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The relative rates of oxidative cleavage of a series of substituted meso-hydrobenzoins, dl-hydrobenzoin, and 
erythro-0-methylhydrobenzoin by cerium(1V) and lead(1V) were measured by competition studies. The relative 
rates of oxidative cleavage by periodate of some of these hydrobenzoins were also measured. All oxidations 
were carried out at 50' in S570 aqueous acetic acid. From these data p values of +0.016 for the lead(1V) and 
- 1.53 for the cerium(1V) oxidations of meso-hydrobenzoins were calculated using u+ values. With lead(1V) 
dl-hydrobenxoin is oxidized nine times faster than the meso isomer, but with cerium(1V) these rates are equal. 
The relative rates of oxidation of meso-hydrobenzoin and its monomethyl ether are more similar with 
cerium(1V) than with lead(1V). These results support the intermediate formation of a bidentate complex with 
lead(1T') but not with cerium(1V) and are consistent with the mechanism for the cleavage of cerium(IV), which 
involves the formation of a monodentate complex followed by a one-electron cleavage to  give an intermediate 
radical which is then further oxidized. 

The cleavage of 1,2-glycols by periodic acid2 and lead 
tetracetate3 has been known for some t'ime. Alt'hough 
these two oxidants seem t o  be the most widely used ones 
to bring about 1,2-glycol  cleavage^,^ several other 
oxidant's such as sodium bismuthat,e,4"'5 manganese(II1) 
pyr~phosphate ,~ phenyl iod~soace ta te ,~ ,~  cerium(1V) 
 salt^,^^,^ vanadium(V) salt~,4b,~ chromic acid,lo and 
nickel peroxidel' also readily cleave 1,2-glycols. A 
catalytic system, the silver(1)-catalyzed oxidative 
cleavage of 1,2-glycols by peroxy disulfate, has been re- 
ported.12 

The mechanism for the cleavage of 1,2-glycols by 
lead(1V) is thought t'o involve the format'ion of a 
bidentate metal-glycol complex which then breaks 
down t o  products via a txo-electron process4& (mecha- 
nism I). The main support for this mechanism comes 
from t'he fact that cis diols are more rapidly oxidized 
than the corresponding trans diols and threo diols are 
more rapidly oxidized than the corresponding erythro 
 diol^.^^,'^ Although there is no direct evidence for 
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these cyclic lead complexes, their existence has been 
made more reasonable by the isolation of cyclic os- 
m a t e ~ . ' ~  Mechanism I is further supported by the 
failure to trap radical intermediates.8e 

Other mechanisms for the cleavage of 1,2-glycols can 
be written, and indeed the cleavage of 1,2-glycols by 
cerium(1V) seems to  involve coordination t o  only one 
hydroxy group followed by a one-electron oxidation to 
give an intermediate radical (mechanism 11).8 The 

MECHAPV'ISM I1 

main support for this mechanism is the similar rates of 
oxidation of 1,2-glycols and their monomethyl ethers.8d'8j 
and the successful trapping experiments8" 8e which in- 
dicate that an intermediate radical is formed. Some 
support for the intermediacy of a bidentate cerium(1V)- 
glycol complex has been givenjSf but other resultslBd in- 
cluding formation constants for cerium(1V) complexes 

(14) (a) R.  Criegee, Angew. Chern., 60, 153 (1937); (b) R .  Criegee, B. 
Marchand, and €1. Wannowins, Justus Lzebigs Ann. Chem , 650, 99 (1942). 
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TABLE I 
RELATIVE RATES OF OXlDATIVE CLEAVAGE O F  SUBSTITUTED meSO-HYDROBENZOINS, (ZCeHaCHOH-fi, WITH CERIC AMMONIUM NITRATE 

(CAN), LEAD TETRAACET.4TE (LTA), AND POTASSIUM PERIODATE (KIO4)' 
Registry no. Z CAN krel LTA. krel XI04 krsl 
5173-29-5 p-CH3 2.62 f 0.36 1.023 f 0.071 1.15 

37580-80-6 m-CHa 1.80 i 0.09 1.84 f 0.10 

37580-81-7 p-c1 0.395 f 0.017 1.79 f 0.14 

37580-83-9 m-C1 0.244 f 0.012 1.37 f 0.12 1.13 

655-48-1 H (1.00) (1.00) ( I .  00) 

37580-82-8 p-Br 0.446 f 0.010 1.09 f 0.11 

37580-84-0 p-NOn 0.0619 i 0.0039 1.205 
. In  85% aqueous acetic acid a t  50". The numbers with standard deviations are based on three runs and those without 

are based on one run. 

with glycols and their monomethyl ethers,l6 give no 
indication that a bidentate complex is formed. 

I n  order to gain further support for the validity of 
these mechanisms and t o  establish the electronic effects 
on these mechanisms, a study of the relative rates of 
oxidative cleavage by cerium(1V) and lead(1V) of 
substituted meso-hydrobenzoins was undertaken. Also, 
the relative rates of oxidation by these oxidants of 
meso- and dl-hydrobenzoin were measured in order to 
determine if there were any steric differences between 

OH OH 
I 1 2Ce'" or Ph'V 

ArCH-CHAr - + 2ArCH=O 

these two oxidants. A small amount of data was 
collected using periodate as the oxidant. All oxidations 
were carried out a t  50" in 85% acetic acid to ensure a 
direct comparison of the relative rate constants. 

Results 

The substituted hydrobenzoins were synthesized via 
the benzoin condensation of the corresponding alde- 
hyde.16 The benzoin was further reduced with sodium 
borohydride to the hydrobenzoin.16 The meso isomer 
was isolated by fractional recrystallization; the d l  iso- 
mer, being more soluble, stayed in solution and usually 
one or two recrystallizations sufficed. The purity of the 
isomers was checked by melting point and nmr spectros- 
copy since the signals for the benzylic protons of the 
meso and dl isomer8 have large chemical-shift differ- 
ences. 4,4'-Dinitrohydrobenzoin was synthesized by a 
different dl-Hydrobenzoin was prepared bv a 
modification of the method of Fieser.I6- Th.e erythro- 
monomethyl ether of hydrobenzoin was prepared by 
methylating benzoin with methyl iodide-silver oxide 
in acetone18 and reducing the methyl benzoin to the 
required compound with sodium borohydride. 

The kinetic study was carried out by competitively 
oxidizing equimolar quantities of a substituted hydro- 
benzoin and the unsubstituted hydrobenzoin with the 
required oxidant. The amount of oxidant used was 
such that only a maximum of 5% of either of the sub- 
strates would be consumed. Since the substrate con- 
centration a t  the beginning of the reaction was ap- 
proximately equal to  substrate concentration at the end 

(15) L. B. Young and W. 9. Trahanovsky, J .  Amer. Chem. Soc., 91, 5060 

(16) L. Fieser, "Experiments in Organic Chemistry," 3rd ed, D. C. Heath, 

(17) T. Ukita and R. Takeshita, Chem. Pharm. Bull., 9, 600 (1061). 
(18) H. Wren, J .  Chem. Soc.,  96, 1584 (1909). 
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Boston, Mass., 1957. 

of the reaction, the relative rate constants are given by 
eq 1. The ratio of the two aldehydes produced were 

(1) lc(X)/k'(H) = [X products] /[H products] 

determined by glpc, making corrections for relative ex- 
traction and thermal conductivity ratios. The rela- 
tive rates for dbhydrobenzoin were determined against 
meso-4,4'-dimethylhydrobenzoin and the relative rates 
for the erythro-monomethyl ether of hydrobenzoin were 
determined against meso-3,3'-dichlorohydrobenzoin. 
The results are summarized in Tables 1-111. Plots of 

TABLE I1 
RELATIVE RATES OF OXIDATIVE CLEAVAGE OF dl- TO 

11ZeSO-HYDROBENZOIN WITH VARIOUS OXIDANTS" 
Oxidant kddkmeso  

CAN 0.90 f 0.28b 
LTA 8.29 f 0.58c 
KIOd 5.16d 

5 In 85y0 aqueous acetic acid at 50". Based on three runs. 
Based on two runs. Based on one run. 

TABLE I11 
RELATIVE RATES OF OXIDATIVE CLEAVAGE OF 

WITH VARIOUS OX ID ANTS^ 

CAN 6 
LTA 20 

meSO-HYDROBENZOIN TO ITS MONOMETHYL ETHER AND 

Oxidant kdioilkmonoether 

a See footnote a, Table I. 

the logarithms of the relative rate of each substrate by 
ceric ammonium nitrate (CAN) us. the Hammett u and 
u+ valueslg gave about equally good correlations with 
u and u+ values. A least squares treatment of these 
data using uf values gave a p of - 1.53 rt: 0.15 and using 
u values gave a p of - 1.72 i 0.09. Similar treatment of 
the relative rates obtained with lead tetraacetate (LTA) 
using u+ values gave a p of 0.016 f 0.14 and uvalues gave 
a pof 0.010 * 0.015.20 Plots of thelogarithmsof therela- 
tive rates of each substrate by CAN and LTA us. u+ 
valuea are shown in Figure 1. Use of the u+ values are 

(18) H. C. Brown and  Y .  Okamota, .I. Amer. Chem. Soc., 80, 4979 (1958). 
(20) When the two abnormally high rate constants for the LTA oxidations 

wero omitted, a p of 0.097 i 0.055 using c+ and a p of 0.086 & 0.070 using c 
were calculated. We have no good explanation for the slightly higher rate 
constants for the m-methyl and p-chloro compounds. Possibly these com- 
pounds were slightly contaminated with their dl  isomer, which would have 
been oxidized more rapidly. I n  any case, i t  is clear tha t  there is no correla- 
tion with the rate constants for the LTA oxidations and the electronic effects 
of the substituents and even the abnormally high rate constants (cn. 1.8) are 
fairly close to 1.0. 
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Figure 1.-Plots of the logarithms of the relative rates of oxida- 
tive cleavage of meso-hydrobenzoins by CAN (A) and LTA (0) 
vs. a+for  the sitbstituent. 

favored since oxidative cleavages have generally corre- 
lated better with u+ than u.21 

Discussion 

The results of this study strongly support mechanism 
I for the cleavage of 1,2-glycols by lead(1V) and mecha- 
nism I1 for the cleavage of 1,2-glycols by cwium(1V). 
The contrasting rcsults obtained for these two oxidants 
under comparable reaction conditions malie these con- 
clusions all the more firm. 

The lack of a substituent effect (a p of 3-0.02) for the 
1,2-glycol cleavage by lead(1V) indicates that the forma- 
tion of the bidentate complex is rate determining, or 
that the decomposition of this complex is rate deter- 
mining but little charge develops on the benzylic car- 
bon atoms in the cyclic transition state. Additional 
support for the intermediacy of this bidentate complcx 
comes from the observation that the cll isomer of hydro- 
benzoin was oxidized S.3 times faster than the meso 
isomer by lead(1V) whereas these isoincrs were oxidized 
at comparable rates by ccrium(IV), which evidently 
does not form a cyclic intermediate. The lead(1V) 
and cerium(1V) results considered together mean that 
the rate difference for the oxidation of these two isomers 
by lead(1V) must result from a difference in transition- 
state encrgies, not groundstate energies. This dif- 
ference in energy is no doubt a result of the increased 
steric interaction between the cis phenyl groups of the 
meso transition state compared to the trans phenyl 
groups of the d l  transition Rtate. The more similar 
relative rates of oxidation of meso-hydrobenzoin and 
its monomethyl ether with cerium(1V) (kdiol/kmonoet,her = 
6)  compared to the corresponding relative rates with 
lead(1V) (ICd,ol/knlonoethep = 20) also support lhe two 
different mer~liariisms for the two oxidants. 

The relative rates of oxidation by LTA of a small 
number of tetrasubstitutod benzpinacols (unsubstituted, 
4-methoxy, 4-mcthyl, and 4-chloro) show a slight rate 
increase as the mbstituent becomes more electron 

(21) (a) P. M. Nave and W. S. Trahanovsky, J .  Amer Chem. Soc., 90, 
4755 (1968); (b) zbzd . ,  98, 4536 (1971). 

donating.22 From these results, it was concluded that 
the formation of the monodentate complex is rate 
determining. Although this conclusion is in disagree- 
ment with the results in this article und other 
data,4aa13 it may be true for more hindered glycols such 
as the benzpinacol~.~~ Because only a limited number 
of examples were studied and the bcnzpinacols possess 
special features which make them atypical 1,Zglycols, 
this study is of little use in defining a mechanism for the 
LTA oxidation of most 1,Zglycols. 

The p value of -1.5 found for the cerium(1V) oxida- 
tive cleavage of substituted meso-hydrobenzoins is 
consistent with mechanism I1 and requires that the 
rate-determining step must be the decomposition of 
the monodentate complex to the intermediate radical 
and carbonyl compound. The p value of -1.5 is 
comparable to the one observed (-2.0) for thc oxida- 
tive cleavage of 1,2-diarylethanol~.~~ I t  is reasonable 
that the formation of benzylic radicals should be a little 
more sensitive to substituents than the formation of a- 
hydroxybenzyl radicals. 

It is interesting to note that, based on orbital sym- 
metry considerations, thc cyclic mechanism, mechanism 
I, is a forbidden process for one-electron oxidants such 
as cer i~m(IV).~5 

The cleavage of 1,2-glycols by cerium(1V) is just a 
special case of the general oxidative cleavage of al- 
cohols by cerium(IV).21 26 The same mechanism seems 
to operate for all of these oxidative cleavages and as 
expected the a-hydroxy radicals are stable enough that 
alcohols which can form them (1,2-glycols) undergo 
rapid cleavage. The polar nature of the transition 
state for the cleavage reaction21 also favors the cleav- 
age of a-hydroxy radicals. 

The favored mode of oxidative cleavages seems to be 
a one-elcctron proccss,21,26 27 but thc facile cleavage of 
1 ,Zglycols by LTA is clearly a two-electron process. 
Most likely a facile tn-o-electron cleavage will occur only 
if a special situation exists such a3 the possibility of 
forming a bidentate complex and going directly from 
this complex to stablc organic products and SL stable 
oxidation state of the oxidant.I2 The fact that alcohols 
which cannot meet thesc requircmcnts undergo two- 
electron cleavages r e l u ~ t a n t l y ~ ~ ! ~ ~  suggests that the 
slow oxidative cleavages by LTA of 1,2-glycols which 
cannot form bidentate complexes, such RS trans- 
decalin-9,lO-diol, 4a,13 are one-elec tron processes in- 
volving the intermediate formation of lead(II1). 

The limited results obtained with potassium periodate 
as oxidant are comparable to those obtained with LTA 
and indicate that periodate cleavage of 1,2-glycols 
proceeds by a mechanism similar to mechanism I> i e . ,  
one which invoIves a bidentate complex as an inter- 
mediate. This is in agreement with previous con- 
clusions. 4a 

Recently the silver (I)-catalyzed cleavage of 1.2-gly- 
cols by peroxy disulfate was reported to be accomplished 

(22) J. P. Cordner and K.  13. Pausacker, J .  Chem. Soc. ,  102 (1953). 
(23) Such a change in mechanism has been observed for the periodate 

(24) F. R. Duke and 1'. G .  Bulgrin, J .  Amer. Chem. Soc., 7 6 ,  3803 (1954). 
(25) .J. 9. Littler, Tetrahedron, 27, 81 (1971). 
(26) (a) W. 8. Trahenovsky, P. J. Flash, and L. M. Smith, J .  Amer.  

Chem. Soe. 91, 5068 (1969); (b) W. S. Trahanovsky and J. Cramer, J .  O w .  
Chem., 86 ,  1890 (1971). 

(27) P. M .  Nave and W. 8. Trahanovaky, J .  A n e r .  Chem. Soe., 92, 1120 
(1970). 

oxidation of ethylene glycol and a series of methylated ethylene g l y c ~ l a . ~ ~  
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by tn-o paths.12 It mas proposed that one path in- 
volves silver(I1) which cleaves by mechanism 11. 

Ultilization of the above-mentioned techniques should 
provide a useful tool for determining the mechanism of 
other glycol cleaving reagents as well as giving some 
indication as to  the stereochemistry of appropriate sub- 
strates. 

Experimental Section 
Methods and Materials.-Most equipment and methods have 

been previously described.28 Glpc analysis was carried out on a 
Varian Aerograph 1700 gas chromatograph using a thermal con- 
ductivity detector and a 3 ft X 0.25 in. 20y' SE-30 on Chromo- 
sorb W column. 

C A S  (Baker) was used ab a solution in  85% aqueous acetic acid 
(1.0705 g/2*5 ml). The LTA (Analabs) solution was freshly 
prepared for each reaction by dissolving the solid (0.0373 g)  in 
8.570 aqueous acetic acid ( 5  nil). The solution was warmed to  
50" before addition to the substrate mixture. The potassium 
periodate (Matheson Coleman and Bell) solution was freshly 
prepared for each reaction by dissolving the solid (0.0195 g)  in 
water (7.3 ml). The aqueous solution, warmed to 50", was then 
added to the mixture of substrates in glacial acetic acid (22.5 ml). 

meso-Hydrobenzoin was prepared by the method of Fieser:16 
inp 135-136' (lit.16 mp 136-137'); nmr (CDC1,) 6 7.26 (a ,  lo) ,  
4.81 (s ,2) ,  and 2.70 (broad s, 2, DsO - 0). 
meso-4,4'-Dimethylhydrobenzoin was prepared by the method 

of Fieser:'B mp 143-143' (lit.28 mp 143-146"); nmr (I>LISO-ds) 
6 7.06 (s, 8), 4.96 (m, 2, D2O + 0),  4.54 (m, 2, DzO + s), and 
2.26 (s, 6).  
meso-4,4'-Dinitrohydrobenzoin was prepared by the nitration 

of meso-diacetylhydrobenzoinl' followed by hydrolysis of the di- 
acetate: mp 232" (lit.I7 mp 231"); nmr ( D X S O - d 6 )  6 7.85 
(AA'BB' pattern, la 43.15, lb -7.52, 8 ) ,  3.70 (broad s, 2, D20 
--*. 0), and 4.79 (s, 2). 
meso-4,4'-Dichlorohydrobenzoin.-4,4'-Dichlorobenzoin was 

prepared by the method of Lutz and hIurphy30 and reduced to 
the hydrobenzoin by the method of Fieser:'e mp 109-110" 
(lit.a1 mp 151'); nmr (CDClB) 6 7.4 (AA'BB' pattern, la -7.18, 
vb -6.95, 8) ,  4.68 (S, a), and2.59 ( b , 2 ) .  
meso-4,4'-Dibromohydrobenzoin was prepared by the method 

used to prepare the dichloro compound: mp (from 95% eth- 
anol) 137-138'; nmr (DMSO-&) 6 7.29 (AA'BB' pattern, 
v,~7.62,Ub~7.16,s),5.38(m,2),and4.53(in,2). 

Anal. Calcd for Cl4Hl2O2Br2: C, 45.19; H, 3.25; Br, 42.95. 
Found: 
meso-3,3'-Dimethylhydrobenzoin was prepared by the method 

C, 45.10; H, 3.27; Br, 43.01. 

(28) W. 8. Trahsnovsky and M. P. Doyle, 3. Org.  Chem., 32,  146 (1967). 
(29) J.  Grimshaw and J .  9. Ramsey. J .  Chem. SOC. C, 053 (1960). 
(30) R. E. Luts and R. 8. Murphy, 3. Amer. Chem. Soc. ,  71,  480 (1949). 
(31) H. D. Law, J .  Chem. Soc., 99, 1115 (1911). 

used to prepare 4,4'-dichlorohydrobenzoin and purified by chro- 
matography on a silica column, mp (from petroleum ether, bp 
60-70") 87-88"; nmr (CUCl,) 6 7.05 (ni, 8 ) ,  4.63 (broad s, 2) ,  
2.29 (s, 6) ,  and 2.17 (m, 2 ,  DzO + 0). Anal. Calsd for 
Cl6HlSOC: C, 79.31; H,7.49. Found: C, 79.41; H, 7.67. 
rneso-3,3'-Dichlorohydrobenzoin was prepared by the method 

used to prepare the 4,4' isomer: mp (from benzene) 96-98' 
(lit.a1 mp 95'); nmr (CI)Cla) 6 7.07 (m, 8), 4.65 (s, 2), and 2.69 
(broads, 2 ) .  

dl-Hydrobenzoin was prepared by a modification of the method 
of Fieser.lB Instead of purifying the crude diacetate by chroma- 
tography, it (cu.  2 g)  was dissolved in 20 ml of carbon tetrachlo- 
ride and 200 ml of petroleum ether and this solution was held 
at 0" for 24 hr, during which the diacetate crystallized from the 
solution: mp 119-120" (lit.le 120'); nnir (CDC13) 6 7.1 (m, 
lo) ,  4.6 (s, 2 1, and 3.21 (s, 2). 
erythro-0-Methy1hydrobenzoin.-0-Methylbenzoin was pre- 

pared by the method of Wren18 and reduced to the monomethyl 
ether of hydrobenzoin with sodium borohydride, mp (from aque- 
ous ethanol) 100" (lit.32 100-102'). 

Procedure for Competition Experiments.-The two hydro- 
benzoins ( 5  X mol of each) were dissolved in 85% aqueous 
acetic acid (28 ml for CAN, 25 ml for LTA, and 22.5 ml of glacial 
acetic acid for KIO4) at  50'. To the rapidly stirred solution was 
added an aliquot (2 ml for CAN, 5 ml for LTA, and 7.5 ml for 
KIOI) of the oxidant. The niixture was stirred at  50" for 20 
min. All mixtures remained homogeneous throughout the reac- 
tion; the pale yellow color of Ce(1V) disappeared in about 1 
min . 

The reartion mixture was poured into water (25 ml) and ex- 
tracted with benzene (2 x 25 nil). The conbined benzene ex- 
tracts were washed with water (23 ml), saturated sodium bi- 
carbonate (23 ml), and finally water (25 ml). The benzene layer 
was dried (MgSO,) for 18 hr and filtered, and the benzene was 
removed on a rotary evaporator. To the residue was added 1 
ml of benzene and the resultant solution was analyzed by glpc 
(three injections per run). The areas of the glpc peaks were 
determined by Xeroxing the traces and cutting and weighing the 
peaks. The thermal conductivity and extraction ratios were 
determined by preparing weighed mixtures of the authentic 
aldehydes in 8570 aqueous acetic acid (30 ml) and performing 
identical extraction and area-determination procedure. At least 
three determinations were carried out for each standard. 

Registry No.-CAN 12126-48-3; LTA, 546-67-8; 
KIO,, 7790-21-8; erythro-0-methylhydrobenzoin, G941- 
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