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Solvolyses rate constant of 1- and 2- naphthoyl chlorides (1 and 2) are reported for aqueous binary mixtures
with methanol, ethanol, fluorinated alcohol, acetonitrile and dioxane. Kinetic solvent isotope effects (KISE) in
methanol and product selectivities (S) of 2-naphthoyl chloride (2) in alcohol-water are also reported.
Dispersions in Grunwald-Winstein correlations (r
0.901) are discussed by multiple regression analysis
incorporating ionizing power (YCl) scale and rate-rate profiles. Major causes for these phenomena are
investigated as an aromatic ring solvation effects, in conjunction with weakly nucleophilic solvation effects
(SN2 character), for solvolyses of 1 and for solvolyses of 2, as dual reaction channels, described as SN1-SN2 and
SAN-SN2 processes. Distinct border lines between the two pathways are derived from solvolyses rates of 2 in
18 solvent using the results of log(k/ko) = mYCl + lNT + hI plot with values of 1.13 for m, 0.37 for l and 0.15 for
h value in 5 aqueous fluorinated alcohol mixtures. Using rate-product correlation, the validity of a third order
model based on a general base catalyzed by solvent and contribution from these rate constants, kaa, kaw and kwa,
are investigated for SAN/SN2 solvolyses of 2 favored in more rich alcohol media and gradual addition of water
to alcohol solvent shows a great shift away from stoichiometric solvation to predominantly medium effects.
Rate-rate correlation between solvolyses of 2 and trimethyl acetylchloride (5) with alkyl group in the 29
aqueous solvent mixtures shows appreciable linearity (slope = 0.84, r = 0.987), caused by the same pathway
(SN1-SN2 process), even if this correlation coincides with appreciable dispersion (different solvation effect).
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Introduction
Dispersion into separate lines in correlation of the rates of
solvolyses of RX substrate in various aqueous solvent
mixtures has been handled in early treatments using the
Grunwald-Winstein equation (1).1,2
log(k/ko) = mY + c

(1)

And dispersed Grunwald-Winstein relations have recently
been interpreted as specific solvent effects according to
effective nucleophilic participation3-5 by solvent molecules
from rear side in transition state (TS). These results have
been evaluated by the extended Grunwald-Winstein
equation (2)5,6 considering nucleophilic assistance from a
solvent.
log(k/ko) = lNT + mYCl + c

(2)

In equation (1) and (2), k and ko are the rates of solvolyses
in a given solvent and in 80% ethanol, respectively; l is the
sensitivity to charges in solvent nucleophilicity (NT: base on
the solvolyses of S-methyl dibenzothiophenium ion7); m is
the sensitivity to changes in ionizing power (Y: based on the
solvolyses of tert-butyl chloride1, YCl: those of 1-adamantyl
cloride,2 3); and c is a residual term.
In consideration of the other factors, Bentley8 and Liu9
have suggested that a major cause of dispersion is solvation

differences between the aromatic ring of a substrate being
studied and the alkyl group of a standard substrate (ionzation
power). Kevill10 proposed the aromatic ring parameter (I) to
be considered as a resonance interaction between the
reaction site and aryl-π-system and addition of hI term to
equation (1) and (2) led to equation (3) and (4).11
log(k/ko) = mY + hI + c

(3)

log(k/ko) = lNT + mYCl + hI + c

(4)

h represents the sensitivity of solvolyses to changes in I
parameter.
The similiar model based on the rates of solvolyses of 2chloro-2-(m-chlorophenyl)adamantane9 (4), termed the
YBnCl scales which was recognized as a new Y scale
involving those of corresponding I parameter, was also
represented by Liu.9 and then equation (5) and (6) can be
handled in the same sense as equation (3) and (4).
log(k/ko) = mYBnCl + c

(5)

log(k/ko) = mYBnCl + lNT + c

(6)

More recently Fujio12 et al. have also emphasized the
signification of solvation on charge-delocalized TS in
benzylic solvolyses.
On the other hand, product selectivity(S) for solvolyses of
acid chloride giving an ester and acid products in alcohol-
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water mixtures can be defined by equation (7),13 which
relates to the molar solvent ratio, for product study.
S = [ester]prod./[acid]prod × [water]solv./[alcohol]sol

(7)

In general as water is added to alcohol, the variation of S
value (except for the case of more rich water-rich solvents
which led to a poor solubility of substrate) have shown either
a gradual increase4,14,15 or a decrease16 or a constant value,17,18a
but occasionally maximum value of S18 in specific solvent
composition have been observed for a several substrates
with dispersion in Grunwald-Winstein plots, and then these
results have been accepted as the identification for dual
reaction channels.
Solvolyses of various acid chlorides in binary solvent
mixtures, which are one of the transfer reactions of an acyl
group with variations19 from carbonyl addition4,20,21 to SN1
mechanism (dissociative pathway with the acylium ion,
RCO+)22 according to the changes of solvent composition,
have been studied extensively.23
Our research has been conducted for the purpose of
finding out the major reason why solvolytic reaction for 1(1) and 2-naphthoyl chloride (2) in aqueous solvent mixtures
display phenomena of dispersion in a Grunwald-Winstein
correlation. Such phenomena are discussed by various
Grunwald-Winstein type correlation analyses [equation (26)] and rate-rate profiles. And we have attempted to inquire
into mechanism in terms of the variation S values as the
changes in solvent composition of alcohol-water mixtures,
the additional kinetic data for solvolyses of 2 in aqueous
fluorinated alcohol system and the kinetic solvent isotope
effect (KISE) in methanol. For solvolyses of 2 in more richalcohol media, the possibility for application of third order
model based on a general base catalyzed by a solvent is also
deduced.
Results and Discussion
Rate constants for solvolyses of 1 and 2 in aqueous binary
mixtures with methanol, acetone, acetonitrile and dioxane at

Scheme 1

25 oC are given in Tables 1 and 2, and additional data in
fluorinated alcohol system is shown in Table 1.
Grunwald-Winstein parameter correlation. The solvent
effect for solvolyses reaction of 1 and 2 in a wide variety of
solvents were analyzed by using the Grunwald-Winstein
equation (1). The YCl plots for these solvolyses showed no
single linear correlations (r
0.901) because of the
dispersion patterns for different binary solvent mixtures
typically Figure 1 for 2 and Table 3. Good correlations for
each binary solvent mixtures was obtained, respectively (for
solvolyses of 2 in binary solvent mixtures containing higher
water content than solvolyses of 1).
As shown in Table 3, according to the results for the
application of various Grunwald-Winstein parameter [equation

õ

Table 1. First-order rate constant (k × 103s−1) for solvolyses of 1 and 2 in aqueous solvent mixtures at 25 oCa
Solvent compositionb
100
97
90
80
70
60
50
40
30

methanol

trifluoroethanolc

ethanol

1

2

1

2

16.1 ± 0.2

4.83 ± 0.03

2.10 ± 0.03

0.918 ± 0.05

39.5 ± 0.3
118 ± 3
259 ± 2d
757 ± 2e

8.64 ± 0.01
13.8 ± 0.2
22.3 ± 0.1d
42.1 ± 0.6e
79.7 ± 0.3f
179 ± 1.0f

6.46 ± 0.02
16.1 ± 0.04
28.0 ± 0.2
101 ± 3
303 ± 4

1.99 ± 0.01
3.03 ± 0.01
4.80 ± 0.05
8.77 ± 0.01
19.6 ± 0.2
47.7 ± 0.1g
191 ± 1.0h

2
10.1 ± 0.1
17.9 ± 0.4
40.5 ± 0.3
76.1 ± 0.2
50%HFIPi
125 ± 4c,e,i

Determined conductimetrically at least in duplicate, typically injected 10 µL of 1%(w/w) substrate in dry acetonitrile into the kinetic apparatus with a
turbo-stirrer containing 5 mL of each solvent mixture; errors shown are standard deviations, bPercentage of volume by alcohol (v/v%). cPercentage of
weight by fluoroalcohol (water contents were confirmed as errors 0.3% by using Karl Fischer Titrator). dInjected 10 µL of 0.5%(w/w)substrate in dry
acetonitrile. eInjected 15 µL of 0.2%(w/w) substrate in dry acetonitrile. fInjected 20 µL of 0.2%(w/w)substrate in dry acetonitrile. gInjected 15 µL of
0.5%(w/w)substrate in dry acetonitrile. hInjected 20 µL of 0.3%(w/w)substrate in dry acetonitrile. i50%(w/w) hexafluoro-iso-propanol-water.
a
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Table 2. First-order rate constant (k × 104s−1) for solvolyses of 1
and 2 in aqueous solvent mixtures at 25 oCa
acetone

Solvent
compositionb
90
80
70
60
50
40
30

1

acetonitrile
2

2.68 ± 0.06
16.9 ± 0.3
77.6 ± 0.2
309 ± 4
1150 ± 10

2.25 ± 0.05
5.77 ± 0.01
12.6 ± 0.1
29.0 ± 0.01
79.2 ± 0.7
233 ± 4c
900 ± 7c

2

dioxane
2

1.27 ± 0.23
5.76 ± 0.06
15.6 ± 0.07
34.9 ± 0.21
81.5 ± 0.6
219 ± 9
747 ± 48

3.00 ± 0.09
6.87 ± 0.08
13.0 ± 0.1
27.7 ± 0.3
68.2 ± 2.9
201 ± 6
773 ± 16

a
Determined as described footnote a in Table 1 except for the condition
of reaction injected 5 µL of 1%(w/w) substrate in dry acetonitrile into the
kinetic apparatus containing 2.5 mL of each solvent. bPercentage by
volume of aprotic solvent (v/v%). cInjected 10 µL of 0.5%(w/w)
substrate in dry acetonitrile.

(1)-(6)], correlations of log(k/ko) for solvolyses of 1 and 2 by
using equation (4) and (6) are much better for all solvent
systems chosen (r 0.982, Figure 2) than those by the other
equations. Consequently, the phenomenon of dispersion (no
single correlation) was indicated to be related to an aromaticring factor, considering the stabilization of the transition state
(TS) through cationic charge-delocalization (SN1 character),
as well as nucleophilicity term of the solvent.
The m-value analyzed by using equation (3)-(6), which
was included I or YBncl parameter, for solvolyses of 1 were
greater than these values obtained by The original GrunwaldWinstein equation (1). Such results are analogous to recent
results for SN1-solvolyses of 1,1-diaryl-2,2,2-trifluoroethyl
chlorides studied by Fujio' and colleagues.24 These may be
additional evidence that solvolyses rate of 1 is concerned
with resonance-stabilized carbocation in TS and it is
mirrored in the degree of the stablization of TS by the
formation of resonance between the aromatic ring and the
reaction center, as shown Scheme 2 and, is significant for
deciding the magnitude of the m-vales, known as the creation
of mechanism. The possibility for charge delocalization over
the naphthyl ring in the solvolytic TS of 1 was already

ö

Figure 1. Correlation of logarithms of rate constant for solvolyses
of 2 at 25 oC against YCl.

proposed by Liu’s ab initio calculation25 of the charge
distribution in the acylium ion.
Whereas, in the case of 2, the m-values are in total, little
changed according to the change in Grunwald-Winstein
equation applied, compared with solvolyses of 1. These can
be explained as the relative reduction of the contribution
from resonance effect on the m-values.
Under the condition of the correlation coefficient (r >
0.975) accepted as correlationship in this work, we can also
see in Tables 3 and 4 that the range of variety of the m-value
in solvolyses of 1 were a greater than these values of 2 and in
the case of l-values, even if the large value of 0.68 for 1
appeared, the l/m- and h-values of 1 and 2 analyzed in terms
of equation (4) were shown to be a very similar and/on equal
values (l/m = 0.96 for 1 and 0.98 for 2, respectively and
h = 1.22 for 1 and 2), but when analyzed using equation (6),

Table 3. Correlation analyses of log(k/k0) 1 and 2 with single (dual) or multiple parameter Grunwald-Winstein equation [(1)-(6)]a
Substrate
1

2

a

Parameters
YCl
YCl, I
YCl, NT
YCl, NT, I
YBnCl
YBnCl, NT
YCl
YCl, I
YCl, NT
YCl, NT, I
YBnCl
YBnCl, NT

Solvent
b

All
Allb
Allb
Allb
Allb
Allb
Allb
Allb
allb
Allb
Allb
allb

n

r

m

16
11
16
11
13
13

0.901
0.977
0.934
0.982
0.985
0.990
0.899
0.902
0.932
0.982
0.939
0.987

0.58
0.63
0.71
0.71
0.71
0.73
0.39
0.37
0.49
0.49
0.39
0.52

18
27
18
14
14

l

h
1.81

0.90
0.68

1.22

0.25
0.29
0.31
0.48
0.45

1.22

c
0.08
0.08
0.25
0.22
-0.01
0.03
0.07
0.02
0.16
0.19
0.08
0.09

Performed within the range of solvent parameter reported till now according to solvent composition (refs 2, 7, 9 and 10). bFor all solvent systems
chosen in this work as shown in table 1 and 2. cFor methanol-water solvent mixtures. dFor ethanol-water solvent mixtures. eFor acetone-water solvent
mixtures. fFor fluorinated alcohol-water solvent mixtures.
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Table 4. The susceptibility of each solvent parameter obtained
from Grunwald-Winstein equation [(1)-(6)]a
Substrate

m

l

h

1
2

0.63-0.75
0.49-0.52

0.25-0.68
0.42-0.48

1.22-1.81
1.22

a

These results for solvolyses rates in aqueous fluorinated alcohols system
are removed from correlation.

Figure 2. Correlation of logarithms of rate for solvolyses of 2 in at
25 oC against (0.52YBnCl + 0.45NT (r = 0.987)).

these values of 1 were shown to be smaller relative to 2 (l/
m=0.34 for 1 and 0.87 for 2). Such phenomena may be
attributed to the result caused by a peri-hydrogen effect of 1
on the reactivity for the nucleophilic substitution reaction;
that is, a little shielding of the rear side of the reaction center
(α-position) by a hydrogen atom, which was attached
adjacent to the reaction center carbon, and was provided
with a poor nucleophilic participation by molecule of
solvent, compared to 2 with β-position of the reaction center.
Accordingly, in cooperation with favorable electrostatic and
charge delocalized solvation related nucleophilic attack, TS
of carbocationic character in solvolyses of 1 may be
stabilized more effectively than in those of 2, although
different results between equations were obtained.
From the mechanism point of view, Grunwald-Winstein
correlation analyses of solvolyses rate of 1 in 13 solvents
when using equation (6) gave a nicely linearity (r = 0.990)
with l = 0.25 and m = 0.73 and using equation (4), the results
obtained (l = 0.68, m = 0.71 and h = 1.22) were very similar
to that above for m-value, although the l-value was greater
than in the case of equation (6). If we consider that the hvalue of corresponding cationic charge stabilization was also
relatively greater value than the l-value enhancing and the
results with m = 0.63 h = 1.81 (r = 0.977) discussed by
means of equation (3), (which was analogous to these values

in SN1-solvolyses of N-1-adamantyl-N-p-tolycarbamoyl
chloride studied by Kevill' and D’Souza coworker),26 the
correlation of solvolyses rate of 1 could be rationalized in
term of an SN1 mechanism proceeding through a resonancestabilized carbocation intermediate with a weak nucleophilic
solvation.
Conversely, for solvolyses of 2, 0.52 of the m- and 0.45 of
the l-value in 14 solvents corresponding to less polar media
[>50%(v/v) aqueous solvent system allowed YBnCl parameter]
were obtained from a good correlation (r = 0.987) by using
equation(6) and the susceptibilities to equation (4) were also
l = 0.48 m = 0.49 and h = 1.22 (r = 0.982), respectively, in
18 solvents including predominantly aqueous media. Perhaps
these results for less polar media can be interpreted as
possible evidence for SN2-type TS with charge delocalization
and for 18 solvents, these results involving a higher h-value
of 1.22, which was the same value as for solvolyses of 1, and
may suggest that dual reaction channels with resonance
ionization pathway occur in solvolyses of 2.
Fluorinated solvent. Fluorinated solvents known as
favorable solvent systems for electrophilic solvation effect
of solvolyses, were used for the solvolyses rates (Table 1).
97%(w/w) TFE-water and 40%(v/v) ethanol-water solvent
mixtures are represented as solvent system of similar
ionizing power (YCl), but different nucleophilicities (NT),
(97T; 2.83 of YCl, -3.30 of NT and 40E; 2.75 of YCl, -0.74 of
NT)2,7 and the values of the solvolyses rate ratio in these
solvent mixtures, [k40E/k97T]Y, offer us useful information
about not only the contribution from the solvent nucleophility
(N) in solvolyses, but also the reaction mechanism. These
ratio values and the solvolyses mechanism investigated by
previous workers for typical compounds are shown in Table
5 compared with those for naphthoyl chloride (1 and 2).
According to the prediction of mechanism using table 5,
the case of 1 obtained as 3.6 could be SN1 mechanism. This
is also consistent with a previous result discussed in terms of
a Grunwald-Winstein correlation. Whereas, a 4.7-value of 2,
explained as dual reaction channel by a prior correlation
analyses, displayed less than we expected. This means that

Scheme 2
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Table 5. Values of solvolyses ratios in 40%(v/v) ethanol-water
compound with 97%(w/w) TFE-water at 25 oC and the proposed
mechanisms
Compound
1
2
6a
6d
6e
7
8
tert-BuCl
CH3OTs

[k40E/k97T]Ya
o

mechanism

b

3.6(5 C)
4.7c
13d
8.0 × 103 e
5.0d
0.18f
1.1 × 104(0)g
11h
500i

SN1/SN2
SN2/AdE
SN1
SN1
SN2/AdE
SN1
SN2

a
Symbol represents a solvent of similar ionizing power (YCl). bCalculated
from solvolyses rate at 5 oC of corresponding 2.46 × 10−1s−1 for 40%(v/v)
ethanol-water and 6.92 × 10−2s−1 for 97%(w/w) TFE-water (injected 4
µL of 0.1%(w/w) substrate in dry acetonitrile into kinetic apparatus with
turbo-stirrer containing 2.5 mL of eachsolvent mixtures). cData from
Table 1. dData from refs 18a and 27. eData from refs 27 and 31. fData
from ref. 28. gData from ref. 15b. hData from ref. 29. iData from ref. 30.

[k40E/k97T]Y ratio is the mechanistic tool unavailable for
identifying the two different reaction channels occurring
according to variation of solvent composition, but in 40E
and 97T of corresponding to the range of polar media, this
value of 4.7 can be responsible for SN1 solvolyses.
Considering the ratio of these for 6a,18a,27 which is similar
for tert-butyl chloride but with a different reaction pathway
as shown in table 5, we could reasonably accept the reaction
pathway for 2 as a dual process.
Evaluation of the rate of solvolyses of 2 in 5 fluorinated
alcohol systems on the basis of equation (2) gave a fairly
correlation with m = 0.69 and l = 0.42 (r = 0.997) and those
of equation (4) also displayed an excellent correlation with
m = 1.13, l = 0.37 and h = 0.15 (r = 0.998) as described in
Table 3. These results were similar for tert-butyl chloride
(with m = 0.86 and l = 0.38 in hydroxylic solvents),32 which
limits the SN1 pathway with strong electrostatic solvation
and weak nucleophilic solvation of developing carbocation,
even if those had shown more or less different values due to
the resonance effect (improving the m-value). The main
reason to make a very good correlation with equation (2) as
well as with equation (4) is that they could be responsible for
the reduction of the contribution charge delocalization to the
reaction site, compared with other solvent systems.
So we tried to plot log(k/k0) for solvolyses of 2 against
[0.69YCl + 0.42NT] in 27 solvents studied in this work
(Figure 3) and [1.13YCl + 0.37NT + 0.15I] in 18 solvents as
well (Figure 4) to investigate dissection of kinetic data into
the contributions from two competing reaction channels.
As shown in Figure 3 and 4, both of these plots show a
considerable deviation from the correlation line (SN1
characteristic) and the approximate linearity of two forms
for different binary solvent mixtures can be explained as a
phenomenon caused by two competing reaction channels.
Figure 4 shows a very good correlation line for a polar
media and for different binary solvent mixtures, a clear
bilinearity (relatively to Figure 3) with distinct border lines

Figure 3. Plot of logarithms of rate constants for solvolyses of 2 at
25 oC against (0.69YCl + 0.42NT), determined from correlation
(r = 0.997) for fluorinated alcohol system.

Figure 4. Plot of logarithms of rate constants for solvolyses of 2 at
25 oC against (1.13YCl + 0.37NT + 0.15I), determined from
correlation (r = 0.998) for fluorinated alcohol system. (Limiting
solvent composition of I parameters reported for aqueous media are
40(v/v)% methanol-water (40M), 40(v/v)% ethanol-water (40E)
and 40(v/v)% acetone-water (40A)).

between the two pathways, considered to be a consequence
of the resonance effect which distinguishes the change of
mechanism according to the variation of solvent composition
from the solvent effect.
From the results for polar media and the previously
discussed results of the ratio [k40E/k97T]Y ratio term, we could
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understand that the process via the same ionization
mechanism (SN1) controlled by solvent ionizing power
mainly places 40%(v/v) alcohol and 40%(v/v) acetone with
water solvent system on a correlation line of aqueous
fluorinated solvent system. In contrast, for less polar media,
the process can be explained as dispersion terms caused by
the significant contribution from the charge delocalization as
well as the nucleophility (N) to solvolyses rates (Figure 2),
as investigated to undergo SN2 mechanism in this work.
Kinetic solvent isotope effects (KSIE). KSIE has been
noted as an appreciably disappointing mechanistic tool33 for
solvolyses because the same KSIE evidences a quite
difference in mechanism. But these values can perform
satisfactorily as an additional tool for mechanistic identification
in solvolyses under favor of l - value of solvent nucleophility
(N), so KSIE, which was considered as the degree of
cleavage of MeO-H bond in rate determining step for
methanolyses for 1 and 2, were determined and displayed in
Table 6.
Our results obtained are considerable large values
mechanistically that can be attributed to the nucleophilic
solvation of TS through the breaking of MeO-H (possible
Table 6. Rate constant (s−1) and kinetic solvent isotope effect
(KSIE) for solvolyses of 1 and 2 at 25 oCa
compound
1
2

MeODb

MeOH

(kMeOH/kMeOD)c

(1.61±0.02)×10−2 (1.17±0.01)×10−2
(4.83±0.03)×10−3 (3.19±0.02)×10−3

1.38
1.51

a
Determined conductimetrically at least in duplicate. bMeOD was
Aldrich (>99.5 ± %D). cKinetic solvent isotope effect.

Table 7. Product selectivities [S, equation (7)] for solvolyses of the
2 in binary aqueous mixtures at 25 oCa
v/v%b
c

98
95c
92c
90c
80
70
60
50
40
30

methanol/water

nucleophilic solvation by general base catalyzed type). The
reason for the greater KISE value for 2 relatively to those for
1 are also consistent with the meaning of the l - values
estimated by means of Grunwald-Winstein correlation
analyses
Rate-Product correlation. According to change in
solvent composition of alcohol, product selectivities (S)
determined from equation (7) for solvolyses of 2 are
represented in Table 7.
Maximum S value in specified solvent composition of
alcohol, which can generally appear in solvolyses with the
mechanistic change over (dual reaction channel), were
obtained and such results are very similar to those reported
previously for solvolyses of 518d at 0 oC. (see Figure 5)
For solvolyses of 2 in highly alcoholic solvent composition,
the l - values (SN2 character), a large-value of KISE (1.51) in
pure methanol and the increase in selectivities (S),
accordingly as water molecules are progressively added into
pure alcohol solvent till 90% v/v% methanol (80%v/v
ethanol) mixtures etc, such results so far obtained may be
considerable evidence for the possibility of a substantial
contribution from the third order reaction based on general
base catalyzed by solvent molecule in less polar media, so
that we could establish equation (8) having four possible
third order reaction as shown below.
kobs = kww[H2O]2 + kaa[ROH]2 + (kaw+kwa)[ROH][H2O] (8)
(First term, water acts as the nucleophilie, while another
molecule of water acts as a general base, k = kww[H2O]2.
Second term, similarly, alcohol acts as the nucleophilie,
while another molecule of alcohol acts as a general base, k =
kaa[ROH]2. Third term, alcohol acts as the nucleophile and
molecule of water acts as general base, k = kaw[ROH][H2O].

ethanol/water

[Ester]/[Acid]

S

[Ester]/[Acid]

S

56.98
24.07
15.03
12.66
5.16
2.68
1.43
0.77
0.44

2.91
3.17
3.27
3.52
3.23
2.87
2.38
1.92
1.67

21.75
9.14
6.07
4.97
2.40
1.17
0.69
0.42
0.23
0.14

1.43
1.55
1.70
1.78
1.93
1.61
1.48
1.35
1.13
1.08

a
Analysed by reversed HPLC after the duration of reaction of half-life
(t1/2) × 20 fold (injecting 10 µL 1% substrate in dry acetonitrile into 5 ml
of solvent) and performed under the condition of measurement for
selectivity(S) as follows; wave length in UV-detector: 235 nm, Eluent:
70%(v/v) methanol-water + 0.2% (v/v) acetic acid, injected volume: 20
µL, each response factor: 1.11 (methanol), 0.992 (ethanol). bActual
composition by Karl-Fischer analysis; 98% methanol = 97.82%. 98%
ethanol = 98.06%, 95% methanol = 94.80%, 95% ethanol = 94.38%,
92% methanol = 92.14% and 92% ethanol = 91.6% ethanol. cVery
moisture-sensitive 2 (Lancaster-AR; 99%) was distilled carefully under
the condition of reduced pressure for selectivity value of solvents
containing more than 90% alcohol and distilled the 2 (stock solution)
was stored into the desiccator containing nitrogen (N2) gas.

Figure 5. Plots of selectivities for solvolyses of 2 vs. solvent
compositions of alcohol-water mixtures at 25 oC and compared to 5
(Data for 5 from ref. 18d).
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Finally, water acts as the nucleophile and a molecule of
alcohol acts as a general base, k = kwa [H2O] [ROH]).
The contribution from the kww term (kww [H2O]2) has been
shown to be very small for solvolyses of carboxylic acid
chlorides,14a,34 sulfonyl chlorides14b and phospherochloridate15b in more rich alcohol content than about
80%(v/v) alcohol. If the kww term were ignored, rate-product
correlation between third order rate constant, k and
selectivities, S could be given by equation (9) and (10).
k aa [ ROH ] + k aw [ ROH ] [ H 2 O ]
- × [ H 2 O ]/ [ ROH ] (9)
S = -------------------------------------------------------------------------k wa [ H 2 O ] [ ROH ]
2

2

S = (kaw/kwa) ([H2O]/[ROH]) + kaa/kwa

(10)

For more rich alcoholic solvents (90-98v/v% alcohol), we
attempted to dissect the solvolyses rate of 2 into the
contributions from three third order rate constants (kaa, kaw
and kwa) using the plots for equation (10). The results
obtained were presented in Table 8.
Good linear correlations strongly support the validity of
the third order model proposed, and then a greater values
(ca. 2-3 fold) of kaa (kaw) and kaw/kwa (kaa/kwa), determined
from the slopes (intercepts) of plots, for methanol-water
mixtures relative to those for ethanol-water mixtures imply
the dominance of nucleophilic attack on the TS. In case of
kwa, the small values for methanol-water are ascribed to a
weak participation of nucleophilic attack by water molecule,
supporting by methanol molecule as a general base, on the
reaction center. For the ethanol-water system, we can
understand that these rate constants shown in Table 8 were
contributed to solvolyses of 2 as the similar nucleophilic
magnitude, even if these values were more or less different.
Comparison of observed first order rate constant (k) with
first order constants (kcal) are presented in Table 9 and the
difference between kobs and kcal is enhanced when water
content increases, such a phenomenon is responsible for the
medium effect on solvolyses rate (methanol-water system
exhibits this effect greater than ethanol-water system).
Consequently, the stabilization of TS for solvolyses of 2 in
more rich alcohol content has relevance to the stoichiometric
effect as well as the medium effect.
Rate-Rate profile. In order to exclude the solvation effect

Table 8. Dissection of kinetic data into contribution from the third
order model using rate-product correlation [equation (10)] for
solvolytic reaction of 2 in highly alcoholic mixtures at 25 oC
solvent
(v/v%)

10−6M−2s−1
slope intercept

methanol/water 2.76
(98M-90M)
2.94
ethanol/water
1.21
(98M-90E)

2.80
2.79
1.35

a

n

4
3f
4

b

kawd

kwae

0.976 8.01 7.90
0.997 8.01 8.44
0.999 3.17 2.83

2.86
2.87
2.34

r

kaac

a
Number of solvent composition. bCorrelation coefficient. cCalculated
from ratio of kobs/[MeOH]2 in pure methanol. dCalculated from the value
of slope after determining kwa term. eCalculated from the value of the
intercept. fExcepted for solvent composition of 92%(v/v)methanol-water.

Figure 6. Plot of logarithms of rate constant for solvolyses of 2 vs.
rate for solvolyses of 6e at 25 oC (Data for 6e from refs 8a, 13, 18a
and 27).

occurring due to different solvation between aromatic and
alkyl group and the electrophilic solvation caused by the
difference in the reaction site structure (COCl) adjacent to
the leaving group (Cl), logarithms of rate constants for
solvolyses of 2 in various aqueous solvent system vs.
corresponding rate constants for 6e, recognized as limiting
SN1 mechanism for acid chloride17b were plotted (Figure 6).
Except for the acetonitrile-water system, following to the
variation of each solvent composition the two separated
lines of these plots suggest of two reaction channels, which
was to be expected given our results discussed so far and a
fairly good correlation (r = 0.9996) having 0.78 of slope for
acetonitrile-water system is understood in terms of SN1
pathway with a weak nucleophilic solvation of the developing
carbocation.
In more rich media, this plot for the predominantly
aqueous methanol systems (a greater acidity of methanol
relative to ethanol) showed slight deviation (upper) from the
straight line of the acetonitrile-water system. This means
that the rate of ionization of the leaving group in solvolyses
of 2 is faster than those of 6e, indicating a difference in the
contribution from electrophilic solvation of the developing
anion (Cl−).
On the other hand, the results obtained from rate - rate
correlations (slope = 0.84, r = 0.987) between solvolyses of
2 and 518d (Figure 7) are very consistent with our prior
results, interpreted as dual reaction channel. Dispersion
phenomena which are caused by the difference in solvation
of aromatic ring and alkyl group is separated from those by
dual reaction channel by this plot and this result with small
dispersion obtained from this plot means that phenomena of
dispersion in Grunwald-Winstein plots in solvolyses of 2 is
primarily caused by mainly mechanistic change over.
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spectrum.
A distinct borderline between SN1 and SAN/SN2 pathways
is obtained from these rates, using the result obtained from
multiple Grunwald-Winstein correlation in fluorinated
alcohol-water system.
Third order rate constants (kaa, kaw and kwa) for solvolyses
of 2 in more rich alcohol mixtures were determined from
plots of equation (10), which demonstrates the validity of the
third order model; a large shift away from stoichiometric
effects to dominant medium effects on solvation of the
reaction center was also shown, as water is added to an
alcohol solvent.
Solvolyses of 1 are up to 20 times faster than those of 2 in
more polar solvent (Table 1 and 2) and this can be explained
by the delocalized cation (Scheme 2) formed from 1. In less
polar solvents, the rate of 2 is increase relative to 1 because a
second mechanism also operates.
Experimental Section
Figure 7. Plot of logarithms of rate constant for solvolytic reaction
of 2 at 25 oC vs. solvolytic reaction of 5 at 0 oC (slope = 0.84,
r = 0.987) (Data for 5 from ref. 18d).
Table 9. Comparison of the first order rate constant(k) with the first
order rate constant calculated (kcal) from equation(8) in solvolyses
of 2 at 25 oC
Solvent
(v/v%)
100
98c
95c
90

methanol/water

ethanol/water

kcala,b

k
−3

4.83 × 10
5.58 × 10−3
6.73 × 10−3
8.64 × 10−3

kcala

k
−3

4.83 × 10
4.94 × 10−3
5.09 × 10−3
5.30 × 10−3

−3

0.918 × 10

0.913 × 10−3

1.99 × 10−3

1.18 × 10−3

a
Calculated using the third order rate constants determined (kaa, kaw and
kwa) as shown table 8. bCalculated in case of 0.997 of correlation
coefficient (r) as shown in table 8. cMade up solution as described
footnote b in table 7.

Conversely, a large h-value (1.2) obtained from this reaction
can be responsible for the stabilization effect of carbocation
for SN1-TS in highly aqueous media.

Materials. Solvents for kinetics in this paper were dried
and distilled by standard methods except for dioxane and
hexafluoro-iso-propanol (HFIP), dioxane (TCI-GR) used
without distillation and aqueous mixtures were prepared by
mixing appropriate volumes at ambient temperatures, the
accurate water contents of 97%(w/w) trifluoroethanol-water
mixtures, determined by Karl Fischer titration using a
Mettler-Toledo DL18 apparatus, 1- and 2-naphthoyl chloride
(Lancaster-AR: 99%) was used after investigating its purity
by using reversed HPLC.
Kinetic methods. For methanol-water, ethanol-water, and
fluorinated solvent-water mixtures, kinetic data were
collected conductimetrically using a high precision digital
voltmeter (Solartron 7066 Datastore), which was set up
under computer control (BBC Master Microcomputer) to
collect up to 50 reading from a stirred conductivity cell to
solve the problem for solubility in high aqueous media. For
other solvent mixtures, the rate constant was determined
using a general conductimetrical method
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