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Pseudo-first-order rate constants (kobsa) have been measured spectrophotometrically for nucleophilic substitution reac-
tions of 4-nitrophenyl benzoate (5a), 4-nitrophenyl 4-methoxybenzoate (5b), and 4-nitrophenyl 4-hydroxybenzoate
(5¢) with alkali metal ethoxides, EtO M' (M'=Li",Na" and K") in anhydrous ethanol (EtOH) at 25.0 + 0.1 °C. The plots
of kobsa vs. [EtO M ] exhibit upward curvatures in all cases, indicating that M ions catalyze the reactions and ion-
paired EtO M species are more reactive than dissociated EtO . Second-order rate constants for reactions with disso-
ciated EtO™ and ion-paired EtO M (i.e., keo- and keo-m+, respectively) have been calculated from ion-pair treat-
ment for the reactions of 5a and Sb. However, such ion-pair treatment has failed to determine kg0~ and kgio-m* values
for the reactions of Sc. It has been concluded that reactions of Saand 5b are catalyzed by one metal ion, which increases
electrophilicity of the reaction center through coordination on the carbonyl oxygen. In contrast, reactions of Sc¢ have been
suggested to involve two metal ions, i.e., the one coordinated on the carbonyl oxygen increases the electrophilicity of
the reaction center while the other one associated on the phenoxy oxygen decreases the charge repulsion between the
anionic reagents (i.e., EtO™ and deprotonated Sc). It has been found that the rate equation derived from the mechanism

involving two metal ions fits nicely to the kinetic results obtained for the reactions of Sc.
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Introduction

Effects of metal ions on nucleophilic substitution reactions
have been intensively studied due to their importance in chemis-
try as well as biological processes. '’ However, most studies
have been focused on catalytic effects shown by di- or trivalent
metal ions (e.g., Mg2+, Ca2+, Mn2+, Cu2+, Zn2+, La3+, Eu3+, C03+,
etc.).l'4 The effect of alkali metal ions on nucleophilic substitu-
tion reactions has been much less investigated although alkali
metal ions are ubiquitous in biological systems. Buncel ef al.
performed a systematic study on nucleophilic substitution reac-
tions of 4-nitrophenyl diphenylphosphinate (1) with EtO M
(M"=Li", Na', K") to investigate the role of alkali metal ions.’
They found that alkali metal ions catalyze the reactions of 1 as
Lewis acid catalysts and the catalytic effect decreases as the size
of M ions increases (i.e., Li' > Na' > K+).5
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We have recently shown that alkali metal ions behave as
Lewis acid catalysts in alkaline ethanolysis of 4-nitrophenyl
diethylphosphate (2, paraoxon) and the catalytic effect increases
as the size of M ion decreases.” In contrast, in alkaline ethano-
lysis of 4-nitophenyl diethylphosphorothioate (3, parathion),

the thio analogues of 2, we found that K" and Na" exhibit cataly-
tic effect while Li" ion behaves as an inhibitor.” A similar result
has been reported by Pregel et al. for reactions of 4-nitrophenyl
benzenesulfonate (4) with EtO M, i.e., catalysis by K and Na"
ions and inhibition by Li" ion,” indicating that the role of M
ions depends on the nature of the electrophilic centers (e.g.,
P=0,P =S8, SO,).

We have extended our study to alkaline ethanolysis of 4-ni-
trophenyl X-substituted benzoates (Sa-c) as shown in Scheme 1
to investigate the effect of M ions on reactions of the C = O
centered electrophile. We have found: (1) Ion-paired EtO~
M’ species are more reactive than dissociated EtO ion and M
ions catalyze the reactions of Sa-c. (2) One metal ion is involved
in the reactions of 5aand 5b, while two metal ions are involved
in the corresponding reactions of Sc. The roles of metal ions
(e.g., increase in electrophilicity/nucleofugality) are discussed
together with plausible transition-state structures.

Results and Discussion

The kinetic study was performed spectrophotometrically
under pseudo-first-order conditions with a large excess of
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Scheme 1
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EtO M. All reactions in the current study obeyed pseudo-first-
order kinetics. Pseudo-first-order rate constants (kobnsq) Were
obtained from the plots of In (4. —4;) vs. ¢. It is estimated from
replicate runs that the uncertainty in the kopsa values is less than
+ 3%. The kopsa values and kinetic conditions for the reactions
of 5a-¢ with EtO M are summarized in Tables S1-S4 in the
Supporting Information. The second-order rate constants (k-
and kgio-w+) for the reactions of 5a and 5b were determined
from the ion-pairing treatment of the kinetic data and sum-
marized in Table 1, while the parameters determined from curve
fittings for the corresponding reactions of Se¢ are shown in
Table 2.

Reactions of Neutral Substrates Sa and Sb. As shown in
Figure 1A, the reactivity of EtO Li' toward 5a is similar to those
of EtO Na' and EtO K" in a low concentration region (e.g.,
[EtO M '] <5 mM). However, EtO Li’ becomes less reactive
than EtO Na' and EtO K as the concentration increases further.
A similar result is shown in Figure 1B for the corresponding
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Figure 1. Plots of kobsq vs. [EtO M'] for reactions of 4-nitrophenyl ben-
zoate (S5a, A) and 4-nitrophenyl 4-methoxybenzoate (5b, B) with
EtO K'(®), EtO Na'(0), and EtO Li'(®) in anhydrous EtOH at 25.0
+ 0.1 °C. The curved lines were drawn from eq (2).
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reactions of Sb, although 5b is much less reactive than 5a due
to the presence of an electron donating substituent (MeQO) on
the benzoyl moiety.

A careful examination of Figures 1 A and 1B reveals that plots
of kapsa vs. [EtO M '] are not linear but exhibit a slightly upward
curvature in all cases. Such an upward curvature has been re-
ported for alkaline ethanolyses of P =0, P =S, SO, and other
C =0 centered electrophiles, in which M" ions behave as Lewis
acid catalysts and ion-paired EtO M species are more reactive
than dissociated EtO ion.” " Thus, one can suggest that M ions
behave as Lewis acid catalysts in the current reactions of 5a
and Sb.

It has been reported that EtO M may exist as dimers or other
aggregates in the high concentration (e.g., [EtO M']>0.1 M)."
However, in concentration below 0.1 M as in the current study,
EtO M’ has been suggested to exist mainly as dissociated and
ion-paired species.'' Since both dissociated EtO™ and ion-paired
EtO M’ can react with the substrates as shown in Scheme 2, one
can derive a rate equation in eq (1), in which kgo- and keo-m*
represent the second-order rate constants for the reaction with
dissociated EtO ™ and ion-paired EtO M, respectively.5

Since the association constant, Kus = [EtO M ']/[EtO ][M']
and [EtO ] =[M'] at equilibrium, eq (2) becomes eq (3). The
concentration of EtO™ at equilibrium can be calculated from the
K;s value reported previously12 and the initial EtO M concen-
tration.
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Figure 2. Plots illustrating dissection of ks into second-order rate
constants kgio- and kgio-m* for the reactions of 4-nitrophenyl benzoate
(5a) and 4-nitrophenyl 4-methoxybenzoate (5b, inset) with EtO M in
anhydrous EtOH at 25.0 + 0.1°C.
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Table 1. Summary of Second-Order Rate Constants from lon-Pairing Treatment of Kinetic Data for Reactions of 4-Nitrophenyl Benzoate (5a)
and 4-Nitrophenyl 4-Methoxybenzoate (5b) with EtO M in Anhydrous EtOH at 25.0 = 0.1°C.

. X = H (5a) X = MeO (5b)
EtoiM 1 -1 -1 ~1 1 -1 1 -1
keiom™ /M s keio /M s keiom™ /M s krio/M s
EtOLi" 13.1 + 0.3 9.83 £ 0.22 2.13 + 0.06 1.59 + 0.11
EtO Na' 16.6 + 0.3 10.8 + 0.1 2.80 £ 0.06 1.70 + 0.06
EtOK" 175 £ 0.2 105 + 0.1 2.92 + 0.02 1.73 + 0.03
Rate = kgio-[EtO ][5] + keio-m[EtO M '][5] (1 for reactions in which leaving-group departure occurs in the
rate-determining step (RDS). Alkaline ethanolysis of aryl ben-
kopsa = keo [EtO ] + kgovt{[EtO M'] 2) zoates has been reported to proceed through a stepwise mecha-
nism, in which expulsion of the leaving group occurs after
kobsd/[EtO ] = kgio- + Kas keiomt [EtO ] 3) RDS." Thus, enhanced nucleofugality through coordination of

If the current reactions proceed as proposed in Scheme 2, one
might expect that the plots of kobsa/[EtO ] vs. [EtO ] are linear
and pass through a common intercept. In fact, as shown in Figure
2 (and inset), all plots are linear and pass through a common
intercept regardless of the nature of M ions, indicating that both
dissociated EtO and ion-paired EtO M react with substrates
5a and 5b as proposed in Scheme 2. Thus, one can determine
keo- and Kaskeiovt values from the intercept and slope of the
linear plots, respectively. Since the K, values of EtO Li', EtO™
Na' and EtO K have been reported to be 212, 102, and 90 M
for this series,” the keo-v+ value can be calculated from the
slope of the linear plots in Figure 2. The kgo-and keo-mt values
determined in this way are summarized in Table 1.

Table 1 shows that kg0 wm+ increases as the size of M ion in-
creases, i.e., the kgo-m+ values for the reactions of 5a with
EtOLi", EtO Na' and EtO K" are 13.1 + 0.3, 16.6 = 0.3 and
17.5 £ 0.2 M''s™', respectively. In contrast, kgo- is almost
identical within an experimental error (keo-=10.3£0.5M 's ).
Similar results are obtained for the corresponding reactions of
5Sb, although Sbresulted in ca. 6 times smaller kgio- and keoo-m+
values than 5a due to the electron-donating substituent, MeO
on the benzoyl moiety. It is also noted that kgo-w+ is larger than
keio- for the reactions of 5a and Sb, indicating that the ion-
paired EtO M species are more reactive than dissociated EtO~
and alkali metal ions catalyze the reactions of Sa and Sb.

The catalytic effect of M' ions has been reported to decrease
in the order Li' > Na' > K for alkaline ethanolysis of 4-nitro-
phenyl diphenylphosphinate (1)5 and paraoxon (2)9 while K>
Na'>Li" for reactions of parathion (3)9 and 4-nitrophenyl ben-
zenesulfonate (4).8 Table 1 shows that the order of catalytic
effects increases as the size of M ion increases, which is oppo-
site to that reported previously for the corresponding reactions
of P =0 centered electrophiles,”” but the same as that reported
for the reactions of P =S and SO, centered electrophiles.8 Thus,
the current study supports the argument that the role of metal-
ions is dependent on the nature of the electrophilic center.

One might suggest that M ions in this study exhibit catalytic
effect by enhancing nucleofugality through coordination on
the O atom of the leaving 4-nitrophenoxide and/or by increasing
electrophilicity of the reaction center through complexing with
the O atom of the C = O bond as modeled by I and II. However,
the effect of enhanced nucleofugality would be significant only

M on the O atom of the leaving aryloxide (i.e., I) would be little
responsible for the catalytic effect shown by M ions in the reac-
tions of 5a and Sb. Instead, enhanced electrophilicity through
complexation of M" with the O atom of the carbonyl group (i.e.,
II) is considered to be mainly responsible for the metal ion ca-
talysis.

One might expect that the interaction between M and the O
atom of the carbonyl group becomes stronger as charge polari-
zation of the C = O bond increases. In fact, we have shown that
the effect of polarization of electrophilic center (e.g., the C=0
bond in I and I'V) on reactivity is significant for nucleophilic
substitution reactions of aryl benzoates and related esters with
amines as well as with anionic nucleophiles such as OH , CN,
and N3 jons."*" Thus, reactions of 5¢, which has a strong elec-
tron-donating substituent on the benzoyl moiety, has been per-
formed to get further information on the role of M" ion. The
kinetic results will be discussed in the following section.
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Reactions of Anionic Substrate 5¢ . As shown in Figure 3, the
plots of kasavs. [EtO M'] for reactions of 5¢ curve upward as the
concentration of EtO M increases. Besides, the reactivity of
EtO M toward 5c is highly dependent on the nature of M ions,
i.e., the reactivity of EtO M decreases as the size of M ions de-
creases. It is also noted that EtO K exhibits significantly de-
creased reactivities in the presence of a complexing agent, 18-
crown-6-ether (18C6). The effect of added 18C6 on kopsq is illus-
trated in the inset of Figure 3, i.e., kobsa decreases sharply upon
addition of 18C6 up to near [18C6]/[EtO K'] = 1 and then re-
mains nearly constant thereafter. This indicates clearly that K"
catalyzes the reactions of 5¢ and complexation of K with 18C6
is completed at [18C6]/[EtO K'] = 1.

Thus, plots of kopsa/[ EtO ] vs. [EtO | have been constructed to
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Figure 3. Plots of kopsa vs. [EtO M'] for reactions of 4-nitrophenyl 4-
hydroxybenzoate (5¢) with EtO K'(®), EtO Na'(o), EtOLi' (), and
EtO K'in the presence of 18C6 (m, [18C6)/[EtO K']=2) in anhydrous
EtOH at 25.0+0.1 °C. The inset demonstrates the effect of added 18C6
on kupsa for the reactions of 5¢ with EtO K.
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Figure 4. Plots illustrating dissection of kobsq into rate constants keo-
and kgo-m+ for reactions of 4-nitrophenyl 4-hydroxybenzoate (5c¢)
with EtO M’ in anhydrous EtOH at 25.0 = 0.1 °C.

calculate kgio-and keio-m+. As in the preceding section for the
reactions of Sa and 5b, one might expect the plots should be
linear. However, as shown in Figure 4, the plots of kobsa/[EtO ]
vs. [EtO ] curve upward, indicating that the simple ion-pair treat-
ment applied to the reactions of Sa and Sb cannot be applicable
to the reaction of 5c.

One might suggest that reactions of 5¢ with EtO' M proceed
through a dissociative mechanism (e.g., E2 or Elcb) as shown in
Scheme 3. Such dissociative mechanism is not possible for the
reactions of Sa and Sb. Thus, one might suggest that the di-
fference in reaction mechanisms would be responsible for the
fact that the simple ion-pair treatment, which has been applied
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to the reactions of 5a and 5b, cannot be applicable to the reac-
tions of Sc.

Cevasco et al. have reported that alkaline hydrolysis of aryl
4-hydroxybenzoates proceeds mainly through an Elcb mecha-
nism with a 4-oxoketene intermediate V, when the pK, of the
conjugate acid of the leaving group becomes lower than 6.5."°
Since the pK, of 4-nitrophenol, the conjugate acid of the leaving
group of 5¢, is 7.14, one might suggest that the reaction of 5S¢
would not proceed through an E2 or E1cb mechanism. Further-
more, such dissociative mechanism cannot account for the M
effect found for the reactions of Se. Thus, we propose that the
curved plots shown in Figure 4 are not due to a dissociative
mechanism but are caused by the nature of substrate Sc as dis-
cussed below.

It is assumed that substrate 5c¢ is fully ionized to give an anio-
nic form Sc_ in the kinetic condition (e.g., in strongly basic EtO
M solutions). Accordingly, the anionic substrate 5¢_ would in-
teract with M ions in the ground state (GS) as well as in the
transition state (TS). The negative charge of 5S¢ in the GS would
be localized either on the O atom of the phenoxy moiety or
C = Obond. Thus, pre-association of M" with 5¢ would result
in VI or VII, which could lower the activation energy by decreas-
ing charge repulsion between the anionic reagents (i.e., EtO™
and Sc¢). Furthermore, VI might increase electrophilicity of
the reaction center by localizing the negative charge on the phe-
noxy oxygen. In contrast, VII could not increase the electro-
philicity, since the C =0 bond is already polarized. Thus, VI is
expected to be more reactive than VII.
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One might suggest that two metal ions are involved in the
reactions of 5S¢ as shown in Scheme 4, in which two “new” rate
constants are introduced (i.e., k’gio- and k’gio-m+ for attack of
dissociate EtO and ion-paired EtO M on a metal-complexed
substrate VI, respectively).

Accordingly, the mechanism shown in Scheme 4 leads to the
rate law in eq (4), which can be represented as eq (5), where
the association constant, K. = [M'5¢ J/[M][5¢ ].

Rate = keio[EtO ][5¢ ] + k’eo-[EtO ][M '5¢ ]
+ keo-m[EtO M ][5¢ ] 4)
+ Krom [EtO M'][M'5¢7]
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Table 2. Summary of the Coeftficients Determined from the Curve Fitting
(Figure 5) for the Reactions of 4-nitrophenyl 4-hydroxybenzoate (502
witlh I;ZtO’M+ in anhydrous EtOH at 25.0 + 0.1 °C.” kgo- = 1.30 x 10”
M's

EtOM' (KeoKe + keiomKas) (KoM KKas) kK eowmKe

EtO Li" 0.808 + 0.052 245 + 3.0 0.116 £ 0.014
EtO Na’ 0.540 + 0.016 133 £ 0.7 0.130 = 0.007
FtO K" 0.675 + 0.016 157 £ 0.7 0.174 £ 0.008

“The Kas values of EtOIit EtO Na' and BtO K used to calculate & govKe
are 212, 102, and 90 M for this series. See text and reference 12.
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Figure 5. Plots of kousa vs. [EtO] for reactions of 4-nitrophenyl 4-
hydroxybenzoate (5¢) with EtO M in anhydrous EtOH at 25.0+0.1°C.
The curved lines were drawn from eq (5).

kobsa = ko [EtO ] + (K so-Ke + keowtKas)[EtO T
+ kg0 wtK Ko [EtO T (5)

The relationship given in eq (5) is more complex than in eq
(3) due to the presence of the [EtO ]’ term. However, it was
possible to fit the experimental data to eq (5) using a spreadsheet
program with keo-=1.30 x 10° M 's ' as an input value, which
was determined from the slope of the plot of kopsavs. [EtO K]
for the reaction of 5¢ with EtO K in the presence of 18C6
(e.g., [18C6)/[EtO K']=2). The kgo- value determined in this
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way is reliable, since K' ion has been shown to be fully com-
plexed by 18C6 when [18C6]/[EtO K']=1 (see inset of Figure
3). The other unknown constants such as (k’ro-Kc + keiom+Kas)
and &’ ro-vtKcKas were optimized iteratively until the best fit
to the experimental data was observed. The results are summa-
rized in Table 2 and illustrated in Figure 5. However, unfortuna-
tely, £’ ro- and £’ sio-w+ values could not be calculated, since K.
and Ky values are not available.

Figure 5 shows that the experimental data fit nicely to eq (5),
which was derived from the mechanism involving two M ions,
indicating that the mechanism proposed in Scheme 4 is adequate
to account for the kinetic result obtained for the reactions of 5¢
with EtO M. The fact that M catalyzes the reaction of 5¢ indi-
cates that M ions stabilize TS more strongly than GS. Thus, one
can suggest VIII as a plausible TS structure, where two metal
ions are involved, i.e., the one on the phenoxy oxygen could
decrease the charge repulsion between the anionic reagents
(EtO and Sc¢") while the other one on the carbonyl oxygen could
increase the electrophilicity of the electrophilic center. Clearly,
both metal ions in VIII could lower the activation energy.

Conclusions

Our study has allowed us to conclude the following: (1) M"
ions catalyze the current reactions and the ion-paired EtO M"
species are more reactive than the dissociated EtO . (2) The
second-order rate constants keo- and keo-w+ have been deter-
mined from ion-pair treatment for the reactions of 5a and 5b
but not for those of 5¢. (3) The reactions of Sa and 5b are cata-
lyzed by one M ion, which could increase the electrophilicity of
the reaction center through coordination on the carbonyl oxygen.
(4) Two M ions are involved in the reactions of 5¢, i.e., the one
associated with the phenoxy oxygen could decrease the charge
repulsion between the anionic reagents (i.e., EtO and 5¢ ') while
the other one coordinated on the on the carbonyl oxygen could
increase the electrophilicity of the reaction center. (5) Catalytic
effect of M ions increases as the size of M increases and is
more significant for the reactions of 5¢ than for those of Sa and
5b.

Experimental Section

Materials. Compounds Sa and Sb were readily prepared from
the reactions of the respective benzoyl chloride with 4-nitro-
phenol in the presence of triethylamine in anhydrous ether.
Compound 5c¢ was prepared from the reaction of 4-hydroxy-
benzoic acid and 4-nitrophenol in the presence of dicyclohexyl-
carbodiimide (DCC) and 4-dimethylaminopyridine (DMAP)
in methylenechloride. The crude compounds Sa-¢c were purified
by column chromatography. The solutions of EtO M were pre-
pared by dissolving the respective alkali metal in anhydrous
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ethanol under N, and stored in the refrigerator. The concentra-
tions of EtO M were determined by titration with mono potas-
sium phthalate. 18-Crown-6-ether was recrystallized from ace-
tonitrile and dried under vacuum. The anhydrous ethanol used
was further dried over magnesium and distilled under N just
before reactions.

Kinetics. Kinetic study was performed using a Uv-vis spec-
trophotometer equipped with a constant-temperature circulating
bath. The reactions were followed by monitoring the appearance
of the leaving 4-nitrophenoxide at 400 nm. Generally, reactions
were followed for 9 - 10 half-lives and kobsq Were calculated us-
ing the equation, In (4. — 4;) vs. ¢.

Product Analysis. 4-Nitrophenoxide was liberated quantita-
tively and identified as one of the reaction products by compa-
rison of the Uv-vis spectra after completion of the reactions with
those of the authentic samples under the reaction conditions.
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