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Differently substituted thiophene—thiophene-alternating copolymers were formally synthesized employing a halo-bithiophene as a

monomer. Nickel-catalyzed polymerization of bithiophene with substituents at the 3-position, including alkyl-, fluoroalkyl-, or

oligosiloxane-containing groups, afforded the corresponding copolymers in good to excellent yield. The solubility test in organic

solvents was performed to reveal that several copolymers showed a superior solubility. X-ray diffraction analysis of the thin film of

the alternating copolymers composed of methyl and branched oligosiloxane substituents was also performed, and the results sug-

gested the formation of a dual-layered film structure.

Introduction

Polythiophenes attract much attention in materials science
because of their extended m-conjugation, which is applied for a
wide range of electronic materials. In particular, the regioreg-
ular polymers with a head-to-tail (HT) orientation with respect

to the substituent at the 3-position are extensively studied to

date since they generally show superior performances as materi-
als [1-6]. Cross-coupling polymerization catalyzed by a transi-
tion metal complex has been recognized as an effective tool to
afford the regioregular polythiophene in which 2,5-dihalo-3-

substituted thiophene 1 is employed as a monomer precursor,
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converting to the corresponding organometallic monomer by a
halogen—magnesium exchange reaction with a Grignard
reagent. The employment of 1 leading to polythiophene has
been shown to proceed in a dehalogenative manner [3]. We
have recently shown that the generation of the organometallic
monomer species can alternatively also be achieved by depro-
tonation, using 2-halo-3-substituted thiophene 2 or 3 with a
bulky magnesium amide Knochel-Hauser base
(TMPMgCI-LiCl) [7], followed by polymerization catalyzed by
a nickel complex, leading to the regioregular HT polythiophene
(Scheme 1) [8,9]. An additional feature of the deprotonative
protocol for polythiophene is the possibility to use chlorothio-
phene 3, in which the use of a nickel N-heterocyclic carbene
(NHC) complex was found to be effective [10,11]. We have
also engaged in the design of the side chain of polythiophenes,
and several functionalities have been successfully introduced

dehalogenative

approach
R Grignard
/@\ reagent
Br s Br
1
deprotonative approach
R
/ \ /
H s X
2:X=Cl
3: X=Br ’T‘
MgCI-LiCl
TMPMgCI-LiCI

Scheme 1: Cross-coupling polymerization of thiophene.
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[12-14]. We further focused on the copolymerization of thio-
phene, employing differently substituted thiophene monomers,
with which several copolymerizations are plausible, giving thio-
phene—thiophene copolymers of random (statistical) [15],
gradient [16,17], block [18,19], alternating [20-23], etc. [24,25]
makeup. We are thus interested in the preparation of alternating
polythiophenes bearing two kinds of different substituents. We
envisaged that such an alternating copolymer in perfect regu-
larity can be achieved by deprotonative polymerization employ-
ing a bithiophene with different substituents at the 3- and 3'-po-

sition.

We have recently shown that the coupling of 2-chloro-3-substi-
tuted thiophene 2 with 2-bromo-3-substituted thiophene 3 effi-
ciently gave chlorobithiophene 4 in a facile manner (Scheme 2)

[25]. The use of a palladium catalyst efficiently suppressed the

R2
S e 3, 2
N s” B R
He Sy ol M9X XMg— S~ Cl 3—,H I\ s g
U U Pd cat. S \ /)
R R
2 4 R
R2
Ni cat. A\ S
4 s\

Scheme 2: Polymerization of bithiophene.

alternating copolymer
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undesired polymerization to afford the HT halobithiophene with
different substituents [26]. Compared to an alternative pathway
to 4, in which initial coupling is followed by chlorination, this
protocol exploits the improved deprotonation efficiency of 2
toward 3’-unsubstituted 3-substituted bithiophene, and this
method enabled the synthesis of 4 (where R!
tively. Polymerization of 4 (where R! = n-hexyl and R? =

= H) regioselec-

(CH»)4Si(Me,)OSiMes) was also examined preliminarily, and it
was confirmed that the alternating copolymer was obtained with
extremely high regularity. Herein, we wished to study the poly-
merization of bithiophene 4 possessing several kinds of substit-
uents and a variety of functionalities. Since the homopolymer is
considered rather insoluble in most organic solvents, the
presumed improved solubility of the related alternating copoly-

mers was also part of this study.

Results and Discussion

The synthesis of chlorobithiophenes with different substituents
at the 3- and 3'-position was carried out in a manner that we
have described previously [25]. We chose five chlorobithio-
phenes as monomer precursors for the alternating copolymers,
as summarized in Scheme 3. The cross-couplings, as shown in
Scheme 2, proceeded smoothly to afford the bithiophenes 4 in
46-92% yield.

The synthesis of the alternating copolymers was carried out
with monomer precursors 4 by deprotonation with
Knochel-Hauser base followed by the addition of the nickel
catalyst NiCly(PPh3)IPr to initiate the polymerization of bithio-
phene.

We first carried out the polymerization of chlorobithiophene 4a,

bearing hexyl and methyl substituents at the 3- and 3'-position,

(CHp)q
S \

\ /

4a, 92% [25] N-hexyl 4b, 72% [25]

SIOSl

e

4d, 46% (CH2)3I’I C4Fg

Scheme 3: Preparation of chlorobithiophenes.

e
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Beilstein J. Org. Chem. 2020, 16, 317-324.

respectively. Although the polymerization took place in moder-
ate yield (34%), the formation of hardly soluble precipitates
was observed during the reaction, and the thus obtained solid
was found to fail to dissolve in any organic solvent. As previ-
ously reported for the regioregular polythiophene synthesis,
poly(3-hexylthiophene) (P3HT) can smoothly be dissolved in
several organic solvents. In contrast, there have been few
reports on the preparation of regioregular polythiophene bear-
ing a methyl group at the 3-position [27]. Accordingly, the in-
corporation of the alternating methyl substituent would result in
much inferior solubility as compared to the alternating
copolymer. Several chlorobithiophenes 4 were then similarly
subjected to the polymerization. The results of the alternating
copolymerizations are summarized in Scheme 4. The deproton-
ation by the Knochel-Hauser base was carried out at room tem-
perature for 3 h. The addition of the nickel catalyst 5 and further
stirring at room temperature followed. The reactions proceeded
smoothly to afford the corresponding formally alternating
copolymers in 48-84% yields [28]. The molecular weight of the
products was found to be controllable based on the ratio of
monomer/catalyst feed, and the molecular weight distributions

were relatively narrow.

Solubility tests of the obtained polymers were performed as
summarized in Figure 1. Although the alternating copolymer
6b, substituted with methyl and C-4 alkyl groups as well as ter-
minal pentamethyldisiloxane groups, was obtained with a
slightly low molecular weight, suggesting improved solubility
compared to 6a (RZ = Me and R! = n-hexyl), the attempted
dissolution of the obtained polythiophene 6b in chloroform was
unsuccessful. Switching the oligosiloxane moiety to a branched
derivative (R? = (CH»)4Si(Me)(OSiMes),) in 6¢ remarkably im-

proved the solubility, and the copolymer 6c was soluble

Sl O- Sl A_X\C;:M; O- Sl
4c, 74%
CH2)4 SI O- SI

4e,50% (CH2)3n-C4Fg
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|Pr/_\ |Pr
|P\(|P
Cl— l\lll Cl
r2 PPh3 5 )
TMPMgCI-LiCI NiCly(PPh3)IPr
7\ S._q| 1.2 equiv (1.0-2.0 mol %) I\ S
H™ s S\
THF, rt, 3 h THF n
4 R‘l 6 R1
|
I
n- hexyl
6a, 34% 6b, 84% 6¢c, 84%
(2.0 mol %, (2.0 mol %, rt, 24 h) (1.0 mol %, rt, 18 h)
60 °C, 20 h) M, = 10400, M,,/M,, = 1.62 M, =70100, M,/M, = 1.38
low solubility |
CHz)al" C4Fg (CH2)3n -C4Fg
6d, 48% 6e, 58%
(1.0 mol %, rt, 1 h) (1.0 mol %, rt, 1 h)

M, = 68600, My, /M, =115 M, = 33200, M,,/M, = 1.07

Scheme 4: Polymerization of chlorobithiophenes.

6b

chloroform

. =

hexane g i

Figure 1: Solubility tests of alternating copolymer 6 (1 mg of material dissolved in 1 mL of the solvent).
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in chloroform, whereas the dissolution in hexane was unsuc-
cessful. Copolymers bearing a fluoroalkyl substituent
((CHy)3n-C4Fy), with a corresponding homopolymer solubility
that was lower than that of the long-chained alkyl derivatives,
were then examined. The alternating copolymer 6d, bearing
fluoroalkyl and non-branched disiloxane substituents was
readily soluble in chloroform, while the attempted dissolution
of 6d in hexanes was unsuccessful. However, a remarkable
solubility of the copolymer 6e bearing a fluoroalkyl group and a

branched oligosiloxane unit in hexanes was noted.

XRD analysis of the copolymer 6¢, bearing branched
oligosiloxane and methyl groups, was carried out. Two remark-
able peaks were observed at 20 = 3.94° and 12.18°, respective-
ly, as shown in Figure 2a. The result suggested that the thin film
of the alternating copolymer 6c¢ had a bilayer lamellar structure
with 7.3 A and 22.4 A distances, respectively (Figure 2b)
[13,29,30]. Molecular modeling of the alternating copolymer 6¢
suggested chain lengths of 11.6 A and 2.2 A, respectively. The
values of the observed layer distances of copolymer 6¢ closely
corresponded to twice the values, 11.6 X 2 and 2.2 X 2
(Figure 2c¢), in which the conformation of the carbon—carbon
single bond between the thiophene rings was anti. The pro-
posed layer distance of regiorandom poly(3-methylthiophene)
of 7.7 A reported by Yan and co-workers was close to our result
from the XRD analysis (7.3 A) corresponding to the aggrega-
tion of the alternating methyl substituent [27].

Conclusion

In summary, we showed that formally alternating
thiophene—thiophene copolymers could be synthesized by em-
ploying differently substituted halobithiophenes as monomers
in nickel-catalyzed deprotonative polymerizations. The intro-
duction of oligosiloxanes as side chains improved the solubility

in organic solvents, and copolymer components involving less

a b
2000
20=3.94° 73A

2 1500 | d=224A
§ 1000 ¢ 26=12.18° 224 A
g d=7.3A '
% s |

0 : 7.3 A

0 10 20 30
26 (degree) ~

Beilstein J. Org. Chem. 2020, 16, 317-324.

soluble functional groups, such as short alkyl chains or fluo-
roalkyl groups, could be incorporated into the alternating
copolymers. X-ray diffraction measurements revealed that the
alternating copolymers bearing different side chain lengths had
dual-layer structures in the thin-film state.

Experimental
General

Polymerization was carried out with the standard Schlenk tech-
nique under a nitrogen or argon atmosphere. 'H NMR
(400 MHz), 'F NMR (376 MHz), and 3C{!H} NMR
(100 MHz) spectra were measured on a JEOL ECZ400 spec-
trometer as a CDClj3 solution, unless otherwise noted. The
chemical shifts were expressed in ppm with CHCI3 (7.26 ppm
for 'H), CFg (~164.9 ppm for 'F), or CDCl3 (77.16 ppm for
13C) as internal standards. IR spectra were recorded on Bruker
Alpha spectrometer with an ATR attachment (Ge). High-resolu-
tion mass spectra (HRMS) were measured using a JEOL JMS-
T100LP AccuTOF LC-Plus apparatus (ESI) with a JEOL
MS-5414DART attachment. For thin-layer chromatography
(TLC) analyses throughout this work, Merck precoated TLC
plates (silica gel 60 F,s4) were used. Purification by HPLC with
preparative SEC columns (JAI-GEL-1H and JAI-GEL-2H) was
performed by a JAI LC-9201 system. SEC analyses were
carried out with a standard HPLC system equipped with a UV
detector at 40 °C using CHCl3 as an eluent with Shodex
KF-402HQ and KF-404HQ. Molecular weights and molecular
weight distributions were estimated on the basis of the calibra-
tion curve obtained by 6 standard polystyrenes. UV—vis absorp-
tion spectra of the polymer films were measured with a
Shimadzu UV-3150 spectrometer. XRD analysis was carried
out with a Rigaku RINT-2000(CuKa) device. Concerning the
solvent of the nickel- and palladium-catalyzed reactions, THF
(anhydrous grade) was purchased from Kanto Chemical Co.
Ltd. and passed through alumina and copper columns (Nikko

\ /
Sie
0 /
\/
Si-0-Si

calcd side chain length
(ideal straight form)

Figure 2: XRD measurement and prediction of the bilayer lamellar structure of polymer 6¢. a) XRD analysis. b) Suggested bilayer lamellar structure.

c) Side chain length.
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Hansen & Co. Ltd.) or distilled from a sodium dispersion in
mineral oil/benzophenone ketyl [31] prior to use. The
Knochel-Hauser base (TMPMgCl1-LiCl) was purchased from
Sigma-Aldrich Co. Ltd. as a 1 M THF solution. NiCl,(PPh3)IPr
(5) was purchased from TCI Co. Ltd. All other chemicals were
purchased and used without further purification. The prepara-
tion of the chlorobithiophenes 4a and 4b was performed in a

manner reported previously [25].

The synthesis of the chlorobithiophenes 4 was carried out in a
manner shown in our previous report [25]. The spectroscopic
properties and analytical data for 4 are summarized below.

2-Chloro-3-hexyl-5-(3-methylthiophen-2-yl)thiophene (4a)
[25]: 92% yield as a light yellow oil. '"H NMR (500 MHz,
CDCl3) 8 0.92 (t, J = 7.5 Hz, 3H), 1.31-1.43 (m, 6H),
1.58-1.67 (m, 2H), 2.37 (s, 3H), 2.59 (t, J = 7.5 Hz, 2H), 6.83
(s, 1H), 6.87 (d, J = 5.0 Hz, 1H), 7.14 (d, J = 5.0 Hz, 1H);
3BC{IH} NMR (100 MHz, CDCl3) 5 14.2, 15.3, 22.8, 28.2,
29.1,29.7,31.8, 123.5, 124.0, 126.2, 130.6, 131.4, 133.1, 134.2,
139.8; IR (ATR): 2954, 2926, 2856, 1463, 1199, 1042, 830,
705, 617 cm™'; HRMS (DART-ESI*) m/z: calcd for
CsH,035CIS,, 299.0695; found, 299.0687.

2-Chloro-3-methyl-5-(3-(4-(1,1,3,3,3-pentamethyl-
disiloxy)butan-1-yl)thiophen-2-yl)thiophene (4b) [25]: 72%
yield as a light yellow oil. '"H NMR (400 MHz, CDCl3) 5 0.0 (s,
6H), 0.05 (s, 9H), 0.50-0.57 (m, 2H), 1.33-1.44 (m, 2H),
1.58-1.68 (m, 2H), 2.19 (s, 3H), 2.67-2.74 (m, 2H), 6.77 (s,
1H), 6.90 (d, J = 5.0 Hz, 1H), 7.15 (d, J = 5.0 Hz, 1H);
13C{!H} NMR (100 MHz, CDCl3) 8 0.5, 2.2, 13.7, 18.4, 23.3,
29.0, 34.5, 124.0, 124.6, 127.6, 128.4, 130.0, 132.7, 134.7,
140.0; IR (ATR): 2955, 2924, 2858, 1567, 1411, 1252, 1194,
1051, 840, 807, 783, 753, 687, 651, 625 cm™!; HRMS (DART-
ESI*) m/z: caled for CygH303°Cl1S,Si,, 417.0951; found,
417.0979.

2-Chloro-3-methyl-5-(3-(4-(bis(trimethylsiloxy)-
(methyl)silyl)butan-1-yl)thiophen-2-yl)thiophene (4¢): 74%
yield as a light yellow oil. '"H NMR (400 MHz, CDCl3) 5 0.0 (s,
3H), 0.07 (s, 18H), 0.44-0.51 (m, 2H), 1.33-1.42 (m, 2H),
1.58-1.67 (m, 2H), 2.19 (s, 3H), 2.67-2.73 (m, 2H), 6.77 (s,
1H), 6.90 (d, J = 5.0 Hz, 1H), 7.15 (d, J = 5.0 Hz, 1H);
13c{IH} NMR (100 MHz, CDCl3) 8 -0.1, 2.0, 13.7, 17.6, 23.1,
28.9, 34.4, 124.1, 124.5, 127.6, 130.0, 130.1, 132.6, 134.7,
140.0; IR (ATR): 2957, 1411, 1256, 1045, 840, 799, 783, 754,
688, 651 cm_l; HRMS (DART-ESIY) m/z: caled for
C20H3535C102825i3, 491.1153; found, 491.1177.

2-Chloro-3-(4,4,5,5,6,6,7,7,7-nonafluoroheptyl)-5-(3-(4-
(1,1,3,3,3-pentamethyldisiloxy)butan-1-yl)thiophen-2-

Beilstein J. Org. Chem. 2020, 16, 317-324.

ylthiophene (4d): 46% yield as a light yellow oil. "H NMR
(400 MHz, CDCl3) 8 0.0 (s, 6H), 0.05 (s, 9H), 0.50-0.57 (m,
2H), 1.33-1.43 (m, 2H), 1.58-1.69 (m, 2H), 1.89-1.99 (m, 2H),
2.05-2.21 (m, 2H), 2.69 (t, J = 7.3 Hz, 2H), 2.71 (t, J = 7.3 Hz,
2H), 6.79 (s, 1H), 6.91 (d, J = 5.0 Hz, 1H), 7.17 (d, J = 5.0 Hz,
1H); 3C{!H} NMR (100 MHz, CDCl3) 8 0.4, 2.1, 18.3, 20.5
(br), 23.4, 27.4, 29.0, 30.4 (t, J = 22 Hz), 34.5, 124.3, 125.1,
126.0, 129.7, 130.2, 133.6, 137.6, 140.3; 19F NMR (376 MHz,
CgFg) 8 -129.2, =127.6, —117.6, —84.2; IR (ATR): 2957, 1252,
1232, 1167, 1133, 1101, 1057, 1013, 879, 842, 807, 784, 752,
736, 719, 689, 651 cm™!; HRMS (DART-ESI*) m/z: calcd for
C24H3335C1F90528i2, 663.1056; found, 663.1050.

2-Chloro-3-(4,4,5,5,6,6,7,7,7-nonafluoroheptyl)-5-(3-(4-
(bis(trimethylsiloxy)(methyl)silyl)butan-1-yl)thiophen-2-
ylthiophene (4e): 50% yield as a light yellow oil. 'H NMR
(400 MHz, CDCl3) 8 0.0 (s, 3H), 0.07 (s, 18H), 0.44-0.52 (m,
2H), 1.32-1.43 (m, 2H), 1.58-1.68 (m, 2H), 1.89-1.99 (m, 2H),
2.04-2.21 (m, 2H), 2.68 (t, J = 7.8 Hz, 2H), 2.70 (t, J/ = 7.8 Hz,
2H), 6.79 (s, 1H), 6.91 (d, J = 5.0 Hz, 1H), 7.17 (d, J = 5.0 Hz,
1H); 13C{!H} NMR (100 MHz, CDCls) 8 -0.2, 2.0, 17.6, 20.5
(br), 23.1, 27.4, 29.0, 30.4 (t, J = 22 Hz), 34.3, 124.3, 125.1,
126.0, 129.7, 130.2, 133.6, 137.6, 140.2; 19F NMR (376 MHz,
CgFg) 8 —129.2, —127.6, —117.6, —84.2; IR (ATR): 2958, 1252,
1233, 1167, 1134, 1046, 870, 841, 800, 783, 754, 719, 689,
651 cm~!; HRMS (DART-ESI*) m/z: calcd for
C,7H4335CIF90S,Si3, 737.1608; found, 737.1611.

General procedure for the polymerization of chlorobithio-
phene representatives: the reaction of 4b leading to poly(3-
(4-(1,1,3,3,3-pentamethyldisiloxy)butan-3-yl)thiophen-2,5-
diyl)-alt-poly(3-methylthiophen-2,5-diyl) (6b): To a 20 mL
Schlenk tube equipped with a magnetic stirring bar were added
4b (104 mg, 0.25 mmol) and a 1 M THF solution of
TMPMgCI-LiCl (0.3 mL, 0.3 mmol) was added at room temper-
ature. After stirring at room temperature for 3 h, THF (2.5 mL)
and NiCly(PPh3)IPr (5, 3.9 mg, 6.0 pmol) were added to initiate
the polymerization. The color of the solution changed to light
orange and then to dark purple with the formation of slightly
insoluble material. After stirring at room temperature for
24 h, the reaction mixture was poured into a mixture of hydro-
chloric acid (1.0 M, 2 mL) and methanol (10 mL) to form a pre-
cipitate, which was filtered off to leave a dark purple solid.
After washing with methanol and hexanes repeatedly, the solid
was dried under reduced pressure to afford 79.6 mg of 6b (84%
isolated yield). The HT regioregularity was confirmed by
H NMR analysis, and the molecular weight (M) and the mo-
lecular weight distribution (M,/M,) were estimated by SEC
analysis. HT = 98%, M, = 10400, M, = 16900, M,/M,, = 1.62;
'H NMR (400 MHz, CDCl3) & 0.02-0.08 (br, 15H), 0.50-0.63
(m, 2H), 1.41-1.52 (m, 2H), 1.64-1.78 (m, 2H), 2.44 (s, 3H),
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2.75-2.85 (m, 2H), 6.95 (s, 1H), 6.99 (s, 1H); IR (ATR):
2956, 2925, 2855, 1728, 1445, 1252, 1057, 841, 806, 782,
753 cm™ L

The other polymers 6¢c—e were synthesized similarly. The poly-
merization was continued for 18-24 h or terminated after 1 h
when 4 bearing a fluoroalkyl substituent was employed, due to
faster polymerization, which brought about an uncontrollable
molecular weight. The properties and spectroscopic data are

summarized below.

Poly(3-(4-(bis(trimethylsiloxy)(methyl)silyl)butan-1-yl)thio-
phen-2,5-diyl)-alt-poly(3-methylthiophen-2,5-diyl) (6¢): 84%
yield. M, = 70100, M,,/M,, = 1.38; 'H NMR (400 MHz, CDCl;)
6 0.03 (s, 3H), 0.09 (s, 18H), 0.43-0.65 (m, 2H), 1.35-1.55 (m,
2H), 1.63-1.85 (m, 2H), 2.44 (s, 3H), 2.71-2.92 (m, 2H), 6.95
(s, 1H), 7.00 (s, 1H); 13C{'H} NMR (100 MHz, CDCl3) & 0.1,
2.1, 15.9, 17.7, 23.3, 29.4, 34.2, 128.3, 130.0, 130.4, 131.0,
133.5, 134.3, 134.4, 140.0; IR (ATR): 2957, 2926, 2858, 1511,
1449, 1256, 1046, 841, 802, 782, 754, 668 cm™!.

Poly(3-(4-(1,1,3,3,3-pentamethyldisiloxy)butan-3-yl)thio-
phen-2,5-diyl)-alt-poly(3-(4,4,5,5,6,6,7,7,7-nonafluoro-
heptyl)thiophen-2,5-diyl) (6d): 48% yield. M, = 68600,
My,/M, = 1.15; "H NMR (400 MHz, CDCl3) § 0.06 (s, 15H),
0.55-0.66 (m, 2H), 1.41-1.55 (m, 2H), 1.67-1.83 (m, 2H),
1.97-2.12 (m, 2H), 2.12-2.30 (m, 2H), 2.73-2.88 (m, 2H),
2.88-3.01 (m, 2H), 7.00 (br, 2H); '3C{'H} NMR (100 MHz,
CDCl3) 8 0.5, 2.1, 18.4, 21.3 (br), 23.5, 28.7, 29.4, 30.6 (t, J =
22 Hz), 34.4, 128.2, 129.3, 130.7, 131.6, 133.3, 134.4, 137.8,
140.4; IR (ATR): 2957, 2925, 1452, 1356, 1252, 1232, 1169,
1134, 1059, 879, 842, 807, 783, 752, 720, 701 cm™ L.

Poly(3-(4-(bis(trimethylsiloxy)(methyl)silyl)butan-1-yl)thio-
phen-2,5-diyl)-alt-poly(3-(4,4,5,5,6,6,7,7,7-nonafluoro-
heptyl)thiophen-2,5-diyl) (6e): 58% yield. SEC analysis
showed M, = 33200, M,/M, = 1.07; "H NMR (400 MHz,
CDCl3) 8 0.03 (s, 3H), 0.09 (s, 18H), 0.44-0.66 (m, 2H),
1.37-1.60 (m, 2H), 1.60-1.86 (m, 2H), 1.94-2.33 (m, 4H),
2.63-3.11 (m, 4H), 7.00 (br, 2H); 13C{!H} NMR (100 MHz,
CDCl3) 6 -0.2, 2.0, 17.7, 21.3, 23.3, 28.7, 29.4, 30.6 (t,J = 22
Hz), 34.2, 128.2, 129.3, 130.7, 131.6, 133.3, 134.5, 137.8,
140.4; IR (ATR): 2957, 1455, 1356, 1251, 1233, 1134, 1052,
840, 801, 773, 754, 720, 700 cm™ L.
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A series of optically active bisbenzofuro[2,3-b:3",2’-e]pyridine (BBZFPy) derivatives was synthesized starting with the readily
available (S)- and (R)-1,1’-bi-2-naphthols through a palladium-catalyzed multiple intramolecular C-H/C—H coupling as the key
ring-closure step. The effect of terminal zert-butyl substituents on the BBZFPy skeleton was systematically investigated to uncover
a unique aggregation-induced enhancement of CPL characteristics in the solid state. The crystal structures of the coupling products

were also evaluated by single crystal X-ray analysis and the well-ordered intermolecular stacking arrangements appeared to be re-

sponsible for the enhanced CPL.

Introduction

Densely-fused (hetero)aromatic compounds have been a key
motif in a wide range of manufactured functional molecules, as
they exhibit fundamentally useful electrochemical and photo-
physical properties. Considerable effort has therefore taken into
the development of efficient methods for the construction of
such polycyclic scaffolds, and the last decade has witnessed a
remarkable improvement in the palladium-catalyzed C—H/C-H

oxidative coupling as one of the potential synthetic strategies

[1]. This method is straightforward and highly step-economical,
enabling us to produce condensed (hetero)acenes from rather
simple polyarenes, in which several aromatic units are
connected with each other through appropriate linker units
[2-11]. Recently, we reported the synthesis and optical proper-
ties of a series of furan-fused aromatics via the formal dehydro-
genative coupling adopting oxygen atom as the linker [12-17].
In particular, bisbenzofuro[2,3-b:3',2"-e]pyridines (BBZFPys)
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were found to exhibit intense photoluminescence with relative-
ly high quantum efficiency (®g, up to 0.70), indicating that the
BBFZPy scaffold may serve as a key fluorophore unit in certain

light-emitting functional materials (Scheme 1) [14].

Meanwhile, organic optoelectronic materials with circularly
polarized luminescence (CPL) characteristics have attracted sig-
nificant research interests in recent years [18-21] for their
potential applications in three-dimensional displays [22], infor-

mation storage systems [23], molecular photoswitches [24], etc.

Among a series of chiral scaffolds for CPL emitting molecules,

axially chiral 1,1°-bi-2-naphthol (BINOL) has been frequently
adopted for the core structure owing to the availability of both
enantiomers as well as the ease of site-selective functionaliza-
tion. Up to date, many BINOL-based CPL active compounds
have been established by installing aromatic subunits on the
periphery of the binaphthyl skeleton or on the hydroxy groups
[25-32], extending the m-system [33], and linearly connecting
the naphthyl rings [34-36]. In these compounds, the hydroxy
groups are remained untouched or protected as the correspond-
ing ethers or esters. We envisioned that the assembly of the bi-
naphthyl-fused furan motif embedding the BINOL hydroxy
groups into the polyaromatic scaffolds would lead to the devel-

opment of new chiroptical materials. Such molecules, however,

have hardly been investigated to date probably because of the

synthetic difficulty to obtain them as pure enantiomers. There

X
R+ _
= OH N =
o | R—./ « |
X" 'N” "X cat. Cuorbase o N O

= stoic. AgOAc

X PivOH

Beilstein J. Org. Chem. 2020, 16, 325-336.

have been only a few reports for the binaphthyl-fused furan-ring
construction from the C3-alkynylated BINOL derivatives [37-
39]. In this context, we herein describe the synthesis of axially
chiral BINOL-derived BBZFPys through the palladium-cata-
lyzed oxidative coupling reaction. The optical properties of the
synthesized polyaromatic compounds were systematically
studied, and some of them displayed an interesting aggregation-
induced enhancement of CPL in the solid state with consider-

ably higher dissymmetry factors compared to those in solution.

Results and Discussion
Synthesis of BINOL-derived BBFPys

The study was initiated with the synthesis of 2,6-diaryloxy-
pyridines 3 bearing a 1,1’-binaphthyl backbone as precursors
for the dehydrogenative coupling reaction (Scheme 2). In
general, functionalization of the BINOL hydroxy groups should
be performed at temperatures below 80 °C to prevent racemiza-
tion [40,41]. 6,6’-Di-tert-butyl-1,1’-bi-2-naphthol (1) was
treated with 2,6-difluoropyridine using cesium carbonate as
base in DMF at 40 °C [42], giving both the enantiomers of 2 in
optically pure forms. The remaining fluorine substituents were
subsequently replaced by a series of phenols including unsubsti-
tuted phenol, p-tert-butylphenol, and m-tert-butylphenol to
produce the corresponding unsymmetrically substituted
pyridines 3a—c in high yields. We then examined the oxidative

cyclization of these compounds under the standard conditions

cat. Pd(TFA),

BBFZPy

Scheme 1: Synthesis of BBFZPys through the Pd-catalyzed C—H/C—H coupling.

| X
- N F ArOH
t-Bu (3.0equiv) , g, (22 equiv) t-Bu _ _
00 SmesWel:- ihnesNeVe.
(30equw) (2.2 equiv) 0 \N o X

OH DMF
40 °C,48h

(S)-2, 86%

(Sr1 (R)-2, 90%

(R)-1

Scheme 2: Synthesis of 3a—c.

_ F DMSO
OO U 100 °C, 18 h
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X X
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(S)-3a,84%  (S)-3b, 94%
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(S)-3c, 89%
(R)-3c, 95%
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adopting Pd(TFA), (30 mol %, TFA = trifluoroacetate) and
AgOAc (3.0 equiv) as catalyst and oxidant, respectively, in
pivalic acid as solvent (Scheme 3). Since the desired four-fold
coupling products 4 were obtained only in small quantities after
the reactions, the crude mixtures containing incompletely
cyclized compounds were again subjected to the same catalytic
conditions. To our delight, all the target molecules 4a—c were
successfully isolated as pure enantiomers in 10-36% yields.

The higher yield of 4¢ was probably due to its better solubility.

In order to systematically evaluate the optical properties of
these coupling products, a simple benzofuran-fused 1,1’-bi-
naphthyl 6 was also synthesized as a benchmark (Scheme 4).
The parent ether 5 was obtained through the arylation of 1
utilizing PhyIOTY as arylating reagent [43,44]. Some copper-
mediated arylation protocols using bromobenzene or iodo-
benzene [45,46] were also applicable to the preparation of 5,
but significant loss of optical purity was inevitable. After the
Pd-catalyzed cyclization under the standard conditions, the
desired compounds (S)- and (R)-6 were obtained as pure enan-

tiomers in 18% yield.

Pd(TFA), (30 mol %)

AgOACc (4.0 equiv)
PivOH, under air
150 °C, 24 h

SO0 L

Beilstein J. Org. Chem. 2020, 16, 325-336.

Optical properties

We next investigated the optical properties of the coupling
products (Figure 1 and Table 1). The parent compounds 3a—c
emitted fluorescence at around 360 nm both in sufficiently
diluted CHClj solutions (1.0 x 107> M) and in the solid states.
The quantum yields of these molecules were around 0.15 in
solution, which is typical for binaphthyl compounds [47]. In
contrast, 4a—c as well as 6 exhibited fluorescence at around
390 nm in solution, with relatively higher quantum yields of
0.37-0.40. The emission bands of 4a—c in their solid state were
considerably red-shifted as compared to that of 6, suggesting
that these compounds displayed the appreciable effect of molec-
ular aggregation. Interestingly, 4b and 4c, bearing the addition-
al terminal terz-butyl substituents, were more red-shifted than
4a despite such a sterically demanding group usually disturbs

intermolecular stacking interactions.

Subsequently, the chiroptical properties of the synthesized com-
pounds were evaluated (Figure 2 and Figure 3, Table 2). The
circular dichroism (CD) spectra in CHClj solutions showed

apparent Cotton signals characteristic to axially chiral mole-

(S)-4a, 16%
(R)-4a, 10%

t-Bu

(S)-4b, 18%

OO U/ \©R then same as above
1
N X t-B

3a, 3b, 3c

Scheme 3: Synthesis of 4a—c through oxidative coupling reaction.

Y (R)-4b, 12%

, (S)-4c, 29%
(R)-4c, 36%

Ph,lOTF Pd(TFA),
(2.5 equiv) (30 mol %)
GO W 0 0 s, TCO
OH (2.5 equiv) o (4.0 equiv) o
O ThF © PIVOH, air 0
0to40°C,5h 150 °C, 24 h
t-Bu t-Bu
(S)1, (R)-1 (S)-5, 58% (S)-6, 18%
' (R)-5, 62% (R)-6, 18%

Scheme 4: Synthesis of 6.
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Figure 1: Absorption (dotted line) and fluorescence (solid line) spectra of 3, 4, and 6 measured as CHCl3 solutions (1.0 x 10~5 M) and in solid states.

Table 1: Florescence properties.2

Compd. solution Amax (Aex) solid Amax (Aex) ® (solution) ® (solid)
3a 358 nm (282 nm) 360 nm (341 nm) 0.13 0.30
3b 357 nm (283 nm) 360 nm (338 nm) 0.14 0.21
3c 357 nm (283 nm) 360 nm (338 nm) 0.16 0.19
4a 392 nm (341 nm) 436 nm (369 nm) 0.39 0.17
4b 391 nm (342 nm) 488 nm (369 nm) 0.38 0.08
4c 391 nm (342 nm) 457 nm (370 nm) 0.40 0.07
6 384 nm (263 nm) 405 nm (380 nm) 0.37 0.13

aMeasured at room temperature as solution in CHCI3 (1.0 x 1075 M) and in the solid states.

cules. In all cases, the (S)- and (R)-enantiomers were evidently  tral shapes of 3a—c and 4a—c were respectively comparable, in-

mirror images of each other while the anisotropy factors g,,s  dicating that the posted positions of the terminal fert-butyl

are relatively small and in the range of 10™ to 1077, The spec-  groups exerted minimal influence on the Cotton effect in the
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Figure 2: CD and CPL spectra of 3 measured as CHCl3 solutions (1.0 x 10~5 M) and in the solid states (dispersed in Fomblin®).

Table 2: Calculated dimensionless dissymmetry factors.2

Compd.

3a

3b

3c

4a

4b

4c

6

Qabs (solution)

8.72 x 1077 (285 nm)
3.18 x 1077 (285 nm)
1.06 x 1076 (285 nm)
5.60 x 1076 (341 nm)
9.96 x 1075 (342 nm)
8.72 x 1075 (342 nm)

1.00 x 1074 (256 nm)

Jium (solution)

4.37 x 1074 (358 nm)
6.72 x 1074 (357 nm)
6.90 x 1074 (357 nm)
5.57 x 1074 (392 nm)
4.60 x 1074 (391 nm)
6.40 x 1074 (391 nm)

3.80 x 107 (384 nm)

Gium (solid)

n.d.p

n.d.

n.d.

5.40 x 104 (436 nm)
6.68 x 10-3 (488 nm)
6.06 x 10-3 (457 nm)

1.40 x 1074 (405 nm)

aMeasured at room temperature as solution in CHCIz (1.0 x 1075 M) and in solid states (dispersed in Fomblin®). PNot determined.

solution state. A similar trend was observed for the CPL spec-
tra. The (S)-isomers displayed left-handed CPL characteristics
throughout the wavelengths of their corresponding fluores-

cence emission bands, whereas the (R)-isomers emitted right-

handed CPL to produce the mirror images. The calculated lumi-
nescence dissymmetry factors [48] gjum for the solutions were
all within the range of 3.80 x 107* to 6.90 x 10™*. On the other
hand, in the dispersed solid state in Fomblin® PFPE (perfluo-
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Figure 3: CD and CPL spectra of 4 and 6 measured as CHCl3 solutions (1.0 x 1075 M) and in solid states (dispersed in Fomblin®).

ropolyether) fluid (each sample was not soluble in the fluid and
gave the expected solid-state luminescence), the signal intensi-
ty drastically changed depending on the molecular structures. In
particular, 4b and 4c¢ exhibited enhanced CPL characteristics
with considerably high gi,m values of 6.68 x 1073 and
6.06 x 1073, respectively, which were approximately ten times
larger than those of the CHClj solutions [49]. The parent com-
pounds 3a—c, however, did not give clear mirror images in the
CPL measurements. Since such a phenomenon was not ob-
served for 4a and 6, the terminal fert-butyl substituents in 4b
and 4c¢ were likely to assist the formation of well-ordered aggre-
gates, being consistent with the observation of the red-shifted

luminescence discussed above.

Crystal structures of 4b and 4c¢

The molecular structures of 4b and 4¢ were unambiguously de-
termined by single crystal X-ray diffraction analysis. The
crystal of 4b is classified into a space group P4322 (tetragonal)
with a biaryl torsion angle of 74.4° (Figure 4b). A considerable
intermolecular m—m stacking interaction was observed in be-
tween its polyaromatic fragments whose distance is approxi-
mately 3.44 A. The polycyclic subunits overlap each other,
being line-symmetrically aligned (Figure 5a). Meanwhile, the
isomer 4c¢ has two independent molecules in the unit cell, and
the torsion angles are 67.1° and 106.8°, respectively (Figure 4d
and 4f). As displayed in Figure 4b, the aromatic fragments are

point-symmetrically overlapped with the m—m stacking distance
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Figure 4: ORTEP drawings of 4b and 4c with 50% thermal probability. Hydrogen atoms and solvent molecules are omitted for clarity. Only major ori-
entation of the disordered structure is displayed. The CCDC numbers are 1971471 for (R)-4b and 1971470 for (R)-4c.

(a) Stacking of (R)-4b (c) Packing of (R)-4b (d) Packing of (R)-4c

Figure 5: Intramolecular stacking structures of 4b and 4c.

of around 3.45 A. It is noteworthy that both 4b and 4c pile up  structures (Figure 5¢ and 5d). Unfortunately, the crystal struc-
while minimizing the steric repulsion between the fert-butyl ture of 4a was not determined after numerous attempts for ob-
groups which occupy “staggered” orientations in their crystal taining crystals suitable for the X-ray analysis. Based on these
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observations, it is reasonable to conclude that the fert-butyl sub-
stituents effectively restricted the stacking structure to the spe-
cific conformations, thereby facilitating the assembly of well-

ordered aggregates in the solid state [50-54].

Conclusion

In summary, we have achieved the synthesis of a series of CPL-
active polyheteroaromatic compounds from readily available
chiral BINOLs via the O-arylation and subsequent palladium-
catalyzed C—H/C-H coupling reaction. The substitution pattern
on the BBZFPy skeleton had much effect on the solid-state
optical properties. Particularly, the compounds 4b and 4c¢ bear-
ing terminal tert-butyl groups exhibited solid-state fluorescence
with the enhanced CPL characteristics (gjum = 6.68 X 1073 and
6.06 x 1073), as compared to those in solution. Their solid-state
structures were investigated by X-ray diffraction analysis to
find well-ordered intermolecular stacking structures within the
crystals.

Experimental

General

All manipulations were performed under N, using standard
Schlenk techniques unless otherwise noted. DMF was dried and
deoxygenated by a Glass Counter Solvent Dispending System
(Nikko Hansen & Co., Ltd.). DMSO was distilled from CaH,
and stored over molecular sieves 4 A. Silica gel column chro-
matography was performed using Wakosil® C-200
(64-210 pm). Nuclear magnetic resonance spectra were
measured at 400 MHz ('"H NMR) and at 100 MHz (13C NMR)
in 5 mm NMR tubes. 'H NMR chemical shifts were reported in
ppm relative to the resonance of TMS (8 0.00) or the residual
solvent signals at & 7.26 for CDCls. 13C NMR chemical shifts
were reported in ppm relative to the residual solvent signals at
0 77.2 for CDCl3. Melting points were measured using a
Mettler Toledo MP90. High-resolution mass spectra (HRMS)
were recorded by APCI-TOF or EI. Preparative gel permeation
chromatography (GPC) was conducted with a YMC GPC-
T2000 column eluting with CHCl3. Absorption spectra were re-
corded with JASCO V-750 spectrometer. Photoluminescence
spectra were recorded with JASCO FP-8500 spectrometer.
Quantum yield was determined using an integration sphere
system. CD and CPL spectra were recorded with JASCO
J-820AC and JASCO CPL-300 spectrometers. HPLC analysis
was carried out with JASCO EXTREMA (PU4180/MD4015/
CO04065) equipped with YMC CHIRAL ART Amylose-SA and
YMC CHIRAL ART Cellulose-SB columns.

Preparation of 6,6'-di-tert-butyl-BINOL (1)

Compound 1 was prepared according to a literature procedure
[55]. "H NMR (400 MHz, CDCls) 5 1.38 (s, 18H), 4.96 (s, 2H),
7.13 (d, J = 8.9 Hz, 2H), 7.36 (d, J = 8.9 Hz, 2H), 7.41 (dd, J =
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2.0, 8.9 Hz, 2H), 7.82 (d, J = 2.0 Hz, 2H), 7.94 (d, J = 8.9 Hz,
2H); '3C NMR (100 MHz, CDCl3) & 31.25, 34.61, 110.62,
117.54, 123.49, 124.01, 126.36, 129.35, 131.34, 131.42, 146.69,
152.29; HRMS-APCI (m/z): [M + H]" calcd for CogH310,,
399.2330; found, 399.2319. The enantiomeric purity was con-
firmed by HPLC analysis: CHIRAL ART Amylose-SA column,
n-hexane/2-propanol 90:10, 1.0 mL/min, 40 °C; (S)-1: tgr =
17.9 min, (R)-1: tg = 6.83 min, UV detection at 250.0 nm.

Preparation of 2

To a 20 mL two-necked round-bottomed flask were added 1
(796 mg, 2.0 mmol) and Cs,CO3 (978 mg, 6.0 mmol). 2,6-
Difluoropyridine (0.55 mL, 6.0 mmol) and DMF (10 mL) were
added via syringe. The mixture was stirred at 40 °C for 48 h
under N,. The resulting mixture was extracted with EtOAc. The
organic layer was washed with water, dried over Na;SOy, and
evaporated in vacuo. The residue was purified by silica gel
column chromatography (eluent: hexane/EtOAc 2:1) and GPC
to give the title compound as white solid; (S)-2 (1.01 g, 86%
yield), (R)-2 (1.06 g, 90% yield). Mp 212-214 °C; 'H NMR
(400 MHz, CDCl3) & 1.37 (s, 18H), 6.28 (dd, J = 2.6, 7.8 Hz,
2H), 6.37 (dd, J = 1.2, 8.0 Hz, 2H), 7.20 (d, J = 0.8 Hz, 2H),
7.33(d,J = 8.8 Hz, 2H), 7.34 (d, J = 8.8 Hz, 2H), 7.39 (dd, J =
2.0, 8.4 Hz, 2H), 7.77 (d, J = 2.0 Hz, 2H), 7.89 (d, J = 8.8 Hz,
2H); '3C NMR (100 MHz, CDCl3) d 31.18, 34.68, 101.52,
101.87, 121.38, 122.81, 123.20, 125.29, 126.12, 129.51, 131.09,
131.96, 142.60 (d, Jc_g = 7.8 Hz), 147.89, 148.95, 161.61 (d,
Jo_p = 14.0 Hz), 162.28 (d, Jc_g = 240 Hz), 19F NMR
(376 MHz, CDCl3) 8 69.06; HRMS-APCI (m/z): [M + H]*
calcd for C3gH35F2N,O,, 589.2644; found, 589.2661. The
enantiomeric purity was confirmed by HPLC analysis:
CHIRAL ART Cellulose-SB column, n-hexane/chloroform
95:5, 1.0 mL/min, 40 °C; (S)-2: tg = 9.86 min, (R)-2: tg =
21.29 min, UV detection at 250.0 nm.

Preparation of 3a-c

Compound 3a: To a 10 mL Schlenk flask were added 2
(294 mg, 0.5 mmol), phenol (103 mg, 1.1 mmol), and Cs,CO3
(358 mg, 1.1 mmol). DMSO (3.5 mL) was added via the
syringe. The mixture was stirred at 100 °C for 18 h under Nj.
The resulting mixture was extracted with EtOAc. The organic
layer was washed with water, dried over Nay;SOy, and evaporat-
ed in vacuo. The residue was purified by silica gel column chro-
matography (eluent: hexane/EtOAc 6:1) and GPC to give the
title compound as white solid; (S)-3a (309 mg, 84% yield), (R)-
3a (332 mg, 90%). Mp 110-112 °C; 'H NMR (400 MHz,
CDCl3) 8 1.29 (s, 18H), 6.10 (d, J = 7.9 Hz, 2H), 6.16 (d, J =
7.9 Hz, 2H), 6.91 (dd, J = 0.92, 8.5 Hz, 4H), 6.99-7.03 (m, 4H),
7.14-7.17 (m, 8H), 7.22 (d, J = 8.8 Hz, 2H), 7.68 (d, / = 2.0 Hz,
2H), 7.73 (d, J = 8.8 Hz, 2H); 13C NMR (100 MHz, CDCl3) &
31.23, 34.63, 103.72, 104.83, 121.03, 121.55, 122.67, 123.15,
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124.27, 125.03, 126.13, 129.10, 129.30, 130.90, 132.04, 141.35,
147.49, 149.54, 154.00, 161.86, 162.48; HRMS—APCI (m/z):
[M + H]* caled for C59Hy5N,04, 737.3367; found, 737.3374.
The enantiomeric purity was confirmed by HPLC analysis:
CHIRAL ART Amylose-SA column, n-hexane/chloroform
95:5, 1.0 mL/min, 40 °C; (S)-3a: tg = 7.25 min, (R)-3a: tg =
14.12 min, UV detection at 250.0 nm.

Compound 3b: Synthesized similarly to 3a using 4-tert-
butylphenol. Purified by silica gel column chromatography
(eluent: hexane/EtOAc 4:1) and GPC to give the title com-
pound as white solid; (S)-3b (399 mg, 94% yield), (R)-3b
(386 mg, 91% yield). Mp 113-115 °C; 'H NMR (400 MHz,
CDCl3) 8 1.16 (s, 18H), 1.35 (s, 18H), 6.20 (d, J = 8.0 Hz, 2H),
6.28 (d, J = 7.6 Hz, 2H), 6.77 (d, J = 8.9 Hz, 2H), 6.88 (dd, J =
2.1, 6.7 Hz, 4H), 7.09 (dd, J = 2.0, 8.0 Hz, 2H), 7.12 (dd, J =
2.1, 7.0 Hz, 4H), 7.23 (d, J = 8.8 Hz, 2H), 7.29 (t, J = 8.0 Hz,
2H), 7.72 (d, J = 2.0 Hz, 2H), 7.78 (d, J = 8.8 Hz, 2H);
13C NMR (100 MHz, CDCl3) & 31.23, 31.95, 34.22, 34.58,
103.43, 104.29, 120.83, 121.94, 122.40, 123.40, 125.01, 125.73,
126.23, 128.83, 130.79, 132.05, 141.29, 146.89, 147.26, 149.60,
151.15, 161.82, 162.41; HRMS—-APCI (m/z): [M + H]* calcd
for C54HgN,Oy, 849.4603; found, 849.4626. The enan-
tiomeric purity was confirmed by HPLC analysis: CHIRAL
ART Amylose-SA column, n-hexane/chloroform 95:5,
1.0 mL/min, 40 °C; (S)-3b: g = 8.36 min, (R)-3b: tg = 10.05
min, UV detection at 250.0 nm.

Compound 3c: Synthesized similarly to 3a using 3-tert-
butylphenol. Purified by silica gel column chromatography
(eluent: hexane/EtOAc 6:1) and GPC to give the title com-
pound as white solid; (S)-3¢ (377 mg, 89% yield), (R)-3¢
(403 mg, 95% yield). Mp 88-90 °C; !H NMR (400 MHz,
CDCl3) 8 1.17 (s, 18H), 1.36 (s, 18H), 6.14 (d, J = 8.0 Hz, 2H),
6.23 (d, J = 7.6 Hz, 2H), 6.79 (ddd, J = 1.0, 2.2, 7.3 Hz, 2H),
7.02 (t,J = 2.0 Hz, 2H), 7.09-7.13 (m, 4H), 7.16-7.28 (m, 8H),
7.73 (d, J = 1.6 Hz, 2H), 7.76 (d, J = 8.8 Hz, 2H); 13C NMR
(100 MHz, CDCl3) d 31.16, 31.22, 34.61, 34.63, 103.53,
104.62, 117.99, 118.29, 121.39, 121.53, 122.67, 123.11, 124.94,
126.13, 128.82, 129.06, 130.86, 132.03, 141.26, 147.42, 149.48,
153.01, 153.87, 162.23, 162.50; HRMS—-APCI (m/z): [M + H]*
calcd for C5gHg1N2Oy, 849.4599; found, 849.4626. The enan-
tiomeric purity was confirmed by HPLC analysis: CHIRAL
ART Amylose-SA column, n-hexane/chloroform 95:5,
1.0 mL/min, 40 °C; (S)-3c: tg = 9.00 min, (R)-3c: g = 8.61 min,
UV detection at 250.0 nm.

Preparation of 4a-c

Compound 4a: To a 10 mL Schlenk flask were added 3a
(184 mg, 0.25 mmol), Pd(TFA), (24.9 mg, 0.075 mmol),
AgOAc (167 mg, 1.0 mmol), and PivOH (2.0 mL). The mix-
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ture was heated at 150 °C for 24 h under air. After cooling to
room temperature, the resulting mixture was diluted with water
and filtered through a pad of Celite eluting with dichloro-
methane. The filtrate was washed with water, dried over
Na,SOy4, and concentrated in vacuo. The obtained crude materi-
al was again subjected to the catalytic conditions described
above. The residue was purified by silica gel column chroma-
tography (eluent: hexane/dichloromethane 4:1) and GPC to give
the title compound as pale yellow solid; (S)-4a (28.2 mg, 16%
yield), (R)-4a (18.1 mg, 10% yield). Mp >300 °C; 'H NMR
(400 MHz, CDCl3) d 1.46 (s, 18H), 7.44-7.52 (m, 8H), 7.62 (d,
J = 8.0 Hz, 2H), 8.07 (dd, J = 0.8, 7.6 Hz, 2H), 8.12 (d, J =
2.0 Hz, 2H), 8.67 (s, 2H), 8.96 (s, 2H); 13C NMR (100 MHz,
CDCl3) 6 31.25, 34.82, 112.20, 112.62, 113.07, 113.65, 120.13,
120.59, 122.80, 122.93, 123.21, 123.61, 123.62, 125.68, 125.81,
127.39, 130.67, 130.90, 147.553, 151.62, 154.63, 161.90,
163.10; HRMS-APCI (m/z): [M + H]" calcd for C5gH37N,04,
729.2723; found, 729.2748. The enantiomeric purity was deter-
mined by HPLC analysis: CHIRAL ART Amylose-SA column,
n-hexane/chloroform 60:40, 1.0 mL/min, 40 °C; (S)-4a: tg =
4.39 min, (R)-4a: tfg = 6.73 min, UV detection at 250.0 nm.

Compound 4b: Synthesized similarly to 4b from 3b (254 mg,
0.30 mmol). Purified by silica gel column chromatography
(eluent: hexane/EtOAc 4:1) and GPC to give the title com-
pound as pale yellow solid; (S)-4b (45.4 mg, 18% yield), (R)-4b
(30.2 mg, 12% yield). Single crystals suitable for the X-ray
analysis were obtained by slow evaporation from EtOAc solu-
tion. Mp >300 °C; "H NMR (400 MHz, CDCl5) & 1.46 (s, 18H),
1.48 (s, 18H), 7.47-7.71 (m, 8H), 8.07 (d, J = 0.8 Hz, 2H), 8.11
(d, J = 1.6 Hz, 2H), 8.65 (s, 2H), 8.98 (s, 2H); 13C NMR
(100 MHz, CDCl3) & 31.26, 31.87, 34.82, 34.98, 111.49,
112.62, 113.40, 113.47, 116.98, 119.97, 122.31, 122.75, 122.35,
123.57, 125.13, 125.69, 125.73, 130.64, 130.87, 146.82, 147.48,
151.62, 152.78, 162.25, 162.94; HRMS-EI (m/z): [M]* calcd
for CsgHsN2Oy, 840.3927; found, 840.3032; [ ]) = +31.8
(S-isomer), —32.4 (R-isomer) as CHClIj3 solution. The enan-
tiomeric purity was determined by HPLC analysis: CHIRAL
ART Amylose-SA column, n-hexane/2-propanol 90:10,
1.0 mL/min, 40 °C; (S)-4b: trg = 15.95 min, (R)-4b: tg = 24.38
min, UV detection at 250.0 nm.

Compound 4c: Synthesized similarly to 4¢ from 3¢ (254 mg,
0.3 mmol). Purified by silica gel column chromatography
(eluent: hexane/EtOAc 4:1) and GPC to give the title com-
pound as pale yellow solid; (S)-4¢ (74.1 mg, 29% yield), (R)-4¢
(90.0 mg, 36% yield). Single crystals suitable for the X-ray
analysis were obtained by hexane vapor diffusion into CHClj
solution. Mp >300 °C; 'H NMR (400 MHz, CDCl3) 8 1.41 (s,
18H), 1.45 (s, 18H), 7.47-7.64 (m, 6H), 7.637 (d, J = 0.8 Hz,
2H), 7.97 (d, J = 8.4 Hz, 2H), 8.10 (d, J = 0.8 Hz ,2H), 8.65 (s,

333



2H), 8.91 (s, 2H); 13C NMR (100 MHz, CDCl3) 5 31.26, 31.57,
34.81, 3.38, 109.04, 112.62, 113.23, 113.39, 119.98, 119.99,
120.05, 121.20, 122.53, 123.35, 123.58, 125.69, 125.70, 130.63,
130.88, 147.46, 151.62, 151.76, 155.05, 162.12, 162.77;
HRMS—-APCI (m/z): [M + H]* calcd for CsgHs3N,Oy,
841.3970; found, 841.4000. The enantiomeric purity was deter-
mined by HPLC analysis: CHIRAL ART Amylose-SA column,
n-hexane/chloroform 70:30, 1.0 mL/min, 40 °C; (S)-4c: tg =
4.48 min, (R)-4¢: tg = 6.66 min, UV detection at 250.0 nm.

Preparation of 5

In a 200 mL three-necked round-bottomed flask, 1 (1.99 g,
5.0 mmol) was added to a suspension of -BuOK (1.40 g,
12.5 mmol) in THF (80 mL) at 0 °C. After stirring for 2 h,
PhyIOTf (5.38 g, 12.5 mmol) was added in one portion. The
mixture was allowed to warm to 40 °C, and stirred at this tem-
perature until the complete consumption 1 was confirmed by
TLC. The resulting suspension was poured into ice water and
extracted with Et,O. The combined organic layer was dried
over Na,SOy4 and concentrated in vacuo. The residue was puri-
fied by silica gel column chromatography (eluent: hexane/
EtOAc 20:1) and GPC (CHCl3) to give the title compound as
white solid; (S)-5 (1.59 g, 58% yield), (R)-5 (1.71 g, 62%
yield). Mp 167.0-169.0 °C; 'H NMR (400 MHz, CDCl3) 8 1.39
(s, 18H), 6.79 (d, J = 7.6, Hz, 4H), 6.92 (t, J = 7.6 Hz, 2H), 7.10
(t,J=7.6 Hz, 4H), 7.17 (d, J = 8.9 Hz, 2H), 7.27 (d, J = 9.2 Hz,
2H), 7.39 (dd, J = 2.0, 8.9 Hz, 2H), 7.79 (d, J = 1.7 Hz, 2H),
7.83 (d, J = 8.9 Hz, 2H); 1*C NMR (100 MHz, CDCl3) 5 31.25,
34.65, 118.84, 119.29, 122.06, 122.43, 123.04, 125.46, 125.63,
129.19 129.46, 130.30, 132.44, 147.18, 152.08, 157.74;
HRMS-APCI [m/z]: [M + H]" calcd for C49H3905, 551.2959;
found, 551.2945. The enantiomeric purity was confirmed by
HPLC analysis: CHIRAL ART Amylose-SA column, n-hexane/
chloroform 98:2, 1.0 mL/min, 40 °C; (S)-5: tg = 4.91 min,
(R)-5: tg = 5.32 min, UV detection at 250.0 nm.

Preparation of 6

To a 10 mL Schlenk flask were added 5 (165 mg, 0.3 mmol),
Pd(TFA); (29.9 mg, 0.09 mmol), AgOAc (198 mg, 1.2 mmol),
and PivOH (3.0 mL). The mixture was heated at 150 °C for
24 h under air. After cooling to room temperature, the resulting
mixture was diluted with water and filtered through a pad of
Celite eluting with dichloromethane. The filtrate was washed
with water, dried over Na;SQy, and concentrated in vacuo. The
residue was purified by silica gel column chromatography
(eluent: hexane/EtOAc 2:1) and GPC to give the title com-
pound as pale yellow solid; (S)-6 (30.1 mg, 18% yield), (R)-6
(30.3 mg, 18% yield). Mp 212-214 °C; 'H NMR (400 MHz,
CDCl3) d 1.41 (s, 18H), 7.31 (dd, J = 0.8, 7.6 Hz, 2H), 7.35 (dd,
J=1.2,7.6 Hz, 2H), 7.38-7.43 (m, 6H), 8.09 (s, 2H), 8.13-8.16
(m, 2H), 8.61 (s, 2H); '3C NMR (100 MHz, CDCls) & 31.26,
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34.74, 111.88, 112.25, 119.71, 121.16, 122.62, 123.61, 124.35,
125.08, 125.26, 125.55, 128.08, 130.54, 130.75, 146.80, 153.36,
157.70; HRMS-APCI (m/z): [M + H]* calcd for C4oH350,,
547.2622; found, 547.2632. The enantiomeric purity was con-
firmed by HPLC analysis: CHIRAL ART Amylose-SA column,
n-hexane/EtOAc 95:5, 1.0 mL/min, 40 °C; (S5)-6: trg = 6.47 min,
(R)-6: tg = 6.24 min, UV detection at 250.0 nm.

Supporting Information

Supporting Information File 1

Summary of X-ray crystallography data, copy of NMR
spectra, and copy of HPLC charts.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-32-S1.pdf]

Funding

This work was supported by JSPS KAKENHI Grant No. JP
19K15586 (Grant-in-Aid for Young Scientists) to Y.N. and JP
17H06092 (Grant-in-Aid for Specially Promoted Research) to
M.M.

ORCID® iDs

Yuiji Nishii - https://orcid.org/0000-0002-6824-0639
Masahiro Miura - https://orcid.org/0000-0001-8288-6439

References

1. Yang, Y.; Lan, J.; You, J. Chem. Rev. 2017, 117, 8787-8863.
doi:10.1021/acs.chemrev.6b00567
See for a recent review on the oxidative coupling.

2. Yoshimoto, H.; ltatani, H. Bull. Chem. Soc. Jpn. 1973, 46, 2490-2492.
doi:10.1246/bcsj.46.2490

3. Shiotani, A.; Itatani, H. Angew. Chem., Int. Ed. Engl. 1974, 13,
471-472. doi:10.1002/anie.197404711

4. Akermark, B.; Eberson, L.; Jonsson, E.; Pettersson, E. J. Org. Chem.
1975, 40, 1365-1367. doi:10.1021/jo00897a048

5. Knélker, H.-J.; O'Sullivan, N. Tetrahedron 1994, 50, 10893-10908.
doi:10.1016/s0040-4020(01)85701-x

6. Akermark, B.; Oslob, J. D.; Heuschert, U. Tetrahedron Lett. 1995, 36,
1325-1326. doi:10.1016/0040-4039(94)02467-p

7. Hagelin, H.; Oslob, J. D.; Akermark, B. Chem. — Eur. J. 1999, 5,
2413-2416.
doi:10.1002/(sici)1521-3765(19990802)5:8<2413::aid-chem2413>3.0.c
0;2-3

8. Kndlker, H.-J.; Fréhner, W.; Reddy, K. R. Synthesis 2002, 557-564.
doi:10.1055/s-2002-20953

9. Matsubara, S.; Asano, K.; Kajita, Y.; Yamamoto, M. Synthesis 2007,
2055-2059. doi:10.1055/s-2007-983738

10. Watanabe, T.; Ueda, S.; Inuki, S.; Oishi, S.; Fujii, N.; Ohno, H.
Chem. Commun. 2007, 4516—-4518. doi:10.1039/b707899d

11.Liegault, B.; Lee, D.; Huestis, M. P.; Stuart, D. R.; Fagnou, K.
J. Org. Chem. 2008, 73, 5022-5028. doi:10.1021/jo800596m

12.Kaida, H.; Satoh, T.; Hirano, K.; Miura, M. Chem. Lett. 2015, 44,
1125-1127. doi:10.1246/cl.150408

334


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-16-32-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-16-32-S1.pdf
https://orcid.org/0000-0002-6824-0639
https://orcid.org/0000-0001-8288-6439
https://doi.org/10.1021%2Facs.chemrev.6b00567
https://doi.org/10.1246%2Fbcsj.46.2490
https://doi.org/10.1002%2Fanie.197404711
https://doi.org/10.1021%2Fjo00897a048
https://doi.org/10.1016%2Fs0040-4020%2801%2985701-x
https://doi.org/10.1016%2F0040-4039%2894%2902467-p
https://doi.org/10.1002%2F%28sici%291521-3765%2819990802%295%3A8%3C2413%3A%3Aaid-chem2413%3E3.0.co%3B2-3
https://doi.org/10.1002%2F%28sici%291521-3765%2819990802%295%3A8%3C2413%3A%3Aaid-chem2413%3E3.0.co%3B2-3
https://doi.org/10.1055%2Fs-2002-20953
https://doi.org/10.1055%2Fs-2007-983738
https://doi.org/10.1039%2Fb707899d
https://doi.org/10.1021%2Fjo800596m
https://doi.org/10.1246%2Fcl.150408

13.Kaida, H.; Satoh, T.; Nishii, Y.; Hirano, K.; Miura, M. Chem. Lett. 2016,
45, 1069-1071. doi:10.1246/cl.160496

14.Kaida, H.; Goya, T.; Nishii, Y.; Hirano, K.; Satoh, T.; Miura, M.
Org. Lett. 2017, 19, 1236—1239. doi:10.1021/acs.orglett.7000323

15. Itai, Y.; Nishii, Y.; Stachelek, P.; Data, P.; Takeda, Y.; Minakata, S.;
Miura, M. J. Org. Chem. 2018, 83, 10289-10302.
doi:10.1021/acs.joc.8b01451

16.Nakamura, S.; Tohnai, N.; Nishii, Y.; Hinoue, T.; Miura, M.
ChemPhotoChem 2019, 3, 46-53. doi:10.1002/cptc.201800189

17.Nakamura, S.; Okamoto, M.; Tohnai, N.; Nakayama, K.-i.; Nishii, Y.;
Miura, M. Bull. Chem. Soc. Jpn. 2020, 93, 99—108.
doi:10.1246/bcsj.20190269

18.Sanchez-Carnerero, E. M.; Agarrabeitia, A. R.; Moreno, F.;
Maroto, B. L.; Muller, G.; Ortiz, M. J.; de la Moya, S. Chem. — Eur. J.
2015, 21, 13488-13500. doi:10.1002/chem.201501178

19.Tanaka, H.; Inoue, Y.; Mori, T. ChemPhotoChem 2018, 2, 386—402.
doi:10.1002/cptc.201800015

20.Chen, N.; Yan, B. Molecules 2018, 23, 3376.
doi:10.3390/molecules23123376

21.Ma, J.-L.; Peng, Q.; Zhao, C.-H. Chem. — Eur. J. 2019, 25,
15441-15454. doi:10.1002/chem.201903252

22.Schadt, M. Annu. Rev. Mater. Sci. 1997, 27, 305-379.
doi:10.1146/annurev.matsci.27.1.305

23. Sherson, J. F.; Krauter, H.; Olsson, R. K.; Julsgaard, B.; Hammerer, K.;
Cirac, |.; Polzik, E. S. Nature 2006, 443, 557-560.
doi:10.1038/nature05136

24.Feringa, B. L. Acc. Chem. Res. 2001, 34, 504-513.
doi:10.1021/ar0001721

25.Kawai, T.; Kawamura, K.; Tsumatori, H.; Ishikawa, M.; Naito, M.;
Fujiki, M.; Nakashima, T. ChemPhysChem 2007, 8, 1465—1468.
doi:10.1002/cphc.200600747

26.Amako, T.; Kimoto, T.; Tajima, N.; Fujiki, M.; Imai, Y. Tetrahedron
2013, 69, 2753-2757. doi:10.1016/j.tet.2013.01.084

27.Nakabayashi, K.; Amako, T.; Tajima, N.; Fujiki, M.; Imai, Y.
Chem. Commun. 2014, 50, 13228-13230. doi:10.1039/c4cc02946a

28. Feuillastre, S.; Pauton, M.; Gao, L.; Desmarchelier, A.; Riives, A. J.;
Prim, D.; Tondelier, D.; Geffroy, B.; Muller, G.; Clavier, G.; Pieters, G.
J. Am. Chem. Soc. 2016, 138, 3990-3993. doi:10.1021/jacs.6b00850

29. Kitatobe, T.; Mimura, Y.; Tsujimoto, S.; Tajima, N.; Fujiki, M.; Imai, Y.
Tetrahedron 2017, 73, 6856—6862. doi:10.1016/j.tet.2017.10.036

30.Zhang, X.; Zhang, Y.; Li, Y.; Quan, Y.; Cheng, Y.; Li, Y.
Chem. Commun. 2019, 55, 9845-9848. doi:10.1039/c9cc04289j

31.Zhang, X.; Zhang, Y.; Zhang, H.; Quan, Y.; Li, Y.; Cheng, Y.; Ye, S.
Org. Lett. 2019, 21, 439—-443. doi:10.1021/acs.orglett.8003620

32.Wu, Z.-G.; Han, H.-B.; Yan, Z.-P.; Luo, X.-F.; Wang, Y.; Zheng, Y.-X;
Zuo, J.-L.; Pan, Y. Adv. Mater. (Weinheim, Ger.) 2019, 31, 1900524.
doi:10.1002/adma.201900524

33.Hassan, K.; Yamashita, K.-i.; Hirabayashi, K.; Shimizu, T.;
Nakabayashi, K.; Imai, Y.; Matsumoto, T.; Yamano, A.; Sugiura, K.-i.
Chem. Lett. 2015, 44, 1607—1609. doi:10.1246/cl.150704

34. Takaishi, K.; Yamamoto, T.; Hinoide, S.; Ema, T. Chem. — Eur. J. 2017,
23, 9249-9252. doi:10.1002/chem.201702143

35. Takaishi, K.; Takehana, R.; Ema, T. Chem. Commun. 2018, 54,
1449-1452. doi:10.1039/c7cc09187g

36. Takaishi, K.; lwachido, K.; Takehana, R.; Uchiyama, M.; Ema, T.
J. Am. Chem. Soc. 2019, 141, 6185-6190. doi:10.1021/jacs.9b02582

37.Droz, A. S.; Neidlein, U.; Anderson, S.; Seiler, P.; Diederich, F.
Helv. Chim. Acta 2001, 84, 2243-2289.
doi:10.1002/1522-2675(20010815)84:8<2243::aid-hlca2243>3.0.co;2-g

Beilstein J. Org. Chem. 2020, 16, 325-336.

38.Ye, P.; Li, Q.; Bai, Z.; Dong, K.; Liu, Q. Heterocycles 2015, 91,
1986-1995. doi:10.3987/com-15-13302

39. Octa-Smolin, F.; van der Vight, F.; Yadav, R.; Bhangu, J.;
Soloviova, K.; Wélper, C.; Daniliuc, C. G.; Strassert, C. A.; Somnitz, H.;
Jansen, G.; Niemeyer, J. J. Org. Chem. 2018, 83, 14568—14587.
doi:10.1021/acs.joc.8002353

40.Meca, L.; Reha, D.; Havlas, Z. J. Org. Chem. 2003, 68, 5677-5680.
doi:10.1021/jo034344u

41.Moustafa, G. A. |.; Oki, Y.; Akai, S. Angew. Chem., Int. Ed. 2018, 57,
10278-10282. doi:10.1002/anie.201804161

42.Paul, A.; Kumar, A.; Nanjunda, R.; Farahat, A. A.; Boykin, D. W.;
Wilson, W. D. Org. Biomol. Chem. 2017, 15, 827-835.
doi:10.1039/c60b02390h

43.Jalalian, N.; Ishikawa, E. E.; Silva, L. F., Jr.; Olofsson, B. Org. Lett.
2011, 713, 1552—1555. doi:10.1021/01200265t

44, Jalalian, N.; Petersen, T. B.; Olofsson, B. Chem. — Eur. J. 2012, 18,
14140-14149. doi:10.1002/chem.201201645

45, Sperotto, E.; de Vries, J. G.; van Klink, G. P. M.; van Koten, G.
Tetrahedron Lett. 2007, 48, 7366—7370.
doi:10.1016/j.tetlet.2007.08.026

46.Liu, X.; Zhang, S. Synlett 2011, 268—272. doi:10.1055/s-0030-1259291

47.Kimoto, T.; Tajima, N.; Fujiki, M.; Imai, Y. Chem. — Asian J. 2012, 7,
2836-2841. doi:10.1002/asia.201200725

48.Emeis, C. A.; Oosterhoff, L. J. J. Chem. Phys. 1971, 54, 4809-4819.
doi:10.1063/1.1674756

49. Tsumatori, H.; Nakashima, T.; Kawai, T. Org. Lett. 2010, 12,
2362-2365. doi:10.1021/0l1100701w

50. Schweicher, G.; Lemaur, V.; Niebel, C.; Ruzié, C.; Diao, Y.; Goto, O.;
Lee, W.-Y.; Kim, Y.; Arlin, J.-B.; Karpinska, J.; Kennedy, A. R.;
Parkin, S. R.; Olivier, Y.; Mannsfeld, S. C. B.; Cornil, J.; Geerts, Y. H.;
Bao, Z. Adv. Mater. (Weinheim, Ger.) 2015, 27, 3066-3072.
doi:10.1002/adma.201500322

51.Sugino, H.; Takimiya, K. Chem. Lett. 2017, 46, 345-347.
doi:10.1246/cl.161020

52.Kohl, B.; Bohnwagner, M. V.; Rominger, F.; Wadepohl, H.; Dreuw, A.;
Mastalerz, M. Chem. — Eur. J. 2016, 22, 646—655.
doi:10.1002/chem.201503863

53.Wu, T.-L.; Kuo, C.-H.; Lin, B.-C.; Tao, Y.-T.; Hsu, C.-P.; Liu, R.-S.
J. Mater. Chem. C 2015, 3, 7583—7588. doi:10.1039/c5tc01455¢g

54.Mallory, F. B.; Mallory, C. W.; Regan, C. K.; Aspden, R. J.; Ricks, A. B.;
Racowski, J. M.; Nash, A. |.; Gibbons, A. V.; Carroll, P. J.; Bohen, J. M.
J. Org. Chem. 2013, 78, 2040-2045. doi:10.1021/j03020819

55.Balaraman, E.; Kumara Swamy, K. C. Tetrahedron: Asymmetry 2007,
18, 2037-2048. doi:10.1016/j.tetasy.2007.06.028

335


https://doi.org/10.1246%2Fcl.160496
https://doi.org/10.1021%2Facs.orglett.7b00323
https://doi.org/10.1021%2Facs.joc.8b01451
https://doi.org/10.1002%2Fcptc.201800189
https://doi.org/10.1246%2Fbcsj.20190269
https://doi.org/10.1002%2Fchem.201501178
https://doi.org/10.1002%2Fcptc.201800015
https://doi.org/10.3390%2Fmolecules23123376
https://doi.org/10.1002%2Fchem.201903252
https://doi.org/10.1146%2Fannurev.matsci.27.1.305
https://doi.org/10.1038%2Fnature05136
https://doi.org/10.1021%2Far0001721
https://doi.org/10.1002%2Fcphc.200600747
https://doi.org/10.1016%2Fj.tet.2013.01.084
https://doi.org/10.1039%2Fc4cc02946a
https://doi.org/10.1021%2Fjacs.6b00850
https://doi.org/10.1016%2Fj.tet.2017.10.036
https://doi.org/10.1039%2Fc9cc04289j
https://doi.org/10.1021%2Facs.orglett.8b03620
https://doi.org/10.1002%2Fadma.201900524
https://doi.org/10.1246%2Fcl.150704
https://doi.org/10.1002%2Fchem.201702143
https://doi.org/10.1039%2Fc7cc09187g
https://doi.org/10.1021%2Fjacs.9b02582
https://doi.org/10.1002%2F1522-2675%2820010815%2984%3A8%3C2243%3A%3Aaid-hlca2243%3E3.0.co%3B2-g
https://doi.org/10.3987%2Fcom-15-13302
https://doi.org/10.1021%2Facs.joc.8b02353
https://doi.org/10.1021%2Fjo034344u
https://doi.org/10.1002%2Fanie.201804161
https://doi.org/10.1039%2Fc6ob02390h
https://doi.org/10.1021%2Fol200265t
https://doi.org/10.1002%2Fchem.201201645
https://doi.org/10.1016%2Fj.tetlet.2007.08.026
https://doi.org/10.1055%2Fs-0030-1259291
https://doi.org/10.1002%2Fasia.201200725
https://doi.org/10.1063%2F1.1674756
https://doi.org/10.1021%2Fol100701w
https://doi.org/10.1002%2Fadma.201500322
https://doi.org/10.1246%2Fcl.161020
https://doi.org/10.1002%2Fchem.201503863
https://doi.org/10.1039%2Fc5tc01455g
https://doi.org/10.1021%2Fjo3020819
https://doi.org/10.1016%2Fj.tetasy.2007.06.028

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.16.32

Beilstein J. Org. Chem. 2020, 16, 325-336.

336


https://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.16.32

(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Room-temperature Pd/Ag direct arylation enabled

by a radical pathway

Amy L. Mayhugh' and Christine K. Luscombe 2

Full Research Paper

Address:

Department of Chemistry, University of Washington, Seattle, WA
98195, USA and 2Department of Materials Science & Engineering,
University of Washington, Seattle, WA 98195, USA

Email:
Christine K. Luscombe” - luscombe@uw.edu

* Corresponding author

Keywords:
direct arylation; indole; palladium radical; visible light

Abstract

Beilstein J. Org. Chem. 2020, 16, 384-390.
doi:10.3762/bjoc.16.36

Received: 25 January 2020
Accepted: 05 March 2020
Published: 13 March 2020

This article is part of the thematic issue "C—H functionalization for
materials science".

Guest Editor: K. Itami

© 2020 Mayhugh and Luscombe; licensee Beilstein-Institut.
License and terms: see end of document.

Direct arylation is an appealing method for preparing m-conjugated materials, avoiding the prefunctionalization required for tradi-

tional cross-coupling methods. A major effort in organic electronic materials development is improving the environmental and

economic impact of production; direct arylation polymerization (DArP) is an effective method to achieve these goals. Room-tem-

perature polymerization would further improve the cost and energy efficiencies required to prepare these materials. Reported herein

is new mechanistic work studying the underlying mechanism of room temperature direct arylation between iodobenzene and indole.

Results indicate that room-temperature, Pd/Ag-catalyzed direct arylation systems are radical-mediated. This is in contrast to the

commonly proposed two-electron mechanisms for direct arylation and appears to extend to other substrates such as benzo[b]thio-

phene and pentafluorobenzene.

Introduction

m-Conjugated polymers are of significant interest as they have
the potential to combine the mechanical flexibility and afford-
ability of synthetic polymers with the optical and electronic
properties of semiconductors. One of the limitations to this
field’s continued growth are the expensive, toxic, and energy-
intensive methods in which these materials are typically pre-
pared [1]. Direct arylation is one solution to these problems,

which allows improved atom and step economy in polymer syn-

thesis. Traditional coupling methods form a new C—C bond
using a reactive C—-M bond (M = SnRj3, B(OH),, etc.) and a
C-X (X =1, Br, OTs) coupling partner. In contrast, direct aryl-
ation couples C-H and C—X bonds directly without the need to
prepare the C—M substrate. As a polymerization method, direct
arylation polymerization (DArP) is of great interest due to its
potential to reduce waste and toxicity by removing the need for

stoichiometric amounts of toxic organometallics [2].
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While significant progress has been made in DArP, C—H bonds
are more challenging to functionalize than their C-M counter-
parts. Known DATrP conditions have limited monomers that can
produce polymers with both high molecular weight and
regioregularity, and elevated reaction temperatures are typical-
ly required [3]. Mild conditions for C-H functionalization is of
growing interest within the broader synthetic community as an
opportunity to improve functional group tolerance, and environ-
mental impact [4,5]. While many direct arylation systems occur
under neutral conditions and without the need for strong
oxidants or reductants, only few proceed at ambient tempera-
tures [3,6]. To our knowledge, only one example of room-tem-
perature DArP exists, namely polymerizing poly-3-hexylthio-
phene to an acceptably high number average molecular weight
of 14 kg/mol, although in 9% yield [7]. Room-temperature
DArP would improve the simplicity of conjugated polymer syn-
thesis, and reduce the energy requirements.

Small molecule reactions can help predict a method’s utility in
polymerizations, as DArP proceeds through a step-growth poly-
merization mechanism. Generically, a small molecule reaction
is a candidate for adaptation to a polymerization when it is
highly regioselective, and high yielding. Under step-growth
conditions a high yielding reaction is essential for producing a
high molecular weight material [8], which directly influences
the quality and electronic performance of the material [7,9].
More specific to this work, the direct arylation method should
be catalytic, directing-group free and at room temperature; a
handful of such methods have been reported [10-14]. One such
method, an indole/iodoarene direct arylation method reported
by Larrosa is notable: proceeding in high yields, at room tem-
perature, and with no reported regioselectivity issues
(Scheme 1) [12]. This system is hypothesized to proceed under
mild conditions due to a highly electrophilic Pd catalyst gener-

2008 Larrosa [12]

Beilstein J. Org. Chem. 2020, 16, 384-390.

ated in situ. In this paper, we investigated the mechanism of
room-temperature direct arylation and DArP by extending the
method reported by Larrosa to synthesize a conjugated polymer,
polyindole (PIn). Small molecule mechanistic studies were
undertaken that will help future development of mild, efficient
DArP conditions.

Results and Discussion

Initial attempts to polymerize iodoindole monomer 1 using the
reported conditions (Scheme 1) produced oligomers with an
unanticipated coupling pattern in good yield (87%, Figure 1,
Supporting Information File 1, Figure S3). The '"H NMR signals
from the C2-H, C3-H on the pyrrole ring and the N-CH,-R on
the alkyl chain indicate the product is highly branched [15].
Comparing the monomer’s spectrum to the polymer’s shows
large peaks from unfunctionalized pyrrole rings at the chain
ends with a ratio of interior to end groups of 1:0.57. While low
molecular weight also contributes to the large signals from the
chain ends, there are a few factors that indicate branching is
occurring: firstly, the large variety in C3-H signals; secondly,
the relative integration of the C2-H/C3-H signals to the
N-CHj;-R signals show that for every indole unit, there is less
than one H on the pyrrole ring. Finally, branching is evidenced
by the discrepancy in molecular weight as calculated for a
linear polymer by 'H NMR compared with that indicated by
MALDI-TOF MS (Figure 2). Due to the high regioselectivity
in small molecule couplings, defects to this extent were unex-

pected.

MALDI-TOF MS was collected for Pln to further clarify the
nature of the coupling pattern (Figure 2, Supporting Informa-
tion File 1, Figure S2). The repeat unit corresponds to C/H-C/I
coupling (m/z = 227) as expected for direct arylation. In contrast

to the expected I/H end groups, the mass spectrum indicates

Pd(OAc), (5 mol %)

Me Ag,0 (0.75 equiv) Me
N I 2-nitrobenzoic acid (1.5 equiv) N
7 )—Ph
25°C,DMF, 7 h %
92%

e

this work
Pd(OAc), (5 mol %)
CsHi7  Ag,0 (0.75 equiv) M
N 2-nitrobenzoic acid (1.5 equiv) N
| % rt, DMF, 24 h / n
1

Scheme 1: A high yielding, highly selective room-temperature direct arylation reaction between indole and iodobenzene reported in ref. [12] and

adapted in this work to study room-temperature DArP.
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:
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4.6 4.4 4.2 4.0 3.

Figure 1: TH NMR (500 MHz, CDCl3) of (a) 5-iodo-1-octylindole monomer (b) Pln prepared according to conditions in Scheme 1. The region from
4-4.5 ppm indicates the interior indole repeat units compared with the terminal indole units.

various incorporations of nitrobenzene into the polymer chains.

The 2-nitrobenzoic acid used to form a silver carboxylate in the
reaction system is the origin of the nitrophenyl group. Three
different types of chains are represented, corresponding to in-
corporation of I/nitrophenyl, H/nitrophenyl, and two nitro-

phenyl end groups.

. End Groups:
‘C6H4‘NOZ/ I

®C.H,-NO,/ H
mCH,-NO,/ C;H,-NO,

]
@
[
n=3 4 5
| T T
1000 2000

m/z

Figure 2: MALDI-TOF MS of PIn, indicating octylindole repeat units
with three different types of end groups. These include 2-nitrophenyl,
iodine, and hydrogen.

2-Substituted benzoic acids in general, and 2-nitrobenzoic acid
in particular, are reactive substrates in decarboxylative cou-
pling reactions [16,17]. However, more forceful conditions are
typically required than used in the room-temperature system.
Indeed, a very similar Pd/Ag system has been reported for
decarboxylative coupling between indole and 2-nitrobenzoic
acids at 110 °C [18]. Under such conditions, silver carboxyl-
ates decompose to produce carbonyl and phenyl radicals, which
could explain the origin of nitrobenzene incorporation [19,20].
When the radical trapping agent BHT was added to the poly-
merization conditions, no polymerization occurred (Table 1).
Additionally, the reaction was completely inhibited when run in
the dark. These results indicate that visible light may be respon-
sible for radical generation in the polymerization.

Table 1: Polymerization control experiments.

CgH17 CeH17
,\j DArP N
N
J@[// 24h 7
|
1
Variation Yield (%)
1 + BHTab 0
2 dark 0
3 no Pd(OAc)z 0

a(2,6-Di-tert-butyl-4-methylphenol); ®1 equiv was used; conditions:
Pd(OAc)2 (5 mol %), Ag20 (0.75 equiv), 2-nitrobenzoic acid
(1.5 equiv), DMF, rt.
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To further investigate the possibility of a radical-mediated reac-
tion, additional radical capture experiments were performed for
the small molecule reaction using 1-methylindole and iodo-
benzene (Table 2). Similar results were observed for 1-octylin-
dole and iodobenzene (Supporting Information File 1, Table
S2). In all cases, coupling was completely suppressed by the ad-
dition of TEMPO and BHT. Moreover, Ph-BHT was observed
by GC-MS when BHT was added. Similar to the polymeriza-
tion trials, coupling was inhibited when the standard conditions
were run in the dark. Both the Ph-BHT adduct and continued

Table 2: Small molecule control experiments.

standard Me
condltlons N
/ Ph
2 equiv 3
Variation Yield (%)3
1 none 8sp
2 + BHTCd 0
3 + TEMPQC® 0
4 dark 20

aDetermined by "H NMR using ethylene carbonate as an internal stan-
dard; Pisolated yield; €2 equiv was used; dPh-BHT adduct observed by
GC-MS; &((2,2,6,6-tetramethylpiperidin-1-yl)oxyl); conditions:
Pd(OAc)2 (5 mol %), Ag20 (0.75 equiv), 2-nitrobenzoic acid

(1.5 equiv), DMF, rt.

pathway A: CMD +

l
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poor reactivity in the dark provides growing evidence for a
radical mechanism. Moreover, the observed behavior appears to
be common between the iodoindole monomer and iodobenzene/
indole system, rather than a phenomenon unique to an electron-
rich iodoindole.

The growing evidence for a phenyl radical in the catalytic cycle
is in contrast to the typically proposed mechanisms for direct
arylation (Scheme 2). Amongst these mechanisms, the most
widely accepted is the concerted metalation—deprotonation
(CMD) pathway [21]. Within the indole direct-arylation litera-
ture, however, there remains much discussion of an electrophil-
ic metalation mechanism, with the majority of experimental evi-
dence supporting this pathway [22-26]. In this case, C2 selec-
tivity is often observed, theoretically from a C3/C2 Pd migra-
tion. A third possible mechanism that has had little experimen-
tal evidence but cannot be ruled out, is a Heck-type carbopalla-
dation. This mechanism has been recently supported by 13C and
2H KIE experiments for the arylation of benzo[b]thiophene, al-
though at C3 [13]. In contrast to these pathways, the radical trap
and dark experiments reported above indicate a hybrid Pd(I)
radical species induced by visible light is involved in the cata-
lytic cycle. This type of mechanism has been previously pro-
posed for aryl and alkene alkylations [27,28], but not for direct
arylation systems.

A possible mechanism is outlined in Scheme 3, informed by the

previous reports [27-30]. The aryl iodide 4 undergoes SET with

N

R
N
m[Pd]Ar ©i)—Ar

R
N

R

i
N H
/ "Ar

(Pd] H

base

—_—

N Z*;j

Scheme 2: Commonly discussed mechanisms for C2 selective direct arylation, none containing radical intermediates.
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Scheme 3: Proposed mechanism for palladium radical involved reaction between indole and iodobenzene.

an excited palladium(0) species to form hybrid palladium-
radical intermediate 5. This carbon-centered radical can then
add to the indole. From here, three different pathways to rearo-
matize 7 are possible, eventually affording the arylated product
10. Pd(0) can be regenerated by a base; in this case, the silver
carboxylate. This accounts for the formation of a carboxylate
radical 11, explaining the presence of 2-nitrophenyl incorpora-
tion into the polymer chain. Additionally, this explains the for-
mation of a phenyl radical at room temperature, and the poor
control in which the nitrophenyl groups are incorporated into
the chain.

There are limited examples across the aryl C-H functionaliza-
tion literature indicating a transition metal-catalyzed radical
process, limited largely to cobalt catalysis [31,32]. While there
are several reports of palladium-catalyzed systems for room-
temperature direct arylation (i.e., no directing group, transition-
metal catalyzed), a radical mechanism has not been previously
discussed. Some of these reports indicate a marked difference in
selectivity between elevated and ambient temperatures, which
we found may be due to a change in mechanism (Supporting
Information File 1, Table S1, Figure S1) [11].

We hypothesized that other known palladium-catalyzed room-
temperature direct arylation methods could proceed using a

single electron process. Two such Pd/Ag methods were investi-

gated: a method for benzothiophene arylation [11], and a
method for fluoroarene coupling [10] (Scheme 4). First the
published results were replicated, then radical traps were intro-
duced. In these cases, BHT completely eliminated the forma-
tion of product 12 and partially inhibited the conversion to
product 13. In both cases the arene-BHT adduct was observed
by GC-MS as shown in the inset of Scheme 4. While more ex-
tensive studies are needed to conclusively indicate a radical
mechanism, the trap experiments and room-temperature reactiv-
ity indicate that a radical-mediated mechanism similar to the
indole direct arylation may be governing the observed reactivi-

ty.

Conclusion

In conclusion, in the midst of investigating room-temperature
DATrP, we have discovered room-temperature palladium-cata-
lyzed direct arylation may often be governed by radical pro-
cesses. Based on the use of radical scavengers and experiments
in the dark, it has become evident that a light-mediated SET is
likely involved in the reported coupling of indole with iodo-
benzene. Moreover, other substrates such as benzo[b]thiophene
and pentafluorobenzene appear to undergo a radical-mediated
Pd/Ag room-temperature direct arylation. This is a useful
insight for advancing the direct arylation knowledge base, and
serves as inspiration for designing new polymerization systems

that proceed under mild conditions, improving energy require-
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52%P 30%°¢

Scheme 4: Radical trap effects on literature methods for the direct arylation at room temperature. A) From ref. [11]; B) from ref. [10]; 1.1 equiv BHT
added to the reported conditions; Pisolated yield; °determined by 'H NMR against an internal standard.

ments and scalability. Work is ongoing to leverage this insight
into new direct arylation methods utilizing palladium-involved

radicals.

Supporting Information

Supporting Information File 1

Additional condition screenings, experimental procedures,
and compound characterization including 'H and '3C NMR
spectra.

[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-36-S1.pdf]
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Hexa-peri-hexabenzocoronene (HBC) is known to be a poorly soluble polycyclic aromatic hydrocarbon for which direct functional-

ization methods have been very limited. Herein, the synthesis of hexaborylated HBC from unsubstituted HBC is described. Iridium-

catalyzed six-fold C—H borylation of HBC was successfully achieved by screening solvents. The crystal structure of hexaborylated

HBC was confirmed via X-ray crystallography. Optoelectronic properties of the thus-obtained hexaborylated HBC were analyzed

with the support of density functional theory calculations. The spectra revealed a bathochromic shift of absorption bands compared

with unsubstituted HBC under the effect of the o-donation of boryl groups.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are beneficial chemi-
cal compounds as semiconductors and luminescent materials
[1-3]. Direct functionalizations of PAHs are extensively studied
because physical and electronic properties can be tuned by their
peripheral substituents [4-6]. For instance, the introduction of
electron-donating or -withdrawing groups alters electronic
properties, as well as the solubility of PAHs increases by intro-
ducing long alkyl chains or bulky substituents.

In general, it is indispensable to directly functionalize large mo-

lecular weight PAHs [7]. As the molecular weight of planar

PAHs increases, solubility in common organic solvents greatly
decreases due to the m— interactions. Hexa-peri-hexabenzo-
coronene (HBC) is a notable compound investigated in the
fields from synthetic chemistry to astrophysics among PAHs
[4,8-10], and also known as a poorly soluble PAH [11]. Against
the context of difficulty in functionalizing poorly soluble com-
pounds, functionalized HBC is typically synthesized by dehy-
drogenative cyclization, which is called Scholl reaction, of pre-
cursors having solubilizing substituents [12,13]. However, the
Scholl reaction sometimes causes unexpected rearrangement

such as 1,2-aryl shift, and produces undesired cyclic com-
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pounds [14]. To design and synthesize a variety of HBC deriva-
tives, methods for regioselective functionalization of HBC are

in strong demand.

As for functional groups on the HBC core, the introduction of
halogen and boryl groups is an effective way to enable further
functionalization [15]. Perchlorination was reported to function-
alize HBC directly (Figure 1a) [16], and perchlorinated HBC
was utilized for the formation of multiply functionalized HBC
derivatives [17,18]. Other than perchlorination, hexaiodinated
HBC was employed in subsequent reactions to introduce sub-
stituents [19]. However, there is no report on the hexaboryla-
tion of unfunctionalized HBC, although Shinokubo and
co-workers reported the di- and triborylation of HBCs substi-
tuted by 2,4,6-trimethylphenyl (Mes) groups as solubilizing
groups (Figure 1b) [20]. Since boryl groups can be converted
into various functional groups [15], hexaborylated HBC is ex-
pected to be a platform for the synthesis of diverse functionali-
zed HBCs.

Herein, we report the six-fold C—H borylation of unfunctional-
ized HBC (Figure 1c). By screening solvents, we have estab-
lished suitable reaction conditions for the synthesis of hexabo-
rylated HBC 1. The structure of thus-obtained 1 was confirmed
by X-ray crystallography, and the electronic effects of the boryl

Beilstein J. Org. Chem. 2020, 16, 391-397.

groups were investigated through optoelectronic measurements
and density functional theory (DFT) calculations.

Results and Discussion

We have examined the conditions for C—H borylation of unsub-
stituted HBC. HBC was pulverized by a ball mill prior to use.
First, we attempted the iridium catalyst and reagents that we
have reported as the suitable C—H borylation conditions for
warped nanographene: [Ir(OMe)cod],, 3,4,7,8-tetramethyl-
1,10-phenanthroline (tmphen), HBpin (Bpin: 4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl) and cyclopentyl methyl ether
(CPME) [21]. With these conditions at 80 °C for 2 days, 1 was
afforded in 27% isolated yield (Figure 2a, entry 1), albeit the
solubility of HBC in CPME was quite low. As a common sol-
vent for C—H borylation, THF was used at 80 °C in a sealed
tube to give 5.0% yield (Figure 2a, entry 2). When applying the
same conditions in N-methylpyrrolidone (NMP) aiming to
improve the solubility of HBC [11], 1 was obtained in 13%
yield (Figure 2a, entry 3). The obtained hexaborylated HBC 1
can be dissolved in various solvents such as THF, ethyl acetate,
diethyl ether, ethanol, CH,Cl, and CHClj;.

To compare the efficiency of the current method, the stepwise
synthesis of 1 was also examined. The synthesis of hexa-
iodoinated HBC 3 was conducted through Scholl reaction ac-

a) b)
Mes
pinB
c)
six-fold

C-H borylation

this work

Bpin
hexaborylated HBC 1

hexa-peri-hexabenzocoronene
(HBC)

Figure 1: C—H functionalization of HBCs. (a) Perchlorinated HBC. (b) Borylated HBC substituted by 2,4,6-trimethylphenyl (Mes) groups. (c) Six-fold
C—H borylation of HBC (this work).
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solvent
80 °C, 2 days
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H NMR yield
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CPME
THF
NMP

28% (27%)
5.0%
13%
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(i)
l |
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Figure 2: Synthesis of hexaborylated HBC 1. (a) Solvent screening of six-fold C—H borylation of unsubstituted HBC. 2,3,4-Trimethoxybenzaldehyde
was used as an internal standard to estimate the yield of 1. The yield in parentheses is the isolated yield of 1. (b) Stepwise synthesis of 1 via
Miyaura—Ishiyama borylation. Reaction conditions: (i) FeCl3 (32 equiv), CH3NO2/CHxCly, rt, 21 h; (ii) Bgping (10 equiv), Pd(dppf)Clz (50 mol %), KOAc

(6.2 equiv), toluene/DMF (1:1), 80 °C, 18 h.

cording to a literature procedure [19]. The subsequent
Miyaura—Ishiyama borylation [22] was carried out with B,pin,
in the presence of Pd(dppf)Cl, (50 mol %) and KOAc
(6.2 equiv) in toluene/DMF (1:1) at 80 °C for 18 h to afford 1 in
0.8% yield based on 2 (Figure 2b). This result suggests the
usefulness of the direct borylation of unsubstituted HBC al-
though the yield of the Miyaura—Ishiyama borylation step is
possibly increased by further conditions screening. The thus-ob-
tained 1 was identical to the product from the C—H borylation of
HBC according to '"H NMR spectroscopy, and the '13C NMR
and HRMS by MALDI-TOF MS results also supported the
identification.

The hexaborylated HBC 1 was subjected to X-ray crystallo-

graphic analysis. Orange single crystals were formed by the

diffusion of pentane vapor to a 1,1,1-trichloroethane solution of
1 synthesized by the C—H borylation method. The crystal struc-
ture confirmed that the C—H borylation proceeded regioselec-
tively at the least hindered C—H bonds of HBC (Figure 3a). An
equivalent amount of pentane for 1 was co-crystallized. As
illustrated in Figure 3b and 3c, 1 is slightly distorted to have Sg
symmetry, and no m— interaction is observed in the packing
mode reflecting the steric hindrance of boryl groups. This result

corresponds with the high solubility of 1.

In order to analyze the optoelectronic properties of 1, the
UV-vis absorption spectra, fluorescence spectrum, absolute
fluorescence quantum yield and fluorescence lifetime were
measured (Figure 4a and Figure S1, Supporting Information

File 1). In comparison with the absorption spectra of pristine
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Figure 3: The structure of 1 confirmed by X-ray crystallographic analysis. (a) ORTEP drawing of 1 with thermal ellipsoids set to 50% probability; all
hydrogen atoms and solvent molecules (pentane) are omitted for clarity; gray: carbon; olive green: boron; red: oxygen. (b) Side view of 1. (c) Packing

mode of 1.
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Figure 4: Photophysical properties of 1. (a) UV—vis absorption (solid lines) spectra, fluorescence (dotted line) spectrum, absolute fluorescence quan-
tum yield (®g) and fluorescence lifetime (7). (b) Frontier molecular orbitals and energy levels of 1 calculated at the B3LYP/6-31G(d) level of theory.

HBC, the characteristic three peaks of the HBC core were red-
shifted about 15 nm for 1. The molar absorption coefficient (g)
at the maximum absorption wavelength of 1 (369 nm) was
1.65 x 10° M~'.cm™!. The maximum absorption peak and the
minimum fluorescence peak were nearly overlapped, which in-
dicated that these peaks can be assigned to 0-0 transitions. The

absolute fluorescence quantum yield (®g) and fluorescence life-
time (t) were 2.5% and 12.4 ns, respectively. According to the
equations O = k, x T and k; + k,, = 771, the radiative (k;) and
nonradiative (k) decay rate constants from the singlet excited
state were determined (k, = 2.0 x 106 s71; k. = 7.9 x 107 s71).
The frontier molecular orbitals of 1 calculated by DFT calcula-
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tions at the B3LYP/6-31G(d) level of theory are shown in
Figure 4b. Owing to the highly symmetrical structure of 1, both
its HOMO and HOMO-1 as well as its LUMO and LUMO+1
are degenerate. The HOMO and LUMO energies of 1 increase
under the influence of the o-donation of the boryl groups, re-
sulting in a decrease of the HOMO-LUMO energy gap. This is
in line with the bathochromic shift observed in the absorption
spectrum of 1 from that of HBC.

Conclusion

In summary, the six-fold C—H borylation of unsubstituted HBC
has been achieved. The optimal conditions were discovered
through the screening of solvents, and 1 was obtained in 27%
yield. The isolated yield of 0.8% in a stepwise method via a
Miyaura-Ishiyama borylation indicates the advantage of the
present method. The analyzed structure from X-ray crystallog-
raphy confirmed the regioselective C—H borylations at the least
sterically hindered C—H bonds of HBC. Optoelectronic mea-
surements of 1 revealed bathochromic shifts of the absorption
bands compared with unsubstituted HBC. DFT calculations also
showed that the boryl groups increased the energies of frontier
molecular orbitals and decreased the HOMO-LUMO energy
gap. Compound 1 will contribute to a step-economical synthe-
sis of various HBC derivatives as a platform, and furthermore,
the currently developed borylation method gives insight into the

functionalization of a variety of large and poorly soluble PAHs.

Experimental

General

Unless otherwise noted, all materials including dry solvent were
obtained from commercial suppliers and used without further
purification. Work-up and purification procedures were carried
out with reagent-grade solvents under air. HBC (sublimated)
was purchased from FUJIFILM Wako Pure Chemical Corpora-
tion (Catalog No. WO1N40HZ370). Compound 2 was synthe-
sized according to a reported procedure [23]. Flash column
chromatography was performed with KANTO Silica Gel 60N
(spherical, neutral, 40—-100 um). Preparative recycling gel
permeation chromatography (GPC) was performed with a JAI
LaboACE LC-5060 instrument equipped with JAIGEL-2H
columns using chloroform as an eluent. Retsch MM400,
zirconia milling jars and zirconia balls were used for pulver-
izing at 30 Hz and 60 min. The high-resolution mass spectrum
(HRMS) was obtained from a JEOL JMS-S3000 SpiralTOF
(MALDI-TOF MS). Nuclear magnetic resonance (NMR) spec-
tra were recorded on a JEOL ECS-600 (‘H 600 MHz, !3C
150 MHz) spectrometer or a JEOL ECA 600II spectrometer
with UltraCool™ probe ('H 600 MHz, 13C 150 MHz). Chemi-
cal shifts for 'H NMR are expressed in parts per million (ppm)
relative to CHCl3 (3 7.26 ppm). Chemical shifts for 13C NMR
are expressed in ppm relative to CDCl3 (8 77.0 ppm). Data are
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reported as follows: chemical shift, multiplicity (s = singlet) and

integration.

General procedure of the C—H borylation of
HBC

To a 20-mL J-Young® Schlenk tube equipped with a magnetic
stirring bar was added HBC (10.0 mg, 19.1 pmol, 1.0 equiv).
The flask was put in an argon-filled glove box, and a solution of
[Ir(OMe)cod], (1.9 mg, 2.9 umol, 15 mol %) and 3,4,7,8-tetra-
methyl-1,10-phenanthroline (tmphen; 1.4 mg, 5.9 umol,
31 mol %) in a dry solvent (300 uL) was added to the flask.
Then 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (HBpin; 44.1 mg,
344 pmol, 18 equiv) was added to the mixture and the Schlenk
tube was sealed with a J-Young® screw tap. The resultant mix-
ture was stirred at 80 °C for 2 days. After cooling the mixture to
room temperature, the reaction mixture was passed through
short-path silica gel with chloroform. The solvent was removed
under reduced pressure. 'H NMR yields were determined by
using 2,3,4-trimethoxybenzaldehyde as an internal standard in
CDCl3. The crude material obtained from the reaction with
CPME was purified by GPC (eluent: chloroform) to afford 1
(6.7 mg, 27%). 'H NMR (600 MHz, CDCl3) 5 9.78 (s, 1H),
1.61 (s, 6H).

Stepwise synthesis of 1 from 3

The Scholl reaction of 2 was performed according to a litera-
ture procedure [19]. To a 1 L two-necked round bottom flask
containing a magnetic stirring bar were added dichloromethane
(400 mL) and compound 2 (998 mg, 773 pmol) under nitrogen
atmosphere. Then a solution of anhydrous FeCl; (4.02 g,
24.8 mmol, 32 equiv) in nitromethane (10 mL) was added via
syringe. The mixture was stirred at room temperature for 21 h.
After quenched by methanol, the precipitate was collected and
washed by dichloromethane, methanol and acetone. The
reaction mixture containing 3 was obtained as a brown solid,
which was used for the next reaction without further purifica-
tions.

A 15 mL Schlenk tube containing a magnetic stirring bar and
KOACc (48.0 mg, 0.489 mmol, 6.2 equiv) was dried by a heat
gun, cooled to room temperature and then refilled with nitrogen.
To this vessel were added 3 (100 mg, 78.3 umol, 1.0 equiv),
Pd(dppf)Cl, (28.6 mg, 39.1 pmol,
bis(pinacolato)diboron (B,piny; 199 mg, 783 umol, 10 equiv),
toluene (0.36 mL) and N,N-dimethylformamide (DMF;
0.36 mL). The mixture was stirred at 80 °C for 18 h. After cool-

ing the mixture to room temperature, the reaction mixture was

0.5 equiv),

passed through short-path silica gel with chloroform. The sol-
vent was removed under reduced pressure. The crude material
was purified by GPC (eluent: chloroform) and recrystallized

with 1,1,1-trichloroethane and pentane to furnish 1 (1.1 mg,
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0.8% yield based on 2) as an orange solid. "H NMR (600 MHz,
CDCl3) 8 9.78 (s, 1H), 1.61 (s, 6H); 13C NMR (150 MHz,
CDCl3) & 25.6, 84.4, 122.4, 127.0, 127.3, 128.8, 129.9; HRMS
(MALDI-TOF MS) m/z: [M]* caled for C7gHg4BgO12,
1278.6571; found, 1278.6582.

X-ray crystallography

Details of the crystal data and a summary of the intensity data
collection parameters for 1 are listed below. A suitable crystal
was mounted with mineral oil on a MiTeGen MicroMounts and
transferred to the goniometer of the kappa goniometer of a
RIGAKU XtalLAB Synergy-S system with 1.2 kW MicroMax-
007HF microfocus rotating anode (Graphite-monochromated
Mo Ka radiation (A = 0.71073 A)) and PILATUS200K hybrid
photon-counting detector. Cell parameters were determined and
refined, and raw frame data were integrated using CrysAlisF™
(Agilent Technologies, 2010). The structures were solved by
direct methods with (SHELXT) [24] and refined by full-matrix
least-squares techniques against F2 (SHELXL-2018/3) [25] by
using Olex2 software package [26]. The intensities were
corrected for Lorentz and polarization effects. Non-hydrogen
atoms were refined anisotropically, and hydrogen atoms were
placed using AFIX instructions.

Crystal Data for 1: CCDC 1981141. CggHogBO12
(C7gHg4B6012-2CsH ) (M =1422.60 g-mol™1), crystal size:
0.2 X 0.2 X 0.2 mm, cubic, space group Pa-3 (no. 205), a =
19.9143(8) A, V = 7897.6(10) A3, Z = 4, T = 123(2) K,
p(Mo Ka) = 0.076 mm™!, Dy = 1.196 g/cm3, 8158 reflections
measured (4.09° < 20 < 55.862°), 2594 unique (Rj,; = 0.0529).
Goodness-of-fit on FZ: 1.093. R; = 0.0733, wR, = 0.2041
(I > 20(I)) and R; = 0.1252, wR, = 0.2378 (all data).

Photophysical measurements

UV-vis absorption spectra were recorded on a Shimadzu
UV-3510 spectrometer with a resolution of 0.5 nm. The emis-
sion spectrum was measured on a Shimadzu RF-6000 spectrom-
eter with a resolution of 0.5 nm. Absolute fluorescence quan-
tum yield (®p) was determined on a Shimadzu RF-6000 spec-
trometer using a calibrated integrating sphere system upon exci-
tation at 340 nm. For FL lifetime measurement, a Hamamatsu
Photonics Quantaurus-Tau® fluorescence lifetime spectrometer
C11367-21 with LED as a light source was used (excitation:
365 nm, emission: 510 nm, frequency: 1 MHz). Dilute solu-
tions in NMP or spectral grade dichloromethane in a 1 cm

square quartz cell were used for measurements.

Computational study
The Gaussian 16 program [27] running on a NEC LX 110Rh
system was used for optimization (B3LYP/6-31G(d)) [28,29].

Structures were optimized without any symmetry assumptions.
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Supporting Information

Supporting information features copies of 'H and
13C NMR spectra and UV-vis absorption spectra of
compound 1 and Cartesian coordinates of the optimized

structure of 1.

Supporting Information File 1

UV-vis spectra, NMR spectra and Cartesian coordinates.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-37-S1.pdf]

Supporting Information File 2
Crystallographic information file of compound 1.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-37-S2.cif]
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We have developed a catalytic synthetic method to prepare phenoxasilins. A borane-catalyzed double sila-Friedel-Crafts reaction

between amino group-containing diaryl ethers and dihydrosilanes can be used to prepare a variety of phenoxasilin derivatives in

good to excellent yields. The optimized reaction conditions were also applicable for diaryl thioethers to afford their corresponding

six-membered silacyclic products. The gram-scale synthesis of a representative bis(dimethylamino)phenoxasilin and the transfor-

mation of its amino groups have also been demonstrated.

Introduction

Six-membered silacyclic compounds, such as phenoxasilin and
phenothiasilin derivatives, are attractive compounds for applica-
tions as organic electronic materials [1-4], ligands [5-10], and
reagents [11-14]. Therefore, the development of new methods
to construct silacyclic skeletons is highly desirable. These com-
pounds are commonly synthesized upon the reaction of hetero-
atom-bridged dilithiated diaryl compounds, such as dilithiated
diaryl ethers and dilithiated diaryl thioethers with a range of
dichlorosilane derivatives (Scheme 1a) [15-24]. An intramolec-
ular silylation via Si—C bond cleavage can also be used to
prepare a variety of six-membered silacyclic derivatives
(Scheme 1b) [25]. However, some problems still remain in

terms of the functional group tolerance and versatility of these

previously reported synthetic methods due to the use of a stoi-
chiometric amount of the organolithium reagents. In addition,
despite these contributions, catalytic reaction systems have not
been developed as much [26,27].

The sila-Friedel-Crafts reaction is emerging as a powerful tool
for C—H silylation [28,29]. In addition, intra- and intermolecu-
lar sila-Friedel-Crafts reactions have been recently developed
[30-39], which have great potential as efficient synthetic strate-
gies to construct silacycles. For example, the intramolecular
C-H silylation of biphenylhydrosilanes can be used to prepare
various silafluorene derivatives [30-34] and the ruthenium-cata-

lyzed intermolecular Friedel-Crafts-type reaction of
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Scheme 1: Synthetic methods of six-membered silacyclic compounds.

2-phenylindole with a variety of dihydrosilanes affords indole-
fused benzosiloles [39]. We have also contributed to the synthe-
sis of silafluorenes from biphenyls and dihydrosilanes using a
borane-catalyzed double sila-Friedel-Crafts reaction [40,41].
Subsequently, we envisaged that the catalytic reaction between
diaryl ethers and dihydrosilanes may be a useful protocol to
prepare phenoxasilin derivatives (Scheme Ic). Herein, we
report a borane-catalyzed double sila-Friedel-Crafts reaction
used for the synthesis of six-membered silacyclic compounds,
such as phenoxasilin and phenothiasilin derivatives.

Results and Discussion
A double sila-Friedel-Crafts reaction was initially investigated

using diaryl ether 1a and dihydrodiphenylsilane (2a) as model

R11 R12

substrates (Table 1). Under the optimized reaction conditions
used for the synthesis of silafluorenes in our previous report
[40] (B(CgFs)3 (5.0 mol %) and 2,6-lutidine (7.5 mol %) in
chlorobenzene at 100 °C), the desired reaction between 1a with
2a proceeded to give phenoxasilin 3a in 60% yield (Table 1,
entry 1). The structure of phenoxasilin 3a was confirmed using
single-crystal X-ray crystallography (see Supporting Informa-
tion File 1 for details) [42]. Upon increasing the reaction tem-
perature to 140 °C, the yield of 3a was improved to 88%
(Table 1, entry 2). Although the reaction in the presence of
3.0 mol % of the catalyst also proceeded efficiently (Table 1,
entry 3, conditions A), the yield of 3a decreased when com-
pared to that obtained using 1.5 mol % of the catalyst (Table 1,
entry 4). The best result was obtained in the absence of 2,6-1uti-

Table 1: Optimization of the reaction conditions for the synthesis of phenoxalin 3a.

MezN\©/O\©/NMeZ

1

B(CgFs)3 (x mol %)

| O MezN (e} NM62
2,6-lutidine (y mol %) \©E D/
a
+ Si

chlorobenzene

H,SiPh, temperature, 24 h ph/ Ph
2a 3a
entry@ X (Mol%) y (mol %) temp (°C) yield (%)
1 5.0 75 100 60
2 5.0 75 140 88
3 3.0 75 140 97
4 1.5 75 140 87
5 3.0 0 140 99

21a (0.250 mmol), 2a (0.750 mmol), chlorobenzene (0.4 mL).
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dine by which phenoxasilin 3a formed in 99% yield (Table 1,

entry 5, conditions B).

Next, the scope of the dihydrosilane starting materials used in
the reaction was investigated (Scheme 2). The reactions of
phenylmethylsilane (2b) and diethyldihydrosilane (2¢) afforded
their corresponding phenoxasilin derivatives 3b and 3¢ in 66
and 74% yield, respectively. The yields of 3b and 3c were im-
proved to 83 and 91% in the presence of a catalytic amount of
2,6-lutidine, probably due to the acceleration of the deproton-
ation step by 2,6-lutidine [33]. In the case of phenylsilane (2d),
the phenoxasilin product 3d was formed in 59% yield using
conditions B and in 63% yield under conditions A. Di(4-bromo-
phenyl)dihydrosilane (2e) was transformed successfully into
phenoxasilin 3e in 83% yield without loss of the bromine sub-
stituent. The reaction system was also applicable for 9,9-
dihydro-5-silafluorene (2f), which gave the spiro-type phenox-
asilin 3f in 96% yield.

We then investigated the scope of the starting biaryl ethers used
in the reaction as well as related derivatives thereof using dihy-
drodiphenylsilane (2a, Scheme 3). Pyrrolidine-substituted diaryl
ether 1b was transformed into phenoxasilin 3g in 80% yield.

MezN\©/O\©/NMe2
B(CgFs)3 (3.0 mol
1a

Beilstein J. Org. Chem. 2020, 16, 409-414.

Also, the chloro-substituted diaryl ether gave its corresponding
phenoxasilin 3h in 94% yield without affecting the chlorine
substituent. The methyl-substituted phenoxasilin derivatives 3i
and 3j were formed in good yield despite of the steric hindrance
of the methyl group in 3j. When one of the NMe, groups was
replaced with a SMe group, a mixture of the corresponding
phenoxasilin product (3k) and the hydrosilane compound (3k’)
was obtained via a single sila-Friedel-Crafts reaction in 35%
yield in the presence of 2,6-lutidine (3k:3k' = 63:37). This
result was probably due to the weaker electron-donating ability
of the SMe group compared to that of NMe,. The double C-H
silylation reaction proceeds efficiently upon increasing the tem-
perature to 180 °C that afforded the mixture (3k:3k’ = 92:8) in
68% yield. The reaction system can also be applied to the syn-
thesis of phenothiasilin 31 that was obtained in 93% yield
starting from diaryl thioether 1g. N-(Benzyl)methylamine-
substituted diaryl thioether 1h was also transformed into
phenothiasilin 3m in 58% yield. The corresponding six-mem-
bered silacycles were not formed using N-aryl-bridged biaryls
as substrates.

To test the applicability of the method, a gram-scale synthesis
of phenoxasilin 3a was carried out (Scheme 4). The reaction of

%) MezN\OiO NMe,
+ chlorobenzene Si
H,SiR1R2 140 °C, 24 h F\{1 \Rz
2 3
MegN\©:Oj©/NMe2 MegN\©[0j©/NMeg
Si Si
Ph Me Et Et

3b 66%2, 83%"

3c 74%2, 91%P

D/NMGZ
Si

Ph H
3d 59%?, 63%"

MezN\©:Oj©/NMez
Si
Br Br

3e 83%?

3f 96%°2

Scheme 2: Scope of dihydrosilanes. Conditions: a: conditions B (Table 1, entry 5); b: conditions A (Table 1, entry 3).

411



Beilstein J. Org. Chem. 2020, 16, 409-414.

3 4
RS | X ~ R
S - 3 4
B, TG BCHFe) (30mol %) RQX@R
+ R e
H,SiPh, ’ R P pn R
2a 3
@ ]@F o
A Ph Ph
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3g 80%° 3h 94%:2
MGQN@[OD/NMGQ MezN Oj©/NMez
Me /Si\ ; /SI\
PH Ph MePh Ph
3i 99%? 3j 74%32, 81%P
Me,N : :OD/SMe C\N. : s : I\D
A\ A
Ph Ph PH Ph
3k 68%b° 31 93%3
Ph Ph

/A
Ph Ph
3m 58%?

Scheme 3: Scope of diaryl ether and diaryl thioether derivatives. Conditions: a: conditions B (Table 1, entry 5); b: conditions A (Table 1, entry 3).

c: temperature 180 °C.

MEQN (o) NMe2 MezN (0] NMez
\©/ \©/ B(C4Fs)3 (3.0 mol %)
Si

1a chlorobenzene Ph/ \Ph
N 140°C, 24 h 32 93%

1.
H,SiPh, (1599)

2a (3.0 equiv)

Scheme 4: Gram-scale Synthesis of 3a.

diaryl ether 1a (1.00 g) with dihydrodiphenylsilane (2a, 2.16 g)
in the presence of a catalytic amount of B(CgF5)3 afforded
phenoxasilin 3a in 93% yield (1.59 g).

Finally, the transformation of the amino groups in phenoxasilin
3a into phenyl groups was carried out (Scheme 5). First, the

ammonium salt 4 was prepared by treating 3a with MeOTf fol-

lowed by a palladium-catalyzed cross-coupling reaction with
the Grignard reagent (PhMgBr) that afforded the desired
diphenylated phenoxasilin 5 in 87% yield [43].

Conclusion
In summary, we have developed a new catalytic synthetic

method to prepare six-membered silacyclic compounds, such as
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o ©
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Scheme 5: Transformation of the amino groups in 3a.
phenoxasilin and phenothiasilin derivatives, using a double sila-  References

Friedel-Crafts reaction. The reaction system is applicable to
diaryl ethers with halogen substituents or sterical hindrance. A
gram-scale synthesis of phenoxasilins and transformation of the
amino groups in the phenoxasilin product were also achieved.
We hope that the developed protocol will prove to be a useful
and efficient method to synthesize six-membered silacyclic
compounds.
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The synthesis of triphenylene-fused phosphole oxides has been achieved through two distinct C—H functionalization reactions as

key steps. The phosphole ring was constructed by a three-component coupling of 3-(methoxymethoxy)phenylzinc chloride, an

alkyne, and dichlorophenylphosphine, involving the regioselective C—H activation of the C2 position of the arylzinc intermediate

via 1,4-cobalt migration. The resulting 7-hydroxybenzo[b]phosphole derivative was used for further m-extension through

Suzuki-Miyaura couplings and a Scholl reaction, the latter closing the triphenylene ring. The absorption and emission spectra of the

thus-synthesized compounds illustrated their nature as hybrids of triphenylene and benzo[b]phosphole.

Introduction

The phosphorus-containing five-membered ring, phosphole, has
attracted significant attention as a structural motif in m-conju-
gated functional molecules [1-9]. Its inherently unique elec-
tronic structure, along with opportunities to modify the phos-
phorus center and the periphery by substitution or ring fusion,
have stimulated chemists to explore a structurally diverse range
of phosphole derivatives with extended m-system. These
included, in particular, those fused with polycyclic aromatic
hydrocarbons (PAHs) for possible applications in organic elec-
tronics, bioimaging and sensing, and asymmetric catalysis
(Figure 1). To name a few examples, Yamaguchi et al. de-

scribed synthetic routes to novel phosphorus-containing ladder

molecules and their application as fluorescence probes for bio-
logical imaging [10,11]. Marinetti extensively studied the syn-
thesis of phosphahelicenes with linear fusion of the phosphole
and the carbohelicene units [12], and their applications in asym-
metric catalysis [13] and organic light-emitting diodes [14].
Recently, Saito et al. reported the synthesis of phosphorus-
bridged triphenylenes, that is, triphosphasumanene trisulfides,
and demonstrated their capability as a junction for single-mole-
cule conductors [15].

The synthesis of PAH-fused phospholes typically requires effi-

cient methods for the construction of the phosphole ring as well
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Yamaguchi
PB 430
(STED bioimaging)

phospha[6]helicene
(asymmetric catalysis)

Saito
triphosphasumanene
(molecular conductance)

Marinetti

Figure 1: Examples of functional molecules based on mn-extended phospholes.

as for the m-extension/fusion of the PAH moiety, which should
be smoothly implemented into the overall synthetic planning. In
this context, we have recently reported the synthesis of novel
phosphahelicenes that featured angular fusion of the phosphole
and the carbohelicene moieties (Scheme 1) [16]. The approach
focused on the regioselective one-pot synthesis of a 7-hydroxy-
benzo[b]phosphole derivative from an 3-alkoxyphenylzinc
reagent, an alkyne, and dichlorophenylphosphine [17]. The
hydroxy group of this key intermediate served as a handle for
the m-extension through a Suzuki—Miyaura coupling, Sono-
gashira coupling, and electrophilic alkyne carbocyclization
[18].

Given the successful synthesis of the angularly fused phospha-
helicenes, we became interested in the further exploitation of
7-hydroxybenzo[b]phosphole as an intermediate for the synthe-
sis of m-extended phospholes. In this respect, our attention

focused on the fusion of phosphole with triphenylene, which

represents one of the most common disc-like PAH motifs in
organic materials chemistry [19-25]. Herein, we report on the
synthesis of triphenylene-fused phosphole oxides, which are
distinct from Saito’s compounds [15] as well as from other re-
ported examples [26-28] in terms of the mode of fusion of the
phosphole and triphenylene units. The present phosphole/tri-
phenylene hybrid molecules displayed absorption and emission
profiles that reflected the characteristics of both triphenylene
and benzo[b]phosphole.

Results and Discussion

The present synthetic study commenced with the recently re-
ported preparation of 7-hydroxybenzo[b]phosphole derivative 3
from 3-(methoxymethoxy)phenylzinc (1), 5-decyne (2), and
PhPCl, in the presence of a cobalt—diphosphine catalyst
(Scheme 2). This one-pot construction of the benzo[b]phos-
phole core ensured the preferential phosphole ring closure in

proximity of the alkoxy group of the arylzinc reagent 1 (regio-

ZnCl
H + Bu———Bu * PhPCl,
OMOM
ICl-mediated l
carbocyclization g, one-pot l Scholl Bu
Bu
ref [16] N this work
S Bu pp—
~
4 “Ph
HO

Sonogashira Suzuki—Miyaura

angularly fused
phosphahelicene

Suzuki-Miyaura . _ Ii

triphenylene-fused
phosphole

Scheme 1: Syntheses of PAH-fused phospholes featuring a 7-hydroxybenzo[b]phosphole as a key intermediate.
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CuCN-2LiCl B
ZnCl Bu CoCly (5 mol %) (30 mol %) ! PhNTf, (1.5 equiv)
. | Xantphos (5 mol %) PhPCI; (3 equiv) H,0, N\ B Cs,CO03 (3 equiv)
P
° -60 ° °C—rt, 1 h 7 “Ph
OMOM Bu THF, 60 °C, 12 h 0-60°C,16h  0°C-t, o S DMF, rt, 18 h
1 2 3,33%
ArB(OH
Bu (OH), ArB(OH),

5a: Ar = 2-BrCgHy4

Pd(PPhs)s (5 mol %)

AN Bu 5b: Ar = 3-bromonaphth-2-yl PCys3 (20 mol %)
oo g “Ph Pd(PPh3), (5 mol %) KF (6.7 equiv)
K3POy4 (1.5 equiv) 1,4-dioxane
4,90% DMF, 85 °C, 60 h 100 °C, 24 h
6a, 73%
6b, 65%
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Bu Bu N
Bu
\ Bu A\ Bu MeO
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O O O’/P\Ph <O
> O
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Scheme 2: Synthesis of phosphole-fused ortho-teraryl compounds 7.

selectivity of ~3