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Introduction

In recent decades, organoindium reagents' have been demon-
strated to be intriguing and versatile organometallic com-
pounds which usually exhibit mild reactivity, good functional
group compatibility, and sometimes remarkably improved
chemo- and stereoselectivity, as compared to other more reac-
tive organometallic counterparts such as organolithium,
organomagnesium, and organozinc species.”> Normally,
organoindium reagents are prepared either by the transmetal-
lation of indium(wm) halides with pre-prepared organolithium
or organomagnesium reagents which display somewhat
limited functional group tolerance as demonstrated by
Nomura, Sarandeses, Perez Sestelo, Lee, Lei, and others,* or by
the direct insertion of indium(0) into organic halides.'*
Among the various organoindium reagents prepared by the
latter method, the use of more reactive allylic halides,” pro-
pargylic halides,® and a-halo carbonyl compounds’ as sub-
strates for direct indium insertion has been extensively investi-
gated and used in organic synthesis, because of the easy prepa-
ration of these organoindium compounds and their good reac-
tivity for undergoing the subsequent reactions with electro-
philes. In comparison, the preparation of organoindium
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coupling reactions with aryl halides is developed. NMR and ESI-MS analyses indicated that rather than the
formation of the commonly recognized alkyl indium sesquihalide with the formulation of Rsln,Xs, the
formed alkyl indium reagent in the present protocol should be a mixture of an alkyl indium dihalide
(RInX;) and a dialkyl indium halide (RxInX) (both of them presumably exist as dimers).

reagents by using aryl halides,®'° alkyl halides,""™* benzyl
halides,"” alkenyl halides,'® and acid chlorides'” as substrates
has mostly been developed only in recent ten years, as a conse-
quence of the relatively poor reactivity of these organohalides
and the lack of an efficient method for the activation of com-
mercial indium metal to facilitate direct insertion. In this
regard, the choice of an appropriate additive was found to
greatly facilitate indium insertion. For instance, pioneered by
Knochel and co-workers,'"® the research groups of
Knochel, #1°%¢ Lee,®*“'” Minehan,’ and Yoshikai'® have dis-
closed that LiCl is a robust salt which substantially promotes
the insertion of indium into various organic halides. In
addition, our group and Lee’s group have also shown that
either CuX"'"" or Lil'* is an effective additive to boost the oxi-
dative insertion of indium metal into alkyl halides. However,
most of the previously developed methods employed stoichio-
metric amounts of additives to promote indium insertion into
organic halides, which is not economical and does not adhere
to the principles of Modern Organic Synthesis and Green
Chemistry. Thus, the search for an efficient method which
uses a catalytic amount of catalyst/additive to achieve the
direct indium insertion into organic halides would be of great
synthetic value and is more attractive in terms of economy, but
has not been developed yet."’

On the other hand, it is generally accepted by chemists that
the direct insertion of metals, such as Al, In, and Ga, into
organic halides (R-X) should lead to the formation of organo-
metallic sesquihalide with the formulation of RzM,X; (M = Al,
In, and Ga),®"**'*?° which is also considered to be an aggre-
gated form of RMX, and R,MX in a molar ratio of 1:1.
However, until now this is only a conjecture of chemists and
there exists no reliable evidence to support this. Thus, relevant
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evidence is demanded to support or refute this surmise. In
continuation of our efforts to develop indium chemistry,>*
herein we describe an efficient method for the synthesis of
alkyl indium reagents via an indium(u) or lead(u) halide-cata-
lyzed direct insertion of indium into alkyl iodides and their
applications in palladium-catalyzed cross-coupling reactions
with aryl halides. In addition, NMR analysis showed that the
formed alkyl indium reagent should be a mixture of an alkyl
indium dihalide (RInX,) and a dialkyl indium halide (R,InX),
rather than the commonly recognized organoindium sesquiha-
lide with the formulation of R;In,Xj.

Results and discussion

We commenced our investigation by first examining the inser-
tion of indium into (2-iodoethyl)benzene (1a) in THF at 60 °C
for 12 h in the presence of a variety of metallic salts (10 mol%)
as reaction catalysts (Table 1). It was found that various metal-
lic catalysts were able to catalyze the oxidative addition reac-
tion with differing catalytic activities. Of the catalysts screened,
InCl; emerged to be the most efficient catalyst for the insertion
reaction to afford the desired alkyl indium reagent in 81%
yield (entry 10). In addition, CeCls, ZnCl,, and PbBr, were also
proven to be effective catalysts for the reaction, leading to the
alkyl indium reagent in relatively reduced but acceptable yields
of 70%, 72% and 75%, respectively (entries 8, 9, and 15). The
use of CuBr,, GaBr;, and PbI, also produced the corres-
ponding organoindium reagent in acceptable yields ranging
between 61-63% (entries 13, 14, and 17). In sharp contrast, no
reaction occurred when the insertion reaction was performed
in the absence of a catalyst (entry 1). It should be mentioned
that a catalytic amount of metallic salt suffices to catalyze the
indium insertion, and no extra manipulation regarding the
pre-activation of the indium powder by using trimethylsilyl
chloride and 1,2-dibromoethane is required,®'* typical of the

Table 1 Optimization of reaction conditions?

In (1.5 equiv)
| _catalyst (0.1 equiv) InXs,
Ph THF, 60°C, 12n . PhT R eT
1a (n=1,2)

Entry Catalyst Yield” (%) Entry Catalyst Yield” (%)
1 — 0 10 InCl, 81
2 TiCl, 15 11 InBrs 50
3 SnCl, 47 12 ZnBr, 41
4 PbCl, 32 13 CuBr, 61
5 GacCl, 41 14 GaBr; 61
6 CuCl, 11 15 PbBr, 75
7 AlCl, 45 16 Znl, 25
8 CeCly 70 17 Pbl, 63
9 ZnCl, 72

“The insertion step was performed at 60 °C for 12 h by using
(2-iodoethyl)benzene (1a, 1 mmol), indium powder (1.5 mmol), and
catalyst (0.1 mmol) in THF (2 mL). ® The yield was determined by 'H
NMR analysis of the crude reaction mixture after workup by using
1,4-dimethoxybenzene as an internal standard.
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reagents used for metal pre-activation."®'® When the opti-
mized reaction conditions were applied to the use of less reac-
tive (2-bromoethyl)benzene or (2-chloroethyl)benzene as the
substrate, only a trace amount of the corresponding alkylin-
dium reagent was formed.

It should be mentioned that the formed alkyl indium
reagent is relatively stable to moisture and air,"" and thus the
reaction can be directly performed in analytical grade THF
(no pre-drying!) without the exclusion of air and moisture,
which makes the present protocol operationally simple as com-
pared to the preparation of other more reactive organometallic
compounds (e.g., RMgX, RAIX, or RZnX). In addition, the yield
of the formed alkyl indium reagent can be easily calculated
based on the NMR analysis of the crude reaction mixture
against an internal standard after workup. As shown in Fig. 1,
when the model reaction was performed by using 1.5 equiv.
In and 0.75 equiv. InCl; (which might lead to the formation
of 2.25 equiv. InCl) under optimized reaction conditions, the
complete consumption of the starting material 1a was
observed and the formation of only one type of alkyl indium
reagent (two triplet peaks A, Spectrum 2) was observed
(86% NMR yield). We believed that the formed alkyl indium
reagent should be an alkyl indium dihalide (RInX,; peaks A)
based on the following equation: RI + InCl = RInX, (X = Cl, I).
In contrast, when the model reaction was conducted in the
presence of 1.5 equiv. In and 0.1 equiv. InCl; under estab-
lished reaction conditions (entry 10, Table 1), the generation
of two types of alkyl indium species was detected on the basis
of '"H NMR analysis (overall 81% NMR yield, Spectrum 3),
which should be the mixture of an alkyl indium dihalide

In (1.5 equiv.) F,h/\/lnxz (A)
P InCl3 (x equiv.)
S d/s
Ph \ THF, 60 °C, 12 h andior
a InX
(1 mmol) PR % ®
InCl, (0.75 equiv.): 86% NMR yield (A)
InCl3 (0.1 equiv.): 81% NMR yield (A+B)
Spectrum 1
AN A
18 IS
THF THF
Spectrum 2
A A
Y l ) e
1s Is
Spectrum 3 THE | THE |
n N ‘ ‘* B

7o [ B o o s o g o 2% 2o s

Fig. 1 'H NMR spectra of substrate 1a and the formed alkyl indium
reagents by using different equivalents of InCls. Spectrum 1: starting
material of (2-iodoethyl)benzene (1a); Spectrum 2: indium insertion by
using indium (1.5 equiv.) and InCls (0.75 equiv.); Spectrum 3: indium
insertion by using indium (1.5 equiv.) and InClz (0.1 equiv.); IS: internal
standard of 1,4-dimethoxybenzene; A: alkyl indium dihalide (RInXy);
B: dialkyl indium halide (R;InX).
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(RInX,; peaks A) and a dialkyl indium halide (R,InX; two
triplet peaks B), in the molar ratio of 10:3 (because the inte-
gration ratio of the two peaks A and B close to 3.0 ppm is 5: 3).
Conventionally, it is generally believed that the direct insertion
of metals, such as Al, In, and Ga, into organohalides (R-X)
should give rise to organometallic sesquihalide with the for-
mulation of R;M,X; (M = Al In, and Ga),>"**'*?° which is also
deemed to be an aggregated form of RMX, and R,MX in the
molar ratio of 1:1. However, in our case, on the basis of
"H NMR analysis (Spectrum 3), no alkyl indium sesquihalide
with the formulation of R3In,X; is formed, in view that the
molar ratio of RInX, and R,InX is 10:3 (not 1:1) which is in
sharp contrast to the previous conjecture.®'>*'%?% As a result,
we believed that the direct insertion of Al, In, and Ga into orga-
nohalides should lead to the formation of a mixture of RMX,
and R,MX, rather than the generation of organometallic ses-
quihalide (RzM,X3).

ESI-MS (electrospray ionization mass spectrometry) analysis
(Fig. 2) showed that four molecular ion peaks (m/z = 546.8486,
525.0145, 1092.6893, and 1049.0214) were detected (see pages
S5 and 6 in the ESIf for details) and they could be attributed
to [PhCH,CH,InI,-THF + H]" (exact mass: 546.8486; see struc-
ture A1) and [(PhCH,CH,),InI'THF + H]' (exact mass:
525.0145; see structure B1), and their respective dimers
[(PhCH,CH,InlI,-THF), + H]" (exact mass: 1092.6893; see struc-
ture A2) and {[(PhCH,CH,),InI-THF], + H}" (exact mass:
1049.0212; see structure B2), all with the coordination of THF
to indium ions. Thus, we speculated that the formed alkyl
indium reagents in the reaction presumably exist in the form
of dimers A2 and B2, and the detected monomers A1 and B1
might come from the fragmentation of dimers A2 and B2
during ESI-MS analysis. These results, to a large extent, proved
the formation of a mixture of an alkyl indium dihalide (RInX,)
and a dialkyl indium halide (R,InX) in the insertion reaction.

We envisaged that indium monohalide (InX), instead of
indium metal, might be the real species which inserts into
alkyl iodides. To verify the hypothesis, we also tested the direct
insertion of InCl (2 equiv.) into alkyl iodide 1a under the same
reaction conditions (THF, 60 °C, 12 h; eqn (1)). As anticipated,
the reaction worked equally well to generate only one type of
alkyl indium reagent (RInX,) in 91% NMR yield, highly indi-

Ph THF
Ph b H| I\I'/I
~\ ~ f,‘\ n
In | ~—
N TH:= Ph

A1: [M+H]*, m/z = 546.8486 A2: [M+H]*, m/z = 1092.6893

Ph LT ph
Ph THF SN
In NN
— e Ph

Ph

B1: [M+H]*, m/z = 525.0145 B2: [M+H]*, m/z = 1049.0214

Fig. 2 Proposed structures of alkyl indium reagents formed in the
InCls-catalyzed indium insertion reaction on the basis of ESI-MS
analysis.
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cating that InX might be the real indium species which under-
goes oxidative addition to alkyl iodides, in view that direct
indium insertion into alkyl iodides could not take place in the
absence of an additive or catalyst (entry 1, Table 1).
InClI (2 equiv.)

Ph/\/l —— Ph/\/lnX2
1a THF, 60 °C, 12 h (A) (1)

91% NMR yield

ESI-MS analysis (Fig. 3) showed that two molecular ion
peaks (m/z = 454.9129 and 908.8180) were detected (see page
S7 in the ESI} for details) and they could be attributed to
[PhCH,CH,InICI-THF + H]|" (exact mass: 454.9130; see struc-
ture C1) and its dimer [(PhCH,CH,InICI-THF), + H]" (exact
mass: 908.8181; see structure C2). Thus, we surmised that the
formed alkyl indium reagents in the reaction presumably exist
in the form of a dimer C2, and the detected monomer C1
might arise from the fragmentation of dimer C2 during
ESI-MS analysis. These results also largely corroborated the
generation of an alkyl indium dihalide (RInX,) in the insertion
reaction.

Having optimized the reaction conditions for the insertion
step, next we applied the prepared alkyl indium reagent to
palladium-catalyzed cross-coupling reactions. Toward this end,
a series of aryl halides bearing various substituents were
employed as coupling partners in the presence of Pd(PPh;),
(5 mol%) and LiCl (2 equiv.) in dimethylacetamide (DMA)'" at
100 °C for 24 h (Table 2). As expected, the formed alkyl indium
reagent derived from substrate 1a smoothly underwent the
cross-coupling reactions to furnish the corresponding products

THF Ph i
Ph e H|n’/CI\|r'u/I
\/ P
~ "y CITN T
N THF Ph

C1: [M+H]*, m/z = 454.9129 C2: [M+H]*, m/z = 908.8180

Fig. 3 Proposed structures of alkyl indium reagents formed in the InCl
insertion reaction on the basis of ESI-MS analysis.

Table 2 Substrate scope study by using various aryl halides®

Ph/\/| 1.1n, InCls, THF, 60 °C, 12 h Ph/\/Ar
2. ArX (2), Pd(PPhy),, LiCI

DMA, 100 °C, 24 h

2a R Ac), 6‘? 2d, 82% 2e, 86% ). 76%
0 it
2

Wes A“U

94%
2. (x Br) 78%
2j (X = Cl), 52%

2k, 54% 21,82% 2m (X = CH), 86%
2n (X = N), 89%

“Isolated yield of the analytically pure product.
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3a-n in moderate to good yields. In addition to aryl halides,
heteroaryl iodides containing furyl (2k), pyridyl (2m), and pyra-
zinyl (2n) moieties were demonstrated to be suitable coupling
partners for the reactions. Aside from more reactive aryl
iodides, aryl bromides (2g and 2i) and even the unreactive aryl
chloride (2j) efficiently participated in the cross-coupling reac-
tions to afford the expected products in moderate to good
yields (52-78%). Aryl iodides 2c-e containing a nitro group at
the para, meta, and ortho position of the benzene ring reacted
in a same manner with high efficiency to give the desired pro-
ducts 3c-e in 82-86% yields. An array of important functional
groups in the coupling electrophiles, including acetyl (2a),
cyano (2b), nitro (2c-e), ethoxycarbonyl (2f-g), and even formyl
(2h-k) groups, were capable of surviving the current reaction
conditions completely intact, which potentially can be retained
for further derivatization at a later stage.

To demonstrate the generality of the indium insertion reac-
tions and the subsequent Pd-catalyzed cross-coupling reac-
tions, a range of structurally varied alkyl iodides were explored
as substrates (Table 3). Likewise, various alkyl iodides effec-
tively underwent the present InCls-catalyzed direct indium
insertion and the ensuing palladium-catalyzed cross-coupling
with representative aryl iodide 2a, delivering the anticipated
cross-coupled products 4b-m in moderate to good yields.
Apart from primary alkyl iodides, secondary alkyl iodides
1l-m, which normally reacted poorly in the other case,'
worked equally well in the present protocol to give the antici-
pated products 4l-m in 75-89% yields. Especially noteworthy
is that versatile functional groups which are more or less sensi-
tive to a base and a nucleophile, including chloro (1e), cyano
(1f), ethoxycarbonyl (1g), benzoyl (1h-i), hydroxyl (1j), and
OTBS (1k) groups, exhibited excellent compatibility with the
present reaction conditions.

In a same manner, a catalytic amount of PbBr, was also
able to catalyze the indium insertion into alkyl iodides, and
the thus-formed alkyl indium compounds could also be suc-
cessfully extended to palladium-catalyzed cross-coupling reac-
tions with aryl iodides. As outlined in Table 4, reactions invol-
ving alkyl iodide 1a and aryl halides 2a-c, 2h, and 2i pro-
ceeded smoothly to generate the cross-coupled products in

Table 3 Substrate scope study by using various alkyl iodides?

Ac
n_y 1.In.InCls THF, 60°C, 12 /@/
2. 4-AcCqHl (2a), Pd(PPha)s &

b LICl, DMA, 100°C, 24 h 4b-m

o} |

Ph)J\)

RN
1b (R = Ph), 84%

Bz0” ¢ O

Ho/\/\l

1h, 85% 1i, 63% 1j, 63%
1c (R = "Hex), 82%
1d (R = "Pr), 83%
1e(R=Cl,62%  TBSO™ X% I <}' &I
1f (R = CN), 85%
1k, 84% 11, 89% 1m, 75%

1g (R = CO,Et), 82%

“Isolated yield of the analytically pure product.
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Table 4 Substrate scope study by using PbBr, as the catalyst?

R2
R'I :

1. In, PbBr,, THF, 60 °C, 12 h
2. 4-R2CgHX (2), Pd(PPhg),
1 LiCl, DMA, 100 °C, 24 h

R

3or4
N@ Nea N@
Ph
=1), 70% b (X =1), 88% =1), 89%
/\/©/ " Aw/©/
\/\/©/ BzO 5
), 84% _ -
3. x Br) 64% 4f (X = 1), 83% 4h (X = 1), 84%
Ac
o T OO
4| (X =1), 62% 4j (X = 1), 78% a1 (X = 1), 50%

“Isolated yield of the analytically pure product.

64-89% yields. When alkyl iodides 1f, 1h, 1i, and 1j containing
various functionalities (including cyano, benzoyl, and
hydroxyl) were subjected to indium insertion in the presence
of 10 mol% PbBr,, the reactions proceeded with equal success
to produce the corresponding products in 62-84% yields. In
an analogous fashion, the secondary alkyl iodide of iodocyclo-
hexane (11) could be used as a substrate with equal ease,
giving rise to the product 41 in an acceptable yield of 50%.

As for the role of InCl; and PbBr,, currently it is not
clear.’””*> We speculated that the in situ generation of an InX
(via the reaction of indium with metallic halide) as the key
intermediate for direct insertion into alkyl iodides might be
the key factor for the formation of the alkyl indium reagent.

Conclusions

In summary, we have developed an efficient InCl;- and PbBr,-
catalyzed direct insertion of indium powder into alkyl iodides
for the facile preparation of alkyl indium reagents. Upon palla-
dium-catalyzed cross-coupling reactions with various aryl
halides, a variety of cross-coupled products were obtained in
moderate to good yields. The reactions, both in the insertion
and cross-coupling steps, exhibit a broad substrate scope and
excellent tolerance to sensitive functional groups. The reaction
protocol is operationally simple which can be directly per-
formed in analytical grade THF without the exclusion of air
and moisture. Most importantly, one of the most advantageous
features of the present protocol is that only a small quantity of
metallic salt (10 mol%) is utilized as a reaction catalyst, which
is superior when compared to previously reported methods
where stoichiometric amounts of additives were employed as
reaction promoters. Moreover, contrary to previous reports,
NMR and ESI-MS analyses showed that the formed alkyl
indium reagent should be a mixture of an alkyl indium di-
halide (RInX,) and a dialkyl indium halide (R,InX) (both of them
presumably exist as dimers), rather than the commonly recog-
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nized organoindium sesquihalide (or an aggregated form of
RInX, and R,InX) with the formulation of R3In,X;. The appli-
cation of the methodology for the synthesis of other types of
organoindium reagents is currently being investigated in our
laboratories.
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