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Abstract: The ranges of equilibrium constants for the axial ligation reactions of methylaquocobaloxime at 25°,
ionic strength 1.0 M, for a series of thiolate anions, 4-substituted pyridines, and aliphatic amines are 1-3 X 105,
0.03-1.1 X 104, and 0.05-4.3 X 10% M1, respectively. The dependence of the ligation equilibria upon ligand
basicity within each series varies in the reverse order with 38 values of 0.18, 0.21, and 0.38, respectively. The ranges
of rate constants for axial ligation to methylaquocobaloxime are 4.3-7.5, 12.8-27.3, 49.6-55.2, and 92-200 M—!
sec™! for RNH,, RS—, RSH, and X-py, respectively, and the dependence of these rate constants upon ligand
basicity provides 8 values less than 0.1 within each series. The kinetic studies are consistent with a mechanism
for these ligation reactions which is SN1 in nature. These results support significant contributions of metal-to-
ligand 7 bonding to the stabilization of transition states and products in the thiol and pyridine series. From
studies of the ligation reactions at high pH values, rate and equilibrium constants for ligation to anionic methyl-
aquocobaloxime have been measured as well as the values for the constants for proton dissociation from the planar

ligand system for the complexes, Me(D,;H3)L (L. = RNH;, X-py).

1t is proposed that considerations regarding

the assignment for the site of proton dissociation from Me(D,H))HOH (pK’ = 12.68) include the equatorial

hydrogen-bonded proton.

he ligand substitution reactions of vitamin By,

its derivatives,*® and Bj;; model compounds, the
cobaloximes,*! are of interest from the points of view
of the mechanisms of inorganic ligand substitution
reactions and the possibility that such reactions may
also play an important role in coenzyme B,; catalyzed
reactions. Thus, despite some recent studies which
have indicated that changes in the state of axial liga-
tion of cobalamins may not occur during catalysis by
some Bj;-dependent enzymes,!!!? other work has sug-
gested that such ligation changes may indeed be im-
portant in the enzymatic reactions involving By,.!3-¥
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We wish to report an extension of our earlier studies
on the ligation reaction of thiols with methylaquoco-
baloxime! to a consideration of two series of nitrogen

ligands: primary amines and 4-substituted pyridines

(eq 1). This work has considered series of ligands with
Fon

Me(D.H,)HOH + L 2 Me(D:H;)L + HOH )

kott

biologically relevant functional groups in an attempt
to evaluate the extent of metal-to-ligand 7 donation
in the metal-ligand bond and as a basis for studies
of the kinetic trans effect in alkyl cobalt complexes to
be reported separately. Equilibrium constants for
the ligation of some amines to methylcobinamide have
been reported by others. '3

Experimental Section

Materials. The synthesis of methylaquocobaloxime and the
handling of solutions thereof have been described elsewhere. 1

The free base primary amines, 4-substituted pyridines (py and
Me-py), and ME were obtained commercially, redistilled, and stored
in the dark under nitrogen at 4°. The hydrochloride of TFEA and
the free bases of CN-py, CA-py, and A-py were recrystallized from
the appropriate solvent systems and dried in air. Buffer com-
ponents and inorganic salts were reagent grade and were used with-
out further purification.

Solutions of amines and ME were prepared daily and handled
as described elsewhere for ME.! Stock solutions of Me(D,H,)HOH
in methanol were used for several successive days and shown to
be stable when protected from exposure to light by the criterion of
spectral stability. Deionized water of greater than 5 X 105 chms
c¢m specific resistance was used throughout.

Methods. Proton dissociation constants (pKy’) for ligands were
determined potentiometrically or spectrophotometrically (CN-py,
275 nm) at 25°, ionic strength 1.0 M, maintained with KCl, and
titration data were analyzed by a nonlinear least-squares method.®

(16) B. M. Babior, J. Biol. Chem., 245, 6125 (1970).
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Soc., 93, 1242 (1971).
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Figure 1. Spectra of Me(D;H;) HOH ( ) and Me(D,Hy)-
CA-py (-~=——=—= ). [Complex] = 333 X 107 M, [CA-py] =

0.02 M, 0.1 M carbonate buffer, 359 free base, pH 9.65, ionic
strength 1.0 M. Product formation was 95 % complete.

Measurements of pH and recordings of uv and visible spectra were
made as described elsewhere, 1

The kinetic and thermodynamic constants for the ligation reac-
tions of neutral and anionic methylaquocobaloxime (Scheme I)

Scheme I

K'ey
Me(D,H,;)HOH < > Me(D,H)HOH- 4+ Ht

kelkots = K ’fﬁnLlTk_"'i o QLLT’:'L' K't = k' onlk ot
Me(D:H)L > Me(D,;H)L- + H*

were determined by the methods described below at ionic strength
1.0 M maintained with KCl.

Method I. Spectrophotometric Determination of the Equilibrium
Constant for Ligation, K;. The apparent equilibrium constants,
K;#=rr, for the formation of methylcobaloxime adducts from Me-
(D;H;)HOH and ligand, L (eq 2), where [L]irce is the equilibrium-

Ki2rr = [Me(D:H,)L)/[Me(D:H,)HOH][L]ree  (2)

ligand concentration distributed over both ionization states, were
determined by spectrophotometric measurements of solutions of
Me(D,H:)HOH (generally about 5 X 10~¢ M) at varying ligand
concentrations at 440-445 nm (Figure 1). The data at a given pH
were analyzed with a computer by a nonlinear least-squares pro-
gram based upon eq 3,18 where 4, is the absorbance of Me(D:H,)-

A = 4o — (AMe(D.Hz:)HOH]([L]tree)/([Lree +
/KPPy (3)

HOH in the absence of added ligand, Ae¢ is the difference between
the molar absorptivities of Me(D,H;)HOH and Me(D:H,)L at the
wavelength used, and [Me(D;H:)HOH], is the total concentration
of cobalt-containing species. The K;*pp values were determined at
pH 11.07 for A-py and pH 9.5 for the remaining substituted pyri-
dines; at these pH values the ligand was >989; as the free base and
Me(D:H;)HOH was <2% ionized, and K*** = K; (Scheme I),
A similar condition exists for TFEA at pH 8.5 but for the other
primary amines determinations of K*rp were required at two or more
pH values at which the ionization of the amines was incomplete
(both Me(D;H:)HOH and Me(D:H:)L were <27 ionized). The
values of the equilibrium constants for ligation with respect to free
base amine were calculated from the relation K; = K*pp/a (Where a
is the fraction of total amine as the free base) and the values of K;
thus obtained agreed to within 259 at worst and usually to within
109.

Method II. Direct Determination of Ligation Rates (k..). For
the primary amines, the second-order rate constant for ligation to
Me(D:H:)HOH (kon, Scheme I) was determined from absorbance
measurements at 445 nm (Figure 1) obtained under pseudo-first-
order conditions with ligand concentration in at least a tenfold
excess over Me(D:H;)HOH concentration. The pH was maintained

with 0.1 M borate or potassium phosphate buffers in the same
range as in method I. Reactions were initiated by adding
a small volume (0.1-0.2 ml) of Me(D:H;)HOH solution in
methanol to cuvettes containing buffer, KCl, and ligand in
the thermostated cell compartment of a Coleman-Hitachi Model
124 double-beam spectrophotometer maintained at 25.0 = 0.1°
(final reaction mixtures were 1.67 % methanol in 3.0-ml total vol-
ume). The first-order rate constants (kopsa) were obtained by the
method previously described.!® Second-order rate constants,
kon®Pp, for ligation were obtained from the slopes of graphs of
kovsa vs. ligand concentration determined by the least-squares
method (eq 4). The significant ordinate intercepts on such plots

kobsd = konapp[L]total + koff (4)

(koss), which were generally too small to be accurately determined,
indicate incomplete conversion of reactants to products. The
values for ko, at two or more pH values were calculated from ko, =
kon*PP/a, where a is the fraction of total amine as the free base,
and the agreement among k., values was within 1597 at worst and
usually better than 57. The ligation rate constant, k.., for TFEA
was calculated from K; (method I) and ko (method IV, below),
since recordings of absorbance vs. time for this amine deviated from
first order for reasons which are not understood at present.

Method III. Reaction of Me(D,H,)L with ME (Determination of
kon and ko for the Reaction of Me(D,H;)HOH withL). An alterna-
tive method for the determination of kon and ko for the substituted
pyridines involved the reaction of Me(D:H;)L with ME (eq Sa and
5b). Me(D;H;)L was generated by dissolving sufficient Me(D;H,)-

kott
Me(D.H;)L > Me(D;H,)HOH + L (5a)
kon
kME
Me(D:H;)HOH + ME _ > Me(D;H)ME (5b)
k_ME

HOH and L in methanol to give >70% Me(D;H:)L formation as
calculated from the K; values (Table II). Reaction solutions con-
tained buffer, EDTA! (10~ M), KC], ligand (at a concentration at
least tenfold > the final concentration of cobaloxime and suf-
ficiently high to maintain >709% of the complex as the liganded
species in the absence of ME), and various concentrations of ME
(at least tenfold in excess over the final complex concentration and
sufficiently high for >909; conversion of cobaloxime species to
Me(D:H,;)ME at equilibrium).!* Reactions were initiated by the
addition of a 20-30-ul aliquot of stock solution of Me(D;H;)L
(final concentration of cobalt-containing species 5.0-6.67 X 1075
M) to cuvettes containing the reaction mixtures (3.0 ml) situated
within the spectrophotometer. Reaction progress was monitored
by measuring the increase in absorbance at 325 nm due to the
formation of Me(D;H;)ME.?® The dependence of the observed
pseudo-first-order rate constants, kobsc, Upon the concentrations of
ME and L is given by the rate law of eq 6, obtained from eq 5a and

koff[ME] ‘+‘ (konk-ME/kME)[L] (6)
[ME] + (Kon/kxz)[L]

5b by application of the steady-state assumption to the concentra-
tion of Me(D;H;)HOH when the concentrations of L and ME are
in tenfold or greater excess over cobaloxime concentration. The
scheme and rate law are similar to those considered by Haim,
et al.,?® for the reactions of Coll}(CN);HOH?~ with various li-
gands. A plot of the konsa values vs. ME concentration at a con-
stant L concentration describes a rectangular hyperbola (Figure 2);
the data were analyzed with a computer program'® using a non-
linear least-squares method based upon eq 6 to obtain the param-
eters ko and {(kon/kux)L]} (the parameter {(konk-mr/kmp)L}}
was always too small to be distinguished from zero in the pH
region of the present experiments (cf. ref 10)). The values for kyg
can be calculated at any pH from the values for ka, ks, and K.’ 1°
and eq 7, where ka and kg are the rate constants for ligation of

kug = kA(l - ac) + kpay (7)

thiol and thiolate anion to Me(D;H:)HOH, respectively, a; is the
fraction of total ME as the free base, and X, is the proton dissocia-

kobsd =

(19) R. G. Kallen, J. Amer. Chem. Soc., 93, 6236 (1971).
(20) A. J. Haim, R. J. Grassi, and W. K. Wilmarth, Advan. Chem,
Ser., No. 49 (1965).
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Table I.  Equilibrium and Kinetic Constantse for the Axial Ligation of Primary Amines to Me(D.H,)HOH, 25°, Ionic Strength 1.0 M
Primary amine
Constant Trifluoroethylamine Dimethoxyethylamine Methoxyethylamine Methoxypropylamine Propylamine
pK'L 5.68 8.72 9.68 10.33 10.80
K (M~ 1p 51.9 7.89 X 102 1.74 x 10¢ 3.02 X 103 4.25 x 10¢
kon (M1 sec™ 1) 4.344 4.79 5.22 5.53 7.48
kots (sec™1)e 8.37 X 1072 5.91 X 103 3.44 X 10—* 2.08 X 10~ 2.07 X 103
Kt (M-1f 4.22 2.39 x 10! 5.31 X 10! 1.20 X 102 1.51 X 102
k'on (M~1 sec—1)f 2.16 2.04 3.22 4.26 6.36
k' ot (sec™1)e 5.13 X 10! 8.52 x 10~* 6.06 X 102 3.55 X 102 4.21 X 1072
pK'e-1° 13.77 14.20 14.21 14.08 14.13

e See Scheme I for definitions of the constants,

/ Calculated by method V.

) ! ! i 1
o 0.02 0.04 0.06 0.08

2-Mercoploelhonol Concenlrolion (M}

Figure 2. Reactions of methylaquocobaloxime with ligands:
determination of kon and ko via reaction of Me(D:H:)L with ME
(method III), 25° ionic strength 1.0 M. [Comiplex] = 6.67 X
10~ M, (@), Me(D,H:)Me-py + ME, pH 9.55in 0.1 M carbonate
buffer, 359 free base, [Me-py] = 1.50 X 10-3 M, ko: = 0.0384
sec™!, {(konfkuz) [Me-pyl} = 4.95 X 107% M; (A), Me(D.Hy)A-py
+ ME, pH 11,05 in 0.1 M phosphate buffer, 29.4%, free base,
[A-py] = 1.0 X 1072 M, kois = 0.0178 sec™!, { (kon/kuE)A-pY])} =
6.36 X 1073 M. The solid lines were calculated from the above
parameters obtained by a least-squares method and eq 6.

tion constant for ME. The experiment allows calculation of
kons kotr, and hence K; for the reaction of the ligand with Me-
(D:H:)HOH (Scheme I). These experiments were performed at
pH values at which the pyridines were >98 % as the free base and
Me(D,H.)HOH was <1 % ionized.

Method IV. pH Dependence of the Ligand Dissociation Rates
from Me(D;H:)L (Determination of ko, k'ots, and pK’.—1). The
values for the proton dissociation constants for Me(D;H)L,
pK’c-1 (Scheme I), were obtained from the pH dependence of the
ligand dissociation rates of Me(D;H:)L at various high pH values.
Me(D:H,;)L was prepared as for method III by dissolving suf-
ficient Me(D.H,)HOH (0.004-0.02 M) and ligand (0.004-0.04 M)
in methanol such that, upon dilution to 5.0-6.7 X 10~3 M cobalt-
containing species, the breakdown reaction would proceed >90%;
to completion, as calculated from values of K, in order to make the
contribution of k..*PP[L] insignificant (eq 4). The appropriate
wavelength for following the breakdown reaction was determined
from the difference in the uv spectra of a solution of 1.0 X 10-3 M
Me(D:H;)HOH with 1.0 X 103 M ligand at 0.05-cm path length
prior to and at 1,0-cm path length following 20-fold dilution into
the appropriate buffer-KCl mixtures. The wavelengths for the
studies of complexes with the substituted pyridines and primary
aliphatic amines were 270 and 290 nm, respectively. The reactions
were initiated and studies conducted as in methods IT and III.
Plots of kovsa vs. pH (Figure 3) follow sigmoid curves and although
complete titration of the liganded complex, Me(D:H;)L, with alkali
could not be attained due to the high values of pK’.—1 (>13.5), the

b Average of two or more values determined by method I and one value calculated from
the average value for kop (method II) and ko¢ (method IV) and K; = kon/koit.
@ This value was not determined directly but was calculated from k.s and K.

¢ Average of two or more values determined by method II.
See Experimental Section. ¢ Obtained from method IV,

Kops (sec!)

pH

Figure 3. Proton dissociation constants for Me(D,Hz)L: deter-
mination of pK’.-L by the pH dependence of Me(D;H,)L ligand
dissociation rates (method IV), 25°, ionic strength 1.0 M. (@),
Me(D:H;)py ligand dissociation, final [complex] = 6.67 X 105 M,
pK'o—L = 13.61, kot = 0.0546 sec™!, k’ots = 0,163 sec™!; (A),
Me(D:H;)Me-py ligand dissociation, final {complex] = 5.00 X 10~
M, pK’o1, = 13.65, kots = 0.0424 sec™!, k'oss = 0.126 sec™!, The
solid lines were calculated using the above parameters obtained by
least-squares methods and eq 8.

data were fit to eq 8 with a nonlinear least-squares computer

kovsd = kott + (K'otr — kot){1/(1 + au+/K'-1)} (8)

program® to obtain values for K’._1, koss, and k', (Scheme I).
Such experiments could not be performed for CA-py or CN-py
due to the large values of k¢ and the small difference between kos¢
and k’q; for these ligands, although an approximate value and
certainly a lower limit for the value of kK’ for CN-py was de-
termined from the breakdown rate of Me(D:Hz)CN-py at pH 13,98.
The large K value for formation of Me(D:H:)A-py required dilution
of this complex to 8.0 X 10~¢ M in order to apply method IV and
absorbance measurements were obtained with a Cary Model 14
recording spectrophotometer and 10-cm path length cells. For
A-py the large K value made it possible to determine the pK’.-L
value from a direct spectrophotometric titration of the liganded
complex at sufficiently high concentration of A-py (0.1 M) that the
fraction of methylcobaloxime as the liganded species was >98%
even in strong alkali. The values of ks for the primary amines
in conjunction with the values of k.. (method II) allowed the calcu-
lation of another value for K; (Scheme I) for each amine.

Kallen, et al. | Reactions of Methylaquocobaloxime with Primary Amines
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Table II.
Ionic Strength 1.0 M

Equilibrium and Kinetic Constantse for the Axial Ligation of 4-Substituted Pyridines to Me(D.H:)HOH, 25°,

4-Substituted pyridine

Constant NC- H,;NCO- H- CH;- H,N-

pK'L 2.24 3.77 5.51 6.36 9.40

Ki (M™1p 3.29 X 10 8.03 X 102 2.04 X 102 3.25 X 108 1.11 X 10¢
kon (M~1sec™)c 9.21 X 10! 1.17 X 102 1.14 X 102 1.28 X 102 1.96 x 102
kot (sec1)d 2.91 X 107! 1.56 X 10! 5.52 X 102 4.04 X 102 1.94 X 102
K's (M) 2.39 X 102 3.54 X 102 4.63 X 102
K'on (M~ 1sec™1)e 3.90 X 10! 4.46 X 10! 5.83 X 10!
k' ot (sec™1)f >4.78 X 10-1¢ 1.63 X 107! 1.26 X 107! 1.26 X 10!
pK’e-L’ 13.61 13.65 14.06

@ See Scheme I for definitions of the constants.
obtained in a single experiment by method III.
value for K, the average value of k.1, and kon = KkotiKi.
method IV. ¢ Calculated by method V.

/ Obtained by method IV.

b Average of one value determined by method I and one value calculated from k., and kost
¢ Average of one value determined by method I1I and one value calculated from the average
@ Average of one value determined by method IIl and one value determined by
¢ An approximate value and certainly a lower limit for k' from

measurements of the rate of dissociation of CN-py from Me(D;H;)CN-py at pH 13,98,

(M-1)

Log K¢ or Log Kj

PKligand

Figure 4. Dependence of equilibrium constants for ligation with
neutral (solid symbols) and anionic (open symbols) methylaquo-
cobaloxime upon the proton dissociation constant (pK’y) for the
conjugate acid of the ligand, 25°, ionic strength 1.0 M. (®), RS-,
slope = 0.18 & 0.01; (m, ), X-py, slope = 0.21 + 0.01 for Kj,
slope = 0.06 & 0.03 for K’;; (A, A), RNH,, slope = 0.38 + 0.0l
for K;, slope = 0.31 £ 0.03 for K’;. The solid lines were calculated
by a least-squares method.

Method V. Calculation of K’; and k’,,. The K’; values were
calculated from the relation K’s = K’.~LKi/K’,, based on the cyclic
nature of the equilibria (Scheme I), the data in Tables I and II, and
the value pK’., = 12.68.1° Values for k’,, were calculated from the
values of k’,i; determined by method IV and k/on = k/ot:K's.

Results

Equilibrium Constants, Ligation Reactions of Me-
(D:H:)HOH. The value of the equilibrium constants
K: and K’; for the reaction of free base amine and pyri-
dine ligands with neutral and anionic methylaquocobal-
oxime agree to within 159 among the various methods
and several determinations for a given ligand (see Ex-
perimental Section and Tables I and II). Logarithmic
plots of K; (for thiolate anions,' aliphatic amines, and
pyridines) and K’; (for the latter two series of ligands)
vs. pK’ value of the conjugate acid of the ligand are
shown in Figure 4 (ligation of thiolate anions to anionic
methylaquocobaloxime is insignificant).!® The affin-
ities for ligands to neutral methylaguocobaloxime
increase in the order RNH,; < X-py < RS- over a
range of K; values 50 to 3 X 105> M-, but the slopes of
the lines expressing the dependence of ligand affinity
upon the pK’ value of the conjugate acid of the ligand
within each series show the opposite trend (8 = 0.18 =

14 .58 T T T T T T T T

Me (DyHp) HoN R

14.0

"
2
x
a Me (DpHy) X- py
13.5 -
13.0 L i 1 L 1 | — 1
) [ 8 10 12
PKL|g°n5
Figure 5. Dependence of proton dissociation constants for

Me(D,H;)L upon the proton dissociation constant (pK’L) of the
conjugate acid of the ligand, 25° ionic strength 1.0 M. (@),
Me(D:H;)H,NR, slope = 0.07 = 0.03; (4) Me(D:Hy)py-X, slope
= 0.12 = 0.02. The solid lines were calculated by a least-squares
method.

0.01 for RS-, 8 = 0.21 += 0.0l for X-py, and B8 =
0.38 + 0.01 for RNH,). The affinity of anionic methyl-
aquocobaloxime for ligands (K'¢) is between 9- and
33-fold less than the affinity of neutral methylaquoco-
baloxime. The dependence of K’; values upon the
pK’ value of the conjugate acid of the ligand for RNH;
(8 = 0.31 + 0.03) is close to that for K; (8 = 0.38 =
0.01), while within the limited data for substituted
pyridines, the slope for the K’; correlation is signifi-
cantly lower (8 = 0.06 = 0.03)2! than that for K; (8 =
0.21 = 0.01).

Proton Dissociation Constants for Me(D:H;)L. The
values for pK’._. determined from the pH dependence
of the apparent ligand dissociation rate constants (Table
I for amines and Table Il for pyridines) show little
dependence upon the pK’ value of the conjugate acid
of the ligand (8 = 0.07 = 0.03 for the amines and 8 =

(21) The parameters for the anionic methylaquocobaloxime are in
general less well determined than those for the neutral species due to the
large values for pK’.—L which prohibited titration of the complexes with
alkali to greater than 50-70% completion. However, k’q4, the least
well-determined constant in these experiments, was always measured
with a standard deviation of less than 15% and frequently better than
10%,.18  The uncertainty in these constants is greatest for TFEA where
the rapid rates of Me(D:H:)L decomposition led to the least precision
in the kinetic titration.

Journal of the American Chemical Society | 94:19 | September 20, 1972
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Figure 6. Dependence of ligation rate constants to neutral (solid
symbols) and anionic (open symbols) methylaquocobaloxime upon
the proton dissociation constant (pK’y) of the conjugate acid of
the ligand, 25°, ionic strength 1.0 M. (@), RSH;22 (), RS—;
(m, O), X-py; (4, A), RNH,. All slopes are less than 0.1. The
solid lines were calculated by a least-squares method.

0.12 £ 0.02 for the pyridines, Figure 5).2! We es-
timate the error in these proton dissociation constants
to be £0.08 pH unit. For Me(D,H;)A-py it was
possible to confirm the pK’. 1 value obtained by the
kinetic titration method with direct spectrophotometric
titration in the presence of sufficient ligand to keep the
complex >98 9 liganded as a consequence of the large
values of K; and K'’: for this complex. The two
methods provided pK’._. values of 14.05 and 14.07, re-
spectively.

Kinetics of Ligation to Methylaquocobaloxime. The
rate constants for ligation to both neutral and anionic
methylaquocobaloxime are contained in Table I for the
primary amines and in Table II for the substituted
pyridines. For A-py, Me-py, and py the values of ko
determined from direct ligand dissociation experiments
(method 1V) agreed to within 159 of the values ob-
tained by reaction of Me(D.H,)L with ME (method
III). The dependencies of the rate constants for liga-
tion to neutral methylaguocobaloxime upon the pK’
value of the conjugate acid of the ligand for the primary
amines, substituted pyridines, thiolate anions, and
neutral thiols!®22 are shown in Figure 6, and while the
magnitudes of the ligation rate constants for these
series vary by more than 46-fold in the order RNH, <
RS- < RSH < X-py, the slopes of the lines are uni-
formly small (8 < 0.1). The rate constants k’,, for
ligation to anionic methylaquocobaloxime are smaller
than k.. for both the amines and the pyridines (thiolate
anions show no significant reaction with anionic meth-
ylaquocobaloxime!®) and the dependencies of k’on
upon the pK’ value of the conjugate acid of the ligand
yield 3 values of less than 0.1 (Figure 6).

The amine ligands dissociate in general more slowly
than do the pyridines from both the neutral and anionic
complexes and the dependencies of the rate constants for
ligand dissociation upon the pK’ value of the conjugate

(22) While the values of the proton dissociation constants for the
conjugate acids of neutral thiols have not been measured, they have
been estimated to occur at Ho ~ —6.28 For simplicity the rate con-
stants for the reaction of RSH with Me(D:H2:)HOH have been plotted
vs. the pK’ for RSH.

(23) E. M. Arnett, Progr. Phys. Org. Chem., 1, 223 (1963).
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Figure 7. Dependence of the ligand dissociation rate constants
from neutral (solid symbols) and anionic (open symbols) Me(D.H;)L
upon the proton dissociation constant (pK1’) of the conjugate acid
of the ligand, 25°, ionic strength 1.0 M. (m, ©), X-py, slope =
—0.17 & 0.02 for kost, slope = —0.08 = 0.03 for k'os; (A, A),
RNH,, slope = —0.33 = 0.02 for ko, slope = —0.23 £ 0.02 for
k’ot1. The solid lines were calculated by a least-squares method.

acid of the ligand are quite different (8 = —0.33 =
0.02 for RNH,, 8 = —0.17 = 0.02 for X-py for kos:;
8 = —0.23 = 0.02 for RNH;, and 8 = —0.08 = 0.03
for X-py for k', Figure 7).

Discussion

Ligation Equilibria of Methylaquocobaloxime. A
soft or class b character has been assigned to Me-
(D;Hy)HOH, 1024 cobaloximes (1I1),2526 vitamin Bjy,,*
and methylcobalt corrins? and is consistent with the
observed greater ligand affinity of soft thiolate anions
than the hard primary amines®?2° to Me(D.H;)HOH
(Figure 4). In contrast, most Co(III) complexes (e.g.,
CollI(NH,);HOH?**, etc.) are hard acids® with the
interesting exceptions of the soft acids, Co(CN);-
HOH?* ® and Co(NH3);SO,*+ ! (see below). It thus
appears that the presence of one or more soft or unsat-
urated ligands is sufficient to confer the characteristic of
softness to a cobalt complex. Furthermore, softness
appears to be directly related to the ability of a cobalt
complex to stabilize a carbon-cobalt bond as seen in
the cobaloximes, the cobalt corrins, and even pent-
acyanocobaltate(Ill), the alkyl derivatives of which
have been prepared by Halpern and Maher.??

The concept of metal-to-ligand = bonding will be in-
voked to explain both the order of strength of ligation
(RNH; < X-py < RS™) and the reverse order for the de-
pendence of ligation strength upon ligand basicity
(Figure 4). The order of Me(D:H,)L stability is attrib-

(24) A. L. Crumbliss and W, K. Wilmarth, J. Amer. Chem. Soc., 92,
2593 (1970),

(25) D. N, Hague and J. Halpern, Inorg. Chem., 6, 2059 (1967).

(26) H. G. Tsiang and W. K. Wilmarth, ibid., 7, 2535 (1968).

(27) H. A, O. Hill, J. M, Pratt, and R. J. P. Williams, Chem. Brit.,
5, 156 (1969).

(28) F. Basolo and R. G, Pearson, “Mechanism of Inorganic Re-
actions,” 2nd ed, Wiley, New York, N. Y., 1967, pp 23-31.

(29) W. P. Jencks, “Catalysis in Chemistry and Enzymology,”
McGraw-Hill, New York, N. Y., 1969, pp 89-92.

(30) Reference 28, p 206.

(31) J. Halpern, R. A, Palmer, and L. M. Blakley, J. Amer. Chem.
Soc., 88, 2877 (1966).

(32) J. Halpern and J. P, Mabher, ibid., 86, 2311 (1964); 87, 5361
(1965).
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uted to the ability of thiols to accept electrons into
relatively low-lying unfilled d orbitals while pyridines
accept electrons into higher energy unfilled =*-anti-
bonding orbitals;?%3* primary amines cannot accept
electrons in either fashion. This ligand stability order
is the same as the order previously established for the
trans direction of substituents into the square-planar
complexes of Pt¥ and for the stabililization of low-
valence states of numerous transition metals,* pro-
cesses which have been related to the w-accepting
ability of the ligands. The reverse order for the de-
pendence, 8, of Me(D;H:)L stability on ligand basicity
among the three series of ligands (8 = 0.18, 0.21, and
0.38, for thiolate anions, substituted pyridines, and
primary amines, respectively) is not unexpected based
on the following considerations: (i) an increase in
basicity is associated with an increased ability for ¢
donation for all ligands (note especially the greater de-
pendence of Me(D,H,)L stability on ligand basicity for
the primary amines which are solely ¢ donors); (ii) an
increase in basicity is associated with a decreased
ability for the X-py and thiolate anion ligands to func-
tion as = acceptors (thus, as = bonding becomes in-
creasingly important, progressively lesser dependencies
of Me(D:H,)L stability upon ligand basicity are ob-
served).

Metal-to-ligand = bonding (i) has been firmly estab-
lished in a number of transition metal complexes, 3 —2°
(i1) has been invoked for the cobalt corrins in low*
oxidation states, for the alkylcobalt corrins,!* for the
ligation of pyridines to cobaloximes(I1I),*! and for the
ligation of various ligands to methylcobaloxime in non-
aqueous solvents,*? and (iii) is well substantiated in the
complexes of olefins with cobaloximes(l)*%-44 and in the
complexes of CO, CH;CN, CH;NC with methylcobal-
oxime. %

Metal-to-ligand = bonding in the transition state has
been invoked previously in order to explain the in-
creased reactivity of neutral thiol over thiolate anion'
in the ligation reactions of Me(D,H,)HOH. The pres-
ent evidence implicates significant contributions of this
type of bonding in the ground state as well. An argu-
ment outlined by Jencks,* who has discounted the
possibility that large differences in nucleophilicity when
related to basicity can be attributed to differences in
solvation of the nucleophile, can be extended such that
differences in solvation of the ligands are unlikely to

(33) Reference 28, p 115,

(34) C. S. G. Phillips and R. J. P, Williams, '“Inorganic Chemistry,””
Vol. 11, Oxford University Press, New York and Oxford, 1966, pp 214,
344,

(35) J. Chatt, L. A. Duncanson, and L. M. Venanzi, J. Chem. Soc.,
4456 (1955).

(36) J. Chatt, J. Inorg. Nucl. Chem., 8, 515 (1958).

(37) Reference 28, pp 170-177.

(38) L. Pauling, ““The Nature of the Chemical Bond,” 3rd ed, Cornell
University Press, Ithaca, N. Y., 1960, pp 331-339,

(39) Reference 34, pp 213-231.

(40) B. M. Babior, J. Biol. Chem., 245, 6125 (1970).

(41) (a) Y. Yamano, I. Masuda, and K. Shinra, Inorg. Nucl. Chem.
Let:,, 4, 581 (1968); (b) I. Masuda, M. Sakano, and K. Shinra, Bull,
Chem. Soc., Jap., 42, 2296 (1969).

(42) T. L. Brown, L. M. Ludwick, and R. S. Stewart, J. Amer, Chem.
Soc., 94, 384 (1972).

(43) G. N. Schrauzer, J. M. Weber, and T. M. Beckham, ibid., 92,
7078 (1970).

(44) (a) D. Arigoni, personal communication; (b) R. B. Silverman,
D, Dolphin, and B. M, Babior, J, Amer. Chem, Soc., 94, 4028 (1972).

(45) A. W. Herlinger and T. L. Brown, J. 4mer. Chem. Soc., 93, 1790
(1971).

(46) Reference 29, p 94.

account for the large differences in the stabilities of the
liganded complexes Me(D;H:)L when related to basicity
(Figure 4).

The equilibrium constants for ligation to anionic
methylaquocobaloxime (K’;) are significantly lower
than those for binding to the neutral complex (Figure 4).
The increased electron density on the cobalt atom
upon loss of a proton from neutral Me(D,;H,)HOH to
form an anionic complex apparently decreases the
effectiveness of ligand electron donation and hence
bonding to cobalt. The significantly lesser dependence
of ligation affinity to anionic methylaquocobaloxime
upon the pK’ value for the conjugate acid of the ligand
for the pyridines (8 = 0.06 + 0.03), the limited data
notwithstanding, as compared to the primary amines
(8 = 0.31 = 0.03) may be yet another indication of the
importance of metal-to-ligand = donation. Thus, an
increase in electron density on the cobalt atom (upon
ionization to form the anionic conjugate base) would
be expected to increase the effectiveness of such =«
donation. This effect may then be responsible for the
greater difference in 8 values for the pyridines (A8 =
0.21 — 0.06 = 0.15) compared with the aliphatic
amines (A8 = 0.38 — 0.31 = 0.07) for the dependence
of the ligation equilibria on the pK’ of the conjugate
acid of the ligand for the neutral and anionic complexes
(K:vs. K's, Figure 4).

Kinetics and Mechanism of Ligation to Me(D:H.)-
HOH. The rate constants for ligation (k.,, Tables I
and Il and Figure 6) indicate that Me(D,;H,)HOH is ex-
ceedingly reactive compared to ordinary Co(I1l) com-
plexes#—*? and the majority of cobaloximes(1ll), e.g.,
Co(D;H,) (NO;)HOH, etc.?? Methylaquocobaloxime
is, however, not as reactive as aquocobalamin®® (by
about an order of magnitude) and is only slightly more
reactive than sulfitoaquocobaloxime, Co(D;H,)(SOs)-
HOH-.2¢

In comparisons between the alkylcobalt complexes
and the usual Co(IIl) complexes there are 10%-10° in-
creases in the rates of ligation (present data and ref 24,
¢f. ref 25) and substantial differences in the fraction of
total complex as the pentacoordinate species (ref 50, cf.
ref 48). These marked differences suggest that the
common practice of considering alkylcobalt complexes
to be Co(Ill) complexes with carbanion ligands is in-
appropriate and very probably misleading.®!

The small dependence of k., upon ligand basicity
(Figure 6) within each series of ligands (8 values <0.1)
is clearly related to the fact that while the reacting com-
plex is a soft acid, the reference acid (the proton) is
hard. The rate constants are better correlated with
the relative softness of the ligand among the three
ligand series we have studied. The overall, rather
small variation of ligation rates with ligand identity is
probably indicative of an early transition state with a
rather large ligand-to-metal bond distance.

The small differences in the rate of ligand substitu-
tion despite large differences in the stabilities of the

(47) M. Eigen and R. G. Wilkins, Advan. Chem, Ser., No. 49, 55
(1965).

(48) Reference 28, pp 158-207.

(49) H. Taube, Proc. Robert A. Welch Found., Conf. Chem. Res., 6
(1962); “Topics in Modern Inorganic Chemistry,” W. O. Milligan, Ed.,
Houston, Texas, 1963, p 7.

(50) See ref 10 and references cited therein.

(51) R. A, Firth, H. A. O. Hill, B. E. Mann, J. M. Pratt, and R. G.
Thorp, Chem, Commun., 1013 (1967).
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Table III.  Relative Ranges of Rate and Equilibrium Constants for the Ligation Reactions of Aquocobalamin,

Cobaloximes(III), and Me(D.H:)HOH at 25°

Equil range

Complex Incoming ligands Rel rate range Rel equil range rate range

Aquocobalamin® SCN-, I+, Br, N;~, 13.5 2.4 X 10¢ 1.8 X 103
NCO-, 8:0;-, HSO;, 4.9 (2.4 X 10%° (4.9 X 103
5032—

Co(D;HXNO;)HOH? Cl-, Br-, N;~, NCS-, 1.1 x 102 4.8 X 102 4.6
HSOa_

Co(D;H,XI)HOH? Cl-, Br-, NCS—, HSO;~ 10.5 1.2 X 108 1.1 X 102

Me(D:H;)HOH:® RNH,, X-py, RS~ 45.0 5.3 x 108 1.2 X 102

(45.0)¢ (2.1 X 10%)¢ (4.8)¢

@ References 4, 8, and 53; values in parentheses refer to monoanions only.

4 Values in parentheses refer to nitrogen ligands only.

ligation complexes for the usual Co(IIl) complexes*
and aquocobalamin® have been taken to indicate a lack
of significant activation of the transition state by the in-
coming ligand¥ and, conversely, domination of the
transition state activation by the leaving ligand (i.e., a
dissociative interchange mechanism, I45%). In other
words, incoming ligand and leaving ligand (water) are
at best loosely bound to cobalt in the transition state.
A compilation (Table III) of the relative ranges for the
rate and equilibrium constants for the ligation reactions
of aquocobalamin,*#83 some cobaloximes(I11), and Me-
(D;H3)HOH with various ligands shows that the equi-
librium/rate range ratios for the cobaloximes(IIl) and
Me(D,H,)HOH are from one to three orders of magni-
tude smaller than the ratios for aquocobalamin (Table
IIT). Thus, these kinetic and thermodynamic data do
not compellingly argue in favor of an J; mechanism for
the cobaloximes(Ill) and Me(D;H,)HOH since the cri-
teria of limited variation in rate despite large differences
in the stability of the liganded complexes is not met.
However, it is difficult to distinguish between a transi-
tion state in which both ligands are loosely bound (i.e.,
an Iy mechanism)

L---Co---HOH

and one in which the leaving ligand has completely dis-
sociated (i.e., an SN1 mechanism).%

L---Co

The stability of pentacoordinate alkyl cobalt com-
plexes® (cf. ref 48) and the evidence that both of the
“deviant” soft Co(Ill) complexes, Co(CN);HOH - and
Co(NH3);SO+;, undergo ligand substitution reactions
via SN1 mechanisms?:3! clearly favor this mechanism
for ligation reactions of Me(D;H:)HOH. The cor-
relation between the softness of a cobalt(I1ll) complex
and the stability of its pentacoordinate species per-
mitting an SNI mechanism for ligand substitution®*
and our evidence pointing to the soft character of Me-
(D:H:)HOH supports the conclusion that the ligation
reactions of Me(D;H;)HOH probably proceed via an
SN1 mechanism.

In the ligation reactions of Me(D;H:)HOH (Figure
6), while the w-accepting ligands (X-py, RS—, and RSH)
react more rapidly than the purely ¢ donors (RNH,),
the greater reactivity of the substituted pyridines than

(52) C.H.Langford and H, B. Gray, “‘Ligand Substitution Processes,”
W. A. Benjamin, New York, N. Y., 1965.

(53) R. A. Firth, H. A. O. Hill, J. M. Pratt, R. G. Thorp, and R. J.
P. Williams, J. Chem. Soc. A, 381 (1969).

(54) Reference 28, p 207.

b Taken or calculated from ref 25. < This study and ref 10.

the thiolate anions or neutral thiols stands in contrast
to the opposite reactivity order for these nucleophiles
with various unsaturated carbon electrophiles.5®

The increased electron density on cobalt in the
anionic complexes is associated with decreased ligation
affinity (K’; vs. K) that is the net result of both a de-
crease of ligation rate constant with anionic methyl-
aquocobaloxime and an increase in ligand dissociation
rate constant from liganded anionic complexes. The
relatively smaller ratios of k’,s/koss of 3.0-6.5 for the
pyridines compared to about 6-20 for the primary amines
(Figure 7) may be yet another consequence of the =-
acceptor properties of the pyridines and the w-donor
ability of the cobalt atom; the latter should be increased
by the increase in electron density on the cobalt atom
in the methylaquocobaloxime anions.

Proton Dissociation Constants of Me(D;H,)HOH and
Me(D;H,)L. The loss of a proton from neutral Me-
(D;H)HOH to form an anionic species (pK’., = 12.68,
Scheme I) may be (a) from one of the H-bonded oxime
protons in the planar, equatorial ligand system or (b)
from the axial water ligand.

(a) The similar, alkaline proton dissociation con-
stants of Me(D.H;)L complexes of pyridine and ali-
phatic amines (pK’._. values 13.6-14.2), of Co(D;H,)-
(X)Y complexes (X, Y = CN—, NO;~, Br—, and NH,,
pK’ values 11.0-12.3),5% and of Co(D,H,)B; complexes
(B = substituted anilines and pyridines, pK’ values
7.0-9.0 for the pyridine complexes, 10.5-10.8 for the
aniline complexes)*! must represent the loss of a proton
from the equatorial ligand system, an assignment which
is clearly unambiguous in the many compounds devoid
of dissociable protons on the axial ligands.

(b) On the other hand, the proton dissociations of
aquocobalamin®® and diaquocobinamide®® with pK’
values of 7.55 and 6.0, respectively, have been assigned
to the axial water ligand. The proton dissociations
from Co(D,H,)}B)HOH (B = anilines, pyridines,

(55) (a) J. W, Ogilvie, J. T. Tildon, and B. S. Strauch, Biochemistry,
3,754 (1964); (b)T. C. Bruice and R. Lapinski, J. Amer. Chem. Soc., 80,
2265 (1958); (c) W. P. Jencks and J. Carriuolo, ibid., 82, 1778 (1960);
(d) M. Friedman, J. F. Cavins, and J. §. Wall, ibid., 87, 3672 (1965);
(e) D. G. Oakenfull and W, P. Jencks, ibid., 93, 178 (1971);, (f) W. P,
Jencks and K. Salvesen, ibid., 93, 1419 (1971); (g) G. E. Lienhard and
W. P. Jencks, ibid., 88, 3982 (1966); (h) R. G. Kallen, unpublished
results; (i) reference 19; (j) W. R. Abrams and R. G. Kallen, unpub-
lished results; (k) R. G. Kallen and M. Frederick, submitted for pub-
lication In J. Org. Chem.

(56) J. P. Birk, P. B. Chock, and J. Halpern, J. Amer. Chem. Soc., 90,
6959 (1968).

(57) G. 1. H. Hanania and D. H. Irvine, J. Chem. Soc., 5694 (1964).

(58) G. C. Hayward, H. A. O. Hill, J. M. Pratt, N. J. Vauston, and
R. J. P. Williams, ibid., 6485 (1965).
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NO,-, and HOH) with pK’ values from 5.0 to 7.3%
have also been assigned to the axial water ligand, in
this case on the basis of indirect spectral evidence.
The alkaline proton dissociation has been assigned
to the axial water ligand in the complexes XCo(D;H,)-
HOH?* where X = NO,~ (pK’ = 7.28),52 SO, 2 (pK’ =
10.23),2¢ and CH; (pK’ = 12.68) on the basis of the
following approximate ratio of the rates of axial water
replacement by SCN-, N;=, and py: NOy;/SO,2~/
CH; = 1/10%4/105.2+-26  The kinetic data, it is argued,
reflect the strength of water bonding to cobalt and the
acidity of the axial water ligand both of which de-
crease through the series NO,~, SO;2~, CH;. How-

(59) A. V. Ablov, B, A. Borykin, and N. M, Samus, Russ. J. Inorg.
Chem., 11,978 (1966).

ever, the similarly alkaline proton dissociation con-
stants for the complexes Me(D,H,)L (Tables I and II)
which, as noted above, must be assigned to the equa-
torial ligand system indicate that a similar assignment
merits serious consideration for Me(D,H;)HOH as
well. Indeed, if methylcobalt complexes are predom-
inately pentacoordinate in aqueous solution at room
temperature,® then the proton dissociation from Me-
(D;H:)HOH must be assigned to the equatorial ligand
system. For example, methylcobinamide, which has
been shown to be predominately pentacoordinate in
aqueous solution,® shows no evidence of proton disso-
ciation up to pH 14.0.,58
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Abstract:

Nickel tetraglycine, Ni(H-sGGGG)?, and nickel triglycinamide, Ni(H-.GGGa)~, react with H;O*

with second-order rate constants (M~1!sec™!) of 7.1 X 104 and 3.3 X 104, respectively. The Ni(H-,GGGG)?~ and
[NiH_.GGGa]~ reactions are not general-acid catalyzed while the reactions of nickel triglycine, Ni(H-.GGG)~, and

the corresponding copper complex are subject to general-acid catalysis.
general acid for the protonation of Ni(H..GGG)~ and carbonate ion is an inhibitor.

Hydrogen carbonate ion is an effective
A general mechanism is

proposed to account for the kinetics of the various protonation reactions of metal peptide complexes.

i’ I ‘etraglycine, triglycine, and triglycinamide are
known to ionize peptide and amide protons in the

formation of yellow, diamagnetic, square-planar nickel-
(II) complexes.'-¢ The deprotonated nitrogen atoms
become coordinated to nickel.” In this manner the
triglycine anion ionizes two protons to give Ni(H_;-
GGG)~, while triglycinamide and the tetraglycine anion
lose three protons to give Ni(H_;GGGa)~ and Ni(H_;-
GGGG)*, respectively. 1568

The rates of the H,O* reactions with the triglycine
complexes, Ni(H_,GGG)~ and Cu(H_,GGG)~, are
much slower than normal diffusion-controlled reac-
tions.>6210 A general-acid catalysis mechanism is
observed in the reaction of other acids (HX) with these
complexes.>1® The reactions are first order in the
concentrations of the acids and first order in the con-
centration of the complex. The rate expression (eq 1)
includes a solvent dissociation rate constant (k,).
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rate = (kd —+— kH[H30+] ‘+—
kax[HXD[M(H_,GGG)"] (1)

Recently Wilkins and coworkers® have reported that
the protonation rate of Ni(glycinamide-H), was de-
pendent on the concentration of buffer, excess ligand,
and hydrogen ion as is the case with the triglycine com-
plex, Ni(H_,GGG)~. However. they also reported
that the tetraglycine complex, Ni(H_sGGGG)?-, under-
goes a two-stage protonation at pH ~7 and that the
rate constants are pH independent over some 0.5-unit
range of pH. We disagree with these results for tetra-
glycine.

Ligand exchange reactions of Ni(H_;GGGG)*~
with polydentate amines have been reported!! to take
place in two measurable steps from pH 10.5to 12. The
first reaction supposedly produced yellow mixed com-
plexes of unusual stoichiometries, such as (nickel
tetraglycine)strien. Some of the peculiar reactions at-
tributed to the tetraglycine complex of nickel may be
due to other species produced in its spontaneous reac-
tion with molecular oxygen.!'? We have found that
under anaerobic conditions Ni(H_;GGGG)?~ reacts
with trien (triethylenetetramine) without forming yellow
mixed complexes and without undergoing the initial

(11) N. W. H, Ma, D. A. White, and R, B, Martin, Inorg. Chem., 6,
1632 (1967).

(12) E. B. Paniago, D. C. Weatherburn, and D, W, Margerum, Chem.
Commun., 1427 (1971),
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