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Oxidation of blue bis(dipeptide)nickelate(II) complexes yields violet-black solutions of nickel(II1) complexes, which are 
long-lived species in neutral solution. Dipeptides with glycyl, alanyl, and a-aminoisobutyryl residues are examined. The 
electron paramagnetic resonance spectra of frozen aqueous glasses have gll greater than g, for the nickel(II1) complexes. 
The unpaired electron appears to be in the d,z+ orbital of a tetragonally compressed octahedral environment, in contrast 
to its presence in the dg orbital in the tetragonally elongated octahedral geometry found for many other nickel(II1) complexes. 
Acid catalyzes the rearrangement of the violet-black species to a yellow nickel(II1) complex, which has properties more 
typical of other nickel(II1) peptide species. This reaction is not reversible. Below pH 2 sequential reactions are observed 
with an acid-catalyzed conversion of the violet-black to the yellow complex, followed by an acid-independent decomposition 
of the yellow nickel(II1) complex to nickel(I1). The first step is first order in [H'] and in [Ni(III)] with rate constants 
(25.0 "C) that vary from 5.6 to 160 M-' s-I for different dipeptides. The rate constants for the second step also vary with 
the dipeptide and range from 0.016 to 0.15 s-l. Above pH 3 the intermediate yellow species does not form in appreciable 
concentrations. 

Introduction 
Recently the less common trivalent oxidation state has been 

invoked to explain paramagnetic centers in several nickel- 
containing systems of biological interest.'-' Nickel(II1) de- 
protonated peptide complexes are readily obtained from the 
correspanding nickel(I1) complexes by chemical or electro- 
chemical oxidation: and the properties of trivalent nickel can 
be studied. 

Investigations of nickel(II1) oligopeptide complexes by 
electron paramagnetic electro~hemistry,~J"-l~ 
circular dichroism,14 and chemical reactivity8J3J5-" have re- 
vealed detailed information about their structural and chemical 
properties in aqueous solution. Although these investigations 
have been directed primarly toward the 1 : 1 complexes, a bis 
complex [Ni"'(HzG3a)(H1G3a)] (where G,a is triglycinamide 
and H,, refers to n deprotonated peptide nitrogens coordinated 
to the metal) has been proposed on the basis of EPR evidence.' 
Recently, the bis(trig1ycine) complex of nickel(II1) has been 
found to exist in two forms.16J8 Frozen EPR as well as 
room-temperature EPR and UV-visible spectra support the 

blue c ~ m p l e x ' ~ - ~ ~  whose structure has been determined by 
single-crystal, X-ray d i f f r a c t i ~ n . ~ ~ * ~ ~  The metal is surrounded 
by two mutually perpendicular glycylglycine residues that act 
as tridentate ligands via their amino, deprotonated peptide, 
and carboxyl groups. The Ni-N(deprotonated peptide) bonds 
(1.99 A) are shorter than the Ni-O(carboxy1) bonds (2.17 A) 
and Ni-N(amino) bonds (2.14 A). This places the nickel(I1) 
in a compressed octahedral environment. This coordination 
geometry with high-spin nickel(I1) is unusual for peptide 
complexes of nickel(II), which tend to form low-spin 
square-planar c o m p l e ~ e s . ' ~ ~ ~ ~  The two amine and two de- 
protonated peptide nitrogen coordinated to the nickel(I1) in 
the bis complex provide a suitable environment to stabilize 
nickel(III).' 

In the present study the solution properties of the violet- 
black bis(dipeptide)nickelate(III) complexes of glycylglycine, 
L-alanylglycine, L-alanyl-L-alanine, glycyl-L-alanine, and a- 
aminoisobutyrylglycine are characterized. Investigation of the 
kinetics and a proposed mechanism of their acid-catalyzed 
decomposition reactions are reported. 

stepwise formation of two different bis(tripeptide) complexes 
as a function of pH, formed from the nickel(II1) mono complex 
with excess ligand. 

Nickel(II) in the presence of excess glycylglycine forms a 

Experimental Section 
Reagents. Chromatographically pure dipeptides glycylglycine 

(GlyGly, Sigma Chemical Co.), L-alanylglycine (AlaGly, 
Schwarz/Mann), L-alanyl-L-alanine (AlaAla, Biosynthetika), and 
glycyl-L-alanine (GlyAla, Biosynthetika) were used as supplied. The 
dipeptide AibGly with the amino acid residue a-aminoisobutyric acid 
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C, 45.22; H, 7.48; Ny17.21. A stock solution of Ni(C104)2 was 
prepared by the reaction of NiC03 and HC104 and was standardized 
against EDTA with murexide indicator. 

Solutions of the bis(dipeptide)nickelate(II) complexes were prepared 
by the reaction of 3 equiv of the ligand with Ni(C104)2. Upon slow 
addition of NaOH the green solution turned light blue, at pH 11, with 
the formation of the fully deprotonated bis ~ o m p l e x . ~ ~ * ~ ~ ~ ~  The 
complex was electrochemically oxidized in a flow system. The electrode 
arrangement had a graphite-powder working electrode packed in a 
porous Vycor glass column wrapped externally with a platinum-wire 
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auxiliary electrode.25 Millimolar solutions of the bis(dipeptide)- 
nickelate(I1) complexes were oxidized at 850 mV vs. Ag/AgCl at a 
flow rate of 1 mL/min. The resulting violet-black solutions were 
collected unbuffered (pH ca. 7.5) and were stable for several days 
at room temperature. 

Measurements. Electron paramagnetic resonance spectra of 
magnetically dilute aqueous glasses containing the nickel(II1) com- 
plexes (ca. loT4 M) were measured with a Varian E-109 X-band 
spectrometer modulated at 100 kHz. The EPR was equipped with 
the Varian E-231 variable-temperature cavity and a Varian E-238 
variable-temperature controller. Samples were quenched rapidly in 
liquid nitrogen, and the temperature was maintained at -150 & 5 O C .  
Magnetic field values were measured relative to cu,a'-diphenyl-P- 
picrylhydrazyl (g = 2.004). Spectroscopic splitting factors (g values) 
and hyperfine coupling constants ( a  values) were determined by 
generating the "best-fit" curves using a computer spectrum matching 
procedure.26 

Room-temperature EPR spectra were obtained on a Varian E-231 
multipurpose cavity with a thin (0.1 mm) quartz cell that was equipped 
with a two-jet tangential mixer. Dynamic measurements used a Varian 
E-271A rapid-scan unit that was interfaced to an 8080A based 
microcomputer, a controller/function generator combination, and the 
Varian E-109 spectrometer. In this configuration small changes in 
the bulk magnetic field were generated linearly with time. EPR spectra 
with this stopped-flow system could be generated with spectral windows 
of 0.1-100 G in time intervals as short as 30 ms2' 

A Vidicon rapid-scanning stopped-flow s p e ~ t r o m e t e r ~ * ~ ~ ~  or a HP 
8450A spectrometer was used to obtain UV-visible spectra of 
short-lived nickel(II1) species in acid (pH <2.5). The HP 8450A was 
used in the two-step, three-reagent mixing experiments, which were 
performed to test the chemical reversibility of the acid-catalyzed 
decomposition reactions. 

The photochemical apparatus and methodology is described else- 
where.30 The nickel(I1) solution (pH 7.6, I = 1.0 (NaCIO,)) was 
bubbled with argon to purge oxygen. The nickel(II1) complex was 
assayed spectrophotometrically prior to and after photolysis (1 I-min 
exposure in a 1-cm cell at 25 "C). 

Above pH 2 the hydrogen ion concentration was determined with 
an Orion Model 601A research pH meter equipped with a Corning 
476081 combination electrode or with a Radiometer Model PHM26 
research pH meter equipped with micro Radiometer glass (Model 
G222B) and calomel (Model K4112) electrodes. Perchloric acid- 
sodium hydroxide titrations in 0.1 and in 1 .O M NaC104 were used 
to calibrate the electrodes. 

Kinetics of the nickel(II1) decomposition reactions were measured 
under pseudo-first-order conditions (constant pH) with the nickel(II1) 
complex as the limiting reagent. Absorbance vs. time profiles were 
generated by using a Cary 16 or a Durrum stopped-flow spectrom- 
eter.'l 
Results and Discussion 

Nickel(I1) forms a blue complex with two molecules of 
dipeptide, and for the case of glycylglycine the geometry has 
been shown to be a tetragonally compressed o ~ t a h e d r o n . ~ ~ , ~ ~  
Electrochemical or chemical oxidation of the nickel(I1) species 
results in the formation of a violet-black paramagnetic complex 
with the proposed formula Ni" '(H1GlyGly)~. This complex 
lasts for several days in neutral solution a t  room temperature. 
Upon addition of acid (pH <2), a transient yellow species is 
generated. This short-lived complex is also paramagnetic and 
has properties similar to those of nickel(II1) peptide complexes 
that have a tetragonally elongated geometry." The yellow 
intermediate undergoes a self-redox reaction to give colorless 
diamagnetic products. 
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Figure 1. UV-visible spectrum of the violet-black Ni"'(H,GlyGly)~ 
complex. 

Violet-Black Nickel(II1) Species. Oxidation of the Ni"- 
(H-,GlyGly),*- complex causes a change in the electronic 
absorption bands from 366 and 610 to 255, 355 (sh), and 560 
nm as shown in Figure 1. The molar absorptivity a t  560 nm 
is 500 f 30 as determined by a redox titration of the trivalent 
nickel complex with ascorbic acid. The dipeptides AlaGly, 
AibGly, GlyAla, and AlaAla all yield complexes with similar 
spectral properties. This type of similarity is not unusual as 
the spectral properties of 19 bis(dipeptide)cobaltate(III) 
complexes have been reported32 in which the average hx was 
523 f 3 nm and the average molar absorptivity was 390 f 
20 M-I cm-I. 

Photochemical Redox. The redox decomposition of Ni"'- 
(H-lAlaGly)2- (2.6 X lo4 M initially) is photochemically 
catalyzed. The quantum yield for loss of nickel(II1) at 280 
nm ( I # J B 0 )  is 0.03. Although this value is much lower than that 
found for Ni111(H-2Aib3)33 = 0.21), the photochemical 
reaction is a significant decomposition pathway. 

Redox Potential. The violet-black Ni111(H-,GlyGly)2- 
complex readily oxidizes I- (E" = 0.62 V) and CU"(H_~A~~,) -  
(E" = 0.66 V). NiT"(H-,GlyGly),- does not react with 
Ni11(H-2G3)-, (E" = 0.85 V) or with Ni11(H-2Aib3)- ( E O '  = 
0.83 V). Aqueous bromine ( E O '  LZ 1 V) and OXONE 
(KHS05, E"' z 1.4 V) oxidize the Ni(I1) to Ni(II1). Attempts 
to obtain the reduction potentials using cyclic voltammetry 
or differential-pulse voltammetry a t  glassy-carbon and other 
electrodes were unsuccessful because of poor reversibility. The 
reduction potential (E") of the Ni111J1(H-,GlyGly),'2- complex 
is estimated to be between 0.66 and 0.83 V (vs. NHE). This 
is within the range estimated by Meyerstein for Ni"'*"EDTA 
(0.54 I Eo' I 1.06 V).34 

EPR Spectra. In previous EPR studies of nickel(II1) pep- 
t i d e ~ ~ - ' ~  an axially elongated tetragonal distortion was found 
with gxx, gyy > gzz. The hyperfine splitting from equatorially 
bound nitrogens could not be resolved, and broadening pa- 
rameters (W,, Wyy > w,) were used to match the calculated 
and observed ~pec t r a .~  However, axially coordinated nitrogens 
caused readily observable hyperfine splitting because the un- 
paired electron was in the dZ2 orbital. These spectra were 
calculated with values' of 19-24 G for the hyperfine coupling 
constants, arr. 

The frozen EPR spectrum for Nilll(H-lGlyGly),-, given in 
Figure 2, corresponds to that of a nonaxially symmetric com- 
plex with one unpaired electron. The average g value (gav = 

(32) Boas, L. V.; Evans, C. A,; Gillard, R. D.; Mitchell, P. R.; Phipps, D. 
A. J .  Chem. SOC., Dalton Trans. 1979, 582-595. 
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Figure 2. EPR spectrum for Ni"'(HIGlyGly)2- (pH 7, 9.083 GHz, 
-150 "C): -, experimental; - -, calculated. 

Table I. Comparison of EPR Parameters (g Values) for 
NickelW) Complexcs with ,qll > g1 

complex RII .ma g,, solvent ref 

NiIIIEDTA- 2.34 2.14 2.21 watcr,pH 4.3 37 
Nilll(H-I GlyGly),- 2.22 2.07 2.12 water, pH 5-8 this 

Ni"'(BPO), 2.14 2.09 2.11 polycryst 38 

[Nil1'([ 12]aneN,)I2+ 2.17 2.06 2.10 acetonitrile 39 
Ni"'(Mc,(CH,CO),- 2.14 2.07 2.09 acetonitrile 40 

N h T A A H ) '  2 .16  2.02 2.07 methanol 41 

a sl is thc averagc of gxx and g y ,  when resolved values were re- 
port ed. 

2.12) indicates that the unpaired electron is primarily at  the 
metal center and is not a ligand radical. The spectrum has 
g,, > g,, in contrast to the typical situation for nickel(II1) 
peptide complexes, where g, > gll for tetragonally elongated 
octahedral distortion. Although distinct hyperfine splitting 
is not observed in Figure 2, it is necessary to use hyperfine 
coupling constants (a,,, aYy, a,,) as well as broadening pa- 
rameters in calculations with the spectrum-matching proce- 
dure." The resulting values that give the calculated spectrum 
in Figure 2 are g,, = 2.08, gyy = 2.06, g,, = 2.22, a,, = 24, 
uyy = 17, a,, = 1, W,, = 13.0, Wyy = 12.0, and W,, = 15.0. 
Similar EPR spectra are obtained for all the bis(dipeptide)- 
nickelate(II1) complexes in this study. 

The majority of other nickel(II1) peptide complexes exhibit 
g, > gll, which is best explained by a tetragonally distorted 
octahedral geometry with elongation of the axial  bond^.^^,^^ 
However, the situation where gll > g, with some other nick- 
el(II1) c ~ m p l e x e s ~ ~ l  is summarized in Table I. In order to 
understand these results, the simple energy level diagram in 
Scheme I for d7 nickel(II1) is useful. Two of the geometries 
would predict g,, > g,,, gyy (i.e. gll > gl), as shown in Table 

For a low-spin d7 complex with a square-planar arrange- 
ment, the unpaired electron resides predominantely in the d, 
orbital. The predicted relationship between the g values is 
given in Table 11, where X is the spin-orbit coupling constant 
and AE is the energy necessary to couple the ground- and 

work 
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11.42 
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Scheme I 

,/- xz-yz 
,I' .' 22 - 

'\+ xz, yz 

Tetrogonolly Octahedral Tetroponally Square 
compressed elongated planar 

Table 11. Predicted Relationship for the Relative Magnitude of 
EPR g Values for Tetragonally Compressed, Tetragonally 
Elongated, and Square-Planar Coordination Geometrics for 
Low-Spin d' Ni~kel(II1)~ '  

tetragonally tetragonally 
compressed elongated square planar 

excited-state energy levels for the spin-free electron. Takvo- 
ryan41 (for [Ni"'(TAAB)]+) and L o v e c ~ h i o ~ ~  (for [ N P -  
(Me2(CH3C0)2[ 141 tetraenoN4)]+) report the square-planar 
orientation to be the most consistent with their experimental 
observations. 

The second arrangement that results in gll > g, is one in 
which the distortion of the octahedron is caused by compression 
of the axial ligand-to-metal bond lengths. For low-spin d7 
nickel(II1) complexes with a compressed octahedral configu- 
ration, the unpaired electron is located primarily in the d,z- 2 

orbital. The EPR results of B e n ~ i n i ~ ~  for [Ni"'( [ 12]aneN4)]3Y, 
of Lati37 for Ni"'EDTA-, and of  drag^^^ for Ni"'(BPO), are 
consistent with this configuration. The EDTA and tris(BP0) 
ligands are hexadentate systems and prefer a distorted octa- 
hedron over the square-planar orientation. The 12-member 
macrocycle ([ 12]aneN4) is too small to be square planar, must 
be folded to fully coordinate, and occupies two axial and two 
equatorial sites.39 

In the case of the bis(dipeptide) complexes the amine ni- 
trogens, the deprotonated peptide nitrogens, and carboxylate 
donors prefer a compressed octahedral environment with 
n i ~ k e l ( I 1 ) ~ ~  and ~ o b a l t ( I I I ) . ~ ~  The crystal structures show 
that the distance between the two deprotonated peptide ni- 
trogens (N--M-N- axis) is 0.33 A shorter for n i ~ k e l ( I 1 ) ~ ~  and 
0.15 A shorter for ~ b a l t ( I I 1 ) ~ ~  than the amine-metakarboxyl 
distance. On the basis of the crystal structure data for nick- 
el(I1) and cobalt(II1) bis(dipeptide) complexes and the EPR 
data for the violet-black species, the proposed coordination of 

~ ~~ ~~~~ 

(43) Barnet, M. T.; Freeman, H. C.; Buckingham, D. A,; Hsu, I.; van der 
Helm, D. J .  Chem. SOC. D 1970, 367-368. 
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Figure 3. Vidicon spectra for the conversion of violet-black Nil1'- 
(H_,GlyGly),- to the yellow species (0.03 M HC104, 50 ms between 
each scan). 
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Figure 4. Aqueous (25.0 "C) EPR spectra of the conversion of 
violet-black Ni"'(H+4laAla)~ to the yellow nickel(II1) species (0.125 
M H+, 0.35 s between scans). 
the bis(dipeptide)nickelate(III) complex is given in structure 
1. 

"\, ( - 1  

1 

The proposed z axis is along the N--Ni3+-N- bonds. Since 
the unpaired electron is in the d , ~ ~ 2  orbital rather than the 
dp2 orbital, the sharp hyperfine splitting found for z-axis ni- 
trogen donors in tetragonally elongated complexes is not ob- 
served. Sizable hyperfine coupling constants for uxx and uyy 
are found, in accord with an unpaired electron in the d,2~~2 
orbital. However, the broadening parameters ( W,,, Wyy) are 
also sizable, and therefore the hyperfine splitting is not easily 
observed. 

The rates of disappearance of the violet-black Ni111(H-1L)2 
complexes, where L is GlyGly, AlaGly, AibGly, GlyAla, or 
AlaAla, have been investigated under acidic conditions. All 
five bis(dipeptide)nickelate(III) complexes display the same 
decomposition behavior, but the rates of disappearance vary 
with the ligand. When the violet-black complex is acidified 
below pH 2.3, an intensely yellow complex is formed. This 
reaction has been monitored with a UV-visible rapid-scanning 
stopped-flow spectrometer as seen in Figure 3. The presence 
of two isosbestic points at 409 and 500 nm indicates that there 
is a rapid conversion of the violet-black complex to the yellow 

I I 
2800 2900 3000 3100 3200 3300 

H, GAUSS 

Figure 5. EPR spectrum for the yellow species generated by the 
acid-catalyzed rearrangement of Ni"'(H1AlaGly), (9.080 GHz, -150 
"C): -, experimental; - -, calculated. 

species without the formation of appreciable intermediates. 
The stopped-flow rapid-scanning EPR data in Figure 4 dem- 
onstrate that the yellow species is also a nickel(II1) complex. 

Yellow Nickel(II1) Species. The 560-nm absorption band, 
characteristic of the violet-black complex, disappears in the 
acid rearrangement. A peak at 260 nm and a shoulder at 355 
nm are found, which are typical absorption bands for the 
yellow nickel(II1) species. The conversion from the violet-black 
to the yellow complex is irreversible. A 0.15 mM Ni"'- 
(H-,GlyGly),- solution (pH -7.0) was acidified (pH -0.3, 
HC104) to generate the yellow complex. Within 0.1 s the 
mixture was neutralized (pH -6.7) in the presence of 0.25 
M excess diglycine. There was no indication of regeneration 
of the violet-black complex. However, the 355-nm shoulder 
was split into two bands at  350 and 430 nm. 

In acidic media the aqueous frozen-glass EPR spectrum of 
the yellow species (Figure 5) is characteristic of nickel(II1) 
complexes with a tetragonally elongated octahedral coordi- 
nation (gl > g,,). The values calculated to match the spectrum 
in Figure 5 are g,, = 2.21, gyy = 2.25, g,, = 2.02, ax, = uyy 
= a,, = 1, W,, = 19, Wyy = 12.5, and W,, = 6. The gvalues 
are very similar to those for Ni111(H..2DGEN)H2+ (g,.. = 2.22, 
gyy = 2.25, g,, = 2.01; DGEN is N,N'-diglycylethylenedi- 
amine).44 This similarity suggests that four nitrogen donors 
(two amine and two deprotonated peptide) are still coordinated 
to the nickel(II1). The yellow species clearly results from a 
rearrangement of the violet-black complex. 

Decomposition Kinetics. The acid-catalyzed conversion of 
the violet-black complex (A) to the yellow-species (B) is 
followed by an acid-independent redox self-reaction to give 
diamagnetic products (C). The kinetic behavior can be de- 
scribed by a two-step sequential mechanism, eq l ,  where kloM 

A-B-C ( 1 )  
and kZoM are the observed first-order rate constants. For the 
situation where klohd is larger (a factor of 5 or greater) than 
kZobd and the observable species (A, B, C) have significantly 
different molar absorptivities, eq 2-4 can be used to decon- 

Yl = Y, - Pl  exp(-kIobdt) - P2 exp(-kZobsdt) (2) 
PI = -[A]ob(cc - e*) - P2 ( 3 )  

(4) 
klObSd 

k I M  k20" 

'2 = [Alob(tc - 'B)kz0bsd - k obsd 
1 

volute the rate constants. In eq 2-4, Yt is the absorbance as 

(44) Murray, C. K.; Margerum, D. W.,  unpublished results. 
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Figure 6. Absorbance as a function of time and of data points for 
two data acquisition rates for the reaction of Ni111(H-,AibGly)2- with 
0.019 M H+ (AaM = 450 nm). The calculated curves from eq 2-4 
are superimposed and give klaIcd = 0.48 s-l and kZCalCd = 0.080 s-l. 
The scatter of points in the middle are the residuals from the difference 
between the observed and calculated absorbance values. 

a function of time ( t ) ,  Y, is the absorbance at  infinite time, 
eA, eg, and cc are the molar absorptivities of species A, B, and 
C, 6 is the path length, and [A], is the concentration of A at  
the start of the experiment. The approach developed by 
Ridder45 for parallel reactions was used for data acquisition 
and analysis. Multiple data acquisition rates were used within 
each kinetic determination, so that approximately an equal 
number of points (ca. 125) were collected for at least the first 
4 half-lives of each step. 

The two-step reactions were followed at  450 nm. Figure 
6 shows the absorbance change for the reaction of Nil1'- 
(H-lAibGly)c with acid (-log [H'] = 1.72). The calculated 
rate constants (kloM = 0.48 s-l and k20bsd = 0.080 s-l) gave 
plots of absorbance vs. time and absorbance vs. data point that 
coincided with the results plotted. The residuals (the observed 
less the calculated absorbances) were typically small (standard 
deviation <0.001 or relative error <OS%) ,  except for the 
L-alanyl-L-alanine complexes where the standard deviation of 
residuals was slightly higher (0.005). However, this error was 
small (<2%) compared to the overall signal change. 

Acid Dependence. Figure 7 shows the pH profile for the 
disappearance of Ni111(H-1GlyGly)2-. There are two distinct 
regions of differing reaction behavior. Below pH 2.3 there 
is a rapid acid-catalyzed conversion (A - B) of the violet- 
black complex to a transient intermediate (yellow species) 
followed by a bleaching reaction (B - C). At pH values 3-8, 
the violet-black complex predominates and the yellow species 
does not form in appreciable quantity. However, the loss of 
Ni(II1) is catalyzed by acid. The data for these reactions are 
presented in Table 111. Some of the reactions of Ni"'- 
(H-1GlyGly)2- were followed at  409 nm, the isosbestic point 
for species A and B, so that koM corresponds to the constant 
value kZobsd for B - C at  higher acid concentrations (7.8 X 

to 5.0 X lo-' M[H+]). At hydrogen concentrations below 
2.8 X M, the kobsd rate constant has an acid dependence 
and corresponds to the kloM values even though B is not seen. 

The rates of reaction IV the rate on the nature of the co- 
ordinating ligand. Substitution of methyl groups depend on 
the the first or second amino acid residue of the dipeptide 
affects the rate of the intramolecular rearrangement. The 
value of klobsd depends upon hydrogen ion concentration (eq 
5 ) ,  where klL is the resolved second-order rate constant for 

klobsd = klLIH+] (5) 

(45) Ridder, G. M.; Margerum, D. W. In 'Essays on Analytical Chemistry"; 
Wanninen, E., Ed.; Pergamon Press: Oxford, 1977; pp 515-528. 

A-B 

I '  I 
, 

2t * *  I 
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Tablc 111. Obscrved Rate Constants for thc Reaction o f  I~is(dipcptidc)nickclatc(111) Compleics with Acid _____ 
ligand [H'], M kIobsd ,  k20bsd, s-' rcf ligand (H'], M k ,  obsd, 5 - ~  klobsd, s-' rcf 

GlyGly 4.8 X I O - '  51 t 4 0. I70 +_ 0.003 GlyGly 1 .O X I O - '  1 1.4 +_ 0.2 0.148 t 0.001 d 
_- 

4.8 x IO" 50 t 2 0.168 t 0.004 u 9.5 X IO-'  8.51 t 0.06 0.165 t 0.001 
2.4 X I O - '  24.7 t 0.5 0.171 t 0.001 2.4 X 1.57 t 0.01 0 . 1 4 9 t  0.002 
1 .O X I O - '  I 1.6 t 0.2 0. I49 t 0.003 h 6.2 X 0.37 t 0.002 0.145 t 0.004 e 
l . O x 1 0 - '  1 1 . 7 t o . 5  o . 1 5 o t o . o o 1  c 3.5 x 0.181 t 0.004 0.153 t 0.003 e -- -- 

ligand IH'], M kobsd, s-' ligand [H'], M kobsd. S-' 

G I Y G I Y ~ , ~  5.0 x lo-'  0.169 t 0.001 Gly GlyfJ 3.1 X IO-'  0. I56 t 0.002 
2.5 X IO-'  0.171 t 0.001 1.5 x 0.140 t 0.002 
1.26 X I O - '  0.169 t 0.001 7.8 x 10-3 0.121 f 0.002 
6 .3  X IO-'  

GI yGlygph 2.8 x 10-3 
I .9 x 10-3 
1.2 x  IO-^ 
6.2 x  IO-^ 
8.5 x 10-5 

G ~ ~ G I ~ ~ P ~  4.7 x  IO-^ 
2.8 x I O +  
2.3 x 10-3 
I .6 x 1 0 - 3  

0.166 t 0.002 
(3.63 t 0.03) x IO-' 
(3.1 t 0.2) x IO-*  
(2.15 t 0.03) X 
(1.14 t 0.01) x IO-' 
(1.8 t 0.3)  x 
(9.2 t 0.3) X IO-' 
(5.07 t 0.03) x IO-'  
(4.8 t 0.1) X 
(3 .9  10.1) x lo-' 

G I Y G I Y ~ ~ ~  2.95 x  IO-^ 
I .9 x  IO-^ 
1.2 x 1 0 - 4  
9.1  x 10-5 

G1yGlyh.i 1 . 1  x 1 0 - 3  

1.2 x  IO-^ 

6.8 X 
5.6 X IO-' 

(6 .1  t 0.2) x  IO-^ 

(2.76 t 0.02) x  IO-^ 
(4 .0 t 0.2) X 

(2.16 t 0.08)  X I 0-3 

(2.26 t 0.04) X 
(1.48 t 0.01) X 
( 1 . 1 1  t 0.02) x lo -2  
(3.07 t 0.08) X 

1 . 3  x 1 0 - 3  

3.5 x 10-5 (9.38 t 0.03) x 3.2 X I O - &  (6.19 t 0.06) X 10.' 

(2.82 t 0.06) X 
GlyGlyi,j  2.2 x 10- (4 .01 t 0.011 x IO- '  GlyGlyiJ 1.3 x 10- (3. I I t 0.03) x  IO-^ 

k ,  Ob*, s-' k20bSd, s - ~  ligand [H'l, M k l o b d ,  s-' k20bSda s-l ligand [H'I, M 
AIaGly 5.0 X I O - '  77 t 4 0.0883 t 0.0006 

2.5 X I O - '  46.0 t 0.4 0.0864 t 0.0003 
1.2 X IO- '  20.4 t 0.2 0.0886 t 0.0002 
5.0 x lo-' 5.91 t 0.04 0.0872 t 0.0008 

2.9 x IO- '  16.7 t 0.2 0.0794 t 0.0008 
1.9 X I O - '  9.6 i 0.3 0.0814 t 0.0006 
9.5 x lo-' 4.94 t 0.03 0.0797 t 0.0003 

GlyAla 4.8 X I O - '  5.3 t 0.4 0.034 t 0.0004 
2.9 X I O - '  4.3 i 0.5 0.0347 t 0.0007 
1.9 x lo-, 2.02 t 0.04 0.0288 t 0.0001 
9.5 x 10-2 1.7 t 0.2 0.029 t 0.003 

AlnAla 4.8 X IO- '  2.5 t 0.9 0.022 i 0.001 
1.9 X I O - '  1.4 t 0.4 0.016 t 0.003 

AibGly 4.8 X IO'' 26 t 1 0.081 t 0.003 

' SOY Ni(111) initial concentration of prcvious entry. 3:  1 ligand 
ligand to mctal conccntration. e 0.01 chloroacctic acid a h  q buffer. 
I =  0.1 (NaCIO,). ' 0.01 M acc t icac id ; I=  0.1 (NaCIO,). 'hobsd= 

Tablc IV. Summary of Resolved Rate Constants for thc Reaction 
of Bis(dipcptidc)nickclatc(III) Coniplckcs with Acid 

dipcp- dipcp- 
tidc k i L .  tidc k ,  L, 
( I2 \  M-' 5-l k.IJ .  s-' (L) M-I 5-' k,L .  s-' 

AlaCly 160 t 9 0.084 t 0.006 GlyAla 12 t 1 0.029 i: 0.004 
GlyGly 105 t 3 0.15 t 0.01 AlaAla 5.5 t 0.7 0.016 t 0.006 
AibGly 54 t 2 0.079 t 0.002 

Scheme I1 

A 

His, Histyl; a, amide) are specific-acid catalyzed. 18*46*47 
Protonation of the peptide oxygen can give relatively stable 
species in solution. Thus, in high acid concentrations the 
bis(diglycine)cobaltate(III) complex forms an outside-pro- 

(46) Psniago, E. B.; Margerum, D. W .  J .  Am. Chem. SOC. 1972, 94, 
6704-67 10. 

(47) Raycheba, J. M. T.; Margerum, D. W .  Inorg. Chem. 1980,19,497-500. 

AlaGly 2.5 X 2.04 t 0.01 0.0851 t 0.0003 
1.2 x IO-' 0.694 t 0.006 0.0799 t 0.0001 
5.0 x IO-'  0.184 t 0.002 0.071 t 0.01 

AibGly 3.8 X 1.30 t 0.03 0.079 t 0.001 
2.4 x IO-'  0.69 t 0.03 0.077 t 0.001 
1.9 x 0.49 t 0.01 0.078 t 0.001 

ClyAla 3.8 X 0.48 t 0.02 0.0264 t 0.0002 
2.4 x IO-'  0.29 i 0.03 0.026 t 0.0004 
1.9 x 0.200 t 0.003 0.025 1 t 0.0003 

AlaAla 1.9 X 0.109 t 0.005 0.0092 t 0.0007 

to iiictal conccntration. 5 : l  ligand to metal concentration. 15: 1 
f Z =  0.1-0.5 (HCIO,). gh,bsd= 409 nni. 
550 nni. 

0.01 M chloroacetic acid; 

tonated complex that has been isolated in crystalline form.43 
The crystal structure indicates that the peptide oxygen is 
protonated on both of the dipeptide residues. General-acid 
catalysis was not observed in the rearrangement of the vio- 
let-black nickel(II1) complex. Therefore, we propose that the 
acid-induced step involves protonation of one peptide oxygen 
that weakens the metal to peptide bond. This promotes the 
rearrangement to the yellow, square-planar species. At low 
pH a second proton is probably added after the rate-deter- 
mining step of rearrangement. The yellow species does not 
convert back to violet-black species in neutral solution, so the 
yellow species appears to be the more stable Ni(II1) form even 
without protonation. However, the yellow species is unstable 
to redox decomposition and gives nickel(I1). Thermal redox 
decomposition products of other copper(II1) and nickel(II1) 
peptide complexes show that ligand oxidations accompany 
reduction of the meta1.19.48-50 
Conclusion 

Violet-black bis(dipeptide)nickelate(III) complexes of 
GlyGly, AlaGly, AlaAla, GlyAla, and AibGly have EPR 
spectra that are consistent with the metal in a tetragonally 

(48) Kurtz, J. L.; Burcc, G. L.; Margerum, D. W. Znorg. Chem. 1978. 17, 
2454-2460. - . - . - . - -. 

(49) Paniago, E. B.; Weatherburn, D. C.; Margerum, D. W. J .  Chem. Soc., 
D 1971, 1427-1428. 

(50) Diaddario, L. L.; Farkas, J. M.; Margerum, D. W., to be submitted for 
publication. 
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compressed octahedral geometry. These complexes undergo 
an irreversible intramolecular rearrangement, which is acid- 
catalyzed, to form transient nickel(II1) complexes, with EPR 
spectra characteristic of tetragonally elongated octahedral 
complexes. The rate of interconversion varies with the di- 
peptide in the order AlaGly > GlyGly > AibGly > GlyAla 
> AlaAla. The intermediate undergoes a loss of nickel(II1) 
at  a rate independent of acid concentration. Rate constants 
for the second step varies with the dipeptide in the order 

GlyGly > AlaGly z AibGly > GlyAla > AlaAla. 
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The macrocycle 1,4,7,10-tetraazacyclopentadecane (L5) has been synthesized. The basicity constants and the stability 
constants of the complexes [ML5I2+ and [MkIL5I3+ (M = Cu(II), Ni(I1)) have been determined by potentiometry at 25 
OC in 0.5 mol dm-’ KN03. The enthalpies of formation of the Cu(I1) and Ni(I1) complexes of L5 have been determined 
by flow and batch microcalorimetry. The Cu(I1) complex with 1,4,7,1O-tetraazacyclotetradecane (L4) has been prepared 
and characterized by X-ray measurements. The compound [CuL4] (C104)2 crystallizes in an orthorhombic unit cell (E12,2 
space group) with lattice constants a = 22.219 (8) A, b = 13.753 (5) A, and c = 9.097 (4) A, Dcalal = 1.66 g cm-3 for 
2 = 6, and V = 2779.8 A3. Least-squares refinement gave R = 0.076 for the 854 observed reflections. The unit cell contains 
two independent complex molecules. The copper atoms of both molecules are in a tetragonally distorted octahedral environment, 
where the four nitrogen atoms are in a planar arrangement and two oxygen atoms of two perchlorate ions in the apical 
positions. Among the macrocycles related to trien, L5 forms the weakest metal complexes. 

Introduction 
The open-chain tetraamine 1,4,7,lO-tetraazadecane (trien) 

is one of the most familiar ligands. Many metal complexes 
of trien have been prepared and extensively studied both in 
the solid state and in aqueous solution.2 Spectroscopic studies 
have shown that trien can adopt either the cis or trans con- 
figuration in octahedral complexe~.~  Beside these consider- 
ations it is also well-known that the chemistry of macrocyclic 
complexes has attracted considerable interest over recent years 
in an attempt to rationalize the special thermodynamic and 
kinetic properties of these complexes.e6 Tha aim of this work 

(1) (a) Universitl di Firenze. (b) Universitl della Calabria. 
(2) Basolo, F. J. Am. Chem. SOC. 1948,70,2634. Jonassen, H. B.; Douglas, 

B. E. Ibid. 1949, 71,4094. Jacobsen, E.; Schroder, K. J.  Phys. Chem. 
1962, 66, 134. Marongiu, G.; Lingafelter, E. C.; Paoletti, P. Inorg. 
Chem. 1969, 8, 2763. Paoletti, P.; Ciampolini, M.; Vacca, A. J. Phys. 
Chem. 1963,67, 1065. Wismer, R. K.; Jacobson, R. A. Inorg. Chim. 
Acta 1973, 7,477. McPhenon, A., Jr.; Rossmann, M. G.; Margerum, 
D. W.; James, M. R. J. Coord. Chem. 1971, 1, 39. 

(3) Jorgensen, K. Acta Chem. Scund. 1957,11, 399. Wilkins, R. G.; Yelin, 
R.; Margerum, D. W. J.  Am. Chem. SOC. 1%9,91,4326. Sacconi, L.; 
Paoletti, P.; Ciampolini, M. J.  Chem. SOC. 1961, 5115. Cook, F. D.; 
McKenzie, E. D. Inorg. Chim. Acta 1978, 31, 59. 

(4) Izatt. R. M.: Christensen. J .  J. ‘Svnthetic Multidentate Macrocvclic 
Compounds”; Academic Press: New York, 1978. Melson, G .  A. 
‘Coordination Chemistrv of Macrocvclic Comwunds“: Plenum Press: 
New York, 1979. Hiraoka, M. Trbwn Compounds. ’Their Charac- 
teristic and Applications”; Elsevier: Amsterdam, 1982. 

( 5 )  Pedersen, C. J.; Frensdorff, H. K. Agew. Chem. 1972, 11, 16. Chris- 
tensen, J. J.; Eatough, D. J.; Izatt, R. M. Chem. Rev. 1974, 74, 351 and 
references therein. Lehn, J. M. Acc. Chem. Res. 1978, 1 1 ,  49 and 
references therein. 

(6) Lindoy, L. F. Chem. SOC. Reu. 1975, I, 421. Cabbiness, D. K.; 
Margerum, D. W. J. Am. Chem. SOC. 1969,91,6540. Martin, L. Y.; 
Dehayes, L. J.; Zompa, L. J.; Bush, D. H. Ibid. 1974, 96, 4046. Ko- 
dama, M.; Kimura, E. J. Chem. SOC., Dalton Trans. 1976, 116. Fab- 
brizzi, L.; Micheloni, M.; Paoletti, P. Ibid. 1980, 134. Steinmann, W.; 
Kaden, T. A. Helu. Chim. Acta 1975,58, 1358. 

is to investigate the trends in coordination capabilities toward 
protons and metal ions such as Cu(I1) and Ni(I1) of a series 
of tetraazacycloalkane ligands that can be obtained by cy- 
clization of the linear tetraamine 1,4,7,lO-tetraazadecane 
(trien) with hydrocarbon bridges of different lengths (see 
structure). 

CH,-CH, 

I t  
I I  
\ CH,-NH HN 

CH,-NH HN ‘ CHz- I f2)* HZ 

n = 0: 1,4,7,10-tetraazadecane (Ll) 
n = 2: 1,4,7,10-tetraazacyclododecane (L2) 
n = 3: 1,4,7,1O-tetraazacyclotridecane (L3) 
n = 4: 1,4,7,10-tetraazacyclotetradecane (L4) 

This paper reports the synthesis and the coordination 
properties of the macrocyclic ligand 1,4,7,1 O-tetraazacyclo- 
pentadecane (L5) and the crystal structure of the complex 
[CuL4] (C104)*. Thermodynamic and structural data have 
been discussed and compared with data for the other ligands 
of the series, taken from the literature. 
Experimental Section 

Preparation of 1,4,7,lOTet~aazacyclopentadecane (LS). The tosyl 
derivative of L5, 1,4,7,1O-tetrakis(tolyl-p-sulfonyl)-1,4,7,1 O-tetraa- 
zacyclopentadecane (I), was obtained by adding dropwise to a solution 
(1.3 dm’) of the disodium salt (1 20 g) of N,N”N”,N”’-tetrakis(t0- 
lyl-p-sulfonyl)- 1,4,7,1O-tetraazadecane a solution (650 cm3) of 0,- 
0’-bis(toly1-psulfony1)pentane- 1,5-diol(53.2 g) in anhydrous DMF. 
The reaction mixture was refluxed for 1 h. The volume was reduced 
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