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Abstract: This article illustrates how the combined computational/spectroscopic methodology used in our studies
of metal centers in proteins and cofactors can be applied to vitamin B,, and its biologically relevant derivatives.
The B,, cofactors have long fascinated chemists because of their complex structures and unusual reactivities in
biological systems; however, their electronic absorption (Abs) spectra have remained largely unassigned. In this
study, Abs, circular dichroism (CD), magnetic CD (MCD), and resonance Raman spectroscopic techniques are used
to probe the electronic excited states of various Co3*Cbl species that differ with respect to their upper axial ligand.
Spectroscopic data for each species are analyzed within the framework of time-dependent density functional the-
ory (TD-DFT) to assign the major spectral features and to generate experimentally validated bonding descriptions.

A simple model is presented that explains why the identity of the upper axial ligand has a major effect on the Co-N

ax

bond strength, whereas the lower axial ligand does not appreciably modulate the nature of the Co-C bond. Impli-
cations of these results with respect to enzymatic Co-C bond activation are discussed.
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1. Introduction

The B,, cofactors methylcobalamin
(MeCbl) and 5’-deoxyadenosylcobalamin
(AdoCbl) have long fascinated chemists
with their complex structures (Fig. 1) and
unusual reactivities in biological systems
[2—6]. Cobalamins possess a low-spin Co*
center ligated equatorially by the four ni-
trogens of a highly substituted macrocycle
(the corrin ring) and axially coordinated by
a nitrogen from the tethered base 5,6-di-
methylbenzimidazole (DMB) [7]. A wide
range of ligands can occupy the upper axi-
al position, such as CN, H,0, Me, and Ado;
however, only MeCbl and AdoCbl are en-
zymatically competent [8][9]. The MeCbl-
dependent enzymes catalyze methyl-trans-
fer reactions through heterolytic cleavage
of the cofactor’s Co—C bond, yielding a pro-
tein-bound Co!*Cbl species [10-12]. Alter-
natively, enzymes utilizing AdoCbl cat-
alyze radical-induced rearrangement reac-
tions via homolytic cleavage of the Co—C
bond to produce Co**Cbl and an organic
radical centered on the 5°-carbon of the Ado
moiety [9][13-17]. This Ado® radical then
serves to abstract a hydrogen atom from
substrate as the first step in a protein-medi-
ated substrate rearrangement reaction.
B,,-dependent enzymes activate the

organometallic Co—C bond to a spectacular
degree; a rate enhancement for bond ho-
molysis by as much as 12 orders of magni-
tude has been reported for some enzymes
[18-21].

Despite extensive studies of the B, co-
factors, fundamental questions regarding
their electronic properties and reactivities
remain largely unanswered. Electronic ab-
sorption (Abs) and circular dichroism (CD)
spectroscopic techniques have been used
extensively to probe changes in the geo-
metric and electronic properties of the co-
factor upon protein binding [22-24], but the
lack of a suitable theoretical framework
within which to interpret these changes
greatly limited progress toward elucidation
of enzymatic Co—C bond activation mecha-
nisms on the basis of spectroscopic data.

A ‘typical’ Co>*Cbl Abs spectrum (Fig.
2, top) is dominated by two features, the so-
called o/f bands in the visible spectral
region and the y band in the UV. Several
additional, considerably weaker features
termed D and E bands are sometimes ob-
served between the o/f and y bands, the ori-
gin of which remained controversial. Such
‘typical’ Abs spectra are observed for near-
ly all Co>*Cbl species, such as vitamin B,
(cyanocobalamin, CNCbl) and aquacobal-
amin (H,OCbl*), in which the upper axial
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Fig. 1. Chemical structure and numbering scheme for Co3+Cbls,
where X indicates the upper axial ligand. Reprinted with permission
from [1]. Copyright 2003 American Chemical Society.

position is occupied by cyanide and water
molecules, respectively (Fig. 1) [23][25]. In
contrast, alkylcobalamins, such as MeCbl
and AdoCbl, exhibit ‘unique’ Abs spectra
that differ from ‘typical’ spectra in several
ways (Fig. 2, top and bottom). Most strik-
ingly, the intensity of the y band in the
‘unique’ spectra is redistributed over sever-
al similarly intense transitions in the UV
spectral region. The fact that the Co’*Cbl
Abs spectrum varies as a function of the
‘upper’ axial ligand even though it is domi-
nated by corrin Tt — t* transitions suggests
that the axial ligands and the corrin macro-
cycle are electronically coupled; however,
the mechanism by which this coupling oc-
curs remained largely unexplored.

This article, which is based on a recent
publication from our laboratory [1], illus-
trates how the combined spectroscopic/com-
putational methodology used in our research
can be applied to vitamin B, and its biolog-
ically relevant derivatives. Abs, CD, magnet-
ic CD (MCD), and resonance Raman (RR)
spectroscopic data are presented for a repre-
sentative set of Co>*Cbl species whose upper
axial ligands span the spectrochemical series,
including MeCbl, AdoCbl, CNCbI, and
H,OCbI*. Spectroscopic data are analyzed
within the framework of time-dependent
density functional theory (TD-DFT) to as-
sign key electronic transitions and to gener-
ate quantitative bonding descriptions. These
studies permit detailed insight into the factors
that distinguish Co>*Cbls exhibiting a ‘typi-
cal’ Abs spectrum from those displaying a

Fig. 2. Room temperature Abs spectra for aqueous solutions of
CNCbl (top) and AdoCbl (bottom). Band designations are indicated in
the ‘typical’ CNCbl Abs spectrum. Reprinted with permission from

[1]. Copyright 2003 American Chemical Society.

‘unique’ spectrum and afford a simple model
that explains why the identity of the upper ax-
ial ligand has a major effect on the Co-N,
bond strength, whereas the lower axial ligand
does not appreciably modulate the nature of
the Co—C bond.

2. Spectroscopic/Computational
Methodology

The combined spectroscopic/computa-
tional methodology employed in our re-
search on metal centers in proteins and co-
factors is based largely on the pioneering
work of Solomon and coworkers [26][27].
The Table provides an overview of the
methods used in our laboratory and the in-
sights they provide into geometric and elec-
tronic structure. Several recent develop-
ments have been crucial to the success of
our research; e.g. the vast improvements in
computer technology that now permit DFT
calculations to be performed on realistic ac-
tive-site and cofactor models and the estab-
lishment of a theoretical framework by
Neese and Solomon for the quantitative
analysis of VTVH-MCD data for systems
with spin S=1/2 (Table) [28].

3. Results and Analysis

3.1. Spectroscopic Data
3.1.1. Abs, CD, and MCD

Fig. 3 shows Abs, CD, and MCD spec-
tra of three different Co3*Cbl species, in-

cluding MeCbl, H,OCbl*, and CNCbl (vi-
tamin B ,) [1]. Consistent with the diamag-
netic ground state of Co>*Cbls (i.e. the Co>*
center has a low-spin 3d° electron configu-
ration), all features in the MCD spectra of
Fig. 3 were found to be temperature inde-
pendent.

H,OCbl*: The Abs spectrum of
H,OCbl* (Fig. 3B, top) shows the three sets
of bands that characterize a ‘typical’
Co**Cbl spectrum: the o/p bands previous-
ly assigned as the origin and a vibrational
sideband of the corrin-based HOMO —
LUMO (i.e. m — ) transition polarized
along the long axis of the corrin macrocy-
cle (C3+C! vector, Fig. 1) [25][29]; the
D/E bands that are relatively well resolved
for this particular species; and the y band at-
tributed to a corrin ;t — 7t* transition polar-
ized along the short corrin axis (Co--C!0
vector) [25][29]. The a/p region of the CD
spectrum (Fig. 3B, center) exhibits one
band of large negative intensity that coin-
cides with the o band in the Abs spectrum
and several weak features of positive inten-
sity, one of which occurs at lower energy
than the o band. In the MCD spectrum (Fig.
3B, bottom) a single weak feature is ob-
served in this region that coincides with the
o band. The D/E bands coincide with the
two negative features in the corresponding
region of the MCD spectrum, whereas in
the CD spectrum two relatively intense fea-
tures that are offset relative to the D/E
bands (and, thus, must be associated with
different electronic transitions) are ob-
served in this region. Lastly, the y region of
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Table. Overview of spectroscopic and computational methods employed in our bioinorganic

research?
Method

Ground State

Electron Paramagnetic
Resonance (EPR)

Variable-temperature/varia-
ble-field Magnetic Circular
Dichroism (VTVH MCD)

Resonance Raman (RR)

Excited States

Electronic Absorption (Abs)

Circular Dichroism (CD)

Magnetic CD (MCD)

Computations

Density Functional Theory

(DFT)

Time-dependent (TD) DFT

Semi-empirical INDO/S-CI

Obtainable Parameters

g values; axial (D) and rhombic (E)
zero-field splittings (ZFS)

Hyperfine couplings

g values; ZFS parameters

Transition polarizations

Vibrational frequencies

Isotope shifts

Transition energies and intensities
(oscillator strengths)

Band shapes

Transition energies and intensities
(rotational strengths)

Transition energies and intensities
(A, B, and C terms)

C/D ratio (<MCD/Abs intensity)

Energy-minimized metric
parameters

Molecular orbital (MO) energies
and compositions

Predicted transition energies and
Abs intensities

Predicted Spin Hamiltonian
parameters (g values, D, and E)
and transition energies and
Abs intensities

Information Content

Spin of ground state; ligand field
(LF) splittings of metal 3d orbitals
and their relative covalencies

Spin distribution within molecule
See EPR above
Identification of ligand(s) involved
in charge transfer (CT) transitions
Force constants

Band assignments; binding
mode of exogenous ligands

LF splittings of metal 3d orbitals;
metal-ligand bond covalencies;
relative energies of metal/ligand
orbitals

Excited-state distortions

Same as Abs; resolution of over-
lapping bands in Abs spectrum,
magnetic-dipole character of
transition

Same as Abs; resolution of over-
lapping Abs bands, nature of
excited states

Metal character in transition

Structures and energies of hypo-
thetical active-site models

Quantitative bonding description

Aids in evaluating hypothetical
active-site models

Same as TD-DFT

4See [26] and [27] for excellent reviews of the spectroscopic methods typically employed in

bioinorganic research.

the CD spectrum contains contributions
from at least two transitions, as evidenced
by the presence of two positive CD features
in this region.

CNCbI: The Abs, CD, and MCD spectra
of CNCblI (Fig. 3C) exhibit the same basic
features as those of HZOCbl+; however,
with several subtle differences. The o band
is red-shifted by 760 cm™! to 18080 cm™!,
and there is no indication for the presence
of a low-energy feature similar to the one
observed in the H,OCbl* CD spectrum
(Fig. 3B and 3C, center). The y region again

reveals the presence of at least two elec-
tronic transitions, giving rise to the very in-
tense Abs band with a well-developed
shoulder on its high-energy side, which is
red-shifted by 880 cm™! with respect to the
y band in the H,OCbI* spectra (Fig. 3B and
30).

MeCbl: The dominant features in the
‘unique’ Abs spectrum of MeCbl (Fig. 3A,
top) can be similarly classified as those ob-
served in a ‘typical’ Cbl Abs spectrum;
however, key differences exist that allow
for experimental insight into the effects of
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the upper axial ligand on the corrinoid elec-
tronic structure. Importantly, the presence
of the derivative-shaped features in the o/}
region of the CD and MCD spectra (Fig.
3A, center and bottom) suggests that the
prominent shoulder on the high-energy side
of the B band in the MeCbl Abs spectrum
(Fig. 3A, top) corresponds to the origin of
another electronic transition. Hence, the
a/p region of the Abs spectrum differs from
that of ‘typical’ Co>*Cbl spectra in that a
second relatively intense electronic transi-
tion contributes to the Abs spectrum. How-
ever, the most unique aspect of the MeCbl
Abs spectrum is that the intensity of the y
band is redistributed over three partially re-
solved features in the UV region that carry
similar intensities. Thus the number of elec-
tronic transitions in the y region, similar to
the o/ region, also increases from the ‘typ-
ical’ to ‘unique’ Co*Cbl spectra.

3.1.2. RR Data

Fig. 4 shows resonance Raman (RR)
spectra of H,OCbl* and MeCbl obtained
with 514.5 nm (19436 cm™!) laser excita-
tion. Despite the fact that the two species
exhibit markedly different electronic Abs,
CD, and MCD spectra (Fig. 3), their RR
spectra are strikingly similar. In both cases
the dominant features are due primarily to
corrin-based vibrations, with the most in-
tense band at ~1500 cm™! corresponding to
the long-axis polarized corrin mode v; , de-
picted schematically in the inset of Fig. 4.
This similarity indicates that substitution of
the water ligand in H,OCbl* by a methyl
group in MeCbl does not drastically alter
intra-corrin bonding. Intriguingly, however,
the 514.5-nm excited RR spectrum of
MeCbl exhibits an additional band of sig-
nificant intensity at 505 cm™!, previously
attributed to the Co-C stretching mode
Veo.c [30][31]. Enhancement of this mode
upon excitation in resonance with a corrin-
based m — m* transition provides further
evidence that the & system of the corrin
macrocycle and the Co—C bond are elec-
tronically coupled.

3.2. Spectral Analysis

The Abs, CD, and MCD spectra pre-
sented in Fig. 3 were iteratively fit with the
fewest possible number of Gaussian bands
to resolve the major electronic transitions
contributing to the Abs spectrum of each
Co3*Cbl species investigated [1]. The re-
sults obtained from Gaussian deconvolu-
tions of the spectra of H,OCbl*, a represen-
tative example of a Co**Cbl species ex-
hibiting a ‘typical’ Abs spectrum, and
MeCbl, representative of Co>*Cbl species
displaying a ‘unique’ Abs spectrum, are
shown in Fig. 5. While a detailed discussion
of the results obtained from this analysis is
beyond the scope of this article, the fits are
shown here to demonstrate the complemen-
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Fig. 3. Absorption (top), CD (center), and 7 T MCD (bottom) spectra recorded at 4.5 K of MeCbl (A), H,OCbl* (B), and CNCbl (C). Band desig-
nations are given for H,OCbl*. Reprinted with permission from [1]. Copyright 2003 American Chemical Society.

tary nature of Abs, CD, and MCD data.
Clearly, it would be unreasonable to claim
that 13 electronic transitions contribute to
the spectral region between 15000 and
33000 cm™! based solely on an analysis of
the Abs spectrum. However, the fact that the
intensities of electronic transitions are gov-
erned by different selection rules in Abs,
CD, and MCD spectra typically allows
electronic transitions that are too weak to be

observed by one technique to be probed us-
ing one of the other two methods [26][27].
Knowledge of the exact number of elec-
tronic transitions contributing to the Abs
spectrum of the species under investigation
is crucial, as this information provides an
excellent foundation for the rigorous evalu-
ation of computations aimed at generating
quantitative bonding descriptions (vide in-

fra).
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Fig. 4. RR spectra at 77 K of H,OCbl* (A) and MeCbl (B) obtained with 514.5-nm excitation.
Insets: Normal mode descriptions and polarizations of v , (left) and vg, (right). Reprinted with
permission from [1]. Copyright 2003 American Chemical Society.

3.3. Computational Data

A number of computational studies of
Co3*Cbls have been reported in the recent
past, most of which employed the DFT
method and relied on the success of geom-
etry optimizations to validate the methodol-
ogy used [32-34]. However, this approach
has the inherent disadvantage that errors are
necessarily introduced by using simplified
Co3*Cbl models (note that despite signifi-
cant recent advances in computer technolo-
gy, treatment of the entire Co3*Cbl cofactor
at the DFT level is still unfeasible). Instead,
we generated our Co**Cbl models based on
high-resolution X-ray structures [35-37]
and used our spectroscopic data in conjunc-
tion with the TD-DFT method [38-40] to
validate the calculated bonding descrip-
tions [1]. In this evaluation process, a series
of TD-DFT calculations were performed on
various cofactor models with a variety of
functionals and basis sets to find the com-
bination that yielded the best overall agree-
ment between experimental and calculated
Abs spectra of H2OCbl+, CNCbl, and
MeCbl. While qualitatively similar results
were obtained using pure DFT functionals,
the B3LYP hybrid functional [41-43]
proved most successful in this study as it
compensates for the tendency of DFT to
overestimate covalent contributions to met-
al-ligand bonding. To facilitate comparison
with our spectroscopic data, TD-DFT com-
puted transition energies and oscillator
strengths were used to simulate Abs spectra
assuming that each electronic transition
gives rise to a Gaussian band of uniform
width. Fig. 6 shows that the agreement be-
tween calculated and experimental Abs



AWARDS AND HONORS SCS 2003

190

]

w
T

l\)I
o
&
o

+

-

20+

E 12

=10 3
0 Abs

2204

_‘O

S 107 ep

E 0 ~M'

7 MeCbl

25000
Encrgy [em™]

Fig. 5. Solid lines: 4.5 K Abs, CD, and 7 T MCD spectra of H,OCbl* (top 3 panels) and MeCbl
(bottom 3 panels). Dotted lines: Gaussian deconvolutions of the experimental spectra. Note
that bands 1, 6, and 9 observed in the CD and MCD spectra of H,OCbl* do not appreciably
contribute to the Abs spectrum. Reprinted with permission from [1]. Copyright 2003 American

Chemical Society.

CHIMIA 2004, 58, No. 4

spectra for all Co>*Cbl species investigated
is quite remarkable.

H,OCbl* and CNCb: For H,OCbI* and
CNCbl, our TD-DFT calculations predict
one intense electronic transition in the visi-
ble spectral region that is polarized along
the C>--C!3 vector of the corrin ring (Fig. 1)
and one very intense transition in the UV
that is polarized along Co--C'? vector. Thus
the calculations almost quantitatively re-
produce the main characteristics of the
electronic transitions responsible for the
a/f bands and the y band of ‘typical’ Abs
spectra (Fig. 6A and 6B). Additional transi-
tions carrying lower intensities are predict-
ed near 25000 cm! where the D and E
bands are observed in the experimental Abs
spectra. Remarkably, the calculation on the
H,OCbl* model also successfully repro-
duces the weak transition that gives rise to
the positive feature on the low-energy side
of the a band in the experimental CD spec-
trum (band 1 in Fig. 5, top).

MeCbl: Our TD-DFT computation on
the MeCbl model (Fig. 6C) suggests the
presence of two intense features in the o/f3
region of ‘unique’ Co’*Cbl Abs spectra,
consistent with the results from the Gauss-
ian deconvolutions of our experimental
spectra (bands 1/2 and 3/4 in Fig. 5, bot-
tom). Significantly, our TD-DFT calcula-
tions also successfully reproduce the dra-
matic changes in the y region of the
Co3*Cbl Abs spectrum upon substitution of
the upper axial ligand by an alkyl group.
The calculated ‘unique’ Abs spectrum of
MeCbl shows multiple bands of similar in-
tensities in the UV region where the single
intense y band is predicted (and observed,
see Fig. 3) in ‘typical’ Co**Cbl spectra.

3.4. Spectral Assignments

As space limitations preclude a detailed
discussion of band assignments that
emerged from these studies [1], a brief sum-
mary of our general strategy that we typi-
cally follow to assign key spectral features
is given instead. First, the full range of spec-
troscopic techniques available in our labo-
ratory (Table) is used to experimentally
probe the electronic structure of the metal
center of interest (as outlined in section
3.1.). Next, a careful spectral analysis is
carried out to resolve, and tentatively as-
sign, the major electronic transitions (see
section 3.2.). In the following step, compu-
tational models are generated and evaluated
on the basis of the spectroscopic data and
the findings from the corresponding spec-
tral analysis (section 3.3.). Once satisfacto-
ry agreement between all calculated and ex-
perimental parameters is achieved, indicat-
ing that the computed electronic structure
description is reasonable, meaningful band
assignments can be made based on the com-
putational results. In the present case, the
fact that our TD-DFT computed Abs spec-
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parison with the experimental data. The transitions producing the dominant contributions to
the calculated spectra are indicated by solid lines (the corresponding oscillator strengths are
given on the right-hand axis). Reprinted with permission from [1]. Copyright 2003 American

Chemical Society.

tra for HZOCbl+, CNCbl, and MeCbl repro-
duce all essential features observed in the
corresponding experimental data and prop-
erly predict the obvious experimental
trends (such as the correlated shifts of the
a/p and y bands and the intensity redistrib-
ution in the y region as a function of the up-
per axial ligand) permitted us to use the
DFT calculated MO descriptions as the ba-
sis for assigning the relevant spectral fea-
tures in both the ‘typical’ and the ‘unique’
Abs spectra of Co’*Cbls. These assign-
ments are briefly summarized below.

4. Discussion
Spectroscopic data of corrinoids report-

ed in the literature are abundant. However,
despite numerous decades of intensive in-

vestigations of the B, cofactors MeCbl and
AdoCbl, their ‘unique’ Abs spectra re-
mained largely unassigned [25]. Likewise,
geometric and electronic factors distin-
guishing Co3*Cbl species exhibiting “typi-
cal’ Abs spectra from those displaying
‘unique’ Abs spectra had yet to be explored.
To address these issues, we have developed
a combined spectroscopic/computational
methodology to probe the ground and ex-
cited electronic states of representative
Co3*Cbl species exhibiting ‘typical’ and
‘unique’ Abs spectra [1]. Below, key find-
ings from these studies are briefly dis-
cussed and their implications for biological
Co-C bond activation are explored.
Co**Cbl Species Exhibiting ‘Typical’
Abs Spectra: Our TD-DFT-assisted analy-
sis of the ‘typical’ H,OCbl* and CNCbl Abs
spectra (Fig. 3) reveals that the o and f
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bands correspond to the electronic origin
and the first member of a progression in vy ,
(depicted in the inset of Fig. 4) associated
with the corrin-based HOMO — LUMO
transition that is polarized along the
C3--C15 vector (Fig. 1). The most intense
transition in the D/E region is assigned to a
corrin-based w — w* transition from the
HOMO-1 to the LUMO. Lastly, the single
intense transition responsible for the promi-
nent y band in these spectra is also attrib-
uted to a corrin-based w — x* transition
originating from the HOMO. The primary
acceptor orbital in this transition is a corrin
mt* orbital that has the same symmetry as
the HOMO with respect to the approximate
C, mirror plane of the corrin macrocycle
(Fig. 1), which results in a transition mo-
ment that is oriented roughly along the
CoC' vector.

As cyanide is a much stronger o-donor
than a water molecule, our DFT calcula-
tions predict that the Co 3d22-based MO is
considerably raised in energy in CNCbl rel-
ative to H,OCbl*, consistent with the ~1.42
V lower reduction midpoint potential of the
former [44][45]. Additionally, the contribu-
tion from the formally unoccupied Co 3d,»
orbital to the corrin-based HOMO increas-
es from 0.2% in H,OCbl* to 1.5% in
CNCbl. This partial population of the Co
3d,> orbital induces a strong o-antibonding
interaction between the cobalt and the co-
ordinated nitrogen of the lower axial base
(N,,), thereby raising the energy of the HO-
MO and lowering the energies of electron-
ic transitions originating from this orbital.
Thus our DFT calculations afford an intu-
itively appealing model for explaining the
long-established trend that the o/f and y
bands in ‘typical’ Co3*Cbl Abs spectra uni-
formly shift to lower energy with increasing
o-donor strength of the upper axial ligand
[25].

Co>*Cbl Species Exhibiting “Unique”
Abs Spectra: Binding of an alkyl ligand in
the upper axial position of Co3*Cbls, as in
MeCbl and AdoCbl, results in the appear-
ance of a significantly perturbed, ‘unique’
Co3*Cbl Abs spectrum (Fig. 3). Our DFT
computations on MeCbl indicate that these
spectral changes reflect the increased o-
donor strength of the alkyl ligand and the
consequent destabilization of all Co 3d or-
bitals. As a result, the occupied Co 3d or-
bitals of MeCbl and, presumably, alkyl-
cobalamins in general, shift close in energy
to the HOMO, which gives rise to (i) a net
increase in the number of donor MOs avail-
able for electronic transitions and (ii) ex-
tensive mixing between Co 3d and corrin 7t
orbitals. It is the combination of these two
effects that is responsible for the ‘unique’
Abs spectra of alkylcobalamins.

The greater o-donor strength of the up-
per axial ligand in MeCbl compared to
CNCbl and H,OCbI* leads to a further in-
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crease in Co 3d> orbital character in the
corrin-based HOMO to 6.7%, thereby in-
ducing an even stronger Co-N, o-anti-
bonding interaction. As a result, the DFT
calculated Co-N_, bond order decreases
from 0.65 in H,OCbl* to 0.42 in CNCbl and
0.35 in MeCbl. These values correlate nice-
ly with the experimental Co-N,, bond
lengths that increase from 1.925 A in
H,OCbl*[37]t02.041 A in CNCbI [35] and
2.162 A in MeCbl [35]. Consequently, the
model used to explain shifts in the o band
position can also be invoked to rationalize
the observed lengthening of the Co-IN_,,
bond with increasingly stronger o-donors
in the upper axial position [46].

Nature of the Co-C Bond and Implica-
tions for Co—C Bond Activation: The mech-
anism by which MeCbl- and AdoCbl-de-
pendent enzymes activate the cofactor’s
Co—C bond to produce a methyl cation and
an Ado° radical, respectively, is an enduring
subject of intense research [20][28]
[47-50]. Our DFT-generated electronic-
structure description for MeCbl indicates
that the Co-CHj, bond is very covalent, as
revealed by the large methyl C 2p, orbital
character of 22% in the unoccupied Co
3d »-based MO. Since the methyl C 2p -de-
rived occupied counterpart (i.e. the Co—-C
o-bonding MO) is in close energetic prox-
imity to the corrin-based HOMO, these two
MOs are strongly mixed. Consequently, the

HOMO of MeCbl exhibits substantial
Co-C o-bonding character, thus potentially
offering the opportunity to modulate the
properties of the organometallic bond
through corrin ring deformations. However,
because this electronic coupling only in-
volves weak m-interactions, conformational
changes of the corrin macrocycle are not
expected to perturb the Co-CH, bond to
any significant degree.

A puzzling and previously poorly un-
derstood result from earlier studies of
Co3*corrinoids is that while the identity of
the upper axial ligand has a great effect on
the Co-N_, bond strength, the lower axial
ligand does not appreciably modulate the
Co-C bond strength. Significantly, our
DFT computations also provide a simple
explanation for this phenomenon, summa-
rized pictorially by the qualitative MO dia-
gram in Fig. 7. While substitution of the up-
per axial ligand from H,OCbl* to MeCbl
induces a substantial Co-N, o-antibond-
ing interaction and, consequently, a weak-
ening of this bond, replacement of the low-
er axial DMB ligand of MeCbl by a water
molecule in methylcobinamide (MeCbi*)
has virtually no effect on the Co—C bond
(i.e. the bond order does not change, as both
occupied MOs are o-bonding with respect
to the Co—C bond). In support of this mod-
el, RR experiments by Spiro and coworkers
revealed that the Co—C bond strengths in
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Fig. 7. Qualitative correlation diagram describing the bonding interactions between the cobalt
center and the axial ligands in H,OCbl* (left), MeCbl (center), and MeCbi* (right). Reprinted
with permission from [1]. Copyright 2003 American Chemical Society.
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MeCbl and MeCbi* are virtually identical
[30][31].

These results have important implica-
tions with respect to possible Co—C bond
activation mechanisms employed by B,-
dependent enzymes, as they argue strongly
against models invoking involvement of the
lower axial ligand. For such a mechanism to
be operative, it would be necessary for the
o-donor strength of the lower axial ligand
to exceed that of the alkyl ligand, in which
case the central MO of MeCbl in Fig. 7
would become o-antibonding with respect
to the Co—C bond (rather than the Co-N,,
bond). However, this possibility can be
ruled out since X-ray structural data of B ,-
dependent enzymes reveal that the lower
axial position is occupied by either the
DMB or a histidine residue, both of which
are considerably weaker o-donors than
alkyl ligands. Consequently, as more results
become available, it seems less and less
likely that enzymatic Co—C bond activation
involves corrin ring deformation and/or
electronic perturbations induced by the
lower axial ligand. Rather, a mechanism in-
voking stabilization of the Co-C bond
cleavage products; i.e. the Co!*Cbl species
and the Co’*Cbl/Ado" radical pair in the
case of MeCbl and AdoCbl dependent en-
zymes, respectively, seems more plausible
[51].
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