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respectively, involve atoms of the axial ligand. No
contacts, however, are less than 3.50 A.

A thermodynamic study® of the formation of the five-
coordinate cobalt complexes has been interpreted as
indicating M — Lx* back-bonding when the axial
ligand is an aromatic amine. Furthermore, imidazoles
were found to form more stable complexes than pyr-
idines of the same o-donor strength,!® suggesting that
imidazoles are better m acceptors than the pyridines.
Possible = back-bonding for the imidazole complexes is
also suggested by their reluctance to add a second
ligand; the addition of a second imidazole would re-
quire substantially lengthened Co-N, bonds and,
hence, decrease the m-accepting ability of the imidazole.
The Co-Ny, bond length of MImCoTPP is compatible
with 7 back-bonding but certainly cannot be regarded
as compelling evidence for such bonding. Since imid-
azoles do not have significant = acceptor capacity in
the low-spin bis(imidazole)ferrous and -ferric por-
phyrins,' the possible w-acceptor ability in the five-

(16) F. A. Walker, J. Amer. Chem. Soc., 95, 1150 (1973).

coordinate porphyrins must be related to the displace-
ment of the cobalt out of the porphyrin plane.
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Abstract:

The stoichiometry and kinetics of reactions of methyl and ethylcobalamin with Cr?* in aqueous per-

chloric acid have been examined. These reactions occur with a 1:1 stoichiometry, producing (H:0);CrCH;** and

(H,0);CrC,H;*+ (respectively), and Byg..

specific rate of 14.3 &= 1.0 M~! sec™L.

The reactions show no dependence upon pH in the range 0-2.3.

The reactions follow second-order kinetics, the rate constants (298°K,
4~ 1 M) being 3.6 = 0.3 X 102 and 4.4 £+ 0.4 M1 sec™l.

In the same medium By, is reduced by Cr2* at a
Activa-

tion parameters were determined. Two plausible mechanisms are proposed, one of which is a direct bimolecular

homolytic attack (SH2) at the saturated carbon center.

Treatment of organocobalt complexes with reduc-
ing agents under appropriate conditions results in
cleavage of the Co-C bond. Thus Schrauzer and co-
workers have realized the reductive cleavage of alkyl-
corrins and of related model compounds by thiols,?
and by alkaline CO, S;0,2-, and Sn(II).* These reac-
tions result in the effective transfer of a carbanion, the
products being the Co*(chelate) or a compound derived
therefrom, and the alkane. Reactions with electro-
philic reagents such as Hg?+ and TI3*+ also result in
carbanion transfer but no reduction; HgR+, for ex-
ample, is formed along with (H,O),Co'!(chelate).*~®

(1) Based on the M.S. Thesis of T. D. S., Iowa State University, Aug
19(723)' G. N. Schrauzer, J. A. Seck, R. J. Holland, T. M. Beckman,
E. A, Rubin, and J, W, Sibert, Bioinorg. Chem., 2, 93 (1973).

(3) G. N. Schrauzer, J. A. Seck, and T. M. Beckham, ibid., 2, 211
(1?1)3);&. Adin and J, H. Espenson, Chem. Commun., 653 (1971).

(5) (a) J. Halpern and J. P. Mabher, J. Amer. Chem. Soc., 86, 2311

(1964); (b) P. Abley, E. R, Dockal, and J. Halpern, ibid., 94, 659 (1972),
ibid., 95,3166 (1973).

Recently, two reactions were reported in which reduc-
tive cleavage of the Co-C bond resulted in transfer of an
alkyl radical. The first of these was the reaction of a
methylcobalt(IIl) (chelate) complex with a Co(ll)
derivative of a different chelate

CH;Co(L) + Col(L’) =2 Co'Y(L) + CH,Co(L’) 1

where L and L’ represent the two different planar,
tetradentate, Schiff’s base chelates.® The second reac-
tion was that between alkylaquobis(dimethylglyox-
imato)cobalt(III) complexes (alkylcobaloximes) and
Cr2t+ in aqueous solution 1

(6) 1. Y. Kim, N. Imura, R. Ukita, and T. Kwan, Bull. Chem. Soc.
Jap., 44,300(1971).

(7) H. A. 0. Hill, J. M. Pratt, S. Risdale, F. R. Williams, and R. J. P.
Williams, Chem. Commun., 341 (1970).

(8) G. N. Schrauzer, J. H. Weber, T. M. Beckham, and R. K. Y.
Ho, Tetrahedron Lett.,, 275 (1971).

(9) A.vanden Bergen and B, O. West, Chem. Commun., 52 (1971),

(10) J. H. Espenson and J, S. Shveima, J. Amer. Chem. Soc., 95, 4468
(1973).
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RCo(dmgH).H;0 + Cr?+,, 4 2H* =
(H:0);CrR?+ + Co?+ + 2Hadmg (2)

We have now extended work in this area to include a
study of the reactions of the corrin complexes them-
selves and report here on the stoichiometry and kinetics
of the reactions of methylcobalamin and ethylcobalamin
with Cr?* in aqueous solutions of perchloric acid-
lithium perchlorate.

Results

Products and Stoichiometry. The reactions occur
according to the equation

RCo(corrin) + Cr2*,q —> (H,0)sCrR** + B 3)

where Bi, represents aquo[cobalamin(BzmH+)]cobalt-
(ID). The stoichiometry was established by spectro-
photometric titration. Plots of absorbance »s. the
ratio of the added quantities of Cr?+ and alkylcobalamin
are shown for the methyl derivative in Figure 1. Breaks
were noted ata 1:1 ratio, in support of eq 3.

The spectrum of the Co(lII) reaction product was
identical with that reported for Bix!! and with a sample
of Buy: prepared here by reduction of aquocobalamin
(Bi2.) with amalgamated zinc in the same medium.

Confirmation that the product is CrCH;?+ was ob-
tained by several independent tests. Upon comple-
tion of reaction 3, a further slow decrease in absorbance
was noted at wavelengths corresponding to peak max-
ima for CrCH,2+.10.12.13  Both the magnitudes of the
absorbance changes and the apparent rate constant
(kobsa/[H*] = 4.8 = 0.6 X 103 M~1!sec™! at 25° over
a range 0.13 < [H*] < 1.1 M) agreed with the known
values for the acidolysis of the methylchromium
cation

(H:0);CrCH;?* + H;0* = Cr(H,0)s*+ + CH, @)

for which the reported rate constant is 5.2 X 10-% M1
sec™1.12  Subtracting the spectrum of By, from that
observed immediately upon completion of reaction 3
generated a difference spectrum, with considerable
inaccuracy, however, which matched that of the authen-
tic methylchromium cation reasonably well.10.12,13
Mass spectral analyses of the volatile products showed
only methane peaks, consistent with eq 4. Product
solutions also were treated with Bry(aq), both immedi-
ately after reaction 3 was complete as well as at much
longer times corresponding to complete acidolysis of the
methylchromium cation. The former samples had a
mass spectrum corresponding to methyl bromide,
known to be formed in the reaction of methylchromium
with aqueous bromine!*

(H,0)sCrCH;** + Br: + H,O = Cr(H:0)** + Br~ + CH;Br (5)

The solution aged before bromine addition gave no
detectable CH;Br in the mass spectrum, consistent with
prior destruction of CrCH;%+ in reaction 4.

In the case of CrC;H:*t the reaction solution was
passed through a short column of XAD-4 macroreticular
resin. The cobalamins are retained on the resin, and
the chromium product passes through along with the
; g(éé; G. H. Beaven and E. A. Johnson, Nature (London), 176, 1264
1955).

(12) W. Schmidt, J. H. Swinehart, and H. Taube, J. Amer. Chem.

Soc., 93,1117 (1971).

(13) M, Ardon, K. Woolmington, and A. Perrick, Inorg. Chem., 10,
2812 (1971),

(14) J. H. Espenson and D, A. Williams, submitted for publication.
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Figure 1. Spectrophotometric titrations of 2.8 X 10-¢ M methyl-

cobalamin with Cr2+* at three different wavelengths.

Cr(III) products from the oxidation of the excess Cr2+,
The product spectrum!® agrees well with that of authen-
tic CrC;H;2+, as does the apparent rate of acidolysis!®
and the mass spectral data.

Kinetics. Excesses of Cr(II) were employed in
the rate experiments, such that [Cr?*] remained essen-
tially constant in any experiment. The kinetic data
were consistent with a pseudo-first-order dependence
upon the concentration of the cobalamin, in that the
rate plots were linear and at a given [Cr2*] the rate was
independent of the concentration of the cobalamin.

A few measurements were made with aquocobala-
min, which reacts with Cr2+ according to

(H,0).Co(corr)* 4+ Cr2* —> By, + Cr3+ (6)
—d[Bua.)/dt = k[Biz,JJ[Cr?t] )

with k = 14.3 = 1.0 M~!sec™! at 25.0°, 0.06 < [H*] <
1.2M,atpu = 1.0-1.2 M.

Chromatography of the methylcobalamin samples
on XAD-4 indicated the presence of ca. 1% By, In
the kinetic runs with methylcobalamin and Cr2*, this
small amount of By, gave rise to a much slower sec-
ondary absorbance change; the latter corresponded
simply to reaction 6, and could be enhanced further by
deliberate addition of B, The rate was so much
slower than that of methylcobalamin, however, that it
did not interfere in the kinetic determinations.

The range of [CH;Co(corr)] was 7.3 X 10-6-4.8 X
10~% M and of [C,H;Co(corr)] 3.3-5.3 X 10~* M. In
each case an attempt was made to cover a wide range of
[Cr2t], as the question of this rate dependence is critical
to the consideration of mechanism,

The pseudo-first-order rate constants at 25.0° are
plotted against [Cr?t] in Figure 2; the linearity and
zero intercept are consistent with the rate law

—d[RCo(corr)}/dt = kg[RCo(corr)][Crz*]  (8)

(15) The product thus separated has absorption maxima at X 380 nm
(€350 M- cm™?) and 275 (1600) compared to values found in two alter-
native syntheses of CrC»H;2t, with maxima at 394 nm (e 260) and 275
(1600),

(16) The pseudo-first-order rate constant for acidolysis was 3.0 X 10~
sec”™1(25.0° {H*} = 0.9 M), compared to 3.0 X 10~4sec—1on authentic
samples with [H*) = 1.0 M, The reaction was followed at A 275 nm,
and the absorbance change in a S5-cm cell was 0.452, The expected
absorbance decrease was 0.533 based on the initial concentration of
ethylcobalamin assuming a 100 % yield of the ethylchromium cation and
quantitative recovery in the separation.
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Figure 2. Plots showing the first-order rate dependences upon
[Cr2*] of the reactions of alkylcobalamins: upper curve, Me;
lower curve, Et.

with kye. = 3.57 = 0.30 X 10? and kg = 4.40 = 0.35
M-1 sec~l, Included on these plots are experiments
covering a range of [H*], 2.5 X 10-3-1.2 M for methyl-
cobalamin and 5 X 10~3-1.2 M for the ethyl derivative;
[H+] variation is seen to have no effect on the rate con-
stants. The ionic strength was maintained in these
experiments between 1.0 and 1.2 M by addition of
lithium perchlorate. An independent series of experi-
ments showed that variation of lithium perchlorate
concentration at [H¥] = 0.09 to provide ionic strengths
between 0.8 and 1.45 M had no rate effect. The lack of
a noticeable salt effect over a modest range of ionic
strengths is the expected result for eq 8 in which one of
the reactants is an uncharged molecule.

Rate measurements were carried out between 4.4 and
34.4° for the methylcobalamin and between 1 and 34.1°
for the ethyl derivative (see Figure 3). Activation
parameters are AHy, ¥ = 15.9 = 0.9 kJ mol~!, ASy.¥
= —144 £ 4 J mol-! K~! and AHg,* = 46.5 = 2.1,
ASg,F = —77 = 8.

Interpretation and Discussion

Alkylcobalamins in acidic aqueous solution are sub-
ject to equilibria between species in which benzimid-
azole is coordinated and in which it is protonated and
not coordinated.” The latter species include forms in
which water occupies a sixth coordination position and
in which it does not. This protonation equilibrium
in the case of the Et derivative is characterized by a pK,
value of 3.87.%® Consequertly in the pH range 0-2.3
of the present study, the proportion of coordinated
benzimidazole is quite small. The corresponding con-
stant for the Me derivative is 2.72,'® which suggests
that in the pH range of interest here, 0-2.6, the pre-
dominant species is the one in which bemnzimidazole is
protonated. Nevertheless the rate here also shows no
pH dependence, so that either the two forms have
comparable reactivity or (more likely) the values are
not sufficiently accurate to detect a difference in rate.
An attempt was made to check this point by studies at

(17 R. A. Firth, H. A. O, Hill, B. E. Mann, J. M. Pratt, R, G. Thorp,
and R. J. P, Williams, J. Chem. Soc. A, 2419 (1968); Chem. Commun.,
400 (1967).

(18) H. P. C. Hogenkamp, J. E. Rush, and C. A, Swenson, J. Biol.
Chem., 240, 3641 (1965),

(19) D. H. Dolphin and A. W. Johnson, Proc, Chem. Soc., London,
311 (1963).
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Figure 3. Plots of In(k/T) vs. 1/T for the reaction of alkylcobalimins
with Cr2+,

higher pH, where a larger proportion of methylcobala-
min should not be protonated, but the Cr?* solutions
were not sufficiently stable.

The major pathway thus appears to be a bimolecular
reaction between Cr2* and RCo(corrBzmH™); it is not
known if the reactive cobalamin species is the five-
coordinate species or that with a water molecule trans
to the alkyl group. The reaction mechanism appears
to consist of an SH2 displacement at the saturated car-
bon, which is a rather uncommon process.?’~22 We
must consider also the possibility of a different bi-
molecular mechanism in which a Co(III)-Co(II) redox
process is accompanied or followed by transfer of a
carbanion to the coordination sphere of Cr(III) (a
“redox SE2” sequence). These possibilities are only
subtly different and we cannot as yet resolve this ques-
tion. We note that the decrease in rate of ca. 10% on
going from Me to Et is in the same order as the reduc-
tion potentials which show that the methyl derivative,
at least in model compounds, is the better oxidizing
agent.2® On the other hand, were carbanion character
first developed at the alkyl in a redox process, the evolu-
tion of the alkane by reaction with H* should compete
well with the reaction of the carbanion with the newly
formed Cr(III).23 This does not occur. Further-
more, to result in quantitative transfer of the alkyl group
would require an extremely site-specific redox process.

The distinction of an SH2 mechanism vs. “‘redox SE2”’
sequence is not unlike the distinction between “intrin-
sic” and ‘“‘chemical’”’ mechanisms?* of an inner sphere
reaction in which the bridging group is, say, Cl- or a
carboxylate ion. It is a distinction which is difficult to
make in the latter case as well, corresponding to the
question of whether the electron is transferred via oxi-
dation of Cl- to Cl-, or whether electron transfer from

(20) K. U. Ingold and B. P. Roberts, “Free-Radical Substitution
Reactions,” Wiley-Interscience, New York, N. Y., 1971, pp 72-90.

(21) (a) W. S. Trahanovsky and M. P. Doyle, J. Org. Chem., 32, 146
1967); (b) G. G. Maynes and D. E. Applequist, J. Amer. Chem. Soc.,
95, 856 (1973).

(22) D. Dodd and M. D. Johnson {Organometal. Chem., 52, 93
(1973)] point out that reaction 1 of van den Bergen and West® may be
the first clear-cut case of a bimolecular homolytic attack at a saturated
carbon.

(23) G. Costa, A. Puxeddu, and E. Reisenhofer, Chem. Commun.,
993 (1971).

(24) H. Taube and E. S. Gould, 4ccounts. Chem. Res., 2,321 (1969).
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one metal center to the other is accompanied by trans-
fer of CI-. Further studies on this point are in progress.

The rates of reduction of the alkylcobalamins are
considerably higher than those of the corresponding
cobaloximes;!® k, values at 25° are Me 3.6 X 102,
compared to 1.4 X 10!, and Et 4.4, compared to 1.4 X
10-2. This may reflect a greater strain of the Co-C
bond in the cobalamins resulting from the upward-
directed substituents on the corrin ring.?® Similarly
the release of alkyl radicals via the homolytic scission
occurring during photolysis, CoR = Co* 4 R, takes
place more rapidly in cobalamins (Me, 5.9 X 10~2sec™!)
than in cobaloximes (Me, 2.1 X 10—3sec™!).%

Formation of the alkylchromium(III) products by a
two-step sequence involving first the homolysis of the
CoR, followed by the rapid scavenging of R: by Cr?*
(R- + Crzt — CrR?2+),7is clearly ruled out by the form
of the rate expression which shows a first-order de-
pendence upon [Cr2+].

The reactions of both the Me and Et derivatives occur

(25) (a) J. D. Brodie, Proc. Nat. Acad. Sci. U. S., 62, 461 (1969); (b)
P. G. Lenhert, Proc. Roy. Soc., Ser. A, 303, 45 (1968).

(26) G. N. Schrauzer, L. P. Lee, and J. W, Sibert, J. Amer, Chem,
Soc., 92,2997 (1970).

(27) H. Cohen and D. Meyerstein, J. Chem, Soc., Chem. Commun.,
320 (1972).
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with quite negative values of AS¥*. This indicates a
transition state with a highly ordered structure and has
been noted previously in processes involving radical
transfer. %

Experimental Section

Materials. Cyanocobalamin and hydroxocobalamin (Sigma
Chemical) were used to synthesize aquo-, methyl-, and ethylcobala-
min according to accepted literature procedures.? The cobalamins
were purified on Bio-Rad Cellex CM cellulose. Cobalamins could
be isolated for reuse from reaction solutions or other impure sources
using Rohm and Haas XAD-4 macroreticular resin. Chromium(II)
perchlorate solutions were prepared from Cr(ClO,); by reduction
with amalgamated zinc.

Procedures. Fresh solutions of the alkyl cobalamins and of
Cr?* were made up for each series of experiments. Light was ex-
cluded from the former. The solutions were thoroughly freed of
oxygen using Cr2*-scrubbed nitrogen.

The slower reactions of the ethyl derivative were studied using a
Cary 14 spectrophotometer; these reactions were carried out in a
5-cm quartz cell with a rubber serum cap. The more rapid reac-
tions of the methyl derivative were followed using a Durrum
stopped-flow instrument.

(28) (a) 1. Halpern and P. F. Phelan, J. Amer. Chem. Soc., 94, 1881
(1972); (b) P. B. Chock, R. B, K. Dewar, J. Halpern, and L. Y. Wong,
ibid., 91, 82 (1969).

(29) W. E. M, Lands, Ed., “Biochemical Preparations,” Vol, 12,
Wiley, New York, N, Y., 1968, pp 121-130.
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Abstract:

Cu.Acpyr is shown to contain linear chains of binuclear Cu,Ac, units with a singlet-triplet separation
of J = 325 cm™! and single-crystal epr parameters characteristic of binuclear copper complexes.

The pyrazine

bridged,_interdimer Cu—Cu exchange of J/ ~ 1100 G is deduced from the strong temperature-dependent epr line
broadening. The resolved low-temperature hyperfine spectra rule out rapid triplet-excitation motion and, together
with interdimer exchange, indicate a difference of at least 0.1 A in the equilibrium Cu—Cu separation of the singlet

and triplet states of Cu;Ac..

he magnetic properties of small transition metal

clusters have been intensively studied by both static
susceptibility? and electron paramagnetic resonance?
(epr) since Bleaney and Bower’s beautiful study of the
binuclear copper complex in copper acetate mono-
hydrate,* CusAcy:2H,0, which is a member of a large
class®® of binuclear copper alkanoates and carboxylates

* Address correspondence to this author at Princeton University.

(1) Supported in part by NSF Grant No. GP-9546,

(2) R. L. Martin in “New Pathways in Inorganic Chemistry,” E. A,
V. Ebsworth, A. G. Maddock, and A. G. Sharpe, Ed., Cambridge Uni-
versity Press, Cambridge, England, 1968, Chapter 9; A. P. Ginsberg,
Inorg, Chim. Acta Rev., 5, 545 (1971).

(3) (a) G. F. Kokoszka and R, W, Duerst, Coord. Chem. Rev., 5, 209
(1970); (b) G. F. Kokoszka and G. Gordon, Transition Metal Chem.,
5, 181 (1969).

(15?2)3 Bleaney and K. D. Bowers, Proc. Roy. Soc., Ser. 4, 214, 451
a 556)9)W. E. Hatfield and R, Whyman, Transition Metal Chem., 5, 47

with antiferromagnetic exchange interactions, J, of
about 300 cm~!. It has proved far more difficult? to
measure exchange interactions, J’, between clusters,
since the usual case of J/ << Jrequires very low tempera-
tures, where other approximations are suspect, to detect
intercluster exchange. Furthermore, if J’ is of the
same order as electron dipolar interactions between
clusters, then even nmr measurements, as in Cu,Acy-
2H,0, may prove unable to distinguish between inter-
cluster exchange and dipolar contributions.®

Intercluster interactions must nevertheless be estab-
lished in order to identify magnetically one-dimensional
polymer systems with more than one metal atom per
unit cell. Only the simplest polymer, with one metal
atom per unit cell and equally strong exchange with both
neighbors, can be identified by measuring a single ex-

(6) A. Kawamori, J. Phys. Soc. Jap., 21, 1096 (1966); Y. Obata,
ibid., 22, 256 (1967).
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