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Structural, Electrochemical, and Photophysical
Properties of Gallium(@n) 5,10,15-
Tris(pentafluorophenyl)corrole**

Jesper Bendix,* Ivan J. Dmochowski, Harry B. Gray,*
Atif Mahammed, Liliya Simkhovich, and Zeev Gross*

We have recently reported the first facile synthetic route to
meso-aryl substituted corroles,t 2 which is particularly effi-
cient for the preparation of 5,10,15-tris(pentafluorophenyl)-
corrole (H;(tpfc)).# This was followed by a demonstration
that the manganese, iron, and rhodium complexes of H;(tpfc)
are potent catalysts for various transformations.”> ° In addi-
tion, we have shown that a water-soluble derivative of
H;(tpfc) is superior to related porphyrins in cancer-related
therapies.[’l These intriguing developments call for an inves-
tigation of non-transition metal corroles for the following
reasons: firstly, any mechanistic investigation of the catalytic
action of transition metal corroles requires a working knowl-
edge of the characteristics of corrole radicals, since during
catalysis either the metal or the corrole might be oxidized.
Secondly, for many potential applications it is important to
know the photophysical properties of corroles, an almost
completely unexplored field to date. We are only aware of
investigations of corrole—corrole and porphyrin-corrole
dyads, which are unstable to light.® Zinc(i) complexes with
porphyrins have been extensively utilized for both the
preparation of cation radicals and for the examination of
photophysical properties.[> 11 Similar investigations of tri-
anionic corroles require a trivalent non-transition metal, but
until now only an unstable indium(i) corrole has been
reported.'!' According to density functional theory (DFT)
calculations of corrole isomers, gallium(111) should be a perfect
choice for regular corroles,”?l but an experimental demon-
stration is still lacking. We have, therefore, prepared the
gallium complex of Hj(tpfc) and report herein its X-ray
structure, electrochemistry, one-electron oxidation product,
photophysical properties, and calculated electronic struc-
ture.[3]

Using GaCl; as the metal source and pyridine (py) as
solvent the synthesis of the desired complex was straightfor-
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ward.l'Y Considerable effort was expended in attempts to
grow X-ray quality crystals; success finally came when small
amounts of pyridine were included in the recrystallization
solvent mixture.l'’] The X-ray structure of [Ga(tpfc)(py)] (1)
shows that upon metal binding the corrole adopts a much
more conventional geometry (Figure 1) relative to that of
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Figure 1. ORTEP plots and structural formula of 1. Selected bond
lengths [A] and angles [°]: Ga-N21 1.9380(18), Ga-N22 1.9366(17), Ga-
N23 1.9441(17), Ga-N24 1.9430(17), Ga-N60 2.0370(17), N21-Ga-N22
88.34(7), N22-Ga-N23 93.51(7), N23-Ga-N24 88.21(7), N21-Ga-N24
79.65(7), N21-Ga-N60 109.83(7), N22-Ga-N60 99.08(7), N23-Ga-N60
94.59(7), N24-Ga-N60 106.51(7). Only data for one of the two independent
molecules have been given; they differ significantly only in the rotation of
the pyridine ligand around the Ga—N,,, bond.

H;(tpfc).’! The bonding geometry of the metal is pyramidal;
the Ga center is displaced 0.4107(9) A out of the N4 plane
which is slightly domed (all the individual pyrrole rings are
planar and point toward the metal). The Ga—N_,. bond
lengths (average 1.94 A; Figure 1) are significantly longer
than the computed values for unsubstituted gallium corrole
(1.909-1.926 A),13) but in the range (1.867-1.963 A) calcu-
lated for planar [Ga(tpfc)].') The Ga—N,, bond is much
longer (2.033 A) than the Ga—N_,,,,. bonds, but, nevertheless,
quite short for a gallium - pyridine bond (compare e.g. 2.121 -
2.151 A in [Ga(N;);(py)s]).'”! The binding of pyridine to the
metal is strong enough for the high-field shifted resonances to
be observed by "H NMR spectroscopy, but also weak enough
for the ligand to be displaced by [Ds]pyridine.
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The cyclic voltammogram of 1 shows a reversible oxidation
wave with an E,, of 0.75 V versus SCE, much lower than the
corresponding values of 1.13 and 1.20 V of the related five-
coordinate complexes, [Ge(tpfc)(OH)] and [Sn(tpfc)(Cl)],
respectively.l's] This is reminiscent of similar observations in
metalloporphyrins, in which the redox potential of the
macrocycle correlates with the electronegativity of the metal
(GeV > SnV> Gall > Zn" > Mg")."¥ The oxidation potential
of 1 suggests that it can be oxidized to the corresponding
corrole m-cation radical complex, [Ga(tpfc’)(py)]* (2) by the
commercially available compound tris(4-bromophenyl)-
aminium hexachloroantimonate (E;, =1.11 V). This is indeed
the case; Figure 2 shows the UV/Vis spectra of 1 and 2
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Figure 2. UV/Vis spectra of 1 (broken line) and 2 (full line), and the EPR
spectrum of 2 (inset), all in CH,Cl, solution at room temperature. A =
Absorbance.

as well as the EPR spectrum of the latter. With respect to the
color change from purple to green and the large decrease in
the intensity of the Soret band, the corrole radical resembles
porphyrin radicals. But, the appearance of new bands at 1 >
600 nm is much less pronounced in 2 than in porphyrin
radicals and there are no hyperfine splittings in the EPR
spectrum from coupling to “N.

The EPR spectra of porphyrin radicals are traditionally
analyzed in terms of the HOMO from which the electron is
abstracted, with singlets obtained for 2A4,, and characteristic
nine-line hyperfine splitting for 2A4,, states (under Dy,
symmetry). To gain more insight into the electronic structure
of the corrole radical complex, we have optimized the
geometries of [Ga(tpfc) ] and [Ga(tpfc’)]* (the full complexes
were treated, including the pentafluorophenyl substituents)
and calculated the two closely spaced HOMOs of both
systems by use of gradient corrected DFT.I'] The results for
[Ga(tpfc)] are shown in a schematic presentation (Figure 3)
and those for [Ga(tpfc*)]* are summarized in Table 1. Close
inspection shows that the majority of spin density is located on
the meso- and a-pyrrole-carbon atoms for the nearly degen-
erate b,(C,) and a,(C,,) orbitals, respectively, thus qualita-
tively resembling the a,,(Dy,) and a,;,(D,,) orbitals of metal-
loporphyrins. But, the spin densities on the nitrogen atoms are
much smaller in the corrole radical.?”! Actually, the nitrogen
splitting constants of the 2B,(C,,) state are calculated from the
relation ay = 24py to be only 0.46—0.62 G, compared to 1.18 G
for the 2A,,(Dy,,) state of porphyrins (they are much lower for
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Figure 3. Perspective drawing of the calculated spin densities of the two
highest occupied molecular orbitals of [Ga(tpfc)].

Table 1. Gross atomic spin populations of [Ga(tpfc)]* (see Figure 1 for
the numbering system).

Atom 2B(Cy) and  2A,(C,)  Atom 2B(Cyy)  2AN(Cy)
C1 (C19) 0.098 0.063 C2(C18) —0.038 0.044
C5 (C15) 0171 0015 C3(Cl17) 0.083  —0.002
C10 0.225 —0.054 C7(C13) —0.007 0.050
C4 (C16)  —0.023 0.140 C8(C12) 0.068 0.007
C6 (C14) 0.025 0110  N21 (N24) 0.019 0.002
9 (Cl1)  —0.045 0151  N22 (N23) 0.026  —0.025

Gal 0.042 0.001

the 24,(C,)and 2A,,(Dy4,) states). Accordingly, we may
conclude that the observed EPR singlets agree well with the
computed electronic structure of [Ga(tpfc')]*. We also note
that the 2B,(C,,) and 2A4,(C,,) states of [Ga(tpfc*)]* are even
closer in energy (0.041 eV) than in the (hypothetical) non-
substituted gallium corrole (0.095 eV).[3]

In the synthesis of Hj(tpfc), and even more so during its
metallation by gallium, we noted a very strong fluorescence.
Accordingly, we turned our attention to an examination of the
photophysical properties of Hj(tpfc) and 1, especially in
comparison to the extensively studied H,(tpp) and its metal
complexes, Mg(tpp) and Zn(tpp).[* 2! These results are shown
in Figure 4 and summarized in Table 2, which also includes
data for various new corroles that we have recently report-
ed.’> 2] The major points of interest are that the quantum
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Figure 4. Emission spectra (/=emission intensity) of the porphyrin
H,(tpp), the corroles H;(tpfc), [H,(tpfc)]~, 1, Hy(thfpc), Hs(tdec), and the
N-subsituted corroles (N,;-picolyl)H,(tpfc), (N,-benzyl)H,(tpfc), all in
degassed toluene at room temperature (see Table 2 for the abbrevations).
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Table 2. Emission data and quantum yields for several corroles and porphyrins.

Entry Compound Integrated Yield [%]® A, [nm]

intensity

1 Htpp) 18.0 11 654, 720

2 [Meg(tpp)] 16.51

3 [Zn(tpp)] 330

4 Hytpfc) 273 17 648 (622 sh, 704 sh)
5 [Hy(tpfc)] ™ 56.9 35 628

6 [Ga(tpfe)(py)] (1) 512 31 602, 656

7 (N,;-picolyl)H,(tpfc)ll  41.8 26 630 (684 sh)

8 (N,;-benzyl)H,(tpfe)dl  49.3 30 630 (682 sh)

9 Hy(thfpe)l! 6.33 3.9 620, 682
10 Hy(tdec) 7.09 43 646 (622, 704 sh)

[a] ¢¢ x 102 [b] Reference [21]. [c] A solution of Hs(tpfc) in the presence of
Et;N. [d] N-Substituted tris(pentafluorophenyl)corroles, see reference [22].
[e] thfpc = 5,10,15-tris(heptafluoropropyl)corrole, see reference [23]. [f] tdcc=

5,10,15-tris(2,6-dichlorophenyl)corrole, see reference [1].

yield of Hj(tpfc) (entry 4) is larger than that of H,(tpp)
(entry 1), that both deprotonation and metallation of H;(tpfc)
(entries 5 and 6, respectively) lead to an increase in the
quantum yield (note the quenching effect of zinc in porphy-
rins, entries 3 and 1), and that meso-substitution by either
heptafluoropropyl or dichlorophenyl (entries 9 and 10) pro-
duces a much lower quantum yield. All these features suggest
that Hs(tpfc) and its metal complexes have advantages, yet to
be explored, in the many applications where strong fluore-
sence and high quantum yields are desired. In this regard,
noteworthy is that N-substitution of Hs(tpfc) (entries 7 and 8)
does not quench the fluorescence,? which indicates that
H;(tpfc) can be attached by one of its nitrogen atoms to a
variety of solid supports without sacrificing useful photo-
physical properties. Finally, we have also measured the
lifetimes of both the excited singlet and triplet states of
Hj;(tpfc), which were found to be about 4 ns and 870(10) ps,
respectively, in degassed toluene.”! Importantly, the triplet
lifetime was reduced to 4.8(3) ps in aerobic solution, indicat-
ing an extremely high yield for the production of singlet
oxygen.

In conclusion, an easily prepared gallium corrole has been
fully characterized; it should serve as a prototype metal-
locorrole, very much as [Zn(tpp)] does in the metallopor-
phyrin family. Our study reports the unique photophysical
properties of 1, as well as the characteristic spectroscopic
features of its m-cation radical complex and the calculated
electronic structure.
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Evidence for the Formation of a Ru™—Ru
Bond in a Ruthenium Corrole Homodimer**
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The formation of a ruthenium(i1) porphyrin homodimer was
first mentioned by Whitten and co-workers in 1975.1 Never-
theless, the interaction between the two metal centers has
been fully evidenced only in 1984 on the basis of an X-ray
structure determination of [{Ru(oep)},].[> 3 It was shown later
that this type of ruthenium porphyrin homodimer can be
involved in several catalytic reactions as well as in the
coordination of gaseous molecules such as ethylene and
carbon monoxide.** Furthermore, these complexes are
extremely air-sensitive and the one- or two-electron (chemical
or electrochemical) oxidation of the dimer easily leads to the
formation of the Ru/Ru' and Ru/Ru' species, respective-
ly.’l However, until now, no bisruthenium() porphyrin
homodimer has been obtained by a direct insertion of the
Ru™ cation into the porphyrin cavity.

To study the reactivity of tetrapyrrole metal complexes in
high oxidation states, we focused on the synthesis and
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characterization of corrole metal complexes.""! Indeed, the
corrole macroring possesses a small four-nitrogen cavity
(because of the presence of only three meso carbon atoms)
and three NH groups which enhance the stabilization of metal
cations in a high oxidation state.'>'? Although as many as
18 different metal —corrole species are known, ruthenium
corroles have never been synthesized. Moreover, many
unsuccessful attempts have been made to metalate a corrole
with ruthenium(i).™! Starting from RuCl; in dimethylforma-
mide, Boschi et al. observed an insertion of a carbonyl group
from the solvent into the pyrrole — pyrrole bond leading, after
rearrangements, to a ruthenium(iil) porphyrin. The same
behavior was noted when using [Ru;(CO);,] in 2-methoxy-
ethanol, again a carbonyl group insertion, this time from the
metal carbonyl complex, occurred affording a ruthenium (i)
porphyrin.[3]

We have also attempted the metalation reaction of
H;(hedmc) I (1) with RuCl, in carbonyl group free solvents
with different boiling points, such as pyridine, xylene,
benzonitrile and trichlorobenzene. No metalation reaction
was noted after 72h at reflux. The complex [{(cod)RuCl,},]?!
does not bear a carbonyl group and is more reactive than
RuCl; in many metalation reactions.'> This Ru! dimer is
easily synthesized by the reaction of hydrated RuCl; with
codP! in boiling ethanol for 12 h. The reaction of 1 with an
excess [{(cod)RuCl,},] was carried out in refluxing 2-methoxy-
ethanol with the presence of a trace amount of triethylamine
(see Experimental Section). Triethylamine prevents the pro-
tonation of 1 by the HCIl evolved during the metalation
reaction. Furthermore, the reaction is easily carried out in an
air atmosphere which enhances the oxidation of Ru' to Ru!
necessary to form [{Ru(hedmc)},] (2, Scheme 1).0'%]

1

Scheme 1. The formation of [{Ru(hedmc)},]; a) [{(cod)RuCL,},], 2-me-
thoxyethanol, triethylamine, reflux, 30 min.

By UV/Vis spectroscopy one can observe after 30 min of
reaction the disappearance of the Q bands of the starting free
base corrole and a large blue shift of the Soret band from 396
to 336 nm (Figure 1).

The formation of 2 is demonstrated by both the presence in
the MALDI/TOF (matrix assisted laser desorption/ionization
time of flight) mass spectrum of a peak pattern in the expected
region (largest peak at 1186.53)['l and the results of a single-
crystal X-ray diffraction study.'”? No trace of a monomeric
species is evidenced by mass spectrometry, thus confirming
the presence of the pure, strongly bound dimer 2. Figure 2a
shows the molecular structure of 2 at 7=112(2) K. In spite of
the low-temperature X-ray diffraction measurements the
atomic thermal parameters are quite large, resulting probably
from a rotation of the dimer around the Ru—Ru axis. As
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