Kinetics and Mechanism of Reactions of Aryl Benzoates with CN" Ion

Bull. Korean Chem. Soc. 2010, Vol. 31, No. 3 689
DOI 10.5012/bkes.2010.31.03.689

Kinetics and Mechanism of Nucleophilic Displacement Reactions
of Y-Substituted Phenyl Benzoates with Cyanide Ion'

Song-1 Kim, Eun-Hee Kim, and Ik-Hwan Um"

Department of Chemistry and Nano Science, Ewha Womans University, Seoul 120-750, Korea. "E-mail: ihum@ewha.ac.kr
Received September 22, 2009, Accepted January 5, 2010

Second-order rate constants (kcn-) have been measured for nucleophilic substitution reactions of Y-substituted
phenyl benzoates (1a-r) with CN " ion in 80 mol % H,0/20 mol % DMSO at 25.0 + 0.1 °C. The Brensted-type plot
is linear with i, = —0.49, a typical f; value for reactions reported to proceed through a concerted mechanism.
Hammett plots correlated with 6° and 6~ constants exhibit many scattered points. In contrast, the Yukawa-Tsuno plot
for the same reaction exhibits excellent linearity with py = 1.37 and » = 0.34, indicating that a negative charge
develops partially on the oxygen atom of the leaving aryloxide in the rate-determining step (RDS). Although two
different mechanisms are plausible (i.e., a concerted mechanism and a stepwise pathway in which expulsion of the
leaving group occurs at the RDS), the reaction has been concluded to proceed through a concerted mechanism on the

basis of the magnitude of f; and py values.
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Introduction

Reactions of carboxylic esters with amines have generally
been reported to proceed through a stepwise mechanism.' Curv-
ed Bronsted-type plots obtained for aminolyses of esters posse-
ssing a good leaving group (e.g., 2,4-dinitrophenoxide) have
been taken as evidence for a stepwise mechanism with a change
in rate-determining step (RDS)." The RDS has been suggested
to change from breakdown of a zwitterionic tetrahedral inter-
mediate to its formation as the incoming amine becomes more
basic than the leaving group by 4 to 5 pK, units.'

In contrast, reactions of esters with anionic nucleophiles have
not been completely understood. Williams and his coworkers
concluded that acyl-group transfer reactions of 4-nitrophenyl
acetate with a series of aryloxides proceed through a concerted
mechanism on the basis of absence of a break (or curvature) in
the Brensted-type plot.” The concerted mechanism has been
supported through structure-reactivity correlations by Ji encks,™
Rossi,3b and Castro,® as well as kinetic isotope effect studies of
Hengge*® and Marcus analysis by Guthrie.” However, Buncel
et al. reported that nucleophilic substitution reactions of aryl
acetates with phenoxide proceed through a stepwise mechanism,
since ¢ constants exhibits much poorer Hammett correlation
than o° constants.”

Although CN' ion has been employed as an anionic carbon-
centered nucleophile in various organic syntheses, kinetic stud-
ies of CN ion with carboxylic esters are lalcking.sa'k We have
performed nucleophilic substitution reactions of 9 different
Y-substituted phenyl benzoates (1) and thionobenzoates (2)
with anionic nucleophiles such as CN', OH and N3 .*’ Analysis
of linear free energy relationships (e.g., Brensted-type, Hammett
and Yukawa-Tsuno plots) has led us to conclude that the re-
actions proceed through a stepwise mechanism with an addition
intermediate.®” The rate-determining step (RDS) has been su-
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ggested to be formation of an intermediate for the reactions of
2 with CN and OH', while the RDS for the reaction with N3~
changes from breakdown of the intermediate to its formation
as the leaving-group basicity decreases.” A similar conclusion
has been drawn for the reactions of 1 with CN', OH and N3,
1.e., the RDS is formation of an addition intermediate for the
reactions with OH and CN but breakdown of the intermediate
for the reactions with N3~/
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The evidence provided for a stepwise mechanism was mainly
based on the fact that 6° constants result in better Hammett
correlation than ¢ constants for the reactions of 9 different Y-
substituted phenyl benzoates with the anionic nucleophiles.7a
However, we have recently shown that deduction of reaction
mechanism based just on Hammett correlation with 6~ or 6° con-
stants can be misleading for alkaline hydrolysis and ethanolysis
of Y-substituted phenyl diphenylphosphinates and diphenyl-
thiophosphinates.”

Thus, we have reinvestigated nucleophilic substitution re-
actions of 18 different Y-substituted phenyl benzoates (1a-r)
with CN™ (Scheme 1). The kinetic results have been compared
with those reported previously for the reactions of O-Y-sub-

Q = B Q =
Cc-0 \ ’\IY + CN — @C*CN + 0 \ ’\IY
1a-r

Y = 4-MeO (1a), 4-Me (1b), 3-Me (1¢), H (1d), 4-Cl (1e), 3-COMe (1f),
3-Cl (1g), 3-CHO (1h), 4-COOEt (1i), 3-NO; (1j), 4-COMe (1k),
4-CN (11), 4-CHO (1m), 4-NO, (1n), 4-CI-2-NO, (10), 2-Cl-4-NO5 (1p),
3,4-(NO2), (19), 2,4-(NO2), (1r).

Scheme 1
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stituted phenyl thionobenzoates (2a-r, the thio analogues of
1a-r) with CN' to investigate the effect of modification of the
electrophilic center from C=S to C=0 on reactivity and mecha-
nism.

Results and Discussion

The kinetic study was performed spectrophotometrically. All
reactions proceeded with quantitative liberation of Y-substituted
phenoxide ion (and/or its conjugate acid) under pseudo-first-
order conditions (i.e., the nucleophile concentration in excess
over the substrate concentration). The reactions obeyed first-
order kinetics and pseudo-first-order rate constants (kobsd)
were determined from the equation, In (4. = A¢) = —kopsat + C.
Based on replicate runs, it is estimated that the uncertainty in
the kobsa values is less than £+ 3%. Plots of kobsa vs. [CN ] were
linear and passed through the origin, indicating that the con-
tribution of water to kopsa 1S negligible. The second-order rate
constants (kcn-) were determined from the slopes of the linear
plots. The kcn- values determined in this way are summarized
in Table 1 together with the kcn- values reported previously for
reactions of O-Y-substituted phenyl thionobenzoates (Za-q)6b
to investigate the effect of changing the electrophilic center
from C=0 to C=S on reactivity of CN .

Effect of changing electrophilic center from C=S to C=0
on reactivity. Table 1 shows that the kcn-value for the reactions
of Y-substituted phenyl benzoates (1a-r) with CN" ion increases
as the basicity of the leaving group decreases, e.g., it increases
from 843 x10°M's 'to 1.41 x 10 'and 1.22M 's " as the pK,
of the conjugate acid of Y-substituted phenoxide decreases from

Table 1. Summary of second-order rate constants for reactions of
Y-substituted phenyl benzoates (1) and thionobenzoates (2) with CN
in 80 mol % H>0/20 mol % DMSO at 25.0 0.1 °C*

v p 10% ken-/ M's™
entry pKa . 5
a 4-MeO 10.20 0.843" 2.13
b 4-Me 10.19 0.783" 1.89
¢ 3-CH; 10.08 0.724 -
d H 9.95 1.02° 2.75
e 4-Cl 9.38 232 -
f 3-COMe 9.19 3.59 -
g 3-Cl 9.02 4.19 -
h 3-CHO 8.98 3.93 -
i 4-COOEt 8.50 6.07 -
i 3-NO, 8.35 14.1° 18.0
Kk 4-COMe 8.05 7.68" 7.88
1 4-CN 7.95 14.6 -
m 4-CHO 7.66 10.3° 9.26
n 4-NO, 7.14 23.1° 19.7
0 4-Cl-2-NO, 6.46 17.1 -
p 2-Cl-4-NO, 5.45 482 -
q 3,4-(NOy), 5.42 192 93.5
r 2,4-(NO2)2 4.11 122 -

“Data for reactions of Y-substituted phenyl thionobenzoates (2a-q) were
taken from ref. 6b. "Data taken from ref. 7a.
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10.20 to 8.35 and 4.11, in turn. A similar result is shown for the
corresponding reactions of Y-substituted phenyl thionobenzo-
ates (2a-q), although their relative reactivity is dependent on
the basicity of the leaving aryloxide, e.g., aryl benzoates po-
ssessing a strongly basic leaving group (1a-k) are less reactive
than the corresponding thionobenzoates (2a-k) but the opposite
is true when the leaving groups are weakly basic, i.e., Im-q
are more reactive than 2m-q.

Modification of the electrophilic center from C=0 to C=S
(e.g., 1 — 2) has been reported to accompany a significant
increase in polarizability.g'11 The enhanced polarizability of the
C=S bond in 2 is well reflected in the *C NMR chemical shift
of the thiono carbonyl carbon,g’lo e.g., the chemical shifts have
been reported to be 163.8 ppm for the carbonyl carbon in 1n
and 209.8 ppm for the thiocarbonyl carbon in 2n, i.e., 46 ppm
down field shift in the °C NMR.™

We have recently reported that the effect of changing the
electrophilic center from C=0 to C=S on reactivity is signifi-
cant, e.g., 2n is over 10* times more reactive than 1n toward
polarizable 4-chlorothiophenoxide ion, while ca. 10 times less
reactive toward nonpolarizable OH ion.” Azide ion (N3) has
also been found to be 4 x 10° times more reactive toward 2n
than toward 1n.%"

The above results are consistent with the HSAB principle.'*
Thus, one might expect that CN ion would exhibit significantly
enhanced reactivity toward polarizable thiono compounds 2a-q
compared to their oxygen analogues 1a-q, since CN was cla-
ssified as a soft base.”” However, Table 1 shows that the effect
of changing the electrophilic center from C=0 to C=S on re-
activity of CN ion is negligible. Furthermore, the fact that 2m-q
are even less reactive than 1m-q suggests that CN” might not
be a soft base.

Effect of modification of C=S to C=0 on mechanism. To
investigate reaction mechanism, a Brensted-type plot has been
constructed. As shown in Figure 1, substrates 1o, 1p and 1r

log (ke / MT's™)
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Figure 1. Bronsted-type plot for reactions of Y-substituted phenyl
benzoates (1a-r) with CN in 80 mol % H,0/20 mol % DMSO at 25.0 +
0.1 °C. The identity of points is given in Table 1.
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deviate negatively from the linear Bronsted-type plot. A co-
mmon feature of these substrates is possession of a substituent
at 2-position of the leaving aryloxide. Thus, one can suggest
that steric hindrance is responsible for the negative deviation.
In fact, steric hindrance has been reported to be significant for
aminolysis of esters with 2,4-dinitrophenoxide as a leaving
group, e.g., 2,4-dinitrophenyl phenyl carbonate, “benzoate,"™
2-furoate,”” and thiophene-2-carboxylate.'*

The slope of the Brensted-type plot (8);) shown in Figure 1
is —0.49 with R” = 0.983 when the substrates possessing a
substituent at 2-position of the leaving aryloxide (e.g., 1o, 1p
and 1r) are excluded from the correlation. The fig value of —0.49
is typical for reactions reported previously to proceed through
a concerted mechanism.'®** Accordingly, one can suggest that
the reaction of 1a-q with CN proceeds through a concerted
pathway.
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Figure 2. Hammett plots correlated with 6° (A) and 6~ (B) constants
for reactions of Y-substituted phenyl benzoates (1a-q) with CN' in
80 mol % H>O/20 mol % DMSO at 25.0 + 0.1 °C. The identity of points
is given in Table 1.
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To examine the above idea, Hammett plots have been con-
structed using 6° and 6~ constants in Figure 2. One can expect
that 6 constants would exhibit a better correlation than ¢° con-
stants when leaving-group departure is involved in the RDS
either in a stepwise mechanism or in a concerted pathway. This
is because the negative charge developing on the oxygen atom
of the leaving aryloxide can be delocalized on the substituent
Y through resonance interactions. In contrast, when expulsion
of the leaving group occurs after the RDS, no negative charge
would develop on the oxygen atom of the leaving group in the
transition state of the RDS. In this case, ¢° constants would
result in a better correlation coefficient than ¢ constants. As
shown in Figures 2A and 2B, ¢° constants result in a slightly
better correlation coefficient than ¢ constants. However, both
Hammett plots exhibit many scattered points. Thus, one cannot
obtain any conclusive information on mechanism for the re-
actions of 1a-q from the Hammett correlations.

Nonlinear Hammett plots have been reported for reactions
of 2,4-dinitrophenyl X-substituted benzoates and related com-
pounds with amines as well as with anionic nucleophiles such
as OH, CN, and N, e.g., the plots have been reported to exhi-
bit a downward curvature as the substituent X in the benzoyl
or thionobenzoyl moiety changes from electron-withdrawing
groups to electron-donating ones.”’ In contrast, the Yukawa-
Tsuno plot for the same reactions exhibited an excellent linear
correlation with a positive slope.*’ Thus, it has been concluded
that the nonlinear Hammett plots are not due to a change in
RDS but are caused by ground-state (GS) stabilization through
resonance interactions as illustrated resonance structures I <
>

0 (S)

MeO> C—OAr

. D(S)
-~ MeQ’2€>jC*OAr
I I

A Yukawa-Tsuno plot for the reactions of 1a-q with CN" has
been constructed to obtain further information on mechanism.
As shown in Figure 3, the Yukawa-Tsuno plot exhibits excellent
linearity (R* = 0.996) with p = 1.37 and r = 0.34. The r value
in the Yukawa-Tsuno equation (eq 1) represents the extent of
resonance contribution between the reaction site and substituent
Y.>? Since eq (1) becomes the Hammett equation when =0
or 1, the fact that r is neither O nor 1 is consistent with the fact
that ° and 6 constants result in poor correlation coefficients
as shown in Figure 2.

log K/ = p (6° + r (67— 6°)) (1)

The r value of 0.34 implies that a negative charge develops
partially on the oxygen atom of the leaving aryloxide. Thus, one
can suggest that expulsion of the leaving group occurs in the
RDS. In this case, two different mechanisms are possible, i.c.,
a concerted mechanism and a stepwise pathway in which ex-
pulsion of the leaving group occurs in the RDS. However, one
can exclude a stepwise mechanism. This is because the p value
should be much larger than 1.37, if the reaction proceeds
through a stepwise mechanism, in which breakdown of the
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Figure 3. Yukawa-Tsuno plot for reactions of Y-substituted phenyl
benzoates (1a-q) with CN in 80 mol % H,0/20 mol % DMSO at
25.0 £ 0.1 °C. The identity of points is given in Table 1.

intermediate occurs in the RDS. In fact, the reactions of 1a-q
with N3~ resulted in a py value of 2.45 and were suggested to
proceed through an intermediate with its breakdown being the
RDS.” On the contrary, we have recently reported that the re-
actions of 2a-q with CN” proceed through a stepwise mecha-
nism, in which expulsion of the leaving group occurs after the
RDS on the basis of the fact that (1) ¢° constants result in much
better Hammett correlation than 6 constants and (2) the py value
is fairly small (1.02).6b Thus, the fact that the Yukawa-Tsuno
plot is linear with py = 1.37 and » = 0.34 is consistent with the
preceding proposal that the reactions of 1a-rwith CN™ proceed
through a concerted mechanism on the basis of £, =-0.49.

Conclusions

(1) Aryl benzoates possessing a strongly basic leaving group
(1a-K) are less reactive than the corresponding thionobenzoates
(2a-k) toward CN ion but aryl benzoates with a weakly basic
leaving group (e.g., 1m-q) are more reactive than the corres-
ponding thionobenzoates 2m-q. (2) The Bronsted-type plot is
linear with fi; = -0.49 when the substrates possessing a sub-
stituent at 2-position of the leaving aryloxide are excluded in
the correlation. (3) Hammett plots correlated with o and ¢°
constants exhibit many scattered points, while the corresponding
Yukawa-Tsuno plot results in excellent correlation with py =
1.37 and = 0.34, indicating that expulsion of the leaving group
occurs in the RDS. (4) The current reactions proceed through
a concerted mechanism on the basis of the magnitude of the f,
and py values.

Experimental Section
Materials. Y-Substituted phenyl benzoates (1a-r) were syn-

thesized by treating Y-substituted phenol with benzoyl chloride
in anhydrous ether in the presence of triethylamine, and purified
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through column chromatography. Their purity was confirmed
by their melting points and 'H NMR spectra. DMSO and other
chemicals were of the highest quality available. Doubly glass-
distilled water was further boiled and cooled under nitrogen
just before use to remove dissolved COs.

Kinetics. The kinetic study was performed using a UV-vis
spectrophotometer equipped with a constant temperature cir-
culating bath. The reactions were followed by monitoring the
appearance of Y-substituted phenoxide at a fixed wavelength
corresponding the maximum absorption. Due to low solubility
of substrates 1a-r in pure water, reactions were carried out in
80 mol % H>0/20 mol % DMSO. Typically, the reaction was
initiated by adding 5 pLL of a 0.02 M of substrate stock solution
in MeCN by a 10 pL syringe to a 10 mm UV cell containing
2.50 mL of the reaction medium and nucleophile. The KCN
stock solution of ca. 0.2 M was prepared in 25.0 mL volumetric
flask under nitrogen. Transfers of solutions were carried out by
means of gas-tight syringes. All reactions were carried out under
pseudo-first-order conditions in which nucleophile concent-
rations were at least 30 times greater than the substrate con-
centration.

Product analysis. Y-Substituted phenoxide was identified
as one of the products by comparison of the UV-vis spectra at
the end of the reactions with the authentic samples under the
same reaction conditions.
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