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Solvent effects on styrene (S) and phenylacetylene (PA) bromination have been reinvestigated. Contrary to re- 
sults by previous authors, the rate-constant ratio, k c e l k c + ,  does not vary significantly when the solvent passes 
from acetic acid to methanol, 70 and 5096 aqueous methanol and water. The correlation, log kpA = 0.95 log k s  - 3.26, 
obtained when the solvent is varied, shows that the solvent effects on bromination via bromocarbonium ions and 
vinyl bromocarbonium ions are very similar. The m values for styrene and phenylacetylene are 1.20 and 1.15, re- 
spectively, a t  25 OC. These results suggest that the Ad& mechanism of olefin bromination is also valid in acetylene 
bromination. In this mechanism, the role of the solvent (electrophilic assistance to the departure of the bromide 
ion) is consistent with the fact that m values are high and similar for styrene and phenylacetylene bromination. The 
differences between the reactivity ratio k c d / k -  in bromination (103) and in hydration (1) is discussed in terms 
of transition-state structure and of a destabilizing influence of the CpBr bond which is greater in the vinyl cation 
than in the saturated carbonium ion. 

On the basis of the similarity of solvent effects on olefin 
bromination and on limiting solvolysis, we suggested' that 
bromination could be a convenient reaction for studying 

carbonium ions because solvent nucleophilic assistance is 
absent in free bromine additions. In the case of vinylcarbon- 
ium ions, this proposal would be of particular interest, since 
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Table I. Bromination Rate Constants and Reactivity Ratios of Styrene and Phenylacetylene in Various Solvents 

k,, M - l ~ - l , ~  at (Br-] = - 

(1) H2O S' 
PA e 

(2) AM-50f S 
PA 

(3) AM-70f S 
PA 

(4) MeOH S 
PA 

(5) AcOHi S 
PA 

0.025 M 0.05 M - 

1.27 x 104 1.08 x 104 
5.90 x 105 g 

3.69 x 104 
2.75 X lo2 

8.50 
1.91 x 102g 
6.10 X 

0.1 M 

4.70 X loss 

3.55 x 105g 
1.90 x 102 

5.31 
1.20 x 102g 
4.05 X 
1.10 x 10 
1.40 X 

7.90 x 103 

2.15 x 104 

kBrw kc=cl 
0.2 M 0.3 M M-' 9 - l b  k C E C C  k,lkad 

3.72 X 106g 2.90 X 106g 1.1 X l O 7 g s h  0.6 X lo3 0.6 

2.31 x 105g 2.3 X 106g 2.9 X lo3 2.3 
1.25 X lo2 8.0 x 102 
1.30 x 104 1.9 x 105 4.6 X lo3 1.7 X 10 
3.29 4.1 X 10 
8.5 X l o g  1.16 x 103g 2.5 x 103 > i o 2  
2.8 x 4.6 X 10-1 

1.7 x 104 

11.2 2.6 x 103 2.6 x 103 
4.3 x 10-3 

a k,, experimental rate constants at various bromide ion concentrations and at 25 "C. Errors are within 5%. * kBr2, rate constants 
for free bromine addition calculated from k,; see Experimental Section. Errors are within 1096. Rate-constant ratios from kBn; this 
work. Rate-constant ratios from competitive measurements, except for AcOH; ref 3. e S = styrene, PA = phenylacetylene. f 50 and 
70% aqueous methanol (,4M), v/v. g Values from ref 1. This rate constant is underestimated, ref 7. Direct measurements from ref 
3. 

these ions are more easily obtained by addition to acetylenic 
compounds than by solvolysis of unreactive vinylic sub- 

Unfortunately, previous results on acetylene brom- 
ination seem to exclude this attractive possibility: solvent 
effects on electrophilic brominations leading to carbonium 
ions have been stated to differ markedly for ethylenic and 
acetylenic compounds.:' Experimentally, this statement was 
based on competitive measurements of the relative rates of 
styrene and phenylacetylene bromination. The reactivity 
ratio, in the range of lo3 in acetic acid, was found to be greatly 
diminished by an increase in the solvent polarity, becoming 
less than unity in water. Since for styrene bromination the m 
value is near unity and therefore similar to those observed in 
solvolytic reactions,l the data of Yates et al.3 apparently in- 
dicate that solvent effects on vinyl cations generated by 
bromination are much more important than those on satu- 
rated carbonium ions from bromination or from solvolysis. 

However, it is rather difficult to understand in terms of our 
knowledge of the nature of the solvation of the ionic inter- 
mediates why solvent effects on bromination of olefins and 
acetylenes should be different. In particular, it has been shown 
that in bromination4 the solvent acts through a medium effect 
on the stability of the intermediate and essentially by specific 
electrophilic solvation of the leaving bromide ion. Therefore, 
very large differences between the solvent effeds on acetylene 
and olefin bromination are completely unexpected. 

To reexamine the nature of the solvation in bromination, 
we have measured by direct kinetic methods, different from 
those used by the preceding authors? the bromination rates 
of phenylacetylene in various solvents and compared them 
with those previously obtained for 8tyrene.l 

Kinetic Results 
The bromination rate constants of styrene and phenylac- 

etylene in methanol, 70 and 50% aqueous methanol and in 
water, were measured directly a t  25 "C by following the dis- 
appearance of bromine spectroscopically5 or electrochemi- 
call9 under the usual conditions.10 

Pseudo-first-order conditions, where the concentration of 
the unsaturated compound is in the range of 10-2-10-3 M and 
is at  least ten times greater than that of bromine, are used for 
styrene and phenylacetylene in methanol and for phenylac- 
etylene in 7096 aqueous methanol. Identical conditions cannot 
be applied in the other solvents because of the low solubility 
of the reactants in water and aqueous solvents: the solubility 

of styrene and phenylacetylene is less than M in water. 
Second-order conditions, where bromine and substrate con- 
centrations are similar (10-4-10-6 M depending on the rate), 
are used for rate measurements in water and 50% aqueous 
methanol for both reactants and in 70% aqueous methanol for 
stytene. In all cases, except for styrene in water,' we were able 
to show that a change in substrate concentration does not 
change the rate constants, thus confirming that the reactants 
are completely dissolved.8 

In the solvent systems used in this work, two brominating 
agents, free bromine, Br2, and tribromide ion, BQ-, formed 
in the Br2 + Br- * Br3- equilibrium, react competitively with 
the unsaturated substrate.9 Thus, the experimentally mea- 
sured rate constant, k,, is composite. Owing tQ the complexity 
of the "Br3- mechanism",lO the solvent effects can only be 
discussed in terms of the rate constant for addition of free 
bromine, kBrT This rate constant is obtained9 from the overall 
rate constants, k,, measured at  various bromide ion concen- 
trations, by extrapolation to [Br-] = 0 of the general equation 
k,(l i- K[Br-]) 

The rate constants thus obtained are given in Table I; from 
these values, we calculate the rate ratio of styrene and phen- 
ylacetylene, kc=c/kc+, in the various solvents. Comparison 
with the ratios, k0/ka,l1 previously obtained3 for the same 
unsaturated compounds shows significant differences for 
water and aqueous solvents. The kJk, ratios are derived from 
GLC and NMR measurements of the ratios of products 
formed in experiments where styrene and phenylacetylene 
react competitively with bromine. Several reasons lead us to 
conclude that our kc=c/kc=c values are the proper ones, 
rather than kdk,.  Firstly, it is now well established12 that 
competitive kinetic experiments can lead to a compression of 
the reactivity span. For bromination, we showed previously12 
that these methods give reliable results in methanol only for 
reactant concentrations smaller than 10-3-10-4 M. It appears 
that the previous authors3 worked in the range 10-2-10-3 M. 
Therefore, it is possible that the discrepancies for the polar 
solvents result in part from the unreliability of the competitive 
method. Secondly, we have observed that solubilities of sty- 
rene and phenylacetylene are less than 10-3 M in water. In 
view of the high substrate concentrations involved, it is also 
possible that the kJk, ratios reflect the differences between 
the solubilities of the two substrates rather than their brom- 
ination rate constants. Consequently, it is reasonable to con- 
sider that the direct rate data kcd/kc* are accurate, while 
the k d k ,  ratios are incorrect. 

kBrz + Kk~~$-[Br- l .  
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Discussion 
Magnitude of Solvent Effects in Bromination of Eth- 

ylenic and Acetylenic Compounds. The kc-c/kc=c ratio, 
in the range of 2 X 1 03, remains constant when the solvent is 
changed from acetic acid to 50% aqueous methanol. The value 
for water is somewhat lower, probably owing to underesti- 
mation of the styrene rate con~tant .~  Whatever the reason for 
the low ratio in water, the difference is much smaller than the 
variations previously3 observed, 2.6 X lo3 to 0.6. Results on 
bromination of the couple cis-3-hexene/3-hexyne13 whose rate 
ratio, 3 X 105, was found to be nearly identical in acetic acid, 
methanol, and 50% aqueous methanol, confirm the absence 
of significant solvent effects on the kc=c/kcw ratio. 

Therefore, solvent effects on styrene (S) and phenylac- 
etylene (PA) bromination are very similar. Excluding water,' 
we obtain a satisfactory linear correlation between the rate 
constants of the two unsaturated compounds (Figure 1). 

(1) 

(correlation coefficient,14 R = 0.9989; standard deviation, s 
= 0.069; Exner's test,14 \k = 0.064). 

The magnitude of the solvent effect on 1-pentene (1-Pe) 
bromination has already been measured15 a t  25 "C. Plotting 
log ks or log kpA against log kl-pe, solvent by solvent, we obtain 
linear correlations with near unit slopes. 

log hpA = 0.95 log k s  - 3.26 

log k s  = 1.08 log kl.pe - 0.04 

log k p ~  = 1.00 log k1-Pe - 3.30 

(2) 

(3) 

R = 0.996, s = 0.120, q = 0.124 

R = 0.994, s = 0.144, \k = 0.140 
Solvent effects in bromination do not depend appreciably 

on the nature of the unsaturated substrate. 
For the bromination of 1-pentene, an m value16 of 1.16 has 

been obtained15 from 16 solvents with ionizing power Y 
varying from -3.5 to +3.5: 

log kl.pe = 1.16Y + 3.58 (4) 

R = 0.972, s = 0.073, \k = 0.133 

Rather than calculate m values for styrene and phenylac- 
etylene bromination17 from the solvents given in Table I, more 
reliable values18 are obtained by combining eq 2,3, and 4 to 
give ms = 1.20 and n h p ~  = 1.15. For s N 1  solvolysis leading to 
saturated carbonium ions, m values at  25 "C are near 1.00. For 
l-bromoadarnantane,'9 a substrate in which steric constraints 
inhibit any nucleophilic solvent assistance, m is 1.20. 

From the similarity of the solvent effects in bromination 
and in s N 1  solvolysis, we can deduce several important con- 
clusions. Firstly, in free bromine additions, as in s N 1  solvol- 
ysis, the solvent does not assist nucleophilically the rate- 
determining step. This fact is confirmed by the absence of 
significant curvature in the log kl-pe vs. Y plot'5 for solvents 
of widely different nucleophilicities. Application of the more 
general relationship for solvent effects,20 log k /ko  = mY + IN, 
to bromination does not change significantly the m value (1.16 
f 0.08 to 1.19 f 0.01 for 1-pentene) and leads to a very small 
1 value (0.19 f 0.03). Secondly, the magnitude of the m values 
suggests that the charge separation in the transition states of 
the rate-determining step is large and, therefore, that these 
transition states closely resemble the intermediates; as in 
solvolysis, information on transition states can be extrapolated 
to intermediates. Finally, solvent effects on the bromination 
of acetylenes and olefins are similar; so are they in bromina- 
tion and solvolysis. These results have interesting conse- 
quences regarding the nature of the solvation in bromination 
and in reactions via vinyl cations. 

Solvent Effects in Reactions via Vinyl Cations. The 

0 
PhCH=CH2 

Figure 1. Similarity of the solvent effects on styrene and phenylac- 
etylene bromination. Numbers refer to Table I. 

bromination of styrenes leads to 8-bromocarbonium ions (I), 
the charge of the intermediate being stabilized by the adjacent 
aromatic group rather than by the neighboring bromine atom. 
The unimportance of bromine bridging was established on the 
basis of kinetic+ and stereochemicaP2 data. It has been 
shown23 in the same way that the intermediates of the brom- 
ination of ring-substituted phenylacetylenes are bromovinyl 
carbonium ions (11). Therefore, the m values obtained above 
express the magnitude of the solvent effects on reactions via 
analogous saturated and unsaturated carbonium ions at 25 
"C. 

A t  present, very few data regarding solvent effects on vinyl 
carbonium-ion reactions are accessible, although vinyl cations 
and the solvolysis of vinyl derivatives have been extensively 
studied in recent years.2 An m value of 0.71 at  120 "C has been 
reported24 for the solvolysis of a-bromo-p -methoxyphenyl- 
vinyl tosylate leading to ion I11 analogous to ion 11. Similarly, 
solvolysis of 1-(2,4-dimethylphenyl)vinyl tosylate leadsz5 to 
ion I V  with m = 0.65 at  25 "C. Lower values, 0.34-0.53 at  120 
"C, were found for the S N ~  reactions of the trianisyl vinyl 
system.26 More general studies of reactions of aliphatic vinyl 
triflatesZ7 show that only cyclic substrates solvolyze with m 
values (0.66-0.78 at 75 "c) approaching those of typical s N 1  
reactions (m for 2-adamantyl tosylate at 75 "C is 0.78). From 
these results and others, it appears that m values for S N ~  
solvolysis of vinyl substrates are roughly in the same range as 
those of saturated compounds. However, the rather special 
conditions required for the solvolysis of normally unreactive 
vinyl derivatives-high temperatures, efficient leaving groups, 

H 

N 
m z s o c  = 0.65 

acceleration by crowding of the substrate~~~-make it difficult 
to compare saturated and unsaturated cations. 

Our results on bromination make such a comparison now 
possible: the m values for vinyl cations are similar to those for 
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analogous saturated cations, independently of the way in 
which they are generated. 

Solvation in Free Bromine Additions. The identity of the 
m values for styrene and phenylacetylene bromination may 
appear somewhat surprising. In fact, for the less reactive 
acetylenic substrate one would expect a more charged tran- 
sition state and therefore a slightly higher m value than for 
ethylenic compounds. Structural effects are in accord with a 
later transition state: in acetic acid, p +  for ring-substituted 
phenylacetylenes23 (-5.2) is more negative than p+ for styr- 
enes2s (-4.5). A similar constancy of solvent effects was ob- 
served for olefin bromination: styrene and stilbene, although 
they react with a difference of 2 log units in rates, exhibit 
identical m values, 1.20 and 1.16, respectively,' whereas the 
substituent effects ( ~ + ~ t i l b  = -5.429, p+styr = -3.830 both in 
methanol) indicate variations in the charge development in 
accord with the reactivity-selectivity principle.31 Constancy 
of the solvent effect on passing from methanol in water is also 
observed for alkenes whose rates vary by 6 log units.32 

In bromination, therefore, solvent and structural effects are 
independent. This can be understood by considering the now 
generally accepted33334 Ad&l mechanism for molecular 
bromination originally proposed on the basis of solvent ef- 
fects:15 a rapid preequilibrium between olefin, bromine, and 
a ?r complex33 precedes the rate-determining step, the disso- 

C=C + Br, C+lC 

ciation of the Br-Br bond and the creation of the C-Br u 
bond.34915 In the absence of nucleophilic solvation, the solvent 
can affect the rate-determining step by means of a medium 
effect on the magnitude of the charge separation between the 
cationic and anionic parts of the transition state and by elec- 
trophilic solvation of the departing bromide ion. The impor- 
tance of this electrophilic solvation is revealed by the following 
 observation^:^ high solvent isotope effect and a linear rela- 
tionship between bromination rates and the free energies of 
solvation of the bromide ion in various solvents. Thus, in 
bromination the magnitude of the solvent effects depends very 
little, if a t  all, on the structure of the cationic part of the 
transition state. This explains why the solvent effect is inde- 
pendent of the bromonium or carbonium structure of the 
transition states% and also the similarity of the solvent effeds 
on the bromination of acetylenes and olefins. This explains 
too why m values for solvolysis and bromination are so similar. 
The transition states of these reactions differ only with respect 
to the cationic part, whereas the anionic part and the charge 
separation are rather similar.36 

In conclusion, the solvent effects on these reactions via 
cationic intermediates do not give information on the struc- 
ture of these intermediates; they measure only the extent to 
which transition states and intermediates resemble each 
other. 

Relative Ease of Formation of Vinyl and Saturated 
Cations. According to previous calculations and experimental 
r e s ~ l t s , ~ 5 ? ~ ~  the solvolytic reactivity ratio of saturated and 
unsaturated substrates is about 106. The corresponding ratio 
for the bromination of alkenes and alkynes via bromonium ion 
intermediates is slightly lower,3J3 in the range lo4-lo5. The 
present results on styrene and phenylacetylene bromination 
via carbonium ions lead to a ratio of about 103. For proton 
addition to the same substrates, this ratio falls to about 
unity.37 

Thus, there are considerable differences in the relative ease 
of formation of vinyl and saturated cations, depending on their 
mode of generation.38 

Q ,C=CH2 

X' 

\ 

} k,l= 10' 

@6H-CHzBr 

@=CHBr 

k,l= l o 3  

It is now well established2 that relative solvolysis rates of 
saturated and unsaturated substrates reflect not only the 
differences in stabilities of the ionic intermediates but also 
those between the ground states, so that the reactivity ratio, 
106, overestimates the energy differences between saturated 
and unsaturated cations. This explanation does not hold for 
the rate differences between protonation and bromination, 
since the ground-state energy difference is identical for both 
additions. The increase of 103 in the olefin/acetylene rate ratio 
on passing from protonation to bromination can only be at- 
tributed to an enhancement in the stability differences be- 
tween the two types of ions by the introduction of a bromine 
atom in the 0 position. 

H \ 

H 

V VI 

A t  present, it is c0nsidered3~ that the most probable 
structure for the vinyl cation is the linear43 one, V, where the 
empty p orbital lies in a plane orthogonal to the ring. This is 
in agreement with the high sensitivity of hydration41 and 
bromination23 rates to the ring substituents; conjugation be- 
tween the empty orbital and the aromatic ring is possible in 
such a structure. Another salient feature of V is that the u 
bonds to atom Co are of necessity coplanar with the empty p 
orbital; such a conformation explains why hyperconjugative 
stabilization of the Ph-C+=CHz cation, analogous to V, is 
greater than that of the saturated one.44 

For the kc+/kc* ratio to be higher in bromination (103) 
than in hydration (l) ,  it is necessary to assume that the re- 
placement at Cb of a hydrogen by a bromine atom destabilizes 
the vinyl cation, V, more than the saturated one, VI (Figure 
2). This hypothesis47 seems to be reasonable on the following 
grounds. It has been shown48 that a halogen atom in the 0 
pasition relative to a cationic charge slows the rate inductively 
when it does not assist by a neighboring-group effect; i.e., a 
nonparticipating ,&halogen destabilizes a carbocation. It is 
not surprising that this destabilization is more important in 
the vinyl cation than in the saturated one. Ab initio calcula- 
t i o n ~ ~ ~  and experimental results2' indicate that vinyl cations 
have larger &substituent effecta than saturated ones, due to 
the fact that sp2-sp2 bonds (in V) are shorter49 than sp2-sp3 
bonds60 (in VI). 
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reaction coordinate reaction coordinate 

F igu re  2. Schematic representation of the relative ease of formation 
of carbonium and vinylcarbonium ions in protonation and bromina- 
tion. The @-bromine atom destabilizes the v inyl  cation more impor- 
tantly than the saturated one. 

Experimental Section 
Chemicals. Styrene and phenylacetylene were purif ied b y  pre- 

parative GLC. Methanol and water were treated as usual.61 
K ine t i c  Measurements. Bromination rate constants of phenyl- 

acetylene in methanol and 70% aqueous methanol were measured by 
the previously described potentiometric method,61 in pseudo-first- 
order conditions. The concentration o f  phenylacetylene was in the 
range lO-*-lO-3 M and that of  bromine 10-4-10-5 M. 

Rate constants of  styrene in 70% aqueous methanol and of phen- 
ylacetylene in 50% aqueous methanol and in water were obtained 
spectroscopically5 in second-order conditions. The concentrations 
of unsaturated compounds were 10-4-10-5 M; that of bromine was 
about twice as great. 

Rate constants of styrene in water and in 50% aqueous methanol 
were measured by couloamperometry61+3 at  concentrations between 
5 X 10-6 and 5 X 10-7 M. 

Each experimental rate constant given in Table I is the average of  
at least four determinations wherein reactant concentrations are 
varied by a factor of about 10. Reproducibility between runs is within 
5%. 
k~,, Measurements. The overall bromination rate constants, k,, 

are measured at various bromide ion concentrations. The elementary 
rate constants, kgrz, given in Table I, are obtained from k ,  values by 
extrapolation to  zero bromide ion concentrationg using the equa- 
tion 

K ,  the Br2 + Br- = Br3- equilibrium constant, is 177,88,48, and 17 
in methanol, 70 and 50% aqueous methanol, and water,s2 respec- 
tively. 

Solubil ity. Solubility of styrene and phenylacetylene measured 
by UV spectroscopy is M in 50% aqueous methanol a t  25 "C.  At 
this concentration, a homogeneous solution (500 mL) is obtained after 
15 min of vigorous stirring. Unsuccessful attempts to  measure the 
solubilities of the unsaturated compounds in water at 25 "C were made 
spectroscopically 

Acknowledgment. We thank Mr. M. Simon and Mr. B. 
Galland for technical  assistance. 

Regis t ry  No.-I, 20500-85-0; 11, 62375-55-7; phenylacetylene, 
536-74-3; styrene, 10-42-5. 

References and Notes 
(1) M. F. Ruasse and J. E. Dubois. J. Am. Chem. Soc., 07, 1977 (1975). 
(2) (a) P. J. Stang, Rog. Phys. Org. Chem., 10, 257 (1973); (b) L. R. Subra- 

manian and M. Hanack, J. Chem. Educ., 52,80 (1975); (c) 0. Mcdena and 
U. Tonellato, Adv. phys. Org. Chem., 0,231, (1971); (d) H. G. Richey and 
J. M. Richey, Carbonium Ions, 2, 899 (1970). 

(3) K. Yates, G. H. SchmM, T. W. Regulski, D. G. Garatt. H. W. Leung, and R. 
McDonald, J. Am. Chem. Soc., 05, 160 (1973). While the present paper 
was in press, these authors corrected their previous results in a note, G. 
H. schmkl. A. Modro, and K. Yates, J. Urg. Chem., 42,2021 (1977). Their 
new data are in egeement wim ours; however, the& previous interpretations 
have not been fully revised. They maintain that solvation of the organic 
portion Is important in the transition state, beoause kolk, is small for the 
bromination of clnnamlc and phenyl pmpblk acids. Bebe carcluding that 
nucleophilic solvation is occurrlng, a detailed study of the bromination 
mechanism of these acids would be necessary. Recent results of Welss 
(H. Welss, J. Am. chem. Soc., 00,1670 (1977)) show that the bromination 

of unsaturated carboxylic acids does not necessarily follow the same 
mechenlsm as that of alkenes. 

(4) F. Gmler, R. H. Donnay, and J. E. Dubols, Chem. Commun., 829 
(1971). 

(5) J. E. Dubols and F. Garnier. Spechochim. Acta, Parf A, 28, 2279 
(1967). 

(6) (a) J. E. Dubois, P. Alcals, and G. Barbier, J. Electroanel. Chem., 8, 359 
(1964); (b) J. E. Dubois, R. Uzan, and P. Alcais, Bull. Soc. Chim. Fr., 617 
( 1968). 

(7) It was not podsible to vary significantly the concentration of styrene in water. 
In this case, the rate constant is very close to the upper limit of the cou- 
loam ometric method.e Very low concentrations of olefin and bromine 
(10- M) must be used to obtain a meesuable rate. Varietbns ofthe styrene 
concentration lead to an unsuitable amperometrk response. Therefore, 
we cannot verify the solubility of styrene in water and the validity of the 
measued rate constant. For this reason, the ke, value for styrene in water 
could be erroneous and somewhat underestimated, slnce the real styrene 
concentration in the homogeneow part of the reaction medium would be 
less than calculated from the amount of styrene present. 

(8) A poor solubility of the unsaturated compounds leads generally to a char- 
acteristic variation of the apparent rate constants: the rate constant In- 
creases as the substrate concentration diminishes. 

(9) E. Bienveniie-(k(jtz and J. E. Dubois, Bull. Soc. Chim. Fr., 2089 (1968). 
(10) TFCRMSEL conditions: TCFR, very low reactant conoentratlon and EXSEL, 

in the presence of salt excess [J. E. Dubois and X. Q. Huynh, Tetrahedron 
Lett., 3369 (1971)l. 

(1 1) kdk, is the term wed by the previous authors3 for the ratio of the rate 
constants for olefinic vs. acetylenic compounds. We adopt k M l k c x  
for the same ratio to distinguish our results from theirs. 

(12) 0. Mouvier, D. Grosjean. and J. E. Dubois, Bull. Soc. Chim. Fr., 1729 
(1973). 

(13) J. M. Kornprobst and J. E. Dubois, Tetrahedron Lett., 2203 (1974). 
(14) 0. Exner, & l k t  Czech. Chem. Commun., 31,3222 (1966); 0. L. Davies 

and P. L. Goldsmith, "Statistical Methods in Research and Production", 
published for iCi by Oliver and Boyd, Tweeddaie Court, Edinburgh, 
1972. 

(15) F. Garnier and J. E. Dubois, Bull. SOC. Chim. Fr., 3797 (1968). 
(16) E. Grunwaid and S. Winstein, J. Am. Chem. Soc., 70, 846 (1948); A. H. 

Fainberg and S. Winstein, ibid., 78, 2770 (1956); S. Winstein, A. H. 
Fainberg. and E. Grunwaid, ibW., 79,4146 (1957). 

(17) The large range of solvents used in the calculation of mlPe minimizes errws 
arising out of the possible inapplicability of some Y values to bromination 
due to various factors.18 The indirect calculation of ms and mPA from eq 
2 and 3 takes advantage of this minimization. 

(18) An m value, 0.95, for styrene bromination was reported previously,' but 
the rate oonstant in 70% aquecus methanol was not meesved at that time. 
The slope of the log ksllog k l ~ .  correlation In acetic acld, methanol, 50% 
aqueous methanol and water was only 0.83 f 0.16, instead of 1.08 f 0.05 
now found from acetic acid, methanol, 70% and 50% aqueous methanol, 
whereas for all five solvents It is 0.96 * 0.14. For the reasons given,7 we 
reject the value for water, but this clearly does not seriously affect the m 
value for styrene bromination nor our conclusions (vide infra) regarding 
the similarity of solvent effects in bromination and in solvoiysis. 

(19) D. J. Raber, R. C. Bingham, J. M. Harris, J. L. Fry, andP. v. R. Schieyer, J. 
Am. Chem. Soc., 02,5977 (1970). 

(20) F. L. Schedt, T. W. Bentley, and P. v. R. Schieyer, J. Am. Chem. Soc., 98, 
7667 (1976). 

(21) M. F. Ruasse and J. E. Dubois, Tetrahedron Lett., 4555 (1975). 
(22) J. H. Rolston and K. Yates, J. Am. Chem. Soc., 01, 1469, 1477 (1969). 
(23) J. A. Pincock and K. Yates, Can. J. Chem., 48, 3332 (1970). 
(24) C. A. Grob and H. R. Pfaendler, M v .  Chim. Acta, 54, 2060 (1974). 
(25) K. Yates and J. J. P&i& J. Org. Chem., 39, 1902 (1974). 
(26) 2. w a n d  A. Gal, J. Am. Chem. Soc., 91, 5246 (1969); Telrshedron 

(27) R. H. Summervilie, C. A. Senkier, P. v. R. Schleyer, T. E. Duebw, and P. 

(28) J. A. Pincock and K. Yates, Can. J. Chem., 48, 2944 (1970). 
(29) M. F. Ruasse and J. E. Dubois, J. Org. Chem., 39, 2441 (1974). 
(30) M. Ropars, Doctoral Thesis, CNRS, No. A 0  2640, Paris, 1968. 
(31) The dangers of indiscriminate application of the Hammond postulate have 

been pointed out recently [D. Farcaslu, J. Chem. Educ., 52, 76 (1975)], 
and its coroilary, the reactivity-seiectivity principle, has been the subject 
of serious criticism [C. D. Johnson, Chem. Rev., 75,755 (1975)l. Never- 
theless, there are grounds for believing in the validity of the Hammond 
postulate [J. S. Lomas and J. E. Dubois, J. Or Chem., 40,3303 (1975); 
A. Pross, J. Am. Chem. Soc., 08, 776 (1976)y; 

(32) E. Bienvenue-Goetz and J. E. Dubois, Tetrahedron, 24, 6777 (1968). 
(33) Atthou@ no evidence for the existence of bromins-acetylene ?r complexes 

is available, recent data [G. A. Oiah and T. R. Hockswender Jr., J. Am. 
Chem. Soc., 06, 3574 (1974)] suggest that acetylenic bromination also 
goes through a r complex. 

(34) C. 0. Gebelein and 0. D. Frederick, J. Org. Chsm.. 37, 221 1 (1972). 
(35) From the absence of nucleophllic assistance in transition states and from 

the similarity of the solvation of bromonium and carbonium ion-like tran- 
sition states, we deduced' that the bromonium or carbonium ion character 
of the bromination intermediates is not solvent dependent. On the other 
hand, McManus and Peterson [S. P. McManus and P. E. Peterson. Tetra- 
heckon Lett., 2753 (1975)] have observed a variation of the equilibrium 
constant, brominium ion + carbonium ion. on going from SOa to the less 
nucleophilic solvent SO2CiF. This is interpreted in terms of competition 
between solvent and neighboring bromine atom in the charge stabilization. 
In the classical bromination media, nucleophiles trap the intermediates 
probably before the equilibrium between the two types of cations is es- 
tablished, so that the contradiction between the two sets of data is only 
apparent. 

(36) For thls reason, we oompared the solvent effects on bromination with fhcae 

p" 

Lett., 3233 (1970). 

J. Stang, J. Am. Chem. Soc., 08, 1100 (1974). 



2694 J. Org. Chem., Vol. 42, No. 16,1977 Menninga and Engberts 

on solvolysis of bromides where the leaving group is also a bromkk ion. 
In solvolysis, a change in the leaving group leads to signlflcant varlatlon 
in the m value. For example, ml-AdoTs = 0.97 (D. N. Kevill, K. C. Kolwyck, 
and F. L. WeRI, J. Am. Chem. Soc., 92,7300 (1970)). whereas m,-- = 
1.20 at 25 0C.18 

(37) D. S. Noyce and M. D. Schiavelli, J. Am. Chem. Soc., 90, 1020 (1968). 
(38) This questkm has beendisassed Intmnsof sdwwrteffects?butwresults 

show that, for bromlnation at least, this ratio is solvent Independent. 
(39) Recent calculations seem to indicate that the energy of the bent conflgu- 

ration of the parent vinyl cation + C M H 2  is comparable to that of the 
linear one.40 

(40) J. Weber and A. D. McLean, J. Am. Chem. Soc.. 98,875 (1976). 
(41) R. W. Bott, C. Eaborn, and D. R. M. WaRon, J. Chem. Soc., 384 (1965). 
(42) T. Okuyama, K. Izawa, and T. Fueno, J. Org. Chem., 39,351 (1974). 
(9) (a) A. C. Hopkim, K. Yates, and I. (3. Csizrrmdia, J. Chem. Rtys., 55,3835 

(1971); L. Radom, P. C. Harkwan, J. A. Pople, and P. v. R. Schkyer, J. Am. 
Chem. Soc., 95,6531 (1973); (b) 2. Rappoport and Y. Apeloig, lbM., 91, 
6734 (1969). 

(44) Kinetic isotope effects in solvoly~k~~ and In protonation4 are consistent 
with large hyperconjugatlve effects. 

(45) R. J. Hargrove, T. E. Dueber, and P. J. Stang, Chem. Commun., 1614 
(1970). 

(46) D. S. Noyce and M. D. Schiavelli, J. Am. Chem. Soc., 90, 1023 (1968). 
(47) A referee has objected that thls Bssunptlon does not explain the kdk, ratios 

for chbine and 4ch~orobenzenesulfenyl chbride additions3 nor those for 
bromination via brununiun ion intermediates.3 In helogenetion via habnium 
ions, the strain energy dlfferemx, between setuated and mmted cyclic 
cations is a b l y  responsible for the high kdk, ratios ( lo6). It has been 
estim& that these energy d i m  between open and cycllc cations 
are h w  by some 10 kcallmul for the vlnyi kns than forthe cmespmding 
saluated bns. For the addition of arylsulfenyl chloride to phenylacetylenes, 
R ap(;eetrs that the electrophile attacks the T system which is not conjwted 
w~th the phenyl ring?* whereas In habgenation the present data are better 
accommodated by an electrophilic attack on the ring-conjugated ?r orbit- 
als.= Thus. in thls patticuk case, habgmtbn and addition of arylsulfenyl 
chloride are dlfferent reactions and cannot be directly compared. 

(48) G. A. Olah and J. M. Bolllnger, J. Am. Chem. Soc., 90, 947 (1968); L. 
Radom, J. A. Pople. and P. v. R. Schleyer, bM., 94,5935 (1972). 

(49) K. Yates and R. S. McDonald, J. Org. Chem., 38, 2465 (1973). 
(50) p' for Cp-bondd alkyl m s  in sohr0)Ysis of vlnylic compounds27 is -4.2; 

for analogous tertiary 0nes.2~ It Is only -3.3. 
(51) J. E. Dubois, A. F. Hsgarty, and E. D. Bergmann, J. Org. Chem., 37,2218 

(1972). 
(52) J. E. Dubols and F. Garnier, Bull. Soc. Chlm. Fr., 1715 (1985). 

Neutral Solvolysis of Covalent Arylsulfonylmethyl Perchlorates. 
The Kinetic Basicity of Water and Some Aliphatic Alcohols 

Lubbertus Menninga and Jan B. F. N. Engberts* 

Department of Organic Chemistry, The University, Zernikelaan, Groningen, The Netherlands 

Received February 10,1977 

Rates and activation parameters for rate-determining deprotonation of two covalent arylsulfonylmethyl perchlo- 
rates (1,2) in water and a series of aliphatic alcohols have been determined to assess the kinetic basicity of these 
solvents. Second-order rate constants for solvent-induced deprotonation do not decrease upon decreasing solvent 
polarity but follow the sequence CF3CH20H(TFE) < H2O < MeOH < EtOH < n-PentOH < t-BuOH. Except for 
TFE, the AH* values for solvolysis of 1 are linearly related to the gas-phase proton affinities of these solvents. The 
A S 2 *  values parallel the cohesive energy densities of the solvents. The kinetic data are rationalized in terms of a 
"proton-binding" and a "solvent-ordering" process. Several factors which affect the kinetic basicity of water and 
organic solvents are discussed. 

Recent comparisons of the gas-phase proton affinities 
(PA) of organic solvents with the corresponding Bronsted 
basicities have dramatically illustrated the crucial role of 
solvation effects in determining the solution basicities.'-3 For 
oxygen bases such as water, alcohols, and ethers it was shown 
that hydrogen bonding interactions are of paramount im- 
portance in stabilizing protonated onium ions in the con- 
densed phase.4 These results have served as an explanation 
for the discrepancy between the low PA of water (165 kcal 
mol-') relative to that Of alcohols and ethers (ca. 180-200 kcal 
mol-') and the relatively high equilibrium basicity of water 
in aqueous solutions as judged from proton exchange equi- 
libria between water and alcohols in alcohol-water  mixture^.^ 
In addition, it has been shown that proton exchange of car- 
boxylic acids is faster in water than in alcohols.6 

For some years we have been especially interested in the 
kinetic basicity of solvent molecules. In this context, we now 
report rate constants and activation parameters for the gen- 
eral-base-catalyzed solvolysis of two covalent arylsulfonyl- 
methyl perchlorates (1,2) in water and in a series of aliphatic 
alcohols. In the absence of other effective Bronsted bases, the 
solvolysis process has been shown to involve irreversible 
proton transfer from the substrate to the solvent' (primary 
kinetic deuterium isotope effect k H l k D  ca. 6) and offers a 
quantitative but specific probe for the kinetic basicity of the 
solvent. Previously, the reaction has been used as a model to 
assess the kinetic basicities of water: aqueous solvent mix- 
tures? dipolar aprotic solvents,'" and some Bronsted bases 
in the presence of surfactant micelles.ll 

ArSO,CH,OClO, + ROH ArSO,CHOCIOJ + I ROH 

ArS02H + HCOOR + CIOJ- 

1, Ar = p-NO, C, 13, 
2, Ar = p-CH, C, H, 

R = H, alkyl 

Results and Discussion 
Table I reports pseudo-first-order rate constants ( k o b s d ) ,  

activation parameters, and deuterium isotope effects for the 
solvolysis of 1 and 2 in water and in a series of aliphatic alco- 
hols. All rate constants pertain to rate-determining depro- 
tonation of the substrate by solvent molecules as indicated by 
the large values of the primary kinetic deuterium isotope ef- 
fects ( k ~ l k ~ )  and by the observation that small amounts of 
acid do not influence the rates (see Experimental Section). 
The data summarized in Table I show that, except for 2,2,2- 
trifluoroethanol (TFE), water and the alcohols exhibit com- 
parable kinetic basicities. However, direct comparison of kom 
values for solvents acting as Bronsted bases is misleading 
because of the differences in solvent concentrations in the pure 
solvents. If n represents the number of solvent molecules 
which are tightly bound in the transition state for the depro- 
tonation of 1 and 2, kobsd will be represented by k,+l[sol- 
vent]". In principle, n may be evaluated from a plot of log 
kom vs. log [solvent] when the solvent concentration is varied 


