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ABSTRACT

The combination of water-soluble radical initiator 2,2′-azobis[2-(2-imidazolin-2-yl)propane] (VA-061), water-soluble chain carrier 1-ethylpiperidine
hypophosphite (EPHP), and surfactant cetyltrimethylammonium bromide (CTAB) was found to be the most suitable condition for effective
radical cyclization in water for a variety of hydrophobic substrates.

Water has many potential advantages as a solvent for organic
reactions from the vantage point of its cost, safety, and
environmental concern.1 Recently, some attempts to achieve
organic reactions in aqueous media have been performed,
and consequently some successful examples have appeared
in the literature.2 The development of an efficient and
convenient synthetic methodology to accomplish C-C bond
formation in water is of paramount significance because of
heightened importance in green chemistry.

An intramolecular radical cyclization in water has been
reported by Oshima et al.3 usingâ-iodocarbonyl compounds
as the substrate; however, increasing hydrophobicity of the
substrate tended to decrease the reactivity. Naito et al.4

recently reported a radical addition reaction in water by the

use of highly polar imine compounds, which can dissolve
easily in water. Some remarkable results along these lines
have been reported by Culbertson and Porter.5 In all these
reports, advantage has been taken of the hydrophilicity of
the respective substrates, which renders their easy solubility
in water, thereby facilitating a smooth C-C bond formation.

To the best of our knowledge, only isolated reports
restricted to some specific substrates are available for the
C-C bond forming radical reactions of hydrophobic sub-
strates in water. A general methodology for the C-C bond
forming radical reaction in water is highly desirable. In this
context, we wish to report the preliminary results of an
unprecedented C-C bond forming radical reaction of
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hydrophobic substrates in water using a novel and efficient
radical reaction system. Our strategy is based on the use of
a combination of a water-soluble radical initiator 2,2′-azobis-
[2-(2-imidazolin-2-yl)propane] (VA-061),6 water-soluble chain
carrier 1-ethylpiperidine hypophosphite (EPHP),7 and surf-
actant cetyltrimethylammonium bromide (CTAB).8

We presumed that a surfactant is essential to solubilize
the hydrophobic substrate in water, and with this in mind
we examined the radical cyclization of1a using various
water-soluble azo-type initiators (Figure 1)6 in the presence

of water-soluble chain carrier (EPHP) and catalytic amount
of CTAB as the first chosen surfactant. The reaction did not
go to completion when the typical radical initiator AIBN
was used (Table 1, entry 7). While using Et3B,9 a known
radical initiator at low temperature, the yield of the desired

product was found to be low (Table 1, entry 8). On the other
hand, water-soluble initiators were found to be quite effective
in promoting the intramolecular cyclization of1a. Remark-
ably, VA-061 was found to be the most suitable initiator
under these conditions (Table 1, entry 1), and thus the use
of VA-061 was explored further.

We next optimized for an expedient chain carrier for our
system containing VA-061 and CTAB (Table 2). Although

the radical cyclization of1a did not proceed at all in the
absence of chain carriers, we found that the addition of water-
soluble chain carriers afforded the expected cyclization
product in high yield within a short time. After screening a
series of chain carriers such as EPHP, tris(trimethylsilyl)-
silane [(TMS)3SiH],10 etc., we found that EPHP suits our
system the best. When (TMS)3SiH was used as the chain
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Figure 1. Water-Soluble Radical Initiators

Table 1. Radical Cyclization Reaction Using Various Initiators

entry initiator time (h) yield (trans:cis)a

1 VA-061 2 98% (55:45)
2 VA-044 2.5 95% (50:50)
3 VA-080 5 76% (50:50)
4 VA-082 24 71% (50:50)
5 V-501 24 72% (51:49)
6 V-50 4 92% (51:49)
7 AlBN 24 19% (57:43) [56%]b

8c Et3B 24 50% (67:33) [46%]b

a The ratios were determined by1H NMR. b Recovered starting material.
c Room temperature.

Table 2. Effect of Various Chain Carrier

entry chain carrier time (h) yield (trans:cis)a

1 none 24 no reaction
2 EPHP (10 equiv) 2 98% (55:45)
3 H3PO2 (10 equiv) +

NaHCO3 (10 equiv)
6 84% (78:22)

4 NaH2PO2 (10 equiv) 24 58% (78:22) [8%]b

5c (TMS)3SiH (2 equiv) 0.5 94% (67:33)

a The ratios were determined by1H NMR. b Recovered starting material.
c VA-061 (0.5 equiv) was used.
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carrier, the target product was obtained in good yield within
a short period of time; however, it required a tedious
procedure for the isolation of the desired product from the
byproduct derived from (TMS)3SiH.

We next investigated the additive effect of surfactants in
radical reactions in water. The characteristic effect of some
surfactants or phase transfer catalysts in radical cyclization
is apparent from Table 3. From these observations, we found

that CTAB is the most efficient additive for the radical
cyclization of1a from the viewpoint of its rate acceleration
effect (Table 3, entry 2). In the absence of the additive, the

reaction did not go to completion until 24 h (Table 3, entry
1). Thus, we discovered that the combination of VA-061,
EPHP, and CTAB is the most appropriate condition for
radical reactions in water for these substrates. It is worthy
to note that the concentration of CTAB used in our reactions
is within the range of micelle formation and therefore the
possibility of a micellar reaction cannot be ruled out.
However, at present, we do not have sufficient evidence to
prove this aspect.

The utility and generality of this method was confirmed
by applying it to a series of hydrophobic substrates (1a-j ).
In all cases, the intramolecular cyclization proceeded with
high efficiency and yield (Table 4). Notable is the fact that
the reaction showed low reactivity when no surfactant
(CTAB) was used.

To test the scope and limitations of our methodology, we
subsequently investigated the radical cyclization strategy to
yield pyrrolidines, which are often present in natural
products. The allylamine1k was subjected to the radical
reaction conditions in water at 80°C, which afforded the
corresponding pyrrolidine2k in 90% yield. Similar results
are summarized in Table 5. The attempted synthesis of the
unprotected amines to use as substrates in radical cyclization
met with unacceptable yields, probably as a result of the
inherent instability associated with these compounds. Thus,
we established that our method is also effective for the radical
cyclization in water to afford pyrrolidines (Table 5, entry
2). As expected, in the absence of the surfactant, the reaction
proceeded with decrease in reactivity (Table 5, entries 1 and
3). The following experimental results using a more hydro-

Table 4. Radical Cyclization Reaction Using VA-061, EPHP, and CTAB

a The ratios were determined by1H NMR. b When CTAB was not used; reaction time, 24 h.c Obtained as a mixture ofendoandexo(53:47).d VA-061
(0.5 equiv) was used.e Obtained as a mixture ofendoandexo(76:24). f Obtained as a mixture ofendoandexo(75:25) when CTAB was not used; reaction
time, 0.5 h.g NaHCO3 (10 equiv) was added.h VA-061 (1.5 equiv) was used.

Table 3. Effect of Various Surfactants

entry additive (0.2 equiv) time (h) yield (trans:cis)a

1 none 24 64% (74:26) [24%]b

2 CTAB 2 98% (55:45)
2 SDSc 3.5 98% (51:49)
4 Triton X-100d 4 98% (62:38)
5 Et4N+Br- 24 85% (65:35) [7%]b

a The ratios were determined by1H NMR. b Recovered starting material.
c SDS: sodium dodecyl sulfate.d Triton X-100: polyoxyethylene(10)
isooctylphenyl ether.
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phobic substrate (1l) supported the apparent effectiveness
of the surfactant CTAB (Table 5, entries 4-6). Thus by

tuning the amount of CTAB, the reactivity can be greatly
enhanced.

In conclusion, we have discovered that a combination of
VA-061, EPHP, and CTAB is an ideal reaction system to
accomplish radical cyclization in water. This method is an
elegant way to achieve C-C bond forming radical reactions
in water for various hydrophobic substrates. Further applica-
tion of this methodology is currently under active investiga-
tion in our laboratories.
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Table 5. Application to Other Hydrophobic Substrates

entry R CTAB (equiv) time (h) yield (cis:trans)a

1 Ms none 24 90% (72:28)
2 Ms 0.2 8 99% (72:28)
3 Ts none 24 8% (53:47) [23%]b

4 Ts 0.2 24 46% (75:25) [21%]b

5 Ts 1 24 65% (75:25) [14%]b

6 Ts 2 6 87% (75:25)

a The ratios were determined by1H NMR. b Recovered starting material.
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