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Abstract: An unprecedented gold-catalyzed ligand-controlled
cross-coupling of diazo compounds by sequential selective
denitrogenation and cyclization affords N-substituted pyra-
zoles in a position-switchable mode. This novel transformation
features selective decomposition of one diazo moiety and
simultaneous preservation of the other one from two substrates.
Notably, the choice of the ancillary ligand to the gold complex
plays a pivotal role on the chemo- and regioselectivity of the
reactions.

The past decade has witnessed the rapid progress of gold
catalysis and many novel and efficient methodologies have
been developed.[1] In 2005, Nolan et al. reported the first gold-
catalyzed carbene transfer from diazoacetates.[2] However,
only few related studies were reported after that.[3] Never-
theless, the continuous development of gold catalysis, espe-
cially the introduction of various ancillary ligands to cationic
gold(I),[1d, 4] enabled investigation of gold-mediated formal
carbene transfer from diazo compounds and led to the
discovery of novel transformations which proceeded well for
gold but were less effective for other metals.[5]

Generally, there are three traditional reaction modes for
diazo compounds. Namely, the formation of metal carbene[6]

with the extrusion of nitrogen, use as N-heterocyclic pre-
cursors in cycloadditions,[7] and use as substrates in nucleo-
philic additions (Scheme 1a).[8] Moreover, the coupling of
diazo compounds to generate alkenes by complete decom-
position of two diazo moieties was usually considered to be an
undesired side reaction. However, this process can also be
utilized to construct C=C bonds in synthetically useful
applications (Scheme 1 b).[9] In contrast, the selective decom-
position of one of two diazo moieties, to our knowledge, has
not been reported previously. Continuing with our interests in
diazo chemistry,[10] we describe here an unprecedented
catalyst-controlled cross-coupling reaction by selective deni-
trogenation to produce N-substituted pyrazoles in a position-

switchable way (Scheme 1c). Notably, the two traditional
reaction modes for diazo compounds could be observed in
a single transformation.

Recently, we reported the first gold-catalyzed selective
cross-coupling of aryl- and vinyldiazoacetates to access Z-
selective tetrasubstituted alkenes catalyzed by [IPrAuNTf2]-
NaBArF (Scheme 1b 1).[10e] We found that the cross-coupling
was favored over the self-dimerization through trapping of
the initial carbenoid with the other diazo substrate, thus
making full use of the decomposition rate difference between
the two diazo compounds, and was consistent with the
previous observations made by the groups of Barluenga[9h]

and Davies.[9k] As this reaction was further explored, two
unexpected phenomena were observed. First, the diene
formation was only applicable to meta- or para-substituted
aryldiazoacetates (Scheme 2, path a). The expected dienes
(A) were not obtained but the compounds (B) were isolated
for the ortho-substituted aryldiazoacetates and resulted from
the selective decomposition of one diazo moiety (Scheme 2,
path b). This phenomenon indicated that steric hindrance of
aryldiazoacetates significantly affected the reaction pathway.

Scheme 1. Metal-catalyzed cross-coupling of diazo compounds.
BArF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, Tf= trifluoro-
methanesulfonyl.
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Secondly, the use of [Ph3PhAuCl] afforded another type of N-
substituted pyrazole (C) rather than the dienes (Scheme 2,
path c). The structures of B and C were proposed from
spectra analyses and further confirmed by X-ray crystallog-
raphy of 3d and 4 f (see Table 2).[11] It is worth noting that for
all of the type B compounds, the chemical shift of the
hydrogen atom on the saturated carbon atom was less than
d = 7 ppm in the H NMR spectrum. In contrast, the shift was
greater than d = 7 ppm for all of the type C compounds. The
above-mentioned phenomena intrigued us and we were
further motivated to investigate the reaction process.

We then set out to optimize the reaction conditions for the
selective denitrogenation reaction using the vinyldiazoacetate
1a and aryldiazoacetate 2a as model substrates in dichloro-
methane at room temperature in the presence of various gold
catalysts (Table 1). Initially, the use of [IPrAuCl]/NaBArF

afforded 3a as the single regioisomer in 41% yield
(entry 1). The yield was improved to 67 % by [IPrAuNTf2]/
NaBArF (entry 2), while [IMesAuNTf2]/NaBArF provided
lower reactivity (entry 3). Next, we investigated the influence
of phosphine- or phosphite-derived gold complexes in this
reaction. The initial use of [Ph3PAuCl]/NaBArF delivered 4a
as the single isomer in only 23% yield (entry 6). We
envisioned that the reaction could be improved by tuning
the electronic effect of the ancillary ligands of gold com-
plexes. Indeed, the gold catalysts bearing electron-deficient
ligands gave better results (entries 8–10). In contrast, poor
reactivity was observed for more electron-rich phosphine
ligands (entry 7). Gratifyingly, the highest yield of the isolated
4a (79%) was obtained when [(ArO)3PAuCl]/NaBArF (Ar =

2,4-tBu2C6H3) was employed (entry 10). In addition, either
without NaBArF or by replacing it with AgSbF6, low yields
were observed (entries 4, 5, 12, and 13). It is of note that the
diene A (Scheme 2) was not detected through the optimiza-
tion process.

Inspired by the above results, we further investigated the
substrate scope for the [IPrAuNTf2]/NaBArF-catalyzed pro-
cess (Table 2). As the ortho substitutent on the aromatic ring

of aryldiazoacetates was essential for this transformation,
a series of substituents such as iodo, bromo, chloro and methyl
groups were examined. As observed, all of the reactions
proceeded to afford 3 in moderate to high yields. Next, the
scope of vinyldiazoaceates was also investigated and we found
the ortho-, meta-, or para-substituted styryldiazoacetates on
the phenyl ring were all tolerated, and thus indicated that the
position of substitution on the aryl ring of the vinyldiazo-
acetates did not affect the reaction mode. The highest yield
was obtained for 3d (81 % yield). Meanwhile, 2,3- and 2,4-

Scheme 2. Gold-catalyzed cross-coupling of diazo compounds.

Table 1: Optimization for the selective denitrogenative cross-coupling of
diazo compounds.[a]

Entry Catalyst Conv. [%][b] Yield [%][c]

3a 4a

1 [IPrAuCl]/NaBArF 100 41 0
2 [IPrAuNTf2]/NaBArF 100 67 0
3 [IMesAuNTf2]/NaBArF 86 32 0
4 [IPrAuNTf2]/AgSbF6 60 28 0
5 [IPrAuNTf2] 31 12 0
6 [Ph3PAuCl]/NaBArF 62 0 23
7[d] [R3PAuCl]/NaBArF <20 0 <5
8 [(C6F5)3PAuCl]/NaBArF 85 0 46
9 [(PhO)3PAuCl]/NaBArF 100 0 72
10 [(ArO)3PAuCl]/NaBArF 100 0 79
11 [(2,4-tBu2C6H3O)3PAuNTf2]/NaBArF 100 0 45
12 [(2,4-tBu2C6H3O)3PAuCl]/AgSbF6 52 0 30
13 [(2,4-tBu2C6H3O)3PAuCl] 39 0 16

[a] Reactions were carried out with 1a and 2a (1 mmol each) and catalyst
(5 mol%) in CH2Cl2 (10 mL) at RT for 10 h. [b] Determined by NMR
analysis of the crude reaction mixture. [c] Yield of isolated product.
[d] R = Cy, Et or nBu.

Table 2: Substrate scope for [IPrAuNTf2]-catalyzed transformation.[a,b]

[a] Reactions were conducted with 1 and 2 (1 mmol each), [IPrAuNTf2]/
NaBArF (5 mol%) in CH2Cl2 (10 mL) at RT for 10 h. [b] Yield of isolated
product.

.Angewandte
Zuschriften

898 www.angewandte.de � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 897 –901

http://www.angewandte.de


dichloro-substituted phenyldiazoacetates gave the corre-
sponding products in moderate yields (3j and 3k), and 2,5-
dimethylphenyldiazoacetate afforded 3 l in 67% yield. How-
ever, the use of alkyl vinyldiazoacetate afforded the product
3m in low yield.

Next, to demonstrate the generality of denitrogenation
coupling reaction catalyzed by [(2,4-tBu2C6H3O)3PAuCl]/
NaBArF, the scope of substrates was examined under the
optimal reaction conditions. As presented in Table 3, various

aryldiazoacetates and styryldiazoacetates with ortho, para,
and meta substituents on the aromatic ring were all tolerated.
The reactions proceeded smoothly to produce the corre-
sponding products in moderate to good yields (41–85 %).
Generally, aryldiazoacetates and vinyldiazoacetates bearing
electron-withdrawing groups on the aromatic ring gave higher
yields than those bearing electron-donating groups, except
4o. The highest yield was obtained for 4 i (85%). Moreover,
similar activity was observed for different carboxylates of
aryldiazoacetates (4 q–s) and benzyl ester gave slight higher
yield (4s).

To better understand the reaction process, control experi-
ments were conducted. As reported by Barluenga et al. ,[9h] the
cross-coupling of simple and vinyl diazoacetates generated
cyclobutenes by a tandem cyclopropanation/ring enlargement
catalyzed by copper(I)-complexes. We wondered whether our
approaches would undergo a similar pathway to give D first
with subsequent ring enlargement to give 3 or 4 as the target
product (Scheme 3a). However, treatment of the a-diazo-
acetate 6[12] with gold catalysts indicated that this reaction
pattern should be excluded. The use of [IPrAuNTf2]/NaBArF

afforded the cyclobutene 7 in 91% yield whereas
[(ArO)3PAuCl]/NaBArF gave a complex mixture.

To test another possibility, namely the preferential
formation of 8 from vinyldiazoacetate by 1,5-cycloaddition
with subsequent gold-catalyzed N�H insertion (Scheme 3 b),

the reactions between 8 and 2 were performed. We observed
that 4a was obtained as single isomer in 30% yield when
[(ArO)3PAuCl] was used and 38 % overall yield for 3a and 4a
in 1:1.5 ratio with [IPrAuTf2]/NaBArF. The reaction of 8 and
2h gave 3 f’ and 4 f in 50% yield in 1:1.5 ratio too (Scheme 3b,
step 2). More importantly, the experiments indicated that 8
cannot be prepared directly from 1a in the presence of gold
catalysts (Scheme 3b, step 1). Therefore, the hypothesis for
the preferential formation of pyrazole also was excluded.

Next, the dimerizations of 1a and 2a were conducted
respectively to compare their relative reactivities toward
different gold catalysts (Scheme 3c). In the presence of
[IPrAuNTf2], 1 aa was obtained for 82% yield in 2 hours and
2aa was isolated in 85 % yield in 30 minutes. Clearly, the
comparison of rate constant (k1< k2) was obtained. On the
contrary, k1 @ k2 was observed for the [(ArO)3PAuCl]-cata-
lyzed transformation. These experiments indicated that
aryldiazoacetates exhibited higher reactivity than vinyldia-
zoacetates during the [IPrAuNTf2]-catalyzed cross-coupling
reactions while the result reversed when [(ArO)3PAuCl] was
employed.

The nature of gold-carbenoids remains elusive and recent
reports partly provided some insights.[5d, 13] The exact reaction
mechanism for the selective decomposition of diazo com-
pounds/cyclization cascade is unknown currently, and based
on the above experiments, two possible reaction pathways
were proposed (Scheme 4). Clearly, the preferential forma-
tion of gold-carbenoid from either aryldiazoacetates or
styryldiazoacetates would serve as electrophile and the
other one would behave as nucleophile.

As depicted in Scheme 4A, the preferential formation of
the gold carbenoid 2’ from the aryldiazoacetate 2 would serve
as the electrophile and undergo nucleophilic addition by the

Table 3: Substrate scope for [(ArO)3PAuCl]-catalyzed transformation.[a,b]

[a] Reactions were conducted on 1 mmol scale, [(ArO)3PAuCl]/NaBArF

(5 mol%) in CH2Cl2 (10 mL) at RT for 10 h. [b] Yield for isolated product.

Scheme 3. Control experiments.
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vinyldiazoacetate 1 to yield the active intermediate (9 or 10).
We speculated that the steric effect of aryldiazoacetates
should be crucial to the reaction mode. The reaction between
2’ and 1 would produce dienes as single isomer for the less
steric aryldiazoacetates through carbanion nucleophilic
attack (via 1–1; Scheme 4A, step b), while the ortho-substi-
tuted aryldiazoacetates cannot deliver dienes because of the
steric effect, but can afford 10 through nitrogen attack (via 1–
2 ; Scheme 4 A, step a), which then would undergo sequential
cyclization and hydrogen migration to give 12 as the final
product. However, if the preferential formation of the
vinylcarbenoid was preferred, then aryldiazoacetate would
serve as nucleophile (Scheme 4 B). Thus, the vinylogous
addition[14] and cyclization deauration cascade generates the
zwitterionic intermediate 14, which then undergoes 1,4-
hydrogen migration to afford the target product 15. Accord-
ing to the structure analysis of 3 and 4 as well as the results of
the control experiments, we reason that the catalytic cycle in
Scheme 4A is reasonable for the [IPrAuNTf2]-catalyzed
process and vice versa, while the catalytic cycle in Scheme 4B
is responsible for [(ArO)3PAuCl]-catalyzed transformation.

In summary, we have demonstrated here an unprece-
dented and selective ligand-controlled denitrogenation/cycli-
zation cascade of diazo compounds to afford N-substituted
pyrazoles in a position-switchable mode. The coupling
reactions feature the preferential formation of a gold-carbe-
noid either from an aryldiazoacetate or styryldiazoacetate,

which serves as an electrophile and undergoes nucleophilic
attack by the other one, thus leading to the formation of
regioisomers. Moreover, we proposed two possible mecha-
nisms to explain the different reaction modes in the presence
of different gold complexes.
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