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Abstract A convenient, efficient, and metal-free synthesis of 6-thiocy-
anatophenanthridines by visible-light- and air-mediated, eosin Y-cata-
lyzed, sequential radical cyclization and aromatization of 2-isocyanobi-
phenyls with ammonium thiocyanate is reported. Advantageously, the
protocol utilizes inexpensive, clean, and sustainable natural resources
such as visible light and atmospheric oxygen at room temperature in a
one-pot procedure.
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Photoredox catalysis provides a great opportunity to
utilize unending natural resources, such as visible light and
air, in organic synthesis.'-# The success of this method is
based on the pioneering work of the research groups of
MacMillan,! Yoon,? and Stephenson,®> who demonstrated
the use of Ru(bpy);Cl, and Ir(dtbbpy);Cl, (dtbbpy = 4,4'-di-
tert-butyl-2,2'-bipyridine) as efficient visible-light photore-
dox catalysts for both target-oriented and method-driven
organic syntheses.!3 Although ruthenium and iridium
complexes have proven to be efficient photoredox catalysts
in numerous useful organic reactions, some organic dyes
have shown promise as attractive alternatives to metal-
based catalysts in visible-light-mediated photoredox reac-
tions,” because they are inexpensive, easy to handle, and
ecofriendly. In several cases, visible-light photoredox cata-
lysis has utilized atmospheric oxygen to complete the cata-
lytic cycle, and the resulting superoxide radical (O,~) can
also act in situ as an oxidant in the synthesis.!¢2b3.6

The phenanthridine ring system features in a variety of
biologically active compounds and natural products.” Many
of these, especially 6-substituted phenanthridines, show
antibacterial, antifungal, antiseptic, antitumoral, antiviral,
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cytotoxic, or antileukemic activities.” Consequently, various
synthetic approaches to a range of phenanthridines have
been reported in the literature.® Recently, sequential radical
insertion, cyclization, and aromatization of 2-isocyanobi-
phenyls employing a variety of radical precursors has
emerged as an efficient and general protocol for the synthe-
sis of 6-substituted phenanthridines. In 1995, Nanni and
co-workers reported an elegant approach for the construc-
tion of 6-substituted phenanthridines by the cyclization of
2-isocyanobiphenyls using an AIBN-derived radical.® This
stimulated extensive investigations on the cross-coupling of
2-isocyanobiphenyls with various radicals such as alkyl,!®
aryl,'" chloroalkyl,''? fluoroalkyl,'?> acyl,'* P-centered,'4
silyl,’52 or phenylsulfanyl'>® radicals for the synthesis of a
wide range of 6-substituted phenanthridines.'® The re-
quired radicals have been generated in various ways, for ex-
ample, by using a metal catalyst, under metal-free condi-
tions, or by visible-light photoredox catalysis with rutheni-
um and iridium complexes or metal-free organic dyes.
With regard to heteroatom-centered radicals, only P-
and Si-centered radicals have been exploited for the syn-
thesis of 6-phosphorylated/silylated phenanthridines from
2-isocyanobiphenyls [Scheme 1(a)].'*!> However, the intro-
duction of the thiocyanate functionality at the 6-position of
the phenanthridine system appeared interesting, because
the presence of the thiocyanate moiety generally enhances
the potential of these compounds in chemical and biologi-
cal applications,!” as it is readily convertible into various
sulfur-containing functional groups such as thiols,'8? thio
ethers,'® disulfides,'¢ or thiocarbamates.'®¢ To the best of
our knowledge, there is no report on the synthesis of 6-
thiocyanatophenanthridines. In view of these points and
our continued efforts to develop convenient synthetic pro-
tocols employing eosin Y as a visible-light photoredox cata-
lyst,!® we conjectured that thiocyanate radicals might be
easily generated from thiocyanate anions and then coupled
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with 2-isocyanobiphenyls with subsequent cyclization and
aromatization to afford 6-thiocyanatophenanthridines
[Scheme1(b)].

(a) Previous work:
6-Phosphorylated,' silylated'5? and phenylsulfanyl'*® phenanthridines
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Scheme1 Heteroatom-centered radical cyclization of 2-isocyano-
biphenyls

To realize our envisaged protocol and to optimize the
reaction conditions, we performed a model reaction of 2-
isocyanobiphenyl (1a) with NH,SCN in the presence of eo-
sin Y as a photoredox catalyst in acetonitrile with irradia-
tion by green light-emitting diodes (LEDs; 2.50 W, A = 535
nm) under air at room temperature, and we were delighted
to obtain the desired product 2a in 84% yield (Table 1, entry
1). We then conducted some control experiments, which
showed that the photocatalyst, air (O,), and visible light are
essential for the reaction, because in the absence of any of
these, the desired product was not detected or was formed
only in trace amounts (entries 3-5). The optimum amount
of the eosin Y photocatalyst required for the reaction was
2 mol%. On decreasing the amount of eosin Y from 2 mol%
to 1 mol%, the yield was markedly reduced (entries 1 and 6),
whereas the yield was not enhanced by using 3 mol% of the
photocatalyst (entries 1 and 7). The use of rose bengal
(2 mol%), another organic photocatalyst, was not as effec-
tive as eosin Y (entries 1 and 2). Green LEDs (2.50 W,
A =535 nm) were more effective than fluorescent light (en-
try 9), demonstrating the higher photocatalytic efficiency
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of eosin Y in the presence of high-intensity green light. The
presence of air (0O,) is also essential for the reaction, be-
cause only a trace of product formation was observed under
a nitrogen atmosphere (entry 3). Notably, the use of an oxy-
gen balloon instead of an air atmosphere did not alter the
yield (entries 1 and 10). Moreover, the reaction was
quenched by TEMPO (1.0 mmol) indicating that a radical in-
termediate might be involved in the reaction (entry 8). We
then optimized solvent and the source of thiocyanate ion.
We found that CH;CN was the best among the tested sol-
vents (EtOH, DMF, DMSO and CH;CN; entries 1 and 12-14)
and we therefore used it throughout the remainder of our
study. With regard to the thiocyanate ion source, NH,SCN
was better than KSCN in terms of the yield and time (en-
tries 1 and 11). Blue LEDs were also tested, but these were
far less effective than green LEDs (entries 1 and 15).

Table 1 Optimization of the Reaction Conditions?

O \r
‘q | eosinY 1 air
O 19 (mol%) ! (O2), CHECN

NH;SCN (1.0 mmol), tt, 8-16 h

29
N SCN

NC
1a 2a
Entry Solvent Catalyst/(mol%) Time (h) Yield® (%)
1 CH,;CN eosinY (2) 8 84
2 CH5CN rose bengal (2) 8 68
3¢ CH5CN eosin'Y (2) 16 traces
4d CH,CN eosinY (2) 16 n.d.
5¢ CH,CN - 16 n.d.
6 CH5CN eosin Y (1) 8 67
7 CH,CN eosin Y (3) 8 84
8f CH,CN eosinY (2) 16 traces
99 CH5CN eosin'Y (2) 16 58
10 CH,CN eosinY (2) 16 84
11 CH,CN eosin Y (2) 12 76
12 EtOH eosin Y (2) 8 72
13 DMF eosinY (2) 8 80
14 DMSO eosinY (2) 8 78
151 CH,CN eosin Y (2) 12 67

2 Reaction conditions: 1a (1.0 mmol), NH,SCN (1.0 mmol), catalyst (mol%),
solvent (3 mL), high-power green LEDs (Luxeon Rebel; 2.50 W, A = 535 nm),
air atmosphere, r.t.

b Isolated yield of the pure product 2a.

¢Under N,.

41In darkness.

¢ The reaction was carried out in the absence of a catalyst.

The reaction was quenched by TEMPO (1.0 mmol).

9 An 18 W compact fluorescent lamp (Philips) was used.

" Under an 0, balloon.

I KSCN was used as instead of NH,SCN.

i Blue LEDs (4.45 W, Ay - 447.5 nm) were used.
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Using the optimized reaction conditions, we examined
the generality and scope of the protocol across a range of 2-
isocyanobiphenyls 1 incorporating various substituents,
such as Me, t-Bu, MeO, F, Cl, CN, NO,, and CO,Me.?° The re-
action worked well in all the cases, affording the corre-
sponding 6-thiocyanatophenanthridines 2 in moderate to
excellent yields (Scheme 2). 2-Isocyanobiphenyls 1 bearing
an electron-donating group in either aromatic ring ap-
peared to react faster and to afford slightly higher yields of
6-thiocyanatophenanthridines compared with unsubstitut-
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20, 16 h, 74%

Scheme 2 Substrate scope for the synthesis of 6-thiocyanatophenan-
thridines 2a-o. Yields of the pure isolated products 2 are reported.
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ed isocyanides 1 or isocyanides 1 having an electron-with-
drawing group (2b-f versus 2a and 2h-n). The presence of
substituents at various positions of the 2-isocyanobiphenyl
1 did not appreciably affect the yields or the reaction time,
except in the case of the 2'-substituted isocyanide 1g,
which gave a significantly lower yield of 2g, probably due to
a steric effect. Moreover, the present radical cyclization re-
action was also compatible with multiple substituents on
the two phenyl rings of isocyanides 1 (2c, 2k, and 20). The
regioselectivity of the present cyclization was investigated
with a 2-isocyanobiphenyl bearing a m-methoxy group,
and the reaction afforded a mixture of regioisomers 2p and
2p’ in aratio of 5:3.

Next, we conducted fluorescence-quenching experi-
ments (Stern-Volmer analysis) to ascertain whether the ex-
cited eosin Y (EY*) is quenched by NH,SCN. In the presence
of NH,SCN, the emission intensity of EY'was dramatically
diminished, whereas no such effect was observed on addi-
tion of 2-isocyanobiphenyl (for details, see the Supplemen-
tary Information).

On the basis of our observations and the relevant re-
ports in the literature,'2P19 we propose the plausible
mechanistic pathway shown in Scheme 3. Eosin Y (EY), on
absorption of visible light, passes into to its excited state
EY*. Single-electron transfer between SCN- and EY* affords
"SCN and EY~. The photoredox cycle of eosin Y is completed
by aerial oxidation of EY~ to ground state EY with formation
of a superoxide radical anion (O,~). The thiocyanate radical
generated in situ attacks the 2-isocyanobiphenyl 1 to form
an imidoyl radical A. The imidoyl radical undergoes intra-
molecular radical aromatic substitution to generate inter-
mediate B, which is aromatized through abstraction of a hy-
drogen atom by O,~ to afford the desired 6-thiocyanato
phenanthridine 2. The formation of superoxide radical an-
ion O,~ during the reaction was confirmed by detection of
the resulting H,0, by using KI/starch indicator.?!

R
~ ~
N=¢c N seN
O, (air) o
(e}
4 EY . AP

Y
Photocatalytic i
cycle of eosin Y
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green LEDs

. 0@
eosin Y N SCN

1 2

Scheme 3 A plausible mechanism for the formation of 6-thiocyan-
atophenanthridines 2
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In conclusion, we have developed a convenient, effi-
cient, and metal-free synthesis of 6-thiocyanatophenan-
thridines by radical cyclization of 2-isocyanobiphenyls us-
ing readily available and inexpensive NH,SCN as a source of
‘SCN radicals at room temperature. The reaction involves a
radical insertion/cyclization/aromatization cascade under
visible-light photoredox catalysis. The salient features of
the protocol include the utilization of visible light and at-
mospheric oxygen as sustainable, clean, and inexpensive
natural resources, and eosin Y as an organophotoredox cat-
alyst.
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