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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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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.

321



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
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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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R =m-t-Bu
(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,
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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.
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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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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%)
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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).
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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%
Bu
Bu Bu N
Bu
\ Bu A\ Bu MeO

MeO

O O O’/P\Ph <O
> O

7a, 93%

MeO

Scheme 2: Synthesis of phosphole-fused ortho-teraryl compounds 7.

selectivity of ~3:1), presumably due to a secondary interaction
between the MOM group and the cobalt catalyst during the key
C-H activation step, i.e., 1,4-cobalt migration in the alkenyl-
cobalt intermediate [29]. The oxidation of the benzo[b]phos-
phole phosphorous atom and cleavage of the MOM group took
place simultaneously, and thus afforded compound 3 in 33%
yield on a 5 mmol scale [16]. Compound 3 was then converted
to the triflate, and subjected to Suzuki—Miyaura couplings with
2-bromophenylboronic acid (5a) or 3-bromonaphth-2-ylboronic
acid (5b) to afford the phosphole-fused biaryls 6a and 6b, re-
spectively, in decent yields. Subsequent Suzuki—Miyaura
couplings of 6a or 6b with 3,4-dialkoxyarylboronic acids
furnished the phosphole-fused ortho-teraryl products 7a—c in
moderate to high yields.

With the phosphole-fused ortho-teraryl compounds 7 in hand,
we next examined their cyclization into triphenylene deriva-
tives by the Scholl reaction (Scheme 3) [30]. The reaction
of 7a (0.1 mmol) in the presence of [bis(trifluoroacet-
oxy)iodo]benzene] (PIFA) and BF3-OEt; in dichloromethane at
—78 °C afforded, after 12 h, the desired cyclized product 8a in
59% yield. The reaction could be performed on a 0.5 mmol
scale in a similar yield of 58%. Note that other typical reagents
used for the Scholl reaction, such as DDQ/CF3CO,H, FeCls,
Cu(OTf),, and AIClj; failed to promote the cyclization of 7a to

7b, 89%

MeQO

7c, 64%

8a. The PIFA/BF3-OEt; system also promoted the Scholl reac-
tion of terphenyl 7b bearing a methylenedioxy moiety with a
comparable efficiency to afford 8b in 56% yield. Compound 8c,
a naphthylene-linked analogue of 8a, also underwent cycliza-
tion under the same conditions to give the corresponding prod-

uct 8c albeit in a somewhat lower yield of 40%.

The triphenylene-fused phosphole oxide 8a was recrystallized
from CH;Cl,, and the molecular structure was unambiguously
confirmed by single crystal X-ray analysis (Figure 2) [31].
As can be seen from the side view, the triphenylene moiety
slightly deviated from planarity, because the fusion with the
phosphole ring caused a subtle steric repulsion between the
phosphorus substituents and the triphenylene edge within the
phospha[4]helicene moiety. Unlike many triphenylene deriva-
tives, the crystal packing of 8a did not involve columnar 7—r
stacking of the PAH moiety (Figure S1, Supporting Informa-
tion File 1). This is likely due to the fact that such m-stacking is
inhibited by the steric bulk of the phosphole substituents (i.e.,
the butyl groups, the phenyl group, and the oxygen atom).

Upon the successful synthesis of the triphenylene-fused phos-
phole oxides 8, we studied the absorption and emission proper-
ties of these compounds in CH,Cl, solution. Figure 3 shows the

absorption and emission spectra of compounds 8a—c, and
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PIFA (1.2 equiv)
BF3-OEt, (2.5 equiv)
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CH,Cl,, =78 °C, 12 h

8a, 59% (58%)

8b, 56%

Scheme 3: Oxidative cyclization of phosphole-fused ortho-teraryl compounds 7 into triphenylene-fused phosphole oxides 8. The yields in paren-

theses were obtained in a 0.5 mmol-scale reaction.

(@)

Figure 2: ORTEP drawings of compound 8a (thermal ellipsoids set at
50% probability). a) top view; b) side view).

Table 1 provides a summary of these spectra and reported spec-
tral data of structurally related benzo[b]phosphole and tri-
phenylene derivatives. The optical data illustrate the nature of
compounds 8a—c as hybrids of triphenylene and benzo[b]phos-

— 8a
— 8b

— — 8c

3

8

=

[%]

c

]

£

el

(53

-

©

£

S

<

250 350 450 550 650

A (nm)

Figure 3: UV-vis absorption (solid lines) and fluorescence (dashed
lines) spectra of compounds 8a—c.

phole oxide. Regarding the absorption, 8a and 8b displayed
multiple absorption bands from 250-400 nm (Table 1, entries 1
and 2), which reflected the characteristics of PAHs including
triphenylene derivatives (Table 1, entries 5 and 6) [32-34],
rather than the 2,3-dialkylbenzo[b]phosphole core (Table 1,
entry 4). As expected, the absorption of 8¢ showed a
bathochromic shift compared to 8a and 8b as a result of
m-extension (Table 1, entry 3). Like many 2,3-dialkyl-
benzo[b]phospholes [17,35], 8a—c showed strong fluorescence
in solution (®g = 0.67 and 0.34 for 8a and 8b, respectively). In
contrast to the highly resolved bands in the absorption spectra,
the fluorescence spectra were rather simple, with distinct emis-
sion peaks at 452 nm (8a), 450 nm (8b), and 477 nm (8¢). Such
a behavior was distinct from the fluorescence of the parent tri-
phenylene and 2,3-dialkoxytriphenylene, which have been re-
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Table 1: Summary of the absorption and emission spectra.2

entry compound Nabs (nm)b

1 8a 289, 330, 393 (sh)
2 8b 284, 324, 387 (sh)
3 8c 301, 361, 420 (sh)
4¢ BP 320

5 TP 260, 285, 320 (sh)
69 TP(OC12Has)2 277, 298, 356

Beilstein J. Org. Chem. 2020, 16, 524-529.

log €max® Aem (nm) Ppd
4.16 452 0.67
4.27 450 0.34
4.41 477 -

3.27 387 0.11
4.23 355, 364, 371 0.02
- 364, 382 -

aMeasured in CHoClp at 5 x 1078 M. PRepresentative absorption maxima (sh stands for a shoulder peak). °Molar absorption coefficient for the
longest-wavelength absorption maximum (except the shoulder). 9Determined using quinine sulfate as the standard (54% in 0.1 M HySOy4). ®BP =
1-phenyl-2,3-dibutylbenzo[b]phosphole oxide. Data taken from [17]. fTP = triphenylene. Data taken from [32] (Agps and log €) and [33] (Aem and ®F).

9TP(OC12H2s5)2 = 2,3-di(n-dodecyloxy)triphenylene. Data taken from [34].

ported to show multiple emission peaks (Table 1, entries 5 and
6).

Conclusion

In summary, we synthesized novel triphenylene-fused phos-
phole oxides through C—H functionalization and cross-coupling
reactions. The phosphole ring was constructed in the early stage
of the synthesis by a three-component assembly method
featuring a 1,4-cobalt migration as the key step. Unlike other
C-H activation/alkyne annulation approaches to benzo[b]phos-
pholes [36-40], this three-component method guarantees a good
regioselectivity for the formation of the desired 7-hydroxy-
benzo[b]phosphole derivatives. The triphenylene moiety was
completed in the last step through a Scholl reaction. The synthe-
sized triphenylene-fused phosphole oxides showed strong blue
fluorescence in solution. The absorption and emission profiles
of the m-extended phosphole oxide revealed their characteris-
tics as hybrids of 2,3-dialkoxytriphenylene and 1-phenyl-2,3-
dialkylbenzo[b]phosphole. We anticipate that the key interme-
diate of the present synthesis, 3, and related benzo[b]phos-
pholes accessible by the three-component assembly hold
promise for further explorations inot novel m-extended phos-
phole derivatives.
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The regioselective C—H arylation of substituted polycyclic aromatic hydrocarbons (PAHs) is a desired but challenging task. A

copper-catalyzed C7-H arylation of 1-naphthamides has been developed by using aryliodonium salts as arylating reagents. This

protocol does not need to use precious metal catalysts and tolerates wide variety of functional groups. Under standard conditions,

the remote C—H arylation of other PAHs including phenanthrene-9-carboxamide, pyrene-1-carboxamide and fluoranthene-3-

carboxamide has also accomplished, which provides an opportunity for the development of diverse organic optoelectronic materi-

als.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) with rigid planar
structure, such as naphthalene, phenanthrene, pyrene and their
derivatives, can usually emit relatively strong fluorescence, and
have been widely applied in many scientific areas including
chemistry, biomedicine and materials science [1-6]. The aryl-
ation reaction of PAHs is an important strategy to further
extend the m-conjugation length, which can effectively adjust
the photophysical properties of molecules, thus having drawn
much attention. Transition metal-catalyzed C—X/C-M cross-
coupling reactions such as Suzuki and Stille couplings are the
main approaches to achieve the arylation of PAHs [7-11]. How-

ever, the selective arylation of the C7-position of 1-naphthoic
acid derivatives remains a challenging task due to the inaccessi-
bility of the corresponding 7-halonaphthalene substrates [12].

Recently, transition metal-catalyzed C—H bond functionaliza-
tion has emerged as a powerful tool to construct various biaryl
skeletons [13-17]. The direct C7—H arylation of 1-naphthoic
acid derivatives is undoubtedly a more effective route for the
synthesis of 7-arylnaphthalene derivatives. Although the transi-
tion metal-catalyzed C2—H and C8-H arylations of 1-naph-

thoic acid derivatives have been widely reported, the studies on
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their C7-H arylation remain rare [18-25]. Our group has
recently reported F* reagent-promoted Pd-catalyzed C7-H aryl-
ation of 1-naphthamides, but this method still suffers from a
few disadvantages (Scheme 1) [26]. First, the precious metal
palladium is employed as a catalyst. Moreover, stoichiometric
F* reagent is needed to oxidize Pd(II) species to more electro-
philic high-valent cationic Pd(IV). In addition, this protocol is
not compatible with other PAHs except naphthalene, such as
phenanthrene, pyrene and fluoranthene, and cannot tolerate
some special functional groups, such as alkenyl and alkynyl
groups.

As a component part of our ongoing research on direct C—H
bond functionalization [20,27-29], we herein represent a
copper-catalyzed remote C—H arylation of PAHs with aryliodo-
nium salts as arylating reagents (Scheme 1). This protocol is
compatible with different PAH substrates including 1-naph-
thamides, phenanthrene-9-carboxamide, pyrene-1-carboxamide
and fluoranthene-3-carboxamide, which provides an opportuni-
ty for the development of diverse organic photoelectrical mate-

rials.

Results and Discussion

Our investigation commenced with the reaction between
N-(tert-butyl)-1-naphthamide (1a) and mesityl(phenyl)iodo-
nium triflate (2a, for detailed optimization, see Table S1, Sup-
porting Information File 1). Initially, the reaction was per-
formed in 1,2-dichloroethane (DCE, 1 mL) at 80 °C for 24 h in
the presence of Cu(OTf), (10 mol %) as a catalyst. The direct

Beilstein J. Org. Chem. 2020, 16, 530-536.

C7-H arylation product N-(tert-butyl)-7-phenyl-1-naphthamide
(3a) was obtained in 79% yield (Table 1, entry 1). Gratifyingly,
when the reaction temperature was reduced to 70 °C, 3a was ob-
tained in 92% yield (Table 1, entry 2). The C7-H arylation
could also occur with active copper powder as a catalyst
(Table 1, entry 5). Other copper sources including CuO, CuCl
and Cu(OAc), were also found to be effective catalysts in this
reaction, albeit with slightly lower yields (Table 1, entries 6-8).
The control experiment confirmed that this transformation did
not occur in the absence of Cu catalyst (Table 1, entry 9). The
screening of other solvents, such as dichloromethane (DCM),
ortho-dichlorobenzene (ODCB), CHCI; and PhCF3, indicated
that DCE was still the best effective (Table 1, entries 10—13).
Finally, the optimal reaction system was established, which
composed of Cu(OTf); (10 mol %) in DCE (1.0 mL) at 70 °C
under a nitrogen atmosphere for 24 hours.

With the optimal conditions in hand, we first examined the
scope of aryliodonium salts. We were very pleased to find that a
range of aryliodonium salts could be employed as arylating
reagents, affording 7-arylated 1-naphthamides (3a—q) in moder-
ate to excellent yields (Scheme 2). This protocol tolerated a
wide variety of functional groups, including electron-donating
methyl and methoxy groups, as well as electron-withdrawing
ester, trifluoromethyl, fluoro, chloro, bromo, iodo and formyl
groups. The arylating reactivity of aryliodonium salts with
various substituents varied greatly due to the different elec-
tronic effects and steric hindrances. Arylating reagents with
ortho-substituents led to slightly reduced yields (Scheme 2, 3f

our recent work: Pd-catalyzed C7—H arylation of 1-naphthamides

Os_-NHt-Bu

H oe + ArB(OH),

« precious metal catalyst
« stoichiometric F* reagent

Pd(OAc),, NFSI
DCE, 80 °C, 24 h

Os_-NHt-Bu

ROO

» moderate functional group tolerance
* no tolerance for other PAHs

this work: Cu-catalyzed remote C—H arylation of PAHs

O<_R O._R
H Cu(OTf), Ar

+ ArMeslOTf
DCE,70°C,24h -

CAr G Ar

* nonprecious metal catalyst
* simple reaction system
» mild reaction conditions

Scheme 1: Direct C—H arylation of PAHSs.

PArG A

+ excellent functional group tolerance
« tolerance for different PAHs
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Table 1: Optimization of reaction conditions.2

Beilstein J. Org. Chem. 2020, 16, 530-536.

Os_-NH¢t-Bu QTf ol 10 w6 Os_NHt-Bu
ACOIEA G TGS
solvent, temp. 24 h
1a 2a 3a

Entry Solvent [Cu] T(°C) Yield (%)
1 DCE Cu(OTf)2 80 79

2 DCE Cu(OTf)2 70 92

3 DCE Cu(OTf)» 90 53

4 DCE Cu(OTf)» 60 41

5 DCE Cu 70 54

6 DCE CuO 70 81

7 DCE CuCl 70 84

8 DCE Cu(OAc)2 70 80

9 DCE - 70 nd

10 DCM Cu(OTf)2 70 38

11 OoDCB Cu(OTf)» 70 77

12 CHCl3 Cu(OTf)» 70 trace
13 PhCF3 Cu(OTf)2 70 trace

@Reaction conditions: 1a (0.2 mmol, 1.0 equiv), 2a (0.3 mmol, 1.5 equiv), [Cu] (10 mol %) and solvent (1 mL) under Ny for 24 h. Isolated yield. DCE =
1,2-dichloroethane. DCM = dichloromethane. ODCB = ortho-dichlorobenzene. nd: not detected.

and 3i). Aryliodonium salts containing halogen substituents,
especially bromo and iodo atoms, could afford the desired prod-
ucts in moderate to good yields (Scheme 2, 3j—n), making it
possible to introduce useful functional groups into the products
through the further transformation of corresponding aryl
halides. 2-Naphthyliodonium salt could react smoothly with 1a
to provide 3p in 66% yield (Scheme 2, 3p). Moreover, thio-
phen-2-yliodonium salt could be tolerated, albeit with a lower
yield (Scheme 2, 3q).

We next examined the scope of various naphthalene substrates
(Scheme 3, 4a-1). The electronic effect of C4-substituents on
N-(tert-butyl)-1-naphthamide was not obvious. The 4-substi-
tuted 1-naphthamide substrates, whether with electron-donating
methyl and methoxy groups, or with electron-withdrawing phe-
nyl, ester, fluoro and bromo groups, gave the corresponding
products in good to excellent yields (Scheme 3, 4a—f). Sub-
strates with C2-substituents also exhibited excellent reactivity,
providing the desired products 4h and 4i in 85% and 80%
yields, respectively (Scheme 3, 4h and 4i). Notably, 1-naph-
thamides with alkenyl (11) and alkynyl (1m) groups were also
suitable substrates for this direct C7—-H arylation, affording 4k
and 4l in good yields (Scheme 3, 4k and 4l). Furthermore, this
Cu-catalyzed direct C—H arylation could tolerate other PAH

substrates. The regioselective arylation of PAHs is challenging,

and so far, there are no examples on the selective remote C—H
arylation of phenanthrene-9-carboxamide, pyrene-1-carbox-
amide and fluoranthene-3-carboxamide. Gratifyingly, the
remote C—H arylation of these PAH substrates occurred
smoothly, giving the corresponding arylation products in mod-
erate to good yields (Scheme 3, 4m-o0).

This catalytic system was also compatible with substrates bear-
ing other directing groups except tert-butylaminocarbonyl
(Scheme 3, 4p—s). When employing methylaminocarbonyl and
cyclohexylaminocarbonyl as directing groups, the 7-arylation
products of naphthalene rings were obtained in good yields
(Scheme 3, 4p and 4q). A keto carbonyl group was also proved
to be a suitable directing group, affording the corresponding
arylation products in moderate yields (Scheme 3, 4r and 4s).

Considering that Cu(0), Cu(I) and Cu(Il) all could catalyze this
C-H arylation reaction and referring to previous research
results [30-32], a Cu(I)/Cu(IIl) catalytic cycle was proposed
(Scheme 4). First, Cu(I) is formed by the reduction or dispro-
portionation of Cu(II). Then, aryliodonium salt oxidizes Cu(I)
to highly electrophilic Cu(Ill)-aryl intermediate I. The coordi-
nation of the carbonyl oxygen to I gives intermediate II, which
undergoes an aryl-transfer reaction via a Heck-like four-mem-

bered-ring transition state III to form the intermediate IV with
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Scheme 2: Scope of aryliodonium salts. Reaction conditions: 1a (0.2 mmol), 2 (0.3 mmol) in DCE (1 mL) at 70 °C under Ny for 24 h. Isolated yield.

ag0 °C. P80 °C. °50 °C.

Cu(IIl) and aryl group added at the C8- and C7-positions of the
naphthalene ring, respectively. Finally, the breakdown of the
C8—Cu bond delivers Cu(I), meantime, the OTf anion takes
away the proton from the C7-position, affording the desired

product 3 or 4.

Subsequently, the photophysical properties of the arylation
products 4k, 4n and 40 were investigated (Figure 1). Their
absorption bands cover from 300 nm to 400 nm, which corre-
sponds to m—m* electron transition (Figure la and Table S2,

Supporting Information File 1). The measurement of emission
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Figure 1: a) UV-visible absorption spectra of 4k, 4n and 4o in toluene (1 x 1072 mol/L). b) Emission spectra of 4k, 4n and 4o in toluene

(1 x 1075 mol/L).

spectra demonstrates that 4k and 4n emit violet fluorescence
with emission maxima at 395 nm and 390 nm, respectively,
while 40 exhibits a sky-blue emission with an emission
maximum at 477 nm (Figure 1b and Table S2, Supporting
Information File 1).

Conclusion

In summary, we have developed a highly efficient strategy to
accomplish the direct C7—H arylation of 1-naphthamides by the
usage of Cu(Il) as a catalyst and aryliodonium salts as arylating
reagents, which features mild reaction conditions, excellent
functional group tolerance, and moreover, does not need to use

precious metal catalysts. This protocol is also compatible with

other PAH substrates including phenanthrene-9-carboxamide,
pyrene-1-carboxamide and fluoranthene-3-carboxamide, which
provide an opportunity for the development of diverse organic

photoelectrical materials.

Supporting Information

Supporting Information File 1

Detailed experimental procedures, characterization data and
copies of 'H and !3C NMR spectra of products.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-49-S1.pdf]
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An efficient synthesis of tetrabenzo[a,d,j,m]coronene derivatives having alkyl and alkoxy substituents at the 3, 6, 13, and 16-posi-

tions was achieved based on the ruthenium-catalyzed coupling reactions of anthraquinone derivatives with arylboronates via C—-H

and C-O bond cleavage. The reaction sequence involving the arylation, carbonyl methylenation, and oxidative cyclization effec-

tively provided various tetrabenzo[a,d,j,m]coronenes in short steps from readily available starting materials. Tetra-

benzola,dj,m]coronenes possessing two different types of substituents were obtained selectively by sequential chemoselective C—O

arylation and C—H arylation. The 'H NMR spectra of the tetrabenzo[a,d,j,m]coronene product indicated its self-assembling behav-

ior in CDClj3.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) and their derivatives
have attracted much attention from researchers due to their high
potential as organic optoelectronic materials [1-3] and great
efforts have been devoted to the development of their efficient
synthetic methods [4]. One of the important steps in most
of the PAH syntheses is the construction of carbon—carbon
bonds between aryl groups to form biaryl frameworks.
Traditionally, transition-metal-catalyzed cross-coupling reac-
tions of aryl halides or pseudohalides with arylmetal reagents

have been employed for the connection of two aryl units [5-9].

However, in search of more efficient synthetic routes, C—H
arylation reactions have been increasingly utilized in recent
years for the rapid expansion of the aromatic frameworks [10-
15].

We have been working on the efficient syntheses of PAH deriv-
atives based on the ruthenium-catalyzed C—H/C—-O arylation
reactions developed in our group [16-33]. In the presence of ru-
thenium carbonyl phosphine complexes, the reaction of aromat-
ic ketones possessing C—H bonds or C-OR (R = alkyl) bonds
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with arylboronates provided C—H or C-O arylation products
[21-33]. Anthraquinone was chosen as a convenient template
for the PAH syntheses, because various anthraquinone deriva-
tives possessing zero to four oxygen substituents at the ortho-
positions are readily available and the regioselective arylation at
the positions of either C—H or C—O bonds provided a variety of
multiarylated anthraquinone derivatives [16-20]. Using this
method, we have synthesized various m-extended aromatic
compounds such as multiarylated acenes [16,18,20],

dibenzo[h,rst]pentaphenes and dibenzo[fg,gr]pentacenes [19].

In the course of our reaction development, it was found that an
introduction of two different aryl groups at the ortho-positions
can be achieved by chemoselective C—O arylation of aromatic
ketones possessing both C—H and C-O bonds and subsequent
C-H arylation. We envisioned that the application of this
strategy to the anthraquinone template would provide its
derivatives possessing two different types of aryl groups in
a designed manner and lead to the preparation of
tetrabenzola.d,j,m]coronenes having two different types of sub-
stituents (Scheme 1). While 1,4,5,8-tetraarylanthraquinones
prepared by the ruthenium-catalyzed C—H arylation of
anthraquinone with a para-substituted arylboronate may be con-
verted to 3,6,13,16-tetrasubstituted tetrabenzola,d,j,m]coron-
enes via carbonyl methylenation and oxidative cyclization, the
two-step sequential C-O and C-H arylation of 1,4-

C-H
rylation R

(6]
a
(R=R) (R#R)

Beilstein J. Org. Chem. 2020, 16, 544-550.

dimethoxyanthraquinone followed by subsequent methylena-
tion/cyclization would provide tetrabenzola,d,j,m]coronenes

having two different types of substituents.

Coronene derivatives such as hexabenzocoronenes and ovalenes
have been extensively studied because of their optoelectronic
and self-assembling properties [34-44]. Various synthetic
methods have been developed for coronene derivatives in
general [34-37], however, only a few strategies have been re-
ported for the syntheses of tetrabenzol[a,d.j,m]coronenes
[43,44]. Wu and co-workers reported the synthesis of 2,7,12,17-
tetrasubstituted tetrabenzola,d.j,m]coronenes by using the
Barton—Kellogg reaction, followed by dehydrogenative photo-
cyclization, and FeCl3-mediated oxidative cyclization
(Scheme 2a) [43]. Tao, Chao, and co-workers succeeded in the
preparation of similar tetrasubstituted tetrabenzocoronenes by a
Corey—Fuchs reaction, followed by a Suzuki—-Miyaura cross-
coupling, and a two-step dehydrogenative cyclization using
DDQ and FeClj3 (Scheme 2b) [44]. However, 3,6,13,16-tetra-
substituted tetrabenzola.d,j,m]coronenes have not been re-

ported using these reported methods.

Here, we describe a convenient method for the synthesis of
3,6,13,16-tetrasubstituted tetrabenzola,d,j,m]coronenes based
on a ruthenium-catalyzed C—O/C-H multiarylation of

anthraquinone and its derivatives.

c-0 MeO O
arylation O‘O
MeO O

Scheme 1: Projected synthetic routes for 3,6,13,16-tetrasubstituted tetrabenzo[a,d,j,m]coronenes.
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(a) Wu's synthesis by Barton—Kellog reaction

reaction
R ! ! R
(e}

R

‘ Barton-Kellogg

R l ! R
X

Suzuki—
Miyaura
X coupling
X=0 N Corey-Fuchs
X = CBry” reaction R

Scheme 2: Reported syntheses of 2,7,12,17-tetrasubstituted tetrabenzola,d j,m]coronenes.

Results and Discussion

Our efforts toward the synthesis of tetrabenzola,d,j,m]coron-
enes started with the preparation of tetraarylanthraquinones.
Previously, we reported the synthesis of anthraquinone deriva-
tives possessing four aryl groups at the 1, 4, 5, and 8-positions
through a RuH,(CO)(PPhj3)3-catalyzed C-H arylation of
anthraquinone (1) with arylboronates 2 [16]. Using this method,

we examined the synthesis of a tetraarylanthraquinone
possessing four hexyloxy groups. When the reaction of 1 with
4-hexyloxyphenylboronate 2a was carried out in the presence of
20 mol % of RuH»(CO)(PPh3); (3) in refluxing pinacolone, the
corresponding tetraarylation product 4aa was obtained in 57%
yield (Scheme 3). Tetrakis(4-hexylphenyl)anthraquinone (4bb),
the synthesis of which has been described in the above-

R R
: 0 QO
0 20 mol % Q
| X . RuH,(CO)(PPh;3)3 (3) O“
Z P-N pinacolone
[0 XNe)
o §<1 reflux o
1 2, 10 equiv I l
2a: R= O-n-hex R R
2b: R = n-hex 4

Scheme 3: C—H tetraarylation of anthraquinone (1).

4aa, 57% (R = 0-n-hex)
4bb, 83% (R = n-hex, ref [16])
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mentioned publication [16], was also prepared using
4-hexylphenylboronate (2b) accordingly and used for further
transformations. The reaction of 1 with 2b was also attempted
using 10 mol % of 3, however, it only gave mono-, di- and
triarylation products, and the tetraarylation product 4bb was not
detected.

Tetraarylanthraquinones containing two different aryl groups
were also prepared via the above-mentioned chemoselective
C-0 arylation and subsequent C—H arylation. The chemoselec-
tive C-O diarylation of 1,4-dimethoxyanthraquinone to form
1,4-diarylanthraquinones has been previously reported by our
group [19], and 1,4-bis(4-hexyloxyphenyl)anthraquinone (5a)
and 1,4-bis(4-hexylphenyl)anthraquinone (5b) were prepared
accordingly. When the reaction of 5a with 4-methylphenyl-
boronate 2¢ was conducted in the presence of 40 mol % of 3
in refluxing pinacolone, the ortho-C—H diarylation occurred
giving the 1,4-bis(4-hexyloxyphenyl)-5,8-bis(4-methyl-
phenyl)anthraquinone (4ac) in 91% yield. The C-H diarylation
of 5b with 2a also proceeded smoothly to provide the corre-

sponding tetraarylanthraquinone 4ba in 94% yield (Scheme 4).

Next, the conversion of tetraarylanthraquinones 4 to
tetrabenzola,d,j,m]coronenes was investigated. After exam-
ining various carbonyl methylenation methods, we found that
the dimethylenation products 6 can be obtained in high yields
through methylation of the carbonyl groups, followed by dehy-

MeO O
MeO O

C-0 arylation l (ref [19])

RZ
+
B
O (0]
5, 0.5 mmol 2, 5 equiv
5a: R2= O-n-hex 2c: R2=Me
5b: R? = n-hex 2a: R2= O-n-hex

Scheme 4: C—H diarylation of 1,4-diarylanthraquinones 5.
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dration. Thus, the reaction of 4aa with methyllithium and
subsequent treatment of the crude diol with NaH,PO,-H,0
and Nal in refluxing acetic acid gave the corresponding
dimethylenation product 6aa in 96% yield (Table 1, entry 1).
The oxidative cyclization of 6aa by treatment with 12 equiv of
FeCl; at 35 °C for 0.5 h provided the desired tetra-
benzola,d,j,m]corronene derivative 7aa in 37% yield. This
method was also applicable to the conversion of tetrakis(4-
hexylphenyl)anthraquinone 4bb as well as the tetraarylan-
thraquinones containing two different aryl groups, 4ac and 4ba,
leading to the corresponding tetrabenzo[a,d,j,m]corronene de-
rivatives, 7bb, 7ac, and 7ba, respectively (Table 1, entries 2—4).

Next, the effect of the substituents in compounds 7 on their
optical properties was studied by UV-vis spectroscopy
(Figure 1). The UV-vis spectra of 7aa, 7bb, and 7ba were
measured in chloroform, and the normalized UV-vis spectra are
shown in Figure 1. These compounds showed similar peak
patterns between 300 and 500 nm, and the —* transitions
(p-band) for 7aa, 7bb, and 7ba were observed at 426 nm [11].
The peaks corresponding to n—r* transitions (a-band) were ob-
served at 456—469 nm and were red-shifted with growing inten-
sity as the number of hexyloxy groups increases.

The self-assembling property of tetrabenzola,d.j,m]coronene
7aa was also examined (Figure 2), as Wu and co-workers
have studied the self-assembling property of the tetra-

40 mol % 3

pinacolone
reflux, 20 h

R? R?
4
4ac, 91%
(R' = O-n-hex, R2 = Me):
4ba, 94%

(R" = n-hex, R2 = O-n-hex
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Table 1: Synthesis of 3,6,13,16-tetrasubstituted tetrabenzola,d j,m]coronenes.

R R2 R!

I 0}

1) MeLi
THF, -78°Ctort, 2h

2) NaH,PO,-H,0, Nal
AcOH, reflux, 2 h

R? R? R
4 6
entry R? R2
1 n-hexO n-hexO
2 n-hex n-hex
3 n-hexO Me
4 n-hex n-hexO

FeCly
MeNO,, CH,Cly, 35 °C, 0.5 h

yield of 6 (%)2 yield of 7 (%)

6aa: 96 7aa: 37
6bb: 85 7bb: 73
6ac: 78 7ac: 48
6ba: 85 7ba: 48

@Reaction conditions: 1) 4 (0.2 mmol), MeLi (2 mmol), THF (10 mL), =78 °C to rt, 2 h; 2) NaH2PO2:H20 (2 mmol), Nal (2 mmol), AcOH (6 mL), reflux,
2 h; Preaction conditions: 6 (0.02 mmol), FeClz (0.24 mmol), MeNO, (1 mL), CHoCl, (5 mL), gentle No bubbling, 35 °C, 0.5 h.

344
342 346

Nl

1.0 4

Normalized Absorbance

464
45204 469

0.0 - . - - ;
300 350 400 450 500
(nm)
Wavelength

Figure 1: Normalized UV-vis absorption spectra of 7aa, 7bb, and 7ba.

benzola,d.j,m]coronene derivative possessing n-octyl groups at
the 2, 7, 12, and 17-positions by '"H NMR spectroscopy and
suggested its intermolecular — interaction in solution [10].
When the 'H NMR spectrum of 7aa was measured at
2 x 1073 M at rt, a considerable broadening of the signals in the
aromatic region was observed. By increasing the temperature
from rt to 60 °C, all signals in the aromatic region became
sharper and low-field shifted. The dilution of the solution to
5% 107 M at rt also led to a downfield shift and sharpening of
the signals. These observations suggest that 7aa assembles by
intermolecular — interaction in CDCl3 as was seen by Wu and
co-workers for their compound possessing substituents at differ-

ent positions.

in CDCl,
Hc

M 2x10°M,60°C
e j o 2x107M, 50°C
i 2x10-°M, 40 °C
- 2x10°M, 30 °C

2x103 M, rt

i L 5‘x10-“M,r1

9.0 8.0 7.0 ppm

Figure 2: Effects of the concentration and the temperature on the
"H NMR spectra of 7aa.

Conclusion

The synthesis of a new class of tetrabenzo[a,d,j,m]coronene de-
rivatives having alkyl and alkoxy-substituents at the 3, 6, 13,
and 16-positions was achieved based on a ruthenium-catalyzed
coupling reaction of anthraquinone derivatives with aryl-
boronates via a C—H or/and C-O bond cleavage. The reaction
sequence involving the arylation, carbonyl methylenation, and
oxidative cyclization effectively provided various 3,6,13,16-
tetrasubstituted tetrabenzola,d,j,m]coronenes in short steps
from readily available starting materials. The tetra-

benzola,d,j,m]coronenes possessing two different types of sub-
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stituents were obtained selectively by sequential chemoselec-
tive C—O and C-H arylations. The strategy developed in this
study should be useful for the synthesis of PAH derivatives
with multiple substituents having different properties.

Supporting Information

Supporting Information File 1

General experimental procedures, characterization data and
NMR spectra of new compounds.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-51-S1.pdf]
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A series of a- and B-ethynyl-substituted BODIPY derivatives (3a, 4a, 5a, 5b, 6a, 6b) were synthesized by gold(I)-catalyzed direct
C-H alkynylation reactions of dipyrromethane and BODIPY, respectively, with ethynylbenziodoxolone (EBX) in a regioselective

manner. Depending on the position of the ethynyl substituent in the BODIPY skeleton, the photophysical properties of the result-

ing o- and B-substituted BODIPY's are notably altered. The lowest Sy—S; transition absorbance and fluorescence bands are both

bathochromically shifted as the number of substituents increases, while the emission quantum yields of the f-ethynylated deriva-

tives are significantly lower than those of a-ethynylated ones. The current method should be useful for fine-tuning of the photo-

physical properties of BODIPY dyes as well as for constructing BODIPY-based building cores for functional m-materials.

Introduction

Boron-dipyrromethene (BODIPY, 1) and its derivatives are rep-
resentative families of fluorophores that have been widely used
in applications for bioimaging [1-6], photodynamic therapy
[7-12], photocatalysis [13-16], optics [17-20], and so forth. The
structure of BODIPY derivatives is composed of a dipyrro-
methene (an oxidized form of dipyrromethane 2) and a coordi-
nated difluoroboron moiety [21]. The rigid m-conjugated scaf-
fold of BODIPYs demonstrates fascinating optical features such

as intense and narrow S¢—S; absorption and emission bands in

the visible-to-near-infrared region, a high fluorescence quan-
tum yield, and good photostability. For the applications
mentioned above, various BODIPY dyes functionalized at the
meso-, a-, and B-pyrrolic positions have been extensively de-
veloped to tune the optoelectronic properties [21]. Therefore,
the development of more efficient and shorter step synthetic
methods for the BODIPY derivatives, such as direct C-H func-
tionalizations (e.g., arylation [22-28], annulation [29], olefina-

tion [30], styrylation [31], and borylation [32]), has been in
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great demand recently rather than the conventional multistep
synthesis with nucleophilic substitution/cross-coupling via halo-
genation of BODIPY's [33] or from the activated precursors [34]
via unstable pyrrolic intermediates. In particular, halogenation
(e.g., bromination) of BODIPY derivatives often affords a mix-
ture of multiply halogenated products, which is tedious to sepa-
rate by column chromatography.

The introduction of one or more alkynyl groups into the
BODIPY skeleton indeed produces useful building blocks for
functional m-materials. For example, ethynyl-tethered BODIPY
derivatives serve as a substrate in the copper-catalyzed
azide—alkyne cycloaddition (CuAAC) reaction, which is known

(a)

1 8 7

2/77 N \e
HmH:
3

~
/B\ 5

FF
BODIPY (1)

(b)  Sonogashira coupling (conventional)

\\ﬂx +

H—TIPS

Beilstein J. Org. Chem. 2020, 16, 587-595.

as “click” reaction, allowing for a biological tissue labelling
[35,36]. In addition, ethynyl-substituted BODIPYSs yield unique
m-conjugated BODIPY-based macrocycles by Glaser-coupling
reactions [37]. Conventionally, an alkynylation of the BODIPY
core has been achieved by palladium-catalyzed Sonogashira
cross-coupling with halogenated BODIPY's (Figure 1b) [35,37].
However, due to the coexistence of multiple C—H bonds, a
regioselective direct C—H alkynylation of the BODIPY core has

not yet been achieved.

Inspired by the works of Waser and co-workers showing the
gold(I)-catalyzed C-H electrophilic alkynylation of various
heterocycles (e.g., pyrroles, indoles, etc.) with ethynylbenz-

765 3
S 4=

8 2
\ Y
O—NH HN-Z,
H H

dipyrromethane (2)

1

h N
H
X = halogen, triflate

electrophilic alkynylation (this work)

O—I|———TIPS

\’7/@\H + O%\@

TIPS-EBX
(c)
Mes
ST B
A\ J—
N\/B\/N /
F F

5

Pd cat., Cu(l) salt 7\
—
)
Au cat. . 7\ —
PN Tmes

Figure 1: (a) Chemical structures of BODIPY (1) and dipyrromethane (2). (b) C—C bond forming alkynylations of pyrrole and its derivatives by Sono-
gashira coupling and electrophilic alkynylation. (c) Peripheral alkynylated BODIPY derivatives (3—6) prepared in this work. TIPS: triisopropylsilyl

group; Mes: 2,4,6-trimethylphenyl group.
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iodoxolone (EBX) as an activated ethynyl synthon [38-42], we
investigated the synthesis of ethynyl-substituted BODIPY de-
rivatives 3-6 by gold(I)-catalyzed direct C—H functionalization
(Figure 1c). By taking advantage of the reactivity of $-(2 and
6)-positions of BODIPY (1), which are susceptible to electro-
philic reactions, B,p'-diethynyl-substituted BODIPYs 5 and 6
were prepared regioselectively, through the C-H alkynylation
of 1 without any directing groups. In addition, the correspond-
ing dipyrromethane 2, which is a precursor of BODIPY, was
first transformed into the alkynylated form under catalytic
conditions, and subsequent oxidation followed by boron com-
plexation to afford a-monoethynyl and a,a'-diethynyl-substi-
tuted BODIPYs 3 and 4, respectively. The resulting ethyny-
lated BODIPY isomers demonstrated site-dependent photophys-

ical properties.

Results and Discussion

Synthesis and characterization

To prepare the a,o'-diethynyl BODIPY 4a, 5-mesityldipyrro-
methane 2 was used as the substrate for the gold(I) catalyzed
reaction (Scheme 1). Mixing five mol % of gold(I) chloride and
two equivalents of TIPS-EBX with a diethyl ether solution of 2
under ambient conditions yielded a mixture of ethynyl-substi-
tuted dipyrromethanes as judged by mass spectrometry. The
product mixture was treated with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) to give the a,a'-diethynyl-substituted

dipyrrin 7a. Subsequent boron complexation in the presence of

Beilstein J. Org. Chem. 2020, 16, 587-595.

trimethylsilyl chloride (TMSCI) as a fluoride scavenger
afforded 4a in 16% yield over three steps. Separately,
a-ethynyl-monosubstituted dipyrrin 3a, was obtained via a one-

pot reaction in 18% yield (in three steps from 2).

On the other hand, the f,B'-diethynyl-substituted BODIPY de-
rivatives 5a and 6a, were synthesized by a similar gold-cata-
lyzed reaction of unsubstituted BODIPY 1a in 38% and 2%
yields, respectively, in the presence of zinc(Il) triflate as an ac-
tivator of TIPS-EBX at 100 °C [41]. In contrast to the reaction
of dipyrromethane 2, the double C-H activation at the 2,6-posi-
tions of 1a required harsh conditions (Table S1, Supporting
Information File 1). The representative procedure of the reac-
tion with EBX/gold(I) catalyst at room temperature gave only
traces of 5a with a large amount of unreacted starting material
remaining. The addition of acid in expectation of the activation
of TIPS-EBX was effective in promoting the gold—alkyne inter-
actions [40,41]. After the investigation of various reaction
conditions, such as gold catalysts (e.g., gold(I) cyanide), sol-
vents (e.g., CH,Cl,, THF, MeCN, DMF), additives (e.g., TFA,
Sc(0OTf)3), and temperature, the reaction conditions as
mentioned earlier were chosen for the synthesis of 5a and 6a
(Table S1, Supporting Information File 1).

Because of the electron-deficient nature of BODIPY, the reac-
tivity of the 2,6-positions is intrinsically low toward electro-

philes, which hampers the $-selective functionalization. We,

1) AuCl, TIPS-EBX

2) p-chloranil
Mes 3) TMSCI, DIPEA
C/)\O BF3-OEt,
N =
\ /
NH HN MeCN, rt
2
1) AuCl, 2) DDQ
TIPS-EBX in CH,Cly, rt
in E,0, rt
B Mes ]

TMSCI, DIPEA
=77 NN BF5-OEt,
N\_NH Nx

// \\ CH.Cly, rt
TIPS TIPS
7a

Scheme 1: Synthesis of a-ethynyl-substituted BODIPY derivatives 3a and 4a.
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therefore, tested the corresponding reaction using tetramethyl- The structures of the series of TIPS-ethynyl-substituted
substituted BODIPY 1b that is expected to have an enhanced BODIPY derivatives 3—-6 were characterized by 'H and
electron density of the BODIPY core compared with 1a  '°F NMR spectroscopy, high-resolution mass spectrometry, and
(Scheme 2). Under milder conditions, the yield of the ,8'- X-ray crystallographic analysis. The solid-state structures of the
diethynylated product 6b was indeed improved to be 19% (from  diethynyl-substituted BODIPYs were unambiguously elucidat-
2% of 6a). These results indicate that electron-rich substrates ed by X-ray diffraction analysis (3a and 6b: Figure 2 and Table
facilitate the direct electrophilic alkynylation of the BODIPY  S2 in Supporting Information File 1). The BODIPY cores of 3a

core. and 6b are almost planar with smaller mean-plane deviations
Mes AuCl, Zn(OTf), Mes Mes
<N TIPS-EBX <~ N . AN
N N \n. ) TIPS TIPS—=—X_\. no) — TIPS
B’ DMSO, 100 °C B B
F F F F F F
1a 5a 6a
38% 2%
Mes AuCl, TFA
SN A\ TIPS-EBX .
\ =
N.g-N MeCN, 60 °C
F F
1b 5b 6b
26% 19%

Scheme 2: Synthesis of B-ethynyl-substituted BODIPY derivatives 5a and 5b and B,B'-diethynyl-substituted compounds 6a and 6b.

(@)

Figure 2: Top and front views of the crystal structures of (a) 4a and (b) 6b with 50% thermal ellipsoid probabilities. The isopropyl groups on the silicon
atom are omitted in the front view for clarity.
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(defined by the 12 atoms of the tricyclic ring system) of 0.075
and 0.025 A, respectively. The meso-mesityl groups are
oriented perpendicularly to the BODIPY plane for both deriva-
tives, indicating the rigid interlocked structures of 3a and 6b by
the bulky o-methyl groups. In particular, the f-methyl substitu-
ents of 6b are sterically hindered by the neighbouring meso-aryl
ring. The regioselective 2,6-diethynylation of 6a through the
above alkynylation was also confirmed by its preliminary X-ray

structure (Figure S20b, Supporting Information File 1).

The '"H NMR spectra of the BODIPY derivatives in CDCl3
reflect the characteristic structural features. The proton signals
assignable to the a-pyrrolic CHs appeared in the lowest field
region (8 ca. 8.00 ppm), and the B-CH resonances are in the
range of 6.5 to 6.7 ppm (Figure 3). The disappearance of the
a-pyrrole proton signals of 4a is notable. In the case of 3a, only
a singlet signal appeared at 7.95 ppm for the a-pyrrole CH. In
contrast, 6a revealed two singlet signals at 7.99 and 6.70 ppm,
assignable to the a- and B-pyrrole CHs, respectively. The
I'H NMR spectrum of the mono-substituted compound 5a repre-
sents an unsymmetrical resonance pattern similar to that of 3a
with two a-CH signals at 7.97 and 7.96 ppm. The proposed
structures of all BODIPY compounds were elucidated based on

Beilstein J. Org. Chem. 2020, 16, 587-595.

the comparative NMR analysis and mass spectrometry (see
Supporting Information File 1).

Optical properties

The a- and B-ethynyl-substituted BODIPYs exhibit large
bathochromic shifts in the absorption and fluorescence spectra
relative to the unsubstituted 1a with extended m-conjugation
(Figure 4 and Figure 5). The molar absorption coefficients (g)
of the Sy—S{ bands of the a-ethynyl-substituted BODIPYs are
substantially enhanced as the number of substituted groups in-
creases (Figure 4a). Along with the absorption spectral profiles
of 3a and 4a, sharp emission bands emerge with mirror struc-
tures (Figure 5a). The fluorescence quantum yields of 3a and 4a
remain high (®Of = 0.95 and 0.56, respectively) and are compa-
rable to that of 1a (Table 1). The smaller Stokes shift values of
~178 cm™! and longer emission lifetimes of ~7.83 ns indicate
the rigid scaffolds of «,a-disubstituted 4a in the excited state.

In the case of B-substituted BODIPYSs, the Sp—S; absorption
bands of 5a and 6a are significantly broadened with the full
width at half maximum (fwhm) of 1827 and 1438 cm™!, respec-
tively, compared to those of the a-substituted compounds 3a
and 4a (625 and 508 cm™!, respectively, Figure 4a). According-

% Mesityl-H
(a) i ° o
o L )
| 0 N
(b) ® °
. J
A *
(c) ) LA
L L
(d) o
°
o
N B Jo
(e) ° O
°
_LJ\_ - | lAJ o JL\‘ .
8.5 8 75 7 6.5 6

6 (ppm)

Figure 3: Partial "H NMR spectra of (a) 1a, (b) 3a, (c) 4a, (d) 5a, and (e) 6a recorded in CDCl3 at 298 K. Asterisks indicate the residual solvent peak.
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Figure 4: UV-vis absorption spectra of the BODIPY derivatives, (a) 1a
(green), 3a (blue), 4a (red), and (b) 1a (green), 5a (blue), 6a (red) in
CHClo. Insets show the photo images of the solutions taken under
ambient light.

ly, the relatively broad emission bands were observed with
lowered quantum yields, ®¢ of 0.25 and 0.16, respectively
(Figure 5b and Table 1). The larger Stokes shift and shorter
emission lifetime suggest a rapid decay of the excited species
after structural relaxation (vide infra, Table 1). Also, inter-
system crossing to the triplet state can be another pathway to

Table 1: Spectral properties of BODIPYs in CHxCly.

Beilstein J. Org. Chem. 2020, 16, 587-595.
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Figure 5: Fluorescence spectra of BODIPY derivatives. (a) 1a (green),
3a (blue), 4a (red) and (b) 1a (green), 5a (blue), and 6a (red) in
CHoClo. Excitation was performed at 365 nm. The insets show the
photo images of the solution under a UV lamp.

understand the lower emission quantum yield of the BODIPYs.
However, reactive singlet oxygen species (10,) was not ob-
served under the aerobic conditions probed by the near-infrared
photoluminescence at 1270 nm. The above spectral features
were likewise shown with the B-ethylene-substituted BODIPY's
[32].

Amax Emaxd® Aem? Stokes shift o Td

(nm) (M~Tem™ (nm) (cm™) (ns)
1a 501 6.3 x 104 513 467 0.86 6.60
3a 537 9.2 x 104 546 307 0.95 5.81
4a 578 1.4 x10° 584 178 0.56 7.83
5a 540 4.0x 104 569 944 0.25 5.70
6a 578 6.3 x 104 597 551 0.16 5.52
1b 502 8.8 x 104 510 312 0.96 5.35
5b 529 7.8 x 104 547 622 0.86 5.59
6b 558 9.7 x 104 574 500 0.77 4.97

aAbsorption coefficients of the Sp—S4 bands in CHoClo. The reference values are taken from the literature [32,43]. PEmission maxima at wavelength.
CEmission quantum yield determined by integrating sphere. 9Emission lifetime probed at the maxima of the bands.
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Similarly, the bathochromic shifts of the absorption and fluores-
cence bands for the tetramethyl-substituted derivatives 5b and
6b were observed in CH,Cl, solution (Figure S21, Supporting
Information File 1). However, due to the rigid structure of the
highly substituted BODIPY cores, higher emission quantum
yields of 0.86 and 0.77 were estimated, respectively (Table 1).

Electrochemical properties

Cyclic voltammetry and differential pulse voltammetry of the
BODIPY derivatives 3a—6a were performed in dichloro-
methane solutions containing 0.1 M tetra-n-butylammonium
hexafluorophosphate (TBAPF) as a supporting electrolyte
(Figure S23, Supporting Information File 1). All the derivatives
exhibited reversible one-electron reduction waves and the irre-
versible oxidation ones, except for 4a. Upon installing the
TIPS-ethynyl substituents into the BODIPY core, the reduction
potentials are significantly shifted in the anodic direction rather
than the extent of the shifts in the oxidation potentials [30]. The
electron-deficient effect of the substituents is pronounced for
the doubly substituted derivatives 4a and 6a. Consequently, the
electrochemical energy gaps of 3a—6a are estimated to be 2.30,
2,14, 2.35, and 2.21 V, respectively, which is consistent with
the calculated HOMO-LUMO energy gaps (vide infra, Figure
S24, Supporting Information File 1).

Theoretical calculations

To gain insight into the substitution effect on the electronic
properties of the BODIPY derivatives, density functional theory
(DFT) calculations were performed at the B3LYP/6-31G(d)
level of theory. The a,-symmetry of the HOMOs and
by-symmetry of the LUMOs of each, the a- and B-ethynyl-
substituted BODIPY's are almost identical to those of the unsub-
stituted compound 1a (Figure S24, Supporting Information
File 1). The HOMO energies of the a-ethynyl-substituted deriv-
atives 3a and 4a, are destabilized with broken degeneracy upon
increasing the number of ethynyl substituents. On the other
hand, the corresponding energies of the B-substituted deriva-
tives 5a and 6a are not drastically altered because of a nodal
plane near the 1,7-positions in the HOMO and smaller MO
coefficients at the 2,6-positions than those at the 3,5-positions.
Rather, a stabilization of the LUMO energies is found in 5a and
6a even though the MO hybridization of the BODIPY core with
m-orbitals of ethynyl moieties is less affected. The mesomeric
effect on the ethynyl substituents at the p-position of the
BODIPY core is thus different from the a-substituted ones.

Furthermore, to understand the excited-state properties (e.g.,
Stokes shifts) of the substituted BODIPYs, the S-state geome-
tries for 4a and 6a were obtained by the time-dependent (TD)
DFT methods. As a result, the excited-state structure of 6a ex-

hibits a remarkably bent distortion of the core with a plane
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angle of 16.1°, whereas the structure of 4a remains coplanar
(Figure S25, Supporting Information File 1). The correspond-
ing energy gap between the HOMO and LUMO of 6a is signifi-
cantly decreased with the geometry relaxation at the Sy state
compared to that of the Sy-state structure, which could be the
origin of the large Stokes shift for 6a. Therefore, in comparison
with the a-substituted compounds 3a and 4a, the less emissive
character of the p-ethynyl-substituted derivatives 5a and 6a
agreed with the fact that the photoexcited dynamics of B-substi-
tuted BODIPYSs intend to the rapid decay with structural relaxa-

tion.

Conclusion

In summary, we have synthesized novel regioselectively
alkynylated BODIPY derivatives via a gold(I)-catalyzed direct
C-H functionalization with TIPS-EBX reagents. This atom-eco-
nomical method for the late-stage alkynylation of BODIPY
dyes could be an alternate approach for functionalized fluores-
cent dyes without the need of preparing unstable halogenated
pyrrole precursors. The resulting a- and B-ethynyl-substituted
BODIPYs displayed distinct substitution-site-dependent
spectral features, for instance, the extent of the bathochromic
shifts of the absorption and fluorescence, variable Stokes shift
and the emission quantum yields. The TIPS-protected ethynyl
groups of these BODIPY dyes can be applied as substrates for
the “click” CuAAC reaction toward novel functional fluores-

cent materials.

Supporting Information
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Experimental methods including detailed synthetic
procedures, compound characterization data, and DFT
calculations.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-53-S1.pdf]

Supporting Information File 2
Crystallographic information file of compound 3a.
[https://www.beilstein-journals.org/bjoc/content/
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Supporting Information File 3
Crystallographic information file of compound 6b.
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The preparation of large rylenes often needs the use of solubilizing groups along the rylene backbone, and all the substituents of the

terrylenes and quaterrylenes were introduced before creating the rylene skeleton. In this work, we successfully synthesized

2,5,10,13-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)terrylene (TB4) by using an iridium-catalyzed direct borylation of

C-H bonds in terrylene in 56% yield. The product is soluble in common organic solvents and could be purified without column

chromatography. Single crystal X-ray diffraction analysis revealed that the terrylene core is not disturbed by the substituents and is

perfectly flat. The photophysical properties of TB4 are also unchanged by the substituents because the carbon atoms at 2,5,10,13-

positions have less coefficients on its HOMO and LUMO, estimated by theoretical calculations. Finally, the same borylation reac-

tion was applied for quaterrylene, resulting in the formation of soluble tetra-borylated quaterrylene despite a low yield. The post

modification of rylenes enables us to prepare their borylated products as versatile units after creating the rylene skeletons.

Introduction

Compared with fruitful researches of oligorylene-bisimides for
organic devices and single molecular spectroscopy [1-6],
genuine oligorylenes have been sporadically investigated
mainly because of their synthetic difficulty and low solubility
(Figure 1) [7]. To be applied to electronic or photovoltaic com-
ponents, the scalable synthesis of pure soluble compounds is
essential. Recently, facile preparation methods of terrylene [8]
and quaterrylene [9] were reported, after 50 years from the first
reports, respectively [10,11]. Friedel-Crafts ring condensation

reaction of 3-(1-naphthyl)perylene with AlCl; reproducibly pro-

vided a pure terrylene [8]. Scholl reaction using a superacid
catalyst in combination with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) as oxidant provides a scalable prepara-
tion of quaterrylene [9], but unfortunately the low solubility
prevents 'H NMR characterization. Larger oligorylenes have
not been synthesized without the use of solubilizing groups
along the rylene backbone.

For instance, bay-bridging perylenes with long alkyl chains [12-
15] and bay-alkoxy-substitution [16-18] enable us to prepare
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Figure 1: Chemical structures of a) oligorylene-bisimides, b) oligorylenes, c) bay-bridging oligorylenes, d) bay-alkoxy oligorylenes, and e) tetra-tert-

butyl oligorylenes.

longer rylenes (Figure 1c and 1d). However, tying the bay
regions with carbon or nitrogen atoms causes bowing of the
oligorylene backbone without disrupting the planarity of the ar-
omatic backbone to give a flat banana-shaped molecule [15].
On the other hand, the bay-alkoxy-substitution is estimated to
twist the core, which changes the original characteristics of
rylenes but eventually helps to enhance the solubility of the
macromolecules [7]. In order to avoid such deformation of the
molecular skeleton, the solubilizing groups should be attained at
the terminal positions. In this regard, the tetra-ters-butyl series
of rylenes made it possible to study their intrinsic physical
properties as a function of molecular length (Figure 1e) [19,20],
while the low solubility of rert-butylpentarylene indicates that
even such bulky group had reached its limit to interrupt
mi-stacking. The synthesis of higher oligorylenes would require
more robust solubilizing groups.

All the substituents of the terrylenes and quaterrylenes were
installed before creating the rylene skeleton and no derivatives
have been produced by the post modification probably because
their low solubility hampers such strategy. Therefore, the sub-
stituents on the rylene skeleton have been quite limited because
they must suffer the harsh conditions of the rylene skeleton

preparation.

Basic reactivity of rylenes with electrophiles is predicted from
perylene in which the most reactive sites are the 3,4,9,10-posi-
tions [21]. On the other hand, the regioselectivity of the iridium
(Ir)-catalyzed direct C—H borylation [22-25] gives 2,5,8,11-
tetraborylated perylene [26]. The regioselectivity of the pery-

lene borylation is determined by the steric factors rather than by

the electron distribution in the arene and this regioselectivity

complements that of electrophilic substitutions [26].

In light of the above, we plan to perform the Ir-catalyzed direct
borylation of C—H bonds in terrylene because 1) the regioselec-
tivity of the reaction is unique and should be remarkably high,
thus terrylene will be borylated at the 2, 5, 10, and 13 positions,
which don’t deform the rylene cores, 2) the product obtained is
soluble in common organic solvents so that the separation and
characterization would be readily performed, and 3) the resul-
tant pure soluble terrylene derivative as a versatile unit can be
functionalized by using conventional metal-catalyzed coupling

reactions.

Results and Discussion

According to the literature [8], terrylene was prepared from a
3-(1-naphthyl)perylene by using 8 equivalents of AICI3 in
chlorobenzene at 80 °C for 4 h. The crude product was purified
by Soxhlet extraction followed by recrystallization from tolu-
ene. After these simple manipulations, the pure terrylene was
isolated. Note that the terrylene is slightly soluble in halo-
genated solvents, hence a 'H NMR spectrum in CDCl3 at room
temperature can be measured.

The reaction of terrylene (0.16 mmol), bis(pinacolato)diboron
(8 equiv), [Ir(OMe)cod]; (10 mol %) and di-fert-butylbipyridyl
(20 mol %) in 1,4-dioxane (5 mL) under Ar at 105 °C for 30 h
gave a deep orange solution (Scheme 1). Matrix assisted laser
desorption/ionization (MALDI) mass spectrometry of the reac-
tion mixture detected a single parent ion peak at m/z = 880.4687
(calcd for Cs4HgnB4Og = 880.4660 [M]*), making us expect its
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selective tetra-substitution with high yield. To isolate a pure
product, the solvent was removed, then the reaction mixture
was passed through a silica pad with CH,Cl,, followed by
reprecipitation from MeOH. The yield of 2,5,10,13-
tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)terrylene
(TB4) was 56%. Since insoluble materials and polar byprod-
ucts can be removed by short silica gel and the formation of tri-,
bis- and mono-substituted compounds is negligible, TB4 can be

purified without column chromatography.
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Scheme 1: Synthesis of 2,5,10,13-tetrakis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)terrylene (TB4): (a) (Bpin)z (8 equiv), [Ir(OMe)cod]»
(10 mol %), di-tert-butylbipyridyl (20 mol %), 1,4-dioxane, at 105 °C,

30 h, yield 56%. Bpin = 4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl.

The 'H NMR spectrum of TB4 in CDCl; exhibited a highly
symmetric Dy, signal pattern that consists of three singlet peaks
at 8.58, 8.37 and 8.23 ppm due to aromatic protons. The struc-
ture of TB4 was unambiguously revealed by single crystal
X-ray diffraction analysis (Figure 2). The crystals suitable for
X-ray diffraction were obtained by vapor diffusion of hexane
into a solution of TB4 in CH,Cl,. The terrylene core is
perfectly planar and forms a face-to-face stacking columnar
structure with an interplanar distance of 3.40 A along the a axis.
The BO; units are slightly tilted from the aromatic plane (6.7
and 20.3°).
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Figure 2: (Top) Single crystal X-ray structure of TB4. The thermal
ellipsoids are scaled at 50% probability. (Bottom) Packing diagram of
TB4. The solvent molecules are omitted for clarity.

TB4 in toluene absorbs UV-vis light with an absorption
maximum at 566 nm, and emits fluorescence at 576 nm with a
quantum yield of @ = 0.86 at 298 K (Figure 3). Both peaks are
slightly red-shifted relative to those of intact terrylene (A,pg =
560 nm and Aep, = 571 nm with ®g = 0.82 in toluene).

Intensity

0 T T T T T T T 1
300 350 400 450 500 550 600 650 700

wavelength / nm

550 600 650 700 750
wavelength / nm

Figure 3: UV-vis absorption and fluorescence spectra of terrylene (black) and TB4 (red) in toluene. Agx = 489 nm. Fluorescence intensity reflects the

absolute fluorescence quantum yields.
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We employed density functional theory (DFT) and time-de-
pendent (TD)-DFT calculations, both of them at the B3LYP/6-
31G(d) level and with Gaussian 09, to make these electronic
features understandable (Figure 4) [27]. The HOMO,
HOMO-1, LUMO, and LUMO+1 for terrylene are nondegener-
ative and the coefficient distribution in these four frontier MOs
seem to be delocalized over the whole aromatic core. The
highest band of terrylene at 553 nm is mainly caused by transi-
tion from HOMO (—4.59 eV) to LUMO (-2.30 eV) (oscillator
strength, f = 0.76). Although the frontier MOs for TB4 are
overall destabilized due to the smaller electronegativity of
boron, the impact of substituents to the HOMO and LUMO dis-
tributions is negligible because of the existence of node at
2,5,10,13-positions. The longest band of TB4 at 563 nm
comprises the transition from equally destabilized HOMO
(=4.29 eV) to LUMO (-1.99 eV) (oscillator strength, f = 0.86).
The transition energies and oscillator strengths simulated by
TD-DFT calculations showed a good agreement with the ob-
served absorption spectra.
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Figure 4: MO diagrams of terrylene and TB4 based on calculations at
the B3LYP/6-31G(d).

Taking the successful result of the terrylene borylation, next we
tried to perform the same reaction to quaterrylene (Scheme 2).

The quaterrylene was prepared by the oxidative condensation

Beilstein J. Org. Chem. 2020, 16, 621-627.

reaction of perylene with TfOH and DDQ [9]. However,
the crude product was not completely purified by Soxhlet
extraction and by crystallization in our hands. The borylation
reaction of hardly soluble crude quaterrylene gave a deep
green suspension. MALDI mass spectrometry of the reaction
mixture detected an ion peak at m/z = 1004.5018 (calcd for
Ce4HgsB4O0g = 1004.5003 [M]"), indicating that the mixture
contains tetrasubstituted quaterrylene. To isolate the product,
the combination of silica gel column chromatography and gel
permeation chromatography techniques, followed by reprecipi-
tation from MeOH gave a 2,5,12,15-tetrakis(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)quaterrylene (QB4) in 0.4%
yield. The poor solubility of starting material prevented a
smooth reaction.

Scheme 2: Synthesis of 2,5,12,15-tetrakis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)quaterrylene (QB4): (a) (Bpin)z (12 equiv),
[Ir(OMe)cod]z (20 mol %), di-tert-butylbipyridyl (40 mol %), 1,4-
dioxane, at 105 °C, 38 h, yield 0.4%.
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a
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It is difficult to observe accurate characteristics of quaterrylene
in solution owing to its remarkable insolubility. The much im-
proved solubility of QB4 enables 'H NMR measurement in
CDCl3, which exhibits a highly symmetric D,y signal pattern
that consists of two singlet peaks at 8.63 and 8.25 ppm, and two
doublet peaks at 8.44 and 8.32 ppm for aromatic protons.

The UV-visible absorption spectrum of QB4 in toluene is
shown in Figure 5. Compared with fert-butylquaterrylene in
dioxane [19], a slightly red-shifted absorption peak at 668 nm is
observed. Interestingly, QB4 emits only weak fluorescence as

was described for tetra-tert-butylquaterrylene [20].

The coefficient distribution of four frontier MOs of quater-
rylenes basically exhibits the same symmetric pattern with
terrylenes (Figure 6). The longest band of QB4 at 676 nm
comprises the transition from high energy level of HOMO
(=4.13 eV) to LUMO (-2.26 eV) (oscillator strength, f= 1.41).
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Figure 5: UV-vis absorption spectrum of QB4 in toluene.

The simulated absorption showed a good agreement with the
observed spectra.

.}\\O “ o{‘
"“' o‘?"
‘.’~’.
D44
Y o5 e
Sy Y
2 6 4 m’?ﬂ‘.ax LUMO+1
e, LUMO+ & & 1276V
&, @ -142eV e S
—_— o K
:.:::'\ ot ‘.:.“ K LUMO
Y ‘s‘ " -
‘5‘:“ LUMO 0.0 2.26 eV
.00, -—254ev () -_
. . oo
s “‘.‘.‘ Y "'
o o P S5 S
> ' ‘@Y. K% L 4 ;:?.
5 g0 & > f=1.41
2| $gigf B N -1,
= f=123 Ve, , oF.
s B\ o BB
2 QB K
°| &2 $3
o >4 HOMO
e 6 4y <4 413 eV
@@ HOMO o
9'¢: -439eV .‘:&;= @ Qu‘,‘
o4& -
' =t oa i HOMO
¥:¥Y HOMO-1 R-+p-4 5.6 eV
. .J . -5.50eV _f;‘
&h 8ODR
‘& ‘“.A
~,‘.' s “:& .
IO

Figure 6: MO diagrams of terrylene and QB4 based on calculations at
the B3LYP/6-31G(d).

The calculated HOMO levels of —4.29 eV for TB4 and
—4.13 eV for QB4 are pretty high among electron-rich com-
pounds. Thus we tested the stability of TB4 and QB4 under air

Beilstein J. Org. Chem. 2020, 16, 621-627.

by means of UV-vis absorption spectroscopy. Surprisingly
almost no spectral changes for both compounds were observed
after 12 h, probably because the most reactive sites are pro-
tected by the steric hinderance of Bpin moieties.

Finally, to demonstrate the utility of the borylated oligorylenes,
the Suzuki—Miyaura cross-coupling reaction of TB4 under the
standard conditions was performed (Scheme 3). Coupling of
TB4 and 2-bromomesitylene with Pd(PPh3)4, Cs,CO3 and CsF
in a mixture of toluene/DMF furnished 2,5,10,13-tetramesityl-
terrylene (TM4) in 58% yield. TM4 was successfully isolated
through a silica gel pad and by reprecipitation. The structure of
TM4 was characterized by mass spectrometry and 'H and
13C NMR spectroscopy. High-resolution MALDI mass spec-
trometry detected the parent ion peak at m/z = 848.4377 (calcd.
for CeeHse = 848.4377 [M]™). The 'H NMR spectrum of TM4
in CDClj reveals only a single set of signals that consists of
four singlet peaks for aromatic protons at 8.21, 8.02, 7.44, and
7.03 ppm.

T™4

Scheme 3: Suzuki—Miyaura cross-coupling reaction of TB4 with
2-bromomesitylene. (a) 2-bromomesitylene (8 equiv), Pd(PPhg)4
(40mol %), CsoCO3 (40 equiv), CsF (40 equiv), toluene/DMF (1:1), at
110 °C, 24 h, yield 58%.

Conclusion

In this work, we synthesized soluble terrylene and quaterrylene
derivatives by using an Ir-catalyzed borylation reaction. Our
results provide a highly potential route to various functional
oligorylene derivatives. In fact, TB4 could be transformed into
the tetraarylterrylene TM4 in good yield by the conventional
cross-coupling reaction. TB4 exhibits face-to-face interaction in
the crystals, resulting in the 1D columnar structure as a whole,
which is expected to have higher carrier mobility. Recently,
oligo-perinaphthalenes, namely oligorylenes, are of great
interest as good model compounds of armchair graphene
nanoribbons (AGNRs), since AGNRs with a width of
N = 3p + 2 are predicted to be metallic with a small bandgap
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[28-30], and the narrowest AGNR is polyrylene (5-AGNR,
p = 1) [31,32]. Many potential applications await techniques to
prepare large scale quantities of functionalized oligorylenes.
We believe that our approach opens fruitful oligorylene
researches that find many uses in organic devices.

Experimental

'H NMR (500 MHz) and 13C NMR (126 MHz) spectra were re-
corded with a JEOL JNM-ECX500 spectrometer at 20 °C by
using tetramethylsilane as an internal standard. High-resolution
mass spectra (HRMS) were measured with the matrix-assisted
laser desorption/ionization-time-of-flight (MALDI-TOF)
method on a JEOL Spiral TOF/JMS-S3000 spectrometer. X-ray
crystallographic data were recorded at 103 K with a BRUKER-
APEXII X-ray diffractometer using Mo Ka radiation equipped
with a large area CCD detector. UV—vis absorption spectra
were measured with a JASCO UV/Vis/NIR spectrophotometer
V-570, and fluorescence spectra were measured with a JASCO
PL spectrofluorometer FP-6600. Fluorescence quantum yields
were measured on a HAMAMATSU Absolute PL Quantum
Yield Measurement System C9920-02G. TLC and gravity
column chromatography were performed on Art. 5554 (Merck
KGaA) plates and silica gel 60N (Kanto Chemical), respective-
ly. All solvents and chemicals were of reagent-grade quality,
obtained commercially, and used without further purification.
Terrylene and quaterrylene were prepared according to the liter-
ature [8,9]. For spectral measurements, spectral-grade toluene

was purchased from Nacalai Tesque.

Synthesis of TB4. [Ir(OMe)(cod)], (10.6 mg, 16 umol), di-tert-
butylbipyridyl (8.6 mg, 32 umol), terrylene (60 mg, 0.16 mmol)
and (Bpin), (325 mg, 1.3 mmol) were added to a flask and dis-
solved in 1,4-dioxane (5 mL) under Ar. After bubbled with Ar
for 10 min, the mixture was heated at 105 °C for 30 h and
concentrated. Extracted with CH,Cl, and washed with H,O,
dried over Na;SOy4 and concentrated. The residue was dis-
solved with CH,Cl, and passed through a pad of silica gel and
reprecipitated with MeOH to afford TB4 (78 mg, 56%).
'H NMR (500 MHz, CDCl5) & 8.58 (s, 4H), 8.37 (s, 4H), 8.23
(s, 4H), 1.44 (s, 48H) ppm; 13C NMR (126 MHz, CDCl3) &
136.60, 133.49, 131.50, 130.71, 130.53, 129.88, 127.02, 126.04,
121.61, 84.61, 25.28 ppm; HRMS (Spiral MALDI) m/z: [M]*
caled for C54HgoB4Og, 880.4686; found, 880.4687; UV-vis
(toluene): Apax (e [10* M~L cm™17) = 489 (1.5), 524 (4.1) and
566 (7.2) nm; fluorescence (toluene): Apax (Aex = 489 nm) =
576 and 622 nm.

Crystallographic data have been deposited with Cambridge
Crystallographic Data Centre: Deposition number CCDC-
1981465. Copies of the data can be obtained free of charge via

http://www.ccdc.cam.ac.uk/conts/retrieving.html.
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Synthesis of QB4. [Ir(OMe)(cod)], (26.5 mg, 0.04 mmol),
di-tert-butylbipyridyl (21.5 mg, 0.08 mmol), quaterrylene
(100 mg, 0.20 mmol) and (Bpin), (609 mg, 2.4 mmol) was
added to a flask and dissolved in 1,4-dioxane (2 mL) under Ar.
After bubbled with Ar for 10 min, the mixture was heated at
105 °C for 38 h and concentrated. Extracted with CH,Cl, and
washed with H,O, dried over Na,SOy4 and concentrated. The
residue was dissolved with CH,Cl, and passed through a pad of
silica gel. The combination of silica gel column chromatogra-
phy and gel permeation column chromatography, followed by
reprecipitation with MeOH afforded QB4 (0.7 mg, 0.4%).
TH NMR (500 MHz, CDCl3) & 8.63 (s, 4H), 8.44 (d, J = 8.5 Hz,
4H), 8.32 (d, J = 8.5 Hz, 4H), 8.25 (s, 4H), 1.44 (s, 48H) ppm;
HRMS (Spiral MALDI) m/z: [M]* calcd for CgsHgsB4Os3,
1004.5003; found, 1004.5018; UV-vis (toluene): Ay, = 565,
610 and 668 nm.

Synthesis of TM4. TB4 (8.8 mg, 0.01 mmol), 2-bromomesity-
lene (7.2 uL, 0.08 mmol), Pd(PPh3), (4.6 mg, 4 umol), Cs,CO3
(130 mg, 0.4 mmol) and CsF (61 mg, 0.4 mmol) were added to
a flask. The atmosphere was exchanged by applying vacuum
and backfilling with Ar (this process was conducted three
times). Toluene (0.3 mL) and DMF (0.3 mL) were added to the
flask and the resulting mixture was stirred at 110 °C for 24 h.
Upon cooling to room temperature, the mixture was extracted
with Et,O, washed with H,O, and evaporated. The residue was
dissolved with CH,Cl, and passed through a pad of silica gel,
followed by reprecipitation with MeOH to afford TM4 (4.9 mg,
58%). 'H NMR (500 MHz, CDCl3) § 8.21 (s, 4H), 8.02 (s, 4H),
7.44 (s, 4H), 7.03 (s, 4H), 2.38 (s, 12H), 2.16 (s, 24H) ppm;
13C NMR (126 MHz, CDCl3) 5 139.83, 138.83, 137.13, 136.34,
135.49, 131.51, 130.83, 129.90, 128.35, 127.90, 126.22, 122.10,
121.59, 21.26, 21.15 ppm; HRMS (Spiral MALDI) m/z: [M]*
calcd for CggHsg, 848.4377; found, 848.4377; UV-vis
(toluene): Amay (¢ [10* M~! em™1]) = 493 (1.8), 528 (4.9) and
572 (8.6) nm; fluorescence (toluene): Apax (Aex = 489 nm) =
583, 629 and 682 nm.

Supporting Information

Supporting Information File 1

Crystallographic information file (cif) for the TB4 crystal.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-58-S1.cif]

Supporting Information File 2

'H and 13C NMR as well as MS spectra for newly
synthesized compounds.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-58-S2.pdf]
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Buckybowls bearing a Cy fragment having two alkoxy groups were synthesized and their structural and optical properties were in-

vestigated by single crystal X-ray analysis and UV—-vis spectroscopy. In the synthesis of dioxole derivative 5b, the regioisomer 5c¢

was also produced. The yield of Sc was increased by increasing the reaction temperature, indicating that the rearrangement might

involve the equilibrium between the Pd(IV) intermediates through C-H bond activation.

Introduction

The study of buckybowls, the bowl-shaped m-conjugated aro-
matic hydrocarbons corresponding to the fragments of fuller-
enes, pioneered by the works on colannulene and sumanene,
have been attracting great interests owing to their unique chemi-
cal and physical properties [1-8] and was extended to larger
systems [9-17]. Among them, buckybowls having a Cy( frag-
ment are expected to exhibit different properties from that with
Cgo fragment because most of them consists of acene and/or
pyrene units, which might give unique photochemical and elec-
trochemical properties. Recently, we synthesized a buckybowl
CygHi4 1, which is corresponding to a 40% fragment of Cy,
from Cgo-fragment sumanene (2) in three steps via ring expan-
sion by Wagner—Meerwein rearrangement, followed by Pd-cat-
alyzed annulation (Figure 1) [18]. An UV-vis spectroscopy

study revealed that the electronic character of 1 rather resem-
bled that of an indenopyrene moiety than that of benzopyrene.
Our synthetic route allows to easily introduce substituents on
the external aromatic ring of the indenopyrene using various
types of o-bromo arylaldehydes. Related to our study on bucky-
bowl-containing liquid crystals [19], we planned to introduce
alkoxy groups on the 1 framework. Here, we report the synthe-
sis and characterization of dimethoxy derivative 5a and dioxole

derivative Sb together with an unexpected regioisomer 5Sc.

Results and Discussion
Synthesis of dialkoxides 5a—c

Dialkoxides 5a—c were prepared according to the previous
report on the synthesis of 1 (Scheme 1) [18,20]. The benzylic
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CogH14 framework
40% partial structure of Cq

1. n-BuLi 130 mol %
2. o-bromoarylaldehyde
150 mol %

THF, -78°C, 1 h

3b, >99%

p-TsOH .

100 mol % “‘
toluene

reflux, 1 h

(0]
OMe .‘ Br O O>

4a, >99% 4b, >99%

Pd(PPh;),Cl, 20 mol %
DBU 150 mol %

4a
DMF, microwave
150 °C, 40 min
Pd(PPh3),Cl, 20 mol %
DBU 150 mol %

4b

DMF, Microwave
150 °C, 40 min

5b + 5¢, 80% (mixture)

Scheme 1: Synthesis of dialkoxides 5a—c.
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carbanion generated by the addition of 130 mol % n-BuLi to 2
in THF at =78 °C was treated with 150 mol % of the corre-
sponding arylaldehydes to afford 3a and 3b quantitatively. The
Wagner—Meerwein rearrangement from 3a and 3b to 4a and 4b
by 100 mol % of p-TsOH in toluene under reflux conditions
also occurred quantitatively. The final cyclization of 4a was
carried out using 20 mol % of Pd(PPh3),Cl; and 150 mol %
DBU in DMF at 150 °C under microwave irradiation condi-
tions to afford the desired dimethoxy derivative 5a in 75%
yield. In contrast, when the reaction of 4b was performed, not
only the desired product 5b but also the unexpected regio-
isomer 5c¢ was obtained. The temperature dependency of the
product ratio between 5b and Sc was investigated and the
results are shown in Table 1. The cyclization did not proceed
under 140 °C, and at 140 °C the total yield is low (41% after
40 min microwave irradiation) but the ratio of Sb was the
highest (5b/5¢ = 10:1). The reaction efficiency was high at
150 °C to reach 80% total yield, and the ratio of Sb/5¢ was
10:3. By increasing the temperature, the ratio of 5S¢ was in-
creased although the total yield was decreased. It should be
noted that the conversion between 5b and Sc under the same

conditions was not observed.

Scheme 2: Proposed mechanism of the formation of 5b and 5c.

Beilstein J. Org. Chem. 2020, 16, 681-690.

Table 1: The change of 5b/5¢ ratio in the product mixture at various
temperatures.

reaction temp. (°C) yield (%) 5b/5¢
140 41 101
150 80 10/3
160 67 10/4
170 77 10/5
180 50 10/7

The above results strongly suggested the existence of an equi-
librium between the intermediates corresponding to products Sb
and Sc. A possible mechanism is shown in Scheme 2 [21-25].
After the oxidative addition of 4b to Pd® to generate intermedi-
ate A, the neutral palladium(Il) intermediate B is formed. Two
competitive processes, the reductive elimination from B to give
the product 5b, and the 1,5-palladium migration from A to C
through B, might exist, and from C, after the bond rotation, the
intermediate D would form to afford the isomer Sc. The selec-
tivity of these two processes are dependent on the temperature
as shown in Table 1. It is assumed that the ring-rotation process,

which generated the regioisomer did not occurred in case of 4a

o__O
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because of two larger methoxy groups than the methylenedioxy
group.

Crystal structures of 5a—c

Single crystals of Sa—c were successfully obtained by vapour
diffusion method using CHCls/hexane conditions. Figure 2
shows the crystal structure of 5a. The crystal was obtained as a
racemic compound containing a pair of two enantiomers
defined by bowl chirality [26], as a result of the rapid bowl
inversion under the crystallization conditions. 5a formed a
columnar structure with alternative stack in convex-to-concave
manner along the b axis with the overlap of the half part of the
bowl structure (Figure 2b). All the columns along the a axis
possessed the same stacking direction, while the neighboring
columns along the ¢ axis were in opposite directions
(Figure 2c). Although the relatively low diffraction data quality
prohibited the detailed discussion about the interaction dis-
tances, both m—m (C9---C14, C5---C10) and CH---w (C11---C11)
interactions were confirmed within the column. These columns
were further connected with the neighboring columns which
possessed the same stacking direction (along the a axis) by
CH---rr interactions (C16---C23, C16---C19, C29---C3,
C29---C15), while connected to the columns with opposite
stacking direction via CH:--O type weak hydrogen bonds
(C13-::01) along the ¢ axis (Figure 2c).

5b also gave the mixture of the two enantiomers, however, they
were disordered with 50% site occupancy (Figure 2a). The
POAV (m-orbital axis vector) pyramidalization angle ¢ [27],
which is often used for quantifying the curvature of curved
m-conjugated materials (Figure 3a) showed 6.5° at C1 as the

minimum value, and 7.6° at C3, which is surrounded by two

Beilstein J. Org. Chem. 2020, 16, 681-690.

hexagonal rings and one pentagonal ring, as the maximum
value, while the none-substituted 1 shows 6.2° and 7.6°, respec-
tively (Table 2) [18]. Bowl depths, defined by the length of the
perpendicular lines (Figure 3b, double-headed arrow) from its
peripheral carbons to the bottom hexagonal ring’s plane
(Figure 3c, red coloured part) in 5b were 0.80-0.84 A from the
peripheral benzylic carbons and 0.80-0.89 A from the periph-
eral aromatic carbons, respectively, while 0.74-0.79 A and
0.79-0.99 A in 1, respectively (Table 2) [18]. As observed in
the crystal of 5a, 5b formed convex-to-concave type stacking
columns along the ¢ axis while the stacking mode was eclipsed
manner, in which molecular skeletons were completely over-
lapped (Figure 4b,c). The stacking directions of the columns
were alternatively changed along the b axis. Unlike Sa, the
stacking columns in 5b were exclusively stabilized by CH:--mt
interactions (C6--C6: 3.77 A, C9--C9: 3.77 A, C16--C17:
3.51 A) (Figure 4b). These columns were further connected to

a)
-
Focused POAV
carbon !

angle ¢

Figure 3: a) Definition of POAV angle (). b) Side and c) top view of
the molecular skeleton of 1. The double-headed arrow show the per-
pendicular line from the peripheral carbons to the bottom hexagonal

ring coloured in c). In b) and c), pink colored atoms are benzylic, and
blue colored ones are aromatic carbons.

/) &
AL =) 7y
/) ,,

Figure 2: Crystal structure of 5a. a) ORTEP drawing of the crystallographically independent unit with thermal ellipsoid at 50% probability b) Packing
structure viewed from the a axis and c) from the b axis. The dotted lines indicate; blue: m—m, grey: CH---m, red: CH---O interactions. In b) and c), hydro-

gen atoms which are not engaged in any interactions are omitted for clarity.

684



Beilstein J. Org. Chem. 2020, 16, 681-690.

Table 2: Experimental POAV angles and bow! depths of 5b at the specific focused carbons.

molecule POAV angle ¢/°
5b C1 6.5 C3b 7.6 Cé
c2 6.7 C4 7.3 C9
C3a 6.7

bowl depth/A

benzylic aromatic
0.84 C6 0.81 C9 0.80
0.80 C7A 0.89 C11 0.89
C8sB 0.88 C12 0.84

3Calculated using «C4-C3-C8A, ~C8A-C3-C2, ~C2-C3-C4; bealculated using £ C4-C3-C7B, «C7B-C3-C2, £ C2-C3-C4.

Figure 4: Crystal structure of 5b. a) ORTEP drawing of the crystallographically independent unit with thermal ellipsoid at 50% probability. b) Packing
structure viewed from the b axis and c) from the a axis. The dotted lines indicate; grey: CH--m, red: CH---O interactions. In b) and c), hydrogen atoms
which are not engaged in any interactions and the contribution of the one enantiomer are omitted for clarity.

the neighboring columns by CH---O type hydrogen bonds
(C9---01: 3.32 A) along the b axis and CH---mr interactions
(C17---C5: 3.60 A) along the ¢ axis (Figure 4c).

In the crystal structure of S¢, two crystallographically indepen-
dent units were observed (Figure 5a). 5c¢ also contained both of
the enantiomers and formed a columnar structure along the b
axis with the slipped stack manner, which was composed of
only one side of the enantiomer (Figure 5b,c). The columns

with the same stacking direction were arranged along the a axis,

while an alternative stacking direction was observed along the ¢
axis. Although relatively low diffraction data quality prohibited
the detailed discussion about the interaction distances, the stabi-
lization of the 1-dimensional stacking column of 5¢ by both m—
(C5---C44, C27---C54, C14--C44, C12---C43) and CH:--m
(C11---C42, C42---C9) was clearly observed (Figure 4b c). As
found in the other two, the stacking columns in 5c crystal were
also further connected each other by both CH---r interaction
(C58---C38, C37---C50) and CH:--O type hydrogen bonds
(C37---01, C11---02, C40---0O4) (Figure 5c¢).
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C44 43

Figure 5: Crystal structure of 5¢. a) ORTEP drawing of the crystallographically independent unit with thermal ellipsoid at 50% probability b) Packing
structure viewed from the b axis and c) from the a axis. The dotted lines indicate; blue: m—m, grey: CH--m, red: CH---O interactions. In b) and c), hydro-
gen atoms which are not engaged in any interactions are omitted for clarity.

Photophysical properties of the dialkoxides were investigated  showing two strong bands observed at around 280-300 nm and
by UV-vis and emission spectroscopies (Figure 6). UV-vis  330-350 nm, and a broad one at around 350-480 nm, which
spectra of 5a and 5b well reflected the electric property of 1, was attributable to the indenopyrene moiety of 1 (Figure 6a)

a) b)
0.4 -
03

0.2 ]

Absorbance

0.1

Normalized Intensity

0.0

0.6 1

0.4 1

Absorbance

0.2

Normalized Intensity

0.0gl""l""I""I""I""l""l""l T T T
250 300 350 400 450 500 550 600 400 500 600
Wavelength/nm Wavelength/nm

700 800

Figure 6: a) UV-vis spectra and b) emission spectra of 1 and dialkoxides 5a—c. For all the spectra, the concentration was 1 x 102 M in CHxCly. Exci-

tation wavelength: 332 nm for 1; 345 nm for 5a; 335 nm for 5b; 319 nm for 5¢.
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[18]. Meanwhile, 5a and 5b showed emission bands at 564 nm
and 566 nm, respectively, which were red shifted around 50 nm
from that of 1, clearly indicating the effect of the introduction of
dialkoxides (Figure 6b). In contrast, Sc exhibited different fea-
tures in both UV-vis and emission spectra from the other two.
In the UV-vis spectrum of Se, the splitted sharp absorptions at
266 and 287 nm and a broad band at 320 nm together with a rel-
atively strong broad band at 409 nm are visible. The emission
spectrum of 5c¢ was similar to that of 1 rather than those of 5a
and 5b. These differences indicate the substitution position of
the dialkoxides significantly affected the electric nature of the
molecules even though Sa—c possess the same molecular
skeleton of 1.

Conclusion

As described above, we succeeded in synthesizing three differ-
ent alkoxy-substituted C7g-fragment buckybowls Sa—c. In par-
ticular, 5¢ was not an intended molecule, but was formed unex-
pectedly through the rearrangement through the Pd-catalyzed
C-H bond activation reaction. The X-ray crystal structure anal-
ysis of 5a—c clearly revealed there nature in the solid state to
form a 1-dimensional columnar structure stabilised by 71— and/
or CH.--r interactions with full or partial overlap of the molecu-
lar skeleton as seen in the crystal structure of 1, however, each
packing fashion is different depending on the substituent.
UV-vis and emission spectra of 5a—c well showed the effect of
the introduction of the dialkoxides onto the skeleton of 1, in
which the substitution position also contributed to their electric
properties. These results give us a lot of suggestions for further
investigations to design buckybowl-containing liquid crystals
[19].

Experimental
General

All experiments with moisture- and air-sensitive compounds
were performed in anhydrous solvents under nitrogen atmo-
sphere in flame-dried glassware. All reagents were purchased
from commercial sources and used without further purification
unless otherwise noted. The microwave experiment was carried
out with a Biotage Initiator Eight EXP. UV—-vis absorption
spectra were recorded on a JASCO V-670 spectrometer and a
SHIMADZU UV-1800 spectrometer. Fluorescence spectra were
recorded on a JASCO FP-6500 spectrometer. Melting points
were determined on a Stanford Research Systems MPA 100 or a
Yanako MP-500P apparatus and were uncorrected. Infrared (IR)
spectra were recorded on a JASCO FT IR-4100 spectrometer
using dispersed KBr pellets. 'H and '3C NMR spectra were
measured at 23 °C on a JEOL RESONANCE INM-ECZ400S
spectrometer at 400 MHz and 100 MHz, respectively. CDCl3
was used as a solvent and the residual solvent peaks were used
as an internal standard ('"H NMR: CDCl3 7.26 ppm; !3C NMR:

Beilstein J. Org. Chem. 2020, 16, 681-690.

CDCl3 77.00 ppm). High-resolution fast atom bombardment
(FAB) mass spectra were measured on a JEOL JMS-700 spec-
trometer. TLC analysis was performed using Merck silica gel
60 Fys4, and the preparative TLC (PTLC) purification was con-
ducted using Wakogel B-5F PTLC plates. Elemental analyses
were measured on a J-Science Micro corder JM10 at the Analy-
sis Center at Osaka University.

General experimental procedure for the

addition reaction

In a similar manner as described in [18], to a solution of 2
(0.20 mmol) in dry THF (20 mL) was added dropwise n-BuLi
in hexane solution (0.26 mmol) at =78 °C. After stirring for
10 min, to the reaction mixture was added arylaldehyde
(0.30 mmol) at =78 °C. The mixture was stirred for 1 h, warmed
up to room temperature and quenched by sat. NH4Cl,q The re-
sulting mixture was extracted with CH,Cl,. The extract was
washed with brine, dried over anhydrous Na;SQO,, filtered and
concentrated under reduced pressure. The mixture was purified
by PTLC (ethyl acetate/hexane = 3:2 for 3a, ethyl acetate/
hexane = 1:4 for 3b) to afford 3.

General experimental procedure for the

rearrangement reaction

In a similar manner as described in [18], to the mixture of 3
(0.19 mmol) and p-toluenesulfonic acid (0.19 mmol) was added
a dry toluene (20 mL). The mixture was refluxed with stirring
for 1 h. After the addition of sat. NaHCO3,q, the mixture was
extracted with CH,Cl,. The extract was washed with brine,
dried over anhydrous Na;SQy, filtered and concentrated under
reduced pressure. The mixture was purified by PTLC (CH,Cly/
hexane = 4:1 for 4a, CH,Cly/hexane = 3:2 for 4b) to afford 4.

Preparation of dialkoxides by intramolecular

coupling reaction

In a similar manner as described in [18], in a glove box to the
microwave vial was added 4 (0.030 mmol), Pd(PPh3),Cl,
(6.0 umol), and degassed DMF (3 mL) and prior sealing the vial
DBU (6.7 uL, 0.045 mmol) and the mixture was stirred for
40 min at 150 °C using microwave. After the addition of ethyl
acetate/hexane, the mixture was washed with water (3 times)
and brine (3 times), dried over anhydrous Na;SOy, filtered and
concentrated under reduced pressure. The mixture was purified
by PTLC (only CH,Cl, for 5a, CH,Cly/hexane = 1:3 for 5b and
5c¢) to afford both 5 as yellow solid.

Characterization data

3a: yellow solid; yield: 97% (98.3 mg (0.19 mmol) from
52.8 mg (0.20 mmol) of 2). mp 133 °C; IR (KBr) v: 3438, 3003,
2922, 2841, 1502, 1398, 1257, 1213, 1159, 1032, 798 cm™;
'H NMR (CDCl3) & (ppm) 7.29 (s, 1H), 7.08 (s, 2H), 7.05 (s,
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1H), 7.04 (d, J = 8.0 Hz, 1H), 7.00 (d, J = 8.0 Hz, 1H), 6.81 (d,
J =7.6 Hz, 1H), 6.68 (d, J = 7.6 Hz, 1H), 5.92 (dd, J = 5.6,
3.2 Hz, 1H), 4.67 (d, J = 19.4 Hz, 2H), 4.00 (d, J = 5.6 Hz, 1H),
3.90 (s, 3H), 3.86 (s, 3H), 3.39 (dd, J = 19.4, 4.8 Hz, 2H), 2.76
(d,J = 3.6 Hz, 1H); 13C NMR (CDCls) & (ppm) 150.00, 149.87,
148.97, 148.91, 148.86, 148.82, 148.76, 148.74, 148.64, 148.46,
147.91, 147.30, 133.58, 125.81, 124.18, 123.54, 123.46, 123.38,
115.10, 112.33, 111.05, 74.39, 61.75, 56.26, 41.85, 41.84; FAB
MS m/z: [M*] calcd for C39H,1BrO3, 508.0674; found,
508.0665.

3b: yellow solid; yield: >99% (148 mg (0.30 mmol) from
79.2 mg (0.30 mmol) of 2). mp 133 °C; IR (KBr) v: 3546, 3041,
3014, 2889, 1502, 1475, 1398, 1236, 1038, 931, 795 cm™1;
I'H NMR (CDCl3) & (ppm) 7.31 (s, 1H), 7.11 (s, 2H), 7.07 (s,
1H), 7.06 (d, J = 7.6 Hz, 1H), 7.05 (d, J = 7.6 Hz, 1H), 6.82 (d,
J=17.6Hz, 1H), 6.79 (d, J = 7.6 Hz, 1H), 6.07 (d, J = 1.6 Hz,
1H), 6.04 (d, J = 1.6 Hz, 1H), 5.91 (dd, J = 6.4, 3.6 Hz, 1H),
4.70 (d, J = 17.6 Hz, 2H), 4.00 (d, J = 6.4 Hz, 1H), 3.41 (d,J =
19.6 Hz, 2H), 2.74 (d, J = 3.6 Hz, 1H); 13C NMR (CDCl») &
(ppm) 149.94, 149.89, 148.86, 148.77, 148.73, 148.72, 148.62,
147.86, 147.79, 147.57, 147.40, 135.04, 125.71, 124.18, 123.45,
123.41, 113.00, 112.51, 108.37, 101.92, 74.54, 61.71, 41.82;
FAB MS m/z: [M*] caled for Co9H;7BrO3, 492.0361; found,
492.0364.

4a: yellow solid; yield: >99% (98.5 mg (0.19 mmol) from
98.3 mg (0.19 mmol) of 3a). mp 186 °C; IR (KBr) v: 3018,
2929, 2897, 2839, 1601, 1498, 1437, 1375, 1327, 1244, 1209,
1167, 1020, 791 cm™!; 'TH NMR (CDCl5) & (ppm) 7.92 (d, J =
4.0 Hz, 2H), 7.85 (d, J = 8.0 Hz, 1H), 7.83 (s, 1H), 7.54 (s, 2H),
7.53 (d, J = 8.0 Hz, 1H), 7.25 (d, J = 4.0 Hz, 1H), 7.02 (s, 1H),
4.35-4.52 (m, 4H), 4.00 (s, 3H), 3.86 (s, 3H); '3C NMR
(CDCl3) d (ppm) 149.21, 148.40, 143.94, 143.89, 143.74,
141.20, 141.11, 140.62, 140.46, 139.13, 133.43, 130.55, 130.33,
127.58, 125.81, 125.58, 124.39, 124.20, 124.11, 124.02, 123.23,
115.68, 114.67, 114.31, 56.45, 56.26, 42.14, 42.03; FAB MS
m/z: [M*] caled for C30H 9BrO,, 490.0568; found, 490.0569.

4b: yellow solid; yield: >99% (86.0 mg (0.17 mmol) from
81.6 mg (0.17 mmol) of 3b). mp 124 °C; IR (KBr) v: 3026,
2897, 1469, 1383, 1223, 1043, 930, 796 cm™'; 'H NMR
(CDCl3) & (ppm) 7.88 (s, 2H), 7.86 (d, J = 8.0 Hz, 1H), 7.82 (s,
1H), 7.59 (d, J = 8.0 Hz, 1H), 7.49 (s, 2H), 7.31 (s, 1H), 7.03 (s,
1H), 6.12 (s, 1H), 6.11 (s, 1H), 4.46 (d, J = 20.2 Hz, 2H), 4.28
(d, J = 20.2 Hz, 2H); 13C NMR (CDCl3) & (ppm) 148.17,
147.48, 143.91, 143.87, 143.73, 141.14, 141.10, 141.04, 141.01,
140.56, 140.37, 139.07, 134.48, 130.49, 130.22, 127.62, 125.75,
125.54, 124.33, 124.14, 124.06, 123.97, 123.06, 114.94, 113.04,
111.85, 102.10, 53.61, 42.10, 41.99; FAB MS m/z: [M*] calcd
for Co9gH5BrO,, 474.0255; found, 474.0258.
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5a: yellow solid; yield: 75% (4.9 mg (11.9 pmol) from 7.8 mg
(15.9 umol) of 4a). mp 281 °C (dec.); IR (KBr) v: 2929, 2889,
2831, 1606, 1473, 1392, 1290, 1205, 1163, 1053, 858,
783 cm™!; 'TH NMR (CDCls) & (ppm) 8.16 (s, 1H), 7.98 (s, 1H),
7.93 (d,J = 8.0 Hz, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.57 (s, 1H),
747 (s, 1H), 7.39 (d, J = 7.6 Hz, 1H), 7.34 (d, J = 7.6 Hz, 1H),
4.36 (s, 2H), 4.29 (s, 2H), 4.06 (s, 6H); 13C NMR (CDCl3) &
(ppm) 149.65, 148.38, 148.32, 147.55, 146.49, 146.01, 144.38,
143.85, 142.90, 138.02, 135.45, 135.32, 134.48, 132.17, 127.44,
127.06, 126.66, 124.92, 124.15, 122.85, 120.67, 118.06, 106.01,
104,79, 56.41, 42.77, 41.67; anal. calcd for C3gH;30,(H,0)g 5:
C, 85.90%; H, 4.57%; found: C, 85.75%; H, 4.92%.

5b: yellow solid; yield: 80% (6.3 mg (16.0 umol) from 7.9 mg
(20.0 umol) of 4b). mp 270 °C (dec.); IR (KBr) v: 3041, 3006,
2920, 2887, 1460, 1390, 1286, 1159, 1038, 943, 850, 785 cm™!;
'H NMR (CDCl3) & (ppm) 8.12 (s, 1H), 7.93 (s, 1H), 7.92 (d,
J =8.0 Hz, 1H), 7.80 (d, J = 8.0 Hz, 1H), 7.48 (s, 1H), 7.39 (s,
1H), 7.38 (d, J = 7.2 Hz, 1H), 7.33 (d, J = 7.2 Hz, 1H), 6.07 (s,
2H), 4.34 (s, 2H), 4.28 (s, 2H); 13C NMR (CDCl3) & (ppm)
148.32, 148.14, 146.93, 146.53, 146.13, 144.39, 144.34, 143.94,
142.86, 137.59, 136.96, 135.21, 135.01, 134.36, 133.59, 127.39,
127.17, 126.55, 124.94, 124.15, 122.87, 120.94, 118.16, 103.56,
102.51, 101.60, 42.75, 41.66; anal. calcd for
C29H1402(H20)0.42 C, 86.73%; H, 3.71%; found: C, 86.74%;
H, 3.55%.

Sc: yellow solid; yield: 80% (as 10:3 mixture with Sb (reaction
temp. 150 °C)). mp 267 °C (dec.); IR (KBr) v: 2877, 1647,
1469, 1429, 1236, 1097, 1047, 933, 802 cm™'; 'H NMR
(CDCl3) 8 (ppm) 8.14 (s, 1H), 8.09 (s, 1H), 7.91 (d, J = 8.0 Hz,
1H), 7.81 (d, J = 8.0 Hz, 1H), 7.54 (d, J = 8.0 Hz, 1H), 7.40 (d,
J =8.0 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 6.82 (d, J = 8.0 Hz,
1H), 6.17 (s, 2H), 4.36 (s, 2H), 4.29 (s, 2H); 13C NMR (CDCl3)
O (ppm) 148.56, 148.06, 146.54, 146.49, 145.77, 144.46,
144.15, 144.05, 142.86, 142.32, 139.70, 137.81, 135.70, 134.69,
134.47, 131.71, 127.37, 126.88, 126.61, 124.96, 124.13, 123.19,
120.68, 120.60, 115.81, 105.84, 101.66, 42.74, 41.70; anal.
caled for Cy9H40,(H20)g 4: C, 86.73%; H, 3.71%; found: C,
86.58%; H, 3.50%.

Single crystal X-ray analysis

The diffraction data for 5a and 5c¢ were collected on a Rigaku
FR-E Superbright rotating-anode X-ray source with a Mo-target
(A = 0.71073 A) equipped with a Rigaku RAXIS VII imaging
plate as the detector at 150 K in house. The diffraction images
processsing and absorption correction were performed by using
RIGAKU RAPID AUTO [28].

The diffraction data for 5b was recorded on an ADSC Q210
CCD area detector with a synchrotron radiation (A = 0.70000 A)
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at 2D beamline in Pohang Accelerator Laboratory (PAL). The
diffraction images were processed by using HKL3000 [29].
Absorption correction was performed with the program
PLATON.

All the structures were solved by direct methods (SHELXT-
2014, 2015 [30] (for 5a, 5b) or XS [31] (for 5c¢)) and refined by
full-matrix least squares calculations on F2 (SHELXL-2015)
[32] using the Olex2 program package [33].

5a: C39H;30,, orthorhombic, space group pbca (No. 61), a =
17.382(4) A, b =7.290(2) A, ¢ = 28.978(6) A, V = 3672(1) A3,
Pealed = 1.485 g/cm3, Z = 8, 925 unique reflections out of 4205
with I > 20 (I), 291 parameters, 3.65° <0 < 15.71°, R = 0.1319,
wR; = 0.2925, GOF = 0.903.

5b: Cy4.5H70, monoclinic, space group P2;/m (No. 11), a =
3.7712(7) A, b = 15.097(3) A, ¢ = 14.845(3) A, B =
113.312(3)°, V = 845.1(3) A3, pegica = 1.550 glem?, Z = 4, 2296
unique reflections out of 2458 with I > 20(I), 166 parameters,
1.92° < 6 < 30.03° Ry = 0.0718, wR,= 0.2346, GOF = 1.153.

5c¢: Co9H140,, monoclinic, space group P2i/c (No. 14), a =
17.274(4) A, b = 7.441(2) A, ¢ = 27.913(6) A, B = 90.85(3)°,
V =3526(1) A3, peateqd = 1.486 g/em3, Z = 4, 2351 unique
reflections out of 7995 with I > 20(I), 253 parameters, 3.03° < 0
<27.37°,R; = 0.1217, wR, = 0.1498, GOF = 1.000.

CCDC 1981719 (5a), 1981720 (5b) and 1981721 (5¢) contain
the crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic

Data Centre (https://www.ccdc.cam.ac.uk/).
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A novel dicyclopenta-fused peropyrene derivative 1 was synthesized via a palladium-catalyzed four-fold alkyne annulation of

1,3,6,8-tetrabromo-2,7-diphenylpyrene (5) with diphenylacetylene. The annulative m-extension reaction toward 1 involved a

twofold [3 + 2] cyclopentannulation and subsequent twofold [4 + 2] benzannulation. The structure of 1 is unambiguously con-

firmed by X-ray crystallography; 1 adopted a twisted geometry due to the steric hindrance of the phenyl rings and the hydrogen

substituents at the bay regions. Notably, compound 1 exhibits a narrow energy gap (1.78 eV) and a lower LUMO energy level than

the parent peropyrene without the fusion of the five-membered rings. In addition, the effects of the peri-fused pentagons on the

aromaticity and molecular orbitals of 1 were evaluated by theoretical calculations. This work presents an efficient method to

develop m-extended aromatic hydrocarbons with cyclopenta moieties.

Introduction

Significant efforts have been recently devoted to the synthesis
of nonalternant cyclopenta-fused polycyclic aromatic hydro-
carbons (CP-PAHs), which represent the topological subunits of
fullerenes and exhibit high chemical, physical and biological
activities [1-10]. Thanks to development in organic synthetic
methodology, CP-PAHs with peripheral pentagons could be
realized [11-17]. Among them, the cyclopenta-fused pyrenes

are an important class of CP-PAHs owing to their unique physi-
cal and photophysical properties, such as high electron affini-
ties and anomalous fluorescence [17-20]. However, the re-
ported synthetic methods towards the (di-)cyclopenta-fused
pyrene congeners (i—iii, Scheme 1) have mainly been reliant on
the flash vacuum pyrolysis of suitable precursors under harsh

conditions (T = 900 °C), which resulted in relatively low yields
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[21-24]. Palladium-catalyzed annulation has been recently
proven as an efficient route to get access to aromatic hydro-
carbons with peri-fused five-membered rings [25-27]. For
instance, the dicyclopenta-fused pyrene derivatives ii and iii
(Scheme 1) were successfully synthesized through palladium-
catalyzed carbannulation of brominated pyrene with arylacet-
ylenes in good yield [28,29]. However, the larger CP-PAHs
beyond the pyrene core, or its extended analogs [30] remain
elusive. Peropyrene (Scheme 1), as the higher homolog of
pyrene, has recently attracted attention because of its promising
applications in optoelectronics, e.g., for singlet fission materi-
als [31-33]. However, the synthesis of cyclopenta-fused
aromatics based on peropyrene has never been achieved due to
the lack of suitable synthetic protocols.

In this work, while aiming at the synthesis of the novel tetracy-
clopenta-fused pyrene derivative 2 through the quadruple annu-
lation of 1,3,6,8-tetrabromo-2,7-diphenylpyrene (5) with 1,2-
diphenylethyne, an unprecedent dicyclopenta-fused peropyrene
congener 1 was obtained (Scheme 2). Interestingly, from the

single-crystal analysis, compound 1 shows slight twisting of the

Scheme 2: Synthetic route towards compound 1. a) Bpping, dtbpy, [Ir(OMe)cod]p, cyclohexane, 70 °C, 20 h, 67%; b) Pd(PPh3)4, bromobenzene,

Beilstein J. Org. Chem. 2020, 16, 791-797.

dicyclopenta-fused pyrene [24]

peropyrene dicyclopenta-fused
peropyrene (this work)

Scheme 1: Chemical structures of dicyclopenta-fused pyrene deriva-

tives i—iii, peropyrene and the dicyclopenta-fused peropyrene re-
ported in this work.

not observed

NaCOg3, toluene/EtOH/H20, Aliquit 336, 90 °C, 48 h, 77%; c) Brp, nitrobenzene, 120 °C, 5 h, 86%; d) 1,2-diphenylethyne, Pdy(dba)z, P(o-tol)s,

KOACc, LiCl, DMF, 130 °C, microwave, 6 h, 5%.
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peropyrene core with an overall end-to-end twist angle of 21.4°
as a result of the steric repulsion at the bay positions. Com-
pared to the parent peropyrene, the pentagon-annulated deriva-
tive 1 possesses a narrow optical energy gap (1.78 eV) and
displays an efficient highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO) sepa-
ration.

Results and Discussion

The synthesis of compound 1 is depicted in Scheme 2. Firstly,
2,7-bis(Bpin)pyrene (3) was prepared using an iridium-
catalyzed borylation of pyrene (67% yield). Then, 2,7-
diphenylpyrene (4) was obtained by Suzuki cross-coupling of 3
and bromobenzene in 77% yield. After that, the selective bromi-
nation of 4 with 4.4 equiv of bromine in nitrobenzene solution
at 120 °C afforded 1,3,6,8-tetrabromo-2,7-diphenylpyrene (5) in
excellent yield (86%). Compared to insoluble 1,3,6,8-tetra-
bromopyrene [34], the diphenyl-substituted compound 5 exhib-
ited excellent solubility in common organic solvents, such as
dichloromethane, chloroform, tetrahydrofuran and toluene,
allowing a full characterization by NMR analyses. Finally, the
palladium-catalyzed cyclopentannulation of compound 5 with
1,2-diphenylethyne under microwave conditions using the cata-
lyst system of [Pd;(dba)s;] and P(o-tol)3 afforded a dark red
solid in 5% yield after purification. The obtained product
showed an intense peak at 1058.3910 during MALDI-TOF
mass analysis (positive mode, dithranol as the matrix) that
matched well with the expected molecular mass of m/z
1058.3913 (calcd for Cg4Hso: [M]Y) for dicyclopenta-fused
peropyrene 1. Furthermore, the observed isotopic distribution
was fully consistent with its simulated spectrum (Figure 1).
Characterization of the resultant product by single crystal X-ray
analysis unambiguously revealed the selective formation of 1
through twofold [3 + 2] pentannulation and sequent twofold
[4 + 2] benzannulation, instead of the desired tetracyclo-
pentalcd fg jk,mn]pyrene (2). The selective formation of 1 could
be rationalized by the steric hindrance of the phenyl rings after
the twofold [3 + 2] alkyne pentannulated intermediate (Scheme
S2, Supporting Information File 1), and the sequent annulation
was favorable for the formation of six-membered rings. Never-
theless, the existence of several rotamers of 1 derived from the
restricted rotation of the peripheral phenyl ring substituents and
its nonplanar geometry prevented the structure elucidation by
proton NMR analysis [35].

Single crystals of 1 were obtained by slow evaporation from a
carbon disulfide solution, allowing us to disclose the molecular
structure by X-ray crystallography (Figure 2a). As shown in
Figure 2a, the crystal structure of 1 clearly displayed a
nonplanar conformation, resulting from steric repulsion be-

tween the phenyl groups and the hydrogen atoms at the bay po-
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Figure 1: High-resolution MALDI-TOF mass spectrum of 1. Inset:
isotopic distribution compared to mass spectrum simulated for Cg4Hsg.

sitions. Interestingly, the splay angle of each bay position
showed slight differences with a value of 17° and 21°, respec-
tively. This contortion resulted in a molecular backbone with an
overall end-to-end twist angle of 21.4° (Figure 2b), which is
slightly larger than that of the reported 5,13-diphenylperopy-
rene derivative (18°) [32]. The twisted carbon skeleton of 1
makes it a chiral molecule with enantiomers (P,P) and (M,M)
configuration in the packing mode through a face-to-face slip-
stacking arrangement, with a minimum interplanar spacing of
6.84 A (Figure 2c). In addition, the C—C bond lengths in 1 are
shown in Figure 2d. The short lengths of the black bold bonds
(1.368-1.392 A) in 1 suggested their double bond character
(C=C is typically 1.337 A). These results are in good agree-
ment with the resonance structure of 1 that is assigned by Clar’s
aromatic sextet theory (Figure 2e). Interestingly, the long bond
length of a, b, ¢, and d (1.471-1.504 A) indicated that the
double bonds on the five-membered rings have a small contri-
bution to the overall aromatic delocalization of the carbon
framework [26]. In order to evaluate the aromaticity of 1, a
nucleus-independent chemical shift (NICS) calculation was
conducted. As shown in Figure 2d, the positive NICS(1) values
of the five-membered rings A and C reveal the slightly anti-aro-
matic feature. The rings B, F and I appear to have more aromat-
ic character, while the rings D, E, G and H become less aromat-
ic, which is in accordance with the resonance structure of 1 as

shown in Figure 2e.

The UV-vis absorption spectra of compounds 5§ and 1 in DCM
are compared in Figure 3a. The maximum absorption peak of 1
is significantly red-shifted compared to that of precursor 5,
which can be attributed to the extended conjugation of 1 after
the annulation. Compound 1 shows a broad absorption band in

the range of 449-690 nm with the absorption maximum at
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Figure 2: Single-crystal X-ray structure of 1. (a) Top view and (b) side view of the (P,P) isomer. c) Crystal packing of the enantiomer pairs (P,P and
M,M) of 1. Hydrogen atoms and solvent molecules are omitted for clarity. (d) Selected bond lengths (from the crystal structure) and calculated
NICS(1) values of rings A-lin 1. (e) Clar valence structure representation of 1 with three benzeneoid rings.
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Figure 3: (a) UV-vis absorption spectra of precursor 5 and 1 in CHxCly solution (10-5 M). Inset: photograph of a CHxCl» solution of 1. (b) Cyclic
voltammogram of 1 (0.1 M n-BusNPFg in DCM) at a scan rate of 50 mV s~".

537 nm, which also displays a large red-shift (70 nm) com- pyrene derivatives [28,29], compound 1 does not show
pared with the reported peropyrene derivative [32]. The optical ~ detectable fluorescence emission. Furthermore, the electro-
energy gap of 1 is determined to be 1.78 eV from the onset of chemical properties of 1 was probed by cyclic voltammetry
its UV—vis absorption spectrum. Similar to the cyclopenta-fused  (CV) in DCM (Figure 3b). According to the CV analysis, com-
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pound 1 exhibits one reversible oxidation wave with half-wave
potentials (E;,°%) at 1.12 V and four reduction waves with half-
wave potentials (E} %) at —0.65, —0.92, —1.15, and —1.37 V
(vs Ag/AgCl). The HOMO/LUMO energy levels are estimated
to be —5.37 /-3.80 eV, respectively, based on the onset poten-
tials of the first oxidation/reduction waves. Accordingly, the
corresponding electrochemical energy gap (EgEC) of 1 is
derived to be 1.57 eV, which is slightly smaller than the optical
energy gap (1.78 eV).

In order to gain a deeper insight into the effects of the fused
5-membered rings on the peropyrene core, the electronic struc-
tures and the frontier orbitals of the peropyrene derivative 6
without pentagons and of compound 1 are compared by DFT
calculations at the B3LYP/6-311++G(d,p) level. As shown in
Figure 4, the LUMO and HOMO of 6 are both delocalized over
the aromatic core. In contrast to 6, compound 1 presents a sig-
nificant difference in the shape of its molecular orbitals. The
LUMO of 1 is mainly localized on the core, whereas the

LUMO =-2.38 eV

HOMO = -5.06 eV
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HOMO keeps a line of high electron density along the fused
five-membered rings (rings A and C in Figure 2d) and the
central six-membered ring B. The large difference between the
LUMO and HOMO leads to an intramolecular charge transfer,
resulting in broad absorption bands in the UV-vis spectrum
(Figure 3a) [36]. In addition, the LUMO energy of 1 (-2.98 eV)
is significantly lower than that of 6 (—2.38 eV), which is respon-
sible for the narrower energy gap of 1 (2.24 eV).

Conclusion

In summary, we demonstrated the first synthesis and characteri-
zation of a dicyclopenta-fused peropyrene 1 starting from
pyrene in four steps in which the twofold pentannulation and
subsequent twofold benzannulation based on 1,3,6,8-tetra-
bromo-2,7-diphenylpyrene is the key step. The single crystal
X-ray diffraction analysis revealed a twisted structure of 1 due
to the steric hindrance at the bay positions. From the bond
length analysis and DFT calculations, CP-PAH 1 consists of the
aromatic peropyrene core with two slightly antiaromatic peri-

LUMO = -2.98 eV
HOMO = -5.22 eV

Figure 4: Molecular orbitals of peropyrene derivative 6 and the dicyclopenta-fused peropyrene 1.
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fused five-membered rings. In addition, dicyclopenta-fused
peropyrene 1 possesses a decreased LUMO energy level com-
pared to the parent peropyrene without five-membered rings,
which is responsible for the resultant low energy gap (1.78 eV).
This work report herein paves the way toward the synthesis of
novel cyclopenta-fused PAHs in large m-systems.

Supporting Information

Supporting Information File 1

Experimental details, synthetic procedures, single crystal
X-ray data for 1, detailed theoretical calculations, and
analytical data for the compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-72-S1.pdf]
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Boomerang-shaped bipyrroles containing donor—acceptor units were obtained through a tandem palladium-mediated reaction

consisting of a cyclization step, involving double C—H bond activation, and a double a-oxygenation. The latter reaction can be

partly suppressed for the least reactive systems, providing access to a-unsubstituted boomerangs for the first time. These “o-free”

systems are highly efficient fluorophores, with emission quantum yields exceeding 80% in toluene. Preliminary measurements

show that helicene-like boomerangs may be usable as circularly polarized luminescent materials.

Introduction

Nanographenes and other polycyclic aromatics as well as their
heterocyclic analogues are typically obtained by tandem
cyclodehydrogenations of oligoaryl precursors [1-3]. This
general strategy is attractive because it does not require
prefunctionalization of coupling sites and because it provides
rapid access to complex 7 systems. Such cyclodehydrogena-

tions can be performed using diverse oxidants [4], with FeCls

being particularly notable for its versatility, ease of use, and low
price [5]. Nevertheless, the synthetic utility of oxidative
couplings is often limited by several factors [6]. Consequently,
incomplete ring fusion and various side reactions, e.g., chlorina-
tion [7], or unexpected rearrangements, are frequently observed
[8]. The use of oxidative couplings is further limited for the

synthesis of strained [9,10], electron-deficient, or sterically

895


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:marcin.stepien@chem.uni.wroc.pl
https://doi.org/10.3762%2Fbjoc.16.81

congested aromatics [11-14]. Some of these limitations can be
overcome by using prefunctionalized precursors [11], as exem-
plified by reductive Ullmann-type chemistry [15], catalytic
direct arylations [11,14,16,17], photoinduced cyclodehy-
drochlorinations [18,19], or nucleophilic oxidative couplings
[20], which may offer milder reaction conditions and superior
regioselectivities, at the expense of atom and step economy
[21]. The latter disadvantage may be obviated by transition-
metal-mediated double C—H bond activation [22,23], which is
functionally equivalent to conventional oxidative coupling reac-
tions, and has become a powerful synthetic tool with a rapidly
growing scope of use [24-26]. However, in the field of m-conju-
gated materials, this strategy has so far remained relatively
unexplored [27].

As a part of our ongoing research on m-extended electron-defi-
cient oligopyrroles [13,28-31], we have recently reported that
Pd(II)-mediated double C-H activation can be a useful tool for
conversion of 1,n-dipyrrolylalkanes into boomerang-shaped
N,N'-bridged a,a'-bipyrroles that are not accessible by means of
conventional oxidative coupling methods (Scheme 1) [32]. Our
approach is applicable to electron-deficient and sterically
encumbered systems, notably those based on pyrrole deriva-
tives fused with naphthalenediamide (NDA) and naphthalene-
monoimide (NMI) moieties. The double C—H bond activation
initially used palladium(II) acetate in acetic acid as the cou-
pling system. The subsequent screening revealed, however, that

a catalytic coupling could be also achieved in the presence of

Beilstein J. Org. Chem. 2020, 16, 895-903.

silver(I) carbonate as the stoichiometric oxidant. The scope of
such Pd(II)-induced couplings was further developed into
tandem processes involving consecutive cyclization of substitu-
ents (deTTEE) and oxygenation of pyrrolic a-positions to form
lactams ¢NDA1© and ¢eNMI1°. The mechanism of those trans-
formations was subsequently explored using NMR spectrosco-
py and DFT calculations [33]. In particular, the unprecedented
double a-oxygenation of bipyrroles was shown to occur through
stepwise acetoxylation, which we found to compete with o—a
oligomerization. These new bipyrrole boomerangs exhibited en-
hanced fluorescence with @y values of up to 67%, while their
bandgaps and chiroptical responses could be tuned by twisting
the bipyrrole chromophore. The solvatochromism and apparent
superradiance of these chromophores indicated a potential
involvement of solvent-induced symmetry-breaking charge
transfer in the excited state [34]. Here we report that the above
Pd-mediated chemistry is capable of producing highly twisted
dilactam boomerangs and provide first examples of a-free
boomerang systems. These new derivatives are of interest as

emitters for both polarized and unpolarized luminescence.

Results and Discussion
Synthesis

The starting 1,n-dipyrrolylalkane precursors (Rr, n = 2 or 3)
were synthesized by reacting the appropriate pyrrolyl anions
with either ethylene ditosylate or 1,3-dibromopropane (Scheme
S1, Supporting Information File 1). In our initial coupling ex-
periments, 1,2-dipyrrolylethanes (NDA2H, NMI2H) and 1,3-

cNDA1EE
cNMI1EE

cNDA1°
cNMI1©

cNDA2EE
cNMI2EE

dcTT1EE L )

cNDA3EE
cNMI3EE

RW

NMI 2R = OYNYO

R' = 2,6-diisopropylphenyl
(0]

NDAR = z)k

NM62

Scheme 1: The previously reported family of the boomerang bipyrroles obtained by Pd-induced double C—H bond activation [32].
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dipyrrolylpropanes (NDA3H, NMI3H) were reacted with palla-
dium(II) acetate in acetic acid to furnish the expected bipyrrole
dilactams in 43-53% yields (Table 1, entries 1, 6, 11 and 17).
Remarkably, it was found that cNMI2C and eNMI3© were ob-
tained along with the intermediate a-unsubstituted boomerangs,
e¢NMI2H and eNMI3H, respectively (Scheme 2). Analogous
a-unsubstituted intermediates (¢c(NDA2H and ¢eNDA3M) were not
isolated in reactions involving NDA2H and NDA3H, The latter
behavior is consistent with the selectivity pattern observed pre-
viously for a-unsubstituted dipyrrolylmethanes NDA1H and
NMI1H, for which we were only able to isolate the correspond-

Beilstein J. Org. Chem. 2020, 16, 895-903.

ing dilactams ¢cNDA1© and eNMI19, respectively [32]. Tran-
sient formation of eNDA1H could, however, be observed in situ
for reactions involving NDA1H [33].

Subsequent screening revealed that the yield of ¢eNMI2H and
¢NMI3H could be increased when reactions were performed in
more dilute solutions (Table 1, entries 14 and 20). Following
our previous experimental and computational findings [32,33],
we also checked whether the yields of dilactam products might
be improved by increasing the concentration of acetate anions
in the reaction mixture. Indeed, annulations of NDArH and

/ \ A
N 74 74
\ J /
N N
\—«{n -1
Rn"
cNDA2° cNDA3°
53% via a 64% via a
n.d.viab 18% via b
cNMI20 cNMI3©°
60% via a 73% via a
14% via b 16% via b
cNMI2H cNMI3H
0% via a 0% via a
66% via b 41% via b

R' = dimethylaminocarbonyl, R2 = 2,6-diisopropylphenyl

Scheme 2: Synthesis and structures of a-free and a-oxygenated bipyrrole boomerangs. Reagents and conditions: (a) 30 mM in AcOH, 3 equiv
Pd(OAc)», 6 equiv KOAc, 120 °C, 1 h; (b) 3 mM in AcOH, 3 equiv Pd(OAc),, 120 °C, 1 h. Isolated yields are given for each set of conditions. M enan-

tiomers are depicted for cNDA3C, cNMI3C, cNMI3". n.d. = not determined.
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Table 1: Screening of reaction conditions.?

Beilstein J. Org. Chem. 2020, 16, 895-903.

entry reactant ¢ [mM]P Pd(OAc),° additived cRn° [%]¢ cRn" [%]®
1 NDA2H 30 3 none 46 0

2 NDA2H 30 3 KOAc 53 0

3 NDA2H 30 1 AgoCO3 34 0

4 NDA2H 3 3 none n.d.f 0

5 NDA2H 3 3 KOAc n.d.f 0

6 NDA3H 30 3 none 43 0

7 NDA3H 30 3 KOAc 64 0

8 NDA3H 30 1 AgoCO3 37 0

9 NDA3H 3 3 none 18 0

10 NDA3H 3 3 KOAc 23 0

11 NMI2H 30 3 none 52 6

12 NMI2H 30 3 KOAc 60 0

13 NMI2H 30 1 AgoCO3 43 14

14 NMI2H 3 3 none 14 66

15 NMI2H 3 3 KOAc 32 30

16 NMI2H 3 0.1 AgoCO3 <10% <10%
17 NMI3H 30 3 none 56 9

18 NMI3H 30 3 KOAc 73 0

19 NMI3H 30 1 AgoCO3 34 6

20 NMI3H 3 3 none 16 41

21 NMI3H 3 3 KOAc 15 12

22 NMiI3H 3 0.1 AgoCO3 19 traces

aConditions: acetic acid, 120 °C, 1 h; Pconcentration of the starting dipyrrolylalkane (RnH); ¢[equiv] 9KOAc (6 equiv), AgoCOg3 (2 equiv); Sisolated
yields; fn.d. = not determined. Only traces of cNDA2° were present in the crude mixture.

NMIn™ carried out in the presence of 6 equiv of potassium
acetate produced the corresponding dilactams in higher yields
(53-73%) with complete conversion (Table 1, entries 2, 7, 12,
and 18). Under these conditions, the cNMI2H and ¢eNMI3H
intermediates were not isolated. When the same reactions were,
however, performed in higher dilution, the yields decreased and
the ceNMInC to eNMIr! ratio was almost 1:1, showing the im-
portant role of the dipyrrolylalkane concentration in these trans-
formations (Table 1, entries 15 and 21). Additional experi-
ments carried out on ReH precursors revealed that the coupling
and a-oxygenation can also be achieved with 1 equiv of
Pd(OAc), in the presence of 2 equiv of silver carbonate. Never-
theless, AgoCOj3 oxidation provided lower yields and the effi-
ciency of this variant was dramatically diminished when the
loading of palladium(II) acetate was decreased below 1 equiv
(Table 1, entries 16 and 22).

Structure

The identity of the a-oxygenated products, ¢RnO, was deter-
mined on the basis of high-resolution mass spectrometry and 'H
and '3C NMR data. In particular, the 'H NMR spectrum of
¢NMI20 revealed the absence of the pyrrolic a-H resonances,

whereas the endocyclic CH, moiety yielded a pair of very broad

peaks at ca. 4.8-3.4 ppm. This splitting, which was also ob-
served for cNDAZO, is consistent with slow inversion of
helicity occurring at the ethylene bridge. In the 'H NMR spec-
trum of ¢eNMI2H, the linker CH; moiety and the 2,6-diiso-
propylphenyl (dipp) CH unit each produced a single broadened
signal, indicating that the helix inversion occurs in the fast
exchange regime. This apparently faster inversion in eNMI2H
than in the cNMI2© and eNDA20 lactams correlates with the
higher bond order of the o—a linkage in the latter two systems.
The chirality of cNMI3H is reflected in its 'H NMR spectrum,
which shows diastereotopic differentiation of N-CH), protons of
the bridge and the CH signals of the dipp substituents, consis-
tent with a rigid Co-symmetric structure. Analogous diastereo-
topic effects are observed for cNDA3© and eNMI3C. For
¢NDA3O, the 'H NMR spectrum is additionally complicated by
the partially restricted rotation of the N,N-dimethylamide sub-
stituents in the NDA units. In conjunction with the helicity of
the ring system, this restriction leads to effective diastereo-

merism.
The three-dimensional structures of all boomerangs were

modeled using DFT calculations (Figure 1 and Supporting
Information File 1). The length of the linker () in c¢NDA#rX and
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cNmi3H

Figure 1: DFT-Optimized structures (B3LYP/6-31G(d,p)) of cNDA2° and cNMI3H.

¢NMIzrX controls the in- and out-of-plane geometry of the
chromophore. The observed changes can be expressed in terms
of two parameters: a, the angle between the monopyrrole axis
and the N-N vector, and 0, the torsion angle between the two
monopyrrole axes (Supporting Information File 1, Table S1). In
contrast to the previously reported ¢R1° dilactams, which were
nearly planar [32], systems with n = 2 and 3 are characterized
by a twisting distortion, which produces helicene-like confor-
mations. The distortion results from an increased splay angle a
between the two pyrrolic subunits, which leads to a greater
steric congestion and, consequently, to an increase of the 0
twist.

Electronic properties

The absorption spectra of the cNMI2° and eNMI3© bipyrroles,
recorded in dichloromethane, are red-shifted by respectively 74
and 86 nm relative to their cNDAR® congeners (Table 2,
Figure 2, see also Supporting Information File 1 for more
optical data). Within each lactam series, when the bridge length
n is increased from 2 to 3, the lowest-energy band is shifted by
ca. 17 nm to longer wavelengths. Pairs of lactam rings present
in eNMI2° and ¢NMI3® form a quinoidal substructure, which
produces a very significant bathochromic shift of their lowest-
energy absorption bands (up to 176 nm in toluene) in compari-
son to the of a-unsubstituted analogues. Lactam bipyrroles
¢NDAn© and eNMIr® show noticeable solvatochromism
which is stronger for n = 2 and is always negative. In contrast,
the solvatochromism of a-free boomerangs is positive and even
more pronounced. On going from toluene to acetonitrile, the
onset of the lowest-energy band of cNMI2H is shifted to longer
wavelengths by 25 nm.

The eNMI2H and ¢eNMI3H bipyrroles are very efficient fluoro-
phores (Table 2), noticeably more emissive than the lactam ana-
logues and the other previously reported boomerangs [32].
Highest fluorescence quantum yields were observed in toluene
(83 and 80%, respectively). For comparison, the ®¢ values for
the lactams ¢NMI2© and eNMI3O are about 1%. Interestingly,
the fluorescence of eNMInH boomerang bipyrroles showed a
stronger solvatochromic dependence than observed in their
absorption spectra (Figure 2). In the more polar solvents, the
emission profiles became significantly red shifted and broad-
ened. At the same time, the fluorescence was only moderately
quenched with increasing solvent polarity, and the quantum
yields of 64 and 66% were recorded in acetonitrile for cNMI2H
and eNMI3H, respectively.

To explore the chiral properties of the helically distorted
boomerangs, the separation of enantiomers was attempted for
all of them by means of chiral HPLC with CD detection,
leading to enantioenriched samples of some boomerangs. The
enantiomers of ¢R2° were found to racemize very fast, thus it
was not possible to separate them. The ¢R3X systems, which
contain a 7-membered ring, showed a remarkably diverse be-
havior. Enantiomers of ¢NMI3© could not be separated,
presumably because of very rapid racemization. The half-life
time of ¢eNDA3© enantiomers (ca. 0.54 min) was too short to
record their CD spectra, but was long enough for a kinetics
study (Supporting Information File 1, Figures S8 and S9).
Enantioenriched samples of ¢eNMI3H were configurationally
most stable, showing no loss of their optical activity over the
course of several hours in solution. Their CD spectra could be
satisfactorily correlated with the TD-DFT data obtained for the
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cNMI2"H

Normalized absorbance

QY=83%
QY=74%
64%

QY

Normalized intensity

cNMmI3"

Normalized absorbance

Normalized intensity

300 400 500

600 800

Wavelength [nm]

Figure 2: Absorption and emission spectra of cNMI2H (top) and cNMI3H (bottom) measured in toluene, dichloromethane and acetonitrile.

cNMI3H enantiomers (Supporting Information File 1, Figures
S5 and S22). Circularly polarized luminescence (CPL) measure-
ments performed for enantioenriched samples of ¢eNMI3H
reveled weak signals of opposite signs, with a maximum at
ca. 570 nm consistent with the unpolarized luminescence of this
system (Supporting Information File 1, Figure S6). The CPL
signals rapidly decayed during the measurements, without any
significant loss of the unpolarized emission intensity. This be-
havior, which precluded a quantitative analysis of the CPL
properties, may be attributed to a photoinduced racemization
process. The differences in configurational stability of
boomerangs are reproduced by DFT calculations, which predict
inversion barriers AG¥2%8 of 20.0 and 24.7 kcal/mol for models
of ¢eNDA3© and ¢eNMI3H, respectively (Supporting Informa-
tion File 1, Figures S31 and S32). The latter value is consistent
with the observed greatest stability of cNMI3H.

Frontier molecular orbitals of the boomerangs reveal features
characteristic of donor—acceptor systems (Supporting Informa-
tion File 1, Figures S25-S30). For dilactams, ¢RnO, the HOMO
orbital is primarily localized on the dilactam (bipyrrole) moiety,
however, with some non-zero amplitudes on the NDA/NMI

fragment, whereas the LUMO level encompasses the 1 system

more evenly. In the c¢NMInH series (n = 2, 3), the HOMO and
LUMO are formed by superposition of the corresponding MOs
of the monomeric NMI pyrrole (Supporting Information File 1,
Figures S23 and S24). However, the LUMO has observably
lower amplitudes on the bipyrrole part of the molecule, where-
as a more uniform coverage of the 7 system is seen for the
HOMO orbital. The experimentally observed bandgap varia-
tions and absorption profiles (Table 2 and Table 3, Supporting
Information File 1, Figures S1-S4, and S11-S16) were qualita-
tively reproduced in TD-DFT calculations performed for
¢NDA20, ¢NDA3O, and ¢cNMI3H (Table 2 and Table 3, Sup-
porting Information File 1, Tables S2-S4).

The redox properties of the new bipyrrole boomerangs were in-
vestigated by means of cyclic (CV) and differential pulse
(DPV) voltammetry (Supporting Information File 1, Figures
S11-S16). All systems showed at least two reversible one-elec-
tron reduction couples and up to two oxidation couples. The
first oxidation was reversible for all systems studied except
¢NMI2H and ¢eNDA3©. The second oxidations were chemically
irreversible in all cases and typically produced new irreversible
peaks upon the consecutive cathodic scans. In the previously re-

ported eNMInEE series (n = 1, 2, 3) it was also possible to
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Table 2: Experimental and calculated? properties of fused bipyrroles.

species

cNDA20C
cNDA3C
cNMI2C
cNMI3C
cNMI2H
cNMI3H

HOMO

-5.47
-5.34
-5.95
-5.88
-5.50
-5.56

MO energies [eV]2

LUMO

-3.26
-3.28
-4.03
-4.03
-2.78
-2.73

HLGP

2.21
2.06
1.92
1.85
2.72
2.83

tol®

620
636
693
711
555
535

DCMd

610
620
684
706
570
540

Amax@S [nm]

MeCNé®

605
617
676
703
580
546

Beilstein J. Org. Chem. 2020, 16, 895-903.

tol®

655 (0.07)
694 (0.25)
738 (0.01)
768 (0.01)
575 (0.83)
574 (0.80)

Amax®™ [nm] (QY)

DCMmd

74 (0.61)
605 (0.75)

MeCN¢®

aMolecular orbital energies, B3LYP/6-31G(d,p); PHOMO-LUMO gap; Cin toluene; din dichloromethane; €in acetonitrile.

observe one reversible oxidation and four reductions, the first
two being reversible [32]. The first oxidation potentials (Egx1)
vary from 0.62 to 1.09 V, while the first reduction potentials
(ERed1) range from -1.54 to —0.60 V (Table 3). The
boomerangs with unsubstituted pyrrole a-positions (cNMI3H
and ¢cNMI2H) are characterized by significantly lower oxida-
tion and reduction potentials than the corresponding dilactam
analogues. The electrochemical data obtained for cNMI3© and
¢NMI20 indicate a destabilization of their HOMOs by about
0.5 eV while relative stabilization of the LUMO approaches
1 eV with respect to ¢eNMI3H and ¢eNMI2H. This comparably
stronger LUMO stabilization in the NMI lactam systems results
in a considerable decrease of their electrochemical gap (AE, by
ca. 0.5-0.7 V), relative to the a-free analogues. AE values for
lactams cRn© are relatively insensitive to the length of the alky-
lene linker 7, in spite of the large changes of the inter-subunit
torsion (0, Supporting Information File 1, Table S1) caused by
the increase of n. In line with the absorption spectroscopy data,
the AE gap is reduced in the cNMIn© series by 0.25 to 0.36 V
relative to the corresponding cNDAn© analogues. Interestingly,
the difference between the first and second reduction potentials
in the cRr® dilactams is in the range of 0.25 to 0.33 V, indicat-

ing a strong coupling between the subunits. In comparison, this
potential difference is much smaller in the a-free analogues
cNMI3H and eNMI2H (ca. 0.1 V).

Conclusion

The present work shows that the tandem cyclization—oxygena-
tion reaction is a general strategy for the synthesis of low-
bandgap bipyrrole boomerangs and is applicable to targets
with variable donor—acceptor character and increasing curva-
ture of the bipyrrole linkage. The efficiency of the oxygenation
step is dependent on a several of factors, i.e., Pd loading,
concentration, and additives. The isolation of unoxygenated
products eNMI2H and eNMI3H emphasizes the role of acceptor
units and decreased inter-pyrrole coupling in moderating the
reactivity of o positions toward oxygenation. The latter
systems are of interest because of their very high fluorescence
quantum yields, the best so far recorded for this family of
fluorophores. Our preliminary results indicate that bipyrrole
boomerangs may be usable as CPL emitters, provided that their
helicene-like twist is further stabilized against racemization.
Efforts to achieve this goal are currently ongoing in our labora-
tory.

Table 3: Electrochemical data for the cNDAn©,cNMIn® and cNMInt boomerangs derived from differential pulse voltammograms.2

species ERed4 ERed3 ERed2
cNDA10¢ -2.52d -1.954 -1.36
cNDA2° - -1.82d -1.36
cNDA3© - - -1.31
cNMI19¢ -1.84 -1.59 -0.83
cNMI2° -1.90 -1.65 -0.85
cNMI3O -1.97 -1.73 -0.86
cNMI2H - -2.464 -1.67
cNMI3H - -2.54 -1.80

ERed1 Eoxi Eoxe AEP
-1.03 0.88d - 1.91
-1.07 0.98 1.089 2.05
-1.03 0.89d 1.01d 1.92
-0.57 1.09d 1.199 1.66
-0.60 1.09 - 1.69
-0.61 1.04 1.169 1.65
-1.59 0.62d 0.76d 2.21
-1.70 0.68 0.98d 2.38

a8Measurements were performed in dichloromethane solution using glassy carbon, platinum rod, and Ag/AgCl as working, auxiliary, and pseudorefer-
ence electrodes, respectively. All electrode potentials are in volt and are referenced with the ferrocene/ferrocenium couple as the internal standard.
PElectrochemical HOMO-LUMO gap AE = Eoyq — ERed1- CPreviously reported data [32]. dirreversible.
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Novel multistage redox tetrathiafulvalenes (TTFs) bearing 6-aryl-1,4-dithiafulvene moieties were synthesized by palladium-cata-
lyzed direct C—H arylation. In the presence of a catalytic amount of Pd(OAc),, P(t-Bu3z)-HBF,, and an excess of Cs,CO3, the C-H

arylation of TTF with several aryl bromides bearing 1,3-dithiol-2-ylidenes took place efficiently to produce the corresponding

m-conjugated molecules. We also succeeded in the estimation of the oxidation potentials and number of electrons involved in each

oxidation step of the obtained compounds by digital simulations.

Introduction

Tetrathiafulvalenes (TTFs) with extended m-conjugation have
attracted attention as possible components of functional materi-
als, such as molecular conductors, field-effect transistors
(FETs), and positive electrode materials for rechargeable
batteries because the TTF moiety has strong electron-donating
properties attributed to the formation of stable aromatic 1,3-

dithiol-2-ylidenes (1,3-dithiole rings) by one- and two-electron

oxidation [1-16]. Considerable efforts have been devoted to the
development of peripherally benzene- or thiophene-substituted
TTFs. As for peripherally benzene-functionalized TTFs, some
synthetic approaches, crystal and electronic structures, electro-
chemical and optical properties, and the nature of radical ion
complexes with DDQ or iodine were reported [17-24]. Periph-

erally thiophene-functionalized TTFs, as potential precursors to
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conducting polymers, and organic metals were also prepared
and characterized [25-29]. To design more tempting molecules,
the attachment of 1,3-dithiole rings to aromatic rings appears
very appealing since these allow to produce novel multistage
redox systems. However, such molecules could formerly not be
synthesized by conventional approaches. In 2011, a break-
through synthesis of arylated TTF derivatives by a palladium-
catalyzed direct C-H arylation was reported, and the structural
and electrochemical properties of the products were clarified
[30]. This motivated us to synthesize novel multistage redox-
TTFs bearing 1,3-dithiole rings on aromatic rings, 1-3
(Figure 1). In addition, we focused on cross-conjugated systems
with 1,3-dithiole rings, which are of interest as novel multi-
stage redox systems as well as donor components for organic
conductors [1,31-41]. The palladium-catalyzed C-H arylation
might offer access to new cross-conjugated molecules bearing
vinyl-extended TTF moieties (EBDTs), such as 4 (Figure 1),
and the electrochemical properties of these representatives
should be brought to light. Herein, we report the synthesis
and electrochemical properties of tetrathiafulvalene derivatives
1-4.

Beilstein J. Org. Chem. 2020, 16, 974-981.

Results and Discussion
Synthesis

First, we tried to synthesize compounds 1 and 2 in one step
from pristine TTF and §, respectively, through palladium-cata-
lyzed C-H arylation (Table 1). When the aryl bromides 6a,b
were allowed to react with TTF under the conditions A, the
products 1a,b were produced in 46 and 48% yields, respective-
ly (Table 1, entries 1 and 2). Attempted isolations of products
1c and 1d failed, despite complete conversions of TTF, because
the polarities of the mono-, di-, and triarylated TTFs were
extremely close to that of the tetraarylated TTF 1c¢ and the solu-
bility of these compounds were low and almost beyond isola-
tion for 1d (Table 1, entries 3 and 4). The palladium-catalyzed
C-H arylation of 5§ with 6a,b proceeded to give products 2a,b in
75 and 86% yields, respectively (Table 1, entries 5 and 6). On
the other hand, it was difficult to produce 3 in the same manner
because 2-bromothiophenes 7 bearing a 1,3-dithiole ring at the
5-position were unstable, for example, 7a decomposed at
around 41-42 °C (Scheme 1a). Therefore, we achieved the syn-
thesis of 3a by Pd-catalyzed thienylation of TTF using acetal-
protected 8, followed by deprotection using PTSA-H,O and

a: R =SMe
b: R =Me
c:R= COgMe

d: R = ~(CH=CH),-

Figure 1: Target compounds.
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Table 1: Synthesis of compounds 1 and 2.
Pd(OAc),
R P(t-Bu)3'HBF4
s, 8 Br Cs,C0;

I Do ] + s —————  Mor2

RT S S S 1,4-dioxane
R reflux, time

TTF;R'=H 6 R

5;R! = (CH=CH)—

conditions A: 30 mol % Pd(OAc),, 90 mol % P(t-Bu)3-HBF4, 6 equiv Cs,CO3, 36 h
B: 60 mol % Pd(OAc),, 180 mol % P(t-Bu)3-HBF4, 12 equiv Cs,CO3, 108 h

entry TTF or5 6 (equiv) conditions yield of 1 or 2 (%)
1 TTF 6a (5) A 1a: 46

2 TTF 6b (5) A 1b: 48

3 TTF 6¢ (5) AorB 1c: 0 (mixture)

4 TTF 6d (5) AorB 1d: 0 (mixture)

5 5 6a (2.5) A2 2a:75

6 5 6b (2.5) A2 2b: 86

@Reaction time 24 h.

a) Pd(OAc),
P(t-Bu)4-HBF,

S S S Cs,CO
Br $2L03
[~ * Oy .
S S s /R 1,4-dioxane not detected
reflux, time

7ab.d R conditions A or B

b
) 60 mol % Pd(OAC),

180 mol % P(t-Bu)3-HBF4
12 equiv Cs,CO;3

S S
P +  Br—S<_CH(OEt),
[S S] U 1,4-dioxane, reflux, 72 h
8
10 equiv (EtO),HC CH(OEt),

MeS S
8 equiv Jvl\ >:S
MeS S

4 equiv PTSA-H,0 P(OEt); 11

3a

DMF/H,0
2 29% (from TTF)

toluene, reflux, 12 h

Scheme 1: Synthesis of compounds 3.

976



P(OEt)3-mediated cross coupling with 11 (Scheme 1b).
The cross-conjugated molecule 4 was prepared in two proce-
dures; one was the palladium-catalyzed C-H arylation of TTF
with bromide 12 (Scheme 2a) and the other was the
Vilsmeier—Haack reaction of 1a, followed by triethyl phosphite-
mediated cross coupling with 11 (Scheme 2b).

Theoretical calculations

The DFT calculations of compounds 1a, 3a, and 4 have been
carried out by using the B3LYP/6-31G(d,p) method [42].
Figure 2 shows an optimized geometry of 1a, and the 1,3-
dithiole rings are labeled as A—E and A'-E'. This molecule
adopted a nonplanar structure. The angle between the two 1,3-
dithiole rings in the center (A-A") was 158.0°. The dihedral
angles between A and B, A and B', A' and C, and A' and C'
were 49.8°, 137.7°, 137.7°, and 49.9°, respectively. The
HOMO, HOMO-1, and LUMO of 1a are shown in Figure 3.
The HOMO of 1a was mainly located on the TTF moiety,
whereas the HOMO-1 was located on the benzene ring and the
outer 1,3-dithiole rings at the peripheral part of TTF. The
LUMO of 1a spread over the whole molecule except the outer
1,3-dithiole rings. The orbital energy of the HOMO of 1a
(—4.41 eV) was slightly higher than that of TTF (-4.57 eV). As
such, the first oxidation of 1a might occur at a lower potential
than TTF [43].

Cyclic voltammetry analysis
The redox behavior of 1-4 was investigated by cyclic voltam-
metry. The compounds 1a and 1b exhibited four and three pairs

Beilstein J. Org. Chem. 2020, 16, 974-981.

of redox waves, respectively (around +0.03, +0.10, +0.17, and
+0.42 V vs Fc/Fc* for 1a and —0.05, +0.10, and +0.46 V vs
Fc/Fc* for 1b, Figure 4). The redox potentials of 1a,b are sum-
marized in Table 2 together with the related compound TTF.
The redox waves observed at +0.42 V for 1a and +0.46 V for
1b were likely related to the second redox of the central TTF
moiety because they were close to the E5 of TTF (+0.37 V).
The remaining redox processes observed at around +0.03,
+0.10, and +0.17 V for 1a, and —0.05 and +0.10 V for 1b might
have been derived from the first redox of the central TTF
moiety and the redox of the four outer 1,3-dithiole rings. To
elaborate the exact oxidation potentials and the number of elec-
trons involved in each oxidation step, a digital simulation tech-
nique was applied [44]. As a result, the observed redox waves
of 1a matched the simulated waves (Table 2). It was indicated
that the redox wave at +0.10 V was due to an overlap of the
sequential two stages of the one- and two-electron transfer
waves at +0.07 and +0.12 V, while the other waves corre-
sponded to one-electron transfer processes. The simulation
results of 1la also showed that the redox wave simulated at
+0.020 V might have been derived from the central TTF moiety
because of the close AE values (+0.40 V for 1a and +0.46 V for
TTF). The same discussion was applied to 1b. In addition, the
potentials related to the outer 1,3-dithiole rings of 1a,b were
influenced by the substituents, that is, 1b bearing electron-do-
nating methyl groups had more negative redox potentials than
la. As a consequence, the one-electron redox process of the
TTF moiety and the multi-electron redox processes of the outer
1,3-dithiole rings might have overlapped in 1b.

SMe

a) MeS\(K

S 30 mol % Pd(OAc),

S 90 mol % P(t-Bu) 3-HBF,
S S 6 equiv Cs,CO,
[ ——( ] + Br 273 4
S S S 1,4-dioxane, reflux, 48 h
S 17%
SMe
12 SMe
b
) CHO OHC
S S
MeS == ~ SMe
\ 4 L)
1) POCIy/DMF MeS | s. s I SMe LGgglt.llv 11
2) NaOH/H,0 MeS s> is sme  OF 4
js O s«\g\ toluene, reflux, 12 h
MeS NN g’ SMe 44% (from 1a)
CHO OHC

Scheme 2: Synthesis of compound 4.
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b)

c)
S S

MeS SMe
D' E'
\"d . . s/

MeS ; SMe
MeS SMe
S S
DS SE
MeS S S SMe

Figure 2: An optimized structure of 1a. a) Top view, b) side view, and
c) labeling of the 1,3-dithiole rings.

Compound 2a exhibited three pairs of redox waves (—0.05,
+0.09, and +0.49 V vs Fc/Fc*). The redox waves observed at
—0.05 and +0.49 V were likely related to the TTF derivative (5)
moiety, because they were close to the E; and E; of 5, respec-
tively (Table 2). The comparison of the peak currents of each
wave indicated that the redox wave observed at +0.09 V
involved a two-electron transfer, while the redox waves ob-
served at —0.05 and +0.49 V corresponded to one-electron
transfer processes (see the differential pulse voltammetry
(DPV) in Supporting Information File 1, Figure S2). These
results supported the above-mentioned oxidation potentials and
the number of electrons involved in each oxidation step of 1a,b.

Compound 4 exhibited three pairs of redox waves (around
—-0.09, +0.09, and +0.53 V vs Fc/Fct). The redox potentials of 4

Beilstein J. Org. Chem. 2020, 16, 974-981.
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Figure 3: Molecular orbitals of 1a.

and the simulation results are also summarized in Table 2,
together with those of the related compounds TTF and 14 (see
Figure 5). The redox process observed at +0.53 V was likely
related to the second redox of the central TTF moiety because
this was the closest to the value of the E, of TTF (+0.37 V) out
of all potentials of the related compounds TTF and 14. The
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0.2 0.4 0.6 0.8 1 1.2
Potential/V vs Fc/Fc*

-8
1a 1b
-4 -4
3 <
=0} = 0
o g
| 7 )
8 8 |
-02 0 0.2 0.4 0.6 0.8 1 1.2 -0.2 0
Potential/V vs Fc/Fc*
-6 -6
2a 4
-4 -4 |
-2 2 |
< <
a3 a3
=o =0
c C
o o
32 321
4 4t
6 6
8 : : ‘ : ‘ : 8
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 -0.2
Potential/V vs Fc/Fc*
Figure 4: Cyclic voltammograms of 1a,b, 2a, and 4 in PhCN/CS; 1:1 (v/v) solution.
Table 2: Redox potentials of 1, 2a, 4, and related compounds?.
compound observed or Eq E, E3 E4 Es
simulated value
1a observed around +0.10 +0.17
+0.03P
simulated +0.020 +0.070 +0.120 +0.200
1b observed -0.05 +0.10
2a observed -0.05 +0.09 +0.49
4 observed around -0.09 +0.09
simulated -0.060 -0.030 +0.010 +0.047 +0.053
TTFC observed -0.09 +0.37
5¢ observed -0.01 +0.42
14¢ observed -0.07  +0.09

0.2 0.4 0.6 0.8 1
Potential/V vs Fc/Fc*

Es E7 Eg Eq Eio
+0.42
+0.420
+0.46°

+0.53°
+0.098 +0.102 +0.110 +0.180 +0.500

aln PhCN/CS; 1:1 (v/v) containing 0.1 M n-BusNPFg. PAnodic peak. ¢In PhCN containing 0.1 M n-BusNPFg. All potentials were measured against an
Ag/Ag* reference electrode and converted to vs Fc/Fc*.

remaining redox processes observed at around —0.09 and
+0.09 V might have been due to the first redox of the central
TTF moiety, and the overall redox of the EBDT sites, respec-

tively. The observed potentials of 4 were generally consistent
with the simulated ones. The results of a digital simulation also

showed that the redox wave observed at around —0.09 V and
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+0.09 V corresponded to three stages of one-electron transfer
and six stages of one-electron transfer processes, respectively.
In addition to the overlap of the first redox of the central TTF
moiety and the redox of the EBDT sites, each redox potential of
the succeeding eight-electron oxidations of the EBDT sites
might have slightly shifted due to the non-equivalence of them.
Also, the small AE value (0.16 V) of 14 caused the redox wave
overlap. For these reasons, the first and second redox waves of

4 were broad compared to those of 1a and 1b.

MeS___g

MeSIS SI

S “sMe

SMe

14

Figure 5: Related compound 14.

The redox waves of 1a,b and 4 derived from the second redox
of the central TTF moiety (+0.42 V for 1a, +0.46 V for 1b, and
+0.53 V for 4) shifted to higher potentials than the second redox
of TTF because of the instability of the hexacationic state of
1a,b, and the decacationic state of 4 compared to the dicationic
states of TTF caused by on-site Coulomb repulsion between
positive charges in the central TTF moiety and the outer 1,3-
dithiole rings. The same discussion could be applied to com-
pounds 2a. In addition, the observed peak currents of 1a and 4
in the high potential region at +0.4 to +0.5 V were smaller than
those of the simulated waves. This phenomenon might be
understood by considering that electron transfer of this redox
reaction was slow enough to become the rate-determining step
because the crowded structure by which the TTF core is partici-
pating in this redox process is surrounded by extended aromatic
rings bearing 1,3-dithiol rings.

Conclusion

We have synthesized novel multistage TTF derivatives 1-4
bearing 6-aryl-1,4-dithiafulvene moieties by palladium-cata-
lyzed direct C-H arylation. The DFT calculations revealed the
nonplanar structure of the compounds. Cyclic voltammograms
of 1a and 4 comprised four and three pairs of redox waves, re-
spectively. As a result of the digital simulation of 1a, it was
shown that the redox wave observed at +0.10 V involved two
stages of one- and two-electron transfer(s), while the other
redox waves corresponded to one-electron transfer. The digital
simulation of 4 showed 10 stages of one-electron transfer in
total. In addition, the first and second redox waves of 4 were

broad compared to those of 1 owing to the following three

Beilstein J. Org. Chem. 2020, 16, 974-981.

reasons: a) overlap of the central TTF moiety and the redox of
the EBDT sites, b) the succeeding eight-electron oxidations of
the non-equivalent EBDT sites, and c) the small AE value
(0.16 V) of the EBDT sites.
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Synthetic procedures, theoretical chemical and
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Herein, we present a facile synthesis of three azide-functionalized fluorophores and their covalent attachment as triazoles in

Huisgen-type cycloadditions with model alkynes. Besides two ortho- and para-bromo-substituted benzaldehydes, the azide functio-

nalization of a fluorene-based structure will be presented. The copper(I)-catalyzed azide—alkyne cycloaddition (CuAAC) of the

so-synthesized azide-functionalized bromocarbaldehydes with terminal alkynes, exhibiting different degrees of steric demand, was

performed in high efficiency. Finally, we investigated the photophysical properties of the azide-functionalized arenes and

their covalently linked triazole derivatives to gain deeper insight towards the effect of these covalent linkers on the emission behav-

ior.

Introduction

Small organic luminophores exhibiting room-temperature phos-
phorescence (RTP) have attracted great attention due to promis-
ing applications in optoelectronic devices [1-8], biological
imaging [9-12] and chemical sensing [13-15]. Referring to the
Jablonski diagram (see Scheme 1a) [16,17], upon excitation
from the singlet ground state (Sq) to higher singlet states (S,),
followed by internal conversion (IC), either non-radiative or

radiative decay to Sg can occur. While the latter decay (fluores-

cence) takes place without a change in the electron spin, phos-
phorescence is defined as the radiative transition from the
lowest excited triplet state (T) to the singlet ground state (Sg)
[18-21]. Triplet state excitons are generated by the spin-
forbidden intersystem crossing (ISC) process from the first
excited singlet state (S;). Pursuant to the El-Sayed rule (see
Scheme 1b) [22,23], ISC is spin allowed from Lnm%) to 3Grm*)

and from (%) to 3(n,*) excited states, while ISC is spin-
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Scheme 1: a) Schematic depiction of the Jablonski diagram.
b) Schematic representation of El-Sayed’s rule.

forbidden from (n,7*) to 3(n,7*) and from 1(mm*) to 3(mm*)
excited states, owing to the poor orbital overlap, resulting in a

decreased spin-orbit coupling.

Quenching processes of triplet states, induced by molecular
motions, oxygen, or humidity, restrict the versatile application
of such organic materials [24]. Thus, low temperatures [25-27]
or inert conditions [28] are necessary to facilitate an afterglow

emission.

Most phosphorescence studies are focused on metal complexes
due to a strong heavy atom-induced spin-orbit coupling [29-33].
Considering the high price and the toxicity of many metal com-
plexes, pure organic phosphors are highly desirable [16,17,34-
37]. Two approaches are applied to achieve organic phosphors:
(1) introduction of nonmetal heavy atoms, such as halogens (Br
or I) or functionalities containing lone pairs, in particular car-
bonyl groups, nitrogen, sulfur, and phosphorus derivatives
which facilitate the ISC process from S to T, and thus increase
the spin-orbital coupling [38-47]. Also, decreasing the
singlet—triplet splitting energy (AEgT) caused by intramolecular

Beilstein J. Org. Chem. 2020, 16, 1683-1692.

charge-transfer (ICT) interactions is an approved method
[48,49]. (2) Significant reduction of non-radiative transitions
can be achieved by the host—guest method [50-52] or by crystal-
lization [53-57]. In difference to the liquid phase, the highly
ordered packing and the restriction of molecular motions in the
crystalline state favor a persistent luminescence.

The promotion of ISC processes through intermolecular
halogen bonding to generate efficient RTP was initially investi-
gated by Kim et al. [58]. They developed the minimalistic 2,5-
dihexyloxy-4-bromobenzaldehyde (1) [59-63] which showed a
weak fluorescence in solution, but exhibited a green phospho-
rescence with a quantum yield of ®p = 2.9% in the crystalline
state: this behavior was caused by intermolecular halogen bonds
from the carbonyl-oxygen atom to an adjacent bromine atom

(Figure 1a).

Despite multifarious examples of RTP in the crystalline state,
purely organic compounds showing RTP in solution are rare
[64-69]. Takeuchi et al. [28] reported a bromofluorenecarbalde-
hyde 2 which shows blue fluorescence in chloroform at 298 K
under air and green phosphorescence under argon with a phos-
phorescence quantum yield of ®p = 5.9% (Figure 1b). This ob-
servation is reasoned by a strong (m,7m*) character of the T,
state.

Although phosphorescent organic compounds are well investi-
gated with respect to their photophysical properties in the crys-
talline state, in solution or physically embedded in polymer
matrices, there is a significant lack of possibilities [61] for their
targeted covalent attachment to higher structures. This is due to
missing synthetic strategies to incorporate suitable linkable

functionalities into those luminophores.

Our group is highly interested in the de novo synthesis of small
organic luminophores and in this regard, we recently developed
efficient methods for the synthesis of ESIPT-based
luminophores [70-72]. Herein, we present the efficient functio-
nalization of derivatives of the potent luminophores 1 and 2
with “clickable” azide functionalities to target the structures 3—-5
and further investigated the influence of this functionalization,
both in the unlinked azide state and the linked triazole state, on
the emission properties of these compounds (Figure 1).

Results and Discussion
Syntheses para- and ortho-bromobenzalde-
hyde 3 and 4

We initiated our synthetic investigations towards azide-functio-
nalized para-bromobenzaldehyde 3 with a two-step sequence.

Condensation with 2-amino-2-methylpropan-1-ol and oxidation
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literature examples:

a) Kim et al. [58]

H
H13C6/o CHO
Br O/CeH13
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b) Takeuchi et al. [28]
H25C12_ Ci2Hos

Br Q.O CHO

N3
3 4 5
CHO CHO
T~ O /1-\ =N
’ \ N
1 1
Bry\f SN [Cu] Bl va )

Figure 1: Top: literature examples of organic compounds showing RTP in the crystalline state (a) and in solution (b). Bottom: azide-linked derivatives

presented in this work.

with NBS yielded oxazoline 6 in a good yield. Directed ortho-
metalation utilizing TMPMgCl-LiCl under mild conditions and
subsequent smooth formylation with DMF afforded benzalde-
hyde 7 (see Scheme 2). Due to rapid decomposition of 7 under
ambient and acidic conditions, rapid aqueous work-up was con-
ducted, followed by reduction with NaBH,, yielding the corre-
sponding primary alcohol 8 in 81% yield over two steps. The
transformation to azide 9 was accomplished by deprotonation

para-bromobenzaldehyde:

) QCHO a) @/gk b) /@(kk
<M
oL

ortho-bromobenzaldehyde:

/©/CHO f) O:><
N

using 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and reaction
with diphenylphosphoryl azide (DPPA) in excellent yield.
Finally, the oxazoline group, which acted as directing and
protecting group, was removed in a three-step sequence of
N-methylation, reduction of the in situ formed iminium ion and
acidic hydrolysis. This afforded the azide-functionalized para-
bromobenzaldehyde 3 in 78% yield and an overall yield of 56%
(starting from 4-bromobenzaldehyde).

S Oy
Br Na
8:R=OH:|d) 3
9:R=N3

S Sa. e

12:R=Br —; 4
13:R=N;

Scheme 2: Reaction conditions for para-bromobenzaldehyde 3: a) 1) 2-amino-2-methylpropan-1-ol, 4 A MS, CH,Cly, 25 °C, 18 h; 2) NBS, CH,Cly,
25 °C, 5 h, 91%; b) 1) TMPMgCI-LiCI, THF, 25 °C, 4 h; 2) DMF, THF, 0 °C to 25 °C, 1.5 h; c) NaBH4, THF/MeOH 1:1 v/v, 0 °C, 1 h, 81% (2 steps);

d) DPPA, DBU, PhMe, 25 °C, 18 h, 98%;

e) 1) MeOTf, CHxClp, 25 °C, 2.5 h; 2) NaBH4, THF/MeOH 4:1 v/v, 0 °C, 2.5 h; 3) oxalic acid, THF/H,O

4:1 vlv, 25 °C, 20 h, 78%. Overall yield from 4-bromobenzaldehyde to 3: 56% (5 steps). Reaction conditions for ortho-bromobenzaldehyde 4:

f) 1) 2-amino-2-methylpropan-1-ol, 4 A MS, CHxCly, 25 °C, 18 h; 2) NBS, CHxClp, 25 °C, 4 h, 98%; g) 1) TMPMgCI-LiCl, THF, 25 °C, 4 h;

2) (CBrClp), THF, 0 °C to 25 °C, 10 h, 76%; h) NBS, AIBN, CClyg, 100 °C, 7 h, 66%; i) NaN3, DMF, 25 °C, 4 h, 99%; j) 1) MeOTf, CHxCly, 25 °C,
2.5 h; 2) NaBH4, THF/MeOH 4:1 v/v, 0 °C, 2.5 h; 3) oxalic acid, THF/H20 4:1 v/v, 25 °C, 20 h, 85%. Overall yield from 4-methylbenzaldehyde to 4:

41% (5 steps).
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Azide-functionalized ortho-bromobenzaldehyde 4 was pre-
pared by a similar route as aldehyde 3. Initially, oxazoline for-
mation from 4-methylbenzaldehyde yielded 2-aryloxazoline 10
in almost quantitative yield. The introduction of the ortho-
bromine substituent was again accomplished by metalation
using TMPMgCI-LiCl and subsequent reaction with 1,2-di-
bromotetrachloroethane to afford 11 in 76% yield. A second
bromination at the benzylic position provided the dibrominated
derivative 12 in 66% yield. The substitution reaction of benzyl
bromide with sodium azide delivered the primary azide 13 in
quantitative yield. Again, the final back-conversion of the oxa-
zoline group to the corresponding aldehyde afforded azide-
functionalized ortho-bromobenzaldehyde 4 in 85% yield and an
overall yield of 41% (starting from 4-methylbenzaldehyde).

RO

o Q'O 4

OH

h)

e Q.O C\)N]T 2

Beilstein J. Org. Chem. 2020, 16, 1683-1692.

Bromofluorenecarbaldehyde 5

The synthetic route to azide-functionalized 7-bromofluorene-2-
carbaldehyde 5 started from unfunctionalized fluorene. Double
bromination to 14, followed by double methylation of the meth-
ylene bridge to 15 and a lithiation/formylation sequence
afforded 7-bromofluorene-2-carbaldehyde 16 in excellent yield
over three steps. Conversion to the 2-aryloxazoline 17 was
accomplished in 92% yield using the same method as described
for the synthesis of 6 and 10. ortho-Metalation with
TMPMgCI-LiCl [70] and conversion of the magnesiated species
with DMF to carbaldehyde 18 was followed by reduction with
NaBH,4 to give the primary alcohol 19. In contrast to benzalde-
hyde 7, carbaldehyde 18 showed no decomposition at ambient
temperature. While acidic hydrolysis of 19 provided exocyclic

CCDC: 1989134

Scheme 3: Reaction conditions: a) Bro, Fe powder, CHClgz, 0 °C, 4 h, 99%; b) KOH, KIl, Mel, DMSO, 25 °C, 18 h, 92%; c¢) 1) n-BulLi, THF, =78 °C,

1 h; 2) DMF, THF, -78 °C to 25 °C, 10 h, 90%; d) 1) 2-amino-2-methylpropan-1-ol, 4 AMS, CHxCly, 25 °C, 18 h; 2) NBS, CHxCly, 25 °C, 3 h, 92%;
e) 1) TMPMgCI-LiCl, THF, 25 °C, 4 h; 2) DMF, THF, —15 °C to 25 °C, 2 h; f) NaBH4, THF/MeOH 1:1 v/v, 0 °C, 1.5 h, 79% (2 steps); g) HCI (4 N),
120 °C, 6 h, 91%; h) 1) DPPA, DBU, PhMe, 25 °C, 15 h; 2) NaNg3, PhMe, 60 °C, 4 h, 87%; i) 1) MeOTf, CHxClp, 25 °C, 2.5 h; 2) NaBH,4, THF/MeOH
4:1 v/v, 0 °C, 2.5 h; 3) oxalic acid, THF/H>0 4:1 v/v, 25 °C, 20 h, 86%. Overall yield to 5: 45% (8 steps). The molecular structure of 5 shows 50%

probability ellipsoids.
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y-lactone 20, the substitution reaction with DPPA/NaNj3 yielded
the primary azide in 87% yield. In accordance to previous
deprotection reactions, fluorene 21 was converted by means of a
three-step sequence to the desired azide-functionalized
7-bromofluorene-2-carbaldehyde 5 in 86% yield and an overall
yield of 45% (starting from fluorene). The molecular structure
of 5 could be verified by X-ray diffraction (XRD, see
Scheme 3).

general approach:

e Sa g

derivatization:

0

24

S8 g

22

CHO

26

7

0

S20a

Beilstein J. Org. Chem. 2020, 16, 1683-1692.

Derivatization of fluorenyl methanol 19

To gain deeper insights into the emission behavior of fluorenes
bearing different functional groups in the side chains, fluorenyl-
methanol 19 was subjected to derivatization reactions (see
Scheme 4). Deprotonation and subsequent methylation afforded
methoxy derivative 22, which was then converted into the me-
thoxy-functionalized 7-bromofluorene-2-carbaldehyde 23 in

75% yield. Implementation of potent leaving groups in the side

deprotection
Br Q'O CHO
O
e e
o (S
OH

unstable

o'o o

|so|at|on

-0

o'o Xf

SSegal

28 TfO

Scheme 4: Reaction conditions: a) 1) NaH, THF, 0 °C, 30 min; 2) Mel, THF, 0 °C to 25 °C, 2 h, 99%; b) 1) MeOTf, CHxCl,, 25 °C, 3 h; 2) NaBHyg4,
THF/MeOH 4:1 v/v, 0 °C, 3 h; 3) oxalic acid, THF/H20 4:1 v/v, 25 °C, 24 h, 75%. Overall yield from fluorene to 23: 44% (8 steps). c) CBry4, PPhg,

CHxCly, 0

°Cto 25 °C, 2 h, 95%; or NBS, PPhg, CHxClp, 0 °C to 25 °C, 2 h, 91%; or PBr3, CH2Clp, 0

°Cto 25 °C, 2 h, 92%; d) MeOTf, CHoCly,

25 °C, 3 h; e) NaBHy4, THF/MeOH 4:1 v/v, 0 °C, 3 h. Overall yield from 24 to 28: 56% (2 steps).
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chain as complement linkable functionalities via Sy-reaction
was initiated by mesylation. Unfortunately, the mesylated fluo-
rene showed such a high reactivity that rapid decomposition
occurred. However, bromination was conducted by various sub-
stitution methods delivering benzyl bromide 24, which upon
isolation cyclized to iminium bromide 25 in high yield. To
suppress this unexpected cyclization, careful fine-adjustment of
the work-up conditions were made. Here, upon complete forma-
tion of 24, rapid filtration of the reaction mixture through a plug
of neutral alumina, solvent evaporation and quick conversion in
the next step was successfully applied. Deprotection to the
carbaldehyde was performed using the well applied three-step
methylation/reduction/hydrolysis sequence. Methylation of the

oxazoline nitrogen afforded iminium salt 26, which was

a) CuAAC reactions
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reduced to oxazolidine 27. Again, similar to 25, cyclization took
place and ammonium triflate 28 was isolated in 56% yield
(starting from 24). In contrast to the cyclization of oxazoline 24,
oxazolidine 27 cyclized already during the reaction, caused by
the increased basicity of the ring nitrogen.

CuAAC reactions of bromocarbaldehydes

We further investigated the reactivity of azide-functionalized
bromocarbaldehydes 3, 4, and 5 in copper(I)-catalyzed
azide—alkyne cycloaddition reactions (CuAAC). For this, we
treated the azide-functionalized luminophores with alkynes ex-
hibiting different degrees of steric demand, including 1-decyne
(29), phenylacetylene (30), 1-ethynyladamantane (31) and 1,3-
di-rert-butyl-5-ethynylbenzene (32, see Scheme 5). All tri-

o

CHO : cHO
R CuS04-5H,0, Na ascorbate T~ N=N
| \ | \ 1
B N CHCl3/H,0 8:1 viv, 25 °C, 48 h g N O
CHO
T O
o
N 1]
Bl _ ™18

33: R = octyl (94%)

34: R = adamantyl (97%)

35: R = phenyl (99%)

36: R = 3,5-bis(t-Bu)phenyl (96%)

37: R = octyl (92%)

38: R = adamantyl (97%)

39: R = phenyl (97%)

40: R = 3,5-bis(t-Bu)phenyl (94%)

41: R = octyl (91%)

42: R = adamantyl (99%)

43: R = phenyl (94%)

44: R = 3,5-bis(t-Bu)phenyl (98%)

Br Q.O CHO Br Q.O CHO
BF4OM€3
'y CH,Clp, 25 °C, 48 h - N':N
N 2Ll 257, BF, _N
83%

Scheme 5: a) CUAAC reactions of azide-functionalized bromocarbaldehydes 3, 4 and 5 with terminal alkynes to triazoles 33—44. General reaction
conditions for CuAAC reactions: Azide (1.00 equiv), terminal alkyne (1.05 equiv), CuSO4'5H20 (0.1 equiv), sodium ascorbate (0.50 equiv), CHCl3,
(0.1 M) and water (12.5 mM) at 25 °C for 48 h. b) Methylation reaction of adamantly-substituted triazole 42 with Meerwein'’s salt (trimethyloxonium

tetrafluoroborate).
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azoles 33—44, based on the bromocarbaldehydes 3, 4, and 5
were successfully isolated in excellent yields of >90%. As a
further model functionalization, the sterically demanding
adamantyl substituted triazole 42 was subjected to a methyla-
tion reaction with Meerwein's salt (trimethyloxonium tetra-
fluoroborate) to deliver the N-methylated triazole 45 in 83%
yield.

Photophysical properties

Finally, we examined the photophysical properties of both the
azides and the triazoles. UV—vis absorption measurements of
para-bromobenzaldehyde 3 and ortho-bromobenzaldehyde 4 as
well as the corresponding triazoles 33—40 were conducted in
chloroform. Intense absorption bands below 270 nm were ob-
served, which could be attributed to typical m—m* transitions
derived from the single-benzene core. In addition, unstructured
absorption bands above 290 nm were observed, while ortho-de-
rivatives exhibited more broadened bands than the para-deriva-
tives (see Figure 2a and Figures S1-S11 in Supporting Informa-
tion File 1). The emission spectra for para-bromocarbaldehyde
3 and adamantyltriazole 34 in the solid-state show maxima at
440 nm (for compound 3) and 416 nm (for compound 34) (see
Figure 2b). Additionally, fluorescence lifetimes (1) of 3 and 34
were determined by time correlated single photon counting
(TCSPC), indicating low lifetimes of 2.21 ns (for compound 3)
and 3.23 ns (for compound 34) for lower populated species (see
Figure S6, Supporting Information File 1). Quantum yields (®)
of both derivatives are below 1% in the solid-state. In chloro-
form, no luminescence was detected for the para derivatives.
All ortho derivatives exhibited luminescence neither in solution
nor in the solid-state [73].

Wavenumber (cm’)

32.000
a) T T

—_—3

34
—38

Intensity (a.u.)

0,0

T T T 1 T
260 280 300 320 340
Wavelength (nm)
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These observations for the para- and ortho-bromobenzalde-
hydes indicate that the phosphorescence is quenched in these
systems, yielding only a weak fluorescence. This may be owing
to the azide moiety, either as a functional group or as part of the
triazole heterocycle. Similar observations were already made
for luminescent materials [74,75].

Fluorene derivatives were subjected to photophysical measure-
ments as well. UV—vis absorption spectra of bromofluorenecar-
baldehydes 5 and 16 show intense absorption bands at 331 and
330 nm. Furthermore, adamantyltriazole 42 and the correspond-
ing tetrafluoroborate salt 45 exhibit similar absorption proper-
ties, while the methylated species 45 shows a comparable
slightly red-shifted absorption band (see Figure 3a and Figures
S12-S14 in Supporting Information File 1). Emission measure-
ments of carbaldehydes 5 and 16 revealed that the solid-state
emission bands are more blue-shifted than the emission bands
in solution (see Figure 3b). Similar observations were made for
adamantyltriazole 42 and tetrafluoroborate salt 45 with maxima
at 510 nm and 540 nm (see Figure 3c¢). However, TCSPC
demonstrated that solely fluorescence was observed in all physi-
cal states for all investigated compounds with a maximum life-
time T of 11.6 ns for methylated triazole 45 in chloroform (see
Figure 3d). Quantum yields ® were determined to be <1% for
all structures. Further fluorene derivatives — methoxymethyl
carbaldehyde 23, iminium bromide 25 and ammonium triflate
28 — exhibit intense absorption maxima around 320 nm (see
Figure S13, Supporting Information File 1). For compounds 25
and 28, the emission maxima in the solid-state were red-shifted
compared to the emission bands in chloroform solution (see
Figures S31 and S33, Supporting Information File 1). Alde-

Wavenumber (cm’)

24.000 20.000 16.000
b) T T T

—34

084 i

06+ i

044 4

Intensity (a.u.)

02+ 4

00 T T T T T T
400 450 500 550 600 650 700

Wavelength (nm)

Figure 2: a) Normalized UV-vis absorption spectra of 3 (blue line), 34 (olive line), 4 (green line) and 38 (red line) in CHCI3 (¢ = 103 mol-L~").
b) Normalized emission spectra of 3 (navy line), 34 (green line) in the solid-state.
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Figure 3: a) Normalized UV-vis absorption spectra of 5 (blue line), 16 (green line), 42 (olive line) and 45 (red line) in CHCl3. b) Normalized emission
spectra of 5 (in solution, blue line and in the solid-state, green line) and 16 (in solution, olive line and in the solid-state, red line). ¢) Normalized emis-
sion spectra of 42 (in solution, blue line and in the solid-state, green line) and 45 (in solution, olive line and in the solid-state, red line). d) Time
resolved emission decay curves of 5 (in solution, blue dots and in the solid-state, green dots), 42 (in solution, olive dots) and 45 (in solution, red dots)
at 25 °C. In all diluted measurements (¢ = 10~> mol-L-1) CHCI3 was used as solvent and solutions were sparged with argon for 30 minutes.

hyde 23 exhibits a deep violet emission maximum at 360 nm in
chloroform solution and no emission in the solid-state (see
Figure S30, Supporting Information File 1). Lifetimes T were
defined up to 8.66 ns for iminium bromide 25, with quantum
yields ® below 1% (see Figure S32, Supporting Information
File 1). The absence of any long living triplet species in all fluo-
rene derivatives in solution as well as in the solid-state again in-
dicates undesirable quenching events, induced by the azide
functionalities, similar to para- and ortho-bromobenzaldehydes.

Conclusion

In summary, azide-functionalized ortho- and para-bromobenz-
aldehydes and fluorene derivatives were successfully synthe-
sized. The azide bearing arenes were efficiently linked with
even sterically highly demanding alkynes in CuAAC. Initial
photophysical investigations of azide-functionalized bromocar-
baldehydes and fluorenes revealed that the azide moiety and the

triazole heterocycle efficiently quench phosphorescent transi-

tions. Efforts of installing other functional groups suitable for
covalent connections or modifications of the alkyl bridge be-
tween the arene and the azide are underway in our laboratories.

Supporting Information

Supporting Information File 1

Detailed experimental procedures, characterization data,
photophysical properties, and copies of NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-139-S1.pdf]
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