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Abstract

The intramolecular McMurry coupling of a diprotected 3,3'-diformyl-2,2'-biindole as key step for the
construction of the central six-membered ring provides a novel access to indolo[2,3-a]carbazole.
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Introduction

Indolo[2,3-a]carbazole (1) represents the parent framework for a wide range of alkaloids which have been
isolated from various natural sources like cyanobacteria, slime moulds or marine invertebrates (Figure 1).1°
The indolo[2,3-a]carbazole alkaloids display a wide range of useful pharmacological effects such as antifungal,
antimicrobial, antihypertensive, and anticancer activities.® Most of the naturally occurring indolo[2,3-al-
carbazoles have an additional annulated pyrrole ring and belong to the subgroup of indolo[2,3-a]pyrrolo-
[3,4-c]carbazole alkaloids. However, natural products lacking the additional pyrrole ring have also been
isolated. The cytotoxic and antiviral 5-cyano-6-methoxy-11-methylindolo[2,3-a]carbazole (2) isolated by
Moore and co-workers in 1990 from the blue-green alga Nostoc sphaericum EX-5-1 was the first
representative.’ Shortly afterwards, on investigating Tolypothrix tjipanasensis the same group isolated the
tjipanazoles which have been found as aglycones (e.g. 3a and 3b) and as N-glycosides (e.g. 4a and 4b).1°
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Figure 1. Indolo[2,3-a]carbazole (1) and naturally occurring derivatives 2-4

Due to their broad range of useful biological activities, the indolo[2,3-a]carbazole alkaloids have been the
focus of research since a long time and thus, numerous synthetic approaches to this framework have been
developed.'''2 Besides the application of classical methods like the Fischer indolization,*** many approaches
to indolo[2,3-a]carbazoles start from 2,2'-biindoles and involve a construction of the central carbocyclic ring,
e.g. by palladium-catalyzed oxidative cyclization with alkynes,’> reductive cyclization with hydrazine,'® or
ruthenium-catalyzed ring closing metathesis.'’

Another useful alternative for the synthesis of cyclic alkenes is the intramolecular McMurry coupling
which has been widely applied to the synthesis of natural products.’®2? The reductive coupling of carbonyl
compounds induced by low-valent titanium, generally referred to as McMurry coupling, was originally
discovered in the early 70s.2272% |t has emerged as an efficient and versatile tool for the preparation of
complex olefinic structures. Herein, we describe a new approach to indolo[2,3-a]carbazole (1) using the
intramolecular McMurry coupling of a 3,3'-diformyl-2,2'-biindole as key step.
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Results and Discussion

Retrosynthetic analysis of indolo[2,3-a]carbazole (1) based on construction of the central carbocyclic ring by
an intramolecular McMurry coupling as the final step provides 2,2'-biindolyl-3,3'-dicarboxaldehyde (5) as
precursor (Scheme 1). Bergman and co-workers have previously prepared compound 5 by a twofold
Vilsmeier-Haack reaction of 2,2'-biindole (6).2° For the synthesis of 6, we envisaged a palladium-catalyzed
Suzuki—Miyaura coupling?’?® of the commercially available 2-indolylboronic acid 7 and 2-iodoindole (8).
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Scheme 1. Retrosynthetic analysis of indolo[2,3-a]carbazole (1) based on intramolecular McMurry coupling

Bergman et al. have demonstrated that a twofold Madelung reaction provides a good access to 2,2'-
biindole (6).2° Alternatively, the central biaryl bond of 6 can be generated by a Suzuki-Miyaura coupling as
previously reported by Young and coworkers.?® For the latter approach, we required 2-iodoindole (8) which
was obtained in three steps from commercially available indole (9) (Scheme 2). Conversion of 9 into N-
phenylsulfonylindole (10) followed by lithiation at C-2 and subsequent metal-halogen exchange afforded 2-
iodo-N-phenylsulfonylindole (11) which on deprotection with tetrabutylammonium fluoride (TBAF) provided
2-iodoindole (8) in three steps and 62% overall yield from 9.
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Scheme 2. Synthesis of 2-iodoindole (8). Reagents and conditions: (a) PhSO,Cl, NaH, THF, 0 °Ctor.t., 19 h,
95%; (b) 1. LDA, THF, =78 °C, 1.5 h, then 0 °C, 1.5 h; 2. 1,2-diiodoethane, -78 °Cto r.t., 17 h, 82%; (c)
TBAF, THF, reflux, 4 h, 80%.

Suzuki-Miyaura coupling of 2-iodoindole (8) with N-Boc-2-indolylboronic acid (7) was achieved under
microwave conditions as described by Young (Scheme 3). According to the literature,?® subsequent treatment
with TFA was required to remove the protecting group. However, in our case deprotection occurred already
during the chromatographic purification of the crude product, presumably due to the acidic nature of silica
gel. Thus, 2,2'-biindole (6) could be obtained directly. A twofold Vilsmeier-Haack formylation of 6 using the
conditions previously described by Bergman and coworkers?® afforded 2,2'-biindolyl-3,3’-dicarboxaldehyde (5)
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in excellent yield. In a first attempt to transform the 2,2’-biindole 5 into indolo[2,3-a]carbazole (1) by an
intramolecular McMurry coupling reaction, a combination of titanium trichloride and zinc dust for generation
of the low-valent titanium species was used.'®3® However, only small amounts of the desired coupling product
1 were obtained. Finally, using a combination of titanium tetrachloride with zinc-copper couple as reducing
agent,®23 we obtained indolo[2,3-a]carbazole (1) in 43% yield. We suspected that the moderate yield for the
intramolecular coupling might be caused by complexation of titanium to the nitrogen atoms of 2,2’-biindole 5.
Therefore, compound 5 was protected at both nitrogen atoms by Boc groups as described previously by de
Koning et al.!” Intramolecular McMurry coupling of the resulting bis-Boc-protected 2,2’-biindole 12 using the
optimized reaction conditions provided directly indolo[2,3-a]carbazole (1) in 65% yield. It is noteworthy that
no Boc-protected indolo[2,3-a]carbazole was detected after aqueous work-up. Most likely the Boc groups are
removed under the acidic conditions. The spectroscopic data of our indolo[2,3-a]carbazole (1) were in full
agreement with those reported along with the previous syntheses of 1.13141631,32
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Scheme 3. Synthesis of indolo[2,3-a]carbazole (1). Reagents and conditions: (a) N-Boc-indole-2-boronic acid
(7), PACl2(PPhs),, Na,COs, MeCN/H.0, microwave, 110 °C, 1.5 h, 100%; (b) 1. POCls, DMF, 0 °C to r.t., 2
d, 2. 2 M NaOH, 1 h, reflux, 90%; (c) TiCls, Zn/Cu, THF, reflux, 26 h, 43%; (d) Boc2O, DMAP, THF, r.t., 30
min, 78%; (e) TiCls, Zn/Cu, THF, reflux, 20 h, 65%.

Conclusions

We have developed a novel synthetic approach to indolo[2,3-a]carbazole (1) using the intramolecular
McMurry coupling of a 3,3'-diformyl-2,2'-biindole as key step. The Suzuki—Miyaura cross coupling of 2-
iodoindole (8) and N-Boc-2-indolylboronic acid (7) followed by a twofold Vilsmeier-Haack formylation affords
2,2'-biindolyl-3,3'-dicarboxaldehyde (5) in 90% yield over both steps. The intramolecular McMurry coupling of
the unprotected compound 5 led to compound 1 in only moderate yield. We were able to show that the yield
for the coupling reaction to 1 can be improved by twofold N-Boc protection of compound 5. Thus, the
McMurry coupling of compound 12 provided indolo[2,3-a]carbazole (1) in seven steps and 28% overall yield
based on indole (9). Extension of the present route by using two differently substituted indole moieties for the
Suzuki—Miyaura coupling step would lead to unsymmetrically substituted indolo[2,3-a]carbazole derivatives.

Experimental Section

General. Starting reagents were purchased from commercial sources and used without additional purification.
All reactions were carried out in oven-dried glassware under argon atmosphere using dry solvents, unless
stated otherwise. Microwave irradiations were carried out using a CEM DISCOVER microwave apparatus with a
maximum power of 300 W and a maximum pressure of 20 bar. Flash chromatography was performed using
silica gel from Acros Organics (0.035-0.070 mm). TLC was performed with TLC plates from Merck (60 F2s4)
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using UV light for visualization. Melting points were measured on a Gallenkamp MPD 350 melting point
apparatus. Ultraviolet spectra were recorded on a PerkinElmer 25 UV/Vis spectrometer. Fluorescence spectra
were obtained using a Varian Cary Eclipse spectrometer. IR Spectra were recorded on a Thermo Nicolet Avatar
FT-IR spectrometer using the ATR method (attenuated total reflectance). NMR spectra were recorded on a
Bruker Avance Il 600 spectrometer. Chemical shifts & are reported in ppm with the solvent signal as an
internal standard. Standard abbreviations were used to denote the multiplicities of the signals. El mass spectra
were recorded by GC/MS-coupling using an Agilent Technologies 6890 N GC System equipped with a 5973
Mass Selective Detector (70 eV). ESI-HRMS were recorded on a Waters Xevo G2-XS QTOF mass spectrometer.
Elemental analyses were measured on a EuroVector EuroEA3000 elemental analyzer.
1-(Phenylsulfonyl)-1H-indole (10). Sodium hydride (60% dispersion in mineral oil, 1.36 g, 33.9 mmol) was
added in portions to a stirred solution of 1H-indole (9) (3.00 g, 25.6 mmol) in THF (48 mL) at 0 °C. After stirring
for 1 h at the same temperature, phenylsulfonyl chloride (5.46 g, 30.9 mmol) was added. The solution was
then allowed to warm up to r.t. and stirring was continued overnight. After addition of a saturated aqueous
solution of ammonium chloride, the organic layer was separated, and the aqueous layer was extracted with
ethyl acetate. The combined organic layers were washed with brine and dried over magnesium sulfate.
Evaporation of the solvent and column chromatography (isohexane/ethyl acetate, 18:1 to 9:1) of the residue
on silica gel provided compound 10 as a beige solid (6.21 g, 95%); mp 77-78 °C (lit.33 77.5-79 °C). *H NMR (600
MHz, DMSO-ds): 6 6.85 (dd, J 3.6, 0.9 Hz, 1H), 7.25 (td, J 7.2, 1.1 Hz, 1H), 7.34 (td, J 7.2, 1.1 Hz, 1H), 7.57-7.61
(m, 3H), 7.67-7.70 (m, 1H), 7.81 (d, J 3.8 Hz, 1H), 7.94 (d, J 8.3 Hz, 1H), 7.96-7.99 (m, 2H). *C NMR and DEPT
(151 MHz, DMSO-dg): 6 109.6 (CH), 113.1 (CH), 121.7 (CH), 123.6 (CH), 124.8 (CH), 126.7 (2 CH), 127.0 (CH),
129.9 (2 CH), 130.5 (C), 134.2 (C), 134.7 (CH), 137.1 (C). MS (El): m/z (%) 257 (91) [M]*, 141 (27), 116 (100), 89
(49), 77 (62), 63 (22), 51 (28). For further spectroscopic data, see refs.33,34
2-lodo-1-(phenylsulfonyl)-1H-indole (11). A solution of 2 M lithium diisopropylamide in THF (6.0 mL, 4.9 g, 12
mmol) was diluted with THF (15 mL) and cooled to -78 °C. Then, a solution of 10 (1.98 g, 7.69 mmol) in THF
(20 mL) was added dropwise over a period of 10 min. After stirring at -78 °C for 1.5 h, the solution was
warmed to 0 °C and stirred for 1.5 h, cooled to -78 °C, and then 1,2-diiodoethane (3.36 g, 11.9 mmol) was
added. After stirring at =78 °C for 15 min, the mixture was allowed to warm to r.t., and stirring was continued
overnight. After addition of a saturated aqueous solution of ammonium chloride, the organic layer was
separated, and the aqueous layer was extracted with dichloromethane. Subsequently, the combined organic
layers were washed with water and brine, and dried over magnesium sulfate. After removal of the solvent, the
crude product was purified by column chromatography (isohexane/ethyl acetate, 8:1) on silica gel to afford
compound 11 as a brown solid (2.42 g, 82%); mp 91-92 °C (lit.3> 91-92 °C). 'H NMR (600 MHz, DMSO-d¢): &
7.22 (d, J0.8 Hz, 1H), 7.24 (td, J 7.5, 0.8 Hz, 1H), 7.30 (td, J 8.5, 1.3 Hz, 1H), 7.49 (d, J 7.2 Hz, 1H), 7.58-7.62 (m,
2H), 7.71 (tt, J 7.5, 1.1 Hz, 1H), 7.84-7.87 (m, 2H), 8.14 (dd, J 8.7, 0.8 Hz, 1H). 3C NMR and DEPT (151 MHz,
DMSO-de): 6 80.1 (C), 114.8 (CH), 120.1 (CH), 123.9 (CH), 124.0 (CH), 125.0 (CH), 126.6 (2 CH), 129.9 (2 CH),
131.6 (C), 134.9 (CH), 137.3 (C), 137.7 (C). MS (EI): m/z (%) 383 (87) [M]*, 242 (100), 141 (21), 115 (57), 114
(24), 77 (56), 51 (24). For further spectroscopic data, see ref.35

2-lodo-1H-indole (8). To a stirred solution of 11 (2.24 g, 5.84 mmol) in THF (93 mL) a 1 M solution of
tetrabutylammonium fluoride in THF (9.0 mL, 8.1 g, 9.0 mmol) was added at r.t., and the resulting reaction
mixture was heated under reflux conditions for 4 h. After cooling to r.t. and addition of water (150 mL), the
organic layer was separated and the aqueous layer was extracted with ethyl acetate. The combined organic
layers were washed with brine, and dried over magnesium sulfate. Evaporation of the solvent and column
chromatography (isohexane/ethyl acetate, 20:1) of the residue on silica gel provided compound 8 as a pale
pink solid (1.14 g, 80%); mp 79-81°C (lit.3® 79-81 °C). UV (MeOH): 269, 282 (sh), 291 nm. Fluorescence (MeOH,
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exc. 269 nm): 310, 367, 383 nm. IR (ATR): 3363, 3063, 3045, 2920, 2587, 1932, 1895, 1774, 1475, 1457, 1431,
1396, 1361, 1331, 1310, 1273, 1223, 1111, 1092, 985, 931, 909, 887, 784, 738, 606 cm™. 1H NMR (600 MHz,
CDCl3): 6 6.72 (dd, J 2.1, 0.9 Hz, 1H), 7.08 (td, J 7.2, 1.1 Hz, 1H), 7.13 (td, J 7.2, 1.1 Hz, 1H), 7.33 (dd, J 8.1, 0.9
Hz, 1H), 7.54 (dd, J 7.9, 0.8 Hz, 1H), 8.08 (br s, 1H). 33C NMR and DEPT (151 MHz, CDCls): 6 74.7 (C), 110.1 (CH),
112.7 (CH), 119.2 (CH), 120.3 (CH), 122.3 (CH), 129.6 (C), 138.7 (C). MS (EI): m/z (%) 243 (100) [M]*, 127 (19),
116 (33), 89 (51), 63 (17), 39 (8). Anal. calcd for CgHeIN: C, 39.53; H, 2.49; N, 5.76. Found: C, 39.79; H, 2.23; N,
5.74 %.

1H,1'H-2,2'-Biindole (6). A sealed microwave tube was charged with N-(tert-butoxycarbonyl)indole-2-boronic
acid (7) (194 mg, 743 umol), bis(triphenylphosphine)palladium(ll) dichloride (41.2 mg, 58.7 umol), and sodium
carbonate (128 mg, 1.21 mmol) and the mixture was purged with argon several times. Then, a solution of 8
(122 mg, 500 umol) in degassed acetonitrile (1.6 mL) and degassed water (0.36 mL) was added. The reaction
mixture was heated in the sealed tube under argon atmosphere by microwave at 110 °C for 1 h. After cooling
to r.t., the mixture was partitioned between ethyl acetate and water, the organic layer was separated, and the
aqueous layer was extracted with ethyl acetate. The combined organic layers were washed with brine, and
dried over magnesium sulfate. After removal of the solvent, the crude product was purified by column
chromatography (isohexane/ethyl acetate, 9:1 to 3:1) on silica gel to give compound 6 as a red solid (116 mg,
100%); mp >200°C. 'H NMR (600 MHz, DMSO-ds): 6 6.91 (dd, J 2.3, 0.8 Hz, 2H), 7.00 (td, J 7.2, 1.1 Hz, 2H), 7.10
(td, J 7.2, 1.1 Hz, 2H), 7.39 (dd, J 8.3, 0.8 Hz, 2H), 7.55 (d, J 7.5 Hz, 2H), 11.53 (s, 2H). 3C NMR and DEPT (151
MHz, DMSO-ds): 6 98.4 (2 CH), 111.1 (2 CH), 119.4 (2 CH), 120.0 (2 CH), 121.7 (2 CH), 128.5(2 C), 131.4 (2 C),
136.9 (2 C). MS (El): m/z (%) 233 (17), 232 (100) [M]*, 231 (50), 204 (15), 116 (12), 102 (7), 89 (7). For further
spectroscopic data, see refs 26,37

1H,1'H-2,2"-Biindole-3,3"-dicarboxaldehyde (5). Phosphorus oxychloride (804 mg, 5.37 mmol) was added
slowly to DMF (2.0 mL) at 0 °C, and the resulting mixture was allowed to stir at that temperature for 25 min,
before a solution of 6 (479 mg, 2.06 mmol) in DMF (10 mL) was added dropwise over a period of 1.5 h. The
mixture was allowed to warm up to r.t. and stirring was continued for further 43 h. Then, 2 M aqueous NaOH
(40 mL) was added under cooling and the mixture was heated at reflux for 1 h. After cooling to r.t., the
resulting precipitate was isolated by filtration, washed with water and dried in vacuo to leave compound 5 as a
yellow solid (538 mg, 90%); mp >200 °C. *H NMR (600 MHz, DMSO-d¢): 6 7.35 (td, J 7.2, 1.1 Hz, 2H), 7.41 (td, J
7.2,1.1 Hz, 2H), 7.61 (dt, J 7.9, 0.8 Hz, 2H), 8.29 (d, J 7.5 Hz, 2H), 10.04 (s, 2H), 12.94 (s, 2H). 13C NMR and DEPT
(151 MHz, DMSO-ds): 6 112.6 (2 CH), 116.5 (2 C), 121.3 (2 CH), 123.2 (2 CH), 124.9 (2 CH), 125.4 (2 C), 136.3 (2
C), 136.7 (2 C), 185.6 (2 CHO). MS (EI): m/z (%) 289 (19), 288 (98) [M]*, 260 (22), 259 (100), 232 (34), 231 (35),
204 (25). For further spectroscopic data, see refs 26,38

Di-tert-Butyl 3,3-diformyl-1H,1’H-[2,2"-biindole]-1,1’-dicarboxylate (12). Di-tert-butyl dicarbonate (762 mg,
3.49 mmol) and 4-(dimethylamino)pyridine (73.1 mg, 560 umol) were added to a suspension of 5 (259 mg, 898
umol) in THF (26 mL) and the resulting mixture was stirred at r.t. for 30 min while forming a homogeneous
solution. Removal of the solvent under reduced pressure and column chromatography (isohexane/ethyl
acetate, 4:1) of the residue on silica gel afforded compound 12 as a yellow solid (343 mg, 78%); mp >200 °C. 'H
NMR (600 MHz, DMSO-de): 6 1.21 (s, 18H), 7.48-7.52 (m, 2H), 7.57-7.60 (m, 2H), 8.28-8.33 (m, 4H), 9.80 (s,
2H). 3C NMR and DEPT (151 MHz, DMSO-ds): & 27.1 (6 CHs), 85.7 (2 C), 115.5 (2 CH), 121.4 (2 CH), 122.5 (2 C),
124.9 (2 C), 125.1 (2 CH), 127.1 (2 CH), 135.8 (2 C), 136.2 (2 C), 148.3 (2 C=0), 187.2 (2 CHO). MS (El): m/z (%)
289 (19), 288 (96), 260 (22), 259 (100), 232 (36), 231 (39), 204 (27) (note: due to the easy elimination of the
Boc groups during vaporization, no [M]*-peak can be observed). For further spectroscopic data, see ref. 17
11H,12H-Dihydroindolo[2,3-a]carbazole (1). (a) Direct synthesis from 5. Titanium tetrachloride (1.3 mL, 2.3 g,
15 mmol) was added dropwise under stirring to THF (50 mL) at O °C. The resulting yellow solution was warmed
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up to r.t., and zinc—copper couple (2.28 g, 28.0 mmol) was added in portions to form a brownish suspension.
After stirring at r.t. for 15 min, the mixture was heated under reflux for 1 h, and subsequently a solution of
compound 5 (101 mg, 350 umol) in THF (60 mL) was added over a period of 18 h. Heating under reflux was
continued for further 9 h. After cooling to r.t., a 20% aqueous solution of potassium carbonate (50 mL) was
added to the reaction mixture, and the mixture was stirred for 1 h at r.t. After transfer into a separating funnel
and vigorous shaking, the dark blue suspension decolorized and a white solid was formed, which was removed
by filtration. The organic layer was separated, washed with brine, and dried over magnesium sulfate.
Evaporation of the solvent in vacuo and column chromatography (pentane/ethyl acetate, 3:1) of the residue
on silica gel provided compound 1 as a green solid (38.9 mg, 43%). For the spectroscopic data of 1, see below.
(b) Synthesis by reduction of 12. Titanium tetrachloride (2.7 mL, 4.7 g, 25 mmol) was added dropwise under
stirring to THF (50 mL) at O °C. The resulting yellow solution was warmed up to r.t., and zinc—copper couple
(3.61 g, 44.4 mmol) was added in portions to form a brownish suspension. After stirring at r.t. for 15 min, the
mixture was heated under reflux for 1 h, and subsequently a solution of compound 12 (201 mg, 411 umol) in
THF (75 mL) was added over a period of 14 h. Heating under reflux was continued for further 7 h. After cooling
to r.t.,, a 20% aqueous solution of potassium carbonate (60 mL) was added to the reaction mixture, and the
mixture was stirred for 1 h at r.t. After transfer into a separating funnel and vigorous shaking, the dark blue
suspension decolorized and a white solid was formed, which was removed by filtration. The organic layer was
separated, washed with brine, and dried over magnesium sulfate. Evaporation of the solvent in vacuo and
column chromatography (pentane/ethyl acetate, 3:1) of the residue on silica gel provided compound 1 as a
green solid (68.8 mg, 65%); mp >200°C. UV (MeOH): 241 (sh), 255, 284, 310 (sh), 323, 340, 355 nm.
Fluorescence (MeOH, exc. 323 nm): 365, 382 nm. IR (ATR): 3742, 3401, 3052, 2922, 2850, 2033, 1935, 1894,
1868, 1641, 1614, 1567, 1441, 1325, 1218, 1151, 1118, 1011, 929, 854, 806, 735, 652 cm™. 'H NMR (600 MHz,
DMSO-ds): 6 7.20 (ddd, J 7.7, 7.0, 1.0 Hz, 2H), 7.38 (ddd, J 8.1, 7.0, 1.1 Hz, 2H), 7.68 (dt, J 8.1, 0.8 Hz, 2H), 7.91
(s, 2H), 8.15 (d, J 7.8 Hz, 2H), 11.05 (s, 2H). 3C NMR and DEPT (151 MHz, DMSO-d¢):  111.6 (4 CH), 118.9 (2
CH), 119.7 (2 CH), 120.1 (2 C), 123.8 (2 C), 124.5 (2 CH), 125.7 (2 C), 139.0 (2 C). MS (El): m/z (%) 257 (20), 256
(100) [M]*, 255 (35), 253 (5), 227 (5), 128 (17), 114 (5). HRMS (ESI) calcd for CigsH12N2*: m/z 256.0995; found:
m/z 256.0991.

Supplementary Material
'H and *3C NMR spectra of all compounds
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