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Abstract: A series of 11 substituted alkylcobaloximes (<r* = —0.19 to +1.30) has been synthesized and characterized chemi­
cally and spectrophotometrically where R = isopropyl, ethyl, methyl, 2-phenethyl, 3-cyanopropyl, 2-methoxyethyl, 1-prope-
nyl, iodomethyl, 2,2,2-trifluoroethyl, chloromethyl, and cyanomethyl. The kinetics and equilibria for axial ligation of pyri­
dine to the neutral and anionic alkylcobaloximes have been measured as well as the proton dissociation constants for both the 
alkylcobaloximes and the alkyl(pyridine)cobaloximes. There are substantial influences of substitution at the alkyl position of 
alkylcobaloximes upon processes trans to it, for example, the rates of pyridine dissociation from neutral and anionic alkyl(py-
ridine)cobaloximes and the rates of pyridine association with anionic alkyl(hydroxo)cobaloximes (p* values of —4.1, —5.6, 
and —5.4, respectively). In contrast to the above linear free energy correlations, rate and equilibrium constants for pyridine 
ligation to neutral alkylcobaloximes and proton dissociation constants for alkylcobaloximes are nonlinearly correlated with 
polar substituent constants, a*. These observations of nonlinear free-energy correlations provide one of the three lines of evi­
dence that suggest that alkylcobaloximes in aqueous solution exist as equilibrium mixtures of hexacoordinate and pentacoor-
dinate species, and that there is a progressive shift of the ratio of penta/hexacoordinate species from ~1 to « 1 with increas­
ing electron withdrawal inductive effect exerted through the alkyl substituent. The remaining two lines of evidence are: (i) 
the changes in the visible spectra of alkylcobaloximes through the series from electron-donating to electron-withdrawing sub-
stituents resemble the spectral changes of an electron-donating substituted alkylcobaloximes upon axial ligation with pyri­
dine; and (ii) the much greater temperature dependence of the visible spectra of electron-donating than of electron-with­
drawing substituted alkylcobaloximes. Based on the assumption that the aforementioned nonlinearity in the correlations is 
attributable to the communicating Kcv/ = [ R C O ( D 2 H 2 ) J Z [ R C O ( D 2 H 2 ) ( H O H ) ] equilibrium, estimates of Kcvt have been ob­
tained for the substituted alkylcobaloximes and the Kcvl values correlated with a*. Data are presented that are consistent 
with the suggestion that dissociative mechanisms are operative for the ligation reactions and the tentative conclusion that the 
anionic complexes are alkyl(hydroxo)cobaloximes, formed formally by proton dissociation from the axial rather than the 
equatorial ligand system. 

In earlier studies,4-5 we reported the kinetics and equilib­
ria for the binding of various nitrogen and sulfur ligands to 
the coenzyme Bn model compound, methylcobaloxime.6 

From these studies numerous interesting questions arose 
concerning the mechanism of axial ligand substitution, the 
relative importance of metal-to-ligand ir donation, the as­
signment of the alkaline proton dissociation site for methyl­
cobaloxime, and the possible existence of the stable penta-
coordinate species, CH3Co(D2H2), in aqueous solution. In 
an attempt to gain further insight into the answers to these 
questions, we have extended our earlier studies to include 
the binding of a single ligand, pyridine, to a series of 11 sub­
stituted alkylcobaloximes, including several which have not 
been previously reported, covering a wide range of electron­
ic inductive effect (<x* = —0.19 for isopropyl to a* = +1.30 
for cyanomethyl).7 We herein report the results of studies 
of the reaction shown in eq 1: 

*on 

alkylcobaloxime + pyr v * 
*off 

alkyl(pyridine)cobaloxime (1) 

which suggest (i) that a dissociative mechanism is operative 
in the ligation reactions, (ii) that the anionic complexes are 
alkyl(hydroxo)cobaloximes, and (iii) that neutral alkyl(a-
quo)cobaloximes are in equilibrium with some sort of pen-
tacoordinate species in aqueous solution. 

Experimental Section 

Materials. Alkyl halides were obtained in the highest purity 
commercially available and were redistilled prior to their employ­
ment as alkylating agents except for methylene chloride (Fisher 
Certified) and l,l,l-trifluoro-2-bromoethane (Columbia) which 
were used without further purification. Dimethylglyoxime, cobal-

tous chloride, sodium borohydride, sodium hydroxide, methanol, 
buffer components, and inorganic salts were obtained in the high­
est purity available commercially and used without further purifi­
cation. 

Alkyl(aquo)cobaloximes were in general synthesized by a slight 
modification of the procedure of Schrauzer8 which was followed 
through the isolation of the alkylated dimethyl sulfide complexes, 
RCo(D2H2)(CH3SCH3), but these complexes were not hydrolyzed 
by boiling aqueous suspensions due to significant pyrolysis of some 
of the derivatives at 100°. Instead, hydrolyses were effected by 
evaporation of aqueous suspensions of dimethyl sulfide complexes 
on a rotary flash evaporator in dim light. The time required for 
complete hydrolysis (generally reliably determined by smelling the 
suspension and confirmed by 1H NMR analysis) varied from 
about an hour for complexes of electron-donating alkyl groups to 
several days for complexes of extremely electron-withdrawing 
alkyl groups. 

The product of a synthesis employing a cis-trans mixture of 1-
bromo-1-propene as the alkylating agent was a mixture of cis- and 
fra«i-l-propenyl(aquo)cobaloxime based upon the 1H NMR spec­
trum, and this result is in agreement with the observations of other 
investigators on the reactions of cobaloximes (I) with cis- and 
trans-1 -halo-1 -alkenes.9 

The yields of ICH2Co(D2H2)(HOH) and ClCH2Co-
(D2H2)(HOH) were quite small utilizing the above synthesis pro­
cedure. Therefore, a modification of a procedure reported by 
Schrauzer10 was utilized for the synthesis of ClCH2Co(D2H2)-
(HOH) in dim light as follows. 

Cobaltous chloride hexahydrate (23.8 g, 0.1 mol) plus dimethyl­
glyoxime (23.2 g, 0.2 mol) were stirred in 250 ml of methanol 
under a stream of 02-free argon.11 Following an addition of 8.0 g 
(0.2 mol) of NaOH in 30 ml of deaerated water, the suspension 
was stirred for 15 min to allow the formation of the cobalt(II) di-
mers [Co11CD2H2)(HOH)] 2. Methylene chloride (20.8 ml, 0.5 
mol) and NaOH (4.0 g, 0.1 mol, in 15 ml of deaerated water) were 
added, and the reaction mixture was placed on Parr hydrogenation 
apparatus and shaken under 30 psi H2 in a stream of warm air (re-
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Table IV. Equilibrium Constants for Pyridine Ligation with and Proton Dissociation from Alkylcobaloximes in Aqueous Solution, 25.0°, 
Ionic Strength 1.0 M 

K k Kf,M-'b Kf, AT11 Kf,M~'d pK' 
C2 P^'c-L K'f, AT' 

Isopropyl 

Ethyl 

Methyl 

Phenethyl 

3-Cyanopropyl 

2-Methoxyethyl 

1-Propenyl 
Iodomethyl 

2,2,2-Trifluoro-
ethyl 

Chloromethyl 

Cyanomethyl 

-0 .19 

-0 .10 

0 

+0.08 

+0.17/ 

+0.19S 

+0.36 
+0.85 

+0.92 

+ 1.05 

+ 1.30 

484 ± 
506 ± 
885 ± 
2040 ± 
2320 + 
1360 ± 
1170 ± 
1270 ± 
1420 ± 
1450 ± 
1650 ± 
2600 ± 
2960 ± 
2250 ± 
26^0 ± 
2380 ± 
4530 ± 

18 
22 
35 
191^ 
93 
160 
63 
69 
65 
71 
84 
198 
145 
247 
230 
73 
220 

450 ± 32 

685 ± 23 
2100± 83 

1380± 61 

1120± 46 

1380± 82 

1440 ±47 
2680± 105 

2850 ± 253 

1850±70 

5640 ± 95 

480 ±14 

785 ± 21 
2150 ± 76 

1370 ±86 

1190 + 35 

1420 ± 42 

1550 + 48 
2640 ± 112 

2690+ 127 

2290 ± 84 

5090+ 120 

13.28 ±0.02 

12.97 ± 0.02 
12.68 ± 0.02 

12.78 ± 0.02 

12.22 ± 0.04 

12.19 ± 0.02 

12.02 ± 0 . 0 1 ' 
11.72 ±0.12 

10.96 ± 0.01' 

11.95 ±0.02 

10.56 + 0.01/ 

13.93 ± 0.18 

13.88 ± 0.14 
13.61 ± 0.09 

13.56 ± 0.14 

13.37 + 0.09 

13.39 + 0.08 

12.30 + 0.01 

11.77 + 0.01 

106 ± 45 

96.8 ± 30.4 
252 ± 53 

227 ±73 

82.9 + 19.0 

66.5 ± 13.2 

122 ± 7 

311 ± 14 

3.9 

3.0 
2.2 

1.7 

1.3 

1.2 

0.74 
0.17 

0.14 

0.09 

0.04 
a See ref. 7. bSpectrophotometric determinations. eCalculated as Kf = fe0n/*off- d Average values from b and c. e Calculated as K'f = 

K'c_LKf/K'cr /Calculated from a*(3-cyanopropyl) = a*(cyanomethyl)/(2.76)2. ^Calculated from o*(2-methoxyethyl) = a*(methoxy-
methyl)/2.76. ''Reference 5. 'Average of two spectrophotometric determinations./pA"C3 = 14.16 ± 0.04. ^Calculated from log Kcw = 

Scheme I 

r RCo(D2H2) 

+ 

IRCo(D2H2) (HOH) 

K f — kon/k0i! 

AonLpyr 
^ RCo(D2H2) (pyr) 

*"- ±H + 
K',. ±H+ 

K f — k 0„/k off 

RCo(D2H2) ( O H F 

or 

RCo(D2H) (HOH) 

*'on[pyr] 

k'„n 

- RCo(D2H) (pyr)" 

K\.„ +H + 

RCo(D2H) (OH)2" 

action mixture temperature ca. 40°). After 4 hours the calculated 
amount of H2 had been taken up. The reaction mixture was fil­
tered, flash evaporated to ca. 100 ml, diluted with 200 ml of water, 
and placed in the cold overnight for crystallization. The product 
was recrystallized from warm methanol-water and dried in air. 

Pyridine was obtained in the highest purity commercially avail­
able, refluxed over solid KOH for several hours, redistilled month­
ly,12 and stored in dark bottles over molecular sieve (Linde type 
4A). Deionized water of greater than 5 X 105 J) cm specific resis­
tance was used throughout, and ionic strength was maintained 
with KCl at 1.0Af. 

Methods. Measurements of pH and uv and visible spectra were 
obtained as described previously.4 

Alkylcobaloximes were characterized by electronic absorption 
spectra, photolability monitored spectrophotometrically,4 N M R 
spectra,13 and elemental analysis (Table I) .1 4 The purity of the 
products was further confirmed by the migration of the compounds 
as single spots in both methanol and acetone on Silica Gel F-254 
thin layer chromatography plates (Table I). 

Apparent equilibrium constants (K[) (Scheme I) for the forma­
tion of RCo(D2H2)(pyr) from alkylcobaloxime and pyridine (pyr) 
(eq2) 

Ki= [alkyl(pyridine)cobaloxime]/[alkylcobaloxime] [pyr] free (2) 

were determined spectrophotometrically as described previous­

ly,5 1 5 generally at pH 8.4, in 0.1 M borate. Additional values of K; 
for all complexes were calculated from the values of the apparent 
rate constants for pyridine association (kon) and dissociation (fc0ff) 
measured independently (see below) and the relation Kf = Ic0n/ 
^off-

Values for the proton dissociation constants (K'C1) (Scheme I) 
for the series of alkylcobaloximes and for the proton dissociation 
constant for monoanionic cyanomethylcobaloxime (K'C}) were also 
determined spectrophotometrically.41516 

The proton dissociation constants (AT'C_L) for the alkyl(pyridi-
ne)cobaloximes (as well as the ligand dissociation rate constants 
feoff and fe'off for the neutral and anionic pyridine complexes, re­
spectively) were determined by the pH dependence of the ligand 
dissociation rates in alkali (see method IV ref 5) for the complexes 
isopropyl, ethyl, phenethyl, and 3-cyanopropyl (using a Gilford 
2000 recording spectrophotometer and a dilution stopped-flow 
mixing device, when necessary). For the 2,2,2-trifluoroethyl- and 
cyanomethyl(pyridine)cobaloximes, alkaline decomposition17 of 
the alkylcobaloximes at rates comparable to the pyridine dissocia­
tion rates prevented the use of this technique. However, the slow li­
gand dissociation rates permitted the direct spectrophotometric ti­
tration of these pyridine complexes, which were generated in situ 
in solutions containing alkylcobaloxime and sufficient pyridine to 
maintain the complexes >99% as the pyridine complexes (as calcu­
lated from the measured values of Kt, Table IV). Measurements of 
the absorbance of aliquots of such solutions at various alkaline pH 
values could always be made rapidly enough so that ligand disso­
ciation was negligible. The constant, A"'C-L. could not be evaluated 
by either method for ClCH2Co(D2H2)(pyr) and ICH2Co-
(D2H2)(pyr) due to the rapid rates of alkaline decomposition of 
the corresponding aquo complexes (see below and ref 17) and the 
rapid ligand dissociation rates from the pyridine complexes. 

Apparent equilibrium constants K'f for the binding of pyridine 
to the anions of the alkylcobaloximes were calculated from the 
relation K'f = K'c.]_Kf/K'cl based on the cyclic nature of the equi­
libria (Scheme I). 

Kinetic runs were performed as before4 under pseudo-first-order 
conditions with [pyr] at least tenfold greater than the [alkylco­
baloxime]. The pH was maintained with 0.1 M phosphate, borate, 
acetate, and formate buffers, or KOH. No significant buffer catal­
ysis of these ligation reactions has been detected.4 Rapid kinetic 
measurements were made on a stopped-flow apparatus with either 
a 1:1 or a 40:1 dilution mixer on a Gilford 2000 recording spectro­
photometer with thermostated cell compartments maintained at 
25.0 ± 0.1°. Suitable wavelengths for reaction progress measure­
ments and observed first-order rate constants (fe0bsd) were deter­
mined as described previously.45 '18 The kinetics of ligation were 
studied at pH values at least 2 units below the pK'C2 value for pro­
ton dissociation from alkylcobaloxime and at least 2 units above 
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Figure 1. Visible spectra of alkylcobaloximes and RCo(D2H2)(pyr), pH 6.5. (A) Spectra of ethyicobaloxime (—), cyanopropylcobaloxime (—), 
and trifluoroethylcobaloxime (•••). (B) spectra of ethyicobaloxime with various concentrations of added pyridine: [pyr] = 0 (—); [pyr] = 6.5 X 10-4 

M ( ); [pyr] = 4.5 X 1O-3 M (•••); [pyr] = 0.02 M ( ). (C) Difference spectra for alkylcobaloxime-alkyl(pyridine)cobaloxime: ethyl- (—), 
3-cyanopropyl- ( ), 2,2,2-trifluoroethyl- (•••). (D) Difference spectra for ethyicobaloxime + [pyr]^-ethyl(pyridine)cobaloxime; pyridine concen­
tration (pyr) as in part B. 

the pAT'a value of 5.514 for the pyridinium ion (i.e., pH 8.4). Ap­
parent second-order rate constants (kon) for ligation were obtained 
from the slopes of graphs of A:0bsd vs. [pyr] determined by the least-
squares method (eq 3) 

&obsd = ion [pyr] + fcoff (3) 

and for the isopropyl derivative, the fc0ff value was reliably deter­
mined from the ordinate intercept. The plots of fc0bsd vs. [pyr] were 
linear with standard deviations of <3.6% of the slope.19 The values 
for the ligand dissociation rate constants for neutral and anionic 
pyridine complexes, £Qff and &'0rc respectively, were more general­
ly obtained from the pH dependence of ligand dissociation rates in 
alkali (see above). For the pyridine complexes of the 2,2,2-trifluo­
roethyl, cyanomethyl, chloromethyl, and iodomethyl derivatives, 
values of k0ft were determined by diluting stock solutions of pre­
formed RCo(D2H2)(pyr) in methanol into aqueous solutions buff­
ered at pH values between 3.5 and 5.5 (with concentrations and 
pH values arranged so that the ligand dissociation reactions pro­
ceeded >90% to completion following dilution) and measuring the 
time dependent absorbance changes at suitable uv wavelengths de­
termined as described previously.5 The value of kan determined by 
the dilution method for the isopropyl derivatives was in satisfacto­
ry agreement with that determined from eq 3 (see above). 

Values of k'on, the ligation rate constant for binding of pyridine 
to anionic alkylcobaloximes, were calculated from the relation k'on 

= k'orrK'r.5 

Relaxation measurements employed an electrical discharge tem­
perature jump perturbation instrument type SPA 7, Messanlagen 
Studien Gesellschaft mbH, Gottingen, Germany (from 5.5 to 9.1° 
and 15 to 20°). The isopropyl- and ethylcobaloximes (6-7 X 1O-4 

M) were each studied at pH 6.5 in 0.1 M potassium phosphate, 
ionic strength 0.1 M at two wavelengths, 460 and 510 nm for the 
former compound and 450 and 485 nm for the latter compound on 
1-5 mV/division scales. 

Results 

Spectral Data. The electronic spectra of the alkylco­
baloximes for electron-donating alkyl groups are character­
ized by two visible bands of nearly equal molar absorptivity 

at ca. 440-462 and ca. 384-390 nm (Figure IA, solid line) 
as well as two or more shoulders in the uv region and a low 
wavelength uv peak (not depicted). The progression to the 
more electron-withdrawing alkyl groups is generally associ­
ated with decreases in molar absorptivity values for both 
visible absorbance bands and, less consistently, shifts of 
both visible bands to shorter wavelengths (Figure IA, 
dashed and dotted lines). The wave lengths and molar ab­
sorptivity values of the visible bands of the alkylcobalox­
imes and alkyl(pyridine)cobaloximes and the main uv band 
of the alkylcobaloximes in aqueous solution are given in Ta­
bles II and III.14 

Equilibria. The equilibrium constants for the binding of 
pyridine to the neutral and anionic alkylcobaloximes as well 
as the equilibrium constants for the proton dissociations 
from the alkylcobaloximes and the alkyl(pyridine)cobalox-
imes are compiled in Table IV. The pK'c.i_ value for CH3O-
CH2CH2Co(D2H2)(pyr) could not be measured since the 
rate of ligand dissociation from this complex showed no sig­
nificant pH dependence. For the mixture of cis- and trans-
1-propenylcobaloxime (see above), spectral evidence 
suggests the existence of two distinct proton dissociation 
constants (at about 11.7 and 12.2), but there is no evidence 
of multiple binding constants for the formation of the pyri­
dine complexes. Titration data of sufficient accuracy to sep­
arate these two very closely overlapping proton dissociation 
constants could not be obtained. 

Kinetics. The pyridine association and dissociation rate 
constants for both the neutral (kon and k0n) and anionic 
{k'on and k'0ff) alkylcobaloximes are contained in Table V. 

In the measurements of k0n (see Experimental Section), 
the plots of iobsd vs. [pyr] showed no significant deviations 
from linearity at increasing pyridine concentration (i.e., 
there was no evidence of saturation kinetics) up to a total 
pyridine concentration of 0.1 M (see Experimental Section) 
for any of the alkylcobaloximes. 
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Table V. Rate Constants for Pyridine Association and Dissociation with Aikylcobaloximes in Aqueous Solution, 25.0° 
Ionic Strength 1.0Af 

R 

Isopropyl 
Ethyl 
Methyl 
Phenethyl 
3-Cyanopropyl 
2-Methoxyethyl 
1-Propenyl 
Iodomethyl 
2,2,2-Trifluoro-

ethyl 
Chloromethyl 
Cyanomethvl 

a*a 

-0.19 
-0 .10 

0 
+0.08 
+0.17« 
+0.19« 
+0.36 
+0.85 
+0.92 

+ 1.05 
+ 1.30 

kon, M-1 sec-1 

1.49 ± 0.04 X 104 

1.17 ± 0.02 X 103 

1.16 ±0.03 X 102 

1.22 ± 0.04 X 103 

1.64 ± 0.01 X 102 

1.65 ± 0.02 X 102 

2.34 ± 0.02 X 10' 
4.20 + 0.04 
4.56 ± 0.07 X 10"' 

1.06 ± 0.02 X 101 

5.59 ± 0.08 X 10~2 

fcoff, sec ' 

3.31 ±0.22 X 1 0 , c 

1.71 ±0.05 
5.52 ± 0.15 X 10" 2 d 

8.83 ± 0.22 X 10_1 

1.47 ± 0.06 X 10"1 

1.20 ± 0.07 X 10"' 
1.62 ± 0.05 X 10"2 

1.57 + 0.06 X 10"3 

1.60 = 0.14 X 10 - 4 

5.73 ± 0.20 X 10 - 3 

9.92 ±0.09 X 10"6 

k'off, sec ' 

1.14 ± 0.16 X 102 

4.93 ± 0.51 
1.63 ±0.10 X 10"1^ 
1.76 ± 0.11 
4.11 ± 0.20 X 10"' 

4.88 ± 0.24 X 10"2 

k'on,M~' sec-'b 

1.21 ± 0.54 X 104 

4.77 ± 1.60X 102 

4.11 ± 0.90X 10' 
4.00 ± 1.31 x 102 

3.41 ± 0.80X 10' 

3.25 i 0.66 

aSee ref 7. bCalculated from k'on = k'0ffK'f. c Average of two values (see Experimental Section). dReference 5. eSee Table IV, footnotes 
/ a n d g. 

The traces of absorbance vs. time for both ligand associa­
tion and dissociation reactions for the 1-propenyl complex 
were distinctly biphasic, suggesting different rate constants 
for the cis and trans configurations. No attempt was made 
to analyze the rapid phases of these traces, and the values 
for rate constants for this complex represent data from the 
slower phases only. 

No relaxation spectra were obtained for the isopropyl-
and ethylcobaloximes that were distinct from the dead time 
of the instrument (~5 /usee) at 9 or 20°. 

The values for the thermodynamic and kinetic parame­
ters for the anionic complexes are significantly less well de­
termined (see Tables IV and V) than those for the neutral 
complexes for the reasons previously stated (see ref 5, ref 
21). 

Discussion 

Deviant Complexes. The data for the methyl-, chloro­
methyl-, and iodomethylcobaloximes deviate from the data 
of the other substituted aikylcobaloximes on the free-energy 
correlations to be discussed below. This situation is similar 
to that of substituted methylcobalamins which deviate from 
correlations involving other substituted alkylcobalamins.21 

Whether the basis of these deviations is steric13,22~36'38a or 
otherwise is unclear at present, and these complexes will be 
omitted from further discussion. Such steric effects have 
been assumed to cause a displacement of the cobalt atom 
from the equatorial ligand plane,24,37 a configuration which 
is also associated with the formation of stable pentacoordi­
nate alkylcobalt complexes.24,32'3Sb 

A steric effect may be present for the c/s-l-alkenylco-
baloximes and the findings of biphasic kinetic data for li­
gand association and dissociation with the cis-trans mixture 
of 1-propenylcobaloximes is in accord with the presence of 
hindered and unhindered complexes. Consequently, the 
more rapid phase in both cases was assigned to the hindered 
cis configuration (not analyzed), and the slower phases 
were assigned to the trans configuration for inclusion in 
Table V. 

Evidence for Pentacoordinate Aikylcobaloximes. We have 
previously discussed the possibility of the existence of stable 
pentacoordinate complexes among the aikylcobaloximes.4'5 

There is considerable evidence in the recent literature that 
this is the case for the alkylcobaltcorrins38b~41 and an ever 
increasing body of evidence for pentacoordinate alkylcobalt 
complexes among several Bi 2 model chelate sys­
tems. 32a.37,42-44 

Other authors have also suggested the possible existence 
of pentacoordinate species for the aikylcobaloximes45,46 de­
spite the conclusion by Calligaris et al.35 that the bis(di-
methylglyoximato) equatorial ligand sytem cannot stabilize 
carbon-cobalt bonds in the absence of a sixth axial ligand. 

Dehydrated complexes have been formed from alkyl(aquo)-
cobaloximes by azeotropic distillation of benzene suspen­
sions or by heating in vacuo at 80-100° 27,47 and appear to 
be dimers in both nonaqueous solvents and in the solid 
state.27,48,49 However, dimers are unlikely to occur in coor­
dinating solvents, and this unlikeliness is supported by our 
observations that, for the alkylcobaloxime series studied, 
the visible spectra and measured Âf values are independent 
of the concentration of aikylcobaloximes over the ranges of 
5.0 X 1O-6 to 1.0 X 10-2 and 5.0 X 10~5 to 1.5 X 10~3 M, 
respectively.50 

In coordinating solvents "pentacoordinate" species are 
unlikely to be truly pentacoordinate since the cobalt atom 
will be solvated by one or more solvent molecules at the 
open axial ligand position. Hence such species are perhaps 
better described as outer sphere complexes involving penta­
coordinate alkylcobalt complexes and solvent. Nevertheless, 
whatever their exact form, it is only necessary for such 
species to be thermodynamically distinct from the conven­
tional hexacoordinate species (i.e., separated by a potential 
energy barrier) to be theoretically detectable. For conve­
nience these species will continue to be referred to as penta­
coordinate. To the extent that these systems involve some­
thing resembling two isomeric species rapidly interconvert-
ing, it has proved extremely difficult prior to these studies 
to detect and measure this equilibrium. Nonetheless, three 
lines of evidence from this work lend support for the occur­
rence of some kind of thermodynamically distinct penta­
coordinate species of alkylcobaloxime in aqueous solution. 

(1) Spectral Characteristics of the Alkylcobaloxime Se­
ries. The changes in the visible spectra of the aikylcobalox­
imes on proceeding through the series from electron-donat­
ing to electron-withdrawing alkyl groups (Figure IA) are 
similar to the spectral changes observed upon addition of 
varying amounts of pyridine to an electron-donating alkyl­
cobaloxime (Figure IB for ethylcobaloxime plus pyridine). 

Since virtually identical visible spectral changes are seen 
when various nitrogen and sulfur ligands are added to 
methylcobaloxime,4,5 it appears that the various axial Ii-
ganded aikylcobaloximes exhibit similar spectra for a given 
alkylcobaloxime regardless of the nature of the liganding 
atom. The progressively more minor changes in the differ­
ence spectra (Figure IC) between reactant alkylcobaloxime 
and product, RCo(D2H2)(pyr), in aqueous solution, with 
increasingly electron-withdrawing alkyl substituent, may 
then reflect differences in the state of ligation of the reac­
tant alkylcobaloxime by solvent. Such a situation would ob­
tain if electron-donating substituted aikylcobaloximes were 
largely unliganded (pentacoordinate) and electron-with­
drawing substituted aikylcobaloximes were largely liganded 
(hexacoordinate) by solvent in aqueous solution, in which 
case the greatest net change in axial ligation in forming the 
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RCo(D2H2)(HOH) = F = ^ RCo(D2H2) 

tfcw = [RCo(D2H2)] / [RCo(D2H2)(HOH)] = ki/k. 

(4) 

-5.9 
-25 2 

-57.9 

NHC(CH,), 

350 400 450 500 

WAVELENGTH (nm) 

Figure 2. Temperature dependence of the visible spectra of representa­
tive alkylcobaloximes, pH 6.5: (A) isopropylcobaloxime, 5.9° (—), 
25.2° (---) , 57.9° (•••); (B) cyanopropylcobaloxime, 5.8° (—), 25.5° 
(- - -), 58.5° (•••); (C) trifluoroethylcobaloxime, 6.0° (—), 25.2° (- - -), 
5 7 . 4 ° (•••). 

pyridine complex would occur with the electron-donating 
substituted alkylcobaloximes (e.g., ethylcobaloxime in Fig­
ure IC). 

This point is illustrated for ethylcobaloxime by the pro­
gression to more minor spectral changes in the difference 
spectra between solutions of ethylcobaloxime of increasing 
extents of pyridine ligation and totally pyridine liganded 
ethylcobaloxime (Figure ID). The minor noncorresponden-
ces between these two sets of difference spectra (Figures IC 
and ID) may be ascribed to minor and incompletely can­
celled dissimilarities in the electron inductive effects of the 
alkyl groups on the alkylcobaloxime spectra and the spec­
trum of its pyridine complex. These data suggest that there 
is a progressive shift of a ligation equilibrium (with solvent, 
eq 4) through the series of increasingly electron-withdraw­
ing substituted alkylcobaloximes in aqueous solution that is 
similar to the progressive shift of the ligation equilibrium to 
form the pyridine complex caused by the addition of in­
creasing concentrations of pyridine to ethylcobaloxime. 

Schrauzer and coworkers38" have assigned the lower energy 
visible electronic absorption band of the alkylcobaloximes 
to an electronic transition between the highest bonding and 
lowest antibonding axial bond molecular orbitals, and thus 
the spectral changes shown in Figure IA and the decrease 
in Kcvl values with increasing electron withdrawal effect are 
consistent with shifts in an axial ligation equilibrium (eq 4). 

(2) Temperature Dependence of the Spectra for the Alkyl­
cobaloxime Series. The temperature dependence of the 
spectra of three representative alkylcobaloximes, isopropyl 
(<r* = -0 .19) , 3-cyanopropyl (a* = +0.17), and 2,2,2-tri-
fluoroethyl (a* = +0.92), in aqueous solution over the tem­
perature range from ~ 6 to ~58° shows some degree of 
band sharpening on cooling but, in addition, shows clear 
isosbestic points as well as a shift of the lowest energy band 
to longer wavelengths on warming (Figure 2). These latter 
two effects appear to be clearly indicative of a temperature 
dependent shift of a chemical equilibrium rather than sim­
ple temperature effects on electronic transitions. Further­
more, the magnitude of the temperature dependent spectral 
changes over the given temperature range can be seen to de­
crease markedly with increasing electron withdrawal by the 
alkyl group as would be expected if, in this temperature 
range, the most electron-withdrawing substituted com­
pounds are predominantly hexacoordinate. These effects 
are extremely similar to those described by Hill and co­
workers40'41 for the temperature dependence of the spectra 
of alkylcobinamides and have been assigned by these work­
ers to temperature dependent shifts of the hexacoordinate-
pentacoordinate equilibrium, with pentacoordinate species 
being relatively more stable at the higher temperature. 

Attempts to measure the rate of equilibration of the 
penta- and hexacoordinate species at 20 and 9° for several 
of the alkylcobaloximes by means of temperature-jump re­
laxation spectrophotometry at several wavelengths were un­
successful presumably due to the fact that the rate of equili­
bration exceeded the instrument dead time (~5 ^sec). This 
allows a lower limit to be placed on the rate of equilibra­
tion, k = k\ + k-\ of approximately 2 X 105 sec - 1 . 

(3) Nonlinear Free Energy Relationships. The equilibria 
involving the ligation of RCo(D 2 H 2 ) (OH - ) by pyridine or 
the proton dissociations from RCo(D2H2)(pyr), K'[ and 
K'Q.L (Scheme I), and the kinetics of pyridine association 
with and dissociation from anionic complexes, k'on and k'0ir 
(Scheme I), as well as pyridine dissociation from 
RCo(D2H2)(pyr), k0(f, are all expected to be independent 
of whether neutral alkylcobaloximes actually exist as hexa­
coordinate and/or pentacoordinate species in aqueous solu­
tion since the latter species are not involved per se in these 
reactions. 

The p*-<T* correlations for the polar influences upon 
these equilibria, K'c.i_ and K'f, are depicted in Figure 3 and 
the correlations appear to be linear with p* values of —1.46 
± 0.08 and +0.14 ± 0.17, respectively. The p*-<x* correla­
tions for k'on and k'0f( but especially for the more extensive 
data covering a greater range of a* values for /c0ff are also 
linear with p* values of -5 .90 ± 1.03, -5 .57 ± 0.83, and 
-4 .13 ± 0.28, respectively (Figure 4). 

In contrast, equilibria and kinetics that involve neutral 
alkylcobaloximes per se in aqueous solution are expected to 
be sensitive to the existence of a significant fraction of reac-
tant as the pentacoordinate complex and to changes in this 
fraction through the series as polar substituent effects vary. 
Thus, a variation in Kcvl values from <1 to >1 through the 
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Figure 3. Dependence of log K'; ( • ) and pA"'c-L (•) for the binding of 
pyridine to anionic alkylcobaloxime and for the alkaline proton disso­
ciation from RCo(D2H2)(PyO, respectively, upon polar substituent 
constant, a*. Solid lines are calculated from the following equations 
and parameters obtained by least-squares methods contained in Table 
VI: log K'{ = p*a* + log K'°s and p£'c .L = p*<r* + pAf'Vi.. The error 
bars represent ±1 standard deviation if depicted or fall within the sym­
bols. 

Table VI. Linear Free Energy Correlations with Polar 
Substituent Constants (a*) for the Equilibria and Kinetics of 
Pyridine Ligation to Neutral and Anionic Alkylcobaloximes" 

Reaction* 

^ L 
•^OH 
-^c-L 
K'f 
*2 
*off 
y 

*'off 
^ C W 

Slope 
P* 

+ 1.4 
-2 .7 
-1 .46 ± 0.08 
+0.14 ± 0.17 
-2 .8 
-4 .13 ± 0.28 
-5 .90 ± 1.03 
-5 .57 ± 0.83 
-1.30 

Intercept 

Value 

3.2 
12.6 
13.69 ±0.05 

2.1 ±0.1 
3.2 
0.08 ± 0.16 
2.66 ± 0.21 
0.62 ± 0.17 
0.34 

Term 

LogAT°L 

P^0OH + VKW 

L o g r c _ L 
L o g r ° f 
Logfc°2 

Log ^0
 0ff 

Log *'°on 
Log Ar'°off 
Log A"°cw 

a 25°, ionic strength 1.0 Af. *The reaction constants are defined 
by Scheme I and eq 5, 6, and 9. 

series is expected to be manifest in nonlinear p*-<r* correla­
tions. For example, under circumstances in which a signifi­
cant fraction of the total alkylcobaloxime exists as a hexa-
coordinate species, the apparent binding constant for pyri­
dine ligation to alkylcobaloxime, ATf, is given by eq 5 and in­
volves the equilibrium constants for the two separate reac­
tions, first, loss of water from the axial position to form the 
pentacoordinate species (KCVi) and second, pyridine coordi­
nation to the axial position of the pentacoordinate species 
(*L) 

RCo(D2H2)(HOH) ^ = * RCo(D2H2) ^ 
*h 
* : | L 1 

RCo(D2H2)(L) 
ATf = [RCo(D2H2)(L)]/([RCo(D2H2)(HOH)] + 

[RCo(D2H2)]) [L] = ATLIWCATCW + 1H 

where KL = [RCo(D2H2)(L)]/[RCo(D2H2)][L] = 

(5a) 

(5b) 

Figure 4. Dependence of log k0„ (O), log k'0„ ( • ) , log k0n ( • ) , and log 
/c'0rr (A) for rates of ligand association to neutral and anionic alkylco­
baloxime and rates of ligand dissociation from RCo(D2H2)(pyr) and 
RCo(D2H)(pyr)~, respectively. The lower three solid lines are calcu­
lated from the following equations and the parameters contained in 
Table VI: log k0u = p*a* + log *0

ofr, log k'on = p*a* + log k'°0„, log 
k\,fi = p*o* + log k'0of(. The dashed line is calculated from the fol­
lowing equation and parameters contained in Table VI without consid­
eration of the hexa- and pentacoordinate equilibrium described by #cw: 
log kon = p*k2a* + log k°2- The uppermost solid line is calculated 
from the following equation which includes the hexacoordinate-penta-
coordinate equilibrium described by K^ and the parameters contained 
in Table VI, log k0„ = p*t,2<r* + log k°2 — y, where y = log [1 + 
10-(/'**«*"*+l"g*'°c»)]. The standard deviations for the individual points 
fall within the symbols unless otherwise depicted. 

k-2- For extremely electron-withdrawing alkyl groups 
where Kcw « 1, ATf = AfcwATL and for extremely electron-
donating alkyl groups where ATCW » 1, ATf = Ki_. The com­
plete equation describing the dependence of log ATf upon <r* 
is eq 6 

log ATf = p*KLe* + log AT0L - y (6) 

derived from the expression for ATf given above (eq 5b) and 
the relations log ATL = P*K\_a* + log AT°L, log Afcw = p*K 

cw<r* + log Af0CW, and y = log [1 + W-te'K^+W™)}. 
Equation 6 describes a curved line with assymptotes, eq 7 
and 8 

log ATf - (p*KL + P*KJT* + log AT0L + log Ar°cw (7) 

log ATf = PVL<r* + log AT0L (8) 

for extremely electron-withdrawing and extremely electron-
donating alkyl groups, respectively. Similar derivations 
yield eq 9b-d for the other p*-a* correlations based upon 
the following relations K'C1 = KouK^K^/iK^ + l)j, 
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Figure 5. Dependence of log Kf ( • ) , log (Kf]K';) ( • ) , and pK'C2 (O) 
for the binding of pyridine to neutral (Kf) and anionic (A '̂f) alkylco-
baloxime and for the proton dissociation from alkylcobaloxime upon 
polar substituent constant, a*. The dashed lines are calculated from 
the following equations and the parameters contained in Table VI 
without consideration of the hexa- and pentacoordinate equilibrium de­
scribed by /Ccw: log (Kf/K'f) = p*a* + log (K°L/K'°f), log K; = 
p*Klo* + log /C0L, ptf'cj = P*KOHC* + pK°OH + pK„. The solid lines 
are calculated from the following equations which include the hexa-
coordinate-pentacoordinate equilibrium described bv Kc*: log (Kf/ 
K'f) = p*a* + log (K°L/K'°f) - 7, log K1 = P*KL<T* + log K0L - 7, 
p/Cc, = p*KOKa* + pA °̂oH + pKv, + 7-7 values are obtained as de­
scribed in legend to Figure 4. The p* value for the log (Kf/K'f) correla­
tion is p*Ki. — P*K'; - +1.26. The error bars represent ±1 standard de­
viation. 

* O H = [RCo(D2H2)(OH-)]/[RCo(D2H2)][OH-], Kw = 
10-14 (eq 9a), and kon = k2{Kcv//(Kcvi + 1)| (eq 5a). 

R C o ( D 2 H 2 ) ( H O H ) ^ : 

m-
RCo(D2H2)

 : ?= ± RCo(D2H2)(OH-) (9a) 

pK'C2 = P*KO»°* + P^0OH + y + pKw (9b) 

log (Kf/K'd = (P*KL - P*K>f)e* + (log K° L/K"{) - y 
(9c) 

log kon = p*k2a* +log k°2-y (9d) 

The nonlinear p*-a* correlations for the equilibria de­
scribed by Kt and K02 (Scheme I) are depicted in Figure 5, 
and the nonlinearity is more dramatically shown in the 
p*-<r* correlation for log Kf/K'[ (in which nonpolar substit­
uent effects tend to be cancelled out). The nonlinearity 
clearly falls beyond the experimental error limits represent­
ed by the bars (±1 sd) in Figure 5 and contrasts sharply 
with the linear correlations contained in Figure 3. The sit­
uation is similar for the kinetic data and, while the kinetic 
data for ligation of pyridine to alkylcobaloximes, kon, are 
less satisfactory than the equilibrium data for demonstrat­
ing this effect, the p*-<r* correlation for kon appears to be 
nonlinear and as such is consistent with the suggestion that 
pentacoordinate species are present and must be taken into 
account. If these nonlinearities as exemplified by com­
pounds with (T* values <0.3 compared with those with a* 
values > 0.3 in Figures 4 and 5 are attributable to the 
changing values of the Â w equilibrium, as formulated in eq 
5, 6, and 9, the estimates of the appropriate limiting slopes 
and intercepts contained in Table VI result. It must, how­
ever, be stressed that these values are crude estimates and 
have been used only to demonstrate that the calculated cor­
relations in Figures 4 and 5 (solid lines), based on these es­
timates and eq 5, 6, and 9, adequately describe the non-lin­
ear behavior of the data. Further experiments at other tem­
peratures, which may be expected to alter A"cw, are in prog­
ress. 

Assignment of the Site of Alkaline Proton Dissociation 
from Alkylcobaloximes. While it is clear that the alkyl(pyri-
dine)cobaloximes must dissociate a proton from the equato­
rial ligand system (eq 10) 

RCo(D2H2)(pyr) ^ RCo(D2H)(pyr)- + H+ (10) 

the alkyl(aquo)cobaloximes may form anionic conjugate 
bases either in this fashion or by axial ligation of hydroxide 
ion (eq 9). 

Proton dissociations for complexes of the type XCo-
(D2H2)(HOH) (where X is not an alkyl group) have been 
assigned on the basis of expected spectral changes in the 
visible region for axial water proton dissociation and 
changes in uv absorption (shift of peaks from about 245-
250 to 260 nm, due to a •K —• ir* transition in the equatorial 
dimethylglyoxime ligands) for equatorial ligand proton dis­
sociation.5'~53 We have observed that the formation of the 
monoanionic alkylcobaloximes is accompanied by spectral 
changes mainly in the visible region, which are not unlike 
the spectral changes observed on binding an axial ligand to 
alkylcobaloxime, while the trifluoroethyl- and cyanometh-
ylcobaloximes show a second proton dissociation, pA ĉ3, as­
sociated with large uv spectral changes on going from the 
mono- to the dianionic forms (i.e., a shift of the uv band to 
longer wavelengths and a large increase in molar absorptivi­
ty at 260-270 nm) with little or no further change in the 
visible region. Similarly, the spectral change on proton dis­
sociation from the pyridine complexes, RCo(D2H2)(pyr), 
which can only undergo equatorial proton dissociation, 
while not insignificant in the visible region, is much larger 
in the uv range, again being characterized by a shift of the 
uv peak to longer wavelengths and a large increase in molar 
absorptivity in the 270-280 nm region. Thus, these spectral 
observations allow a tentative assignment of the monoan­
ionic alkylcobaloximes as RCo(D2H2)(OH-) and as such is 
consistent with the small apparent dependence of K'f upon 

Journal of the American Chemical Society / 97:25 / December 10, 1975 



7345 

a* value (Figure 3) due to the competition between O H -

and pyridine for RCo(D2H2). 
Mechanism of Ligand Substitution. Neutral Complexes. 

In view of the evidence presented above for the existence of 
pentacoordinate alkylcobaloximes and the recent ligation 
kinetic studies of others both on alkyl cobalt complexes with 
other equatorial ligand systems43 and on cobaloxime(III) 
complexes,23-54-55 an S N I mechanism (eq 5a) appears to be 
operative. Recent observations of Tauzher et al.56 leading to 
the conclusion that R [Co(DOH) (DO) (pn)] H O H + under­
goes ligand substitution by aromatic incoming ligands via 
an Id type mechanism do not seem to be relevant to the 
present system since we find no saturation of ligand substi­
tution rate constant with increasing [pyr] such as is seen by 
the above authors. Since an S N I mechanism only has 
meaning if the alkylcobaloxime exists substantially as 
RCo(D2H2)(HOH) (i.e., Kcv/ = * i / / t - i < O, for such 
compounds k\ < k-\ (eq 5a). In view of the temperature-
jump experiments which show k\ + k-\ > 2 X 105 sec - 1 , 
then Jt-i > 105 sec - 1 and any values of k2 < 2 X 104 M - 1 

sec - 1 would be consistent with failure to observe saturation 
kinetics at experimentally attainable pyridine concentra­
tions.61 

Sakurai et al.57 determined the AS1+ to be 19 ± 1.5 eu for 
the substitution of pyridine for water in CH3C0-
(D 2H 2 ) (HOH) which may be compared with the value A5 f 

= - 9 ± 4 eu for the substitution of N C S - for HOH in 
NO 2Co(D 2H 2)(HOH). 5 8 Although data for methyl deriva­
tive is frequently somewhat deviant on various correlations 
(see above), such a large positive entropy of activation 
would certainly be consistent with the S N I process of eq 5a. 
The p* value of -2 .80 indicating that the pyridine associa­
tion rate constants (^2) are aided by electron donating sub-
stituents may be due to a significant contribution of IT bond­
ing in the transition states for ligand association involving 
pyridine4'5 and further experiments with alkylamines, pure­
ly a donors, would be desirable. 

The correlation of log k0ff with c* value (Figure 4, p* = 
—4.13 ± 0.28) indicates a strong trans effect of the alkyl 
group on ligand dissociation rate. A similar strong trans ef­
fect on the rate of ligand dissociation of HOH from R[Co-
(DOH)(DO)(pn)]HOH+ has been demonstrated by Costa 
et al.43 in 1% aqueous acetone. 

Mechanism of Ligand Substitution. Anionic Complexes. 
The choice between SNl and Id mechanisms for the substi­
tution of pyridine for O H - in the anionic alkylcobaloximes 
cannot be made on the basis of the present data. Similarly, 
the apparently more negative value of p* (—5.90 ± 1.03) 
for the ligand association rate constants (k'on) in the anion­
ic complexes as compared with the p* value (—2.8) for the 
ligand association rate constants (fc2) for the neutral com­
plexes cannot be reasonably interpreted without definite as­
signments of the mechanisms of these reactions (especially 
in view of the fact that they could proceed via different 
mechanisms). 

The limited data for the rates of ligand dissociation from 
the anionic pyridine complexes, RCo(D 2H)(pyr) - , (Figure 
4, solid symbols), show a value of p* (—5.57 ± 0.83) for li­
gand dissociation which is not substantially different from 
the p* value (—4.13 ± 0.28) for ligand dissociation from the 
neutral complexes. As expected5 the rate of ligand dissocia­
tion from the anionic complexes is always greater than that 
from the neutral complexes. The growing body of evidence 
for significant metal-to-ligand x-donation among the alkyl 
cobalt complexes4'5-33-57'59-60 suggests that the apparent 
similarity of p* values for the fc0ff and fe'0ff correlations 
may indicate that the decrease in Co-L bond stability due 
to the increased negative charge on the cobalt atom in the 
anionic complexes (a a bonding effect) is approximately 

offset by the increase in ^-interactions made possible by 
this increase in electron density on cobalt. 
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dependent nonproductive binding, we have studied the pH 
dependence of the binding of nonsubstrate analogues of the 
compounds for which the unusual pH effect is observed. We 
also report results bearing on a proposed change in rate-de­
termining step in the catalytic mechanism.2c'3 
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Abstract: The binding of the substrates TV-acetyl-L-tyrosine p-chloroanilide and TV-formyl-L-phenylalanine formylhydrazide 
to chymotrypsin is accompanied by a significant perturbation of the pAT of a group on the enzyme. This perturbation does not 
occur with the closely related nonsubstrate derivatives iV-formyl-D-phenylalanine formylhydrazide, jV-formyl-yV-methyl-L-
phenylalanine formylhydrazide, N-acetyl-D-tyrosine p-chloroanilide, and JV-acetyl-./V-methyl-L-tyrosine p-chloroanilide. 
These results are consistent with a hypothesis that a component of the catalytic process can contribute to the binding of sub­
strates. The recent suggestion that the nature of the aniline moiety in acylamino acid anilide substrates influences the appar­
ent binding (Km) by contributing to nonproductive binding could not be substantiated. It was found that at pH 7.13 ./V-ace­
tyl-D-tyrosine p-chloroanilide, a compound which is especially suited for the proposed nonproductive binding mode, is not 
bound as well as is the corresponding L substrate. The rate of reaction of formylphenylalanylchymotrypsin with formylhy-
drazine and of acetyltyrosylchymotrypsin with p-chloroaniline and ammonia has the same pH dependence as that for hydrol­
ysis of these acyl enzymes. These results rule out a previously proposed mechanism in which there is a pH-induced change in 
rate-determining step. The results are also not in accord with a mechanism suggested to account for the pH-dependent 15N 
isotope effect seen in the hydrolysis of acetyl-L-tryptophan amide. 

Journal of the American Chemical Society / 97:25 / December 10, 1975 


