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A study was made of the use of calcium oxide as a catalyst at a temperature of 400-700° for the dehy-
drocyclization of four primary arylamines: 2-aminobiphenyl, 1-aminotriphenylene (5c), 2-phenoxyaniline,
and N-(2-aminophenyl)pyrrole. Maximal yields of cyclized products isolated were 53% (carbazole), 52%
(4H-naphtho[1,4-def]carbazole), 18% (phenoxazine), and 0%, respectively. Comparison is made with
reported cyclizations of the corresponding nitro and azido starting materials. In one case, treatment of 1-
nitrotriphenylene with triethyl phosphite produced mainly diethyl N-(1-triphenylenyl)phosphoramidate
(51%). Mono- and hemihydrochlorides of 5c are described. A mechanism for the catalyzed dehydrocy-

clization is proposed.

J. Heterocyclic Chem., 32, 797 (1995).

A survey of the chemical literature shows that three
general procedures have been reported for cyclizing a 2-
substituted biphenyl 1 into carbazole (2). We designate
these procedures as "intramolecular NH-bridging.” The
starting material consists of 2-nitrobiphenyl (1a), 2-
aminobiphenyl (1b), or 2-azidobiphenyl (1c). The bridg-
ing process involves the loss of two atoms of oxygen
(deoxygenation), two atoms of hydrogen (dehydrogena-
tion), or two atoms of nitrogen (denitrogenation), respec-
tively, per molecule of starting material. Deoxygenation
was effected by Waterman and Vivian by heating 1a with
an oxygen acceptor such as some metals, carbon, or fer-
rous oxalate [5]. More recently Cadogan and coworkers
used triethyl phosphite to abstract the oxygen and give
carbazole in 83% yield [6]. Morgan and Walls heated 1b
preferably with oxidizing agents (e.g. vanadium pentox-
ide, molybdenum trioxide, or manganese dioxide) to give
carbazole (42-60%) plus biphenyl (4-6%) at 555-600°.
Surprisingly, using calcium oxide, magnesium oxide, or
pumice also gave these products, but with carbazole in
lower yield (32%) [7]. Weinmayr heated 1b with a nitro
compound, such as 1,3-dinitrobenzene, at 250-360° for
several hours in order to obtain carbazole [8]. Smith and
Brown decomposed 1c either thermally or photochemi-
cally to yield carbazole in ca. 77% yield [9].

Two of the preceding intramolecular NH-bridging
methods have been employed in the synthesis of 4H-
benzo[def]lcarbazole (4) from a 4-substituted phenan-
threne 3. Thus Kruber and Grigoleit obtained 4 in 20%
yield by passing vapors of amino compound 3a in a nitro-
gen carrier gas over calcium oxide at 400° [10].
Horaguchi et al. increased this yield to 53% by raising the

reaction temperature to 560° [1]. Kreher and Kéhler con-
verted azide 3b into 4 (66% yield) by thermolysis at 240°
in diphenyl ether solution. However, when they used
xylene as a solvent 3b reverted to 3a in 71% yield [11].

In an earlier paper Klemm ef al. [2] used the Cadogan
reaction [12] to transform 1-nitrotriphenylene (5b) into
4H-naphtho[1,4-deflcarbazole (6) in 30% yield [13]. We
have had difficulty in reproducing this result, however.
Thus, in the present study an attempt to scale up the reac-
tion under otherwise closely similar conditions gave only
a 6% yield of 6, plus a 51% yield of the uncyclized phos-
phoramidate 5d [14]. At this point it was decided to
attempt to synthesize 6 from 1-aminotriphenylene (5¢) by
means of calcium oxide, and to initiate a study of the
scope and mechanism of the calcium-oxide-induced
cyclization process (vide infra).

1-Nitrotriphenylene (S5b) obtained from nitration of
triphenylene [15], was reduced by means of palladium-
charcoal and hydrazine hydrate to amine 5c¢ (78% yield),
characterized by spectral data including sharp infrared
bands (measured in a potassium bromide wafer) at 3425
and 3349 cm-! for the primary amino group [16].
Treatment of a benzene solution of 5c¢ with anhydrous
hydrogen chloride gave the monohydrochloride Sf,
obtained as needles from ethanol, mp 255-258° dec
(appropriate C, H and N analyses), with broad infrared
bands at 2990 and 2550 cm-1 for the protonated primary
amino group [16]. Meanwhile, refluxing phosphoramidate
5d in ethanolic hydrochloric acid readily precipitated nee-
dles, mp 248-252° dec, believed to be 5f also (89% yield),
but which changed to a white crystalline hemihydrochlo-
ride Se (appropriate C, H and N analyses) on vacuum sub-
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limation, mp 247° dec, infrared bands at 3434 and 3348
cm-! (sharp) plus 2814 and 2555 cm~! (broad). The mass
spectra of all three compounds Sc, Se, and 5f were closely
similar, with the most abundant peak at m/z 243 for the
amine parent ion in each case. Surprisingly, the TH nmr
spectra of the two hydrochloride salts (measured in hexa-
deuteriodimethyl sulfoxide) were considerably different.
In the aromatic region the spectrum of the hemihy-
drochloride showed a pattern of signals almost identical to
that of the free amine (albeit measured in deuteriochloro-
form), with the alpha proton signals spread out in the
region 8.1-9.2 ppm and the beta ones falling in the region
7.0-7.8 ppm. Corresponding sets of signals for the mono-
hydrochloride were squeezed more tightly in the regions
8.5-9.2 and 7.5-7.8 ppm, respectively. While the free
amine showed a typical broad amino signal at 4.39 ppm,
the two salts showed only a general broadened hump over
the range of 3.5-7 (maximum at 5.3) for 5f and 2.5-7
(maximum at 3.8) for Se. In summary, it appears that vac-
uum sublimation of the monohydrochloride causes loss of
half of the hydrogen chloride present to give a molecular
compound Se=5c+5f, but 5¢ and 5f, show markedly differ-
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ent 'H nmr spectral patterns in the aromatic region.

For the cyclization of 1-aminotriphenylene (Sc) a ben-
zene solution of the amine was added dropwise to the top
of a column of calcium oxide granules packed in a stain-
less steel tube and maintained at a constant temperature in
the range of 400-700°. The tube was flushed continuously
with nitrogen carrier gas. Product mixtures were collected
from the cooled effluent and from Soxhlet extraction of
the spent packing and were separated by column chro-
matography. At a reaction temperature of 560° there
resulted a 52% yield of naphthocarbazole 6 (41% overall
yield from 1-nitrotriphenylene) and 20% recovery of Sc.
Even at a temperature of 600°, yields were 40% and 13%,
respectively. At least in our hands, this dehydrocyclizative
synthesis of 6 is preferable to the Cadogan reaction [17].

Table 1 summarizes various experiments which were
conducted with other starting materials in an effort to syn-
thesize carbazole (2), phenoxazine (9), and pyrrolo-
[1,2-albenzimidazole (10) or to elucidate the function of
the calcium oxide in the cyclization reaction. Experiments
1 and 2 confirm that 2-aminobiphenyl (1b) is convertible
into carbazole (53% yield at 600°) by use of calcium
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Table I
Studies on the Synthesis of Carbazole and Related Compounds by Heterogeneously Catalyzed Dehydrocyclization at Elevated Temperature

Experiment Starting Tube Reaction

No. Material [a] Packing Temperature
°C
1 1b Ca0 560
2 1b Ca0O 600
3 1b soda lime [c] 400
4 1b soda lime {c] 560
5 1b glass beads [d] 560
6 1d [e] CaO 560
7 Ta CaO 500
8 7a CaO 560
9 8a CaO 560
10 8a CaO 700

Products Isolated

From Cyclization From Biphenyl

Compound Yield, % Recovery, % % [b]
carbazole 42 36
carbazole 53 9
carbazole 3 81
carbazole 2 15

carbazole 2 91 0.1
carbazole 0 99
phenoxazine 3 56
phenoxazine 18 17
Ifl S 60

i S 0 1

[a) Added in benzene solution. Nitrogen was used as a carrier gas. [b] Byproduct from benzene solvent. {c] A mixture of sodium hydroxide and cal-
cium oxide. Water present was lost during conditioning of the packing. [d] Pyrex, 5 mm in diameter. [e] Ammonia gas was used instead of nitrogen. [f]
Only a small amount of liquid which gave a long smear on a tlc plate was obtained. No separation of crystalline 10 (lit mp 98-100° [20]) resulted.

oxide. Experiment 5, conducted with non-catalytic glass
beads, indicates that a small amount of dehydrocycliza-
tion (2%) occurs thermally at 560°. In experiments 3 and
4, soda lime gave only thermal cyclization. From these
five experiments it appears that calcium oxide is, indeed,
a heterogeneous catalyst (rather than an inert tube pack-
ing). Experiment 6 is a single unsuccessful attempt to see
if calcium oxide can cause reaction between biphenyl and
ammonia to yield carbazole under the conditions of exper-
iment 1. While we have confirmed that calcium oxide can
catalyze the conversion of 1b into 2, one should note that
better yields of 2 have been reported from the 2-nitro- and
2-azidobipheny! precursors (vide supra).

Another useful synthetic result is shown in experiment
8, where 2-phenoxyaniline (7a) cyclized to crystalline
phenoxazine (9) in 18% yield. In contrast the azide 7b
produced no identifiable 9 [18] and the Cadogan reaction
on the nitro ether 7¢ yielded only a tarry mixture [6,19].
Contrasting results were obtained for the N-(2-substituted-
phenylpyrroles, where the amino compound 8a gave only
an unidentified liquid mixture (experiments 9 and 10), but
the nitro compound 8c formed 10 (26% yield) and some
2-nitroaniline (4%) [20]. Apparently, azide 8b is
unknown.

Cyclizations involving the Cadogan reaction and azide
decomposition are reported to proceed via a nitrene inter-
mediate or its equivalent [6,12,21]. The differences in
yields of products between those cyclizations and the cal-
cium oxide catalyzed one augurs against the formation of
a nitrene intermediate in dehydrocyclization. Since
Morgan and Walls [7] indicated that magnesium and cal-
cium oxides give comparable results in the cyclization of
2-aminobiphenyl, it seems reasonable to examine data on
these two catalysts to look for similar physicochemical
properties which may lead to a rational mechanistic

hypothesis for their actions. These properties, as reported
in the literature, are summarized below.

Our calcium oxide (prepared commercially by thermal
decarboxylation of marble, probably at a temperature of
ca. 900° [22,23]) is only 95-97% pure [24]. Thus, it
should contain metal ions other than calcium as well as
trapped electrons or holes [25-28]. Both magnesium and
calcium oxides have the sodium chloride lattice structure
[29] and are solid bases [30]. In fact, calcium oxide pre-
pared as noted above is termed a "solid superbase" and
certain preparations of magnesium oxide may also fall in
this category [30]. Three independent types of catalytic
sites are recognized on both of these oxides, viz. ones that
cause (a) isomerization of alkenes, (b) H-D exchange
and/or amination of conjugated dienes, and (c¢) hydro-
genation of double bonds. These sites become available,
in the succession shown, as the temperature of activation
of the catalyst is increased. It is unlikely that site (c) is
available in our calcium oxide. Sites (a) and (b) are funda-
mentally basic sites (i.e., oxide ions) which differ in
strengths due to the natures of their nearby neighbors on
the catalyst surface. In isomerization and amination these
sites abstract protons from alkenes (to leave m-allyl
anions) and from primary or secondary alkylamines (to
leave amide ions), respectively, as their mechanistic func-
tions [31]. We suggest that such a basic site (probably of
type b) initiates dehydrocyclization by abstraction of a
proton from the amino group of the starting material to
form an ArNH anion adsorbed to the catalyst surface.

Numerous studies have been made on the nature of
electronic defects in magnesium oxide and, to a lesser
extent, in calcium oxide. Even though magnesium oxide
is a classical insulator it exhibits considerable electrical
conductivity (in the temperature range of 400-800°)
which is ascribed to the presence of highly mobile oxygen
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Scheme 1
Possible mechanism for the Calcium Oxide [a] Catalyzed Dehydrocyclization of 2-Aminobiphenyl (1b) to Give Carbazole 2) [b]

H;N HN-
H4
+ O7(cat) ————" O O + OH-(cat)
transfer
(adsorbed)
1b 11
HN.
=
11 + Os (cat) ————n O O + O (cat)
transfer
(adsorbed)
12
H
R N.
cyclization
S Zad
(adsorbed)
13
H-
13 + OH (cat) —e—— 2 Os (cat) + HT
transfer

[a] Magnesium Oxide should act in the same manner. [b} The cyclizations 5¢—6 and 7a—9 are presumed to occur analogously.

holes, i.e., oxygen anion radicals [32]. It is also claimed
that these holes exist in calcium oxide [33]. Moreover,
they are implicated in the catalytic properties of both
compounds. We invoke the action of such a hole (or of an
extraneous reducible cation) as a temporary electron
attractor to oxidize the aforementioned ArNH anion (o an
ArNH free radical, which then undergoes cyclization. The
various steps in our hypothetical dehydrocyclizative reac-
tion mechanism are presented in Scheme I for 2-amino-
biphenyl — carbazole as an example.

EXPERIMENTAL [34]

1-Aminotriphenylene (5¢).

1-Nitrotriphenylene (8b) was obtained by nitration of tri-
phenylene (5a) [15] and chromatographic separation of isomers
by means of alumina/toluene-petroleumn ether (35-60°) (ratio 7:3
by volume) [2]. A solution of one g (3.66 mmoles) of Sb and 8.3
ml (171 mmoles) of hydrazine hydrate in 200 ml of ethanol was
refluxed with 330 mg of 5% palladium charcoal for 30 minutes.
Filtration and evaporation of the filtrate gave crystals which
were chromatographed with alumina/benzene. A fraction of R;
0.54 was collected as Sc, yield 698 mg (78%), mp 91-93°, raised
to 93-94° on recrystallization from ethanol as colorless prisms
[35]; ir: 3425 and 3349 (sharp, NH,), 815, 756 cm™!; TH nmr
(deuteriochloroform): § 9.21 (dd, J =3, 7 Hz, 1 H, H-12), 8.30-
8.75 (m, 3 H, H-5, H-8, H-9), 8.11 (d, ] = 8 Hz, 1 H, H-4), 7.5-
7.8 (m, 4 H, H-6, H-7, H-10, H-11), 7.43 (t, ) = 8 Hz, 1 H, H-3),

6.99 (d, J = 8 Hz, 1 H, H-2), 4.39 (broad s, 2 H, NH,) [36]; ms:
m/z 244 (20), 243 (M+, 100), 242 (35), 241 (25), 215 (M*
-H,CN, 8).

Also isolated from the preceding chromatograph was 34 mg
(4%) of triphenylene, R 0.77, identified by direct comparison
with an authentic sample (mp, mmp, and tlc).

1-Aminotriphenylene Monohydrochloride (5f).

Into a solution of 204 mg (0.84 mmole) of Sc in benzene was
passed dry hydrogen chloride gas. The colorless crystals which
precipitated were collected by filtration, washed with benzene,
and dried to give 215 mg (92%) of monohydrochloride 5f, mp
250-254° dec. Recrystallization from ethanol gave needles, mp
255-258° dec; ir: 2990 and 2550 (broad, NH3*), 750, 720 em-1;
1H nmr (DMSO-dg): § 8.5-9.2 (m, 5 o-H atoms), 7.5-7.8 (m, 6
B-H atoms), 3.5-7 (very broad, NH3*); ms: m/z 244 (17), 243
(5¢c+, 100), 242 (36), 241 (26), 215 (5ct -H,CN, 10).

Anal. Caled. for C;gH 3N*HCI: C, 77.28; H, 5.04; N, 5.01.
Found: C, 77.60; H, 5.09; N, 5.06.

Diethyl N-(1-Triphenylenyl)phosphoramidate (5d).

Into an oven-dried reflux apparatus fitted with a cannula and
rubber septum for introduction of gas, plus a drying tube and
attached Bunsen valve for emission of gas, were placed 2.1 g
(7.7 mmoles) of Sb and 72 ml (0.42 mole) of triethyl phosphite.
The mixture was stirred and maintained at 110° for 23 hours in a
fume hood, while a slow stream of nitrogen gas was passed
through the apparatus. Volatile components of the reaction mix-
ture were removed under reduced pressure, with the assistance
of 100 ml of xylene as a chaser. The residue was chro-
matographed (alumina/chloroform) to yield 115 mg of recovered
Sa, R; (alumina/chloroform) 0.85; 110 mg (6%) of 4H-naph-
tho[1,4-def]carbazole (6), mp 238-240°, R¢ 0.60 [2]; and 1.50 g



May-Jun 1995

(51%) of phosphoramidate 5d, mp 150.5-151.5°, R¢ 0.40.
Recrystallization of 5d from toluene gave faintly tan needles,
mp 154.5-155.5°; ir: 3132 (NH), 1466, 1434 (PNH), 1245
(P—0), 1040 (POEY), 966, 745 (NP) [37,38]; 1H nmr (deuteri-
ochloroform): 8 1.37 (t, Jg; = 7.2 Hz, 6 H, 2 Me), 4.1-44 (2
overlapping m, 4 H, 2 methylene groups), 6.06 (d, Jpyy = 7.8
Hz, 1 H, NH), 7.5-7.7 (m, 6 B-H), 8.28 (d,J = 7.8 Hz, 1 H, H-4),
8.5 (m, 2 H, H-5 and H-8), 8.62 and 8.96 (2 partially splitd, J =
2, 8 Hz, 1 H each, H-9 and H-12); 31P nmr (deuteriochloro-
form): & 1.00 (2 overlapping t, Jpocy = 7.8 Hz) [39,40]; ms: m/z
381 (29), 379 (M*+, 100), 324 (M* -C3H;N, 30), 242 (53), 241
(6+, 83), 240 (61), 213 (6+ -H,CN, 21) [2].

Anal. Calcd. for CyoHpNOsP: C, 69.65; H, 5.85; N, 3.69.
Found: C, 69.62; H, 5.82; N, 3.58.

1-Aminotriphenylene Hemihydrochloride (Se).

A mixture of 123 mg of phosphoramidate 5d, 10 ml of con-
centrated hydrochloric acid, and 15 ml of ethanol was refluxed
for 1.5 hours. The precipitate which formed on cooling the solu-
tion was collected by filtration, washed once with cold water,
and dried in air, yield 81.1 mg (89%) of light tan needles, mp
248-252° dec [41]. Recrystallization from absolute ethanol plus
double sublimation at 120° (0.02 mm) gave a white solid, mp
247° dec, positive Beilstein test, soluble in water; ir: 3434 and
3348 (sharp, NH,), 2814 and 2555 (broad, NH3t), 815, 756
cm1{16,42); 'H nmr (DMSO-dg): § 9.19 (d, 1 H), 8.3-8.8 (m, 3
H), 8.22 (d, 1 H), 7.5-7.8 (m, 4 H), 7.45 (t, 1 H), 7.25 (d, 1 H),
2.5-7 (very broad, NH5+ and NH,); ms: m/z 244 (22), 243 (5ct,
100), 242 (70), 241 (43), 240 (13), 213 (10).

Anal. Caled. for CjgH;3N+0.5HCI: C, 82.66; H, 5.20; N, 5.36.
Found: C, 82.42; H, 5.12; N, 5.36.

Catalyzed Synthesis of 4H-Naphtho[1,4-def]carbazole (6).

Granules of calcium oxide (3-10 mm in size) were obtained
by grinding and sieving irregular large pieces (Fluka, ex marble,
95-97% pure). A stainless steel tube (60 cm long, 24 mm i.d.),
bearing a machined 24/40 standard taper plus an internal fine
screen at the lower end, was packed to a height of 33 cm with
the granules (137 g). The tube was positioned in a vertical, elec-
tric furnace with heating coils 30 cm in length. The upper end of
the tube was fitted to a pressure-equalizing dropping funnel
bearing a solution of 0.5 g (2.06 mmoles) of 1-aminotripheny-
lene (5c¢) in 20 ml of benzene. The top of the funnel was con-
nected, via a flowmeter, to a source of nitrogen gas. The lower
part of the tube was connected to an ice-cooled receiver plus
attached tubing leading directly into the inlet of a hood.
Nitrogen (303 ml/minute at ambient conditions) was passed
through the apparatus as long as the furnace was heating. When
the reaction temperature (controlled to +10°) had stabilized the
benzene solution was added dropwise over 40 minutes. This was
followed by a benzene wash (20 ml added over 30 minutes) plus
an extra 30-minute period with nitrogen only. The furnace was
then shut off. Products were collected from evaporation of the
effluent and of a benzene extract of the spent tube packing.

In an experiment at 560° there was a total yield of 403 mg of
crystals, identified as a mixture of starting material 5S¢ (R¢ 0.23
for tlc on silica gel/benzene-petroleum ether (35-60°), 1:1) and 6
(R¢0.36)) [2,43]. Column chromatography with the same system
gave 257 mg (52%) of 6, mp 245-250°, raised to 250-252° (col-
orless needles) on recrystallization from benzene, lit mp 248.5-
251.5° [2], plus 101 mg (20%) of recovered Sc.
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Other Experiments with Calcium Oxide and Nitrogen Carrier
Gas.

Experiments 1, 2, and 7-10 (Table I) were conducted in a
manner similar to the preceding one. Starting materials were 2-
aminobiphenyl (1b) (Lancaster Synthesis, Inc.) [44], 2-phe-
noxyaniline (7a) (Aldrich), and N-(2-aminophenyl)pyrrole (8a)
(Aldrich). Authentic samples of carbazole (2) (Aldrich), phenox-
azine (9) (Aldrich) and biphenyl (1d) were used to identify prod-
ucts by comparative tlc and mp. In experiment 1, 0.5 g of 1b
gave 419 mg of mixed product, separated by column chromatog-
raphy (silica gel/benzene) into 210 mg (42%) of carbazole (R¢
0.73), mp 241-244° (raised to 245-247° on recrystallization from
benzene) and 178 mg (36%) of 1b (R; 0.46), mp 44-46°. Tlc
with alumina/benzene gave R values of 0.38 and 0.45, respec-
tively [45]). In experiment 8, 1.5 g of 7a gave 766 mg of mixed
products, first separated into 266 mg (18%) of 9 (Rs 0.64, mp
153-156°), 256 mg (17%) of 7a (R¢ 0.31), plus unidentified
components by chromatography with silica gel/benzene-
petroleum ether (35-60°), 7:3 by volume. Then 9 was purified
further (mp 157-159°) by chromatography with alumina/methyl-
ene chloride-petroleum ether, 2:3 by volume, and by recrystal-
lization from benzene-petroleum ether.

Experiments 3-6.

In experiments 3 and 4 the reaction tube was packed with
soda-lime (117 g, Mallinckrodt 4-8 mesh). The preheating
process was continued until collection of water in the receiver
ceased. In experiment 5 the tube was packed with 220 g of pyrex
glass beads, 5 mm in diameter. Experiment 6 was conducted as
for experiment 1 except that biphenyl (1d) was used as the start-
ing material and gaseous ammonia (flow rate 303 ml/min)
replaced nitrogen as a carrier gas.
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