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Nonplanar, Noninnocent, and Chiral: A Strongly Saddled Metallocorrole
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The first crystal structure of a copper β-octabromo-meso-triarylcor-
role exhibits a uniquely saddled corrole macrocycle, where adja-
cent pyrrole rings are tilted relative to each other by 60-80�. Such
strong nonplanarity may be contrasted with the essentially planar
macrocycle conformations observed in the vast majority of metallocor-
role crystal structures. Density functional theory calculations suggest that
two effects, ligand noninnocence and peripheral overcrowding, acting in
concert, are responsible for the unique, observed conformation.

Recent findings from our laboratory1 and elsewhere2,3

point to a remarkable aspect of metallocorrole structural
chemistry. Group 9 (Co, Rh, Ir) metallocorroles are essen-
tially planar, regardless of steric crowding on the corrole
periphery. This has been confirmed, for example, by X-ray
crystallographic analyses of cobalt and iridium β-octabromo-
meso-triarylcorroles.2,3 Copper corroles, by contrast, are
inherently saddled, even in the absence of steric congestion
on the macrocycle periphery.1 Though somewhat counter-
intuitive, these generalizations are fully supported by density
functional theory (DFT) calculations.1 Thus, the DFT
potential energy curves shown in Figure 1 indicate that the
saddling dihedral χ is about 40� even for a sterically unhin-
dered copper triarylcorrole, whereas the corresponding
angle is essentially zero for highly sterically hindered cobalt

corroles.1 Both theoretical considerations and 1H NMR
spectroscopy suggested that the saddling distortions ob-
served for copper corroles are driven by their noninnocent
nature,4 specifically by a copper(dx2-y2)-corrole(a2u) orbital
interaction (shown in Figure 2) that becomes symmetry-
allowed as the corrole is saddled.1 This orbital interaction

Figure 1. OLYP/STO-TZP saddling potentials for (a) Cu- and
(b) Co(PPh3) corroles as a function of the C8-C9-C11-C12 dihedral
angle (χ). Geometry parameters for TPCderivatives are shown in the blue
insets. Adapted from ref 1.

*To whom correspondence should be addressed. E-mail: abhik.ghosh@
uit.no.

(1) Alemayehu, A. B.; Gonzalez, E.; Hansen, L.-K.; Ghosh, A. Inorg.
Chem. 2009, 48, 7794–7799.

(2) Paolesse, R.; Nardis, S.; Sagone, F;Khoury, R.G. J. Org. Chem. 2001,
66, 550–556.

(3) (a) Palmer, J. H.; Day, M. W.; Wilson, A. D.; Henling, L. M.; Gross,
Z.; Gray, H. B. J. Am. Chem. Soc. 2008, 130, 7786–7787. (b) Palmer, J. H.;
Mahammed, A.; Lancaster, K. M.; Gross, Z.; Gray, H. B. Inorg. Chem. 2009, 48,
9308–9315.

(4) Ligand noninnocence is ubiquitous for metallocorroles. For key
studies, see:(a) Cai, S.; Walker, F. A.; Licoccia, S. Inorg. Chem. 2000, 39,
3466–3478. (b) Ghosh, A.; Wondimagegn, T.; Parusel, A. B. J. J. Am. Chem.
Soc. 2000, 122, 5100–5104. (c) Steene, E.; Wondimagegn, T.; Ghosh, A. J. Phys.
Chem. B 2001, 105, 11406–11413. Addition/correction: J. Phys. Chem. B 2002,
106, 5312. (d) Zakharieva, O.; Sch€unemann, V.; Gerdan, M.; Licoccia, S.; Cai, S.;
Walker, F. A.; Trautwein, A. X. J. Am. Chem. Soc. 2002, 124, 6636–6648.
(e) Steene, E.; Dey, A.; Ghosh, A. J. Am. Chem. Soc. 2003, 125, 16300–16309.
(f ) Walker, F. A.; Licoccia, S.; Paolesse, R. J. Inorg. Biochem. 2006, 100, 810–
837. (g) Roos, B. O.; Veryazov, V.; Conradie, J.; Taylor, P. R.; Ghosh, A. J. Phys.
Chem. 2008, 112, 14099–14102.



Communication Inorganic Chemistry, Vol. 49, No. 17, 2010 7609

allows some of the electron density from the corrole π-HOMO
to flow into the otherwise empty Cu dx2-y2 orbital; thus, copper
corrole is not a true copper(III) complex but has significant
copper(II) corrole(•2-) character. However, evidence for our
contention that copper corroles are electronically and stereo-
chemically “special” has remained incomplete in that the very
large saddlingdihedrals (χ∼65� orhigher) predicted inFigure1
have not been experimentally observed, until now.5

Here we report a single-crystal X-ray structure of copper
2,3,7,8,12,13,17,18-octabromo-5,15-bis(4-methoxyphenyl)-
10-(4-methylphenyl)corrole, Cu[Br8-5,15-(4-MeOP)2-10-(4-
MeP)C] (Figure 3). Although the presence of a disordered
solvent (n-hexane) results in a low proportion of observed
reflections, the R factor is 4.6% [I > 2σ(I)] and 6.1% [I >
1.5σ(I)] and the corrole part of the structure is fully ordered
and of high quality. The remarkable feature of the structure,
which is the first crystal structure of aCu[Br8TPC] derivative,
is the strongly saddled nature of the corrole macrocycle.
Saddling is unusual for metallocorroles, as noted above
specifically with reference to cobalt and iridium corroles,2,3

and very strong saddling is unprecedented. The structure
reported here, with a χ of 68.2�, is by far the most strongly
saddledmetallocorrole structure reported todate. Importantly,
the experimentally observed saddling dihedral matches perfectly
that predicted theoretically for Cu[Br8TPC] (see Figure 1),
providing key support for our theoretical picture of copper

corroles.1 By contrast, the cobalt corrole saddling potentials
(Figure 1) suggest that corroles are inherently far less prone to
saddling than analogous porphyrins. (Recall that there is no
precedence for a planar β-octabromo-meso-tetraarylmetallopor-
phyrin.6) Against this context, the strong saddling observed here
appears to result fromtwofactorsacting inconcert; initiatedby the
aforementioned copper corrole orbital interaction,7 the saddling is
reinforced by steric congestion at the macrocycle periphery.
It is instructive to evaluate the spectroscopic and electro-

chemical properties of metallocorroles in light of the unique,
nonplanar structure reported herein. The strong red shift
of the Soret band of the β-Br8 complex is typical of both
β-octahalogenoporphyrins and octahalogenocorroles;8 it re-
flects not only generally smaller π-π* energy spacings but
also kinked intratetrapyrrole dihedral angles attributable to the
strongly saddledgeometry.9,10However, becauseof its complex,

Figure 2. Spin-restricted OLYP/STO-TZP HOMO of Cu(TPC)
(contour = 0.05 e/Å3).

Figure 3. (a) ORTEP forCu[Br8-5,15-(4-MeOP)2-10-(4-MeP)C]. (b) Unit
cell.
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multiorbital character, the red-shifted Soret band does not
necessarily indicate a reduced HOMO-LUMO gap. An ex-
perimental measure of the latter is provided by E1/2ox- E1/2red,
the so-called “electrochemical HOMO-LUMO gap”. This
quantity is higher for the β-Br8 complex (1.07 V) than for its
β-H8 congener (0.92 V).11 To appreciate the significance of
this result, we need to recall that the LUMO of copper
corroles is similar in appearance to the HOMO, except that
the copper-corrole relative phase is reversed. In other words,
the HOMO-LUMO gap may be viewed as a measure of the
copper(II) corrole(•2-) antiferromagnetic coupling. Because
the strength of this coupling is expected to increase with
increasing saddling, it is understandable that the considerably
more saddled Cu[Br8-5,15-(4-MeOP)2-10-(4-MeP)C] has a
higher HOMO-LUMO gap than its β-H8 analogue.

1H NMR spectroscopy provided additional support for
the above picture of bonding. In contrast with typical β-H8

copper corroles,4e we found no evidence of paramagnetic
copper(II) corrole(•2-) excited states (derived fromHOMO-
to-LUMOexcitation) in the 1HNMR spectrum between-20
and þ40 �C. DFT calculations are qualitatively consistent
with this observation. Thus, OLYP12/TZP calculations13

predicted an adiabatic singlet-triplet splitting of 0.6 eV for
Cu[Br8TPC], compared to a value of 0.1 eV for unsubstituted
copper corrole.4b Thus, the structural results, electrochemis-
try, 1HNMRspectroscopy, andDFT calculations all indicate
that β-octabromination results in significantly stronger
copper(II)-corrole(•2-) antiferromagnetic coupling. The fact
that the different techniques present a mutually consistent
picture, while satisfying, is of course only to be expected.
What is worth noting is the unique structural consequences
of the enhanced spin coupling and the interplay of the

metal-ligand orbital overlap and the steric effects operating
at the macrocycle periphery.
A potentially significant footnote to the above story

concerns the chirality of copper corroles. As shown in
Figure 3, the corrole macroycle has approximate C2 symme-
try and each unit cell (P1) contains a pair of enantiomeric
molecules related by an inversion center. It would be of great
interest if the complex studied, or Cu[Br8TPC] derivatives in
general, were resolvable. DFT (OLYP12/STO-TZP)13 calcu-
lations were carried out to determine the energy barrier for
saddling-inversion-mediated enantiomerization. For Cu-
[Br8TPC], the barrier turned out to be only about 5 kcal/mol
(the plausibility of this number may be seen from Figure 1,
where the transition state for saddling inversion corresponds
to χ = 0�). Resolution of Cu[Br8TPC] derivatives thus does
not appear to be realistic. Even for the considerably more
sterically hindered Cu[(CF3)8TPC],

8c which we have synthe-
sized but not yet crystallographically characterized, DFT
calculations predict a saddling-inversion barrier of about
7 kcal/mol. Despite the poor prognosis for straightforward
resolution, it may be possible to isolate copper corroles in
enantiomerically pure form by complexation with a protein or
covalent derivatization with a chiral auxiliary. Once isolated,
such derivatives should provide exciting opportunities for
fundamental studies of a new inherently chiral chromophore
as well as for the elaboration of novel chiral materials.
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