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Rate constants have been determined in three aqueous Me,SO mixtures for the SgAr substitution of
3-methoxythiophene (5) by super-electrophilic 4,6-dinitrobenzofuroxan (DNBF). The absence of a
significant dependence of the rates of reactions on the hydrogen or deuterium labelling at C, of the
thiophene ring indicates that electrophilic addition (kPN®F) of DNBF at this position is the rate-limiting
step of the substitution process. A notable increase in the k™5 rate constant with increasing water
content of the solvent mixtures is observed. This trend is consistent with the idea that the addition step
proceeds through a highly dipolar transition state where the development of negative charge in the DNBF
moiety is concomitant with that of a partial positive charge in the thiophene ring. Assuming that the
behaviour of 5 fits the rate-equilibrium, Brensted-type relationship previously established for the coupling
of DNBF with nitrogen heterocycles, a pK::° value of —6.5 may be estimated for the protonation of 5 in
aqueous solution. Interestingly, a similar estimate is obtained when the reactivity of 5 is compared with
that of an homogeneous series of enol methyl ethers. Despite a low carbon basicity, comparable to that of

NIMddd

a rather weakly basic enol ether, 5 appears to be one of the most reactive thiophene compounds toward

electrophilic reagents.

Despite its neutral character, 4,6-dinitrobenzofuroxan (DNBF)
is a more powerful electrophile than the proton and also a
much stronger electrophile than the p-nitrobenzenediazonium
cation.? This makes DNBF an important probe to assess the
reactivity of weakly nucleophilic carbon centres.>® A number
of aromatics (phenols and related aryl ethers) whose C-
protonation is known to occur only in superacid media®'® have
thus been found to react under mild experimental conditions
with DNBF, affording quantitatively stable anionic carbon-
bonded c-adducts which are formally the products of SgAr
substitution of the aromatic donor.**® Similar substitutions
occur with anilines or m-excessive heteroaromatics like pyrrole,
indole, thiophene or furan derivatives.">*>1* Coupling to
weakly activated double bonds as well as with weak nitrogen
or oxygen bases is a process that is also much more readily
achieved with DNBF than with any other -electrophilic
aromatic.>*!5-1

In our laboratory, we have recently carried out a kinetic study
of the coupling of DNBF with a number of indole and pyrrole
derivatives whose pK, values for C-protonation in aqueous
solution range from —6 (5-cyanoindole) to 3.75 (2,4-dimethyl-
3-ethylpyrrole)." In all instances, the rates of formation of the
expected C-adducts 2 and 4 according to reaction (1) or (2) were
found to be essentially unaffected by the H- or D- labelling at
the reactive C; or C, positions of the parent heterocycles. This
showed that electrophilic attack by DNBF to give the Wheland-
type intermediates 2,H or 4,H was the rate determining step of
the reactions, allowing us to derive the second-order rate con-
stants APNBF for this process directly from the experimental rate
data. Interestingly, the kPN values were found to increase
regularly with increasing C-basicity and satisfactory linear
Bronsted-type correlations were obtained when the log APNBF
values measured in each of the solvents studied were plotted
against the pK™° values measured for protonation of the
parent indole or pyrrole compounds in aqueous solution.?

Assuming to a first approximation that the above correlations
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are appropriate to describe the nucleophilic behaviour of any
structurally related m-excessive aromatic substrate, measure-
ment of a kP™BF rate constant may then serve to assess the
carbon basicity of compounds whose pKS® values cannot be
measured through classical equilibrium studies. This approach
has actually proved to be successful in estimating the C-basicity
of 3,4-diaminothiophene, providing a better understanding of
the strong enaminic character of this derivative.'®

In this paper, we report a kinetic investigation of the coupling
of DNBF with 3-methoxythiophene 5 and 3-methoxy[2-?H,]-
thiophene (5d) to give the very stable anionic C-bonded adduct
6 according to reaction (3) in various H,O0-Me,SO mixtures. As
will be seen, our results allow us to quantify the C, carbon
basicity of 5, and support the view that this heterocycle exhibits
some vinyl ether behaviour.?*??
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Table 1 'H NMR data for thiophenic c-adducts and related parent substrates®

Compounds oH* OH¥ SH* OH* oH® oH SOCH, Coupling constants, J/Hz
DNBF — — — — 9.26 8.94 —
3-MT5 6.55 — 6.76 7.40 — — 3.73 Jizne 147 Jayns 331 Juans: 5.15
o-Adduct 6 — . 6.94 7.33 8.62 5.63 371 Jiwns 5.52
Thiophene 7 7.47 7.11 7.11 7.47 — —
o-Adduct 8 — 6.98 6.93 7.36 8.66 5.70 Tewae 352 Ty 1.345 Jagns 511
3,4-DAT 9 5.83 — — 5.83 — —
c-Adduct 10 — — — 5.73 8.61 5.73
“ Relative to internal SiMe,; solvent (CD;),SO.
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‘ K &) the H® proton located between the two nitro groups of the neg-
e atively charged DNBF moiety depends very little on the nature
ocH ocH of the C-bonded structure,® the H® resonance for 6 (5 8.62) is
3 ko " ° essentially the same as those found for the related thiophene
HY o+ [\ R - G adducts 8 and 10 as well as the indole or pyrrole adducts 2 or 4,
s~ “pNBE- S “DNBE- e.g 6 8.71 for 4.1>"* Regarding the *C NMR data, a noteworthy
6 6H result is that the substitution of 5 by DNBF results in a signifi-
' cant low-field shift of the C-2' carbon of the thiophene ring
(AJ =~ 18 ppm). This result is fully consistent with the fact that a
Results negatively charged DNBF structure still exerts a considerable

Structural studies

The reaction of DNBF with 5 was first studied in Me,SO where
a mixture of equimolar amounts of the two reagents was found
to afford quantitatively the adduct 6 in its acid form. The most
representative NMR data are summarized in Tables 1 and 2,
together with those for the parent substrates. Also given for
comparison is similar information previously reported for
related o-complexes, notably the adducts 8 and 10 derived from
the interaction of DNBF with unsubstituted thiophene 7 and
3,4-diaminothiophene 9.'* Especially noteworthy in the 'H
NMR spectra of 6 is the H” resonance which appears at § 5.63,
being in the range commonly found for C-bonded DNBF
c-adducts, e.g § 5.73 for 10 and 5.70 for 8.3%3 Also in accord
with previous observations showing that the chemical shift of
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—1I effect.?

As described in the Experimental section, the adduct 6 could
also be isolated as a crystalline sodium salt, allowing conform-
ation of its structure by mass spectrometry. Also, the visible
spectrum of 6 was typical of a C-bonded c-adduct of DNBF:
Jmax = 485 nm, & =33 000 dm® mol™! cm ™! in a 50% H,0-50%
Me,SO (v/v) mixture.

Kinetic studies

The kinetics of reaction (3) were investigated at 25 °C under
pseudo-first-order conditions with respect to 3-methoxythio-
phene as the excess component in three aqueous dimethyl sulf-
oxide mixtures, namely 70-30, 50-50 and 30-70 (v/v) H,O—
Me,SO, because of the poor solubility of § in aqueous solution.
In each of these solvent mixtures, the ionic strength was kept



Table2 '3C NMR data for thiophenic c-adducts and related parent substrates”

Compounds 6C* 6C¥ 5C* 6C* 6C* oC? 6C* oC’ oC? 6C? 0OCH;
DNBF — — — — 136.72 126.52 144.83 120.80 116.64 145.02 —
3-MT 5 97.19 158.42 119.13 125.34 — — — — — — 57.11
o-Adduct 6 115.12 155.16 117.18 123.35 109.60 130.17 126.54 31.09 113.11 148.43 59.03
3,4-DAT 9 95.85 139 139 95.85 — — — — — — —
o-Adduct 10 107.30 138.71 136.36 94.04 109.32 130.05 127.43 31.95 114.04 148.22 —

“ Relative to internal SiMe,; solvent (CD;),SO.
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Fig. 1 Visible spectra showing the progressive formation of the o-
adduct 6 (curve B) from the reaction of DNBF (3.5 X 107° mol dm™3)
and 3-methoxythiophene (1072 mol dm™) in 30% H,0-70% Me,SO
(T=25°C; [H']=0.1 mol dm?): first scan (A) at ¢ =20 s; other scans
after 60 s intervals.

constant at 0.5 mol dm™* (NMe,Cl). Experiments were carried
out by mixing 0.2 or 0.1 mol dm 3 HCl solutions of DNBF (ca.
3% 107° mol dm™?®) with equal volumes of solutions of 5
(4x107%-6x 1072 mol dm™®) in the cell of a conventional
spectrophotometer. Under the final acid conditions (0.1 or 0.05
mol dm~* HCI), no interference between reaction (3) and the
formation of the hydroxide adduct 11 according to reaction (4)

Z>0

OsN
- \O + H,0 + HY (4
\N/ 2

NO,
DNBF 11

occurred? and only one process corresponding to the quanti-
tative formation of the adduct 6 was observed in all cases. A
typical experiment is illustrated in Fig. 1 which shows the set of
UV-VIS absorption spectra describing the progressive conver-
sion of the reagents to the adduct 6. That the process was very
clean is confirmed by the presence of two isosbestic points at
A=390 and 415 nm. In particular, no appreciable hydrolysis of
the methoxy group 5 appeared to take place under our experi-
mental conditions.*! In all experiments, pseudo-first-order rate
constants k., for the formation of 6 were readily determined
from the time dependence of the observed absorbance vari-
ations at 4 =480 nm.

Based on reaction (3), the general expression for k., as
derived under the assumption that the zwitterion 6,H is a low
concentration (‘steady-state’) intermediate,? is given by eqn.
(5).

ky

2
o= 1=

L )

Table3 Second-order rate constants k (= kP™®F) and kinetic deuterium
isotope effects for DNBF addition to 3-methoxythiophene 5 in aqueous
Me,SO mixtures®

30% Me, SO 50% Me, SO 70% Me,SO
ky/dm® mol ' s7! 0.72 0.49 0.162
kp/dm® mol ' s7? 0.62 0.50 0.153
@ 1.16 0.98 1.05
kp
“ T =25°C; %Me,SO by volume.
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Fig. 2 Effect of pH and of the concentration of 3-methoxythiophene
on the rate of c-complexation of DNBF in 70-30 H,0-Me,SO (v/v)
and 50-50 H,0-Mge,SO (v/v) [x HCI 0.1 mol dm3; ¢ HCI 0.05 mol
dm3].

In accordance with eqn. (5), excellent straight lines with zero
intercepts were obtained in the three solvent mixtures studied
when the k,,, values were plotted vs. the 3-methoxythiophene
concentration, with no evidence for a pH dependence of the
rates (Fig. 2). This confirmed the absence of reaction (4), as well
as of any process like the hydrolysis of 5, and made the
determination of the second-order rate constants k from the
slopes of the k., vs. [5] plots straightforward. The results are
given in Table 3 which also includes the rate constants k
deduced from experiments carried out with 2-deuteriated-3-
methoxythiophene (5d) under similar experimental conditions.

Discussion

Table 3 shows that the second-order rate constant & for form-
ation of the anionic adduct 6 according to reaction (3) is essen-
tially unaffected by the hydrogen or deuterium labelling at C,, of
5 in the three H,0-Me,SO mixtures studied. The deuterium
kinetic isotope effects are close to unity: the ky/kp ratio is equal
to 1.16, 0.98 and 1.05 in 30%, 50 and 70% Me,SO, respectively.
This result indicates that elimination of the proton from the
zwitterionic intermediate 6,H is rapid and therefore, that
electrophilic attack by DNBF is the rate-determining step in
the formation of 6 (k, > k_,). It follows that the rate constants
k may in all cases be safely equated to the second-order rate
constants AP™5F for DNBF addition to 5.

Interestingly, Table 3 also shows that the kPNEF rate constants
are notably sensitive to the solvent polarity, the observed
reactivity sequence being 70-30 H,0-Me,SO > 50-50 H,0-
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Table 4 Carbon nucleophilicity of various m-excessive heterocycles
towards DNBF in 50% H,0-50% Me,SO and 70% H,0-30% Me,SO“

k?NBstsu /dm? k?NBme /dm?

Compound pKH:Ob mol s} mol s}
3-Methoxythiophene = —6.5¢ 0.49 0.72
5-Cyanoindole —6.00 1.14 2.8
5-Bromoindole —4.30, —4.57 46.2 125
5-Chloroindole —4.53 52 125.5
Pyrrole -3.79 520 650
Indole —3.46 555 1110
5-Methylindole —3.30 2100 5000
5-Methoxyindole —2.90 2613 5260
N-Methylindole -2.32 3510 6980
1,2,5-Trimethylpyrrole —0.49 24 000 48 800
3,4-Diaminothiophene 1.5-2¢ 9 x10° —

*T=25°C. *pKC values of pyrroles and indoles taken from ref.
26-29. © This work. 4 Ref. 13.

Me,SO > 30-70 H,0-Me,SO. This trend is fairly consistent
with the idea that the rate-limiting step of the reaction involves
the strongly dipolar transition state 12, where the development
of negative charge in the DNBF moiety is concomitant with
that of a partial positive charge in the thiophene ring. Based on
classical theories of solvent effects,?*?* such a transition state is
expected to be especially stabilized in highly aqueous solvents.

Table 4 compares the kP™BF value for 5 with similar rate con-
stants previously measured for the coupling of DNBF at C, of
3,4-diaminothiophene 9 as well as at C, or C; of some pyrrole
and indole derivatives. As can be seen, 3-methoxythiophene is
the least reactive heterocycle, being 10° times less prone to com-
plexation than its 3,4-diaminothiophene analogue, and also 34
times less reactive than the least basic indole, i.e. 5-cyanoindole
(pK, = —6.00).

In the case of 5-X substituted indoles and some pyrrole com-
pounds, linear Bronsted-type relationships were obtained on
plotting the log kP™®F values measured in each of the solvents
studied vs. the pK, values measured for C-protonation of these
heterocycles in aqueous solution.”*? Assuming that these
correlations will also fit the nucleophilic behaviour of related =-
excessive aromatic and heteroaromatic substrates, we previously
used the plots to derive the pK™:© value for C, protonation of
the diaminothiophene 9 from the relevant APNBF rate con-
stants."® It turns out that the estimated value of the pK, (1.5-2)
was fairly consistent with the acid—base and nucleophilic prop-
erties of 9 in 50% H,0-50% Me,SO. Thus, this pK, value indi-
cated a high susceptibility to protonation of the C, position of
this compound, supporting the experimental observation that 9
behaves as an efficient carbon nucleophile and exhibits a strong
enaminic character,*** but it also revealed that the basicity at
C, remains at least 2 pK units lower than that of nitrogen atoms
of the amino groups (pK,=3.96) Acid-base titrations of 9
carried out by 'H and *C NMR in Me,SO or by potentiometric
methods in H,0-Me,SO mixtures showed exclusively N-
protonation, even though the coupling of this compound with
electrophiles was in most cases predominantly at the C,
carbon,3*%?

Applying the same reasoning to the DNBF-3-methoxy-
thiophene system, a pK::© value of ~—6.5 derived for the C,
protonation of 5 in aqueous solution. This appreciably negative
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pK, value together with the corresponding low AP™5F rate con-
stant may at first appear in conflict with the reported experi-
mental evidence that 5 is one of the most reactive thiophene
derivatives in reactions with electrophiles.®* Recalling, however,
that among the five-membered ring heterocycles thiophene
compounds are by far the least prone to electrophilic addition
or substitution processes,**** the above pK:° and kP™BF values
can be readily reconciled with the idea that the C, position of 5
bears a significantly greater electron density than the poten-
tially reactive carbons of most thiophene derivatives. Compar-
ing the few available data for protonation of thiophenes with
those reported for structurally related nitrogen heterocycles is
illustrative in this respect. Thus, the pK, value for C, proton-
ation of 2,5-di-tert-butylthiophene is equal to —10.16, as com-
pared with a pK™© value of —1.01 for protonation of 2,5-di-
tert-butylpyrrole.®® A similarly large difference is found between
the basicities of 2-methylbenzothiophene (pK, = —10.40) and
2-methylindole (pK, = —0.28). On the basis of these large dif-
ferences in basicity between the pyrrole and thiophene series,
it is obvious that the pKf:® of 5 makes this thiophene com-
pound occupy a remarkable place in the range of reactivity of
thiophenes. In accord with these large differences in basicity,
acid-catalyzed hydrogen exchanges at C, or C; positions of
thiophenes were reported to occur at considerably lower rates
than in related pyrroles.’**=* In such reactions, however, as
well as in some other electrophilic substitution processes, thio-
phenes are commonly found to be more reactive than similarly
substituted benzenes. This reactivity trend holds in fact for
SgAr substitutions involving DNBF as the electrophile since no
complexation of DNBF by anisole occurs under the experi-
mental conditions where 3-methoxythiophene is quantitatively
converted to the s-adduct 6. As noted earlier, even the unsubsti-
tuted thiophene ring slowly reacts with DNBF to give the
c-adduct 8 in pure Me,SO.

Based on the observation that the introduction of the OMe
group at C; of the thiophene ring induces strong upfield shifts
of the H, and C, resonances (Tables 1 and 2), Gronowitz et al.
as well as Takahashi et al. have suggested that the nucleophilic
behaviour of 5 may be appropriately related to that of vinyl
ethers.?*?? Interestingly, protonation of the double bond to form
the oxocarbenium-ion intermediate 13 is commonly the rate-
limiting step in the H*-catalysed hydrolysis of these derivatives
[reactions (6) and (7)].**** This has allowed a facile determin-

H+
Rl—c=—cH, Rl— C — CHs
| son |
OR *OR 13
H,0 | fast ©
R!COCH; + ROH
+ OCHg
OCH3 OCH3 OH
+
{/ \S _HY [/ \\/H HO H
- S
s ft ST W g STH
‘fast w)
OH

ation of the corresponding k}' rate constants for protonation
of many vinyl ethers and the finding by Toullec in a study of
a series of structurally related enol methyl ethers, namely



a-methoxystyrenes, that the rates of protonation decrease
regularly with decreasing C-basicity of the starting enol.** In
the hydrolysis of 5, it turns out that it is the hydration and not
the formation of the intermediate cation [reaction (7)] which is
the rate-limiting step so that the k! rate constant could not be
directly measured.?! In this case, however, an estimate of k¥ can
be derived from the kP™®F rate constant measured in the more
aqueous solvent, i.e. 30% Me,SO, since there is now accumu-
lated evidence that the neutral DNBF molecule is a stronger
electrophile than the proton by at least a factor of 30.* One
thus obtains: kj' ~ 2 x 1072 dm® mol ! s *. Then, assuming that
the behaviour of 5 also fits the Bronsted correlation (= 0.58)
described by Toullec for the protonation of a-methoxystyrenes
of pKS™ values ranging between —4.32 and —0.03,** a pKSH
value of the order of —7 may be estimated for 3-methoxy-
thiophene. Given the approximations involved in this approach,
this value agrees satisfactorily with that deduced above by com-
paring the rates of DNBF addition to 6 with similar data for
nitrogen heterocycles. It thus appears that the carbon basicity
of 5 is comparable to that of a rather weakly basic enol ether,
accounting well for the peculiar reactivity of this compound
within the thiophene series.

Experimental

Materials

4,6-Dinitrobenzofuroxan was prepared according to the
procedure of Drost:* mp, 172 °C (lit., 172-174.5 °C) 3112344 3.
Methoxythiophene 5 was a commercial product (Aldrich)
which was purified by distillation under vacuum (bp 54-56 °C
at 30 mmHg).”!

Deuteriation of 5 was effected by acid-catalysed exchange
using the same procedure as that previously developed by
various authors for H/D exchange at C, or C; of many
five-membered ring heterocycles.!>'3** Deuterium incorpor-
ation at C, of 5 was found to be =98% on the basis of a 300
MHz 'H NMR spectrum recorded in (CD;),SO on a Bruker
spectrometer.

Reaction (3) afforded the adduct 6 in its acid form, which is
not very stable in air. Exchanging the H counterion, for a K*
or Na* cation was therefore the best way to isolate 6 as a crys-
talline alkali salt.">*!%!8 A solution of 0.528 g of DNBF (2.33
mwM) in 4.5 ml of dioxane and a solution of 0.265 g of 5 in 4.5 ml
of dioxane were mixed with stirring at room temp. The resulting
mixture rapidly turned dark red and was allowed to stand for
about 15 min. Then, sodium hydrogencarbonate (0.196 g, 2.33
mM in 1 ml of water) was added and crystals began to form
within a few minutes. After filtration, red crystals were obtained
which were washed once with cooled methanol and then with
copious amounts of diethyl ether. These were finally dried
under vacuum to give 0.46 g (60%) of the sodium salt of 6.

As with most alkali salts of DNBF c-adducts, the crystals
obtained for 6, Na* were not found to melt without decom-
position. Also, attempts to obtain satisfactory elemental anal-
ysis have failed. However, dissolution of the salt in (CDj;),SO
gave NMR spectra identical to those recorded in the in situ
generation of the acid form of 6 in this solvent. Definitive evi-
dence for the structure of this adduct comes from ESI mass
spectra experiments which show the expected peak correspond-
ing to the molecular ion of 6 (m/z 339). Also consistent with
the C-bonded character of 6 was its stability in dilute HCI
solutions.*"2

Measurements

Kinetic measurements were performed on a Kontron-Uvikon
spectrophotometer, the cell compartment of which was
maintained at 25 + 0.2 °C. All kinetic runs were carried out in
triplicate under pseudo-first-order conditions with a DNBF
concentration of ca. 3 x 107° mol dm™ and 3-methoxythio-
phene concentrations in the range 2 X 1073 x 107> mol dm>.

In a given experiment, the rates were found to be reproducible
to £2-3% and the visible spectrum of the final solution was
always strictly identical to the one recorded by dissolving a
sample of the isolated sodium salt of the adduct 6 at the
appropriate concentration in the H,O-Me,SO mixture at hand.
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