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A kinetic study on SyAr reactions of 1-halo-2,4-dinitrobenzenes (6a—6d) with alkali-metal ethoxides (EtOM;
M =Li, Na, K and 18-crown-6-ether-complexed K) is reported. The plots of pseudo-first-order rate constant
(kobsa) vs. [EtOM] curve upward or downward depending on the size of M* ions. The reactions are catalyzed or
inhibited by the M* ions, e.g., the large K* ion complexed by 18-crown-6-ether (18C6) acts as a catalyst while the
small Li* and Na* ions behave as an inhibitor. Reactivity of 6a-6d toward EtOM decreases linearly as the halide
ion becomes less basic regardless of the size of M* ions, indicating that expulsion of the leaving group occurs after
the rate-determining step (RDS). Thus, the reactions have been proposed to proceed through a stepwise mech-
anism with formation of a Meisenheimer complex being the RDS. Computational studies using B3LYP density
functional theory have revealed that Mulliken charge density of the electrophilic center decreases as the halogen
atom becomes less electronegative. Thus, ithas been concluded that the SyAr reactivity of 6a—6d toward EtOM is
governed by electrophilicity of the reaction center but not by nucleofugality of the leaving group. A T-complexed
transition-state structure has been proposed to account for the experimental and computational results.
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Metal ions have often been reported to act as a Lewis acid cat-
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alyst in nucleophilic substitution reactions of various
esters.''” Reactions involved multivalent metal ions (e.g.,
Mg?*, Mn**, Zn?*, La**, Eu™*, Co", etc.) have intensively
been carried out due to their great Lewis acidity.'~ In contrast,
studies on reactions involved alkali-metal ions (e.g., Li*, Na*,
and K") have attracted much less attention,®1° although
alkali-metal ions are ubiquitous in nature and are known to
play important roles in biological processes (e.g., Na*/K*
pump in mammalian cells)."'

Buncel and his coworkers initiated a systematic study on
nucleophilic substitution reaction of 4-nitrophenyl diphenyl-
phosphinate (1a) with alkali-metal ethoxides (EtOM; M =
Li, Na, K) in anhydrous ethanol.®? They found that M* ions
catalyze the reaction and the catalytic effect increases with
decreasing size of M* ions (i.e., K" <Na* < Li"), but the cat-
alytic effects disappeared in the presence of complexing
agents such as 18-crown-6-ether (18C6) for K* ion, 15-
crown-5-ether (15C5) for Na* ion, and [2,1,1]-cryptand for
Li* ion.®® On the contrary, we have shown that the correspond-
ing reaction of 4-nitrophenyl diphenylphosphinothioate (1b, a
thio analog of 1a) is strongly inhibited by Li* ion but is cata-
lyzed by 18C6-crowned K* ion.” Thus, the reactions of 1a
and 1b have been proposed to proceed through a four-
membered cyclic transition state (TS) as modeled by TSI.7a
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We have also reported that M* ions catalyze reactions
of 4-nitrophenyl X-substituted-benzenesulfonates (2) and
Y-substituted-phenyl benzenesulfonates (3) with EtOM.”
Interestingly, the catalytic effect increased on changing the
substituent X in the benzenesulfonyl moiety from a strong
electron-withdrawing group (EWG) to a strong electron-
donating group (EDG), but was nearly independent of the
electronic nature of the substituent Y in the leaving group.
Thus, M" ions have been reported to catalyze the reactions
of 2 and 3 by increasing electrophilicity of the reaction center
through TS, rather than by enhancing nucleofugality of the
leaving group via TS3.”
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In contrast, M* ions have been reported to catalyze nucleo-
philic substitution reactions of 2-pyridyl benzoate (4a) with
EtOM by increasing nucleofugality of the leaving group.'”
We have shown that M* ions strongly catalyze the reaction
of 4a, but not the corresponding reaction of 4-pyridyl benzoate
(4b, an isomer of 4a)."'® One might expect that the reactions of
4a would proceed through a six-membered cyclic TS as mod-
eled by TS, in which M" ion could increase nucleofugality of
the leaving group. However, such a cyclic complex is structur-
ally not possible for the corresponding reactions of 4b. Thus,
M ions have been concluded to catalyze the reactions of 4a by
increasing nucleofugality of the leaving group through TS,."°
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Effects of M" ions on SyAr reactions of various activated
aromatic halides have also been investigated including theo-
retical studies.”™“'? Jones er al. have carried out computa-
tional studies using DFT methods on SyAr reactions of
mono-, di-, and tri-activated fluorobenzenes (5) with alkali-
metal cresolates (Scheme 1).'2 They have concluded that
M* ions (M =Li*, Na* and K*) facilitate expulsion of the
leaving group through a four-membered cyclic TS as modeled
by TSs in Scheme 1."2

We have previously carried out a kinetic study on SyAr
reactions of 1-fluoro-2,4-dinitrobenzene (6a) and 1-chloro-
2,4-dinitrobenzene (6b) with EtOM (M =Li, Na, and K) in
anhydrous ethanol.” We have shown that the reactions are
inhibited by Li* ion, but are catalyzed by 18C6-crowned K*
ion.”® Our kinetic study has now been extended to SyAr reac-
tions of 1-bromo-2,4-dinitrobenzene (6¢) and 1-iodo-2,4-
dinitrobenzene (6d) with EtOM (M = Li, Na and K) in anhy-
drous ethanol to obtain further information on the role of M™*
ions together with the reaction mechanism (Scheme 2). We
have also carried out computational studies on Mulliken elec-
tron density of the electrophilic center of 6a—6d to give further
credence to the proposal based on the experimental results.

Results and Discussion

The kinetic study was carried out spectrophotometrically
under pseudo-first-order conditions in which the EtOM
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Scheme 1. SyAr reactions of 5 with alkali-metal cresolates.
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concentration was in large excess over the substrate concentra-
tion. All the reactions in this study obeyed pseudo-first-order
kinetics. Pseudo-first-order rate constants (k,psq) Were calcu-
lated from equation, In (A, — A;) = —kopsat + C. The
uncertainty in the kopsq Values was estimated to be less than
+3% from replicate runs. As shown in Figure 1, the plots of
kobsa VS. [EtOM] for the reactions of 6¢ and 6d curve down-
ward or upward depending on the size of alkali-metal ions.
The second-order rate constants for the reactions with the dis-
sociated EtO™ and ion-paired EtOM (i.e., kgo- and kgonm,
respectively) were calculated from the ion-pairing treatment
of the kinetic data, and are summarized in Table 1. The Mul-
liken charge density ¢ values calculated for the electrophilic
center of 6a—6d are summarized in Table 2. Detailed kinetic
conditions and results (i.e., the kg data as a function of
[EtOM]) are summarized in Tables S1-S8 in the Supporting
Information.

M* Ion Catalysis and Inhibition. Figure 1 shows that the
reactivity of EtOM toward substrates 6¢ and 6d increases as
the size of M* ions increases, i.e., the kopgq value at a given con-
centration of EtOM increases in the order EtOLi < EtONa <
EtOK < EtOK/18C6. It is also noted that the plots of kypsq
vs. [EtOM] for the reactions of 6¢ and 6d curve downward
or upward depending on size of M" ions, i.e., downward cur-
vature for the reactions with EtOLi and EtONa but upward cur-
vature for those with EtOK/18C6. The fact that the reactivity
of EtOM is dependent on the size of M* ions indicates that M™*

EtO
NO, NO,
+ EtOM — +  MX

X = F (6a), Cl (6b), Br (6¢c), | (6d).

NO,

M = Li, Na, K, 18C6-crowned-K.

Scheme 2. Reactions of 6a—6d with alkali-metal ethoxides.
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Figure 1. Plots of kypsq vs. [EtOM] for the SyAr reactions of 1-bromo-
2,4-dinitrobenzene (6¢) and 1-iodo-2,4-dinitrobenzene (6d) with
EtOLi ((J), EtONa (@), EtOK (O), and EtOK/18C6 (A) in anhydrous
EtOH at 25.0 £ 0.1 °C. [18C6]/[EtOK] =2.0.
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ions are involved in the TS as well as in the ground state (GS).
Thus, one can suggest that M™ ions behave either as an inhib-
itor or as a catalyst in the current SyAr reactions depending on
relative stabilization of the GS and TS.

Pechanec et al. reported that alkali-metal ethoxides in anhy-
drous ethanol exist as dissociated EtO™ and ion-paired EtOM
when [EtOM] < 0.1 M." It is noted that the concentration of
EtOM used in this study is lower than 0.1 M. Therefore, sub-
strates 6a—6d would react with both the dissociated EtO™ and
ion-paired EtOM with rate constants kg,o_ and kgion, respec-
tively, as shown in Scheme 3.

Thus, one can derive Eq. (1) on the basis of the reactions
proposed in Scheme 3. Under pseudo-first-order kinetic con-
ditions (e.g., [EtOM] >> [6¢ or 6d]), k.,sq can be expressed as
Eq. (2). It is noted that the dissociation constant Ky=
[EtO ]eq[M leo/[EtOM]¢q and [EtO ]eq=[M"]¢q at equilib-
rium. Thus, Eq. (2) can be converted to Eq. (3). The concen-
trations of [EtO™]q and [EtOM],, can be calculated from the
reported Ky values of EtOM and the initial concentration
[EtOM] using Egs. (4) and (5).

Table 1. Summary of second-order rate constants for the SNyAr
reactions of 1-halo-2,4-dinitrobenzenes (6a—6d) with ion-paired
EtOM and dissociated EtO™ (i.e., ksom/M's ™" and kg0 /M™'s ™,
respectively) in anhydrous ethanol at 25.0 +0.1 °C“.

6a 6b 6¢ 6d
kot i 30.6 0.0394 0.0183 0.00547
keona 68.5 0.0693 0.0441 0.00990
kiok 91.0 0.109 0.0554 0.0166
Kok/18C6 182 0.228 0.128 0.0387
keo- 63.2 0.0857 0.0593 0.0164

“ The data for the reactions of 6a and 6b were taken from Ref. 9c. [18C6]/
[EtOK] =2.0.

Table 2. Mulliken charge density (g) of the electrophilic center of 1-
halo-2,4-dinitrobenzenes (6a—6d) computed by B3LYP/3-21Gx
basis sets.

Substrate q

6a 0.3519
6b 0.2998
6¢ 0.2752
6d 0.2708

- ke
pa-6d + EtO + M —=2~ Products

Kq

Ketom

6a-6d + EtOM

Scheme 3. Reactions of 6a-6d with the dissociated EtO™ and ion-
paired EtOK.

Products
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kobsa = keo{EtO™ ]y, + keom[EtOM]

(1)

a (2)
kobsd/[EtO_]eq = kgo- + kEtOM[EtO_]eq/Kd (3)
(4)

[EtOM] = [EtO_}eq + [EtOM]eq

[EiO],, = [—Kd + (K +4Kd[EtOM])l/2} 25

The plot of kopsa/[EtO™ ]eq vs. [EtO™]oq would be linear if the

current reaction proceeds as proposed in Scheme 3. In fact, the
plots shown in Figure 2 exhibit excellent linearity with a com-
mon intercept, indicating that the derived equations based on
the reactions shown in Scheme 3 are correct. Accordingly, the
keo- and kgiom/Ky values were calculated from the intercept
and the slope of the linear plots, respectively. The kgon value
was calculated from the above kgonm/Ky values and the Ky
values for EtOM reported in literature.3'* The kgio— and
keiom Vvalues calculated in this way for the reactions of 6¢
and 6d are summarized in Table 1 together with those reported
previously for the corresponding reactions of 6a and 6b for
comparison.
Comparison of Experimental and Computational Studies.
As shown in Table 1, the reactivity of EtOM toward substrates
6¢ and 6d increases in the order EtOLi < EtONa < EtOK <
EtO™ < EtOK/18C6, indicating that the ion-paired species
EtOM (except EtOK/18C6) are less reactive than the disso-
ciated EtO™ toward 6c¢ and 6d. This is slightly different from
the reactivity order for the corresponding reactions of 6a and
6b (i.e., EtOLi < EtO™ < EtONa < EtOK < EtOK/18C6 for the
reaction of 6a, and EtOLi < EtONa < EtO™ < EtOK < EtOK/
18C6 for the reaction of 6b).

Jones et al. have recently carried out computational studies
on SyAr reactions of mono-, di-, and tri-activated fluoroben-
zenes (5) with alkali-metal cresolates (Scheme 1 in the Intro-
duction section).'> According to their calculations using DFT
methods, the activation energy increased as size of M* ions
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Figure 2. Plots of kopsa/[EtO™]eq vs. [EtO™]¢q for the SyArreactions of
1-bromo-2,4-dinitrobenzene (6¢) and 1-iodo-2,4-dinitrobenzene
(6d) with EtOLi ([), EtONa (@), EtOK (O), and EtOK/18C6 (A)
in anhydrous EtOH at 25.0 + 0.1 °C. [18C6]/[EtOK] = 2.0.
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decreased.'” They have also reported that M* ions increase the
energy barrier (i.e., adecrease in reactivity) due to formation of
stable reactant complexes upon interaction with the fluoroben-
zenes.'? Nevertheless, M* ions have been concluded to facil-
itate expulsion of the leaving group by forming a four-
membered cyclic TS as modeled by TSs."?

AI'\O F Et\o X
X- ‘ Y ‘ ,NOZ

NO,

TSy TSe

It is notable that our experimental results appear to be con-

sistent with the computational results reported by Jones et al.,
because M™ ions (except 18C6-crowned K* ion) inhibit the
reactions of 6a—6d, and the inhibitory effect increases as size
of M* ions decreases. Accordingly, one might suggest that the
current SyAr reactions proceed also through TSg, in which M™
ion would increase nucleofugality of the leaving group. How-
ever, the enhanced nucleofugality through TS¢ cannot accel-
erate the overall reaction rate if expulsion of the leaving group
occurs after the rate-determining step (RDS). Thus, detailed
information on the reaction mechanism including the RDS
is necessary to investigate TS structure in the current SyAr
reactions.
Deduction of Reaction Mechanism. SyAr reactions have
generally been reported to proceed through a stepwise mech-
anism with a Meisenheimer complex in which the RDS is
dependent on reaction conditions (e.g., nature of reaction
medium, type of nucleophile, etc.).'>™'® SyAr reactions of
6a with a series of cyclic secondary amines have been reported
to proceed through a stepwise mechanism with a zwitterionic
Meisenheimer complex, in which the RDS changes from for-
mation of the Meisenheimer complex to its breakdown as the
reaction medium varies from H,O to an aprotic solvent
MeCN. "> In contrast, formation of a Meisenheimer complex
has been suggested to be the RDS for SyAr reactions of 6a
with primary amines in MeCN'>" and for SyAr reactions of
1-(Y-substituted-phenoxy)-2,4-dinitrobenzenes with EtOM
in anhydrous ethanol regardless of the nature of the substituent
Y in the leaving group.”®

To deduce the reaction mechanism, Brgnsted-type plots for
the reactions of 6a-6d with EtOK/18C6 have been con-
structed in Figure 3. The plots exhibit excellent linear correla-
tions. Interestingly, the logarithmic rate constants (i.e., log
kerox/1sce and log kgo_) increase linearly as basicity of the
leaving halide ions increases. This is not possible if expulsion
of the leaving group is involved in the RDS. Thus, one can con-
clude that expulsion of the leaving group occurs after the RDS.

Table 1 shows that the reactivity of 6a—-6d toward EtOM
decreases as the size of the halogen atom increases. This
appears to be consistent with the report that steric hindrance
affects SNAr reactivity of 1-(X-substituted-phenoxy)-2.,4,6-
trinitrobenzenes toward substituted-anilines in acetonitrile."’
Furthermore, Figure 4 demonstrates that the logarithmic rate
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constants decrease linearly as 1l/radius of the halide ion
decreases. Accordingly, one might suggest that steric hin-
drance is also responsible for the reactivity order found in
the current SyAr reactions.

However, if steric hindrance is an important factor that con-
trols SNAr reactivity of 6a—6d, kg,on Would decrease as the
size of M* ions increases (e.g., EtOLi>EtONa > EtOK >
EtOK/18C6). This is because steric hindrance would be more
significant as the size of M* ions increases. In fact, kgom
increases with increasing the size of M* ions (Table 1). Fur-
thermore, Figure S1 demonstrates that the reactivity of EtOM
increases linearly with decreasing 1/ionic radius of M" ions.
This is not possible if steric hindrance affects the SyAr reac-
tivity in this study. Thus, one can suggest that other than steric
hindrance (e.g., nature of the reaction mechanism) is also
responsible for the reactivity order shown in Table 1.
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Figure 3. Brgnsted-type plots for the SyAr reactions of 1-halo-2,4-
dinitrobenzenes (6a—6d) with EtOK under the presence of 18C6 in
anhydrous ethanol at 25.0 £ 0.1 °C. log kgok/18c6 VS- pKa of HX
(@) and log kg,o_ vs. pK, of HX (O).
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Figure 4. Effect of halide-ion size on SyAr reactivity of 1-halo-2,4-
dinitrobenzenes (6a—-6d) toward EtOK/18C6 (a) and dissociated
EtO™ (b). The size of X ions was taken from Ref. 23a.
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To shed more light on the reaction mechanism, log kgok/
18c6 and log kg,o_ values for the reactions of 6a—6d have been
correlated with electronegativity (EN) of the halogen atoms.
As shown in Figure 5, the logarithmic rate constants increase
linearly with increasing the EN of the halogen atoms. It is
apparent that electrophilicity of the reaction center would
increase as the halogen atom in 6a—6d becomes more electro-
negative (i.e., | < Br < Cl < F). Thus, the linear plots shown in
Figure 5 suggest that the SyAr reactivity of 6a—6d toward
EtOM is governed by electrophilicity of the reaction center.

To examine validity of the above argument, Mulliken
charge density of the reaction sites has been calculated using
the B3LYP density functional theory with 3-21Gx basis sets
implemented in Gaussian 03 package.”® Table 2 shows that
the Mulliken charge density of the reaction center (gq)
decreases as the halogen atom in 6a—-6d becomes less electro-
negative. Furthermore, as shown in Figure S2, the calculated g
value exhibits a linear correlation with the rate constants (i.e.,
log kgiok/18c6 and log kgo_). This is consistent with the argu-
ment that reactivity of 6a—6d is governed by electrophilicity of
the reaction center. Thus, one can conclude that the Sy Ar reac-
tions of 6a—6d with EtOM proceed through a stepwise mech-
anism with a Meisenheimer complex, in which expulsion of
the leaving group occurs after the RDS.

TS Structure and Role of M* Ions. As expulsion of the leav-
ing group occurs after the RDS, one can exclude a possibility
that M* ions catalyze the current SyAr reaction by increasing
nucleofugality of the leaving group through the four-
membered cyclic TS as modeled by TS¢. To account for the

6 6
(a) (b)
— 34 34
Y . T F
S <
8 ~
20 a Qo
8 | e Br g
" 2 I
8 =
3 slope = 2.52 3 slope =2.45
R® = 0.991 R’ = 0.990
-6 T T R T
2 3 4 2 3
EN of X EN of X

Figure 5. Plots showing effect of EN of halogen atom X on reactivity
of 1-halo-2,4-dinitrobenzenes (6a—6d) toward EtOK/18C6 (a) and
dissociated EtO™ (b). The EN values of halogen atom X were taken
from Ref. 23b.

X
NO: . Etom

NO,
6a-6d

Scheme 4. Proposed reaction mechanism.
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kinetic results, the SyAr reactions of 6a—6d with EtOM are
proposed to proceed through a n-complexed TS (i.e., TS;)
as shown in Scheme 4. It is noted that TS is similar to the sta-
ble n-adducts reported previously for the reactions of transi-
tion-metal ions with aromatic systems (e.g., ferrocene,
uranocene, etc.)>' and for SyAr reactions of 1-(Y-substi-
tuted-phenoxy)-2,4-dinitrobenzenes with EtOM.””

One might expect that the polarizable n-electrons in the ben-
zene ring of TS, would interact strongly with the large 18C6-
crowned K* ion but weakly with a small M* ion such as Li* or
Na* ion on the basis of the Hard-Soft Acids and Bases (HSAB)
principle.?? Thus, stabilization of the TS through TS, would
increase with increasing the size of M* ions (i.e., Li* < Na*
< K* < 18C6-crowned K*). In contrast, the GS of EtOM would
be stabilized mainly through ion-pairing interactions between
EtO™ and M" ions. Since ion-pairing interaction would
increase with increasing charge density of M* ions, the GS
of the ion-paired EtOM would be more stabilized as the size
of M* ions decreases (i.e., EtOK/18C6 < EtOK < EtONa <
EtOLi). This idea is in accord with the kinetic results that
the SNAr reactions of 6¢ and 6d are inhibited by M* ions
(except 18C6-crowned K* ion) and the inhibitory effect
increases as the size of M* ions decreases. In contrast, the
catalysis by the 18C6-crowned K* ion indicates that TS stabi-
lization through TS; outweighs GS stabilization via ion-
pairing interactions between EtO™ and 18C6-crowned K* ion.

Conclusion

The current study has led us to conclude the following: (1) The
keiom value for the reactions of 6¢ and 6d increases in the order
keioLi < keoNa < keiok < keio— < keok/1sce,  indicating  that
the ion-paired species (except EtOK/18C6) are less reactive
than the dissociated EtO™. (2) Reactivity of 6a—6d increases
with increasing leaving-group basicity, implying that expul-
sion of the leaving group occurs after the RDS. (3) Reactivity
of EtOM increases linearly with increasing the size of M™ ions
including 18C6-crowned K* ion, indicating that steric hin-
drance is not an important factor in the current SyAr reactions.
(4) The current reactions proceed through a n-complexed TS
as modeled by TS. (5) Differential stabilization of the GS and
TS determines M ion catalysis or inhibition observed in the
current SyAT reactions. Inhibition by Li* and Na™ ions indi-
cates that GS stabilization through ion-pairing interactions
between EtO™ and Li* (or Na*) ion outweighs TS stabilization
via TS;. In contrast, the catalysis shown by 18C6-crowned K*
implies that TS stabilization through TS outweighs GS stabi-
lization via ion-pairing interactions between EtO™ and 18C6-
crowned K* ions.

Experimental Section

Materials. EtOM solutions 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 potassium hydrogen phthalate.
1816
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18-Crown-6-ether was recrystallized from acetonitrile and
dried over P,Os in vacuo. The anhydrous ethanol was further
dried over magnesium and distilled under N, just before use.
1-Halo-2,4-dinitrobenzenes (6a—6d) and other chemicals
were of the highest quality available.
Kinetics. Kinetic study was performed using a UV-Vis
spectrophotometer equipped with a constant-temperature
circulating bath. The reactions were followed by monitoring
appearance of 1-ethoxy-2,4-dinitrobenzene at 310 nm.
Pseudo-first-order conditions with the EtOM concentration
at least 20 times greater than the substrate concentration were
used. Generally, reactions were followed for 9—10 half-lives
and k.psq Values were calculated using the equation, In (Ao, —
A;) = —kopsat + C. The kinetic conditions and the kgpsqg
values are summarized in Tables S1-S8.
Product Analysis. 1-Ethoxy-2,4-dinitrobenzene was formed
quantitatively and identified as one of the products by compar-
ison of the UV-Vis spectrum after completion of the reaction
with that of the authentic sample under the same reaction
condition.
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