W) Check for updates

Received: 20 May 2021 Revised: 6 August 2021 Accepted: 6 August 2021

DOI: 10.1002/kin.21531
:

RESEARCH ARTICLE « o CHEMICAL KINETICS WILEY

Nucleophilicities of para-substituted aniline radical cations
in acetonitrile: Kinetic investigation and
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1 | INTRODUCTION matic amines, are essential building blocks in organic
synthesis,l’2 which has lead, in turn, to research on meth-

In the past decade, aromatic azo compounds have emerged ods to synthesize primary anilines.

as an important structural class with diverse applications Recently, Maeda and coworkers have reported the

in chemistry. Anilines, as the parent molecules of aro- synthesis of anilines from cyclohexanones using a
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Pd/C—ethylene system under nonaerobic conditions.?
Molecules containing the aniline motif are vital building
blocks used in the creation of a range of agrochemicals®
and pharmaceuticals, this chemical fragment is present
in the core of important commercialized drugs, including
those with antidepressant,” anticancer,’ antiviral,” and
anti-inflammatory properties.® Additionally, anilines are
now extensively used in the field of materials science as
electron-donor units, notably for organic light-emitting
diode devices’ and semiconducting polymers.'? They
have been employed as fluorescent materials,"’ and in
some types of hollow micro/nanospheres, which have
applications in environmental as environment cleanup,
energy storage, and medical diagnostics.'> Moreover, they
have recently been proven particularly effective in other
areas like photocatalysis,”> sensors,'* and detection of
oxidants in the air.®

The behavior of anilines in SyAr and sigma complex-
ation reactions has been examined extensively by sev-
eral research groups with the aim of understanding the
electronic, basicity, and nucleophilic effects of the ani-
line group.'®"” More recently, Ben Salah and coworkers'®
have shown that the reactions of N1-methyl-4-nitro-2,1,3-
benzothiadiazolium tetrafluoroborate 4 with a series of
para-X-anilines possessing an electron-withdrawing group
(X=H, Cl,and CN) in acetonitrile at 20°C can be described
by the linear free-energy relationship equation (1), where
E is the electrophilicity parameter, N is the nucleophilic-
ity parameter, and sy is the nucleophile-specific slope
parameter.”’-?® While the Ben Salah work revealed that a
Mayr-type plot'® with aniline donors (X = OH, OMe, Me,
and H) exhibited an abnormally high slope value, ca. >1.
Data on related systems is therefore of interest in order to
confirm and further test this finding.

(log k (20°C)) /Sy = E + N. Q)

To this end, we now expand our study to the coupling
reactions of 2-bromo-3,5-dinitrothiophene 1 with a series
of 4-X-substituted anilines 2a-f (X = OH, OMe, Me, H, CI,
and CN) as shown in Scheme 1 in acetonitrile at 20°C. As
will be seen, nonlinear free-energy relationships have been
obtained and analyzed. The present work is also intended
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The reaction of 2-bromo-3,5-dinitrothiophene with 4-X-substituted anilines in CH;CN at 20°C

to examine the origin of the large values of Brensted coef-
ficient (8,,.) and reaction constant (p) obtained for ani-
line donors (X = OH, OMe, and Me) and at the same time
provide more data on which an interpretation of these ani-
lines nucleophilicity effects on reactivity can eventually be
based. The paper concludes with a discussion of exploita-
tion of the nonlinear Mayr relationship to evaluate the
nucleophilicity parameters N of aniline radical cations in
acetonitrile.

2 | EXPERIMENTAL

2.1 | Materials

The various 4-X-substituted anilines 2a—f (X = OH, OCHs,
CHs;, H, Cl, and CN) were commercially available prod-
ucts that were purified, as appropriate, by recrystallization
or distillation prior to use. Acetonitrile (Aldrich, HPLC:
99.9%) was available of the highest quality and used with-
out further purification. 2-Bromo-3,5-dinitrothiophene 1
used in this work was prepared according to a literature
procedure.?*30

A stock solution of 2-bromo-3,5-dinitrothiophene
1 (~ 5 x 1073 mol L~!) was prepared and diluted before
use to ~ 5 x 107> mol L.

UV-visible spectra and kinetic measurements were
made on a Shimadzu spectrophotometer equipped (model
1650 PC) with a Peltier temperature controller (model TCC-
240 A), which is able to keep to temperature within 0.1 K.

2.2 | Kinetic measurements

All the reactions were carried out in triplicate under
pseudo-first-order conditions with a thiophene 1 concen-
tration of approximately 5 X 10> mol L' and aniline con-
centrations in the range 2 X 1073 to 8 x 10~! mol L.
The ko,sq values were determined from the slope of the
plot of In (A, - A;) versus time. The kinetic constants
measured were found to be reproducible to +3-5%. Cor-
relation coefficients of the linear regressions were usually
higher than 0.99. Measured first-order rate constants kg
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FIGURE 1 UV-visible absorption spectra describing the

progressive conversion of the thiophene 1 (5 x 10~° mol L) to the
substitution product 3b in CH;CN at 20°C

obtained at aniline concentrations are given for all sub-
strates in Tables S1 in the Supporting Information, together
with the derived second-order rate constants.

3 | RESULTS AND DISCUSSION

3.1 | Kinetic studies

The kinetics of 2-bromo-3,5-dinitrothiophene 1 with the
series of 4-X-substituted anilines 2 (X = CN, CI, H,
OH, OCHj;, and CHj;) according to Scheme 1 were per-
formed in CH;CN at 20°C under pseudo-first-order con-
ditions with a large excess of the aniline concentration
and monitored by UV-vis spectroscopy at or close to
the absorption maxima of the substitution products 3a-f
(364 nm < A, < 410 nm) (Figure 1).

As discussed in previous studies of the SyAr
reactions,*~*° the application of the steady-state approx-
imation with respect to zwitterionic intermediate T*
to Scheme 1 gives the following relationship. On the
other hand, if the rate-determining step is the formation
of zwitterionic intermediate T* (i.e., k_; < < (ky + k3
[aniline])), Equation (2) simplifies to Equation (3):

kl(kz + k3 [aniline]) .
k = 1 5 2
o054 = 1~ Tk + kyJaniling] 2 ine] @

kopsa = ki [aniline]. 3)

In all experimental measured in the kinetic investiga-
tions, only one relaxation process was identified (Figure 2).
Pseudo-first-order rate constants, Kkgpsq, are summarized
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FIGURE 2 Plots of the absorbance at 4,,,, = 408 nm versus

time observed for the reaction of thiophene 1 (5 x 107> mol L)
with 4-methylaniline 2c and correlation In (A, — A,) versus time in
acetonitrile solution at 20°C
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FIGURE 3 Effect of para-substituted aniline concentration on

the rate constant ke for the formation of the products 3a and 3f in
CH;CN solution at 20°C

in Table S1 (see the Supporting Information), and kgpsq
versus [aniline] plots for some of these data are shown in
Figures 3. The fact that the kg, data were found to
obey Equation (3) confirmed that the formation of the
zwitterionic intermediate T is the rate-limiting step of the
uncatalyzed reaction. The slopes of these plots gave the
second-order rate constants (k;) for the SyAr reaction of
thiophene 1 by anilines 2, which are listed in Table 1.
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TABLE 1

4-X-Substituted aniline ky(mol'Ls™!) o

2a X =0H 2.06 x 107! —-0.37
2b X = OMe 1.03 x 107! —0.27
2c X =Me 2.09 X 1072 —-0.17
2d X=H 229 x 1073 0

2e X=Cl 1.10 x 1073 0.23
2f X =CN 1.82 x 10~* 0.66

AMIRA ET AL.

Second-order rate constants k; for the reactions of the reference nucleophiles 2a—f with thiophene 1 in CH;CN at 20°C

E(XC4H,NH;" /XC4H,NH,)

ot PK, (V vs. NHE)
-1.70 12.10 0.76
—0.78 11.80 0.79
—-0.31 11.25 0.92
0 10.62 1.02
0.11 9.89 1.01
0.61 8.07 —

Values of k; are determined in this work from the slope of plots of (kypsq Vs. [4-X-aniline]). The o and o values were taken from Refs. 41 and 42, pK, values for
anilinium ions in CH;CN solution taken from Ref. 37, and oxidation potentials, E°, values in aqueous solution, were taken from Ref . 43.
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FIGURE 4 Bronsted plot for the reactions of anilines 2a—f with

thiophene 1 in CH;CN at 20°C. The pK, values are given in Table 1

3.2 | Effect of the nucleophile nature on
reactivity and mechanism

The effect of aniline basicity on reactivity is demonstrated
in Figure 4, which shows that the Brensted (log k; vs. pK,

values for the acid dissociation equilibria of anilinium ions
in CH;CN [Ref. 37] listed in Table 1) plot is biphasic con-
cave upwards with a breakpoint at X = H (pK, =10.62). The
straight lines obtained for acceptor substituents (X = H, Cl,
CN) and for donor substituents (X = OH, OMe, Me) are
given by Equations (4) and (5), respectively:

logk; =—7.21+043pK, (R>=0.9989), (4

logk, = —16.46 + 1.30 pK, (R*>=0.9957). (5)

As can be seen, a normal Bronsted coefficient 8,,,,. value
of 0.43 is observed for acceptor substituents, while large
Bnuc = 1.30 is obtained for donor substituents. As discussed
in previous studies,'**** the magnitude of B,,. values
obtained in the present work indicates a change in mecha-
nism from a polar process to a single-electron transfer pro-
cess (SET). The distinction between polar SyAr and the
SET process is that, in the first case, the §,,. values are
known between 0.5 and 0.7.3*3® In the second case, the
Buuc values are near or greater unity.'°' It has to be noted
that large S,,c values have also been reported for the o-
complexation process,***’ for example, reactions of 3,5-
dinitrothiophene 5a and 3-cyano-5-nitrothiophene 5b with
a series of para-substituted phenoxide anions in aqueous
solution at 20°C (1.08 < B < 1.15).40

. CH,
N
)
oH, X cl OCH, N
+
SO,CF
=N [\ =\ CF;0,8 2 =N
S (6] (0]
~ / O,N s ~ 7/ ~ 7/
N N
NO, Ba: X = N02 NO, SO,CF, NO,
4 5b: X=CN 6 7 8
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FIGURE 5 The Hammett plot (log k; vs. Hammett’s constant

o) of the reactions of anilines 2a—f with thiophene 1 in CH;CN at
20°C. The o values are given in Table 1

To get more information about the SET process observed
for the electron-donating group, the effect of substituent
on reactivity has also been investigated. As observed
in Figure 5, the plot of log k; against the Hammett’s
constant o, is nonlinear,*"** but the data can be described
by two straight lines that intersect at the boundary between
electron-withdrawing and electron-donating groups. The
two linear free energy relationships are expressed as Equa-
tions (6) and (7), for the electron-withdrawing (X = H, Cl,
CN) group and for the electron-donating group (X = OH,
OMe, Me), respectively:

log ky = —2.61 —1.69s, (R*=0.9979), (6)

log k; = —2.61 —5.46s, (R*=0.9929). @)

As shown in Figure 5, the magnitude of the p value
obtained with the electron-donating group (o = -5.46)
appears to be much smaller than the p value of —1.69
obtained with the electron-acceptor group, clearly indi-
cating a mechanistic change over at ¢ = 0. On the other
hand, the p value of —1.69 is in agreement with those
reported for polar SyAr reactions in which the nucle-
ophilic attack is the rate-determining step.”'” For exam-
ple, p of —1.97 [Ref. 17] and —1.40 [Ref. 19] has been
reported for reactions of benzofurazan 6 and anisole 7 with
a series of 4-X-substituted anilines (X = H, I, Cl, and CN)
in dimethyl sulfoxide at 25°C. However, in the present
work, the much smaller negative p value of = —5.46 for
the more basic anilines is not ascribed to a polar SyAr
mechanism.
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In previous work, Terrier and coworkers have concluded
that SyAr reactions of cation 8 with a series of para-
substituted anilines in 20-80 (v/v) H,0-Me,SO at 25°C
proceed through a SET mechanism and proposed the exis-
tence of a radical cation XC4H,NH, ™" in order to explain
the large negative p value observed (—5.27).!® A similar
result has also been obtained for the corresponding SyAr
reactions with electrophiles 6 and 7 with p values of —5.75
[Ref. 17] and —3.26," respectively.

From the present data and that previously reported,
the SET mechanism shown in Scheme 2 is proposed
to be responsible for the nonlinear free energy relation-
ships observed for the SyAr reactions of 2-bromo-3,5-
dinitrothiophene 1.

The proposed SET mechanism for the reaction of thio-
phene 1 with anilines 2a-c (X = OH, OMe, Me) can
be supported from the following results: (1) Satisfactory
correlation (R? = 0.9914) has been obtained between the
second-order rate constants (log k;) derived for the reac-
tion of thiophene 1 with anilines possessing an electron-
donating group 2a-d and the oxidation potentials E° (in
volts vs. NHE) values of the para-substituted aniline rad-
ical cations measured by Jonsson and coworkers* (Fig-
ure 6A). This indicates that these anilines exist as a rad-
ical cation XCcH,NH,** and hence justifies to a possible
transition from the polar to the SET mechanism in this
field. (2) As shown in Figure 6B, the Yukawa-Tsuno** ¢
plot given by Equation (8) for the reaction of thiophene 1
with anilines 2a—f is linear (R> = 0.9912) with an extent
of resonance contribution r-value of 1.39. Therefore, the
present result clearly suggests that stabilization of the rad-
ical cation XC4H4NH,** through resonance or hypercon-
jugation interaction between the electron-donating sub-
stituent X and the —NH, functionality as illustrated by res-
onance structures I-IV (Scheme 3) is responsible for the
positive deviation shown by donor substituents from the
Hammett plot:

log kf/k{[ =p (c+r(ct-o0)). (8)

3.3 | Quantification of electrophilicity E
of 2-bromo-3,5-dinitrothiophene 1

The behavior of para-substituted anilines 2 nucleophilic-
ity on the reactivity is illustrated by Figure 7, which
shows that the Mayr plot of (log k;)/s versus the refer-
ence nucleophilicity parameters N of anilines 2a—f**
listed in Table 2 is nonlinear with a break observed for
the unsubstituted aniline 2d (N = 12.64). As can be seen,
the effect of aniline nucleophilicity on reactivity is normal
(slope = 1.04, Equation 9) for weaker anilines (e.g., X = Cl,
CN), and abnormally effect (slope = 2.95, Equation 10) for
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FIGURE 6 (A)Experimental log k; versus oxidation potential,

E, (vs. SCE, AN) plot for the reactions of thiophene 1 with anilines
2a-d in CH;CN at 20°C. (B) Yukawa-Tsuno correlation for
reactions of thiophene 1 with anilines 2a—f in CH;CN at 20°C. The
E, o, and o* values are given in Table 1

strongly anilines (e.g., X = OH, OMe, Me). We note that
such a large slope value has also been recently found by
Ben Salah and coworkers (slope = 2.73)'° in the reaction of
N1-methyl-4-nitro-2,1,3 benzothiadiazolium tetrafluorobo-
rate 4 with donor anilines (e.g., X = OH, OMe, Me) under

X = OH, OMe, and Me
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their nucleophilicity parameters N
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TABLE 2
para-X-substituted anilines 2a—f as reference nucleophiles

Nucleophilicity specific parameters N and sy of the

employed in this work

Para-X-substituted aniline N SN

2a X = OH 13.67 0.71
2b X = OMe 13.42° 0.73"
2c X =Me 13.19° 0.69°
2d X=H 12.64° 0.68°
2e X=Cl 11.92° 0.60°
2f X =CN 10.54* 0.61°

2From Ref. 47.
YFrom Ref. 48.

\
o,N" g7 H 10 1
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5a
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O,N NO,
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— O, S Br 12
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— 18
FIGURE 8 Reactivity at unsubstituted versus substituted ring

carbon atoms

the same conditions.

(log ky) /sy = —17.19+ 1.04N  (R?>=0.9901) (9)

(log k) /sy = —41.15+2.95N  (R* =0.9906)  (10)

The magnitude of slope close to unity obtained for donor
anilines 2d-f indicates that Equation (9) can be used to
calculate the electrophilicity parameter E of 2-bromo-3,5-
dinitrothiophene 1. From the intercepts of these lines with
the ordinate axis, a value of E = —16.53 is found. The
present value reveals that thiophene 1 exhibits an elec-
trophilicity more than three units lower than the E value of
3,5-dinitrothiophene 5a (E = —13.42) previously reported
by Gabsi and coworkers (Figure 8).*° This result supports
the view that the nucleophilic attack at an activated unsub-
stituted ring position is, in general, kinetically more reac-
tive compared to that at an equally activated substituted
position.>**’ Representative examples are shown in Fig-
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FIGURE 9 Determination of nucleophilicity parameters N of

aniline radical cations in acetonitrile at 20°C from the nonlinear
Mayr’s correlation

ure 8, which compares the reactivity between C—H and
C—Cl positions for 4,6-dinitrobenzofurazan 9 / 7-chloro-
4,6-dinitrobenzofurazan 10 and 1,3,5-trinitrobenzene 11 /
2-chloro-1,3,5-trinitrobenzene 12 systems.*’

3.4 | Quantification of nucleophilicities
of para-substituted

3.4.1 | Aniline radical cations in acetonitrile
Considering that, in acetonitrile, the series of anilines
donors exists as radical cations, we now discuss how the
nonlinear Mayr relationship observed in the present work
can be explored to evaluate the nucleophilicity parame-
ters of para-X-aniline radical cations (X = OH, OMe, Me).
On the basis of the linear correlation given by Equation
(9), which was obtained from points for p-cyano, p-chloro,
and unsubstituted aniline, a new set of N values describing
the nucleophilicities of these para-X-aniline radical cations
can be derived from the rates in acetonitrile solution (Fig-
ure 9). The data obtained are given in Table 3.

To examine if the nucleophilicity parameters N of the
series of aniline radical cations given in Table 3 are suit-
able for the prediction of rate constants of reactions with
other types of electrophiles, we considered the reactions of
the anilines donors 2a-d with N1-methyl-4-nitro-2,1,3 ben-
zothiadiazolium tetrafluoroborate 4 in acetonitrile at 20°C,
in which the rate constants have been recently reported by
Ben Salah and coworkers.'® Table 3 compares the experi-
mental rate constants with values calculated according to
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TABLE 3 Comparison of measured and calculated second-order rate constants, k;, for the reactions of cation 4 with donor anilines 2a-c
in CH;CN at 20°C
Aniline radical cation N2 KPP (M s™) ksled e (M s7) Sy
. 15.60 6.40 X 107! 7.54 X107 117
L]
HO NH,
. 15.23 3.66 X 107! 4.03 x 107! 110
L]
MeO NH,
. 14.19 6.80 X 1072 8.12x 1072 119
L]
Me NH,
2This work.
°The k{*F values were taken from Ref. 16.
“The values of k ,;q were calculated in this work from known E, N, and sy values indicated in the table through the log k versus sy (E 4+ N).
LR 4 | CONCLUSION
A 7. oMe o1 o
155 The electrophilic ~ reactivity = of  2-bromo-3,5-
5 r dinitrothiophene 1 was determined by analyzing the
kinetics of its reaction with a series of para-X-substituted
1a5 L " anilines 2a-f in CH53CN at 20°C according to the linear
f e

N=23.37-10.20 E°

Nucleophilicity parameter N
N
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FIGURE 10 Nucleophilicity parameters (N) of the
para-X-aniline radical cations versus their oxidation potentials E° in
acetonitrile at 20°C

the linear free energy relationship (1) from the E value of 4
(E =—15.77)'° and the Nvalues determined in this work. As
shown the calculated and experimental values agree in all
cases to within 20%. It is interesting to note that to the best
of our knowledge no such study has been reported else-
where.

An important observation is that the nucleophilicity
parameters N of para-X-aniline radical cations correlate
well with their oxidation potentials E° given in Table 1 (see
Figure 10), suggesting that Equation (11) can be used to
obtain N values in acetonitrile for unstudied donor sub-
stituents:

N =2337-10.29E° (R?=10.9929). (11)

free energy relationship log k,g-c = sy (E + N). The effect
of aniline para-X-substituents on the reaction rate was
examined quantitatively on the basis of kinetic mea-
surements, leading to the nonlinear structure-reactivity
correlations. The origin of the nonlinear Bronsted and
Hammett plots was interpreted in terms of a change in
slope from a small (3,,. = 0.43 and p = —1.69) to a large
(Boue = 1.30 and p = —5.46) value, which can be attributed
to a change in mechanism from a polar SyAr process for
acceptor anilines (X = H, Cl, CN) to the SET process for
donor anilines (X = OH, OMe, Me, H).

In this paper, we also show that the observed nonlinear
Mayr correlation can be effectively explored for evaluating
the nucleophilicity parameters N of aniline radical cations.
Finally, a fairly reasonable correlation is found between
corresponding N and E° values of oxidation potential con-
stant for the 7-electron donor substituents. The correla-
tion is proposed to be useful to predict N values of unstud-
ied para-substituted aniline radical cations in acetonitrile
solution.
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