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Abstract—Novel indium-mediated reactions have been studied. Treatment of iodoalkyne with In (0.5 equiv.) and I, (0.5 equiv.)
in MeOH promotes the atom-transfer 5-exo-cyclization. In contrast, the reaction with In (2 equiv.) and I, (1 equiv.) gives rise to
a reductive 5-exo-cyclized product. © 2002 Elsevier Science Ltd. All rights reserved.

The first ionization potential of indium (In) (5.8 eV) is
as low as that of Li and Na. Therefore, it might be easy
for In to promote SET (single electron transfer) pro-
cesses. In addition, In is comparatively stable in air,
and the toxicity observed in many metals is little known
in In.! For these reasons, In is one of the most notable
metals at present, and its usefulness in organic synthesis
has been studied? in terms of green chemistry.® The use
of radicals in organic synthesis has increased within the

Table 1. Radical cyclization of iodoalkyne 1

last two decades.* During the recent development of
radical methodology, tributyltin hydride has played an
important role despite its toxicity and the difficulty of
the complete removal of the tin species in the reaction
mixture. For this reason, new reductive radical reac-
tions to replace tributyltin hydride have been investi-
gated. In contrast to the reductive radical cyclizations,’
there are some reports on atom-transfer radical cycliza-
tion.®” Here we report a novel indium-mediated atom-
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Run In (equiv.) I, (equiv.) Condition Solvent Time (h) Yield (%)

2a 2b 2c
1 1.0 0.0 MeOH 17 46 4 5
2 0.5 0.5 A MeOH 17 77 5 0
3 1.0 0.5 MeOH 17 66 5 1
4 1.0 1.0 MeOH 3 75 5 6
5 1.0 0.5 EtOH/H,0=1/1 17 65 5 7
6 1.0 0.5 THF 17 53 6 10
7 1.0 0.5 H,O 22 22 13 2
8 2.0 1.0 B MeOH 17 0 0 85
9 Inl (0.5 equiv.) Inl; (0.5 equiv.) MeOH 7 67 5 4
10 Inl (2 equiv.) MeOH 7 4 5 55
11 Inl; (2 equiv.) MeOH 8 No reaction
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transfer 5-exo-cyclization (Kharasch-type reaction) of
iodoalkynes to heterocyclic iodoalkenes (condition A)
and to tandem radical addition reaction with electron-
deficient olefin. Furthermore, we also developed a novel
indium-mediated  reductive  5-exo-cyclization  of
iodoalkynes to heterocyclic alkenes (condition B). Our
report herein would be a novel example regarding in as
much as only a change in the quantity of the reagents
(In and 1,) can provide different products under the
same conditions. We first investigated the cyclization
reaction of iodoalkyne 1 in expectation of good results
by importing several conditions. lodoalkyne 1 was
treated with 1 equiv of In in MeOH at room tempera-
ture to give atom-transfer products 2a and 2b in 50%
yield accompanied with the starting material (ca. 20%)
(Table 1, run 1). Then treatment of compound 1 with
In (0.5 equiv.) and I, (0.5 equiv.) in MeOH (condition
A) afforded atom-transfer 5-exo-cyclized products 2a
and 2b as major products (run 2). This reaction was
studied under several conditions (runs 3-7). After all,
condition A was the best for atom-transfer 5-exo-
cyclization. On the other hand, the reaction with com-
pound 1, In (2 equiv.), and I, (1 equiv.) (condition B)
gave only a reductive cyclization product 2¢ in 85%
yield (run 8). Compound 2¢ was also obtained in 71%
yield from atom-transfer products 2a and 2b under
condition B. These atom-transfer or reductive cycliza-
tion reactions did not occur when bromoalkyne was
used instead of iodoalkyne 1 (recovery of the starting
material, 86%). Next, we examined the use of commer-
cially available Inl and Inl; (runs 9-11). The result of
run 9 was the same as that of run 4. The active species
based on chemical equations, for example Inl,, might

Table 2. Radical cyclizations of iodoalkynes 36

be produced.® The results of runs 8 and 10 were also
the same. They gave the reductive cyclization product
predominantly. Inl; could not promote atom-transfer
cyclization of compound 1 (run 11).

Next, we tried the cyclization of iodoalkynes 3-6 under
condition A or B. The results are summarized in Table
2. lodoalkynes 3 and 4 gave iodoolefins 7a, 7b, 8Aa,
8Ab, 8Ba, and 8Bb in good yields under condition A.
On the other hand, under condition B, iodoolefin 3
gave only reductive cyclization products 7¢ and 7d in
moderate yields. Bicyclic sugars are interesting com-
pounds because of their utility as a building block for
synthesis of natural products and their biological activ-
ities.” The sugar iodides 5 and 6 were prepared from
glucal and galactal with propargyl alcohol in the pres-
ence of N-iodosuccinimide in CH;CN.!® Using com-
pounds 5 and 6, the radical cyclization reaction
mediated by indium species was carried out under
condition B.!"! The reductive cyclization products 9 and
10 were obtained in good yields. The produced 5-exo-
cyclized bicyclic sugars have cis-fused rings. trans-
Fused products and 6-endo-cyclization products were
not observed. The atom-transfer cyclization under con-
dition A or reductive cyclization under condition B
may be realized by a subtle balance of the quantity of
the active species.

We next investigated intermolecular radical addition'?
of radical intermediate to an o,B-unsaturated nitrile,
electron-deficient olefin in order to clarify the reaction
mechanism (Scheme 1). When compound 1 was sub-
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Run Starting material Condition Time (h) Product Yield (%)
a b c d

1 3 A 5 7 47 13 0 0
2 3 B 27 7 0 0 28 28
3 4A% A 8 8A 41 36 0 0
4 4B A 8 8B 66 11 0 0
5 5 B 17 9 74

6 6 B 17 10 75

# Compounds 4A and 4B are separable diastereoisomers.
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Scheme 1.

jected to condition A in the presence of acrylonitrile
(2 equiv.), 5-exo-cyclized nitrile 11 was obtained in
54% yield accompanied with compounds 12 and 2a.
This indium-mediated sequential radical cyclization
and cross-coupling reaction provide a new methodol-

ogy.

On the basis of these facts, we propose the following
reaction mechanism (Scheme 2). First, indium species
(In, In* and/or In®>*) would induce atom-transfer radi-
cal cyclization of iodoalkyne 1 to provide vinyl radi-
cal 13. When there is little reducing agent, radical 13
abstracts the iodine radical from compound 1 to pro-
duce vinyl iodides 2a and 2b. When there are enough
low valent indium species, they would be effective to
reduce vinyl radical 13 to provide reductive cycliza-
tion product 2¢ after protonation to the anionic com-
pound.”® In the presence of o,B-unsaturated nitrile,
intermolecular addition of radical 13 to acrylonitrile
occurred. Sequential addition of one electron and a
proton gave heterocyclic nitrile 11 in moderate yield.

In summary, we have found a mnovel indium-
mediated'* atom-transfer cyclization and reductive
cyclization of iodoalkynes!® without the use of con-
ventional radical initiators such as AIBN, Et;B/O,,
etc. In- and I,-mediated sequential generation and uti-
lization of radical species is the essential factors in
the cross-coupling reaction of iodoalkyne and aryl
boronic acid or electron-deficient olefin. This protocol
provides a new methodology for multibond forma-
tion. The present results will develop a new attractive
aspect of indium chemistry.

) —o ) —
oo oo

1

Acknowledgements

This work was supported by The Japan Health Sci-
ences Foundation.

References

1. (a) Roychowdhury, M. Am. Ind. Hyg. Assoc J. 1993, 54,
607-614; (b) Chapin, R. E.; Harris, M. W.; Hunter, E. S.,
III; Davis, B. J.; Collins, B. J.; Lockhart, A. C. Fund.
Appl. Toxicol. 1995, 27, 140-148; (c) Nakajima, M.;
Sasaki, M.; Kobayashi, Y.; Ohno, Y.; Usami, M. Ter-
atog. Carcinog. Mutagen. 1999, 19, 205-209.

2. (a) Miyabe, H.; Ueda, M.; Nishimura, A.; Naito, T. Org.
Lett. 2002, 4, 131-134; (b) Yanada, R.; Kaieda, A,
Takemoto, Y. J. Org. Chem. 2001, 66, 7516-7518 and
references cited therein; (c) Kang, S.; Jang, T.-S.; Keum,
G.; Kang, S. B.; Han, S.-Y.; Kim, Y. Org. Lett. 2000, 2,
3615-3617.

3. Paquette, L. A. In Green Chemistry: Frontiers in Benign
Chemical ~ Synthesis and Processing; Anastas, P.;
Williamson, T., Eds.; Oxford University Press: New
York, 1998.

4. Baguley, P. A.; Walton, J. C. Angew. Chem., Int. Ed.
1998, 37, 3072-3082.

5. For Sml,, see: (a) Molander, G. A.; Harring, L. S. J.
Org. Chem. 1990, 55, 6171-6176; (b) Curran, D. P.;
Totleben, M. J. J. Am. Chem. Soc. 1992, 114, 6050-6058.
For PhLi, see: (c) Bailey, W. F.; Carson, M. W. J. Org.
Chem. 1998, 63, 9960-9967. For Et,Zn, see: (d) Knochel,
P. Chem. Eur. J. 1996, 2, 1204-1220; (e) Vaupel, A.;
Knochel, P. J. Org. Chem. 1996, 61, 5743-5753. For
cobaloxime, see: (f) Inokuchi, T.; Kawafuchi, H. Synlett
2001, 421-423; (g) Wakabayashi, K.; Yorimitsu, H.;
Oshima, K. J. Am. Chem. Soc. 2001, 123, 5374-5375. For
Grignard reagent, see: (h) Inoue, A.; Shinokubo, H.;
Oshima, K. Org. Lett. 2000, 2, 651-653. For Cp,TiCl,+
Grignard reagent, see: (i) Terao, J.; Saito, K.; Nii, S;
Kambe, N.; Sonoda, N. J. Am. Chem. Soc. 1998, 120,
11822-11823; (j) Nii, S.; Terao, J.; Kambe, N. J. Org.
Chem. 2000, 65, 5291-5297. For Cp,TiCl, see: (k) Rajan-
Babu, T. V.; Nugent, W. A. J. Am. Chem. Soc. 1994, 116,

Scheme 2. Plausible mechanism.



4588

R. Yanada et al. / Tetrahedron Letters 43 (2002) 4585-4588

986-987; (1) Gansduer, A. Synlett 1998, 801-809. For
CrCl,, see: (m) Takai, K.; Matsukawa, N.; Takahashi,
A.; Fujii, T. Angew. Chem., Int. Ed. 1998, 37, 152—-155.
For Mn, see: (n) Tang, J.; Shinokubo, H.; Oshima, K.
Tetrahedron 1999, 55, 1893-1904. For Et;B+HGaCl,, see:
(o) Mikami, S.; Fujita, K.; Nakamura, T.; Yorimitsu, H.;
Shinokubo, H.; Matsubara, S.; Oshima, K. Org. Lett.
2001, 3, 1853-1855. For Et;B+Cp,Zr(H)Cl, see: (p)
Fujita, K.; Nakamura, T.; Yoeimitsu, H.; Oshima, K. J.
Am. Chem. Soc. 2001, 123, 3137-3138. For H;PO,, sce:
(@) Yorimitsu, H.; Shinokubo, H.; Oshima, K. Chem.
Lett. 2000, 104-105. For Ph,Si,H,+Bu;SnH, see: (r)
Yamazaki, O.; Yamaguchi, K.; Yokoyama, M.; Togo, H.
J. Org. Chem. 2000, 65, 5440-5442. For (TMS),SiH, see:
(s) Chatgilia, C. Acc. Chem. Res. 1992, 25, 188-194. For
cyclohexadienylsilane, see: (t) Studer, A; Amrein, S.
Angew. Chem., Int. Ed. 2000, 39, 3080-3082. For tri-2-
furanylgermane, see: (u) Nakamura, T.; Yorimitsu, H.;
Shinokubo, H.; Oshima, K. Synlett 1999, 1415-1416.
(a) Yorimitsu, H.; Nakamura, T.; Shinokubo, H.;
Oshima, K. J. Org. Chem. 1998, 63, 8604-8605; (b)
Chakraborty, A.; Marek, 1. Chem. Commun. 1999, 2375-
2376; (c¢) Yorimitsu, H.; Nakamura, T.; Shinokubo, H.;
Oshima, K.; Omoto, K.; Fujimoto, H. J. Am. Chem. Soc.
2000, 122, 11041-11047.

Atom-transfer cyclization reactions with Bu;SnH was
reported. See: (a) Curran, D. P.; Chen, M.-H.; Kim, D. J.
Am. Chem. Soc. 1986, 108, 2489-2490; (b) Curran, D. P.;
Chen, M.-H.; Kim, D. J. Am. Chem. Soc. 1989, 111,
6265-6276.

(a) Freeland, B. H.; Tuck, D. G. Inorg. Chem. 1976, 15,
475-476. 1t is well-known that In reacts with I, in aro-
matic solvent under reflux to produce In*, In**, and/or
In*". In reacts with I, in refluxing aromatic solvent to
form Inl;. Solution of Inl; reacts with excess In under
reflux with the gradual precipitation of pure highly crys-
talline Inl,. On treatment of Inl, with diethyl ether or
other Lewis bases, the insoluble Inl is precipitated and
the corresponding Inl;-Lewis base adduct formed. (b)
Marshall, J. A.; Grant, C. M. J. Org. Chem. 1999, 64,

10.

11.

12.

13.

14.

15.

8214-8219.

Recently, bicyclic sugars have been prepared extensively
with Bu;SnH. See: (a) Ferrier, R. J.; Petersen, P. M.
Tetrahedron 1990, 46, 1-11; (b) De Mesmaceker, A.; Hoff-
man, P.; Winkler, T.; Waldner, A. Synlett 1990, 201-204;
(c) Moufid, N.; Chapleur, Y.; Mayon, P. J. Chem. Soc.,
Perkin Trans. 11992, 991-998; (d) Lesueur, C.; Nouguier,
R.; Bertrand, M. P.; Hoffmann, P.; De Masmaecker, A.
Tetrahedron 1994, 50, 5369-5380; (e) Mayer, S.; Prandi,
J.; Bamhaoud, T.; Bakkas, S.; Guillou, O. Tetrahedron
1998, 54, 8753-8770; (f) Yamazaki, O.; Yamaguchi, K.;
Yokoyama, M.; Togo, H. J. Org. Chem. 2000, 65, 5440—
5442,

a-Isomers 5 and 6 were obtained predominantly (5: 75%
yield, c:f=13:1, 6: 74% yield, a:p=14:1). See: (a) Audin,
C.; Lancelin, J.-M.; Beau, J.-M. Tetrahedron Lett. 1988,
29, 3691-3694; (b) De Mesmaceker, A.; Hoffmann, P.;
Ernst, B. Tetrahedron Lett. 1989, 30, 57-60.

The cyclization products 9 and 10 were deacetylated
probably by InX, (OMe),_,. So reacetylation with acetic
anhydride and dimethylaminopyridine in THF has been
done.

(a) Shono, T.; Nishiguchi, I.; Sasaki, M. J. Am. Chem.
Soc. 1978, 100, 4314-4315; (b) Luche, J. L.; Allavena, C.
Tetrahedron Lett. 1988, 29, 5369-5372; (c) Blanchard, P.;
Da Silva, A. D.; El Kortbi, M. S.; Fourrey, J.-L.; Robert-
Géro, M. J. Org. Chem. 1993, 58, 6517-6519; (d) Takai,
K.; Ueda, T.; Ikeda, N.; Moriwake, T. J. Org. Chem.
1996, 61, 7990-7991.

The cyclization reaction in MeOD under condition B
provided the labelled products of 2c.

Recently, Baba et al. reported indium hydride (InHCI,)
generated from NaBH, and InCl; as a convenient alter-
native radical reagent to tributyltin hydride. See: Inoue,
K.; Sawada, A.; Shibata, 1.; Baba, A. J. Am. Chem. Soc.
2002, 124, 906-907.

The radical cyclization of iodoalkenes has been now in
progress. The interesting results are obtained. We will
write as soon as possible about the results.



	Indium-mediated atom-transfer cyclizations and reductive cyclizations
	Acknowledgements
	References


