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Meisenheimer-type Adducts from Thiophene Derivatives. Part 4." Reaction of
Sodium Methoxide with 2-Methoxy-5-methyl-3-nitrothiophene in Methanol
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The rate and equilibrium constants for the formation of the Meisenheimer-type adduct from 2-methoxy-
5-methyl-3-nitrothiophene (1a) and sodium methoxide in methanol have been measured at 20 °C. The
adduct (2a) is nine times more stable and is formed about three times faster than the ‘unsubstituted’
adduct (2b), confirming the unusual role that a methyl substituent can play in reactions where it is
necessary to delocalize a negative charge. *C N.m.r. chemical shifts of (1a) and (2a) have also been
determined. An interpretation of all the results is offered on the basis of polarity variation of the methyl

group.

As compared with the large number of studies concerning the
stability of Meisenheimer adducts in the benzene series,? the
reactions of thiophene substrates with alkoxides have received
much less attention.22<3+ The available data refer to the
Meisenheimer gem-dimethoxy adducts (2b—h)® and (de—h)’
formed by reactions of 2-methoxy-3-nitro-5-X-thiophenes (1b—
h) and 2-methoxy-5-nitro-3-X-thiophenes (3c—h), respectively,
with sodium methoxide in methanol, to the non-gem adduct (5)
derived from 3-methoxy-2-nitrothiophene,3 and to the spiro
Meisenheimer-type complexes (6) and (7), formed by 2-(2-
hydroxyethoxy)-3-nitrothiophene* and 3-(2-hydroxyethoxy)-2-
nitrothiophene,* respectively. All these complexes have been
characterized by n.m.r. and/or u.v.—visible spectroscopy. Kinetic
and equilibrium constants for the formation of the adducts
(2b—h)? and (4c—h)* have also been reported.

Compound (1b) constituted the first example of a methoxy
mononitro derivative containing no other activating group
(electron-withdrawing substituents, heterocyclic nitrogen
atoms, etc.) for which the formation of a Meisenheimer-type
adduct (2b) could be demonstrated.3>¢-¢

In the framework of our research on aromatic nucleophilic
substitution (SyAr) reactions in the thiophene series, which are
closely connected with Meisenheimer-type adduct formation, it
has recently been observed that an alkyl group in a meta-like
position with respect to the reaction centre is able to provide
weak activation of nucleophilic substitution.® Thus, 5-bromo-2-
nitro-3-R-thiophenes (R = Me, Et, Pr", n-hexyl, Pr', or Bu') are
more reactive with piperidine in methanol than 2-bromo-5-
nitrothiophene, the kg:ky ratios ranging from 2 to 5:1; 3,4-
dibromo-5-methyl-2-nitrothiophene and 3-bromo-5-methyl-2-
nitrothiophene are three times more reactive with aniline in
methanol than 3,4-dibromo-2-nitrothiophene and 3-bromo-2-
nitrothiophene, respectively.>* However, when the methyl
group is in a para-like position with respect to the reaction
centre, as in 2-bromo-5-methyl-3-nitrothiophene, there is
no apparent difference from the compound lacking a methyl
group (2-bromo-3-nitrothiophene) in the piperidino-substi-
tution reaction in methanol.

This unusual behaviour of alkyl groups, which are usually
considered electron-repelling substituents and, indeed, should
reduce the mobility of nitro-activated halogen leaving groups,®
has been rationalized by assuming that, in principle, alkyl
groups are able to both donate and accept electrons as the
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charged site demands, stabilizing both positive and negative
charges through a polarization-type process.}

In this paper we report an account of the behaviour of
2-methoxy-5-methyl-3-nitrothiophene (1a) with sodium meth-
oxide in methanol.

T The possibility that the weak activation by the methyl group might be
due to a different solvation of the initial state as compared with the
transition state has been considered, and ruled out.>
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Table 1. Equilibrium optical density measurements at 20 °C for the reaction of 2-methoxy-5-methyl-3-nitrothiophene (1a) with sodium methoxide in

methanol at constant ionic strength (p)*

p=005Mm
Al

C Al
[MeONal/m 000102 000204 000611 000815 00102 00204 00306 00408  0.0509
D.at330 nm  0.560 0.650 0910 0.990 1.050 1.230 1.330 1.380 1.424

p=010M

r A Al
[MeONal/v 000509 00100 00200 00303 00404 00504 00606  0.0815
D.at330nm 0916 1.100 1.296 1.365 1.405 1.430 1.460 1.480

“ Solutions made up to constant ionic strength with sodium perchlorate; [(1a)] = 9.99 x 1075 M.

Table 2. Kinetic and equilibrium constants at 20 °C for the reaction of 2-methoxy-5-methyl-3-nitrothiophene (1a) with sodium methoxide in

methanol at constant ionic strength (p)*

[MeONalm  K.°/l mol-! [MeONa)/m
0.001 02 99.1 0.005 09
0.002 04 101 0.0100
0.006 11 109 0.0200
0.008 15 108 0.0303
0.0102 107 0.0404
0.0204 103 0.0504
0.0306 107 0.0606
0.0408 104 0.0815
0.0509 109

@ At 330 nm; &, 16 000, ¢, 4565. ® At u 0.05M; average value 105 1 mol™,

K./l mol™* 10%k . /st 10%,%/l mol! s!
134 0.547 4.36
130 0.780 441
139 1.19 4.38
129 1.72 4.52
122 220 4.53
115 2.68 4.54
120 3.17 4.60
106 4.07 4.48

standard deviation 3 1 mol!. ¢ At p 0.10M; average value 124 1 mol?;

standard deviation 10 1 mol™. ¢ At u 0.10M; average value 4.48 1 mol™* s-!, standard deviation 0.08 1 mol™* s~

Results and Discussion

Spectroscopic Evidence for the Formation of the Adduct (2a)—
The n.m.r. spectrum of 2-methoxy-5-methyl-3-nitrothiophene
(1a) in deuteriated methanol (CD;OD) shows three ab-
sorptions, at 8 2.38 (3 H),4.17 (3 H), and 7.10 (1 H), attributed to
the methyl, methoxy, and aromatic protons, respectively. The
addition of concentrated methanolic sodium methoxide results
in the appearance of three new absorptions, at § 2.13 (3 H), 3.98
(6 H), and 6.23 (1 H). As the amount of methoxide added is
increased, the intensity of the signals relating to (1a) diminishes,
while that of the new signals increases; this implies that the
extent of the interaction depends on sodium methoxide
concentration. The upfield shift of the n.m.r. signals on going
from the substrate to the corresponding adduct is consistent
with the different charge distribution in the two compounds.
This shift, as well as the equivalence of the two methoxy groups,
constitutes definite evidence in favour of a Meisenheimer-type
adduct structure (c-complex) for (2a).

The u.v. spectrum of (1a) in methanol shows an absorption
maximum at 338 nm (log £ 3.70). The addition of increasing
amounts of sodium methoxide caused a progressive increase in
absorption and a change in the shape of the spectrum. Finally,
at a sodium methoxide concentration in the range 0.3—0.5Mm,
{[(ta)] 10*M} the substrate was completely converted into
adduct, the absorption maximum being now at 328 nm (log ¢
4.20); further increase in base concentration caused no further
spectral change.

It is noteworthy that the shift of the absorption maximum on
going from substrate to adduct is not only extremely small but
also in the opposite direction (hypsochromic shift) from those
observed for the other adducts (2).3%+

Determination of the Equilibrium Constant—The equilibrium
constant for the formation of (2a), K, = [(2a)]/([(1a)][Me-
ONal]), can be determined from spectral measurements on
methanolic solutions of (1a) and sodium methoxide, provided

Table 3. Kinetic and equilibrium constants at 20 °C for the reaction of 2-
methoxy-5-methyl-3-nitrothiophene (1a) with sodium methoxide in
methanol

[MeONal/M D/ K/lmol' 103, /min-! 10%,/1 mol™* s!

0.002 05 0.580 57.3

0.003 08 0.640 60.7

0.005 12 0.750 66.4

0.007 69 0.860 69.9 462 3.50
0.0107 0.970 75.1 5.09 3.53
0.0205 1.190 85.6 7.03 3.64
0.0308 1.320 974 9.36 3.80
0.0410 1.390 105 121 4.01
0.0512 1.430 107 14.7 4.05
0.0615 1.460 110 17.7 4.19
0.0820 1.500 118 244 4.50
0.102 1.522 122 31.9 4.82

4 At 330 nm.

that the extinction coefficient of substrate (g,) and adduct (g,)
is known. In fact, [(2a)] = (D./l — &cJ)/(e, — &) and
[(1a)] = ¢, — [(2a)], where D, represents the optical density of
the solution at equilibrium, ¢, the substrate concentration [the
sodium methoxide concentration, in large excess over that of
(2a), is assumed to be constant], and / the thickness of the
cuvette in cm.

Preliminary measurements showed that, as previously
observed for (1b),3¢ the stoicheiometric equilibrium constant,
K., increased with increasing sodium methoxide concentration.
This effect has been ascribed to ion pair formation.”"® In order
to confirm this interpretation we have measured the equili-
brium optical densities of a series of solutions containing
various amounts of the two reagents, at two different ionic
strengths (Table 1). By using the values of €, and ¢, obtained
from the spectra recorded in the absence of sodium methoxide
and at high sodium methoxide concentrations, respectively, we
calculated the K, values shown in Table 2. In view of the high
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Table 4. N.m.r. chemical shifts® of compounds (1a and b) [0.4M in (CD3),SO] and the corresponding Meisenheimer adducts (2a and b)®

'H N.m.r. 13C Nm.r.
« S Il — A Al
Compound H®4) H(5) H(5-Me) H(OMe) C@) C(@3) C4) C(5) C(5-Me) C(OMe)
(1a) 7.11 2.34 4.11 166.50 127.50 118.76 122.66 14.81 63.04
(2a) 6.08 1.90 324 126.77 117.32 117.56 121.50 17.68 51.64
A[(2a) — (1a)] —1.03 —0.44 —0.87 —39.73 —10.18 —1.20 —1.16 2.87 —11.40
(1b)* 7.29 6.93 4.15 168.42 128.49 121.61 110.17 63.16
(2b)* 6.33 571 3.25 126.26 117.07 120.50 109.86 51.76
A[(2b) — (1b)]¢ —0.96 —1.22 —0.90 —42.16 —11.42 —1.11 —0.31 —11.40

§ in p.p.m. from Me,Si; Varian FT-80 and XL-200 spectrometers. ® Generated in situ by addition of 5M-MeONa in MeOH. “ Refs. 3b and e.
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Figure 1. Plot of K, vs. [MeONa]

sensitivity of K, to the experimental uncertainty of D, (see
Experimental section) the agreement between the single values
of Table 2, at each ionic strength, is considered satisfactory.

Since it has been shown that the increase in the apparent
equilibrium constant, K,, with increasing sodium methoxide
concentration depends on association phenomena, it is possible
to obtain a ‘thermodynamic’ value of K, by measuring a number
of K, values at various sodium methoxide concentrations
(Table 3) and by extrapolating to [MeONa] = 0 the curve of
K, versus [MeONa] (Figure 1). Indeed, graphic extrapolation
to [MeONa] = O gives K, = 54 1 mol-'.

Kinetic Constants for the Formation of (2a).—The kinetic
constants for the formation of (2a) have been obtained as
previously described? in the presence of a large excess of
sodium methoxide and are reported in Tables 2 and 3. The
apparent second-order kinetic constant, k,, increases linearly
with increasing [MeONa] (Figure 2). Extrapolation to infinite
dilution gives k, = 3.4 x 1031 mol ! s'!. On the other hand, at
constant ionic strength, k;, does not change with changing
sodium methoxide concentration (Table 2).

'H and '*C N.m.r. Spectra—In Table 4 are reported the 'H
and '3C n.m.r. chemical shifts of (1a) and (2a) in (CD;),SO,
together, for comparison, with the previously reported®" data
for (1b) and (2b). The '3C chemical shift variations on going
from (1a) to (2a), when compared with those observed on going
from (1b) to (2b), show a slightly lower increase in shielding at
C-3 and a slightly larger increase in shielding at C-5. Moreover,
the formation of the adduct (2a) appears to be accompanied by
amarked deshielding of the 5-Me carbon atom and a significant
shielding of the 5-Me protons.
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Figure 2. Plot of k, vs. [MeONa]

Caution is necessary in interpreting these results, as chemical
shifts are due to a variety of effects and because in this case some
of the values obtained are of only moderate size. However all the
observed results are consistent with the hypothesis that the
formation of the adduct (2a) is accompanied by a change in the
polarity of the C~H bonds of the methyl group (the electron
cloud shifting towards the methyl protons),* contributing to the
stabilization of the negative charge on the ring; as a consequence
a slightly larger fraction of the latter would be spread over C-5,
so that a slightly better delocalization of the negative charge
among the ring carbon atoms can be achieved.

Thus the n.m.r. data appear to be consistent with the
hypothesis that the stabilizing effect of the 5-methyl group on
the present adduct is connected with the polarizability of the
C-H bonds of the methyl group itself and with its consequent
ability to exert a —/ effect when demanded by the structural
moiety to which it is bonded (see later).

Discussion of Kinetic and Thermodynamic Results—The
equilibrium and kinetic constants for the formation of the
adduct (2b) from 2-methoxy-3-nitrothiophene (1b) and sodium
methoxide in methanol, at infinite dilution, are 6 1 mol™! and
1.3 x 1073 I mol! s7!, respectively, at 20 °C. Thus the adduct
(2a) is nine times more stable and is formed about three times
faster than (2b). This result confirms the unusual role played by
the methyl substituent in reactions where the rate-determining

* In neutral compounds the polarity of the C-H bonds points towards
the more electronegative carbon atom, as shown inter alia by the
shielding effect exerted by the methyl group on C-1 in propene, on C-4 in
toluene, and on C-5 in 2-methylthiophene.®
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transition state (r.d.t.s) bears a fractional negative charge in the
aromatic ring. In the reaction under investigation, where the
transition state is anionic, the ‘activating’ effect of methyl group
is obviously greater than in the piperidino-substitution of 2-
bromo-3-nitro-5-methylthiophene (see before), which involves a
zwitterionic r.d.t.s.

Consistent with this interpretation is the observation that the
methyl group has a greater effect on the stability than on the
rate of formation of the adduct. In fact, since in the adduct the
negative charge is a unit, and not fractional as in the transition
state, the difference in behaviour between hydrogen and methyl
substituents is accordingly greater.

A comparison of the stability and the rate of formation of the
adduct (2a) with the corresponding values for the other adducts
(2) studied shows, somewhat surprisingly, that the methyl
substituent has a stabilizing effect greater than that of
carbamoyl group (Kcony, 34); however, the adduct (2¢) is
formed about ten times faster (k, 2.78 x 1072 1 mol™! s7!) than
(2a).

We consider that this interesting stability—reactivity pattern
must be related to the difference in electronic demands which
the methyl group is prompted to satisfy in the transition state
and in the adduct. The structural reorganization which the
methyl-substituted substrate undergoes on passing from the
ground to the transition state is certainly greater than that
which involves the carbamoyl group, and one observes a lesser
reactivity (k,) for X = Me than for X = CONH,: however, the
methyl group is significantly polarized in an attractive way with
respect to the aromatic ring. In the adduct, where the negative
charge to be delocalized is unity, the methyl group suffers a
much stronger polarization and indeed appears more efficient
than the carbamoyl group in stabilizing the adduct.

Experimental

Synthesis and Purification of Compounds—Methanol'® and
stock solutions of sodium methoxide!! were prepared and/or
purified according to literature methods. Compound (1a) was
prepared as follows and exhibited correct elemental analytical
figures.

2-Methoxy-5-methyl-3-nitrothiophene (1a)—Nitric acid (d
1.5; 2.7 ml) in acetic anhydride (18 ml) was slowly added with
stirring to a solution of 2-methoxy-5-methylthiophene!? (5.6 g)
in acetic anhydride (27 ml), at —20 °C. The temperature was
allowed to rise to 0 °C and then the mixture was poured onto
crushed ice and extracted with ether. The ether phase was
washed with aqueous sodium hydrogen carbonate and water,
and dried (Na,SO,), and the ether was distilled off. The oily
residue was chromatographed on a column of silica gel with
benzene as eluant. The compound was crystallized from light
petroleum—benzene; m.p. 78—79 °C.

Uncertainty of K, and k, Values—Owing to the substantial
contribution of the substrate to the total absorption of the
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various solutions, the K, values are particularly sensitive to
errors in optical density measurements. The error in the K,
values, dX,, depends on the error in the optical density at
equilibrium, dD,, according to equation (i). The vertical

dK, = (1 + K.[MeONa]?)dD,/[MeONa](D, — &.c.) (i)

segments of Figure 1 represent the errors in K, corresponding to
D, = +0.005. The corresponding uncertainty in & is consider-
ably lower than the experimental reproducibility, estimated as
+3%.
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