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Abstract: The optical spectra of a
series of core-modified tetrabenzopor-
phyrins were analyzed to determine
the effects of core modification, ligand
folding, and partial benzo substitution
at the ligand periphery on the electron-
ic structure by using magnetic circular
dichroism (MCD) and NMR spectros-
copy, X-ray crystallography, cyclic and
differential pulse voltammetry, and
TD-DFT calculations. Planar 21-carba-,
21-thia-, 21,23-dithia-, and 21-oxa-23-
thiatetrabenzo[b,g,l,q]porphyrins  re-

ported previously were studied togeth-
er with the previously unreported 21-
oxa- and 21-carba-23-thiatetrabenzo-
[b,g,l,g]porphyrins. The optical proper-
ties of these compounds are compared
to those of tetrabenzo[b,glq]-,
5,10,15,20-tetraphenyl-, 5,10,15,20-
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tetraphenyltetrabenzo([b,g,/,q]-21-thia-,
5,10,15,20-tetraphenyltetrabenzodithia-,
5,10,15,20-tetraphenyldibenzo|g,q]-
21,23-dithia-, 5,10,15,20-tetraphenyl-
dibenzo[b,/]-21,23-dithia-,  5,10,15,20-
tetraphenyltribenzo[g,q,/]-21-thia-, and
5,10,15,20-tetraphenylbenzo[b]-21-thia-
porphyrins. Michl’s perimeter model
and Gouterman’s four-orbital model
are used to conceptualize the results
and to account for red shifts commonly
observed in the spectral bands of non-
planar porphyrinoids.

Introduction

While the current focus in theoretical calculations on por-
phyrinoids is to interpret and understand the spectroscopic
and electrochemical properties, a much greater challenge is
to predict these properties given a specific structure. The
electronic structure of porphyrinoids can be finely tuned to
provide a set of properties suitable for use in specific practi-
cal applications by means of the wide range of possible

structural modifications to the parent porphyrin ligand. The

ability to predict the structure needed to achieve specific
electronic properties is particularly important. For example,
porphyrinoids designed for use in photodynamic therapy
(PDT) of tumors!! should have strong absorption bands in
the red region (>650 nm) for light transparency in living
cells. The electronic structure can be tuned by introducing

electron-withdrawing and electron-donating groups® or ster-

ically hindered bulky substituents,”’! by lowering the molecu-
lar symmetry by partial saturation of the m system, by ex-
pansion of the s system through peripheral radial substitu-

tion with fused ring systems,”! and by substitution of the
meso-carbon atoms by aza nitrogen atoms or core modifica-

tion by substitution of the pyrrole nitrogen atoms by

under http://www.chemeurj.org/ or from the author.
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Until recently, research on the tetrabenzoporphyrins was
substantially more limited in scope than is the case for por-
phyrins, porphyrazines, and phthalocyanines due to their
low solubility arising from ni—st stacking effects. Ono and co-
workers developed the key breakthrough synthetic method-
ology for highly pure m-expanded porphyrinoids”! and
benzo[c] heterocyclic oligomers®™? based on tetramerization
of pyrroles fused with bicyclo[2.2.2]octadiene (BCOD) to
afford a peripherally substituted porphyrin, which can subse-
quently be converted to a tetrabenzoporphyrin in quantita-
tive yield by heating at 200°C.'% A series of core-modified
tetrabenzoporphyrins have recently been synthesized in
which carbon, oxygen or sulfur atoms replace of one or both
of the protonated pyrrole nitrogen atoms.”!'! The com-
pounds studied include the planar 21-carba- (CN3), 21-thia-
(SN3), 21,23-dithia- (S2N2), and 21-oxa-23-thia- (OSN2)
tetrabenzo[b,g,l,q]porphyrins reported previously by Ono
and co-workers!'!! as well as the previously unreported 21-
oxa- (ON3) and 21-carba-23-thia- (CSN2) tetrabenzo-
[b,g.l,q]porphyrins (Figure 1). The optical properties of these
compounds are compared to those of tetrabenzo-

TBP: X, Z=N-H TPTBP: X,Z=N-H,R=Ph
SN3: X=S,Z=N-H

S2N2:X,Z=S

TPSN3: X =S,Z=N-H,
R = p-Tol
OSN2: X=S5,Z2=0 TPS2N2: X, Z=S,R=Ph

ON3: X=0,Z=N-H

2BS 2BN 1BS

Figure 1. Structures of TBP, SN3, S2N2, OSN2, ON3, TPTBP, TPSN3,
TPS2N2, CSN2, CN3, 3BN, 2BS, 2BN, and 1BS with carbon numbering
schemes.”” The pathway of the dominant ring current observed on the
basis of NMR spectroscopy is shown in bold.
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[b,g.l,glporphyrin (TBP), 5,10,15,20-tetraphenylporphyrin
(TPP), 5,10,15,20-tetraphenyltetrabenzo[b,g,l,q]-21-thiapor-
phyrin (TPSN3), 5,10,15,20-tetraphenyltetrabenzo[b,g,l,q]-
21,23-dithiaporphyrin (TPS2N2), 5,10,15,20-tetra-
phenyldibenzo[g,q]-21,23-dithiaporphyrin (2BN), 5,10,15,20
-tetraphenyldibenzo([b,/]-21,23-dithiaporphyrin (2BS),
5,10,15,20-tetraphenyltribenzo[g,q,/]-21-thiaporphyrin (3BN)
and 5,10,15,20-tetraphenylbenzo[b]-21-thia-porphyrin (1BS)
to examine the effect of ligand folding due to steric hin-
drance. The synthesis of monohetero- and diheteroporphyr-
ins was pioneered by Ulman and Manassen in the mid-
1970s.”) The “thia” and “oxa” terminology for pyrrole ni-
trogen replacement within core-modified porphyrinoids,
which was originally introduced by Johnson et al.,™ is now
well established in the literature,® despite the fact it would
normally only be applied to replacement of a carbon atom.

Herein, we use a combination of magnetic circular dichro-
ism (MCD) spectroscopy and theoretical calculations, specif-
ically the time-dependent DFT (TD-DFT) and INDO/s
techniques (INDO =intermediate neglect of differential
overlap), to study the effect of core modification on the
electronic structure and optical spectra of porphyrinoids.
The effect of porphyrin-ring ligand folding is also investigat-
ed for compounds bearing phenyl groups at the meso-
carbon atoms, since this has been the subject of considerable
controversy in recent years.'¥ The conformational flexibility
of tetrapyrrolle macrocycles that is observed in protein crys-
tal structures is believed to play a key role in determining
the redox, spectroscopic, and catalytic properties of metal-
loenzymes. Sterically hindered porphyrins have been used as
model compounds to study the effects of nonplanarity on
the electronic structure. We recently reported an MCD spec-
troscopic study on tetraphenyltetraacenaphthoporphyrins
(TPTANP),™ which were reported by Lash etal.>!! to
have the most red shifted B (or Soret) bands ever observed
for porphyrinoids due to the effect of steric hindrance be-
tween the phenyl substituents and fused peripheral acenaph-
thalene rings. A set of anomalous negative Faraday .o/,
terms was observed in the MCD spectrum, due to reversal
in the alignment of the magnetic moments of the optically
accessible mm* excited states owing to saddling of the ligand.
A perimeter model approach was used to assign the optical
spectra based on a D,;symmetric saddled structure derived
from a B3LYP geometry optimization in which an §, sym-
metry axis is retained. The aim of this paper is to evaluate
not only the effect of core modification but also the effect
of the removal of the main C, or §, symmetry axis on the
electronic structure of a series of planar and nonplanar
core-modified free-base benzoporphyrins and to determine
the extent to which the MCD technique can be used to test
the accuracy of TD-DFT calculations and B3LYP optimized
structures for nonplanar porphyrinoids and to continue our
development™ of tools which will allow us to move towards
in silico design of novel porphyrinoids with specific proper-
ties based on theoretical predictions.
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Results and Discussion

MCD spectroscopy of porphyrinoids: Many of the key
breakthroughs in understanding the electronic structure of
the porphyrinoids have been derived from MCD spectrosco-
py.'7) since the technique provides information on ground-
and excited-state degeneracy that is required to fully assign
the optical spectra of high-symmetry species. MCD spectra
are recorded on a conventional CD spectrometer with a
magnetic field applied parallel to the axis of light propaga-
tion (see the Supporting Information for more details).
Analysis of MCD spectra is based on the Faraday ./, %,,
and %, terms due to Zeeman splitting of the absorption
bands for left and right circularly polarized (lcp and rcp)
light, the field-induced mixing of zero-field states, and the
Zeeman splitting due to ground-state population adjust-
ment, respectively (see Figures S1 and S2 in the Supporting
Information). Since application of DFT techniques to prop-
erties based on magnetic dipole moment, such as MCD
spectroscopy!™ has still to be fully developed, theoretical
approaches based on semiempirical theoretical techniques
such as Michl’s perimeter model™ and Gouterman’s four-
orbital model,”™ continue to play an important role in inter-
preting the optical spectra of porphyrinoids. Moffitt??! and
Michl!") demonstrated that the electronic structures of het-
eroaromatic 7 systems can be described in terms of parent
high-symmetry cyclic-polyene hydrocarbon perimeters, since
the nodal patterns of the four frontier 1 MOs, which arise
from the magnetic quantum number properties, are retained
even after perturbations to the electronic structure. In the
case of metal porphyrinoids, the orbital angular momentum
(OAM) properties of the MOs which constitute the =
system can be described in terms of an M| =0, +1, +2, £+3,
+4, +5, +6, £7, 8 sequence in ascending energy, associated
with the D,g-symmetric C,¢H,>~ parent perimeter for the
18 m electrons on the 16-atom inner ligand perimeter, since
the four pyrrole nitrogen atoms have identical partial charg-
es. In the case of free-base porphyrinoids, however, the
parent perimeter is usually viewed as being C;sHs with the
MOs arranged in an M =0, +£1, +2, +3, £4, £5, £6, +7,
+8, 9 sequence, since the 2p, atomic orbitals of the proton-
ated pyrroles contain a lone pair of electrons. In the context
of Gouterman’s four-orbital model,”” the optical spectrosco-
py is based on an allowed transition to the B state (“AM; =
+17) arising from the W~} and W] excited-state configura-
tions and a forbidden transition to the Q state (“AM =
+9”) arising from the W;* and W, excited-state configura-
tions, which arise from the four spin-allowed transitions
linking the HOMOs (M =+4) and the LUMOs (M| =+5);
see Figure 2 and Figure S3 in the Supporting Information.
Within Michl’s perimeter model™” the induced excited-state
magnetic moments of these ideal B and Q states are re-
ferred to as u~ and u™, respectively.

Michl™ predicted, based on an LCAO approach to the
perimeter model, that the magnetic moments associated
with the B and Q bands (¢~ and u*) of a C;¢H,s>~ parent pe-
rimeter are —0.01 and —6.24 3, respectively, while the corre-
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Figure 2. Top: Origin of the Q and B bands in Gouterman’s four-orbital
model.”™ In the context of a free-electron model, the doubly degenerate
HOMO and LUMO of the inner cyclic polyene perimeter exhibit +4
and +5 f of angular momentum, respectively. The four possible spin-al-
lowed transitions result in the forbidden “Q” band with “AM;=+9 "
and the allowed “B” band with “AM; =+1 f8”. These bands are readily
recognized in the absorption and MCD spectra of most main group
metal and free-base porphyrinoids. The symmetries of the real MOs aris-
ing from these complex MOs are shown for the D,, symmetry of metal
porphyrinoid complexes and the typical D,, symmetry of free-base por-
phyrinoids (in parentheses). When the symmetry is reduced to D,;,, the
zero-field splitting of the excited states that is introduced splits the Q
and B bands into their x- and y-polarized components. Bottom: The four
frontier ® MOs of the C,¢H,;>~ and CsH;s parent perimeters and TBP
from INDO/s calculations generated using the CAChe workstation soft-
ware package at the 0.04 a.u. energy level of the isosurface value for elec-
trostatic potential exhibit the My =+4 and M; =+5 nodal patterns an-
ticipated on the basis of Gouterman’s four-orbital model® and Michl’s
perimeter model.”® The nodal patterns for all of the compounds in
Figure 1, generated from Gaussian checkpoint files*!! for TD-DFT calcu-
lations using CS Chem 3D and from INDO/s calculations using the
CAChe workstation software package,*”! are provided as Figure S3 in the
Supporting Information.

sponding values for a CjHjg perimeter are —0.36 and
—6.834. Under ideal D4, or Dy, symmetry, the Q, band is
fully electric dipole forbidden and can gain intensity only
through vibrational borrowing from the allowed B, band.
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The sign and intensity of the .o/, term arising from the B
transition is determined only by the far weaker 4~ moment.
In the case of D,- and D,,-symmetric cyclic perimeters,
there is mixing of the allowed and forbidden character of
the B and Q transitions, and the B and Q excited states ac-
quire both = and u* character. The x4~ contribution tends
to be largely independent of structural changes, whereas the
ut contribution can change sign depending on the nature of
the perturbations to the structure of the perimeter. The
degree of mixing a and the magnitude of the induced mag-
netic dipoles u(B) and u(Q) associated with the B and Q ex-
cited states can be estimated by using Michl’s perimeter
model,'” based on the observed dipole strengths 2,

[Egs. (1)-(3)]-

Z4(Q)/Zy(B) = tan’ a 1)
u(B) = £(cos* a)u~ + (sin® a)u" 2)
u(Q) = £(sin® a)u~ + (cos® a)u" (3)

Michl™ demonstrated that in the case of lower symmetry
chromophores, such as the core-modified TBPs in this study,
in which complete lifting of the orbital degeneracies of the
four frontier 1 MOs occurs (Figure 2) the alignment of the
induced magnetic moments with and against the axis of light
propagation and the applied field (and hence the ordering
of the signs for the Q,, Q,, B,, B, MCD spectral bands),
based on the u* moment contribution, can be determined
by the relative magnitude of the splitting of the HOMOs
and the LUMOs of the parent perimeter (AHOMO and
ALUMO), since this determines whether the circulation of
electronic charge in the LUMOs or that of the hole left in
the HOMOs is the dominant factor in conserving the quan-
tum of OAM provided by the incident photon of left or
right circularly polarized light. When AHOMO >ALUMO,
electronic charge circulation in the LUMO predominates
and the ordering of the negative and positive Faraday 4%,
terms arising from the Q and B transitions, due to the differ-
ential absorbance of Icp and rcp on which MCD intensity is
based, is —, +, —, + in ascending energy terms (analogous
to two positive derivative-shaped .¢7; terms). In contrast,
when ALUMO >AHOMO the positive charge associated
with the hole left in the HOMO is the predominant factor
and the sequence reverses to +, —, +, — (analogous to two
negative derivative-shaped .o/, terms), as has been observed
previously in the MCD spectra of the chlorins, where
ALUMO >AHOMO due to the effect of the reduction of
the porphyrin & system at the ligand periphery.””

In summary, changes in symmetry will reduce the OAM
associated with both the doubly degenerate HOMO and
LUMO of the m system of the parent cyclic-polyene hydro-
carbon perimeter, but the nodal patterns associated with the
magnetic quantum number properties are still retained.!"!
The anomalous +, —, 4, — sign sequence is observed when
perturbations to the structure quench the OAM of the two
LUMO:s to a greater extent than the two HOMOs.
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Optical spectroscopy: The UV/Vis absorption and MCD
spectra of TPP, TBP, SN3, ON3, S2N2, OSN2, TPSN3,
TPS2N2, 1BS, 3BN, 2BN, 2BS, CN3, and CSN2 are shown
in Figure 3. As reported previously by Ono and co-work-
ers®!% in the case of SN3, S2N2, and OSN2, the spectra of
the near-planar ON3, SN3, S2N2, and OSN2 are similar to
those of TBP with only minor shifts of the band centers of
the main Q and B bands. Intensity in the UV region increas-
es and the B bands become less intense when a pyrrole NH
group is replaced by an O or S atom. In the case of CN3
and CSN2 the changes are more pronounced. In the visible
region, the presence of intense pseudo-Faraday ./ terms in
the MCD spectrum indicates that the zero-field splitting of
the Q bands is small. However, splitting of the B bands is
marked, and the higher energy bands in the UV region gain
significant intensity. The Q and B bands of TPSN3 and
TPS2N2 exhibit a marked redshift, while the Q,, bands are
significantly less intense and the Q,, and Q,, bands less re-
solved relative to SN3 and S2N2. In the case of the nine
non-phenylated compounds the sign sequence of the Qg
and B, bands is —, 4+, —, + in ascending energy terms, as is
typically observed for most porphyrinoids.'>!” Despite the
effect of ligand folding, core substitution with heteroatoms
and partial benzo substitution, the additional information on
band polarization derived from the sign sequences in the
MCD spectra makes it clear that the optical spectra of 2BN
and 3BN are similar to that of TPP, since the sign sequence
in the Q-band region is —, —, +, +, and a pseudo-.</; term
in the B-band region has a —, + sign sequence. The degree
of separation of the Q, and Q,, bands is clearly greater
than that of the Q,, and Q,, bands. In the case of 1BS and
2BS, the sign sequence of the Q, bands is reversed, and an
anomalous +, —, —, + sequence for the main Q,, and By,
bands results.

Geometry optimizations: The B3LYP optimized geometries
are shown in Figure 4. With the exception of TPP, the tetra-
phenyl-substituted complexes are predicted to be nonplanar
due to steric hindrance between the phenyl groups on the
meso-carbon atoms and peripheral fused benzene rings.
Compounds 1BS and 2BN are nearly planar, however, due
to the effect of partial benzo substitution. Whereas TBP,
SN3, ON3, S2N2, and OSN2 are planar, core substitution
with a carbon atom to form CN3 and CSN2 also results in a
nonplanar structure. In the case of the 21,23-diheteropor-
phyrins, incorporation of two O and/or S atoms to replace
pyrrole NH results in marked distortion of the geometry of
the inner perimeter of the m system. A less pronounced
effect is observed in the 21-heteroporphyrin structures.

X-ray structural analysis: We conducted X-ray analyses to
investigate the relationship between the molecular struc-
tures and optical spectra of core-modified tetrabenzopor-
phyrins (Figure 5). Suitable single crystals could only be ob-
tained for TPS2N2-1.5CHCI,, TPSN3-1.5CHCl,,
3BN-3CHCl;, 2BS, 2BN, and 1BS due to the low solubility
of the non-phenylated compounds. In the crystal of
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TPSN3-1.5 CHCl;, the TPSN3 molecule is disordered. The
less common structure (12.5%) occupies the same position
as the main structure (87.5%), but the porphyrin plane is
rotated by 90°. Only the core heteroatoms of the less
common structure could be refined. In the case of 2BS and
2BN, the porphyrin molecules occupy special positions and
adopt a wave out-of-plane distortion. The results are sum-
marized in the Experimental Section. Edge views are shown
in Figure 5. In a similar manner to TBTBP,*? peripheral ex-
pansion of the m system with fused benzene rings results in
severe saddling in the case of TPS2N2, TPSN3, and 3BN:
the plane angles of opposite indole and isothianaphthene
moieties were 131.56(6) and 134.40(5)° in TPS2N2,
128.70(7) and 138.00(4)° in TPSN3, and 136.68(6) and
143.62(7)° in 3BN. The most striking feature is the distortion
of the benzo rings observed in the isothianaphthene moiet-
ies of 2BS. The angle between the planes of the five thio-
phene atoms and four benzo carbon atoms is 9.86(7)°. The
largest discrepancy between experimental and calculated
structures is observed in TPSN3 (Figures 4 and 5), as would
be anticipated based on the fact that the TPSN3 molecules
are disordered in the crystal structure. The other minor dif-
ferences are probably due to crystal packing effects and are
not necessarily present in solution.

Cyclic and differential pulse voltammetry: CV and DPV
measurements were carried out for all of the compounds,
but oxidation and reduction potentials could only be derived
for TPS2N2, TPSN3, 1BS, 2BS, 2BN, and 3BN due to low
solubility of the non-phenylated compounds (see Figure S4
in the Supporting Information). As anticipated, the separa-
tions of the first oxidation and reduction potentials are simi-
lar to the Q band energies (see Figure S5 in the Supporting
Information).

NMR spectroscopy: 'H NMR studies, including differential
NOE experiments, were carried out for TPS2N2, TPSN3,
1BS, 2BS, 2BN, and 3BN. No NMR measurements could be
made for the non-phenylated compounds due to their low
solubility. The most distinctive feature of the 'H NMR spec-
tra of TPS2N2, TPSN3, 1BS, 2BS, 2BN, and 3BN is that the
signals of the benzo protons of the isoindole moieties lie at
higher field than the corresponding isothianaphthene pro-
tons (see data reported in the Experimental Section, and
Figure 1 for carbon numbering). The signals for isoindole vy
protons that are adjacent to a thiophene and isothianaph-
thene moieties, such as H7' (TPS2N2, TPSN3), H7*
(TPS2N2, TPSN3), H2' (3BN), and H2* (3BN), appear at
higher field than the corresponding & protons such as H7?
(TPS2N2, TPSN3), H7® (TPS2N2, TPSN3), H2? (3BN), and
H2* (3BN) due to the anisotropic shielding effect of the aryl
groups, whereas the signals for isoindole y protons that are
opposite to the thiophene and isothianaphthene moieties,
such as H12' (TPSN3), H12* (TPSN3), H7' (3BN), and H7*
(3BN), were observed at similar or slightly lower field than
those of the corresponding 0 protons.
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The signals for the benzo protons of TPSN3 lie at higher
field than the corresponding signals in the spectrum of 1BS
due to a strong shielding effect when the meso-phenyl
groups are fixed in positions that are orthogonal to the mac-
rocyclic planes by steric interaction with two adjacent benzo
moieties. In the cases of 2BS and 2BN, the shielding effect
of the phenyl groups is also thought to be smaller since they
can rotate more freely. The '"H NMR spectrum of 3BN is
highly complex but can be rationalized by careful consider-
ation of the above effects. In the case of TPS2N2, the
proton signals of isoindole moieties were observed at d=
7.17 (8 positions: H7?, H7®, H17%, and H17%) and 6.89 ppm
(v positions: H7', H7*, H17', and H17*), whereas the signals
due to isothianaphthene moieties appeared at 0 =7.83 (y po-
sitions) and 7.35 ppm (0 positions). Similarly, benzo proton
signals for 2BN (0=7.37 and 7.20 ppm) appeared at higher
field than for 2BS (0=38.05 and 7.59 ppm), whereas the f3-
proton signals in the spectrum of 2BN (6 =9.34 ppm) were
observed at lower field than in the case of 2BS (8.33 ppm).
As benzo protons of the parent heterocycles exhibit similar
chemical shifts (6=7.5 and 6.8 for isoindole and 6=7.59
and 7.04 for isothianaphthene),”® these observed differen-
ces can be attributed to differences in the diamagnetic mac-
rocyclic ring currents (Figure 1).

In all cases, considerable anisotropic downfield shifts were
observed due to the enlarged macrocyclic t systems, not
only in the case of the ortho but also for the meta and para
proton signals of the meso-aryl groups. Similar NMR data
were reported previously for tetraphenyltetrabenzoporphyr-
in.® In the '"HNMR spectra of TPSN3 and TPS2N2, in
which the phenyl groups sit between two benzo moieties,
the ortho signals lie at d=8.33-8.27 ppm, and the other
phenyl proton signals at 6 =7.92-7.87 ppm.

In the case of 1BS, 2BS, 2BN, and 3BN, the phenyl groups
of which are adjacent to only one benzo moiety, the reso-
nances appeared at slightly higher field (ortho: 6=8.25-
8.05, meta and para: 6="7.87-7.79 ppm). A similar trend was
observed in the shifts of the p-tolyl groups. In contrast to
the meso-aryl protons, the signals of the benzo protons gen-
erally appear at higher fields compared to meso-unsubstitut-
ed benzoporphyrins.'® Cheng and co-workers®! used varia-
ble-temperature (VT) NMR experiments to study the dy-
namic behavior of free-base TPTBP. They suggested that
the temperature effect observed in the 'H NMR spectrum
was not only due to inner proton tautomerism but also to ef-
fects related to conformational change of the saddle-shaped
macrocycle and the restricted movement of the phenyl
groups. However, they were unable to assign the low-tem-
perature spectra.

We recorded VT NMR spectra of free-base TPTBP
(Figure 6). Based on analysis of the '"H NMR spectra of
TPTBP in CDCl; at 20°C, the benzo protons can be as-
signed to the very broad signal observed at 6=7.25 ppm.
This signal is resolved at 50°C into two multiplets at 6=7.18
and 7.23 ppm. Owing to the low boiling point of CDCl;, the
solvent was changed to [Dg]DMSO for higher temperature
measurements. The multiplets for an AA'BB’ spin system

5005

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

H. Uno, M. J. Stillman, N. Ono, N. Kobayashi et al.

A EUROPEAN JOURNAL
2) 700 600 500 400 MM scale  gp, *T 700 600 s00 400 nmscale 550 12 700 600 5'00422 00 nmscale  3ng T 700600 s00 400 mscale 309
614 418 TBP 627 410 ON3 624pQ, SN3 ] 640 CN3
21 MCD 508 MCD MCD MCD
723 B
66 o b i 14
e Y \ Y ° \ 458
5 ’ z z ”3 ;@4 IS
3 Boo < Boo g Boo o 2
< B, terms g Qoo /8o terms Qoo Bo terms E: 609
-2 Qoo J /mmrms | | #oterms <] 486 ™ Boo
B, terms -3 -12 )
431 Qoo B terms
-4 Q, —24 pseudo-
76 443 Aqterm
663 435 691 .| 651 L
-6t prrert + ~GFrrrrbrrert 24 bbbt Pississmastsssissisiaiisd oot
8T 700 sbo o avo nmscale 0o 8 700 600 500 400 " scale 350 32T 7% o0 5:?‘,4 . 400 hmscale 0 ST 700 00 s00 400 "mscale 550
438 TBP ON3 SN3 458 CN3
420 Abs 432\ B Abs 425 Abs Abs
61 61 241
412 104 B
- k) ® B ®
- 4l - 2,0 T
34 w4 <16 > 48
Q 6& 9 28 285 620 5
2 21 81 641
5 676 | | g k—\ 693 Q
Q ™~ 651|808 -~
0 bbb 0 Frrerirerrbrrertrrrirerrbrrrheert 0 Frrrrhrerirrrrhrerrhrrrrhrrrereeer 0 bbbt
16 20 253 7130 35 15 20 253 130 35 15 20 25 3 130 35 15 20 253 '30 35
Energy/10°cm —— Energy/10°cm ——> Energy/10°cm™ ——> Energy /10°cm’
4 700 600 500 400 Nmscale 550 700 500 600 400 "mscale g 700 600 600 400 nmscaie oo 700 600 600 400 nmscale 300
645 428 S2N2 TPS2N2 4 483 TPSN3 3BN
T 21 MCD 24 MCD MCD T 1 8 MCD
594 I 678 ga3 I 21 619 \ 576
339 )
2 oy o 0 Af\ o0 AN < Jf,\xs| 422
=~ -
< \ s V\ \ 370 ~ go
4 Boo Z +Qoo Z o1 ’
-2 || Qoo 8, terms <_ ¥50 3, term: Boo < N 598" Qao
B terms o B terms 721 Qoo a Boo
p 00 B, terms,
-4 @, terms /m terms 11 pseudo—
-4 / -4 ¢ A, term
-6 462
716 449 494 s Fabiod trreet ;
6 b rrebrrerbrrrrt 6 rAa . + 2 :
10T 700 o0 so0 400 "mseale 350 15 700 600 500 abg nmscale  gp0 2 700 600 500 400 Pmscale oo 4T 700 0 500 400 Pmscale  3p9
B S2N2 486 TPS2N2 479 TPSN3 454 3BN
4 450 Abs Abs Abs Abs
I s T15 B I 31 B
P < o
< Z 104 T 21
w w w
44 638
Q
54 14
29716
co? Q 646 _
0 drrrrirert frerrhrerrbrerrbrerbeert [ derrcdrret + trrrrt 0 T $ i) + {5 Frrrvberr]
15 20 20 25 30 35 15 20 25 30 35 1 2 2 30 35

25, 30
Energy /10°cm™ —>

Energy/ 10°cm™ ——>

Energy / 10°cm™" ——> Energy/ 10°cm™ ——>

Figure 3. a) UV/Vis absorption and MCD spectra of TBP, ON3, SN3, CN3, S2N2, TPS2N2, TPSN3, 3BN in DMF at 298 K. The spectra of the planar
compounds core-modified with S or O atoms are similar to those of TBP, while the spectra of CN3 and CSN2 are markedly different. An anomalous +/
— MCD sign sequence is observed in the Q-band region of 1BS and 2BS but not in that of TPS2N2, TPSN3, 2BN, and 3BN. The spectra of 2BN and
TPP are very similar despite the markedly different molecular structures, since AHOMO ~ ALUMO, as is shown in Figure 8 below. b) UV/Vis absorption
and MCD spectra of 1BS, 2BS, 2BN, H,TPP, OSN2, CSN2, H,OEP, and [H,OEP]** in DMF at 298 K. The spectra of the planar compounds core-modi-
fied with S or O atoms are similar to those of TBP, while the spectra of CN3 and CSN2 are markedly different. An anomalous +/— MCD sign sequence
is observed in the Q-band region of 1BS and 2BS but not in that of TPS2N2, TPSN3, 2BN and 3BN. The spectra of 2BN and TPP are very similar de-
spite the markedly different molecular structures, since AHOMO ~ALUMO, as is shown in Figure 8 below.

observed at 0 =7.14 and 7.27 ppm can be unambiguously as-
signed as arising from the y and & protons, respectively. The
low-temperature NMR spectra are rather complicated, as
Cheng et al. reported.™ The broad singlet at 20°C is re-
solved into three broad signals at 0°C, the lowest of which is
further resolved into two signals below —10°C. At —50°C,
the two pairs of the AA'BB’ spin systems can be clearly ob-
served, and all the signals can be assigned by comparison
with the spectra of TPSN3 (see Experimental Section). The
AA'BB’ multiplets arising from the 2H-isoindole moieties
lie at 6=7.35 (8 protons: H2?, H2’, H12% and H12%) and
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7.43 ppm (y protons: H2!', H2* HI12' and H12*), while the
AA'BB’ protons of isoindolenine (1H-isoindole) moieties
absorb at higher fields: 6=6.99 (y protons: H7', H7*
H17',and H17%) and 7.18 ppm (& protons: H7>, H7®, H17
and H17%). The coalescence at 20°C can be ascribed to
inner pyrrolic proton tautomerism. No evidence for other
dynamic effects, such as macrocyclic ring inversion, is ob-

served. Lash etal® have reported similar results for
TPTANP.
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Figure 3 (continued).

Discussion

The electronic and optical properties of a large number of
core-modified tetrabenzoporphyrins were analyzed to inves-
tigate the relative effects of core modification of pyrrole N
with C, S, and/or O atoms, ligand folding, and partial benzo
substitution on the electronic structure and optical proper-
ties. We have shown previously in our recent analysis of
TD-DFT and INDO/s calculations derived from the B3LYP
geometry optimizations of ZnTPTANP and 16 other radially
symmetric Zn" porphyrinoids™ that the peripheral struc-
ture and overall symmetry of porphyrinoids has a systematic
effect on the energies and oscillator strengths of the Q and
B bands and the OAM properties of the associated excited
states. Our analysis pointed to the accidental degeneracy of
the two frontier ® MOs derived from the e,, HOMO of the
C,¢H,& parent perimeter and an orbitally degenerate le*

Chem. Eur. J. 2008, 14, 5001 -5020
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Energy / 10°%cm™ ——> Energy / 10°cm™ —>

LUMO due to saddled D,, symmetry being responsible for
the unusually large redshift of the B (or Soret) band.™
When AHOMO~ALUMO =0, the electronic structure
mimics that of a high-symmetry C¢H,s>~ perimeter. The
anomalous MCD spectrum can be accounted for on this
basis, since the alignments of the induced mm* excited-state
magnetic dipoles in m systems of this type are known to be
sensitive to minor structural perturbations when the Q band
is fully forbidden and the weaker 4~ moment predominates.

The methods used to analyze the trends observed in the
data in that study™ can also be applied here. Indeed, the
new data compliment and add to those previous data. We
discuss each of the sets of compounds individually below.
What was not clear during the analysis of the MCD spec-
trum of ZnTPTANP was the extent to which nonplanarity
affects the MCD spectra of lower symmetry porphyrinoid 7
systems in which AHOMO #ALUMO #0, where the larger
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Figure 4. a) B3LYP-optimized geometries of TBP, ON3, SN3, TPSN3, S2N2, TPS2N2, 1BS, and 3BN, with a cross-section view provided to show the de-
viation [A] from ligand planarity. The axes are rotated clockwise by 90° relative to the structures in Figures 1, 2, 11, and Figure S3 in the Supporting In-
formation in all cases so that the heteroatoms are more clearly visible. In the case of SN3 and ON3, the y and z axes are switched relative to the axes
used for TBP and the other compounds, since the main twofold axis of symmetry lies in the plane of the & system. The distance between opposite pyrrole
N (or S, O, and/or C) atoms and the distance between opposite -carbon atoms is provided to illustrate the effect of core substitution on the geometry of
the central cavity. b) B3LYP optimized geometries of 2BN, 2BS, OSN2, CSN2, TPTBP, and CN3 with a cross-sectional view showing the deviation [A]
from ligand planarity. The axes are rotated clockwise by 90° relative to the structures in Figures 1, 2, 11 and Figure S3 in the Supporting Information in
all cases except CN3 and CSN2 so that the heteroatoms are more clearly visible. In the case of OSN2, the y and z axes are switched relative to the axes
used for TBP and the other compounds, since the main twofold axis of symmetry lies in the plane of the & system. The distance between opposite pyrrole
N (or S, O, and/or C) atoms and the distance between opposite -carbon atoms is provided to illustrate the effect of core substitution on the geometry of
the central cavity.

u* contribution to the excited-state magnetic moments can
be expected to become a much more significant factor.
Unlike phthalocyanines where AHOMO>ALUMO, the
spectra of TBPs remain reasonably similar to those of the
porphyrins,'”! and the observed a value based on the dipole
strengths of the Q and B bands [Egs. (1)-(3)], is low enough
that the effect of introducing a significant ALUMO through
demetalation creates a chromophore that is potentially sus-
ceptible to MCD sign reversal. We analyzed the MCD spec-
tra to determine trends in the band energies, intensities, and

5008 ——

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

signs to test the validity of the TD-DFT and INDO/s calcu-
lations of core-modified tetrabenzoporphyrins (Figures 7-13,
Table 1 and Tables S1-S3 in the Supporting Information),
similar to the approach we adopted with radially symmetric
zinc porphyrinoids."” The trends observed in calculations
based on the six crystal structures (Figure 5) are very similar
to those observed in the B3LYP calculations (Figures 9 and
11, Table 1 and Table S1 in the Supporting Information), so
our analysis focused primarily on the latter.
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Figure 4 (continued).

When the AHOMO and ALUMO values predicted on the
basis of TD-DFT and INDO/s calculations for TBP, S2N2,
SN3, 1BS, 2BS, 2BN, and 3BN the parent monobenzo[b]-,
adj-dibenzo[b,g]-, opp-dibenzol[b,/]-, tribenzo-
[b.g,/]Jporphyrins and their 5,10,15,20-tetraphenyl analogues,
as well as the non-phenylated analogues of 1BS, 2BS, 2BN
and 3BN are plotted (Figure 10), the two major trends that
are observed are a decrease in the AHOMO values on phe-
nylation and a slight increase in ALUMO due to core modi-
fication with O and/or S atoms. These predictions are consis-
tent with the observed spectral data, since the Q bands of
TPSN3 and TPS2N2 are considerably less intense than
those of SN3 and S2N2 [Egs. (1)-(3) and Figures 3 and 9],
and a slightly greater splitting of the x- and y-polarized com-
ponents of the symmetry-split Q and B bands can be ob-
served in the case of ON3, SN3, S2N2,and SON2 (Figures 3
and 11). Partial benzo substitution is predicted to have a sig-
nificantly greater effect than the other structural modifica-
tions, since the core-modified compounds lie closer to the
parent porphyrins and benzoporphyrins than to each other
(Figure 10). Although a slight stabilization of the frontier 7-
MOs corresponding to the 1b;,* MO of TBP is predicted in
the case of S2N2 and OSN2 relative to SN3 and ON3, and
in turn relative to TBP (Figure 11; significant MO coeffi-
cients are predicted for the N, S, and/or O atoms at the 21-
and 23-positions; see Figure 1, Figure 12, and Figure S3 in
the Supporting Information), the changes observed in the
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optical spectra (Figures Figures 3 and 11) and in the OAM
properties of the m system (Figure 2, Figure 12 and Figure S3
in the Supporting Information) on core modification with O
and S atoms are relatively minor, since the lone pair of elec-
trons in the 2p, atomic orbital (AO) of the N atom in the
pyrrole NH group is directly replaced by another lone pair
of electrons in the 2p, or 3p, AOs of the O or S atom
(Figure 1). In the case of core modification with C and S
atoms to form CSN2, however, significantly greater effects
are observed (Figures 2, 3, 4, 11 and Figure S3 in the Sup-
porting Information, since a pyrrole nitrogen atom is pro-
tonated on the x axis to compensate for the fact that the 2p,
AO of the carbon atom does not contain a lone pair. This
substantially alters the geometry of the 18-atom perimeter
since it involves the P-carbon atoms on adjacent pyrrole
moieties due to the two lone pairs on the inner & system pe-
rimeter being located on adjacent rather than opposite het-
eroatoms (Figure 1). The Q bands of CSN2 form an intense
pseudo-./; term (Figure 3 and Figure S2 in the Supporting
Information), since the effect of the structural perturbation
arising from the adjacent lone pairs is identical along the x
and y axes of the parent perimeter. Although the fact that
the spectra of CN3 and CSN2 are almost identical would
appear to point to the structure with adjacent lone pairs
being the more stable tautomer in the case of CN3 as well,
the TD-DFT calculations of the opposite and adjacent CN3
tautomers are very similar (Figure 11).
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Figure 5. Edge views of ORTEP drawings of TPSN3, TPS2N2, 3BN, 2BS, 2BN, and 1BS. Left: views along op-

posite nitrogen atoms. Right: views along opposite heteroatoms.
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Figure 6. Variable-temperature NMR spectra of TPTBP in CDCl,.

The UV/Vis absorption spec-
trum of 2BN is markedly differ-
ent from that of 2BS despite
the similar structures
(Figure 3). Note that a some-
what similar absorption spec-
trum to that of 2BN was report-
ed by Clezy etal for the

parent non-core-modified
dibenzo[b,q]porphyrin com-
pound, so this is probably relat-
ed primarily to the fused-ring
substitution pattern rather than
core modification. The weak
absorption bands at 639 and
704 nm are sufficiently separat-
ed from the bands at 515 and
544 nm that their assignment
would be problematic in the ab-
sence of MCD spectral data.
Both these bands appear as
negative %4, terms in the MCD
spectrum, as opposed to the
normal pattern of a coupled
pair of oppositely signed bands.
This is clear evidence that the
spectrum is similar to that of
TPP despite core modification
and partial benzo substitution.
The observed spectral pattern
can be readily explained by
adopting a perimeter-model ap-
proach. The optical spectra of
free-base porphyrinoids are best described in terms of a per-
turbed CgHys parent perimeter (Figure 2) due to the lone
pairs associated with the two protonated pyrrole nitrogen
atoms rather than the C, H,s s perimeter of metal com-
plexes, where there are no protonated pyrrole nitrogen
atoms, or the CyH,’* perimeter of porphyrin dications,
where there are four. This leads to marked spectral changes,
as can be observed in the spectra of H,OEP and [H,OEP]**
(Figure 2). The MCD spectrum of [H,OEP]** is dominated
by derivative-shaped Faraday ./, terms, since the excited
states are orbitally degenerate, while the Q-band region of
H,OEP is comprised of Gaussian-shaped Faraday %, terms
due to the absence of a threefold, or higher, axis of symme-
try.l"”! A key feature of D4y (N>1) symmetry is that the
multiplication products of the LUMO and HOMO symme-
tries are both singly and doubly degenerate (for the e;, and
€,, MOs in the Dy, symmetry of benzene the product is e,
by, and b,,), whereas in Dy, (N>1) symmetry the multi-
plication products are only doubly degenerate (for the ey,
and es, MOs in the D,g, symmetry of C;¢H,¢*~ the product is
ey, and e;,). Although the B bands form a pseudo-.¢/, term,
the Q band splits significantly in the case of C;Hs-based
perimeters due to the inherent nondegeneracy of the Q ex-
cited states of the parent perimeter, even in instances such
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Figure 7. Calculated spectra from TD-DFT (left) and INDO/s (right) calculations from the same set of B3LYP geometry optimizations. Band centers are
indicated with triangles and diamonds, respectively. Vertical gray lines indicate the experimentally observed energies of the Q and B bands (Table 1 and
Table S2 in the Supporting Information). The spectra of CSN2, OSN2, TPTBP and TPS2N2 are provided as Figure S6 in the Supporting Information.
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Figure 8. The AHOMO and ALUMO values predicted by B3LYP (left) and by INDO/s (right) calculations for
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data are given in Table S3 in the Supporting Information

dominant ring currents based
on the NMR data (Figure 1).
The spectrum of 3BN is also
somewhat similar to that of
TPP for the same reasons
(Figure 8).

Both B3LYP and INDO/s
calculations successfully predict
the trend observed in the inten-
sity of the Q band (Figures 3
and 8, Table 1 and Table S1 in
the Supporting Information)
and, as was the case in our ear-
lier study on 17 radially sym-
metric Zn" porphyrinoids.™!
The Q-band intensity of the
saddled 5,10,15,20-tetraphenyl
TBPs (TPTBP, TPSN3, and
TPS2N2) is lower than that of
the planar unsubstituted TBPs
(TBP, SN3, and S2N2), whereas
peripheral substitution of P

as TPP, the HOMOs and LUMOs of which are accidentally with fused benzene rings to form TBP results in increased
degenerate (Figures 3 and 8). Since AHOMO ~ ALUMO ~0 Q-band intensity. Michl has demonstrated, based on a pe-
(Figure 8) the spectra of 2BN can be predicted to mimic rimeter-model approach, that the intensity of the Q band is
that of an ideal CgH ;s perimeter based on the MO energies related to the AHOMO value, since this determines the
predicted for the four frontier 1 MOs at the B3LYP opti- degree to which the magnetic properties of the Q and B ex-
mized geometry. This is also reflected in the analysis of cited states of the parent perimeter mix [Egs. (1)-(3)]. The
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(Figures 3 and 7) in the case of

T 04 TD-DFT : 0.8 oo
X T ' ON3 SON2 non-saddle-shaped com-
- . : S2N2 9] s s
N ' SN3 - ‘ SN3E® pounds."™ This is most marked
s 0.3 : ONitAASZNz 206 : TBPE in ON3, OSN2, CN3, and 1BS,
< : TBPY4s0N2 | G : TPS2N2 . .
2 : < ; " for which the strongest interac-
o : £ ; CN3m i i
% - : C:B @ 0 ] . TPSKOR tion betwe:n the B. and hl'gher
. . :
2 | schagPsan2 9 : = A, energy 7w stat.es is predicted
3 : “ = : TPTBPg (Table 1). Even in the case of P
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Figure 9. Total Q-band intensity predicted by B3LYP (left) and INDO/s (right) calculations. The smaller plot-
ted values denote the Q-band intensities calculated for the X-ray structures of TPS2N2, TPSN3, 1BS, 2BS,
2BN, and 3BN. Key data are given in Table S2 in the Supporting Information.

AHOMO (1a, - 1by,)/ eV —>

the spectrum of TPP (Figure 3),
or in the corresponding spectra
for ZnTPP and [H,TPP]**.["
While a second set of bands can
certainly be observed in MCD
spectrum of H,OEP (Figure 3),

these bands are usually as-
signed as being vibrational in
origin since a single intense .2/,
term is observed for [H,OEP]**
(Figure 3) and ZnOEP™! Al-
though DFT calculations pro-
; vide significantly better descrip-
tions of the ground state prop-
erties of porphyrinoids and TD-
DFT calculations more accu-
rately predict the energy gap
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2 031 > 06
FICAE £ 0.2
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ALUMO (1bye* — 1bsg*) / €V —

Figure 10. Effect of structural perturbations on the AHOMO and ALUMO values predicted by B3LYP (left)
and by INDO/s (right) calculations for the same set of B3LYP optimized geometries. In the light gray shaded
areas where AHOMO >ALUMO the normal —/+4/—/+ MCD sign sequence is anticipated on the basis of
Michl’s perimeter model™ for the Q and B bands in ascending energy terms, while a +/—/4/— MCD sign se-
quence is anticipated when ALUMO >AHOMO. P, monobenzo[b]-21H,23H-porphyrin, opp-dibenzo[b,g]-
21H,23H-porphyrin, opp-dibenzo(l,q]-21H,23H-porphyrin, tribenzo[b,g,l]-21H,23H-porphyrin, and TBPs are
denoted by diamonds. The corresponding 5,10,15,20-tetraphenyl analogues are denoted by triangles, while
squares are used for 21-thia-23 H-porphyrin-21,23-dithiaporphyrin, monobenzo[b]-21-thia-23 H-porphyrin, opp-
dibenzo[b,g]-21 H,23H-porphyrin, opp-dibenzo[b,/]-21,23-dithiaporphyrin, tribenzo|g,/,q]-21-thia-23H-porphy-
rin, SN3, and S2N2. The corresponding 5,10,15,20-tetraphenyl analogues, including 1BS, 2BN, 2BS, 3BN,
TPS2N2 and TPSN3, are denoted by circles. The compounds are identified on the basis of number of peripher-
al fused benzene rings and, in the case of the opp-dibenzoporphyrins, whether the two p. atomic orbitals on
the inner perimeter containing lone pairs are located along the axis with fused benzene rings (2BS) or not

(2BN).

5,10,15,20-tetraphenyl TBPs show significant folding of the
heteroaromatic m system due to steric interactions at the
ligand periphery, and thus significantly less configuration in-
teraction is predicted between the B excited states and
higher energy mz* states, since the higher energy m MOs are
primarily located on the fused benzene rings, whereas the
four frontier ® MOs are primarily located on the 16-atom
inner perimeter. It is noteworthy that TD-DFT calculations
appear to markedly overestimate the degree of interaction
between the B excited states and higher energy mm* states
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between the Q and B bands
(Figure 13), it is clear from
these results that DFT-based
calculations do not necessarily
always provide an accurate de-
scription of the excited-state
properties and that MCD spec-
tral data therefore provide a
key additional test of their val-

idity.
When MCD spectra®! were
reported previously for

5,10,15,20-tetraphenyltetrabenzo-
[b.g,l,glporphyrin (TPTBP) the

normal —, +, —, 4+ sign se-
quence was reported for the Q
and B bands in ascending

energy terms. The question of MCD sign sequences was not
studied in depth, because the extent and effect of saddling
in sterically crowded porphyrinoids was not fully understood
at the time. The MCD spectra of most of the core-modified
compounds exhibit the same sign sequence as TBP and
TPTBP (Figure 3). An anomalous +, —, —, + sequence is
observed for 1BS and 2BS, however. When the MCD spec-
tra of the chlorins was studied in detail, Djerassi and co-
workers®! found that when « is relatively small and |ALU-
MO-AHOMO | =0, the MCD sign sequence initially re-

Chem. Eur. J. 2008, 14, 5001 —5020


www.chemeurj.org

MCD Spectroscopy of Core-Modified Tetrabenzoporphyrins

-2 41bz" —-— - 3.5
T bsg - o == .
> - 31 Q
3-3 4 <o a
.g s ¢ & 8 6.8 =
g’ o © P 3 o ¢ é '&- 2.73
-4 @ ™ 4
= H
o - 2.3
= 1a, e = oo g
o N e = ++: e - -0 ©
3° M 19 €
o 1by, - = %

TBP TPP TPSN3 3BN 2BS S2N2 CSN2 ON3

-6 - P TPS2N2TPTBP 2BN 1BS OSN2 SN3 CN3 L 1.5
1]

& i

o

53 1

Q

c

T
©

S
821
s CSN2 ON3
= TPP TPSN3 3BN 2BS S2N2

] TBPP TPS2N2 TPTBP 2BN 1BS OSN2 SN3 CN3
o1

Figure 11. Top: Energies of the four frontier @ MOs from Gouterman’s
four-orbital model® predicted by B3LYP and the average HOMO-
LUMO band gap based on all four frontier 7-MOs. The nodal patterns
of the four frontier w MOs of TBP are shown at an isosurface value of
0.05 a.u. (Figure 12). Although point-group symmetry changes from com-
pound to compound (Figure 4), these orbitals can still be readily identi-
fied based on the characteristic M; =+4 and M;=+5 nodal patterns
(see Figure S3 in the Supporting Information). The smaller set of gray
data points are based on TD-DFT calculations on the X-ray structures
(Figure 5) in the case of TPS2N2, TPSN3, 1BS, 2BS, 2BN, and 3BN and
adjacent tautomers in the case of SN3, ON3, and CN3. Bottom: The
average energies of the calculated and observed Q and B bands exhibit a
trend that is very similar to that observed in the plot of average HOMO-
LUMO band gaps against the secondary axis (top). The experimentally
observed Q- and B-band energies are shown by black diamonds, and the
calculated bands by black horizontal lines in the case of the B3LYP opti-
mized structures (Figure 4), and gray lines for X-ray structures in the
case of TPS2N2, TPSN3, 1BS, 2BS, 2BN, and 3BN and for B3LYP opti-
mizations of the adjacent tautomers in the case of SN3, ON3 and CN3.
The dashed horizontal line indicates the upper limit of the region of the
spectrum that is useful for PDT. The corresponding INDO/s calculated
data are plotted in Figure S7 in the Supporting Information. Key data are
given in (Tables S2 and S3 in the Supporting Information).

verses only in the case of the Q band, since the 4~ moment
remains the dominant factor for the B band. The values for
AHOMO and ALUMO derived for the B3LYP optimized
geometries of TPP, TBP, SN3, ON3, S2N2, OSN2, CN3,
CSN2, TPSN3, TPS2N2, 1BS, 3BN, 2BN, and 2BS are
shown in Figure 8. The observed sign sequences (Figure 3)
in the Q-band region match those that would be predicted
on the basis of the AHOMO and ALUMO values derived
from the B3LYP calculations. In the case of INDO/s calcula-
tions using the same set of B3LYP-derived geometries, only
TPS2N2 lies outside the observed trend. It is safe to con-
clude on the basis of the MCD spectra of the nonplanar
core-modified benzoporphyrins that nonplanarity usually
does not reverse the sequence that would normally antici-
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Figure 12. Nodal patterns of the four frontier &t MOs of TBP at an isosur-
face value of 0.05 a.u. in both the xz and xy planes. Numbered dashed
lines denote the radial nodal planes of the four frontier @ MOs. The
M; =+4 and M} ==+5 nodal patterns of the HOMOs and LUMOs of the
parent perimeter can be readily identified. The nodal patterns of the
other compounds and the parent perimeters are provided at an isosurface
value of 0.04 a.u. as Figure S3 in the Supporting Information. Although
the point-group symmetry changes from compound to compound (Fig-
ures 1 and 4), these MOs can still be readily identified based on the char-
acteristic M; =44 and M; ==+5 nodal patterns (see Figure S3 in the Sup-
porting Information, as is predicted in Michl’s perimeter model
(Figure 2).1!

pated by Michl’s perimeter model™ when AHOMO #
ALUMO and a significant 4% contribution is introduced
into the system. The anomalous 4, —, +, — sign sequence
observed for ZnTPTANP was ascribed, on the basis of TD-
DFT and INDO/s calculations, to formation of a “double-
soft MCD chromophore” in which AHOMO ~ALUMO
~0." The Q band is fully forbidden in electronic terms,
which eliminates the u* contribution to the spectrum. The
high degree of saddling of the ligand reverses the alignment
of the 4~ moment of ZnTPTANP, since the OAM associated
with the LUMO is quenched to a greater extent than that
associated with the HOMOs due to greater electron density
being located on the peripheral fused acenaphthalenes.
There has been considerable controversy in the literature
in recent years over whether redshifts of porphyrinoid Q
and B bands can be related directly to the extent and nature
of ligand nonplanarity. Shelnutt and co-workers*® pro-
posed, based on molecular mechanics and INDO/s calcula-
tions, a direct correlation between the magnitude of the ob-
served redshifts of the Qy, and By, bands of sterically hin-
dered porphyrins and the degree and nature of ligand non-
planarity. In contrast, di Magno pointed to substituent ef-
fects as the major cause, based on in-plane nuclear
reorganization.!'*¥ Since the energies and intensities of the
Q and B excited states in Gouterman’s four-orbital model
are described in terms of complex rather than real wave-
functions, the INDO/s spectrum for an ideal C,sH;s" or
C;3sH s perimeter contain 50% contributions from the two
possible HOMO —LUMO transitions (Table 1 and Table S1
in the Supporting Information). Perturbations to the struc-
ture result in reduced mixing of the Q and B excited states,
so that the Q band becomes electronically allowed (Table 1
and Figure 9). The energies of all four frontier &t MOs there-
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Table 1. The contribution from Gouterman’s four-orbital model®! transi-
tions to the Qg and By, transitions in the INDO/s calculated spectra of
the CgHyg parent perimeter, TBP, P, TPS2N2, TPSN3, TPTBP, 3BN,
2BN, 2BS, 1BS, S2N2, SN3, ON3, and CN3 based on B3LYP geometry
optimizations.

Q%] B [%] 4-orb®  Int. ()
Q B Q B
CsHy 11140 16420 29530 29530 97 98 0.00 4.72
(48:48)  (49:49)  (49:49)  (49:49) 0.00 4.72
TBP 12880 14380 25540 27540 96 87 015 279
(64:32)  (80:18) (29:53) (17:74) 045 2.50
P 13700 16490 26830 28020 97 83 002 1.67
(52:44) (59:39) (35:37) (37:57) 0.04 236
TPP 13110 15890 26310 26780 97 87 000 2.55
(51:46)  (49:49) (35:47) (47:47) 000 3.17
TPS2N2 11000 12330 23120 25140 97 91 000 2.96
(44:52)  (84:14) (49:39)  (12:80) 051 254
TPSN3 13390 14760 23250 25120 96 89 040 2.60
(84:14)  (55:41) (37:49) (13:78) 003 1.88
3BN 12190 14490 24460 24610 97 91 000 281
(49:46)  (68:30) (44:45) (28:64) 015 329
2BN 11730 15370 25430 25670 97 89 0.00 4.08
(49:47)  (64:34) (32:61) (43:42) 0.11 244
2BS 11240 13170 23790 25920 97 83 006 2.42
(35:61)  (82:16) (50:23) (14:78) 033 223
1BS 16300 17930 25320 26440 96 91 0.14 254
(7522) (38:57) (55:33) (21:73) 001 181
S2N2 12030 12760 24320 28270 97 83 0.03 2.55
(57:39)  (87:11) (34:45) (10:78) 0.63 204
SN3 13340 13550 24820 28060 97 77 0.0 245
(63:33) (85:13) (28:48) (11:68) 055 2.00
ON3 13340 13880 25220 27990 97 70 0.3 230
(64:32)  (84:13) (22:42) (11:65) 054 171
CN3 12400 14510 22980 25300 96 58 005 142
(52:43) (79:19) (31:38) (9:37) 041 112
OSN2 12140 12910 24510 28260 97 69 005 2.19
(58:38) (87:11) (28:38) (8:65) 062 140
CSN2 13170 14240 22470 24640 96 71 007 121
(56:39) (77:20) (28:43) (20:52) 031 1.89

[a] Energies of the Qy, and By, bands in ascending order. The percentage
contributions of the la,—1y3, and 1b,;,—1b,;, one-electron transitions
(Figure 2) are given in parentheses in the lower row. [b] Combined con-
tribution from the four one-electron transitions in Gouterman’s four-or-
bital model to the Q and B bands. The contribution to the B band is
often significantly less than 100% due to configuration interaction with
higher energy mmt* states. [c] Predicted oscillator strengths of the Q and
B bands. The values for the lower energy Q and B bands are listed above
those for the higher energy bands. Key data for X-ray structures of
TPS2N2, TPSN3, 3BN, 2BN, 2BS and 1BS are provided in Table S1 in
the Supporting Information.

fore must be taken into account. When this factor is taken
into consideration, correlation between the observed aver-
aged energies of the symmetry-split Q and B bands and the
averaged band gap (LUMO — HOMO) energies predicted
by both B3LYP and INDO/s -calculations is strong
(Figure 11). There is a marked redshift of the B band due to
reduced configuration interaction between the B excited
state and higher energy mm* states (Table 1 and Table S1 in
the Supporting Information. Therefore, when the four-orbi-
tal model is the dominant factor in determining the energies
of the optically accessible excited states in the UV/Vis
region, structural perturbations at the ligand periphery
result in systematic redshifts similar to those reported by
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Shelnutt and co-workers.'**"! The fact that the band centers
predicted in the TD-DFT calculations for the six X-ray
structures differ somewhat from those in the B3LYP opti-
mized structures also points to core modes of vibration such
as saddling and ruffling being a key factor, as Shelnutt and
co-workers reported. However, the spectral data derived
from core-modified tetrabenzoporphyins (Figures3 and 4)
demonstrate that a redshift is not always diagnostic of por-
phyrinoid nonplanarity. The Q and B bands of SN3, S2N2,
and OSN2 and the Q bands of ON3 are red-shifted relative
to those of TBP due to stabilization of the 1bs,* LUMO,
since a major node is located on the more electronegative
sulfur or oxygen atom.

Conclusion

Even in the case of core-modified and nonplanar sterically
crowded porphyrinoids, the OAM properties of the four
frontier 1-MOs largely determine the optical properties. De-
spite the large structural perturbations introduced by core
modification of the pyrrole nitrogen atoms, only minor ef-
fects are observed in the optical spectra of SN3, S2N2, ON3,
and OSN2 based on slight shifts in the band-center wave-
lengths and changes in band intensity, since the lone pair of
N—H is directly replaced by that of a sulfur or an oxygen
atom. Greater effects are observed on core modification
with carbon atoms, since the carbon 2p, atomic orbital is
singly occupied and a lone pair is effectively transferred to a
pyrrole nitrogen atom on the other in-plane axis of the =
system in the case of CN3 and CSN2. Even in the absence
of DFT-based calculations of MCD spectra, analysis of
MCD spectral data with Michl’s perimeter model™ can pro-
vide a key additional test of the validity of TD-DFT descrip-
tions of the geometries and optical properties of porphyri-
noids based on the orbital angular momentum properties of
the heteroaromatic m system. Although analysis of certain
aspects of the TD-DFT results remains problematic, theoret-
ical calculations have clearly advanced to the point that
target porphyrinoids can be designed that are likely to ex-
hibit a desired set of electronic and/or optical properties
based on trends observed in the spectra for a wide range of
different porphyrinoids.

Experimental Section

Optical spectroscopy: Electronic absorption spectra were measured with
a Jasco V-570 or a Cary 5G spectrophotometer. Magnetic circular dichro-
ism (MCD) spectra'”! were recorded with a Jasco J-725 spectrodichrome-
ter and a Jasco electromagnet that produces a magnetic field of up to
1.09 T, or with a Jasco J-810 spectrodichrometer and an Oxford Instru-
ments SM2 cryomagnet with a maximum field strength of 5.0 T. The field
strength and sign were calibrated by measuring the MCD spectrum of an
aqueous solution of CoSO, at 510 nm (Aey=—1.8969 Lmol 'em™'T™).
The signal intensity of the CD spectrometer was also tested with ammo-
nium d-camphor-10-sulfonate to ensure that the 6/A ratio for the peaks
at 280 nm was 2.26.%°! Spectral-grade dimethylformamide (DMF) was
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Figure 13. Average energy gap between the Q and B bands. The experi-
mentally observed values are denoted by black squares, while the TD-
DFT and INDO/s calculated values are denoted with dark gray triangles
and light gray diamonds, respectively. Key data are provided as (see
Table S2 in the Supporting Information).

purchased from Aldrich along with H,OEP and H,TPP. [H,OEP]** was
prepared by adding a trace of trifluoroacetic acid (TFA).

Synthesis

General: Melting points were measured with a Yanaco M500-D melting
point apparatus. IR spectra were measured on a Hitachi 270-30 as KBr
disks. FAB and DI-EI mass spectra were measured on a JEOL JMS-700
spectrometer. MALDI-TOF mass spectra were measured on a Voyager
DE Pro instrument (Applied Biosystems). Elemental analyses were per-
formed on a Yanaco MT-5 elemental analyzer. All solvents and chemicals
were of reagent-grade quality, obtained commercially, and used without
further purification except as noted. Dry dichloromethane and THF were
purchased from Kanto Chemical Co. Toluene, hexane, triethylamine, pyr-
idine, 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU), and chloroform were
distilled from calcium hydride and then stored on appropriate molecular
sieves. Solvents for chromatography were purified by distillation. Thin-
layer (TLC) and column chromatography were performed on Art. 5554
(Merck KGaA) and Silica Gel 60N

(Kanto Chemical Co.), respectively.

For spectral measurements, spectral-

grade toluene and chloroform was pur- D)
chased from Nacalai Tesque Co. a \\ 5
ON3 and CSN2: A [3+1] approach 81%

using a bicyclo[2.2.2]octadiene-fused
(BCOD-fused) tripyrrane analogue,
similar to that reported previously for
SN3, S2N2, OSN2 and CN3, was em-
ployed."® In order to apply common
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porphyrin synthetic pathways such as the Lindsey [2+2] and [3+1] meth-
0ds,® a BCOD-fused furan with formyl and hydroxymethyl groups at
the a positions and BCOD-fused tripyrranes was required for ON3, and
BCOD-fused diformylindene for CSN2.

BCOD-fused diformylindene: The synthesis of diformylindene (10) has
been reported previously.F”

BCOD-fused furan dicarbaldehyde: Diformylation of the previously re-
ported BCOD-fused furan 22 was required (Scheme 1). Compound 2
was prepared by using a slightly modified procedure reported previously
by Gorgues et al..’” Formylation under the direct diformylation condi-
tions, used previously for the preparation of diformylpyrrole,!® gave an
intractable resinous material. Since this was probably due to the labile
nature of 2 under acidic conditions, formylation was attempted under
basic conditions. Treatment of 2 with nBuLi in THF at —78°C followed
by quenching with DMF afforded monoformylated furan 6 in 81%
yield,”) and diformylation was unsuccessful. We therefore adopted an in-
direct synthetic route. Protection of furancarbaldehyde 6 with ethylene
acetal gave 7 in 93% yield. Lithiation of 7 with nBuLi followed by
quenching with DMF afforded the monoacetal of the furandicarbalde-
hyde, which was hydrolyzed under mild acidic conditions to give the tar-
geted furandicarbaldehyde 3 in 67 % yield from 7.

4,7-Dihydro-4,7-ethanoisobenzofuran-1-carbaldehyde (6): A 1.58Mm solu-
tion of nBuLi (9.87 mL, 15.6 mmol) in hexane was added to a stirred so-
lution of 2 (2.08 g, 14.2 mmol) in dry THF (60 mL) at —78°C and the
mixture was then stirred at —10°C for 30 min. After the mixture was
cooled to —78°C, dry DMF (5 mL) was added slowly with stirring. The
mixture was allowed to warm to room temperature and stirring was con-
tinued for 6 h. The mixture was then poured into a saturated aqueous
ammonium chloride solution (50 mL) and extracted with diethyl ether.
The ethereal layer was washed sequentially with water and brine, dried
over Na,SO,, and concentrated. Chromatography on silica gel (20%
EtOAc/hexane) followed by recrystallization from CHCly/hexane yielded
6 (2.00g, 11.5mmol; 81%) as pale yellow crystals: R;=0.26 (10%
EtOAc/hexane); m.p. 56-57°C; '"HNMR (CDCl,): 6=9.66 (s, 1H), 7.24
(s, TH), 6.55-6.44 (m, 2H), 4.32 (m, 1H), 3.92 (m, 1H), 1.72-1.50 ppm
(m, 4H); "*CNMR (CDCly): 6=177.0, 142.8, 136.2, 136.1, 135.5, 133.8,
133.7, 31.9, 31.2, 25.9, 25.5 ppm; MS (EI): m/z (%): 174 (12) [M]*, 146
(100); TR (KBr): #=3112, 2942, 2869, 1658, 1531, 1407, 1380, 1311,
1288 cm™'; elemental analysis calcd (%) for C;;H,;O,: C 75.84, H 5.79;
found: C 76.02, H 5.82.
1-([1,3]Dioxolan-2-yl)-4,7-dihydro-4,7-ethanoisobenzofuran (7): A ben-
zene solution (80 mL) of 6 (2.53 g, 14.5 mmol), pyridinium tosylate
(0.10 g), and ethylene glycol (2.69 g, 43.5 mmol) was placed in a 200 mL
round-bottomed flask equipped with a Dean-Stark apparatus and was re-
fluxed for 2 h under nitrogen. After the mixture was cooled to room tem-
perature, diethyl ether was added. The mixture was washed with saturat-
ed aqueous NaHCO;, water, and brine, dried over Na,SO,, and concen-
trated. The residue was purified by chromatography on silica gel (20 %
EtOAc/hexane) to give 7 (2.95 g, 13.5 mmol; 93 %), which was solidified
in a freezer: R;=0.48 (20% EtOAc/hexane); m.p. 37-39°C; 'H NMR
(CDCly): 6=17.01 (s, 1H), 6.46-6.41 (m, 2H), 5.94 (s, 1H), 4.15-4.08 (m,
2H), 4.04-3.97 (m, 2H), 3.90 (m, 1H), 3.79 (m, 1H), 1.58-1.52 ppm (m,
4H); “CNMR (CDCly): =138.4, 135.1, 134.8, 131.3, 131.0, 130.2, 97.4,
65.1, 65.0, 31.3, 31.2, 26.4, 26.3 ppm; MS (EI): m/z (%): 218 (32) [M]*,
190 (100), 162 (47); IR (KBr): #=3058, 2958, 2869, 1673, 1403, 1268,
1133, 1099, 1022, 944 cm™'; elemental analysis calcd (%) for C;;H,,05: C
71.54, H 6.47; found: C 71.56, H 6.52.

cHo )
-0 93%

6 7

0]
/}
[’Lélj\\lf\o iii) ﬂ/\(jﬁ_(CHO

67% %0
CHO

Scheme 1. Preparation of 4,7-ethanoisobenzofuran. Reagents and conditions: i) nBuLi, THF, —78°C, 30 min;
DMF, RT, 14 h; ii) ethylene glycol, pyridinium tosylate, reflux, 2 h; iii) nBuLi, THF, —78°C, 30 min; DMF, RT,
14 h; pyridinium tosylate, water/acetone, reflux, 14 h.
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4,7-Dihydro-4,7-ethanoisobenzofuran-1,3-dicarbaldehyde (3): A 1.43 M so-
lution of rBuLi (3.50 mL, 5.00 mmol) in hexane was added to a stirred so-
lution of 7 (0.655 g, 3.00 mmol) in dry THF (15 mL) at —78°C under ni-
trogen. The mixture was then stirred for 30 min. Dry DMF (1 mL) was
added slowly with stirring at the same temperature. After addition, the
mixture was allowed to warm to room temperature and stirring was con-
tinued for 6 h. The mixture was then poured into a saturated aqueous
ammonium chloride solution (10 mL) and was extracted with diethyl
ether. The ethereal layer was washed with water and brine, dried over
Na,SO,, and concentrated to leave an oily residue, which was dissolved
in water/acetone (20/20 mL). Pyridinium tosylate (0.056 g) was added
and the solution was then refluxed overnight. The mixture was cooled to
room temperature and saturated aqueous NaHCO; solution (10 mL) was
added. The mixture was extracted with CH,Cl,. The organic layer was
washed sequentially with water, saturated aqueous NaHCOj;, water, and
brine, dried over Na,SO,, and concentrated. Chromatography on silica
gel (30% EtOAc/hexane) followed by recrystallization from CHCly/
hexane yielded 3 (0.411 g, 2.03 mmol; 67 %) of as yellow crystals: R;=
0.48 (20% EtOAc/hexane); m.p. 150-152°C; 'H NMR (CDCly): 6=9.84
(s, 2H), 6.53 (m, 2H), 4.42 (m, 2H), 1.69 (m, 2H), 1.58 ppm (m, 2H);
BCNMR (CDCL): 6=179.4, 142.9, 142.0, 134.3, 31.9, 25.3 ppm; MS (EI):
mlz (%): 202 (10) [M]*, 174 (100), 145 (25), 115 (22), 89 (75); IR
(KBr):7=2942, 2869, 1681, 1666, 1253, 1141, 1002, 883, 852 cm'; elemen-
tal analysis calcd (%) for C,H;,O5: C 71.28, H 4.98; found: C 69.74, H
5.03.

BCOD-fused furan tripyrranes: The tripyrranes required for [3+1] con-
densation reactions were synthesized according to procedures reported
previously.4

Synthesis of BCOD-fused ON3 and CSN2: The method used to synthe-
sizec BCOD-fused ON3 and CSN2 is shown in Scheme 2. 8a or 8b
(1.00 mmol) and a magnetic stirring bar were placed in a 500-mL round-
bottomed flask, which was thoroughly wrapped with aluminum foil and
then flushed with nitrogen. TFA (2.5 mL, 34 mmol) was added and the
mixture was stirred for 5 min under nitrogen and then diluted with dry
CH,Cl, (200mL). A dicarbaldehyde (1.00 mmol) was then added. After

o

&

TBCODON3: X =NH,Z=0 10% TBCODCSN2: X =S 6%

Scheme 2. Preparation of meso-unsubstituted core-modified BCOD-fused
ON3 and CSN2. Reagents and conditions: i) 3, TFA, CH,Cl,, RT, 16 h;
Et;N, DDQ; ii) 10, TFA, CH,Cl,, RT, 16 h; Et;N, DDQ.
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the mixture was stirred at room temperature overnight, triethylamine
(4.8 mL, 34 mmol) was slowly added to neutralize the mixture. 2,3-Di-
chloro-5,6-dicyanobenzoquinone (DDQ) (0.272 g, 1.20 mmol) was added
and the mixture was then stirred for 2 h at room temperature, washed
successively with water, saturated aqueous NaHCO;, water, and brine,
dried over Na,SO,, and concentrated. The[3+1] condensation of 8a with
diformylindene ~ 10°"!  gave TBCOD-fused carbabenzoporphyrin
TBCODCSN2"" in 6% yield. When the previously reported tripyrrane
8bl'" was treated with furandicarbaldehyde 3 under acidic conditions,
TBCOD-fused oxaporphyrin TBCODON3 was obtained in 10% yield.
The residue was purified by chromatography on basic alumina with an
appropriate solvent mixture. Recrystallization yielded TBCODON3 or
TBCODCSN2 as a mixture of diastereomers.

General procedure for the preparative retro-Diels—Alder reaction: Ex-
pansion of the m system by thermal transformation of the fused BCOD
groups into benzo moieties was carried out under the conditions reported
previously (230-250°C, 30 min, ca. 0.2 mmHg)."* The products obtained
are shown in Figure 1 with their carbon numbering schemes.*” The pre-
cursor BCOD-fused porphyrin was placed in a sample tube in a 25 mL
round-bottomed flask. The flask was then evacuated with a rotary
vacuum pump and heated at 230°C for 30 min (meso-unsubstituted pre-
cursors) or for 1 h (meso-tetraaryl precursors) in a glass tube oven. After
cooling, the target core-modified benzoporphyrin was obtained in quanti-
tative yield.

22H,21,23-Thiacarbatetrabenzo[b.g./.g]lporphyrin (CSN2): dark green
solid; m.p. >300°C; UV/Vis (DMF): .., (Ige)=412 (4.48), 440 (4.55),
466 (5.27), 498 (4.97), 623 (4.23), 663 (4.69), 679 nm (4.80); elemental
analysis caled (%) for CyH,N,S: C 84.38, H 4.21, N 5.32; found: C
83.82, H 4.31, N 5.14.

23H,21-Oxatetrabenzo[b.g,l,g]porphyrin (ON3): black solid; m.p.
>300°C; UV/Vis (DMF): A, (Ige)=383 (4.46), 411 (4.80), 431 (4.92),
608 (4.52), 618 (4.47), 629 (4.36), 678 nm (4.19); elemental analysis calcd
(%) for C3H,;N;0-0.25H,0: C 83.78, H, 4.20, N 8.14; found: C 83.50, H
4.34, N 8.05.

TPS2N2, TPSN3, 1BS, 2BS, 2BN and 3BN: The [2+2] and[3+1] Lindsay
methods were applied for the preparation of meso-tetraaryl-substituted
derivatives. BCOD-fused thiophene 5b with formyl and hydroxymethyl
groups at the a positions was required to synthesize all six compounds,
BCOD-fused pyrrole 2a was required to synthesize TPS2N2, TPSN3,
2BN, 3BN, and bis(phenylhydroxymethyl)thiophene (5b) was required to
synthesize 2BN and 3BN.

BCOD-fused pyrrole: 4,7-Dihydro-4,7-ethano-2H-isoindole (2a) was pre-
pared according to the literature procedure.®!
Bis(phenylhydroxymethyl)thiophene: The previously reported® diaste-
reomeric bis(phenylhydroxymethyl)thiophene was prepared according to
the literature procedure.!'>3

BCOD-fused thiophene dicarbaldehyde: Since direct formylation by the
ortho-formate method yielded only the monoformyl derivative, lithiation
of 2b was examined under several different conditions. Treatment of 2b
with 2.5 equivalents of lithium diisopropylamide (LDA) or nBuLi in
THF at —10°C followed by quenching with DMF was also found to
result only in the formation of monoformylated compounds. More severe
conditions are clearly needed for dilithiation. A diastereomeric mixture
of bis(phenylhydroxymethyl)thiophene 5a was formed in 42% yield by
treating thiophene 2b with 2.5 equivalents of nBuLi in n-hexane in the
presence of benzaldehyde in a similar manner.
1,3-Bis(phenylhydroxymethyl)-4,7-dihydro-4,7-ethano-2-benzothiophene
(5a): The introduction of formyl and phenylhydroxymethyl groups into
4,7-dihydro-4,7-ethanoisothianaphthene (2b),” is illustrated in Scheme 3.
A 1.58M solution of nBuLi (22.7 mL, 36.0 mmol) in hexane was added to
a stirred solution of 2b (2.43 g, 15.0 mmol) and N,N,N',N'-tetramethyl-
ethylenediamine (TMEDA, 3.56 mL, 36.0 mmol) in dry hexane (50 mL)
at room temperature and the mixture was refluxed for 30 min. After the
mixture was cooled at —50°C, dry THF (50 mL) and then benzaldehyde
(5.10 mL, 50.0 mmol) were slowly added with stirring. The mixture was
allowed to warm to room temperature and stirring was continued over-
night. The mixture was poured into a saturated aqueous ammonium chlo-
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Scheme 3. Preparation of 4,7-ethanoisothianaphthene. Reagents and con-
ditions: nBulLi, TMEDA, hexane, reflux, 30 min; PhCHO, THF,
—50°C—RT.

ride solution (50 mL) and was extracted with diethyl ether. The ethereal
layer was washed sequentially with water and brine, dried over Na,SO,,
and concentrated to leave an oily material, which solidified on standing
in a refrigerator with a small amount of benzene. Filtration gave Sa
(2.36 g, 6.32 mmol; 42 %) as a mixture of diastereomers: m.p. 128-134°C;
"HNMR (CDCLy): §=7.44-7.38 (m, 4H), 7.37-7.30 (m, 4H), 7.30-7.24
(m, 2H), 6.43-6.37 (m, 2H), 6.06-6.01 (m, 2H), 2.20 (brs, 2H), 1.52-
1.32 ppm (m, 4H); *CNMR (CDCl,, typical signals): 0=143.9, 143.5,
143.3 (2C), 143.2, 143.1, 143.0, 135.2 (3C), 135.1, 133.7, 133.3 (2C), 133.1,
128.4 (2C), 128.3, 127.7 (2C), 127.6, 126.1, 126.0 (3C), 70.7, 70.6, 70.5,
704, 35.1, 35.0 (2C), 25.8, 25.7 (2C), 25.6 ppm; MS (EI): m/z (%): 374
(18) [M]*, 346 (92), 223 (100); IR (KBr): #=3336, 3054, 2954, 2865,
1600, 1450, 1033, 1014 cm™'; elemental analysis caled (%) for C,,H,,0,S:
C76.97, H 5.92; found: C 76.72, H 6.11.

Synthesis of BCOD-fused TPS2N2, TPSN3, 1BS, 2BS, 2BN, and 3BN:
Bis(phenylhydroxymethyl) derivative 5a was treated with three equiva-
lents of the a-unsubstituted BCOD-fused pyrrole 2a and two equivalents
of p-tolualdehyde in the presence of BF;-OEt, at room temperature, fol-
lowed by oxidation with chloranil. The tetra-BCOD-fused thiaporphyrin
TBCODTPSN3 with tetraaryl substituents at the meso-carbon atoms was
obtained in 51 % yield. Analogous treatment of 5a with pyrrole and p-
tolualdehyde gave mono-BCOD-fused thiaporphyrin 1IBCODS in 23 %
yield. The[2+2] synthesis of 5a was expected to provide the opp-dithia-
porphyrin. Tetra-BCOD- and bi-BCOD-fused 21, 23-dithiaporphyrins
TBCODTPS2N2 and 2BCODS were obtained from the reaction of Sa
with one equivalent of 2a and pyrrole in the presence of BF;-OEt, at
room temperature followed by oxidation with chloranil in 26 and 13 %
yield, respectively. Using the previously reported bis(phenylhydroxyme-
thyl)thiophene 5b,'>* tri-BCOD-fused thiaporphyrin 3BCODN and bi-
BCOD-fused 22,24-dithiaporphyrin 2BCODN were obtained in 22 and
12 % vyield, respectively, in a similar manner (Scheme 4).

General procedure for [242] condensation of bis(hydroxymethyl)thio-
phene 5 and pyrrole: Bis(hydroxymethyl)thiophene 5 (2.00 mmol), pyr-
role (2 mmol), and a magnetic stirring bar were placed in a 1L round-
bottomed flask equipped with a reflux condenser, which was thoroughly
wrapped with aluminum foil and then flushed with nitrogen. Dry and de-
gassed CH,Cl, (600 mL) and BF;-OEt, (50 pL, 0.41 mmol) were added
successively, and the mixture was then stirred for 1 h at room tempera-
ture. Chloranil (0.737 g, 3.00 mmol) was added and the mixture was re-
fluxed for 1 h. The mixture was then concentrated and the residue was
purified by chromatography on basic alumina with an appropriate solvent
mixture. Recrystallization gave pure core-modified porphyrin as a mix-
ture of diastereomers. The reactions are summarized in Scheme 4.
5,10,15,20-Tetraphenyl-2',24,7',74,12',12%17',17*-octahydro-
21,24:7',74,124,124;17',17"-tetraethano-21,23-dithiatetrabenzo-
[b.g,l,glporphyrin (TBCODTPS2N2): The reaction of 5a with 2a was
performed according to the general procedure. The target porphyrin was
isolated by chromatography with 3% EtOAc/CH,CIl, as eluent and re-
crystallization from CHCl;/MeOH in 26 % yield as reddish purple crys-
tals: m.p. >130°C (decomp); 'H NMR (CDCl;): 6=8.38-8.21 (m, 8H),
7.89-7.80 (m, 12H), 6.74-6.10 (m, 8H), 3.95-3.84 (m, 4H), 3.37-3.27 (m,
4H), 1.98-0.61 ppm (m, 16H); MS (FAB): m/z (%): 961 (100) [M+H]*,
933 (6), 905 (4), 877 (11), 849 (33); UV/Vis (CH,CLy): A, (Ige)=443
(5.00), 524 (4.20), 637 (3.46), 714 nm (3.43); elemental analysis calcd (%)
for CiHs,N,S,.2 CHCl;: C 70.06, H 4.54, N 2.33; found: C 69.99, H 4.70,
N 2.29.
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FULL PAPER

Ph Ph
A\ Ph
TBCODTPSN3 TBCODTPS2N2
2a i) 51% 2 i) 26%
+
p-Tolualdehyde /
! \/\ 5a N
N \ N
H H
+
p-Tolualdehyde i) 23% W) 13%
1BCODS 2BCODS

Ph
OH
S
Ph” "“OH
5b
2a 2a
+
p-Tolualdehyde i) 22% i) 11%
3 Ph

3BCODN 2BCODN

Scheme 4. Top: Preparation of meso-tetraaryl core-modified BCOD-
fused porphyrins from 5a. Reagents and conditions: i) 2a (3.0 equiv), p-
tolualdehyde (2.0 equiv), BF;-OEt,, CHCl;, RT, 1 h; chloranil, reflux, 1 h;
ii) 2a (1.0 equiv), BF5-OEt,, CHCl;, RT, 1 h; chloranil, reflux, 1 h; iii) pyr-
role (3.0 equiv), p-tolualdehyde (2.0 equiv), BF;-OEt,, CHCl;, RT, 1h;
chloranil, reflux, 1h; iv) pyrrole (1.0 equiv), BF;-OEt,, CHCl;, RT, 1 h;
chloranil, reflux, 1 h. Bottom: Preparation of meso-tetraaryl core-modi-
fied BCOD-fused porphyrins from 5b. Reagents and conditions: i) 2a
(3.0 equiv), p-tolualdehyde (2.0 equiv), BF;-OEt,, CHCl;, RT, 1 h; chlor-
anil, reflux, 1 h; ii) 2a (1.0 equiv), BF;:OEt,, CHCl;, RT, 1 h; chloranil,
reflux, 1 h.
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5,10,15,20-Tetraphenyl-2',24,12',12*-tetrahydro-2',2*;12',12*-diethano-
21,23 -dithiadibenzo[b,/]porphyrin (2BCODS): The reaction of 5a with
pyrrole was performed according to the general procedure. The target
porphyrin was isolated by chromatography with CH,Cl, as eluent and re-
crystallization from CHCly/MeOH in 13% yield as purple crystals: m.p.
>130°C (decomp); 'HNMR (CDCL): 6=851 (s, 4H), 8.34-8.16 (m,
8H), 7.87-7.77 (m, 12H), 6.70-6.52 (m, 4H), 4.00 (m, 4H), 1.44-1.06 ppm
(m, 8H); MS (FAB): m/z (%): 805 (100) [M+H]*, 777 (12), 749 (51);
UV/Vis (CH,CL): Ana, (Ige) =443 (5.31), 522 (4.32), 639 (3.55), 703 nm
(3.80); elemental analysis calcd (%) for CssHyN,S,:0.25CHCIl;: C 80.92,
H 4.86, N 3.36; found: C 81.00, H 5.02, N 3.29.
5,10,15,20-Tetraphenyl-2',2*,12',12*-tetrahydro-2',2;12',12*-diethano-
22,24-dithiadibenzo[b,/]porphyrin (2BCODN): The reaction of 5b with
2a was performed according to the general procedure. The target por-
phyrin was isolated by chromatography with CH,Cl, as eluent and recrys-
tallization from CHCI/MeOH in 11% yield as brown crystals: m.p.
>130°C (decomp); 'HNMR (CDCl;): 6=9.48 (s, 4H), 8.24-8.13 (m,
8H), 7.86-7.76 (m, 12H), 6.47-6.39 (m, 4H), 3.51 (m, 4H) 1.64-1.47 ppm
(m, 8H); MS (FAB): m/z (%): 805 (100) [M+H]*, 777 (15), 749 (66);
UV/Vis (CH,CL): Ana (Ige) =421 (5.27), 511 (4.46), 626 (3.36), 688 nm
(3.22); elemental analysis calcd (%) for CssH,N,S,.H,O: C 81.72, H 5.14,
N 3.40; found: C 81.97, H 5.10, N 3.38.

General procedure for[3+1] condensation of bis(hydroxymethyl)thio-
phene 5, pyrrole, and p-tolualdehyde: Bis(hydroxymethyl)thiophene 5
(1.00 mmol), pyrrole (3.00 mmol), p-tolualdehyde (2.00 mmol), and a
magnetic stirring bar were placed in a 1L round-bottomed flask
equipped with a reflux condenser, which was thoroughly wrapped with
aluminum foil and then flushed with nitrogen. Dry and degassed CHCl,
(600 mL) and BF;-OEt, (50 uL, 0.41 mmol) were added successively, and
the mixture was then stirred for 1h at room temperature. Chloranil
(0.737 g, 3.00 mmol) was added and the mixture was refluxed for 1 h. The
mixture was then concentrated and the residue was purified by chroma-
tography on basic alumina using an appropriate solvent system. Recrys-
tallization yielded pure core-modified porphyrin as a mixture of diaste-
reomers. The reactions are summarized in Scheme 4.
5,20-Diphenyl-10,15-p-tolyl-2',2%,7",7%12',124,17",17*-0ctahydro-
21,24:7',74:121,124;17",17*-tetraethano-23H,21-thiatetrabenzo-
[b.g.l.glporphyrin (TBCODTPSN3): The reaction of 5a with 2a and p-
tolualdehyde was performed according to the general procedure. The
target porphyrin was isolated by chromatography with 2% THF/CH,Cl,
as eluent and recrystallization from CHCIl;/MeOH in 51 % yield as dark
brown crystals: m.p. >130°C (decomp); 'H NMR (CDCl,): 6 =8.38-8.06
(m, 8H), 7.87-7.80 (m, 6H), 7.67-7.60 (m, 4H), 6.78-6.09 (m, 8H), 4.04
(m, 2H), 3.45 (m, 2H), 3.31 (m, 2H), 3.23 (m, 2H), 2.78 (s, 6H), 1.96—
0.59 (m, 16H), —3.35 ppm (brs, 1H); MS (FAB): m/z (%): 972 (100)
[M+H]*, 944 (5), 916 (3), 888 (11), 860 (36); UV/Vis (CH,CL,): Apax
(1ge) =437 (5.15), 524 (4.26), 622 (3.65), 685 (3.53); elemental analysis
caled (%) for C;0H5;N3;S.H,O: C 84.90, H 6,01, N 4.24; found: C 85.40, H
5.92, N 4.28.
15,20-Diphenyl-5,10-p-tolyl-2',247',74,12",12*-hexahydro-2',2%;7',74;12',12*-
triethano-22H,24-thiatetrabenzo[ b.g,/Iporphyrin (3BCODN): The reac-
tion of 5b with 2a and p-tolualdehyde was performed according to the
general procedure. The target porphyrin was isolated by chromatography
with 70% CH,Cl,/hexane as eluent and recrystallization from CHCIy/
MeOH in 22 % yield as dark purple crystals: m.p. >130°C (decomp);
'HNMR (CDCL): 6=9.53 (s, 2H), 8.25-8.07 (m, 8H), 7.83-7.78 (m,
6H), 7.66-7.59 (m, 4H), 6.61-6.21 (m, 6H), 3.51 (m, 2H), 3.47 (m, 2H),
3.26 (m, 2H), 2.79 (s, 6H), 1.81-0.89 (m, 12H), —3.47 ppm (brs, 1H); MS
(FAB): m/z (%): 894 (100) [M+H]*, 866 (7), 838 (8), 810 (43); UV/Vis
(CH,Cl,) A (Ig€) =426 (5.27), 518 (4.37), 616 (3.63), 674 nm (3.37); ele-
mental analysis caled (%) for CoHs5N;S.H,O: C 84.27, H 5.86, N 4.61;
found: C 84.07, H 5.80, N 4.57.

General procedure for preparative retro-Diels-Alder reaction: Expan-
sion of the m system by thermal transformation of the fused BCOD
groups into benzo moieties was carried out under the conditions reported
previously (230-250°C, 30 min, ca. 0.2 mmHg).!"*! The products obtained
are shown in Figure 1 with their carbon numbering schemes.*® The pre-
cursor BCOD-fused porphyrin was placed in a sample tube in a 25 mL
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round-bottomed flask. The flask was then evacuated with a rotary
vacuum pump and heated at 230°C for 30 min (meso-unsubstituted pre-
cursors) or for 1 h (meso-tetraaryl precursors) in a glass tube oven. After
the mixture was cooled, the target core-modified benzoporphyrin was ob-
tained in quantitative yield. The mechanism of the retro-Diels—Alder re-
action was explored further for TPS2N2, TPSN3, 2BN, and 2BS by ther-
mogravimetric analysis (see Figure S8 in the Supporting Information).
5,20-Diphenyl-10,15-p-tolyl-23H,21-thiatetrabenzo[ b.g./,g]porphyrin
(TPSN3): green crystals; m.p. >300°C; 'HNMR (CDCl;): =827 (m,
4H, o0-Ph), 8.19 (m, 4H; 2',6'-positions of tolyl), 7.91 (m, 4H; p-Ph, H2?,
H2?%), 7.87 (m, 4H; m-Ph), 7.63 (m, 4H; 3',5"-positions of tolyl), 7.42 (m,
2H; H2', H2%), 7.34 (m, 2H; H12', H12%, 7.26 (m, 2H; H12% H12%),
7.15-7.11 (m, 4H; H7?, H7°, H17%, H17°), 6.91 (m, 2H; H7*, H17"), 6.86
(m, 2H; H7', H17%), 2.77 (s, 6H), —0.38 ppm (brs, 1H); “C NMR
(CDCl;) o 152.6, 147.7, 141.9, 140.4, 140.1, 139.3, 139.1, 138.9, 138.6,
134.2, 133.0, 132.9, 132.8, 129.5, 129.2, 128.8, 127.4, 125.9, 125.6, 125.5,
125.4, 125.3, 124.3, 123.9, 123.0, 120.8, 21.8 ppm; MS (FAB): m/z: 860
[M+H]"; UV/Vis (CH,CL): Ay (128) =477 (5.37), 607 (4.15), 652 (4.57),
669 (4.54), 720 nm (3.71); elemental analysis calcd (%) for C¢,H,N5S: C
86.58, H 4.80, N 4.89; found: C 86.37, H 4.93, N 4.83.
5,10,15,20-Tetraphenyl-21,23-dithiatetrabenzo[ b.g,/,gJporphyrin
(TPS2N2): green crystals; m.p. >300°C; '"H NMR (CDCly): =833 (m,
8H; 0-Ph), 7.92 (m, 4H; p-Ph), 7.88 (m, 8H; m-Ph), 7.83 (m, 4H; H2',
H2*, H12', H12%), 7.35 (m, 4H; H2?, H2%, H12? H12%), 7.16 (m, 4H; H7%,
H7, H17%, H17°), 6.89 ppm (m, 4H; H7', H7*, H17', H17*); *C NMR
(CDCly): 6=151.3, 142.3, 140.3, 140.1, 139.7, 133.1, 130.2, 129.3, 129.0,
126.1, 125.4, 123.5 ppm; MS (FAB): m/z: 849 [M+H]*; UV/Vis (CH,CL,):
Amax (1g€) =485 (5.28), 661 (4.57), 749 nm (3.49); elemental analysis calcd
(%) for CgH3N,S,: C 84.87, H 4.27, N 3.30; found: C 84.70, H 4.55, N
3.25.

15,20-Diphenyl-5,10-p-tolyl-22 H,24-thiatribenzo[ b.g,/]porphyrin  (3BN):
purple crystals; m.p. >300°C; '"HNMR: §=9.33 (s, 2H; H17 and H18),
8.25 (m, 4H; o-Ph), 8.19 (m, 4H; 2',6'-positions of tolyl), 7.86 (m, 6 H; m-
Ph, p-Ph), 7.66 (m, 4H; 3',5'-positions of tolyl), 7.46-7.37 (m, 4H; H7',
H7%, H7®, H7%), 7.26 (m, 2H; H2% H12%), 7.20 (m, 2H; H2°, H12%), 7.19
(m, 2H; H2', H12%), 6.86 (m, 2H; H2, H12"), 2.81 (s, 6H), —1.68 ppm
(brs, 1H); "*CNMR (CDCl,): 6=152.2, 149.1, 145.9, 141.4, 140.8, 140.4,
140.1, 138.7, 135.1, 135.0, 134.2, 132.8, 131.8, 129.8, 129.6, 128.3, 128.2,
126.3 (2C), 125.7, 125.4, 124.6, 122.9, 116.8, 21.8 ppm; MS (FAB): m/z:
810 [M+H]*; UV/Vis (CH,CL): Ay, (Ige)=454 (5.51), 550 (4.21), 584
(4.31), 644 (3.78), 705nm (3.46); elemental analysis caled (%) for
CsgH3oN;S: C 86.00, H 4.85, N 5.19; found: C 85.97, H 5.01, N 5.12.
5,10,15,20-Tetraphenyl-21,23-dithiadibenzo[b,/]porphyrin (2BS): green
crystals; m.p. >300°C; '"HNMR (CDCLy): =834 (s, 4H; H7, HS8, H17,
H18), 8.18 (m, 8H; o-Ph), 8.05 (m, 4H; H2!, H2*, H12', H12*), 7.87 (m,
4H; p-Ph), 7.83 (m 8H; m-Ph), 7.59 ppm (m, 4 H; H2?, H2°, H12?, H12%);
BCNMR (CDCl,, typical signals): 6=150.6, 146.8, 142.2, 141.5, 134.1,
132.1, 131.7, 128.4, 128.0, 126.5, 124.1 ppm; MS (FAB): m/z: 749 [M+H]*
; UV/Vis (CH,CL): A, (Ige)=464 (5.28), 586 (3.95), 636 (4.46), 661
(4.13), 724 nm (3.46); elemental analysis calcd (%) for C;,Hy,N,S,: C
83.39, H 4.31, N 3.74; found: C 83.23, H 4.42, N 3.69.
5,10,15,20-Tetraphenyl-22,24-dithiadibenzo[b,/]porphyrin  (2BN): red
crystals; m.p. >300°C; '"HNMR (CDCly): =9.38 (s, 4H; H7, HS8, H17,
H18), 8.16 (m, 8H; o-Ph), 7.89 (m, 4H; p-Ph), 7.86 (m, 8H; m-Ph), 7.37
(m, 4H; H2?, H2%, H122, H12%), 7.20 ppm (m, 4H; H2', H2*, H12', H12%);
BCNMR (CDCL): §=150.6, 146.8, 1422, 141.5, 134.1, 132.1, 1317,
128.4, 128.0, 126.5, 124.1 ppm; MS (FAB): m/z: 749 [M+H]*; UV/Vis
(CH,CL,): Apay (1g€) =439 (5.63), 516 (4.57), 544 (4.11), 641 (3.35), 703 nm
(3.45); elemental analysis calcd (%) for Cs,H3,N,S,: C 83.39, H 4.31, N
3.74; found: C 83.18, H 4.50, N 3.65.
5,20-Diphenyl-10,15-di-p-tolyl-23H,21-thiabenzo[ b]porphyrin (1BS):
purple crystals; m.p. >300°C; 'H NMR (CDCl,, assignments with aster-
isks are interchangeable): 6=8.57 (s, 2H; H12 and H13), 8.38 (m, 2H;
H7, H18),* 8.16 (m, 2H; H8, H17)*, 8.05 (m, 4H; 0-Ph), 7.99 (m, 4H; 2,
6'-positions of tolyl), 7.97 (m, 2H; H2', H2*%), 7.82 (m, 2H; p-Ph), 7.79
(m, 4H; m-Ph), 7.60 (m, 2H; H2% H2%), 7.50 (m, 4H; 3',5"-positions of
tolyl), 2.66 (s, 6H), —0.36 ppm (brs, 1H); *C NMR (CDCl;): §=160.7,
152.7, 142.5, 142.0, 140.6, 138.8, 138.3, 137.5, 135.1, 133.6, 131.8, 131.5,

Chem. Eur. J. 2008, 14, 5001 —5020


www.chemeurj.org

MCD Spectroscopy of Core-Modified Tetrabenzoporphyrins

128.1 (2C), 127.9, 127.8, 127.2, 127.0, 126.3, 125.5, 21.4 ppm; MS (FAB):
miz: 710 [M+H]*; UV/Vis (CH,CL): Ap. (Ige)=437 (5.45), 533 (4.13),
572 (4.17), 610 (3.70), 669 nm (3.43); elemental analysis calcd (%) for
CsoH;sN3S: C 84.59, H 4.97, N 5.92; found: C 84.58, H 5.14, N 5.84.
5,10,15,20-Tetraphenyltetrabenzo[ b.g.l,g]porphyrin (TPTBP): Synthesis
of TPTBP was based on the procedure reported previously by Luk’yanets
and co-workers.””’ "THNMR (CDCl;, —50°C): 6=8.41 (m, 8H; o-Ph),
7.97 (m, 4H; p-Ph), 7.89 (m, 8H; m-Ph), 7.43 (H2', H2*, H12', H12%),
7.35 (H2%, H2%, H12% H12%), 7.18 (H7%, H7°, H17%, H17%), 6.99 (H7', H7*,
H17', H17%), —1.34 ppm; ([Dg]DMSO, 100°C): §=8.28 (m, 8H; o-Ph),
7.99 (m, 4H; p-Ph), 7.92 (m, 8H; m-Ph), 7.27 (m, 8H; d protons), 7.17
(m, 8H; y protons), —0.93 ppm (br, 2H); "C NMR (CDCl,;, —50°C): 6=
148.6, 141.3, 139.6, 134.2, 133.2, 131.1, 129.0, 128.9, 126.2, 125.5, 124.4,
123.6, 115.4 ppm.

X-ray crystal structure analysis: X-ray structures were determined for
TPS2N2, TPSN3, 1BS, 2BS, 2BN, and 3BN. Single crystals were prepared
by slow evaporation of the solvent from saturated CHCIl; solution or by
diffusion of methanol into a solution of the compound in CHCI;. With
the exception of 3BN, the crystals were collected by rapid filtration and
mounted on top of glass fibers. A single crystal of 3BN was placed in a
Lindeman capillary tube with a very small amount of mother liquor and
then the capillary was sealed by candle flame. Determination of the cell
parameters and collection of the reflection intensities was performed on
a Rigaku Mercury-7 (12 kW rotating anode generator) or a Mercury-8
(3 kW sealed tube) instrument equipped with graphite-monochromated
Mok, radiation. The data were corrected for Lorentzian, polarization,
and absorption effects. The structures were solved by direct methods
(SIR-97™) or SHELXS-97°) and expanded using the Fourier tech-
nique.’”) Hydrogen atoms were placed in calculated positions and refined
by using riding models. All calculations were performed by using the
CrystalStructure software package® or WinGX.*) SHELXL-97° was
used for structure refinement. In the case of TPS2N2, the reflection in-
tensities were modified by the PLATON squeeze program“! to remove
the effect of poorly modeled solvent molecules.

TPS2N2: crystal formula: Cg,H,N,S-1.5CHCL;, 0.12x0.06 x0.03 mm,
monoclinic, space group P2,/n, a=19.744(3), b=10.2162(11), c=
24.538(3) A, f=101.260(3)°, V=48542(11) A>, T=83.1K, Z=4, peea=
1.407 gem >, ©=0.402 mm~', F(000)=2116, 49771 measured, 10858
unique, 7405 observed reflections [I>20(I)]; R;=0.0690 [I>20(])],
wR,=0.1890 (all data); GOF=1.000.

TPSN3: crystal formula: CgH,N;S-1.5CHCl;, 0.5x0.4x0.1 mm, mono-
clinic, space group P2)/n, a=19.4041(11), b=10.8390(5), c=
24.7401(16) A, =99.947(3)°, V=5125.1(5) A%, T=123.1K, Z=4, peea=
1.347 gem ™, u=0.343 mm~', F(000)=2148. The structure was refined
without the solvent molecules by SHELXL-97 and Platon Squeeze. Re-
fined formula Cq,HyN;S, 40751 measured, 11650 unique, 8505 observed
reflections [/>20(I)]; R;=0.0937 [[>20(I)], wR,=0.2425 (all data);
GOF=1.174.

1BS: crystal formula: Cs,H3sN5S, 0.60 % 0.25 x 0.10 mm, monoclinic, space
group P2,/c, a=19.417(11), b=9.398(5), c=21.434(12) A, f=109.706(3)°,
V=3682(4) A’, T=150K, Z=4, poea=128 gem™>, £=0.129 mm~', F-
(000) =1488, 27338 measured, 8411 unique, 6162 observed reflections
[I>20(1)]; R =0.0895 [I>20(])], wR,=0.2332 (all data); GOF=1.130.

2BS: crystal formula: Cs5HjN,S,, 0.40x0.15x0.08 mm) Monoclinic,
space group P2/n, a=14.647(3), b=6.1016(10), ¢=20.221(3) A, f=
94.260(4)°, V=1802.2(5) A>, T=103K, Z=2, puyea=1.380gcm>, u=
0.191 mm™, F(000) =780, 18282 measured, 4070 unique, 3123 observed
reflections [/>20(I)]; R, =0.0420 [[>20(])], wR,=0.1050 (all data);
GOF=1.016.

2BN: crystal formula: Cs,HjN,S,, 0.45x0.07x0.05 mm) Monoclinic,
space group P2/n, a=13.573(5), b=9.204(3), ¢=15200(5) A, p=
94.352(9)°, V=1893.4(11) A>, T=296 K, Z=2, peea=1314gem™, u=
0.182 mm™, F(000) =780, 18950 measured, 4292 unique, 2418 observed
reflections [/>20(l)]; R,=0.0590 [[>20(I)], wR,=0.1410 (all data);
GOF=1.004.

3BN: crystal formula: CssH3oN;S-3 CHCI;, 0.50x0.30x0.20 mm, triclinic,
space group PI, a=12.524(4), b=13.812(4), c=16.809(6) A, a=
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77.831(11), f=86.020(14), y=73.851(10)°, V=2730.0(15) A, T=150 K,
Z=2, Peea=1.421 gem™>, u=0.544 mm™', F(000)=1196, 31980 mea-
sured, 12523 unique, 8936 observed reflections [/>20(1)]; R,=0.0669
[I>20(I)], wR,=0.1683 (all data); GOF =1.049.

CCDC-637699 (TPS2N2), CCDC-637698 (TPSN3), CCDC-637703 (1BS),
CCDC-637701 (2BS), CCDC-637702 (2BN) and CCDC-637700 (3BN)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Calculations: Molecular structures were refined for TPP, TBP, SN3,
ON3, S2N2, OSN2, CN3, CSN2, TPS2N2, TPSN3, 1BS, 2BS, 2BN, and
3BN with the Gaussian03“!! and CAChe workstation (Fujitsu America
Inc.) software packages.””’ TPSN3, TPS2N2, 1BS, 3BN, 2BN, and 2BS
are predicted to be saddled into nonplanar geometries. Additional calcu-
lations were performed for the X-ray structures of TPS2N2, TPSN3, 1BS,
3BN, 2BN and 2BS.

Cyclic and differential pulse voltammetry: CV and DPV measurements
were made on a Hokuto Denko HZ5000 potentiostat under purified ni-
trogen in o-dichlorobenzene (Nakalai Tesque) solutions with tetrabutyl-
ammonium perchlorate (TBAP, 0.1 M) as supporting electrolyte.

NMR spectroscopy: 'H and >C NMR spectra were recorded on a JEOL
JNM-AL 400 or -EX 400 spectrometer with tetramethylsilane as an inter-
nal standard.
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