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Abstract—The title pyridazine 1 was found to undergo hetero Diels–Alder [4þ2] cycloadditions on the C(2)–C(3) double bond of pyrrole
and indole systems; spontaneous loss of nitrogen from the primary adducts, followed by oxidation processes, afforded the corresponding fully
aromatic benzoannelated skeletons in modest and reasonable yields, respectively. Competitive attacks of the same systems at the strongly
electrophilic C-4 carbon of 1, leading to substitution products, were evidenced. q 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Although cyclisation processes of suitably substituted
aromatic carbocycles still represent the methods of choice
for the synthesis of indoles and carbazoles,1 valuable
alternative routes, based on cycloadditions of the title
heteroaromatic systems,2 have also been reported over the
past decades. In particular, after the pioneering research of
Noland and co-workers,3 several 2- and 3-vinylindoles have
been extensively employed as 4p electron components in
Diels–Alder (DA) reactions with alkyne and alkene
dienophiles affording dihydro- and tetrahydro-carbazoles,
respectively.4 The same reactions were extended to the
conversion of 2- and 3-vinylpyrroles into indole derivatives
in satisfactory yields.4b,5 On the contrary, only few
examples are known for the complementary annelation
strategy involving the C(2)–C(3) double bond of the
heterocyclic ring as a dienophilic moiety. Whereas some
electron-deficient pyrroles and indoles were found to react
with unactivated or nucleophilic dienes in normal electron-
demand DA reactions,6 N-methylpyrrole (2) and indole (8)
were annelated with the extremely reactive tetrachlorothio-
phene-1,1-dioxide, which undergoes inverse electron-
demand [4þ2] cycloadditions followed by retro-chelotropic
SO2 extrusion.7 The intramolecular version of both
methodologies was successfully applied to the synthesis of
complex indole alkaloids.8

Recent results from our laboratory clearly evidenced that
4,5-dicyanopyridazine (DCP) (1) easily enters as a strongly

activated azadiene in hetero Diels–Alder (HDA) reactions.
This offers with different 2p electron counterparts new and
efficient approaches to carbo- and hetero-cage skeletons,9

variously substituted phthalonitriles,10 and dicyanocyclo-
hexa-1,3-dienes,11 through attractive domino processes.
On this ground and in the light of preliminary data,12 we
decided to gain better insight into the possibility of
exploiting 1 for direct pyrrole–indole and indole–carbazole
conversions.

2. Results and discussion

Treatment of DCP with an excess of N-methylpyrrole (2)
(molar ratio 1:5) in xylene at 1508C for 48 h, afforded a very
complex reaction mixture from which 5,6-dicyano-1-
methylindole (5) was isolated as a pure product in 17%
yield by careful chromatographic workup. Inverse electron-
demand HDA cycloaddition of 1 on 2 leads to the labile
tricyclic adduct 3,13 which gives rise to a retro-DA loss of
nitrogen; the resulting dihydroindole 4 then evolves into 5
(Scheme 1). If the final aromatisation involves a concerted
elimination of molecular hydrogen likely from a tautomeric
cyclohexa-1,4-diene moiety of 4, the benzoannelation of 2
can be regarded on the whole, apart from the protomeric
equilibrium, as a three step pericyclic homodomino
process.14

The modest yield of 5 can be accounted for bearing in mind
that the starting pyrrole undergoes competitive nucleophilic
displacements on the activated dicyanopyridazine 1 leading
to compounds 6 and 7 (see below), that were recognised in
the reaction mixture by 1H NMR analysis. Moreover,
the key intermediate 4 can suffer both from C(7a)–N(1)
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ring-opening15 and further cycloaddition by DCP on the
strongly dienophilic C(2)–C(3) double bond, affording
styrene and tetrahydrocarbazole systems, respectively. The
latter pathway largely predominated in the reaction of 2 with
the above thiophene carbodiene, thus precluding isolation of
monoannelated products.7

Attempts to achieve better results under different conditions
failed. Replacement of xylene with chloroform allowed us
to operate under milder conditions (1108C) but, after 8 days,
the yield of 5 did not exceed 18%. Though the reaction was
remarkably speeded up by CuI as catalyst, unfortunately we
obtained only compounds 6 and 7 in 31 and 11% yields,
respectively, as a consequence of an overwhelming
predominance of substitution processes over the expected
cycloaddition. Finally, when the reaction was performed in
the presence of 10% Pd/C with the aim of favouring the final
oxidation step,16 the same regioisomers 6 and 7 were
isolated as the main products together with a trace amount
of 5 (Scheme 2).

On the contrary, satisfactory findings were gained on going
from 2 to the more dienophilic indoles 8 and 11. Indeed,
heating of DCP with an excess of the former (molar ratio
1:2) in xylene at 1508C for 72 h, gave 2,3-dicyano-9H-
carbazole (9) in 57% yield along with a minor amount
(9%) of 3-(4-cyanopyridazin-5-yl)indole (10) (Scheme 3).

Analogously, when 1 was allowed to react with the latter
(molar ratio 1:3) in chloroform at 1108C for 80 h,
compounds 12 and 13 were isolated in 62 and 14% yields,
respectively.

Efforts to further improve these results were unsuccessful.
Although pyridine was proved to increase the reactivity of 8
as a dienophile in the cycloaddition with 2,3-bis(phenyl-
sulfonyl)buta-1,3-diene,17 the yield of 9 was notably
reduced (23%) on behalf of 10 (32%) in the presence of
the same base. On the other hand, whereas the ratio of 10
and 13 with respect to 9 and 12 was remarkably enhanced
(ca. 3:1) by CuI as catalyst, the former products were
obtained nearly exclusively with Pd/C as co-reagent
(Section 4).

Whilst 3-acetoxy and 3-ethylthio-indole were completely
inert towards DCP, compound 14 easily reacted with 1
but, unfortunately, only 15 was isolated in 92% yield
(Scheme 4).

The structures of the new products 6, 7, 9, 10, 12, 13, and 15
followed from analytical and spectral data. In particular,
even if both the H-30 and H-20 protons of the regioisomers 6
and 7 are strongly deshielded by the adjacent cyanopyri-
dazine moiety with respect to the corresponding ones of 2
(Dd¼0.99 and 1.29), they can be distinguished on the basis
of the relative chemical shifts and multiplicities [d 6.91 (dd)
vs d 7.66 (t)]. The 13C NMR spectra of the carbazoles 9 and
12 are characterised by a diagnostic singlet at d 102.7 and
102.5, respectively, for the C-3 carbon, which exhibits a
remarkable upfield shift as a consequence of the electron
delocalisation between the ring nitrogen and the CN
group on this position. Finally, the structures of the
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3-(pyridazin-5-yl)indoles 10 and 13 rest on their 1H NMR
spectra showing a doublet and a singlet, respectively, at
d 8.27 for the H-2 proton; the latter was confirmed by a
positive NOE effect detected between the methyl group and
the same proton.

The above findings clearly show that the desired domino
processes have to reckon with competitive SNAr2 reactions
on the strongly electrophilic C-4 carbon of 1, leading to
substitution products through the highly stabilised transition
structures I–III of the rate determining steps (Fig. 1).
Moreover, if the primary FMO controlled interactions with
the soft pyrrole and indole nucleophiles can exploit the
LUMO of 1 (E¼0.067 eV) characterised by large coef-
ficients at C-4 and C-5, the initial [4þ2] cycloadditions must
involve the corresponding LUMOþ1 (E¼1.636 eV) since
the former shows two nodes on the C-3 and C-6 carbons.18

Eventually, whereas the observed effects of CuI are likely
arisen from its chelation by the vicinal CN groups of 1,
the reaction patterns with Pd/C could be tentatively
accounted for on the basis of concomitant or predominant
metal-mediated oxidative couplings of the reagents, which
certainly deserve further investigations.19

3. Conclusions

Although the results of this work are not so impressive as
those previously obtained in the cycloaddition chemistry of
DCP with other dienophiles,9b,10 nevertheless, the trans-
formations 2!5, 8!9, and 11!12 represent rare examples
of direct conversion of pyrrole and indole systems into the
corresponding, fully aromatic benzoannelated skeletons,
simply achieved by domino reactions.

4. Experimental

4.1. General

Melting points were taken on a Büchi 510 apparatus and are
uncorrected. IR spectra were measured as KBr pellets with a
Perkin–Elmer 881 spectrophotometer. Unless otherwise
stated, 1H and 13C NMR spectra were recorded in DMSO-d6

solutions with a Varian-Gemini instrument operating at 200
and 50 MHz, respectively. Silica gel plates (Merck F254)
and silica gel 60 (Merck, 230–400 mesh) were used for
TLC and flash chromatographies (FC), respectively;

petroleum ether (PE), employed for chromatographic
workup, refers to the fractions of bp 40–708C.

4.2. Reactions of DCP (1) with compounds 2, 8, and 11.
General procedure

A mixture of 1 (0.065 g, 0.5 mmol) and the reagent(s) in the
specified solvent (0.5 ml) was heated under magnetic
stirring in a screw-capped tube (Pyrex N. 13). The brown
residue left by evaporation to dryness under reduced
pressure was triturated with methanol (2£10 ml) and
acetone (2£10 ml) and filtered; the solid obtained from
the filtrates was subjected to FC.

4.2.1. 5,6-Dicyano-1-methylindole (5). (A) Careful chro-
matographic workup [PE/AcOEt (3:2 v/v)] of the solid
coming from 1 and N-methylpyrrole (2) (0.203 g, 0.222 ml,
2.5 mmol) in xylene at 1508C for 48 h gave compound 5
(Rf¼0.37, 0.015 g, 17%) as an ivory-coloured product: mp
2578C (after sublimation at 120–1308C/1022 Torr) (lit.20

mp 257–2588C); IR 3097, 3043, 2225, 1603, 1500 cm21;
1H NMR d 3.92 (s, 3H), 6.76 (dd, J¼2.9, 0.7 Hz, 1H), 7.85
(d, J¼2.9 Hz, 1H), 8.37 (s, 1H), 8.41 (d, J¼0.7 Hz, 1H); 13C
NMR d 33.4 (q), 103.25 (s), 103.3 (d), 104.6 (s), 117.8 (d),
117.9 (s), 117.95 (s), 128.05 (d), 130.25 (s), 136.4 (s), 136.5 (d).

(B) When the reaction was carried out in chloroform at
1108C for 8 days, compound 5 (0.016 g, 18%) was isolated.

4.2.2. 4-Cyano-5-(1-methylpyrrol-2-yl)pyridazine (6)
and 4-cyano-5-(1-methylpyrrol-3-yl)pyridazine (7). (A)
Chromatographic resolution [PE/AcOEt (1:1 v/v)] of the
solid obtained by heating 1 and 2 (0.041 g, 0.045 ml,
0.5 mmol) in the presence of CuI (0.010 g), in CHCl3 at
1108C for 24 h, afforded compound 6 (Rf¼0.30, 0.029 g,
31%) as yellow crystals: mp 136–1378C (from ether); IR
3134, 3114, 2229, 1557 cm21; 1H NMR (CDCl3) d 3.80 (s,
3H), 6.36 (dd, J¼4.0, 2.6 Hz, 1H), 6.91 (dd, J¼4.0, 1.5 Hz,
1H), 6.99 (dd, J¼2.6, 1.5 Hz, 1H), 9.24 (d, J¼1.1 Hz, 1H),
9.35 (d, J¼1.1 Hz, 1H); 13C NMR (CDCl3) d 36.0 (q), 108.7
(s), 110.7 (d), 115.3 (s), 117.2 (d), 124.4 (s), 130.2 (d), 132.2
(s), 150.15 (d), 151.3 (d). Anal. Calcd for C10H8N4: C,
65.21; H, 4.38; N, 30.42. Found: C, 65.40; H, 4.27; N, 30.19.

The following band yielded the derivative 7 (Rf¼0.20,
0.010 g, 11%) as a yellow-orange solid which, after
crystallisation from ether, gradually darkened above
1208C and melted at 147 – 1488C; IR 3112, 2227,
1563 cm21; 1H NMR (CDCl3) d 3.78 (s, 3H), 6.77 (dd,
J¼2.9, 1.8 Hz, 1H), 6.83 (dd, J¼2.9, 1.8 Hz, 1H), 7.66 (t,
J¼1.8 Hz, 1H), 9.06 (d, J¼1.1 Hz, 1H), 9.43 (d, J¼1.1 Hz,
1H); 13C NMR (CDCl3) d 37.0 (q), 104.7 (s), 108.4 (d),
115.6 (s), 116.5 (s), 124.8 (d), 125.0 (d), 135.1 (s), 149.3 (d),
151.2 (d). Anal. Calcd for C10H8N4: C, 65.21; H, 4.38; N,
30.42. Found: C, 64.97; H, 4.40; N, 30.54.

(B) When the reaction of 1 with 2 was carried out in the
presence of Pd/C (10%, 0.065 g) for 5 days, compounds 6
(0.028 g, 30%) and 7 (0.013 g, 14%) were isolated together
with a trace amount of DCP.

4.2.3. 2,3-Dicyano-9H-carbazole (9) and 3-(4-cyanopyri-
dazin-5-yl)indole (10). (A) The crude product from the

Figure 1.
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reaction of 1 with indole (8) (0.117 g, 1 mmol) in xylene at
1508C for 72 h was resolved into two components with
toluene/AcOEt (5:1 v/v). The first band gave compound 9
(Rf¼0.21, 0.062 g, 57%) as an ivory-coloured solid that,
after crystallisation from ethanol, gradually darkened above
2708C and melted at 2888C; IR 3354, 2229, 1630,
1604 cm21; 1H NMR d 7.34 (ddd, J¼8.0, 6.5, 1.6 Hz,
1H), 7.54–7.67 (m, 2H), 8.21 (s, 1H), 8.29 (d, J¼8.0 Hz,
1H), 8.94 (s, 1H), 12.36 (br s, 1H); 13C NMR d 102.7 (s),
109.5 (s), 112.4 (d), 117.45 (s), 117.7 (d), 117.9 (s), 121.0
(s), 121.1 (d), 122.0 (d), 125.4 (s), 127.45 (d), 128.9 (d),
140.1 (s), 141.6 (s). Anal. Calcd for C14H7N3: C, 77.41; H,
3.25; N, 19.34. Found: C, 77.59; H, 3.35; N, 19.28.

The following one afforded the derivative 10 (Rf¼0.05,
0.010 g, 9%) as a yellow solid that, after crystallisation from
AcOEt, gradually darkened above 2508C and melted at
2898C (dec.); IR 3147, 3119, 3063, 3042, 2236, 1529 cm21;
1H NMR d 7.19–7.35 (m, 2H), 7.56–7.63 (m, 1H), 7.89–
7.96 (m, 1H), 8.27 (d, J¼3.2 Hz, 1H), 9.51 (d, J¼1.0 Hz,
1H), 9.78 (d, J¼1.0 Hz, 1H), 12.24 (br s, 1H); 13C NMR d
107.3 (s), 107.35 (s), 113.1 (d), 116.7 (s), 119.8 (d), 121.65
(d), 123.3 (d), 124.4 (s), 130.4 (d), 136.1 (s), 137.2 (s), 151.1
(d), 151.9 (d). Anal. Calcd for C13H8N4: C, 70.90; H, 3.66;
N, 25.44. Found: C, 71.04; H, 3.87; N, 25.18.

(B) Chromatographic workup [PE/AcOEt (2:1 v/v)] of the
solid coming from the reaction of 1 with 8 in the presence of
pyridine (0.079 g, 0.081 ml, 1 mmol), under the above
conditions, gave compounds 9 (Rf¼0.41, 0.025 g, 23%) and
10 (Rf¼0.15, 0.035 g, 32%).

(C) When DCP was allowed to react with 8 (0.059 g,
0.5 mmol) and CuI (0.010 g) in CHCl3 at 1108C for 72 h, a
3:1 mixture of 10 and 9 (0.065 g, 1H NMR) was obtained.

(D) Chromatographic workup [PE/AcOEt (1:2 v/v)] of the
raw product coming from the reaction of 1 with 8 (0.059 g,
0.5 mmol) and Pd/C (10%, 0.065 g) in CHCl3 at 1108C for
48 h afforded compound 10 (Rf¼0.48, 0.039 g, 35%).

4.2.4. 2,3-Dicyano-9-methyl-9H-carbazole (12) and 3-(4-
cyanopyridazin-5-yl)-1-methylindole (13). (A) The solid
obtained from 1 and 11 (0.197 g, 0.192 ml, 1.5 mmol) in
CHCl3 at 1108C for 80 h, was resolved into two components
with PE/AcOEt (7:2 v/v). The first band gave compound 12
(Rf¼0.39, 0.072 g, 62%) as ivory-coloured needles: mp
232–2338C (from ethanol); IR 3062, 2225, 1624,
1590 cm21; 1H NMR d 3.85 (s, 3H), 7.28–7.37 (m, 1H),
7.58–7.63 (m, 2H), 8.20 (d, J¼8.0 Hz, 1H), 8.29 (s, 1H),
8.77 (s, 1H); 13C NMR d 29.7 (q), 102.5 (s), 109.4 (s), 110.5
(d), 116.0 (d), 117.4 (s), 117.7 (s), 120.6 (s), 121.2 (d), 121.8
(d), 124.6 (s), 126.9 (d), 128.9 (d), 140.6 (s), 142.2 (s). Anal.
Calcd for C15H9N3: C, 77.91; H, 3.92; N, 18.17. Found: C,
77.88; H, 4.21; N, 17.87.

The following one yielded compound 13 (Rf¼0.05, 0.016 g,
14%) as a yellow solid: mp 204–2058C (from AcOEt); IR
3110, 3050, 2234, 1614, 1555 cm21; 1H NMR d 3.96 (s,
3H), 7.24–7.42 (m, 2H), 7.63–7.69 (m, 1H), 7.91–7.96 (m,
1H), 8.27 (s, 1H), 9.50 (d, J¼0.9 Hz, 1H), 9.75 (d, J¼
0.9 Hz, 1H); 13C NMR d 33.6 (q), 106.4 (s), 107.2 (s), 111.5
(d), 116.55 (s), 120.0 (d), 121.9 (d), 123.4 (d), 124.8 (s),

133.8 (d), 135.6 (s), 137.7 (s), 151.0 (d), 151.9 (d). Anal.
Calcd for C14H10N4: C, 71.78; H, 4.30; N, 23.92. Found: C,
72.03; H, 4.22; N, 24.09.

(B) When DCP was reacted with 11 (0.066 g, 0.064 ml,
0.5 mmol) and CuI (0.010 g) in CHCl3 at 1108C for 24 h, a
3:1 mixture of 13 and 12 (0.070 g, 1H NMR) was obtained.

(C) Chromatographic resolution [PE/AcOEt (2:1 v/v)] of the
solid from the reaction of 1 with 11 (0.066 g, 0.064 ml,
0.5 mmol) and Pd/C (10%, 0.065 g) in CHCl3 at 1108C for
72 h, yielded compounds 12 (Rf¼0.5, 0.010 g, 9%) and 13
(Rf¼0.2, 0.082 g, 70%).

4.2.5. 3-(4-Cyanopyridazin-5-yl)-2-ethylthioindole (15).
A mixture of DCP (0.065 g, 0.5 mmol) and 2-ethylthio-
indole (14)21 (0.097 g, 0.55 mmol) in CHCl3 (0.5 ml) was
stirred at 1108C in a screw-capped tube (Pyrex N. 13) for
60 h. Chromatographic workup [PE/AcOEt (5:2 v/v)] of the
residue left by evaporation to dryness, gave compound
15 (Rf¼0.3, 0.129 g, 92%) as yellow-orange needles: mp
211–2128C (from CHCl3); IR 3162, 3096, 3076, 2229,
1536 cm21; 1H NMR d 1.07 (t, J¼7.3 Hz, 3H), 2.99 (q,
J¼7.3 Hz, 2H), 7.14–7.35 (m, 2H), 7.48–7.62 (m, 2H),
9.64 (d, J¼1.0 Hz, 1H), 9.67 (d, J¼1.0 Hz, 1H), 12.8 (br s,
1H); 13C NMR d 14.5 (q), 29.5 (t), 111.3 (s), 111.6 (s),
111.65 (d), 115.4 (s), 118.6 (d), 120.8 (d), 123.3 (d), 125.3
(s), 131.1 (s), 135.5 (s), 136.9 (s), 151.2 (d), 152.7 (d). Anal.
Calcd for C15H12N4S: C, 64.26; H, 4.32; N, 19.98. Found:
C, 63.96; H, 4.15; N, 20.00.
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