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The kinetics of the radical nucleophilic substitution reaction of p-nitrochlorobenzene with the sodium
salt of the ethyl a-cyanoacetate carbanion in dimethyl sulfoxide (DMSO) solution at 335.9, 340.1,
343.9, 347.7, and 351.4 K were determined by observing the increase of the UV-visible absorbance
of the product, the ethyl a-cyano-a-(p-nitrophenyl)acetate carbanion. The activation energies and
entropies for the single electron transfer (k;) and for the p-nitrochlorobenzene radical anion dissociation
(ko) were obtained. These results strongly support the previous conclusion that the thermal nucleophilic
substitution reactions of 0- and p-nitrohalobenzenes with the sodium salt of ethyl a-cyanoacetate
carbanion in DMSO solution proceed exclusively via a nonchain radical mechanism (Scheme II).

Introduction

Aromatic nucleophilic substitution reactions stimulated
by photoradiation, solvated electrons, or at electrodes, are
believed to proceed via a chain radical unimolecular
mechanism (Sgn1) as shown in Scheme I! The initial
step (eq 1) is the formation of an aromatic halide radical
anion (ArX-— ) by addition of a solvated electron or an
electron derived from a nucleophile or at an electrode to
an aryl halide. Addition of one electron to a molecule
usually results in an increase of its reactivity because the
bond dissociation energies in radical anions were shown
to be much smaller than those in the corresponding neutral
molecules.2 The second step is the dissociation of the aryl
halide radical anion (ArX-) to form the aryl radical (Ar)
and the halide ion (X-). The aryl radical then combines
with the nucleophile (Nu-) to generate the product radical
anion (ArNu~) which, in turn, transfers one electron to
the starting material (ArX) to yield the product (ArNu)
and a radical anion (ArX-) to continue the chain.?

The chain radical mechanism (Sgn1) has been widely
accepted because it is supported by numerous experi-
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Scheme I
Initiation AX + ¢ ——= ArX® (1)
ArX? —— = Ar+ X (2)
Propagation 4 Ar + Nuu —— ArNu® (3
AtNu'+ ArX —= ArNu + ArX°® (4)
ArX + N — ArNe + X (5)

mental results including (i) significant catalysis by pho-
toradiation, or by solvated electrons, or by electrons at
electrodes,!* (ii) inhibition by addition of a catalytic
amount of an electron acceptor or radical scavenger,l2-
(iii) chain lengths that are longer than one,%-* (iv) insens-
itivity to steric effects,’™! and (v) complex kinetics.4bde

Bunnett suggested that the dissociation of the halide
radical anions (eq 2) in Sgrn1 reactions follows a unimo-
lecular process.la? But the activation entropies deter-
mined for the dissociation reactions for various halide
radical anions have been found to be large and negative
values (<-20 eu) under similar experimental conditions
reported for Sgrn1 reactions, suggesting that the dissoci-
ation reactions of halide radical anions do not follow a
unimolecular mechanism, but instead follow a bimolecular
mechanism.5

In addition, many radical reactions labeled as Sgnl
reactions were reported to give quantitative yields (100%).8
These observations are not consistent with the diffusion-
controlled or near diffusion-controlled hydrogen abstrac-
tion by aryl radicals from the solvents used for most Sgy1
reactions.” Note also that the concentration of the solvent
used is generally much larger than that of the nucleophile.
The coupling reaction of two aryl radicals was suggested
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as one of the possible termination steps for the Sgnl
reaction.!=-48 But no dimer derived from such coupling
reactions among the reaction products of the reported Sgn1
reactions under various experimental conditions has ever
been found in amounts large enough to be detected by
ordinary analytical techniques.? Alsonoinhibition or only
partial inhibition effects on many radical nucleophilic
substitution reactions have been observed by addition of
different radical scavengers.4be® 1213 Thege experimental
observations are clearly not consistent with the Sgnl
mechanism, indicating that many radical nucleophilic
substitution reactions labeled as Sgx1 mechanism in the
literature do not proceed via the chain radical mechanism,
but probably proceed via a nonchain radical mecha-
nism.1%-12 However, recently, the reality of the Sgnl
reaction mechanism has been questioned by Denney,!3
but was rebutted by Bunnett!4 and by Rossi.!s

We have proposed a nonchain radical nucleophilic
substitution mechanism for the thermal reactions of o-
and p-nitrohalobenzenes 1 with the sodium salt of the
ethyl a-cyanoacetate carbanion (2) in dimethyl sulfoxide
(DMSO0) solution as shown in Scheme I1.12 The first step
is the formation of electron donor-acceptor complex
followed by a single electron transfer (SET) reaction to
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form a radical anion (3) and radical cation (4) complex.
The reactions directed to the final products will then be
completed within a solvent cage.

The reactions of 1 with 2 in DMSO gave strong ESR
spectra of the o- and p-nitrohalobenzene radical anions
(3). UV-visible spectra of the electron donor-acceptor
complexes were also seen, and broadening effects on the
NMR absorption peaks of 1 were also observed.12bd The
reactions were found to be significantly inhibited by
addition of catalytic amounts of strong electron acceptors
such as dinitrobenzenes, but were not affected by addition
of different radical scavengers such as galvinoxyl, even in
large excess.!?2 Dioxygen also has noeffect onthese radical
reactions.!?d Furthermore, the nonchain radical mecha-
nism was supported by the kinetic studies on the radical
anion reactive intermediates 3 determined by the ESR
field/frequency lock technique.! The activation param-
eters of o-nitrochlorobenzene radical anion (3a), p-nitro-
chlorobenzene radical anion (3d), and p-nitrobromoben-
zene radical anion (3e) derived from the reactions of 1a,
1d, and le with 2, respectively, were determined.l2be It
appeared to be of interest to investigate further the kinetics
for the product formation and to check the results obtained
on the radical intermediates. In the present paper, we
report kinetic results obtained by probing the UV-visible
absorption peak of the ethyl a-cyano-a-(p-nitrophenyl)-
acetate carbanion (7b), the product anion formed in the
reaction of 1d with 2 in DMSO solution, at different
temperatures. The reason for this choice was the fact
that reaction of 1d with 2 is slow enough, so that it can
be easily studied at various temperatures in the 50-80 °C
range.

Results and Discussion

Both the UV-visible spectra of 1d and 2 in DMSO
solution are transparent in the range >400 nm, but 7b has
a strong absorption peak at Apax = 498 nm (egqx > 10%).
The kinetic measurements for the 7b formation in the
reaction of 1d with 2 were probed at wavelengths of 498,
510, and 525 nm for five different temperatures. The

(16) Cheng, J.-L; Zhang, X.-M.; Yang, D.-L. Huaxue Tongbao 1987,
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Figure 1. Plots of the relative concentration ratios [7b]/[1d]o
versus time for the reaction of 1d with 2 in different temperatures.

kinetic curves obtained by probing at 498 nm for five
different temperatures are shown in Figure 1.

Radical-radical coupling reactions are very rapid, usu-
ally in the diffusion-controlled or near diffusion-controlled
range. The proton exchange reaction of 6b with 2 should
be very fast because 6b is about 10 pK units more acidic
than the conjugate acid of 2 in DMSO solution.!” It is
reasonable to assume that the coupling reaction of
p-nitrophenyl radical (5d) with (ethoxycarbonyl)cyanom-
ethyl radical (4) and the deprotonation reaction of ethyl
a-cyano-a-(p-nitrophenyl)acetate (6b) by base 2 are both
much faster than the single electron transfer reaction (%;)
and the dissociation reaction of the p-nitrochlorobenzene
radical anion (ks), i.e. By, ks << kg, k4124 In other words,
the first two steps (k; and k) are the rate-determining
steps for the reaction of 1d with 2 as shown in Scheme II.
Then the reaction of 1d with 2 in DMSO can be simply
expressed as eq 6 because the overall reaction rate is
controlled by the rate-determining steps.

ki kg
1d+2—3d—7 (6)

In earlier studies,'?>4 we have shown that under the
pseudo-first-order conditions, the ratios of the maximum
concentration of 8d with the initial concentration of 1d,
[3d]mes/[1d], are all smaller than e! (~0.368) in the
temperature range of 50-100 °C, indicating that k; is
smaller than ks, i.e. the first step is the rate-determining
step for the reaction of 1d with 2 according to the e!
criterion.!8 Therefore, the rate constants k; and kg can be
determined by using eq 7.1°

[7b] ( kz, ko't kl’ —k 't)

— - " + 2

na, \! "k -E Y TR-RC ™
where ky’ = k1 X [2]p and ks’ = kg x [2]0.

The apparent rate constants at different temperatures
were calculated by using a computer simulation program
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Table I. Apparent and Absolute Rate Constants of the
First Two Steps for Reaction of 1d with 2+

temp (K) 335.9 340.1 343.9 847.7 351.4

ky (s7H)? 2,65 X 104 3.17 X 10+ 4.35 X 10~ 5.97 X 10~ 7.78 x 10~
ke (8712 7.80 X 10-3 8,97 X 10-3 1,19 X 10-2 1.34 X 10-2 1.56 X 10-?
k; (M-15-1)¢ 6.26 X 10+ 7.77 X 10~ 1.07 X 10~ 1.46 X 10~ 1.91 X 10
kg (M-1g1)3 1,92 X 102 2,20 X 10-2 2,92 X 10-2 3.28 X 102 3.83 X 102
¢ 321X 104 3.16 X 104 3.09 X 104 2.98 X 104 2.88 X 104

s Reaction conditions: [1d]y = 8.55 X 105 M, [2]p = 0.407 M in
DMSO solution.  Apparent rate constants. ¢ k; = ky//[2]o. 9 k2 =
ko'[2]¢. ¢ ¢ = extinction coefficients of the ethyl a-cyano-a-(p-
nitrophenyl)acetate carbanion.
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Figure 2. Plots of log k vs T-! for step 1 (single electron transfer
reaction) and step 2 (p-nitrochlorobenzene radical anion disso-
ciation) for the reaction of 1d with 2 in DMSO solution.

Table II. Activation Energies and Activation Entropies
for Step 1 and Step 2 for the Reaction of 1d with 2 in
DMSO Solution

reaction Es¢ ASgeg? re ref

step 1 (k)¢ 73@3 91 +4 0.996 ~ this work
step 1 (ky)° 75+3 94 x4 0.999 12b
step 2 (k)b 455+ 3 -144 % 6 0.990 this work
step 2 (kg)® 54x5 -136%6 0.998 12b

s Single electron transfer reaction. ® Dissociation reaction of
p-nitrochlorobenzene radical anion. ¢ In kJ mol-1; activation energies.
4In J K-! mol-!; activation entropies. ¢ Correlation coefficient.

designed on the basis of eq 7,2 and the results are
summarized in Table I. The calculated rate constants
from the measurements at wavelengths of 498, 510, and
525 nm were shown to be identical within experimental
error, indicating that the weak absorption of the electron
donor-acceptor complexes near 420 nm (emey = ~1000)
did not interfere with the kinetic measurements of the
product anion formation,!2bd

Figure 2 shows that the Arrhenius empirical plots of log
k vs 1/T are excellent straight lines for both the reactions
of steps 1 and 2. The activation energies and activation
entropies obtained therefrom are summarized in Table II.
The activation energies and entropies obtained from the
measurements by means of the ESR F/F lock technique
on the radical anion intermediates are also included for
comparison. Examination of Table II shows that the
activation entropies for the step 2 reaction, the dissociation

(20) Yang, D.-L.; Jia, X.-Q.; Zhang, X.-M.; Liu, Y.-C. Lanzhou Daxue
Xuebatll, Ziran Kexueban 1988, 24(3), 59-64. Chem. Abstr. 1989, 111,
152952k,
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Table III. Relationship of the Apparent Rate Constants
with the Concentration of 2+

2lo M) 2.72 x 102 2.04 X 101 4.07 x 101
k' (57Y) 3.28 x 10°% 2,27 X 10 4.35 % 10
ky (M1g)p 1.21 x 102 1.11 X 108 1.07 X 1038
ke (87Y) 8.65 x 10+ 6.20 X 102 119 X 102
ks (M-1gt)e 3.18 x 10-2 3.04 X 102 2.92 X 10-2

¢ Reaction conditions: [1d], = 3.56 X 10-°M, temperature = 343.9
K in DMSO solution. ¢ k; = &y//[2]e. ¢ ks = ky'[2e.

Table IV. Effects of Radical Scavengers on the Reaction

of 1d with 2+
radical molar cage
scavengers  ratiod  effects, % ki, Mlsl kg, M-lsl
none 1.46 X 1008  3.29 X 102
MND? 118 98 1.47X1038  3.22%x102
TMPs 178 98 147%X103  3.15 %102
TMP¢ 1850 96 1.52x 1028  3.05 X102

s Reaction conditions: [1d]q = 3.55 X 10-5M, temperature = 347.7
K in DMSO solution. * MND = 2-methyl-2-nitrosopropane dimer.
¢TMP = 4-ethoxy-2,2,6,6-tetramethylpiperidine nitroxyl. ¢ Molar
ratio = [radical scavenger]/[1d]. ¢ Cage effects are defined by the
ratios of the concentration of the product anion ([7b]) in the presence
and absence of radical scavengers, which were determined by the
UV-visible spectrophotometer in the same time under the same
reaction conditions.

of p-nitrochlorobenzene radical anion, obtained from two
different methods are all large and negative values (~ -32
eu), suggesting that the dissociation of the p-nitrochlo-
robenzene radical anion does not follow the unimolecular
process, but follows a bimolecular process.® The coun-
terion (Na*) was believed to be involved in the transition
state of the dissociation of o- and p-nitrohalobenzene
radical anions.1? The remarkable agreement of the kinetic
results obtained from the measurements on the radical
anion intermediates by the ESR F/F lock technique and
on the product anion by the UV-visible spectrophotometric
method strongly supports the conclusion that the thermal
reactions of 1 with 2in DMSO solution proceed exclusively
via the nonchain radical mechanism (Scheme II).

It is seen from an inspection of Table III that the
apparent rate constants (k,” and k2’) are linearly propor-
tional to the concentration of 2, but the absolute rate
constants (k1 and kj) calculated (Table III) are indepen-
dent, within experimental error, on the concentrations of
2. These results are not unexpected because the rate-
determining steps of the nonchain radical reactions as
shown (Scheme II) follow the second-order reaction
mechanisms.

In earlier studies,!?#> we have found that addition of
radical scavengers such as galvinoxyl, do not affect the
substitution product yields for the thermal radical reac-
tions of 1 with 2 in DMSO solution. Examination of Table
IV shows that addition of radical scavengers such as
2-methyl-2-nitrosopropane dimer (MND) and 4-ethoxy-
2,2,6,6-tetramethylpiperidine nitroxyl (TMP) also have
no effect on the rate constants for the reaction of 1d with
2, even after addition of a large excess of radical scavengers
(more than 1000 times). These results are not surprising
because the radical reaction of 1d with 2 in DMSO occurs
exclusively in the solvent cage, and the radical scavengers
cannot penetrate the solvent cage wall and trap the radical
intermediates.l?* Note that the cage effects for this
reaction was also determined to be larger than 95% (Table
V).

It is interesting to know that the extinction coefficient
(¢) of the ethyl a-cyano-a-(p-nitrophenyl)acetate carbanion
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Figure 3. Linear plot for the extinction coefficients (¢) of the
ethyl a-cyano-a-(p-nitrophenyl)acetate carbanion in DMSO
solution versus the reaction temperature.

in DMSO (Table I) decreases progressively as the reaction
temperature increases. This is not difficult to understand
because molecular movement is expected to increase as
the temperature increases, and this will definitely result
in the broadening of the UV-visible absorption peaks and
decrease the extinction coefficient. But the magnitude of
the extinction coefficients also can be linearly correlated
with the reaction temperature as shown in Figure 3.

Experimental Section

Materials: Dimethyl sulfoxide (DMSO) and ethyl «-cy-
anoacetate were commercially available samples. 4-Ethoxy-
2,2,6,6-tetramethylpiperidine nitroxyl® and 2-methyl-2-nitros-
opropane dimer?' were synthesized according to literature
methods.

Ethyl a-cyanoacetate was dried over anhydrous calcium
chloride for 1 day and then distilled under reduced pressure.
DMSO was dried over anhydrous potassium hydroxide for 1 day
and then distilled from powdered calcium hydride under reduced
pressure. Sodium hydride (containing ca. 20% mineral oil) was
made oil-free by three extractions with petroleum ether followed
by decanting the supernatant. The preparation of the sodium
salt of ethyl a-cyanoacetate carbanion (2) and the determination
of the content in the mixture have been described previously.12b
Ethyl a-cyano-a-(p-nitrophenyl)acetate (6b) was prepared and
purified as described previously.12bc

Kinetic Measurements. Under an argon atmosphere, the
DMSOQ solutions of 1d, 2, and radical scavenger (if needed) were
mixed in the UV cell (1 cm) and quickly placed in a temperature-
controlled (£ 0.1 °C) Shimadzu UV-visible spectrophotometer.
The reaction temperature was corrected periodically with a
standard thermometer. The kinetic measurements for the 7b
formation were followed under pseudo-first-order reaction con-
ditions with a large excess of 2 by observing the increase in the
intensity at 498, 510, and 525 nm for different temperatures.
Checks have been made to confirm that more than 90% of the
starting material (ArX) was usually converted into the product
anion (7b) for each measurement. The rate constants were
calculated by a least-squares curve fitting computer program.

(21) Miyazawa, T.; Endo, T.; Shiihashi, S.; Okawara, M. J. Org. Chem.
1985, 50, 1332.
(22) Emmons, W. D. J. Am. Chem. Soc. 1987, 79, 6522.
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Appendix
For a first-order successive reaction (eq 8):
ki ke
A—-B—+C 8)
Equation 9 can be derived for the above reaction.1®

(B]

max _ mm/l—m (9)

[Al,

where [Blmay is the maximum concentration of the inter-
mediate B, [A)o is the initial concentration of starting
material A, and m = ky/k;.

Equation 9 shows that the ratio of rate constant k; and
ky is only dependent on the ratio of the maximum

Zhang et al.

concentration of B ([Blnsay) to the initial concentration of
A ([Alo), both of which are experimentally measurable.
Analysis of eq 9 also indicates that they have the following
relationship, called the e-! criterion.!™ (i) If [Blmar/[Alg
< el = (.368, the m should be larger than 1, i.e., k; is
smaller than k;. Therefore, the first step (k1) is the rate-
determining step. (i) If [B)max/[A)o > ¢! =~ 0.368, the m
should be smallerthan 1,i.e. k; islarger than ks. Therefore,
the second step (k2) is the rate-determining step. (iii) If
[Blmax/[Alo = €1 = 0.368, the m should be equal to 1, i.e.
k; is equal to ks. There is no rate-determining step.
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