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Here, we report the effects of the ring fusion, which causes expansion of the m-conjugation circuits of the porphyrin
derivatives to the fused meso-aryl groups, on the aromaticity and the magnetic properties. These studies revealed the
facts that the ring fusion with five-membered rings causes not only the remarkable red shifts of the absorption bands and
narrowed HOMO-LUMO gaps, but also the contribution of anti-aromatic resonance forms to the magnetic properties as
observed in the "H NMR spectra. The optical absorption and magnetic circular dichroism (MCD) spectroscopies indicate
that the increase in the number of the fused rings causes stabilization of the LUMO level of the porphyrin derivatives and
resultantly induces the loosening of the LUMO degeneracy that is generally observed for porphyrins. The electronic
structure of a quadruply fused porphyrin derivative was experimentally clarified by the ESR studies on the 1le -oxidized and
1le -reduced species in THF. Furthermore, we revealed the substituent effects of the fused meso-aryls groups of quadruply
fused porphyrins (QFPs) on the crystal structures, absorption spectra and redox potentials; the sensitiveness of the
substituent effects is one of the evidences to support that the m-conjugation circuits extended to the fused meso-aryl
groups. Additionally, the elongation of the bond lengths between the pyrrolic nitrogen and the central metal ions in QFP-
metal complexes causes remarkable increase of the Lewis acidity of the central metal ions.

physical properties derived from the narrowed HOMO-LUMO
Introduction gaps and supramolecular assemblies based on the
intermolecular w-m stacking interaction facilitated by the
expanded and planar m-conjugation. Due to such unique
properties, porphyrins having exocyclic fused rings are
considered to be attractive candidates of components to
construct photoelectronic devices,lza’lg"14c molecular wires****®
and so on. Among them, ring-fused porphyrins bearing fused
five-membered rings, such as dehydropurpurin, which is an

Polycyclic aromatic compounds have been extensively studied
in relevance to graphite, graphene, fullerenes, and the
analogues.1 In particular, the analogues containing five-
membered rings have attracted much attention not only for
interests as partial structures of fullerenes® but also for
interests to the unique aromaticity and the magnetic
properties.3 For instance, pyracylene is a di-etheno-derivative
of naphthalene, and it displays a reduced aromatic character
due to contribution of the resonance structures involving a
12w anti-aromatic circuit.*®

In recent vyears, introduction of fused rings on the
periphery of the porphyrin aromatic circuit have been
intensively studied,7’16 because of interests on the unique
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Scheme 1 Svntheses of a series of the ring-fused porphvrin derivatives.
acetylene adduct at the 8 and 10 positions of porphyrin,17 and
the derivatives'®** have emerged as a new important class of
porphyrinoids and attracted much attention due to the unique
optical properties. For instance, dehydropurpurin derivatives
have been reported to exhibit relatively shorter lifetimes of
the excited states and the resulting weak emissions,zo'22 which
derive from the small energy gaps between the frontier
orbitals due to the breaking of the degeneracy caused by ring-
fusion. Additionally, dehydropurpurin derivatives commonly
exhibited red-shifted absorption bands with weak intensity.lg'
22

Recently, we have first reported the synthesis of the zinc(lIl)
complex of a quadruply-fused porphyrin (ZnQFP, 4), whose
exocyclic five-membered fused rings at the periphery exhibit
the same bonding pattern as those of dehydropurpurin and
the derivatives,”'22 by intramolecular C-C bond formation
through palladium-catalysed C-H activation (Fig. 1).23 ZnQFP
exhibits red-shifted absorption bands and small HOMO-LUMO
gaps based on the m-extension by the ring-fusion. However,
details of the electronic structure of ZnQFP including the
aromaticity and the magnetic properties have yet to be
clarified. In this work, we investigate the effect of the number
of fused rings on the electronic structures of expanded -
conjugated frameworks derived from the 18m-electron
aromatic circuit, by using UV-Vis and MCD spectroscopies. Ring
fusion also makes it possible to draw various aromatic circuits
including anti-aromatic circuits on the fused porphyrins (Fig. 1
and see below). Spectroscopic results allowed us to confirm
considerable effect of the contribution of anti-aromatic circuits
on the electronic structures of ZnQFP and the optical
absorption properties. Furthermore, we clarify the extension
of the aromatic circuits to the fused meso-aryl groups using
ESR spectroscopies of the 1e -oxidized and 1e -reduced
species. Significant substituent effects at the para-positions of
the fused meso-aryl groups of the ZnQFP derivatives have
been also clarified on the optical and electrochemical
properties and the crystal structures; the sensitiveness to the

2| J. Name., 2012, 00, 1-3

nitrogen bond lengths caused by
rhombic deformation of the rigid
i\ structure of the QFP ligand.
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Synthesis

To obtain a series of ring-fused
porphyrins, we employed direct C-H
activation using a Pd catalyst to link
an o-carbon of meso-aryl groups
with a f-carbon of f-tetrabromo-
tetrphenylporphyrin  (TPPBr,) (Scheme 1). As previously
|'eported,23 selection of the Pd catalyst is particularly crucial for
the product selectivity of the reaction of ZnTPPBr,. Upon using
PdO(PPh3)4 as the catalyst, partially ring-fused porphyrins, 1
and 2, were mainly formed (Scheme 1; top),18 where the
bromo groups not used for the ring-fusion were eliminated to
be replaced with hydrogen atoms. On the other hand, Pd
clusters, which were formed from [Pd(773—C3H5)C|]2 in 5i1’u,24
afforded the fully ring-fused product (4) in a high yield (ca.
80%) (Scheme 1; bottom).25

Herein, to elucidate the impact of the substituents on the
electronic characteristics of 4, we have introduced various
functional groups at the para-positions of the four meso-
phenyl groups of the ZnTPPBr, precursor, ZnT(Ar)PBr, (Scheme
2). The syntheses of the derivatives were done as follows: The
tetra-meso-aryl porphyrins were brominated at the four S
carbons®® and the C-C bond formation was performed with Pd
clusters derived from [Pd(773—C3H5)C|]2 as the catalyst in 1,4-
dioxane. The yields of the derivatives are 72% for 5 with tert-
butyl groups, 65% for 6 with methoxy groups, 22% for 7 with
methoxycarbonyl groups and 22% for 8 with trifluoromethyl

Ar
[Pd(173-C3Hs)Cll
Br  (n-Bu),N(OAc)
A KoCOs4
Ar d 1,4-dioxane
Br
Br Ar
ZnT(Ar)PBry

R = t-Bu, 72%)
R = OMe, 65%)

R = CF3, 22%)
(R = Mesityl, 74%)

Scheme 2. Syntheses of quadruply fused porphyrin derivatives having substituents at

5(
6 (
7 (R = CO,Me, 22%)
g (

the fused meso-aryl groups.
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Table 1 NICS(1) values of ZnTPP and the zinc(ll) complexes of the fused porphyrins.
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ZnTPP — — — -15.00 -8.56 — +1.81
1 +12.72 — -1.24 -12.09° —9.55° —2.81 +1.03
2-cis +9.66 — -1.81 -9.60° -8.55° —4.01 +0.17
2-trans +11.66 — -1.16 -10.75° -9.01 -3.19 +0.05
3 +12.37° +6.29 -1.60 -8.59° —7.44° —2.47° —0.53
a4 +10.85 +6.21 — -7.19 -7.33 -3.31 —

9 Mean values of those for corresponding positions.

groups. The low vyields of 7 and 8 are not caused by the low
reaction efficiency but by the low solubility of the product and
resultant difficulty in isolation. In addition, to improve the
solubility of a ZnQFP derivative, mesityl groups were
introduced at the para-position of the meso-aryl groups of
ZnT(Ar)PBr, to afford 9 in 74% vyield. The characterization of
the derivatives was done by '"H NMR spectroscopy, MALDI-
TOF-MS spectrometry, and elemental analysis.26

Partial contribution of anti-aromatic circuits of the fused
porphyrins to 'H NMR spectra

In the 'H NMR spectra of 1-4 and ZnTPP in DMSO-d,,
increasing the number of fused rings causes the upfield shifts
of the corresponding signals; for instance, 'H NMR signals of
protons at S-positions of non-fused pyrroles, adjacent to fused
phenyl rings (blue circles in Fig. S1 in the Electronic
Supplementary Information (ESI)), were observed at ¢ 9.31
ppm for 1, 9.16 ppm for 2-cis, 8.99 ppm for 2-trans, 8.62 ppm
for 3 (the mean value of those for the three corresponding
signals), and 8.34 ppm for 4. This tendency seems contrary to
the fact that the ring fusion makes the porphyrin molecules
more planar and causes w-extension to the fused phenyl
groups to generate a larger aromatic circuit. This can be
explained by contribution of resonance structures involving
anti-aromatic circuits.”>** For instance, to quadruply-fused 4,
307 (4), 267 (8), 22w (4) and 187 (2) aromatic circuits can be
drawn (the numbers in parentheses indicate those of the
circuit patterns having the number of m-electrons), whereas
247(4) and 20m (4) anti-aromatic circuits can be expected
simultaneously (Fig. S2 in the ESI). In contrast to the aromatic
and anti-aromatic circuits expanding to the whole porphyrin
molecule, more partial aromatic and anti-aromatic circuits
such as 6m benzene rings (4), 8n azapentalene rings (4) and
121t benzo-azapentalene rings (4) can be also drawn. The
numbers of possible resonance structures for the other ring-
fused porphyrins are summarized in Table S1 in the ESI (See
Fig. S3 — S6 in the ESI). These various resonance structures

This journal is © The Royal Society of Chemistry 20xx

contribute to the magnetic properties of the ring-fused
porphyrins depending on the stabilization energy of each
resonance structure. In particular, the numbers of anti-
aromatic resonance structures increases with increasing the
number of the fused rings. This contributes to the up-field
shifts of the '"H NMR signals upon increasing the number of the
fused rings.

To elucidate the magnetic properties of the ring-fused
porphyrins, we have performed DFT calculations on them to
estimate nuclear-independent chemical shifts (NICS(1)27). The
NICS(1) values were estimated on various positions of the ring-
fused porphyrins as summarized in Table 1. Negative NICS(1)
values indicate diatropic (aromatic) current effects working on
the position and the positive values do paratropic (anti-
aromatic) current effects. The NICS(1) values for the centres of
the six-membered chelate rings of the porphyrin core (position
D) and for the centres of the non-fused pyrrole rings (position
E) are largely negative commonly for all of the fused
porphyrins, indicating the existence of strong aromatic
currents in the porphyrin cores. Moreover, the NICS(1) values
increased with increasing the number of fused rings. On the
other hand, the five-membered rings formed with the ring-
fusion exhibit largely positive values at the centres (position
A). The positive values at the position A can be accounted for
two factors; (1) the five-membered rings are positioned at the
outside of the strong aromatic currents of the porphyrin cores,
and (2) simultaneously, are involved in the anti-aromatic
circuits formed by the ring fusion. In comparison with the
NICS(1) values at the outside of the porphyrin aromatic circuits
(position G), those at the position A are quite larger and thus
the positive values are mainly derived from the anti-aromatic
contributions. Additionally, the NICS(1) values at the centres of
the fused pyrroles (position B and C) gradually increase with
increase in the number of the fused rings, from a negative
value for 1 to a positive value for 4. The tendencies are well

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 MCD (top) and experimental absorption (middle) spectra, recorded in DMF at room temperature, and calculated transition energies and oscillator strengths (f)
obtained with TD-DFT calculations at the B3LYP/6-31G(d) level of theory (bottom) of 1 (a), 2-cis (b), 2-trans (c), 3 (d) and 4 (e). The dashed lines in the calculated stick
spectra at the bottom indicate the experimental absorption spectra of the corresponding porphyrins in DMF.

matched with the 'H NMR observations (see above) and well
explained with the contribution of the anti-aromatic resonance
structures.
Optical spectroscopic characterization of a series of fused
porphyrins

The fused porphyrins show the more bathochromically shifted
absorption bands with increasing the number of fused rings,
indicating the expansion of m-conjugation circuits of the
porphyrins (Table S2 in the ESI).23 The narrowing of the
HOMO-LUMO gaps with increasing the number of fused rings
was also reflected on the redox potentials of the fused
porphyrins and the values obtained by DFT calculations (Table
S2 in the ESI); the HOMO-LUMO gaps obtained from the three
methods linearly correlated each other (Fig. S7 in the ESI). In
addition, the molar coefficients of the absorption bands and
the total oscillator strengths decreased with increasing the
number of the fused rings. This tendency can be also explained
by the contribution of aforementioned anti-aromatic circuits;
i.e. the anti-aromatic exhibit smaller molar
extinction coefficients, because the paratropic character
makes the electronic transition spin-forbidden.23 To rationalize
the observed spectral properties, we calculated the electronic
absorption spectra with the TD-DFT method at the B3LYP/6-
31G(d) level using the DFT-optimized structures of the fused
porphyrins. The calculated electronic transition wavelengths
and intensities are summarized in Table S3 in the ESI and are
schematically depicted in Fig. 2. The calculated stick spectra in
Fig. 2 reproduce the excitation wavelengths and intensities of
the experimental spectra. The lowest absorption bands of the
fused porphyrins commonly derive from the HOMO-to-LUMO
n-it* transitions (Fig. S8 and S9 in the ESI).29

molecules

4| J. Name., 2012, 00, 1-3

To gain in-depth insight into the electronic structures of
the ring-fused porphyrins based on spectroscopic techniques,
their magnetic circular dichroism (MCD) spectra were
measured in DMF (Fig. 2).30733 Due to the molecular
symmetries being lower than C;, the MCD signals consist of
Faraday B terms. Despite the less intense and more
complicated MCD signal patterns compared to those of regular
porphyrins, which can also be accounted for in terms of
contributions from other resonance structures to the
electronic structures of these compounds, changes in the MCD
sign sequence can be observed upon increasing the number of
fused rings. In the Q band region, 1 and 2-cis show a negative
to positive sign sequence (—, +) in ascending energy, which
becomes less intense and unclear for 2-trans, and finally the
reverse sign sequence (+, —) was observed for 3 and 4.
According to the Michl’s perimeter model for predicting MCD

1 2-cis 2-trans 3 4
—2.19
LUMO+1 —2.27
; E ALUMO .49 T
LUMO =028 e 0 0.48 —2.58
—2.47 — v 272
-257 — 029
> —2.75 — 0.31
a; —2.87 Z
> 2.41 308
2 2.37 2.07
i} 2.04
1.94
—4.82
—4.87 —4.93 — —4.91
HOMO — A — ——r
AHOMO 0.46 < 021 —i2
HOMO-1 =030 507 \i pryre _
17 —— 5.12 5.09
Yy @ s
AHOMO > ALUMO AHOMO =~ ALUMO AHOMO < ALUMO

Fig. 3 lllustrations of the MCD band sign patterns predicted by the Michl’s perimeter
model for the separations of the energy levels of the frontier orbitals obtained for 1 —
4. Energy levels given in the figure were obtained by DFT calculations at the B3LYP/6-
31G(d) level of theory.

This journal is © The Royal Society of Chemistry 20xx
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(a)

g=2.0027

Ay=143G

A,=0.98G | A4=0770G

Fig. 4 Experimental (top) and simulated (bottom) ESR spectra of the n-radical cation
(a) and anion (b) obtained from the chemical oxidation and reduction of 9 in THF. The
former was formed with TBPAH as the oxidant and the latter with Co(Cp*), as the
reductant.

o) Lol

Fig. 5 SOMOs of le-oxidized (a) and le-reduced species (b) of 4 calculated at the
B3LYP/6-31G(d) level of theory.

signs,30'33 which was successfully applied by Djerassi et al. to

explain the sign sequence of reduced porphyrins such as
chlorin and bacteriochlorin, (-, +) and (+, —) sequences in
ascending energy related to the cases of AHOMO > ALUMO
and AHOMO < ALUMO, respectively (AHOMO and ALUMO
imply the energy gap between HOMO and HOMO-1 and that
between LUMO and LUMO+1, respectively).33'34 It was also
demonstrated that in the case of AHOMO = ALUMO, the MCD
signal in the Q band region become (-, —) and basically very
weak.>* By applying this structure-spectrum correlation to the
fused porphyrin systems presented here, it can be proposed
that the degeneracy of the LUMO and LUMO+1 of the D, type
porphyrin macrocycle is loosened with increasing the number
of fused rings, i.e. AHOMO > ALUMO for 1 and 2-cis, AHOMO =
ALUMO for 2-trans, and AHOMO < ALUMO for 3 and 4 (Fig. 3).
In addition, DFT calculations on the fused porphyrins
supported well the relative energy changes of the four frontier
orbitals and implied that the increase of ALUMO is caused by
stabilization of the LUMO by the ring fusion (Fig. 3).

Oxidation and reduction of quadruply fused porphyrins

To elucidate the electronic structures of ZnQFP in detail, we
measured electron-spin resonance (ESR) spectra of the le -
oxidized and le -reduced species of ZnQFP in THF (Fig. 4). As a
ZnQFP derivative, mesityl-substituted 9 was employed for the
ESR studies to ensure the solubility in THF and to preclude the
association among the radical species. The cyclic and
differential-pulse voltammograms (CV and DPV) of 9 measured

This journal is © The Royal Society of Chemistry 20xx
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in THF indicated the rest potential to be +0.13 V vs SCE and
exhibited four reversible redox couples at —0.98, —0.60, +0.86,
and +1.23 V vs SCE (Fig. S10 in the ESI), and all of the four
redox waves was assigned to be le  processes. Thus, the first
oxidation and reduction potentials of 9 are +0.86 and —0.60 V
vs SCE, respectively. The le -oxidized species of 9 (9°*) was
formed by addition of 1 equiv of tris(4-bromophenyl)aminium
hexachloroantimonate (TBPAH; E,.q = +1.31 V vs SCE)35 as the
oxidant to the solution of 9 in THF in an ESR tube. The ESR
spectrum of 9°* at 298 K exhibited no hyperfine structure due
to the nitrogen nuclei. This result is in stark contrast to that of
ZnTPP:*® The ESR signal of 1e -oxidized ZnTPP in CH,Cl, at 298
K was split into nine lines due to the hyperfine coupling with
the four nitrogen nuclei (Ay = 1.55 G). The ESR spectrum of 9°*
was simulated and the signal broadening can be explained by
the hyperfine couplings with the peripheral hydrogen nuclei
(A, =0.98 G).

On the other hand, the ESR signal of 1e -reduced species of
9 (97), which was formed with 1 equiv of decamethyl-
cobaltocene (Co(Cp*),; Eo,x =—1.30 V vs SCE)37 as a reductant in
THF at 222 K, exhibited a five-peaked hyperfine splitting
pattern due to coupling with two of the nitrogen nuclei (Fig.
4b). The simulation of the ESR signal was performed to
indicate that the hyperfine coupling constants, Ay and A, are
1.43 and 0.77 G, respectively. Also in this case, the hyperfine
splitting patterns are quite different between the reduced
species of ZnQFP and ZnTPP. In the ESR spectrum of le -
reduced zZnTPP (ZnTPP™") in THF at room temperature, a
relatively broadened and isotropic signal was observed
without any hyperfine splitting due to the nitrogen nuclei.®®

The difference in the hyperfine splitting patterns between
ZnQFP and ZnTPP can be accounted on the basis of the
distribution of the SOMOs obtained by DFT calculations. The
SOMO of ZnTPP"™* shows a,, symmetry and has a large spin
density on the inner four nitrogen atoms,39 whereas that of
ZnQFP™ has a;, symmetry, expanding to the fused phenyl
rings, and shows no spin density on the four nitrogen atoms
(Fig. 5a). Therefore, the ESR signal of ZnQFP"* does not exhibit
hyperfine splitting due to the nitrogen nuclei. On the other
hand, calculations of ZnTPP*™ exhibits bz symmetric SOMO
having no electron density on the four nitrogen atoms.” In
contrast, the SOMO of ZnQFP"™ in the b,z symmetry possesses
electron density on the two nitrogen atoms of the non-fused
pyrroles (Fig. 5b). Thus, the ESR signal of ZnQFP™™ shows
hyperfine splitting due to the two nitrogen nuclei.
Substituent effects on crystal structures of ZnQFP derivatives.

In the previous report,23 we described the crystal structures of
4-py (the molecule written after hyphen indicates the axial
ligand on the central zn" ion). Here, we have clarified crystal
structures of QFP derivatives, 5-py, 5-dox (dox = 1,4-dioxane)
and 8-py (Fig. 6).26 The representative bond lengths and other
structural parameters of the crystal structures are summarized
in Table 2. One of the most important structural characteristics
of QFP is the elongation of the Cj,5,-Corho bonds of the fused
rings; the elongation derives from the expansion of the m-
conjugation circuits to the fused benzene rings.23 As results of

J. Name., 2013, 00, 1-3 | §
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Ca (non-fused)

Fig. 6 Top and side views of crystal structures of 5-py (a), 5-dox (b) and 8-py (c). The thermal ellipsoids are drawn with 50% probability. Green-coloured atoms in (c)

indicate fluorine atoms.

the expansion, not only 18w, the most typical number of m-
electrons accompanying the aromatic circuit for porphyrins,
but also 20m, 227, 247w, 267, and 30w aromatic circuits can be
drawn and the contribution of each aromatic circuit
significantly affects the magnetic properties of QFP (See
above).?*

The characteristic elongation of the Cj-Cono bond
distances are also observed for 5-py, 5-dox, and 8-py; the
mean values of the Cj,,-Coino bond distances are 1.43, 1.43
and 1.44 A for 5-py, 5-dox, and 8-py, respectively, and they are
significantly longer than that of typical C-C bond in a benzene
ring (ca. 1.38 A)‘m and comparable to the value for 4-py (1.44
A).B

Bond lengths and angles are very similar to each other
among 4-py, 5-X (X = py or dox) and 8-py; however, there are

distortion of the porphyrin cores among 4-py, 5-X and 8-py.
The molecules of 4-py and 5-X showed a dome-type
distortion®” and the mean deviations of the core 48 atoms of
the porphyrin plane are 0.212, 0.501 and 0.390 A for 4-py, 5-py
and 5-dox, respectively (Fig. 7a—c). In contrast, 8-py is almost
planar and the mean deviation is 0.056 A (Fig. 7d). The
deviations of the zinc atoms from the porphyrin plane are
0.937, 1.452, 1.181 and 0.586 A for 4-py, 5-py, 5-dox, and 8-py
(mean value for the two independent atoms),
respectively. In addition, the porphyrin plane of 5-X forms a
bowl-like shape including the central zinc atom and the
resulting smooth curvature was observed, whereas only the
zinc centre deviates from the flat porphyrin plane in 8-py (Fig.
7). These results indicate that the more electron-donating
groups at the fused meso-aryl groups cause the more dome-

zinc

Page 6 of 10

significant differences found in the degree of conformational like distortion,
Table 2. Selected bond lengths and other structural data for 4-py,”> 5-X and 8-py.
4-py (R =H) 5-py (R = t-Bu) 5-dox (R = t-Bu) 8-py (R =CF3)
Zn-N1, A 2.277(2) 2.1959(12) 2.280(4) 2.313(7), 2.206(8)
Zn-N2, A 1.900(2) 1.9301(12) 1.892(4) 1.86(1), 1.883(9)
Zn-N3, A 2.268(2) 2.4340(12) 2.276(3) 2.23(1), 2.272(9)
Zn-N4, A 1.894(2) 1.9284(12) 1.897(4) 1.90(1), 1.840(9)
Zn-X(axial), A 2.079(2) 2.0999(12) 2.135(4) 2.10(1), 2.078(7)
(X=N) (X=N) (X=0) (X=N)
N-CE (fused, av), A 1.356 1.359 1.358 1.36
N-CE (non-fused, av), A 1.371 1.376 1.377 1.38
Cipso-Cortho (fused, av), A 1.436 1.431 1.431 1.43,1.44
C-C (Por core, total), A 28.229 28.285 28.235 28.18, 28.26
N1--N3, A 4.423(3) 4.460(2) 4.462(5) 4.44(1), 4.41(1)
N2---N4, A 3.631(3) 3.748(2) 3.714(5) 3.59(1), 3.59(1)
mean deviation, A 0.212 0.501 0.390 0.070, 0.061
Zn from the plane, A 0.937 1.452 1.181 0.594, 0.578

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx




page#ef106- ———————————Physical Chemistry Chemical Physics

Fig. 7 Side views of porphyrin cores consisting of 48 atoms of 5-py (a), 5-dox (b), 4-py
(c) and 8-py (d). The thermal ellipsoids are drawn with 50% probability. The axial
ligands and the substituents at the para-positions are omitted for clarity.

although the reason for this tendency is not clear at this point.
The bond lengths are very similar among 4-py, 5-X and 8-py as
mentioned above and only the difference was found in the
atom distance between the nitrogen atoms of the fused
pyrrole ring (N2---N4) (Table 2). Therefore, the substituents at
the fused phenyl rings do not affect the size of the porphyrin
core so significantly.

Substituent effects on optical and electrochemical properties of
quadruply fused porphyrins.

The optical and electrochemical properties of ZnQFP are
largely affected by the substituents at the para-position of the
fused meso-aryl groups. The introduction of substituents at the
para-positions of the fused aryl groups caused bathochromic
shifts of the absorption bands for all of the four derivatives, 5—
9, relative to those of 4 (Table 3 and Fig. S11 in the ESI).
Comparing the shift widths in an energy unit (cm_l) with those
of ZnTPP and the derivatives, the absorption bands of ZnQFP
derivatives are 10 times more affected by the substituents
than those of ZnTPP; for instance, the methoxy-substituted

Table 3 Absorption maxima and redox potentials of QFP and ZnTPP derivatives in DMF.

ZnQFP, 6, exhibits the longest Q-band at 1200 nm (8330 cm_l)
in DMF and the shift width relative to that of 4 is 1460 cm ™"

’

whereas the shift width of the Q-band for ZnT(p-OMe)PP to
that of ZnTPP is only 110 cm™.

As mentioned above, the absorption bands of the ZnQFP
derivatives are highly affected by the meso-aryl substituents,
whereas the direction and width of the shifts is not correlated
with the electronic properties of the substituents: Both the
electron-withdrawing and -donating groups cause red shifts of
the absorption bands. To shed light on the substituent effects
for the perturbation of the energy levels of the frontier orbitals
that most directly relate to the =n-n* transitions,43 we
performed electrochemical studies on the ZnQFP derivatives to
determine the redox potentials of the ZnQFP and ZnTPP
derivatives (Fig. S12 in the ESI). The redox potentials are also
summarized in Table 3. Both of the potentials for the first
reduction and first oxidation processes, Egeq1 and Ep,q, Of the
ZnQFP derivatives were positively shifted upon introducing
electron-withdrawing groups (Fig. 8). Ep,; of the ZnQFP
derivatives is more sensitive to the substituents than Eg.qq; the
differences in the potentials between the most electron-
donating methoxy derivative, 6, and the most electron-
withdrawing trifluoromethyl one, 8, are 0.51 V for Eg,; (+0.37
V for 6 and +0.88 V for 8), whereas that for Eg.q4; is only 0.05 V

(a) (b)12
5064 (1) (2@ Q@ u
= I @ | B
£ <
& -1.0- g
s | (10 g
o >
3-1.4- 4 ] 7 .
w 7 ® [ty
-4 -2 0 2 -4 -2 0 2
4op* 4op*

Fig. 8 Hammett plots of Egeq; (a) and Eoy (b) of the ZnQFP and ZnTPP derivatives ((1):
6,(2):5,(3):4, (4): 7, (5): 8, (6): ZnT(p-OMe)PP, (7): ZnT(p-tBu)PP, (8): ZnTPP, (9): ZnT(p-
CO,Me)PP, (10): ZnT(p-CF3)PP) against 40',,‘. Solvent: DMF containing 0.1 M TBAPFg
(TBA = tetra(n-butyl)ammonium). Values of & are taken from ref. 43.

(—0.71 V for 6 and —0.66 V for 8). On the other hand, the redox

JoaB) B AUB)Y  Znd@”  MQ” AMQ)  Eren®  Eou®  Eoa~Freat’
4(R=H) 592 16900 — 1021 9790 — -0.67 +0.65 1.32
5 (R =t-Bu) 616 16230 —670 1060 9430 -360 -0.70 +0.49 1.19
6 (R=0Me) 637 15700 -1200 1200 8330 -1460 -0.71 +0.37 1.08
7 (R=CO,Me) 616 16230 —670 1046 9560 -230 -0.67 +0.82 1.49
8 (R=CF3) 598 16840 —-60 1104 9060 -730 -0.66 +0.88 1.54
ZnTPP 425 23530 0 599 16690 0 -1.36 +0.83 2.19
ZnT(p-tBu)PP 427 23420 -110 601 16640 -50 -1.37  +0.79 2.16
ZnT(p-OMe)PP 429 23310 =220 603 16580 -110 -1.36 +0.74 2.10
ZnT(p-CO,Me)PP 429 23310 -220 600 16660 -30 -121  +0091 2.12
ZnT(p-CF;)PP 426 23470 —-60 597 16750 60 -1.19  +0.94 2.13

“innm. 2incm™. €in Vvs SCE. %in V.
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potentials of the ZnTPP derivatives are less sensitive to the
substituents of the meso-phenyl groups. To confirm this
tendency in the substituent effects on the redox potentials, we
provided Hammett plots (Fig. 8). A Hammett parameter, O'p+,44
was the best fit for the present studies. Consequently, the
plots of the redox potentials against o-,f exhibited good
linearity and the coefficients, p, were obtained to be +0.098
and +0.009 for Epyy and Egeq; Of ZNQFPs, respectively, and
+0.039 and +0.035 for Eq,q and Egeq; Of ZNTPPs, respectively. As
indicated by the p values, Eq,; of ZnQFP is sensitive to the
substituents than the Eg.4;, and the redox potentials of ZnQFP
are more easily affected by the substituents than those of
ZnTPP.** This sensitiveness can be accounted by the
distribution of the electron densities in the frontier orbitals
(Fig. 9). The DFT-calculated HOMO and LUMO show large
distribution on the meso-aryl groups due to the ring-fusion and
resultant expansion of the m-conjugation. In particular, the
para-position of the fused meso-aryl groups has large electron
density in the HOMO, but no distribution of the LUMO, which
causes good sensitivity of the HOMO-related Ey,; and poor
sensitivity of LUMO-related Eg.q4:1 to the substituents.

Lewis acidity of the central Zn"ion in QFP

One of the structural characteristics of ZnQFP complexes is the
rhombic distortion around the zn" centers;23 that is, the Zn—N
distances for the nitrogen atoms of the fused pyrroles (Zn—N2
and Zn—N4) are shorter by ca. 0.27 A than those of the non-
fused pyrroles (Zn—N1 and Zn—N3) and the mean Zn-N distance
of the ZnQFP complexes (ca. 2.11 A) is longer than that of
ZnTPP (ca. 2.04 °).46’47 This remarkable elongation suggests
weak overall o~-donation from the nitrogen atoms of the QFP
ligand to the central zn" ion. This overall elongation of Zn-N
bonds is expected to enhance the Lewis acidity of the central
Zn" ion. To confirm the enhancement of the Lewis acidity, we

Scheme 3 Coordination of pyridine on the Zn center of a QFP derivative.

Table 4. Association constants of 9 and other zn" complexes of porphyrin derivatives
with pyridine derivatives in CH,Cl, at 298 K.

Kassoo M, 10° M~
py 3-Am-py 4-Me-py
9 7685 38@7 3021
ZnTPP 1.120.1° 1.8@0.1° 1.1020.01
ZnoPP° 1.420.2° 3.2@0.5" 3.500.2
ZnDPP 4600.2° 1180° 7.500.1

90PP =2,3,5,10,12,13,15,20-octaphenylporphyrin, b ref. 48c.

have determined the association constants (K,s.c) between a
ZnQFP derivative, 9, and pyridine derivatives in CH,Cl, (Scheme

8| J. Name., 2012, 00, 1-3

3). Here, we utilized three pyridine derivatives, pyridine (py),
3-aminopyridine (3-Am-py), and 4-methylpyridine (4-Me-py).
The solution of each pyridine derivative in CH,Cl, was added
dropwise to that of 9 (1.26 x 107 M) in CH,Cl, and the UV-Vis
spectral change was observed (Fig. S13 in the ESI) at 298 K. The
absorbance changes of 9 at 625 nm upon the titration
experiments were analysed with eq S1 in the ESI to afford the
Kassoc Values, which are summarized in Table 4. In comparison
with the K, values of zn" complexes of other porphyrin
derivatives (Fig. S14 in the ESI), compound 9 exhibits larger
Kassoc Values for all of the three pyridine derivatives. For
instance, the K ... of 9 for py ((7.6 £ 0.5) x 10° Mfl) is ca. 70
times larger than that of ZnTPP ((1.1 £ 0.1) x 10* Mfl)48 and ca.
16 times larger than even that of the zn" complex of
dodecaphenylporphyrin (DPP), which has been known to
exhibit relatively higher Lewis acidity due to the
conformational distortion to a saddle form and the resulting
weak o-donation from the nitrogen atoms to the central metal
jons. & Therefore, the structural expansion of the core of the
QFP ligand can exert remarkable impact to enhance the Lewis
acidity of the central metal ions.

Conclusions

We have clarified the significant effects of the ring fusion on
the electronic structures of the porphyrin derivatives, and
verified the expansion of the m-conjugated aromatic circuits to
the fused meso-aryl groups. The expansion of the =-
conjugated circuits results in the unique aromatic and
magnetic properties of the porphyrin derivatives, and causes
not only the remarkable red shifts of the absorption bands
derived from narrowed HOMO-LUMO gaps, but also the
contribution of anti-aromatic resonance forms to the magnetic
properties as observed in the 'H NMR spectra. In addition, we
have revealed the substituent effects at the fused meso-aryl
groups of QFP on the crystal structures, absorption spectra
and redox potentials; the significant substituent effects are
also caused by the expansion of the m-conjugated circuits.
Furthermore, the ring fusion to form five-membered rings
causes overall elongation of the coordination bonds among
the pyrrolic nitrogen atoms and the central metal ions in QFP-
metal complexes, which results in remarkable enhancement of
the Lewis acidity of the central metal ions to strengthen the
axial coordination.

Experimental section
General.

Chemicals and solvents were used received from
commercial sources unless otherwise mentioned. 1,4-dioxane
for the synthesis was distilled over Na/benzophenone before
use. N,N-Dimethylfolmamide (DMF) for the electrochemical
measurements was distilled before use. Synthesis of zn"
tetrabromo-porphyrinate derivatives,49 1, 2-cis, 3, and 4,23
were performed with the reported procedures. Synthetic

details of compounds are described in the ESI.

as
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!4 NMR measurements were performed on a Bruker
AVANCE400 spectrometer at 400 MHz. UV-vis absorption
spectra were measured at room temperature in DMF on a
Shimadzu UV-3600 spectrophotometer. MALDI-TOF-MS
spectrometry was performed on an AB SCIEX TOF/TOF 5800
spectrometer by using dithranol as a matrix. Magnetic circular
dichroism (MCD) spectra in the 300-800 nm region were
recorded on a JASCO J-725 spectrodichrometer with a
magnetic field of up to 1.09 T, while spectra in the 800-1200
nm region were recorded wusing a JASCO J-730
spectrodichrometer producing a magnetic field of up to 1.50 T
(1T =1 tesla). Electrochemical measurements were performed
at room temperature in THF and DMF in the presence of 0.1 M
of TBAPF¢ as an electrolyte at room temperature on an ALS/CH
Instruments Electrochemical Analyser Model 710D. ESR
spectroscopy was performed on a Bruker EMXPlus9.5/2.7
spectrometer.
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