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ABSTRACT

Indium trichloride was found to be an efficient catalyst for the cyclization of allylic halides and alkynes with atom transfer in methylene
chloride. Mechanistic evidence supports a cationic reaction pathway with Lewis acid activation of the allylic halogen. Concomitant nucleophilic
attack by the alkyne and trapping with halide led to atom transfer cyclization products. Depending on alkyne substitution, a bromine atom was
transferred from the substrate or a chlorine atom was transferred from the solvent.

Atom transfer radical processes are well-known in polym-
erization and cyclization reactioAs hey proceed via chain

acidic indium salts that has heretofore never been proposed.
Herein, we disclose the results of our investigation of this

mechanisms and may be initiated by a variety of organic or remarkable transformation.

inorganic radical initiators. Transition metals are known to
affect cyclizations with halogen or group transfer taking
place? InCl; has been reported to promote the cyclization
of allylstannanes onto alkynes with the intermediacy of
organoindium intermediates as w&llVe have discovered a
facile and efficient InG}-catalyzed cyclization of allylic

bromides onto alkynes with concomitant halogen atom
transfer from the substrate or from the solvent that does not

The utility of indium metal and its salts has been well
demonstrated, most notably in the indium-mediated allylation
of carbonyl compound$Allyl indium has been shown to
react with alkynes via carbometalation reactidfsndium
and indium derivatives are reducing agents for a variety of

(4) Reviews: (a) Araki, S.; Tsunehisa, H. Main Group Metals in
Organic Synthesis; Yamamoto, H., Oshima, K., Eds.; Wiley: New York,
2004; Vol. 1, pp 323-386. (b) Nair, V.; Ros, S.; JaYan, C. N.; Pillai, B. S.

proceed via a radical pathway nor through organoindium Tetrahedron2004,60, 1959. (c) Li, C. J.; Chan, T. Hietrahedron1999,

intermediates. Indeed, the mechanistic evidence supports
cationic cyclization via mild halogen activation by Lewis

(1) For recent reviews, see: (a) Matyjaszewski, K.; Miller, P. J.; Fossum,
E.; Nakagawa, YAppl. Organomet. Cheml 998,12, 667. (b) Delaude, L.;
Demonceau, A.; Noels, A. Hop. Organomet. Chen2004,11, 155. (c)
Clark, A. J.Chem. Soc. Re2002 31, 1. (d) Byers, J. IfRadicals in Organic
Synthesis; Renaud, P., Sibi, M. P., Eds.; Wiley-VCH: New York, 2001,
Vol. 1, pp 72—89. (e) Yet, LTetrahedron1999,55, 9349. (f) Curran, D.

P. In Comprehensive Organic Synthesigost, B. M., Fleming, I., Eds.;
Pergamon: New York, 1991; Vol. 4, pp 77831.

(2) Pd: (a) Ma, S.; Lu, XJ. Organomet. Chenl993,447, 305. (b)
Zhu, G.; Lu, X.J. Org. Chem1995,60, 1087. (c) Holzapfel, C. W.; Marais,
L. Tetrahedron Lett1998 39, 2179. (d) Holzapfel, C. W.; Marais, L.;
Toerien, F.Tetrahedron1999,55, 3467. (e) Intermolecular Pd-catalyzed
alkyne allylation: Thadani, A. N.; Rawal, V. HDrg. Lett.2002,4, 4317.

Rh is known to do enyne cyclization with concomitant halide migration:
Tong, X.; Li, D.; Zhang, Z.; Zhang, XJ. Am. Chem. So2004,126, 7601.
(3) Miura, K.; Fujisawa, N.; Hosomi, AJ. Org. Chem2004,69, 2427.
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5, 11149. (d) Ranu, B. G&ur. J. Org. Chem2000, 2347. (e) Pae, A. N;
ho, Y. S.Curr. Org. Chem2002,6, 715.

(5) (a) Araki, S.; Imai, A.; Shimizu, K.; Butsugan, Yetrahedron Lett.
1992,33, 2581. (b) Ranu, B. C.; Majee, £&hem. Commurl997, 1225.

(c) Fujiwara, N.; Yamamoto, YJ. Org. Chem1997, 62, 2318. (d) Fujiwara,
N.; Yamamoto, Y.J. Org. Chem1999,64, 4095. (e) Klaps, E.; Schmid,
W. J. Org. Chem1999 64, 7537. (f) Salter, M. M.; Sardo-Inffiri, SSynlett
2002, 2068.

(6) For examples of other carboindation reactions, see: (a) Capps, S.
M.; Lloyd-Jones, G. C.; Murray, M.; Peakman, T. M.; Walsh, K. E.
Tetrahedron Lett1998,39, 2853. (b) Héppe, H. A.; Lloyd-Jones, G. C;
Murray, M.; Peakman, T. M.; Walsh, K. BAngew. Chem., Int. Ed. Engl.
1998 37, 1545. (c) Araki, S.; Nakano, H.; Subburaj, K.; Hirashita, T.;
Shibutani, K.; Yamamura, H.; Kawai, M.; Butsugan, Tetrahedron Lett.
1998,39, 6327. (d) Araki, S.; Horie, T.; Kato, M.; Hirashita, T.; Yamamura,
H.; Kawai, M. Tetrahedron Lett1999,40, 2331. (e) Araki, S.; Kamei, T.;
Igarshi, Y.; Hirashita, T.; Yamamura, H.; Kawai, WMetrahedron Lett1999,

40, 7999. (f) Lim, H. J.; Keum, G.; Kang, S. B.; Kim, Yetrahedron Lett.
1999 40, 1547. (g) Araki, S.; Shiraki, G.; Tanaka, T.; Nakano, H.; Subburaj,
K.; Hirashita, T.; Yamamuru, H.; Kawai, MChem.-Eur. J.2001,7, 2784.



functional groupg,and indium reagents have been utilized and his results are also suggestive of the involvement of
for cross coupling of organic halideand other reductive  radical and/or organoindium intermediates. With In(0), yields
couplings? In these applications, single electron transfer were modest (generally¥50%) and the reaction was slow
processes are likely involved. Indium-mediated radical (16—18 h). In contrast, our reaction was complete in less
reactions are also well established and have been utilized inthan 3 h with only 20 mol % of Inl and yields were signif-
atom transfer cyclization®. icantly improved. We hypothesized that Inl was a better rad-
We have previously disclosed that low-valent indium(l) ical initiator for this reaction than In(0) as it could be slightly
iodide in halogenated solvents initiated a cyclization reaction more soluble in organic solvents. However, the mechanism
of 1ato 2a with halogen atom transfer from the solvEnt  remained elusive. Hence, we undertook a study to further
(Scheme 1) along with a trace of the bromo analogae understand the atom transfer reaction. To attain support for
a radical mechanism, we subjectéd to standard radical
initiation conditions with EB/O,'® and were surprised to
find that the 6-endo cyclization produ@& was formed

Scheme 1 . . . .
exclusively with only bromine atom transfer and no incor-
cl ; . ; .
poration of chloride from solvent. Thus, it was unlikely the
Inl 20 mol %) =102 transformation oflato 2aproceeded via a radical pathway.
CHZC'/’ EtO,C Z We surveyed several catalysts and conditions for the
Et0,C = 22 ggon cyclization of 1a to 2a and found that the reaction was
EtO,C N EtsB/05 . promoted b_y Lewis acids rather than by reductive metals.
CHCl, r As shown in Table 1 (entry 1), In€lwas an extremely
1a Br \
EtO,C _
EtO,C o
3 53% Table 1. Atom Transfer Cyclization
X
EtO,C catalyst (20 mol %) gy0,c

We envisioned this process to proceed by initial single EtO:C Yy, -solvent (0.1 M), E10,C P

electron transfer similar to other indium-initiated radical reac- 1a B 2aX=Cl

tions. Recently, Salter has reported the same cyclization util- da X =8r

izing stoichiometric indium metal in halogenated solvefits,  entry  catalyst solvent t(h) yield% 2a/dac
1 InCls CH.Cl, 4 97 29:1

(7) (&) Moody, C. J.; Pitts, M. RSynlett1998, 1028. (b) Ranu, B. C.;
Guchhait, S. K.; Sarkar, AChem. Commurl998, 2113. (c) Ranu, B. C;
Dutta, P.; Sarkar, Al. Chem. Soc., Perkin Trans1999 1139. (d) Reddy,
G. V,; Rao, G. V.; lyengar, D. STetrahedron Lett1999,40, 3937. (e) InCls CHyCly (10 M) 12 16 1:2
Inoue, K.; Yasuda, M.; Shibata, |.; Baba, Retrahedron Lett2000,41, InCl; CH,CICH,Cl 24 58 29:1

2 InCl3 CH;Cl; (0.5 M) 12 64 7:1

3

4

5
113. (f) Barman, D. C.; Thakur, A. J.; Prajapati, D.; Sandhu, By®lett 6 InCls ccl, 18 346 4:6

7

8

9

InCl3 CH2Cl; (1.0 M) 12 45 5:1

2001, 515. (g) Ranu, B. C.; Dutta, J.; Guchhait, S(O¢g. Lett.2001,3, InCl CHCI 18 0
2603. (h) Ranu, B. C.; Samanta, S.; Guchhait, SJKOrg. Chem2001, ntls 3
66, 4102. (i) Ranu, B. C.; Dutta, J.; Guchhait, S.X.Org. Chem2001, InBr; CH:Cly 3 89 29:1

66, 5624. (j) Ranu, B. C.; Banerjee, S.; Das, Tetrahedron Lett2004, In(OTD)s CHyCly 18 dec
45, 8579. 10 AuOTf CH.Cl, 18 0
Araki, S Shimizts T+ Jebar, B S din, 3. BuisuganI¥Org, Chem, 11 A€OT - CHaCl B
1991,56, 2538. (c) Ranu, B. C.; Dutta, P.; Sarkar, Petrahedron Lett. 12 InCly CH,Br; 3 81 0:100
1998.39. 9557. 13 InClg CHZIQ 3 8¢ 10.1f
(9) Jeevanandam, A.; Ling, Y.-Oetrahedron Lett2001,42, 4361. 14 Zn(OTf)s CH:Cly 16 0
(10) (a) Hayashi, N.; Shibata, I.; Baba, @rg. Lett.2005,7, 3093. (b) 15 SnCly CH,Cly 16 dec
Hirashita, T.; Tanaka, J.; Hayashi, A.; Araki, Betrahedron Lett2005, 16 Fe(ClOys CHyCly 16 0
46, 289. (c) Takami, K.; Usugi, S.-i.; Yorimitsu, H.; Oshima, 8ynthesis
2005, 824. (d) Hayashi, N.; Shibatta, I.; Baba,@tg. Lett.2004,6, 4981. aMeasured byH NMR.  42% of starting material recovereti90% of
(e) Takami, K.; Yorimitsu, H.; Oshima, KOrg. Lett.2004,6, 4555. (f) starting material recoveref 92% of starting material recovereti72% of
Miyabe, H.; Ueda, M.; Nishimura, A.; Naito, TlTetrahedron2004, 60, starting material recoverefiRatio reflects I/Br ratio, respectively.

4227. (g) Yanada, R.; Obika, S.; Nishimori, N.; Yamauchi, M.; Takemoto,
Y. Tetrahedron Lett2004 45, 2331. (h) Miyabe, H.; Naito, TOrg. Biomol.
Chem.2004,2, 1267. (i) Ueda, M.; Miyabe, H.; Nishimura, A.; Miyata, ) o ) )
0.; Takemoto, Y.; Naito, TOrg. Lett.2003 5, 3835. (j) Miyabe, H.; Ueda, effective catalyst for the cyclization affording 97% yield of
M.; Nishimura, A. Naito, T.Org. Lett. 2002, 4, 131. (k) Takami, K.; H i 14 i
Yorimitsu, H.; Oshima, KOrg. Lett.2002,4, 2993. (I) Inoue, K.; Sawada, 2a along Wlth a trace of brommat_eda' Increasing the .
A.; Shibata, I.; Baba, AJ. Am. Chem. So@002,124, 906. (m) Jang, D. concentration affected both the yield and the CI/Br ratio
O.; Cho, D. H.Synlet2002 631. (n) Yanada, R.; Nishimori, N.; Matsumura,  (entries 2—4). As the reaction became more concentrated,

A.; Fujii, N.; Takemoto, Y.Tetrahedron Lett2002,43, 4585. (0) Inoue, .
K. Sawada, A.: Shibata, I.; Baba, Aetrahedron Lett2001,42, 4661. the amount of Br transfer from the substrate relative to ClI

(11) (a) Erickson, S.; Pararajasingham, K.; Cook, G. R. 217th ACS transfer from solvent increased. The yield diminished with

National Meeting, Anaheim, March 21—-25, 1999; American Chemical ; ; ; :

Society: Washington, DC; ORGN-481. (b) Cook, G. R.; Erickson, S.; increasing concentration suggesting that Br transfer from the
Hvinden, M.; Reule, S. 219th ACS National Meeting, San Francisco, March
26—30, 2000; American Chemical Society: Washington, DC; ORGN-591. (12) Bhatti, N. H.; Salter, M. MTetrahedron Lett2004,45, 8379.

(c) Cook, G. R.; Erickson, S.; Hvinden, M. 221st ACS National Meeting, (13) The same product was obtained in low yield by treating the substrate
San Diego, April +5, 2001; American Chemical Society: Washington, with benzoyl peroxide in refluxing benzene.

DC; ORGN-271. (14) A trace of3 (<1%) was also detected.
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substrate may be difficult. The reaction would proceed in
dichloroethane (entry 5) but was less effective in £Caid
would not proceed at all in CHglentry 6). The reaction
also failed completely in nonhalogenated solventsQH
MeOH, CHCN, toluene, THF). InBy performed equally
well, whereas In(OTH resulted in decomposition of the

halogen from the substrate. Particularly noteworthy is entry
7 with phenyl-substituted alkyne. Even in dichloromethane,
only brominated product was obtained. Substfaéentries

9 and 10) with deuterium substituted on the alkyne was
examined. Cyclization proceeded well with complete reten-
tion of the deuterium. This suggests that a vinyl organoin-

substrate (entries 8 and 9). Other metals that are known todium intermediate is likely not present after the reaction,

activate alkyne’$—1"were examined. Au (entry 10) and Ag
(entry 11) salts did not catalyze any reactiorlaf Thus, it

appears InGlis not promoting the reaction through alkyne
activation. With InC}, halogen transfer from dibromomethane

and no insertion in the alkyne C—D bond occurs. Further-
more, use of CBCl, solvent (entry 11) resulted in no

incorporation of deuterium in the product. The geometry of
the allyl bromide had no effect on the reaction as demon-

and diiodomethane was also observed (entries 12 and 13)strated by entries 12—15. Utilizing substrates with the

however, the yield diminished significantly in the latter case.
As Zn(2+) salts have been reported to activate allyl chlorides
for cycloaddition onto alkyne® we examined a few other
Lewis acids. Surprisingly, no reaction ensued when Zn(©Tf)
was employed (entry 14). Sn3ksulted, and decomposition
of the substrate and Fe(Cff9 was ineffective.

We next examined the influence of substitution on the

Table 2. Alkyne Substitution

X
o= SR o
Et0,C N 3h EtO,C >
1 2X=Cl
Br 4X=8Br
entry R solvent yield % 2/4 E/Z=
10 aH CH.Cl; 97 29:1 E only
2 aH CH3Br» 81 0:100 E only
3 b Me CH»Clz 89 4:1 E only*
4 b Me CHjyBro 87 0:100 15:1
5 ¢ n-Bu CH.Clsy 75 1:2 3:1
6 ¢ n-Bu CH3Br» 80 0:100 5:1
7 d Ph CH,Cly 79 0:100 14:1
8 d Ph CH3yBry 85 0:100 5:1
9d eD CH,Cls 82 >30:1 E only
104 eD CH3Brs 95 0:100  E only
11 aH CDsCly 82 >30:1 E only
12¢ aH CHsClsy 82 29:1 E only
13¢ aH CH3Br» 81 0:100 E only
14¢ d Ph CH,Cly 75 0:100 13:1
15¢ d Ph CH3yBry 96 0:100 5:1

aMeasured byH NMR. ? Reaction run for 4 h¢ For X = Cl, E/Z was
not determined for the brominated produtReaction run for 18 hé The
trans-allyl bromide substrate was utilized.

an influence on both th&/Z ratio of the product and the
amount of incorporation of halogen from the solvent vs

(15) Shibasaki has reported that In(lll) salts activate alkynes for
nucleophilic alkynylations. See: (a) Takita, R.; Yakura, K.; Ohshima, R.;
Shibasaki, MJ. Am. Chem. So€005,127, 13760. (b) Takita, R.; Fukuta,
Y.; Tsuji, R.; Ohshima, T.; Shibasaki, NOrg. Lett.2005,7, 1363.

(16) For recent examples of gold activation of alkynes, see: (a) Shi, X.;
Gorin, D. J.; Toste, F. DJ. Am. Chem. SoQ005,127, 5802. (b) Zhang,

L.; Kozmin, S. A.J. Am. Chem. So2005,127, 6962. (c) Sherry, B. D;
Toste, F. DJ. Am. Chem. So2004 126, 15978. (d) Fuerstner, A.; Hannen,
P. Chem. Commur2004, 2546. (e) Steben, S. T.; Kennedy-Smith, J. J.;
Toste, F. DAngew. Chem., Int. EQ004 43, 5350. (f) Zhang, L.; Kozmin,
S.J. Am. Chem. So2004 126, 11806. (g) Mamane, V.; Gress, T.; Krause,
H.; Fuerstner, AJ. Am. Chem. So@004,126, 8654.
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E-olefin performed identically to substrates with telefin.

The data suggest an ionic or polar concerted mechanism
in which the Lewis acid activates the allylic bromide (Figure
1). In the case where R H, the reaction probably proceeds

alkyne, and the results are summarized in Table 2. This had

)I(,CXHZ

BrInCl

R = Alkyl, Phenyl

Figure 1. Possible cyclization modes.

in a concerted fashion with halogen trapping from the
solvent!®2° This could occur concurrent with activation of
the allyl bromide §) or through a discreet allyl carbocation
(6). Nevertheless, alkyne cyclization is likely to be concerted
with halide attack as the reaction afforaisly the E-isomer.
If the alkyne is more substituted, a more stabilized vinyl
carbocation such ag could be produced. Thus, halogen
transfer could come from solvent, an indium-ate complex,
or from another allyl bromide substrate aBtZ selectivity
would vary depending on substitution and size of the halogen
source. This would explain the change in tB& ratio
observed upon alkyne substitution.

The E selectivity of substratda also contrasts with the
Salter report. Whereas we observed the formation of only
one isomer, with In(0), a mixture of isomers was obtained

(17) Hf Lewis acids catalyze the intramolecular allylsilation of alkynes
via alkyne activation: Imamura, K.-i.; Yoshikawa, E.; Gevorgyan, V.;
Yamamoto, Y.J. Am. Chem. S0d.998,120, 5339.

(18) Miller, A.; Moore, M. Tetrahedron Lett1980,21, 577.

(19) Only a few examples of halogen abstraction by vinyl cations from
chlorinated solvents are known. (a) Johnson, W. S.; Ward, C. E.; Boots, S.
G.; Gravestock, M. B.; Markezich, R. L.; McCarry, B. E.; Okorie, D. A.;
Parry, R. JJ. Am. Chem. S0d.981,103, 88. (b) Balog, A.; Geib, S. V;
Curran, D. PJ. Org. Chem1995,60, 345. (c) Miranda, P. O.; Diaz, D.

D.; Padron, J. |.; Bermejo, J.; MamtiV. S.Org. Lett.2003,5, 1979. (d)
Sun, J.; Kozmin, S. AJ. Am. Chem. So@005,127, 13512.

(20) Overman has shown that nucleophiles accelerate the reaction of
alkynes with cations: Overman, L. E.; Sharp, M.JJ.Am. Chem. Soc.
1988,110, 612.

1047



in ratios ranging from 3:1 to 10: E(Z) with terminal alkyne
substrates. It is likely that In(0) reacts with the allyl bromide
substrate to form an allyl indium intermediate. This could
generate, through disproportionatiin(lll) salts that would

participate in the cyclization. Indeed, the arene cyclized
smoothly at room temperature to form the Fried€lafts
allylation product8 in high vyield. This provides further
support against alkyne activation in the atom transfer

catalyze the cationic cyclization of bromide substrate as we cyclization.

have observed. Th&isomer may arise through a competing
indium-ene cyclization of the allyl indium intermediate. In
our reaction, the formation of organoindium species with
InCl; would be highly unlikely.

To garner even more evidence for allylic halide activation
and a cationic pathway, we examined the reaction7 of
(Scheme 2) under the Ingtatalyzed conditions in dichlo-

Scheme 2
OMe OMe
InClz (10 mol %)
CH,Cl, (0.05 M)
OMe 2 AMS, 1t,16h OMe
EtO.C 88% EtO,C =
EtO,C EtO,C
7 Br 8

romethane. If the reaction proceeds through a cationic
mechanism, other nucleophiles besides alkynes should

(21) Poland, J. S.; Tuck, D. J. Organomet. Chen1972,42, 315.
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In conclusion, we have demonstrated a facile and efficient
atom transfer cyclization of alkynes and allylic bromides
utilizing InCl; as the catalyst. The reaction appears to proceed
via a cationic halogen activation mechanism with halogen
transfer from the solvent or from the substrate. Additionally,
similar halogen activation effectively leads to remarkably
mild Friedel—Crafts-type cyclizations. We are currently
examining the scope and limitations of this electrophilic
substitution reaction, and our results will be reported in due
course.
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