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Chromium oxidations have been widely explored 
since the very beginning of organic chemistry, and the 
topic remains of current interest as exemplified by the 
extensive number of papers in which at  least one step 
involves the w e  of an oxochromium(V1) reagent. This 
is primarily due to the wide variety of oxidizable 
functions by the proper choice of reagent. A plethora 
of chromium reagents and procedures have been pro- 
posed and they have been extensively described in re- 
views and books.‘J These methods, in which the oxi- 
dative ability and selectivity have now been in part 
evaluated by computer assistance,3 imply either the w e  
of stoichiometric quantities or large excesses of poi- 
sonous chromium reagents? The metallic byproduct 
residues are also toxic, and furthermore, their presence 
often makes the workup difficult. 

Considering cost and environmental factors, it would 
be advantageous to use catalytic methods. Such a 
system is illustrated in Scheme 1 where “Cr” is the 
catalyst (chromium salt or complex), YO the oxygen 
source, and S and SO the organic substrate, respec- 
tively, before and after oxidation. To be of interest, the 
process has to employ an inexpensive YO and the by- 
product Y has to be easily disposable or recyclable. 
Furthermore, the synthetic organic chemist engaged in 
a laboratory scale experiment would prefer to test the 

‘No reprints available. 
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SCHEME 1 

S ‘Black box’ 

YO Y 

feasibility and the efficiency of an oxidation step with 
a system which only requires a commercial or rapidly 
available catalyst. 

For the last few years, we have been interested in 
chromium-catalyzed oxidations. Since there is no lit- 
erature report reviewing this topic: we decided to un- 
dertake this task. The present review will be exclusively 
concerned with chromium-catalyzed oxidations of or- 
ganic compounds which lead to the formation of a new 
C-0 or C = O  bond. Hence, chromium-catalyzed 
dehydrogenations of hydrocarbons such as the aroma- 
tization of cy~lohexane~~ or the dehydrocyclization of 
hexane% will not be included here. Oxidations carried 
out to achieve a complete decomposition of organic 
compounds36 will also be discarded. This review will 
be organized around the formal oxidation state of the 
catalyst. Of course, such a classification may be arbi- 
trary since the real catalyst could be a new species 
formed in situ with an oxidation state different from 
that of the starting chromium material. Throughout 
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TABLE 1. Oxidation of Cyclohexane 

results 
reactants and conditionsa C 2 3 ref 

ozone 
Cr(COh 

oxygen or air 
Cr(TPP)I + propionaldehyde (5.6 eq.) [1/=/0.2] PhH, 30 "C, 1.5 h 
[RU,O(OCOR)&~]+ [37OOO/-/1] MeCN, 75 OC, 12 h 
As above + CrC1, (1 equiv/Ru3) 
( B U ~ N ) ~ C ~ , O , ~  + hu[l/=/O.Ol] MeCN, 7 h 
(Bu4N),Cr04 + hu[l/-/0.004] CH2ClZ, 16 OC, 3 h 
( B U ~ N ) ~ C ~ O ~  + PhIO (0.02 equiv) + hu[l/=/0.004] CH2C12, 16 OC, 6 h 

Cr(TTP)Cl [1/12/0.012] MeCN-CH2ClZ, 30 "C, 3 h 
Cr(TTP)Cl + 4-aminopyridine (0.13 equiv) [1/12/0.012] MeCN-CH,Cl,, 30 OC, 3 h 
CrO, [1/0.2/0.001] MeCN, 20 "C, 168 h 
(BU,N)~C~O~ [1/0.2/0.001] MeCN, 20 O C ,  168 h 
( B U ~ N ) ~ C ~ ~ O ,  [1/0.2/.0.001] MeCN, 20 OC, 168 h 
( B U ~ N ) ~ C ~ , O , ~  [1/0.2/0.001] MeCN, 20 OC, 168 h 
( B U ~ S ~ O ) ~ C ~ O ~  [1/0.2/0.001] CH2ClZ, RT, 16 h 

Cr(acac), [0/100/1] CBHIz, 90 OC 

C r ( a c a ~ ) ~  + t-BuOH (0.5 equiv) [1/0.4/0.0005] neat, 108 OC, 2 h 

C r ( a c a ~ ) ~  [=/300/1] C8HIP, 125 "c, 20 h 
C r ( ~ t ) ~  [-/300/1] C&2, 125 "C, 20 h 

Cr(TPP)Cl [-/20/1] C8Hl2-PhH, RT, 24 h 

hydrogen peroxide 

tert-butyl hydroperoxide 

1-methylcyclohexyl hydroperoxide 

cumyl hydroperoxide 

iodosylbenzene 
Cr(TPP)C1[-/20/1] C8H,,-PhH, RT, 4-15 h 
CrOl 11/0.02/0.0011 MeCN, 360 h 
as a i &  + a:picolinic acid (0.002 equid) 

8.7 S 84-89 

T 1 
T 3.2 
T 45.7 
T 3  
T 1.5 
T 5  

Y 3.6 
Y 9.0 
T 20 
T 1.4 
T 18 
T 19 
T 0.8 

Y / O  5 

13 S 42 

Y / O  1.8 
Y / O  8.4 

Y / O  13 

Y / O  4 
T 3  
T 8  

38 

0 . 5 ( R = H )  186 
14.8 (R = H) 165 
150.3 (R = H) 165 
1.5 (R = H) 265 
1 (R = H) 266 
6 (R = H) 266 

1.6 (R = H) 184 
4.5 (R = H) 184 
10 (R = H) 224 
2.2 (R = H) 224 
13.6 (R = H) 224 
11.2 (R = H) 224 
0.4 (R = H) 226 

48 (R = H) 

22 (R = H) 83 

5.6 (R = H) 85 
5.2 (R = H) 85 

33 (R = H) 169 

4 (R = H) 169 
261 
261 

28 (R t-BuO) 82 

See section VI11 for the definitions for the abbreviations and symbols. 

TABLE 2. Oxidation of 3&Acetoxy-S,6-cholestene 
C8H17 

fDuOOH 

AcO &- 10 

1 7 +  17 

AcO 
12 11 

reactants and conditions0 
reeulta 

C 11 12 ref 
Cr(CO)8 [1/3/0.5] MeCN, 80 OC, 15 h Y s o  41 
C,H,NHCrO,Cl 11/7/0.051 CH,CL, RT, 4 h 71 Y 21 1 78 
C;H;NHCrO;F [i/7/0.05]-CH2~12~RT,~4 h 74 Y 25 1 78 
Cr03 [1/7/0.05] CH2C12, RT, 5.5 h 85 Y 46 20 241 
( B U ~ S ~ O ) ~ C ~ O ~  [1/7/0.05] PhH, 50 OC, 25 h 95 Y 49 6 227 

See section VI11 for the definitions for the abbreviations and sym- 
bols. 

the review, we will try to provide some information 
concerning the "black box" of Scheme 1. In addition 
to specific examples, we will include collective tables 
which will allow comparisons between different proce- 
dures applied to the same starting compound or to the 
same kind of transformation. 

I I .  Chromlwn(0) as Cafalyst 
Only chromium carbonyl complexes have been used 

as chromium(0) catalysts to achieve the oxidation of 
organic compounds. Attempts have been reported 
solely during the last decade. 

1. Cr(CO), 
Although omne37*38 or oxygen39 was used in the fist 

reporta of oxidation employing chromium hexacarbonyl 
as catalyst, the main papers described tert-butyl hy- 
droperoxide as the oxygen source.- A fair selectivity 
was obtained at  low conversion for oxidation of cyclo- 
hexane 1 to cyclohexanone 2 by O3 in the presence of 
Cr(C0)6 (Table 1).37*38 Epoxidation and allylic oxida- 
tion of an alkene were achieved with Cr(CO)6 and either 
029 or a benzenic solution of 90% t-BuOOH (contain- 
ing 5% H20 and 5% t-BuOH) (eq 1L4O In contrast, 

Cr(C0k (0.5 q u k )  

SO% Mu00H (1.2 aquk) 
L 

Me02C fP nllux. 18 h 

4 

solvent: benzene Y 75 Y 25 ref 40 
acetonitrile Y 83 
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when using acetonitrile instead of benzene as solvent, 
the oxidation of 4 by the Cr(CO)6/t-BuOOH mixture 
produced only the enone 5.40*41 Therefore, this latter 
procedure has been employed in the course of natural 
product synthesis (eq 2 and Table 2).44-46 The allylic 
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led only to 58% conversion of 7 after 1 day reaction 
time (eq 2).&f& The Cr(C0)3(MeCN)3 complex would 
be produced in situ in acetonitrile, and it was assumed 
that oxidation in this solvent involves catalysis only by 
Cro species since firstly, the reaction medium remains 
almost colorless, secondly the chromium-carbonyl 
bands in the IR spectra are unchanged throughout the 
reaction, and thirdly, the original catalyst could be re- 
covered almost quantitatively after completion of the 
o ~ i d a t i o n . ~ ~ ~ ~ ~ ~ ~ ~  In contrast, the oxidation of alkanes 
by the Cr(CO)6/t-BuOOH system could involve com- 
plexation of t-BuOOH with about 10% of the Cr(C0) 

which is then the active species42 (Scheme 2, path a). 
This CrV1 complex would be an alkyl peroxychromate 
25 which gives a CrIV compound 26 through oxidation 
of the alkane. 25 is then regenerated from 26 by t -  
BuOOH. When an ak~ne/Cr(CO)~/t-BuOoH mixture 
was exposed to air for long periods, a polymeric Cr"' 
oxide was formed which presented catalytic activity far 
superior to Cr(C0)t2 (Scheme 2, path b). The decom- 
position of methyl oleate hydroperoxide formed by 
autooxidation of methyl oleate in the presence of Cr- 
(CO)639 could follow a similar pathway. 

The in situ evolution of the catalyst was also reported 
in the course of oxidations with the Cr(CO)6/03/air 
system since Cr"', CrW, and CrV were present in the 
reaction mixture.38 

2. Cr(CO),(MeCN) 
This complex has been mentioned exclusively as ox- 

idation catalyst for benzylic oxidations with t-BuOOH.& 
It reacts instantly with t-BuOOH to give presumably 
an oxide of chromium and is much less selective than 

followed by oxidation of Cro within the complex to Cr v! 

Cr(CO)6. 

7 

8 9 
C 58 Y 44 Y 9 ref 46 

oxidation of A-5 steroids such as 10 was accom- 
plished:l*M while a A-7 steroid was reluctant to react.47 
It is worthwhile to note that the Cr(CO)6/t-BUOOH/ 
MeCN association can selectively oxidize an allylic 
methylene group of 13a which also bears a secondary 
hydroxy function (eq 3).40*41 Alcohols can be oxidized 

PR ?R 
Cr(CO), (0.25 equlv) 

W f-Bu00H (1.2-1.5 equiv) 
reflux. 30 h. acetmltrile 

13a R = H  
RIAC 

148: Y 60 ref 41 
b: Y 70 

in the absence of double bonds as well (eq 4).41 Alkanes 

&OH -w Cr(CO)( (0.25 equiv) 

90% f luOOH (3 equiv) 
MeCN, reflux, 19 h 

Id\ HO 
15 

1-1 
16 

Y 80 ref 41 

used as solvent have been oxidized by the Cr(CO),/t- 
BuOOH system with fair efficiency: 0.3-0.4 mol of 
isomeric alkanones per mole of ~ - B u O O H . ~ ~  The re- 
gioselective benzylic oxidations of tetralin 17,6-meth- 
oxytetralin 20, and estrone derivatives 23 have been 
easily achieved with this system in acetonitrile43 (Tables 
3 and 4 and eq 5). Recently, the oxidation of allyl ethers 
to a,#?-enones under similar conditions has been briefly 
mentioned.@ 

Cr(CO)( (0.3 equiv) 

90% f luOOH (3 equiv) 
MeCN. reflux. 24-29 h 

c 

23 
24 

c s  
R = M e  63 85 ref43 
R = A c  52 54 

Pearson et al. claimed that Cr(CO)6, when associated 
with t-BuOOH, may be used in true catalytic amounts 
but they employed larger quantities (0.2-0.5 equiv) in 
order to shorten reaction times. However, a stoichio- 
metric quantity of Cr(CO), and an excess of t-BuOOH 

I I I .  Chromlum(III) as Cafa/ysf 
A plethora of catalytic processes involve chromium 

in the formal oxidation state (III) as a starting catalyst. 
Chromium(II1) oxide has been used since the beginning 
of chromium-catalyzed oxidations and has been asso- 
ciated almost exclusively with oxygen. Many experi- 
menta thereafter have been carried out with chromium 
acetylacetonate or chromium esters in conjunction with 
oxygen or hydroperoxide. Recently, chromium por- 
phyrins and more generally, metalloporphyrins have 
been subjected to intensive investigation since they 
mimic the cytochrome P-450 monooxygenases. These 
studies provide a model to better understand the es- 

variety of oxygen sources have been tested with the 
chromium porphyrins. 

sential steps of these metal lo enzyme^.^^^^^*^^^^ A lar ge 

7. Cr,O, 
In a few publications:*52 the catalyst used was 

chromia, which is probably best formulated as Cr(0- 
Since it is used after or during heating, the 

catalyst is probably Cr203,53 Thus, these publications 
will be referred to in this paragraph. 

It seems that the first uses of chromium(II1) oxide 
as a catalyst occurred more than a half century ago 
during screening of heavy metal oxides to attempt to 
accelerate oxidations of benzylic methylene and methyl 
groups to the corresponding ketones and acids, at high 
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SCHEME 2 

TABLE 3. Oxidation of Tetralin 
0 OR 

17 18 19s: R = H  
b: R = O H  
c: R=Ot-Bu 

results 
reactants and conditions" C 18 19 ref 

oxygen or air 
CrzO3 [1/-/0.01] neat, 85-125 OC, 3-5 h 
Cr(a~ac)~  [l/-/0.012] AcOH, 72 "C, 66 min 

C ~ ( O A C ) ~  [1/=/0.012] AcOH, 72 OC, 59 min 

Y 30-35 trace (R = H) 55 

50.1 (R = HO) 106 

55 (R = HO) 106 

20.3 S 30.9 9.4 (R = H) 

18.9 S 32.6 2.7 (R = H) 

Cr(naph), + BuNH, (0.0015 equiv) [1/-/0.000005] 80 OC, 3 h 3 S 97.2 108 
Cr03, DMF, 90 OC, 7 h 16.0 S 92.7 2.2 (R = H) 

4.0 (R = HO) 229 
CrO,, DMA, 90 OC, 7 h 35.2 S 96.1 0.1 (R = H) 

1.8 (R = HO) 229 
QCC, DMA, 90 OC, 7 h 30.5 S 88.1 6.2 (R = H) 

3.1 (R = HO) 229 
QDC. DMA. 90 OC. 7 h 9.8 S 86.5 8.8 (R = H) - .  

PrCC, DMA, 90 OC, 7 h 
229 1.7 (R = HO) 

32.7 S 77.9 12.4 (R = H) 
2.2 (R = HO) 229 

PrDC, DMA, 90 OC, 7 h 22.0 s 95.9 0.5 (R = H) 

PtCC, DMA, 90 "C, 7 h 28.5 S 88.7 6.3 (R = H) 

PtDC, DMA, 90 OC, 7 h 28.7 S 92.0 3.2 (R = H) 

0.2 (R = HO) 229 

3.0 (R = HO) 229 

4.5 (R = HO) 229 
tert-butyl hydroperoxide 

Cr(CO)6 [1/3/0.3] MeCN, 80 OC, 23 h 100 Y 88 43 

Cr03 [1/7/0.05] CH,C12, RT, 21 h C Y 43 240 
Cr03 [1/7/0.05] CH2Cl2, 0 OC, 22 h b Y 64 240 

PDC [1/4/0.1] CHzC12, RT, 4 h 85d Y 74 1 (R t-BuO) 225 
(OCMe2CHzCMezO)CrOz [1/7/0.1] CH,C12, 0 "C, 8 h 84 Y 55 281 

Osee section VI11 for the definitions for the abbreviations and symbols. W1,4-Naphthoquinone was also obtained b, 5%; c, 23%; d ,  8%. 

TABLE 4. Oxidation of 
6-Metbosy-1,2,3,4-tetrahydronaphthalene 

Me0 & +Mm& 
Me0 a""'- 20 

21 22 

resulta 
reactanta and conditionso C 21 22 ref 

Cr03 [1/7/0.05] CH2Clz, RT, 9 h Y 36 17 240 
(Bu8Sn0)2Cr0z [1/7/0.05] CHZClz, 40 OC, 7.5 h 84 Y 32 15 227 
(OCMezCHzCMezO)CrOz [1/7/0.1] CH2Cl2, 85 Y 32 17 287 

0 OC, 8 h 

a See section VI11 for the definitions for the abbreviations and sym- 

Cr(CO)6 [1/3/0.3] MeCN, 80 O C ,  23 h 72 Y 44 43 

bols. 

temperatures, under a stream of oxygen (eq 6 and Table 
3).54955 In subsequent r e p ~ r t s , ~ ~ ~ ~ ~  these chromium- 

27 20 
c s  
63 17 ref 54 

promoted oxidations were generally carried out in the 
supplementary presence of other metal o ~ i d e s ~ ~ y ~ ~  or 
"inert powders", principally calcium carbonate;mvsBp@' 
the degradation of the alkyl side chain being sometimes 
simultaneously observed (Table 5). Hydroperoxidation 
of alkenesM*% (Table 6) and alkanes- by O2 has been 
carried out in the presence of small amounts of Cr2- 
03,M-67 Cr203 + Ni0,64 or MCr204 (M = Co, Cu, Ni)67 
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TABLE 5. Benzylic Oxidation of Para-Substituted Ethylbenzenes 

R I CHZOEt 

31 
S 22 ret 58 

29 32 

results 
reactants and conditionsa C 32 ref 

R = Et 
chromia (0.01 equiv), CaC0, (0.04 equiv), air, neat, 130 OC, 40 h 30-35 S 45-50 50 

R = CHXOEt 
Cr203-(0.01 equiv), CaC0, (0.04 equiv), air, neat, 140-145 "C, 28 h 41 S 70 56 

Cr& (0.01 equiv), CaC0, (0.04 equiv), air, neat, 140-145 OC 54 S 66 56 
R = CH2COMe 

R = OAc 

R = CHoOCOMe 
CrzO3 + Co-hydrate + CaCO, (1/1/8, 5%), Oz, neat, 140-15 "C, 15 h 24 S 79 57 

CrZo3-(0.013 equiv), CaC03 (0.078 equiv), air, neat, 130-140 "C, 28 h 23 S 55 58 
R = C1 

R = COZMe 
Cr203 (0.01 equiv), air, neat, 140-155 OC, 6 h 26 S 76b 59 

CrzO3 (0.01 equiv), CaC0, (0.067 equiv), air, neat, 140-150 OC, 24 h 40-54 S 60-66 60 

a See section VI11 for the definitions for the abbreviations and symbols. m-Chlorobenzoic acid waa also isolated (S 1.4). 

TABLE 6. Oxidation of Cyclohexene 

R PR 

33 34 35 38.: R = H  
b: R = O H  
C: R z 0 t - B ~  

reactants and conditions' 
results 

C 34 35 36 ref 
oxygen 

80-95 (R = OH) 
6 68 26 (R = H) 

Cr203 or Cr2O3 + NiO, 60 "C y/o 
Cr(a~ac)~  + Pt02(PPh3)2 (0.1 equiv) [sooO/-/l] PhH, 65 "C, 12 h 
Cr(TPP)Cl, NaFiH, (0.3 equiv), Avicel [1000/-/1] PhH, 20 OC, 5 h T 780 3820b 5020 (R = H) 

T 820 540 16550 (R = H) 
T 170 2210 2360 (R = H) 

53.4 R 

aa above butfor 24 h 
hydrogen peroxide 

- c r 4  - 
(Ph3PO)OCr(Oz)z [1/2/0.02] CHzClz-t-BuOH, 20 OC 

Cr(aca& [1/1/0.01] PhH, 90 OC 
tert-butyl hydroperoxide 

sodium perborate 

iodosvlbenzene 
CrO, + R,NCl(O.2 equiv) [1/7/0.1] PhH-HzO, 80 OC, 24 h 

Cr(TPP)Cl, RT 
Cr(m-salen)OTf + N-pyridine oxide (0.005 equiv) [100/5/1] MeCN, 
25 OC 

pentatluoroiodosylbenzene 

potassium hydrogen persulfate 
Cr(2,6-Cl-P)Cl [1000/64/1] CH2Cl2, RT 

Cr(TPP)Cl [67/140/1], R,NCl, CH2Clz-H20, RT, 2 h 

~ 

aa above but for 24 h 
Cr(TPP)Cl, L-cysteine (0.09 equiv), Mn(OAc), (0.0002 equiv) + N&H, 
(0.13 equiv) [2800/-/l] PhH, 20 OC, 1 h 

75 

T 380 21180 1810 (R = H) 

C 
T 0.023 1.66 0.35 (R = H) 

Y/O 2 d d (R = H) 

Y (adipic acid 12) 

Y/O 3 14 50 (R = H) 
Y/O 2 2 1 (R = H) 

30 (R t-BuO) 

Y/O 23 10 27 (R = H) 
39 

Y 10 

64 
98 

180 
180 
179 

179 

222 
221 

82 

254 

167 
204 

176 

301 
a See section VI11 for the definitions for the abbreviations and symbc.,. CycLexanone was also obtained (2' 300). Small amounts of 

cyclohexane-l,2-diol + large quantities of adipic acid. dSignificant amounts formed but exact yield not determined. 

to decrease the induction period and to increase the 
conversion. 
All of the preceeding reactions were heterogeneous 

and involved peroxide derivatives of the substrate as 
intermediates (Scheme 3). In studies with alkenes, it 
was claimed that Cr203 acted as the initiator of a radical 

chain reaction rather than as a catalyst.M*a The metal 
eliminated or decreased the induction period. It is very 
difficult to make correct mechanistic conclusions since 
alkyl hydroperoxides are ubiquitous in most starting 
hydrocarbon mixt~res.8'~ Hence, there are considerable 
differences in opinion concerning the reaction pathways 
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R1R2CH2 (a) 

R' R ~ C H ~  - R'R~CHOO. - R'R~CHOOH + R'R~CH' 
37 \ oxygene 

40 38 
I 

R' R~CHOOH 
38 

40 

TABLE 7. Decomposition of Cumyl Hydroperoxide in the Presence of Either Octenes or Cumene 

'Cr, 120 %. 7-10 h 

Cr203 [2/110.0041 
croo [2/110.05] 

Ph+ 

41 \ Cr(acac)3 
Ph-( 60% 

42 

under reaction 
/Yzzir\ 

Y/O 63.4 
Y/O 72.7 

P h 3 O H  

Y/O 122 

of these processes.8 Although formation of R1R2CH' 
by Cr203 directly from the hydrocarbon R1R2CH2 (37) 
has been p o ~ t u l a t e d ~ ~ ~ ~  (Scheme 3, path a), the first 
step has often been proposed to be an interaction be- 
tween the metal and the hydroperoxide 38 already 
present in the starting hydrocarbon mixture.8*12 This 
interaction will lead to homolysiseg of 38 to produce the 
radicals 39 or 40 which can initiate a radical chain 
process (Scheme 3, path b). This Cr%atalyzed de- 
composition of hydroperoxides is a very efficient 
pathway since, in the presence of octenes and cumyl 
hydroperoxide (41), Cr203 induces decomposition of 41 
rather than epoxidation of octenes70 (Table 7). Fur- 
thermore, kinetic analysis has revealed that the limiting 
step in the Cr203-catalyzed decomposition of 2-nonyl 
hydroperoxide involves a complex between these two 
entities, while selective formation of 2-nonanone has 
been observed.71 A chemisorption of oxygen at the 
metal centers of the heterogeneous catalyst can also be 
envisaged and this phenomenon would be amplified in 
the presence of additive powders.s Indeed, it was 
demonstrated that these "inert powders" generally 
contained very small or subanalytical amounts of 
transition-metal element impurities72 which could 
participate in the oxidation process. Nevertheless, it 
seems that the catalytic efficiency is greatly dependent 
on the surface area of both the powder72 and metal 
oxide.55 Furthermore, it has been shown by photoa- 
coustic spectroscopy that the incorporation of oxygen 
to zeolitic chromosilicates led to Crw species from an- 
chored CrU1Y3 The free-radical nature of these oxida- 
tions precludes high selectivity as the percentage con- 
version increases. Thus, the reactions are generally 
carried out at low conversions to avoid excessive for- 
mation of byproducts. 

Recently, a chromia-pillared montmorillonite catalyst 
prepared from chromium nitrate solutions74 has been 
used in conjunction with i!-B~00H.~l The intercalated 
Cr was described em~ir ical ly~~ as Cr(OH)wq+ but the 
exact nature of the catalyst remains ~ncer ta in?~ and 
the presence of a mixed-valence material, CP2CrW3Ol2, 

+ Ph? + Ph-f + Epoxyodenes 

7.7 31.5 2.2 re1 70 
6.3 15.2 9.8 

0 
+ Ph-f + (PhC(Me)20)2 

1 2 ref 86 

has been recently suggested by Cr K-edge EXAFS 
data.76 Nevertheless, this catalyst allows the oxidation 
of saturated, allylic or benzylic primary and secondary 
alcohols to aldehydes (not acids) and ketones in high 
yields. Since the oxidation of primary alcohols is rel- 
atively slow, the selective oxidation of secondary alco- 
hols has been achieved in the presence of primary hy- 
droxy groups51 (Table 8 and eq 7). Furthermore, the 

OH Cr/montrmrilbnlte (0.025 equiv) OH 

MeA(CH2),,0H anhydrous lDuOOH (1.05 equlv)) MeA(CH2)PH (7) 
46 CH& RT, 24 h 

45 
n = 1 , 6  Y 89-94 ref51 

catalyst can be recycled but it seems necessary to cany 
out the oxidation under anhydrous conditions. The 
promoting effect of montmorillonite on the C P  catalyst 
is certain: in using small amounts of CrzO3 instead of 
CP/montmorillonite, no catalytic activity was observed 
for alcohol oxidation in the presence of ~ - B u O O H . ~ ~  

Chromium(II1) oxide has also been used as an addi- 
tive to improve a catalytic system containing copper and 
cobalt which performed the dehydrogenation of ethyl 
alcohol to acetaldehyde at 275-300 0C.79 2-Propanol 
was converted into acetone and propene with chromia 
or chromia-magnesia catalysts at 320-400 "C, the in 
situ formation of MgCr201 being postulated under the 
latter  condition^.^^ 

An original me of chromium(I1I) oxide as catalyst has 
been recently presentdm in which the authors prepared 
Ti Cr203 electrodes. The electrochemical oxidation of 

to acetone with 100% current efficiency. CrOz was 
formed in situ and was either directly reoxidized elec- 
trochemically or gave Cr203. Although the dissolution 
of Cr203 limited the lifetime of the electrode, turnover 
numbers of 1WlOOOO were achieved. 

Cr In to Crw mediated the transformation of 2-propanol 

2. Cr(acac), 
The first use of tris(acety1acetonato)chromium as an 

oxidation catalyst was probably encountered in the 
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TABLE 8. Oxidation of Benzylic Alcohols 
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43 44 

results 
reactants and conditions" C 44 ref 

air 
R = HI [ N B U ~ ] ( O ~ ( N ) ( C H & M ~ ~ ) ~ ( C ~ O ~ ) ]  [l/m/0.05] MeCN, 70 "C, 72 h 57 s 100 
R = H, [NBU~][O~(N)(CH~S~M~~)~(C~O,)] + CU(OAC)~ (0.1 equiv) [1/=/0.05] MeCN, 70 OC, 72 h 100 S 100 

Y 96 
Y 92 
Y 88 
Y 95 
Y 98 

anhydrous tert-butyl hydroperoxide 
R = Me, Cr(III)/montmorillonite [1/1.05/0.025] CH2C12, RT, 10 h 
R = CH20H, Cr(III)/montmorillonite [1/1.05/0.025] CH2C12, RT, 18 h 
R = (CH&OH, Cr(III)/montmorillonite [1/1.05/0.025] CH2C12, RT, 20 h 
R = Me, Cr/NAFK [1/4/0.034] PhC1-PhH, 85 OC, 6 h 
R = Ph, Cr/NAFK [1/4/0.034] PhC1-PhH, 85 OC, 6 h 
R = COPh, (BusSnO)2Cr02 [1/4/0.05] CHzClz, 40 "C, 21 h 70 Y 34 

R Et, CrO3 [1/4/0.05] CH2C12, RT, 3 h 92 S 90 
R n-C,Hlb, CrOa [1/2/0.05] CH2C12, RT, 17 h 96 Y 94 
R = CHZOH, CrOs [1/4/0.05] CH2C12, RT, 24 h 59 s 49 

R = C02Me, Cr03 [1/4/0.051 CH2C12, RT, 5 h 49 s 75 

70% aqueous tert-butyl hydroperoxide 

R COP4 CrO3 [1/4/0.05] CH2C12, RT, 8 h 34 s 68 

peroxyacetic acid 

bis(trimethyleily1) peroxide 

sodium perborate 

iodosylbenzene 

R = Me, (OCMezCH2CMe20)Cr02 [1/2/0.02] CH2Cl2-CCl4, 0 OC, 0.35 h Y 96 

Y 91 
Y 97 

25 S 80 
R = COPh, CrOS + R4NCl (0.2 equiv) [1/7/0.1] PhH-H20, 60 OC, 24 h 100 Y 51b 

R = H, Cr(TPP)Cl RT Y/O 56 

R = H, PDC [1/3/0.1] CH2Cl2, 25 "C, 1.5 h 
R = Me, PDC [1/3/0.1] CH2C12, 25 OC, 1.5 h 

R = H, CrOs + R4NCl (0.2 equiv) [1/7/0.1] PhH-H20, 80 OC, 24 h 

R = t-Bu, Cr(TPP)Cl [l/l/O.l8] CH2C12, 25 OC Y/O 30" 

276 
276 

51 
51 
51 

136 
136 
227 

245 
214 
245 
245 
245 

286 

228 
228 

254 
254 

167 
273 

See section VI11 for the definitions for the abbreviations and symbols. bBenzoic acid was also isolated (Y 38). cBenzaldehyde was also 
isolated (YIO 14). 

course of studies directed toward the epoxidation of 
olefins by tert-butyl hydroperoxide.a1 The epoxidation 
was regio- and stereospecific and provided fair yields 
at room temperature and low catalyst concentrations 
when oxygen was excluded from the medium (eqs 8-10). 

JJd% O U  (8) 

47 40 
Y/O 28-100 ref 81 

49 50 
Y/O 13-60 ref 81 

51 
€or Z 

trans epoxide from E-51 
cis epoxide from 2-51 ref 81 

At higher temperatures, the epoxidation fell off dra- 
matically and the major reactive pathway of cyclo- 
hexene became allylic oxidatione2 (Table 6). Early, it 
was recognized that Cr(acac)3/ROOH mediates the 
oxygenation of alkanes (Table 1).82-86 Such a system 
promotes the oxidation of alcoholsm (Table 9) and the 
tertiary C-H bond of cumeneM (Table 7) with low 
yields. Note however that the thermal decomposition 
of cumyl hydroperoxide led to the oxidation of the 
tertiary C-H bond of phenylcycloalkanes even in the 
absence of cataly~t.~' Recently, the efficient cleavage 

TABLE 9 Oxidation of Cyclohexanols 

R - C > O H  - R O O  

52 53 

results 
reactants and conditione" 

R = H, Cr(aca& [2/1/0.02] PhH, 80 OC, 6 h 
R = H, C r ( ~ t ) ~  [2/1/0.02] PhH, 80 OC, 6 h 
R = t-Bu, Cr/NAFK [1/4/0.034] PhCl-PhH, 
85 OC, 6 h 

R = t-Bu, Cr03 [1/3/0.1] CH2C12, 25 "C, 1.5 h 

tert-butyl hydroperoxide 

bis(trimethylsily1) peroxide 

R 
R 

t-Bu, PCC [1/3/0.1] CH2Cl2, 25 O C ,  1.5 h 
t-Bu, PDC [1/3/0.1] CHzClz, 25 OC, 1.5 h 

Deroxvacetic acid 

5 3  

Y 26 
Y 26 
Y 81 

Y 30 
Y 55 
Y 98 

ref 

85 
84,85 

136 

258 
258 
258 

- -  
R = t-Bu, (OCMe2CH2CMezO)Cr02 [1/2/0.02] Y 96 286 
CH2C12-CCI,, 0 OC, 0.35 h 
Osee section VI11 for the definitions for the abbreviations and sym- 

hnln. 

of the C=CH2 group of methacrylic acid esters such as 
54 was carried out with hydrogen peroxide and small 
amounts of Cr(aca& (eq ll).88*89 

Stereospecific epoxidations achieved in high yields 
under appropriate conditionse1 suggest concerted 
mechanisms.12 It  has been envisaged that the ep- 
oxidation process involves a complex between the cat- 
alyst and ~ - B u O O H ~ ~ * ~  which leads to the metal in its 
higher oxidation ~ t a t e . ~ ~ ~ ~  Next, a transfer of oxygen 
from a t-BuOOH molecule coordinated at the metal was 
postulated through a cyclic transition state 66 where 



120 Chemical Revlews, 1992, Vol. 02, No. 1 Muzart 

Cr(aca~)~-catalyzed oxidations with oxygen have also 
been investigated. Alkanes provided the corresponding 
ketones and alcohols with a ketone/alcohol ratio > 
Although both epoxidation and allylic oxidation have 
been observed with alkenes,90~94~95*99101 eventually in the 
presence of a second catalyst [Pt(PPh3),02] (Table 6),% 
the selective oxidation of 8-isophorone to 3,5,5-tri- 
methylcyclohex-2-ene-l,4-dione was achieved with the 
C r ( a ~ a c ) ~ / O ~  systemlo2 in good yields, when pyridine 
was used as solvent (eq 12).'03 Note that this trans- 

1 1  0 
'CP ( O . ~ . o S  equiv). MeCN 

80% HzOz ( 3 4  WUW), 30-50'C 
OMe OMe 

54 55 
"cr C S ref 88 

Cr(aca~)~  96 74 
C~(OAC)~ 96 74 
Cr(N03)3 73 70 
ca3 53 30 
CrO3 + EIjN (1/1) 82 72 

a Cr=O group functions in a manner similar to the 
carbonyl group in organic peracids (Scheme 4).82 This 
SCHEME 4 

R = 1-BU 

attractive interpretation of the oxygen transfer is how- 
ever doubtful: the coordination of the olefin to the 
metal followed by an insertion reaction leading to a 
pseudo peroxymetallacycle 57 as an intermediate is 
more likely, as has been shown in more recent work 
(Scheme 5).91-93 The decrease of the epoxide yield with 
SC" 5 

57 
R = 1-BU 

the enhancement of either temperature or the amount 
of catalyst could be due to the decomposition of the 
epoxide and unproductive consumption of t - B ~ 0 0 H . ~  
Indeed, it is expected that an increase in temperature 
or of the amount of chromium which is a Lewis acida2 
would increase the proportions of both side reactions. 
If CrV1 is formed in these mixtures,g0 the oxidations 
resumed precedently could also be explained by 
schemes considered for stoichiometric reactions,' fol- 
lowed by reoxidation of reduced chromium species with 
t-BuOOH. Another possibility would be the decom- 
position of the hydroperoxide initiated by Cr- 
(acac)3s2~&1fi9JM or another chromium complex which 
could then promote a radical reaction leading to the 
oxidation of alkanes and alkenes (Scheme 6).91E2 Such 
a reaction pathway could be responsible, at least in part, 
for the small amounts of epoxides produced under 
Sheldon's conditionss2 since epoxidations by t-BuOOH 
have been reported at 60-100 "C in the absence of 
cataly~t.8~~9~ 

A A x 
(12) 

0 
59 

7JA 
58 

X Y 
Cr(a~ac)~  (0.005 equiv), neat, air, 50 "C 28.8 ref 102 
Cr(a~ac)~  (0.02 equiv), pyridine, 02, 70 "C 75 ref 103 

formation, which furnishes a useful intermediate for the 
synthesis of vitamins and perfume components, was also 
catalyzed by Cr(OCOCH3), and chromium(II1) na- 
phthenatelo3 and has been the subject of intensive in- 
vestigations, notably by industrial companies.104J05 The 
benzylic oxidation of tetralin 17 by the C r ( a ~ a c ) ~ / O ~  
system has been particularly studied and led to tet- 
ralone 18, tetralol 19a, and hydroperoxide 19b (Table 
3).95J06-109 In contrast, the oxidation of cumene by this 
system was inefficient."O Under alkaline conditions, 
the C r ( a ~ a c ) ~ / O ~  system oxidized nitro- or chloro- 
toluenes and 4-nitro-m-xylene to the corresponding 
carboxylic acid salts."' Hydroperoxidation and cleav- 
age of ethers occurred in the presence of the Cr- 
( a c a ~ ) ~ / O ~  system.l12J13 

Since the rate and efficiency of oxidation by Cr- 
( a ~ a c ) ~ / O ~  generally increased on either addition of a 
hydroperoxidew~94~95J07J09 or by irradiation by UV 
light,lo7 the usual autooxidation mechanism as outlined 
in Scheme 3 can once again be operative here. Indeed, 
the decomposition of RIR,CHOOH to RIR,CHOH and 
R&CO catalyzed by Cr (a~ac )~  has been f d y  reported 
under thermal and photochemical condi- 
t i o n ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~  Nevertheless, some exper- 
iments did not fully agree with a general autooxidation 
mechanism.l1° 

3. Cr(OCOR), 
Chromium esters have often been examined with the 

objective of obtaining catalpts soluble in organic media. 
With this aim, a cheap fatty acid has been generally 
employed for the ester part, the catalyst most consid- 
ered being chromium(II1) ~ t e a r a t e . ~ ~ s 4 8 5 1 ~ ~ ~ ' ~ ~ ' ~ - ~ ~  The 
efficiency of chromium(II1) acetate has been less in- 
~ e s t i g a t e d ~ ~ . ~ , ' ~ . ' ~ " ' ~ ~  while chromium(II1) trifluoro- 
acetate,134 chromium(II1) naphthenate,108J42-145 and 
chromium(II1) ~ c t o a t e l ~ ~  have been rarely used. 
Chromium esters have been used mainly in conjunction 
with oxygen. When they were employed with ozone to 
oxidize cyclohexane to cyclohexanone, they were less 
efficient than Cr(CO)6.37 
a. Chromium(ZZZ) Stearate 

Chromium(III) stearate has been used to promote the 
autooxidation of alkanes,&1,117-121,123-1911133~1~ alkenes," 
primary122 or secondary" benzylic carbons, and ke- 
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SCHEME 6 
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TABLE 10. Oxidation of p-Methoxytoluene +f+$.$.+q OMe 

0 

OAc HO OH H O  60 
61 62 63 64 

results 
reactants and conditions4 C 61 62 

CO(OAC)~ (0.28 equiv) + C~(OAC)~ (0.095 equiv) 100 Y 1.6 3.6 
CO(OAC)~ (0.28 equiv) + C ~ ( O A C ) ~  (0.095 equiv) 100 Y 67.9 0 
CO(OAC)~ (0.28 equiv) + C ~ ( O A C ) ~  (0.095 equiv) + Cr(OAd3 (0.095 equiv) 99.9 Y 72.7 0 

CoClz (0.1 equiv) 69 Y 50 0 

O2 (3 atm), AcOH, 110 "C, 3 h 

O2 (1 atm), diglyme, 90 OC, 5 h 

CrC13 0 
C0C12 (0.1 equiv) + CrC13 (0.05 equiv) 55 Y 55 0 

@See section VI11 for the definitions for the abbreviations and smnbols. 

63 64 ref 
138 

0 trace 
21.7 0 
14.1 0 

164 
19 

0 

tones.132 In fact, the catalyst has often consisted of a 

metal stearates. Ultrasonic i r rad ia t i~n '~~ or addition 
of cobalt stearate or nickel stearate122J24 increased the 
efficiency of these processes while aluminum stearate 
as additive gave a negative effect.'lg The reaction of 
the resulting hydroperoxides has been extensively 

general, ketones were selectively ob- 

cohols, acids, and esters being formed. However, the 
presence of manganese stearate as cocatalyst has fa- 
vored the formation of carboxylic a ~ i d s . ~ l ~ J ~ '  The ac- 
tivity of C r ( ~ t ) ~  for cyclohexyl hydroperoxide decom- 
position was better than that of Cr(acac)3.11s 

Following studies where the decomposition of cyclo- 
hexyl hydroperoxide by C r ( ~ t ) ~  has been considered to 
proceed through homolytic or heterolytic path- 
ways,84*J1sJ4g151 a radical chain process has been finally 
accepted.84 A ternary complex between alkane, chro- 
mium, and oxygen was envisaged as the initiator of the 
chain reaction leading to the oxidation of n-pentade- 
cane.12o Subsequently, an ESR study of valence 
transformations of C r ( ~ t ) ~  at the initial stage of the 
oxidation of n-pentadecane indicated the presence of 
alkylchromates(VI) which decomposed heterolytically 
to give ketones.123 

Chromium(II1) stearate used in conjunction with 
alkyl hydroperoxides has been examined as a reagent 
for the oxidation at  80-125 "C of alkanes (low yields) 
and secondary alcohols (Tables 1 and 9),M*as 

binary118,119,122,124-126,128,129 or ternaryl19,127 mixture of 

studied under similar c o n d i t i o n s . ~ ~ ~ ~ ~ ~ ~ 4 ~ ~ ~ ~ ~ ~ ~ ~ ~ 4 7 - ~ ~ ~  In 

~ n e d , 8 4 ~ ~ ~ 1 1 7 ~ 1 2 1 ~ 1 2 5 , 1 2 6 ~ 1 6 1 ~ ~ 6 3  with lower amounts of al- 

TABLE 11. Autooxidation of Ieobutane 
0 0 0 

H K O H  + A O M e  + A re1135 
oxygene 

'Y 
* +OH 

65 \  (P)CrX, 1 -2 .10~ equiv 

oxygene (100 pig),  PhH. 80 C. 6 h 

reactants 
and 

conditions" ref 
Cr(TPPIC1 T 0 181 

results 

Cr(TPP)N, T 264 S 89 181 
Cr(TPP)N T 0 181 
Cr(TFPP)N3 T 450 S 97 182 

'See section VI11 for the definitions for the abbreviations and 
symbols. 

b. Cr(OAc), 

During the screening of catalysts which promote the 
autooxidation of tetralin 17 in acetic acid, it was ob- 
served that the order of the activities of metal acetates 
in producing oxidation correlated with that in producing 
decomposition of a-tetralin hydroperoxide 19b, and that 
chromium acetate led to the highest tetralone/tetralol 
ratio (Table 3)." Later, chromium acetate was used 
in association with other metal acetates to carry out the 
autooxidation of benzylic methyl g r o ~ p s ; ' ~ " ~ ~ ~  the 
mixture CO(OAC)~/C~(OA~)~/C~(OAC)~ being particu- 
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TABLE 12. Benzylic Oxidations 

IWUltfi 

reactants and conditionsC C 44 70 ref 

0 OR 

PhAR - PhKR + PhAR 
69 44 70 

oxygen or air 
R = Ph 

R = H  

R = M e  

K2Cr207/neutral alumina [l/-/O.O2] neat, 150 O C ,  116 h 

K2Cr20, + Bu.,NFir (0.0007 equiv) + hu[l/-/0.0005] CH2Clz-H20, 17 "C, 120 h 

Cr03 + RCOzH (04.003 equiv) [l/m/0.001] MeCN, 25 O C ,  400 h 
Cr03 + hv[l/-/0.001] MeCN, 25 O C ,  15 h 

CrO, [1/0.2/0.001] MeCN, 20 "C, 168 h 
( B U ~ N ) ~ C ~ ~ O ~  [1/0.2/0.001] MeCN, 20 OC, 24 h 
(BU,N)~C~,O~, [1/0.2/0.001] MeCN, 20 O C ,  24 h 

Cr/NAFK [m/4/0.034] 85 OC 

(OCMe2CHzCMezO)CrOz [1/7/0.1] CH2Cl2-CC4, 0 OC, 8 h 
Cr03 [1/14/0.041 CHZClz, RT, 43 h 
( B ~ ~ S n 0 ) ~ C r 0 ~  [1/7/0.05] PhH, 60 "C, 10 h 

(OCMezCHzCMezO)CrOz [1/7/0.1] CHzC12-CC4, 0 O C ,  8 h 

(BuaSnO)2CrOz [1/7/0.05] PhH, 60 O C ,  25 h 

Cr(naph), + pyridine (0.1 equiv) [m/1/0.005] PhMe, 100 O C ,  1 h 

CrO, [1/0.02/0.001] MeCN, 25 "C, 300 h 
as above + a-picolinic acid (0.002 equiv) 

hydrogen peroxide 
R = Me 

tert-butyl hydroperoxide 
R = H  

R = Ph 

R = CHzPh 

CrO3 [1/7/0.05] CH2C12, RT, 48 h 

benzyl hydroperoxide 
R = H  

iodm ylbenzene 
R = Me 

See section VI11 for the definitions for the abbreviations and svmbole. 

Y 

T 

T 
T 

T 
T 
T 

4 6 s  
Y 

9 0 Y  

28 S 
4 4 Y  
58 Y 

82 281 

5 280 

3 
3 

230 
230 

9.4 5.6 (R = H) 224 
9.6 5.0 (R = H) 224 
6.4 3.8 (R = H) 224 

no yield data 137 

87 8 (R = t-BuO) 287 
90 240 
83 2 ( R =  t-BuO) 227 

29 287 
21 240 
27 ( + b e d  9) 227 

Y/O 88 20(R = H) 155 

T 2 230 
T 22 4 (R = H) 230,261 

larly efficient (Table 10). The autooxidation of alkanes 
has been induced by C ~ ( O A C ) * ~ J ~ ~  or Cr(OCOCF3)3,134 
isobutane 65 furnishing a mixture of formic acid, methyl 
acetate, and acetone (Table ll).135 The rate of Cr- 
(111)-catalyzed autooxidation of cyclohexane to cyclo- 
hexanol and cyclohexanone slightly increased in the 
presence of acetic acid, which further promotes the 
decomposition of the hydroperoxide intermediate.'" 

The cleavage of methyl methacrylate (54) carried out 
with C ~ ( O A C ) ~ / H ~ O ~  led to results identical to those 
achieved using C r ( a ~ a c ) ~  as a catalyst and superior to 
those obtained with other CrlI1 salts: Cr(acac), = Cr- 
(OAc), > Cr(N0J3 >> CrP04 >> CrC1, or Cr2(S04), (eq 
11).% 

The impregnation of Cr(OAc), on a perfluorinated 
resin (NAFK) led to an interesting reusable catalyst, 
Cr/NAFK (66), useful for oxidation of secondary alco- 

66 

hols by anhydrous t-BuOOH at 85 OC (Tables 8 and 
9).136J37 Under these conditions, the oxidation of pri- 
mary alcohols was sluggish and led to aldehydes and 
acids,13B double bonds were not affected (eq 13), and 
toluene was oxidized into benzaldehyde (Table 12).137 

The recovered catalyst retained more than 95% of C P  
when the oxidation was carried out under anhydrous 
conditions while approximately 80% of the chromium 
dissolved from the resin when performing the reaction 
with 70% aqueous ~ - B U O O H . ~ ~ J ~ ~  

& 1 -  67 X Y 9) 68 

CdNAFK (0.034 equiv), anhydrous t-BuOOH (4 equiv), 82 refs 136,  137 

PDC (0.1 equiv), Me3SiOOSiMe3 (3 equiv), 81 rels 228,258 
PhCI, 85 "C, 6 h 

CHzCb, 25 "C, 1.5 h 

c. Chromium(III) Naphthenate 

The autooxidation of cyclohexane under pressure at 
about 150 O C  has been achieved in the presence of 
chromium naphthenate, the cyclohexyl hydroperoxide 
thus produced reacting with cyclohexane to give a 
mixture of cyclohexanol and cyclohe~anone.~*~J~ The 
chromium(II1) naphthenate-catalyzed decomposition 
of isolated cycloalkyl hydroperoxides provided mixtures 
of the expected ketone (main product) and alcoholll~l"z 
which evolved to diacids under oxygen pressure.142 

The autooxidation of cyclohexanone in the presence 
of chromium(II1) naphthenate furnished the corre- 
sponding a-keto1 which led successively to a-diketone, 
e-caprolactone, adipic acid, and adipic anhydride.145 
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The oxidation by O2 of tetralin to a-tetralone was 
achieved at 60-140 OC in the presence of chromium(III) 
naphthenate and an aliphatic or aromatic amine with 
about 95% selectivity for low conversions (Table 
3).lO8J4 The decomposition of benzyl hydroperoxide, 
in toluene at 100 "C, in the presence of chromium na- 
phthenate and pyridine, afforded benzaldehyde and 
smaller amounts of benzyl alcohol, a very low per- 
centage of the oxidized producta coming from oxidation 
of the solvent by the initial hydroperoxide (Table 12).'% 

d. Others 

Chromium trioctoate and chromium trioctanoate 
were principally used to decompose cyclohexyl hydro- 
peroxide into cyclohexanol and cyclohexanone with a 
high ratio of Simultaneously, the chro- 
mium trioctoate catalyzed oxidation of cyclohexanol by 
cyclohexyl hydroperoxide was demonstrated by use of 
14C-labeled cyclohexanol.la The autooxidation of tet- 
ralin 17 and the decomposition of ita hydroperoxide 19b 
have been examined in the presence of a variety of 
catalysts including chromium tris(dibromostearate)lM 
and chromium tri01eate.l~~ A mixture of chromium 
trioctanoate and cobalt trioctanoate catalyzed the au- 
tooxidation at 115 OC of p-xylene to p-toluic acid.lM 

The oxidation of ascorbic acid by H202 catalyzed by 
[Fe2CrO(OAc)6(H20)3]+ and [FeCr20(OAc)6]+ clusters, 
has been achieved. Spectrogcopic studies suggested the 
conversion of the former cluster by H202 to provide a 
reaction initiator with subsequent reaction occurring 
as a chain process.lB In contrast, the second cluster 
could directly initiate the oxidation.15s 

4. Chromium( I I I )  Halldes 
Chromium(II1) halides have been primarily used to 

promote the decomposition of primary and secondary 
alkyl hydroperoxides to the corresponding acids" and 
ketones.161 Chromium(III) bromide seems to be one of 
the best additives for improving the autooxidation of 
alkenes under aqueous conditions in the presence of a 
phase-transfer catalyst.lB2 The CrC13-catalyzed oxida- 
tion of trimethylhydroquinone (71) to the corresponding 
1,Cquinone 72 by H202 has been achieved with low 
efficiency (eq 14).163 

@ 'Cf PhH (0.01 + ~ u h ) ,  (CPr)f l ,  3ox 50 Hfl2 'c, 0.5 (4 h W U ~ )  ** (14) 

OH 0 
71 72 

.Cf C Y ref 163 
Cr(acac)a 10 5 
CC13 45 30 
( B U ~ S ~ O ) ~ C I Q  98 98 

Recently, chromium(II1) chloride has been employed 
as a cocatalyst.1u-186 It was initially observed that Cr- 
(III) increased the rate of the stoichiometric oxidation 
of allyl alcohol by CeW,lss The presence of CrC13 im- 
proved the cobalt(I1) chloride catalyzed oxidation of 
p-methylanisole (60) by oxygen to p-anisaldehyde 
(Table 10) but was not beneficial for the similar oxi- 
dation of ethylbemne.164 The autooxidation of alkanes 
catalyzed by a ~ ~ - 0 ~ 0  trinuclear ruthenium carboxylate, 
[RU~O(OCOCF~CF~CF~),(E~O)~]+, was greatly im- 
proved by the addition of small amounts of CrC13 and 
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furthermore the selectivity toward the alcohol was 
largely increased (Table l).165 

5. (Porphyr1n)CrX 

Chloro(tetraphenylporphyrinato)chromium(III) [(T- 
PP)CrCl] has been the main chromium catalyst em- 
ployed to mimic the biological activity of cytochrome 
P-450. Cytochrome P-450 is a hemeprotein, used by 

9 

A 
73 

(TPP)CrX: R = Ph 
(TFPP)CrX: R = C6F5 
(lTP)CrX: R = p-melhylphenyl 
(2,6-CI-P)CrX: R = 2,6-dichlorophenyl 

enzymes known as monooxygenases, and is able to 
catalyze selective monooxygenations by molecular ox- 
ygen under very mild conditions in living organ- 
isms.12Js31*24-26~4s Modifications of the porphyrin ligand 
(P) have been undertaken to increase the stability, se- 
lectivity, and efficiency of the catalyst. The use of 
phthalocyanine instead of porphyrin as ligand coordi- 
nated to chromium has been briefly mentioned for 
benzylic autooxidations. 

a. (TPP)CrX 

Chloro(tetraphenylporphyrinato)chromium(III) has 
been employed as catalyst in conjunction with iodo- 
~ylbenzene, '~~- '~~ substituted iodo~ylbenzenes,~~~J~~J~~ 
cumyl hydr~peroxide,~~~ p-cyano-N&-dimethylaniline 
N-oxide,lnJ7* or oxygen17sJs1 as the oxygen atom source. 

The epoxidation of alkenes has been generally per- 
formed with (TPP)CrX/ArI0,167~168~170~172~176 but si- 
multaneous rearrangement, isomerization, or cleavage 
of the starting substrate was often observed (Tables 
13-15 and eq 15).172J76 Allylic oxidation generally be- 
came the major reactive pathway when an allylic hy- 
drogen was available, as in the case of cyclohexene (33) 
(Table 6 and eqs 15 and 16).1671168;170'1741176 However, 

L 
Cr(TPP)CI. RT 

PhD, CH& 45 tm 

84 85a 85b 
T 4.3 Y/O 3.2 2.2 

86. 86b 87. 87 b 
Y/O 17.9 11.4 7.2 12.2 ref 172 

Ph0(CH2)3 + PhO(CH2)3 (1 6) 

OH 0 
89 90 

Y/o 9 11 ref 170 
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TABLE 13. Oxidation of Styrene 

0 + PhCHO + A 
76 Ph n PhF - Ph 

74 75 

Muzart 

reactants and conditions" 

~~ 

results 
75 76 77 ref 

oxygen 

hydrogen peroxide 
Cr(ONO)(salen)(HzO) [8/m/0.1] MeOH, 26 "C, 7 h 

CrO, [1/0.2/0.001] MeCN, 20 OC, 168 h 
(BU,N)~C~O~ [1/0.2/0.001] MeCN, 20 OC, 168 h 
(Bu4N)zCr207 [1/0.2/0.001] MeCN, 20 OC, 24 h 
( B U ~ N ) ~ C ~ , O ~ ~  [1/0.2/0.001] MeCN, 20 OC, 168 h 
(Bu3SnO)zCrOz [1/0.2/0.001] CHzClz, RT, 16 h 

Cr(TPP)Cl [1/0.05/0.01] PhH, RT, 1 h 
Cr(salen)(HzO)zPF6 + pyridine (0.015 equiv) [1/0.03/0.005] CHZClz, RT 
Cr(m-salen)OTf + N-pyridine oxide (0.005 equiv) [1/0.05/0.01] MeCN, 25 OC 
Cr(salen)(HzO)zC1 [1/0.2/0.02] HzO, RT, 5 h 
as above + 8-cyclodextrin (0.03 equiv) 
CrOB [1/0.1/0.005] MeCN, 100 h 
as above + a-picolinic acid (0.1 equiv) and 240 h 

Cr(salen)(HZO)&1 [8/0.66/0.1] CHzClz-HzO, 26 OC, 7 h 

Cr(salen)(HzO)zC1 [8/0.66/0.1] CHzClz-H20, 26 OC, 7 h 

Cr(TPP)Cl [1/7/0.025] R,NCl, CHZCl2-HzO, RT, 3 h (C 24) 

T 

T 
T 
T 
T 
T 

iodw ylbenzene 
YIO 
y/o 

y/ 0 
y /o  

Y/O 

T 
T 

T 

T 

Y 

NaNOz 

NaNOZ + oxygen 

sodium hypochlorite + air 

" See section VI11 for the definitions for the abbreviations and symbols. 

0.15 5 trace 

0.2 32 2 
1.6 56 0.4 
3.2 50 2.4 
6 84 2.4 
0.1 3 0.1 

65 
24 
40 

(75 + 76): 12 
(75 + 76): 22 

1 8 2 
0.5 9 1 

0.2 0.2 trace 

0.15 0.65 trace 

8 

208 

224 
224 
224 
224 
226 

167, 170 
203 
204 
205 
205 
261 
261 

208 

208 

300 

TABLE 14. Oxidation of Norbornene 

CHO 

81 

resulta 
reactants and conditions' 79 80 81 ref 

Cr(TPP)Cl Y/O 99, (exo/endo: 32) 167 
Cr(salen)(HzO)zC1 [1/0.2/0.02] HzO, RT, 5 h Y/O 21 205 
as above + 8-cyclodextrin (0.03 equiv) Y/O 40 205 
as above + 4-methylpyridine (0.06 equiv) Y/O 44 205 
Cr(salen)(H20)zPF6 + pyridine (0.015 equiv) [1/0.03/0.005] CHzClz, RT Y/O 82 203 
Cr(m-salen)OTf + N-pyridine oxide (0.005 equiv) [1/0.05/0.01] MeCN, 25 OC Y/O 85, exo 204 
CrO(m-salen)(OTf) + N-pyridine oxide (0-0.4 equiv) [1/0.5/0.1] MeCN, 25 "C Y/O 70-85 204 

Cr(TPP)CI[lO00/64/1] CHzCl2, RT Y/O 32, (exo/endo: 1OOO) 0.2 0.6 176 
Cr(TFPP)Cl [1000/64/1] CHZClz, RT Y/O 75, (exo/endo: 422) 0.4 2.4 176 
Cr(2,6-Cl-P)Cl [1000/64/1] CHzClz, RT Y/O 74, (exofendo: 362) 0.3 1.1 176 

Cr(salen)(HzO)zC1 trace 208 

iodosylbenzene 

pentafluoroiodosylbenzene 

NaNOZ 

' See section VI11 for the definitions for the abbreviations and symbols. 

it has been pointed out that some allylic oxidations of 
33 by PhIO occurred even in the absence of the cata- 
1 y ~ t . l ~ ~  The oxidation of alkanes with (TPP)CrCl/ArIO 
led to the corresponding alcohols and ketones in low 
yields (Tables 1 and 16).16gJ71 A t  low conversions, 
substituted toluenes have been oxidized to the corre- 
sponding aryl alcohols by this system.175 Nevertheless, 
(TPP)CrCl/ArIO can oxidize benzylic a l ~ o h o l s ~ ~ ~ * ~ ~ v ~ ~ ~  
and 2-cyclohexenol to the corresponding carbonyl com- 
pounds (Tables 8 and 17).172 However, cleavage ac- 
companied the oxidation of tert-butylphenylcarbinol 
since benzaldehyde was produced simultaneously (Ta- 
ble 

In the presence of (TPP)CrCl, cumyl hydroperoxide 
was much more efficient as an oxygen source than io- 

dosylbenzene for the oxidation of alkanes, hydroxyla- 
tion being the main process (Table l).169 Such a system 
however did not epoxidize 01efins.l~~ 

The cleavage of vicinal diols was carried out with the 
(TPP)CrCl/p-cyano-N,N-dimethylaniline N-oxide 
system under photocatalysis conditions: l-phenyl- 
ethane-1,Bdiol led to quantitative yields of benz- 
aldehyde and f~rmaldehyde . '~~J~~ 

The use of molecular oxygen associated with (TP- 
P)CrCl requires the presence of a reducing agent.179J80 
' h o  systems were tested with cyclohexene as substrate, 
(TPP)CrCl/Mn(OAc),/~-cysteine/NaBH~/O~ and 
(TPP)CrCl/Avicel/NaBH4/O2, producing mainly allylic 
oxidation (Table 6). The (TPP)CrC1/02 system did not 
allow oxidation of isobutane in the absence of other 
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TABLE 15. Oxidation of (E) -  and (2)-Stilbenes 

Ph-Ph - A + + PhCHO 
82 Ph Ph Ph 76 

83s 83b 

results 
reactants and conditionsa 838 83b 76 ref 

(E)-stilbene 
iodoeylbenzene 

tert-butyl hydroperoxide 

NaNOz with or without oxygen 

iodos ylbenzene 

tert-butyl hydroperoxide 

Cr(TPP)Cl y/ 0 17 167 
1 204 Cr(m-aalen)OTf + N-pyridine oxide (0.005 equiv) [1/0.05/0.01] MeCN, 25 OC Y/O <0.5 58 

CrOs [1/4/0.051 CHzCl2, RT, 47 h Y 33 214 

Cr(salen)(HzO)zC1 208 
low yields 

(2)-stilbene 

Cr(TPP)Cl Y/O 23 167 
Cr(m-salen)OTf + N-pyridine oxide (0.006 equiv) [1/0.05/0.01] MeCN, 25 OC Y/O 44 3 5 204 

CrOs [1/4/0.05] CH2C12, RT, 115 h Y 15 214 

See section VI11 for the definitions for the abbreviations and symbols. 

TABLE 16. Oxidation of Adamantane 

91 92a 92b 93 

results 
reactants and conditionsa C 928 92b 93 ref 

( B U ~ S ~ O ) ~ C ~ O ~  [1/7/0.05] PhH, 60 OC, 68 h 69 Y 19 6 227 
Cr03 [1/7/0.04] CHZClz, RT, 16 h 50 Y 10 239 

Cr(TPP)Cl [1/0.25/0.025] PhH + NaC1-saturated HzO y /o  2.2 0.5 3.1 171 

Cr(TPP)Cl [1/0.25/0.025] PhH + NaC1-saturated HzO y/o 1.5 0.4 1.3 171 

tert-butyl hydroperoxide 

iodosylbenzene 

pentafluoroiodoeylbenzene 

See section VI11 for the definitions for the abbreviations and symbols. 

TABLE 17. Oxidation of Cyclohexen-2-01 

36a 35 

reactants and conditions" 

~~ 

results 
C 35 ref 

air 
[NBU~~[O~(N)(CH~S~M~~)~(C~O~)] [1/-/0.05] MeCN, 70 OC, 72 h 28 S 100 276 
[NBu,I[O~(N)(CH~S~M~~)~(C~O~)I + CU(OAC)~ (0.1 equiv) [l/m/0.051 MeCN, 70 OC, 72 h 99 S 100 276 

PDC [1/3/0.11 CHzClZ, 25 OC, 1.5 h Y 90 228 

Cr(TPP)Cl, RT no yield data 172 

bis(trimethylsily1) peroxide 

iodosylbenzene 

peroxyacetic acid 
(OCMezCHzCMepO)CrOz [1/2/0.11 CHzCl2-CCl4, 0 "C, 0.3 h Y 80 286 

See section VI11 for the definitions for the abbreviations and svmbols. 

coreagents but it is interesting to note that the exchange 
of the chloride anion for an azido group led to an ef- 
ficient catalyst for this type of oxidation.lsl (TPP)- 
CrN3/02 thus furnished t-BuOH (main product), ace- 
tone, and carbon dioxide (Table 9).ls1Je2 In contrast, 
the p-nitride complex, (TPP)CrN, was not capable of 
producing this transformation.lsl and 14). 

6. Others 

The nature of the substituents on the porphyrin lig- 
and can greatly modify the ratios of epoxidation/allylic 
oxidation and epoxidation/rearrangement obtained 
from alkenes with ArIO as oxygen source176 (Tables 6 
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Chlor o (tetr atolylporphyr inato) chromium (111) [ (TT- 
P)CrCl] in association with hydrogen peroxide was used 
to oxidize cyclohexane 1 to cyclohexanone 2 and cy- 
clohexanol 3a.lM The efficiency of (TTP)CrC1/HZO2 
was improved by the addition of a nitrogen base, and 
the best results were obtained with 4-aminopyridine 
(Table 1). The 2/3a ratio was superior to 1 although 
3a was not oxidized to 2 under the reaction conditions. 

(TTP)CrX/OZ has been used with propionaldehyde 
as a reducing agent. Such a system achieved the ep- 
oxidation of propene (X = Cl)la5 and the oxygenation 
of 1 (Table 1) to 2 and 3a (X = I),186 both in very low 
yields and after long induction periods. 

The replacement of the phenyl groups in the por- 
phyrin ligand (TPP) by pentafluorophenyl substituents 
(TFPP) greatly increased the catalytic activity of (P)- 
CrN3 in the reaction of isobutane 65 with molecular 
oxygenla2 (Table 11). Studies of this autooxidation 
showed that modification of the ligand P can greatly 
change the order of the efficiency of transition metals 
toward the oxygen transfer: (TPP)CrN3/OZ was more 
efficient than (TPP)FeN3/O2 and (TPP)MnN3/02 for 
oxygenation of 65,1a1 while with a TFPP ligand, the 
order of the catalyst turnovers became Fe >> Mn > 
Cr.la (TFPP)CrX (X = C1, OH, N3) has been used also 
for the oxidation of n-butane to methyl ethyl ketone.l= 

The a-hydroperoxidation of ethylbenzene has been 
reported in the presence of oxygen and a heterogeneous 
catalyst in which the chromium atom is linked through 
a nitrogen atom to the conjugate system of the coal 
structure;la7 to the authors, this catalyst looks like a 
chromium porphyrin. 

c. Mechanisms 

The mechanisms of the oxidations induced by (P)- 
CrX depend on the nature of the oxygen source, por- 
phyrin P, anion X, and the experimental conditions. 
The characteristic ESR spectrum of (TTP)CICrV=O 
has been observed from studies of solutions of (TTP)- 
Cr"'C1 containing HzO2 or Ph10,1MJ88 and the experi- 
mental magnetic susceptibility of these solutions was 
also in good agreement with the presence of this CrV 
~ p e c i e s . ~ ~ ~ J ~ ~  The study of visible spectra can be an- 
other powerful method for following the formation of 
the (P)Cr complexes. Although the first published 
visible spectra of (TPP)C1Cr0167J68 were false, and were 
in fact the spectra of (TPP)CrO," it now appears that 
the characteristic Am= values of (P)CrIX1X 73, (P)- 
CrxV=O 95, (P)Crxl 97, and (P)XCrV=O 94, occur re- 
spectively at approximatively 450, 430, 420, and 410 
nm.173J77J*198 In order to understand the mechanism 
of these catalytic reactions, a variety of oxygen atom 
donors have been employed to oxidize (P)CrX: ArIO, 
hydroperoxides, percarboxylic acids, 2-(phenyl- 
sulfonyl)-3-(p-nitrophenyl)oxaziridine, alkaline hypo- 
chlorite, or p-cyano-Nfl-dimethylaniline N-oxide and 
light.167~168117a1188-194 Visible spectra studies have indi- 
cated that the formation of 95 occurs more often than 
that of 94;177J*191 this has to be interpreted with cau- 
tion since 94 competes with the oxygen donor for the 
oxidation of 73 and a comproportionation reaction 
generally ensues to yield 951a4-lg1 or [(P)XCrrvlZO 
96192J93 (Scheme 7). From these results and depending 
on the nature of the oxygen source, either 94167-169JM 
or 95177 has been proposed to be the true active oxygen 

Muzart 

SCHEME 7 
X 0 

I 
X 

96 

species. The addition of ArIO to a methylene chloride 
solution of (TPP)CP=O led to (TPP)CICrV==O1w but 
such a complex was not produced from PhIO and a 
Crrv-O-CrN complex.lg2 The electrochemical abstrac- 
tion of an electron from (TPP)CrrvO has been another 
way to achieve access to the chromium(V) species 
[ (TPP)CrV0]+.193J95 The complex (TPP)CrrvO was 
obtained from (TPP)Crxx and dioxygen through a re- 
action which involves the formation of the p-oxo- 
chromium(II1) intermediate 98 (Scheme 8).1wJg7Jgg 
SCHEME 8 

98 

ref 199 7 PhCH3 + 02 - PhCH200H (ref 190) 

02 (refs 196, 197) 
or 

& 
95 

This summary of the literature illustrates the diffi- 
culties in understanding the interactions between (PI- 
CrX and the oxygen donors even for stoichiometric 
reactions (see also the reviews of Holmz3 and 
J~rgensen~) .  Furthermore, it has been shown that the 
proportions of C P ,  C P ,  and Crv obtained in a mixture 
of (TTP)CrxnC1 and PhIO depend on the ratio of the 
reagents: for example, (TTP)CICrVO was the only 
chromium species obtained for a ratio of (TTP)- 
CrnlC1/PhIO > 11.9.191J92 

Since oxidations catalyzed by (P)CrxxlX/YO often 
seem to involve higher valence states of chromium, it 
is interesting to summarize the following stoichiometric 
reactions. Alkenes and alcohols have been oxidized by 
stoichiometric amounts of a few (P)XCrV=O com- 
plexes.193J94J98 Norbornene, (2)-cyclooctene, and cy- 
clohexene afforded exclusively the corresponding ep- 
oxides while (2)-stilbene furnished a mixture of di- 
phenylacetaldehyde and benzaldehyde, due at least in 
part to the instability of cis-stilbene oxide in the 
presence of (P)XCrV=O (94). The reduction of 94 to 
a mixture of (P)CrWl (73) and (P)CrN=O (95) was 
achieved simultaneously except in the case of the less 
reactive (2)-cyclooctene where only 95 was formed.lg3 
It has been shown that (TPP)CPO is very unreactive 
toward saturated and unsaturated hydrocarb~ns. '~J~~ 
The epoxidation of norbornene could however be ob- 
served b using 95 produced by comproportionation of 

reactive toward alcohols at room temperature but 
achieved the oxidation of benzylic alcohols at 70 "C with 
some cleavage: tert-butylphenylcarbinol led to benz- 
aldehyde and tert-butyl phenyl ketone (ratio: 10/l).173 

(P)ClCr Y -0 and ( P ) C I W ~ . ' ~ ~  (TPP)CP=O was un- 
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SCHEME 9 
&IO 

(nh 1S7-189.173,195) 

X 
73 

(ref 172) & + Re - radicalchainproduds 

95 

[(P)XCrvO +4kene]  

O ! 2  
eledron 

( r h l a , , r y  1~~"*\76,194) (ref8 176,194) 1- to\  b 

phlR + 7 X 

+ 4 alkene" 

+ 

I 
X 

I epoxide 

rearranged produds radical chain products 

Some (P)Cr%atalyzed oxidations with ArIO (ep- 
oxidation and alkane oxidation)1e7-169J73J75J96 and H202 
(alkane oxidation)184 have been considered to involve 
a C r V 4  complex as the true active oxygen species but 
some uncertainty remains concerning the exact mech- 
anism. Indeed, stoichiometric and catalytic procedures 
sometimes lead to different results. These differences 
can be attributed in part to the fact that both proce- 
dures were sometimes carried out under different con- 
ditions and did not generally use the same porphyrin 
P. The role of P in the oxygen transfer to olefinic 
substrates has been exemplified by studies using a va- 
riety of substituted oxochromium(V) p o r p h y r i n ~ . ~ ~ ~ J ~ ~ J ~  
Recently, a correlation between Hammett values and 
the reactivity of substituted toluenes has indicated that 
these atom abstraction reactions proceed through polar 
transition states with substantial charge transfer from 
the substrate to the electrophilic oxo c0mp1ex.l~~ 
Nevertheless, the mechanisms of the oxidations with 
(P )CP  and ArIO or H202 can be broadly illustrated by 
Scheme 9. 

The oxygenation by cumyl hydroperoxide of alkanes 
catalyzed by various metalloporphyrins including (TP- 
P)CrCl has shown that the reactive pathways are dif- 
ferent from those involved with PhIO as oxidant since 
the results were almost independent of the nature of 
the metal and of its environment.lee Thus, the oxida- 
tions with cumyl hydroperoxide have been rational- 
ized" by suggesting a "Fenton-type" mechanism called 
also the "Haber-Weiss" mechanism12*200 (Scheme 10). 
SCHEME 10 

(P)Cr"'X + CumylOOH - (P)XCr"OH + CumylO' 

\ 
t 

R* + CumylOH 

From the work of Bruice concerning the mechanism 
of oxygen atom transfer to (TPP)CrC1,lgl it seems 
surprising that different pathways for the oxidation of 
cyclohexane have been proposed for (TPP)CrCl/cumyl 

hydr~peroxidel~~ and (TTP)CrC1/H202.1&L However, 
these methods employed different porphyrin ligands 
and the former procedure was principally used in the 
presence of an extra ligand. 

It was initially concluded from visible spectral studies 
that the mechanism of the oxidation of 1-phenyl-1,2- 
ethanediol by the (TPP)CrCl/p-cyano-N,N-dimethyl- 
aniline N-oxide system involved (TPP)CPO.ln Later, 
it was shown that the transfer of the oxygen atom from 
the N-oxide to the Cr"' complex required photoexci- 
tation of the reaction mixturexg1 and finally, it was 
concluded that (TPP)CICrV=O was the true active 
oxygen species.178 

The mechanisms of (P)CP-catalyzed oxidations with 
oxygen probably depend on the reactions conditions. 
In the absence of added coreductants, an intermediate 
metall0prphyrin-0~ complex containing singlet oxygen 
has been postulated,201 but the reaction could corre- 
spond to a free-radical autooxidation with the complex, 
acting as an initiator, generating free radicals.= When 
a coredudant is added to the oxidative mixture, it can 
act as an electron source playing the role of NADPH 
required with cytochrome P-450 for oxidative conver- 
sions in living  system^.^^*^^ However, a similar mech- 
anism has not seemed to have been retained for the 
chromium model, and the contribution of HO' as one 
of the possible active oxygen species has been sug- 
gested.lsO When propionaldehyde was added,lGJw it 
played the role of reductant: there is in situ production 
of (P)CP and an acyl radical leading to a peroxy acid" 
(Scheme 11) which is a more efficient oxidant than 
SCHEME 11 

[(P)Cr"']*+ ECHO - (P)Cr" + EiCO' + H+ 
ECHO EiCO' + 02 - EiCOOOH + EiCO' 

[(P)Cr"']* + EiCOOOH - [(P)CrvO]' + EtCOOH 

molecular oxygen and could induce the formation of CrV 
from Cr"'. The low efficiency of (TTP)Cr"'Cl as cat- 
alyst was attributed to the high value of its reduction 
potential (-1.06 V), which renders difficult the first step 
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of the Scheme 11.Ie Nevertheless, the oxidations cat- 
alyzed by (TTP)Cr"'I were also inefficient although 
larger amounts of the peroxy acid were produced.'% 

It wil l  probably require a great deal of time and effort 
to explain all of the procedures catalyzed by (P)CrnrX 
since even the mechanisms of stoichiometric oxidations 
with (P)XCrV=O are not firmly established and that 
they seem to depend on the nature of the substrate.193J94 

8. (Salen)CrX 
Like the preceeding (P)Cr"'X complexes, the (sal- 

en)CrInX ones (99) are principally employed to mimic 
the monooxygenase model systems and they have been 
mainly used to catalyze the oxidation of alkenes by 
PhI0.2039204 The rate of oxidation was accelerated by 

Muzart 

(salen)CrX: R = H 
(m-salen)CrX: R = Me 

99 

the addition of a promoter which played the role of a 
donor ligand such as pyridine203 or pyridine N-oxide204 
in CH2C12 or CH3CN respectively. Stereoselective ep- 
oxidation, giving fair yields, was obtained from nor- 
bornene, cyclooctene, (E)-  and (2)-b-methylstyrenes, 
and (E)- and (2)-stilbenes (Tables 14 and 15), while this 
reaction was very inefficient with cyclohexene (Table 
6) and linear alkenes. Some cleavage of the double 
bond was observed for both styrene and stilbenes but 
remained a minor reaction (Tables 13 and 15). Re- 
cently, these epoxidations have been performed in the 
biphasic system, CH2C12/H20, with the water-soluble 
(~a len)Cr(H~0)~CL~ Both the rates and the yields were 
often increased in the presence of 8-cyclodextrin as a 
phase-transfer agent and the addition of 4-methyl- 
pyridine also led to further increases in the rates (Ta- 
bles 13 and 14). At the end of the consumption of 
PhIO, the catalyst was still active: the addition of a 
supplementary amount of PhIO afforded more ep- 
oxide.205 The mechanism of the oxygen transfer from 
PhIO to the substrate has been carefully studied but 
a general mechanism has not been established.204 PhIO 
led to the stable and fuUy characterized oxochromium- 
(V) adduct (100) with the promotor as an axial lig- 
and." This electrophilic complex attacks the olefin 
to form a transient intermediate lOla or lOlb which 
could be close to a chromium-oxygen-carbon-carbon 
ringm7 and provides the starting (salen)CP cation and 
the epoxide or the cleavage products (Scheme 12).204 
SCHEME 12 

Promotor 

[(sa/en ) c P j +  ~rom~tor- [(=/en )crV]' 
11' P hIO 

It 
0 

100 

@-!-I Cr11' C+ I 

R ) R - - l  c r v f c  CrV-C I 

'LC 1 - epoxide + cleavage products 
0- c+ 

lOlb 

TABLE 18. Oxidation of Indan-1-01 

102 103 

results 
reactants and conditions" C 103 ref 

tert-butvl hvdroDeroxide 
Cr03 jl/i/0.65] CH2C12, RT, 3 h 100 Y 77 245 
CrOB + TsOH (0.1 equiv) [1/7/0.05] PhH, RT, Y 90 242 

4 h  
(Bu3SnO)2Cr02 [1/4/0.05] CH2Cl,, 40 OC, 5.2 h Y 80 227 
C5H5NHCrO2C1 [1/7/0.05] CH2C12, RT, 7 h 98 Y 78 78 
C5H5NHCr02F [1/7/0.05] CH2C12, RT, 3.2 h 98 Y 68 78 

CrO, + R,NCl [1/7/0.1] 60 OC, 24 h Y 13 259 

a See section VI11 for the definitions for the abbreviations and sym- 

sodium perborate 

bols. 

Recently, the catalytic properties of (sa1en)Cr- 
(H20)2C1 and (salen)Cr(ONO) (H20) for oxidations with 
NaN02 under both aerobic and anaerobic conditions 
have been examined.208 Cyclohexene was unreactive 
while the epoxidation of styrene 74 (Table 13), stilbene 
82 (Table E), allyl alcohol, and norbornene 78 (Table 
14) was achieved in poor yields, with low conversions, 
and with some cleavage of the double bond in the case 
of 74 and 82. The product distribution depends on the 
presence of oxygen and these processes were inhibited 
by addition of a radical trap. The reaction of (den ) -  
Cr(H20)2C1 with NaN02 did not lead to CrV=O species 
but to (salen)Cr(ONO)(H20). This latter complex was 
able to promote the oxidation of styrene by O2 (Table 
13) but not by NaN02. Finally, it has been concluded 
that different mechanisms occur under aerobic and 
anaerobic conditions.208 

I V, Chromlum(I V) as Cafalysf 

Chromium complexes in the formal oxidation state 
(IV) have been rarely used as oxidation catalysts. It has 
been briefly mentioned that (a) stoichiometric amounts 
of (TPP)CrNO oxidize benzyl alcohol to benzaldehyde 
and that the reduced species, probably (TPP)CrmOH, 
induces the formation of more PhCHO in the presence 
of PhIO, (b) (TPP)CrIVO did not catalyze the hy- 
droxylation of alkanes and the epoxidation of alkenes 
by PhI0.1a9 

The Cr(1V) complexes C5H5NHCr02X, easily ob- 
tained209 from pyridinium chlorochromate (X = C1)210 
or pyridinium fluorochromate (X = F),211 have been 
employed in conjunction with tert-butyl hydroper- 
oxide78 and presented similar activities. With these 
systems, benzylic secondary alcohols, propargylic and 
benzylic carbons were oxidized to ketones in fair yields 
(Tables 18-20). Small amounts of alcohols or tert- 
butylperoxy derivatives were obtained from benzylic 
hydrocarbons. Minute amounts of epoxides were iso- 
lated from cyclic ethylenic substrates, the main product 
being the a,&unsaturated ketones (Table 2). 

V. Chromlum(V) as Catalyst 
It seems that the use of a CrV catalyst has been only 

mentioned twice in the literature. PhIO was used as 
an oxygen source in both papers to achieve the ep- 
oxidation of norbornene catalyzed by (m-salen)CrvO- 
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vestigations concerning the nature of this blue species 
called "blue perchromic acid" led to considerable con- 
troversy for more than a c e n t ~ r y . ~ ' ~ ~ ~ ~ ~  Finally, the 
structure (02)2Cr=0 with two peroxidic groups has 
been retained and corresponding complexes 11 1 have 
been isolated in the presence of Lewis bases.217*218 
During and after this time, the mixture CrW/H2O2 has 
been used for oxidations under s to i~hiometr i$~~*~~ and 
catalytic1Be*22*228 conditions. 

0 
p1r-y 
0'1 '0 

L 
111 

TABLE 19. Oxidation of 1-Phenylhex-1-yne - IsuOOH Ph-=<' 
P h - E T  

(CH2)2% (CH2)2CH3 
104 105 

results 
reactants and conditionsa C 105 ref 

C&,NHCrO2C1 [1/7/0.05] PhH, RT, 20 h 71 Y 51 78 

Cr03 [1/7/0.05] CH2C12, RT, 21 h 65 Y 41 242 
Cr03 [1/7/0.05] PhH, RT, 44 h 85 Y 57 242 
Cr03 + TsOH [1/7/0.05] PhH, RT, 44 h 88 Y 62 242 
( B U ~ S ~ O ) ~ C ~ O ~  [1/7/0.05] PhH, 60 OC, 8 h 57 Y 29 227 

a See section VI11 for the definitions for the abbreviations and 

CbHSNHCr02F [1/7/0.05] PhH, RT, 20 h 60 Y 37 78 

symbols. 

(OTf)204 (Table 14), and the cleavage of ylides 108 by 
(salen)CrvO(OTf) (eq 17)?12 The catalytic cycle of these 
reactions probably proceeds via the reduced form 
Crnl(OTf) as described previously (section 111.6). 

Ph,P=CR1R2 PhIO - R1R2C=CR1R2 + O=CR1R2 (17) 
(salen)CrO(OTf) 

108 109 110 
T 5  ref 212 

Attempts to employ 1,lO-phenanthroline complexes 
of oxochromium(V), (phen)H2CrOC15, and (phen)- 
CrOC13,213 with t-BuOOH were thwarted by the rapid 
decomposition of this hydroperoxide by these cata- 
iysts.214 

VI .  Chromlum(VI) as Catamsf 

The association of a CrV1 salt with an oxygen donor 
began a long time ago. In 1843, Barreswil communi- 
cated to the French Academy of Sciences that the ad- 
dition of hydrogen peroxide to an acidic solution of 
potassium dichromate developed a blue In- 

1. CrO, 
The autooxidation of benzylic carbons229-230 has been 

carried out in the presence of small amounts of chro- 
mium(VI) oxide. Tetraline led to a-tetralone with high 
selectivity when dimethylformamide or better N,N- 
dimethylacetamide was used as solvent, minute 
amounts of a-tetralol and a-tetralin hydroperoxide 
being formed (Table 3).229 Ethylbenzene furnished 
acetophenone with a rate and yield only slightly mod- 
ified in the presence of an organic acid (picolinic or 
trifluoroacetic acid) but both greatly increased under 
irradiation (Table 12).230 The radical character of these 
reactions precludes high conversion of starting sub- 
strates if good selectivities are desired. Under UV ir- 
radiation, catalytic amounts of Cr03 and 1 atm of ox- 
ygen oxidize 2-propanol 112 to acetone 113 (eq 18).a1P2 

0 0 3  (0.01 1 equiv). oxygen bubbling c 
(18) 

>OH H20, h. 10 h, P 'c 

112 113 
Y 54.3 refs 231, 234 

The role of the light remains poorly understood,= but 

TABLE 20. Benzylic Oxidation of Indan 

0 OH 

106 103 107 

reactants and conditions' 
results 

C 103 107 ref 
~~ 

hydrogen peroxide 
Cr03 [1/7/0.1] acetone, RT, 79 h Y 27 

T <1 

( B U ~ S ~ O ) ~ C ~ O ~  [1/0.2/0.001] CHzClz, RT, 16 h T 6 

Y 8 

Cr03 + R4NCl (0.2 equiv) [1/7/0.1] H20 or CH2C12, RT, 18 h 
Cr03 [1/0.2/0.01] CH2C12, RT, 26 h T 5 

CrO, + TsOH (0.05 equiv) [1/10/0.05] t-BuOH, RT, 23 h 
Cr03 [1/10/0.05] acetone, RT, 70 h Y 44 

hydrogen peroxide urea adduct (CH4N20.H2O2) 

tert-butyl hydroperoxide 
(OCMezCHzCMezO)Cr02 [1/7/0.1] CHzClz, 0 OC, 8 h 86 Y 60 
(2103 [1/6/0.1] CH2C12, RT, 6 h Y 63 
Cr03 [1/7/0.1] water-saturated CH2C12, RT, 24 h Y 56 
Cr03 [1/4/0.05] CH2C12, 0 OC, 47 h Y 86 
( B U ~ S ~ O ) ~ C ~ O ~  [1/7/0.05] PhH, 60 OC, 3 h Y 73 

PDC [1/7/0.05] CH2C12, RT, 19 h Y 74 

C,H,NHCrO&l [1/7/0.05] CH2C12, RT, 3.2 h 90 Y 46 
C6HSNHCr02F [1/7/0.05] CH2C12, RT, 4.2 h 89 Y 63 

PFC [1/7/0.05] CH2C12, RT, 19 h Y 70 
PCC [1/7/0.06] CH2C12, RT, 19 h Y 64 
BPCC [1/7/0.05] CH2C12, RT, 19 h Y 36 

225 
214, 225,226 
226 
226 

226 
226 

287 
240 
214 
225 
227 

1 78 
3 78 

225 
225 
225 
225 

See section VI11 for the definitions for the abbreviations and symbols. 
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the photoaseisted formation of peroxy derivatives of 113 
could be involved as suggested for oxidations by a 

As mentioned previoudy, the interaction of hydrogen 
peroxide with Crw was recognized very early.215 How- 
ever, a catalytic procedure based on blue perchromic 
acid was "only" reported in 1937, about a century lat- 

Catalytic amounts of chromium(V1) oxide in- 
duced the oxidation of saturatad and unsaturated com- 
pounds by H2OPmm Oxygenation of cyclohexane224a 
(Table l), monohydroxylation of the aromatic ring,222 
d i h y d r o x y l a t i ~ n , ~ ~ ~ ? ~ ~ ~  e p o x i d a t i ~ n , ~ ~ ~ ~ ~ ~ ~  and cleav- 
ages8*n2-m~m of double bonds (Tables 6 and 13 and eqs 
11 and 19), benzylic (Tables 12 and 20), 
and oxidation of primary alcohols to aldehydes and 
carboxylic acids228 have been achieved, generally with 
low yields even in the presence of a phase-transfer 
~ a t a l y s t . ~ ~ ~ ~ ~ ~ ~  The oxidative cleavage seemed some- 

Pd/h~/O2 

Muzart 

Yo 
OH 

114 
OH 

115 
Y 58 ref 222 
Y 6 rei 236 

times to be more efficient in the presence of triethyl- 
amine (eq 11),88 or when the double bond was substi- 
tuted by an aromatic group222 but in the case of 114, 
the reproducibility of yields is questionable (eq 19hB6 
The use of acetone (caution237) as solvent and/or a 
hydrogen peroxide/urea adduct instead of H202 can 
improve the efficiency of benzylic o ~ i d a t i o n s ~ ~ ~ * ~ ~ ~  
(Table 20). It was noticed early that the reaction stops 
at the formation of a bluish-green precipitate having 
the properties of chromium(III) oxide and which cannot 
be reactivated by H202.222 Hydroxyl radicals222 and 
peroxochromium(V1) complexes224 have been succes- 
sively proposed as the active species. In the case of the 
first proposal, a mechanism as indicated in Scheme 6 
would operate. The intermediates of the second pro- 
posal would be similar to "blue perchromic acid" and 
could enter into the catalytic cycle suggested in working 
from isolated peroxo species (see section VI.4, Scheme 
18). Some participation of singlet oxygen in the oxi- 
dative process is possible.B8 The low efficiency of the 
CrO3/H2O2 procedure can be explained by the decom- 
position of H202 by CrOJ63*222 and/or by an irreversible 
reduction of the chromium under the reaction condi- 
t i o n ~ . ~ ~ ~  

Chromium(II1) oxide has been tested as catalyst for 
the epoxidation of octenes at 120 "C by cumyl hydro- 
peroxide'O but only low amounts of epoxides have been 
produced (Table 7). Under milder conditions (room 
temperature), the oxidation of the secondary allylic 
alcohol 116 to the 117 and 118 was achieved in moderate 
yields (eq 20).B9 Nevertheless, this process presented 
an efficiency inferior to the Cr03/ t-BuOOH association 
discussed in the following paragraph. 

Catalytic amounts of Cr03 with an excess of com- 
mercial aqueous 70% t-BuOOH were used to oxidize 
b e n z y l i ~ ~ ~ , ~  (Tables 3,4,12, and 20), allylicN1 (Table 
2) and propargylic2d2 (Table 19) carbons with fair yields 
at room temperature. Methylene chloride was a good 

TABLE 21. Oxidation of Benzoin 

0 0 

P h q P h  - P h l . k P h  + P h k H  
0 0 121 

119 120 

results 
reactants and conditione' C 120 121 ref 

70% t-BuOOH (4 equiv), CH2C12, RT, 8 h 34 Y 23 245 
methyltridecylammonium chloride (0.2 100 Y 51 38 259 
equiv) NaB03 (7 equiv), PhH/H20 (l/l), 
60 "C. 24 h 

Cr03 (0.05-0.1 equiv) 

(n-Bu3ShO)zCrOz (0.05 equiv) 
t-BuOOH (4 equiv), CHZCI2, 40 "C, 21 h 70 Y 34 227 

See section VI11 for the definitions for the abbreviations and eym- 
bok. 

solvent used to achieve benzylic and allylic oxidations 
while propargylic oxidations were best carried out in 
benzene. The selectivity of the benzylic oxidations can 
be increased by decreasing the reaction temperature to 
0 0C,225y240 while, as noted for stoichiometric chromium 
procedures,18 the allylic oxidation was efficient only for 
cyclic substrates.241 The increase in the efficiency of 
the propargylic oxidation in the presence of small 
amounts of p-toluenesulfonic acid,N2 (Table 19) seems 
to indicate the in situ formation of protonated Cr(V1) 
species.243 It is interesting to point out that propargylic 
ketones have been obtained with yields far superior to 
those reached with stoichiometric chromium proce- 
dureseZu In the presence of allylic hydrogens, the ep- 
oxidation of double bonds remained a minor reaction 
p a t h w a ~ ~ ~ l , " ~  which furthermore can be decreased by 
using benzene rather than methylene chloride as sol- 
vent.239 In contrast, the oxygenation of double bonds 
has been observed in the absence of available allylic 
hydrogen?14 both (E)-  and (2)-stilbenes afforded 
trans-stilbene oxide (83b) (Table 15) as the major 
compound with benzophenone, benzil, and benzoin 
benzoate as side products. The Cr03/ t-BuOOH system 
also accomplished the oxidation of primary and sec- 
ondary alcohols to carbonyl compounds (Tables 8,18, 
and 21 and eq 20). Particularly efficient for secondary 

(CH2hMe 

116 C 
a m y l  hydroperoxide 17h 83 
tert&utyl hydroperoxide 5h 100 

ca, (0.05 ~ i v ) .  YO (4 quhr) v CH&12. RT OH 

0 0 
117 118 
Y Y 

17h 32 12 ret 239 
5 h 48 5 ref 245 

benzylic alcohols and compatible with inactivated 
halogen groups, it brought about the selective oxidation 
of l-phenyl-1,2-ethanediol to cr-hydroxyacetophenone 
(Table 8) and 2-bromoindan-1-01 to 2-bromoindan-l- 
one, respectively2& (eq 21). The Cr03/t-Bu00H me- 

OH 0 

123 
C 63 S 78 ref 245 
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lowed by formation of a red-purple color in the mixture. 
These observations suggest that the active oxidative 
species is not GO3. The results of the oxidation of 
6-methoxy-1,2,3,4-tetrahydronaphthalene (20) are in 
agreement with this interpretation. Indeed, the stoi- 
chiometric oxidation of this compound by Cr03 fur- 
nished almost exclusively 6-methoxy-l-tetralone (21F' 
while a 2/1 mixture of 21 and 22 was obtained with the 
Cr03/ t-BuOOH system (Table 4). The formation of a 
peroxochromium(VI) complex seemed to be excludedm 
but comparisons with selected oxygenated complexes 
of vanadium98*251*252 and molybdenum253 have led to 
considering a tert-butylperoxychromium(V1) complex 
as a possible intermediate." Indeed, the difference 
in rates and ratios observed in using either t-BuOOH 
or PhCMezOOH (eq 20) suggests that the R group of 
ROOH may be present in the active oxidative species.= 
The catalytic cycle could conserve the formal (VI) ox- 
idation state in the case of alcohols as starting sub- 
strates (Scheme 13)246 while the oxidation of activated 

TABLE 22. Oxidation of Para-Substituted Phenols 

OH 0 

* 6" cat. (0.05 equiv) 

CH&h RT 

b tauOOH (7 equiv) 

R I t-BuOOAR 

1 24 125 

resulta 
reactanta and conditionsa 12s ref 

X = H  
R = Me 

Cr03, 86 h Y 15 246 
PDC, 4 h Y 41 246 

X = OMe 
R = CH2CH2CH3 

Cr03, 86 h Y 26 246 
PDC, 16 h Y 24 246 

Cr03, 90 h Y 26-30 246 
PDC, 20 h Y 26 246 

See section VI11 for the definitions for the abbreviations and 

R CHZCH3CH2 

svmbols. 

thod led to the peroxidation of the para position of 
para-substituted phenols but with yields no better than 
30% (Table 22).246 This catalytic system has also 
produced the oxidation of benzylic trimethylsilyl ethers 
to ketones (Table 23),%' benzyltrimethylsilane to ben- 
zaldehyde and benzoic acid,248 bromodiphenylmethane 
to benzophenone and tert-butylperoxydiphenylmethane 
(eq 22),239 aldehydes to tert-butyl esters (eq 23),239 CY,- 

@-unsaturated esters to a,@-unsaturated 7-keto esters 
(eq 24),214 and the cleavage of hydrazones and oximes 
to ketones (eq 25).- As with CrO3/HzO2, the oxidative 

Br CQ (0.05 eqUW) 0 001-BU 

PhAPh 70KfBuOOH(7equiv) phKPh + PhAptl (22) 
129 130 
Y 6 2  31 re1239 

CH&Iz, RT. 17 h 
128 

.. 

Y 30 ref 239 

133 134 
C 65 S6S ref214 

CQ (0.05 equiv) 

f8uOOH (4-7 equk) 
CH&Ie or PhH 

135 136 
Y 6040 ref 249 

properties of the Cr03/t-Bu00H system disappears 
with the change of the mixture coloration from initially 
red-purple to green-yellow. At th is  stage, the catalytic 
species cannot be reformed by the addition of t-BuOOH 
since this hydroperoxide is usually immediately de- 
stroyed by the green-yellow m i ~ t u r e . ~ ~ ~ * ~ ~  

The addition of ROOH (R = t-Bu, PhCMe,) to a 
yellow methylene chloride suspension of Cr03 imme- 
diately produced solubilization of the metal oxide fol- 

SCHEME 1s 
t-BuCQH 

v- c*3 Y R&O + f-BuOH 

methylene groups could involve CrV species with for- 
mation of hydroxy or tert-butylperoxy derivatives of the 
substrate as intermediates (Scheme 14 or ESR 

SCHEME 14 

0, ,O-I-Bu YCr' 

0'' '01 

U:Ar, C=C, C E C  

ex riments have indicated the formation of Cr" and 

benzylic oxidations by t-BuOOHm but the identifica- 
tion of active species while using this technique remains 
hazardous. Obviously, the intervention of radicals, at 
least in some cases, has to be accepted in order to ra- 
tionalize reactions given by the Cr03/t-Bu00H system 

Cr v species in the course of chromium(V1)-catalyzed 
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SCHEME 15 
initiation 

propagation 
CrV' + 1-BuOOH -D Crv + 1 8 ~ 0 0 '  + H' 

CrV + f-BuOOH - CrV' + 1-BuO' + HO- 

U T  + t-BuO* - u< + f-BuOH 

U T  + ~-BUOOH + Cr"' - U<m-'8u + CrV + H' 

+ 2f-BuOOH - U<' + 21-BUOH + H20 

U:Ar, C=C. C E C  

SCHEME 16 
Cr" + f-BuOOH - CrV + f-BuOO* + H' 

CrV + 1-BuOOH - Cr" + t-BuO' + HO- 

ArOH + t-BuO,* - AIO' + t-BuO# 

n y 
R 

(Scheme 16).% The difference in the amount of water 
present in the procedures which used either 30% H202 
or 70% t-BuOOH, cannot explain the difference in re- 
activities; indeed, the Cr03-catalymd oxidation of indan 
in CH2C12 by either aqueous 70% t-BuOOH or aqueous 
30% t-BuOOH afforded similar results214 (Table 20). 
The better results obtained in using t-BuOOH rather 
than H20z as the oxygen atom source can be explained 
by ita higher stability, and better solubility in nonpolar 
~ o l v e n t s . l ~ > ~ ~  The difference in basicity between these 
hydroperoxides, pKa (t-BuOOH) = 12.8, PKa (H2OJ = 
11.6257 could also be i n v o l ~ e d . ~ ~ * ~ ~ ~  

The association of Cr03 with bis(trimethylsily1) 
peroxide instead of t-butyl hydroperoxide has only been 
reported for the oxidation of 4-tert-butylcyclohexol 
to the corresponding ketone with a 30% yield228i258 
(Table 9). 

The use of a fifth peroxide, sodium perborate, has 
been recently investigated.259 The Cr03/NaB03 mix- 
ture required a temperature of 60-80 OC in a biphasic 
system with a phasetransfer catalyst to bring about the 
oxidation of alcohols but also to the cleavage of some 
C-C and C = C  bonds (Tables 6,8,18, and 21 and eq 
26). The presence of small amounts of Cr03 allows 
oxidations by NaB03 which in the absence of catalyst 
necessitate higher temperatures and acetic acid as 
solvent.260 

Following studies with the (porphyrin)CrX/PhIO, 
this oxygen source was tested with Cr03 in reactions 

0 CQ (0.1 equiv) 0 

Ph%ph mthyHridecykmmonium chloride (0.2 equiv) Ph&H (26) 
NaB03 (7 equiv). PhHMzO ( l / l ) ,  60 'C. 24 h 121 

120 Y 60 ref 259 

with cyclohexane 1,261 ethylbenzene,230*261 and styrene 
74261 (Tables 1, 12, and 13). As with some stoichio- 
metric oxidations by CrvI,262 the addition of a-picolinic 
acid accelerated the accumulation of the oxidation 
products, giving cyclohexanone from 1, acetophenone 
(main product) and 1-phenylethan-1-01 from ethyl- 
benzene (Tables 1 and 12). The opposite occurred with 
74 but larger amounts of a-picolinic acid were added: 
the rate of the formation of the oxidation products, 
benzaldehyde (main product), acetophenone, and sty- 
rene oxide, decreased and furthermore, the ratio of 
acetophenone/styrene oxide was reversed (Table 13). 
It is interesting to note that with ethylbenzene as a 
substrate the regeneration of the active Cr species could 
be achieved at the end of the reaction by the addition 

Recently, a Polish patent has described the use of 
catalytic amounts of both CrOs and pyridine in an 
aqueous medium to carry out the oxidation of 2- 
methylnaphthalene to the corresponding quinone (vi- 
tamin K3), the regeneration of the catalytic species 
being continually assured through an electrochemical 
step.263 

of ~ ~ 0 . 2 3 0  

2. (XO),Cr,(=O), 

As for stoichiometric oxidations, Cr03 has often been 
associated with basic ligands for catalytic studies. Py- 
ridinium chlorochromate (PCC)210 and pyridinium di- 
chromate (PDC)264 have been most commonly used but 
similar species have often been formed in situ. How- 
ever, the present chapter includes only those papers 
which describe the use of preformed catalysts which 
contain n ammonium (X), p oxo group (=Oh and m Cr 
atoms (n,m,p 2 1). The representation of their struc- 
ture by (XO),Cr,(=O), is not strictly exact since they 
can contain one or more Cr-O-Cr binding units. 

A variety of ammonium-chromium(V1) oxides have 
been employed to promote the autooxidation of tetralin 
but conversions and selectivities were inferior to those 
obtained by simply using Cr03 as catalyst.229 Irradia- 
tion at X > 520 nm of aerated acetonitrile or methylene 
chloride solutions of cyclohexane (1) in the presence of 
catalytic amounts of either or 
( B U ~ N ) ~ C ~ O ~  afforded cyclohexanol and larger quan- 
tities of c y c l o h e ~ a n o n e ~ ~ ~ * ~ ~  (Table 1). Although the 
( B U ~ N ) ~ C ~ O ~ / P ~ I O / ~ U  association did not oxidize an 
oxygen-free methylene chloride solution of 1, the ad- 
dition of catalytic amounts of PhIO to the 
( B ~ ~ N ) ~ C r 0 ~ / 0 ~ / h v  system increased the rate and the 
yields of the oxidation of this alkane2@ (Table 1). Co- 
ordination of PhIO to the complex was postulated to 
explain its promoting effect. The radical character of 
these oxidations of 1 was exemplified by the concomi- 
tant formation of cyclohexyl chloride when using 
methylene chloride as ~ o l v e n t . ~ ~ ~ - ~ @  

Switching from Cr03 to ( B U ~ N ) ~ C ~ O ~ ,  ( B U ~ N ) ~ C ~ ~ O ~ ,  
or as catalyst for the oxidation of 
ethylbenzene, cyclohexane, and styrene by H202 did not 
greatly modify the results except that ( B U ~ N ) ~ C ~ O ~  was 
less efficient (Tables 1, 12, and 13).224 
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mixture containing an excess of CuS04, and catalytic 
amounts of both phosphomolybdic acid and K2Cr207 
successfully achieved the allylic oxidation of cyclo- 
hexenones at 100 "C under an air atmosphere (eq 27).n7 

TABLE 23. Oxidation of Benzylic Trimethylsilyl Ethers 

x&re3 709/0fau00H* CH& Cf(VI) RT x+-+ 
126 127 

reactants and conditions" 

R = H, (Ph,SiO),CrO, [1/3/0.05], 14 h 
R = Me, (Ph3SiO),Cr02 [1/3/0.05], 14 h 
R = Et, (PhsSiO),CrO2 [1/3/0.05], 14 h 
R = Ph, (Ph3SiO)2Cr02 [1/3/0.05], 14 h 

R = C7HI5, (Ph3Si0),CrOz [1/3/0.05], 24 h 
R = C7Hl5, CrO, [1/7/0.05], 45 h 

X = H  

X = m-Me0 

results 
127 ref 

Y 42b 247 
Y 97 247 
Y 97 247 
Y 98 247 

Y 96 247 
Y 84c 247 

See section VI11 for the definitions for the abbreviations and 
symbols. bBenzoic acid was also isolated ( Y  47). cCorresponding 
alcohol was also isolated (Y 14). 

For the Cr-catalyzed oxidation of indan by t-BuOOH 
at room temperature, the yields of indanone (103) 
followed the decreasing order: PDC > PFC = Cr03 > 
PCC >> BPCC (Table 20).225 The oxidation of tetralin 
with the PDC/t-BuOOH system267 was more efficient 
in CH2C12 than in benzene; tetralone (18) was the main 
product, with small amounts of naphthoquinone and 
a-tert-butylperoxy tetralin being formed (Table 3).225 
Note that a better yield of 18 was obtained using cat- 
alytic amounta of PDC and an excess of t-BuOOH, than 
when using an excess of both t-BuOOH and PDC. 
2259267*268 The rate of peroxidation of the para position 
of para-substituted phenols by t-BuOOH was higher 
with PDC as catalyst rather than Cr03 (Table 22), and 
the yields were sometimes i n c r e a ~ e d . ~ ~  

The coordination of amines to CrV1 was even more 
interesting in the case of chromium-catalyzed oxidations 
of alcohols in the presence of Me3Si00SiMe3.nap258 The 
order of efficiency was PDC >> PCC > Cr03 (Table 9). 
Good to high yields of aldehydes or ketones were ob- 
tained from alcohols with the PDC/Me3SiOOSiMe3 
system228v258 (Tables 8, 9, and 17). The oxidation of 
l-(trimethylsilyl)pent-2-yn-4-01 by PCC associated to 
Me3SiOOSiMe3 has led to the corresponding ketone 
with less than 40% yield.270 The overoxidation of al- 
dehydes and the epoxidation of unsaturated alcohols 
were not observed. From W analysis, it was concluded 
that similar peroxo complexes 111 resulted from CrV1 
and either H202 or Me3SiOOSiMe3 and that they were 
stabilized by the pyridine ligandm (see the introduction 
of section VI). However, the oxidation was much more 
efficient when using the latter peroxide. 

A number of metal-chromium catalysts, especially 
copper-chromium catalysts, have been prepared from 
ammonium dichromate. They have been used for the 
dehydrogenation of alcohols to aldehydes and ketones 
by heating at 250-350 0C,271-273 but subsequent reac- 
tions were also observed.274 

3. K,Cr,O, 

Potassium dichromate has been mainly used as cat- 
alyst in association with oxygen. Its effect on the au- 
tooxidation of paraffins has been 

K2Cr207 associated with CU(OAC)~ did not catalyze 
the oxidation of benzyl alcohol by oxygen,276 but a 

* #& (27) 

K&r& (0.19 equiv) 
phosphomolybdic acid (0.28 equiv) 

CuSO, (1.4 equiv) 
air. 100 "c. 100 h 

0 130 

59 
Y 60 ref 277 

The production of 3,5,5-trimethylcyclohex-2-ene-1,4- 
dione (59) directly from a-isophorone (138) was inter- 
estingn6 since only a few less efficient catalytic methods 
had been previously available for the synthesis of this 
useful dione from 138 in one step.18p278 Generally, the 
oxidation was carried out on fl-isophorone (58)102-105 (eq 
12) obtained from 138 through a deconjugation step 
which has been extensively 

Light and catalytic amounts of K2Cr207 and Bu,NBr 
in a water/methylene chloride mixture induced the 
oxidation of toluene by air to benzaldehyde with se- 
lectivity approaching (Table 12). 

K2Cr207 supported on alumina catalyzed the oxida- 
tion of diphenylmethane to benzophenone by air at 150 
0C281v282 (Table 12). Use of neutral alumina resulted in 
a more efficient catalyst than basic or acidic alumina, 
silica, charcoal, or montmorillonite. The rate of the 
reaction was enhanced by cosupporting very small 
amounts of CoC1,. Several thousand turnovers with 
respect to chromium have been reached and the catalyst 
can be reused. The K2Cr207/alumina/02 system has 
also been shown to catalytically oxidize benzyl alcohol 
to benzaldehyde and chlorodiphenylmethane to ben- 
zophenone.281 

A mixture of K2Cr207 and Si02 catalyzed the for- 
mation of small amounta of phenol from benzene under 
an air atmosphere. In using H202 instead of 02, the 
yield was increased 100 times.283 

4. Others 
tert-Butyl chromate, ( ~ - B U O ) C ~ O ~ ( O H ) , ~  catalyzed 

the oxidation of cyclohexanol to cyclohexanone by an 
excess of cyclohexyl hydroperoxide with simultaneous 
complete decomposition of the hydroperoxide to cy- 
clohexanol and cyclohexanone.2E 

A catalytic amount of the cyclic chromate ester 
(OCMe2CH2CMe20)Crw02 (139) in conjunction with 
peroxyacetic acid oxidized saturated and unsaturated 
alcohols to ketones with good yieldsm (Tables 8,9, and 
17), and it was claimed that primary alcohols were ox- 
idized to aldehydes (yields = 80%) with this reagent 
mixtuream The catalytic cycle proposed involved the 
starting complex 139 as the real oxidative species 
(Scheme 17). The role of the ditertiary diol ligand 
could be in maintaining the reduced C P ,  arising from 
the alcohol oxidation process, in a soluble form, which 
allows its reoxidation to Crw. tert-Butyl hydroper- 
0 x i d e ~ ~ 1 ~ ~ ~  and hydrogen peroxidem were found to be 
ineffective in the regeneration of the catalyst from the 
reduced Cr intermediate. In contrast, efficient benzylic 
oxidations were achieved using 139 and an excess of 
anhydrous ~ - B u O O H ~ ~ ~  (Tables 3,4,12, and 22). The 
simultaneous formation of small amounts of tert-bu- 
tylperoxy compounds, beside the aromatic ketones, was 
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( a ~ a c ) ~  > (21031~~ (eq 14). The value of this process has 
been illustrated by the oxidation of dihydrovitamin K1 
(146) to vitamin K1 (147) without affecting the exocyclic 
double bond (eq 30). The adsorbtion of (Bu&~~O)~C~O, 

SCHEME 17 

R F H O H  - 

MeC03H 

140 

noted in a few cases and particularly from fluorene (eq 
28). The 9-tert-butylperoxyfluorene was unchanged 

001-Bu 

141 

143 

in a solution of either 139 or t-BuOOH but was trans- 
formed to fluorenone in the presence of both 139 and 
t-BuOOH. Thus, tert-butylperoxy derivatives of the 
aromatic hydrocarbon could be the intermediates 
leading to ketones. From these results, it appears that 
the (OCMe2CH2CMe20)Cr\2-catalyzed oxidations of 
alcohols with MeC03H and benzylic carbons with t- 
BuOOH respectively involve different chromium in- 
termediates. The intervention of a tert-butylperoxy- 
chromium(VI) complex and a mechanism similar to that 
of Scheme 14 is conceivable for the latter oxidations. 
Such interpretations of these benzylic oxidations have 
not postulated 140 as intermediate since it would be 
resistant to reoxidation by t-BuOOH.286 

Polyoxometal salts and heteropoly acids containing 
chromium have been used to catalytically oxidize al- 
kanes to ketones, acids, and esters (eq 29),275v288 and 
methacrolein to methacrylic acid by oxygen.289 The 

1 + (29) 
H6PWeCr&, (6 xlO-'equiv) 

A MeCN,O2,150%.3h 

144 113 145 
T 4473 S 68 32 ref 288 

oxidative amination of o-chlorotoluene to o-chloro- 
benzonitrile has been carried out under an NH3/O2 
atmosphere using a mixture of catalysts partly con- 
taining CrVT.290 

Bis(tributy1tin oxide) dioxochromium(VI), easily 
prepared from Cr03 and ( B U ~ S ~ O ) , , ' ~  was inefficient 
in inducing the autooxidation of cyclohexane266 but 
catalyzed the oxidation of 1,4-hydroquinones and 1,4- 
naphthalenediols to the corresponding quinonesB1 with 
30% aqueous HzOz in yields much higher than with 
other Cr compounds: ( B U ~ S ~ O ) ~ C ~ O ~  >> CrC1, >> Cr- 

I 
146 

0 

II 
0 

147 
c Y ref163 

( B U ~ ! ~ O ) ~ C I O ~ ,  15 min 100 81 
(Bu3Sn0)2Cr02/charaA, Bo min 100 97 
recovered (Bu3SnO)&IO$harcoal, 100 95 

on charcoal increased the yield of 147 and firthennore 
allowed the recovery of the catalyst which could be used 
repeatedly. It was considered that the process kept the 
catalyst in the chromium(V1) state and involved per- 
oxochromium compounds. The ( B U ~ S ~ O ) ~ C ~ O ~ / H ~ O ~  
system gave very low yields when used for the oxygen- 
ation of alkanes, arylalkanes, and olefiisnslzn (Tables 
1, 13, and 20). A change from 30% H202 to 70% t-  
BuOOH or better to anhydrous t-BuOOH provided a 
dramatic improvement in these oxidations.227 The 
comparison of the Cr03/  t-BuOOH and 
( B U ~ S ~ O ) ~ C ~ O ~ / ~ - B U O O H  systems has been made for 
oxidations of benzylic alcohols, benzylic, allylic, pro- 
pargylic, aromatic, or saturated carbons. Except for 
propargylic oxidations, yields were generally superior 
when using the latter procedure (Tables 2, 4, 8, and 
19-21 and eq 31)227*292 but in contrast to the Cr03/t- 
BuOOH method where room temperature is employed, 
the reaction must be carried out at 40-60 "C. The fact 

90 min 

148 
1 49 

C Y  
(2103, CICH2CH&I-PhH, RT, 48 h 98 59 ref239 
(Bu~S~O)~CQ,  CICH~CHZCI, 80 "C, 19 h 100 95 d 227 

that similar ratios of 21/22 are obtained from the ox- 
idation of &methoxy-l,2,3,4tetr&ydronaphthalene by 
t-BuOOH using catalytic amounts of Cr03, 
(OCMe2CH2CMe20)Crw02, or ( B U ~ S ~ O ) ~ C ~ O ~  (Table 
4) suggests that analogous mechanisms occur for these 
three procedures. In contrast, the mechanisms must 
be very different from that for the Cr(CO)6/t-BuOOH 
system which furnished only 21 (Table 4). 

Bis(triphenylsily1) chromate, easily prepared from 
Cr03 and Ph3SiOH,293** efficiently catalyzed the one- 
pot oxidation of benzylic and allylic trimethylsilyl ethers 
with aqueous 70% t-BuOOH: secondary ethers led 
selectively to ketones while a primary benzylic ether led 
to a mixture of the corresponding aldehyde and car- 
boxylic acid (Table 23 and eq 32).247 (Ph3SiO)2Cr02 
as catalyst produced higher selectivities and reaction 
rates than Crop The oxidation of 126 to 127 involves 



Cr-Catalyzed Oxldatlons in Organic Synthesis Chemical Reviews, 1992, Vd. 92, No. 1 135 

OSiie2 0 

* &, (32) 

(Ph$3O)&rOp (0.05 Wuk) 
7oX rDuOOH (3 equiv) 

CHSh, RT, 7 h 

150 

at least in part the formation of the corresponding al- 
cohol as an intermediate.214 Under similar conditions, 
benzylic t-butyldimethyl-, triphenyl-, and thexyldi- 
methylailyl ethers were much lese reactive, and the main 
reaction of saturated trimethylsilyl ethers was simply 
their depr~tection."~ 
Two other heterobimetallic catalysts, cis-[NBu4]- 

[OS(N)(CH~S~M~~)~(C~O~)] (15la) and cis-[PPb] [Os- 
(N)Me2(CrOd] (15lb) have been introduced to promote 

1Sia: R 3 CHfiiMe3 

the oxidation of both saturated and unsaturated pri- 
mary and secondary alcohols to the corresponding 
carbonyl compounds in air at 70 0C.276 The reaction 
is highly chemoselective: olefins, amines, and ethers 
were not affected and overoxidation of aldehydes was 
not observed (Tables 8 and 17). The turnover number 
can be increased by the addition of catalytic amounts 
of Cu(OAc), and the rate is dependent on the nature 
of both catalyt and alcohol. 151b is more reactive than 
151a and the reactivity of alcohols follows the order: 
benzylic and allylic > primary > secondary. Molecular 
oxygen, which is required as secondary oxidant in order 
for the process to be catalytic is converted to water, 
which then decomposes the osmium chromate com- 
plexes under the reaction conditions, and therefore limit 
the efficiency of the process.276 
All the previously described catalysts are oxo- 

chromium0 complexes with no peroxo group in their 
initial form. However, an oxodiperoxochromium(V1) 
compound, (Ph3PO)O=Cr(O,), (152), seemed to pres- 
ent some poseibilities for catalytic oxidation.221 Initially, 
152 was added to an excess of cyclohexene 33 diluted 
in a mixture of methylene chloride and tert-butyl al- 
cohol. When 152 was completely transformed by re- 
duction with 33, addition of 70% H202 regenerated an 
active Cr species, possibly the starting peroxo complex, 
and which was thus activated for further oxidation of 
33. Under these conditions, preferential allylic oxida- 
tion to 36a and mostly 35 was observed rather than 
epoxidation (Table 6). The oxygen transfer to the al- 
lylic carbon would imply principally the involvement 
of a peroxo group of 152 and the radical abstraction of 
a hydrogen (Scheme 18). However, the promoting role 

b: R=Me 

of t-BuOH remains obscure, possibly coordinating to 
the metal. Although the turnover number reported was 
inferior to four, preliminary experiments have shown 
that the regeneration of the catalyst by H202 could be 
repeated several times.221 

V I I .  Conclusion 

The studies devoted to oxidations catalyzed by 
chromium have proved to be more numerous than we 
initially suspected when we embarked upon this review. 
Our original project is only partially complete because 
of the following problems. Firstly, a great deal of the 
work is published in patents or in the Russian literature 
which are not always clear and/or easily available. 
Secondly, some catalytic chromium oxidations are 
hidden in papers describing other catalytic methods. 
Consequently, part of the literature described in the 
present review has come directly from the correspond- 
ing Chemical Abstracts and valuable studies have 
possibly been missed or are badly reported. I apologize 
to the authors concerned and also to my readers for 
these omissions. Thirdly, the overall oxygenation for 
a definite process cannot be discussed as a simple se- 
quence of successive reactions with some branching. On 
the contrary, the overall oxygenation generally involves 
many reaction pathways which are very sensitive to 
small modifications of reaction conditions. Therefore, 
the mechanisms indicated in this review are often highly 
speculative. Fourthly, the catalytic oxidations have 
been carried out using a plethora of experimental con- 
ditions and furthermore, different purposes have often 
been sought in these studies; the comparison of results 
is therefore not always straightforward. 

The oxygen sources most employed are generally the 
least expensive: air, oxygen, hydrogen peroxide, or 
tert-butyl hydroperoxide. 

In many examples, the reaction with oxygen, does not 
really involve catalysis, the metal is rather an initiator 
of a radical chain reaction leading primarily to peroxy 
derivatives of the substrate. However, the evolution of 
these peroxides can be catalyzed by chromium through 
a pathway referred to as the Haber-Weiss mechanism. 

The oxidations by hydroperoxides depend on their 
nature, the ligands around the metal, and the oxidation 
state of the chromium. Hydrogen peroxide can give 
peroxochromium CI-(O,)~ while tert-butyl hydroper- 
oxide could lead to tert-butylperoxychromium 
CrOOt-Bu. The ligands can modify the acidity of the 
chromium and stabilize complexes with the oxygen 
source. Chromium(II1) gives preferentially oxo- 
chromium CrcO while chromium(VI) produces Cr(04 
or eventually CrOOt-Bu. As with oxygen, radical re- 
action pathways can be involved, in some cases, for 
oxidations in the presence of hydroperoxides. Besides, 
all oxidation stah of chromiumm are able to react with 

SCHEME 18 

I \C?/T a cr\ ;O - c r V A  0' - C?=O 

/\do, 

peroxides whose unproductive decomposition can com- 
pete with the oxidation of the substrate. 

Due principally to cost considerations and in spite of 
the lack of selectivity associated with radical reactions, 
oxygen is most often used in industry, fair selectivity 
being obtained by limiting the conversion of the sub- 
strate to a low level. Hydroperoxides and particularly 
tert-butyl hydroperoxide are preferred mainly for 
smaller scale reactions and when high or full conversion 
of the starting material is desired. 

\ H 
-'C-H $- H 0 5 ;  / 

0'1 '0 0 '0' + 
H OPPh3 

Hz0z 
I 

c 
>O 

152 
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yield % calculated on the amount of 
oxidant 

y/ 0 

YO oxygen source 

VZIZ. Abbrevlatlons and Glossary 

In the tables, the ratios of starting material/oxi- 
dant/catalyst have been indicated in brackets in this 
order [SM/O/M]. When SM is used as the solvent, the 
SM part has been represented by -. When the oxidant 

air, the ratio has been indicated by is oxygen or 

auto- 
oxidation 

Avicel 
acac 
BPCC 
C 
2,641-P 

DMA 
DMF 
equiv 

ESR 
EXAFS 

M 
m-salen 
NAFK 

[SM/-/MI. 

naph 
naphthenate 

0 
octoate 
P 
PCC 
PDC 
PFC 
PrCC 
PrDC 
PtCC 
PtDC 
R 
RT 
S 

salen 
salen 

SM 
st 
T 

TPP 
Tf 
TTP 
TFPP 

TsOH 
Y 

oxidation with molecular oxygen 

microcrystalline form of cellulose 
acetylacetonate(-1) 
bipyridinium chlorochromate 
conversion % 
meso-tetrakis(2,6-dichlorophenyl)- 

por phyr inate (-2) 
dimethylacetamide 
dimethylformamide 
equivalent, calculated on the amount of 

electron spin resonance 
extended X-ray absorption fine struc- 

ture 
catalyst 
8,8,8’,8’-tetramethylsalen 
Ndion 511, registered trademark of E.I. 

du Pont de Nemours & Co, is the 
potassium salt of a perfluorinated 
resin sulfonic acid 

naphthenate 
chromium(II1) naphthenate does not 

have a definitive formula. It is the 
chromic salt of naphthenic acid 
which itself is a mixture of saturated 
organic acids (C,H2,-202)296 

SM 

oxidant 
2-ethylhe~anoate’~ 
any porphyrinate(-2) 
pyridinium chlorochromate 
pyridinium dichromate 
pyridinium fluorochromate 
pyrazinium chlorochromate 
pyrazinium dichromate 
phthalazinium chlorochromate 
phthalazinium dichromate 
ratio of the formed products 
room temperature 
selectivity % = yield % calculated on 

1 ,2-bis(salicylideneamino) ethane(-&) 
any substituted or unsubstituted 1,2- 
bis(salicylideneamino)ethane(-2) 

starting material 
stearate 
turnover number = number of moles of 

product per mole of catalyst 
meso-tetraphenylporphyrinate(-2) 
triflate, 02SCF3 
meso-tetrakis(p-tolyl)porphyrinate(-2) 
meso-tetrakis(pentafluoropheny1)- 

porphyrinate(-2) 
p-toluenesulfonic acid 
yield 9% calculated on the amount of 

starting material introduced, Y = C 
x s  

the amount of SM consumed 

IX. Acknowledgments 

I thank my daughters, Estelle and Cgline, for help in 
the translation of Russian papers. Dr. F. H6nin (this 
laboratory), who has extensively read a version of the 
present review, is gratefully acknowledged for her in- 
sightful remarks. I am indebted to Dr. M. Costantini 
(Rhiine-Poulenc; Saint-Fons) Dr. S. Lunak and Dr. P. 
Lederer (Institute of Inorganic Chemistry, Prague) Dr. 
G. B. Shul‘pin (Institute of Chemical Physics, Moscow) 
for patents, reprints and discussions, Mrs. K. Osborn 
(Strem Chemicals, Inc.; Strasbourg) for help in the 
definition of the naphthenate term, Pr. J. Charlton (on 
sabbatical leave from Manitoba University), Miss K. 
Play (UFR Pharmacie, Reims) and especially Dr. G. 
Bird (IC1 Pharma, Reims) for checking the English of 
the manuscript. I have also greatly appreciated the 
patience of those around me who have had to “endure” 
this review. 

Addendum 

Methane oxidation at 500-700 OC has been carried 
out in the presence of Cr2O3 impregnated on morden- 

Cyclohexanol dehydrogenation has been induced 
by copper-chromium catalysts.298 A new process for the 
preparation of chromium(II1) naphthenate used to au- 
tooxidize cyclohexane has been propowdm It has been 
briefly reported that Cr(TPP)Cl catalyzes the ep- 
oxidation of respectively styrene by NaOC1,300 and cy- 
clohexene by KHS05,301 both with low efficiency. 

Registry No. Cr, 7440-41-3. 
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