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I NTROD UCTlON 

Continuing interest in the development of new methods for the mild, 

selective oxidation of alcohols to aldehydes and ketones has prompted reports of 

many new reagents which are effective in accomplishing these transformations. 

The majority of these reagents are oxidation systems based on oxochromium 

amine complexes and their use has found wide applicability in many types of 

oxidative reactions in addition to the typical conversions of alcohols to carbonyl 

compounds. In this report, we review recent applications of oxochromium-amine 

derived reagents in complex organic synthesis, concentrating on the period of 

January 1980 to March 1987. A number of excellent reviews cover earlier work in 

this area.le2 

t Current Address, Department of Chemistry, University of Louisville, Louisville, 
KY 40208 
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LUZZIO AND GUZIEC 

I. CHROMIUM TRIOXIDE-AMINE COMPLEXES 

Prior to 1975 the principal oxochromium-amine reagent used for the 

conversion of alcohols to carbonyl compounds was the Collins reagent3 1 and 

related systems based on the chromium trioxide-pyridine complex first described 

by Sarett.4 This reagent provided an especially convenient method for the 

oxidation of primary alcohols to aldehydes without significant over-oxidation to the 

corresponding carboxylic acids. Despite some significant shortcomings -- 

especially the necessity to use large excesses of the complex and difficulties in 

workup due to formation of large amounts of gummy chromium-containing by- 

products -- these reagents are still widely used in the oxidation of acid sensitive 

substrates. For example, an acetic anhydride-activated Collins reagent has 

recently been used for the oxidations of partially protected carbohydrates to the 

corresponding carbonyl compounds in excellent yield (Scheme 1 ). 5 

Scheme 1 

Cr03, Pyridine 
(3-4 mol.) 

10-25 min. 
CH2CI2, Ac20 

0 0 

90 O/O 
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OXOCHROMIUM-AMINE COMPLEXES AS OXIDANTS 

0 
\ /I CHO Cr03, Pyridine 

(3-4 mot.) 

CH2Cl7, AC7O - -  - 
10-25 min. 

" b 0  

In 1973 Corey and Fleet reported an oxochromium-amine complex 2 

prepared in  situ from 3,5-dimethylpyrazole and chromium trioxide in 

dichloromethane.6 This reagent was reported to oxidize a wide range of alcohols 

to carbonyl compounds in good yields (70-100%) using a ca. 2.5 molar excess of 

oxidant to substrate over a reaction period of 30-40 minutes. 

Later, the chromium trioxide-bipyridine complex 3 was prepared and 

shown to be significantly less reactive than the Collins reagent.7 Clearly, varying 

the heterocyclic amine moiety of the oxochromium-amine complex could change 

the properties and selectivity of these oxidation reagents. 

CrO, 
N 
H 

*CrO3 
N N 

P 9 

I I .  AMlNE CHLOROCHROMATE REAGENTS IN ALCOHOL 

OX ID AT1 0 N S 

A. Pyridinium Chlorochromate (PCC) 

While investigating the preparation and use of chromium (V) reagents as 

mild oxidants for alcohols,* Corey and Suggs discovered that pyridinium 
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LUZZIO AND GUZIEC 

chlorochromate (PCC) 4 a compound long known in the literature, was a mild and 

efficient chromium (VI)-amine oxidant for the conversion of alcohols to carbonyl 

compounds.9 For routine small and large scale oxidations, PCC has proved to be 

superior to the Collins reagents in terms of oxidation efficiency (equivalents of 

oxidant per mole of substrate), ease and safety of preparation, ready availability 

and shelf stability. This commercially available compound has proved to be the 

reagent of choice for oxidations of primary alcohols to aldehydes and it is 

extensively used in oxidations of secondary alcohols to ketones. Still there are a 

number of deficiencies associated with PCC oxidations. This reagent is generally 

considered on acidic oxidant and should be used with buffers when oxidizing acid- 

sensitive compounds. In addition, work-up and removal of chromium-containing 

by-products is often difficult with this reagent. 

Piancatelli has extensively reviewed the versatility of the pyridinium 

chlorochromate reagent ,2 including the following applications: oxidation of 

carbohydrates; selective oxidation of steroidal allylic alcohols: oxidation of 

organoboranes, organoborates and organoboroximes to aldehydes and ketones; 

oxidative rearrangement of tertiary allylic alcohols to enones and a, p-unsaturated 

aldehydes; oxidative rearrangements of tertiary cyclopropyl carbinols to 0, y- 

unsaturated ketones; oxidative cationic cyclizations; oxidation of 1,4-dienes to 
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OXOCHROMIUM-MINE COMPLEXES AS OXIDANTS 

1,4dienones; oxidation of enol ethers to esters and lactones; cleavage of oximes 

to carbonyl compounds; oxidation of various substituted furan ring systems to 

pyrones, butenolides, and 0-unsaturated-y-dicarbonyl compounds (2-ene-l,4- 

diones) and applications of the polymer-supported chlorochromates including 

poly(viny1pyridinium) chlorochromate. 

Since the Piancatelli review, however, many new applications of PCC have 

been reported. Pyridinium chlorochromate adsorbed on alumina as a pre- 

prepared material, has been demonstrated to be a very useful reagent for the 

oxidation of acid-sensitive alcohols to the corresponding carbonyl compounds.10 

Corey and Tramontano have shown that a good yield of aldehyde 6 may be 

obtained from alcohol 5 by using pyridinium chlorochromate in the presence of 

neutral alumina (Scheme 21.'' A comparison with the pre-prepared reagent was 

not made in this case. 

Scheme 2 

Rosini and Ballini have discovered that pyridinium chlorochromate is 

effective in oxidizing 2-nitroalkanols 7 to the corresponding a-nitroketones 8 in 

yields of 61-87% using a modest excess of oxidant (2.25 equivalents) for a reaction 

duration of -36 hours (Scheme 3).12 Usually these oxidations are accomplished 

&heme 3 
yo2 

L fi 61-87% 
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LUZZIO AND GUZXEC 

using strongly acidic chromium (VI) conditions where the yields of a-nitroketones 

are compromised due to side reactions involving retro-aldol pathways or 

dehydration which due to p-elimination lead to nitroalkenes. 

Enol silyl ethers 9 and 11 may be converted to a-iodocarbonyl compounds 

10 and 12 by treatment with pyridinium chlorochromatehdine in 

Scheme 4 

4A, CH2C12 

OSiMe3 

9 76% 

I 
1 1  La 88% - 

dichloromethane (Scheme 4).13 The yields range from 76% to quantitative for 

this conversion. The yields of a-iodocarbonyl compounds starting from enol methyl 

ethers and dihydropyrans under the same conditions were lower (19-53%). 

Brown has reported several improvements in the preparation of aldehydes 

12 through hydroboration of terminal alkenes and pyridinium chlorochromate 

oxidation of the resulting organoboranes (Scheme 5). 

Scheme 5 

RCH =CH2 - RCH2-CH2 + RCH -CH3 
I I 

II  
RCH2CHO + RCCH3 
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OXOCHROMIUM-AMINE COMPLEXES AS OXIDANTS 

For example, treatment of d-limonene (1 3) with thexyl chloroborane selectively 

afforded mixed dialkylchloroborane 14. Oxidation of 14 with PCC afforded Q- 

menth-1-ene-9-al (1 5) in 68% yield (Scheme 6).14 

Scheme 6 

1. H20. Pyr 

I 14 15 68% 

Similarly, Brown reported that dialkylchloroboranes derived from cyclic 

alkenes afforded excellent yields of cyclic ketones upon oxidation with pyridinium 

chlorochromate (Scheme 7). Chlorohydroboration - PCC oxidation of a variety of 

representative cyclic alkanes was also described in this ~ t u d y . 1 ~  

Scheme 7 

- BHzCI 6 0 0 ) 2 B c 1  1. H20,Pyr 

2. PCC 

B. Pyridinium Fluorochromate (PFC) 

Pyridinium fluorochromate (PFC) 1 6  is an oxidation reagent which is 

prepared in the same manner as pyridinium chlorochromate but is reported to be 

less acidic. 

5 4 1  
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LUZZIO AND GUZIEC 

0 Cr03F - 
N +  
H 

PFC 
16 

Chaudhari reports that this reagent is effective in oxidizing a wide range of alcohols 

to carbonyl ~ o r n p o u n d s . ~ ~ ~ ~ 6  PFC is also reported to have been successfully used 

in the oxidation of a secondary alcohol function in the presence of a silyl-ether 

protected primary alcohol (Scheme 8).17 

Scheme 4 
OH 
I 

(2 mol.) 

CHZCI,, 3 h 
0 

-Si- 
I 

A 
0 

I 
-Si- 

89% 

I PFC (2 moi.) ~ o v o - s i +  I 
H O ” ’ c y v O - S i +  I CHZCI, I 

90% 
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OXOCHROMIUM-MINE COMPLEXES AS OXIDANTS 

C. Bipyridinium chlorochromate (BPCC) and Related 

Complexes 

Bipyridinium chlorochromate (BPCC) 17 was introduced as a reagent which 

affords aldehydes or ketones from the corresponding alcohols in high yields with 

purification steps greatly simplified due to the granular nature of the chromium 

H 
BPCC 

17 

containing by-prod~cts.~ The compound is easily prepared analogously to PCC. It 

is non-hygroscopic and shelf stable, and is commercially available. Acid-sensitive 

moieties of many compounds survive oxidations using BPCC possibly due to the 

'internal buffering' of the 2,2'-bipyridyl system. For example, treatment of 

citronellol 18  with BPCC yielded citronella1 19 in 89% isolated yield. No 

isopulegone 2 0 ,  arising from acid-promoted cationic cyclization and further 

oxidation (See Sect ion V I I )  as in the case of unbuffered pyridinium 

chlorochromate (Scheme 9),18 was observed. 

Scheme 9 

5 4 3  
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LUZZIO AND GUZIEC 

PCC 
(unbuffered) a -  

In a 7tal synthesis of calcitriol lact a metabolite of vitamin D3, bipyridinium 

chlorochromate was used in the high yield conversion of diol 21 to ketone 22 

(Scheme l O ) . l 9  

Scheme 10 

. -  - -  

21 
H b  

1 .) BPCC / CH2C12 

2.) TMS-lrnidazole 

22 90% 

Similarly ketone 23 could be efficiently prepared using the buffered oxidant 

(Scheme 11) .20 No significant epimerization at the ring junction was reported 

under these conditions. It should be noted that this type of vitamin D3 ring system 

is rather prone to such epimerization. Significant isomerization was observed in 

similar cases when unbuffered pyridinium chlorochromate was used as an 

oxidant.2' 
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OXOCHROMIUM-AMINE COMPLEXES AS OXIDANTS 

Scheme 11 

For the last step of their total synthesis of (2E, 42)-2,4,11- dodecatrien-1-al 

25, a degradation product of linolenic acid, Bohlmann and Rotard used BPCC to 

oxidize alcohol 24 in 86% isolated yield (Scheme 12).*2 

Scheme 12 

CH20H CHO 
( C H 2 ) 5 4  - (2.6 BPCC mot.) r L 

2.0 h 
24 25 86% 

While conducting their synthesis of 1,2-epoxycarotinoids, Pfander and 

Kamber found a mixture of bipyridinium chlorochromate and alumina (activity I l l ,  

1:l by weight) to be the most effective reagent system for the conversion of diol 26 

to keto-alcohol 27 (Scheme 13).23 

Scheme 13 

24 
major product 

26 
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LUZZIO AND GUZIEC 

Walba reported that treatment of the same diol with bipyridinium chlorochromate 

alone afforded aldehyde 28 via oxidative cleavage as the major pr0duct.2~ 

Bipyridinium chlorochromate has also recently been used to oxidize the 

silyl-protected chiral alcohol 29 to aldehyde 30 (Scheme 141.25 This procedure 

utilized BPCC in conjunction with sodium acetate as a buffering agent. Aldehyde 

30 was of sufficient purity for direct use in further synthetic steps. 

Scheme 14 + 
Ph- Si-Ph 

9 

+ 
Ph- Si -Ph 

0 

BPCC rodH / 

NaOAc 

29 34 

A number of related chlorochromate-derived reagents have also been 

evaluated.26 4,4'-Bipyridinium chlorochromate 3 1 and 4,4-dimethyl-2,2'- 

bipyridinium chlorochromate 32 each proved to be less reactive than the 

unsubstituted 2,2'-derivative; however, near quantitative conversions of cinnamyl 

N \ /  3-c. \ /  HCr03CI HCr03CI 

3l 32 

5 4 6  
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OXOCHROMIUM-AMINE COMPLEXES AS OXIDANTS 

alcohol and 4-isopropylcyclohexanol to the corresponding carbonyl compounds 

were obtained using three-fold excesses of these reagents in refluxing 

dichloromethane. The chlorochromate salt of (-)-nicotine hydrochloride 33 proved 

to be an effective oxidant for the conversion of (*) benzoin to benzil; however no 

kinetic resolution of benzoin was observed when 0.6 equivalent of the reagent was 

used in an attempted oxidation of the racemic material. 

fl HCr03CI HCI 

N CH3 

33 

D. Napthyridinium Chlorochromate (NapCC) and Pyrazinium 

Chlorochromate (PzCC): 

Napthyridinium chlorochromate (NapCC) 34 and p y r a z i n i u m  

chlorochromate (PzCC) 35 are prepared in the same manner as pyridinium 

chlorochromate or bipyridinium chlorochromate. 
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LUZZIO AND GUZIEC 

Both of these reagents are reported to be crystalline, non-hygroscopic and stable 

for three months when stored in the dark. A study was made which compared 34. 

35, and pyridinium chlorochromate in the course of oxidation of simple alcohols.27 

The results of this study are listed in Table 1 - 

Table 1; Comparison of Chlorochromate Oxidants [Convfime (hr)] 

OQ 
3&'6.0 

677.3 

96.W.6 9710.67 

826.7 WO.23 

=YH -,,OH 

0 

8 1 16.25 91.52.8 1W0.17 

7114.7 9713.6 57iQ.08 

111. AMlNE DICHROMATE REAGENTS IN ALCOHOL OXIDATIONS 

A. Pyridinium Dichromate (PDC) 

Corey and Schmidt developed pyridinium dichromate (PDC) 36 in an effort 

to find a chromium (VI) oxidation reagent which was less acidic than pyridinium 

chlorochromate, thus having the more neutral characteristics of the Collins reagent, 

and also exhibiting greater oxidation efficiency than the Collins reagent. 

5 4 8  
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OXOCHROHIUM-AMINE COMPLEXES AS OXIDANTS 

PDC 
3§ 

PDC is easily prepared by the addition of pyridine to an aqueous solution of 

chromium trioxide and collecting the resulting bright orange precipitate. PDC is 

commercially available, can be stored for long periods of time, and is soluble in a 

wide variety of polar solvents such as dimethylformamide, dimethylsulfoxide, water 

or dimethylacetamide.28 

The solvents commonly used with this reagent are dimethylformamide and 

dichloromethane. The wide applicability of pyridinium dichromate has been 

reviewed with respect to the following transformations: oxidation of primary and 

secondary allylic alcohols to a,B-unsaturated aldehydes and ketones (PDCIDMF), 

oxidation of primary saturated alcohols to the corresponding carboxylic acids 

(PDC/DMF), and oxidation of primary and secondary alcohols to the corresponding 

aldehydes and ketones (PDC/dichlorornethane).~g 

The addition of acetic anhydride to pyridinium dichromate (PDC) in 

dichloromethane or dichloromethane/dimethylformamide forms a highly efficient 

reagent which is reported to be very useful for the oxidation of primary and 

secondary carbohydrate alcohols 37 and 39 to the corresponding carbonyl 

compounds 38 and 40 (Scheme 15).30 
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LUZZIO AND GUZIEC 

Scheme 15 

"x" 
PDC 

0.52 h, 40 "c 

- 

CH2C12, DMF 

"x" 

xzbo PDC 

CH2C12, DMF 
0.5-2 h, 40 "C 

O O+ 

&Q 96% 

8.  Quinolinium Dichromate (QDC) 

Quinolinium dichromate 41 can be prepared by adding quinoline to an 

aqueous solution of chromium trioxide. Using refluxing dichloromethane as a 

reaction medium for a duration of 4 hours aldehydes are obtained from the 

corresponding alcohols in yields of 45-70Oh.31 

[q] cr207= 

2 

QDC 
41 

5 5 0  
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OXOCHROMIUM-MINE COMPLEXES AS OXIDANTS 

In contrast to pyridinium dichromatefDMF which is reported to oxidize 

primary alcohols to the corresponding carboxylic acids QDC/DMF is more 

selective, oxidizing primary alcohols to the corresponding aldehydes. The 

treatment of allylic or benzylic aldehydes with QDC/DMF (4 hr/RT) however, results 

in the formation of carboxylic acids (Scheme 16). 

rcHo QDC DMF rCo'" 
IV. c HROMIUM (V)  REAGENTS IN THE OXIDATION OF ALCOHOLS 

AND ALDEHYDES 

Since chromium (V) is postulated as an intermediate in oxidations using 

chromium (Vl), Chandrasekaran undertook a study of the preparation and use of 

four chromium (V) complexes as oxidants. Phenanthroline-derived reagents 

(Phen)CrOCls 42 and (Phen)H2CrOCls 43 were reported to be useful for the 

oxidation of a wide range of alcohols to the corresponding carbonyl compounds in 

yields ranging from 92-96%.32 
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LUZZIO AND GUZIEC 

Most notable is the oxidation of 1,4-butanediol 44 to y-butyrolactone 45 and the 

oxidation of THP-protected alcohol 4 6  to  the corresponding aldehyde 4 7 

(Scheme 17). 

Scheme 17 
(Phen)H2CrOCI5 
(5 mol.) 

* 4 3  
H O O o H  CHZCIZ, 8 h 0 0  

- 4 4  - 4 5  95% 

(Phen)CrOC13 
(2 mol.) 

7 h  

4-G - 4 7  85% 

Chandrasekaran also prepared the chromium (V) complexes (bipy) 

H2CrOC15 48 and (bipy) CrOC13 49.33 

These reagents are effective in oxidizing aldehydes to  the corresponding 

carboxylic acids in high yield. Some examples of oxidations using 48 and 49 are 

shown in Scheme 18. 
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OXOCHROMIUM-MINE COMPLEXES AS OXIDANTS 

Scheme 18 

90% 

(2 mol.) 

Y CH2C1213 

(B ipy) H2CrOC15 CH3 
I 

H*O HO *O 
80% 

V. REAGENTS FOR THE SELECTIVE OXIDATION OF BENZYLIC 

AND ALLYLIC ALCOHOLS 

A. 4-(Dimethyfamino)pyridinium Chlorochromate 

The results encountered in the development of bipyridiniurn chlorochrornate 

(BPCC) clearly demonstrated that synthetically useful changes could be brought 

about by attering the amine ligand associated with the oxochromium species. The 

use of 4-(dirnethylamino)pyridiniurn chlorochrornate (DMAPCC) 50 as an effective 

oxidant for the selective conversion of allylic and benzylic alcohols to the 

corresponding carbonyl compounds reinforces this concept.34 

553 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



LUZZIO AND GUZIEC 

DMAPCC 

a2 
Dimethylaminopyridinium chlorochromate offers two distinct advantages 

when compared with both the widely used 'active' manganese dioxide (Mn02)35 

and pyridinium chlorochromate (PCC) allylic oxidants. DMAPCC is more easily 

prepared, is shelf-stable and requires less reaction time than Mn02. The 

chromium reduction products from DMAPCC oxidation are easily separable 

granular precipitates in contrast to the intractable gummy tars encountered when 

working up PCC oxidations. Some selected examples which outline the use of 

DMAPCC in the oxidation of allylic and benzylic alcohols are given in 

(Scheme 19). 

f 
OH 

DMAPCC 
(5 mol.) 

Scheme 19 CH2C12,24h 

H 

?OH 

55% 

A J H  
DMAPCC 
(6 mol.) 

DMAPCC 
(6 mol.) 

CH2C12.24 h- 

90% 
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OXOCHROHIUPI-AMINE COMPLEXES AS OXIDANTS 

The selectivity of DMAPCC in oxidizing benzylic versus primary alcohol 

functions is indicated In the oxidation of diol 5 1. DMAPCC was found to oxidize 

diol 51 to hydroxyaldehyde 52 with less than 2% formation of dialdehyde 53 

(Scheme 20). In comparison, when 51 was treated with pyridinium 

Scheme 24 poH-_ CH2CI2.2 h * p+ pH 
OH OH 

5l 52 62% 0 s <2% 

chlorochromate (PCC), under normal reaction conditions (1.5 equiv., 20 min), 

hydroxyaldehyde 52 and dialdehyde 53 were obtained in yields of 45% and 32% 

r e ~ p e c t i v e l y . ~ ~  Similarly, treatment of pregenenediol 54  with DMAPCC in 

chloroform (4.0 equiv., 1.25 hr) afforded hydroxyketone 55 in 64% isolated yield 

accompanied by less than 10% dione 56 (Scheme 21). 

Scheme 21 

HO d 0 ; M c  ___L 0 &O;&O 

55 64% <lo% 
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LUZZIO AND GUZIEC 

In comparison, treatment of 54 with PCCCH2C12 (1.5 equiv., 0.5 hr) afforded 55 in 

34% yield and dione 56 in 38% yield.36 

8. Bis-Tetrabutylammonium Dichromate (TBADC), 

Tetrabutylammonium Chlorochromate (TBACC) 

Santaniello and co-workers have developed two related chromium (VI) 

oxidants which are selective for the oxidation of allylic and benzylic alcohols to the 

corresponding carbonyl compounds.37~38 Both reagents bear the 

tetrabutylammonium cation which allows for good solubility in many types of 

organic media. These reagents are designated as bis-tetrabutylammonium 

dichromate (TBADC) 57 and tetrabutylammonium chlorochromate (TBACC) 58. 

TBADC 57 was reported to oxidize geraniol 59 to a mixture of geranial 60 and 

neral 6 1 (9: 1) in 90% yield using 1.0 equivalent of the reagent in refluxing 

dichloromethane for 1 hr (Scheme 22). 

Scheme 22 

foH TBADC CH,CI, - ro + P O  H 

61 
9 : 1  

6p 
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OXOCHROHIUM-AMINE COMPLEXES AS OXIDANTS 

Even under prolonged reaction conditions TBADC only oxidizes 1 -decanol and 

cholesterol to the extent of 10-20% (Scheme 23).37 

Scheme 23 

HO 0 
10-20% 

TBADC 

24 h 
n-C9HIg-CH20H n-C9HIgCHO 

TBACC 58 may be also used to selectively oxidize a wide range of allylic and 

benzylic alcohols to corresponding carbonyl compounds. For example, 1 -phenyl- 

1,3-propanedioI 62  was oxidized to 3-hydroxy-1-phenyl-1 -propanone 63 in 52% 

yield using TBACC (Scheme 24). The yields of carbonyl compounds from the 

corresponding mono-hydroxylic substrates using TBACC range from 65-78%.38 

Scheme 24 

G-2 52% 
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LUZZIO AND GUZIEC 

C. Tetrabutylammonium Chromate (TBAC) 

During the course of developing an oxidation reagent which operates under 

homogenous conditions as well as exhibiting reasonable reactivity and selectivity, 

Misiti, Cacchi and Latorre reported the preparation and use of the dichloromethane 

and chloroform soluble tetra-n-butylammonium chromate 64. This reagent is 

(n-C4H9),N+ HCr0,- 

TBAC 
u 

easily prepared by the addition of an aqueous solution of tetra-n-butylammonium 

chloride to an aqueous solution of an equimolar amount of chromium trioxide. The 

resulting orange-yellow crystalline quaternary ammonium chromate is collected by 

filtration and dried. Dichloromethane or chloroform solutions of TBAC can be used 

to oxidize benzylic or allylic alcohols to the corresponding carbonyl compounds in 

yields of 43-29% over a reaction time of 1-12 hours.39 

D. Benzyltriethylarnrnonium Chlorochrornate 

Huang and Chan reported that bis[benzyltriethyl]ammonium dichromate 65 

may be prepared by adding a solution of chromium trioxide and hydrochloric acid 

to an aqueous solution of benzyltriethylammonium chloride.40 Rao subsequently 

showed that the compound in fact obtained under these conditions is actually 

benzyttriethylammoniurn chlorochrornate 66 rather than 65. This has been 
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OXOCHROMIUM-AMINE COMPLEXES AS OXIDANTS 

confirmed by preparation of 66 by two other methods as well as by combustion 

analysis.41 Both reports disclose that this reagent is selective for oxidizing benzylic 

alcohols to the corresponding carbonyl compounds in either H M P T 

(hexamethylphosphoric triamide), chloroform, or under phase transfer (PTC) 

conditions (yields 75-99%). 

E. PCC-Pyridine; PCC-Dimethylpyrazole 

Schroepfer and Parish showed that the selectivity of PCC could be 

significantly increased in steroidal oxidations by the addition of 2% pyridine to the 

reagent in dichloromethane at 2-3°C. For example, selective allylic mono-oxidation 

of 5acholest-8( 14)- ene-3p, 7a, 1 Sa-trio1 67 could be achieved using this reagent 

(Scheme 25).4* Similar results could be achieved using added excess 3,5- 

dimethylpyrazole (PCCIDMP) (Scheme 26).43744 

Scheme 25 

HO 

67 

HO 
82% 

PCC, NaOAc, 
2% Pyr in CH2CI2, 
25°C 

0 “OH 
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LUZZIO AND CUZIEC 

Scheme 26 

&OH CH2C12,2-3 PCC,DMP “c ~ o&oH 

HO 
aa% 

Parish has also reported remarkable selectivity in allylic steroidal oxidations 

using PCC-pyrazole or PCC-benzotriazole (Scheme 27).45146 These oxidations 

were carried out using 3-3.5 equivalents of pyridinium chlorochromate in the 

presence of 2% pyrazole or benzotriatole affording the enone in 95% yield. 

Scheme M c a H 1 7  27 ~ &c8H17 

HO - 0 HO 
H 

F. Tetrakis( Pyridine)silver Dichromate (TPSD) 

Firouzabadi has reported that tetrakis(pyridine)silver dichromate 6 8 will 

selectively oxidize benzylic and allylic alcohols to the corresponding carbonyl 

compounds.47 TPSD is prepared by adding an aqueous solution of potassium 

dichromate to an aqueous solution of silver nitrate and pyridine and then collecting 

the resulting yellow-orange precipitate by filtration. Typically the oxidations are 
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OXOCHROMIUM-AMINE COMPLEXES AS OXIDANTS 

TPSD 
!a 

done in refluxing benzene (0.5-6 hr) using one to four equivalents of TPSD 

(Scheme 28). 
0 

Scheme 28 
TPSD 
benzene, 
reflux, 2 h 

0 
80-85% 

Ph Ph 

- trace of 
OH benzene, 

TPSD 

reflux, 1 h 
Ph Ph 

.)-&OH H + lactone .%OH 

0 
80% 

G. Nicotiniurn Dichromate (NDC); lsonicotinium Dichromate 

(INDC) 

Palomo and co-workers prepared nicotinium dichromate (NDC) 69 and 

isonicotinium dichromate (INDC) 70 and reported that these reagents in 

conjunction with pyridine and dichlotmethane are useful for oxidizing allylic and 

benzylic alcohols to the corresponding carbonyl cornpounds.48 These workers 

report that addition of pyridine to NDC facilitated the oxidation of p-lactam 
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LUZZIO AND GUZIEC 

- 
N DC 
69 

Cr207= 

? 

- R" 
N +  
H - I - 
INDC 
n 

Cr207= 

71 into the corresponding carbonyl compound 72 in 95% yield (Scheme 29). 

These results are an improvement over the PDUpyridine reagent which gave only 

a 60% yield of compound 72. Optimum conditions necessary for the selective 

oxidations of a variety of alcohols using pyridine-NDC, including other p-lactam 

derivatives have also been recently reported.48 

Scheme 29 

Ph-0 H H C6H4-OCH3 

E d p h  

N DC 
Pyr, CH,CI, 

0 Ph 3 h  

u. 72 

VI. OXIDATIONS OF ACTIVE METHYLENE GROUPS AND FURANS 

The oxidation of allylic methylene groups to afford a,D-unsaturated carbonyl 

compounds using chromium trioxide-pyridine complex was initially reported by 

Dauben and coworkers,49 Subsequently a variety of other 0x0-chromium amine 

reagents have been used with considerable success in this type of oxidation. 

Salmond and coworkers described the oxidation of a variety of 

As-steroids to the corresponding a,o-unsaturated ketones using chromium trioxide- 

3,5-dimethylpyrazole (003 -DM P).50 For example, treatment of cholesteryl 

benzoate 73 with this reagent afforded the 7-ketone 74 in 74% yield 

(Scheme 30). 

5 6 2  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



OXOCHROMIUM-MINE COMPLEXES AS OXIDANTS 

Schem 

CH2C12, -20 “C 0 
II 

PhCO PhCO 

17 

This reagent has also been used in the preparation of a key intermediate in 

the synthesis of (2)  carpesiolin 75 (Scheme 31).51 

Scheme 31 
- - - - 

Cr03-DMP 

25 60% 

While pyridinium chlorochromate oxidations of alcohols can be carried out 

selectively in the presence of isolated double bonds, this reagent has found 

significant use in the oxidation of activated methylene groups. For example it has 

been used in the oxidation of 1,4-dienes such as 76 to the corresponding carbonyl 

compounds (Scheme 32).5* 

Scheme 32 

0 Lo i;b PCC - + 
0 
Lo 

z.5 63% 7% 
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LUZZIO AND CUZIEC 

Parish and co-workers were able to effect the previously described 

transformation 73 to 74 (Scheme 30) using pyridinium chlorochromate (87% 

yield) or chromium trioxide-benzotriazole (71 O/O yield).53 Further studies by this 

group investigated the effect of solvent on PCC and PDC oxidations of related 

active methylene compounds (Schemes 33, 34).5415s 

scheme&o \ ___c @ \ 

0 

During the course of work involving the total synthesis of the clavulone 

family of marine eicosanoids, Corey and Mehrotra found that 2-cyanopyridinium 

chlorochromate (CN PCC) 77 was more effective than pyridinium chlorochromate 

in converting the substituted cyclopentadiene 78 to cyclopentenone 79 (Scheme 

35).Ss The mechanism for this reaction presumably involves the 1,4-addition n cr03cr 
N +  CN 
H 
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OXOCHROMIUH-AMINE COMPLEXES AS OXIDANTS 

Scheme 35 

of chlorochromate anion which forms the blcyclic chromate ester 80 (Scheme 

36). This intermediate then rearranges to afford the p, y-unsaturated ketone. 

Similar 1,4-additions have been noted in the reactions of PCC with furan 

derivatives.57 

c * 
I 

I 

/-.\ 
CI 0- 

sp U- 
I 

/ 

An Abbott group reported that treatment of substituted furan 81 with 

bipyridiniurn chlorochromate afforded the sensitive &-substituted keto ester 82 in 

good yield (Scheme 37). 

Scheme 37 0 cH30vR BPCC I \  
CH30 &R CH2CI2, 2.5 h' 

0 
81 R =n-C5H,, 82 
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LUZZIO AND GUZIEC 

These workers noted that the treatment of 8 1 with pyridinium chlorochromate gave 

complex mixtures and a poor yield of 82. Keto-ester 82 was a key intermediate in 

the total synthesis of (?)-12-hydroxy-5(Z), 8(Z), 10(E), 14(Z)-eicosatrienoic acid 

(1 2-HETE).s 

Eisenbraun and Ranganathan have found pyridinium chlorochromate to be 

unreactive in the benzylic oxidation of indanes and tetralins to 1-indanones and 

tetralones using the original procedure published by Corey and Suggs. lndane 

and tetralin derivatives 83 and 84 may be oxidized to 1-indanones 85 and 86 and 

1-tetralone 87 using bipyridinium chlorochromate in acetone (16 equiv. of BPCC to 

1 equiv. substrate) for a reaction duration of 24-28 hours (Scheme 38).59 The 

yields for these benzylic oxidations range from 50 to 72%. 

Scheme 34 

Bpcc & + / 
/ 

0 
a3 85 60% 86 12% 

0 a 24-28 Bpcc h - 
84 87 63% 

Chandresekaran later reported that pyridinium chlorochromate is effective in 

these types of benzylic oxidations by using the reagent (5 equivalents) with Celite 

in refluxing benzene for 8-15 hours. Yields for this conversion are 54-89% 

(Scheme 39 ) .60 
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OXOCHROMIUH-MINE COMPLEXES AS OXIDANTS 

Scheme 39 0 
‘I 

PCC, celite a benzene, reflux 

83% 
0 

PCC, celite 
benzene, reflux 

80% 

Pyridinium fluorochromate (PFC) is reported to oxidize anthracene and 

phenanthrene to the corresponding quinones. Similar results have been reported 

for nicotinium dichromate (NDC) (Scheme 40).4* 

Scheme 0 44 

(2.5 PFC mol.) @ a A c O H , 2 h  

O 98% 

O 72% 

NDC 
(3 mol.) a / / 

45rnin. AcOH, reflu: 

NDC = Nicotinium Dichromate O 100% 
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LUZZIO AND GUZIEC 

Cyclic ethers such as 88 and 90 can be converted to the corresponding 

lactones 89 and 9 1 by treatment with pyridinium chlorochrornate 

(Scheme 41).61 
Scheme 41 CH3 

h-6  89 85% 0 88 0 

9p 91 80% 

OXIDATIVE CATIONIC CYCLIZATIONS AND OXYGEN 

TRANS POS IT10 NS 

There have been a large number of examples of the use of pyridiniurn 

chlorochromate in oxidative transformations of the types outlined in Schemes 42 

and 43.62-64 The reactions presumably occur via cationic or [3.3] sigmatropic 

rearrangements catalyzed by the slightly acidic PCC. 

VII. 

Scheme 42 Scheme 43 
0 0 

___) 

OH 

A similar transformation has been noted by Salmond and coworkers using 

chromium tnoxide-dimethylpyrazole (CrOzDMP) (Scheme 44).50 
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OXOCHROMIUW-AMINE COMPLEXES AS OXIDANTS 

Scheme 44 

c 
0 “c, 2 rnin. 

HO 
HO 

Liotta and co-workers have reported that treatment of 1-ene-4-yne-3-01s of 

general structure 92 with pyridinium dichromate (PDC) in dichloromethane at room 

temperature affords the oxidatively transposed enynones 93 in yields of 62-909’0 

(Scheme 45). These oxidative rearrangements are completely regiospecific and 

are synthetically useful in cases where the 1,2 double bond is in t h e  

Z-configuration. Liotta surmises that the reaction proceeds through a 13.31- 

sigmatropic rearrangement due to the lack of products resulting from oxygenation 

at the acetylenic site.= 

Scheme 45 0 

PDC 
CH&I,, 16-44 h 

92 93 

Treatment of linalool 94  with dimethylaminopyridinium chlorochromate 

(DMAPCC) in dichloromethane afforded only small amounts of geranial 95 and 

neral96 as products of oxidative transposition (Scheme 46). The remainder of 
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LUZZIO AND GUZIEC 

the material isolated was unreacted starting linalool, indicating that the less acidic 

DMAPCC is less prone to promote such transposition reactions.66 

Scheme 48 

DMAPCC 
(3 rnol.) + 0 i! H 

94 13% a 8% 

During their search for a suitable oxidation reagent for the conversion of the 

epimeric mixture of alcohols 97 and 98 to ketone 99,  Pietra and co-workers 

treated the mixture with DMAPCC under standard oxidation conditions and 

obtained a mixture of desired 99 and transposed aldehyde 100 in a 1: l  ratio 

along with unreacted 98 (Scheme 47).67 

Scheme 47 

- 

n A 
bo+ 
n 

H 6 
n 

+ 6 
A. 

.OH 

97 94 99 m recovered 

Since 98 was recovered unchanged, Pietra explained that only alcohol 97 with 

an axial hydroxyl group was oxidized to enone 99 by DMAPCC. Treatment of the 

same mixture with pyridinium chlorochromate (PCC) gave mainly aldehyde 100. 

The yield of 99 could be increased somewhat by buffering the PCC oxidation with 

sodium acetate. 
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OXOCHROMIUM-AlfINE COMPLEXES AS OXIDANTS 

VIII. OXIDATIVE TRANSPOSITION - EPOXIDATION REACTIONS 

It has been shown that the Collins reagent was useful for the conversion of 

Smaller tertiary allylic alcohols 101 to a,o-epoxy aldehydes 102 (Scheme 48). 

Scheme 48 

UIl lQz 51-81% 

amounts of a,B-unsaturated aldehydes also accompanied the epoxy-aldehydes. 

Compounds such as 10 1 are easily prepared by the addition of vinyl lithium to a 

ketone. The product of the overall oxidative transformation is the equivalent of the 

epoxidation of the product of a directed aldol condensation between acetaldehyde 

and the ketone. 

The allylic transposition-epoxidation properties of Cr03/dirnethyl-pyrazole 

were also studied by Herz; for example, in the oxidation of Iabda-8-(20)-12-diene- 

14-01 (103) and manool(lO4) (Scheme 49l.68 

14% 25% 

& - &Lo+ gyo 
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LUZZIO AND CUZIEC 

IX. OXIDATIVE ETHER AND ESTER FORMATION 

The Collins reagent was found to promote oxidative transformations 

affording cis-disubstituted tetrahydrofuran derivatives 1 07 from neryVgeranyl 

acetatederived diols 105 and 106 (Scheme 501.24 Such transformations may 

prove useful in preparing cis-substituted tetrahydrofuran-type natural products such 

as monensin. 

Scheme SQ 

Corey and Samuelsson report that carbohydrate-derived tert-butyl esters 

may be prepared from the corresponding carbohydrate primary alcohols.69 This is 

achieved by first treating the primary alcohol with four equivalents of chromium 

trioxide-pyridine complex in dichloromethane-dimethylformamide (4: 1 ) followed by 

adding acetic anhydrideltert-butyl alcohol to the reaction mixture. Thus the 

intermediate aldehyde is converted to the tert-butyl hemiacetal, which is itself then 

further oxidized to the ester (Scheme 51). 

0 

"OQ 0 0  

x 
DMF, CHzC12, 
16h 0 0  ,x, 62% 
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OXOCHROMIUM-MINE COMPLEXES AS OXIDANTS 

The direct oxochromium-amine mediated oxidation of cyclic ethers to 

lactones has been previously described (Scheme 41). 

X. OXIDATIONS OF SULFUR-CONTAINING MOLECULES 

2,2'-Bipyridinium chlorochromate (BPCC) may be used to oxidize dialkyl 

sulfides 108 to the corresponding sulfoxides 109 and sulfones 1 10. Dialkyl 

sulfoxides are the predominant products (Scheme 52).70 

0 0 
I1 I1 

CH& 20 h It 

S c h e m e  52 BPCC 
(1 mol.) 

R-S-R w R-S-R + R-S-R 

0 

a R = n-propyl 80% 19% 

b. n-butyt 87% 2.0% 

c. tert-butyl 68% 0% 

In comparison, Suggs reported that treatment of phenyl propyl sulfide 11 1 with 

pyridinium chlorochromate (PCC) gave the corresponding sulfone 1 12 in 60% 

yield (Scheme 53).71 

Scheme 58 0 
II 

PCC 

(3 3.5 mot.) h @- CI PCC 
II 

1 
-4- 

111 112 60% 

It is worth noting that the attempted oxidation of di-n-propyl sulfide 1 13 with 1 .O 

equivalent of dimethylaminopyridinium chlorochromate (DMPCC) for 20 hr. in 

dichloromethane led to 95% recovery of the starting sulfide and only 5% oxidation 
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LUZZIO AND CUZIEC 

to the sulfoxide, suggesting that this reagent might prove to be a selective oxidant 

in the oxidation of sulfur containing molecules (Scheme 54). Continued research 

in this area is currently in progress. 
0 
II + Scheme 54 

DMAPCC eSd 

CH2C12,20 h 5% mSd 
(1 mol.) 

-c eSn 

recovered 95% 
3x3 

The previously described tetrabutylammonium chlorcchromate (TBACC),38 

nicotinium dichromate (NDCP8 and isonicotinium dichromate ( I  NDC)48 have all 

been used as effective reagents in the oxidation of thiols 11 4 -1  16 to the 

corresponding disulfides 1 17- 1 19. Some examples of these transformations are 

listed in Scheme 55. 
Schen 

- 114 R = H  
115 R=CH3 

j-lJ R = H  87% 
118 R=CH3 84% 

TBACC 
(0.5 mot.) 

NDC 
(0.5 mol.), 

NDC 
(0.5 mol.). 
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OXOCHROMIUH-MINE COMPLEXES AS OXIDANTS 

XI. THE OXIDATION OF ALCOHOLS WHICH CONTAIN BASIC 

HETEROCYCLIC AMlNE MOIETIES 

One significant limitation of chromium (VI)-amine complexes is in the 

attempted oxidation of basic nitrogencontaining molecules. A critical comparison 

of oxidation reagents for the conversion of isoxazole alcohol 120  to the 

corresponding aldehyde 121 was reported by Natale (Scheme 56).72 Several 

of the methods investigated involved the use of oxochromium (VI) complexes under 

standard conditions. The results are given in Table 2. The optimum oxidation 

conditions observed in this study utilized Swern conditions [DMSO-/(COCl)2-Et3N] 

affording 121 in 84% yield. 

Scheme 56 CH3 CH20H 

N, 4 C H 3  
0 

120 - 121 

Table 2: Yields for the Conversion of 120 to 121 Using Oxochromium- 

Amine Complexes Under Standard Conditions 

Reaaent 
Pyridinium Chlorochromate (PCC) 

YELd 
8 0 o/o 

Bipyridinium Chlorochromate (BPCC) 77% 

Chromium TrioxidejPyridine (GO3 2Pyr) 4 4 '/o 
Pyridinium Dichromate (PDC) 47% 

Poly(viny1pyridinium dichromate) (PVPDC) 29% 

During the course of investigations involving the total synthesis of eburnane 

alkaloids, Danieli reports that treatment of alcohol 122 with pyridinium 
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LUZZIO AND GUZIEC 

chlorochromate (PCC) did not afford the expected aldehyde 123 but yielded 

instead the enamine 124. Presumably 124 arises through the metal-assisted 

retro-aldol cleavage of 122 as suggested by these workers.73 Under Swern 

conditions, which appear to be the method of choice for the oxidation of basic 

nitrogen-containing molecules, aldehyde 12 3 was obtained in 83% yield 

(Scheme 57). Conditions for the formation of the enamine by the PCC route 

were not disclosed. 

Scheme 57 

122 
H 

123 83% 

Treatment of tropine 125 with bipyridinium chlorochromate (BPCC) in 

dichloromethane yielded only 2,2'-bipyridine (34%) and none of the expected 

product tropinone 126 (Scheme 58). Similar results were obtained when 2- 

pyridyl carbinol 127 was treated with 4-(dimethylamino)pyridinium chlorochromate 

(DMAPCC). Attempted oxidation of 127 with DMAPCC under standard conditions 

resulted in a vigorous exotheremic reaction affording 4-dimethylaminopyridine as 

the only characterizable product. Starting alcohols 125 and 127 could not be 

recovered from either reaction (Scheme 581.74 This and the isolation of the 
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OXOCHROMIUn-AMINE COMPLEXES AS OXIDANTS 

amine ligand after these oxidations suggested that the amine ligand had 

exchanged with the substrate, the substrate being strongly bound to the chromium 

species. Oxidation of pyridyl carbinol 127 under the Swern conditions afforded 

the desired aldehyde 128 in 70% G.C. yield which could be isolated as its 2,4- 

dinitrophenylhydrazone derivative's 

Scheme 58 
/CH3 

N 
/CH3 

N 

Bpcc ,d 2,2'-bipyridine 

34% 0 HO H 

DMAPCC 
(4 mol.) RH $- Ildimethylamino 

%OH CH~CIZ, 6 h L- pyridine 

O 
l2.z 128 P/O 

XI I. HY 0 ROQU I NONE OX ID ATlONS 

Pyridinium dichromate (PDC) and nicotinium dichromate (NDC) both can be 

used for the conversion of hydroquinones 129 and 130 to quinones 131 and 132 

(Scheme 59).48 Hydroquinone silyl ethers may be oxidized to quinones using 

PCC (Scheme 60).76 

Scheme 59 

(3 mot.) 
CH2C12,4 h 

OH 0 
rn ??Yo 

6 pDc 
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LUZZIO AND GUZIEC 

NDC (3 mol.), 

CH2CI2, 15 min. 
129 pvr rn 90% - 

NDC (3 mol.), 

CH2CI2, 15 min. 

m pyr 85% * 

Scheme 6Q 

OSi(CH3)3 

OS~(CHS)~ 

Pcc 
(2 mol) 

CHZCI, 
room temp. 

* 

PCC 
(2 mol) 

CH2C12 
/ 

room temp. 
OSi(CH&t-Bu 

0 

jJ II 
0 

XII I .  S T E R E O C H E M I C A L  C O N S I D E R A T I O N S  IN C H R O M I U M - A M I N E  

O X I D A T I O N S  

The pioneering mechanistic studies by Westheimer on the mechanism of 
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OXOCHROMIUH-MINE COMPLEXES AS OXIDANTS 

chromium (VI) oxidations showed that this reaction involves rapid reversible 

formation of a chromate ester followed by its rate-determining decomposition. It 

was subsequently established that in cydohexane systems the more hindered 

axial alcohol function is more rapidly oxidized than a corresponding equatorial 

substituent. This rate enhancement has been explained by relief of strain in the 

transition state of the 0xidation.n 

Similar results were obtained by Suggs who studied the relative rates of 

oxidation of cis- and t r a n s-4-tert-butylcyclohexanol with pyridinium 

chloro~hromate.~~ In a competition experiment he treated an isomeric mixture of 

alcohols with PCC and found that the axial hydroxyl of the &-isomer was oxidized 

more quickly than the equatorial hydroxyl of the trans compound. The rate 

ratio (kpisktrans) was found to be 3.3, very close to that obtained in studies of the 

same alcohols using chromic acid and chromium trioxide as an o~idants.~g~m 

As previously mentioned, 4-(dimethylamino)pyridinium chlorochromate, 

DMAPCC, is a remarkably selective reagent for the oxidation of allylic and benzylic 

alcohols (Section V-A). It also exhibits axial selectivity in oxidation of non-allylic 

alcohols. When trio1 133 was treated with this reagent, the axial 1 1-hydroxyl group 

as well as the allylic hydroxyl were oxidized at comparable rates (Scheme 61).34 

There are significant 1,3-diaxial interactions of the 1 1-hydroxyl function with the 

DMAPCC 
(3 mot) 
CH2CI2 

3h  
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LUZZIO AND GUZIEC 

flanking methyl groups, increasing steric strain. Relief of this strain probably 

accounts for the increased reactivity of the 1 1 -hydroxy moiety. 

XIV. OVERVIEW 

While oxochromium amine complexes have proved to be valuable reagents 

in organic synthesis, many limitations in this area are apparent. Oxidation yields of 

even simple substrates are rarely near quantitative. In only a few cases has a 

comparison of oxochromium-amine reagents and other oxidants in a given 

synthetic step been reported. Removal of chromium-containing by-products is still 

in most cases difficult. Finally, the deleterious effects of even common functionality 

on oxidation yields have for the most part been ignored in reports on new reagents, 

often leaving such discoveries to be made with severe consequences in a total 

synthesis. Much systematic chemistry remains to be carried out in this area before 

the optimal oxochromium reagent required for a given transformation can be 

scientifically chosen. 
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