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Abstract: Solution-phase free-radical reactions whose rates are near the diffusion limit are strongly influenced by the viscosity
of the media in which the reaction is carried out. Since solvent viscosity is temperature dependent, the interpretation of
temperature-dependent kinetics must also take into account changes in the rates of diffusion of caged radical-molecule pairs.
The competitive bromination of toluene and substituted toluenes is viscosity dependent: ArCH; + Br® = (ArCH," + HBr)g,
4aq R* — products. The temperature dependence of the Hammett linear free energy relationship obtained from the competitive
bromination of a series of substituted toluenes has been studied as a function of the viscosity of the reaction mixture. It had
been reported that p increased in magnitude as the temperature increased. This observation had been rationalized as being
due to entropic contro! of the free energy of activation. When temperature is held constant and the viscosity of the solvent
is changed, the Hammett p value increases in magnitude (i.e., becomes more negative). However, when a plot of p vs temperature
is constructed from values of p determined in solvents that at those temperatures had constant viscosities, the slope of the
plot reflects normal enthalpy control. The effect of differential internal cage return of the radical~hydrogen bromide pairs
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explains these results.

Introduction

Hammett linear free energy relationships have been established
as one of the most useful mechanistic probes in organic chemistry.
Competitive reactivities have been extensively used to obtain these
relationships due to the ease of obtaining reliable data and the
straightforward interpretation of the results. It is well-recognized
that kinetic methods are only useful for the study of competitive
reactions when the reactions are carried out under conditions where
the reactive intermediates are formed irreversibly. This is par-
ticularly the case for reactions such as benzylic bromination with
molecular bromine where the reverse reaction is kinetically im-
portant,.>® External reversal, i.e., reactions of the radicals formed
with the hydrogen bromide free in solution, eq |, has been limited
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by carrying out the reactions with high concentrations of bromine
and running the reactions to low conversion;»1° by using a large
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excess of an epoxide to scavenge the hydrogen bromide formed,!!
eq 3; or by the use of N-bromosuccinimide to scavenge the free
hydrogen bromide,'2 eq 4. The reversal reaction was also limited
by using a nitrogen flow system where the hydrogen bromide was
swept from the system as it was formed.!3

A number of years ago,’'® we suggested that, even in the
absence of external reversal (external return), cage return (internal
return) would likely obscure the interpretation of the kinetic results
obtained in solution-phase reactions involving bromine atom ab-
straction; see Scheme I.

Scheme I was successfully used to rationalize the results ob-
tained in the competitive brominations of cyclohexane and cy-
clopentane,’ to explain the magnitude of the deuterium isotope
effect determined for the bromination of cyclohexane and per-
deuteriocyclohexane,'® and to explain the difference between the
solution-phase and vapor-phase deuterium isotope effect found
during benzylic bromination.!%14 Cage reversal implies a com-
petitive reaction between the transfer of the caged hydrogen
bromide-alkyl radical pair and their diffusion from the cage. Since
cage diffusion is controlled by solvent viscosity and viscosity is
temperature dependent, the latest paper on cage return'* dem-
onstrated that an analysis of the kinetic results of the effect of
temperature on competitive brominations must consider viscosi-
ty-dependent cage reversal.

Recently, three papers have reported the temperature depen-
dence of the homolytic abstraction of a benzylic hydrogen by the
bromine atom.!>18  All three papers reported results that showed
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unusual temperature-dependent effects; however, the three studies
neglected to consider internal return as a viable process that affects
the relative kinetic methods used to obtain the linear free energy
relationships that were reported.

One of the papers!S reported the temperature dependence of
the Hammett linear free energy relationship. The value of p
became less negative with decreasing temperature and approached
an isokinetic temperature (~71 °C). Differential enthalpies and
entropies of activation were obtained. The entropic contribution
to the rates was reported to be important enough to control the
reactivities of the toluenes studied and was used to explain the
inverse dependence of p with temperature.

A second publication!$ reported that the relative rates of bro-
mination of 4-chlorotoluene vs toluene, k/k,, showed an Arrhenius
plot with a positive slope for temperatures from +45 to ~32 °C,
As the temperature increased, the relative rates appeared to be
further from unity. Activation parameters for the higher tem-
perature reactions gave values of E* ~ E_* of 0.592 kcal/mol
and S,* ~ S,* = ~-2.47 ey, yielding an isokinetic temperature of
~33 °C. It was expected that at temperatures <~33 °C the sign
of p should change from negative to positive. Qualitatively, these
results showed the same temperature-dependent behavior as was
reported by Kim!” and suggest the importance of entropy in the
control of the reaction kinetic for bromination. In the third paper,
the temperature range over which the competitive rates of bro-
minations, k,/k,, were studied was extended (+45.0 to -50 °C).¥
An Arrhenius plot of In (k,/k,) vs 1/T showed a change in the
sign of the slope at ~33 °C. A p value for the bromination of a
series of substituted toluenes was reported!® at ~50 °C, and a linear
correlation was best achieved with ¢ instead of o* substituent
constants, p = ~0.376.

If internal return is considered an important mechanistic process
(see Scheme 1), a kinetic expression can be derived that accounts
for cage reversal.5 The derivation gives the expression for the
relative rates of reaction of any two substrates and assumes that
both benzylic radicals diffuse from the cage at the same rate and
that any effect of solvent on these competitive rates is negligible;
i.e., (ki ky)® = (k) /k,)". Seeeq 5. If, as the equation suggests,

log ([R,H]°/[R,H]") /log ([R,H]°/[R,H]") = (k,/kp)*> =
P k_,[HBr] + kg s
(ki/ ko) k_,[HBr] + kg (3)

the rate of internal return is competitive with diffusion and the
diffusive rate is related to the solvent viscosity by the diffusion
constant, «, then the observed rates will be an inverse function
of the solvent viscosity, eqs 6 and 7. The vapor-phase value of

ko= o/ ©)
o wf 21 Ka(HBr)n
(ky /Ky = (ky/ky) p(a + k_l(HBr)n) @

the relative rates can be estimated by an extrapolation of a plot
of viscosity vs the relative rates of reaction.

In this report on the solution-phase benzylic brominations of
substituted toluenes, a method is proposed for estimating the
Hammett linear free energy parameter, p, in the absence of both
internal and external return. Furthermore, if the viscosity de-
pendence of the competitive rates is considered, as well as their
temperature dependence (at constant viscosity), then normal
activation parameters can be determined.

Results

In order to determine the viscosity dependence of the Hammett
linear free energy relationship for free-radical benzylic bromi-
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Figure 1. p values vs 0;/7greony (23 °C) for the brominations (23 °C)
carried out in Freon: O, NBS/Bry; 4, Br,/ethylene oxide; @, kinetic data
given in ref 17. Conditions for data inref 17: 1, CCl,, 283 K; 2, CCl,,
313 K; 3, CC, 333 K.
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Figure 2. p values obtained for benzylic brominations in Freon vs the
temperature of each reaction at constant viscosity 7;/ngseon; (23 °C) =
1.250 % 0.009 (@). p values for bromination at different temperatures
(taken from ref 17) for reaction carried out in CCl, vs the viscosity of
the solutions at those temperatures (O).

nation, the brominations were carried out at 23 °C in Freon
solvents of varying viscosity. To eliminate external return, two
methods were used: the competitive brominations were carried
out with N-bromosuccinimide (NBS) and added molecular bro-
mine!? and with molecular bromine and ethylene oxide;!! see Table
I. The p values reported gave excellent correlations with o*
substituent constants.'® In all cases, the correlation coefficients
were higher than when ¢ values were used. The results are
graphically displayed by Figure 1.

Although internal return is significant during competitive cage
reactions, reversal may not be as kinetically important during the
external return processes since its effects are attenuated by the
faster reactions of the radicals with molecular bromine. In the
last two entries of Table I, the reactions carried out with molecular
bromine are reactions that result from both internal and external
return. The p values obtained from these reactions are almost
the same as those carried out in the same solvents in the absence
of external return (NBS/Br,).

The temperature dependence of p has recently been reported
for benzylic brominations with NBS.!” When the reaction mix-
tures used for these studies were heated to the reported tem-
peratures and the viscosity of the mixtures was determined (see
Table II), the viscosity dependence of p as well as its temperature
dependence could be compared to the viscosity dependence of p
determined at 23 °C; see Figure 1.

The temperature dependence of p at constant viscosity was
determined for the NBS brominations carried out in Freon so-
lutions; see Table III. A graphical display of the temperature
dependence of p at constant viscosity is compared to the tem-
perature dependence previously reported without considering the
viscosity changes; see Figure 2.
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Table II. Relative Reactivities for Benzylic Bromination of Substituted Toluenes vs Toluene and Their Mixture Viscosities

log (ky/ky)

temp, rel
°C solvent viscosity? p-CH, m-CH;, p-F p-Cl m-F m-Cl p-t-Bu p r
10 CClp 1.61 £0.01 0.260 -0.032 -0.056 -0.260 -0.337 -0.48] -1.04 0.945
60 ccl? 1.18 £ 0.0} 0.364 0.029 -0.022 -0.187 -0.444 -0.585 -1.37 0.966
10 CH,Cl¢ 1.02 £ 0.0! 0.608 -0.122 -0.249 -0.595 -0.748 0.472 -1.83 0.980
23 CH,Cl¢ 0.592 -0.138 -0.264 -0.639 -0.732 0.492 -1.86 0.980

°Viscosity of each reaction mixture relative to Freon 11 at 23 °C. ®The relative rates were taken from ref 17, NBS bromination. ¢Benzylic

bromination with the ethylene oxide/bromine reagent.

Table III. Relative Rates of Bromination of Meta- and Para-Substituted Toluenes vs Toluene at Constant Relative Viscosity (0i/Nreoni; (23 °C)

= 1.253 £ 0.009) and at Different Temperatures

temp,
solvent °C reagent p-MeO p-Me p-F H p-Cl m-F m-Cl p r
Freon 11 -18 NBS/Br, 13.80+ 043 395+0.14 0765+ 0006 1| 0.66 %0017 0.216%£0.001 0.17! £0.001 -1.67 0.987
Freon 113 23 NBS/Br, !1.58+0.30 152004 0.825%0.029 | 0.545%0.006 0.29 £ 0.009 0.245 + 0.007 -1.38 0.987
Freon 112 70 NBS/Br, 505%0.17 198 +00! 077240012 | 0.583 £0.02] 0.21] £0.005 0.206 % 0.007 -1.22 0.98]

Table IV. Differential Activation Parameters of Photobromination
(-18 to +70 °C) of Substituted Toluenes by NBS/Br; in Freon
Solution at Constant Viscosity (#;/%greony = 1.250 £ 0.009)

differential
activation
parameter p-OCH; p-CH, p-Ci mF H pF mCl
AAH* 1.9 1.4 0.08 0.0073 0 -0.022 -0.40
AAS* -2.2 -32 -14 -2.7 0 040 -18

Temperature Dependence of the Activation Parameter. A
calculation of the activation parameters, AAH* and AAS?®, for
each of the substrates when the temperature dependence of each
competitive rate is determined at constant viscosity is given in
Table IV. A plot of the relative activation parameters determined
at constant viscosity, Table IV, for each substituent vs the ¢* values
illustrates the dependence of the relative rate to either enthalpy
or entropy; see Figure 3.

Quite a good correlation was obtained for the AAH* plot, which
showed a negative slope. The AAS* correlation, while extremely
scattered, appeared to be, within experimental error, temperature
independent. For reactions considered to be isoentropic, the
absolute value of g decreases with temperature as expected for
reactions controlled by enthalpy. The parameters do not show
an isokinetic relationship.

Conclusions

The interpretations of the kinetic results obtained from studies
of the temperature dependence of competitive benzylic bromi-
nations of toluene and substituted toluenes are in error due to
masking of the desired structure-reactivity relationships by vis-
cosity-dependent internal return of the radical~hydrogen pair. As
the relative rates of cage return are not in the same ratio as the
rates of abstraction, the effect of a change of structure on the
reactivity of the substrates is masked by extensive cage return.
In these reactions, which are near thermoneutral, the actual
temperature-dependent kinetic behavior must be determined in
solvents at constant viscosity.

In general, solution-phase reactions whose rates are near the
diffusion limit must all be strongly influenced by the viscosity of
the media in which the reaction is carried out. Since solvent
viscosity is temperature dependent, the interpretation of tem-
perature-dependent kinetics must also take into account changes

in the rates of diffusion of the caged reactants.

Experimental Section

Materials. All reagents were commercially available and were distilled
or recrystallized before using. GLPC analyses showed all materials to
be >99 mo! % pure. Ethylene oxide was distilled before use. N-
Bromosuccinimide, NBS (Aldrich Chemical Co.), was recrystallized from
hot water and dried over P,Os. Bromine (Chemonics Scientific Ltd.,
reagent grade) was washed three times with concentrated sulfuric acid
and distilled from P,Os through an 18-in. Vigreux column.

Viscosity Measurements. The viscosities of all the solvent mixtures
reported in this work were determined at the temperatures indicated with
an Ostwald viscometer, calibrated with Freon 11 as a standard (23 °C).}¢

NBS-Bromine Reactions. Weighed amounts of NBS were placed in
Pyrex reaction ampules. A mixture of 2-4 of the toluene, substrates,
internal standard (p-dichlorobenzene), and solvent was prepared and
analyzed by GLPC, and its viscosity was measured at 23 °C. In the
absence of light, an aliquot of this solution and an aliquot of a dilute
solution of bromine were added to each ampule. The reaction ampules
were degassed by freeze-thaw (three cycles), sealed, thermostated at 23
°C, and irradiated through a Pyrex water bath with a 300-W incan-
descent lamp. During irradiation, the nonhomogeneous mixture was
continuously shaken. After the reactions were completed or nearly
completed, the mixture was treated with moist potassium iodide, and
sodium thiosulfate, dried over anhydrous sodium carbonate, and analyzed
by GLPC using a 50-m glass capillary column (SE-30). The relative
rates of reaction were calculated from the disappearance of reactants.®
All quantitative values were determined from three or more experiments,
and the molar values were determined by using standard calibration
curves. The areas were measured by using a HP5840A GC terminal
interfaced to a HP5840A gas chromatograph fitted with an FID detector.

Typical NBS-Br, Competitive Bromination. In the absence of light,
an aliquot of Freon 11 solution (2 mL) of four substrates, toluene (0.2
M), p-xylene (0.25 M), p-fluorotoluene (0.2 M), and m-chlorotoluene
(0.2 M); an internal standard, p-dichlorobenzene (0.04 M); and molec-
ular bromine (10 uL of 10% solution in Freon 11, (10°2 M)) were placed
in a Pyrex ampule that contained a weighed amount of NBS (0.212 g
(0.60 M)). The mixture was degassed, and the ampule was sealed. After
the reaction vessel had been thermostated at the desired temperature, it
was exposed to irradiation while the nonhomogeneous mixture was con-
tinuously shaken. In all reactions, enough NBS was used to ensure that
at least 10% of each substrate had reacted. After reaction, the mixture
was treated as described earlier.
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