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ABSTRACT

Tandem radical cyclizations of suitably substituted N-aryl thiocarbamates, thioamides, and thioureas are induced by exposure to tris(trimethylsilyl)-
silane (TTMSH) and UV light and provide furoquinolines, isofuroquinolines, cyclopentaquinolines, indoloquinolines, and related ring systems.
The intermediacy of an r-thioalkylamino radical, which is the synthetic equivalent of an imidoyl radical, is invoked.

Annulation reactions of imidoyl radicals1 provide powerful
ways to make an assortment of fused quinolines2 (Figure
1).1-3 In turn, these imidoyl radicals can be formed either
by radical additions to isonitriles or from imidoyl halides
and related radical precursors.4 R-Thioaminoalkyl radicals
4 should be readily available from thioamides3, and they
can be considered as synthetic equivalents of imidoyl radicals

1 since elimination of the thiol may occur either during or
after cascade reactions of4. Bachi pioneered the use of such
radicals to make assorted heterocycles in the early 1990s.5

Fukuyama’s two recent indole syntheses provide striking
examples of the power of radical cyclizations of both imidoyl
radicals and their equivalentR-thioaminoalkyl radicals.6

In this Letter, we show that cascade radical annulations
of readily available thiocarbamates5a, thioamides5b, and
thioureas 5c provide direct routes to carbocyclic and
heterocyclic fused quinolines6a-c (Scheme 1). These
reactions complement existing imidoyl radical methods by
making the same products from different precursors. More
importantly, they also provide access to products that are
not readily made through imidoyl radical chemistry either
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because the needed imidoyl radical precursors are not
available or not stable or because the requisite radicals do
not add cleanly to isonitriles. Fused quinolines6b and 6c

can also be made by thermal cyclizations of ketene imines7

7b or carbodiimides7c.8 These reactions were originally
formulated as intramolecular Diels-Alder reactions and more
recently as diradical electrocyclizations.9 The direct route
to 6b,c reported herein bypasses the formation of the sensitive

and reactive ketene imine (7b) or carbodiimide (7c) inter-
mediates.

We initially focused on identifying reaction conditions to
convert phenylcarbamic acid pent-3-ynyl ester8a into known
4-methyl-2,3-dihydrofuro[2,3-b]quinoline9a.10 Thiocarbam-
ate8awas readily prepared by reaction of 4-pentyn-1-ol with
phenyl isothiocyanate promoted by NaH.11 Heating or
irradiating 8a in the presence of tributyltin hydride or
hexamethylditin (typical conditions for cascade isonitrile
annulations2) provided little or no furoquinoline9a. Substi-
tuting with tristrimethylsilyl silane12 (TTMSH) gave better
results, and standard conditions involved UV irradiation of
a 0.05 M solution of8a, AIBN (1 equiv), and TTMSH
(4 equiv) in benzene in a Pyrex test tube. After 20 h, the
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Figure 1. Imidoyl radical andR-thioaminoalkyl radical routes to
fused quinolines.

Scheme 1

Scheme 2

Table 1. Cyclizations of Thiocarbamatesa

a Reaction conditions: C6H6, 4 equiv of TTMSH, 20 h, irradiation.
b Isolated yield.
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reaction mixture was concentrated and the crude product was
purified by flash chromatography to provide9a in 48% yield.

Five other N-aryl thiocarbamates were prepared and
cyclized in a similar fashion, and the results of this series of
experiments are summarized in Table 1. Isolated yields of
furoquinolines9b-f ranged from 44 to 88%. TheN-aryl
thiocarbamates8d and8ewith substituents in the ortho and
para positions, respectively, provided a single regioisomeric
product9d or 9e (entries 3 and 4), while the thiocarbamate
8f with a meta-substituent provided two regioisomers9f/
9f ′′ in a ratio of 1.3/1. This lack of regioselectivity formeta-
substituted systems is typical for related cascade radical
annulations of isonitriles.2,3

Thioamides also undergo cyclizations under the standard
conditions as shown by the six examples in Table 2.

Cyclization of standard thioamide10aprovided 2,3-dihydro-
1H-cyclopenta[b]quinoline11a in 87% yield (entry 1). This
can also be prepared by reaction ofp-methoxyphenylisonitrile
with the appropriate pentynyl radical precursor.13 The cy-

clization of benzylthioamide10b gave 6H-indeno[2,1-b]-
quinoline11b in 52% yield (entry 2). Cyclizations of four
R-propargyloxy thioamides10c-f gave the unusual 1,3-
dihydrofuro[3,4-b]quinolines11c-f, respectively, in moder-
ate yields (50-62%, entries 3-6).

Finally, cyclizations of three thioureas were tried with
mixed results, as summarized in Table 3. Attempts to cyclize

N-homopropargyl thiourea12aunder the standard conditions
or other variants were not successful (entry 1); however,
N-(o-propargylaryl) thioamides12band12cboth underwent
clean cyclizations to give indoloquinoline derivatives13b9c,14

and 13c in 64 and 47% yields, respectively (entries 2, 3).
Indoloquinolines exhibit a diverse assortment of biological
activities,15 and this new approach opens the door to
preparation of new members of this family.
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Table 2. Cyclizations of Thioamidesa

a Reaction conditions: C6H6, 4 equiv of TTMSH, 20 h, irradiation.
b Isolated yield.

Table 3. Cyclizations of Thioureasa

a Reaction conditions: C6H6, 4 equiv of TTMSH, 20 h, irradiation.
b Isolated yield.c nd ) not detected.

Figure 2. Suggested mechanism for thiocarbamate (Y) O),
thioamide (Y) CR2), and thiourea (Y) NR) cyclizations.
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We posit the mechanistic framework in Figure 2 to
interpret the results of these reactions. Reversible addition
of the TTMS radical to the thiocarbonyl group of14 gives
stabilized radical15, which undergoes cyclization to vinyl
radical16. Now 1,6-cyclization to one of the vacant ortho
sites provides delocalized radical17. From here, oxidative
rearomatization16 is followed by ionic loss of the thiol.17 The
failure of theN-homopropargyl analogue12a to participate
in this annulation may be because radical15 with Y )
N-alkyl is too stable.5 The mixture of regioisomers formed
from meta-substituted precursors such as8f arises because
there are two vacant ortho sites on radical16. Ipso cyclization
of 16 is also possible and sometimes occurs in related imidoyl

radical cascades.2,3 But the results to date suggest that it does
not occur in thiocarbonyl cascades because ipso cyclization
is postulated to lead to rearranged products,2,3 and we have
not yet isolated any such products.

These radical annulations of thiocarbamates, amides, and
ureas supplement the related reactions of imidoyl radicals
generated either from standard radical precursor or by
additions to isonitriles. Likewise, they shortcut pericyclic and
electrocyclic routes to these compounds since the formation
of high energy cumulenes is not needed. Accordingly, radical
annulations of thiocarbamates, amides and ureas show
excellent potential for making a wide assortment of fused
quinolines both rapidly and efficiently.
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