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ABSTRACT: A one-pot transformation of biaryl dicarboxylic acids to (NH)-phenanthridinone derivatives based on a Curtius rear-
rangement and subsequent basic hydrolysis was developed. This method is also applicable for the preparation of optically active
amide-functionalized [7]helicene-like molecules. Furthermore, aza[5]helicene derivatives with a phosphate moiety were isolated as
a product of the Curtius rearrangement step in the case of substrates that bear chalcogen atoms. The stereostructures of these products,
revealed by X-ray diffraction analysis, suggested that chalcogen-bonding and pnictogen-bonding interactions might contribute to
their stabilization. The configurational stability of the helicene-like molecules and their chiroptical properties were further investi-

gated.

INTRODUCTION

Phenanthridinones have attracted attention as a core molecular
motif in bioactive natural products and as lead compounds for
pharmaceutical development, because these derivatives exhibit
varied biological activity (e.g., poly(ADP-ribose)polymerase-
3)" as well as anti-viral activity.? Therefore, intensive synthetic
efforts have been devoted to the synthesis of phenanthridinone
derivatives. Although a number of synthetic strategies have af-
forded N-substituted phenanthridinones,® the development of
synthetic methods that directly furnish (NVH)-phenanthridinones
(phenanthridinones without substitution at the amide group),
which avoids additional operations to remove the N-substituent,
would still be desirable.*

We have already reported the synthesis of phenanthridi-
nones via the palladium-catalyzed coupling of 2-bromoben-
zamide derivatives (1) in the presence of phosphine ligand 2
(Scheme 1A).> This method was further extended for the con-
struction of phenanthridinone derivative 5, which bears an ex-
tended m-system, under phosphine-free coupling conditions.®

Although these reactions are efficient, only N-protected phenan-
thridinone derivatives can be prepared.

On the other hand, inspired by the [S]helicene-like struc-
ture of 5, amide-functionalized [7]helicene-like molecule 9 was
prepared via lactamization of in-situ-generated biphenanthrene
8-amino acid derivative 8 in racemic form (Scheme 1B).” This
synthetic method is characterized by simple cyclization condi-
tions without photo-cyclization of styrene-type substrates or
transition-metal-catalyzed reactions, both of which are fre-
quently employed as cyclization strategies to obtain helicenes
and helicene-related derivatives. Although this lactamization to
helicene-like molecules is convenient, the selective monoester-
ification of biphenanthryl dicarboxylic acid 6 to 7 is required to
distinguish the carboxy groups prior to the key lactamization of
8. A selective monoesterification procedure for biaryl dicarbox-
ylic acids was developed by our group;® however, these condi-
tions are not always be applicable, and are especially unsuitable
for substrate 13 (Scheme 3), which bears sulfur atoms in the
fused cyclic system.*'

Functionalized helicenes and helicene-like molecules that
contain sulfur and other heteroatoms in their conjugated =-



systems have received attention as unique chiral elements'" for
organic materials,'? catalysts,” and bioactive compounds.'*
Therefore, a versatile synthetic method with high functional-
group tolerance that provides access to optically active helicene
and helicene-like molecules would be very attractive.

Herein, we describe the direct lactamization of biaryl di-
carboxylic acids to (NH)-phenanthridinones and amide-func-
tionalized [7]helicene-like molecules using a Curtius rearrange-
ment followed by a basic hydrolysis, which does not require a
monoesterification (Scheme 1C).!> Moreover, the structural and
spectral properties as well as the configurational stability of the
amide-functionalized helicene-like molecules and their corre-
sponding azahelicene phosphate derivatives are described.

Scheme 1. Previous Work on Amide-functionalized Heli-
cenes and our One-pot Strategy.
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RESULTS AND DISCUSSION

Synthesis of phenanthridinone derivatives and amide-
functionalized helicene-like molecules in a one-pot process.
First, we applied the Curtius rearrangement conditions to diphe-
nic acid (10a) (Table 1). After treatment of 10a with diphe-
nylphosphoryl azide (DPPA, 1.0 equiv.) and N,N-diisopro-
pylethylamine (DIPEA, 2.0 equiv.) in toluene, all volatiles were
removed from the mixture and the residue was treated with 2N

aq. NaOH, which furnished lactamized phenanthridinone 11a in
17% yield (Table 1, entry 1). To increase the yield, the reaction
conditions were optimized.

Table 1. Optimization of the reaction conditions.

‘ CO,H
l CO,H

1) DPPA, base, solvent
reflux, 12 h

2) 2N ag. NaOH

N
O

10a 11a

entry DPPA (eq.) base (eq.) solvent 11a (%)?
1 1.0 Prz2EtN (2.0) toluene 17
2 2.0 PrzEtN (2.0) toluene 72
3 3.0 Prz2EtN (2.0) toluene 38
4 4.0 PrzEtN (2.0) toluene 26
5 2.0 Prz2EtN (4.0) toluene 73
6 2.0 PrzEtN (6.0) toluene 80
7 2.0 EtsN (6.0) toluene 33
8 2.0 DBU (6.0) toluene 50
9 2.0 PrzEtN (6.0) THF 27
100 2.0 PrzEtN (6.0) toluene 79

“Isolated yield. #10a (2.0 g, 8.3 mmol) was used.

The results of the optimization showed that the amount of
DPPA is important for this cyclization. When the amount of
DPPA was increased to 2.0 equivalents, the yield increased dra-
matically to 72% (entry 2). However, further increasing the
amount of DPPA to 3.0 or 4.0 equivalents decreased the yield
to 38% and 26%, respectively (entries 3 and 4). After further
surveying the effect of the number of equivalents of DIPEA, the
optimal reaction conditions were established (2.0 equiv. of
DPPA, 6.0 equiv. of DIPEA) to furnish 11a in 80% yield (Entry
6). Changing the base to Et;N or 1,8-diazabicyclo[5.4.0Jundec-
7ene (DBU), or the solvent to THF, did not improve the results
(Entries 7-9). This reaction can also be successfully performed
on the gram scale under the optimized conditions (entry 10).

With the optimized conditions in hand, biaryl substrates
bearing a variety of substituents and heteroaromatic rings were
tested (Scheme 2). In the case of substrates substituted at the
4,4" and 5,5’ positions with nitro, fluorine, or methoxy substit-
uents, the corresponding products (11b—11f) were obtained in
good yield, albeit that methyl substituted 10g provided only
41% yield. One case in which the expected product was not ob-
tained was the reaction of 10i, which bears methyl groups at the
ortho-positions of the biaryl axis; here, the unexpected cyclic
urea 12 was obtained instead of 11i, although the reaction of
10h, which contains fluorine atoms at the same positions, fur-
nished 11h. This could potentially be interpreted in terms of the
steric repulsion between the methyl groups in the bay region
during the cyclization toward 11i. Substrates bearing heteroar-
omatic rings containing O, S, and Se were also tested and fur-
nished the corresponding products (11j-m) in moderate to good
yield.



Scheme 2. Preparation of substituted phenanthridinone de-

rivatives.
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“Isolated yield. *Without hydrolysis. “nd: Not detected.

Although the result of the cyclization of 10i suggested that
this reaction is relatively sensitive to steric congestion, we
moved on to examine the preparation of amide-functionalized
helicenes, which exhibit a sufficiently high racemization barrier
at ambient temperature (Scheme 3). Under the optimal condi-
tions (Table 1, Entry 6), dicarboxylic acid (R)-6 furnished the
expected amide-functionalized [7]helicene (M)-9 in optically
pure form, albeit that the yield was not satisfactory. In the case
of sulfur-containing (R)-13,’ the chemical yield was slightly im-
proved by employing Et;N instead of DIPEA to give (M)-14 in
26% yield (Scheme 3). During the cyclization, a decrease in the
optical purity of the starting dicarboxylic acid (R)-13 (>99% ee)
was not observed, and (M)-14 was obtained in >99% ee. As the
optically active starting materials (R)-6 and (R)-13 can be read-
ily prepared, this cyclization is promising for the preparation of
optically active helicene-like molecules.

Scheme 3. Synthesis of optically active amide-functionalized
helicenes.
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During our investigation into the reactions of the substrates
10j—10m and 13, which bear chalcogen atoms, we isolated di-
phenyl O-phosphorus esters 15j—15m and 16, which containing
a partial structure of DPPA in the initial DPPA treatment step
prior to the addition of aqueous NaOH (Figure 1A). Compound
16 was readily hydrolyzed to furnish 14 through treatment with
aqueous NaOH. This result suggests that these O-phosphorus
esters are generated as an initial product under the Curtius reac-
tion conditions prior to treatment with aqueous NaOH, albeit
that the corresponding O-phosphorus esters were not detected
in the reactions of dicarboxylic acids 10a—10h, which do not
contain chalcogen atoms.

The single-crystal X-ray diffraction analysis of 151 and
15m suggested that only chalcogen-atom-containing substrates
furnish O-phosphorus esters as isolable compounds (Figures 1B
and 1C). In 151, contacts were observed between sulfur and the
carbonyl oxygen atoms (3.003(2) A), as well as between phos-
phorus and the nitrogen atom of the amide substituent (2.928(3)
A), that are shorter than the sum of the van der Waals radii of
S-0 (3.32 A) and P-N (3.35 A). These short contacts were also
found in 15m, with a P-N distance of 2.968(2) A and a Se-O
distance of 3.102(2) A, which are shorter than the sum of the
van der Waals radii of Se-O (3.42 A). These close contacts and
the planar conformation of the N-C, C-O, and O-P bonds
(¢N,C-O,P = —7.3(4)° for 151 and 5.4(3)° for 15m) suggested
chalcogen- and pnictogen-bonding interactions between the S—
0, Se—0, and N-P atoms.'®!” These additional non-covalent in-
teractions could stabilize these phosphorus esters and thus ren-
der them isolable intermediates. Furthermore, these aza[5]heli-
cene structures show helical chirality based on the twisted 7-
systems (ga,b—c,d: —15.9 ° for 151 and ¢a,b—c,d: —16.4 ° for
15m).
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Figure 1. (A) Solid-state structures of the phosphorus esters of
aza[5S]helicene derivatives. (B) Crystal structure of 151. (C)
Crystal structure of 15m; all thermal ellipsoids at 50% proba-
bility.

Considering the generation of the phosphorus esters and
the requirement for 2 equivalents of DPPA to obtain a reasona-
ble yield of 11a (Table 1, Entry 2), we would like to propose the
reaction mechanism for the cyclization reaction shown in
Scheme 4. After one of the carboxy groups of biaryl dicarbox-
ylic acid 10 is converted into the isocyanate group in IM1 via
the Curtius rearrangement, this group might accept the phos-
phate anion 17 to give IM2 through cyclization with the acti-
vated carbonyl group. The N—O rearrangement of the phos-
phate group of IM2 would thus give 15. Successive treatment
with NaOH would then furnish phenanthridinone derivative 11.

Scheme 4. Outline of the cyclization process.
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Configurational stability and spectral properties of the
amide-functionalized helicene-like molecules. We envisioned
that amide-functionalized helicene-like molecules 9 and 14
could potentially serve as chiral functionalized molecules, pro-
vided that their racemization barriers are sufficiently high to en-
sure configurational stability. We have already confirmed via
DFT calculations that 9 can be expected to exhibit a sufficiently
high racemization barrier (AG* = 41.4 kcal/mol) to be configu-
rationally stable at ambient temperature.” In the present study,
the racemization barrier of sulfur-functionalized 14 was deter-
mined to be 34.3 kcal/mol at 132 °C based on monitoring the
decrease in enantiomeric excess in chlorobenzene under reflux
conditions. These results suggested that 14 also exhibits suffi-
cient configurational stability to serve as a chiral molecule, al-
beit that its racemization barrier is lower than that of 9.
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Figure 2. Racemization barrier and DFT-optimized ground-
state and transition-state structures of 14 in the racemization
process, calculated at the wB97xd/6-311+G(d,p)//B3LYP/6-
31G(d,p) level of theory..

The racemization process of 14 in chlorobenzene was also
investigated using DFT calculations at the @B97xd/6-
311+G(d,p)//B3LYP/6-31G(d,p) level of theory.'® The results
of the calculations suggested that the racemization proceeds via
a Cs-symmetric transition state (Figure 2).' Furthermore, we
used DFT calculations to deduce the racemization barrier of sul-
fur-containing [S]helicene-like 111 (3.4 kcal/mol), which is too
low for 111 to be configurationally stable at room temperature.
In this case, the results of the calculations indicated that the rac-
emization proceeds via a planar transition state (Figure 3). In-
terestingly, Se-containing [S]helicene-like 11m showed a
higher racemization barrier (AG* = 7.2 kcal/mol) than 111.%°
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Figure 3. Racemization barrier and DFT-optimized ground-
state and transition-state structures of 111 during the racemiza-
tion, calculated at the @B97xd/6-311+G(d,p)//B3LYP/6-
31G(d,p) level of theory.

The lower racemization barrier of 14 compared to that of
9 indicated that the replacement of the two benzene rings by two
thiophene rings greatly decreases the helical stability. Sulfur-
containing 14 showed a lower racemization barrier because the
terminal rings of 14 are further apart from each other and the
overlap area is smaller than that of 9 due to the introduction of
thiophene rings instead of benzene rings (Figure 4).'' Thus, the
steric interactions between the two terminal rings in 14 can be
expected to be weaker than those in 9 during racemization.

(M)-9 (M)-14

Figure 4. Comparison of the overlap area (green) in (M)-9 and

(M)-14.

The optical rotation of (M)-9 and (M)-14 in DMSO are rel-
atively high ([o]p'® = +1954.5 for (M)-9 and [a]p'® = —1869.4
for (M)-14), even though they are smaller than that of (M)-
carbo[7]helicene ([a]p>® = +5577).2!

Finally, the CD spectra of 9 and 14 were measured in THF
(Figure 5). The spectrum of (M)-9 showed a positive Cotton ef-
fect from 290 nm to 400 nm, a negative Cotton effect from 240
nm to 290 nm, and a positive Cotton effect at wavelengths
smaller than 240 nm (red line). The spectrum of (P)-9 showed
a CD spectrum (blue line) that was the exact mirror image of
the spectrum of the (M)-isomer. The CD spectrum of (M)-14
showed a negative Cotton effect from 320 nm to 360 nm, a large
negative Cotton effect from 250 nm to 290 nm, and a large pos-
itive Cotton effect from 210 nm to 250 nm (orange line). The
spectrum of (P)-16 showed opposite Cotton effects (green line).
These CD spectra thus clearly show that the enantiomers of 9
and 14 were prepared using the developed one-pot processes
(Scheme 3).
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Figure 5. CD spectra of the enantiomers of 9 and 14 in THF.

CONCLUSION

In this study, a one-pot cyclization process was developed that
provides (NH)-phenanthridinone derivatives from biaryl dicar-
boxylic acids. This method was also extended to the preparation
of optically active amide-functionalized [7]helicene-like mole-
cules. In the case of chalcogen-containing substrates, the phos-
phorus esters of the aza[5]helicene derivatives were isolated
during the Curtius rearrangement step. The racemization barri-
ers of the amide-functionalized [7]helicene-like molecules re-
vealed that these molecules are configurationally stable at am-
bient temperature.

Further investigations into the reaction mechanism of this
one-pot process and applications of these conditions to unsym-
metrically substituted biaryl dicarboxylic acids are currently in
progress in our laboratory.

EXPERIMENTAL

General Information. Uncorrected melting points were
measured using a Yanagimoto micro melting point apparatus or
a Biichi Melting Point M-565. NMR spectra were obtained with
aJEOL ECX-400 PKT, a JEOL ECA-600, a Bruker UltraShield
300, or a Bruker Ascend 500 spectrometer. Chemical shifts are
given in units of ppm ("H NMR in CDCl;: tetramethylsilane as
the internal standard at 0 ppm; *C NMR in CDCl;: CDCl; as
the internal standard at 77.16 ppm; *'P NMR in CDCl;: H;PO4
as the internal standard at 0 ppm; 'H NMR in acetone-ds: ace-
tone as the internal standard at 2.05 ppm; *C NMR in acetone-
ds: acetone as an internal standard at 29.84 ppm and 206.26
ppm; "H NMR in methanol-ds: methanol as the internal standard
at 3.31 ppm; *C NMR in methanol-ds: methanol-d. as the inter-
nal standard at 49.00 ppm; 'H NMR in DMSO-ds: DMSO as the
internal standard at 2.50 ppm; *C NMR in DMSO-ds: DMSO
as the internal standard at 39.52 ppm). Spin—spin coupling con-
stants are given in units of Hz. IR spectra were recorded on a
JASCO FT-IR 4200 or a JASCO FT-IR 4600 spectrometer.



Mass spectra (MS) and high-resolution mass spectra (HRMS)
were recorded on a JEOL GCmate II (for EI), a JEOL MStation
JMS-700 spectrometer (for FAB), on a Bruker Daltonics Impact
HD-KC or a Shimadzu LCMS-IT-TOF (for ESI). The specific
rotation was measured with a JASCO P-2200 polarimeter.
UV/Vis spectra were recorded with a JASCO V-550 UV/Vis
spectrophotometer. CD spectra were recorded with a JASCO J-
720W spectropolarimeter.

Column chromatography on silica gel was carried out using sil-
ica gel 60 N (spherical, neutral, 63-210 pm, Kanto Chemical
Co., Inc.). TLC analyses and preparative TLC (PTLC) analyses
were performed on commercial glass plates bearing a 0.25 mm
layer or 0.5 mm layer of Merck Kiesel-gel 60 F,s4, respectively.
Analytical HPLC was carried out with a JASCO PU-2089 Plus
instrument equipped with a Daicel CHIRALPAK IC (4.6 mm x
250 mm), CHIRALPAK OD-H (4.6 mm x 250 mm), or
CHIRALPAK AD-H (4.6 mm x 250 mm) and a JASCO UV-
2075 Plus UV/Vis detector (detection: 254 nm). Preparative
HPLC was run with a JASCO PU-2086 Plus instrument
equipped with a COSMOSIL 5SL-II (20 mm x 250 mm) and a
JASCO UV-2075 Plus UV/Vis detector (detection: 254 nm).

All chemical reagents were obtained from common commercial
sources and used as received.

Optimized Conditions for the Synthesis of Phenan-
thridinone 11a (Table 1, entry 6). To a solution of diphenic
acid 10a (242 mg, 1.0 mmol, 1.0 equiv.) in toluene (10 mL),
DPPA (430 pL, 2.0 mmol, 2.0 equiv.) and DIPEA (1.05 mL,
6.0 mmol, 6.0 equiv.) were added at rt. After refluxing for 12 h
under an Ar atmosphere, the reaction mixture was concentrated
in vacuo;, the thus obtained residue was dissolved in
THF/MeOH/2N aq. NaOH (1:1:1, 60 mL) and stirred at rt for
12 h. The reaction mixture was extracted with AcOEt. The or-
ganic layer was separated, washed with brine, dried over
Na,SO,, filtered, and concentrated in vacuo. Finally the ob-
tained residue was purified by column chromatography (SiO.,
n-hexane:AcOEt = 3:2) to afford phenanthridinone 11a (156 mg,
80%).

Gram-scale Synthesis of 11a (Table 1, entry 10). To a
solution of diphenic acid 10a (2.00 g, 8.26 mmol, 1.0 equiv.) in
toluene (60 mL), DPPA (3.55 mL, 16.5 mmol, 2.0 equiv.) and
DIPEA (8.63 mL, 49.5 mmol, 6.0 equiv.) were added at rt. After
refluxing for 12 h under an Ar atmosphere, the reaction mixture
was concentrated in vacuo; the thus obtained residue was dis-
solved in THF/MeOH/2N aq. NaOH (1:1:1, 120 mL) and stirred
at rt for 12 h. The reaction mixture was extracted with AcOEt.
The organic layer was separated, washed with brine, dried over
NaySOs, filtered, and concentrated in vacuo. The obtained resi-
due was washed with CHCls/n-hexane (1:1), and further puri-
fied by column chromatography (SiO,, n-hexane:AcOEt = 1:1)
to afford phenanthridinone 11a (1.28 g, 79%).

Phenanthridin-6(5H)-one (11a). 'H and '3C NMR spectra
of the obtained 11a were identical to the literature data.??

Substrate Scope for the One-pot Cyclization. 3,8-Dini-
trophenanthridin-6(5H)-one (11b).! To a solution of 4,4’-di-
nitro-[1,1°-biphenyl]-2,2’-dicarboxylic acid (10b)* (332 mg,
1.00 mmol, 1.0 equiv.) in toluene (20 mL), DPPA (430 puL, 2.00
mol, 2.0 equiv.) and DIPEA (1.05 mL, 6.00 mmol, 6.0 equiv.)
were added at rt. After refluxing for 15 h under a N, atmosphere,
the reaction mixture was concentrated in vacuo.* The resulting
residue was washed with CHCl;/MeOH (19:1) to obtain 11b

(190 mg, 67%). *The corresponding O-phosphorus ester was
not detected in the 'H NMR spectrum of the residue. Yellow
solid; M.p. > 300 °C; '"H NMR (300 MHz, DMSO-ds) J 12.28
(brs, 1H), 8.89 (d, J = 2.4 Hz, 1H), 8.76 (d, J = 9.0 Hz, 1H),
8.70-8.52 (m, 2H), 8.11 (d, J = 2.1 Hz, 1H), 8.01 (dd, J = 8.8,
2.0 Hz, 1H); 3C NMR (75 MHz, DMSO-ds) 6 159.5, 148.4,
147.5, 137.9, 137.6, 127.2, 126.9, 126.4, 126.2, 122.7, 121.3,
116.7, 111.4; IR (neat) 3371, 3084, 2960, 2877, 1679, 1615,
1519, 1348, 846, 735, 452 cm™'; HRMS (ESI) m/z calcd. for
Ci13HsN;Os (M+H)" 286.0458, found 286.0456.

3,8-Difluorophenanthridin-6(5H)-one (11¢). To a solution
of 4,4’-difluoro-[1,1’-biphenyl]-2,2’-dicarboxylic acid (10c)
(278 mg, 1.00 mmol, 1.0 equiv.) in toluene (20 mL), DPPA (430
uL, 2.00 mmol, 2.0 equiv.) and DIPEA (1.05 mL, 6.0 mmol, 6.0
equiv.) were added at rt. After refluxing for 15 h under a N,
atmosphere, the reaction mixture was concentrated in vacuo.
The resulting residue was dissolved in THF/MeOH/2N aq.
NaOH (1:1:1, 60 mL) and stirred at rt for 12 h. The reaction
mixture was extracted with AcOEt. The organic layer was sep-
arated, washed with brine, dried over Na,SO,, filtered, and con-
centrated in vacuo. The obtained residue was washed with
CHCI; to furnish 11¢ (175 mg, 76%). Colorless amorphous
solid; 'TH NMR (300 MHz, DMSO-de) 6 11.90 (brs, 1H), 8.52
(dd, /=9.0, 5.1 Hz, 1H), 8.46-8.34 (m, 1H), 7.92 (dd, J=9.3,
29 Hz, 1H), 7.72 (td, J= 8.7, 2.9 Hz, 1H), 7.16-7.04 (m, 2H);
3C NMR (125 MHz, DMSO-dg) § 162.3 (d, J = 244 Hz), 161.4
(d, J = 245 Hz), 160.1 (d, J = 3.8 Hz), 137.6 (d, J = 11 Hz),
130.6 (d, J = 2.5 Hz), 126.9 (d, /= 7.5 Hz), 1259 (d, /= 1.3
Hz), 125.8 (d, J = 3.8 Hz), 121.2 (d, /=24 Hz), 114.0 (d, J =
2.5 Hz), 112.5 (d, J=21 Hz), 110.1 (d, /=23 Hz), 102.1 (d, J
=25 Hz); IR (neat) 2969, 2885, 1690, 1670, 1627, 1487, 1260,
1169, 870, 795, 524, 468 cm’'; HRMS (EI) m/z calcd. for
Ci3H,FaNO (M)' 231.0496, found 231.0496.

3,8-Dimethoxyphenanthridin-6(5H)-one (11d). To a solu-
tion of 4,4’-dimethoxy-[1,1’-biphenyl]-2,2’-dicarboxylic acid
(10d)* (52.3 mg, 0.173 mmol, 1.0 equiv.) in toluene (8 mL),
DPPA (76 pL, 0.346 mmol, 2.0 equiv.) and DIPEA (185 pL,
1.04 mmol, 6.0 equiv.) were added at rt. After refluxing for 12
h under a N, atmosphere, the reaction mixture was concentrated
in vacuo. Then, a solution of the resulting residue in
THF/MeOH/2N aq. NaOH (2:1:1, 8 mL) was stirred at rt for 12
h, and the reaction mixture was extracted with AcOEt. The or-
ganic layer was separated, washed with brine, dried over
NaySOy, filtered, and concentrated in vacuo. The resulting resi-
due was purified by column chromatography (SiO,, n-hex-
ane:AcOEt = 1:1) to afford 11d (33 mg, 75%). Colorless amor-
phous solid; "H NMR (500 MHz, DMSO-de) § 11.60 (br s, 1H),
8.32 (d, J=8.9 Hz, 1H), 8.20 (d, /= 8.8 Hz, 1H), 7.70 (d, J =
2.9 Hz, 1H), 7.40 (dd, J= 8.9, 2.9 Hz, 1H), 6.90-6.79 (m, 2H),
3.89 (s, 3H), 3.81 (s, 3H); *C NMR (75 MHz, DMSO-d) §
160.9, 159.5, 158.2, 136.9, 128.1, 125.7, 124.1, 124.0, 121.8,
111.3,110.1, 108.5,99.5, 55.4, 55.3; IR (neat) 2835, 1658, 1612,
1485, 1365, 1265, 1196, 1169, 1045, 799, 777 cm™'; HRMS (EI)
m/z caled. for CisHi3NOs; (M)* 255.0895, found 255.0895.

2,9-Dinitrophenanthridin-6(5H)-one (11e). To a solution
of 5,5'-dinitro-[ 1,1'-biphenyl]-2,2'-dicarboxylic acid (10e) (332
mg, 1.00 mmol, 1.0 equiv.) in toluene (20 mL), DPPA (430 uL,
2.00 mmol, 2.0 equiv.) and DIPEA (1.00 mL, 5.74 mmol, 5.75
equiv.) were added at rt. After refluxing for 15 h under a N,
atmosphere, the reaction mixture was concentrated in vacuo.
Then, a solution of the resulting residue in THF/MeOH/2N agq.



NaOH (1:1:1, 60 mL) was stirred at rt for 5 h, and the reaction
mixture was extracted with AcOEt. The organic layer was sep-
arated, washed with H,O and brine, dried over Na,SOy, filtered,
and concentrated in vacuo. The resulting residue was washed
with CHCls/n-hexane (1:1) to obtain 11e (188 mg, 66%). Yel-
low solid; M.p. >300 °C; 'H NMR (300 MHz, DMSO-ds) &
12.43 (brs, 1H), 9.48-9.11 (m, 2H), 8.61-8.20 (m, 3H), 7.43 (d,
J=28.9 Hz, 1H); *C NMR (75 MHz, DMSO-ds) J 159.8, 150.6,
142.4, 141.8, 134.3, 134.2, 129.8, 125.6, 123.0, 120.6, 119.1,
117.3, 116.7; IR (neat) 3100, 2889, 2857, 1666, 1615, 1531,
1335, 1148, 846, 786, 559 cm™'; HRMS (ESI) m/z calcd. for
C13HsN;0s (M+H)" 286.0458, found 286.0458.

2,9-Difluorophenanthridin-6(5H)-one (11f). To a solution
of 5,5’-difluoro-[1,1’-biphenyl]-2,2’-dicarboxylic acid (10f)
(278 mg, 1.00 mmol, 1.0 equiv.) in toluene (20 mL), DPPA (430
pL, 2.00 mmol, 2.0 equiv.) and DIPEA (1.05 mL, 6.00 mmol,
6.0 equiv.) were added at rt. After refluxing for 15 h under a N,
atmosphere, the reaction mixture was concentrated in vacuo.
Then, a solution of the resulting residue in THF/MeOH/2N aq.
NaOH (1:1:1, 60 mL) was stirred at rt for 12 h, and the reaction
mixture was extracted with AcOEt. The organic layer was sep-
arated, washed with H,O and brine, dried over Na,SOy, filtered,
and concentrated in vacuo. The resulting residue was washed
with CHCI; to obtain 11f (168 mg, 73%). Colorless amorphous
solid; "H NMR (300 MHz, DMSO-ds) 6 11.75 (br s, 1H), 8.41—
8.29 (m, 2H), 8.25 (dd, J=10.4, 2.5 Hz, 1H), 7.49 (dt, J = 8.6,
2.4 Hz, 1H), 7.44-7.30 (m, 2H); '*C NMR (125 MHz, DMSO-
ds) 0165.0 (d, /=249 Hz), 159.9, 157.7 (d, /=236 Hz), 136.4
(dd, J=10, 2.5 Hz), 133.6 (d, /= 1.3 Hz), 130.9 (d, /= 10 Hz),
122.7 (d,J =13 Hz), 118.2 (dd, /= 8.1, 2.5 Hz), 118.0 (d, J =
18 Hz), 117.8 (d, J = 2.5 Hz), 116.6 (d, J =24 Hz), 109.7 (d, J
=24 Hz), 109.3 (d, /=24 Hz); IR (neat) 3428, 3175, 3143, 3040,
2997,2861, 1686, 1610, 1507, 1443, 1367, 1208, 866, 818, 671,
587 cm™'; HRMS (EI) m/z calcd. for C13H,F2NO (M)* 231.0496,
found 231.0497.

2,9-Dimethylphenanthridin-6(5H)-one (11g). To a solu-
tion of 5,5-dimethyl-[1,1’-biphenyl]-2,2’-dicarboxylic acid
(10g) (270 mg, 1.00 mmol, 1.0 equiv.) in toluene (20 mL),
DPPA (430 pL, 2.00 mmol, 2.0 equiv.) and DIPEA (1.05 mL,
6.00 mmol, 6.0 equiv.) were added at rt. After refluxing for 15
h under a N, atmosphere, the reaction mixture was concentrated
in vacuo. Then, a solution of the resulting residue in
THF/MeOH/2N aq. NaOH (1:1:1, 60 mL) was stirred at rt for
12 h, and the reaction mixture was extracted with AcOEt. The
organic layer was separated, washed with H,O and brine, dried
over Na,SOy, filtered, and concentrated in vacuo. The resulting
residue was purified by column chromatography (SiO», n-hex-
ane:AcOEt = 7:3 to 1:1), and washed with CHCls/n-hexane
(1:2) to obtain 11g (93 mg, 41%). Colorless solid; M.p. 269—
270 °C; "H NMR (300 MHz, DMSO-dg) 6 11.50 (br s, 1H), 8.30
(s, 1H), 8.23-8.13 (m, 2H), 7.49-7.38 (m, 1H), 7.34-7.19 (m,
2H), 2.52 (s, 3H), 2.41 (s, 3H); *C NMR (75 MHz, DMSO-dj)
0160.7, 142.9, 134.6, 134.2, 131.1, 130.5, 129.0, 127.5, 123.5,
123.0, 122.5, 117.4, 116.0, 21.5, 20.7; IR (neat) 2856, 1658,
1613, 1364, 827, 778, 687, 659, 624, 530, 445 cm™'; HRMS (EI)
m/z caled. for C;sH;3NO (M)*223.0997, found 223.0998.

1,10-Difluorophenanthridin-6(5H)-one (11h). To a solu-
tion of 6,6’-difluoro-[1,1’-biphenyl]-2,2’-dicarboxylic acid
(10h) (278 mg, 1.00 mmol, 1.0 equiv.) in toluene (20 mL),
DPPA (430 pL, 2.00 mmol, 2.0 equiv.) and DIPEA (1.05 mL,
6.00 mmol, 6.0 equiv.) were added at rt. After refluxing for 15

h under a N, atmosphere, the reaction mixture was concentrated
in vacuo. Then, a solution of the resulting residue in
THF/MeOH/2N aq. NaOH (1 : 1 : 1, 60 mL) was stirred at rt.
for 12 h, and the reaction mixture was extracted with AcOEt.
The organic layer was separated, washed with H,O and brine,
dried over Na SOy, filtered, and concentrated in vacuo. The re-
sulting residue was purified by column chromatography (SiO»,
n-hexane:AcOEt = 7:3 to AcOEt only), and washed with
CHCls/n-hexane (1:1) to obtain 11h (113 mg, 49%). Colorless
solid; M.p. >300 °C; '"H NMR (500 MHz, DMSO-ds) 6 11.96
(brs, 1H), 8.26-8.15 (m, 1H), 7.78-7.68 (m, 2H), 7.59-7.51 (m,
1H), 7.23 (dd, J = 8.2, 1.2 Hz, 1H), 7.14-7.05 (m, 1H); C
NMR (125 MHz, DMSO-de) 6 159.6 (d, J = 1.4 Hz), 160.3—
156.6 (m, 2C) 138.6 (dd, J=4.8,2.3 Hz), 131.1 (dd, J="7.6, 4.1
Hz), 129.8 (dd, J = 6.6, 3.8 Hz), 128.7, 123.6, 120.6 (dd, J =
17.7,7.8 Hz), 118.9 (dd, J = 10.1, 2.0 Hz), 111.9, 109.7 (dd, J
=16.3, 8.9 Hz), 103.2 (dd, J = 10.7, 4.3 Hz); IR (neat) 3044,
3008, 2873, 1683, 1618, 1559, 1380, 1268, 791, 731, 516, 492
cm’’; HRMS (APCI) m/z caled. for Ci;3HsFaNO (M+H)
232.0568, found 232.0570.
1,11-Dimethyl-5,7-dihydro-6H-dibenzo[d f][1,3]diaze-
pin-6-one (12). To a solution of 6,6’-dimethyl-[1,1’-biphenyl]-
2,2’-dicarboxylic acid (10i) (270 mg, 1.00 mmol, 1.0 equiv.) in
toluene (20 mL), DPPA (430 pL, 2.00 mmol, 2.0 equiv.) and
DIPEA (1.05 mL, 6.00 mmol, 6.0 equiv.) were added at rt. After
refluxing for 15 h under a N, atmosphere, the reaction mixture
was concentrated in vacuo. Then, a solution of the residue in
THF/MeOH/2N aq. NaOH (1:1:1, 60 mL) was stirred at rt for
12 h, and the reaction mixture was extracted with AcOEt. The
organic layer was separated, washed with H,O and brine, dried
over Na,SOy, filtered, and concentrated in vacuo. The resulting
residue was purified by column chromatography (SiO,, n-hex-
ane:AcOEt = 7:3 to AcOEt only), and washed with CHCls/n-
hexane (1:1) to obtain the urea 12 (76 mg, 32%). For substrate
10i, the corresponding (NH)-phenanthridinone 11i was not de-
tected. Colorless amorphous solid; '"H NMR (500 MHz, DMSO-
ds) 0 8.58 (brs, 2H), 7.19 (t,J="7.7 Hz, 2H), 7.06-7.00 (m, 2H),
6.96 (dd,J=8.0, 1.3 Hz, 2H), 2.07 (s, 6H); *C NMR (125 MHz,
DMSO-ds) 6 165.5, 142.5, 137.0, 128.2, 127.5, 125.4, 118.3,
19.5; IR (neat) 3240, 3143, 3025, 2925, 1929, 1690, 1567, 1427,
1380, 874, 798, 687 cm'; HRMS (APCI) m/z caled. for
CisHisN,O (M+H)" 239.1179, found 239.1181.
Dithieno[2,3-b:3’,2 -d]pyridin-5(4H)-one (11j). To a so-
Iution of [3,3’-bithiophene]-2,2’-dicarboxylic acid (10j) (254
mg, 1.00 mmol, 1.0 equiv.) in toluene (20 mL), DPPA (430 uL,
2.00 mmol, 2.0 equiv.) and DIPEA (1.05 mL, 6.00 mmol, 6.0
equiv.) were added at rt. After refluxing for 15 h under a N,
atmosphere, the reaction mixture was concentrated in vacuo.
Then, a solution of the resulting residue in THF/MeOH/2N aq.
NaOH (1:1:1, 60 mL) was stirred at rt for 12 h, and the reaction
mixture was extracted with AcOEt. The organic layer was sep-
arated, washed with H,O and brine, dried over Na,SOy, filtered,
and concentrated in vacuo. The resulting residue was purified
by column chromatography (SiO,, n-hexane:AcOEt = 3:2 to
1:1), and washed with CHCls/n-hexane (1 : 9) to obtain 11j (114
mg, 55%). Pale yellow amorphous solid; 'H NMR (300 MHz,
DMSO-ds) 6 12.58 (br's, 1H), 8.15 (d, J=5.2 Hz, 1H), 7.78 (d,
J=15.1 Hz, 1H), 7.56 (d, J= 5.6 Hz, 1H), 7.28 (d, J = 5.6 Hz,
1H); *C NMR (75 MHz, DMSO-ds) 5 157.9, 142.3, 141.3,
134.7, 126.8, 123.4, 121.0, 117.41, 117.35; IR (neat) 2781,



1621, 1180, 1112, 883, 845, 714, 643, 580, 453 cm™'; HRMS
(EI) m/z caled. for CoHsNOS, (M) 206.9813, found 206.9815.

Bis(benzofuro)[2,3-b:3°,2 -d[pyridin-7(6H)-one (11k). To
a solution of [3,3’-bibenzofuran]-2,2’-dicarboxylic acid (10k)
(58 mg, 0.18 mmol, 1.0 equiv.) in toluene (5 mL), DPPA (77
uL, 0.36 mmol, 2.0 equiv.) and DIPEA (188 pL, 1.08 mmol, 6.0
equiv.) were added at rt. After refluxing for 12 h under an Ar
atmosphere, the reaction mixture was concentrated in vacuo.
Then, a solution of the resulting residue in THF/MeOH/2N aq.
NaOH (2:1:1, 16 mL) was stirred at rt for 12 h, and the reaction
mixture was extracted with AcOEt. The organic layer was sep-
arated, washed with water and brine, dried over Na,SOy, filtered,
and concentrated in vacuo. The resulting residue was purified
by column chromatography (SiO,, n-hexane:AcOEt = 1:1 and
then CHCI5) and then washed with CHCls/n-hexane (1:1) to ob-
tain 11k (33 mg, 67%). Colorless solid; M.p. >300 °C; 'H NMR
(600 MHz, DMSO-ds) 6 8.62 (d, J="7.8 Hz, 1H), 8.45-8.37 (m,
1H), 7.93 (d, J= 8.4 Hz, 1H), 7.81-7.75 (m, 2H), 7.65-7.59 (m,
1H), 7.56-7.47 (m, 2H); '3*C NMR (150 MHz, DMSO-ds) &
156.6, 152.9, 151.9, 130.02, 129.98, 124.10, 124.05, 123.8,
122.9, 122.3, 121.6, 121.5, 112.9, 111.7 (three carbon signals
were overlapped); IR (neat) 3435, 3029, 2590, 1655, 1599, 1451,
1180, 1053, 750, 499 cm'; HRMS (ESI) m/z calcd. for
Ci7HoNOs; (M+H)" 276.0655, found 276.0654.

Benzo[4,5]thieno[2,3-b]benzo[4,5]thieno/3,2-d]pyridin-
7(6H)-one (111). To a solution of [3,3’-bibenzo[b]thiophene]-
2,2’-dicarboxylic acid (101)*® (354 mg, 1.00 mmol, 1.0 equiv.)
in toluene (20 mL), DPPA (430 pL, 2.00 mmol, 2.0 equiv.) and
DIPEA (1.05 mL, 6.00 mmol, 6.0 equiv.) were added at rt. After
refluxing for 15 h under a N, atmosphere, the reaction mixture
was concentrated in vacuo. Then, a solution of the resulting res-
idue in THF/MeOH/2N aq. NaOH (1:1:1, 60 mL) was stirred at
rt for 12 h, and the reaction mixture was extracted with AcOEt.
The organic layer was separated, washed with H,O and brine,
dried over Na,SOy, filtered, and concentrated in vacuo. The re-
sulting residue was washed with CHCI; to obtain 111 (158 mg,
52%). Pale yellow solid; M.p. >300 °C; 'H NMR (500 MHz,
DMSO-ds) 0 13.21 (br s, 1H), 8.91-8.78 (m, 1H), 8.58 (d, J =
8.2 Hz, 1H), 8.30-8.19 (m, 1H), 8.08 (d, /J=7.9 Hz, 1H), 7.75—
7.62 (m, 2H), 7.57 (t,J = 7.7 Hz, 1H), 7.43 (t, J= 7.6 Hz, 1H);
BC NMR (75 MHz, DMSO-de) § 158.1, 141.5, 137.2, 134.5,
133.3, 133.2, 128.0, 126.3, 125.2, 125.0, 124.3, 124.2, 123.5,
123.0 (three carbon signals overlapped); IR (neat) 2657, 1635,
1453, 1120, 903, 748, 718, 615, 575, 410 cm™'; HRMS (EI) m/z
caled. for C7;HsNOS, (M)* 307.0126, found 307.0125.

Benzo[4,5]selenopheno(2,3-b]benzo[4,5]sele-
nopheno[3,2-d[pyridin-7(6H)-one (11m). To a solution of [3,3'-
bibenzo[b]selenophene]-2,2'-dicarboxylic acid (10m) (448 mg,
1.00 mmol, 1.0 equiv.) in toluene (20 mL), DPPA (430 puL, 2.00
mmol, 2.0 equiv.) and DIPEA (1.05 mL, 6.00 mmol, 6.0 equiv.)
were added at rt. After refluxing for 15 h under a N, atmosphere,
the reaction mixture was concentrated in vacuo. Then, a solu-
tion of the resulting residue in THF/MeOH/2N aq. NaOH (1:1:1,
30 mL) was stirred at rt for 12 h, and the reaction mixture was
extracted with AcOEt. The organic layer was separated, washed
with H,O and brine, dried over Na,SQOy,, filtered, and concen-
trated in vacuo. The residue was purified by column chromatog-
raphy (SiO;, n-hexane:AcOEt = 7:3 to 3:2), and washed with
CHCI; to obtain 11m (237 mg, 59%). Yellow solid; M.p.
>300 °C; '"H NMR (500 MHz, DMSO-ds) 6 12.90 (br s, 1H),
8.71-8.64 (m, 1H), 8.36 (d, /= 8.2 Hz, 1H), 8.33-8.29 (m, 1H),

8.13 (d, J=17.8 Hz, 1H), 7.61-7.54 (m, 2H), 7.48 (t,J= 7.6 Hz,
1H), 7.32 (t,J= 7.5 Hz, 1H); *C NMR (125 MHz, DMSO-ds) §
159.2, 142.6, 140.9, 137.2, 135.5, 135.0, 127.9, 127.8, 127.5,
126.7, 124.8, 124.6, 124.3 (four carbon signals were over-
lapped); IR (neat) 3431, 2833, 1651, 1523, 1443, 1113, 750, 711,
603, 535,428 cm’'; HRMS (EI) m/z calcd. for C17HsNOSe, (M)
402.9014, found 402.9019.

Preparation of O-Phosphate Derivatives. Dithieno/2,3-
b:3°,2’-d[pyridin-5-yl diphenyl phosphate (15j). To a solution
of [3,3'-bithiophene]-2,2'-dicarboxylic acid (10j) (300 mg, 1.18
mmol, 1.0 equiv.) in toluene (25 mL), DPPA (507 uL, 2.36
mmol, 2.0 equiv.) and DIPEA (1.23 mL, 7.08 mmol, 6.0 equiv.)
were added at rt. After refluxing for 15 h under a N, atmosphere,
the reaction mixture was quenched with 2N aq. HCI and ex-
tracted with AcOEt. The organic layer was separated, washed
with brine, dried over Na,SOs, filtered, and concentrated in
vacuo. The residue was purified by column chromatography
(SiO,, n-hexane: AcOEt = 3:2) to afford 15§ (306 mg, 59%). Pale
yellow solid; M.p. 138-139 °C; 'H NMR (300 MHz, CDCl;)
07.78 (d, J= 5.3 Hz, 1H), 7.65 (dd, J = 5.3, 0.5 Hz, 1H), 7.55
(d,J=5.9Hz, 1H), 7.51 (d, J=5.9 Hz, 1H), 7.46—7.34 (m, 8H),
7.28-7.20 (m, 2H); *C NMR (75 MHz, CDCls) §153.4 (d, J =
0.8 Hz), 150.9 (d, /= 7.5 Hz), 149.2 (d, J= 6.8 Hz), 143.8 (d, J
=0.8 Hz), 133.2,129.9 (d, /= 0.8 Hz), 126.3,125.81 (d, J=1.5
Hz), 125.76, 122.1, 121.8 (d, J=9.8 Hz), 120.7 (d, /= 5.3 Hz),
119.4; 'P NMR (200 MHz, CDCl;) 6-18.7; IR (neat) 1584,
1481, 1311, 1179, 1154, 1065, 942, 737, 687, 507 cm™'; HRMS
(EI) m/z calcd. fOf C21H14NO4P82 (I\/I)Jr 4390102, found
439.0099.

Bis(benzofuro)[2,3-b:3",2 -d]pyridin-7-yl diphenyl phos-
phate (15k). To a solution of [3,3'-bibenzofuran]-2,2'-dicarbox-
ylic acid (10k) (100 mg, 0.31 mmol, 1.0 equiv.) in toluene (20
mL), DPPA (133 pL, 0.62 mmol, 2.0 equiv.) and DIPEA (324
pL, 1.86 mmol, 6.0 equiv.) were added at rt. After refluxing for
15 hunder a N, atmosphere, the reaction mixture was quenched
with 2N aq. HCI and extracted with AcOEt. The organic layer
was separated, washed with brine, dried over Na,SOs, filtered,
and concentrated in vacuo. The residue was purified by column
chromatography (SiO;, n-hexane:AcOEt = 4:1 to 3:1) to afford
15k (109 mg, 69%). Pale yellow solid; M.p. 163-164 °C; 'H
NMR (500 MHz, CDCl;) ¢ 8.37 (dt, J= 7.9, 1.0 Hz, 1H), 8.24
(dd, J = 7.7, 1.3 Hz, 1H), 7.73-7.60 (m, 3H), 7.60-7.34 (m,
11H), 7.30-7.21 (m, 2H); '*C NMR (75 MHz, CDCl;) § 157.8,
155.4 (d, J=0.8 Hz), 155.1, 150.8 (d, J=7.5 Hz), 139.3 (d, J =
6.8 Hz), 138.2 (d, /= 7.5 Hz), 130.7, 130.3, 130.0 (d, /= 0.8
Hz), 127.9, 1259 (d, /= 1.5 Hz), 124.1 (d, /= 0.8 Hz), 123.8,
122.6,122.3 (d, /=2.3 Hz), 120.7 (d,J=5.3 Hz), 113.1, 112.5,
108.6 (two carbon signals overlapped); *'P NMR (200 MHz,
CDCls) 0 —18.3; IR (neat) 1640, 1597, 1485, 1450, 1395, 1310,
1184, 1048, 939, 741, 519 cm™'; HRMS (EI) m/z calcd. for
CaoHsNOGP (M)" 507.0872, found 507.0873.

Benzo[4,5]thieno[2,3-b]benzo[4,5]thieno/3,2-d]pyridin-
7-yl diphenyl phosphate (151). To a solution of [3,3’-
bibenzo[b]thiophene]-2,2’-dicarboxylic acid (101)* (400 mg,
1.13 mmol, 1.0 equiv.) in toluene (40 mL), DPPA (485 puL, 2.26
mmol, 2.0 equiv.) and DIPEA (1.17 mL, 6.77 mmol, 6.0 equiv.)
were added at rt. After refluxing for 16.5 h under a N, atmos-
phere, the reaction mixture was quenched with 2N aq. HCI and
extracted with AcOEt. The organic layer was separated, washed
with brine, dried over Na,SOs, filtered, and concentrated in



vacuo. The resulting residue was purified by column chroma-
tography (SiO,, n-hexane:AcOEt=9:1 to 4:1) to afford 151 (235
mg, 39%). 151 was further purified by recrystallization from Ac-
OEt. Colorless solid; M.p. 155-156 °C; The chemical shifts of
the 'H NMR signals depend on the concentration: '"H NMR (500
MHz, CDCl3, 0.005 M) 69.09 (d, J = 8.1 Hz, 1H), 8.91 (d, J =
7.8 Hz, 1H), 8.05-7.95 (m, 2H), 7.71-7.52 (m, 4H), 7.47-7.40
(m, 7H), 7.30-7.21 (m, 3H); 'H NMR (500 MHz, CDCl;, 0.1
M) 6 8.94 (d, J = 8.2 Hz, 1H), 8.80-8.75 (m, 1H), 7.95-7.85
(m, 2H), 7.60-7.55 (m, 1H), 7.54-7.38 (m, 11H), 7.29-7.23 (m,
2H); '*C NMR (75 MHz, CDCl;, 0.1 M) § 155.4, 150.8 (d, J =
7.5Hz), 150.3 (d, J=6.8 Hz), 141.7, 141.2, 138.0, 134.0, 132.5,
130.0 (d, /=0.8 Hz), 129.0, 126.6, 126.2, 125.9 (d, /= 1.5 Hz),
124.9, 124.6, 124.4, 123.7, 123.4, 123.1, 121.6 (d, /= 9.0 Hz),
120.8 (d, J= 4.5 Hz); *'P NMR (200 MHz, CDCl;) § —18.7; IR
(neat) 1588, 1525, 1487, 1342, 1300, 1181, 1161, 936, 751, 687
cm'; HRMS (EI) m/z calcd. for CooH sNO4PS, (M)* 539.0415,
found 539.0411. Crystallographic data for 151 (recrystallized
from AcOEt): CooH sNO;sPS,, M = 539.53, monoclinic, P24, a
=7.58210(10), b =30.1544(7) A, c = 10.5015(2) A, a=90°, 8
=95.411(2)°, ¥ =90°, V'=2399.65(8) A3, Z=4, patca = 1.493
g cm?, T =103 K, 43732 reflections measured, 4708 unique.
The final R, and wR were 0.0626 and 0.1297 (all data). The X-
ray data for 151 have been deposited at the Cambridge Crystal-
lographic Data Center under reference number CCDC 2111093.

Benzo[4,5]selenopheno(2,3-b]benzo[4,5]seleno-
pheno[3,2-d]pyridin-7-yl diphenyl phosphate (15m). To a solu-
tion of [3,3'-bibenzo[b]selenophene]-2,2'-dicarboxylic acid
(10m) (428 mg, 0.96 mmol, 1.0 equiv.) in toluene (60 mL),
DPPA (411 pL, 1.91 mmol, 2.0 equiv.) and DIPEA (998 pL,
5.73 mmol, 6.0 equiv.) were added at rt. After refluxing for 18
h under a N, atmosphere, the reaction mixture was quenched
with 2N aq. HCI and extracted with AcOEt. The organic layer
was separated, washed with brine, dried over Na,SOs, filtered,
and concentrated in vacuo. The resulting residue was purified
by column chromatography (SiO,, n-hexane:AcOEt = 4:1 to
7:3) to afford 15m (286 mg, 47%). 15m was further purified by
recrystallization from AcOEt/n-hexane. Pale yellow solid; M.p.
149-150 °C; The chemical shifts of the "H NMR signals depend
on the concentration: 'H NMR (500 MHz, CDCl;, 0.005 M)
08.98 (d, J=7.9 Hz, 1H),8.78 (d, J= 7.9 Hz, 1H), 8.05-7.94
(m, 2H), 7.60-7.37 (m, 11H), 7.31-7.21 (m, 3H); 'H NMR (500
MHz, CDCl;, 0.1 M) 6 8.89 (d, J = 8.0 Hz, 1H), 8.70 (dd, J =
7.1,2.1 Hz, 1H), 7.98-7.87 (m, 2H), 7.52—7.34 (m, 12H), 7.30—
7.19 (m, 2H); ¥C NMR (75 MHz, CDCl;, 0.1 M) 6 157.9 (d, J
=0.8 Hz), 151.8 (d, /= 6.8 Hz), 150.9 (d, /= 7.5 Hz), 145.0 (d,
J=0.6 Hz), 142.0, 139.0, 136.5, 134.9, 130.0 (d, J = 1.5 Hz),
129.1, 127.7, 127.6, 126.9, 126.8, 126.7, 126.4, 1259 (d, J =
1.5 Hz), 124.4, 124.3, 121.7 (d, J = 5.3 Hz), 120.7 (d, J = 4.5
Hz); *'P NMR (200 MHz, CDCl3) § ~18.7; IR (neat) 1487, 1341,
1300, 1276, 1177, 962, 930, 755, 687, 522 cm™'; HRMS (ESI)
m/z caled. for CoH;sNaNO4PSe, (M+Na)™ 657.9202, found
657.9217. Crystallographic data of 15m (recrystallized from
AcOEt/n-hexane): Cy9H;sNO;sPSe;, M = 633.33, monoclinic,
P2i/n, a=18.34950(10) A, b = 18.8577(2) A, ¢ = 15.9730(2) A,
a=90°, B=103.7580(10)°, y=90°, V' =2442.83(5) A3, Z=4,
Pealed = 1.722 g cm™, T =103 K, 44328 reflections measured,
4794 unique. The final R; and wR were 0.0568 and 0.1351 (all
data). The X-ray data for 15Sm have been deposited at the Cam-
bridge Crystallographic Data Center under reference number
CCDC 2111039.

Naphtho[1’,2":4,5]thieno[2,3-b]naph-
tho[1',2":4,5]thieno[3,2-d]pyridin-9-yl ~ diphenyl phosphate
((dl)-16). To a solution of [1,1'-binaphtho[2,1-b]thiophene]-
2,2'-dicarboxylic acid ((d/)-13)° (114 mg, 0.25 mmol, 1.0
equiv.) in toluene (10 mL), DPPA (108 pL, 0.5 mmol, 2.0
equiv.) and Et;N (192 pL, 1.5 mmol, 6.0 equiv.) were added at
rt. After refluxing for 4 h under a N, atmosphere, the reaction
mixture was quenched with 2N aq. HCI and extracted with Ac-
OEt. The organic layer was separated, washed with brine, dried
over Na,SOs, filtered, and concentrated in vacuo. The resulting
residue was purified by column chromatography (SiO», n-hex-
ane:AcOEt = 4:1 to 3:1) to afford (d)-16 (24 mg, 15%). Yellow
solid; M.p. 126-127 °C; '"H NMR (600 MHz, CDCl;) 6 8.07 (d,
J=8.6 Hz, 1H), 8.05-8.00 (m, 2H), 7.98 (d, J = 8.6 Hz, 1H),
7.91-7.87 (m, 2H), 7.56-7.49 (m, 4H), 7.49-7.42 (m, 4H),
7.32-7.13 (m, 6H), 6.48-6.38 (m, 2H); *C NMR (150 MHz,
CDCl) 0 155.2, 1509 (d, J = 7.5 Hz), 149.7 (d, J = 6.0 Hz),
141.2, 140.2, 136.0, 130.9, 130.8 (d, J = 4.5 Hz), 130.6, 130.5
(d,J=6.0 Hz), 130.0, 129.0, 128.1 (d, /=17 Hz), 127.9, 127.0,
126.6,125.9, 125.6, 125.1, 124.8, 124.2,122.5,121.8 (d, ] =9.0
Hz), 120.8 (d, J = 4.5 Hz), 120.5 (d, J = 11 Hz) (four carbon
signals overlapped); IR (neat) 3057, 2969, 2328, 2164, 1487,
1308, 1184, 1073, 961, 942, 802, 679, 516 cm™'; HRMS (EI)
m/z caled. for C3;HuNO4PS, (M)* 639.0728, found 639.0741.

Synthesis of Optically Active Amide-functionalized
[7]Helicene-like Molecule 9. (M)-Dinaphtho[l,2-a:2",1 -
k/phenanthridine-10(9H)-one ((M)-9). To a solution of (R)-
[4,4’-biphenanthrene]-3,3’-dicarboxylic acid ((R)-6) (1.5 mg,
3.4 umol, 1.0 equiv.) in toluene (1 mL), DPPA (1.5 pL, 6.8
pmol, 2.0 equiv.) and DIPEA (3.6 uL, 20 pumol, 6.0 equiv.) were
added at rt. After refluxing for 12 h under a N, atmosphere, the
reaction mixture was concentrated in vacuo. Then, a solution of
the resulting residue in THF/MeOH/2N aq. NaOH (2:1:1,2 mL)
was stirred at rt for 12 h, and the reaction mixture was extracted
with AcOEt. The organic layer was separated, washed with 1NV
aq. HCl, sat. aq. NaHCOj3 and brine, dried over Na,SOs, filtered
and concentrated in vacuo. The resulting residue was further pu-
rified by column chromatography (SiO,, n-hexane:AcOEt =
3:1) to afford (M)-9 (0.50 mg, 37%). The enantiomeric excess
of (M)-9 was determined by HPLC analysis (for details, see the
Supporting Information); column: CHIRALPAK AD-H (4.6
mm % 250 mm); eluent: n-hexane:isopropyl alcohol (IPA) =9:1;
flow rate: 1.0 mL/min; retention time: 10.7 min (for (M)-9) and
13.3 min (for (P)-9); UV detection: 254 nm. Yellow solid; M.p.
>300 °C; [a]p'® =+1954.5 (¢ 0.2, DMSO, >99% ee); CD (THF)
Aext (Ag): 356 (55.01), 330 (93.66), 319 (87.21), 256 (—193.38),
212 (139.71) nm; UV (THF) Anax (loge): 310sh (4.26), 263
(4.64), 225sh (4.97) nm.

(P)-9 was also prepared in 38% yield from (S)-6 using the same
procedure. CD (THF) A (Ag): 356 (—56.64), 330 (-96.89), 319
(-90.88), 256 (186.7), 213 (—142.84) nm.

'H and '*C NMR spectra of the obtained (M)-9 and (P)-9 were
identical to the literature data for racemic 9.7 'H NMR (400
MHz, DMSO-dq) 6 12.23 (br s, 1H), 8.43 (d, J = 8.2 Hz, 1H),
8.13 (d, J = 8.2 Hz, 1H), 8.07 (d, J = 8.7 Hz, 1H), 7.88 (d, J =
8.7 Hz, 1H), 7.76-7.69 (m, 3H), 7.49 (d, J= 8.7 Hz, 1H), 7.42
(d,J=7.3 Hz, 1H), 7.36 (d..J= 7.8 Hz, 1H), 7.05 (d, /= 8.7 Hz,
1H), 6.99-6.92 (m. 2H), 6.84 (d, /= 8.2 Hz, 1H), 6.40-6.30 (m.
2H); C NMR (100 MHz, DMSO-dg) & 161.9, 136.8, 134.6,
132.5, 132.3, 132.0, 131.1, 129.8, 129.5, 129.1, 128.8, 128.7,
128.3, 127.5, 127.44, 127.39, 126.7, 126.4, 126.3, 126.24,



126.19, 125.9, 124.2, 124.10, 124.06, 123.4, 116.8, 111.9 (one
carbon signal overlapped).

Synthesis of Optically Active Amide-functionalized
[7]Helicene-like Molecule 14. (M)-Naph-
tho[1°,2°:4,5]thieno[2,3-b]naphtho[1°,2:4,5[thieno/3,2-
d[pyridine-9(8H)-one ((M)-14). To a solution of (R)-[1,1’-
binaphtho[2,1-b]thiophene]-2,2’-dicarboxylic acid ((R)-13)°
(114 mg, 0.25 mmol, 1.0 equiv.) in toluene (10 mL), DPPA (108
uL, 0.50 mmol, 2.0 equiv.) and Et;N (209 pL, 1.50 mmol, 6.0
equiv.) were added at rt. After refluxing for 12 h under a N,
atmosphere, the reaction mixture was concentrated in vacuo.
Then, a solution of the resulting residue in THF/MeOH/2N aq.
NaOH (2:1:1, 20 mL) was stirred at rt for 12 h, and the reaction
mixture was extracted with AcOEt. The organic layer was sep-
arated, washed with sat. aq. NaHCOs and brine, dried over
NaySOy, filtered, and concentrated in vacuo. The resulting resi-
due was further purified by column chromatography (SiO,, n-
hexane:AcOEt = 3:2 to 2:3) to afford (M)-14 (27 mg, 26%). The
enantiomeric excess of (M)-14 was determined by HPLC anal-
ysis (for details, see the Supporting Information); column:
CHIRALPAK IC (4.6 mm x 250 mm); eluent: n-hexane:IPA =
9:1; flow rate: 1.0 mL/min; retention time: 23.3 min (for (P)-
14) and 36.6 min (for (M)-14); UV detection: 254 nm. Yellow
solid; M.p. >300 °C; [a]p" =—1869.5 (c 0.5, DMSO, >99% ee);
'H NMR (400 MHz, DMSO-ds) 6 8.29 (d, J = 8.7 Hz, 1H),
8.21-8.14 (m, 2H), 8.02-7.98 (m, 1H), 7.97-7.91 (m, 2H),
7.39-7.34 (m, 1H), 7.28-7.21 (m, 2H), 7.20-7.15 (m, 1H),
6.51-6.45 (m, 1H), 6.43-6.37 (m, 1H); *C NMR (100 MHz,
DMSO-ds) 6 158.0, 140.9, 137.1, 131.0, 130.8, 130.6, 130.1,
130.0, 129.6, 128.9, 127.9, 127.8, 126.0, 125.7, 125.5, 125.4,
125.0, 124.3, 123.4, 121.2, 120.7 (four carbon signals over-
lapped); IR (neat) 3048, 2924, 1647, 1515, 1440, 1360, 1225,
1137, 608 cm!; HRMS (ESI) m/z caled. for CasHi4NOS,
(M+H)" 408.0511, found 408.0510; CD (THF) Aex (Ag): 333 (—
50.16), 330 (93.66), 264 (—182.89), 234 (217.18) nm; UV
(THF) Amax (loge): 318 (4.25), 230sh (4.97) nm.

(P)-14 was also prepared from (S)-13 by the same procedure in
24% yield. CD (THF) Aex (Ag): 333 (52.04), 330 (93.66), 264
(187.93) 234 (-236.91) nm.

Hydrolysis of (d/)-16 to (dl)-14. A solution of (d)-16 (24
mg, 37.5 umol) in THF/MeOH/2N aq. NaOH (2:1:1, 4 mL) was
stirred at rt for 12 h. Then, the reaction mixture was extracted
with AcOEt (5 mL x 3). The organic layers were combined and
washed with 1N aq. HCI, sat. aq. NaHCOj3 and brine, dried over
NaySOy, filtered, and concentrated in vacuo. The resulting resi-
due was further purified by column chromatography (SiO», n-
hexane:AcOEt = 3:1 to 1:1) to afford (d/)-14 (15 mg, quant.).
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