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Abstract — We report the first MCD spectral data for free base corrolazine and a
transition metal corrolazine complex. A detailed analysis of the MCD and
UV-visible absorption spectroscopy of these compounds and phosphorous
corrolazine and triazatetrabenzocorroles is carried out based on the results of

TD-DFT calculations and an application of Michl’s perimeter model.

INTRODUCTION
Over the last decade there has been increasing interest in the synthesis and spectroscopy of metal corrole

complexes.'” The major structural difference between the corrole (Crl) and porphyrin (P) ligands is the
introduction of a direct C—C bond between two neighboring pyrrole rings. The corrole ligand forms a
trianion when fully deprotonated, as opposed to a dianion for porphyrins, and this extra negative charge
contributes to the corroles' ability to stabilize higher oxidation states of central metal ions.” Less attention
has been paid until recently” to aza-nitrogen analogues of the porphyrazines (Pz) and phthalocyanines (Pc),
the corrolazines (Cz) and triazatetrabenzocorroles (TBC) (Figure 1). Fujiki et al.’ reported the first
formation of a stable TBC complex in 1986. (OH )Ge' TBC was formed via a ring-contraction reaction
from (CI7),Ge' Pc in the presence of reducing agents such as NaBH, and H,Se. Li et al.® subsequently
used similar approaches to form (X)Si"' TBC and (O*")PYTBC complexes, while Kobayashi et al.” have
reported the formation of (X")Si"TBC and (X)Si''Cz.® The syntheses and properties of a wide range of
Cz and TBC complexes have also been studied in depth by Goldberg and coworkers.' In this paper we

explore the extent to which the MCD spectroscopy of corrolazines and triazatetrabenzocorroles can be
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rationalized based on Gouterman’s 4-orbital model’ and Michl’s perimeter model.'” The prospects for
carrying out detailed analyses of the optical spectra of transition metal complexes are assessed through an
analysis of the MCD spectra of free base octakis(p-tert-butylphenyl)corrolazine (Hs;tBuPhgCz), PY
octakis(p-tert-butylphenyl)corrolazine ([(OH")PVtBuPhgCz]"OH), Mn"
octakis(p-tert-butylphenyl)corrolazine (Mn"'tBuPhsCz) and 3.6,10,13,17,20,24,27-octabutoxytriaza-
tetrabenzocorrole ((OCH3_)2PVnBu03TBC) based on TD-DFT calculations of related model compounds.

RESULTS AND DISCUSSION
The absorption and MCD spectra of HztBuPhgCz, [(OH )P tBuPhsCz]"OH, Mn'"tBuPhsCz,

(OCH3_)2PVnBu08TBC and ZnPc are shown in Figure 1. Two intense absorption bands are observed
in the visible region at 679 and 460 nm in the case of Hi;tBuPhgCz, at 638 and 445 nm for
[(OH)PYtBuPhsCz]"OH", at 685 and 435 nm for Mn""tBuPhsCz and at 735 and 520 nm for
(OCH3_)2PVnBu08TBC. The intensity scales for the MCD spectra of the Cz and TBC spectra are
between one and three orders of magnitude less intense than is the case with ZnPc (Figure 1). The

derivative-shaped 4; terms observed for ZnPc are replaced in the MCD spectra of H3ztBuPhgCz,
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Figure 1. The molecular structures (TOP) and MCD and UV-visible absorption spectra in
dimethylformamide at 298 K (BOTTOM) of H3tBuPhgCz, [(OH )P tBuPhsCz]"OH, Mn""tBuPhsCz,
(OCH;),PYnBuOsTBC and ZnPc. An energy scale is used (a wavelength scale is also provided at the
top of each plot) and the wavelengths of the major bands are annotated. Calculated TD-DFT absorption
spectra for H;Cz, [(OH)PYCz]", (OH ),P'TBC model compounds and ZnPc are plotted against the right
hand axes. Bands arising from transitions to nrt* states are denoted by black diamonds.
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H;PhsCz (OCH;),PhgP¥Cz (OH),P"MeOsTBC

Figure 2. The B3LYP optimized structures of H;Cz, [(OH)PYCz]'OH", (OH ),PYTBC and ZnPc (TOP)
and H;PhgCz, (OCH; ),PhsPVCz and (OH ),PYMeOsTBC model compounds (BOTTOM). Structures
with and without OMe groups are shown in the case of (OH_)zvaeOgTBC. The view is towards the
direct C—C bond between neighboring pyrroles.

[(OH")PYtBuPhgCz]"OH™ and (OCH;"),P'nBuOsTBC by coupled oppositely-signed Gaussian-shaped
By terms. The ground—states of divalent, D4, symmetry MP and MPc complexes are typically
non—degenerate (lAlg), while the accessible m1 — n* excited states are orbitally degenerate ('E.).’ The
MCD spectra are therefore usually dominated by intense x/y—polarized derivative-shaped Faraday 4,
terms. In the case of Cz and TBC complexes the main four-fold axis of symmetry is removed (Figure 1).
Complexes with symmetry lower than C3, Dyq and Ss symmetry give rise to zero—field split
oppositely—signed coupled Faraday @) terms, which are typically weaker than Faraday 4; terms since
there is a 1/AEk; dependence, where AEg; is the energy difference between the excited states mixed by
the applied magnetic field based on a magnetic dipole transition moment.!" The intensity of the MCD
bands is weakest in the case of H3tBuPhgCz where steric hindrance between the three protonated pyrrole
nitrogens results in marked non-planarity disrupting the orbital angular momentum (OAM) properties of
the heteroaromatic properties of the n—system (Figure 2).

In the 1950s, Moffitt'> demonstrated that the OAM properties of porphyrinoids are best understood in
terms of a high symmetry parent hydrocarbon since the nodal patterns of the main n—system MOs are
retained when the symmetry is lowered by perturbations to the structure such as the incorporation of
heteroatoms and fused rings (Figure 3). In the case of the C;sH;s* parent perimeter of Cz and TBC
complexes, the MOs are arranged in an My = 0, +1, 2, +3, +4, +5, +6, +7 sequence in ascending energy
similar to the My = 0, 1, 2 sequence observed for the t—MOs of benzene. In a directly analogous
manner to the CiH 6> parent perimeter of metal porphyrinoid complexes, the HOMO has an My, value of
+4, therefore, while the LUMO has an M|, value of 5. This is reflected in the number of nodal planes
(Figure 3). In the context of the porphyrins and phthalocyanines, Gouterman’s 4-orbital model’ predicts
a forbidden bands arising from the AM| = £9 transitions and allowed bands arising from the AM = +1

transitions, referred to as the Q and B (or Soret) bands, respectively. Since there is a marked relative
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Figure 3. The nodal patterns of the four frontier t—-MOs of C;sH; 53_, C 16H162_, (OH_)zPVTBC and ZnPc
at an isosurface value of 0.05 a.u.. The nodal patterns shown for C;sH; s>~ and CjgH,¢>" are retained on
the inner ligand perimeters of (OH ),PYTBC and ZnPc as predicted by Michl’s perimeter model."’
intensification of the lowest energy m — ©* bands of Cz and TBC complexes in the MCD spectrum due
to the larger induced magnetic moments, Gouterman’s band nomenclature is clearly still applicable
(Figure 1). Michl'® has demonstrated that the sign sequences of coupled pairs of oppositely—signed
Faraday @, terms in the MCD spectra of aromatic and heteroaromatic cyclic polyenes (which replace the

A terms when the x/y—degeneracy of the major 1 — m* transitions is broken) can be predicted in
qualitative terms based on the relative magnitudes of the energy separations of the four frontier t-MOs
arising from the HOMOs and LUMOs (AHOMO and ALUMO) of the parent perimeter. When ALUMO
< AHOMO, as is the case with most tetraazaporphyrinoids, a —ve / +ve sequence is anticipated in @By term

intensity in ascending energy, while a +ve / —ve sequence is anticipated when ALUMO > AHOMO. The
sign sequence is determined by whether the effective charge, which circulates on the perimeter in either a
left or a right handed manner upon the absorption of an incident chiral photon, is positive or negative.
The calculated energies of the frontier 1—system MOs and the predicted AHOMO and ALUMO values for
Ci¢Hi6>, zinc porphyrin (ZnP), zinc porphyrazine (ZnPz), ZnPc, CsH;s* and for free base corrole (H3C)
and corrolazine (H3Cz), (OH ),P'Cz, [(OH)P'Cz]", (OH ),PYTBC and (OH),P'MeOsTBC model
compounds and ion are shown schematically in Tables 1 and 2. The MOs in Table 1 are ordered relative
to the corresponding ZnPc orbital based on the nodal patterns, which Michl' has demonstrated are
retained by cyclic perimeters even after perturbations to the structure, so that the one electron transitions
responsible for the bands within the calculated UV-visible spectra, Table 3, can be readily compared
despite the different molecular symmetries.

It is not currently possible to calculate quantitative values for the three Faraday terms based on the
TD-DFT calculations provided in commercially available software packages so the sign sequences

observed for the MCD band can only be predicted qualitatively based on the predicted MO energies.
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Table 1. The calculated energies and symmetries of frontier MOs of CiHi6> (CPy¢), ZnP, ZnPz, ZnPc,
CisHis>™ (CPys), HsCrl, H3Cz, (OH),P'Cz, [(OH)P'Cz]", (OH),P'TBC and (OH ),P"MeOsTBC.
MOs arising from the lone pairs of the aza-nitrogens are marked with an N superscript. The four frontier

n—MOs associated with Gouterman’s 4-orbital model are in bold.

M,, CPy ZnP  ZnPz ZnPc  CPys H;Crl H;Cz (OH),P'Cz [(OH)P'Cz]' (OH),PYTBC
(D16n) (Dan) Dy)  Dis)  (C) (C)  (G(1) (C)  (Gp(1I))
+6 8.68 1by* 1.36 0.64 1by*—0.87 13.58 4a* 1.21 4a* 0.76 2a,* 0.64 4a’ -2.76 2a,*-0.86 MeOy
8.68 1b,,*-0.54 —1.46 1b,*—1.13 13.58 3a* 0.19 3a* —0.33 2b,*—0.20 2a” -4.68 2b,*—090  (Cy)
+5 5.87 le,* —2.14 —3.13 le,* —2.79 10.64 2a*—1.54 2a* —2.24 1b,*-2.36 1a”* —6.28 1b,*-2.25 2a* —2.28
587 le,* —2.14 -3.13 le,* —2.79 10.64 1a%-2,09 l1a* —2.85 1a,*-2.88 1a’* —6.61 1a,*-2.45 la* —2.52
+4 2.80 la,, —5.21 -5.79 la;, —4.94 7.35 2a —5,02 la -538 la, —-5.54 12> —934 la, —4.75 la —4.76
2.80 la,, —-5.22 —6.94 1a,, —6.76 7.35 1a —4.80 2a -5.96 1b, —6.00 1a” -9.95 1b, —5.61 2a -5.56
—  1b =635 —6.61 1b"—6.66 —  S5a~-7.11 5a" —7.27 2b,N-9.66 72N —-13.75 2b,"-9.18
—  1by —6.59 —7.10 1by, —6.69 -  3a —623 3a —6.68 33, —7.29 2a° —11.04 33, —6.88
-~ le, —6.60 —7.14 le, —6.72 -  6a —7.19 8a -7.69 2b, —6.95 2a” -11.28 2b, —6.69
- leg —6.60 -7.14 le, —6.72 --- 4a —6.89 6a -7.51 2a, —-7.07 3a’ -11.37 2a, -6.78
e e e 28y =694 -- - = e em e e = - 4b, 695
T X R P )
— by - =713 1by —6.98 - - -  4a¥ —7.16 1a,"-7.53 42N —11.41 1aN-7.43
— = = = by =698 - - = - = 3b, —691
- 2ay, —7.00 —7.55 2ay, —7.02 -  7Ta —724 Ta -7.603b, —7.48 4a” —-11.76 5b, —7.16
—  leN - 761 le)N 748 - - — 9% —7.89 1bN-7.80 32 -11.58 1b,"-7.72
- le - 761 le) 748 - e e e e e
T T . R P . )
—  lag -~ -839 la"—825 - - -—- 10a"-8.07 2a,"-829 5a -12.13 1a," -8.20
+3 0.61 2e, —7.52 —8.79 3e, —8.59 499 8a —730 12a —8.58 5a, —8.70 5a” —12.42 Ta, —8.64
0.61 2e, -7.52 —-8.79 3e, —8.59 499 9a —7.40 lla —8.47 5b, —9.30 62’ —12.62 7b, —8.68

Table 2. The predicted AHOMO (AH), ALUMO (AL), AH-AL and HOMO — LUMO band gap (H — L)
values in eV of C16H162_ (CPy¢), ZnP, ZnPz, ZnPc, C15H153_ (CPys5), HsCrl, H3Cz, (OH_)2PVCZ,
[(OH)PVCz]" and (OH),PYTBC. Values for H;PhsCz, (OCH; ),PYPhsCz and (OH ),P"MeOsTBC,

Figures 2 and 4, are also provided to illustrate the effects of peripheral substitution.

CPys  ZnP ZnPz ZnPc CPis H;Crl H;Cz (OH),P'Cz [(OH")PYCz]" H;PhyCz (OCH;),P PhsCz (OH),P'TBC (OH"),P*MeOsTBC
AL 0.00 0.00 0.00 0.00 0.00 0.55 0.61  0.52 0.33 0.63 0.52 0.20 0.24
AH 0.00 0.01 1.15 1.82 0.00 0.22 0.58  0.46 0.61 0.38 0.34 0.86 0.80
AH-AL 0.00 0.01 1.15 1.82 0.00 -0.33 -0.02 -0.06 028  —0.25 -0.18 0.66 0.56
H-L 3.07 3.07 2.66 2.15 329 2.71 253  2.66 2.73 232 232 230 2.24
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The four one-electron transitions associated with Gouterman’s 4-orbital model are highlighted in bold.
The TD-DFT calculations predict that these transitions continue to play a major role in the case of the
H3Cz, (OH),PYCz and (OH),PYTBC model compounds. The major bands in the UV-visible region are
assigned to the Q and B transitions on this basis (Figure 1). The calculated spectra are plotted against
the secondary right hand axis to provide a comparison with the observed optical spectra for H;tBuPhgCz,
[(OH")PYtBuPhgCz]"OH ™ and (OCH;),PYnBuOsTBC (Figure 1). Since the aza-nitrogens have large
MO coefficients, the removal of an electronegative aza-nitrogen results in a marked destabilization of the
las, 2™ HOMO of ZnPc (Table 1). In contrast, the energy of the la;, HOMO of ZnPc is largely
unaffected since these atoms lie on nodal planes. As a result the AHOMO value of the Cz and TBC
compounds is substantially reduced, while the ALUMO value is relatively low since the effect of the
perturbation to the structure is identical along both the x- and y-axes. In the case of
[(OH")PYtBuPhgCz]'OH™ the —ve / +ve sign sequence observed for the pseudo-4; terms that comprise
the Q and B bands in the MCD spectrum (Figure 1), can be readily accounted for based on the predictions
that AHOMO > ALUMO and ALUMO = 0 (Tables 1 — 3). The positive and negative B terms in the Q
band region at 572, 544 and 525 nm are almost certainly vibrational in origin. In the calculation for
H;Cz and (OH),P'Cz, the reduction in the AHOMO value is predicted to result in soft MCD
chromophores where AHOMO =~ ALUMO. Under these circumstances the m-system essentially mimics
the properties of a high symmetry species.'’ The spectra of H;tBuPhgCz and
[(OH")PYtBuPhgCz]"OH ™ are clearly not consistent with a soft MCD chromophore, as the Q bands,
which would normally be expected to be fully forbidden, have significant absorption intensity. When
the 5-coordinate [(OH )PYCz]" species predicted by NMR spectroscopy” is taken into consideration,
instead, however, the AHOMO value is predicted to be significantly greater than the ALUMO value. An
explanation for H;tBuPhgCz is less straightforward. TD-DFT calculations for ZnP and zinc
tetraphenylporphyrin have recently been found to be inconsistent with the observed spectral properties so

it may be related to problems associated with the calculation technique.'

The complex sequence of
signs observed in the Q and B band regions of H3ztBuPhgCz is probably related to the presence of
multiple conformers and the quenching of the OAM properties of the n—system by the non-planarity
induced by the steric hindrance between the three protonated pyrrole nitrogens (Figure 2).

The removal of an aza-nitrogen from the Pc ligand to form the TBC ligand has a substantial impact on the
electronic structure and optical spectroscopy. The energy gap between the Q and B bands of
(OCH3_)2PVnBuOsTBC is substantially narrower than is the case with ZnPc and there is a marked red
shift and sharpening of the B bands (Figure 1). There is also a lifting of the degeneracy of the LUMOs

in Michl’s perimeter model and a marked reduction in the AHOMO value (Tables 1 and 2). It should be
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Table 3. TD-DFT calculated spectra of H;Cz, [(OH)P'Cz]", (OH ),P'TBC, (OH ),PYMeOsTBC and
ZnPc. The symmetry of the states (Sym.), energies of the absorption bands in wavenumbers (cm™') and
nanometers (nm), oscillator strengths (f), percentage contribution of one-electron transitions and band
assignments are provided from left to right in ascending energy for bands (#) with an oscillator strength
greater than 0.1 in the case of the UV region of the ZnPc spectrum. One-electron transitions associated
with Gouterman’s 4-orbital model’ and Michl’s perimeter model'® are shown in bold. Lone pair orbitals

are marked with an N superscript.

H;Cz
# Sym. 10° cm 'nm f One-electron Transitions (%) Band
1 A
2 A 188 532 0.14  66% la*«la+25% 2a*«2a +... Q
3 'A 208 481  0.00 49% 2a*«la+46% la*<2a +... Q
4 A 261 383 0.01 85% la*«3a+..
5 A 280 357 016 71% la*<4a¥+... n—m*
6 'A 283 353 040 17% la*<4a" + 14% 2a*<2a + 13% 2a*«1a + 13% la*«2a +... B
7 'A 285 350 030 26% 2a*<2a+21% 2a*<3a+.. B
[(OH)PYCz]"
# Sym. 10°cm'mnm f One-electron Transitions (%) Band
1A
2 A 198 504 0.08 67% la’*«1a’ +28% la”*«1a” +... Q
3 A7 207 482 001 61% la”*«1a’ +37% la’*«1a” +... Q
4 'A” 287 349 054 39% la’*«1a” + 16% la”*<«1a’ +... B
5 A 294 340 045 51% la”*«1a” + 12% la’*«<2a’ + 8% la’ *«1a’ +... B
(OH),P'TBC
# Sym. 10° ¢cm 'nm f One-electron Transitions (%) Band
1A
2 Ay 169 592 027 72% lay<1a, + 18% 1by*«1b, +... Q
3 By 177 564 0.2 70% 1by*<1a, +22% la,*<1b, +... Q
4 By 250 400 0.78  62% la,*<1b, + 9% 1b,*<1a, +... B
5 'A; 254 394 0.66  71% 1by*<1b, + 5% la,*<1la, +... B
(OH),PYMeOsTBC
# Sym. 10°cm'mnm f One-electron Transitions (%) Band
1 A
2 A 150 668 028  75% la*<la+10% 2a*<2a +... Q
3 A 161 622 012 69% 2a*<1la+21% la*<2a +... Q
4 A 205 489 055  62% la*<2a+11% 2a*<1la+... B
5 'A 216 463 036 76% 2a*<2a+4% la*<4a+3% la*<1la+.. B
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ZnPc
# Sym. 10°cm'nm f One-electron Transitions (%) Band"
1 'Alg
2,3 B, 166 602 041  72% leg*<lay, + 10% leg < 1lay, +... Q
4,5 Ay 244 410 0.00  98% le,F«1b," +... n—m*
8,9 B, 269 372 001 88% lesF1by +... 2" mm*
4,5 Ay 271 369 0.00  98% le,F<1by, +... n—m*
17,18 'E. 293 341 0.17  46% le,*<2ay, + 40% ley*<1ay, +...
19,20 'E, 300 333 036  78% le*¢lby, + 10% leg*«lay, +... Bl
25,26 'E, 308 325 032 36% le,*<2ay, +28% legte—lay, + 12% le,*<2ay, +... B2
31,32 'E, 317 316 0.2 88%2e,*«lay, +.
33,34 'E, 348 287 0.17  80% lesf«2ay, +... L

noted that, in both instances charge transfer between the metal and the ligand is not predicted to be a
significant factor in the 300 — 1000 nm region. Zn(II) complexes are often used to model the electronic
structures of porphyrinoid ligands, since Zn" has a closed shell d'’ configuration."”” 1In the late 1960s,
Hochstrasser'* postulated, based on empirical observations, that significant band broadening is observed
for the m — m* bands of heteroaromatic n—systems arising from n* excited states, which lie at higher
energy than nn* states. This has been used to account for the significant band broadening that is
observed for the B1 and B2 bands of MPc complexes relative to the Q band since weak n — w*
transitions are predicted to lie to the red of the B1/B2 band envelope (Figure 1)."° In the case of
(OCH;3"),P nBuOsTBC, the band widths of the main Faraday @, terms in the Q and B band regions are
clearly much more comparable than is the case in the ZnPc spectrum. The energies of the n — n*
transitions of (OCH3_)2PVnBu08TBC are predicted to lie well to the blue of the B bands (Figure 1 and
Table 3). The main reason for this is the effect of removing an aza-nitrogen on the energies of the
non-bonding MOs associated with the aza-nitrogen lone pairs (Table 1). There is also a marked red shift
in the energy of the B band. The fact that the AHOMO value is significantly reduced relative to the Pc
ligand is probably the key factor. In the case of zinc porphyrinoids, a small AHOMO value has been
found to result in a lower level of configuration interaction between the B and higher energy nr* excited

13
states.

The unusually high AHOMO value of Pc results in a mixing of the forbidden and allowed
properties of the Q and B bands and extensive configuration interaction between the B and higher energy
nn* states. This results in multiple intense bands in the UV-region that are usually labeled B1 and B2,
Table 3, which lie markedly to the blue of the B band of ZnP and zinc tetrabenzoporphyrin.13’15

The calculated spectra for the HsPhgCz, (OH ),PYPhgCz and (OH ),P'MeOsTBC model compounds

exhibit a marked red shift of the main 1 — n* bands relative to those of H3Cz, (OH ),P'Cz and PYTBC
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Figure 4. The UV-visible absorption spectra of HstBuPhgCz, [(OH )P'tBuPhgCz]"OH and
(OCH;3"),PYnBuOsTBC. An energy scale is used with a wavelength scale provided at the top of each
plot and the wavelengths of the major bands are annotated. The first three plots from left to right
contain calculated absorption spectra based on TD-DFT calculations for H3Cz, (OH_)2PVCZ and
(OH"),P'TBC with no substituents (gray) and phenyl or MeO (black) groups are plotted against the right
hand axes (Figure 1 and Table 2). The plot on the right contains the calculated spectra for the planar
(OH),P'TBC model complex (gray diamonds) and for the corresponding structure obtained once the
substituents are removed from the optimized geometry of (OH ),PYMeOsTBC to provide a non-planar
(OH ),PYTBC structure (black circles) so the effect of the steric hindrance between the neighboring MeO
groups across the direct pyrrole C—C bond can be assessed.

and greater complexity in the B band regions of H3PhgCz and (OH ),P'PhyCz due to configuration
interaction involving states associated with the phenyl rings (Figure 4). Since there is limited evidence
for multiple pairs of coupled @B terms in the B band region of H;tBuPhgCz,
[(OH)PtBuPhsCz]"OH and (OCH;),PYnBuOsTBC, it seems safe to conclude that the geometry
optimizations of the H;PhgCz, [(OH )P PhgCz]" model compound and ion (Figures 1 and 4 and Table 3)
do not provide an accurate enough description of the structure as a basis for TD-DFT calculations given
the conformational flexibility that exists in solution (Figure 2). Non-planarity induced by steric
hindrance between neighboring —OR groups on either side of the direct C—C bond between neighboring
pyrrole rings, Figure 2, is predicted to result in only a minor portion of the red shift of the Q and B bands
of (OH),PYMeOsTBC relative to (OH ),P'Cz (Figure 4). This suggests that there is a significant
substituent effect in the case of (OCH3_)2PVnBuOgTBC . Despite the fact that the TD-DFT calculations
are not in close agreement with the experimental data when the peripheral substituents are included in the
case of HztBuPhgCz and [(OH_)PVtBuPhsCZ]+OH_, the calculations for the model complexes clearly
demonstrate that the one-electron transitions associated with the four frontier t=—MOs within Michl’s
perimeter model,'® Table 1, continue to play a major role in determining the optical properties of
corrolazines. The assignment of the major bands to forbidden and allowed Q and B transitions using the
band terminology originally adopted in Gouterman’s 4-orbital model’ for the D4, symmetry metal
porphyrins, is straightforward on this basis, Figures 1 and 4. A marked intensification of the Q bands is

observed relative to the B bands in the MCD spectra of H3tBuPhgCz, [(OH)P"tBuPhsCz]'OH™ and
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(OCH{);PVnBuOgTBC, Figure 1, as is the case with ZnPc, as would be anticipated based on the larger
excited state magnetic moments predicted for the Q transitions based on Michl’s perimeter model.'

An analysis of the spectroscopy of H3tBuPhgCz and [(OH)PYtBuPhsCz]"OH  provides the basis for
studying the optical spectroscopy and electronic structure of transition metal MCz complexes. The
spectra are comprised entirely of n — n* and m — ©* bands with none of the ligand to metal and metal to
ligand charge transfer (LMCT and MLCT) and d — d bands, which can be expected when there is a
transition metal present with a partially filled d block (Table 3). Although the absorption spectrum of
Mn""tBuPhgCz is superficially similar to that of [(OH")PYtBuPhgCz]'OH", there are clearly marked
differences in the MCD spectrum (Figure 1). A positive Faraday ®, term associated with a shoulder to
the red of the main absorption band in the Q band region at 685 nm is almost certainly associated with a
charge transfer band and the presence of an additional charge transfer band is the most likely explanation
for the pair of negative @B terms at 501 and 458 nm. The assignment of these bands is not
straightforward given the large number of possible LMCT, MLCT and d — d transitions. A detailed
analysis of a wide range of MCz and MTBC complexes, based on room and low temperature MCD
spectral measurements will be required before definitive band assignments can be attempted.

In conclusion, despite the removal of an aza-nitrogen atom, key information about the electronic structure
of MCz and MTBC complexes can still clearly be derived from MCD spectra. The semi-empirical
approaches, which have been applied previously to MP and MPc complexes, such as Gouterman’s
4-orbital model’ and Michl’s perimeter model,'” are still applicable. The forbidden and allowed nature
of the Q and B bands, based on the orbital angular momentum properties of the inner cyclic perimeter, is
retained in the case of the CisHs>~ parent hydrocarbon perimeter. The identification of Crl and Cz
chromophores as soft MCD chromophores with AHOMO =~ ALUMO, Tables 1 and 2, means that
complexes of these ligands are now prime candidates for perimeter model studies similar to those of
Djerassi and coworkers on the effects of peripheral substituents on the optical spectroscopy and electronic
structure of chlorins and bacteriochlorins.'® It should be noted that in future a more quantitative
approach to these studies will be much more feasible based on the development of TD-DFT based

calculations for MCD intensity based on the three Faraday terms, which is currently under way.'’

EXPERIMENTAL
The synthesis of HstBuPhgCz, [(OH")P"tBuPhgCz]"'OH ", Mn""tBuPhsCz and (OCH;),P nBuOsTBC

has been reported previously.® Electronic absorption spectra were measured with a Jasco V-570
spectrophotometer. Magnetic circular dichroism (MCD) spectra'’ were recorded using a Jasco J-725
spectrodichrometer and a Jasco electromagnet that produces a magnetic field of up to 1.09 T. Geometry

optimizations, Figure 2, and TD-DFT calculations for the HsCz, HsPhsCz, [(OH)P'Cz]", (OH ),P'Cz,
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(OCHg_)QPthVCZ, (OH_)ZPVTBC, model compounds and ion and for C16H162_, C15H153_, ZnP, ZnPc and
ZnPz were carried out using the B3LYP functional of the GO3W software package'® with 6-31G(d) basis
sets. A semi-empirical PM3 approach was used for 3,6,10,13,17,20,24,27-octamethoxy-
triazaztetrabenzocorrolazine ((OH ),PYMeOsTBC) prior to TD-DFT calculations for structures with and
without MeO substituents.'® The TD-DFT calculations for the (OCH3_)2PthVCz model complex were

. 4
based on coordinates from an X-ray structure.
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