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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, kc—c/kc=c, does not vary significantly when the solvent passes
from acetic acid to methanol, 70 and 50% aqueous methanol and water. The correlation, log kpa = 0.95 log ks — 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, at 25 °C. These results suggest that the AdgCl 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 2c—c/kcs=c in bromination (103) and in hydration (1) is discussed in terms
of transition-state structure and of a destabilizing influence of the Cs~Br 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

kg, M~1g=1 0 at [Br~] =

kBrg’ kC=C/
0025M 005M 01M 02M 0.3 M M-1g-1b ke=c® kolka?
(1) HyO Se 470X 1082 372X 1068 290X 1088 1.1x107&h 06X 10° 06
PAe 127Xx10¢4 108X 104 7.90 X 108 1.7 x 104
(2) AM-50/ S 590X 105 355X 1058 231X 105¢ 23X 108¢ 29 X103 2.3
PA 2.75 X 102 1.90 X 102 1.25 X 102 8.0 X 102
(3) AM-70/ S 3.69 X 104 2.15 X 104 1.30 X 104 1.9 X 105 46X103 1.7X10
PA 8.50 5.31 3.29 41X10
(4) MeOH S 191X 1022 1,20 X 102¢ 8.5 X 10# 1.16 X 103¢ 2.5 X103 >102
PA 6.10X 1072 4.05X 1072 28X 10-2 4.6 X 10-!
(5) AcOH! S 1.10 X 10 11.2 26X 10° 26X10°
PA 1.40 X 102 4.3 X10°3

4 kg, experimental rate constants at various bromide ion concentrations and at 25 °C. Errors are within 5%. ® kgy,, rate constants
for free bromine addition calculated from kg; see Experimental Section. Errors are within 10%. ¢ Rate-constant ratios from kg,,; this
work. 9 Rate-constant ratios from competitive measurements, except for AcOH; ref 3. ¢ S = styrene, PA = phenylacetylene. / 50 and
70% aqueous methanol (AM), v/v. & 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-
strates.? 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 108 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,! 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 bromination? 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 effects 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,3 the bromination rates
of phenylacetylene in various solvents and compared them
with those previously obtained for styrene.!

Kinetic Results

The bromination rate constants of styrene and phenylac-
etylene in methanol, 70 and 50% aqueous methanol and in
water, were measured directly at 25 °C by following the dis-
appearance of bromine spectroscopically® or electrochemi-
cally® 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 70% 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 10~3 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
styrene. 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, Bry, and tribromide ion, Brs~, formed
in the Bry + Br~ = Brs~ equilibrium, react competitively with
the unsaturated substrate.® Thus, the experimentally mea-
sured rate constant, kg, is composite. Owing to the complexity
of the “Br;~ mechanism”,10 the solvent effects can only be
discussed in terms of the rate constant for addition of free
bromine, kg,,. This rate constant is obtained? from the overall
rate constants, kg, measured at various bromide ion concen-
trations, by extrapolation to [Br=] = 0 of the general equation
kg(1 + K[Br~]) = kpy, + Kkp,-[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=c, in the various solvents. Comparison
with the ratios, k./k,,!! previously obtained? for the same
unsaturated compounds shows significant differences for
water and aqueous solvents, The k./k, 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 k,/k,. Firstly, it is now well established!2 that
competitive kinetic experiments can lead to a compression of
the reactivity span. For bromination, we showed previously!2
that these methods give reliable results in methanol only for
reactant concentrations smaller than 10-3-10—¢ M. It appears
that the previous authors® 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 k./k, 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 kc—c/kc== are accurate, while
the k./k, ratios are incorrect.
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Discussion

Magnitude of Solvent Effects in Bromination of Eth-
ylenic and Acetylenic Compounds. The kc—c/kc= ratio,
in the range of 2 X 103, 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 constant.” Whatever the reason for
the low ratio in water, the difference is much smaller than the
variations previously3 observed, 2.6 X 103 to 0.6. Results on
bromination of the couple cis-3-hexene/3-hexynel3 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/kc=c 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).

log kpa = 0.95 log kg — 3.26 (1)

(correlation coefficient,!* B = 0.9989; standard deviation, s
= 0.069; Exner’s test,'4 ¥ = 0.064).

The magnitude of the solvent effect on 1-pentene (1-Pe)
bromination has already been measured!® at 25 °C. Plotting
log ks or log kpa against log k1_pe, solvent by solvent, we obtain
linear correlations with near unit slopes.

log kg = 1.08 log k1.pe — 0.04 3]
R =0.996,s = 0.120, ¥ = 0.124
log kpa = 1.00 log k3.pe — 3.30 (3)

R =0.994,s = 0.144, ¥ = 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 value!6 of 1.16 has
been obtained!® from 16 solvents with ionizing power Y
varying from —3.5 to +3.5:

log k1.pe = 1.16Y + 3.58 (4)
R =0.972,s = 0.073, ¥ = 0.133

Rather than calculate m values for styrene and phenylac-
etylene bromination!” from the solvents given in Table I, more
reliable values!® are obtained by combining eq 2, 3, and 4 to
give mg = 1.20 and mpa = 1.15. For Sn1 solvolysis leading to
saturated carbonium ions, m values at 25 °C are near 1.00. For
1-bromoadamantane,!® 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 Sy1 solvolysis, we can deduce several important con-
clusions. Firstly, in free bromine additions, as in Sy1 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 k1_p. vs. Y plot!5 for solvents
of widely different nucleophilicities. Application of the more
general relationship for solvent effects,20log k/ko = mY + IN,
to bromination does not change significantly the m value (1.16
+ 0.08 to 1.19 + 0.01 for 1-pentene) and leads to a very small
[ value (0.19 £ 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
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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 stereochemical?? data. It has been
shown?23 in the same way that the intermediates of the brom-
ination of ring-substituted phenylacetylenes are bromovinyl
carbonium ions (II). 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.

At 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
reported?¢ for the solvolysis of a-bromo-p-methoxyphenyl-
vinyl tosylate leading to ion III analogous to ion II. Similarly,
solvolysis of 1-(2,4-dimethylphenyl)vinyl tosylate leads2 to
ion IV with m = 0.65 at 25 °C. Lower values, 0.34-0.53 at 120
°C, were found for the Syl reactions of the trianisyl vinyl
system.26 More general studies of reactions of aliphatic vinyl
triflates?? show that only cyclic substrates solvolyze with m
values (0.66-0.78 at 75 °C) approaching those of typical Sy1
reactions (m for 2-adamantyl tosylate at 75 °C is 0.78). From
these results and others, it appears that m values for Syl
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,

o=

CH,Br Br
I 1
mi°C = 1,20 m¥°C =115
Me
+ +
I v

m120°c =0.71 mzs°c =O,65
acceleration by crowding of the substrates2>—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
phenylacetylenes?3 (—5.2) is more negative than p* for styr-
enes?® (—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 (p* gt = —5.4%°, ptypyr = —3.8%0 both in
methanol) indicate variations in the charge development in
accord with the reactivity—selectivity principle.3! 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 accepted3334 AdgCl mechanism for molecular
bromination originally proposed on the basis of solvent ef-
fects:15 a rapid preequilibrium between olefin, bromine, and
a 7 complex33 precedes the rate-determining step, the disso-

Br; o 8 B
. ] . )
C=C + Br, == c$c ™™ f Br-=-Br | C—¢7
L

ciation of the Br-Br bond and the creation of the C-Br ¢
bond.3415 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
observations:4 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 at 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 states35 and also the similarity of the solvent effects
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
results,2527 the solvolytic reactivity ratio of saturated and
unsaturated substrates is about 108, The corresponding ratio
for the bromination of alkenes and alkynes via bromonium ion
intermediates is slightly lower,313 in the range 104-105, 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
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It is now well established? 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,
108, 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 8 position.

/

\ H 3

W\

o/ Br v /

v VI

At present, it is considered3® that the most probable
structure for the vinyl cation is the linear3 one, V, where the
empty p orbital lies in a plane orthogonal to the ring. This is
in agreement with the high sensitivity of hydration4! and
bromination?3 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 ¢
bonds to atom Cg are of necessity coplanar with the empty p
orbital; such a conformation explains why hyperconjugative
stabilization of the Ph—C+==CHj cation, analogous to V, is
greater than that of the saturated one.44

For the kc—c/kc=c ratio to be higher in bromination (103)
than in hydration (1), it is necessary to assume that the re-
placement at Cg of a hydrogen by a bromine atom destabilizes
the vinyl cation, V, more than the saturated one, VI (Figure
2). This hypothesis4” seems to be reasonable on the following
grounds. It has been shown*8 that a halogen atom in the 8
position relative to a cationic charge slows the rate inductively
when it does not assist by a neighboring-group effect; i.e., a
nonparticipating 8-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-
tions*3 and experimental results?” indicate that vinyl cations
have larger 8-substituent effects than saturated ones, due to
the fact that sp2-sp? bonds (in V) are shorter4? than sp2-sp?
bonds5 (in VI).
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Figure 2, Schematic representation of the relative ease of formation
of carbonium and vinylcarbonium ions in protonation and bromina-
tion. The 8-bromine atom destabilizes the vinyl cation more impor-
tantly than the saturated one.

Experimental Section

Chemicals. Styrene and phenylacetylene were purified by pre-
parative GLC. Methanol and water were treated as usual 5!

Kinetic Measurements. Bromination rate constants of phenyl-
acetylene in methanol and 70% aqueous methanol were measured by
the previously described potentiometric method,5! in pseudo-first-
order conditions. The concentration of phenylacetylene was in the
range 10~2-10~3 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
spectroscopically® 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 couloamperometry5!8 at concentrations between
5% 10~6and 5 X 10~" 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%.

kg, Measurements. The overall bromination rate constants, kg,
are measured at various bromide ion concentrations. The elementary
rate constants, kg, given in Table I, are obtained from kg values by
extrapolation to zero bromide ion concentration? using the equa-
tion

kg(l + K[Br~)) = kBr, + KkBra'[Br_]

K, the Bry + Br— == Brs~ equilibrium constant, is 177, 88, 48, and 17
in methanol, 70 and 50% aqueous methanol, and water,52 respec-
tively.

Solubility. Solubility of styrene and phenylacetylene measured
by UV spectroscopy is 10~3 M in 50% aqueous methanol at 25 °C. At
this concentration, a hornogeneous 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
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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 CF;CH,OH(TFE) < H;0 < MeOH < EtOH < n-PentOH < ¢-BuOH. Except for
TFE, the AH¥ values for solvolysis of 1 are linearly related to the gas-phase proton affinities of these solvents. The
ASo¥ 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.l-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.# These results have served as an explanation
for the discrepancy between the low PA of water (165 kcal
mol~1) 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 mixtures.5
In addition, it has been shown that proton exchange of car-
boxylic acids is faster in water than in alcohols.®

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 Brénsted bases, the
solvolysis process has been shown to involve irreversible
proton transfer from the substrate to the solvent” (primary
kinetic deuterium isotope effect ky/kp 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.11

- +
ArSO,CH,0CI0, + ROH —2— ArS0,CHOCIO, + ROH,

ROH
ArSO.H + HCOOR +CIO;~

Results and Discussion

Table I reports pseudo-first-order rate constants (kopsd),
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 (ky/kp) 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 & psq
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, kgheq Will be represented by k,+1[sol-
vent]”. In principle, n may be evaluated from a plot of log
kobsd V8. log [solvent] when the solvent concentration is varied



