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ABSTRACT: A free base porphyrin dimer bridged by a flexible amide-bonded xanthene moiety and its
binuclear zinc(IT) complex zinc(I) complex were synthesized and characterized. Structural characterization
by MS and "H NMR spectroscopy confirmed the bridged porphyrin dimer structure. The properties of the
dimers were characterized by IR, UV-visible absorption, fluorescence and magnetic circular dichroism
(MCD) spectroscopy, and electrochemistry studies. Theoretical calculations were carried out to analyze
the electronic structures of porphyrin dimers with a bridging amide-bonded xanthene moiety.
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INTRODUCTION

Porphyrin oligomers with macrocyclic rings that are
covalently linked in a cofacial configuration have received
considerable attention in recent years due to their unique
electronic structures and novel optical properties [1].
Several types of conjugated porphyrin oligomers have
been reported such as, doubly- or triply-fused co-planar
porphyrins [2], alkyne-bridged porphyrin strands [3], and
n-phenylene-bridged twisted/planar porphyrin dimers
[4]. Interest of porphyrin dimers with linking moieties,
especially those that adopt a face-to-face manner has been
increasing in recent years. Porphyrin dimers with face-to-
face conformations exhibit an increased ability to bind two
metals ions in a suitable geometry, opening up the possibility
of mimicking the activity of heme and nonheme iron and
copper-binding bioproteins such as oxidase, oxygenase,
and oxygen transport proteins, which have binuclear
active sites [5]. Xanthenes, have found widespread use as
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synthetic dyes in a wide range of applications, and their
spectroscopic properties have been extensively studied
[6]. Xanthene moieties have usually been introduced to
porphyrin arrays through direct C—C bonds at the meso-
positions and the electronic structures, and optical and
magnetic properties of these compounds have been studied
in depth [7]. In contrast, porphyrin xanthenes with flexible
bridges such as alkyl chains and amines have received
considerably less attention [8], and their spectroscopic
properties and electrochemical properties have not been
reported. Given the progress that has been made in
xanthene-bridged cofacial porphyrin dimers, the goal of
this study was to synthesize new compounds with flexible
amide bridging units and to investigate their spectroscopic
and electrochemical properties to develop an in-depth
understanding of their electronic structures.

EXPERIMENTAL

Chemicals

Spectral grade o-dichlorobenzene for electro-
chemical measurements was purchased from the
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Aladdin Reagent Company of Shanghai. Other
chemicals and solvents were of analytical pure grade
and were obtained from the Shanghai Guoyao Co. All
solvents were dried and distilled prior to use, and 5,10,-
15,20-tetraphenylporphyrin was synthesized according
to standard literature procedures [9].

Synthesis

5-p-Nitrophenyl-10,15,20-triphenylporphyrin (2)
[10]. Nitrosonitric acid (3.2 mL) was slowly added
to a solution of 300 mL CH,Cl, and 5,10,15,20-
tetrahenylporphyrin (3.00 g, 4.88 mmol) and the mixture
was stirred at 0~5 °C in an ice-bath for 4 h. The reaction
mixture was neutralized with ammonia solution to ca.
pH = 7.0, and the organic layer was washed with brine
and dried with anhydrous MgSQO,. After removal of the
solvent, the residue was recrystallized from CH,Cl, and
MeOH and finally purified by Al,O; gel chromatography
(eluent: CH,Cl,/hexane = 2:1) to give 5-p-nitrophenyl-
10,15,20-triphenylporphyrin as a purple solid. Yield 2.0 g
(62.6%). '"H NMR (CDCl,, 298 K): &, ppm 8.89 (2H, d,
J=4.0 Hz), 8.86 (4H, s), 8.73 (2H, d, J = 4.0 Hz), 8.62
(2H, d, J=8.0 Hz), 8.38 (2H, d, /=8.0 Hz), 8.21 (6H, d,
J=8.0Hz), 7.83-7.77 (9H, m), -2.74 (2H, s).

5-p-Aminophenyl-10,15,20-triphenylporphyrin
(3) [11]. SnCl,-2H,0 (2.0 g, 1.62 mmol) was added to a
100 mL solution concentrated HCI and 5-p-nitrophenyl-
10,15,20-triphenylporphyrin (916 mg, 0.400 mmol).
The mixture was vigorously stirred in a preheated oil
bath 70°C for 2 h, and then neutralized with ammonia
solution to ca. pH = 8.0. The reaction mixture was
quenched by 50 mL ice-water and the water phase was
extracted with ethylacetate (3 X 100 mL). The combined
organic layers were dried with anhydrous MgSO,. After
removal of the organic solvent, the residue was purified
through recrystallization by adding MeOH to the CH,Cl,
solution to afford pure 5-p-aminophenyl-10,15,20-
triphenylporphyrin 3 as a purple solid. Yield 767 mg
(87.3%). '"H NMR (CDCl,, 298 K): &, ppm 8.93 (2H, d,
J=4.0 Hz), 8.84 (6H, s), 8.20 (2H, d, J = 8.0 Hz), 7.98
(2H, d, J = 8.0 Hz), 7.74~7.80 (9H, m), 7.06 (2H, d, J =
8.0 Hz), 4.02 (2H, s), -2.76 (2H, s).

2,7-Di-tert-butyl-9,9-dimethyl-4-[10,15,20-tri-
phenylporphyrin-10-(N-4-phenylamido-acyl)]-5-
xanthenecarboxylic acid amide (4). A mixture of
2,7-di-tert-butyl-9,9-dimethyl-4,5-xanthene-dicarboxylic
acid (41 mg, 0.10 mmol) and SOCI, (5 mL) was refluxed
for 2 h. After excess SOCIl, was removed, the xanthene
acyl chloride was dried and dry CH,Cl, (5 mL) was added.
The mixture was stirred at room temperature and a mixture
of 5-p-aminophenyl-10,15,20-triphenylporphyrin (3)
(57 mg, 0.10 mmol) in CH,Cl, (15 mL) and 2 drops of
Et;N was then added dropwise to the resulting light yellow
solution and a white vapor was observed to form in the
reaction flask. The mixture was stirred for 2 h at 0°C. The
crude product was purified directly by silica gel column
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chromatography (eluent: CH,Cl,/hexane = 2:1) to give the
free base porphyrin dimer 4 as a dark-red solid. Yield 65 mg
(68%). IR (KBr): v, e 3405 (s, br), 3300 (s), 3043 (m),
2960 (s), 2350 (s), 1798 (w), 1666 (s), 1590 (s), 1506 (vs),
1471 (vs), 1437 (vs), 1395 (m), 1346 (s), 1221 (s), 1166
(m), 1110 (w), 1055 (w), 964 (vs), 783 (vs), 735 (vs), 700
(vs), 651 (w), 512 (w), 415 (w). '"H NMR (CDCl,, 298 K):
&, ppm 9.27 (2H, ), 8.74 (4H, d, J= 6.0 Hz), 8.70 (4H, d,
J=6.0 Hz), 8.36 (4H, s), 8.25 (8H, dd, J;, =8 Hz, J, = 12
Hz), 8.17 (4H, d, J=8.0 Hz), 8.14 (2H, d, J=4.0 Hz), 7.88
(4H, d, J=4.0 Hz), 7.77~7.73 (10H, m), 7.02 (10H, d, J =
15 Hz), 6.67 (8H, t, J, = 8 Hz, J, = 16 Hz), 1.86 (6H, s),
1.49 (18H, s), -3.01 (4H, s). MS (MALDI-TOF): m/z
1635.64 (caled. [M + H]" 1635.00).
Zn(11)-2,7-di-tert-butyl-9,9-dimethyl-4-[10,15,20-
triphenylporphyrin-10-(N-4-phenylamido-acyl)]-5-
xanthenecarboxylic acid amide (5). 10 mL of a MeOH
solution of zinc acetate (44 mg, 0.2 mmol, 10 eq.)
was slowly added to a 50 mL CHCI; solution of the
xanthene-bridged free base porphyrin dimer 4 (32.6 mg,
0.02 mmol), and the reaction mixture was stirred and
refluxed at 60 °C for 1 h. After the removal of the organic
solvent, the residue was purified by silica gel column
chromatography with CH,CI, as the eluent to provide the
Zn(II)-porphyrin dimer S as a green-purple solid. Yield
35.2 mg (92.9%). IR (KBr): v, cm™ 3372 (s), 30052 (m),
2955 (s), 2356 (s), 1807 (w), 1675 (s), 1585 (s), 1508 (vs),
1476 (vs), 1435 (vs), 1393 (m), 1327 (s), 1230 (s), 1112
(w), 1070 (m), 1070 (m), 1000 (vs), 798 (s), 743 (s), 701
(s), 656 (W), 529 (W), 438 (w). '"H NMR (CDCl,, 298 K):
&, ppm 9.25 (2H, s), 8.90 (4H, d, J = 6.0 Hz), 8.80 (4H,
d,/J=6.0Hz), 8.53 (4H,d, J=6.0 Hz), 8.25 (8H, dd, J, =
8 Hz, J, =12 Hz), 8.17 (4H, d, /= 8.0 Hz), 8.13 (2H, d,
J=4.0Hz), 8.02 (4H, d, J=4.0 Hz), 7.77~7.69 (8H, m),
7.28 (8H,d,J=12Hz), 6.93 (4H, d, J=15 Hz), 6.80 (8H,
t,J, =8 Hz, J, =16 Hz), 1.88 (6H, s), 1.47 (18H, s). MS
(MALDI-TOF): m/z 1761.53 (calcd. [M + H]* 1761.70).

Materials and equipment

Cyclic voltammetry was performed in a three-electrode
cell using a BiStat or Chi-730C electrochemistry station.
A glassy carbon disk electrode was utilized as the working
electrode while a platinum wire and a saturated calomel
electrode (SCE) were employed as the counter and
reference electrodes, respectively. An “H” type cell with
a fritted glass layer to separate the cathodic and anodic
sections of the cell was used during bulk electrolysis.
The working and counter electrodes were made from
platinum mesh and the reference electrode was an SCE.
The working and reference electrodes were placed in one
compartment while the counter electrode was placed in
the other. UV-visible absorption spectra were recorded
with a HP 8453A diode array spectrophotometer. All
of the electrochemical measurements were -carried
out under a nitrogen atmosphere. Magnetic circular
dichroism (MCD) spectra were measured with a JASCO
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J-820 equipped with a 1.6 T (tesla) permanent magnet
by using both the parallel and anti-parallel fields. The
conventions of Piepho and Schatz are used to describe
MCD intensity and the Faraday terms [12, 13]. MALDI-
TOF mass spectra (MS) were collected using Bruker
Daltonics autoflex]l MALDI-TOF MS spectrometer.
Fourier transform infrared (FT-IR) spectra were recorded
using Bruker Vector 22 FT-IR spectrometer (using KBr
pellets) in the 4004000 cm™ region. '"H NMR spectra
were recorded on a Bruker AVANCE 400 spectrometer
(operating at 400.13 MHz) using the residual solvent as
an internal reference for 'H (6 = 7.26 ppm for CDCI,).

Theoretical calculations

The density functional theory (DFT) method was
used to carry out geometry optimizations for free base
5,10,15,20-tetraphenylporphyrin (H,TPP) and its Zn(Il)
complex (ZnTPP), and for 4 and 5 with the B3LYP
functional of the Gaussian09 program package [14] and
6-31G(d) basis sets. To simplify the calculations the #-butyl
groups on the xanthene bridging moieties were replaced
with methyls, since replacing one alkyl group with another
is unlikely to make a significant difference in this context,
since there is no scope for steric interactions. The CAM-
B3LYP functional was used to calculate the electronic
absorption properties based on the time-dependent
(TD-DFT) method, since it includes a long-range correction
of the exchange potential, which incorporates an increasing
fraction of Hartree—Fock (HF) exchange as the inter-

electronic separation increases. This makes it more suitable
for studying compounds where there is significant charge
transfer in the electronic excited states.

RESULTS AND DISCUSSION

Synthesis and characterization

The synthetic pathway used to prepare porphyrin
dimers with a bridging amide-bonded xanthene moiety
is shown in Scheme 1. A nitro group is added at the
para-positions of one of the phenyl substituents of
tetraphenylporphyrin to form 1, which is then reduced
to form the amino group of 2. Reaction with xanthene
acyl chloride results in the formation of an amide-bonded
xanthene-bridged porphyrin dimer. The MALDI-TOF-
mass spectra reveals a strong parent peak at m/z = 1635.64
(caled. [M + H]* = 1635.00) for the xanthene-bridged
free base porphyrin 4, providing direct evidence that the
target molecule was obtained. The parent peak of the
Zn(II) porphyrin dimer S at m/z = 1761.53 (caled. [M +
H]*=1761.70) was also observed. The "H NMR spectrum
of 4 contains several peaks in the aromatic region from
both the porphyrins and xanthene moieties (Fig. 1). The
assignment of the proton signal at -3.50 ppm to the inner
N-H protons of the porphyrin rings was further confirmed
by D,O exchanged '"H NMR measurements. The proton
signals at 6 = 1.50, 1.85 were assigned to the -fBu and
—CH,; substituents on the xanthene bridging moiety,

Scheme 1. Synthesis of the amide-bonded xanthene-bridged porphyrin dimers 4 and 5. Synthetic procedure: (i) nitrosonitric acid,
CH,Cl,, 0~5°C, 4 h; (ii) SnCl,-2H,0, HCl, 70°C, 2 h; (iii) SOCl,, reflux, 2 h; CH,Cl,, Et;N, 0°C, 2 h; (iv) Zn(OAc),-2H,0, CHCl,/
MeOH, reflux, 1 h

Copyright © 2015 World Scientific Publishing Company
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Fig. 1. '"H NMR spectra of 4 (top) and 5 (bottom) in CDCl, (left) and for the D,O exchange experiment for 4 (right)
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Fig. 2. Infrared spectra of 4 (bottom, red) and 5 (top, black).
Boxes are used to highlight peaks at ca. 3300 and 1000 cm
confirm the presence of the inner N—H protons of 4 and the
coordination of Zn(II) ions in the context of 5

respectively. Similar proton peaks were observed in the
spectrum of the Zn(II) porphyrin complex 5. Solid-state
infrared spectra (IR) (Fig. 2) were measured to obtain
further information about the coordination environment
of these two compounds. The peak at 3300 cm™! confirms
the presence of an amide moiety. The 3320 cm™ band
of 4, which is not observed in the IR spectrum of 5, can
be assigned to the inner N—H bonds of the macrocyclic
ring and is often used as a diagnostic peak for free base
porphyrins. The shift of the peaks at around 1000 cm’!
also confirms the coordination interaction between the
Zn(II) ion and porphyrin rings.

Copyright © 2015 World Scientific Publishing Company

Optical spectroscopy and TD-DFT calculations

UV-visible absorption spectra were recorded in CH,Cl,
at room temperature (Fig. 3). UV-visible absorption
spectroscopy is one of the most useful methods for
characterizing porphyrins and their analogues, due to the
presence of the forbidden and allowed Q and B-bands
of Gouterman’s 4-orbital model [15] in the 500-600
and 400—450 nm regions, respectively. A D4, symmetry
C,¢H,¢> species can be regarded as the parent hydrocarbon
perimeter for describing and rationalizing the optical
properties of tetrapyrrolic porphyrinoids. The m-system
contains a series of MOs arranged with M; =0, =1, 2,
13, +4, £5, 6, £7 and 8 nodal properties in ascending
energy terms based on the magnetic quantum number for
the cyclic perimeter, M, . The frontier t-MOs have M, =
+4 and %5 nodal properties, respectively. The four spin-
allowed M, =14 — *5 excitations result in two orbitally
degenerate 'E, excited states, due to the AM, = 19, and
AM; = =1 transitions. This results in the forbidden and
allowed Q and B-bands of Gouterman’s 4-orbital model
for porphyrins [15], since an incident photon can provide
only one quantum of orbital angular momentum. MCD
spectroscopy can be used to identify the main electronic
Q(0,0) and B(0,0) bands, due to the presence of intense
derivative-shaped Faraday 4, terms or, in the context of
lower symmetry compounds, coupled pairs of Gaussian-
shaped Faraday @®, terms [13]. The MCD spectra of 4
and S are very similar to those of H,TPP and ZnTPP
[14a] (Fig. 3), since the relative energies of the frontier
n-MOs of the free base and Zn(II) complexes are very
similar. Derivative-shaped positive pseudo-4, terms are
observed in the MCD spectrum of 5 for the Q(0,0), Q(0,1)
and B(0,0) bands at 597, 556 and 420 nm. It is noteworthy,
however, that the signal is significantly less symmetrical
than in the B-band region than is typically observed

J. Porphyrins Phthalocyanines 2015; 19: 4-11



J. Porphyrins Phthal ocyanines Downloaded from www.worldscientific.com
by UNIVERSITY OF CALIFORNIA @ SAN DIEGO on 06/03/15. For personal use only.

FACILE SYNTHESIS, SPECTROSCOPIC AND ELECTROCHEMICAL PROPERTIES, AND THEORETICAL CALCULATIONS

2800200600 500 a00 [A,nm] o
H,TPP
1400 35 Q
545 x4 <
g oo A 30 @
cpses | | ©
418 <
14001 25 o
| o
[7]
5601 I 20 2
| o
o 4201 15 S
5 )
S 5
® 2804 10 3
Q
=
1401 05 I,
0 / h . = 0.0
10000 15000 20000 25000 30000
Wavenumbers, cm™'
A, nNm
1207200600 500 400 [ ] 40
4
60- 551 35 Q
s | AxaL £
g 0 30 W
< TV T e
648
60 | 25 é
425 8
1207 a7, 20 2
‘ 5
£ 901 15 S
g )
£ 3
5 60 1.0 S
i 8
> =
T 0| gy 05 %,
P R VAL 0.0

10000 15000 20000 25000 30000
Wavenumbers, cm-!

800 600 500 400 [A, nm]

48001 40
ZnTPP
2400 l35 Q
598 E
g o ~ 30 W
< X N T
555 423 <
-2400 25
[o]
172
5601 421 F20 &
B =
o 4201 L1s S
S | 2
© 2801 t10 S
«Q
=
‘5'
1407 | Los I,
551
0 598 A2, 0.0

10000 15000 20000 25000 30000
Wavenumbers, cm"'

800 600 500 400 [A, NM]
80 4.0
5 |
401 ) 35 O
597 =
U)E 0 N Ax 3 o Ig
0 0 w
< —V \ w
556 420 <
40 | 25 ©
| @
1201 w4 e L 20 9.
oy
£ 90 15 9
z a
§ 3
2 60 1.0 5
~ =3
> =
~ 301 05 —
Emission,, 4 A |
L8 L 0.0

0 > -
10000 15000 20000 25000 30000
Wavenumbers, cm-!

Fig. 3. UV-visible absorption (bottom, solid line), fluorescence spectra (bottom, dashed gray line), and MCD (top) spectra of H,TPP
and ZnTPP in CHCI;, and of 4 and 5 in CH,Cl,. TD-DFT spectra for the B3LYP optimized geometries were calculated by using
the CAM-B3LYP functional with 6-31G(d) basis sets (Table 1) and are plotted against a secondary axis. The Q and B-bands of
Gouterman’s 4-orbital model [13] are highlighted with dark gray diamonds, while bands associated with transitions between the two

porphyrin ring moieties are highlighted with light gray diamonds
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Fig. 4. Energies of the frontier t-MOs for the B3LYP geometries
of H,TPP, ZnTPP, 4 and 5 calculated with the CAM-B3LYP
functional and 6-31G(d) basis sets. In each case, the HOMO—
LUMO gap is plotted against a secondary axis with a large gray
diamond. In the context of 4 and 5, MOs associated with the
two porphyrin ring moieties are offset to the left and right, while
those that are localized on the xanthene bridging moiety are not.
Small black diamonds are used to highlight occupied MOs

Copyright © 2015 World Scientific Publishing Company

for ZnTPP and radially symmetric analogues of Zn(II)
tetraphenylporphyrins [16]. When molecular modeling
calculations (Figs 4 and 5 and Table 1) were carried out it
soon became obvious that the flexible amide bonds enable
access to conformations in which the two porphyrin rings
lie orthogonal to one another, so that there is considerably
less scope for the strong exciton interactions that are
observed for cofacial porphyrin dimers [17]. In TD-DFT
calculations this results in two sets of Q- and B-bands,
which are very similar in energy to those predicted for
the parent tetraphenylporphyrin monomers (Figs 3-5 and
Table 1). Michl’s a, s, -a and -s nomenclature (Fig. 5)
for the four frontier m-MOs of porphyrinoids with
differing symmetries [18] facilitate the comparison
with the spectra of H,TPP and ZnTPP (Fig. 3 and
Table 1). No bands associated with transitions involving
MOs localized on the xanthene bridging moiety are
predicted to have significant intensity in the visible
region (Fig. 3 and Table 1). The xanthene-bridged free
base porphyrin dimer 4 has fluorescence emission bands
at 656 and 717 nm, while the corresponding Zn(II)-
porphyrin complex has bands at 607 and 649 nm (Fig. 3).

5
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L+3,s% -1.22eV  L+2,a% -1.24eV

H, sB-5.70 eV H-1,s~-5.95 eV

L+3,-s% -1.13eV  L+2,-a®* -1.14 eV

H, sB-5.78 eV H-1,aB -5.89 eV

L+1, a** -1.48 eV

H-2,a8 -598eV  H-3,a* -6.23eV

5

L+1,-a** -1.41eV  L,-s** -1.43 eV

H-2,s2-6.04eV  H-3,a*-6.17 eV

Fig. 5. Nodal patterns and energies of the frontier t-MOs of 4 and 5. H and L denote the HOMO and LUMO (bottom), respectively.
A and B superscripts are used to denote MOs localized on the two porphyrin moieties. Nodal patterns of the four frontier t-MOs
of zinc tetraazaporphyrin at an isosurface value of 0.04 a.u (top). Michl [19] introduced a, s, -a and -s nomenclature to describe the
four frontier t-MOs with M, = +4 and +5 nodal patterns based on whether there is a nodal plane (a and -a) or an antinode (s and -s)
on the y-axis. This makes it easier to compare MOs of porphyrin complexes with differing symmetries (Table 1)

If the relative intensities of the two major bands are
ignored in each case, the fluorescence spectra of 4 and
5 can be viewed as near mirror images of the emission
bands of the related porphyrin monomers, and there are

Copyright © 2015 World Scientific Publishing Company

relatively small Stokes shifts of 9 and 11 nm, respectively,
as is normally the case with monomeric porphyrins [15],
which suggests that the S, state is localized on a single
porphyrin ring moiety in each case.

J. Porphyrins Phthalocyanines 2015; 19: 611
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Table 1. TD-DFT spectra of the B3LYP optimized geometries for H,TPP, ZnTPP, 4 and 5 calculated with the CAM-B3LYP
functional and 6-31G(d) basis sets

Band® #° Caled.* Exp* Wave function® =
H,TPP
— 1 — — — — — Ground state
Q. 2 16.8 596 (0.01) 15.6 641 59% s — -a;40% a — -s; ...
Q, 3 18.5 540 (0.03) 18.4 544 58% s — -s;41% a — -a; ...
B 4 27.1 369 (1.26) 56% a— -s;35% s — -a; ...
24.0 416
5 279 359 (1.66) 59% a — -a;43% s — -s; 9% H-3 — -a; ...
— 7 32.8 305 (0.62) — — 80% H-3 — -a; 8% s — -a; ...
ZnTPP
— 1 — — — — — Ground state
Q 2 18.5 542 (0.01) 16.9 502 53% s — -al-s; 47% a — -al-s; ...
3 18.5 542 (0.01) 53% a — -al-s; 47% s — -al-s; ...
B 4 27.8 360 (1.50) 238 91 53% a — -al-s; 46% s — -a/-s; ...
5 27.8 360 (1.50) 53% s — -al-s; 46% a — -al-s; ...
4
— 1 — — — — — Ground state
QA 2 16.7 599 (0.02) 51% s* — -s*; 34% a* — -a*;
15.4 648 9% s* — -a®; 6% a* — -s*; ...
B 3 16.7 597 (0.01) 52% sB — -sB; 34% a® — -ab;
8% s® — -a%; 5% a® — -s®; ...
Qr 4 18.4 543 (0.04) 50% s* — -a®; 34% a* — -sh;
18.1 351 9% s — -s*; 6% a* — -at; ...
QyB 5 18.5 542 (0.04) 51% s® — -aP; 35% a® — -sB;
8% s® — -sP;: 5% a® — -a®; ...
BA 6 26.8 373 (1.67) 26% a* — -a*; 19% a® — -a®; 15% s* — -s?;
12% s® — -sB; 12% a® — -s*; 7% s — -a?; ...
B} 7 27.0 370 (1.87) 35% a® — -aB; 21% sB — -sB; 15% a® — -a;
24.0 417 9% s* — -s*; 6% a® — -sB; ...
B 8 27.6 363 (1.57) 25% a* — -s*; 18% aP — -sB; 18% s* — -a?;
16% a* — -a*; 13% s® — -a®; 11% s* — -s; ...
Bf° 9 16.7 599 (1.33) 34% a® — -s%;24% sB — -aP; 21% a* — -s*; 15% s — -a’; ...
— 16 32.2 311 (0.24) — — 449% H-4%" — -sB; 299% H-7% — -sB; ...
— 17 32.6 307 (0.61) — — 62% H-11* = -s*; 11% H-11% — -a*; 6% s* — -a*; ...
— 20 33.2 302 (0.28) — — 32% H-7% — -sP; 29% H-4*" — _ab;
16% H—4%" — _sB; 0% H-7° — -aB; ...
5
— 1 — — — — — Ground state
A 2 18.3 545 (0.01) 55% s* — -al-s™; 45% a® — -a/-s?; ...
QA 3 18.4 544 (0.01) 16.8 597 53% s* — -al-s™; 46% a* — -al-s?; ...
5 4 18.5 542 (0.01) 52% sB — -a/-s®; 46% a® — -a/-s; ...
B 5 18.5 541 (0.01) 53% s® — -a/-sB; 47% a® — -a/-sB; ...

y

(Continued)
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Table 1. (Continued)
Band® #° Caled.* Exp* Wave function® =
BA 6 27.3 367 (2.41) 35% a* — -a/-s*; 28% s* — -a/-st;
17% a® — -a/-s®; 16% s® — -a/-sB; ...
B 7 27.6 363 (1.50) 47% a* — -a/-s*; 38% s* — -a/-s?;
23.8 420 4% a8 — -a/-sB; 4% s® — -a/-sB; ...
B2 8 27.8 360 (2.24) 41% a® — -a/-s®; 36% s® — -a/-s®;
12% a* — -al-s*; 9% s* — -al-s?; ...
ByB 9 27.9 358 (0.40) 43% aP — -a/-s®; 37% s® — -a/-sB;
8% a* — -al-s*; T% s — -al-s?; ...
— 15 31.0 322 (0.10) — — 93% H—-12%*" — -a/-s*; ...
— 16 31.2 321 (0.09) — — 93% H-12%" — —a/-s?; ...

“Band assignment described in the text. ®The number of the state assigned in terms of ascending energy within the TD-DFT
calculation. ¢Calculated band energies (10°.cm™), wavelengths (nm) and oscillator strengths in parentheses (f). ¢Observed
energies (10°.cm™) and wavelengths (nm) in Figs 3 and 4. °The wave functions based on the eigenvectors predicted by TD-DFT.
One-electron transitions associated with the four frontier T-MOs of Gouterman’s 4-orbital model [13] are highlighted in bold.
H and L refer to the HOMO and LUMO, respectively. A and B superscripts are used to denote the two porphyrin rings, while
a Xan superscript is used to denote MOs that are localized primarily on the xanthene bridging moiety. Michl’s a, s, -a and -s
nomenclature for the four frontier T-MOs [18] is used to facilitate comparison of the transition of porphyrinoids with differing

symmetries.

Table 2. Redox potentials vs. SCE (in V) for
4 and 5. The E,, values are taken from DPV

measurements

EO% E2N ERed) ERed
4 +1.53 +1.10 -1.11 -1.46
5 +1.22 +0.89 -1.26 -1.60

Cyclic voltammetry measurements

Electrochemical measurements were carried out
in o-dichlorobenzene containing 0.1 M TBAP to gain
further insight into the electronic properties. Table 2
provides the redox potentials E,, values derived cyclic
and differential pulse voltammetry (CV and DPV)
measurements. The voltammograms for xanthene-
bridged free base porphyrin dimer 4 (Fig. 6) contain
two reversible one-electron reduction steps at -1.11 V
for [H,Por]/[H,Por]” and at -1.46 V for [H,Por]/
[H,Por]*, respectively, under these experimental condi-
tions. Two reversible one-electron oxidation curves are
also observed at +1.10 and +1.53 V for the 1st and 2nd
oxidation steps. In the voltammograms of the xanthene-
bridged Zn(II) porphyrin dimer 5 (Fig. 6) two reversible
one-electron reduction processes were observed at-1.26
and -1.60 V for the [Zn(ID)Por]/[Zn(IT)Por] and [Zn(IT)
Por]/[Zn(IT)Por]* steps, respectively. Two oxidation
processes are also observed at +0.89 and +1.22 V
which are similar to those observed for monomeric
Zn(I) 5,10,15,20-tetraphenylporphyrins [19]. The iy
and iff" values, determined from CV measurements for
4 and 5 made at various scan-rates from 20-500 mV

Copyright © 2015 World Scientific Publishing Company
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T

/
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1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 2.0
Potential, V vs. SCE

Fig. 6. CV (bottom) and DPV (top) measurements of 4 (left)
and 5 (right) in o-dichlorobenzene
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4 (Fig. 7), provide an insight into the reversibility of the
system on an experimental time-scale. The good linear
correlations observed for plots of peak current vs. v”
for 4 and 5 (Fig. 8) confirm that all of the oxidation and
reduction processes are diffusion controlled.

CONCLUSION
— S00mV A free base porphyrin dimer with a bridging amide-
15 10 05 00 05 10 15 20 bonded xanthene moiety and its binuclear Zn(II)
Potential, V vs. SCE complex have been synthesized through a facile reaction

of 5-p-aminophenyl-10,15,20-triphenylporphyrin and
xanthene chloride. A detailed characterization by
IR, UV-visible absorption, MCD, and fluorescence
spectroscopy was carried out and further insights into
the electronic structures were obtained from theoretical
calculations and various electrochemistry measurements.
The optical spectroscopy of 4 and § is very similar to that of
regular meso-tetraphenylporphyrin monomers, since the
flexible amide-bonded xanthene bridging moiety enables
access to energetically stable conformations in which
T y the porphyrin rings lie in an orthogonal arrangement

with respect to each other. Since porphyrin dimers with

functional bridging units have potential applications in
Fig. 7. Cyclic voltammetry measurements for 4 and 5 in  the field of energy conversion and catalytic chemistry,
o-dichlorobenzene at different scan rates the detailed analysis of their spectroscopic and redox

T T T T T T
1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0

Potential, V vs. SCE

-0.57
-1.0
1.5
-2.0

6
51 4 (1% reduction) 4 (27 reduction) 4 (1% oxidation)

-2.5
-3.04
-3.54

R2=0.97

R2=0.99 R2=0.99 4.0

— T T T T T 77— T T T T T T T T T 45— 777 T T
4 6 8 10 12 14 16 18 20 22 24 4 6 8 10 12 14 16 18 20 22 24 4 6 8 10 12 14 16 18 20 22 24

v% mV.s™ V% mV.s™ V% mV.s™!
4.57 61
st i 5 (2 reduction 0.5 -
4.0/ 5 (1%t reduction) N ( ) 0.5 5 (15t oxidation)
3.5 1.0
3.0- o 151
< 28 < g 20
= 20] a3 a 25
1.5 2] 3.0
10] 3.5
R?=0.98 1] R2=0.99 401
0.5
—— 1 45—
4 6 8 10 12 14 16 18 20 22 24 4 6 8 10 12 14 16 18 20 22 24 4 6 8 10 12 14 16 18 20 22 24
v% mV.s' v%: mV.s' v% mV.s'
14 5 (2" oxidation)
24
i -3
)
-4
-5

4 6 8 10 12 14 16 18 20 22 24
v% mV.s™

Fig. 8. The dependence of square root of the scan-rate (v**) on the peak current (i) for the 1** and 2™ reduction and 1* and 2™
oxidation steps during cyclic voltammetry measurements of 4 and 5
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properties should assist the design and investigation
of other bridged porphyrin dimers. Further research is
currently being pursued in this regard.

Acknowledgements

Financial support was provided by the National
Scientific Foundation of China (No. 21171076). The
authors thank Prof. Zhen Shen of Nanjing University
for the MCD spectral measurement. The theoretical
calculations were carried out at the Centre for High
Performance Computing in Cape Town, South Africa.

REFERENCES

1. (a) Ogawa O, Ohashi A, Kobuke Y, Kamada K
and Ohta K. J. Am. Chem. Soc. 2003; 125: 13356~
13357. (b) Yoon MC, Noh SB, Tsuda A, Nakamura
Y, Osuka A and Kim D. J. Am. Chem. Soc. 2007;
129: 10080-10081. (c) Drobizhev M, Stepanenko
Y, Dzenis Y, Karotki A, Rebane A, Taylor PN
and Anderson HL. J. Am. Chem. Soc. 2004; 126:
15352-15353. (d) Kim KS, Lim JM, Osuka A and
Kim D. J. Photochem. Photobiol. C 2008; 9: 13-28.
(e) D’Souza F, Subbaiyan NK, Xie YS, Hill JP,
Ariga K, Ohkubo K and Fukuzumi S. J. Am. Chem.
Soc. 2009; 131: 16138-16146. (f) Xie YS, Hill JP,
Schumacher AL, Sandanayaka AD, Araki Y, Karr
PA, Labuta J, D’Souza F, Ito O, Anson CE, Pow-
ell AK and Ariga K. J. Phys. Chem. C 2008; 112:
10559-10572.

2. (a) Crossley MJ and Burn PL. J. Chem. Soc., Chem.
Commun. 1987; 39-40. (b) Tsuda A and Osuka A.
Science 2001; 293: 79-83. (c¢) Ikeda T, Aratani N
and Osuka A. Chem. Asian J. 2009; 4: 1248—-1256.

3. (a) Lin VS, DiMagno SG and Therien MJ. Science
1994;264: 1105-1111. (b) Arnold DP and Nitschinsk
LJ. Tetrahedron 1992; 48: 8781-8792. (c) Anderson
HL. Inorg. Chem. 1994; 33: 972-981. (d) Anderson
HL. Chem. Commun. 1999; 2323-2331.

4. Pawlicki M, Morisue M, Davis N, McLean D, Haley
JE, Beuerman E, Drobijev E, Rebane A, Thompson
AL, Pascu SI, Accorsi G, Armaroli N and Anderson
HL. Chem. Sci. 2012; 3: 1541-1547.

5. (a) Naruta Y, Sasayama M and Sasaki T. Angew.
Chem. Int. Ed. 1994; 33: 1839-1841. (b) Shimazaki
Y, Nagano T, Takesue H, Ye B, Tani F and Naruta Y.
Angew. Chem. Int. Ed. 2004; 43: 98—100. (c) Groves
JT, Lee J and Marla SS. J. Am. Chem. Soc. 1997;
119: 6269-6273.

6. Yang YJ, Escobedo JO, Wong A, Schowalter CM,
Touchy MC, Jiao LJ, Crowe WE, Fronczek FR and
Strongin RM. J. Org. Chem. 2005; 70: 6907-6912.

7. (a) Chang CK and Abdalmuhdi 1. J. Org. Chem.
1983; 48: 5388-5390. (b) Lachkar M, Tabard A,
Brandes S, Guilard R, Atmani A, Cian AD, Fischer

Copyright © 2015 World Scientific Publishing Company

10.

11.

12.

13.

14.

15.

16.

17.

J and Weiss R. Inorg. Chem. 1997; 36: 4141-4146.
(c) Dogutan DK, Bediako DK, Teets TS, Schwalbe
M and Nocera DG. Org. Lett. 2010; 12: 1036-1039.
(d) Xu N, Powell DR and Richter-Addo GB. Nitric
Oxide 2014; 37: 61-65.

(a) GaoY, Liu JH, Wang M, Na'Y, Akermark B and
Sun LC. Tetrahedron 2007; 63: 1987-1994. (b)
Dong YY, Li CY, Zhang XB, Yu RQ and Shen GL.
Electroanalysis 2008; 20: 1769-1774. (c) Zhang
WIJ, Li CY, Zhang XB and Jin Z. Analytical Letters
2007; 40: 1023-1035.

Adler AD, Longo FR, Finarelli JD, Assour J and
Korsakoff L. J. Org. Chem. 1967; 32: 476-476.
Rochford J and Galoppini E. Langmuir 2008; 24:
5366-5374.

Chauhan SMS and Giri NG. Supramolecular Chem.
2008; 20: 743-752.

Piepho SB and Schatz PN. In Group Theory in Spec-
troscopy with Applications to Magnetic Circular
Dichroism, Wiley: New York, 1983.

Mack J, Stillman MJ and Kobayashi N. Coord.
Chem. Rev. 2007, 251: 429-453.

Gaussian 09, Revision A.02, Frisch MJ, Trucks
GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Scalmani G, Barone V, Mennucci B,
Petersson GA, Nakatsuji H, Caricato M, Li X,
Hratchian HP, Izmaylov AF, Bloino J, Zheng G,
Sonnenberg JL, Hada M, Ehara M, Toyota K,
Fukuda R, Hasegawa J, Ishida M, Nakajima T,
HondaY, Kitao O, Nakai H, Vreven T, Montgomery
JA, Jr, Peralta JE, Ogliaro F, Bearpark M, Heyd JJ,
Brothers E, Kudin KN, Staroverov VN, Kobayashi
R, Normand J, Raghavachari K, Rendell A, Burant
JC, Iyengar SS, Tomasi J, Cossi M, Rega N, Mil-
lam JM, Klene M, Knox JE, Cross JB, Bakken V,
Adamo C, Jaramillo J, Gomperts R, Stratmann
RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,
Ochterski JW, Martin RL, Morokuma K, Zakrze-
wski VG, Voth GA, Salvador P, Dannenberg JJ,
Dapprich S, Daniels AD, Farkas O, Foresman JB,
Ortiz JV, Cioslowski J and Fox DJ. Gaussian, Inc.,
Wallingford CT, 2009.

Gouterman M. Optical Spectra and Electronic
Structure of Porphyrins and Related Rings. In The
Porphyrins, Vol. III, Dolphin D. (Ed.) Academic
Press: New York, 1978; pp 1-165.

(a) Mack J, Asano Y, Kobayashi N and Stillman M1J.
J. Am. Chem. Soc. 2005; 127: 17697-17711. (b)
Luk’yanets EA, Dashkevich SN and Kobayashi N.
Russ. J. General Chem. 1993; 63: 985-988.

(a) Hunter CA, Sander JKM and Stone AlJ.
Chemical Physics 1989; 133: 395-404. (b) Eriks-
son S, Killebring B, Larsson S, Martensson J and
Wennerstrom O. Chemical Physics 1990; 146:
165-177. (c) Won Y, Friesner RA, Johnson MR and
Sessler JL. Photosynthesis Research 1989; 22: 201—
210. (d) Piet 1J, Taylor PN, Anderson HL, Osuka A

J. Porphyrins Phthalocyanines 2015; 19: 10-11



J. Porphyrins Phthal ocyanines Downloaded from www.worldscientific.com
by UNIVERSITY OF CALIFORNIA @ SAN DIEGO on 06/03/15. For personal use only.

FACILE SYNTHESIS, SPECTROSCOPIC AND ELECTROCHEMICAL PROPERTIES, AND THEORETICAL CALCULATIONS 11

and Warman JM. J. Am. Chem. Soc. 2000; 122:
1749-1757.

18. (a) Michl J. J. Am. Chem. Soc. 1978; 100: 6301—
6811. (b) Michl J. J. Am. Chem. Soc. 1978; 100:
6812-6818. (c) Michl J. Pure Appl. Chem. 1980;
52: 1549-1563. (d) Michl J. Tetrahedron 1984; 40:
3845-3934.

Copyright © 2015 World Scientific Publishing Company

19. Kadish KM, Van Caemelbecke E and Royal G. In
The Porphyrin Handbook, Vol. 8, Kadish KM, Smith
KM and Guilard R. (Eds.) New York: Academic
Press, 2000; pp 1-114.

J. Porphyrins Phthalocyanines 2015; 19: 11-11



