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Abstract: Detailed information on the structure of cobalt(II) corrinates is of interest in the context of studies
on the coenzyme B12 catalyzed enzymatic reactions, where cob(II)alamin has been identified as a reaction
intermediate. Cob(II)ester (heptamethyl cobyrinate perchlorate) is found to be soluble in both polar and
nonpolar solvents and is therefore very suitable to study solvent effects on Co(II) corrinates. In the literature,
Co(II) corrinates in solution are often addressed as four-coordinated Co(II) corrins. However, using a
combination of continuous-wave (CW) and pulse electron paramagnetic resonance (EPR) and pulse ENDOR
(electron nuclear double resonance) at different microwave frequencies we clearly prove axial ligation for
Cob(II)ester and the base-off form of cob(II)alamin (B12r) in different solvents. This goal is achieved by the
analysis of the g values, and the hyperfine couplings of cobalt, some corrin nitrogens and hydrogens, and
solvent protons. These parameters are shown to be very sensitive to changes in the solvent ligation. Density
functional computations (DFT) facilitate largely the interpretation of the EPR data. In the CW-EPR spectrum
of Cob(II)ester in methanol, a second component appears below 100 K. Different cooling experiments
suggest that this observation is related to the phase transition of methanol from the R-phase to the glassy
state. A detailed analysis of the EPR parameters indicates that this transition induces a change from a
five-coordinated (above 100 K) to a six-coordinated (below 100 K) Co(II) corrin. In a CH3OH:H2O mixture
the phase-transition properties alter and only the five-coordinated form is detected for Cob(II)ester and for
base-off B12r at all temperatures. Our study thus shows that the characteristics of the solvent can have a
large influence on the structure of Co(II) corrinates and that comparison with the protein-embedded cofactor
requires some caution. Finally, the spectral similarities between Cob(II)ester and base-off B12r prove the
analogies in their electronic structure.

Introduction

More than 50 years after the first isolation of the red cobalt
complex B12 as the (extrinsic) anti-pernicious anaemia factor,1,2

B12 and B12-proteins are still the subject of a vast amount of
interdisciplinary studies.3,4 As a rule, B12 derivatives are involved
in unique organo-metallic biological reactions. Frequently,
cobalt(II) corrins such as cob(II)alamin (B12r) are relevant
intermediates in such enzymatic processes but are formed
transiently and are difficult to observe. When the formal

oxidation state of the cobalt atom decreases, its coordination
number tends to decrease correspondingly. In the thermody-
namically predominating forms, the coordination number is
generally believed to be 6 (two axial ligands) for CoIII , 5 (one
axial ligand) for CoII, and 4 (no axial ligand) for CoI. Cob(II)-
alamin complexes in which the dimethylbenzimidazole (DBI)
group is coordinated to the cobalt atom are namedbase-on
forms, whereas if such a coordination is absent or replaced by
an exogeneous ligand these complexes are designated asbase-
off complexes. In crystals of CoII corrins external axial ligands
have been found to coordinate at the less hinderedâ-face of
the CoII center,5,6 whereas in B12r the nucleotide base is
intramolecularly directed to theR-face of the CoII center.7

The base-onform represents the most stable constitution of
the isolated B12 cofactors in solution at neutral pH and in the
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solid state.3,4 The crystal structure of the B12-binding domain
of methionine synthase (MetH) fromEscherichia colirevealed
a surprisingly different situation for the protein-bound methyl-
cob(III)alamin. Instead of the intramolecular DBI base, the
imidazole side chain of the protein residue His759 was found
to coordinate at the corrin-bound CoIII center (thebase-off/His-
on constitution).8-10 This constitution was also found in
methylmalonyl-CoA mutase (MCM) fromPropionibacterium
shermanii10,11and for glutamate mutase (Glm) fromClostidium
cochlearium.12 Contrasting these findings, EPR-spectroscopic
studies and X-ray studies on the mode of binding of coenzyme
B12 to diol dehydratase (DD) and to B12-dependent ribonucle-
otide reductase (RNR) indicatedbase-onbinding of the corrinoid
cofactor.13-17 Furthermore, it was reported that 5-methoxy-
benzimidazolylcobamide and 5-hydroxybenzimidazolycobamide
in the corrinoid/iron-sulfur proteins fromClostridium thermo-
aceticum18 andMethanosarcina thermophila,19 respectively, lack
histidine ligation although their benzimidazole bases are un-
coordinated to the cobalt atom (base-off).

Studies concerning the axial coordination properties of cobalt-
corrinates are therefore of interest, as the homolytic and
heterolytic organometallic reactivity of these systems are central
to their biological role. Recent indications that the Co-
coordinated histidine in MetH helps to control the organo-
metallic reactivity of the protein-bound corrinoid8-10 and the
observation that the axial Co-N bond in MCM, Glm and DD
is unusually long11,12,15have given even more relevance to such
investigations. There is still some discussion on the coordination
number of thebase-offform of free B12r. Lexa and Saveant
proposed two possible structures for electrochemically produced
B12r: pentacoordinatebase-off(water ligation) and pentacoor-
dinate base-on (DBI ligation) below and above pH 2.9,
respectively.20 Giorgetti et al. showed using EXAFS and
XANES that basically a pentacoordinated CoII form is formed
at low pH with a long axial bond to oxygen (0.222 nm).21 A
time-resolved XAS of the photoreducedbase-offcob(II)alamin
suggested the formation of a four-coordinated CoII form which
persists for 5 ns to 10 ms.22 The same study indicated that the

chemically induced freebase-offB12r is six-coordinated with
strong ligation to water.

The transient intermediate cob(II)alamin and related CoII

corrin systems can very nicely be studied by EPR and ENDOR
(electron nuclear double resonance).4,18,23,24 In the past two
decennia, a large number of pulse EPR and ENDOR techniques
have been developed which help to reveal detailed structural
and electronic information on paramagnetic systems.25

In this work, we compare the electronic and structural
properties of protonatedbase-off B12r (2+H2PO4

-) in a
methanol:water solution with those of heptamethyl cobyrinate
perchlorate6,26 ([Cob(II)ester]ClO4, 1+ClO4

-) in different sol-
vents. [Cob(II)ester]ClO4 has the relevant structural features of
base-offB12r, because the corrin ligand of1+ is derived directly
from B12. It differs from the structure ofbase-offB12r in the
periphery only, where the six carboxamide substituents and the
characteristic nucleotide function ofbase-offB12r are replaced
by methyl ester groups (see Scheme 1). Because1+ClO4

- can
be dissolved in both apolar and polar solvents, it is an ideal
model system to study the effects of axial coordination of solvent
molecules on the electronic and structural characteristics of CoII

corrins. Apart from acting as model systems for B12 derivatives,
it is interesting to note that aquacyanocobalt(III)-cobyrinate
derivatives (related to1+ClO4

-) are being used in NO2-selective
fire-detection systems.27

In this work, we show that the use of continuous wave (CW)
EPR spectroscopy at X-band frequencies (ca. 9 GHz) and pulse-
EPR and ENDOR techniques at X-, Q- and W-band frequencies
(9, 35 and 95 GHz) reveals interesting information on the
solvent-binding properties of1+ and2+. For the first time, clear
evidence of axial solvent ligation inbase-offCo(II) corrinates
is shown. The data interpretation could be corroborated using
density functional (DFT) calculations. The present findings can
have important consequences for the analysis of B12r protein
data, where the lack of a nitrogen coupling is sometimes
interpreted in terms of the presence of four-coordinate Co(II)
corrin.3,4,18Furthermore, an interesting behavior related to phase
transitions in the solvent was detected for1+ in methanol. This
observation prompts for caution when extrapolating data on
model systems to the cofactor in the protein. Finally, the
suitability of 1+ as a model system for2+ could be proven.

This work is part of a larger investigation on the axial ligation
and oxygenation properties of CoII corrin systems28-32 in
comparison to CoII porphyrin complexes.33-36 These studies are
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aimed at the evaluation of the specific bonding characteristics
of the unique corrin ligand in comparison to the more symmetric
and more “common” porphyrin ligand.

Experimental Procedures

Sample Preparation. Heptamethyl cobyrinate perchlorate, [Cob-
(II)ester]ClO4 (1+ClO4

-), was prepared as described in ref 6. As
solvents, purified absolute toluene, methanol, CH2Cl2 and water (all

from Fluka) were used. Toluene, methanol, and CH2Cl2 were addition-
ally dried by condensation onto 3 Å molecular sieves (Fluka) under
vacuum as described in refs 37 and 38. Deuterated toluene-d8 (>99.6%
purity), methanol-d4 (> 99.96% purity), and methanol-d3 (> 99%
purity) were obtained from Cambridge Isotope Laboratories (CIL).
[Cob(II)ester]ClO4 was dissolved in toluene, in methanol, in a 1:1
methanol-water mixture and in CH2Cl2 to a final concentration of 2
× 10-3 M (glovebox, N2 atmosphere (<1 ppm O2)). After mixing of
the components, the solutions were transferred to the X-band and
Q-band EPR tubes and evacuated at a vacuum line using the usual
freeze-pump-thaw method. During all procedures, O2 was excluded
to prevent formation of the oxygenated complexes. For the preparation
of the W-band samples, a slightly different approach had to be used.
After being filled under N2 atmosphere, the quartz tubes (0.5 mm inner
diameter) were sealed with wax and removed from the glovebox. They
were then centrifuged for 30 s and immediately afterwards sealed by
melting the quartz.

Hydroxocob(III)alamin hydrochloride (B12a) was purchased from
Fluka. All solvents and liquid reagents were degassed prior to use. All
procedures were carried out in a glovebox under N2 atmosphere (<1
ppm O2) to prevent oxidation of the final product. Hydroxocob(III)-
alamin was reduced using the method described by Tollinger et al.39 A
1000 mg portion of hydroxocob(III)alamin hydrochloride was dissolved
in 20 mL of water, after which a 0.5 mL portion of formic acid and
1.85 mL of triethylamine were added. The reduction to cob(II)alamin,
B12r, could be monitored visually (change of deep red to brown color).
Subsequently, B12r was precipitated out of the solution by addition of
acetone. After filtration and washing, B12r was dissolved in a 1:1
methanol:water mixture (final B12r concentration: 5 10-3 M). H3PO4

was used to bring the solution to a final pH of 1.4 in order to form the
base-offB12r form 2+H2PO4

- (pKa (2+H2PO4
-) ) 2.9 20). The solution

was transferred to an EPR tube and degassed on a vacuum line using
the freeze-pump-thaw method.

Spectroscopy. Continuous Wave EPR Spectroscopy.The X-band
CW-EPR spectra were recorded on a Bruker ESP300 spectrometer
(microwave (mw) frequency, 9.43 GHz) equipped with a liquid helium
cryostat from Oxford Inc. The magnetic field was measured using a
Bruker ER035M NMR Gaussmeter. An mw power of 20 mW, a
modulation amplitude of 0.5 mT and a modulation frequency of 100
kHz were used. Simulations were done using the XSophe program of
Bruker.

Pulse EPR Spectroscopy.The X-band Electron-Zeeman (EZ)40,41

resolved EPR spectra were recorded on a home-built X-band pulse EPR
spectrometer (9.15 GHz)42 with a home-built dielectric ring resonator.43

The experiment was carried out using the mw three-pulse sequence,
π/2-τ-π/2-T-π/2-τ-echo, with pulse lengthstπ/2 ) 50 ns for the first
two pulses andtπ/2 ) 20 ns for the last pulse. Time intervalsτ ) 360
ns andT ) 6.2 µs and a field modulation frequencyνez ) 64 kHz
were used. The setup for the field modulation consists of an arbitrary
function generator (AFG, LeCroy 9100), a radio frequency amplifier
(AR 100A500A) and a Helmholtz coil for the field modulation. The
experiment was carried out with a repetition rate of 250 Hz.

The other X-band pulse EPR and ENDOR spectra (15 K throughout)
were recorded on a Bruker Elexsys spectrometer (mw frequency 9.71
GHz) equipped with a liquid helium cryostat from Oxford Inc. The
magnetic field was measured with a Bruker ER 035M NMR gaussmeter.
In all pulse EPR experiments, a repetition rate of 1 kHz was used.

The Q-band pulse EPR spectra (15 K throughout) were recorded on
a home-built spectrometer (mw frequency 35.28 GHz) equipped with

(35) Van Doorslaer, S.; Schweiger, A.Phys. Chem. Chem. Phys. 2001, 3, 159-
166.

(36) Van Doorslaer, S.; Zingg, A.; Schweiger, A.; Diederich, F.Chem. Phys.
Chem. 2002, 3, 659-667.

(37) Burfield, D. R.; Smithers, R. H.J. Org. Chem. 1983, 48, 2420-2422.
(38) Burfield, D. R.; Gan, G.-H.; Smithers, R. H.J. Appl. Chem. Biotechnol.

1978, 28, 23-30.
(39) Tollinger, M.; D’erer, T.; Konrat, R.; Kra¨utler, B.J. Mol. Catal. A: Chem.

1997, 116, 147-155.
(40) Eichel, R.-A.; Schweiger, A.J. Magn. Reson. 2001, 152, 276-287.
(41) Eichel, R.-A.; Schweiger, A.Chem. Phys. Lett. 2002, 358, 271-277.
(42) Wacker, T. Ph.D. Thesis No. 9913, ETH Zu¨rich, 1992.
(43) Sierra, G. A., Ph.D. Thesis No. 1224, ETH Zu¨rich, 1997.

Scheme 1. Structures of [Cob(II)Ester]ClO4 (1+ClO4
-), Base-Off

B12r (2+H2PO4
-) and CoII Corrin (3+)a

a The structures are shown without their possible axial ligands which
are solvent dependent
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a Bruker ENDOR ER5106 QTE probehead and an Oxford liquid
Helium cryostat.44 In all experiments, a repetition rate of 200 Hz was
used.

W-band pulse EPR and ENDOR measurements were carried out at
94.9 GHz and 4.5 K using a home-built spectrometer described
elsewhere.45 The magnetic field values were calibrated using the Larmor
frequency of the protons,νH, as determined by the ENDOR measure-
ments.

HYSCORE (Hyperfine Sublevel Correlation):46 The X-band
experiments were carried out with the pulse sequenceπ/2-τ-π/2-t1-π-
t2-π/2-τ-echowith pulse lengthstπ/2 ) 24 ns andtπ ) 16 ns. The time
intervalst1 andt2 were varied from 96 to 6400 ns in steps of 16 ns. A
value of 96 ns was taken forτ. An eight-step phase cycle was used to
eliminate unwanted echoes. The time traces of the HYSCORE spectra
were baseline corrected with a third-order polynomial, apodized with
a Hamming window and zero filled. After two-dimensional Fourier
transformation, the absolute-value spectra were calculated. The HY-
SCORE spectra were simulated using the TRYSCORE program47 and
using an in-house written program.48 Both simulation procedures led
to basically the same results.

Electron Spin-Echo (ESE)-Detected EPR:The experiment was
carried out at Q-band with the pulse sequenceπ/2-τ-π-τ-echowith pulse
lengthstπ/2 ) 50 ns andtπ ) 100 ns andτ ) 550 ns. The intensity of
the primary echo was observed as a function of the magnetic field.

Davies-ENDOR:49 The spectra were measured at X-band (W-band)
with the sequenceπ-T-π/2-τ-π-τ-echo, with mw pulse lengths oftπ/2

) 50 (100) ns,tπ ) 100 (200) ns, and time intervalsτ ) 350 (400) ns
andT ) 13.5 (20)µs. A radio frequencyπ pulse of variable frequency
νrf and length 12 (14)µs was applied during timeT.

Mims-ENDOR: 50 The W-band2H-ENDOR spectra were measured
with the sequenceπ/2-τ-π/2-T-π/2-τ-echo, with mw pulse lengths of
tπ/2 ) 50 ns and time intervalsτ ) 200 ns andT ) 20 µs. A radio
frequencyπ pulse of variable frequencyνrf and length 14µs was applied
during timeT. A repetition rate of 100 Hz was used.

The ENDOR spectra were simulated using the MATLAB-based
program EasySpin developed at the Laboratory of Physical Chemistry
ETH Zurich (http://www.esr.ethz.ch).

DFT Computations. Spin-unrestricted density functional computa-
tions of hyperfine and nuclear quadrupole couplings were performed
with the Amsterdam Density Functional (ADF 2000.01) package.51-54

The geometry optimizations were done using the BLYP functional
together with a Slater-type basis set of triple-ú quality and a single set
of polarization functions (basis set IV). For the computation of the
hyperfine and nuclear quadrupole parameters in ADF, we used the
BLYP functional and a triple-ú basis set with double polarization
functions with the zeroth-order relativistic approximation (basis set
ZORA V).55 The initial guess for the self-consistent field iteration was
provided by the result of a single-point computation with a double-ú
basis set without polarization functions (ZORA II) to improve the
convergence behavior with the larger basis set. Nuclear quadrupole
moments for the computation of the nuclear quadrupole tensors from
the electric field gradients were taken from ref 56. Data analysis and

visualization were performed with a home-written program based on
Matlab (The Math Works, Inc.). For theg tensor computations, we
applied the spin-orbit-relativistic spin-restricted ZORA Hamiltonian
as implemented in ADF 2000.01.57 As a controle, spin-unrestricted
quasi-relativistic computations of theg values were performed using
the Pauli Hamiltonian, but otherwise the same basis sets as implemented
in ADF 2002.01 was used.58,59

Results

Influence of the Solvent on the EPR Spectra of 1+ and
2+. Figure 1 shows the X-band CW-EPR spectra of1+ in
toluene (1a),1+ in CH2Cl2 (1c), 1+ in MeOH:H2O (1f) and
2+ in MeOH:H2O (1h). It is clear that the change of the solvent
has a strong influence on the spectra which is indicative of
solvent ligation to the CoII corrins. Furthermore, strongg and
A strain effects are visible. The X-band spectra of1+ and
2+ in MeOH:H2O are very similar (compare Figure 1f with
Figure 1h), which confirms the suitability of1+ as a model
system for2+. Two components (A and B, Figure 1d,e) con-
tribute to the CW-EPR spectrum of1+ in CH2Cl2 (Figure 1c),
whereas the spectra of1+ in toluene and in MeOH:H2O and
2+ in MeOH:H2O consist essentially of one species.

All X-band spectra could be satisfactorily simulated using
axial g andAC° matrixes and a largeg andA strain (Table 1,
Figure 1b,d,e,g,i). Nevertheless, as can be appreciated from
Figure 1, the simulated spectra do not match exactly the
experimental spectra. This might be due to a rhombicity of the
g and cobalt hyperfine matrixes (which we would expect from
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Figure 1. Experimental (a,c,f,h) and simulated (b,d,e,g,i) X-band CW-
EPR spectra (9.43 GHz) taken at 120 K. (a)1+ in toluene. (b) Simulation
of (a). (c) 1+ in CH2Cl2. (d,e) Simulation of contributionsA and B in
(c) (see Table 1). (f)1+ in MeOH:H2O. (g) Simulation of (f). (h)2+ in
MeOH:H2O. (i) Simulation of (h).
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symmetry considerations) and/or a complicated correlation of
theg andA strain. To check the first possibility, echo-detected
EPR spectra were taken at Q-band for all systems under study
(e.g., Figure 2a,1+ in MeOH:H2O), and all spectra corroborate
axiality of g within the experimental error and confirmed again
the largeg-strain effects. For2+ in MeOH:H2O, also an EZ-
EPR spectrum was measured at X-band (Figure 2b) in order to
take advantage of the enhanced orientation selectivity. Using
the EZ-EPR method, the EPR spectrum can be spread into a
second dimension, representing theg values. The form of the
2D spectrum shows again that, within the experimental error,
theg andAC° matrixes are axial. The EZ EPR spectrum allows
for a better determination ofA⊥. Furthermore, it proves that
both a largeg strain (line width in theg-dimension) and a large
A strain (visible in the slices at differentg values) is present. It
should be noted that neither with high-field EPR nor with EZ-

EPR deviations from axiality smaller than theg- andA-strain
effects can be detected.

In the spectrum of1+ in toluene (Figure 1a), only one
component is observed (traces of a second component are found,
which become stronger when the toluene is not dried exten-
sively). Theg and cobalt hyperfine values differ considerably
from those of cobalt(II) (tetraphenyl)porphyrin (CoTPP) in
toluene35 (or in any otherπ-acceptor matrix) (Table 1). It is
important to note that|A|| > |A⊥| for 1+ in toluene but|A|| <
|A⊥| for the 1:1 and 1:2 charge-transfer (CT) complexes of
CoTPP in toluene. This observation suggests an axial ligation
to a donor rather than to an acceptor ligand.35,60This is further
corroborated by the fact that for1+ in tolueneg⊥ is substantially
smaller than for the CoTPP:toluene CT-complexes. A possible

(60) Iwaizumi, M.; Ohba, Y.; Iida, I.; Hirayama, M.Inorg. Chim. Acta1984,
82, 47-52.

Table 1. g and ACu Principal Values of 1+ and 2+ in Different Solvents

g⊥ (gx,y) g| (gz) A⊥ [MHz] (Ax,y) A| [MHz] (Az) A straina [MHz] g strainb ref

1+ in toluene 2.447 1.990 273 430 55/6 0.008/0.002 this work
1+ in CH2Cl2 2.327c 1.997c 210c 397c 30/20 0.0005/0 this work

2.397d 1.986d 330d 445d 35/5 0.005/0.002 this work
1+ in methanol 2.327e 1.999e 217e 395e 30/20 0.0005/0 this work

2.272f 2.004f 120f 380f 15/8 0.0005/0.0002 this work
1+ in MeOH:H2O 2.320 1.997 200 390 35/20 0.002/0 this work
2+ in MeOH:H2O 2.320 1.997 213 395 30/16 0.0006/0 this work
CoII(dmgH)2 in H2O 2.31, 2.194 2.009 70, 20 328 61
B12r (base-on) 2.31, 2.19 2.004 65, 80 302 30
CoTPP in toluene 2.930 1.925 780 420 35

2.795 1.962 617 415 35
CoTPP in toluene/pyridine 2.324 2.030 <40 236 33

A comparison with Co(II) (tetraphenylporphyrin) (CoTPP) complexes in different matrices is given.a fwhh of the Gaussian distribution ofA⊥ andA|.
b fwhh of the Gaussian distribution ofg⊥ and g|. c ComponentA (contributes 59% to the spectrum)d ComponentB (contributes 41% to the spectrum)
e ComponentC f ComponentD, only observed below 100 K.

Figure 2. (a) Q-band ESE-detected EPR spectrum (35.28 GHz) of1+ in MeOH:H2O taken at 15 K. (b) X-band EZ-EPR spectrum (9.15 GHz) of2+ in
MeOH:H2O at 15 K. Slices are shown atg| andg⊥.
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explanation for this observation is that1+ forms a donor-
acceptor pair with its counterion ClO4-.

ComponentA in the EPR spectrum of1+ in CH2Cl2 (Figure
1d) has EPR parameters close to those of1+ in MeOH:H2O,
whereas the EPR parameters of componentB (Figure 1e)
resemble those of1+ in toluene. This seems to indicate that
CH2Cl2 was still not free of water, despite the drying procedure.
The fact that the EPR parameters of componentB are close to
those of1+ in toluene supports the earlier assumption that1+

can form a contact-ion pair with perchlorate because CH2Cl2 is
expected to be a poor ligand for a CoII center.

The trend observed for the EPR parameters of1+ or 2+ in
MeOH:H2O versus those of1+ in toluene agrees with an axial
ligation of aσ-donor (methanol or water) to the CoII center (g⊥,
A⊥, andA| decrease, whereasg| increases). This is supported
by the fact that this tendency continues when a strong Lewis
base is coordinating to the cobalt(II) ion (see Table 1, DBI in
base-on B12r

30 and pyridine in CoTPPpy33). Bis(dimethyl-
glyoximato) cobalt(II), CoII(dmgH)2, a frequently used model
system for B12r, has lowergx,y, Ax,y, andAz values and a higher
gz value as observed for1+ and2+ in MeOH:H2O (Table 161).
It is known that CoII(dmgH)2 is ligated to two water molecules.
This suggests that in the case of1+ and2+ in MeOH:H2O only
one solvent molecule is coordinating.

Solvent-Related Temperature-Dependent Effects for 1+

in Methanol. Above 100 K, the X-band CW-EPR spectrum
of 1+ in methanol (Figure 3a) is similar to that of1+ in
MeOH:H2O (Figure 1f). Below 100 K the spectrum changes
dramatically (Figure 3d). Although traces of the high-temper-
ature componentC (Table 1, Figure 3b) are still present, the
spectrum is now dominated by a new componentD (Table 1,
Figure 3c). The temperature at which this transition occurs
agrees with the phase-transition temperature of methanol for
the transition of the crystallineR-phase to the glassy state (103
K).62 The assumption that the EPR observation is related to the

phase transition of the solvent was supported by changing the
speed of the freezing. Sugisaki et al.62 showed that by cooling
methanol slowly to the glassy state, warming up again to a
temperature slightly above 103 K, allowing for crystallization
and subsequent quick cooling to 70 K or lower allows for the
formation of a metastable crystalline phase at temperatures
below the transition temperature. After application of this
procedure to1+ in methanol, an EPR spectrum resembling
largely the one shown in Figure 3a could be measured at
temperatures lower than 100 K. Furthermore, the fact that this
peculiar behavior is not observed for1+ in MeOH:H2O supports
the assumption that it is indeed the phase transition which causes
the change in the EPR spectrum. Addition of water will change
the phase-transition characteristics and, moreover, water makes
a poor glass which explains the lack of componentD in the
spectra of1+ in MeOH:H2O.

Theg and cobalt hyperfine values of componentD (Table 1,
parameters determined from simulations) indicate that either a
stronger ligation of the methanol molecule occurs than at higher
temperature or that two methanol molecules are coordinating
(compare with the data of CoII(dmgH)2(H2O)2 61). A reasonable
assumption would be that the polar methyl ester substituents of
1+ take part in the H-bond network formed in the crystalline
R-phase of the methanol solvent. When the crystalline phase
changes to the glassy state, this rigid network collapses and a
new coordination situation may become feasible.

Influence of the Solvent on the Interactions with the
Corrin Nitrogens. HYSCORE,46 a two-dimensional pulse EPR
experiment in which a mixingπ pulse creates correlations
between the nuclear coherences in two different electron spin
(mS) manifolds, is found to be the most appropriate method to
study the magnetic parameters of the corrin nitrogens. The spin
Hamiltonian of anS ) 1/2, I ) 1 system (e.g.14N) can be
described in terms of theg matrix, the hyperfine matrixA and
the nuclear quadrupole tensorQ. The principal valuesQx, Qy

andQz of the tracelessQ tensor are usually expressed by the
quadrupole coupling constante2qQ/h and the asymmetry
parameterη with Qx ) -(e2qQ/4h)(1-η), Qy ) -(e2qQ/4h)
(1+η) andQz ) e2qQ/2h. The HYSCORE spectra of disordered
S ) 1/2, I ) 1 systems are dominated by the cross-peaks
between the double-quantum (DQ) frequencies63,64

where a is the hyperfine coupling at a particular observer
position andνI is the nuclear Zeeman frequency.

X-band HYSCORE spectra were recorded at different ob-
server positions for the systems under study. The spectra of
1+ in toluene, in CH2Cl2 and in MeOH:H2O and of 2+ in
MeOH:H2O were found to be very similar. Figure 4a (4c)
shows as a typical example the HYSCORE spectrum of2+ in
MeOH:H2O at observer positiong⊥ (g|, mI ) -7/2). The cross-
peaks between the double-quantum frequencies can clearly be
identified in all spectra. Furthermore, cross-peaks involving
single-quantum frequencies can be observed (e.g., Figure 4a,
cross-peak at (4 MHz, 1 MHz) in (+,+) quadrant). The strong
broadening of the cross-peaks, which is observed even at the

(61) Lubitz, W.; Winscom, C. J.; Diegruber, H.; Mo¨seler, R.Z. Naturforsch.
1987, 42a, 970-986.

(62) Sugisaki, M.; Suga, H.; Syuˆzô, S.Bull. Chem. Soc. Jpn. 1968, 41, 2586-
2591.

(63) Dikanov, S. A.; Xun, L.; Karpiel, A. B.; Tyryshkin, A. M.; Bowman, M.
K. J. Am. Chem. Soc. 1996, 118, 8408-8416.

(64) Dikanov, S. A.; Tsvetkov, Yu. D.; Bowman, M. K.; Astashkin, A. V. Chem.
Phys. Lett. 1982, 90, 149-153.

Figure 3. Experimental CW-EPR spectrum (9.43 GHz) of1+ in methanol
at 120 K (a) and below 100 K (d). (b) Simulation of (a), contributionC in
Table 1. (c) Simulation of contributionD (Table 1) present in low-
temperature experimental spectrum (d).

νR,â
DQ ) 2((a/2 ( νI)

2 + (e2qQ/4h)2(3 + η2))1/2 (1)
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high-field single-crystal position (Figure 4c), suggests a distribu-
tion of the hyperfine values (small inequivalence of the 4 corrin
nitrogens) and/or a considerable A- and Q-strain effect (see the
Supporting Information, Figure S1). In the (-,+) quadrant of
the HYSCORE spectra cross-peaks of the type (-2νâ

DQ, νR
DQ)

occur confirming that the observed signals arise from at least 2
quasi-equivalent nuclei. In Table 2 the hyperfine and nuclear

quadrupole interactions of the corrin nitrogens of1+ in toluene,
in CH2Cl2 and in MeOH:H2O and of2+ in MeOH:H2O are
given. Figure 5a,c show the simulations of the spectra in Figure
4a,c, whereby the full parameter set of Table 2 was used
including the tensor principal directions. All simulations were
done assuming ideal pulses, which explains the differences in
relative peak intensities between experiment and simulation. To

Figure 4. Experimental HYSCORE spectra of2+ in MeOH:H2O (a, c) and of1+ in methanol (b,d) (9.71 GHz,τ ) 96 ns, see spectroscopy section). (a, b)
Observer position corresponding tog⊥ (c, d) Observer position corresponding tog|, mI ) -7/2.

Table 2. 14N Hyperfine and Nuclear Quadrupole Principal Values of the Pyrrole Nitrogens of 1+ and 2+ in Different Solventsa

|Ax′| [MHz] (± 0.3) |Ay′| [MHz] (± 0.3) |Az′| [MHz] (± 0.3) |e2qQ/h| [MHz] (± 0.1) η (± 0.1) ref

1+ in toluene 4.3 2.4 3.5 1.65 0.95 this work
1+ in CH2Cl2 4.2 2.3 3.5 1.65 0.95 this work
1+ in methanol 3.2 2.4 2.7 1.7 0.95 this work
1+ in MeOH:H2O 4.4 2.2 3.5 1.7 0.95 this work
2+ in MeOH:H2O 4.7 2.0 3.5 1.7 0.95 this work
CoTPP in toluene 3.7 3.7 4.3 1.8 0.50 35
CoTPP in toluene/pyridine 4.07 2.43 2.85 1.8 0.55 33
CoII(dmgH)2 in methanol 2.53 1.9 1.9 3.4 0.7 80

a x′ andy′ lie in the molecular plane,z′ is parallel tog|. The largest nuclear quadrupole value lies alongx′, the smallest alongz′.

Figure 5. Simulations corresponding to the experimental HYSCORE spectra in Figure 4. Simulation parameters are given in Table 2.
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reduce the computation time, the simulations were performed
for only one nitrogen nucleus (Figure 5a, observer positiong⊥
to which a large amount of orientations contribute) or two
nitrogens (Figure 5c, observer position with highest orientation
selectivity). In the latter case, theA andQ tensor of the second
nitrogen were turned 90° in the corrin plane to simulate the
contribution of two adjacent nitrogens of the corrin ring.

Figure 4, parts b and d, depict the HYSCORE spectra of1+

in methanol at the observer positionsg⊥ and g|, mI ) -7/2.
The HYSCORE spectra have changed dramatically (compare
to Figure 4a,c). The in-plane anisotropy of the hyperfine
coupling is reduced significantly (compare ridge form of the
(-νâ

DQ, νR
DQ) peaks in Figure 4, parts a and c). The cross-

peaks (-2νâ
DQ, νR

DQ) and (-3νâ
DQ, νR

DQ) in the (-,+) quadrant
show that at least three quasi-equivalent nitrogen nuclei
contribute to the spectrum, confirming again the assignment of
these signals to the corrin nitrogens. Such (-3νâ

DQ, νR
DQ) cross-

peaks are rarely detected in disordered systems without using
special matched pulses in the HYSCORE sequence.65 The 14N
hyperfine and nuclear quadrupole parameters of1+ in methanol
are given in Table 2. Again, the same restrictions on the
simulation conditions were taken into account as mentioned
before (Figure 5b,d).

The clear difference in the HYSCORE spectra of1+ in
methanol compared to those of the other systems under study,
indicates that fundamental changes must have taken place in
the coordination of the CoII ion. The change in the axial ligation
and/or structure must be so dramatic that it even reflects in the
magnetic parameters of the corrin nitrogens. This is surprising
because the variation of the solvent from a MeOH:H2O mixture
to the apolar toluene had only minor influence on the couplings
of the corrin nitrogens.

Finally, it should be noted that the sign of the hyperfine
interactions cannot be derived from the HYSCORE spectra. For
reasons mentioned later, we have taken the hyperfine values to
be negative, in which case the smaller DQ frequency is the one
in the â (mS ) -1/2) manifold.

Direct Proof of Solvent Interaction. In general, weak proton
hyperfine interactions can best be determined using ENDOR
techniques. To prove the axial ligation of solvent molecules for
1+ and2+ in polar solvents, different ENDOR experiments were
undertaken at X- and W-band mw frequencies. Figure 6 shows
a comparison between the W-band Davies-ENDOR1H-spectra
of 1+ in CH3OH (6a), 1+ in CD3OD (6b) and1+ in toluene
(6c) at observer positiong ) 1.99 (∼g|). The proton-ENDOR
spectrum of1+ in methanol clearly changes upon deuteration
of the solvent. There is a large reduction of the central ENDOR
signal at the nuclear Zeeman frequency,νH, which corresponds
to a reduction of the number of protons at larger distance.
Furthermore, ENDOR signals corresponding to hyperfine
couplings of 3-6 MHz disappear (see dashed line, Figure 6),
which proves that these signals arise from solvent protons
interacting significantly with the unpaired electron. These
interactions are specific for the polar solvent as can be seen
from comparison with Figure 6c. The ENDOR spectra of1+ in
toluene resemble closely those of1+ in CD3OD (compare Figure
6c with 6b). Their main difference lies in the fact that now a
clear ENDOR signal is observed atνH, stemming from distant

solvent protons. The weak signal (3 MHz) coupling which is
still visible in the ENDOR spectrum of1+ in toluene (Figure
6c) is due to traces of H2O in toluene (also visible in the
corresponding EPR spectra).

The comparison of the Davies-ENDOR spectra of1+ in CD3-
OD taken at X-band (Figure 6d) and at W-band (Figure 6b)
shows one of the advantages of high-field ENDOR. Although
the experimental conditions were optimized in both cases, the
ENDOR sensitivity and the spectral resolution are clearly
superior at W-band.

Figures 6e and 6f show the X-band ENDOR spectrum of2+

in MeOH:H2O and1+ in methanol at an observer position near
g|, mI ) -7/2. Although at this observer position, both the
W-band and X-band ENDOR spectra of1+ in MeOH and1+

and2+ in MeOH:H2O showed asymmetric line intensities, the
asymmetry is largest at X-band (the ENDOR intensity became
almost zero for frequencies larger thanνH, see Figure 6e,f). The
asymmetry of the W-band ENDOR spectra could clearly be
attributed to a saturation of the nuclear transitions, because
lengthening of the repetition time led to more symmetric
spectra.66 Furthermore, this asymmetry can also be used to
obtain an indication of the absolute sign of the hyperfine
interaction.66 At observer positiong| the 3-6 MHz couplings
were found to be positive. At X-band, the spectral asymmetry
is unlikely to be due to the saturation of the nuclear transitions

(65) Jeschke, G.; Rakhmatullin, R.; Schweiger, A.J. Magn. Reson. 1998, 131,
261-271.

(66) Epel, B.; Po¨ppl, A.; Manikandan, P.; Vega, S.; Goldfarb, D.J. Magn. Reson.
2001, 148, 388-397.

Figure 6. 1H Davies-ENDOR spectra taken at an observer position
corresponding tog|, mI ) -7/2. Mw pulse lengths oftπ/2 ) 50 (100) ns,tπ
) 100 (200) ns, and time intervalsτ ) 350 (400) ns andT ) 13.5 (20)µs
were used at X (W) band. (a)1+ in CH3OH, W-band ENDOR. (b)1+ in
CD3OD, W-band ENDOR (20 scans). (c)1+ in toluene, W-band ENDOR.
(d) 1+ in CD3OD, X-band ENDOR (2000 scans). (e)2+ in CH3OH:H2O,
X-band ENDOR. (f)1+ in CH3OH, X-band ENDOR.
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because this effect depends mainly on thermal polarization,
which is low at X-band and 15 K. Possibly, baseline-related
problems due to the low signal intensity lie at the bottom of
the observed asymmetry.

Contrary to the expectations, the Davies-ENDOR spectra of
1+ and2+ in MeOH:H2O did not differ significantly from those
of 1+ in methanol (compare Figure 6e with 6f). The similarity
is surprising and seems to contradict the assumption that the
change ing and cobalt hyperfine values of1+ in MeOH at
temperatures below 100 K arises from a stronger axial solvent
coordination with consequent larger1H hyperfine interaction.

Further evidence for an interaction with the solvent molecule
in 1+ in CD3OD is obtained from Mims-ENDOR2H-spectra
taken at W-band (Figure 7a-i).2H interactions can also be
determined using X-band HYSCORE spectroscopy (Figure S2,
Supporting Information). HYSCORE can give additional in-
formation on the relative sign of the hyperfine values through
the observed combination frequencies. Analysis of the HY-
SCORE spectra showed that at observer positiong|, mI ) -7/
2, the corrin nitrogen and methanol deuterium hyperfine
interactions have opposite sign (see the Supporting Information).

To simulate the ENDOR spectra in Figure 7, the number of
2H nuclei contributing to the spectrum have to be determined.
From the comparison with the X-band HYSCORE spectra
(Figure S2, S3, S4), we already found that the central signal at
the nuclear Zeeman frequency,νD, is mainly due to the methyl
deuterium nuclei. The remaining four-line pattern observed in
Figure 7i, might be due to the interaction of one nucleus with
resolved nuclear quadrupole splitting (option 1) or of two nuclei
with unresolved nuclear quadrupole interactions (option 2).
Figure 7j shows the difference proton-ENDOR spectrum of1+

in CH3OH and1+ in CD3OD, whereby the frequency axis is
scaled bygn,D/gn,H (observer positiong ) 2.029). If option 2 is
valid this spectrum should again give the four-line pattern,

whereas for option 1 only two lines would remain. Clearly, we
observe the interaction with two different types of2H nuclei
(option 2). In Figure 7 (right) the simulations of the experimental
spectra are shown using the parameters given in Table 3. For
these simulations, the interactions with three types of nuclei
were considered (two acidic deuterium nuclei and one methyl
deuterium). The hyperfine couplings were checked by a
simultaneous simulation of the difference-ENDOR spectra of
1+ in CH3OH and CD3OD. These difference spectra contain
only the ENDOR lines of the solvent protons. The maximum
hyperfine values for the methyl deuterium (and corresponding
proton) nuclei were estimated from the difference HYSCORE
spectra of1+ in CD3OH (see Figure S4C). For all deuterium
nuclei initial guesses for the nuclear quadrupole values were
taken from the nqr data of methanol.67,68 A central line was
added to mimic the contribution of the distant matrix protons.
It is important to mention here that two types of acidic protons
were also found for1+ and2+ in MeOH:H2O (see e.g., Figure
6e) and that for both solvents the hyperfine interactions are the
same within the experimental error. The EPR parameters of the
acidic proton H(1) are close to those found for equatorially bound
water in the [Cu(H2O)6]2+ complex.69

To investigate whether ClO4- ligation is taking place in1+

in toluene, both Davies- and Mims-ENDOR experiments were
carried out at X-band and W-band to find evidence of an
interaction with the35Cl/37Cl nuclei of ClO4

-. No traces of such
an interaction were found. Also, the HYSCORE spectra showed
no sign of such an interaction. This does not exclude, however,
the assumption of the contact-ion pair. If no strong bond is
formed between cobalt and oxygen, but the interaction between
cobester and perchlorate is more electrostatic, only little spin
density is expected on the Cl nucleus. This will be further
discussed on basis of DFT results (see below). Furthermore, it
cannot be ruled out that unfavorable relaxation mechanisms
prevented detection of the Cl-ENDOR or ESEEM.

Interactions with Protons of the Corrin Ligand. From the
ENDOR spectra of1+ in CD3OD the proton hyperfine couplings
of the corrinoid ligand can in principle be determined (Figure
8a-f). Most of the observed ENDOR signals show splittings
of less than 2 MHz. Due to the large amount of protons in the
cobester ligand, it is not possible to identify each of them. One
proton coupling, however, catches the eye (marked with the
dashed lines in Figure 8). It varies from a maximal splitting of
about 7 MHz for the in-plane observer positions to about 2.5
MHz at an observer position near the axial bond. This suggests
that the interaction stems from a proton that is quasi in the corrin
plane. Comparison with the ENDOR spectra of1+ in other
solvents (e.g., Figure 6c,1+ in toluene) confirmed that the
discussed interaction is due to a proton in the macrocycle and
does not vary much upon change of the solvent.

Figure 8 (right) shows the simulations of this contribution
usingAx′ ) 7.0 (( 0.5) MHz,Ay′ ) 3.0 MHz (|Ay′| < 5.0 MHz),
Az′ ) 2.8 (( 0.5) MHz andâ ) 10° (( 10°). â is the angle
betweenAz′ and the plane normal for a rotation aroundy′. It
should be noted that the error forAy′ is much larger because
this signal is overlapping with the spectra of the other corrin
protons (Figure 8a). Considering the structure of1+ (Scheme

(67) Clymer, J. W.; Ragle, J. L.J. Chem. Phys. 1982, 77, 4366-4373.
(68) Brett, C. R.; Edmonds, D. T.J. Magn. Reson. 1982, 49, 304-311.
(69) Atherton, N. M.; Horsewill, A.J. Mol. Phys.1979, 37, 1349-1361.

Figure 7. (a-i) W-band 2H Mims-ENDOR spectra of1+ in CD3OD at
different observer positions (τ ) 200 ns, other settings: see spectroscopy
part). Left: experiment. Right: simulation. (j) The difference spectrum
between the1H Davies-ENDOR spectra of1+ in CH3OH and CD3OD
(frequency axis scaled bygn,D/gn,H) at an observer position corresponding
to g ) 2.029.
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1), different (quasi-) in-plane protons can cause this interaction.
The most obvious ones are the CR proton (H19) or the H10-
meso proton, but also the Câ protons (H3, H8, H13, H18) have
to be considered (the atoms are numbered as in Scheme 1, based
on the recommendations by the joint commission on biochemical
nomenclature of IUPAC and IUB, section on the nomenclature
of tetrapyrroles70).

Supporting Density Functional Computations.To elucidate
some of the experimental observations, DFT computations of
CoII corrin (3+) with different axial ligands were undertaken
(3+ClO4

-, 3+(H2O), 3+(MeOH), 3+(H2O)2, 3+(MeOH)2). For
the pentacoordinated complexes, the axial ligand was taken to
coordinate from the less-hinderedâ-face. For all complexes,
the correct dz2 ground state was predicted. Although for the
cobalt hyperfine values of all complexes under study|Az| >
|Ax,y|, the computed values deviated largely from the experi-
mental ones (compare Table 1 with Table S1, Supporting
Information). It has been reported earlier that the DFT computa-
tion of metal hyperfine values can be problematic, despite the
reasonable results ((15%) found for less critical cases.71

Furthermore, the hyperfine matrix is found to be orthorhombic,
but the deviation from orthorhombicity falls within the experi-
mental error (note the largeA strain in the experimental spectra,
Table 1). Interestingly, the cobalt hyperfine values are smaller
for 3+ClO4

- than for the other computed complexes, whereas
we found larger hyperfine values for1+ in toluene than in polar
solvents. From chemical intuition we would expect that in
toluene a contact-ion pair is formed. The computations are not
sufficiently accurate to rule this out because neither solvent

effects nor the ring substituents were taken into account. It is
to be expected that the influence of the polar methyl ester
substituents is not negligible.

From the comparison of Table 1 and Table S1, it becomes
clear that also theg values computed using the ZORA
Hamiltonian57 are not correctly predicted, although the trends
gz < gx,y andgz < ge agree with the experiments of the different
complexes. Again a significant orthorhombicity of theg matrix
was found (larger than the experimentalg-strain effect).
Analogous remarks about the trend ing values for3+ClO4

-

compared to the other computed complexes can be made as for
the cobalt hyperfine values. When the Schreckenbach and
Ziegler approach58 was used to compute theg values, the
agreement with the experiment became even worse (Table S1).
The g anisotropy was underestimated by about a factor of 2
andgz > ge was found in contradiction to the experiments.

It is clear from Table S1 that substitution of a water molecule
by a methanol molecule has little effect on theg and cobalt
hyperfine values. This agrees with the similarity in EPR
parameters between1+ in MeOH:H2O and in methanol (above
100 K). The EPR parameters of the five- and six-coordinated
complexes are, however, clearly different (gx,y and Ax,y are
reduced, whereasgz andAz are increased). With the exception
of the observation forAz this corresponds to the trend observed
in 1+ in methanol above and below 100 K (componentC versus
D, Table 1).

Despite the poor agreement between the experimental and
the computedg and metal hyperfine values, recent studies have
shown that DFT can be used successfully in the computation
of the ligand hyperfine and nuclear quadrupole values.72,73 In
Table 4, the computed hyperfine and nuclear quadrupole
interactions of the corrin nitrogens are given for3+ClO4

-,
3+(MeOH),3+(MeOH)2, 3+(H2O), and3+(H2O)2 are reported.
The absolute values of the hyperfine couplings fall in the range
observed experimentally. All hyperfine values are negative. This
is valuable information since the HYSCORE technique does
not allow for a determination of the absolute sign of the
hyperfine interactions. The hyperfine interactions of the four
nuclei are found to be inequivalent. Due to the largeA-strain
effect and the corresponding broad lines in the HYSCORE
spectra (see Figure 4), such an inequivalence cannot be resolved
experimentally. Furthermore, it is found thatAz′ is tilted away
from the complex normal. This was not observed experimen-
tally, but it should be noted that such a tilt is possible (the earlier
mentioned strain effects reduce the attainable experimental
accuracy).

For two of the corrin nitrogens (nitrogens of the A and D
ring), e2qQ/h is found to be positive with the largest principal
value in-plane perpendicular to the Co-Ncorrin bond; for the

(70) Kräutler, B. In ref 3, pp 517-522.
(71) Munzarova´, M.; Kaupp, M.J. Phys. Chem. A1999, 103, 9966-9983.

(72) Neese, F.J. Phys. Chem. A2001, 105, 4390-4299.
(73) Harmer, J.; Van Doorslaer, S.; Gromov, I.; Bro¨ring, M.; Jeschke, J.;

Schweiger, A.J. Phys. Chem. B2002, 106, 2801-2811.

Table 3. Experimental Hyperfine and Nuclear Quadrupole Principal Values of the Protons of the Ligating Methanol Molecules in 1+ in
Methanola

Ax′ [MHz] (±0.5) Ay′ [MHz] (±0.5) Az′ [MHz] (±0.5) â1 (deg) (±10) Qx′′ [kHz] (±10) Qy” [kHz] (±10) Qz′′ [kHz] (±10) â2 (deg) (±10)

acidic H(1) -7.0 -4.0 (8.0 20 -50 -80 130 60
acidic H(2) (3.0 (5.0 (3.4 25 -40 -90 130 80
methyl H 0.3 0.3 0.3 25 -40 -40 80 80

a Hyperfine values are given for1H nuclei, nuclear quadrupole values for the corresponding2H nuclei.â1 (â2) defines the angle between theAz′ (Qz′) axis
and theg|| axis.

Figure 8. W-band1H Davies-ENDOR spectra of1+ in CD3OD at different
observer positions. Mw pulse lengths oftπ/2 ) 100 ns,tπ ) 200 ns, and
time intervalsτ ) 400 ns andT ) 20 µs were used. Experimental (left)
and simulated spectra (right).
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other two corrin nitrogens,e2qQ/h is negative and the negative
principal value lies along the Co-Ncorrin bond. Although the
changes seem drastic, they are actually caused by small changes
of Qy′′ from a small negative to a small positive value which in
turn leads to a change in the sign ofe2qQ/h per definition.
Relative small local changes in the electric field gradient
principal component perpendicular to the macrocycle can cause
Qy′′ to change. As shown by Brown and Hoffman,74 the largest
nuclear quadrupole principal value lies along the metal-N bond
whene2qQ/h is negative, whereas it is perpendicular to this bond
in the plane whene2qQ/h is positive. This explains nicely the
observed behavior. Experimentally, it is found that the axis of
the nitrogen nuclear quadrupole tensor that corresponds to the
largest principal value lies in the plane and thatη is close to 1
(thus also small|Qy′′|) (Table 2). In the Supporting Information,
the SOMO, the spin density distribution and the structure of
3+(MeOH) are shown and discussed (Figure S5). There seems
to be a correlation between the nuclear quadrupole interactions
for the four nitrogens and the ring distortions.

Upon ligation of a second solvent molecule (water or
methanol), the nuclear quadrupole values are found to remain
unaffected, whereas the anisotropy of the hyperfine matrix is
reduced. This is similar to the observation for1+ in methanol
(Table 2).

Table 5 gives a list of the computed proton hyperfine
couplings for H10 (meso-proton), H19 (CR proton) and H3 (a
typical example of a Câ proton). It is clear that only H19 agrees
with the experimental couplings found for one of the corrin
ligand protons (dashed lines in Figure 8). Furthermore, these
couplings do not vary drastically upon change of theâ ligand,
in agreement with the experiment. Addition of a secondR ligand
reduces the spin density at the H19 proton, but the general
anisotropy of the hyperfine matrix still agrees with the one
observed experimentally.

In Table S2, the computed hyperfine (and nuclear quadrupole)
values of the solvent protons (2H nuclei) are given. Comparison
with Table 3 tells us that the hyperfine data of the experimentally
observed acidic H(1) of 1+ in methanol agree well with those
computed for the acidic proton in3+(MeOH). The assignment
of the signs of the hyperfine values is now also evident. Our
HYSCORE analysis revealed that at the observer position near
the normal of the plane, the corrin nitrogen and the proton
(deuterium) hyperfine values have opposite signs. From the
asymmetric behavior of the W-band ENDOR signals, a positive
hyperfine value was derived for the protons at this observer
position. Indeed, in the computationAz′

H is near the complex
normal and has a positive value, whereas the nitrogen hyperfine
interaction is negative.

Furthermore, the hyperfine couplings of the acidic solvent
molecules are slightly reduced upon addition of a second ligand
at theR-face, but, considering the largeg- andA-strain effects
observed experimentally, it is fair to say that addition of a second
solvent ligand may induce only little changes in the proton
ENDOR spectra.

There is a clear difference between the experimentally
observed hyperfine couplings for the methyl protons of methanol
and those computed with DFT. Even if we assume that the
computed individual differences between the three protons will
be averaged out in the experiment, then the obtained values are
still higher than those observed. The neglect of interactions of
the primary complex with further solvent molecules might be
responsible for this disagreement as such interactions are
expected to be fairly strong in a hydrogen-bonding solvent.

The second acidic H(2) (Table 3), which was present for1+

in MeOH:H2O and in methanol and for2 in MeOH:H2O could
not be identified from the computations. The hyperfine aniso-
tropy of this proton is well below the one of H(1) and of the
computed hyperfine matrixes. It should be stressed again that
for the DFT computations, the ring substituents were not taken
into account. An NMR analysis of aquocobalamin showed that
a hydrogen bond was formed between the cobalt coordinated
water molecule and the carbonyl oxygen of the c-acetamide side
chain. Such a hydrogen bond will significantly influence the
EPR parameters of the acidic proton.75

(74) Brown, T. G.; Hoffman, B. M.Mol. Phys. 1980, 39, 1073-1109.
(75) Kratky, C.; Fa¨rber, G.; Gruber, K.; Wilson, K.; Dauer, Z.; Nolting, H.-F.;

Konrat, R.; Kräutler, B. J. Am. Chem. Soc. 1995, 117, 4654-4670.

Table 4. Computed Hyperfine and Nuclear Quadrupole Principal
Values of the Corrin Nitrogens for Different CoII Corrin Complexes
(BLYP/ZORA V)a

Ax′

[MHz]
Ay′

[MHz]
Az′

[MHz]
â3

(deg)
Qx′′

[MHz]
Qy′′

[MHz]
Qz′′

[MHz]

3+ClO4
- -4.14 -3.61 -1.95 69.3 -0.85 -0.02 0.87

-2.66 -2.08 -0.56 52.9 -1.01 0.18 0.83
-3.47 -3.13 -1.27 59.5 -0.97 0.15 0.82
-4.21 -3.60 -2.58 68.8 -0.80 -0.08 0.88

3+(MeOH) -4.48 -3.95 -2.50 72.4 -0.77 -0.13 0.89
-3.58 -2.97 -2.17 57.5 -0.95 0.15 0.80
-3.75 -3.42 -1.97 55.8 -0.90 0.08 0.82
-4.40 -3.79 -2.82 68.2 -0.76 -0.10 0.86

3+(MeOH)2 -2.60 -2.81 -3.61 75.8 -0.79 -0.11 0.91
-2.97 -2.53 -1.98 10.0 0.83 0.14 -0.97
-3.21 -2.75 -2.20 13.4 0.84 0.10 -0.94
-2.95 -3.08 -3.90 72.8 -0.79 -0.08 0.87

3+(H2O) -4.44 -3.90 -2.42 71.8 -0.77 -0.11 0.89
-3.61 -3.02 -2.22 55.9 -0.95 0.14 0.81
-3.68 -3.36 -1.87 55.0 -0.89 0.07 0.83
-4.29 -3.67 -2.68 65.8 -0.76 -0.09 0.86

3+(H2O)2 -2.53 -2.58 -3.46 76.2 -0.79 -0.11 0.90
-3.11 -2.67 -2.11 11.2 -0.96 0.14 0.82
-3.09 -2.65 -2.06 15.9 -0.93 0.06 0.87
-2.74 -3.05 -3.80 73 -0.79 -0.14 0.92

a z′ makes an angleâ3 with the Co-NCorrin bond.x′ is in the macrocycle
plane, approximately perpendicular to the Co-NCorrin bond.x′′ (z′′) lies in
the corrin plane parallel (perpendicular) to the Co-NCorrin bond.

Table 5. Computed Proton Hyperfine Principal Values of Ring
Protons for Different CoII Corrin Complexes (BLYP/ZORA V)a

nucleus Ax′ [MHz] Ay′ [MHz] Az′ [MHz]

3+ClO4
- H10 -2.33 -1.38 1.23

H19 -0.24 0.19 6.33
H3 -0.95 -0.92 0.72

3+(H2O) H10 -1.89 -1.21 1.45
H19 -0.10 0.20 6.33
H3 -1.45 -1.40 0.29

3+(MeOH) H10 -1.92 -1.21 1.44
H19 -0.13 0.20 6.30
H3 -1.46 -1.41 0.27

3+(H2O)2 H10 -1.31 -0.85 1.62
H19 -1.29 -1.06 5.13
H3 -1.76 -1.71 -0.04

3+(MeOH)2 H10 -1.34 -0.87 1.60
H19 -1.31 -1.03 5.24
H3 -1.77 -1.71 -0.04

a Az′ is approximately along the H-Co direction. For the numbering of
the ring, see ref 70 and Scheme 1.
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For 3+ClO4
-, the35Cl hyperfine interaction was found to be

[5.29, 5.55, 8.20] MHz, with a nuclear quadrupole interaction
e2qQ/h ) 1.37 MHz and η ) 0.787. Experimentally, no
interaction with the Cl nucleus could be observed. This supports
the earlier assumption that no strong bond between Co and an
oxygen of perchlorate is formed, but does not rule out weak
contact-ion pair formation.

Discussion

The major outcome of the present studies is that the EPR
parameters ofbase-off CoII corrins show a clear solvent
dependence, establishing the often presumed presence of axial
(solvent) ligation.76 This finding is important becausebase-off
cobalt(II) corrinates are often addressed as being four-
coordinated.4,22

Theg and cobalt hyperfine values of1+ in toluene are typical
for an axial ligation of a weak donor rather than an acceptor
ligand, in agreement with the expected tendency of1+ to form
a contact-ion pair with ClO4- in apolar solvents. This is
confirmed by the fact that in the EPR spectrum of1+ in CH2-
Cl2 a component (A) with similar characteristics is found.
Because the nature of the solvent will influence the strength of
the contact-ion pair it is not surprising that the EPR parameters
for 1+ in toluene and CH2Cl2 differ. Furthermore, the X-ray
crystal structure of1+ClO4

- showed axial coordination of
perchlorate to the cobalt(II) ion (Co-O distance 0.231 nm).6

DFT computations for3+ClO4
- predict a considerable hyperfine

interaction with the Cl nucleus, which is not observed experi-
mentally. However, the geometry optimization for3+ClO4

-

gives a Co-O distance of 0.222 nm which is less than the one
observed in the single crystals of1+ClO4

-.6 Considering that
the solvent will even further influence the length of the axial
bond, it is very likely that the DFT computation underestimates
the Co-O distance and thus overestimates the expected hyper-
fine coupling to the chlorine. Furthermore, the hyperfine and
nuclear quadrupole interactions are expected to be broadly
distributed for a contact-ion pair in a glassy matrix and the
corresponding signals may therefore have escaped detection.

The g and cobalt hyperfine values of1+ in methanol,
MeOH:H2O and2+ in MeOH:H2O clearly indicate axial ligation
with a strongerσ-donor (methanol or water) than observed for
1+ in toluene. The ligation of solvent molecule(s) is confirmed
by comparison of the ENDOR and HYSCORE spectra of the
compounds in normal and deuterated solvents (Figures 6, 7,
and S2). An important issue that remains to be addressed is the
number of ligating solvent molecules. The appearance of two
types of acidic protons in the ENDOR spectra of1+ in methanol
suggests a six-coordination for the low-temperature component
D. DFT computations (Table S2) indicate, however, that the
observed difference between the two protons cannot be ex-
plained by the difference between the acidic protons of a
methanol molecule ligation from theR- or theâ-side. Impor-
tantly, the DFT computations do not take into account the
substitutents on the corrin ring. An NMR analysis of aquo-
cobalamin showed that a hydrogen bond was formed between
the cobalt coordinated water molecule and the carbonyl oxygen
of the c-acetamide side chain.75 Such a H-bond can account for
the observation of the acidic H(2).

How can we explain the observation of two types of acidic
protons in the ENDOR spectra of1+ in MeOH:H2O in view of
the above model? Essentially, two possible explanations can
be put forward. In the first, five-coordination with predominantly
water ligation from theâ-side is taking place, whereby one of
the protons is H-bound to the carbonyl oxygen, thus leading
to the two distinct acidic protons. The second model involves
six-coordination with axial ligation of water or methanol
molecules, whereby an acidic proton is H-bound to a carbonyl
oxygen along theâ-side (but not theR-side). If the latter model
would be valid, then we would expect all EPR parameters of
1+ in MeOH:H2O and in methanol at low temperature to be
very similar. Instead, drastic differences are observed. The
difference ing and cobalt hyperfine values observed for1+ in
MeOH:H2O and1+ in methanol (<100 K, componentD) agrees
with the trend expected for an increase of the coordination
number (see comparison with data for CoII(dmgH)2(H2O)2 61 or
trends observed for ligation of one and two nitrogen bases to
CoII porphyrin complexes77). Furthermore, the observation that
the hyperfine couplings of the corrin nitrogens are similar for
1+ in toluene and MeOH:H2O but decrease for1+ in methanol
agrees with DFT predictions for the change from five- to six-
coordination (Table 4).

This clearly indicates that for1+ in MeOH:H2O a five-
coordinated complex is found. An important fraction of the
population involves ligation of a water molecule from theâ-side
(observation of two different acidic protons), although it cannot
be ruled out that for some complexes methanol is the ligating
partner. Indeed, the DFT computations show that theg values
and the hyperfine couplings with the cobalt nucleus, corrin
nitrogens and acidic protons differ only marginally for3+-
(MeOH) versus3+(H2O) (Table 4, S1, and S2), a difference
which will remain undistinguishable in the experiment due to
the large observedg andA strain. The overall spectral analogy
between1+ and 2+ in MeOH:H2O indicates that the five-
coordination model is also valid for the latter complex.

Finally, we should consider the observed change in the EPR
spectrum of1+ in methanol at the methanol phase-transition
temperature of 100 K. The similarity between the EPR spectrum
of 1+ in methanol above 100 K and that of1+ in MeOH:H2O
suggests five-coordination, whereas at lower temperatures six-
coordination seems to be dominant. It is known from NMR that
there is a large peripheral solvation sphere around B12.78 The
phase transition of methanol will strongly influence this sphere
and thus also the structure of the CoII complex. Furthermore,
the polar methyl ester substituents of1+ (and also the carboxa-
mide substituents of2+) are likely to take part in the H-bond
network formed in the crystalline phase of the solvent. The
collapse of this rigid network will make a new coordination
situation possible. A preliminary investigation of base-off B12r

in methanol79 also revealed the presence of two components at
T < 100 K which shows that the observed tendency is not
specific for 1+. Because at temperatures around 100 K, the
solvent molecules are not mobile over larger distances, the sixth
solvent molecule must already be in the vicinity of the CoII

center, but strong ligation is prevented by the rigid network
formed by the solvent molecules and the ring substituents at
the R-side of the complex. A collapse of the network allows a

(76) Kräutler, B. In ref 3, p 3.

(77) Walker, F. A.J. Am. Chem. Soc. 1970, 92, 4235-4244.
(78) Konrat, R.; Tollinger, M.; Kra¨utler, B. In ref 3, pp 349-361.
(79) Klein, J., personal communication.
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sixth solvent molecule to coordinate to CoII. The observation
that atT < 100 K a small fraction of the molecules is still five-
coordinated then probably results from the reduced mobility of
the solvent molecules at low temperature. Although the rigid
network of H-bonds has been broken up, only part of the solvent
molecules can actually coordinate to the cobalt(II) ion.

X-ray absorption spectroscopic studies suggest that at room-
temperature chemically induced freebase-off B12r is six-
coordinated to water,22 whereas electrochemically formedbase-
off B12r has been deduced to be five-coordinated.21 The basis
for this difference is difficult to interpret. Geometry optimization
studies using DFT indicate that CoII corrins can bind one or
two axial water, with relatively long bond lengths in the six-
coordinate form (3+(H2O): r(Co-O) ) 0.234 nm;3+(H2O)2:
r(Co-O)â ) 0.250 nm,r(Co-O)R ) 0.261 nm). The discovery
of 6-coordinate Co(II)corrins, for which the axial bonds have
been calculated to be considerably longer than those in
corresponding 5-coordinate forms is of interest with respect to
the finding of “long” axial bonds in several crystal structures
of corrinoid proteins.11,12Careful analysis of the effect of X-ray
irradiation on protein crystals with corrinoid cofactors has
revealed the likelihood of inadverted radiation induced reduction
to (hexa-coordinate) Co(II)corrinoids.80 The calculated differ-
ence in the Co-O bond length between theR- and â-side is
interesting and perhaps lies at the basis of the apparently
contradicting XAS results.

Furthermore, the large similarity in the spectra of1+ and2+

in MeOH:H2O confirms that1+ is an adequate model system
for base-offB12r. For many years, bis(dimethylglyoximato)
cobalt (CoII(dmgH)2) complexes have been extensively studied
as cobalamin models.5a,81 However, comparison of theg and
cobalt hyperfine values (Table 1) and the hyperfine and nuclear
quadrupole data of the equatorial nitrogens (Table 2) of2+ and
CoII(dmgH)2 indicates that the electronic structure of the latter
complex differs considerably from the one ofbase-offB12r,
which will inevitably have a large influence on the chemical
activity.

The combination of ENDOR experiments and DFT computa-
tions also revealed that the hyperfine interaction of the corrin
proton H19 is clearly distinguishable from the other protons.
Our analyses now show that this proton carries the largest spin
density of all protons in the corrin ring; indeed, the bond
H-C(19) is oriented roughly along thez-axis and parallel to
the p-orbitals of the corrinπ-system, providing good orbital
overlap. It is interesting to note also, that an important step in
the B12-biosynthesis involves the reduction of the C18-C19
double bond in precorrin-6A. NMR in combination with
selective deuteration of NADPH showed that the C19 center
receives the hydride equivalent from NADPH.82

Finally, Table 2 shows that the ring nitrogens are very
sensitive to structural changes. The coordination of one versus
two axial ligands is reflected by the anisotropy of the hyperfine
interaction. Furthermore, the nuclear quadrupole interaction

senses the difference in the ring structure. The values of|e2qQ/
h| for the corrin and porphyrin nitrogens are similar, whereas
they almost double for the nitrogens of the chemically distinctive
dimethylglyoximato ligand. The asymmetry parameterη is
clearly different for the corrin and porphyrin ligands. This
parameter reflects the deviation of the electric field at the
nitrogens from cylindrical symmetry and depends on the total
electron density, which differs for the two ligands.

Conclusion

The present EPR-study on the Co(II)corrrins Cob(II)ester (1+)
and base-off B12r (2+) provides the first direct evidence for axial
solvent ligation in polar solvents. Indeed, no evidence of pure
four-coordinated CoII corrins in solution is found. This is
important in view of the fact that base-off cobalt(II) corrinates
are sometimes suggested as being four-coordinated.4,22 In
methanol, the axial ligation of1+ is temperature dependent and
correlates with the phase transition of the solvent. A penta-
coordinate Co(II)-center with axial ligation of one methanol
molecule is observed in theR-crystalline phase, whereas six-
coordination becomes possible in the glassy state. The relation
to the phase transition could be established by different cooling
experiments and by the use of a H2O:methanol mixture. Addition
of water to methanol changes its phase-transition properties and
leads to frozen solutions with a large degree of crystalline
structure even at low temperature. In this solvent mixture,1+

occurs only in the five-coordinated form. Differences in the
solvent ligation are related to changes in the network formed
by the solvent molecules and the ring substituents. In apolar
solvents 1+ forms a contact-ion pair with its counterion,
perchlorate. In the crystal,7 the perchlorate ion is bound as axial
ligand to the Co(II)-center.

Our investigation shows that EPR forms an excellent tool to
analyze subtle changes in the electronic structure of CoII-corrin
systems, especially when they are supported by DFT computa-
tions. Furthermore, our study shows that the solvent and the
phase-transition properties of the solvents can have a large
influence on the structure (and consequently the EPR data) of
metal complexes. This can be important in cases where smaller
complexes are studied as models for cofactors in a protein. It is
to be expected that the influence of the freezing characteristics
of the solvent will be less severe in a protein-embedded cofactor,
so that wrong conclusions might be drawn from comparison
with the model system
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