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reasonably constant over the narrow range of ring size studied
(five to seven), and the very large differences in the rate
constants comes mainly from changes in AH*. The major
changes in AS* are observed on going from the intermolecular
reaction [AS* = —-34 cal K™! mol™ for the reaction between
trans-[Pt(NH,),Cl,] and NH,"] to the intramolecular process
[AS* = 15 to —16 cal K™! mol™!]. It has previously been
suggested that, in the closing of the five-membered ring, the
ground state of the reagents already corresponds to a position
well along the reaction coordinate of the intermolecular process
to the point where the adjustment of the solvation of the
interacting species is well advanced;! to what extent does the
longer chain length between the functional groups in the tn
and bn complexes reduce this “prearrangement™? Some years
ago Cotton and Harris?? calculated the probability of finding
the second amino group of a monocoordinated diamine within
the region 1.6-2.0 A of the metal ion and showed that it did
not vary greatly on going along the series 1,2-diaminoethane
to 1,5-diaminopropane. They concluded that this consideration
would therefore make only a small and fairly constant con-
tribution to the entropy change associated with cyclization and
calculated that the different losses of entropy associated with
closing rings of different sizes arose from the differing con-
formational restrictions on closing the rings. The four-coor-
dinate planar d® complexes are, in principle, coordinately
unsaturated, and the possibility of loose coordination in the
axial position will greatly increase the probability of finding
the free end of the diamine in the vicinity of the Pt(IT). The

(22) F. A. Cotton and F. E. Harris, J. Phys. Chem., 60, 1451 (1956).

(23) The value of 1.50 X 10~ M s™! for k'K, reported in ref 1 for the
ring-closing reaction of cis-[Pt(Me,SO)(enH)Cl,]* has been misquoted
in Table V of ref 2 by inadvertent omission of the decimal point.

Monte Carlo or random walk treatment will greatly under-
estimate this probability. The weak coordination will also serve
to close the ring loosely so that the changes of entropy due
to conformational restrictions will have occurred in the ground
state and therefore will not appear in the entropy of activation.
Such incipient chelation is an alternative way of viewing the
suggestion made above that the ring-closing process starts from
a position some way along the reaction coordinate that is
appropriate for the intermolecular process. Once the ring size
becomes large enough for only a small fraction of the substrate
to be incipiently chelated at any time, it is likely that the
entropies of activation will decrease with increasing ring size
in the way observed elsewhere. The tightening of the ring as
the NH, group becomes more tightly bound to the Pt will lead
to ring strain and interatomic repulsions, and these will result
in an increase in the enthalpy of activation as ring size in-
creases. In the range of ring size covered by this work it is
suggested that this is the main cause of the decrease in the
rate of ring closing. The organic ring closing reactions do not
have the benefit of incipient chelation in the noncyclic substrate
since the carbon is coordinately saturated.
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The ionized amide residue is an important ligating group

By potentiometric pH titrations the stability constants were determined in aqueous solutions of the binary parent and
mixed-ligand complexes formed in systems containing L-alaninamide (AlaA), diethylenetriamine (dien), and Cu?*. In contrast
to an earlier claim, where for the species Cu(dien)(AlaA-H)* an apical coordination of the ionized amide nitrogen was
suggested, in the present work this deprotonated ternary complex could not even be detected. All experimental data could
be perfectly fitted by assuming the species Cu(AlaA)?*, Cu(AlaA),?*, Cu(AlaA-H)*, Cu(AlaA)(AlaA-H)*, Cu(AlaA-H),,
Cu(dien)?*, Cu(dien)(OH)*, Cu(dien)(H-dien)**, Cu(dien),?*, and Cu(dien)(AlaA)?*. These results were confirmed by
spectrophotometric measurements, and the spectral characteristics (Ap,, and extinction coefficient) were determined. By
comparisons with literature data it becomes evident, in agreement with earlier conclusions, that in Cu(dien)(H-dien)**
four amino nitrogens are equatorially coordinated while one N interacts apically; in Cu(dien),?* clearly all six nitrogens
participate in complex formation; i.e., two nitrogens interact apically. For Cu(dien)(AlaA)* there is evidence that four
nitrogens are equatorially coordinated and that the carbonyl oxygen of AlaA interacts to a significant extent with an apical
position of Cu?*. Regarding biological systems two important conclusions may be drawn from this and related work: (i)
An apical coordination of amino nitrogens or of oxygen donors to Cu®* is easily achieved in the physiological pH range,
while there is no such evidence for the coordination of an ionized amide nitrogen. (ii) In a mixed-ligand complex an ionized
amide group may be formed and coordinated only if two equatorial coordination positions of Cu?* are accessible, namely,
for the terminal amino nitrogen and the neighboring ionized amide nitrogen of the “peptide” ligand.

in low molecular weight Cu?* peptide complexes.* The same

(1) Part 7 of the series “Transition Metal Ions and Amides” (published by
A.D.Z.) and part 39 of the series “Ternary Complexes in Solution”
(published by H.S.); for parts 6 and 38 see ref 2 and 3, respectively.

(2) Kaden, T. A.; Zuberbithler, A. D. Helv. Chim. Acta 1974, 57, 286.

(3) Banerjea, D.; Kaden, T. A.; Sigel, H. Inorg. Chim. Acta 1981, 56, L53.
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type of coordination is also known to occur in nature, e.g., in
human serum albumin;>® similarly, the antibiotic bleomycin
is most probably active via metal ion complexes and the one

(4) (a) Freeman, H. C. Adv. Protein Chem. 1967, 22, 257. (b) Sigel, H.;
Martin, R. B, to be submitted for publication in Chem. Rev.

(5) Sundberg, R. J.; Martin, R. B. Chem. Rev. 1974, 74, 471.

(6) Sarkar, B. Met. Ions Biol. Syst. 1981, 12, 233.
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Alaninamide-Containing Ternary Complexes

with Cu?* contains also a coordinated ionized amide nitro-
gen.”® Hence, it is not surprising that the binding properties
of the amide group have received much attention* in studies
concerning binary>!®!! and ternary complexes.!*"!3

In general, coordination compounds of Cu?* have four
nearby donor atoms arranged equatorially around the metal
ion with the possibility of one or two more distant axial do-
nors.!® There is also a progressive reduction in the sum of
the bond orders of the two axial metal-ligand bonds as the
number of ionized N peptide donors attached to Cu?* in-
creases.* The maximum number of ionized amide groups
coordinating to Cu?* in solutions or in the solid state is three
for peptides; i.e., in linear oligopeptide complexes Cu?* co-
ordinates to its four equatorial positions the terminal amino
group and three nitrogens of the next neighboring amide
groups. The simplest examples of such complexes are those
with triglycylglycinate!”!® and tetraglycylglycinate:'® in Cu-
(triglycylglycinate-H;)* and Cu(tetraglycylglycinate-H3)* no
axial interaction is observed in the solid state and Cu?* has
coordination number 4. This means in detail, e.g., for Cu-
(tetraglycylglycinate-H;)?", that the fourth peptide group is
not deprotonated; neither this nor the terminal carboxylate
group plays any part in metal ion binding.

The weak apical coordination of amino?>2?? and other!'423
groups is well-known. The question about an apical coordi-
nation of an ionized amide group under certain conditions has
been raised,?* and for the Cu?*/diethylenetriamine/L-alanin-
amide system the occurrence of such an interaction was
claimed?’ on the basis of absorption and circular dichroism
spectral data. This conclusion has been challenged,'® and
indeed, we have now shown by carefully determining all the
species present in aqueous solutions of the binary parent and
the mixed-ligand Cu?* systems of diethylenetriamine (dien)
and L-alaninamide (AlaA) that no apically coordinated ionized
amide species is formed. However, the apical coordination
of amino and to some extent also of O-donor groups, including
the oxygen of the neutral amide group, does play a role in these
and related systems.

Experimental Section

Materials. NaOH (Titrisol), KCl, and CuSO,5H,0 (all of p.A.
grade) were from Merck AG, Darmstadt, FRG. The hydrochloride
of L-alaninamide was purchased from ICN Pharmaceuticals Inc.,
Plainview, N.Y.

The tris(thydrochloride) of diethylenetriamine [=bis(2-amino-
ethyl)amine = 1,4,7-triazaheptane] was a gift from Dr. M. Zehnder.
The dien-3HCI had been prepared by distilling the free base (“for
synthesis”, from Merck AG) three times through a column, checking
the purity of the base by thin-layer chromatography, adding an excess

(7) Umezawa, H.; Takita, T. Struct. Bonding (Berlin) 1980, 40, 73.
(8) Petering, D. H. Met. fons Biol. Syst. 1980, 11, 197.
(9) Dabrowiak, J. C. Met. Ions Biol. Syst. 1980, 11, 305.

(10) Margerum, D. W.; Dukes, G. R. Met. fons Biol. Syst. 1974, 1, 157.

(11) Margerum, D. W.; Owens, G. D. Met. Ions Biol. Syst. 1981, 12, 75.

(12) Sigel, H. Inorg. Chem. 1975, 14, 1535.

(13) Lim, M. C,; Sinn, E.; Martin, R. B. Inorg. Chem. 1976, 15, 807.

(14) Sigel, H.; Naumann, C. F,; Prijs, B.; McCormick, D. B.; Falk, M. C.
Inorg. Chem. 1977, 16, 790.

(15) Sigel, H.; Prijs, B.; Martin, R. B. Inorg. Chim. Acta 1981, 56, 45.

(16) Jameson, R. F. Met. Ions Biol. Syst. 1981, 12, 1.

(17) Freeman, H. C,; Taylor, M. R. Acta Crystallogr. 1965, 18, 939.

(18) Sigel, H.; Griesser, R.; Prijs, B. Z. Naturforsch., B: Anorg. Chem., Org.
Chem., Biochem., Biophys., Biol. 1972, 27B, 353.

(19) Blount, J. F.; Freeman, H. C.; Holland, R. V.; Milburn, G. H. W. J.
Biol. Chem. 1970, 245, 5177.

(20) Bjerrum, J.; Ballhausen, C. J.; Jorgensen, C. K. Acta Chem. Scand.
1954, 8, 1275.

(21) Romano, V.; Bjerrum, J. Acta Chem. Scand. 1970, 24, 1551.

(22) Kaden, T.; Zuberbthler, A. Helv. Chim. Acta 1971, 54, 1361.

(23) Margerum, D. W,; Wong, L. F.; Bossu, F. P.; Chellappa, K. L,;
Czarnecki, J. J.; Kirksey, S. T., Jr.; Neubecker, T. A. Adv. Chem. Ser.
1977, No. 162, 281. Cf. also ref 11.

(24) Martin, R. B. Met. Ions Biol. Syst. 1979, 9, 1.

(25) Murakami, T.; Nozawa, T.; Hatano, M. J. Am. Chem. Soc. 1970, 92,
5768.
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Table I, Logarithms of Single-Step Equilibrium Constants, log X,
for the H* and Cu?* Complexes of L-Alaninamide (AlaA) and
Diethylenetriamine (dien) and the Corresponding Mixed-Ligand
System, together with Some Related Data (25 °C)®

no. equilibrium log K
1 H* + AlaA = H(AlaA)* 8.18
2 Cu?* + AlaA = Cu(AlaA)** 5.07
3 Cu(AlaA)?* + AlaA = Cu(AlaA),* 3.92
4 Cu(AlaA)?** = Cu(AlaA-H)® + H* -17.22
5 Cu(AlaA),** = Cu(AlaA)(AlaA-H)* + H* -6.97
6 Cu(AlaA)(AlaA-H)* = Cu(AlaA-H), + H* ~8.16
7 H* + dien = H(dien)"* 10.18
8 H* + H(dien)* = H,(dien)** 9.41
9 H* + H,(dien)** = H,(dien)** 4.83
10 Cu?* 4 dien = Cu(dien)?** 16.55
11 Cu(dien)** + dien = Cu(dien),** 4.60
12 Cu(dien)** + H(dien)* = Cu(dien)(H-dien)** 2.94
13 Cu(dien)(H,0)** = Cu(dien)(OH)* + H* -9.49
14 Cu(dien)** + AlaA = Cu(dien)(AlaA)?* 2.03
15 Cu(dien)(AlaA)** = Cu(dien)(AlaA-H)* + H* neb
16¢€ Cu(dien)** + NH, = Cu(dien)(NH,)** 3.15
17de Cu(dien)** + Ggg~ = Cu(dien)(Ggg)* 2.90
18%:€¢  Cu(en)* + Ggg~ = Cu(en)(Ggg)* 448
19%e Cu(en)(Ggg)* = Cu(en)(Ggg-H) + H* 6.83
204 Cu* 4+ GlyA =Cu(GlyA)*” 5.40
214 Cu(GlyA)™ = Cu(GlyA-H)* + H* -1.01
224F  Cu(bpy)?** + GlyA = Cu(bpy)(GlyA)?** 5.01
2347 Cu(bpy)(GlyA)** = Cu(bpy)(GlyA-H)* + H*  -7.71

@ The data of the present work refer to/ = 0.5 M, KCL>® The
range of error resulting from two independent sets of experiments
is ££0.02 log unit. The only exception is no. 4; due to the
relatively low concentration of Cu(AlaA-H)* the error is somewhat
larger: +0.04 log unit. ® No evidence was observed for this
equilibrium; see text. € From ref 35: /=1, NH,NO,;log
K g(nn,)=9.43;1o0g KC“Cu(NHS) =4.14. 9 Abbreviations:
bpy, 2,2'-bipyridy!; en, ethylenediamine; Ggg, glycylglycylgly-
cinate; Gly, glycinate; GlyA, glycinamide. € Fromref 36: =
0.1, NaClO, ; log kP Geg) = 7.88;10g KC¥cy (Ggg) = 5-12.

! From ref 37: I'=10.1, NaClO, ; log KHy(g1y a) = 8.04.

of concentrated HCI, and precipitating the trihydrochloride by adding
ethanol. This product was then in addition recrystallized three times
from a HCl/ethanol mixture.

The titer of the NaOH used for the titrations was determined with
potassium hydrogen phthalate (Merck AG); the exact concentrations
of the stock solutions of the ligands were measured by titrations with
NaOH.

The buffers (pH 4.00 and 7.00) used for calibrating the poten-
tiometers were from Metrohm AG, Herisau, Switzerland. The direct
pH-meter readings were used in the calculations.

Apparatus. The potentiometric pH titrations were carried out in
a microprocessor-controlled way with a Metrohm E 600 digital pH
meter equipped with a Metrohm EA 121 glass electrode and a Me-
trohm E 412 microdosimat as described recently in detail.?®

The spectrophotometric measurements were done with the described
automatic titration system using a Cary 118C spectrophotometer,?’
but the whole procedure (stepwise addition of reagent, reading pH
and absorption, recording the data on a floppy disk) was now controlled
by an Apple II desk computer.

Measurements. The acidity constant of H(AlaA)* was measured
by potentiometric pH titrations: 25 mL of aqueous 0.0064 M
AlaA-HCI (I = 0.5, KCl; 25 °C) was titrated under N, with 1 mL
of 0.4 M NaOH. The equilibrium constants of the corresponding
binary Cu?* systems were determined from solutions that were in
addition 0.0016 or 0.00305 M in CuSO,. Further titrations were
carried out with solutions being 0.0016 M in AlaA-HCI and 0.00040
or 0.00077 M in CuSOQ,.

The acidity constants of Hj(dien)** were measured by titrating
25 mL of aqueous 0.0030 M dien-3HCI under N, with 0.4 M NaOH
(I = 0.5, KCI; 25 °C). The equilibrium constants of the Cu?* 1:1

(26) Gampp, H.; Maeder, M.; Zuberbiihler, A. D.; Kaden, T. A. Talanta
1980, 27, 513.
(27) Haénisch, G.; Kaden, T. A.; Zuberbiihler, A. D. Talanta 1979, 26, 563.
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complexes were determined under the same conditions with the ad-
ditional presence of 0.00294 M CuSO,; hence, 1:2 complexes are not
important under these conditions but they were considered in the
calculations by using the corresponding constants published earlier.?

The titration solutions (25 mL) of the mixed-ligand systems were
0.00294 M in CuSOQy, 0.0030 M in dien-3HC], and 0.0030, 0.0060,
or 0.0090 M in AlaA-HCIl. All experiments were done twice, and
the final result is the average of the calculations based on two in-
dependent sets of experiments.

The evaluation of the potentiometric pH titrations was carried out
on a Hewlett-Packard HP 9835 desk-top computer using a new
program with analytical derivatives for parameter optimization.?® In
all computations overall formation constants were calculated, with
the ionic product of water in 0.5 M KCl at 25 °C as K, = 1.40 X
107'4 M? taken into account. The agreement between the two in-
dependent sets of experiments was good; e.g., for the mixed-ligand
system we obtained for 10g S°cygien)(alas) the values 18.59 and 18.57.
All the experimental data could be excellently satisfied without the
assumption of the species Cu(dien)(AlaA-H)*.

The experimental conditions for the spectrophotometric titrations
of the binary Cu?*/dien system, including the concentrations of the
reactants, were very similar to those described recently.?

In the other binary system, AlaA-HCI was 0.012 M and CuSO,
0.003 or 0.0055 M. For the ternary system we used [dien-3HCI} =
[AlaA-HCI} = 0.005 M and [CuSO,} = 0.0049 M (I = 0.5, KCJ;
25°C).3% The latter two systems were titrated with 0.2 M NaOH
(in 0.3 M KCl) between pH 4 and pH 11.5. In addition, mixtures
of 0.005 M dien and 0.0049 M CuSO, were adjusted to pH 8.75 or
11.00 and titrated with 0.2 M AlaA of the same pH until the final
concentration of AlaA in the titration mixture was 0.025 M. All these
experiments were done twice and the absorption data stored between
460 and 780 nm at 20-nm intervals. Such a digitization at every 20
nm leads to an agreement of the calculated absorption maxima between
different experiments of 1-4 nm for those complexes that are formed
to at least 20%.

The data, stored on floppy disks, were evaluated in two steps with
the aid of an Apple II desk computer. First the number of absorbing
species in a set of spectra was determined by means of an eigenvector
analysis.”? Representation of the measured spectra in the eigenvector
basis leads to a significant data reduction?” and allows in a second
step the calculation of the equilibrium constants on the Apple II. A
fitting program was used that demands only initial estimates of the
equilibrium constants while the molar absorption coefficients are
eliminated from the iterative refinement.’4

Results and Discussion

The stability constants determined by potentiometric pH
titrations for the binary parent and the mixed-ligand Cu?*
complexes of L-alaninamide (AlaA) and diethylenetriamine
(dien) are given in Table I together with some related data
from the literature.?5-%’

(28) Zuberbithler, A. D.; Kaden, T. A. Talanza, in press.

(29) Maeder, M.; Gampp, H. 4Anal. Chim. Acta 1980, /22, 303.

(30) KCl was used to keep the ionic strength constant, because on the basis
of the literature?* we had to expect that in the mixed-ligand system a
species Cu(dien)(AlaA-H)* would be formed and it was our intention
to study the absorption of this complex also in the UV, where NO;~
absorbs, while NaClQ, interferes with the glass electrode during the
time needed for the automatic spectrophotometric titrations. The use
of KClI has the disadvantage that in aqueous solution weak chloride
complexes with Cu?* may also be formed. 31-33 This competition may
be taken into account for equilibria 2 and 10 of Table I with the
equation *K®c, = K%y (1 + [CI]KCgyc), where *K¢,y is the
stability constant corrected for the competition with Cl- and KE cuL 1S
the constant experimentally determined. With [CI"] = 0.5 M and
K1 = 1.4 M7 32 one calculates for the term log (1 + [CIT]K ¢y
= (.23; i.e., if one wants to consider the CI" competition one has to add
about 0.2 log unit to the constants given in Table I under nos. 2 and 10.
All the other equilibrium constants are independent of the influence of
CI", because one may assume that the formation of mixed-ligand com-
plexes with CI™ is negligible. In the comparisons discussed in the text
the possible influence of Cl” is kept in mind.

(31) Sillén, L. G.; Martell, A. E. “Stability Constants of Metal-Ion
Complexes”, Spec. Publ.—Chem. Soc. 1964, No. 17; 1971, No. 25.

(32) Smith, R. M.; Martell, A. E. “Critical Stability Constants”; Plenum
Press: New York and London, 1976; Vol. 4 (Inorganic Complexes).

(33) Ashurst, K. G.; Hancock, R. D. J. Chem. Soc., Dalton Trans. 1981, 245,

(34) Gampp, H.; Maeder, M.; Zuberbuhler, A. D. Talanta 1980, 27, 1037.
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Stability of Binary Complexes. The constants determined
now for the binary Cu?*/dien system agree well with earlier
results.’>?? The low stability of Cu(dien),>* (no. 11 of Table
I) compared with that of Cu(dien)?* (no. 10) reflects the fact
that for the coordination of the second dien only one of the
four equatorial coordination positions at Cu?* remains
available and that the expected coordination tendency of the
apical positions is low. The even smaller stability of Cu-
(dien)(H-dien)** (no. 12) is expected, as both reactants, Cu-
(dien)** and H(dien)*, are positively charged. The formation
of the hydroxo complex Cu(dien)(OH)* in the pH range
around 9.5 (no. 13) agrees well with the stability of hydroxo
species of other Cu?* complexes with tridentate ligands.*®

The stability of Cu(AlaA)?* (no. 2) is similar to that of
Cu(GlyA)** (no. 20),% but the slightly larger stability of
Cu(GlyA)*** corresponds to the observations made with those
of the complexes of glycinate and alaninate: despite the lower
basicity of glycinate, its complexes are somewhat more stable.?*
There appear to be differences in solvation and/or some steric
hindrance by the methyl group; this conclusion agrees also with
the results obtained for the Cu?* complexes of (e-alkyl-
glycyl)glycinates.!? That in Cu(AlaA)** and Cu(GlyA)**
chelate formation occurs under coordination of the amino
nitrogen and the carbonyl oxygen to Cu?* is evident from a
comparison'® with the stability, e.g., of Cu(NH;)?*.

The formation of the amide ionized Cu(AlaA-H)* and
Cu(GlyA-H)* complexes (nos. 4 and 21) occurs, as one would
expect, in a similar pH range. The 1:2 complex Cu(AlaA),>*
(no. 5) may also be deprotonated at its amide groups; in fact,
its slightly enhanced acidity (0.25 log unit), compared with
that of Cu(AlaA)>* (no. 4), corresponds well with the sta-
tistical expectation for the possibility of two deprotonation sites
(0.3 log unit) in the 1:2 complex. That the ionization of the
second amide nitrogen (no. 6) occurs only at higher pH reflects
the lower positive charge of Cu(AlaA)(AlaA-H)*, compared
with that of Cu(AlaA)?*.

Stability of Mixed-Ligand Complexes. The stability of
ternary complexes is best quantified in relation to the corre-
sponding binary parent complexes,*™*? i.e., by considering
equilibrium 1. The logarithm of the corresponding equilib-

Cu(dien)** + Cu(L)** = Cu(dien)(L)>* + Cu?*
10AlogKcy/dien/L =

[Cu(dien)(L)**][Cu*] /([Cu(dien)**][Cu(L)**]) (1)
rium constant is calculated with eq 2. For the Cu?*/dien/
A log KcyjdienL = log KD iemay — log K%y (2)

AlaA system (no. 14 of Table I) equ1]1br1um 1 is far on its
left side and one obtains A log K¢ /gien/aina = —3.04. A com-
parison of this value with the one Jue to the Cu?* {dlen/NH3
system (no. 16), A log KCu/dlen/NH; log KCUien) e iemy(NHy)

- log Ky, = 3.15 — 4.14% = —0.99, reveals that the
coordination tendency of AlaA toward Cu(dlen)2+ is lower by
about 3 log units than toward Cu?*(aq), while the same dif-
ference for the NH, system is only in the order of 1 log unit.

(35) Evtimova, B.; Scharff, J.-P.; Piris, M. R. Bull. Soc. Chim. Fr. 1969,

81.

(36) Hauer, H,; Billo, E. J.; Margerum, D. W. J. Am. Chem. Soc. 1971, 93,
4173,

(37) Sigel, H. Angew. Chem. 1968, 80, 124; Angew. Chem., Int. Ed. Engl.
1968, 7, 137.

(38) Yamauchi, O.; Benno, H.; Nakahara, A. Bull. Chem. Soc. Jpn. 1973,
46, 3458.

(39) This does still hold if the Ci~ competition®* and the slightly different
basicities of AlaA and GlyA (Table I) are considered.

(40) Sigel, H. Angew. Chem. 1975, 87, 391; Angew. Chem. Int. Ed. Engl.
1975, 14, 394.

(41) Sigel, H.; Fischer, B. E.; Prijs, B. J. Am. Chem. Soc. 1977, 99, 4489.

(42) Sigel, H. “Coordination Chemistry—207; Banerjea, D., Ed.; published
by IUPAC through Pergamon Press: Oxford and New York, 1980; p
27.
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These different qualities originate in the bidentate coordination
of AlaA toward the equatorial positions of Cu?*(aqg); in Cu-
(dien)?* only one such position remains and this is enough for
full coordination of the monodentate NH, but not of the bi-
dentate AlaA.

For the further evaluation of the coordinating properties of
AlaA and NH; toward Cu(dien)?*, the different basicities of
the two ligands must be taken into account. This may be done
by considering equilibrium 3. The corresponding equilibrium

Cu(dien)?* + H(L)* = Cu(dien)(L)** + H*

KBeygienymw) =
[Cu(dien)(L)**][H*] /([Cu(dien)**][H(L)*]) (3)

constant follows from eq 4. For the Cu(dien)?*/NH; system
PKHcyienymy = PK gy — log KO0 ionyry  (4)

one obtains pKHcy(gien)nvn, = 6.28 and for the Cu-
(dien)**/AlaA system PKMcyien)/H(ana) = 6.15. Hence,
roughly speaking, the coordinating properties of AlaA and
NH, toward Cu(dien)?* are similar, although those of AlaA
appear to be slightly more pronounced (PK™cygien)/H(alna) <
PR cu(dien) /H(NH;))’ thus giving a first hint for a weak additional
apical interaction of AlaA in Cu(dien)(AlaA)?*.

Of additional interest is a comparison of the stabilities of
Cu(dien)(Ggg)™* (no. 17) and Cu(en)(Ggg)* (no. 18). Itis
evident that the coordination tendency of diglycylglycinate
(Ggg) toward Cu(en)?* is by a factor of about 40 larger than
that toward Cu(dien)*; this is a reflection of the fact that Ggg~
is able to coordinate in a bidentate fashion toward two
equatorial Cu?* positions in Cu(en)?* but not in Cu(dien)?*.

This possibility for a bidentate equatorial coordination is
crucial for the formation of ionized amide-N-coordinated
species. Only if this condition is fulfilled are amide-depro-
tonated mixed-ligand complexes formed: examples are Cu-
(en)(Ggg-H) (no. 19 of Table I), Cu(bpy)(GlyA-H)* (no. 23),
Cu(bpy)(Ggg-H),'® or Cu(glycinate)(Ggg-H)~* 1In agree-
ment herewith is the fact that in the Cu?*/dien/Ggg™ system
no amide-deprotonated ternary complex was observed;3¢ the
same is true for the Cu®*/dien/AlaA system. In contrast to
an earlier claim?® the species Cu(dien)(AlaA-H)* could not
be detected: all experimental data of the potentiometric pH
titrations could be perfectly fitted by the computer calculations
without the assumption of such a complex. Moreover, in the
spectrophotometric experiments also only the species Cu-
(dien)(AlaA)?* could be detected and the corresponding sta-
bility constant was within experimental error identical with
the one given in Table I (no. 14); there was again no evidence
for the formation of Cu(dien)(AlaA-H)*.

The distribution of the several complex species in the
mixed-ligand system is shown in dependence on pH in the
upper part of Figure 1 for 1:1:1 conditions ([Cu?*],, = [dien]
= [AlaA],, = 0.005 M). The ternary complex Cu(dien)-
(AlaA)?* reaches its maximum concentration of 22% only at
pH 8.8, but its formation extends well into the physiological
pH range. Under conditions where a 20-fold excess of AlaA
is present, i.e., [Cu?*], = [dien],,, = 0.005 M and [AlaA],,
= (.1 M, the mixed-ligand species becomes prominent as is
seen in the lower part of Figure 1. There is one further aspect
evident: under these conditions at higher pH the species
Cu(AlaA-H), becomes also important and as a consequence
Cu(dien),?* is also formed. This is obviously due to the
“disproportionation” reaction (5). Displacement of equilib-

2Cu(dien)(AlaA)?* =
Cu(dien),** + Cu(AlaA-H), + 2H* (5)

(43) Martin, R.-P.; Mosoni, L.; Sarkar, B. J. Biol. Chem. 1971, 246, 5944.
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Figure 1. Effect of pH on the concentration of the species present
in an aqueous solution (I = 0.5, KCI; 25 °C) of Cu?*, diethylene-
triamine (dien), and L-alaninamide (AlaA). The results are given
as the percentage of the total Cu?* (=total dien) present and were
computed with the potentiometrically determined constants of Table
1. Upper part: [Cu?*},, = [dien],,; = [AlaAl,, = 0.005 M; [Cu-
(AlaA),**] < 0.03%, [Cu(AlaA-H)*] <0.01%, [Cu(AlaA)(AlaA-
H)*] £ 0.06%, [Cu(dien)(H-dien)**] < 0.05%, [Cu(dien),**] < 1.2%.
Lower part: [Cu?*],, = [dien],, = 0.005 M and [AlaA],, = 0.1 M;
[Cu(AlaA),**] < 0.9%, [Cu(AlaA-H)*] < 0.01%, [Cu(AlaA)-
(AlaA-H)*] < 0.8%, [Cu(dien)(H-dien)**] < 0.2%.

rium § to the right side is clearly possible only at high pH.
As emphasized above, we could not detect by the two methods
used in this study any hint for the formation of Cu(dien)-
(AlaA-H)*. Indeed, the absorption spectral data given ear-
lier?® for Cu(dien)(AlaA-H)* are identical with those of Cu-
(dien)(OH)* (cf. next section and Table II) and must in our
opinion be attributed to this latter species. Correspondingly,
the amide deprotonation, also observed earlier,? must be
assigned to Cu(AlaA-H), rather than to any ternary complex.
To conclude, Cu(dien)(AlaA-H)* is clearly not formed in any
appreciable amounts; at best it might occur in traces during
the structural reorganization of the species in connection with
equilibrium 5.

Further Structural Considerations. Additional information
on the structure of the binary and ternary complexes may be
gained from their absorption spectral data; these are sum-
marized in Table IL,** together with some results from the

(44) Tt is assumed in Table II that Cu?* has six coordination positions and
that those not occupied by the donor atoms of the ligand(s) are occupied
by water. In certain cases, e.8., in Cu(AlaA-H),, it may well be that
the apical interactions become extremely weak and that five- or even
only four-coordinated complexes result (for such examples see the ref-
erences cited in the introduction). It may be added in this connection
that in a recent crystal structure study of K[Cu(NH;)s](PFg); it was
shown*’ that the Cu(NH,)s®* unit is square pyramidal, in accordance
with earlier conclusions,* while from X-ray scattering measurements
on aqueous Cu?*/NH, solutions*’ it follows that both apical positions
of Cu?* are occupied. This means the structures of the Cu?* complexes
with four or more ammonia groups in aqueous solution are different
from those in the solid state.

(45) Duggan, M.; Ray, N.; Hathaway, B.; Tomlinson, G.; Brint, P.; Pelin,
K. J. Chem. Soc., Dalton Trans. 1980, 1342,
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Table II. Absorption Maxima, A 4«, and Extinction
Coefficients, ¢, for the Cu?* Complexes of L-Alaninamide (AlaA)
and Diethylenetriamine (dien) and the Corresponding
Mixed-Ligand Complex, together with Some Related Data?

equatorial apical
Amax,? & M donor donor

no. complex nm cm™ atoms** atoms**
1 Cu(AlaA)?* 748 40 N,30 20
2 Cu(AlaA),™ 651 56 2N,20 20
3 Cu(AlaA-H)* 648 56 N,N-,20 20
4 Cu(AlaA)(AlaA-H)* 584 59 2N,N",0 20
5 Cu(AlaA-H), 516 52 2N, 2N- 20
6  Cu(Gly), 633 2N,20 20
7€ Cu(Gly)," 662 2N,20 N, O
8  Cu(dien)* 615 82 3N,0 20
9 Cu(dien)(OH)* 605 73 3N,0 20
1094 Cu(dien)(NH,)** 576 84 4N 20
11 Cu(dien)(H-dien)** 610 102 4N N, 0
12 Cu(dien),* 631 110 4N 2N
13 Cu(dien)(AlaA)** 592 88 4N 20
14 Cu(en),* 550 63 4N 20
15¢  Cu(en),*' ~610 ~110 4N N, 0
167 Cu(NH,),** 590 53 4N 20
177 Cu(NH,),* 640 83 4N N,0

% For abbreviations, see footnote d of Table 1. The data of this
work were obtained at 7 = 0.5 M (KCD) and 25°C. ? The range of
error resulting from two independent sets of experiments is <+2
nm. © Reference 48. ¢ Reference 49. € References 48-50.

! References 20 and 51.

literature.224%-51  The present data for the binary dien com-
plexes agree well with those of earlier studies.?>?*

It is instructive to compare first the absorption maxima of
some Cu?* complexes that have four N donors equatorially
coordinated with only a solvent interaction in the two apical
positions;* within the following series the maxima are shifted
toward shorter wavelengths: Cu(NH,),2* (Table II, no. 16)
> Cu(dien)(NH;)?* (no. 10) > Cu(en),** (no. 14) > Cu-
(AlaA-H), (no. 5). This demonstrates that the extent of the
shift to lower wavelengths depends on the presence and kind
of linkages between the amino donors, i.e., if and how they
are linked in chelates; moreover, an ionized amide nitrogen
shifts more effectively than an amino nitrogen as is evident
from the last two examples (nos. 5 and 14). That replacement
of O donors by an increasing number of N donors in the
equatorial positions shifts the absorption maxima systemati-
cally toward shorter wavelengths is well-known?® and con-
firmed by the complexes of nos. 1-5 in Table II. The dif-
ference of about 18 nm in the maxima of Cu(AlaA),** (no.
2) and Cu(Gly), (no. 6) indicates, as one might expect, that
the ligand field strength of a carbonyl oxygen is not quite as
pronounced as that of the negatively charged carboxylate
oxygen.

The production of a red shift upon an apical N coordination
to a complex with four equatorially coordinated nitrogens is
also well-known;2%%! by going from Cu(NH,),>* to Cu-
(NH;)4?* the red shift amounts to 50 nm (nos. 16 and 17 in
Table II). The additional coordination of ethylenediamine to
the “square-planar” Cu(en),>* complex produces also a red
shift of about 60 nm; from this and the differences between
the stability constants (log K¢y = 10.72, log K<y eny,
= 9.31, log K¥Mzc, oy, = —1.0)*% it was concluded that the

(46) Tomlinson, A. A. G.; Hathaway, B. J. J. Chem. Soc. A 1968, 1905.

(47) Yamaguchi, T.; Ohtaki, H. Bull. Chem. Soc. Jpn. 1979, 52, 415.

(48) Jergensen, C. K. “Absorption Spectra and Chemical Bonding in
Complexes”, 2nd ed.; Pergamon Press: Oxford, 1964.

(49) Jorgensen, C. K. Acta Chem. Scand. 1956, 10, 887.

(50) Bjerrum, J.; Nielsen, E. J. Acta Chem. Scand. 1948, 2, 297.

(51) Bjerrum, J.; Agarwala, B. V. Acta Chem. Scand., Ser. A 1980, A34,
475.

Gampp, Sigel, and Zuberbiihler

third ethylenediamine is only unidentately coordinated to an
apical position.32-* Indeed, the log (stability constant) for
the apically coordinated NH,; to Cu(NH,;),>* (log
KCORHDae iy, = —0.5)% is comparable to log K< Vz¢, .
= -1.0,%2 while the stabilities of the corresponding 1:1 com-
plexes are very different, i.e., log K cyu,) = 4.31%° vs. log
Kcucu(en) = 10.72.52

Similarly, the coordination of a further glycinate to Cu-
(Gly),, ie., to a 2 N, 2 O equatorial donor combination,
produces also a red shift of about 30 nm (nos. 6 and 7). This
together with the stability constants of the Cu?*—glycinate
complexes (log K¢y = 8.12,% log KW, 1y, = 6.75,%
log K4z 0. = 0.4% to 1.3°7) and the absolute size of
the last constant indicates also a unidentate apical coordination
predominantly via the amino group of the third glycinate.**
If all three amino groups of the glycinates would mainly co-
ordinate equatorially, rather, a shift toward lower wavelengths
should have been observed.

These observations and conclusions are meaningful with
regard to the structure of the ternary Cu(dien)(AlaA)?*
complex. From the stability of this complex (Table I) it is
clear that the equatorial positions are occupied by four N
donors, and from stability comparisons we have obtained al-
ready in the previous section a first hint for an additional apical
interaction of the carbonyl oxygen of AlaA. That a significant
percentage of Cu(dien)(AlaA)?* exists with such an interaction
is in line with the red shift of about 16 nm if the absorption
maximum of Cu(dien)(AlaA)?* (no. 13 of Table II) is com-
pared with that of Cu(dien)(NH,)?* (no. 10). This conclusion
agrees with a similar suggestion for the structure of ternary
complexes formed by Cu(dien)** and the anion of amino
acids;>® there is also evidence of an apical carboxylate coor-
dination in the Cu?* complexes of 2,3-diaminopropionate® and
histidinate,%%6! as well as for carboxylate groups of peptide
side chains in Cu?*—peptide complexes.?

That in Cu(dien)(H-dien)** (no. 11) one N is clearly api-
cally coordinated?? follows also from a comparison of the
absorption maximum with that of Cu(dien)(NH;)?* (no. 10).
The red shift is now about 35 nm and hence more pronounced
than with Cu(dien)(AlaA)?* (no. 13); indeed, the effect of an
apical N coordination is expected to be more pronounced than
that of an O coordination. Moreover, the absorption maxima
of Cu(dien)(H-dien)** and Cu(en);2* (no. 15) are practically
identical. If these results are compared with the absorption
maximum of Cu(dien),?* (no. 12), it is evident that an ad-
ditional red shift of about 20 nm has occurred, indicating that
all six N donors coordinate. The most plausible arrangement
of the two dien ligands seems to be a meridional one.?? This
would also allow, by assuming a dynamic Jahn-Teller dis-
tortion,% that in an alternating way the three nitrogens of one

(52) Pecsok, R. L.; Bjerrum, J. Acta Chem. Scand. 1957, 11, 1419.

(53) Lewis, W. B.; Alei, M.; Morgan, L. O. J. Chem. Phys. 1966, 45, 4003.

(54) Uggla, R. Suom. Kemistil. B 1968, 41, 345.

(55) Bjerrum, J. Mar.-Fys. Medd.—K. Dansk. Vidensk. Selsk. 1931, 5; cf.
ref 31.

(56) Leussing, D. L.; Bai, K. S. 4nal. Chem. 1968, 40, 575.

(57) Grigor'eva, L. N.; Stepin, L. D.; Shurupova, T. A. Russ. J. Inorg. Chem.
(Engl. Transl.) 1968, 13, 1671.

(58) That in this case the apical coordination tendency is a little larger is in
accordance with the lower ligand field strength of a N,O, donor set; i.e.,
Cu?* is in Cu(Gly); not quite as distorted as in Cu(en),?*.

(59) Murakami, T.; Nozawa, T.; Hatano, M. Bull. Chem. Soc. Jpn. 1973,
46, 2456.

(60) Wilson, E. W, Jr.; Kasperian, M. H.; Martin, R. B. J. Am. Chem. Soc.
1970, 92, 5365.

(61) Freeman, H. C.; Guss, J. M_; Healy, M. J.; Martin, R.-P.; Nockolds,
C. E.; Sarkar, B. J. Chem. Soc. D 1969, 225,

(62) (a) Moss, D. B.; Lin, C.-t.; Rorabacher, D. B. J. Am. Chem. Soc. 1973,
95, 5179. (b) Hathaway, B. J.; Hodgson, P. G.; Power, P. C. Inorg.
Chem. 1974, 13, 2009. Hathaway, B.; Duggan, M.; Murphy, A.;
Mullane, J.; Power, C.; Walsh, A.; Walsh, B. Coord. Chem. Rev. 1981,
36, 267. (¢) Bertini, L.; Scozzafava, A. Met. lons Biol. Syst. 1981, 12,
31.
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dien are in the favored equatorial positions followed then by
those of the other dien.

General Conclusions

On the basis of the apical coordination of pyridine to
square-planar Cu?* complexes in benzene it was suggested®?
that such interactions might be relevant for the catalytic
properties of Cu?* complexes in biological systems. This
possibility cannot be excluded, but it contrasts with the ob-
servations made with Cu?* and its complexes in the catalyzed
coupling of phenols: free sites at the cupric catalyst are
necessary; as soon as four sites are occupied, e.g., in Cu(en),?*,
the complex is no longer a catalyst.%%¢* Correspondingly, in
the metal-ion-promoted disproportionation® of H,O, or in the
superoxide dismutase reaction®” Cu?* is only catalytically
effective as long as the substrate has the possibility to coor-
dinate to the equatorial position(s) of Cu?*. However, it must
also be mentioned in this connection that in Cu?*/Zn?* su-
peroxide dismutase one of the axial directions of Cu?* is quite
wide open to solvent access;**7° one could imagine here also
the possibility of some fluxional motion of the coordination
sphere.

It is clear from the present results that, in contrast to the
earlier claim,? there is no indication for an apical coordination

(63) Graddon, D. P. Biochem. Soc. Trans. 1976, 4, 737.

(64) Ochiai, E. Tetrahedron 1964, 20, 1831.

(65) Gampp, H.; Zuberbiihler, A. D. Met. fons Biol. Syst. 1981, 12, 133.

(66) Sigel, H. Angew. Chem. 1969, 81, 161; Angew. Chem. Int. Ed. Engl.
1969, 8, 167.

(67) Pasternack, R. F.; Halliwell, B. J. Am. Chem. Soc. 1979, 101, 1026.

(68) Richardson, J. S.; Thomas, K. A.; Rubin, B, H.; Richardson, D. C. Proc.
Natl, Acad. Sci. US.A. 1975, 72, 1349.

(69) Chlebowski, J. F.; Coleman, J. E. Met. Ions Biol. Syst. 1976, 6, 1.

(70) Fee, J. A. Met. fons Biol. Syst. 1981, 13, 259.
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of an ionized amide nitrogen in any of the studied binary or
mixed-ligand complexes.# Thus, in tetragonal Cu* complexes
ionization of amide groups is restricted to equatorial positions.
In this connection tetraaza macrocyclic Cu®* complexes with
an amide function in a side chain”"? should also be mentioned.
These complexes do not, however, possess the spectral char-
acteristics of tetragonal Cu?* complexes with strong equatorial
and weak apical coordination sites. In addition, the amide
function is ionized only at pH about 9.9,”! which is clearly
outside of the physiological pH range.

To summarize, there is no indication for the possibility that
an apically coordinated ionized amide nitrogen could play any
role in biological systems. However, that an apical coordi-
nation of amino nitrogens or of oxygen donor sites (including
the oxygen of a neutral amide group) is possible in binary and
mixed-ligand complexes is clear, and this must also be envi-
saged for natural systems. Indeed, there are indications that
in Cu/Zn superoxide dismutase’® a water molecule is apically
coordinated to Cu?*, while in the Cu?* complex of bleomycin™
an apical position is occupied by an amino group, and in
human serum albumin® a carboxylate group seems to be co-
ordinated apically to Cu?*.
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