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1. Experimental

Synthetic procedures were carried out under dry nitrogen atmosphere, unless otherwise specified. All of
the chemicals were purchased at the highest commercials quality available (Wako, Kanto, TCI, and Aldrich)
and used without any further purification, unless otherwise stated. The syntheses of Zn-porphine was
reported previously.' 'H and *C NMR spectra were recorded on a INM-ECS400 (400 MHz for 'H; 100 MHz
for '*C) and INM-ECA600 (600 MHz for 'H; 150 MHz for '*C) spectrometers at a constant temperature of
298 K. Tetramethylsilane (TMS) was used as an internal reference for 'H and *C NMR measurements in
CDCls. Elemental analyses were performed on a Yanaco MT-6 analyzer. Silica gel column chromatography
was performed using Merck silica gel 60. GPC was performed using a JAI LC-9204 equipped with JAIGEL
2H-40/1H-40 or 3H-40/2.5H-40 columns. ESI-TOF Mass spectroscopy was performed with a
micrOTOF-QII, Bruker. Matrix-assisted laser desorption ionization time-of-flight mass spectroscopy
(MALDI-TOF-MS) was performed with an ultraflex III, Bruker Daltonics and dithranol was used as the
matrix. The absorption spectra were recorded with a Hitachi U-4100 spectrophotometer in CHCIl3 solutions
at 20 = 0.1 °C in 1.0 cm quartz cells. The fluorescence spectra were measured with a Hitachi F-4500
fluorescence spectrophotometer in CHCl3 solutions at 20 + 0.1 °C in 1.0 cm quartz cells. Cyclic voltammetry
(CV) and the differential-pulse voltammetry (DPV) were conducted using a BAS Electrochemical Analyzer
Model ALS 750 Ds. The CV cell consisted of a glassy carbon electrode as a working electrode, a Pt wire as a
counter electrode, and a Ag/AgCl in CH;CN as a reference electrode. Tetrabutylammonium
hexafluorophosphate was used as a supporting electrolyte. The redox potentials were calibrated with

ferrocene as an internal standard.
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2. Synthesis
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Scheme S1. Synthesis of 5,10,15,20-tetra(/N-carbazolyl)porphyrin
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2-1. Synthesis of 3,6-di(2-methoxyethoxy)carbazole, C1

\ /
Cul 0™\ o 00

2-Methoxyethanol
77% H

Chemical Formula: C;,H,BroN Chemical Formula: C1gH»NO4
Exact Mass: 322.89 Exact Mass: 315.15
Molecular Weight: 325.00 Molecular Weight: 315.37

C1

NaH (24.4 g, 614 mmol, 20 equiv.) was dissolved in 2-methoxyethanol (350 mL). 3,6-
Dibromocarbazole (10.1 g, 30.7 mmol) and Cul (24.3 g, 129 mmol) were added to the
solution. The mixture was refluxed for 19 h. After cooling, the reaction mixture was filtered
to remove insoluble inorganic materials. The residue was washed with AcOEt. The filtrate
was washed with 10% Na,S>0; solution (500 mL x 1), water (500 mL X 3), brine (500 mL x
1). The organic layer was collected and dried with anhydrous Na,SOs, then evaporated to
obtain brown solid and colorless liquid. The colorless liquid was removed with decantation to
obtain crude as brown solid. The crude was purified by SiO, column chromatography (SiO»,
hexane: AcOEt = 5:1-3:1) to obtain C1 as colorless solid (7.48 g, 77%). '"H NMR (400 MHz,
CDCI/TMS) 6= 7.82 (s, 1H), 7.51-7.50 (d, J = 2.4 Hz, 2H), 7.30-7.26 (m, 2H), 7.10-7.07 (d-
d, J= 2.4Hz, 8.6Hz, 2H), 4.25-4.22 (t, J = 4.8, 4H), 3.82-3.80 (t, J = 4.8, 4H), 3.49 (s, 6H),
C NMR (100 MHz, CDCI3/TMS) 6 = 152.5, 135.5, 123.5, 115.9, 111.5, 104.2, 71.3, 68.3,
59.2. HRMS (ESI-TOF) m/z: [M + Na]" Calcd for CisH21NO4Na 338.1368; Found 338.1365.

IR (ATR): 3314 (NH), 1204 (ArOR), 1046 (ArOR) cm .
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"H NMR spectrum of C1
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Synthesis of HaP1

C1, PIDA,
NaAuCls2H20, Cs2CO3 ~,
CH2Clz, MeOH TFA
> —> HP1
27%
o
Zn-Por - ZnP1 K,O\
Chemical Formula: C2oH12N4Zn
Exact Mass: 37;0.0;'2 ¢ Chemical Formula:_ Co2HgsNsO16Zn
Molecular Weight: 373.72 Exact Mass: 1624.56

Molecular Weight: 1627.14

Zn-por' (32.2 mg, 80.3 umol) and C1 (257 mg, 803 pmol) were dissolved in dry CH,Cl,
(160 mL) and MeOH (5 mL). CsxCOs (0.537 g, 1.6 mmol, 20 equiv) was added to the
solution. To the stirred solution of Zn-por and C1, phenyliondine diacetate: PIDA (108 mg,
241 pmol, 4 equiv) and NaAuCly*2H,O (192 mg, 482 umol, 6 equiv) were added. The
reaction mixture was stirred at room temperature for 30 min. The reaction was quenched with
10% NazS,04 aqueous solution 200 mL, then reaction mixture was filtered. The organic layer
was collected and washed with 10% Na,S,04 aqueous solution (200 mL), water (200 mL x 2),
brine (200 mL), and dried over anhydrous Na,SOs, then evaporated to obtain brown solid.
The solid was dissolved in CH»Cl, (20 mL) and MeOH (5 mL). TFA (6.40 mL, 83.6 mmol)
was added to the solution. The solution was stirred at room temperature for 1 h. 1M NaOH
aqueous solution (200 mL) and CH,Cl, (150 mL) were added to the solution. The organic
layer was collected and washed with sat. NaHCOs aqueous solution (200 mL), water (200 mL
x 2), brine (200 mL), dried over anhydrous Na,SOa, then evaporated to obtain crude. The
crude was SiO, column chromatography (3.5 cm¢ % 10 ecm, CH,Cl,: MeOH = 100:1, 50:1) to
obtain the fraction containing the target. This fraction was further purified by GPC (JAIGEL,
2H-1H, eluent: CHCI3) to obtain the target as brown solid (34.3 mg, 21.8 pmol, 27%). 'H
NMR (400 MHz, CDCI3/TMS) 6 = 8.36 (s, 8H), 7.82-7.81 (d, J= 2.4 Hz, 8H), 6.96-6.93 (d-d,
J=2.4Hz 9.2, 8H), 6.78-6.76 (d, /= 9.2 Hz, 8H), 4.32-4.29 (t, J = 4.4 Hz, 16H), 3.85-3.82
(t, J= 4.4 Hz, 16H) 3.49 (s, 24H), -2.17 (s, 2H). *C NMR (100 MHz, CDCl3/TMS) 6 = 153.5,
144.9, 123.1, 116.3, 114.8, 111.6, 104.6, 71.3, 68.5, 59.3. MALDI-TOF MS (dithranol,
positive); m/z calcd for [M + H]" 1563.7 found 1563.9, Anal. calcd for Co, HyoNsOg*0.2CHCls.
C 69.75 H 5.73 N 7.06; found C 69.86 H 5.81 N 6.76. IR (ATR): 1200 (ArOR), 1026 (ArOR)

-1
cm .
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"H NMR spectrum of HoP1
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MALDI TOF-MS of H2P1

[M + HJ*

Mt ittt oiadminioteni

—ft—f———————f——————,——————
500 1000 1500 2000 2500 3000 3500 4000

m/z

S8



3. X-ray crystallographic analysis of H,P1 and H,P1**
3-1. X-ray crystallographic analysis of H,P1

Single crystal X-ray diffraction measurement was performed with a Rigaku X-ray diffractometer equipped
with a molybdenum MicroMax-007 and Saturn 70 CCD detector. The structure was solved by the direct
method (SHELXL-2014) and refined by the full-matrix least-squares on F? (SHELXL-2014/6) using
Yadokari-XG 2014.% All non-hydrogen atoms were refined anisotropically.

Red crystals of HoP1 suitable for X-ray analysis were obtained by slow vapor diffusion of methanol into
CHCI; at room temperature. The measurement was performed at 123 K. Total 39056 reflections were
collected, among which 8045 reflections were independent (Rin: = 0.0386). The crystal data are deposited in
the Cambridge Crystallographic Data Centre (CCDC 1864209). The crystal data are as follows: Formula
Co2HooN5O16; FW = 1563.71, crystal size 0.35 x 0.35 x 0.1 mm®, monoclinic, space group P2i/a (#14), a =
13.051(14) A, b=18.73(2) A, c = 19.67(2) A, a = 90°, = 90.899(10)°, y = 90°, V= 4808(9) A*, Z=2, Dcarca
=1.080 gcm>; R, = 0.0789 (I > 2 (1)), wR> = 0.2270 (all data), GOF = 1.089.

Figure S1. (a) Crystal structure of H,P1. ORTEP diagram with the thermal ellipsoids at a 50% probability

level. Solvents were omitted for clarity.

Two methanol and two disordered chloroform were placed between the molecules in the unit cell. These
solvent molecules were removed using the ‘SQUEEZE’ procedure in the PLATON program.® The dihedral
angles between carbazole and porphyrin core were 71° and 89°. In the molecular packing of H,P1, the

distance between the neighboring porphyrin planes was 13 A (Figure 1b).
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Table S1. Identification code of H2P1

Identification code

HzP1

Empirical formula
Formula weight
Temperature
Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calcd.)
Absorption coefficient
F(000)

Crystal size
Goodness-of-fit on F*
Ri[1>2s())]
wR, [all data]

Co2H9oN5O16
1563.71
123(2) K

Monoclinic
P2i/a
a=13.051(14) A
b=18.73(2) A

c=19.67(2) A
a=90°

£ =90.889(10)°

y=90°

4808(9) A®

2

1.080 g/cm®

0.075 mm'!
1652.0

0.35 x 0.35 x 0.1 mm’®

1.089
0.0789
0.2270
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3-2. X-ray crystallographic analysis of HyP1**«2(CF;SOx4")

Single crystal X-ray diffraction measurements were performed using synchrotron radiation (A = 0.7004 A)
at the BLO2B1 in the SPring-8 with approval of the Japan Synchrotron Radiation Research Institute (JASRI)
(proposal No. 2016B1144).

Red crystals of HsP1*+2(CF;SO4) suitable for X-ray analysis were obtained by slow evaporation of
acetonitrile at room temperature. The measurement was performed at 100 K. Total 250749 reflections were
collected, among which 14618 reflections were independent (Rin: = 0.0293). The crystal data are deposited in
The Cambridge Crystallographic Data Centre (CCDC 1868761). The crystal data are as follows: Formula
CeoHooF1:Ng025S4; FW = 2062.01, crystal size 0.20 x 0.20 x 0.20 mm?®, cubic, space group P4432 (#212), a =
b=c=233.668Q2) A, a=p4=y=90° V=138164.(7) A’>, Z=12, Dcaled = 1.129 g cm>; R, = 0.1133 (I >
20(1)), wR> = 0.3369 (all data), GOF = 1.349.

Figure S2. Crystal structure of HyP1?*«2(CF3SO4"). ORTEP diagram with the thermal ellipsoids at a 50%
probability level. Hydrogen atoms were omitted for clarity. (b) The dihedral angles between porphyrin plane

and each carbazol were shown. The side chains were omitted for clarity.
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Table S2. Identification code of HsP1**«2(CF3SOx4)

Identification code

H4P12+:2(CF3SO0y4)

Empirical formula
Formula weight
Temperature
Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calcd.)
Absorption coefficient
F(000)

Crystal size
Goodness-of-fit on F*
Ri[1>2s())]
wR; [all data]

CooHooF12N5O2554
2162.01
100(2) K

Cubic
P4,32
a=133.668(2) A
b=133.668(2) A
c=33.668(2) A
a=90°
L=90°
y=90°
38164(7) A®
12
1.129 g/cm®
0.149 mm'!
13440
0.2 x0.2 0.2 mm?
1.349
0.1133
0.3369
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Figure S3. (a) Left; The packing structure of HsP1?*«2(CF;SO4 ) was presented with a space-filling model.
H4P1** forms the cyclic barrel-shaped trimer, in which the three counter anions, 3CF;SOs~ were entrapped. In
the crystalline structure, the cyclic trimer assembled in the chiral left-handed fashion. Right; The cyclic
barrel-shaped trimer was bound through intermolecular m-n interaction between the peripheral carabazoles.
(b) The packing strucrure of HyP1**+2(CF3SO4") in the unit cell. The four cyclic trimer were shown with

different color.

There is a certain electron density due to the disordered solvent between the molecules and inside the
macrocyclic structure. These solvent molecules were removed using the ‘SQUEEZE’ procedure in the

PLATON program.’
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HzP1 H4P12+2(CF3S03-) H4TPP2+2CI-

Figure S4. X-ray crystal structures of (a) H2P1, (b) HaP1>"+2(CF3SO4"), and (c) H4TPP>"+2CI".% The side chains and
hydrogens were omitted for clarity. The plane-to-plane twist angles between the neighboring pyrrole ring of

H4TPP*+2Cl" are 38°—39°.4
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4. Absorption and fluorescence spectra of H,P1
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Figure S5. Absorption spectra of H,P1 in different solvents ([H2P1] = 5.0 uM); in CHCl; (red
line), THF (blue line), and DMSO (right green line).
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Figure S6. Fluorescence spectra of porphyrins in CHCls, [porphyrin] = 0.5 uM. The
fluorescence intensities for HoP1, H4P1?*, and H,TPP were normalized at the fluorescence
maxima. Excitation wavelengths: 406 nm for H,P1, H4P1%**, 418 nm for H,TPP, and 438 nm for
HJTPP*".

Using the fluorescence quantum yield of H;TPP (®¢=0.11) as a standard,’ the fluorescence

quantum yield of H,P1 was estimated to be 0.008.
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5. DPV of H;P1

C1
H2P1 0.59
5uAI
15 1.0 0.5 0

Figure S7. DPVs of carbazole derivative, C1 and H,P1.

Table S3. Electrochemical properties of H,P1, HyP1**, H,TPP, and H,TPP*?

Compd. Eox, Eox Erean Eredp
H,P1 0.78 0.58 -1.38 -1.81
H,TPP 0.85 0.53 -1.69 -1.97
H,P1* 0.83 0.64 -0.61 -

H,TPP* - - -1.00° -

[a] Potentials [V] vs. ferrocene/ferrocenium ion. 0.1 M "BuyNPF at 20 °C and a scan rate of 100

mVs™. [H,P1] = [H,P1**] = 400 uM, working electrode, glassy carbon; counter electrode, Pt wire;
reference electrode, Ag/AgCl in CH;CN. [b] Ref. [6].
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6. Photometric titration of trifluoromethanesulfonic acid against H,P1 and H.TPP
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Figure S8. UV-vis absorption spectra of H,P1 and H,TPP titrated with TFSA. (a) [HoP1] = 5.0
uM in 50:1 (v/v) CHCI3:CH3CN at 293 K. Inset, plot of absorbance at 841 nm as a function of
[H'/[H2P1]. (b) [H,TPP] = 2.5 uM in 50:1 (v/v) CHCl;:CH3CN at 293 K. Inset, plot of
absorbance at 438 nm as a function of [H']/[H.TPP].
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7. Theoretical calculations

The molecular structures of HoP1 and HsP1?>" were optimized by the density
functional theory (DFT) method at the B3LYP/6-31G* level of theory, under a solvent
(CHCI3) condition with a polarizable continuum model (PCM) using the integral
equation formalism variant (IEFPCM). The optimized structures were confirmed that
they do not have imaginary frequencies by normal mode analyses. Excited states (S1
— S70) of those molecules were examined at the optimized geometry by the time-
dependent DFT (TD-DFT) calculations using B3LYP/6-31G*, under the solvent
colndition (CHCI3). All calculations were performed by Gaussian 09 program
package.’

M, g energy / eV
%0“‘/ 204
LUMO+1 /"*“'l
A YW
%» & LUMO+1: 2736V 25

,‘ o LUMO: -2.77 eV 50

LUMO s 2

;-/‘ ""Q“‘?ﬂw‘ i <,
R ~ SN >3
ERERBRSY > Sealt)
40 2.8, LuMO+
HOMO -4.5
LUMO+1:-4.96 eV
HOMO: -5.03 eV ——— oS
Eaeess——— 50 — LUMO
LUMO: -5.02 eV
-5.5

HOMO: -6.00 eV
-6.0 I d% ﬁ" 3

‘“' “g %} HOMO

R: CHZCHZOCHa

Figure S9. Frontier molecular orbitals and their energy levels of HoP1 and H4P1*" at the
B3LYP/6-31G* level of theory.
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Figure S10. Oscillator strengths (blue Bares) obtained by the TD DFT calculation of H.P1 at
the B3LYP/6-31G* level of theory and the observed UV-vis absorption spectrum (black line)
of HoP1.

Table S4. Calculated dominant excitations for the optimized geometry of H,P1.

e,]?c??elén;iie Transitio(r;;rll)ergy fev Dominant transitions Oscillator strength f
S13 231 (538 nm) HOMO-6—~LUMO (80%) 0.0172
S18 2.46 (504 nm) H?{l\g%gfgg%ﬁé gslz//g 0.0625
519 3.04 (407 nm) OMO-S MO 1(480/3) 1.0328
$20 3.15 (394 nm) ng\‘ji;ﬁl}ﬁg 1( 3(209/:?) 1.4464
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Figure S11. Oscillator strengths (blue Bares) obtained by the TD DFT calculation of HsP1**
at the B3LYP/6-31G* level of theory and the observed UV-vis absorption spectrum (black
line) of H4P1*".

Table S5. Calculated dominant excitations for the optimized geometry of HsP1*'.

Dominant Transition energy / eV Dominant fransitions Oscillator strength
excited state (nm) f
HOMO-1—LUMO (35%) 0.3634
83 1.29 (963 nm) HOMO-1—LUMO+1 (61%)
HOMO-5—LUMO (35%) 0.0588
813 1.58 (783 nm) HOMO-4—LUMO (60%)
HOMO-11—LUMO+1 (38%) 0.0334
826 2.47 (503 nm) HOMO-10—LUMO (19%)
HOMO-2—LUMO+2 (79%) 0.1541
S45 2.84 (437 nm)
HOMO-21—LUMO+I (29%) 0.6856
S51 3.18 (390 nm)
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