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a phenalenyl-based high spin radical. Electrochemical studies show that this salt undergoes two three-
electron reduction steps and generate its corresponding neutral radical, which has been studied by
quantum chemical calculations. The investigation of the spin density distribution of the radical revealed
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1. Introduction

Cutting of graphene in a triangular manner will lead to a series
of non-Kekule polycyclic hydrocarbons with one or more unpaired
electrons, which can be termed as ‘open-shell graphene fragments’
and are very interesting both theoretically and experimentally [1,2].
The smallest member in this family, the phenalenyl (PLY) radical, is
especially attractive due to its high symmetry (D3h) and an ac-
cessible triad of oxidation states: the diamagnetic cation, the
paramagnetic radical, and the diamagnetic anion are all stable [3,4].
Quite some of these PLY based stable radical organic molecules
with this or similar structures have been synthesized and charac-
terized elegantly by Haddon [5—13] and other groups [14—19].
Among all these molecules, 1,9-dithiophenalenyl radical 1 is
unique. In this molecule crystal, while localized C—C o-di-
merization was suppressed, a planer structure and p-electron or-
bital overlap between the adjacent PLY molecules was maintained,
due to the enhanced delocalization provided by the peripheral
heteroatoms [10,20,21].

* Corresponding author. Tel.: +-86 022 23500693; fax: +86 022 23499992; e-mail
address: yschen99@nankai.edu.cn (Y. Chen).
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With certain topology structure, several mono- [9,11,14,15,22]
bis- [23—29], and tris- [7,13] phenalenyl-based radicals have been
synthesized and crystallized (Scheme 1), in the pursuit of (PLY)-
based neutral radical molecular conductors and nonlinear optics
(NLO) materials [29,30], and so on. In these phenalenyl (PLY) radical
based molecules, with different topological connection, unpaired
electrons or partially unpaired electrons will display open-shell
radical character. This can lead to special features in electronic
structures, magnetic properties, optical properties and crystalline
packing, which endow them with great potential as a new gener-
ation of materials [1].

Recently, theoretical and experimental studies have reported
the emergence of ferromagnetism in graphene and graphite ma-
terials, even at room temperature [31—35]. Much more through
study were needed in the molecular level of organic material room
temperature ferromagnetism [36-38]. Being the simplest building
block for graphene fragments with nonzero net spin, PLY based
high spin organic molecules are expected to be the spin module for
forming a magnetically active bulk material and give some impli-
cation for the room temperature ferromagnetism in graphene
[1,30,35].

Herein, our targeted molecule is the PLY based triradical com-
pound 2 (Scheme 1) with D3h symmetry. In this molecule, the 1,9-
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Scheme 1. Structures of phenalenyl-based radicals.

dithiophenalenyl system as the radical unit and the 1,3,5-
substituted benzene core was used as a ferromagnetic coupler
[39,40].

2. Results and discussion

2.1. Synthesis of soluble precursor salt of trifunctional radical
2

From Haddon’s work, it can be seen that the salt 17Cl™ is the key
intermediate for radical 1 [41]. There are quite some challenges
associated with the synthesis of the key precursor 23+3Cl-, par-
tially due to its low solubility. At first, we tried the strategy through
coupling reaction between the monomer salt 4"TFPB™ and 1,3,2-
(3,5-bis(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)phenyl)-5,5-
dimethyl-1,3,2-dioxaborinane 5 as described in Scheme 2, similar
to our previous synthesis route of PLY radical [42]. However, we
found that the product of coupling reaction are difficult to purify
and characterize, for the salt 4"TFPB™ is not stable in silica gel. In
addition, recrystallization from different solvent also failed to ob-
tain pure product.
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Scheme 2. First synthesis route to 23*3TFPB -

Finally, we tried the following route to synthesize the key pre-
cursor 23¥3C1- and 23*3TFPB~ as shown in Scheme 3.
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Scheme 3. Synthesis route of 23*3TFPB -

The compound 5,5',5”-(1,3,5-phenylene)tris[9-(2-ethylhexoxy)-
1-oxophenalene] 8 was produced via Suzuki reaction between 5
and 7. It is worth noting that the solvent of tetrahydrofuran (THF)
mixed with water is rather important for the success of the cou-
pling reaction. Note that the isooctyl attached to 8 was used to
improve the solubility of 8 and enable the following reaction go
through completely.

The synthesis of the salt 23*3Cl~ followed a procedure with
a slight modification of Haddon’s method [10]. Here, hexame-
thyldisiloxane (HMDO) and sublimed sulfur, combining with P4Sg,
were used to improve the yield [43]. The chloride salts are quite
insoluble in most common organic solvent but are sparingly soluble
in dichloromethane. In order to achieve the required solubility for
the 23* (Scheme 3), 23*3TFPB~ was obtained by the anion ex-
change of 23+3Cl~ with sodium tetrakis[3,5-bis(trifluoromethyl)
phenyl] borate (NaTFPB) in dry dichloromethane. 23*3TFPB~ is not
stable on silica gel, recrystalization is the only way to purify the
TFPB salt. Fortunately, we found that recrystallization from cold
dichloromethane can remove the excess NaTFPB and other impu-
rity. As expected, 23*3TFPB~ has an excellent solubility in many
common organic solvents, such as acetone, methanol, dichloro-
methane, THF, dichlorobenzene, and so on (Table S1). 23*3TFPB~
was characterized and confirmed by 'H NMR (Fig. 1), *C NMR and
High Resolution Mass Spectrum (Figs. S3, S4, S10, S14).

Combined with Refs. [41,43—45] and experiment result, the
reaction mechanism of the formation of the key salt was proposed
as shown in Scheme S2.

In addition, we found that the solubility of the salt 23* can be
tuned easily by varying different counter ions (Table S1). 23+3PFg,
23+3BPhyg, 23*3SbFg salts can be obtained through anion exchange
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Fig. 1. '"H NMR of 23*3TFPB~ in CD3COCD3.

from 23+3TFPB . The different solubility of these salts served as the
driving force of the anion metathesis.

2.2. Absorption spectra of the precursor salt

The UV—vis absorption spectra of 23*3TFPB, together with
compounds 8, 7 and 3 for comparison, in diluted dichloromethane
solution with a concentration of 10~> mol L~! and 23*3TFPB~ film
drop onto SiO; are shown in Fig. 2.
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Fig. 2. (a) UV—vis of 23+3TFPB~ and other molecules in CH,Cl, with a concentration of
1x10~> M (b) UV—vis of 23*3TFPB~ film dropped onto SiO,.
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Compared with the absorption peaks at 419 nm of 8 solution, as
shown in Fig. 2 and Table S2, 23+3TFPB~ have a red-shift of about
34 nm, with a more strong absorption peak at 453 nm. This means
that 23*3TFPB~ have a larger delocalized n electron system.

As shown in Fig. 3, the onset absorption of 23*3TFPB~ film is
540 nm, thus the optical bandgap of 23*3TFPB~ is 2.3 eV.
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Fig. 3. (a) Cyclic voltammogram for 23*3TFPB~ in DMF, 0.1 M n-BusN*PFg supporting
electrolyte, scan rate 100 mV/S. (b) Differential pulse voltammetry (DPV) for
23+3TFPB~ and 1*PFg in DMF, 0.1 M n-BuyN*PFg supporting electrolyte.

2.3. Electrochemical properties of the precursor salt

The electrochemical behavior of 23*3TFPB~ was studied by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) (Fig. 3),
and the results are summarized in Table 1 together with the corre-
sponding data reported for some related compounds (Scheme 4).

As shown in Fig. 3 and Table 1, the first and second reduction
potentials of the salt 23*3TFPB~ occur at almost the same poten-
tials as that required for the reduction of 17OTf~ [10]. Combined
with the calculated result in the following, we proposed that the
cyclic voltammetry of 23+3TFPB~ in degassed dry DMF solutions
shows two ‘three-electron redox waves’: a reversible ‘0/+3 wave’
with Ejjp values of —0.23 V (vs SCE) and a quasi-reversible waves
corresponding to the ‘~3/0 couple’ with Ep. values of —0.78 V, the
strong cathodic wave of the latter suggesting electroreduction of
material coating the electrode. As shown in Fig. 3a, the first ‘three-
electron redox wave’, in detail, should be the superposition of the
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Table 1
Solution redox potential for PLY based molecules

Compounds Ej3?) EQR) E{}1 Ef)

PLY? 0.7 -1.6
-0.9

1P -0.23 -1.53
—0.80

9¢ 0.83 0.39 -1.35
-1.12

104 -0.73
-1.10

11¢ -0.39
—-1.42

1 (DPV) ~0.19 ~1.52
—0.72

EO3) EG3-10) 513

2(CV) -0.23 ~1.58
—0.78

2 (DPV) -0.20 ~1.54
-0.74

¢ Literature [41] (in acetonitrile, referenced to SCE, 0.1 M (n-Bu)4NBFy, rt).

b Literature [10] (in acetonitrile, referenced to SCE, 0.1 M (n-Bu)sNBFy, rt).

¢ Literature [18] (in DMEF, referenced to SCE, with 0.1 M Et4NCIO4, —50 °C).

d Literature [23] (in acetonitrile, referenced to SCE via internal ferrocene, rt).
€ Literature [6] (in CH,Cly, referenced to vs Fc/Fc, 0.1 M ("Bu)4NClOy, rt).
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Scheme 4. Some PLY based molecules with typical topological structure.

three one-electron steps: Ep(+2/+3, +1/42 and 0/+1). In similar,
the second ‘three-electron redox wave’ corresponds to the series of
overlapping one-electron waves of Ep(—1/0, —2/—1, —3/-2).

Differential pulse voltammetry (DPV) of compounds 23*3TFPB~
and 1"PF6~ was performed to give clear redox potentials. From
Table 1 and Fig. 3b, we can see that 23*3TFPB~ shows a series of
redox peaks at —0.20 V, —0.74 V, and —1.54 V, similar to that of
1"PF6 (—0.19 V, —0.72 V, and —1.52 V).

Furthermore, additional reduction waves can also be seen in the
CV curves, similar to that in the case of 17OTf". On the separation of
the two Ej¢ values (—1/0 and 0/+1), we estimate a disproportion-
ation potential of —0.55 V, similar to that of single radical 1
(-0.57 V) [10].

2.4. Reduction of the precursor salt

According to the redox potentials of the salts 23*3TFPB~ and
several common reductants (shown in Table S3), bis-(pentam-
ethylcyclopentadienyl)manganese(ll) Cp*,Mn was chosen as the
reductant because its oxidation potential (E1/,=—0.56 V vs SCE) [10]
falls between the first Ep(0/+3) and the second Ep(—3/0) of
23*3TFPB~. A clear ESR spectrum was obtained for the solid
product (Fig. 4), which indicates the targeted neutral radical was
generated. Due to the insolubility of this radical, the ESR spectrum
only gives a very broad peak with the g-factor of 2.0034, consistent
with other g values of the PLY radical family [10]. But its insolubility
has prevented a full investigation of this neutral radical.
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Fig. 4. ESR spectrum of radical 2 as a powder sample, recorded at 293 K. Frequency is
9.849 GHz.

2.5. Quantum calculations

The CV result of 23*3TFPB ™~ can be traced back to the electronic
structure of the radical 2, which were generated by combining the
molecular orbitals (MOs) of its three parent radical 1 and the
benzene spacer [46]. As illustrated in Fig 5 and listed in Table S4, the
frontier orbitals of 2: singly occupied molecule orbital (SOMO),
(SOMO-1), and (SOMO-2) are nearly degenerated orbitals having
the same energy, meaning lack of electronic coupling in such sys-
tem. Thus, the three PLY moiety appear to behave as noninteracting
equivalent redox centers and the two ‘three-electron reduction’ can
be seen.

For further understanding, we investigated the spin density
distributions of the radicals 1, 2 and the unsubstituted PLY (Fig. 6),
which were performed by DFT calculation (PBE1PBE/6-31g*), and
the frequency analysis was followed to assure that the optimized
structures were stable states [46]. For unsubstituted PLY and 1, the
a spin density are mainly distributed on the positions of C1, C3, C4,
C6, C7, and C9, while little was distributed on C2, C5, and C8 posi-
tions, where are the nodes in the wave function of SOMO of PLY or 1.
Then, for the radical 2, most of the spin density is populated on the
PLY nucleus, and little amount of the spin densities are distributed
on the benzene spacer, which is connected to the C5 (node) with
little spin distribution. So most of the spin is still distributed on the
PLY unit, probably due to the topological connection in the mole-
cule as discussed below.

In fact, many examples have shown that the spin and electronic
properties of molecules based on PLY systems are strongly influ-
enced by intramolecular topology connection. As shown in Scheme
4, compounds 9 [18], 10 [23], and 11 [6] all have at least one spin
rich position in PLY unit to be connected to the spacer or bridge
unit. Thus, this type of connection could result in enhanced elec-
tronic coupling of the PLY units. As shown in Table 1, all these three
compounds show distinct multistage one-electron redox waves.

The different connection makes radical 2 behaves very differ-
ently compared with compounds 9—11. (i) For compound 9, there
are even T electrons (a double bond or a benzene) between the two
PLY radical units with the active position (spin rich sites) connec-
tion. Thus, a closed-shell Kekule structure was formed, which is in
resonance with the open-shell singlet biradical. These kind of
molecules based materials have nonlinear optics (NLO) properties
[2,18]. (ii) For 10 and 11, there are odd 7 electrons (a ‘CH’ or ‘BO,;Ny’)
between two PLY radicals with active carbon link and highly
delocalized phenalenyl-based monoradicals were formed. In these
molecules, the unpaired electron can delocalize over the whole
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Fig. 5. (a). Calculated SOMO-2, SOMO-1, and SOMO of 2; (b) some related MOs of 2; (c) some related MOs of 1. Energy unit: a.u.

molecule through the resonance of two canonical forms having
a phenalenyl radical structure and a smaller disproportionation
potential can always be found [7,12,13,23,26]. (iii) For radical 2, with
linkers only substitute at the unactive (nodal) carbons on PLY unit,

b d

Fig. 6. Spin density map of 2 (a), 1 (b) and PLY (c) calculated with a PBE1PBE/6-31G(d)
method. Blue and green surfaces represent o and f spin densities, drawn at 0.02 e/au®
level, respectively.

a three-independent PLY based triradical system is formed and the
three unpaired electrons on the three PLY units are distributed in
three (near) degenerate orbitals. The ground state of this molecule
is also described as high spin system with multiple parallel spin.

3. Conclusion

In summary, we have successfully synthesized a cationic tri-
functional 1,9-dithiophenalenylium salt with a benzene spacer,
23*3TFPB~. The salt exhibited two ‘three-electron reduction
waves’, which was explained by quantum chemical calculations
and its topological connection structure. The investigation of the
SOMO and spin density distribution of 2 revealed that the spin and
electronic properties of molecules based on PLY systems are
strongly influenced by intramolecular topology connection. In
addition, the high stabilization of 2 with three-electron spinning
parallel each other, opens the door to get PLY based stable radical
with high spins. These results warrant a full investigation of the
solid-state properties, such as crystal packing, magnetism and
conductivity of this kind of molecules with proper alkyl
substituent.

4. Experimental section
4.1. Reagents and instruments

Hexamethyldisiloxane (HMDO), Ag,0, NaHCOs3, Pd(PPhs3)g4, bis-
(pentamethylcyclopentadienyl)manganese(Il) (Cp*2Mn) and P4Sqo
were all commercial products and were used as received. 5-Bromo-
9-hydroxy-1-oxophenalene (6) [47], sodium tetrakis[(3,5-trifluoro
methyl)phenyl]borate (NaTFPB) [48], and 2-(3,5-bis(5,5-dimethyl-
1,3,2-dioxaborinan-2-yl)phenyl)-5,5-dimethyl-1,3,2-dioxaborina
ne (5) [49] were prepared using procedures reported in the
literature. All manipulations were carried out under a dry argon
atmosphere using standard Schlenk techniques, and solvents
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were purified by standard procedures. 'H NMR spectra were
recorded on a Bruker AC-300 spectrometer. 3C NMR spectra
were recorded on a Bruker AC-400 spectrometer. Chemical
shifts were recorded in parts per million relative to the internal
standard TMS. Mass spectra were recorded on a LCQ Advantage
spectrometer with ESI resource. HRMS were recorded on a VG
ZAB-HS mass spectrometer with MALDI resource. MALDI-TOF
MS analysis was performed on a Bruker BIFLEX Il mass spec-
trometer. UV—vis—NIR spectra were obtained using Bru-
ker—Tensor 27 and JASCO-V570 spectrometers, respectively.
Cyclic voltammetric measurement was performed on a LK98BII
Microcomputer-based Electrochemical Analyzer, using a Pt wire
electrode with n-BusNPFg as the supporting electrolyte, with
a SCE reference electrode. ESR studies were performed with
a Bruker EMX-6/1 spectrometer on the loose packed powder.

4.2. Synthesis

The synthetic route of the 2 is shown in Schemes 2 and 3. The
detailed synthetic procedures are as follows.

4.2.1. 5-Bromo-9-ethoxy-1-oxophenalene (3). 5-Bromo-9-hydroxy-
1-oxophenalene (6) (5.48 g 20 mmol), silver oxide (4.63 g,
20 mmol), and ethyl iodide (4.68 g, 30 mmol) were stirred in
chloroform (50 mL). The mixture was held at reflux for 12 h, then
cooled to room temperature and filtered. The filtrate was evapo-
rated to dryness under reduced pressure and a yellow solid was left.
Recrystallization from tetrahydrofuran gave a yellow needle solid
(5.44 g, yield 90%). "H NMR (400 M, CDCl3): 6 7.88 (d, J=9.2 Hz, 1H),
7.86 (s, 1H), 7.66 (s, 1H), 7.47 (d, J=9.6 Hz, 1H), 7.34 (d, J=9.2 Hz, 1H),
6.66 (d, J=9.6 Hz, 1H), 4.37 (q, J=6.8 Hz, 2H), 1.62 (t, J=6.8 Hz, 3H).
13C NMR (100 M, CDCl3) 6 183.91, 162.82, 137.52, 136.17, 133.37,
132.47, 131.79, 128.70, 127.50, 127.38, 117.03, 115.83, 115.26, 65.47,
14.83. HRMS (ESI-FTMS) m/z found 303.0023 and 305.0003
(C15H12BrO3 [M+H]™, calcd: m/z=303.0021 and 305.0000).

4.2.2. 5-Bromo-9-(2-ethylhexoxy)-1-oxophenalene (7). 5-Bromo-9-
hydroxy-1-oxophenalene (6) (5.48 g, 20 mmol), silver oxide
(4.63 g, 20 mmol), and 2-ethylhexyl iodide (7.20 g, 30 mmol) were
stirred in chloroform (50 mL). The mixture was held at reflux for
12 h, then cooled to room temperature and filtered. The filtrate was
evaporated to dryness under reduced pressure. The crude product
was chromatographed on silica gel using a mixture of petroleum
ether and acetic ether as eluant (10: 1) to afford a yellow oil (5.51 g,
yield 71%). TH NMR (400 M, CDCl3): 6 8.02 (d, J=9.2 Hz, 1H), 8.01 (s,
1H), 7.78 (s,1H), 7.55 (d, J=9.6 Hz, 1H), 7.46 (d, J=9.2 Hz, 1H), 6.71 (d,
J=9.6 Hz, 1H), 4.21 (m, 2H), 1.95 (m, 1H), 1.80—1.50 (m, 4H), 1.36 (m,
4H), 0.98 (t, 3H), 0.91 (m, 3H). 13C NMR (100 M, CDCl3) ¢ 183.51,
163.06, 137.22, 136.02, 133.13, 132.30, 131.74, 128.58, 127.42, 127.20,
116.80, 115.76, 115.16, 72.05, 39.34, 30.14, 29.04, 23.55, 23.02, 14.17,
11.12. HRMS (ESI-FTMS) m/z found 409.0768 and 411.0750
(C21H23BrNaO3 [M+Na]*, caled: 409.0779 and 411.0759).

4.2.3. 5,5',5"-(1,3,5-Phenylene)tris[9-(2-ethylhexoxy)-1-oxophenal-
ene] (8). 5-Bromo-9-(2-ethylhexoxy)-1-oxophenalene (7) (186 mg,
048 mmol), 2-(3,5-bis(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)phe-
nyl)-5,5-dimethyl-1,3,2-dioxaborinane (5) (58 mg, 0.14 mmol),
Pd(PPhs)4 (0.20 mg, 0.017 mmol), and NaHCO3 (100 mg, 1.2 mmol)
were stirred in the mixture of THF (18 mL) and H,O (9 mL), under Ar
atmosphere. After reflux for 8 h, the mixture were cooled to room
temperature. The aqueous mixture was extracted with acetic ether for
three times. The organic extracts were dried over MgSO,4 and taken
down on a rotary evaporator to give a yellow solid and then purified by
recrystallization from acetonitrile to give golden plates (71 mg, yield
51%). 'TH NMR (300 M, CDCl3) 6 8.27 (s, 3H), 8.22 (d, J=9.2, 3H), 8.15 (s,
3H), 8.05 (s, 3H), 7.76 (d, J=9.6, 3H), 7.51 (d, J=9.2, 3H), 6.80 (d, J=9.6,

3H),4.24 (m, 3H), 2.05—1.90 (m, 3H), 1.85—1.50 (m, 12H), 1.45—1.30 (m,
12H), 1.05—0.85 (m, 18H). *C NMR (100 M, CDCl3) 6 184.15, 163.53,
14137, 138.63, 13748, 136.01, 131.48, 130.43, 129.13, 128.64, 127.87,
126.84, 12513, 115.57, 115.53, 72.30, 39.40, 30.19, 29.07, 23.58, 23.03,
14.15,11.07. HRMS (MALDI-FTMS) m/z found 1019.5227 (CgoH7,NaOg
[M+Na]" caled: 1019.5227).

4.2.4. 55',5"-(1,3,5-Phenylene)tris[1,9-dithiophenalenylium chloride]
(23+3C1). P,S5 (667 mg, 3 mmol), sublimed sulfur (6 mg,
0.2 mmol), and hexamethyldisiloxane (49 mg, 0.3 mmol) were
stirred in toluene (150 mL) at room temperature for 10 min. Then
5,5’,5”-(1,3,5-phenylene)tris[9-(2-ethylhexoxy)-1-oxophenalene]
(8) (400 mg, 0.4 mmol) dissolved in 1,2-dichlorobenzene (50 mL)
was added. The mixture were held at 85 °C overnight under Ar,
then cooled to room temperature and filtered. Brown-black solid
was obtained and washed twice using toluene. Then the brown-
black solid was added to 4 M HCI (50 mL) and reflux 2 h under Ar.
After cool to room temperature, the mixture was filtered, the solid
was washed using distilled water, acetone, and methylene chloride.
After vacuum dryness, brown solid was formed (507 mg). Without
further treatment, the solid was used directly next step.

4.2.5. 55',5"-(1,3,5-Phenylene)tris{1,9-Dithiophenalenylium tetrakis
[(3,5-trifluoromethyl)phenyl] ~ borate]  (23*3TFPB~). Compound
2373C1- (507 mg) and sodium tetrakis[3,5-bis(trifluoromethyl)
phenyl]borate (NaTFPB) (1.44 g, 1.6 mmol) were stirred in dry
methylene chloride under Ar at room temperature for 10 h. Filtered
and solid was washed twice using methylene chloride. The filtrate
was evaporated to dryness under reduced pressure to give a brown
solid, which was purified by recrystallization from methylene chlo-
ride under —60 °C. After the impurity was filtered, the filtrate was
evaporated to give a golden solid (896 mg, yield 62%). 'H NMR
(300 M, CD3COCD3)  9.89 (s, 2H), 9.44 (d, J=9.0, 2H), 9.30 (d, J=9.0,
2H), 9.11 (s, 1H), 7.78 (m, 8H), 7.67 (s, 4H). 13C NMR (100 M,
CD3COCD3) 6 168.65,162.62(q), 143.43,142.64, 141.24,135.56,130.80,
130.27, 129.81, 129.48, 127.20, 125.37, 123.60, 119.99, 118.45. HRMS
(MALDI-FTMS) m/z 752.9965 (C45H21S [M]* calcd: m/z=752.9967).
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