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STERIC EFFECTS IN HYDROGEN ABSTRACTION. THE
REACTION OF a-ALKYLTOLUENES AND

a, a-DIALKYLTOLUENES WITH
TRICHLOROMETHYL RADICAL

INTRODUCTION

The English school has developed over a period of years a

comprehensive theory of the effect of the general polarity of the sub-

stituents upon the rates of reaction of organic compounds (1). How-

ever, the work of Brown, Hammett, Taft and others, has emphasized

the importance of steric strains, entropy and solvation effects in

determining relative reactivity (2, 3, 4, 5, 6). The effect of large

substituents in S
N1

reactions is well established; the rate of forma-

tion of the carbonium ion intermediate can be greatly enhanced due

to release of strain energy in progressing from a tetrahedral initial

structure to a trigonal transition state (7). H. C. Brown has per-

formed extensive investigations on the effect of structure upon the

hydrolysis of tertiary aliphatic chlorides (8); he suggested that the

peculiar behaviour of the highly branched carbon compounds could

be attributed, in part, to a steric effect. The attachment of three

alkyl groups to a single carbon atom introduces a center of strain.

This strain facilitates reactions which involve the formation of less

strained carbonium ions, resulting in the rearrangement of atoms

or groups, or the cleavage of carbon-to-carbon bonds at the strain
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center. F. Brown has also applied the idea of strain release to SNZ

reactions (9), Steric effects depend on changes of non-bonding energy;

when the non-bonding energy in an initial or transition state of reac-

tion, or, more exactly, when the difference between the two energies

is not negligible in relation to the activation energy, then a kinetic

steric effect is under observation.

HO + RBr -*[H08 HO - R + Br-

It may be seen that a greater compression of groups in the transition

state than in the initial state often causes appreciable steric retarda-

tion. Taft's study of polar and steric substituent constants in rates

of esterification and ester hydrolysis prompted him to state that

polar and steric effects are completely different functions of struc-

ture. Furthermore, the difference in nature of these functions was

so complete as to make it probable that the conclusion reached above

is applicable not only to rates of esterification and ester hydrolysis,

but to all reactions in general (10, 11). The effects of steric strain

in unimolecular reactions and in bimolecular reactions, where the

attacking reagent approaches the substrate from the rear, are rather

well-established. It is thus conceivable that the same effects may

be applicable to the case of free radical reactions, whence the attack-

ing reagent is committed to a front-side attack.

Evidence for steric control in free-radical addition reactions
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are numerous (12, 13, 14, 15). Evidence for corresponding steric

effects in abstraction processes are less frequent, and subject to more

controversy.

Minisci and co-workers have performed detailed investiga-

tions on hydrogen atom abstraction from alkanes (16). Utilizing vari-

ous dialkylamine radical cations in their reactions with methyl decano-

ate and n-heptane, they observed that predominant hydrogen atom

abstraction occurred at the methylene position adjacent to the ter-

minal methyl group. The general scheme of the reaction is as fol-

lows:

+ +R2 NH + R'H 2NH2 + R'

RI. + R
2

+NHC1
RI Cl + R

2

+NH

The isomer distributions for the two compounds described utilizing

N-chlorodimethylamine as the radical source were:

CH
3
--CH2CH2--CH 2CH2CH2CH CH

2
CH

2
CO

2
CH3

1. 1 44.4 21.6 17.5 10.7 4. 1 O. 5 -

CH
3
CH

2
CH

2
CH

2
CH

2
CHzCH3

1. 1 55.6 29.0 14. 3

.
It was noted that by increasing the effective size of the R group attached

to the dialkylamine radical cation, the reaction at the methylene

position next to the terminal methyl group became increasingly more



important. The isomer distribution employing N-chlorodi-isolDutyl-

amine as the radical source is as follows:

CH3-- CH2CH2C1-12CH2----CH2CH2CH2CH20O2CH3

1.4 57. 7 19. 1 13.3 6. 7 1. 7 trace ----

CH3CH
2
CH2 CH2CH2CH2CH3

1.3 64.4 22.9 11.3

They reached the conclusion that the penultimate position was the

least sterically hindered secondary site, therefore, least suscep-

tible to steric strain, caused by the large incoming radical. The

same investigators have examined several other analogous systems

to provide further support for this hypothesis (17, 18, 19, 20). In

a related study, Ziegler and co-workers found that radical bromina-

tion of 2, 4, 4- trimethyl- 1- pentene involves hydrogen abstraction at

the unhindered primary allylic position rather than the hindered

secondary allylic position despite the inherently greater reactivity

of the latter site (21).

The effect of ring substitution on hydrogen abstraction from

substituted toluenes using bromine atoms (25, 26), and the trichloro-

methyl radical (27), have been extensively examined. In this case the

bromine atom displayed a slightly greater selectivity than the tri-

chloromethyl radical (28, 29, 30).

Huang and Lee have examined hydrogen atom abstraction



from a series of substituted ethylbenzenes (22, 23). Employing

the bromine atom they obtained a rho value of -0. 69 at 80°C. corre-

lating with o-+. However, when the trichloromethyl radical was

employed a rho value of -0. 53 correlating with cr+ was obtained, that

is to say, the bromine atom again exhibits a slightly greater selec-

tivity than the trichloromethyl radical,

In an analogous study, Gleicher has investigated hydrogen

atom abstraction from a series of substituted cumenes to evaluate the

polar effect at the tertiary benzylic position (24). Employing the

bromine atom, a rho value of -0.38 at 70' C. correlating with CT

was obtained; usage of the trichloromethyl radical yielded a rho

value of -0. 69 correlating with o-+. This large and unusual selec-

tivity was attributed to steric strains associated with the trichloro-

methyl radical, not present with the smaller bromine atom, The

large substituent dependence, along with the correlation with +,

was attributed to a great deal of bond breaking in the transition state.

The larger trichloromethyl radical will experience more difficulty

approaching the reaction center than the bromine atom, and, there-

fore, there will be a larger substituent dependence than in an unhind-

ered system. The correlation of o-+ for electrophilic radicals with

the degree of bond breaking in the transition state has already been

demonstrated by Pearson (31) and by Howard and Ignold (32).

Gleicher and Totherow also examined the relative rates of
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benzylic hydrogen abstraction from a series of a meta and para

substituted neopentylbenzenes (33). Employing N-bromosuccinimide

as the source of bromine atom, and applying the Hammett equation,

they obtained a rho value of -0. 75 at 70 ° C. However, the use of the

trichloromethyl radical yielded a rho value of -0.94 at 70°C., which

was felt to be larger than would be expected in comparison with other

secondary benzylic positions. In his previous work, Gleicher sug-

gested that non-bonding interactions between the radical and the sub-

strate could be utilized in the framework of either the transition state

theory or the collision theory (5). Making use of the usual represen-

tation for the transition state of the hydrogen atom abstraction shown

below (13),

R,

R

A

Cl

Cl

Cl

C

it is evident that non-bonded interactions would lessen the ease with

which the radical could approach the reaction center, and
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consequently, enhance the degree of bond breaking in the transition

state.

In a later study Gleicher and Newkirk subjected a series of

1-phenylalkanes and a,w-diphenylalkanes to hydrogen atom abstrac-

tion using the bromine atom and the trichloromethyl radical (34). It

was found that little variation in rate was observed for the 1-phenyl-

alkane series, regardless of the abstracting species. The reaction

of a, co -diphenylalkanes with bromine atoms yielded similar results.

However, use of the trichloromethyl radical with the latter series

indicated a strong dependence of rate on the structure.

Table 1. Benzylic hydrogen abstraction from a, co-diphenylalkanes
by bromine atom and trichloromethyl radical at 70°.

CH (CH ) C H
2 2 n 6 5

kn/kl

n Br. . CC1
3

1 1.00 1.00
2 1. 48±0. 06 2. 01±0. 11
3 1. 64±0. 08 2. 40±0. 14
4 1.35±0.07 2. 51±0. 25
5 1. 55±0. 08 3. 17±0. 16
6 1. 46*0. 09 2. 89±0. 10
7 1.35 ±0. 11 2. 60±0. 14
8 1.37±0.07 2. 19±0. 11

9 1.61±0.06 2. 40±0. 12



The increase in relative rate factors, using the trichloromethyl

radical, was attributed in part, to the more crowded environment,

resulting in the slow reaction of the bibenzyl with the radical.

Opposing views regarding the importance of steric factors

in hydrogen atom abstraction also exist. Friedrich, Andrews and

Keefer, upon revising and extending their investigation of side-chain

bromination of a-substituted toluenes by the bromine atom, concluded

that steric effects played a minimal role on the relative reactivity of

this reaction (35, 36). For the various a-substituted toluene deriva-

tives (C
6

H
5
CH

2X), the logarithms of the relative reactivities showed

a reasonable per correlation using a 0-+ values of the substituents X.

The fact that rho possessed the extremely negative value of -2.46,

was attributed to appreciable charge development on the benzylic

carbon, presumably occurring during the activation processes of

their reactions. Gleicher, however, has pointed out that the above

mentioned investigation would predict a relative rate of reaction of

neopentylbenzene to toluene of 4.3, which differs from the experi-

mental value by a factor of ten (33). A four parameter linear free

energy relationship similar to that formulated by Taft (37), was thus

employed,

k
Xlog - po-+ + ES
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The reaction parameters, p and s, were evaluated using the data

of Friedrich and co-workers, which resulted in the final expression

shown below.

k
Xlog

k
= -2. 47 o-+ + 0. 53 Es

H

When applied to neopentylbenzene with its bulky a-t-butyl group,

calculated relative rate of reaction between that compound and toluene

of 0. 51 is observed, which is in close agreement with the experi-

mental value of 0. 45.

It is thus desirable to subject a series of a-alkyltoluenes

and a, a-dialkyltoluenes to hydrogen atom abstraction. The use of

the trichloromethyl radical as the abstracting species should provide

ample steric strain, as far as the incoming reagent at the reaction

center is concerned. The choice of the alkyl substituents would main-

tain a relatively constant electronic effect throughout the series,

thus, placing more emphasis on the effects of steric hinderance on

the relative rates of reactivity. The application of Taft' s four

parameter linear free energy relationship for obtaining relative

rate values, and their comparison with observed relative rates,

should lead to a linear coefficient of nearly one, and an intercept

of nearly zero.
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RESULTS AND DISCUSSION

Preparation of Compounds

With the exception of 3-phenylpentane and neopentylbenzene, all

compounds were obtained from commercial sources. The purity of

all compounds used during the course of kinetic studies exceeded

98. 5%. Preparation of phenyl-t-butyl ketone was carried out by a

Friedel-Craft's acylation reaction. The resulting ketone was reduced

to neopentylbenze by the Huang-Minlon modification of the Wolf-

Kishner method (38). 3-Phenylpentane was prepared by addition of

the Grignard reagent to 3- pentanone. After dehydration, the resulting

alkene was converted to the corresponding hydrocarbon by catalytic

hydrogenation. Details regarding the synthesis and purification of

the compounds may be found in the experimental section.

Product Studies

Extensive product studies have been performed on many of the

hydrocarbons utilized in this investigation. The study of products

in the reaction of neopentylbenzene and bromotrichloromethane has

yielded satisfactory results concerning the nature of the products,

percentage of the reaction, and a thorough material balance (39).

Similar results have been obtained in the reactions of toluene (43),

ethylbenzene (22), n-propylbenzene (34) and cumene (5).
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Kinetic Studies

Relative Rates of Disappearance of a-Alkyltoluenes
and a, a-Dialkyltoluenes in Bromotrichloromethane

Solutions of cumene, alkyl substituted toluene, and chloro-

benzene as the internal standard in an excess of bromotrichloro-

methane were placed in ampoules containing a nitrogen enriched

atmosphere. The materials were in the molar ratios of 3:1:1:20.

The ampoules were sealed and placed just below the surface of an

oil bath at 70°, and irradiated with ultra-violet light. The reaction

mixtures were analysed by gas-liquid chromatography. Since it was

impossible to obtain reasonable separation of toluene and bromo-

trichloromethane on the glc, determinations of the relative rates

of reaction of toluene with neopentylbenzene were carried out utiliz-

ing NMR spectroscopy.

rates of disappearance

toluenes.

Table 2 contains a summary of the relative
X

kcumene dis
of the alkyl substituted
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Table 2. Relative rates of disappearance of a-alkyltoluenes and
a, a-dialkyltoluenes with bromotrichloromethane at 70°.

Compound kX/ kcumene number of
kinetic runs

cumene 1.00 -
sec. -butylbenzene 0. 481±0. 04 5

ethylbenzene 0.30810.01 6

n-propylbenzene 0.244+0.02 6

3 -phenylpentane 0. 169±0. 02 4
isobutylbenzene 0.084+0.004 4
toluene O. 02510. 003 4
neopentylbenzene 0.006 ±0.001 5

aComplete data for the kinetic studies may be found in the Appendix,
Tables 8 to 13.

Table 3. Relative rates of disappearance per benzylic hydrogen atom
present at 70°.

Compound [kX /kcumene]

cumene
sec. -butylbenzene
3-phenylpentane
ethylbenzene
n-propylbenzene
isobutylbenzene
toluene
neopentylbenzene

1.00 -14.8 lx10 -11.69x10-1
1.54x10 -1
1. 22x10
4.2 x10"."'-21. 6 x10-3
3.0 x10

It should be pointed out that the choice of cumene as the reference

substrate was based solely on the satisfactory separations obtained

upon analysis using gas-liquid chromatography.



13

Distinction between Polar and Steric Effects

Friedrich, Keefer and Andrews upon studying the side-chain

bromination of a-substituted toluenes, concluded that steric effects

played a minimal role on the relative reactivity of this reaction. For

the various a-substituted toluene derivatives in their investigation, the

logarithms of the relative reactivities showed a reasonable correla-

with o-+ (36). It has been pointed out, however, that the predicted

relative rate of reaction of neopentylbenzene to toluene, using

Friedrich's data, would be incorrect (33). The main purpose of

this study was to show that the proper choice of substituents, utiliz-

ing a series of a-alkyltolu.enes and a, a-dialkyltoluenes, would, indeed,

present us with evidence that steric strain can and does play a role

in determining relative rates of reactivity. It should be pointed out

that the choice of alkyl substituents were such that to maintain a

fairly constant electronic effect.

The correlation of the relative rates of hydrogen atom abstrac-

tion from secondary benzylic positions with the steric parameter,

yielded a value of s equal to 1. 090. 015 with a correlation coefficient

of 0. 999. The correlation of the relative rates of hydrogen atom

abstraction from tertiary benzylic positions with the steric substitu-

ent constant, yielded the corresponding value of 5. 514+0.03 with

a correlation coefficient of 0.994. The plots of the above correla-

tions are based on a least-square treatment of the data. The
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comparatively large deviation of the plot of secondary benzylic

positions may, in part, be attributed to larger average deviations

obtained in experimental relative rates of reactivity. The results

are illustrated in Figures 1 and 2.

A similar treatment using the simple Hammett equation, corre-

lating with both r and Cr 4., however, does not yield satisfactory

results (Figures 3 and 4). In both cases the failure is most pro-

nounced in the case of 3-phenylpenta.ne, isobutylbenzene, and neo-

pentylbenzene. It is clear that throughout the series, the compounds

with the greater sterically hindered environment are not explicable

by a simple electronic treatment. This deviation, however, is in

keeping with the previous work (33). As indicated by Cr* values,

t-butyl is significantly more electron donating than is methyl (41).

It should be pointed out that even the use of a- + would predict compar-

able rates between the two compounds. Therefore, if electronic

effects alone were operative in a free radical abstraction process,

the correlation of the relative rates of reactivity with electronic

parameters should not show such large deviation in the case of

neopentylbenzene. Totherow and Gleicher found that even with the

smaller bromine atom as the abstracting species, the neopentyl sys-

tem is more selective than is the ethylbenzene system (33). That is,

even in the case of the small bromine atom, there is a certain amount

of steric hinderance in proceeding to the transition state.
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ES

Figure 1 Relative rates of secondary benzylic hydrogen
atom abstraction.
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Figure 2. Relative rates of tertiary benzylic hydrogen atom
abstraction.
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Correlation Using and o-+

In several previous investigations on a-substituted toluenes it

was found that a better correlation of data was obtained when a- + was

used (24, 33, 36, 37). In the present study the above finding was

again confirmed.

Table 4. Correlation with electronic substituent parameters for
hydrogen abstraction from a-substituted toluenes by
the trichloromethyl radical

Sub stituent
Constant

Rho Correlation Average
Coefficient Deviation

-2.844

-1. 047

O. 879 0, 27

0. 490 0.38

In view of the fact that the o-* substituent constant was derived for

the aliphatic substituents from the rates of acidic and basic esterifi-

cation and hydrolysis of esters (6), the better correlation with a-+

deserves some attention,

It has been stated that o- * does not take into account the effect

of hyperconjugation on reaction rate enhancement. Friedrich and

co-workers, have pointed out the possibility of direct resonance

interaction between the alkyl substituents and the reaction center

(36).
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Among the processes for which good linear relationships be-

tween the logarithms of relative rates and the o-+ values of the sub-

stituent X are found are the reactions of ring substituted toluenes with

bromine atoms (42), and with trichloromethyl radical (43). This is

regarded as evidence that at the transition state, as shown by struc-

ture 1-3, for a reaction in which bromine atom is the abstracting

species, there is a substantial contribution from structure 2 (44).

+ .
[XC

6
H

4
CH -H Br. XC

6
H

4
CH

2
1-1Br:*--I.XC H CH

2
H-Br]

1 2 3

Friedrich et al. (36), found that variations in reactivity of a-substi-

tuted toluenes with changes in substituents X are directionally similar

to those which have been found for the reactions of ring substituted

toluenes with N-bromosuccinimide. A plot of the logarithms of the

relative reaction rates of a-monosubstituted toluenes with the bromine

atom vs. o- , yielded a rho value of -2.46 with a correlation coeffici-

ent of 0.95. Considering that by definition, cr + values relate to systems

in which substituent effects are transmitted through an aromatic ring,

the correlation is surprisingly satisfactory. The large negative rho

value was attributed to an appreciable charge development at the reac-

tion center. Forms of type 4 were presumed to make important

[C
61-15CH 3

HBr: ]

4

contributions to structure at the transition state when the a substituent
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is electron releasing through resonance.

Use of Taft's Four Parameter Linear
Free Energy Relationship

An expanded linear free energy relationship similar to that

formulated by Taft was applied to the present system (37).

k
X

k
log = P cr+ sE

Scumene

Both reaction parameters, rho and s, were evaluated by an itera-

tive method using the obtained data to give the final expression

shown below,

k
X

log -5. 777E cr + 0. 850E E - 3. 748
cumene

where the value -3. 748 refers to the intercept. The use of a summa-

tion of cr+ and E
S

values provided a very satisfactory linear rela-

tionship. The additive nature of the polar effects for rri or .2 substi-

tuents have already been demonstrated (45, 46). A summary of the

sum of the values of electronic substituent constants and steric sub-

stituent constants are presented in Table 5. A summary of the values

of electronic reaction parameters, and steric reaction parameters

are presented in Tables 5 and 6.



Table 5. Relative rates of hydrogen abstraction from a-alkyltoluenes and a, a-dialkyltoluenes and
related parameters

Compound
kX/kcumene no. kinetic

runs E 0_*c +dEar E E

toluenea 0. 025±0. 001 5 0.980 0. 0 -1. 796

ethylbenzene 0. 308±0. 01 6 0.490 -0.311 -0.812

n-propylbenzene 0. 244±0. 02 6 0.390 -0.295 -0.914

isobutylbenzene 0. 084±0. 004 4 0. 365 -0. 280 -1. 3 77

neopentylbenzeneb 0. 006±0. 001 4 0. 190 -0. 256 -2. 519

cumene 1.0 0.0 -0.622 0.0

sec. butylbenzene 0. 481±0. 04 5 -0. 10 -0. 606 -0.318

3-phenylpentane 0. 169±0. 02 4 -0. 20 -0. 590 -0. 772

aobtained with neopentylbenzene

bobtained with isobutylbenzene

c, d, eReference 37



Table 6. Summary of reaction parameters

Systema

Relative rates of
abstraction of
secondary benzylic
hydrogen vs. E

Relative rates of
abstraction of tertiary
benzylic hydrogen vs. Es

Relative rates of hydrogen
atom abstraction vs. o-*

Relative rates of hydrogen
atom abstraction vs. o-+

Relative rates of hydrogen
atom abstraction
vs. cr+ + E

Parameter
Correlation
Coefficient

Average
Deviation

s= 1. 099 0.999 0.015

s = 5. 515 0.995 O. 030

p = -1.05 -0. 490 O. 380

p = -2. 844 -0. 879 0. 270

s = O. 850
0.980 O. 120

p =-5. 777

a k kRelative rates refer to log X/ cumene
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Predominance of Electronic Effects

The plot of the experimental relative rates of reactivity with the

calculated rates of reactivity, using the four parameter linear free

energy relationship, yielded the correlation coefficient of 0.980 with

an average deviation of 0. 120 (Figure 5). Considering the effects of

steric hinderance on rates of free radical abstraction reactions, it

would be expected that toluene would have a much larger rate relative

to cumene. The close agreement between the experimental and

calculated relative rates of reactivity, however, indicate the pre-

dominance of electronic effects in such reactions. Yet it is evident

that with larger alkyl substituents such as the isopropyl and the

t-butyl groups, the effects of steric hinderance on reaction rates

became considerable.

A comparison of the results obtained with the four parameter

Taft equation in the present study with those of Friedrich and co-

workers in the corresponding investigation utilizing bromine atom (36)

is of interest. Rates of hydrogen abstraction by the trichloromethyl

radical are predicted to show greater sensitivity toward both elec-

tronic and steric changes. In a sense this is not surprising. Enhanced

sensitivity toward electronic factors are observed in those systems

which combine use of this radical with a relatively hindered position

even when the steric environment is constant (24, 33). It is felt,
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Figure 5. Relative rates of hydrogen atom abstraction from
alkyl substituted toluenes.
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in any event, that the present correlation is quite successful.

Table 7 are presented the experimental and calculated relative rates

of reaction. The average percent deviation between these results is

slightly less than twenty-five percent for the eight compounds utilized

even though the overall range of reactivities encompasses nearly three

powers of ten.



Table 7. Comparison of experimental and calculated reaction rates. a

Compound
exp.

kX /kcumene

calc.

cumene

sec. butylbenzene
3 -phenylpentane

ethylbenzene

n-propylbenzene

isobutylbenzene

toluene

neopentylbenzene

1.00

4.81x10 -1

1. 69x10 -1

1. 54x10
-1

1. 22x10
-1

-24. 2 x10

1.6 x10-2
3. 0 x10-3

7. 01x10 -1

4.94x10 -1

3. 48x10 -1

1. 27x10
-1

0. 89x10 -1

3. 4 x10-2

2.3 x10-2

3. 0 x10-3

aAll results expressed on a per hydrogen basis
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EXPERIMENTAL

All of the hydrocarbons synthesized for this study were liquids.

All of the boiling points were determined during distillation procedure

for purification. NMR spectra were taken on a Varian HA-100 using

spectroquality carbon tetrachloride as the solvent and TMS as a

reference. IR spectra were taken on a Beckman IR-8 spectropho-

tometer as films between sodium chloride discs. All UV spectra

were taken on a Cary 15 spectrophotometer with hexane as the solvent.

All distillations were carried out under reduced pressure using a 40

cm. vigreaux column, or using a microdistillation apparatus equipped

with a 10 cm. vigreaux column. Gas-liquid chromatography analyses

were carried out utilizing a Varian Aerograph 202B gas chromato-

graph equipped with a linear temperature programmer, thermal

conductivity detectors, and a Hew let Packard 3373B digital integrator.

A 10'x 1/4" column of 5% S. E. 30 on chromosorb W and a 101x 1/4"

column of 5% Fluorolube GR 362 on chromosorb W were used in this

investigation. Helium gas was used as the eluent.

Purification of Bromotrichloromethane

Commercial bromotrichlomethane (Matheson Coleman and

Bell) was distilled and collected over the range of 103-103.4°. Gas-

liquid chromatography showed the presence of a single impurity
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comprising a total of 0. 2% of the mixture; the retention time of the

impurity was the same as that of carbon tetrachloride.

Purification of Chlorobenzene

Commercial chlorobenzene (Matheson Coleman and Bell) was

washed with dilute sulfuric acid followed by water and dried over

anhydrous magnesium sulfate. During distillation the fraction boiling

between 131-132° was collected. Gas-liquid chromatography showed

the chlorobenzene sample to be 99.8% pure.

Purification of o- Dichlorobenzene

Commercial 1, 2- dichlorobenzene (Matheson Coleman and Bell)

was distilled and the fraction boiling at 179-180° was collected. Gas-

liquid chromatography showed the sample to be 99, 9% pure.

Purification of Cumene

Commercial cumene (Matheson Coleman and Bell) was distilled

and the fraction boiling over the range 151-153° was collected.

Purification of Isobutylbenzene

20Commercial isobutylbenzene (Aldrich), refractive index nD

1.4856, with a boiling point of 173.0° was employed without further

purification.
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Purification of n-Propylbenzene

Commercial n-propylbenzene (Aldrich) of 98. 0% purity and

boiling point of 159° was employed without further purification.

Purification of sec. Butylbenzene

Commercial sec. butylbenzene (Aldrich) of 99 +% purity which

boiled over the range of 173-174° was employed without further puri-

fication.

Purification of Ethylbenzene

Commercial ethylbenzene (Eastman) was distilled and the frac-

tion boiling at 136° was collected.

Purification of Toluene

Commercial toluene (Central Solvents and Chemicals) was dis-

tilled and the fraction with the boiling point range of 110-111° was

collected. Gas-liquid chromatography showed to the toluene sample

to be 99% pure.

Purification of Diethylene Glycol

Commercial diethylene glycol (Matheson Coleman and Bell)

boiling at 128-130° @ 10 mm was used without further purification.
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Purification of Hydrazine Hydrate

Commercial hydrazine hydrate (Matheson Coleman and Bell)

was obtained and used without further purification.

Purification of Pivalic Acid

Commercial pivalic acid (Aldrich) which had a melting range of

35-37° was employed without further purification.

Purification of Thionyl Chloride

Commercial Thionyl chloride (Matheson Coleman and Bell) was

distilled once and the fraction boiling between 77. 5-78° was collected.

Preparation of 3-Phenylpentane

MgBr OH0 (C H ) 0
+ CH

3
CH 26 CH

2
CH3

2 5 2 CH3CH2 C CH
2
CH3

Pt02 /112Toluene CHCH CHCH3
35 psi
CH

3
COOH

I
2,

CH CHCHCH CH
3 2 2 3
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Preparation of Grignard reagent was carried out in the usual

manner. Magnesium (54.0 gm., 2. 221 moles) was placed in a 1000

ml. three necked round-bottomed flask equipped with an addition funnel

and mechanical stirrer; 250 mis. of anhydrous ether (Mallinckrodt)

was added to the flask. Bromobenzene (195.0 gm., 1.114 moles)

was placed in the addition funnel with 20 mis. anhydrous ether. To

initiate the reaction two drops of Iodomethane were added to the flask

and bromobenzene was then added slowly and spontaneous reaction

was observed. The reaction mixture was refluxed for 3 hours and

when the addition was complete, heat was applied and refluxing con-

tinued for another two hours. The stirrer was then disconnected and

the mixture was allowed to reflux overnight (approx. 12 hrs. ). The

phenylmagnesiumbromide thus prepared was allowed to cool and

filtered through a glass wool plug and used immediately in prepara-

tion of 3-phenyl -3-pentanol.

Phenylmagnesiumbromide was placed in a 1000 ml. round-

bottomed flask, equipped as previously described, and 100 mis, of

anhydrous ether was added to the flask. The 3-pentanone was allowed

to drip into the flask and spontaneous reaction was observed. After

the addition was complete, gentle heat was applied and reaction mix-

ture was allowed to reflux for an additional 2 hours. The reaction

mixture was then cooled and worked as follows:

The mixture was added slowly to 500 mis. of water and crushed
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ice; 50 mis. of concentrated sulfuric acid was added cautiously,

while efficient stirring was maintained.

Ether extraction was carried out in a 1000 ml. separatory

funnel. The lower layer was drawn off and discarded, the organic

layer was collected (approx. 400 mis. ), and dried over anhydrous

magnesium sulfate.

Ether was distilled off using a rotary evaporator; mixture was

allowed to reflux for 50 mins. to ensure complete removal of ether.

The NMR sample of the alcohol mixture confirmed the presence of

3-pehny1-3-pentanol. The boiling point of the alcohol was determined

(110-112° @ 20 mm), with a refractive index of nD2° 1.5172 (47).

Dehydration of alcohol (approx. 150 mis.) was carried out by

adding 200 mis. of toluene and a few crystals of iodine and applying

heat. The mixture was allowed to reflux at 110 ° and water collected

using a Dean-Stark trap. The olefin mixture was washed with water,

2% Na 25203 solution, water and dried over anhydrous magnesium

sulfate. The mixture was filtered and distilled under reduced pres-

sure using a 50 cm. vigreaux column, and fractions boiling between

85- 105 ° were collected. Gas-liquid chromatography studies showed

the presence of two compounds. NMR studies showed the presence

of a cis-trans mixture of 3- phenyl -2- pentene.

The hydrogenation of the olefin was attempted using the Parr

hydrogenator. To 50 mis. of olefin was added 100 mis. of acetic
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acid, 1.5 gm. of Pt02 at 38 psi. After the original uptake of hydrogen

(6 psi), hydrogenation came to a halt; the possibility of catalyst poison-

ing was then considered.

Hydrogenation was attempted for the second time using the neo-

green no-sulfur rubber corks. The reaction mixture was washed

three times with three 50 mis. portions of water, two 50 mis. portions

of sodium carbonate solution to ensure complete removal of the acetic

acid. The organic layer was extracted in benzene and dried over

anhydrous calcium chloride.

Benzene was, evaporated, and distillation under reduced pres-

sure using a spinning band apparatus was carried out. Two large

fractions boiling in the range 50-60° @ 4. 0 mm were collected. NMR

studies confirmed the presence of 3-phenylpentane. Gas-liquid chro-

matography showed one fraction to be 99. 8% pure, and the second

fraction possessed an impurity comprising no more than 2% of the

mixture.

Physical properties of 3-phenylpentane:

b. p.

20
nD

25
nD

191°a

1. 4877

1. 4854

aLiterature value b. p. 189-191° (48)



Preparation of Neopentylbenzene
0 0

(CH )
3

CCOH + SOC1
2

1.(CH
3

)
3
CCCl

Al Cl
3

excess
I.

Huang - Minion

Wolf -Kishner

0
CC( CH3)3

CH
I 3

CC H
CH2 I 3

CH
3
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In a 500 ml. three neck round-bottomed flask equipped with a

reflux condenser with drying tube and an addition funnel was placed

178. 5 gm. (1. 5 mole, 101 mis. , density 1. 655) of thionyl chloride.

The chloride was then brought to a gentle reflux by means of heating

with a mantle. To the addition funnel was added 102. 1 gm. of pivalic

acid (trimethyl acetic acid) after having been brought to the liquid

state by heating over an IR lamp. The usage of the lamp was con-

tinued to prevent the acid from reverting back to its solid form. The

acid was added dropwise to the refluxing thionyl chloride over a per-

iod of two hours. When the addition was complete the reaction mix-

ture was allowed to reflux overnight. Refluxing was then discontinued

and the mixture fractionated through a 40 cm. vigreaux column,

Fractions boiling over the range 9 7- 103 ° were collected, and the

acid chloride thus obtained was used in the preparation of phenyl
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t-butyl ketone.

A 2 liter three neck round-bottomed flask was equipped with a

mechanical stirrer, reflux condenser with drying tube, and an addi-

tion funnel. Excess sodium-dried A.R. benzene (240 gm., 3.07

moles) was placed in the flask, and finely powdered A1C1
3

(166. 008

gm., 1.2 moles) was also added to the flask. The acid chloride was

placed in addition funnel and after the addition of approximately 4.0

mls., gentle heat was applied to start the reaction. Dropwise addi-

tion was continued over a period of 2 hours. After the addition

was complete, the reaction mixture was allowed to reflux overnight

(approx. 12 hrs. ). The reaction mixture was cooled and allowed to

"drip" into 2 liters of ice-cold water accompanied by vigorous stir-

ring (49). The upper oily layer was separated and washed with 10%

sodium hydroxide solution, and twice with water and dried over

anhydrous magnesium sulfate Fractional distillation under reduced

pressure was carried out and fractions boiling over the range 78-90°

@ 3 mm. were collected, (literature b. p 80-84° @ 3 mm. ), (50).

The resulting phenyl t-butyl ketone was reduced to the hydro-

carbon via the Huang-Minlon modification of the Wolf-Kishner reduc-

tion (38). In this procedure, reagent grade potassium hydroxide

(Mallinckrodt) was dissolved in about 500 mls. of hot diethylene

glycol (J T. Baker). When solution was complete, phenyl t-butyl

ketone and hydrazine hydrate (J. T. Baker) were introduced. The
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ketone, hydrazine hydrate and potassium hydroxide were in the

molar ratios of 1:2:3, respectively. The mixture was refluxed at

about 100° for one hour, after which, excess hydrazine hydrate and

water were distilled off until the temperature of the mixture reached

about 190°. At this point, refluxing was continued for about five

hours. The reaction mixture was then cooled, about 500 mis. of

water added and the organic layer dissolved in ethyl ether and

separated. The ether solution was then washed three times with

water and then dried over anhydrous magnesium sulfate. The ether

was then removed by means of a rotary evaporator. The resulting

solution was distilled under reduced pressure and the fraction boiling

at 73-73.5° @ 22 mm. was collected. Gas-liquid chromatography

showed the neopentylbenzene sample to be 98% pure.

Physical properties of neopentylbenzene:

b. p. 73 -73.5° @ 22 mm. a

n
D
23

1. 4868

20.aLiterature value b.p. 185-186.5°, n
1.4888 (51).

D

Procedures for Kinetic Runs Using Bromotrichloromethane

Solutions of cumene, an a- aikyltoluene or a, a-dialkyltoluene,

chlorobenzene and bromotrichloromethane were prepared in the

approximate molar ratios of 3:1:1:20. Approximately 0. 75 ml. of
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the solution was placed in each of several KIMAX ampoules which

had been purged with nitrogen. The ampoules were cooled to dry

ice-iso-propanol temperature and sealed after removal of oxygen

by three routine freeze-thaw cycles. One ampoule was reserved for

analysis of starting materials; the remainder were placed horizontally

just below the surface of a mineral oil constant temperature bath

maintained at 70.0±0.5°. The samples were irradiated with ultra-

violet light provided by a Sylvania 275-W sun lamp placed 20 cm.

above the surface of the oil. Reaction times varied from three to

ten hours, by which time 10% to 90% of cumene and the alkyltoluene

had reacted. The ampoules were then cooled and opened. Analysis

of the mixtures, both before and after reaction, was carried out via

gas-liquid chromatography.

All determinations were run in replicate. The procedure was

to have the a-alkyltoluene or a, a-dialkyltoluene compete directly

with cumene for the abstracting radical. In the case of neopentyl-

benzene, it was necessary to determine its relative reactivity to

isobutylbenzene. The rate constant thereby obtained were converted

to the desired form through the expression:

[ kNPB
kH

dis

kNPB
k IBB

dis

x kIBB
kH

dis



39

Determination of (k
/k

dis

The ratio of relative rate constants were obtained using the

usual competitive procedures (43, 52, 54). The following equation

was employed:

k
X

k
H dis

log

log

X
0

-Xf
-Ho

Hf

where ( kX/kH)dis is the relative rate of disappearance of the

a-alkyltoluene or a, a-dialkyltoluene to cumene; X
o

and H are the

number of mmoles originally present of alkyltoluene and cumene,

respectively; Hf and Xf
are the corresponding terms for the final

number of mmoles present. The above ratio may be directly obtained

from the chromatographic analysis using the following relationship:

X
0

Xf

[Area under X peak
Area under chlorobenzene peak

[Area under X peak
Area under chlorobenzene peak

initially
finally

See Appendix tables for the detailed data on the kinetic studies.
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NMR Analysis of Relative Rate of Disappearance
of Toluene and Neopentylbenzene

In the case of toluene and neopentylbenzene it proved impossible

to effect chromatographic separation of the compounds under the con-

ditions employed. The analysis was thus carried out using NMR

spectroscopy, whence the methyl protons of neopentylbenzene were

treated as the internal standard and methyl protons of toluene and

benzylic protons of neopentylbenzene as I-I and X, respectively.

The procedure for calculating the ratios of relative rate constants
k kwas identical to that described in determination of ( X/ H)dis.
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Appendix Tables 8-14 indicate the actual relative ratios of

reactivity of alkyl substituted toluenes and cumene with brornotri-

chloromethane.

For relative rates of abstraction per hydrogen atom, see

Appendix Table 15.



Table 8. Relative rates of disappearance of sec. butylbenzene and cumene
Conditions: 3 hrs. at 70° C.
Mmoles chlorobenzene: 2. 21
Initial mmoles BrCC1

3:
41. 50

Run # Compound

Amount
Initial Final used

(mmoles) (mmole s) ( mmoles ) % rxn
ksec. butylbenzene
k cumene

1 sec. butylbenzene 4. 15 1.87 2. 28 55. 13
cumene 4. 72 0. 96 3. 76 79. 68 0. 503

2 sec. butylbenzene 4. 15 1. 41 2. 74 66. 15
cumene 4. 72 0. 41 4. 3 1 91,44 O. 441

3 sec. butylbenzene 4. 15 1. 25 2. 9 0 70. 16
cumene 4. 72 0. 52 4. 20 89. 51 0. 53 6

4 sec. butylbenzene 4. 15 1.39 2. 76 66. 60
cumene 4. 72 0. 34 4. 38 92. 79 O. 417

5 sec. butylbenzene 4. 15 1.41 2. 74 65. 48
cumene 4. 72 0 57 4. 15 87, 96 0. 509

The average percent reaction for sec. butylbenzene is: 64. 80%
The average percent reaction for cumene is: 88. 27%

Average
k sec. butylbenzene

0. 48 ± 0. 04kcumene

rn



Table 9. Relative rates of disappearance of 3-phenylpentane and cumene
Conditions: 4-3/4 hrs. at 70 °C.
Mmoles chlorobenzene: 2. 19
Initial mmoles BrCC13:

41. 62

Run # Compound

Amount
Initial Final used

(mmoles) (mmoles) (mmoles) % rxn
k3 -phenylpentane
kcurnene

1 3 phenylpentane 4. 34 3. 75 0. 59 13. 61
cumene 4. 66 2. 05 2. 61 56. 03 0. 178

2 3 -phenylpentane 4. 34 3.61 0. 73 16.92
cumene 4. 66 1. 28 3.38 72. 59 0. 143

3 -phenylpentane 4. 34 3.08 1. 26 29. 11
cumene 4. 66 0. 89 3. 77 81. 10 0. 207

4 3 -phenylpentane 4.34 4.09 0.25 5.87
cumene 4, 66 3. 16 1. 50 33. 22 0. 150

The average percent reaction for 3-phenylpentane is: 14. 91%
The average percent reaction for cumene is: 53. 93%

k3-phenylpentaneAverage
cumene

0. 17±0.02



Table 10. Relative rates of disappearance of ethylbenzene and cumene

Conditions: 3 hrs. at 70 ° C.
Mmoles o-dichlorobenzene: 4.33
Initial mmoles Br CC13: 41.48 Amount

Initial Final used
Run # Compound (mmoles) (mmoles) (mmoles) % rxn

kethylbenzene

kcumene

1 ethylbenzene 9. 44 6. 19 3. 05 32. 30
cumene 9. 46 2. 66 6.80 71.87

2 ethylbenzene 9. 44 5. 84 3. 60 38. 10
cumene 9. 46 2. 42 7. 04 74. 43

3 ethylbenzene 9. 44 6. 64 2. 80 29. 72
cumene 9.46 2.91 6.55 69.33

4 ethylbenzene 9. 44 6. 84 2. 60 27. 60
cumene 9.46 3.04 6.42 67.93

5 ethylbenzene 9.44 6. 11 3. 11 32.94
cumene 9.46 2. 57 6. 89 72. 89

6 ethylbenzene 9.44 6.63 2.81 29. 76
cumene 9.46 2.88 6. 58 69. 51

O. 308

0. 352

0. 298

0. 284

O. 306

0.297

The average percent reaction of ethylbenzene is:
The average percent reaction of cumene is:

Average ethylbenzene

cumene
0.3110.01

30. 07%
65. 25%



Table 11. Relative rates of disappearance of n-propylbenzene and cumene
Conditions: 6-1/2 hrs. at 70° C.
Mmoles chlorobenzene: 2. 12
Initial mmoles BrCC1

3
: 40.32

Run #

1

2

Compound

Amount
Initial Final used
(mmoles) (mmoles) ( mmoles) % rxn

kn-propylbenzene
kcumene

n-propylbenzene
cumene

n-propylbenzene
cumene

n-propylbenzene
cumene

2. 35
9. 47

2. 35
9. 47

2. 35
9. 47

1. 38
1. 73

1. 20
2. 22

1. 63
2. 23

0.97
7. 74

1. 15
7. 25

0. 72
7. 24

48. 78
93. 50

30. 60
76. 50

24. 74
73. 68

4 n-propylbenzene 2. 35 1. 77 0. 58 41. 48
cumene 9.47 2.49 6.98 81.69

5 n-propylbenzene 2. 35 1. 73 0. 62 26. 44
cumene 9.47 2. 39 7.08 74. 77

6 n-propylbenzene 2.35 1. 67 0. 68 28. 77
cumene 9. 47 1. 96 7. 51 79. 30

0. 245

0. 252

O. 213

O. 316

0. 223

0. 215

The average percent reaction for n-propylbenzene is:
The average percent reaction for cumene is:

Average kcumene

kli-propylbenzene 0. 24±0.02

34. 91%
79. 99%



Table 12. Relative rates of disappearance of isobutylbenzene and cumene
Conditions: 5-1/2 hrs. at 70° C.
Mmoles chlorobenzene: 2. 187
Initial mmoles BrCC1 : 41. 41

3 Amount

Run # Compound
Initial
(mmoles)

Final
(mmoles)

used
(mmoles % rxn

kisobutylbenzene

kcumene

1 isobutylbenzene 2. 02 1.92 0. 10 4. 75
cumene 9. 52 5. 42 4, 10 42.9 0. 087

2 isobutylbenzene 2. 02 1. 65 0. 37 18. 29
cumene 9. 52 0.80 8. 72 91. 58 0.082

3 isobutylbenzene 2.02 1.82 0.20 9.92
cumene 9.52 1. 02 8. 50 89. 24 0. 089

4 isobutylbenzene 2. 02 1. 61 0.41 20. 20
cumene 9. 52 0. 56 8.96 94. 09 0.080

The average percent reaction for isobutylbenzene is:
The average percent reaction for cumene is:

Average
kisobutylbenzene -28. 4 ± 0. 4x 10kcurnene

13. 29%
74. 44%



Table 13. Relative rates of disappearance of neopentylbenzene and isobutylbenzene
Conditions: 6-1/2 hrs. at 70° C.
Mmo les chlorobenzene: 2. 14
Initial mmoles BrCC1

3:
40. 94

Amount
Initial Final used

Run # Compound (mmoles) (mmoles) (mmoles) % rxn
kneopentylbenzene

k.isobutylbenzene
1 neopentylbenzene 2. 06 1. 88 0. 18 8. 59

isobutylbenzene 8. 38 2. 26 6. 12 73. 34

2 neopentylbenzene 2. 06 1. 83 0. 23 11. 25
isobutylbenzene 8. 38 2.31 6.07 72. 41

3 neopentylbenzene 2. 06 1. 80 0. 26 12. 54
isobutylbenzene 8. 38 1. 39 6.99 83.49

4 neopentylbenzene 2.06 1.86 0.20 9.65
isobutylbenzene 8. 38 1. 59 6. 59 78. 60

5 neopentylbenzene 2. 06 1. 96 0. 10 4. 86
isobutylbenzene 8. 38 3. 69 4. 69 55.90

0. 068

0. 093

0. 074

0. 066

O. 061

The average percent reaction for neopentylbenzene is:
The average percent reaction for isobutylbenzene is:

kneopentylbenzene
Average 7.2±0.9x10 -2

isobutylbenzene

9. 37%
72. 81%



Table 14. Relative rates of disappearance of toluene and neopentylbenzene
Conditions: 3 hrs.
Initial mmoles BrCC1

3.
26. 13

Run# Compound
Initial
(mmoles)

Final
( mmoles)

Amount
used

(mmoles) % rxn
k toluene
kneopentylbenzene

1 toluene 2. 14 1. 03 1. 11 51. 9
neopentylbenzene 2. 03 1. 64 0. 39 19. 2 3. 401

2 toluene 2. 14 0. 19 1.95 9 1 . 1

neopentylbenzene 2. 03 1. 16 0.97 47. 8 4. 329

3 toluene 2. 14 0.91 1. 23 57. 5
neopentylbenzene 2. 03 1. 81 0. 22 12. 3 5. 587

4 toluene 2. 14 0.07 2.07 96. 7
neopentylbenzene 2. 03 0. 77 1. 26 62. 1 3. 509

The average percent reaction for toluene is: 74. 05
The average percent reaction for neopentylbenzene is: 35. 3

Average
ktoluene

kneopentylbenzene
= 4. 206±0.3
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Table 15. Relative rates of disappearance of a-alkyltoluenes and
a,,a-dialkyltoluenes per hydrogen atom abstraction

Compound (kx /kH)

cumene 1. 00

sec. butylbenzene 4. 81x10
-1

-1
3 - phenylpentane 1. 69x10

-1
ethylbenzene 1. 54x10

n-propylbenzene 1.22x10 -1

isobutylbenzene 4. 2 x10-2

toluene 1.6 x10-2

neopentylbenzene 3.0 x10-3


