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Electronic Structure, Spectra, and Magnetic Circular Dichroism of
Cyclohexa-, Cyclohepta-, and Cyclooctapyrrole

Alexander Gorski,™ Thomas Kohler,”” Daniel Seidel,™ Jeong Tae Lee,"
Grazyna Orzanowska,”! Jonathan L. Sessler,*"! and Jacek Waluk*!*!

Abstract: Three recently obtained ex-
panded porphyrins represent nice ex-
amples of compounds for which the
electronic and spectral properties can
be predicted from symmetry considera-
tions alone. Perimeter-model-based
theoretical analysis of the electronic
structure  of doubly protonated
cyclo[6], cyclo[7], and cyclo[8]pyrrole
leads to the anticipation of qualitative-
ly the same electronic absorption and

for all three compounds. These predic-
tions are fully confirmed by experi-
ments, as well as DFT and INDOY/S cal-
culations. Due to a characteristic pat-
tern of frontier molecular orbitals, a
degenerate HOMO and a strongly split
LUMO pair, the three cyclopyrroles

Keywords: electronic structure -
magnetic properties .
porphyrinoids - pyrroles

show comparable absorption intensity
in the Q and Soret regions. Magnetic
circular dichroism spectra reveal both
A and B Faraday terms, of which the
signs and magnitudes are in remarka-
bly good agreement with theoretical
expectations. The values of the magnet-
ic moments of the two lowest degener-
ate excited states have also been ob-
tained.

magnetic circular dichroism patterns

Introduction

Impressive developments in the chemistry of porphyrin-re-
lated compounds are being stimulated by the prospects of
their use in a wide range of fields, including medicine, envi-
ronmental protection, information technology, energy con-
version and storage, and, in the most general of terms, pro-
duction of new functional materials. Very promising in this
respect are polypyrrolic molecules containing more than
four heterocyclic rings, that is, expanded porphyrins.'*! One
of the more intensely studied representatives of this class,
the pentapyrrolic sapphyrins, have emerged lately as versa-
tile anion binding agents.[**!

Many of possible applications of porphyrinoids rely on
their interaction with light, as illustrated by such spectacular
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examples as photodynamic therapy,®*! solar energy conver-
sion® or optical memory storage based on holography.!'”!
Obviously, a prerequisite for a successful application is the
detailed understanding of the electronic structure and the
excited state patterns of any given system. Equally impor-
tant, albeit more challenging, is the ability to predict the
spectral characteristics of a particular chromophore on the
basis of structural analysis. Calculations are, of course, very
helpful in this respect, but a more attractive alternative
would be a model, as general as possible, which could, first,
account, at least qualitatively, for the spectral features, and,
second, predict the response to structural perturbations,
such as substitution at a particular position. For aromatic
molecules this has been attempted using a simple perimeter
model."""") This approach, originally applied to understand
the electronic spectra of aromatic hydrocarbons, was subse-
quently adapted and extended to encompass magnetic circu-
lar dichroism (MCD). The perimeter model correctly ac-
counts for the electronic and MCD patterns in numerous
compounds that can be derived from either 4N42014 or
4N q_electron perimeters. In several cases, the theoreti-
cal predictions™ preceded the synthesis of the systems in
question and hence necessarily antedated experimental con-
firmation.!">*")

Electronic and MCD spectra of various representatives of
expanded pentapyrrolic porphyrins have been recently sub-
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ject to a theoretical analysis BES

based on the perimeter model.
Significant differences in the
molecular orbital patterns were
revealed. For instance, isosmar-
agdyrins were found to belong
to the so-called negative-hard
class of chromophores, in which
the MCD pattern cannot easily
be changed by structural pertur-
bation.?!! On the other hand,
sapphyrins  represent  “soft”
chromophores, with signs of MCD B terms that depend on
the position of peripheral substitution.*!

In this work, we present experimental and theoretical re-
sults obtained for three recently synthesized expanded por-
phyrins, namely cyclo[6]pyrrole (1), cyclo[7]pyrrole (2),*]
and cyclo[8]pyrrole (3).?"! The doubly protonated forms of
these molecules provide very rare examples of 4N+2 m-elec-
tron chromophores in which, due to symmetry, the HOMO
orbitals are degenerate, whereas the two LUMO orbitals
are split. This leads to two degenerate electronic excited m—
mv* states. For such a case, the perimeter model provides un-
ambiguous predictions regarding the absorption and MCD
intensities, the signs of each Faraday A and B term, and the
excited state magnetic moments. Each of these predictions
has been tested experimentally and, as detailed below,
found to be in excellent agreement with theory for all three
molecules. The electronic and spectral characteristics were
also correctly reproduced by more extensive semi-empirical
and DFT calculations.

Results and Discussion

Before analyzing the experi-
mental results, we start with
theoretical predictions generat-
ed using the perimeter model.
This approach describes the
electronic states that originate
from excitations involving the
frontier @ molecular orbitals of
a regular n-membered, 4N+2
electron perimeter, with pair-
wise degenerate orbitals, ¥, and
¥_. In each pair of occupied
orbitals, the electrons may be
envisaged as circulating along
the periphery in the opposite
directions for 1, and vy _,. This
creates magnetic moments that
compensate for one another.
The excited states are described
by interactions between four
singly excited HOMO-LUMO
configurations involving pairs
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Figure 1. Top: Formal derivation of 1 from a C,,H,,>* perimeter; bottom: predicted energy shifts in the fron-
tier orbitals associated with the formation of 1.
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of degenerate HOMO and LUMO. Two of these configura-
tions, called sense-preserving, carry oscillator strength, but
lead to small magnetic moments, u (n,N). On the other
hand, sense-reversing excitations are electric dipole forbid-
den, but have large magnetic moments, u* (n,N).

A crucial quantity associated with the spectral properties
of a given system is the energy splitting between the two
highest occupied m molecular orbitals, AHOMO and the
analogous splitting between the lowest unoccupied pair of
orbitals, ALUMO. Except for the special cases of 2-electro-
n[n]annulenes and (4N+2)-electron [2(N+1)]annulenes,
both HOMO and LUMO pairs are always degenerate in the
parent perimeter, but may become split as a result of pertur-
bations that convert the ideal perimeter into the real chro-
mophore. The diprotonated systems 1-3 can formally be de-
rived from doubly charged 4N+2 m electron annulenes, as
shown for 1 in Figure 1. Thus, 1 is obtained from C,,H,,**
(N = 5) by a suitable distortion of the perimeter and intro-
ducing six -NH- bridges. For 2, the precursor is Co,sHo** (N

72+ 72+

i

H +H Homo
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= 6), bridged by seven -NH-
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Table 1. Absorption and MCD characteristics of 1-3.

groups. Finally, 3 originates L transition B transition

from CyH;,*" (N = 7) after 7l ™ A B 7ol ™ Al B

adding eight -NH- linkers. 1 12.8 0.88 -192 67 24.9 1.38 —40 -82

These perturbations lead to the 2 10.5 0.42 —145 72 23.4 0.62 -29 —6.6
3 9.1 1.03 —354 20 22.6 1.43 -122 -28

lowering of symmetry and the
loss of the 24-, 28- and 32-fold
rotation axis in 1-3, respective-
ly. However, as long as the
chromophore remains planar (or all pyrrole units are tilted
by the same value in the same direction), the final molecules
still retain a rotation axis, albeit of lower order: C, for 1, C;
for 2, and C; for 3. In such a situation, the orbital splittings
are dictated by the molecular symmetry and thus may be
predicted without any calculations whatsoever.

In each of the three molecules under consideration in this
study, the parent perimeter n-fold axis is converted into the
corresponding (n/m)-fold axis, with m=4. Theoretical analy-
sis for such a case,' in which N+1 is an integer multiple of
n/2m, shows that, on the basis of symmetry alone, the pair
of HOMO orbitals should remain degenerate. On the other
hand, the two LUMOs should split. The origin of the
LUMO splitting is easy to visualize upon inspection of the
form of molecular orbitals. This is illustrated for 1 in
Figure 1, where the real form of the frontier orbitals is used.
Bridging should have no effect for one orbital of the
LUMO npair, since the NH groups are located on nodes. On
the contrary, the other LUMO orbital should be strongly de-
stabilized, since contributions from each NH bridge are ad-
ditive. By contrast, the energies of both HOMO orbitals
should be shifted by the same amount.

The same pattern, AHOMO = 0 and ALUMO +# 0, char-
acteristic of so-called negative-hard chromophores, is ex-
pected for 1-3. Accordingly, all three molecules should dis-
play very similar absorption and MCD patterns. The predic-
tions can be summarized as follows:

i) two degenerate m-m* electronic transitions, usually la-
beled L and B, in the order of increasing energy, should
be observed in the low energy region of the electronic
absorption;

ii) because of disparity between AHOMO and ALUMO,
the L/B intensity ratio is expected to be quite high;

iii) since the HOMO-LUMO separation decreases from 1
to 3, the location of L and B transitions should be shifted
to the red as the size of the macrocycle increases;

iv) due to the degeneracy of both the L and B states, both
A and B terms should be seen in the MCD spectra;

v) the A terms should be negative for both L and B transi-
tions, with the former being of larger magnitude;

vi) the B term should be positive for the L state and nega-
tive for the B state.

Figures 24 show the absorption and MCD spectra for 1-
3. The location of the absorption maxima and the values of
the Faraday parameters are given in Table 1. As expected,
the three molecules indeed show very similar spectral fea-
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[a] 10° cm™". [b] Oscillator strength. [c] D*ug. [d] 107> D?ug/cm™!, uy is the Bohr magneton.

tures. A low-lying transition is observed in the near-IR
region, followed by another one, of comparable intensity, in
the visible range. These transitions are located at highest en-
ergies in 1 and at lowest in 3. An inspection of the MCD
curves reveals a pattern that is roughly the derivative of the
absorption, a feature that is characteristic of A terms. The A
terms are negative for both L and B transitions, with their
absolute values being about 3-5 times larger for the former.
The B terms are positive for the L transition and negative
for the B states, exactly as predicted.

20 A

T
10 15 20 25 30x10° cm’™

Figure 2. Electronic absorption (top) and MCD (bottom) spectra of 1 in
DMSO acidified with perchloric acid.

T
30x10°cm™

Figure 3. Electronic absorption (top) and MCD (bottom) spectra of 2 in
DMSO acidified with perchloric acid.
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Figure 4. Electronic absorption (top) and MCD (bottom) spectra of 3 in
DMSO acidified with perchloric acid.

These results can be analysed in a more quantitative fash-
ion, by using the formulas obtained previously.'? The ratio
of the dipole strengths, D(L)/D(B) should vary as tan’$,
where B is a measure of LUMO splitting: tan’f =
|ALUMO |/(B—L); B—L is the energy difference between
the sense-preserving and sense-reversing configurations. The
MCD parameters are described by the following expres-
sions:

A(L)/D(L) = —%Lu’(n,N)sinQﬁ—pﬁ(n,N)cos%} (1)

A(B)/D(B) = —%Lu’(n,N)coszﬁ—pﬁ(n,N)sin%} )
2o (1N) +u”(n.N)

B(L)/D(L) = —(cosB) WB)-W(L) 3)

“(nN) +u’ (n,N)
W(B)-W(L)

B(B)/D(B) = (sin’f)&

where W(B)—W(L) is the energy difference between these
two transitions.

By using the ratio of experimentally obtained dipole
strengths (Table 1), § values of 48, 51, and 53° are obtained
for 1, 2 and 3, respectively. These values are very large, as
expected, given the finding that the dipole strengths are
larger for the L transitions. However, such values of f,
should lead, according to Equations (1)-(2) to similar values
for the A terms in L and B states, whereas the experiments
shows that these values are in fact larger for the L bands.
Actually, the extreme value of 8 predicted by the perimeter
model is 45°: it corresponds to L and B transitions of equal
intensity, identical A terms, and B terms with the same abso-
lute values. We, therefore, used another approach to esti-
mate the values of §. It is based on the experimental values
of A and D combined with appropriate values of u~(n,N)
and u*(n,N). The latter have been computed and tabulated
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for different n and N, and for various charges present on the
perimeter.™? Applying Equations (1) and (2) we obtain 29,
30, and 38° for the f values in 1, 2, and 3, respectively.
These values match quite well those estimated previously
for magnesium 5,10,15,20-tetraazaporphyrin (38°), zinc tet-
rabenzoporphyrin (28°), and zinc phthalocyanine (38°).*"]
Also, the values of the excited state magnetic moments in
the L state, —2 A/D, 2.7 3.5, and 3.1 ug for 1, 2, and 3, re-
spectively, are quite similar to those reported previously for
porphyrins and phthalocyanines. For instance, values of
—3.1us and —2.3 45 have been estimated for octaethyl-
porphyrin cation and anion, respectively. In metalloporphyr-
ins, the reported values are in the range —5.4 to —7.0 up*"!
One should note that the A signs in this case are opposite to
those found in 1-3, since the symmetry properties of por-
phyrins and phthalocyanines lead to the expectation of de-
generate LUMO and nondegenerate HOMO pairs.

Simple considerations based on the molecular size could
lead to the expectation that the excited state magnetic mo-
ments should be larger in 1-3 than in porphyrins and phtha-
locyanines, since the area encircled by the m perimeter is
larger for the former. However, this is counterbalanced by
the fact that in the present case of 0 = AHOMO <
ALUMO the x4~ (n,N) and u *(n,N) contributions add up de-
structively [Egs. (1)-(2)]. On the contrary, for porphyrins
and  phthalocyanines  (positive-hard  chromophores)
AHOMO > ALUMO = 0. For such a case, the two contri-
butions to the excited state magnetic moment add up con-
structively."?

The values of the —2A/D ratio for B transitions in 1-3 are
lower than those for L transition, which results in smaller
values of the corresponding magnetic moments: 0.68, 1.04,
and 1.82 up for 1, 2, and 3, respectively.

Our theoretical predictions have been based so far on the
assumption of regular and high symmetries, and thus either
a planar geometry was assumed, or a structure in which
each pyrrole unit is equally tilted out of the molecular plane
in the same direction. The X-ray data show that, in the crys-
tal, the molecules are not planar.”?! In 1 and 3, each pyr-
role unit is tilted out of plane in a fashion opposite to that
of its two neighbors, to give a kind of up-down-up ruffling.
While the symmetry is lower in this arrangement, it still re-
mains high, with a C; symmetry axis being present in 1 and
a C, symmetry axis being present in 3. For 2, a pure up-
down-up alternation is not possible. Indeed, the X-ray struc-
ture reveals that two adjacent pyrrole rings are tilted in the
same direction.”™ As a consequence, no high-order symme-
try axis is present. The lower symmetry may be the cause of
the lower values of absorption and MCD intensity values
seen in 2 as compared to 1 and 3 (see Table 1).

The B3LYP/6-31G(d,p) geometry optimizations per-
formed for nonalkylated analogues of 1-3 confirm the non-
planarity, although the calculated out-of-plane deviations
are smaller than those obtained from crystal structure analy-
sis, about 6° as compared with 10° for 1 and 3 and 15° for 2.
It may be that the larger distortions seen in the crystal struc-
ture reflect hydrogen-bonding interactions involving the
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counterions bound on either side of the molecular plane
(either two chlorine atoms or two oxygen atoms from a sul-
fate group). The increased distortion seen in the case of 1-3
could also reflect the effect of steric repulsion involving the
alkyl groups. In order to estimate the role of these effects,
calculations were performed for additional geometries of
the three chromophores. First, an “ideal”, high-symmetry
planar structure was considered with Cg, C; and Cg symme-
try axis present for 1-3, respectively. For the other extreme,
a strongly perturbed nonplanar structure, the X-ray geome-
tries were used that included all the alkyl substituents. The
results are compared in Table 2.

What seems crucial for the interpretation of the absorp-
tion and MCD spectral features is that the out-of-plane de-
viations do not alter the orbital splitting patterns predicted
for high-symmetry chromophores. The calculated values of
AHOMO and ALUMO reveal that the former are practical-
ly degenerate, whereas the latter are separated by large
values. Somewhat surprisingly, quasi-degenerate HOMO or-
bitals are obtained even for 2, the chromophore of lowest
symmetry. Thus, while the nonplanar geometry may influ-
ence the absolute values of the absorptivities and Faraday
terms for 1-3, the generalized predictions from the perime-
ter model remain remarkably good.

Table 2 also presents the energies and oscillator strengths
calculated for the four transitions stemming from the perim-
eter model. Both L and B states are computed as quasi-de-
generate. No other electronic states are predicted near L,
but several transitions, usually of low intensity, are comput-
ed in the vicinity of B. With the increased nonplanarity,
more and more allowed transitions are computed close to
the B states. This may accidentally result in unrealistically
high values of the Faraday parameters, such as those calcu-
lated in the B region for the DFT-optimized structure of 2.
Naturally, the X-ray geometries do not lead to A terms, but
the calculated pseudo-A-term patterns nicely agree with the
predictions obtained for higher symmetry.

Table 2. Calculated orbital splittings and electronic transition energies.

FULL PAPER

The INDO/S method yields the L transition energies
closer to the experimental ones, whereas the B states are
somewhat better reproduced by TD-DFT. The sums of
squares of the four CI coefficients describing the excitation
within four frontier orbitals are usually close to 1, indicating
that the perimeter model description is a good one and that
the use of this model for systems such as 1-3 is both useful
and appropriate.

Summary

The application of the perimeter model to three doubly pro-
tonated cyclo[n]pyrroles leads to the prediction of two de-
generate electronic transitions of comparable intensity. Both
transitions should exhibit negative A terms, whereas the B
terms should be positive for the L transition, and negative
for the B transition. Gratifyingly, these predictions are all
nicely confirmed by experiment. The patterns expected for a
planar chromophore are not changed even when deviations
from planarity are considered.

For the singly charged and neutral forms of 1-3, the lower
symmetry should result in a loss of degeneracy and a disap-
pearance of the A terms. Four electronic transitions instead
of two should be observed. In neutral chromophores, vari-
ous tautomers are possible, each characterized by different
spectral patterns. Current studies are aimed at assigning the
absolute tautomeric structures of these species on the basis
of their MCD and absorption characteristics.

Experimental and Computational Details

The synthesis and purification of 1, 2, and 3 have been described earli-
er.”? The alkylated derivatives were used, ethyl for 1 and 2 and methyl
for 3 in the form of chloride (1-2) or sulfate (3) salts. The solvents includ-
ed tetrahydrofuran (Merck, LiChrosol), dimethylsulfoxide (DMSO,
Merck, Uvasol), methanol (Sigma-Aldrich, spectral grade) and perchloric
acid (Merck, Suprapur).

Method AHOMOW! ALUMOM L transition™ A term!® B term!¥ B transition® A term!® B term!¥

1 B3LYP/6-31G(d,p)! 0.00 1.30 15.7 (0.43) - - 26.4 (1.74) - -
INDO/S!" 0.00 1.44 12.2 (0.09) —246 12 27.1 (2.80) -18 26
INDO/S! 0.00 2.24 13.5 (0.26) —475 2 30.5 (2.94) —~104 —-26
INDO/S™ 0.09 1.66 11.9 (0.09)1 - —1642 26.9 (1.05) - —142

12.0 (0.07)1 - 1656 27.2 (1.39)8 - 172

2 B3LYP/6-31G(d,p)*! 0.02 1.32 13.9 (0.53) - - 24.9 (2.76) - -
INDO/S! 0.03 1.51 10.3 (0.10) - 19 25.6 (5.57) - —7676
INDO/S! 0.01 1.15 10.3 (0.01) —270 11 25.0 (3.90) -35 -17
INDO/SH! 0.18 2.06 10.1 (0.08)! - —1731 25.5 (1.08)t - —-36

10.4 (0.09)1 - 1758 26.1 (1.06)H - 119

3 B3LYP/6-31G(d,p)* 0.00 1.34 12.4 (0.66) - - 23.3 (3.40) - -
INDO/S!! 0.00 1.66 9.0 (0.06) —727 30 24.2 (4.05) -91 —64
INDO/S! 0.00 0.57 8.3 (0.01) -85 5 22.9 (4.30) —45 —11
INDO/SI 0.15 2.18 9.2 (0.09) - —5071 233 (1.12)8 - —110

9.3 (0.11)1 - 5114 24.5 (1.58)t - 304

[a] eV. [b] 10° cm™!, oscillator strength in parentheses. [c] D?up. [d] 1072 D*uy/cm™. [e] Transition energies calculated using TD-DFT. [f] Optimized
B3LYP/6-31G(d,p) geometry. [g] “ideal”, high-symmetry planar geometry. [h] X-ray geometry of 2,3,6,7,10,11,14,15,18,19,22,23-dodecaethyl-cyclo[6]pyr-
role. [i] Energy splitting due to loss of symmetry. [j] X-ray geometry of 2,3,6,7,10,11,14,15,18,19,22,23,26,27-tetradecaethyl-cyclo[7]pyrrole [k] X-ray geom-
etry of 2,3,6,7,10,11,14,15,18,19,22,23,26,27,30,31-hexadecamethyl-cyclo[8]pyrrole.
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Absorption spectra were measured on a Shimadzu UV 3100 spectropho-
tometer. MCD curves were recorded using an OLIS DSM 17 CD spec-
tropolarimeter, equipped with a permanent magnet. The value of the
magnetic field strength, 0.92 T was obtained using the MCD signal of
aqueous CoSO, solution as a standard.” Two R955 photomultipliers
were used for the UV/VIS region and a pair of PbS detectors were used
for wavelengths longer than 800 nm. All the measurements were carried
out at 293 K.

The values of the Faraday A and B terms were obtained from the MCD
spectra using the method of moments:

A = 353 / (16)(5—y) /iy

B — —3353" / (10]u/7)d7

where [d]y is the magnetically induced molar ellipticity in units of
degLm "'mol™' G and #, is the center of the absorption band.

Ground state geometry optimizations were performed using density func-
tional theory (B3LYP/6-31G(d,p)) implemented in the Gaussian 03 pack-
age.”! Semiempirical INDO/S and DFT calculations were used for calcu-
lations of electronic transition energies; the former method also allowed
the values of the Faraday terms to be computed.
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