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than the expected value of 0.5; however, this appears to be true
in other cases as well.l»¥

On the basis of the above rationale, we propose that the
electron transfer is proceeding through a ferrocyano nitrogen
bridging axially to the square-planar Cu(III) complex in the
transition state, as shown in Figure 5. As indicated ineq 1,
Cu(III) has no coordinated water and must gain two waters
on going to Cu(II). Judging from the small negative values
of AS* found, the gain of waters probably occurs after the
transition state for the following reasons. We expect ~9 cal
deg! mol™! will be lost in bringing together the two metal
centers, and perhaps slightly more in forming the inner-sphere
bridge. A small gain in AS* is possible due to delocalization
of the Fe charge over the copper complex, which gives rise to
a less organized solvent structure. Overall, this indicates a

(39) Woodruff, W. H.; Margerum, D. W. Inorg. Chem. 1974, 13, 2578.

slightly negative AS*, and addition of H,O to copper in the
transition state (—7.6 cal deg™ mol™! contribution to AS*7:16)
would produce an entropy value too negative compared to the
observed AS* to be probable and suggests the mechanism in
Figure 5.
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Stability constants are determined by an electrochemical method for axial coordination of monodentate nitrogen ligands
to nickel(III) peptide complexes in aqueous solution. The stability constants at 25 °C vary from 1100 to 50 M™! (in the
order imidazole > NH, ~ N;~ > pyridine) but are relatively independent of the nature of the peptide. The substitution
is too fast to observe by stopped-flow methods, and a lower limit for the axial water exchange rate constant is estimated
as ky,o > 4 X 10%57, There are no reactions observed with the corresponding nickel(II) peptides. Displacement of water
from the second axial site of nickel(III) occurs in frozen aqueous solutions with ammonia but not at room temperature.
The diglycylethylenediamine (DGEN) complex, Nil''(H_,DGEN)*, adds H* and CI- to give one or two axially coordinated
CI” in frozen aqueous solution (123 K), but the complexes are too weak to be detected at room temperature.

Introduction

Nickel(II) promotes ionization of peptide and amide hy-
drogens upon complexation by oligopeptides.! Coordination
of deprotonated peptide nitrogens stabilizes the trivalent ox-
idation state of nickel, and the reduction potentials in aqueous
solution for a variety of nickel(III, IT) peptide couples have
been determined.? Studies of the temperature dependence?
of the electrode potentials indicate that the nickel(II) peptide
complexes are not axially solvated, in contrast to the nickel(IIT)
forms. Electron paramagnetic resonance studies®’ show that
the nickel(I1T) peptides such as Nil'(H_,G,a)° (1) have a
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tetragonally distorted octahedral geometry, with solvent
molecules occupying the axial sites and an approximately
square-planar arrangement of the peptide donors. The EPR
studies presented evidence for axial substitution by ammonia
in frozen aqueous glasses to form both mono- and diammine
adducts. Even very low ammonia concentrations resulted in
the formation of complexes such as Ni'"(H_;G;a)NH; in the
frozen state, giving the appearance of a very strong complex
in aqueous solution.> However, the present work shows that
the ammonia complexes in aqueous solution are relatively weak
and are many orders of magnitude less stable than estimated
from the composition of the solutions before they are frozen.
Axial coordination of anionic ligands such as halides and
sulfate to nickel(II1T) macrocyclic complexes has been recently
reported.”"1% Stability constants range from about 50 M~
for Br™ to more than 10° M for SO,2~. The rates of axial
substitution have been examined as well. The corresponding
complexes are not observed with the nickel(III) peptides.
Measurement of equilibrium constants for axial coordination
of ammonia, imidazole, and other nitrogen ligands to nick-
el(IIT) peptides is complicated by protonation of the nitrogen

(6) Abbreviations used: Gsa, triglycinamide; G,, tetraglycine; A, tetra-
alanine; A, trialanine; G,Aa, diglycylalaninamide; Aib, a-aminoiso-
butyryl; DGEN, diglycylethylenediamine. The subscript in Ni(H_,P)
refers to the number of deprotonated peptide or amide nitrogens coor-
dinated to the metal ion.
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Figure 1. UV-visible spectrum of Nill[H_,(Aib);] in 1.0 M NaClO,:

(a) no added ligand; (b) [imidazole] = 0.15 M; (c) [N,] = 0.20

M.

bases in acidic media and by rapid decomposition of the
nickel(IIT) complex in base. In most cases the UV-visible
absorption spectra are similar for the complexed and uncom-
plexed species (Figure 1), so spectrophotometric determination
is difficult. These problems have been overcome by use of an
electrochemical method of determining binding constants.!!
Since nickel(II) peptides do not react with axial donors and
nickel(III) peptides do, the trivalent oxidation state is stabilized
relative to the divalent state by the presence of monodentate
ligands. Thus, if substitution is rapid, the observed reduction
potential of the couple decreases with increasing axial binding
to nickel(IIT). This method has the great advantage of using
only nickel(II) solutions, which are much more stable in mild
base than the corresponding nickel(III) complexes.

In the present work, equilibrium constants ranging from 20
to 10> M~! are measured for coordination of a variety of
monodentate ligands to nickel(III) peptide complexes. The
rate of substitution is too fast to observe by stopped-flow
methods.

Experimental Section

Tetraglycine (G,), tetraalanine (A,), and trialanine (A;) were
obtained from Biosynthetika. Triglycinamide (Gja) and glycyl-
glycylalaninamide (G,Aa) were obtained as the hydrochlorides from
Vega-Fox Chemical Co. Peptides containing the amino acid residue
a-aminoisobutyric acid (Aib) were synthesized by methods described
elsewhere.!? N,N-Diglycylethylenediamine was prepared by the
method of Cottrell and Gill'® and isolated as the free base. The purity
of all peptides was checked by liquid chromatography and elemental
analysis. A stock solution of Ni(ClO,), was prepared by reaction
of NiCO, and HCIO, and standardized by EDTA titration using
murexide as an indicator. Imidazole was recrystallized twice from
toluene prior to use. Pyridine and 4-methylpyridine were purified
by vacuum distillation.

Solutions of nickel(II) peptides (5 X 1073 M) were prepared by
the reaction of 10-30% excess peptide with Ni(ClO,),. The pH was
adjusted to 10.5 with NaOH to form the fully deprotonated complexes.
Stock solutions of monodentate ligands were freshly prepared daily.
Solutions for electrochemical measurements were prepared by mixing
aliquots of the peptide complex and the monodentate ligand with a
solution of background electrolyte (KNO;) and adjusting the volume
to 10 mL. The ionic strength was always maintained at 1.0, and the
pH was held between 8 and 9 with either borate buffer (2.5 mM)
or the ligand itself. In the latter case, the pH was measured and the
concentration of unprotonated base calculated. This pH range is
necessary because irreversible electrochemical behavior occurs at higher
pH and the nickel(II) peptide complex is unstable in more acidic
conditions. The temperature was controlled at 25.0 2 0.1 °C unless
otherwise noted. The relationship between observed pH values and
-log [H*] was determined by titration of HCIO, and NaOH (Sar-
gent-Welch electrodes, saturated NaCl reference) and is given by —log

(11) Gagné, R. R.; Allison, J. L.; Ingle, D. M. Inorg. Chem. 1979, 18,
2767-2774.
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Murray and Margerum

40+

o
(]
¥

Current, uA

-40k

700 75 050
Potential, Volts vs. NHE

Figure 2. Cyclic voltammograms of Nil'[H_;(Aib);a]~ in aqueous
solution at a glassy-carbon electrode: (—) [imidazole] = 0; (---)
[imidazole] = 0.010 M. [Ni((Aib);a)}t =5 X 10* M; u = 1.0; scan
rate = 40 mV/s; T = 25 °C.

[H*} = pH + 0.29 in 1 M KNO,.

Cyclic voltammetry was performed with a three-electrode system
consisting of a saturated KCl calomel reference electrode, a platinum
wire auxiliary electrode, and either a carbon-paste or glassy-carbon
working electrode. Voltammograms were generated with a Bioana-
lytical Systems, Inc., CV-1 instrument and were recorded on a
Hewlett-Packard HP 7035B X-Y recorder. Scan rates between 30
and 200 mV s™' were used. Preconditioning of the carbon-paste
electrode by cycling between the potential limits of the solvent was
necessary to obtain quasi-reversible cyclic voltammograms. Potentials
were measured from the midpoint of the peaks. Data from at least
three cyclic voltammograms were averaged for each concentration
of monodentate ligand, {L]. The concentration of the nickel~peptide
complex was always <10% of the ligand concentration so that [L]
remained essentially invariant during the scan. Formal reduction
potentials at [L) = 0 were redetermined during each series of solutions
to minimize errors from day to day. All potentials are reported in
terms of formal reduction potentials vs. NHE.

Solutions of nickel(III) peptide complexes were prepared by
electrochemical oxidation of the corresponding Ni(II) species using
a flow electrolysis apparatus.!* ¢ Yields of 50-90% nickel(III) were
obtained, and the eluent was acidified to pH ~3 with a few drops
of 0.1 M HCIO, to minimize decomposition of the nickel(IIT) complex.

Ultraviolet and visible absorption measurements were obtained with
either a Cary 14 or a HP 8450A spectrophotometer. Electron
paramagnetic resonance (EPR) spectra were obtained with a Varian
E-109 X-band EPR system modulated at 100 KHz and equipped with
a Varian variable-temperature controller. Spectra at room temperature
were obtained with an E-238 multipurpose cavity and a thin quartz
cell, S-813, supplied by Scanco, Solvang, CA. Solutions were
freeze-quenched in liquid nitrogen within 30 s of formation. Coupling
constants and g values were determined by a spectrum-matching
procedure,!” which entailed generation of calculated curves from
estimated values until the best fit with the experimental curve was
obtained. The magnetic field was calibrated with DPPH in KCl
embedded in paraffin.

Results

Determination of Equilibrium Constants. Equilibrium
constants K1 (eq 1) for a variety of nickel(III) peptide com-

111
Ni'(peptide) (H,0), + L =
Nilll(peptide)(H,0)L + H,0 (1)
Nitf(peptide) (H,0), + ¢~ = Nifl(peptide) + 2H0  (2)

plexes with monodentate donors in aqueous solution were

(14) Neubecker, T. A.; Kirksey, S. T., Jr.; Margerum, D. W. Inorg. Chem.
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Figure 3. Plot of exp[AE(nF/RT)] - 1 vs. [NH;] for nine concen-
trations of NH, with [Ni'l{(H_;G;a)] = 5 X 10* M. Slope = K =
262 £ 5 M"!; intercept = —0.3 + 0.8; > = 0.998.

Table I. Equilibrium Constants for Coordination of NH,
to Nilll(peptide)®
peptide KIII, M- peptide KM M- K1 M-

A, 80+10 GGAa 320:40 A, 180 = 20
(Aib), 110+ 14 (Aib),a 350:40 GG(Aib)G 270+ 30
G,a 27030 G, 160 + 20

@ [Nill] =5 x107* M, g = 1.0 KNO,/NH,NO,, T = 25.0 °C,
and [NH,*]q =0-1.0 M,

peptide

determined by measuring the shift in formal potential (E°’)
in the presence of the ligand (Figure 2). The formal potential
is the measured reduction potential of the cell under specified
conditions of ligand concentration, ionic strength, and pH.
This technique has been treated in detail elsewhere.'1#2!
Provided that eq 1 and 2 represent the only equilibria in so-
lution and that relaxation of these equilibria is rapid on the
time scale of the electrochemical measurement, the relationship
in eq 3 holds, where AFE is defined as in eq 4 and E°’; rep-

exp[AE(nF/RT)] - 1 = K"[L] (3)
AE = E° - E%; (4)

resents the formal potential measured in the presence of L.
Cyclic voltammograms of Ni[H_,(Aib);a]" in the presence and
absence of imidazole are shown in Figure 2. Other expressions
describing binding of L to both oxidation states!! or the binding
of two molecules of L to nickel(IIT) have been derived. In all
cases, plots of exp[AE(nF/RT)] - 1 vs. [L] were linear with
ordinate intercepts statistically equal to zero. In no case were
the data better fit by removal of the assumption that only one
ligand molecule binds to the trivalent oxidation state exclu-
sively. Therefore, values of X! were determined by a weighted
least-squares fit of the data to the function y = ax with a
forced zero intercept and the slope @ = K, Good fits (2 >
0.990) were obtained in all cases. A typical plot is given in
Figure 3.

Values of binding constants of NH, to a series of Ni-
(IIT)-peptide complexes are given in Table I. For Nill.
(H_,G3a) the value of K™! for formation of the adduct was
determined to be invariant over the —log [H*] range 8-9. This,
along with EPR evidence,’ shows that the substitution of

(18) Addison, A. W.; Carpenter, M.; Lau, L. K.-M,; Wicholas, M. Inorg.
Chem. 1978, 17, 1545.

(19) Allison, J. L. Ph.D. Thesis, California Institute of Technology, 1979.

(20) Laitinen, H. A. “Chemical Analysis”; McGraw-Hill: New York, 1960;
p 286.

(21) Heyrovsky, J.; Kuta, J. “Principles of Polarography”; Academic Press:
New York, 1966.
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Table II. Temperature Dependence of X! for the Reaction of
Nilll(H_,G,a) with NH,°

T, °C KIII’ M- T °C KIII’ M-! T, °C KIII’ M-t
20.1 291 30.0 245 34.0 219
25.0 270
AH® =-3.6 + 0.4 kcal mol™!
AS® =1.0 + 1.2 cal deg™* mol™!

o [Ni') = 5§ X 10* M, u = 1.0 KNO,/NH,NO,, and [NH,*]p =
0-1.0 M.

Table ITI. Equilibrium Constants for the Reaction
Nilll(H _,peptide) + L 2 Nilll(H_, peptide)L?

peptide

L G,a (Aib),a (Aib),
imidazole 650+ 10 1130+30 780+ 15
1-methylimidazole 550+ 10 1150+20 570z 10
2-methylimidazole 38+ 2 24+1 19+1
pyridine 552 57: 2 40+ 2
4-methylpyridine 93+3 1326 83+2
azide b b 1371

@ [Nill] =5 x10"* M, » = 1.0 KNO,, T=25.0°C, and [L]p =
0.0-0.05 M.  Not measured.

monodentate ligands involves replacement of axial water rather
than substitution of the peptide ligand. The latter reaction
is expected to be pH dependent, since a displaced amide ni-
trogen would be protonated immediately.

The thermodynamic constants AH® and AS® for the reac-
tion of ammonia with Nil'l(H_;Gja) were determined by
measuring K over the temperature range 15-35 °C (Table
II). Values of —3.6 £ 0.4 keal mol™! and 1.0 % 1.2 cal deg™!
mol™! were found for AH° and AS®°, respectively.

The equilibrium constants for reaction of several other
monodentate ligands with the nickel(III) complexes of (Aib),,
(Aib);a, and G,a appear in Table II1. In addition we checked
for coordination of several anionic ligands including Cl-, Br-,
HPO,>, SO,*, CH;CO,, and borate ion. With the exception
of acetate, no evidence for coordination of these ions to
nickel(I1I) peptides was found, and values of KI!! are estimated
to be less than 2 M1, In the case of acetate ion, concentrations
of 0.5 M resulted in a small potential shift corresponding to
K =~ 0.5 M1, but this may be due to a medium effect since
sodium acetate made up the bulk of the ionic background.
Finally, the pX, of coordinated water is estimated to be greater
than 11, since the reduction potential is constant for —log [H*]
values between 6.5 and 10.5.

In most cases, only small changes in the electronic spectra
of nickel(IIT) peptides are observed upon axial substitution.
Figure 1 shows the spectrum of Ni'l[H_;(Aib);] in 1 M
NaClO, and in the presence of 0.15 M imidazole in pH 7.6,
where the imidazole adduct is over 98% formed. A shift in
the ultraviolet A_,, from 263 to 256 nm is observed. Addi-
tionally, a shoulder between 400 and 450 nm appears in the
spectrum of the imidazole complex.

Addition of azide to a solution of Nill'[H_,(Aib),] results
in the appearance of a new maximum at 456 nm with only
a small loss of absorbance at 352 nm. This band is probably
an azide-to-metal charge-transfer transition. The stability
constant for binding of azide was determined spectrophoto-
metrically with use of curve-fitting software provided with the
HP 8450A spectrophotometer and was found to be 130 £ 20
M-, in excellent agreement with the value of 137 M~ found
electrochemically.

Rate of Axial Substitution. Attempts were made to measure
the rate of dissociation of the imidazole and azide adducts of
Ni"'[H_,(Aib),] using a Durrum stopped-flow spectrometer.
Solutions of the fully formed imidazole complex at pH 7 were
mixed with acetate buffer at pH 5, and the absorbance at 450
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nm was followed. In the case of azide, a solution containing
the adduct was rapidly mixed with 0.1 M NaClO, and the
absorbance at 456 nm was followed. In both cases, a constant
absorbance corresponding to that expected for the products
was observed, indicating that the reaction was complete within
the dead time (<5 ms) of the instrument. A lower limit of
500 s~! can be estimated for the dissociation rate constant, and
the formation rate constant k; = KWk, is therefore greater
than 4 X 10° M1 57! for imidazole and greater than 6.5 X 10*
M- 57! for azide.

EPR Studies. In an earlier report,’ the value of the binding
constant of NH; to Ni'l(H_;G,a) was approximated by es-
timating the ratio of EPR signals from mixtures of nickel(IIT)
species in frozen solutions at 123 K. The value found was on
the order of 107 M™! for coordination of one ammonia mole-
cule. In solutions with higher concentrations of NH;, a
spectrum assignable to a diammine adduct was observed with
an apparent stability constant of 60 M~ for Ni''(H_,G;a)-
(NH,),. However, the assumption that the freezing process
does not greatly shift the equilibria is highly erroneous. No
evidence for coordination of a second ammonia at room tem-
perature is found in the present study, and the stability constant
for the first substitution is only about 2 X 102 M™!, The
relative amounts of species identified in the frozen EPR sam-
ples do not correspond to the concentrations of species in
solution before freezing. Despite the fact that the freezing
process takes only a few seconds, the ammonia appears to
concentrate in the vicinity of the nickel peptides to give Ni(1II)
axial adducts. Once the frozen state is obtained, the EPR
spectra do not change between 100 and 225 K, so there is no
shift in equilibria due to relaxations in the frozen state between
NH,™ in the outer sphere and NH; in the inner sphere of the
nickel. The fact that the freezing process changes the amount
of Ni'"-NH, bonding is not surprising, but the magnitude of
the change (corresponding to a factor of 10° in the apparent
stability constant) is far greater than expected. The compo-
sition of the frozen glass is very different from that of the
room-temperature solution even though the quenching process
is moderately rapid.

Another complex showing marked differences in behavior
between room temperature and —150 °C is Nil'(H_,DGEN)*
(structure 2). In the absence of halide, the spectrum of this

species at —150 °C undergoes a shift (Table IV) at [H*] ~
0.1 M. This is attributed to “outside” protonation of one of
the peptide oxygens without loss of coordination of the peptide
nitrogen to form Nill(H_,DGEN)H?* (3). Outside proton-

ation has been previously observed in kinetic studies of metal
peptide complexes,?*=2* and the shift to lower values of g, is

Murray and Margerum

Table IV. EPR Data for Nilll(H_,DGEN)* Complexes in Frozen
Aqueous Solutions (123 K, Microwave Frequency 9.08 GHz

81 gl aj
Ni(H_,DGEN)* ¢ 2.256 2.011
Ni(H_,DGEN)H?*® 2.247 2.014
Ni(H_,DGEN)HCI* ¢  2.20 2.009 33.3¢

Ni(H_,DGEN)HC],° 2.192 2,015 31,24

@ [Nilll] =104 M, pH 5, unbuffered. ® [Nilll] =10~ M,
[H*] =0.5 M. € Conditions of Figure 4, ¢ Values in gauss for
%5Cl. The hyperfine constant for *’Cl was not resolved.

Gauss

Figure 4. EPR spectra of chloride adducts of Ni"{(DGEN) in frozen
aqueous solutions at 123 K and microwave frequency 9.08 GHz: (a)
Ni'"'(H_,DGEN)HCI* formed from 10# M Ni''{(H_,DGEN)* at
[H*] = 0.1 M and [CI'] = 10 M; (b) Ni"l(H_;,DGEN)HCI, formed
from 10 M Ni'l(H_,DGEN)* at [HCI] = 1.0 M; (c) expansion
of g, region of (b).

consistent with the weakening of the in-place donor strength
expected.

In the presence of 107 M chloride at [H*] > 0.1 M, the
low-temperature spectrum (Figure 4a) corresponds to axial
coordination of chloride ion (I = 3/,) to the protonated com-
plex, and replacement of the second axial water is complete
when [CI"] > 0.1 M. In contrast, at pH 4 and [CI"] = 0.10
M, the monochloro adduct is only about 75% formed.
Nickel(IIT)-DGEN is the only nickel(III) peptide system that
shows chloride coordination.

At 25 °C, however, no changes in the UV-visible spectrum
of Ni'l(H_,DGEN)* are seen between pH 7 and 1.0 M HCI.
Also the shift in g,, obtained from room-temperature EPR
spectra is less than half the calculated value for coordination
of even one chloride ion. The difference in stability for this
adduct between 25 °C and the frozen state is estimated to be
at least a factor of 2 X 10*, Hence, the freezing process shifts
the nickel(IiI)—chloride equilibria to a similar extent as that
observed with nickel(I1I)-ammonia.

Discussion

Nickel(IIT) peptides form moderately strong axial adducts
with nitrogen bases, with values of X! ranging from about
50 M™! for pyridine donors to about 10° M for imidazole

(22) Paniago, E. B.; Margerum, D. W. J. Am. Chem. Soc. 1972, 94,
6704—6710.

(23) Rybka, J. S,; Kurtz, J. L.; Neubecker, T. A.; Margerum, D. W. Inorg.
Chem. 1980, 19, 2791-2796.

(24) Owens, G. D,; Chellappa, K. L.; Margerum, D. W. Inorg. Chem. 1979,
18, 960.
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donors (Table ITI). As seen in Table I, the magnitude of X!
is relatively insensitive to the nature of the peptide. Stability
constants for binding of ammonia to the nickel(III) complexes
of eight peptides differ by no more than a factor of 4. It may
be noted that, within this narrow range, the binding constants
are smallest for tripeptide complexes and largest for tripeptide
amide complexes. Comparison of equilibrium constants for
Ni''[H_,(Aib);] and Nill[H_;(Aib);a] (Table III) confirms
this trend.

The presence of alkyl groups on the a-carbons of the peptide
also has little effect on the binding of axial donors. Even with
the sterically hindered ligand 2-methylimidazole, the KU value
for Ni'll[H_,(Aib),a] is about the same as that for Ni'l-
(H_;G;a), although both adducts are much less stable than
the corresponding unsubstituted imidazole complexes. Thus,
axial coordination to nickel(I1I) is unhindered, even when the
a-carbons in the peptide chain are fully substituted.

The linearity of plots of exp[AE(nF/RT)] — 1 vs. [L] in-
dicates that coordination of a second monodentate ligand is
negligible over the concentration ranges used. This preference
for four or five nitrogen donors may be compared with the case
for low-spin cobalt(III) complexes. The stepwise constants
for addition of the fifth and sixth ammonia molecules to give
Co(NH,)¢** are 1.1 X 10° and 3.2 X 10 M, respectively.5%
The low-spin d° cobalt(III) prefers an octahedral geometry,
while low-spin d7 nickel(III) prefers a square-planar or
square-pyramidal arrangement of nitrogen donors. The iso-
electronic low-spin cobalt(II) also commonly assumes a
square-pyramidal geometry.??8

Effect of L. The axial adducts of imidazole and 1-
methylimidazole are about 10 times more stable than those
of pyridine and 4-methylpyridine, reflecting the higher basicity
of the imidazole nitrogen. The ammonia complexes are
somewhat weaker than those of imidazole, which is typical for
transition-metal complexes,?®3°

Rate of Substitution. A lower limit for the rate constant
for axial substitution is estimated to be 4 X 105 M 571,
Kinetic data for substitution in other low-spin d’ complexes
are scarce. Endicott et al.>! reported axial aquation rate
constants of >10? 5! for several Co(II) macrocyclic species.
The rate constants for formation of the sulfate adduct of a
nickel(III) macrocyclic complex®® has been reported as 1 X
10 M~ 57!, while halides have been found to replace axial
water in Nilll(cyclam)3* with rate constants of 2-12 X 102
M-t 717 A probable mechanism for Ni(III) substitution
reactions is a dissociative-interchange process.”® Substitution
reactions of this type are considered to proceed via formation
of an outer-sphere complex (eq 5) followed by dissociative

Ky
Nilll{peptide)(H,0), + L —

kex
[Nil(peptide)(H,0),,L] —>
Nilll(peptide)(H,0)(L) + H,0 (5)

exchange of the incoming ligand and coordinated solvent. For
Nill[meso-Meg[14]aneN,](H,0),%*, the value of k. was
estimated as 1.1 X 10*s7% and for Ni(cyclam)(H,0),**,
k.. < 10°s7.7 If K, for the formation of an outer-sphere
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(30) Martin, R. B,; Edsall, J. T. J. Am. Chem. Soc. 1958, 80, 5033-5035.
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complex between the neutral imidazole ligand and Nijlll
[H_,(Aib),] is estimated as 0.1 M1 32 3 water exchange rate
constant in excess of 4 X 10° s is obtained. This lower limit
is over 2 orders of magnitude greater than the rates observed
for nickel(III) macrocyclic systems. This may be explained
by the relative tetragonal distortion of Ni(III) peptide and
Ni(IIT) macrocycles. Deprotonated peptide nitrogens are
stronger ¢ donors than amine nitrogens. Hence, the extent
of axial elongation may be greater in the peptide complexes,
resulting in greater lability in the axial positions.?!

Coordination of Halides. Nickel(III) peptide complexes at
298 K show no evidence of binding halide ions axially, even
in 1.0 M X~ concentrations. Solutions in the frozen state,
which favors complex formation by many orders of magnitude,
have EPR spectra corresponding to the unsubstituted species
(except for the DGEN complex in acid). In contrast, nick-
el(IIT) macrocycles bind chloride, bromide, and other anionic
ligands readily.”'9 Haines and McAuley’ reported the values
of the binding constants of CI" and Br™ to Ni''(cyclam)?* over
the range 6-34 °C. Although the data are scattered, values
of AH® and AS® for these reactions can be estimated from
their data and are found to be 2-5 kcal mol™! for AH® and
15-25 cal deg™ mol™! for AS®. Hence, the driving force for
halide substitution in this complex is the gain in entropy, which
overcomes an unfavorable enthalpic contribution. This be-
havior is common for coordination of halides to metals in the
+3 oxidation state?® and may be explained by the charge
neutralization which reduces the extent of solvation in the
products.

In the present study, the nickel(III) complexes carry an
overall charge of 0 or 1-, and the incoming axial ligands are
neutral. Thus, there are no charge neutralization effects and
the entropy change is small (1.0 & 1.2 eu). The value of AH®
= -3.6 kcal mol™! is not unusual for metal(III) ammine com-
plex formation.? Coordination of an anionic ligand to a
neutral or negative nickel(IIT) peptide complex would not lead
to a large favorable entropic change as in the case of the
tripositive nickel(III) macrocycles. We found no evidence for
such coordination, even in frozen solutions.

However, as previously described, coordination of chloride
to nickel(IIT) complexes of the pseudo-peptide DGEN is ob-
served in frozen solutions. While EPR spectra of frozen so-
lutions do not accurately reflect behavior at higher tempera-
tures, comparisons between different nickel(III) complexes in
frozen media are useful. Thus, while neutral and negative
complexes show no coordination of chloride at 150 K, the
adduct of the positively charged Ni'''(H_,DGEN)* is about
80% formed at [CIl] = 0.10 M and the dipositive species
Nil'(H.,DGEN)H?* is completely complexed by chloride at
[CI] = 1072 M. On the other hand, at 298 K, the chloride
complex of Ni'"'DGEN is very weak (<1 M), but the cor-
responding complex with Nil'l(cyclam)** is moderately strong
(250 M1).6 These observations support the conclusion that
the major thermodynamic differences between axial coordi-
nation in nickel(IIT) peptide complexes and nickel(III) mac-
rocycle complexes can be attributed to differences in the overall
charge.

Conclusions

Nickel(IIT) peptide complexes bind nitrogen donors with
equilibrium constants ranging from about 50 M™! for pyridine
ligands to about 10° M~! for imidazole ligands. The substi-
tution rate is very rapid, with a water exchange rate estimated
as k., > 4 X 10% 57!, For a given ligand, the strength of the
axial adduct is relatively insensitive to the equatorial peptide.
Substitution in the second axial site is not favored and was

(32) Wilkins, R. G. “The Study of Kinetics and Mechanisms of Reactions
of Transition Metal Complexes™; Allyn and Bacon: Boston, 1974.
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not detected at room temperature.

Formation of Nill(H_,G,a)(NH,) is exothermic and has
a very small entropy charge, in contrast with axial substitutions
of anions in nickel(III) macrocyclic complexes, where AH®
> 0 and the reaction is driven by a favorable entropy change
brought about by charge neutralization.
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A product of the reaction of molecular oxygen with [tris(2-pyridyl)amine] (trifluoromethanesulfonato)copper(I) has been
characterized by a low-temperature X-ray diffraction analysis and found to be a cubane-like tetramer of formula [Cu,-
(OH)4(SO;CF;),[N(CsH4N);3]4] [SO;CF;],:C3HgO, with cupric ions and hydroxyl oxygen atoms at alternating vertices
of a cube. Each cupric ion is essentially octahedrally coordinated, being bound to three OH bridges, two pyridine N atoms,
and one triflate O atom. The cube is of approximate D,; symmetry, the elongation along one axis possibly arising as a
consequence of Jahn—-Teller distortion. In this complex the tris(2-pyridyl)amine acts as a bidentate rather than a tridentate
ligand and each triflate ligand spans two vertices of the cluster. Magnetic susceptibility measurements reveal that the
cupric ions in the cube are antiferromagnetically coupled, and this observation is readily rationalized on the basis of the
structural data. Isotopic tracer experiments demonstrate that the hydroxyl oxygen atoms in the product originate largely
in the molecular oxygen used in the reaction and that the hydrogen atoms originate largely in other tris(pyridyl)amine
molecules. The material crystallizes with four formula units in space group C3,-P2,/n of the monoclinic system in a cell
of dimensions a = 18.848 (7) A, b = 13.804 (5) A, ¢ = 29.491 (10) A, and 8 = 99.29 (3)°. The structure has been refined
isotropically to an R index of 0.098 on the basis of 337 variable parameters and 8904 unique observations obtained at —150
°C.

The importance of copper ions as catalysts in both enzymic?
and nonenzymic** chemical systems is well-known. Many of
the copper proteins activate molecular oxygen, and the func-
tions of these proteins are varied; they serve as oxygen carriers
(hemocyanin)’ or, more often, as catalysts in oxygenation
(oxygenases)®S or oxidation (oxidases) reactions.>® The high
catalytic activity of both enzymic and nonenzymic copper ions
has been attributed to, among other factors, the ease with
which Cu(l) is oxidized by O, to Cu(II). It has been difficult
in the past to study this oxidation reaction in model systems
because of both the very rapid oxygenation of Cu(I) in aqueous
solution (k > 10° M~ s71)7 and the paucity of Cu(I) salts
soluble in aprotic media. Early work was carried out with
CuCl in dilute acidic solution,®® followed by experiments in
glacial acetic acid,'® where CuCl is less soluble and hence

(1) Camille and Henry Dreyfus Teacher-Scholar.

(2) (a) Vanneste, W, H.; Zuberbiihler, A. In “Molecular Mechanisms of
Oxygen Activation”; Hayaishi, O., Ed.; Academic Press: New York,
1974; pp 371-404. (b) Malkin, R. In “Inorganic Biochemistry”; Eic-
horn, G. L., Ed.; Elsevier: New York, 1973; pp 689-709. (c) Malkin,
R.; Malmstrom, B. G. Adv. Enzymol. 1970, 33, 177-244. (d) Beinert,
H. Coord. Chem. Rev. 1980, 33, 55-85 and references therein.

(3) Khan, M. M.,; Martell, A. E. “Homogeneous Catalysis by Metal
Complexes”; Academic Press: New York, 1974; Vol. 1, pp 114-174.

(4) Basolo, F.; Pearson, R. G. “Mechanisms of Inorganic Reactions”, 2nd
ed.; Wiley: New York, 1967; Chapter 6.

(5) (a) Lontie, R.; Vanquickenborne, L. Met. Jons Biol. Syst. 1974, 3,
183-200. (b) Bannister, J. V., Ed. “Structure and Function of Hemo-
cyanin”; Springer-Verlag: Berlin, 1977, (c) Lontie, R.; Witter, R. In
“Inorganic Biochemistry”; Eichorn, G. L., Ed.; Elsevier: New York,
1973; pp 344-358.

(6) Peisach, J., Aisen, P., Blumberg, W. E., Eds. Biochem. Copper, Proc.
Symp. 1966, Part 5.

(7) Arce, J. A.; Spodine, E.; Zamudio, W. J. Inorg. Nucl. Chem. 1975, 37,
1304-1305.

(8) Wieland, H.; Franke, W. Liebigs Ann. Chem. 1929, 473, 289-300.

(9) Nord, H. Acta Chem. Scand. 1958, 9, 430-437.

0020-1669/82/1321-3506$01.25 /0

oxidized less rapidly. In the aqueous solutions the rate of Cu(I)
oxidation was found to be dependent on [H*] and first order
with respect to both molecular oxygen and Cu(I) concentra-
tions. In glacial acetic acid the oxidation reaction showed
first-order dependency on O, and second-order dependency
on Cu(I). More recently the oxidation of [Cul(imidazole),]*
and [Cu(NH,),]* has also been studied.!! The oxidation of
a cuprous 2,2’,2”-terpyridine complex in aqueous acetonitrile!?
and the reaction of O, with [Cu(CH,CN),][CIO,] in per-
chloric acid-acetonitrile solutions!® were also examined, as was
the oxidation of Cu(bpy),* in buffered aqueous solution.!* All
of these reactions were found to be first order in [Cu*] and
[O,]. These latter studies with aromatic nitrogenous ligands
may be more relevant to the biological systems because in
many of the copper proteins histidine (imidazole) has been
implicated as a ligand.!>'7  Also noteworthy are the series
of kinetic studies®'® performed with Cu(1,10-phen),* in the
aprotic solvent nitromethane; not only is phenanthroline a
heterocyclic nitrogenous base, as is imidazole, but the aprotic
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