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Cobalt(II) ion promotes ionization of amide hydrogens near pH 10 in dipeptides to yield 2:1 complexes with four nitrogen and

two carboxylate oxygen donors.

Complexes of 18 dipeptides yield four d—d transitions at 1250, 1000, 610, and 480 nm.

The first and third bands are assigned to the low-spin and the second and fourth to the high-spin components of octahedral

complexes.

Magnetic susceptibility and extensive titration results are consistent with the high-spin-low-spin equilibrium.

Large side chains in the carboxyl terminal residue provide steric inhibition to amide hydrogen ionization and oxygenation of

the Co(I1) complexes.
2:1 Co(II) and Co(III) complexes.
additive contributions from each amino acid residue.

Introduction

In an earlier study from the laboratory, dealing with
oxygenation and oxidation of cobalt(II) chelates, special
attention was paid to their properties in scrupulously
oxygen-free solutions. It was observed that Co(II)
promoted the deprotonation of the peptide nitrogen of
dipeptides such as glycylglycine. The resulting bis-
dipeptide chelate exhibited an unusual visible-near-
infrared absorption spectrum consisting of three max-
ima rather than the two expected for a high-spin octa-
hedral Co(II) complex. The additional band at 610
nm was accounted for by postulating an equilibrium
between high- and low-spin states in the octahedral bis-
dipeptide complex. Support for this interpretation was
the observed intermediate value of 4.1 BM for the mag-
netic susceptibility.? The spectral properties of the
2:1 dipeptide complexes are recognizably different from
spectra of tetrahedral Co(I1) complexes.?

There are several reasons for this further study of
cobalt(II) dipeptide complexes in which the generality
of the above observations is tested. Metal ion pro-
moted amide hydrogen ionization in dipeptides had not
been previously verified for Co(II). The spectrum and
proposed structure of the bis-dipeptide complex of co-
balt(I1) is unusual. Finally it was suggested that oxy-
genation of Co(II) complexes proceeds by a low-spin
Co(I1) intermediate.?

The 24 dipeptides used in the present investigation
are of wide structural variety in order to test the high-
spin-low-spin hypothesis and to see how general is pro-
motion of the ionization of dipeptide amide hydrogens
by CofII). We also report the circular dichroism of
some of the dipeptide complexes of Co(II) and the
Co(III) oxidation products obtained by oxygenation.
The dipeptides chosen were selected as a test of the ap-
plicability of regional rules to account for the sign and
magnitude of the optical activity induced in the ligand
field bands of metal ions by optically active ligands.

Experimental Section
All materials were weighed out as required, to avoid problems
of solution instability. Analytical reagent grade Co(NOj),-
6H:0 and dipeptides of the highest available commercial purity
were used. Equivalent weights were checked by potentio-
metric titration. Distilled water was degassed immediately
before use.
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Side chains in both residues of the dipeptide usually yield the same sign for the circular dichroism of
In both kinds of complexes the magnitude of the CD consists of nearly independent and

Titrations were carried out at room temperature (24°) in an
airtight reaction vessel, under a nitrogen atmosphere. The
nitrogen was purified by passage through vanadium(II) chloride
scrubbers.4 Removal of any trace of oxygen is critical for titra-
tions involving cobalt(II). A Beckman Zeromatic pH meter
and associated Sargent S-30070-10 miniature combination glass—
calomel electrode were used to measure pH. Ligand and metal
ion concentrations were generally 0.50 and 0.025 M, respectively.
This 20:1 molar ratio of ligand to metal ion was required to
prevent precipitation of cobalt(II) hydroxide. All acid ioniza-
tion constants were obtained at 0.575 M ionic strength and 24°
and are hybrid constants consisting of activity of hydrogen ion
and concentrations of other components.

Absorption spectra were recorded on a Cary 14R spectro-
photometer. Circular dichroism was measured using a Dur-
rum-Jasco ORD-UV-5 recording spectropolarimeter with a
circular dichroism attachment. All spectral measurements
were carried out at 24° and under a nitrogen atmosphere for
solutions containing Co(II).  Circular dichroism results are
reported as differential molar absorptivities between left and
right circularly polarized light, Ae. All molar absorptivities
are based upon the molar concentration of cobalt ion.

Results

Oxygen-free solutions containing a dipeptide and
cobalt(IT) in a 20:1 molar ratio fall into two classes ac-
cording to their titration and spectral behavior on the
addition of base. Both classes of dipeptides show an
indistinct end point, near pH 10, at 1.0 equiv of NaOH
added per mole of neutral dipeptide, corresponding to
neutralization of the ammonium group. The end point
occurs at 2.0 equiv if an additional side-chainacidic
group such as carboxylic acid or phenolic is pres-
ent. Up to this end point the solution is pale pink with
absorption maxima at about 1100 nm (e ~3) and about
500 nm (e ~15), typical of octahedral high-spin
Co(II) complexes.

For class I dipeptides, addition of more NaOH reveals
a second, distinct end point at 1.1 (or 2.1) equiv, corre-
sponding to the ionization of one additional hydrogen
ion from each of two dipeptides bound to a given Co(II).
An average pK, of 10.10 = 0.05 was measured for this
ionization by titrating a solution containing a 10:1
molar ratio of glycylglycine to Co(II). Accompanying
this second ionization is a color change to green or
green-blue, depending on the extent to which intense
absorption in the ultraviolet extends into the visible.
The color is fully developed by pH 12. For 18 class
I dipeptides, the spectra recorded at pH 12 are remark-
ably similar with absorption maxima at about 1250 nm
(¢ ~4), 1000 nm (¢ ~10), 610 nm (e ~24), and 480 nm
(¢ ~15). The visible spectrum, which is not appre-

(4) L. Meites and T. Meites, Anal. Chem., 30, 984 (1948). '
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ciably affected by changes in temperature or solvent,
has been given previously as a figure.?

The absorption spectra of solutions containing glycyl-
glycine and Co(II) in a 20: 1 molar ratio were studied in
detail as a function of pH from 9.0 to 12.1. With in-
crease in pH a maximum develops at 1000 nm and the
absorption at 505 nm decreases; calculation at both
wavelengths using five solutions of pH in the above
range yields pK. = 10.53 = 0.02. Increase in pH also
produces a maximum at 610 nm where analysis of six
solutions yields pK,’ = 10.68 = 0.02. Differences be-
tween these values and the potentiometric titration
value mentioned above are discussed in the next section.

Class I dipeptides include, in addition to glycylgly-
cine, the glycyl-L-amino acids with a-alanine, a-amino-
n-butyric acid, serine, aspartic acid, glutamic acid,
phenylalanine, and tyrosine as the L-amino acid; also
included are the L-aminoacylglycines of sarcosine, a-
alanine, valine, leucine, isoleucine, serine, and phenyl-
alanine, together with L-alanyl-L-alanine, L-alanyl-p-
alanine, and L-phenylalanyl-L-phenylalanine.

Class IT dipeptides yield precipitates after the addi-
tion of 1.0 equiv of NaOH to a solution containing di-
peptide and Co(II) in a 20:1 molar ratio. No blue-
green color or second end point is observable. Such
dipeptides include glycyl-B-alanine, B-alanylglycine,
and, where an «-amino acid residue is present, only the
glycyl-L-amino acids of sarcosine, valine, leucine, and
isoleucine.

As they are too complex to present in tabular form,
circular dichroism curves for a set of alanyl and phenyl-
alanyl bis-dipeptide complexes of Co(II) are shown in
Figures 1 and 2. The spectra were recorded at about
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Figure 1.—Circular dichroism of alanyl bis-dipeptide complexes
of cobalt(II) at pH 11.8.

pH 11.8 in oxygen-free solutions 0.025 M in Co(1I) and
0.50 M in dipeptide. The absorption spectra of the
green-blue solutions containing Co'(dipeptide?~),2~
are mentioned above.

Upon bubbling oxygen into these green-blue solu-
tions, first the brown color of oxygenated complexes
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Figure 2.—Circular dichroism of phenylalany! bis-dipeptide
complexes of cobalt(II) at pH 11.8.

and finally the wine red color of Co'!(dipeptide?~),~
complexes are observed.? The relatively uncompli-
cated visible circular dichroism and absorption spectra
of these final solutions are presented in Table I. In

TaBLE I

VisiBLE CIRCULAR DicuroisMm oF Co(III)
Bis-D1pEPTIDE COMPLEXES

Molar
———Circular dichroism-———— absorptivity?d
375-410 nm 500-515 nm (~520 nm)
Gly-L-Ala —0.39 —-1.72 310
L-AlaGly 40.82 —2.37s 392
L-Ala-1-Ala +-0.29 —~3.48 326
L-Ala-D-Ala +1.08 +0.62b 340
Gly-L-Phe —0.63 —2.55 258
L-PheGly +0.78 —2.54¢ 386
L-Phe-L-Phe +0.28 —-5.22 248

¢ +0.07 at 592 nm. ® At 535 nm. ° +0.73 at 578 nm. ¢ 1In
addition to the maximum near 520 nm, all the complexes display
an absorption peak at 380-450 nm with ¢ 130-210.

most cases the oxygenated complexes were formed in
several minutes followed by a slower conversion to
Co(III) complexes requiring several hours. However,
for glycyl-L-phenylalanine and glycyl-L-tyrosine, the
green-blue solutions turned brown more slowly. The
slow conversion and the variable molar absorpt1v1t1es
in Table I indicate that the solutions may econtain mix-
tures of Co(1II) complexes.

Discussion

At low pH, oxygen-free solutions, containing a di-
peptide and cobalt(II) in a 20:1 molar ratio, exhibit
absorption spectra characteristic of octahedral high-
spin Co(II) complexes. The dipeptides, such as gly-
cylglycine and glycylsarcosine, are weakly chelated to
Co(1I) through amino nitrogen and carbony! oxygen
atoms. The liberation of one additional proton from
each of two glycylglycme molecules coordinated to each
cobalt(II), as the pH is raised, but the absence of such
ionization for glycylsarcosine, indicates that deprotona-
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tion of the amide nitrogen occurs in glycylglycine,
Each comiplex then contains two glycylglycine molecules
which are tridentate, being bound 9i¢ amino and depro-
tonated amide nitrogens and a carboxylate oxygen.
The planarity of the amide linkage enforces a near-
Doy (actually () structure on the bis-dipeptide com-
plex. This structure has been found in the X-ray
studies of nickel (I1)® and cobalt(IIT)%7 complexes of de-
protonated glycylglycine.

Upon replacement of oxygen donors by deprotonated
amide nitrogens of glycylglycine, two bands in the co-
balt(IT) spectrum shift to shorter wavelengths, reflect-
ing the greater ligand field strength of nitrogen. The
4Ty, = Ty, (in O;) transition shifts from 1100 to 1000
nm and the *Ty,(F) = *Ty(P) transition from 500 to
480 nm. The new bands which appear at 1250 and
610 nm upon amide hydrogen ionization are assigned to
the *E, = *Ty,, Ty, and *E, — %A, transitions, respec-
tively, in a low-spin octahedral complex. These as-
signments are consistent with the Tanabe-Sugano dia-
gram® at a Dg/B value of 1.4 (previously calculated
from the high-spin components),? where the *Ty, level
is lower than ?E,. The favoring of the high-spin spe-
cies is also indicated by the intermediate magnetic sus-
ceptibility value of 4.1 BM for the [Co'l(GlyGly?—):]2~
complex in solution, a result which suggests an equi-
librium between spin states with about 709, of the
high-spin and 309, of the low-spin form.? The most
significant change in structure which occurs in the
equilibrium is the Co(II)-donor atom bond distances.
Despite the wide variation in side chains of the dipep-
tides studied, the ligand field spectra of all of the Co(II)
complexes containing two ligands with deprotonated
amide nitrogens are virtually identical.

Amide hydrogen ionizations occurring in the forma-
tion of 2:1 dipeptide—cobalt(II) complexes may be rep-
resented as

K, K-
Co(HL), == Co(HL)(L)~ === CoL,%~(h)
K;
_*(' CoLg2—(1)
where the low-spin complex, CoL.2—(1), occurs only
when there are two amino and two amide nitrogen

donors. Acid ionization constants for removal of amide
hydrogens are

K1 = (H*)[Co(HL)(L)~]/[Co(HL),]

Ky = (H™)[CoL;?~(h)]/[Co(HL}L)"]

Ky = (H*)[CoLy?~(1)]/[Co(HL)Y(L™)]

where parentheses represent activities and brackets
concentrations.

For complexes with two amide hydrogens removed,
the concentration ratio of the high- to low-spin forms
is [CoLe?~(h)]/[CoLle?~(1)] = Ki/K;. Growth of the
610-nm absorption peak is a measure of the concentra-
tion of low-spin complex so that pK; = 10.68. Unfor-
tunately pK, cannot be calculated as the absorption at
both 505 and 1000 nm is determined by a mixture of
several species with uncertain weightings. However,

(8) H. C. Freeman, J. M, Guss, and R. L. Sinclair, Chem. Commun., 485
(1968).

(8) R.D. Gillard, E. D. McKenzie, and E. B, Robertson, Nature (London),
209, 1347 (1966).

(7) M. T. Barnet, H. C. Freeman, D. A. Buckingham, I-N. Hsu, and D.

van der Helm, Chem. Commun., 367 (1970).
(8) Y. Tanabeand 8. Sugano, J. Phys. Soc. Jap., 9, 753 (1954).
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the smaller value of pK. = 10.53 determined at the
last two wavelengths qualitatively indicates a prepon-
derance of high-spin complex which is consistent with
the 709 high spin-309; low spin magnetic susceptibil-
ity result.

In a separate set of experiments, acid ionization con-
stants for amide deprotonation were determined from
the oxygenation reaction of the 2:1 glycylglycine—co-
balt(II) complex.>® The two amide ionizations were
resolved into pK," = 9.85 and pK;’ = 10.15, where
pKi' = pK; in terms of the above formulation. Since
all of the complexes with two ionized amide hydrogens
are in the low-spin form after oxygenation, the value of
pKs — pKsy' = —log «, where « is the low-spin fraction
of 2:1 complexes containing two ionized amide hydro-
gens. Hence 100a = 309, in excellent agreement with
the independent estimate from magnetic susceptibility.
The less than statistical difference observed for the suc-
cessive ionizations in the oxygenation reaction, pK;' —
pKy', occurs not just because of the change to the low-
spin state, as the oxygenation reaction contributes by
converting all doubly ionized complexes to the low-spin
form,

The mean ionization constant determined by poten-
tiometric titration in oxygen-free solutions is (K;(K, +
K3))* where K, + K; = (HY)([CoL2~(h)] + [Co-
L.2~(1)})/[Co(HL)(L)~]. From the values above the
average pK,, for ionization of two amide hydrogens
from the 2:1 glycylglycine-cobalt(IT) complex is calcu-
lated as 10.1, in agreement with the value observed di-
rectly by titration. Thus experimental observation of
five different amide hydrogen ionization constants with
pK, values of 9.85-10.68 does not reflect experimental
error but rather provides support for the above ioniza-
tion scheme with an equilibrium between the favored
high-spin and low-spin cobalt(II) complexes, of 2—
charge, in oxygen-free solutions. The variation in ob-
served ionization constants cannot be explained by any
scheme which accounts for the four absorption bands by
splitting of 4T states in a high-spin only complex due to
descent from octahedral symmetry. The deprotonated
amide njtrogen is more effective in promoting spin pair-
ing in Ni(1I)!*® and Co(II) complexes than is indicated
by simple consideration of its ligand field strength.

Of the four divalent transition metal jons known to
promote amide hydrogen ionization in glycylglycine,
the order of increasing effectiveness (with a pK, in
parentheses) is Co(I1) (~10) < Ni(II) (~9.5)*° <
Cu(Il) (~4)t112 < PA(IT) (~3)!3 with the value for
Co(I1I) uncertain. Despite repeated proposals to the
contrary, the most basic site in an amide linkage is the
carbonyl oxygen so that protonation! and metal ion
coordination®® occur at that atom. However, after
amide deprotonation the most hasic site is the nitrogen

(9) M. 8. Michailidis, Ph.D. Thesis, University of Virginia, 1968.

(10) R. B. Martin, M, Chamberlin, and J. T. Edsall, J. Amer. Chem.
Soc., 82, 495 (1960).

(11) H. Dobbie and W. O, Kermack, Biochem. J., B9, 246 (1955).

(12) W. L. Koltun, M. Fried, and F. R, N, Gurd, J. Amer. Chem. Soc.,
82, 233 (1960),

(13) E. W. Wilson, Jr., and R. B. Martin, Inorg. Chem., 9, 528 (1970).

(14) G. Fraenkel, A. Lowenstein, and 8. Meiboom, J. Phys. Chem., €8,
700 (1961); D. Herbison-Evans and R. E. Richards, Trans. Faraday Soc.,
68, 845 (1962); M. J. Janssen, Spectrochim. Acta, 17, 475 (1961); R. Stewart
and L. J. Muenster, Can. J. Chem., 89, 401 (1961).

(15) H. C, Freeman, Advan. Protein Chem,, 22, 257 (1967); J. D. Bell,
H. C. Freeman, A. M. Wood, R. Driver, and W. R. Walker, Chem. Commun.,
1441 (1969).
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atom where either protonation or metal ion coordina-
tion takes place.’> When either protonation or com-
plexation has occurred at an ionized amide nitrogen,
the carbonyl oxygen becomes the basic center. Con-
sequently, when an inert cobalt(III) complex is formed
by coordination at the ionized amide nitrogen, any
rapid protonation occurs at the carbonyl oxygen.”18
References 7 and 14-16 provide extensive nmr and
X-ray support for the above conclusions, which we have
consistently held. 113

Class II dipeptides show no detectable amide hydro-
gen iomnization under the experimental conditions.
Three subclasses appear according to the reasons for
lack of observable amide deprotonation: glycylsarco-
sine possesses a methyl group instead of an amide hy-
drogen, the dipeptides containing B-alanine must form
six- as well as five-membered chelate rings in order to
be tridentate, and glycylamino acid dipeptides with
side chains that are bulky or branched at the 8 carbon
in the carboxyl terminal residue provide steric interac-
tions with the amide carbonyl oxygen that appear to
inhibit amide hydrogen ionization. In contrast to the
Co(II) complex of glycylsarcosine which does not seem
to oxygenate or oxidize under any conditions, the com-
plexes of glycyl-L-valine and glycyl-L-leucine undergo
very slow oxygenation and subsequent oxidation.

Metal ion promoted amide hydrogen ionizations occur
at 0.55 and 0.85 pK, unit higher in the copper(II) com-
plexes of glycyl-L-leucine!! and glycyl-L-valine,!2 respec-
tively, than in the glycylglycine complex. The nickel-
(I1)-promoted amide hydrogen ionization of glycyl-L-
valine occurs at least 1 pK, unit higher than that for gly-
cylglycine.’® No inhibition of amide hydrogen ioniza-
tions occurs for the Ni(II) complexes of L-leucylglycine
and L-valylglycine.!® The pK, values for ammonium
deprotonation of amino acids and dipeptides with bulky
amino terminal groups are not markedly different from
those for glycine and glycylglycine. These comparisons
suggest that steric effects are responsible for the inhib-
ited amide hydrogen ionizations in metal ion-dipeptide
complexes. Since only one dipeptide molecule is in-
volved in each copper(II) complex, the steric effects
need not involve interaction between two dipeptide li-
gands. In contrast to side chains in the amino terminal
position, those in the carboxyl terminal position of a tri-
dentate dipeptide chelate undergo steric repulsion with
the amide carbonyl oxygen forcing the side chains into
a quasiaxial position. The resulting steric strain on
the preferably planar amide linkage may account for
inhibited amide hydrogen ionizations in glycylamino
acids with bulky side chains. Interaction between two
dipeptide ligands might provide an additional source of
steric inhibition of amide hydrogen ionization in the 2:1
dipeptide complexes of Ni(II) and Co(II).

The amide hydrogen ionization is inhibited by a fac-
tor of less than 10 in the copper(II) complex of glycyl-
L-valine, Because it reduces the number of nitrogen
donors below the minimum of 4 probably required for
efficient oxygenation and oxidation of cobalt(II) com-
plexes of dipeptides, inhibition of amide hydrogen ion-
ization is expected to reduce the rate of oxidation by a
factor of at least 10. However, oxidation of the cobalt-

(16) D. A. Buckingham, D. M. Foster, and A, M, Sargeson, J. Amer.
Chem, Soc., 81, 3451 (1969).

(17) 8. J. Leach, G. Nemethy, and H. A. Scheraga, Biopolymers, 4, 369
(1966).
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(II) complex of glycyl-L-valine is 10* times slower than
for glycylglycine. Examination of space-filling molec-
ular models reveals severe steric hindrance to oxygena-
tion of a 2:1 dipeptide—cobalt(II) complex, by detach-
ment of one bound carboxylate, when this carboxylate
residue contains a bulky side chain. Thus the slow rate
of oxidation of the cobalt(II) complex of glycyl-L-valine
is ascribed to steric effects of the bulky carboxyl termi-
nal residue which both inhibits amide hydrogen ioniza-
tion and limits access of oxygen to form an oxygenated
complex. Intermediate oxygenation rates observed for
ligands like glycyl-L-phenylalanine are ascribed solely
to limitation of oxygen access to the metal ion as no in-
hibition of amide hydrogen ionization is noted.

Circular dichroism results were obtained to ascertain
the applicability of regional rules for describing optical
activity in octahedral-type complexes with near-Dy,
symmetry. The CD results presented in Figures 1 and
2 and Table I permit a partial test in three different
kinds of complexes: high-spin Co(II) from 400 to 520
nm and low-spin Co(II) from 520 to 700 nm in Figures
1 and 2 and Co(III) in Table I. According to the band
assignments suggested in the second paragraph of the
Discussion, both high- and low-spin Co(II) complexes
possess magnetic dipole allowed transitions at and above
1000 nm, beyond the long-wavelength limit of the CD
instrument. Regional rules apply to the sum of opti-
cal activity over the entire d—d manifold.’®* Therefore
application to the partial CD spectra of the Co(II) com-
plexes in Figures 1 and 2 must be made with reserva-
tions, the final interpretation awaiting CD measure-
ments up to 1300 nm. Since the CD results for the
Co(III) complexes listed in Table I include, in addition
to the 1A, — 1Ty, transition near 390 nm, the only spin
and magnetic dipole allowed transition Ay, — Ty, in
O at 520 nm, conclusions may be reached with more
assurance. Of all the bands reported in Figures 1 and
2 and Table I, only for the 480-nm band in the Co(II)
complexes and the 520-nm band in the Co(III) com-
plexes does the dissymmetry ratio Ae/e sometimes ex-
ceed 0.01, consistent only with their assignments to
magnetic dipole allowed transitions in the parent octa-
hedral group.

If the Z axis is chosen so as to pass through both
amide nitrogens in the 2:1 dipeptide-metal ion com-
plexes, the Dy, regional rule is a quadrant rule where the
pseudoscalar function is represented by x? — 2% Ac-
cording to this regional rule, amino terminal and car-
boxyl terminal side chains of the dipeptide complexes
composed of L-amino acids project into regions of oppo-
site sign. For the complexes containing one asym-
metric unit per dipeptide, this prediction is borne out by
only the high- and low-spin phenylalanyl dipeptide
complexes of Co(II) shown in Figure 2. The predic-
tion is not obeyed by the alanyl dipeptide complexes of
Figure 1 nor any Co(III) complexes listed in Table I.
Therefore, the Dy quadrant rule does not seem to be
applicable to these complexes and a mixed-sector rule
is required. The octahedral O, sector rule!? does ac-
commodate the results, but the distance dependence is
high.

Inspection of the areas under the curves in Figures 1
and 2 reveals that dipeptides with two asymmetric resi-

(18) F. 8. Richardson, J. Chem. Phys., in press.
(19) J. A. Schellman, 7bid., 44, 55 (1966).
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dues give Co(II) complexes whose CD magnitudes are
the sums of the two complexes containing one corre-
sponding asymmetftic residue per dipeptide. For ex-
ample, in Figure 1 for both the 400-520- and 520-700-
nm regions the area under the curve for L-alanyl-L-
alanine approximates the sum of the areas under the
curves for L-alanylglycine and glycyl-L-alanine. The
area under the curve for L-alanyl-p-alanine equals the
difference in areas between those for L-alanylglycine
and glycyl-L-alanine. Excellent agreement is obtained
between magnitudes calculated from sums and observed
values for the Co(III) complexes of Table I except for
the 535-nm hand of r-alanyl-p-alanine where the sign
is reversed. Though the agreement between calcu-
lated and observed magnitudes is poor, sign agreement
is obtained if the CD over both Co(III) transitions is
considered together. Scaling of the CD magnitudes of
the Co(IIT) complexes so that all values refer to a com-
plex with a molar absorptivity of 400 near 520 nm im-
proves the agreement between calculated and observed
values for alanyl dipeptides but worsens the agreement
for phenylalanyl dipeptides. Excepting the one Co-
(ITI) complex mentioned above, we conclude that the
magnitude of the optical activity through four ligand
field transitions in both cobalt(II)- and cobalt(III)-
dipeptide complexes consists of nearly independent and
additive contributions from each amino acid residue.
Similar conclusions have been reached for tetragonal
peptide complexes of nickel(II), palladium(II), and
copper(II) where a hexadecant regional rule appears to
apply .12

Unless their formation is highly stereoselective, so-
lutions of the 2:1 dipeptide complexes of both Co(II)
and Co(III) will contain a mixture of diastereomers
when at least one amino acid residue is asymmetric.

(20) R. B, Martin, J, M. Tsangaris, and J. W. Chang, J. Amer. Chem.
Soc., 90, 821 (1968); J. W. Chang and R. B. Martin, J. Phys. Chem., T8,
4277 (1969); J. M. Tsangaris and R. B. Martin, J. Amer. Chem. Soc., 98,
4265 (1970).
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While stereoselectivity in the labile Co(II) complexes
is only thermodynamic, that in the inert Co(III) com-
plexes may also contain kinetic contributions origi-
nating from differential rates of oxygenation. The
additivity observed for the CD magnitudes indicates
either that equivalent amounts of two diastereomers are
present for any one set of dipeptides or that diaster-
eomers exhibit similar CD magnitudes. Preliminary
amr results on solutions show two isomers present in
approximately a 2:1 molar ratio for both the L-alanyl-
glycine~ and vL-phenylalanylglycine—cobalt(III) com-
plexes. Examination of space-filling molecular models
reveals that the thermodynamically favored diastereo-
mer possesses side chains directed toward the carboxy-
late oxygen rather than the amino nitrogen of the other
dipeptide in a 2:1 complex. The identical 2:1 ratios
for the dipeptides with a small methyl and a large ben-
zyl side chain suggest a kinetic rather than a thermody-
namic origin for stereoselectivity. As noted above ex-
perimentally it is observed that oxygenation is inhib-
ited in dipeptide complexes containing large or branched
side chains in the carboxyl terminal residue. This in-
hibition might produce lower yields which may account
for the low values of the molar absorptivities at 520 nm
in the Co(IIl) complexes of dipeptides with carboxyl
terminal side chains. Because of the proximity of the
side chains on one dipeptide with the carboxylate oxy-
gen that is released upon oxygenation on the other, the
thermodynamically favored diastereomer is not the
more active kinetically. The kinetically more active
diastereomer, with the side chains directed toward the
amino nitrogen of the other dipeptide, leaves the ap-
proach to the carboxylate oxygens relatively unhin-
dered. Mixed DL-dipeptides of necessity contain side
chains hindering the approach of oxygen molecules, ac-
counting for their observed? slower rate of oxidation
compared to that of their LL counterparts.

(21) G. W. Miller, B. T, Gillis, and N. C. Li, J. Biol. Chem., 285, 2840
(1960).
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The syntheses, resolution, electronic structures, and stereochemistry of mixed-ligand complexes of cobalt(IIl) with the di-
anion of oxalic acid and ammonia, ethylenediamine (en), 1,3-diaminopropane (tn), triethylenetetramine (trien), 3,7-diaza-
1,9-diaminononane (2,3,2-tet), and 4,7-diaza-1,10-diaminodecane (3,2,3-tet) are reported. The instability of cobalt(II1I)
complexes with 4,8-diaza-1,11-diaminoundecane (3,3,3-tet) indicates that the complexes Co(NH;).ox™*, Co(en)ox¥, Co-
(tn)0x T, a-cis-Co(trien)ox ™, B-cts-Co(trien)ox*, B-cis-Co(2,3,2-tet)ox ™, and a-¢is-Co(3,2,3-tet)ox T comprise the complete
series of oxalatotetramine complexes with unsubstituted amines.

Introduction
The complexes oxalato(tetraammine)cobalt(I1I),
Co(NH;)40xt, oxalatobis(ethylenediamine)cobalt(III),
Co(en).0x*, oxalatobis(1,3-diaminopropane)cobalt(I11),
Co(tn)sox t, oxalatotriethylenetetraminecobalt (II1),
Co(2,2,2-tet)ox*, oxalato-4,7-diaza-1,10-decanediami-

necobalt(III), Co(3,2,3,-tet)ox*, and oxalato-3,7-diaza-
1,9-nonanediaminecobalt(ITI), Co(2,3,2-tet)ox*, com-
prise a complete series of mixed-ligand oxalatotet-
raminecobalt(III) ions. Though numerous other com-
plexes are doubtless formed with N- and C-substituted
derivatives of these ligands and with cyclic tetramines,



