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The kinetics and mechanism of solvolysis of p-substituted benzoyl chlorides have been investi-
gated in three isodielectric systems: methanol-acetonitrile, methanol-nitrobenzene, and methanol-
nitromethane mixtures. Only S 1-S,2 processes are favoured by electron-donating substituents in all
binary systems, but carbonyl addition processes become dominant in the low basicity
(B) region of binary mixtures, especially in methanol-nitromethane for compounds with electron-
withdrawing substituents. The rates for unsubstituted substrates as well as those substitutes with
electron-withdrawing groups are higher than those for p-methyl substituted substrates, suggesting
the contribution of a combined Sy1-Sy2 and carbonyl addition pathway, rather than the

involvement of a concerted displacement with variable transition state.

Solvolyses of aromatic and aliphatic acyl halides have been
studied extensively.! However, the reaction mechanism is not
well established.

A unimolecular mechanism with the formation of an acylium
ion (RCO™) is believed to operate under certain conditions.?
Bimolecular mechanisms are less well defined, the two most
commonly cited variations being a concerted Sy2 displacement
and an addition—elimination (S,N) mechanism.

In ethanolysis studies of aliphatic acyl chlorides, Kevill e al.3
concluded that the reaction proceeds through either a syn-
chronous displacement mechanism, incorporating a variable
transition state (TS) structure, or as a combination of this type
of mechanism with (especially for electron-withdrawing sub-
stituents, EWS) an addition—elimination mechanism. They pro-
posed the involvement of considerable carbocation character
in the rate-determining TS of the methanolysis of acetyl
chloride; *** a loose Sy2 TS allows for nucleophilic assistance by
a methanol molecule, which is subject to general base catalysis
by a second methanol molecule, by added chloride ion, or by an
acetonitrile molecule (Scheme). More recently, Bentley et al.’
have proposed concurrent concerted (Sy2) and addition—elimin-
ation (S,N) processes for the solvolysis of benzoyl chlorides,
with the Sy2 concerted mechanism being favoured in the more
ionizing aqueous—organic mixtures due to low solvent nucleo-
philicity and by an electron-donating substituent (EDS) in the
substrate.

This survey shows that there are two controversial aspects
which still need to be resolved regarding the bimolecular
mechanism of solvolysis of acyl chlorides. (@) Is the tetrahedral
species found along the reaction co-ordinate an intermediate
(i.e., SAN mechanism) or a TS (i.e., Sy2 mechanism)?° In this
respect, results of recent studies on the nucleophilic displace-
ment reactions of acyl halides in the gas phase 7~/ together with
MO theoretical 7** analyses have been helpful in unravelling
mechanisms occurring in solution. The stability of the tetra-
hedral adduct has been proposed to depend on (i) the energy
difference between the n* orbital of the carbonyl group and the
o, orbital of the bond between the carbonyl carbon and the
leaving group (X), and (ii) the difference in gas-phase basicities
between the attacking nucleophile and the tetrahedral anion.”
This means that the tetrahedral species is likely to become a
tetrahedral TS, in which weak nucleophiles and good leaving
groups (LG) are involved, whereas tetrahedral intermediates
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can be expected when strong nucleophiles and poor LG are
involved. (b) Secondly, if both the Sy2 and S,N mechanisms are
compatible under certain conditions, is synchronous displace-
ment operative with a variable TS structure (possibly with an
intermediate TS structure) or are they concurrent with a com-
bination of the two mechanisms contributing to the overall
reaction? Kevill et al.3-* were indecisive, while Bentley et al.,’
favoured the concurrent mechanisms of Sy1-Sy2 and addition—
elimination.

Methanol (MeOH), acetonitrile (MeCN), nitrobenzene
(PhNO,), and nitromethane (MeNO,) have very similar di-
electric constants® and provide us with isodielectric binary
mixtures. Although bulk properties of the four solvents are
nearly the same, specific solvation properties such as hydrogen-
bond donor acidity, «, and hydrogen-bond acceptor basicity, 3,
as well as polarity—polarizability, n*, parameters® are quite
different, as shown in Table 1.%¢¢

The Lewis basicity parameter (B) of the binary mixture
MeOH-MeCN increases linearly from 0.37 to 0.62 as the
MeOH content is increased from 0 to 100%;'! in contrast,
however, MeOH and MeNO, form regular mixtures with
negative deviation which corresponds to a negative deviation of
the B values from the ideal straight line.!! This reflects a smaller
B with a relatively greater « value of MeNO,. The effects of weak
bases and ions on bulk methanol structure have been discussed
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Table 1. Solvatochromic parameters of pure solvents.8-9¢-4-10
MeOH MeCN PhNO, MeNO, EtOH  TFE

« 093 0.19 0.00 0.22 0.83 1.51

B 0.62 0.37 0.30 0.22 0.77 0.00

n* 0.60 0.75 1.01 0.85 0.54 0.73

€7 3.36(20) 37.5(20) 34.8(20) 359(35) 24.3(25 26.1(25)

% Values in parentheses are temperatures/°C.

Table 2. Pseudo-first-order rate constants (k.,/10™* s™') for the
solvolysis of substituted benzoyl chlorides in MeOH-MeCN at 10.0 °C.

Substituents
Solvent® p-OCH,  p-CH, p-H p-F p-Cl
100 22.8 8.91 10.4 10.6 19.1
95 19.5 9.97 11.1 109 20.0
90 19.0 9.33 11.6 11.2 20.2
85 18.2 9.10 11.1 12.2 194
80 17.8 8.57 109 11.8 184
70 16.3 7.65 9.44 10.1 16.2
50 10.8 5.60 7.72 8.29 11.5
40 7.16 4.31 5.71 6.13 8.34
30 4.49 2.79 3.85 4.33 4.61

4 MeOH composition (%,).

Table 3. Pseudo-first-order rate constants (k,,/10™* s™') for the
solvolysis of substituted benzoyl! chlorides in MeOH-PhNQO, at 5.0 °C.

Substituents

8 A Rl
Solvent® p-OCH,;  p-CH, p-H p-F p-Cl
100 124 5.37 6.45 6.79 12.5
95 13.1 5.00 6.29 6.75 12.3
90 129 4.70 5.96 6.45 12.0
85 11.9 4.51 5.64 6.22 11.8
80 10.9 4.10 5.30 594 11.0

70 8.73 3.62 4.68 5.14 9.83

50 4.17 2.51 311 352 7.14

“ MeOH composition (%).

25+

I
40 60 80 100

MeOH (%, v/v)

Figure 1. Plots of k 45 versus methanol composition (%, v/v) in MeOH-
MeCN at 10.0 °C.
in great detail by Symons et al.!? in terms of free OH group,
[OHJ;:c.» and free lone-pair group [LP];,.., production.
Trifluoroethanol (TFE) has the greatest hydrogen-bond
donor acidity known (« = 1.51) but also has a negligibly low
solvent basicity (B = 0), although it has nearly the same di-
electric constant as EtOH & (Table 1). Thus solvation properties
of EtOH-TFE binary mixtures will be, in some respects, similar
to those of MeOH-MeNQ, systems. In our previous work !3 on
the solvolyses of benzoyl chlorides (YC¢H,COCI) in TFE-
EtOH systems, however, we concluded that the reaction pro-
ceeds by a concerted displacement mechanism with a variable
TS depending on the substituent Y; a more EWS (Y = p-NO,)
had a greater degree of bond formation while a more EDS (Y =
p-CH,) led to a greater degree of bond breaking in the TS.

-4
Kops/107%s

1 | |
50 60 70 80 90 100

MeOH (%% v/v)

Figure 2. Plots of &k, versus methanol composition (%, v/v) in MeOH-
PhNO, at 5.0 °C.

On the other hand, the solvolyses of t-butyl halides exhibited
rate maxima,'* eg. at 50-60%, 70-80%, and 80-100% (v/v)
for MeOH-MeNO,, MeOH-MeCN, and MeOH-PhNO,, re-
spectively, in the range 25-45 °C.'4¢

In this work, we report the methanolyses of para-substituted
benzoyl chlorides (YCcH,COCI) in the three isodielectric
binary mixtures of MeOH-MeCN, MeOH-PhNO,, and
MeOH-MeNO.,.

Results and Discussion

Pseudo-first-order rate constants, k., for the solvolyses of Y-
substituted benzoyl chlorides are summarized in Tables 2—4 and
rate profiles with MeOH composition are presented in Figures
1-3. Rough estimates show that the reactivities in binary
mixtures are in the order MeOH-MeNO, > MeOH-MeCN >
MeOH-PhNO,, which is the same as the reactivity order of t-
butyl halide solvolysis in the binary mixtures.'* There are clear
trends in maximum rate behaviour for MeCN binary mixtures
and for PhNO,, albeit somewhat obscured, at 80-909, and 90—
100% (v/v) MeOH, respectively. The fact that the rate maxima
appeared for the benzoyl chlorides solvolysis over nearly the
same range of MeOH composition as for the t-butyl halide
solvolysis !4 suggests that in MeCN and PhNO, binary
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Table 4. Pseudo first-order rate constants (k,,/10™* s7!) for the solvolysis of substituted benzoy! chlorides and 1-adamantyl (1-AdCl) in MeOH-

MeNO, at various temperatures.

p-OCH, p-CH, p-H o-F p-Cl
- A N - als A N A N A ~ 1-AdCl
Solvent® —5°C 0°C 5°C 10°C —5°C 0°C S5°C 10°C —-5°C 0°C 5°C —=5°C 0°C 5°C —10°C-5°C 0°C 80°C
100 352 654 123 228 180 313 537 891t 216 385 645 249 456 679 309 504 797 —
90 467 900 156 283 228 368 594 979 276 454 774 322 504 818 3.59  6.03 9.60 0.106
80 518 9.65 165 292 237 396 643 104 304 4838 829 368 567 889 39 677 112 0.109
70 652 912 172 302 230 385 645 105 322 493 848 385 596 919 470 755 126 0116
60 537 894 145 235 219 362 615 958 329 523 857 387 608 930 617 940 140 0.103
50 451 744 136 222 214 341 544 833 334 516 829 440 638 944 659 100 149 0.0736
40 392 672 115 193 184 297 500 755 343 511 811 458 645 953 806 115 16.5 —
30 286 4.58 7.88 133 154 265 442 730 345 486 744 468 661 976 953 134 19.7  0.0487
20 233 340 537 797 — — — — — — — 534 813 108 — — — —
10 - - - - = = = = = = — 167 109 156 - — — —
2 MeOH composition (%).
carbonyl atom, as implied by the obvious similarities between
15+ the rate profiles with those of t-butyl halide solvolysis in the
corresponding binary mixtures.'*

The abnormal rate increases with MeNO, content observed
for EWS in MeNO, binary mixtures, however, strongly suggest
that another mechanistic pathway, presumably carbonyl
addition (as Bentley ! has proposed) becomes predominant for
these compounds. The addition—elimination pathway is known

o to be particularly effective in nucleophilic solvents of low
+ 10+ ionizing power.’> However, as we have noted above, MeNO,
o ° has a relatively large « (albeit quite smaller than that for
~ MeOH) but has the smallest § value among the three cosolvents
3 p-Cl studied in this work. This means that the mechanism, which is
x dominant for EWS in MeNO, binary mixtures, is insensitive to
p-OCH the hydrogen-bond donor acidity, «, but is operative in a solvent
3 of low basicity (B) and high polarity (n*). The S\2 reactivity will
be low if B is small, since the base cannot accept a hydrogen

5r bond effectively.
pP-F The low B value is also relevant to the low concentration of
./‘/k_‘\‘\'P-H [LP];.c., owing to inefficient solvation of the methanolic OH
p-CH; group, resulting in the lowest solvent nucleophilicity and the
| L | lowest disrupting ability of any MeOH polymer structure with
60 80 100 MeNO,. In this respect the similarities between EtOH-TFE

MeOH (/s ,v/v)

Figure 3. Plots of &, versus methanol composition (%, v/v) in MeOH-
MeNO, at 0.0 °C.

mixtures, the solvolyses proceed largely by an Sy1-S\2
mechanism, since t-butyl halides are known to solvolyse by
mostly Sy1 but with some solvent nucleophilic assistance.'®

In striking contrast, rate maxima are only found with EDS
(Y = p-OCH; or p-CH,;) at 70-80% MeOH in MeOH-
MeNO, binary mixtures; for EWS (Y = p-F or p-Cl) there are
no rate maxima but the rate increases steadily as the com-
position of cosolvent (MeNO,) increases. This is in marked
contrast to the rate profiles found for the solvolysis of benzoyl
chlorides in EtOH-TFE binary mixtures.!* No rate maximum
was observed in this system, but a steady increase in the rate
was found with the TFE content for Y = EDS while the trend
reversed to a decrease for Y = EWS. This indicates that bond
breaking is important for Y = EDS but bond formation
becomes more important for Y = EWS, since the ionizing
power increases but the solvent nucleophilicity decreases with
the TFE content. The rate profiles for EDS in MeOH-MeNO,
(Figure 3) as well as in other binary mixtures (Figures 1 and
2) are consistent with the Syl-Sy2 processes because only
this mechanism permits positive charge development on the

and MeOH-MeNO, binary mixtures end. TFE has a greater «
than EtOH so that the ionizing power should increase with the
TFE content while in MeNO, binary mixtures the « value
decreases continuously with the MeNO, content, although the
solvent nucleophilicity (B) decreases in both binary mixtures
with the cosolvent, TFE and MeNO,, content. Thus for the
TFE binary mixtures the rate decrease with the TFE content for
Y = EWS can be equally well interpreted in terms of the con-
current carbonyl addition and Sy1-Sy2 mechanisms, since an
increase in « accompanied by a decrease in 8 should result in
some increase in the competing Sy1-Sy2 contribution with a
concomitant relative decrease in the contribution of the major
component, carbonyl addition, to the overall solvolyses when
the TFE content is increased. It should be noted that, although
the two mechanistic pathways are competing, the reactivity of
the Sy1-Sx2 path is low while that of the carbonyl addition path
is high for Y = EWS, whereas the opposite is true forY = EDS.

The fact that the carbonyl addition mechanism becomes
dominant in a relatively high polarity (n*) medium is in accord
with the stabilization of the tetrahedral intermediate, which is
either zwitterionic (1) or anionic (2), if proton transfer precedes
the carbonyl addition pathway,” by more ‘physical’ i.e., electro-
static, solvation.'®

Examination of Figure 3 reveals that the unsubstituted
benzoy!l chloride has a rate profile with a nature intermediate
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Table 5. Activation parameters, AH*/kcal mol~!, and AS* (e.u.) for the solvolysis of substituted benzoyl chlorides in MeOH-MeNQO, at 5.0 °C.

p-OCH, p-CH, p-H p-F p-Cl°
g A B s A IR r A B r A A r A hl
Solvent® AH? —AS? AH? —AS? AH? —AS? AH? —AS? AH#¢ —AS?
100 18.2 6.27 15.5 17.6 15.6 16.9 143 215 13.0 25.0
90 17.4 8.65 14.0 228 14.7 19.8 13.2 25.1 13.6 224
80 16.7 11.1 14.3 21.6 14.3 21.1 15.5 274 144 19.2
70 152 16.4 14.7 202 137 232 12.3 28.1 136 218
60 14.2 20.3 144 21.3 13.6 23.5 12.4 27.7 132 23.1
50 15.6 154 14.6 20.9 12.9 26.1 10.7 33.8 11.2 30.3
40 154 16.5 13.8 239 12.1 29.0 10.3 35.2 9.66 357
30 149 19.0 15.0 19.8 10.8 339 103 35.2 9.86 34.7
20 12.0 30.2 — — — — 9.85 36.6 — —
10 — — — — — — 9.95 35.5 — —
“ Calculated at 0 °C. * MeOH composition (%).
o} o equation (1), for benzoyl chloride solvolyses in MeOH-MeCN
mixtures (Sy1-Sy2 mechanism with an ‘exploded’ type TS) but
YCH,—C— (I YC.H—C—CI
o o log(k/ko) = mY¥ M
HOCH, OCH, _ .
+ had a negative m value (m = — 0.48) for the carbonyl addition
(1) (2) process of p-Cl compounds in MeNO, binary mixtures, as
Tetrahedral intermediates shown in Figure 4. The change in m with change in mechanism
is shown clearly for p-CH3O and p-Cl, but is less clear for the
1 unsubstituted benzoy! chloride in MeOH-MeNO, mixtures.
In all binary mixtures, the rate was found to increase in the
p-Cl order, p-CH; < p-H < p-F-< p-OCH; < p-Cl in the low

MeOH-MeCN MeOH-MeNO2
10.0 °C .0°C
3.6- ( ) (0 )
1 1 1 [ 1 1
-1.4 1.2 -1.0 -0.8-5.4 -5.2 .—5.0
Y-1AdOTs log k1-AdCl(80.0 C)

Figure 4. Plots of log k., versus log(k/k,) for the solvolysis of 1-
adamantyl toluene-p-sulphonate in MeOH-MeCN mixtures. (For
MeOH-MeNO, binary mixtures, the solvolysis rate constants for 1-
adamantyl chloride at 80.0 °C are used in the plots.)

between that of an Sy1-Sy2 (p-OCH ;) and a carbonyt addition
(p-Cl) mechanism, with a higher rate than the p-CH; com-
pound. The rates are enhanced by a strong EDS (p-OCH;) and
by all EWS. The higher rate of the unsubstituted compound as
compared with the rate of p-CH; (an EDS for which only the
Sn1-Sn2 process will be favoured)® suggests again that the
carbonyl addition pathway is concurrent with the Sy1-Sy2
mechanism. Consequently, the higher reactivity of benzoyl
chloride solvolyses in MeNQ, relative to other binary mixtures
can be readily explained by the carbonyl addition mechanism
concurrent with the Sy1-Sy2 path. The plot of log k., versus
log(k/ky) (=Y, _aqors) for l-adamanty! toluene-p-sulphate
solvolysis!” gave near unit slopes, i.e. m ca. 1.0 in the mY plot,

MeOH composition region (<80%, v/v), indicating that the
concurrent carbonyl addition pathway plays an increasingly
greater role with a more EWS, while the Sy1-Sy2 reactivity
reaches a peak with a strong EDS, p-OCH, especially in the
highly ionizing, MeOH-rich region in all cases.

The Hammett plots were curved concave downward with
EDS and EWS forming two separate branches of negative and
positive slopes, respectively; this is considered typical of a
mechanistic changeover.!® The use of 6* instead of o did not
improve the linearity of the Hammett plots.

Activation parameters, AH* and AS?*, for the solvolyses of
benzoyl chlorides in MeOH-MeNO, binary mixtures are
shown in Table 5; it can be seen that both AH? and AS!}
decrease gradually as the substituent (Y) is varied from electron-
donating (Y = p-CH;0) to electron-withdrawing (Y = p-Cl).
Since in the Sy1-Sy2 mechanism, a o bond (C—Cl) is partially
broken whereas in the carbonyl addition a weaker n bond of the
C=0 group is partially broken in the TS, a greater energy
barrier (greater AH*) will be involved in the former mechanism,
which is favoured by a more EDS, than in the latter, which is
favoured by a more EWS.

Calculation of isokinetic temperatures ! gave values in the
range 270-290 K as the substituent was varied from electron
donating to electron withdrawing, at the average experimental
temperature of ca. 273 K. This indicates that for EDS the
reaction is entropy-controlled whereas for EWS it becomes
enthalpy-controlled.'® These trends were also maintained for
the solvolyses of benzoy! chlorides in EtOH-H,O and EtOH-
TFE binary mixtures.!® It is well known that the Sy1-Sy2
solvolytic processes involve extensive solvent reorganization in
the TS due to strong specific solute-solvent interactions2? so
that the processes are normally entropy-controlled, as we found
with EDS.?! On the other hand, in reactions in which bond
formation is more important than bond breaking in the TS,
exothermicity (or endothermicity) controls the activation
barrier, ie., the process is thermodynamically controlled.??
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Thus we can understand why the reaction becomes enthalpy-
controlled for EWS for which the carbonyl addition mechanism
is dominant.

Experimental

Material—Solvents, MeOH, MeCN, PhNO, and MeNO,,
and benzoyl chlorides were purified as described previously.!*
Solvent mixtures were prepared in volume percentages (v/v).
Benzoyl chlorides were commercial samples, which were used
after purification as described.!3-2¢

Kinetic Methods—The rates were followed conductimetric-
ally '*¢ and the k,,, values were obtained by the Guggenheim
method.?® The values listed in Tables 2-4 are the averages of
several runs with a reproducibility of > + 5% in all cases.
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