
MECHANISTIC STUDIES OF SELENIUM-DIOXIDE OXIDATIONS

Item Type text; Dissertation-Reproduction (electronic)

Authors Klein, Howard Paul, 1941-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 19/05/2023 15:24:12

Link to Item http://hdl.handle.net/10150/284955

http://hdl.handle.net/10150/284955


This dissertation has been 
microfilmed exactly as received 68-8313 

KLEIN, Howard Paul, 1941-
MECHANISTIC STUDIES OF SELENIUM 
DIOXIDE OXIDATIONS. 

University of Arizona, Ph.D., 1968 
Chemistry, organic 

University Microfilms, Inc., Ann Arbor, Michigan 



MECHANISTIC STUDIES OF SELENIUM DIOXIDE OXIDATIONS 

by 

Howard Paul Klein 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF CHEMISTRY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9  6  8  



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by Howard Paul Klein 

entitled MECHANISTIC STUDIES OF SELENIUM DIOXIDE OXIDATIONS 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

ssertatxon Director Date 

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance:" 

0~H; :> 

i J J 

. siJUl 
1 r > iLf' — 
'••WW/ T ^ -jLLL LI ^ h i 

aJl- 0 • HC7 

Q-CT. / /y , 
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ABSTRACT 

Mechanisms of the selenium dioxide oxidation of olefins, alco

hols, and amines were studied. Also, the mechanism of the selenium 

dioxide- hydrogen peroxide oxidation of ketones was investigated. 

Stereochemical studies on the selenium dioxide oxidation of 

optically active 4-methylcyclohexene revealed that oxidation may take 

place at both vinylic and allylic positions of an olefin, even though 

the product is always allylically substituted. The oxidation involves 

an allylic carbonium ion, which may be complexed with selenium dioxide 

or selenious acid and a solvent molecule through two carbon atoms in 

the transition state. Also, the oxidation involves a solvolysis step, 

which may be a combination of several kinds of substitution reactions. 

Oxidation of benzylic and allylic alcohols went in high yields 

to the corresponding aldehydes, but high temperatures were needed. A 

mechanism for this oxidation is proposed on the basis of kinetic stud

ies and on an investigation of the oxidation of benzylamines by sele

nium dioxide. Oxidation of benzylamine gave an isolated intermediate, 

which was identified as the monobenzamide of selenious acid. This 

intermediate was shown to decompose on heating in an inert solvent to 

yield ammonia, benzaldehyde, benzonitrile, and selenium in almost 

quantitative yield. A mechanism for this unique reaction is discussed. 

Studies of the oxidation of substituted desoxybenzoins with 

hydrogen peroxide and a catalytic amount of selenium dioxide to the 

ix 
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corresponding diphenylacetic acids showed that a small positive charge 

develops on the methylene carbon atom during the reaction. This re

action was also shown not to involve benzils or benzoins as inter

mediates and not to occur by a radical chain process. A possible 

mechanism is proposed. 



INTRODUCTION 

The potential of selenium dioxide as an oxidizing agent for 

1 2 
organic compounds was first realized in the early 1930's by Riley. ' 

Since this initial discovery, selenium dioxide has found wide applica-

3 
tion as a selective reagent in organic synthesis. 

Selenium dioxide most commonly oxidizes carbon-hydrogen bonds 

attached to various activating groups such as olefins, aldehydes, ke

tones, acetylenes, esters, amides, carboxylic acids, anhydrides, and 

aromatic nuclei. Aldehydes, ketones and olefins are oxidized in good 

yields under relatively mild conditions. Alcohols, amines, phenols, 

and mercaptans are oxidized in poor yields under vigorous conditions. 

Alkanes, ethers, and alkyl halides are usually not attacked by sele

nium dioxide, and when they are, only under severe reaction condi

tions. 

The mechanism of the selenium dioxide oxidation of ketones has 

6 7 8 
been studied ' ' extensively and generally accepted as proposed by 

g 
Corey and Schaefer, although it recently has been questioned by 

9 
Waters. On the other hand, the mechanism of the olefin oxidation is 

by no means completely established, but it has been studied in detail 

by Schaefer,^ Trachtenberg, ̂  and Wiberg.^ 

The reaction of olefins with selenium dioxide leads to oxida-

13 
tion at the allylic position. The product is a function of solvent. 

In acetic acid, the acetate is formed; in ethanol the ether is the main 

product; in water one usually obtains the ,^-unsaturated carbonyl 

1 



compound, which probably arises by oxidation of the allylic alcohol 

14 
first formed. Under more vigorous conditions, oxidation can occur at 

the double bond itself as in the oxidations of ethylene to glyoxal at 

120-300°,^ and propylene to methyl glyoxal at 220-240°.^ 

Guillemonat*"^ made the first serious attempt to explain the 

mechanism of olefin oxidation by selenium dioxide. His scheme is out

lined in the following three reaction steps. 

4 R-CH2-H + Se02 >- (R-CH^Se + 2 H20 

(R-CH^Se + H20 (R-CH2)2Se + R-CH3 + R-O^OH 

(R-CH2)2Se + H20 R-CH20H + R-CH3 + Se 

The R group is a radical containing an ethylenic linkage adjacent to 

the indicated CH2-H. 

Guillemonat*s mechanism, although rather general and crude, 

does explain why one always recovers starting material, why the product 

is dependent on the solvent, why the occasional formation of dienes re

sults, and why organoselenium compounds are isolated from these reac

tions. However, this mechanism does not predict the site of 

predominant attack in the oxidation. 

Guillemonat studied the selenium dioxide oxidation of a number 

of branched, straight chain, and cyclic olefins in the range» 

From this study he formulated a set of empirical rules, which are 

listed below and illustrated by examples from the literature. These 

5 
rules are listed as summarized by Trachtenberg. 
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a, Trisubstituted olefins are oxidized preferentially on the 

disubstituted side of the double bond, if there is a non-bridgehead 

allylic hydrogen there. For example, 1 is oxidized to 2. 
17 

SeOr 

HOAc 

Ac 2O 

b. Reaction at an endocyclic position in 1-alkyl cyclohexenes 

is preferred to exocyclic attack. Thus, carvomenthene^3 yields carvo-

tanacetone as the major product. Phellandral 5^ is obtained as a 

^ 12>18 minor product. ' 

SeO, 

EtOH, H20 

c. Oxidation never occurs at bridgehead positions in bicyclic 

systems falling within the limits of Bredt's rule. For example, 

19 
«=C-pinene is oxidized only to myrtenol 7 and myrtenal ̂8, with no 

oxidation taking place in the six-membered ring. 

SeO, 

H„OH 
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d. All things being equal relative to the above rules, the 

preferred order of reactivity is CH^> CH^ > CH. Thus, oxidation of 9 

yields much more 10 than 11,^ ancj \2 gives more 13 than 14,*"^ a diene, 

which probably results from dehydration of the tertiary acetate first 

formed. 

SeCL OAc 
CH3-CH=5"CH2-CH3 HOAr*" CH -CH=C-iH-CH + CH CH=C-CH CH 

3 AC20 3 iH
2
0Ac 

9 10(337o) 11(1%) 

CH 
~^CH-C=CH-CH 

CH^ CH3 

12 

CH 

CH 

3^CH-C=CH-CH + CH =5>C=CH-CHr 
3 O^OAc j CH3 : 

13 14 

e. When the allylic position favored is tertiary, dienes can 

result. For example, 12 goes to 14 above. Also, 2,3-dimethylcyclo-

hexene 15 is oxidized to a mixture of diene 16 and o-xylene JJJ}*6,20 

which probably results from dehydrogenation due to adjacent activated 

5 
allylic positions. 

+ 

15 16 17 

f. Allylic rearrangement products can be formed. Thus, 

3-methylcyclohexene 18 yields both 19 and 20.^'^ 
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SeO, 

HOAc 
Ac20 

18 

In addition to the above rules, Guillemonat^ showed that the 

reaction is favored by increased alkyl substitution in the olefin, al

though this can be carried too far (tetrasubstituted olefins are not 

too reactive), and that the reaction probably involves a solvolysis 

step. 

The selenium dioxide oxidation of terminal olefins usually 

gives rise to rearranged products and the product containing a terminal 

double bond is usually the minor one. Thus, 1-hexene 21 yields hex-2-

16 
en-l-yl acetate 22 as the major product. There are exceptions. For 

example, Mousseron*"^ reports that methylenecyclohexane 23 yields the 

endocyclic acetate 24 as the major product. 

SeO„ 
ch3-ch5ch-ch^ch=ch2 

21 

HOAc 
Ac^O 

CH3-CH-CH-CH=CH-CH 2OAc 

22 

23 

SeO, 

HOAc 
Ac20 

24 

SeO, 

27 



Oxidation of -pinene 25 by selenium dioxide resulted in a 

mixture of 1-myrtenal 8, d-pinocarvone 26, and d-pinocarvol 27. The 

22 23 
initial product assignment of Stallcup and Hawkins ' " was wrong and 

24 21 
has since been corrected by Schmidt, as interpreted by Simonsen. 

Again, no oxidation occurs at the bridgehead position, but the isola

tion of 8 indicates allylic rearrangement. 

Camphene 28 is an interesting case, because it cannot undergo 

a normal allylic oxidation, since its only allylic hydrogen is at a 

25 
bridgehead position. Oxidation in acetic anhydride yields 29, which 

probably arises from attack at the double bond, followed by hydrolysis, 

26 
and 30, which can be formed from dehydration of the tertiary alcohol. 

27 
Dione 31 is also isolated. It is possibly formed by a Wagner-

Meerwein rearrangement of a developing carbonium ion from dehydration 

of 29, followed by hydrolysis to the alcohol, which is oxidized to the 

28 
ketone and further to the dione. 

Ct Ct* CL,* 
Ac20 CH20H 

28 29 30 31 

In some olefins, where there are a variety of equal allylic 

positions open for oxidation, a mixture of products is obtained. Thus, 

Guillemonat^ reported three acetates, 33, 34, and 35, from the oxida

tion of 4-methylcyclohexene 32. 



32 

SeO„ 

HOAc 
Ac2° 

+ 
6"*- xr 

33 34 35 

Although no exact quantitative work was done, Guillemonat re-

17 
ported less acetate 33 than 34, and still less of 35. Mousseron 

32 
oxidized 32 and found no 35 and more 33 than 34, Mousseron also 

prepared (+) 32 optically active from reduction of (+)-3-methylcyclo-

hexanone 36 and subsequent dehydration of the (-)-3-methylcyclohexanol 

37. Oxidation of (+) 32 in acetic anhydride- acetic acid to the major 
/V ^ 

product, active allylic acetate 33, followed by saponification, reduc

tion of the double bond and oxidation, gave (-) 36 with about 85% re

tention of asymmetry. 
17 

(+)36 

( — ) 3 6 

(->37 

1)**0H 
2) H2/Pt 
3) CrO_ 

H2S04 

(->33 

(+)32 

SeO„ 

HOAc 
Ac2° 

Since Mousseron reported the above work in 1952, two other 

sources of data have cast serious doubt on his results. Nelson and 

Trachtenberg^ have reported that the oxidation of (+)-carvomenthene 
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3 with selenium dioxide in acetic acid gave 38, which was essentially 
A/ 

racemic. 

Se02 Ac 

hoac ^ 

X 
(+U. (±>25 

29 
Also, Suga and coworkers report that the oxidation of (+)-3-

menthene 39 in acetic acid gives only allylic acetate 40, which was 

completely racemic. 

Se02 

HOAc 

(+)39 (±)40 /V 

It was a major objective of this study to re-investigate Mous-

seron's oxidation of (+)-4-methylcyclohexene 32. The results are re

ported and discussed in the next section. 

Although racemization apparently occurs in a good ionizing 

12 
solvent, such as acetic acid, Wiberg and Nielsen have shown racemi

zation is not complete if a solvent of low ionizing power is employed. 

They have obtained (+)-carvotanacetone 4 with 44-507» retention of asym-

metry from the oxidation of (+)-carvomenthene 3 with selenium dioxide 



in aqueous ethanol. The only other product of the oxidation was phel-

landral 5. No piperitone 41 was detected. 
A* 

CHO 

SeO„ 

EtOH 
H2° 

(+)3 (+)* 41 

The authors explain their stereochemical results as a combina

tion of SN2 and SN2' solvolysis of an allylselenious acid intermediate 

42, which probably arises by electrophilic attack on the double bond 
/*V 

by selenious acid, followed by beta elimination of a proton from the 

tertiary carbonium ion 43. 

<->3 

Se00H 
& j»- -H 

43 42 

A -H 
SN21 

/Se02H + 
O" 1 -H 

SN2 

overall 
retention 

»R overall 
inversion 
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Since 507o of the ketone obtained by Wiberg and Nielsen is race-

mized, and net retention is observed, an SN21 reaction must be the main 

solvolytic path for decomposition of 42. From a consideration of 

models, it is apparent that a solvent molecule may approach 42 at C-6. 

Nelson and Trachtenberg^ have performed the above experiment 

on (+)3 using aqueous dioxane as the solvent. Their stereochemical re-

suits are in agreement with those of Wiberg and Nielsen, although they 

report more racemization of the product, 4. They also report that the 

amount of racemization is directly proportional to the water content of 

the solvent. There is also good evidence to support the theory that an 

allylic alcohol is a precursor to the ketone formed, since it is race-

30 
mized always to the same extent as the ketone. They have also found 

that the amount of ketone formed is directly proportional to the amount 

of selenium dioxide used. These data rule out a proposal by Schaefer 

and Horvath*"^ that the ketone may arise by alpha elimination of 44. 

H :B 
,-VO-Se-OH 

Nelson and Trachtenberg, however, disagree with Wiberg and . 

Nielsen on the structure of the proposed allylic intermediate. They 

favor the carbon to oxygen bonded species 44, because it should solvo-
•"V 

lyze easier. Wiberg and Nielsen favor the carbon to selenium bonded 



11 

species 42, because it explains the appearance of organoseleniura by-

products. 

One can feel fairly confident in proposing a carbonium ion me

chanism for the selenium dioxide oxidation of olefins, and studies by 

Schaefer and Horvath,^ Nelson and Trachtenberg,^ and other workers 

certainly bear out this possibility. 

Schaefer and Horvath'^ have shown that 1,3-diphenylpropene is 

oxidized at a faster rate if electron donating substituents are present 

in either of the phenyl groups. A deuterium isotope effect of 3.1 for 

removal of a benzylic hydrogen in this system has been measured, show

ing that a C-H bond is broken in the rate determining step. The oxi

dation was also not affected by the presence of radical chain inhibi

tors. The mechanism proposed involves a symmetrical allylic carbonium 

ion as shown below: 

C,HcCH0-CH=CH-C,Hc HSe0o+ C,H -CH—CH~CH-C,H_ . 
6 5 2  6 5  I  6  5  A  !  6  5  

\ t 
C6H5-CH=CH-CH-C6H5 *< R0H C6H5-CH=CH-CH-C6H5 

IR OSeOH 

30 
Nelson and Trachtenberg have found that the oxidation of sub

stituted o^-methylstyrenes has a Hammett J) of -2.34, indicating sig

nificant development of positive character at the phenyl bearing carbon 

atom. They have also eliminated a radical mechanism by showing that 

30 
acrylonitrile is not polymerized under the reaction conditions. 
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17 16 
Studies by Mousseron and Guillemonat also reveal that the 

reaction has carbonium ion character, since they find that oxidation of 

1-phenylcyclohexene occurs only at C-6 and not at C-3, where the most 

stable resonance stabilized carbonium ion should develop. The first 

step, then, seems to be more important, since oxidation at C-6 results 

from addition of selenium dioxide, its conjugate acid, I^SeC^, or some 

hydrated form of these across the double bond, to develop the stable 

benzyl carbonium ion intermediate. 

Schaefer and Horvath^ have also shorn that the olefin oxida

tion is faster in acetic acid than most common solvents, and still 

faster in dichloroacetic acid. 

31 
Olson has studied the oxidation of ethylene with selenium 

dioxide in acetic acid at 100-125° and 50 psi of ethylene. Compounds 

45, 46, and 47 were isolated. When a mineral acid such as hydrochloric 

or perchloric was added, the yield of 45^ was increased sixfold, but 

without acetic acid present, there was no reaction. When sodium ace

tate was added, only 46 and 47 were obtained. 

C2H4 + HOAc + Se02 AcO-CH2-CH2-OAc + (AcO-CH2-CH2) 2Se 

45 46 

+ (AcO-CH2CH2)2Se2 

47 

The increased rate on addition of strong acid is consistent 

with Schaefer and Horvath's mechanism in which selenium dioxide is con

verted to its conjugate acid, which is the reacting species. Olson 



concludes from his study that the reaction is specific acid catalyzed 

by acetic acid and that acetates are not formed from esterification of 

alcohols, but are primary reaction products. 

33 
Waters and co-workers suggested that due to a similarity in 

selectivity with reagents such as N-bromosuccinimide (NBS), the sele

nium dioxide oxidation of olefins involved hydrogen atom abstraction. 

Since oC-pinene 6 is not oxidized at C-3 with selenium dioxide as it is 

with NBS, one must question this view. 

34 
Naudet and co-workers, in a recent study of the oxidation of 

oleic acid 48 with selenium dioxide in both carbon tetrachloride and 

acetic acid-acetic anhydride solvents, have proposed a mechanism in

volving a TT-complex 49 between selenium dioxide and two moles of 48. 

They obtained a host of products where oxidation had occurred at both 

original vinylic and both original allylic positions. Yields were usu

ally higher in carbon tetrachloride solvent. 

ch„(ch,)7 h h (ch„)7ch 
ch3(CH2).7 ^ 

'x:H=CH SeO, H-CO tr*X)-Se-CC if T^C-H 
^XCH ) CH WJ l^CH 

ch3(CH2)̂  nH k  ^(CH2)6CH3 

48 49 

Products —< 

There are many examples of olefin oxidations by selenium diox

ide that are not included in the above discussion, but a complete, up-

to-date survey of this field may be found through a combination of ref

erences 3, 4, 5, 29, and 35. 
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The oxidation of alcohols to aldehydes and ketones by selenium 

36 
dioxide has been studied by Mel'nikov and Rokitskaya. They investi

gated a series of saturated, low molecular weight alcohols and proposed 

that at low temperatures an alkyl acid selenite 50 is formed, and that 

at higher temperatures 50 can react with more alcohol to form a dialkyl 

selenite 51- which decomposes at higher temperatures to the aldehyde or 

ketone, selenium, and water. 

RCH20H + Se02 RCH20-!e-0H QH»» RCH20-!e-0CH2R 

50 51 

Se + H20 + 2 RCHO -« 1 

The alkyl acid selenites can be obtained as crystalline solids 

from methanol^'^ or ethanol"^'^ solutions of selenium dioxide by de

hydration with calcium chloride in a dessicator. They are decomposed 

by water to the alcohol and selenious acid. The lower dialkyl selenites 

4 40,41 
may be distilled at reduced pressure without decomposition. ' 

The yields of these oxidation products were always low and 

temperatures of 300° or more were needed to obtain any oxidation at 

37 
all. Riley and co-workers report 40-507o conversions of benzyl alco

hol to benzaldehyde with selenium dioxide at the reflux temperature of 

the alcohol. No traces of benzoic acid could be detected. Allylic al

cohols also show a tendency to be oxidized in fairly good yields to the 

aldehyde by selenium dioxide. Thus, oC-methylallyl alcohol has been 

oxidized to oC -methylacrolein in 62% yield^ and ^-methylallyl alcohol 

43 
oxidized to crotonaldehyde in 607» yield. 



*5 

The selenium dioxide oxidation of the series of 2-, 3- and 

44 
4-hydroxymethyl pyridines has been investigated by Jerchel and Heck. 

They find that oxidation of either 2-(52) or 4-hydroxymethyl pyridine 

to their corresponding aldehydes takes place in nearly quantitative 

yield in refluxing dioxane or pyridine for two or three hours. The 

reaction may also be run neat, but higher temperatures are needed. 

3-Hydroxymethyl pyridine is only oxidized without solvent and, then, 

only in low yields. They suggest that the benzylic hydrogen is much 

more activated in the 2 and 4 positions due to resonance stabilization, 

and this allows oxidation to take place under milder conditions and in 

better yields. The authors propose either an alkyl acid selenite or 

dialkylselenite as the oxidation intermediate, since the oxidation goes 

equally well with 0.5 mole or 1.0 mole of selenium dioxide per mole of 

alcohol. Usually the aldehyde was the only product, but without sol

vent and at high temperatures, pyridine carboxylic acids were obtained. 

Ol OL ^•^ch2oh 907o ^\CH0 

52 

Se + H20 

The reaction of amines with selenium dioxide was first investi-

45 gated by Hinsberg in 1889. He found that o-phenylenediamine reacted 

with selenium dioxide to give a compound, called a piaselenol. Struc

ture 53 has been proposed for this compound. A series of these types 

46 47 
of compounds was investigated, Hinsberg also isolated a compound 
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with structure 54 from reaction of 1,8-diaminonapthalene with selenium 

dioxide. 

0> 
53 

Heterocyclic amines having a tertiary nitrogen atom, such as 

pyridine or quinoline, may be refluxed with selenium dioxide without 

4 change. However, the -N=CH- group in these compounds is comparable in 

activating ability to the carbonyl group.Thus, 2 -  and 4-picoline 

48 
are easily oxidized to the corresponding aldehydes and acids. Also, 

the hydroxymethyl pyridines, as discussed above, serve as good exam

ples. Hydroxy groups allylic to an imine function are oxidized to the 

4< 
ketone readily. For example, hydroquinine is oxidized to hydroquinone. 

Selenious acid combines with aliphatic and aromatic amines at 

low temperatures to form crystalline, substituted ammonium 

38 39 50 
salts. ' ' Alkyl ammonium selenites result when alcoholic solu-

54 
tions of selenium dioxide are added to amines. With increasing tem

peratures, both aliphatic and aromatic amines are oxidized rapidly to 

yield resinous or tarry products. The reaction between most amines and 

selenium dioxide is highly exothermic and usually proceeds with explo-

4 38 
sive violence. Riley showed that aniline reacted with an equimolar 

amount of selenium dioxide in methanol, to give a white crystalline sub 

stance, C^H^O^NSe, M.P. 56°, that slowly decomposed to a dark violet 

54 
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50 39 
substance, with a faint odor of nitrobenzene. Chabrie and Hinsberg 

52 53 
also noted similar results. Morino and Toninelli ' found that 

piperidine reacted with selenium dioxide in benzene to yield a com

pound, Cj-H^NHSeC^. 

_ 55 
In a recent paper, Paetzold and Roensch have treated di-

methylamine with selenium dioxide in equimolar amounts to give a 

compound to which they assign structure 55 on the basis of its infra

red spectrum. Dimethylammonium diselenite 56 was also isolated from 

the reaction mixture. 

CH_ lf\ //V /CH* 
3V+ -Jke-O-Se - -jSj 3 "^JH-Se-NH 

CH H // \ H \H, CH; N:H 
3 V v 

55 56 

The selenium dioxide-catalyzed hydrogen peroxide oxidation of 

ketones was discovered by Payne and Smith^ in 1957. The reaction in

volves a migration of an alkyl or aryl substituent, which is °t to a 

ketone carbonyl group, to the other available «< position, with sub

sequent oxidation of the carbonyl group to a carboxylic acid. For ex

ample, cyclopentanone 57 is oxidized to cyclobutanecarboxylic acid 58. 

/V n707 < > COOH (237=.) 

Se02 
t-BuOH 

57 58 
/V  ̂
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The reaction was carried out in tertiary-butyl alcohol for two 

hours at 80° using equimolar quantities of ketone and hydrogen perox

ide. Selenium dioxide was only present in about 2 mole percent. 

57*62 
Sonoda and Tsutsumi have oxidized many ketones by the 

method of Payne and Smith in an attempt to elucidate the mechanism of 

64 
this novel reaction. Their results have been summarized by White, 

and a few examples are shown below. 

1, 
H2°2 

CH -C-CH -CI » C1-CH,CH„-C00H + 
3 2 Se0o 2 2 

Major 

A, CH3-C-CH2CH2-COOH 1*~ HOOC-CH2CH2CH2-COOH 

Maj or 

.hJ-« C,H,-C-CH, 
6 5 J 

C^-CH -C00H 
6 5 2 

CH -CH-C00H t 

+ H00C-CH-CH2-C00H t 
+ C-HpCOOH 

6 5 

Since selenium dioxide does not promote this rearrangement di-

57 
rectly, Sonoda and Tsutsumi have suggested that peroxyselenious acid 

or some other higher oxidized state of selenious acid attacks the car-

bonyl group in the same manner as selenious acid. The resulting inter

mediate rearranges to their proposed intermediate 59, which decomposes 

as shown to the rearranged carboxylic acid 60. 

H 
R HQ + 

-H 
+ 

Ho-S-ctr 
R 

R< 

59 60 
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64 
White has followed up the work of Sonoda and Tsutsumi with an 

investigation of the hydrogen peroxide-selenium dioxide oxidation of 

desoxybenzoin to diphenylacetic acid. Yields as high as 687o (based on 

unrecovered desoxybenzoin) were obtained along with small amounts of 

benzyl benzoate and its hydrolysis products, when 0.1 mole of ketone, 

0.2 mole of peroxide, 0.03 mole of selenium dioxide and 0.1 mole of 

sodium acetate were refluxed in 807o acetic acid for three hours. Ob

viously the Baeyer-Villiger oxidation is a competing reaction here. 

When aliphatic ketones were oxidized by his method, White only reported 

the isolation of tarry products. White also has shown that the reac

tion is not affected by selenic acid or a combination of selenic acid 

and hydrogen peroxide. 

and that it may proceed through an enol selenite ester 61, as does the 

normal selenium dioxide oxidation of ketones. He proposes the follow

ing mechanism for the reaction. 

White concludes that the reaction is catalyzed by acetate ion, 

I + 

61 

61 

62 



e02H SeO 

ar-8-ch-ar OH 

fl AR 

HSeO + HO-C-CH^ 
J AR 



RESULTS AND DISCUSSION 

II 29 
The work of both Nelson and Trachtenberg and Suga et al., 

outlined in the Introduction, casts serious doubt on the results of 

Mousseron,^ who oxidized (+)-4-methylcyclohexene 32 with selenium 

dioxide in acetic acid-acetic anhydride to an allylic acetate with 85% 

net retention of configuration. Since the other workers find com

pletely racemic products with similar optically active substrates in 

this same solvent, the work of Mousseron was reinvestigated. 

25 
Optically active (+)-3-methylcyclohexanone 36 (° ĵj + 13.6°) 

was prepared by an acid-catalyzed reverse aldol condensation of pule-

gone 63. The purification of (+36) was effected through its sodium 

bisulfite adduct 64. Reduction of the active ketone with lithium alum-

inum hydride gave optically active (-)-3-methylcyclohexanol 37, which 

acetylated to the optically active (-)-3~methylcyclohexyl acetate 65, 

which was pyrolyzed at 450° to give a mixture of (+)-4-methylcyclo-

hexene 32(60%) and (+)-3-methylcyclohexene 18(407»). The optical rota-

tion of this olefin mixture was + 109°, essentially the exact value 

reported by Mousseron^ for the (+)-4-methylcyclohexene that he pre

pared . 

The olefin isomers 18 and 32 were not separated by vapor phase 
/N/ 

chromatography (VPC), even when several columns were tried. The olefin 

mixture was oxidized with peracetic acid to a mixture of epoxides 66 

and 67, which were reduced with hydride and oxidized to a mixture of 

2-, 3-, and 4-methylcyclohexanones. The isomer ratio of 18 and 32 was 

21 
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H 

63 (+)36 

NaHSO, 
OH 

Na2C03 

S03Na 

64 (+)36 

450c 

Ac20 

Ac 

LiAlH, 

H 

(+)32 (+)18 (-)65 (~)37 

18 CH3C03" 66 
CCl. 

DLiAlH^ 

2)CrO 69 68 

32 67 36 
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determined from the nuclear magnetic resonance (NMR) spectrum of the 

epoxide mixture by a comparison of the signals due to the two different 

methyl peaks. 

Since oxidation of 18 by selenium dioxide in acetic acid does 

not occur at the 3 or 5 positions, the use of the product mixture 

of 18 and 32 in this study was justified, due to the fact that one 

would be looking mainly at the products of oxidation at the 3 and 5 

positions, which should come from the oxidation of 32, as has been pre-

1 4- ^ 16»17 viously reported. 

Selenium dioxide oxidation of this olefin mixture in acetic 

acid-acetic anhydride by the method of Mousseron led to a mixture of 

acetates, recovered in 20% yields from steam distillation of the reac

tion mixture. Toluene, methylcyclohexane and starting material were 

also isolated. The acetates were hydrogenolyzed over platinum oxide, 

reduced with hydride to the corresponding alcohols, which were oxidized 

with potassium dichromate to a mixture of 2-, 3-, and 4-methylcyclohex-

anones. The ketones were separated by VPC, and their optical rotations 

measured in chloroform at 25°. The 4-methyl compound 68 was inactive, 

as expected, due to its plane of symmetry. The 3-methyl compound 36^ 

was essentially racemic and the 2-methyl compound 69 had a rotation of 

- 14.6°, and thus was nearly 1007o optically pure. 

6+ fh SeO Mixture of allylic 1)PtCb/H9 

UJ iru'Ui.:1"*01" 
32 18 2 3)K2Cr207 



69 , M„ = -14.7* 

*d 
36 
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, |W| = 0- 68, [•<.]„ = 0' 

After refluxing the active 69 in acetic acid for one hour, it 

was recovered and found to be completely racemic, as expected, due to 

loss of its optical activity through destruction of the asymmetric 

center by enolization as shown below. 

H+ VP 

(-)69 <->§9 

It is probable that the optical activity reported by Mousseron 

came from (-)69, which arose from the oxidation of (+)18 present as an 

impurity in his olefin. Also, 69 can result from oxidation of (+)32 as 

has been reported by Guilleraonat.^ 

The fact that 36, isolated from the reaction mixture, was race-

mic, indicates that oxidation occurred equally at the 3 and 5 positions 

in 32. Compounds 68 and 69 were also present in equal amounts of 35%, 

while 36 was only 307. of the mixture. Taking into account that 20% of 

each 68 and 69 comes from oxidation of 18 and 15% of each 6-8 and 6 9  

comes from oxidation of 32, it appears that oxidation at the 2, 3, 4, 

and 5 positions is nearly statistical. It will be shorn later that 

is the case when pure 32 is oxidized with selenium dioxide. 



25 

The results agree with those found by Nelson and Trachtenberg*^ 

29 
and Suga et al., and indicate that a symmetrical allylic carbonium 

ion is generated during the reaction. From the data obtained, one 

might suggest a mechanism, similar to that proposed by Wiberg and Niel-

12 
sen, involving a carbonium ion which arises from electrophilic attack 

by the selenium species, HSeO^, at either vinylic position, followed by 

elimination, rearrangement, and solvolysis. This mechanism would allow 

oxidation to occur at the two original allylic and two original vinylic 

positions. The mechanistic scheme is outlined below. 

SeO 

•SeO„H 
+ 2 

eO„H 

70 -HSeO 

HOAc 

OAc Ac 

HOAc 

N. 

eOoH 

-H+ 

3e02H 

71 | -HSeO, 

1 ^ 

H0Ac\ I HOAC ̂  

+ f I] 
)Ac 

12 
In view of the results of Wiberg and Nielsen and Nelson and 

Trachtenberg,^ where net inversion of product was obtained from oxida

tion of (+)-carvomenthene 3 in more nucleophilic (low ionizing) solvents 

such as aqueous ethanol and aqueous dioxane, the above oxidation of the 
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optically active olefin mixture of 18 and 32 with selenium dioxide was 

repeated, using pure n-butanol as the solvent. 

A sample of the active olefin mixture ( = + 109°) was dis

solved in a solution of an equimolar amount of selenium dioxide in 

pure n-butanol and refluxed tor a period of 24-36 hours. The products 

of oxidation were recovered by removing the butanol by distillation and 

directly distilling the residue at reduced pressure. Organoselenium 

impurities were removed by refluxing the crude reaction products over 

Raney nickel. Yields of the products, which were mixtures of allylic 

ethers, allylic alcohols, and ^^-unsaturated ketones, were 15-20%. 

The allylic products were hydrogenolyzed over platinum oxide, and the 

resulting products were identified by VPC to be a mixture of saturated 

butoxymethylcyclohexanes(757o), methylcyclohexanols(157o) and methyl-

cyclohexanones(107o). VPC retention times of 2-methyl-(72), 3-methyl-

(73), and 4-methylbutoxycyclohexane(74) were identical with those of 

authenic samples, prepared by treating n-butyl bromide with the sodium 

salts of the corresponding alcohols. 

6 
32 

The Williamson synthesis products were formed *"907,, as the fav

ored geometrical isomer (based on the isomer ratio of the starting al

cohol) in every case; on the other hand, the ethers from the selenium 

1)Se02, n-BuOH, l^0Bu 
120°, 24 hrs. f J + 

2)Ho/Pt0o iuXX 2 2 \X̂ X)BU N̂/̂ OBU 

72 73 74 
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dioxide oxidation were formed -^25% as the favored geometrical isomer in 

every case. The results are summarized below. 

trans-72 

Williamson synthesis 
Se(>2 oxidation 

~907o 
~257„ 

cis-72 
/-w 

~107. 
~757„ 

trans-73 

Williamson synthesis 
SeO^ oxidation 

BuO 

trans-74 

Williamson synthesis 
Se02 oxidation 

'107o 
'7 57o 

~907= 
~ 2 5 %  

cis-73 

—907= 
~257o 

cis-74 

—10% 
~757„ 

From the data above, one can postulate that an attacking nucleo-

phile, in this case n-butanol, in the solvolysis step is mainly forced 

to attack the oxidation site from the least hindered side of the mole

cule in an SN2 manner to form the less stable epimer as illustrated 

below. 
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V Se02H 

ch; 

lAl 

.JNi ch 

h 

OBu 

The oxidation mixture containing the ethers, alcohols, and ke

tones was reacted with boron trifluoride and acetic anhydride to cleave 

the ethers and yield the corresponding acetates, which were reduced to 

a mixture of alcohols with lithium aluminum hydride. When the alcohol 

mixture was oxidized with dichromate, a mixture of 2-, 3-, and 4-methyl-

cyclohexanones was obtained. The ketones were separated by VPC and 

their optical rotations measured in chloroform at 25°. The isomers 

were present in the same ratio as in the oxidation in acetic acid-

acetic anhydride. Again, the optical activity resided only in the 2-

methyl compound 69. The 3-methyl compound 36 as well as the 4-methyl 

compound 68 were completely inactive. 

Although the results above do not agree with those of Wiberg 

and Nielsen or Nelson and Trachtenberg, due to the fact that the 3-

methyl compound 36 is racemic, one must note that the above workers 

used a substrate that may have been sterically hindered at one of the ' 

available oxidation sites by the methyl group, thereby causing more at

tack of the solvent at one position than the other. Therefore, net 

optical activity resulted, even though the products were always race-

mized to a great extent. 
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To check on the statistical ratio of the products formed, the 

above oxidation was carried out in n-butanol on a sample of pure, but 

inactive, 4-methylcyclohexene 32, which was prepared in 100% purity by 

pyrolyzing 4-methylcyclohexyl acetate 76 obtained from acetylation of 

the corresponding alcohol 75. 

75 76 (+)32 

This olefin was oxidized by peracetic acid to the epoxide, 

which was reduced with hydride to two alcohols. The alcohols were oxi

dized to the ketones, which were identified as 36 (35%) and 68 (65%). 

Therefore, none of the isomers of this olefin were present. 

The saturated butoxymethylcyclohexanes isolated from the oxida

tion of pure 32 with selenium dioxide were present in the same 

cis/trans ratios as those isolated above. When the ethers were 

cleaved, the acetates reduced and the alcohols oxidized, a mixture of 

69 (277o), 36 (437o), and 68 (307.) was obtained. This ratio of ketones 
/v A/ 

is close to a statistical distribution, which would result from equal 

oxidation at the 2, 3, 4, and 5 positions. These data also show that 

69 and 68 may arise from oxidation of 32 only. Furthermore, the start-

ing material recovered from this oxidation was not isomerized to JL8 or 

1-methylc.yclohexene, so the products must have been formed from direct 

oxidation of 32. Also, no toluene or methylcyclohexane was isolated. 
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from the oxidations run in n-butanol, indicating that disproportiona-

tion did not occur in this solvent as it did in acetic acid-acetic an

hydride. 

From the data compiled from the above oxidations, one can say 

that selenium dioxide can oxidize olefins at both vinylic and allylic 

positions. If these positions are equally substituted with alkyl 

groups, and steric hindrance is not a factor, then a nearly statistical 

array of the possible products may result. Since there is more 68 

(307») formed than 69 {21%), one could say that the 2 position is 

slightly hindered by the nearness of the methyl group. The racemic 36 

indicates that substitution is equal at the 3 and 5 positions, which 

have the same spatial environments. 

The stereochemical consequence of the above oxidations is quite 

interesting and certainly leads to some revealing conclusions about the 

mechanism. The fact that the least thermodynamically stable ether is 

formed as the major product indicates a bimolecular solvolysis that in

volves axial attack. If the oxidation involved total SN1 solvolysis, 

and a free allylic carbonium ion were generated, one would expect the 

major product to be the most thermodynamically stable epimer. One may 

suggest that the two proposed intermediates 70 and 71 are solvolyzed 

through transition states 77 and 78. 

Not much work has appeared in the literature on the stereochem

istry of the selenium dioxide oxidation of olefins. However, Suga et 

29 al. have reported that in acetate 40, formed in the oxidation of d-

menthene, the acetoxy group was trans with respect to the methyl group. 



/°< H ^Bu 

77 

± 
31 

•h2o 

-SeO" 

75% cis 75% cis 

HO OH 

N)Bu Bu(J 

75% trans 

This fact agrees with the data on 3-butoxymethylcyclohexane 73 isolated 

30 
from the-selenium dioxide oxidation of 32 in n-butanol. Nelson re-

ports that allylic alcohol 79 is cis with respect to the isopropyl 

group. 

OH 

•'OAc ,-OBu 

*0' 

40 73 79 

On- the basis of mechanisms involving electrophilic addition to 

the double bond, one certainly expects axial attack, but this may occur 

5 
on either side of the double bond. In the cases cited above one does 
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not know whether the stereochemical result is a function of selenium 

dioxide oxidation or whether it merely reflects the ability of the sys

tem to equilibrate. 

65 7 
Fieser has found that A -cholestanyl acetate 81 gives only 

a single allylic acetate, which is completely axial and therefore 

thermodynamically less stable than its epimer. On the other hand, the 

transition state leading to an axial acetate, if it involved an SN1 

process, would be favored since it would be better stabilized by the 

adjacent olefin 80. Unfortunately, many olefins in the steroid series 

give ambiguous results, and this limits the importance of the example 

given here. 

AcO 

SeO„ 

HOAc 

DAc 

80 81 

In the system under investigation, the methyl group should pre

fer to be equatorial, and in all mechanisms considered, one would ex

pect predominant axial approach of selenium dioxide to the double bond. 

Inspection of Dreiding models indicates that axial approach to position 

3 or 5 from the side cis to the methyl is favored over attack from the 

trans side, because the former involves one less 1,3-diaxial interac

tion. Therefore, the cis-1,3-allyl selenious acid should predominate. 

Solvolysis of this acid intermediate by solvent through transition 
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state 78 should result in a predominance of trans-1,3-butoxymethyl-

cyclohexene. This is observed. 

Transition states such as 77 and 78 for the solvolysis of 

66 
allylic systems have been proposed before and are generally accepted. 

For example, (+)-3-chloro-5-methylcyclohexene 82 is solvolyzed in ace

tic acid to the racemic acetate 33, through proposed transition state 

83.*^ Acetate 33 was present 957o as the trans epimer. When the solv-

olysis of the same chloride was run in aqueous ethanol, the isolated 

ether was highly racemized and was 857» trans. 

HOAc 

(+)82 

83 

4= 
X)Ac 

(±)33 

No intermediates were isolated from the selenium dioxide oxida

tion of 32 in n-butanol or acetic acid-acetic anhydride, but a number 

71-73 
of workers have isolated selenium-containing intermediates from 

selenium dioxide reactions. They were identified as selenides, disele-

nides, and alkyl selenious acids and decomposed to the normal oxidation 

products when subjected to solvolysis or pyrolysis. 

12 
Wiberg and Nielsen have proposed two other intermediates, 84 

and 85, in addition to their proposed allyl selenious acid intermediate, 
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due to a study they made on cyclohexene labelled at the double bond. 

Although the intermediate was not actually identified, it was shown to 

contain oxygen by elemental analysis and an acetoxy group by infrared 

(IR) and NMR spectra. 

OAc 0 OAc 

84 

•k OAc j. * 
OAc Cfxu — • Cf + Se 

85 

Pyrolysis of 84 or 85 would give the acetate with the correct 

13 C distribution. Intermediate 84 could be formed by acetate addition /s> •* 

to the initial addition product of the olefin with selenious acid. The 

authors favor 84, since only acetate is formed when water is present. 

13 
From the C distribution in the product, the authors state that the 

acetate must have been introduced at one of the two olefinic positions 

90% of the time. From the results of this work, the olefinic carbon 

substitution should have been more on the order of 507o. 

The above data indicate that the products that arise from solv-

olysis of the selenious acid intermediate 42, and those that arise from 

pyrolysis of such intermediates as 84 or 85, may be the same but are 

formed differently. On the other hand, the products from the oxidation 
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of 32 in n-butanol -were obtained by direct distillation at reduced 

pressure. This could have involved pyrolysis, but the isomer ratio of 

these products was the same as that of the products obtained by steam 

distillation of the reaction mixture. 

It is the feeling of this author that the allyl selenious acid 

12 
intermediates, such as 70 and 71, proposed by Wiberg and Nielsen, are 

/N«» /V 
correct. The intermediate is then solvolyzed either in an SN1, SN2, or 

SN2' manner, depending on the ionizing power of the solvent and the 

nature of the particular transition state. Another possibility is that 

a symmetrical transition state develops from attack of 70 or 71. by 

solvent and gives rise to racemic products, equal oxidation at all 

available positions and axial attack. The data reported here are in 

full agreement with the latter mechanistic possibility. 

In conclusion, the results discussed in this section, combined 

with those in the literature, allow one to establish a mechanism for 

the selenium dioxide oxidation of olefins which is consistent with the 

following set of rules, as illustrated with 1-methylcyclohexene. 

a. There is an electrophilic attack on the double bond of the 

olefin by selenium dioxide or selenious acid to form the alkyl seleni

ous acid and generate mainly the most stable carbonium ion. 

0 

Major Minor 
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b. |3 -Elimination of a proton from all possible positions fol

lows, to give the allyl selenious acids; those with endocyclic double 

bonds should predominate. 

e-OH 

e-OH 

e-OH 

Major 
6* 
Minor 

e-OH 

e-OH 

c. Solvolysis of these allyl selenious acids through a three-

center transition state can give rise to two products for each acid. 

The products will be dependent on the solvent, but alcohols will be 

formed from solvolysis by water present or generated during the reac

tion. Alcohols may be further oxidized to ketones or aldehydes. 

HO OH 

H 0^ ^OH 

\ 

+ 

D 
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d. Transition states involving two secondary carbon atoms are 

most favorable. The following order is proposed from literature ex

amples! 2°2° » 2°1° > 1°1°» 2°3° > 1°3° » 3°3°. Thus, A and B should 

predominate, small amounts of C and D may form, and hardly a trace of 

E or F should be found. Attack of the solvent at either one of two 

carbon atoms in the transition state will follow the order 2°> 1°>3°. 

If the two carbon atoms have equal alkyl substitution, then steric fac

tors and reaction media will determine which of the two products will 

predominate. 

e. Tertiary alcohols will dehydrate to dienes, which may, if 

possible, aromatize. 

f. The stereochemistry of the solvolysis step will depend on 

the solvent and the stereochemistry of the substrate. 

A combination of the above rules and those of Guillemonat, 

stated in the Introduction, should allow one to predict successfully 

the major products of the oxidation of most olefins by selenium diox

ide. It must be noted that there are cases where many of these rules 

fail to predict the right products. 

The oxidation of benzyl alcohol with selenium dioxide gave 

benzaldehyde as the only product. No benzoic acid was formed in any 
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of the experimental oxidations. The highest yield (84% based on benzyl 

alcohol used) was obtained when one mole of benzyl alcohol was heated 

up to 150° for twenty-four hours in 1,2-bis-dimethoxyethoxyethane 

(triglyme) containing 0.5 mole of selenium dioxide. Oxidation in other 

solvents, such as dioxane, pyridine, and acetic acid, gave much lower 

37 
yields. Riley reported 100% conversions of benzyl alcohol to benz-

aldehyde, but his yields were based only on unreacted alcohol, and 

product yields were never really more than 507... Iti our oxidations, no 

benzyl alcohol was recovered. 

Oxidations of p-nitrobenzyl alcohol, cinnamyl alcohol, and 

benzhydrol by the method used for benzyl alcohol, resulted in good 

product yields. A summary of these oxidations is included in Table I. 

triglyme 

TABLE I 

ALCOHOL OXIDATIONS WITH SELENIUM DIOXIDE 

Alcohol Product Yield 

C,HcCH.0H 
6 5 2 

C£HcCH0 
6 5 

84% 

C,HcCH=CH-CHo0H 
6  5  i .  

68 

p-NO -C H CH OH 
2 6 5 2 

p-N0o-Cz!HcCH0 
2 6 5 

81 

C,HcCH0HC,Hc 6 5 6 5 
C-Hj-COC-H. 
6 5 6 5 

95 
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One can propose that a reasonable mechanism of the oxidation of 

allyl and benzyl alcohols involves one mole of alcohol and one mole of 

selenium dioxide. The intermediate is probably the monobenzyl or allyl 

acid selenite 86, which breaks up on heating to the carbonyl compound, 

selenium monoxide, and water. 

Se02 KB A fl 
AR-CH2OH AR-CH-O^Se^pH *- AR-C-H + SeO + H2<D 

86 

Selenium monoxide has been observed spectrally,^ but never 

isolated, and may disproportionate to selenium dioxide and selenium. 

2 SeO ' Se02 + Se 

If excess alcohol is present, it may then be oxidized by sele

nium monoxide. Although most alkyl acid selenites react with more 

alcohol at higher temperatures to form dialkyl selenites, it is postu-. 

lated here that allyl or benzyl acid selenites, with more acidic allyl 

and benzyl protons, are oxidized instead of forming diallyl or diben-

zyl selenites. However, this latter reaction may take place to a 

certain extent. 

The isolation of benzyl or allyl acid selenites has not been 

reported, and they were not isolated in this study. Although many 

alkyl acid selenites of the lower alcohols have been characterized, 

they have not been decomposed to give oxidation products directly. 
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Even though alcohols may be oxidized to the corresponding alde

hydes and ketones under milder conditions and in much better yields 

than with selenium dioxide, the latter reagent is especially useful for 

oxidizing primary alcohols to the aldehyde, without further oxidation 

to the carboxylic acid. Not many methods for doing this are known. 

In addition to the alcohol oxidation, it was of interest to 

this author to investigate the oxidation of .amines with selenium diox

ide, since they should react to form similar intermediates which might 

decompose also to form oxidation products. 

Since benzyl-type alcohols were oxidized in good yields, ben-

zylamine was investigated first. If the oxidation was similar to that 

of benzyl alcohol, one would predict that benzylamine should form a 

similar intermediate, the monobenzamide of selenious acid 87, which 1 /V 

might decompose to selenium monoxide, water, and the corresponding 

imine. The imine may be further oxidized to benzonitrile, which was 

the only expected product. 

When equimolar amounts of benzylamine and selenium dioxide were 

heated at 150° for eighteen hours in triglyme, approximately equal 

amounts of both benzonitrile and benzaldehyde were isolated in nearly 

quantitative (96%) yield. The selenium yield was 70%, and no starting 

material was recovered. No benzoic acid was detected. 

CH2NH2 CN CHO 

Se0l—A l  +  f f ) l  + Se + H„0 
triglyme ^ 
150° 

52% 48% 
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Upon further investigation of this oxidation, it was found that 

upon mixing the amine and selenium dioxide a white solid precipitate is 

formed. It was necessary to isolate this precipitate from ether solu

tion in a dry box, since it was hygroscopic and quickly decomposed in 

the atmosphere. Ether was used to effect quicker drying, because the 

solid slowly decomposed in the dry box. The solid had a melting point 

of 106-109°, and its elemental analysis agreed with the molecular for

mula C^HgNSeO^. Spectral data (NMR, IR) indicated that the compound 

was most probably the monobenzamide of selenious acid 87. The yield of 

87 was calculated as 90,47°. 

Chh-
B 

NH-Se-OH 

87 

When 87 was heated in triglyme, it slowly decomposed. At 120°, 

ammonia began to evolve from the reaction, black selenium metal began 

to precipitate, and the oxidation products began to reflux. The reac

tion mixture was heated at 150° for twelve more hours and worked up to 

give a 17% yield of a mixture of benzaldehyde (53%) and benzonitrile 

(47%). A 777o yield of black selenium was also obtained. 

Benzonitrile was an expected product of this oxidation, but the 

large amount of benzaldehyde obtained was certainly surprizing. This 

result would indicate that an imine, which was the primary oxidation 

product, was not only oxidized to the nitrile, but also equally hydro-

lyzed to the aldehyde by water generated during the decomposition of 
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87, since there was no water present at the start of the reaction. 

To test the above assumption, the benzylamine oxidation was run 

in 807° aqueous triglyme. The only product isolated was benzaldehyde; 

not a trace of benzonitrile was detected by VPC. Also, when the oxi

dation was carried out in extra dry triglyme, with molecular sieves 

present during the reaction, the oxidation products were benzonitrile 

(767») and benzaldehyde (247»). When the oxidation was run with more 

than an equimolar amount of selenium dioxide present, benzonitrile was 

always the major product. From the above data one can say that the 

postulated imine intermediate 88 is both oxidized and hydrolyzed during 

the reaction, and the oxidation products are dependent on water concen

tration and oxidant concentration. The proposed mechanism is shown 

below. 

87 

+ SeO |~C6H5-ch=NH~| 

A 

+ h H20 + k Se 
89 

% NH_ + % C,H CHO 
J u J 

A| SeO k Se + k SeO^ 
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The net stoichiometry for this reaction is then: 

4 C,H.CH„NH_ + 4 SeO„ 2 C,HcCHO + 2 C,HcCN + 4 Ho0 6 5 2 2 2 65 65 2 

+ 3 Se + Se02 + 2 NH3 

This mechanism accounts for the facts that when equimolar 

amounts of selenium dioxide and benzylamine react, benzaldehyde and 

benzonitrile are formed equally, that usually only 757» of the theoreti

cal amount of selenium is recovered, that ammonia is evolved, and that 

one observes product dependence on water and oxidant concentration. 

Although it was not proven that selenium monoxide is an inter

mediate in the above reaction mechanism, this species has been observed 

spectrally*^'^ and has been postulated as an intermediate in other 

selenium dioxide mechanisms by Olson"**" and Fisher.^ Also, intermedi

ate 89 is only postulated, and there is no proof of its actual exist

ence in the reaction sequence. It is possible that the dibenzamide of 

selenious acid 90 was formed during the reaction, and it could decom-/V 

pose as shown below: 

Air\ 
C,HcCHTNH-Se-NH7CH-C H b- C6H5CH=NH + Se + H20 
'6 5I^ Ah M 

H 4 0* H / "2° 
90 C£HCCH0 C,H(.CN 
~ 6 5 6 5 

However, this possibility is unlikely, because 87 decomposes 

as shown, when no excess selenium dioxide is present. 

Oxidation of other benzyl-type amines by the above method led 

to similar oxidation products. The results are summarized below. 



Overall yields of the product are shown in parentheses. 
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c,H.-^H-NH2 

CH„ 
6 5 C6H5-fi-CH3 

0 

(30%) 

C6H5-fH"C6H5 
nh2 

C6H5-f(-C6H5 
(77%) 

p-CH -C H -CH NH0 r 3 6 4 2 2 
p-CH -C.H.-CHO + p-CH -CtH.CN (97%) 

j OH J D H 

49% 51% 

C.H^-CH-NH-CH. 
6 5 2 3 

C,Hc-CH0 + C£HcCN 6 5 6 5 

86% 14% 

(56%) 

ch2nh2 cho 
-fc»- + 

41% 59% 

;n 
(71%) 

c,hc-ch„-nh-c h 
6 5 L 6 5 

c6h5-cho (52%) 

The oxidation of allylamine and crotylamine, as well as that of 

piperidine, cyclohexylamine, amylamine, butylamine, glycine, and ala

nine, gave addition compounds that decomposed with heating to give only 

tarry and resinous materials. Apparently amines, like alcohols, must 

possess activated protons e< to the nitrogen atom in order for the 

addition compound to decompose easily. Even though some allylic 
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alcohols are oxidized by selenium dioxide to aldehydes and ketones in 

good yields, this does not appear to be the case with allylic amines. 

It seems that the activating group for the amine oxidation must always 

be an aromatic nucleus. 

In order to determine more about the electronic nature of the 

selenium dioxide-catalyzed hydrogen peroxide oxidation of ketones, com

petition experiments between substituted desoxybenzoins and desoxyben-

zoin were carried out in 80% acetic acid buffered with sodium acetate. 

An equimolar amount of both ketones was allowed to react for thirty min

utes with limited amounts of hydrogen peroxide and selenium dioxide in 

refluxing solvent. The acid portion of the products was esterified 

with methanol and sulfuric acid, and the methyl ester ratio of the two 

diphenylacetic acids was measured by VPC. Oxidation of the desoxyben

zoins and the competition experiment results are summarized in Tables 

II and III. 

TABLE II 

COMPETITION OF THE DESOXYBENZOINS FOR SELENIUM 

DIOXIDE AND HYDROGEN PEROXIDE 

Ar'-CH2-.Q-Ar 

1 
Ar' Ar —r-.—s 7» Oxidation 

Ar Ar'CH-COOCH, 

(Ar)2CH-COOCH3~ 

p-CH3-C6H4 C6H5 1.44 67-75 

p-Cl-C.H. C.H, 0.80 77-80 
• 6 4 6 5 

C,H, p-CH0-C,H. 0.72 62-65 
6 5 3 6 4 

C6«5 p-Cl-C^ 0.91 72-76 
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TABLE III 

SELENIUM DIOXIDE-HYDROGEN PEROXIDE OXIDATION 

OF THE DESOXYBENZOINS 

(Ke tone) 

(H2°2> 

- 0.1 M 
- 0.2 M 

(Se02) - 0.03 M 
(NaOAc) - 0.1 M 

Substrate 
Time 
(hrs.) 

Product % Yield 

P-ch3-c6h4ch2-s-c6h5 

0 

3 p-CH„-C,H.-CHC00H r 3 6 4 | 

Vs 

56 

P-CH3-C6H4-g-CH2-C6H5 
3 II 48 

P-ci-c6h4-ch2-s-c6h5 

0 

3 P-C1-C6H4-CHC00H 

^6h5 

62 

P-C1-C6H4-ffCH2-C6H5 
0 

3 If 66 

C6H5-ffCH2-C6H5 
0 

3 (C6H5)2CH-C00H 48 

It is apparent from the above data that an electron donating 

group in the benzyl ring speeds up the oxidation relative to desoxy-

benzoin, while an electron withdrawing group in the benzyl ring slows 

it down. There seems to be no substituent effect from groups on the 

phenyl ring. Although the substituent effects are not large, the data 

suggest that a small positive charge is built up in the methylene group 

. during the reaction. 
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The possibility that the intermediate in this oxidation was a 

benzil or a benzoin was ruled out when both of these type compounds 

were treated under the reaction conditions and failed to yield the di

phenylacetic acid. 

When 3,5-dinitrobenzene, a radical chain inhibitor, was present 

during the oxidation of desoxybenzoin under the same reaction condi

tions, diphenylacetic acid was formed in the usual yield. Thus, one 

can eliminate the possibility of a radical chain mechanism. 

64 
It was also found, in agreement with White, that the presence 

of sodium acetate greatly increased the yield of diphenylacetic acid. 

Since benzyl benzoate and its hydrolysis products were also formed in 

small amounts, this author agrees with the proposal by Sonoda and Tsu-

tsumi"^ that perselenious acid is involved in this oxidation. A possi-

ble mechanism is shown below. 

Se02 + H202 t HO-O-ge-OH + ^0 

Ar H 

91 

The concerted mechanism shown above involves a seven-membered 

ring transition state 91. A five-membered ring transition state 92 is 

also possible. 



Ar H 
1^1 

HO-C-=C-Ar' 

<4 & 
f 

HO—Se=0 

92 

HO-C-CH 

Ar 

\ 'Ar1 
HO-^e-OH 

48 

The above mechanism accounts for the fact that a partial posi

tive charge could be built up on the methylene group, and that Baeyer-

Villiger products are formed, i.e., 

Ar 

Ar1 

\h 

HO—Se=0 

4= 

Ar-C—0-CH -Ar« 

b 
+ HO-Se-OH 

8 

Removal of the methylene proton may be facilitated by the pres

ence of a weak base and may be the reason why one gets much better 

yields of diphenylacetic acid and much smaller amounts of benzyl ben-

zoate and its hydrolysis products when sodium acetate is added to the 

reaction mixture. 

64 
It was previously reported by White that oxidation of ali

phatic ketones by his method resulted in the isolation of only tarry 

residues. In this study, cyclopentanone was oxidized by two equiva

lents of hydrogen peroxide and 2 mole % selenium dioxide in buffered 

acetic acid to cyclobutanecarboxylic acid 58 in 30% yields. When so

dium acetate was left out of the reaction mixture, lower yields 



resulted and a large amount of methyl- Y~hydroxyvalerate 9^3, a hydroly

sis product of the six-membered ring lactone, was obtained. The lac

tone must have arisen from a Baeyer-Villiger reaction. 

SeO 
-£>- < VCOOH + H0-CH_CH_CH_CH„C-0-CHr JL< 

H2°2 ^ ' 2 2 2 2 3 

807o HOAc 
58 93 

Apparently, acetic acid media are good solvents for this oxida

tion, since yields are higher in acetic acid than in alcohols. 

Stronger acids, such as formic or dichloroacetic, should be investi

gated as possible solvents. 

It was also found that phenylselenic acid will catalyze the hy

drogen peroxide oxidation of ketones, but that the yields are much 

lower than with selenium dioxide. 



EXPERIMENTAL 

1. General 

Melting points were determined in capillary tubes with cor

rected thermometers in a Mel-Temp commercial apparatus. 

Boiling points were uncorrected. Refractive indices were meas

ured with an Abbe refractometer. 

Optical rotations were determined in chloroform at 25° on an 

0. C. Rudolph and Sons, Inc. Model 80 Polarimeter with a sodium lamp 

light source. 

Nuclear magnetic resonance (NMR) spectra were taken on a Varian 

Model A-60 spectrometer. Tetramethylsilane was used as an external 

standard. Deuterochloroform was the solvent in all cases. 

Infrared (IR) spectra were recorded on a Perkin-Elmer Infracord 

spectrophotometer, calibrated with polystyrene. 

Ultraviolet (UV) spectra were obtained on a Cary Model 14M 

spectrophotometer. 

Microanalyses were performed by C. F. Geiger, Ontario, Calif

ornia. 

Vapor phase chromatography (VPC) was performed on a Model 609 F 

and M flame ionization chromatograph and on an Aerograph Model A-90 in

strument. Identification of compounds was accomplished by comparison 

of retention times with authentic samples. Peak areas were determined 

with a disk integrator, or by cutting out the respective peaks from the 

chart paper and weighing them on a Mettler balance. 

50 



2. Selenium Dioxide 

Crude selenium dioxide was always purified by sublimation from 

hot, concentrated nitric acid by the method described in Organic Reac-

74 
tions. 

In many experiments, selenium dioxide obtained from Canadian 

Copper Refiners, Montreal, Canada, was good enough for use without 

further purification and gave identical results. 

3. (+)-Pulegone 

Oil of pennyroyal, obtained from the Fritzsche Chemical Co., 

New York, N. Y., contained essentially 977. pulegone having p(+) 

13.7°, and was used without further purification. 

4. (+)-3-Methylcyclohexanone 

To a five-liter, one-necked, round-bottomed flask was added 

1000 ml. of oil of pennyroyal, 650 ml. of concentrated hydrochloric 

acid and 1950 ml. of water. The mixture was heated to reflux for six

teen hours. A 20 cm. Vigreux column was inserted into the flask, and 

the theoretical amount, 327 g. of acetone, was removed by distilla

tion. The remaining product, 3-methylcyclohexanone, was steam dis

tilled over a boiling range of 94-103°. Approximately 620 ml. of the 

crude ketone was obtained. 

5. (+)-3-Methylcyclohexanone-Sodium Bisulfite Adduct 

To 540 g. (4.82 moles) of the crude, active 3-methylcyclohex

anone in a four-liter beaker was added 1800 ml. of a 207o aqueous eth-

anol solution of saturated sodium bisulfite. The addition compound 



formed quickly after a few minutes of vigorous stirring and solidified 

into a solid cake. The solid was cooled, filtered, and washed well 

with 957o ethanol, and then with ether to remove alcohol. After drying 

in air, the solid weighed 895 g. (937«). 

6. Purified (+)-3-Methylcyclohexanone 

A total of 895 g. (4.48 moles) of the active 3-methylcyclo-

hexanone-sodium bisulfite adduct was dissolved in two liters of water. 

An excess of saturated sodium carbonate Solution was added, and the 

mixture stirred for two hours. The organic layer was extracted several 

times with ether. The ether solution was dried over anhydrous magnes

ium sulfate and concentrated. The concentrated liquid was distilled, 

yielding 256.4 g. (577») of (+)-3-methylcyclohexanone, bp. 55-56°/7 mm., 

(lit.75 bp. 169°/760 mm.), [<<]D = (+) 13.7°, (lit.76 [°c]D =(+) 13.38°). 

VPC analysis showed only one peak, which had an identical retention 

time with that of an authentic sample. A semicarbazone derivative pre-

77 
pared from this compound had mp. 178-179° (lit. mp. 179°). 

7. (-)-3-Methylcyclohexanol 

A three-liter, three-necked, round-bottomed flask, fitted with 

a mechanical stirrer, condenser, and addition funnel, was cooled in an 

ice bath and charged with 85.6 g. (2.25 moles) of lithium aluminum hy

dride and 600 ml. of anhydrous ether. While stirring this grey slurry, 

a solution of 224 g. (2.02 moles) of pure (+)-3-methylcyclohexanone in 

260 ml. of dry ether was added dropwise over a period of five hours. 

The reaction mixture was stirred two more hours at room temperature 
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and then worked up in the following manner: With the reaction flask in 

the ice bath, 250 ml. of water was cautiously added. Ninety ml. of 507o 

aqueous sodium hydroxide solution was added, and the mixture stirred 

vigorously for one-half hour, or until a fine white powder settled out 

in the bottom of the flask. The ether solution was decanted, dried, 

and concentrated. Distillation of the crude alcohol concentrate gave 

210 g. (927..) (-)-3-methylcyclohexanol, bp. 70-71°/7 mm. (lit.^® bp. 

173-174°), -4.63, (lit.^ -4.15°). Only one peak could be 

detected in the VPC of this compound. 

8. (-)-3-Methylcyclohexyl Acetate 

To a three-liter, three-necked, round-bottomed flask, fitted 

with condenser and stirrer, was added 217 g. (1.91 moles) of (-)-3-

methylcyclohexanol, 230.0 g. (2.26 moles) of A. R. acetic anhydride, 

74.0 g. (0.90 mole) of sodium acetate and 630 ml. of A. R. benzene. 

The reaction mixture was stirred and refluxed on a water bath for six 

hours, poured into 1.5 liters of cold water, and stirred for fifteen 

minutes. The organic layer was separated and stirred for one hour over 

400 ml. of 5% sodium carbonate solution. The organic layer was washed 

once with water, dried, and concentrated. Distillation gave 283.4 g. 

80 
(95%) of (-)-3-methylcyclohexyl acetate, bp. 66-67°/6 mm. (lit. bp. 

78-79°/20 mm.), [°C.]D -25.59°. 

9. (+) - 4-Me thy1eye1oh exene 

To a 2.5 ft. Pyrex tube packed with glass helices and heated 

to 450-460° in a circular oven under a dry nitrogen atmosphere was 



54 

added dropwise, over a period of nine hours, 139.2 g. (0.892 mole) of 

(+)-3-methylcyclohexyl acetate. The pyrolysis products, which col

lected in a Dry Ice-acetone cooled receiver, were washed with water and 

sodium carbonate solution until basic, and extracted with ether. The 

ether solution was dried over anhydrous magnesium sulfate and concen

trated. Distillation of the crude product through a 1.5 m. Vigreux 

column, gave 51.3 g, (59.8%) of (+)-4-methylcyclohexene, bp. 42°/80 mm. 

(lit.81 bp. 102°/760 mm.), [°c]D + 108.9° (lit.81[°c]D + 106.8°). 

10. Epoxidation of (+)-4-Methylcyclohexene 

To a stirred solution of 2.4 g. (0.025 mole) of (+)-4-methyl-

cyclohexene, cooled to 0° in a 200 ml., three-necked flask, fitted with 

condenser and addition funnel, was added over a twenty minute period ' 

10 ml. of 407o peracetic acid, neutralized with 0.4 g. of sodium ace

tate. The reaction mixture was stirred at 0° for .two hours, and then 

for four more hours at room temperature. The mixture was washed with 

75 ml. of water, with 25 ml. of 10% potassium hydroxide solution until 

basic, and finally with 50 ml. of water. The chloroform layer was 

separated, dried, and concentrated to give 2,38 g. (85%)of crude epox

ide mixture. The NMR spectrum of this product indicated that two dif

ferent methyl groups were present and, therefore, two different epox-

epoxides could be present. However, the crude product showed only one 

peak on VPC. 
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11. Reduction of the Epoxide Mixture 

To a 200 ml. round-bottomed, three-necked flask, fitted with 

mechanical stirrer, addition funnel, and condenser, was added 1.5 g. 

(0.04 mole) of lithium aluminum hydride and 100 ml. of dry ether. With 

the flask immersed in an ice bath and the contents stirring, 2.0 g. 

(0.019 mole) of the crude epoxide mixture in 200 ml. of dry ether was 

added in twenty minutes. The reaction mixture was stirred for forty 

hours at room temperature, cooled in ice and worked up by addition of 

4.5 ml. of water, and then 1.5 ml. of 50% aqueous sodium hydroxide. 

The reaction was stirred vigorously until a fine white powder precipi

tated. The ether solution was decanted, dried, and concentrated to 

yield 2.3 g. (95%) of the crude alcohol mixture. 

12. Oxidation of the Epoxide Reduction Products 

A total of 1.5 g. (0.013 mole) of the crude alcohol mixture was 

dissolved in 1.5 ml. of glacial acetic acid in a test tube, which was 

cooled to 0°. In another test tube 1.5 g. (0.005 mole) of sodium di-

chromate was dissolved in 2.5 ml. of glacial acetic acid, and the tube 

was cooled to 15°. The contents of the two test tubes were mixed, and 

the resulting reaction mixture heated up to 50° for 15 minutes, and 

cooled down slowly. The resulting deep-green solution was added to 25 

ml. of water and directly steam distilled. The distillate was ex

tracted with ether, and the ether solution washed with 20% sodium bi

carbonate solution until basic, dried, and concentrated to give 1.16 g. 

(80% of a mixture of ketones, identified as 2-methylcyclohexanone 

(157o), 3-methylcyclohexanone (45%), and 4-methylcyclohexanone (407„) 



from a comparison of VPC retention times with those of authentic sam

ples. From these results and especially by comparing the NMR spectra 

of the 3- and 4-methylcyclohexene oxides with that of the mixture from 

part 11, the (+)-4-methylcyclohexene was found to be only 60% pure and 

contained (+)-3-methylcyclohexene (40%) as an impurity. 

13. Selenium Dioxide Oxidation of 60% (+)-4-Methylcyclohexene in 

Acetic Anhydride 

To a 200 ml. round-bottomed flask were added 12.0 g. (0.108 

mole) of selenium dioxide and 40 g. of acetic anhydride. The flask was 

stirred and heated to 105° and 19.3 g. (0,201 mole) of 60% (+)-4-

methylcyclohexene in 50 ml. of acetic anhydride was added in bulk. The 

reaction mixture was heated at 105° for three hours,' "and then cooled 

and filtered. The precipitated selenium weighed 1.43 g. (16,7%). The 

filtrate was directly steam distilled, and the organic material ex

tracted with ether. The ether extract was washed with water, with 20% 

aqueous sodium carbonate solution until basic, and was dried and con

centrated. Distillation of the concentrate gave 2,91 g. (9.27%,) of 

crude allylic acetate mixture, bp, 64-66°/6 mm. 

14. Removal of Organoselenium Impurities 

A total of 2.91 g. (0,187 mole) of the impure allylic acetate 

mixture was dissolved in 100 ml. of dry ether. One gram of W-2 Raney 

nickel was added, and the mixture was refluxed overnight. Filtration 

of the nickel and concentration of the ether solution gave 2.8 g. of 

the allylic acetates, free of organoselenium impurities, VPC analysis 



of this mixture on a 5 ft. Carbowax column showed that the major peak 

had a retention time identical to that of 5-methyl-2-cyclohexen-2-yl 

acetate. 

15. Catalytic Reduction of the Allylic Acetates 

To a 500 ml. pressurized hydrogenation bottle were added 2.8 g. 

(0.018 mole) of the pure allylic acetate mixture from part 14, 25 ml. 

of glacial acetic acid and 100 mg. of platinum oxide (Adams' catalyst). 

Excess hydrogen at a pressure of 50 lbs. was passed over the mixture 

while shaking the bottle in a Paar apparatus at 60°. The reaction mix

ture was filtered and the filtrate taken up in ether. The ether solu

tion was washed with water and sodium carbonate solution, dried, and 

concentrated. Distillation of the concentrate gave 2.62 g. (92%) of a 

mixture of 2-, 3-, and 4-methylcyclohexyl acetates, bp. 63-67°/6 mm. 

16. Hydride Reduction of the Methylcyclohexyl Acetates 

Reduction of 2.50 g. (0.016 mole) of the mixture of 2-, 3-, and 

4-methylcyclohexyl acetates was carried out as in part 11, with a slurry 

of 2.2 g. (0.058 mole) of lithium aluminum hydride in 75 ml. of dry 

ether. The usual workup and distillation of the concentrate gave 1.72 

g. (94%)of a mixture of 2-, 3-, and 4-methylcyclohexanols as determined 

by VPC, bp. 65-68°/6 mm. 

17. Oxidation of the Methylcyclohexanols 

The mixture of alcohols, 1.50 g. (0.013 mole), from part 16, 

was oxidized as in part 12, with 2.0 g. of potassium dichromate in ace

tic acid. Workup and distillation of the ether extract concentrate 
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gave 1.32 g. (90%) of the product mixture. The mixture was analyzed on 

a 5 ft. x k in. column, packed with 20% Carbowax 20M on 80/100 mesh 

firebrick, and heated to 120°. The chromatogram showed eight peaks, 

and by comparison of retention times with those of authentic samples, 

the compounds were identified in order of retention time as methyl-

cyclohexane, toluene, 2-, 3-, and 4-methylcyclohexanone and small 

amounts of unoxidized 2-, 3-, and 4-methylcyclohexanols. The first 

five peaks were collected and analyzed. Toluene and methylcyclohexane 

were identified by their NMR spectra. The sample of 2-methylcyclohex

anone had an identical IR spectrum with that of the known compound. 

Its optical rotation was measured as - 13.6° (lit.^ Mp ~ 15.22°), 

77 
semicarbazone mp. 193-195° (lit. mp. 197°d). The sample of 3-methyl-

cyclohexanone had a rotation of + 0.572°, (lit.^ Mp + 13.06°), 

77 
semicarbazone mp. 177-178° (lit. mp. 179°). The sample of 4-methyl

cyclohexanone was a shoulder on the peak due to the 3-methylcyclohex

anone and was not collected, but its peak increased when a known 

sample was added to the mixture. The ratio of the three ketones could 

be determined from the chromatogram as 357o of the 2-ketone, 307. of the 

3-ketone, and 357o of the 4-ketone. 

18. Racemization of (-)-2-Methylcyclohexanone 

To 100 mg. of (-)-2-methylcyclohexanone collected from the oxi

dation mixture in part 17was added 10 ml. of glacial acetic acid, and 

the mixture was refluxed for three hours. The ketone was extracted out 

of the acidic solution with ether. The ether solution was washed with 
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water, with sodium carbonate solution, dried, and concentrated. The 

recovered ketone had no measurable optical activity. 

19. Selenium Dioxide Oxidation of 607o (+)-4-Methylcyclohexene in n-

Butanol. 

To a stirred solution of 19.78 g. (0,206 mole) of (+)-4-methyl-

cyclohexene from part 9 in 70 ml. of n-butanol refluxing in a three-

necked, 500 ml. flask, fitted with condenser, addition funnel, and 

stirrer, was added dropwise over a period of 2.5 hours 22.2 g. (0.20 

mole) of selenium dioxide in 100 ml. of n-butanol, and the resulting 

reaction mixture was allowed to reflux for thirty more hours. It was 

cooled and filtered, giving 6,2 g. (39.2%) of black selenium. Solvent 

and water were removed by distillation of the filtrate at atmospheric 

pressure. About 10 ml. of a dark yellow product mixture was collected 

from 130-140°/30 mm. This yellow liquid was taken up in 50 ml. of 

ether and refluxed over Raney nickel as in part 14. The products were 

recovered as before, and the concentrate was distilled through a 1.5 

meter spinning band column. A total of 5.2 g. of the purified product 

mixture was collected from 90-95°/ll mm. The VPC of this material, 

with a Carbowax column, revealed five peaks. The first and largest 

peak was collected and identified by NMR to be a mixture of butoxy-

methylcyclohexenes; the other peaks were due to methylcyclohexenones 

and methylcyclohexenols. Without further identification, the mixture 

was hydrogenated over platinum oxide in acetic acid as in part 15. The 

purified reduction products showed five peaks in the VPC, using a 12 

ft. x 3/8 in. column, packed with 237. polyamide on Chromosorb W. The 
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first and largest peak (50%) was identified as a mixture of cis-2-

butoxymethylcyclohexane, trans-3-butoxymethylcyclohexane, and cis-4-

butoxymethylcyclohexane by comparison with authentic samples on VPC, 

In the same way, a small shoulder on this large peak (107=) was identi

fied as trans-2-bu toxyme thyIcyc1ohexane. The next peak (20%) was iden

tified as a mixture of cis-3-butoxymethylcyclohexane and trans-4-

butoxymethylcyclohexane. The other peaks were due to methylcyclohex-

anones and methylcyclohexanols, respectively. 

20. Cleavage of the Butoxymethylcyclohexane Mixture 

83 
The method of Narayanan and Iyer was used to cleave the 

butoxymethylcyclohexane mixture. To a 300 ml. flask was added 100 ml. 

of acetic anhydride, 21 g. of lithium bromide, 25 ml. of boron tri-

fluoride dietherate and 3.1 g. (0.008 mole) of the oxidation mixture 

from part 19. The resulting homogeneous mixture was stirred at room 

temperature for 36 hours. It was poured into 250 ml. of ice cold 

water, stirred for fifteen minutes, and extracted with ether. The 

ether solution was washed with water, with 207= sodium carbonate solu

tion until basic, dried, and concentrated, yielding 3.3 g. of crude 

methylcyclohexyl acetates, VPC analysis showed no starting materals 

present. The major peak had a retention time identical to that of 3-

methylcyclohexyl acetate. Butyl acetate was a by-product. 

21. Hydride Reduction of the Methylcyclohexyl Acetates 

Approximately 3.2 g. of the mixture was reduced with 2.0 g. of 

lithium aluminum hydride in the manner described in part 16. The yield 
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was 2.2 g. of a mixture of alcohols. VPC analysis showed the mixture 

to contain 35% 2-methylcyclohexanol and 657> of a mixture of 3- and 4-

methylcyclohexanols. 

22. Oxidation of the Methylcyclohexanols . 

A total of 2.0 g. of the alcohol mixture from above was oxi

dized with 3.0 g. of potassium dichromate in acetic acid, as described 

in part 12. A mixture of methylcyclohexanones, 0.9 g., was recovered. 

Separation and collection of these ketones on VPC showed the mixture to 

consist of 2-methylcyclohexanone (357>) that had a measured optical ro

tation of - 7.82°, 3-methylcyclohexanone (30%) that had a measured op

tical rotation of - 0.212°, and 4-methylcyclohexanone (357«) that had no 

optical activity. No toluene or methylcyclohexane was detected in this 

oxidation mixture. 

23. 4-Methylcyclohexyl Acetate 

A mixture of 192 g. (1.68 mole) of 4-methylcyclohexanol, 63 g. 

(0.79 mole) of sodium acetate, 200 g. (1.96 mole) of acetic anhydride 

and 600 ml. of benzene was placed in a two-liter flask and heated, with 

stirring, for seven hours on a water bath. Workup was accomplished as 

in part 8. Distillation gave 156.2 g. of the pure, optically inactive 

4-methylcyclohexyl acetate, bp. 56-57°/4 mm. 

24. (jl)-4-Methylcyclohexene 

A total of 155.3 g. (0.995 mole) of (i)-4-methylcyclohexyl ace

tate was slowly dripped through the 450-460° hot tube, as in part 9, 

over a ten-hour period. The pyrolysis product was worked up as before. 



Distillation through a 1.5 m. Vigreux column gave 28.3 g. (29.57a) of 

81 
4-methylcyclohexene, bp. 101-102° (lit. bp. 102.5°). The purity of 

this-compound was confirmed by converting it to the epoxide, reducing 

the epoxide with hydride, and oxidizing the resulting alcohol mixture, 

as in parts 10-12. The resulting ketone mixture contained only 3-

methylcyclohexanone (65c/>) and 4-methylcyclohexanone (357«) as determined 

by VPC on a 20 ft. x 1/8 in. column, packed with 207. 20M Carbowax on 

80/100 firebrick, and heated at 175°. 

25. Selenium Dioxide Oxidation of 1007o 4-Methylcyclohexene in n-Butanol 

The 1007o 4-methylcyclohexene was oxidized in the same manner as 

the impure optically active mixture in part 19, and the products of oxi

dation were hydrogenated to give the same ratio of cis/trans butoxy-

methylcyclohexanes as before. Cleavage of the ethers, reduction of the 

acetates, and oxidation of the alcohols gave a ketone mixture consisting 

of 2-methylcyclohexanone (277»), 3-me thy lcyclohexanone (437>), and 4-

me thy lcyclohexanone (307>). 

26. 4-Butoxy-l-Methylcyclohexane 

To a 200 ml. flask were added 1.1 g. (0.028 mole) of potassium 

metal and 75 ml. of dry tetrahydrofuran (THF); to this mixture was 

added 3.6 g. (0.032 mole) of 4-methy Icy clohexanol, consisting of ~907„ 

of the trans isomer and a>107O of the cis isomer, in 25 ml. of dry THF. 

The reaction was heated for eight hours, by which time all of the po

tassium had dissolved. Then,'3.5 g. (0.025 mole) of n-butyl bromide in 

25 ml. of THF was slowly added. Potassium bromide began to precipitate 
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immediately, and the reaction was refluxed for seven hours, cooled, and 

filtered, giving 2.1 g. (707.) potassium bromide. The filtrate was con

centrated, giving 3.8 g. of a mixture identified (VPC) as **>50% of the 

cis/trans alcohol mixture, and two more compounds that were in the same 

ratio as the alcohols. These compounds were collected and identified 

(NMR) as the 4-butoxy-l-methylcyclohexane isomers, trans /v907i» and 

cis /v/107.. 

27. 2- and 3-Butoxy-l-Methylcyclohexanes 

Both 2-butoxy-l-methylcyclohexane (trans ̂ 90%, cis ̂ 10%) and 

3-butoxy-l-methylcyclohexane (trans /^107,, cis /^907o) were prepared from 

the corresponding alcohol isomers as in part 26. These ethers were 

used as VPC standards. 

28. Selenium Dioxide Oxidation of Benzyl Alcohol 

To a 200 ml. round-bottomed flask were added 43.2 g. (0.4 mole) 

of benzyl alcohol in 50 ml. of 1,2-bis-dimethoxyethoxyethane (triglyme) 

and 21.2 g. (0.2 mole) of selenium dioxide in 50 ml. of triglyme. The 

mixture was refluxed for twenty-four hours in a 150° oil bath, cooled, 

and filtered, yielding 11.6 g. (737o) of black selenium. The filtrate 

was added to three times its volume of water and directly steam dis

tilled. The distillate was extracted well with ether. The ether solu

tion was dried and concentrated. Distillation of the concentrate 

yielded 35.5 g. (847») of pure benzaldehyde, bp. 176-178°. No trace of 

benzoic acid could be detected. Oxidation, of benzyl alcohol in the 

above manner with selenium dioxide in the following solvents gave lower 



selenium yields, which are shown in parentheses: dioxane (19%), pyri

dine (26.57o), acetic acid (387.), and diglyme (71.57.). 

29. Selenium Dioxide Oxidation of p-Nitrobenzyl Alcohol 

To a 100 ml. flask were added 5.0 g. (0.033 mole) of p-nitro-

benzyl alcohol, 1,81 g, (0.016 mole) of selenium dioxide and 50 ml. 

triglyme. The reaction mixture was heated on a 150-160° oil bath over

night. The flask was cooled and the mixture filtered to give 1.1 g. 

(857») of black selenium. Distilled water was added to the filtrate 

until it became cloudy. The product was cooled in ice and filtered to 

yield 3.9 g. (807.) of white crystalline p~nitrobenzaldehyde, mp. 104-

105°, (lit.84 mp. 106°). 

30. Selenium Dioxide Oxidation of Cinnamyl Alcohol 

A mixture of 13.4 g. (0.10 mole) of cinnamyl alcohol, 11.1 g. 

(0.10 mole) of selenium dioxide, and 50 ml. of triglyme was heated at 

150° for 15 hours. Workup as in part 28 and distillation gave 9.0 g. 

(687») of cinnamaldehyde, bp. 162-164°/3 mm. 

31. Selenium Dioxide Oxidation of Benzylamine 

To a 200 ml. flask was added 10.7 g. (0.1 mole) of benzylamine 

and 25 ml. of triglyme. A solution of 11.1 g. (0.1 mole) of selenium 

dioxide in 25 ml. of triglyme was added to the flask and a white solid 

immediately precipitated. The flask was heated up to 150° and the con

tents became an homogeneous brown solution. Selenium started to precip

itate and a gas with the odor of ammonia and basic to moist litmus 

began to evolve. The reaction mixture was heated for twenty-one hours, 
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cooled, and filtered, yielding 5.4 g. (68% of black selenium powder. 

The filtrate was added to three times its volume of water and directly 

steam distilled. The steam distillate was extracted with ether, and 

the ether solution was dried and concentrated to give 10.1 g. (96%) of 

the crude product. Analysis of this product by VPC and IR showed that 

it consisted of benzaldehyde (48c/0) and benzonitrile (52%). No other 

products, including the starting material, were detected. 

32. Benzylamine-Selenium Dioxide Addition Compound 

In a dry box, flushed and filled with dry nitrogen, the adduct 

was prepared as follows: to a slurry of 11.1 g. (0.1 mole) of selenium 

dioxide, stirred in 50 ml. of dry ether in a 200 ml. flask, was added 

21.4 g. (0.2 mole) of benzylamine in 50 ml. of dry ether. A white 

solid immediately began to form. The reaction mixture was stirred for 

thirty minutes more, and the solid was filtered on a fluted funnel and 

dried in the dry box atmosphere. The dry solid, which slowly turned 

yellow, weighed 19.7 g. (90.4%), mp. 106-109°. 

Anal. Calcd. for C^HgNSeO^: C, 38.52; H, 4.13; N, 6.42. 

Found: C, 38.23; H, 4.72; N, 6.08. 

NMR and IR data indicated that the above adduct was the mono-

benzamide of selenious acid. 

33. Thermal Decomposition of the Benzylamine-Selenium Dioxide Adduct 

A mixture of 15.4 g. (0.071 mole) of the yellow adduct from 

part 33 and 60 ml. of dry triglyme was added to a 200 ml. flask, and 

the resulting slurry was heated to 150° on an oil bath. Ammonia began 

to evolve, black selenium precipitated, and a liquid began to reflux. 



After eighteen hours of heating, the reaction mixture was cooled and 

filtered, giving 4.05 g. (77%) of selenium. The usual workup of the 

filtrate, as in part 31, gave 8.0 g. (77%) of a mixture containing 

53.5"/, benzaldehyde and 46.5% benzonitrile. 

34. Selenium Dioxide Oxidation of Benzylamine in 80% Aqueous Triglyme 

To a 200 ml. flask were added 11.1 g. (0,10 mole) of selenium 

dioxide, 80 ml. of triglyme, 20 ml. of water, and 10.7 g. (0.10 mole) 

of benzylamine* The resulting mixture was heated to 150° for twenty-

four hours, cooled, and worked up in the usual fashion, to give 2.1 g. 

(18.97») selenium and 5.0 g. (487.) pure benzaldehyde. No trace of ben

zonitrile, starting material, or other products could be detected. 

35. Selenium Dioxide Oxidation of Benzylamine Under Anhydrous 

Conditions 

To a 500 ml. flask, fitted with mechanical stirrer and conden

ser, were added 16 g. of Linde 5A molecular sieves, 11.1 g. (0.10 mole) 

of selenium dioxide, 120 ml. of triglyme (freshly distilled from lith

ium aluminum hydride), and 10.7 g. (0.10 mole) of benzylamine. The 

reaction mixture was stirred and heated to 160° on an oil bath for 

twenty-four hours, cooled, and filtered, yielding 7.0 g. (947.,) of black 

selenium. Steam distillation of the filtrate and workup in the usual 

manner, gave 9.0 g. (877o) of the product mixture, which was 767= benzo

nitrile and 247= benzaldehyde. 
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36. -Naphthamide 

To a 500 ml. flask, fitted with a condenser, were added 60.0 g. 

(0,35 mole) of -naphthoic acid and 25Q ml. of thionyl chloride, and 

the mixture was refluxed on an oil bath for thirty minutes. The reac

tion was cooled and poured slowly into 400 ml. of ice cold concentrated 

ammonium hydroxide. When cool, the precipitated amide was filtered and 

washed with 200 ml. of water. Recrystallization from 957. ethanol gave 

85 
48 .2 g. (81%) of ^-naphthamide, mp. 187-189° (lit. mp. 192°). 

Lene 37. -Aminomethylnaphthale 

To a two-liter, three-necked flask, fitted with mechanical 

stirrer, condenser, and addition funnel, were added 9.0 g. (0.236 mole) 

of lithium aluminum hydride and 200 ml. of dry THF. A solution of 24.5 

g. (0.143 mole) of ^-naphthamide in 1000 ml. of dry THF was slowly 

added to the stirring slurry in the flask over a two-hour period. The 

reaction mixture was refluxed on a water bath for two hours, then al

lowed to stir at room temperature for three hours. Then, 10 ml. of 

water, 30 ml. of 157® sodium hydroxide solution and 10 ml. of water were 

added, respectively. The reaction was stirred vigorously for one hour, 

and the resulting yellow solution poured off of the fine white precipi

tate, dried and concentrated, yielding 20.5 g. of a crude yellow oil. 

Distillation of this oil gave 15,5 g. (65%) of ^3 -aminomethylnaphtha-

lene, bp. 110D/0.5 mm. (lit.8̂  bp. 143-7°/8 mm.), mp. 54-59°, hydro

chloride mp. 285-287° (lit.8̂  mp. 268-270°). 
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38. Selenium Dioxide Oxidation of -Aminomethylnaphthalene 

To a slurry of 5.55 g. (0.05 mole) of selenium dioxide and 40 

ml. of triglyme in a 200 ml., three-necked flask, fitted with mechani

cal stirrer and condenser, were added in bulk 7.85 g. (0.05 mole) of 

^-aminomethylnaphthalene and 40 ml. of triglyme. The white addition 

compound formed at once but slowly decomposed as the flask was heated 

up. At 120°, the reaction mixture turned black as selenium began to 

precipitate and ammonia began to evolve from the condenser. After five 

hours of heating at 150-160°, the reaction was cooled and filtered, to 

give 3.1 g. (797=) of black selenium powder. The filtrate was directly 

steam distilled with ten times its volume of water. Extraction of the 

distillate with ether, followed by drying and concentration, gave 5.5 

g. (71%) of a white solid, which was identified by VPC and IR as 417. 

2-naphthaldehyde and 597. 2-naphthonitrile. No starting material, 2-

naphthoic acid, or any other products could be detected in the mixture. 

The above procedure was also used without modification for oxi

dation of the amines shown below: 

Yield 

30% 

77% 

97% 

56% 

52% 

Amine 

^ -me thy lb enzy lamine 

1,1-diphenylmethylamine 

p-me thylbenzylamine 

N-methylbenzylamine 

N-phenylbenzylamine 

allylamine 

Products 

acetophenone 

benzophenone 

p-tolualdehyde (497») 
p-tolunitrile (517.) 

benzaldehyde (867.) 
benzonitrile (147.) 

benzaldehyde 



Amine Products Yield 

crotylamine 

glycine 

Gd-alanine 

cyc1ohexy1amine 

piperidine 

amy1amine 

butylamine 

39. Desoxybenzoin 

Desoxybenzoin was prepared without modification by the method 

87 
of Allen and Barker. Starting with 136 g. of phenylacetic acid and 

70 g. of phosphorous trichloride, a yield of 137 g. (70.57o) of desoxy

benzoin, mp. 52-54°, was obtained. Recrystallization of the crystals 

87 
from hexane raised the melting point to 53-55° (lit. mp. 58°). 

AO. p-Chlorophenyl Benzyl Ketone 

To 68.0 g. (0.50 mole) of phenylacetic acid, as in part 39, was 

added 35.0 g. (0.254 mole) of phosphorous trichloride, and the mixture 

was heated to reflux for one hour on a water bath. When cool, this 

solution was decanted off of the mixture of phosphorous acids into a 

dropping funnel containing 50 ml. of chlorobenzene. This resulting 

solution was added slowly to a stirred mixture of 100 ml. of chloroben

zene and 70.0 g. (0.530 mole) of anhydrous aluminum chloride. The re

action mixture was heated on a water bath for two hours, cooled, and 

poured onto a mixture of 500 g. of cracked ice and 200 ml. of 
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concentrated hydrochloric acid. The resulting organic layer was ex

tracted with a 1:1 benzene-ether solution, which was then dried and 

concentrated. The crude concentrate was distilled, yielding 69 g. of 

a crude yellow solid. This solid was recrystallized from absolute 

ethanol to yield 60.5 g. (52.5%) of the white crystalline ketone, mp. 

Q Q  

102-104° (lit. mp. 104-105°). 

41. p-Methylphenyl Benzyl Ketone 

p-Methylphenyl benzyl•ketone was prepared in the exact manner 

as desoxybenzoin, part 39, except that the solvent used was toluene. 

Q Q  

A yield of 54 g. (51.5%), mp. 106-109° (lit. mp. 110°) of the white 

crystalline ketone was obtained, after distillation, bp. 134-136°/0.1 

mm., and recrystallization from anhydrous methanol. 

42. p-Methoxyphenyl Benzyl Ketone 

To 68.0 g. (0.50 mole) of phenylacetic acid in a one-liter 

flask was added 35.0 g. (0.254 mole) of phosphorous trichloride, and 

the mixture was heated at reflux for one hour, cooled, and decanted off 

the solid acid residue into a dropping funnel containing 50 ml. of ben

zene. This solution was added slowly to 100 g. (0.925 mole) of ani-

sole, 150 ml. of anhydrous benzene, and 150 g. (0.795 mole) of stannic 

chloride at 0-10°, with stirring. The solution was stirred at room 

temperature for three hours and worked up in the usual manner as in 

part 40. Distillation gave.77 g. of a light yellow liquid, bp. 152-

153°/0.1 mm., that solidified on standing. Recrystallization from 
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absolute ethanol gave 73.2 g. (65%)of the pure ketone, mp. 70-71° 

Oft 
(lit. mp. 74°). 

43. p-Chlorobenzyl Bromide 

To a three-liter, three-necked flask, fitted with stirrer, con

denser, and drying tube, were place 241 g. (1.91 mole) of p-chlorotolu-

ene, 600 ml. of anhydrous benzene and 4.0 g. of benzoyl peroxide. To 

this stirring solution was slowly added in portions, through a powder 

funnel, a mixture of 320 g. (1.80 mole) of N-bromosuccinimide and 4.0 g. 

of benzoyl peroxide. The flask was heated to a gentle reflux on a 

water bath and illuminated with a 250 watt infrared lamp. After one 

hour of refluxing, the mixture was cooled and filtered, yielding the 

theoretical amount of succinimide. The yellow filtrate was concen

trated, and the resulting dark oil was distilled at reduced pressure to 

give 255 g. (6970) of the crystalline bromide, bp. 95°/3 mm., mp. 46-47° 

(lit.91 mp. 51°). 

44. p-Chlorobenzyl Cyanide 

In a two-liter, three-necked flask was placed 76 g. (1.55 mole) 

of sodium cyanide and 75 ml. of water. The mixture was warmed on a 

water bath to dissolve most of the solid. Then, 255 g. (1.24 moles) of 

p-chlorobenzyl bromide was slowly added in a solution with 600 ml. of 

957» ethanol from a separatory funnel. The reaction mixture was heated 

on a water bath for 2.5 hours, cooled, and filtered to remove sodium 

bromide. The filtrate was then concentrated and the product distilled 
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at 94-95°/l,5 mm. (lit. bp. 265-7°/760 mm.), 

of the nitrile was obtained. 
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A total of 169 g. (92%) 

45. p-Chlorophenylacetic Acid 

A mixture of 1,65 g. (1.09 mole) of p-chlorobenzyl cyanide and a 

solution of 150 ml. of concentrated sulfuric acid in 200 ml. of water 

were added to a one-liter flask, and the contents stirred and refluxed 

for four hours. The reaction mixture was cooled slightly and poured 

into 500 ml. of cold water with stirring. The resulting solid was col

lected on a filter and dried to a semi-solid. The solid was distilled 

to give 20 g. of the starting material and a fraction, bp. 133-136°/0.5 

mm., weighing 123 g., which solidified oil standing. Recrystallization 

from benzene gave 111 g. (60%) of the purified acid, mp. 103-104° 

q  i  
(lit. mp. 104°). 

46. p-Chlorobenzyl Phenyl Ketone 

To 51.0 g. (0,30 mole) of p-chlorophenylacetic acid in a one-

liter flask, as in part 40, was added 21 g. (0,15 mole) of phosphorous 

trichloride, and the mixture was heated on a water bath for one hour. 

Then 300 ml. of dry benzene was added to the flask, and the resulting 

solution decanted off of the phosphorous acids onto 46 g. (0.34 mole) 

of anhydrous aluminum chloride in a one-liter flask. This reaction 

mixture was refluxed for one hour on a water bath, then worked up in 

the usual fashion to yield 40 g. (58%) of clear colorless plates of the 

pure ketone, after recrystallization from absolute ethanol, mp. 135-

q/ ,  
136,5° (lit. mp, 138°). 
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47. p-Methylphenylacetothiomorpholide 

A mixture of 268 g. (2.0 moles) of 4-methylacetophenone, 96 g. 

(3.0 moles) of sulfur flowers and 260 g. (3.0 moles) of morpholine was 

heated in a two-liter, three-necked flask, fitted with condenser and 

stirrer. The reaction mixture was refluxed on a heating mantel over

night. After fifteen hours of refluxing, the mixture was cooled, 

poured into one liter of 957, ethanol, and allowed to crystallize on 

standing. After sitting for one day, large yellow prisms had collected 

in the reaction mixture. These crystals were collected on a filter and 

washed with ice cold, 957® ethanol, then dried in air. The yield of the 

crystalline thiomorpholide was 291 g. (62%), mp. 99-101°. 

48. p-Methylphenylacetic Acid 

A mixture of 280 g. (1.19 moles) of p-methylphenylacetothio-

morpholide, 700 ml. of glacial acetic acid and 150 ml. of water were 

placed in a two-liter flask and refluxed for five hours, until most of 

the hydrogen sulfide was driven off. The light-brown solution was then 

decanted into five liters of water, leaving a little tarry product be

hind. A yellow precipitate immediately formed. The solid was collected 

on a filter, dissolved in dilute alkali, filtered to remove colloidal 

sulfur and reacidified to yield a white amorphous solid, which when re-

crystallized from benzene gave 80 g. (53.3%) of p-methylphenylacetic 

95 
acid, mp. 90-91° (lit. mp. 91°). The NMR spectrum of this compound 

was consistent with its structure. 
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49. p-Methylbenzyl Phenyl Ketone 

To 45 g. (0.30 mole) of p-methylphenylacetic acid was added 21 

g. (0.15 mole) of phosphorous trichloride, as in part 40. The reaction 

mixture was refluxed for one hour and decanted off the solid residue 

into an addition funnel containing 300 ml, of dry benzene. The result

ing solution was slowly added to a cooled flask containing 47 g. (0.34 

mole) of anhydrous aluminum chloride. The reaction mixture was re-

fluxed for one hour on a water bath and worked up in the usual fashion. 

The dried orange solid concentrate was recrystallized from absolute 

ethanol, and 50 g. (81%) of yellow crystalline needles, mp. 93-94.5° 

(lit.^ mp. 97°), of the pure ketone was obtained. NMR analysis also 

showed this compound to be pure. 

50. Hydrogen Peroxide-Selenium Dioxide Oxidation of Desoxybenzoin 

To 19.6 g. (0.1 mole) of desoxybenzoin, 21 ml. (0.2 mole) of 

307o hydrogen peroxide, 3.33 g. (0.030 mole) of selenium dioxide, and 

13.6 g. (0.1 mole) of sodium acetate in a 200 ml. flask were added 60 

ml, of 807, acetic acid. The resulting solution was heated to reflux 

for four hours, cooled, and added to 200 ml. of ether and 100 ml. of 

water. The organic layer was separated and washed with four 200 ml. 

portions of water. The ether solution was extracted with 100 ml. of 

saturated sodium carbonate solution. The basic solution was acidified 

with hydrochloric acid and extracted with ether. This ether extract 

was dried over magnesium sulfate and concentrated to yield a mixture 

of benzoic and diphenylacetic acids (12.4 g.). Benzoic acid was re

moved by stirring the mixture in 50 ml. of hot water and filtering off 
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the insoluble diphenylace tic acid (10.2 g., 48%), mp. 147-148° (lit. 

mp. 148°). The ether solution from which the acidic products were re

moved was dried and concentrated to give 10.3 g. of a mixture that 

contained benzyl benzoate (70%), desoxybenzoin (257o), and traces of 

benzyl alcohol, benzaldehyde, and phenol. 

The above procedure was also used, without modification, for 

the oxidation of the ketones shown below. Yields of the neutral prod

ucts, benzoic, and substituted benzoic acids are not reported. 

Ketone Yield of Substituted Acid MP 

C.H-COCH.C.H,. 48% 146-148° 
6 5 I 6 5 

P-C1C£H.C0CHoC H 6 4 2 6 5 

p-CH C HC0CH_C,H 
r 3 6 4 2 6 5 

p-CH OC H.C0CHoCtH r 3 6 4 2 6 5 

66 114-115 

48 112-113 

p-ClC^H. CH C0C,H 62 114-115 
6 4 2 6 5 

p-CHoC1H/CHoC0C£Hc 56 112-113 
r 3 h 4 2 6 5 

C^H.COCH^C.Hc * 44 147-148 
6 5 2 6 5 

C,HcCH0HC0C£Hc 6 5 6 5 

C-HcCOCOC.Hj. 
6 5 6 5 

* 0.05 mole of 1,3-dinitrobenzene added to reaction mixture. 

51. Methyl Diphenylacetate 

A mixture of 10.6 g. (0.05 mole) diphenylacetic acid, 3.0 ml. 

of concentrated sulfuric acid and 100 ml. of anhydrous methanol was 

added to a 200 ml, flask. The mixture was refluxed for five hours. 

Methanol was removed by distillation and the residue added to 100 ml. 
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of ether. The ether solution was washed with water, dried, and concen

trated to yield 9.1 g. (81%) of the pure ester, mp. 52-54°. The other 

substituted diphenylacetic acids were acidified in this manner, and 

the resulting methyl esters used as VPC standards, 

52. Competition Experiments 

To a 200 ml. flask, fitted with a condenser, were added 0.05 

mole of desoxybenzoin, 0.05 mole of the desired para-substituted des-

oxybenzoin, 13.6 g. (0.1 mole) of sodium acetate and 60 ml. of 807o ace

tic acid. The mixture was heated to reflux until the solution was 

homogeneous. Then, a solution of 2.1 g. (0.02 mole) of 30% hydrogen 

peroxide and 0.3 g. (0.0027 mole) of selenium dioxide in 5 ml. of 80% 

acetic acid was added in bulk, and the reaction mixture continued re-

fluxing for thirty minutes. The flask was then quenched in ice water. 

The reaction was worked up as in part 50, and the acid and neutral frac

tions separated. The mixture of solid acids was dissolved in a solution 

of 3 ml. of conc. sulfuric acid and 97 ml. of anhydrous methanol. The 

resulting solution was refluxed for twelve hours and worked up by dis

tilling off most of the methanol and extracting the mixture of esters 

with ether. The crude methyl ester mixture was analyzed by VPC. A 

column of 10 ft. x k in. copper tubing, packed with 107» GESE-30 on 

Chromosorb W, was used in all cases, 

53. Phenylselenic. Acid-Hydrogen Peroxide Oxidation of p-Chlorophenyl 

Benzyl Ketone 

To 11.5 g. (0.1 mole) of p-chlorophenyl benzyl ketone, 5.7 g. 

(0.03 mole) of phenylselenic acid, 13.6 g. (0.1 mole) of sodium acetate 



acid, and the mixture was heated up to reflux on an oil bath for four 

hours, cooled, and worked up as in part 50. The acidic fraction (5,2 

g.) was esterified with acidic methanol. The methyl esters when ana

lyzed on VPC showed the methyl- c^-phenyl-p-chlorophenyl acetate to be 

only about 307. of the ester mixture, 

54. Cyclobutanecarboxylic Acid 

To a two-liter, three-necked flask, fitted with a mechanical 

stirrer, condenser, and addition funnel, were added 84 g. (1.0 mole) of 

cyclopentanone, 136 g. (1.0 mole) of sodium acetate trihydrate and 400 

ml. of 80% acetic acid. The solution was heated to a gentle reflux 

with an oil bath, and a solution of 5.5 g. (0.05 mole) of selenium 

dioxide and 298 ml, (2,8 moles) of 307» hydrogen peroxide in 200 ml. of 

807o acetic acid was added, dropwise, from the addition funnel over a 

one-hour period. The reaction mixture was refluxed until a yellow 

tinge appeared (about two hours) and the test for peroxides with po

tassium iodide was negative. The solvent was then removed with heating 

under aspirator vacuum, and a brown-grey paste remained. This thick 

mass was dissolved in 500 ml. of water, and the resulting brown solu

tion was extracted with five 200 ml. portions of ether. The ether 

solution was dried, filtered, and concentrated to give 125 g. of crude 

product. Distillation removed ether and acetic acid before 28 g, (287o) 

of pure cyclobutanecarboxylic acid was collected, bp. 64-65°/0,7 mm. 

QQ 
(lit. bp, 96°/15 mm,). Also, 4,0 g. of a material boiling at 120-

125D/0,7 mm, was collected and identified by its NMR and IR spectra as 
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methyl "j^-hydroxyvalerate. About 30 g. of a tarry material remained in 

the distillation flask. 

55. Hydrogen Peroxide-Selenium Dioxide Oxidation of Norcamphor 

Norcamphor (110 g., 1.0 mole) was oxidized by the exact proce

dure described in part 54. Distillation of the concentrate gave only 

one product, bp. 94-95°/l mm., which partially solidified on standing. 

This product was identified as the bicyclic lactone by NMR and IR. The 

yield was 30.4 g. (24%). No acidic material was obtained. About 70 g. 

of tarry material remained in the distillation flask. 
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