCIOd in the presence of sodium dodecyl sulfate (SDS) micelles 

follows a pseudo-first order kinetics and the rate increases with 

increasing surfactant concentration. The rate of oxidation of 

l-hexanol, however, reaches a maximum and then decreases with SDS 
concentration [7241. Kinetic deuterium isotope effect studies have 

been made on the oxidation of several benzhydrols by KzCrzO, both 
in the presence and absence of oxalic acid. The k,/ko values 
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indicate a direct transition from Cr(V1) to Cr(III1 in the 

cooxidation reaction C7251. The kinetics of oxidation of 

unsaturated primary alcohols to the corresponding aldehydes with 

the Cr_(Vl complex (389) have been investigated in aqueous 

AcOH/HC104. The order of reactivity was cinnamyl>crotyl>allyl 

alcohol; the reactivity of these alcohols was about two orders of 

magnitute higher than that of saturated primary alcohols C7261. 

389 

Oxidation of glycolic acid by chromic acid was studied in 

strong acid solutions. The reaction rate depended not only on the 

acidity of the medium but also on the mineral acid used C727]. 

Oxidation of lactic acid by CrOs was studied at high 

concentrations of HClO+, HNOa, and HzS04. The reaction rate 

depended not only on the acidity of the medium but also on the 

nature of the mineral acid C7281. Oxidation of mandelic acid by 

chromic acid has been studied in highly acidic media 17291. 

Oxidation of tartaric acid by NaC(Et2COHCH2COOlaCrOl.H20 to 

glyoxal is first order in both oxidant and substrate. Experiments 

support the formation of a radical intermediate and the 

intermediacy of a Cr(IV) complex C7301. Oxidation of the 

ribofuranoside derivative (390; R = CHaOH) with pyridinium 

dichromate yields, in addition to the expected aldehyde (390; R = 

CHO) also lactone (3911. A mechanism was proposed 17311. 

R OMe v o 0 

OMe 
390 391 

"X 

v 0 

0 0 x 
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The oxidative rearrangement of the allylic alcohol (3921 to 

the a,@-unsaturated ketone (3931 by pyridinium dichromate has bmen 
used as a step in the direct synthesis of heolemnanyl acetate 

E7321. 

HO h&z 

AcO” 

392 

95% 

393 

Treatment of tetrahydrofuran methanol derivatives (for 

example (3941) with pytidinium chlorochromate in boiling CH*C1t 
gives the corresponding y-butyrolactones with the loss of one or 

more carbon atoms in 52-95X isolated yields C7333. 

n - 

394 

Oxidation of benzyl ethers by pyridinius fluorochromate in 

aqueous acetic acid was found to be first order each in substrate, 

oxidant, and pH C7341. In the chromic acid oxidation of partially 
acylated sugar derivatives to form the respective uranic acids, 
acyl migration to the primary alcoholic group is a frequent cause 
of interference. It has now been found, that the 0-levulinoyl 

group is far less prone to migration C7353. The kinetics of 

oxidation of aliphatic aldehydes by pyridinium fluorochromate in 
INSO have been determined. A linear isokinetic correlation 

suggests that all aldehydes are oxidized by the same mechanism. A 

hidride-ion transfer from the aldehyde to pyridinium 
fluorochromate was proposed as the rate-determing step [72X]. The 
oxidation kinetics of aromatic aldehydes by Cr(VIl have been 
determined in perchloric acid. Kinetic and rpectrophotometric 

Refcrrncesp. im 



results indicate the formation of a 1:l intermediate ester between 

the reactive Cr(V1) species and protonated benzaldehyde C7373. The 
enol acetate (395) was oxidized with CrOz.Zpy to the enone (396). 
This method was found to be useful also for the synthesis of other 

A'-3-keto steroids C7381. 

H 

395 396 

Oxidation of ascorbic acid by Mo(CN) ‘- in a buffered acidic a 
aqueous methanolic medium was studied and compared with oxidations 

by Fe(CN)6s- and W(CNfeS-. The reaction was first order in both 
oxidant and substrate. The rates decreased in the order Mo>Fe>W 
17393. Oxidation of benzoin with Ho(CN and W(CNIa'- was found 
to be first order in benzoin, oxidant and OH-. A mechanism was 
proposed E7401. Treatment of 4-hydroxyC2.2lparacyclophane (397) 
with CMo(Oz)zOl.py.HMPfi in dry CHzClz at 0 "C gave (3981 in 75% 
yield C7411. 

397 398 

Primary and secondary alcohols were selectively oxidized to 
the corresponding aldehyde or ketone even in the presence of other 
functional groups (like epoxy, l&C, C-C, and NH) at 50% by the 
anionic molybdenum picolinate N-oxidoperoxo complex (399) in 
CHzClz with 60 to 97X isolated yields C7421. 



149 

Barium permanganate can be used for the oxidation of alcohols 

399 

and acyloins to the corresponding carbonyl compounds and of thiols 

to disulfides in acetonitrile at reflux temperature c7433. 

Oxidation of 2-methoxy- and 2-ethoxyethanols by permanganate is 

first order in substrate and higher than first order in H + 

concentration T.7441. CI new ultrasound reaction apparatus was 

applied for the oxidation of alcohols with KMnOl. With the new 

apparatus PhCHaOH was converted to PhCO with 90X yield c7451. 

Potassium permanganate adsorbed on alumina was used to oxidize 

alcohols to carbonyl compounds C7463. A kinetic study of the 

oxidation of formic acid by permanganate indicated that the 

reaction is autocatalyzed by colloidal MnOa and by Mn'+ formed as 

intermediates and reaction products, respectively. Including the 

non-catalytic reactions six different reaction pathways were 

supposed 17473. Oxidation of the cyclic acetals (400; R = H, MeO, 

Me) by KMnOI under phase-transfer conditions 

(dichloromethane/water, PhCH2NEtS+Cl-1 gave the hydroxyalkyl 

carboxylates (401) with good yields C7481. 

400 401 

Oxidation of L-ascorbic acid by Fe(II1) in the presence of 

2,2'-bipyridyl is first order each in substrate and oxidant. The 
kinetic results provide evidence for the reaction between 
Fe(bpyla'+ and the non-ionized form of ascorbic acid as the 
rate-limiting step C7491. The kinetic study of the oxidation of 

References p. 170 



150 

L-ascorbic acid by Fe(CN16s- in strongly acidic media suggests a 

mechanism depending on the pH of the reaction mixture c7503. The 

oxidation of ascorbic acid by Fe(CN16’- and W(CN)ms- has been 
studied. The reaction has been found first order in both oxidant 

and substrate. Entropies and enthalpies of activation were 

calculated C7513. Oxidation of 2,6-di-tert-butylphenols (402; n = 

1,21 by KS[Fe(CN163-KOH in benzene gave the methylenequinones 

(403) in 43 and 60% yield 17521. 

402 403 

The kinetics of oxidation of alcohols by ruthenate and 

perruthenate ions have been determined. Both ions give concave 

Hammett plots which probably can be explained by the involvement 

of free radical-like transition states formed by the decomposition 

of organometallic intermediates E7531. The kinetics of oxidation 

of ascorbic acid and substituted 1,2- and 1,4_dihydroxybenzene 

compounds (HzQl by RUDE- have been investigated in acidic 

perchlorate media. One-electron oxidations of HzGl or HQ- to the 
corresponding semiquinone or ascorbate radical intermediate were 

proposed as rate-determing steps 17541. Several Ru(V1) 0x0 

complexes of the types Ru206L4, Ru02LIZ+, RuOsClaL,, and RuOsClsL- 

fL = pyridine or pyridine derivatives) have been prepared. These 

complexes function as overall 4-electron oxidants (per Ru atom) 

and convert alcohols into carbonyl compounds. With 

t+methylmorpholina-N-oxide as cooxidant they act as catalysts 

C75Sl. 

The kinetics of the oxidation of L-ascorbic acid (AHsl by 
chloropentamminecobalt(II1) ions was studied by means of 

spectroscopic methods and using a stopped-flow technique. CI 

mechanism involving the radical fiH' for the acidic and the radical 

c1 .- for the basic region was suggested [756,7S71. 

Kinetic parameters were reported for the second-order 

oxidations of benzenediols (4-ter-t-butylcatechol, hydroquinone, 
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and 2-tert-butylhydroquinonel to the corresponding quinones with 

II-Cl* z- in several solvents and solvent mixtures C7583. The peroxo 
complex (MeC(CHzPPhz)s)IrC1(~z-Oz) transforms primary alcohols 

(methanol, ethanol, propanol, butanol, and benzyl alcohol) into 

carboxylates at room temperature in a stoichiometric reaction 

c7593. 

The Ni(II1) complex (NiLIHSOI (NiL = 404) oxidizes para- and 

meta-cresol first to the corresponding hydroxybenzyl alcohols and 

further to the corresponding hydroxybenzaldehydes. No 

hydroxybenzoic acids are formed f7601. 

404 

The oxidation of ascorbic acid by Cu(I1) in aqueous 

perchloric acid has been studied under anaerobic conditions. Both 

acetate and chloride ions accelerate the reaction E7613. The rate 

constant for one-electron oxidation of D-lyxose with Cuz*, Fe'*, 

and Ce J+ increases semilogarithmically with the redox potential of 

the oxidant C7621. Oxidation of oxalate and malonate by 

diperiodatocuprate(III1 is first order in both substrate and 

oxidant and is inhibited by excess KIOI. CI free radical mechanism 

was proposed C7631. Ethers (4051 were oxidized and cleaved to the 

corresponding aldehydes and ketones by Cu(NOalz on silica gel 
under mild conditions (reflux in Ccl4 or isooctane as solvent). 

Overoxidation of aldehydes was not observed [764]. 

R\ /R2 R\ R* 
d, ,CH-O-CH,R3 - R1/C=O + R3/ ‘c=o 

405 

Kinetic data were obtained for the oxidation of EtOH, iPrOH, 
and PhCHzOH by Cethylenebis(biguanidine)39ilver(IIIl in aqueous 
HElO acid solutions. The reactions were found to be ESR-silent 
C7653. 

See also C525, 696, 768, 791, 798-8001. 
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d) Oxidation of N-Containing Organic Compounds 

The mechanism of oxidation of alkyl and aryl derivatives of 

aniline and p-phenylenediamine by Ce(IV) in aqueous perchloric 

acid solution has been studied by UV-spectroscopic methods C7661. 

Second-order rate constants for the oxidation of picolines and 

lutidines by cerium perchlorate have been determined. The rate of 

oxidation increased with increasing electron density on the 

nitrogen atom C7671. 

Imidazolium and 2-methylimidazolium chlorochromates CHLI 

EClCrOsl IL = imidazole, 2-methylimidazolel have been prepared. 

The compounds oxidize alcohols, ketoximes, and aldoximes to the 

corresponding carbonyl compounds C7681. 3'-Keto-S'-O- 

tritylthymidine was prepared in high yield by molecular 

sieve-catalyzed pyridinium dichromate oxidation of 

5'-0-tritylthymidine E7691. 

Oxidation of DL-alanine by KMnOl in aqueous HzSOI was found 

to be first order with respect to both substrate and oxidant 

c7701. The kinetics of oxidation of DL-isoleucine by acid 

permanganate have been investigated by spectrophotometric methods. 

The overall rate expression was determined c7713. The 

stoichiometry and kinetics of oxidation of leucine by acid 

permanganate have been determined. A Mn(IV1 intermediate was 

identified spectroscopically C7721. The oxidation of serine by 

acid permanganate is faster in the presence of sodium dodecyl 

sulfate (SDS). The reaction is retarded by H+ in the absence of 

SDS but catalyzed in the presence of SDS C7731. Autocatalytic 

behavior ascribed to Mn2+ was observed in the oxidation of 

L-serine by MnOd-. Two oxidation pathways were proposed which 

correspond to the presence or absence of Mn2+ C7741. The kinetics 

of Mn(II1) oxidation of L-histidine in aqueous HxSO+ was studied 

spectrophotometrically. Second order kinetics in [Mn(IIIll, first 

order in [histidinel, and a negative effect of increasing CH+l and 

CMn(IIl1 was found c7753. 

Oxidation of lysine, arginine, and histidine by alkaline 

Fe(CN16'- is first order in substrate and oxidant, but is 

independent of alkali concentration. The reaction proceeds via 

formation of a-imino acid which undergoes then hydrolysis to give 

the corresponding a-keto acid t7761. The kinetics of oxidation of 

dithiocarbamate anions to thiuram dfsulfides by Fe(CN16'- and ii 
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other substitution-inert metal complexes have been investigated. 

Outer-sphere electron transfer, resulting in the formation of 

dithicarbamate thio radicals, was proposed as the rate-determining 

step C7771. The kinetics of oxidation of various l-(4-substituted 

phenyll-1,4-dihydro- nicotinamides, e.g. (4061 with Fe(CNIG’- were 

determined. The results suggest that the rate-determining step is 

the loss of an electron from the substrates C7781. 

Brohg 406 
CONH2 

Oxidation of Z-amino-4-methylphenol by Fe(CN) ‘- in CICOH 

yields several quinonimine and oxazine derivatives lize (407) and 

(408) c7793. 

407 408 

Oxidation of N,N'-diphenyl-p-phenylenediamine (4091 with 

FeC1s.6H20 in aqueous acetone gives - depending on the amount of 

oxidant used - the diimine (410) or the radical cation salt (4111 
C780). 

VHPh !!Ph PhNH** Cl- NHPh 

0 - & Or 0 l 

NHPh NHPh NHPh 

409 410 411 

Clay-supported iron(III1 nitrate was found to oxidize (4121 R 
= H, Me) to (413) in CHsCls at 25 OC C7811. 

References p. 170 



154 

R 0 

412 413 

Oxidation of 3,4-dihydroisoquinoline-l(ZH)-ones with RuOI 

gives the corresponding isoquinoline-1,3,4(2H)-triones in good 

yields C7821. 

The two diastereomers of the NADH model compound (4141 are 

oxidized by Fe(phen)s'+ or Co(bpy)a'* to (413). In this latter 

compound the free rotation of the carbonyl group is hindered and 

therefore two stereoisomers may be formed. The stereospecificity 

of this oxidation is influenced by the addition of amines; this 

indicates that the stereodetermining step in the reaction with the 

metal ion involves a process which is the subject of 

base-catalysis C7831. 

tie 
415 

Oxidation of aliphatic amines by IrC16*- is first order each 

in Ir(IV), amine, and H+ concentration in the pH range between 

3.23-4.5. A suitable mechanism was suggested [784]. 

Oxidation of l,S-substituted 1,2,3-triazolines (416; R,R’ = 
Ph, substituted phenyl, pyridyll with NiOa in refluxing benzene 

provides an efficient general route for the synthesis of a wide 

variety of both l,S-diaryl- and l-aryl-S-heteroaryl-lH- 

1,2,3-triazoles (4171 C78Sl. 
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416 417 

The kinetics of oxidation of benraldoxiae by cu~IoJs+ was 

studied photometrically in tBuOH/HsO; the rate was first order in 

both oxidant and substrate 17861. The phlorins (418; 8 = cis- 

PhCH=CHPh; R = CN, C-CPh, CHxCOMe, CHsCOPh, CHsCNl were oxidized 

with Cu(BFdls to give the corresponding 5-alkylporphyrins as 

monoprotonated forms (419) C7871. 

416 419 

See also C6401. 

el Oxidation of Si-, P-, S-, or Halogen-Containing 

Organic Coatpounds 

Based on the kinetics of the pyridinum chlorochromate 

oxidation of phosphinic, phenylphosphinic, and phosphonic acids a 

rate-determining hydride ion transfer from the P-H bond to the 

pyridinum chlorochromate was proposed [7881. Silyl ally1 alcohols 

like (420) were transformed into the corresponding epoxy silyl 

ketones (e.g.4211 by epoxidation with tSuOOH followed by oxidation 

with Collins reagent (CrOs/pyridine) C7891. 
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420 421 

The phosphine (4221 was oxidized with 

corresponding phosphine oxide C7901. 

CH2CH2CO 

KMnOl to the 

422 

The dioxorutheniumlVI1 complexes OZRu(py)z(OzCR1 were found 

to be active but non-selective 0x0 transfer agents in 

stoichiometric oxidations of olefins, phenols, alkanes, and ethers 

in CHsCl at room 2 temperature. A quantitative yield of 

triphenylphosphine oxide was obtained in the reaction with PPhs in 

acetonitrile C7911. The complex CPh~PlI:RuOz(OAclC123 was found to 

be an efficient two-electron oxidant at room temperature, both 

stoichiometrically and, in the presence of Wmethylmorpholine- 

N-oxide as a co-oxidant, catalytically for halides, alcohols, 

sulfides, and phosphines. For example in MeCN, in the presence of 

powdered molecular sieves, benzyl bromide was converted to 

benzaldehyde (49% yield) in 3 h with a catalytic turnover of 115 

c7923. The four-el,ectron dioxo oxidant, tranrCRu~tpy~~O~~~H~Oll=+ 

oxidizes arylphosphines at 20 OC in MeCN solution to the 

corresponding phosphine oxides. It was shown, that both P atoms of 

chelating diphosphines like dppe are oxidized by the same complex: 

the key to this mechanism is the intramolecular rearrangement of 

the 0x0 group from a trans to a cis position c7933. 

Triphenylphosphine m-trisulfonate, P(C6HIS03Na-mls, is 

stoichiometrically oxidized by RhCla.3HsO in aqueous solution 

under anaerobic conditions. Under aerobic conditions the oxidation 

becomes catalytic in Rh C7941. 

A mononuclear (acylperoxo1copper(IIl complex, 

Cu(m-chloroperbenzoate) (hydrotrisl3,5-diisopropyl-l-pyrazolyl 

borate)) readily oxidized PPha to OPPha at -20 OC E7953. 



157 

Sulfides are oxidized to sulfoxides by (NH~lsCelNO I in 
96 

AcOH. Kinetic data suggest that a sulfur radical cation is f or-med 

in an electron-transfer process; this cation is transformed into 

the sulfoxide mainly by NOs- C7963. Oxidation of 

Warylsulfonamides with (NH112Ce(N0s16 gives moderate yields of 

p-benzoquinones c7973. Ceric ammonium nitrate oxidizes 

isobenzofuranquinones (e.g.4231 to diacylquinones (4241 but the 

analogous thiophene derivative (4251 to (4261 C7983. 

OMQO Ph OMQO 

@$Rh-wz 

OMQO Ok0 

423 424 

OMe Ph 

/ S 

w Ph 
OMQ 

0 Ph 

Ph 

425 426 

Oxidation of lactic and thiolactic acids by Cr(V1 has been 

studied. Oxidation of lactic acid exhibits saturation kinetics 

while that of thiolactic acid is first order in both reactants. 

Probably the Cr(Vl-S bond is weaker than the Cr(V)-0 bond and 

electron transfer mediated through the sulfur system is facile 

c7993. Oxidation of cysteine, ascorbic acid, and several 

monosaccharides with Cr(VI1 was studied using EPR and absorption 

spectroscopic methods. Chromium(V) was shown to be a definite 

intermediate E8001. At-y1 methyl sulfides have been oxidized to 

sulfoxides and olefins to epoxides with the neutral peroxo complex 

MoO(Ozla(HMPA1 and the anionic peroxo complex obtained by treating 

the cetylpyridinium salt ECsHsN(CHt)LsCH93,(PMolPOlo) with H 0 . 22 
Kinetic data revealed that the anionic complex was more active in 

sulfide oxidation while the opposite was true in alkene 

epoxidation C8013. 

Oxidation of thioacids by acidic permanganate involves the 

formation of an intermediate thioester and yields a sulfenium 
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cation CSOZI. The kinetics of oxidation of thiourea by MnOl- in 

aqueous solution at pH 6-8 were studied by the stopped-flow 

method. Two different mechanisms were proposed for the reaction at 

pH<7 and pH>7 C8031. 

Oxidation of cysteine by alkaline Fe(CN) ‘- gives cystine. A 6 
radical intermediate was identified by means of ESR spectroscopy 

T.8041. The kinetics of oxidation of (phenylthio)acetates by 

K9[Fe(CN)6] in aqueous NaOH have been determined. The reaction was 

first order in oxidant, substrate, and OH-. Rate studies with 

substituted (phenylthioj-acetates gave an excellent Hammett 

correlation t8051. Various thiols [SO61 and thiol acetates C8071 

were oxidized mostly quantitatively into the corresponding 

disulfides by FeCla in acetonitrile at room temperature in the 

presence of alkoxystannanes. 

Selective hydroxylation of the methyl groups in 

p-toluenesulfonic acid, p-ethylbenzenesulfonic acid and ethanol 

was observed at 80-120 OC with stoichiometric amounts of NazPtCld 

in aqueous solution [SOS]. 

Oxidation with NazCrzO,-HaSOd was applied for the preparation 

of trichloromethyl ketones (RCOCCl,) from the corresponding 

secondary alcohols. Yields ranged between 74-92% E8091. Oxidation 

of 2-chloropropionamide by KMnO. in alkaline medium is first order 

in amide and zero order in oxidant. CI mechanism was proposed 

C8101. Oxidation of (427) with MnsO(OAc)7 gave (4281 with 67X 

yield. This method of acetoxylation tolerates ether, ester, and 
acetal functionalities, but not hydroxyl or ketone groups C8113. 

0 

See also [480, 6603. 

fl Dxidative Ccruplinq Reactions 

427 ; R=H 

428 ; R =OAc 

Oxidation of dimethyl malonate and styrene derivatives (429; 

2 = H, @eO, pie, sl, dl. *a, @lOz) with (NH4)zCe(NOs)6 at 20 
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OC in methanol solution gave the adducts ($30; Y = OWOx and OMe) 

in about 90% yields C8123. 

Ma00C, a MaOOC Y 

MaOOC’ 
CH2 + 

4* 
Z+2Ca - 

\ MaOOC 

‘Ju, 

\ 
2 

/ 
429 430 

The y-lactones (431) (R = He, Et, PhCH2; R’ = H, Me, Bu, 
aralkyl; R* = H, Me; Rs = hexyl, tBu, alkenyl, aryll were prepared 

by oxidation of malonic esters R'CH(COOR12 with Fe(C1011a.9Hz0 in 

the presence of olefins CH2 = CR%' 18131. 

COOR 

R3 431 

R2 

Ruthenium (III) complexes of 2-(phenylazolpyridine have been 

prepared. The complexes bring about the oxidative coupling of 

N,Ndimethylaniline and oxidize 1,2-naphthoquinone 1-oxime to the 

corresponding iminoxy radical C8141. 

7. Elrctrooxidation and Photooxidation 

The electrochemical oxidation of hydroquinone and catechol 

have been studied by cyclic voltammetry at glassy carbon 

electrodes coated with electropolymerized films of metal 

phthalocyanines. The presence of the polymer coating led to an 

enhancement of the heterogeneous electron transfer rate C8153. 

Liquid-phase electrochemical oxidation of sulfate lignin was 

applied to increase its carboxyl group content. Electron transfer 

was facilitated in the presence of CrIIIIl sulfate C8161. 
Polyaniline was modified by incorporating [8iWiaO1014- into the 
polymer. Electrodes coated with this modified polymer showed 
increased catalytic activity for the oxidation of formic acid 
C8171. 
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Electrochemical reduction of EMn(IIIl~salen)l+ complexes in 

MeCN solution in the presence of benzoic anhydride, 

1-methylimidazole, O2 and an olefin yields the epoxide of the 

olefin in as much as 48% yield based on electrochemical charge 

passed. CI manganese-peroxo and a manganese(V)-oxo complex are 

intermediates of the reaction. Allylic alcohols and ketones are 

formed as byproducts [818]. The selective oxidation of cinnamyl 

alcohol to cynnamaldehyde, by the MnZ+/MnOz couple incorporated 

into a Pt-Nafion composite electrode, was examined. The oxidation 

proceeded smoothly in THF solution and the current efficiency was 

as high as 85X C8191. The complex (LMn012(NOslz.6H20 (L = 4321 
catalyzes the electrochemical oxidation of benzyl alcohol to 

benzaldehyde with high selectivity (about 1OOY.l C8201. 

432 

Electrocatalytic hydroxylation of cyclohexane to 
cyclohexanol, and n-octane to a 1:l:l mixture of 2-octanol, 
3-octanol and 4-octanol occurs in the presence of C(FaTPP)FeF2]- 

as catalyst C8211. The electrochemical reduction of Fe'+ to Fe'+ 

was applied for the regeneration of Fenton's reagent used to 
hydroxylate aromatic substrates. Based on this method a continuous 

process was developed for the hydroxylation of benzene and 70X 
current yield of phenol was achieved. Experiment5 to apply the 
same method for the hydroxylation of fluorobenzene were not 
successful C8221. The electrolytic hydroxylation of benzoic acid 
and Na benzoate on iron was studied in sulfuric acid or N&l 
solutions in the presence of Oz. It was shown that the oxidation 
of Fe(I1) (formed by corrosion) to Fe(II1) by Op is responsible 
for hydroxylation 18231. Electrooxidation of ascorbic acid was 
studied on glassy carbon electrodes modif ied by the 
3,3',3",3"-tetranitrophthalocyanine complexes of Fe(II), Co(II), 
Ni(II), and Cu(I1). Because the oxidation peak voltage of ascorbic 
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acid was near the oxidation voltage Of M(II) to MtIII) it Wd5 

proposed, that the M~II)/M~III) redox sites transport the 

electrons from ascorbic acid to the electrodes 18243. 

Methylbenzenes can be electrocatalytically oxidized in MeCN 

by electrogenerated Ru(bpyla'*. The kinetics of the Process were 

determined [825]. Electrocatalytic oxidations Of alcohols were 

carried out using Ru(trpyl(bpylO'+ as catalyst. Primary aliphatic 

alcohols were oxidized to aldehydes, secondary aliphatic and 

aromatic alcohols to ketones, and ally1 and benzyl alcohols to 

carboxylic acids C8263. Electrooxidation of benzyl alcohol in 

aqueous sulfuric acid at a ruthenium oxide-coated Ti anode has 

been studied. A mechanism was proposed for the reaction C8271. 

Optimum conditions for the electrooxidation of 

1,3-dichloro-2-propanol to 1,3-dichloroacetone by using a double 

redox system consisting of Ru(VIIIl/Ru(IVl and CCl*J/Cl- have been 

determined. In an AcOEt-aqueous NaCl (2:3 v/v) system buffered at 

pH 2-4 in a divided cell at o-5 "C the oxidized product was 

obtained in 98X selectivity with 92% current efficiency. Similar 

results were reported in the case of other halohydrins C8281. 

Electrocatalytic oxidation of cysteine at glassy carbon 

electrodes coated with a Nafion-[Os(bpy)a]a* film was studied 

C8291. 

Meso-tetrakis(l-methy1pyridinium-4-y1)porhinatocoba1t(I), 

L.(TMpyP)ColS+, was found to be active in the electrocatalytic 

epoxidation of cyclohexene by Oa in the presence of benzoic 

anhydride (which is reduced to benzoate) E8301. 

Irradiating a solution of KaCraO,, BudNEr, and water by light 

in the presence of toluene leads to the oxidation of toluene by 

air to benzaldehyde in yields approaching 100% C8311. The 

photocatalytic oxygenation of cyclohexene or a-pinene with air 

using (TPP)Mo=O(OMe) or C(TPPlNbla02 at RT results in the 

formation of epoxides and of oxygenated products formed by an 

allylic hydrogen abstraction mechanism. Radical intermediates were 

detected by ESR and spin-trapping experiments [832]. Photochemical 

oxidation of toluene and ethylbenzene with 0 a catalyzed by 

PN%OuBs- gave equimolar amounts of benzaldehyde and acetophenone 
C8331. In the anaerobic photooxidation of thioethmrs by 
polyoxotungstates WloOazJ- simultaneous oxidative C-H bond 
cleavage and reductive C-S bond cleavage were observed at ambient 

temperature in MeCN solution. Under aerobic conditions, W 0 b- 
10 aa 
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catalyzes the complete oxidative conversion of thioethers to 

sulfoxides and sulfones 18343. 

A photochemically driven biotnimetic oxidation of alkanes and 

alkenes which operates two catalytic cycles has been developed. 

The first is a reductive photoredox cycle which uses Sn or Sb 

porphyrins to generate the necessary co-reductant and the second 

is the oxidative cycle in which Fe or Mn porphyrins catalyze the 

oxidation of hydrocarbons with Ot 18351. Photooxidation of toluene 

in AcOH by O2 to acetaldehyde is catalyzed by aphenanthroline or 

a,a'-bipyridyl. The reaction is accelerated by the addition of 

FeCla C8361. Ph t o ooxidation of phenol by Oa is catalyzed by a 

suspension of oxygenated TiOa (anatase). The rate of this 

photoprocess is considerably increased in the presence of Fen+ 

18371. 

Complexes of the type M(L-LINa (M = PdJ(II1 or Pt(II1; L-L = 
WY, phen, 2,2'-biquinoline, or 4,7-diphenyl-l,lO-phenanthroline) 

act as sensitizers in the photooxidation of 2,2,6,6_tetramethyl- 

4-piperidinol in DMF to give the nitroxide radical C8381. 

The competitive photooxygenation of ethylbenzene and 

cyclohexane in the presence of CuCla or FeCla.6Hz0 has been 
studied. The reactivity of the CHz group in PhEt relative to 
cyclohexane was 2.4 and 1.7, respectively C8391. The 

photocatalytic activity of TiOp in the oxidation of formic acid by 

O+ is considerably enhanced in the presence of copper ions. The 
proposed mechanism of the reaction is based upon a redox cycle 
between Cut+ and Cue species adsorbed on the surface of TiOz 
18401. 

The kinetics of photooxidation of leuco thionine with uranyl 
nitrate was determined C8411. 

See also f6733. 

V. REVIEWS 

Transition metal-hydrogen and metal-carbon bond strengths8 the 
keys to catalysis. 905 refs. C8421. 

Homogeneous catalysis by transition-metal complexes. 309 refs. 
C8431. 
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Homogeneous catalysis of organic reactions by transition metal 

complexes. 321 refs. 18441. 

The use of transition metal clusters in organic synthesis. 425 

refs. C8451. 

Assembly of molecules in zeolites (catalytic activity of 

bimetallic carbonyl clusters). 5 refs. C8461. 

Current status of the problem of preparing catalysts through the 

fixing of metal complexes on the surfaces of inorganic supports. 

91 refs. C8471. 

Metal carbonyl derivatives of lanthanides, actinides and early 

transition elements (applications in catalysis). 81 refs. [8481. 
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