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Abstract
In-situ-generated N-aryl nitrile imines derived from trifluoroacetonitrile efficiently react with polycyclic 1,4-quinones, yielding
fused pyrazole derivatives as the exclusive products. The reactions proceed via the initially formed [3 + 2]-cycloadducts, which
undergo spontaneous aerial oxidation to give aromatized heterocyclic products. Only for 2,3,5,6-tetramethyl-1,4-benzoquinone, the
expected [3 + 2]-cycloadduct exhibited fair stability and could be isolated in moderate yield (53%). The presented method offers a
straightforward access to hitherto little known trifluoromethylated polycyclic pyrazoles. All products were isolated as pale colored
solids with medium-intensity absorption maxima in the range of 310–340 nm for naphthoquinone-derived products and low-intensi-
ty bands in the visible region (≈400 nm) for the anthraquinone series.
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Introduction
The 1,4-quinone scaffold belongs to the most important struc-
tural motifs present in naturally occurring compounds as well as
synthetic drugs and other functionalized organic molecules
of great practical importance, e.g., in materials chemistry
(Figure 1) [1-4].

Selective functionalization of 1,4-quinones is a challenging task
in current organic synthesis, and diverse transformations are
known to create new C–C bonds and/or to extend the
(poly)cyclic system. In this context, cycloadditions are of
special importance, and Diels–Alder reactions have successful-
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Figure 1: Structures of exemplary benzo- and heteroaromatic fused 1,4-quinone drugs and natural products.

Scheme 1: First [3 + 2]-cycloaddition of 1,4-naphthoquinone (1a) with intermediate nitrile imine 2, generated from tetrazole 3, reported by Huisgen et
al. [17].

ly been explored in conversions aimed at the construction of a
new, six-membered ring [5]. However, [3 + 2]-cycloadditions
leading to five-membered heterocycles are less often employed
in spite of the high dipolarophilicity of the α,β-unsaturated di-
ketone system [6-9]. Notably, in the already reported reactions
of propargylic 1,3-dipoles, such as nitrile oxides or nitrile
ylides, with 1,4-quinones, competitive reaction courses involv-
ing either ethylenic C=C or carbonyl C=O bonds were ob-
served. For example, the more polar arylnitrile oxides and 1,4-
benzoquinones reacted via addition to the C=C bond to give
fused isoxazole derivatives [10-12] as well as with the C=O
bond yielding spirocyclic 1,4,2-dioxazole derivatives [13,14].
Furthermore, for photochemically generated benzonitrile
isopropanide, competitive C=O and C=C additions with 1,4-
quinones were observed [15]. On the other hand, the slightly

less polar benzonitrile benzylide underwent [3 + 2]-cyclo-
addition to the C=C bond exclusively [16]. Noteworthy,
[3 + 2]-cycloadditions of nitrile imines to the C=O group of 1,4-
quinones have not yet been reported.

In a historical work by Rolf Huisgen et al., the first
[3 + 2]-cycloadditions of some 1,4-quinones, e.g., 1,4-naphtho-
quinone (1a), with C,N-diphenyl nitrile imine (2) were reported
in the 1960s [17]. The latter 1,3-dipole was generated thermally
from the respective tetrazole derivative 3, and the observed
[3 + 2]-cycloadditions occurred chemoselectively to provide
fused pyrazoles of the type 4 as exclusive products (Scheme 1).

This type of cycloaddition attracted considerable attention of
other groups [18,19] and recently has been applied for the prep-
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Scheme 2: Selected applications of trifluoroacetonitrile imines 7 in the synthesis of S-containing 5- and 6-membered heterocycles.

aration of some π-extended pyrazole derivatives, which exhib-
ited promising biological activity [20].

In a series of our recent publications, efficient syntheses of fluo-
romethylated five- and six-membered N,S-heterocycles, such as
5 and 6, available via [3 + 2]-cycloadditions [21-25] or
[3 + 3]-annulations [26] of trifluoroacetonitrile imines 7, re-
spectively, were reported (Scheme 2).

Noteworthy, the latter 1,3-dipoles are easily generated under
mild conditions via base-mediated dehydrobromination of the
respective hydrazonoyl bromides 8 and smoothly undergo
[3 + 2]-cycloadditions with both electron-rich C=C dipo-
larophiles [27-29] and arynes [30], yielding the corresponding
pyrazole derivatives. Unexpectedly, they reacted also with elec-
tron-deficient polyfluorinated thioamides to give the desired
1,3,4-thiadiazoles as the products of [3 + 2]-cycloaddition to the
C=S bond [25].

Taking into account that fluorinated heterocycles [31-34], in-
cluding pyrazoles [31,35,36], are of great significance for
various medicinal and agricultural applications, the develop-
ment of new methods for the construction of fluorine-contain-
ing organic molecules combined with the 1,4-quinone moiety
can be considered as a challenging problem of current organic
synthesis. Thus, the main goal of the present study was to check
the course of [3 + 2]-cycloaddition reactions of electron-defi-
cient CF3-substituted nitrile imines 7 with 1,4-naphthoquinone
(1a) and 1,4-anthraquinone (1b), which were selected as model
dipolarophiles. In addition, an important issue of the work was
the examination of the chemoselectivity governing the forma-
tion of five-membered rings via competitive cycloaddition of
the in-situ-generated 1,3-dipoles either onto the C=C or C=O
bond. The present work should also be considered as an exten-
sion of our earlier studies focused on the exploration of 1,4-

quinones in the [3 + 2]-cycloaddition and hetero-Diels–Alder
reaction performed with thiocarbonyl S-methanides and
thiochalcones, respectively [37,38].

Results and Discussion
In a preliminary experiment, the reaction of 1,4-naphthoqui-
none (1a) with N-phenyltrifluoroacetohydrazonoyl bromide
(8a), used as an easy-to-handle precursor of nitrile imine 7a,
was examined. The reaction was performed in selected aprotic
organic solvents by using organic and inorganic bases, such as
Et3N, K2CO3, and DBU. Along with the “traditional” reaction
performed in solution, a mechanochemical approach using ball
milling was also tested. The obtained results are collected and
compared in Table 1. They show that the best results were
achieved using dry THF as a solvent and K2CO3 as a base;
under these conditions, the best conversion of the starting mate-
rials and the highest yield (93%) for the expected product 9a
were observed. Typically, for cycloadducts obtained from 1,4-
naphthoquinone [38], the initially formed [3 + 2]-cycloadduct
10a smoothly underwent air oxidation during the work-up to
give pyrazole 9a as the final product.

It is worth mentioning that the solvent-free mechanochemical
approach also led to the desired product, albeit a lower yield of
9a was noticed. In these reactions, a sticky material was ob-
tained, which was difficult to grind and therefore, completion of
these reactions was practically impossible. On the other hand,
the ball mill approach provided the target material after a
significantly shorter reaction time (3 h instead of 2 d).

Based on the optimized protocol, a series of cycloadditions with
nitrile imines 7 was carried out using 1a (Scheme 3). Irrespec-
tive of the electronic properties of the substituent X located at
the C(4) atom of the aryl ring in the precursor 8, generally, a
high yield of the isolated products 9 was observed (78–97%).
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Table 1: Results of the [3 + 2]-cycloaddition of quinone 1a with the fluorinated nitrile imine 7a generated from 8a.

base solvent reaction time yield (%)a

Et3N THF 2 d 93
K2CO3 THF 2 d 97 (93)
Cs2CO3 THF 2 d 90
DBU THF 2 d —b

K2CO3 DCM 2 d 96
K2CO3 toluene 2 d 22
K2CO3 —c 3 h 85
Et3N —c 3 h 79d

aConversion of naphthoquinone (1a) into 9a estimated on the basis of 1H NMR spectra of the crude reaction mixture. Yield of isolated product given in
parentheses. bPyrazole 9a was not found in the mixture. cSolvent-free ball mill reaction. dPartial decomposition of the starting bromide 8a.

Scheme 3: Synthesis of [3 + 2]-cycloadducts 9a–l derived from CF3-substituted nitrile imines 7a–h and 1,4-quinones 1a and 1b.

Only for derivatives bearing strongly electron-withdrawing
groups X (i.e., CN, NO2), a longer reaction time (up to 6 d) was
required to complete these experiments, and the yield of the iso-
lated products dropped significantly (to 41 and 64%, respective-
ly). In analogy to the tricyclic pyrazole derivative 9a, the ex-
pected products 9b–h formed after spontaneous aromatization

of the initial [3 + 2]-cycloadducts by air oxidation were isolat-
ed exclusively. Additionally, the X-ray structure of 9d is shown
in Figure 2.

Similar results were obtained starting with 1,4-anthraquinone
(1b) and selected hydrazonoyl bromides 8. In this series,
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Figure 2: X-ray structure of 3-trifluoromethylpyrazole derivative 9d. The labeling scheme of the asymmetric unit is shown. Anisotropic displacement
parameters of nonhydrogen atoms are drawn as ellipsoids with a 50% probability level. N atoms in blue, O atoms in red, C atoms in grey, H atoms as
small white spheres. Structure deposited under deposition number CCDC-2078498.

Scheme 4: Thermal elimination of MeOH from the initial [3 + 2]-cycloadduct of 1d and nitrile imine 7d generated from 8d.

fused pyrazoles 9i–l were obtained in high yield (63–92%,
Scheme 3).

Finally, the experiment performed under the optimized condi-
tions with the nonsymmetric menadione (1c, vitamin K3), bear-
ing the Me group at C(2), with in-situ-generated nitrile imines
7c (X = OMe) and 7d (X = Me) led to complex mixtures of
unidentified products (Scheme 4). These results differ from
that reported by Huisgen [17], who in the reaction of nitrile
imine 2 with the same dipolarophile obtained the expected
[3 + 2]-cycloadduct to the C=C bond as a single regioisomer,
which was isolated in 33% yield. The observed outcome sug-
gests that the thermally generated nitrile imine 2 undergoes
[3 + 2]-cycloaddition more efficiently than fluorinated nitrile
imines 7 generated under basic conditions. It seems likely that
in the presence of a base, sequential reactions of the conjugated
C–H-acidic quinone 1c occur, which lead to a complex mixture
of products. In contrast, the reaction of the same nitrile imine
7d with the structurally analogous 1,4-quinone 1d, bearing the

OMe group at C(2), provided the known pyrazole 9d as the only
product in the excellent yield of 96% after typical aqueous
work-up, although the reaction required a longer reaction time
(3 d, Scheme 4). Presumably, the initially formed [3 + 2]-cyclo-
adduct 10b undergoes spontaneous elimination of MeOH,
yielding the aromatized product 9d. A similar mechanistic
scenario was observed and discussed previously for the reac-
tions of trifluoroacetonitrile imines 7 with enol ethers used as
dipolarophiles [27].

An additional experiment deserves a brief comment. The
[3 + 2]-cycloaddition of 7d (X = Me), generated from 8d, with
2,3,5,6-tetramethyl-1,4-benzoquinone (1e), performed under the
optimized conditions (2 d at rt), yielded the fairly stable nonaro-
matic [3 + 2]-cycloadduct 10c, which was isolated by chromato-
graphic work-up in 53% yield (Scheme 5).

The presence of ≈40% of unconsumed quinone 1e in the crude
reaction mixture evidenced that the observed fully chemoselec-
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Scheme 5: Formation of the thermally stable, initially formed [3 + 2]-cycloadduct 10c obtained from 1e and nitrile imine 7d generated from 8d.

Figure 3: Electronic absorption spectra for selected a) naphthoquinone-derived (9c, 9d, 9g) and b) anthraquinone-derived (9i, 9k, 9l) trifluoromethyl-
ated pyrazoles in CH2Cl2.

tive cycloaddition reaction with the sterically congested C=C
bond in 1e occurs less efficiently than in 2,3-unsubstituted 1,4-
quinones, such as 1a and 1b. However, in that case, the subse-
quent elimination step leading to an aromatized product cannot
take place.

All products of the type 9 are colored, typically pale yellow,
both in the solid state and in solution. The UV–vis spectroscop-
ic analysis of the naphthoquinone-derived series (compounds
9a–h) revealed less intense absorption in the visible range
at ≈410 nm and medium-intensity absorption between
310–340 nm. In the latter region, a significant hypsochromic
shift of the maxima with increasing electron-withdrawing char-
acter of the substituent X could be observed (Figure 3).

Remarkably, the 1,4-anthraquinone-derived products 9i, 9k, and
9l exhibit two overlapping absorption bands in the visible range
with maxima at λmax ≈ 400 nm and ≈ 425 nm, respectively.

Conclusion
The presented study demonstrated that 1,4-quinones undergo
efficient [3 + 2]-cycloadditions with in-situ-generated electron-
deficient trifluoroacetonitrile imines to give polycyclic pyra-
zole derivatives as exclusive products formed via spontaneous

air oxidation of the initial [3 + 2]-cycloadducts. In contrast to
some arylnitrile oxides and benzonitrile ylides, no competitive
cycloaddition to the C=O bonds of the quinone molecule has
been observed, and all studied reactions proceeded chemoselec-
tively with the C=C bond as the only dipolarophilic center. This
result corresponds to other reported cases in which nonfluori-
nated nitrile imines were employed to form fused pyrazoles in
reactions with 1,4-quinones. Interestingly, reactions of para-
quinone methides with common nitrile imines proceeded with
different chemoselectivity, and in these cases, the exocyclic
C=C bond played the role of the exclusive dipolarophilic center,
yielding corresponding spiropyrazoles [39,40].

This unusual selectivity in [3 + 2]-cycloadditions of less elec-
tron-deficient nitrile imines was studied computationally to
rationalize the observed pathways [41]. Hence, it is worth men-
tioning that the fused pyrazoles, which are attractive com-
pounds for diverse practical applications in medicinal and mate-
rials chemistry, are available not only by the aza-Nenitzescu
reaction [42,43] but also via simple and highly efficient
[3 + 2]-cycloadditions of nitrile imines with the C=C bond of
1,4-quinones. In general, the present study emphasizes the great
importance of nitrile imines as versatile 1,3-dipoles useful for
the preparation of N-heterocycles of potential importance for
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medicinal chemistry, agrochemistry, and materials chemistry
[44,45].

Experimental
General information
If not stated otherwise, reactions were carried out under inert at-
mosphere (argon) in flame-dried flasks with addition of the
reactants by using syringes; subsequent manipulations were
conducted in air. Products were purified by standard column
chromatography (CC) on silica gel (230–400 mesh; deactivated
prior to use with 2% Et3N in petroleum ether) by using freshly
distilled solvents as eluents (petroleum ether, CH2Cl2, AcOEt)
or recrystallized from hot CHCl3. THF was dried over sodium
and benzophenone and freshly distilled before use; anhydrous
DMF was purchased and used as received. The NMR spectra
were measured on a Bruker AVIII instrument (1H at 600 MHz,
13C at 151 MHz, and 19F at 565 MHz). Chemical shifts are re-
ported relative to residual undeuterated solvent peaks (for
CDCl3: 1H NMR δ = 7.26 ppm, 13C NMR δ = 77.0 ppm; for
1,1,2,2-tetrachloroethane-d2 (C2D2Cl4): 1H NMR δ = 6.0 ppm,
13C NMR δ = 73.8 ppm) or to CFCl3 (19F NMR δ = 0.00 ppm)
used as external standard. Multiplicities of the signals in
13C NMR spectra were assigned based on supplementary 2D
measurements (COSY, HMQC, and HMBC). The UV–vis spec-
tra were measured on a PerkinElmer Lambda 45 spectropho-
tometer in spectroscopic grade CH2Cl2. MS (ESI) were per-
formed with a Varian 500-MS LC Ion Trap. The IR spectra
were measured neat with an Agilent Cary 630 FTIR spectrome-
ter. Elemental analyses were obtained with a Vario EL III
instrument (Elementar Analysensysteme GmbH). Melting
points were determined in capillaries with a MEL-TEMP appa-
ratus (Aldrich) or with a polarizing optical microscope (Opta-
Tech) and are uncorrected.

Starting materials
The requisite hydrazonoyl bromides 8a–h were prepared by
NBS-mediated bromination of the corresponding trifluoroacet-
aldehyde hydrazones in dry DMF at room temperature as de-
scribed in an earlier publication [21]. The latter arylhydrazones
were obtained according to a general literature protocol by con-
densation of aqueous fluoral hydrate (≈75% in H2O) with com-
mercially available hydrazines in a closed ampoule at 75 °C in
methanol in the presence of molecular sieves (4 Å) [46].

General procedure
To a stirred solution of the respective 1,4-quinone 1 (1.0 mmol)
and K2CO3 in dry THF (10 mL), a hydrazonoyl bromide 8
(1.1 mmol) was added, and stirring was continued at room tem-
perature until the starting material 1 was fully consumed (based
on TLC monitoring, petroleum ether/dichloromethane 1:1).
After the resulting precipitate and unconsumed carbonate were

filtered off, the solvent was removed under reduced pressure.
The crude mixtures were purified by CC using silica gel as the
stationary phase and either petroleum ether (or hexanes)/
dichloromethane or petroleum ether/AcOEt mixtures as eluent
to give analytically pure products 9a–h and 10c.

1-Phenyl-3-(trifluoromethyl)-1H-benzo[f]indazole-
4,9-dione (9a)
Reaction time 2 d; CC (SiO2, petroleum ether/CH2Cl2 2:1);
320 mg (93%); yellow solid; mp 196–197 °C; 1H NMR
(CDCl3, 600 MHz) δ 7.56–7.62 (m, 5H, Ph), 7.79, 7.84 (2 t, J =
7.5 Hz, 1H each, C6H4), 8.17, 8.30 (2 d, J = 7.7 Hz, 1H each,
C6H4); 13C NMR (CDCl3, 151 MHz) δ 119.9 (q, 1JC,F =
270.4 Hz, CF3), 120.8 (i-C), 125.7 (2CH), 127.3, 127.5 (CH
each), 129.0 (2CH), 130.3 (CH), 132.9, 133.4 (2i-C), 134.2,
135.0 (CH each), 138.1, 139.0 (2i-C), 140.8 (q, 2JC,F = 40.8 Hz,
C(3)), 174.5, 177.3 (2C=O); 19F NMR (CDCl3, 565 MHz) δ
−62.82 ppm; UV–vis (CH2Cl2) λmax (log ε) 247 (4.45), 266
(4.24), 275 (4.25), 340 (3.72), 409 (2.61), 496 nm (1.70); IR
(neat) νmax: 3082, 1677 (C=O), 1588, 1521, 1495, 1331, 1279,
1230, 1133, 1100, 921, 716 cm−1; ESIMS (m/z): 365.1 (100,
[M + Na]+), 343.1 (12, [M + H]+); Anal. calcd for
C18H9F3N2O2: C, 63.16; H, 2.65; N, 8.18; found: C, 63.34; H,
2.63; N, 8.24 (all values are given as percentages).

3a,5,6,7a-Tetramethyl-1-(p-tolyl)-3-(trifluoromethyl)-
3a,7a-dihydro-1H-indazole-4,7-dione (10c)
Reaction time 2 d; CC (SiO2, petroleum ether/AcOEt 20:1);
193 mg (53%); yellow oil; 1H NMR (CDCl3, 600 MHz) δ 1.39
(s, 3H, Me), 1.52 (qbr, J = 0.5 Hz, 3H, Me), 2.05–2.07 (m, 6H,
2 Me), 2.32 (s, 3H, Me), 6.95–6.97, 7.10–7.12 (2 m, 2H each,
Tol); 13C NMR (CDCl3, 151 MHz) δ 13.6, 13.9, 14.2, 14.6,
20.8 (5Me), 64.8, 80.1 (2i-C), 120.7 (q,1JC,F = 271.1 Hz, CF3),
120.7, 129.6 (2CH each), 134.8 (i-C), 140.0 (q, 2JC,F = 36.3 Hz,
C(3)), 139.5, 146.9, 147.1 (3i-C), 192.6, 195.1 (2C=O) ppm;
19F NMR (CDCl3, 565 MHz) δ −61.45 ppm; IR (neat) νmax:
2930, 1677 (C=O), 1513, 1506, 1379, 1267, 1170, 1118, 1070,
1029, 954, 850, 816, 712 cm−1; ESIMS (m/z): 365.4 (100,
[M + H]+); Anal. calcd for C19H19F3N2O2: C, 62.63; H, 5.26;
N, 7.69; found: C, 62.76; H, 5.39; N, 7.95.

Supporting Information
Supporting Information File 1
General information and experimental data of all isolated
products, details of the crystal structure determination, and
copies of 1H and 13C NMR spectra for all products.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-17-108-S1.pdf]
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