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Pseudo-first-order rate constants (kohsa) have been measured spectrophotometrically for nucleophilic
substitution reactions of 3,4-dinitrophenyl diphenylphosphinothioate 9 with alkali metal ethoxides (EtOM, M
= Li, Na, K) in anhydrous ethanol at 25.0 + 0.1 °C. The plot of kqpsq vs. [EtOM] is linear for the reaction of 9
with EtOK. However, the plot curves downwardly for those with EtOLi and EtONa while it curves upwardly
for the one with EtOK in the presence of 18-crown-6-ether (18C6). Dissection of kobsa into kgio- and keom (i-€.,
the second-order rate constant for the reaction with dissociated EtO™ and ion-paired EtOM, respectively) has
revealed that the reactivity increases in the order kgiori < keiona < ke~ = keok < kewok/iscs, indicating that the
reaction is inhibited by Li" and Na" ions but is catalyzed by 18C6-crowned K" ion. The reactivity order found
for the reactions of 9 contrasts to that reported previously for the corresponding reactions of 1, i.e., keioLi > keioNa
> keok > keo- & keok/iscs, indicating that the effect of changing the electrophilic center from P=O to P=S on
the role of M ions is significant. A four-membered cyclic transition-state has been proposed to account for the
M ion effects found in this study, e.g., the polarizable sulfur atom of the P=S bond in 9 interacts strongly with

the soft 18C6-crowned K ion while it interacts weakly with the hard Li* and Na* ions.
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Introduction

Metal ion effects on acyl-group transfer reactions have
intensively been investigated due to their importance in
biological processes as well as in synthetic interests.''? It is
known that metal ions behave as a Lewis acid catalyst in
acyl-group transfer reactions. Since Lewis acidity increases
with increasing positive charges, most studies have been
focused on multivalent metal ions (e.g., Mg**, Mn?*, Zn*',
La*", Eu*", Co®"). The effect of alkali metal ions on acyl-
group transfer reactions has much less been investigated
although they are ubiquitous in nature including biological
systems (e.g., a Na" pump which functions to keep high K*
and low Na" concentration in mammalian cells).*'?

The first systematic study on alkali metal ions has been
performed by Buncel et al. for nucleophilic substitution
reactions of 4-nitrophenyl diphenylphosphinate 1 with alkali
metal ethoxides EtOM (M* = Li", Na" and K*) in anhydrous
ethanol.® They found that alkah metal ions catalyze the
reactions and the catalytic effect increases as the charge
density of M" ions increases (i.e., Li* > Na" > K").* A
contrasting M" ion effect has been reported for the corre-
sponding reactions of 4-nitrophenyl benzenesulfonate 2, i.e.,
the catalytic effect decreases with increasing the charge
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density of M" ions,’ indicating that M" ion effect is depen-
dent on the nature of the electrophilic centers (e.g., P=0 vs.
SO»).

Reactions of carboxylic esters (e.g., 3) with EtOM have
also been investigated.!” The effect of M* ions has been
reported to be insignificant except for the reactions of
substrates which can form a 5- or 6-membered cyclic com-
plex with M" ions (e.g., 4M", SM" or 6M").!° In alkaline
ethanolyses of 4-nitrophenyl picolinate 4,'°* 8-(5-nitro-
quinoly) benzoate 5'%° and 2-pyridyl benzoate 6,'" we have
shown that M ions exhibit large catalytic effect by increas-
ing the electrophilicity of the carbonyl carbon or by
enhancing the nucleofugality of the leaving group through
formation of a 5- or 6-membered cyclic complex.

4aM*

We have recently shown that M" ions strongly inhibit
reactions of 4-nitrophenyl 2-hydroxybenzoate 7 with EtOM
through formation of a stable complex 7M".!! However, in
the presence of complexing agents (e.g. 18-crown-6-ether
for K" and 15-crown-5-ether for Na" ion), pseudo-first-order
rate constant increases significantly but is independent of
EtO™ concentrations, indicating that the reaction proceeds
unimolecularly."! Accordingly, in the presence of complex-
ing agents, the reaction of 7 has been concluded to proceed
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through an Elcb mechanism with ketene 8 as a reactive
intermediate.!’ In contrast, in the absence of complexing
agents, we have shown that M" ion inhibits the reaction by
forming complex 7M " which prevents the ketene process. !
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M=Li, Na, K, K/18C6.

Scheme 1

We have extended our study to nucleophilic substitution
reactions of 3,4-dinitrophenyl diphenylphosphinothioate 9
with EtOM (M*=Li", Na’, K*, K'/18C6) in anhydrous
ethanol to get further information on the role of M ions
(Scheme 1). We have introduced a polarizable electrophilic
center (i.e., P=S) to investigate the effect of changing the
electrophilic center from P=0 to P=S on the role of M" ions
by comparing the kinetic results obtained in this study with
those reported previously for the corresponding reactions of
4-nitrophenyl diphenylphosphinate 1.

Results and Discussion

The kinetic study was performed spectrophotometrically
under pseudo-first-order conditions in which the concen-
tration of EtOM was in large excess over that of 9. All
reactions in the current study obeyed pseudo-first-order
kinetics. Pseudo-first-order rate constants (konsq) Were cal-
culated from the slope of linear plots of In (4. — 4;) vs. time.
It is estimated from replicate runs that the uncertainty in the
kobsa values is less than #3%. The kinetic results are
summarized in Table S1 in the Supporting Information. The
second-order rate constants for the reactions of 9 with the
dissociated EtO™ and ion-paired EtOM (i.e., kg0~ and kgiom,
respectively) were calculated from the ion-pairing treatment
of the kinetic data and are summarized in Table 1.

Effect of M" ions on Reactivity. As shown in Figure 1(a),
the reactivity of EtOM toward 9 is dependent on the nature
of M" ions, e.g., the kobsa value at a given concentration
increases in the order EtOLi < EtONa < EtOK < EtOK/
18C6. It is also noted that the plot of kobsa vs. [EtOM] is
linear for the reaction with EtOK. However, the reactions
with EtOLi and EtONa result in downward curvature while
the one with EtOK in the presence of 18C6 exhibits upward
curvature. Interestingly, the current results are opposite to
those reported previously for the corresponding reactions of
1,5 i.e., the plot of kobsa vs. [EtOM] shown in Figure 1(b)
exhibits upward curvature for the reactions with EtOM (M =
Li, Na, and K) but the one for the reaction with EtOK in the
presence of 18C6 is linear with significantly decreased kopsa
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Figure 1. Plots of kosa vs. [EtOM] for the reactions of 3,4-
dinitrophenyl diphenylphospinothioate 9 (a) and 4-nitrophenyl
diphenylphosphinate 1 (b) with EtOLi (D), EtONa (O), EtOK
(@), and with EtOK in the presence of 18C6 (M) in anhydrous
EtOH at 25.0 £ 0.1 °C. [18C6]/[EtOK] = 5.0. The kinetic data for
the reactions of 1 with EtOM were taken from ref. 6.

values. Furthermore, the upward curvature is most signi-
ficant for the reactions with EtOLi. Thus, the current study
shows that the effect of changing the electrophilic center
from P=0 to P=S on the role of M" ions is indeed signi-
ficant.

The downward curvature found for the reactions of 9 with
EtOLi and EtONa indicates that Li” and Na” ions behave as
an inhibitor while the upward curvature observed for the
reaction with EtOK in the presence of 18C6 implies that the
18C6-crowned K ion catalyzes the reaction. To quantify the
catalytic (or inhibitory) effect, kobsa Will be dissected into
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keio- and kgom, the second-order rate constant for the reac-
tion with dissociated EtO™ and ion-paired EtOM, respec-
tively in the following section.

Dissection of kopsa into kgio- and kgom. It has been
reported that EtOM exists as dimers or other aggregates in a
high concentration region (e.g., [EtOM] > 0.1 M) but as
dissociated EtO™ and ion-paired EtOM when [EtOM] < 0.1
M." Since the concentration of EtOM in the current reac-
tions is lower than 0.1 M, one might expect that substrate 9
would react with the dissociated EtO™ and ion-paired EtOM
as shown in Scheme 2.

Eqg. (1) can be derived on the basis of the mechanism
proposed in Scheme 2. Under pseudo-first-order kinetic
conditions (e.g., [EtOM] >> [9]), kobsa can be expressed as eq
(2). Since the dissociation constant Kq = [EtO Jeq[MJeq/
[EtOM]¢q, and [EtO ]eq = [M']eq at equilibrium, eq. (2) can
be converted to eq. (3).

Rate = kg0 [EtO ]eq[9] + Aeiom[ EtOM ]eq[9] 0
kobsd = kElO’[Etoi]eq + kElOM[EtOM]eq (2)
kobsd/ [Etoi]eq = kElO’ + kEtOM[Etoi]eq/ K4 (3)

The concentrations of [EtO ]eq and [EtOM]eq can be cal-
culated from the reported Ky values (i.e., Kg=4.72 x 107,
9.80 x 1073, and 11.1 x 10> M for EtOLi, EtONa, and
EtOK, in turn)' and the initial concentration [EtOM] using
egs. (4) and (5). It has been reported that EtO™ and 18C6-
crowned K* ion form a weak ion pair,"” and the K4 value
reported for EtOK/18C6 is 60.2 x 107> M.”* Thus, one might
expect that the plot of kopsa/[EtO ]eq vs. [EtO7]eq would be
linear with a positive intercept. In fact, the plots shown in
Figure 2 are linear with a positive intercept, although the
reaction with EtOK in the presence of 18C6 exhibits slightly
smaller intercept than the reactions with other EtOM. Thus,
one can suggest that the proposed mechanism as well as the
derived equations are correct.

[EtOM] = [EtO Jeq + [EtOM]eq @)
[EtO Jeg = [-Ka + (K& + 4K[EOM])2]/2 5)

The keo- and kgiom/Ka values have been determined from
the intercept and the slope of the linear plots, respectively.
The kgiom values can be calculated from the kgiom/Kq values
determined above and the reported Ky value for EtOM. The
keo- and kgiom values calculated in this way are summarized
in Table 1.

Effect of Modification of Electrophilic Center from
P=0 to P=S. As shown in Table 1, the second-order rate
constant for the reactions of 9 increases in the order kgiori <
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Figure 2. Plots illustrating dissection of kopsd into kgo-and kgom for
the reactions of 3,4-dinitrophenyl diphenylphospinothioate 9 with
EtOLi (D), EtONa (O), EtOK (@), and with EtOK in the presence
of 18C6 (M) in anhydrous EtOH at 25.0 + 0.1 °C. [18C6]/[EtOK]
=5.0.

Table 1. Summary of second-order rate constants (keo- and keiom)
calculated from ion-pairing treatment of the kinetic data for the
reactions of 3,4-dinitrophenyl diphenylphosphinothioate 9 with
EtOM in anhydrous ethanol at 25.0 = 0.1 °C

EtOM kElof/Mfl 5! kEloy\/[/MA s keom/kewo-
EtOLi 0.307 0.142 0.46
EtONa 0.298 0.232 0.78
EtOK 0.298 0.302 1.0
EtOK/18C6 0.258 0.693 2.7

keiona < keo- = keok < keox/18C6, indicating that the
dissociated EtO™ is more reactive than the ion-paired EtOLi
and EtONa but less reactive than EtOK in the presence of
18C6. This is consistent with the argument in the preceding
section that Li* and Na* ions behave as an inhibitor while the
18C6-crowned K* ion catalyzes the reaction on the basis of
the curved plots of kopsa vs. [EtOM]. However, the reactivity
order found in this study contrasts to that reported previously
for the corresponding reactions of 1,° i.e., krori > kiona >
keok > keo- = keok/18C6, indicating that changing the
electrophilic center from P=0 to P=S is significant.

It has been suggested that M™ ions catalyze the reactions of
1 with EtOM through a cyclic transition-state as modeled by
TSp-0, in which M* ion increases electrophilicity of the
electrophilic center as a Lewis acid catalyst.® It is well
known that M" ions and negatively charged oxygen atoms
have been classified as a hard acid and a hard base,
respectively. Thus, one might expect that the interaction
between M" ion and the negatively charged oxygen atom of
the P=O bond would increase with increasing the hardness
of M" ions (i.e., Li* > Na” > K* > 18C6-crowned K*) on the
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basis of the hard-soft acids and bases (HSAB) principle.'®
This idea accounts for the order of the catalytic effect of M*
ions reported for the reactions of 1.

L M--8
Et-O--| — Et-O- —'P\—OAr
PR Ph PR ph
TSe-o TSe-s

One can suggest a similar transition-state structure (e.g.,
TSp=s) for the reactions of 9, although the interaction
between the negatively charged sulfur atom of the P=S bond
and the hard Li" and Na" ions would not be strong on the
basis of the HSAB principle, since a negatively charged
sulfur atom has been classified as a soft base.!® However,
one might suggest that the 18C6-crowned K™ ion, in which
the positive charge is highly dispersed on the six oxygen
atoms in 18C6, is a soft acid. Thus, the 18C6-crowned K*
ion would exert a strong interaction with the polarizable
sulfur atom in the P=S bond. This argument accounts for the
contrasting M " effects found for the reactions of 1 and 9, i.e.,
M ion catalyzes the reactions of 1 in the order Li" > Na* >
K" > K"/18C6, while the reactions of 9 are inhibited by Li"
and Na* but catalyzed by 18C6-crowned K" ion.

Conclusions

The current study has allowed us to conclude the follow-
ing: (1) The plot of kobsa vs. [EtOM] is linear for the reaction
of 9 with EtOK. However, the reactions with EtOLi and
EtONa exhibit downward curvature in the plot while the one
with EtOK in the presence of 18C6 results in upward
curvature. (2) Dissection of kopsa into kgo— and kgiom has
shown that the reactivity increases in the order kgiori < kgoNa
< ke~ = keok < keok/isce, indicating that the reaction of 9 is
inhibited by Li" and Na' ions but is catalyzed by 18C6-
crowned K" ion. (3) The current reactivity order contrasts to
that reported previously for the corresponding reactions of 1,
1.e., keioLi > keiona > keiok > ke~ = keok/iscs, indicating that
the effect of changing the electrophilic center from P=0O to
P=S on the role of M" ions is indeed significant. (4) Four-
membered cyclic transition-states TSp-o and TSp-s have
been proposed for the reactions of 1 and 9, respectively to
account for the contrasting M" ion effects. (5) The HSAB
principle is operative in the current study, e.g., the polari-
zable sulfur atom of the P=S bond in 9 interacts strongly
with the soft 18C6-crowned K* ion while it interacts weakly
with the hard Li” and Na* ions.

Experimental Section

Materials. Compound 9 was readily prepared as describ-
ed previously from the reaction of diphenylphosphino-
dithioic acid with 3,4-dinitrophenol in the presence of 4-
(dimethylamino)-pyridine and N,N-dicyclohexylcarbodi-
imide in methylene chloride.'” The crude compound 9 was
purified by column chromatography. The stock solutions of
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EtOM were prepared by dissolving the respective alkali
metal in anhydrous ethanol under N, and stored in the
refrigerator. The concentrations of EtOM were determined
by titration with mono potassium phthalate. 18-Crown-6-
ether was recrystallized from acetonitrile and dried under
vacuum. The anhydrous ethanol used was further dried over
magnesium and distilled under N, just before using.

Kinetics. Kinetic study was performed using a UV-vis
spectrophotometer equipped with a constant-temperature
circulating bath. The reactions were followed by monitoring
the appearance of the leaving 3,4-dinitrophenoxide at 400
nm. Generally, reactions were followed up to 9-10 half-lives
and kqpsq Values were calculated using the equation, In (4e —
Ap)vs. t.

Product Analysis. 3,4-Dinitrophenoxide 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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