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Abstract: We report here spectroscopic and theoretical (AM 1) studies on zinc(II) octa-8-halotetrakis(pentafluorophenyl)-
porphyrins (ZnTFPPXg; X = Cl, Br) that show a red shift in the Soret and Q absorption bands attributable to substituent-
induced saddling of the macrocycle. The electronic effect of the halogens is to reduce the energies of both the HOMOs
and LUMOs; however, this stabilization of orbital energies is counteracted by the distortion of the macrocycle, which
results in a large destabilization of the porphyrin HOMOs and a smaller destabilization of the LUMOs. The net result
is a slight increase in stability of the HOMOs and a greater stabilization of the LUMOs. Lowering the energies of
the porphyrin HOMOs is an important factor to consider in the development of robust porphyrin catalysts.

It is well-established that halogenation leads to dramatic
changes in the spectroscopic properties of porphyrins.!< Both
the Soret and Q bands in the absorption spectrum of octa-8-
bromotetrakis(pentafluorophenyl)porphyrin (TFPPBrg) are
strongly red-shifted relative to the corresponding bands in
tetraphenylporphyrin (TPP). In our efforts to understand these
and other unusual electronic structural features, we have done
theoretical and experimental work on a ZnTFPPX; (X = H, Cl,
Br) modelsystem. Since the geometries of ZnTFPPXg molecules
are very similar to those of 8-alkyltetraphenylporphyrins,5-10 we
have attempted to determine the specificinfluence that the highly
distorted porphyrin framework has on the electronic structures
of these systems. Our findings have suggested possible reasons
for the high activities and oxidative stabilities of the halogenated
iron—porphyrin catalysts employed by Lyons and Ellis in the
oxygenation of alkanes.!!

The standard model for the interpretation of porphyrin spectra
isdue to Gouterman (the Four Orbital Model, or FOM).!2 Figure
1 shows the Gouterman orbitals for ZnTFPPBrs; there are two
nearly degenerate HOMOs (bl and b2 witha,, and a;, symmetries
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Figure 1. The Gouterman orbitals for ZnTFPPBrs from AM1 calcula-
tions. ’
in D44) and two nearly degenerate LUMOs (c1 and c2 with ¢;
symmetry in Dy4z). The ground-state configuration is (b1)2(b2)2
and the excited states are given by eqs 1 and 2:

occupied

g} = [(blc2) F (b2c1)]/(2)/? 1)
gyy } = [(blel) £ (b262)]/(2)* @

where Q,, Q, are the states associated with the visible bands, and
B,, B, correspond to the Soret bands. Elsewhere!? we will report
extensive ab initio HF, GVB-MCSCF, and configuration-
interaction calculations that confirm the principal aspects of the
FOM. Here we use this model with semiempirical AM14
calculations using MOPAC.!* These calculations include full
configuration interaction (CI) within the orbitals of the FOM.
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Spectroscopic Properties of ZnTFPPX;

Table 1. Excitation Energies for ZnTFPPXjs from Theory (AM1)
and Experiment
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Table 3. Evaluation of Energies (eV) for Various C8 Substituents
at Different Degrees of Distortion

A (nm)
ZnTFPP ZnTFPPClg ZnTFPPBrg
Q (visible)
exper 544 575 596
theory (Qx) 517 535 553
Q) 516 533 548
B (Soret)
exper 412 442 464
theory (By) 317 329 345
(By) 317 328 344
Table 2. Energies (eV) from AM1 Calculations
ZnTFPP ZnTFPPClg ZnTFPPBr;
Orbital Energies, ¢
b2 -8.40 -8.87 -8.77
bl -8.05 -8.67 -8.64
cl =271 -3.34 -3.36
c2 -2.66 -3.30 -3.34
Excitation Energies, Ej;
bl —c¢l 5.35 5.33 5.28
bl —c2 5.39 5.37 5.30
b2 — ¢l 5.69 5.53 5.42
b2 —c2 5.74 5.57 5.44

The calculations were performed on a series of halogenated
porphyrins: ZnTFPP, ZnTFPPClg, and ZnTFPPBrg.16-21 Ex-
amination of Table 1 shows that the calculations reproduce the
experimental trends.22 The absorption spectrum shifts to the red
as the size of the C@ substituents increases (H to Cl to Br). Thus,
porphyrins with hydrogen at the 8-pyrrolic positions exhibit the
highest-energy transitions, whereas those compounds with bromine
in the pyrrolic positions have the lowest-energy transitions.

In order to ascertain the electronic perturbations associated
with this size-induced red-shifting, the FOM-MO transition
energies were examined (Table 2). Note that these are simple
MO excitation energies, whereas the theoretical values in Table
1 include CI. The results set out in Table 2 suggest that the red
shifts in the absorption spectra are attributable to a decrease in
the one-electron excitation energies. However, it is not clear
from these data how the electronic and steric properties of the
B-pyrrole substituents individually affect the orbital energies.

In order to estimate the component of the red-shifting that is
sterically induced, the X atoms of ZnTFPPXj molecules were
removed and replaced with X’ = Cl, Br, F, or CH;, whileretaining
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available.!7-18.20 For X = Hand Br, thestructures of the Cuand Znderivatives
are closely similar,18-20

(17) Schaefer, W. P.; Hodge, J. A.; Hughes, M. E; Gray, H. B.; Lyons,
J. E.; Ellis, P. E.;; Wagner, R. W. Acta Crystallogr., Sect. C 1993, 49, 1342,

(18) Henling, L. M.; Schaefer, W. P.; Hodge, J. A.; Hughes, M. E.; Gray,
H. B. Acta Crystallogr., Sect. C 1993, 49, 1743.

(19) Marsh, R. E.; Schaefer, W. P.; Hodge, J. A.; Hughes, M. E.; Gray,
H. B. Acta Crystallogr., Sect. C 1993, 49, 1339.

(20) Schaefer, W. P.; Henling, L. M.; Hodge, J. A.; Grinstaff, M. W., in
preparation.

(21) The structure of NiTFPPBrs, which shows similar saddle distortions,
has been reported: Mandon, D.; Ochesbein, P.; Fischer, J.; Weiss, R.; Jayaraj,
K.; Austin, R. N.; Gold, A.; White, P. S.; Brigaud, O.; Battioni, P.; Mansuy,
D. Inorg. Chem. 1992, 31, 2044, Also, see ref 18.

(22) H,TFPP obtained from Aldrich was purified using techniques described
earlier. (Kaizu, Y.; Misu, N.; Tsuji, K.; Kaneko, Y.; Kobayashi, H. Bull.
Chem. Soc. Jpn. 1985, 58, 103). H,TFPPCl; (Wijesekera, T.; Matsumoto,
A.; Dolphin, D.; Lexa, D. Angew. Chem., Int. Ed. Engl. 1990, 29, 1028) and
H,TFPPBr; (Ellis, P. E.; Lyons, J. E. Coord. Chem. Rev. 1990, 105, 181)
were prepared according to literature procedures. All porphyrins were purified
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was eluted using dichloromethane/hexane (1/1 v/v), while ZnTFPPCl; and
ZnTFPPBrgwereeluted with dichloromethane/hexane (2/1v/v). Absorption
spectra were measured using a Cary 14 spectrophotometer. The porphyrin
solutions were prepared by dissolving approximately 1.25 mg of porphyrin in
50mL of methylcyclohexane followed by 20:1 solvent—solution dilution. Spectra
were obtained at 25 °C.

Cs ZnTFPP ZnTFPPCly ZnTFPPBr;

Substituent orbital E (eV) structure structure  structure
Cl b2 -8.88 -8.87 -8.69
bl -8.72 -8.67 -8.52
cl -3.36 -3.34 -3.24
c2 -3.32 -3.30 -3.21
HOMO-LUMO gap (eV)? 245 2.33 2.24
Br b2 -8.95 -8.93 -8.77
bl -8.80 -8.75 -8.64
cl -3.44 -3.41 -3.36
c2 -3.40 -3.37 -3.34
HOMO-LUMO gap (eV)?  2.37 2.32 2.24
CH3 b2 -8.28 -8.25 -8.13
bl -7.84 -1.717 -1.75
cl -2.60 -2.56 -2.55
c2 -2.57 -2.51 -2.52
HOMO-LUMO gap (eV)?  2.36 2.32 2.26
F b2 -9.05 -8.88 -8.80
bl -8.96 -8.72 -8.69
cl -3.55 -3.36 -3.35
c2 -3.50 -3.32 -3.32
HOMO-LUMO gap (eV)*  2.68 2.40 2.19

4 The HOMO-LUMO gap reported is the energy of the Q band
transition from AM1 CI calculations.

the geometries of the respective compounds (and using the correct
C-X’bond distances). The effects of these replacements on MO
excitation energies are given in Table 3. In each case, there are
decreases in the transition energies as the porphyrin distorts.
Since the nature of the substituent varies from an electron-
donating CHj to a highly-electron-withdrawing F (while a net
decrease in the HOMO-LUMO gap is evident for each sub-
stituent), we can conclude that distortion clearly induces red-
shifting in porphyrin absorptions. Further examination of Table
3 shows that, as the porphyrin saddles, both the HOMO and
LUMOenergiesincrease. However,the HOMOs are destabilized
more than the LUMOs, leading to red-shifts in the absorption
spectra. These findings are consistent with earlier work done on
B-alkylporphyrins.5-?

A good test of the electronic effect of the substituents can be
obtained by maintaining a constant geometry while varying the
substituents on the porphyrin skeleton. Calculation of transition
energies upon constraint of the macrocycle to the planar ZnTFPP
geometry (Table 3) yields HOMO-LUMO? gaps of -2.40
(ZnTFPP),-2.45 (ZnTFPPClg),—2.37 (ZnTFPPBr3), and -2.36
eV (ZnTFPPMes), which are nearly the same for all of the 8
substituents. This suggests that a change in electronegativity at
the C@ positions equally stabilizes both the HOMOs and LUMOs,
with a correspondingly small effect on the excitation energies.
Furthermore, the HOMO-LUMO gaps of ZnTFPPClg, ZnTF-
PPBrs,and ZnTFPPMeg similarly drop with increasing distortion
from the planar structure. It also should be noted that although
substituent electronic properties have little effect on the transition
energies for substitution with X’ = H, Cl, Br, and Me, F is an
exception; probably because of its powerful electron-withdrawing
properties, it significantly perturbs the HOMO-LUMO gap.

The electronic effect of each halogen is to lower the energies
of both the HOMOs and LUMOs of ZnTFPPX,. However, the
distortion of the porphyrin predominantly raises the energies of
the HOMOs, so the net result is a large drop in the LUMO
energies and a smaller drop in the HOMO energies upon
halogenation of the porphyrin macrocycle. Furthermore, the
HOMO:s of ZnTFPPBr; should be destabilized with respect to
ZnTFPPCls since bromines are slightly less electronegative and
add steric bulk to the ring, further distorting the porphyrin

(23) The lower Q band energy is a good estimate of the HOMO-LUMO
gap.s®
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structure. Indeed, these predictions (Table 2) closely match the
trends found in electrochemical experiments.2

Our model of steric and electronic effects should guide the
design of novel porphyrins with specific properties. For example,
since the spectral red-shift is highly sensitive to distortion of the
porphyrin ring, porphyrin geometry can be qualitatively probed
by absorption spectroscopy. The greater the red-shifting in the
spectra, the greater the distortion of the porphyrin ring.
Furthermore, decoupling of the electronic effects of the substituent
from the distortion predicts that a planar porphyrin with electron-
withdrawing substituents in 3 positions would show extremely
high oxidation potentials, since the HOMOs are not destabilized
due to distortion of the ring.2* The stability with respect to
oxidation is an important factor to consider in the design of

(24) The finding that the porphyrin LUMO is stabilized more than the
HOMO is supported by electrochemical data (the oxidation and reduction
potentials using cyclic voltammetry for ZnTFPP are 1.36 and —0.96, the
potentials for ZnTFPPClg are 1.62 and —0.47, while the potentials for
ZnTFPPBr; are 1.58 and —0.49 V vs SCE): Hodge, J. A,; Hill, M. G.; Gray,
H. B, in preparation.
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porphyrin catalysts: lowering the energy of the porphyrin HOMOs
should enhance catalyst lifetimes, because this type of electronic
stabilization strongly disfavors oxidative destruction of the
macrocycle.
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