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Molecular dynamics simulations have been used to study the three-dimensional distribution of methanol solvent
molecules around three cobalt(II) cyclidene complexes differing in details of their ligand structures. The ligands
are a planar unbridged 14-membered macrocycle in Co([14]Cyc), a saddle-shaped unbridged 16-membered
macrocycle in Co([16]Cyc), and a lacunar bridged 16-membered macrocycle in Co(C6[16]Cyc). All three complexes
contain five-coordinate cobalt(II) with the metal ion bound to four nitrogen donor atoms from the macrocycle
and one nitrogen donor from an axial methylimidazole. Distinctly different solvation patterns are exemplified for
the three complexes by the positions of the maximum in the Co-O pair distribution function (at r(Co-O) ) 2.5,
3.7, and 4.5 Å for Co([14]Cyc), Co([16]Cyc), and Co(C6[16]Cyc), respectively) and by the number of methanol
molecules within the macrocyclic cleft (1.5, 0.7, and 0.4 molecules at a Co-O distance of 5.25 Å in the “cavity”,
respectively). Analysis of the anisotropic solvent structure reveals the presence of a methanol molecule directly
above the cobalt(II) center, at a distance of ca. 2.5 Å, for planar Co([14]Cyc), and the absence of solvent from
such close proximity to the metal ion for the remaining complexes. The bridge further protects the sides of the
cavity from the solvent. The width of an empty cavity of Co(C6[16]Cyc) shrinks by 0.3 Å in methanol solution,
as compared to vacuum simulations. These results confirm the experimentally based (decrease in absolute value
of enthalpies and entropies of dioxygen binding) suggestion that extensive solvation of the cobalt(II) center reduces
its accessibility to incoming small molecules.

Introduction

Building superstructures around the metal ions has become
one of the popular motives in the design of novel coordination
compounds, with numerous successful implementations to
macrocyclic porphyrin and non-porphyrin complexes.1,2 The
approach originates from the chemistry of synthetic dioxygen
carriers, where the steric bulk around the metal center served
at least two purposes: (1) to protect the dioxygen adduct from
autoxidation viaµ-oxo dimer formation and (2) to prevent the
binding of large base or solvent molecules at the sixth vacant
coordination site of the metal ion, leaving it available for O2

binding. This paradigm of steric protection at the metal coor-
dination site has been extended to reversible binding and acti-
vation of various small molecules. Recent applications include
(but are not limited to) binding and activation of dioxygen and
peroxide with sterically hindered non-heme iron complexes3-6

and copper(I) complexes;7,8 shape-selective oxidation of sub-
strates catalyzed by superstructured metalloporphyrins;9 dini-
trogen fixation using molybdenum complexes with tripodal

ligands bearing bulky substituents;10 etc. In general, a sterically
hindered metal coordination site facilitates discrimination
between other ligands (“guests”) of different sizes and shapes
and protection of reactive coordinated species. The sterically
protected metal coordination sites are also very important in
the functioning of naturally occurring metalloproteins.11

The expected “side effect” of the superstructure encompassing
the small-molecule binding site, the decrease in the binding rates
and dioxygen affinities with an increasing extent of steric
hindrance, has been observed for many porphyrin and non-
porphyrin complexes.2,12This effect, which is primarily entropic
in nature, can be easily rationalized in terms of restricted number
of possible orientations and trajectories of a small ligand that
allow access into the cavity. In other words, the superstructure
will “overprotect” the binding site; it not only prevents the
binding of undesirable components of the reaction mixture but
also hinders the binding of the desired substrate. The differences
in size, shape, and solvent affinity between available small
substrates (e.g., O2) and the competing solvent or base molecules
(e.g., methanol,N-methylimidazole, and Cl-) open the way for
fine-tuning the binding characteristics of the lacunar complexes
by varying the size, shape, and atomic composition of the cavity.
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This approach allowed us, for example, to accomplish fast, low-
barrier oxygenation at a vacant cobalt(II) coordination site in
bridged cyclidene complexes13,14(the second-order rate constants
on the order of 108 M-1 s-1 are comparable to those for natural
oxygen carriers).

Surprising results were obtained when the reactivities in
noncoordinating solvents of lacunar complexes and their un-
bridged analogues were compared. In such media, solvent
molecules are not expected to compete with the small ligand
molecules for the binding sites, and steric hindrance around the
coordination site was not expected to lead to enhanced reactivity.
The opposite was expected, a decrease in reactivity for the
lacunar (sterically hindered) complexes when compared to their
unbridged analogues. Experimental studies on dioxygen and
carbon monoxide binding to “flat” and sterically hindered por-
phyrins gave contradictory results. In some cases, “flat” por-
phyrins formed stronger O2 or CO adducts than their “pro-
tected” derivatives, due to faster binding rates.15-20 In other
cases, however, the opposite trend was observed: the sterically
hindered porphyrins outperformed their “flat” (unsubstituted)
analogues in small-molecule binding rates and the stabilities of
the adducts formed.21-23 A nonspecific “solvent shielding” of
the metal coordination site was suggested as a possible ex-
planation for this counterintuitive effect21,22(Figure 1). Recently,
we observed ca. 100 times faster oxygenation of the bridged
cobalt(II) complexes with pentadentate Schiff base ligands, as
compared to the analogous parent unbridged compounds.24 A

smaller but measurable effect was also found in the oxygen
binding to bridged versus unbridged cobalt(II) cyclidenes.14 The
“solvent shielding” hypothesis offers a reasonable explanation
for this accumulating set of observations. The hypothesis itself,
however, has not previously been justified. The analysis of the
solvent structure around the metal site in coordination com-
pounds of different shapes is reported here, and the results
provide important insights into the reactivities of such complexes
in solution.

Cyclidene complexes (Figure 2) provide a perfect opportunity
to analyze the influence of molecular shape and superstructure
on solvation of the metal center. X-ray crystallographic stud-
ies1,12,25 revealed that the 16-membered macrocyclic ring in
cyclidenes folds and adopts a deep saddle-shaped conformation
in unbridged complexes, as well as in bridged derivatives (Figure
3). In unbridged compounds, one site at the metal ion is sterically
protected by the “walls” of the cavity, while in bridged
complexes the protective walls are still in place but additional
protection is provided by the “roof” over the cleft (the bridge).
In contrast, the 14-membered macrocyclic ring preferentially
exists in a flat or “open” conformation (Figure 3), and the metal
ion in its square-planar coordination environment is fully
exposed to solvent molecules and other components of the
reaction mixture. A comparative study of these systems allows
us to elucidate the roles of different structural components
(“walls” and “roof”) in shielding the metal ion from the solvent.

In the absence of direct experimental methods capable of
displaying the spatial distribution of solvent molecules around
the metal center within the bulky ligands, molecular dynamics
simulations can be used to obtain this information. Molecular
dynamics and Monte Carlo simulations proved to be valuable
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Figure 1. Nonspecific “solvent shielding” of the coordination site in
non sterically hindered complexes, as compared to the “bridge
shielding” in the corresponding lacunar complexes (suggested by
Collman and co-workers21).

Figure 2. Macrocyclic complexes: (a) general structure of Ja¨ger
complexes; (b) general structure of cyclidene complexes; (c) atom-
numbering scheme for macrocyclic framework adopted in modeling
studies; (d-f) cyclidene complexes selected for molecular dynamics
simulations.
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techniques to study solvation effects in a variety of systems,
ranging from simple ions26 to such biologically important
molecules as carbohydrates27-29 and peptides.30-32 Computer

simulations are becoming increasingly popular in studying host-
guest interactions.33-42 The studies of three-dimensional aniso-
tropic solvent structure have, however, been limited to relatively
simple systems, such as pure liquids,43-45 anthracene in nonpolar
(cyclohexane) and polar (2-propanol) solvents,46 and carbohy-
drates in water.27-29 We report here the results of MD
simulations of Co([14]Cyc)(MeIm), Co([16]Cyc)(MeIm), and
Co(C6[16]Cyc)(MeIm) (Figure 2) in methanol. These macro-
cyclic (equatorial) ligands were chosen because of their various
shapes within metal complexes, as described above. A single
axial 1-methylimidazole (MeIm) molecule chemically bound to
the cobalt(II) center served two purposes: (1) this axial base is
commonly used in the design of dioxygen cariers or redox
reagents, to activate the central metal ion; (2) the coordinated
MeIm molecule blocks the fifth Co(II) coordination site from
the possibility of solvent binding, and this permits unambiguous
analysis of the solvation at the sixth (vacant) cobalt(II)
coordination site. Methanol was selected as a solvent because
(1) the available experimental data on the kinetics of oxygen
binding were obtained in this solvent13,14 and they suggest the
absence of solvent molecule binding at the sixth cobalt(II)
coordination site; and (2) methanol is a commonly used polar
organic solvent, and it also contains hydrophilic OH groups;
we believe that the results obtained for methanol solutions will
be transferable, to some extent, to both aqueous and nonaqueous
solutions.

Methods

Computational Methods. The CHARMM (versions 22 and 24)
software package was used for molecular mechanics and molecular
dynamics simulations.47 An all-hydrogen CHARMM force field48,49was
complemented with the parameters for the macrocyclic framework.
Several new atom types were introduced in CHARMM, and the details
of the force field parametrization for these atoms (based upon a
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Figure 3. X-ray structures of 14- and 16-membered macrocyclic
complexes: (a) Ni(Ac2HMe[14]Jag): Ja¨ger platform, X) Y ) (CH2)2,
R1 ) R2 ) CH3, R3 ) H. Reproduced with permission from ref 1.
Copyright 1994 American Chemical Society. (b) Cu(H2MeMe[16]Cyc):
unbridged cyclidene, R1 ) 2Me, R2 ) H, R3 ) R4 ) Me, X ) Y )
(CH2)3. Reproduced with permission from ref 25. Copyright 1987
American Chemical Society. (c) [Co(C6)MeMe[16]Cyc](MeIm)(O2):
dioxygen adduct with bridged 16-membered cyclidene, R1 ) (CH2)6,
R2 ) R3 ) R4 ) Me, X ) Y ) (CH2)3. Reproduced with permission
from ref 1. Copyright 1994 American Chemical Society.
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vibrational frequency fitting procedure) are provided in ref 50. Atomic
charges were obtained from ZINDO calculations51-53 (single-point
energy; Mulliken population analysis), as implemented in the CAChe
package (Oxford Molecular Group). These charges appear to be
compatible with the force field for the cyclidene macrocycles, allowing
us to reproduce a variety of cyclidene geometries observed experi-
mentally.1,50 Complete topology and parameter listings, including atom
types and atomic charges, are summarized in the Supporting Informa-
tion, Tables 1 and 2; the atom-numbering scheme is shown in Figure
2c (macrocyclic framework, heavy atoms) and the Supporting Informa-
tion, Figure 1 (all atoms). Standard CHARMM force field parameters
and atomic charges48,49 developed for serine and threonine side chains
were used to model the potential energy function for the solvent
(methanol) molecules. These parameters provide a model of liquid
methanol in excellent agreement with experimental observations
(calculated density of 0.79 g/cm3 and∆Hvap ) 35.4 kJ/mol).54

Molecular dynamics simulations for Co([14]Cyc), Co([16]Cyc), and
Co(C6[16]Cyc) were performed both in a vacuum and in methanol
solutions, yielding 200 ps trajectories. PF6

- anions were not included
in the simulation, because they are not coordinated to the central cobalt-
(II) ions.1,12 Consequently, no significant influence of the PF6

- anions
on the short-range solvation was expected.42,55 Possible long-range
effects were not subjects of the reported research. The simulation
protocol was identical for all systems (except for special features
applicable to molecular ensembles, discussed below). For the liquid
systems, the simulation conditions corresponded to the isothermal-
isobaric ensemble (with the internal pressure set to 1 atm, and the
temperature of 300 K), using Langevin dynamics on a pressure piston
degree of freedom,56 and the Nose-Hoover algorithm57,58 to control
the temperature. A truncated octahedral cell59,60with periodic boundary
conditions was used in all simulations of solvent-containing systems.
In molecular dynamics simulations, SHAKE constraints61 were imposed
on bonds involving hydrogen atoms, providing a 2 fstime step.62 The
equations of motion were integrated by using a Verlet algorithm.63 In
energy calculations, a 12.0 Å nonbonded cutoff distance was employed,
with a switching function between 10.0 and 12.0 Å for van der Waals
terms and a shift function at 12.0 Å for electrostatic terms, in order to
eliminate discontinuities due to the cutoff.47

The same simulation protocol was used for all three macrocycles in
methanol solutions. The initial geometry of Co([16]Cyc) was taken
from the X-ray structure of the analogous copper complex;25 the initial
geometry for Co(C6[16]Cyc) was taken from X-ray data.1,64 Meth-

ylimidazole was positioned, as in [Co(C6[16]Cyc)(O2)(MeIm)] (X-ray
data12). Energy minimization for both compounds yielded structures
very close to the initial X-ray geometries (in support of adequacy of
the force field developed for cyclidene complexes50). For the case of
Co[14]Cyc, the saddle-shaped conformation of Co([16]Cyc), with two
carbon atoms deleted (and bond, angle, and dihedral energy terms
modified accordingly), was used as the initial structure. In complete
agreement with the experimental X-ray data for 14-membered cycli-
denes,25,65 the “flat” (open) conformation was obtained after energy
minimization. For all three macrocycles, the optimized molecule was
placed in the center of a preequilibrated methanol cell (based on a cube
of ca. 38 Å edge; the exact size of the cell depends on the linear
dimensions of the particular macrocycle and was selected in order to
ensure that a solvent layer of at least 10 Å surrounds the macrocycle
molecule within the primary cell). After deletion of the methanol
molecules overlapping the solute, the Co([16]Cyc), Co(C6[16]Cyc),
and Co([14]Cyc) systems contained 393, 392, and 433 methanol
molecules, respectively. After brief energy minimization, heating, and
10 ps constant volume equilibration, the systems were allowed to evolve
at constant pressure for 20 ps each, followed by 200 ps production
runs (at constant pressure of 1 atm). Coordinate sets were saved every
0.2 ps for subsequent analysis. The average temperature for all three
systems was 300( 5 K, and the average box size was 38.25( 0.16,
38.26( 0.17, and 39.37( 0.15 Å for Co([16]Cyc), Co(C6[16]Cyc),
and Co([14]Cyc), respectively.

In order to compute the three-dimensional anisotropic solvent
distribution around the macrocycle molecule, the procedure developed
and applied to the studies of anthracene solvation46 was adopted. The
whole system was oriented to the principal axis system of selected atoms
of the solute. The in-plane cobalt(II) coordination sphere (four nitrogen
atoms in the macrocyclic ring) is rigid in our systems, and the solvent
distribution about the cobalt(II) center is of primary interest. For these
reasons, four donor nitrogen atoms, along with four adjacent carbon
atoms from the saturated chelate rings, were selected. In this case, the
cobalt(II) ion lies practically at the center of mass of the eight-atom
system, and the Co(N4) plane coincides with thexy plane (with the
principal axesx andy bisecting the Co-N bonds). The oriented system
(including the primary cell and the images) was partitioned into small
cubes with sides of 0.5 Å, and the methanol center-of-mass distribution
was computed by direct count and then averaged over the trajectory.
Two-dimensional slices of the 3D solvent distribution were analyzed,
using contour plots. Similar procedures have been applied pre-
viously to a variety of systems, ranging from pure liquids,43-45 to
carbohydrates in water,27-29 to crystalline hydrated proteins.66 Brady
and co-workers28 pointed out that system reorientation at every trajectory
frame leads to inadequate statistics in the corners of the cube. Reliable
statistics are obtained in a sphere with a radius equal to a minimal
distance from the origin to the edge of the primary cell. In the case of
the truncated octahedral cell based on a cube of side a, this radius is
equal to a(x3)/4 ) 0.43a. This should be taken into account in
analyzing the anisotropic solvent structure (see discussion accompanying
Figures 10 and 11).

Experimental Methods. The solvents and reagents used in these
studies were of reagent grade or better.N-Methylimidazole was dried
over barium oxide and distilled in vacuo; acetonitrile was dried over
calcium hydride and distilled. The solvents were degassed by successive
freeze-pump-thaw cycles prior to use. The syntheses and manipulation
of the cobalt(II) complexes were performed under an atmosphere of
dry, oxygen-free nitrogen in a Vacuum Atmospheres glovebox, with
the oxygen content below 5 ppm. Co([16]Cyc)(PF6)2 was synthesized
by analogy to a published procedure.12,64,67 Dioxygen affinities were
determined by spectrophotometric titration with dioxygen12,64 carried
out in a 1 cmgastight quartz cell with a bubbling tube. Spectra were
recorded on a Varian 2300 spectrometer connected via an IEEE interface
to an IBM PC which provided automatic instrument control and data
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collection. Dioxygen/nitrogen gas mixtures were generated using Tylan
FC-260 mass flow controllers.

Results and Discussion

The main objective for this research is to compare solvation
of the three systems, which are very similar electronically, but
substantially different in their preferential conformations. In the
following sections, the results of molecular dynamics simulations
on solvated macrocyclic complexes are analyzed in terms of
macrocycle structure and dynamics, and solvent structure and
dynamics. Experimental data on dioxygen affinities for 16-
membered cobalt(II) cyclidenes will be presented last and
interpreted in view of the simulation results.

Qualitative System Characterization Based on Molecular
Graphics. The time evolution of the distances between “ter-
minal” carbon atoms at the “edges” of the macrocycle
(C3-C19, d1), exocyclic carbon atoms (C39-C40, d2), and
the exocyclic nitrogen atoms (N45-N58, d3) (Figure 2c) shows
that the complexes undergo no significant conformational
changes throughout our 200 ps simulations. The 14-membered
macrocycle remains essentially planar during the course of the
simulation; the 16-membered unbridged complex retains its
saddle shape, and both the macrocyclic framework and the
hexamethylene bridge preserve their conformations in the case
of the C6-bridged cyclidene derivative. For a given macrocycle,
there is no qualitative difference in ligand structure between
vacuum and solvent simulations; quantitative difference will be
discussed below. However, the simulations in methanol reveal
distinct qualitative differences in the solvation of the three
complexes. Snapshots of the trajectories for three complexes
in methanol are shown in Figure 4.

For [14]Cyc we find one strongly bound methanol molecule
directly above the cobalt ion, with a Co‚‚‚O(MeOH) distance

of ca. 2.5 Å. One measure of the strength of this direct
electrostatic interaction is that the same methanol (MeOH)
molecule remains bound at this site throught the 200 ps
simulation (see below for a more quantitative measure). Because
of the relatively open structure of the 14-membered-ring
derivative, one or two more MeOH molecules can reside above
the cyclidene plane with Co‚‚‚O distances below 5.0 Å.

In the unbridged [16]Cyc system a specifically bound MeOH
molecule is also seen close to the Co atom. Due to the saddle
shape of the cyclidene ring, this methanol cannot approach the
Co ion directly from above, but does so preferentially from the
less crowded side of the ring, opposite the methyl substituents
and amino groups. This MeOH molecule resides at typical Co‚
‚‚O distances of 3.0-4.0 Å. As in the [14]Cyc system, the same
methanol occupies the binding site throughout the 200 ps
simulation.

In the bridged [16]Cyc system a methanol molecule may be
found in a position similar to that found in the “unbridged”
simulation, but further away from the Co, with typical Co‚‚‚O
distances between 3.5 and 5.0 Å. This molecule is quite labile;
three different methanols occupy this site at different points in
time, during the 200 ps MD simulation, indicating that the Co‚
‚‚MeOH interactions are weaker than those in the unbridged
[14]Cyc and [16]Cyc cases. For both the bridged and unbridged
16-membered macrocycles no other methanols, except for those
specifically bound, appear within a Co‚‚‚O distance of 5.0 Å.

It should be noted that all methanol molecules are initially
equivalent in our systems, and none of them is chemically bound
to the cobalt atom (that is, no explicit Co-O bond was
introduced in the topology file). The preferential location of
methanol molecules at a short distance from the cobalt(II) for
unbridged complexes is exclusively due to nonbonding interac-
tions.

Figure 4. Trajectory snapshots from simulations in methanol: (a,b) Co([14]Cyc); (c,d) Co([16]Cyc); (e,f) Co(C6[16]Cyc). Methanol molecules
within 5 Å from the Co(II) center are shown.
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Hydrogen atoms of the methanol molecules within the first
solvation sphere are not hydrogen-bonded to any of the
macrocyclic nitrogen atoms.

Geometry of the Macrocycles in a Vacuum and in
Methanol Solutions. Earlier studies have shown that the
dioxygen affinity of the cobalt(II) complexes of the 16-mem-
bered bridged cyclidenes correlates with the cavity width of
the macrocycle, with the width defined as the distance between
N45 and N58 atoms (Figure 2c).1,12 The cavity widths deter-
mined by X-ray crystallography, obviously, refer to the molec-
ular geometry in the solid state. Molecular mechanics calcula-
tions for isolated cyclidene molecules in the gas phase (using
either previously developed MM2/MMP2 force field68 and our
extended CHARMM force field50) reproduce the crystal-
lographic cavity width fairly well.50,65,68The atomic fluctuations
in cyclidene molecules may, however, change the time-averaged
cavity width, compared to the cavity width in the optimized
structures. Solvation is also expected to alter the macrocyclic
geometry to some extent. Time evolution of macrocycle con-
formations, both in a vacuum and in methanol solutions, has
been deduced from our simulations.

For all systems studied, no significant conformational changes
in the macrocycle occurred during 200 ps simulations. The
trajectory-averaged macrocyclic geometry for each complex,
obtained in vacuum simulations, proved to be very similar to
the corresponding optimized structures obtained from molecular
mechanics calculations. The geometric parameters related to the
cavity size are summarized in Table 1, along with available
X-ray data for similar compounds.1,25,64,65 Crystallographic
information for 14-membered cyclidenes is limited to the
unbridged Ja¨ger precursor which has carbonyl groups in place
of dimethylamino groups, and to the C12-bridged [14]cyclidene
complex. Thus, a ca. 1 Å discrepancy in the cavity width of
the unbridged 14-membered complex between that obtained in
MD simulations and the cavity width of the C12-bridged
complex determined crystallographically (Table 1) is not
surprising.

In the case of “open” Co([14]Cyc), the label “cavity width”
is a misnomer, since the structure is flat and has no cleft. In
this case the average “cavity width” is actually, just the distance
between selected pairs of carbon or nitrogen atoms, and it is

practically identical in a vacuum and in methanol. Thus, the
“flat” conformation of the 14-membered macrocycle is insensi-
tive to solvent. The root-mean-square (rms) fluctuations in the
distance between the macrocyclic carbon atoms C3 and C19
are significantly smaller than the rms fluctuations in the
distances between exocyclic carbon (C39 and C40) or nitrogen
(N45 and N58) atoms, indicating the relative rigidity of the
macrocyclic framework. The rms fluctuations of the exocyclic
atoms are greater for vacuum simulations than for solution
simulations.

The unbridged Co([16]Cyc), unlike its 14-membered coun-
terpart, does have a well-defined cavity, which is much smaller
than the so-called “cavity width” for Co([14]Cyc) (Table 1).
The time-averaged cavity width does not differ substantially
for the molecule in a vacuum and the molecule in methanol
solution, being only slightly smaller in the latter case. The rms
fluctuations in interatomic distances are again higher for vacuum
simulation, as compared to the simulation in the solvent. The
exocyclic atoms are more flexible than the atoms within the
macrocycle, as is reflected in higher rms fluctuations in d2 and
d3, as compared to d1.

The behavior of the bridged complex Co(C6[16]Cyc) differs
from the behavior of both unbridged complexes (Co([14]Cyc)
and Co([16]Cyc)). The trajectory-averaged cavity width of this
bridged complex in methanol solution is noticeably smaller than
its cavity width in a vacuum (by 0.16 Å in d1; 0.31 Å in d2;
and 0.24 Å in d3). The rms fluctuations in d1, d2, and d3 do
not change upon transition from vacuum to methanol. The
exocyclic carbon and nitrogen atoms are still somewhat more
flexible than the atoms within the macrocycle, but the difference
is smaller in comparison with the unbridged complexes.

It can be concluded that, among the three systems studied,
only the structure of bridged Co(C6[16]Cyc) is substantially
affected by solvation, while the structures of unbridged com-
pounds are essentially uninfluenced by the solvent. This result
is somewhat counterintuitive. One might expect that more rigid
bridged compound would be less sensitive to the environment
than its more flexible unbridged analogues. The most probable
cause for the observed behavior is the exclusion of solvent from
the cavity, resulting in a solvation mode for the bridged complex
that is directed solely fromoutside the caVity. This solvation
mode can “compress” the molecule, leading to the observed
decrease in the cavity width. In the case of flat 14-membered
cyclidene, there is no cavity and solvent molecules are present
both above and below the plane that approximates the locations
of most of the atoms in the structure. This completely “open”
conformation is not altered upon solvation. In the intermediate
case of unbridged saddle-shaped Co([16]Cyc), the methanol
molecules tend to enter the cavity, thus “pushing apart” the
cavity walls. This balances the effect of the “outside-the-cavity”
solvation.

The substantial differences in molecular shapes of crystalline
complexes with [14]Cyc, [16]Cyc, and C6[16]Cyc are preserved
in the course of molecular dynamics in solvent. Consequently,
the results of these 200 ps simulations can be used for
comparison of solvation of differently shaped molecules.

Analysis of Three-Dimensional Solvent Structure in Mac-
rocyclic Complex-Methanol Systems. (a) Isotropic Solvent
Distribution. The radial distribution of the solvent molecules
around the cobalt central atom has been analyzed in terms of
time evolution of the minimum Co-O(MeOH) distance (the
distance from the cobalt atom to the nearest methanol oxygen
atom) and trajectory-averaged pair distribution functions. The
presence of covalently bound methylimidazole as an axial ligand

(68) Lin, W.-K.; Alcock, N. W.; Busch, D. H.J. Am. Chem. Soc.1991,
113, 7603-7608.

Table 1. Trajectory-Averaged Cavity Width for Three Cobalt
Complexes, Compared to Crystal Geometry

distance, Å (rms fluctuations)

structural parameter Co([14]Cyc) Co([16]Cyc) Co(C6[16]Cyc)

d1 (C3-C19)
dynamics in a vacuum 6.37 (0.15) 5.14 (0.18) 5.47 (0.15)
dynamics in methanol 6.35 (0.12) 5.06 (0.15) 5.31 (0.17)
X-ray data (cryst) 5.28b 5.29c

d2 (C39-C40)
dynamics in a vacuum 8.89 (0.29) 6.29 (0.35) 6.94 (0.28)
dynamics in methanol 8.84 (0.22) 6.16 (0.25) 6.63 (0.31)
X-ray data (cryst) 9.73a 6.49b 6.63c

d3 (N45-N58)
dynamics in a vacuum 9.61 (0.55) 6.05 (0.38) 7.09 (0.23)
dynamics in methanol 9.56 (0.38) 5.94 (0.33) 6.85 (0.27)
X-ray data (cryst) 10.67a 6.39b 6.74c

a X-ray data are available for the bridged complex Ni(C12)-
MeMe[14]Cyc, X) Y ) (CH2)2, R1 ) (CH2)12, R2 ) R3 ) R4 ) Me
(Figure 2), ref 65.b Cu(H2MeMe[16]Cyc), X ) Y ) (CH2)2, R1 )
2Me, R2 ) H, R3 ) R4 ) Me (Figure 2), ref 25.c Co(C6MeMe[16]Cyc),
X ) Y ) (CH2)3, R1 ) (CH2)6, R2 ) R3 ) R4 ) Me (Figure 2), refs
1, 12.
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in all systems effectively screens the cobalt atom from the
solvent molecules approaching it from one side of the macro-
cycle. Consequently, it is expected that the radial distribution
of the solvent, at least at short Co-O(MeOH) distances, reflects
the solvent distribution inside the “cleft” of the cyclidene
complexes. The analysis of anisotropic solvent structure around
the macrocycles discussed below confirms this hypothesis.

The distance between the cobalt atom and the oxygen atom
in the methanol molecule closest to cobalt(II), for Co([14Cyc]),
Co([16Cyc]), and Co(C6[16]Cyc), is shown in Figure 5. This
solvent molecule is located at a significantly shorter Co-O
distance in the case of the planar complex (ca. 2.5 Å) than it is
in the saddle-shaped unbridged complex (ca. 3.7 Å). The solvent
is pushed even farther away (to ca. 4.5 Å) in the lacunar C6-
bridged complex. The rms fluctuations in Co-O(MeOH) dis-
tance are small for Co([14]Cyc) (0.2 Å), where the solvent is
located close to the cobalt(II) atom and appears to be relatively
tightly bound (see also discussion below). The amplitude of
methanol fluctuations increases substantially with an increase
in the Co-O(MeOH) distance, as can be seen for Co([16]Cyc)
(0.3 Å) and Co(C6[16]Cyc) (0.4 Å), reflecting weaker interac-
tions.

The pair distribution functions for the Co atom within the
macrocycle and the oxygen atoms of the methanol molecules60

are distinctly different for the three complexes (Figure 6) and
reflect the structural properties of the solvated complexes. This
difference is also reflected in the number of methanol molecules
around the cobalt center calculated as an integral ofg(r) (Figure
7). The data indicate the presence of one well-localized, strongly
bound methanol molecule at a distance of 2.5 Å from Co([14]-
Cyc), a more weakly bound methanol at a distance of 3.7 Å
from Co([16]Cyc), and a still more labile and longer-range
complex for the bridged species Co(C6[16]Cyc).

In terms of the structure, the increase ing(r) at Co-O
distances greater than 5 Å is due to thepresence of methanol
molecules approaching from the side of the cyclidene ligand
on which imidazole is bound to cobalt. At any given Co-
O(MeOH) distance, the number of methanol molecules within

this shell decreases in the order Co([14]Cyc)> Co([16]Cyc)
> Co(C6[16]Cyc).

To estimate the strength of the Co-O interactions in the
different cyclidene derivatives we can convert the pair distribu-
tion functionsg(r) to potentials of mean forceG(r):69

An interpretation of free energy profiles calculated with eq 1
requires caution, because the sampling of high-energy regions
in the standard simulations is not adequate. The results (Figure
8) are still meaningful, however, for the purpose of comparison
of three closely related, yet structurally different, systems. For
the [14]Cyc system theG(r) profile has a minimum at-0.7
kcal/mol at 2.4 Å. The negative value ofG(r) indicates that the
specifically bound methanol interacts with the Co2+ ion more
strongly than a typical MeOH molecule interacts with its
neighbors in bulk solvent. The 0.7 kcal/mol represents the
reversible work needed to move a methanol molecule from the
specific cobalt binding site at 2.4 Å to bulk solvent (whereg )
1 and G ) 0). A free energy barrier of at least 4 kcal/mol
separates the flat profile characteristic of bulk solvent obtained
for r > 6.5 Å from the free energy minimum. This barrier cannot
be estimated more precisely from our simulations, since we
found no occurrences of Co-O distances in the 3.8-4.0 Å
range. The existence of this barrier indicates that favorable

(69) Beveridge, D. L.; DiCapua, F. M.Annu. ReV. Biophys. Biophys. Chem.
1989, 18, 431-492.

Figure 5. (a) Time evolution of the minimum Co-O(MeOH) distance
in the course of 200 ps simulations for Co([14]Cyc) and Co(C6[16]-
Cyc) in methanol. (b) Probability distribution of the minimum
Co-O(MeOH) distance for the three complexes studied.

Figure 6. Radial pair distribution function for methanol oxygen atoms
around the central Co atom calculated from the MD simulations for
three macrocyclic complexes.

Figure 7. Trajectory-averaged number of methanol oxygen atoms
(“coordination number”) within a sphere of a given radius around the
central Co atom, calculated as an integral of the pair distribution
function. Statistical fluctuations inN(r), determined by dividing the
trajectory points into five consecutive subsets and evaluating the
standard deviation of the mean of the block subaverages, are ca. 10%.

G(r) ) -kT ln g(r) (1)
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interactions with other solvent molecules are broken when the
strongly bound MeOH occupies its binding site. A second
minimum in G(r) is seen close to 6.0 Å; it is relatively broad
and shallow and corresponds to the broad peak ing(r)
representing the first full solvation shell of the cyclidene.

For the saddle-shaped unbridged [16]Cyc,G(r) has a mini-
mum of 0.4 kcal/mol at 3.5 Å.

The positive value ofG(r) indicates that methanol interactions
are stronger in bulk solvent than at the specific binding site.
This minimum is separated by a ca. 1 kcal/mol barrier from
the rest of the relatively flat profile. Again, this barrier represents
the breaking of favorable MeOH‚‚‚MeOH interactions in the
formation of the specific complex. Finally, for the bridged C6-
[16]Cyc system, theG(r) presents an essentially featureless,
monotonically decreasing profile, in accord with the shape of
the pair distribution functiong(r).

The structure of the bulk solvent in our simulations, exempli-
fied by the self-distribution functiong(r) for O(MeOH)-
O(MeOH) pairs (Figure 9), is typical of hydrogen-bonded liquid
alcohols.45,70

(b) Anisotropic Solvent Structure. It can be concluded from
the above discussion that the radial solvent distribution about
the cobalt(II) ion in the cyclidene complexes is clearly different
for the three differently shaped compounds. Analysis of the
three-dimensional solvent structure in these systems helps us
understand details of the solvation pattern characteristic of each
system. In particular, the solvent distribution within the cleft

or lacuna of the macrocycle, located in the position that is trans
to the axially coordinated 1-methylimidazole, is of primary
interest. The trajectory-averaged solvent density about each of
the macrocycles has been computed as a normalized number
of counts of the center of mass of methanol molecules in 0.5 Å
cubic bins. Two-dimensional slices of the solvent density in
xy, yz, andxzplanes are shown, as contour plots, in Figure 10.71

In all cases, the cobalt(II) atom lies in the origin. Thez ) 0
plane (xy plane) coincides with the CoN4 plane of the macro-
cyclic complexes, and they axis is directed toward the
unsaturated chelate ring, while thex axis goes through the
saturated chelate rings. For each of the macrocycles, the contour
of the molecule in thexy plane is well-defined and free of
solvent. Thex dimensions of all three complexes are compa-
rable, which is expected because of the similarity of the struc-
tures of their saturated chelate rings. The solvent molecules
found in thexy solvation shell, however, are still far from the
cobalt(II) center (at a distance of 5 Å or greater) and are sep-
arated from the cobalt atom by the macrocyclic ligand. Con-
sequently, these methanol molecules will not directly influence
reactions at the sixth coordination site of the cobalt(II).

Figure 10 also shows cross sections of the cavities for each
of the complexes inyzandxzslices. It is clear that no solvent
molecules are located within the lacuna of the bridged complex
Co(C6[16]Cyc). In the case of the saddle-shaped unbridged
complex Co([16]Cyc), no methanol molecules are located above
the cobalt(II) center; some solvent density can be seen, however,
at the openings into the cavity. Methanol molecules can enter
the cleft, but they do not occupy the inner part of the cleft.
These molecules will, to some extent, affect the reactions at
the cobalt(II) coordination site, because they will interfere with
sixth-ligand binding. This influence is not, however, as signifi-
cant as can be predicted for the planar 14-membered complex
Co([14]Cyc) (Figure 10). For the latter complex, significant
solvent density is found not only on the sides of the cavity but
also directly above the metal center, at a short distance of ca.
3 Å.

A more detailed picture of solvent structure within the
macrocyclic cavity located above the cobalt(II) center can be
seen in Figure 11, where the solvent density is shown for several
planes for whichz ) constant. These planes are parallel to the
CoN4 plane of the macrocycle and are shifted alongz by 2, 3,
4, 5, 6, and 7 Å, respectively. For the bridged lacunar complex
Co(C6[16]Cyc), the solvent-free area above the cobalt(II) center
gradually shrinks with an increase in distance from the Co(II)
atom, but does not completely disappear even at a distance of
7 Å. No solvent molecules are found directly above the metal
ion. The combination of the “walls” and the bridge effectively
shields the central metal ion from the solvent. For the saddle-
shaped unbridged complex, the pattern is generally similar, but
some solvent density is clearly present in the cavity in the 4
and 5 Å slices. It is clear that the solvent enters the cavity from
the sides, but does not move to the middle of the cleft. The
solvent molecules are not located directly above the metal ion.
Thus, the screening of the cobalt(II) center from the solvent is
also accomplished in the saddle-shaped unbridged complex, but

(70) Haughney, M.; Ferrario, M.; McDonald, I. R.J. Phys. Chem.1987,
91, 4934.

(71) As a consequence of cell reorientation at every trajectory frame, solvent
density in the corners of the cell is not a periodic function. This
complication is discussed in detail in ref 28. Reliable statistics
corresponding to the primary cell hold within a sphere of a radiusa/2
for a cubic cell (see ref 28), orax3/2 for a truncated octahedral cell
(the minimum dimension of a primary cell). In our case,a ≈ 38 Å,
and reliable statistics are obtained for a sphere of radius 16.3 Å. It
does not limit the discussion, because long-range features are not the
primary focus of this project.

Figure 8. Potential of mean force, calculated as-RT ln (r) + constant,
for methanol oxygen atoms around the central cobalt atom in three
macrocyclic complexes. The absence of data points (line breaks) reflects
the absence of oxygen atoms at a given distance from the cobalt atom
in the simulations (g(r) ) 0) because of the insufficient sampling in
high-energy regions, and formally corresponds to infinite positive free
energy (infinitely high barriers).

Figure 9. Radial pair distribution function for solvent methanol oxygen
atomsgOO(r) for Co([16]Cyc).

3430 Inorganic Chemistry, Vol. 38, No. 14, 1999 Rybak-Akimova et al.



this screening is less complete and efficient than in the case of
the bridged complex. In the planar 14-membered complex, the
metal ion is exposed to the solvent. Significant solvent density
is found directly above the metal ion at distances of 3 and 4 Å;
the periphery of the macrocycle is also solvated. The solvent-
free area completely disappears at 7 Å above the Co atom (in
contrast to the behavior of both 16-membered complexes). It
can be concluded that the sixth coordination site at the Co(II)
ion is extensively solvated in the planar Co([14]Cyc). A similar
result has been obtained recently in the simulations of a
tetraazamacrocyclic ligand (cyclen) in water: a water molecule
was located right above the center of the planar ligand, at a
distance of about 3 Å.72

No long-range ordering of the solvent, due to the presence
of the macrocyclic complexes, has been observed in our systems.
This result indicates that methanol-methanol interactions are
generally stronger than methanol-solute interactions. Similar
behavior has been previously observed for an anthracene-2-
propanol system.46 In contrast, several solvation shells were
identified in the anthracene-cyclohexane system,46 where
solvent-solvent interactions are weak. The structure of the
extensively hydrogen-bonded solvent (water) can be perturbed
by highly hydrophilic solutes, e.g., carbohydrates. At least two
distinct solvation shells were seen in simulations of several
sugars in water.27-29

The qualitative conclusions described above are confirmed
by the quantitative determination of the number of methanol
molecules within the macrocyclic cleft. For the purpose of

comparison between three different systems, a somewhat
arbitrary, but uniform, definition of the cleft was used. A square
layer of bins surrounding a Co atom (6.5× 6.5 Å) was selected
as the base of the box, and the number of solvent molecules in
the layers above this base was counted and averaged over the
trajectory. The results on the number of methanol molecules
within each layer, as well as the total number of methanol
molecules within the box of a given depth, are presented in
Table 2 and Figure 12. For the bridged lacunar complex Co-
(C6[16]Cyc), the 4.25 Å deep box contains only 0.1 solvent
molecule, the 4.75 Å deep box includes 0.3 methanol molecule,
and a 5.25 Å deep box incorporates 0.4 methanol molecule (the
counts were averaged over the trajectories, giving fractional
numbers). For the saddle-shaped unbridged compound Co([16]-
Cyc), an appreciable amount of methanol also appears only in
the 4.25 Å deep box, but it grows substantially faster with an
increase of box depth, with 0.7 methanol molecule found in a
5.25 Å deep box. In the case of planar complex Co([14]Cyc),
a 3.75 Å deep box already has 0.7 methanol molecule in it.
The number of methanol molecules slightly exceeds 1 in a 4.25
Å deep box and continues to grow, reaching 1.5 in a 5.25 Å
deep box. The difference between inside-the-cleft solvation of
the three complexes is illustrated in Figure 12.

The solvent distribution in the cavities of the three complexes,
at relatively short distances from the cobalt atom, parallels the
radial solvent distribution estimated from the pair distribution
function (compare Figures 6 and 12b; Figures 7 and Figure
12a).73

Dioxygen Affinity of Co([16]Cyc). Equilibrium constants
for dioxygen binding to the title complexes were obtained from
oxygen titration experiments. The measurements were conducted

(72) Udomsub, S.; Hannongbua, S.J. Chem. Soc., Faraday Trans.1997,
93, 3045-3052.

Figure 10. Distribution of methanol molecule centers of mass around the oriented solute (Co([14]Cyc), Co([16]Cyc), and Co(C6[16]Cyc)):xy, xz,
andyz slices. The sides of the squares are equal to 36 Å.
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in acetonitrile solutions, because thermodynamic parameters for
oxygenation of a variety of cyclidene complexes, including Co-
(C6[16]Cyc), are available for this solvent.1,12 It has also been
shown that dioxygen affinities of cobalt cyclidene complexes,
measured in the presence of a strong axial base (such as

methylimidazole), are essentially solvent-independent.1,12 A
similar result, insensitivity to the solvent, was obtained in the
measurements of the kinetics of oxygen binding to cobalt(II)
lacunar cyclidenes.13,14 These observations permit comparison
of experimental results on dioxygen affinities of five-coordinate
cyclidene complexes measured in acetonitrile with the compu-
tational modeling of solvation of the same complexes in
methanol. The dioxygen affinity of planar Co([14]Cyc) has not
been measured, because of complications due to competing
autoxidation processes.

The UV-visible absorbance changes upon oxygenation of
Co([16]Cyc) were completely reversible and typical of the
formation of cobalt(II) cyclidene dioxygen adducts.12,64 K(O2)
values were calculated by fitting the experimental absorbance
changes to the Ketelaar equation.74 The dioxygen affinities
obtained in pure acetonitrile and in acetonitrile/MeIm are
summarized in Table 3. As expected, the K(O2) values measured
in acetonitrile are much lower than the dioxygen affinities of
the same complex in the presence of an axial base, 1-meth-
ylimidazole. Similar K(O2) values were obtained earlier for the
bridged complex, Co(C6[16]Cyc).1,12,75

(73) It should be noted that the oxygen atoms of the methanol molecules
were used to represent a radial solvent distribution around the Co
center, while the centers of mass of methanol molecules were used to
count the solvent molecules within the cavity. This difference accounts
for seemingly different Co-solvent distances in these two types of
distributions.

(74) Ketelaar, J. A. A.; Van de Stolpe, C.; Gouldsmit, A.; Oskubaz, W.
Recl. TraV. Chim. Pays-Bas1952, 71, 1104.

Figure 11. Distribution of methanol molecule centers of mass around
the oriented solute: slices parallel to the Co(N4) plane, crossing the
macrocyclic cleft at a different distance from the origin (Co atom) (Z
) constant). The sides of the squares are equal to 20 Å.

Table 2. Trajectory-Averaged Number of Methanol Molecules
within the Macrocyclic Cavity

trajectory-averaged no. of methanol moleculesb

cavity height, Åa Co([14]Cyc) Co([16]Cyc) Co(C6[16]Cyc

3.25 0.032 0.001 0
3.75 0.730 0.008 0.007
4.25 1.067 0.058 0.093
4.75 1.350 0.474 0.298
5.25 1.506 0.721 0.410

a The cavity has been defined as a box with a square base having a
Co atom in the middle and four nitrogen donor atoms close to the
corners, with a side of 6.5 Å. Cavity height corresponds to the box
height.b The methanol center of mass within the cavity has been
counted. The number of methanol molecules within the cavity in
individual trajectory frames varies between 0 and 1 for Co(C6[16]Cyc);
0, 1, and (rarely) 2 for Co([16]Cyc); and 0, 1, and 2 for Co([14]Cyc).

Figure 12. (a) Number of methanol molecules (calculated as MeOH
center of mass) within a macrocyclic cavity of a given height. The
cavity was defined as a parallelogram with a square base with a 6.5 Å
side, oriented in the Co(N4) plane. (b) Number of methanol molecules
(calculated as MeOH center of mass) within 0.5 Å layers crossing the
cavity parallel to the Co(N4) plane. The maximum distance from the
Co atom is shown for each layer, i.e., 3.75 Å on the graph corresponds
to the layer spreading from 3.25 to 3.75 Å.
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The analysis of the temperature dependencies of the K(O2)
values, however, reveals substantial differences between the C6-
bridged complex and its unbridged analogue. The values for
the enthalpy and entropy of dioxygen binding were calculated
from linear van’t Hoff plots. The enthalpy of O2 binding to Co-
(C6[16]Cyc)(MeIm) (-17.2 kcal/mol1,12) is substantially lower,
and larger in absolute value than the corresponding∆H value
for dioxygen binding to unbridged Co([16]Cyc)(MeIm) (-8.2
kcal/mol). Contrary to the changes in∆H, the entropy change
is less unfavorable for the oxygenation of the unbridged complex
(Table 3). This compensation effect accounts for the similar
K(O2) values obtained for the two complexes at room temper-
ature. These thermodynamic changes are consistent with a five-
coordinate structure in the CH3CN-MeIm solution in the case
of the C6-bridged complex, and with a six-coordinate structure
(with an extra solvent or base molecule coordinated to the
cobalt(II) center) in the case of the unbridged complex. The
dissociation of the sixth ligand would cause some relative
enthalpy loss upon oxygen adduct formation, while partially
canceling the loss in translational degrees of freedom associated
with dioxygen binding.

However, the results of previous ESR and electrochemical
studies indicate strongly that the unbridged 16-membered cobalt-
(II) cyclidene complex has a low-spin, five-coordinate structure
both in the absence and in the presence of 1-methylimida-
zole.50,76 If competitive binding to the cobalt center is not
involved, then an alternative explanation is required. Accord-
ingly, it is suggested that the solvent crowds the binding site
and makes it difficult to bind dioxygen in the case of the
unbridged 16-membered cobalt(II) cyclidene complex. This
suggestion supports Collman’s “solvent shielding” hypothesis,
first proposed for small molecule binding to sterically hindered
porphyrins (Figure 1).21,22The results of our simulations provide
a microscopic view of this solvent crowding in cyclidene

complexes, with the solvent molecules blocking the entrance
into the cavity. Solvation of the unbridged Co([16]Cyc)(MeIm)
complex is more extensive than solvation of the lacunar complex
Co(C6[16]Cyc)(MeIm), and the solvent (noncoordinated) steri-
cally interferes with dioxygen binding. Desolvation is therefore
necessary for the oxygenation of the unbridged complex, limiting
the magnitude of the negative enthalpy change upon oxygen-
ation, and partially compensating for the unfavorable entropy
change accompanying oxygen binding. This effect is expected
to be even more pronounced for the planar unbridged 14-
membered cyclidenes.

Similar arguments can be used for the interpretation of our
kinetic data on the dynamics of oxygen binding.13,14,24For the
16-membered cyclidene complexes, unbridged Co([16]Cyc)-
(MeIm) reacts with O2 about 5 times slower than with the best
of the bridged complexes, Co(C8[16]Cyc)(MeIm).14 As has been
discussed above, both unbridged and bridged 16-membered
cyclidenes preferentially exist in saddle-shaped conformations,
and the cobalt(II) center is not extensively solvated in these
complexes. Some difference in solvation at distances of ca. 4-5
Å from the cobalt atom may contribute to differences in their
oxygenation rates. For a different class of cobalt(II) oxygen
carriers, pentadentate Schiff base ligands, the difference in
oxygenation rates between unbridged and bridged complexes
is significantly greater (about 100-fold).24 In this case, the
unbridged complex does not exist in a saddle-shaped conforma-
tion, and extensive solvation of a cobalt(II) center is expected,
by analogy with planar cyclidene Co([14]Cyc). This nonspecific
solvation of a metal coordination site may account for much
slower oxygenation of the unbridged complex with a penta-
dentate Schiff base ligand, as compared to the bridged ligand
with a sterically protected cobalt(II) coordination site.

Conclusions

Molecular dynamics simulations of three five-coordinate
cobalt(II) complexes in methanol solution revealed distinctly
different solvation patterns for these complexes of different
molecular shapes. While the planar 14-membered macrocycle
Co([14]Cyc) is extensively solvated, with one of the solvent
molecules being positioned right above the metal center at a
short distance of about 2.5 Å, saddle-shaped 16-membered
complexes Co([16]Cyc) and Co(C6[16]Cyc) have no solvent
molecules close to the metal ion. Some solvent density is
present, however, at the entries into the cleft in the unbridged
complex Co([16]Cyc). The bridge in the lacunar Co(C6[16]Cyc)
provides further protection of the metal coordination site from
the solvent. It is important to note that no chemical bond
between the cobalt atom and the methanol oxygen atom was
imposed on any of the investigated systems.

The overall macrocycle geometry of each of the complexes
studied does not change significantly in the course of 200 ps
simulations. For unbridged complexes Co([14]Cyc) and Co-
([16]Cyc), the presence of a solvent (methanol) in the simula-
tions did not influence the cavity size and other geometric
parameters of the complexes. In case of bridged complex Co-
(C6[16]Cyc), the average cavity width in methanol simulations
is about 0.3 Å smaller than in a vacuum. Most likely, this effect
is caused by solvation from outside the empty cavity. This cavity
shrinking in the solvent is unusual; to the extent of our
knowledge, no similar examples have been reported.

Different solvent structure in the vicinity of a vacant cobalt-
(II) coordination site is reflected in different reactivity toward
small molecules of the cobalt(II) center. This has been dem-
onstrated in the experimental studies of dioxygen affinity of

(75) Tweedy, H. E.; Alcock, N. W.; Matsumoto, N.; Padolick, P. A.;
Stephenson, N. A.; Busch, D. H.Inorg. Chem.1990, 29, 616.

(76) Deng, Y. Dioxygen binding properties of the cobalt(II) cyclidene
complexes and their catalytic oxygenation reactions. Ph.D. Thesis, The
Ohio State University, Columbus, OH, 1991, 183 pp.

Table 3. Thermodynamic Parameters for Oxygenation of
16-Membered Co(II) Cyclidene Complexes

T, °C K(O2), Torr-1 ∆H, kcal/mol ∆S, eua

Co([16]Cyc)(MeIm), in 0.0125 M MeIm/CH3CN
0.0 0.132(3) -8.2 -34.0

15.0 0.061(2)
20.0 0.049(4)
25.0 0.036(2)

Co([16]Cyc), in CH3CN
-5.0 0.0063(8) -7.7 -48.4

5.0 0.0041(6)
15.0 0.0025(4)
25.0 0.0015(5)

Co(C6[16]Cyc)(MeIm), in 1.5 M MeIm/CH3CN (refs 1, 12)
-10.1 4.6 -17.2 -63.1

1.0 1.3
2.1 0.98

15.0 0.25
20.0 0.155

Co(C6[16]Cyc), in CH3CN (refs 1, 12)
-34.4 0.062 -11.8 -54.8
-27.5 0.043
-20.0 0.026
-10.2 0.006
-4.8 0.005

a Standard state: 1 Torr.

Molecular Dynamics Studies of Metal Cyclidene Complexes Inorganic Chemistry, Vol. 38, No. 14, 19993433



16-membered cyclidenes. Earlier kinetic studies of dioxygen
binding to cobalt(II) complexes can also be interpreted in terms
of differences in the solvation of differently shaped molecules,
which competes with oxygenation to different extents.

The results of this study are not limited to a specific class of
cyclidene complexes, but should be applicable to a wide range
of systems with steric hindrance around a metal ion coordination
site, including metalloenzymes and their synthetic models.
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