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HYDROGEN ABSTRACTION FROM 13-(SUBSTITUTED
PHENYL)-ETHYL BROMIDES

I. INTRODUCTION

At least two generations of organic chemists have had the topic

of non-classical carbonium ions as part of their training. These

delocalized species have frequently been invoked to explain unex-

pected stereochemical and kinetic results in the course of first order

substitution and elimination reactions and electrophilic addition

processes. 1 Although the last dozen years have witnessed an

attempted refutation of the non-classical conceptualism, 2 the accep-

tance of such species remains general. Non-classical ions involving

the formation of medium sized rings exist. 3 Most non-classical

species, however, are based upon threemembered cyclic systems.

It is possible to arbitrarily divide these systems on the basis

of the origin of those electrons which are utilized to form the cyclic

units. Such "participation" may involve sigma electrons (eq. 1)4;

olefinic pi electrons (eq. 2)5; aromatic pi electrons (eq. 3)6; and lone

pair electrons (eq. 4) 7 as are illustrated in the accompanying solvolysis

reactions.

H

(1)
OBs



r-C1

OTs
CH3 H&ICH3

G

CH
3
CHCHCH

3
CH3CHCHCH

3
+ H2O./

:Br: Br 0

HOAc

CH 3
CH-CHCH3

OTs

2

(2)

(3)

(4)

Similar participation might be expected for radical and anionic

species analogous to those shown above. The presence of additional

electrons, however, seriously modifies the situation. The delocal-

ized norbornyl cation in equation 1, for example, has been calculated

to have all electrons in bonding orbitals. 8 Introduction of one or two

additional electrons requires the occupancy of degenerate anti-bonding

orbitals. The stability of such systems should, of course, be mark-

edly decreased relative to the cation. While claims for the existence

of related species have been made, 9 reexamination of the requisite

date has led to a reinterpretation of these findings.
10, 11

Radicals corresponding to the homoallylic norbonenyl (eq. 2)

and phenonium (eq. 3) ions are also unknown. In the former case an

equilibrium between two classical radicals has been shown to exist

12rather than a single delocalized species. The phenonium radical
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also appears to be only a high energy transition state rather than a

stable intermediate. 13

In contrast with all the above findings, participation by neighbor-

ing halogen atoms in radical generating reactions has been invoked for

over twenty years. Such reactions are the radical counterparts of

equation 4 and have almost always involved bromine and iodine parti-

cipation. Chlorine participation} is much less frequent and no example

of fluorine participation is known. 14 This is reasonable. The higher

halogens can accommodate the extra electron of the radical species

by a ready expansion of their outermost electron shell. This is more

difficult for chlorine and impossible for fluorine.

The entire subject of halogen-bridged free radicals has been

extensively reviewed. 15,16 It is still desirable, however, to briefly

highlight the two lines of evidence which are chiefly responsible for

development of the concept of such species since their initial cita-

tion. 17

Were a 13 -halo free radical to exist in a classical structure one

could expect an absence of stereospecificity in some subsequent

transfer step. This is shown in Scheme I below



Br

J---C

Br

4
LK K

XY XY

Br Br ,M

-C M C --Nal L + Y.C/L'Ias
J, N

X
K

K

Scheme I

Even if the halogen atom were to retard transfer of "X" from

the same side via a classical steric effect, there should exist a rapid

rotation about the sp 3 -sp 2 carbon-carbon bond which would lead to

the production of a pair of diastereomeric radicals. This would in

turn lead to an overall lack of observed stereospecificity in the reac-

tion. In contrast to these expectations several reactions which

formally proceed through 3- bromo- and p o do - alkyl free radicals

show pronounced stereospecificity. The most frequently studied

reaction which has illustrated this is the radical addition of hydrogen

bromide to olefins. The classical mechanism for this reaction is

shown in Scheme II.



RCH=CH2 + HBr

ROOR

RO. + HBr

ROOR

2 RO

ROH + Br

5

R - CH
2

CH
2
Br

RCH =CH2 + RCHCH2Br

initiation

1 propagation
RC FICH2Br + HBr > RCH2CH2Br + Br

Br + RC FICH
2

Br > RCHCH2Br

Br
2Br Br

2

2 RC HCH
2
Br

Scheme II

CH
2
Br

RCHCHR

CH2Br

termination

The results in Table 1, however, indicate high stereospecificity

for the reaction. These experimental findings clearly indicate that the

first propagation step of Scheme II can more reasonably be written

as shown below.

R-CH = CH2 + Br
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Table 1. Examples of stereospecific free radical hydrogen
bromide additions

Reaction Reference

Br

HBr

H\ /C4
H9

D

H CH
3

C/H3 Br

H Br

CH3 CH3

CH H
3

DBr

Br CH3
C4H9

H H
HBr C = C

BCH3 Br

17

17

18

19

19

20



Also, in accord with expectation, the transfer of a hydrogen atom

is preferentially from the trans side. Such atom transfer must be

rapid compared to ring opening and rotation about the aforementioned

carbon-carbon single bond.

The second line of experimental reasoning which has culminated

in the idea of a halogen bridged free radical is based upon neighboring

group anchimeric assistance in hydrogen abstraction reactions.

representation of a typical reaction of this type, free radical bromi-

nation, is illustrated in Scheme III. The rate determining steps of

X - Br

X +R-H

R. + X-Br

by ) X +Br. initiation

rds

X = Br or CC1
3

Scheme III

R + HX
propagation

R-Br + X )

free radical brominations are rarely exergonic reactions. This is

true whether the hydrogen abstracting agent is a bromine atom 21

or a trichloromethyl radical. 22 Hammond's postulate would there-

fore predict a transition state with appreciable radical character. 23

The strongly electronegative character of these abstracting agents

should also lead to appreciable charge separation in the transition
24state. This can be treated by assuming the following contributing
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forms to the resonance hybrid depicting the transition state. The net

0
R-H ° X < R H-X > RC) H. : X

dependence on possible substituents which might be present would

be rate enhancement by electron donating species and rate retarda-

tion by electron withdrawing species. Such, indeed, is the case as

can be seen from the data in Table 2.25' 26 All of the substituents

are electron withdrawing.

Table 2. Examples of free radical bromination of 1-substituted
butanes. a

Product Distribution (Relative)
X - CH - CH - CH - CH Reference

2 2 3

CFb 1 7 90 1 25
3

Fb 9 7 90 1 25

CH3O 19 29 73 1 25

Clc 0.44 0.49 1 26

Brc 0.06 5.78 1 26

a) All reactions using molecular bromine and light.
b) Gas phase, 160° C
c) Liquid phase, 60° C, excess organic compound as solvent.

With one exception preferential hydrogen abstraction occurs at the

secondary position. The p position is deactivated by the electron

withdrawing substituents. The exception to these generalities is

1-bromobutane. Here the unique possibility of anchimeric assistance



via bromine atom bridging exists in the transition state. This is

represented below.

Br
5.,

CH ---C,,HCH CH
2 2 3

6. Br

Several instances in which alkyl bromides undergo radical

bromination more readily than their parent (or related) hydrocarbons

16 27
are also known. A few examples are given in Table 3. The

following points stand out. The bromine must be 13 to the site of

reaction for rate acceleration. Lowering the temperature favors

bridging. A particularly good participation is shown by cis 4-t-butyl-

1-bromocyclohexane. Here the bromine atom is constrained to

occupy an axial position which should most favor trans periplanar

anchimeric assistance. Hydrogen abstraction occurs exclusively

(3
28to the bromine atom. By contrast the trans isomer gives a

complex mixture of products and reacts much more slowly than the

cis compound. 28

Stereochemical data also support bridging in the transition

state for hydrogen abstraction. Thus, the bromination of (+)-1-

bromo-2-methylbutane (eq. 5) takes place with apparent retention

of configuration. 29
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Table 3. Some relative rates of radical brominations illustrative of anchimeric assistance.

Cmpd A

(CH3)2 CH2Br

H

(CH3)2 CH2Br

CH CH CHCH Br
3 2 2

H

CH3

H

CHCH2CH2Br

Cmpd B Temp (kA/k Bobs (kAlkdper H

Anchimeric

Effect
a

(CH3)2 CH2CH3 35 8 8 57

H

(CH3)2)
2 I

-C (CH3)2 35C

H

5. 7 11.5 82

27 19. 2 115 820

CH CHCH
3 3 60 1.4 1.4 10

H

30 2.5 2.5 18

0 4. 1 4. 1 30

-23 7. 2 7. 2 51

CH3 HCH3
60

H
0. 35 0. 35 "dl. 0

30 0, 37 0.37 A-1. 0

0 0.34 0.34 ,.. 1. 0

-23 0.32 0.32 x-1.0

a) Defined by dividing (k
A

/kB) (3
per H

by 0. 14 (for -Br) and by 0.37 (for -Br) e, a

correction for the adverse electron withdrawing effect of Br.
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BrCH
,
,CH

3
BrCH2N

52H32 \ Br
2C /C ...gm.. (5)/ *I4P H het, ' Br

CH
3
CH2 CH

3
CH2

Despite the vast amount of supportive result s, the concept of halogen

bridging in free radical reactions has not been free from attack. Most

recently Tanner has offered a series of alternate explanations for the

available data. 30 -32 These can be briefly summarized. The abstrac-

tion of hydrogen by bromine is a reversible process (eq. 6). If the

R-H + Br R + HBr (6)

equilibrium exists, hydrogen abstraction from all positions in the

hydrocarbon will be disfavored as the extent of reaction and the con-

centration of HBr both increase. Under such conditions reaction

should seem to preferentially take place in the p position via

operation of the following sequence (eqs. 7, 8).

R - CHCH
2
Br > RCH = CH2 + Br- (7)

RCH = CH2 + Br
2

RCHCH
2
Br (8)

The addition of bromine (eq. 8) will be trans thus accounting for some

of the observed stereochemistry. In support of this mechanism,

Tanner claimed that at low conversion 1-bromobutane underwent
31preferential bromination in the 3 not the 2 position. 30, Only with

conversion greater than c. a. 35% was hydrogen abstraction from the

R rather than y position observed.
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These findings reopened interest in this field. iT he y have not,

however, withstood the test of time. Two sets of workers have been
27, 33unable to reproduce Tanner's findings.
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II, STATEMENT OF PROBLEM

To date the phenomenon of halogen briding has been limited

to aliphatic systems. This is reasonable. If our radical system

were stabilized by resonance factors, a sufficient degree of stability

might be present so as to make further anchimeric assistance un-

necessary. Analogous examples exist in the realm of cationic spe -.

cies. Thus a 2- phenyl -Z- norbornyl carbonium ion shows no non-

classicalclassical delocalization of charge. This is in keeping with its

relatively high stability. The situation may be modified, however.

A beautiful example is the work of Gassman and Fentiman on the

dissociations of 7-aryl-7-norbornyl R-nitrobenzoates (eq. 9) and

syn-7-aryl-anti-7-norbornenyl R-nitrobenzoates (eq., 10).
35

X

+ OPNB

®OPNB

(9)

(10)

The first group of compounds obeyed the Hammett equation43 (correla-

tion with ) with very high precision. The same was true for

those members of the latter series containing electron donating

groups. With electron withdrawing groups, however, a higher

reactivity than expected was observed. In such systems the
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carbonium ion should be destabilized, but, there is now an apparent

anchimeric assistance by the olefinic pi electrons. Such participa-

tion is unnecessary for the more stable systems.

Could a corresponding situation exist for halogen-bridged free

radicals ? A l-phenyl-2-brornoethyl radical (shown below) should be

CHCH2Br

relatively stable and exist in a non-bridged structure. If, however,

electron withdrawing, destabilizing substituents were attached to

the phenyl group, might not bridging occur? Might not bridging

even occur in the transition states of any endergonic reactions leading

to these radicals? This final question was deemed worth answering.

It was decided to study hydrogen abstraction from a series

of p-(substituted phenyl)-ethyl bromides. The abstracting agent was

photolytically generated from bromotrichloromethane at 70° C. This

species has usually been considered to be the trichloromethyl rad-

ical. However, it was recently claimed that bromine atom is really

involved. 36 The true identity of the abstracting agent is of less

importance than the knowledge that a single such agent is involved.

The overall reaction is shown below (eq. 11).



CH
2
CH

2
Br

1

BrCC1
3 h-i/

15
Br
CHCH

2
Br

+ HCCI
3

(11)

Prior work in these laboratories on benzylic bromination using

bromotrichloromethane indicated that steric, as well as electronic,
37, 38factors played a role in determining relative reactivities. One

aspect of this work culminated in a study involving hydrogen abstrac-

tiontion a-alkyl- and a, a-dialkyltoluenes. Optimum correlation of

data required the use of a four parameter modified Taft equation

again illustrative of the importance of steric requirements. 40 This

suggested that the sensitivity of benzylic hydrogen abstractions to

ring substituents is related to the electronic and steric nature of all

groups attached to the benzylic position (eq. 12).
41 This was

H
R-C-R'

CC13
R -C -R'

+ HCC1
3

expressed by the admittedly empirical relationship shown below

(eq. 13). The Zo- represents the

p = -0. 606 Z o-+ + O. 195 Z Es - 1. 063
p

(12)

(13)

combined electronic factors of R and R' while ZEs is the correspond-

ing steric term. This relationship serves a very useful purpose

with regard to the present undertaking. It enables one to assess a

"normal" rho value for hydrogen abstraction from 13- (substituted
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phenyl) - ethylbromides by the trichloromethyl radical. The term

"normal" refers to a substituent dependence in the absence of any

anchimeric assistance by the neighboring bromine atom. Experi-

mentally four different situations might arise:

1) Experimental rho equals calculated rho: This would infer an

absence of anchimeric assistance throughout the entire range

of substituents.

2) Experimental rho is appreciably smaller than calculated rho:

This would arise if anchimeric assistance by bromine is

present throughout the entire range of substituents. This was

deemed unlikely as systems with electron donating groups

should exist as classical radicals.

3) Experimental rho shows upward curvature (or break) in region

of electron withdrawing groups: This would indicate a change

of mechanism42 or participation. 35 It was hoped this would

be observed.

4) Experimental rho is appreciably greater than calculated rho:

This result could not be reconciled to prior findings. It would

necessitate a rejection of the aforementioned method of calcu-

lating rho values.
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III. RESULTS

A) Calculation of a Theoretical Rho Value

As has been mentioned, the variation of the experimentally

obtained rho value from some theoretical norm will be used to deter-

mine the existence and/or extent of neighboring group participation.

The evaluation of this theoretical rho value, therefore, is of major

importance. Equation 13 may in this case be expanded to the follow-

ing relationship (eq. 14).

p = -O. 606[cr
+

+ 0- ]-1.063p-H 2 -CH
2

Br] + 0. 195[Es
-H

+Es
-CH2Br

(14)

The steric parameters may be directly obtained from the literature,

being 1. 24 for hydrogen and -0.27 for the bromomethyl group.40 The

electron parameter for hydrogen is zero by definition thus simplifying

the problem. A real difficulty, however, arises in assessing the

corresponding electronic parameter for the bromomethyl substituent.

Electronically, bromine should resemble chlorine. A comparison of

sigma and sigma-plus parameters for chlorine and bromine 43 shows

the bromine is from 0. 03 to O. 08 sigma units more positive (i. e. more

electron withdrawing). The sigma-plus value for the para-chloro-
43methyl group has been evaluated at -0. 08. For the present study

the para-bromomethyl group was assumed to have a sigma-plus value
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between -0. 05 and +0. 05. The overall calculated rho value, however,

still encompasses a rather small range of from -0, 84 to -0. 90.

B) Syntheses of - (Substituted Phenyl)- Ethyl Bromides

All of our desired starting materials were prepared from the

corresponding 2-(substituted phenyl)- ethanols (eq. 15). The alcohols

CH2CH2OH
PBr3

)CX

(15)

themselves, however, were not generally available and were, in turn,

synthesized via one of three general schemes. The 2- (4- fluoro-

phenyl)- ethanol, however, could be directly obtained.

Scheme IV proved to be most general. It involved the simple

reaction of a Grignard reagent with ethylene oxide. It was utilized

to prepare the rn-trifluoromethyl, m-chloro, a-methyl and

a-rnethoxy derivatives.

MgBr CH2CH2OH
1) CH CH

2) dil. HO

X = m-CF3, m-C1, a-CH3, and 2.-CH30

Scheme IV
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Scheme V was utilized to prepare the 2.- chloro compound from

the corresponding phenylacetic acid

H CO
2H

Scheme V

1) LiA1H

2) diL H Q-1"

cH cH2oH

Cl

We had available in these laboratories large quantities of

a-methyl- and a-methoxy acetophenone. It was felt that these could

be utilized in Scheme V by prior conversion to the corresponding

phenylacetic acids by the Willgerodt reaction" (eq. 16). These

attempts were unsuccessful.

S,

X = a-CH3, p_-CH30

H 0
2

C H
2
CO

2
H

1

(16)

A final general method is presented in Scheme VI. It involves

hydroboration of a substituted styrene. It was used in these studies

to prepare the R-t-butyl derivative,



?H=CH
2

(CH3)3

Scheme VI

BF3, NaBH
4

C) Product Study

20

C(CH3)3

In the course of photobromination of the parent compound,

(2-bromoethyl)-benzene, at 70° C by bromotrichloromethane, nmr

spectra and gas -1 iquid chromatography of the reaction mixtures

showed that bromination occurred exclusively at the benzylic position.

Such a result was also obtained by Russell and Desmond in their work

where N-bromosuccinimide was used as the radical source. 45

In the photobromination of (2- bromoethyl)- benzene with bromo-

trichloromethane (bromobenzene as an internal standard) gas-liquid

chromatography was used to analyze the reaction mixture. In this

case only one product peak was found. This peak had the same reten-

tion time as an independently prepared sample of 1, 2-dibromo-1 -

ph.enylethane. As confirmatory evidence, an nmr spectrum of the

reaction mixture showed peaks arising only from 1, 2-dibromo-l-

phenylethane and the starting material.

D) Determination of Relative Rates of Reaction

All kinetic results were obtained from direct competition of
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two hydrocarbons for abstracting agent. Initially it was planned to

use nmr spectroscopy to analyze reaction mixtures both before and

after photoinitiation. This choice was made because of fear that

1, 2- dibromo -1 - phenylethanes might undergo dehydrohalogenation on

glc columns to form p-bromo-styrenes. The latter should have reten-

tion times nearly identical to starting materials hence making a

determination of extent of reaction difficult. Such a problem had

arisen in prior studies in these laboratories. 46, 47

Solutions of substituted phenethyl bromides, a-xylene, 1, 4-di-

t-butylbenzene and bromotrichloromethane were prepared in the molar

ratios of 4:1:0. 4:30 for kinetic studies. The benzylic hydrogens of

the phenethyl bromides and a-xylene absorb in non-overlapping

regions of the spectrum. Their relative decrease in area (measured

against that for the unreactive aliphatic protons of the 1, 4-di-t-

butylbenzene) should allow for an evaluation of relative rate constants.

Unfortunately major difficulties arose. The methyl protons in

E-methylbenzyl bromide gave rise to signals nearly identical to

those of p-xylene. A direct measurement of the relativivity of that

compound required the introduction of "corrections." Even when

these were employed virtually no correlation could be obtained.

It was then decided to reinvestigate the use of glc as an ana-

lytical tool. A typical reaction mixture was analyzed on a newly

prepared 5% SE-30 on chromasorb W column. The eluents
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from the column were collected and analyzed by nmr spectroscopy.

It was clearly shown that no olefinic protons were present and that

dehydrohalogenation had not occurred.

It was planned to again use a-xylene as a reference compound.

The product p:methylbenzyl bromide, however, had the same reten-

tion time as phenethyl bromide. Mesitylene was, therefore, chosen

as the reference compound. The internal standard was bromobenzene.

Solutions of substituted phenethyl bromides, mesitylene, bromo-

benzene and bromotrichloromethane were in the molar ratios of

1:1:0. 5:10 for kinetic studies. Reaction times varied from one to

three hours at 70° C. Total reaction of hydrocarbons varied from

9 to 60%.

The relative rates of disappearance of the phenethyl bromides

to mesitylene can be obtained. In all cases but one this is equivalent

to hydrogen abstraction from the secondary benzylic position of the

phenethyl bromides. The 2.-methyl derivative; however, has two

reactive benzylic positions. The application of nmr spectroscopy

indicated that 66% of total reaction for p_-methylphenethyl bromide

took place at the secondary position.

Table 4 contains a summary of the relative rates of disappear-

ance of the substituted phenethyl bromides to mesitylene.

The data is also presented in Table 5 relative to the parent

compound.
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Table 4. Relative rates of disappearance of p-(substituted pheny1)-
ethyl bromides to mesitylene with bromotrichloromethane
at 70° C. a

Compound

p-Methoxyphenethyl bromide
a-Methylphenethyl bromide
a-t-Butylphenethyl bromide
a-Fluoeopheneth.y1 bromide
(2- Bromoethyl) benzene
p_-Chlorophenethyl bromide
m-Chlorophenethyl bromide
m-Trifluorometh.ylpheneth.y1

bromide

0 (k
s
/k

M
)

Number
of runs

-0. 778 3. 72±0. 21 5

-0. 311 2. 49±0. 26 6

-0. 295 1. 59±0. 16 7

-0. 073 0. 95±0. 03 6

0. 000 0. 88±0. 10 7

0. 114 0. 76+0. 04 5

0. 399 0. 43±0. 03 10
0. 520 0. 29*0. 04 7

aComplete data for the kinetic studies may be found in the Appendix,
Tables 6-14.

Table 5. Relative rates of secondary benzylic hydrogen abstraction
from p -(substituted phenyl) -ethyl bromides.

Substituent

a-CH30
a-CH

3
a-t-Bu

F
H

p.-C1

m -C1

m-CF
3

cr k /subst H

-0. 778 4. 23

-0. 311 1. 87

-0.295 1. 81

-0. 073 1. 08

0, 000 1. 00

O. 114 0. 86

0. 399 0. 49

0. 520 0. 33



24

Based upon these data a rho value of -0. 83±0. 02 correlated

with sigma plus was obtained. The correlation coefficient was

-0. 997. These results are graphically represented in Figure 1.
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Figure 1. Logarithms of the relative rates of reaction of
13-(substituted phenyl)-ethyl bromides vs. sigma-
plus parameters
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IV. DISCUSSION

For hydrogen abstraction from 1i- (substituted phenyl) -ethyl

bromides, a calculated rho value range of -0. 84 to -0. 90 was found

utilizing eq. 14. The experimental rho value is -0. 83±0. 02. This is

apparently in good agreement with the calculated value. This situa-

tion infers an absence of anchimeric assistance throughout the entire

range of substituents. The substituted 1-phenyl -2-bromoethyl radicals,

CHCH
2Br

X

which are all stabilized by a resonance effect, are relatively stable.

Neighboring group participation is probably unnecessary for such

stable systems.

It still may be possible, however, that if electron withdrawing

substituents greater than m-trifluoromethyl were attached to the

phenyl group, some anchimeric assistance might be observed. Such

groups are relatively few in number. Both p_-cyano and 2.-nitro

groups are strongly electron withdrawing. Both, however, have also
48

been associated with special, undefined "radical resonance effects".

Any results obtained for R-cyanophenethyl and p_-nitrophenethyl

bromides could, therefore, hardly be regarded as unequivocal.

Another reason for the possible absence of anchimeric assis-

tance might be the temperature employed. In order to make
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comparison with the calculated rho value a temperature of 700 C

was utilized. As can be seen in Table 3 there is an inverse rela-

tionship between temperature and anchimeric assistance. Anchimeric

assistance, even in the present system, might be observed at lower

temperature.

In summation, the empirical relationship for calculation of

rho values for hydrogen abstraction from benzylic systems by the

radical generated from bromotrichloromethane has been successful.

There is also no apparent anchimeric assistance by a neighboring

bromine atom in said hydrogen abstraction from p-(substituted

phenyl)-ethyl bromides at 70° C.
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V. EXPERIMENTAL

All of the p-(substituted phenyl) -ethyl bromides synthesized

for this study were liquids at room temperature. All of the boiling

points were determined during the distillation procedure for purifica-

tion. The nmr spectra were taken on a Varian HA-100 using spec-

troquality carbon tetrachloride as the solvent and tetramethylsilane

as a reference. All nmr spectra for substituted phenethyl bromides

are given in Table 6. The corresponding physical properties are in

Table 7. A minimal purity of 98% (by glc) was found for all com-

pounds studied.

The it spectra were taken on a Beckman IR-8 spectrophotome-

ter as films between sodium chloride discs. All distillations were

carried out under reduced pressure using a microdistillation appa-

ratus. Gas-liquid chromatography analyses were carried out utilizing

a Varian Aerograph 202B gas chromatograph equipped with a linear

temperature programmer, thermal conductivity detectors, and a

Sargent recorder with disc integration. A 12' x 1/4" column of 5%

SE-30 on chromosorb W was used at column temperatures varying

from 90° -300° C in this investigation. Helium gas was used as the

eluent.
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A) Purification of Bromotrichloromethane

Commercial bromotrichloromethane (Matheson Coleman and

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

Gas-liquid chromatography showed the presence of a single impurity

comprising a total of 0. 2% of the mixture; the retention time of the

impurity was the same as that of carbon tetrachloride.

B) Purification of m-Bromochlorobenzene

Commercial m-bromochlorobenzene (Columbia Organic Chem-

icals) was distilled. The fraction boiling at 196° C was collected.

C) Purification of p_-Methylacetophenone

Commercial a-methylacetophenone (Matheson Coleman and

Bell), with melting point range of -24 to -22° C was employed without

further purification.

D) Purification of p.-Methoxyacetophenone

Commercial p.-methoxyacetophenone (Aldrich), with melting

point range of 36-38. 5° C was employed without further purification.

E) Purification of Morpholine

Commercial morpholine (Matheson Coleman and Bell) practical

grade with melting point range of -6 to -4° C was used without
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further purification.

F) Purification of -Chlorophenylacetic Acid

Commercial 97% 2-chlorophenylacetic acid (Aldrich), with

melting point range of 103-105° C was used without further purifica-

tion.

G) Purification of -Fluorophenethyl Alcohol

Commercial E-fluorophenethyl alcohol (Aldrich), refractive

index nD20 = 1. 5075; with boiling point range of 117-118° C @ 20 mm

was employed without further purification.

H) Purification of 4-t-Butylstyrene

Commercial 4- -butylstyrene (Research Organic/Inorganic

Chemical Corp. ), refractive index nD20 = 1. 5260, with a boiling point

of 145° C, and a melting point of -30° C was employed without

further purification.

Purification of 2-Bromoeth 1 -Benzene

Commercial (2-bromoethyl)-benzene was distilled. The dis-

tillate was collected at 218° C with refractive index nD
20 = 1. 5563.
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J) Purification of m-Bromobenzotrifluoride

Commercial m-bromobenzotrifluoride ( Aldrich), with boiling

point range of 151-152° C was employed without further purification.

K) Purification of .a- Bromotoluene

Commercial E-bromotoluene (Matheson Coleman and Bell), with

boiling point of 184. 35° C was employed without further purification,

Purification of 2.-Xylene

Commercia12-xylene (Matheson Coleman and Bell) was distilled

and the fraction boiling between 138-139° C was collected.

M) Purification of Mesitylene

Commercial mesitylene (Matheson Coleman and Bell) was dis-

tilled and the fraction boiling between 164-166° C was collected.

N) Purification of Bromobenzene

Commercial bromobenzene (Matheson Coleman and Bell) was

dried over calcium chloride and redistilled. The fraction boiling

between 155-158° C was collected.
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0) Preparation of m-Chlorophenethyl Bromide

Preparation of the Grignard reagent was carried out in

the usual manner. Magnesium (32. 50 g, 13.25 moles) was placed

in a 1000 ml three-necked round bottom flask equipped with an

addition funnel, condenser and mechanical stirrer.

Prepurified nitrogen was passed through the reaction

flask for 15 minutes. Anhydrous ether (50 ml) and m-bromochloro-

benzene (20 g) were added dropwisely with stirring to initiate the

reaction. A solution of an additional 82 g of m-bromochlorobenzene

in 250 ml anhydrous ether was slowly added to the reaction. After

adding the m- bromochlorobenzene, the reaction mixture was

refluxed for 5 hours. The m-chlorophenylmagnesiu.mbromide was

filtered through a glass wool plug into a dry addition funnel. The

remaining magnesium was washed with two portions of anhydrous

ether and added to the addition funnel. The Grignard reagent was

used immediately in preparation of m-bromochlorophenethyl

bromide.

A 100 g portion of ethylene oxide was mixed with 100 ml

anhydrous ether in a 1000 ml three-necked round bottom flask which

was kept below 10°C by a salt-ice bath. After addition the salt-ice
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bath was removed and the reaction mixture allowed to warm up to

room temperature.

The mixture was added slowly to 300 ml of distilled water

and crushed ice to destroy the excess of Grignard reagent; dilute

hydrochloric acid was added cautiously, while efficient stirring

was maintained.

Ether extraction was carried out in a 1000 ml reparatory

funnel. The organic layer was collected, and dried over anhydrous

magnesium sulfate for 6 hours. Ether was removed using a rotary

evaporator. The crude material was distilled at 84-95°C @ 0. 2 mm.

The nmr and it spectrum of the distillate confirmed the structure

of m-bromophenethyl alcohol.

Bromination of alcohol was carried out by adding a solution

of phosphorous tribromide (21.30 g, 0. 08 moles) in chloroform (250

ml) to the ice-cooled suspension of m-chlorophenethyl alcohol

(approx. 25 g, 0.15 moles) in chloroform (500 ml) containing pyri-

dine (6. 30 g, 0. 08 moles). The addition was carried out slowly

over a period of one hour. The temperature was gradually raised

to room temperature, and stirring was continued overnight. The

reaction mixture was again chilled with an ice bath, and cracked
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ice was added. The organic layer was washed successively with

distilled water, aqueous sodium bicarbonate (5%) and water, and then

dried over magnesium sulfate for 4 hours. The drying agent was

filtered off and the chloroform evaporated under reduced pressure.

The fraction boiling between 83-84° C @ 0.65 mm was collected.

Gas-liquid chromatography studies showed the high purity of the

distillate. NMR studies confirmed the presence of m-chlorophenethyl

bromide.

P) Preparation of E-Chlorophenethyl Bromide

A solution of 25. 97 g of 97% a-chlorophenylacetic acid (0. 15

moles) in 200 ml dry ethyl ether was prepared and placed in a 500 ml

addition funnel. Lithium aluminum hydride (11. 40 g, 0. 30 moles)

and anhydrous ethyl ether (250 ml) were put into a 1-liter three-necked

round flask. The a-chlorophenylacetic acid solution was added drop-

wise with vigorous stirring, after which the reaction mixture was

refluxed and stirred overnight.

After the work up, the product was identified as being E-chloro-

phenethyl alcohol.

The a-chlorophenethyl bromide was prepared from E-chloro-

phenethyl alcohol (7. 40 g, 0. 05 moles), 200 ml dry chloroform,

pyridine (4. 15 g, 0. 05 moles), and phosphorous tribromide (13. 55 g,

0. 05 moles) using the previously described approach. After work up,
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the product was confirmed to be R-chlorophenethyl bromide by its

physical and spectral properties.

Q) Preparation of p_-Methylphenethyl Bromide

A mixture of 2.-methylacetophenone (100 g, 0.75 moles), sulfur

(36. 00 g, 1. 13 moles) and morpholine (98. 00 g, 1. 13 moles) was put

into a 500 ml round bottom flask which was heated slowly for one

hour to prevent frothing, then refluxed strongly for additional 24

hours. The hot reaction mixture was poured into an ice-cooled

beaker of 150 ml of 95% ethanol. Yellow crystals were formed grad-

ually. The crystals were filtered through a Buchner funnel and

washed several times with cold ethanol. The crystals were dried

thoroughly, added to 525 ml of conc. hydrochloric acid and refluxed

for 48 hours.

After the refluxing was completed, the reaction mixture was

allowed to cool to room temperature and extracted with ethyl ether.

The ether solution was washed with distilled water, sodium bicarbon-

ate and distilled water, then dried over anhydrous potassium carbon-

ate overnight.

Ether was distilled off using a rotary evaporator and crystals

were formed in the flask. The crystals were recrystallized from

cyclohexane, and identified to be 4-tolylacetic acid by their nmr

spectrum.
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The 4-tolylacetic acid (18. 60 g, 0. 12 moles) was dissolved in

150 ml anhydrous ethyl ether. A suspension of lithium aluminum

hydride (9. 42 g, 0.24 moles) in approximately 200 ml anhydrous

ether was placed in a 1 liter three-necked round bottom flask equipped

with a mechanical stirrer. The 4-tolylacetic acid-ether solution

was added to the lithium aluminum hydride solution dropwise. After

the addition was completed, the reaction mixture was refluxed for an

additional hour with continuous stirring. The reaction mixture was

put in an ice bath and about 10 ml of distilled water, 10 ml of sodium

hydroxide (15%) and 29 ml of distilled water were added cautiously.

Stirring was carried out for one additional hour. A white milky mix

ture was gradually formed. Hydrolysis was carried out by adding

dilute hydrochloric acid (1 M). The organic materials were extracted

with ethyl ether. The organic solution was washed with sodium

hydroxide (5%) three times, dried over magnesium sulfate overnight.

After evaporating the solvent off, the residue found was not

sufficient for further reaction. Another pathway for making E-methyl-

ph.eriethyl bromide was carried out in order to get a better yield.

A Grignard reagent was prepared from R-bromotoluene (35 g,

0.21 moles), magnesium (5. 47 g, 0.23 moles), and approximately

200 ml of anhydrous ether.

Ethylene oxide (approx. 40 g) and 250 ml of dry ether were put

in a 1 liter three-necked round bottom flask in an ice-salt bath. The
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Grignard reagent was carefully added to the ethylene oxide-ether

solution with stirring carried out continuously. After the addition was

completed, the ice bath was removed and the system was allowed to

warm up. Stirring was continued for an additional two hours.

Hydrolysis was carried out by adding dilute hydrochloric acid.

A normal work up was employed. The crude material was distilled

under reduced pressure. The boiling range of the collected distillate

was 70-71° C @ 0. 15 mm. The nmr sample of the distillate con-

firmed the presence of a-methylphenethyl alcohol.

To a cold stirred solution of 14.20 g (0. 10 moles) of a-methyl-

phenethyl alcohol in an equal weight of dry benzene, 24.65 g (0. 09

moles) phosphorous tribromide was slowly added. 49 The mixture was

heated slowly to 95° C till smoke ceased coming out of the condenser

and then cooled. It was treated with ice water, extract with chloro-

form and then the organic material was washed with sodium bicarb-

onate and water. Normal work up followed. The compound was con-

firmed to be p_-methylphenethyl bromide by its nmr spectrum and

physical properties.

R) Preparation of a-Methoxyphenethyl Bromide

A Willgerodt reaction44 analogous to that described for a.-

methylphenethyl bromide utilizing R-methoxyacetophenone (100 g,

0. 67 moles), sulfur (32. 16 g, 1, 01 moles) and morpholine (87. 40 g,
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1. 01 moles) was car ried out. The 127. 40 g of thiomorpholide thus

obtained and 500 ml conc. hydrochloric acid were refluxed for 48

hours. The solution became tarry. The solution did not yield

crystals as expected. Cyclohexane, benzene, carbon tetrachloride,

and chloroform were all tried to recrystallize the oil separately.

All were unsuccessful.

The nmr spectrum confirmed that most of the methoxy group

had been degraded to phenol during the acid refluxing step to form

a-hydroxypheneth.ylacetic acid.

Another reaction route was carried out for making p_-methoxy-

phenethyl bromide.

Anisole (250 g, 2. 30 moles) was dissolved in carbon disulfide

(625 ml) in Z liter three-necked flask. The solution was covered

with 200 ml of water in order to take up the hydrogen bromide

formed. 50 With good cooling and vigorous stirring, bromine (368 g,

2. 30 moles) was slowly added. After reaction, the carbon disulfide

solution was washed with water four times and then dried over mag-

nesium sulfate.

The solution was distilled under reduced pressure. The fraction

collected at 55-60° C @ 0. 60 mm was confirmed to be R-bromoanisole

by nmr and gas-liquid chromatography.

The product, .a-bromoanisole (118. 50 g, 0. 64 moles), magnesi-

um (39 g, 1. 60 moles) and a mixed solvent of anhydrous ethyl ether
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(150 ml) and benzene (150 ml) were used for making E-methoxyphenyl

magnesiumbromide.

The Grignard reagent was cautiously added to a solution of

ethylene oxide (approx. 50 g) and dry ethyl ether (150 ml) in an ice

bath. After work up the product was confirmed to be 2.-methoxy-

phenethyl alcohol by its nmr spectrum.

Phosphorous tribromide (31. 4 g, 0. 16 moles), 20 g of E-meth-

oxyphenethyl alcohol and equal amount of anhydrous benzene were used

to carry out the bromination. After work up, the product was con-

firmed to be 2.-methoxyphenethyl bromide.

S) Prepration of E-Fluorophenethyl Bromide

A mixture of R-fluorophenethylalcohol (10 g, 0. 07 moles) and

equal amount of benzene, and phosphorous tribromide (14. 98 g, 0. 06

moles) were used to prepare E-fluorophenethyl bromide. A procedure

similar to that of Speer and Hill49 for phenethyl bromide was

employed.

After work up, the product was confirmed to be 2.-fluorophen-

ethyl bromide by nmr spectroscopy.

T) Preparation of - t- Butylphenethyl Bromide

A 250 ml three-necked flask was fitted with an addition funnel,

a condenser and a magnetic stirrer. The flask was charged with a
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mixture of powdered sodium borohydride (1. 81 g, 0. 05 mole), 80 ml

of tetrahydrofuran, and 4-t-butylstyrene (25 g, 0. 16 moles). A solu-

tion of boron trifluoride etherate (8. 05 ml, 9. 08 g, 0. 06 moles) in

11 ml of tetrahydrofuran was added over a period of 30 minutes. The

temperature was maintained at 25° C. The reaction mixture was

stirred for an additional 2 hours at 25° C and the excess hydride was

decomposed with water (approx. 7 ml).

The trialkylborane was added to a stirred solution of 3 N sodium

hydroxide (17. 50 ml of 30% hydrogen peroxide at a temperature of

30-32 ° C (water bath). The reaction mixture was saturated with

sodium chloride and the tetrahydrofuran layer was separated and

washed with saturated sodium chloride solution.

After drying, the residue was distilled under reduced pressure.

The distillate was confirmed to be R-t-butylphenethyl alcohol by its

nmr spectrum.

The a -t-butylphenethyl alcohol (23. 70 g, 0. 13 moles) and equal

amount of dry benzene and phosphorous tribromide (30. 90 g, 0. 11

moles) were used in the bromination step.

After work up, the product was confirmed to be R-t-butyl-

phenethyl bromide.

U) Preparation of m-Trifluoromethylphenethyl Bromide

The appropriate Grignard reagent was prepared from
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m-bromobenzotrifluoride (55. 10 g, 0.25 moles), magnesium

(6. 50 g, 0.27 moles) and 300 ml anhydrous ethyl ether. The Grig-

nard reagent was then reacted with 50 g of ethylene oxide.

After work up, the product was confirmed to be m-trifluoro-

methylphenethyl alcohol by nmr spectroscopy.

The corresponding bromide was synthesized from m-trifluoro-

methylphen.ethyl alcohol (17. 40 g, 0. 10 moles) and equal amount of

dry benzene and phosphorous tribromide (21. 72 g, 0, 08 moles),

After work up the product was confirmed to be m-trifluoro-

methylphenethyl bromide by nmr spectroscopy.

V) Preparation of 1, 2-Dibromo-l-phenylethane

To a stirred solution of 10 ml chloroform in an ice-cooled 100

ml erlenmeyer flask 6 g of bromine were added. A styrene solution

(6 g of styrene in 10 ml of chloroform) was added dropwise into the

stirred solution. After the brown color disappeared, excess styrene

(3 ml) was added, stirring continued for 5 more minutes.

After sitting, crystals separated. Recrystallization was carried

out in methanol.

The nmr spectrum confirmed the crystals to be 1, 2-dibromo-

1-phenylethane.
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Preparation for Kinetic Runs Using Bromotrichloromethane

Solutions of substituted phenethyl bromides, mesitylene or

(2-bromoethyl)-benzene, bromobenzene, and bromotrichloromethane

were prepared in the approximate molar ratios of 1:1:0. 5:10. Ap-

proximately 0. 75 ml of the solution was placed in each of the several

ampoules.

The ampoules were cooled to dry ice-isopropyl alcohol tempera-

ture till the solutions solidified. The ampoules were evacuated at

2. 0-3. 0 mm and flushed several times with nitrogen with intermedi-

ate thawing. The ampoules were sealed under vacuum and one was

reserved for the anlaysis of the unreacted starting materials. The

remainder were placed horizontally just below the surface of mineral

oil constant temperature bath maintained at 7. 0±0. 5° C. The solu-

tions were irradiated with UV light provided by a Sylvania 275-W sun

lamp placed 20 cm above the surface of the oil. Reaction times

varied from one to three hours, by which time up to 80% of substituted

phenethyl bromides and mesitylene had reacted. The ampoules

were then cooled and opened. Analysis of the mixtures, both before

and after the reaction was carried out via glc on a 5% SE-30 on

chromosorb W column.

Kinetic runs for p_-methylphenethyl bromide depending upon

nmr analysis were treated in the following way. Solutions ofk-methyl-

phenethyl bromide, 1,4-di 4-butylbenzene, and brornotrichloromethane
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were prepared in the molar ratios of 1. 5:0. 15:8. Identical reaction

conditions were employed as before. After the ampoules had been

cooled and opened, small portions of tetrameth.ylsilane were added to

each. Changes in the integral areas of the methyl group and the

benzylic methylene group (both relative to the invariant aliphatic

proton signal of the p..-di-t-butylbenzene) were used to define the ex-

tent of reaction at each position.

All determinations were run in replicate. The procedure was

to have substituted phenethyl bromides compete directly with mesityl-

ene for the abstracting radical. In the case of p-methylphenethyl

bromide, it was necessary to determine its relative reactivity to

(Z-bromoethyl)-benzene. The rate constant thereby obtained were

converted to the desired form through the expression:

kk-methyl

Lk
mesitylene

2-methyl

For kH
secondary
benzylic
hydrogen
abstraction

x

dis

/kH

kmesitylene
x

dis

k
-CH2-

-CH2

Determination of (k /k
s mesitylene dis

-CH3

The ratio of relative rate constants was obtained using the

usual competitive procedures. 51, 52 The following equation was

employed:

dis
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Where (k
s
/km ) . is the relative rate of disappearance of the

substituted phenethyl bromide to mesitylene S, and M, the number

of mmoles initially present of substituted phenethyl bromide and

mesitylene, respectively; S and Mt 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 rela-

tions hip:

[area of S
area of bromobenzene i

.S1

[Sf area of S
area of bromobenzene ] f

See Appendix tables for the detailed data on the kinetic studies,



Table 6. NMR spectral data of 13-(substituted phenyl) -ethyl bromides

Substituent Benzylic CH2 CH
2
Br Aromatic H Other

E-CH30 3. 04 t (2)b 3. 42 t (2) 6. 73 d (2) E-CH 30
7. 03 d (2) 3. 72 s (3)

E-CH
3

3. 05 t (2) 3. 43 t (2) 7. 00 s (4) 2 -CH3

2. 28 s (3)

E-t-Bu 3. 08 t (2) 3. 46 t (2) 7. 06 d (2) E-C(CH3)3

7. 26 d (2) 1. 30 s (9)

a- F 3. 08 t (2) 3. 44 t (2) 7. 02 m (4)

E-Cl 3. 08 t (2) 3. 45 t (2) 7. 07 d (2)

7. 22 d (2)

m-Cl 3. 10 t (2) 3. 50 t (2) 7. 14 m (4)

m-CF
3

3. 18 t (2) 3. 44 t (2) 7. 50 m (4)

aExpressed in S.

bAll numbers in parentheses indicate integrated areas.



Table 7. Physical properties of 13- (substituted phenyl) -ethyl bromides

Experimental Literature

Substituent Boiling Point Refractive Index Boiling Point Refractive Index Reference

n27 = 1.55782.-CH30 106-109°C p 3 mm 105-110°C p 1 mm 53n
23

-.. 1.5600
D D

p-CH3 49-53.5°C p 1.4 mm n23 = 1.5490 43.5 C° @ 0. 3 mm n22 = 1.5490 54
D

2.-t-Bu 80-82°C @ O. 15 mm nD
23

= 1.5338 147-150°C @ 14 mm - 55

R-F 59.5-68°C p 1.35 mm nD
23

= 1.5305 101-102°C p n2° = 1.532317 mm 56
D

25
n = 1.56972.-C1 62-69°C p o. 1 mm n23 = 1.5694 86.5°C p 1 . 6 nun 54

D D

m- Cl 83-84°C @ O. 65 mm n
23

= 1.5700 107-109°C @ 5.0 f0. 5 mm n25 = 1.5680 57

m-CF
3 D

23
74-79°C p 5 mm n = 1.4865 92-94°C @ 12 mm 58
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Appendix Tables 8-16 show the actual relative ratios of reac-
tivity of 13-(substituted pheny1)-ethyl bromides and mesitylene with

bromotrichloromethane.



Table 8. Relative rates of disappearance of (2-bromoethyl)-benzene to mesitylene

Conditions: 14 at 70°C.4
Mmoles bromobenzene: 1. 37
Initial mmoles BrCC1 : 46. 05

Run #

3

Compound
Initial

(mmoles)
Final

(mmoles)

Amount
used

(mmoles) % rxn k /kS M

(2-bromoethyl) benzene 0.34 0. 10 0. 24 70. 15
mesitylene 0.34 0.06 0. 28 81.77 0.70

2 (2-bromoethyl) benzene 0, 34 0. 10 0. 24 71.73
mesitylene 0. 34 0.10 0.24 71.96 0.99

(2-bromoethyl) benzene 0. 34 0.09 0. 25 74.45
mesitylene 0. 34 0.06 0. 28 83. 77 0.75

4 (2-bromoethyl) benzene 0.34 0.09 0.25 73.17
mesitylene 0. 34 0.07 0. 27 79. 55 0. 83

5 (2-bromoethyl) benzene 0.34 0.06 0.28 83.69
mesitylene 0.34 0.05 0.29 84.94 0.96

6 (2-bromoethyl) benzene 0.34 0.09 0.25 75.04
mesitylene 0.34 0.08 0.26 77.17 0.94

7 (2-bromoethyl) benzene 0. 34 0.06 0. 28 83. 90
mesitylene 0.34 0.05 0. 29 85.00 0.96

The average percent reaction for (2-bromoethyl)-benzene is: 76. 08%

The average percent reaction for mesitylene is: 80. 59%

Average ks /kM = 0.88 IC). 10



Table 9. Relative rates of disappearance of E-t-butylphenethyl bromide to mesitylene

Conditions: 1 hr. at 70°C.
Mmoles bromobenzene: 1. 41

Initial mmoles BrCC13: 24.89
A mount

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

1 2.-t-butylphenethyl bromide 0. 31 0. 11 0. 20 64.44
mesitylene 0. 31 0. 17 0. 14 44.80 1. 74

2 p-t-butylphenethyl bromide 0.31 0. 11 0.20 64.55
mesitylene 0. 31 0. 17 0. 14 45. 54 1. 71

3 p-t-butylphenethyl bromide 0. 31 0. 13 0. 18 58. 65
mesitylene 0. 31 0. 18 0. 13 41. 23 1. 66

4 p-t-butylphenethyl bromide 0. 31 0. 12 0. 19 60.74
mesitylene 0. 31 0. 17 0. 15 47, 13 1. 47

5 p-t-butylphenethyl bromide 0.31 0, 15 0.16 52.92
mesitylene 0. 31 0. 18 0. 13 42.62 1. 36

6 p-t-butylphenethyl bromide 0.31 O. 12 0. 19 61. 91

mesitylene 0.31 0.19 0.13 41.11 1.82

E-t-butylphenethyl bromide 0.31 0. 13 0. 19 59.54
rnesitylene 0. 31 0. 16 0.15 48. 11 1.38

The average percent reaction for P t-butylphenethyl bromide is: 60. 39%
The average percent reaction for mesitylene is: 44. 36%

Average ks/km = 1. 5910. 16



Table 10. Relative rates of disappearance of 2-chlorophenethyl bromide to mesitylene

1Conditions: 1 2 hrs. at 70 °C.
Mmoles bromobenzene: 1. 40
Initial mmoles BrCC13: 27. 41

Amount
Initial Final used

Run # Compound (mmoles) (mmoles) (mmoles) % rxn k /kS M

1 2.-chlorophenethyl bromide 0. 34 0. 22 0. 13 36. 98

mesitylene 0. 34 0. 18 0. 16 47. 09 0. 73

2 E-chlorophenethyl bromide 0. 34 0.21 0. 13 37. 52
mesitylene 0. 34 0. 18 0. 16 46. 91 0. 74

3 2-chlorophenethyl bromide 0.34 0. 23 0.11 32.00
mesitylene 0. 34 0. 21 0. 13 38. 16 0.80

4 2-chlorophenethyl bromide 0. 34 0. 22 0. 12 35.81
mesitylene 0. 34 0. 20 0. 15 42. 51 0.80

R-chlorophenethyl bromide 0. 34 0.30 0.04 11. 15

mesitylene 0. 34 0. 29 0.05 15. 29 0. 71

The average percent reaction for E-chlorophenethyl bromide is: 30. 69%

The average percent reaction for mesitylene is: 37..99%

Average ks/km = 0. 7610. 04



Table 11. Relative rates of disappearance of 27fluorophenethyl bromide to mesitylene

Conditions: 2 hrs. at 70°C.
Mmoles bromobenzene: 1. 48

Initial mmoles BrCC1
3:

29. 57

Run #

1

2

3

4

5

6

Compound

A mount

Initial Final used
(mmoles) (mmoles) (mmoles) % rxn k /kS M

2.-fluorophenethyl bromide
mesitylene

E -fluorophenethyl bromide
mesitylene

2.-fluorophenethyl bromide
mesitylene

p- fluorophenethyl bromide
mesitylene

fluorophenethyl bromide
mesitylene

2.- fluorophenethyl bromide
mesitylene

0.37
0. 37

0, 37

0.19
0. 18

0.19

0.18
0.19

O. 18

49.80
52. 29

48.41

0. 93

0.37 0.19 0.19 50.06 0.95

0.37 0.19 0.18 48.49
0.37 0.18 0.20 52.65 0.89

0.37 0. 17 0. 20 53, 04

0. 37 0. 18 0.19 52. 28 1. 02

0.37 0. 18 0.19 51.61
0.37 0.18 0.20 52.77 0.97

0. 37 0. 17 0. 20 55. 14

0. 37 0. 16 0. 21 57. 15 0. 95

The average percent reaction for 2-fluorophenethyl bromide is: 51. 08%

The average percent reactions for mesitylene is: 52. 86%

Average ks /kM = 0. 951 Q 03



Table 12. Relative rates of disappearance of 2.-methoxyphenethyl bromide to mesitylene

Conditions: 2 hrs. at 70°C.
Mmoles bromobenzene: 5. 28
Initial mmoles BrCC1

3:
28. 18

Amount
Initial Final used

Run # Compound (mmoles) (mmoles) (mmoles) % rxn k / kS M

1 2-methoxyp henethyl bromide 0.35 0. 29 0.06 16.66
mesitylene 0. 35 0.33 0.02 4.66 3. 82

2 2-methoxyphenethyl bromide 0. 35 0. 26 0.09 27. 13
mesitylene 0. 35 0. 32 0.03 7. 35 4. 15

3 2-methoxyphenethyl bromide 0. 35 0. 20 0. 15 41.87
mesitylene 0.35 0.30 0.05 13.81 3.65

4 2-methoxyphenethyl bromide 0.35 0.23 0. 12 33. 27
mesitylene 0.35 0.31 0.04 11.76 3.23

S E.-methoxyp henethyl bromide 0. 35 0. 26 0.09 26. 62
mesitylene 0.35 0.32 0.03 7.90 3.76

The average percent reaction for .p-methoxyphenethyl bromide is: 29. 11%
The average percent reaction for mesitylene is: 9. 10%

Average ks /kM = 3. 72 ±0. 21



Table 13. Relative rates of disappearance of P-methylene group to methyl group of 2-methylphenethyl bromide

Conditions: 2 hrs. at 70°C.
Mmoles 1, 4-di-t-butyl benzene: 5. 06
Initial mmoles BrCC1

3
: 26.89

Amount
Initial Final used

Run # Compound (mmoles) (mmoles) (mmoles) rxn
k- CH

2

2

4

6

13 -methylene group
methyl group

0.63
0. 63

0.36
0.49

0.27 42.58
0. 14 22.05

3
13 -methylene group 0.63 0.30 0.33

81methyl group 0. 63 0.40 0. 23 6. 8 293

(3- methylene group
methyl group

0.63
0.63

0.34
0.46

0. 29 46.45
O. 17 27.44

13 -methylene group 0. 63 0.34 0.30 46. 94

methyl group 0. 63 0.45 0. 18 29. 10

13 -methylene group
methyl group

0. 63
0.63

0.36
0.48

0.28 43.59
0. 15 23.61

13 -methylene group 0. 63 0.34 0. 29 46. 54

methyl group 0. 63 0.45 0. 18 28.08

2. 23

1.62

1.95

1.84

2. 13

1.90

The average percent reaction for E3 -methylene group of 2-methylphenethyl bromide is: 46. 32%

The average percent reaction for methyl group of g-methylphenethyl bromide is: 27. 76%

Average k = 1. 94 10. 16
-CH

2
/k-CH3



Table 14. Relative rates of disappearance of p-methylphenethyl bromide to (2-bromoethyl)-benzene

Conditions: 2 hrs. 70°C.
Mmoles bromobenz ene: 1. 53

Initial mmoles BrCC1
3:

30. 18
Amount

Initial Final used

Run # Compound ( mmol es ) (mmoles) (mmoles) % rxn k /kS H

1 -methylphenethyl bromide 0. 38 0.24 0. 13 35. 31

(2-bromoethyl ) benzene 0.38 0.33 0.05 13.36 3.04

2 -methylphenethyl bromide 0. 38 0. 21 0. 17 43. 88

(2-bromoethyl) benzene 0.38 0.31 0.07 18.25 2.87

3 p-methylphene th y 1 bromide 0. 38 0. 19 0. 18 48. 52

(2-bromoethyl) benzene 0.38 0. 30 0.08 21.43 2.75

4 p-methylphenethyl bromide 0. 38 0. 22 0. 16 41. 37

(2-bromoe thyl) benzene 0.38 0.31 0.07 18. 16 2. 66

5 p-rnethylphenethyl bromide 0.38 0.20 0. 18 46. 55

(2-bromoethyl) benzene 0. 38 0. 30 0. 08 21. 02 2.66

6 pmethylphenethyl bromide 0. 38 0. 21 0. 16 43. 02

(2-br omoethyl) benz ene 0. 38 0.32 0. 06 17. 04 3.01

The average percent reaction for p-methylphene th y 1 bromide is: 43. 11%

The average percent reaction for (2-br omoethyl)-benzene is: 18. 21%

Average ks/kH = 2. 83 ± 0. 14



Table 15. Relative rates of disappearance of In-trifluoromethylphenethyl bromide to mesitylene

1Conditions: 2 -2-hrs. 70°C.
Mmoles bromobenz ene: 1. 21

Initial mmoles BrCC1
3:

24. 38

Run # Compound
Initial

(mmoles)
Final

(mmoles)

Amount
used

(mmoles) % rxn k k

m-trifluoromethylphenethyl bromide 0. 30 0.23 0.07 22.12
mesitylene 0. 30 0. 14 0. 16 54.06 0. 32

2 rn-trifluoromethylphenethyl bromide 0. 30 0. 25 0.05 17. 64

mesitylene 0. 30 0. 13 0. 17 57.79 0. 23

3 m-trifluoromethylphenethyl bromide 0.30 0.18 0.12 41.34
mesitylene 0. 30 0.06 0. 24 78.89 0. 34

4 m-trifluoromethylphenethyl bromide 0.30 0. 25 0.05 17.01

mesitylene 0. 30 0. 14 0. 16 52. 11 0. 25

5 m-trifluoromethylphenethyl bromide 0. 30 0. 26 0.04 14.53

mesitylene 0.30 0. 18 0.12 41. 17 0. 30

6 -m-trifluoromethylphenethyl bromide 0. 30 0. 21 0.09 28.87
mesitylene 0.30 0.11 0. 19 63. 19 0. 34

7 m-trifluoromethylphenethyl bromide 0. 30 0. 22 0.08 25.78

mesitylene 0. 30 0. 10 0.20 66.08 0. 28

The average percent reaction for m-trifluoromethylphenethyl bromide is: 23. 90%

The average percent reaction for mesitylene is: 59. 04%

Average ks/km = 0. 29 ±0.04



Table 16. Relative rates of disappearance of m-chlorophenethyl bromide to mesitylene

Conditions: 3 hrs. at 70°C.
Mmoles bromobenzene 1. 39
Initial mmoles BrCC1

31
27. 36

Run # Compound

1 m-chlor ophenethyl bromide
mesitylene

2 m -chlorophenethyl bromide
mesitylene

3 m-chlor ophenethyl bromide
mesitylene

4 m-chlorophenethyl bromide
mesitylene

5 m-chlor ophenethyl bromide
mesitylene

Initial
(mmoles)

Final
(mmoles)

Amount
used

(mmoles) % rxn

0.34
0.34

0.28
0.22

0.06
0.12

17.47
35.97

0.34 0. 27 0.07 19. 23
0. 34 0. 20 0. 14 42. 58

0.34 0.27 0.07 21.67
0. 34 0. 21 0. 13 39.02

0. 34 0.21 0. 13 38. 63
0. 34 0. 11 0. 23 66. 95

0. 34 0. 17 0. 17 49. 20
0. 34 0, 06 0. 28 81. 69

The average percent reaction for xn-chlorophenethyl bromide is: 29. 24%

The average percent reaction for mesitylene is: 53. 24%

Conditions: 2 hrs. at 70°C.
Mmoles bromobenzene: 1. 37

Initial mmoles - '7. 40
BrCC13* 2

6 m-chlor ophenethyl bromide
mesitylene

7 m-chlor ophenethyl bromide
mesitylene

8 m-chlor ophenethyl bromide
mesitylene

k /kS M

0. 34 0. 25 0.09 25. 26
0.34 0.17 0.17 51.40

0.34 0. 25 0.09 25. 21

0. 34 0. 17 0. 17 49.86

0. 34 0. 23 0. 11 31. 97
0.34 0.15 0.19 55.43

0.43

0.39

0.49

0.44

0.40

0.40

0.42

0.48



Table 16. (Continued)

Run #

9

10

Compound

Amount
Initial Final used

(mmoles) (mmoles) (mmoles) % rxn k /kS M

m- chlor ophenethyl bromide
mesitylene

xn -chlorophenethyl bromide
mesitylene

0.34 0. 25 0.09 26. 93

0. 34 0.17 0. 17 49. 30 0.46

0.34 0. 25 0.09 26. 27
0.34 0.15 0.19 55. 35 0.38

The average percent reaction for rn-chlorophenethyl bromide is: 27. 13%

The average percent reaction for mesitylene is:

Average k
S
/k

M
= 0.43 f 0.03

52. 27%


