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In acidic media, the kinetically stable cyanocobal- 
amin was observed to undergo rapid substitution in 
accordance to the rate law 

k obs = a + bTFe 

with a and b correlated to the backward and forward 
processes, respectively. The mechanism of substitu- 
tion is discussed. The equilibrium constant for the 
acid dependent path is 9.3 X IO3 and for the inde- 
pendent path is 4.75 X 102. 

Introduction 

Various aspects of the biochemical action of co- 
balt corrinoids have been reported [ 1,2]. Surprising 
ly, not a great deal of work has been published on the 
kinetics of ligand substitution in cobalamins. Few 
works have investigated the displacement of the water 
molecule in aquacobalamin (3-S) by the ligands 
azide, cyanate, imidazole, thiocyanate, sulfite, thio- 
sulphate, iodide and bromide. These reactions are 
rapid in contrast to the fact that octahedral Co(II1) 
complexes are inert. Thusius [ 51, in contrast to Randall 
and Alherty [3, 41, has concluded that the dissocia- 
tion of water in the trans position in aqua-cobalamin 
is the rate determining step followed by rapid 
addition of the entering ligand. 

It has been also known that the ligand trans to a 
u-bonded alkyl substituent undergoes substitution at 
rates considerably higher than the same Iigand in 
similar compounds lacking M-C bond [6, and refe- 
rences therein]. The kinetic expressions which have 
been exposed to examination (in such cases) take one 
of the following forms: 

Scheme I. A limiting S,l mechanism 

R(Co)H20. ,“_’ ’ R(Co) + Hz0 
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R(Co) + L * R(Co)L 

k = 
(kr k,/k-r)(L) + k-2 

obs 
1 +(k,k,XL) 

(L >> R(Co)H20) (1) 

Scheme ZZ. Outer-sphere complexation mechanism 

KiP 
R(Co)H20 L 4 R(Co)H20*.**L 

k3 
R(Co)H20..L, 

k-3 
R(Co)L + Hz0 

klbs= 
(kg + k-3) K&l + k-3 

1 + K&L) 
(L >> R(Co)HaO) 

(2) 

In fact, reported experimental kinetic data for the 
equilibrium 

R(Co)H20 + L = R(Co) L + Hz0 

is of the form 

k o,,s = k,(L) + k, (3) 

Comparing eq. (3) with eqs. (1) and (2) indicates 
that either (k2/k-r) L << 1 in scheme 1 or K&L) << 
1 in scheme II. 

In the present work we report the results of the 
kinetics of interaction of hexacyanoferrate(I1) with 
cyanocobalamin in acidic solution. 

Experimental 

Reagents 
Analytical grade KqFe(CN)6*3H20 and Vitamin 

Br2 (cyanocobalamin) were used without further 
purification. A stock solution of hexacyanoferrate(I1) 
(0.10 F) was freshly prepared in all kinetic runs. 
Stock solution of 1.4 X 10d3 F cyanocobalamin was 
prepared and kept in a dark container. 

Kinetic runs were carried out using a Durrum/ 
Gibson Stopped-Flow apparatus thermostatically con- 
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Figure 1. Spectra of cyanocobalamin 
concentrations. 

880 600 

at different acid 

trolled at 25 “C. Optical path-length 
wavelength used was 550 nm. 

was 2.0 cm. The 

The spectrum of vitamin Blz in presence and ab- 
sence of hexacyanoferrate(I1) at different total acid 
concentrations were recorded on Sp 8000 PYE- 
UNICAM double beam spectrophotometers. The con- 
centration range of cyanocobalamine was (2.95-5.90) 
lo-’ F and that of hexacyanoferrates was (0.4-2.0) 
10e3 F, The total hydrochloric acid concentration 
was in the range 0.1-l F. Ionic strength was kept at 
constant value of 1.0 F using the appropriate 
mixtures of HCl and KC1 solutions. 

Results and Discussion 

A change in color (pink to orange pink) has been 
observed when cyanocobalamin was acidified with 
HCl solution. The spectra of cyanocobalamin solu- 
tions at different hydrogen ion concentrations are 
shown in Fig. 1. The bands are slightly shifted to 
shorter wavelengths as hydrogen ion concentrations 
increases. When hexacyanoferrate(I1) solution was 
added to the acidified solution of cyanocobalamin a 
rapid change to the original color has been observed. 

Earlier work had indicated that cyanocobalamin is 
protonated in acidic media [l] . The nitrogen atom 
of a-S,6-dimethylbenzimidazole nucleotide group 
tram to the cyano ligand is readily protonated in 
acidic medium with its position being occupied 

‘HBM 

.O 0.6 0.8 

TH 

Figure 2. (a) The absorbance of cyanocobalamin as function 
of TH at h 550 run and p = 1.0 F at 25 “C. (b) The plot of 
(TVT~/le2TV - A@ as function of TH. 

by a water molecule or chloride ion. The protonation 
equilibrium constant was reported to be -0.8 [ 11. 
Other protonation constants are of very small magni- 
tude. This value has been checked further in this 
work. The spectra of cyanocobalamin were taken at 
different hydrochloric acid concentrations. The 
absorbance at 550 nm was taken as function of the 
total acid concentrations (TH) shown in Fig. 2(a). 
The protonation constant may be calculated from the 
following equation 

(HhTv 1 z-+(M) 
IezT, - Asi K~AE AE 

(5) 

where T, is, the total concentration of cyanocobal- 
amin; Asi the absorbance at a given wavelength; Ae = 
EZ - EI where e1 and e2 are the molar absorptivities 
of the protonated and nonprotonated species of 
cyanocobalamin and K, the protonation constant. 

The molar absorptivity e2 was taken from the ab- 
sorbance value of cyanocobalamin only in 1 M KCl, 
and (H) was assumed to be equal to the total acid 
concentration. By plotting the left hand-side term 
versus TH a linear plot has been obtained with inter- 
cept and slope equal to (1.13 ? 0.07) lo-’ and 
(1.18 -f: 0.10) lo*, respectively, Fig. 2(b). The cal- 
culated value of K, amounts to 1.04 + 0.11, which is 
not different significantly from the reported value 
of ~0.80. 

On the other hand, numerous protonated species 
of hexacyanoferrate(I1) coexist in solution. In fact, 
5 species may exist as the following equilibria 
indicate 
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Figure 3. The dependence of observed rate constant on both 
acid concentration and hexacyanoferrate(I1). 
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Fe(CN)z- + H+ z===? HFe(CN)z-; 

[HFe(CN):- ] 

KA = [H’] [Fe(CN)d-] 

HFe(CN)i- + H’ C Hz Fe(CN)z-; 

K = FW4W~-l 
B [HFe(CN)i-] [H’] 

H?Fe(CN)z- + H’ e HaFe(C 
(6) 

W&UW~I 
Kc = [HaFe(CN)%] [fl 

H3Fe(CN); + H’ C H4Fe(CN)g ; 

W&W%1 
KD = [H,Fe(CN)J [H’] 

Few reports studied the above equilibria [7], howev- 
er only KA and Kn have been determined. The values 
obtained for KA and Ku are 5.2 X lo2 and 0.83 X 
102, respectively. The third and forth equilibria are 
expected to have constants of very low values (<O.l). 

The kinetic study was carried out at the wave- 
length 550 nm in the acid concentration range of 
0.1-1.0 F. Figure 3 shows the dependence of observ- 
ed rate constant, kobs, on both T, and total concen- 
tration of hexacyanoferrate, TFe. At a given acid (Tu) 
concentration, kobs is linearly dependent on T,, (Fig. 
3) i.e., 

k obs = a+bTFe (7) 

The values of a and b are listed in Table I. Interaction 
of hexacyanoferrate(I1) species with that of cyano- 
cobalamin may follow scheme III. 

At a given hydrogen ion concentration, the rate 
equation describing the mechanism in scheme(II1) 
can be expressed as follows: 

TABLE 1. The Values of the Constants a and b at Different 
Acid Concentrations. 

TH, F a, set-’ b X 1 O-’ , set-’ if’ R 

0.10 51.2 k 6.5 3.24 f 0.49 0.978 
0.25 53.4 +- 6.6 4.38 f 0.48 0.988 
0.50 56.4 t 4.6 5.43 f 0.49 0.988 
1.00 63.2 i 5.2 7.24 i 0.44 0.996 

- d [(I) + (11) + (111) + (IV) + WI = _z W _ 
dt dt 

=F [!$?W] -(V)(H+)M tN (8) 

where 
X = (H’)4 + (H’)3K~ + (H’)2K~Ku + (H+)KAKBK, 

+KAKBK&D, 

U = k1(H’)4 + k2(H>3KA + k,(H>2K& + 

k4H+-LK&o + KA&&KD> 

W = k,(H’)4 + k,(m3KA + ks(H+)2KAKB + 

k,(H?KAKnKo + KIOKAKBKCKD, 

004 + k_ 
N= k_, - 

GO3 + k_ (H+)2 
- 

Qr ‘Qn sc+ 

tk (H+) tk_ 
--S lo 

z _ W+14 + @+I3 + (H’)’ f (H’) + I 
QI QII Q III QlV 

where kr’s are the forward rate constant, ki’s are the 
backward rate constants, I, II, III, IV, V are the pro- 
duct species, and QI, Qrr, QnI, Qrv are the overall 
deprotonation constants of I, II, III, IV species. The 
vertical protolytic reactions of the above scheme are 
assumed to be at equilibrium since they are fast in 
comparison with the complex formation reactions. 
Since the total acid concentration is not altered 
during the reaction progress, the integrated expres- 
sion of eq. 9 can be obtained 

09, 
In (V), - (v), = kobst (9) 
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TH 
Figure 4. The dependence of a on hydrogen ion concentra- 

tion. 

where (V), and ot are the concentrations of the 
complex at equilibrium and at time t and 

The observed rate constant, k,,, was obtained 
experimentally from the slope of the plot of ln(As,,/ 
As, - As,) vs. t when TFe >> Tv. The derived rate 
constant can be correlated with that obtained experi- 
mentally (eq. (7)), ie. 

(H+)M + N 

Z 
(10) 

b= (H’)U +W 

‘[ II 

1 +(H+) 

XKv X K, 
(1 I) 

The validity of eq. 8 and the linear dependence of 
k ohs on T,, indicate that the rate of complex 
reaction is first order with respect to cyanocobalamin 
and hexacyanoferrate concentration. Moreover the 
linear dependence (Fig. 4) of ‘a’ on hydrogen ion con- 
centration indicates that Z is practically equal to one. 
From the slope and intercept of the straight line, the 
M and N values were obtained (M = 13.2 + 0.2 and 
N = 49.9 f 0.1). 

The foregoing conclusion indicates further that the 
terms 

k (H+)4 , k (H+13, k @+I* and ~ @+I - - 
1 QI 2 QII 3 - Q III QIV 

may be ignored with respect to k5 and the terms 

Figure 5. The dependence of b(1 + TH/K~) on hydrogen ion 

concentration. 

may also be ignored with respect to kre. On the 
other hand, the dependence of b on hydrogen ion 
concentration looks complicated as eqn. 10 indi- 
cates. However, little rearrangement may show the 
dependence 

(12) 

The plot of the left-side term of eqn. 12 versus 
(H+) showed a linear dependence, Fig. 5, with inter- 
cept (= W/X = (2.37 f 0.15) X 104) and slope (= U/ 
XK, = (1 1.80 + 0.26) 1 04). This conclusion indicated 
that the terms U/XKV and W/X are independent of 
hydrogen ion concentration. In other words, U/XKv 
should be reduced to k5/Kv from which k5 can be 
calculated by knowing K, i.e. 

k5 =(1.23&0.13)10’ andi=k,,. 

From the foregoing results, one can reach the con- 
clusion that reactions e and j are quite significant in 
the above reaction mechanism. In scheme (III), we 
have not accounted for the rapid equilibrium which 
may exist between pentacoordinate and hexacoordi- 
nate species of cyanocobalamin or base-off and 
base-on forms [8]. If these forms are taken in consi- 
deration two routes may be distinguished: 
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Scheme (III) 
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Ji 
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3 
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II 

t H’ (III) 

k4 
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tH+ 
k-4 

t H+ (IV) 

e) Fe(!!N)b- t CN*ComBM*H+ + CN*C:IBM(Fe(CN),)4- 
I b 5 

f) H4Fe(CN), t CN*Co.BM 

g) HaFe(CN); t CN*Co*BM 

h) H2Fe(CN)z- t CN*Co*BM 

i) HFe(CN)i- t CN*Co*BM 

j) Fe(CN)z- t CN.Co.BM 

(V> 
k6 

c CN*Co*BM(bFe(ClQ) 

k, 
? CN*Co*BM(HsFe(CN),J 

k-7 

ks 
? CN*Co*BM(H2Fe(CN)6) 

k-8 

ks 
7 CNCo.BM(HFe(CN)6) 

k-9 

kio 
. . A CN*CO*BM(F~(CN)~)~- 

K-10 

One route in which species (I) and (II) react with 
hexacyanoferrate(I1) species. Another route involves 
the reaction of species (III) and (IV) with the hexa- 
cyanoferrate(I1) species. Since the observed rate was 
only detected in acidic solution one may exclude the 
former route and substitution by the hexacyano- 
ferrate(I1) species should involve species (III) and 
(IV). In such case, it is not simple to differentiate 
between a limiting SN1 mechanism or outer-sphere 
complexation mechanism. 

If our kinetic conclusions are correct the equili- 
brium constants of reactions e and j in scheme (III) 
can be calculated. The values so obtained are K, = 
ks/k+ = (9.30 f 0.99) lo3 and Kj = kio/kre = 
(4.75 + 0.30) 102. 

The values of K, and Kj are expected to be of 
equal magnitude since K, = 1.04, but K&j = 20. 
This difference can be seen as resulting from the 
formation of an outer-sphere complex in reaction (e) 

in scheme 

+ H’ 

III. The reaction path j in scheme III 
is probably dissociative. 
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