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Abstract

New reactions using old functionality, isocyanides, are
described. By using isocyanides in place of carbon monoxide,
transformations otherwise difficult to achieve, such as GaCls-
catalyzed [4 + 1] cycloaddition and TfOH-catalyzed insertion
into a C-O bond of acetals, are realized. In addition, isocyanides
are exploited as a key component in transition-metal-catalyzed
C-H bond activation and borylation reactions.

¢ Introduction

Originally discovered as isomers of cyanides in the late
1860’s,! isocyanides are now recognized as unique building
blocks for use in organic synthesis.> The uniqueness of
isocyanides stems from a structural feature wherein the terminal
carbon atom is formally divalent (eq 1), which enables these
molecules to react with electrophiles, nucleophiles, and radicals.
In addition, isocyanides are frequently employed as two-
electron-donating ligands in organometallic chemistry.? Rather
than simply serving as a spectator, isocyanides are also activated
on organometallic complexes to be utilized as substrates for new
catalytic transformations.

.. + -
R-N=C: =—= R-N=C: ey
Based on the diverse modes of reactivity exhibited by
isocyanides, numerous reactions have been developed. Multi-
component Passerini and Ugi reactions are arguably among the
most popular processes in isocyanide chemistry.* Isocyanides
also serve as versatile starting materials for the synthesis of
nitrogen heterocycles.” Despite advances in the reactions of
isocyanides, there remains much need to expand the scope,
particularly in the context of a formal reaction pattern, to fully
exploit the potential utility of isocyanides. We recently
developed a series of new transformations using isocyanides
as a key component with the aid of acid or transition-metal
complexes. In some cases, we revisited some of the classical
stoichiometric reactions and developed them into catalytic
variants with a significantly expanded scope by adopting new
catalysts.® In other cases, we introduced contemporary concepts,
such as C-H activation, in the reaction development using
isocyanides. This Highlight Review describes our recent
endeavors in developing new transformations using isocyanides,
with special emphasis on the reasoning behind the design of the
reactions.

¢ Initial Finding: [4 + 1] Cycloaddition

In the late 1990s, our interests were directed to the devel-
opment of catalytic carbonylative cycloaddition, wherein carbon
monoxide (CO) was used as a C1 component in cycloaddition
reactions.” Such ring-forming reactions represent a powerful and
atom-economical strategy for the synthesis of cyclic carbonyl
compounds, as exemplified by cyclopentenone synthesis via the
Pauson—Khand reaction. In the course of our study along this line,
we discovered a ruthenium-catalyzed [4 + 1] cycloaddition of
o, B-unsaturated imine and CO, which leads to the construction of
an unsaturated y-lactam framework (Scheme 1¢).® Naturally, we
subsequently pursued the possibility of applying this [4 + 1]
strategy to the corresponding «,B-unsaturated carbonyl com-
pounds in the hope of assembling 7-lactones (Scheme 1b).
However, all attempts to this end were unsuccessful.
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(a) X =C no example but stoichiometric (Fe: 1992)
(b) X =0 no example
(c) X=N catalytic (Ru: 1999)

Scheme 1. [4 + 1] Carbonylative cycloadditions.

The isoelectronic relationship between CO and isocyanides
led us to examine [4 + 1] cycloaddition of «,B-unsaturated
carbonyl compounds and isocyanides. We expected the reaction
to be realized since the reactivity of isocyanides is tunable both
electronically and sterically, which represents an eminent nature
that CO does not possess. Thus, a variety of transition-metal
complexes were examined for their ability to catalyze the desired
[4 + 1] cycloaddition using several electronically and sterically
different isocyanides. However, again, no y-lactone derivatives
were obtained in any case. Finally, we envisioned that a Lewis
acid would promote the target reaction in view of the well-
precedented nucleophilic reactivity of isocyanides combined
with electrophilic activation of «,B-unsaturated carbonyls by
Lewis acids. Our experience in alkyne activation by a GaCl;
catalyst™!'? prompted us to initially examine this Lewis acid,
since it was hoped that the softness of GaCl; would allow for an
efficient catalyst turnover in the presence of the polar functional
groups. To our delight, the [4 + 1] cycloaddition of enone and
isocyanide indeed occurred in the presence of a GaCl; catalyst
(eq 2).1
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. 5 mol%
C GaCls -
4 + 0 2
4<_<O ’Tj toluene
Ar 60 OC, 18 h NAr
(Ar = 2,6-MesCgH3) 94%

Soon after we obtained these intriguing results in 2000, we
noticed that Ito and Saegusa had reported that virtually the
same reaction (using methyl isocyanide) could be promoted by
a stoichiometric amount of Et,AICI in 1982.'? Despite this
pioneering work, we decided to pursue our gallium-catalyzed
reaction, because the reaction demonstrates the first example of
the catalytic [4 + 1] cycloaddition of enones and isocyanides,
and also because we expected the reaction to serve as a basis for
further development of soft Lewis acid-catalyzed processes
using isocyanides.

Catalyst screening revealed that, apart from GaCls, several
Lewis acids, including ZrCly (71%), Yb(OTf); (60%), and
In(OTf); (44%), catalyzed the reaction shown in eq 2. To our
surprise, Smol % of Et,AlCI also afforded the product in 87%
yield when 2,6-Me,C¢H3NC was used. Further studies estab-
lished that GaCls is the optimal catalyst in terms of both
catalytic activity and substrate generality. Regarding the
structure of isocyanides, aromatic substituents, especially those
bearing sterically demanding or electron-withdrawing groups,
were suitable and aliphatic isocyanides were not: 2,6-i-
Pr,C¢H3NC (94%), 2-MeC¢H4NC (65%), 2,6-(CF3),CsH3NC
(92%), 2-CF3;CsH4NC (85%), t-BuNC (24%), and cyclohexyl-
NC (trace).

A diverse array of acyclic and cyclic enones can participate
in this GaCls-catalyzed cycloaddition with isocyanides to
efficiently furnish the corresponding iminolactones. Selected
examples are shown in Scheme 2. While f,B-disubstituted
enones smoothly underwent [4 + 1] cycloaddition with isocya-
nides, significantly decreased reactivity was observed with B-
monosubstituted enones. For instance, (£)-oct-3-en-2-one af-
forded the [4 4 1] cycloadduct in only 20% under the standard
conditions (eq 3, R = Bu). It should be noted that, in the case of
B-monosubstituted substrates, an initially formed f,y-unsaturat-
ed product was isomerized into a more stable o, 3-unsaturated
isomer under these conditions. The low yield can be attributed,
in part, to the further reaction of the product with the starting
enone.'’ Interestingly, the steric bulk imposed by the f-
substituent of enones dramatically increased the yield of the
product: R = i-Pr (43%) and R = #-Bu (71%). More importantly,
the low reactivity of S-monosubstituted substrates was over-
come by using an electron-deficient aryl isocyanide, by which
the yield of the cycloadduct was improved from 20 to 65%.

J_< C 5 mol% GaCls / 3
T wesum—— N C)
R o '}‘ toluene R

Ar 60 C, 18 h NAr

(Ar = 2,6-MesCgHa3) R=Bu 20%

R=i-Pr 43%

________________________ R=tBu 71%_

(Ar=2,6-(CF3)o,CgHs) R=Bu 65%

(40 °C, 12 h)

As we envisioned, nucleophilic attack of isocyanides onto
the B-carbon of enones that is electrophilically activated by
GaCl; followed by intramolecular cyclization can account for
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5 mol% GaCls 7¢
- = R1 0
toluene 5
60-120 °C, 18 h R* NAr
(Ar = 2,6-M9206H3)

RS
R1ﬂ 0
R2
Ph
NAr NAr NAr NAr

G
TN
Ar

93% 91% 71% 92%
— o — —
(0] 0} o}
NAr
NAr NAr NAr
91% 91% 82% 89%

Scheme 2. GaClj-catalyzed [4 + 1] cycloaddition of enones
and isocyanides.

N
- Ar - - -
—</_<O—Ga0|3 — O~GaCl, o)
* C\~—/ - GaCly
(\,\NJ' NAr

Ar

Scheme 3. A plausible mechanism for the GaCl;-catalyzed
[4 + 1] cycloaddition of enones with isocyanides.

this [4 + 1] cycloaddition process (Scheme 3). The presence of
bulky substituent(s) at the B-position of enones should facilitate
the intramolecular cyclization step by the Thorpe-Ingold
effect,'* which was indeed observed experimentally. The
viability of this mechanism was supported in a computational
study by Xie.!?

Isocyanides are capable of multiple insertion, which is a
prominent difference between them and CO. With nearly all of
the substrates we tested, only one molecule of isocyanide was
incorporated to furnish a five-membered framework. However,
formal [4 4+ 1 + 1] cycloaddition, wherein two molecules of
isocyanide were inserted, proceeded when indenone derivative
1 was subjected to gallium-catalyzed conditions (eq 4). The
formation of the double insertion product with this specific
substrate 1 may be ascribed to the relatively high ring strain in
the tricyclic skeleton of the monoinserted product, which was
relieved by the increased ring size of the diinsertion product.
The product distribution can be precisely controlled by the
nature of the substituents on the isocyanides used. Exclusive
formation of the [4 + 1 + 1] cycloaddition product was accom-
plished by using sterically hindered 2,6-i-Pr,CsH3;NC, while a
complete switch to the [4 + 1] mode was observed with
electron-deficient 2-CF3;C4H4NC, the increased electrophilicity
of which effectively promoted a difficult intramolecular cycliza-
tion to form a strained fused five-membered ring system.

www.csj.jp/journals/chem-lett/


http://www.csj.jp/journals/chem-lett/

332

5 mol% O O
¢ s (O ()
o 0 . + 4)
I toluene o
o) Ar 60°C, 18 h 0
1 NAr ArN NAr
monoinsertion diinsertion
Ar = 2,6-Me,CgH3 14% 62%
Ar = 2,6-i-PryCgHg 0% 68%
Ar = 2-CF3CgHy 92% 0%

It should be noted that several related [4 + 1] cyclo-
addition reactions using isocyanides appeared after our publi-
cation. 016

¢ Insertion into C-0O Bonds of Acetals

The successful development of the GaCls-catalyzed [4 + 1]
cycloaddition led us to an application of the unique catalytic
activity of GaCl; to other catalytic processes using isocyanides.
A Dbrief description reported in a paper by Ito and Saegusa
in 1984 attracted our attention. In the paper, the insertion
of isocyanides into the C-O bond of cyclic acetal 2 was
accomplished with the aid of a stoichiometric amount of TiCly,
although the scope of the reaction was not investigated further.!”
Guided by this intriguing report, we examined the catalytic
activity of GaCl; in this insertion reaction. As expected, the
reaction proceeded to furnish the insertion product in an
excellent yield (eq 5).'"® The use of aryl isocyanides bearing
electron-withdrawing groups, such as Cl and Br, was essential

for an efficient reaction.
.. 10 mol% NAr
Oro L 8% Q/% )
J '}‘ toluene (o) \)
Ar 80°C,12h
2 93%
(Ar = 2,6-BroCgHa)

As shown in Table 1, acetals derived from aliphatic ketones
gave rise to the corresponding insertion products in good yields
(Entries 1 and 2). However, only moderate yields were obtained
with acetals derived from aromatic ketones and aldehydes
(Entries 3 and 4). In addition to a five-membered ring system,
i.e., 1,3-dioxolane, six-membered 1,3-dioxanes can also partic-
ipate in this GaCls-catalyzed insertion of isocyanides, although
the efficiency was significantly lowered (Entry 5).

Although we were confident with the first demonstration
of this catalytic variant of isocyanide insertion into acetals,
several limitations, particularly inapplicability to acyclic acetals,
prompted us to re-explore the catalyst that can promote wider
range of acetals. Despite the apparent similarities, cyclic and
acyclic acetals pose significantly different challenges when
applied in this type of reaction. The difficulty associated with
acyclic acetals is not surprising considering the mechanism
illustrated in Scheme 4. For cyclic acetals, a once-cleaved
alkoxy group (ROM) is tethered by the substrate. As a result, the
recombination (B — C) proceeds via a relatively facile intra-
molecular process. In contrast, in the case of acyclic acetals, the
recombination of ROM competes with other undesired inter-
molecular processes, such as nucleophilic attack by the second
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Table 1. GaCls-catalyzed insertion of isocyanides into a C-O
bond of cyclic acetals?

Yield/%*

Y GO

Entry Acetal

D

3 Ph fi'} ph%o 51
4 %\3 % 55
5 QO/OJ Q)iiio) 34

*Reaction conditions: acetal (0.4 mmol), 2,6-dibromophenyl-
isocyanide (0.44 mmol), GaCl; (0.04 mmol, 1M in methyl-
cyclohexane) in toluene (1.5mL) at 80°C, 12h. "Ar=2,6-
dibromophenyl. “Isolated yields.

M N,Ar

OR M* OR Ar—N=C: cZ+
E— + —_—
OR orR  ~ROM OR
A B
NAr
ROM C.
E— %/ OR ‘ M*: Lewis acid or H*
MY oR

Scheme 4. Mechanistic consideration for acid-catalyzed inser-
tion of isocyanides into a C—O bond in acetals.

molecule of isocyanide or by residual water. Indeed, almost all
of the acid-mediated reactions of acyclic acetals result in the
formation of a substitution product, where one of the two alkoxy
groups is lost, rather than in an insertion product.!

With the aforementioned difficulty in mind, we initiated our
study by investigating various Lewis acids that could promote
the reaction of acyclic acetal 3 with 2,6-Cl,C¢H;NC. After
screening a variety of catalysts, we were pleased to find that
triflate salts exhibited promising catalytic activity, furnishing the
desired insertion product 4 (Table 2). These results led us to an
examination of TfOH, which often serves as a true catalyst in
several triflate salt-mediated processes.?’ Indeed, TfOH proved
to be an excellent catalyst for this reaction, affording 4 in 89%
isolated yield at ambient temperature within 2h (Entry 6).%!

The nature of an N-substituent on isocyanide has a
significant impact on the course of the reaction (Scheme 5).
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Table 2. Catalytic activity of selected acids in the insertion of
isocyanides into acyclic acetal 3

Ar 10 mol% NAr
Ph._ OMe N catalyst Ph
OMe * & toluene OMe
30°C,2h OMe
3 4
(Ar = 2,6-C|206H3)
Entry Catalyst Yield/% Entry Catalyst Yield/%

1 GaCl; <10 5 Me;SiOTf 80
2 InCl; trace 6 TfOH 89
3 Cu(OTf), 38 7  THENH 582
4 Sc(OTf)3 48?2 8 TFA 3

48-10% of the diinsertion product was also obtained.

R =2,6-Cl,CzH R
= £,0-ClaLgl3
i OMe
(x=1) OMe
4 89%
R t. TFTOH | R = 2,6-i-Pr,CgH NR
I cat. = 2,6-i-Pr,CgH3
3 o+ yl\lj Ph OMe
G 30°C.2h (x=5) OMe NR
X equiv 5 82%
R = t-Oct® NR
Ee——
(x=3) \HJ\CN
OMe
6 78%

Scheme 5. Dependence of the reaction course on the N-
substituent of isocyanides employed in TfOH-catalyzed reaction
of acyclic acetal 3. ?1,1,3,3-tetramethylbutyl.

As mentioned above, monoinsertion product 4 was obtained
exclusively when electron-deficient aryl isocyanide (2,6-
CI,C¢H;3;NC) was used. On the other hand, when sterically
hindered aryl isocyanide (2,6-i-Pr,C¢H3NC) was applied to the
same TfOH-catalyzed reaction of 3, the diinsertion product 5
was obtained in 82% yield. Moreover, an exclusive formation
of imidoyl cyanide 6 was observed in the case of tert-alkyl
isocyanide.?> The structure of isocyanide dictates which of the
three different paths will proceed.

The isocyanide and catalyst that were suitable for a
selective monoinsertion into acyclic acetal 3 proved to
be applicable to a diverse array of substrates (Table 3). In
contrast to the GaCls-catalyzed reaction (i.e., Table 1), acetals
derived from both aldehydes and ketones bearing aliphatic and
aromatic substituents all afforded the corresponding insertion
products in good yields. In addition, compatibility of polar
functional groups, including CN and NO,, is another notable
advantage of this TfOH-catalyzed process. It should be noted
that TfOH also catalyzes the insertion into cyclic acetals in
yields that are comparable to those obtained with the GaCl;
catalyst.

Under these conditions, isocyanide also inserts into mixed
acetals (Table 4). The TfOH-catalyzed reactions of tetrahydro-
furanyl (Entry 1) and -pyranyl (Entry 2) ethers with isocyanides
resulted in an exclusive insertion into exo-cyclic C—O bonds.
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Table 3. TfOH-catalyzed insertion of isocyanide into acyclic
acetals®

Entry Acetal Insertion product” Yield/%*
NAr
R._OMe R j)k
h OMe

OMe OMe
1 R =Ph 89
2 (4-OMe)CgHy 81
3 (4-CO,Me)CgHy 82
4 (4-CF3)CgH, 70
5 (4-NO,)CeHy 72
6 (4-CN)Cg¢Hy 75
7 (4-F)CgH, 86
8 (4-Br)CgHy 89
9 (2-Me)CeH, 91
10 1-naphthyl 86
11 2-naphthyl 86
12 PhCH, 81
13 (E)-PrCH=CH 80

NAr

14 Ph%/ OFt Ph %oa 70

OEt OEt

NAr

%/OMe %

15 OMe 71

OMe

o
=
©

834

80

e
Me
90

“Reaction conditions: acetal (1.0 mmol), 2,6-dichlorophenyl
isocyanide (1.0 mmol), TfOH (0.1 mmol) in toluene (6 mL) at
30°C, 2h. ®Ar = 2,6-dichlorophenyl. “Isolated yields. YStereo-
isomeric ratio = 20:1.

MeO OMe MeO INAF
t-Bu
t-Bu
NAr
T ome B
17 S S OMe
OMe OMe
OMe OMe
WOMG \ O
NAr
N N
Ts Ts

N,0O-Acetals also served as suitable substrates to furnish the C-O
insertion products, which are useful precursors for amino acid
derivatives (Entries 3 and 4).

The imidate functionality of the products obtained in this
insertion reaction can be converted to an ester group by simple
acid hydrolysis (eq 6). Thus, the overall sequence demonstrates
a formal carbonylation of acetals: a transformation that has never
been accomplished. More importantly, «-oxygenated esters
could be synthesized from aldehydes via one-carbon homolo-
gation by executing three reactions, acetal formation/isocyanide
insertion/acid hydrolysis, in one pot (eq 7).
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Table 4. TfOH-catalyzed insertion of isocyanide into mixed
acetals®

Entry Acetal Insertion productb Yield/%®
OEt
NAr
2 @OM %OE 76
© NAr
OMe d
Ts NAr

OMe
4 O’Q\OMe o% 95
B
Bn

#Reaction conditions: acetal (1.0 mmol), 2,6-dichlorophenyl
isocyanide (1.0 mmol), TfOH (0.1 mmol) in toluene (6 mL) at
30°C, 2h. PAr = 2,6-dichlorophenyl. ‘Isolated yields. ‘Run
for 1 h.

cat. TfOH NAr c (0]
R M Ar—NC: HCI aq. R
YO € — R OMe 590 > OMe (6)
OMe OMe OMe
R = 2-naphthyl 85%
R = benzyl 73%
10 mol%
TfOH 0
A" EtOSiMe;  HCl aq.
Ho+ N oet (D
1 30°C 30 °C

e} C OEt
overall yield 67%
We also applied isocyanide insertion to C-S bonds in
dithioacetals, in which GaCl; and TiCly both effectively catalyze
the reaction (eq 8).%

. NAr
EtS__SEt ¢ cat (10mol%) EtS
ij + N - 5 SEt (8)
| toluene
Ar 30°C,2h

with GaCly  80%
with TiCl,  74%

(Ar = 2,6-dichlorophenyl)

¢ Insertion into C—H Bonds

The acid-mediated reactions we have discussed thus far are
based on the nucleophilic reactivity of isocyanides, which results
from the interaction of the vacant p, orbital of the terminal
carbon with the lone pair electrons on the nitrogen (Scheme 6a).
Isocyanides can also serve as an electrophile, in which the 7*
orbital accepts an electron from a nucleophile (Scheme 6b).
However, this type of reactivity has only been observed when
strong nucleophiles, such as organolithium,?** -magnesium,?*
and -zinc®® reagents, are used.”> Obviously, broadening the
scope of nucleophiles used in this a-addition reaction could
lead to further increases in the synthetic utility of isocya-
nides.
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Scheme 6. Ambiphilic reactivity of isocyanide serving (a) as
nucleophile, (b) as electrophile, and (c) as electrophile in which
isocyanide is activated by a Lewis acid (M).

In our mechanistic studies of the reactions mentioned in the
previous sections, the interactions between GaCl; and isocya-
nides have been observed by NMR, although such a isocyanide/
GaCl; complex does not participate in a productive pathway.!'®
These observations led us to examine a simple hypothesis that
electrophilic reactivity of isocyanides should be enhanced by
a Lewis acid complexation, as in the chemistry of carbonyl
groups, thus allowing for the development of new «-additions to
isocyanides (Scheme 6c). To our surprise, despite several reports
on Lewis acid/isocyanide complexes,?® such species have rarely
been exploited in organic synthesis, with the exception of
polymerization.?’

On exploring the possible nucleophiles that can add to the
isocyanide activated by a Lewis acid, we found that indoles
serve as appropriate substrates to afford 3-iminoindoles (eq 9).%8
Lewis acids containing group 13 elements proved to be excellent
promoters for this formal C-H insertion reaction: BF;-OEt,
(68%), AICl; (88%), GaCl; (86%), and In(OTf); (90%). The
reaction is relatively insensitive to the electronic and steric
nature of isocyanides. An array of isocyanides uniformly
furnished the products in good yields.

H\
R 1.2 equiv C=NR
N\ \ AICl3 AN
@ + "\“ toluene ©)
N C N
Me o~ 1t,15h Me

R = 2,6-MesCgH3 88%
3,5-Me,CgHg 68%
4-MeOCgH4 79%
4-CICgH4 64%
benzyl 82%

The scope of this isocyanide insertion reaction into aromatic
C-H bonds using inexpensive AICl; as a promoter is depicted in
Table 5. A broad range of indoles bearing various N-protective
groups (Entries 1-4), and different electronic (Entries 5-9) and
steric (Entries 10 and 11) properties were applicable to this
reaction. Other electron-rich heteroaromatic compounds, such as
pyrroles (Entry 12) and thiophenes (Entries 13 and 14), also
underwent the insertion with high regioselectivity. Moreover,
highly electron-rich 2,4,6-trimethoxybenzene can serve as a
good nucleophile to furnish the corresponding insertion product
(Entry 15).

4 Isocyanides for Transition-metal-
catalyzed C-H Bond Activation

In our AICIz3-promoted reaction mentioned above, C-H
bonds in electron-rich aromatic compounds are functionalized via
a classical electrophilic substitution process. If this type of
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Table 5. AlCl;-mediated insertion of isocyanide into C-H
bonds in aromatic compounds?®

Entry Aromatics Product” Yield/%°
H\
1 C=NAr R =Me 88
DO O .
R = 4-MeCgH,
4 N 'E‘g R=H 78
H\
5 C=NAr R'=Me 76
6 R R' R’ =Ph 73
LD S reome
N N ,
8 N Ne R'=Br 89
9 R’ = CO,Me 83
H
\
C=NAr
11 N N R” =Ph 92
Me Me
I\ 7\ NAr .
12 N N 84
Ph Ph  H
OMe OMe
13 14 \; / \\  NAr 78
S S
H
144 /@ / \\_ NAr 82
Bu S Bu S
H

15 /@\ H 77"
MeO OMe MeO OMe

#Reaction conditions: aromatic compound (1.0 mmol), 2,6-
dimethylphenyl isocyanide (1.1 mmol), AICIl; (1.2 mmol) in
toluene (2mL) at rt, 15h. Ar = 2,6-dimethylphenyl. "NMR
yields. ‘Run at 60°C. °The 3-substituted isomer was also
observed as a minor product (6%). Only a hydrolyzed product
was observed.

transformation can be realized through transition-metal catalysis,
that would lead not simply to the improvement of the synthetic
utility of this specific transformation but also to an advancement
in C-H bond activation chemistry, a currently vibrant research
area.””> We have been involved in a research program directed
toward catalytic C—H bond carbonylation using CO as a carbonyl
source since 1996.3° This encouraged us to examine the possible
use of isocyanides as a C1 component in catalytic C—H bond
transformation reactions. Only a limited portion of work in this
context has been reported. Jones reported that the isomerization
of 2,6-Me,C¢H3NC to 7-methyl-1H-indole is catalyzed by a
ruthenium complex via the insertion of an isocyano group into
benzylic C-H bonds.?! Tanaka®** and Jones>?>3¢ independently
reported the rhodium-catalyzed insertion reaction of isocyanide
into a C—H bond of benzene under irradiation conditions. The
palladium-catalyzed cascade coupling of isocyanides with 6-
iodo-N-(2-propynyl)pyridones was reported by Curran.>3 Despite
these precedents, we felt a need remained to develop more
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| ©

,’I\ cat. Pd
(@ Ho, 9 ——
O X C Larock

C
D L
L ()
N cat. Pd
o Ty = — T
G = 1
cat. Pd
(3
© Larock

Scheme 7. Catalytic C—H bond functionalization through acyl-
and imidoyl-metal species.

general catalytic reactions to assess the utility of isocyanides in
C-H bond functionalization reactions.

At the outset of our investigation, we chose as a model
reaction Larock’s palladium-catalyzed cyclocarbonylation of 2-
halobiaryls D, wherein fluoren-9-one derivatives F are formed
through C—H bond activation (Scheme 7a).>* The hypothesis is
that replacing CO with isocyanides in this reaction would lead to
the formation of the corresponding imine derivatives I if an
imidoyl-palladium intermediate H possesses a reactivity com-
parable to acyl-palladium E toward the proximal C-H bonds
(Scheme 7b). The feasibility of the hypothesis was supported,
in part, by Larock’s report that imidoyl palladium that is
generated from iodide J by unique aryl-to-imidoyl palladium
migration can undergo similar cyclization to afford imine I
(Scheme 7¢).%

To our delight, the desired cyclocoupling of 2-halobiphenyl
and isocyanide proceeded under conditions almost identical to
those of Larock’s cyclocarbonylation (eq 10).3® A minor differ-
ence from Larock’s conditions was the effect of the ligand: PPh;,
in place of bulky electron-rich PCy;, promoted the reaction
effectively. The use of 2,6-disubstituted aryl isocyanides was
essential for an efficient reaction. Unsubstituted phenyl and alkyl
isocyanides did not afford the corresponding products, presum-
ably due to their instability under these catalytic conditions
and/or catalyst deactivation by their multiple coordination to
a palladium center.3” While bromides, iodides, and triflates all
afforded the cyclocoupling product in excellent yields, the
corresponding chlorides remained intact even in the presence of
a PCys ligand.*

O Pd(OAc), (5 mol%) O
AT PPhg (10 mol%) ’ NAT (10
r
x E CsOPiv 10
DMF
O ” 100°C,5h O

(Ar = 2,6-i-Pr,CgHg) X=Br 95%
X=1 95%
X=0Tf 92%
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Table 6. Pd-catalyzed cyclocoupling of haloarenes with iso-
cyanide®

Entry Substrate Product® Yield/%°
R R
1 R=Me 87
2d R = OMe O 90
3 R =CF, 95
4 B R =CO,Me ’ NAr 82
5 " R=CHO 85
6 R=CN 92
) a
N
7 N NAr 99
[j/&
79 a
g7
8 C NAr 93
) )
» /S
_ _
9 NAr 95
X Br =~
\ d NS
‘ Ny ; N
= —
10 53
Br NAr
1 O 80
. D
Ph ' Ph
Bh Ph
S
12 OTf ‘ 62
13 . NAr 40
: 0N 7S
(0]
o

#Reaction conditions: haloarene (0.25 mmol), 2,6-i-Pr,CcH3;NC
(0.30 mmol), Pd(OAc), (0.0125mmol), PPh; (0.025 mmol),
and CsOPiv (0.30 mmol) in DMF (2.0 mL) at 100 °C for 5h.
YAr = 2,6-i-Pr,C¢Hj. ®Isolated yield based on haloarene. ‘Run
for 20 h.
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Scheme 8. C-H activation by an imidoyl-palladium species.

T

HSnBuj3
R AIBN, heat A\
SnBus \’
N radical process N
C: Fukuyama (1994) H

Scheme 9. Fukuyama indole synthesis.

As illustrated in Table 6, the scope of this palladium-
catalyzed cyclocoupling is quite broad with respect to the biaryl
substrates. A range of functional groups, including a reactive
aldehyde moiety, are tolerated (Entries 1-6). C-H bonds in
heteroaromatic rings, including pyrroles, furans, thiophenes, and
pyridines, can also participate in this catalytic cyclocoupling to
furnish a diverse array of tricyclic architecture (Entries 7-10).
Moreover, alkenyl halides function as appropriate substrates,
further expanding the scope of the reaction (Entries 11-13).

As we envisaged, imidoyl-palladium species, generated by
insertion of isocyanide into an aryl-palladium complex, proved
to be adequate for C-H bond activation, comparable to the acyl—
palladium species. Intramolecular kinetic isotope study has
revealed that the cleavage of a C—H bond is turnover-limiting in
this catalysis (ky/kp = 5.3). Although the precise mechanism for
the C—H activation in our system is not clear at the present time,
either an electrophilic palladation (via K in Scheme 8) or a
concerted metallation/deprotonation (via L) path is plausible
based on the plethora of mechanistic discussion on C-H
activation by an aryl-palladium species.®

¢ Catalytic Indole Synthesis

In all of the reactions we have mentioned above, isocya-
nides are incorporated into the products as an imino group.
Another possible form that isocyanides can be transformed into
is a C-N bond in N-heterocycles.” Among the various N-
heterocycles that can be synthesized from isocyanides, indoles
are particularly attractive targets in view of their widespread
occurrence in natural and unnatural products.*’ In this context,
Fukuyama disclosed that the reaction of 2-alkenylphenyl iso-
cyanide with tin hydride under radical conditions affords 2-
stannylindoles, which are amenable to further elaboration, for
example, via the Migita—-Kosugi-Stille coupling (Scheme 9).4!
We felt that if this reaction could be extended to the synthesis of
the corresponding boron analogs, it would lead to a nontoxic and
more versatile platform for indole-based compounds on the basis
of recent outstanding progress in organic synthesis using
organoboron reagents.*> Borylated indoles can be prepared
either by the protocol of lithiation/trap with boron electro-
philes® or by catalytic C-H borylation.** However, the former
method cannot be applied to indoles bearing base-sensitive
groups, and the latter is susceptible to steric demand.

www.csj.jp/journals/chem-lett/


http://www.csj.jp/journals/chem-lett/

Cu—OAc (Cu=Cu-PPh3)

Ba(pin)2
AcO —B(pin)
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N
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/) B(pin) = (pin)
N N

Scheme 10. A possible mechanism for the copper-catalyzed
borylative cyclization of 2-alkenylphenyl isocyanide 7.

Independently pioneered by Hosomi*** and Miyaura,*® a

boryl-copper species generated by a copper catalyst and diboron
mediates nucleophilic borylation of carbon electrophiles such as
o, B-unsaturated carbonyl compounds.*® Those reports led us to
hypothesize that a nucleophilic borylation of 2-alkenylphenyl
isocyanide would initiate cyclization to furnish 2-borylindole in
the presence of a copper catalyst and diboron, if the electro-
philicity of an isocyano moiety was sufficient to be attacked by
a boryl-copper species. Fortunately, as we had hoped, the
borylative cyclization of isocyanide 7 proceeded to afford 2-
borylindole 8 efficiently at room temperature (eq 11).¢ The
addition of 1 equivalent of MeOH significantly improved the
yield of the product. This is probably because the relatively
slow catalyst regeneration through the reaction of copper
enolate N with diboron is accelerated by the intermediacy of
copper methoxide O generated by the methanolysis of N
(Scheme 10).4¢

CO,Me CuOAc 10 mol %
2 PPhy 20 mol % CO:Me
Bo(pin), 1.1 equiv
: H—B(pin) (11)
N MeOH 1.0 equiv N
C- THF, 25 °C H

7 8 98%

The present copper-catalyzed borylative cyclization can be
applied to various aryl isocyanides bearing an unsaturated ester
moiety at the 2-position (Table 7). Ethers, bromides, and esters
are tolerated, and a sterically hindered 2,6-disubstituted substrate
is also applicable (Entries 2-5). In agreement with the
mechanistic proposal (Scheme 10), several pendant Michael
acceptors, such as methacrylate and unsaturated ketone, amide,
and nitrile could also participate in this borylative cyclization
(Entries 6-9). It should be noted that the 2-borylindoles shown
in Table 7 are inaccessible by conventional borylation methods.
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Table 7. Cu-catalyzed borylative cyclization of 2-alkenylaryl
isocyanides?

Entry Isocyanide Product Yield/%"
CO:Me CO,Me
MeO MeO
1 A\ B(pin) 84
N
N‘\C . H
CO,Me CO,Me
Br Br
2 N B(pin) 74
N
N \\C . H
‘ COgMe CogMe
MeO,C MeO,C
N—B(pin) 58
N
N \\C . H
4 62
5 95
6 R = COMe 57
7 R = CONMe, 94
8 R=CN 63

#Reaction conditions: isocyanide (0.5 mmol), By(pin), (0.55
mmol), CuOAc (0.05 mmol), PPh; (0.10 mmol), MeOH (0.5
mmol), THF (4mL) in a two-necked flask under N,. "NMR
yields based on isocyanide.

Although the borylindoles synthesized by this method are
relatively prone to protodeboronation on chromatographic
purification, they are directly used for the Suzuki-Miyaura
coupling after removing copper residue by simple filtration
(Scheme 11). This simple procedure was successfully applied
to a rapid assembly of paullone, which is known as a potent
inhibitor of cyclin-dependent kinases. The Rh(I)-catalyzed
addition to alkynes and enones also is applicable to the
2-borylindoles obtained by our catalytic reaction. Moreover,
oxidation using Oxone afforded oxindoles, which constitutes
an important subclass of indole-based compounds. As demon-
strated, 2-borylindoles are versatile building blocks for the
synthesis of a variety of indole derivatives, thus highlighting the
utility of this borylative cyclization in diversity-oriented syn-
thesis.
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cat.
cat. Cu(l) COMe | py0) CO2Me
Ba(pin)2 Ar-X
7 —> A\ B(pin) | — N Ar
; filtration N N
H

H
8 53-84%
cat. Rh(|) cat. Rh(|)
e Oxone
Pr—=—FPr P
CO,Me CO,Me CO,Me
Pr
A\ \ A\ o o
N Pr N N
H H H
61% 61% 79%

Scheme 11. 2-Borylindole 8 serves as a versatile building
block.

Table 8. Cu-catalyzed cyclization of 2-alkenylaryl isocyanides

using various reagents®
COzMe
I

COzMe  CuOAc 10 mol %
| PPhs 20 mol %

reagent 1.2 equiv N

N MeOH 1.0 equiv N

C: THF, 25 °C H

7
Entry Reagents Time/h R Yield/%"

1 HB(pin)° 1 H 78
2 HSiPhMe, 5 H 81
3¢ (pin)B-SiMe,Ph 3 SiMe,Ph 87
44  (pin)B-SiMePh, 3 SiMePh, 77
5 PhB(OH), 24 Ph 0

#Reaction conditions: 7 (0.5mmol), reagent (0.6 mmol),
CuOAc (0.05mmol), PPh; (0.10 mmol), MeOH (0.5 mmol),
THF (4.0mL) in a two-necked flask under N, at 25°C.
PIsolated yield based on 7. “HB(pin) (1.0mmol) was used.
dRun with CuOAc (0.025 mmol) and PPh; (0.05 mmol) at 0 °C.

In the present borylative cyclization, nucleophilic borylation
of isocyanides by a boryl-copper species is a key step in the
catalytic cycle. As mentioned in the previous section, such
electrophilic reactivity of isocyanides is relatively unexplored,
compared with their widespread utility as nucleophiles. Thus,
we were interested in applying this catalytic addition/cyclization
using isocyanide 7 to other transformations. To obtain qual-
itative insight into the electrophilic reactivity of isocyanide 7,
copper-catalyzed reactions of 7 with potentially nucleophilic
reagents were examined (Table 8). Copper(I) hydride generated
in situ by the reaction with HB(pin)*’ or HSiPhMe,*® was also
capable of initiating the cyclization to afford indole, in which
hydride is incorporated at the 2-position (Entries 1 and 2).
Interestingly, 2-silylindoles were obtained when silylboranes
were employed in a copper-catalyzed reaction of 7, in which
silyl-copper species is likely to be involved as a key
intermediate (Entries 3 and 4).* However, the direct synthesis
of 2-phenylindoles by a phenyl-copper species generated from
phenylboronic acid®® was unsuccessful (Entry 5). The reactivity
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trend observed in Table 8 is in good correlation with the
magnitude of trans influence of a series of ligands. Lin and
Marder reported that the order of the magnitude of trans
influence is as follows: SiMes; > B(pin) > H > Ph.’! On the
basis of these data, a o-donating ability stronger than hydride is
presumably required for the copper species to nucleophilically
add to isocyanides.

As illustrated in Scheme 10, the present reaction is initiated
by nucleophilic borylation (or silylation) of isocyanide, followed
by the intramolecular 1,4-addition of imidoyl-copper species M
to an «,B-unsaturated ester. We found that the imidoyl—-copper
species can also be intercepted by another isocyanide group.
Thus, the reaction of 1,2-diisocyanobenzene 9 with silylborane
in the presence of a copper catalyst furnished 2-silylquinoxalines
(eq 12).2 The use of diboron in place of silylborane in the
reaction shown in eq 11 did not afford the corresponding 2-
borylquinoxaline, but, instead, a protodeboronated product was
obtained in low yield. Superior o-donating ability of a silyl to a
boryl group might be a key factor for efficient cyclization.

Me

.C"
Me N
+ Si—B(pin)
M N< i
e c: 1.2 equiv
Me
9
12
CuOAc 5-10 mol % Me (12)
PPhg 10-20 mol % Me Nj\
MeOH 1.0 equiv Me N/ Si
THF, 0-25 °C
Me
Si = SiMe,Ph 78%
SiMePh, 53%
¢ Summary

This Highlight Review describes our continuous efforts to
develop new transformations using isocyanides as key compo-
nents. We launched this project on the basis of the idea that
isocyanides can be exploited as a CO surrogate. However,
electronic and steric modularity of isocyanides makes them more
than a CO surrogate, allowing for the development of the
reactions that are unattainable with CO. In addition, isocyanides
proved to play an eminent role in transition-metal-catalyzed
C-H bond activation and borylation reactions.

Considering the fact that even a simple reaction of
isocyanides with carboxylic acids remained undiscovered until
2008,3 isocyanides would undoubtedly offer numerous oppor-
tunities for methodology development when combined with
contemporary concepts, such as C—H bond activation or organo-
catalysis. We believe that this venerable class of compounds will
continue to serve as a unique element for the design of new
reactions.

References and Notes

1 A. W. Hofmann, Justus Liebigs Ann. Chem. 1867, 144, 114;
A. Gautier, Justus Liebigs Ann. Chem. 1868, 146, 119.

2 a) M. Suginome, Y. Ito, in Science of Synthesis, ed. by S.-1.
Murahashi, Thieme, Stuttgart, 2004, Vol. 19, pp. 445-530.
b) Y. Ito, J. Synth. Org. Chem., Jpn. 2010, 68, 1239.

www.csj.jp/journals/chem-lett/


http://dx.doi.org/10.1002/jlac.18671440116
http://dx.doi.org/10.1002/jlac.18681460107
http://dx.doi.org/10.5059/yukigoseikyokaishi.68.1239
http://www.csj.jp/journals/chem-lett/

10

11

12
13
14

15
16

17
18

19

20

21

22

23

Chem. Lett. 2011, 40, 330-340

Reviews on isocyanide-metal complexes: a) Y. Yamamoto,
H. Yamazaki, Coord. Chem. Rev. 1972, 8, 225. b) P. M.
Treichel, Adv. Organomet. Chem. 1973, 11, 21. c) E.
Singleton, H. E. Oosthuizen, Adv. Organomet. Chem.
1983, 22, 209.

Recent reviews: a) A. Domling, Chem. Rev. 2006, 106, 17.
b) L. E. Kaim, L. Grimaud, Tetrahedron 2009, 65, 2153. ¢)
L. Banfi, R. Riva, A. Basso, Synlett 2010, 23.

A recent review: A. V. Lygin, A. de Meijere, Angew. Chem.,
Int. Ed. 2010, 49, 9094.

M. Tobisu, M. Oshita, S. Yoshioka, A. Kitajima, N. Chatani,
Pure Appl. Chem. 2006, 78, 275.

A review: N. Chatani, Chem. Rec. 2008, 8, 201.

T. Morimoto, N. Chatani, S. Murai, J. Am. Chem. Soc. 1999,
121, 1758.

a) N. Chatani, H. Inoue, T. Kotsuma, S. Murai, J. Am. Chem.
Soc. 2002, 124, 10294. b) H. Inoue, N. Chatani, S. Murai,
J. Org. Chem. 2002, 67, 1414.

Recent examples of Ga(Ill)-catalyzed reactions by other
groups: a) G. Bez, C.-G. Zhao, Org. Lett. 2003, 5, 4991. b)
S. Usugi, H. Yorimitsu, H. Shinokubo, K. Oshima, Org. Lett.
2004, 6, 601. ¢) R. Amemiya, A. Fujii, M. Yamaguchi,
Tetrahedron Lett. 2004, 45, 4333. d) J. S. Yadav, B. V. S.
Reddy, B. Padmavani, M. K. Gupta, Tetrahedron Lett. 2004,
45,7577. ) J. D. Winkler, S. M. Asselin, Org. Lett. 2006, &8,
3975. f) M. Yamaguchi, Y. Nishimura, Chem. Commun.
2008, 35. g) H.-J. Li, R. Guillot, V. Gandon, J. Org. Chem.
2010, 75, 8435.

a) N. Chatani, M. Oshita, M. Tobisu, Y. Ishii, S. Murai,
J. Am. Chem. Soc. 2003, 125, 7812. b) M. Oshita, K.
Yamashita, M. Tobisu, N. Chatani, .J. Am. Chem. Soc. 2005,
127, 761.

Y. Ito, H. Kato, T. Saegusa, J. Org. Chem. 1982, 47, 741.
See ref. 11b for details.

M. E. Jung, J. Gervay, J. Am. Chem. Soc. 1991, 113, 224,
and references therein.

Y. Wu, K. Xu, D. Xie, Tetrahedron 2005, 61, 507.

a) M.-J. Fan, B. Qian, L.-B. Zhao, Y.-M. Liang, Tetrahedron
2007, 63, 8987. b) M. Adib, M. Mahdavi, M. A. Noghani,
H. R. Bijanzadeh, Tetrahedron Lett. 2007, 48, 8056. c) P.
Fontaine, G. Masson, J. Zhu, Org. Lett. 2009, 11, 1555.

Y. Ito, H. Imai, K. Segoe, T. Saegusa, Chem. Lett. 1984, 937.
S. Yoshioka, M. Oshita, M. Tobisu, N. Chatani, Org. Lett.
2005, 7, 3697.

a) T. Mukaiyama, K. Watanabe, M. Shiono, Chem. Lett.
1974, 1457. b) H. Pellissier, A. Meou, G. Gil, Tetrahedron
Lett. 1986, 27, 2979. c) H. Pellissier, G. Gil, Tetrahedron
Lett. 1988, 29, 6773.

For example, see: a) C. L. Roux, J. Dubac, Synlett 2002, 181.
b) R. Dumeunier, 1. E. Marko, Tetrahedron Lett. 2004, 45,
825.

M. Tobisu, A. Kitajima, S. Yoshioka, I. Hyodo, M. Oshita,
N. Chatani, J. Am. Chem. Soc. 2007, 129, 11431.

Note: a) Interestingly, it was reported that a different type of
product is formed when stoichiometric amount of TiCly. See
ref. 17. b) It was reported that this type of product is also
obtained with the aid of stoichiometric amount of Et,AICI.
See ref. 19c.

M. Tobisu, S. Ito, A. Kitajima, N. Chatani, Org. Lett. 2008,
10, 5223.

24

25

26

27

28

29

30

© 2011 The Chemical Society of Japan

339

a) G. E. Niznik, W. H. Morrison, III, H. M. Walborsky,
J. Org. Chem. 1974, 39, 600. b) M. Murakami, H. Tto, Y. Ito,
J. Org. Chem. 1988, 53, 4158.

Reversible addition of weak nucleophiles to isocyanides
has been proposed in the intramolecular cyclization of
2-alkynylphenyl isocyanides: a) M. Suginome, T. Fukuda, Y.
Tto, Org. Lett. 1999, 1, 1977. b) L. Liu, Y. Wang, H. Wang,
C. Peng, J. Zhao, Q. Zhu, Tetrahedron Lett. 2009, 50, 6715.
c) T. Mitamura, A. Nomoto, M. Sonoda, A. Ogawa, Bull.
Chem. Soc. Jpn. 2010, 83, 822. d) J. Zhao, C. Peng, L. Liu,
Y. Wang, Q. Zhu, J. Org. Chem. 2010, 75, 7502.

For example, see: [Ti]: a) T. Carofiglio, C. Floriani, A.
Chiesi-Villa, C. Guastini, Inorg. Chem. 1989, 28, 4417. [Al]:
b) J. D. Fisher, M.-Y. Wei, R. Willett, P. J. Shapiro,
Organometallics 1994, 13, 3324. [Zr]: c¢) T. Brackemeyer,
G. Erker, R. Frohlich, Organometallics 1997, 16, 531. [B]:
d) H. Jacobsen, H. Berke, S. Déoring, G. Kehr, G. Erker, R.
Frohlich, O. Meyer, Organometallics 1999, 18, 1724.

a) F. Millich, Chem. Rev. 1972, 72, 101. b) F. Millich,
J. Polym. Sci., Part D: Macromol. Rev. 1980, 15, 207.

M. Tobisu, S. Yamaguchi, N. Chatani, Org. Lett. 2007, 9,
3351.

Representative recent reviews: a) K. Godula, D. Sames,
Science 2006, 312, 67. b) D. Alberico, M. E. Scott, M.
Lautens, Chem. Rev. 2007, 107, 174. c) T. Satoh, M. Miura,
Chem. Lett. 2007, 36, 200. d) I. V. Seregin, V. Gevorgyan,
Chem. Soc. Rev. 2007, 36, 1173. e) L.-C. Campeau, D. R.
Stuart, K. Fagnou, Aldrichimica Acta 2007, 40, 35. f) B.-J.
Li, S.-D. Yang, Z.-J. Shi, Synlett 2008, 949. g) Directed
Metallation in Topics in Organometallic Chemistry, ed. by
N. Chatani, Springer-Verlag, Berlin, 2007, Vol. 24. h) O.
Daugulis, H.-Q. Do, D. Shabashov, Acc. Chem. Res. 2009,
42, 1074. i) X. Chen, K. M. Engle, D.-H. Wang, J.-Q. Yu,
Angew. Chem., Int. Ed. 2009, 48, 5094. j) L. Ackermann,
R. Vicente, A. R. Kapdi, Angew. Chem., Int. Ed. 2009, 48,
9792. k) D. A. Colby, R. G. Bergman, J. A. Ellman, Chem.
Rev. 2010, 110, 624. 1) T. W. Lyons, M. S. Sanford, Chem.
Rev. 2010, 110, 1147.

a) N. Chatani, T. Fukuyama, F. Kakiuchi, S. Murai, J. Am.
Chem. Soc. 1996, 118, 493. b) N. Chatani, Y. Ie, F. Kakiuchi,
S. Murai, J. Org. Chem. 1997, 62, 2604. c) T. Fukuyama,
N. Chatani, F. Kakiuchi, S. Murai, J. Org. Chem. 1997,
62, 5647. d) Y. Ishii, N. Chatani, F. Kakiuchi, S. Murai,
Organometallics 1997, 16, 3615. e) Y. Ishii, N. Chatani, F.
Kakiuchi, S. Murai, Tetrahedron Lett. 1997, 38, 7565. f) T.
Fukuyama, N. Chatani, J. Tatsumi, F. Kakiuchi, S. Murai,
J. Am. Chem. Soc. 1998, 120, 11522. g) N. Chatani, Y. Ishii,
Y. Ie, F. Kakiuchi, S. Murai, J. Org. Chem. 1998, 63, 5129.
h) N. Chatani, T. Asaumi, T. Ikeda, S. Yorimitsu, Y. Ishii,
F. Kakiuchi, S. Murai, J. Am. Chem. Soc. 2000, 122, 12882.
i) Y. Ie, N. Chatani, T. Ogo, D. R. Marshall, T. Fukuyama,
F. Kakiuchi, S. Murai, J. Org. Chem. 2000, 65, 1475. j) N.
Chatani, T. Fukuyama, H. Tatamidani, F. Kakiuchi, S. Murai,
J. Org. Chem. 2000, 65, 4039. k) N. Chatani, T. Asaumi, S.
Yorimitsu, T. Ikeda, F. Kakiuchi, S. Murai, J. Am. Chem.
Soc. 2001, 723, 10935. 1) N. Chatani, S. Yorimitsu, T.
Asaumi, F. Kakiuchi, S. Murai, J. Org. Chem. 2002, 67,
7557. m) T. Asaumi, N. Chatani, T. Matsuo, F. Kakiuchi, S.
Murai, J. Org. Chem. 2003, 68, 7538. n) T. Asaumi, T.
Matsuo, T. Fukuyama, Y. Ie, F. Kakiuchi, N. Chatani, J. Org.

www.csj.jp/journals/chem-lett/


http://dx.doi.org/10.1016/S0010-8545(00)80029-6
http://dx.doi.org/10.1016/S0065-3055(08)60159-8
http://dx.doi.org/10.1016/S0065-3055(08)60404-9
http://dx.doi.org/10.1016/S0065-3055(08)60404-9
http://dx.doi.org/10.1021/cr0505728
http://dx.doi.org/10.1016/j.tet.2008.12.002
http://dx.doi.org/10.1055/s-0029-1218527
http://dx.doi.org/10.1002/anie.201000723
http://dx.doi.org/10.1002/anie.201000723
http://dx.doi.org/10.1351/pac200678020275
http://dx.doi.org/10.1002/tcr.20149
http://dx.doi.org/10.1021/ja983546i
http://dx.doi.org/10.1021/ja983546i
http://dx.doi.org/10.1021/ja0274554
http://dx.doi.org/10.1021/ja0274554
http://dx.doi.org/10.1021/jo016232d
http://dx.doi.org/10.1021/ol0359618
http://dx.doi.org/10.1021/ol036391e
http://dx.doi.org/10.1021/ol036391e
http://dx.doi.org/10.1016/j.tetlet.2004.03.187
http://dx.doi.org/10.1016/j.tetlet.2004.08.126
http://dx.doi.org/10.1016/j.tetlet.2004.08.126
http://dx.doi.org/10.1021/ol061451c
http://dx.doi.org/10.1021/ol061451c
http://dx.doi.org/10.1039/b710136h
http://dx.doi.org/10.1039/b710136h
http://dx.doi.org/10.1021/jo101709n
http://dx.doi.org/10.1021/jo101709n
http://dx.doi.org/10.1021/ja035014u
http://dx.doi.org/10.1021/ja0450206
http://dx.doi.org/10.1021/ja0450206
http://dx.doi.org/10.1021/jo00343a030
http://dx.doi.org/10.1021/ja00001a032
http://dx.doi.org/10.1016/j.tet.2004.10.068
http://dx.doi.org/10.1016/j.tet.2007.06.001
http://dx.doi.org/10.1016/j.tet.2007.06.001
http://dx.doi.org/10.1016/j.tetlet.2007.09.030
http://dx.doi.org/10.1021/ol9001619
http://dx.doi.org/10.1246/cl.1984.937
http://dx.doi.org/10.1021/ol0513138
http://dx.doi.org/10.1021/ol0513138
http://dx.doi.org/10.1246/cl.1974.1457
http://dx.doi.org/10.1246/cl.1974.1457
http://dx.doi.org/10.1016/S0040-4039(00)84695-X
http://dx.doi.org/10.1016/S0040-4039(00)84695-X
http://dx.doi.org/10.1016/S0040-4039(00)82451-X
http://dx.doi.org/10.1016/S0040-4039(00)82451-X
http://dx.doi.org/10.1055/s-2002-19743
http://dx.doi.org/10.1016/j.tetlet.2003.11.034
http://dx.doi.org/10.1016/j.tetlet.2003.11.034
http://dx.doi.org/10.1021/ja073286h
http://dx.doi.org/10.1021/ol802223a
http://dx.doi.org/10.1021/ol802223a
http://dx.doi.org/10.1021/jo00919a004
http://dx.doi.org/10.1021/jo00252a069
http://dx.doi.org/10.1021/ol991133w
http://dx.doi.org/10.1016/j.tetlet.2009.09.096
http://dx.doi.org/10.1246/bcsj.20100044
http://dx.doi.org/10.1246/bcsj.20100044
http://dx.doi.org/10.1021/jo1017525
http://dx.doi.org/10.1021/ic00323a026
http://dx.doi.org/10.1021/om00020a051
http://dx.doi.org/10.1021/om960777u
http://dx.doi.org/10.1021/om981033e
http://dx.doi.org/10.1021/cr60276a001
http://dx.doi.org/10.1002/pol.1980.230150105
http://dx.doi.org/10.1021/ol071314v
http://dx.doi.org/10.1021/ol071314v
http://dx.doi.org/10.1126/science.1114731
http://dx.doi.org/10.1021/cr0509760
http://dx.doi.org/10.1246/cl.2007.200
http://dx.doi.org/10.1039/b606984n
http://dx.doi.org/10.1055/s-2008-1042907
http://dx.doi.org/10.1021/ar9000058
http://dx.doi.org/10.1021/ar9000058
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/anie.200902996
http://dx.doi.org/10.1002/anie.200902996
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/ja953473s
http://dx.doi.org/10.1021/ja953473s
http://dx.doi.org/10.1021/jo970131r
http://dx.doi.org/10.1021/jo970697f
http://dx.doi.org/10.1021/jo970697f
http://dx.doi.org/10.1021/om970372p
http://dx.doi.org/10.1016/S0040-4039(97)01738-3
http://dx.doi.org/10.1021/ja982794b
http://dx.doi.org/10.1021/jo980335n
http://dx.doi.org/10.1021/ja002561w
http://dx.doi.org/10.1021/jo991660t
http://dx.doi.org/10.1021/jo0000628
http://dx.doi.org/10.1021/ja011540e
http://dx.doi.org/10.1021/ja011540e
http://dx.doi.org/10.1021/jo0259865
http://dx.doi.org/10.1021/jo0259865
http://dx.doi.org/10.1021/jo0343127
http://dx.doi.org/10.1021/jo049864j
http://www.csj.jp/journals/chem-lett/

340

31

32

33
34

35

36

37

38

39

40

41

42

43

44

45

Chem. Lett. 2011, 40, 330-340

Chem. 2004, 69, 4433. 0) N. Chatani, T. Uemura, T. Asaumi,
Y. Ie, F. Kakiuchi, S. Murai, Can. J. Chem. 2005, 83, 755. p)
S. Imoto, T. Uemura, F. Kakiuchi, N. Chatani, Synlett 2007,
170. q) S. Inoue, H. Shiota, Y. Fukumoto, N. Chatani, J. 4Am.
Chem. Soc. 2009, 131, 6898.

a) W. D. Jones, W. P. Kosar, J. Am. Chem. Soc. 1986, 108,
5640. b) G. C. Hsu, W. P. Kosar, W. D. Jones, Organo-
metallics 1994, 13, 385.

a) M. Tanaka, T. Sakakura, Y. Tokunaga, T. Sodeyama,
Chem. Lett. 1987, 2373. b) W. D. Jones, G. P. Foster, J. M.
Putinas, J. Am. Chem. Soc. 1987, 109, 5047. ¢c) W. D. Jones,
E. T. Hessell, Organometallics 1990, 9, 718.

D. P. Curran, W. Du, Org. Lett. 2002, 4, 3215.

a) M. A. Campo, R. C. Larock, Org. Lett. 2000, 2, 3675. b)
M. A. Campo, R. C. Larock, J. Org. Chem. 2002, 67, 5616.
J. Zhao, D. Yue, M. A. Campo, R. C. Larock, J. Am. Chem.
Soc. 2007, 129, 5288.

M. Tobisu, S. Imoto, S. Ito, N. Chatani, J. Org. Chem. 2010,
75, 4835.

Pd(CNR), are known to aggregate into higher nuclearity
clusters. See: Y. Yamamoto, Coord. Chem. Rev. 1980, 32,
193.

PCyj; is one of the effective ligands for the activation of Ar—
Cl bonds. For a leading reference, see: G. C. Fu, Acc. Chem.
Res. 2008, 41, 1555.

For leading references, see: a) B. Liégault, D. Lapointe, L.
Caron, A. Vlassova, K. Fagnou, J. Org. Chem. 2009, 74,
1826. b) D. Lapointe, K. Fagnou, Chem. Lett. 2010, 39,
1118.

A review on the synthesis of indoles from isocyanides:
J. Campo, M. Garcia-Valverde, S. Marcaccini, M. J. Rojo,
T. Torroba, Org. Biomol. Chem. 2006, 4, 757.

A seminal report: a) T. Fukuyama, X. Chen, G. Peng, J. Am.
Chem. Soc. 1994, 116, 3127. A review: b) H. Tokuyama, T.
Fukuyama, Chem. Rec. 2002, 2, 37.

Selected reviews: a) N. Miyaura, A. Suzuki, Chem. Rev.
1995, 95, 2457. b) T. Hayashi, K. Yamasaki, Chem. Rev.
2003, 703, 2829. c) K. Fagnou, M. Lautens, Chem. Rev.
2003, 703, 169. d) T. Miura, M. Murakami, Chem. Commun.
2007, 217. ¢) N. Miyaura, Bull. Chem. Soc. Jpn. 2008, 81,
1535. f) R. Martin, S. L. Buchwald, Acc. Chem. Res. 2008,
41, 1461. g) M. Tobisu, N. Chatani, Angew. Chem., Int. Ed.
2009, 48, 3565. h) C. Wang, F. Glorius, Angew. Chem., Int.
Ed. 2009, 48, 5240. i) L. J. GooBen, K. GoofBlen, C. Stanciu,
Angew. Chem., Int. Ed. 2009, 48, 3569.

E. Vazquez, I. W. Davies, J. F. Payack, J. Org. Chem. 2002,
67, 7551, and references therein.

A review: 1. A. 1. Mkhalid, J. H. Barnard, T. B. Marder, J. M.
Murphy, J. F. Hartwig, Chem. Rev. 2010, 110, 890.
Selected examples: a) H. Ito, H. Yamanaka, J. Tateiwa, A.
Hosomi, Tetrahedron Lett. 2000, 41, 6821. b) K. Takahashi,

46

47

48

49

50

51
52

53

© 2011 The Chemical Society of Japan

T. Ishiyama, N. Miyaura, Chem. Lett. 2000, 982. ¢) S. Mun,
J-E. Lee, J. Yun, Org. Lett. 2006, 8, 4887. d) L. Dang, Z.
Lin, T. B. Marder, Organometallics 2008, 27, 4443. ¢) H.
Chea, H.-S. Sim, J. Yun, Adv. Synth. Catal. 2009, 351, 855.
f) J. A. Schiffner, K. Miither, M. Oestreich, Angew. Chem.,
Int. Ed. 2010, 49, 1194.

M. Tobisu, H. Fujihara, K. Koh, N. Chatani, J. Org. Chem.
2010, 75, 4841.

For representative recent reports on the catalytic reactions
involving CuH species generated from HB(pin), see: a) B. H.
Lipshutz, Z. V. Boskovi¢, D. H. Aue, Angew. Chem., Int. Ed.
2008, 47, 10183. b) Y. Du, L.-W. Xu, Y. Shimizu, K. Oisaki,
M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2008, 130,
16146. ¢) D. Noh, H. Chea, J. Ju, J. Yun, Angew. Chem., Int.
Ed. 2009, 48, 6062.

For representative recent reports on the catalytic reactions
involving CuH species generated from HSiRj, see: a) A.
Welle, S. Diez-Gonzalez, B. Tinant, S. P. Nolan, O. Riant,
Org. Lett. 2006, 8, 6059. b) C. Deutsch, B. H. Lipshutz, N.
Krause, Angew. Chem., Int. Ed. 2007, 46, 1650. c¢) K. Yoo,
H. Kim, J. Yun, Chem.—FEur. J. 2009, 15, 11134. d) C.
Zhong, Y. Sasaki, H. Ito, M. Sawamura, Chem. Commun.
2009, 5850. e) L. Rupnicki, A. Saxena, H. W. Lam, J. 4m.
Chem. Soc. 2009, 131, 10386.

a) K.-s. Lee, A. H. Hoveyda, J. Am. Chem. Soc. 2010, 132,
2898. For related silyl-rhodium species from silylboranes,
see: b) C. Walter, G. Auer, M. Oestreich, Angew. Chem., Int.
Ed. 2006, 45, 5675. ¢) C. Walter, M. Oestreich, Angew.
Chem., Int. Ed. 2008, 47, 3818. d) C. Walter, R. Frohlich, M.
Oestreich, Tetrahedron 2009, 65, 5513. e) H. Ohmiya, H.
Ito, M. Sawamura, Org. Lett. 2009, 11, 5618.

For representative recent reports on the catalytic reactions
involving ArCu species generated from ArB(OH),, see: a) T.
Uemura, N. Chatani, J. Org. Chem. 2005, 70, 8631. b) J. M.
Villalobos, J. Srogl, L. S. Liebeskind, J. Am. Chem. Soc.
2007, 129, 15734. ¢) H. Zheng, Q. Zhang, J. Chen, M. Liu,
S. Cheng, J. Ding, H. Wu, W. Su, J. Org. Chem. 2009, 74,
943. d) H. Rao, H. Fu, Y. Jiang, Y. Zhao, Angew. Chem., Int.
Ed. 2009, 48, 1114.

J. Zhu, Z. Lin, T. B. Marder, Inorg. Chem. 2005, 44, 9384.
Suginome and Ito reported that a thermal reaction of 1,2-
diisocyanobenzene with (i-Pr,N),BSiMe,Ph affords 2-boryl-
3-silylquinoxaline. See: a) M. Suginome, T. Fukuda, Y. Ito,
J. Organomet. Chem. 2002, 643—-644, 508. For related
polymerization, see: b) T. Yamada, M. Suginome, Macro-
molecules 2010, 43, 3999, and references therein.

a) X. Li, S. J. Danishefsky, J. Am. Chem. Soc. 2008, 130,
5446. b) X. Li, Y. Yuan, W. F. Berkowitz, L. J. Todaro, S. J.
Danishefsky, J. Am. Chem. Soc. 2008, 130, 13222. ¢) X. Li,
Y. Yuan, C. Kan, S. J. Danishefsky, J. Am. Chem. Soc. 2008,
130, 13225.

www.csj.jp/journals/chem-lett/


http://dx.doi.org/10.1021/jo049864j
http://dx.doi.org/10.1139/v05-077
http://dx.doi.org/10.1055/s-2006-958451
http://dx.doi.org/10.1055/s-2006-958451
http://dx.doi.org/10.1021/ja900046z
http://dx.doi.org/10.1021/ja900046z
http://dx.doi.org/10.1021/ja00278a054
http://dx.doi.org/10.1021/ja00278a054
http://dx.doi.org/10.1021/om00013a056
http://dx.doi.org/10.1021/om00013a056
http://dx.doi.org/10.1246/cl.1987.2373
http://dx.doi.org/10.1021/ja00250a060
http://dx.doi.org/10.1021/om00117a030
http://dx.doi.org/10.1021/ol026408d
http://dx.doi.org/10.1021/ol006585j
http://dx.doi.org/10.1021/jo020140m
http://dx.doi.org/10.1021/ja070657l
http://dx.doi.org/10.1021/ja070657l
http://dx.doi.org/10.1021/jo1009728
http://dx.doi.org/10.1021/jo1009728
http://dx.doi.org/10.1016/S0010-8545(00)80375-6
http://dx.doi.org/10.1016/S0010-8545(00)80375-6
http://dx.doi.org/10.1021/ar800148f
http://dx.doi.org/10.1021/ar800148f
http://dx.doi.org/10.1021/jo8026565
http://dx.doi.org/10.1021/jo8026565
http://dx.doi.org/10.1246/cl.2010.1118
http://dx.doi.org/10.1246/cl.2010.1118
http://dx.doi.org/10.1039/b514946k
http://dx.doi.org/10.1021/ja00086a054
http://dx.doi.org/10.1021/ja00086a054
http://dx.doi.org/10.1002/tcr.10008
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/cr020022z
http://dx.doi.org/10.1021/cr020022z
http://dx.doi.org/10.1021/cr020007u
http://dx.doi.org/10.1021/cr020007u
http://dx.doi.org/10.1039/b609991b
http://dx.doi.org/10.1039/b609991b
http://dx.doi.org/10.1246/bcsj.81.1535
http://dx.doi.org/10.1246/bcsj.81.1535
http://dx.doi.org/10.1021/ar800036s
http://dx.doi.org/10.1021/ar800036s
http://dx.doi.org/10.1002/anie.200900465
http://dx.doi.org/10.1002/anie.200900465
http://dx.doi.org/10.1002/anie.200901680
http://dx.doi.org/10.1002/anie.200901680
http://dx.doi.org/10.1002/anie.200900329
http://dx.doi.org/10.1021/jo026087j
http://dx.doi.org/10.1021/jo026087j
http://dx.doi.org/10.1021/cr900206p
http://dx.doi.org/10.1016/S0040-4039(00)01161-8
http://dx.doi.org/10.1246/cl.2000.982
http://dx.doi.org/10.1021/ol061955a
http://dx.doi.org/10.1021/om8006294
http://dx.doi.org/10.1002/adsc.200900040
http://dx.doi.org/10.1002/anie.200906521
http://dx.doi.org/10.1002/anie.200906521
http://dx.doi.org/10.1021/jo101024f
http://dx.doi.org/10.1021/jo101024f
http://dx.doi.org/10.1002/anie.200804912
http://dx.doi.org/10.1002/anie.200804912
http://dx.doi.org/10.1021/ja8069727
http://dx.doi.org/10.1021/ja8069727
http://dx.doi.org/10.1002/anie.200902015
http://dx.doi.org/10.1002/anie.200902015
http://dx.doi.org/10.1021/ol062495o
http://dx.doi.org/10.1002/anie.200603739
http://dx.doi.org/10.1002/chem.200901262
http://dx.doi.org/10.1039/b910192f
http://dx.doi.org/10.1039/b910192f
http://dx.doi.org/10.1021/ja904365h
http://dx.doi.org/10.1021/ja904365h
http://dx.doi.org/10.1021/ja910989n
http://dx.doi.org/10.1021/ja910989n
http://dx.doi.org/10.1002/anie.200601747
http://dx.doi.org/10.1002/anie.200601747
http://dx.doi.org/10.1002/anie.200800361
http://dx.doi.org/10.1002/anie.200800361
http://dx.doi.org/10.1016/j.tet.2009.01.111
http://dx.doi.org/10.1021/ol902339a
http://dx.doi.org/10.1021/jo051387x
http://dx.doi.org/10.1021/ja074931n
http://dx.doi.org/10.1021/ja074931n
http://dx.doi.org/10.1021/jo802225j
http://dx.doi.org/10.1021/jo802225j
http://dx.doi.org/10.1002/anie.200805424
http://dx.doi.org/10.1002/anie.200805424
http://dx.doi.org/10.1021/ic0513641
http://dx.doi.org/10.1016/S0022-328X(01)01321-3
http://dx.doi.org/10.1021/ma100500r
http://dx.doi.org/10.1021/ma100500r
http://dx.doi.org/10.1021/ja800612r
http://dx.doi.org/10.1021/ja800612r
http://dx.doi.org/10.1021/ja8047078
http://dx.doi.org/10.1021/ja804709s
http://dx.doi.org/10.1021/ja804709s
http://www.csj.jp/journals/chem-lett/

