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’ INTRODUCTION

We are interested in how perturbation of the electronic
structure of the corrin ligand affects the ligand binding properties
of the metal ion in order to explain why cobalt(III), a normally
inert metal ion, is labile in the corrins (see the Introduction to the
accompanying paper1). We have examined the thermodynamics
and kinetics of the ligand substitution reactions of the aquacyano
(AC) complexes of the cobesters (eq 1), where [Cor] is the
normal corrin ligand in ACCbs (Cbs = cobyrinic acid hepta-
methyl ester, or cobester) and the stable yellow (SY) corrin in
ACSYCbs.

½Y�Co3þ½Cor� � X� þ L f ½Y�Co3þ½Cor� � L� þ X ð1Þ

We converted the dicyano complexes DCSYCbs (Figure 1) and
DCCbs to the corresponding aquacyano complexes and deter-
mined the stability constants for replacement of coordinated
H2O by ligands with soft (CN�, SO3

2�, and S2O3
2�) and hard

(NO2
� and N3

�) donor atoms as a function of the temperature,

from whichΔH andΔS for ligand substitution were determined.
We found that the rate of reaction with L = N3

�was too fast to
study by conventional stopped-flow methods but that the
reaction with L = CN� proceeds at a convenient rate for this
technique. The kinetics were measured as a function of the
temperature from which we determined values of ΔHq and
ΔSq. The kinetics of the reaction of diaquacobester (DACbs;
eq 1, X = Y = H2O, with L = CN� at 25 �C) were also
determined.

Aquacyano derivatives of vitamin B12 complexes lacking the
5,6-dimethylbenzimidazole side chain are well-known to
exist in solution as two diastereomers, R-cyano,β-aqua and
β-cyano,R-aqua, in equilibrium with each other.2�5 The
existence of diastereomers inevitably complicated the study
of the equilibria and kinetics of ACCbs and ACSYCbs.
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ABSTRACT: Equilibrium constants (logK) for the substitution of coordinated
H2O in aquacyanocobyrinic acid heptamethyl ester (aquacyanocobester,
ACCbs) and stable yellow aquacyanocobyrinic acid heptamethyl ester (stable
yellow aquacyanocobester, ACSYCbs), in which oxidation of the C5 carbon of
the corrin interrupts the normal delocalized system of corrins, by ligands with
soft (CN�, SO3

2�, and S2O3
2�) and hard (NO2

� and N3
�) donors have been

determined. The ligands with a harder donor atom (N in N3
� and NO2

�)
produce ΔH values that are more negative in their reactions with ACSYCbs
than with ACCbs. If the donor atom is softer (C in CN� and S in SO3

2�), then
ΔH is less positive, or more negative, for reactions with ACCbs than with
ACSYCbs. The softer metal in ACCbs has a preference for softer ligands and the
harder metal in ACSYCbs for the harder ligands. A kinetics study in which CN�

substitutes H2O on CoIII shows that ACCbs is more labile than ACSYCbs; the
second-order rate constant kII is between 4.6 (at 5 �C) and 2.6 (at 35 �C) times larger.ΔHq for the reaction of CN� with ACCbs is
smaller by some 12 kJ mol�1 than that for the reaction with ACSYCbs, consistent with an earlier transition state in which bonding
between the softer metal of ACCbs and the ligand is greater than that of ACSYCbs with its harder metal. This difference in
ΔHq makes ACCbs over 100 times more labile, although the effect is masked by a ΔSq value that is over 30 J K�1 mol�1 more
negative. There is a significant increase in the inertness of CoIII upon a decrease in the extent of conjugation of the corrin ligand.
Modifying the electronic structure of the equatorial ligand in the cobalt corrins can modify the thermodynamics and kinetics of its
reactions with exogenous ligands.
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’EXPERIMENTAL SECTION

Materials and Instrumentation.Materials were purchased from
the following suppliers and used without further purification: potassium
cyanide, BDH (AR); granulated zinc, BDH (CP); sodium azide, Riedel
de Ha€en; sodium bicarbonate and sodium carbonate, Saarchem
(Unilab); ammonium bromide, disodium hydrogen phosphate, sodium
hydrogen phosphate, sodium nitrite, sodium sulfite, and sodium sulfate
pentahydrate, Saarchem (AR). Water was purified using a Millipore RO
unit and further purified using a Millipore Milli-Q unit (18 MΩ cm).
The C18 Sep-Pak Vac columns were purchased from Waters.

High-performance liquid chromatography (HPLC) was performed
using an Ultimate 3000 pump and a photodiode array detector with
Chromoleon Chromatographic Management System software and a re-
verse-phase C18 column (Phenomenex Luna C18 5 μ, 150 � 4.60 mm),
using gradient elution with ammonium phosphate buffer pH 3.0, 0.025 M
(100%) to methanol (100%) over 15 min or isocratic elution with
methanol; flow rate 1 mL min�1 (350 bar).

UV�vis spectra were recorded in 10-mm-path-length quartz cuvettes
on a Cary 1E or Cary 300 UV�vis spectrophotometer. Reaction kinetics
were measured by absorption spectrophotometry using a stopped-flow
spectrophotometer with a dead time of 2 ms (SX-18MV, Applied
Photophysics; a SpectraKinetics 05-109 monochromator set at a
bandwidth of 0.5 nm and a 2-mm-path-length cell). ACCbs, initially at
6.14 � 10�5 M and ACSYCbs, initially at 3.60 � 10�5 M, in carbonate
buffer, pH 9.6, μ = 0.1 M, were diluted (5:1) with potassium cyanide
dissolved in the same buffer (six solutions with final free [CN�] between
0.25 and 2.5 mM, taking into account the pH and temperature
dependence of the ionization of HCN,6 ΔH = �43.9 kJ mol�1, and
ΔS = 24.3 J K�1 mol�1). DACbs, initially at 5.17 � 10�5 M in water
(pH ∼5.5 from dissolved CO2), was diluted (1:5) with potassium
cyanide dissolved in carbonate buffer, μ = 0.6 M, to give six solutions
with final free [CN�] between 1.33 and 13.3 mM in carbonate buffer,
pH 9.0, μ = 0.5 M. DACbs was dissolved in water rather than in
carbonate buffer because of its instability at basic pH (see below). No
decomposition of DACbs in water (pH ∼5.5) was observed during the
time of the stopped-flow experiment (about 3 h). The temperature of

the cell block of the spectrometer and the solution chamber of the
stopped-flow spectrophotometer were maintained ((0.1 �C) by a
water-circulating bath and measured with a thermistor device. The pH
was measured using aMetrohm 720 or 827 pHmeter with a Unitrode or
Biotrode electrode calibrated at pH 7.00 and 9.00 with standard buffers.
Attempts To Separate the Diastereomers of ACCbs and

ACSYCbs. Attempts to separate the diastereomers of ACCbs and
ACSYCbs on a 10 g C18 Sep-Pak column by elution with water and
methanol were unsuccessful and gave inconsistent results. Sometimes
two bands, red for ACCbs and yellow for ACSYCbs, with varying
degrees of overlap were obtained and sometimes only one broad band.
Usually, small amounts of the purple dicyanocobester were also
observed.
NMR.One-dimensional 1HNMRwas carried out on a Bruker Biospin

GmbH500MHz spectrometer using a broad-band inverse probe at 300K.
Preparation and Characterization of Cor,Coβ-Diaquahepta-

methylcob(III)yrinate Heptamethyl Ester (Diaquacobester,
DACbs). To DCCbs (54 mg) dissolved in 25 mL of methanol was
added 1.25 g of ammonium bromide, and the solution was stirred under
argon for 1 h. Granulated zinc (710mg) was added and a stream of argon
passed through for 2.5 h, during which time the solution darkened in
color, becoming almost black. The reaction mixture was added to 1 M
HCl, turning red immediately, and filtered.7 The solution was desalted
on a 1 g C18 Sep-Pak column, by washing with water until the pH was
neutral, and then eluted with 20:80 acetone/water. After rotary evapora-
tion (maximum temperature 50 �C), the concentrated aqueous solution
was stored at�20 �C.8 The yield of DAC was only about 30% because a
substantial proportion of the product degraded on the C18 column and
could not be removed from it, even with pure acetone. DACbs was
characterized and its purity checked by comparing its UV�vis spectrum
at pH 2.8 [λ/nm (�10�4, ε/Lmol�1 cm�1) 518 (0.97), 490 (0.97), 401
(0.40), 348 (2.96)] to that of diaquacobinamide (DACbi).8�10

Attempt To Determine the pKa of DACbs. The acid dissocia-
tion constants, pKa1 and pKa2, for the two coordinated water molecules
in DACbs are given in eq 2.

½H2O� Co�OH2�2þ h ½H2O� Co�OH�þ þ Hþ Ka1

½H2O� Co�OH2�þ h ½HO� Co�OH� þ Hþ Ka2 ð2Þ
For DACbi, the values of pKa1 and pKa2 are 5.9 and 10.3,
respectively.7,9,10 For DACbs, the values of pKa1 and pKa2 could not
be determined because DACbs was found to be unstable in a basic
solution, as previously observed by Hamza,11 and the rate of decom-
position increased with increasing pH. At pH 12.0, a product with the
UV�vis spectrum [λ/nm (�10�4, ε/L mol�1 cm�1) 531 (1.05), 507
(1.05), 416 (0.39), 354 (2.17)] is obtained, which can be ascribed to
hydrolysis of one or more of the ester side chains in DACbs, as described
in the accompanying paper for ACCbs and ACSYCbs.1

Effect of pH on ACCbs, ACSYCbs, and DACbs. As reported in
the accompanying paper,1 we estimate the pKa of ACCbs and ACSYCbs
as ∼11. Because pH 9.6 was the highest pH used for determining
equilibrium constants (vide infra) or the kinetics of the ligand substitu-
tion reaction with CN�, correction for the hydrolysis of coordinated
H2O in either ACCbs or ACSYCbs is unnecessary. Assuming that pKa1

and pKa2 for DACbs are similar to those for DACbi, viz., 5.9 and 10.3,
respectively,7,9,10 at pH 9.6, DACbs consists of 83.4% of the
[H2O�Co�OH]+ form and 16.6% of the [HO�Co�OH] form. It is
therefore reasonable to assume that reactions of DACbs studied at pH
9.0�9.6 are the reactions of aquahydrococobester (AHCbs).
Molecular Modeling. Molecular mechanics (MM) calculations

were performed with the version of Allinger’s MM212 program im-
plemented in Hyperchem13 (called MM+) together with the force field
that we have reported14 and that accurately models the structures of
cobalt corrins.15 Molecular dynamics/simulated annealing calculations

Figure 1. Structure of the stable yellow dicyanocobester, (5R,6R)-CoR,
Coβ-dicyano-5,6-dihydro-5-hydroxyheptamethylcob(III)yrinate-c,6-lactone
(X = Y = CN�, DCSYCbs). The aqua�cyano derivative (ACSYCbs)
consists of two interconverting diastereomers, X = H2O, Y = CN� and
X = CN�, Y = H2O.
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were performed by heating the molecule from 0 to 600 K over 5 ps in
steps of 1 fs, maintaining the temperature at 600 K for 500 ps, and
annealing to 0 K over 100 ps, followed by energy minimization with a
convergence criterion of 0.005 kcal mol�1 Å�1 in the gradient. The
volumes of the ions SO3

2� and S2O3
2� were determined from an

energy-minimized structure obtained with the semiempirical PM3
model16 using the grid method described by Bodor et al.17 and the
atomic radii of Gavezotti,18 as implemented in Hyperchem.13

Equilibrium Constants. The equilibrium constants for coordina-
tion of the ligands by ACCbs and ACSYCbs were determined by the
addition of aliquots of a stock solution of the appropriate ligand to a
20�30 μM solution of cobalt corrin contained in a 10-mm-path-length
cuvette housed in the thermostatted cell block of a UV�vis spectro-
photometer. Between 12 and 18 aliquot additions were made in each
titration. All absorbance readings were corrected for dilution. The
solutions were buffered with phosphate (pH 8, for titrations with
N3

�, NO2
�, and S2O3

2�) or carbonate (pH 9, for titrations with
CN� and SO3

2�) at an ionic strength μ = 0.10 M.
By analogy with the cobinamides (Cbi’s),19 and as can be seen by

HPLC [and thin layer chromatography (TLC) for ACCbs], both
ACCbs and ACSYCbs exist as an equilibrium of two diastereomers in
solution, viz., R-cyano,β-aqua and β-cyano,R-aqua. These are expected
to have similar, but not identical, equilibrium constants (log K, eq 3) for
replacement of coordinated H2O by an exogenous ligand L.

½NC� Co½Cor��OH2�þ

þ Ln� h ½NC� Co½Cor� � L�ðn � 1Þ� þ H2O ð3Þ
The binding constants for the addition of cyanide to the R and

β forms of base-off cyanocobalamin20 are 2.1� 108 and 0.8� 108 M�1,
respectively. One would expect the equilibrium constants for the two
diastereomers of ACCbs to be even more similar because the upper and
lower sides of the corrin are more similar to each other than those of
base-off cyanocobalamin. Moreover, our equilibrium constants are
conditional binding constants at a defined, buffered pH, whereas those
for the addition of cyanide to the R and β forms of base-off cyanoco-
balamin are not.

In such situations, a spectrophotometeric determination of log K will
show a wavelength dependence, which is a function of the relative
extinction coefficients of the two diastereomers at the monitoring
wavelength.21 Therefore, we determined logK at every 1 or 2 nmbetween
about 320 and 570 nm, excluding wavelengths (such as those close to
isosbestic points) where the absorbance changewas small. Figure S1 in the
Supporting Information shows examples of the spectral changes accom-
panying the coordination of N3

� by ACCbs and ACSYCbs.
For cases where log K is relatively small (log K < 4), the absorbance

data at wavelength λ were fitted using nonlinear least-squares methods
with SigmaPlot22 to a simple binding isotherm (eq 4) as the objective
function, withA0,A1, andK as the parameters to be optimized. A0 andA1

are the absorbance values at λ corresponding to 0 and 100% complex
formation, respectively.

Aλ ¼ ðA0 þ KA1½L�Þ=ð1 þ K½L�Þ ð4Þ
When log K is relatively large (>4), the implicit assumption in eq 3 that
[L]free ≈ [L]total will not be true because a significant fraction of the
added ligand will be complexed to the metal ion. In this case, [L] in eq 4
has to be replaced by an explicit expression for [L]free. It can be shown

23

that [L]free is given by eq 5, where only one root has physical meaning. In
eq 5, [M]total is the total metal ion concentration.

½L�free ¼ �a2 (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a22 � 4a1a3

p

2a1
a1 ¼ K;

a2 ¼ 1 þ K½M�total � K½L�total; a3 ¼ � ½L�total ð5Þ

Only values of log K obtained from fits for which the correlation coefficient
r2 > 0.97 were accepted. K was then found from a weighted average,
weighted by the reciprocal of the variance, 1/σ2, where the standard
deviationσ= (standard error of the fit)/n1/2 for ndata points in the titration.

log K for binding of CN� was expected to be large; the value was
therefore determined in a competition experiment in the presence of
1.2 M N3

�. Under these conditions, there is >99% formation of the
azidocyano complex. K for binding of CN� was determined from
Kcyanide = KobsKazide, where Kobs is the observed equilibrium constant
for binding of CN� in the presence of excess N3

�. The values were
corrected for the pKa of HCN.

6 It was unnecessary to correct values for
the pKa of N3

� (pKa = 4.4; pH of determination ofK = 8), NO2
� (pKa =

2.94; pH 8), SO3
2� (pKa = 1.66 and 6.85; pH 9), or S2O3

2� (pKa = 0.6
and 6.12; pH 8).

Values of K were determined as a function of the temperature
between 10 and 40 �C. For titrations of ACSYCbs with SO3

2�, however,
we were limited toT < 30 �C as the ligand slowly reduces cobalt(III) and
the solution becomes turbid. Above 30 �C, this process is too rapid for
the reliable determination of log K values. Values of ΔH and ΔS were
determined from the slope and intercept, respectively, of weighted linear
least-squares van’t Hoff plots of ln K against 1/T.
Rate Constants.We examined the change of absorbance of ACCbs

upon the addition of CN� at 353, 368, 497, 540, and 579 nm under
pseudo-first-order conditions ([CN�] > 5�50 � [cobester]) in sodium
carbonate buffer, pH 9.5 (25 �C), μ = 0.10 M. In each case, the
absorbance/time trace is clearly biphasic (Figure S2 in the Supporting
Information). The data were therefore fitted to a double-exponential
function (eq 6).

A ¼ A0 þ ae�k1 t þ be�k2 t ð6Þ

Because, within experimental error, the values of the two pseudo-first-
order rate constants k1 and k2 did not depend on the monitoring
wavelength (see below), all data were collected at 368 nm for the reaction
of ACCbs with CN� and at 478 nm for the reaction of ACSYCbs with
CN� at five temperatures between 5 and 35 �C. Each reaction was
repeated five times, and the average values of kj, where j = 1 and 2, were
used to determine the corresponding second-order rate constants k1

II and
k2
II from weighted linear least-squares plots of kj against [CN

�], where
j = 1 and 2. Values ofΔHq andΔSqwere determined fromweighted linear
least-squares Eyring plots of ln(kj

IIh/kBT) against T
�1, where h and kB are

the Plank and Boltzmann constants, respectively.
For DACbs, we examined the change of absorbance upon the

addition of CN� in sodium carbonate buffer, pH 9.0, μ = 0.5 M, at
25 �C and 367 nm under the same conditions as those for ACCbs and
ACSYC. The absorbance/time trace appears to be monophasic, and the
data were fitted to a single-exponential function. Each reaction was
repeated at least five times, and the average value of k was used to
determine the corresponding second-order rate constant kII from
weighted linear least-squares plots of k against [CN�].

’RESULTS

HPLC. HPLC of ACCbs on a C18 column, gradient elution
with phosphate buffer, pH 3, and methanol, shows two peaks at
1.9 min (58%) and 4.4 min (42%). HPLC of ACSYCbs on a C18
column, isocratic elution with methanol, shows two poorly
resolved peaks at 2.4 min (91%) and 2.7 min (9%); gradient
elution with phosphate buffer, pH 3, and methanol gives similar
results, two poorly resolved peaks at 2.4min (93.5%) and 2.8 min
(6.5%). Both ACCbs and ACSYCbs showed tailing of the peaks,
which strongly suggests that interconversion of isomers and/
or decomposition on the column is taking place during the
separation.



8722 dx.doi.org/10.1021/ic200288b |Inorg. Chem. 2011, 50, 8719–8727

Inorganic Chemistry ARTICLE

1H NMR of ACCbs. The 1H NMR spectrum of ACCbs in
CD3OD at 300 K shows a peak at 6.46 ppm, which we assign to
the C-10 proton by comparison with the 1H NMR spectra of
ACCbi in CD3OD

24 and D2O.
25 The peak is asymmetrical and

very broad (about 0.5 ppm at its base), which suggests that it
comprises two peaks due to the C-10 protons of the two
diastereomers in an approximately 2:1 ratio and that there is
rapid (on the NMR time scale) equilibration between them. The
rest of the 1H NMR spectrum is complex, and no certain
assignments could be made. Kr€autler et al.26 reported that
β-aqua, R-cyanocobyric acid equilibrated to a mixture of R-
aqua,β-cyano- and β-aqua,R-cyanocobyric acid upon dissolution
in D2O for 1H NMR spectroscopy and that “for practical
reasons” NMR was not carried out on this compound but only
on dicyanocobyric acid.
MM Modeling. In the accompanying paper,1 we noted that

O40 of the c,6-lactone in DCSYC comes close to the β-CN�

ligand [the O40 3 3 3 3C(β-CN
�) distance is 2.92 Å for a van der

Waals overlap of σvdW = 0.30 Å; we have used van der Waals’
radii as recommended by the CCDC, which may be obtained
at http://www.ccdc.cam.ac.uk/products/csd/radii/table.php4].
This could lead to a marginal lengthening of the Co�CN bond
length, but it has no effect on the CN�Co�CN angle. We have
endeavored to gauge the steric effect of the c,6-lactone
on complexes of SYCbs with L = N3

�, NO2
�, SO3

2�, and
S2O3

2�, ligands pertinent to this work, by performing MM/
simulated annealing calculations on the R-cyano,β-L stable
yellow cobester and examining the resultant structures (Figure
S3 in the Supporting Information).
N3

� coordinates in a bent fashion, oriented over C15. The
Co�N3 bond length in the model is 1.977 Å, in good agreement
with 1.984 Å observed in the crystal structure of N3Cbl.

27 There
is contact between O40 andNR of coordinated azide (d = 2.57 Å;
σvdW = 0.50 Å). C26H, C19H, C46H, and C54H are close
to coordinated N3

�, although only C19H makes contact (with
NR; d = 2.49 Å; σvdW = 0.15 Å).
In (R-CN,β-NO2)SYCbs, the Co�NO2 bond length is 1.954

Å, also in reasonable agreement with that observed in NO2Cbl
(1.940 Å with solvent acetone included in the lattice,28 1.942 Å
with lithium chloride, and much shorter at 1.913 Å with sodium
chloride included in the lattice29). O40 makes a short contact
with one of the NO2 O atoms (d = 2.45 Å; σvdW = 0.59 Å), and
C26H contacts the same O atom (d = 2.30 Å; σvdW = 0.31 Å).
The NO2 ligand is bent (NC�Co�NO2 = 173.0�) toward the
“southern” quadrant.
The Co�S bond length in the energy-minimized structure of

stable yellow sulfitocyanocobester is 2.243 Å (cf. 2.23030 and
2.24131 Å in SO3Cbl

�). There is contact between O40 and an O
atom of coordinated SO3 (d = 2.60 Å; σvdW = 0.44 Å), but the
most severe contact is between C26H and a ligandO (d = 2.22 Å;
σvdW = 0.67 Å), while C19H also makes close contact (d = 2.56
Å; σvdW = 0.33 Å). In the thiosulfato complex, the Co�S bond
length is 2.243 Å (2.2870 Å28 in S2O3Cbl

�).
In all cases, steric interactions between O40 and the coordi-

nated ligand do not appear to unduly perturb the metal�ligand
bond. We therefore expect them to have at most a small effect on
the ligand binding properties of the R-CN,β-H2O-SYCbs and, of
course, no effect on the other diastereomer.
Equilibrium Constants. Examples of fits of absorbance as a

function of the ligand concentration to eq 4 (for N3
�) and eq 5

(for CN�) are shown in Figure S4 in the Supporting Informa-
tion. Applying eq 5 to the data for N3

� binding gave essentially

the same value of log K. As discussed above, the values of log K
are expected to depend on the monitoring wavelength; this is
indeed the case, as illustrated in Figure 2 for N3

� as an example.
As explained in the Experimental Section, only those wave-
lengths that gave r2 > 0.97 and that were away from the isosbestic
points (2 or 3 nm in the UV region, where the absorbance change
with the wavelength is larger, and 3�5 nm in the visible region,
where it is smaller) were used for acquiring data. Typically,
between 100 and 200 wavelengths were used per titration to
obtain a weighted log K average value. These weighted log K
values are listed in Table 1. The value of K for coordination of
S2O3

2� by ACSYCbs was too small for a reliable determination.
At 25 �C, the only temperature at which a measurement was
attempted, we found K = 0.6 ( 0.2 M�1. An example of a van’t
Hoff plot obtained for the data in this work is shown in Figure S5
in the Supporting Information.
Rate Constants.The substitution of coordinated H2O in both

ACCbs and ACSYCbs by CN� is biphasic (Figure S2 in the
Supporting Information); the values of the two pseudo-first-
order rate constants k1 and k2 do not depend on the monitoring
wavelength (Table S1 in the Supporting Information). The
values of the second-order rate constants k1

II and k2
II, together

with the values of ΔHq and ΔSq determined from their tem-
perature dependence, are given in Table 2, while the full kinetic
data are given in Table S2 in the Supporting Information. An
example of a plot of k1 and k2 against [CN

�] is given in Figure S6
in the Supporting Information, while the Eyring plots are given in
Figure S7 in the Supporting Information.
The substitution of coordinated H2O in AHCbs by CN�

appears to be monophasic. The value of the second-order rate
constant, kII, is given in Table 2, while the full kinetic data are
given in Table S2 in the Supporting Information.

’DISCUSSION

Presence of Diastereomers.TheHPLC of ACCbs shows the
presence of two interconverting species in an approximately 2:1
ratio; these are presumably the R-cyano,β-aqua and β-cyano,
R-aqua diastereomers. This is supported by the presence in the
1H NMR spectrum of an asymmetrical broad peak, due to the

Figure 2. Wavelength dependence of log K (circles, with standard error
bars, left axis) for substitution ofH2ObyN3

� inACCbs (pH9.07, 24.4 �C).
Values of log K are particularly sensitive to the monitoring wavelength
near isosbestic points, where errors increase significantly. The spectrum
(right axis) of ACCbs is shown in blue and that of its azido complex
(N3

� replaces H2O) in red.
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different environments of C10�H in the two diastereomers of
ACCbs and the rapid interconversion of the two diastereomers.
Similarly, it has been shown by 1H NMR that the diastereomers

of aquacyanocobyric acid are in equilibrium in a D2O solution;26

however, the diastereomers of ACCbi do not interconvert on the
NMR time scale.25 It is possible that the presence of the isopropyl

Table 1. Equilibrium Constants for the Substitution of Coordinated H2O in ACCbs and ACSYCbs by Some Anionic Ligandsa

ACCbs ACSYCbs

ligand T /�C K /M�1 log K ΔH /kJ mol�1 ΔS /J K�1 mol�1 T /�C K /M�1 log K ΔH /kJ mol�1 ΔS /J K�1 mol�1

N3
� 9.6 459(21) 2.662(19) �9.4(7) 18(3) 9.9 634(36) 2.80(2) �18.6(7) �12(2)

17.0 425(6) 2.628(6) 16.7 544(40) 2.74(3)

24.4 394(9) 2.595(10) 23.2 440(35) 2.64(3)

31.8 355(12) 2.550(14) 29.9 373(32) 2.57(4)

39.2 315(9) 2.498(12) 37.4 320(23) 2.51(3)

CN� 9.6 2.5(7) � 108 8.19(11) �23(2) 81(6) 9.9 1.6(2) � 107 7.20(5) �17(1) 80(5)

17.0 1.9(3) � 108 8.08(6) 16.7 1.4(2) � 107 7.13(5)

24.4 1.5(4) � 108 8.10(10) 23.2 1.25(15) � 107 7.10(5)

32.5 1.3(4) � 108 8.06(11) 29.9 9.9(1.2) � 106 7.00(5)

40.0 9(2) � 107 7.88(8) 37.4 8.5(1.5) � 106 6.93(7)

NO2
� 9.9 844(23) 2.93(1) �6.6(9) 33(3) 9.9 372(12) 2.57(1) �22.9(4) �32(2)

16.7 813(22) 2.91(1) 16.7 290(10) 2.46(2)

23.2 778(21) 2.89(1) 23.2 238(7) 2.38(1)

29.9 728(31) 2.86(2) 29.9 192(6) 2.28(1)

37.4 653(23) 2.81(1) 37.4 158(8) 2.20(2)

SO3
2� 9.9 5.0(3) � 104 4.70(3) 50(3) 265(9) 9.9 232(14) 2.37(3) 59(1) 253(5)

16.7 7.4(3) � 104 4.87(2) 16.7 365(42) 2.56(5)

23.2 10.0(4) � 104 5.00(2) 20.5 673(39) 2.83(3)

29.9 12.9(8) � 104 5.11(3) 23.2 1144(57) 3.06(2)

37.4 19(1) � 104 5.29(3) 29.2 2063(61) 3.31(1)

S2O3
2� 9.9 2.15(9) 0.33(2) 21(3) 80(10) 23.2 0.6(2) �0.2(1)

16.7 2.3(1) 0.37(2)

23.2 3.3(3) 0.51(4)

29.9 3.6(3) 0.56(4)

37.4 4.8(1) 0.7(2)
aThese are conditional binding constants, at the pH of the determination (see the Experimental Section). However, they have been corrected for the pKa

of the ligand. Correction for the pKa of coordinated H2O is probably unnecessary (see the text).

Table 2. Second-Order Rate Constants and Activation Parameters for the Substitution of Coordinated H2O in ACCbs, ACSYCbs,
and AHCbs with Cyanide

temp/�C k1
II/M�1 s�1 (�104) ΔHq/kJ mol�1 ΔSq/J K-1 mol�1 kII2/M

�1 s�1 (�103) ΔHq/kJ mol�1 ΔSq/J K�1 mol�1

ACCbs

5.1(1) 1.32(7) 46(3) �2(9) 1.5(2) 52(7) 1(24)

9.9(1) 1.57(4) 1.2(1)

17.4(0) 2.89(8) 2.9(4)

25.2(0) 4.8(3) 5.1(5)

34.9(1) 9.1(6) 11.1(6)

ACSYCbs

5.3(0) 0.286(4) 57.6(9) 29(3) 0.07(1) 72(5) 50(18)

10.4(1) 0.49(2) 0.18(5)

17.5(0) 0.87(4) 0.24(9)

24.6(0) 1.53(2) 0.56(7)

35.1(1) 3.56(10) 1.7(2)

AHCbs

25.0 5.3(3)
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alcohol group on the f side chain in ACCbi, but not in ACCbs or
aquacyanocobyric acid, inhibits the rapid interconversion of the
diastereomers.
The HPLC of ACSYCbs also shows the presence of two

interconverting species, but their ratio is ∼9:1; these are, by
analogy with ACCbs, the R-cyano,β-aqua and β-cyano,R-aqua
diastereomers of ACCbs. Because the ratio of the diastereomers
is larger than that in ACCbs, it appears that the R and β faces
differ sterically to a greater extent in ACSYCbs than in ACCbs.
Because both ACCbs and ACSYCbs consist of a mixture of
diastereomers, the equilibrium and rate constants must be
considered as macroscopic rather than microscopic constants.
EquilibriumConstants.Values of log K (T∼ 25 �C, eq 2) for

substitution of axially coordinated H2O in ACCbs for the five
ligands studied vary from 8.1(1) for L = CN� to 0.51(4) for
L = S2O3

2� (Table 1) and from 7.10(5) to�0.2(1) for the same
ligands in their reaction with ACSYCbs. The trend in log K for
substitution of H2O in ACCbs parallels that in ACSY
Cbs (CN� > SO3

2� > NO2
� ≈N3

� > S2O3
2�) as well as in other

corrins (see Figure 3). The values of logK for ACCbs are very close
to those for ACCbi.3 Hamza32 compared log K values for coordina-
tion of N3

�, SO3
2�, and several neutral N-donor ligands by

ACCbs and ACCbi and showed that log K values for coordina-
tion of these ligands by the former are slightly smaller than their
coordination by the latter (the values differ typically by 0.2�0.3
units); replacement of amides by esters in the side chains of the
corrin has very little effect on the ligand binding properties of
cobalt(III). For any given ligand (Figure 3), log K decreases as
the trans ligand is varied from Bzm to CN� to CHCH2 to CCH,
which is an illustration of the well-established trans effect in
cobalt corrin chemistry.3 Also evident from Figure 3 is that log K
for replacement of H2O trans to CN� is significantly smaller in
ACSYCbs than in ACCbs and ACCbi so the metal ion behaves
rather differently in the former compared to the latter two.

However, logK values determined at a single temperature may
not always be as informative as is sometimes assumed. There is a
significant compensation effect between values ofΔH andΔS for
these ligand substitution reactions (Figure S8 in the Supporting
Information); as values of ΔH become more negative and the
substitution reaction becomes enthalpically more favorable,
values of ΔS tend to become negative and the reaction is
entropically less favored. The effect is to level out values of log
K so that underlying effects may not always be evident. For
example, the value of log K for substitution of H2O by N3

� in
ACCbs near 25 �C [2.60(1)] is statistically identical with that for
the same reaction with ACSYCbs [2.64(3)], but the thermo-
dynamic parameters are very different; ΔH is significantly less
negative for the first reaction [�9.4(7) kJ mol�1] than for the
second [�18.6(7) kJ mol�1) while, conversely,ΔS is muchmore
positive (18(3) vs �12(2) J K�1 mol�1]. It is unfortunate that
log K values in cobalt corrin chemistry have seldom been
reported as a function of the temperature; the present results
therefore present an opportunity of gaining further insight into
the origin of differences in these values.
The dianionic ligands SO3

2� and S2O3
2�, in their reactions

with both ACCbs and ACSYCbs, produce positive ΔH values
and, given the compensation effect mentioned above, ΔS values
that are very large and positive. By contrast, the three mono-
anionic ligands studied produce negative ΔH values and ΔS
values that range from large and positive to moderately large and
negative. To assess to what extent this effect is dependent on the
desolvation of the dianion, required before coordination to the
metal can occur, would need data, as yet not available, in other
solvents, but we do note that the smaller SO3

2� ion, with a
smaller volume (216 Å3) and hence a higher charge density,
produces a significantly larger ΔS value in its reaction with
ACCbs than the larger, and hence more charge-diffuse, S2O3

2�

ion (274 Å3). Work in other solvents is planned and will be
reported elsewhere.
For both ACCbs and ACSYCbs, the logK values for SO3

2� are
significantly larger than those for S2O3

2�; indeed, the latter
coordinates ACSYCbs so poorly that we were unable to study the
temperature dependence of the reaction because of the unrelia-
bility of the data. In general, SO3

2� forms more stable complexes
with hard and borderline metal ions than S2O3

2�, whereas the
converse is true for soft metal ions.6 For example, logK [T (�C) =
25 �C; μ (M) = 0, unless otherwise indicated] for SO3

2� with
Mg2+ is 2.36 and with FeIII is 6.6 (20; 0.5). For S2O3

2�, the values
are 1.82 with Mg2+ and 2.09 (20; 0.1) with FeIII. In the case
of CoII and NiII, the differences are smaller: SO3

2� with CoII has
log K = 3.08 and that with NiII = 2.88, whereas S2O3

2� with
CoII = 2.05 and that with NiII = 2.06. For soft ions like AgI,
log K = 5.6 for SO3

2� but 9.6 (25; 0.1) for S2O3
2�, and for

HgII, log β2 = 22.33 (25; 0.5) for SO3
2� but 29.23 for S2O3

2�.
Thus, a log K (25 �C) value of 5.0 for SO3

2� but only 0.5 for
S2O3

2� for substitution of H2O in ACCbs is an indication of the
generally hard nature of CoIII in this cobalt corrin. This is also
true for ACSYCbs.
A comparison of the ΔH values obtained for the reactions of

the ligands studied in this work with ACCbs and ACSYCbs
highlights differences in the behavior of the metal ion in the two
cobalt corrins toward the incoming ligand. The ligands that have
a harder donor atom (N in N3

� and NO2
�) produce ΔH values

that are more negative in the reactions with ACSYCbs than in the
analogous reactions with ACCbs. If the donor atom is softer,
however (C in CN� and S in SO3

2�), then ΔH is more negative

Figure 3. Correlation between log K (∼25 �C) for substitution of H2O
trans to X = CN� in ACCbs by five anionic ligands and log K for the
same substitution reactions in five other corrins, aquacobalamin (B12a,
X = 5,6-dimethylbenzimidazole); aquacyanocobinamide (X = CN�);
ACSYCbs itself; aquavinylcobinamide (X = CHCH2); and aquaethinyl-
cobinamide (X = CCH). Data from this work, from Pratt3 and from
Betterton.9 The broken line is that for a perfect correlation.
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(or less positive) for the reaction with ACCbs than for the
reaction with ACSYCbs. As indicated in the accompanying
paper, the spectroscopic evidence indicates that CoIII is some-
what softer in ACCbs than in ACSYCbs; the present results
indicate a preference of the softer metal center in ACCbs for
softer ligands and the harder metal center in ACSYCbs for the
harder ligands. Hence, the electronic structure of the equatorial
ligand in cobalt corrins can modify the thermodynamics of the
interaction between the metal and an axial ligand.
Reaction Kinetics. The substitution of coordinated H2O in

ACCbs and ACSYCbs shows biphasic kinetics, with k2
II an order

of magnitude smaller than k1
II (Table 2). The biphasic kinetics

could be due to the presence of diastereomers, each reacting with
CN� at a different rate, or to some other reaction. The difference
between the rate constants for the substitution of H2O by CN�

at the R and β faces is expected to be very small and not
distinguishable by stop flow,33 as has been found for ACCbi with
CN�.9,33,34 For the substitution of H2O in aquahydroxocobinamide
(AHCbi), which also exists as a pair of diastereomers with OH� on
either the R or β face, by the ligands CN�, N3

�, pyridine, N-
methylimidazole, and3-aminopropan-1-ol, onlymonophasic kinetics
are observed; the second-order rate constant for substitution of
the two diastereomers of AHCbi by CN� is 2.3 � 103 M�1 s�1

at pH 12.35

For comparison, the second-order rate constants for the
reaction of cyanide with the two faces of protonated base-off
cyanocobalamin (with H2O coordinated to Co) are 2.1 �
106 M�1 s�1 (R face) and 2.9 � 106 M�1 s�1 (β face).20 For
this reason and for further reasons described below, it appears
unlikely that the observed biphasic kinetics are due to a difference
in the reaction rate of the two diastereomers. The question of the
origin of the biphasic kinetics then arises.
For ACCbs and ACSYC in solution, as has been observed for

ACCbi,9 it appears that there is an equilibrium between the
aquacyano species and the dicyano and diaqua species (eq 7).

2H2O�Co3þ½Cor� � CN h NC�Co3þ½Cor� � CN
þ H2O�Co3þ½Cor��OH2 ð7Þ

For ACCbs, small amounts of DCCbs were seen in the UV�vis
spectra (peak at ∼580 nm), TLC (purple spot at Rf = 0.62),
HPLC (Rt = 2.0 min), and column chromatography (see above).
The presence of DACbs was inferred but not detected because its
UV�vis spectrum is very similar to that of ACCbs and it gives a
streak rather than a compact spot on TLC. Similarly, DCSYCbs
in small amounts was seen in the UV�vis spectra of ACSYCbs
(peak at∼485 nm). Assuming that the pKa values of DACbs and
aquahydroxocobester (AHCbs) are similar to those of DACbi
(5.9) and AHCbi (10.3),8,10,35 respectively, at pH 9.6 the
“DACbs” present in solution should actually consist of 83%
AHCbs, which is labile to substitution by CN�, and 17%
dihydroxocobester (DHCbs), which is inert.10,34,35 Because the
trans effect of OH� is smaller than that of CN� in cobalt corrin
chemistry,10,35 the substitution of H2O by CN� trans to CN�

will be faster than that trans to OH� (OH� itself is inert to
substitution by CN�35). We suggest, therefore, that the slower
phase observed in the reactions of ACCbs and ACSYCbs with
CN� is due to the (unavoidable) presence of some AHCbs
species in solution and the faster phase is the average rate of
substitution of coordinated H2O in the two diastereomers.
There is a related study on the kinetics of the reaction

of ACCbi and CN�.34 Only the second-order rate constant

(25 �C, μ = 0.2 M) was reported (kII = 2.1� 105 M�1 s�1), and
the authors comment in a footnote that “although two isomers
are present, their rates are indistinguishable”. By contrast, Zelder
et al.36 also observed biphasic kinetics for the reaction with CN�

of the potassium salt of aquacyanocobyrinic acid (in which all of
the —OCH3 groups in aquocyanocobester are replaced by
�O�K+ groups) and attributed the fast reaction to the diaster-
eomer that has H2O on the less sterically crowded face and the
slow reaction to the diastereomer that has H2O on the more
sterically crowded face.
We examined the kinetics of the substitution of coordinated

H2O by CN� in DACbs at pH 9.0 (and it is reasonable to assume
that the predominant species in solution at this pH is AHCbs)
and found that the change in absorbance at the monitoring
wavelength, 367 nm, very nearly (but not quite) conformed to a
single-exponential process (Figure S9 in the Supporting In-
formation). We were unable to reliably fit the data with a
double-exponential function because of the high cross-correla-
tion of variables. Because AHCbs is also expected to exist as a
mixture of two diastereomers, they clearly react at very similar
rates. The apparent second order rate constant at 25 �C is
5.3(5)� 103 M�1 s�1; this is statistically identical with the value
of 5.1� 103 M�1 s�1 obtained for the slow phase of the reaction
of ACCbs with CN� (Table S2 in the Supporting Information).
While this does not prove that the slow phase is due to the
presence of DACbs in the sample of ACCbs, it is certainly strong
supporting evidence. We conclude that both diastereomers of
each of ACCbs and ACSYCbs react at experimentally indistin-
guishable rates. We therefore use the value of k1

II to compare the
effect of the interrupted conjugation of the corrin on the rate of
the substitution of coordinated H2O, the key question in
this work.
The rate of the reaction is too fast to observe the saturation

kinetics required for an unequivocal determination of the mech-
anism,37 but it is very likely that the reactions proceed through a
dissociative interchange mechanism, as has been shown for
aquacobalamin (substitution of H2O trans to 5,6-dimethylben-
zimidazole; see, for example, ref 38 and references cited therein)
and AHCbi39 (H2O trans to OH�).
The value of k1

II is between 4.6 (at 5 �C) and 2.6 (at 35 �C)
times smaller for substitution of H2O by CN� in ACSYCbs than
in ACCbs; thus, the metal ion becomes more inert with a
decrease in the extent of delocalization of the π-electron system.
Assuming that the mechanism of the reaction is indeed a
dissociative interchange mechanism, the second-order rate con-
stant k1

II is a composite rate constant, k1
II = k1

i KOS, where KOS is
the equilibrium constant for the formation of an outer-sphere or
encounter complex between cobalt corrin and incoming CN�

and k1
i is the rate constant for the interchange of H2O and CN�

between the inner and outer coordination spheres of the metal
ion. From the Fuoss�Eigen model,40 the value of KOS is a
function of the molar volume of the encounter complex (it is
reasonable to expect this to be very similar for ACCbs +CN� and
for ACSYbs + CN�) and an electrostatic term, which is
controlled by the distance between the two reactants (again,
expected to be very similar) and their charges (which are
identical). Thus, variation in k1

II is very likely to be due to
variation in k1

i and to reflect the inherent differences in the rate
of interchange between the departing H2O ligand and the
incoming CN� ligand.
The transition state for the reaction will consist of a Co�OH2

bond, which is substantially elongated, and a Co�CN bond,
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which is beginning to form. The value ofΔHq for the reaction of
ACCbs with CN� is smaller by nearly 12 kJ mol�1 than that for
the reaction of the same ligand with ACSYCbs. This is consistent
with a transition state that occurs earlier along the reaction
coordinate and in which the extent of the bonding between the
softermetal center of ACCbs and the ligand is greater than that in
ACSYCbs with its harder metal center. IfΔSqwere invariant, this
would make the reaction with the former corrin over 100 times
faster than that with the latter at 25 �C. However, the earlier
transition state also means that departing H2O and incoming
CN� are more constrained by their interaction with the metal.
Consequently, ΔSq is more negative by over 30 J K�1 mol�1,
retarding the reaction by over 40 times. This compensation effect
between ΔHq and ΔSq levels out and masks the very significant
effect of the change in the electronic properties of the equatorial
ligand on the rate of substitution of the axial ligand. In our view,
the values of ΔHq are the most informative (rather than those
of k1

II), and these indicate the very significant increase in inertness
of CoIII upon a decrease in the extent of conjugation of the corrin
ligand.

’CONCLUSIONS

In this and the accompanying paper, we compared the physical
and chemical properties of cobalt(III) in aquacyanocobester
(ACCbs), which retains the 13-atom, 14π-electron system of
normal cobalt corrins, with those in stable yellow aquacyanoco-
bester (ACSYCbs), where oxidation at C5 leads to a less
extensive conjugated system. The bands in the electronic spec-
trum of DCSYCbs are shifted to shorter wavelengths, which is
consistent with a PBE1PBE/6-311G(d,p) density functional
theory (DFT) calculation that shows that the HOMO�LUMO
gap in DCSYCbs is larger than that in DCCbs. PBE1PBE/
6-311G(d,p) DFT calculations show that while the d orbital
population is very similar in DCCbs and in DCSYCbs, the d
orbitals in the former span a significantly greater energy range
(2.61 eV) than those in the latter (1.86 eV). The 59Co resonance
of DCSYCbs is shifted downfield from that in DCCbs; a
comparison with available 59Co data of cobalamins and cobalox-
imes indicates that CN� interacts more strongly with themetal in
DCCbs than that in DCSYCbs. As the strength of the interaction
between CoIII and the equatorial macrocyclic ligand increases,
the IR stretching of axially coordinated CN� shifts to lower
frequency ([14]aneN4 > cobaloxime > porphyrin > corrin).
Because νCN in DCSYCbs occurs at a higher frequency than
that in DCCbs, the corrin in DCCbs interacts more strongly with
the metal than the stable yellow corrin with its diminished
conjugation. These results reveal that there is greater overlap
between the corrin and the metal orbitals in DCCbs than in
DCSYCbs, which gives the metal in the former a softer, more
covalent character than that in the latter.

The substitution of H2O by CN� in the two cobesters
proceeds with biphasic kinetics, and we argue that the faster
process corresponds to the substitution of coordinated H2O on
both faces of the corrin because both faces are more or less
equally sterically accessible. [The slower process, we believe,
corresponds to the substitution of coordinated H2O in AHCbs,
present as an impurity in solution from the spontaneous reaction
of the aquacyano species to form diaqua (or aquahydroxo) and
dicyano species.] CoIII is more labile in ACCbs than in AC-
SYCbs, and the value of k1

II, the second-order rate constant for the
faster reaction, is between 4.6 (at 5 �C) and 2.6 (at 35 �C) larger.

Because the mechanism is likely to be a dissociative interchange
mechanism, k1

II =KOSk1
i , butKOS is expected to be very similar for

the two cobesters; differences in k1
II indicate inherent differences

in the rate of interchange between H2O and CN� on the metal.
The value ofΔHq for k1

II is about 12 kJ mol�1 smaller for ACCbs
than for ACSYCbs, which is consistent with a transition state that
occurs earlier along the reaction coordinate and in which the
extent of the bonding between the softer metal center of ACCbs
and the ligand is greater than that in ACSYCbs with its harder
metal center. This means that ACCbs is over 100 times more
labile than ACSYCbs toward the substitution of coordinated
H2O by CN�. The effect is masked, however, by a compensating
decrease in ΔSq, which is over 30 J K�1 mol�1 more negative.
Diminishing the extent of the conjugation of the corrin ligand
therefore causes a very significant increase in the inertness of
CoIII. Thus, the fact that CoIII is so labile in the cobalamins is
undoubtedly due, in part, to the labilizing cis effect of the corrin
ligand.
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