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bstract

In this manuscript we review our recent work on the structure and dynamics of iron and cobalt complexes with macrocyclic ligands using ab initio
olecular dynamics (AIMD). AIMD techniques are used to analyze the short time scale dynamics of these complexes, helping to understand the

esults obtained by experimental methods with larger time resolution. Firstly, the case of the iron–oxygen bond in myoglobin (Mb) and hemoglobin

Hb), as well as its cobalt analogues, will be discussed. Secondly, we will focus on the B12 coenzyme and its organocobaloxime derivatives. The
imulations grasp the role played by temperature on the dynamics of ligands (the FeO2 and CoO2 moieties in heme models and the bridging
H· · ·O protons in organocobaloxime crystals), clarifying problems related to average structures and underscoring the need to perform dynamical

imulations.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Cobalt and iron are present in a variety of biological structures
n which the metal atom is part of a macrocycle such as porphyrin
nd corrin (Fig. 1). They have also received considerable atten-

ion for some time, owing to their spectral signatures as well
s their rich ligand substitution and redox chemistry [1]. Two
f the most studied biological systems based on iron and cobalt
acrocycles are hemeproteins and B12-dependent enzymes.

mailto:crovira@pcb.ub.es
dx.doi.org/10.1016/j.ccr.2007.10.022
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Fig. 2. Structure of CoMbO2 (PDB entry 1YOI). There is a covalent bond
between the heme iron and the nitrogen atom of the His93 residue (proximal
histidine). H-atoms are not shown, dashed N –O lines indicate N –H· · ·O
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ig. 1. (a) Me-porphyrin (Me = iron, cobalt), (b) cobalt-corrin and (c) cobalt-
isdimethylglyoxime.

Hemeproteins play an important role in oxygen transport and
torage (hemoglobin and myoglobin), catalysis of the decom-
osition of toxic species (catalases and peroxidases), electron
ransport (cytochromes) and signaling processes (guanylate
yclase), among others. The efficiency of these processes relies
n the electronic properties of the versatile heme active cen-
er (Fig. 2), which dictates its reactivity and ligand-binding
roperties. The oxygen-carrying proteins, hemoglobin (Hb) and
yoglobin (Mb), have often been used as examples of protein

onformation, dynamics, and function [2]. Their structure is
nown nowadays with atomic resolution and the kinetics of lig-
nd binding and recombination are studied in detail [3]. One
f the major questions in the research on Hb and Mb is how
he protein discriminates against the binding of endogenous lig-
nds such as CO, i.e. the fact that the CO/O2 ligand affinity
atio between decreases by three orders of magnitude in the pro-
ein compared to synthetic heme analogues [4]. It was believed
arly that steric factors (i.e. protein-induced distortion of the
e–CO angle with respect to the linearity) were the origin of this
iscrimination. However, during the last years a number of inves-
igations, mainly X-ray, kinetic, thermodynamic, spectroscopic,
nd theoretical techniques have challenged this interpretation
see Refs. [5–8] for recent reviews). Most authors now accept

hat the binding of O2 is favored by hydrogen bonding with the
istal His (His64 in Fig. 2) [9–12], as found early in neutron and
-ray diffraction measurements in MbO2 and HbO2 [13,14].
rystal structures, however, give a static position of the ligand,

s
n
c
i

� (t,b) � (t,b)

ydrogen bonding interaction. Reproduced from Ref. [23], with permission of
he copyright holders.

nd its dynamical motion is only known in an indirect way. For
nstance, the fact that the local structure of the FeO2 fragment
iffers significantly among different structures is indicative of a
igh flexibility of the FeO2 unit. Even if the most recent crys-
al structure of HbO2 (PDB entry 2DN1, at 1.30 Å resolution)
olves most of the problems affecting early structure determi-
ations [14], it still gives two very different O–O distances for
he � and � subunits (1.23 and 1.41 Å, respectively). A higher
egree of rotation of the O2 ligand around the Fe–O bond in
he � subunit, compared to the � subunit, was inferred from
he lower electron density at the terminal oxygen atom com-
ared to the � unit. In other cases, the exact position of the
igand could not be given, presumably due to the free rotation
f the ligand around its equilibrium position [14]. Evidence
f the dynamical motion of O2 is also provided by investi-
ations of synthetic models such as the oxygen-picket-fence
omplexes [Fe(TpivPP)(x-MeIm)(O2), x = 1,2 or 2] (Fig. 3), for
hich multiple conformations for the ligand are usually obtained

15,16].
The dynamics of the metal–oxygen bonds in Hb and Mb have

een investigated mainly for cobalt analogues [17–19] and the
esults have been typically extrapolated to iron. Cobalt replace-
ent has the important advantage that the complexes can be
tudied by electron paramagnetic resonance (EPR) and electron
uclear double resonance (ENDOR) due to the S = 1/2 electron
onfiguration of Co-heme-O2 complex, while the Fe-heme-O2
s EPR silent [20]. EPR studies have shown that the O2 lig-
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ig. 3. The MeTpivPP(2-meIm)O2 molecule (Me = Fe, Co). (a) Molecular struc-
ure. (b) Optimized structure.

nd undergoes a fast rotational motion around the Co–O2 bond
n models [21], HbO2 and MbO2, providing a different view
rom that obtained in X-ray structures [22]. Based on these
tudies, the fourfold disorder found in the crystal structures of
xyheme models (Fig. 3) and hemeproteins [14,15] has been
nterpreted as a dynamical disorder of the ligand along four
quivalent sites. These issues can also be investigated by the-
retical techniques. As the calculations can be performed on
obalt and iron analogues under the same conditions, ligand-
inding properties can be directly compared [23]. Classical
olecular dynamics techniques have been used in a number of

nvestigations of ligand binding to myoglobin (see for instance
ef. [24]). However, the available force-fields are not able to
escribe neither the rotational dynamics of the ligand nor its elec-
ronic properties, thus the use of ab initio molecular dynamics
s required.

A cobalt-based macrocycle, corrin, is the central core of vita-
in B12 or cobalamin. The two-coenzyme forms of B12 are

denosylcobalamin (AdoCbl) and methylcobalamin (MeCbl),
hown in Figs. 4 and 5. These molecules act as cofactors
f enzymes involved in several relevant biological reactions
25–30] such as methyl transfer reactions and radical reactions
nvolving the interchange of a functional group (e.g. alkyl frag-

ent, –OH or –NH2) and a hydrogen. AdoCbl and MeCbl are

he only natural biomolecules that contain corrin [31], which is
he most saturated among all tetrapyrrole molecules with two
irectly connected pyrroles [32]. The corrin macrocycle differs
rom porphyrin in having one less meso carbon atom, thus it

fi
d
t
t

ig. 4. The MeCbl cofactor. (a) Chemical structure. (b) Ball and stick represen-
ation of the optimized structure.

s less aromatic and also non-planar. The MeCbl and AdoCbl
olecules are built from a cobalt-corrin macrocycle (Fig. 1b)
ith several acetamide, propanamide, and methyl substituents

Fig. 4) [30]. The central Co(III) atom is in an octahedral envi-
onment, with methyl/adenosyl and benzimidazole (BZM) in the
xial positions (Fig. 4). The latter is part of a nucleotide that is
onnected to the corrin ring via one of the propanamide cor-
in substituents. In some B12-dependent enzymes, the BZM is
eleased and replaced by a histidine residue of the protein [33].

The search for functional analogues of the B12 coenzyme
as led to an important area of research based on the synthesis
f similar macrocyclic ligands. Organocobaloximes have been
idely studied as models for the vitamin B12 coenzyme [34,35].
ost of them have the formula Co(dmgH)2(L)R where dmgH is

he monoanion of dimethylglyoxime, L is an axial base and R is
n organoligand. A large number of cobaloximes with different

and L ligands have been reported [34], with R being CH3,
Cl CHCl, Cl or H2O, among others. The axial base (L) is often
nitrogen-coordinated molecule such as pyridine or imidazole.

The two equatorial dimethylglyoxime ligands are commonly
resent as monoanionic (dmgH) and the corresponding con-

guration is denoted as (dmgH)2 (Fig. 1c) Nevertheless, a
mg/dmgH2 configuration, in which both protons are attached
o one of the two dimethylglyoxime ligands (dmgH2), while
he other ligand remains deprotonated (dmg2−), is occasion-
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ig. 5. The AdoCbl cofactor. (a) Chemical structure. (b) Ball and stick repre-
entation of the optimized structure.

lly found [34] (see Fig. 1c). This has been attributed to the
nvolvement of additional interactions such as strong hydro-
en bonds [36,37], or localized �–� interactions between the
quatorial ligand and phenyl groups of the axial ligand [38].
rom an experimental point of view, the protonation state of the
imethylglyoxime ligands (dmg2−, dmgH− or dmgH2) can be
dentified by a slight lengthening of the Co–N and N–O dis-
ances in the dmgH2 unit with respect to those of the dmg unit
34]. For instance, in the case of Co(NO2)(H2O)(dmg)(dmgH2)
37] the N–O distances associated with the dianionic ligand
dmg) are 0.06 Å shorter than the ones associated to the neu-
ral ligand (dmgH2). In the case of Co(4-CA)(Cl)(dmg)(dmgH2)
CA = chloroaniline) the Co–N distances corresponding to the
nprotonated NO unit are 0.03 Å shorter than the ones of the pro-
onated one [38]. However, as the changes in the Co–N and N–O

istances are very small and the positions of the hydrogen atoms
re generally not available, the assignment from the structural
ata alone is often not possible. This is the case, for instance, of
he cobaloxime complex [Co(CCl CHCl)(dmgH)2(py)]. CHCl3

5
K
l
g

stry Reviews 252 (2008) 1497–1513

39], for which all Co–N and N–O distances are equivalent in the
-ray structure. This complex has recently received consider-

ble attention because of the role of chlorovinylcobalt complexes
n the reaction cycle of dehalogenases [40–42].

In this manuscript we review our recent work on the structure
nd dynamics of iron and cobalt complexes with macrocyclic
igands using ab initio molecular dynamics. In Section 3 we
ummarize our recent studies on the structure and ligand dynam-
cs of myoglobin mimetic models, additionally we report results
f picket-fence models simulations. In Section 4 we review the
ork on the structure and dynamics of B12 models, in particular,
e show how the protonation state of the ligands can be eluci-
ated by means of ab initio molecular dynamics simulations.

. Computational details

All calculations reported here were performed using density-
unctional theory (DFT) based molecular dynamics methods.
he calculations of the B12 coenzyme and its organocobaloxime
iomimetics were done using the CPMD code [43,44], which
s based on the Car–Parrinello method [45]. The Kohn–Sham
rbitals were expanded in a plane wave basis set with the
inetic energy cutoff of 70 Ry. We employed norm-conserving
calar relativistic pseudopotentials [46], and the non-linear
ore-correction [47] was applied to improve the transferability
f the Co pseudopotential. The calculations were made using
he generalized gradient-corrected approximation (GGA) of
he spin-dependent density-functional theory (DFT-LSD),
ollowing the prescription of Becke and Perdew (BP) [48,49].
he quantum-mechanical (QM) system was enclosed in
n isolated supercell of size 15,341 Å × 21,160 Å × 20,102
˚ /22,483 Å × 18,780 Å × 18,515 Å (organocobaloximes),
2 Å × 18 Å × 17 Å (MeCbl) and 20 Å × 20 Å × 20 Å
AdoCbl). Structural optimizations were performed by
eans of molecular dynamics with annealing of the atomic

elocities, until the maximum component of the nuclear
radient was lower than 10−5 a.u. Periodic calculations were
one taking into account only the � point of the Brillouin zone.
olecular dynamics simulations used a time step of 0.12 fs

nd the fictitious mass of the electrons was set at 700 a.u. The
euterium mass was used for hydrogen, which allows a longer
imulation step to be used. The total length of the simulations
as 5–6 ps for each cobaloxime structure.
The longer simulations of heme models were done using the

IESTA program [50,51], which is based on Born–Oppenheimer
olecular dynamics (BOMD) and a numerical atomic orbitals

n the DFT approach. We used the GGA approximation and
he exchange-correlation energy functional of Perdew, Burke,
nd Ernzerhof (PBE) [52]. Only the valence electrons were
onsidered in the calculation, with the core being replaced
y norm-conserving scalar relativistic pseudopotentials [46].
e used a split-valence double-� basis set including polariza-

ion orbitals for all atoms, as obtained with an energy shift of

0 meV [53]. The integrals of the self-consistent terms of the
ohn–Sham Hamiltonian were obtained with the help of a regu-

ar real space grid in which the electron density is projected. The
rid spacing was determined by the maximum kinetic energy
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f the plane waves that can be represented in that grid. In the
resent work, we used a cutoff of 150 Ry, which yields a spacing
etween the grid points of around 0.13 Å. We checked that the
esults are well converged with respect to the real space grid,
nd the range of the atomic orbitals. For the small FeP(Im)O2
odel, the results of the simulation were found to be very similar

o those obtained in shorter simulations using CPMD [54,23].
he iron-containing models were computed as a singlet state

S = 0) while cobalt analogues were computed in the doublet
pin state (S = 1/2).

. Structure and dynamics of heme models

.1. MeP(Im)O2 (Me = Fe, Co)

The simplest models for the active site of Hb and Mb are
hose containing only the groups that are covalently attached
o the metal center. The heme group is replaced by an iron-
orphyrin (Fig. 1a) and the distal histidine (His93) (Fig. 2) is
eplaced by an imidazole ring. The equilibrium structures and
lectronic properties of iron heme models (or very similar) have
een analyzed by several groups using DFT [7–9,23,54–63].
hese studies have shown that such heme models reproduce the
ain structural properties of the active site. It was shown that

nclusion of the imidazole is necessary to avoid the displace-
ent of the iron out of the porphyrin plane [55], towards the

iatomic ligand and that the heme substituents do not affect to
he metal–ligand structure and binding energies [63].
Comparison between iron and cobalt heme models is pro-
ided in a recent work [23]. The optimized structures of
eP(Im)O2 models (Me = Fe, Co) show that the main structural

arameters (Table 1) are within the range of values reported in

s
o
s
o

able 1
ptimized structures of the heme models (Me = Fe, Co)

odel Me–Ob <Me–Ob–Ot

eP(Im)O2 1.78 121
1.78 121.4

eP(Im)O2· · ·His 1.77 (a) 118.8 (a)
1.77 (b) 118.9 (b)

eP(Im)O2· · ·His freeb 1.77 119.8
eTpivPP(2-meIm)O2 1.78 121.1
xp [FeTpivPP(2-meIm)O2]c 1.898(7) <129(2)
xp (FeMbO2)d 1.81 122

oP(Im)O2 1.94 117.7
1.93 117.3

oP(Im)O2· · ·His 1.89 116.4
oP(Im)O2· · ·His free 1.91 116.9
oTpivPP(2-meIm)O2 1.92 117.8
xp [CoTpivPP(2-meIm)O2] – –
xp (CoMbO2)e 2.03 109 ± 5

istances are given in angstroms and angles in degrees.
a N1–Me–Ob–Ot dihedral angle.
b The distal histidine is free to adopt any position.
c Ref. [16].
d Ref. [11].
e Ref. [22].
stry Reviews 252 (2008) 1497–1513 1501

-ray studies of FeMbO2 [11] and CoMbO2 [22]. The largest
iscrepancy corresponds to the Co–O distance (1.94 Å), which
s 4% shorter than the experimental value (2.03 Å). On the
ther hand, the optimum Co–O–O angle (118◦) is outside the
ange of values given by the X-ray structure (109 ± 5◦). How-
ver, EPR measurements in CoMbO2 predict a larger angle
120◦) [64], which is much closer to the computed values.
nstead, both the Fe–O distance (1.78 Å) and the Fe–O–O angle
re in good agreement with the experiment (1.81 Å and 122◦,
espectively).

The main differences between iron and cobalt complexes con-
ern the local structure of the MeO2 fragment. The iron complex
hows a shorter bond distance and a larger angle (Fe–O = 1.78 Å,
Fe–O–O = 121◦) than the cobalt analogue (Co–O = 1.94 Å and
Co–O–O = 118◦). Thus, there is a 0.06 Å increase in the
etal–oxygen bond and a 3◦ decrease in the metal–oxygen angle

pon changing iron for cobalt. The same trends are observed
xperimentally, although the differences are larger (0.22 Å and
3◦, respectively) due to the above-mentioned discrepancies
etween the computed and experimental structures of the CoO2
ragment.

The orientation of the O2 molecule with respect to the por-
hyrin plane can be defined by the N1–Me–Ob–Ot dihedral angle
φ in Fig. 6). This angle is ≈45◦ when the O2 is in a staggered ori-
ntation and ≈0◦ when it adopts an overlapping orientation (i.e.
t overlaps one Fe–N bond). Both cobalt and iron models exhibit
staggered orientation (φ = 46◦–50◦ for CoP(Im)O2 and φ = 45◦

or FeP(Im)O2, according to Table 1), similar to heme models

uch as the picket-fence porphyrin [15,16,63] as well as previ-
us DFT calculations for iron-heme models [9,55,56,58]. The
taggered orientation is favored from steric and electronic points
f view. On one hand, it avoids the steric repulsion between the

Ob–Ot Me–Nax Me–Nporph φa

1.28 2.08 2.01–2.04 45.5
1.28 2.12 2.01–2.04 45.4

1.30 (a) 2.12 (a) 2.01–2.04 (a) 40.7
1.30 (b) 2.11 (b) 2.01–2.04 (b) 38.8

1.3 2.11 2.01–2.04 40.7
1.29 2.18 2.01–2.04 47.6

>1.22(2) 2.107(4) 1.996(4) 45
1.24 2.06 2.00–2.02 21.5

1.28 2.08 2.01 49.6
1.28 2.1 2.00–2.02 46.2

1.3 2.08 2.00–2.02 36.1
1.3 2.07 2.00–2.01 45.3
1.29 2.14 2.00–2.01 45.9
– – – –
1.18 2.08 1.98–2.09 −2.1
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Fig. 6. Porphyrin quadrant definition. The projection of the imidazole plane of
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is64 on the porphyrin plane is represented with a bold line. The projection of the
xygen molecule on the porphyrin plane is shown in ball and stick. Reproduced
rom Ref. [23], with permission of the copyright holders.

igand axis and the Me–Nporph bonds. On the other, it maximizes
he interaction between the p� orbitals of O2 and the d� orbitals
f the metal, which are oriented along the bisectors [55]. The

alues of φ in the protein do not follow this trend, since the O2
igand shows an intermediate orientation between overlapping
nd staggered for FeMbO2 (φ = 21◦) and purely overlapping
or CoMbO2 (φ = 2◦ in Table 1). This suggests that the interac-

r
p
s
c

ig. 7. Rotation of the O2 ligand around the Me–O bond, measured as the time evolutio
oP(Im)O2, FeP(Im)O2· · ·His, CoP(Im)O2· · ·His, FeTpivPP(2-meIm)O2 and CoTpiv
stry Reviews 252 (2008) 1497–1513

ion with the nearby protein residues (the distal histidine) could
nfluence the ligand orientation.

Molecular dynamics simulations of MeP(Im)O2 (M = Fe, Co)
odels give further insight into the conformational freedom of

he ligand at room temperature. Fig. 7a shows the time evolution
f the N1–Me–Ob–Ot torsional angle (φ). During the first period
f the simulation, the O–O axis projection on the porphyrin
lane lies on the first quadrant (I), oscillating around the equi-
ibrium conformation (φ = 45◦). After ≈5 ps, the ligand jumps
ver the Fe–N2 bond towards the second quadrant. Another
ransition takes place at ≈16 ps (back to I) and eventually all
uadrants are sampled. This behavior provides a direct evidence
or the fast rotational motion of O2 around the Fe–O bond, as
nvoked to explain the fourfold disorder found in the crystal
tructure of synthetic heme models [15]. It also confirms that
he O–O/Fe–N overlapping configuration is the transition state
or the dynamic motion of O2 between the porphyrin quadrants
79–81].

Due to the rotational motion of the ligand, the O–O axis
rojection on the porphyrin plane visits all porphyrin quadrants,
s shown by an analysis of the residence time of the O–O axis
rojection on each porphyrin quadrant (Table 2). This is also

eflected in the distribution of the projection of the Ob and Ot
ositions on the porphyrin plane, shown in Fig. 8a. The most
ampled orientations correspond to regions near the staggered
onformations (φ = ± 45◦, ±135◦). The non-symmetry of the

n of the φ dihedral angle (Fig. 5), in the six complexes investigated: FeP(Im)O2,
PP(2-meIm)O2.
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Table 2
Ligand residence times on each porphyrin quadrant (I–IV), defined as the percentage of the total time in which the projection of the Ot position on the porphyrin
plane lies on a given quadrant

Quadrant FeP(Im)O2 CoP(Im)O2 FeP(Im)O2· · ·His CoP(Im)O2· · ·His FeTpivPP (2-meIm)O2 CoTpivPP (2-meIm)O2

I 25 35 78 54 93 17
II 13 13 22 40 7 44
III 19 15 0 6 0 27
I 0
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istribution is due to the limited time sampled in the simulation.
ue to the symmetry of the system it is expected that, for longer

imes, the axial ligands would sample all porphyrin quadrants
ith equal probability.
The motion of the oxygen ligand in CoP(Im)O2 is shown in

ig. 7a. Similarly to the iron complex, the O2 ligand undergoes
izable oscillations of the φ angle within one porphyrin quadrant,
ith frequent jumps over the Fe–Nporph bonds. However, the

requency of these jumps is higher than in the case of the iron
omplex. One way to quantify the rotational dynamics of the
igand is by counting the number of times per picosecond that
he O–O axis projection jumps over one Fe–Np bond (either

lockwise or anticlockwise), which defines a hopping frequency
νhop) [65] (Table 3). The hopping frequency for FeO2 turns out
o be six times smaller than that of CoO2. In other words, the
otation of the oxygen around the metal–oxygen bond is six times

ig. 8. Trajectory projections of the Ob and Ot atoms on the porphyrin plane.
a) FeP(Im)O2, (b) CoP(Im)O2, (c) FeP(Im)O2· · ·His, (d) CoP(Im)O2· · ·His, (e)
eTpivPP(2-meIm)O2, and (f) CoTpivPP(2-meIm)O2. Only the central part of

he porphyrin ring (Fe, N, and C� atoms) is shown.
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aster for the cobalt analogue than for its native counterpart. This
uggests that the energy barrier for ligand rotation around the
etal–oxygen bond is smaller for the cobalt models. In fact, the

alue of the energy barrier is 1.3 kcal/mol for FeP(Im)O2 but
nly 0.5 kcal/mol for CoP(Im)O2 [23] (i.e. the rotation becomes
ractically barrierless for the Co complex). The fact that the
o–O bond is longer than Fe–O is probably the cause of these
ifferences (i.e. there is less steric hindrance between the O–O
ond and the Co–Nporph bonds). This suggests that the oxygen
igand in cobalt heme analogues will always be more flexible
han their iron counterparts.

.2. MeP(Im)O2· · ·Im (Me = Fe, Co)

Table 1 list the main parameters defining the optimized struc-
ures of the FeP(Im)O2· · ·His and CoP(Im)O2· · ·His models.
s expected, the presence of the distal histidine (His64) quan-

itatively changes the structure of the MeO2 fragments. The
–O distance increases (0.02 Å) and the Me–O distance also
ecreases (0.01 Å for Fe and 0.04 Å for Co) when His64 is
resent. The lengthening of O–O and shrinking of Me–O are an
ndication of hydrogen bond formation and can be rationalized
n terms of variations in the Me–O2 back bonding (i.e. the inter-
ction of the d-Fe levels with the partially occupied �* orbitals
f O2). When a positive charge approaches the ligand (such as
he proton of His64), �* orbitals are energetically stabilized. As
hey get closer in energy to the Fe-d orbitals, the back-bonding
ncreases. The shift in the electron population of the orbitals
from the d-Fe orbitals to the �* orbitals of O2) decreases the

e–O distance and increases the O–O distance. Similar argu-

ents have been used to rationalize the variations on the Fe–CO

tructure and vibrations of carbonmonoxy myoglobin [10]. The
ecrease of the Me–O distance is more noticeable for Co, due to
he longer Co–O bond and the fact that the Ob atom is closer to

able 3
umber of times that the O–O axis projection on the porphyrin plane crosses a
e–Np bond (ñ) and the hopping frequency νhop

a

tructure ñ νhop (ps−1)

eP(Im)O2 7 0.25
oP(Im)O2 40 1.43
eP(Im)O2· · ·His 7 0.25
oP(Im)O2· · ·His 50 1.79
eTpivPP(2-meIm)O2 1 0.08
oTpivPP(2-meIm)O2 25 1.92

a ν = ñ/tsim, where tsim is the simulation time.
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he N�–H of His64 than in the case of the iron complex. These
rends are independent of the two positions of the distal His
iven in the crystal structure (a and b) and whether the distal
is is free to move or not (Table 1).
Another effect of the distal histidine is a small change in ori-

ntation of the O2 ligand, as reflected by the decrease of φ (by
5◦ for the iron complex and ≈12◦ for the cobalt analogue).
hese variations, which increase the agreement with the X-ray
tructure, are due to the formation of a hydrogen bond interaction
etween O2 and His64. The staggered conformation (φ = 45◦),
hich is the optimum one for MeP(Im)O2, would lead to too

hort a N�–H· · ·Ot distance in MeP(Im)O2· · ·His. Therefore, the
igand changes orientation to optimize the hydrogen bond inter-
ction with His64. Nevertheless, the final value of φ is still far
rom the one given by experiments, suggesting that other factors
uch as temperature effects could affect the ligand orientation.
hese effects will be analyzed later on.

It is also interesting to determine the localization of the
npaired electron of the oxycobalt model and the effect of the
istal histidine in its distribution. Several studies have demon-
trated that the unpaired electron that gives rise to the EPR
bsorption of oxycobaltous proteins and compounds resides

rimarily on the bound oxygen [21,64,66,67]. The DFT calcula-
ions show that, indeed, the spin density is mainly concentrated
n the O2 molecule (Fig. 9), with a small contribution of the
obalt. The relative weights are 8% (Co) and 92% (O2) in

ig. 9. Spin density distribution in (a) CoP(Im)O2 and (b) CoP(Im)O2· · ·His.
eproduced from Ref. [23], with permission of the copyright holders.
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he CoP(Im)O2 model (Fig. 9). The presence of the distal His
lightly increases the relative contribution of O2, which accounts
or 95% of the total spin density. Therefore, the calculations
how that the shape of the spin density distribution of oxycobalt
yoglobin is an intrinsic property of the active center.
The dynamics of the oxygen ligand in the MeP(Im)O2· · ·His

odels (Me = Fe, Co) can be also analyzed by monitoring the
volution of the N1–Me–Ob–Ot torsional angle (φ). In this case,
he spatial symmetry with respect to the four-porphyrin quad-
ants is broken with respect to the models without distal His.
herefore, independently of the length of the simulation, the

igand should not sample all porphyrin quadrants with the same
robability. For instance, the interaction with His64 is maximal
hen the O–O projection lies on quadrant I, because the N�–H
ond points in the direction of the electron density around each
xygen atom. Small rotations of His64 around the C�–C� and
�–C� bonds could accommodate the ligand along quadrants
and II, while sampling quadrant III would require a larger
otion of His64. On the other hand, the probability of sampling

uadrant IV is expected to be relatively low, since the distance
etween the N�–H of His64 and the O2 ligand would become too
hort, leading to a repulsive interaction, unless the His64 moves
uch as to increase the N�–H· · ·O2 distance (e.g. by rotating
round C�–C� and/or C�–C�, defined in Fig. 2). Therefore, it is
xpected that the residence time of the ligand in each porphyrin
uadrant would decrease in the order I > II > III � IV. This is
ery similar to what is obtained in the simulation. As shown
n Table 2 (fourth column) and Fig. 8c, only quadrants I and
I are sampled for FeP(Im)O2· · ·His, with residence times 78
I) and 22 (II). The cobalt complex (Fig. 8b–d) samples more
onfigurations than the iron complex (Fig. 8a–c) and their rel-
tive residence times, 54 (I), 40 (II), 6 (III) and 0 (IV), show
he expected trend given the arguments discussed above. Inter-
stingly, the imidazole of His64 rotates (mainly around C�–C�)
o as to accommodate the ligand in its motion. Similar type
f rotations in the picosecond time scale have been observed
n classical MD simulations of carbonmonoxy myoglobin [68].
nother difference between iron and cobalt complexes is the
ccurrence of more configurations near the overlapping confor-
ation (φ = 0, in Fig. 6) in the case of Co. This is also reflected

n the oscillations of the φ angle, which are larger for Co than for
e (Fig. 7c and d), as well as in the larger values of νhop obtained
or Co compared to Fe (Table 3). Therefore, the rotation of O2
round the Me–O2 bond is much faster for Co than for Fe. In
ddition, while in the iron complex the ligand shows a clear
reference for the staggered conformation, in the cobalt com-
lex it is essentially free to adopt any orientation. The limited
ime sampled in the simulations (28 ps) precludes computing
he rate of ligand rotation, since no complete rotation of the
igand was observed. This is consistent with the experimen-
al evidence that one full rotation every ≈104 ps takes place
17].

As mentioned above, the Co–O–O angle reported in the X-

ay analysis of CoMbO2 (109 ± 5◦) [22] is much smaller than
he one reported for FeMbO2 (122◦) [11]. This is in contrast to
he results from structure optimization, which give a Co–O–O
ngle only 2–3◦ smaller than the Fe–O–O angle (Table 1). In
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ddition, the computed Co–O distance is quite different (0.1 Å
horter) than the experimental one. The high flexibility of the
oO2 unit is probably the reason of this discrepancy. Interest-

ngly, the average value of the Co–O distance obtained from the
imulation is 0.05 Å longer than the equilibrium distance, while
or the iron complexes both values coincide. A similar situation
ccurs with the Me–O–O angles (Fig. 10). In the case of iron,
he average angle is in good agreement with the X-ray struc-
ure (122◦). The angle distribution is somewhat wider for Co,
specially in the complexes including the distal histidine. The
verage angle shifts to a smaller value (119◦), but is still far from
he experimental data (109 ± 5◦) [22]. This discrepancy could
e due to the limitations of the computational approach used.
t could also arise from the underestimation of the angle in the
rystal structure of CoMbO2 due to (a) its lower resolution with
espect to the structure of FeMbO2 and (b) the high flexibility of
he CoO2 unit, which precludes assigning a static orientation (a
xed value of φ) to the ligand [54]. The assignment becomes eas-

er for the iron models since the ligand is less flexible. In fact, the
verage value of φ obtained from the FeP(Im)O2· · ·His simula-
ion is 20.6◦, which is in good agreement with the experimental
alue (21.5◦, according to Table 1).

.3. The interaction between the O2 ligand and the
istal histidine

The structural parameters defining the interaction between
he ligand and the distal histidine in the optimized structures are
isted in Table 4. In the case of iron, Ot (Fig. 2) is the oxygen atom
hat is closest to His, as is found in experiments. In the case of
o, the closest oxygen atom is also Ot (Ot· · ·H < Ob· · ·H). This

s in contrast with the results of the X-ray structure which gives
t· · ·H > Ob· · ·H. Nevertheless, analysis of these distances dur-

ng the MD shows that there is a significant probability of finding
he reverse situation (Ot· · ·H > Ob· · ·H) at room temperature.
f we restrict our analysis to configurations in which a puta-

ive N�–H· · ·O hydrogen bond is expected to be geometrically
avored (H· · ·O 2.5 Å and 140◦ < N�–H–O < 180◦) [69] we find
hat for the iron complex the shortest interaction always involves

t, while for the cobalt analogue this occurs 75% of the time.

a
t
c
s

able 4
ydrogen bond parameters corresponding to the optimized structures of the MeP(Im

odel <N�–H· · ·Ot <N�–H· · ·Ob N�–H

eP(Im)O2· · ·His 160.2 135.1 1.04 (
171.1 138.1 1.04 (

eP(Im)O2· · ·His free 160.2 135.1 1.04
xp (FeMbO2)a 142.5b 113.6b –

160.1b 136.8b

oP(Im)O2· · ·His 169.6 135.1 1.04
oP(Im)O2· · ·His free 170.2 139.5 1.04
xp (CoMbO2)c 171.7a 139.9 a –

istances are given in angstroms and angles in degrees.
a Ref. [11].
b Value obtained on adding a hydrogen atom to the N� of His64.
c Ref. [22].
olecular dynamics simulation. (a) MeP(Im)O2, (b) MeP(Im)O2· · ·His, and (c)
eTpivPP(2-meIm)O2. The X-ray values for the Me–O–O angle are marked by
cross (Me = Fe) or an empty circle (Me = Co).

herefore, while for the Fe complex Ot is always closer to His
han Ob, both scenarios (H· · ·Ot < H· · ·Ob and H· · ·Ot > H· · ·Ob)

re possible for the cobalt complex. This is in agreement with
he X-ray structure of oxycobalt myoglobin, in which Ob is
loser to His than Ot [22]. Even though this is not the most
ampled configuration observed in the simulation, it has a sig-

)O2· · ·His complexes (Me = Fe, Co)

Ob· · ·N� Ot· · ·N� Ob· · ·HN� Ot· · ·HN�

a) 3.03 (a) 2.72 (a) 2.27 (a) 1.72 (a)
b) 3.12 (b) 2.79 (b) 2.17 (b) 1.76 (b)

3.32 2.87 2.50 1.87
3.02 (a) 2.67 (a) – –
3.08 (b) 2.97 (b) – –
3.10 2.79 2.27 1.76
3.30 2.87 2.44 1.85
2.72 3.01 – –
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ificant probability to take place, something that does not occur
or the iron complex. On the other hand, the fact that the analysis
f the equilibrium structures leads to different conclusions illus-
rates the need to take into account dynamical effects in order to
nterpret the experimental data for highly flexible units such as
he CoO2 fragment.

It is interesting to relate the above distance analysis with
he occurrence of a hydrogen bond interaction between His
nd O2. Several studies in both iron and cobalt myoglobin and
emoglobin have demonstrated that there is a hydrogen bond
etween the terminal oxygen and the N�-bound proton on the
midazole of the distal histidine [13,17,70,71]. Although this
nteraction is believed to be an important factor in controlling
xygen affinity [72], the strength of the hydrogen bond for both
etal complexes remains controversial. While photolysis exper-

ments suggested that there is a stronger hydrogen bond to the
istal histidine in FeMbO2 versus CoMbO2 [73], the reverse was
redicted by calculations on the cobalt picket fence porphyrin
sing a parameterized interaction potential [74]. In addition, it
s not known whether the hydrogen bond interaction involves
ither both oxygen atoms or only one of them.

Our calculations give a value of 3.7 kcal/mol for the hydrogen
ond interaction between the oxygen ligand and the distal His
n FeP(Im)O2· · ·His. This value is similar to the ones reported
n previous DFT investigations [9,10,75]. There is no theoret-
cal data available for the hydrogen bond energy of the cobalt
nalogue. Nevertheless, given the superoxide anion like char-
cter of the oxygen ligand (i.e. Co3+–O2

−, as reflected in the
act that the spin density distribution is mainly localized on the
xygen molecule), it is expected that CoO2 forms a stronger
ond with His64. In fact, we obtained a value of 4.7 kcal/mol
or the hydrogen bond interaction in CoP(Im)O2· · ·His. An
bvious question at this point is why does the ligand rotate
round the Me–O bond given the relatively strong His· · ·O2
nteraction in the equilibrium structure. The answer to this ques-
ion can be related to the different mobility of the two oxygen
toms in the dynamics and its role in the hydrogen bond inter-
ction. As shown in Fig. 8, the terminal oxygen atom (Ot)
oves around the porphyrin quadrants, eventually losing the

nteraction with His. Instead, the bridging oxygen atom (Ob)
s confined in a small region around the equilibrium position,
hus keeping the interaction with His during the whole tra-
ectory. This indicates that the bridging oxygen is responsible
or keeping the hydrogen bond interaction during the rota-
ional motion of the ligand, while the position of Ot is less
elevant.

In summary, our calculations give support to previous studies
n the existence of a hydrogen bond interaction between the
ound ligand and the distal histidine [13,17,70,71]. We show that
his interaction is due to the bridging oxygen atom and predict
hat it is somehow weaker for the native iron system than for the
obalt analogue. In addition, the rotational motion of the oxygen
round the Me–O bond is faster for Co than for Fe. Therefore,

e show that both the affinity and dynamics of ligands in cobalt-
ased heme proteins is different than iron-based. This difference
ay have implications in practical work on artificial enzymes

r heme-based sensors [76].
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.4. MeTpivPP(2-meIm)O2 (Me = Fe, Co)

The “picket-fence” strategy is one of the most success-
ul approaches to build heme models [15]. In this approach,
he porphyrin is functionalized with bulky groups in order
o ensure the selective binding of an axial base (usually
n alkyl imidazole or pyridine) and a diatomic molecule
e.g. O2, CO) to the iron atom. In so doing these mod-
ls mimic the stereochemical properties of myoglobin and
emoglobin and have oxygen affinities similar to the values
easured for heme proteins [77]. The first heme model that

eversibly binds oxygen [i.e. the picket-fence-oxygen complex
e(TpivPP)(1,2-MeIm)(O2)] was obtained in the early 70′s by
ollman and coworkers (TpivPP = tetrapivalaminophenyl por-
hyrin; 1,2-meIm = 1,2-methylimidazole) [15]. The research on
ynthetic models of the protein has led to a deeper under-
tanding of the ligand-binding properties of myoglobin. For
nstance, several studies have shown that structural differences
mong heme models are able to vary the equilibrium constant
Keq) of the O2 and CO binding reaction. These changes have
een attributed mainly to hydrogen bonding and polar inter-
ctions [78–83], but steric interactions, porphyrin distortions
nd the interplay of various factors have also been proposed
84,85].

X-ray structures of picket-fence-oxygen complexes com-
only show a fourfold disorder of the bound O2 [15,16,77,86],

omething that has been interpreted as a dynamic O2 motion
79–81]. The structure of the iron-picket-fence-oxygen complex
as previously studied [63]. The dynamics of this complex is

eported here, in comparison with its cobalt analogue. The most
elevant parameters of the optimized structures of MeTpivPP(2-
eIm)O2 (Me = Fe, Co) are shown in Table 1. Similarly to
eP(Im)O2, the ligand shows a staggered orientation with

espect to the Me–N bonds, where N are porphyrin ring atoms.
he discrepancy in the length of the Me–Nax bond can be
ttributed to the steric interaction with the 2-methyl substituent,
ot present in MeP(Im)O2.

The dynamics of the O2 ligand in MeTpivPP(2-meIm)O2
ere analyzed in a similar way as the MeP(Im)O2 and
eP(Im)O2· · ·His complexes (Sections 3.1 and 3.2). The fre-

uency distribution of the Me–O–O angle (Fig. 10) shows again
hat the average angle is larger for the iron complex (123◦) than
or the cobalt analogue (120◦). In the case of the iron complex,
nly two porphyrin quadrants (I and II) were sampled (Fig. 8),
eflecting that there is a barrier for the transition over porphyrin
uadrants. Instead, the O2 ligand in the cobalt complex samples
ll porphyrin quadrants in about 8 ps. Therefore, the dynam-
cs of the ligand display features that resemble MeP(Im)O2 and

eP(Im)O2· · ·Im. The values of the hopping frequencies are
ot directly comparable since the simulation time is different in
ach case (14 ps for the larger picket systems and 25 ps for the
mall heme models). However, it is clear from Fig. 7 that the
xygen ligand in the cobalt analogue is more mobile than the

ron complex.

Comparison of our results (hopping frequencies) with the
xperimental data (rate of rotation) is not straightforward,
ecause only those hops leading to a complete cycle rotation
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Table 5
Selected structural parameters of the MeCbl and AdoCbl molecules in comparison with X-ray data

Parameter MeCbl (calc.) AdoCbl (calc.) MeCbl (exp.)a AdoCbl (exp.)b

Co–C 1.99 2.02 1.98 2.03
Co–Nax 2.15 2.16 2.16 2.24
Co–Nc (aver.)c 1.87, 1.93 1.86, 1.93 1.88, 1.95 1.87, 1.91
Nc–C 1.34–1.45 1.31–1.51 1.32–1.49 1.31–1.50
<Co–C–C – 126.4 – 123.4
<C–Co–Nax 175.1 170.9 171.1 171.3
<Nc–Co–Nax 87.3–95.2 86.3–95.2 85.7–94.8 86.1–94.8
<C–Co–Nc 88.1–92.2 82.5–90.5 86.3–94.8 84.0–93.2
�Nc–C1–C2–Nc 40.8 41.0 41.7 38.4
Fold angle (α) 13.3 13.5 13.6 14.3
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a Ref. [105].
b Ref. [106].
c Average values corresponding to short and long equatorial Co–N bond leng

round Me–O contribute to the measured rotational rate. In the
ase of CoP(Im)O2, we observed three complete rotations of
he ligand during the total simulation time (28 ps), while for
eP(Im)O2 we only found one. This gives a rate of rotation
f 10−1 cycles/ps (Co) and 4 × 10−2 (Fe), again reflecting the
aster motion of Co with respect to Fe. These values should be
onsidered as approximate, as our simulation is not long enough
o give a reliable value for the rate of rotation. Nevertheless, the
igher value we obtain compared to experiment (10−4 cycles/ps
n CoHbO2) [17] is probably due to the absence of hydrogen
ond interaction between the ligand and the distal His, which
s expected to slow down the rotational motion of the ligand.
herefore, our results predict that for a non-interacting MeO2
nit, the ligand will be rotating at a rate of ≈10−1 cycles/ps (Co
odel) and ≈10−2 cycles/ps (Fe model).

. Structure and dynamics of B12 models

.1. Methylcobalamin and adenosylcobalamin

The molecules of MeCbl and AdoCbl (Figs. 4 and 5) act
s cofactors of enzymes involved in several relevant biologi-
al reactions [25–31], such as the interchange of a functional
roup (e.g. alkyl fragment, –OH or –NH2) and a hydrogen.
heir structural properties have been recently reviewed [33].
rom a theoretical point of view, the structures of MeCbl and
doCbl have been studied during the last decade using small
odels including the corrin ring and the axial ligands (Ado

nd dimethylbenzimidazole, DMB, in the case of AdoCbl and
H3 and DMB in the case of MeCbl). Most of these stud-

es are focused on reproducing the Co–C and Co–Nax bond
engths and the experimental Co–C bond dissociation energy
BDE ≈ 31 kcal/mol for AdoCbl, and ≈36 kcal/mol for MeCbl).
t was early recognized that these systems represent a challenge
or theoretical modeling since it was not possible to reproduce
he experimental Co–C BDE nor the Co–Nax distance. The first
roblem (the disagreement between experimental and calculated

DE values) was found to be partially due to the use of the
3LYP exchange-correlation functional [87]. DFT calculations
sing BP86 functional increased the agreement with experiment
the BDE is about 8 kcal/mol larger with respect to B3LYP val-

w
a
t
C

es), but there was still a 4–5 kcal/mol difference between theory
nd experiment. Solvent effects and the conformational freedom
f the Ado fragment have been put forward to explain this issue
88,89]. Concerning the second problem, the Co–Nax distance, it
as recently found that taking into account the complete MeCbl

ofactor [90] reproduces this bond length (Table 5). In the case
f AdoCbl, however, calculations using the complete cofactor
id not yet reproduce the experimental value (Table 5). This
as found to be due to intermolecular interactions involving

he Ado axial group. The unit cell of either the MeCbl or the
doCbl crystal contains four closely packed cofactor molecules

nd a number of water molecules. In the case of MeCbl, there
re practically no interactions between the Me axial ligand and
he nearest neighbor molecules. However, the more voluminous
do group of AdoCbl is involved in a number of intermolecular

nteractions with water molecules and, more importantly, with
he side chains of neighboring molecules. Recent DFT calcula-
ions on the AdoCbl crystal [91] show a good agreement of the
o–Nax distance with experiments, underlining the influence of

ntermolecular interactions in the value of this distance. In con-
rast, the more robust Co–C axial bond length was found not to
e influenced by such intermolecular interactions.

The mutual influence of the two axial bonds in MeCbl and
doCbl has also been studied using DFT [90]. Experimentally, it

s known that the binding of one axial ligand weakens the bond of
he other, i.e., the Co–C binding energy decreases when the DMB
igand is bound on the other side of the corrin ring. Conversely,
he Co–Nax binding energy is smaller when the Ado or CH3 axial
igands are present. This situation is somewhat different from
hat is found in other biologically relevant metal-macrocycles

ontaining an M{d6} cation in an octahedral environment. In
he hemeproteins myoglobin and hemoglobin, for instance, the
ynergy between the two heme axial ligands (O2 and His) is
ell documented [55,92]. DFT calculations on MeCbl gave fur-

her support to this conclusion [90]. An opposite effect of the
wo axial ligands was observed: the alkyl ligand strengthens the
ond of the axial base, while the axial base weakens the bond

ith the alkyl ligand. The opposite effect of the two axial lig-

nds can be rationalized with a simple orbital picture. There are
wo occupied orbitals that mainly contribute to the Co–C and
o–Nax bonds in MeCbl (Fig. 11). The lowest energy orbital is
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ig. 11. Isosurface plots of the two occupied orbitals that mainly contribute to
he Co–C (top) and Co–Nax (bottom) bonds in MeCbl. Reprinted with permission
rom Ref. [90]. Copyright (2004) American Chemical Society.

σCH
3–dz2–σBZM bonding orbital, being mostly weighted on

BZM. The second orbital lies higher in energy and it is only
onding with respect to the Co–C bond. DFT calculations show
hat a slight elongation of the Co–C bond (by 0.15 Å) raises the
nergy of both orbitals, thus weakening the Co–N bond. In the
xtreme case of the homolytic cleavage of the Co–C bond, the
eakening of the Co–BZM bond simply reflects the change in
xidation state of the Co center from +3 in MeCbl to +2 in the
ethyl-off form. As the extra electron on the Co center in the
et-off form localizes in the Co{dz2}-derived molecular orbital

that is antibonding with respect to the Co–Nax bond) the Co–Nax
ond weakens with respect to MeCbl. In contrast, elongation of
he Co–Nax bond changes the energy of the two orbitals in oppo-
ite directions, therefore the effect of stretching the Co–Nax bond
s less pronounced. This simple argument, already introduced by

ealli et al. [93], explains why the alkyl ligand influences sig-
ificantly the bond of the axial base, while the axial base has
minor effect on the Co–C bond. Note that this is different
rom the well-known trans effect observed upon change of the
lkyl and axialbase ligands [35]. A similar model is proposed
y Stich et al. in a recent analysis of cobalamins using time-
ependent density-functional theory (TD-DFT) [94]. Therefore,

c

t
a
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FT provides quantitative support to these previously proposed
odels.
In summary, the DFT analysis of AdoCbl and MeCbl shows

hat a good agreement with experiment can be obtained using
mall models, but to reproduce the Co–Nax distance it is nec-
ssary to take into account the full coenzyme (MeCbl) or the
omplete molecule in its crystalline environment (AdoCbl). The
nalysis of the electronic structure evidences an opposite effect
f the axial ligands in MeCbl (the same arguments are expected
o hold for AdoCbl): the CH3 ligand significantly reinforces the
ond with the axial base, while the axial base slightly weakens
he Co–C bond. This is in agreement with experimental studies
howing that the Co–C bond is stronger for the base-off form
95–98] and suggest that interconversion between base-on and
ase-off forms of the cofactor in MeCbl-dependent enzymes
ill have little effect on the strength of the Co–C bond. DFT

nd molecular dynamics are thus promising techniques to elu-
idate the problems related to the cleavage of the Co–C bond in
eCbl and AdoCbl in the protein. Several studies on this line

ave recently appeared [99,100].

.2. Organocobalt complexes

Organocobaloxime derivatives are often used as models
or the B12 coenzyme. Most of them have the formula
o(dmgH)2(L)R where dmgH is the monoanion of dimethyl-
lyoxime, L is an axial base and R is an organoligand. The
rotonation state of the dimethylglyoxime ligands (dmg2−,
mgH− or dmgH2) can be identified by a slight lengthening
f the Co–N and N–O distances of the protonated NO unit with
espect to the unprotonated one. This is the case, for instance,
f the cobaloxime complexes [Co(dmgH)2(H2O)(NO2) and
o(dmgH)2(Cl)(4-chloroaniline)·2H2O]. As a first step in our

tudy, we performed calculations on these two complexes.
ur calculations on the crystalline form of Co(dmgH)2(Cl)(4-

hloroaniline)·2H2O (Table 6) are in good agreement with
xperiment [38]. They also show that the asymmetric
mgH2/dmg2− arrangement is stabilized by the formation of
ydrogen bond interactions between the oxime ligands and the
olvent water molecules. In fact, calculations in the absence of
olvent molecules lead to the symmetric (dmgH)2 configura-
ion. In the case of Co(dmgH)2(H2O)(NO2), neutron diffraction
easurements [37] unambiguously show that the two dimethyl-

lioxyme ligands have a different protonation state (dmgH2 and
mg2−). The optimized structure of the crystal (Table 6) is also
n very good agreement with experiment. In this case, the asym-

etric dmgH2/dmg2− arrangement is found to be stabilized by
he formation of strong hydrogen bond interactions among the
obaloxime molecules. In particular, the NO oxygen of one
xime ligand interacts with the hydrogen atom of the H2O lig-
nd of its neighboring molecule in the crystal. Alltogether, our
esults highlight the importance of intermolecular interactions
n dictating the protonation state of the equatorial ligands in

obaloxime derivatives.

Very often, however, the assignment of the protona-
ion state of the oxime ligands from the structural data
lone is not possible, either because the position of the
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Table 6
Optimized structural parameters for the organocobaloxime crystals
[Co(dmgH)2(Cl)(4-chloroaniline)·2H2O] and Co(dmgH)2(H2O)(NO2)a

Distance Co(dmgH)2(Cl)(4-
chloroaniline)·2H2O calc.
(exp.)b

Co(dmgH)2(H2O)(NO2)
calc. (exp.)c

Co–Rd 2.24 (2.26) 2.04 (2.00)
Co–L 2.03 (2.00) 1.89 (1.90)
O· · ·O 2.48/2.49 (2.48/2.50) 2.51 (2.50)
H· · ·O 1.39/1.41 (–) 1.44 (1.47)
O–H 1.09/1.10 (–) 1.08 (1.04)
Co–N 1.88/1.90 (1.88/1.91) 1.89/1.90 (1.90)
N–O 1.33/1.35 (1.33/1.35) 1.34/1.36 (1.32/1.34)
N–C 1.31 (1.29/1.31) 1.30/1.31 (1.29)
C–C 1.46 (1.46) 1.46 (1.47)
C–CH3 1.49 (1.49) 1.49 (1.48)

Distances are given in angstroms and angles in degrees.
a When two different values for the same distance were found, both results

are given, except when they differ by less than 0.01 Å. In this case the average
value is given.

b Ref. [38].
c

R
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Table 7
Optimized structural parameters for the organocobaloxime crystal Co(CCl
CHCl)(dmgH)2(py). Only the (dmgH)2 arrangement is stable for crystal form
Ia

Distanceb Crystal form I Crystal form II X-rayc

(dmgH)2 (dmgH)2 dmg/dmgH2

Co–R 1.95 1.95 1.94 1.96
Co–L 2.00 2.00 2.01 2.03
O· · ·O 2.48/2.50 2.48/2.50 2.49 2.49
H· · ·O 1.40/1.42 1.37/1.43 1.39/1.41 –
O–H 1.10 1.11/1.08 1.11/1.09 –
Co–N (A) 1.87/1.89 1.87/1.89 1.89 1.89
Co–N (B) 1.88/1.89 1.88/1.89 1.87 1.89
N–O (A) 1.32/1.36 1.32/1.37 1.35 1.34
N–O (B) 1.32/1.36 1.32/1.35 1.32 1.34
N–C (A) 1.31 1.31 1.31 1.29
N–C (B) 1.31 1.31 1.32 1.30
C–C (A) 1.45 1.45 1.46 1.46
C–C (B) 1.45 1.45 1.45 1.47
C–Ca 1.49 1.49 1.49 1.49
C–Cb 1.49 1.49 1.49 1.48

Distances are given in angstroms and angles in degrees.
a When two different values for the same distance were found, both results

are given, except when they differ by less than 0.01 Å. In this case the average
value is given.

b

C

Ref. [37].
d R = Cl, L = 4-chloroaniline for Co(dmgH)2(Cl)(4-chloroaniline)·2H2O;
= H2O, L = NO2 for Co(dmgH)2(H2O)(NO2).

ydrogen atoms is not available or because the change
n the Co–N and N–O distances is very small. This
s the case, for instance, of the organocobaloxime crys-

al [Co(CCl CHCl)(dmgH)2(py)].CHCl3 (i.e., L = pyridine,

= CCl CHCl), shown in Fig. 12 [39], which we investigated
n detail [101].

ig. 12. (a) Unit cell of the Co(CCl CHCl)(dmgH)2(py) crystal. (b) Atom
umbering of the equatorial ligands.
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R = CCl
HCl; L = pyridine; A, B = the two equatorial ligands.
c Ref. [39].

Our calculations for an isolated Co(CCl CHCl)(dmgH)2(py)
olecule show that both (dmgH)2 and dmg/dmgH2 arrange-
ents (Fig. 12b) are stable, but the (dmgH)2 form is energetically

he most favored (by 2 kcal/mol). The situation is different for the
olecule in the crystalline phase (Table 7). Since there are two

rientations of the solvent molecule of the crystal, one optimiza-
ion was performed for each crystal form (I and II). Surprisingly,
he asymmetric dmg/dmgH2 arrangement is not a stable mini-
um for crystal form I. However, both arrangements are stable in

rystal form II and, moreover, they are practically isoenergetic
their energy difference is less than 0.3 kcal/mol). It appears
hat the less favored dmg/dmgH2 form is stabilized in the crys-
al by weak C–H· · ·O N interactions. In other words, subtle
hanges in the C–H· · ·O N interactions can determine the pro-
onation state of the dimethylglyoxime ligands. In view of the
elatively low barrier for the proton transfer in the O· · ·H· · ·O
nits [102], it is expected that both (dmgH2) and dmg/dmgH2
orms contribute to the dynamics of the crystal at a given
emperature.

In order to analyze the effect of the temperature on the proto-
ation state of the dimethylglyoxime ligands, a series of AIMD
imulations on the [Co(CCl CHCl)(dmgH)2(py)]·CHCl3 crys-
al were performed. Two different temperatures were considered,
73 K (the temperature of the crystal structure determination
39]) and 300 K (most of the B12 mimetics based on dimethyl-
lyoxime are crystallized at room temperature). The molecular

ynamics simulations at 173 K on the crystal form A show that
he bridging protons often jump from one dimethylglyoxime
igand to another. This leads to a delocalization of the pro-
ons, as it is evidenced in the probability distribution of the
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ig. 13. (a) Probability distribution of the O1–H and O4–H bond lengths (see at
t (a) 173 K and (b) 300 K. (b) Same distributions for crystal form II. Reprinted

–H distances. Fig. 13 shows that there is a well-defined maxi-
um at 1.09 Å for both O2–H and O2–H distributions, while

onger O–H distances have a relatively low population even
t 300 K. Analysis of the correlation between both O–H dis-
ances shows that the (dmgH)2 arrangement is the dominant
ne. This picture is consistent with the results of the struc-
ural optimizations which showed that the (dmgH)2 form is
he only minimum. Another feature that comes out of Fig. 13
s that O1–H is more delocalized into larger distances than

4–H, at both temperatures. An explanation for this can be
ound by relating these distances with the intermolecular inter-
ctions affecting the oxime oxygen atoms in each case. The short
l3C–H· · ·O N interaction acting on O2 (Fig. 14a) favors the
rotonation of O4, which makes the O2–H· · ·O4 configurations
i.e. longer H· · ·O4 bonds) less probable than the O3· · ·H–O4
nes.

The corresponding distance distributions for crystal form II is
hown in Fig. 13b. The O1–H distribution shows a maximum at
.1 Å, exactly as in the crystal form A (Fig. 13a), but there is little

opulation for larger distances. Fig. 14b shows that in this case
he short Cl3C–H· · ·O N interaction acts on O2, favoring the
hort O1–H distances. As a consequence, the O1–H distribution
esembles that of O4–H in crystal form I (Fig. 13a). On the other

E
b
t
s

mbering in Fig. 12) in crystal form I of [Co(CCl CHCl)(dmgH)2(py)]·CHCl3
permission from Ref. [101]. Copyright (2002) American Chemical Society.

and, the distribution of O4–H appears quite different from the
nes analyzed up to now. It has two maxima, localized at 1.1
nd 1.4 Å, both with a similar population. This is consistent
ith the results of the structural optimizations which showed
oth (dmgH)2 and dmg/dmgH2 arrangements to be isoenergetic.
ote that the difference between both situations is in the position
f the O4· · ·H· · ·O3 proton. Therefore, the bridging proton of the
4· · ·H· · ·O3 unit (Fig. 14b) can be considered as equally shared

mong both oxygen atoms, and described as a low energy barrier
ydrogen bond.

These results have important implications for the assignment
f a protonation state to the dimethylglyoxime ligands of the
12 mimetic Co(CCl CHCl)(dmgH)2(py). First of all, one of

he bridging protons can be associated essentially with one of the
xime oxygen atoms, while a second proton cannot be assigned
o merely one oxygen atom. Together with the structural results,
hich showed the existence of several minima very close in

nergy, this explains why it is not possible to identify the pro-
onation state of the dimethylglyoxime ligands unambiguously.

ven at 173 K, one of the bridging protons is delocalized among
oth oxime oxygen atoms. The crystal structure actually reflects
he behavior of the system, for it is an average among all possible
tructural conformations.
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Fig. 14. Shortest intermolecular interactions involving the oxime oxygen atoms
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n the optimized structure of (a) crystal form I and (b) the dmg/dmgH2 isomer
f crystal form II. Reprinted with permission from Ref. [101]. Copyright (2002)
merican Chemical Society.

. Summary and conclusions

This work focuses on the structure and dynamics of equa-
orial and axial ligands in biologically relevant iron and
obalt complexes with macrocyclic ligands. Three examples
re shown, related either to models of the oxygen binding pro-
eins hemoglobin and myoglobin (iron-based), or models of the

12 coenzyme (cobalt-based). Density-functional theory (DFT)
alculations, combined with DFT-based molecular dynamics
imulations (AIMD), are performed in order to complement
xperimental studies of these complexes. The simulations allow
he evolution of the system to be followed for a short time interval
f time at finite temperature.

The first example summarizes our recent study of the dynam-

cs of the metal–ligand bond in heme models and its cobalt
nalogues [23]. Several models are considered: MeP(Im)O2 and
eP(Im)O2· · ·Im (Me = Fe, Co; Im = imidazole; P = porphyrin),

s well as the picket-fence oxygen molecules MeTpivPP(2-

t
w
i
n

stry Reviews 252 (2008) 1497–1513 1511

eIm)O2 (Me = Fe, Co). The results of the molecular dynamics
imulation show that in all cases the oxygen ligand under-
oes a fast rotational motion around the metal–oxygen bond.
he mechanism is fully consistent with the interpretation of
revious experimental studies of heme analogues [17,18], pro-
iding a detailed picture of the dynamics of these highly flexible
etal–oxygen bonds. Even though both cobalt and iron models

ollow this general picture, there are quantitative differences.
irstly, the rotational motion of the oxygen around the Me–O
ond is faster for Co than for Fe. Secondly, the interaction of
he ligand with the distal His is stronger for the cobalt complex
4.7 kcal/mol) than for the iron one (3.7 kcal/mol). There are also
ifferences concerning which oxygen atom is the best hydrogen
ond acceptor. Finally, a word of caution is raised with respect
o drawing conclusions from static calculations for these highly
exible metal–ligand bonds.

The second example deals with the cobalt–axial ligand bonds
Co–C and Co–Nax) in B12 cofactors (AdoCbl and MeCbl).
oth the binding energy of the Co–C bond and the length
f the Co-axial base (dimethylbenzimidazole) in B12 cofac-
ors have proven to be elusive for density-functional methods
103], but recent studies show that using the adequate exchange-
orrelation functional and considering the full cofactor in the
alculations solve these discrepancies [87,90,91]. Furthermore,
t has been demonstrated that the value of the Co–Nax distance
n the AdoCbl crystal is affected by intermolecular interactions
91]. The mutual influence of both axial ligands, analyzed in
he case of MeCbl, evidences an opposite effect of the axial lig-
nds: the alkyl ligand significantly reinforces the bond with the
xial base, while the axial base slightly weakens the Co–C bond.
his is in agreement with experimental studies showing that the
o–C bond is stronger for the base-off form [95–98], and sug-
est that interconversion between base-on and base-off forms of
he cofactor in MeCbl-dependent enzymes will have little effect
n the strength of the Co–C bond.

The third example shown focuses on the oxime ligands
n organocobaloxime mimetics of the B12 coenzyme. The
rotonation state of the equatorial oxime ligands (dmgH−
r dmgH2) can be identified from the length of the Co–N
nd N–O distances. However, very often variations on these
istances are too small to allow the identification of the pro-
onation state from crystallographic data alone. This is the
ase, for instance, of the [Co(CCl CHCl)(dmgH)2(py)].CHCl3
obaloxime complex, which was here analyzed in detail. The
ethodology used was tested by performing calculations on two

rganocobaloxime complexes for which the protonation state is
nown experimentally [Co(dmgH)2(Cl)(4-chloroaniline)·2H2O
nd Co(dmgH)2(H2O)(NO2)]. In the latter, the protonation state
s known from neutron diffraction measurements [37], whereas
n the former it is inferred from the length of the Co–N and
–O distances [38]. In both cases, our results turned to be in
ood agreement with experiment, confirming that the Co–N and,
ore importantly, the N–O distances are related to the protona-
ion state of the cobaloxime ligands. A more thoughtful analysis
as performed for [Co(CCl CHCl)(dmgH)2(py)].CHCl3, as

n this case the protonation state of the equatorial ligands is
ot known experimentally [39]. We found that the most stable
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rrangement for an isolated molecule is the (dmgH)2 one. In
he crystal, however, the weak C–H· · ·O intermolecular inter-
ctions between the solvent and the oxime oxygen atoms are
nough to change this situation. Our simulations [101] show
hat one of the bridging OH· · ·O protons can be essentially
ssociated to one oxime oxygen, while the proton of the sec-
nd dimethylglyoxime ligand is essentially shared between the
wo oxygen atoms, explaining the absence of a clear signa-
ure of the protonation state of the dimethylglyoxime ligands
n the structural determination. The fact that small changes
n the directionality of weak intermolecular interactions can
ontribute to the delocalization of the oxime protons is at
ariance with the common assumption that only strong hydro-
en bonds can stabilize the dmg/dmgH2 configuration [104],
s happens in Co(dmgH)2(Cl)(4-chloroaniline)·2H2O [38] and
o(dmgH)2(H2O)(NO2) [37]. This could have implications

n the synthesis of cobaloxime biomimetics with the desired
imethylglyoxime arrangement.
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