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Solvolytic rate constants at 25 °C are reported for solvolyses of cinnamyl bromide (1) in binary mixtures of
water with acetone, ethanol, methanol, methanol-¢/ and 2.2 2-triflucroethanol. Product selectivities are
reported for solvolyses of 1 in aqueous ethanol and methanol. Rate ratios in solvents of the same Yy, value and
different nucleophilicity provide measures of the minimum extent of nucleophilic solvent assistance {e.g.
[AaorwikorTre]y = 2.88, EW = ethanol-water). With use of the extended Grunwald-Winstein equation, the / and
m values are similar to the values of 0.43 and 0.88 obtained for the solvolyses of 1 using the equation (see
below) which includes a parameter {/) for solvation of aromatic rings. The magnitude of / and m values
associated with a change of solvent composition predicts the Sx1 reaction mechanism rather than an S,2
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channel.
Product selectivities (S), defined by

§ = [ether product]/[alcohol product] x [water]/[alcohol solvent]
are related to four rate constants for reactions involving one molecule of solvent as nucleophile and another
molecule of solvent as general base catalyst. A linear relationship between 1/S and molar ratio of solvent is
derived theoretically and validated experimentally for solvolyses of the above substrates from water up 75%
158 = (kwa'kaw)([2lcohol solvent]{[water]) + &yn/fawn
alcohol-water. The results are best explained by product formation from a “free” carbocation intermediate

rather than from a solvent-separated ion pair.
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Introduction

Dispersion into scparate lines in the correlation of the
speciflic rates of solvolysis of a substrate in various binary
mixtures was documented’™ in carlier treatments using the
Grunwald-Winstcin Eqn. (1).5"

log(4ik,)=mY—c¢ )

In general. dispersion cfleets in unimolecular solvolysis'™!!

make smaller contributions to the overal lincar free cnergy
relationships (LFER) than solvent nucleophilicity efleets in
bimolecular solvolysis.>!* Tt was suggested that a sccond
term which is governed by the sensitivity / to solvent
nucleophilicity &, should be added to Eqn. (1) for bimole-
cular solvolysis.'? The resulting Eqn. (2) is ofien relerred to
as the extended Grunwald-Winstein cquation. ™

log(k/ks)=mY +IN ~ ¢ 2)

Kevill ef ai.. reeently suggested that, since the dispersion
seems 1o follow a consistent pattern, it should be possible to
develop an aromatic ring parameter (/). which. as qualified
by the appropriate sensitivity {4), can be added to Eqns. (1)
or (2) 1o give Egns. (3) or (4). respectively.' ™'

log(klky=mY+hi - ¢ (3)
log(kik) —mY~IN+hl—¢ 4

Solvolytic reactions in alcohol-water mixtures lead to
alcohol and ether products from which sclectivitics can be
caleulated using Eqn. (5)."""

| water |
[alcohol solvent]

_ _lether product|
[alcohol product]

&)

Nuclcophilic attack may occur on “free” carbocations.
solvent-separated ion paits ot possibly contact ion pairs. and
the solvent-dependence of § may be due to changes in the
nature of the intermediate leading 1o product.'™® An
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Scheme 1. General base catalyzed reactions for nucleophilic attack
on carbocations.



432 Buil Koreun Chem Soc. 2003, Vol. 24, No. 4

allernative explanation involving nucleophilic attack solely
on “free’ carbocations is given below Lo account lor the
solvent dependence of § for Syl reactions. '

I nucleophilic atlack by one solvent moleceule were
assisted by a second molecule of solvent acting as genceral
base, in alcohol-waler mixtures there will be four competing
product-determining  steps {Scheme 1) defined by the
following third order rate constants: kuw in which water is
both nucleophile and general base: &, the alcohol solvent
acts as nucleophile and waler acts as general base; &w,. waler
acts as nucleophile and alcohol acts as general base: k.
alcohol acts as both nucleophile and general base. '

Scheme 1 s of the same kinetic form as the one we have
previously derived for acyl'*'™ and sullfonyl*'* transfer
rcactions which arc shown to procced by S:2 or SN
reaction mechanisms.®! However, we reported the new
relationship between § and solvent composition for Syl
reactions involving nucleophilic attack on carbocations and
general base catalysis.'” It should be noted that in an Si2
processes the rate determining and product determining
steps are the same, while in the Syl processes the rate
depends on the jonizing power of Lhe solvent but the product
is determined by the attack of solvent on the cationic
intermediate, R7, ie.. the rate determining and product
determining steps are not the same. We assume that the rates
of product-determining reactions shown in Scheme | are
given by third order ratc constants multiplied by the
appropriate molar concentrations of solvent. [I, in highly
aqueous media, kyw| water]| RO | == k| RO, the relationship
given in Eqn. (6) can readily be derived.”™®

1S = (hwa'kaw)([alcohol solvent]/[water]) + kynlkew  (6)

e

The intercept of Eqn. {6) implics that the maximum §
value in highly aqueous media is determined by the ratio of
third order rate constants A kww: this ratio represents the
rate of nucleophilic attack by alcohol compared with the rate
of nucleophilic attack by water, in water as solvent and with
water acting as a general base catalyst.

It has been shown that the plot of 1/S versus [cosolvent )/
[water| (Eqn. 6) lead to a straight line of positive slope (Awa/
ka) in the gencral base catalysed (Scheme 1) solvolysis of
acyl halides in which the 4., (and/or k. ) term is impotant in
the product formation step. '™ The main purpose of the work
described in this paper is to test whether there is a lincar
relationship between 145 and the alcohol/water molar ratio,
as predicted by Eqn. (6) for the product-determining step of
Skl reaction of carbocations. Previous work has been
restricted 1o solvolyses of p-methoxybenzyl and diphenyl-
methyl chlorides.”*

Suitable substrates on which to test Eqn. (6) arc those
which react only by substitution pathways vig “free’
carbocations.'” Also, the substrates should permit rapid
mixing in highly aqueous mixtures, and should not be so
rcactive that their solvolyses are interfacial. We chose
cinnamy| bromide (1) as a suitable substrate which reacts
only is expected to react through an Syl pathway vig “liee’
carbocation in view of the stable cationic form. 17

in Sun Koo et al.

+

CH=CHCH,Br CH = GH = CH, CH,CI
N B OMe
1 1* 2

In this work. we determined rate constants for solvolyscs
of 1 in aqucous binary mixtures ol acctone, ethanol, methanol,
mcthanol-d. 97% TFE (w/w) and pure water at 25.0 °C, and
the transition state variation is discussed by applying the
Grunwald-Winstein cquation, extended Grunwald-Winstein
cquation, aromalic ring paramcler equation and kinctic
solvent isotope cfleet. We test whether there is a linear
relationship between 148 and the aleohol/water molar ratio,
as predicted by Egn. (6) for the product-determining step of
Sx 1 reactions.

Results

Rate constants for solvolyses of 1 in aqueous binary
mixturcs of acetone, cthanol, methanol, methanol-d. water,
NaClQ,, and LiBr in 90McOII, TFE-waler (%wiw) and
TFE-cthanol (%ov/v) at 25.0 *C are reported in Tables 1. 2
and 3, and results al various (emperatures ate given in Table
4 along with the corresponding Archenius parameters.

Sclectivily data were oblained from product analyses as
soon as possible afler completion of 10 half-lives ol
reaction.'” Selectivity data for solvolyscs of 1 in cthanol-
water and methanol-water mixtures at 25.0 °C are given in
Table 5.

Discussion

Kinetic Data. For binary solvents having the same % v/v
walct, rale constants (Table 1) increase in the order acctone-

Table 1. Rate constants (. 5™') for solvolyses of cinnamyl bromidc
(1) in aqueous binary mixturcs at 25 °C

MeOITI 12LOI Acetone
viv % :
kx 10
100 0.113% 0.0156
90 0.514 0.113
80 1.87 0.478 0.0287
70 6.04 1.31 0.0168
60 17.6 3.40 0.741
50 41.5 12.5 3.21
40 113 39.2 15.6
30 304 269 59.7
20 393 393 206
10 443 434 382
H:0 503 505 505

"'Delennine(l conductimetrically at least in duplicate: t_\.-'[l)ical error + 3%,
“Solvolyses in MeOD give 4 — 0.0890 (+ 0.10) x 1075 giving a kinetic
solvent 1sotope effect of 1.27.
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Table 2. Rate constants (&, 57') for solvolyses of cinnamv] bromide
(1)in 2.2.2 -trifluorocthano! binany mixtures at 25 °C

TFE-H.0 TFE-EtOH
wow %y _— vvP, —_—
A 1ty A x 1
07 11’1 - 3 11:0 153 80 TFE = 20 1OH 2306
90 TE = 10110 315 60 TIE — 40 1OH 1493
70T = 30110 664 ) TEL = 60 14OH 0.132
SOTE =50 1120 1008 200°TFl = 0 Ol 0.0400

“Determined conductimetrically at least in duplicate: tvpical error £ 3%o.
Maogw Avmtes — 2.88 (Asopw laken from ‘Table 1).

Tuble 3. Rate vonstants (£, s 1) [or solvolyses of cimmamy1 bromide
(1) m salt selution in 90% methanel —10% water binary mixtures at
25°Ce

Added salts (Conen. M)

fx 1P see !

.01 M LiBr 0.577
(003 M LiBr 0.547
(.01 M NaClO, 0.582
(1003 M NaClO, 0.523

“Determined titimetrically at least in duplicate: tvpical error 1 3%,

Table 4. Additional rale constants (. s7') for solvolyses of
cinnamy! bromide (1} i aqueous alcohol mixtures and (he
activation parameters calculated using data at 35 and 45 °C

T°C kis!

AlT*keal mol ' AS* cal mol 'K !

700 EtOH  35°C 483x10° 20.3 -0.932
700 EtOH  45°C 133x 107
7000 McOH  35°C 1.68x 107 18.3 =5.14
700 McOH  45°C 488 x 1072
o McOH  35°C 1.67x10° 19.8 =3.15
o McOH  459C 486x 107

H.O < ethanel-H-O < methanol-H-O. The rates increase
appreciably as the water content of a mixture increases, thus
the rate is the highest in the solvents with high ionizing
power. 1. suggesting extensive bond breaking in the
transition state. First-order rate constants for solvolyses of 1
vary over 3.2 x 10*-fold in alcohol-water mixtures, whereas
the observed first-order rate constants for phenyl chloro-
formates. which is known to react vie an S\2 like SN or
carbonyl addition-elimination reaction mechanism vary only
over 20-fold.*~ These results indicate that the rate-deter-
mining step is not the bond formation step which was found
in the reaction of phenyvl chloroformates but the bond
breaking step for the reaction of 1 where the transition state
is sensitive to solvent ionizing power. These results are very
similar to those of solvolytic reactions of p-methoxybenzoyl
chloride.”™* cinnamyl chloride.”™ and thenovl chloride ™
but they are different from the results of solvolvtic reactions
of p-nitrobenzoyl chloride.”™™* p-nitrobenzenesulfonyl
chloride’" and furoyl chloride.™

The close similarity of the rate-determining step for solvo-
Ivses of 1. p-methoxyvbenzyl chloride (2) and cinnamyl
chloride is shown by similar solvent kinetic isotope effects in
methanol (1.27 for 1. 1.22 for 2. and 1.11 for cinnamyl
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Figure 1. Logarithms of [irst-order rate constants for solvolysis of
cinnamy1 bromide at 235 °C. log(k &,) vs. Yg, (solvent code: @,
methanol: - ethanol. & _acetone: W TFE-H:0: C . TFE-EtOH).

chloride: see footnote in Table 1)** and by the very similar
rate-rate profiles of solvent effects on reactivity (Fig. 3).
Extensive studies have been made of solvent isotope effects
in water. but relatively little has been published for
methanol>**" The value of 1.27 (footnote in Table 1) is in
the range expected for an Sy1 reaction mechanism.™ Also.
similar solvent isotope effects in water and methanol have
previously been obtained for solvolyses of acetic anhydride. ™

It is no common ion depression (Table 3). perhaps
indicating nucleophilic attack on a contact ion pair. because
we think that nucleophile attack on a solvent-separated ion
pair would give a constant selectivity. and nucleophilic
attack on a free cation should also show common ion rate
depression.

The Grunwald-Winstein plots (Eqn. 1) of the rates in Table
| are presented in Figure | using the solvent ionizing power
scale 1, based on l-adamantyl bromide.*** Examination
of Figure | shows that the plots for the three aqueous
mixtures exhibit dispersions into two separate lines. The
plots for all binary mixed solvents show a large m value. m =
0.74 (»r>0977) and the data point for 97% TFE solvent
mixture shows only no significant deviation from the
correlation of Grunwald-Winstein plots for aqueous alcohol
and acetone.

Rate ratios in two solvents which have same Yz, value. i.e.
the same degree of solvent assistance for bond cleavage but
different nucleophilicity provide measures of the minimum
extent of nucleophilic solvent assistance (e.g. |Aurw/ke-tre]v
=2.88. EW = ethanol-water).™ Thus the large 7 values found
(0.74) and the small value (= 2.88) of kyrw/kortrr shown in
Table 2 imply that the solvolyses of 1 in the binary mixtures
proceed by an Syl pathway channel rather than by an Sy2
channel (See Table 3).
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Table 5. Valuces of solvolysis ratc ratios in 40% EtOH/H:0

compared with 97% TTEA 10 a0 25 °CF
Substrates kaorwikorrrr Substrates kaorw thorTrr
CHs
Ph,CHCI 0.18 CH3(CHg)z—C-Cl 4.6
CH3
Cha
CH30¢CH,CI 0.70 HiC-C=C-ClI 7.1
CH3
Fl’h HaC, H
H—C—Cl 2, C=C :
i 0 /" “a~CH; 19
CH, Ho Hy

CHy

11 1.48
HyC—C—Cl @CH:CHCHch
CH,

“Data from rcfs 23 and 28,

3 1 .
[
2 5‘
. PA
g ®
g &@A
A
0 L )
o> A
1 - A
O
2 - . " . "
-2 -1 0 1 2 3

0.14 N+ 0.78 Y, - 0.05

Figure 2, Plot of logi4 %,) for cinnamy| bromide against (014N +
0.78Y s, — 0.05): » = 0.980 (solvent codes: @ . methanol:
cthanol: & .acctonc; B . TFE-H-O; L . TFE- EtOH).

In order to examine the cause of this dispersion pheno-
menon, we correlated the rate data in Table 1 using Eqn. {(2).
The nucleophilicity parameter (M) has been shown to give a
very poor correlation when an /¥ term is added to the
original Grunwald-Winstein Eqn. (1) (see Figure 2). Therefore
such phenomenon can not be explained as dispersion effect
caused by solvent nucleophilicity parameter.

Inclusion of the ring parameter {/) and nucleophilicity
parameter (M) gives considerable improvement to corre-
lations of'the solvolyses of | (see Figure 3).

Therefore, this shows an importance of aromatic ring
parameter rather than solvent nucleophilicity parameter for
solvolysis of L. Therefore such phenomenon can be explain-
ed as dispersion cffects caused by aromatic ring. The
dispersions in the Grunwald-Winstein correlations in the

In Sun Koo et al.

log (ko)

O

2

2 - 0 1 2 3
0.43 N;+0.90 Y, +0.881
Figure 3. Plot ol log(% %,) for cinnamy| bromide against (0.43Ny |
0.90Y 5, — 0.881 — 0.08); » = (1995 (solvent codes: @ . methanol:
- .cthanol; a . acctonc; B . TFE-H:QO; | .. TFE-EtOH).

5 5
CH :*CH=“CHx - Br

@)

Scheme 2. Proposed Transition State Structure.

present studics are caused by the conjugation between the
reaction center and aromatic ring through the conjugated
C-C double bond leading 1o the medium value of sensitivity
of (A~ 0.88) in the equation (4). The through conjugation
of the ring 7 system with the reaction center has also been
found in the solvolysis of phenyl chlorothionofermate™ and
pyridinolysis of pheny] chloroformates.® [n this study this is
interpreted to indicate the overlap of the reaction center
which has strong cationic charge in the TS and aromatic ring
7 system through C—C double bond in the rate-limiting step.
With use of the equation (4), the i and / values of 0.90 and
0.88 arc obtained lor the solvolyses ol 1 (Fig. 3).

This study has shown that the magnitude of m and A valucs
associated with a change of solvent composition is able to
predict the Syl reaction mechanism rather than an S,2
channel. In the TS, the cationic charge is delocalized to the
ring. which causes to change the solvation of the ring and
lcads (o a better correlations with the ring parameter, /.

Assuming general base catalyzed reactions as shown in
Scheme 1 for nucleophilic attack on the substrate, the
observed rate, ... can be given for the reactions in acetone-
water mixtures as Eqn. (7)."

kas = kuw [Water]® — kwa [Water][acetone] + ., [acetone]’

N



Correlation of the Rates of Sofvelvses of Cinncmyl Bromide

50

40 1

301

20 1

k/[Water]? X 10°

10 1

00 02 04 06 08 1.0 12
[Acetone]/[Water]

Figure 4. Plot of third-order rate constant versus [Acetone]/
|Waler).

The third-order rate constant 4., can be obtained by the
plot of k.. /| Water|” versus |acetone)/| Water| (Eqn. 8).

Feobs /TWALCT]™ = ke + hvea [aCclone]/[Water] ®)

This type of plot showed a straight line of positive slope
for the reactions proceeding with an S:2 mechanism (¢.g.
solvolysis of p-nitrophenyl chloroformate).'™ The plot for
the solvolysis of 1. however, leads to an exponential decay
curve. Figure (4). This means that the rate is independent of
the catalysis. kv, is non-existent and dependent on the
ionizing power of the solvent. }. In fact the plot of log 4
(third order) against volume percentage acetone shows a
straight line of negative slope. which is exactly similar to
that of log & versus 1 plot. We therefore conclude that the
rate is soley dependent on I (as required for an Syl reaction)
and slow step of this reaction is ionization and there is no
catalysis and is not third order by solvent molecule.

The activation parameters for the reaction at 23 °C are
summarized in Table 4. The small negative AS* value and
large positive AH- values are again in good agreement with
our proposed Si1 reaction channels.

Rate-product correlations. Both the rate constants (Table
1) and S values [Eqn. (5). Table 6] increase as water is added
to ethanol or to methanol. The increases in rates can be
explained in various ways (e.g by an increase in solvent
ionizing power as the water content of the solvent increases).
but the increase in S is more difficult to explain.’’ Competing
second-order reactions would give constant § values. in the
absence of medium effects.”* but the increase in § can be
explained by a third-order mechanism.'”

Plot of 1/S versus the molar ratio of alcohol/water |Eqn.
(6)] are linear from 10% to at least 70% alcohol-water
mixtures and thereafter curvature is significant (Fig. 3)
which is consistent with increasing contributions from the k,,
term (Scheme 1). Selectivities for methanol-water are signi-
ficantly greater than for ethanol-water. and the slopes of L/Y
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Figure 5. Plot of 1/8 vs. molar ratio of solvents versus [alcohol]/
[water]. for solvolysis of cinnamv] bromide at 23 (solvent codes:
® . methanol: I . ethanol) (ethanol: slop =0.313, intercept =
0.497. methanol: slop = 0.00924, intereept = 1.276).

plots are lower for methanol-water than for ethanol-water
(Fig. 5). These trends can be explained by the k. term.
which compared with the 4., term, is greater for methanol-
water than ethanol-water. The intercept of Eqn. (6) is deter-
mined by the ratio of third order rate constants Aw/kuy. SO
nucleophilic attack by methanol assisted by water is 3.6
times more favourable than nucleophilic attack by water
assisted by water.

The valid linear correlation obtained with eqn. (6)
indicates that the product determining step. 7.e. the attack of
solvent on the cationic intermediate (R"). is catalysed by the
cosolvent as in the Sx2 processes where the neutral substrate
is attacked by the solvent.'”

Experimental Section

Material. Methanol. ethanol. and acetone were Merck GR
grade (< 0.1% H-0). and CHOD were from Aldrich (99.9%

Table 6. Selectivities (8) for solvolvses of cinnamyl bromide in
aqueous binary mixtures at 25 °C

Methanol ' Water Fthanol Waler

vy (.I0
|Fther)/[Alcohol | S |Fther][Alcohol ] S
90 128 3.19 243 0.87
80 6.08 342 1.24 1.01
70 390 3.76 (.829 1.15
60 273 4.15 0.619 1.34
30 1.97 443 0.473 1.53
40 1.40 4.73 (.369 1.79
30 0937 491 0.241 1.99
20 0.534 4,98 (0.142 1.80
10 0239 4.83 (.0639 1.81
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Table 7. Correlation analyses against ditterent I, ¥ and 7

Paramcters  # r m(s.dY f{s.d)” fr (s.dY’
I'm 0 0977 0.74(0.03)

. Noms 27 0983 0.76(0.03) 0.20(0.0%)

Tr AT 16 (.980 0.78 (0.03) 014 (0.0

Yr 21 0987 0.74(004) 0.16 (0.21)
Tro Newd 22 0992 0.86(0.06) 043(0.11) 0.85(0.26)
T N1 21 0995 090(0.02) 043 (0.05) 0.88(0.14)

“Standard der iation,

D). Distilled water was redistilled with Buchi Fontavapor
210 and treated using ELGA UHQ PS to obtain specific
conductivity of less than 1x 107 mhos/cm. Cinnamyl
bromide (Aldrich GR grade. 99%) was used without further
purification.

Rate measurments and product selectivies. The rates
were measured conductometrically at 25 (£ 0.03) °C at least
in duplicate as described previously.'=* with concentrations
of substrate ca. 107 M.

The solvolysis products. ether and alcohol. were deter-
mined by HPLC analysis as described previously~' and the
product-selectivities. .5, were calculated from Eqn. (3). The §
values were calculated from the observed peak area ratios of
ether and alcohol. divided by the appropriate response factor.
For response calibrations. area ratios from solvolyses of 1 in
pure alcohol and in 40% aceonitrile-water mixtures were
used. The eluent was 75% methanol-water mixture and the
flow rate was adjusted to 1 mL min™'. The HPLC system
was a Hewlett-Packard 1030 Series instrument, with 230 x 4
mm Spherisorb ODS reversed column.
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