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Abstract: Cyanide catalyzes the equilibration of a-aquo-B-cyanocobalamin and 8-aquo-a-cyanocobalamin below pH 2
through the intermediate formation of e,B3-dicyanocobalamin. Rate and equilibrium constants for the individual steps of the
isomerization reaction were determined from the kinetics for equilibration and the rate constants for formation of the two iso-
mers of cyanocobalamin from dicyanocobalamin. The rate of cyanide addition to cyanocobalamin becomes independent of cy-
anide concentration above a half-maximal value at 0.021 M CN—, indicating a dissociative mechanism with a pH-independent
rate constant of 0.042 s~! for dimethylbenzimidazole dissociation. The faster dissociation in acid solutions suggests that cleay-
age of the Co-N bond is also catalyzed by acid. The addition of cyanide to aquocobalamin proceeds through addition of CN—
above pH 9 and a 3-fold slower addition of HCN between pH 6 and 8. Below pH 6 there is a change in rate-limiting step that
is attributed to slow rotation of bound CN~. A 35-fold difference between the rate constants at low and at high pH implicates
a similar reaction sequence for the addition of cyanide to cyanocobalamin. The rates of cyanide addition to aquocobalamin and
cyanocobalamin show positive deviations in hydrochloric acid (up to 3-fold in 1 M HCI) that reflect an unusual H— acidity
function for the ionization of HCN. All of the different kinetic patterns for the reactions of cyanide with cobalamin derivatives

may be explained by a single underlying dissociative interchange mechanism.

We describe here an examination of the kinetics and
mechanisms of addition reactions of cyanide to cyanocobala-
min (vitamin By, 1) and to aquocobalamin (3);see eq 1. The

CN OH,
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N
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former reaction was investigated following the observation of
an unexpected, time-dependent change in the absorption
spectrum of cyanocobalamin in the presence of cyanide at pH
0-2. This reaction proved to be a cyanide-catalyzed inter-
conversion of the a and (3 isomers of cyanocobalamin (1 and
2, eq 1) that proceeds through «,(3-dicyanocobalamin as an
intermediate. In the course of the investigation several inter-
esting features of cyanide addition reactions were demon-
strated, including pathways for the addition of both CN~ and
HCN, a change in rate-limiting step with decreasing pH, a
slow dissociation of benzimidazole from cyanocobalamin at
high pH, and an unusual acidity function for the ionization of
hydrogen cyanide in hydrochloric acid solutions.

Experimental Section

Materials, Cyanocobalamin and hydroxycobalamin were gifts of
Glaxo Laboratories. Organic reagents were purified and potassium
cyanide was recrystallized prior to use.2 Other inorganic reagents were
used without further purification. Water was redistilled twice in glass.
Solutions of hydrogen cyanide were prepared shortly before use by
neutralizing aqueous potassium cyanide with | equiv or a small excess
of hydrochloric acid (caution) and were stored in a stoppered flask.

Methods. All experiments were carried out at 25 °C and at ionic
strength 1.0 M, maintained with potassium chloride. Determinations
of pH were carried out after each run with a Radiometer 26 pH meter
and a Belectrode at 25 °C and ionic strength 1.0 M, after standard-
ization of the pH meter with standard buffers or with 0.10 M hydro-
chloric acid at pH 1.10.3 Reactions were followed spectrophotomet-
rically at 560 or 580 nm, using 3.0-mL quartz cuvettes. Teflon-stop-
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pered cuvettes were used for spectral measurements in the presence
of cyanide and for kinetic runs with half-times longer than 1 min.
Kinetic experiments were carried out under pseudo-first-order con-
ditions in the presence of a large excess of hydrogen cyanide or po-
tassium cyanide. Good first-order kinetics were observed for at least
3-4 half-times. Pseudo-first-order rate constants were obtained from
plots of log (4= — A;) or log (4, — A) against time.

A pK, value of 0.38 was obtained for cyanocobalamin at ionic
strength 1.0 M (KCl), 25 °C, by a spectrophotometric titration (560
nm) of 8 X 10~5 M cyanocobalamin at 11 concentrations of hydro-
chloric acid in the range 0.01-1.0 M. The same pK, value was ob-
tained based on measurements of the apparent pH values of the hy-
drochloric acid solutions. A pKj, of 0.1 has been reported previously
for cyanocobalamin at low ionic strength; this pK, involves dissociation
from cobalt and protonation of the dimethylbenzimidazole group.*
The pK, of hydrogen cyanide was found to be 9.0 by titration at ionic
strength 1.0 M and 25 °C.

Results

In the region of pH 0-2, cyanocobalamin undergoes a re-
action in the presence of added cyanide that results in a time-
dependent decrease in absorbance at 560 nm. At a given pH
and cyanide concentration the absorbance change was found
to follow accurate first-order kinetics; the pseudo-first-order
rate constants increase linearly with the total concentration
of added cyanide at a given pH value and ionic strength 1.0 M
(KCI1) (Figure 1). The observed rate constants increase with
increasing pH (Figure 2), suggesting that cyanide anion may
be the reactive species, but do not follow a simple rate law for
a second order reaction of CN~ with cyanocobalamin, its
conjugate acid, or both of these species.

The dependence on pH of the absorbance of cyanocobalamin
extrapolated to zero time (closed circles) and at the end of the
reaction {open circles) is shown in Figure 3A. Both of these
curves follow the behavior expected for a simple acid disso-
ciation reaction, and the slopes of plots of absorbance, Aopsds
against (ANCBlz - Aobsd)/[H+], where ANCB,; is the ab-
sorbance of NCB; measured at high pH (Figure 3B), give
apparent dissociation constants of K; = 0.39 M for the zero
time absorbance and Kp = 0.12 M for the final absorbance of
the products. Figure 3B also shows that the extrapolated ab-
sorbances at high acid concentration are the same for the
reactants and products (as they are also at high pH, Figure
3A). The zero-time dissociation constant is the same, within
experimental error, as the value of Ky = 0.42 M (pK, = 0.38)
that was obtained from a spectrophotometric titration of cy-
anocobalamin at ionic strength 1.0 M in the absence of cya-
nide, and spectra of the reaction mixtures at zero time were
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Figure 1. Dependence of the observed rate constants for the reaction of
cyanocobalamin with cyanide on the concentration of hydrogen cyanide
at pH 1.50, 1.0, and 0.46, 25 °C and ionic strength 1.0 M (KCl).
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Figure 2. Dependence on pH of the observed rate constants for the reaction
of cyanide with cyanocobalamin in 0.10 M hydrogen cyanide, 25 °C and
ionic strength 1.0 M (KCl).

shown to be the same as the spectra of cyanocobalamin in the
absence of cyanide at the same pH values. This shows that
there is no detectable fast reaction of cyanide with cyanoco-
balamin prior to the observed first-order reaction.

Several observations show that the reaction is a cyanide-
catalyzed, pH-dependent equilibration of two isomers of cy-
anocobalamin, each of which contains 1 equiv of cyanide,
rather than an addition reaction of cyanide or some irreversible
cyanide-induced reaction. First, the amount of the observed
absorbance change at a given pH value was found to be inde-
pendent of cyanide concentration, although the pseudo-first-
order rate constants increase linearly with increasing cyanide
concentration and have a zero intercept at zero cyanide con-
centration (Figure 1).

Second, the reaction was shown to proceed to a pH-depen-
dent equilibrium position, rather than to completion, by the
experiment described in Table I. Samples of cyanocobalamin
in 0.1 M HCN were found to react at pH 0.52 (A) and pH 1.50
(C) with rate constants of 1,17 X 10~ 3 and 3.45 X 1073 s},
respectively. When sample A was then brought to pH 1.52 (B)
and sample C was brought to pH 0.51, (D), maintaining the
concentration of HCN at 0.1 M, each sample underwent a
second reaction, with rate constants of 3.47 X 1073 and 1.10
X 1073571, respectively. Thus, the observed rate constants at
a given pH value are the same, irrespective of the composition
of the reactants at the initial time. This is the behavior that is
expected for a reaction that reaches an equilibrium position
that depends only on the pH, in which case the observed
first-order rate constant is equal to the sum of the forward and
the reverse first-order rate constants and is independent of the
composition of the reactants at zero time.> It is inconsistent
with an irreversible reaction. Furthermore, comparison of the
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Figure 3. (A) Dependence on pH of the absorbance at 560 nm of a reaction
mixture containing 1.2 X 1074 M cyanocobalamin in 0.10 M hydrogen
cyanide at (@) initial time, (O) infinite time, 25 °C and ionic strength 1.0
M (KCI). (B) A linear replot of the absorbance at 560 nm against the
observed absorbance of 1.2 X 10~4 M NCB,; minus the observed ab-
sorbance of the reaction mixture, divided by the concentration of the
proton, at (@) initial time and at (Q) infinite time.
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Table I, Equilibration of Cyanocobalamin with 0.1 M Hydrogen
Cyanide and the Proton?

103 X kobsd, absorbance

reaction® pH [HCN], M s! t=0 t=«
A 0.52 0.10 1.17 1.40 0.99

B 1.52 0.10 3.47 0.75¢  0.88¢
C 1.50 0.10 3.45 1.97 1.76

D 0.51 0.10 1.10 0.64¢  0.51¢

@ At 25 °C and ionic strength 1.0 M (KCl); followed at 560 nm.
b The reactions are described in the text. < Diluted twofold compared
with A and C.

final absorbancies of samples A and D and of samples C and
B (Table I) shows that the same final absorbance is reached
at a given pH value, after allowing for the twofold dilution of
samples B and D.

Third, the fact that the pseudo-first-order rate constants for
the approach to equilibrium are first order with respect to
cyanide at all pH values (Figure 1) means that both the for-
ward and the reverse rate constants are first order in cyanide,
because the observed rate constants are equal to the sum of the
forward and reverse rate constants. Since the equilibrium
position is independent of cyanide concentration, we conclude
that the transition state must contain 2 equiv of cyanide, the
reactants and products each contain 1 equiv of cyanide, and
there is no significant accumulation of an intermediate con-
taining 2 equiv of cyanide during the course of the reaction.
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These data suggest that the reaction is a cyanide-catalyzed
equilibration between (-cyanocobalamin and 8-aquo-a-cy-
anocobalamin proceeding through a dicyanocobalamin in-
termediate that is present at a steady-state concentration under
the conditions of the experiment (Scheme I). The analogous
isomerization of By, derivatives lacking the benzimidazole
group is known to be catalyzed by cyanide, presumably
through the intermediate formation of the dicyano compound.6
In the case of cyanocobalamin, isomerization requires removal
of the dimethylbenzimidazole group from the « position of
NCB;; by protonation to give NCB;»-NH™, so that cyanide
can add to form NCB;2CN-NH*. This protonation also
changes the overall equilibrium ratio of the o and 3 isomers,
[B;12CN-NH*]/(INCBj,] + [NCB;,-NH*]) so that the
B12CN-NH isomer can accumulate. At high acid concen-
tration NCBj; is completely converted to the base-off species
NCB,>-NH™* and the equilibrium ratio becomes independent
of pH (Figure 3B). The common intercepts for the absorbance
of cyanocobalamin and the equilibrated reaction mixture at
high acid concentration (Figure 3B) are consistent with the
similar absorption spectra of a-aquo-3-cyanocobinamide and
B-aquo-a-cyanocobinamide.’

The dissociation constant of protonated 3-cyanocobalamin,
K, and the equilibrium constant K3 {Scheme I) are related
to the apparent dissociation constant of the equilibrated mix-

ture of products, Kp, by
K, —Kp
Ky =L 2P
3 Kp

and
[HF][NCB,;]
[NCB;,-NH*] + [B,CN-NH]
The values of K; = 0.42 M and Kp = 0.12 M give K»3 = 2.5
+0.2.

The equilibrium constant K»3 was also determined directly
by taking advantage of the fact that a rapid change in pH gives
a change in the initial absorbance of a mixture of the o« and 3
isomers of cyanocobalamin that depends on the relative
amounts of the two isomers. This occurs because only the 3

Kp=
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isomer gives an immediate spectral change due to the rapid and
reversible addition of the dimethylbenzimidazole group to
cobalt. A solution of 0.005 M cyanocobalamin was allowed to
reach equilibrium in the presence of 0.1 M hydrogen cyanide
and 0.97 M hydrochloric acid. Aliquots of this solution were
diluted 30-fold into 0.97 M hydrochloric acid and into a series
of solutions with final pH values in the range 0.49-1.96, and
the initial absorbance was measured. The fraction of cyano-
cobalamin that was present as the 3 isomer in the equilibrated
solution is given by

[NCB;,] + [NCB;,-NH*]
[NCBi,] + [NCB;,-NH*] + [B;,CN-NH*]
= AAobsd = (Kl/[H+]) +1 (2)
AAcalcd (Kl/[H+]) +1+ K23

in which A4y is the observed difference between the initial
absorbance at a given pH value and in 0.97 M hydrochloric
acid, and AAcaq is the difference in the absorbance of the
same concentration of $-cyanocobalamin under the same
conditions. The results of 18 such pH-jump experiments gave
avalue of K»3 = 2.9 £ 0.2. The best value of K3 is taken to be
2.7.

The expulsion of cyanide from the dicyano intermediate,
NCB2CN-NH*, was examined directly in order to determine
the rate constants for the partitioning of this intermediate in
the mechanism of Scheme I. The formation of NCB;>CN from
NCB;; becomes thermodynamically favorable at high pH and
is essentially quantitative in the presence of 0.1 M potassium
cyanide. The overall rate constant for expulsion of cyanide
from NCB,CN-NH, ko, = k_> + k3, was determined by
diluting a stock solution of NCB;>2CN in 0.1 M potassium
cyanide 100-fold into a series of buffers at low pH values and
following the change in absorbance at 580 nm. The value of
ko was found to be 0.042 s~! and is independent of pH over
the range 0-2.0 (Figure 4). This rate constant is at least four
times larger than the observed rate constants for the cya-
nide-catalyzed equilibration reaction.

The ratio k3/k—, was determined by measuring the product
ratio from the decomposition of NCB;CN in acid by the
method described above (eq 2). The rate constant ratio is equal
to the initial ratio of products according to

ks _ [B12CN-NHT] 3)
k—> [NCB2] + [NCB;>-NHt]
A solution of 5 X 1073 M NCB;>CN in 0.02 M potassium
cyanide was diluted 10-fold into 1.0 M hydrochloric acid and
was allowed to stand for 3 min. In this time the expulsion of 1
equiv of cyanide is complete (t1/, = 17 s) and the cyanide-
catalyzed isomerization of the initial products has proceeded
less than 0.6%. Aliquots of this solution were then diluted
30-fold into 0.9 M hydrochloric acid, 0.1 M potassium chloride,
and into a series of buffers to give final pH values between 0.75
and 1.92, and the initial differences in absorbance, A4 psd,
were measured. From the observed differences in absorbance
and eq 2 and 3, the ratio k3/k_, was found to be 1.9 £ 0.2. This
ratioand the value of koy = k3 + k—» give k3 = 0.027 s~ 1 and
k_>=0014s"L
With this information it is possible to calculate all of the rate
and equilibrium constants for the individual steps of the cya-
nide-catalyzed isomerization of protonated cyanocobalamin
(Scheme 1); the results are summarized in Table IT. The ob-
served pseudo-first-order rate constants for approach to
equilibrium at each pH value were separated into the rate
constants k¢and k, for the forward and reverse reactions, re-
spectively, from the relationships® kobsa = k¢ + krand Keg =
k¢/ k., in which K4 is a dimensionless equilibrium constant that
describes the equilibrium ratio of the total concentrations of
the o and 3 isomers at a given pH value.
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Figure 4. Dependence on pH of the observed rate constants for the loss of
cyanide from NCB;CN-NH™* at 25 °C and ionic strength 1.0 M (KCl).
The reaction was started by the addition of 0.03 mL of 0.005 M NCB,,CN
in 0.10 M potassium cyanide to buffer solutions.

Table II. Rate and Equilibrium Constants for the Equilibration of
Cyanocobalamin with Cyanide®

b

term value

ki, M~!s™! >0.27
kyy, M5! 29+02x 106
ko s™! 1.4£0.1 X102
k3,571 2.7+0.1 X102
k_3, M™'s™1 2.14£0.1 X10°
K. M 0.42
Ky, M~ (kofk—s) 2.1+03x108
K3, M (k3/k—3) 13401 x 1078
K>3 2.5+0.2¢

2.9+ 0.24

2.7¢

2 At 25 °C and ionic strength 1.0 M (KCI). ? The constants are
defined in Scheme I. © From the spectral data in Figure 3. 4 From
direct measurement of the equilibrium. ¢ Average value used in cal-
culations,

[B1CN-NH]
Keq = "
[NCB,>] + [NCB;;-NHT]
The value of K¢q at each pH value was calculated from
Keq = K»3[H*]/(Ky + [HT])

The values of k¢ were then corrected by dividing by the fraction
of cyanocobalamin present as NCB;,-NH™ to give k¢, which
is based on the concentration of this base-off species. No such
correction is necessary for k. because (3-aquo-a-cyanoco-
balamin exists entirely in the form B;;CN-NH™ under the
conditions of the isomerization experiments. Values of k; =
29X 108M~1s7land k—3 = 2.1 X 106 M~ 57! were then
calculated from the steady-state equations for the rate con-
stants in Scheme I,

ki = kak3[CN7}/ (k-3 + k3) 4)
ke =k_2k_3[CN7]/(k-2 + k3) (%)

the values of k_» and k3 and the observed rate constants at pH
values between 1.8 and 2.1. The equilibrium constants K, and
K3 were calculated from the ratios of the rate constants (Table
IT). The values of K = 2.1 X 108 M~1and K3 =1.3 X 10~8
M are similar to the value of K ~ 10~8 M for the dissociation
of cyanide anion from dicyanocobinamide® (which has no
benzimidazole group). These equilibrium constants show that
the concentration of NCB;;CN-NH"* is <4% of the total
concentration of cyanocobalamins under the conditions of the
kinetic experiments, which is consistent with the use of the
steady-state approximation.

According to the mechanism of Scheme I, the values of log
k¢ and log k. should increase linearly with pH in the region
pH 0-2 at constant hydrogen cyanide concentration, because

5783

ke or kg {s*")

1074 L 1
) 1.0 20
pH

Figure 5. Dependence on pH of the forward, k¢ (Q), and the reverse, k.
(@), first-order rate constants for the equilibration of cyanocobalamin
with cyanide in 0.10 M hydrogen cyanide.

the isomerization rate depends on the concentration of cyanide
anion. The data in Figure 5 show that the rate constants in-
crease with increasing pH over this range, but there are positive
deviations from the expected lines of slope 1.0 with increasing
acidity that approach a factor of 3 for the rate constants at the
lowest pH values. The deviations are several times larger than
the estimated errors of the rate and equilibrium constants from
which k¢ and k, were obtained. They do not represent a con-
tribution of an acid-catalyzed term to the isomerization re-
action because any such acid catalysis should also be seen for
the expulsion of cyanide from the NCB;,CN-NH* interme-
diate and the rate of this reaction is independent of pH in this
pH region (Figure 4). They are attributed, therefore, to an
activity coefficient or acidity function effect on the reaction
that results from the substitution of hydrogen ions for potas-
sium ions at ionic strength 1.0 M.

The Addition of Cyanide to Cyanocobalamin and Aquoco-
balamin. At high pH values the addition of cyanide to cyano-
cobalamin leads to the accumulation of NCB;>CN. The
equilibrium constant for cyanide addition was found to be K
=5 X 10° M~! from measurements of the absorbance at 370

CN X, CN

c
o7 [
k-c
N CN
N
NCB,,CN

nm of 10 solutions of 1.1 X 1073 M cyanocobalamin in the
presence of 4 X 1073 to 1 X 1073 M and 0.1 M potassium cy-
anide in 0.2 M trifluoroethanol buffer at pH 11.70, 25 °C, and
ionic strength 1.0 M (KCI). Values of K, = 10 X 103M~! and
6 X 103 M~1 ynder somewhat different conditions have been
reported previously.8?

The pseudo-first-order rate constants for the addition of
cyanide anion to cyanocobalamin at pH 11.70 were determined
by measuring the change in absorbance at 580 nm. The rate
constants exhibit a leveling off with increasing cyanide con-
centration and approach a constant value that is independent
of the concentration of cyanide. A plot of 1/kqbsq against 1/
[CN~] (Figure 6) gives a value of k4 = 0.042 s~ for the lim-
iting, first-order rate constant at high cyanide concentration
(from the reciprocal of the ordinate intercept) and k. = 2.0
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Figure 6. A double-reciprocal plot of the observed rate constants for cya-
nide anion addition to NCB; against the concentration of cyanide anion

in 0.33 M trifluoroethanol buffer at pH 11.70, 25 °C and ionic strength
1.0 M (KCD).
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Flgure 7. Dependence on pH of the observed second-order rate constants
for the addition of cyanide to OH32B;2 at 25 °C and ionic strength 1.0 M
(KCI). The open circles are data of Conn and Wartman.'? The solid line
is calculated from eq 10 and the dashed lines show the contributions of the
two terms in eq 10. Insert: Dependence on pH of log ([OH2B12]/
[OHB;,]) at 25 °C and ionic strength 1.0 M (KCl). Aquocobalamin, 0.012
M, was titrated with potassium hydroxide.

M1 s-1 for the second-order rate constant at low cyanide
concentration (from the reciprocal of the slope). A similar
experiment in HCN-CN~ buffers at pH 9.0 gave values of k4
=0.043s!and k. = 2.1 M~!s~! demonstrating that these
rate constants are independent of pH in this pH region. The
absorbance changes in the kinetic runs were found to be in-
dependent of cyanide concentration; i.e., there is no accumu-
lation of any intermediate complex with an absorbance dif-
ferent from that of cyanocobalamin at 580 nm.

In Figure 7 is shown the pH-rate profile for the addition of
cyanide to aquocobalamin, based on total cyanide concentra-
tion (KCN + HCN). Titration of 0.012 M aquocobalamin
with base gave pK, = 8.1 at 25 °C, ionic strength 1.0 M (inset,
Figure 7); pK, values of 7.7, 7.8, and 7.6 have been reported
previously at low (or unspecified) ionic strength.410.11 Sec-
ond-order rate constants expressed in terms of the addition of
cyanide anion to aquocobalamin were obtained by dividing the
apparent second-order rate constants (Figure 7) by the fraction
of the cyanide present as CN~ and the fraction of the total
cobalamin present as aquocobalamin (based on pK, = 8.1;
cyanide does not add to hydroxocobalamin!?). These rate
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Figure 8. Dependence on pH of the corrected second-order rate constants,
based on cyanide anion and aquocobalamin, for cyanide addition to
aquocobalamin at 25 °C, ionic strength 1.0 M (KCl).

constants show a pH-independent region at high pH, an
acid-catalyzed region between pH 6 and 9, and another pH-
independent region at low pH (Figure 8).

The observed rate constants for cyanide addition to aquo-
cobalamin were found to be first order with respect to total
cyanide concentration up to 0.04 M at pH 2.7,0.003 M at pH
6.2,0.0067 M at pH 8.9 and 0.1 M at pH 12.2. No indication
of general acid-base catalysis was found with 0.07-0.94 M
chloroacetate buffers, pH 2.7, with 0.5 and 1.0 M acetate and
methoxyacetate buffers, 50% anion, and with 0.03-0.33 M
trifluoroethanol buffers, pH 12.2. Rate constants determined
in a series of 0.33 M cacodylate, phosphate, methylarsonate,
ethylphosphonate, borate, and hexafluoroisopropyl alcohol
buffers at different buffer ratios did not exhibit any deviations
from a smooth pH-rate profile (Figure 7) that might be at-
tributed to buffer catalysis. The addition of cyanide to aquo-
cobalamin is essentially irreversible under the conditions of
these experiments* and the absorbance extrapolated to zero
time was shown to be independent of cyanide concentration
at pH 6.2 and 8.8. At pH values below 2.0 the addition is fol-
lowed by a rapid equilibration so that the observed product is
a mixture of the «- and 3-cyanocobalamins. At pH values
above 2.0 the initial product was shown to be 8-cyanocobala-
min by examining the spectra of the reaction products. At high
concentrations of cyanide anion, the final product is an equi-
librium mixture of NCB;; and NCB;,CN. The addition of the
second molecule of cyanide did not interfere with the rate
measurements because the reactions were followed at 560 nm,
an isosbestic point of NCB;2 and NCB;,CN, and the second
reaction was at least ten times slower than the initial reaction
at pH values below 10. The rate constants obtained in this work
are smaller than those measured previously by Conn and
Wartman,!2 which are shown as the open circles in Figure 7.
The difference between our value of k = 250 M~!s~! for the
addition of cyanide anion at high pH and an earlier value!!:12
of k = 1500 M~ s~ is caused primarily by the different value
of pK, for aquocobalamin, which is itself probably the result
of binding of chloride ion to aquocobalamin. A reported value!3
of Kassoe = 1.3 M1 for such binding suggests that approxi-
mately half of the aquocobalamin is complexed with chloride
ion in 1 M potassium chloride and correction for this com-
plexation gives a pK, of 7.7, which agrees with previously re-
ported values. 41011

The rate constants in Figure 7 show a positive deviation from
the line of slope 1.0 at low pH values. This deviation is similar
to that observed for the addition of cyanide to cyanocobalamin
in the isomerization reaction at low pH and is also attributed
to an activity coefficient-acidity function effect.
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Discussion

Isomerization of Cyanocobalamin, Equilibration of the o
and f3 isomers of cyanocobalamin (Scheme I) occurs at pH
values below 2.0 because the dimethylbenzimidazole (DMBz)
group is removed and protonated in acid, so that cyanide can
add to the « position. The equilibrium constants for the addi-
tion of cyanide anion to the o side of NCB;,-NH* and the 8
side of Bj;CN-NH are very similar, K, = 2.1 X 108 M~ and
1/K3=0.8 X 108 M1, respectively; the rate constants of k»
=29 X 10%and k—3 = 2.1 X 108 M~! s~1 are also similar.
Cyanide catalysis of this reaction is a manifestation of the la-
bilizing influence of electron-donating ligands through the
trans effect.!4 The rate of cyanide expulsion and isomerization
from cyanocobalamin is negligible in the absence of added
cyanide, as shown by the zero intercept in Figure 1, but the rate
constants for cyanide expulsion from the & and ( positions of
NCB;;CN-NH" are 0.014 and 0.027 s™!, respectively. Al-
though the dicyanocobalamin intermediate does not accu-
mulate to a significant extent during the isomerization reac-
tion, it was possible to determine the individual rate and
equilibrium constants for the reaction (Table II) by preparing
this intermediate in alkaline solution and determining the rate
constants for the expulsion of cyanide from the o and (3 posi-
tions under the conditions of the isomerization experiments.

The pK, of the protonated dimethylbenzimidazole group
of dicyanocobalamin, NCB;,CN-NHH*, is 5.0, based on the
thermodynamic cycle of eq 6, the equilibrium constants in

CN CN
tCN~
(6)
N N CN
Kln tH* ) +
KgzH 1L +H
N N
[ ) =
OH,
+ : CN
NH NH*

Tables IT and III, and Kpzy = K1K4s/K> = 1075 M. This is
in satisfactory agreement with the reported pK, of 4.70 for
1-B-D-ribo-5,6-dimethylbenzimidazole at low ionic
strength.!5:16 Assuming that the removal of cyanide from the
o position does not affect the pK, of the DMBzH™* group in
the base-off form, the equilibrium constant, K4, for the dis-
sociation of DMBz from cyanocobalamin is then K4 =
Kpzu/K; = 2.4 X 1073, The value of K5, for the addition of
cyanide to the base-off species, is Ks = K45/K4 = 2.1 X 108
M~1 the same as K».!7 (See eq 7.) These equilibrium constants

CN CN
KS
k[CN
[ &)=/
ks
OH, N CN
KpzH u +H" (7)
CN
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indicate that <5% of cyanocobalamin exists as the
NCB;»CN-NH* intermediate under the conditions of the
isomerization experiments.

Addition of Cyanide to Aquocobalamin. The pH-rate profile
for the addition of cyanide anion to aquocobalamin (Figure
8) shows a pH-independent region above pH 9, an acid-cata-
lyzed reaction at pH 6-9, and another pH-independent region
below pH 6 that is 100-fold faster than the high pH region.
Since the rate constants have been corrected for ionizations
of the reactants, the break in this unusual curve at pH 6 must
represent a change in rate-limiting step and the break at pH
9 must represent an additional reaction path.

These results are consistent with the mechanism of eq 8 and
9. According to this mechanism the pH-independent region

HOH CN

N~ +QCUL (8)
N N
aBy,
¢
HOH N
k7
o [ %
k_7
N N
HCNB,.,
¢’ N
K, N ¢
[OHT] P
ayeyave
N N
CNB,, NCB,,

at high pH represents rate-limiting addition of cyanide anion
(ks, eq 8), the acid-catalyzed region below pH 9 represents
rate-limiting addition of hydrogen cyanide to give an unstable
intermediate with HCN bound to cobalt through the nitrogen
atom, or possibly as a m complex (k7. eq 9), and the pH-inde-
pendent region at low pH represents rate-limiting isomeriza-
tion of this intermediate to the stable carbon-bound species
after loss of a proton (ko, eq 9). The reaction at low pH cor-
responds to the pH-independent region of Figure 8, which is
based on the concentration of CN~, and to the base-catalyzed
region of Figure 7, which is based on the concentration of HCN
at low pH. The solid line in Figure 7 is calculated from the
steady-state rate equation

k1Ksko[HCN][aB;,][OH"]
k_7+ Kgko[OH™]

based oneq 8 and 9, using kg = 250 M—1s~ 1 k7 =80 M~ 151,
and k7Kgko/k—7 = 2.5 X 10° M~2s~1, and correcting the rate
constants for the fractions of the reacting ionic species using
pKa = 9.0 for hydrogen cyanide and pK, = 8.1 for aquoco-
balamin, aBy,. The line shows satisfactory agreement with the
observed rate constants.

Precedent for binding of cyanide at more than one position,
probably at the nitrogen as well as the carbon atom, is provided
by the reported existence of cobaloxime dimers that are con-
nected through a CN~ bridge!® and of a methylcobaloxime
complex with CH3CN as the axial ligand.!® The stable cya-
nide-containing product {cyanocobalamin) has been assigned
a structure with the cyanide group bound end-on through
carbon to cobalt.20

v = ke[CN~][aBi2] + (10)
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Margerum and Simandi have reported that both CN~ and
HCN add to nickel-EDTA and that this reaction undergoes
a similar change in rate-limiting step with decreasing pH.2!
The rate-limiting step at low pH was assigned to proton re-
moval from the metal-HCN complex, based on the observation
of catalysis by borate buffers. However, proton removal does
not account for the change in rate-determining step in the re-
action of cyanide with cobalamin. No buffer catalysis was
detected for this reaction, although buffer bases as well as
hydroxide ion should be able to catalyze proton removal.
Furthermore, the predominant pathway for proton removal
from an acid of pK, < 12 at low pH values is expected to in-
volve proton donation to water, rather than to hydroxide ion,
which is inconsistent with the observed pH-dependence of the
reaction.?2

Rate-determining addition of the dipolar isomer of hydrogen
cyanide, HNC#, would account for the acid-catalyzed region
at pH 6-9 if the rate constant for the addition of HNC#* were
much faster than that for addition of CN—, but does not ac-
count for the change in rate-limiting step at lower pH values.
Acid catalysis of water expulsion followed by addition of CN~
would satisfy the observed kinetics at pH 6-9, but microscopic
reversibility requires that the addition of the small amount of
H;0" present at pH 6-9 would then represent the predominant
path for the reverse, hydration reaction and would be faster
than the addition of 55 M water, which does not seem possible.
It is also difficult to account for the change in rate-limiting step
at pH 6 by this mechanism.

Thusius?? has observed a first-order relaxation of cobalamin
in the presence of thiocyanate and proposed that this represents
an isomerization between the isomers in which thiocyanate is
bound through sulfur or nitrogen, with a rate constant of 40
s~L

It is probable that the rearrangement of cyanide occurs
through a transition state (and possibly also an intermediate)
that is stabilized by = bonding between cyanide and cobalt. The
analogous rearrangement of isonitriles to nitriles occurs
through a transition state with strong bonding to the migrating
C=N group, as demonstrated by the retention of stereo-
chemistry of the R group of isonitriles, RNC, the absence of
migration of the CN group to other positions on an aromatic
ring or rearrangement of a cyclobutyl group during the isom-
erization, an entropy of activation near zero, and an almost
negligible effect of polar substituents on the rate of isomer-
ization.?4

There is precedent for the addition of the protonated as well
as the anionic species of ligands to cobalamin in the addition
of hydrazoic acid and thiols,!!25 but this is the first addition
to cobalamin for which a change in rate-limiting step has been
demonstrated. An isomerization step is not necessary to form
a stable product with thiols or hydrazoic acid. The rate con-
stant of k7 = 80 M~!s~! for the addition of hydrogen cyanide
to cobalamin is about one-third of the rate constant of k¢ = 240
s~! for the addition of cyanide anion (Table III). A similar
ratio of 1:4 has been reported for the addition of thiols and thiol
anions to cobalamin,2® but thiols add twice as fast as thiol
anions to methylaquocobaloxime.?¢

The rate constants for the addition of cyanide at high and
at low pH both follow the rate law v = k[CN~][cobalamin],
as a consequence of the change in rate-limiting step, but the
observed rate constant at low pH is 100-fold larger than the
true rate constant for the addition of cyanide anion. Thus,
caution should be exercised in comparing rate constants for
the addition of different ligands under conditions in which one
of the ligands is present largely as its conjugate acid and could
undergo addition through an isomerization mechanism.

Addition of Cyanide to Cyanocobalamin. The change from
first-order to zero-order dependence on the concentration of
cyanide anion for the rate of addition of cyanide to cyanoco-
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Table III. Rate and Equilibrium Constants for the Addition of
Cyanide Anion to Cyanocobalamin, NCB, 3, and Aquocobalamin®

term?

value
kg, 87! 4.2 X 1072
k—4,87! 1.8 X103
ks, M~'s~! 8.4 X 104
ks, s™! 40X 104
kg, M~ s™! 2.5X 102
ki, M~ 571 80
Kpzn, M ([H*][NCB,CN]/ 10X 10-5¢
[NCB,>,C-NH*))
Ky ([NCB;3-N]/[NCB2]) 2.4 X10754
Ks, M™! ([NCB,,CN]/ 2.1 X 108
[CNT][NCB;-N])
K5, M~ ([NCB,CN]/ 5 X 103

[CNT]INCB:3))

a All data at 25 °C and ionic strength 1.0 M (KCl). ¢ Rate con-
stants defined in eq 7-9. < From eq 6. ¢ Kpzu/K1.

balamin at high pH (Figure 6) is evidence for a change in
rate-determining step, from rate-determining cyanide addition
to the base-off species of cyanocobalamin at low cyanide
concentration (ks, eq 7) to rate-determining dissociation of the
DMBz ligand at high cyanide concentration (k4, eq 7).%°
Formation of an outer sphere complex with cyanide is not a
satisfactory explanation for the observed leveling off of the rate
at high cyanide concentrations because such a complex would
require an association constant of K, = 48 M~1 to account for
the data, which is at least an order of magnitude larger than
would be expected for the formation of such a complex with
a monoanion in water and is much larger than the values of K
= 0.12-1.8 M~ that have been observed for the formation of
cobaloxime complexes with ligands containing hydrophobic,
aromatic groups (no complexes were observed with small an-
jonic ligands).2” Furthermore, the observed rate constants for
the addition of several anions to aquocobalamin are linear with
increasing anion concentration up to 0.1-0.25 M, and up to 1.0
M for bromide anion.2® The association constants for outer
sphere complex formation with anions should be at least as
large for aquocobalamin as for cyanocobalamin, which has one
less positive charge. Rate-determining DM Bz dissociation in
a related reaction has been suggested previously, based on the
similar first-order rate constants for cyanide addition to
coenzyme B3 0f0.029s~1 at pH 10.5,0.1 M KCN, 25 °C, and
0.0083 s~! at an unspecified pH, 0.01 M KCN, 27 °C.?°

The rate constants k. = kgks/k—4=2.0M~1s~land kg =
0.042 s~ (Table I1I) give the ratio k—s/ks = 0.021 M, which
corresponds to the concentration of cyanide anion at which the
two steps are equally rate limiting and the rates of addition of
cyanide anion and DMBz to ¢obalt are equal. Thus, the “ef-
fective molarity” for the intramolecular addition of DMBz
relative to that of cyanide anion is only 0.021 M and, since the
differences in the rate constants for bimolecular addition of
different ligands to cobalamin are not large,?® there is little
advantage from intramolecularity in the addition of DMBz.
This low effective molarity presumably reflects a small re-
quirement for loss of entropy to form the loose transition state
for ligand addition and the large number of rotational states
that can be taken up by DMBz and the chain by which it is
attached to the corrin ring; it may also reflect unfavorable
nonbonding interactions for the addition of DMBz.

The limiting rate constant of k4 = 0.042 s~! for dissociation
of the DMBz group at high pH is much slower than the for-
mation of the protonated, base-off species NCB;-NH™ in
acid, which occurs at a rate that is too fast to measure by or-
dinary techniques.3® This suggests that dissociation of the
DMBz group is subject to acid catalysis.* Since the lone pair
electrons of the benzimidazole nitrogen atom are coordinated
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to cobalt, a simple mechanism for this catalysis involves pro-

tonation of the nonliganded nitrogen atom to give the unstable
protonated initial product 4 which rearranges rapidly to the

(11)

NCB,,-NH’

stable NCB;>-NH™; the reverse, addition reaction of the
DMBz group at pH values below 5 then involves an initial
isomerization to 4, followed by addition and deprotonation to
give NCB;2. The dissociation of DMBz from methylcobalamin
is catalyzed by mercuric ion3! and the rapid dissociation of this
DMBz group (k = 2000 s~!) under conditions in which it is
partially in the protonated, base-off form,3? may represent an
acid-catalyzed reaction. Part of the increase of 5 X 104-fold
for this rate constant compared with that for cyanocobalamin
at high pH could be accounted for by a larger kinetic trans
effect of CH3 compared with CN, but it is unlikely that this
effect would be larger than the equilibrium trans effect, which
is only 400-fold (this value is based on the ionization constants
for protonation and dissociation of the DMBz group from
methylcobalamin and cyanocobalamin?3).

The rate constant for the addition of cyanide anion to the
protonated base-off species NCB;>-NH* at low pH, k> = 2.9
X 108 M~1s~1 is 35-fold larger than the rate constant for
cyanide addition to the base-off species NCB1>-N at high pH,
ks=8.4X 104 M~1s~! (Tables II and III). Protonation of the
DMBz group when it is dissociated from the cobalt atom would
not be expected to have a significant effect on the rate of cya-
nide anion addition at ionic strength 1.0 M. The observation
of these two different rates for the addition of cyanide anion
at high and low pH requires that there must be an acid-cata-
lyzed region of the pH-rate profile, similar to that in Figure
8, at an intermediate pH. Thus, the dependence on pH for the
addition of cyanide to cyanocobalamin is essentially the same
as for the addition to aquocobalamin and the rate-determining
step at low pH may be assigned to isomerization of the N-li-
ganded to the stable C-liganded species after addition and
deprotonation of HCN in both reactions.

Acidity Function Effects. The observed rate constants for
the addition of cyanide to cyanocobalamin and to aquocoba-
lamin at low pH are faster than predicted for a rate law in-
volving cyanide ion by factors of up to 3 (Figures 5 and 7).
These deviations are attributed to an activity coefficient or
acidity function effect on the ionization of hydrogen cyanide
{which may be bound to cobalamin, eq 9) when the proton is
substituted for potassium ion with increasing acid concentra-
tion at ionic strength 1.0 M. The facts that the equilibrium
constants K and Kp (and hence K»3) show no such deviations
and that the rate constants for cyanide expulsion from
NCB;>,CN show no dependence on pH in this pH region
(Figure 4) show that the deviations are not caused by activity
coefficient effects on dissociation of the cyanocobalamins nor
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Figure 9. Dependence of the “effective concentration” of the proton for
the equilibration of cyanocobalamin (@) on the stoichiometric concen-
tration of the proton. Also shown are H_ (O) and Hg (X) in hydrochloric
acid.34:33

by a stabilization of the transition state for cyanide expulsion
relative to NCB;,CN,

This behavior is unusual for activity coefficients in acid
solutions because most acidity functions give rise to behavior
corresponding to an acidity that is larger, rather than smaller,
than expected from the stoichiometric concentration of acid.
There is precedent for this kind of behavior in the H_ function
for the ionization of chlorophenylphosphates and chloro-
phenylphosphonates in hydrochloric acid34 and, in fact, cyanide
addition to cyanocobalamin follows this acidity function fairly
closely. The deviations from ideal behavior can be described
in terms of an “effective concentration” of the proton, [H*]E,
that is required to account for the observed behavior at a given
stoichiometric concentration of acid. As shown in Figure 9,
[H*]g exhibits similar behavior for the H— function and for
hydrogen cyanide addition with increasing acidity, whereas
the Hg function?S (crosses) shows a smaller deviation in the
opposite direction.

This unusual acidity dependence may be accounted for by
hydrogen bonding of the solvated proton to the anionic con-
jugate base of the acid, which will have the effect in this re-
action of increasing the total concentration of cyanide anion
at equilibrium above the amount that would be expected from
the pH and the pK of HCN. An equation proposed by Hine36
predicts an equilibrium constant of Kag = 580 M~! for the
formation of such a hydrogen-bonded pair with CN-—,
[CN~ ... H;0%]; this value is much larger than is needed to
account for the data. The observed increase of only threefold
in the apparent concentration of cyanide ion in 1 M hydro-
chloric acid may reflect a compensating increase in the activity
coefficient of the proton, a relatively weak hydrogen-bonding
ability of cyanide anion, and the use of a value of 7 = 0.024 in
the Hine equation that is too large for hydrogen bonding in
water.” If the Hine equation holds generally, the rate con-
stants for reactions of the conjugate base of a weak acid should
frequently exhibit increases from such hydrogen bonding in
acid solutions.

Mechanisms for Ligand Addition. The different modes of
addition of cyanide to cobalamin described here illustrate how
apparently different patterns of metal complex formation that
are obtained in different circumstances can be explained by
a single underlying reaction mechanism. We assume for the
purposes of this discussion that the ground state of cobalamins
in water is hexacoordinate. Although the existence of stable
pentacoordinate cobalamins and alkylcobaloximes has been
suggested, the available data now suggest that the stable form
of cobalamins and most alkylcobaloximes in water is hexa-
coordinate.’®

(1) The addition of cyanide anion to aquocobalamin is sec-
ond order and probably occurs through the dissociative inter-
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Figure 10. Gibbs energy diagrams to illustrate how the choice of a disso-
ciative interchange, Ly, or a dissociative, D, mechanism in aqueous solution
depends on the lifetime of the pentacoordinate intermediate.

change mechanism, Iq4, that appears to be the predominant
mechanism for the addition of ligands to octahedral metal
complexes in aqueous solution, including cobalamins and co-
baloximes.?® A mechanism of this kind is consistent with the
similar rate constants for the addition of ligands of widely
varying affinity for the metal; for example, rate constants for
the addition of a series of ligands to cobalamin?® vary by a
factor of only 14 when the equilibrium constants for addition
vary by 2 X 10* and for a larger series of ligands the rate and
equilibrium constants vary over ranges of approximately 102
and 10!, respectively.40

The reaction coordinate-Gibbs free energy diagrams of
Figure 10 provide a convenient way to illustrate how the life-
times of intermediates determine the preferred reaction
mechanism for ligand exchange.#! The dissociative interchange
mechanism for metal complex formation in aqueous solution
is essentially the same as the preassociation mechanism that
provides the lowest energy reaction pathway when the inter-
mediate becomes sufficiently unstable in general acid-base
catalyzed, carbonium, carbanion, and possibly metaphos-
phate-forming reactions; all of these reactions can be described
by analogous Gibbs energy diagrams.4? The formation of a
metal-ligand complex, Co-L, from the octahedral aquo
complex, Co-OH>, ordinarily proceeds through the unstable
pentacoordinate intermediate 5.3° This intermediate may be
formed by either (a) a pure dissociative mechanism, D, in
which the Co-OH; bond is broken (k;, upper path of eq 12),

kl
Co-OH, = Co--OH,

-1

Rorfn kel ran 12
e e
OH, k'  Of o
5

followed by encounter with the ligand to form 5 (k,) and
product formation (kz) or (b) a dissociative interchange
mechanism, Iy, with the initial formation of an outer sphere
complex (K, lower path of eq 12), followed by breaking of the
Co-OH; bond to form 5 (k1) and product formation (k). The
preferred mechanism is determined by the lifetime of the
pentacoordinate intermediate-ligand complex, 5, as shown in
Figure 10. If this intermediate adds water, k_,’, faster than
the ligand diffuses away from it, k_,, the lowest energy path-
way for its reversion to reactants proceeds through the outer
sphere complex H,O-Co - - L. The same pathway must then
be the lowest energy route for the formation of the complex,
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as shown by the lower line for the I¢ mechanism in Figure 10A.
It follows that the Iy preassociation mechanism is preferred
whenever the addition of all ligands to the pentacoordinate
intermediate is diffusion controlled, i.e., when k—y" > k_, and
k2> k_,. The dissociative pathway through k; and k, is fol-
lowed only when there is a relatively large barrier for the ad-
dition of water so that k_,’ (and k_,) are slow relative to dif-
fusion away of the ligand (k_,). This pathway is shown by the
solid line in Figure 10B; the dashed line shows the large barrier
for k—y’.

The diagram of Figure 10B illustrates the rather special
requirements that must be met for a second-order type D re-
action in aqueous solution. In order for the D mechanism to
be favored over the I4 preassociation mechanism the addition
of water to the pentacoordinate intermediate must be slow
compared with k_,, but in order for the reaction to be second
order, with rate-limiting addition of the ligand, the addition
of water (k—1” and k_;) must be fast compared with addition
of the ligand through the k, step. This mechanism will not be
common, because water is not an exceptionally reactive ligand
toward most metals. Second-order kinetics requires that the
metal have a low selectivity toward ligand addition so that the
addition of 55 M water will be faster than the addition of ligand
and the k; step is rate limiting, but such low selectivity is likely
to be associated with a highly reactive intermediate that will
react by an enforced preassociation mechanism, I4. If the metal
has a higher selectivity toward ligand addition, the barriers for
the addition of water and the more reactive ligands to penta-
coordinate metal will become comparable (k—; ~ k2k./k—.),
the dissociation of water will become partly rate determining,
and the reaction will no longer be second order. For this reason,
a dissociative mechanism does not provide a satisfactory ex-
planation for metal complex formation when the reactions are
second order and the rate constants vary over a wide range.
Strong evidence for a dissociative mechanism in water is pro-
vided by the observation of a change in rate-determining step
with an approach to zero order dependence on ligand at ligand
concentrations below those that would be expected to cause
significant accumulation of an outer sphere complex, as in the
addition of anions to Co{CN)sH,O02~ and cobalt hemato-
porphyrin.4344 In contrast, the addition of ligands to aquoco-
balamin is first order in the ligand,?® as expected for an 14
mechanism with a small outer sphere association constant,
K.

A preassociation or dissociative interchange mechanism is
enforced by the short lifetime of an unstable intermediate, so
that k_; > k—,. In carbon chemistry an even shorter lifetime
of ~<10~13 g, so that the “intermediate” does not exist, leads
to an enforced concerted mechanism with significant electro-
philic or nucleophilic assistance to the reaction by the final
reactant,? but this is less common in metal ligand reactions
because the available coordination sites and geometry are often
not favorable for such assistance in the transition state. It is
likely that the large differences in the rate constants for dif-
ferent ligands in the formation of some octahedral complexes
do represent such nucleophilic assistance through a frontside
displacement mechanism with an open, “exploded” transition
state in which there is significant nucleophilic interaction of
the incoming ligand with the metal before cleavage of the bond
to the leaving water molecule is complete.#> The species 5 then
represents a transition state, rather than a discrete intermediate
corresponding to a dip in the Gibbs energy profile. This may
be described as an associative interchange mechanism, I,.3%
Such nucleophilic assistance provides an explanation for the
differences of almost 104 for the addition of different ligands
to methylaquo-1,3-bis(biacetylmonoximeimino)propanato-
cobalt, for example,?’ and might account for the range of some
10-100-fold in the rate constants for addition of different li-
gands to aquocobalamin.40
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Figure 11. Three-dimensional reaction coordinate-energy diagram to il-
lustrate different pathways for reactions of metal complexes. The contour
lines are omitted.

Even a small amount of nucleophilic assistance will give a
significant rate acceleration in an enforced preassociation or
dissociative interchange mechanism in a reactive solvent, be-
cause the incoming group must always be present in the rate-
determining transition state. In order for nucleophilic assis-
tance to be significant in a nonliganding solvent it must over-
come the unfavorable entropy requirement for the inclusion
of an additional molecule in the transition state and is, there-
fore, less likely to be significant.

The different pathways may be summarized with the
three-dimensional reaction coordinate-energy diagram of
Figure 11, with two axes representing bonding to the entering
and leaving ligands and Gibbs energy in the third dimension 46
Different reaction paths are indicated by the lines connecting
the complexes in which a coordination site of the metal is bound
to a ligand or to water; the energy contour lines have been
omitted from Figure 11 for clarity. If the pentacoordinate in-
termediate, S, in the upper left corner of the square, has a
sufficignt lifetime to permit diffusional separation of ligands,
the intermediate will equilibrate with the solvent and the re-
action can proceed through the k; and k, steps of a fully
stepwise dissociative mechanism. If the lifetime is shorter, so
that the intermediate adds water (k_,’) faster than L can
diffuse away (k_,), the reaction must proceed through an outer
sphere complex and the dissociative interchange mechanism
of path a. If the lifetime is still shorter, so that there is no
barrier for the addition of water, or of ligand, the intermediate
does not exist as a discrete species corresponding to a Gibbs
energy well (dashed circle) and the reaction must proceed
through a more-or-less concerted mechanism (path b). In this
case, the transition state will involve some degree of bonding
to the ligand and water, to the extent that this is compatible
with the geometry and coordination number of the complex.
In many octahedral substitution reactions the amount of
bonding to the ligand is small and the transition state is close
to the pentacoordinate species in the upper left corner. If an
increase in coordination number in the transition state is fea-
sible, the position of the transition state can shift diagonally
in the direction of a conventional nucleophilic substitution
reaction (paths ¢ and d). Finally, the reaction can proceed in
a stepwise, associative mechanism through an intermediate
of increased coordination number if this species has an ap-
preciable lifetime (path e, dashed circle in lower right
corner).

It should be noted that there is no sharp line distinguishing
the different mechanisms and reaction paths across the di-
agram when the intermediates have no significant lifetime; only
a quantitative characterization as an Iy or I, mechanism is
possible, depending on the amount of nucleophilic assistance
and the position of the transition state in the diagram. A
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Figure 12. Gibbs energy diagram to show how a dissociative mechanism
is favored over a dissociative interchange mechanism in a nonliganding
solvent.

clear-cut distinction between mechanisms may be made only
with respect to (a) whether or not the intermediate has a sig-
nificant lifetime, i.e., whether it represents a dip in the energy
surface, and (b) whether an intermediate is formed via the &,
or the k" pathway.

A dissociative mechanism will be favored in a nonliganding
solvent, because an unstable pentacoordinate intermediate in
such a solvent can have a lifetime that is sufficient to permit
diffusion-controlled encounter with a new ligand. In suffi-
ciently dilute solution the free pentacoordinate intermediate,
Co, will always be of lower Gibbs energy than the ternary
complex of the pentacoordinate intermediate with two ligands,
6 (eq 13), so that the lowest energy pathway will proceed

Co-L, === Co- 'L, == Co+ L,

Kos ” For Ka n ky “ ko
LML (13)
Co -—'—Co.. == Co--L,+L,
L, fes L, kdl
k_j products
products

through this free intermediate and the two binary complexes
Co--Ljand Co--L,, as shown in Figure 12. Pure dissociative
mechanisms are, therefore, frequently observed in such solvents
and have been clearly demonstrated for alkylcobaloximes.4748
For example, the rates of ligand exchange with a series of al-
kylcobaloximes in methylene chloride are independent of both
the concentration and the nature of the incoming ligand and
show competition ratios close to 1.0 for different ligands.#® This
suggests that the pentacoordinate intermediate is nondiscri-
minating and highly reactive, as would be expected if the re-
action proceeds through an enforced I4q, preassociation
mechanism in water.

(2) The addition of cyanide to cyanocobalamin, to give di-
cyanocobalamin (eq 7), is dissociative in the sense that the
dissociation of DMBz is rate determining and the rate becomes
zero order in cyanide at high cyanide concentration. However,
if the addition of cyanide to aquocobalamin proceeds through
an I3 mechanism that is enforced by the short lifetime of the
intermediate, the exchange of DMB for cyanide must proceed
through two dissociative interchange steps, as in other ligand
exchange reactions of octahedral complexes, rather than
through a pure dissociative mechanism.#® The first step in-
volves the dissociation of DM Bz followed by rapid hydration
of the pentacoordinate intermediate, according to the Ig4
mechanism of Figure 10A proceeding from right to left. This
path is favored because the concentration of water is much
higher than that of the ligand and, for a reaction in dilute
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aqueous solution in which the I4 mechanism is enforced by the
short lifetime of the pentacoordinate intermediate, outer sphere
complexes and transition states containing water and a single
ligand are of lower Gibbs energy than those containing two
ligands (an exception to this generalization could occur at
higher ligand concentrations when there is strong electrostatic
stabilization of a complex with a 2+ or 3+ metal ion). The
second step of cyanide addition then takes place through a
second 14 mechanism that is described by the same diagram,
proceeding from left to right. The rates of such reactions are
usually zero order in the ligand undergoing addition, unless
the aquo intermediate accumulates, the entering ligand forms
a stable outer sphere complex, or the leaving ligand is added
to cause inhibition by a mass law effect. In the cyanocobalamin
reaction, the leaving DMBz group is attached by a covalent
bridge to the rest of the molecule and undergoes readdition at
low concentrations of cyanide, so that the reaction undergoes
a change in rate-limiting step and changes from first order to
zero order in cyanide as the cyanide concentration is increased
(Figure 6).

The rate constant ks for the addition of cyanide to the
base-off species of cyanocobalamin is 340 times larger than
the rate constant k¢ for the addition of cyanide to aquocoba-
lamin (Table III). This provides further evidence for the for-
mation of an aquo, hexacoordinate intermediate because cy-
anide would be expected to increase the rate by accelerating
the expulsion of water through a trans effect!4 in an Iy mech-
anism; it would not be expected to increase the rate of addition
if there were no ligand in the trans position.

(3) Cyanide catalysis of the isomerization of cyanocobala-
min is an example of nucleophilic catalysis that might be re-
garded as a simple associative displacement mechanism. The
reaction is second order, proceeds through an intermediate
containing two cyanide molecules, and involves the pushing
out of one cyanide molecule by another, as a result of the trans
effect. However, the reaction pathway proceeds through a
series of steps, which can be explained by a common I4 mech-
anism to give this net displacement: first the dissociation of
DMBz, then hydration, then cyanide addition (as described
above) and finally dissociation of the trans cyanide ion and
rehydration (Scheme I). The complete pathway at low pH
proceeds through the addition of HCN followed by proton loss
and N-C isomerization (eq 9); it presumably involves the re-
verse sequence for cyanide dissociation from the opposite
side.

Thus, all of the different types of kinetic behavior described
here can be satisfactorily explained by the basic dissociative
interchange mechanism of eq 12 and Figure 10A; there may
be a small component of nucleophilic participation by the in-
coming ligand in the transition state. The diagrams of Figure
10-12 illustrate how the mechanisms of dissociative metal-
ligand reactions, like those of many carbon compounds, are
determined in large part by (1) the lifetime of the unstable
intermediate and (2) the presence or absence of a reactive
solvent. In the presence of a liganding solvent a sufficiently
short lifetime of the intermediate leads to an enforced I or
preassociation, outer sphere mechanism, whereas in a nonli-
ganding solvent a pure dissociative, D, mechanism is more
likely to be followed.
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dissociation of the dimethylbenzimidazole group of aquocobalamin occurs
with a pH-independent rate constant of ~0.1 s~ at low pH values. Further
experimental work is required to explain the apparent difference in the
behavior of aquocobalamin and cyanocobalamin and the unexpectedly
small difference between the pH-independent rate constants of 0.1 s~
for aquocobalamin and 0.042 s~ for cyanocobalamin; conclusions re-
garding the mechanism of DMBz dissociation must be regarded with res-
ervation until these differences are explained.
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Abstract: The appearance energies of C4Hg* ions formed from isobutane and the tert-butyl halides have been measured_by
photoionization mass spectrometry. A heat of formation of 162.1 £ 0.8 kcal mol~" has been derived for the tert-butyl cation
in the gas phase. This result is discussed in terms of its use as a gas-phase proton affinity standard. A value of 7.6 £ 1.5 keal
mol~! has been obtained for the rerz-butyl radical heat of formation.

Introduction

In a recent photoelectron spectroscopic study of alkyl rad-
icals,! it was proposed that the heat of formation for the rer:-
butyl cation is 162.9 kcal mol~!, considerably less than the
currently accepted value.? Since the proton affinity (PA) of
isobutene is used as a reference for determining absolute proton
affinities,3-5 it is important that this standard, which is derived
from AH{((CHj3);C), be firmly established.

Previous estimates of the heat of formation of rert-butyl
cation? have been derived from an ionization energy of the
radical® which has since been shown!.7 to be a vertical rather
than an adiabatic value. In addition, the terz-butyl radical heat
of formation used in the thermochemical calculation is not
accurately known, with values ranging from 6.8 to 12.9 kcal
mol~!1.8-11 Houle and Beauchamp! have chosen Benson’s value
of 8.4 kcal mol~! ® which they support with experimental ionic
equilibria data for benzyl cation reacting with terr-butyl
chloride and rert-butyl bromide (loc. cit. ref 1). However, the
combined uncertainty of 2 £3 kcal mol~! in the auxiliary
thermochemical data used in the calculations does not satis-
factorily resolve the question surrounding the heat of formation
for rert-butyl radical. Moreover, the recent experiments of
Rossi and Golden,'2 which propose an increase of 2 keal mol~!
in the heat of formation for benzyl radical, and hence benzyl
cation, cast further doubt on the tert-butyl radical heat of
formation recommended by Houle and Beauchamp.! Ausloos
and Lias#!3 recognized the uncertainty in this direct method
of calculating AH{{(CH;3)3C™") and preferred to base their PA
calculations on a value of 168.2 kcal mol~! derived from an
appearance energy measurement for C4Ho* from neopen-
tane.l4

In an attempt to clarify this situation, we have calculated
a heat of formation for tert-butyl cation in the gas phase from
several C4Ho" appearance energy measurements using a
photoionization mass spectrometer. Previous experience has
shown that we are able to determine accurate heats of forma-
tion for ionic species,!3-1# provided that reliable supplementary
thermochemical data are available. The series of compounds
studied in the present work ((CH3);X; X = Cl, Br, I, H) all
have well-characterized heats of formation!? as do the neutral
species?0 ejected in the ionization-fragmentation process.
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Experimental Section

The photoionization mass spectrometer has been described in detail
elsewhere.?! The photon source used in the present studies was the
molecular hydrogen pseudocontinuum with an energy dispersion of
1.25 A FWHM. All experiments were performed at ambient tem-
perature (296 K). The compounds used were of high purity and
showed no impurities of significance in their mass spectra.

Results and Discussion

The photoion yield curves corresponding to formation of
(CH3)3C* from the four precursor molecules studied are
shown in Figure 1, with the ion appearance energies, heats of
formation, and auxiliary thermochemical data being sum-
marized in Table I. The observed C4Hy™ ions may be inferred
to have the rert-butyl cation structure as the calculated ionic
heats of formation are all too low to be equated with other
isomeric structures.6

For tert-butyl chloride and tert-butyl bromide, where no
parent ions are observed, the ionization energy and corre-
sponding C4Ho* appearance energy are the same within ex-
perimental error. Because the fragmentation processes occur
subsequent to initial ionization of the neutral precursor, the
calculated C4Ho* heats of formation will only represent an
upper limit to AH{{CH3)3C™). This is also the case for ter-
butyliodide, even though there is a molecular ion observed in
the mass spectrometer. The heat of formation calculated from
the isobutane results should be representative of
AH{{(CHj3);C™) since the ionization energy is less than the
appearance energy. Any excess energy involved in the process
is expected to be negligible because of the small kinetic energy
release (~0.007 eV)?2 associated with the corresponding
metastable fragmentation.

As a consequence of the rapid fragmentation process fol-
lowing ionization of the terz-butyl halides, it is expected that
there will be no observable kinetic shift. This is supported by
the well-defined thresholds of the three photoion yield curves
(Figure 1). The low-energy tail of each curve is consistent with
the extent of expected hot band structure, i.¢., ionization and
subsequent fragmentation of thermally excited neutral pre-
cursor molecules. Following the theoretical studies of Chupka?3
and Guyon and Berkowitz,2* a linear extrapolation of the ob-
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