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General Introduction

The importance of indium chemistry has been almost entirely due to the significance of indium
semiconductors and other relevant materials. However indium has recently emerged as a metal of high
potential in organic synthesis because of certain unique properties that it possesses. Indium metal is
unaffected by air or oxygen at ambient temperatures and can be handled safely without any apparent toxicity.
Indium chemistry directed towards organic synthesis closely parallels the chemistry of certain transition
metals and other heavier main group elements such as zinc and tin, making possible a wide variety of organic
useful transformations known for these metals.*

What are the 'appealing' properties of indium making it different from most other elements used as
reagents in similar reactions like magnesium, zinc, tin, and others? The most appealing point is that, its first
ionization potential is much lower than that of zinc or tin, and for that matter, even magnesium. In addition,
the difference between the second and third ionization potential in indium is much smaller than that in zinc
(Table 1). If the reactions of organic compounds with metals proceed through a single electron transfer (SET)
mechanism, indium may well be effective in such reactions.?

Table 1. First to Fourth lonization Potential of Some Metals

lonization Potential (eV)

Metal

I ] i v
Indium 5.785 18.86 28.03 54.4
Aluminum 5.984 18.82 28.44 119.96
Magnesium 7.646 15.035 80.143 109.29
Zinc 9.39 17.96 39.7
Tin 7.34 14.63 30.49 40.72

The first example of an indium-mediated reaction was published by Rieke and co-worker in 1975. To
accomplish the reaction, they used especially activated indium metal prepared from indium chloride and
potassium metal. This activated indium efficiently mediated the Reformatsky-type reaction of ethyl
bromoacetate with carbonyl compounds (Scheme 1).2

Scheme 1. Indium-Mediated Reformatsky-Type Reaction

InCl; + 3K In*  + 3KCI
Xylene, reflux

2In*  + 2BrCH,CO,Et INBr(CH,COzEt),  +  InBr
Xylene, 55 °C
O H3O+ OH
INBr(CH,COEY,  + I AN CHACO,E
R® "R® Xylene, 55°C, 2 h R' 2



Since 1988 when Araki and Butsugan used indium for the Barbier-type addition of allyl bromide to
carbonyl compounds, synthetic use of indium metal has attracted considerable attention from many research
groups working on the development of new synthetic methods, and a number of indium-mediated reactions
have been reported (Scheme 2).*

Scheme 2. Indium-Mediated Barbier-Type Reaction

3R- + 2In — In In

RL = allyl
R? = alkyl, alkenyl, aryl
R3 = H, alkyl

Although some indium-mediated reactions are unprecedented in organic synthesis and offer inherent
advantages over other metals and organometallics, the reactivity and selectivity of indium species in organic
solvents are, in many instances, comparable to those of zinc®, tin® and other metal species.” At this stage of
knowledge, one could consider organoindium compounds as reagents looking for a problem. The recent
development of aqueous organometallic reactions, assisted by elemental metals and water-tolerant
organometallics, has turned considerable attention to the use of indium species in view of its exceptional
stability to air and water. In fact, synthetic reactions in aqueous media evidence the advantages of indium
reagents. For example, indium metal effects the allylation of aldehydes and ketones with allyl halides in
water at room temperature without inert atmosphere (Eq. 1).2

@] In OH
X
RlJJ\RZ + \/\ RlM (1)
X =1, Br, Cl

Lewis acids play a vital role in synthetic organic reactions since their use avoids the conventional,
traditional and corrosive or harsh acid-catalyzed route. Lewis acids most habitually encountered in organic
synthesis are AlCls, BFs-Et,0, ZnCl, and SnCl,. Even though indium belongs to the same group in the
periodic table as boron and aluminum, indium salts as Lewis acids for organic reactions had not been
exploited unlike the other Lewis acids.® But recently, it has been proven that indium salts are mild,
worthwhile Lewis acids. In 1990, Mukaiyama and Kobayashi reported that a chlorotrimethylsilane-indium
(11) chloride complex is effective in promoting the carbon-carbon bond-forming reaction of O-trimethylsilyl
monothioacetal with silylenolates (Eq. 2). Since this pioneering work, indium salts have frequently been used
as Lewis acids for a wide variety of organic transformations.%

EtS OSiMes OSiMe;  |ncl,, TMSCI SEt O
3
1 2 + R A M na 1M 4 )
R® R R CH,Cl,, 0°C to rt R R

R2 R3

Indium salts such as indium halides are useful for the syntheses of aryl hydrazides,® 2-haloamines,®
cis-aziridinecarboxylates,® chiral furan diol,% quinolines,®" and homoallyl acetates.®® They serve as efficient
catalysts for various synthetic reactions: reductive Friedel-Crafts alkylations of aromatics with ketones and
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aldehydes,*™ the allylation of acid chlorides with allylstannanes,® the insertion of a-diazoketones,® Biginelli
reaction,” conjugate addition of indoles to electron-deficient olefins,®™ Diels—Alder reactions (Eg. 3),°™
Pechmann reactions (Eq. 4),% Hosomi—Sakurai reactions (Eq.5),% and so on.%°

Me Me
— cat. InCl; /
0+ D
0] MeNOz, 20-15°C @]
\) o\)
RZ
X O O cat. InCl3 = 2
RIT NS R @
ZNOH R? OEt AcOEt, reflux X N0 Yo
O . OH
. cat. InCl; + Me3SiCl
SiMe 5
Ph)J\H ¥ i ’ CHCly, 1t Ph)\/\ ©

Indium(I11) chloride (InCls) is relatively stable in aqueous media although it acts as a mild Lewis acid.
For this reason, InCls has been used as Lewis acid catalyst for synthetic reactions in H.O such as
ring-opening reactions of o,B-epoxycarboxylic acids (Eq. 6),}** Mukaiyama and direct aldol reactions (Eq.
7),2¢11 Diels—Alder reactions (Eq. 8),%¢ and so on .t

R? Rt HO R!
o) cat. InCl N N
RY COOH 3 : :
DUANS +  Nax X>\<COOH N RZB\<COOH )
R2 R3 X = Br, | pH 201 HZOI ~3 H ; R3
0°Cor40°C R?O X
i VOiSiM% cat. InClg OH O
2
1 + R~ 3 1 3 (7)
R* H R H,0, 23 °C R R
R2
cat. InCl3
@ +  ZOEWG 2 ®)
H,50, rt
EWG

The mild Lewis acidity of InCls allows, the direct aldol reactions of various ketones with glyoxylic
acid and glyoxylates under solvent-free conditions (Eq. 9).1

O O O OH

cat. InCl
ri__R? 4 HJ\H/OH i RY(R?) OH
o)

)
neat (sonication), —30 °C
( ) (RHRZ O



Chiral indium catalysts prepared from indium salts and homochiral ligands are valuable for catalytic,
asymmetric carbon—carbon bond formation. Particularly, Loh and co-workers have reported highly
enantioselective allylation of carbonyls using a chiral indium catalyst derived from BINOL (Eq. 10).%

(R)-BINOL-In(lll) complex

o (20 mol%) R2 OH

IS

+ /\/SI’IBU3 (10)

1 2 1
R R 4AMS, CH,Cl, REX™TON

(R)-BINOL

Indium salts are effective not only in carbonyl activation but also in the activation of carbon—carbon
triple bonds. The role as n-Lewis acid enhances the reactivity of alkynes to nucleophiles.’* For example,
Shirakawa and co-workers reported a Friedel—Crafts type alkenylation of arenes with 1-aryl-1-alkynes under
catalysis by indium(lll) triflate (In(OTf)s).¢ A plausible mechanism for this alkenylation involves
zwitterionic species A or an indium-alkyne complex B, which causes electrophilic substitution of arenes to
give 1,1-diaryl-1-alkenes (Eq. 11).

©
@ \\ln(OTf)g
Ph?&g
Me
A
IN(OThH; Ph  H
Ph—=—Me + Ar-H or — x< (11)
Ar Me
(0T
Ph—==—Me
B

This research group has previously reported the In(OTf)s-catalyzed intramolecular allylation of

alkynes with allylsilanes (Eg. 12). Also in this reaction, In(OTf); would act as n-Lewis acid to activate the
triple bond.4¢

E — R3
E In(OTf), E ~ RS
Si (12)
o N MeCN,rt E
R2 R1 R2
E = MeO,C

Si = SiMe3, SiMe,Ph



Indium hydrides were not utilized for synthetic reactions, though they had been known since the old
days.?® It is probably because indium hydrides are unstable and less reactive to carbon electrophiles. In
particular, indium trihydride (InHs) is readily decomposed into indium metal and hydrogen.*® Wiberg and
Schmidt, who first prepared InHs, disclosed its reducing ability: acetamide, acetonitrile, butanoic acid, and
quinone were reduced with InHs, whereas butanal, benzaldehyde, and 4-butanolide were inert.}” Butsugan
and Araki demonstrated that lithium phenylindium hydrides (LiPhInH; and LiPh;Hy) are useful for selective
reduction of various organic compounds. These reagents can reduce esters and epoxides at room temperature.
NaBH. does not reduce these compounds under the same conditions. Unlike LiAlH., LiPhInH3 and LiPhInH;
are unreactive to nitriles. Therefore, these lithium phenyl indium hydrides are roughly intermediate between
LiAIH, and NaBHy in reducing ability (Eq. 13).%8

/©/COZEt LiPhinH or LiPh,InH, /©/CH20H
(13)
(o]
Br Et,0, 0 °C B

Baba and Shibata reported that HInCl,, prepared from InCl; and BusSnH,?° mediated radical
reductions of organic halides. Then they developed an InCls-catalyzed radical reduction using NaBH, as the
stoichiometric reducing agent. In this reduction, HInX> (X= halogen) is regenerated in situ by the reaction of
InX3 with NaBH4.?° Carbon radicals generated from organic halides by this method are useful for
intramolecular radical addition to alkenes. Similar catalytic systems have recently been achieved by using
other hydride sources such as DIBAL-H,?! Et;SiH,?? and so on.? Radical-initiated addition of HInCl, to
alkynes provides a stereoselective route to vinylindiums. HInCl; is effective also in reduction of aldehydes
and electron-deficient alkenes by a polar process.

cat. InCls
R-X  + M-H

RH + MX (14
rt

M-H = BugSnH, NaBH,, DIBAL-H, EtgH

Continuous efforts to develop synthetic use of hydrosilanes have been made in this laboratory. In
general, hydrosilanes are insensitive to carbon electrophiles. Activation of hydrosilanes with an additive is a
solution for an efficient reduction of carbon electrophiles. This laboratory previously developed the
CuCl-promoted 1,4-reduction of a-enones with hydrosilanes (Eq. 15). A proposed mechanism involves a
copper hydride species as an active reducing agent, which is generated by transmetalation between
hydrosilanes and CuCl (Eqg. 16). The author therefore focused his interests on catalytic activation of
hydrosilanes with other metal salts. As the results of many attempts, he found that indium(lll) acetate
(In(OAC)3) effectively promoted the reduction of a-enones with phenylsilane (PhSiHs). Thus the catalytic
system using In(OAc)s and PhSiH3z was applied to reduction and carbon—carbon bond formation of carbon
electrophiles.

R R4 R R4

PhMe,SiH cucl 20 (15)
[ShYe]] +
2 RZJ\AO DMI, 1t RZJ\(&o

R3 R3




R3SIH + CuCl W’ RsSICI + (16)

This thesis consists of the following three parts.

(1) Indium(l)-Catalyzed Reduction of Carbonyl Compounds with Phenylsilane and Its Application to
Carbon-Carbon Bond Formation

(2) Indium(Il)-Catalyzed Reduction of Organic Halides with Hydrosilanes via a Radical Chain Process

(3) Indium(Il)-Catalyzed Intermolecular Radical Addition of Organic Halides to Electron-Deficient Alkenes

In Chapter 1, the author mainly described the In(OAc)s-catalyzed reaction of a-enones with PhSiHs.
He found that In(OAc); catalyzed the 1,4-reduction of a-enones with PhSiHzin EtOH at room temperature
(Eqg. 17). A plausible mechanism for this reduction involves the formation of an indium hydride species, its

1,4-reduction to a-enones, and solvolysis of the resultant indium enolate. This catalytic system is unable to
reduce of aldehydes.

o) cat. In(OAc)3, PhSiH;

le/\ R2

R! and R? = Ph, Me, etc.

Olan

O

2
EtOH R

The indium enolate intermediate was successfully utilized for inter- and intramolecular
carbon—carbon bond formation. Thus the In(OAc)s-catalyzed reaction of a-enones with PhSiH; and
aldehydes gave aldols in moderate to good yield with syn-stereoselectivity (Eg. 18). In the intramolecular
version, the enolate intermediate added smoothly to formyl and acetyl groups (Eq. 19) and an enone moiety
(Eq. 20).

)OK/\ cat. In(OAc)3, PhSiH; O OH
+  1-NpCHO > )J\(k (18)
ph” F EtOH Ph 1-Np
Et
O (@] (6]
cat. In(OAc)3, PhSiH; R OH
P R >  Ph (19)
THF, EtOH (1 equiv)
R =H, Me
© 0
@) | Ph cat. In(OAc)3, PhSiH3 0 .)]\Ph

Y

5 (20)
PR THF, EtOH (1 equiv) Ph)‘\o



Chapter 2 discloses the In(OAc)s-catalyzed hydrodehalogenation of organic halides with PhSiHs. The
In(OAC)s—PhSiH3 system is effective also in highly chemoselective reduction of bromo- and iodoalkanes (Eqg.
21). The reduction mechanism includes a radical chain process via carbon radicals, in which an indium
hydride species acts as an active reducing agent and an chain carrier. The intermediary carbon radical is
valuable for intramolecular carbon—carbon bond formation (Eq. 22).

cat. In(OAc)3, (additive)

RPX +  PhSiH3 RPH  (21)
THF or EtOH

cat. In(OAc);3

OO~ PhSiH3, Base 0o
\/ﬁ/ . 22)
[II solvent @

i-Pr

Base = K,CO3 or 2,6-lutidine

It was also found that the combination of gallium(lll) chloride (GaCls) with
poly(methylhydro-siloxane) (PMHS) serves for radical reduction of organic halides (Eq. 23). This reduction
system, however, is not tolerant to polar functional groups.

cat. GaCls, air

RPX + PMHS RPH (23)
DME

Chapter 3 deals with the application of the In(OAc)s—PhSiH;z system to intermolecular radical
addition of organic halides. In the presence of In(OAc)s and PhSiHs, iodoalkanes added smoothly to
electron-deficient alkenes. Use of 2,6-lutidine and air as additives improved the reaction efficiency (Eq. 24).
Simple and functionalized iodoalkanes and iodoarenes are applicable to this intermolecular addition.

cat. In(OAc)3
PhSiH3, additive

N-Cq5Hcl + = . > CO,t-Bu
12H25 CO,t-Bu Con N-CpoHps™ > (24)

additive = air, 2,6-lutidine, H,O
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General Method

Unless otherwise noted, all reactions and distillation were carried out under N». Solvents were dried by
distillation from sodium metal/benzophenone ketyl (THF, Et,O), CaH, (MeCN, CH.Cl,, CHCIs), and
magnesium (MeOH, EtOH). Haloalkanes were distilled from pure copper wires and stored in the presence of
copper splinter. Me;SiOS(0).CF; (TMSOTT) were simply distilled and stored as a CH.Cl; solution (1.0 M).
Amines, H>O, and PhSiHz were simply distilled. All other commercially obtained reagents were used as
received. Gas chromatography was carried out with Shimadzu GC-8A (Shimadzu glass column 8G, 3.2 mm X
2.0 m; 15% of SE-30 on Chromosorb WAW-DMCS 60-80 mesh; 60 mL/min N,) and GC-17A (Restec
capillary column, 0.25 mm x 30 m; Crossbond® 100% dimethyl polysiloxane 0.25um; 40 mL/min Na).
Boiling points were determined by measuring the temperature of steam at the inlet of condenser. Bath
temperature was employed as boiling point in distillation using Kugelrohr apparatus. Infrared spectra were
measured with a JASCO FT/IR-230 spectrophotometer. *H NMR spectra at 270 MHz and **C NMR spectra
at 67.7 MHz were recorded on a JEOL JNM-EX270 instrument. The chemical shifts (8) are reported with
reference at 0.00 ppm (MesSi), 7.26 ppm (CHCls), 7.20 ppm (CsDs), or 127.95 ppm (centered on the signal
of C¢Dg) for the carbon. Mass spectra were measured (by EI method) on a Shimadzu GCMS-QP5000 and
QP5050 instruments. Elemental analysis was performed by the Analysis Center of University of Tsukuba.
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Chapter 1

Indium(IIT)-Catalyzed Reduction of Carbonyl Compounds with

Phenylsilane and Its Application to Carbon—Carbon Bond Formation

Abstract

A catalytic amount of indium(IIl) acetate smoothly promoted 1,4-reduction of certain a-enones with
phenylsilane in ethanol at ambient temperature. Aldehydes were also reduced to alcohols under these
conditions. The intermediary enolates in the reduction of o-enones could be used for inter- and
intramolecular aldol reactions and intramolecular Michael addition.

0 cat. In(OAc);3 0
+ PhSiH,
Falil\/A R2 EtOH, rt R1J\A R2
1
0] OH
cat. In(OAc);
1 + RCHO * PhSiHg R? R2
EtOH, 0 °C
R
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1. Introduction

Catalytic 1,4-hydrometalation of ai-enones provides a reliable and efficient method for regioselective
formation of metal enolates."* Recently, much attention has been paid for the development of catalytic
systems effecting both the enolate formation and the subsequent reaction with coexistent carbon
electrophiles.”” Some transition metal salts and complexes work as effective catalysts of this tandem process.

37 were utilized only for reductive aldol

All catalytic systems except those reported by Krische’s group
reactions of a-enones with aldehydes.

The author herein discloses that In(OAc); efficiently catalyzes the reduction of certain o-enones,
aldehydes, and the related compounds with PhSiHs. The reduction of a-enones proceeds via a 1,4-hydro-
metalation. The intermediary enolates can be used for carbon—carbon bond-forming reactions with aldehydes,
ketones, and a-enones. In this context, Ranu and co-workers have reported the InCls-catalyzed 1,4-reduction
of electron-deficient alkenes with NaBH4.® They proposed that HInCl, generated from InCl; and NaBH,4
should be the actual reducing agent. Quite recently, Baba and Shibata have reported a similar catalytic
system for reductive aldol reaction, in which InBr; and Et;SiH are used as catalyst and reducing agent,
respectively.’ In this chapter, the author describes an environmentally benign method for reductive aldol

reaction, in which EtOH is used as solvent.
2. Results and Discussion

2.1. 1,4-Reduction of a-Enones

The author initially found that several indium salts catalyzed the 1,4-reduction of (£)-1,3-diphenyl-2-
propen-1-one (chalcone, 1a) with PhSiH; (Table 1). For instance, the In(OAc)s-catalyzed reaction in THF at
70 °C gave ketone 2a as the major product along with a significant amount of dimerization product 3a (entry
3). InCl; catalyzed the reaction of 1a with PhSiH; at room temperature; however, the use of InCl; resulted in
an increased amount of 3a (entry 1). In(OH); and In(acac); as well were not suitable for the 1,4-reduction of
1a (entries 4 and 5).

Table 1. Indium(IIl)-Catalyzed 1,4-Reduction of a-Enone 1a with PhSiH;

0] _ InX3 (10 mol%) (0] i
Ph)J\/ﬂPh " s Solvent, 24 h Ph)J\/\ Ph ' phcg; o
la 2a Ph

3a

Entry InXs Solvent Temp / °C Isolated Yield / %

2a 3a

1 InCl3 Et,O rt 29 49

2 In(OTH); Et,O rt Complex mixture.

3 In(OAc)3 THF 70 56 26

4 In(OH)3 THF 70 19 10

5 In(acac); THF 70 34 65

14



?Unless otherwise noted, all reactions were carried out with 1a (208 mg, 1.00 mmol), PhSiH3 (108 mg, 1.00 mmol), and
InX3 (0.10 mmol) in solvent (2.0 mL) for 24 h.

The In(OAc)s-catalyzed reaction was next optimized for selective 1,4-reduction of 1a. The formation
of 3a is attributable to the Michael addition of indium enolate intermediate 4a to 1a. Therefore, proton
sources such as water and EtOH were used to suppress this side reaction by protonation of 4a (entries 2 and
3 in Table 2). As a result, the addition of EtOH was found to be effective not only in suppressing the
formation of 3a but also in accelerating the 1,4-reduction of 1a. The use of EtOH as solvent further enhanced
the reaction rate to allow the reduction to proceed at room temperature (entry 4). Thus the
In(OAc);-catalyzed reduction of 1a with PhSiH3 in EtOH was completed in 1.5 h at room temperature to
give 2a in 90% yield." Use of a half amount of PhSiH; lowered the yield to 62% (entry 5). Other
hydrosilanes (Et;SiH, PhMe,SiH, and poly(methylhydrosiloxane)) did not cause the reduction of 1a under
the same conditions.

Indium metal was deposited under the reaction conditions of entry 4. Since indium trihydride is
known to easily decompose to indium metal and H,'° this observation is indicative of the formation of
indium hydride species. Without In(OAc)s, the reduction of 1a did not proceed at all (entry 6). Accordingly,
indium hydride species would act as the actual reductant.

Table 2. Optimization of Reaction Conditions for In(OAc);-Catalyzed 1,4-Reduction”

In(OAc)3 (10 mol%) OInX,
la + PhSiH;3 » 2a + 3a S
Ph Ph
4a
Entry Solvent Additive  Temp/°C  Time/h Isolated Yield / %
2a 3a
1 THF none 70 24 56 26
2 THF H,0? 70 24 67 trace
3 THF EtOH? 70 3 76 trace
4 EtOH none rt 1.5 90 0
5¢ EtOH none t 1.5 62 0
6 EtOH none rt 1.5 0 0

“Unless otherwise noted, all reactions were carried out with 1a (208 mg, 1.00 mmol), PhSiH3 (108 mg, 1.00 mmol), and
In(OAc); (30 mg, 0.10 mmol) in solvent (2.0 mL).

b One equivalent (1.00 mmol) of H,O or EtOH was used.

¢ A half amount of PhSiH3 (0.50 mmol) was used.

4Without In(OAc)s.

The In(OAc)s-catalyzed system using EtOH as solvent was applied to the reduction of some
o,B-unsaturated carbonyl compounds (Table 3). Similar to 1a, (E)-1-phenyl-2-buten-1-one (1b), 1-phenyl-
2-propen-1-one (1¢), and (£,E)-1,5-diphenyl-1,4-pentadien-3-one (1d) underwent 1,4-reduction to give the
corresponding ketones 2 in good yields (entries 1-4). In the case of 1d, a small amount of 1,5-diphenyl-
3-pentanone was formed by double 1,4-reduction. The reduction of (E)-4-phenyl-3-buten-2-one (le) gave
1,4- and 1,2-reduction products, 2e and Se, in low yields, and le was recovered in 75% yield (entry 5).
Similarly, (£)-3-decen-2-one (1f) was less reactive than 1a-d. Slow addition of PhSiHj slightly improved the
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yield of 2f (entry 6). 5-Phenyl-1-penten-3-one (1g), a vinyl ketone, showed high reactivity, but low
chemoselectivity (entry 7). The reduction of 1g gave allyl alcohol 5g in 23% yield.

The present catalytic system was ineffective in the reduction of ethyl cinnamate (1h) (entry 8). In the
case of cinnamaldehyde (1i), only the 1,2-reduction was observed (entry 9). The 1,4-reduction system was
applicable to benzylidenemalononitrile (6a), a highly electron-deficient alkene; however, diethyl benz-
ylidenemalonate (6b) was much less reactive than 6a (Eg. 1). Methyl trans-cinnamate, trans-cinnamonitrile
and ynones could not be reduced under the present conditions. The reduction of diethyl
acetylenedicarboxylate proceeded smoothly to give a mixture of diethyl fumarate and maleate (Eq. 2).

Table 3. Reduction of a,B-Unsaturated Carbonyl Compounds with PhSiH3"

o) In(OAC)3 (10 mol%) 0 OH
Rlﬂ\/\RZ " PhSiHs EtOH, rt, 1.5 h le/\Rz ' RlJ\/\Rz

1 2 5

Entry  Substrate Isolated Yield / %

R! R? 2 5

1 Ph Ph (1a) 90 0

2  Ph Me (1b) 84 0

3 Ph H (1¢) 93 0

4 (E)-PhCH=CH  Ph (1d) 72° 0

5 Me Ph (1e) 15¢ 8¢

6 Me n-Hex (1f) 3097 (54)“¢ 0

7 PhCH,CH, H (1g) 63 23

8 EtO Ph (1h) 0 0

9 H Ph (1i) 0 80

“Unless otherwise noted, all reactions were carried out with 1 (0.50 mmol), PhSiH3 (54 mg, 0.50 mmol), and In(OAc);
(15 mg, 0.05 mmol) in EtOH (1.0 mL) at room temperature for 1.5 h.

b 1,5-Diphenyl-3-pentanone also was obtained in 14% yield.

¢The yield was determined by '"H NMR analysis using benzyl acetate as the internal standard.

4 The reaction was run for 24 h.

¢ The result in parentheses was obtained by the following method. PhSiH3; was dropwise added to the mixture of 1f,
In(OAc);, and EtOH over 1 h. The resultant mixture was stirred for 24 h.

E IN(OAC)3 (10 mol%) £
+ PhSIH . "
Ph ~ 3 Ph
\AE (lequiv)  EtOH. 1t 15h Q\E
6a, E = CN: 7a, 89%
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CO,Et
Etozc/\/ 2 72%
In(OACc)3 (10 mol%)

EtO,C—==—CO,Et + PhSiH,
(1 equiv) EtOH, rt, 1.5 h

+ )

EtO,C  CO,Et 14%

As described above, the In(OAc);-catalyzed reaction achieved an efficient 1,2-reduction of 1i. This
fact prompted the author to investigate the reactivities of aldehydes and ketones in the present reduction
system. The results of the reduction of aldehydes and ketones are summarized in Table 4. Aliphatic and
aromatic aldehydes were efficiently reduced to the corresponding alcohols, while ketones showed lower
reactivity than aldehydes. Use of 4-formylacetophenone led to chemoselective reduction of the formyl group

(Eq. 3).

Table 4. Reduction of Aldehydes and Ketones with PhSiH3"

0 In(OAc)3 (10 mol%) OH
RllkR2 oPnsi, EtOH, rt, 1.5-3.5h RlJ\R2
Entry R! R? Isolated Yield / %
1 1-Naphthyl H (8a) 82
2 n-Ci1Has H 81
3 Ph Ph 0
4 Ph Bu 7
5 Bn Me 18

@ All reactions were carried out with an aldehyde or a ketone (0.50 mmol), PhSiHs (54 mg, 0.50 mmol), and In(OAc);
(15 mg, 0.05 mmol) in EtOH (1.0 mL) at room temperature for 1.5 to 3.5 h.

O
In(OAC)3 (10 mol%)
CHs +  PhSiHg
CHO (1 equiv) EtOH, rt, ;.5 h
OH
CHg3 + CHg ()
OH OH
83% 14%

2.2. Reaction Mechanism for 1,4-Reduction

Dichloroindium hydride (Cl,InH) has been reported to be valuable for radical reduction of alkyl
halides."" The In(OAc)s-catalyzed reduction of 1a and I-naphthaldehyde (8a) gave 2a and
1-naphthalenemethanol efficiently even in the presence of galvinoxyl, a radical scavenger (Eq. 4). The
present 1,4-reduction would therefore not involve a radical chain mechanism although the deposition of
indium metal suggests the presence of indium hydride species. In the 1,4-reduction of 1a, the use of PhSiD3
instead of PhSiH; provided 2a-d by B-deuteration (Eq. 5), while the use of EtOD as solvent resulted in
a-deuteration (Eq. 6). Judging from these results, the present 1,4-reduction could proceed via the following
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mechanism (Scheme 1): (1) transmetalation between In(OAc); and PhSiH3 in EtOH forms an indium hydride
species (HInL,, L = OAc, OEt), (2) 1,4-addition of the hydride to an a-enone 1 leads to the corresponding
indium enolate 4, (3) solvolysis of 4 gives the 1,4-reduction product 2 and InLs, (4) transmetalation between
InL; and PhSiHj3 regenerates HInL..

In(OAC)3 (10 mol%) CH-OH
Galvinoxy! (10 mol%) 2

la or 8a + PhSiH; 2a or 4)
(1 equiv) EtOH, rt, 1.5 h

t-BU t_Bu
92% 81%
o C o
H
t-Bu  Galvinoxyl t-Bu
In(OAC)3 (10 mol%) o b
la + PhSiD; -
(1 equiv) EtOH, rt, 1.5 h ph/u\)\ Ph
2a-d
92%, 91%D
9 O
In(OAC)3 (10 mol%)
la + PhSiH; ©
Ph Ph
(1 equiv) EtOD, rt,1.5h !
2a'-d
89%, 91%D
In(OAC)3
PhSiH;
PhSiH,L
/k L2|nH X
PhSiH;
omL2
InL3 Rl \ n2
>—< 4 L=0Ac, OEt
2 EtOH
Scheme 1

2.3. Reductive Aldol Reaction of a-Enones

The mechanistic consideration induced the author to utilize the indium enolate intermediate 4 for
carbon-carbon bond formation. He thus examined the In(OAc)s-catalyzed reductive aldol reaction of
a-enones and aldehydes with PhSiHs. Initially, enone 1b and 1-naphthaldehyde (8a) were selected as the
substrates for optimization of the reaction conditions (Table 5). Expectedly, the reaction of 1b, 8a, and
PhSiH; (molar ratio = 1:1:1) at room temperature gave the desired aldol 9ba in 65% yield along with 2b
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(32%) and 1-naphthylmethanol (ca. 30%) (entry 1).'? This result indicates that the In(OAc)s-catalyzed
reduction of 1b is faster than that of 8a.!* The use of an excess amount of 8a improved the yield of 9ba
(entry 2). Lowering the reaction temperature brought about high syn selectivity, although the reaction rate
became much slower (entry 3). With a decreased amount of EtOH, 9ba was obtained in high yield with high
syn diastereoselectivity (entries 4 and 5).'4

Table 5. Optimization of Reaction Conditions for In(OAc)s;-Catalyzed Reductive Aldol Reaction”

IN(OAC)3
@] (10 mol%)
+ 1-NpCHO + PhSiH )J\l/l\ )kl/\
Ph)J\/\Me 8a ’ EtOH
1b
syn-9ba anti-9ba
Entry EtOH / mL Temp./°C Time/h Isolated Yield / % syn : anti
1° 1.0 rt 24 65 74 :26
2 1.0 rt 13 82 84:16
3 1.0 0 60 45 92:8
4 0.5 0 60 82 92:8
5 0.25 0 36 83 92:8

?Unless otherwise noted, all reactions were carried out with 1b (73 mg, 0.50 mmol), 8a (102 mg, 0.65 mmol), PhSiH3
(54 mg, 0.50 mmol), and In(OAc); (15 mg, 0.05 mmol) in EtOH.
> With 8a (0.50 mmol).

Table 6. Reductive Aldol Reaction of a-Enones 1, Aldehydes 6, and PhSiH;3"

0 In(OAC)3 (10 mol%) o o
RJK/\ R2 ' RCSHO " PhSi, EtOH, 0°C, 36 h Rllkﬁ\R
1 R2
9
Entry Substrates Yield / %" syn . anti
R! R? R
1 Ph Me (1b) 1-Np 83 92:8
2¢ Ph 84 92:8
3 p-MeOCsH4 96 96 : 4
4 Pp-NCC¢H,4 85 69 : 31
5¢ n-C7Hs 66 77 :23
6 c-Hex 37 72 :28
7 Ph Ph (1a) 1-Np 86 86:14
& Ph 94 87:13
9¢ n-C7His 71 70 : 30
10° c-Hex 53 71:29
11 Ph H (1c) 1-Np 92 92:8
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12° Me n-Hex (1f)  1-Np 49 87:13

13 Ph(CH). H (1g)  1-Np 59 81:19
14 Me H 1)  1-Np 47 88: 12
15 Ph 60 85: 15

?Unless otherwise noted, all reactions were carried out with 1 (0.50 mmol), 8 (0.65 mmol), PhSiH3 (54 mg, 0.50 mmol),
and In(OAc)s (15 mg, 0.05 mmol) in EtOH (0.25 mL) at 0 °C for 36 h.
bIsolated yield.

¢ The reaction time is 72 h.

The optimized conditions were applied to other combinations of enones 1 and aldehydes 6 (Table
6)."* The reductive aldol reaction of phenyl ketones 1a-¢ with aromatic aldehydes proceeded in high yields
with high syn diastereoselectivity except the case with p-cyanobenzaldehyde (entries 1-4, 7, 8, and 11). The
use of aliphatic aldehydes lowered the reaction efficiency and the syn selectivity (entries 5, 6, 9, and 10).'¢
Aliphatic a-enones also underwent the reductive coupling to give the corresponding aldol products in
moderate yields (entries 12-14).

The author tried the reductive aldol reactions of 1b with formaldehyde and ketones (cyclohexanone
and acetophenone) under the same conditions. However, no aldol adducts were obtained in both cases. The
reaction with formaldehyde resulted in a low yield of 2b. This result may be due to fast reduction of
formaldehyde with the indium hydride species. In the case with ketones, 2b was formed in good yield.
Therefore, the unsuccessful result is attributable to low reactivity of ketones to the indium enolate
intermediate 4b. The slow aldol process would allow ethanolysis of 4b leading to 2b.

2.4. Intramolecular Reductive Aldol Reaction of a-Enones

Our attention was next focused on intramolecular reductive coupling by the In(OAc);—PhSiH3 system.
The In(OAc);-catalyzed reaction of a-enone 10,7 bearing a formyl group, with PhSiH3; was performed under
similar conditions as those used for the intermolecular reductive aldol reaction (entry 1 in Table 7). However,
the desired cyclized product 11 was obtained only in a poor yield. The formation of reduction products 12
and 13 was favored over the intramolecular aldol reaction. Use of THF as solvent suppressed these side
reactions, although the conversion of 10 became slow (entry 2). In the presence of EtOH (1 equiv), the
cyclization of 10 in THF smoothly proceeded at reflux to give cis-11 in 77% yield (entry 5).'3' The trans
isomer of 11 was not obtained.

Table 7. Intramolecular Reductive Aldol Reaction of a-Enone 10¢

IN(OAC);
O (? (10 mol%t) O OH O (? O OH
Ph + PhSiH; — Ph * Ph * Ph
| additive
(1 equiv)
10 cis-11 12 13
Entry Solvent  Additive Temp. Time / h Isolated Yield / %
cis-11 12 13 10
1 EtOH none rt 4 11 15 26 -
2 THF none reflux 36 17 - - 54
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3 THF EtOH rt 24 23 - - 65
4 THF EtOH reflux 4 23 - - 59
5 THF EtOH reflux 8.5 77 - - 0

@ All reactions were carried out with 10 (101 mg, 0.50 mmol), PhSiH3 (54 mg, 0.50 mmol), and In(OAc); (15 mg, 0.05
mmol) in solvent (5 mL).

Under the reaction conditions of entry 5 in Table 7, enones 14a and 14b as well were efficiently
cyclized to aldols 15a and 15b, respectively (Eq. 7).!"!® The reaction of 14a afforded cis-15a with complete

stereocontrol.!” Enone 14b showed much higher reactivity than 14a, but the cyclization resulted in low
diastereoselectivity.
In(OAC)3 (10 mol%)
0] O 3 O
EtOH (1 equiv) OH
Ph + PhSiH; Ph Q)
| THF (0.1 M), reflux |
- n
14a:n=1 45 h 15a, 90%, cis : trans =>99: 1
14b:n=0 4.5h 15b, 85%, cis : trans = 62 : 38

2.5. Intramolecular Reductive Michael Reaction of o-Enones

As shown in Table 1, the indium(Ill)-catalyzed reduction system using PhSiH3 is usable for
dimerization of 1a by the Michael addition of indium enolate 4a to 1a. Therefore, the author tried an
intramolecular version of this reductive Michael reaction. The reaction of bis-enone 16a in THF without a
proton donor resulted in low conversion of the substrate. Use of EtOH as additive brought about fast
cyclization of 16a to 1,5-diketone 17a with complete trans selectivity (Eq. 8).!° Diketone 18a was also
obtained as a byproduct. The cyclization of bis-enone 16b, bearing an ethylene tether, proceeded smoothly
under the same conditions. In contrast, the reaction of bis-enone 16¢, bearing a longer tether, afforded
reduction products 18¢ and 19¢ without the desired product 17¢.

In(OAC)3 (10 mol%)
o O EtOH (1 equiv)

. .
P N e PhSiH,

THF (0.1 M), reflux

n O @]
poan=2 o Ph 0 Ph
‘n=
16c:n=2 " ph " P (8)
n n
45h trans-17a, 75% 18a, 15%
35h trans-17b, 85% 18b, 4%
5h 18c, 40% 19c, 37%

2.6. Reaction Mechanism for Reductive Aldol and Michael Reactions

A plausible mechanism for the In(OAc);-catalyzed reductive aldol reaction is shown in Scheme 2.
Similar to the case of the In(OAc);-catalyzed 1,4-reduction, it involves the formation of an indium enolate
intermediate 4 by 1,4-hydroindation of an a-enone with an indium hydride species. The aldol reaction of 4
with 8 gives an indium aldolate intermediate 20. Then ethanolysis converts 20 into the corresponding aldol 9
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and an indium salt (InL3). Transmetalation between InL3; and PhSiH3 regenerates an indium hydride species.

The successful reaction indicates that the aldol step is faster than ethanolysis of 4 to 2. However, as
shown in Table 5, the catalytic turnover of reductive aldol reaction is much slower than that of 1,4-reduction.
Judging from the fast aldol step, the rate-determining step should be ethanolysis of the aldolate 20.
Intramolecular coordination of the carbonyl oxygen to the indium center may stabilize 20 to decelerate the
ethanolysis step.

IN(OAC)3
PhSiH,
PhSiH,L
L,InH 1
PhSiH;
OlInL,
InL L = OAc, OEt
3 le\/\
4
X OlnL, /_\
EtOH Jkﬁ\
20
Scheme 2

As proposed by Baba and co-workers,’ the syn-selectivity of the present reductive aldol reaction is
attributable to the formation of (Z)-4 by a concerted hydroindation of the s-cis form of a-enones and
subsequent aldol addition via cyclic transition structure A (Scheme 3). Actually 2-cyclohenone, an s-trans
a-enone, did not undergo 1,4-reduction under the present conditions. However, we have no direct evidence
of the selective formation of (Z)-4.

Lyin. R? O  0InL,
e H OIan 8
) ; E— —_— e O E— 1
| ! 1 NN 2 R H =xe) R R
= R R 1~InL
1 2 2
R R (Z)-4 T Rl RZ
A syn-20

Scheme 3

The cis-selectivity of the cyclization of 10 and 14a can be rationalized by intramolecular aldol
reaction of intermediary (Z)-enolates 21 (R = H, Me) via bicyclic transition structure B (Scheme 4). In the
case with 14b, a high strain energy originated from the five-membered ring formation may reduce energy
difference between such a transition structure and other transition structures leading to trans-15b.
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O R OH

O|n|_2 (@) 0)
S —_— H K B\ / —_— Ph
Ph R |~|n|_2
R Ph
21, R =H, Me B cis-11,R=H
cis-15a, R = Me
Scheme 4

The reductive Michael reaction of 16 proceeds probably via indium enolate 22. Concerning transition
structures of the intramolecular reaction of 22, conformation C is energetically favored over C' because C is
sterically less hindered (Scheme 5). The observed frans-diastereoselectivity can be reasonably explained by

the cyclization via C.

4 OIn,
( Ph .
C(O)Ph
0 H
C
HInL, Ph
16 — — w trans-17
olnL, S
S C(O)Ph
e é PR n it 0 Ph
' 22 ( Ph —<K~
H Ph
H
c n
cis-17
Scheme 5

3. Conclusion

The author has found that the combination of In(OAc); and PhSiH; is quite useful for both
1,4-reduction of certain a-enones and their intermolecular reductive aldol reaction under mild conditions.’
The In(OAc);-PhSiH3 system is rather neutral (less Lewis acidic) and it works well in EtOH, a less harmful
solvent, at room temperature or 0 °C. This catalytic system is applicable to intramolecular reductive aldol

and Michael reactions with some modifications of the reaction conditions.
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4. Experimental Section

4.1. General Method
See page 11.

4.2. Access to Catalysts, Reagents, and Substrates

Indium salts, PhSiH;, some enones (la and 1d-f), o,p-unsaturated esters (1h, 6b, and diethyl
acetylenedicarboxylate), nitrile 6a, aldehydes, and ketones were purchased from chemical companies.
Indium salts were used as received. Other commercially available compounds were used after purification by
distillation or recrystallization. PhSiD3 and some enones (1b-¢, 1g, 10, 14a-b, and 16a-c) were prepared by
the known methods as described below. CAS registry numbers are shown in the title lines.

Trideuteriophenylsilane [18164-03-9]%°
PhSIiD,

A solution of trichlorophenylsilane (6.7 g, 32.0 mmol) in Et,O (60 mL) was dropwise added to a
stirred suspension of lithium aluminum deuteride (1.9 g, 45 mmol) in Et;O (30 mL) at 0 “C over 20 min.
The mixture was heated to reflux stirred and for 11 h. The resultant mixture was treated with D,O (5 mL) at
0 “C and poured into water. The extract with Et;O (20 mL X 2) was dried over NaSO4 and concentrated
under atmospheric pressure. Purification of the crude product by distillation gave the title compound (1.54 g,
14.2 mmol, >99%d) in 43% yield. Trideuteriophenylsilane: *H NMR (270 Hz, CDCls) § 7.32-7.62 (m, 3H),
7.58-7.62 (m, 2H).

1-Phenyl-2-buten-1-one (1b) [53931-59-2]%

Ph)%

Butyllithium (1.64 M in hexane, 37 mL, 60 mmol) was dropwise added to a solution of
diisopropylamine (8.4 mL, 60 mmol) in THF (150 mL) at 0 ‘C over 30 min. After being stirred for 30 min,
the mixture was cooled to —78 “C. Acetophenone (5.8 mL, 50 mmol) was dropwise added to the stirred
mixture. After 30 min, acetaldehyde (>90%, 3.7 mL, 60 mmol) was dropwise added to the stirred mixture.
After 30 min, the resultant mixture was treated with saturated aqueous NaHCO; (30 mL) at room
temperature, and extracted with t-BuOMe (20 mL X 2). The extract was dried over Na,SO4 and evaporated.
Purification of the crude product by silica gel column chromatography (hexane : AcOEt = 2 : 1) gave
3-hydroxy-1-phenyl-1-butanone in (5.5 g, 34 mmol) 67% yield. 3-Hydroxy-1-phenyl-1-butanone
[13505-39-0]: *H NMR (CDCls) & 1.31 (d, J = 6.3 Hz, 3H), 3.04 (dd, J = 17.8, 8.7 Hz, 1H), 3.19 (dd, J =
17.8, 3.6 Hz, 1H), 3.31 (d, J = 3.1 Hz, 1H), 4.35-4.48 (m, 1H), 7.45-7.63 (m, 3H), 7.94-7.97 (m, 2H).

Methanesulfonyl chloride (2.90 mL, 38.0 mmol) was dropwise added to a solution of
3-hydroxy-1-phenyl-1-butanone (5.52 g, 34.0 mmol) and triethylamine (7.10 mL, 51.0 mmol) in CH>Cl, (50
mL) at 0 “C over 90 min. The reaction mixture was treated with saturated aqueous NaHCO; (30 mL) at
room temperature and extracted with t-BuOMe (20 mL x 2). The extract was dried over Na,SOs and
evaporated. Purification of the crude product by silica gel column chromatography (hexane : AcOEt =10 : 1).
gave the title compound (2.50 g, 17.1 mmol) and 3-mesyloxy-1-phenyl-1-butanone (3.25 g, 13.4 mmol) were
obtained in 50% and 39% vyield, respectively. 1b: *H NMR (CDCls) § 2.01 (dd, J = 6.7, 1.5 Hz, 3H), 6.91
(dg, J = 15.3, 1.5 Hz, 1H), 7.01 (dd, J = 15.3, 6.7 Hz, 1H), 7.43-7.59 (m, 3H), 7.91-7.95 (m, 2H).
3-Mesyloxy-1-phenyl-1-butanone (byproduct): *H NMR (CDCls) & 1.59 (d, J = 6.3 Hz, 3H), 3.06 (s, 3H),
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3.09 (dd, J = 17.5, 4.6 Hz, 1H), 3.62 (dd, J = 17.5, 7.6 Hz, 1H), 5.32-5.44 (m, 1H), 7.47-7.52 (m, 2H),
7.58-7.64 (m, 1H), 7.93-7.97 (m, 2H).

Triethylamine (2.80 mL, 20.0 mmol) was added to a stirred solution of
3-mesyloxy-1-phenyl-1-butanone (3.24 g, 13.4 mmol) in Et,O (20 mL) at room temperature. After 90 min,
the reaction mixture was poured into with H>O (30 mL), and extracted with t-BuOMe (10 mL x 2). The
extract was dried over Na,SO4 and evaporated. Purification of the crude product by silica gel column
chromatography (hexane : AcOEt =10 : 1) gave the title compound (1.54 g, 10.5 mmol) in 81% yield.

1-Phenyl-2-propen-1-one (1c) [768-03-6]

Ph)v

Triethylamine (100 mL, 70.0 mmol) was added to a stirred solution of
3-chloro-1-phenyl-1-propanone (5.0 g, 30 mmol) in CHCI; (70 mL) at room temperature. After 18 h, the
reaction mixture was washed with aqueous HCI (1 M, 150 mL), H,O (150 mL), and saturated aqueous
NaHCOs (150 mL). The solution was dried over MgSO. and evaporated. Purification of the crude product by
distillation gave the title compound (3.35 g, 25.3 mmol) in 86% yield. 1c: bp 120 °C (0.5 Torr). *H NMR
(CDCls) 6 5.94 (dd, J = 10.6, 1.7 Hz, 1H), 6.44 (dd, J = 17.2, 1.7 Hz, 1H), 7.16 (dd, J = 17.2, 10.6 Hz, 1H),
7.45-7.62 (m, 3H), 7.93-7.98 (m, 2H).

5-Phenyl-1-penten-3-one (1g) [53931-59-2]*

Ph/\)v

Concentrated H,SO4 (6.0 mL, 10.0 mmol) was dropwise added to a stirred solution of
3-phenylprpanoic acid (15.0 g, 100 mmol) in MeOH (50 mL). After being stirred for 2 h at reflux, the
reaction mixture was cooled to room temperature and diluted with z-BuOMe (50 mL). The resultant mixture
was washed with H,O (150 mL), saturated aqueous NaHCO; (50 mL X 3), and saturated aqueous NaCl (50
mL). The solution was dried over MgSO4 and evaporated. Methyl 3-phenylpropanoate (16.4 g, 100.0 mmol)
was obtained in 100% yield. Methyl 3-phenylpropanoate [103-25-3]: *H NMR (CDCls) 6 2.64 (t, J = 7.8 Hz,
2H), 2.96 (t, J = 7.8 Hz, 2H), 3.67 (s, 3H), 7.18-7.32 (m, 5H).

Titanium(IV) isopropoxide (6.8 mL, 20 mmol) was added to a solution of methyl 3-phenylpropanoate
(16.4 g, 100 mmol) in Et;O (320 mL). Ethylmagnesium bromide (0.97 M in Et,O, 240 mL, 240 mmol) was
slowly added over 1 h. After being stirred for 10 min, the reaction mixture was poured into 10 % aqueous
H,SO4 (500 mL) at 0 “C and extracted with t-BuOMe (100 mL X 3). The extract was washed with H>O,
dried over Na,SOs, and evaporated. Purification of the crude product by distillation gave
1-(2-phenyletheyl)cyclopropanol (14.5 g, 89.4 mmol) in 89% vyield. 1-(2-Phenyletheyl)cyclopropanol
[13068-05-8]: *H NMR (CDCls) 6 0.46 (dd, J = 6.7, 5.2 Hz, 2H), 0.76 (dd, J = 6.7, 5.2 Hz, 2H), 1.76 (s, 1H),
1.85-1.91 (m, 2H), 2.83-2.89 (m, 2H), 7.15-7.32 (m, 5H).

Palladium acetate (934 mg, 4.1 mmol) and triphenylphosphine (1.09 g, 4.1 mmol) were added to a
solution of 1-(2-phenyletheyl)cyclopropanol (13.5 g, 83 mmol) in MeCN (400 mL). The mixture was stirred
for 63 h at 50 °C. The reaction mixture was filtered through florisil® and evaporated. Purification of the
crude product by silica gel column chromatography (hexane : ACOEt = 15 : 1) gave the title compound (1.31
g, 8.2 mmol) in 10% yield. 1g:*"H NMR (CDClI3) § 2.90-300 (m, 4H), 5.82 (dd, J = 10.2, 1.5 Hz, 1H), 6.21
(dd, J=17.7,1.5Hz, 1H), 6.36 (dd, J = 17.7, 10.2 Hz, 1H), 7.17-7.32 (m, 5H).
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Triphenylphosphine Benzoylmethylene [859-65-4]%*

0
o M _pphg

Phenacyl bromide (49.8 g, 250 mmol) was slowly added to a stirred solution of PhsP (65.6 g, 250
mmol) in CHCI; (375 mL) at 0 “C After 3 h, the reaction mixture was poured into t-BuOMe (1.5 L). The
precipitate formed was taken out by filtration and washed with t-BuOMe. It was dissolved into water (1.5 L)
and treated with Na,COs (150 g) for 19 h. The resultant mixture was filtered. The precipitate obtained was
washed with Et,O and dissolved into hot benzene (500 mL). The solution was poured into t-BuOMe (1.5 L).
The crystal formed was taken out by filtration, washed with Et,O, and dried under reduced pressure. The title
compound (48.5 g, 127 mmol) was obtained in 51% yield. Triphenylphosphine benzoylmethylene: *H NMR
(CDCls3) 6 7.34-7.76 (m, 19H), 7.95-7.99 (m, 2H).

(E)-7-Oxo-7-phenyl-5-heptenal (10) [169892-12-0]*

A

Ozone was introduced into a solution of cyclopentene (6.2 mL, 70 mmol) in CH.Cl, (150 mL) at
—78 °C until it turned blue. N, was introduced into the resultant mixture until the color disappeared. After
addition of PhsP (18.4 g, 70 mmol), the reaction mixture was warmed to room temperature. After 2 h, a
solution of triphenylphosphine benzoylmethylene (7.6 g, 20 mmol) in CH>Cl, (30 mL) was slowly added to
the reaction mixture. After 24 h, the resultant mixture was evaporated. Purification of the crude product by
silica gel column chromatography (hexane : AcOEt = 4 : 1) gave the title compound (1.89 g, 9.3 mmol) in
47% vyield. 10: *H NMR (CDCls) & 1.86 (quintet, J = 7.2 Hz, 2H), 2.36 (td, J = 7.2, 6.6 Hz, 2H), 2.51 (td, J =
7.2,1.2 Hz, 2H), 6.90 (d, J = 15.6 Hz, 1H), 7.01 (dt, J = 15.6, 6.6 Hz, 1H), 7.40-7.60 (m, 3H), 7.90-7.95 (m,
2H), 9.78 (t, J = 1.2 Hz, 1H). 3C NMR (CDCls) & 20.4 (CH,), 31.8 (CH.), 43.0 (CH.), 126.6 (CH), 128.5
(CH x 2), 128.6 (CH x 2), 132.8 (CH), 137.7 (CH), 148.1 (CH), 190.5 (C), 201.7 (CH).

(E)-1-Phenyl-2-Octene-1,7-dione (14a) [132559-69-4]%
O O

v

Ozone was introduced into a solution of methylcyclopentene (3.2 mL, 30 mmol) in CH2Cl, (100 mL)
at —78 °C until it turned blue. N, was introduced into the resultant mixture until the color disappeared. Ph;P
(7.9 g, 30 mmol) and triphenylphosphine benzoylmethylene (12.6 g, 33 mmol) were added to the reaction
mixture. After being stirred for 1 h at —78 °C, the reaction mixture was warmed to at room temperature.
After 24 h, the resultant mixture was evaporated. Purification of the crude product by silica gel column
chromatography (hexane : AcOEt = 4 : 1) gave the title compound (3.75 g, 17.3 mmol) in 58% yield. 14a: H
NMR (CDCls) 6 1.82 (tt, J = 7.3, 7.1 Hz, 2H), 2.10 (s, 3H), 2.34 (td, J = 7.1, 6.5 Hz, 2H), 2.50 (t, J = 7.3 Hz,
2H), 6.89 (d, J = 15.4 Hz, 1H), 7.02 (dt, J = 15.4, 6.5 Hz, 1H), 7.44-7.64 (m, 3H), 7.91-7.94 (m, 2H). C
NMR (CDCls) & 21.7 (CHz), 29.7 (CHs), 31.6 (CH2), 42.3 (CH>), 126.0 (CH), 128.2 (CH x 2), 128.2 (CH x
2),132.4 (CH), 137.4 (C), 148.3 (CH), 190.2 (C), 207.9 (C).
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(E)-1-Phenyl-2-heptene-1,6-dione (14b) [147032-71-1]*

According to the method for the synthesis of 14a, the title compound was prepared from
1,5-dimethyl-1,5-cyclooctadiene with 2.5 equiv of triphenylphosphine benzoylmethylene in 32% yield. 14b:
'H NMR (CDCls) & 2.19 (s, 3H), 2.565-2.71 (m, 4H), 6.90 (d, J = 15.4 Hz, 1H), 7.01 (dt, J = 15.4, 6.0 Hz,
1H), 7.43-7.59 (m, 3H), 7.90-7.94 (m, 2H). *°C NMR (CDClIs) & 26.3 (CH,), 29.8 (CH3), 41.3 (CH,), 126.3
(CH), 128.3 (CH x 2), 128.3 (CH x 2), 132.6 (CH), 137.5 (C), 147.5 (CH), 190.3 (C), 206.7 (C).

(2E,7E)-1,9-Diphenyl-2,7-nonadiene-1,9-dione (16a) [140137-94-6]*
0] 0]

Phw Ph

According to the method for the synthesis of 14a, the title compound was prepared from
cyclopentene with 2.2 equiv of triphenylphosphine benzoylmethylene in 65% yield. 16a: *H NMR (CDCls) &
1.79 (m, J =7.4 Hz, 2H), 2.41 (td, J = 7.4, 6.7 Hz, 4H), 6.92 (d, J = 15.3 Hz, 2H), 7.07 (dt, J = 15.3, 6.7 Hz,
2H), 7.44-7.57 (m, 6H), 7.91-7.95 (m, 4H). 3C NMR (CDCls) & 26.5 (CH>), 32.0 (CH: x 2), 126.3 (CH x 2),
128.4 (CH x 4),128.4 (CH x 4), 132.6 (CH x 2), 137.7 (C x 2), 148.4 (CH x 2), 190.4 (C x 2).

(2E,6E)-1,8-Diphenyl-2,6-octadiene-1,8-dione (16b) [182888-28-4]*

@]
P (7 Ph
o

According to the method for the synthesis of 14a, the title compound was prepared from
1,5-cyclooctadiene with 4.4 equiv of triphenylphosphine benzoylmethylene in 28% yield. 16b: *H NMR
(CDCls) 8 2.57 (d, J = 5.9 Hz, 4H), 6.95 (d, J = 15.3 Hz, 2H), 7.07 (dt, J = 15.3, 5.9 Hz, 2H), 7.43-7.59 (m,
6H), 7.90-7.94 (m, 4H). *3C NMR (CDCls) & 31.1 (CH; x 2), 126.6 (CH x 2), 128.4 (CH x 4), 128.4 (CH x
4),132.7 (CH x 2), 137.5 (C x 2), 147.3 (CH x 2), 190.3 (C x 2).

(2E,8E)-1,10-Diphenyl-2,8-decadiene-1,10-dione (16¢) [140137-93-5]*
]

Ph

O

According to the method for the synthesis of 14a, the title compound was prepared from cyclohexene
with 2.2 equiv of triphenylphosphine benzoylmethylene in 39% yield. 16¢: *H NMR (CDCls) § 1.58-1.63
(m, 4H), 2.36 (br d, J = 6.8 Hz, 4H), 6.90 (d, J = 15.4 Hz, 2H), 7.06 (dt, J = 15.4, 6.8 Hz, 2H), 7.44-7.59 (m,
6H), 7.91-7.94 (m, 4H). **C NMR (CDCls) 8 27.7 (CH2 x 2), 32.5 (CH2 x 2), 126.0 (CH x 2), 128.4 (CH x 4),
128.4 (CH x 4),132.6 (CH x 2), 137.8 (C x 2), 149.2 (CH x 2), 190.7 (C x 2).
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4.3. Reduction of Electron-deficient Alkenes
General procedure

An electron-deficient alkene (0.50 mmol) and PhSiH3 (54 mg, 0.50 mmol) were added to a
suspension of In(OAc); (15 mg, 0.05 mmol) in EtOH (1.0 mL). The mixture was stirred at room temperature
for 1.5 h and quenched with saturated aqueous NaHCOs. The extract with -BuOMe was dried over Na;SO4
and evaporated. The residual oil was purified by silica gel column chromatography. When the products are
known in the literature, their identity was determined by comparison in spectral data.

1,3-Diphenyl-1-propanone (2a) [1083-30-3]
O

Ph)J\/\ Ph

'H NMR (CDCls) 8 3.07 (t, J = 7.2 Hz, 2H), 3.31 (t, J = 7.2 Hz, 2H), 7.17-7.59 (m, 6H), 7.64-7.98
(m, 4H).

1-Phenyl-1-butanone (2b) [495-40-9] (commercially available)
O

Ph)J\/\

'H NMR (CDCls) 5 1.01 (t, J = 7.4 Hz, 3H), 1.78 (qt, J = 7.4, 7.3 Hz, 2H), 2.95 (t, J = 7.3 Hz, 2H),
7.43-7.59 (m, 3H), 7.95-7.98 (M, 2H).

1-Phenyl-1-propanone (2¢) [93-55-0] (commercially available)
O

Ph)K/

IH NMR (CDCls) 8 1.23 (t, J = 7.3 Hz, 3H), 3.02 (q, J = 7.3 Hz, 2H), 7.44-7.56 (m, 3H), 7.95-7.99
(m, 2H).

(E)-1,5-Diphenyl-1-penten-3-one (2d) [39728-15-9]
O

PhW Ph

'H NMR (CDCls) 5 3.01 (s, 4H), 6.73 (d, J = 16.2 Hz, 1H), 7.22-7.51 (m, 11H).

1,5-Diphenyl-3-pentanone [5396-91-8]

Ph/\)J\/\ Ph

IH NMR (CDCls) § 2.70 (t, J = 7.4 Hz, 4H), 2.89 (t, J = 7.4 Hz, 4H), 7.13-7.31 (m, 10H).
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4-Phenyl-2-butanone (2e) [2550-26-7] (commercially available)
O

)J\APh

IH NMR (CDCls) § 2.14 (s, 3H), 2.76 (t, J = 7.8 Hz, 2H), 2.90 (t, J = 7.8 Hz, 2H), 7.16-7.31 (m, 5H).

(E)-4-Phenyl-3-buten-2-ol (5¢) [36004-04-3]
OH

)\/\Ph

'H NMR (CDCls) § 1.23 (d, J = 6.3 Hz, 1H), 1.38 (d, J = 6.2 Hz, 3H), 4.45-4.54 (m, 1H), 6.26 (dd, J
= 15.8, 6.4 Hz, 1H), 6.57 (d, J = 15.8 Hz, 1H), 7.21-7.40 (m, 5H).

2-Decanone (2f) [693-54-9] (commercially available)
o

)J\/\/\/\/

'H NMR (CDCls) § 0.89 (t, J = 6.7 Hz, 3H), 1.27 (br s, 10H), 1.55-1.61 (m, 2H), 2.13 (s, 3H), 2.42 t,
J=7.4Hz, 2H).

1-Phenyl-3-pentanone (2g) [20795-51-1]
0]

oA

'H NMR (CDCls) 6 1.04 (t, J = 7.3 Hz, 3H), 2.41 (g, J = 7.3 Hz, 2H), 2.73 (t, J = 7.9 Hz, 2H), 2.90 (t,
J=7.9Hz, 2H), 7.16-7.30 (m, 5H).

5-Phenyl-1-penten-3-ol (5g) [37904-38-4]%
Phw

(E)-3-Phenyl-2-propen-1-ol (5i) [4407-36-7]
HO™ >*"ph

'H NMR (CDCls) 5 1.44 (br s, 1H), 4.33 (br s, 2H), 6.37 (dt, J = 15.8, 5.6 Hz, 1H), 6.62 (br d, J =
15.8 Hz, 1H), 7.24-7.41 (m, 5H).

3-Deuterio-1,3-Diphenyl-1-propanone (2a-d) [93698-11-4]%
@] D

Ph Ph
2-Deuterio-1,3-Diphenyl-1-propanone (2a'-d) [93698-10-3]%°
O

Ph Ph
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Benzylmalononitrile [1867-37-4]
CN

Ph\)\CN

'H NMR (CDCls) § 3.30 (d, J = 6.8 Hz, 2H), 3.91 (t, J = 6.8 Hz, 1H), 7.31-7.42 (m, 5H).

Diethyl Benzylmalonate [607-81-8] (commercially available)
CO,Et
Ph
CO,Et
'H NMR (CDCls) § 1.20 (t, J = 7.2 Hz, 6H), 3.22 (d, J = 7.8 Hz, 2H), 3.64 (t, J = 7.8 Hz, 1H), 4.12 (q,
J=7.2 Hz, 4H), 7.19-7.31 (m, 5H).
Diethyl Fumarate [623-91-6] (commercially available)
EIOZC/\/COZEt

'H NMR (CDCls) § 1.32 (t, J = 7.1 Hz, 6H), 4.26 (q, J = 7.1 Hz, 4H), 6.85 (s, 2H).

Diethyl Maleate [141-05-9] (commercially available)
EtO,C  CO,Et
\—/
'H NMR (CDCl3) 8 1.31 (t, J = 7.1 Hz, 6H), 4.25 (q, J = 7.1 Hz, 4H), 6.23 (s, 2H).
4.4. Reduction of Aldehydes and Ketones

1-Naphthol [90-15-3] (commercially available)
OH

Dodecanol [112-53-8] (commercially available)

OH

1-Phenyl-1-pentanol [583-03-9]%
OH

Ph)\/\

1-Phenyl-2-propanol [698-87-3] (commercially available)

OH

n L
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4-(Hydroxymethyl)acetophenone [75633-63-5]*'
O

OH

1-(4-(Hydroxymethyl)phenyl)ethanol [80463-22-5]%
OH

e

4.5. Reductive Aldol Reaction of a-Enones
General procedure

An a-enone 1 (0.5 mmol), an aldehyde (0.65 mmol), and PhSiHz (0.50 mmol) were added
successively to a suspension of In(OAc); (15 mg, 0.050mmol) in EtOH (0.25 mL) at 0 ‘C. After being
stirred for 36 or 72 h, the reaction mixture was quenched with saturated aqueous NaHCOs. The extract with
t-BuOMe was dried over Na,SO4 and evaporated. The residual oil was purified by silica gel column
chromatography.

2-(Hydroxy(1-naphthyl)methyl)-1-phenyl-1-butanone (9ba, syn : anti = 92 : 8) [785798-49-4]%°
O OH

Ph 1-Np
Et

IR (neat) 3540 (br s, OH), 1680 (C=0) cm™. *H NMR (CDCls) 6 0.69 (t, J = 7.6 Hz, 2.76H), 0.86 (t, J
= 7.6 Hz, 0.24H), 1.63-1.79 (m, 1H), 1.89-2.08 (m, 1H), 3.52 (d, J = 5.9 Hz, 0.08H), 3.80 (d, J = 1.7 Hz,
0.92H), 3.96 (ddd, J =9.1, 3.8, 3.6 Hz, 0.92H), 4.11 (ddd, J = 8.2, 6.2, 5.9 Hz, 0.08H), 5.82 (dd, J = 6.2, 5.9
Hz, 0.08H), 5.85 (br s, 0.92H), 7.31-7.96 (m, 12H). *C NMR (CDClIs) for the major isomer & 12.3 (CHjs),
20.2 (CHy), 51.6 (CH), 70.1 (CH), 122.5 (CH), 124.5 (CH), 125.3 (CH), 125.3 (CH), 126.0 (CH), 127.9
(CH), 128.4 (CH x 2), 128.8 (CH x 2), 129.1 (CH), 129.9 (C), 133.6 (CH), 133.7 (C), 136.7 (C), 137.2 (C)
206.4 (C). For the minor isomer (only well-resolved peaks) & 11.9 (CHs), 24.2 (CHy), 53.1 (CH), 72.9 (CH),
123.0 (CH), 124.4 (CH), 125.4 (CH), 129.0 (CH), 130.5 (C) 133.2 (CH), 138.2 (C), 206.1 (C).

2-(Hydroxy(phenyl)methyl)-1-phenyl-1-butanone (9bb, syn : anti = 92 : 8) [84466-81-9]*%¢
O OH

Et

IR (neat) 3470 (br s, OH), 1670 (C=0) cm™. 'H NMR (CDCls) § 0.78 (t, J = 7.4 Hz, 2.76H), 0.82 (t, J
=7.4 Hz, 0.24H), 1.68-2.00 (m, 2H), 3.07 (d, J = 5.4 Hz, 0.08H), 3.20 (d, J = 2.0 Hz, 0.92H), 3.73 (ddd, J =
4.5, 4.4,4.3 Hz, 0.92H), 3.78 (ddd, J = 7.0, 5.5, 5.4 Hz, 0.08H), 5.02 (dd, J = 7.0, 5.4 Hz, 0.08H), 5.09 (dd, J
= 4.5, 2.0 Hz, 0.92H), 7.19-7.64 (m, 8H), 7.88-7.91 (m, 2H). 3C NMR (CDCls) for the major isomer & 12.2
(CHgs), 20.4 (CHy), 54.1 (CH), 73.7 (CH), 126.2 (CH x 2), 127.4 (CH), 128.2 (CH x 2), 128.3 (CH x 2),
128.6 (CH x 2), 133.4 (CH), 137.4 (C), 142.0 (C), 205.3 (C). For the minor isomer (only well-resolved
peaks) 6 11.6 (CHs), 23.7 (CH>), 54.3 (CH), 75.7 (CH), 126.4 (CH), 127.8 (CH), 128.4 (CH x 2), 128.6 (CH
X 2), 131.2 (CH). Anal. Calcd for Ci7H150,: C, 80.28; H, 7.13%. Found: C, 79.97; H, 7.00%.
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2-(Hydroxy(4-methoxyphenyl)methyl)-1-phenyl-1-butanone (9bc, syn : anti = 96 : 4) [475674-14-7]10%7
O OH

Et
OMe

IR (neat) 3480 (br s, OH), 1680 (C=0) cm™. *H NMR (CDClIs) for the major isomer 6 0.79 (t, J = 7.8
Hz, 3H), 1.66—2.21 (m, 2H), 3.77 (s, 3H), 3.79 (d, J = 1.7 Hz, 1H), 3.68-3.76 (m, 1H), 5.03 (br d, J = 5.1 Hz,
1H), 6.81-6.86 (m, 2H), 7.22—7.56 (m, 5H), 7.86—7.96 (m, 2H). For the minor isomer (only well-resolved
peaks) & 0.98 (t, J = 7.4 Hz, 3H), 3.79 (s, 3H), 4.25 (ddd, J = 6.8, 6.7, 3.1 Hz, 1H), 4.98 (br d, J = 6.8 Hz,
1H). C NMR (CDClIs) for the major isomer & 12.1 (CHs), 20.8 (CH), 55.5 (CH3), 55.2 (CH), 73.5 (CH),
113.6 (CH), 127.4 (CH), 128.2 (CH x 3), 128.6 (CH x 2), 133.3 (CH), 134.2 (C), 137.5 (C), 158.8 (C), 205.1
(C). For the minor isomer (only well-resolved peaks) & 11.6 (CHs), 23.7 (CH,), 54.3 (CH3), 55.2 (CH), 75.4
(CH), 113.8 (CH), 127.6 (CH), 128.3 (CH), 128.5 (CH), 131.1 (CH). Anal. Calcd for CisH200s: C, 76.03; H,
7.09%. Found: C, 75.72; H, 7.05%.

2-(Hydroxy(4-cyanophenyl)methyl)-1-phenyl-1-butanone (9bd, syn : anti = 69 : 31) [785798-56-3]°
O OH

Et
CN

IR (neat) 3480 (br s, OH), 1600 (C=0) cm™. *H NMR (CDCls) for the major isomer & 0.76 (t, J = 7.5
Hz, 3H), 1.61-1.95 (m, 2H), 3.58 (d, J = 1.7 Hz, 1H), 3.65-3.76 (m, 1H), 5.15 (dd, J = 3.9, 1.7 Hz, 1H),
7.04-7.64 (m, 7H), 7.86—7.96 (m, 2H). For the minor isomer (only well-resolved peaks) & 0.98 (t, J = 7.4 Hz,
3H), 3.79 (s, 3H), 4.25 (ddd, J = 6.8, 6.7, 3.1 Hz, 1H), 4.98 (br d, J = 6.8 Hz, 1H). *C NMR (CDClIs) for the
major isomer & 12.1 (CHs), 20.4 (CH,), 53.4 (CH), 73.0 (CH), 111.1 (C), 127.0 (CH x 2), 128.3 (CH x 2),
128.8 (CH x 2), 132.0 (CH x 2), 133.8 (CH), 136.9 (C), 147.5 (C), 204.8 (C). For the minor isomer (only
well-resolved peaks) & 11.7 (CHzs), 23.7 (CH>), 53.6 (CH), 74.5 (CH), 118.7 (C), 137.4 (C), 148.3 (C), 205.2

©).

2-Ethyl-3-hydroxy-1-phenyl-1-decanone (9be, syn : anti = 70 : 30) [785798-58-5]*°
O OH

Ph)J\‘/kn-C7H15

Et

IR (neat) 3460 (br s, OH), 1670 (C=0) cm™. *H NMR (CDClIs) for the major isomer & 0.88 (t, J = 7.2
Hz, 3H), 0.89 (t, J = 7.4 Hz, 3H), 1.25-1.63 (m, 12H), 1.76-1.95 (m, 2H), 2.58 (br s, 1H), 3.46 (ddd, J = 4.6,
4.5, 4.3 Hz, 1H), 3.87-3.92 (m, 1H), 7.46-7.64 (m, 3H), 7.94-7.99 (m, 2H). *C NMR (CDClIs) for the major
isomer & 12.3 (CHa), 14.0 (CHz3), 22.6 (CHy), 26.1 (CHy), 29.2 (CH.), 29.4 (CHy), 31.7 (CH), 34.0 (CH>),
34.9 (CHy), 52.2 (CH), 72.1 (CH), 128.3 (CH x 2), 128.7 (CH x 2), 133.3 (CH), 137.4 (C), 205.4 (C). For the
minor isomer (only well-resolved peaks) & 11.9 (CHs), 20.6 (CHs), 22.5 (CH>), 25.9 (CH.), 28.8 (CH>), 29.0
(CHy), 31.6 (CHy), 35.7 (CH,), 51.7 (CH), 72.5 (CH), 128.2 (CH), 133.4 (CH).
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2-(Cyclohexyl(hydroxy)methyl)-1-phenyl-1-butanone (9bf, syn : anti = 71 : 29) [785798-60-9]*°
O OH

Ph
Et

IR (neat) 3460 (br s, OH), 1680 (C=0) cm™. *H NMR (CDClIs) for the major isomer & 0.88 (t, J = 7.4
Hz, 3H), 0.93-2.02 (m, 13H), 2.66 (d, J = 2.7 Hz, 1H), 3.57 (ddd, J = 9.6, 3.9, 2.7 Hz, 1H), 3.67 (ddd, J =
9.6, 3.8, 3.6 Hz, 1H), 7.46-7.63 (m, 3H), 7.93-7.98 (m, 2H). For the minor isomer (only well-resolved
peaks) & 0.94 (t, J = 7.4 Hz, 3H). **C NMR (CDClIs) for the major isomer § 12.4 (CH3), 19.6 (CH,), 26.0
(CH2), 26.1 (CH2), 26.3 (CH2), 29.0 (CH), 29.5 (CH), 40.7 (CH), 48.7 (CH), 75.9 (CH), 128.3 (CH x 2),
128.8 (CH x 2), 133.4 (CH), 137.4 (C), 205.6 (C). For the minor isomer (only well-resolved peaks) & 12.1
(CHa), 23.9 (CH2), 25.8 (CHy), 26.1 (CH>), 28.6 (CH.), 30.1 (CH2), 42.0 (CH), 48.0 (CH), 77.1 (CH), 128.2
(CH), 133.4 (CH), 137.6 (C), 207.0 (C).

2-Benzyl-3-hydroxy-3-(1-naphthyl)-1-phenyl-1-propanone (9aa, syn : anti = 86 : 14) [785798-62-1]°
O OH

PhMl-Np

Bn

IR (neat) 3460 (br s, OH), 1670 (C=0) cm™. *H NMR (CDCls) § 2.99-3.13 including 3.03 (dd, J =
13.5, 3,3 Hz, 1H), 3.21-3.31 including 3.25 (dd, J = 13.5, 10.6 Hz, 1H), 3.78 (d, J = 1.8 Hz, 0.86H), 3.89 (br
s, 0.14H), 4.25 (ddd, J = 10.6, 3.3, 3.2 Hz, 0.86H), 4.34 (ddd, J = 7.6, 4.6, 4.5 Hz, 0.14H), 5.71-5.75 (m,
0.14H), 5.86 (br s, 0.86H), 6.78-8.02 (m, 17H). *3C NMR (CDCls) for the major isomer & 33.4 (CH,), 53.2
(CH), 70.4 (CH), 122.4 (CH), 124.8 (CH), 125.4 (CH), 126.0 (CH), 126.2 (CH), 128.2 (CH X 2), 128.2 (CH),
128.3 (CH), 128.3 (CH x 2), 128.4 (CH x 2), 128.9 (CH x 2), 129.2 (CH), 129.9 (CH), 133.3 (CH), 133.8 (C),
136.3 (C), 137.1 (C), 139.1 (C), 205.9 (C). For the minor isomer (only well-resolved peaks) & 36.8 (CH>),
53.0 (CH), 71.6 (CH).
syn-2-Benzyl-3-hydroxy-1,3-diphenyl-1-propanone (syn-9ab) [135414-45-8]038
@) OH

e L

Bn
Mp 85.2-86.8 °C (EtOH). IR (neat) 3460 (br s, OH), 1670 (C=0) cm™. *H NMR (CDCls) & 3.05 (dd,
J=13.5, 3.6 Hz, 1H), 3.19 (dd, J = 13.5, 10.5 Hz, 1H), 4.03 (ddd, J = 10.5, 4.5, 3.6 Hz, 1H), 5.11 (brd, J =
4.3 Hz, 1H), 6.94-7.55 (m, 15H). *C NMR (CDCls) & 33.5 (CH>), 55.6 (CH), 73.9 (CH), 126.1 (CH x 2),
126.2 (CH), 127.6 (CH), 128.2 (CH x 2), 128.2 (CH x 2), 128.3 (CH x 3), 128.3 (CH x 2), 128.9 (CH), 133.0
(CH), 137.3 (C), 139.3 (C), 141.6 (C), 204.8 (C). Anal. Calcd for C2H2»03: C, 83.51; H, 6.37%. Found: C,
83.30; H, 6.40%.

2-Benzyl-3-hydroxy-1-phenyl-1-decanone (9ae, syn : anti =70 : 30) [785798-65-4]°
O OH

Pth—C7H15

Bn
IR (neat) 3460 (br s, OH), 1670 (C=0) cm™. *H NMR (CDClIs) for the major isomer § 0.87 (t, J = 7.5
Hz, 3H), 1.18-1.56 (m, 12H), 2.67 (d, J = 3.2 Hz, 1H), 3.09 (dd, J = 13.2, 5.1 Hz, 1H), 3.16 (dd, J = 13.2,
9.1 Hz, 1H), 3.80 (ddd, J = 9.1, 5.1, 4.0 Hz, 1H), 3.90-3.94 (m, 1H), 7.07-8.00 (m, 10H). **C NMR (CDCls)
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for the major isomer 6 13.9 (CHjs), 22.5 (CH>), 25.9 (CH>), 29.1 (CH>), 29.3 (CH.), 31.6 (CH>), 33.8 (CH>),
34.9 (CH), 53.5 (CH), 72.2 (CH), 126.0 (CH), 128.2 (CH x 2), 128.2 (CH x 2), 128.3 (CH x 2), 128.8 (CH x
2), 132.9 (CH), 137.4 (C), 139.6 (C), 204.7 (C). For the minor isomer (only well-resolved peaks) & 24.7
(CH2), 26.0 (CH2), 31.5 (CH), 35.9 (CHy>), 36.1 (CH.), 52.2 (CH), 72.4 (CH), 133.2 (CH), 138.9 (C), 206.0
©).

syn-2-Benzyl-3-cyclohexyl-3-hydroxy-1-phenyl-1-propanone (syn-9af) [785798-67-6]*
O OH

Ph
Bn

Mp 70.0-71.8 °C (EtOH). IR (neat) 3460 (br s, OH), 1670 (C=0) cm™. *H NMR (CDCls) &
0.90-1.34 (m, 6H), 1.52-1.78 (m, 2H), 2.03 (br d, J = 12.7 Hz, 1H), 2.76 (d, J = 2.8 Hz, 1H), 3.03 (dd, J =
13.6, 3.6 Hz, 1H), 3.20 (dd, J = 13.6, 10.5 Hz, 1H), 3.59 (ddd, J = 7.8, 3.5, 2.8 Hz, 1H), 4.00 (ddd, J = 10.5,
3.6, 3.5 Hz, 1H), 7.05-7.51 (m, 10H), 7.65-7.67 (m, 2H). 3C NMR (CDCls) & 26.3 (CH>), 26.6 (CH), 26.8
(CHy), 29.7 (CH2), 29.9 (CH>), 32.9 (CH,), 41.1 (CH), 50.3 (CH), 76.5 (CH), 126.6 (CH), 128.7 (CH x 2),
128.9 (CH x 2), 129.0 (CH x 2), 129.4 (CH x 2), 133.6 (CH), 137.6 (C), 140.3 (C), 205.7 (C). Anal. Calcd
for Ca2H2602: C, 81.95; H, 8.13%. Found: C, 81.84; H, 8.28%.

3-Hydroxy-2-methyl-3-(1-naphthyl)-1-phenyl-1-propanone (9ca, syn : anti = 92 : 8) [187848-81-3]'%°
o OH
Ph 1-Np
Me
'H NMR (CDCls) 6 1.11 (d, J = 7.3 Hz, 0.24H), 1.17 (d, J = 7.3 Hz, 2.76H), 3.30 (d, J = 4.9 Hz,
0.08H), 3.91 (qd, J = 7.3, 2.1 Hz, 0.92H), 4.03 (d, J = 2.0 Hz, 092H), 4.18-4.25 (m, 0.08H), 5.80 (dd, J = 7.8,
4.9, 0.08H), 6.05 (br s, 0.92H), 7.46~7.61 (m, 6H), 7.82-7.97 (m, 6H).

3-(Hydroxy(1-naphthyl)methyl)-2-decanone (9fa, syn : anti = 87 : 13) [none]
O OH

Me 1-Np
n-C7H1s

IR (neat) 3460 (br s, OH), 1670 (C=0) cm™. *H NMR (CDCl;) for the major isomer & 0.90-1.34 (m,
6H), 1.52-1.78 (m, 2H), 2.13 (br s, 3H), 2.76 (d, J = 2.8 Hz, 1H), 3.03 (dd, J = 13.6, 3.6 Hz, 1H), 3.20 (dd, J
= 13.6, 10.5 Hz, 1H), 3.59 (ddd, J = 7.8, 3.5, 2.8 Hz, 1H), 4.00 (ddd, J = 10.5, 3.6, 3.5 Hz, 1H), 7.05-7.51
(m, 10H), 7.65-7.67 (m, 2H). For the minor isomer (only well-resolved peaks) 6 2.02 (br s, 3H), 2.82 (d, J =
2.6 Hz, 1H). **C NMR (CDCls) for the major isomer & 26.3 (CH.), 26.6 (CH,), 26.8 (CH>), 29.7 (CH,), 29.9
(CHy), 32.9 (CHy), 41.1 (CH), 50.3 (CH), 76.5 (CH), 126.6 (CH), 128.7 (CH x 2), 128.9 (CH x 2), 129.0 (CH
x 2),129.4 (CH x 2), 133.6 (CH), 137.6 (C), 140.3 (C), 205.7 (C).

1-Hydroxy-2-methyl-1-(1-naphthyl)-5-phenyl-3-pentanone (9ga, syn : anti = 81 : 19) [none]
O OH

Pth-Np

Me
'H NMR (CDCl3) 6 0.95 (d, J=7.3 Hz, 0.57H), 1.02 (d, J = 7.1 Hz, 2.43H), 2.78-3.00 (m, 5H), 3.21
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(d, J = 2.5 Hz, 0.81H), 3.27-3.33 (m, 0.19H), 5.55 (dd, J = 7.8, 5.3, 0.19H), 5.89 (dd, J = 2.6, 2.5Hz, 0.81H),
7.16-7.30 (m, 3H), 7.46-7.52 (m, 4H), 7.69-7.89 (m, 5H).

4-Hydroxy-3-methyl-4-(1-naphthyl)-2-butanone (9ja, syn : anti = 88 : 12) [785798-72-3]*°
O OH
Me 1-Np
Me
4-Hydroxy-3-methyl-4-phenyl-2-butanone (9jb, syn : anti = 85 : 15) [74676-21-4]*°
o OH

Me Ph
Me

4.6. Reductive Cyclization
cis-2-Hydroxycyclohexyl Phenyl Ketone (cis-11) [33830-24-9]%°

O OH

Ph

'H NMR (CDCls) § 1.36-1.56 (m, 4H), 1.72-2.01 (m, 4H), 3.37 (br d, J = 4.3 Hz, 1H), 3.95 (br s,
1H), 4.29 (br s, 1H), 7.45-7.64 (m, 3H), 7.92-7.94 (m, 2H). *C NMR (CDCls) § 19.5 (CHy), 24.5 (CH.),
25.5 (CHy), 31.9 (CHy), 48.0 (CH), 66.3 (CH), 128.3 (CH x 2), 128.7 (CH x 2), 133.4 (CH), 135.6 (C) 205.9

©).

7-Oxo-7-phenylheptanal (12) [88773-76-6]!

|
Ph)b
7-Hydroxy-1-phenyl-1-heptanone (13) [263565-77-1]*
O OH

A

cis-2-Hydroxy-2-methylcyclohexyl Phenyl Ketone (cis-15a) [489473-50-9]*
O . OH

Ph

'H NMR (CDCls) 8 1.19 (s, 3H), 1.26-1.41 (m, 2H), 1.52-1.55 (m, 2H), 1.69-1.91 (m, 4H), 3.31 (dd,
J=117, 3.5 Hz, 1H), 4.45 (d, J = 2.3 Hz, 1H), 7.46-7.63 (m, 3H), 7.94-7.97 (m, 2H). °C NMR (CDCl;) &
21.1 (CHy), 25.4 (CHo), 26.9 (CH2), 29.6 (CH3), 38.9 (CH,), 51.3 (CH), 70.0 (C), 128.2 (CH x 2), 128.7 (CH
x 2), 133.6 (CH), 136.5 (C) 207.0 (C).
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2-Hydroxy-2-methylcyclopentyl Phenyl Ketone (cis -15b) [489473-55-4]%

Mp 58.0-59.6 °C (EtOH-Hex). 'H NMR (CDCls) & 1.48 (s, 3H), 1.53-2.22 (m, 6H), 3.91 (dd, J =
8.1, 7.9 Hz, 1H), 5.21 (br s, 1H), 7.45-7.57 (m, 3H), 8.04-8.08 (m, 2H). 3C NMR (CDCls) & 22.1 (CH),
25.5 (CHa), 30.3 (CHy), 40.7 (CH_), 54.0 (CH), 80.9 (C), 128.3 (CH x 2), 128.7 (CH x 2), 133.6 (CH), 137.2
(C) 205.6 (C).

trans-2-(2-Benzoylcyclohexyl)-1-phenylethanone (trans-17a) [13471-32-0]%
O

Ao

O

Ph

'H NMR (CDCls) & 1.31-1.40 (m, 4H), 1.73-2.00 (m, 4H), 2.44-2.62 (m, 2H), 3.14 (br d, J = 12.7
Hz, 1H), 3.32 (ddd, J = 12.7, 10.3, 3.5 Hz, 1H), 7.45-7.56 (m, 6H), 7.96-8.01 (m, 4H). *C NMR (CDCls) &
25.5 (CH2), 25.9 (CH2), 31.2 (CH2), 31.4 (CHy), 35.8 (CH), 44.2 (CHz), 50.6 (CH), 128.2 (CH x 2), 128.4
(CH x 2), 128.5 (CH x 2), 128.7 (CH x 2), 132.9 (CH), 133.1 (CH), 136.7 (C), 136.8 (C), 199.8 (C), 203.7
().

1,9-Diphenyl-1,9-nonanedione (18a) [28861-21-4]%

Ph

trans-2-(2-Benzoylcyclopentyl)-1-phenylethanone (trans-17b) [137448-48-7]"

O 0
O
Ph

'H NMR (CDCls) § 1.39-1.56 (m, 1H), 1.66-1.85 (m, 3H), 2.04-2.17 (m, 2H), 2.86 (dd, J = 14.5,
8.4 Hz, 1H), 2.93-3.06 (m, 1H), 3.20 (dd, J = 145, 5.1, 1H), 3.47-3.56 (m, 1H), 7.41-7.56 (m, 6H),
7.93-7.99 (m, 4H). *C NMR (CDCls) & 24.6 (CH,), 31.2 (CHy), 32.3 (CHy), 38.7 (CH), 43.7 (CHy), 52.5
(CH), 128.2 (CH x 2), 128.4 (CH x 2), 128.5 (CH x 4), 132.8 (CH), 132.9 (CH), 136.7 (C), 137.0 (C), 199.7
(C), 202.2 (C).

1,8-Diphenyl-1,8-octanedione (18b) [6268-58-2]**
o

Ph
Ph
o
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1,10-Diphenyl-1,10-decanedione (18¢) [6268-61-7]*
O

Ph
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Chapter 2

Indium(III)-Catalyzed Reduction of Organic Halides with

Hydrosilanes via a Radical Chain Process

Abstract

The In(OAc)s-catalyzed reaction of bromo- and iodoalkanes with PhSiHs in THF at 70 °C gave
dehalogenated alkanes in good to high yields. In the presence of Et;B and air, the reduction proceeded
smoothly at 30 °C. When 2,6-lutidine and air were used as additives, the In(OAc)s-catalyzed system enabled
an efficient reduction of simple and functionalized iodoalkanes in EtOH. Catalytic use of GaCl; was found to
be effective in the reduction of haloalkanes with poly(methylhydrosiloxane) (PMHS). These catalytic
reductions probably involve a radical chain mechanism in which indium or gallium hydride species work as
the actual reductants.

cat. In(OAc)3, PhSiH;
R—X R\|] —= R-H
THF or EtOH
X = halogen
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1. Introduction

Hydrosilanes have widely been used as mild reducing agents for fine organic synthesis.! In general,
they do not react spontaneously with carbon electrophiles; however, activation of themselves or the
substrates induces the reaction. A proper choice of activator enables fine control of the reduction process. In
the course of studies on synthetic use of hydrosilanes,’ this laboratory found that a copper salt can activate
hydrosilanes by transmetalation, and that the copper hydride species thus formed is valuable for reduction of
carbonyl compounds.> These observations prompted the author to investigate catalytic activation of
hydrosilanes with other metal salts and its application to an efficient reduction of carbon electrophiles. He
then focused his interest on the use of indium and gallium salts as the catalytic activator.

Baba and Shibata had reported the InCls-catalyzed reduction of organic halides using BusSnH and
NaBHj as stoichiometric reducing agents before he started the present study.* A radical chain mechanism in
which HInCl, works as radical mediator was proposed for this reduction. Oshima’s group demonstrated that,
in the presence of Et;B (a radical initiator), organic halides were efficiently reduced with metal hydrides
prepared from MCl; (M = Ga, In) and aluminum hydrides.’ The author expected that use of hydrosilanes as
the hydride sources would enhance the synthetic utility of these radical reductions, because hydrosilanes are
less toxic and have moderate reactivity enabling high compatibility with polar functional groups. In this
context, Baba and Shibata have recently introduced InCls;-hydrosilane systems for radical reduction.®” He
herein report the details of his study on the indium and gallium-catalyzed reductions of organic halides with
hydrosilanes.

2. Results and Discussion

2.1. Optimization of Reaction Conditions

Initially, the reaction of 1-bromo-3-phenylpropane (1a-Br) with PhSiH; was selected to examine
catalytic activities of commercially available indium and gallium salts (eq 1). Among the salts tested, InCls,
In(OH)3, In(OAc); and GaCl; effectively catalyzed the reduction of 1a-Br to propylbenzene (2a) at 70 °C.
Particularly, the In(OAc);-catalyzed reduction achieved the best yield of 2a. Screening of hydrosilanes was
then performed by using the In(OAc)s-catalyzed system. As a result, PhSiH; was found to be much more
effective than other hydrosilanes such as Et;SiH, Ph3SiH, PhSiH,Cl, and poly(methylhydrosiloxane) (PMHS)
(eq 2). Use of 0.5 equiv PhSiH3 reduced the yield of 2a to 47%. Judging from the low reactivity of PhSiH»Cl,
this disappointing result is probably due to low reactivity of PhSiH>X (X = Br, OAc) generated from PhSiH3

during the reaction.

MX3 (10 mol%)
Ph(CH2)3Br + PhS|H3 Ph(CHz)zCH3 (1)

. THF, 70 °C, 24 h
1a-Br (1 equiv) 2a

MXj3 (yield / %): none (0), InCl3 (86), In(acac); (52), In(OH)5 (88), In(OTf)3 (13),
In(OACc)3 (94), GaClj (86), Ga(acac)s (72), Ga(OH); (trace)

In(OAC); (10 mol%)
la-Br + Si—H 2a (2)
THF, 70 °C, 24 h

(1 equiv)

Si—H (yield / %): PhSiHs (94), EtzSiH (39), PhsSiH (3), PhSiH,CI (21), PMHS (20)
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2.2. Scope and Limitations

With the initial results in hand, the author investigated the scope and limitations of the
In(OAc)s-catalyzed reduction with PhSiH3 at 70 °C (Method A in Table 1). Non-functionalized bromo- and
iodoalkanes were efficiently reduced to the corresponding alkanes (entries 1, 2, 4-7, 9 and 10). The reduction
of chloroalkanes and 1-bromonaphthalene (1e-Br) resulted in low yield (entries 3, 8, 11 and 12). This
reduction system was tolerant to ester and alkyl ether moieties (entries 14-17).

Table 1. In(OAc)s-Catalyzed Reduction with PhSiHz in THF?

cat. In(OAc)s, (Et3B)

R-X + PhSiH; R-H

Lx THF, 24 h X
entry R-X yield / %"

Method A°  Method B¢

1 Ph(CH;)3-Br (1a-Br) 94 91 (61)°
2 Ph(CHz)3-1 (1a-]) 90 90 (91)°
3 Ph(CH)3-Cl (1a-Cl) 5 9
4 n-CioHs-Br (1b-Br) 94 96
5 n-Ci2Has-1 (1b-I) 78 83 (91)°
6 ¢-C12Hn-Br (1¢-Br) 91 86
7 c-CioHas-1 (1c-D) 96 90 (93)°
8 c-C12Ha3-Cl (1c-Cl) 42 36
9 1-adamantyl-Br (1d-Br) 94 96

10 1-adamantyl-I (1d-D) 78 87

11 1-adamantyl-Cl (1d-Cl) 19 35

12 I-naphthyl-Br (1e-Br) 12 41

13 I-naphthyl-I (1e-D) 19 61

14 PhCO,(CH;)3-Br (1£-Br) 75 82

15 PhCO,(CHz)3-1 (1f-I) 75 93 (98)°
16 n-CgH170(CHz)3-Br (1g-Br) 82 97

17 n-CgH17O(CHz)s-1 (1g-I) 99 96 (94)°
18 CH3;CH(OH)(CH,)1:-Br (1h-Br) 33 84

19 CH3CH(OH)(CHa)11-1 (1h-I) trace 26 (24)°
20 CH3CH(OTBS)(CHa)11-Br (1i-Br) 40 93
21 CH3;CH(OTBS)(CHa)i1-1 (1i-1) 80 81
22 PhC(O)(CH,)s-Br (1j-Br) 12 38
23 PhC(O)(CHy)s-1 (13- - 20
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?All reactions were carried out with a haloalkane 1 (1.00 or 0.50 mmol), PhSiH3 (1.0 equiv), and In(OAc); (10 or 20
mol%) in THF (1.0 mL / 1 mmol of 1) for 24 h under N> (2 L balloon).

’The yield was determined by GC analysis (entries 1-13, 16 and 17), by '"H NMR analysis (entries 18 and 19) or by
isolation (entries 14, 15 and 20-23).

“Method A: In(OAc)s (10 mol%), 70 °C, 24 h.

9Method B: In(OAc); (20 mol%), Et;B (1.0 M in hexane, 20 mol%), dry air (10 mL / 1 mmol of 1), 30 °C, 24 h.

“The result without Et;B-dry air is shown in parentheses.
However, the presence of hydroxy and siloxy groups complicated the In(OAc)s-catalyzed reaction
(entries 18-20). Bromoketone 1j-Br underwent competitive reduction of C-Br and C=0 bonds to give the

desired product 2j and carbonyl reduction products 3 and 4 (entries 22 and 23, eq 3).

PhSiH3 (1 equiv)

O |n(OAC)3
Ph)kMZ\X THF
1

O OH OH
)k(\d/ ¥ )\6/)/\ " )\W (3)
Ph 4 Ph 4 X Ph 4
2j 3 4

Method A, X =Br: 12% 29% 32%
Method B, X =Br: 38% <9% 27%
Method B, X = I: 20% <12% 53%

2.3. Mechanistic Aspects

To gain mechanistic insight, the In(OAc)s-catalyzed reaction of 1a-Br with PhSiH3; was quenched
with D,O. GC-MS analysis of the reaction mixture revealed no incorporation of deuterium in the
dehalogenated product. On the other hand, use of PhSiD; instead of PhSiH3 gave deuterated product 2a-d
(78%d, eq 4). This result indicates that PhSiH; works as the main hydrogen source in the reduction of 1a-Br.

In(OAC)3 (10 mol%)
la-Br + PhSIiD; Ph(CH,),CH,D 4)
THF, 70 °C, 24 h

2a-d, 82%, 78%d

The reaction of In(OAc)s with an excess amount of PhSiH3 (10 equiv) gave indium foil in 93% yield
with evolution of H, (THF, 70 °C, 24 h). Identification of the product was based on measurement of the
melting point (157 °C). Since InHs easily decomposes to indium metal and H,,? this observation suggests the
formation of InHs and other indium hydride species from In(OAc)s and PhSiHs. In addition, the reduction of
1a-Br was completely suppressed by galvinoxyl, a radical scavenger, while it was accelerated by Et;B-air, a
radical initiator (vide infra).>® Accordingly, the reaction mechanism would involve transmetalation (hydride
transfer) of the hydride source and subsequent radical reduction with indium hydride species as proposed by
Baba and Shibata (Scheme 1).*” The initiation step is the formation of HIn(OAc). from In(OAc); and PhSiHs.
The indium hydride reacts with a haloalkane 1-X by a radical chain mechanism to give the corresponding
dehalogenated product 2 and InX(OAc)..*® The indium salt undergoes hydride transfer from PhSiHs; to
regenerate indium hydride species, HIN(OAc), and HINX(OACc). After the first turnover, further reduction of
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the remaining haloalkane is carried out with HInX,(OAC)2-, (n = 0-2).

PhS|H3 + |n(OAC)3

transmetalation | — PhSiH,(OAc)

PhSin(OAc)
HINX,(OAC),., 1-X
PhS|H2X n=0-2
transmetalation radical reduction
PhSiH; InX;+1(OAC)5. 2
Scheme 1

2.4. Reduction at 30 °C

His effort was next directed at developing an efficient catalytic reduction of haloalkanes under milder
conditions. The reduction of 1a-Br using In(OAc)s (10 mol%) and PhSiH3 at room temperature for 24 h
resulted in a low yield of 2a (35%). Use of 20 mol% In(OAc); at 30 °C improved the yield to 61%.
Additionally, when Et;B (0.2 equiv) and dry air were employed as radical initiator,’ the reduction was
completed within 24 h to give 2a in 91% yield. The Et;B-initiated reduction at 30 °C was applied to various
haloalkanes (Method B in Table 1). The results with non-functionalized haloalkanes are similar to those by
Method A (entries 1-11). In the reduction of 1-halonaphthalenes and functionalized haloalkanes, Method B
was generally superior to Method A (entries 12-21). Unfortunately, Method B as well as Method A was not
effective in selective reduction of haloketones 1j (entries 22 and 23, eq 3).

lodoalkanes were efficiently reduced even in the absence of Et;B-dry air (entries 2, 5, 7, 15 and 17).
In these cases, adventitious oxygen (air) might initiate the radical reduction. The initiation by oxygen might
also affect the reduction by Method A. Indeed, as described below, it turned out that addition of only air

accelerated the In-catalyzed reduction of organic halides.

2.5. Reduction in EtOH

The author has reported the generation of indium hydride species from In(OAc)s and PhSiH3 in EtOH
and its application to catalytic 1,4-reduction of a-enones.” Since EtOH is an environmentally benign organic
solvent, he examined the In(OAc)s-catalyzed reduction in EtOH. First, the Et;B-initiated method used in
Method B was applied to the reduction of bromo- and iodoalkanes (Method C in Table 2). However, except
the case of 1e¢-I, the yields of 2 were moderate because of incomplete conversion of haloalkanes (ca. 70-80%
conversion). The reduction of bromoalkanes was accompanied with the formation of indium metal.

Effects of additives on the reduction of 1b-I in ethanol were further investigated to improve the
reaction system (Table 3). The reaction was accelerated by Et;B-dry air; however, addition of only dry air
was also effective (entries 2 and 3). Molecular oxygen itself presumably serves as radical initiator in the
latter case. Use of K,COs gave 2b in good yield, although the reaction mixture included a lot of unidentified
byproducts (entry 4). Among the bases tested, 2,6-lutidine brought about a clean conversion of 1b-I to 2b
(entry 7). The combined use of 2,6-Iutidine and dry air realized a high yield of 2b (entry 8).

The reaction system using 2,6-lutidine and dry air (Method D) was applied to other haloalkanes. The
results are shown in the last column of Table 2. Unfortunately, primary bromoalkanes were not reduced at all
by Method D, and they remained unchanged (entries 1, 2 and 12 in Table 2). In these cases, the formation of
indium metal was more rapid than that in the reaction by Method C. In sharp contrast to primary bromo-
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alkanes, 1c-Br and iodoalkanes except 1d-1 were efficiently reduced to the corresponding alkanes without
deposition of indium metal (entries 3-5, 8-11, 13 and 14 in Table 2). Particularly, iodoketones 1j-I and 1k-I
were converted into the dehalogenated ketones in high yield. They hardly underwent carbonyl reduction
under these conditions. The reaction of 1d-I gave a complex mixture of products, and the yield of 2d was
rather low (entry 6). 1-lodonaphthalene (le-I) was reduced to naphthalene (2e) in moderate yield. This
reduction did not occur at all in the absence of air (entry 7).

Table 2. In(OAc);-Catalyzed Reduction with PhSiH; in EtOH®

IN(OAC)3 (20 mol%), additive

R-X + PhSiH; R-H

1-X EtOH 5

Entry R-X Yield / %"

Method C°  Method D?

1 Ph(CH,)3-Br (1a-Br) 66 trace
2 n-Ci2Hs-Br (1b-Br) 56 trace
3 n-C12Has-1 (1b-I) 67 (45)° 87 (79Y
4 ¢-CypHy-Br (1¢-Br) 65 99
5 c-CioHps-1 (1c-I) 80 (43)° 97 (77
6 1-adamantyl-I (1d-) 55 (37)¢ 353)Y
7 1-naphthyl-I (1e-I) 24 (5)° 69¢ (0Y
8  PhCOy(CH,)s-I (1£-1) 67 (37)° 100
9  n-CsH7O(CHy)s-1 (1g-I) - 89
10  CH;CH(OH)(CHy)-I (1h-1) - 98
11 CH;CH(OTBS)(CHy) -1 (1i-I) - 90"
12 PhC(O)(CH,)s-Br (1j-Br) - 0
13 PhC(O)(CHy)s-I (15-) - 87
14 CH;CH(O)(CHy)-I (1k-I) - 96

2All reactions were carried out with a haloalkane 1 (0.50 mmol), PhSiH3 (0.50 mmol), and In(OAc); (0.10 mmol) in
ethanol (1.0 mL) under N; (2 L balloon).

bGC yields in entries 1-7 and 9. Isolated yields in entries 8 and 10-14.

“Method C: Et;B (1.0 M in hexane, 0.10 mmol), dry air (5 mL), 30 °C, 24 h.

“Method D: 2,6-lutidine (0.25 mmol), dry air (5 mL), rt, 1.5 h.

°The result without Et;B-dry air is shown in parentheses.

/The result without dry air is shown in parentheses.

¢An increased amount of dry air (38 mL) was used.

"The reaction time is 3 h.
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Table 3. Effects of Additives on Reduction of 1b-I¢

IN(OAC)5 (20 mol%)

additive
1b-l + PhSiH; 2b
(1 equiv) EtOH, rt, 1.5 h

Entry Additive Yield of 2b /%"  Recovery of 1b-1/ %"
1 none 44 42
2 dry air (5 mL) 62 27
3 Et;B (0.2 equiv) and dry air (5 mL) 74 19
4 K>CO; (0.5 equiv) 77 trace
5 EtsN (0.5 equiv) 2 86
6 pyridine (0.5 equiv) 5 83
7 2,6-lutidine (0.5 equiv) 79 10
8 2,6-lutidine (0.5 equiv) and dry air (5 mL) 87 4

“See footnote a in Table 2. *Determined by GC analysis.

As shown in Table 2, EtOH was not an effective solvent in the In(OAc)s-catalyzed reduction of
primary bromoalkanes. Irrespective of the use of 2,6-lutidine, this reduction was accompanied with the
formation of indium metal (In(0)); therefore, the poor result is probably due to deactivation of the In(IIl)
catalyst by its conversion into In(0). Since In(0) is formed by decomposition of InH; (vide supra), the
formation of In(0) indicates that EtOH induces hydride transfer from PhSiH3 to In(OAc); (in other words,
transmetalation of PhSiH3;) more effectively than THF. The rapid formation of In(0) in the reaction of
primary bromoalkanes by Method D suggests that 2,6-lutidine should further accelerate the hydride transfer.
The origin of the rate-accelerating effects of EtOH and 2,6-lutidine is not clear, but it may be nucleophilic
attack of EtOH to PhSiH; and its acceleration by deprotonation with 2,6-lutidine.

Unlike primary bromoalkanes, 1¢-Br (a secondary bromoalkane) and iodoalkanes were efficiently
reduced with the aid of 2,6-lutidine. This remarkable difference is explainable by the difference in reactivity
toward radical reduction. With primary bromoalkanes, less reactive substrates,'* their slow reduction and the
fast hydride transfer in EtOH containing 2,6-lutidine would cause further hydride transfer from PhSiH3 to
indium monohydride species, which ultimately forms unreactive In(0) to impede the catalytic cycle (Scheme
1). In contrast, 1¢-Br and iodoalkanes can eliminate the undesired pathway because they react much faster
with indium hydride species. The rapid reduction of these substrates is likely due to fast turnover of the
catalytic cycle by acceleration of both hydride transfer and radical reduction.

As shown in Scheme 1, the reduction of haloalkanes would form Lewis acidic species such as
InX,n+1(OAc)2n and PhSiH,X, which can lead to HX and its equivalents by the reaction with EtOH. The
incomplete reduction of iodoalkanes by Method C is attributable to the acid-catalyzed solvolysis of PhSiH3
with EtOH. To prove this hypothesis, the Me;Sil (0.2 equiv)-catalyzed reaction of PhSiHs; in EtOH (2 mL
per 1 mmol of PhSiH3) was performed and followed by GC analysis. The conversion of PhSiH3 reached 54%
at 40 min, and PhSiH3; was mostly consumed in 3 h with the formation of PhSiH(OEt), and PhSi(OEt)s. Thus
PhSiH; easily underwent ethanolysis under the acidic conditions. The acid-catalyzed solvolysis of PhSiH3 as
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well as the overreduction of the In(IIl) catalyst is likely responsible for the incomplete reduction of bromo-
alkanes by Method C.

Expectedly, addition of 2,6-lutidine (0.5 equiv) effectively suppressed the MesSil-catalyzed
ethanolysis of PhSiH; (13% conv. at 2 h). This result indicates that, in the reduction by Method D,
2,6-lutidine serves not only for acceleration of hydride transfer from PhSiHs;, but also for neutralization of
the reaction system to prevent the undesired reaction. The highly selective reduction of iodoketones 1j-1 and
1k-1 is explainable by the neutralization with 2,6-lutidine, which can suppress the acid-catalyzed reduction of
the carbonyl group with PhSiHs.

2.6. Intramolecular Radical Addition.

The reduction system using In(OAc); and PhSiH; was also applied to radical cyclization of
haloalkenes. The cyclization of bromoalkene Sa-Br gave disappointed results (eq 5). The author therefore
directed his effort to the cyclization of iodoalkene 5a-1. The In(OAc)s-catalyzed reaction of 5a-I with PhSiH3
in THF at 70 °C (Method A) gave a complex mixture of products (entry 1 in Table 4). However, addition of
K>CO; or KOAc enabled high yields of 6a (entries 2 and 3).!! The cyclization in THF at 30 °C resulted in a
low yield of 6a (entry 4). In the presence of K,COs or 2,6-lutidine, an efficient cyclization in EtOH was
achieved with increased amounts of In(OAc)s and PhSiH; (entries 6 and 7). Thus the use of bases was
effective in a smooth conversion of 5a-I into 6a. The bases would suppress destructive reactions of acetals
5a-1 and 6a with acidic species generated in situ.

o. .0 PhSiH3, cat. In(OAC); o__o
Q additive @
., ()
% ™
i-Pr
5a-X 6a

Table 4. In(OAc);-Catalyzed Cyclization of 5a-1 with PhSiH;"

Entry  Additive (/ equiv) Solvent Temp / °C Time/h  Yield /%"

1 none THF 70 24 CM*

2 AcOK (2) THF 70 24 83

3 K»CO:; (1) THF 70 24 95

44 K,CO; (1) THF 30 24 42

5 none EtOH rt 6 46 (59)°
6 K>CO; (1) EtOH rt 7 65 (83)°
7 2,6-lutidine (0.5) EtOH rt 6 68 (87)°

“Unless otherwise noted, all reactions were carried out with 5a-1 (0.50 mmol), PhSiH; (0.50 mmol) and In(OAc); (0.05
mmol) in THF (0.5 mL) or EtOH (1.0 mL) under N, (2 L balloon).

PIsolated yield. The diastereomeric ratio ranged from 64:36 to 76:24.

‘Complex mixture.

9An increased amount of In(OAc); (0.10 mmol) was used.

¢The result with increased amounts of PhSiH3 (1.00 mmol) and In(OAc); (0.10 mmol) is shown in parentheses.

/When increased amounts of PhSiH; and In(OAc); were used, the reaction was performed for 4.5 h.
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Next, the cyclization of iodoalkene 5b-I was examined. Use of THF as solvent gave discouraged
results even in the presence of K»COs. As the result of some reactions in EtOH, the combined use of dry air
and K,COs or 2,6-lutidine as additives was found to achieve an efficient, rapid cyclization of 5b-I (eq 6).
Without these additives, the yield of 6b was rather low.

0 PhSiH3 (2 equiv) o
In(OAC)3 (20 mol%)
X (6)
' additives ip
EtOH, rt, 1.5 h e
5b-I 6b

no additive 23%
dry air 31%
2,6-lutidine (0.5 equiv) 5%
2,6-lutidine (0.5 equiv)-dry air? 87%, 96%P
K,CO3 (0.5 equiv)-dry air? 94%

310 mL of air per 0.5 mmol of 5b-I. PThe reaction time is 6 h.

2.7. Use of Poly(methylhydrosiloxane)

Poly(methylhydrosiloxane) (PMHS) has frequently been used as an inexpensive, stable reducing
agent.*? Aiming at a more practical method for radical reduction of haloalkanes, PMHS was selected as
stoichiometric hydride source. In the reduction of 1a-Br with PMHS at 70 °C, GaCl; showed higher activity
than InClz and In(OAc)s (eq 7). Use of 1,2-dimethoxyethane (DME) as solvent remarkably improved the
reaction efficiency.

MX3 (10 mol%)
la-Br + MesSi(OSiHMe),0SiMes 2a  (7)

solvent
PMHS 70%C, 24 h

MX3 (yield / %) (THF as solvent, PMHS (1 equiv)):
IN(OAC)3 (20), InCl3 (3), GaCls (45)

solvent (yield / %) (GaCls as catalyst, PMHS (2 equiv)):
THF (65), MeCN (15), AcOEt (0),1,4-dioxane (80), DME (94)

The author optimized the amount of PMHS and the reaction time (entries 1-9 in Table 5). As the
results of optimization, it was found that the reaction of 1a-Br was completed with 3 equiv. PMHS in 12 h.
The reactions at low temperatures (rt and 50 °C) resulted in low yields of 2a (entries 10 and 11). An increase
in reaction temperature was effective promoting the reduction. The reaction at 90 °C for 4 h achieved a
guantitative yield of 2a (entry 15). The gallium-catalyzed reduction may involve a radical chain mechanism;
therefore, the author investigated the effects of light and oxygen on the 1a-Br reaction rate. The reaction in
the dark gave a result similar to that of the reaction conducted under a fluorescent lamp (entry 16). In
contrast, introduction of a small amount of oxygen or air is quire effective in rate acceleration (entries 17-19).
In the presence of oxygen or air, the reaction at 90 °C was completed in 1 h (entry 20). Under the optimized
conditions, the reduction proceeded efficiently ever with 5 mol% GaCls (entries 21-23).
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Table 5. Optimization of Amount of PMHS

GacClj (10 mol%)

Ph"™>"Sgr + PMHS Ph™ "
1a DME (1 M), Temp., Time 2a
Entry PMHS (equiv of Si-H)) O or dry air (mL) Temp. (°C) Time / h Yield / %

1 3 0 70 1 26
2 3 0 70 3 73
3 3 0 70 6 90
4 3 0 70 12 >99
5 3 0 70 24 >99
6 4 0 70 1 17
7 4 0 70 3 73
8 4 0 70 6 99
9 4 0 70 24 >99
10 3 0 rt 3 0
11 3 0 50 3 15
12 3 0 80 3 90
13 3 0 90 1 56
14 3 0 90 2 75
15 3 0 90 4 99
16" 3 0 90 1 49
17 3 0:(1) 90 1 98
18 3 Under O; 90 1 92
19 3 air (4.8) 90 1 89
20 3 air (30) 90 1 99
21¢ 3 air (30) 90 1 90
224 3 air (30) 90 1 40
23¢ 3 air (30) 90 1 0

“Determined by GC analysis.

bIn the dark.

¢An increased amount of GaCl; (5 mol%) was used.
9An increased amount of GaCl; (1 mol%) was used.

¢GaCl; was not used.

The GaCls-PMHS system is efficient in reduction of non-functionalized bromo- and iodoalkanes, but
not in reduction of chloroalkanes (Eq 9). Bromoalkanes 1g-Br and 1i-Br, bearing an ether moiety, were
reduced in good yield. In contrast, the reduction of 1h-Br and 1j-Br, bearing a hydroxy or carbonyl group,
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caused the destruction of these functionalities. The GaCls-PMHS system was not suitable for the cyclization
of iodoalkenes (Egs. 10-11).

GaClz (10 mol%)
dry air (15 mL / mmol)
RPX + PMHS RPH (9

DME (1 M), 90 ¥, 1 h
1-X (3 equiv) (1 M) 2

1-X (yield / %): Ph(CHy)3Br (99, 90*), Ph(CHy)3l (99), Ph(CH,)3ClI (6),
c-C,Ho3Br (92), c-CqoHo3l (94), ¢-C1,Ho3Cl (<34),
n-CgH170(CH,)3Br (69), CH3CH(OTBS)(CH,),1Br (74),
PhC(O)O(CH,)3Br (<15), CH3CH(O)(CH,),1Br (0),
CH3CH(OH)(CH>),1Br (CM)

*With 5 mol% GacCls.

OO GaCl; (10 mol%), Air (15 mL / mmol), Base ~ Complex mixture.
()i +  PMHS or (10)
|

DME (1 M), 90 C, 1 h No reaction.
Additive: none, KOAc, K,CO3

(3 equiv)
5a-1 (2 mmol)

o AN GaCl; (10 mol%), Air (15 mL / mmol), Base
+ PMHS Complex mixture. (11)
|

' DME (1 M), 90 C, 1 h
5b-1 (2 mmol) (3 equiv) No additive or K,COs.

The GaCls-catalyzed reduction of 1a-Br with PMHS did not occur in the presence of galvinoxyl. This
observation and the rate-accelerating effect of air imply that the reduction proceeds via a radical chain
process mediated by gallium hydride species®*® although the detailed mechanism is not clear.

3. Conclusion

The author has demonstrated that indium and gallium salts can catalyze dehalogenation of organic
halides with hydrosilanes. The In(OAc)s-PhSiH; reduction system is applicable to various bromo- and
iodoalkanes. A plausible mechanism for this reduction involves radical reduction of haloalkanes with indium
hydride species catalytically generated by transmetalation of PhSiHs. Similar indium-catalyzed systems
using NaBH4, BusSnH, hydrosilanes and DIBAL-H as terminal reductants have been reported by other
research groups.**® The author has succeeded in catalytic radical reduction using PhSiHs, a mild and less
toxic reducing agent. The In(OAc)s-PhSiH; system enables an efficient reduction of both simple and
functionalized iodoalkanes in EtOH, an environmentally friendly solvent, with the aid of 2,6-lutidine and dry
air. In addition, he has found that GaCls; is an effective catalyst of radical reduction with PMHS, an
inexpensive hydrosilane. The present study has also disclosed that air plays an important role probably as
radical initiator in these radical reductions using indium and gallium hydride species. In summary, he has
developed new catalytic systems valuable for tin-free radical reactions.*.
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4. Experimental Section

4.1. General Method
See page 11.

4.2. Access to Substrates and Reagents

Simple organic halides la-e and hydrosilanes except PhSiH,Cl were commercially available.
Functionalized haloalkanes 1f-k and haloalkenes 5 were obtained by the methods described below. PhSiD3
(CAS 18164-03-9) was prepared from PhSiCl; by reduction with LiAID4.!>!1¢

4.3. Preparation of Substrates

The substrates prepared were identified by comparison of their spectral data with those reported
previously (1e¢-Cl, 1¢-Br, le-I, 1f-Br, 1f-I, 1h-Br, 1j-Br, 1j-I, 1k-I, 5a-Br, 5a-I, and Sb-I) or by full
characterization (1g-Br, 1g-I, 1h-I, 1i-Br, and 1i-I). CAS registry numbers and reference numbers leading to
the reported spectral data of the title compounds are shown in the title lines.

Chlorophenylsilane [4206-75-1]"
PhSiH,CI
A solution of phenysilane (14.0 g, 130 mmol) in dry CCl4 (55 mL) was dropwise added to a solution
of phosphorus(V) chloride (21.6 g, 104 mmol) in dry CCl4 (170 mL) over 30 min at room temperature. After
being stirred for 24 h, the reaction mixture was concentrated. Purification of the crude product by distillation
gave the title compound (PhSiHCI,: PhSiH,CI = 1: 9, 7.82 g, 54.8 mmol) in 42% yield. Chlorophenylsilane:
'H NMR (CgDe¢) 6 5.10 (s, 2H), 7.03-7.26 (m, 3H), 7.38-7.55 (m, 2H).

Bromocyclododecane (1c-Br) [7795-35-9]'8
Br

Tribromophosphine (2.3 g, 8.5 mmol) was added to a solution of cyclododecanol (3.1 g, 17 mmol) in
Et,0 (34 mL) at 0 °C and stirred for 1.5 h. The reaction mixture was warmed to room temperature and stirred
for 24 h. The resultant mixture was treated with aqueous Na,S;Os3 (4 M, 50 mL), and extracted with hexane
(50 mL x 3). The extract was dried over Na,SO4 and evaporated. Purification of the crude product by
distillation gave the title compound (0.5 g, 2.0 mmol) in 12% yield. 1c-Br: *H NMR (CDCls) & 1.30-1.50 (m,
18H), 1.82-1.94 (m, 2H), 1.99-2.09 (m, 2H), 4.21-4.30 (m, 1H); 3C NMR (CDCls) & 23.7 (CH x 2), 23.4
(CH2 x 4), 23.6 (CH2 x 2), 23.7 (CH>), 34.6 (CH: x 2), 54.0 (CH); MS m/z (relative intensity) 167 (M* — Br,
5), 111 (14), 55 (100).

52



lodocyclododecane (1c-1) [61682-10-8]"

HsPO4 (85% solution in H,O (100 mL)) was added to a mixture of cyclododecanol (18.4 g, 100
mmol) and potassium iodide (83 g, 500 mmol), and stirred for 3 h at 120 °C. The reaction mixture was
treated with saturated aqueous NaHCO; (4 M, 300 mL), and extracted with t-BuOMe (100 mL x 3). The
extract was dried over Na,SO, and evaporated. Purification of the crude product by distillation gave the title
compound in 44% vyield (12.8 g, 43.6 mmol). 1c-I: *H NMR (CDCls) § 1.30-1.50 (m, 18H), 1.88-2.12 (m,
4H), 4.35 (quint, J = 6.5 Hz, 1H); **C NMR (CDCls) & 23.4 (CH, x 6), 23.5 (CH2 x 7), 23.7 (CH>), 24.1 (CH
X 6), 33.8 (CH), 36.5 (CH x 2); MS m/z (relative intensity) 167 (M* — I, 5), 111 (14), 55 (100).

Chlorocyclododecane (1c-Cl) [34039-83-3]%°
Cl

Triphenylphosphine (18.4 g, 70.0 mmol) was added to a solution of cyclododecanol (12.6 g, 69.0
mmol) in CCls (25 mL) at room temperature and stirred for 96 h. The reaction mixture was treated with
aqueous NayS203 (4 M, 80 mL), and extracted with hexane (50 mL x 3). The extract was dried over Na;SO4
and evaporated. Purification of the crude product by distillation gave the title compound in 27 % vyield (3.7 g,
18.7 mmol). 1c-Cl: *H NMR (CDCls) 6 1.30-1.50 (m, 18H), 1.88-2.12 (m, 4H), 4.35 (quint, J = 6.5 Hz,
1H); C NMR (CDCls) 6 23.4 (CH; x 2), 23.5 (CH2 x 4), 23.7 (CH,), 24.1 (CH; x 2), 33.8 (CH), 36.5 (CH;
X 2); MS m/z (relative intensity) 167 (M* — Cl, 5), 111 (14), 55 (100).

3-Bromopropyl Benzoate (1f-Br) [6065-69-6]*!

o)
Ph)ko/\/\ Br

Benzoyl chloride (1.41 g, 10.0 mmol) was added to a stirred solution of 3-bromo-1-propanol (1.39 g,
10.0 mmol) and EtsN (1.11 g, 11.0 mmol) in Et,O (10 mL) at 0 °C. After being stirred mixture at 0 °C for 1 h,
the mixture was warmed to room temperature. After 8.5 h, the reaction mixture was poured into water. The
extract with t-BuOMe (50 mL) was dried over Na,SO, and evaporated. Purification of the crude product by
silica gel column chromatography (hexane-AcOEt 10:1) gave the title compound (2.40 g, 9.90 mmol) in 99%
yield.

3-Iodopropyl Benzoate (1f-T) [245758-34-3]?!

Ph)J\O/\/\I

The title compound was prepared from benzoyl chloride and 3-iodo-1-propanol by a similar method
as described above (85% isolated yield), in which pyridine was used instead of Et;N.
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1-(3-Bromopropoxy)octane (1g-Br) [920518-03-2]
n-CgH17/O\/\/Br p— n-C8H17/O\/\/OH ——> n-CgHy7Br + HO__~__OH

NaH (60% in mineral oil, 3.2 g, 80 mmol) was placed in a reaction flask. After the flask was filled
with N2, NaH was washed with dry hexane, and DMF (120 mL) was introduced. 1,3-Propanediol (6.1 g, 80
mmol) was added to the resultant suspension at 0 °C, and the mixture was stirred at 0 °C for 30 min and at
room temperature for 1 h. 1-Bromooctane (15.5 g, 80 mmol) was added to the mixture at 0 °C. After being
stirred at 0 °C for 30 min and at room temperature for 21 h, the reaction mixture was poured into water. The
extract with t-BuOMe was dried over Na,SO, and evaporated. Purification of the crude product by silica gel
column chromatography (hexane-AcOEt 3:1) gave 3-octoxy-1-propanol (8.5 g, 45 mmol) in 56% yield.*
3-Octoxy-1-propanol [60851-87-8]: IR (neat) 3384 (br, OH), 2927, 2856, 1117 cm*; 'H NMR (CDCls) §
0.88 (t, J = 6.7 Hz, 3H), 1.19-1.35 (m, 10H), 1.52-1.62 (m, 2H), 1.83 (tt, J = 5.7, 5.6 Hz, 2H), 2.55 (br s,
1H), 3.43 (t, J = 6.6 Hz, 2H), 3.62 (t, J = 5.7 Hz, 2H), 3.74-3.81 (m, 2H); 3*C NMR (CDCI;) & 14.0 (CHs),
22.5 (CHy), 26.0 (CHy>), 29.1 (CHy), 29.3 (CH>), 29.6 (CH>), 31.7 (CH), 31.9 (CH>), 61.8 (CH>), 69.9 (CHy),
71.3 (CHy); MS m/z (relative intensity) 129 (M* — C3H-0, 0.9), 89 (M* — C;H1s, 23), 57 (100).

To a solution of 3-octoxy-1-propanol (7.5 g, 40 mmol) in Et,O (20 mL) was dropwise added PBr;
(5.4 g, 20 mmol) at 0 °C. After being stirred at 0 °C for 1.5 h and at room temperature for 1.5 h, the resultant
mixture was poured into saturated aqueous NaHCO3 (30 mL). The extract with +-BuOMe (30 mL x 3) was
dried over Na,SO4 and evaporated. Purification of the crude product by silica gel column chromatography
(hexane-AcOEt 20:1) gave the title compound (4.3 g, 17 mmol) in 42% yield.** 1g-Br: bp 110 °C (1 Torr,
bath temp). IR (neat) 2927, 2856, 1466, 1115 cm; *H NMR (CDClIs), 5 0.88 (t, J = 6.7 Hz, 3H), 1.19-1.40
(m, 10H), 1.50-1.60 (m, 2H), 2.09 (tt, J = 6.6, 5.9 Hz, 2H), 3.42 (t, J = 6.6 Hz, 2H), 3.51 (t, J = 6.6 Hz, 2H),
3.53 (t, J = 5.9 Hz, 2H); *C NMR (CDCls) 6 14.1 (CHs), 22.6 (CHy), 26.1 (CH>), 29.3 (CH,), 29.4 (CHy),
29.7 (CHy), 30.8 (CHy), 31.8 (CHy>), 32.9 (CHy), 68.0 (CH.), 71.2 (CH,); MS m/z (relative intensity) 153 (M*
+ 2 — Cy7H15, 4.9), 151 (M* — C7H3s, 5.1), 141 (10), 139 (12), 57 (100). Anal. Calcd for C11H23BrO: C, 52.59;
H, 9.23%. Found: C, 52.48; H, 8.92%.

1-(3-lodopropoxy)octane (1g-1) [926921-08-6]*
n_C8H17/O\/\/|

Bromide 1g-Br (0.510 g, 2.03 mmol) was added to a stirred mixture of Nal (3.0 g, 20 mmol) and
acetone (2.0 mL). The mixture was heated to reflux and stirred for 2.5 h. After being cooled to room
temperature, the reaction mixture was diluted with --BuOMe, passed through a filter paper, washed with 10%
aqueous NaS,03(4 M, 15 mL), and dried over Na,SOs. Evaporation and purification by silica gel column
chromatography (hexane-AcOEt 20:1) gave the title compound (0.581 g, 1.95 mmol) in 96% yield. 1g-I:
bp 120 °C (0.5 Torr, bath temp). IR (neat) 2927, 2856, 1180, 1113 cm™*; *H NMR (CDCls) 5 0.88 (t, J = 6.6
Hz, 3H), 1.22-1.35 (m, 10H), 1.50-1.61 (m, 2H), 2.04 (tt, J = 6.8, 5.8 Hz, 2H), 3.28 (t, J = 6.8 Hz, 2H), 3.41
(t, J = 6.6 Hz, 2H), 3.46 (t, J = 5.8 Hz, 2H); °C NMR (C¢Ds) & 3.7 (CH>), 14.4 (CH3), 23.1 (CHy), 26.7
(CH2), 29.8 (CHz2), 29.9 (CH), 30.2 (CH), 32.3 (CH?2), 33.9 (CHz2), 70.0 (CH), 71.2 (CH); MS m/z (relative
intensity) 298 (M*, 1.6), 186 (11), 169 (9.2), 57 (100). Anal. Calcd for C11H3lO: C, 44.30; H, 7.77%. Found:
C, 44.38; H, 7.81%.

54



13-Bromo-2-tridecanol (1h-Br) [81819-08-1]%%%°
OH O

Aot T A

OH O

A solution of iodomethane (22.7 g, 160 mmol) was slowly added to a mixture of magnesium (3.9 g,
160 mmol) and Et,O (35 mL) at 0 °C. The mixture was stirred for 21 h. The resultant solution of magnesium
methyl iodide was slowly added to a solution of cyclododecanone (14.6 g, 80 mmol) in Et2O (50 mL). After
1 h, the reaction mixture was treated with H>O (200 mL), and extracted with AcOEt (50 mL x 3). The extract
was dried over Na,SO4 and evaporated. Purification of the crude product by recrystallization and silica gel
column chromatography gave 1-methylcyclododecanol (13.2 g, 66.3 mmol) in 83% yield.?
1-Methylcyclododecanol [32400-09-2]: *H NMR (CDCl3) & 1.16 (s, 3H), 1.24-1.60 (m, 23H); *C NMR
(CDCl3) 6 19.85 (CH2 x 2), 21.98 (CH2 x 2), 22.44 (CH: x 2), 25.94(CHy>), 26.35 (CH2 x 2), 28.99 (CHs),
36.08 (CH2 x 2), 73.59 (C); MS m/z (relative intensity) 198 (M, 2), 180 (M* — OH, 6), 71 (100);

Potassium carbonate (49.8 g, 360 mmol) was portionwise added to a solution of
1-methylcyclododecanol (11.9 g, 60 mmol in CHCIs (200mL)). After 10 min, bromine (48.0 g, 300 mmol)
was slowly added by five times and stirred for 4 h. The reaction mixture was treated with aqueous Na;S;03
(8 M, 150 mL), and extracted with hexane (50 mL x 3). The extract was dried over Na,SO, and evaporated.
Purification of the crude product by distillation gave the title compound (10.3 g, 37.3 mmol) in 62 % yield.?
1k-Br [96562-67-3]: *H NMR (CDCls) & 1.20-1.35 (m, 12H), 1.42 (quint, J = 7.1 Hz, 2H), 1.85 (quint, J =
7.6 Hz, 2H), 2.13 (s, 3H), 2.42 (t, J = 7.6 Hz, 2H), 3.41 (t, J = 7.1 Hz, 2H); **C NMR (CDCls) & 23.6 (CH,),
28.0 (CHy), 28.6 (CH>), 29.0 (CH.), 29.2 (CH> x 3), 29.3 (CHy>), 30.0 (CHs), 32.6 (CH>), 33.8 (CH,), 43.6
(CH2), 209.0 (C); MS m/z (relative intensity) 276 (M, 1), 197 (M* — Br, 1), 58 (100).

NaBH, (0.83 g, 22 mmol) was portionwise added to a stirred solution of 13-bromo-2-tridecanone (5.5
g, 20 mmol) in MeOH (20 mL) at room temperature. After 1 h, the reaction mixture was poured into a
mixture of AcOEt (30 mL) and water. After removal of the organic layer, the aqueous layer was extracted
with AcOEt (20 mL). The combined organic layer was dried over Na,SO, and evaporated. Purification of the
crude product by silica gel column chromatography (hexane-AcOEt 5:1) gave the title compound (5.3 g, 19
mmol) in 95% yield.?” 1h-Br: *"H NMR (CDCls) § 1.18-1.50 (m, 12H), 1.86 (tt, J = 7.6, 6.9 Hz, 2H), 3.41 (t,
J=6.8 Hz, 2H), 3.79 (tg, J = 6.3, 5.9 Hz, 1H).

13-lodo-2-tridecanol (1h-1) [81819-08-1]%
OH
NN

The title compound was prepared from 1h-Br by a similar method to that used for the synthesis of
1g-1 (81% vyield). The reaction of 1h-Br was performed with Nal (10 equiv) in acetone (2 mL per 1 mmol of
1h-Br) at reflux for 3 h.* 1h-1: mp 47-48 °C (hexane-AcOEt). IR (KBr) 3309 (br, OH), 2912, 2846, 1163,
1132 cm™; *H NMR (CeDs) 6 0.66 (br d, J = 4.1 Hz, 1H), 1.00 (d, J = 6.1 Hz, 3H), 1.01-1.52 (m, 20H), 2.72
(t, J = 7.0 Hz, 2H), 3.47-3.58 (m, 1H); **C NMR (CDCls) & 7.3 (CHy), 23.4 (CHs), 25.7 (CH.), 28.5 (CH>),
29.3 (CH2), 29.47 (CH2 x 2), 29.54 (CHz), 29.6 (CH.), 30.4 (CH.), 33.5 (CH.), 39.3 (CH.), 68.1 (CH); MS
m/z (relative intensity) 311 (M* — CHjs, 0.1), 266 (M* — H20 — CsHs, 0.6), 199 (M* — I, 0.6), 45 (100). Anal.
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Calcd for C13H2710: C, 47.86; H, 8.34%. Found: C, 48.09; H, 8.31%.

1-Bromo-12-(t-butyldimethylsiloxy)tridecane (1i-Br) [926921-10-0]*
OoTBS
Br
TBS-OTf (1.98 g, 7.50 mmol) was added to a stirred solution of 1h-Br (1.40 g, 5.00 mmol) and
2,6-lutidine (1.07 g, 10.0 mmol) in CHCI. (5 mL) at 0 °C. After 20 min, the reaction mixture was poured
into water. The extract with t-BuOMe (15 mL) was dried over Na,SO4 and evaporated. Purification of the
crude product by silica gel column chromatography (hexane-AcOEt 5:1) and distillation gave the title
compound (1.86 g, 4.73 mmol) in 95% vyield. 1i-Br: bp 200 °C (0.5 Torr, bath temp). IR (neat) 2927, 2854,
1254, 835, 773 cm™; 'H NMR (CsDg) & 0.09 (s, 3H), 0.10 (s, 3H), 1.01 (s, 9H), 1.02-1.57 (m, 23H)
including 1.13 (d, J = 6.1 Hz), 2.96 (t, J = 6.8 Hz, 2H), 3.68-3.79 (m, 1H); 3C NMR (CsDs) 6 —4.5 (CHy3),
—4.2 (CHj3), 18.3 (C), 24.1 (CHs3), 26.1 (CHs x 3), 26.1 (CHy), 28.4 (CHy), 29.0 (CHy), 29.8 (CHy), 29.9
(CH2), 30.0 (CH2), 30.1 (CH), 30.2 (CH.), 33.0 (CHz), 33.7 (CH2), 40.2 (CH2), 68.8 (CH); MS m/z (relative
intensity) 255 (M* — HBr — C4Hg, 0.8), 159 (M* — C11H2:Br, 12), 75 (100). Anal. Calcd for C19H41BrOSi: C,
57.99; H, 10.50%. Found: C, 57.89; H, 10.49%.

12-t-Butyldimethylsiloxy-1-iodotridecane (1i-1) [926921-11-1]*
OoTBS
|

The title compound was prepared from 1h-l by a similar method to that used for the synthesis of
1i-Br (90% vyield). The reaction of 1h-I was performed with TBS-OTf (1.5 equiv) and 2,6-lutidine (2 equiv)
in CH.Cl, (1 mL per 1 mmol of 1h-I) at 0 °C for 10 min. 1i-I: bp 215 °C (0.5 Torr, bath temp). IR (neat)
2927, 2854, 1254, 835, 773 cm*; *H NMR (CDCls) & 0.04 (s, 6H), 0.86 (s, 9H), 1.11 (d, J = 6.1 Hz, 3H),
1.23-1.45 (m, 18H), 1.77-1.87 (m, 2H), 3.19 (t, J = 7.1 Hz, 2H), 3.71-3.82 (m, 1H); **C NMR (CDCls) &
—4.7 (CH3), —4.4 (CHs3), 7.2 (CHy), 18.1 (C), 23.8 (CHs3), 25.8 (CH>), 25.9 (CH3 x 3), 28.5 (CH>), 29.4 (CHy>),
29.51 (CHy), 29.53 (CH2), 29.6 (CHy), 29.7 (CH.), 30.5 (CH,), 33.6 (CH>), 39.7 (CH>), 68.6 (CH); MS m/z
(relative intensity) 425 (M* — CHjs, 0.3), 383 (M* — C4Ho, 3.4), 75 (100). Anal. Calcd for C19H4110Si: C,
51.80; H, 9.38%. Found: C, 51.81; H, 9.48%.

6-Bromo-1-phenyl-1-hexanone (1j-Br) [82777-11-5]%°

@]
Br [— [—
Ph

Bromobenzene (18.8 g, 120 mmol) was slowly added to a mixture of magnesium (3.2 g, 132 mmol)
and Et,O (100 mL) over 1 h. After 3 h, a solution of cyclohexanone (4.9 g, 50 mmol) in EtO (10 mL) was
dropwise added to solution of phenylmagnesium bromide. After being stirred for 1 h. The resultant mixture
was treated with dilute aqueous HCI (1 M, 150 mL). The extract with Et,O (100 mL x 3) was dried Na;SO4
and evaporated. Purifications of the residual oil by silica gel column chromatography gave
1-phenyl-1-cyclohexanol (7.3g, 41.2 mmol) in 82%.%* 1-Phenyl-1-cyclohexanol [1589-60-2]: *H NMR
(CDCl3) & 1.24-1.34 (m, 1H), 1.37-1.91 (m, 10H), 7.21-7.38 (m, 3H), 7.48-7.53 (m, 2H); C NMR
(CDCls) 6 22.04 (CH2 x 2), 25.42 (CH>), 38.65 (CH: x 2), 73.01 (C), 124.49 (CH x 2), 126.51 (CH), 128.04
(CH x 2), 149.35 (C); MS m/z (relative intensity) 176 (M*, 26), 158 (M* — OH, 42), 55 (100).

Bromine (33.2 g, 240 mmol) was added to a mixture of 1-phenyl-1-cyclohexanol (7.1 g, 40 mmol),
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potassium carbonate (33.2 g, 240 mmol), and CHCI; (133 mL) at 0 °C. After being stirred for 4 h, the
resultant mixture was treated with aqueous Na;S;03 (8 M, 150 mL), the extract with --BuOMe (70 mL x 3)
was dried over Na.SO. and evaporated. Purification of the residual oil by silica gel column chromatography
gave the title compound (9.9 g, 38.8 mmol) in 97% yield. 1j-Br: *H NMR (CDCls) 6 1.48-1.60 (m, 2H), 1.78
(tt, J=7.7, 7.4 Hz, 2H), 1.92 (it, J = 7.7, 6.7 Hz, 2H), 3.00 (t, J = 7.2 Hz, 2H), 3.43 (t, J = 6.7 Hz, 2H),
7.43-7.59 (m, 3H); MS m/z (relative intensity) 254 (M*, 1), 175 (M* — Br, 1), 105 (100).

6-lodo-1-phenyl-1-hexanone (1j-1) [71919-91-0]*

ph)w'

6-Bromo-1-phenyl-1-hexanone (0.51 g, 2.0 mmol) was slowly added to a suspension of sodium
iodide (6.0 g, 40 mmol) in acetone (4 mL) at 0 °C. The mixture was heated to reflux. After being stirred for
2.5 h, the mixture was poured into aqueous Na;S,03 (4 M, 15 mL). The organic layer was removed, and the
aqueous layer was extracted with hexane (50 mL x 3). The combined organic layer was dried over Na;SO4
and concentrated in vacuo. Purification by the silica gel column chromatography gave the title compound
(0.60 g, 1.97 mmol) in 98% yield.

13-Iodo-2-tridecanone (1k-I) [790686-37-2]*
O

oo~

13-Bromo-2-tridecanone (2.77 g, 10 mmol) was slowly added to a suspension of sodium iodide (15 g,
100 mmol) in acetone (50 mL)at 0 °C. The mixture was heated to reflux. After being stirred for 2 h, the
mixture was poured into aqueous Na,S;03 (4 M, 60 mL). The organic layer was removed, and the aqueous
layer was extracted with hexane (50 mL x 3). The combined organic layer was dried over Na;SO4 and
concentrated in vacuo. Purification by the silica gel column chromatography gave the title compound (3.4g,
10 mmol) quantitatively. 1k-I: *H NMR (CDCls) & 1.19-1.38 (m, 18H), 1.82 (quint, J = 7.0 Hz, 2H), 2.14 (s,
3H), 2.42 (t, J = 7.6 Hz, 2H), 3.19 (t, J = 7.0 Hz, 2H); *3C NMR (CDCls) & 7.3 (CH,), 23.8 (CH,), 28.4 (CH>),
29.1 (CHy), 29.3 (CH2 x 3), 29.4 (CHy), 29.8 (CHs3), 30.4 (CH>), 33.5 (CHy), 43.7 (CH), 209.3 (C); MS m/z
(relative intensity) 197 (M* -1, 12), 179 (6), 58 (100).

trans-3-Bromo-2-(3-methyl-2-butenyloxy)tetrahydropyran (5a-Br) [121693-22-9]33
o O

O

3-Methyl-2-buten-1-o0l (2.44 mL, 24.0 mmol) and 3,4-dihydro-2H-pyran (1.82 mL, 20.0 mmol) were
successively added to a suspension of N-bromosuccinimide (3.56 g, 20.0 mmol) in CH>Cl, (100 mL) at
—30 °C.!" After being stirred for 43 h, the reaction mixture was poured into saturated aqueous NaHCO3 (100
mL). After removal of the organic layer, the aqueous layer was extracted with ~BuOMe (70 mL x 3). The
combined organic layer was dried over Na,SO4 and evaporated. Purification of the crude product by silica
gel column chromatography (hexane-AcOEt 10:1) gave the title compound (3.16 g, 12.7 mmol) in 64% yield.
5a-Br: *H NMR (CDCls) & 1.49-1.58 (m, 1H), 1.69 (s, 3H), 1.76 (s, 3H), 1.86-2.00 (m, 1H), 2.34-2.45 (m,
1H), 2.34-2.45 (m, 1H), 3.58 (ddd, J = 10.9, 4.5, 3.7 Hz, 1H), 3.89-4.11 (m, 4H), 4.63 (d, J = 4.3 Hz, 1H),
5.32-5.39 (m, 1H); 3C NMR (CDCls) & 17.9 (CHs), 23.2 (CH), 25.7 (CHs), 30.0 (CHy), 49.5 (CH), 62.4
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(CHa), 64.2 (CHy), 99.9 (CH), 120.0 (CH), 138.0 (C); MS m/z (relative intensity) 170 (M* — Br, 0.2), 69
(100).

trans-3-lodo-2-(3-methyl-2-butenyloxy)tetrahydropyran (5a-1) [260557-53-7]%%
o._O

[I,I A

The title compound was prepared from 3-methyl-2-buten-1-0l, 3.,4-dihydro-2H-pyran, and
N-iodosuccinimide by a similar method to that used for the synthesis of Sa-Br (80% isolated yield). The
reaction was performed at —30 °C for 2 h. 5a-1: *H NMR (CDCl3) § 1.50-1.64 (m, 1H), 1.69 (s, 3H), 1.76 (s,
3H), 1.95-2.08 (m, 1H), 2.32-2.43 (m, 1H), 2.33-2.44 (m, 1H), 3.58 (ddd, J = 11.2, 7.6, 3.5 Hz, 1H),
3.96-4.13 (m, 3H), 4.19-4.26 (m, 1H), 4.66 (d, J = 5.5 Hz, 1H), 5.33-5.41 (m, 1H); MS m/z (relative
intensity) 169 (M* — 1, 1), 69 (100).

1-lodo-2-(3-methyl-2-butenyloxy)benzene (5b-1) [120568-94-7]34%7
O
( II X

NaH (60% in mineral oil, 0.48 g, 12 mmol) was placed in a reaction flask. After the flask was filled
with N, NaH was washed with dry hexane, and DMF (5 mL) was introduced. To the resultant suspension
was added a solution of 2-iodophenol (2.20 g, 10.0 mmol) in DMF (10 mL) at 0 °C. The mixture was stirred
at 0 °C for 30 min and at room temperature for 2 h. 1-Bromo-3-methyl-2-butene (2.24 g, 15.0 mmol) was
added to the mixture at 0 °C. After being stirred at 0 °C for 30 min and at room temperature for 1.2 h, the
reaction mixture was poured into water. The extract with Et,O (20 mL x 4) was dried over Na,SO, and

evaporated. Purification of the crude product by silica gel column chromatography (hexane-AcOEt 10:1)
gave the title compound (2.7 g, 9.4 mmol) in 94% yield.

4.4. Reduction of Organic Halides

Hydrocarbons 2a-e, propyl benzoate (2f), 1-phenyl-1-hexanone (2j) and 2-tridecanone (2k) were
identified by comparison with the corresponding commercial compounds in gas chromatogram and *H NMR
spectra. 1-Phenyl-1-hexanol (4, CAS 4471-05-0) was identified by comparison of its spectral data with those
reported previously.** The structures of other reduction products were determined by full characterization.

GC data (retention time) for the products whose yields were determined by capillary GC analysis (40
to 270 °C, 10 °C/min) are as follows: 2a, 5.35 min; 2b, 9.41 min; 2¢, 11.44 min; 2d, 7.66 min; 2e, 8.95 min;
29, 9.17 min.

General Procedure for In(OAc)s-Catalyzed Reduction of Organic Halides with PhSiH; in THF
(Method A, Entry 1 in Table 1)

Under a nitrogen atmosphere (2L balloon), 1-bromo-3-phenylpropane (1a-Br, 99 mg, 0.50 mmol) and
PhSiH; (54 mg, 0.50 mmol) were added to a stirred suspension of In(OAc)s (15 mg, 0.050 mmol) in THF
(0.5 mL). The mixture was warmed to 70 °C and stirred for 24 h. Saturated aqueous NaHCO3 (0.5 mL) was
added to the stirred reaction mixture at room temperature. The mixture was diluted with t-BuOMe and dried
over Na;SO4. The dried solution was subjected to GC analysis using an internal standard (undecane) to
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determine the yield of the product, propylbenzene (2a, 94%); otherwise, it was evaporated and purified by
silica gel column chromatography (hexane) to demonstrate identity and purity of the product.

General Procedure for Et;B-Initiated, In(OAc)s-Catalyzed Reduction of Organic Halides with PhSiH3
(Methods B and C, Entry 1 in Table 1)

Under a nitrogen atmosphere (2L balloon), 1-bromo-3-phenylpropane (1a-Br, 99 mg, 0.50 mmol),
PhSiH; (54 mg, 0.50 mmol), Et;B (1.0 M in hexane, 0.10 mmol) and dry air (5 mL) were successively added
to a stirred suspension of In(OAc)s (29 mg, 0.10 mmol) in THF (0.5 mL) at 30 °C (Method B). After being
stirred for 24 h, the mixture was subjected to the same workup as performed in Method A. The vyield of the
product 2a was determined by GC analysis (91%). In Method C, EtOH (1.0 mL) was used instead of THF.

General Procedure for In(OAc)s-Catalyzed Reduction of Organic Halides with PhSiH; in EtOH
Containing 2,6-Lutidine (Method D, Entry 3 in Table 2)

Under a nitrogen atmosphere (2L balloon), 1-iodododecane (148 mg, 0.50 mmol), PhSiH; (54 mg,
0.50 mmol), dry air (5 mL) and 2,6-lutidine (27 mg, 0.25 mmol) were successively added to a stirred
suspension of IN(OACc)sz (29 mg, 0.10 mmol) in ethanol (1.0 mL) at room temperature. After being stirred for
1.5 h, the mixture was subjected to the same workup as performed in Method A. The yield of the product,
dodecane (2b), was determined by GC analysis (87%). Purification of the crude product by silica gel column
chromatography (hexane) was performed to demonstrate identity and purity of the product.

General Procedure for GaCls-Catalyzed Reduction of Organic Halides with PMHS in DME (Eq. 8)

In a glove box filled with argon, GaCl; (18 mg, 0.10 mmol) was introduced into a reaction flask,
which was brought out from the box and connected with an argon balloon (2 L). DME (1.0 mL),
1-bromo-3-phenylpropane (1a-Br, 199 mg, 1.00 mmol), PMHS (180 mg, 3.00 mmol of Si-H) and dry air (15
mL) were added to the flask. The stirred mixture was warmed to 90 °C. After being stirred for 1 h, the
resultant mixture was cooled to room temperature and subjected to the same workup as performed in Method
A. The yield of the product 2a was determined by GC analysis (99%). Purification of the crude product by
silica gel column chromatography (hexane) was performed to demonstrate identity and purity of the product.

Dodecane (2b) [112-40-3] (commercially available)
PN NS
'H NMR (CDCls) 8 0.88 (t, J = 6.2 Hz, 6H), 1.22-1.30 (m, 20H); *3C NMR (CDCls) & 14.1 (CHs x 2),
22.8 (CH2 x 2), 29.5 (CH2 x 2), 29.8 (CH2 x 2), 32.1 (CH2 x 2); MS m/z (relative intensity) 170 (M*, 4), 141
(M* — Et, 1), 57 (100).

Cyclododecane (2c) [294-62-2] (commercially available)

'H NMR (CDCls) § 1,34 (s, 24H); 3C NMR (CDCls) & 23.67 (CHz x 12); MS m/z (relative intensity)
168 (M*, 10), 141 (M* — Et, 1), 55 (100).
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Propylbenzoate (2f) [2315-68-6]

o)
Ph)J\O/\/

'H NMR (CDCls) & 1.03 (t, J = 7.4 Hz, 3H), 1.8 (qt, J = 7.4, 7.2 Hz, 2H), 4.29 (t, J = 6.8 Hz, 2H),
7.23-7.59 (m, 3H), 8.01-8.08 (M, 2H); *C NMR (CDCls) § 10.5 (CHs), 22.1 (CH), 66.5 (CH,), 128.5 (CH
x 2), 129.5 (CH x 2), 1305 (C), 132.8 (CH), 166.7 (C); MS m/z (relative intensity) 176 (M*, 5), 120 (M* —
CaHo, 33), 105 (100).

1-Propoxyoctane (29) [29379-41-7]
n_C8H17/O\/\

Bp 95 °C (0.5 Torr, bath temp). IR (neat) 2958, 2927, 2856, 1120cm*; *H NMR (CDCls) & 0.88 (t, J
= 6.8 Hz, 3H), 0.92 (t, J = 7.4 Hz, 3H), 1.25-1.36 (m, 10H), 1.52-1.66 (m, 4H), 3.36 (t, J = 6.8 Hz, 2H), 3.40
(t, J = 6.7 Hz, 2H); 3C NMR (CDCls) & 10.6 (CHs), 14.1 (CHs), 22.7 (CH,), 22.9 (CHy), 26.2 (CH2), 29.3
(CHy), 29.5 (CHy), 29.8 (CHy), 31.8 (CH,), 70.9 (CH,), 72.6 (CH2); MS m/z (relative intensity) 143 (M* —
C2Hs, 0.3), 129 (M* — C3Hy, 0.3), 57 (100). Anal. Calcd for C11H40: C, 76.68; H, 14.04%. Found: C, 76.29;
H, 13.99%.

2-Tridecanol (2h) [1653-31-2]
OH

)\/\/\/\/\/\/
Bp 155 °C (0.5 Torr, bath temp). IR (neat) 3346 (br, OH), 2958, 2925, 2854 cm™!; '"H NMR (CDCl;)
8 0.88 (t, J = 6.7 Hz, 3H), 1.19 (d, J = 6.3 Hz, 3H), 1.20-1.50 (m, 21H), 3.73-3.84 (m, 1H); *C NMR
(CDClIs) 6 14.1 (CHs), 22.7 (CH>), 23.4 (CHs), 25.8 (CH>), 29.3 (CH»), 29.61 (CH; x 3), 29.64 (CH; X 2),
31.9 (CH»), 39.3 (CH,), 68.2 (CH); MS m/z (relative intensity) 185 (M" — CHs, 0.5), 182 (M* — H,0, 0.7), 45
(100). Anal. Calcd for Ci3H30: C, 77.93; H, 14.09%. Found: C, 77.75; H, 14.24%.

2-(t-Butyldimethylsiloxy)tridecane (2i) [926921-12-2]
OTBS

Bp 190 °C (0.5 Torr, bath temp). IR (neat) 2927, 2856, 1254, 835, 773 cm*; *H NMR (CDCls) § 0.04
(s, 6H), 0.85-0.90 (m, 12H) including 0.88 (s), 1.11 (d, J = 6.1 Hz, 3H), 1.19-1.45 (m, 20H), 3.71-3.82 (m,
1H); 3C NMR (CDCl3), 8 -4.7 (CHs), -4.4 (CHs), 14.1 (CHs), 18.2 (C), 22.7 (CH,), 23.8 (CHs), 25.8 (CH),
25.9 (CHs x 3), 29.3 (CHy), 29.7 (CH, x 5), 31.9 (CH,), 39.8 (CH,), 68.7 (CH); MS m/z (relative intensity)
257 (M* — C4Ho, 18), 159 (4.0), 75 (100). Anal. Calcd for C19H4,0Si: C, 72.53; H, 13.46%. Found: C, 72.60;
H, 13.12%.

1-Phenyl-1-hexanone (2j) [942-92-7]
O

Phk/\/\

'H NMR (CDCl3) § 0.91 (t, J = 6.9 Hz, 3H), 1.26-1.80 (m, 6H), 2.96 (t, J = 7.6 Hz, 2H), 7.42-7.58
(m, 3H), 7.94-7.98 (M, 2H); *°C NMR (CDCls) & 14.0 (CHs), 22.5 (CH,), 24.0 (CHz), 38.6 (CH>), 128.0 (CH
X 2), 128.5 (CH x 2), 130.9 (C), 132.8 (CH), 200.6 (C); MS m/z (relative intensity) 164 (M*, 2), 123 (M* —
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CsH-, 40), 105 (100).

6-Bromo-1-phenyl-1-hexanol (3-Br) [926921-13-3]
OH

B
Ph)\/\/\/ r

Bp 142 °C (1 Torr, bath temp). IR (neat) 3373 (br, OH), 2935, 2856, 1454, 700 cm™; 'H NMR
(CDCls) § 1.23-1.53 (m, 4H), 1.67-1.90 (m, 5H), 3.39 (t, J = 6.8 Hz, 2H), 4.68 (dd, J = 7.4, 5.8 Hz, 1H),
7.25-7.39 (m, 5H); *C NMR (CDCls), & 24.7 (CH2), 27.8 (CH,), 32.5 (CH>), 33.7 (CH2), 38.6 (CH,), 74.1
(CH), 125.7 (CH x 2), 127.3 (CH), 128.2 (CH x 2), 144.6 (C); MS m/z (relative intensity) 258 (M* + 2, 1.6),
256 (M, 1.4), 107 (100). Anal. Calcd for C12H17BrO: C, 56.04; H, 6.66%. Found: C, 55.71; H, 6.62%.

6-lodo-1-phenyl-1-hexanol (3-1) [926921-14-4]

Ph)\/\/\/'

Bp 175 °C (0.5 Torr, bath temp). IR (neat) 3367 (br, OH), 2931, 700 cm™; *H NMR (C¢Ds) &
0.94-1.25 (m, 5H), 1.29-1.64 (m, 4H), 2.64 (t, J = 7.0 Hz, 2H), 4.28 (ddd, J = 7.6, 5.4, 3.3 Hz, 1H),
7.07-7.21 (m, 5H); *H NMR (CDCl;) & 1.17-1.44 (m, 4H), 1.59-1.80 (m, 5H), 3.09 (t, J = 6.9 Hz, 2H), 4.59
(dd, J = 7.5, 5.8 Hz, 1H), 7.17-7.31 (m, 5H); 3C NMR (CsDs) & 6.7 (CH), 24.9 (CH,), 30.5 (CH,), 33.6
(CHy), 39.3 (CHy), 74.2 (CH), 125.8 (CH x 2), 127.6 (CH), 128.5 (CH x 2), 144.7 (C); *C NMR (CDCls) &
7.0 (CHy), 24.7 (CHy), 30.3 (CHy), 33.4 (CH,), 38.8 (CH>), 74.5 (CH), 126.1 (CH x 2), 128.5 (CH x 2), 128.7
(CH), 145.8 (C); MS m/z (relative intensity) 117 (M* — H,O — C3Hgl, 29), 107 (M* — CsHiol, 100). Anal.
Calcd for C12H1710: C, 47.38; H, 5.63%. Found: C, 47.44; H, 5.63%.

1-phenyl-1-hexanol (4) [4471-05-0]*
OH

Ph)\/\/\

Diethoxyphenylsilane [17872-93-4]* and Triethoxyphenylsilane [780-69-8]*

PhSIH(OEt), and PhSi(OEt);

4.5. Radical Cyclization

The In(OAc)s-catalyzed cyclization of haloalkenes 5 with PhSiH; was performed by similar methods
to those used for the reduction of haloalkanes. The cyclization products were identified by comparison of
their spectral data with those reported previously. CAS registry numbers and reference numbers leading to
the reported spectral data of the title compounds are shown in the title lines.

61



1,6-Cis-7-isopropyl-2,9-dioxabicyclo[4.3.0]nonane (6a) [223677-90-5]*°

@
i-Pr

The method for entry 3 in Table 4 is described. lodoalkene 5a-1 (148 mg, 0.500 mmol) and PhSiH3
(54 mg, 0.50 mmol) were added to a stirred suspension of In(OAc)s (15 mg, 0.050 mmol) and K,CO3 (69 mg,
0.50 mmol) in THF (0.50 mL). The mixture was heated to 70 °C and stirred for 24 h. Saturated aqueous
NaHCOs (0.5 mL) was added to the stirred reaction mixture at room temperature. The mixture diluted with
t-BuOMe was dried over Na,SO. and evaporated. Purification of the crude product by silica gel column
chromatography (hexane-AcOEt 10:1) gave the title compound (81.0 mg, 0.476 mmol) in 95% yield. 6a: *H
NMR (CDClIs) for major isomer & 0.78 (d, J = 6.6 Hz, 3H), 0.91 (d, J = 6.6 Hz, 3H), 1.27-1.43 (m, 1H),
1.50-1.74 (m, 4H), 1.85-1.95 (m, 2H), 3.64-4.79 (m, 3H), 3.92 (dd, J = 7.8, 7.8 Hz, 1H), 5.27 (d, J = 3.0 Hz,
1H); for minor isomer & 0.85 (d, J = 6.6 Hz, 3H), 0.93 (d, J = 6.9 Hz, 3H), 1.29-1.39 (m, 1H), 1.58-1.75 (m,
2H), 1.75-1.92 (m, 3H), 2.08 (dddd, J = 8.7, 8.1, 8.1, 7.2 Hz, 1H), 3.41 (ddd, J = 11.4, 11.4, 2.4 Hz, 1H),
3.66 (dd, J = 8.4, 8.1 Hz, 1H), 3.86 (ddd, J = 11.4, 3.9, 3.3 Hz, 1H), 4.16 (dd, J = 8.7, 8.4 Hz, 1H), 4.97 (d, J
= 3.6 Hz, 1H), 3C NMR (CDClIs) for major isomer & .18.8 (CH), 21.0 (CH3), 21.7 (CHs), 23.3 (CH>), 26.3
(CH), 35.7 (CH), 48.9 (CH), 60.7 (CH2), 69.0 (CH), 102.0 (CH); for minor isomer & 19.47 (CH.), 20.7
(CHs), 21.5 (CHs), 23.5 (CH,), 30.1 (CH), 41.3 (CH), 44.3 (CH), 64.3 (CHy), 71.1 (CHy), 102.5 (CH); MS
m/z (relative intensity) for major isomer 170 (M*, 12), 140 (M* — Pr, 9), 55 (100); for minor isomer 170 (M*,
11), 140 (M* — Pr, 10), 69 (100).

2,3-Dihydro-3-(1-methylethyl)-benzofuran (6b) [3279-17-2]%

Qv

i-Pr
The fourth method in eq 6 is described. lodoalkene 5b-1 (144 mg, 0.500 mmol), PhSiH3z (108 mg,
1.00 mmol), dry air (5 mL), and 2,6-lutidine (27 mg, 0.25 mmol) were successively added to a stirred
suspension of In(OACc)s (29 mg, 0.10 mmol) in ethanol (1.0 mL) at room temperature. After 6 h, the reaction

mixture was subjected to the same workup as described above. Purification by silica gel column
chromatography (hexane-AcOEt 20:1) gave the title compound (78.0 mg, 0.480 mmol) in 96% yield.

4.6. Experiments for Mechanistic Insights

In(OAC);-Catalyzed Reduction of 1-Bromo-3-phenylpropane with PhSiDs
The reaction was performed by Method A described in the text. The D-content of the product was
estimated by *H NMR analysis, namely, integration of the methyl signal.

Reaction of In(OAc); with Excess PhSiH3

PhSiH; (540 mg, 5.00 mmol) was added to a stirred suspension of In(OAc)s (146 mg, 0.500 mmol) in
THF (0.5 mL). The mixture was heated to 70 °C and stirred for 24 h. The foil formed was taken out of the
reaction mixture by filtration and washed with t-BuOMe. After drying under reduced pressure, indium foil
(53.4 mg, 0.465 mmol, mp 157 °C) with metallic luster was obtained in 93% yield.

With the gas evolved by this reaction, (E)-1-phenyl-1-propene was reduced to propylbenzene under
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catalysis by Pd-C. This result indicates the evolution of H, from PhSiHs.

Reaction of 1-Bromo-3-phenylpropane with PhSiHs in the Presence of Galvinoxyl
The In(OAc)s-catalyzed reduction of 1-bromo-3-phenylpropane (1a-Br, 0.500 mmol) by Method A
was completely suppressed by adding galvinoxyl (10.5 mg, 0.025 mmol).

Solvolysis of PhSiH; with EtOH

Me;sSil (1.00 mmol) and PhSiH; (5.00 mmol) were successively added to a stirred mixture of EtOH
(10 mL) and decane (1.00 mL, internal standard) at room temperature. The amount of PhSiH3; was monitored
by GC analysis. At each reaction time, 0.50 mL of the reaction mixture was diluted with Et,O (5.0 mL) and
subjected to GC analysis. The conversion of PhSiH; at each reaction time is as follows: 35% at 20 min, 54%
at 40 min, 77% at 80 min, 86% at 120 min, and 94% at 180 min. As the consumption of PhSiHs,
PhSiH(OEt), (CAS 17872-93-4)%5 and PhSi(OEt); (CAS 780-69-8)*° increased in amount. PhSiH,(OEY)
(CAS 18246-20-3) was not detected. In the presence of 2,6-lutidine (2.50 mmol), the conversion of PhSiHs;
was effectively suppressed as follows: 7% at 20 min, 11% at 40 min, 10% at 80min, and 13% at 120 min.
The solvolysis of PhSiHs hardly occurred in the absence of MesSil (1% conversion of PhSiHz at 120 min).
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Chapter 3

Indium(III)-Catalyzed Intermolecular Radical Addition of

Organic Halides to Electron-Deficient Alkenes

Abstract

In the presence of phenylsilane and a catalytic amount of indium(III) 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 via hydride transfer from silicon to indium and an indium hydride-mediated radical chain process.

In(OAC)3 (0.2 equiv)
PhSiH5; (2 equiv)

R—I + DE R\/\E
2,6-lutidine (0.5 equiv)

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

E = electron-withdrawing group
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1. Introduction

Synthetic radical reactions directed toward fine organic synthesis have rapidly been developed in the
last three decades.! At present carbon radicals are recognized as reactive, but controllable carbon species
valuable for highly selective, efficient bond formation. Triorganotin hydrides such as BusSnH have
frequently been used as efficient radical mediators, which serve for generation of carbon radicals and radical
quenching by hydrogen donation.! Unfortunately, their use has two critical drawbacks, that is, the toxicity of
organostannanes and the difficulty of product purification.>* A number of hydride-based radical mediators
have been developed as substitutes for triorganotin hydrides.*” Additionally, the catalytic use of radical
mediators in the presence of stoichiometric hydride sources has received much attention from the viewpoint
of environmentally friendly and economical synthesis.’>®® Such catalytic reactions are very effective in
radical reduction and intramolecular radical addition of organic halides and pseudohalides. However,
intermolecular addition of these radical precursors (R-X) to alkenes (CH,=CHE) using catalytic mediators

(M-H) shows much room for improvement (Scheme 1).6°

M'-X M—H R-X + 2O
radical
) mediator . -
hydride transfer radical addition
M-H M—X R
\/\E

hydride source

Scheme 1

The author has developed the In(OAc);-catalyzed radical reduction of organic halides with PhSiH3.
With the aid of 2,6-lutidine and dry air, the catalytic system enables an efficient reduction of various
iodoalkanes in EtOH at room temperature.” He herein describes that the reaction system using In(OAc)s,
PhSiHs, 2,6-lutidine, and dry air is valuable also for catalytic radical addition of organic iodides to
electron-deficient alkenes (M = XsIn, M' = PhH,Si in Scheme 1). In this context, Baba and Shibata have
reported that similar reaction systems using In(III) catalysts and stoichiometric hydride sources are usable for
intermolecular radical addition.®®® However, 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 (5—10 equiv) of alkenes. This chapter reveals that the In(OAc)s-catalyzed system using
PhSiH; as 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.
2. Results and Discussion

2.1. Optimization of Reaction Conditions

1-lodododecane (1a-I) and tert-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
halides,’ the reaction of 1a-I (1 equiv) with 2a (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 adduct 3aa in 50% yield with a 10% recovery of la-L.
Dodecane (4a) and adduct 5a were also formed as byproducts. The latter byproduct 5a consists of one
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molecule of 1a-I and two molecules of 2a. With an increased amount of PhSiH; (2 equiv), the yield of 3aa
was improved to 60-67% (entry 2). The control experiment without 2,6-lutidine resulted in a lower yield of
3aa (entry 3). Reproducible results were not obtained in the absence of air. Addition of H»O did not affect the
yield of 3aa; however, it decreased unidentified byproducts to facilitate the isolation of 3aa by silica gel
column chromatography (entry 4). Use of one or two equivalents of 2a still led to a similar yield of 3aa
(entries 5-7). As expected, the equimolar reaction of 1a-I with 2a increased the amount of 4a and suppressed
the formation of Sa.

Table 1. Addition of 1-lodododecane to tert-Butyl Acrylate

a

PhSiHj;, cat. In(OAC);

n-CioHasl + 2 >cout-Bu . :
2,6-lutidine, air

1la-l 2a EtOH, rt, 1.5 h
NCiHos Nconpy * MCaMas it \/C CO,t-Bu
CO,t-Bu
3aa da 5a

entry 2a PhSiH3 GCyield / %

/ equiv /equiv  3aa 4a S5a
1° 3 1 50 11 8
2 2 60-67° 7-10° 12
34 3 2 53 9 -
4¢ 3 2 67 (64) 14 -
5 2 2 64 6 12
6° 2 2 65 (56) 11 10
7€ 1 2 (63Y 22 5

@ Unless otherwise noted, all reactions were carried out with 1a-I (0.50 mmol), 2a (0.50—1.00 mmol), PhSiH3
(0.50-1.00 mmol), In(OAc)3 (0.10 mmol), 2,6-lutidine (0.25 mmol), dry air (4.8 mL), and EtOH (1.0 mL) under N> (2 L
balloon) at room temperature for 1.5 h.

b 1a-I was recovered in 10% GC yield.

¢The results of three runs.

4Without 2,6-lutidine.

¢H,0 (0.25 mmol) was used as an additive.

/The isolated yield is shown in parentheses.

Under the conditions of entry 4 in Table 1, the reaction of iodocyclododecane (1b-I) with 2a resulted
in low yield of the desired adduct 3ba and recovery of 1b-I (Eq 1). In this protocol, 2,6-lutidine was
introduced into the reaction flask last of all at a 20-30 second interval after the addition of PhSiHs (see the
Experimental Section). The author found that the addition of 2,6-lutidine after an interval of 10 min was
effective in the intermolecular reaction. With the modified protocol, the reaction using 2 equiv of 2a afforded
3ba in 70% isolated yield. In the absence of 2,6-lutidine, 3ba was obtained in slightly lower yield.
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PhSiH; (2 equiv)
In(OAc); (0.2 equiv)

C-C12H23| + 2a
, 2,6-lutidine (0.5 equiv)
1b-I (3 equiv) air, H,0 (0.5 equiv)
EtOH, rt, 1.5h
CO,t-Bu
C-CioHaz + \/(\ 2 1
CO,t-Bu c-CoH (1)
2 12723 CO,t-Bu
3ba 5b
Normal protocol: 22% -
Modified protocol: 63%, 70%* 17%, 6%*
Without 2,6-lutidine:  59% 14%

*With 2 equiv of 2a.

2.2. Scope and Limitations

The scope and limitations of the In(OAc);-catalyzed intermolecular addition are summarized in Table
2. The addition of 1a-I and 1b-I to ethyl acrylate (2b) and acrylonitrile (2¢) proceeded in moderate to good
yields (entries 1-3 and 5). 1-lodoadamantane (1c-I), a tertiary iodide, smoothly added to 2a (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-Bromododecane (1a-Br) was quite unreactive to 2a irrespective of the
presence of 2,6-lutidine (entries 9 and 10). In contrast, bromocyclododecane (1b-Br), a secondary bromide,
was reactive enough for the addition to 2a, and the corresponding adduct 3ba was obtained in good yield
(entry 11). Without 2,6-lutidine, the yield of 3ba dropped remarkably (entry 12). The difference between
1a-Br and 1b-Br in reactivity is consistent with the previous results of the reduction of these bromides by a
similar reaction system (entry 9). 1-Bromoadamantane (1¢-Br) was not as reactive as 1b-Br (entry 13).

The In(OAc)s-catalyzed addition was applicable to functionalized iodoalkanes as well as simple
iodoalkanes (entries 15-22). The mild reaction conditions bring about high compatibility with oxygen
functional groups such as ester, ketone, ether, and alcohol. Particularly, iodoketone 1e added 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 nucleophiles.!® The addition of iodo alcohols 1h and 1i
proceeded efficiently without degradation of the hydroxy group (entries 19-22). Attempts at the reaction of
1-iodohexanal (1n) with 2a were not successful. In this case, hydroxyester 6 was formed in high yield by
reduction of the formyl group simultaneously with the carbon—carbon bond formation (Eq 2).'°

PhSiH; (2 equiv)
In(OAc); (0.2 equiv) HO
OHC” Y5 NI+ 2a — : ~ 5 "cotBu )
2,6-lutidine (0.5 equiv)
1n (3 equiv) air, EtOH, rt, 1.5 h 6, 84%

Iodoarenes also underwent the In(OAc)s-catalyzed intermolecular addition to electron-deficient
alkenes (entries 23 and 26-30). 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 2a using both additives gave 3j in 71% yield. In the absence of 2,6-lutidine
or air, the yield dropped to 23% or <5%, respectively (entries 24 and 25). H.O was not effective in
acceleration of the reaction (entries 23 and 26), but helpful for reduction of byproducts as in the case of 1a-1.
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Table 2. Addition of Haloalkanes to Electron-Deficient Alkenes?

PhSiH5, cat. In(OAc);
2,6-lutidine, air, H,O

R-X + g Re™~g
EtOH, rt, 1.5 h
1-X 2a, E = CO,t-Bu method A or B 3
2b, E = CO,Et
2c, E=CN
entry R-X 2 method” product  isolated yield / %
1 n-C12HosI (1a-1) 2b A 3ab 61°
2 la-I 2¢ A 3ac 76°
3 c-CioHosl (1b-1) 2b A? 3bb 65
4 1b-1 2b B 3bb 59
5 1b-1 2¢ A? 3be 74
6 1b-1 2c B 3be 55
7 1-Ad-I (1¢-1) 2a A 3¢ 63
8 lc-I 2a B 3c 55
9 n-Ci2H»sBr (1a-Br) 2a A 3aa 0
10 la-Br 2a B 3aa 0
11 c-C12Ha3Br (1b-Br) 2a A 3ba 71
12 1b-Br 2a B 3ba 35
13 1-Ad-Br (1¢-Br) 2a A 3c 30
14 1c-Br 2a B 3c <5
15 PhCO»(CHa);I (1d) 2a A 3d 61, 56
16 MeC(O)(CHy)sI (1e) 2a A 3e 56
17 TBSO(CH,);I (1f) 2a A 3f 50
18 n-CsH,0(CH,)1 (1g) 2a A 3g 55
19 HO(CH,)5I (1h) 2a A° 3d 69
20 1h 2¢ A 3hc 75
21 MeCH(OH)(CHa)I (1i) 2a A 3ia 63
22 1i 2c A 3ic 83
23 PhI (1j) 2a A 3j 75,718
24 1j 2a B/ 3j 238
25 1j 2a A’ 3j <5¢
26 4-MeCgHal (1K) 2a A 3k 52,55¢
27 4-MeOCgH4l (11) 2a A 31 54
28 4-HOCH4I (1m) 2a A 3m 65¢
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29 4-AcCsHul (10) 2a A 30 37
30 4-CICsHul (1p) 2a A 3p 46'

“ Unless otherwise noted, all reactions were carried out with 1 (0.50 mmol), 2 (1.50 mmol), PhSiH3 (1.00 mmol),
In(OAc)s (0.10 mmol), dry air (4.8 mL), H,O (0.25 mmol), and EtOH (1.0 mL) under N> (2 L balloon) at room
temperature for 1.5 h.

bIn method A, 2,6-Iutidine (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 2.

42 6-Lutidine was added at an interval of 10 min after the addition of PhSiH3.

¢To ease the isolation of the product 3ha, it was converted into 3d by treatment with benzoyl chloride and pyridine.

/An increased amount of dry air (9.6 mL) was used.

¢ The result *without water.

" Without dry air.

'The result with 1.00 mmol of 1.

The formation of 4-(1-adamantyl)-2,6-dimethylpyridine (7) as a byproduct was observed in the
reaction of 1c-I (entries 7 and 8). Acrylate 2a did not seem to participate in the formation of 7. The author
therefore attempted the reaction without 2a under similar conditions. As expected, 7 was obtained in
moderate yield. The reaction mechanism may involve the radical addition of a l-adamantyl radical to
2,6-lutidine although it remains unclear.

In(OAC)3(0.2 equiv)
N« PhSiH3 (1 equiv)
Pt | .
% air (9.6 mL), EtOH (2 mL)
30YC,15h
1 mmol (1 equiv) 7, 58%

2.3. Mechanism

A plausible mechanism for the present reaction is shown in Scheme 2.4 The first step is the
formation of (AcO).InH by hydride transfer from PhSiH; to In(OAc)s. The indium hydride undergo
H-abstraction by O in air to give (AcO):Ine (i.e., (AcO).In(II)). The active species abstracts halogen from a
halide 1 (R-X) to generate the corresponding carbon radical Re and (AcO),InX. The addition of Re to an
alkene 2 followed by H-abstraction from indium hydrides (/n-H) gives the corresponding adduct 3 with
regeneration of indium radicals (/ze). The indium salt formed, (AcO).InX, is converted into /n-H by the
reaction with PhSiH3 in EtOH. The formation of 4 is the result of direct H-abstraction of Re from /n-H. The
successive addition of Re to two molecules of 2 forms the adduct 5. The present system enables proper
control of the concentration of /n-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 as bromoalkanes and iodoarenes. As reported previously, 2,6-lutidine would serve for
neutralization of the reaction system, which prevents the solvolysis of PhSiHs with EtOH. The diminished
effectiveness of 2,6-lutidine in the reaction of iodoalkanes is attributable to their fast reaction prior to the
solvolysis.
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|n(OAC)3 (ACO)ZlnH
ozl
3 1
Ine
Si-H
In-H In-X —> In-H
R\/.\ Ro
2, In-H E w
5 \—< 4
2

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

Scheme 2
3. Conclusion

The author has 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 present indium catalysis, more cost-effective methods for radical reactions using inexpensive
hydride sources and bases are now under investigation.
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4. Experimental Section

4.1. General Method
See page 11.

4.2. Access to Substrates and Reagents

Bromo- and iodoalkanes la-¢, 3-iodo-1-propanol (1h), iodoarenes 1j-m and lo-p, alkenes 2a-c,
PhSiH3, and In(OAc); were purchased from chemical companies. Functionalized iodoalkanes 1d-g, 1i, and
1n were prepared by the known methods. CAS registry numbers are shown in the title lines.

3-Iodopropyl Benzoate (1d) [245758-34-3]

Ph)J\O/\/\I

The title compound was prepared from benzoyl chloride and 3-iodo-1-propanol by the known
method."" The identity of 1d was confirmed by comparison of its spectral data ("H and *C NMR) with the
literature data.'

7-lodo-2-heptanone (1e) [4305-27-5]

o

MGM'

The title compound was prepared from 7-bromo-2-heptanone by the reaction with Nal (71% yield).
For the replacement of bromine by iodine, see the synthetic procedure for 1g in ref. 1. 7-Bromo-2-heptanone
was prepared from cyclohexanone by the reported method.!* The identity of le was confirmed by
comparison of its spectral data (IR, 'H and *C NMR) with the literature data.'*

1-z-Butyldimethylsiloxy-3-iodopropane (1f) [78878-05-4]
TBSO _~_!

The title compound was prepared from 3-iodo-1-propanol (1h) by the reaction with TBS-OTf and
2,6-lutidine in CH,CL,."> The identity of 1f was confirmed by comparison of its spectral data ('"H and '*C
NMR) with the literature data.'

1-(3-Iodopropoxy)octane (1g) [926921-08-6]

n-CgH170 _~_ |

The title compound was prepared from 1,3-propanediol and 1-bromooctane by the known method.
The identity of 1g was confirmed by comparison of its spectral data (IR, "H and *C NMR) with the literature
data.!”
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13-Iodo-2-tridecanol (1i) [926921-09-7]
OH

)\/\/\/\/\/\/'

The title compound was prepared from 13-bromo-2-tridecanone by the known method. The bromo-
ketone was prepared from cyclododecanone by the reported method. The identity of 1i was confirmed by
comparison of its spectral data (IR, 'H and '*C NMR) with the literature data.'®

6-Iodohexanal (1n) [91712-75-3]

O

Hk/\/\/'

The title compound was prepared from 6-bromo-1-hexanol by the Swern oxidation using DMSO,
(COCI); and Et;N," and subsequent reaction with Nal.!” The identity of 1n was confirmed by comparison of
its spectral data (IR, 'H and *C NMR) with the literature data.?

4.3. Intermolecular Radical Addition

Adducts 3aa, 3ac, 3bc, 3e, 3f, 3hc, 3j, 3m, and 6 were identified by comparison of their spectral data
with the literature data. Other adducts 3 and 5 were identified by full characterization. CAS registry numbers
are shown in the title lines if available.

t-Butyl Pentadecanoate (3aa, Typical Procedure) [882976-19-4]

n-C12H25 \/\H/OI-BU

@)

In(OAc); (29 mg, 0.10 mmol) and a magnetic stirring bar were placed in a two-necked,
round-bottomed flask (20 mL) fitted with a rubber septum and a three-way stopcock connected to a vacuum
source and an N, balloon (2 L). The atmosphere in the flask was replaced with N». Dry air (4.8 mL) and
EtOH (1.0 mL) were introduced into the flask with syringes. H>O (4.5 mL, 0.25 mmol), 1-iodododecane (1a,
148 mg, 0.50 mmol), #-butyl acrylate (2a, 192 mg, 1.50 mmol), and PhSiH3 (108 mg, 1.00 mmol) were
successively added to the mixture under stirring at room temperature. After the addition of PhSiH3, the
mixture was stirred for 20-30 s, then 2,6-lutidine (54 mg, 0.50 mmol) was added to the mixture. After being
stirred for 1.5 h, the resultant mixture and the washings with ~-BuOMe (20 mL) were poured into a mixture
of saturated aqueous NaHCO; (1 mL) and #~BuOMe (5 mL). The aqueous mixture was dried over Na,SO4
and filtered. The dried organic phase was subjected to GC analysis using undecane as an internal standard
(67% GC yield). In the case of isolation, the organic phase was evaporated and subjected to silica gel column
chromatography (hexane-Et;O 10:1). The title compound was obtained in 64% isolated yield. The identity of
3aa was confirmed by comparison of its spectral data (IR, 'H and '*C NMR) with the literature data.?!
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Di-z-butyl 2-Tridecylpentanedioate (5a)

@) Ot-Bu
n-C12H25 MO'}BU

o

Bp 200 °C (bath temp, 1.0 Torr). IR (neat) 2925, 2854, 1730 (C=0), 1367, 1147 cm™'; '"H NMR
(CDCl5) & 0.88 (t, J = 6.8 Hz, 3H), 1.20-1.60 (m, 44H), 1.65-1.87 (m, 1H), 2.12-2.31 (m, 2H); *C NMR
(CDCl3) 6 14.1 (CHz3), 22.7 (CHy), 27.2 (CHy), 27.6 (CH>), 28.12 (CH3 X 3), 28.14 (CH3 X 3), 29.37 (CH>),
29.48 (CHy), 29.53 (CHz), 29.58 (CH>), 29.66 (CH: x 2), 29.68 (CH: x 2), 31.9 (CHy), 32.5 (CH>), 33.3
(CH»), 45.7 (CH), 80.1 (C), 80.2 (C), 172.6 (C), 175.3 (C). Anal. Calcd for CxsHs004: C, 73.19; H, 11.81%.
Found: C, 72.79; H, 11.73%.

Ethyl Pentadecanoate (3ab) [41114-00-5]

n'C12H25 \/\[(OEt

o

Bp 172 °C (bath temp, 1.0 Torr). IR (neat) 2929, 2854, 1739 (C=0), 1178 cm™'; '"H NMR (CDCl;) &
0.88 (t,J= 6.5 Hz, 3H), 1.20-1.35 (m, 25H), 1.56-1.66 (m, 2H), 2.29 (t,J = 7.6 Hz, 2H), 4.12 (q, /= 7.2 Hz,
2H); “C NMR (CDCls) & 14.1 (CHs), 14.2 (CH3), 22.6 (CH>), 24.9 (CH>), 29.1 (CH»), 29.2 (CH>), 29.3
(CH>), 29.4 (CH>), 29.56 (CHz), 29.61 (CH2 X 2), 29.64 (CH» X 2), 31.9 (CH>), 34.3 (CH>), 60.1 (CH»), 173.9
(C); EI-MS m/z (relative intensity) 270 (M, 9.8), 225 (M" — OEt, 6.8), 88 (100). Anal. Calcd for Ci7H340,: C,
75.50; H, 12.67%. Found: C, 75.23; H, 12.80%.

Pentadecanenitrile (3ac) [18300-91-9]
n-CoHos ~"cN

The identity of 3ac was confirmed by comparison of its spectral data (IR, '"H NMR) with the
literature data.?

t-Butyl 3-Cyclododecylpropanoate (3ba) [882976-20-7]

C'Cle23 \/\H/Ot-Bu

O

IR (neat) 2931, 1731 (C=0), 1153 ecm™'; "H NMR (CDCl3) § 1.19-1.60 (m, 34H), 2.22 (t, J = 7.7 Hz,
2H); 3C NMR (CDCls) § 21.7 (CHa X 2), 23.3 (CHa X 2), 23.4 (CH, X 2), 24.0 (CHa), 24.7 (CH, X 2), 28.1
(CH; X 3), 28.9 (CHa x 2), 30.2 (CH,), 33.4 (CH), 33.7 (CHa), 79.8 (C), 173.5 (C); EI-MS m/z (relative
intensity) 241 (M* — C4Hy, 12), 240 (M* — C4Hs, 15), 57 (100). Anal. Caled for CioHsOx: C, 76.97; H,
12.24%. Found: C, 76.74; H, 12.27%.
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Di-z-butyl 2-(Cyclododecylmethyl)pentanedioate (5b)

@) Ot-Bu
C'C12H23\J\’/\/\[(Ot'BU

O

Bp 230 °C (decomposition, bath temp, 1.0 Torr). IR (neat) 2931, 1730 (C=0), 1147 cm!; '"H NMR
(CDCls) 5 1.07-1.86 (m, 45H), 2.12-2.40 (m, 3H); 1°C NMR (CsDs) & 21.8 (CH), 22.3 (CH,), 23.19 (CHa),
23.24 (CHa), 24.2 (CHa), 24.3 (CH,), 24.4 (CH), 25.01 (CHa), 25.05 (CHa), 28.11 (CH; X 6), 28.9 (CHa),
29.4 (CHz), 29.5 (CHz), 32.2 (CH), 33.4 (CHa), 38.5 (CHy), 43.8 (CH), 79.6 (C X 2), 172.0 (C), 175.0 (C).
Anal. Calcd for C6HasO04: C, 73.54; H, 11.39%. Found: C, 73.81; H, 11.51%.

Ethyl 3-Cyclododecylpropanoate (3bb)

C'C12H23 WOEt

o

Bp 150 °C (1.0 Torr, bath temp). IR (neat) 2931, 2862, 1738 (C=0) cm'; '"H NMR (CDCls) &
1.17-1.45 (m, 26H), 1.51-1.59 (m, 2H), 2.30 (t, J= 7.7 Hz, 2H), 4.12 (q, J= 7.2 Hz, 2H). 3*C NMR (CDCl5)
6 14.3 (CH3), 21.6 (CH2 x 2), 23.3 (CHz X 2), 23.4 (CH; x 2), 24.1 (CH,), 24.7 (CH; x 2), 28.8 (CH: X 2),
30.0 (CH»), 32.5 (CH>), 33.6 (CH), 60.2 (CH), 174.2 (C); EI-MS m/z (relative intensity) 268 (M", 4.6), 239
(M" — C,Hs, 2.9), 101 (100). Anal. Calcd for C17H3,0:: C, 76.06; H, 12.02%. Found: C, 75.94, H 12.23%.

3-Cyclododecylpropanenitrile (3bc) [69300-14-7]

The identity of 3bc was confirmed by comparison of its spectral data (IR, 'H and '*C NMR) with the

literature data.??

t-Butyl 3-(1-Adamantyl)propanoate (3¢)

@WOPBU

O

Mp 4648 °C (hexane—AcOEt). IR (KBr) 1728 (C=0), 1146 cm™'; '"H NMR (CDCl3) 6 1.34-1.40 (m,
2H), 1.44-1.72 (m, 21H), 1.94 (br s, 3H), 2.14-2.21 (m, 2H): >C NMR (CDCl;) 5 28.1 (CH; x 3), 28.6 (CH
X 3), 29.3 (CH,), 31.9 (C), 37.1 (CHz X 3), 39.0 (CH,), 42.1 (CH, X 3), 79.8 (C), 174.1 (C); EI-MS m/z
(relative intensity) 264 (M, 0.03), 209 (M* — C4H7, 29), 208 (M — C4Hs, 23), 135 (100). Anal. Calcd for
Ci7H230,: C, 77.22; H, 10.67%. Found: C, 77.04, H 10.83%.
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5-(z-Butoxycarbonyl)pentyl Benzoate (3d)
o]

Ph)kO/\/\/\H/Ot-Bu

O
Bp 172 °C (bath temp, 1.6 Torr). IR (neat) 1722 (C=0), 1274, 1151, 712 cm'; '"H NMR (CDCls) &
1.34-1.50 (m, 11H) including 1.44 (s), 1.61-1.85 (m, 4H), 2.25 (¢, J = 7.3 Hz, 2H), 432 (t, J = 6.6 Hz, 2H),
7.41-7.46 (m, 2H), 7.52-7.58 (m, 1H), 8.02-8.05 (m, 2H). 13C NMR (CDCls) & 24.7 (CHz), 25.5 (CHa), 28.0
(CH; x 3), 28.4 (CHy), 35.4 (CHy), 64.7 (CHa), 80.0 (C), 128.2 (CH x 2), 129.5 (CH x 2), 130.4 (C), 132.7
(CH), 166.5 (C), 172.9 (C); EI-MS m/z (relative intensity) 237 (M" — CsHz, 1.6), 236 (M* — C4H, 3.6), 105
(100). Anal. Calcd for Ci7H2404: C, 69.84; H, 8.27%. Found: C, 69.54; H, 8.31%.

t-Butyl 9-Oxodecanoate (3e) [77383-18-7]

MeMot-Bu

@] 0]

The identity of 3e was confirmed by comparison of its spectral data (IR, '"H NMR) with the literature
data.?*

t-Butyl 6-(z-Butyldimethylsiloxy)hexanoate (3f) [8§74796-67-5]

Ot-Bu
t-BuMGZSiO/W\ﬂ/

O

The identity of 3f was confirmed by comparison of its spectral data ('H and '*C NMR) with the
literature data.?

t-Butyl 6-Octoxyhexanoate (3g)

Ot-Bu
n-CgHy,07 7 "

0]

Bp 195 °C (bath temp, 1.2 Torr). IR (neat) 2929, 2856, 1734 (C=0), 1153 cm™!; 'H NMR (CDCl;) &
0.88 (t, J= 6.7 Hz, 3H), 1.20-1.40 (m, 12H), 1.44 (s, 9H), 1.48-1.67 (m, 6H), 2.22 (t, J = 7.5 Hz, 2H), 3.39
(t, J = 6.8 Hz, 2H), 3.40 (t, J = 6.5 Hz, 2H); 3*C NMR (CDCl3) & 14.1 (CH3), 22.6 (CH>), 24.9 (CH>), 25.7
(CH»), 26.2 (CH»), 28.1 (CHs x 3), 29.3 (CH>), 29.4 (CH: x 2), 29.7 (CH), 31.8 (CH>), 35.5 (CH,), 70.6
(CH), 71.0 (CHa), 79.9 (C), 173.2 (C); EI-MS m/z (relative intensity) 243 (M" — C4Ho, 1.9), 227 (M"
—C4Ho0O, 1.6), 115 (78), 57 (100). Anal. Calcd for CisH36Os3: C, 71.95; H, 12.08%. Found: C, 72.35, H
12.39%.

6-Hydroxyhexanenitrile (3hc) [2453-48-7]
HO™ >">""cN

The identity of 3he¢ was confirmed by comparison of its spectral data (IR, 'H NMR) with the
literature data.?
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t-Butyl 15-Hydroxyhexadecanoate (3ia)

Mewth-Bu

OH @)

Bp 155 °C (bath temp, 0.7 Torr). IR (neat) 3386 (br s, OH), 2925, 2854, 1734 (C=0), 1153 cm™'; 'H
NMR (CDCl3) ¢ 1.19 (d, J = 6.3 Hz, 3H), 1.22-1.48 (m, 32H), 1.50-1.60 (m, 2H), 2.20 (t, /= 7.4 Hz, 2H),
3.70-3.87 (m, 1H); 3C NMR (CDCl;) & 23.4 (CH3), 25.1 (CH>), 25.7 (CH>), 28.0 (CH3 X 3), 29.0 (CH,),
29.2 (CH>), 29.4 (CHy), 29.5 (CH: X 2), 29.6 (CH2 x 4), 35.6 (CH>), 39.3 (CH>), 68.0 (CH), 79.8 (C), 173.3
(C); EI-MS m/z (relative intensity) 255 (M — C4H90, 1.0), 57 (100). Anal. Calcd for C,0H40Os3: C, 73.12; H,
12.27%. Found: C, 72.77, H 12.33%.

15-Hydroxyhexadecanenitrile (3ic)

Me
WCN

OH

Mp 50.0-50.5 °C (Hexane-Et,0). IR (KBr) 3411 (br s, OH), 2918, 2850, 2249 (CN), 1450 cm!; 'H
NMR (CDClz) 6 1.19 (d, J = 6.3 Hz, 3H), 1.20-1.56 (m, 23H), 1.60-1.71 (m, 2H), 2.33 (t, /= 7.1 Hz, 2H),
3.75-3.83 (m, 1H); *C NMR (CDCl;) 8 17.1 (CHa), 23.5 (CHs), 25.4 (CH>), 25.8 (CHa), 28.6 (CH>), 28.7
(CH>), 29.3 (CH>), 29.5 (CH2), 29.56 (CH: X 2), 29.59 (CH: X 2), 29.63 (CHz), 39.4 (CHz), 68.2 (CH), 119.6
(C); EI-MS m/z (relative intensity) 235 (M — H20, 0.7), 41 (100). Anal. Calcd for CisH3:NO: C, 75.83; H,
12.33; N, 5.53%. Found: C, 75.68; H, 12.48; N, 5.41%.

t-Butyl 3-Phenylpropanoate (3j) [16537-10-3]

%Ot'BU

O

The identity of 3j was confirmed by comparison of its spectral data (IR, 'H and *C NMR) with the
literature data.?’

t-Butyl 3-(4-Methylphenyl)propanoate (3k) [379218-64-1]

Me
m(Ot-Bu

O

Bp 110 °C (bath temp, 1.0 Torr). IR (neat) 1734 (C=0), 1147 cm™'; "H NMR (CDCls) & 1.42 (s, 9H),
231 (s, 3H), 2.51 (t, J = 7.8 Hz, 2H), 2.87 (t, J = 7.8 Hz, 2H), 7.09 (s, 4H); ’C NMR (CDCls) 5 20.9 (CHs),
28.0 (CH; X 3), 30.6 (CHy), 37.2 (CHa), 80.2 (C), 128.1 (CH x 2), 129.0 (CH x 2), 135.5 (C), 137.7 (C),
172.3 (C); EI-MS m/z (relative intensity) 164 (M* — CsHs, 39), 147 (M* —CsHs0, 7.1, 105 (100). Anal.
Calcd for C14H2004: C, 76.33; H, 9.15%. Found: C, 76.11, H 9.36%.
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t-Butyl 3-(4-Methoxyphenyl)propanoate (31) [85277-69-6]

MeO
\©\/\H/Ot-BU

(6]

Bp 110 °C (bath temp. 1.0 Torr). IR (neat) 1720, 1512, 1365, 1244, 1153 cm™'; 'H NMR (CDCls) §
1.42 (s, 9H), 2.50 (t, J= 7.7 Hz, 2H), 2.85 (t, J = 7.7 Hz, 2H), 3.78 (s, 3H), 6.82 (d, J = 8.6 Hz, 2H), 7.11 (d, J
= 8.6 Hz, 2H); *C NMR (CDClLs) & 28.0 (CH; X 3), 30.2 (CHa), 37.3 (CHa), 55.2 (CHs), 80.2 (C), 113.7 (CH
X 2), 129.2 (CH x 2), 132.8 (C), 157.9 (C), 172.3 (C); EI-MS m/z (relative intensity) 236 (M*, 3.2), 180 (M*
—C4Hs, 23), 121 (100). Anal. Caled for C14Ha0Os: C, 71.16; H, 8.53%. Found: C, 70.94, H 8.71%.

t-Butyl 3-(4-Hydroxyphenyl)propanoate (3m) [51458-31-2]
HO
Ot-Bu

@)

The identity of 3m was confirmed by comparison of its spectral data (IR, 'H and *C NMR) with the
literature data.?®

t-Butyl 3-(4-Acetylphenyl)propanoate (30) [780761-58-2]
0o

CO,t-Bu
Bp 109 °C (bath temp. 2.1 Torr). IR (neat) 2177, 1728 (C=0), 1684 (C=0), 1269 (C-0), 1147
(C-0) cm™. *H NMR (CDCls) 8 1.41 (s, 9H), 2.56 (t, J = 7.6 Hz, 2H), 2.59 (s, 3H), 2.97 (t, J = 7.7 Hz, 2H),
7.26-7.34 (m, 2H), 7.83-7.93 (m, 2H). *C NMR (CDCl3) & 26.5 (CH3), 27.9 (CHs x 3), 30.9 (CH; x 2), 36.3
(CH2 x 1), 80.5 (C), 128.5 (CH x 4), 135.2 (C), 146.4 (C), 171.7 (C), 197.7 (C). M/S m/z (relative intensity)
56 (100), 147 (M* — CsHgO2, 14), 175 (M* — C4H40, 4).

t-Butyl 3-(4-Chlorophenyl)propanoate (3p)

Cl\@\/\
CO,t-Bu

IR (neat) 3583, 2139, 1896, 1730 (C=0), 1298, 1255, 1149, 1093 cm™. *H NMR (CDCls) § 1.41 (s,
9H), 2.51 (t, J= 7.8 Hz, 2H), 2.87 (t, J= 7.7, 2H), 7.11-7.29 (m, 4H). **C NMR (CDCls) & 28.0 (CHs x 3),
30.3 (CHy), 36.8 (CH>), 80.4 (C), 128.4 (CH x 2), 129.6 (CH x 2), 131.8 (C), 139.2 (C), 171.8 (C). M/S m/z
(relative intensity) 57 (100), 167 (M* — C4HqO, 10). Anal. Calcd for Cy3H17ClO,: C, 64.86; H, 7.12%.
Found: C, 64.78, H 7.17%.
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t-Butyl 9-Hydroxynonanoate (6) [171926-99-1]

HOW(Ot-BU

O

The identity of 6 was confirmed by comparison of its spectral data (IR, 'H and '*C NMR) with the
literature data.”

4-(1-Adamantyl)-2,6-dimethylpyridine (7)

Mp 112 “C. IR (KBr) 3365, 2904, 2178, 1799cm™. *H NMR (CDCls) & 1.58-1.99 (m, 12H), 2.04-2.19
(m, 3H), 2.50 (s, 6H), 6.91 (s, 2H). **C NMR (CDCls) & 24.6 (CH3 x 2), 28.7 (CH x 3), 30.7 (C), 36.6 (CH> x
3), 42.4 (CH2 x 3), 116.8 (CH x 2), 157.3 (C x 2), 160.5 (C). M/S m/z (relative intensity) 106 (M* — CyoH3s,
2), 135 (M* — C7HgN, 14), 241 (M*, 100).

81



5. References

10.

11.

12.

13.

14.

15.

16.

(a) Renaud, P.; Sibi, M. P. Radicals in Organic Synthesis; Wiley-VCH: Weinheim, 2001. (b) Curran, D.
P.; Porter, N. A.; Giese, B. Stereochemistry of Radical Reactions; VCH: Weinheim, 1996. (c) Curran,
D. P. In Comprehensive Organic Synthesis; Trost B. M.; Fleming, 1. Eds.; Pergamon Press: Oxford,
1991, Vol. 4, Chaps. 4.1-4.2, p 715. (d) Giese, B. Radicals in Organic Synthesis: Formation of
Carbon-Carbon Bonds; Pergamon Press: Oxford, 1986.

Boyer, L. J. Toxicology 1989, 55, 253.

Baguley P. A.; Walton, J. C. Angew. Chem. Int. Ed. 1998, 37, 3073 and references therein.
Hydrosilanes and related compounds: (a) Giese, B.; Kopping, B.; Chatgilialoglu, C. Tetrahedron Lett.
1989, 30, 681. (b) Chatgilialoglu, C. Acc. Chem. Res. 1992, 25, 188. (c¢) Chatgilialoglu, C.; Guerra,
M.; Guerrini, A.; Seconi, G. J. Org. Chem. 1992, 57, 2427. (d) Yamazaki, O.; Togo, H.; Matsubayashi,
S.; Yokoyama, M. Tetrahedron 1999, 55, 3735. (e) Studer, A.; Amrein, S.; Schleth, F.; Schulte, T.;
Walton, J. C. J. Am. Chem. Soc. 2003, 125, 5726.

Hydrogermanes: (a) Sakurai, H.; Mochida, K.; Hosomi, A.; Mita, F. J. Organomet. Chem. 1972, 38,
275. (b) Chatgilialoglu C.; Ballestri, M. Organometallics 1995, 14, 5017. (c) Nakamura, T.; Yorimitsu,
H.; Shinokubo, H.; Oshima, K. Bull. Chem. Soc. Jpn. 2001, 74, 747. (d) Miura, K.; Ootsuka, K.;
Hosomi, A. Synlett 2005, 3151.

Indium and gallium hydrides: (a) Inoue, K.; Sawada, A.; Shibata, 1.; Baba, A. J. Am. Chem. Soc. 2002,
124, 906. (b) Hayashi, N.; Shibata, 1.; Baba, A. Org. Lett. 2005, 7, 3093. (c) Takami, K.; Mikami, S.;
Yorimitsu, H.; Shinokubo, H.; Oshima, K. Tetrahedron 2003, 59, 6627 and references therein.

Dialkyl phosphites and hypophosphorous acid: Barton, D. H. R.; Jang, D. O.; Jaszberenyi, J. C. J. Org.
Chem. 1993, 58, 6838 and references therein.

(a) Corey, E. J.; Suggs, J. W. J. Org. Chem. 1975, 40, 2554. (b) Giese, B.; Gonzalez-Gomez, J. A.;
Witzel, T. Angew. Chem. Int. Ed. Engl. 1984, 23, 69. (c) Lopez, R. M.; Hays, D. S.; Fu, G. C. J. Am.
Chem. Soc. 1997, 119, 6949,

Miura, K.; Tomita, M.; Yamada, Y.; Hosomi, A. J. Org. Chem. 2007, 72, 787.

The author has previously reported that the In(OAc)s-catalyzed reaction of a-enones with PhSiHs in
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. Synlett 2004, 1985.

See page 52 and ref 9. (a) Mikami, S.; Fujita, K.; Nakamura, T.; Yorimitsu, H.; Shinokubo, H.;
Matsubara, S.; Oshima, K. Org. Lett. 2001, 3, 1853 (b) Synthetic procedure and compound data for
1f-Br: Hoeger, S.; Rosselli, S.; Ramminger, A.-D.; Enkelmann, V. Org. Lett. 2002, 4, 4269.

Compound data for 1d: Thompson, A. M.; Delaney, A. M.; Hamby, J. M.; Schroeder, M. C.; Spoon, T.
A.; Crean, S. M.; Showalter, H. D. H.; Denny, W. A. J. Med. Chem. 2005, 48, 4628.

See page 56. Synthetic procedure and compound data for 7-bromo-2-heptanone: Zhang, W.-C.; Li,
C.-J. J. Org. Chem. 2000, 65, 5831.

Compound data for 1e and 1n: Barluenga, J.; Gonzalez-Bobes, F.; Murguia, M. C.; Ananthoju, S. R.;
Gonzalez, J. M. Chem. Eur. J. 2004, 10, 4206.

Synthetic procedure for TBS ether 1f: Corey, E. J.; Cho, H.; Riicker, C.; Hua, D. H. Tetrahedron Lett.
1981, 22, 3455.

Compound data for 1f: Gu, X.; Sun, M.; Gugiu, B.; Hazen, S.; Crabb, J. W.; Salomon, R. G. J. Org.
Chem. 2003, 68, 3749.

82



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

See page 54.

See page 55.

Mancuso, A. J.; Huang, S.-L.; Swern, D. J. Org. Chem. 1978, 43, 2480.

Barluenga, J.; Gonzaelez-Bobes, F.; Murguia, M. C.; Ananthoju, S.; R.; Gonzaelez, J. M. Chem. Eur. J.
2004, 10, 4206.

Compound data for 3aa (IR, EI-MS, 'H and *C NMR): Miura, K.; Ootsuka, K.; Hosomi, A. Synlett
2005, 3151.

Compound data (IR, EI-MS, '"H NMR) for 3ac: Bhattacharya, S.; Vemula, P. K. J. Org. Chem. 2005,
70, 9677.

Compound data (IR, '"H NMR, '3C NMR) for 3be: Ardarelli, A. M.; Fagnoni, M.; Mella, M.; Albini, A.
J. Org. Chem. 2001, 66, 7320.

Compound data (Bp, IR, "H NMR) for 3e: Tanaka, K.; Matsui, S.; Kaji, A. Bull. Chem. Soc. Jpn. 1980,
53,36109.

Compound data ("H NMR, '*C NMR) for 3f : Yeom, C.-E.; Kim, Y. J.; Lee, S. Y.; Shin, Y. J.; Kim, B.
M. Tetrahedron 2005, 61, 12227.

Compound data (IR, "H NMR) for 3hc: Neokosmidi, A.; Ragoussis, V.; Zikos, C.; Paravatou-Petsotas,
M.; Livaniou, E.; Ragoussis, N.; Evangelatos, G. J. Agric. Food Chem. 2004, 52, 4368.

Compound data (IR, "H NMR, "*C NMR) for 3j: (a) Kissling, R. M.; Gagne, M. R. Org. Lett. 2000, 2,
4209. (b) Kunishima, M.; Kawachi, C.; Morita, J.; Terao, K.; Iwasaki, F.; Tani, S. Tetrahedron 1999,
55, 13159.

Compound data (IR, '"H NMR, C NMR, EI-MS) for 3m: Clough, J. M.; Jones, R. V. H.; McCann, H.;
Morris, D. J.; Wills, M. Org. Biomol. Chem. 2003, 1, 1486.

Compound data (IR, '"H NMR, C NMR, EA) for 6: Reding, M. T.; Buchwald, S. L. J. Org. Chem.
1995, 60, 7884.

83



84



List of Publications

“Indium(111) Acetate-Catalyzed 1,4-Reduction and Reductive Aldol Reactions of a-Enones with
Phenylsilane”
Miura, K.; Yamada, Y.; Tomita, M.; Hosomi, A.

Synlett 2004, 1985-1989.

“Indium-Catalyzed Radical Reductions of Organic Halides with Hydrosilanes”
Miura, K.; Tomita, M.; Yamada, Y.; Hosomi, A.

J. Org. Chem. 2007, 72, 787-792.

“Indium(11I) Acetate-Catalyzed Intermolecular Radical Addition of Organic lodides to
Electron-Deficient Alkenes”
Miura, K.; Tomita, M.; Ichikawa, J.; Hosomi, A.

Org. Lett. 2008, 10, 133-136.

85



86



Acknowledgment

The studies presented in this thesis have been carried out under the directions of Professor Akira
Hosomi and Professor Junji Ichikawa at the University of Tsukuba during 2001-2008. This thesis is
concerned the indium-catalyzed reaction of hydrosilanes.

The author wishes to express his deep gratitude to Professor Akira Hosomi and Professor Junji
Ichikawa for their guidance, valuable suggestion and continuous encouragement throughout this work.

The author wishes to express his sincere thanks to Associate Professor Katsukiyo Miura for his
pertinent guidance and helpful discussions during this work.

The author’s grateful thanks are made to Associate Professor Makoto Hojo, Dr. Hisashi Nishikori,
and Dr. Kohei Fuchibe for their helpful suggestions and stimulating discussions.

Valuable suggestion, kindness, and goodwill of author’s colleagues are sincerely acknowledged.

Finally, the author expresses his deep appreciation to his parents, Mr. Shingo Tomita and Mrs.

Yoshiko Tomita, for their affectionate encouragement and constant assistance throughout the work.

February 2008

Mitsuru Tomita

87



