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Abstract: The 4-coordinate, low-spin cob(I)alamin (Co1+Cbl) species, which can be obtained by heterolytic
cleavage of the Co-C bond in methylcobalamin or the two-electron reduction of vitamin B12, is one of the
most powerful nucleophiles known to date. The supernucleophilicity of Co1+Cbl has been harnessed by a
number of cobalamin-dependent enzymes, such as the B12-dependent methionine synthase, and by enzymes
involved in the biosynthesis of B12, including the human adenosyltransferase. The nontoxic nature of the
Co1+Cbl supernucleophile also makes it an attractive target for the in situ bioremediation of halogenated
waste. To gain insight into the geometric, electronic, and vibrational properties of this highly reactive species,
electronic absorption, circular dichroism (CD), magnetic CD, and resonance Raman (rR) spectroscopies
have been employed in conjunction with density functional theory (DFT), time-dependent DFT, and combined
quantum mechanics/molecular mechanics computations. Collectively, our results indicate that the super-
nucleophilicity of Co1+Cbl can be attributed to the large destabilization of the Co 3dz2-based HOMO and its
favorable orientation with respect to the corrin macrocycle, which minimizes steric repulsion during
nucleophilic attack. An intense feature in the CD spectrum and a prominent peak in the rR spectra of
Co1+Cbl have been identified that may serve as excellent probes of the nucleophilic character, and thus
the reactivity, of Co1+Cbl in altered environments, including enzyme active sites. The implications of our
results with respect to the enzymatic formation and reactivity of Co1+Cbl are discussed, and spectroscopic
trends along the series from Co3+Cbls to Co2+Cbl and Co1+Cbl are explored.

I. Introduction

The cob(I)alamin (Co1+Cbl) “superreduced” B12 cofactor state
is accessed in enzymatic systems by heterolytic cleavage of the
Co-C bond of the methylcobalamin cofactor (MeCbl, Figure
1), which contains a low-spin Co ion in the+3 oxidation state
that is equatorially ligated by the four nitrogens of a tetrapyrrole
macrocycle, known as the corrin ring, and axially coordinated
by a methyl group in the “upper” position and 5,6-dimethyl-
benzimidazole (DMB) in the “lower” position. The DMB base
is the terminus of an intramolecular nucleotide loop bound to
the corrin ring at C17.1-4 At low pH, DMB dissociates from the
Co to yield a “base-off” species5 with spectroscopic properties
similar to those of methylcobinamide (MeCbi) in which the
nucleotide loop is clipped off at the phosphodiester bond.
Reduction of MeCbl to cob(II)alamin (Co2+Cbl) results in the
dissociation of the upper axial methyl group.6-8 Further reduc-

tion of Co2+Cbl to Co1+Cbl leads to the loss of the lower axial
DMB ligand, providing an alternate pathway to the 4-coordinate,
low-spin Co1+Cbl species5,8,9 that is one of the most powerful
nucleophiles known to date.10,11

This “supernucleophilicity” of Co1+Cbl has been harnessed
by several enzymatic systems, such as the cobalamin-dependent
methionine synthase (MetH) as well as adenosyltransferases
(ATRs) that catalyze the Co-C bond formation step in the
biosynthesis of adenosylcobalamin (AdoCbl).12-16 In MetH,
Co1+Cbl serves to transfer a methyl group from methyltetrahy-
drofolate to homocysteine, yielding tetrahydrofolate and meth-
ionine, which is essential as an amino acid as well as a precursor
for adenosylmethionine (AdoMet).12 In acetogenic bacteria, a
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similar methyl-transfer reaction is catalyzed by the corrinoid
iron-sulfur protein,17 and a number of other methyltransferases
have been isolated in acetogens and methanogens as well.18,19

In the human ATR, Co2+Cbl is converted to AdoCbl in a process
involving the transient formation of a Co1+Cbl species that is
sufficiently nucleophilic to attack the C5′ carbon of the
cosubstrate adenosine triphosphate (ATP).13,20 Finally, a third
type of Co1+Cbl-dependent reactions are catalyzed by the
reductive dehalogenases, which reductively cleave the carbon-
halogen bonds of a wide range of halogenated organic substrates.
From a biochemical viewpoint, a particularly intriguing aspect
of this reaction is that the energy released can be coupled to
ATP biosynthesis in a process known as dehalorespiration.
Alternatively, from an environmental viewpoint, these enzymes
provide interesting targets because biodegradation constitutes
an environmentally friendly option for the decontamination of
sites polluted by halogenated hydrocarbons.21

In analogy to the enzymatic systems, the free Co1+Cbl
cofactor has been demonstrated to dehalogenate polyhalogenated
methanes,22-28 alkanes,29-32 ethylenes,24,28,33-41 acetylenes,36,42

cyclic alkanes,43,44 aromatic compounds,24,45 and carboxylic
acids46 in solution. For this reason, Co1+Cbl obtained by the
reduction of vitamin B12 with titanium(III) citrate, a process

requiring no toxic chemicals, has been targeted as an in situ
catalyst for the reductive dechlorination of chlorinated solvents
found in contaminated groundwater.28,47-49 The first step in the
reductive dehalogenation of both polyhalogenated methanes and
alkanes has been shown by electronic absorption (Abs) spec-
troscopy to involve a nucleophilic attack of the substrate by
Co1+Cbl, forming an alkylcobalamin intermediate.26,31 The
mechanistic details of the reductive dechlorination of polychlo-
rinated ethylenes, however, are still under investigation. A single
electron transfer from Co1+Cbl was invoked as the first step in
the dechlorination of perchloroethylene (PCE) and trichloro-
ethylene (TCE),34,50whereas nucleophilic addition of Co1+Cbl
was implicated for the dechlorination of dichloroethylene on
the basis of Abs spectroscopic experiments.35 Yet, recent
electrospray mass spectrometry and X-ray crystallographic
studies have led to the proposal that the dechlorination of all
chlorinated ethylenes by Co1+Cbl actually involves the forma-
tion of a chlorovinylcobalamin intermediate.38,51

Despite the obvious importance of Co1+Cbl for the function
of a wide range of enzymes and the environmentally friendly
degradation of chlorinated solvents, relatively little is known
about the geometric and electronic properties of this highly
reactive species. The Abs spectrum of free Co1+Cbl is charac-
terized by an intense feature near 390 nm and four weaker bands
in the visible spectral region (Figure 2).52 Resonance Raman
(rR) spectra of Co1+Cbl obtained previously using 514.5 and
457.9 nm excitation are dominated by vibrational features at
1506, 1534, 1570, and 1596 cm-1, all of which have been
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Figure 1. Chemical structure and numbering scheme for methylcobalamin
(MeCbl). Note that in Co2+Cbl, the upper axial position is unoccupied,
whereas in Co1+Cbl, both axial positions are vacant. In the cobinamide
(Cbi) derivatives, the nucleotide loop is clipped off at the phosphodiester
bond.
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attributed to corrin-based modes.53,54 Co1+Cbl has also been
characterized by X-ray absorption (XAS), and analyses of the
extended X-ray absorption fine structure (EXAFS) yielded
estimates for the average Co-N bond length of 1.86-1.88 Å.8,9

Moreover, the electronic structure of Co1+Cbl has been exam-
ined using density functional theory (DFT),55-57 time-dependent
DFT (TDDFT),58 Car-Parinello molecular dynamics,59 and
complete active space multiconfigurational perturbation theory
(CASPT2);60 however, all of these studies have suffered from
the fact that insufficient experimental data for Co1+Cbl were
available for the validation of computational results.

In this work, we present and discuss Abs and, for the first
time, circular dichroism (CD) and magnetic CD (MCD) spectra
of Co1+Cbl. We also report the first rR excitation profile data
for Co1+Cbl, which are used in conjunction with TDDFT
computations to assign key electronic transitions contributing
to the Abs, CD, and MCD spectra of Co1+Cbl. The dominant
features in the rR spectrum of Co1+Cbl are analyzed within the
framework of DFT-based vibrational frequency calculations. On
the bases of this analysis and vibrational data for aquacobalamin
(H2OCbl+),61 MeCbl,61 and Co2+Cbl62 reported in the literature,
a correlation is established between the frequency of the corrin
ring symmetric short-axis stretch and the partial positive charge
localized on the Co center. Additionally, the origin of the
“supernucleophilicity” of Co1+Cbl is examined within the
context of our computed electronic structure description, and
spectroscopic trends along the series from Co3+Cbls61 to Co2+-
Cbl62 and Co1+Cbl are explored.

II. Materials and Methods

Chemicals/Cofactors. H2OCbl+, zinc dust, ammonium chloride
(NH4Cl), deuterium chloride (DCl), deuterated water (D2O), sodium
hydroxide (NaOH), and potassium sulfate (K2SO4) were purchased from
Sigma-Aldrich and used without further purification. All solutions
employed in this work were degassed on a vacuum line and sparged
with Ar gas. In each case, the solvent used was water unless noted
otherwise. Co1+Cbl was obtained by chemical reduction of H2OCbl+

with Zn dust under an atmosphere of N2, using NH4Cl as the electrolyte,
similar to a previously reported procedure.63 H2OCbl+(d-10) was used
in the place of H2OCbl+ to generate Co1+Cbl(d-10), whereas H2OCbl+-
(d-10) was prepared by acidification of H2OCbl+ with 12 M DCl in
D2O overnight to achieve H/D exchange at the C10 position of the corrin
ring (Figure 1).64 Prior to chemical reduction to Co1+Cbl, the pH of
H2OCbl+(d-10) was neutralized with 12 M NaOH in D2O so as to
drastically reduce the rate of H/D exchange at the C10 position of the
corrin ring.

Spectroscopy.Abs, CD, and MCD spectra of Co1+Cbl were obtained
in a 60:40 mixture (v/v) of glycerol and saturated NH4Cl solution at
250 K under an atmosphere of He. A concentrated sample (0.72 mM
in Co1+Cbl) was utilized to collect the data below 22 548 cm-1, while
a more dilute sample (0.24 mM) was used above 22 548 cm-1.
Concentrations were determined on the basis of published molar
extinction coefficients.52 All spectra presented in this study were
obtained with a Jasco J-715 spectropolarimeter in conjunction with an
Oxford Instruments SM-4000 8T magnetocryostat. CD contributions
to the MCD spectra were eliminated by subtracting the-7 T spectrum
from the+7 T spectrum and dividing the resulting trace by 2.

rR spectra of Co1+Cbl and Co1+Cbl(d-10) were obtained at 77 K in
a frozen 50:50 mixture (v/v) of distilled, deionized water and saturated
NH4Cl. All available laser lines between 568.2 and 363.8 nm of
Coherent I-305 Ar+ and Coherent I-302C Kr+ lasers were used in these
experiments. The scattered light was collected using a∼135° back-
scattering arrangement, dispersed by an Acton Research triple mono-
chromator equipped with 1200 and 2400 groves/mm gratings, and
analyzed with a Princeton Instruments Spec X: 100BR deep depletion,
back-thinned CCD camera. Each rR excitation profile data point
presented in this paper represents the average peak intensity observed
in at least three separately acquired spectra. Peak positions and
intensities for Co1+Cbl were calibrated using either the ice peak at 228
cm-1 or the SO4

2- peak at 984 cm-1 from the internal standard K2SO4.
For the Co1+Cbl(d-10) sample, one rR profile was obtained using

all available Ar+ laser lines between 514.1 and 454.5 nm, whereas the
peak positions and intensities were calibrated using the ice peak of the
frozen 50:50 (v/v) H2O/D2O mixture at 225.5 cm-1 (average of H2O
and D2O ice peak positions). The enhancement behavior of all
vibrational features was found to be the same in the rR spectra of the
deuterated and nondeuterated samples of Co1+Cbl. The isotopic shifts
determined by this method were verified for 514.5 and 454.5 nm
excitation by the consecutive collection of Co1+Cbl and Co1+Cbl(d-
10) scattering data without changing the sample dewar position and
monochromator settings between samples.

Computations: Geometries and Frequencies.All geometry op-
timizations and frequency calculations were carried out on a cluster
consisting of 64 Intel Xeon processors (ACE Computers) using the
Amsterdam Density Functional 2004.01 suite of programs with an
integration parameter of 4.0, “conserve points” gradient smoothing, and
the TZP basis set (formerly called basis set IV) with a frozen core
through 1s (C, N, O) or 2p (Co).65-67 The geometry optimizations used
the following convergence criteria: 0.0001 Hartree in the total energy,
0.001 Hartree/Å in the Cartesian gradients, and 0.001 Å in the estimated
uncertainty of the Cartesian coordinates. To calculate harmonic
frequencies, the two-point numerical differentiation approach with
(0.01 Å Cartesian coordinate displacements of the atoms was
employed.68,69 The off-resonance Raman scattering intensities and
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Figure 2. Abs spectrum of Co1+Cbl in a fluid 60:40 mixture of glycerol
and NH4Cl(aq) at 250 K. The peak positions and molar extinction
coefficients have been reported previously.52
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depolarization ratios were calculated within the framework of time-
dependent density functional response theory.70,71 The absence of
negative frequencies confirmed that the geometry optimizations had
converged to true minima on the corresponding energy hypersurfaces.

A full DFT geometry optimization and frequency calculation were
performed on a truncated model of Co1+Cbl (Figure 1), in which all
corrin ring substituents, including the nucleotide loop, were replaced
with hydrogen atoms. A density functional composed of the Vosko,
Wilk, and Nusair-5 (VWN-5) local density approximation (LDA) and
the Perdew-Burke-Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) exchange and correlation was utilized.72,73The same density
functional was also applied to H2O and the 5-coordinate Co1+Cbl and
Co2+Cbi models. In both 5-coordinate models, the fifth ligand was an
H2O molecule in the lower axial position. To aid in the analysis of the
computational results, vector representations of the normal modes for
the truncated model of Co1+Cbl were generated using the Jmol
program.74 A full geometry optimization was also performed on the
complete Co1+Cbi cofactor, in which the nucleotide loop is clipped
off at the phosphodiester bond (Figure 1). In this calculation, the
integration parameter was increased to 5.0 and the convergence criteria
were loosened to: 0.001 Hartree in the total energy, 0.01 Hartree/Å in
the Cartesian gradients, and 0.01 Å in the estimated uncertainty of the
Cartesian coordinates. Additional computational geometries and fre-
quencies not discussed in the main text are described in the Supporting
Information.

Thermodynamic Properties. The standard Gibbs free energy for
the gas-phase reaction between Co1+Cbl and H2O to produce 5-coor-
dinate Co1+Cbl was calculated at 298.15 K using a standard-state
convention of 1 atm. The thermodynamic corrections were determined
within the ideal gas approximation from the harmonic frequencies of
the truncated models. Additionally, a PBE DFT single-point calculation
for a 5-coordinate Co1+Cbl model was performed by using the
optimized 5-coordinate Co2+Cbi geometry to assess the reorganization
energy of 5-coordinate Co1+Cbl following the reduction of 5-coordinate
Co2+Cbi.

Single-Point DFT and TDDFT Calculations. The ORCA 2.4.02
software package, developed by Dr. Frank Neese (MPI Mu¨lheim,
Germany),75 was used to perform single-point DFT and TDDFT
calculations on the truncated model of Co1+Cbl using the Perdew-Wang
LDA and the PBE GGA with the TZVP basis set for Co and the DGauss
(Gaussian polarized double-ú valence orbital) basis set for all other
atoms.73,76-78 The resolution of the identity (RI) approximation was
used to speed up the calculation of the Coulomb terms within the
molecule’s charge distribution, as approximated using the Demon/J
auxiliary basis set.78,79A total of 60 excited states were computed with
TDDFT by including all single excitations between molecular orbitals
(MOs) with orbital energies between-3 and+3 Hartrees using the
RI and Tamm-Dancoff approximations.80

To facilitate the interpretation of the computational results, isosurface
plots of the MOs and electron density difference maps (EDDMs) were
generated with the gOpenMol program using isodensity values of 0.03

and 0.003 au, respectively.81-83 Additionally, Abs traces were computed
from the TDDFT results using a Gaussian convolution function with a
bandwidth of 1250 cm-1 for each predicted transition to ease
comparison with our experimental Abs data.75 Results from additional
single-point DFT and TDDFT calculations, including those performed
on the core of the complete Co1+Cbi geometry, are provided in the
Supporting Information.

III. Results and Analysis

Electronic Spectroscopy.The Abs spectrum of Co1+Cbl is
characterized by a very intense, relatively sharp feature at 26 000
cm-1 and at least four significantly weaker bands in the near-
IR/visible region centered at 12 500, 15 000, 18 000, and 22 000
cm-1 (Figure 3, top). The lack of any discernible features in
the Abs, CD, and MCD spectra below 10 000 cm-1 suggests
that band i corresponds to the lowest-energy electronic transition
of Co1+Cbl carrying significant Abs intensity. This feature, as
well as Abs bands ii and iv, each appear to arise from a single
electronic transition based upon their similar peak positions and
band shapes in all three data sets. In contrast, Abs band iii clearly
possesses contributions from at least two separate electronic
transitions, because in the MCD spectrum, the corresponding
feature is blue-shifted by∼600 cm-1. Similarly, at least two
separate electronic transitions contribute to the dominant Abs
feature at 26 000 cm-1, as revealed by the presence of a
derivative-shaped pseudo-A term in this region of the MCD
spectrum. A number of additional spectral features are apparent
toward higher energy, including a pair of relatively prominent
Abs bands centered at∼35 000 cm-1.52 Generally, when
compared to the lower-energy region, the features above 25 000
cm-1 are significantly more intense in the Abs spectrum than
in the CD and MCD spectra. On the basis of this observation
and their high absolute Abs intensities, we attribute these
features to corrin-centeredπ f π* transitions.

Vibrational Spectroscopy.The high-energy regions of the
rR spectra of Co1+Cbl obtained with 514.5 and 454.5 nm
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Figure 3. Abs, CD, and 7 T MCD spectra of Co1+Cbl in a fluid 60:40
mixture of glycerol and NH4Cl(aq) at 250 K. The four low-energy Abs
features in the near-IR/visible region are labeled i-iv.
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(19 436 and 22 002 cm-1, respectively) laser excitation are
shown in Figure 4. The Raman shifts of the dominant features
(summarized in Table 1), all of which correspond to corrin-
based vibrational modes, are in good agreement with those
reported previously.53,54Strikingly, though, the 1487 cm-1 mode
that dominates the rR spectrum obtained with 454.5 nm
excitation (Figure 4, top) was not previously observed. Presum-
ably, this mode was overlooked in the past due to its negligible
rR enhancement for 514.5 nm excitation and the fact that the
corresponding region was not analyzed in detail when 457.9
nm excitation was used. Because rR spectra of Co2+Cbl also
exhibit an intense feature at 1487 cm-1,62 additional experiments
were performed to explore the possibility that our samples were
only partially reduced to the Co1+Cbl state. The rR enhancement
behaviors of the 1487 cm-1 modes of Co1+Cbl and Co2+Cbl

were found to be significantly different; i.e., whereas for Co2+-
Cbl maximum enhancement of this mode occurs at 20986 cm-1,
which roughly coincides with the peak position of the dominant
feature in the corresponding Abs spectrum,62 for Co1+Cbl, this
mode is most strongly enhanced with 22 002 cm-1 excitation
(Figure 4, middle), close to the peak position of Abs band iv
(Figure 2). This result demonstrates that both Co1+Cbl and Co2+-
Cbl possess corrin-based vibrational modes with a frequency
of 1487 cm-1.

Replacement of the hydrogen attached to C10 of the corrin
ring (Figure 1) by a deuterium atom causes all of the features
between 1480 and 1600 cm-1 in the rR spectra of Co1+Cbl to
downshift to some degree (Figure 4, bottom and Table 1),
corroborating their assignment as corrin-based normal modes
of vibrations. The most pronounced shifts are expected for
modes that involve large nuclear motions of C10, in particular
the totally symmetric stretching mode polarized along the short
axis (SA, coincident with Co‚‚‚C10 vector in Figure 1) of the
corrin ring as judged from a previous study of MeCbl.84 In the
case of Co1+Cbl, the 1487 and 1595 cm-1 modes exhibit the
largest shifts upon Hf D exchange at C10 (Table 1). On the
basis of this observation and the fact that the frequency of the
SA stretch appears to downshift uniformly with decreasing
positive charge on the Co center, from 1543 cm-1 for H2OCbl+61

to 1542 cm-1 for MeCbl61 and 1508 cm-1 for Co2+Cbl,62 it is
reasonable to assign the 1487 cm-1 feature in the rR spectra of
Co1+Cbl (Figure 4) to the SA stretching mode.

Of the five corrin-based modes listed in Table 1, those at
1487, 1503, and 1567 cm-1 show the most dramatic rR
enhancement; their excitation profiles are displayed in Figure
4 (middle). The SA stretch at 1487 cm-1 is predominantly
enhanced for excitation in resonance with Abs band iv, which
suggests that the corresponding transition is short-axis polarized.
The rR excitation profile of the 1503 cm-1 mode is comple-
mentary to that of the SA stretch, peaking in close proximity
to Abs band iii and the high-energy side of the dominant Abs
feature. The frequency of this mode is only moderately affected
by H f D exchange at C10 (Table 1) and falls within a range
where the long-axis (LA, coincident with C5‚‚‚C15 vector in
Figure 1) polarized totally symmetric stretching mode of the
corrin ring is expected to occur based on a comparison with
H2OCbl+ (1499 cm-1) and MeCbl (1490 cm-1).61 Consequently,
the 1503 cm-1 mode of Co1+Cbl is attributed to the LA stretch,
which implies that the electronic transitions responsible for Abs
band iii and the broadening of the dominant Abs feature on its
high-energy side are long-axis polarized. To identify the origin
of the 1567 cm-1 mode that shows a dramatic enhancement for
laser excitation near 24 000 cm-1, as well as to obtain
quantitative descriptions for all other modes including the 1530
and 1595 cm-1 modes which show minimal resonance enhance-
ment over the range of excitation wavelengths utilized, a DFT-
based vibrational analysis was carried out for a suitably truncated
Co1+Cbl model (vide infra).

Gaussian Deconvolution of Electronic Spectra.The Gauss-
ian deconvolution of our Abs, CD, and MCD spectra indicates
that at least 12 electronic transitions contribute to the region
below 30 000 cm-1 (Figure 5, Table 2). Closer analysis of the
three data sets, in particular the relative peak positions and their

(84) Puckett, J. M.; Mitchell, M. B.; Hirota, S.; Marzilli, L. G.Inorg. Chem.
1996, 35, 4656-4662.

Figure 4. (Top) rR spectra of Co1+Cbl at 77 K obtained with 514.5 and
454.5 nm (19 436 and 22 002 cm-1, respectively) laser excitation. (Middle)
Abs spectrum of Co1+Cbl at 250 K (solid line) and 77 K rR excitation
profile data for the corrin ring modes at 1487, 1503, and 1567 cm-1.
(Bottom) rR spectra of Co1+Cbl and Co1+Cbl(d-10) at 77 K obtained with
454.5 nm (22 002 cm-1) excitation.

Table 1. Raman Shifts and Standard Deviations for Major Corrin
Modes in Co1+Cbl and Co1+Cbl(d-10)

Co1+Cbl Co1+Cbl (d-10) ∆∆ν (cm-1)

1487( 1.7 cm-1 1483( 1.0 cm-1 -4 cm-1

1503( 1.7 cm-1 1501( 1.0 cm-1 -2 cm-1

1530( 1.7 cm-1 1529( 1.0 cm-1 -1 cm-1

1567( 2.3 cm-1 1565( 1.0 cm-1 -2 cm-1

1595( 1.8 cm-1 1590( 1.0 cm-1 -5 cm-1
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signs in the CD and MCD spectra, reveals that 3 of these 12
transitions exhibit some vibronic structure with a partially
resolved progression in a corrin-based normal mode, i.e.,
transition 1 (spacing of 1300 cm-1), 2 (1250 cm-1), and 5 (1100
cm-1).85 In each case, the electronic origin is the most intense
member of the vibrational progression, indicating that the
corresponding Huang-Rhys parameter is<1. Note that a similar
vibronic structure is generally observed for the intense lowest-
energy Abs feature of Co3+Cbls (the so-calledR,â region) that
arises from the corrin-based HOMOf LUMO (i.e., π f π*)
transition.61

Consistent with the qualitative analysis of the Co1+Cbl Abs,
CD, and MCD spectra presented above, the results from our
Gaussian deconvolution indicate that Abs bands i, ii, and iv
(corresponding to peaks 1, 2, and 6, respectively, in Figure 5)
are due to single electronic transitions, whereas Abs band iii
(peaks 4 and 5) has contributions from two distinct electronic

transitions.86 They reveal further that the pseudo-A term in the
MCD spectrum near 26 000 cm-1 originates from two oppositely
signed B terms, one corresponding to peak 9 that dominates
the Abs spectrum in this region and the other to peak 10, which
is responsible for the broadening of this Abs feature on its high-
energy side and for the weak shoulder in the CD spectrum. The
MCD spectrum therefore provides conclusive evidence that the
asymmetry of the dominant Abs feature is due to the presence
of two distinct electronic transitions contributing to this region
rather than a vibrational progression associated with a single
transition.

The Gaussian deconvolution also aids in deciphering some
more subtle features of the Abs, CD, and MCD spectra of Co1+-
Cbl. Although transition 3 is the least intense contributor to the
Abs spectrum of Co1+Cbl, it produces one of the most intense
features in the CD spectrum, indicating that this transition
possesses significant magnetic dipole character and relatively
little electric dipole character. Peaks 7 and 8 are difficult to
discern directly in the Abs, CD, and MCD spectra because they
are obscured by peak 9, but they are clearly needed in our
spectral deconvolution to obtain a satisfactory fit of the
experimental data.

DFT Geometry Optimizations and Frequency Calcula-
tions. In the DFT-optimized, truncated model of Co1+Cbl
obtained with the PBE functional, the corrin macrocycle is
nearly planar and the Co-N bond lengths vary between 1.84
and 1.91 Å (Table 3), in excellent agreement with the average
Co-N bond lengths of 1.86 and 1.88 Å obtained in two recent
XAS studies.8,9 The highest occupied molecular orbital (HOMO)
is predicted to be Co 3dz2-based, as expected on the basis of
simple ligand-field theory considerations. The ground state is
therefore a closed-shell 3d8 singlet, which was also verified in
unrestricted calculations. In contrast, a previous computational
study using the B3LYP hybrid density functional, a different
approximation to the true density functional, concluded that
Co1+Cbl possesses an open-shell, antiferromagnetically coupled
Co 3d7/corrin radical ground state.56 However, the prediction
of a closed-shell d8 singlet by our computations is supported
by the fact that this configuration was found to produce the
dominant (67%) contribution to the CASPT2 multi-configura-
tional ground-state wave function obtained in a previous
computational study on a truncated Co1+Cbl model.60 Also note
that the TDDFT computational results presented in the next
section strongly suggest that the closed-shell d8 singlet descrip-
tion for Co1+Cbl is correct.

To test computationally the widely accepted assumption that
Co1+Cbl is a 4-coordinate species, we added an H2O molecule(85) Although our MCD data may seem inconsistent with the assignment of

peaks 2a and 2b as members of a vibrational progression because they
appear to be oppositely signed, it should be noted that these features are
extremely weak in the MCD spectrum and thus their signs cannot be
established with certainty.

(86) Note that peaks 4 and 5 are not members of a vibrational progression with
S > 1, as they appear as oppositely signed features in the CD spectrum.

Figure 5. Gaussian deconvolutions of the Abs, CD, and 7 T MCD spectra
of Co1+Cbl in a fluid 60:40 mixture of glycerol and NH4Cl(aq) at 250 K.
The solid lines show the experimental data, the dotted lines show the
individual Gaussian peaks simulated using the fit parameters in Table 2,
and the dashed lines show the sums of the individual Gaussian peaks.

Table 2. Fit Parameters from the Gaussian Deconvolutions of the
Abs, CD, and MCD Spectra of Co1+Cbl in Figure 5

peak
energy
(cm-1)

ε(Abs)
(mM-1cm-1)

∆ε(CD)
(M-1cm-1)

∆ε(MCD)
(M-1cm-1)

width
(cm-1)

1a 11 950 1.55 2.15 -4.65 900
1b 13 250 1.26 1.21 -4.95 900
2a 14 640 2.21 -11.32 0.91 800
2b 15 890 1.58 -2.58 -0.50 800
3 16 750 0.92 20.80 -2.63 600
4 17 715 2.60 3.03 0.69 800
5a 18 565 2.61 -2.70 9.70 800
5b 19 665 1.30 -1.31 6.20 800
5c 20 765 0.41 -1.14 3.74 800
6 21 830 3.15 -7.15 15.05 800
7 23 450 3.61 -7.80 6.45 800
8 24 450 6.24 -7.48 5.40 800
9 25 700 25.64 -21.79 32.33 800
10 26 900 14.03 -14.65 -18.68 800
11 28 200 9.07 3.99 16.14 800
12 29 300 7.23 -2.48 -6.82 800

Table 3. Co-N Bond Lengths and Corrin Fold Angles Along the
C5‚‚‚C15 Vector (θ) and Along the Co‚‚‚C10 Vector (φ) for the PBE
DFT-Optimized, Truncated CO1+Cbl Model and the PBE
DFT-Optimized, Complete Co1+Cbi Model

truncated complete

Co-NA 1.840 Å 1.831 Å
Co-NB 1.909 Å 1.917 Å
Co-NC 1.907 Å 1.898 Å
Co-ND 1.840 Å 1.845 Å
θ(LA) 7.3° 10.6°
φ(SA) 4.4° 6.8°

Spectroscopic and Computational Studies of Co1+Cbl A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 128, NO. 28, 2006 9149



at 2.2 Å from the Co center to the lower axial position of our
truncated Co1+Cbl model and re-optimized the geometry. The
H2O molecule moved away from Table 3. Co-N bond lengths
and corrin fold angles along the C5‚‚‚C15 vector (θ) and along
the Co‚‚‚C10 vector (φ) for the PBE DFT-optimized, truncated
Co1+Cbl model and the PBE DFT-optimized complete Co1+-
Cbi model the corrinoid and rotated so as to position one of its
H atoms∼2.4 Å below the strongly nucleophilic Co atom. Thus,
in a vacuum, H2O is expected to weakly coordinate to Co1+-
Cbl through one of its H atoms rather than its O atom. However,
this complex is predicted to be unstable toward decomposition
into H2O and 4-coordinate Co1+Cbl, as the standard Gibbs free
energy for the decomposition reaction is-1.96 kcal/mol in
vacuo and presumably even more negative in aqueous solution
(Table S2). This prediction is consistent with an electrochemical
study of vitamin B12 derivatives, which revealed that the
maximum lifetime of a 5-coordinate Co1+Cbl complex at room
temperature is shorter than 10-4-10-5 s.87

To assess the influence of the methyl groups and side-chains
on the Co1+Cbl geometry (Figure 1), these groups, with the
exception of the nucleotide loop and the DMB base, were
appended to the DFT-optimized, truncated Co1+Cbl species to
generate a complete model of Co1+Cbi, a Co1+Cbl derivative
that is spectroscopically indistinguishable from, but computa-
tionally more accessible than, the actual cofactor.52 This Co1+-
Cbi model was then geometry-optimized using the PBE density
functional. Inspection of Table 3 reveals that the addition of
the side chains to the truncated model has virtually no effect
on the average Co-N bond length and causes only a slight
increase in the fold angles. This result indicates that the folding
of the corrin ring in Co1+Cbl is almost entirely controlled by
the portion of the cofactor included in the truncated model of
Co1+Cbl used in our DFT computations.

A major advantage of our truncated Co1+Cbl model over the
complete Co1+Cbi model is that it is sufficiently small to permit
DFT-based vibrational frequency calculations, which can be
used to verify that the geometry-optimization converged to a
true minimum on the potential energy hypersurface and to assist
in the analysis of vibrational spectra. Because the experimental
rR spectra of Co1+Cbl are dominated by corrin-based modes
between 1475 and 1650 cm-1 (Figure 4), the following analysis
of the DFT-predicted Raman spectra (Figures 6 and S4) is
restricted to this frequency range. As indicated in Figure 6 (top),
the frequency of the SA stretch is computed at 1484 cm-1 with
a predicted downshift upon Hf D exchange at C10 of 7 cm-1,
strongly supporting our assignment of the 1487 cm-1 feature
in the experimental rR spectra of Co1+Cbl, which downshifts
by 4 cm-1 in Co1+Cbl(d-10) (Table 1), to this mode. Although
the SA stretch is predicted to have negligible off-resonance
intensity, it is expected to be strongly resonance enhanced by
coupling to certain electronic transitions due to its totally
symmetric character, as revealed by the low computed depo-
larization ratio of 0.20 (Figure 6). Again, this prediction concurs
nicely with our experimental rR data; i.e., whereas the 1487
cm-1 mode is very prominent in the rR spectrum obtained with
454.5 nm laser excitation, it carries negligible “off-resonance”
intensity in the spectrum recorded with 514.5 nm excitation
(Figure 4, top).

The DFT-computed frequencies for the symmetric LA and
methine stretches are 1524 and 1585 cm-1, respectively, and
the antisymmetric methine stretch is predicted at 1610 cm-1

(Figure 6). Although minimal shifts for Hf D exchange at
C10 are predicted for the former two modes, a 5 cm-1 downshift
is computed for the antisymmetric methine stretch. On the basis
of a comparison of these computational results with our
experimental rR data (Table 1), we assign the two features at
1503 and 1567 cm-1 in our experimental spectra (Figure 4, top)
to the symmetric LA and methine stretches, respectively, and
the 1595 cm-1 feature to the antisymmetric methine stretch.
As indicated in Figure 6, both the symmetric LA and methine
stretching modes are predicted to carry relatively little off-
resonance Raman intensity and to possess low depolarization
ratios, consistent with our rR excitation profiles obtained for
the 1503 and 1567 cm-1 modes (Figure 4, middle) that clearly
require these vibrations to be totally symmetric in character due
to their strong coupling to electronic transitions. Alternatively,
the antisymmetric methine stretching mode is predicted to carry
significant off-resonance Raman intensity and possess a high
depolarization ratio of 0.75 (Figure 6), which also concurs nicely
with our rR excitation profile data, as the 1595 cm-1 mode
shows minimal rR enhancement over the entire excitation
wavelength range investigated (Figure S3).

(87) Faure, D.; Lexa, D.; Saveant, J. M.J. Electroanal. Chem.1982, 140, 285-
295.

Figure 6. PBE DFT-computed eigenvector representations of the relevant
corrin-based stretching modes for Co1+Cbl. Their computed frequencies
(ν), downshifts in response to Hf D exchange at C10 (∆νd-10),
depolarization ratios (F), and off-resonance Raman intensities (I) are shown
on the right.
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Whereas the computed frequency for the symmetric SA
stretch of 1484 cm-1 is in excellent agreement with the
experimental value of 1487 cm-1, the frequencies for the
symmetric LA and methine stretches as well as for the
antisymmetric methine stretch are overestimated by 21, 18, and
15 cm-1, respectively. This result can be understood on the basis
of the truncation scheme employed to generate the Co1+Cbl
model used in our frequency calculation. As all of the corrin
normal modes under discussion primarily involve nuclear
displacements within the plane of the macrocycle, the effective
masses, and thus the frequencies, associated with these modes
may be modulated by substituents attached to the periphery of
the corrin ring. Among those, the two methyl groups at C5 and
C15 (Figure 1) are the only substituents located within the corrin
ring plane that are not included in our truncated Co1+Cbl model.
Because these methyl groups are modeled by hydrogen atoms,
our computation overestimates the frequencies of the corrin-
based normal modes involving a significant movement of the
C5 and/or C15 carbons, which includes the symmetric LA and
methine stretches as well as the anti-symmetric methine stretch,
but not the symmetric SA stretch (Figure 6).

TDDFT Computational Results. The TDDFT-computed
Abs spectrum for the DFT-optimized, truncated Co1+Cbl model
is in excellent agreement with the experimental Abs spectrum
with respect to band positions and relative intensities (Figure
7).88 In the TDDFT-computed spectrum, four weak features are
predicted in the visible/near-IR region along with a considerably
more intense, relatively sharp band at higher energy. This latter
band has three main contributors, including one dominant
transition that is bracketed by a pair of weaker transitions.
Notably, a similar set of three transitions contributes to the
dominant feature in the experimental Abs spectrum, as revealed
by our Gaussian deconvolution (Figure 5 and Table 2, peaks
8-10).

In addition to properly predicting the number, energies, and
relative intensities of the major features in the Co1+Cbl Abs
spectrum, the TDDFT computation also yields transition
polarizations that agree well with those determined experimen-
tally on the basis of our rR excitation profile data (Figure 4).

Electronic transitions polarized along the short axis of the corrin
ring (Co‚‚‚C10 vector, Figure 1) should give rise to predominant
rR enhancement of the symmetric SA stretch at 1487 cm-1.61

Alternatively, electronic transitions polarized along the long axis
(C5‚‚‚C15 vector) should primarily enhance the symmetric LA
stretch at 1503 cm-1. Hence, the rR excitation profiles for the
symmetric SA and LA stretches indicate that the transition
responsible for the Abs feature at∼22 000 cm-1 (peak 6 in
Figure 5) is short-axis polarized, whereas those associated with
the features at 16 000 and 27 000 cm-1 (peaks 4/5 and 10,
respectively) are long-axis polarized, in excellent agreement with
the TDDFT predicted polarizations (Figure 7).

Because the strong rR enhancement of the symmetric methine
stretch at 1567 cm-1 for excitation near the dominant Abs
feature (Figure 4, middle) cannot be correlated directly with
the polarization(s) of the corresponding transition(s), electron
density difference maps (EDDMs) were computed for relevant
electronic excited states to allow for a visual analysis of changes
in the electron density upon electronic excitation (Figure 8).
On the basis of the calculated normal mode description for the
symmetric methine stretch (Figure 6), this mode should be rR
enhanced primarily upon excitation in resonance with electronic
transitions that cause large changes in electron density at C5,
C6, C14, and C15. The EDDM associated with the TDDFT-
computed excited state at 27 720 cm-1 reveals particularly large
electron-density changes at these four carbon atoms. Hence,
excitation in resonance with the corresponding transition in the
experimental spectrum (peak 8, Figure 5) should give rise to
strong rR enhancement of the symmetric methine stretch, which
is indeed the case (Figure 4, middle).

TDDFT-Assisted Spectral Assignments.In light of the fact
that the TDDFT-computed Abs spectrum for our Co1+Cbl model
agrees well with our Abs and rR spectroscopic data, it is
reasonable to use the DFT-computed MO descriptions as the
basis for assigning key spectral features in the experimental Abs
spectrum. Isosurface plots for the relevant frontier MOs of the
DFT-optimized, truncated Co1+Cbl model are shown in Figure
9.89 These MOs have been designated according to their
transformation behavior in the approximateC2V molecular point
group, with the pseudo-C2 axis oriented along the short axis
(defined here as thex-axis to preserve the d-orbital labels
commonly used for square planar complexes), they-axis
coinciding with the long axis, and thez-axis being perpendicular

(88) The TDDFT-computed Abs spectrum for the core of the complete Co1+-
Cbi model is nearly identical (Figure S5).

(89) Nearly identical results were obtained for the core of the complete Co1+-
Cbi model (Figure S13).

Figure 7. (Top) Abs spectrum of Co1+Cbl in a fluid 60:40 mixture of
glycerol and NH4Cl(aq) at 250 K. (Bottom) PBE TDDFT-computed Abs
spectrum and transition polarizations for the PBE DFT-optimized truncated
model of Co1+Cbl.

Figure 8. PBE TDDFT-computed EDDMs and polarizations for selected
electronic transitions, obtained using the PBE DFT-optimized truncated
model of Co1+Cbl. Gray/green indicate loss/gain of electron density.
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to the plane of the corrin ring. The relative energies of the five
Co 3d-based MOs are as expected for a nearly square planar
complex with a stronglyσ- and weaklyπ-donating tetradentate
ligand; i.e., the Co 3dx2y2-derived MO is lowest in energy because
it is essentially nonbonding, whereas the stronglyσ-antibonding
3dxy-derived MO is highest in energy and thus remains unoc-
cupied. Moreover, consistent with the “supernucleophilic” nature
of Co1+Cbl, our computations predict that the HOMO has
primarily Co 3dz2 orbital character.

The highest-energy corrinπ-based occupied MO, which we
designate corπ7 to specify that the corrinπ system contains 14
electrons distributed over seven different MOs (π1-π7), is nearly
1.5 eV lower in energy than the Co 3dxz-, 3dyz-, and 3dz2-based
orbitals. Because of this relative energy ordering of the occupied
frontier MOs and the fact that the three lowest-energy unoc-
cupied MOs are all corπ*-based (π8*-π10*), Co 3df cor π*
charge transfer (CT) transitions are expected to occur at lower
energies than corπ f cor π* and Co 3df Co 3d transitions.
However, to correlate individual features in the experimental

Abs spectrum with specific electronic transitions, a more detailed
analysis of the TDDFT results is required.

In the TDDFT approach, each electronic transition is ex-
pressed in terms of a linear combination of fractional one-
electron excitations (Table 4). In the approximateC2V molecular
point group, transitions from the ground state (A1 symmetry)
to excited states ofA1 and B2 symmetries are electric dipole
allowed for light polarized with the electric field vectorE
oriented along the corrin ring’s short and long axes, respectively.
Although transitions to excited states ofB1 symmetry are also
electric-dipole allowed, for light polarized withE oriented
perpendicular to the corrin ring plane, these transitions should
be much weaker because of the nearly planar structure of Co1+-
Cbl. Similarly, transitions to excited states ofA2 symmetry
should carry little Abs intensity because they are formally
electric-dipole forbidden.

The five lowest-energy TDDFT-computed transitions, which
occur between 9000 and 20 000 cm-1, primarily involve one-
electron excitations from the Co 3dxz-, 3dyz-, and 3dz2-based
occupied MOs to the corπ8*- andπ9*-derived unoccupied MOs
(Table 4) and, thus, formally correspond to Co 3df cor π*
CT transitions. However, as revealed by the corresponding

Figure 9. Isosurface plots of the PBE DFT-computed MOs, with the
approximateC2V symmetry labels and percent contributions from the Co
3d orbitals, for the PBE DFT-optimized truncated model of Co1+Cbl.

Table 4. PBE TDDFT-Computed Energies, Oscillator Strengths
(f), Dominant (>10%) One-Electron Excitations, Polarizations in
the Corrin Plane within 2° of Either the SA or LA of the Corrin
Ring, and Approximate C2v Symmetry Labels for the 15
Lowest-Energy Excited States of the PBE DFT-Optimized,
Truncated Model of Co1+Cbl

E(cm-1) f % donor acceptor notes peaka

9459 0.00006 96% dz2 cor π8* SA, A2

13 286 0.01523 91% dxz cor π8* LA, B 2 1

16 038 0.00057 94% dz2 cor π9* B1 3

16 248 0.01665 25% dxz cor π9* SA, A1 2
60% dyz cor π8*

18 243 0.01381 84% dyz cor π9* LA, B 2 4 or 5

21 335 0.00092 34% dx2-y2 cor π8*
17% corπ7 cor π8*
36% dz2 cor π10*

21 510 0.00013 19% dx2-y2 cor π8*
11% corπ7 cor π8*
60% dz2 cor π10*

23 877 0.00244 17% dx2-y2 cor π8* LA 4 or 5
28% corπ7 cor π8*
53% dxz cor π10*

24 978 0.02109 16% dxz cor π9* SA, A1 6
68% dyz cor π10*

25 182 0.00038 22% dx2-y2 cor π9* SA, B1

61% dyz dxy

27 720 0.02651 27% corπ6 cor π8* A 1 7 or 8
24% corπ7 cor π9*
12% dxz cor π9*

29 182 0.31067 25% corπ7 cor π8* LA, B 2 9
34% dxz cor π10*
18% dz2 dxy

29 925 0.00418 12% corπ6 cor π8*
14% dx2 cor π9*
25% dxz2 dxy

17% dz2 Co 4s

30 216 0.00198 17% corπ6 cor π8*
46% dxz dxy

30 506 0.11778 49% dz2 dxy LA, B2 10

a Assignments for the Gaussian-resolved peaks in the experimental Abs
spectrum (Figure 5).
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EDDMs (Figure 8), these transitions also possess substantial
cor π f π* character due to the covalent mixing between the
Co 3d and corrinπ/π* orbitals. By combining the information
gained from our spectral deconvolutions and rR excitation
profile analysis for Co1+Cbl (vide supra), a one-to-one correla-
tion between most of the TDDFT-predicted and experimentally
observed transitions in this region can be established, as
indicated in the last column of Table 4. Consistent with theC2V

selection rules outlined above, the SA and LA polarized
transitions to excited states of effectiveA1 andB2 symmetries,
respectively, are considerably more intense than transitions
involving B1 andA2 excited states. Nonetheless, thez-polarized
Co 3dz2 f cor π9* transition (B1 excited state) is likely
responsible for the appearance of peak 3, which is particularly
prominent in the CD spectrum of Co1+Cbl (Figure 5). Note that
the narrower width of peak 3 relative to the other features (Table
2) indicates that the corresponding excited state is less strongly
distorted, which is consistent with it being associated with a
transition originating from the Co 3dz2-based MO that has
insignificant orbital contributions from the corrin ring.

The next set of TDDFT-computed transitions, which span
the range from 20 000 to 25 000 cm-1, primarily involve one-
electron excitations from the Co 3dxz-, 3dyz-, and 3dz2-based
occupied MOs to the corπ10*-derived unoccupied MO, but also
possess varying amounts of Co 3dx2-y2fcor π8* CT character
(see Table 4 for details). Toward higher energy, the TDDFT-
computed transition at 27 720 cm-1 is likely responsible for
peak 7 or 8 in the experimental Co1+Cbl spectra (Figure 5).90

It is formally a corrin π f π* transition, with similar
contributions from the corπ6 f cor π8* and corπ7 f cor π9*
one-electron excitations (Table 4). The isosurface plots associ-
ated with these four corrinπ/π*-based MOs (Figure 9) suggest
that this transition will substantially weaken the C4‚‚‚C5‚‚‚C6

and C14‚‚‚C15‚‚‚C16 three-centerπ bonds, which provides a
rationale for the strong rR enhancement of the symmetric
methine stretch for laser excitation near peaks 7 and 8 (Figure
4, middle).

The TDDFT-predicted transition at 29 182 cm-1 has the
highest computed intensity of all transitions and is therefore
assigned to peak 9, which is the dominant contributor to the
experimental Abs spectrum (Figure 5). This transition primarily
involves the corπ7 f cor π8* and Co 3dxz f cor π10* one-
electron excitations, but also contains considerable Co 3dz2 f
Co 3dxy character (Table 4). This latter contribution is a direct
reflection of the large electronic reorganization at the Co center
that occurs in the corresponding excited state, which is
particularly evident from the computed EDDM associated with
this transition (Figure 8). Similarly, although the Co 3dz2 f Co
3dxy one-electron excitation is predicted to be the principal
contributor to the TDDFT-computed transition at 30 506 cm-1

(Table 4), which we assign to peak 10, the corresponding EDDM
(Figure 8) clearly shows that this transition actually has
predominant Co 3df corπ* CT character. In this case, a direct
analysis of the TDDFT results is misleading, because a large
number of additional one-electron excitations contribute to this
transition, albeit by less than 10%. In the corresponding EDDM,

all of these contributions are properly accounted for to reveal
the true nature of this transition.

IV. Discussion

Although the biologically active forms of vitamin B12,
AdoCbl and MeCbl,61 and their one-electron reduced derivative,
Co2+Cbl,62 have been studied extensively using a wide range
of spectroscopic and computational methods, the geometric and
electronic properties of the “superreduced” B12 cofactor, Co1+-
Cbl, have remained largely unexplored. In this study, we have
used a combination of complementary spectroscopic tools to
probe the ground and excited electronic states of Co1+Cbl. Our
Gaussian-deconvoluted Abs, CD, and MCD spectra, together
with our rR excitation profile data, have provided an excellent
framework for evaluating DFT and TDDFT electronic structure
calculations. Using the PBE density functional for both ground-
and excited-state computations, excellent agreement has been
achieved between the experimental and computed frequencies
of the corrin-based normal modes of vibration (Table 1 and
Figure 6) as well as between the experimental and computed
Abs spectra (Figure 7). Together, our spectroscopic and
computational studies provide significant new insight into the
geometric, vibrational, and electronic properties of the “su-
perreduced” B12 cofactor. Below, key findings from these studies
and their implications with respect to the reactivity of Co1+Cbl
are discussed, and spectroscopic trends along the series from
Co3+Cbls to Co2+Cbl and Co1+Cbl are explored.

Ground-State Properties of Co1+Cbl. Our DFT-based
geometry optimizations and thermodynamic analysis for the
coordination of a water molecule to our 4-coordinate Co1+Cbl
model, along with the TDDFT results discussed in the next
section, provide compelling evidence that the cobalt center in
Co1+Cbl is in a 4-coordinate, square-planar ligand environment.
According to DFT calculations, no stationary state exists for
5-coordinate Co1+Cbl with a Co-O bond, and the gas-phase
complex containing a weak Co-H bond lies∼2 kcal/mol higher
in energy than the separated species. Thus, in aqueous solution,
the axial H2O ligand is predicted to dissociate from the Co center
to participate in strong H-bonding with other solvent molecules.

In both DFT-optimized 4-coordinate Co1+Cbl models, the
average Co-N bond length is 1.87 Å (Table 3), in excellent
agreement with the experimental values of 1.86 and 1.88 Å
obtained in two independent EXAFS studies.8,9 The LA fold
along the C5‚‚‚C15 vector of 7.3° in the truncated Co1+Cbl model
(Table 3) is significantly smaller than observed in the crystal
structures of MeCbl and Co2+Cbl, 14.7° and 16.3°, respec-
tively.1,6 This fold angle is only slightly increased to 10.6° in
the complete Co1+Cbi model (Table 3), suggesting that the
planarity of our Co1+Cbl model is due to electronic factors rather
than the omission of the corrin ring side-chains. Presumably,
the corrin ring in Co1+Cbl adopts a relatively planar conforma-
tion to minimize the destabilization of the doubly occupied Co
3dz2 MO, an orbital that is formally unoccupied and only singly
occupied in MeCbl and Co2+Cbl, respectively.61,62

Our DFT-assisted assignments of the corrin-based normal
modes of vibration for Co1+Cbl (Figure 6) can be compared
with those established previously for MeCbl using the B3LYP
scaled quantum mechanical (SQM) method,91 as the conforma-

(90) The TDDFT-predicted transition energies for peaks 6-10 are overestimated
by 3000-3500 cm-1, which is probably due to the truncation scheme
employed in generating our Co1+Cbl model. Comparable deviations between
TDDFT-computed and experimental transition energies were noted in
previous studies of Co3+- and Co2+Cbl species using similarly truncated
cofactor models.

(91) Andruniow, T.; Zgierski, M. Z.; Kozlowski, P. M.J. Phys. Chem. A2002,
106, 1365-1373.
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tions of the corrin macrocycle are nearly identical for these two
species. This structural similarity is reflected in the close
resemblance of the 1400-1600 cm-1 region of the Co1+Cbl
and MeCbl Raman spectra,61 a region that is dominated by
corrin-based vibrational modes. The B3LYP SQM study of
MeCbl predicted two symmetric corrin stretching modes in this
energy window, at 1452 and 1497 cm-1, which correspond to
the SA and LA stretching modes of Co1+Cbl as revealed by
the close resemblance of the respective eigenvectors (Figure
6). In contrast, the symmetric and anti-symmetric methine
stretches identified here for Co1+Cbl, which involve the in-phase
and out-of-phase combinations of the C4‚‚‚C5‚‚‚C6 and C14‚‚‚
C15‚‚‚C16 stretching motions, respectively (Figure 6), do not have
any direct counterparts in the B3LYP SQM computed Raman
spectrum of MeCbl. Instead, in MeCbl, the C4‚‚‚C5‚‚‚C6 and
C14‚‚‚C15‚‚‚C16 stretching motions are uncoupled, which results
in two nearly degenerate, nontotally symmetric, normal modes.
Consequently, these modes are unable to couple to electronic
transitions, consistent with their insignificant enhancement in
rR spectra obtained for MeCbl.61

Excited-State Properties of Co1+Cbl. The key features in
the Co1+Cbl Abs spectrum had already been assigned on the
basis of B3LYP TDDFT and CASPT2 computations;58,60

however, these assignments were hampered by the fact that
much of the information obtained from the Gaussian deconvo-
lution of the Abs, CD, and MCD spectra performed in this work
(Figure 5, Table 2), as well as the polarization information from
the rR profile data (Figure 4), had not previously been available.
Inspection of the EDDMs associated with the dominant transi-
tions in the PBE TDDFT-computed Abs spectrum (Figure 8)
reveals that the four moderately intense features below 25 000
cm-1 in the experimental Co1+Cbl Abs spectrum (Figure 7) arise
from Co 3df corπ* CT transitions. Alternatively, the dominant
Abs band centered at 26 000 cm-1 originates from a transition
with predominant corπ f cor π* character, where the MOs
derived from the HOMO and LUMO of the free corrin ring
(corπ7 and corπ8*, respectively, Figure 9) serve as the principal
contributors. Qualitatively, these assignments agree well with
those proposed previously on the basis of a CASPT2 compu-
tational study.60 However, because the active space used in the
CASPT2 calculations did not include a number of important
frontier orbitals, the corresponding excited-state description is
somewhat incomplete.

Electronic Structure of Co1+Cbl. The good agreement
between our spectroscopic and computational results for Co1+-
Cbl strongly suggests that the closed-shell 3d8 singlet ground-
state description for this species, as obtained from a PBE DFT
calculation on our truncated Co1+Cbl model, is correct. In
particular, the close correspondence between the DFT-computed
and experimentally determined frequencies of the corrin-based
normal modes of vibration indicates that in Co1+Cbl the corrin
π system contains the same number of electrons as in Co2+

and Co3+corrinoids, namely 14. Additionally, much poorer
agreement would be achieved between our experimental and
TDDFT-computed Abs spectra if the computation yielded an
incorrect ground state wave function. Consequently, our ex-
perimentally validated electronic structure description for Co1+-
Cbl developed in this work eliminates the possibility that this
species possesses an open-shell antiferromagnetically coupled
Co 3d7/corrin radical ground state, which was proposed previ-

ously on the basis of DFT computations using the B3LYP hybrid
density functional.56 The discrepancy between the current PBE
results and the previous B3LYP results could be due to a number
of factors, but the most likely source is the fundamentally
different treatment of the exchange energy in the two methods.
This example highlights the importance of an experimental
validation of the results obtained using DFT methods, especially
when applied to a simplified model of a large molecule such as
the cobalamin cofactor.

The closed-shell 3d8 singlet ground-state electron configu-
ration for Co1+Cbl, as predicted by our PBE DFT computations,
provides an intuitively appealing explanation for the “supernu-
cleophilic” nature of this species.10,11 Specifically, the large
destabilization of the Co 3dz2-based HOMO relative to the other
filled MOs and its perpendicular orientation with respect to the
corrin macrocycle renders nucleophilic attack both electronically
and sterically facile. In enzymatic systems, it is conceivable
that tuning of Co1+Cbl’s nucleophilicity, through perturbation
of the energy of the 3dz2-based HOMO, could protect the enzyme
from deleterious side reactions, such as the attack of nonsubstrate
molecules including enzymatic residues, or, alternatively,
enhance the rate of nucleophilic attack on substrate (e.g., through
H bonding to the Co1+ center, which would stabilize the HOMO,
or by positioning an endogenous ligand in close proximity to
the Co1+ center, which would destabilize the HOMO). There-
fore, an important result from this work is that we have identified
a clear spectroscopic marker for any enzymatic tuning of the
energy of the 3dz2-based HOMO, and thus the nucleophilicity,
of Co1+Cbl in the form of band 3 (Figure 5, Table 2), which is
particularly prominent in the corresponding CD spectrum.92

Because the donor orbital involved in the electronic transition
responsible for band 3 possesses 94% Co 3dz2 orbital character
(Table 4), a blue-shift of this band will signify a stabilization
of the 3dz2-based HOMO and, thus, a decrease in the nucleo-
philic power of Co1+Cbl. Conversely, a red-shift of band 3 will
signify a destabilization of the HOMO and, thus, an increase
in the nucleophilicity of Co1+Cbl.

Implications for the Mechanism of Base-Off Co2+Cbl f
Co1+Cbl Conversion.Having validated our PBE DFT calcula-
tions for Co1+Cbl on the basis of our spectroscopic data, it is
now reasonable to use the same computational approach for
investigating mechanistic details for the reduction of base-off,
5-coordinate Co2+Cbl to 4-coordinate Co1+Cblsa reaction
catalyzed by a number of enzymatic systems, including MetH
and ATR.13-16,93A particularly intriguing aspect of this reaction
is that the in vivo reducing agents typically possess reduction
midpoint potentials that are considerably more positive than that
of the Co2+/1+ couple of unbound base-off Co2+Cbl (E° ) -500
mV).5

Two fundamentally different mechanisms for the reduction
of base-off, 5-coordinate Co2+Cbl to 4-coordinate Co1+Cbl can
be invoked; namely, one where Co2+ f Co1+ reduction precedes
the dissociation of the axially bound water molecule and the
other where dissociation of the axially bound water molecule
precedes Co2+ f Co1+ reduction (Figure 10). To assess the
feasibility of the first mechanism, we have performed a single-

(92) Note that band 3 occurs in a region where proteins are optically transparent,
thus ensuring that the nucleophilicity of enzyme-bound Co1+Cbl can be
probed at room temperature under physiologically relevant conditions.

(93) Jarrett, J. T.; Hoover, D. M.; Ludwig, M. L.; Matthews, R. G.Biochemistry
1998, 37, 12649-12658.
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point computation on a hypothetical 5-coordinate Co1+Cbl
species in which all atoms were kept at their DFT-optimized
positions obtained for the base-off, 5-coordinate Co2+Cbl model
(Co-OH2 bond of 2.35 Å). This species was found to be 18.6
kcal/mol higher in energy than separated 4-coordinate Co1+-
Cbl and H2O (Figure 10), strongly suggesting that formation
of a 5-coordinate Co1+Cbl intermediate during the enzymatic
conversion of Co2+Cbl to Co1+Cbl is energetically unfeasible.
In contrast, by destabilizing the Co2+Cbl reactant state via ligand
dissociation prior to reduction, as invoked in the second
mechanism, the overall reaction barrier remains unchanged, and
the thermodynamically challenging Co2+ f Co1+ reduction is
now separated into two biologically accessible steps. Col-
lectively, these results suggest that the conversion of base-off,
5-coordinate Co2+Cbl to 4-coordinate Co1+Cbl is energetically
accessible via formation of a 4-coordinate Co2+Cbl intermediate,
but not a 5-coordinate Co1+Cbl intermediate. It is, thus, not
surprising that effectively 4-coordinate Co2+Cbl species have
recently been observed for two members of the ATR family of
enzymes, where this mode of substrate activation has been
shown to correlate directly with a significant stabilization of
the redox-active Co 3dz2-based MO.20,94

Spectroscopic Trends within the Family of Corrinoids.The
results from this work, along with those obtained in our recent
spectroscopic and computational studies of Co3+ and Co2+-
corrinoids,61,62 provide an excellent framework for exploring
spectroscopic trends within this diverse family of cofactors.
Here, we focus on two particularly striking trends, one regarding
the vibrational features and the other concerning the Abs spectra
of corrinoids.

SA Stretching Mode. On the basis of our DFT-assisted
analysis of the rR spectra of Co1+Cbl, the frequency of the
corrin-based symmetric SA stretching mode (Figure 6, top)
decreases considerably with decreasing positive charge on the
Co center. This correlation between the frequency of the SA
stretch, and thus the strength of the corrinπ bonds oriented
along the short axis of the corrin ring, and the positive charge
on the Co center can be readily understood in terms of our PBE
DFT computed MO diagram for Co1+Cbl (Figure 9). Inspection
of the isosurface plots for the low-lying empty orbitals reveals
that the corπ*-based MOs possess substantial Co 3dxz and 3dyz

orbital character (MOs corπ8*-π10*, Figure 9), signifying
extensive mixing between the filled Co 3dxz and 3dyz orbitals

and the empty corπ* frontier orbitals, The extent of this Co 3d
f cor π* back-bonding is controlled by the energy separation
between the interacting orbitals and, therefore, increases from
Co3+Cbls (where the filled Co 3d orbitals are too low in energy
to engage in strong bonding interactions with the corπ* orbitals)
to Co2+Cbl and Co1+Cbl.

Although not directly obvious from the isosurface plots of
the cor π*-based MOs in Co1+Cbl (Figure 9), thisπ-back-
bonding apparently has a much greater effect on the frequency
of the SA stretch than it does on the frequency of the LA stretch
(vide supra). Importantly, regardless of Co oxidation state, the
SA stretching mode of corrinoids can be readily identified in
rR experiments by carrying out Hf D exchange at the C10

position of the cofactor. Hence, rR spectroscopy potentially
offers an excellent tool for probing changes in the positive
charge on the Co center (e.g., via modulation of the donor
strength of the axial ligand(s)) upon incorporation of the cofactor
into enzyme active sites. To date, the only enzymatic system
for which the SA stretching mode has been identified is the
AdoCbl-dependent glutamate mutase (GM).95 The SA stretching
mode of AdoCbl was shown to upshift by a mere 1 cm-1 upon
cofactor binding to the enzyme, despite the fact that this step
involves a ligand switch in the lower axial position from the
intramolecular DMB to a protein-derived His residue. Conse-
quently, this axial ligand switch appears to have negligible
effects on the electronic properties of the Co center, consistent
with the conclusions drawn from a recent Abs and MCD
spectroscopic study of GM.96

R-Band Transition. The most striking trend concerning the
electronic spectra of corrinoids is the blue-shift of the lowest
energy corπ f cor π* transition with decreasing formal
oxidation state of the Co center from MeCbl (17 870 cm-1) to
Co2+Cbl (21 050 cm-1) and, finally, to Co1+Cbl (25 700
cm-1).61,62 In each case, this transition primarily involves cor
π7 f cor π8* one-electron excitation (see Figure 9 for Co1+-
Cbl), corresponding to the HOMOf LUMO transition of the
metal-free corrin macrocycle. The energy of this transition,
which is responsible for the so-calledR/â-bands in the Abs
spectra of Co3+Cbls,61 is determined by two basic factors. First,
as noted previously,61 the donor MO for this transition (corre-
sponding to the corπ7 orbital of Co1+Cbl, Figure 9) becomes
increasingly more destabilized with increasingσ-donor strength
of the axial ligand(s). This relationship is particularly important
for the 6-coordinate Co3+Cbls, where theσ-donor strength of
the upper axial ligand (e.g., the methyl group in MeCbl) directly
controls the extent of theσ-antibonding interaction between the
Co center and the lower axial DMB ligand; hence, theR/â-
bands exhibit a progressive red-shift from, for example, H2-
OCblspossessing a very weakσ-donor in the upper axial
positionsto MeCbl. Second, the relative energy of the acceptor
MO for this transition (corresponding to the corπ8* orbital of
Co1+Cbl, Figure 9) increases with a decreasing formal oxidation
state of the Co center. This trend can be understood in terms of
the π-back-bonding interactions that exist between the filled
Co 3d and empty corπ* orbitals. Specifically, as the formal
Co oxidation state decreases from+3 to +2 and+1, the extent
of π-back-bonding from the filled Co 3dyzorbital into the LUMO

(94) Stich, T. A.; Buan, N. R.; Escalante-Semerena, J. C.; Brunold, T. C.J.
Am. Chem. Soc.2005, 127, 8710-8719.

(95) Huhta, M. S.; Chen, H.-P.; Hemann, C.; Hille, C. R.; Marsh, E. N. G.
Biochem. J.2001, 355, 131-137.

(96) Brooks, A. J.; Fox, C. C.; Marsh, E. N. G.; Vlasie, M.; Banerjee, R.;
Brunold, T. C.Biochemistry2005, 44, 15167-15181.

Figure 10. Semiquantitative reaction profile for the reduction of base-off,
5-coordinate Co2+Cbl (Co2+Cbl-OH2) to 4-coordinate Co1+Cbl for two
distinct mechanistic pathways. Solid line: reduction of Co2+Cbl to generate
Co1+Cbl-OH2 precedes the dissociation of the axially bound H2O molecule.
Dashed line: dissociation of the axially bound H2O molecule to form
4-coordinate Co2+Cbl (4-c Co2+Cbl) precedes the reduction to Co1+Cbl.
The overall reaction has an experimentally determined reduction potential
of -500 mV vs SHE.5
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of the corrinπ system increases and, thus, the unoccupied cor
π8*-based MO becomes increasingly more destabilized relative
to the filled corπ7-based MO. Consequently, theR-band exhibits
a steady blue-shift with decreasing positive charge on the Co
center, and the energy of this feature may therefore be used as
an experimental probe of the change in Co charge upon
incorporation of the cofactor into an enzyme active site.

Although it has been noted previously that the specific
combination of the Co ion and the corrin ring in MeCbl and
AdoCbl likely allow for the formation of a delicately tuned
source of a methyl cation and an Ado• radical, respectively,61

the spectroscopic trends discussed above provide additional clues
as to why the B12 cofactors consist of a cobalt ion coordinated
by a corrin macrocycle rather than a porphyrin ligand. Most
importantly, as revealed by the dowsnhift of the SA strechting
mode and the blue-shift of the lowest energy corπ f π*
transition with decreasing formal Co oxidation state, the corrin
ring possesses emptyπ* orbitals that are sufficiently low in
energy to allow for substantialπ-back-bonding from the filled
Co 3d orbitals. Consequently, the Co2+/Co1+ redox couple falls
within the physiologically accessible range, thus permitting
methyl-transfer reactions and AdoCbl biosynthesis via formation
of the Co1+Cbl “supernucleophile” to occur. Alternatively, being
a monoanionic ligand, the corrin macorcycle remains a suf-

ficiently strongσ-donor to allow access to the Co3+ oxidation
state. Specifically, as evidenced by the large variation in the
peak positions of theR/â-bands in the Abs spectra of Co3+-
Cbls, the formally unoccupied Co 3dz2 orbital contributes
substantially to the corπ-based HOMO in these species,
indicating that the extent of corπ f Co3+ 3d charge donation
must be quite significant.
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