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tate and the uncharged bromoacetamide, no long-
range electrostatic forces can be involved. It must 
be concluded that both reagents are being con­
centrated in the region occupied by the polymer 
since they are better solvating agents than water. 
This effect apparently more than compensates 
for that to be expected due to the concentration of 
dipolar groups. 

Conclusions.—The results of this investigation 
show that uncharged reagents may react with 
functional groups of polyelectrolytes at rates 
differing substantially from those characterizing 
monofunctional or bifunctional analogs. This 
phenomenon is probably the result of a concentra­
tion of the low molecular weight reagent in the 
region occupied by the swollen polymer coil. In 

Since 1942, when Ziegler and co-workers8 first 
reported that N-bromosuccinimide (NBS) could be 
used to effect allylic brominations of alkenes, many 
papers concerned with NBS, N-chlorosuccinimide 
(NCS) and related compounds have been published, 
and several review articles summarizing these find­
ings have appeared.6 Most of these publications 

(1) Presented in part before the 118th Meeting of the American 
Chemical Society, Chicago, III., Sept., 19.50 (Abstracts, p. H-N). 

(2) Taken from the Ph.D. Thesis of Layton L. McCoy, University of 
Washington, 1951. 

(3) Supported in part by research contract No. NS-onr-52007 with 
the Office of Naval Research, U. S. Navy. 

(4) Predoctoral Fellow, Atomic Energy Commission, 1950-1951. 
(5) K. Ziegler, A. Spath, E. Schaaf, W. Schumann and E. Wiukle-

mann, Ann., 551, 80 (1942). 
(6) (a) C. Djerassi, Chem. Revs., 43, 271 (1948); (b) W. Ringli, 

"Bromierungen mit Bromsuccinimid," Leeman, Zurich, 1948; (c) 
T. D. Waugh, "NBS, Its Reactions and Uses," Boulder, Colo., Arapa­
hoe Chemicals, Inc., 1951; (d) N. P. Buu-Hoi, Record Chem. Prog., 13, 

the poly-(vinylpyridine betaine) reaction this 
seems to be due to mutual attraction of the hydro­
phobic residues, while the high reaction rates 
with poly-(methacrylic acid) appear to be a con­
sequence of a cooperative effect involving inter­
action of several groups of the polymer with the 
second reagent. Although this is formally anal­
ogous to the presumed principle of enzyme action, 
it must be emphasized that the enhancement of the 
reaction rate reported in the present study repre­
sents a relatively minor effect. 
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have dealt with synthetic applications of these re­
agents. Some have involved studies of certain as­
pects of the mechanism of side-chain (benzylic) 
chlorination or bromination,' and others have ob­
tained certain results, usually incidental to other ob­
jectives,8 bearing on the mechanism of allylic bromi-
30 (1952); (e) R. Oda and M. Nomura, Kagaku, 8, 428 (1953); (f) 
T. Kubota, ibid., 10, 555 (1955). 

(7) (a) J. Adam. R. A. Gosselain and P. Goldfinger, Bull. soc. chim. 
Beiges, 65, 523 (1956); P. Goldfinger, P. A. Gosselain and R. H. Martin, 
Nature, 168, 30 (1951); M. F. Hebbelynck and R. H. Martin, Bull, 
soc. chim. Beiges, 59, 193 (1950); (b) E. C. Kooyman, R. Van Helden 
and A. F. Bickel, Koninkl. Ned. Akad. Wetensckappen Proc, B56, 
75 (1953); (c) O. O. Orazi, R. A. Corral and E. Colloccia, Anales asoc. 
quim. Argentina, 43, 55 (1955); O. O. Orazi, N. M. I. Mercere, R. A. 
Corral and J. Meseri, ibid., 40, 91 (1952); H. J. Schumacher, O. O. 
Orazi and R. A. Corral, ibid., 40, 19 (1952); (d) F. D. Greene, W. A. 
Remers and J. W. Wilson, T H I S JOURNAL, 79, 1416 (1957); (e) K. B. 
Wiberg and L. H. Slaugh, ibid., 80, 3033 (1958). 

(8) (a) M. G. Ettlinger, Ph.D. Thesis, Harvard University, 1945; 
cf. ref. 6a; (b) G. F. Bloomfield, J. Chem. Soc, 114 (1944); (c) H. 
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The effect of environmental factors (oxygen, light), reactant impurities (water, hydrogen bromide, bromine, hydroper­
oxides) and added substances of potential catalytic or inhibitory activity on the course and the relative reaction times of 
the reaction of N-bromosuccinimide (NBS) with cyclohexene in refluxing carbon tetrachloride has been investigated. Suc­
cessive removal of reactant impurities and of environmental factors leads to increasingly longer reaction times and ulti­
mately to very slow allylic bromination and increased bromine addition, presumably due to bromine formed by the reaction 
of NBS with hydrogen bromide eliminated thermally from the allyl bromide product. Initiation of the usual preparative 
allylic brominations is attributable to allyl hydroperoxides, inadvertently present in the alkene due to prior autoxidation. 
Comparative reaction times, using cyclohexene with or without its hydroperoxide, for runs with and without added substances 
have shown that bromanil, picric acid, s-trinitrobenzene and iodine function as inhibitors or retarders and that three classes 
of compounds act as accelerators: (a) known radical generators (azo-bis-isobutyronitrile, benzoyl peroxide, tetralyl and 
cyclohexenyl hydroperoxides); (b) bromine generators with NBS (bromine, hydrogen bromide, water, ethanol, thiophenol); 
(c) /-amines (triethylamine, pyridine). From effectivity and reactivity orders it is evident that (i) retarders-inhibitors act 
on the chain-carrying succinimidyl radicals, (ii) known radical sources initiate the reaction by thermal primary dissociation, 
except for hydroperoxides, which probably also show radical-induced decomposition and oxidation-reduction decomposition 
with NBS, (iii) bromine, alone or from its congeners, thermally or photochemically yields bromine radicals to catalyze the 
reaction, and (iv) 2-amines accelerate the reaction in the absence of peroxides by an oxidation-reduction decomposition re­
action with NBS and in the presence of peroxides additionally by an oxidation-reduction decomposition reaction with the 
hydroperoxide. Definition of the mechanism of action of (-amines with NBS provides rational explanation of the earlier 
antagonistic report (Braude and Waight) of predominant bromine addition to alkenes. In light of new evidence, the mecha­
nism of the allylic bromination reaction must involve different initiation and termination reactions from those proposed by 
Bloomfield. In its simplest form, initiation results from thermal or photochemical dissociation of initiators to radicals 
that react with NBS or alkene to produce the propagation radicals, propagation involves a chain reaction of succinimidyl 
radicals with alkene and of allyl radicals with NBS, the former probably being rate-determining, and termination presumably 
occurs by the interaction of two succinimidyl radicals to produce not the coupling product, bis-N-succinimidyl, but instead 
other stable products, possibly succinimide and acryl isocyanate. 
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nation of alkenes by NBS. The present work is the 
first of a series of studies on the elucidation of the 
detailed mechanism of the allylic bromination reac­
tion and it considers the effects of environmental 
factors and of added substances of potential cata­
lytic and inhibitory action on the course and the re­
action time of cyclohexene with NBS in carbon 
tetrachloride. 

Use of cyclohexene as the alkene component and 
of carbon tetrachloride as reaction medium pos­
sesses certain advantages. Cyclohexene is easily 
purified and symmetrical (formation of isomeric 
allylic bromides is avoided), reasons which also con­
ditioned its choice in the original Ziegler work. Car­
bon tetrachloride is the preferred reaction medium 
for preparative allylic brominations and even though 
its use results in a largely heterogeneous system, it 
has the advantages, in addition to simulating the 
preparative conditions, of providing a constant con­
centration (saturation) of the brominating agent 
and a convenient visual assay of the extent of re-
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action (NBvS is more dense, and succinimide less 
dense, than carbon tetrachloride). The reactant 
proportions used in all runs (1 mole NBS 1.5 moles 
cyclohexene '750 ml. carbon tetrachloride ''ca. 0.01 
mole modifier, when added) represents a compro­
mise between manipulative ease and maximum 
yield of allylic bromide product. To survey the ef­
fects of environmental factors and of added sub­
stances, a standardized procedure was developed 
which involved conduct of the reaction at reflux 
temperature of carbon tetrachloride and determina­
tion of the time required for complete reaction by 
external test (moistened starch-iodide paper) for 
the disappearance of NBS. 

For preparative purposes purification of NBS 
usually is effected by rapid recrystallization from 
Schmid a n d P . K a r r e r , HeIv. Chim. Acta, 29 , 573 (1910) ; (d) I.. Ba te -
m a n and J. I. C u n u e e n , J. Chem. Soc, 941 (1950) ; (e.l M . C. Ford 
a n d W. A. W a t e r s , ibid., 2240 (1952) ; (f) E . A. B r a n d e a n d E. S. 
W a i g h t . Xature, 164, 241 (1949), and J. Chem. Soc, 1110 (1952); 
(K) W. J . Barley and J. BeHo, J. Org. Chem., 20, .52.5, '!Si) (195,5), and 
J. Bello, P h . D . Thes i s , W a y n e Un ive r s i t y , 1952; (h) J. C. M a r l i n 
and P . n , Ba r t l e t t , T H I S J O U R N A L , 79, 2533 (1957). 

boiling water, followed by drying in air or over dry­
ing agents. Since other workers9 have reported 
tha t NBS purified in this way showed variable ac­
tivity in preparative benzylic brominations, depend­
ent to a considerable degree on the method of dry­
ing, it was necessary to establish the reliability of 
results obtained with NBS, similarly purified, in al­
lylic brominations. Using the standardized proce­
dure, complete reaction times with cyclohexene were 
found to be independent of the rate of crystalliza­
tion but dependent on the drying method employed 
(air-dried, ca. 110 rain.; dried over phosphorus pen-
toxide, ca. 165 min.). Air-dried NBS was arbi­
trarily selected for use in the present s tudy after it 
had been demonstrated tha t complete reaction 
times for each lot of air-dried material in runs with 
or without added modifiers were reproducible and 
for different lots, in spite of some variance in abso­
lute values, showed reasonably consistent relative 
reactivities (ratio of unmodified 'modified reaction 
times). 

Different samples of cyclohexene also were 
found to exhibit different reactivities with NBS 
and these differences have been shown to be due 
to the presence of variable amounts of peroxidic 
impurities. The ease of reaction of atmospheric 
oxygen with simple non-conjugated alkenes to 
form allylic hydroperoxides is known to vary 
considerably with structure, and cyclohexene has 
been found to be one of the most readily autoxi-
dizable alkenes.10 In the present work it has 
been shown tha t cyclohexene produced a de­
tectable amount of peroxide within one hour 
after distillation from sodium and storage in a 
glass-stoppered bottle. When stored in this 
manner, the peroxide content of the cyclohexene 
continued to increase steadily for about 100 days, 
at which time a steady state concentration of 

i about 0.42 M peroxide apparently resulted (Fig. 
1; peroxide content for only first forty days in­
cluded) . 

At regular intervals when the peroxide deter­
minations were made, samples of the aging cyclo­
hexene were removed and reactivity determined 
under the standardized reaction conditions using a 

single lot of NBS; repetition of this study with dif­
ferent lots of cyclohexene and NBS gave analogous 
results, differing only by displacement of the time 
ordinate due presumably to the slightly different ac­
tivity of the NBS used "(Fig. 1). Tn both series the 
reaction times decreased linearly and the peroxide 
concentrations increased almost linearly up to a per­
oxide concentration of about 0.035 M (in the cyclo­
hexene), but beyond this increased peroxide content 
failed to decrease the reaction time below a limiting 
value of about 30 ± 5 min. The insensitivity of the 
reaction time to increased peroxide concentration 
beyond about 0.035 M apparently is not due to at­
ta inment of a steady state concentration of a par­
ticular catalytically-active peroxide in the aging cy­
clohexene; samples of cyclohexene prepared by di­
lution of material containing high peroxide concen­
tration (> 0.035 M) with freshly distilled cyclohex-

(H) E . Campai t ;ne and W. M. LeSenr , ibid., 70, 1555 (1948); X. B. 
C h a p m a n and J. F. A. Wi l l i ams , J. Chem. Soc, 5014 (1952). 

(10) J. I.. Bol land , Quart. Reus.. 3 , 1 (1919); I. B a t e m a n , ibid.. 8, 
147 (1951). 
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ene gave reaction times which agreed well with 
those obtained directly from aged samples of the 
same low peroxide content ( < 0.035 M) (Fig. 1). It 
would appear, at least under these reaction condi­
tions, that peroxide present in excess of about 0.035 
M in the cyclohexene, or about 0.006 M in the re-
actant solution, floods the system and does not con­
tribute additional initiation of the reaction with 
NBS.11 The observed dependency of reaction time 
on peroxide concentration, and particularly the long 
reaction times at low peroxide concentrations, sug­
gests that some alkenes, which have been reported 
as unreactive toward NBS or other allylic halogena-
tion agents,5 may have contained insufficient per­
oxide, either as the result of too careful purification 
or of too slow autoxidation, to initiate the reaction.12 

It is also likely, in view of the dependency of reac­
tivity on the purity of the NBS and the alkene, that 
some of the earlier conclusions about relative reac­
tivity of alkenes also may be invalid. 

Environmental Factors.—As usually run for 
preparative purposes, the reaction of NBS with 
alkenes is conducted in normal diffuse light and in 
contact with air (through the condenser). In a few 
cases a nitrogen atomosphere or precautions to main­
tain the reaction mixture anhydrous have been em­
ployed, but these measures seem to have been used 
to protect the bromo product from decomposition 
rather than to change the course or rate of the bro­
mination reaction. Strong light irradiation has been 
shown to catalyze the reaction of NBS with al­
kenes13 and an incandescent bulb placed below the 
reaction flask frequently has been used to catalyze 
allylic brominations and to furnish heat needed for 
refiuxing. To determine the effect of diffuse light 
and of atmospheric oxygen on the course and the 
time of complete reaction, a series of runs were con­
ducted under various combinations of light-free, 
oxygen-free and peroxide-free conditions (Table I). 
The similarity of reaction times for runs 1 and 2, 
which are carried out under the normal conditions 
(access to air, preformed peroxides in the cyclohex­
ene) and differed only in the access of diffuse light, 
indicates that light does not contribute significantly 
to catalysis of the reaction when peroxides are also 
present. When preformed peroxides and access of 
oxygen and moisture are excluded (run 3), the reac­
tion time in diffuse light is almost doubled; when 
access of light is additionally removed (run 4), re­
action occurs very slowly and the reaction time is in­
creased almost ten-fold. The difference between 
the latter two reaction times indicates that, in the 

(11) The heterogeneous reaction conditions employed in this study 
may be responsible for the observed limiting reaction time. Due 
to the low solubility of NBS in carbon tetrachloride, reaction time will 
be dependent on peroxide concentration up to the point where the 
NBS is consumed as fast as it dissolves and beyond this additional per­
oxide can initiate only other reactions. 

(12) Evidence presented later in this study and from subsequent 
kinetic studies [(a) E. A. Youngman, Ph.D. Thesis, University of 
Washington, 1952] establish that peroxides or other sources of radical 
initiators are necessary for allylic bromination of cyclohexene, and 
presumably other alkenes, by NBS. Other studies Kb) H. G. Booker, 
M. Sc. Thesis, University of Washington, 1955] have shown that 
different N-bromoimides (NBS, N-bromoglutarimide, N-bromodi-
methylhydantoin and N-bromophthalimide) require different amounts 
of peroxides or other initiators to effect allylic bromination of cyclo­
hexene. 

(13) C. Meystre, L. Ehmann, R. Xeber and K. Miescher, HeIv. 
CMm. Acta. 28, 1252 (1945). 

absence of peroxides, even diffuse light may cata­
lyze the allylic bromination reaction.14 In run 5 it 
has been shown that a sluggish reaction (run 4 type) 
may be activated by addition of peroxides that nor­
mally would have been present in the reaction mix­
ture. These observations that reaction times be­
come successively longer as peroxides, light and oxy­
gen are eliminated provide convincing evidence of 
the radical chain nature of the NBS-alkene reaction 
and of the importance of these catalysts, usually in­
advertently present, in synthetic applications of this 
reaction. The very slow reaction still found when 
these catalysts are excluded may be attributable to 
initiation by bromine radicals, formed by thermal 
homolysis of bromine {vide infra) or, possibly, of 
NBS, or to slow formation of peroxides from residual 
traces of oxygen not removed by sweeping with ni­
trogen. 

TABLE I 

EFFECT OF ENVIRONMENTAL FACTORS ON REACTION OF 

NBS WITH CYCLOHEXENE IN CARBON TETRACHLORIDE 
. Yield, % . 
3-Bromo- 3,6-Dibromo- 1,2-Dibromo. 

Oxy- Time, cyclo- cyclo- cyclo-
Run gen" Light min. hexene hexene hexene 

1 0 

8C 

1 3 

8 

1 

4 

1 5 

1 + + 70-75 62 

2 + - 75-80 60 

3 - + 105-130 55 

4* - - >660 40 

5e 305-312 60 2 8 

Gf - - 300-300 22 11 37 

" In runs with an air atmosphere ( + ) the cyclohexene was 
0.022 M in peroxides; in runs with a nitrogen atmosphere 
( —) the cyclohexene was distilled from sodium in a nitrogen 
atmosphere directly into the reaction flask. b Yields based 
on major distillation fractions without correction for inter­
mediate fraction. c Yield of 3,6-dibromocyclohexene by 
direct crystallization and isolation; yield of 1,2-dibromo-
cyclohexane not determined. d About 6% XBS remained 
at end of run; all other runs went to completion. " Con­
ducted in same manner as run 4 except that after 280 min. 
2 ml. of stale cyclohexene (0.022 M in peroxide) was added. 
! Conducted in the same manner as run 4 except that 1 mole 
per cent, pyridine added initially. 

Product analysis of these runs (1-4) clearly indi­
cates that gradual exclusion of environmental cata­
lysts does not alter the fundamental course of the 
reaction but, by prolonging reaction time, causes a 
subsequent reaction to become increasingly impor­
tant. As catalysts are removed and reaction times 
become longer, the yield of monoallylically bromi-
nated product, 3-bromocyclohexene, decreases 
gradually, the yield of doubly allylically brominated 
product, 3,6-dibromocyclohexene, remains about 
constant, and the yield of addition dibromide, 
1,2-dibromocyclohexane, increases appreciably. 
Since it can be shown that 3-bromocyclohexane on 
continued refiuxing in carbon tetrachloride, condi­
tions comparable to those encountered in slow runs, 
undergoes slow dehydrobromination (ca. 1%/hr.), 
decreased yields of 3-bromocyclohexene at the ex­
pense of increased yields of 1,2-dibromocyclohexane 
are readily explained by the reactions 

Br 

ICH1CO)1N-Br 
Br2 

HBr 
a: 

(14) Similar catalysis by light has been observed in benzylic bro­
minations of toluenes by NBS and by dibromodimethylhydantoin in 
carbon tetrachloride. |C 
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Similar decompositions of allylic bromides have 
been reported previously and in certain cases con­
jugated dienes have been isolated as products from 
allylic brominations as the result of spontaneous 
dehydrobromination during conduct of the substitu­
tion reaction.15 

Effect of Modifiers.—Prior to the present s tudy 
relatively little was known about the effect of 
added substances on the rate and the course of the 
reaction of alkenes with NBS. Ettlinger8a had 
shown tha t the decomposition of NBS in dioxane 
was accelerated by dioxane peroxide or amines and 
was retarded by bromanil. Schmid and Karrer8c 

had demonstrated tha t benzoyl peroxide was an ef­
fective catalyst for allylic bromination of alkenes by 
NBS, and Biichi, Seitz and Jeger16 had used sus­
pended barium carbonate to prevent excessive de­
hydrobromination of the allylic bromide product 
during the reaction. Subsequent to the present 
work, Ford and Waters815 showed tha t allylic and 
benzylic brominations by NBS were accelerated by 
azo-bis-a-methyl-butyronitrile or dimethyl azo-bis-
isobutyrate and were retarded by iodine or chlo-
ranil. Braude and Waight8f have found tha t t-
amines, tert iary and quaternary ammonium halides, 
and inorganic halides alter the course of reaction of 
alkenes with NBS in chloroform to give predomi­
nantly bromine addition products; Bailey and 
Bello8g obtained similar results when inorganic 
halides were added. 

In the present s tudy the effect of over twenty 
modifiers (potential accelerators or retarders) on the 
time required for complete reaction of NBS with 
cyclohexene in carbon tetrachloride under stand­
ardized conditions has been investigated. The 
majority of these studies have been made using cy­
clohexene containing 0.022 M peroxide; the pres­
ence of peroxide assured more consistent reaction 
times and this concentration of peroxide, which 
corresponds to a point on the slanting (peroxide-de­
pendent) portion of the curve in Fig. 1, enabled com­
parat ive studies of both accelerating and retarding 
modifiers on the same reaction system. A limited 
number of studies were conducted using peroxide-
free cyclohexene and with the cyclohexene contain­
ing 0.088 M peroxide, which corresponds to a point 
on the limiting portion of the curve in Fig. 1; in all 
cases the modifiers were present in about 1 mole per 
cent, concentration relative to NBS. The results 
obtained, expressed as relative reactivities (reaction 
time for unmodified (control) run/react ion time for 
modified run), are summarized in Table I I . 

In runs using cyclohexene containing 0.022 M 
peroxide, the relative order of effectiveness of re­
tarders was found to be: bromanil ( tetrabromo-
/>benzoquinone), picric acid > s-trinitrobenzene ^ 
iodine > w-dinitrobenzene > hydroquinone; tetra-
bromohydroquinone also functions as a retarder but 
the inconsistent results obtained preclude assign­
ment of its position in this series. The erratic be­
havior shown by both hydroquinone and tetrabro-
mohydroquinone may be at t r ibutable to their low 
solubility in carbon tetrachloride but, more likely, is 

(15) C. Meystre, H. Frey, A. Wettsteiu and K, Miescher, HeIv, 
Chim. Ada, 27, 1815 (1944); P. Karrer and J. Rutschinann, ibid., 28, 
793 (1945). 

(10) G. Biichi, K. Seitz and O. Jeger, ibid., 32, 39 (1949). 

TABLE II 

EFFECT OF ONE M O L E P E R CENT. MODIFIER ON REACTION 
TIME OF NBS WITH CYCLOHEXENE 

Modifier^ 

Triethylamine 
Azo-bis-isobutyro-

nitrile' 
Pyridine 
Benzoyl peroxide 
Tetralyl hydroper­

oxide'' 
Bromine 
Thiophenol8 

Water 
Ethanol 
Hydrogen bromide 
Piperidine^ 
Succinimide9 

Di-<-butyl peroxide'1 

Magnesium oxide 
Hydroquinone 
m- Dinitrobenzene 
Iodine 
Tetrabromohydro-

quinone1 

i'-Trinitrobenzene 
Bromanil' 
Picric acid* 

ReI 
. Peroxide 

0.000 M 

4.2-

6.0-
2.8-

4.6-
2.4-

0.25-

0.25-
0. 

-4 

-7 
-3 

-4 
-2 

-0. 

-0. 
15 

.8 

.3 

.2 

.9 

.6 

46 

35 

ative reactivity 
concn, in cycl 

0.022 M 

7.9-9 .9 

4 .8-6 .6 
3 .6-4 .8 
2 .8 -5 .9 

2 . 4 - 5 . 6 ' 
3 .3-4 .4 
2 .7-2 .9 
ca. 1-4'" 
1.6-2.4 
1.8-2.1 
1.0-1.6 

1.1 
0.97-1.4 

.92-1.2 

.57-1.0 

.59-0.84 

.47- .58 

.19- .69 

.37- .52 
0.33 
0.31 

?a 

onexene . 
0.088 M 
1.9-2.4 

0 .92-1.1 
2.4 

1.1-1.3 
1.1 

1.1-1.2 

0.21-0.92 
0.18 

0 Relative reactivity = time for complete reaction without 
modifier/time for complete reaction with modifier, both 
containing stated peroxide concentration (moles liter -1) in 
the cyclohexene used. b All modifiers used at a concentra­
tion of about 1 mole per cent., relative to XBS; unless other­
wise indicated modifiers were Eastman white label or com­
parable grade and were used without purification. "Pre­
pared by the method of J. Thiele and K. Heuser, Ann., 290, 
1 (1896), m.p. 101-102°. d Prepared by E. A. Youngman 
bv the method of H. Hock and W. Susemuhl, Ber., 66, 61 
(1933), m.p. 56°, 99.9% peroxide content. 'Purified by 
B. S. Baldwin by fractional distillation under reduced pres­
sure from zinc dust in a nitrogen atmosphere just before 
use. ' Middle fraction of distilled Eastman practical grade 
material, b.p. 106°. * Technical grade sample recrystal-
lized from 9 5 % ethanol to constant m.p. 125-126°. * Sample 
supplied by Shell Development Co. * Prepared by E. A. 
Youngman by the method of A. R. Ling, J. Chem. Soc, 61, 
558 (1892). 'Prepared by the same method, m.p. 295-
296° dec. * Eastman white label sample containing 15% 
water was dried at 80° (20 mm.) over phosphorus pentoxide 
for 24 hours and then recrystallized from anhydrous ben­
zene. l Relative reactivity of 0.5 mole per cent, tetralyl 
hydroperoxide plus 0.75 mole per cent, pyridine was 7.9-9.2. 
m Results were erratic and irreproducible, being more de­
pendent on the fineness of dispersion than on the amount of 
water. 

due to their oxidation by traces of oxygen to soluble 
strongly retarding quinones. At this peroxide con­
centration hydroquinone is only a weak retarder (in­
creases reaction time less than twofold), iodine, di-
and trinitrobenzene are more effective retarders 
(reaction times approximately doubled), but bro­
manil and picric acid are found to be, a t least, mod­
erately strong retarders (reaction times increased 
threefold or more). Additional support for these 
conclusions about the effectiveness of retarders de­
rives from the observations tha t the relative re­
activities of runs with bromanil or s-trinitrobenzene 
are essentially independent of the peroxide concen­
tration but with hydroquinone the relative effective­
ness decreases steadily as the peroxide concentra-
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tion is increased, no retarder action being found at 
the highest peroxide concentration.17 Qualitative 
results indicate that sulfur acts as a retarder and 
certain observations suggest that oxygen functions 
as a retarder or inhibitor.18 

The order of effectiveness of retarders on the 
allylic bromination reaction is found to be com­
pletely discordant with inhibitor-retarder order for 
autoxidations (phenols, aromatic amines 3> chlo-
ranil, trinitrobenzene)19 but to be in excellent agree­
ment with the inhibitor-retarder order for induced 
decomposition of benzoyl peroxide or for poly­
merization of vinyl acetate, styrene and methyl 
methacrylate (more reactive quinones, picric acid > 
trinitrobenzene > m-dinitrobenzene > hydroqui-
none).20 Since effectiveness of these inhibitor-re-
tarders in polymerizations decreases as the electron-
accepting properties of the polymer radicals in­
crease,200'21 the relatively low retarding action of 
these modifiers in the allylic bromination reaction 
indicates that the retarders react with the electron-
accepting chain carriers, succinimidyl radicals, 
rather than with the electron-donating cyclohexenyl 
radicals. This conclusion is in accord with the 
findings of Kooyman, Van Helden and Bickel7b 

that benzylic bromination of substituted toluenes 
by NBS is facilitated by electron-donating sub-
stituents and retarded by electron-accepting ones 
(P= -1.55). 

Almost half of the modifiers examined (Table II) 
proved to be accelerators for the allylic bromination 
of cyclohexene by NBS. The accelerators may be 
divided into three groups: (i) normal initiators of 
radical reactions (azo-bis-isobutyronitrile, benzoyl 
peroxide, tetralyl hydroperoxide, cyclohexenyl hy­
droperoxide, di-<-butyl peroxide), (ii) bromine-
producing group (bromine, hydrogen bromide, 
ethanol, water, thiophenol) and (iii) amine group 
(triethylamine, pyridine, piperidine). For the 
normal initiator group the accelerator order in runs 
using cyclohexene containing 0.022 M peroxide was 
found to be: azo-bis-isobutyronitrile > benzoyl 
peroxide > tetralyl hydroperoxide > di-^-butyl per­
oxide22; at an equivalent concentration (0.0148 

(17) The procedure used in the present study does not allow dis­
tinction to be made between inhibitor and retarder action of the 
modifiers. However, the fact that runs with trinitrobenzene and 
modifiers below it in the series were all found to go to completion sug­
gests that these modifiers are acting only as retarders. On the other 
hand, all runs with bromanil or picric acid present were incomplete 
even after lengthy reaction times (in the longest run, with bromanil 
and no added peroxide, little succinimide had formed even after 11 
hours) and, accordingly, these two modifiers may have functioned as 
true inhibitors. 

(IS) In a run using cyclohexene artificially aged by passage of oxygen 
through it for a few minutes and followed by several days standing, the 
reaction time was shortened appreciably when the aged cyclohexene 
sample was "deoxygenated" by passage of nitrogen through it for an 
hour. Kinetic studies128 have shown that traces of oxygen effec­
tively inhibit the initiated allylic bromination reaction at low NBS 
concentrations and that consistent results are obtained only when re-
actants have been thoroughly degassed. 

(19) C. E. Boozer, G. S. Hammond, C. E. Hamilton and J. N. Sen, 
T H I S JOURNAL, 77, 3233, 3238 (1955). 

(20) (a) K. Nozaki and P. D. Bartlett, ibid., 68, 1686 (1946); 
(b) P. D. Bartlett and H. Kwart, ibid., 72, 1051 (1950) (value for 
picric acid quoted in ref. 21, p. 174); (c) J. L. Kice, ibid., 76, 6274 
(1954); (d) R. L. Frank and C. E. Adams, ibid., 68, 908 (1946); (e) 
S. G. Foord, J. Ckem. Soc, 48 (1940). 

(21) C. Walling, "Free Radicals in Solution," John Wiley and Sons, 
Inc., New York, N. Y., 1957, p. 168. 

(22) The full magnitude of acceleration by azo-bis-isobutyronitrile 

moles/liter reactant solution) cyclohexenyl hydro­
peroxide was about as effective as azo-bis-isobuty­
ronitrile. With the exception of the hydroper­
oxides, the accelerator order for the other members 
of this group parallels their estimated rates of pri­
mary decomposition,23 as expected for initiators 
subject to little or no induced decomposition. Hy­
droperoxides, on the other hand, are known to be 
very susceptible to induced decomposition not only 
by radicals23='24 but also by donor or acceptor mole­
cules23"1 and the relatively greater accelerator action 
of cyclohexenyl and tetralyl hydroperoxides in the 
NBS allylic bromination reaction undoubtedly 
arises from such induced decompositions. In fact, 
certain observations by others23d'24c and favorable 
energetics make it very probable that NBS is par­
ticularly effective in promoting induced decomposi­
tion of hydroperoxides by one or both of the follow­
ing bimolecular reactions, the first being energeti­
cally more favorable. Pronounced acceleration of 

H 
I 

(CH2CO)2N-Br <- O-OR —> 
(CH2CO)2N- + Br-OH + 'OR 

(CH2CO)2N-Br -> H-OOR —> 
(CH2CO)2N- + Br-H + -OOR 

the allylic bromination reaction is also observed 
when peroxide-free cyclohexene is used; azo-bis-
isobutyronitrile and cyclohexenyl hydroperoxide 
are about equally active (both give limiting reaction 
times) and more effective than tetralyl hydroper­
oxide. When cyclohexene containing 0.088 M per­
oxide was used, neither azo-bis-isobutyronitrile nor 
tetralyl hydroperoxide produced significant addi­
tional acceleration, presumably because limiting re­
action times had already been attained by the high 
concentration of cyclohexenyl hydroperoxide pres­
ent. 

The second group of accelerators is composed of 
bromine and its congeners, hydrogen bromide, eth­
anol, water and thiophenol.26 Hydrogen bromide 
reacts rapidly with NBS to produce bromine, and 
oxidation of other accelerators in this group by NBS 
yields hydrogen bromide and, consequently, bro­
mine.26 Bromine functions as an effective accelera-
or benzoyl peroxide may not be shown in the NBS reaction run under 
the present conditions because their reaction times are close to the 
limiting values; cf. ref. 11. 

(23) 
Half-life 

ft(lst)<j, 80°, sec."' hr. 
Azo-bis-isobutyronitrile"1 1.60 X 10" ' 1.21 
Benzoyl peroxide5 3.28 X 10" ' 5.87 
Tetralyl hydroperoxide* 1.37 X 10" ' 1410 
Cyclohexenyl hydroperoxide'' ca. 1 X 10" ' ca. 2000 
Di-(-butyl peroxide* 2.9 X 10" ' 6700 

Primary decomposition rates at 80° are available or estimatible 
from data in the following references; ° C. G. Overberger, M. T. 
O'Shaughnessy and H. Shalit, T H I S JOURNAL, 71, 2661 (1949); b ref. 
20a; c J. R. Thomas, ibid., 77, 246 (1955); d L. Bateman and H. 
Hughes, J. Chem. Soc, 4594 (1952); cf. ref. 23c; e J. H. Raley, F. F. 
Rust and W. E. Vaughaa, T H I S JOURNAL, 70, 1336 (1948). 

(24) (a) V. Stannett and R. B. Mesrobian, ib-d., 72, 4125 (1950); 
(b) F. H. Seubold, Jr., F. F. Rust and W. E. Vaughan, ibid., 73, 18 
(1951); (c) A. Robertson and W. A. Waters, J. Chem. Soc, 492 (1947), 
and 1574, 1578 (1948). 

(25) A similar accelerating effect of bromine has been observed in 
the benzylic bromination of toluene by l,3-dibromo-5,5-dimethyl-
hydantoin.70 

(26) C. A. Grob and H. TJ. Schmidt, Experientia, S, 199 (1949), 
have shown that benzyl alcohol is oxidized by NBS in carbon tetra­
chloride to beuzaldehyde. 
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tor of allylic bromination both in the absence and 
the presence of cyclohexenyl hydroperoxide; its 
accelerating effect is somewhat greater in the pres­
ence of low peroxide concentration but limiting 
reaction times obscure any acceleration at high per­
oxide concentration. Under these reaction condi­
tions, refluxing carbon tetrachloride and diffuse day­
light, bromine radicals would be produced by the 
thermal or photochemical homolysis of bromine278-
and be able to initiate allylic bromination8b-28 either 
directly or indirectly. Direct initiation would re­
sult by displacement of bromine radical on an 
allylic hydrogen of cyclohexene or on the bromine 
of NBS to form chain-carrying cyclohexenyl or suc-
cinimidyl radicals. Since radical-chain addition of 
bromine to an alkene is incomplete and reversible,2 ,a 

the intermediate bromocyclohexyl radical could 
cause indirect initiation either by reversal to form 
a bromine radical or by displacement on bromine or 
NBS to yield the same chain-carrying radicals. 

,Br 
Br- -r [ ![ m I ! ^ * 

CH2CO)2N-Br 

TABLE II I 

EFFECT OF ACCELERATORS ON PRODUCT COMPOSITION FROM 

REACTION OF NBS WITH CYCLOHEXENE" 

/ \ ^ B r 
+ Br-Oi-(CH2CO)2N-

Br 
The greater acceleration produced by bromine in the 
presence of peroxides may be due to a bromine rad­
ical-induced decomposition of the hydroperoxide or 
to a bimolecular homolytic reaction between hydro­
peroxide and bromine molecules. The lesser ac-

ROOH + Br >• RO- + HOBr 

ROOH + Br2 > RO- + HOBr + Br-

celeration shown by other members of this group 
(bromine > thiophenol > ethanol, hydrogen bro­
mide ; water shows variable results) would seem to 
be determined largely by the efficiency of their re­
action with NBS to form bromine or by experimental 
difficulties; with hydrogen bromide low solubility in 
carbon tetrachloride results in losses and with water 
acceleration appeared to be more dependent on de­
gree of dispersal in the solvent than on amount. 
Product analysis has demonstrated tha t use of hy­
drogen bromide as an accelerator does not alter 
the fundamental course of the allylic substitution re­
action since product composition, when corrected 
for the 1,2-dibromocyclohexane expected from the 
addition of bromine formed by the reaction of the 
hydrogen bromide with NBS, proved to be very 
similar to those formed when cyclohexenyl hydro­
peroxide, azo-bis-isobutyronitrile or benzoyl per­
oxide were used as initiators (Table I I I ) . 

In contrast to the acceleration shown by bromine, 
iodine has been found to be a moderately effective 
retarder of the allylic bromination reaction.29 This 

(27) (a) F. R. Mayo and C. Walling. CAeBJ. Revs., 27, 351 (1940); 
(b) H. Steinmetz and R. M. Noyes, T H I S JOURNAL, 74, 41-11 (1952); 
(e) R. M. Noyes, R. G. Dickinson and V. Sehomaker, ibid., 67, 1319 
(1945). 

(2S) H. Schaltegger, HeIv. Chim. Acid, 33, 2101 (1950), has shown 
that photochemically-produced bromine radicals, formed by irradia­
tion of very dilute bromine solutions, initiate allylic bromination of 
certain steroidal alkenes. 

(29) Ford and Waterssc have found that iodine exerts a moderate 
retarder action on the benzylie bromination of toluene by NBS initi­
ated by dimethyl azo-bis-a-methylbutyrute. Hcbbelynck and 
Martin7-11 have reported that iodine failed to retard the Ikdit-eatalyzed 
benzylie ciilorination of toluene by NCS. 

Accelerator 

None 
Azo-bis-isobutyronitrile 
Benzoyl peroxide 
Hydrogen bromide 
Piperidine 
Pyridine 
Trietliylamine" 
Water (finely dispersed) 

< Product yield,& % 
Monobromide Dibromides 

62 
65 
64 
58 (55)c 

59 
60 
56 
59 

11 
10 
12 
7 .5 (20 .0 
0 

10 
10 
14 

" Cyclohexene used was 0.022 M in peroxides except in 
triethylamine run when freshly distilled (peroxide-free) 
cyclohexene was used. b Monobromide = 3-bromocyclo-
hexene, Dibromides = 3,6-dibromocyclohexene + 1,2-di­
bromocyclohexane; intermediate distillation fractions not 
included in these yields. 'Parenthet ical values are ob­
served values which were corrected by assuming complete 
reaction of the hydrogen bromide with NBS to give bro­
mine and subsequently 1,2-dibromocyclohexane. The ini­
tial amount of hydrogen bromide in the carbon tetra­
chloride was about 6 mole per cent., but due to its insolu­
bility in this solvent an appreciable amount was lost before 
reaction began and, therefore, the actual yields lie some­
where between these extremes. 

striking difference between the action of the two 
halogens fundamentally derives from the fact tha t 
bonds to iodine atoms are consistently weaker than 
the corresponding bonds to bromine atoms. Due to 
the easier homolysis of iodine molecules and the 
lower additive and abstractive reactivity of iodine 
atoms toward alkenes, 27b<c iodine atoms tend to ac­
cumulate and thereby retard the reaction by cou­
pling with the chain-carrying succinimidyl and cyclo­
hexenyl radicals. Subsequent slow dissociation of 
the coupling products, N-iodosuccinimide30 and 
cyclohexenyl iodide, may occur but the net effect 
will be retardation due to lessening of the number 
or the length of the chain reactions. 

Prior to the present work it had not been ob­
served tha t ^-amines are effective accelerators of the 
allylic bromination of alkenes by NBS. I t had been 
shown, however, by Ettlinger3a tha t NBS is de­
composed violently by tri-«-butylamine and Cole-
grove and Waters3 1 had obtained some evidence tha t 
triethylamine, N,N-dimethylaniline and N-methyl-
piperidine in carbon tetrachloride undergo oxida­
tive dealkylation on reaction with NBS. On the 
other hand, Braude and Waight8f had shown tha t 
triethylamine, as well as t r iethylammonium and te-
traethylarnmonium halides, at concentration levels 
of 10-40 mole per cent, changed the course of the re­
action of NBS with cyclohexene in chloroform or pe­
troleum ether from predominant allylic substitution 
to predominant bromine addition. Consequently, 
it was surprising to discover t ha t under the usual re­
action conditions the addition of smaller quantities 
of triethylamine or pyridine produced marked ac­
celeration of the allylic bromination reaction; pi­
peridine showed little or no acceleration, possibly be­
cause of its conversion to N-bromopiperidine by 

,30) C. Djerassi and C. T. Lenk, TmS JOURNAL, 75, 3493 (1953), 
have reported that N-iodosuccinimide shows "no free radical activity" 
when refluxed with toluene in carbon tetrachloride in the presence of 
benzoyl peroxide and stronc, He.ht. 

(31) S. L. Colc&irove and W. A. Waters, J Cheni. .'v„\, 907 (1949). 
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NBS32 (Table II). Furthermore, in runs with 
these three amine modifiers product compositions 
were virtually the same as those obtained when 
other types of accelerators were used (Table III). 
Acceleration by amines is shown both in the absence 
and in the presence of peroxides, but their relative 
effectiveness varies with peroxide concentration. 
With peroxide-free cyclohexene, the /-amines are less 
effective than azo-bis-isobutyronitrile or tetralyl 
hydroperoxide (azo-bis-isobutyronitrile > tetralyl 
hydroperoxide > triethylamine > pyridine > bro­
mine) but with cyclohexene containing 0.022 M per­
oxide triethylamine excels all others and pyridine 
becomes as active as benzoyl peroxide (triethyla­
mine > azo-bis-isobutyronitrile > pyridine ^ ben­
zoyl peroxide > bromine > tetralyl hydroperoxide). 
Triethylamine and pyridine are unique in that they 
are the only modifiers found to produce acceleration 
when cyclohexene containing 0.088 M peroxide was 
used; in view of the explanation of the limiting re­
action times advanced earlier,11 it would appear that 
this unique acceleration by /-amines at high per­
oxide concentration may be due to their ability to 
increase the solubility or rate of solution of NBS 
in the reaction medium. 

Acceleration of the allylic bromination reaction 
by famines very likely arises from two sources: (i) 
amine-induced homolytic decomposition of NBS, 
and (ii) amine-induced homolytic decomposition of 
the hydroperoxide. Several lines of evidence 
strongly support the contention that /-amines react 
with NBS by one or more of the following oxidation-
reduction-displacement mechanisms (a, b + c, 
b + d). Energy considerations indicate that such 
oxidation-reduction-decomposition reactions are 

(CH8CHj)3N: + Br-N(COCHo)2 ^—*~ (CH3CH2)3N-, Br + 

I , c * -N(COCH2), 

\ h / 

(CH3CH2)3N-Br, .-N(COCH2J2'—»> (CH3CH2)TN- + Br- + 

:N( COCH2J2 

feasible, the low ionization potentials of /-amines be­
ing particularly important in facilitating these re­
actions.33 An analogous one-step oxidation-reduc­
tion-displacement reaction of dimethylaniline or 
pyridine on tris-^-nitrophenylmethyl bromide to 
form the corresponding trityl radical has been sug­
gested by Lefner,84a and Horner and co-workers34b 

(32) A. Hofmann and F. Troxler, U. S. Patent 2,516,002 (1950), 
have found that certain je^-amines undergo N-bromination by NBS. 

(33) The heat of reaction a (or b + e) would be. AH = D(Br-N 
(COCHi)2) +/P(CCHiCHs)IN) - EA(Br-) - Eion p a i r - £8o lva t ,0J1 . 
Values for the ionization potential of triethylamine (173 kcal. mole -1; 
K. Watanabe and J. R. Mottl, J. Chem. Phys., 26, 512, 1773 (1953)) 
and the electron affinity of bromine atom (81.6 kcal. mole - 1; H. O, 
Pritchard, Chem. Revs., 52, 529 (1953)) are known and the bond dis­
sociation energy of NBS has been estimated to be about 44 kcal. 
mole~> 12a; with these values, AH = 135 — Ei0 n pair — ^solvation. 
Approximating as Coulnmbic attraction, ion pair energy would be 
about 141 kcal. mole"1 at 3 A. and about 94 kcal. mole - 1 at 4 A., 
reasonable limits for the interionic distance. With allowance for 
solvation energy and for the verticality of the ionization potential, 
it follows that the reaction should be exothermic. Pyridine, due to its 
higher ionization potential, would be expected to show lesser tendency 
to undergo oxidation-reduction-displacement reactions. 

(34) (a) J. E. Leffler, Tm=. JOURNAL 75, 3398 (1953); (b) L. 
Horner and E. Schwenk, Aitgen,. Chem., 61, 411 (1919), L. Horner 

have obtained convincing evidence that dimethyl-
aniline (and probably most /-amines except pyri­
dine) react with benzoyl peroxide by the two-step 

e 
mechanism to give initially CeHaN(CHa)2—OOC— 
C6H5,

 eOOCC6H6 which then undergoes homolysis 

to C6H6N(CHs)2 and -0OCC6H6. Furthermore, these 
oxidation-reduction-displacement reactions pro­
vide cogent explanation of the formation of ena-
mine products from the action of NBS on triethyl­
amine and other suitable /-amines35 by incorporat­
ing the subsequent homolytic elimination step 

e 
(CH3CH2J3N- + -N(COCH2J2 or Br ^ 

(CH 3 CH 2 )ON=CH-CH 3 + H - N ( C O C H 2 J 2 or HBr 

i 
( C H 3 C H 2 J 2 N - C H = C H 2 + H e 

With this new knowledge about the reaction of 
/-amines with NBS, explanation of the different re­
sults obtained by Braude and Waight and in the 
present work becomes possible. As pointed out by 
Dunstan and Henbest35 Braude and Waight's re­
action of NBS with triethylamine in the absence of 
cyclohexene proceeded according to the st.oichio-
metrical equation, 2 (CH3CHg)3N + 1 NBS -* 1 

(CH3CHa)2NCH=CH2 + 1 (CH3CH2)3NH, Br© 
+ 1 HN(COCH2)2, and our findings indicate that it 
probably occurred via radical intermediates. More­
over, in their study of the effect of triethylamine on 
the reaction of NBS with cyclohexene, Braude and 
Waight added NBS to a chloroform solution of the 
amine and only after the ensuing reaction was com­
plete was the cyclohexene added. Consequently, by 
this technique the radicals formed in the rapid 
oxidation-reduction-displacement reaction of amine 
with NBS were consumed in the production of di-
ethylvinylamine, triethylammonium bromide and 
succinimide before the cyclohexene was added, and 
the course of the reaction of NBS with cyclohexene 
was altered only to the extent that the triethylam­
monium bromide reacts with NBS to form bromine 
and, ultimately, 1,2-dibromocyclohexane. The 
high yields of dibromide products obtained when 
tri- or tetraalkylammonium halides8f (or inorganic 
halides8f's) are added may be explicable in the 
same manner or be due to a surface catalytic action 
that induces bromine addition by a polar mech­
anism, as previously suggested.8f'g The technique 
used in the present work differed in that amine mod­
ifier was added to the mixture of NBS and cyclo­
hexene so that the radicals from the amine-NBS 
reaction were utilized as formed to initiate the allylic 
bromination reaction; the use of smaller amounts of 
amine in our work (1 vs. 10 mole per cent.) also con-

and H. Junkermann, Ann., 591, 53 (1955), and intervening papers in 
this series. 

(35) D. Buckley, S. Dunstan and H. B. Henbest. J. Chem. Soc, 
4901, 4905 (1957), proposed that the reaction of NBS with triethyl­
amine involved initial complex formation followed by heterolytic 
elimination to give the cnamine conjugate acid but did consider 
the possibility that the analogous reaction of chloranil with (-amines 
occurred by a radical mechanism. 
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tributed to lower yields of the addition dibromide 
product.36 

The greater acceleration of the allylic bromina-
tion reaction by /-amines in the presence of cyclo-
hexenyl hydroperoxide than in its absence would ap­
pear to indicate that /-amines also can effect an 
oxidation-reduction-displacement reaction on hy­
droperoxides.37 In spite of the fact that aminc-
induced decompositions of diacyl peroxides has been 

R O - O H + :N(CH2CHs)3 > RO- + 0 H 9 + -N(CH2CHs)3 

studied extensively,3413 very few amine-induced de­
compositions of hydroperoxides have been reported 
previously.38 The same accelerator order (tri-
ethylamine > pyridine) is found for allylic bromina-
tions in the absence or presence of hydroperoxides, 
as expected if relative ionization potentials are the 
major determining factor. Limited product com­
position data suggest that this interpretation may 
be somewhat oversimplified; normal product dis­
tributions are found when pyridine and piperidine 
are used in the presence of peroxides, or with tri-
ethylamine in the absence of peroxides (Table III). 
On the other hand, under peroxide-free, light-free 
conditions pyridine effects little acceleration and the 
product contains considerably decreased yield of 
cyclohexenyl bromide and increased yield of addi­
tion dibromide (Table I). Thus, it would appear 
that triethylamine, but not pyridine, undergoes 
oxidation-reduction-displacement on NBS, al­
though light may induce reaction of pyridine as it 
does in similar cases,35 while both of these amines 
show the oxidation-reduction reaction with hydro­
peroxides. 

Mechanism.—In 1944, Bloomfield8b proposed 
that the allylic bromination of alkenes by NBS 
occurred by a radical chain mechanism involving 
initiation (thermally) by (1), propagation by (3) 
and (4), and termination by (5). The present re­
sults are in good agreement with the proposed prop­
agation reactions but indicate that initiation and 
termination of the allylic bromination reaction, as 
usually conducted, occur by different reactions from 
those proposed by Bloomfield. 
Initiation 

(CH 2 CO) 2 X-Br > (CH2CO)JN- + -Br (1) 
In - In > 2 In- (2a) 

(36) The percentage yields reported by Braude and Waisrhtsf for 
the monobromide fraction are too low and for the "1.2-dibromoeyclo-
hexane" fraction are too high because their refractometric method of 
analysis was based on the incorrect assumption thai the only bromo 
products present were 3-bromocyclohexene (n20D 1.5270) and 1,2-
dibromocyclohexane («20D 1.5516). The present study has shown 
that the dibromide fraction contains 3,6-dibromocyclohexene (ni> 
ca. 1.57) as the major component (10-13% yield) and 1,2-dibromo-
cyclohexane as only a minor one (1-4% yield) (Table I). The yields 
reported by Bailey and Hello88 are subject to the same error. 

(37) The allylic bromination reaction induced by 0.5 mole per cent, 
tetralyl hydroperoxide also is considerably accelerated (2-3 fold) by 
the addition of 0.75 mole per cent, pyridine. 

(38) C. H. Tipper, J. Chem. Soc, 1675 (1053), has found that pyri­
dine greatly-* accelerates the decomposition of 9-decalyl hydroperoxide; 
his observation that trace impurities must be removed from the 
pyridine before its catalytic action is shown may explain the report 
of Stannett and Mesrubian24^ that decomposition of /-butyi hydro­
peroxide is not appreciably accelerated by pyridine. H. Fikentscher 
and K. Herrle, B.I.O.S. Report 354, Item 22 (quoted in C. H. Bam-
ford, W. G. Barb, A. D. Jenkins and P. F. Onyon, "The Kinetics of 
Vinyl Polymerization by Radical Mechanisms," Buttenvorth, 195S, p. 
225) have shown that aliphatic amines induce the oxidation-reduction-
decomposition of hydrogen peroxide. 

In- + (CH2CO)2N-Br > In-Br + (CH2CO)2N- (2b) 

I I I 1 1 1 
In- H C = C - C > I n - H -J C = C - C - (2c) 

H 
Propagation 

I I I 
(CH2CO)2N- -I C = C - C >• 

H 

I I I 
( C H 2 C O ) 2 N - H H C = C - C - (3) 

- C = C - C - + (CH 2 CO) 2 N-Br — > 

I ! I 
- C = C - C h (CH2CO)2N- (4) 

Br 

Termination 

I I I I I I 
- C = C - C - + -Br — > - C = C - C - (5) 

Br 
I I I 

(CH2CO)2N- H C = C - C > 

I I I 
— C = C - C — N ( C O C H 2 ) 2 (6a) 

I I I I I I 
- C = C - C h - C - C = C > 

- C = C - C - C - C = C - (6b) 

(CH2CO)2N- + -N(COCH2)2 — > 

inactive products (6c) 

(CH2CO)2N- + T > inactive products (6d) 

Evidence now available, largely from the present 
work, indicates that the reaction is initiated by the 
following methods: (i) possibly by thermal homoly-
sis of NBS at elevated temperatures38 but not at 
the usual reaction temperature (80°); (ii) probably 
by thermal or photochemical homolysis of bromine, 
inadvertently introduced as an impurity in the NBS 
or formed by reaction of NBS with water or hydro­
gen bromide impurities, the latter also being formed 
by elimination from the allylic bromide product; 
(iii) by photolysis of NBS, even in diffuse daylight40; 
(iv) by thermal decomposition of well-known radical 
sources, alkyl hydroperoxides, diaroyl peroxides or 
azo-bis-nitriles, either deliberately added or in the 
case of allylic hydroperoxides, conveniently present 
as an autoxidation impurity in the alkene41; (v) 
by oxidation-reduction-decomposition of hydroper­
oxides with NBS or added /-amines, or of NBS with 
/-amines. In the simplest and most general form, 
chain-starting occurs by thermal dissociation of the 
initiators (2a) to produce radicals that react with 
NBS (2b) or with alkene (2c) to start the propaga-

(39) l-rhenylpropenes and 1,2-diphenylpropene (A. I.iittringhaus, 
H. B. Konig and B. Bottcher, Ann., 660, 201 (1947)) give allylic 
bromide products only at elevated temperatures. 

(40) Bcnzylic halogenations of toluenes by NBS or NCS are also 
light-catalyzed7;l,c but only the former reaction appears to follow an 
analogous mechanism involving succinimidyl radicals as chain car­
riers^; in the NCS reaction toluene seems to be the photosensitive 
reactant and chlorine radicals the chain-carriers.76 

(41) Toluene, which does not form a hydroperoxide on autoxida­
tion (C. Walling and S. A. Buckler, THIS JOURNAL, 77, 6032 (1955)), 
fails to undergo benzylic bromination by NBS unless other initiators 
or light are added.80 
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tion steps.42 Estimated heats of reaction of various 
initiator fragments with NBS or with cyclohexene 
indicate that both types of reaction will be about 
equally exothermic so that steps 2b and 2c are about 
equally probable.42 

The propagation steps (3 and 4) would be ex­
pected to have the low heats of reaction (respec­
tively, + 1 and — 3.5 kcal. mole-1)42 necessary for 
an efficient chain reaction and both kinetics42 and 
energy considerations indicate that (3), abstraction 
of allylic hydrogen by succinimidyl radical, should 
be slower than (4), abstraction of bromine from 
NBS by allylic radical. With (3) being rate-deter­
mining, succinimidyl radicals should be the chain-
carrying radicals; the negative p-value for the re­
action of NBS with substituted toluenes7b and our 
finding that electron-accepting chain terminators 
are only moderately effective retarders support this 
contention that electron-accepting succinimidyl rad­
icals, rather than electron-donating allylic radicals, 
are the chain carriers. The high electron affinity 
of succinimidyl radicals and the low ionization po­
tentials of allylic radicals undoubtedly reduce acti­
vation energies for (3) and (4) by introducing polar 
structures in their transition states.43 

Inasmuch as bromine radicals are not usually in­
volved in the NBS-allylic bromination reaction, the 
proposal by Bloomfield8b that chain termination oc­
curs by the coupling of allyl and bromine radicals (5) 
becomes untenable. Chain termination would be 
expected to result from the reaction of propagation 
radicals, allyl or succinimidyl, with each other (6a) 
or with another of the same type (6b or 6a) to pro­
duce relatively stable product(s). Estimated bond 
dissociation energies indicate that stable products 
should be formed by (6a) or (6b) but that (6c),42 

the coupling of two succinimidyl radicals to give 
bis-N-succinimidyl (estimated .0((CH2CO)2N-N-
(COCH2)2) = O kcal. mole-1), should not be possible 
due to the high resonance stabilization of succini­
midyl radicals (estimated RE = 30 kcal. mole -1). 
For this reason it is not surprising that attempts to 
prepare bis-N-succinimidyl have been unsuccess­
ful.8' Kinetic studies42 indicate, however, that 
chain termination most likely takes place by some 
type of reaction between two succinimidyl radicals 
to give stable products. A plausible reaction might 
involve the abstraction of an a-hydrogen from one 
succinimidyl radical by another to give succinimide 
and a diradical intermediate that stabilizes itself in-
tramolecularly by ring cleavage to form acryl iso-
cyanate; under certain reaction conditions the lat­
ter product may be converted subsequently into 
/3-bromo- or a,/3-dibromopropionyl isocyanate.44 

(42) Mechanistic conclusions in this paper are in accord with those 
established by collateral kinetic studies (H. J. Dauben, Jr., and 
E. A. Youngrnan, ref. 12a); reaction of NBS with cyclohexene in 
degassed benzene solutions at 20-40° with azo-bis-isobutyronitrile 
initiator had a chain length of about 2800 and followed the rate ex­
pression, — d[NBS]/d* =• k [cyclohexene] [initiatorj'A, which corre­
sponded to steps 2a, 2b or 2c, 3 and 4 with 3 being slower, and 6c 
although 6a or Ob would be possible under certain conditions. Energy 
considerations using 0((CH2CO)2N-H) = 74, £>((CH!CO)sN-Br) -
44, £>(cyclohexenyl-H) = 75, D(cyclohexenyl-Br) = 47.5 kcal, mole "' 
predict heats of reaction for steps 3 and 4 of + 1 and —3.5 kcal. mole -1 , 
respectively. 

(43) The same suggestion has been made recently by Green, Remers 
and Wilson7d and by G. A. Russell (J. Org. Chem., 23, 1407 (1958)). 

(44) A somewhat similar mechanism has been proposed recently by 
Martin and Bartlettsh to explain the formation of 0-bromopropionyl 
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In view of the long chain length of the allylic bromi­
nation reaction42 it should not be possible, except 
by isotopic dilution techniques, to identify the 
chain termination reaction and products. For rea­
sons advanced earlier, added inhibitors probably 
terminate the reaction by reacting with the chain 
carrying succinimidyl radicals (6d). 

Experimental 
All boiling points and melting points are uncorrected. 
General Procedure.—In all runs the reactants were used 

in the proportions of 1 mole NBS/1.5 moles cyclohexene/750 
moles carbon tetrachloride/ea. 0.01 mole modifier, when 
added,45 which corresponds to stoichiometrical concentra­
tions of 1.11 moles of NBS (solubility in carbon tetrachlo­
ride, ca. 0.006 mole/liter at 50°),12a 1.66 moles of cyclohex­
ene, and ca. 0.011 mole of modifier per liter of carbon tetra­
chloride. With the exception of a few runs in the study of 
environmental factors, NBS, carbon tetrachloride, cyclohex­
ene and modifier were added to the reaction flask in that 
order and then brought to reflux on a steam-cone as rapidly 
as possible; the period of heating from room temperature to 
reflux was about 10-15 seconds for small scale runs and 2-4 
minutes for large scale runs. Unless otherwise noted, 
small scale runs for comparison of reaction times used 
0.0067 mole of NBS, while large scale runs for product 
analysis employed 0.10 mole of NBS. The time for com­
plete reaction is reported as a range; the lower limit indi­
cates the last time at which a positive test for positive bro­
mine was obtained with moistened starch-iodide paper and 
the upper limit the time for the first negative test, tests being 
made externally on small samples removed from the reac­
tion mixture. Visual observation of whether or not all of the 
subnatant NBS had been converted to supernatant succin­
imide served as a check on the starch-iodide test. C.P. 
grade carbon tetrachloride (Coleman and Bell, Baker 
analyzed) was used in all runs reported without purification. 
Runs using C P . grade carbon tetrachloride from different 
bottles gave satisfactory, reproducible results, but technical 
grades gave erratic results. In the following sections, only 
the number of moles of NBS and the conditions other than 
those already specified will be given when describing the 
various runs. 

Purification of NBS.—Commercial samples (Arapahoe 
Chemical Co.; National Aniline Div., Allied Chemical and 
Dye Corp.) initially available were of variable quality, rang­
ing in color from white to deep yellow, presumably due to 
occluded bromine. Rapid recrystallization from boiling 
water6 or from acetic acid46 have been recommended for 
purification of NBS, but benzene is not satisfactory.6 To 
ascertain whether recrystallization from water would give 
satisfactory material for comparative studies, purification was 
carried out by four slightly different techniques. A. 
NBS (30 g.) was added to boiling water (300 ml.), swirled 
for about one minute to complete dissolution, filtered rapidly 
through a fluted filter into a flask immersed in an ice-bath, 

isocyanate when NBS is refluxed in carbon tetrachloride with strong 
irradiation or with benzoyl peroxide; the same product has been 
obtained under slightly different conditions (H. W. Johnson, Jr., and 
D. E. Bublitz, THTS JOURNAL, 79, 753 (1957), and 80, 3150 (19581). 

(45) The actual mole per cent, of modifier varied from 0.87 to 1.92, 
being about 1.0 in most runs, but sufficient runs were made with each 
substance to show that in this range the effect of each modifier was 
essentially constant. 

(46) E. Campaigne and B. F. Tullar, Org. Syntheses, 33, 97 (1953). 



4872 HYP J. DAUBEN, JR., AND LAYTON L. MCCOY Vol. Sl 

and allc.ved to stand in the ice-bath for 2 hours. The NBS 
crystals were filtered, washed thoroughly with ice-cold 
water {ca. 100 ml.) and drained on the Buchner funnel. 
This material was divided into two parts for drying by dif­
ferent methods: (a)s tandinginopenairfor3days; (b) dry­
ing in a pistol over phosphorus pentoxide at 77° (15 mm.) 
for 12 hours and then at room temperature for an additional 
2 days. B. The same procedure as in method A was used 
except that the hot filtrate was allowed to cool slowly at room 
temperature; portions of B then were dried by methods a and 
b. The four different samples were analyzed iodometri-
cally for active bromine and the times for complete reaction 
determined using cyclohexene freshly distilled from sodium. 
The results obtained indicate that the reactivity is independ­
ent of the recrystallization technique but is dependent on 
the drying procedure used. 

F r a c t i o n 

B.p. (11 m m . ) , 0 C . 
n'<aD 
W t . , g. 
3 -Bromocyclohexene , 

'/c 
3 ,0 -Dibromocyc lo-

hexene, % 
1,2-Dibromocyclo-

hexane , % 
Bromine {% organi­

cal ly bound Br) 
3-Bromocyclohexene 

lost by codis t i l la t iou 
with CCIi, % 

Resi­
due 

T o t a l " 
yd. , % 

1 , 5308° 
9 . 9 5 

57 -100 

C.99 

2 . 4 

5 . 0 

100-105 

1.35 

10 .2 

1.0 

1.34 

04 

15 

1 

M e t h o d of 
purif. 

Aa I 
Ab \ 

Ba / 
Bb \ 

R e c o v e r y , 

83 

Act . Br , 

% 
99.4 
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99.0 

T i m e for c o m p l e t e 
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100-104 
165-171 
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158-102 

After it had been shown that different samples of XBS 
purified by method Aa gave consistent reaction times and 
sufficiently consistent relative reactivity values,47 NBS 
purified by method Aa was used in all of the following runs. 

Effect of Peroxides in Cyclohexene.—Cyclohexene (East­
man white label grade) was refluxed over sodium for about 
30 min. and then distilled from fresh sodium; the portion 
having b.p. 82.0-82.5° was stored in a glass-stoppered 
bottle. At intervals of 3 days samples were removed and 
analyzed for peroxides.48 At the time of each analysis a 
0.0067-mole run was made, the same lot of NBS being used 
throughout the complete series of runs. A second series, 
using different lots of cyclohexene and NBS and analyzed 
for peroxides and reaction times at more random time inter­
vals, gave similar results. Results for both series are sum­
marized in Fig. 1. 

Three samples of aged cyclohexene (52-53 day-old cyclo­
hexene of series 2, 0.176-0.184 Af in peroxides) were diluted 
with cyclohexene freshly distilled from sodium. The 
samples prepared in this way had peroxide concentrations48 

of 0.0092, 0.0176 and 0.0276 M and were found to give re­
action times of 108-111, 83-86 and 59-62 min., respec­
tively. After converting the peroxide concentrations to 
their equivalent number of days of aging, the three results 
were plotted and compared with the reaction time curve 
(Fig. 1, series 2). 

Large Scale Control Run.—The following 0.10-mole run 
was used as a standard for comparison with other large 
scale runs; the cyclohexene was 0.022 M in peroxides and 
the time for complete reaction was 70-75 min. The reac­
tion mixture was cooled in an ice-bath, suction filtered, and 
the succinimide washed with carbon tetrachloride (15 ml.); 
yield of succinimide, 9.8 g. (99%), m.p. 125-126°. (In all 
runs analyzed for products, yields of 98-101% succinimide 
were obtained unless otherwise specified.) The filtrate and 
washings were combined, carbon tetrachloride was removed 
under reduced pressure (water aspirator), and the residue 
distilled through a modified Claisen head with 4-in. Vigreux 
column to give the fractions 

(47) C o m p l e t e reac t ion t i m e s for different lots of N B S purified by 
m e t h o d Aa in unmodif ied r u n s usual ly were a b o u t 110 ± 10 min. , b u t 
in a few ex t r eme cases were as high as abou t 140 min . a n d as low as 
a b o u t 60 min . R e a c t i o n t imes in modified r u n s showed m u c h less 
va r i a t i on (usually a b o u t ± 5 min.) and re la t ive reac t iv i t ies on different 
]o*s were r easonab ly cons is ten t . ,Subsequent k ine t ic studies1'-*1 h a v e 
s h o w n t h a t in peroxide-cata lyzed runs samples of K B S recrysta l l ized 
from water and then dried either over ca lc ium chlor ide or p h o s p h o r u s 
pen tox ide , or by sub l ima t ion , all r eac t a t t h e s ame r a t e . T h e s e ob­
se rva t ions ind ica te t h a t air-dried samples of N B S p r o b a b l y con ta in 
var iab le t race a m o u n t s of ca ta ly t i c impur i t i e s (water , hydrogen 
b romide or b romine) t h a t a re r emoved only by d r y i n g u n d e r reduced 
pressure or by s u b l i m a t i o n ; the i r effect is ove rwhe lmed when c a t a l y s t s 
or inh ib i to r s are de l ibera te ly added . 

(48) C. C. Wagner . R. H. Smi th and Ii. D. Pe t e r s , Ana!. Chsm., 19, 
977 (1947), 

"Yields based on NBS. 'Repor ted b.p. and « D : 58-
60° (12 mm.), 1.5309 (18.5°), E. H. Farmer and C. G. 
Moore, / . Chcm. Soc, 131 (1951); 1.5270 (20°), ref. 8f; 
77-83° (35 mm.), 1.5279 (20°), J . D. Park, W. R. Lvcan 
and J . R. Lacher, T H I S JOURNAL, 76, 1388 (1954). 

To correct for the 3-bromocycIohexene lost by codistillatiou 
with carbon tetrachloride, pure 3-bromocyclohexene (10.0 
g.) was mixed with carbon tetrachloride (75 ml.) and the 
mixture was worked up in the same way as in the control 
run; recovery was 8.60 g. (83%) of 3-bromocyclohexene 
with a residue of less than 0.1 g. Fractions 2 and 3 were 
analyzed for double bonds,49a and for bromine by a modified 
Stepanow method.49b Using these data and the weights 
of fractions 2 and 3 and assuming that only 3-bromocyclohex­
ene, 3,6-dibromocyclohexene and 1,2-dibromocyclohexane 
are present, the amount of each compo tent present in these 
fractions may be estimated. 3,6-Dibromocyclohexene, 
m.p. 110-111° after recrystallization from petroleum ether 
(30-60°), could also be isolated from fraction 3 by a method 
similar to that of Howton.50 

Effect of Environmental Factors.—These runs were 0.10-
mole size except run 6 (Table I I ) which was 0.04 mole. In 
runs without a nitrogen atmosphere the cyclohexene was 
0.022 M in peroxides, prepared by diluting aged cyclohexene 
containing a known peroxide concentration with peroxide-
free cyclohexene. In runs using a nitrogen atmosphere 
the cyclohexene was distilled from sodium in a nitrogen 
atomosphere directly into the reaction flask which pre­
viously had been swept out with nitrogen. The reaction 
flask was a three-necked, cone-shaped, 125-ml. flask equipped 
with a reflux condenser and a gas inlet tube that could be 
lowered or raised to allow nitrogen to pass through the re­
action mixture or over its surface. In all runs with nitro­
gen, it was passed through an electrically-heated column 
filled with copper turnings to remove traces of oxygen. 
After adding the carbon tetrachloride and NBS, the ap­
paratus was flushed by bubbling deoxygenated nitrogen 
through the reaction mixture for 15 minutes before heating 
to reflux. During the reaction the nitrogen inlet was 
raised above the surface of the reaction mixture. Runs 
in the dark were made in a flask covered with black lacquer 
or a black cloth and the apparatus was set up in a dark hood. 
Samples were removed at intervals by increasing the nitro­
gen flow through the system, then quickly unstoppcring the 
third neck of the flask, removing the sample, restoppering, 
and finally reducing the flow of nitrogen. After determining 
the time of complete reaction, the mixture was worked up 
as in the control run. Since fraction 2 contained both 
mono- and dibromides, only fractions 1 and 3 were used in 
comparing yields; by assuming that fraction 3 consisted 
only of 3,6-dibromocyclohexene and 1,2-dibromocyclohcx-
ane the relative amounts of these two dibromides could be 
determined by analysis for double bonds.490 The results of 
these are summarized in Table I . 

(49) (a) S, Siggia, " Q u a n t i t a t i v e Organic Analysis via Fuue l iona l 
G r o u p s , " 1st Kd,, J o h n Wiley a n d Sons, Inc. , New York, N, W1 1919, 
p. 33 ; (b) R . L. Shr incr " Q u a n t i t a t i v e Analys is of Organic Com­
p o u n d s , " E d w a r d s Bro thers , Ann Arbor , Mich . , 1940. p, 71 . 

(50) D. R. H o w t o n , T H I S J O U R N A L , 69, 20110 n s i ! 7 i . r epor ted m.p . 
107 .5 -108 .3° ; Zieglrr . <•/ nl.> found m.p . 108". In similar runs , 
it was also possible, after r emov ing 3-bromocyelohexene by dis t i l la t ion , 
to e x t r a c t 3 ,0-dibromocycIohexeue from the pot res idue by pe t io l eum 
e the r ( 3 0 - 6 0 ° ) . 
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Thermal Decomposition of 3-Bromocyclonexene.—Pure 
3-bromocyclohexene (10.0 g., 0.062 mole) was mixed with 
carbon tetrachloride (75 ml.) and refluxed for 2 days. Dur­
ing this period a very slow stream of nitrogen swept out any 
gaseous products into a Dry Ice trap and then into an aque­
ous 5 % silver nitrate solution. The silver nitrate solution 
developed only a very faint cloudiness. The carbon tetra­
chloride solution was diluted to 100 ml. and two 5-ml. ali-
quots were analyzed for double bonds49"; found: 0.0682, 
0.0685 total equivalent of double bonds. This represents 
about a 10% increase in the number of double bonds over 
that present in the starting material. The remainder of the 
mixture was worked up as in the control run and gave 3-
bromocyclohexene (7.4 g., b .p . 59-60° (15 mm.) , re20D 
1.5304) and a dark residue (0.9 g.). The small amount of 
material in the Dry Ice t rap apparently was largely hydro­
gen bromide; it fumed strongly in air and with gaseous am­
monia, the fumes being acid to litmus, and gave instantane­
ously a light yellow precipitate with aqueous silver nitrate. 
Pure 3-bromocyclohexene does not fume in air or with gase­
ous ammonia and its reaction with aqueous silver nitrate, 
although rapid, is not instantaneous. 

Effect of Modifiers on Reaction Time.—At least two runs 
(0.0067-mole size) were made with each substance studied, 
with an average of a little more than three runs per sub­
stance. In these runs the time for complete reaction was 
taken as the value midpoint of the range usually given; 
the difference between the upper and lower limits of this 
range was 6 min. for the long runs (>90 min.) and decreases 
to 2 min. for short runs (<15 min.). AU of the mod­
ifiers were tried on cyclohexene 0.022 M in peroxide, pre­
pared by diluting cyclohexene freshly distilled from so­
dium with aged cyclohexene containing less than 0.150 M 
peroxide. About one-third of the modifiers were also tried 
with cyclohexene freshly distilled from sodium (essentially 
peroxide-free cyclohexene) and with cyclohexene 0.088 M 
in peroxide. In the runs using cyclohexene containing 
0.022 or 0.088 M peroxide, the resultant concentrations of 
cyclohexenyl hydroperoxide in the reactant solutions were, 
respectively, 0.0037 or 0.0148 M; on the same basis, limit­
ing reaction times in Fig. 1 were found to occur at peroxide 
concentrations of about 0.006 M. The results of these 
runs are summarized in Table II as relative reactivities, 
i.e., the ratio of the time of reaction for an unmodified run 
to the time of reaction for a modified run, both runs being 
made with the same reagents. This means of comparing 

Recent interest in the direction of elimination of 
various groups from tertiary centers1 as well as the 
desire to extend the scope of phosphoryl chloride-
pyridine dehydration of alcohols prompted a study 
of the dehydration of several model tertiary al­
cohols. Examples were taken from the following 
categories: aliphatic, alicyclic and bicyclic. 

Results and Discussion 
Aliphatic.—Dehydration of 2-methyl-2-butanol 

with phosphoryl chloride in the presence of a large 
excess of pyridine gave a mixture of 2-methyl-2-
butene (73%) and 2-methyl-l-butene (27%). 

(1) (a) A. C. Cope, C. L. Bumgardner and E. E. Schweizer, T H I S 
JOURNAL, 79, 4729 (1957); (b) H. E. Baumgarten, F. A. Bower, R. A. 
Setterquist and R. E. Allen, ibid., 80, 4588 (1958); (c) H, C. Brown 
and I. Moritani, ibid., 78, 2203 (1956); (d) R. A. Benkeser and J. 
Hazdra, ibid., 81, 228 (1959). 

results was necessary since it was observed that different 
batches gave somewhat different reaction times even though 
purified in an apparently identical manner; expressed in 
this manner the relative reactivities were fairly reproducible 
and independent of the batch of NBS used. Relative reac­
tivities were difficult to reproduce when hydroquinone or 
tetrabromohydroquinone were used, probably due to their 
marked insolubility in carbon tetrachloride, and when water 
was added as modifier; a small amount of water very finely 
dispersed in the carbon tetrachloride usually gave a strong 
catalytic effect while an equal quantity of water present as 
two or three relatively large droplets showed essentially no 
effect. The actual times for runs summarized in Table II 
varied from 14 min. to greater than 688 min. for 0.00 M per­
oxide runs, from 8 min. to greater than 240 min. for 0.022 M 
peroxide runs, and from 5 min. to greater than 71 min. for 
0.088 M peroxide runs. 

Several check runs were made using modifiers with a ni­
trogen atmosphere but no differences in reaction times were 
observed. However, some evidence has been obtained 
which indicates that dissolved oxygen may act as an in­
hibitor. Cyclohexene, artificially aged by bubbling oxygen 
through it at room temperature for several minutes and then 
allowing it to stand in a stoppered bottle for 2-3 days, was 
0.0353 M in peroxide and gave a reaction time of 80-85 
min. After deoxygenation by bubbling oxygen-free nitro­
gen through it for 1 hr., the cyclohexene then was 0.0303 M 
in peroxide and showed a reaction time of 70-75 min. Pro­
viding that the presence of dissolved oxygen does not inter­
fere with the accuracy of the determination of peroxide 
concentrations, as found by another analytical method,23d 

the shorter reaction time given by the deoxygenated cyclo­
hexene possiblv indicates an inhibitory effect of oxygen. 

Effect of Modifiers on Yields of Products.—These 0.10-
mole runs were made with cyclohexene 0.022 M in peroxide, 
except for the use of peroxide-free cyclohexene in the tri-
ethylamine run; the amounts of modifiers used, in mole 
per cent., were: 1% azo-bis-isobutyronitrile, 1% benzoyl 
peroxide, ca. 2 - 3 % hydrogen bromide, 2 % piperidine, 2 % 
pyridine, 2 % triethylamine and ca. 1-3% water. The 
runs were conducted in the same way as for the control 
run and again only distillation fractions 1 and 3 were used 
for comparing yields with the control run. The results are 
summarized in Table I I I . 

SEATTLE 5, WASH. 

vSince it was shown that the ratio of products was 
not affected by the reaction conditions, the fact 
that the yields are sometimes low is probably of 
little significance. 

The product composition found is not surprising 
in view of the experiments of Brown and Mori­
tani10 who demonstrated the importance of the 
steric requirements of the leaving group in elimina­
tion reactions. A close analogy to the present 
work involved the dehydration of 2-methyl-2-
butanol with ^-toluenesulfonyl chloride and pyri­
dine.2 The mixture of olefins obtained (63:37) 
agrees qualitatively with the present results. 

Alicyclic.—1-Methylcyclopentanol, 1-methyl-
cyclohexanol and 1-methylcycloheptanol were pre-

(2) Although the exact nature of the leaving group has not been 
determined in either case, it seems reasonable to assume that ester 
formation10 (R-OSOiC1Hv and R-OP(O)Cb) precedes elimination. 
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