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Solvent Effects in the Bromination of Neopentylbenzene, 
?-Butylbenzene, Toluene, and Benzene in Aqueous 
Trifluoroacetic Acid1 

W. M. Schubert and Donald F. Gurka2 

Contribution from the Department of Chemistry, University of Washington, 
Seattle, Washington 98105. Received September 16, 1968 

Abstract: It is concluded that the step ArH + Br2 -*• ArHBr+ + Br- is rate controlling in the molecular bromina
tion of neopentylbenzene, ?-butylbenzene, and toluene in 78.3, 86.1, and 93.3% trifluoroacetic acid, and benzene 
in 93.3% trifluoroacetic acid. By contrast, reversal of this step is significant in the bromination of benzene in 
78.3 and 86.1 % trifluoroacetic acid. In the former instances, the reaction is cleanly first order in bromine ([Br2L ~ 
1O-3 M, [ArH] ~ 10_1 M) and is practically unchanged by added sodium bromide (10-2 M). In the latter instances, 
the kinetic behavior in the absence of added excess bromide ion is complex (apparent contribution of kinetic terms 
higher than first order in bromine); added excess sodium bromide reduces the dependence on bromine to solely first 
order, and suppresses the rate without significantly reducing the concentration of molecular bromine. The value 
of /7f

Me reached a maximum, in 93.3% trifluoroacetic acid, of 42,400, which is by far the largest rate-enhancing 
effect of a p-methyl substituent yet encountered. The extreme selectivity of the bromination also was reflected 
in the failure to detect any ortho bromination of /-butylbenzene or meta bromination of any of the alkylbenzenes. 
Between 78.3 and 93.3% trifluoroacetic acid, kp.t.njkp.ae increased from 1.06 to 1.40, kp.^eaJkp.iu from 0.82 to 
1.07, and k„.^eop/kc.yie from 0.13 to 0.21. The behavior of the relative rates is in contradiction to the Baker-
Nathan hypothesis, and serves to illustrate once again the important role of solvation in governing the relative ki
netic parameters of alkyl-substituted compounds. In the Discussion, the alkyl-substituent effects on ground- and 
transition-state solvation are considered explicitly and in some detail. The conclusion reached is that the 
Schubert-Sweeney hypothesis of steric hindrance to specific nucleophilic solvation near bulky alkyl substituents 
provides a reasonable rationalization of the results, but is not unique in this respect. 

Studies of the effect of the neopentyl substituent in 
electron-demanding reactions are few in number. 

In reactions 1-5 of Table I, the rate constant for the neo
pentyl compound is less than that of the corresponding 
methyl compound, and comparable to that of the ?-butyl 
compound in those instances in which the rate of the 
/-butyl compound was determined. In reaction 5, di
rect steric hindrance by the alkyl substituent may be a 
factor. However, in reactions 1-4,3 the substituent is 
removed from the immediate site of the reaction. 
In such instances, the relatively small "activating" ef
fect of the neopentyl substituent has been attributed 
variously to the inability to participate in second-order 
hyperconjugation,4 steric hindrance to bond shorten
ing,3 steric interference with solvent enhancement of 
C-H hyperconjugation,6 steric inhibition of hypercon-
jugation,7,83'9 or steric hindrance to solvation near the 
substituent.10,11 

According to molecular models, rotation about the 
bond between the neopentyl substituent and a trigonal 

(1) Acknowledgment is made to the donors of the Petroleum Re
search Fund, administered by the American Chemical Society, for 
support of this research. 

(2) Petroleum Research Fund Fellow, 1964-1965. 
(3) In reaction 4, the order of para-substitution rates corresponds to 

the order of total rates.4 

(4) E. Berliner and F. Berliner, J. Am. Chem. Soc, 72, 222 (1950). 
(5) A. Burawoy and E. Spinner, J. Chem. Soc, 3752 (1954). 
(6) V. J. Shiner, Jr., and C. J. Verbanic, / . Am. Chem. Soc, 79, 369, 

373 (1957). 
(7) R. T. Arnold, R. M. Dodson, and K. Murai, ibid., 72, 4193 

(1950); R. T. Arnold and W. L. Truett, ibid., 73, 5508 (1951). 
(8) (a) G. Baddeley and M. Gordon, J. Chem. Soc, 2191 (1952); 

(b) G. Baddeley and M. Gordon, ibid., 4379 (1958); (c) G. Baddeley, 
S. Varma, and M. Gordon, ibid., 3171 (1958). 

(9) V. J. Shiner, Jr., J. Am. Chem. Soc, 78, 2654 (1956). 

carbon is restricted. Consequently, the substituent 
may be constrained to a conformation in which neither 
a-C-H bond is in position for maximum overlap 
with the adjacent p or 7r orbital (Figure 1), and pos
sible C-H hyperconjugative interaction may be par
tially reduced.13 

In some elegant and very accurate work, Shiner has 
found a number of examples in which the /3-deuterium 
isotope effect in SNI reactions shows a conformational 
dependence.18 Such results are consistent with an im
portant chemical role for C-H hyperconjugation,16 al
though some doubt of a correlation between the mag
nitude of C-H hyperconjugation and the magnitude of 

(10) (a) W. M. Schubert and W. A. Sweeney, J. Org. Chem., 21, 119 
(1956); (b) W. M. Schubert and J. Robins, / . Am. Chem. Soc, 80, 
559 (1958); (c) W. M. Schubert, R. B. Murphy, and J, Robins, Tetra
hedron, 17, 199 (1962); (d) W. M. Schubert and R. G. Minton, J. Am. 
Chem. Soc, 82, 6188(1960). 

(11) The ascribing of a rate constant order for alkyl compounds to 
such factors involves the assumption that orders of free energy of acti
vation correspond to potential energy orders. Such an assumption can 
be risky, especially in view of the small differences in free energies of 
activation being dealt with (see, e.g., ref 1Od and 12). 

(12) J. E. Leffler and E. Grunwald, "Rates and Equilibria of Organic 
Reactions," John Wiley & Sons, Inc., New York, N. Y., 1963, Chapter 
9; J. E. Leffler, J. Org. Chem., 20, 1202 (1955). 

(13) Since there is partial overlap with both a-C-H bonds, possible 
C-H hyperconjugation is not completely inhibited. If the neopentyl 
group is constrained to the conformation shown in Figure 1 and the 
extent of C-H hyperconjugation depends on cos2 8,li where 9 is the 
angle between either C-H bond and the plane of the adjacent trigonal 
carbon, then the interaction is reduced to 0.5 the maximum value. 

(14) L. M. Stock and J. Suzuki,/. Am. Chem. Soc, 87, 3909 (1965). 
(15) (a) V. J. Shiner, Jr., Tetrahedron, S, 243 (1959); (b) V. J. Shiner, 

Jr.,/. Am. Chem. Soc, 83, 240 (1961); (c) V. J. Shiner, Jr., B. L. Murr, 
and G. Heinemann, ibid., 85, 2413 (1963); (d) V. J. Shiner, Jr., and 
J. S. Humphrey, ibid., 85, 2416 (1963); (e) V. J. Shiner, Jr., and J. G. 
Jewett, ibid., 87, 1382, 1384 (1965). 

(16) Stock and Suzuki have found a similar conformational de
pendence of the derealization of electron spin density of semiquinones.14 
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Table I. Neopentyl Substituent Effects 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Reaction 

P-RC6H4CHPhCl, k" 
"67%" acetone, 0 s 

P-RC6H4CHPhCl, k" 
"80%" acetone, 0° 

P-RC6H4CHPhCl, k° 
EtOH, 0° 

PhR + Br2, k" 
"85%" HOAc, 25° 

RCH=CH2 + Br2, fe* 
HOAc, 25° 

P-RC6H4C(Ph)2Cl, K' 
SO2, 0° 

P-C6H4NO2, relative 
v/ gas phase 

Neop 

502 

40.1 

0.393 

1 

0.10 

10.1 

0 

(-Bu 

470 

38.7 

0.85 

0.70 

8.78 

270 

Me 

1217 

86.2 

0.612 

4.83 

d 

7.86 

480 

H 

37.9 

2.6 

0.0188 

0.42 

2330 

Ref 

6 

6 

8c 

4 

g 

h 

104 

a Units are 10~3 sec-1. b Based on times of 10% reaction for total bromination.3 ° Units are 1O-31. mol-1 sec-1. d For «-BuCH=CH2, 
the value is 1.05. e K X 104 for dissociation to separated ions. The values of K for reaction 6 are for dissociation to separated ions; 
i.e., K = K1K2 for Ar3CCl ^=± Ar3C

+Cl" (ion pair) TT^" Ar3C
+ + Cl". ' Values of VR - j-N-ei>p (±20 era"1) for the principal 

electronic transition. For neopentyl, vmiK% is 39,490 cm-1. « P. W. Robertson, J. K. Hayes, and B. E. Swedlund, /. Chem. Soc, 1014(1952). 
4 N. N. Lichtin, P. E. Rowe, and M. S. Puar, J. Am. Chem. Soc, 84, 4259 (1962). 

=&: 

W-CH, 

Figure 1. 

secondary deuterium isotope effects has been ex
pressed.17'18 The secondary deuterium isotope effect 
apparently also is subject to substituent electronic ef
fects,153,17 and instances of its solvent dependence have 
been encountered.9,15a'19 

The total hyperconjugative interaction of the neo
pentyl substituent may not be greatly affected by the 
conformational restraint depicted in Figure I.20 In 
this conformation, C-H hyperconjugation would be 
reduced only partially, and C-C hyperconjugation 
would be at a maximum. Whether the total hyper
conjugative effect is subdued or enhanced would depend 
on the relative importance of C-H and C-C hypercon
jugation. It has been postulated that C-H hypercon
jugation is slightly less important than C-C (ref 14 and 
references cited therein). However, Baddeley, who 
was among the first to postulate inhibition of C-H hyper-
conjugation,8a later concluded that a comparison of ki
netic parameters for the solvolysis of 4-alkylbenzhydryl 
chlorides and their 3,5-dimethyl derivatives "does not 
provide evidence for the view that the hyperconjugative 
effect of primary alkyl groups is affected by torsional 
rotation of the group about the bond attaching it to the 
benzene ring."8c 

(17) C. G. Swain, T. E. C. Knee, and A. J. Kresge , / . Am. Chem. Soc, 
79, 505 (1957). 

(18) L. S. Bartell, ibid., 83, 3567 (1961). 
(19) E. S. Lewis, Tetrahedron, 5, 143 (1959). 
(20) H. H. Jaffe and J. L. Roberts, / . Am. Chem. Soc, 79, 391 (1957). 

The conformation represented in Figure 1 also is one 
in which the neopentyl substituent strongly shields one 
side of the adjacent trigonal carbon.21 According to 
the Schubert-Sweeney hypothesis,10 such shielding will 
interfere with specific nucleophilic solvation of this site. 
This factor should be more important in the more elec
tron-deficient state of the two states of a chemical tran
sition. Thus, say for a reaction proceeding to a highly 
electron-deficient transition state, the effect would be 
to increase the enthalpy of activation, and presumably 
also the free energy of activation.11'22 

Most of the observations of comparative alkyl sub
stituent effects on chemical reactions can be rationalized 
in terms either of the Baker-Nathan hypothesis23 or the 
Schubert-Sweeney hypothesis. For example, consider 
reactions 1-4 of Table I. In terms of the former hy
pothesis, it can be argued that the electron demand on 
the /7-alkyl substituent is sufficiently large for the C-H 
hyperconjugative effect of the methyl substituent to be
come predominant. However, a large electron demand 
on the para substituent implies a large electron deficiency 
in the neighborhood of the substituent, i.e., a large de
mand for basic solvation. Since the solvent is reason
ably basic it can be argued, in terms of the Schubert-
Sweeney hypothesis, that steric hindrance to specific 
solvation of the transition state near the bulkier alkyl 
substituents acts to invert an intrinsic inductive order 
of rate constants.24 The latter hypothesis appears to 
be more compatible than the former with the increase 
in ^Neop/̂ Me and kt.Bn/kMt. with decreasing water con-

(21) The r-butyl substituent, on the other hand, partially shields both 
sides of an attached trigonal carbon, and a model in which this trigonal 
carbon is solvated bears a formal resemblance to the strained transition 
state of an S N 2 substitution of neopentyl halide. 

(22) Steric hindrance to solvation of the transition state also would 
act to increase the entropy of activation, and thus a "compensation 
effect" 12 would be exerted on the free energy of activation. Such 
compensation effects have been found in the influence of changing 
solvent on the kinetic parameters for alkyl compounds.1011 

(23) The term Baker-Nathan effect refers to experimental observa
tion. The explanation of such an effect in terms of C - H hyperconju
gation is termed the Baker-Nathan hypothesis. 

(24) The Schubert-Sweeney hypothesis does not directly concern 
itself with the nature of the electronic interactions. It does not negate 
an imporant role for C-H hyperconjugation, but does assume that the 
net intrinsic electronic effect of Me and t-Bu, etc., is in the inductive 
order, regardless of the electron demand. 
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tent of the solvent in the solvolysis of p-alkylbenzhy-
dryl chlorides, reactions 1-3. The absence of a Baker-
Nathan Effect23 in the K values25 of reaction 6 also is 
consistent with either hypothesis. In terms of the 
former hypothesis, it can be argued that the electron de
mand on the substituent is sufficiently low in this in
stance29 to allow inductive and C-C hyperconjugative 
electron release to predominate over C-H hypercon-
jugation. In terms of the latter hypothesis it can be 
argued that a somewhat lower demand for basic solva
tion coupled with the fact that the solvent is weakly basic 
lessens the effect of steric hindrance to solvation near 
the substituent. 

In contrast to reactions 1-4, "reaction" 7, the prin
cipal electronic transition of />-alkylnitrobenzenes, 
which is very strongly electron demanding on the sub
stituent, shows the energy order Neop < /-Bu < /-Pr 
< Et < Me « H in the gas phase, i.e., opposite to a 
Baker-Nathan Effect. In basic solvents, the excita
tion energy spread between neopentyl and methyl, and 
/-butyl and methyl compounds is reduced, in agreement 
with the Schubert-Sweeney hypothesis.10b'c'27 Insofar 
as electronic and chemical transitions may be treated in 
the same vein, it appears that the Schubert-Sweeney 
hypothesis reconciles results in both areas better than 
the Baker-Nathan hypothesis. Indeed, it was the ap
parent contradiction between the results of chemical 
measurements and physical measurements in general, 
when viewed in terms of the Baker-Nathan hypothesis, 
that first led to the consideration of a role of the solvent 
in alkyl substituent effects.10 

As regards the neopentyl substituent, it is of course 
possible that both solvation and conformational effects 
on hyperconjugation are important in its total effect 
on reactions in solution. If steric hindrance to solva
tion is a factor, then rate ratios for neopentyl (as well 
as /-butyl) vs. methyl compounds should be solvent de
pendent in a specific way. That is, /cNeop//cMe should in
crease with decreasing basicity of the solvent provided 
there is no compensatory increase in demand for basic 
solvation.n To test this, we have studied the bromina-
tion of neopentylbenzene, /-butylbenzene, toluene, and 
benzene in trifluoroacetic acid containing varying 
amounts of water. Trifluoroacetic acid was chosen be
cause of its weakly basic character, and because it was 
felt that in this solvent the demand on the substituent 
would be large. While this work was in progress a 
similar and extensive study of solvent effects on electro-
philic aromatic substitution reactions of /-butylbenzene, 
toluene, and benzene was being made by Stock and 
Himoe23 and results on bromination of toluene and 

(25) See footnote e, Table I. 
(26) The ratio Kxel'KH, which can be considered as a measure of 

the demand on the para substituent, has a value of 18.7. For reactions 
1, 2, and 3, which show the Baker-Nathan Effect, the values of kuelkn 
are 32.1, 33.2, and 32.6, respectively. 

(27) The Schubert-Sweeney hypothesis accounts for the much rarer 
occurrence of the Baker-Nathan effect in electronic as compared to 
chemical transitions. The Franck-Condon principle applies to elec
tronic transitions. That is, solvent orientation to the excited state is 
practically the same as to the ground state and thus the solvent is only 
weakly oriented near the alkyl substituent in the excited state. Hence 
steric hindrance to specific solvation would have a milder effect on the 
energy of the electronically excited states than on the energy of electron-
deficient transition states, to which the solvent is maximally oriented. 

(28) A. Himoe and L. M. Stock, J. Am. Chem. Soc, 91, 1452 (1969). 
We are indebted to Professor Stock for making the results known to us 
before publication. 

/-butylbenzene in 100% trifluoroacetic acid have been 
reported by Brown and Wirkkala.29 

Experimental Section 
Materials. Neopentylbenzene, ^-butylbenzene, and toluene were 

shaken with concentrated sulfuric acid, then thoroughly washed 
with water, dried over barium oxide, and fractionated through a 
20-plate metal helix column. Each compound showed only one 
vpc peak (Aerograph A-90, Silicone SF 96 column). 

Trifluoroacetic acid (Matheson) was distilled from phosphorus 
pentoxide,30 then redistilled. Large batches of mixed solvent 
were prepared by weighing appropriate amounts of the individual 
solvents. Weight percentages were checked by titration against 
standardized sodium hydroxide. 

Rate Measurements. Rate constants were determined by means 
of the ultraviolet spectrophotometric method. The reactions were 
run in 1-cm quartz Beckman cells which were placed in a water-
thermostated cell compartment that was fitted between the mono-
chromator and photocell compartments of a Model DU Beckman 
spectrophotometer. Temperature control to 0.03° was maintained 
by means of a Sargent Thermoniter regulating unit. 

Initial kinetic solutions contained excess sodium bromide (about 
10~a M) as well as bromine (about 10~3 M) and excess aromatic 
hydrocarbon (0.02 to 0.10 M). The decrease in optical density at 
280-300 rriju, a region of absorption by Br3

- , was followed as a func
tion of time. In later runs, sodium bromide was not added and 
the decrease in optical density at 410-420 ray,, a region of absorption 
by molecular bromine, then was followed. 

The Bromine-Tribromide Equilibrium. The ultraviolet spectra of 
bromine-bromide solutions, measured in a Cary Model 14 instru
ment, were used to obtain values of the concentration equilibrium 
constant, K4, for the equilibrium of eq 4. It was found that pre
paring bromine-bromide solutions by transferring aliquots of bro
mine solution led to loss of bromine due to volatilization.31 

Consequently, solutions of known stoichiometric concentration in 
bromine and bromide ion were prepared by mixing aliquots of 
stock solutions of potassium bromate and sodium bromide (excess) 
and diluting to a given volume. This procedure has the further 
advantage that the salts used are very pure and can be easily handled 
and accurately weighed. Also to avoid loss of bromine, the final 
solution was neither poured nor pipetted into the Cary cell. Instead, 
the solution was "pushed" by means of the positive pressure of a 
slight amount of air through a tube extending to the bottom of 
the Cary cell and allowed to overflow the cell before the cell was 
stoppered. Trial experiments established that no bromine was lost 
in the transfer. Equation 1 was then applied in a region of the 
spectrum (250-280 iru/) in which tribromide ion absorbs strongly 
and eBr; is insignificant. The value of Xmax for tribromide ion was 
260 m>, and emax was assumed to be 5,5 X 101.32 

[Br2]Z[Br2]StOiCh = («Br,- - e ) / ( « B r , - - e B r i ) (1) 

= 1/(1 + Kt[Br-]) (2) 

The value of K4 in 78.3 % trifluoroacetic acid was 5 ± 1. More 
approximate values in 86.1 and 93.3% trifluoroacetic acid were 3.0 
and 0.7, respectively. 

Isomer Distributions. Reactions for product analysis were 
carried out under conditions that paralleled as closely as possible 
conditions prevailing in the kinetic runs, except that the concentra
tions of bromine, aromatic hydrocarbon, and sodium bromide 
were about threefold that used in kinetic runs. After completion 
of the reaction in the dark at constant temperature, the reaction 
solution (50 ml) was diluted with water (100 ml), then extracted 
with carbon disulfide (four 15-ml portions). The extract was dried 
over barium oxide, and then the drying agent was removed by 
gravity filtration and washed with 10 ml of carbon disulfide. 

For neopentylbenzene and r-butylbenzene, the combined carbon 

(29) H. C. Brown and R. A. Wirkkala, ibid., 88, 1447, 1459 (1966). 
(30) W. Dannhauser and R. H. Cole, ibid., 74, 6105 (1952). 
(31) The absorbance of solutions of bromine (3 X 10"3 M) in 78.3 % 

trifluoroacetic acid decreased by as much as 15-20% when the solutions 
were simply poured from a Cary cell into a beaker and then back into the 
cell. 

(32) A. I. Popov and R. F. Swenson, / . Am. Chem. Soc, 77, 3724 
(1955), report of 5.5 X 104 in acetonitrile (269 m/i) and 5.4 X 
10" in ethylene dichloride (273 m,u). 
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disulfide extract was analyzed by vpc in an Aerograph Hyfi, Model 
600 (5 ft X Vs in. Carbowax 20 column at 138°). Relative areas 
of vpc peaks were measured by the triangulation method.33.34 

Two well-separated and symmetrical peaks, corresponding to 
ortho and para isomers, were obtained for bromoneopentylbenzene. 
The absence of meta isomer was confirmed by nmr. Only one 
peak, that for para isomer, was obtained for bromo-r-butylbenzene, 
although known mixtures of ortho and para isomers were re
solved. The absence of ortho or meta isomer was verified by 
nmr and infrared analysis. Similar procedures were applied in the 
analysis of isomer distributions obtained in other substitutions.33 

Analysis of the bromination products of toluene was made by 
nmr since the vpc peaks were not completely resolved. Carbon 
disulfide extracts, obtained as above, were concentrated by distil
lation through a glass-helices column until the solution was about 
20 % by weight of bromotoluenes and the nmr spectrum taken in a 
Varian A-60 instrument. No »;-bromotoluene could be detected, 
either in the aromatic- or methyl-proton region of the spectrum. 
By examination of the nmr spectrum of control mixtures in the 
region of T 3.02, where the meta isomer showed its fairly isolated 
most intense aromatic-proton signal, it is estimated that as much 
as 2-3 % meta isomer could have escaped detection. Ratios of o-
to />-bromotoluene were determined by means of the resolved sharp 
singlet methyl-proton signals at r 7.69 and 7.81, respectively. This 
region of the spectrum was expanded by use of a sweep width of 100 
cycles and the relative areas determined by the method of peak 
height times half-width. This method was found to check within 
2% for known mixtures of o- andp-bromotoluene. 

Results 

Most of the substitution products of neopentylben-
zene were unknown before this work. Their prepara
tion, isolation, and identification is described else
where.35 

Bromination Rates. Use of the ultraviolet spectro-
photometric method to determine bromination rate 
constants offers the advantages of allowing the reaction 
to be carried out under first-order conditions (hydro
carbon concentration in large excess of bromine con
centration), ensuring that the concentrations of the 
reactants are sufficiently low so as not to change the 
reaction medium, and eliminating the necessity of know
ing accurately the initial bromine concentration. 

Furthermore, the low initial bromine concentration, 
ca. 10-3 M, minimizes the possible contribution of any 
kinetic terms higher than first order in bromine con
centration.36-39 

In brominations in acetic acid and aqueous acetic 
acid, apparent kinetic terms higher than first order in 
bromine have been encountered. Such terms have been 
suppressed by the use of low initial concentrations of 
bromine and the addition of sodium bromide. 36~39 So
dium bromide, in about tenfold excess over initial bro
mine concentration, also was added in many of the ki
netic runs made in this work. The change in absor-
bancy of Br3

-, which has a very large extinction coeffi
cient3- and arises in small amount from the equilibrium 
of eq 4, afforded a convenient method of following the 
reaction rate.39 Readings of the optical density at 
280-300 m/x were taken for at least two half-lives, and 

(33) M. Krejci and J. Janak, Chemie (Prague), 10, 264 (1958). 
(34) J. R. Knowles, R. O. C. Norman, and G. K. Radda, / . Chem. 

Soc., 4885 (1960). 
(35) D. F. Gurka and W. M. Schubert, / . Org. Chem., 31, 3146 

(1966). 
(36) P. B. D. de la Mare and J. H. Ridd, "Aromatic Substitution," 

Butterworths Scientific Publications, London, England, 1959, Chapter 9. 
(37) V. P. Zimmerman and E. Berliner, J. Am. Chem. Soc., 84, 

3953 (1962), 
(38) E. Grovenstein, Jr., and U. V. Henderson, Jr., ibid., 78, 569 (1956). 
(39) E. M. Arnett and G. B. Klingsmith, ibid., 87, 1032 (1965). 

the stable final readings (Z)„) taken around ten half-
lives. Values of A;obsd, duplicable to better than 2%, 
were extracted from the visual slopes of the first-order 
plots of log (D — D„) against time, which were linear 
for at least two half-lives. Values of k2, the second-or
der rate coefficient, were obtained by applying the equa
tion kohsd = &2[ArH]o/(l + .K4[Br-]). Under the con
ditions used, only a small fraction of the stoichiometric 
bromine was tied up in the form of tribromide ion (eq 
4). In most runs in which sodium bromide was added, 
the initial concentration of bromine was less than 10-3 

M, and the sodium bromide concentration was 7.29 X 
10-3M, 7.09X 10-3M,andl.53 X 10"2M, in 78.3, 86.1, 
and 93.3% trifluoroacetic acid, respectively. Under 
these conditions, the correction term [Br2]/Br2]stoich = 
1/(1 + KIBT~]) was 0.965, 0.98, and 0.99 in 78.3, 86.1, 
and 93.3% trifluoroacetic acid, respectively.40 

In later kinetic runs, sodium bromide was omitted 
and the initial bromine concentration was maintained 
sufficiently high (up to 3.8 X 10 -3 M) so as to enable 
the following of a significant change in bromine absorp
tion (Xmax 410 m,u (e 160)). Under these conditions, a 
negligible proportion of the stoichiometric bromine was 
in the form of tribromide ion.40 First-order plots of 
log (D — Da) against time were linear for at least two 
half-lives for toluene, 7-butylbenzene, and neopentyl-
benzene in 78.3, 86.1, and 93.3% trifluoroacetic acid, 
and for benzene in 93.3% trifluoroacetic acid. Fur
thermore, the values of k2 were within 2% of the values 
of k2 for the corresponding kinetic runs in which excess 
sodium bromide had been added. Average values of 
k2, obtained by both methods, are given in Table II. 

Table II. Values of Ar2 X 10* (1. mol"1 sec"1) for 
Total Monobromination OfRC6H5 at 25° a~c 

CF3CO2H, 
wt % 

78.3 
86.1^ 
93.3 

H 

0.11(H(0.5)" 
0.0504»(0.1Y 
0.0356 

Me 

433 
395 
303 

(-Bu 

377 
398 
352 

Neop 

302 
327 
281 

° Average values of Ar2 = Ar0bsd[ArH]o/0 + K4[Br-]), duplicable 
to 2% or better. At least two determinations were made in pres
ence of sodium bromide, at least one in absence of sodium 
bromide. ''Except for benzene in 78.3 and 86.1% trifluoroacetic 
acid, the same A-2 values were obtained with bromine alone ( ~ 3 X 
10~3 M) as with sodium bromide (~10~2 M) and bromine (~10~3 

M). c Hydrocarbon molarities: benzene, 0.1; alkylbenzenes, 
0.03. d Value in presence of 7.29 X 10~3 M sodium bromide, 
with [Br2Jo = 7 X 10"1 M. When 3.2 X IO""2 M sodium bromide 
was used, the value decreased to 0.060. ' Value in parentheses is 
initial A-2 in the absence of added sodium bromide, with [Br2]0 ~ 
3 X 10-3 M. ' Reported values of A2 X 104 in 87% trifluoro
acetic acid, obtained titrimetrically and in the absence of added 
bromide ion are: benzene, 0.144; toluene, 363.29 "Value in 
presence of 7.09 X 10 - 3 M sodium bromide, with [BrJo = 5 X 
1O - 4M. When 3.1 X 10~2 M sodium bromide was used, the value 
decreased to 0.045. 

In the bromination of benzene in 78.3 and 86.1 % tri
fluoroacetic acid in the absence of added sodium bro-

(40) In the kinetic runs in which sodium bromide was not added, the 
term [Br2]/[Br2]stoich = 1/(1 + K1[Bv]) could be neglected. Based on the 
maximum initial concentration of bromine used in any of the runs (3.8 
X 1O-5 M) and Ki = 5, the minimum value of 1/(1 + Xi[Br-]) at one 
half-life in 78.3% trifluoroacetic acid was greater than 0.99. In 86.1 
and 93.3 % trifluoroacetic acid, Ki is smaller, and hence an even smaller 
fraction of stoichiometric bromine was in the form of tribromide ion. 
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mide, kinetic complexities were encountered. The 
first-order rate plots (C6H6 = 0.1 Af, [Br2J0 ~ 3 X 10 -3 

M) were badly curved (decreasing apparent ArobSd), more 
so in 78.3% trifluoroacetic acid. On the other hand, 
when excess sodium bromide was added, the first-order 
plots were linear over the entire period the reaction was 
followed, two to two and one-half half-lives. More
over, the values of Zc2 obtained in the presence of excess 
sodium bromide were less than the initial values of k2 

(ca. 10% reaction) obtained in the absence of sodium 
bromide, especially in 78.3 % trifluoroacetic acid. Also, 
the kt values decreased on addition of more sodium bro
mide, more so in 78.3% than in 86.1% trifluoroacetic 
acid (see Table II for values). No such effects were 
encountered in the bromination of benzene in 93.3% 
trifluoroacetic acid, or in the brominations of the alkyl-
benzenes in any of the three solvents. 

Due to a slow volatilization of bromine, it was neces
sary to carry out the brominations of the very slowly 
reacting benzene in sealed rather than stoppered Beck-
man cells. In tightly stoppered cells, blank solutions 
of bromine or bromine and sodium bromide in 78.3 
to 93.3% trifluoroacetic acid lost as much as 10% in 
absorbancy over a period of a week.31 In sealed cells, 
there was no change in absorbancy of the blank solu
tions throughout the wavelength scale over a period 
of 3 months at 25 °. The use of stoppered cells, though 
of no consequence in the relatively fast brominations 
of the alkylbenzenes (half-lives of about 15 min) would 
constitute a serious source of error in the bromination 
of benzene, which has a half-life of 23 days in 93 % tri
fluoroacetic acid. For the brominations of benzene 
carried out in sealed cells, readings of the optical den
sity were made for at least two half-lives. It was as
sumed that Da, = 0 at the wavelengths used since (1) 
neither the excess benzene (0.1 M) nor the bromo-
benzene ([ArBr]„ ~ 1O-3 M) had any absorbancy at 
these wavelengths, and (2) in the faster runs on alkyl
benzenes, the optical density at ten half-lives reached a 
value corresponding to the excess alkylbenzene ab-
sorbance, which was very low at 280-330 mp and zero 
at 400-420 myu. The resulting linear plots of log 
(D — £>„) against time for each of the wavelengths were 
parallel and /cobsd checked within 2 % on duplicate runs. 

Photocatalytic bromination, absent in other in
stances,2939'41,42 also was shown to be absent here. 
Rate constants for the bromination of toluene were the 
same when the reaction cell was exposed to the ultra
violet light beam during the entire kinetic run as when 
the light beam was on only during the brief times of 
reading the optical density. 

Isomer Ratios. Isomer distributions obtained in 
halogenations are listed in Table III. Duplicate analy
ses were carried out on each product mixture, and in 
trifluoroacetic acid, two brominations were carried 
out on each compound. 

Discussion 

Kinetics and Mechanism of Bromination. In all 
three solvents, 78.3, 86.1, and 93.3% trifluoroacetic 

(41) R. M. Keefer, J. H. Blake, and L. J. Andrews, J. Am. Chem. Soc, 
76, 3062(1954). 

(42) R. F. W. Cieciuch and F. H. Westheimer, ibid., 85, 2591 (1963). 

Table III. Isomer Distributions in the Bromination 
of RC6H5 at 25°°.» 

Solvent 

78.3% TF A'.' 

93.3% TFA= 

100% TFA/ 

85% HOAc 

100% HOAc, 
Fe catalyst 

100% HOAc, 
ZnCl2 catalyst 

R 

Me 
/-Bu' 
Neop 
Me 
/-Bu' 
Neop 
Me 
/-Bu 
Me" 
/-Bu" 
Neop 
Neop 

Neop 

% ortho 

18.2 ± 0.5 
0 
3.3 ± 0.2 

17.0 ± 0.4 
0 
3.9 ± 0.4 

17.6 
0 

32.9 
1.2 
8.5 ± 0.2 
8.9 ± 0.2 

8.8 ± 0.4 

%para 

81.8 ± 0.5 
100 
96.7 ± 0.2 
83.0 ± 0.4 

100 
96.1 ± 0.4 
82.4 

100 
66.8 
97.4 
91.5 ± 0.2 
91.1 ± 0.2 

91.2 ± 0.4 

" Except where noted, the values were obtained in these labora
tories and the quoted experimental errors are maximum deviations 
from the average. The values in 78.3 and 93.3% trifluoroacetic 
acid are averages of four determinations, two on each of two sepa
rate reaction mixtures. The value for neopentylbenzene in the 
acetic acid solvents are averages of two determinations on one 
reaction mixture. b No detectable meta isomer except where noted. 
'Approximate molarities: Br2, 0.03; NaBr, 0.09; ArH, 0.10. 
d Reported values for toluene in 87% trifluoroacetic acid are 17.5% 
ortho and 82.5% para.*' « No detectable ortho or meta isomer by 
nmr, vpc, and ir. /Literature values.29 "Literature values: m-
bromotoluene, 0.3%; /n-bromo-/-butylbenzene, 1.4%.48 

acid, bromination of the alkylbenzenes was cleanly 
first order in bromine, regardless of whether excess 
sodium bromide was added or not. Furthermore, 
for each alkylbenzene, the values of the second-order 
rate coefficient, k2, were the same, within 2 %, either in 
the presence or absence of added sodium bromide. It 
can be concluded that the electrophilic species is prob
ably molecular bromine and that the rate-controlling 
step is formation of the arenonium ion (eq 2). The same 
conclusion can be made for the bromination of ben
zene in 93.3% trifluoroacetic acid, since here also the 
bromination was cleanly first order in bromine in either 
the presence or absence of added sodium bromide, and 
the values of k2 obtained under the two conditions were 
identical. 

The velocity expression for rate-controlling arenon
ium ion formation is given by eq 6. Equation 6 is a 
simplification, under the condition k3 » Au2[Br-], of 
the more general expression of eq 5. Equation 5 is de
rived on the basis of assuming a steady-state concen
tration for the intermediate arenonium ion. Both equa
tions contain the term 1/(1 + /T4[Br-]) which corrects 
for any significant reduction, via equilibrium 4, in the 
relative concentration of molecular bromine. Under 
the conditions used herein, this term was near unity for 
the brominations carried out in the presence of excess 
sodium bromide, and was practically unity for the bro
minations carried out in the absence of added bromide 
ion.40 

ArH + Br2 7~*" ArHBr+ + Br-

kz 

ArHBr+ + solvent bases — > ArBr 

Br2 + Br- -^~~*~ Brr 

K1 = [Br3
-]ABr2][Br-] 

(2) 

(3) 

(4) 
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HrRri IAt 1 Ac2 Ac3[ArH][Br2] 
1 + K4[Bi-] Ic-ABr-] + k3 

when V3 » v-2 

-d[Br2]stoioh/d/ = 1 
1 + K4[Br-] 

Ar2[ArH][Br2] (6) 

•d[Br2]stoich/d? = 
1 

;(*i[Brs] + 
1 + K4[Br-] 

MBr 2 ] 2 + Ac1n[Br2]
3 + . . . ) (7) 

Only the bromination of benzene in 78.3 and 86.1% 
trifluoroacetic acid in the absence of sodium bromide 
showed kinetic complications. In the presence of about 
a tenfold excess of added sodium bromide over initial 
bromine and with the benzene concentration in large ex
cess of the initial bromine concentration, the first-order 
rate plot was linear for the entire time that the reaction 
was followed (two to two and one-half half-lives). 
However, in the absence of added sodium bromide, the 
first-order plots were badly curved upwards, particularly 
in 78.3% trifluoroacetic acid. Furthermore, with the 
same concentration of excess benzene, the initial slopes 
of the latter plots exceeded the slopes of the first-order 
plots obtained in the presence of excess sodium bromide, 
by a factor of about 5 in 78.3 % trifluoroacetic acid and 
about two in 86.1 % trifluoroacetic acid (Table II). In 
other words, the initial apparent reaction order was 
greater than one and decreased as bromination pro
ceeded. The behavior of benzene in these solvents is 
consistent with the mechanism of eq 2 and 3, and the 
rate expression 5, provided that there is significant re
versal of the step of arenonium ion formation. 

A priori, there are three conceivable explanations for 
the complex behavior, in the absence of added sodium 
bromide, of the bromination of benzene in 78.3 and 
86.1% trifluoroacetic acid. These are: (1) a signifi
cant decrease during reaction in [Br2]/[Br2]stoich = 1/ 
(1 + .K4[Br-]), due to the buildup in bromide ion concen
tration; or (2) the significant formation of transition 
states containing the elements of more than one bro
mine molecule; or (3) a significant reversal, as bromide 
ion is being formed, of the arenonium ion formation 
process represented by eq 2. Neither of the first two 
explanations appear to apply. 

The first possibility, that of a significant decline in 
1/(1 + K4[BT-]) during bromination in the absence of 
added excess sodium bromide, is ruled out by the fact 
that K4[BT-] remains very small with respect to unity 
throughout.40 In other words, since the initial bro
mine concentration was very small (~3 X 1O-3 M) and 
the experimentally determined equilibrium constant, 
K4, has a relatively small value in the trifluoroacetic acid 
solutions, a negligible fraction of stoichiometric bromine 
was in the form of tribromide ion during a kinetic run. 
Furthermore, under identical conditions (excess ArH, 
no added sodium bromide), the brominations of the 
alkylbenzenes were cleanly first order for at least two 
half-lives. 

Kinetic complexity of the sort found here for ben
zene, i.e., apparent decreasing reaction order during a 

kinetic run, has frequently been encountered in molec
ular brominations of aromatic compounds in other sol
vents. This has been ascribed to higher kinetic terms 
in the concentration of molecular bromine, as expressed 
in eq 7. The literal interpretation has been that bro
mination proceeds through various competing tran
sition states, one containing the elements of one bro
mine molecule, another the elements of two bromine 
molecules, and so on (see ref 36 and 37, and references 
cited therein). Such an interpretation does not appear 
to be applicable to the bromination of benzene in 78.3 
and 86.1 % trifluoroacetic acid. Since the equilibrium 
constant for tribromide ion formation is small in these 
solvents, it was possible to add a tenfold excess of sodium 
bromide over bromine and still maintain the initial con
centration of free molecular bromine relatively high.40 

In 78.3% trifluoroacetic acid containing tenfold excess 
sodium bromide, the kinetics was clearly first order when 
the initial concentration of free molecular bromine was 
as great as 3.4 X 10~3 M. In the absence of added so
dium bromide, curvature of the first-order plots was 
very pronounced even when the initial molecular bro
mine concentration was somewhat lower than this (3.0 
X 10~3 M). Thus, if the kinetic complications in the 
absence of sodium bromide had been due to reactions 
in which the transition state contains the elements of 
more than one molecule of bromine, one would not 
have expected the apparent higher order kinetic terms 
to have been suppressed by the addition of excess so
dium bromide.43 

The simple two-step mechanism of eq 2 and 3 ac
counts reasonably for the kinetic behavior of the bro
minations of benzene, with and without added sodium 
bromide. In the absence of excess sodium bromide, 
the term Ac_2[Br~] in eq 5 is increasing during the course 
of bromination. Provided the value of this term grows 
to significance relative to Zc3, a curvature of the rate plots 
in the absence of added excess bromide ion would be 
expected. The relative constancy of this term in the 
presence of added excess sodium bromide, of course 
accounts both for the first-order kinetics and the de
creased initial rate under the latter conditions. Finally, 
it can be shown that eq 5, with Ac_i[Br~] a variable, can 
be converted to an equation of the form of 7, with Ac1, 
Ac11, etc. being equal to complex constants.44 Indeed, 
the fact that eq 5 and 7 are equivalent raises the ques
tion of whether or not the simple mechanism of eq 2 and 
3, with Ac_2[Br~] becoming significant relative to Ac3 as 
bromination proceeds, applies to at least some of the 
previously encountered instances of complex aromatic 
bromination kinetics.45 

Selectivity of the Bromination. Values of p(
Mc, de

rived from the rate constants of Table II and the isomer 
distributions of Table III, are listed in Table IV. The 
single ptMe value listed for 93.3% trifluoroacetic acid is 

(43) This argument assumes that there is no inordinate salt effect 
by sodium bromide acting to greatly decrease rate constants for for
mation of transition states containing more than one bromine molecule 
relative to the rate constant for forming a transition state containing 
just one molecule of bromine. 

(44) The term l/(fe[Br_] + ka) of eq 5 can be converted to the form 
(Ci - C2[Br2])"

1, by expressing [Br-] in terms of [Br2] as the only 
variable. Since (G — C2[Br2])

-1 expands to give a power series in 
[Br2], eq 5 is equivalent to eq 7. 

(45) This possibility is being actively explored in these laboratories. 
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Table IV. Values of /7fMe and Relative Rate Constants for 
ortho and para Bromination at 25 °" 

CF3CO2H, kp-Xeop/ kp-t-Bu/ Ar0-Neop/ 

Wt % />fMo kp-Me kp-Ve ko-X,, 

78.3 19,300(400O)6 0.82 1.06 0.13 
86.1« 38,700(19,000)''.d 0.97 1.22 0.07 
93.3 42,400 1.07 1.40 0.21 

100« 12,700 ... 1.52 
0 All values except ptMe in 78.3 and 86.1 % trifluoroacetic acid are 

independent of whether or not sodium bromide was added (see 
footnote b of Table II). b The first value of pt

Ue in this solvent is 
based on the first-order k0bsd for benzene in the presence of excess 
sodium bromide (see footnotes d and g of Table II). The second, 
approximate, value in parentheses, is based on the initial k0b,i for 
benzene in the absence of sodium bromide (see footnote e of Table 
II). c Relative rates based on assumption that isomer distributions 
are half-way between those found in 78.3 and 93.3 % trifluoroacetic 
acid. d Reported value in 87% trifluoroacetic acid, no added 
bromide ion, is 12,400." ' Data of ref 29. 

for rate-controlling arenonium ion formation (eq 2). 
In 78.3 and 86.1% trifluoroacetic acid, the value of k2 

for benzene (Zc2 = fcobsd/[C6H6]), but not for any of the 
alkylbenzenes, depended on whether or not excess so
dium bromide had been present. Consequently, two 
values of p{

Ue are listed for these solvents. The latter 
value, in parentheses, is only approximate. It is based 
on the initial slope of the curved first-order plot for bro
mination of benzene in the absence of sodium bromide 
(benzene concentration in excess). However, the latter 
value probably more nearly represents ps

Me for rate-
controlling arenonium ion formation (see the preceding 
section of the Discussion). In either event, it is clear 
that ^ f

Me is very large and increases at least somewhat 
between 78.3 and 93.3% trifluoroacetic acid. In fact, 
the unambiguous value of 42,400 in 93.3% trifluoroacetic 
acid is by far the largest rate-enhancing effect of a p-
methyl substituent that has been reported.46 

High selectivity between substitution on toluene and 
para substitution on benzene is generally associated 
with high selectivity between para, ortho, and meta posi
tions.47 This also is true here. Thus, there was no de
tectable meta bromination of any of the alkylbenzenes. 
Furthermore, there was no detectable ortho bromina
tion of 7-butylbenzene, although in 85 % acetic acid, a 
detectable amount (1.2%) occurs.48 Also, the percent
age of ortho bromination of toluene and neopentylben-
zene is appreciably less in trifluoroacetic acid solution 
than in acetic acid solutions (Table III). This very high 
selectivity indicates that the transition state lies relatively 
close to the arenonium ion intermediate, i.e., that the 
positive character in the ring moiety of the transition 
state is relatively large. This may be in part due to the 
ability of the highly acidic solvent to stabilize, by hy
drogen bonding, the developing bromide ion of the tran
sition state.49 The implication of the high selectivity 
is that both the electron demand on the substituent and 

(46) By way of contrast, the value ofpiMe for molecular bromination 
in 85 % acetic acid at 25° is 2420,28 previously considered to be a rather 
large value. Substantially smaller rate enhancements by p-methyl are 
found in solvolysis reactions, which generally exhibit a Baker-Nathan 
effect26 (e.g., see Table I). 

(47) L. M. Stock and H. C. Brown, Advan. Phys. Org. Chem., 1, 35 
(1963). 

(48) L. M. Stock and H. C. Brown, J. Am. Chem. Soc, 81, 5615 
(1959) 

the demand for nucleophilic solvation of the ring moiety 
are relatively high in the transition state. 

Relative Partial Rate Factors. Rate constants for 
ortho and para bromination of neopentylbenzene and 
for para bromination of /-butylbenzene, relative to 
those for toluene, are listed in Table IV. Values of 
ko-i-Bu/ko-Me as well as km.t.Ba/km_Me and km.Neop/km.Me 

could not be obtained because ortho bromination of t-
butylbenzene and meta bromination of r-butylbenzene 
and neopentylbenzene could not be detected. The main 
features of the relative rate data are: (1) the absence 
of a Baker-Nathan effect in any of the trifluoroacetic 
acid solutions; (2) the increase in both kp.t.Bu/kv.Me and 
kp.Neop/kp.Me with decreasing water content of the sol
vent; and (3) the corresponding increase in k0.Neop/k0.Me. 
These results are not only contradictory to the Baker-
Nathan hypothesis,23 but illustrate once again the im
portance of solvent in modifying the relative kinetic 
parameters of alkyl compounds. 

When the transition state places a high electron de
mand on the substituent, the prediction of the Baker-
Nathan hypothesis is that the methyl compound should 
have the largest rate constant.11 In other words, the 
hypothesis requires that a-C-H hyperconjugation, when 
not sterically inhibited, increase more than other modes 
of electronic stabilization as the electron demand on 
the alkyl substituent is increased, and to be dominant 
when this demand is large. For the brominations in 
the trifluoroacetic acid solutions, the values of />f

Me, 
which are a measure of the electron demand on the sub
stituent are orders of magnitude greater than for many 
other reactions in which the Baker-Nathan effect is ob
served.26 Thus, the finding that kp.,.Bu is greater than 
kp-Me in these brominations is unexpected in terms of 
the Baker-Nathan hypothesis. Also unexpected in 
terms of this hypothesis, is the fact that kp.Neop is com
parable to kp.Me despite possible inhibition of C-H hy
perconjugation in the neopentyl substituent. 

The effect on the relative partial rate factors of vary
ing the water content of the trifluoroacetic acid solu
tions is even less consistent with the Baker-Nathan hy
pothesis. In proceeding from 78.1 to 93.3% trifluoro
acetic acid, the electron demand on the substituent, as 
measured by PfMe, increases somewhat. Yet kP.t.Bu/ 
kj,.Me and kp.Neop/kp.Me show a steady increase, in con
tradiction to the Baker-Nathan hypothesis. 

It is evident that the behavior of the relative rates for 
para bromination requires that the role of the solvent be 
given specific consideration. The results are consistent 
with the solvent role that is assigned in the Schubert-
Sweeney hypothesis.24 According to this hypothesis, 
specific nucleophilic solvation near the alkyl sub
stituent is subject to steric hindrance by bulky alkyl sub-
stituents such as /-butyl and neopentyl. Since in aro
matic bromination, the ring moiety is much more elec
tron deficient in the transition state than in the ground 
state, this presumably would act in the direction of in
creasing the relative free energy of activation for r-butyl
benzene and neopentylbenzene.11 Thus, in terms of 
this hypothesis, the increase in kP.Neop/kp.Me and kv.t.BJ 
kp-Me as the water content of the solvent is decreased is 
a reflection of the decrease in the ability of the 

(49) Solvent stabilization of bromide ion relative to tribromide ion 
also could account for the much smaller value in trifluoroacetic acid 
than in acetic acid of Kt (eq 4) for formation of tribromide ions. 
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solvent to participate in nucleophilic solvation.50 

The highest reported value of kp.t.Bu/kj,,Me for aro
matic bromination, 1.52, was obtained in anhydrous 
trifluoroacetic acid.29 This could be considered as re
flecting more closely the inherent electronic effects of 
the /-butyl and methyl substituents since nucleophilic 
solvation of the transition state should be least impor
tant in this very acidic solvent. The fact that the Baker-
Nathan effect is not found even in 78.3 % trifluoroacetic 
acid would indicate that this solvent is still weakly basic.51 

The stoichiometric molar ratio of water to trifluoroacetic 
acid is small, 1.76. Furthermore, the degree of pro-
tonation of water is probably extensive, and hydration 
of the hydronium ion further reduces the availability 
of water for nucleophilic solvation of the transition 
state. 

A very low value of kp.,.Ba/kp.Me, 0.33, has been found 
at 25 ° in the much more basic solvent, 85 % acetic acid.28 

This observation also is consistent with the Schubert-
Sweeney hypothesis, assuming that the greater ability 
of this solvent to participate in nucleophilic solvation 
is not offset by the decrease in demand for such solva
tion, as reflected by the smaller value, 2420, of ps

Me. 
If steric hindrance to specific solvation of electron-

deficient sites adjacent to the neopentyl or /-butyl sub-
stituent is a factor in para bromination, then it also 
should be a factor in ortho bromination. Indeed ortho 
bromination could be more sensitive to this factor inso
far as an electrophile entering the ortho position could 
more than additively contribute to solvent shielding 
near the substituent. In agreement with this, the ratio 
fco-Neop/^o-Me increases appreciably with decreasing water 
content of the solvent (Table IV). Furthermore, the 
steepness of this increase in k0.seop/k0.Me exceeds that of 
fcj>-N«>p/fcj>-Me- However, the values of /c0-NeoP/fco-Me are 
not as reliable simply because of the inevitably larger 
percentage error in measuring the small extent of ortho 
bromination, especially for neopentylbenzene which 
gives only 3-4% o-bromo product. Thus, not too much 
significance should be attached to the fact that the re
corded values for ka^eop/k0.Ms increase to a greater ex
tent than those for fc,-Neopfe.Mt> although the extra in
crease is just outside of the maximum experimental de
viation. 

While the bromination results are entirely consistent 
with the Schubert-Sweeney hypothesis, it is to be em
phasized that steric hindrance to nucleophilic solva
tion does not provide a unique rationalization of the 
results. Thus the postulate by Shiner that nucleophilic 
solvation of a-hydrogens acts to enhance C-H over C-
C hyperconjugation6 is equally applicable here, although 
perhaps not as satisfactory in other instances.10b,d In
deed, one can rationalize the particular results reported 
here without invoking either steric hindrance to nucleo-

(50) The hypothesis that specific nucleophilic solvation near the sub
stituent is important in governing the relative rate ratios of alkyl com
pounds does not deny the important role of specific electrophilic sol
vation, e.g., of the developing bromide ion, in the over-all stabilization 
of the transition state. Indeed, if the transition states for say (-butyl-
benzene and toluene bromination lie at significantly different "distances" 
along the reaction coordinate, a changing extent of electrophilic sol
vation also could act to change the rate ratios. 

(51) The value of the acidity function, Ho, is —1.3 in 78% trifluoro
acetic acid, corresponding to that of about 27% perchloric acid. Fur
thermore, the Ho value decreases only very gradually with decreasing 
per cent water.52 

(52) J. E. B. Randies and J. M. Tedder, / . Chem. Soc, 1218 (1955). 

philic solvation or solvent enhancement of C-H hyper
conjugation. For example, assume that the transition 
states of the /-butyl and neopentyl compounds lie closer 
to the intermediate arenonium ion and bromide ion than 
does the transition state of the methyl compound. As
sume further that the propensity of the solvent to sta
bilize the transition state by electrophilic solvation of 
the developing bromide ion increases with increasing 
per cent trifluoroacetic acid. This would then act in 
the direction of the experimental findings. Any nu
cleophilic solvation, in the absence of steric hindrance 
to nucleophilic solvation, would act in the opposite di
rection. 

Transition-State vs. Ground-State Solvation. In plac
ing emphasis, in this instance, on steric hindrance to 
specific nucleophilic solvation stabilization of the 
polar transition state vs. the nonpolar ground state, the 
Schubert-Sweeney hypothesis is not to be construed 
as requiring that the total enthalpy of solution of the 
transition state of the /-butyl compound be greater, in the 
algebraic sense, than that of the methyl compound. Nor 
does it require that the total differential enthalpy of solu
tion of the transition states, A/?s(/-Bu*) — Ai?s(Me*), 
increase as the solvent is changed to one in which there 
is a greater propensity for specific nucleophilic solvation 
of the electron-deficient transition state. The hypoth
esis does not, indeed can not, place restrictions on the 
behavior per se of either the differential enthalpies of 
the transition states or the ground states, i.e., these quan
tities, or their change with solvent, can be positive or 
negative, large or small. All and everything that the 
hypothesis requires is that the difference, partial molal 
enthalpy of solution of the transition states less that of 
the ground states, be positive in any particular nucleo
philic solvent; and, that this difference become greater, 
algebraically, as the solvent is changed to one in which 
there is a greater propensity for specific nucleophilic 
solvation. Nevertheless, it would be of interest to 
examine the behavior of enthalpies of solution of ground 
and transition states separately. 

In principle, values in any particular solvent of dif
ferential enthalpies (or free energies or entropies) of 
solution of transition states cannot be determined by 
experiment, at least in the absence of gas phase data. 
However, the change in such quantities brought about by 
solvent change can be determined through measure
ments of both differential enthalpies of activation and 
differential partial molal heats of solution of the 
groundstates (c/. ref 53-55).66 No direct data for 
alkyl compounds is presently available. However, 
Arnett has measured the relative partial molal enthalpies 
of solution of toluene and /-butylbenzene in both acetic 
acid and trifluoroacetic acid, and Stock and Himoe 
have measured the free energies of activation for para 
and ortho chlorination of these compounds in the same 

(53) R. A. Clement, J. N. Naghizadeh, and M. R. Rice, / . Am. Chem. 
Soc, 82, 2449 (1960). 

(54) S. Winstein and A. H. Fainberg, ibid., 79, 5937 (1957). 
(55) (a) E. M. Arnett, P. McC. Duggleby, and J. J. Burke, ibid., 85, 

1350 (1953); (b) E. M. Arnett and D. R. McKelvey, ibid., 87, 1393 
(1965); (c) E. M. Arnett, W. C. Bentrude, J. J. Burke, and P. McC. 
Duggleby, ibid., 87, 1541 (1965); (d) E. M. Arnett, W. G. Bentrude, and 
P. McC. Duggleby, ibid., 87, 2048 (1965). 

(56) The treatment assumes that the internal structure of the transi
tion states (bonding, charge distribution) is unaltered by the solvent 
change. 
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Table V. Relative Partial Molal Enthalpies of Solution of 
Toluene and /-Butylbenzene and Relative Free Energies of 
Activation for Chlorination'1 

100% CF3CO2H 100% CH3CO2H 

AHs(t-Bu)b 1920 ± 20 540 ± 10 
A#s(Me)6 1130 ± 20 350 ± 10 
A F * „ - , . B U - A F = W = - 2 2 7 425 
AF*„.,.Ba - AF* 0 .M e

c 510 1410 
a In calories per mole at 25°. b Arnett's values of partial molal 

enthalpies of solution.65 c Values of Himoe and Stock for free 
energies of chlorination.28 

two solvents. The data are reproduced in Table V.57 

Strictly, free energy differences cannot be compared 
with enthalpy differences. However, one can use the 
data of Table V to calculate a probable lower limit of 
the change in differential enthalpy of solution of the 
transition states, by making the limiting assumption 
that the change in the differential enthalpy of activation 
is equal to the measured change in differential free 
energy of activation.58a On the basis of this assump
tion, the value of Ai?s(r-Bu*) — Ai? s(Me*) for para 
chlorination would be 52 cal/mol greater (lower limit) 
in acetic acid than in trifluoroacetic acid; for ortho 
chlorination, 300 cal/mol.39 The happenstance that 
the (lower limiting) values of the differential partial 
molal heats of solution of the transition states change 
little with solvent might lead one to the superficial, 
and incorrect, conclusion that ground-state solvent 
effects alone are largely responsible for the Baker-
Nathan effect23 that arises in proceeding from trifluoro
acetic to acetic acid. This would amount to considering 
the transition states as if they were in a vacuum. 
Instead, one is still forced to consider why the solvent 
effect on the transition states is so much different than 
on the ground states. In other words, in the final 
analysis, any reactivity postulate must account for the 
"fact" that the partial molal enthalpies of solution of the 
transition states increase substantially relative to those 
of the ground states. As a matter of interest, one can 
of course first examine the behavior of the differential 
enthalpies of solution of transition and ground states 
separately before considering the difference between 
the behaviors. 

Consider firstly the nonpolar ground states. Arnett 
has presented ample evidence that the partial molal 
enthalpy of solution of nonpolar solutes in organic 
solvents largely represents heat required to break up 
ordered solvent structure in order to create a hole for 
the solute molecule; further, that the extent of disrup-

(57) The authors are indebted to Professors E. M. Arnett and L. M. 
Stock for making the data of Table V available to them. 

(58) (a) It is likely that the change in differential enthalpy of acti
vation is in the same direction as the change in differential free energy 
of activation, but of a greater magnitude, due to compensation effects.10'12 

Similarly, the differential partial molal free energy of solution would 
probably change less than the differential partial molal enthalpy.Mc.ssb 
(b) By the same token, this should lead to a greater differential partial 
molal entropy of solution in trifluoroacetic acid than in acetic acid, ex
erting a compensating effect on the partial molal free energy of solu
tion.65 

(59) For ortho as compared to para halogenation, the measured 
change in differential free energy of activation is less reliable due to 
the smaller fraction of ortho substitution. 

tion of solvent structure increases with the size of the 
solute and the orderdness of the solvent.65 Thus, the 
greater relative partial molal heat of solution of t-
butylbenzene than of toluene, in either solvent, is due to 
its greater volume. The larger value of Afls(t-Bu) — 
A-S8(Me) in trifluoroacetic acid implies that introducing 
an inert solute causes a greater disruption of solvent 
structure in this solvent than in acetic acid.58b 

Consider next the relative solute behavior of the 
transition states. Since the substituents are remote 
from the reaction center, the difference between the 
effective volumes of the two transition states is the 
same as that between the ground states (neglecting 
slight volume differences that may arise as the result of 
different extents of bond making and breaking). Thus, 
if the transition states were relatively inert bodies, as 
are presumably the ground states, one would expect 
the differential enthalpy of solution to change to 
practically the same extent as for the ground states, 
i.e., one would expect to observe little solvent effect on 
the differential enthalpy of activation. Clearly then, 
some other solvation factor or factors must assume 
increased importance in the transition states, and be 
largely responsible for the change in differential enthalpy 
of activation. The most obvious factor is specific 
solvation, since the most obvious difference between the 
nature of the transition states and ground states is the 
much greater polarity of the former. In other words, 
specific solvation is logically largely responsible for 
relatively greater net stabilization (or lesser net 
destabilization) of the methyl transition state in the 
more nucleophilic solvent, acetic acid.60 This is in 
complete accord with the Schubert-Sweeney hypothesis. 
However, as pointed out in the previous section of the 
Discussion, the hypothesis is not unique in being able to 
account for the greater relative specific solvent stabi
lization, in the more nucleophilic solvent, of the transi
tion state of the methyl compound. Shiner's hypothesis 
of specific nucleophilic solvation of hyperconjugating 
a-hydrogens also is applicable here, as is the possibility 
of greater relative specific electrophilic solvation 
stabilization in trifluoroacetic acid of the transition 
state of the /-butyl compound. In any event, however, 
the conclusion is inescapable that the relative effect of 
alkyl substituents on experimental parameters of 
solution reactions is strongly a function of solvent 
effects per se; further, that the relative degree of specific 
solvation, especially of the more polar of the two states 
of a chemical transition, may play a decisive role. 
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(60) One may picture the enthalpy of solution of the transition states 
as the sum of enthalpies for two arbitrary thermodynamic processes: 
(1) disruption of solvent structure to create a hole for the solute and 
(2) reorientation of the solvent shell toward polar sites of the solute. 
The effect of the former on the change with solvent of the differential 
partial molal enthalpy of the transition states (comparable to that of the 
ground states) is, in this instance, approximately counterbalanced by 
the effect of the latter. This simplified picture is consistent with the 
observed smaller (less endothermic) relative partial molal enthalpy of 
solution of ionic compounds as compared to neutral solutes of com
parable size.55 
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