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A [3+2] 1,3-dipolar cycloaddition reaction of arynes with stable azomethine imines has been developed.
The reaction rapidly assembles tricyclic pyrazoloindazolone derivatives in moderate yields under mild
reaction conditions.
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1,3-Dipolar cycloadditions have been recognized as a powerful
tool for the synthesis of five-membered ring heterocycles.1 In addi-
tion to traditional dipolarophiles, such as alkynes and alkenes, ary-
nes readily undergo 1,3-dipolar cycloadditions to afford various
heterocycles.2–5 Although the initial success with arynes was re-
ported long ago,6 at that time the benzyne was generated using
hazardous diazotized anthranilic acid as the benzyne precursor.
Recent studies have demonstrated that benzynes can be conve-
niently generated from o-(trimethylsilyl)phenyl triflates (1) under
mild, non-hazardous, fluoride-promoted conditions.7 Arynes gen-
erated from these modern aryne precursors have been successfully
applied to 1,3-dipolar cycloaddition reactions of diazo compounds
to generate indazoles,2 azides to generate benzotriazoles,3 and nit-
rones to generate dihydrobenzo[d]isoxazoles.4 With our contin-
uing interest in aryne chemistry, especially aryne annulation
chemistry, we wish to report that azomethine imines (2)8

smoothly react with arynes generated from o-(trimethyl-
silyl)phenyl triflates under mild reaction conditions to furnish
the corresponding 1,2-dihydropyrazolo[1,2-a]indazol-3(9H)-ones
(3).

Azomethine imines (2), easily prepared via condensation of 3-
pyrazolidinone9 with various aldehydes,10 are isolable and stable
compounds. They have been shown to react with a variety of dipol-
arophiles.8,10a,b The reactivity of benzyne with this specific 1,3-di-
pole has been briefly examined using the hazardous benzyne
precursor diazotized anthranilic acid.6,11 This prompted us to re-
investigate the reactivity of this dipole with a more modern ben-
zyne precursor under fluoride-promoted conditions. To our sur-
prise, this approach was intentionally ‘excluded from
consideration’ in the previous investigation,11 because of the belief
that benzynes generated in this way involve the ‘intermediate
ll rights reserved.
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ortho-substituted phenyl anion’, which has ‘demonstrated ability’
‘to add to the iminium bond’. Herein, we wish to report our preli-
minary results in the [3+2] dipolar cycloaddition of azomethine
imines 2 with o-(trimethylsilyl)phenyl triflates as the benzyne pre-
cursors under fluoride-promoted conditions (Scheme 1).

We started by optimizing the reaction conditions using an
unsubstituted benzyne precursor (1a, X = H) and an azomethine
imine derived from 4-methoxybenzaldehyde (2a, R = 4-MeOC6H4)
(Table 1). Although this reaction was promising, it was not partic-
ularly clean. Somewhat surprisingly, unlike previous analogous
[3+2] cycloadditions we had examined,2–4 the yield seemed not
to be very dependent on the reaction conditions when 1.0 equiv
of 1a was used (entries 1–3). Regardless of the fluoride source, sol-
vent, and temperature, the desired product 3a (X = H, R = 4-
MeOC6H4) was obtained in moderate yields with incomplete con-
version, and the best result, a 55% yield, was obtained when using
TBAF (tetrabutylammonium fluoride) as the fluoride source (entry
3). In an attempt to drive the reaction to completion, higher load-
ings of the benzyne precursor 1a were employed (entries 4–9).
While we did observe higher conversion, and most reactions were
complete, the yields of the desired product actually dropped (com-
pare entry 4 with entry 3). After examining a number of reaction
conditions, none gave a yield higher than 55%. Crude 1H NMR spec-
tral analysis revealed that the reaction mixture is even dirtier than
those performed using a 1:1 stoichiometry. Varying the tempera-
ture, diluting the reaction mixture, or performing portionwise
addition of 1a (not shown) all resulted in significantly lower yields.
We have conducted a control experiment in which we allowed the
isolated product 3a to react with the benzyne precursor 1a under
the usual reaction conditions. We observed a nearly identical crude
1H NMR spectrum to that obtained in the reaction mixture of 2a
with excess 1a. Clearly, the lower yield employing a higher loading
of 1a was at least in part caused by some reaction of the benzyne
with 3a. Unfortunately, the reaction between 1a and 3a, or excess
1a with 2a, gave such a complex mixture that no useful informa-
tion could be obtained.12



Table 1
Reaction optimization (Scheme 1, X = H, R = 4-MeOC6H4)a

Entry 1a:2a Fluoride/equiv Conditions Yieldb (%)

1 1:1 CsF/2.0 MeCN, rt, 1 d 46
2 1:1 CsF/3.5 THF, 70 �C, 1 d 49
3 1:1 TBAF/2.0 MeCN, rt, 1 d 55
4 1.8:1 TBAF/3.0 MeCN, rt, 1 d 52
5 1.8:1 TBAF/3.0 THF, rt, 1 d 41
6 1.8:1 TBAF/3.0 DME, rt, 1 d 36
7 1.8:1 TBAF/3.0 DCE, rt, 1 d 48
8 1.8:1 TBAF/3.0 DCM, rt, 1 d 50
9 1.8:1 TBAF/3.0 Acetone, rt, 1 d 48

10 2.0:1 TBAF/3.0 MeCN, rt, 6 h 37
11 1.75:1 TBAF/2.0 MeCN, rt, 6 h 49
12 1.5:1 TBAF/1.75 MeCN, rt, 6 h 51
13 1.25:1 TBAF/1.5 MeCN, rt, 6 h 51
14 1.05:1 TBAF/1.25 MeCN, rt, 6 h 53
15 1.05:1 TBAT/1.25 MeCN, rt, 1 d 72

a Reaction conditions: 0.35 mmol of 2a, 3.5 mL of solvent.
b Isolated yield.
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c The product is a �19:1 regioisomeric mixture with the major isomer shown in
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Scheme 1. General reaction of benzynes with azomethine imines.
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Understanding this unanticipated event, we performed a series
of reactions with various loadings of 1a (entries 10–14). As the
loading of 1a decreased, the conversion of 2a also decreased, but
the yield of 3a actually increased, and the reaction got increasingly
cleaner. The best result, a 53% yield, was obtained at a near 1:1 ra-
tio of 1a:2a (entry 14), which was comparable to the result re-
ported in entry 3. In a final attempt, we used TBAT
(tetrabutylammonium difluorotriphenylsilicate) as an alternative,
soluble fluoride source,13 and, to our pleasure, 3a was obtained
in a much improved 72% yield (entry 15).14 We therefore used this
fluoride and procedure as our standard conditions for further
studies.15

A couple of different benzyne precursors were next screened in
the reaction with azomethine imine 2a using these standard condi-
tions (Table 2). It was observed that electron-rich benzynes were
generated somewhat more slowly and longer reaction times were
needed. Even after 2 days, the crude 1H NMR spectra of these reac-
tions still showed unreacted benzyne precursors. Nonetheless, the
substituted benzynes still reacted with the azomethine imines
smoothly to afford the desired products in moderate yields. An
unsymmetrical 3-methoxybenzyne, generated from precursor 1d
(entry 3), showed good regioselectivity in this cycloaddition,
although related cycloadditions with other dipoles have given
exclusively one regioisomer.2,3

Additional azomethine imines have been tested using benzyne
precursor 1a under the standard reaction conditions (Table 3).
The reaction tolerates a broad range of functional groups, includ-
ing a halide (entry 2), an ester (entry 3), and an acetal (entry 4).
Substitution in the ortho position did not affect the cycloaddition
(entry 4). A variety of azomethine imines derived from heterocy-
clic aldehydes also worked in this cycloaddition, including pyridyl
(entry 5), furyl (entry 6), and pyrrolyl (entry 7). Azomethine imi-
nes derived from aliphatic aldehydes, such as cyclohexanecarbox-
aldehyde (entry 8) and 1-cyclohexene-1-carboxaldehyde (entry
9), proceeded as well, giving the desired adduct in 70% and 55%
yields, respectively. In most cases, the reaction afforded the tricy-
clic adduct in moderate yields.16 However, the yields of the prod-
uct significantly dropped as the solubility of the azomethine
imines in MeCN decreased (entries 4, 6, and 7). In these cases,
running the same reaction in DCM may give a marginal improve-
ment in the yield.17 A gem-dimethyl group on the pyrazolidinone
moiety was found to significantly improve the yield of the reac-
tion (entries 10–12). For instance, azomethine imine 2g derived
from 5-methylfurfuraldehyde without the gem-dimethyl afforded
product 3j in only a 29% yield (entry 6). However, azomethine
imine 2l derived from the same aldehyde, but bearing the gem-
dimethyl moiety, resulted in a dramatic increase in yield to 71%
(entry 11). We believe that the improved yields in these cases
(also compare entry 12 with entry 8) due to the gem-dimethyl
group largely arise from the increased solubility of these azome-
thine imines in the solvent.

In conclusion, we have developed a method for the [3+2] dipo-
lar cycloaddition of arynes using modern aryne precursors with
stable azomethine imines under mild reaction conditions. The
reaction provides tricyclic 1,2-dihydropyrazolo[1,2-a]indazol-
3(9H)-ones in moderate to good yields. More applications of arynes
in dipolar cycloaddition reactions are currently underway in our
laboratory.
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Reaction scope of different azomethine iminesa
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Table 3 (continued)

Entry R/Z Product Yieldb (%)
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a Reaction conditions: 0.50 mmol of 2, 1.05 equiv of 1a, 1.25 equiv of TBAT, MeCN
(5 mL), rt, 1 d.

b Isolated yield.
c This reaction was performed in DCM.
d The product is contaminated with tetrabutylammonium salt. The yield is based

on the weight and the 1H NMR spectroscopic ratio of the product and the ammo-
nium salt.
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