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The coordination chemistry of corroles1 has attracted considerable
attention because of the uncertain electronic structure of these
complexes and their possible applications in catalysis and oxygen atom
transfer (OAT) reactions.2,3 In particular, complexes of chromium,4

manganese,5 and iron6 have been studied extensively, mainly by Gross
and co-workers. After a long dispute, it was concluded that one-electron
oxidation in these complexes is often corrole- rather than metal-
centered.7 Meier-Callahan et al.4b have reported that a neutral product
of aerobic metalation of 5,10,15-tris(pentafluorophenyl)corrole (tpfpc)
with Cr(CO)6, that is, the oxochromium(V) (perchromyl) complex
(tpfpc)CrVO (1) (Scheme 1), can easily be transformed into complexes
containing chromium in +3 and +4 formal oxidation states as well
as into the perchromyl corrole π-cation radical [(tpfpc•)CrVO]+. It was
also determined that the catalytic reactivity of 1 in the OAT reaction
CrVO + PPh3 f CrIII + OPPh3 is markedly increased in acetonitrile
solution, which was attributed to the formation of an oxochromium(IV)
(chromyl) ionic species [(tpfpc)CrIVO]- (2) (Scheme 1).4c This
intriguing observation prompted us to perform a more detailed
investigation of this system using for the first time resonance Raman
(RR) spectroscopy as a probe of the molecular structure of high-valent
oxochromium(IV,V) corroles.

The Soret-excited RR spectrum of 1 in CS2 solution displayed a
rich array of distinctive metallocorrole vibrational bands in the
900-1600 cm-1 region,8 with the strongest polarized features at 986,
1080, 1372, 1507, 1545, and 1582 cm-1 (Figure 1a). The polarized
band at 986 cm-1 is due to the stretching mode of the perchromyl
bond, ν(CrVO), because it downshifted to 946 cm-1 upon incorporation
of 18O into the oxo ligand (Figure 2a).9 A simple Hooke’s law
calculation predicts ν(CrVO) to appear at ∼943 cm-1 upon 18Of 16O
exchange. It also gives a force constant of 7.00 mdyn/Å for the
perchromyl moiety (Table 1), which is indicative8,10 of a CrVtO triple
bond in 1. The key RR experiment involved dissolution of 1 in CH3CN.
During RR data acquisition (see Figure S-1 in the Supporting
Information), we noted that new polarized bands gradually emerged
at 992, 1002, 1331, 1536, and 1561 cm-1 and that the 1002 cm-1

band dominated the final spectrum (Figure 1b). These spectral changes
did not depend on the incident laser power used (20-300 mW). When

a small grain of solid PPh3 was added, the 1002 cm-1 peak instantly
intensified and then very slowly weakened (Figure S-2), suggesting
that the newly formed species (2) apparently reacted with PPh3 to give
OPPh3.

To establish that these new RR marker bands represent chromyl
species, we prepared the salt [(tpfc)CrIVO](CoIIICp2) (3) by reacting 1
with CoIICp2 (cobaltocene),4c recorded its 900-1600 cm-1 RR spectra
in the solid state (as a KCl pellet) and in solution (CS2 and CH3CN),
and examined the isotope shifts of the dominant bands near 1002 cm-1

by 18O f 16O substitution. Both the solid and solution spectra of 3
revealed a vibrational pattern identical to that of 2 in Figure 1b (data
in Table 1), which verified that the autoreduced product of 1 in CH3CN
is indeed a chromyl corrole anion (Scheme 1). As shown in Figure 2b
and Figure S-3, the 1002 cm-1 band of [Cr16O]-2 in CH3CN shifted
to 955 cm-1 in the [Cr18O]-2 spectrum.11 This RR observation
unequivocally identifies the 1002 cm-1 band as the stretching vibration
of the chromyl bond, ν(CrIVO) and demonstrates for the first time that
the reduced CrIVtO group vibrates with considerably higher frequency
than its one-electron-oxidized CrVtO counterpart. More importantly,
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Scheme 1

Figure 1. RR spectra for parallel (|) and perpendicular (⊥) scattering of 1
(∼1 mM) dissolved in (a) CS2 and (b) CH3CN, excited at 413.1 nm.

Figure 2. RR spectra of 1 (∼1 mM) in (a) CS2 and (b) CH3CN before
(16O) and after (18O) exchange with H2

18O, excited at 413.1 nm.
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it indicates a strengthened metal-oxo bond and/or a decrease in bond
length upon Cr5+/Cr4+ reduction. As described above, reduction of 1
to 2 also influences the internal vibrational modes of the corrole
macrocycle (Figure 1), with some of these high-frequency modes being
downshifted by 8-19 cm-1 in CH3CN (Table 1).

The observed behavior of the ν(CrO) stretch upon conversion of
[CrVO]-1 to [CrIVO]-2 is in striking accord with the correlation that
Czernuszewicz et al.10c originally recognized between ν(MIVO)
frequencies and the d orbital occupancy in a series of high-valent
metalloporphyrin oxides of TiIV (d0), VIV (d1), CrIV (d2), MnIV (d3),
and FeIV (d4) (Figure 3). This empirical correlation, recently verified
by density functional theory (DFT),12 predicts well that the metal-oxo
stretching frequency should increase as the number of d electrons
increases from d1 (VIV, CrV) to d2 (CrIV).

To examine the changes in structure and vibrational frequencies
for oxochromium(IV,V) corroles, we performed DFT calculations on
(tpc)CrVO and [(tpc)CrIVO]-, where tpc is 5,10,15-triphenylcorrole (see
the Supporting Information). The DFT-optimized structures (Table 1
and Table S-1) agree well with available (tpfpc)CrVO (1)4a and
(TPP)CrIVO (TPP ) tetraphenylporphyrin) X-ray crystallographic
data.13 The computed CrVtO bond distance, 1.5660 Å, is in perfect
agreement with the value of 1.5700(17) Å reported for a domed
conformer of 1.4a The corresponding CrIVtO distance, 1.5649 Å, is
slightly shorter, following a larger out-of-plane displacement of the
Cr4+ ion (0.597 Å vs 0.579 Å for Cr5+) and a longer average CrIV-NP

(1.9721 Å) than CrV-NP (1.9476 Å) distance. Although the computed
vibrational frequencies of 1058.0 and 1069.4 cm-1 for ν(CrVO) and
ν(CrIVO), respectively, are overestimated, as is usually the case with
DFT, they do reproduce the observed upshift in ν(CrO) upon Cr5+/
Cr4+ reduction remarkably well (Table 1).

In summary, we have found that the conversion of oxo-CrV 1 to
oxo-CrIV 2 occurs without much effort in acetonitrile solution, which
we attribute to a very low reduction potential4b and the ability of
acetonitrile to solvate the anions. This reduction leads to the formation
of the chromyl bond, which is actually stronger than the perchromyl
bond, as demonstrated by RR and DFT data. To the extent that the
π-bond order is actually higher for CrIVtO than for CrVtO, the
oxygen atom of the former should both be more electrophilic and have
more unpaired electron density than the latter. Such an electronic
change is expected to destabilize a π-antibonding orbital of CrtO,14

which would then lead to the more stable (tpfpc)CrtO r :PPh3

charge-transfer intermediate required for an efficient OAT reaction.15

This observation has significant implications for the use of high-valent
oxochromium corrolates as OAT agents.
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Table 1. Vibrational and DFT Data for (tpfpc)CrtO Complexesa

[CrVO]-1 [CrIVO]-2 [CrIVO]-3b

Carbon Disulfide
ν(Cr16O) 985.9 1001.7
ν(Cr18O) 946.4 954.6
FCrO 7.00 7.23
ν(Corrole) 1507, 1545, 1582 1537, 1562

Acetonitrile
ν(Cr16O) 982.7 1001.6 1001.9
ν(Cr18O) 943.1 954.9 954.7
FCrO 6.96 7.23 7.23
ν(Corrole)c 1508, 1544, 1580 1536, 1561 1536, 1561

DFT in Vacuum
d(Cr-O) 1.5660 1.5649
d(Cr-NP)ave 1.9476 1.9721
d(NP · · ·NP)ave 3.7098 3.7506
Cr(oop)d 0.579 0.597
ν(Cr16O) 1058.0 1069.4

a ν ) stretching mode in cm-1; F ) harmonic force constant in
mdyn/Å; d ) distance in Å. b Solid 3 (KCl pellet) gave ν(Cr16O) )
1005 cm-1 and FCrO ) 7.28 mdyn/Å. c Corrole Cr oxidation state
marker bands. d Out-of-plane (defined by the four NP atoms)
displacement of the Cr ion (Å).

Figure 3. Variation in ν(MO) frequency for oxo complexes of M(IV) (M
) Ti, V, Cr, Mn, Fe) porphyrins (ref 10b, c) and Cr(IV,V) corroles (this
work).
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