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ABSTRACT

In(OAc); (0.2 equiv)
PhSiH; (2 equiv)

R—l  + A R~
2,6-lutidine (0.5 equiv)

R = alkyl, aryl air, H,0, EtOH, rt

E = electron-withdrawing group

In the presence of phenylsilane and a catalytic amount of indium(lll) acetate, organic iodides added to electron-deficient alkenes in ethanol
at room temperature. Both simple and functionalized organic iodides were applicable to this reaction. A plausible reaction mechanism involves
the formation of indium hydride species by hydride transfer from silicon to indium and an indium hydride-mediated radical chain process.

Synthetic radical reactions directed toward fine organic economical synthesf§:58 Such catalytic reactions are very
synthesis have rapidly been developed in the last threeeffective in radical reduction and intramolecular radical
decaded. At present carbon radicals are recognized as addition of organic halides and pseudohalides. However,
reactive, but controllable carbon species valuable for highly intermolecular addition of these radical precursors-¥g
selective, efficient bond formation. Triorganotin hydrides to alkenes (CH=CHE) using catalytic mediators (H)
such as BgBnH have frequently been used as efficient radical Shows much room for improvement (Scheme®#}.
me_diators, whic_h serve for generation o_f carbon radicals and (4) Hydrosilanes and related compounds: (a) Giese, B.: Kopping, B.:
radical quenching by hydrogen-donatibrunfortunately, Chatgilialoglu, C.Tetrahedron Lett1989,30, 681. (b) Chatgilialoglu, C.
their use has two criical drawbacks, that s, the toxicity of ¢, E53800 25,100 6) Chetgony 2, Cuie i e
organostannanes and the difficulty of product purificai®n.  matsubayashi, S.; Yokoyama, Metrahedron1999,55, 3735. (€) Studer,

A number of hydride-based radical mediators have beenA.; Amrein, S.; Schleth, F.; Schulte, T.; Walton, J. L.Am. Chem. Soc.

. . . . 2003,125, 5726.
developed as substitutes for triorganotin hydritfesAd- (5) Hydrogermanes: (a) Sakurai, H.; Mochida, K.; Hosomi, A.; Mita,

ditionally, the catalytic use of radical mediators in the F.J. Organorlpet- gg%mfzzgg,lgﬁ(- ()b)NCfILatgilialongu, CY Ballestri, M
i : : : rganometallics , 14, . (c) Nakamura, T.; Yorimitsu, H.;
presence of stomhpmetng hydride sources has rgcelved mucighinokubo‘ H.; Oshima, KBull. Chem. Soc. Jpr2001, 74, 747. (d) Miura,
attention from the viewpoint of environmentally friendly and  K.; Ootsuka, K.; Hosomi, ASynlett2005, 3151.
(6) Indium and gallium hydrides: (a) Inoue, K.; Sawada, A.; Shibata,
I.; Baba, A.J. Am. Chem. So2002,124, 906. (b) Hayashi, N.; Shibata, I.;
(1) (a) Renaud, P.; Sibi, M. FRadicals in Organic SynthesigViley- Baba, A.Org. Lett.2005,7, 3093. (c) Takami, K.; Mikami, S.; Yorimitsu,
VCH: Weinheim, Germany, 2001. (b) Curran, D. P.; Porter, N. A.; Giese, H.; Shinokubo, H.; Oshima, Kletrahedror2003,59, 6627 and references
B. Stereochemistry of Radical Reactipfh€H: Weinheim, Germany, 1996. cited therein.
(c) Curran, D. P. InComprehensive Organic Synthesis; Trost B. M., (7) Dialkyl phosphites and hypophosphorous acid: Barton, D. H. R.;
Fleming, I., Eds.; Pergamon Press: Oxford, UK, 1991; Vol. 4, Chapter Jang, D. O.; Jaszberenyi, J.Z Org. Chem1993 58, 6838 and references
4.1-4.2, p 715. (d) Giese, Radicals in Organic SynthesiBormation of cited therein.

Carbon-Carbon Bonds; Pergamon Press: Oxford, UK, 1986. (8) (a) Corey, E. J.; Suggs, J. W. Org. Chem.1975, 40, 2554. (b)
(2) Boyer, |. J.Toxicology1989,55, 253. Giese, B.; Gonzalez-Gomez, J. A.; Witzel, Anhgew. ChemInt. Ed. Engl.
(3) Baguley P. A.; Walton, J. GAngew. ChemInt. Ed.1998,37, 3073 1984,23, 69. (c) Lopez, R. M.; Hays, D. S.; Fu, G. £.Am. Chem. Soc.

and references cited therein. 1997,119, 6949.
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Scheme 1
M-X M-H R-X + A
radical
mediator
hydride transfer radical addition
M-H M-X

R
. ~E
hydride source

We have recently developed the In(Oécatalyzed radical
reduction of organic halides with PhSHWith the aid of
2,6-lutidine and dry air, the catalytic system enables an
efficient reduction of various iodoalkanes in EtOH at room
temperatur€ We herein report that the reaction system using
In(OAc)s, PhSiH, 2,6-lutidine, and dry air is valuable also
for catalytic radical addition of organic iodides to electron-
deficient alkenes (M= X,In, M' = PhH,Si in Scheme 1).

In this context, Baba and Shibata have reported that similar
reaction systems using In(lll) catalysts and stoichiometric
hydride sources are usable for intermolecular radical
addition®@PHowever, the limited examples were not enough
to demonstrate the applicability and synthetic utility of these
systems. The reaction efficiency was not necessarily good
even with a large excess-{8.0 equiv) of alkenes. This paper
reveals that the In(OAg)catalyzed system using PhSiks
hydride source can be applied to a variety of organic iodides,

and that it realizes moderate to good yield of desired adducts

with 2—3 equiv of alkenes under mild, environmentally
friendly conditions.

1-lodododecane (la-l) anrt-butyl acrylate (2a) were
initially selected as substrates to optimize the reaction
conditions. On the basis of the conditions used for the In-
(OAc)s-catalyzed reduction of organic halidthe reaction
of 1a-1 (1 equiv) with2a (3 equiv) was carried out with
PhSiH; (1 equiv), In(OAc) (0.2 equiv), 2,6-lutidine (0.5
equiv), and dry air in EtOH at room temperature (entry 1 in
Table 1). The reaction under these conditions gave the
desired adducBaa in 50% yield with a 10% recovery of
la-l. Dodecane4a) and adducba were also formed as
byproducts. The latter byprodush consists of one molecule
of 1a-l and two molecules d?a. With an increased amount
of PhSiH; (2 equiv), the yield oBaawas improved to 66
67% (entry 2). The control experiment without 2,6-lutidine
resulted in a lower yield o8aa (entry 3). Reproducible
results were not obtained in the absence of air. Addition of
H,O did not affect the yield oBaa; however, it decreased
unidentified byproducts to facilitate the isolation 3da by
silica gel column chromatography (entry 4). Use of 1 or 2
equiv of 2a still led to a similar yield of3aa (entries 5—7).
As expected, the equimolar reactionlaél with 2aincreased
the amount ofda and suppressed the formation 5.

Under the conditions of entry 4 in Table 1, the reaction
of iodocyclododecane (1b-l) witBa resulted in low yield
of the desired addu@ba and recovery ofLb-I (Scheme 2).
In this protocol, 2,6-lutidine was introduced into the reaction

(9) Miura, K.; Tomita, M.; Yamada, Y.; Hosomi, Al. Org. Chem2007,
72, 787.
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Table 1. Addition of 1-lodododecane ttert-Butyl Acrylatet
PhSiHs, cat. In(OAc)s

n-CiHasl + 2 C0,tBu .
2,6-lutidine, air

1a-l 2a EtOH, i, 1.5h
CO,t+-Bu
n-CioHos o~ + nCioHos + \/(\ 2
-Bi
COzBu B mCets oo 80
3aa 4a 5a
GC yield/%
entry  2al/equiv  PhSiHg/equiv 3aa 4a 5a
10 3 1 50 11 8
2 3 2 60—67¢  7-10c 12
34 3 2 53 9
4e 3 2 67 (64 14
5 2 2 64 6 12
6e 2 2 65 (56) 11 10
7 1 2 (63Y 22 5

aUnless otherwise noted, all reactions were carried out Wittf0.50
mmol),2a(1.50, 1.00, or 0.50 mmol), PhSiKD.50 or 1.00 mmol), In(OAg)
(0.10 mmoal), 2,6-lutidine (0.25 mmaoal), dry air (4.8 mL), and EtOH (1.0
mL) under N (2 L balloon) at room temperature for 1.5 *hla was
recovered in 10% GC yield.The results of three rungWithout 2,6-
lutidine. € H,0 (0.25 mmol) was used as an additi?&@he isolated yield is
shown in parentheses.

flask last of all at a 2630 s interval after the addition of
PhSiH; (see the Supporting Information). We found that the
addition of 2,6-lutidine after an interval of 10 min was

Scheme 2

PhSiHs (2 equiv)
In{OAc); (0.2 equiv)
_——
2,6-lutidine (0.5 equiv)
air, H,O (0.5 equiv)
EtOH, 11, 1.5h

CO,t+Bu
c-CizHzs + \/(\ 2
~TTO0:BU T ey COLBU

3ba 5b
22%
63%, 70%"
59%

¢-CioHogl  +

1b-]

2a
(3 equiv)

Normal protocol:
Modified protocol:
No 2,6-lutidine:
*With 2 equiv of 2a.

17%, 6%"
14%

effective in the intermolecular reaction. With the modified
protocol, the reaction using 2 equiv @& afforded3ba in
70% isolated yield. In the absence of 2,6-lutidiBba was
obtained in slightly lower yield.

The scope and limitations of the In(OAatalyzed
intermolecular addition are summarized in Table 2. The
addition of la-l and 1b-lI to ethyl acrylate Zb) and
acrylonitrile (2c) proceeded in moderate to good yields
(entries -3 and 5). 1-lodoadamantani&c{l), a tertiary-
alkyl iodide, smoothly added t®a (entry 7). The reactions
without 2,6-lutidine showed lower efficiency, proving its
effectiveness in the present reaction system (entries 4, 6, and
8). 1-Bromododecanel&Br) was quite unreactive t@a
irrespective of the presence of 2,6-lutidine (entries 9 and 10).
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Table 2. Addition of Haloalkanes to Electron-Deficient

Alkeneg
PhSiHs, cat. In(CAc)s
2,6-lutidine, air, H,O

R-X + A°E Re™E
EtOH, rt, 1.5 h
1-X  2a, E=CO,tBu  method AorB 3
2b, E = CO,Et
2¢, E=CN
product,
isolated
entry R—X 2 method® yield/%
1 n-Cle%I (la-I) 2b A 3ab, 61¢
2 1a-I 2c A 3ac, 76¢
3 c-C12HasI (1b-1) 2b Ad 3bb, 65
4 1b-1 2b B 3bb, 59
5 1b-I 2¢ Ad 3bc, 74
6 1b-1 2¢ B 3bc, 55
7 1-Ad-I (1e-D) 2a A 3¢, 63
8 le-1 2a B 3¢, 55
9 n-C12HosBr (1a-Br) 2a A 3aa, 0
10 la-Br 2a B 3aa, 0
11 C—ClgHngI‘ (].b—BI‘) 2a A 3ba, 71
12 1b-Br 2a B 3ba, 35
13 1-Ad-Br (1¢-Br) 2a A 3¢, 30
14 1c-Br 2a B 3¢, <5
15 PhCO2(CHg)sI (1d) 2a A 3d, 61, 56¢
16 MeC(O)(CHy)sI (1e) 2a A 3e, 56
17 TBSO(CHy)sI (1f) 2a A 3f, 50
18 n-CsH170(CH2)3I (lg) 2a A 3g, 55
19 HO(CHy)sI (1h) 2a A 3d, 69
20 1h 2¢ A 3he, 75
21 MeCH(OH)(CH2)1:I (1i) 2a A 3ia, 63
22 1i 2¢ A 3ic, 83
23 PhI (1j) 2a Af 3j, 75, 718
24 1j 2a Bf 3j, 238
25 1j 2a Ah 3j, <568
26 4-MeCgH4l (1k) 2a Af 3k, 52, 55¢
27 4-MeOCgH4I (12) 2a Af 3L, 54
28 4-HOCgH4I (1m) 2a A 3m, 65°

aUnless otherwise noted, all reactions were carried out Wi{l0.50
mmol), 2 (1.50 mmol), PhSikl (1.00 mmol), In(OAc3 (0.10 mmol), dry
air (4.8 mL), HO (0.25 mmol), and EtOH (1.0 mL) under R L balloon)
at room temperature for 1.5 hln method A, 2,6-lutidine (0.25 mmol)
was used as an additive. In method B, 2,6-lutidine (0.25 mmol) was not
used.® The result with 1.00 mmol of. 92,6-Lutidine was added at an
interval of 10 min after the addition of PhSiH To ease the isolation of
the producBha, it was converted int8d by treatment with benzoyl chloride
and pyridine.f An increased amount of dry air (9.6 mL) was usé@the
result without water? Without dry air.

In contrast, bromocyclododecand b{Br), a secondary
bromide, was reactive enough for the addition2&, and
the corresponding addu8ba was obtained in good yield
(entry 11). Without 2,6-lutidine, the yield &ba dropped
remarkably (entry 12). The difference betwetsBr and
1b-Br in reactivity is consistent with the previous result of
the reduction of these bromides by a similar reaction sy8tem.
1-Bromoadamantane (1c-Br) was not as reactivala8r
(entry 13).

The In(OAc)-catalyzed addition was applicable to func-

tionalized iodoalkanes as well as simple iodoalkanes (entries

15—22). The mild reaction conditions bring about high
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compatibility with oxygen functional groups such as ester,
ketone, ether, and alcohol. Particularly, iodoketdaadded

to 2a without carbonyl reduction (entry 16). The tolerance
of the carbonyl group is attributable to the low reactivities
of PhSiH; and indium hydride species as hydride nucleo-
philes?1°The addition of iodo alcoholsh and1i proceeded
efficiently without degradation of the hydroxy group (entries
19—-22). Our attempts at the reaction of 1-iodohexaha) (
with 2a were not successful. In this case, hydroxye&er
was formed in high yield by reduction of the formyl group
simultaneously with the carbon—carbon bond formation
(Scheme 3}°

Scheme 3

PhSiH; (1 mmol)
In{OACc); (0.1 mmol}

OHC

1n (0.5 mmol)

+

2a

2,6-lutidine (0.25 mmol)

air (4.8 mL), EtOH (1 mL)
rt, 1.5h

(1.5 mmol)

HO~ -~ ™~"co,tBu

6, 84%

lodoarenes also underwent the In(OAcatalyzed inter-
molecular addition to electron-deficient alkenes (entries 23
and 26—28). Oxygen functional groups on the benzene ring
remained intact under these conditions. 2,6-Lutidine and air
played critical roles also in the reaction of iodoarenes. For
example, the addition of iodobenzene (1j) to @sing both
additives gavej in 71% vyield. In the absence of 2,6-lutidine
or air, the yield dropped to 23% 615%, respectively (entries
24 and 25). HO was not effective in acceleration of the
reaction (entries 23 and 26), but helpful for reduction of
byproducts as in the reaction té-I.

A plausible mechanism for the present reaction is shown
in Scheme 42°The first step is the formation of (Ac@hH
by hydride transfer from PhSgto In(OAc). The indium
hydride undergo H-abstraction by, @ air to give (AcO}-
In* (i.e., (AcO}In(Il)). The active species abstracts halogen
from a halidel (R—X) to generate the corresponding carbon
radical R and (AcO}InX. The addition of Rto an alken&
followed by H-abstraction from indium hydrides{H) gives
the corresponding addu@& with regeneration of indium
radicals (In). The indium salt formed, (Ac@nX, is
converted intdn-H by the reaction with PhSitin EtOH.
The formation o# is the result of direct H-abstraction of R
from In-H. The successive addition of B two molecules
of 2 forms the adduch. The present system enables proper
control of the concentration ofih-H to avoid these side
reactions.

The effect of 2,6-lutidine on reaction efficiency was
remarkable in the reaction of less reactive substrates such

(10) We have previously reported that the In(OAcatalyzed reaction
of a-enones with PhSiilin EtOH gives ketones by 1,4-reduction without
overreduction leading to alcohols, and that the reduction system is effective
in the conversion of aldehydes into alcohols. Miura, K.; Yamada, Y.; Tomita,
M.; Hosomi, A. Synlett2004, 1985.
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Scheme 4

SiH
I{OAC); —— (AcO)oInH

0, l

3 1

ine

SFH

In-H InX —> InH

R 2 Re

TN

5 \_< a
2

In=Y,In (Y = AcO, EtO, halogen)
Si=PhH,Si

In conclusion, we have developed a new method for tin-
free radical addition of organic iodides to electron-deficient
alkenes, which realizes high compatibility to functional
groups as well as mild, environmentally sound reaction
conditions. The present study has demonstrated that indium
catalysis is valuable not only for radical reduction and radical
cyclization but also for intermolecular radical addition. On
the basis of the indium catalysis, more cost-effective methods
for radical reactions using inexpensive hydride sources and
bases are now under investigation.
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as bromoalkanes and iodoarenes. As reported previously, 2,6- Supporting Information Available: Procedure for the
lutidine would serve for neutralization of the reaction system, Synthesis of functionalized iodoalkanes and the In(QAc)

which prevents the solvolysis of PhSilith EtOH. The
diminished effectiveness of 2,6-lutidine in the reaction o
iodoalkanes is attributable to their fast reaction prior to the

solvolyss.

136

catalyzed intermolecular addition, as well as analytical and

¢ spectral characterization data. This material is available free

of charge via the Internet at http://pubs.acs.org.
OL702712D
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