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Transition metal catalyzed denitrogenative transannulation of a tri-
azole ring has recently received considerable attention as a new
concept for the construction of diverse nitrogen-containing hetero-
cyclic cores. This method allows a single-step synthesis of complex
nitrogen heterocycles from easily available and cheap triazole
precursors. In this Minireview, recent progress of the transition metal

catalyzed denitrogenative transannulation of a triazole ring, which was

discovered in 2007, is discussed.

1. Introduction

1,2,3-Triazoles are important heterocyclic units endowed
with a broad spectrum of biological activities."> They have
been extensively used in medicinal chemistry,®” biochem-
istry,®*] and in material science."”) According to the existing
paradigm, the 1,2,3-triazole ring is a very robust heterocyclic
unit, thus not surprisingly, its chemistry mostly involves
functionalization of the core. However, recently, new chemis-
try involving ring opening of the 1,2,3-triazole ring in the
presence of various transition-metal catalysts has been
reported. Most importantly a new direction, a denitrogenative
transannulation of triazoles into other N-containing hetero-
cycles, has recently appeared. Although, several methods
exist for the construction of various N-containing hetero-
cycles, there is always a need for new, efficient, and general
methods for the synthesis of these important classes of
compounds. The denitrogenative transannulation approach
offers obvious advantages over many existing methods, as it
allows efficient, single-step interconversion of easily available
1,2,3-triazoles into a variety of other valuable N-containing
heterocyclic systems.

This Minireview covers the transition metal catalyzed
denitrogenative transannulation of 1,2,3-triazoles into highly
functionalized five- and six-membered-ring heterocycles, as
well as fused nitrogen-containing heterocycles, in a single
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step. The organization of this Mini-
review is based on the denitrogenative
transannulation reaction of different
types of triazoles with alkynes, nitriles,
alkenes, allenes, and isocyanides. Both,
the synthetic applications, as well as
the mechanistic aspects of the described transannulation
reactions are discussed.

2. Transannulation of Pyridotriazoles
In solution, the pyridotriazoles 1M exist in a closed/

opened form equilibrium? with the diazocompounds 21"
(Scheme 1). Thus, not surprisingly, the former is sometimes
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Scheme 1. Closed/opened form equilibrium of pyridotriazoles.

capable of undergoing transformations that are characteristic
for diazocompounds.™ It deserves mentioning that the
position of this equilibrium depends upon several factors,
such as temperature, solvent, and the nature of the substituent
(R') at C71" of the triazole ring. It has been reported that the
introduction of a halogen atom at C7 (R'=Cl) shifts the
equilibrium to the right, which has been explained in terms of
nonbonding repulsion between the lone pair of electrons on
the halogen and nitrogen atom in the peri-position of 1
(Scheme 1).1*!

Recently, Gevorgyan and co-workers demonstrated®!
that the diazoform 2a,b may be used as a source of a rhodium
carbenoid species (Scheme 2). Thus, it was shown that the 7-
halo-substituted pyridotriazole 3b, in the presence of a
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Scheme 2. Rhodium carbenoid insersion into a Si—H bond.

rhodium catalyst, released dinitrogen from 2b to produce the
corresponding rhodium carbenoid 4b. It was confirmed by its
insertion into the Si—H bond of triethylsilane, a method
developed by Doyle et al. for trapping the rhodium-stabilized
carbenes originating from Rh" complexes and diazoace-
tates.'”] As expected, the pyridotriazoles 3a and 3b exhibited
different reactivity towards triethylsilane under these reac-
tion conditions. Thus, while 3a remained unreactive, 3b was
smoothly converted into 5b, the product of the rhodium
carbenoid insertion into the Si—H bond. Thus, it became
evident the 7-halo-substituted pyridotriazole 3b can indeed
serve as a convenient precursor for rhodium carbenoids
(Scheme 2).

2.1. Transannulation with Alkynes and Nitriles

After revealing that the pyridotriazole 3b, the surrogate
of a-imino diazocompound 2b, can be used as convenient
precursors for the rhodium carbenoid 4b, the reactivity of the
latter in cycloaddition reactions with alkynes was explored
(Scheme 3). Tt was found that treatment of the pyridotria-
zole 3b with phenyl acetylene in the presence of Rh,(OAc),,
resulted in a mixture of the cyclopropene 6a and indolizine
7a, the products of the [241] and the formal [2+43] cyclo-
addition reactions, respectively. Interestingly, the cyclopro-
pene 6a, under the employed reaction conditions, did not
undergo cycloisomerization into indolizine 7a, thereby sug-
gesting independent mechanistic paths for their formation.
Selectivity of the transannulation reaction has been dramat-
ically improved by employing a [Rh,(pfb),] catalyst to give 7a
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Scheme 3. Transannulation of the pyridotriazole 3b with alkynes.
pfb = perfluorobutyrate.

as the sole reaction product in 78% yield. Under these
reaction conditions, the 1-carbomethoxy-substituted pyrido-
triazole 3b underwent smooth transannulation with terminal
aryl and alkenyl alkynes to produce indolizines 7 in good to
excellent yields (Scheme 3).

Next, the Gevorgyan group explored the possibility of a
transannulation reaction of 3, having various substitutions,
with nitriles en route to N-fused imidazoles (Scheme 4). It was
found that the pyridotriazoles 3 reacted smoothly with a
variety of aryl, alkyl, and alkenyl nitriles 8 in the presence of
Rh,(OAc), to afford the N-fused imidazopyridines 9 in good
to high yields (Scheme 4). Importantly, 3-carbomethoxy-, 3-
aryl-, as well as 7-bromo-, and 7-methoxy-substitited pyrido-
triazoles, proved to be equally efficient in this reaction.

It was proposed that this transannulation proceeds
through the in situ generated rhodium carbenoid intermedi-
ate 10 (Scheme 5). A direct nucleophilic attack™® of the
alkyne or nitrile at 10 produces the intermediate ylide 11
(path a, Scheme 5), which then cyclizes to form 7 or 9 via the
cyclic zwitterion 12. Alternatively (path b), [242] cycloaddi-
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Scheme 4. Denitrogenative annulation of pyridotriazoles 3 with nitriles.
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Scheme 5. Proposed mechanism for transannulation of pyridotriazoles

3 with alkynes and nitriles.

tion of the rhodium carbenoid 10 with an alkyne or nitrile

produces the metallacyclobutene 13, which can also arise
from cyclization of 11.) Rhodacycle 13 then undergoes o-
bond metathesis to produce the rhodium carbenoid 14, which
upon 67 electrocyclization and subsequent reductive elimi-
nation of rhodium furnished either the product 7 or 9. The

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

V. Gevorgyan and B. Chattopadhyay

potential [2+1]/cycloisomerization sequence via 16 (path c)
was ruled out since the cyclopropene 6a did not cyclo-
isomerize into 7a under the reaction conditions (see
Scheme 3).

3. Transannulation of N-Sulfonyl-1,2,3-triazoles
3.1. Transannulation with Alkynes, Nitriles, and Alkenes

N-Sulfonyl-1,2,3-triazole is an important heterocyclic unit
that can easily be synthesized by the copper-catalyzed azide—
alkyne cycloaddition reaction.” This triazole is exceedingly
resistant to thermal degradation and stays intact under harsh
hydrolytic, reductive, and oxidative conditions.*"*! In 2008,
Gevorgyan, Fokin, and co-workers challenged the robustness
of this heterocyclic unit. They demonstrated that N-sulfonyl-
1,2,3-triazoles 17a in the presence of 1 mol% Rh,(OAc),
smoothly reacts with styrene to quantitatively produce the
trans-cyclopropane®! carboxaldehyde 18 after silica gel
chromatography (Scheme 6).?*! Apparently, the N-sulfonyl-
1,2,3-triazole 17a served as a surrogate for the diazoimine
species 19, which in turn was converted into the correspond-
ing metal carbenoid 20. A subsequent [2+1] cycloaddition of
20 with styrene, and hydrolysis of the formed iminocyclopro-
pane 21 furnished the reaction product 18 (Scheme 6).

1 mol% [Rhy(oct),] o]
NN 9 DCE, 80 °C H
N—S—< >— + ZOph —
)%/ I silica gel chromatography Ph Ph
Ph (0] 99%
17a ° 18
\ 1 mol%

[Rhy(oct),] Ts. Ph Z Ph N-Ts
TNy e Ny — “%
Rh
192 20 (Red 21 Ph Ph

Scheme 6. Denitrogenative cyclopropanation of the N-sulfonyl-1,2,3-
triazole 17 a with styrene. DCE =1,2-dichloroethane, oct=octanoate.

Inspired by this finding, they next attempted a trans-
annulation reaction of the triazole 17a with benzonitrile by
employing two different protocols, namely, microwave-assist-
ed and conventional heating. It was found that both methods
were equally efficient in providing the transannulation
product, imidazole 22 a in high yields (Scheme 7).

The developed methods have been applied to transannu-
lation of differently C4-substituted N-sulfonyl-1,2,3-triazoles

Ph
NELS _ conditions N‘< 2
)\/N*S + N=—Ph —— )\/N—

S " = 1]

Ph o Ph o)

17a 22a
Microwave: Conventional heating:
[Rha(oct),l, CHCl3] goo [Rhy(oct),], CHCl
140°C, 15 min | 927 80 °C, 15h 85%

Scheme 7. Transannulation of N-sulfonyl-1,2,3-triazole 17 a with benzo-
nitrile employing microwave-assisted and conventional heating meth-
ods.
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Scheme 8. Denitrogenative transannulation of N-sulfonyl-1,2,3-
triazoles 17 with nitriles. TMS =trimethylsilyl.

17 with a number of nitriles (Scheme 8). The reactions
appeared to be very general with respect to the triazole and
nitrile components. Both the microwave and the conventional
heating methods afforded high to excellent yields of the
diversely  substituted transannulation products 22
(Scheme 8).”* It deserves mentioning that in contrast to
pyridotriazoles (see above), the triazoles 17 under these
reaction conditions did not undergo transannulation reaction
with terminal alkynes into pyrroles.

The proposed mechanistic rationale is related to the
analogous transannulation of nitiles with diazoketones as
reported by Helquist, Akermark, and co-workers.”™ Accord-
ing to the patha in Scheme 9, a nuclephilic attack of the
nitrile on the rhodium carbenoid 20! leads to the ylide 23,
which upon cyclization into the zwitterion 24 and subsequent
loss of the metal, furnishes the imidazole 22. Alternatively,

Angew. Chem. Int. Ed. 2012, 51, 862—872

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

imemationalediion . CEIMIE

o)
3_— 2 1
R3—=N R ‘,,S”\% NR
path b [3+2] fo} >=N [Rh]
2 i 2 1 R ©
R-s R' RI—=N S~ RO 24 ™~ o]
PINF TSNP (RA) REg .
2o path a o N wf] Rh shift NN
=N
R3 , o e R3
] Rh cat 23 RagT -
o &N 22
R2.7 [Rh]s N
SR Y
N=N R®
17 25

Scheme 9. Proposed mechanism for the transannulation of N-sulfonyl-
1,2,3-triazoles 17 with nitriles.

ylide 23 may give rise to the rhodium carbenoid 25 through a
[1,3] Rh shift. A subsequent cyclization of the intermediate 25
and then reductive elimination®” produces 22. Also, a
possible direct formation of 22 through a [3+2] cycloaddition
of 20 with a nitrile was not ruled out (path b).

In 2009, Murakami and co-workers reported a nickel-
catalyzed denitrogenative transannulation reaction of N-
sulfonyl-1,2,3-triazoles with internal alkynes.* They discov-
ered that a combination of a [Ni(cod),] catalyst with the
electron-rich and bulky phosphine ligand P(nBu)Ad,, and
AlPh; as a Lewis acid additive, was efficient for the trans-
annulation of triazoles 17 with internal alkynes into tetrasub-
stituted pyrroles 26 (Scheme 10). It was found that the yields
of the transannulation reaction with symmetrical alkynes
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Scheme 10. Nickel-catalyzed transannulation of the N-sulfonyl-1,2,3-
triazoles 17 with internal alkynes. The yields are those of the isolated
product. [a] [Ni(cod),] (15 mol%) and P(nBu)Ad, (30 mol%). [b] 110°C.
Ad =adamantyl, cod =1,5-cyclooctadiene.
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were generally good, except for an n-hexyl-substituted
triazole. Transannulation with unsymmetrical alkynes pro-
duced nearly equal amounts of regioisomers (last three
structures in Scheme 10), whereas attempts on the employ-
ment of terminal alkynes were unsuccessful, presumably
because of a facile self-oligimerization side process.*’!
Mechanistically, it is believed that this reaction starts from
a ring—chain tautomerization of the triazole 17a into diazo-
imine 19 (Scheme 11), which is captured by nickel to give the

Ts Ts
U
N=N, N e N
)\/N—Ts — -~
Ph Ph™ "Ny Ny Ph™ ~[Ni]
17a 19 27
Ts H
R reductive N Ts
R elimination | “IN] R—=—R N
— ! ..
NTs = N e ()
Ph Ni° Ph
R
26 29 28

Scheme 11. Proposed mechanism of the nickel-catalyzed denitrogena-
tive transannulation of N-sulfonyl-1,2,3-triazole 17 a with internal
alkynes. Ts = 4-toluenesulfonyl.

nickel carbenoid 27. The latter cyclizes into the azanickela-
cycle 28. Subsequent insertion of the alkyne into the Ni—C
bond leads to the corresponding six-membered nickelacycle
29, which upon reductive elimination of the Ni’, furnishes the
pyrrole 26. It was hypothesized that the possible role of the
Lewis acid in this transformation may involve a promotion of
the ring—chain tautomerization of 17a into 19, or an
acceleration of the reductive elimination of nickel®! from 29.

Very recently, Gevorgyan etal. partially solved the
problem of transannulation of monocyclic triazoles with
terminal alkynes (see below) into pyrroles.’” It was reported,
that employment of the [Rh,(oct),]/AgOCOCF; binary
catalyst system enables efficient transannulation of the N-
sulfonyl-1,2,3-triazoles 17b with arylalkynes to afford the
corresponding transannulation products 30 in good to ex-
cellent yields (Scheme 12). Electron-rich alkynes were more
efficient in this reaction than their electron-neutral counter-
parts, whereas electron-deficient arylalkynes did not undergo
this transformation at all.

The following plausible mechanism for this transannula-
tion reaction has been proposed (Scheme 13). Upon treat-
ment with [Rh,(oct),], the triazole 17b transforms into the
rhodium iminocarbene 20b.24 A direct nucleophlic attack of
the terminal alkyne at the latter produces ylide 31 (path a,

2.5 mol% [Rhy(oct),] R?
NN, 5.0 mol% AgOCOCF3 R'=H, Ar, Alkyl
K/N—Ts =R - _ N-Ts R?=Ar, Alkenyl
R 0.0S M hexanes R 26 examples
170 70°C,3-20 h 30 44-99%

Scheme 12. Rhodium-catalyzed denitrogenative transannulation of
N-sulfonyl-1,2,3-triazoles 17 b with terminal alkynes.
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Scheme 13. Proposed mechanism for transannulation of N-sulfonyl-
1,2,3-triazoles 17b with terminal alkynes.

Scheme 13),*2* which upon cyclization forms a cyclic zwit-
terionic species 32. Elimination of the rhodium catalyst from
32 produces the reaction product 30. In contrast, the in situ
generated silver acetylide may attack 20b to form the
rhodium-containing propargylimine species 33 (path b). Al-
ternatively, 33 may arise through a proton loss from 31
(path b’). Proton-assisted 5-endo-dig cyclization of 33 would
afford cyclic intermediate 32. However, a deuterium labeling
experiment employing the deuterated alkyne resulted in
formation of [D]-30 with complete preservation of a deute-
rium label at C3, thus undoubtedly ruling out the possible
involvement of the paths b and b’, both of which would result
in partial or complete deuterium scrambling. Although, the
crucial role of silver trifluoroacetate in this transformation is
not completely understood, this Lewis acid probably activates
the electrophilic rhodium carbene moiety, through coordina-
tion to the imine, toward the nucleophilic attack by an alkyne.
The higher reactivity of electron-rich alkynes in this trans-
formation reasonably fits into the most plausible reaction
being the ylide reaction (path a).

The synthetic usefulness of this transannulation reaction
was showcased by an efficient three-component semi-one-pot
synthesis of the pyrrole 35 from tosylazide 34 and two
different terminal alkynes by a combined copper-catalyzed
click/thodium-catalyzed transannulation reaction sequence
(Scheme 14).

Very recently, Fokin and co-workers showed?!! that highly
reactive Rh" N-triflyl azavinyl carbenes can easily be
produced from the NH-1,2,3-triazoles 36 by treatment with
triflic anhydride in the presence of Rh™ complexes. These
carbene intermediates efficiently engage olefins in highly
enantio- and diastereoselective transformations, thus provid-
ing easy access to homochiral cyclopropane carboxaldehydes
37 and 2,3-dihydropyrroles 38 (Scheme 15). Although, the
transannulation products were formed formed in high yield,
the enantioselectivity of the transannulation products varied

Angew. Chem. Int. Ed. 2012, 51, 862 —872
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Scheme 14. Semi-one-pot transannulation toward synthesis of pyrroles.

1
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-30-RT, 3h Tf R
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Scheme 15. Transannulation of the NH-1,2,3-triazoles 36 with styrenes.
NTTL = N-1,8-naphthoyl-tert-leucine.

depending on the nature of the substituent (R') at C4 of the
triazole ring.

4. Transannulation of N-Aroylbenzotriazoles
4.1. Transannulation with Alkynes

Nakamura etal. developed an interesting palladium-
catalyzed transannulation reaction of N-aroylbenzotriazoles
39 with alkynes to give indoles 40 (Scheme 16).°% The authors
took advantage of the closed/opened form equilibrium
between the acyltriazole 39 and its diazonium isomer 41,
which serves as an equivalent of the haloanilide 42 that is
employed in indole synthesis reported by Larock et al.?!
From an environmental standpoint, the base-free conditions
and benign by-product (N,) of this transannulation reaction
are the obvious advantages of this method over Larock’s
classical indole synthesis, which produces stoichiometric
amounts of HX ebase waste.

@ R?
N, Ny 0
@[‘,N :@[ + Rl—=R? Pd N_R! + N,
N NO N
39 o)\ R 4“1 o)\ R 40 R
Il .
X 0
Pd
@ *R=R g mw * HX-base
NH N
42 R Larock's indole a0 R

synthesis

Scheme 16. Palladium-catalyzed transannulation versus the Larock
indole synthesis.
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The reaction conditions for this transannulation require
heating 39a and the internal alkynes 43 in the presence of
[Pd(PPh;),] at 130°C without a solvent (Scheme 17). These
reaction conditions allow the synthesis of the multisubstituted
indoles 40a in good yields. Performing the reaction using

4 4
s T 10 mol% , ¥R
R N, . . [Pd(PPhg),] R N\ e
‘N + RR—R 5 R
R2 N 43 neat, 130 °C R? N
R! O)\R R! R

39%a 40a

Scheme 17. Palladium-catalyzed denitrogenative transannulation of the
N-aroylbenzotriazoles 39a with internal alkynes.

solvents, as well as employment of other palladium catalysts,
were less efficient. The electronic nature of the substituents
showed a pronounced effect on the efficiency of this reaction.
Whereas triazoles possessing electron-withdrawing groups
reacted well, those substituted with electron-donating groups
reacted sluggishly, thus providing poor yields or no reaction
even under prolonged reaction times. Reactions with unsym-
metrical alkynes showed varied regioselectivity, thus favoring
bulkier substituents (R®) at C2 of the indole; this trend is
analogous to that observed in the Larock’s indole synthesis.
Expectedly, this Pd’-catalyzed method did not tolerate
terminal alkynes (Scheme 17).

Mechanistically, this palladium-catalyzed transannulation
reaction is quite similar to that of the nickel-catalyzed
transannulation described above. First, Pd’ oxidatively inserts
into the C—N bond of the diazonium moiety of the 2-
iminobenzenediazonium species 4la, which is thermally
generated from the benzotriazole 39a.! Insertion of the
alkyne 43 into the Pd—C bond of the resulting intermediate 44
or 45 leads to the formation of the palladacycle 46, which
upon the reductive elimination yields indole 40a and regen-
erates the Pd’ catalyst (Scheme 18).

5. Transannulation of 1,2,3-Benzotriazinones
5.1. Transannulation with Alkynes, allenes, and Alkenes

Murakami and co-workers found that the 1,2,3-benzotria-
zinones 47 are also good substrates for denitrogenative
transannulation reactions. Thus, 47 in the presence of a nickel
catalyst undergoes a facile reaction with alkynes to produce
isoquinolones 48 (Scheme 19).”! The authors proposed that
the reaction is initiated by the insertion of Ni’ into the N—N
linkage of 47, which upon loss of dinitrogen produces the
azanickelacycle 49.P! Insertion of the alkyne into the Ni—C
bond leads to the formation of a seven-membered nickela-
cycle intermediate 50,°7 which after reductive elimination
affords the final product 48 and regenerates the Ni’ catalyst
(Scheme 19).

This reaction appeared to be very general in scope, as
various symmetrical and unsymmetrical internal alkynes, as
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R* RS R4
R® R® N
N)_Rs N
R2 N R2 N
rR" R PP R! o)\R
40a 39a
R4
R3 N,
R* RS ) ©
R3 R6 R N
X
R’ o)\R
R n-Pd 41a
R
OZ\R N
46 2
RS—=— RS R4 R @
43 R3 R3 Pd
Zd _— e
R2 R R2 N
R gf 10 //J\R
44 45

Scheme 18. Proposed mechanism of the palladium-catalyzed trans-
annulation of N-aroylbenzotriazoles 39a with internal alkynes.

[0}
5 mol% R
[Ni(cod),] N
=——nBu | _
N 20 mol% PMe; nBu
or PPhy 48 B
\ THF, RT By
©\//< u nBu

nBu gq m

Scheme 19. Nickel-catalyzed transannulation of the 1,2,3-benzotriazi-
nones 47 with an internal symmetrical alkyne.

well as terminal alkynes, gave very high yields of the
isoquinolones 48’ (Scheme 20). Unsymmetrical alkynes how-
ever, showed varied regioselectivity. Remarkably, terminal
alkynes provided both excellent yields and regioselectivities
in this reaction. It was found that the 1,2,3-benzotriazinones
47 possessing either electron-withdrawing or electron-donat-
ing aryl substituents at the nitrogen atom underwent smooth
transannulation reactions at room temperature, whereas the
reaction of benzyl- and methyl-substituted substrates re-
quired higher temperatures. N-unsubstituted benzotriazinone
failed to undergo this reaction.

Murakami et al. have also developed the nickel-catalyzed
denitrogenative transannulation of 1,2,3-benzotriazinones
with allenes.?® First, from the reaction of 47a with stoichio-
metric amounts of [Ni(cod),] and dppbenz, the authors
succeeded in isolating a five-membered azanickelacycle
intermediate 49a, the structure of which was confirmed by
the single-crystal X-ray analysis (Scheme 21). Treatment of
49a with an allene at 60°C in THF gave an isomeric mixture
of the 3,4-dihydroisoquinolin-1(2H)-ones 51a and 52a (54:46)
in 99 % yield.
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o o
R
dw + Ril_— gz 5mMol%Nicod)] N R
=R
N 20 mol% PMe; or PPhy ANRi
47 THF, RT 48" R2
o}
- CoHi-4Me
\
7 ph

99% (86:14)

o o o
-CoHiréMe o _CgHy-4Me A _CgHy-dMe
4
7 CgH,4CF, CeHs-40Me ZMe
Me Me iPr

99% (73:27) 99% (89:11) 97% (58:42)

o] o) o)
N~ CeHa-dMe - CeHa-4Me - CeHa-4Me
| |
= .
7 CO,Et 7 Bpin Bpin
nPr nBu T™MS
99% (92:08) 93% (98:02) 94% (99:01)
o o) o)
-CeHy-4Me N-Cetla-4Me .CgHg-4Me
@ | S
= Z ¥
n-hexyl T™S nBuzSn

99% (98:02) 94% (99:01) 92% (99:01)

Scheme 20. Nickel-catalyzed denitrogenative transannulation of 1,2,3-
benzotriazinones 47 with alkynes. pin = pinacol.

(¢] o]

N 1 equiv [Nicod)] -
] N‘,Iil 1 equiv dppbenz Ni-pz _PPh;

THF, RT, 3h

47a 799 Prl;ahP;P PPhg
49a

o

(0]
N,lol . N/tol THF, 60 °C
| | <—, 12h

hexyl ==
51a 52a

99% (51a/52a = 54:46)

— A\
| 3 equiv hexyl
hexyl

Scheme 21. Nickel-catalyzed denitrogenative transannulation of the
1,2,3-benzotriazinones 47 a with allenes. dppbenz =1,2-bis(diphenyl-
phosphino)benzene.

A catalytic version of this reaction (5 mol% [Ni(cod),]
20 mol% PMe;, THF, 60°C) was then applied for trans-
annulation of different 1,2,3-benzotriazinones 47b with a
number of monosubstituted allenes (Scheme 22). Both the
electron-withdrawing and electron-donating substituents at
the N atom of the triazole moiety and at the aromatic ring of
the benzotriazinone worked well, thus producing the differ-
ently substituted isoquinolones 51b as a major regioisomer.”
Probably as a result of sterics, the regiochemistry was
completely reversed in the reaction with tert-butyl- and
trialkylsilyl-substituted allenes (Scheme 22).

Employment of the cyclic 1,3-disubstituted allene 53
resulted in an interesting outcome; the nature of the product
varied depending upon the type of the phosphine ligand
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R2 R
Y
-N
* w Q 0
. 2 1 2 1
[Ni(cod),], PMe; R R R R
. —= 3
— R3 R R3 |
==
R 51b 520 Lo
R' = tolyl, aryl, 14 examples
R2=H, OMe yield: 76-99%

R3= H. OMe. CO.Me selectivity: up to 0:100
=n, » L0

R = hexyl, (CH,),0Bn, (CH,),0SitBuMe,,
(CH,),0H, (CH,),CN, SitBuMe,

Scheme 22. Scope of the nickel-catalyzed transannulation of 1,2,3-
benzotriazinones 47b with allenes.

employed (Scheme 23). The use of PMe; in THF at 60°C
produced the imino ester 54 in 75 % yield, whereas employ-
ment of the bidentate phosphine ligand (R,R)-Me-duphos in
toluene at 100°C afforded 55 as the sole product in 99 % yield.

tol

10 mol% [Ni(cod)s] |

o 40 mol% PMej o

Nt THF, 60 °C, 6h O
LN
N
47a
* — 54 (75%)
—— o)

10 mol% [Ni(cod),]

20 mol% (R,R)-Me-duphos ‘ Nt
53 PhMe, 100 °C, 6h

55 (99%)

Scheme 23. Nickel-catalyzed denitrogenative transannulation of 1,2,3-
benzotriazinones 47 a with internal cyclic allene. See Scheme 29 for
structure of (R,R)-Me-duphos.

The control experiment revealed that 54 in the presence of
[Ni(cod),] and (R,R)-Me-duphos in toluene at 100°C was
completely isomerized into 55, thus confirming thermody-
namic control in the formation of the latter in the reaction of
47a and 53.

The authors have also explored the asymmetric version of
this transformation. It was shown that employment of
bidentate phosphine ligands, such as (R,R)-Me-duphos and
(S,S,R,R)-tangphos provided good enantioselectivities. Im-
portantly, both the regio- and enantioselectivities were very
high when the phosphinooxazoline ligand (S,S)-iPr-foxap™”
was employed (Scheme 24).5"!

As an extension of this methodology, the same group has
also developed the nickel-catalyzed transannulation of ben-
zotriazinones with 1,3-dienes and activated alkenes.*!! Inter-
estingly, when the complex 49a was mixed with the 1,3-diene
56 in the absence of a phosphine ligand, the formation of only
trace amounts of 57 was detected (Scheme 25). However,
addition of the dppf ligand provided 57 in 40 % (Scheme 25).

Next, the generality of this approach was tested using a
catalytic version of this reaction. Thus, employment of
[Ni(cod),] (10 mol %) and dppf (10 mol %) in THF at 60°C
allowed a facile reaction of differently substituted benzotri-
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) 470 " 10-20 mol% 2 Q
-2U mol7o 2 1 2 1
. R .R
Nieod)] VLR N R
20 mol% 3 3
—.— chiral ligand *R R |
R 60-80°C 51b s2b Lo
19 examples
R = tolyl, aryl, CONPh, yield: 76-99%
ee: 78-97%

R? = H, OMe
R® = H, OMe, CO,Me
R = alkyl, protected alkyl

Scheme 24. Enantioselective synthesis of isoquinolones.

(o]
N/tol X
©\/1< o })}\ X equiv dppf N/tol

PhsP— P PPh3 PhMe, 110 °C ‘
Ph3P 24h
57
3 equiv
=0 <5%
=1 40%

Scheme 25. Transannulation of benzotriazinones with 1,3-dienes.
dppf=1,1"-bis(diphenylphosphino)ferrocene.

azinones 47b with symmetrical 1,3-dienes 58 to form various
N-protected isoquinolones 59 (Scheme 26). Except for the N-
benzyl-substituted benzotriazinone (24 %), the yields em-
ploying all other substrates were high. Benzotriazinones with
both electron-donating and electron-withdrawing groups at
the benzene ring were equally competent in this reaction.
Employment of unsymmetrical dienes 58 was nearly as
efficient in providing isoquinolones 59 as major regioisomers
over 60. For this transformation, the authors proposed a
mechanism similar to that proposed for the nickel-catalyzed
transannulation of benzotriazinones with allenes.”

(0] o
2 1 R!
RQKLN,R . Igs NPcat jd

~ U
R3 N«,N R"/\ Ilgand J\/\ o5 R3 J\/\r

47b 58

with symmetrical 1,3-dienes

%

MeO,C

. MeO

74% 86%

with unsymmetrical 1,3-dienes

4-tol
¥

66% (86:14)

~4-tol
=
85% (90:10)

Scheme 26. Scope of transannulation of the benzotriazinones 47b with
1,3-dienes.
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It was also shown that in the presence of [Ni(cod),] and
P(nBu);, the benzotriazinones 47b can undergo an efficient
transannulation reaction with activated alkenes (Scheme 27).
Thus, electron-deficient alkenes, such as methyl acrylate,
acrylonotrile, and acrylamide smoothly underwent transan-
nulation with 47b to give the dehydroisoquinolinones 61 in
excellent yields. Pyridyl-containing alkenes were similarly
efficient, whereas styrene gave low yield of the product.
Electron-neutral and electron-rich alkenes did not participate
in this reaction at all. (Scheme 27).1!

20 mol% P(nBu);

;
ﬁﬁ“
+ /\R"
N PhMe, 110 °C, 12h

10 mol% [Nl(cod ]

Zﬁd

@\ ©)\;\CGH4 -40Me @csm 4CF,
CO,Me CO,Me CO,Me

99% 96% 98%
CO,Me CO,Me

CO,Me o, 999

81% 2 7% %

/@ m @CO Me
MeO,C CO,Me MeO 98% CO,Me 7% 2
o (0] (0]
~4-tol ~4-tol ~4-tol

Scheme 27. Nickel-catalyzed denitrogenative transannulation with al-
kenes.

5.2. Transannulation with Isocyanides

The same research group has also shown™ that isocya-
nides can also be employed in this transannulation reaction.
Thus, 1,2,3-benzotriazinone 47b and benzothiatriazine diox-
ide 47c, in the presence of a palladium catalyst and a
phosphine ligand underwent smooth transannulation with
isocyanides 62 to give the corresponding isocyanide incorpo-
rated products 63 in excellent yields (Scheme 28). Except for
the N-alkyl-substituted triazinones, all other substrates tested
exhibited excellent reactivity, thus giving rise to almost
quantitative yields of the products. The reaction is also quite
general with respect to the isocyanides 62, as aryl, benzyl,
cyclohexyl, and even aliphatic isocyanides were competent in
this reaction for producing high yields of the transannulation
products.

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

V. Gevorgyan and B. Chattopadhyay

0
0
R2 X. R'  Ré 5mol% [CpPd(r-alyl)]  R? g
TN+ fomoberie -
R® NN & 14dioxane, 110°C, 18h g3
47b: X=C - o NRS
47¢c: X=SO 62
| examples
R' = aryl, heteroaryl  R% = 2 gxylyl several
R2 = H, OMe XYY 84-99%

Cy, Bn, aryl, alkyl
R3 = H, OMe, CO,Me

Scheme 28. Palladium-catalyzed transannulation with isocyanides.
Cp=cyclopentadienyl.

6. Transannulation of 1,2,3,4-Benzothiazinones
6.1. Transannulation with Allenes

In 2010, Murakami and co-workers reported[‘m the nickel-
catalyzed enantioselective transannulation reaction of 1,2,3,4-
benzothiatriazine-1,2(2H)-dioxide 64 with monosubstituted
allenes to produce 1,2,3,4-benzothiazine-1,1(2H)-dioxide de-
rivatives 65 and 66. It was proposed that this reaction is
initiated by an oxidative addition of Ni’ into the N-N bond
and subsequent elimination of the dinitrogen molecule to
yield the five-membered intermediate 67. A subsequent
allene insertion into 67 generates the m-allylnickel intermedi-
ate 68. An allylic amidation at the more-substituted carbon
atom™®*! in the latter delivers the reaction product and
regenerates the Ni’ catalyst (Scheme 29).

It was found that C,-symmetric bidentate bisphosphine
ligands such as (S)-binap,*! (S,5", R,R’)-tangphos,*! and
(R,R)-Me-duphos” were not competent in this reaction.
However, employment of unsymmetrical PN-type bidentate

10 mol% [Ni(cod),]

20 mol% PMe,Ph SR R=Me (84%)
1,4-dioxane, + | R = alkyl, tolyl
X , o
100°C,3h 6 examples
66 yield: 28-84%
ee: 86-97%
Ni® | -N, N Chiral ligand Yield [%] ee [%)]
-Ni
(S)-binap <5 _
Q -0 allene [eNe) (S,S",R,R)tangphos <5 -
C[S\;\I—R insertion \S:N'R (R,R)-Me-duphos 13(99:1) 52
Ni g Q. | (RHS)pefa 30(97:3) 61
o ! 68 @~ (R,R)-iPr-foxap 92(94'6) 92
(R)-quinap 87(94 6)

Q
) G

(S S',R,R')-tangphos (R,R)-Me-duphos
5 l .,
NMe, 2N
PPh, thP l ! PPh,

(R)-(S)-ppfa (R,R)-iPr-foxap (R)-quinap

) o, FrO

(S)-binap

Scheme 29. Transannulation of 1,2,3,4-benzothiatriazine-1,1(2H)-
dioxide 64 with allenes in the presence of various chiral ligands.
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ligands such as (S,S)-iPr-foxap™” and quinap™ afforded both
good yield and excellent enantioselectivity. This reaction was
found to be quite general with respect to the alkyl substituent
(R) at the N atom of the triazole moiety, thus producing 66 as
the major regioisomer in good enantioselectivity. Reaction of
the tert-butyl-containing substrate 64 (R =rBu), probably
resulting because of steric reasons, produced 65 as a major
regioisomer. The p-tolyl-substituted substrate 64 (R = p-tolyl)
was much less efficient in this reaction.

Various monosubstituted allenes were equally effective in
transannulation with 64a, thus producing high yields and
good enantioselectivities of the corresponding products.
Allenes possessing siloxy, benzyloxy, and N-phthalimidoyl
groups at the alkyl chains also reacted well, although the

enantioselectivities were found to be slightly lower
(Scheme 30).1+
o}
0. .0 hiid SN
7 Me _ Soy-Me ST Me
N, . 10mol% [Ni(cod);] N
. =.
-N R T0mol% qui ¥
N R mol% quinap | R
64a 65a R 66a
R = alkyl, protected alkyl 8 examples
yield: 87-99%
ee: 72-85%

Scheme 30. Transannulation of 1,2,3,4-benzothiatriazine-1,2(2H)-
dioxide 64a with various allenes.

7. Conclusions

This Minireview highlights the increasing interest in the
development of transition metal catalyzed transannulation
reactions. This new approach may serve as a complimentary
methodology for construction of heterocycles as it allows a
general and highly efficient synthesis of complex and highly
functionalized aromatic nitrogen heterocycles with diverse
substitution patterns. Although additional development of
novel, more general, and efficient transannulation protocols is
highly warranted, the progress achieved so far in this area
holds promise for its extensive application in organic syn-
thesis.

We thank the National Institutes of Health (Grant GM-64444)
for financial support of this work.

Received: July 11, 2011
Published online: November 25, 2011

[1] Y. Bourne, H. C. Kolb, Z. Radic, K. B. Sharpless, P. Taylor, P.
Marchot, Proc. Natl. Acad. Sci. USA 2004, 101, 1449.

[2] M. Whiting, J. Muldoon, Y.C. Lin, S.M. Silverman, W.
Lindstron, A. J. Olson, H. C. Kolb, M. G. Finn, K. B. Sharpless,
J. H. Elder, V. V. Fokin, Angew. Chem. 2006, 118, 1463; Angew.
Chem. Int. Ed. 2006, 45, 1435.

[3] C. W. Tornge, S. J. Sanderson, J. C. Mottram, G. H. Coombs, M.
Meldal, J. Comb. Chem. 2004, 6, 312.

[4] V. Pande, M. J. Ramos, Bioorg. Med. Chem. Lett. 2005, 15, 5129.

Angew. Chem. Int. Ed. 2012, 51, 862—872

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

[5] B.S. Holla, M. Mahalinga, M. S. Karthikeyan, B. Poojary, P. M.
Akberathi, N. S. Kumari, Eur. J. Med. Chem. 2005, 40, 1173.

[6] For medicinal chemistry, see: a) H. C. Kolb, M. G. Finn, K. B.

Sharpless, Angew. Chem. 2001, 113,2056; Angew. Chem. Int. Ed.

2001, 40, 2004; b) P. Norris, Curr. Top. Med. Chem. 2008, 8, 101;

c) B. L. Wilkinson, L. F. Bornaghi, T. A. Houston, A. Innocenti,

D. Vullo, C. T. Supuran, S.-A. Poulsen, J. Med. Chem. 2007, 50,

1651; d) S. K. De, J. L. Stebbins, L.-H. Chen, M. Riel-Mehan, T.

Machleidt, R. Dahl, H. Yuan, A. Emdadi, E. Barile, V. Chen, R.

Murphy, M. Pellecchia, J. Med. Chem. 2009, 52, 1943.

For drug discovery, see: a) A. D. Moorhouse, A. M. Santos, M.

Gunaratnam, M. Moore, S. Neidle, J. E. Moses, J. Am. Chem.

Soc. 2006, 128, 15972; b) L. V. Lee, M. L. Mitchell, S.-J. Huang,

V. V. Fokin, K. B. Sharpless, C.-H. Wong, J. Am. Chem. Soc.

2003, 125, 9588.

For peptidomimetic area, see: a) D. S. Pedersen, A. Abell, Eur. J.

Org. Chem. 2011, 2399; b) M. Zanda, New J. Chem. 2004, 28,

1401; c) A. Volonterio, S. Bellosta, F. Bravin, M. C. Bellucci, L.

Bruche, G. Colombo, L. Malpezzi, S. Mazzini, S. V. Meille, M.

Meli, C. Ramirez de Arellano, M. Zanda, Chem. Eur. J. 2003, 9,

4510.

[9] For conformational studies, see: a) C. W. Tornge, C. Christensen,
M. Meldal, J. Org. Chem. 2002, 67, 3057; b) N. G. Angelo, P. S.
Arora, J. Am. Chem. Soc. 2005, 127, 17134; ¢) Y. Angell, K.
Burgess, J. Org. Chem. 2005, 70, 9595; d) K. Oh, Z. Guan, Chem.
Commun. 2006, 3069.

[10] For material science, see: a) V. A. Ostrovskii, M. S. Pevzner, T. P.
Kofmna, M. B. Shcherbinin, 1. V. Tselinskii, Targets Heterocycl.
Syst. 1999, 3, 476; b) M. Hiskey, D. E. Chavez, D. L. Naud, S. F.
Son, H. L. Berghout, C. A. Bome, Proc. Int. Pyrotech. Semin.
2000, 27, 3; c) B. Helms, J. L. Mynar, C.J. Hawker, J. M. J.
Frechet, J. Am. Chem. Soc. 2004, 126, 15020; d) P. Wu, A. K.
Feldman, A.K. Nugent, C.J. Hawker, A. Scheel, B. Voit, J.
Pyun, M. J. Frechet, K. B. Sharpless, V. V. Fokin, Angew. Chem.
2004, 116, 4018; Angew. Chem. Int. Ed. 2004, 43, 3928.

[11] M. Regitz, Angew. Chem. 1997, 109, 786; Angew. Chem. Int. Ed.
Engl. 1967, 6, 733.

[12] a) M. Regitz, B. Arnold, D. Danion, H. Schubert, G. Fusser, Bull.
Soc. Chim. Belg. 1981, 90, 615; b) G. L’Abbé, Bull. Soc. Chim.
Belg. 1990, 99, 281; c) G. L’Abbé, F. Godets, S. Toppet, J. Chem.
Soc. Chem. Commun. 1985, 589; d) G. L'Abbé, 1. Luyten, S.
Toppet, J. Heterocycl. Chem. 1992, 29, 713; ¢) G. L’Abbé, F.
Godets, S. Toppet, Bull. Soc. Chim. Belg. 1986, 95, 679.

[13] For cyclopropanation with 2-pyridyl diazocompounds, see:
H. M. L. Davies, R. J. Townsend, J. Org. Chem. 2001, 66, 6595.

[14] B. Abarca-Gonzélez, J. Enzyme Inhib. Med. Chem. 2002, 17,359,
and references therein.

[15] B. Abarca-Gonzilez, R. Ballesteros, F. Mojarred, G. Jones, D. J.
Mouat, J. Chem. Soc. Perkin Trans. 1 1987, 1865.

[16] S. Chuprakov, Frank, W. Hwang, V. Gevorgyan, Angew. Chem.
2007, 119, 4841; Angew. Chem. Int. Ed. 2007, 46, 4757.

[17] V.Bagheri, M. P. Doyle, J. Taunton, E. E. Claxton, J. Org. Chem.
1988, 53, 6158.

[18] A.Padwa, D.J. Austin, A. T. Price, M. A. Semones, M. P. Doyle,
M. N. Protopopova, W. R. Winchester, A. Tran, J. Am. Chem.
Soc. 1993, 115, 8669.

[19] T. R. Hoye, C.J. Dinsmore, D. S. Johnson, P. F. Korkowski, J.
Org. Chem. 1990, 55, 4518.

[20] a) V. V. Rostovtsev, L. G. Green, V. V. Fokin, K. B. Sharpless,
Angew. Chem. 2002, 114, 2708; Angew. Chem. Int. Ed. 2002, 41,
2596; b) C. W. Tornge, C. Christensen, M. Meldal, J. Org. Chem.
2002, 67, 3057; c) J. Raushel, V. V. Fokin, Org. Lett. 2010, 12,
4952.

[21] One notable exception: triazoles bearing a strong electron-
withdrawing group, such as cyano, nitro, or sulfonyl groups at N1
are known to undergo facile ring opening to diazoimine
tautomers. The ring—chain tautomerism manifests itself in

[7

—

[8

—_

www.angewandte.org

&n


http://dx.doi.org/10.1073/pnas.0308206100
http://dx.doi.org/10.1002/ange.200502161
http://dx.doi.org/10.1002/anie.200502161
http://dx.doi.org/10.1002/anie.200502161
http://dx.doi.org/10.1016/j.bmcl.2005.08.077
http://dx.doi.org/10.1016/j.ejmech.2005.02.013
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1021/jm061320h
http://dx.doi.org/10.1021/jm061320h
http://dx.doi.org/10.1021/jm801503n
http://dx.doi.org/10.1021/ja0661919
http://dx.doi.org/10.1021/ja0661919
http://dx.doi.org/10.1021/ja0302836
http://dx.doi.org/10.1021/ja0302836
http://dx.doi.org/10.1002/ejoc.201100157
http://dx.doi.org/10.1002/ejoc.201100157
http://dx.doi.org/10.1039/b405955g
http://dx.doi.org/10.1039/b405955g
http://dx.doi.org/10.1002/chem.200304881
http://dx.doi.org/10.1002/chem.200304881
http://dx.doi.org/10.1021/ja056406z
http://dx.doi.org/10.1021/jo0516180
http://dx.doi.org/10.1039/b606185k
http://dx.doi.org/10.1039/b606185k
http://dx.doi.org/10.1021/ja044744e
http://dx.doi.org/10.1002/ange.200454078
http://dx.doi.org/10.1002/ange.200454078
http://dx.doi.org/10.1002/anie.200454078
http://dx.doi.org/10.1002/anie.196707331
http://dx.doi.org/10.1002/anie.196707331
http://dx.doi.org/10.1021/jo015617t
http://dx.doi.org/10.1039/p19870001865
http://dx.doi.org/10.1002/ange.200700804
http://dx.doi.org/10.1002/ange.200700804
http://dx.doi.org/10.1002/anie.200700804
http://dx.doi.org/10.1021/jo00261a045
http://dx.doi.org/10.1021/jo00261a045
http://dx.doi.org/10.1021/ja00072a021
http://dx.doi.org/10.1021/ja00072a021
http://dx.doi.org/10.1021/jo00302a010
http://dx.doi.org/10.1021/jo00302a010
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1021/ol102087r
http://dx.doi.org/10.1021/ol102087r
http://www.angewandte.org

Angewandte

872

Minireviews

various interconversions of triazoles and other heterocycles,
collectively known as Dimroth rearrangements. See: a)O.
Dimroth, Justus Liebigs Ann. Chem. 1909, 364, 183; b) T. L.
Gilchrist, G. E. Gymer, Adv. Heterocycl. Chem. 1974, 16, 33.

[22] For other types of 5-lithiated triazoles that decompose already at
—78°C, see: a) M. Whiting, V. V. Fokin, Angew. Chem. 2006, 118,
3229; Angew. Chem. Int. Ed. 2006, 45,3157;b) 1. Bae, H. Han, S.
Chang, J. Am. Chem. Soc. 2005, 127, 2038; c) M. P. Cassidy, J.
Raushel, V. V. Fokin, Angew. Chem. 2006, 118, 3226; Angew.
Chem. Int. Ed. 2006, 45, 3154; d) S. H. Cho, E. J. Yoo, L. Bae, S.
Chang, J. Am. Chem. Soc. 2005, 127, 16046; ¢) E. J. Yoo, 1. Bae,
S. H. Cho, H. Han, S. Chang, Org. Lett. 2006, 8, 1347.

[23] For reviews on synthesis of cyclopropenes via metal-stabilized
carbenes, see: a) H. M. L. Davies, R. E. J. Beckwith, Chem. Rev.
2003, 103, 2861; b) M. P. Doyle, D. C. Forbes, Chem. Rev. 1998,
98, 911.

[24] T. Horneff, S. Chuprakov, N. Chernyak, V. Gevorgyan, V. V.
Fokin, J. Am. Chem. Soc. 2008, 130, 14972.

[25] R. Connell, F. Scavo, P. Helquist, B. Akermark, Tetrahedron Lett.
1986, 27, 5559.

[26] K.J. Doyle, C.J. Moody, Tetrahedron 1994, 50, 3761.

[27] A. Padwa, J. M. Kassir, S. L. Xu, J. Org. Chem. 1997, 62, 1642.

[28] T. Miura, M. Yamauchi, M. Murakami, Chem. Commun. 2009,
1470.

[29] Q. Shen, J. F. Hartwig, J. Am. Chem. Soc. 2007, 129, 7734.

[30] B. Chattopadhyay, V. Gevorgyan, Org. Lett. 2011, 13, 3746.

[31] N. Grimster, L. Zhang, V. V. Fokin, J. Am. Chem. Soc. 2010, 132,
2510.

[32] 1. Nakamura, T. Nemoto, N. Shiraiwa, M. Terada, Org. Lett.
2009, 71, 1055.

[33] a) R. C. Larock, E. K. Yum, J. Am. Chem. Soc. 1991, 113, 6689;
b) R. C. Larock, E. K. Yum, M. D. Refvik, J. Org. Chem. 1998,
63,7652; c) L. Kiirti, B. Czako, Strategic Applications of Named
Reactions in Organic Synthesis, Elsevier, New York, 2005, p. 260;
d) O. Leogane, H. Lebel, Angew. Chem. 2008, 120, 356; Angew.
Chem. Int. Ed. 2008, 47, 350.

V. Gevorgyan and B. Chattopadhyay

[34] a) D. Solé, L. Vallverdu, X. Solans, M. Font-Bardia, J. Bonjoch, J.
Am. Chem. Soc. 2003, 125, 1587; For reviews of benzotriazoles,
see: b) A. R. Katritzky, K. Suzuki, Z. Wang, Synlett 2005, 1656;
¢) A. R. Katritzky, X. Lan, J. Z. Yang, O. V. Denisko, Chem. Rev.
1998, 98, 409.

[35] T. Miura, M. Yamauchi, M. Murakami, Org. Lett. 2008, 10, 3085.

[36] For a similar type of the azanickelacycle intermediacy, see: a) T.
Takahashi, F.-Y. Tsai, Y. Li, H. Wang, Y. Kondo, M. Yamanaka,
K. Nakajima, M. Kotora, J. Am. Chem. Soc. 2002, 124, 5059;
b) H. A. Duong, J. Louie, J. Organomet. Chem. 2005, 690, 5098;
c) H. A. Duong, J. Louie, Tetrahedron 2006, 62, 7552.

[37] For an example of alkyne insertion into a seven-membered-ring
nickelacycle intermediate, see: R. P. Korivi, C.-H. Cheng, Org.
Lett. 2005, 7, 5179.

[38] M. Yamauchi, M. Morimoto, T. Miura, M. Murakami, J. Am.
Chem. Soc. 2010, 132, 54.

[39] A similar regioselectivity trend was observed in the insertion of
allenes into palladacyles; see: G. Lu, H. C. Malinakova, J. Org.
Chem. 2004, 69, 8266.

[40] Y. Miyake, Y. Nishibayashi, S. Uemura, Synlett 2008, 1747.

[41] T. Miura, M. Morimoto, M. Yamauchi, M. Murakami, J. Org.
Chem. 2010, 75, 5359.

[42] T. Miura, Y. Nishida, M. Morimoto, M. Yamauchi, M. Muraka-
mi, Org. Lett. 2011, 13, 1429.

[43] T. Miura, M. Yamauchi, A. Kosaka, M. Murakami, Angew.
Chem. 2010, 122, 5075; Angew. Chem. Int. Ed. 2010, 49, 4955.

[44] a) ). Pawlas, Y. Nakao, M. Kawatsura, J. F. Hartwig, J. Am.
Chem. Soc. 2002, 124, 3669; b) R. Grigg, A. Liu, D. Shaw, S.
Suganthan, D. E. Woodall, G. Yoganathan, Tetrahedron Lett.
2000, 41, 7125.

[45] R. Noyori, H. Takaya, Acc. Chem. Res. 1990, 23, 345.

[46] W. Tang, X. Zhang, Angew. Chem. 2002, 114, 1682; Angew.
Chem. Int. Ed. 2002, 41, 1612.

[47] M. J. Burk, J. Am. Chem. Soc. 1991, 113, 8518.

[48] N. W. Alcock, J. M. Brown, D. 1. Hulmes, Tetrahedron: Asym-
metry 1993, 4, 743.

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2012, 51, 862 —872


http://dx.doi.org/10.1002/jlac.19093640204
http://dx.doi.org/10.1016/S0065-2725(08)60459-6
http://dx.doi.org/10.1002/ange.200503936
http://dx.doi.org/10.1002/ange.200503936
http://dx.doi.org/10.1002/anie.200503936
http://dx.doi.org/10.1021/ja0432968
http://dx.doi.org/10.1002/ange.200503805
http://dx.doi.org/10.1002/anie.200503805
http://dx.doi.org/10.1002/anie.200503805
http://dx.doi.org/10.1021/ja056399e
http://dx.doi.org/10.1021/ol060056j
http://dx.doi.org/10.1021/cr0200217
http://dx.doi.org/10.1021/cr0200217
http://dx.doi.org/10.1021/cr940066a
http://dx.doi.org/10.1021/cr940066a
http://dx.doi.org/10.1021/ja805079v
http://dx.doi.org/10.1016/S0040-4039(00)85265-X
http://dx.doi.org/10.1016/S0040-4039(00)85265-X
http://dx.doi.org/10.1016/S0040-4020(01)90396-5
http://dx.doi.org/10.1021/jo962271r
http://dx.doi.org/10.1039/b819162j
http://dx.doi.org/10.1039/b819162j
http://dx.doi.org/10.1021/ja0722473
http://dx.doi.org/10.1021/ja910187s
http://dx.doi.org/10.1021/ja910187s
http://dx.doi.org/10.1021/ol900113f
http://dx.doi.org/10.1021/ol900113f
http://dx.doi.org/10.1021/ja00017a059
http://dx.doi.org/10.1021/jo9803277
http://dx.doi.org/10.1021/jo9803277
http://dx.doi.org/10.1002/ange.200703671
http://dx.doi.org/10.1002/anie.200703671
http://dx.doi.org/10.1002/anie.200703671
http://dx.doi.org/10.1055/s-2005-871551
http://dx.doi.org/10.1021/cr941170v
http://dx.doi.org/10.1021/cr941170v
http://dx.doi.org/10.1021/ol8010826
http://dx.doi.org/10.1021/ja017507+
http://dx.doi.org/10.1016/j.jorganchem.2005.03.027
http://dx.doi.org/10.1016/j.tet.2006.03.119
http://dx.doi.org/10.1021/ol0519994
http://dx.doi.org/10.1021/ol0519994
http://dx.doi.org/10.1021/ja909603j
http://dx.doi.org/10.1021/ja909603j
http://dx.doi.org/10.1021/jo0486847
http://dx.doi.org/10.1021/jo0486847
http://dx.doi.org/10.1021/jo1008756
http://dx.doi.org/10.1021/jo1008756
http://dx.doi.org/10.1021/ol103143a
http://dx.doi.org/10.1002/ange.201001918
http://dx.doi.org/10.1002/ange.201001918
http://dx.doi.org/10.1002/anie.201001918
http://dx.doi.org/10.1021/ja017575w
http://dx.doi.org/10.1021/ja017575w
http://dx.doi.org/10.1016/S0040-4039(00)01176-X
http://dx.doi.org/10.1016/S0040-4039(00)01176-X
http://dx.doi.org/10.1021/ar00178a005
http://dx.doi.org/10.1002/1521-3757(20020503)114:9%3C1682::AID-ANGE1682%3E3.0.CO;2-O
http://dx.doi.org/10.1002/1521-3773(20020503)41:9%3C1612::AID-ANIE1612%3E3.0.CO;2-H
http://dx.doi.org/10.1002/1521-3773(20020503)41:9%3C1612::AID-ANIE1612%3E3.0.CO;2-H
http://dx.doi.org/10.1021/ja00022a047
http://dx.doi.org/10.1016/S0957-4166(00)80183-4
http://dx.doi.org/10.1016/S0957-4166(00)80183-4
http://www.angewandte.org

