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Facile redox-induced aromatic-antiaromatic interconversion of a
B-tetracyano-21,23-dithiaporphyrin under ambient conditions

Ken-ichi Yamashita,* Kana Nakajima, Yusuke Honda, and Takuji Ogawa*

Abstract: Facile redox-induced aromatic-antiaromatic
interconversions were accomplished using B-tetracyano-21,23-
dithiaporphyrin  (CN4S;Por). Introduced cyano groups not only
increased the reduction potential of the porphyrin core but also
stabilized the antiaromatic isophlorin (CN4S;lph) by n-conjugation.
The reduction of CN,S,Por with hydrazine in polar solvents
quantitatively affords CN4Slph, even under ambient conditions.
CN,S;lph retains a nearly planar conformation and exhibits
considerable antiaromaticity. Aerobic oxidation of CN,S.lph to
CN,4S;Por occurs in nonpolar solvents. This study was conducted to
contribute to the understanding of the structure—antiaromaticity
relationship.

Introduction

Aromatic-antiaromatic interconversion in cyclic rn-conjugated
systems attracts growing attention because it changes drastically
physical (e.g., magnetic and spectroscopic) properties.it
Interconversions have been accomplished by various approaches,
the 2e-oxidation/reduction being the most favored one.

Porphyrinoids, specifically expanded porphyrins, are
undoubtedly key compounds in this field and a considerable
amount of stable antiaromatic porphyrinoids were synthesized.™!
Isophlorins are two-electron reduced products of basic porphyrins
(18xr aromatic), and therefore they potentially have
20r antiaromatic properties.?! The basic isophlorins are generally
unstable and difficult to isolate.

There are three types of well-characterized isophlorins. One
is the deformed isophlorin. Introducing a substituent on their
periphery or the internal nitrogen atoms changes their 20n
antiaromaticity, improving their stability.3-5!

The second type of isophlorins contain tetravalent elements
such as Si or Gel™™ or their respective analogues.l’°-%3 They
complement isophlorins in terms of their charge valance because
isophlorins serve as tetravalent ligands. Although these
isophlorins are sensitive to oxidation, they can be isolated and
their structure, antiaromaticity, and other physical properties have
been well-studied. The central metals suppress the deformation
of the isophlorin macrocycle and retain their antiaromaticity.
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The third type is the core-modified isophlorins. Tetraoxa- and
dioxadithiaisophlorin are representatives of stable isophlorins with
strong antiaromatic characteristics.’4 The electron-deficient
pentafluorophenyl (Ce¢Fs-) substituents at the meso-position of
those isophlorins contribute to their stabilization. A tetrathia-
analogue had nonplanar conformation and therefore nonaromatic
properties because of the steric repulsion of the bulky S
atoms.!5181  Recently, antiaromatic trioxa-analogues were
reported and for the first time converted to aromatic porphyrins by
2e-oxidation.[*” Core-modifications with heteroatoms inhibit -
conjugation and result in destabilization of the oxidized 18~
aromatic state.?*171" Therefore, the synthesis of stable
antiaromatic isophlorins with a core-modification number of two or
less is not only challenging,*¥ but also important to understand
structure-antiaromaticity relationships.

Herein, we report the facile and reversible reduction of a
21,23-dithiaporphyrin  derivative to the  corresponding
antiaromatic isophlorin (Scheme 1). Typically, dithiaporphyrins
have low reduction potentials (Table 2), which complicates the
synthesis of isophlorins.!¥ To increase the reduction potentials,
electron-deficient substituents should be introduced to the
peripheral positions of the molecule. Four cyano groups were
added to the B-positions of the pyrrole ring of 21,23-dithia-meso-
tetraphenylporphyrins (S.TPP) because B-
tetracyanotetraphenylporphyrin  (CN4TPP) have significantly
higher reduction potentials than unsubstituted TPP.[?%

Ph CN

Ph
NC
NC Ph NC Ph
18n aromatic 207 antiaromatic
1 [2]%

Scheme 1. Redox-interconversion between 18n aromatic B-tetracyano-S2TPP
1, and the reduced 20r antiaromatic isophlorin [2]2".

Results and Discussion

The compound B-tetracyano-S,TPP 1, which is an oxidized form
of isophlorin [2]?>", was synthesized for the first time by the
copper-catalyzed cyanation of B-tetrabromo-S,TPP?Y. In our
hands, however, the synthesis under the same conditions as that
of CN4TPP (i.e., the reaction in pyridine)?? was unsuccessful.
After changing the solvent to 1,3-dimethyl-2-imidazolinone (DMI),
which is more suitable for copper(l)-catalyzed reactions,??! the
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desired product 1 was obtained. To increase the product yield, the
resultant reaction mixture was treated with aqueous FeCls. The
observed yields were 30% without and 45% with treatment,
respectively. The low yield obtained in the absence of FeCls is
probably due to reduction of the product under the reaction
conditions (vide infra). FeCl; oxidizes the reduced species to
reproduce 1.

X-ray diffraction of 1 showed (Figure 1, and Table 1), that the
crystal contained two crystallographic independent molecules.
One molecule (molecule A) had a saddle-shaped conformation
while the other (molecule B) had a wave-shaped conformation.
Values of mean plane deviation, defined by 24 core atoms, are
0.19 (molecule A) and 0.11 (molecule B), which are similar to that
for S,TPP (0.13).24 The harmonic oscillator model of aromaticity
(HOMA) indices, which are used as an index for evaluating the
degree of bond-length alternation and therefore (anti)aromaticity
of cyclic conjugated m systems,?>28 were 0.859 and 0.810 for
molecule A and B, respectively. These values are slightly smaller
than that for S,TPP (0.91),24 but do not indicate any significant
bond-length alternation. According to the DFT calculation
(B3LYP/6-31+G™), the optimized structure with the saddle-
shaped conformation was slightly more stable than that with the
wave-shaped structure (0.41 kcal mol™). Moreover, the wave-
shaped structure had one imaginary frequency as the result of
frequency calculation, suggesting the instability of this
conformation in the vacuum state.

Table 1. Selected structural data for structure 1 and [2](PPha)2.

1A 1B [21(PPha).
conformation saddle wave (]

(C=N)av / A 1.147 1.150 1.157
(Cp-CN)av / A 1.430 1.430 1.419
(Cp-pyrrole=Cp-pyrrole)av / A 1.364 1.357 1.424

mpd / A& 0.19 0.11 0.17

HOMALD! 0.859 0.810 0.501 (0.508)

[a] Mean plane deviation defined by 24 core atoms. [b] Calculated for the
circuits representing the bold line shown in Figure 1. The value in
parentheses is considered for the whole macrocycle skeleton. [c] See Figure
S1.

10.1002/chem.201905823

WILEY-VCH

Figure 1. Crystal structures of 1. Thermal ellipsoid representations (40%
probability level) of top (a, and b) and side views (c, and d)) for molecule A and
molecule B, respectively. C = gray, H = white, N = blue, and S = yellow. Solvated
molecules (CHCIs) are omitted for clarity.

Physical properties of 1 in nonpolar solvents resembled
typical aromatic porphyrins. In the NMR spectrum of 1 in CDCls
(Figure 2a), the sharp singlet signal for B protons was observed
downfield (9.64 ppm) due to the diatropic ring current in 1 with 187
aromatic character. The UV/vis absorption spectrum in CH.Cl,
exhibited an intense Soret band at 463 nm and split Q bands at
longer wavelengths (Figure 3). The Q(0,0) band was observed at
767 nm, which is at a considerably longer wavelength than that of
S,TPP (698 nm).21 Moreover, 1 exhibited NIR fluorescence
(730-1100 nm) with a peak maximum of 854 nm in CH.Cl, (Figure
3), which is also substantially red-shifted compared to those
reported for S;TPP (Amax = 706 nm in CHCI32® and Apax = 711 nm
in CH2CL™). The fluorescence quantum yield (®y) of 1 was 0.007.
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Figure 2. 'H NMR (500 MHz) spectra of (a) 1 in CDCls, (b) in [Ds]DMSO, (c)
and [2]?~ generated by the in-situ reduction using NH2NH2-H20 in [Ds]DMSO.
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Figure 3. UV/Vis/NIR absorption (black) and emission (red) spectra of 1 in
CH:zCla.

The behavior of 1 in highly polar solvents (e.g., DMSO, DMF)
is quite different from that in nonpolar solvent described above.
H NMR spectra in [Dg]DMSO (Figure 2b) or [D7]DMF (Figure
S3a), showed that the signal for the B-protons disappeared, and
signals for the phenyl rings were significantly broadened. The
UV/vis absorption spectrum in DMSO was broadened compared
to that in nonpolar solvents, and a new peak appeared at 925 nm
(Figure S4). These results suggest that a part of 1 was
spontaneously reduced to the anion radical in those solvents.
Evidence was definitively provided by ESR measurement of 1 in
DMSO, and a distinct peak was observed at g = 2.00390 (Figure
S5).

Cyclic and differential-pulse voltammetry was performed in
both nonpolar and polar solvents (Figure S6), and the observed
redox potentials are summarized in Table 2. In CH,Cl,, 1 exhibited
two reversible reduction waves at —0.54 and -0.81 V and two
oxidation waves at 1.08 and 1.26 V, the latter being irreversible.
Those potentials were significantly positive-shifted compared to
those of S,TPP1, as expected. The HOMO-LUMO gap of 1,
estimated by the difference between Eoxi and Ereq1, was 1.62 eV
(13,100 cm™), which was smaller than that of S,TPP (2.02 eV,
16,300 cm™).

On the other hand, in DMSO, those redox potentials were ca.
0.2 V positive-shifted, indicating that reduced states are more
stable in polar solvent. In addition, the third reduction peak was
observed at -2.19 V.

Table 2. Half-wave potentials (V vs Fc/Fc*) of 1 and SoTPP. Potential values
of 1 were obtained from differential pulse voltammetry (DPV).

solvent  Eox Eox1 Erea1 Ered2 Ereds
CHCl, (1.26)P) 1.08 -054 -0.81 -
' DMSO -M - -0.33 -0.61 -2.19
S2TPPE  CH:Cl, 0.70 -1.32 -1.69

[a] Data from ref 19. [b] Irreversible peak. [c] Out of the potential window.

Due to the markedly positive-shifted reduction potentials, 1
readily underwent 2e-reduction by weak reducing agent. When 1
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was treated with hydrazine monohydrate in DMSO, the color of
the solution changed rapidly from brown to reddish purple. In the
UV/Vis/NIR spectrum of the product (Figure 4), the intense Soret
band of 1 disappeared and three new absorption bands appeared.
The longest band was extended to 1050 nm (9500 cm™) and its
molar extinction coefficient (¢) was less than 103. These bands
are characteristic of the antiaromatic porphyrinoid with a narrow
HOMO-LUMO gap and therefore indicated the generation of [2]>".
The second and third absorption bands have a clear vibronic
structure. TDDFT calculation of [2]> suggested that the first,
second, and third absorption band correspond to Sy—S:

(HOMO—LUMO), S;—S, (HOMO—LUMO+1), and Sy—S;
(HOMO-1—-LUMO), respectively (Table S6).
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Figure 4. UV/vis/NIR absorption spectra of [2]?” in DMSO in the presence of
NHzNH2-H20 (1%). Dashed line was magnified 50 times.

The H NMR spectrum of 1 reduced with NH;NH;-H,O in
[Ds]DMSO indicated the formation of antiaromatic isophlorin [2]>
as a sole product. The spectrum exhibited a sharp singlet signal
for B protons at 4.99 ppm (Figure 3c), which were, compared to 1,
considerably upfield shifted. Comparison of the chemical shifts of
selected isophlorins with antiaromaticl’-'417:18 and nonaromaticl®-
8 characters, other relevant antiaromatic porphyrinoids,?°-3U
quinoidal thiophene compounds®?33 is summarized in Table S16.
The peak of [2]> is shifted downfield compared to those of the
strong antiaromatic analogues (from 3 to -1 ppm), but shifted
upfield compared to those of the distorted nonaromatic analogues
and quinoidal thiophene compounds (from 8 to 6 ppm). Therefore,
[2]> has moderate antiaromaticity. Similar results were also
observed in [D7]DMF (Figure S3b). No signals assignable to NH
proton were observed within the range of those for analogous
compounds (from 30 to 7 ppm, Figure S7).5-51718 This indicates
that [2]>" is not protonated in the solution.

To attempt the isolation of [2]?7, the product was extracted with
CHCI3 from DMSO/water solutions of [2]?~. However, the color of
the extracted product was brown. The *H NMR (Figure S8) and
UV/vis (Figure S9) spectra of the obtained compound in
halogenated solvents are identical to those of 1, indicating the
aerobic oxidation of [2]>” to 1. These results suggest that [2]?" is
stabilized by high-polar solvents. In fact, [2]?~ was not reduced at
all with hydrazine in nonpolar solvents but in polar solvent such
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as DMF, MeOH, water, and hydrazine, which is consistent with
the electrochemical study results.

As-generated product [2]>~ (probably a hydrazinium salt) was
difficult to isolate due to its high solubility. Therefore, [2]>~ was
isolated as the less-soluble tetraphenylphosphonium (PPh,*) salt,
upon adding a methanol solution of PPh4*Br to the [2]?"solution in
MeOH, water, or hydrazine to precipitate of [2](PPh.).. Notably,
addition of other salts containing tetraalkylammonium or Na(18-
crown-5) cation also afforded the precipitate, indicating counter
cation exchange. These results also support that [2]>~ is not
protonated in polar solution. Moreover, slow mixing, following the
liquid-liquid layer diffusion method, resulted in single crystals of
[2](PPh,),. X-ray diffraction (Figure 5, Table 1) revealed a nearly
planar conformation of [2]>~ with a small mean plane deviation
value (0.17). Compared to 1, clear bond-alternation was identified
in the isophlorin macrocycle, except for the pyrrole rings. The
HOMA value obtained from the crystal structure of [2]>~ was 0.501,
which was considerably smaller than that of 1. Comparing this
value with those of the relevant compounds, it was found to be
within the range of typical antiaromatic porphyrinoids, and
considerably higher than those of nonaromatic porphyrinoids
(Table S16). These data also support the moderate
antiaromaticity of [2]?". The average CN bond distances of the
introduced cyano groups in [2]>~ were slightly elongated
compared to those of 1 (Table 1), indicating the decrease in bond
order of the cyano groups. This was also supported by IR
measurements (Figure S10). A CN stretching peak was shifted by
33 cm™ to lower wavelength upon reduction (2218 and 2185 cm™
for 1 and [2](PPha)., respectively).

(a)

Figure 5. Thermal ellipsoid representations (40% probability level) of the
[2](PPha)2 crystal structure. (a) Top view without PPha cation, (b) side view with
PPhgs cation. C = gray, H = white, N = blue, S = yellow, and P = orange.
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To obtain further insight into the antiaromaticity of [2]%", we
calculated the anisotropy of the induced current density (AICD)4
and the nucleus-independent chemical shift (NICS)B5%€l, The
AICD plot revealed the expected counterclockwise ring current for
the antiaromatic n-systems (Figure 6). Although both heteroatoms
inside [2]?>~ and B-carbons can contribute to the 207 antiaromatic
ring, the ring current indicated that the contribution of Cg.pyrrole Was
almost negligible, that is, only nitrogen atoms inside the ring
contributed. The contribution of Cg-thophene and thiophene atoms
inside the ring were similar.

NICS values for [2]>~ were consistent with the AICD result
(Tables 3, S7). NICS(0) values of a (center of the macrocycle) and
b, which are inside the counterclockwise current, were 6 and 5,
respectively, while that of c (center of the pyrrole ring), which was
outside the counterclockwise current, was negative (-11.0). The
value of d (center of the thiophene ring) was a lower positive value
because this point is both inside and outside of the ring currents,
as revealed by AICD plots. This might be one of the reasons why
the upfield-shift of the -proton was lower than that of other
isophlorin derivatives reported to date.?! Notably, the apparently
small NICS values near the sulfur atoms (a,b,d, and e) are
affected by the considerably strong diamagnetic contribution of
the sulfur atoms, supported by each of the components of the
chemical shift tensor (Table S7). Therefore, NICSz; values, which
are the zz components of the chemical shift tensor and are more
reliable indexes for the evaluation of aromaticity, are considerably
large (Table 3), thus supporting the antiaromaticity of [2]%".

To consider the effect of the cyano groups on the
antiaromaticity, a NICS calculation for an unsubstituted isophlorin
[S2lph]?>~ was performed. All the obtained NICS values were
considerably higher than those of [2]?>7, suggesting that
introducing cyano groups decreases the antiaromaticity (Table 3).

Figure 6. AICD plot for [2]?> (isosurface value: 0.03).
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Table 3. NICS (HF/6-311+G*//B3LYP/6-31+G**) values for [2]* (R = CN)
and [Szlph]* (R = H).®

Ph Ph

R R
L Ph Ph
a(0)®! a(1) plb! clbl dlbl
[21= 6 (30) 6 (20) 5(38) -11 (2) -1(28)
[Salph]> 14 (51) 13 (41) 15 (68) -8 (3) 5 (46)

[a] NICSiso values are shown. The values in parentheses are NICS;; values.
[b] NICS(0). [c] NICS(1).

Introduction of the four cyano groups increases the number of
possible nonaromatic and aromatic resonance structures of [2]%".
Therefore, the contribution of the nonaromatic and/or aromatic
resonance structure would decrease its antiaromaticity. This was
further supported by structural and spectroscopic data; i.e., the
elongation of the CN triple bonds and the low-shifts of the CN
stretching wavelengths upon reduction. According to the DFT
calculations, the negative charge on [2]>" is predominantly located
not only on the inner nitrogen atoms (-0.511e) but also on the
cyano nitrogen atoms (-0.410e) (Figure S13).

Shinokubo and co-workers reported norcorroles with one or
two cyano groups on the B positions.[*! In this case, effect of the
introduced cyano groups on the antiaromaticity is weak compared
to our results probably because the introduced cyano groups do
not affect the contribution of the possible nonaromatic resonance
structures in the norcorrole system.
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Scheme 2. Possible resonance structures of [2]2".

Conclusions

The first-time synthesis of B-tetracyanodithiaporphyrin 1 was
done, because 1 can easily be reduced to the 20n antiaromatic
isophlorin [2]?". Introducing cyano groups into 1 resulted in NIR
fluorescence and a high reduction potential in polar solvents. The
reversible conversion between 1 and [2]*>~ was achieved under
ambient conditions. Isophlorin [2]> has a nearly planar
conformation and weak antiaromaticity. This is the quite rare
examples of 2-core-modified isophlorin with antiaromatic
character.*® The introduced cyano groups not only stabilized the
isophlorins but also weakened its antiaromaticity by w-conjugation
within the macrocycle. Because these substituent effects have not
been studied extensively before, our results should contribute to
the further understanding of the structure-antiaromaticity
relationship. Additional research is planned in this regard.

Experimental Section
Instrumentation and Materials

1,3-Dimethyl-2-imidazolidinone (DMI) was distilled from CaHz. All other
chemicals were of reagent grades and used without any further purification
otherwise noted. Analytical thin layer chromatography (TLC) was
performed on silica gel 60 Fzss plates. Column chromatography was
performed using silica gel 60N (Kanto Chemical, spherical, neutral, 63—
210 pm). All NMR spectral data were recorded on a JEOL ECA-500 (500
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MHz) spectrometer. These data were collected at ambient temperature
(25 °C). *H NMR spectra were referenced internally to tetramethylsilane
as a standard. 3C NMR spectra were referenced internally to a solvent
signal (6=77.0, 73.8, and 39.5 ppm for CDClz, [D2]tetrachloroethane, and
[De]dimethysulfoxide). ESR spectral data were recorded on a JEOL JES-
FA200 spectrometer. ESI HRMS data were measured on a Bruker
micrOTOF lll. IR measurements were recorded on a JASCO FT/IR-6100
spectrometer equipped with an ATR unit. UV/vis/NIR spectral data were
recorded on a Shimadzu UV-3150 spectrometer. Fluorescence spectra
were recorded on a HORIBA Fluorolog3-211 spectrometer. The
fluorescence quantum yield of 1 was estimated by taking 3,3'-diethyl-5,5-
dichloro-3,5-ethylene-4-(diphenylamino)-2,2"-indotricarbocyanine
perchlorate (IR-140, Sigma-Aldrich) in ethanol as the standard (®f =
0.167).38 Melting points were determined on a Barnsteadinternational
MEL-TEMP melting point apparatus. Cyclic and differential pulse
voltammetry measurements were carried out using ALS 630E
electrochemical analyzer in Nz-saturated CH2Clz solutions (CHzCl2 or
DMSO) containing 0.1 M tetrabutylammonium hexafluorophosphate as a
supporting electrolyte at ambient temperature (298 K). A conventional
three-electrode cell was used with a glassy carbon working electrode, a
platinum wire counter electrode, and a silver wire pseudoreference
electrode. Ferrocene was used as the internal standard in all
electrochemical experiments, and reported potentials were corrected for
Fc/Fc*couple.

Synthesis of 5,10,15,20-tetraphenyl-21,23-dithiaporphyrin

To a solution of 2,5-bis(phenylhydroxymethyl)thiophenel®! (457 mg, 1.54
mmol) and freshly distilled pyrrole (0.10 mL, 1.4 mmol) in chloroform (135
mL), BFs-OEt (0.19 mL, 1.5 mmol) was added. The resultant solution was
stirred at room temperature under N2 for 15 h. The resultant solution was
added DDQ (257 mg, 1.13 mmol), and then stirred for 30 min. The
resultant solution was added triethylamine (0.35 mL), and then
concentrated under the reduced pressure. The resultant mixture was
dissolved in CHCIz and then poured on top of a basic alumina column
packed with CHClIs, then eluted with CHCIz. The obtained product was
further purified by column chromatography (silica gel, hexane/CH2Cl2 1:1),
and then recrystallized from CHCIs—MeOH to give the title compound as a
purple solid (72.3 mg, 0.111 mmol, 15%). *H NMR spectrum of the product
was consistent with that previously reported. 4!

Synthesis  of
dithiaporphyrin

7,8,17,18-tetrabromo-5,10,15,20-tetraphenyl-21,23-

To a solution of 5,10,15,20-tetraphenyl-21,23-dithiaporphyrin (120 mg,
0.185 mmol) in chloroform (30 mL), N-bromosuccinimide (494 mg, 2.78
mmol) was added. The resultant solution was refluxed for 24 h. After
cooling to room temperature, the resultant solution was added
triethylamine (2 mL), and then concentrated under the reduced pressure.
Then, resultant solution was added the excess of MeOH to precipitate the
product. The product was collected by the filtration to give the title
compound as a purple solid (157 mg, 0.162 mmol, 93%). 'H NMR
spectrum of the product was consistent with that previously reported. ]

Synthesis  of
dithiaporphyrin (1)

7,8,17,18-tetracyano-5,10,15,20-tetraphenyl-21,23-

7,8,17,18-Tetrabromo-5,10,15,20-tetraphenyl-21,23-dithiaporphyrin (50
mg, 0.052 mmol), CuCN (187 mg, 2.0 mmol) was mixed in freshly distilled
DMI (5.4 mL). The resultant mixture was stirred at 150 °C for 48 h under
N2. The resultant mixture was cooled to room temperature, and then added
chloroform (13 mL) and a solution of FeCls-6H20 (933 mg) in H20 (20 mL).
The resultant mixture was stirred at 70 °C for 30 min. After cooling to room
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temperature, the product was extracted with CHCls, and then the organic
layer was washed with aqueous NHs, (x1), water (x1), NH4Cl aq (x2) and
brine (x1), and dried over MgSOa. Solvent was removed under the reduced
pressure. The crude product was purified by column chromatography
(silica gel, CH2Cl2). Recrystallization from CHCIs/MeOH gave 1 as a pink
purple solid (34 mg,0.046 mmol, 45%). Analytically pure sample was
obtained by recrystallization from CH2Cl./hexane as a purple powder. Rt =
0.23 (CH2Cl2); m.p.: >300 °C; *H NMR (500 MHz, CDClz) 5= 9.64 (s, 4H,
PorHp), 8.14 (d, J = 6.9 Hz, 8H, PhHo), 7.98 (t, J = 7.7 Hz, 4H, PhHp), 7.89
(t, J = 7.7 Hz, 8H, PhHm); 3C NMR (125 MHz, C2D2Cls) 5= 151.4 (Cq),
149.5 (Cq), 139.6 (CH), 137.5 (Cq), 137.2 (Cq), 133.6 (CH), 130.5 (CH),
128.2 (CH), 124.9 (Cq), 112.0 ppm (Cq); IR (ATR): v~ = 3055, 3021, 2928,
2218, 1733, 1480, 1444, 1409, 1344, 1263, 1135, 1098, 1053, 1025, 1000,
967, 927, 897, 847, 807, 754, 731, 714, 698, 665, 624, 608, 534, 502, 477
cml; UVIVis (CH2Cl2): Amax (Loge) = 451 (sh, 5.20), 463 (5.29), 517 (3.87),
553 (4.10), 594 (4.51), 699 (3.67), 767 nm (4.33); HRMS(ESI): m/z calcd
for CasH24NeS2: 748.1498 (M-), found 748.1480; elemental analysis calcd
(%) for CagH24NeS2: C, 76.99; H, 3.23; N, 11.22; found: C, 76.72; H, 3.20;
N, 11.11.

Reduction of 1 and isolation of [2](PPhy):

To a solution of 1 in DMSO or DMF, a few drops of NH2NHz2-H20 was
added. Color of the solution was rapidly changed to reddish purple. *H
NMR and UV/vis analyses revealed the quantitative formation of [2]2-
probably as a hydrazinium salt.

For the isolation of [2]>", 1 (4.97 mg, 6.63 umol) was dissolved in
NH2NH2:H20 (5 mL). A solution of tetraphenylphosphonium bromide in
methanol was gently placed on the top of the resultant solution. After 1 day,
microcrystals of [2](PPhas)2 was precipitated, collected by the filtration, and
dried under vacuum to give [2](PPhas)2 as brown microcrystals (5.2 mg,
3.64 umol, 55%). M.p. (PPhs salt): >300 °C; *H NMR (hydrazinium salt,
500 MHz, [Dg]DMSO+1%NH2NH2-H20) 6= 7.20 (t, J = 7.3 Hz, 8H, PhHm),
7.13 (t, J = 7.3 Hz, 4H, PhHp), 6.86 (d, J = 6.9 Hz, 8H, PhHo), 4.99 (s, 4H,
PorHp); 13C NMR (hydrazinium salt, 125 MHz,
[D6]DMSO+1%NH2NH2-H20) 6=152.3 (Cq), 145.6 (Cq), 138.9 (Cq), 131.6
(CH), 129.8 (CH), 128.7 (CH), 127.3 (CH), 126.4 (Cq), 115.6 (Cq), 96.5
ppm (Cq); IR (PPhs salt, ATR): v~ = 3059, 3024, 2921, 2185, 1596, 1584,
1505, 1482, 1435, 1414, 1311, 1143, 1105, 996, 977, 840, 780, 750, 718,
688, 525, 436 cm; UV/Vis/INIR (hydrazinium salt,
DMSO+1%NH2NH2-H20): Amax (Loge) = 381 (4.57), 400 (4.65), 422 (4.80),
500 (4.32), 526 (4.70), 567 (4.88) 693 (3.03), 753 (2.98), 860 (sh, 2.70),
970 nm (1.89); elemental analysis (PPhs salt) calcd (%) for
CagH24N6S2P2-:2H20: C, 78.78; H, 4.68; N, 5.74; found: C, 78.87; H, 4.63;
N, 5.78.

X-Ray crystal structure determinations

Single crystals of 1 suitable for X-ray diffraction study were obtained by
slow diffusion of hexane vapor into a solution of 1 in CHCIs while those of
[2](PPh4)2 were obtained by slow diffusion of tetraphenylphosphonium
bromide in methanol into a solution of [2]?~ (just reduced by NH2NHz-H20)
in methanol. Single-crystal X-ray diffraction data were collected on Rigaku
VariMax RAPID FR-E diffractometer, or Rigaku XtaLAB P200
diffractometer using multilayer mirror monochromated Mo-Ka. radiation (1
=0.71075 A) by the » scan mode. The crystal was cooled by a stream of
cold N2 gas. Collection, indexing, peak integration, cell refinement, and
scaling of the diffraction data were performed using the RAPID AUTO
software (Rigaku) or CrystalClear-SM Expert 2.1 b45 software (Rigaku).
The data were corrected for Lorentz and polarization effects, and empirical
absorption correction was applied. The structures were solved by the
SHELXTMY program and refined by full-matrix least-squares calculations
on F? (SHELXL2017)“d, Al nonhydrogen atoms were modelled
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anisotropically. All hydrogen atoms were placed in idealized positions and
refined using a riding model [Uiso(H) = 1.2Ueq(C)]. The crystallographic data
are summarized in Tables S1 and S2. CCDC 1966841 (1), and 1966840
([2](PPha)2) contain the supplementary crystallographic data for this paper.
These data can be obtained  free of charge via
www.ccdc.cam.ac.uk/data_request/cif.

DFT calculations

All calculations except for AICD were carried out using the Gaussian 16
program package (Revision B.01).*3! Geometries of all models were
optimized by the DFT method at the B3LYP/6-31+G(d,p) level. To confirm
that the optimized geometries were not in saddle but in stable points,
frequency calculations were performed. The optimized structure of 1 with
the saddle-shaped conformation was slightly more stable than that with the
wave-shaped structure (0.41 kcal mol™). Moreover, the wave-shaped
structure had one imaginary frequency as the result of frequency
calculation, suggesting the instability of this conformation in the vacuum
state. Therefore, the saddle-shaped conformation model of 1 was used for
the further calculations (e.g., TD-DFT). Charge distribution was calculated
by NBO3.

Nucleus-independent chemical shifts (NICS) values were calculated at the
GIAO-HF/6-311+G(d,p) level. The anisotropy of the current-induced
density (ACID) calculations were performed using the Gaussian 09
program package (Revision E.01)4 at the B3LYP/6-31+G(d,p) level using
the CSGT method and analyzed using the AICD 2.0.0 program.
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