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Pseudo-first-order rate constants (konsa) have been measured for nucleophilic substitution reactions of 2-pyridyl
benzoate 5 with alkali metal ethoxides (EtOM, M = Li, Na, K) in anhydrous ethanol. The plots of kopsa vs. [EtOM],
are curved upwardly but linear in the excess presence of 18-crown-6-ether (18C6) with significant decreased kopsd
values in the reaction with EtOK. The kqsq value for the reaction of § with a given EtONa concentration decreases
steeply upon addition of 15-crown-5-ether (15C5) to the reaction medium up to ca. [15C5]/[EtONa], = 1, and remains
nearly constant thereafter, indicating that M ions catalyze the reaction in the absence of the complexing agents.
Dissection kobsq into kgo- and kgom, i.€., the second-order rate constants for the reaction with the dissociated EtO and
the ion-paired EtOM, respectively has revealed that ion-paired EtOM is 3.2 - 4.6 times more reactive than dissociated
EtO . It has been concluded that M ions increase the electrophilicity of the reaction center through a 6-membered
cyclic transition state. This idea has been examined from the corresponding reactions of 4-pyridyl benzoate 6, which

cannot form such a 6-membered cyclic transition state.
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Introduction

The effect of metal ions on rates of nucleophilic substitution
reactions of esters has been intensively investigated due to the
importance in biological processes as well as synthetic inte-
rest.”" Alkali metal ions (e.g,M =Li", Na', K) have often
been reported to catalyze acyl-group transfer reactions as a
Lewis acid catalyst although they exert lower catalytic effects
than multivalent metal ions.”" The first systematic study of M
ion effect was performed by Buncel et al. in alkaline ethanolysis
of 4-nitropheny! diphenylphosphinate 1 with alkali metal ethox-
ides (EtOM, M =Li, Na, K).6 They found that M" ions catalyze
the reaction and the catalytic effect increases as the size of M
ions decreases, i.e., K'<Na' < Li".° A similar result has been
reported for the reactions of paraoxon 2a with EtOM in an-
hydrous ethanol.” However, a contrasting result has been found
for the corresponding reaction of parathion 2b, a sulfur analogue
of2a,i.c.,K and Na catalyze the reaction while Li' behaves
as an inhibit, indicating that the nature of the electrophilic center
(e.g., P=0 vs. P=S) governs the role of M" ions.”

I 1] I}
Ph—P-OAr  RO-P-OAr  RO-P-OAr
Ph OR OR
1 2a 2b

The effect of M ions on reactions of carboxylic esters with
EtOM has also been investigated.™'" M" ions have been report-
ed to catalyze the reaction of 4-nitrophenyl benzoate 3 with
EtOM in anhydrous ethanol in the order K >Na" >Li", although
the catalytic effect is small.** Significantly enhanced catalytic
effect has recently been found for the corresponding reaction
of 4-nitrophenyl picolinate 4 with a catalytic effect order Na' >
K'>Li', implying that the effect of M ions is also influenced
by the environment of the reaction site.'™
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The large catalytic effect found for the reactions of 4 has
been attributed to increase in the electrophilicity of the carbonyl
carbon through 5-membered cyclic transition state 1. "% M" ions
would also catalyze the reactions of 4 by increasing the nucleo-
fugality of the leaving group through 4-membered cyclic tran-
sition state II. However, the contribution of I to the catalytic
effect has been suggested to be insignificant since the leaving-
group departure would occur after the rate-determining step
(RDS).'*
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We have extended our study to reactions of 2-pyridyl benzo-
ate 5 and 4-pyridyl benzoate 6 with EtOM in anhydrous ethanol
to get further information on M ion effect (Scheme 1). Esters
possessing a 2-pyridyl moiety (e.g., 5) have often been reported
to be an excellent acylating agent in reactions with Grignard
reagents as well as in reactions with cupric bromide or lithium
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Scheme 1
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diall<y1(:uprate.14’15 We wish to report that M ions catalyze the
reaction of 5 by increasing the electrophilcity of the reaction
center through a 6-membered cyclic transition state with an
order of catalytic effect Na" > Li" > K'.

Results and Discussion

The kinetic study was performed spectrophotometrically
under pseudo-first-order conditions with a large excess of EtOM.
All reactions in the current study obeyed pseudo-first-order
kinetics. Pseudo-first-order rate constants (kobsa) Were obtained
from the slope of linear plots of In (4., — A4;) vs. ¢. The correlation
coefficients of the linear plots are usually higher than 0.9995.
From replicate runs, the uncertainty in the kobsq values is esti-
mated to be less than + 3%. The kobsa Values and detailed kinetic
conditions for the reactions of 5 and 6 with EtOM are summa-
rized in Tables S1 and S2, respectively in the Supporting In-
formation.

Effect of M' ions on reactivity of EtOM. As shown in
Figure 1, the plots of kopsq vs. [EtOM], for the reactions of 5
with EtOM exhibit upward curvature as the concentration of
EtOM increases. The upward curvature is most significant for
the reaction with EtOLi. However, the plot for the reaction of 5
with EtOK in the presence of a complexing agent 18-crown-
6-cther (18C6) is linear with significantly decreased kqpsa Values.
Thus, one can suggest that M ions catalyze the reactions of 5
but the catalytic effect disappears in the presence of the com-
plexing agent.

To provide further evidence for M ion catalysis, the reaction
of 5 with EtONa has been performed at a given [EtONa], with
varying the concentration of 15-crown-5-ether (15C5), a com-
plexing agent for Na' ion. The kinetic results are illustrated in
Figure 2. One can see that the kobsq Valueat a given [EtONa],
decreases steeply as the [15C5]/[EtONa], ratio increases up to
ca. 1.0 and remains nearly constant thereafter. This result indi-
cates that 15C5 complexes Na' ion almost completely when
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Figure 1. Plots of kqbsq vs. [EtOM], for reactions of 2-pyridyl benzoate
5 with EtOLi (0), EtONa (e), EtOK (@), and with EtOK in the presence
of 18C6 (m) in anhydrous EtOH at 25.0 £ 0.1 °C. [18C6]/[EtOK], = 5.0.
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[15C5])/[EtONa], = 1.0, and the crowned Na' ion does not ca-
talyze the reaction. Thus, one can conclude that M ions catalyze
the reactions of 5 with EtOM in the absence of complexing
agents 18C6 or 15C5.

Dissection of kgnsa into kgom and kgio-. To quantify the cataly-
tic effect shown by M ions, the kobsq values have been dissected
into kg0~ and kgiowm, 1.€., the second-order rate constants for the
reaction with dissociated EtO and ion-paired EtOM, respec-
tively. It has been reported that alkali metal ethoxides exist as
dimers or other aggregates in a high concentration region (e.g.,
[EtOM], > 0.1 M). ' However, EtOM has been suggested to exist
as dissociated and ion-paired species in concentration below
0.1 M." Since the current reactions were performed in a low
concentration region (e.g., [EtOM], < 0.025 M), one might ex-
pect that EtOM exists as dissociated EtO and ion-paired EtOM.

It is apparent that both dissociated EtO and ion-paired EtOM
could react with substrate 5 as shown in Scheme 2. Thus, the
rate equation can be expressed as eq (1). Since all reactions
were performed under pseudo-first-order conditions, kopsa can
be expressed as eq (2). Note that the dissociation constant K4 =
[EtO Jeg[M Te/[EtOM]eq, and [EtO Jeq = [M 'Iq at the equili-
brium, eq (2) becomes eq (3). Besides, the concentration of
EtO and EtOM at equilibrium can be calculated from the re-
ported Kq and the initial [EtOM], as shown in eqs (4) and (5).
Accordingly, one might expect that the plots of kopsa/[EtO Jeq
vs. [EtO ]eq are linear and pass through a common intercept re-
gardless of the nature of M ions. This is because the intercept
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Figure 2. Plot showing the effect of added 15C5 on kqpsa for the reaction
of 2-pyridyl benzoate 5 with EtONa in anhydrous EtOH at 25.0 +
0.1 °C. [EtONa],=15.5 mM.



Alkaline Ethanolysis of 2-Pyridyl and 4-Pyridyl Benzoates

represents kgio-, which is independent of M ions as shown in
eq (3).

Rate = ko [EtO Jeg[5] + kecom[ EtOM]eq[5] (1)
kobsa = ket [ELO Jeq + keiom[EtOM]eq )
kapsa/ [ELO Jeq = ko~ + keiom [E1O Jeg/Ka 3)
[EtOM], = [EtO Jeq + [EtOM]eq (@)
[EtO Jeq = [Ka + (K& + 4KJ[EtOM]o)"?]/2 (5)

To examine the above argument, plots of kobsa/[EtO Jeq vs.
[EtO ]eq have been constructed. As shown in Figure 3, the plots
exhibit excellent linear correlation with nearly an identical
intercept, indicating that the mechanism proposed in Scheme 2
and eqs (1)-(3) are correct. Accordingly, keiom/Kq and kgo- have
been determined from the slope and intercept of the linear plots,
respectively. Since the Ky values were reported to be 4.72 x 10,
9.80 x 10, and 11.1 x 10" M for EtOLi, EtONa, and EtOK,
respectively,17 the kriom values could be calculated from the
keiom/Kq values. The kgo- and kecom values calculated in this
way are summarized in Table 1.

As shown in Table 1, the kgo- values determined from the
intercept of the linear plots range from 1.45t0 1.75M's ', in-

Table 1. Summary of second-order rate constants from ion-pairing
treatment of kinetic data for reactions of 2-pyridyl benzoate 5 with
EtOM in anhydrous EtOH at 25.0 + 0.1 °C.

EtOM keo- M 's™) keom (M's ™)
EtOLi 1.46 6.48
EtONa 1.74 7.19
EtOK 1.45 4.90
EtOK/18C6 1.46 -
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Figure 3. Plots illustrating dissection of kqpsa into kgo-and kgowm re-

actions of 2-pyridyl benzoate 5§ with EtOM in anhydrous EtOM at
25.0+0.1°C.
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dicating that some uncertainties are involved in the kg~ values.
A more accurate kgo- value can be measured directly from the
slope of the linear plot for the reaction of § with EtOK in the
excess presence of 18C6 (e.g., [18C6]/[EtOK] =5.0) as shown
in Figure 1. This is because K ion would be complexed com-
pletely by 18C6 and the crowned K ion does not catalyze the
reaction (see also Figure 2). The kgo- value determined in this
wayis 1.46 M's ', which is practically identical to the average
kero- values determined from the intercepts of the linear plots
shown in Figure 3.

One can see from Table 1 that the ion-paired species are more
reactive than dissociated EtO . This is consistent with the pre-
ceding argument that M ions behaves as a catalyst in the re-
actions of 5. Interestingly, the reactivity increases in the order
EtO < EtOK < EtOLi < EtONa, indicating that Na' ion exhibits
the highest catalytic effect.

Origin of M ion catalysis. Alkaline hydrolysis of carboxylic
esters has generally been suggested to proceed through a step-
wise mechanism with formation of an intermediate being the
RDS."™" Thus, one might expect that the current reaction also
proceed through a stepwise mechanism. If the reaction proceeds
through a stepwise mechanism, departure of the leaving group
from the intermediate would occur after the RDS. This is
because EtO is more basic and a poorer leaving group than
2-pyridyloxide.

M’ ion might catalyze the reaction of 5 either by increasing
the nucleofugality of the leaving group or by increasing the
electrophilicity of the reaction center as illustrated in 4- or
6-membered complexes III or IV, respectively. However, the
effect of enhanced nucleofugality would be negligible for re-
actions in which the leaving-group departure occurs after the
rate-determining step (RDS). Thus, one might suggest that the
large catalytic effect shown by M ions would not be due to
increased nucleofugality but due to increased the electrophilicity
of the electrophilic center through a 6-membered cyclic tran-
sition state I'V.
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As mentioned above, Na' ion exhibits the highest catalytic
effect. Such high Na' ion selectivity has recently been reported
for alkaline ethanolysis of 4-nitrophenyl picolinate 4 and 5-nitro-
8-quinolyl benzoate.'™ A common feature of these compounds
including 5 is possession of a nitrogen atom which can par-
ticipate in formation of a 5- or 6-membered cyclic complex in
the transition state (e.g., I and IV). Thus, one can propose that
Na' ion stabilizes transition state IV most strongly among the
alkali metal ions employed in this study.

To examine the above idea that M ion catalyzes the current
reaction by stabilizing the transition state through complex IV,
reactions of 4-pyridyl benzoate 6 with EtOM have been per-
formed in anhydrous ethanol. Since the reactions of 6 cannot
form a 6-membered cyclic transition state (e.g., [V), the effect
of M ions on reactivity of 6 would be quite different from that
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Figure 4. Plots of kobsa vs. [EtOM] for reactions of 4-pyridyl benzoate
6 with EtOK (m), EtONa (e), EtOLi (0) and EtOK in the presence of
18C6 (®) in anhydrous EtOH at 25.0 + 0.1 °C.

found for the corresponding reactions of 5. In fact, as shown in
Figure 4, plots of kobsa vs. [EtOM], for the reactions of 6 with
EtOK and EtONa are curved upwardly while the corresponding
plots for the reactions with EtOLi and EtOK/18C6 are linear.
Besides, the curvature is not significant, indicating that the
effect of M ions on reactivity of 6 is insignificant. It is also
noted that the reactivity of EtOM decreases in the order EtOK >
EtONa > EtOLi > EtOK/18C6, which is also contrasting to the
reactivity order found for the corresponding reactions of 5. Thus,
one can conclude that the difference in M ion effects found in
this study is mainly due to the difference in their transition state
structures, since a 6-membered cyclic transition state IV is po-
ssible for the reactions of 5 but impossible for the reactions of 6.

Conclusions

The current study has allowed us to conclude the following:
(1) The plots of kopsa vs. [EtOM], for the reactions of S exhibit
upward curvature, indicating that M ions catalyze the reaction.
(2) The reactivity of EtOM toward 5 decreases significantly in
the presence of the complexing agents such as 15C5 and 18C6,
implying that the M ion catalysis disappears in the presence
of the complexing agents. (3) Dissection of kobsa into kgo- and
ketom has revealed that ion-paired EtOM is 3.2 - 4.6 fold more
reactive than the dissociated EtO toward 5. (4) M ion catalysis
is insignificant for the reactions of 6. (5) The Enhanced electro-
philicity through 6-membered cyclic transition state [V is res-
ponsible for the M ion catalysis.

Experimental Section

Materials. Compounds 5 and 6 were readily prepared from
the reaction of benzoyl chloride with 2-hydroxypyridine and
4-hydroxypyridine, respectively in anhydrous ether. The crude
compounds 5 and 6 were purified by recrystallization. Their
purity was confirmed by melting points and 'HNMR spectra.
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The solutions of EtOM were prepared by dissolving the res-
pective alkali metal in anhydrous ethanol under N, and stored
in the refrigerator. The concentrations of EtOM stock solutions
were measured by titration with mono potassium phthalate.
Crown ethers (18C6 and 15C5) were recrystallized from ace-
tonitrile and dried under vacuum. The anhydrous ethanol was
further dried over magnesium and distilled under N just before
use.

Kinetics. Kinetic study was performed using a UV-vis spectro-
photometer equipped with a constant-temperature circulating
bath. The reactions were followed by monitoring the appearance
of the leaving 2-pyridyloxide at 298 nm (or 4-pyridyloxide at
270 nm). Reactions were followed generally for 9 - 10 half-lives
and kobsq Values were calculated using the equation, In (4. —
A)vs. t.

Product analysis. 2-Pyridyloxide (or 4-pyridyloxide) was
liberated quantitatively and identified as one of the reaction
products by comparison of the UV-vis spectra after completion
of the reactions with those of the authentic samples under the
reaction conditions.
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