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A kinetic study is reported on SxAr reaction of 1-fluoro-2,4-dinitrobenzene with a series of primary amines
including hydrazine in H,O at 25.0 °C. The plots of kobsa vs. [amine] are linear and pass through the origin,
indicating that general-base catalysis by a second amine molecule is absent. The Brensted-type plot exhibits an
excellent linear correlation with By, = 0.46 when hydrazine is excluded from the correlation. The reaction has
been suggested to proceed through a stepwise mechanism, in which expulsion of the leaving group occurs after
the rate-determining step (RDS). Hydrazine is ca. 10 times more reactive than similarly basic glycylglycine
(i.e., the a-effect). A five-membered cyclic intermediate has been suggested for the reaction with hydrazine, in
which intramolecular H-bonding interactions would facilitate expulsion of the leaving group. However, the
enhanced leaving-group ability is not responsible for the a-effect shown by hydrazine because expulsion of the
leaving group occurs after RDS. Destabilization of the ground-state of hydrazine through the electronic
repulsion between the nonbonding electron pairs is responsible for the a-effect found in the current SnAr

reaction.
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Introduction

The term o-effect was given to the abnormally enhanced
nucleophilic reactivity exhibited by nucleophiles possessing
one or more nonbonding electron pairs at the atom o to the
reaction site." Numerous studies have been carried out to
account for the a-effect phenomenon.? Some important theories
suggested as the origins of the a-effect are (1) Destabili-
zation of the ground-state (GS) due to the electronic repul-
sion between the nonbonding electron pairs, (2) Stabili-
zation of the transition-state (TS), (3) Thermodynamic
stability of reaction products, (4) Solvent effects.’

Studies on the a-effect have focused mostly on acyl-group
transfer reactions. Thus, only few reports are available for
SnAr reactions of activated aromatic or heteroaromatic
compounds with a-effect nucleophiles,” although SyAr reac-
tions have a similarity to nucleophilic substitution reactions
of carboxylic esters. The apparent similarity is the nucleo-
philic addition step in SxAr reaction and the addition step to
carbonyl group in ester. In both cases addition to the sp’
carbon leads to rehybridization to sp® to produce a tetra-
hedral intermediate. Elimination of the leaving group in
subsequent step(s) restores the sp® carbon. A fundamental
difference is that addition to a typical electron-deficient
aromatic substrate in an SyAr reaction entails loss of
aromaticity in the formation of the Meisenheimer complex.
Accordingly, expulsion of the leaving group occurs rapidly
after the RDS to regain the lost aromaticity in most cases.

We have recently reported that the SNAr reaction of 1-
fluoro-2,4-dinitrobenzenes (FDNB) with a series of second-
ary amines proceeds through a stepwise mechanism with
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one or two intermediates depending on the reaction medium.'
The SnAr reaction has been suggested to proceed through a
stepwise mechanism with two intermediates in MeCN (e.g.,
a zwitterionic Meisenheimer complex MC™ and its deproto-
nated form MC").!® However, the deprotonation process to
form MC™ from MC* has been reported to be absent for the
corresponding reaction carried out in H,0,' indicating that
the nature of the reaction medium governs the reaction
mechanism.

Our study has now been extended to the SyAr reaction of
FDNB with a series of primary amines (including hydrazine
as an a-effect nucleophile) in H,O to investigate the a-effect
in the SNAr reaction. The kinetic data in this study have been
compared with those reported previously for the acyl-group
transfer reaction of 4-nitrophenyl acetate (PNPA) with pri-
mary amines to obtain more information on the reaction
mechanism and the origin of the a-effect.

Results and Discussion

The kinetic study was performed under pseudo-first-order
conditions in which the concentration of amines was kept in
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excess over the substrate concentration. All of the reactions
in this study obeyed first-order kinetics and pseudo-first-
order rate constants (kobsa) Were calculated from the equation,
In (Ao — At) = —kopsat + C. The plots of kobsq vs. [amine] were
linear and passed through the origin, indicating that general-
base catalysis by a second amine molecule is absent and
contribution of H>O and/or OH™ from hydrolysis of amines
to kopsa 1S negligible. Thus, the second-order rate constants
(kn) were calculated from the slope of the linear plots. Based
on replicate runs, it is estimated that the uncertainty in the A
values is less than + 3%. The kx values calculated in this way
are summarized in Table 1 for the reactions of FDNB with
primary amines together with those reported previously for
the corresponding reactions of PNPA for comparison.

Reaction Mechanism. As shown in Table 1, the kx value
for the aminolysis of FDNB decreases as the amine basicity
decreases (except for hydrazine), e.g., it decreases from 29.2
x102M's't03.72 x 102 and 1.88 x 10° M 's " as the pK,
value of the conjugate acid of the amine decreases from
10.63 to 8.25 and 5.68 in turn. Hydrazine exhibits a larger A
value than similarly basic glycylglycine, which is manifesta-
tion of the a-effect. A similar result is demonstrated for the
corresponding reaction of PNPA, although the dependence
of kx on the amine basicity is more significant for the
reaction of PNPA than for that of FDNB. It is also notable
that the a-effect shown by hydrazine is much smaller for the
reaction of FDNB (f™dr4ine/ jpgyevielyeine — 10 than for that
Of PNP. A ( thydrazine / kNglycylglycine — 52)

Aminolysis of carboxylic esters has been reported to
proceed through a concerted mechanism or via a stepwise
pathway with one or two intermediates (e.g., a zwitterionic
tetrahedral intermediate T* and its deprotonated form T-)
depending on the reaction conditions.!*"'® Reaction of 2,4-
dinitrophenyl benzoate with a series of cyclic secondary
amines has been reported to proceed through a stepwise
mechanism with a change in rate-determining step (RDS) in
H>0 containing 20 mol % DMSO on the basis of a curved
Bronsted-type plot'™® but via a concerted mechanism in
MeCN on the basis of a linear Bronsted-type plot with Bnuc =

Table 1. Summary of Second-Order Rate Constants for the Reac-
tions of 1-Fluoro-2,4-dinitrobenzene (FDNB) and 4-Nitrophenyl
Acetate (PNPA) with Primary Amines in H>O at 25.0 = 0.1 °C

10%/M s ™
amine pK.*

FDNB PNPA’
1 ethylamine 10.63 30.2 1350
2 ethylenediamine 9.98 33.1 —
3 glycine 9.76 19.5 261
4 ethanolamine 9.50 11.7 228
5 glycylglycine 8.25 3.72 14.6
6 hydrazine 8.10 36.9 762
7 glycine ethyl ester 7.75 2.55 6.31
8 trifluoroethylamine 5.70 0.188 0.134
9 aniline 4.85 - 0.0210

“The pK, data were taken from ref. 11. *The kinetic data for the reactions
of PNPA were taken from ref. 12.
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0.40.1* However, aminolysis of 4-pyridyl X-substituted-
benzoates has been suggested to proceed through a stepwise
mechanism with two intermediates when the substituent X is
a strong electron-withdrawing group (e.g., 4-NO,, 4-CHO
and 4-CN) on the basis of the kinetic result that the plot of
kobsa vs. [amine] curves upward.'®® In contrast, the corre-
sponding reaction of 2-pyridyl X-substituted-benzoates has
been concluded to proceed through a concerted mechanism
regardless of the electronic nature of the substituent X on the
basis of a linear Bronsted-type plot with B, = 0.58.1°°

SnAr reactions of FDNB with amines have been reported
to proceed through a stepwise mechanism with one or two
intermediates depending on the reaction conditions.'® Reac-
tion of FDNB with secondary amines has been suggested to
proceed through a stepwise mechanism with two intermedi-
ates in MeCN (e.g., MC* and MC"), but the deprotonation
process to form MC™ from MC™ is absent for the reaction
carried out in H,0,' indicating that the nature of the reaction
medium governs the reaction mechanism.

To investigate the reaction mechanism, Brensted-type
plots have been constructed for the reactions of FDNB and
PNPA. As shown in Figure 1, the plots are linear with By =
0.46 and 0.83 for the reactions of FDNB and PNPA, respec-
tively, when the kn and pK, values are statistically corrected
using p and ¢ (p =3 and g = 1 except ¢ = 2 for ethylenedia-
mine)."”

One can suggest that the aminolysis of PNPA proceeds
through a stepwise mechanism, in which expulsion of the
leaving group from T* occurs in the RDS on the basis of the
linear Bronsted-type plot with Bn.c =0.83. In contrast, the
Bruc value of 0.46 is slightly larger than an upper limit of By
for reactions reported previously to proceed through a
stepwise mechanism (e.g., Bnuc = 0.3 = 0.1), in which expul-
sion of the leaving group occurs after the RDS."* However,
we propose that the SyAr reaction proceeds through MC*, in
which expulsion of the leaving group occurs rapidly after the
RDS. This is because F ion is less basic and a better nucleo-
fuge than all the amines used in this study. Furthermore, the
linear plot of kobsa vs. [amine] as mentioned in the preceding

log k,/gM s
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Figure 1. Bronsted-type plots for the aminloysis of 1-fluoro-2,4-
dinitrobenzene (FDNB) and 4-nitrophenyl acetate (PNPA) in H,O
at25.0+0.1°C.
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section indicates that general-base catalysis by a second
amine molecule is absent (i.e., absence of the deprotonation
process to form M~ from MC™).

Origin of the a-Effect. Reactions of carboxylic esters
with hydrazine have often been suggested to proceed through
a TS structure similar to the intermediate (or TS) as modeled
by I or II, in which the H-bonding interaction stabilizes the
intermediate (or TS).>'® Since such a cyclic intermediate is
structurally not possible for the reaction of glycylglycine,
stabilization of the intermediate (or TS) through the H-
bonding interaction has been proposed as an origin of the a-
effect shown by hydrazine.
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A four-membered cyclic intermediate has recently been
proposed for SnxAr reaction of FDNB with alkali-metal
phenoxides (PhO'M*, M* = Li", Na*, K)."” From a disper-
sion-corrected B3LYP density functional method, Jones et
al. have revealed that the reaction proceeds through an
intermediate I1I, in which M" ion facilitates expulsion of the
leaving group (i.e., F~ ion)."” Thus, one might suggest that
the current reaction would proceed also through a cyclic
intermediate as modeled by IV. It is apparent that expulsion
of the leaving group from IV could be facilitated through the
H-bonding interaction. Since such five-membered cyclic
intermediate IV is structurally not possible for the reaction
of glycylglycine, one might suggest that the a-effect shown
by hydrazine in this study is due to an increase in nucleo-
fugality of the leaving group through the H-bonding inter-
action. However, we propose that the enhanced nucleo-
fugality through the H-bonding interaction in IV cannot be
an origin of the a-effect. Because the enhanced nucleo-
fugality would not increase the overall reaction rate for the
current reaction in which expulsion of the leaving group
occurs after the RDS.

H
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Stabilization of TS or products has been reported as an
origin of the a-effect for reactions proceeding through a late
TS (or a product-like TS).? However, the effect of TS (or
product) stabilization would be insignificant for reactions
which proceed through an early TS (or a reactant-like TS). It
is notable that the PBn, values are 0.46 and 0.83 for the
reactions of FDNB and PNPA, respectively. This indicates
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that the reaction of FDNB proceeds through an early TS
while that of PNPA proceeds through a late TS. Thus, one
can suggest that the a-effect for the reaction of FDNB with
hydrazine is not due to stabilization of the TS (or the inter-
mediate V) through the H-bonding interaction.

The above argument is consistent with the small a-effect
found for the reaction of FDNB. Table 1 shows that the o-
effects (hn™ 42/ gYYIEVeine) are 10 and 52 for the reactions
of FDNB and PNPA, respectively. The a-effect for the reac-
tion of FDNB is quite small but appears to be in accord with
the reports that the magnitude of the a-effect decreases with
decreasing the B value.? The Buuc value of 0.46 implies that
the SNAr reaction proceeds through a reactant-like TS. In
this case, the GS energy should be an important factor that
controls the reactivity. Since the GS of hydrazine is known
to be destabilized by the electronic repulsion between the
nonbonding electron pairs on the two adjacent N atoms, we
propose that destabilization of the GS of hydrazine is
responsible for the a-effect in the SyAr reaction of FDNB
with hydrazine.

Conclusions

The current study has led us to conclude the following: (1)
The Brensted-type plots for the reactions of FDNB and
PNPA are linear with Bn, = 0.46 and 0.83, respectively. (2)
The reaction of FDNB proceeds through a stepwise mech-
anism in which expulsion of the leaving group occurs after
the RDS, while that of PNPA proceeds through a stepwise
pathway in which expulsion of the leaving group occurs in
the RDS. (3) The reaction of FDNB is proposed to proceed
through a cyclic intermediate 1V, in which the H-bonding
interaction could facilitate expulsion of the leaving group.
(4) However, the enhanced leaving-group ability through the
H-bonding interaction is not an origin of the a-effect due to
the nature of the RDS in the current SyAr reaction. (5)
Destabilization of the GS of hydrazine through the electronic
repulsion is responsible for the small a-effect found in the
SNAr reaction of FDNB.

Experimental

Materials. Doubly glass distilled water was further boiled
and cooled under nitrogen just before use. 1-Fluoro-2,4-di-
nitrobenzene, primary amines and the other chemicals were
of the highest quality available.

Kinetics. The 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 N-(2,4-dinitrophenyl)amine derivatives.
All reactions were carried out under pseudo-first-order
conditions in which the amine concentration was at least 20
times greater than the substrate concentration. The amine
stock solution was prepared by dissolving 2 equiv. of amine-
hydrochloride and 1 equiv. of standardized NaOH solution
to make a self-buffered solution in a 25.0 mL volumetric
flask.
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Products Analysis. N-(2,4-Dinitrophenyl)hydrazine was
identified as one of the products in the reaction of FDNB
with hydrazine by comparison of the UV-vis spectra after
completion of the reaction with the authentic sample under
the same reaction conditions.
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