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ABSTRACT: A silver-mediated [3 + 2] cycloaddition of “CNN”
and “C=C” for constructing pyrazoles has been described. The
“CNN” building block used is N-isocyanoiminotriphenylphos-
phorane, which is a stable, safe, easy-to-handle, and odorless solid
isocyanide. The reaction is characterized by its mild conditions,
broad substrate scope, and excellent functional group tolerance.

lkynes' and isocyanides” are two classes of commercially

available and versatile starting materials. The reactions of
alkynes and isocyanides are the most powerful and
representative route for the construction of nitrogen-
containing compounds.” Among these reported protocols, [3
+ 2] cycloadditions of alkynes and isocyanides have attracted
much attention due to their high efficiency and atom-economy.
In the past, substantial advances have been achieved in the use
of this strategy for the synthesis of pyrroles and their
derivatives (Figure 1A).* However, these processes often rely
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Figure 1. [3 + 2] cycloaddition of alkynes and isocyanides.

on isocyanides with an a-acidic hydrogen, as these species
efficiently provide the “CNC” building block. To the best of
our knowledge, there are no examples of [3 + 2] cycloadditions
of alkynes and isocyanides lacking an a-acidic hydrogen.
Herein, we wish to report a novel silver-mediated [3 + 2]
cycloaddition of alkynes and NIITP for the assembly of

W ACS Publications  © xxxx American Chemical Society A

Ag/Mo Hun-N
R—== + PhsP=N-NC > /|§>
[3+2] Cycloaddition R
Q Safe isocyanide source Q Broad substrates scope
Q Mild conditions Q Operational simplicity

monosubstituted pyrazoles; such molecules show broad
biological activities, such as analgesic, antipyretic, antibacterial,
antihyperglycemic, and anti-inflammatory.”

NIITP, a functionalized isocyanide, is synthetically attractive
as a stable, safe, easy-to-handle, and odorless solid isocyanide.6
It is a versatile synthetic intermediate with a variety of
applications, serving as a key intermediate in multicomponent
reactions,” as “NNC” sources in cyclization reactions,® and as
one-carbon units in insertion reactions.” Recently, our group
has reported the application of NIITP as a novel and safe
“cyano” source in the cyanation of alkynes.'® In a continuation
of our program, we sought to further explore and expand the
synthetic utility of NIITP. While taking advantage of NIITP as
a “CNN” source, we envisaged that NIITP could be utilized in
the [3 + 2] cycloaddition of alkynes and isocyanides.

To probe the feasibility of our hypothesis, we started our
investigation by reacting 1-ethynyl-4-methylbenzene (1a) and
NIITP (2) in the presence of Ag,CO; and Mo(CO); (Table 1,
entry 1). Gratifyingly, after 12 h, pyrazole 3a was obtained in
54% yield. We then tested a variety of silver salts (entries 1—4).
Ag,CO; was found to be the most suitable promoter for this
process, giving 3a in 54% yield (entry 1). A control experiment
confirmed the necessity of the silver catalyst in the reaction
(entry S). In the absence of Mo(CO)s, the yield of 3a sharply
decreased to 18%, which suggests that Mo(CO)s plays a
critical role in activating the isocyanide and promoting the
cycloaddition of the isocyanide and the alkyne (entry 6)."" A
range of other additives, including Cr(CO), W(CO)s,
Sc(OTf);, and Cul were also evaluated instead of Mo(CO)g,
and all of them resulted in inferior yields (entries 7—10).
Among the tested solvents, THF provided the best yield
(entries 11—15). Additionally, a survey of various bases
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Table 1. Optimization of the Reaction Conditions”

/©/// [co-[z/;gt]affs%r?; ) %) HN-N
+ PhgPNNC — /@//%)
base (3.0 equiv)
H,0 (30 equiv)
1a 2 solvent, Ar, 60°C 3a

entry [Ag] additive solvent base 3a, yield” (%)
1 AgCO, Mo(CO), THE 54
2 AgPO, Mo(CO); THF 33
3 AgNO,  Mo(CO); THF <5
4 AgOTf  Mo(CO); THF <5
5 Mo(CO),  THF 0
6  AgCO, THF 18
7 Ag,CO; Cr(CO)s THF 10
8  AgCO, W(CO),  THF 23
9 AgCO, Sc(OTf),  THF <
10 Ag,CO; Cul THEF <S
11 Ag,CO;  Mo(CO)s,  CH,CN <S
12 Ag,CO;  Mo(CO);  dioxane 42
13 Ag,CO;  Mo(CO);, DMF 22
14 AgCO;  Mo(CO);  PhCl 8
15  AgCO; Mo(CO); DME 30
16  AgCO;  Mo(CO),  THF LiOH 55
17 Ag,CO;  Mo(CO);,  THF t-BuONa s1
18 AgCO, Mo(CO);, THF MeOLi 76 (76°)
19 AgCO, Mo(CO); THF K,CO,4 39

“Reaction conditions: 1a (0.5 mmol), 2 (1 mmol), [Ag] (0.5 equiv),
Mo(CO)s (5 mol %), base (2 equiv) in THF (2.5 mL) at 60 °C for
12 h under Ar. ®Determined by "H NMR spectroscopy using CH,Br,
as an internal standard. “Isolated yield.

revealed that the nature of the counterion has a significant
impact on the reaction, and the utilization of MeOLi
substantially improved the yield of the pyrazole (entries 16—
19). We thus selected the conditions illustrated in entry 18 as
the optimal conditions for further evaluation of the substrate
scope.

With the optimal conditions in hand, we then explored the
scope of this cycloaddition reaction first with respect to
arylalkynes (1), and the results are shown in Scheme 1. The
results revealed that the electronic effect of the substituent on
the aryl acetylene had little effect on the reaction. However, the
position of the substituents and the associated steric hindrance
had a significant impact on the yield of the desired product.
The ortho-substituted arylalkyne (1c) gave the corresponding
products in a lower yield than the meta- (1d—g) or para-
substituted arylalkynes (1h—p). In addition, arylalkynes with
less steric hindrance would readily undergo the cycloaddition.
Disubstituted aryl- (1q and 1r) and naphthylalkynes (1s) were
also smoothly converted to the corresponding products in
good yields. Notably, alkynes bearing heterocycles, including
pyridyl (1t) and thienyl (lu) moieties, gave the desired
products in good yields. Several pyridyl pyrazoles have been
used in pharmaceutical chemistry; for example: LY-364947" is
an ATP-competitive and tight-binding inhibitor, 4-(1H-
pyrazol-3-yl)pyridine'” is a kinase inhibitor, and morpholino-
(3-(pyridin-3-yl)-1H-pyrazol-1-yl)methanone'* is an FAAH
inhibitor.

Next, we examined a variety of alkyl- and alkenylalkynes (4)
with NIITP under the optimal conditions (Scheme 2). A series
of alkynes bearing alkyl (4a), benzyl (4b), phenylethyl (4c),
and cycloalkyl (4d—f) substituents exhibited good reactivities

Scheme 1. Substrate Scope of Arylalkynes” ©

Standard conditions HN-N

R—= + PhsP=N-NC > U
R=Aryl RO
1 2 3

-N HN-N,
-N -N HN \
H A @N =<
oM
© OMe

3b, 64% (62%)

%
2t

3c, 54% (53%) 3d, 56% (51%) 3e, 65% (60%)

HN-N
@/&)
MeO

3i, 77% (74%)

-N
\
F3;C

3m, 76% (77%)

N-N
\
o

34, 57% (53%)

HN—N HN—N HN_N

2
i
b@

NH,

3f, 51% (49%) 39, 71% (70%) 3h, 53% (51%)

H HNN HNN

r4
\
&

%
%

F Ci Br

3j, 74% (71%) 3k, 83% (82%) 31, 72% (69%)

HN—N _N

HN—N H

%
<
%

NC Ph

3n, 68% (64%) 30, 75% (75%) 3p, 61% (60%)

HN’N HN—N HN—N HN—N
/ \
|
s

3u, 72% (71%)

%
$14
%

3r, 63% (61%) 3s, 57% (56%) 3t, 60% (55%)

“Reaction conditions: 1 (0.5 mmol), 2 (1 mmol), [Ag] (0.5 equiv),
Mo(CO)¢ (5 mol %), base (2 equiv) in THF (2.5 mL) at 60 °C for
12 h under Ar. “The yields were determined by 'H NMR

spectroscopy using CH,Br, as an internal standard. “The yields in
parentheses are isolated yields.

Scheme 2. Substrate Scope of Alkyl- and Alkynylalkynes® ™ “
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12 h under Ar. “The yields were determined by 'H NMR
spectroscopy using CH,Br, as an internal standard. “The yields in
parentheses are isolated yields.
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but afforded the corresponding alkylpyrazoles in lower yields
than those obtained from aryl-substituted substrates. Interest-
ingly, eneynes, including a cycloeneyne (4g) and linear eneyne
(4h), were also acceptable substrates for this cycloaddition
reaction. Moreover, functionalized pyrazoles (5j, k) could also
be prepared by this protocol.

To elucidate the reaction mechanism, two control experi-
ments were carried out (Scheme 3). First, the reaction of silver

Scheme 3. Mechanistic Investigations
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acetylide (6) and NIITP (2) was performed under the
standard conditions, but in the absence of Ag,CO;. As
expected, pyrazole 3a was obtained in 79% yield (eq 1). Next,
substrate 1a and NIITP (2) were subjected to the standard
reaction conditions, except H,O was replaced by D,O.
Deuterium labeling at both C3 (86%) and C4 (83%) was
observed by 'H NMR spectroscopy (eq 2). Both results
demonstrated that the activation of the alkyne by the silver is
vital in this cycloaddition, and silver acetylide was the key
intermediate.

On the basis of previous studies' and the above-described
experimental results, we developed a plausible mechanism for
the [3 + 2] cycloaddition of alkynes and NIITP (Figure 2).
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First, NIITP (2) was activated by Mo(CO), and a
molybdenum isocyanide complex (I) was generated. Mean-
while, in the presence of Ag,CO; and a base, o-activation of
alkyne 1b occurred to form a silver acetylide intermediate
(6b). Then the [3 + 2] cycloaddition of intermediate I and
silver acetylide 6b occurred to give intermediate IL Finally,
intermediate II underwent facile hydrolysis in the presence of
H,0 to provide the desired product 3a. Furthermore,
triphenylphosphine oxide, which is formed as a side product,
has been isolated and characterized by 'H and *C NMR
spectroscopy.

In summary, we have developed a [3 + 2] cycloaddition of
“C=C” and “NNC”. The novel cycloaddition protocol
provides synthetically useful pyrazoles. In this reaction, the

2

Figure 2. Proposed Mechanism.

“C=C" sources are alkynes which are commercially available
and versatile staring materials, and the “NNC” source is
NIITP, which is a safe, easy-to-handle, and odorless solid
isocyanide. Mechanistic investigations revealed that the silver
acetylide derived from ion exchange between the alkyne and
Ag,CO; was the key intermediate for the cycloaddition.
Further studies on the utilization of NIITP are ongoing in our

group.
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