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Thionation reactions of several bisindole derivatives using elemental sulfur or P4S10 in pyridine have been studied,
leading to formation of several novel structures. The reaction of indigo or isatin with P4S10 gave the structurally new
salt 10, which could be transformed into the ethyl derivative 11. The first example of a thionated indigo derivative,
monothioindigo (6), was isolated in low yield from the thionation of isatin. Treatment of 3,3�-biindolyl with sulfur
in hot DMF produced the previously known tetrasulfide 1, which was studied by X-ray crystallography, thus also
establishing that 1 is chiral in the crystalline state. The structure of an additional thionation product, the thienoindole
derivative 34 was also solved using X-ray crystallography.

Introduction
Despite the recent interest in bisindoles and indolocarbazoles,1

only a limited number of sulfur-containing analogues of com-
pounds belonging to this class have been reported. One of the
earliest examples is the tetrasulfide 1 with a direct 3,3�-linkage
between the indole units, and 1 is preferably prepared via
the reaction of indole with elemental sulfur in hot DMF.2

Compound 1 has probably already been obtained in 1938 by
Szperl, however, it was not assigned a definite structure.3 Later
studies have demonstrated that 1 is a potent antifungal agent
with particularly strong activity against Botrytis cinerea.4 More
recently, 1 has been identified as a minor product during
the preparation of pentathiepino[6,7-b]indole 5 (vide infra). All
recent studies towards preparation of sulfur containing
2,2�-bisindoles such as the elusive 2, or their indigoid valence
tautomers have led to the formation of 12-membered ring
compounds, e.g. 3.6

Results and discussion
Previously, we have reported the isolation of pentathiepino-
[6,7-b]indole (4) from the treatment of isatin† (5) with P4S10 in
refluxing pyridine.7 This reaction also gives rise to two other
isolable products which can be separated using chromatography
on silica gel. A deep blue compound assigned the structure 6
(i.e. monothioindigo)‡ has now been isolated in small amounts
from the above mentioned reaction mixture. The structure was
assigned on the basis of NMR, IR and MS data, and was
further supported by elemental analysis as well as UV–VIS
measurements. Monothioindigo (6) displayed a visible light
absorption maximum in ethanol at λmax = 582 nm, comparable
with indigo (7), which exhibits a λmax at 610 nm.8 The isolation
of 6 constitutes the first example of a thionated indigo deriv-
ative with an established structure.

It has been argued 9 that the isomeric structure 9 might be
produced via electrocyclization of its valence tautomer, dithio-

† The IUPAC name for isatin is indole-2,3-dione.
‡ The IUPAC name for indigo is ∆2,2�-biindoline-3,3�-dione.
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indigo (8). Therefore, indigo (7) was treated with P4S10 in hot
pyridine 10 and a dramatic change took place within 2 h (dark
blue solid to yellow solid) which was unexpected, as it has
been reported that indigo was unreactive under these very con-
ditions.11 The yellow solid 10 obtained could be purified by
dissolution in weak aqueous sodium hydroxide solution and
subsequent reprecipitation with acetic acid. The salt 10 could
not be dissolved in any solvent suitable for NMR analysis
except DMSO-d6, which quickly caused extensive degradation.
Therefore 10 was dissolved in the system D2O–NaOD
(obtained by dissolution of sodium metal in D2O), which
enabled recording of useful 1H and 31P NMR data. In the 31P
NMR spectrum two different signals at 85.5 and 96.3 ppm
clearly indicate a non-symmetrical structure. A small impurity
consisting of a fully thionated symmetrical product (vide infra)
could also be distinguished in the 31P NMR as a very weak
single signal at 100.6 ppm. The sparingly soluble crude product
10 was also ethylated as indicated in Scheme 1 which provided a

product more suitable for NMR analysis. The salt 11 displayed
a COSY spectrum featuring three independent sets of aromatic
signals originating from the two indole nuclei and the pyridine
ring respectively. Long range 1H–13C correlations were detected
between the pyridine ring and the signals of the ethyl group
protons, showing that the ethylation had taken place on the
pyridine nitrogen. The structure of 11 was also confirmed by
X-ray crystallography albeit the quality of the crystals was poor
due to a minor impurity consisting of the fully thionated
product 12, and the X-ray data supported the results obtained
from the 31P NMR data.

As discussed above, the readily prepared salt 10 can be
dissolved in cold dilute aqueous sodium hydroxide. Prolonged
interaction or heating of such solutions resulted in hydrolysis
yielding indigo (7). Treatment of 10 with Raney nickel in hot
dioxane produced 13, which in air readily underwent oxidation
leading to 14.12 To explain the formation of the unsymmetrical
O,S-derivative rather than the symmetrical S,S-product when
indigo (5) is treated with P4S10 in pyridine, we suggest that
monothioindigo (6) is initially formed and is quickly phos-
phorylated on the sulfur atom, thereby changing the character
of the remaining carbonyl group and rendering it susceptible

Scheme 1 Reagents and conditions: (i) P4S10, pyridine, reflux 3 h, 57%;
(ii) Et2SO4, NaOH (aq), rt, 40%.

to the second phosphorylation reaction, possibly via an enol
intermediate.

At this stage the main product from the reaction of isatin (5)
and P4S10 in pyridine was identified as 10. Here initial formation
of 15, which is known to readily couple to yield indigo (7) and
sulfur followed by thionation to 6, accounts for this outcome.13

It is likely that 15 will form indigo via the non-isolable inter-
mediate 16, which is expected to quickly extrude sulfur and
thereby generate indigo. A closely related mechanism has
been reported in the quinone series.14 Thus 17 readily gave the
diphenylquinone 18, via the presumed intermediates 19 and
20. An isomer of 19, namely 21, has recently been isolated and
characterized.15 Although we speculate that the pentathiepin
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4 5,7 is formed via reaction of dithioisatin (22) or its ring tauto-
mer 23 (cf. ref. 16) with sulfur, compounds of type 24 were
never observed. This could be comparable with the reaction
wherein 25 was a product and the dithione 26, or rather a
tautomer thereof, was an assumed intermediate.17

We now turned our attention towards 3,3�-biindolyl deriv-
atives. Thionation of 3,3�-biindolyl 18 (27) with elemental sulfur
in refluxing DMF produced a moderate yield of the tetrasulfide
1, in contrast with an earlier observation.2 In a similar trans-
formation, N,N�-dimethyl-3,3�-biindolyl 19 (28) also reacted
with sulfur in refluxing DMF to give the known dialkylated
tetrasulfide 29 2,5 in a modest yield (Scheme 2).

Many complications are usually encountered in structure
determination of polysulfides, thus we have finally unambigu-
ously confirmed the structure of 1 by X-ray crystallography
(Fig. 1). Compound 1 is chiral in the crystalline state due to
steric repulsion of the indole H-4 atoms. The tetrasulfide 1 crys-
tallizes from DMF as a 1 : 1 solvate in the triclinic non-
centrosymmetric space group P1 with two independent chiral
molecules in the unit-cell. There are examples of closely related
chiral heterohelicenes, e.g. 30, which was obtained in optically
active form by slow evaporation of a benzene solution of
the racemic compound, whereas in solution, fairly quick race-
mization took place.20 Recent examples of related studies
include an annelated heptathiophene,21 and several 7,8-dioxa[6]-
helicenes of type 31, which were demonstrated to have low inver-
sion barriers, but nevertheless, chiral conformations could be
observed in the solid state.22

In the past a number of workers have studied the thionation
of benzil, whereby the dithione has never been isolated,23 but
rather the dimeric product 32 was observed. For this reason the
readily available indole analogue 33 24 of benzil was included in
the study. However, treatment of 33 with P4S10 in pyridine gave
a complicated mixture from which a small yield of a crystalline
compound could be isolated. The structure of the crystalline
compound was determined by X-ray crystallography as the
thienoindole derivative 34 (Fig. 2). Obviously the growing sulfur
chains will eventually attack the adjoining indole ring.

Experimental
NMR spectra were recorded on a Bruker DPX 300 (300 MHz),
a Varian Unity Plus (400 MHz) instrument, or a JEOL Eclipse
500 (500 MHz) spectrometer. The 31P NMR spectra were
measured with 85% H3PO4 as external standard. J values are
given in Hz. IR spectra were recorded on a Perkin Elmer 1600

Scheme 2 Reagents and conditions: (i) S8, DMF, reflux.

FT-IR instrument. MS (ESI) spectra were obtained using a
Perkin Elmer API 150 EX spectrometer. The elemental analysis
was performed by H. Kolbe Mikroanalytisches Laboratorium,
Mülheim an der Ruhr, Germany. High resolution mass spectra
were performed by Sveriges Lantbruksuniversitet (SLU),
Uppsala, Sweden, or E. Nilsson, University of Lund, Sweden.
The UV–VIS spectrum was measured using a Pharmacia

Fig. 1 The two independent molecules of 1 with adopted labelling
scheme. The displacement ellipsoids of non-H atoms are drawn at 50%
probability level and the H-atoms as spheres with arbitrary radius. The
two DMF solvate molecules are excluded for clarity.

Fig. 2 Molecular structure of 34, showing the atom labelling used
in the crystal structure refinement. Displacement ellipsoids of non-H
atoms are drawn at 50% probability level and H-atoms as spheres with
arbitrary radius.
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Biotech Ultrospec 3000 spectrophotometer. Melting points
were taken on a Reichert Kofler hot stage or a Büchi B-545
apparatus and are uncorrected. Chromatography was per-
formed on Merck Silica Gel 60. Solvents were of analytical
grade and were used as received.

5H,10H-[1,2,3,4]Tetrathiocino[5,6-b: 8,7-b�]diindole 1

3,3�-Biindolyl 18 27 (320 mg, 1.38 mmol) was heated at reflux
with sulfur (375 mg, 11.7 mmol) in DMF (5 mL) for 48 h. The
mixture was allowed to cool and was poured into water contain-
ing 10–20% ethanol. The precipitate was collected, dried and
subjected to chromatography using initially hexane, followed by
10–40% dichloromethane in hexane to yield 1 as a pale yellow
solid (290 mg, 59%), mp (dichloromethane–hexane) 301–302 �C
(lit.,2 305 �C); νmax (KBr)/cm�1 3375, 1396, 1339, 1290, 1222,
1168, 1144, 1128, 1005, 938, 751, 740; δH (300 MHz, DMSO-d6)
7.06 (2H, ddd, J 8.0, 6.9, 1.0, ArH), 7.28 (2H, d, J 8.0, ArH),
7.31 (2H, ddd, J 8.3, 6.9, 1.1, ArH), 7.49 (2H, d, J 8.3, ArH),
12.13 (2H, s, NH); δC (100.6 MHz, DMSO-d6) 112.1 (d), 119.3
(s), 120.1 (d), 120.2 (d), 124.5 (d), 124.9 (s), 126.9 (s), 136.2 (s);
MS (EI) m/z 358 (M�, 10%), 295 (22), 294 (M � S2, 100), 262
(M � S3, 30), 261 (30), 147 (24), 130 (23) [Found: HRMS (EI)
m/z 357.9727. C16H10N2S4 requires M, 357.9727].

5,10-Dimethyl-5H,10H-[1,2,3,4]tetrathiocino[5,6-b:8,7-b�]-
diindole 29

A mixture of N,N�-dimethyl-3,3�-biindolyl 19 28 (260 mg, 1 mmol)
and sulfur (188 mg, 5.9 mmol) in DMF (4 mL) was heated at
reflux for 48 h. After cooling, the mixture was poured into water
(25 mL). The precipitate formed was collected by filtration,
dried, and subjected to chromatography, initially using hexane,
followed by 10% dichloromethane in hexane, to yield 5,10-
dimethyl-5H,10H-[1,2,3,4]tetrathiocino[5,6-b:8,7-b�]diindole 29
(73 mg, 19%) as a pale yellow solid. All data obtained were
in agreement with those published previously.2,5

Reaction of isatin 5 with P4S10 in pyridine

Isatin 5 (7.35 g, 0.05 mol) was added to a solution of P4S10 (15 g,
0.033 mol) in pyridine (150 mL). After a period of reflux (2 h)
the mixture was concentrated and water added. The obtained
solid was washed with water and dried. Extraction of the solid
with hot acetonitrile, followed by filtration and evaporation
gave a residue that was purified by flash chromatography
(dichloromethane) which gave pentathiepino[6,7-b]indole 4
(585 mg, 4%). Spectral data of this material were identical with
those published previously.5,7

Further elution of a blue band with dichloromethane con-
taining methanol (1%) gave monothioindigo 6 (160 mg, 1%) as
a deep blue solid; mp (dichloromethane–methanol) 286–288 �C
(Found: C, 69.15; H, 3.57; N, 9.86. C16H10N2OS requires C,
69.04; H, 3.62; N, 10.06%); νmax (KBr)/cm�1 3443, 3198, 1698,
1616, 1579, 1476, 1466, 1390, 1336, 1108, 1092, 993, 920, 747;
δH (300 MHz, DMSO-d6) 7.10–7.20 (3H, m, ArH), 7.32 (1H,
ddd, J 7.6, 7.6, 1.2, ArH), 7.47 (1H, d, J 8.0, ArH), 7.63 (1H,
ddd, J 7.6, 6.8, 1.2, ArH), 7.73 (1H, d, J 7.5, ArH), 8.96 (1H, d,
J 8.0, ArH), 12.79 (1H, s, NH), 13.37 (1H, s, NH); δC (75.4
MHz, DMSO-d6) 109.8 (d), 111.8 (s), 113.7 (d), 119.5 (s), 122.5
(d), 122.9 (d), 123.9 (s), 124.6 (d), 125.1 (d), 128.5 (d), 137.1 (d),
141.6 (s), 141.7 (s), 151.7 (s), 186.7 (s), 189.7 (s); UV–VIS λmax

270, 375, 582 nm; MS (EI) m/z 279 (M� � 1, 20%), 278 (M�,
100), 250 (58), 218 (33) [Found: HRMS (EI) m/z 278.0501.
C16H10N2OS requires M, 278.0514].

The solid residue (not soluble in acetonitrile) was stirred
with sodium hydroxide (aq. 4%, 300 mL) at 15 �C for 2 h. After
filtration and acidification with acetic acid, the salt 10 (vide
infra) was obtained (8.55 g, 58%).

Reaction of indigo 7 with P4S10 in pyridine

Indigo 7 (5.24 g, 0.02 mol) was added to a solution of P4S10

(8.88 g, 0.02 mol) in pyridine (75 mL) at reflux. After further
reflux (3 h) the mixture was allowed to cool. The yellow solid
was collected by filtration, washed with acetonitrile, then
ethanol, and finally dried. Dissolution in sodium hydroxide
solution (4%, 250 mL), stirring for 30 min, and finally acidific-
ation with acetic acid (to pH ≈ 4) afforded 10 (7.10 g, 57%) as a
yellow solid; mp > 260 �C; νmax (KBr)/cm�1 3212 (w), 3147 (w),
3060 (w), 3006 (w), 2943 (w), 2785, 1632, 1606, 1536, 1478,
1432, 1327, 1217, 1188, 1056, 748, 734, 719, 681, 669, 576, 556.
Due to exceedingly poor solubility in organic solvents, as well
as rapid decomposition in DMSO-d6, NMR data were recorded
in a D2O solution containing NaOD. The salt 10 (20 mg) was
dissolved in a mixture prepared by dissolving sodium (6 mg) in
D2O (0.7 ml) containing DMSO-d6 (25 mg). δH (500 MHz)
7.23–7.35 (9H, m, ArH), 7.47 (1H, d, J 7.8, ArH), 7.61 (1H, d,
J 7.4, ArH), 7.75 (2H, dt, J 7.8, 1.4, ArH), 8.35 (1H, d, J 8.3,
ArH), 8.39–8.41 (2H, m, ArH), 8.63 (1H, d, J 7.8, ArH);
δP (202.5 MHz) 85.5, 96.3.

Ethylation of 10

Compound 10 (2.50 g, 4 mmol) was dissolved in aq. sodium
hydroxide (4%, 100 mL), the resulting mixture was stirred at
rt for 30 min, followed by addition of diethyl sulfate (3.0 mL,
23 mmol) which quickly gave a yellow precipitate. Stirring was
continued for 2.5 h, the yellow salt 11 was collected, washed
with water and dried. Further purification could be accom-
plished by recrystallization from DMF. Yield 1.10 g (40%);
mp > 260 �C; νmax (KBr)/cm�1 3050 (w), 1632, 1480, 1423, 1228,
1215, 1157, 1053, 763, 754, 710, 694, 672, 573, 553; δH (300
MHz, DMSO-d6) 1.52 (6H, t, J 7.3, 2 × CH3), 4.60 (4H, q, J 7.3,
2 × CH2), 7.12–7.18 (4H, m, ArH), 7.29–7.32 (1H, m, ArH),
7.46–7.49 (1H, m, ArH), 8.10–8.14 (4H, m, ArH), 8.38–8.41
(1H, m, ArH), 8.56 (2H, app. t, J 7.8, ArH), 8.71–8.76 (1H, m,
ArH), 9.02 (2H, br d, J 5.5, ArH); δC (75.4 MHz, DMSO-d6)
16.2, 56.3, 100.4 (d, JC–P 4.2), 114.4, 115.4, 116.0, 117.3, 118.3
(d, JC–P 9.0), 120.9, 121.2, 121.3 (d, JC–P 5.0), 121.8, 122.4, 127.5
(d, JC–P 9.8), 127.8 (dd, JC–P 6.1, 2.7), 128.0, 132.0 (dd, JC–P 12.6,
2.5), 136.3, 137.0 (d, JC–P 4.4), 144.4, 145.2; δP (121.5 MHz,
DMSO-d6) 81.9, 93.9.

Reaction of 33 with P4S10 in pyridine

The dione 33 24 (2.88 g, 0.01 mol) was added to a solution of
P4S10 (8.0 g, 0.018 mol) in pyridine (100 mL). After a period of
reflux (3 h) the mixture was concentrated and water added. The
mixture of solids obtained was extracted with hot acetonitrile,
followed by concentration of the extract, which gave yellow
crystals of the thienoindole 34 (430 mg, 9.5%); mp (acetonitrile)
> 260 �C (darkens > 235 �C); νmax (KBr)/cm�1 3393, 3374, 1478,
1434, 1381, 1242, 1131, 1010, 929, 871, 754, 742; δH (400 MHz,
DMSO-d6) 7.14–7.20 (2H, m, ArH), 7.28 (1H, ddd, J 8.0, 6.8,
1.2, ArH), 7.33 (1H, ddd, J 8.4, 7.2, 1.2, ArH), 7.48 (1H, d,
J 8.4, ArH), 7.57 (1H, d, J 8.0, ArH), 7.61 (1H, d, J 8.0, ArH),
8.08 (1H, d, J 7.6, ArH), 11.85 (1H, br s, NH), 12.41 (1H, br s,
NH); δC (100.6 MHz, DMSO-d6) 112.1 (d), 112.2 (d), 118.0 (d),
118.1 (s), 119.5 (d), 119.6 (d), 120.1 (s), 121.1 (d), 121.2 (s),
122.6 (d), 123.4 (s), 124.8 (d), 127.3 (s), 127.5 (s), 135.4 (s), 135.7
(s), 140.0 (s), 141.0 (s); MS (ESI) m/z 413 [M � H]� [Found:
HRMS (EI) m/z 413.9394. C18H10N2S5 requires M, 413.9447].

The mother liquor contained more of 34 as well as several
other, presumably related compounds. However, this mixture
has not been further studied.

X-Ray crystallography§

The X-ray data of the two structures 1 and 34 were collected at
room temperature with an Enraf-Nonius k-CCD diffract-

§ CCDC reference numbers 173493 and 173494. See http://www.rsc.org/
suppdata/p1/b1/b109840c/ for crystallographic files in .cif or other
electronic format.
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ometer 25 equipped with graphite monochromator and Mo-Kα
radiation. The Denzo-SMN Software Package 26 was used for
the unit-cell determinations and reduction of the data sets.
Both structures were solved by direct methods and refined with
full-matrix least squares based on F, taking advantage of the
MaXus software package.27,28 The non-H atoms were refined
anisotropically whereas the H-atom positions were verified
from Fourier electron density calculations and supplied with
isotropic thermal displacement factors, U(iso) = 0.05 Å2. No
absorption corrections were applied.

Crystal data for 5H,10H-[1,2,3,4]tetrathiocino[5,6-b:8,7-b�]-
diindole 1. C16H10S4N2�C3H7NO, Mr = 431.62, space group:
triclinic, P1 (No. 1). The unit-cell contains two independent
molecules. Unit-cell parameters: a = 8.597(1), b = 10.120(1),
c = 13.311(1) Å, α = 92.15(1), β = 101.98(1), γ = 114.11(1)�, V
= 1024.3(2) Å3, Z = 2. Dx = 1.400(1) g cm�3, F(000) = 448.
µ (Mo-Kα) = 4.78 cm�1. Crystal dimensions 0.02 × 0.14 × 0.14
mm. A total of 3950 independent reflections [F 2 > 4σ(F 2)] was
refined to give R = 0.038, Rw = 0.053 for 485 parameters (w = 1/
(σ2 Fo

2 � (0.0300)Fo
2)). (∆/σ)max = 0.0005, ∆ρmax = 0.28 eÅ�3,

∆ρmin = �0.20 eÅ�3, ∆ρmean = 0.04 eÅ�3. GOF = 0.979. Absolute
configuration: Flack’s chirality parameter 29–31, x = �0.15(6)
where x is close to zero for the correct chirality of the atom
co-ordinate set, and close to one for the incorrect inverted
chirality.

Crystal data for compound 34. C18H10S5N2, Mr = 414.62,
space group: monoclinic, P21/n (No. 14). Unit-cell parameters:
a = 8.909(1), b = 15.535(1), c = 12.651(1) Å, β = 101.26(1)�,
V = 1717.2(3) Å3, Z = 4. Dx = 1.604(1) g cm�3, F(000) = 848.
µ(Mo-Kα) = 6.79 cm�1. Crystal dimensions: 0.05 × 0.07 × 0.17
mm. 2214 independent reflections [F 2 > 3σ(F 2)] were refined
to give R = 0.036, Rw = 0.036 for 226 parameters (w = 1/(σ2 Fo

2 �
(0.0300)Fo

2)). (∆/σ)max = 0.0004, ∆ρmax = 0.25 eÅ�3, ∆ρmin =
�0.25 eÅ�3, ∆ρmean = 0.06 eÅ�3. GOF = 1.409.
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