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Abstract—Radical cyclizations to quinolone and isoquinolone systems under Fenton-type and n-Bu3SnH-mediated conditions are
described. For N-iodoalkylquinolones, ca. 3:1 mixtures of oxidative cyclization products at C-2, and unexpectedly at C-8, were
obtained under both conditions. Five- or six-membered oxidative cyclization products were obtained from N-iodoalkylisoquinol-
ones under Fenton-type conditions, whereas n-Bu3SnH-mediated reactions gave products of reductive cyclization in the five, six, and
seven-membered series.
� 2004 Elsevier Ltd. All rights reserved.
Heterocyclic moieties are an exceedingly frequently
encountered structural feature of pharmacologically
important compounds, and new synthetic routes to such
substances, including radical based methods,1 have
received much attention. The intramolecular addition of
carbon-centered radicals to an heteroaromatic nucleus
followed by an in situ oxidative restoration of the dou-
ble bond (oxidative radical cyclization), is a process,
which has emerged as a powerful synthetic tool within
this area.2–4 Several methods have been devised to effect
such radical cyclizations, with n-Bu3SnH-mediated
reactions being the most explored.2 The highly toxic
nature of the tin reagent, and the difficulties associated
with the removal of its reaction products, have led
synthetic organic chemists to find alternative methods to
accomplish such reactions.3;4 Some time ago, an efficient
tin-free oxidative radical cyclization of (x-iodoalkyl)-
indoles and pyrroles using Fenton-type conditions was
described,5a and more recently5e it was used in a tandem
radical addition–oxidative cyclization sequence based
on N-(2-iodoethyl)indoles and pyrroles. Implicit in this
methodology is the resolution of the problem of the
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oxidative re-aromatization step, which arises in tin
hydride mediated reactions.5 The importance of the
benzoindolizidine and benzoquinolizidine alkaloids6 led
us to consider the extension of this process to the radical
cyclization of primary and secondary N-iodoalkyl-
quinolones and isoquinolones. In this article we present
some of our recent results on the cyclization of these
compounds using the oxidative Fenton-type and the
reductive n-Bu3SnH-mediated conditions.

The radical precursors 2a–d were synthesized in two
steps by alkylation of the N-unsubstituted quinolones
1a–c with the appropiate a,x-dibromoalkane and
subsequent halogen exchange with an excess of sodium
iodide in acetonitrile (Scheme 1). The quinolones 1b
(R¼CO2Et) and 1c (R¼CN) were prepared by a
thermal Gould–Jacobs cyclization of the corresponding
anilinomethylenemalonates.7 Preliminary attempts to
effect the desired radical cyclization were carried out by
dropwise addition of 30% hydrogen peroxide (10 equiv)
to a sonicated8 solution of 2a in DMSO containing
3 equiv of heptahydrated ferrous sulfate. The mildly
exothermic reaction was easily controlled at ca. 40 �C by
the rate of the peroxide addition (�0.5 h). It was
observed that after complete addition of hydrogen per-
oxide, some starting material remained and addition of
further quantities of peroxide and/or Fe(II) failed to
effect its consumption. Consequently, the desired prod-
uct 3a was isolated in a very low yield (Table 1, entry 1)
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Scheme 2. Proposed mechanism for the oxidative radical cyclizations.
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Scheme 1. Reagents and conditions: (i) NaH, DMF,

BrCH2CH2(CH2)nBr; (ii) NaI, CH3CN, reflux, 24 h.
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Scheme 3. Reagents and conditions: (i) methyl vinyl ketone, C6H6,

120 �C; (ii) NaBH4, CH3OH; (iii) MeSO2Cl, Et3N; (iv) LiBr, THF,

0 �C.

Table 1. Radical cyclization

Entry Substrate n R Cond. Product,

yield (%)

1 2a 1 H A 3a (5) 4a (0)

2 2b 1 CO2Et A 3b (48) 4b (15)

3 2c 1 CN A 3c (56) 4c (23)

4 2d 2 CO2Et A 3d (53) 4d (0)

5 2b 1 CO2Et B 3b (26) 4b (9)

6 2b 1 CO2Et C 3b (60) 4b (24)

7 2c 1 CN C 3c (65) 4c (22)

8 2d 2 CO2Et C 3d (90) 4d (0)

Conditions: (A) FeSO4Æ7H2O, H2O2, DMSO, ))))); (B) nBu3SnH

(1.2 equiv), AIBN (0.4 equiv), benzene, reflux; (C) nBu3SnH

(1.2 equiv), AIBN (1.1 equiv), benzene, reflux.
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along with considerable starting material (�20%). In the
light of this result, we turned our attention to the more
electrophilic quinolones 2b–d (Scheme 1) wherein the
strongly electron attracting CO2Et (rm ¼ 0:37) and CN
(rm ¼ 0:56) groups were expected to decrease the
SOMO–LUMO energy difference at C-3 and favor
radical attack at this site relative to that found for 2a.
Indeed, when 2b and 2c were subjected to the above
conditions, not only were the expected pyrrolo[1,2-
a]quinolines 3b and 3c formed in quite acceptable yields
(entries 2 and 3), significant amounts of the unexpected
benzo[ij]quinolines 4b and 4c, derived from cyclization
at C-8, were obtained as well. The observed preference
for cyclization at C-2 (path a, Scheme 2) over C-8 (path
b) is no doubt a consequence of the greater energetic
cost of breaking resonance in the benzenoid ring. In
contrast, under the same conditions 2d gave the tricyclic
compound 3d as the sole product (entry 4). The failure
to observe any of the seven-membered product 4d
stemming from cyclization at C-8 may well be due to an
unfavorable entropic effect.9

The same pattern of product formation was observed
when 2b–d were reacted with n-Bu3SnH/AIBN in benz-
ene solution at reflux temperature, but low product
yields and incomplete consumption of the starting
materials were observed using catalytic amounts of
AIBN (e.g., entry 5). This situation was rectified by
adding small incremental amounts of AIBN until
1.1 equiv had been reached. At this stage, the starting
material had largely disappeared, and the above men-
tioned tricyclic products were formed in remarkably
high yields (entries 6–8). That products of oxidative
radical cyclization can form using n-Bu3SnH is no
longer unusual.2 The large amounts of AIBN, which are
required, however, for the reaction to proceed efficiently
is consistent with this reagent functioning as the oxidant
of the intermediate radical species 6 and 8 (Scheme 2).10

To extend the study to alkyl radical cyclizations in the
isoquinolone series, the required halides 14b–e were
prepared following the same protocol as for compounds
2a–d, but the secondary halo derivative 14a had to be
prepared by the reaction sequence shown in Scheme 3.
When the Fenton-type conditions were applied to
halides 14a–c, the oxidative radical cyclization products
benzo[1,2-b]indolizidinones 15a and 15b, and the benzo-
[1,2-b]quinolizidinone 15c were produced in modest
yields (Scheme 4), and considerable amounts of the
starting materials were recovered. Neither the primary
alkyl iodide 14d nor the secondary alkyl iodide 14e gave
the anticipated products. The failure to observe the
formation of the seven-membered product 14d is not
surprising, but the negative result with 14e was unan-
ticipated, especially since oxidative radical annulation of
14a to 15a took place reasonably well.
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When compounds 14b–d were subjected to standard
n-Bu3SnH/AIBN reaction conditions, the reductive
cyclization products 16b–d were obtained in good yields
with even the seven-membered compound 16d being
formed quite efficiently (Scheme 4).11 Significant
amounts of the reductively dehalogenated compounds
17b–d were formed in each case, the amount thereof
increasing in parallel with the increasing ring size of the
cyclization products 16b–d. These reactions were all ef-
fected using catalytic AIBN; even large concentrations
of this reagent did not divert the reactions away from
the observed reductive cyclization products. Finally,
both of the secondary halides 14a and 14e failed to give
reductive cyclization products. Only the reductive
dehalogenation product 17e was obtained from 14e,
while 14a underwent cyclization to the isoquinolinium
salt 18, the structure of which was established by X-ray
crystallography (Fig. 1, Br omitted for simplification
purposes). Interestingly, 14a did undergo cyclization
under Fenton-type conditions, presumably at least in
part, because of the lower reaction temperature.

In closing, radical cyclizations to quinolone and isoqui-
nolone systems under both Fenton-type and n-Bu3SnH-
mediated conditions are described. When successful,
N-haloalkylquinolones gave products of oxidative
cyclization under both conditions, whereas N-halo-
alkylisoquinolones afforded oxidative cyclization prod-
ucts under Fenton-type conditions and reductive
cyclization products under n-Bu3SnH/AIBN mediated
conditions.
Figure 1. ORTEP drawing of the isoquinolinium salt 18.
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