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ABSTRACT

The formation of a 1:1 adduct between ethylaquocobaloxime,
cobaloxime being the trivial name for bis(dimethylglyoximato)
symbolized (dmgH)Z, and M(CN)6n— complexes for M = Fe(II),
Fe(III), Co(iII), and Cr(III) are reported. These adducts are
formed by the displacement of the bound water in the ethyl-
aquocobaloxime to form the complex {CZHSCo(dmgH)zNCM(CN)Sn'}.
This substitution was studied kinetically by stopped-flow

methods. Equilibrium measurements are also reported. The
kinetic results are not consistent with a limiting SNl mecha-
nism for all four reactions. A mechanism which can be applied
to all four reactions involves a prior outer-sphere associa-
tion of the ethylaquocobaloxime and M(CN)6n—, followed by the

rate-determining loss of water.



INTRODUCTION

The sigma bonded alkyl substituent has been shown to
significantly increase the rate of substitution of the ligand
trans to the alkyl group relative to similar compounds not
containing the metal-carbon bond (1-12). The compounds gener-
ally used to observe this effect have been alkylcobalt com-
pounds containing a planar, tetradentate ligand system such
as the corrins (1-3), bis(dimethylglyoximato) (4-7), and
related ligand systems (8-12). The enhanced rate is reflected
in the substitution of thiocyanate in methylaquocobaloxime

1

(k = 49.6 M sec-l) (4) which is 10° times faster than the

substitution of thiocyanate into nitroaquocobaloxime (k =

4 Mhlsec-l) (13).

5.8x10
In the cobalamin systems, vitamin BlZ’ the proposed mech-
anism of substitution (14,15) is a limiting SNl mechanism

having the reaction scheme

ky

R - (Co)—HZO i-lR—(Co) + HZO | (1)
ky

R-(Co) + L * R(Co) - L o (2)
k2

where the parentheses signify the planar, tetradentate ligand
system, R is an alkyl group, and L the entering ligand. The
rate constant for the approach to equilibrium of this mecha-

nism is given by Eq 3, making the steady-state assumption for

[R-(Co)].



Ckyky [L] + k_qk_

2
k = (3)
b
0bs k_; + k,[L]
However Eq 3 becomes
k. k
- 172
Kobs = k.1 [L] + k_, (4)

when the relation k_l >> kZ[L] exists. In the cobalamin sys-
tems only Eq 4 is observed. However the limiting SNl mecha-
nism is proposed for the cobalamins due to the existence of a
five-coordinate species in solution (16) similar in structure
to the steady-state intermediate formed in Eq 1 and fhe simi-
larity of the rates of anation by various ligands as shown in
Table 1. The ligand would have little effect on the rate of
substitution if the intermediate were formed by loss of water.
For the aquation reactions, the metal-ligand bond is no longer
common to every reaction in forming the five-coordinate inter-
mediate. This is shown in Table 1 by the variation of kf, the
rate constant for anation, by a factor of 10 and kr’ the rate
constant for aquation, by a factor of 107.
In the vitamin B12 model compounds such as the cobalox-

imes, the existence of an appreciable concentration of a five-
coordinate species in aqueous solution is not observed. How-
ever in non-coordinating solvents, the five-coordinate form is
predominant for several model compounds. Alkylbis(acetylace-
tone)ethylenediimine cobalt (8) and alkylbis(salicylaldehyde)-
ethylenediimine cobalt (9) are five-coordinate in weakly coor-

dinating solvents such as n-propanol. When solvents are chosen



Table 1. Kinetic and equilibrium constants for cobalamin
substitution reactions?

Ligand ke (107 Tsec™)) dplsec™d  Kpporno
SCN~ 2.3 1.8 1.2x10°
1 1.4 35 3.2x107%
Br~ 1.0 590 1.9

N~ 1.2 0.029 5.6x10%
NCO™ 0.47 1.1 5.3x10°
5,04%" 0.20 .035 7.3x10°
HSOS' 0.17 ~2.2

50,27 <0.2 <1x10°° 2.2x107

325.5°C, W = 0.5M, 010; medium reference 3.

bThermodynamic formation constant from references 1
and 17.



for the alkylcobaloximes which would favor the formation of a
five-coordinate species, only a dimer is observed (18).

The absence of an observable five-coordinate species does
not eliminate a limiting SNl mechanism for the substitution of
the alkylcobaloximes. The effect of a more labile axial group
is observed in the rates of substitution. The results for the
substitution of nitroaquocobaloxime are given in Table 2.
These substitute much slower than the alkylcobaloximes. Rates
of substitution for a methylaquocobaloxime are given in Table
3. The effect of the alkyl group is significant. If a limit-
ing SNl mechanism is operative, the effect of the alkyl group
would be to weaken the trans group's bond to the cobalt, form-
ing a compound closer in form to the five coordinate inter-
mediate.

The limiting Sy mechanism has been proposed for the sub-
stitution of the alkyl cobalt compounds (4-7). Comparison of
the rates of substitution of the cobalamins and cobaloximes is
given in Table 4. From this comparison it is observed that
both alkyl cobalt systems, cobalamin aﬁd alkylcobaloxime, have
rates of substitution depending little on the'entering group
while the rates are largely dependent on the leaving group.
This dependence which can be explained by a limiting SNl mech-
anism and the cobaloxime's ability to model other cobalamin
reactions gave support to the proposed SNl mechanism.

The form of the kinetic results for the alkylcobaloximes

is consistent with Eq 4. This is not a unique expression but



Table 2. Equilibrium and kinetic constants for substitution
. reactions of nitroaquocobaloximed@

Ligand 10%, (M tsec™) 10k (0 lsec™hy k(W)
_ CENT 2 2 T ‘ eq
c1” 0.8 1.2 0.6
Br 1.6 1.2 1.3
Ny 5.7
NCS 5.8 ~0.5 11.6
Hso; 85 ~7 12.1
dReference 13, 25°C, u = 1.0M.



Table 3. Equilibrium and kinetic constants for the axial
substitution of methylaquocobaloxime at 25.0°2°
Ligand kf(M_lsec-l) kr(sec_l) Keq(Mal)
NH,, CH,,CF 4.34 8.37x10 5.19x101
NH,, (CH,) ,OCH 5.22 3.44x10°° 1.74x10°
NH, (CH,) 5OCH, 5.53 2.08x10° 3 3.02x10°
NH,,CH,,CH (OCH;) 4.79 5.91x10 > 7.89x10°2
NH, (CH,) ,CH, 7.48 2.07x1073 4.25x10°
4-CN-py 9.21 2.90x101 3.29x10%
4-CONH, - py 117 1.56x10 1 8.03x10°
Py 114 5.52x10°%  2.04x10°
4-CHg-py 128 4.04x10" 2 3.25x10°
4-NH, -py 196 1.94x10° 2 1.11x10*
HSCH,, -COOCH, 24.2 2.11x1074 1.17x10°
HS-CH,CH, 27.3 1.14x10°% 2.04x10°
HS - CH,, COOH 12.8 4.5x10"° 2.73x10°
scn P 49.6 5.2x1071 9.6x10
NP 34.7 1.7x1071 2.04x102
pyP 29.7 6.2x10 3 4.81x10°
NH® 3.1 8.5x10 3.64x10°
oH"P 2.7x10

aR—NH2 and 4-X-py reference 7, RSH reference 6.

b

Reference 4, 10.0°C.



Table 4. Relative range of rate and equilibrium constants for the ligation
reactions of aquocobalamin and cobaloximes at 25°
. . . Equil. range
Complex Entering ligand Rel. rate Rel. equil. Rate range
range range
Aquocobalamin® SCN™, 17, Br', Ng, 13.5 2.4x10° 1.8x10°
NCO™, §,0527, HSO,",  (4.99% (2.4x10M?  (4.9x10%)?
2-
S04
b - - - - 2 2
Co(dmgH) , (NO,) (H,0) Ci1", Br , N3~, NCS™, 1.1x10 4.8x10 4.6
HSOS'

b - - - - 3 2
Co(dmgH)z(I)HZO Cl , Br , NCS , HSO3 10.5 1.2x10 1.1x10
MeCo(dmgH)ZHZOC RNHZ,X-py,RS- 45.0 5.3x103 1.2x102

45.004  (2.1x109H9  (4.8)d
MeCo (dmgH) ,H,0° SCN', N;*, py, CN*, NH, 16 1x10* 6.2x102

dReferences 1, 3, 17; values in parentheses refer to monoanions only.

bReference 13.

CReferences 6 and 7.

d

®Reference 4, 10°C, u = 1.0M.

Values in parentheses refer to nitrogen ligands only.



can be applied to numerous kinetic mechanisms. A bimolecular
reaction, a SNZ mechanism, is also consistent with Eq 4. A

SNZ mechanism would have an observed rate law of

k = kf[L] + k. (5)

obs
where ke and kr are the rate constants for anation and aqua-
tion respectively. However for the SNZ mechanism, the enter-
ing ligand would have a large effect on the rate of substitu-
tion. Another mechanism consistent with the kinetic results

would be a mechanism of the form

Ko.s.
R-(Co)-H,0 + L % {R-(Co)-H,0---L} (6)
ks
"{R-(Co)-H,0---L} =~ R-(Co)-L + H,O 7
{ ( 0) 2 } k-'3 ( o) 2 ( )

in which an outer-sphere association occurs prior to the rate
determining loss of water. The observed rate constant for the

approach to equilibrium is given by

(k-.+k_-)K [L] + k_
K, - —s3%os. 3 (8)
1+ Kp, g, [L]

Under conditions where 1 >> Ky S [L], Eq 8 simplifies to
Kops = (kg*k_3)Kg g [L] + k 5 (9)

Kinetically the forms of Eqs 3 and 8 have the general form of

Eq 10 and a mechanism cannot be decided on the form of the

_ A[L] + B

k
obs 1 + C[L]

(10)
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observed rate constant. The same is true for the Eqs 4 and 9
which are identical in form to Eq 5, the SNZ mechanism.

Presently only one alkylcobalt system has been reported
that has a kinetic rate expression of the form of Eq 10. The
kinetics of substitution of alkyl- and aryl-aquo 1,3-bis-
(acetylmonoximino)propanatocobalt monocation, RCo{(DOH) (DO)pn}
HZOt in acetone containing 1% water (10) and in aqueous solu-
tion (11) approach a rate independent of ligand concentrations.
This would occur for Eq 10 at ligand concentrations where C[L]
>> 1 such that kobs = A. Initially (10) this was expléined in
terms of a limiting Syl mechanism. In the limiting Syl mech-
anism the rate constant k1 and k_1 are unique in that they are
independent of ligand. However it was found (11) that the
values of "kl" varied with entering ligand. Thus the mecha-
nism assigned was an outer-sphere associative mechanism simi-
lar to Eqs 6 and 7.

In the alkylcobaloximes the kinetic expression can be
described by the general form of Eq 5, the SNZ mechanism.
Non-alkyl cobaloximes have been observed to obey limiting Sy1
kinetics in aqueous solution. The substitution of sulfito-
aquocobaloxime by sulfite (19) approaches a rate independent
of sulfite concentration or kobs = kl‘ However there have
been no deviations from Eq 5 for the alkylcobaloximes.

In the present study the substitution of ethylaquo-
cobaloxime (Figure 1) by hexacyano metal ligandslis compared

to the work of George and coworkers (20) where similar
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hexacyano ligands substituted for the axial water of aquo-
cobalamin. The ligands compared are Fe(CN)GS", Co(CN)ﬁs',

and Fe(CN)64-. For the cobalamins the bonding to the cobalt
is thru the nitrogen of the cyanide. This is shown by a spec-
tral shift similar to that observed for other nitrogen ligands
and completely unlike a carbon-bonded cyanide. Thus the bond-
ing is not thru a cyanide released from a ligand by aquation
but thru one of the peripheral nitrogen atoms of the hexa-
cyanide ligand. The alkylcobaloximes also form cyano-bridged
complexes with the hexacyanide ligands. The bonding to the
cobalt is again thru the nitrogen of the hexacyano complex.

The kinetics of the approach to equilibrium of the reaction

K
HcCo(dmgH) ,H,0 + M(CN)(,n % C,H.Co(dmgH), - NCM(CN) 5“ + H,0

(11)

C,

where M = Fe(II), Fe(III), Co(III), or Cr(III), are given in

this study.
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EXPERIMENTAL

Materials

CZHSCO(dmgH)ZHZO was prepared by the method of Schrauzer
(21). A suspension of 23.8 grams (0.1 mole) of cobalt(II)
chloride 6-hydrate and 23.2 grams (0.2 mole) of dimethylgly-
oxime in 100 ml of methanol was stirred in a 500 ml three-
necked flask for 5 minutes. The reaction mixture was under
nitrogen until the product was separated. Subsequently, 8.0
grams (0.2 mole) of sodium hydroxide in 150 ml of water was
added. The resulting solution was stirred for 15 minutes and
cooled to -20°. While stirring 7.0 grams (0.113 mole) of
dimethylsulfide was added. After 5 minutes, 22 grams (0.141
mole) of ethyl iodide was added. Next a solution of 4.0
grams of sodium hydroxide in 20 ml of water was added drop-
wise. This was immediately followed by the addition of a
solution of 1.0 grams sodium hydroxide plus 0.6 grams of
sodium borohydride in 10 ml of water. After stirring for 15
minutes and allowing the solution to return to room tempera-
ture, the reaction mixture was filtered. The filtrate was
diluted with one volume of water, and set aside for crystal-
lization at 0° for 24 hours. The red-orange crystals of
ethyl(dimethylsulfide )cobaloxime were collected, washed with
water, and air dried. Additional cobaloxime was removed from
the filtrate by the addition of 10 ml of pyridine which pre-

cipitated the cobaloxime in the form ethyl(pyridine)cobal-
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oxime. The ethyl(dimethylsulfide)cobaloxime was converted to
the ethylaquocobaloxime by boiling a suspension of the di-
methylsulfide complex in water for 30 minutes. The ethyl-
(pyridine)cobaloxime was converted to the ethylaquocobaloxime
by heating to boiling the pyridine complex in dilute acid fof
10 minutes. To avoid any photodecomposition all the steps
were carried out in the dark.

The potassium ferricyanide used in all experiments was
prepared by recrystallizing twice from distilled water re-
agent grade potassium ferricyanide.

The potassium chromicyanide, K3Cr(CN)6, was prepared by
the method of Schaap et al. (22Z). A solution of 56 grams (0.12
mole) of [Cr(H20)6](C104)3 in 500 ml of water was added drop-
wise to a boiling solution of 130 grams (2.0 moles) of KCN in
500 ml1 of water. The rate of addition was such that boiling
continued and the solution was clear. The addition was accom-
plished in as short a time span as possible. After the addi-
tion the reaction mixture was cooled to 0°C and filtered.

The filtrate, predominately the tetracyanodihydroxy complex;
was deaerated with nitrogen for 1 hour. Under nitrogen, 2 ml
of 0.1 M Cr(H20)62+ was added to catalyze the anation reac-
tions. The reaction was allowed to continue for 30 minutes.
Air was then bubbled thru the solution to oxidize thevchromous
ion to chromium(III), which resulted in a color change of red-

orange to straw yellow. The K.Cr(CN). salt was precipitated
3 6 P
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by the addition of 3 to 5 volumes of methanol. The solid was
filtered and dried with anhydrous ethyl ether. The product
was recrystallized by redissolving in a minimum of water and
precipitating with an excess of methanol. The yield was 90%
K;Cr(CN) with two recrystallizations.

The potassium cobalticyanide, KSCo(CN)ﬁ, was prepared by
the method of Benedetti-Pichler (23). The intermediate
K4C0(CN)6 was prepared by adding an excess of KCN to a boiling.
solution of CoCl,:6H,0. The deep red solution of K4C0(CN)6
was boiled for 15 minutes which converted the complex to
KSCO(CN)6. The KSCo(CN)6 precipitated from solution upon cool-
ing. The product was recrystallized twice from distilled
water.

The potassium ferrocyanide used in the experiments was
prepared by recrystallizing reagent grade K,Fe(CN)g from dis-
tilled water. The sodium ferrocyanide (24) was prepared by
‘adding to a concentrated solution of K4Fe(CN)6, a solution of
1 M HC10,. The acid form, H4Fe(CN)6, was separated by adding
ethyl ether to the acidic solution. The etherate was fil-
tered and air dried. The filtrate was dissolved in a solution
of 0.5 M NaOH. The pH was maintained basic in the solution.
The product was precipitated from solution by adding 2 to 4
volumes of methanol to the solution. The product was twice
recrystallized by dissolving in distilled water and precipi-
tating with methanol.

The sodium perchlorate used in all experiments was pre-
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pared by recrystallizing reagent grade sodium perchlorate
twice from distilled water.
All stock acidic and basic solutions were prepared from

reagent grade chemicals.

Analyses

Iron in solution was analyzed as the Fe(HZO)63+ ion. The

conversion of the hexacyanide iron complexes to the aquo com-
plex was accomplished by heating an aliquot of solution with
2 ml of HClO4 to fuming. The sides of the flask were washed
with distilled water and the procedure repeated. The flask
was cooled, filled to the mark with distilled water, and the
absorbance of the Fe(HZO)63+ ion measured at ) = 238 nm. The
extinction coefficient for the Fe(H20)63+ ion was 4.16x103

M icm™d (25).

Analysis for cobalt in solution was accomplished by con-
verting the cobalt to Co2+ by a method analogous to the con-
version of the iron complexes. The Co2+ ion was converted to
the Co(NCS)42_ complex in a 50% ace?one solution. This com-
plex has a known extinction coefficient of 1842 M lem™t at
A = 623 nm (26).

Chromium in solutions of Cr(CN)63_ was analyzed by conver-
sion to the Cr(H20)63+ by heating with perchloric acid. The
chromium was converted to chromate by treatment with sodium
hydrokide and hydrogen peroxide. The extinction coefficient

-1

used for the chromate was 4830 M_lcm at A = 372 nm (27).
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Stock Solutions

Solutions of C2H5Co(dmgH)2H20 were prepared by dissolving
the cobaloxime in water and adding sufficient standardized
sodium perchlorate such that ionic strength was unity. The
concentration was determined spectrophotometrically at A =
450 (e = 1490 M_lcm-l). The solutions were stored at all times
in the dark. All syringes in the stopped-flow and flasks con-
taining ethylcobaloxime solutions were covered with aluminum
foil to shield the solution from light.

All stock solutions of the ligands were prepared the day
of their use. To avoid the precipitation of potassium per-
chlorate, the ligands were converted to the sodium salt by
passing a solution of the ligand thru a Dowex 50W-X8 cation
exchange column in the sodium form. The concentrations were
determined spectrophotometrically at the respective ligand's

1

absorption maximum; A = 420 nm (e = 1050 M~ cm_l) for

Na;Fe(CN)¢, A = 300 nm (e = 215 M1

1

cm_l) for Na3C0(CN)63_,
A =378 nm (¢ = 86 M

1

cm-l) for Na,Cr(CN),, and A = 315 nm
(e = 315 M cm—l) for Na,Fe(CN),. All solutions were known
to follow Beer's law in the concentration ranges studied.

All solutions were prepared such that the ionic strength
was unity at all times. The ionic strength was adjusted by
the addition of standardized sodium perchlorate. The sodium

perchlorate was standardized by passing an aliquot of the

solution thru a Dowex 50W-X8 ion exchange column in the H'
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form. The eluent containing the acid was titrated against a
standardized base to a phenolphthalein endpoint. Thus the
concentration of the sodium perchlorate would be calculated

knowing that the sodium:H" ratio is 1:1.
Procedures

The wavelengths of interest for the kinetic and thermo-
dynamic measurements were determined by observing the change
in the spectrum as a function of ligand concentration. The
wavelengths chosen for the study were those wavelengths which
gave the greatest change in absorbance due to formation of the
product. Figures 2, 3 and 4, show preliminary experiments
used to determine the wavelength of maximum absorbance change.
The wavelengths used were A = 590 nm for Fe(CN)63_, A = 450 nm
for Cr(CN)¢>", Fe(CN)64', and CO(CN)63’.

The spectrum of the product, the cyano-bridged complex,
was determined from a spectrum of a reaction mixture. Once
the equilibrium constant was known, the contribution of the
individual species to the absorbance could be calculated.

Thus the product spectrum could be constructed. The amount of

each species present was calculated by the equilibrium
K

where L is the substituting hexacyano ligand and K the equi-

librium constant. The percent of product was calculated by
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KL

FK'-L" x 100 (13)

%CZHSCo(dmgH)ZL =

and the percent of uncomplexed cobaloxime by

%C HSCo(dmgH)ZHZO = x 100 (14)

A
2 1+KL
In the solutions where the ligand did not absorb strongly in
the region where the cobaloxime has its characteristic bands
(» = 350 nm to A = 480 nm) the ligands, Co(CN)4> , Cr(cN)¢>",
Pe(CN)64-, were in large excess over the cobaloxime. For the
Fe(CN)63" product spectrum in which the ligand absorbs (A =

420, ¢ = 1050 M 1

cm-l), equimolar concentrations of Fe(CN)63'
and C2H5Co(dmgH)2H20 were used. The method of producing the
product spectrum was the same as for the other ligands.

All equilibria were established rapidly and could be
conveniently followed using stopped-flow methods. A Durrum
stopped-flow spectrophotometer equipped with a D-131 Amplifier
was used in all experiments. The absorbance signal was dis-
played on the Tektronix 564B storage oscilloscdpe. The log
amplifier was calibrated such that a ten volt response would
correspond to one absorbance unit. With the use of the sensi-
tivity control and the off-set control any absorbance region
between 0 and 2.0 absorbance units would be expanded from 1.0
absorbance units full scale to 0.025 absorbance units full
scale. |

All solutions were allowed to come to temperature in the

drive syringes of the stopped-flow. The drive syringes were
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immersed in a constant temperature waterbath.
Spectrophotometric determination of the equilibrium con-
stant was accomplished concurrently with the kinetic measure-
ment for the ligands studied. The kinetic measurements fur-
nished information as to the change in absorbance from the
time of mixing to the equilibrium time. A second method of
determination of the equilibrium constant was employed for
Fe(CN)64_. Solutions of known ligand concentrations were
allowed to equilibrate with CZHSCo(dmgH)ZHZO in volumetric
flasks in a constant temperature waterbath. The absorbance
was read at four wavelengths of interest; 460 nm, 450 nm, 430
nm, and 420 nm, on a Cary Model 12 recording spectrophotometer.
The pH of the solutions was measured with a Beckman ex-
panded scale pH meter. The pH meter was calibrated with
standardized solutions with an ionic strength of unity at pH

4, 7, and 11.
Treatment of Data
All kinetic runs were analyzed according to Eq 15

In|De-D,| = InD_-D | - kit (15)

obs
where Dt is the absorbance at time t, DO is the initial
absorbance and D_ is the absorbance after the reaction is
complete.

The experimental rate constants, kobs’ were fit to Eq 16

using a linear least squares program.
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k = kf[L] + k. (16)

obs
Where deviation from linearity was observed in graphs of Eq

16, the experimental rate constants were fit to Eq 17

_ A[L] + B (17)
1 + C[L]

kobs

The equilibrium constant was determined from the kinetic
runs by Eq 18

ex = 8D o (¢ -e) - et 1

[Col b ° K[L]

(18)

where AD = Do—Dt, €6 and €, are the molar absorptivities of
the aquocobaloxime and the ligated cobaloxime respectively,
[Co]O is the total cobaloxime concentration, K the equilibrium
constant of interest, b the path length, and L the ligand
being studied.

The equilibrium constant for Fe(CN)64_ was determined by
an alternate method according to Eq 19

D, - EL[L]b €. - €

t
(L,

€ = =€eq ¥ (19)

[Co]ob
where € is a newly defined quantity and €r is the ligand's
molar absorptivity.

The activation parameters, AH* and AS*, were calculated

by Eq 20

T -aH¥/RT  +as¥/Rr
k =1—e e (20)

The form of Eq 20 for Eq 16, k = kf[L] + kr’ used was Eq 21

obs
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t ¥ . "
. -AH */RT +AS_."/R -AH_"/RT +AS_7/R
k ={— e £ e t } [L] + {%1 e T e r

(21)
which was computer fit by a non-linear least squares program
(28) with an IBM 360 computer.

Calculated observed rate constants were obtained from
the program for the activation parameters, Eq 21. The indi-
vidual rate constants were recalculéted using the calculated

kObs and compared to the experimental kobs‘
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RESULTS

The product spectra of the cyanobridged complexes are
given in Figure 5 for the ligands Co(CN)>  and Fe(CN) *™, and
in Figure 6 for Fe(CN)ésh. The spectrum of the Cr(CN)g>~ and
C2H5Co(dmgH)2H20 reaction, Figure 7, is not representative of
the bridged complex due to a second reaction occurring. The
second reaction is approximately a factor of 10 slower than
the first. The spectrum of the final product is similar to
the spectrum of the CZHSCo(dmgH)ZCN_ as shown in Figure 7.

The aquation of Cr(CN)63_ (22) is known to be more rapid than
the other ligands studied. Also the free cyanide produced is
known to form a more stable complex (4) than the Cr(CN)ﬁs_

with the CZHSCo(dmgH)ZHZO. No experiments were directed at
studying this second reaction. The equilibrium constants used
to calculate the product spectra, Eqs 13 and 14, were the kine-
tic values at 25.0°: Co(CN) > (K = 72.8 M'1), Fe(cN)*~

(K = 28.1 M1y, Fe(CN)63‘ (K = 78.2 M 1),

. 3-
The Reaction CZHSCo(dmgH)ZHZO and Co(CN)6

The kinetics of the reaction were studied as a function of

concentration, pH, and temperature. The concentration range of

3 2

Co(CN)¢*™ studied was 2.0x107°M to 8.0x10™ “M with C,H,Co(dmgH),

H,0 in the concentration range 1.55-3.9x1074

M. The observed
rates are given in Table 5 for 18.0°, Table 6 for 25.0°, and

Table 7 for 35.0°. The data were fit to Eq 16, kobs=kf[L]+kr’
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Figure 7. Product spectra of C2H5 Co (dmgH)2H20 (squares),
"CzHSCo(dmgH)zNC-Cr(CN)53'“ final product (circles),
and CpHgCo(dmgH)2CN™ (triangles) '



Table 5.

Kinetic data for the reaction CZHSCo(dmgH)ZHZO and
Co(CN) > at 18.0°7

[Co(CN)63'](M) e*(M_lcm_ bs(sec- (sec-l)b
0.0050 146 9.1 9.
0.0068 188 10.4 10.
0.0100 240 11.4 11.
0.0250 375 19.8 19.
0.0500 396 32.6 32.

4,=1.0M, A=450nm, [C,HgCo(dmgH) ,H,0]=2.41x10"

bObtained from treatment of data at the three tempera-

tures by Eq Z21.



Table 6.

29a

Kinetic data for the reaction C2H5Co(dmgH)2H20 and
cO(CN)63‘ at 25.0°2

[Co(CN) > 100 e*Misec™  k, (sec™)  kE21C(sechyP
0.0020° 134 15.3 14.6
0.00259 141 17.1 15.1
0.0030° 201 15.3 15.4
0.0047° 302 16.8 17.0
0.0050% 260 17.4 17.1
0.0065% 321 20.0 18.7
0.0076 403 18.0 19.5
0.01009 401 21.7 21.2
0.0135° 504 23.2 24.5
0.01504 501 29.2 25.8
0.0160° 554 26.2 26.2
0.0250% 621 32.8 33.6
0.0293° 706 38.6 37.8
0.08004 681 84.8 79.

2

4u=1.0M, A=450nm.

b, calc
kobs

€ [C2H5Co (dmgH) ,H,0]
d
[CZHSCo(dmgH)ZHZO]

= 2,.60x10"

1.55x10 *M.

.

obtained from computer treatment of Eq 21.



29b

Table 7. Kinetic data for the reaction C2H5Co(dmgH)2H20 and
Co(CN) (> at 35.0°2

3- -1 -1 -1 1 -1.b
[Co(CN) (™71 (M) e*(M “em ) k. ps(sec™) koo S “(sec™)
0.005 187 41.4 40.3
0.010 307 46. 4 47.9
0.025 401 71.0 70.6
0.035 440 85.0 85.8

®4=1.0M, A=450nm, [CpH5Co(dmgH),H,0] = 3.9x10 *M.

bCalculated according to Eq 21.
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to determine the dependence of the rate upon [L]. This depend-
ence is shown in Figure 8 for 18.0°, 25.0°, and 35.0°. The
value of kg was obtained from the slope and k, the intercept.
The results are given in Table 8.

In the pH range 4.4 to 10.3 there was no dependence of
the rate on H' as shown in Table 9. 1In this pH range the only
species present was Co(CN)GS— (29).

The equilibrium constant was determined spectroscopically
according to Eq 18 from AD values of the kinetic runs. The

plot of Eq 18 is given in Figure 9 for 18.0°, Figure 10 for

25.0°, and Figure 11 for 35.0°. At 18.0° the spectroscopic

Keq’ Kzgec =83.0 + 11.4M_1,is compared to the kinetic value,
kkin = 79,3 + 3.6M71. For 25.0° KPC = 70.8 ¢ 6.0M ! is com-
pared to KKim = 72.8 + 3.6M"'. For 35.0° KSPSC = 107 + 17M° 1

is compared to 49.0 + 2.4M_1. These constants are given in
Table 8.
The activation parameters for the reaction were calculated

according to Eq 21. The forward rate, kg, was found to have

AHE = 10.5 + 1.2 keal mol™! and 8s¥ = -9.8 + 4.1 cal®k 'mo1™".
The reverse rate had AH: = 16.2 + 1.0 kcal mol ! and ASi =
1.0 + 3.4 cal®K Imo17?t,

The Reaction C,HcCo(dmgH),H,0 and Fe(CN)63“

The kinetics of the reaction were studied as a function

of ligand concentration, pH, and temperature. The concentra-

3 1

tion range of Fe(CN) >~ studied was 5.0x10 °M to 1.0x10 "M with
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Figure 8. The dependence of kopg on ligand concentration for
the reaction CyHgCo(dmgH)H20 and Co(CN)g3-



Table 8. Kinetic and equilibrium constants for the reaction CZHSCo(dmgH)zHZO
3-
and Co(CN)6

k¢ calc
f -1 calc -1 a b calc o
Temp _ _ _ } k_(sec 7)) k (sec 7) K, - Kyo--a
(M 1SeC 1) M lseC 1)a T T kin kin spec
18.0° 522+8 528 6.6+0.2 6.5 79.3+3.6 81.3 83.0+11.4
25.0° 896+15 828 12.3+0.4 12.9 72.8+3.6 64.1 84.6+7.3
35.0° 1510+35 1516 30.9+0.8 32.7 49.0+2.4 46.3 107+17
aComputer computation for Eq 21.
b -
Kgin = Ke/ky
°x is the K obtained spectrophotometrically according to Eq 18.

spec

A%
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Table 9. Dependence of kgpg on pH for the reaction of
Co(CN)63‘, Fe(CN)63' and Pe(CN)64' with
C,HsCo (dmgH) ,H,0 at 25.0° and u = 1.0M
_C
Co(CN) (3-° Fe(CN)63‘b Fe (CN) ¢ *

-1 -1 -1
pH kobs(sec ) pH kobs(sec ) pH kobs(sec )
4.4 24.2 3.7 44.7 5.9 1.95
8.0 25.0 6.4 41.7 6.8 1.95

10.3 23.2 11.2 43.5 7.5 1.97
10.4 1.96

[Co(CN) ¢ 71 = 0.0110M, [C,H Co(dmgH) ,H,0] = 2.9x10™ *M.
P[Fe(CN) (7] = 0.0500M, [C,HcCo(dmgH),H,0] = 6.2x10™"
“[Fe(CN)¢*"] = 0.0100M, [C,HcCo(dmgH),H,0] = 2.0x10*
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Plot for the calculation of K¢y from the absorbance changes in the
kinetic runs, AD, for the reaction CpHgCo(dmgH)2H20 and Co(CN)6 at
18.0°C, resulting in Keq = 83.0+11.4 M-l and e; = 972+37M-lcm-1

Figure 9.
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Figure 10. Plot for the calculation of Keq from the AD's of the kinetic runs
for the reaction C2Hg5Co(dmgH)H20 and Co(CN)g3~ at 25.0°C yielding
Keq = 84.6+7.3 M-l and e1 = 585+48 M-lcm-1l
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Figure 11. Plot for the calculation of Keq from the AD's of the kinetic runs
for the reaction C2H5Co(dmgH)2H20 and Co(CN)g3- at 35.0°C yielding
Keq = 107+#17 M"1 and e3 = 931+39 M-lsec-l
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4

the C,H.Co(dmgH),H,0 in the range 2.5-3.0x10 "M. The observed

2
rate constants are given in Table 10 for 18.5°, Table 11 for

25.0°, and Table 12 for 35.0°. The data did not deviate from

Eq 16, k = kf[L] + kr' This is shown in Figure 12 for

obs
18.5°, 25.0°, and 35.0°. The values for kf and kr’ the slopé

and intercept respectively of Figure 12, are given in Table 13.
As shown in Table 9 there was no dependence on pH in the region
pH 3.7 to pH 11.2. 1In this pH range Fe(CN)63- is the only
ligand species present (30).

The equilibrium constant was spectroscopically determined
from AD values of the kinetic runs. The value of Keq(18.5°) =

1

106 + 7 M ~ was determined spectroscopically by Figure 13.

1 determined kinetic-

1

This compares to Keq(18.5°) = 112 + 13 M
ally. The value of Keq(25.0°) = 99.9 + 11.6 M ~ was obtained

from Figure 14 for the spectroscopic determination. This com-
1

obtained kinetic-
1

pares to a value of Keq(25.0°) 78 +10M°

ally. The value of Keq(35.0°) 96.8 + 7.9 M ~ was determined

spectroscopically by Figure 15. This compares to the kinetic
value of K, (35.0°) = 62 * am L

The values of the forward and reverse rates and the equi-
librium constants for the three temperatures of the study are
given in Table 13.

The activation parameters for the reaction were calculated
had AHf = 10.4+0.8
and AS§ = -10.0+2.6 e.u. The reverse rate, k

according to Eq 21. The forward rate, k
1

-r’

kcal mol had

-r’
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Table 10. Kinetic data for the reaction CZHSCO(dmgH)ZHZO and
Fe(CN)°™ at 18.5°2

3- -1 -1 -1 1 -1,b
[Fe(CN) ¢ 1 (M) e*(M tem™ ) K ps(sec™™) kggsc(sec )
0.0050 88 8.1 8.6
0.0100 131 11.4 11.7
0.0200 171 18.7 18.0
0.0300 183 24.5 24.2
0.0400 208 30.9 30.5
0.0500 218 36.1 36.7
u=1.0M, A=590nm, [C,HCo(dmgH),H,0] = 2.6x10 "M,

bValue obtained from computer treatment of Eq 21.
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Table 11. Kinetic data for the reaction CZHSCo(dmgH)ZHZO and
Fe(CN) (>~ at 25.0°%

[Fe(CN) 27100 e*Mtem™ )k (sec™h)  kSRlS(sec™hP
0.0050° 52 15.5 15.7
0.00659 65 17.7 17.1
0.0100° 78 21.9 20.4
0.0150° 94 24.5 25.1
0.01759 96 28.5 27.5
0.0200°¢ 104 32.2 29.8
0.03609 108 46.0 44.9
0.0400° 111 50.1 48.7
0.0500° 115 60.2 58.1
0.05359 - 56.3 61.4
0.07104 123 79.5 78.0
0.08859 - 89.3 94.5
0.1000° 115 108.0 105.3

4,=1.0M, A=590nm.

bCalculated from Eq 21 by computer.

4

“[C,HcCo(dmgH) ,H,0] = 4.0x107"M.

0] = 2.5x10 %M.

d
[CZHSCo(dmgH)ZH2



40

Table 12. Kinetic data for the reaction CZHSCo(dmgH)ZHZO and
Fe(CN) > at 35.0°2

[Fe(CN) > 100 e len™)  k, (sec™)  kE2lS(sec™hP
0.0040 52 35.8 36.6
0.0075 83 42.9 42.7
0.0150 116 53.7 55.6
0.0225 127 69.2 68.6
0.0300 143 81.9 81.5

®u=1.0M, A=590nm, [C,HCo(dmgH),H,0] = 3.6x10 ‘M.

bComputer fit of Eq 21.
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Figure 12. The dependence of kops on ligand concentration for
. the reaction CyHgCo(dmgH)2H20 and Fe(CN)g3-



Table 13. Kinetic and equilibrium constants for the reaction CZHSCo(dmgH)ZHZO

and Fe (CN) >~

lc calc
k Ke? k a

f f -1 T b calc C

Temp _ _ _ _ k_(sec ™) _ K, . K¢
(M loec 1) M Leac 1)a T (sec l)a kin kin spec

18.5° 621+16 ' 624 5.5+40.5 5.5 112+13 114 106+7
25.0° 926+24 943 11.9+1.2 : 11.0 78+10 86.1 99.9+11.6
35.0° 1770+52 1727 28.5+1.0 29.7 | 62+4 58.2 96.8+7.9

4Calculated from computer fit of Eq 21.

b

o

K

kin

spec

= kf/kr.

determined from Eq 18.

v
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Plot for the calculation of Ke¢q from the AD's of the kinetic runms

for the reaction C2H5Co(dmgH)2H20 and Fe(CN)63~ at 18.5°C yielding
Keq = 106+7 M-1 and e = 253+7 M-lem-1
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Plot for the calculation of Kgg from the AD's of
the kinetic runs for the reaction C2H5Co(dmgH)2H20
and Fe(CN)63~ at 25.0°C yielding Keq = 99.9+11.6
M-l and e1 = 156+3 M-lem-1
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Plot for the calculation of Keq from the AD's of
the kinetic runs for the reaction C2H5Co(dmgH)2H70
and Fe(CN)g3™ at 35.0°C yielding Keq = 96.8+7.9
M-1 and e1 = 191+8 M-lcm-1
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aH¥ = 17.7 + 0.9 keal mol™ and as* = 5.4 + 2.8 e.u.

The Reaction C,HcCo(dmgH),H,0 and Cr(CN)>"

2
The reaction of Cr(CN)63- with C2H5Co(dmgH)2H20 was
observed to proceed by two stages. The first stage of the re-
action was fast and of stopped-flow speed. The second stage
was slowér and observable by conventional methods. The first

step was assumed to be the reaction representing the cyano-
bridged complex formation. The second step had a spectro-

4

scopically determined K__(25.0°) > 10 M1 and may possibly be
€q

the formation of CZHSCo(dmgH)ZCN‘(4).
The first stage of the reaction was studied as a function

of concentration and temperature. The Cr(CN)63_ concentration

M to 5.0x107%M with C,H.Co(dmgH),H,0

M. The observed kinetic results are

range studied was 5.0x10°
in the range 2.5-5.7)(10-4
given in Table 14 for 18.5°, Table 15 for 25.0°, and Table 16
for 35.0°. The data showed no deviation from Eq 16, kobs =
kf[L] + kr‘ This is shown in Figure 16 for the temperatures
18.5°, 25.0°, and 35.0°. The values for the individual rate
constants for the three temperatures are given in Table 17.

The pH dependence of the reaction was not studied since
the aquation of Cr(CN)63- is acid dependent (22). Ahy increase
of acid concentration would cause decomposition of the -

Cr(CN)63_ and lead to the presence of lower cyanochromate

species.



Table 14. Kinetic data for the reaction CZHSCo(dmgH)ZHzO and

Cr(CN) > at 18.5°°

-1

1.b

[Cr(cN) 371 e* (M lem Lo (sec” KC21¢ (s
0.0050 142 11. 11.8
0.0100 201 15. 14.9
0.0200 238 21. 21.2
0.0300 247 27. 27.5
0.0400 - 32. 33.8
0.0500 - 35. 40.1

44=1.0M, A=450nm, first stage of reaction only, 5.7x10" M

C H5Co(dmgH)2H20.

bComputer fit of Eq 21.

2
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Table 15. Kinetic data for the reaction CZHSCO (dmgH)zHZO and
Cr(cN) > at 25.0°°

[Cr(cN) > 1 e ten™l) kg (sec™h)  kE21C(sec™hP
0.0050 343 20,0 19.7
0.0100 617 23.4 25.6
0.0200 768 41.0 37.6
0.0300 822 55.8 49.5
0.0400 918 73.7 61.5

du=1.0M, A=450nm, first stage of reaction, 3.8x10 M
HSCo(dmgH)ZHZO.

b

Cy

Computer fit of Eq 21.
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Table 16. Kinetic data for reaction C2H5C°(dmgH)2H20 and
Cr(cN) > at 35.0°°
3- e B | -1 calc -1,b
[Cr(CN)6 1 (M) e*(M “cm ) kobs(sec ) kobs (sec )
0.0050 131 43.4 44 .4
0.0100 177 60.9 55.9
0.0200 219 75.3 79.0
0.0300 234 105.8 102.1
0.0400 234 112.5 125.2
au=1.OM, A=450nm, first stage of reaction, 2.5x10_4M

C,

b

HeCo (dmgH) ,H,0.

Computer fit of Eq Z21.
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Figure 16. The dependence of kobs on ligand concentration for
the reaction CyHgCo(dmgH)2H20 and Cr(CN) g3~



Table 17. Kinetic and equilibrium constants for CZHSCo(dmgHb}bO and CI‘(CN)()S_a

k calc calc C calc
Temp £ kf kr kr Kkin Kkin spec
M lsec™  Mlsec )P (sec™ly  (sec™hHP b kb gy 1yd
18.5° 624+27 754 8.9+40.5 7.7 70+7 98.6 190+25
25.0° 1566+70 1194 9.9+1.7 13.7 158+34 87.0 97+20
35.0° 2013+227 2309 37.3+5.6 32.8 54+14 70.3 177+4

au=1.OOM, A=450nm, first stage of reaction only.

bCalculated from computer fit of Eq 21.

C =
Kgin = kf/kr'
d .

Kspec obtained from Eq 18.

TS
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The spectroscopic equilibrium constant was determined from
the kinetic runs. For 18.5° the spectroscopic determination

190 + 23 M} as compared to the ki-

from Figure 17 gave Ke

q
netic value of K, = 70 7 M"Y, For 25.0° the spectroscopic
determination from Figure 18 gave Keq = 97 + 20 M_1 as compared

to the kinetic value of K, = 158 +34M 1. For 35.0° the

spectroscopic determination gave Keq = 177 + 4 M-1 from Figure

19 while the kinetic value was Keq = 54 i]ﬁlM—l. These values

are given in Table 17.

The activation parameters fit to Eq 16, k = kf[L] + kr’

obs
were calculated using Eq 21. The forward rate, kf, was cal-

1 and AS? = -6.1 +

6.3 e.u. The reverse rate, kr’ had AH: = 15.3 + 2.4 kcal
-1

culated to have AHf = 11.5 + 1.9 kcal mol

mol and AS? = -2.0 + 7.8 e.u.

The Reaction C

4-
2HSCo(dmgH)ZHZO and Fe(CN)6

The kinetics of the reaction were studied as a function
of concentration, pH, and temperature. The concentration fange
of Fe(CN) "™ was 5.0x107°M to 7.5x107*M with the C,HcCo(dmgH),
H,0 1.5-2.6x10 M. The observed kinetic data is given in
Table 18 for 18.5°, Table 19 for 25.0°, and Table 20 for 35.0°.

The data were not consistent with Eq 16, k = kf[L] + kr, as

obs
evident from Figure 20. The data were consistent with Eq 17

as evident from the plots of 1/(kobs-B) vs 1/[L] in Figure 21
for 18.5°, Figure 22 for 25.0°, and Figure 23 for 35.0°. The

value of B was obtained from plots of kObs vs [L], Figure 20.
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Figure 17. Plot for the calculation of Keq from the AD's of
the kinetic runs for the reaction CHs5Co(dmgH)H>0

and Cr(CN)g3"~ at 18.5°C yielding Keq = 190+23
M-1 and e7 = 1194+12 M-lem~1
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Figure 18. Plot for fhe calculation of Keq from the AD's of the kinetic runs
for the reaction C,H;Co(dmgH)Hz0 and Cr(CN)g3- at 25.0°C yielding
Keq = 97+20 M-l and €3 = 312+101 M-lem-1.

¥S



55

300 ‘. . . . T T

200

| 00

& M lem™)

L
0 5 10 15 20 25 30 35
&L x 1072 (M2cm)

O | 1 1 | | 1

Figure 19. Plot for the calculation of Kgq from the AD's of
the kinetic runs for the reaction C2H5Co (dmgH)H70

and Cr(CN)3- at 35.0°C yielding Keq = 177+4
M-1 and e1 = 1211+3 M lem-1
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Table 18. Kinetic data for the reaction C2H5Co(dmgH)2H20 and
Fe(CN) ('™ at 18.5°° -

FecN) 4 100 exrlem™y ok (see™d)  kSEIC(sec™hP

0.0055 52 0.65 0.66
0.0110 108 1.15 1.11
0.0220 172 1.73 1.78
0.0330 216 2.20 2.24
0.0440 248 2.63 2.58
0.0550 280 2.86 - 2.84
0.1100° | 6.59

4

3=1.00M, A=450nm, 2.6x10 "M C HgCo (dmgH) ,H,0.

2
bComputer fit of Eq 8.

Cu>1.0M.
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Table 19. Kinetic data for the reaction CZHS(Co(dmgH)ZHZO and
Fe(cN) *™ at 25.0°%

[Fe(CN)64_](M) ex* (M len 1y kobs(sec-l) kgﬁic(sec-l)b
0.0050 - 1.45 1.42
0.0100 149 1.77 1.83
0.0150 188 2.31 2.24
0.0250 271 2.90 2.99
0.0350 285 3.78 | 3.70
0.0450 333 4.39 4.36
0.0500 326 4.77 4.67
0.0723 368 5.85 | 5.95

4

*11=1.00M, A=450nm, 1.5x10 "M C,HcCo(dmgH),H,0.

bCalculated from Eq 8.
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Table 20. Kinetic data for reaction C2H5Co(dmgH)2H20 and
Fe(CN) '™ at 35.0°°

4- 1 -1 - 1 “1.b
[Fe(CN)6 1 (M) e*(M “cm ) kobs(sec 1) kggsc(sec )
0.0050 54 4.1 4.1
0.0100 115 4.8 4.8
0.0200 217 6.0 6.1
0.0300 267 7.3 7.3
0.0400 298 8.4 8.3
0.0500 323 9.2 9.2
0.0750 - 11.8 11.2
u=1.00M, A=450nm, 2.5x10 "M C,HcCo(dmgH) ,H,0.

b

Computer fit of Eq 8.
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At zero ligand concentrations Eq 16 and 17 simplify to Kops =

kr for Eq 16 and k = B for Eq 17. Therefore the intercept

obs
of the kObS vs [L] plot was used as the value of B. The

values obtained at the three temperatures are given in Table
21.

The pH dependence of the reaction was studied in the range
pH 5.9 to pH 10.4. 1In this pH range the only ligand species
present was Fe(CN)64_ (30). There was no pH dependence as
shown in Table 9.

The spectroscopic equilibrium constant was determined at
the three temperatures from the absorbance change in the kinet-
ic runs according to Eq 18. The value for 18.5°, Keq = 23.6 +

1

3.3 M ~, was obtained from Figure 24. The value for 25.0°,

1, was obtained from Figure 25. The value

1

Koq = 44.9 + 4.0 M

for 35.0°, Keq = 41.6 + 6.6 M ~, was calculated from Figure 26.
The equilibrium constant was also calculated from Eq 19. This
resulted in a Keq(25.0°) = 28.1 + 2.6 M1 determined at four
wavelengths: A = 460 nm, 450 nm; 430 nm, and 420 nm. A

representative plot is shown in Figure 27 for XA = 450 nm. The

equilibrium results are given in Table 21.



Table

21. Kinetic and equilibrium constants for the reaction C2H5Co(dmgH)2H20

and Fe(CN)64-

Temp A(M_lsec-l)a B(sec_lja C(M_l)a %(sec_l) Keqb
18.5° 111+5 0.10+.04 22.5+2.5 4.9+41.6 23.6+3 3
25.0° 85+3 1.00+.04 6.0+3.1 14.1+1.0 44.914.0C
35.0° 130+3 3.40+0.06 3.7+41.3 34.9+2.3 41.6+6.6
a . A[L]+B .. ]
Parameters for the equation k = ——~—— fit graphically.
q obs 1+C[L] grap y
bSpectrophotometric determination of Keq by Eq 18.
CSpe_ctrophotometric determination by Eq 19 yields Keq at 25.0° = 28.1+2.6.
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Figure 24. Plot for the calculation of Keq from the AD's of the kinetic runs for
the reaction C2H5Co(dmgH)2H20 and Fe(CN)g4- at 18.5°C yielding a
Keq = 23.6+3.3 M1 and e7 = 997 +45 M-lcm-1
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Figure 25. Plot for the calculation of Keq from the AD's of the kinetic runs for
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Figure 26. Plot for the calculation of K¢y from the AD's of the kinetic runs for
the reaction C2H5Co(dmgH)2H20 and Fe(CN)g*- at 35.0°C yielding Keq =
41.6+6.6 M-l and e; = 1012+5 M-lem-1
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DISCUSSION

The equilibrium between the alkylcobaloxime and the hexa-
cyanide ligands corresponds to the formation of a cyano-bridged
complex. This is evident from the calculation for the equi-
librium constant which is constructed such that there is only
one absorbing product in solution. The spectrum of this prod-
uct, Figures 5 and 6, is markedly dissimilar to the C-bonded
spectrum of the C2H5Co(dmgH)2CN'as observed in Figure 7. The
products formed are analogous to the hexacyano—cobalamin
species observed by George et al. (20).

The kinetic results for Fe(CN)63_, Co(CN)63', and
Cr(CN)63' do not in themselves distinguish between Eq 12 or
Eq 13. For these ligands the data can be rationalized by Eq 5,
a bimolecular rate expression. For the Fe(CN)64_ reaction,
where Eq 17 must be employed, a non-linear dependence of the
rate upon ligand concentration is observed. This dependence
would occur for both the limiting SNl mechanism or the outer-
sphere mechanism. For the Fe(CN)64' reaction, the limiting

SNl mechanism would be

k1

CZHSCo(dmgH)zHZO k?l C H5Co(dmgH)2 + H,0 (22)

2 2

k2
4- 4-
2HSCo(dmgH)2 + Fe(CN)6 kiz C2H5Co(dmgH)2{NCFe(CN)5} (23)

C

where the observed rate constant in the form of Eq 17 would be

(see Appendix)f
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k,k
172 4-
Kops = (24)
K 4-
with A = (klkz)/k_l, B =%k ,, and C = kz/k-1' For the other

ligands studied, M(CN)63_, Eq 25 is in the form

kik, 3-
Kobs = ko M(CN) (37T + K, (25)

‘with ke = (kjk,)/k_; and k. = k_,. The limitations on Eq 24
simplifying to Eq 25 is that kz/k_l[M(CN)63_] << 1 for the
limiting Syl mechanism. As seen in Eq 22, the first step in
the limiting SNl mechanism is not dependent of the ligand.
Therefore values of k1 for all the ligands are identical and
the values for the remaining constants can be calculated. The
values for 25.0° for the limiting SNl mechanisms are given in
Table 22. The values of kz/k_1 multiplied by typical concen-
trations of M(CN)63- give products which are greater than one
instead of being much smaller. The results are not consistent
with a limiting Syl mechanism for the M(CN)63— ligands. Al-
though it is not mandatory for all four ligands, both M(CN)63—
and M(CN)64_, to react by the same mechanism, it appears most
likely that all the ligands would react alike.

The other mechanism discussed which also fits Eq 17 and
therefore the kinetic data of Fe(CN)64— is a mechanism in

which rapid preassociation of the cobaloxime with Fe(CN)64‘
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Table 22. Treatment of the kinetic results at 25.0° as a
limiting SNl mechanism@

. k. k ] k, ]
Ligand El—g(Mnlsec_l) k_,(sec 1) Ez_(M 1) kq (sec 1)
-1 -1
Fe (CN) * 85 1.0 6.0 14.1
cO(CN)63' 896 12.3 63.5 14.1
Pe(CN)63‘ 926 11.9 65.7 14.1
Cr(CN), 3~ 1566 9.9 111 14.1
6

dTreatment of data according to Eq 24 by computer.
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occurs. The reaction scheme with Fe(CN)64' for this would be

K
0.8
4— .
C,HcCo(dmgH) ,H,0 + Fe(CN) + {C,H Co(dmgH),H,0 (26)
- Fe(CN)6}4'
4o 53 4
{CZHSCo(dmgH)ZHZO - Fe(CN)6} -i_s CZHS(dmgH)ZNCFe(CN)5 '(27)
+ HZO

in which no specific orientation of the intermediate is im-
plied. The observed rate constant for this would be (see

Appendix)

(k3+k_3)K0.S.[FeCCN)64_] + k.

k = (28)

obs 4-
1 + KO.S.[Fe(CN)6 ]

which is expressed in the form of Eq 17. For Eq 28 to simplify

k (kytk_)Ky o [M(CN) (P71 + K, (29)

obs

to the form of Eq 29 for the M(CN)63' ligands K, ¢ [L] << 1.
Since all constants for this mechanism are unique for each
ligand, oniy limits for KO.S. and k3 can be calculated for

the M(CN)és‘ ligands. Assuming that the outer-sphere associa-
tion would depend largely on charge, Ky 5. would have a similar
value for the M(CN)63_ ligands. For the restriction KO.S.[L]
<< 1 to be true, KO.S. must be less than 1.0. The fit of the
kinetic data at 25.0° for the outer-sphere mechanism using the

value KO g, © 1 for M(CN)63- is given in Table 23. This mech-



Table 23. Treatment of the kinetic results at 25.0° according to an outer-sphere
mechanism@
. -1 -1 -1 . -1.b -1y -1
Ligand  K(kgtk_ ) (M "s™)  k_4(s 0.s MDY (Kgtk ) (sTH kg(sTh
Fe (CN) ¢~ 85 1.0 6.0 14.1
CO(CN)63' 896 12.3 < 1.0 > 884
Fe (CN) 3~ 926 11.9 < 1.0 >914
Cr(CN)63' 1566 9.9 < 1.0 >1556
%For Eq 16 K, = Ky o (kg*k_5), k. = k_s.
For Eq 17 A = KO g (k3+k_3), B = k_3, and C = KO g
b

The value for KO g, Wwas computed such that at
tions used K, ¢ [L]<<1l for Co(CN)63—, Fe(CN)63', and Cr(CN)63'.

the highest ligand concentra-

gL
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anism is consistent with the kinetic results for all the
ligands studied. Results of Fe(CN)64_ data computer fit to
Eq 28 are given in Table 24.

From the results in Table 23 it is evident that the Ky 5.
value for Fe(CN)64- is larger than the M(CN)63_ ligands. This
would be indicative of a larger binding constant of the
greater negative charge. The exact nature of the outer-sphere
complex which is formed cannot be determined from kinetic data.
The various possibilities include a reorientation of the
ligand's hydration sphere or hydrogen bonding between the
cobaloxime water molecule and the nitrogen of a cyanide.

The values of k_; from Table 23 are also indicative of
the similarities between the ligands and their charge. The
M(CN)63— ligands are approximately constant and approximately
ten times larger than the Fe(CN)64'. This correlates with the
electrostatic arguments for K

0.S5.°
- The approximate constancy of the quantity (k3+k_3)K

0.S.
for the M(CN)63- reactions implies>approximately constant
values of k3 for M(CN)63'. To obtain the constancy requires

a step similar in the reactions. This step would reflect
cobalt-water bond breaking. The dissociative controlled reac-
tion rate is well known in octahedral substitution. The devi-
ation of k. for Fe(CN)64- from the other ligands does not
contradict the mechanism. It is possible that the Fe(CN)64_

would experience more association with the bound water,
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Table 24. Computer fit of the reaction CZHSCo(dmgH)ZHZO and
Fe(CN)64_ to the associative mechanism
-1 -1 -1
Temp k,(sec ) k (sec ™) KM ) (k,+k )K
3 -3 3 7-3
18.5° 4.8 + 0.4 0.07 + 0.07 25.3 + 5.1 122 + 14
25.0° 22.4 + 8.4  0.99 + 0.07 3.9 + 1.8 92 + 10
35.0° 24.6 + 2.6 3.34 + 0.06 6.3 + 1.0 176 + 10

(28).

ar. .
Fit to equation kob

S

(kg+k_)K[L] +

1 + K[L]

by computer
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possibly reflected by the KO.S.’ and thus impede the dissocia-
tion of the water.

The Fe(CN)64_ reaction has been the only alkylcobaloxime
reaction studied that has experienced deviation from Eq 29.
For this to occur, the assumption KO.S.[L] << 1 is no longer
valid. 1In this study only the ligand of greatest negative

charge had a sufficiently large value of X to exhibit

0.S.
deviation from Eq 29. If the mechanism in Eq 26-27 is opera-
tive for all the alkylcobaloxime substitutions, the systems of
lower negatively charged ligands will not deviate from Eq 29
while it is possible for the more highly charged ligand to

deviate. This assumes that K is predominantly electro-

0.S.
static and k3 is predominantly controlled by the dissociation

Of water.
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APPENDIX

For the following derivations, the symbols are defined
as:

[ 1° = initial concentration

[ ]t or [ ] = concentration at time t

[ 1°9 = equilibrium concentration

[(Co)1,p = [C,HgCO(dmgH) ,H,0] + (C,HcCo(dmgH) ,H,0-L]

I. The limiting SNl mechanism (Eqs 1 and 2)

The rate of formation of the product 1is

d[EtCo(dmgH)ZL]
i1 = k2 [L] [EtCo(dmgH)z] - k_Z(EtCo(dmgH)ZL] (1A)

Where CZHSCo(dmgH)2 is defined as a steady-state inter-

mediate
d[EtCo(dmgH)Z]SS
=0 =k [Et(Co)HZO] + kz(EtCoL]
dt 1 (2A)
- k_l[Et(Co)]22 - k_Z[Et(Co)]SS[L]
The steady-state concentration is therefore
kl[EtCoHZO] + k_Z[EtCoL]
[Et(Co)] g = (38)
k_1 + kZ[L]
Substitution of Eq 3A into Eq 1A yields Eq 4A
d[EtColL] kl[EtCoHZO] + k_Z[EtCoL]
4t = kZL k_l " kZL - k_z[EtCOL] (4A)

or
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d[EtCoL]  kyk,[L][EtCoH,0] - k_;k_,[EtCoL]
dat k_q * kp[L]

(5A)

The conservation of mass and the stoichiometry of the reaction

require that

[EtCoH,0]° + [EtCoL]® = [EtCoH,0]% + [EtCoL]® =
2 2 (6A)

[EtCoHZO]eq + [EtCoL]%4
By substituting Eq 6A into Eq 5A, the rate law becomes
- eq
d{[EtCoHZO] [EtCoHZO] }=.k1k2[L] + k_lk_2

1+ ky[L]

{[EtConO]t
dt k
(7A)

- [EtCoHZO]eq}

Integration of Eq 7A yields an equation identical in form to

equation

In{ [EtCoH,0] *- [EtCoH,0]1°Y} = 1n {[EtCoH,0]%+[EtCoH,0]%%}
(8A)

ki k,[L] + k_;k_,

( )t

k + KZ[L]

-1

When under conditions of excess [L] the observed rate constant
would be

kK, [L] + k 1k,
Kops = (9A)
k_q * k,[L]

II. The associative mechanism (Eqs 6 and 7)

The rate of formation of product 1is
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d[EtCoL] d[EtCoH_z.O]tot

— = - - = kg[EtCoH,0-L] - k_z[EtCol]  (104)

The concentration of EtCoHZO-L is known to be

K[L
[EtCoH,0-L] = _KILT [EtCoH,0] . . (11A)
1+K[L] |
t _ o _ t
and [EtCoL]® = [EtCoH,0]. . - [EtCoH,01% . (12A)

Substituting Eqs 11A and 12A into Eq 10A yields

d[EtCoH,0] k,K[L]
277tot _ (T3 0
- _ = { + k .} [EtCoH,0] - k [EtCoH,0]
(13A)
The state of equilibrium is defined as
e
k_[EtCoL] 9= k+3[EtCoH20-L]eq (14A)
Substituting Eq 11A into Eq 14A yields Eq 15A
K[L]
k_,[BtCoL]®% = k .{———}[EtCoH,0]%4 (15A)
3 3 1+K[L] 27 'tot
which is substituted into Eq 13A yielding
d[EtCoH,0] k,.K[L] o
277 tot 3 eq
- = { + k -} ([EtCoH,0] - [EtCoH,0] )
dt 1+K[L] 3 271tot 27 tot
(16A)
At equilibrium [EtCoHZO]igt is constant. Therefore
d[EtCoH,0]%4
- 27 tot _ 0 (17A)
dt

Combining Eqs 16A and 17A yields Eq 18A
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- €q
d[EtCoHZO]tot [EtCoHZO]tot) ) {(k3+k_3)KL+k_

3
- = }([EtCoH,0]
dt 1+KL 27 tot
eq (18A)
- [EtCoH,0173 )
which can be integrated to yield
- eq = -
ln{[EtCOHZO]tot [EtCoHZO]tot} 1n{[EtCoH20]‘[EtCoHZO]}
(19A)
(k.+k z)KL+k_
3 3 3)t

1+KL

Under pseudo-first order conditions with L in large excess

Eq 19A has an observed rate constant of

(k.+k ,)KL+k
3 °-3 -3
K,o= { } (204)
obs 1+KL

III. The bimolecular mechanism (Eq 5)

The rate of formation of product is

d [EtColL]

e = kg[L][CoH,0] - k_[EtCoL] (21A)

The conservation of mass and the stoichiometry of the reaction
require

[EtCoH,0]° + [EtCoL]® = [EtCoH,0]% + [EtCoL]® =
(22A)
[EtCoHZO]eq + [EtCoL]®4

At equilibrium

kf[L][EtCOHZO]eq = kr[EtCoL]eq (23A)
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Equations 22A and 23A are substituted into Eq 21A yielding

d[EtCoL]  -d[EtCoH,0] .
= = (kg[L]+k ) ([EtCoH,0] - [EtCoH,0] 4

dt dt
(24A)
Applying Eq 17a to Eq 24A and integrating yields
1n{ [EtCoH,0]- [EtCoH,0]1°% = 1n{[EtCoH,0]- [EtCoHZO]eq}
‘ (25A)

—(kf[L]+kr)t

The observed rate constant under conditions of excess [L] is

k = kf[L] + kr (26A)

obs



