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A 1:1 geometrically oriented encounter complex between thieno[2,3-b]pyridine (1) and 4-nitrophenyldia-
zoacetate (2) is proposed to account for the dominant formation (ca. 64%) of the 2-isomer in the mixture of
4-nitrophenyl-1 isomers obtained previously. A mechanism involving one-electron transfer from 1to 2 plus

fragmentation of 2 < into 4-nitrophenyl freeradical, N,
mersis discussed.

and acetate ion isinvoked. Formation of other iso-

It is noted that there is a close correlation between orientational rules plus mechanisms of reaction for
numerous free-radical substitutions (Sg) with Sy reactions of alkyllithiums on furan, thiophene, N-
akylpyrroles, pyridine, and their condensed aromatic molecules, including 1, as substrates. Also isomeric
selectivities for Sg, Sy, and Sy substitutions into 1 were shown to be qualitatively consistent with one
another. While S reactions occur largely at position 3 and then at 2, Sy and Sy reactions occur either at 2

or 6. Selectivity for positions 4 or 5 is small or zero.

J. Heterocyclic Chem., 38, 1433 (2001).

. Introduction.

In previous papers in this series [1,2] we described an
experimental procedure for the free-radical 4-nitrophenyl-
ation of thieno[2,3-b] pyridine (1) by means of the hypo-
thetical intermediate 4-nitrophenyldiazoacetate (2) under
buffered conditions to yield a mixture of crystalline mono-
substituted 4-nitrophenyl derivatives 3 in 32% yield.
Isolated from this mixture were samples of isomerically
pure 3a (the 2-isomer) and 3e (the 6-isomer) plus an analy-
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tically pure sample containing 3a, 3b, and 3c (2-,3-, and 4-
isomers). Surprisingly, no 3d (5-isomer) was isolated or
specificaly identified in the mixture. Semi-quantitatively,
relative isomeric yields fit the pattern 2- (64%) >> 6-
(14%) = 3- (12%) > 4- (6%) = 5- ( < 4%). In this paper we
summarize three mechanisms which have been proposed
in the literature for free-radical arylation of benzene and
thiophene systems. We have then adapted and extended
these proposal s to arationalization of the predominance of
the 2-isomer in our product mixture. We make the
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Chart 1 (continued)

Cl,
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assumption that all of the five possible mono(4-nitro-
phenyl) derivatives of 1 are stable to our reaction process-
ing and are not lost in that operation.

Il. M echanistic Considerations.

In our procedure cold, agueous 4-nitrophenyldiazonium
chloride was added slowly to a mixture of excess 1 and
anhydrous sodium acetate (2 moles per mole of hydrochlo-
ric acid used to generate the diazonium compound) at such
arate asto control the rate of evolution of nitrogen gas and
maintain the temperature at 45 + 7°. In this modified
Gomberg-Bachmann-Hey reaction [3-6] diazo compound
2 is assumed to undergo thermal dissociation to yield the
4-nitropheny! free radical (4) [7] which attacks a CH car-
bon atom, e.g. C3 of 1, directly to give a resonance-stabi-
lized free radical 5 [8], from which an adventitious free
radical (usually acetoxy, as shown) abstracts a hydrogen
atom to give 3b (See Scheme 1). Based on Hiickel MO or
CNDO Ttrelectron density calculations, one would expect
nearly equal yields (18-23%) of al five isomers [9-11].
This prediction is clearly inconsistent with our high yield
of the 2-isomer.

Scheme 2 is modeled after a mechanism proposed by
Japanese workers who reacted thiophene with bis(hepta-
fluorobutanoyl) peroxide (6) at 40° in Freon-113 to give a
98% yield of isomerically pure 2-heptafluoropropylthio-
phene and a 99% yield of heptafluorobutanoic acid
(Scheme 3) [12,13]. These authors proposed that the first
step in the reaction involves an electron transfer from thio-
phene (or one of its monosubstituted derivatives) to the
strongly electron-attracting diacyl peroxide 6 in a solvent
cage. They pointed out that this free-radical 2-substitution
into thiophene follows the orientation rule for Sg reactions,
but failed to note that the same orientation rule applies to
lithiation with alkyllithium (Sy reaction on hydrogen, vide
infra) [14]. A more definitive case is their heptafluoro-
propylation of benzo[b]thiophene (7) where lithiation
occurs at C2 and Sg reactions give predominantly 3-substi-
tution [15]. Thus, 7 gave a 54% vyield of 2-heptafluoro-
propyl derivative and a 20% yield of its 7- (or possibly 4-)
isomer. They did not isolate any 3-isomer [16].

It should be noted that use of an acyl peroxide on 1
would seem inappropriate in our study, since (a) pyridine
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plus 6 yield pyridine N-oxide plus pyridinium heptafluo-
robutanoate salt instead of fluoroakylpyridines [12], (b)
analogous salts are formed from reaction of pyridine with
3-nitrobenzoyl peroxide (8) and of quinoline with 3,5-dini-
trobenzoy! peroxide (9) [17], and (c) compound 1 is
known to give the N-oxide with hydrogen peroxide in
acetic acid [18] or with 3-chloroperoxybenzoic acid in
chloroform [19]. Also benzoyl peroxide gives a complex
mixture of products with thiophene[20], although with 7 it
did yield amixture of monopheny! derivativesin aratio of
21:21:28:0:12:18 for isomers 2-7, respectively [21]. The
failure to obtain any 5-isomer is noteworthy. The same
isomeric ratio was obtained from reaction of 7 with
N-nitrosoacetanilide, except that a yield of 12% was
assigned to a mixture of the 5- and 6-isomers, unseparated
[22]. Although intermediate 2 is expected to be less elec-

Scheme 1: The Hey Thermal Route to 3b [6]

(a) Thermal dissociation of diazoacetate 2 [7]
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Scheme 2: The Electron Transfer Route to 3a
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Scheme 3: Mechanism for Perfluoroalkylation of Thiophene [12]
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tron-attracting than 6, Porter has suggested that thiophene
might even transfer an electron to a phenyldiazonium
cation, with formation of nitrogen gas and a phenyl free
radical [20]. Whatever the reaction mechanism might be,
the diazonium intermediates from 2-nitro-, 4-nitro-, and
2,4-dinitroanilines all give preferential substitution into
the alpha position of thiophene [23-26].

Comparison of reactivity in thiophene and benzene
toward free-radical substitution yields the order a-thio-
phene > benzene > B3-thiophene as based on partial rate
factors[20]. In astudy of arylation by diazotized anilines
in an aprotic mixture, it was found that (a) the relative
reactivity of thiophene (as compared to benzene) follows
the order of reagents nitroaniline > aniline > methoxyani-
line and (b) the a/f isomeric selectivity decreases in the
same order [20]. For use of 4-nitroaniline an isomeric
selectivity of 24:1 was reported. This compares favorably
with other data from the literature [25]. Extending these
relationships to 4-nitrophenylation of 1, we expect that the
reaction should be kinetically controlled and could well
result in markedly different yields of the five possible iso-
mers 3a-3e (as observed).

To ascertain what effect the loss of an electron from 1
would have on charge distribution in the molecule we con-
ducted AM1 calculations as presented in Table 1. For the
neutral molecule one obtains atotal electronic charge sep-
aration corresponding to a drift of 0.15 unit from the thio-
phene ring onto the pyridine ring [27]. The +1 charge on

¥+ isalso shared unevenly, with +0.54 ascribed to the thio-
phene ring and +0.45 to the pyridine ring. Significantly
the Aqg, calculations show that the two heteroatoms N and
S contribute almost equally to the change in electronic
charge distribution on going from 1 to 1&. However, these
figures apply to a stationary (equilibrium) state, and not to
a kinetic situation (transition state) where the larger and
more polarizable sulfur atom should be the better electron-
donor.
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Table 1
AM1 Calculations[4] of the Electronic Charge Distribution in 1 and 13

Position Electronic Charge, g, [b]

r For 1[c] For 1% [d] Aqg; [€]
1(9 +0.55 +0.83 +0.28
2 (CH) -0.24 -0.19 +0.05
3(CH) +0.02 +011 +0.09
3a(C) -0.12 -0.06 +0.06
4 (CH) +0.09 +0.19 +0.10
5 (CH) -0.05 +0.07 +0.12
6 (CH) +0.10 +0.25 +0.15
7(N) -0.10 +0.15 +0.25
7a(C) -0.26 -0.36 -0.10

[a] M. J. S. Dewar, E. G. Zoebisch, E. F. Hedley and J. J. P. Stewart, J.
Am. Chem. Soc., 107, 3902 (1985); [b] The charge g, for each position 2-
6, except 3a, isthe sum of calculated values for C and H; [c] Y g, for the
thiophene ring, including half of the g, valuesfor C-3a and C-7a, equals
+0.14. Anaogously, for the pyridinering Y g, = -0.15. [d] > q, = +0.54
for the thiophene ring and + 0.45 for the pyridine ring. [€] For the trans-
formation1 - 17 +e.

In Scheme 4 we propose a geometric adaptation of
Scheme 2 which could account for the predominance of
the 2-isomer of 1 from akinetically controlled reaction. In
this proposal the molecules 1 and 2 approach one another
in aparticular orientation with the plane of 1 perpendicular
to the benzene ring of 2 and the polarizable n-electron pair
of the sulfur atom directed toward the Tr€electron deficient
benzene ring to form an encounter complex [28], as
depicted in Figure 1. In Figure 1, structures 1 and 2 are
obtained from an AM1 program [29], wherein 2 is placed

M

Figure 1. Proposed geometry of the encounter complex between
thieno[2,3-b]pyridine (1) and 4-nitrophenyldiazoacetate (2), as based on
AM1 molecular modeling. Compound 1 and the N=N-O-C portion of 2
are in the plane of the paper, while the 4-nitrophenyl portion of 2 is per-
pendicular to the plane of the paper. See Scheme 4.
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in its conformation of minimal energy, i.e. with a twist of
90° aong the C1-N bond so as to bring the plane of the
N-O-C triad also perpendicular to the plane of the benzene
ring. In this conformation the non-bonding electron pair
on the oxygen atom of the triad can be directed toward the
relatively acidic H2 atom of the tilted molecule 1. We
have docked the two mol ecules together to show the plau-
sibility of the geometric relationship in this encounter
complex. We suggest that concurrent with the docking of
these reactants an electron jumps from the sulfur atom to
the benzene ring with the resultant fragmentation of 2 5
into free radical 4, nitrogen gas, and the acetate ion. The
acetate ion then abstracts a proton from C2 of 1% in a
process which may be rate-controlling, an Sy reaction on
hydrogen [30,31]. The free radicals 2-thieno[2,3-b]-
pyridyl and 4 then coupleto form 3a. An analogous mech-
anism can be written for the predominant formation of the
2-isomer from thiophene and 2 [25,32]. Conceivably, this
concept can be extended to Scheme 3, where a much less
stringent geometric relationship would be required
between the thiophene molecule and one heptafluoro-
propy! group of 6 in the encounter complex. For heptaflu-
oropropylation of benzo[b]thiophene analogous encounter
complexes can be invoked for C2 and (albeit less clearly)
for C7 substitution [16].

Scheme 4: An Internal Encounter Complex Route to 3a in a Solvent Cage
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The intermediate yield of 3e, the 6-isomer from 1, can
be explained if alimited quantity of the encounter complex
has the thienopyridine molecule turned end for end with
the heteroatomic nitrogen serving as the electron donor to
2 and H6 directed toward the N-O-C oxygen. In contrast,
the lower yields of 3b and 3c probably result from Hey
thermal processes with direct attack of 4 on C3 and C4,
respectively, outside of a solvent cage (see Scheme 1).
Discussion of afailure to detect any 3d is presented later.
Evidence for the presence of 4 in the reaction mixture was

obtained by the isolation of its dimer, 4,4'-dinitrobiphenyl
(12) by countercurrent chromatography [33].

The ratio of substitution of 4 into the thiophene and the
pyridinerings of 1is3.8:1, alarger ratio than that of 1.3:1
found in competitive 4-nitrophenylation of a mixture of
thiophene and pyridine [25]. This difference is easily
explained by Scheme 4 where the preferred orientation of
1 asshown, facilitates substitution at C2 and precludesit at
C6. In the competitive experiment substitutions into pyri-
dine and thiophene occur independently.

[1l.  Mechanistic Similarities Between Alkyllithium and
Free-Radical Substitution into Heterocyclic Compounds.

a Alkyllithium reactions.

As indicated previously for thiophene, benzo[b]thio-
phene (7) and 1 lithiation by means of an alkyllithium
reagent occurs predominantly at C2, i.e. the alpha position
to the heteroatomic sulfur. In pyridine, quinoline, and 1 an
alkyllithium addsto the aromatic C-N bond to give, on fur-
ther work-up (hydrolysis and dehydrogenation), apha
akylation to the heteroatomic nitrogen. Both processes
are designated as Sy reactions, the former as nucleophilic
attack on H2 and the latter as nucleophilic attack on the
CH-carbon alpha to the heteroatomic nitrogen [14,34-36].
In this section we show a correlation between these two Sy
reactions and ring substitution by a free radical that could
be generated by electron transfer from a nitrogen, oxygen,
or sulfur heteroatom present in a heterocyclic ring, as
exemplified in Scheme 4 and the discussion in Section I1.
For simplicity, we consider only thiophene, furan,
N-alkylpyrroles [37], pyridine, and their condensed aro-
matic molecules as substrates. Disubstitution is included
both for the alkyllithium reactions [35,38] and for free-rad-
ical substitution. However, those cases where substitution
by the poorly selective phenyl freeradical led to more than
two isomers in significant yields (such as with the sub-
strates 7 [21,22], quinoline [39] and dibenzothiophene (11)
[40Q]) are excluded from this comparison [41].

For the five-membered rings a-lithiation occurs at C2
and dilithiation occurs at both alpha positions, C2 and C5
[34,36]. However, in one experiment 2,5-dilithio-1-
methylpyrrole gradually changed to the 2,4-isomer on
extended refluxing of a hexane solution [36].
Benzo[b]thiophene (7) lithiates at C2 (55%) and dilithiates
at C2 and C7 (12%) [38], i.e. it gives both a and ortho
lithiation. Benzo[b]furan also undergoes a-lithiation and
probably ortho lithiation. N-Methylindole lithiates at C2
(78%), while N-phenylindole gives first a-lithiation in the
pyrrole ring and then ortho lithiation in the phenyl ring to
form 13 [42]. Dibenzofuran, dibenzothiophene, and N-
akylcarbazole al lithiate in the ortho position, at C4. As
indicated before, 1 shows properties of both 7 and quino-
lineinthat it lithiates at C2 and/or alkylates at C6 [9].
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b. Free-radical Substitutions.

In this subsection we cdll attention to the fact that the ori-
entation rules for formation of the major one (or two) iso-
mers on free-radical substitution into the preceding hetero-
cyclic systems are identical to those for lithiation or akyla
tion by an RLi reagent [43]. The datatoillustrate this rela
tionship have already been presented for thiophene, pyri-
dine, quinoling, 1, and 7. Examples from the furan and pyr-
role systems plus other results on the thiophene system are
presented here. Treatment of various substituted anilines
with 3-methylbutyl nitrite in excess thiophene gives mix-
tures of 2- and 3-arylthiophenes in isomeric ratios varying
from 83:17 to 92:8 [44]. Similarly, reaction of aminoisoxa
zole 14 with tertiary butyl nitrite and ultraviolet light gave
high yields (90 and 83%) of 2-substituted thiophene and
furan, respectively [45]. In contrast to results with 7 (vide
supra), compound 10 plus N-nitrosoacetanilide or benzoyl
peroxide gives ahigh yield (76%) of 2-phenylbenzo[b]furan
and small yields. (0:18:0:0:7) for isomers 3-7, respectively
[21,22]. The enhanced ability of a hetero-oxygen (as com-
pared to a hetero-sulfur) atom to direct an attacking group to
the a-position has been noted by many authors. On reacting
with highly fluorinated alkanoyl peroxides, thiophene and
furan show closely similar results, i.e., comparable yields of
2-isomers as the only isolated compounds[12,13b,46].

A simple synthesis of biheteroarenes is accomplished by
photochemical reaction, asillustrated in equation 1, where X
is a halogen atom (usudly 1), and Y is O, S, or NMe. It is

Het—K [ +1ox (D

Y Y

HeX + [ ] s

proposed that the C-X bond is broken homolytically [47] and
the Het free radica substitutes into the five-membered ring.
For Het-X equals 2- or 3-iodopyridine one obtains only
a-subgtitution into furan or N-methylpyrrole, but both a- and
B-subgtitution (4 or 7:1) into thiophene. Tota yields vary
from 28-72% [48,49]. For 2-, 3, or 4-iodoquinolinethe pro-
cedure works well for both furan and N-methylpyrrole (76-
93% yidld, a-isomers only) with a low-pressure lamp. But
reactions were sluggish with thiophene (4-13% yield) unless
ahigh pressure lamp was used (35, 80, and 48% yields, from
the three iodoquinolines, respectively). From 3-iodoquino-
ling, the ratio of a/p substitution into thiophene was 71:9
[50]. Similarly, from 5-iodopyrimidine exclusive a-substitu-
tion occurs with furan (62%) and N-methylpyrrole (46%) but
not with thiophene (64%, a/f 29:3) [51]. In another synthe-
sis 2,5-diiodothiophene in thiophene produced a,a'-
terthienyl (15) (91%) [52]. An a-thienyl derivative of cyti-
dine [53] and an a-furyl one of uracil [54] are reported.
Additionally 3-bromocoumarin and 2,3-dichloro-1,4-naph-
thoquinone react with thiophene to yield products 16 (48%)
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and 17 (57%), respectively [55,56]. In both of these cases
evidence was presented to support the formation of an initial
charge-transfer complex between the reactants.

A third general method for forming free radicals as
intermediates uses a one-electron oxidation or reduction
process to obtain (oftentimes) synthetically useful substi-
tuted five-membered heterocycles. A typical, proposed
reaction mechanism is shown in Scheme 5 for the synthe-
sis of 18 in 56% yield and its 2-furyl analog (60%). Also
ethyl 2-bromopropionate (19), used instead of ethyl
iodoacetate, gave analogous products with thiophene
(47%) and N-methylpyrrole (without added ferric ion)
(39%) [57]. Using hydrogen peroxide and ferrous ion,
without triethylboron, as the redox mixture gave even
higher yields of 18 and its 2-furyl and 2-(N-methylpyrrole)
analogs. Other substituents were introduced as well [58].
With manganese (111) acetate in buffered solution one can
obtain compound 20 (92%) or its thiophene analog (55%)
[59]. Other workersused cerium (1V) saltsin acohol solu-
tion with dimethyl malonate to give 21 (85%), as well as
its 2-substituted anal ogs in the furan (75%), benzo[b]furan
(48%) and benzo[b]thiophene (41%) series[60]. While no
(3 or ortho substitution was reported in any of these various
redox combinations the cerium (1V) agent did yield some
non-aromatized 2,5-addition products with thiophene and
furan [60]. Ruthenium (111) plus benzyl bromide gave var-
ious isomeric mixtures due to alow selectivity by the ben-
zyl freeradical [61]. However, ruthenium (I1) plus perflu-
orohexanesulfonyl chloride gave a good yield (77%) of
2-perfluorohexylthiophene (22) and a low yield (30%) of
its furan analog [62].

In summary of Section Il one sees that, except for the
poor selectivities of the relatively non-polar phenyl and ben-
zyl freeradicals, orientation for free-radical and akyllithium
substitutions into the furan, thiophene, pyridine, N-alkylpyr-
role and their condensed systems follow the same rules.

Scheme 5: Reaction Mechanism for Use of O, plus Fe (III) in a Route to
a-Substituted Five-membered Heterocycles [57]

(a) Oxidation of EB with O,
BB + 0, » LL,BO, +LEt”
(b) Generation of attacking free radical
Et® + ICH,COEt = Etl + *CH,CO,Et

(c) Substitution into thiophene e

| || + -cHCOEe — ||
S

S CILCO,L
’ T

(d) Oxidation by Fe (IIT)
o

| + Feamny — || |
G CHaCOREL g~ CHCOEL+ Fe (1) + 1

H 18
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IV. A Correlaton of Isomeric Selectivities in
Electrophilic, Nucleophilic and Free-Radical Substitutions
into Thieno[2,3-b]pyridine (1).

Over aperiod of years Klemm and coworkers have con-
ducted a series of electrophilic (Sg) and nucleophilic (Sy)
substitutions into 1. With the present results on free-radi-
ca (Sg) substitution we are now able to compare experi-
mental selectivities for each of the five possible positions
of substitution 2-6in 1. We take a cue from the theoretical
reactivity index superdelocalizability (S) [63] to develop a
qualitative relationship between the observed isomeric dis-
tribution of products from Sg, Sy, and Sy, reactions at each
position r on 1. According to Fukui, the developer of S,
one expects the relationship shown in equation 2, i.e. the
reactivity of position r toward free-radical substitution by

Sr(h) + Sr Ny
50— @
2

an electrically neutral agent is the average of the reactivi-
ties of position r toward attack by an electrophilic agent

(probably a positive ion) and a nucleophilic agent (proba
bly a negative ion). Since experimentally each of these
reactivities should be measured by the isomeric yield of

product for position r, Y,, one can write equation 3 for the
expected relationship amongst yields of products. Ideally,

yr(E) +Y, N)
R ©)

one would need complete quantitative data on the relative
yields of all five possible isomers from representative Sg,
Sy and Sy, reactions. While these data are now available
for 4-nitrophenylation of 1, only yields of isolated isomers
are generally available for Sg (nitration and hal ogenation)
and Sy (reaction with alkyllithium plus conversion of
intermediates to isolable compounds) processes.
Nonetheless, a qualitative test of equation 3 is possible at
this time, as shown in Table 2 [64,65]. There isomeric
yields are listed only as L (largest), M (intermediate in
size), S (small), 0 (zero), or — (unknown, but presumably
lessthan M). From this table one sees that direct substitu-
tions into positions 2, 3, or 6 can be arranged by selection
of the type of reaction. Little, if any, substitution occurs at
positions 4 or 5 with any of the reactions on 1 which we
have investigated [66]. At this time it is not clear why
these positions should be so unreactive. However, in gen-
eral, selectivity for the 4-nitrophenyl free-radical is clearly
intermediate between those for Sg and Sy studies on 1, as
predicted by equation 3.
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Table 2

Relative Distribution of Isomeric Products from Sg, Sy, and Sg
Substitution into 1

Substitution Relative Isomeric Yield for Position r [a]
Mechanism positionr on 1

2 3 4 5 6
Se M L - - -
Sp[b] L M S 0]d M
Sy L [d] - - - M-L [€]

[a] Symbolism used: L, largest; M, intermediate; S, small; -, none iso-
lated, relative yield is apparently either S or 0; 0, none found in reaction
mixture; [b] From the present study; [c] Based on acountercurrent chro-
matographic analysis of our sample; See reference [33]; [d] For lithia-
tion by RLi; [€] For akylation by RLi (seetext).
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