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A, INTRODUCTION

QOur undersianding of the nature of metal binding sites in proteins owes much
to the study of models mmvolving meial complexes with amine acids and small
peptides. The coordinating power of x-amino acids toward & large number of trans-
ition metal ions was the object of a great deal of investigation during the years 1960-
1975 and the results are collecied in some detailed and exhaustive reviews {1-3]. in
particular, copper(II) complexcs of amino acids have been studied in considerable
detail; if there are no complicating donor side chains. the amino acids coordinate
solely through the amine and carboxyiato groups, forming stable five-membered
chelate rings with the metal ion, as has beea found for each of the 20 or so naturally
occurring L-x-amino acids [1-4}. In these complexces, the five coordination of the
copper(ll) ion is favoured since the sirong ligand field of the four in-plane donor
atomns weakens the axial inicractions, The introduction of a substituent directly on
the amino group gives nisc io a serics of compounds, known as N-protecied amino
acids. These exhibii diminished affinity of the amino group for the metal ions and
reduce the ligand field of the in-plane donors. This pcrmits a variety of coordination
types to arise.

The study of the metal ion compiexcs of these N-protected aminoe acids has
expanded rapidiy ia the last ten years. The resuits are so abundant that they need
to be collected and rationalized in a critical summary to aliow lines for future work
in this area to be developed.

Most of this article will describe the stability, structure. optical and magnetic
properties of the copper{il) compounds of N-protected amino acids. A second part
will report what is known about cobalt{ll), nickel(H), zinc(Il). paliadiumillj and
cadmium(IT) complexes of the same ligands. Furthermore, the biological connections
of these studies will be emphasized in the discussion of the various sections.

B THEINYESTIGATED N-PROTECTED AMINO ACIDS

Figure 1 reports the list of the N-protected amino acids considered in this
review. In the case of N-acetyt-, N-benzoyl- and N-tosyl-alamines, both the x and §
forms have been investigated.

The N-protected amino acids find special practical application in peptide
syntheses. The benzyloxycarbonyl and tosyl groups in particular represent the most
suitable groups for temporary protection of the a-amino group. These markedly
reduce racemization, give high yields and are easily and quantitatively removed from
the products [5.6]. The dansy] group, in turn, is widely vsed as a fluorescent probe
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Fig. 1. List of N-protected amino acids considered in this review, with abbreviations in parentheses.

to study protein conformational changes [7,8] and to identify N-terminal residues
of peptides [9,10].

N-protected amino actds are aiso biologically importani, with their direct
involvernent in biological processes having been demonstrated in many cases. From
this point of view, N-acetyl derivatives are the most importani. They are present in
some natural proteins and peptides and are postulated to be the starting unit in the
biosynthesis of some peptide chains [11]. Other examples of direct involvement of
N-acetyl- and N-benzyloxycarbonyl amino acids in natural processes are reported
in reis. 12-16 and 17, respectively.

Crystal structures are also known for some of the N-protected amino acids
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considered in this paper. These include N-benzoyi-glycine (hippuric acid) [18], ~-
acetyi-glycine {aceturic acid) [19], N-acetyl-L-tryptophan [20]. N-dansyi-glycine [21]
and N-benzenesulfonyl-pi-alanine [22].

For a clear understanding of the coordinative behaviour of the N-protected
amino acids, the paper will be divided inte seciions: m particular, Sects. € and D
will deal with iateractions of the copper(ll) 1on with N-acetyl-, N-benzoyl- and N-
benzyloxycarbonyl aminoe acids and with N-tosyl-, N-dansvl- and N-phenylsulphonyl
amino acids, respectively, while Seci. E wiil describe the mteractions of cobaly(lli,
nickel(I1), zing(11), cadmium{l1} and palladium(IT} ions with all the investigated N-pro-
tected amino acids.

O COURDINATIVE BEHAVIOUR OF N-PROTECTED AMINO ACIDS CONTAINING A PEPTIDE GROUP
TOWARD COPPER{ID IONS

The peptide group is abundant in nature and there is a wide interest in its
metal on binding capabilities. which are generally [ound to be very low, even though
it presents two potential binding atoms for complexation of protons and metal ions.
However, the anude oxygen atom is weakly basic and metal ion coordination will
not occur at this sie {in aqueous solution. it bonds prefereniially to water molecules
{mass cffect) rather than to the metal ions) and the amide mitrogen atom (hybridized
sp?) can coordinate only if deprotonated. The coordination of the peptide group is
therefore favoured in neutral or basic solution, in which, however, it suffers competi-
tion from meial ton hydrolysis and precipitaiion [2,23].

All the N-protected amino acids considered in this section, which includes the
N-benzoyt-, N-acetyl- and N-benzyloxycarbonyl amino acids, present identical bind-
ing sites and, in particular, contain one peptide bond. The importance of the N-pro-
tected amino acids with respect to simple amino acids derives from the fact that the
presence of a primary higating site {(anchor), such as a carboxylic group in the x or
B posttion with respect to the amide group, may favour the chelation of the amide
group. This reduces the importance of metat 1on hydrolysis and permits attainment
of pH regions where subsiitution of a metal 10n for an anude hydrogen may oceur
[23]. Thercfore N-protected aminc acids are very appropriate ligands since they
provide simple model compounds for understanding metal- protein interactions. A
detailed knowledge of the acid -base behaviour of the N-protected amino acids, and
of the metal ion is very relevant in order to understand the metal complex lormation.

(i} Binary complexes in agueous solution

The N-protected amino acids do not present zwitterionic character in aqueous
solution, since the two pK disseciation valucs generally range from 3 to 4 ipK,,)
and 12 to 14 {pK ,,), anising from the equilibria [24,25]
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pka;
R'CONHCHRCOOH ——R'CONHCHRCQO +H"*

pKa:z

R'CONHCHRCOO ——=—R'CONCHRCOOG +H"

In aqueous solution, N-acetyl-glycinaie forms a complex of iow stability
(log K&y = 1.3) [24,25] in which it acts as a unidentate ligand binding through the
carboxylate group [24-26] and a similar behaviour can be predicted for all the N-
acetyl- and N-benzoyl amino acids on the basis of their strictly comparable pK,,
values. In any case, ac hint of amide hydrogen deprotonation is ever found to occur
in the investigated systems before metal(ll) hydroxide precipitation [24,26].

Neither have potentiometric pH titrations of the ternary Cu?*/2,2"-bipyridine/
N-acetyl-glycinate system revealed any evidence of amide hydrogen deprotonation
[23].

{(ii} Solid state behaviour

The N-protected amino acids considered in this section generally interact with
copper{ll} in strongly concentrated solutions, separating as two types of compound:
blue compounds from agueocus solution, and therefore only observed for water-
soluble N-protected amino acids such as N-benzoyl-glycine and the N-acetyl amino
acids, and green compounds for all the N-protecied amino acids from alcoholic
solution.

() Blue complexes

A listing of the blue complexes separated from aqueous solution, and of their
spectroscopic and magnetic characteristics, are collected in Table 1. Variations in
these properties between the complexes reflect their structural differences.

The compound [Cu{bzgly(Q},(H,0),], 4H;0 exists as a dimer in which each
copper atom, 1 a distorted [4 +1] square-based pyramid (Fig. 2}, is coordinated to
one N-benzoyl-glycinate ion and two water molecules and shares coordination to
two other N-benzoyl-glycinate ions. These latter act as bridges in the dimer. N-
Benzoyl-givcinate anions coordinate only through the terminal carboxylic oxygen
[27,28]. The results of a magnetic investigation on the dimer [29] indicate a small
antiferromagnetic value of the singlet—triplet splitting, 2J. The structural arrangement
is such that cach bridging oxygen atom occupies an in-plane coordination site of
one copper(1i} ion and an apical site of the other copper{ll) ion. Thus the magnetic
orbitals which lie in the xy plane and contain the unpaired spins interact very little
at the bridging oxygen atoms [29]. Its room temperaiure EPR data [30] are reporied
in Table 1.

The structures of the bis{N-acetyl-glycinato)diaquacopper(Il) dihydrate {31-33]
(Fig. 3) and bis{ N-acetyl-f-alaninato}diaguacopper{il) [34] complexes consist of very
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Fig. 2. Projectional view of Cu(il} hippurate dimer (W =water oxygen; N =amide nitrogen; (0 =oxygen)
[27,28].

simple monomeric units, in which the copper(ll} atom is coordinated by two centro-
symmetrically related carboxyl oxygens and two water molecules in an essentially
square-planar arrangement. For these compounds, considerations based only on the
shortness of the Cu---O(2) distances (2.614(3) and 2.580(2) A for [Cu(acglyO),-
(H,0},]+2H,0 {32] and [Cu(ac-$-alaOQ),(H,0},] [34], respectively) involving the
second carboxylic oxygen are not sufficient to assign a tetragonal geometry. It seems
more correct to consider those distances as non-bonding interactions, since the angle
between the Cu-0(2) vecior and the normal to the O(1}0{4)O(1'¥0(4) plane of 36.4°
[33] and 33.8° [34], respectively, prevenis overlap of the metal-ligand orbitals. This
agrees with their d—d band maximum values {15000-16 100 cm " ! [31,34]), represen-
tative of an isolated CuQ, chromophore (Table 1).

It is interesting to note that, upon increasing the hydrophobic character of the
N-acetyl amino acid, the hydration of the complex decreases quite smoothly and its
coordinative ability is sharply modified. In fact, in anhydrous [CufacvalQ);], [35]
the ligand bridges two different copper({ll} ions via one carboxylic oxygen and the
carbonylic oxygen atom. This gives rise to a moncdimensional poiymeric network
in which each copper atom, surrcunded by four oxygen atoms, is essentially square
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Fig. 3. Perspective view of [CujacglvOl,(H,(,] [32.33].

planar (Fig. 4). Similarly to the complexcs mentioned above. the angle between the
Cu--O{2) vector and the normal to the G(HO{HO10{4) plane of 40.3° and the Cu-
O(2) distance of 2.904{(4) A exclude O(2} involvement in metal ion coordination [35].
in this complex, i 1s worth noting not oaly the non-chelating mode for the coordina-
tion of the peptide oxygen, till now cbserved in only very few cases such as in
Cuiglycyb-r-alanina)- H,0O [36], Cuiglycyl-L-methionine) [37] and [Cu{i.-methionyi-
glyeine)H,01]-2H O [38]. but also the non-chelating equatorial coordination. of
which no exampies are known.

The anhydrous CujaclewO); compound [39] scems very similar to the [ Culac-
valO),], compound on the basis of its spectroscopic and magnetic properties [40]
(Table 1},

Thermal analyses performed on the hydrated blue monomeric complexes de-
monstrale that the dehydration is accompanied by dimerization [30.34411.

(b} Green complexes

The green complexes obtained for all the investigated N-acetyl-, N-benzoyl-
and N-benzyloxycarbonyl amino acids from alecoholic solution and their optical and
magnetic properties {taken from refs. 30, 31, 34, 40 and 42- 33) arc reporied in Tabie 2.
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Fig. 4. ORTEP view of [Cu{acval(),], [35].

For three of them, [CufacglyOQ),(H,0)], [54], [Culac-§-21a0),{H, O}, 2H,0 [34]
and [Cu(bz-z-alaQ),(H,0)], [55], the crystal and molecular structures have also
been determined. They consist of dimeric units, closely resembling dimeric copper
acetate monchydrate and other similar copper(ll) carboxylato complexes [56,57].

In particular, magnetic susceptibilities of all these complexes, satisfactorily
described by the usual Bleaney-Bowers equation for exchange coupled dimers [58],
show very similar 2J values in the range from — 272 to —350cm !, typical of anti-
ferromagnetically coupled binuclear carboxylate complexes [57] (Table 2). For the
anhydrous complexes, the broadening of the ESR signals suggests that relevant
interdimeric exchange is present [51].

The spectroscopic results, showing two bands at 1399014900 cm ™ * {the “ordi-
nary copper(il) band (d—d)” [57]) and 25600-27800 cm ! (charge transfer band,
considered as diagnostic of a dimeric structure [56]), unambiguously confirm the
presence of this siructural type for all the complexes reported n Table 2. In refs. 31,
34, 39, 40, 43 and 45-52, the 1R band shifts of the most significant ligand fuactions
in the complexes with respect to the free ligands are also discussed, coafisming that
the amino acids, coordinating through both the carboxylic oxygen atoms, act as
bidentate ligands toward two different copper{ll) ions.

The [Cu(bzleu(),(H,0)],-2H,0 compound [50] displays physical and spec-
troscopic characieristics similar to those of the complexes reported in Table 2. How-
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ever, its comphicated magnciic properties reveal the presence of a great amount (36%)
of monomeric copper(ll) impurity, even though the complex was shown to be
analytically pure. These studies on the ESR and magnetic properties of the copper(II)
complexes of N-protected amino acids can be considered of particular interest [59]
in order to deepen our knowledge of metal-protein interactions.

The lack of a sufficient number of struciural data does not allow any correlation
among structural and magnetic results to be made. It may indicate a rational direction
for further experiments, which could help to explain the factors determining the
magnetic behaviour of copper(ll} acetate-type compounds (which is an open prob-
lem), because of the unusually large series of homologous compounds that are
available.

(iii} Solid ternary complexes

Easy formation of adducts is observed when the binary blue or green complexes
are reacted with amines. This is considered to be a confirmation of the coordinative
behaviour of the N-protected amino acids through the carboxylate group
[31,39,40,43-4547-51].

From apolar solvents, a series of Cul,A (A=monodentate amine; L=N-
protected amino acidate anion) compounds are separated [44,48,51]. Their magnetic
behaviour (Table 3) provides exampies of strong antiferromagnetic exchange inter-
actions, unambiguously indicating that they adopi the typical carboxylate cage
structure. The importance of these studies on simple complexes, as models of very
complicated systems, is demonstrated by the possibility of applying these results for
a reasonable explanation of the mechanism which might account for the observed
antiferromagnetic behaviour of type-3 copper enzymes, which were suggested to
involve a similar exchange coupling type through the appropriate carboxylate groups
of the peptide chain [44].

In alcoholic solutions, compounds of formula CuL,A, or CuL,B {A=mono-
dentaie amine; B=bidentate amine; L = N-protected amince acidate anion), in some
cases containing water molecules, are invariably separated [31,39,40,43-45,47-50].
Most probable configurations are suggested on the basis of spectroscopic and mag-
netic measurements.

Systematic investigations on the midazole, N-methyl-imidazole and 2.2'-
bipyridine adducis of N-acetyl-, N-benzoyl- and N-benzyloxycarbonyl aminc aci-
date— copper{lIl} systems (Cul, A, or Cul,B compounds) are discussed in refs, 60-04,
These studies are relevant from a biological point of view since it 15 well documented
that low-molecular-weight ternary complexes of copper{ll), in which mixed N,O-
atom donor set is the preferred chromophore [65,66], are abundant in living systems,
being involved in the transport of the metal ion through biological fluids and living
tissues. Comparative studies on small synthetic systems duplicating this metal ion
arrangements have indicated that their rclatively high siability is primarily responsi-
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ble for the large range of natural occurrence of mixed complexes. The major contribu-
tion to their stability is derived from the presence of an imidazole moiety in the
metal coordination sphere, enabling n-back-donation from metal to unsaturated
ligand n-orbitals lowering the electron conceniration ncar the central ion [23].

In this area, the modelistic approach on ternary copper{il} N-protected amino
acidate complexes provides many closely related structural and spectroscopic data,
which reproduce realistic model systems of many naturally occurring mixed ligand
complexes. This also allows the rationalization of the coordination behaviour of
aromatic monodentate and bidentate amines, such as imidazoles, pynidines and 2,2-
bipyridine. For imidazoles, the resultant effect of their basic properties (pK, about
7.0) and n-back-donation power invariabiy leads to scparate complexes in which the
copper{ll) ion geomeiry is essentially and invariably square-planar with a trans-
CuN,Q, chromophore (see the structural results performed on [Cu(bzglyO),{im},]
[60], [Cu(ac-a-alaQ)yfmeim),1-2H,O [61] and [Cuiz-z-alaQ};(meim},]-C,H;OH
{62]. For these compounds, the global view of the structural and spectroscopic
results [67] excludes the involvement of a second carboxylic oxygen atom in the
metal ion coordination for the same reasons as those proposed above for the binary
blue compounds. The Cu—N bond lengths, in the 1.95%(5)-1.976(6) A range, interme-
diate between the Cu—N{imidazole) bond distances of 1.95 A in oligoglycines-Cu?*—
imidazole complexes and of 2.00 A found in most Cu®*-imidazole compounds,
confirm the presence of a strong =-back-bonding from the copper(Il} ion and the
heteroatomic N-bases, which enhance the affimty of the copper(il) ion for oxygen
donor sites of anionic ligands [60-62,67,68]. For many imidazole and N-methyl-
imidazole adducts of other copper(il) N-protected amino acidates [60-62], the
electronic spectra identical to those of the structurally known compounds suggest
very similar features, In all cases, N-protected amino acidate ions act as simple
carboxylaie ligands, involving one oxygen atom of the carboxylaie group in the
coordination.

Finally, an apparent disagreement between structural and ESR results for the
[Cu(bzglyO),{im),] complex finds justification in the presence of magnetically non-
equivalent sites within the unit cell in an antiferromagnoetic arrangement {60].

In hydrated {or alcoholated) adducts, the water molecules are differently in-
volved in the structure, depending on the amine types or their pK,. In fact, in the
imidazole and N-methyl-imidazole adducts, all the water molecules present are
invariably involved in hydrogen bonding as part of the presumably crystal packing
[61,62], while in the pyridine adducts, the water molecules pariicipate in the metal
ion coordination, completing the geemetry io tetragonal octahedral. The remarkably
lower pK, values {5.0-6.3} than imidazoles confers o pyridines small n-back dona-
tion power, enabling the involvement of the water molecuies in the metaKIl) ion
coordination. This fact can lead to unusual structures, such as that observed for the
[CulactrpCO(py){H,0).] compound [47] (Fig. 5), in which a considerable lengthen-
ing of the Cu-N distance (2.02(1) A) with respect to those found for the imidazole
complexes is also observed.
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Fig. 5. Perspective view of [CuwactrpO),ipyhili, O] [47].

in the 2.2'-bipyridine adducts of some N-benzoyl- and N-acetyl amino acids
[63] as well as in the 1, 10-phenanthroline adduci of N-acetyl-glycine [69]. a slight
tetrahedral distortion in the square-planar arrangement of the copper{ll) 1on (cis-
CuQ,N, chromophore) has always been found. In these complexes, as observed in
the [CutacleuO),(bipy)] structure [63], the cis-N,O, coordination occurs through
two nitrogen aloms of the bipy amine and two carboxylate oxygens deriving from
two N-proiecied amino acidaic anions, which act as umidentate ligands. The presence
of a small tetrahedral distortion is quantitativety measured in the [CufacleuO),(bipy)]
compound by the value of 20.8" for the dihedral angle between the CuN,; and CuO,
planes. A nearly identical situation is also found in bis{N-acetyl-glycinato)(1.10-
phenanthrolinelcopper(1l), which presenis a closcr square-planar arrangement with
a dihedral angle between O(1} Cu-O{1Y and N{1)- Cu-N(!") planes of 12.2 [69].

Distinct structural features are found in the bis{¥-benzyloxycarbonyl-
glycinato)(2,2"-bipyridinelipropan-2ol kopper(i1} [64], in which the metal(1]) ion pres-
cats square pyramidal geometry (CulN,0.0Q" chromophore} and two [Cuiz-
glyO),{bipy}{Pr'OH)] molecules are linked in dimeric units by intermolecular hy-
drogen bonding interactions among the amino acids (Fig. 6). Furthermore, the crystal
packing of the dimeric units is mainly determined by intramolecular ring-stacking
interactions between bipy ligands and by intermelecular hydrophobic interactions
between phenyl groups of the amino acid moieties. Weak interactions (stacking.
hydrophobic, elecirostatic. etc.) are vital in the phenomena of biological recognition
of molecules [70]. In particular, those between ensvime and substrate molecules
coordinated to the same central metal ion are essential for the efficiency and specificity
of the reactions [71] and seem to represent one of the determining factors in the
constitution of the tertiary structurc of proteins. Such interactions enhancing the
stability of the mixed-ligand ternary complexes were first observed inn solution [72].
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Fig. 6. ORTEP view of the complex [Cu{zglyOi.fbipy{PriOH)] [64].

Hydrophobic ligand-ligand interactions in ternary complexes have been reported to
occur between aliphatic side chains and between aliphatic chains and aromatic rings,
and also between aromatic moieties [73].

(iv} General remarks

{a) N-acetyl-, N-benzoyl- and N-benzyloxycarbonyl amino acids invariably coordi-
nate the copper(ll) ion through the carboxylate group.

{b) The carboxylic group, as primary ligating site in these N-protected amino acids,
is inefective in promoting amide nitrogen deprotonation in the presence of copper(11)
ions. There is no hint of amide nitrogen deprotonation before metal hydroxide
precipitation (pH =38).

(c) The perturbing effect of additional ligands, such as amines, does not affect the
N-protecied amino acid coordinative behaviour (invariably unidentate through one
carboxylic oxygen atom). The mutual influence of the potentially active ligands
indicates discriminatory properties of the examined amines for a second ligand, which
is preferably O-deonor rather than N-donor. The simuitaneous presence of heteroaro-
matic N-base moieties and carboxylate O-donors enhances the complex stability.

(d) The peptide group is always involved in intermolecular hydrogen bonding in
crystal packing, except in the blue anhydrous N-acetyl-pi-valinate and -leucinate
compounds in which, surprisingly, an equatorial non-chelating coordination mode
of the peptidic oxygen atom is observed.

{e) Square-planay geometries for the copper(Il} ion are strongly preferred and a
useful correlation among Cu---O axial distances, bipyramidal distortion angles and
d—d band maximum for truly square-planar complexes of N-protected amino acids
discussed in this section is reported in Table 4.
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{f) A summary of the more relevant structural parameters of the structuraliy known
complexes discussed in this section is given in Table 5.

D COORDINATIVE BEHAVIOUR OF N-PROTECTED AMIND ACIDS CONTAINING A SULPHONAMIDE
GROUP TOWARD COPPER(N IONS

In this section the coordinative capabilities of N-tosyl amino acids and N-
dansyl- and N-phenylsulphonyl-glycine will be considered. These N-protecied amino
acids still possess a carboxylic group as primary ligating site. However, since the
ArS8€), substituent has a strong inductive electrophilic ¢ffect, it confers to the sulphon-
amide hydrogen a more acidic character than that of the peptidic hydrogen. For this
reason, peculiar chemical behaviours are observed.

In agreement with the above statemenis, N-tosyl amino acids in aqueous
solution at incrcasing pH values show two dissociation equilibria (pK,,=3.4-3.5
and pK,,=11.4-12.}} polarographically and potentiometrically determined [74-78]
with lower pK 4, values than those observed for the acids discussed in Sect. C.

For N-dansyl-glycine, three dissociation equilibria have been observed [79]

KA
(CH,),NHC,,H,SO,NHCH ,COOH —— (CH,),NC,, H,SO,NHCH,COOH

oK .” Kz

(CH,),NC, HSO,NCH,CO0~  ——=*{CH,},NC,,H,SO,NHCH,COG"

The calculated pK, values are 3.§(3.4), 48(8.1) and 11.7(13.7), respectively, in
aqueous {methanolic) solution [79]. Very similar pK,, and pK 4, values are reported
1n ref, 80, while conflicting data are contained in ref. 81. A confirmation of the resulis
of ref. 79 is reported in ref. 82, in which the dependence of the dissociation cquilibria
and the reduction processes of N-dansyiglycine on the physicochemical properties
of some organic solvents of different proticity have been investigaied,

{i} Copper({H)-N-Ar80,—amine acidate systems in aqueous solution

Systematic and carcful investigations performed on binary copper(Il) ion - N-
tosyl-glycinate, N-tosyl-S-alaninate, N-dansyl- and N-phenylsulphonyl-giycinate sys-
tems by means of polarographic and potentiometric measurements in aqueous and/
or alcoholic solutions at different ligand concentrations and pH values have identified
the main complex species, their pH range of existenece and stability constants (Table 6)
[74-76, 791.

Depending on the pH of the solutions, the results of binary copper(Il) systems
indicate that the ArSO, group confers a distinct coordinative ability to the amino
acids, favouring the existence of a great number of complex species, which in some
cases present very unique characteristics. In fact, unlike acetyl, benzoyl and benzyi-
oxycarbonyl groups, the ArSQ, group promotes the formation of stable compiexes
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TABLE 6

Log § of binary and ternary M{Il) complexes® of N-ArSQ, amino acids prevailing in aqueous
or alcoholic solution and pK values of sulphonamide nitrogen deprotonation for the free
ligand and for binary and iernary systems

Cu{ll} species

Solvent tsgly bsgly dsgly  is-f-ala
H,0 H,0 H,O0 H,0

[Cu{LO),} 52 5.3 5.5

[Cu{LNO}) 16 1.7 86

[Cu{LNQ},]*" i3 1.5 114

[Cu(LO);ibipy}] 13.3 13.4 13.6 13.7

[Cu(LNO¥bipy)]  16.1 16.2 17.1 14,7

[Cu(LNO,(bipy)]>~ 18.8 19.1

o] OV 11.4 184 117 1.2

PN von 8.0 7.9 738

PR normipsn 55 5.2 50 6.6

Za(l1), CdiI), and Pd{I1) species

Solvent tsgly bsgly dsgly is-z-ala ts-f-ala

H,O CH;OH H,0 H,O CH,O0H H,0 H.,O

[CalLOy]™ 3.60 3.70

FCHLO),] 7.30 6.78 4.61 5.21
[C{LOYOH)] 9.60 8.83

[Cd{LNO}] 450 12.54 506 450 1160 5.45 534
[CHLNO}, ] 6.00 13.30 7.66 6.14 1217 245 990
[CAdLNO)OH]" 8384 14.00 895 9.47 13.25

{CHLNOLOHY ™~ 1184 645 12482 12.52 i568

[CAHLO¥bipy)1 " 7.02 7.18

[CHLNO}bipy)] 979 9.50

pKainoy 80 8.0

PR nossior 76 76

[Za{LOYbipy]® 8.82 8.96

[Za(LNOXbipy}i] 11.86 11.98

pKE}:(LNOIIbiPH] 78 18

[PA(LNGY] 17.8 89 17.8

[PALNO),J*~ 234 244 21.8

[PAHLNOKOHY] ™ 216

*Overall stability coastant (f) is relative to the equilibrium M?* +mbipy +#aLG~ (or
nLNG? )= M(LO}bipy),.] {or [M{LNO)(bipy),.]?~ ¥ m=0,1 and n=1, 2.
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mn aqueous solution at pH < 5, in which the ligand coordinates through the carboxylic
oxygen atom. At pH > §, it causes copper(i1) substitution of the amide proton foliowed
by nitrogen coordination, strongly aaticipating the pKyy ligand values {Table 6).
This agrees with the peptide group behaviour [2]. In particular, the sulphonamide
hydrogen deprotonation seems to demand the presence of an intermediate hydroxo-
complex,

The remarkable posiiive values (2-6) of the ratio log Kl noy/Kicaii sy, dis-
played by the N-protecied amino acidaie complexes (Table 6) are interesting of
compared with the corresponding values for chelate simple amino acidate copper(11)
complexes (1.2 1.7) [3b}]. The tugh valucs are reasonably atiributed to the negative
charge of the [Cu{LNO},]? ~ species with respeci to the neutrality of the [Cutamino-
acidato),] species [74{b)}.

A strong steric hindrance of the dansyl group compared with the N-tosyl and
N-phenyisulphonyl groups, which behave in a very sinctly similar manner [74]
(Table &), reduces the ability of the complex formation in the adsorbed layer on the
mercury electrode surface [83-85] and the dominant species present only one N-
dansyl-glycinate NO bonded to the copper(ll) 1on [79].

For the aqueous solution studies of the binary Cu?®  N-tosyl-z-alaninate sys-
tem [77], the ligand behaviour, in the correct interpreiation of Sigel and Martin
L23], agrees perfectly with the resulis obtained for the other N-tosyl amino acids
[74-76]. In line with ref. 23, the anticipated Cu’’-promoted amide deprotonation
occurs only with a ligand which contains a primary ligating group, the carboxylic
group in these cases. However, as demonstraied in refs. 67 and 77. this 1s true only
if the pnimary ligating site is in the & position with respect to the N substituent. in
fact, when the carboxylato group is in the ff position. as in N-tosyl-f#-alaninate, the
copper(I1) ion is meffective in promoting amide deprotonation. This is in accordance
with the lower stability of six-membered compared with five-membered chelate rings.

(ii) Copper(i11-N-Ar50,-amine acidate-bipy systems in agueous solution

Ternary complexcs of copper(I1}- N-tosyl-glycine, ~N-tosyl-f-alanine, N-dans-
yl-giycine and -N-phenylsulphonyl-glycine with 2,2-bipyridine in aqucous solution
present overall stability constants indicating that species with a metal:ligand : bipy
ratio of 1:2:1 invarnably prevail when the amino acid acts as a simple carboxylate,
while upon metal-promoted amide deprotonation, 1:1:1 becomes the prevailing
ratio [ 74{b)]. The stability of ternary compounds greater than that of the correspond-
ing hinary compounds {Table 6) confirms the tendency of several carboxylate ligands
to bind more sirongly to the [Culbipy)]? " species than (o the solvated metal ion
[23]. The enhanced affinity of the carboxylato group for the [Culbipy)]? ' species
may lead to an increase 1n its primary ligating group capability strongly promoting
the amide nitrogen deprotonation. This effect for the [Cutbipy))®* intermediate
complex is so pronounced as to promote amide nitrogen deprotonation in N-tosyl-
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p-alanine, overcoming the unfavoured formation of a six-membered chelate ring
L74(b}].

A correlation between the decrease of the pKy, values of the ligands upon
metal binding in binary [Cu{LNQ}] and ternary [Co(LNOXbipy)] systems (ApKy)
and the stability of the complexes {Fig. 7) demonstrates that, in binary and ternary
systems, the species formed by different ligands present very strict relative stabilities
[74(b)].

The results of the studies on these systems are particularly significant, since
they confirm the important role of the presence of a very stable intermediate species,
in this case a copper(il) 2,2'-bipyridine complex {74(b)], while in binary complexes,
it was a copper(Il} hydroxo complex, in order to promote sulphonamide hvdrogen
deprotonation in N-ArSO, amino agids.

(iii} Coordinative behaviour in the solid state

For the N-ArSO, amino acids, the complexes prevailing in solution are the
same as those isolated in the solid state under about the same pH conditions,

2P

3§ 40 484 4B 52 58

{bpy)
u{bpy)iLno]]
3

Cu
2
o

o

logKRuung » logK

46 50 54 58 62 &6

LMD
AP g

Fig. 7. Plot of stability constants for binary and ternary copper{ll} species vs. metal-induced decrease of
the pK value of sulphonamide nitrogen deprotonation. Upper line and upper abscissa: binary species;
lower line and lower abscissa: ternary species | 74ib}).
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Generally, two types of coordinative behaviour of the N-ArSG; amino acids toward
copper(l]) ions, dependent on the pH value of the solution are recognized.

fap Compounds obtained from agueous (pH < 3} or alcoholic {neutral) solution

Under these conditions, the N-tosyl- and N-dansyl amino acids, in agreement
with obscrvations in aqueous solution, parallel the coordinative behaviour of the
acids of Sect. C, separating blue (pale) [21.67.76,86] and green [21.75] compounds,
respectively (Table 7).

The pale blue complexes [67.76,86{a}] arc discrete monomeric speeies in which
copper(H} ions present slightly distorted tetragonally elongaied bipyramidal geome-
tries {CuQ,, chromophaores). As struciurally determined for the diaquadimethanoi-
bis(¥-tosyl-DL-valinatolcopper(ll) complex [87] (Fig. 8). the amino acids act as
unidentate-O ligands and the coordination sphere of the metal ion s compieted by
water und;or solvent molecules, Furthermore, therr ESR spectra and d-d band
maximum (Table 7) are typical of compounds coataining CuQ,, chromophores. The
thermal behaviour of these compounds shows a gradual loss of water moelecules
during which they firstly transform into green hydrated forms and. finally. into green
anhydrous forms. Both of these green materials shows strong antiferromagnetic
exchange, indicating the presence of 1he typical carboxylate cage structure [21.86{a)].

Thic green solid complexes, which are generally scparated from neutral alcoholic
solutions {Table 7), also show magnetic properties of dimene copper(ll) acetate-like
compounds. The majority of the compounds are anhydrous and present some distinei
structural characteristics compared with the hydrated compounds and to the green
complexcs reported in Table 2. n fact, the structure of [Cultsgly(),], [75] is com-
posed of one-dimensional polvmeric chains. extended along the b axis, of binuclear
centrosymimetric [Cu{tsgly(),] vniis (Fig. 9). Two relevant featurces ave present: ong
is the very short Cu---Cu separation {2.577(3) A). generaily found for dimeric units
in polymeric structures, contrasted to the discrete dimers [57]. and the second is the
bond interactions between the sulphonamidic O atom and the metal 1on which link
the dimeric units into linear chains. Ne previous examples of this behaviour has
hitherte been cbserved. In agreement with the structural results. showing 50% of
the SO, groups bonded to a copperill) atom, all thc IR bands assignable to the
suiphonamide group (NH, SO,, SN} are split (Table 7). Similar behaviour of the
sulphonamide IR bands is also observed for the green anhydrous N-tosyl-fi-alaninato
complex [67].

fh) Compounds obtained from agueous solution at pH > 3 or basie solution

All the compounds described in this section are characierized by the prescnce of
the deprotonated amide nitrogen atom and one carboxylic oxygen atom of the amino
acids chetated to the copper(Ti} ion. with which they form a five-membered ring.

Pale blue compounds of formula Cy{N-ArSO,-amino acidatoNQO)-3H,() are
separated from aqueous solutions of N-tosyl- and N-phenylsulphonyl amine acids
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Fip. 8. ORTEP view of [Cuttstal)(H,00(CH,OHY,T [87].

already at pH 5 7. In all complexes, the copper(ll) ion displays a 441 tetragonal
pyramidal coordination {CuNO, chromophorel. However, very different structural
types are observed: (4} monomeric structure in [CultsglyNOYH,0),] (Fig. 10} [86(a}],
identical to the N-phenylsulphonyl-glycine copper(ll) compound [86(bi}. (b) moenodi-
mensional polymeric structure in the {Cu{is-2-alaNO)H,0),],-nH,O [67], in which
the carboxylate group of the amino acid joins two adjacent coppertl]) ions (Fig. 11}
{c) menodimensionai polymeric siructure i the [Culbs-DL-2laNO)H,0},],-#H,0O
(bs-pL-alaNO = N-phenylsuiphonyi-bL-alaninate dianion) (Fig. 12){22], in which one
sulphoayl oxvgen of a glide-related complex occupies the axial position. In this lass
compound. the proposed 4 +1 +1 {the latier position involving the oxygen from the
chelate ring of a symmetry related complex) geometry around the coppei(ll) ion
scems to be overemphasized, in our opmnion, since the angle of the sixth axial bond
15 sharply deviant from the normal to the basal plane. In [Culis-z-alaNO)-
{H,0),],-#H.0Q and in [Cuibs-pi-alaNO)H,0}, ], -#H,O. the adjacent monomers
arc linked through bridging carboxylato groups in a syva-unti type configuration,
~Cu~-O—Cu--0—Cu—. Such bridges, which arc capable of providing pathways for
electron transfers to and from copper(ll} ions and for magnetic superexchange
between them, are characteristic of aspartato and glutamato ions [88.89].

All the pale bluc complexes show very similar thermal behaviour. gradually
fosing water melecules on heating followed by decomposition [67.86{a)].
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Fig. 9. A portion of the linear-chain structure of [Cu{tsgly0),1, with interatomic distances [75].

At pH > 8, the N-tosyl amino acids separate compounds of formula A,[Cu(ts-
aminoacidatoNQ),]-xH,0 (A=Na", K ¥, morpholinium and piperidinium cations)
{Table 8), presenting a great variety of siructures as shown in Fig, 13 for the dimer
{K,[CuftsglyNO), ]}, (blue form) [86{(2)]. in Fig. 14 for discrete monomeric
(pipdH),.[Cu(ts-z-alaNO),]-H,0O [67] (an identical structural arrangement is ob-
served in K,[Cu(bsglyNO),] [86{b)] and in Fig 15 for discrete monomeric
Na,[CulisleuNO),(H,0)] - 2H,O-CH;OH [76] compounds. The N-tosyl-glycinato
compound also exists in a violet form [86(a)]. The presence of several forms of amino
acid-copper(1t) complexes, as cobserved in this instance, is very common [3]. A
strictly square-planar structure with CulN,O, chromophore is suggested for all the
violet species {Table 8), based on the similarity of their physical properties to those
of the structurally known (pipdH),[Cu(ts-a-alaNQ),]- H, O [67], K [Cu(bsglyNQO},]
[86(b)] and other compounds [90].

The mability to isolate solid state compounds with two copper(ll}-bound
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Fig. (6. ORTEP view of [CultsglyNOKH ., | [ Bétal].

dsglyNO? " anions, presumably due to the sieric hindrance of the dansyl group, is
predicted on the basis of the solution investigations [79].

In all the compounds reported in this section, suiphonamide deprotonation
and the successive replacement of the hydrogen atom with a Cu{ll) atom influence
some of the iniernal bond distances of the N-protected amino acidate dianion,
especially the S- N and S O bonds. This makes infrared spectroscopy an unambigu-
ous method for revealing the presence or absence of the deprotonated N-protected
amino acidate dianion, since the infrared spectra are very different in the two cases
{compare the data of Tables 7 and 8.

fe) Solid ternary complexes with amines

Bluc and green complexes of N-tosyl- and N-dansyl amino acids react with
amines similarly to the analogous compounds of N-acetyl, N-benzoyl and N-benzy-
loxycarbonyl amino acids.

In fact, with umidazoles. essentially square-planar adducts with trans-CuN,O,
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Cia} C

o
Fig. {]. ORTEP view of [Cu(ts-z-alaNOYH,0), ), -#H,0 [67].

-----------------

S ML

Fig. I2. Perspective view of [Cufbs-pr-alaNGIH ,0¥],- 2H,0 down the g axis. The oxygen atom of the
water of crystallization is not shown [22].
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Fig. 13. ORTEP view of the K,[Cu(isglyNO},], dimer (blue form} [86&a)].

chromophore are invariably secparated. See, for example, bis(imidazole)bis{N-tosyl-
B-alanminato)copperill) [67] and bis(N-methyl-imidazolelbis(N-tosyl-glycinato}
copper(Il) [91], which present identical copper(Il} ion configurations to that observed
in the structurally known [Cu(bzglyO),(im),] [60]. This confirms the discriminatory
behaviour of the imidazoles for the second type of ligand to be included in the coordina-
tion sphere, with preference being given to O-donor rather than N-donor ligands.
With amines of low basicity, such as pyridines, the copper{ll) ion ¢an achieve
octahedral geometry since the lowering of the in-plane ligand field donor with respect
to imidazole adducts favours the axial coordination of water molecules. Although
this agrees with the conclusions of Sect. C, some struciural differences are observed
among the compounds. Ia fact, in catenalu-agua)bis{ N-tosyl-glycinato)bis(4-methyi-
pyridinelcopper(Il) [92], the tetragonal bipyramidal geometry of the copper(ll} ion
is reached through formation of a linear chain water-bridged copper(Il} polymes
{Fig. 16), while in aguabis(N-dansyl-glycinato)bis{pyridinejcopper(Il} [21] {Fig. 17},
the six coordination position of the copper(1l) ion is deactivated by steric hindrance
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Fig. 16. ORTEP view of [CuitsglyO}(4-mepy),(H, O], [92]1.

due to the intramolecular contact between the two uncoordinated carboxylic oxygen
atoms placed under the basal coordination plane,

With monodentate cyclic aliphatic o-bonding amines such as morpholine and
piperidine [93], to which the highly basic character (pK, >9.0) assigns a weak
coordinating ability, a strictly square-planar arrangement of the copper(il) ion (trans-
CuN,O; chromophore) is observed, similar io the ternary copper{II}-N-protected
amino acidate—imidazole adducis. The only difference between saturaied and aro-
matic amine adducts is the lengthening of the Cu-N bond, as observed in the bis{V-
tosyl-f-alaninato)-bis(piperidine}copper(ll) compound {2.028(2) A) [93], depending
on the inability toward n-back-deonation of the saturated amines, In the last complex,
the uncoordinated carboxylate oxygen and the amide nitrogen atoms of the amino
acid molecules are involved in strong intermolecular hydrogen bonding, which are
considered to be responsible for the observed coordination geometry of the copper{ll)
wn. In fact, the stabilization of square-planar geometries for the copper(ll) ion in
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Fig. 17. ORTEP view of [Cu{dsglyOl(py).(H,O)] [21].

the presence of saturated amine adducis necessitates a further coniribution since
these amines generally favour other iypes of geometries [941.

The N-ArSQ, amino acids in the presence of bipy show a different coordinative
behavicur. In fact, N-tosyl amino acids are genecrally found to ¢oordinate the cop-
per{ll) ions through an oxygen carboxyiate, similarly to that observed for all the
N-protected amino acids cxamined m Sect. C [63], while N-phenylsulphonyl- and
N-dansyl-glycine form adducts in which the aitrogen deprotonated amino acids act
as N.O ligands.

In the dimeric bis{u-N-tosyl-glycinatoibis(V-tosyl-glycinato)bis-{2,2"-bipy-
ridine}dicopper(li)dihydrate [95] (Fig. 18}, the distorted square-pyramidal metal ions
are bridged through monodentate carboxylaie groups. The ESR spectrum at 139 K
shows the AM =2 transition characteristic of magnetically coupled hinuclear cop-
per{ll) complexcs [95]. However, for the same reasons as reported for the structurally
analogous [Cu(bzglyO),(H,0),];-4H,0 compound [27.28], the exchange inter-
acition pathway leads only to a very small [2J] value [29].

The structure of [CuftsvalO);(bipy)], is also very interesting, consisting of two
crystallographically independent dimeric units [R7]. Dimer I s very similar (o the
[CuftsglyO),{bipy}l, unit described above, The apex of the pyramid is occupied by
a bridging carboxylate oxygen which is in a basal coordination site of the centrosym-
metric copper atom ia the dimer. In dimer H Fig. 19), the two copper atoms are
connected by two N-tosyl-vahnalc ions, cach bridging through unidentate carboxyi-
ate and sulphenic oxygens. Intermolecular ring-stacking interactions between bipy
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Fig. [8. ORTEP view of | CultsglyOj,ibipy)i; - 2H,0 [951

molecules, belonging to iwo different dimers, are considered responsible for the
complicated structure. The Cu---Cu distances of 3.501(5) A in dimer 1 compared with
7.226(5) A in dimer M account for exchange interactions being present only for
dimer I. Again, a very small [2/] value is observed, for the same reasons advanced
for the compounds [Cu(bzglyO),i{H,0),],-4H, 0O [27-29] and [CuitsglyO),-
{bipy)}, - 2H,0 [95].

The coordinative capability of the suiphonamidic oxygen atom was also seen
in the [CuitsvalQj,{im), ] compiex [96], where the sulphonamidic group coordinates
in place of the carboxylate group. The electronic and ESR resuits (d-d bands at
16200 sh and 19300cm™}; g. =223, g, =204, A, x10°=198 cm ™'}, intcrmediate
between the values reported for truly CulN, square-planar and CuN,Q, elongated
octahedral chromophores, confirm that the axially positioned sulphonic groups,
although very far from the Cu{Il) ion (Cu—O{3)=2.947(2) A) arc involved in a small
but significant axial bonding (axial bonding interactions to the coppertll) ion are
considered up to 3.3 A [97]).

N-Dansyl-glycine and N-phenylsuilphonyl-glycine in aqueous/methanolic solu-



Fig. 19. Clinographic projection of [CuftsvalObipy) ], dimer (EF} [B7].

tion in the presence of 2.2-bipyridine anticipate amide nitrogen deprotonation
separating the [CufdsglyNO}bipy¥CH,OH)] [21] (Fig. 20} and {Cu{bsgiyNQOi(hi-
pyi(H, 0} [74b)] compounds, in which the copper{l{} atom cxhibits a tetrahedrally
distorted square-pyramidal N,O, coordination, Therefore 2,2'-bipyridine, which pro-
motes the metal-amide deprotonation of the N-tosyl-, N-pheayisulphonyl and N-
dansyl amino acids in solution [74{b)]. cxerts the same effect in the solid state
complexes only for N-phenylsuiphonyl and N-dansyl amino acids.

A structurally similar bipy adduct for N-tosyl-glycine has been obtained by
starting with a binary complex already containing amide-deprotonated N-tosyl-
glycinaie ions [98]. In the bipy adducts of N-tosyl- and N-dansyl-glycinate dignions,
the strong in-plane ligand field, lengthening the Cu-O apical bond. makes the
molecule in the fifth axial position very casy to exchange with other molecules of
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Fig. 20. ORTEP view of [CufdsglyNO)Nbipy¥CH,OH}) |21}

similar coordinative type and power {methanol can be exchanged with water, ethanol,
propanol, etc. and vice versa) [98].

fiv) General remarks

The main conclusicns on the behaviour of the copper{ll) ion—N-tosyl, —N-
phenylsulphonyl and - N-dansyt aminoc acid systems in agueous selution at pH< 3
or in neuiral alcoheolic solution and in the solid state strongly parallel those reported
for the N-protected amino acids discussed ia Sect. C. Further remarks are:

{a) a non-chelating coordinative ability of the ArSO, group, observed in some
cases, generally involves the formation of dimeric species;

(b) the undeprotonated sulphonamide niirogen atom is invariably involved in
hydrogen bonding which determing crystal packing,

The main conclusions for the copper(il) systems in aqueous solutions at pH > 5
or basic alcoholic solution and for the solid compounds separated under these
conditions are:

(a) in binary complexes and n ternary complexes of 2,2’-bipyridine, the pK values
of the amide hydrogen deprotonaiion appear in the range 5-8, strongly anticipating
the pK\y values of the free amino acids {(11-12);

{b) amide hydrogen deprotonation in these amino acids gives rise to the formation
of stable five-membered chelate ring copper{ll) compicxes, with the carboxylate
oxygen and the deprotonated sulphonamide nitrogen donor atoms being involved
in the metal atom coordination;

(c) the sulphonamide nitrogen deprotonation is activated by the presence of a
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stable intermediate complex. a copper{il} hvdroxo species in binary systems and a
[Cu{bipy)]®~ species in ternary systems;

{d} the ArSQ), group can be involved in metal 10n coordination:

(c) square-pyramidal geometries lor the Cu?” ions are preferred because of ihe
increased in-plane higand field due to nitrogen coordination:

(3 in N-tosyl-f-alaninc. the decreasing acidity of the NH group for the shift of the
carboxylic group in the f position makes the tosyl group ineffective in promoting
amide deprotonation in the binary system; in the terpary 2.2'-bipyridine system, the
formation of the [Cu(bipy)]** intermediate complex also promotes amide nitrogen
deprotonation in this amino acid. overcoming the unfavoured formation of a six-
membered chelate ring.

The more relevant structural parameters for the structurally known copperiil)
complexes of N-tosyl-. N-dansyl- and N-phenyl-sulphonyl amino acids are summa-
rized in Table 9.

F. COORDINATIVE BEHAVIOUR OF N-PRUTECTEL AMING ACIDS TOWARDS CotllL Nulby, Zadil. <diil
AND Pd{I] IONS

(it Cobalti 1), nickeli 11) and zincf [} fons

The interactions among N-protecied amino acids and cobalt{1l), nickel(1l) and
zine{ll) ions have been the subjeci of many papers, but these studies have been less
systematie than those for copperill) ions.

fa) Binary systems in sofution

For the cobalyIl), nickel(il) and zinc{ll) ions- N-tosyl amino acidate [99] and
zine{Il) ion—N-acetyl- and -N-benzoyl-glycinate [ 100] systems in aqueous solution.
the polarographic analyses under varying pH conditions demonstrate the weakness
of the meial ligand interactions before metal hydroxide precipitations, Results are
also confirmed by means of 'H NMR [24.25] for Zn(I]) systems. which evidence the
presciice of a solution Znl.” species, characterized by a very low value of the
formation constant {log K ={.71 [24] and 0.86 {25]).

In alcoholic soiution, more stable complex species are identified. In fact. for
the 77" N-acetyl- and -N-benzoyl-giycine systems, four complex species (ZnL *.
Znl,, ZnLl; and ZaL2 ") have been polarographicaily determined and their stability
constants, ranging from 10° to 10%®. calculated [100]. A close correlation between
the polarographically determined stability constants of these complexes and the
accepter number of the solvent has been demonstrated by investigating the same
systems in diffcrent sobvents, such as N N -dimethylsulphoxide, N N -dimethylformam-
ide and methyl cyanide [ 101].

[n all the solution complexes. the N-protecied amino acids coordinate only
through the carboxylate group [100]. Similar amino acid coordination behaviour is
found for the cobait(I}} and nickeifil) ions-N-benzyloxycarbonyl--L-tryptophanate
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systems in methanolic solution, in which one CoL, {log #=7.8) [102] and two NiL;
{log f=19 10 20.6) and NiL3 ™ {log 8 =32 to 32.6) [103] compiex species, respectively,
prevail,

(b) Termary zinc(11) systems in solution

The agueous zing{l[}-N-tosyl- and —N-phenvlsulphonyl-glvcine systems in the
presence of bipy [9%(b)], investigated by means of polarographic, potentiometric and
'H NMR measurements, show at pH < § the formation of a complex spectes, [Zn{am-
ino acidatoQ)(bipy)]™, in which the amino acid coordinates through a carboxylate
oxygen atom, while at pH > 8 this species is completely transformed to the [Zn(amino
acidatoNO)(bipy)] species. Up to now, only one example is known of a deprotonated
amide nitrogen coordinated to a zinc{i]) 1on at physiclogical pH: in the [Zn{GlyHisj]
compiex, the metal is bound to the terminal amino group of the dipepiide, the
deprotonated peptide nitrogen, and one mmidazole nitrogen of histidine [104]. It is
inieresting to observe that, in [Znfamino acidatoNOj{bipy}] [9%b)], discussed above,
besides the amino acid moiety, the zinc(Il) ion is also coordinated to an N-donor
aromatic ligand. The presence of such an additional ligand can be considered a
necessary requirement for enabling the Zn®* ion (similarly io that observed for
coppes(I1) ion) to substitute suceessfully for a proton bound ko a peptide or sulphona-
mide nitrogen.

These results determine the condition for the separation of the corresponding
solid complexes and also indicate the direction of further works on cobalt(il) and
nickel(I1) ions, which could be expected to behave similarly to the zinc{ll) 1ons.

fc) Solid state behaviour

Cobali(II), nickel(II) and zinc{ll} ions with N-benzoyl-giycine in concentrated
aqueous solution form binary compiexes of formula M(bzglyO), - 5SH,0 [105-108].
The isostructural cobali(ll} and nickel(ll) compounds (Fig. 21} provide new solid-
state materials for modelling low-dimensional magnetic systems: the cobalt(Il) com-
plex is a4 metamagnet and the nickei(Il} one is an antferromagnet [108]. The
corresponding zine(Il) ion-N-benzoyl glycinate complex contains discrete mono-
meric units in which the zinc(II} ion assumes an unusual five-coordinated, slightly
distorted trigonal bipyramidal geometry {107] (Fig. 22).

The peculiar and potential characteristics of these compounds stimulate an
extension of investigations to the metalfll} ion complexes of other N-benzoyl amino
acids. Other investigations on cobal¢(IT} [109-111], aickel(1l) [110,111] and zinc{IT)
{112] ion compiexes with N-benzoyl-z- and -f-alanines and their amine adducts are
reported, but since they lack structural and magnetic studies, they must be considered
inconclusive.

Although N-acetyl-giycine and some N-tosyl amino acids are similar to N-
benzoyl-giycine, the metai{ll) compounds of formula [M(I){N-amino acida-
t0),{H,0),] (M =Co{ll}, Ni(il), Zn(il}; N-amino acidato= N-acetyl-glycine [113],
N-tosyl-glycine [9%a)] and N-tosyl-S-alanine [99{a)]) have very simple structures,
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Fig. 21, Projection view of the site symmetey about the Colll) ions for [ColbzglyOy,(H {3, ], 2:H,0
[105.196],

ali consisting ol diserete monomeric units, in which the metal ion exhibits a slightly
clongated octahedral geometry, being coordipated by two amino acids, through a
carboxylate oxygen atom, and four water molecules (Fig. 23)

Other siudics on cobalt(Il) [114-117]. nickel(Il) [114-117] and zinc(Il}
[115-118] complexes of some N-acetyl amino acids and their amine adducis. based
on magnetic, electronic and infrared measurements, confirm that lhe amino acid
coordinates only through the carboxylate group. Although the ability of zinc(1l) ions
in deprotonating the sulphonamide nifrogen atom in N-ArSO, amino acids in the
presence of 2.2'-bipyridine in agueous solution has been demonstrated [99(b)], there
is no separation of ternary complexes in which N-protected amuno acidateNO
dianions are coordinated to the ziac(Il) ion.

‘i Cadmiumo 1l jon
fa) Binary and ternary systems in agueous or ethanolic solutions

The cadmiun{ilj ion behaviour with N-acetyl- and N-benzoyl-glyciaes in ague-
ous solution [26,119] is stricily similar to that of Cof{ll}, NiIl} and Za{il} ions
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Fig. 22. ORTEP view of [ZnibzglyO),{H,0),]1-2H,0 [107}.

discussed above, [n alcoholic solution, it parallels the zine(i1) ion behaviour and four
species of the type CdL ", CdL,, CdL; and CdLZ™ are found to coexist and their
stability constant values have been determined [119]. In all the solution species, the
amino acids are found to coordinate only through the carboxylate group.

The ability of the cadmium(il) ion in substituting for the nitrogen-bound
hydrogen of N-tosyl- and N-dansyl-glycines in agueous and methanolic solutions
[120] and of N-tosyl-a- and N-tosyl-f-alanines [121] and N-phenylsulphonyl-glycine
[95(b}] in aguecus solution is revealed by means of 'H NMR, polarographic and
potentiometric investigations. The binding modes of these amino acids with cad-
mium(1D) ions is pH-dependent, acting as simple carboxylate ligands at pH <7 and
as N,O-bidentate ligands at pH > 7. The species present in solution (Table 6) are well
comparable with those obtained for the copper(ll) ions, although less stable by
factors varying from 10 to 10%

The ability of the cadmium(1lj ion in the binary complexes to promote amide
nitrogen deproionation is also relevant in N-tosyl-$-alaninate systems. This is also
observed for copper{I1) ions, but these require the presence of a [Cubipy)]?* interme-
diate species in order to overcome the unfavourable formation of a six-membered
chelate ring [74{b}].

The impostance of these results derives from the fact that the cadmiumi(ll) ion
has been considered unable to promote pepiide nitrogen deprotonation [122], even
though definitive evidence has not been found; thus, its ability in substitutieg for the
amide hydrogen in N-ArSQ, amino acids finds a reasonable explanation in the more
acidic character of this hydrogen compared with that of the peptide hydrogen.

Worth reporting are the ''*Cd NMR results [120], which show a chemical
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Fig. 23 ORTEP view of [ColacglyOW4H, O [113].

shift remarkably sensitive to the nature of the donor atoms as well as to the
coordination number, geomctry and solvent, as is also observed in a wide variety of
Cd-containing systemns such as simple inorganic salts, metal complexes and biological
macromolecules [123], thus demonstrating the suitability of this technique for this
type of research. In fact, for the control of the changes in N-protected amino acid
coordination at increasing pH, the ''*Cd NMR technique appears particularly
suitable, since oxygen and nitrogen donor ligands exert opposite eficcts on the '1*Cd
resonance: the former shield the cadmium nuclevs and the latter cause a deshielding
efiect [124]. The behaviour of N-ArSQ, amino acids in aqucous and alcoholic
solutions {120,121] compared with that of N-benzoyl-glycine, coordinating the cad-
mium(I}) ions only through the carboxylate group [26,119], is illustrated in Fig. 24.
Only upficid shifts are observed for all ligands up to pH 54 and 6.5 {aqueous and
alcoholic solution, respectively); at increasing pH. N-benzoyl-glycine further shifts
the cadmium resonance to lower frequencies with no change in the line widths, while
the N-ArSQ,-glycines give rise to an “inversion” of the shielding effect. causing shifis
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Fig. 24, Chemical shit of 7x107*M !'3Cd-ensiched CdiCIQ,}, with L.4x10~? M ligands vs. pH in
aqueous solution: B, N-iosyl-giycine: @, N-dansyl-glycine, &, N-benzoyl-glycine. T=60°C. The chemical
shift of the soivated ''3Cd?~ ion at pH 2.5 is found to be .80 ppm [120].

to more deshielded values and increasing broadening of the signals {detectable up to
pH 7 in water and §.2 in methanol) [1207. The upfield shifi is considered to be a
result of cadmium complexation through the carboxylate group of the ligands, while
the subsequent downfield shift detected only for N-ArSO,-glycines may only be due
to an involvement of a nitrogen in metal complexation.

Ternary cadmium(li) ion—-N-phenylsuiphonyl- and -N-tosyl-glycine systems
with 2,2-bipyridine im aqueous solution have been investigated by means of
1H NMR, polarographic and potentiometric techniques. In both the systems, it was
observed that the Cd{l} ion promoted deprotonation of the sulphonamide nitrogen
with a lowering of the pK, from 8 to 7.6 with respect to the binary systems, and the
formation of very stabie solution species (Table 6) [99(b}].
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thi Solid state behavionr

No compounds have been separated with the N-protected amino acids dis-
cussed in Sect. €. From agueous methanolic solutions at pH values lower than 7.5.
N-ArSO, amino acids {isgly and dsgly) separate crystalline compounds of formula
[CAL{H,0),§ [ 1191201, which are structuraily similar to the analogous monomeric
cobalt(1). nickelil) and zinciil) compounds [9Ma).113]. in which the carboxylate
groups act as unidentate ligands, Similar metal arrangements are found in tetrahy-
drated cadmiumill} N-tosyl-z- and N-tosyl-f-alanines [120]. The structural details
for the [Cdits-#-alaQ),{H, 01, ] are reported n ref. 120.

The structures of these compounds show some unusual features with respect
of the known cadmiumi{l]l) carboxyiates in which the higands are found to act as
bidentate toward the Cd(ID 1on forming chelates and-or bridges, which ¢nable the
formation of dimeric units and, more often. polymeric species [125]. Moreover, the
Cd(Il) ion generally exhibits distorted pentagonal-bipyramidal (seven) coordination
and. less frequently. octahedral coordinations. ia the cadmium(I} N-protected amine
acidates, the carboxylale groups act as unidentate ligands and the structures consist
of monomeric wiits. These uncomimon features [126]. uvp to now observed in the
same complex, find explanation in the high hydration of the complex.

At pH=>73, and in the presence of bipy. no solid complexes are separated
owing to the competitive precipitation of the cadmium(ii} hydroxide, which presents
at these pH values a stability [127] comparable with that of the cadmium(iD
complexes {119]. This behaviour is similar to that observed for the Zn(iD ion.

tifi; Palladiumi 1) ion

The palladium(I]} ion, among the metal(1]) tons, such as cobalt{ll), aickel{Il}.,
copper{l]) and zinc(il}, 1s known to present the greatest efliciency in substituting for
a peptide hydrogen in oligopeptides and related ligands [237 and therefore there are
some expectations in their chemistry toward N-protected amino acids, The inter-
actions of this metal ion with N-ArSO, amino acids were recently investigated and
so far only four papers have been published on the subject [128-1317, but they are
sufiicient to delineate a satisfying picture of the chemistry and of the versatility of
these systems.

fa; Binary systems in aquecus solution

The palladium(ii}- N-tosyl-, - N-phenyisuiphonyl- and - ~N-dansyl-glycine sys-
tems in agucous solution, investigated by electrochemical methods, show a very
similar behaviour, giving rise 1n the pH range 4-11.5 to [PJLNO)] and
[PA(LNO),J? ™ species. the latter prevailing at high pH values [128). It is interesting
to note that the pK, for amide-hydrogen deprotonation in these complexes is less
than 4, at least four units lower than that observed for analogous copper(ll) and
cadmium{ll} systems (79.120,1211. Furthermore, their stability constants. reported
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in Table 6, are greater than ihose observed for the analogous copper(il) and cad-
mium(II} systems [79,i20,121]. With N-dansyl-glycine, in agreement with the previ-
ous results on copper{ll} and cadmium(Il) systems [79,120,1217], the coordination of
only one ligand molecule is favoured. This behaviour and the concomitant lower
stability of the [Pd(dsglyNQ),]?~ species among the other investigated ligands, still
ascribed to the steric hindrance of the bulky naphthalene side chain, justifies the
presence of a very stable mixed hydroxo species ([ PdidsglyNOYOH)] ™~ at high pH,
which is not observed for the other ligands [128].

All these results strongly confirm that the palladium(ii) ion is the most cfiective
metal ion not only in promoting peptide-niirogen deproionation, but also in displac-
ing the nitrogen-bound hydrogen in N-ArSO,; amino acids. While the difference
between pKuy values induced by palladium{li} and copperill} ions in peptides and
related ligands is about two units (pKny 2 and 4, respectively), such a difference is
greatly increased for the N-ArSQ, amino acids {pKyy <4 and 8, respectively). This
effect is aitributed to the peculiar ability of palladium(Il} ion to interact with the
aromatic ring [132,133] and the 8 and O atom of the ligands,

{b) Solid state hehaviour

In the solid state, two compounds of formula Na,[Pd{tsglyNO},] and
Na,[ PdibsglyNO},]*H,O have been separated at pH>6 and their crystal and
molecular structures determined [129]. Both the structures consist of monomeric
[Pd{aminoacidateNO},}?~ anions in which the paliadium(11) atom shows a square-
planar trans-coordination given by two amino acidateNO dianions chelating through
one carboxylate oxygen and the deprotonated suiphonamide nitrogen. In the former
complex, the pailadium atom is involved in intramolecular contacts with the S, O
(8O, group), and C (phenyl) atoms and shows an intermoelecular contact with the
CH, group, while in the latter, the presence of additional paliadium-ligand skeletal
contacts, such as intramolecular stacking interactions beiween phenyl rings, accounts
for the conclusive considerations on the binary systems in solution discussed above
[129].

At pH about 3.5, palladium(li) ions interact with the same N-ArS0, amino
acids, giving rise to “cyclometallation” reactions which icad to the formation of
unusual compounds, of formula Na,[Pd,Cl(bsglyO,N,Ci,(bsgly-0.),]:6H,0
(Fig. 25) and Na,[Pd,Cl{isglyO,N,C),(tsgly-0,01,]+4.5H O 2tsglyH. Both struc-
tures consist of fwo tetrameric units, symmetry generaied from two independeni
(Pd,ClisglyO,N.Qlitsgly-0,0°)]” monoanions, in which the palladium(Il) atoms
show a slightly distorted square-planar coordination geometry. In the tetramer, two
symmetrically related ligand molecules are monoanions with only the carboxylate
group in the tonized form, which acts as syn-syn bridge, while the other amino acids
preseni three active binding sites, the deprotonated sulphonamide nitrogen, the
carbon atom of the aromatic ring in the orthe position to the sulphonyl group and
the deprotonated carboxyl group, and two bridge Pdiil} atoms through the deproto-
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tig. 25. ORTEP view of the two crystallographically independent tetramers of | Pd,€1y(bsgly-O.N.C,(bs-
gly-0.0; 1~ wilh numbering scheme and thermal motion ellipsoids (35%) for non-hydrogen atoms, The
hydrogen atoms arc represented as spheres of arbitrary radios | 131]

nated sulphonamide nitrogen, which gives risc to two five-membered chelalc rings.
In the tsgly derivative, two neutral crysiallographically independent tsglyH molccutes
ar¢ also present {1317

Some features of these siructures are worth emphasizing as they demonstrate
the coordinative versatility of N-ArSQ,-glycine: (i} two differently ionized lorms of
the coordinated ligands are present; (i) the deprotonated sulphonamide nitrogen
atom surprisingly acts as a bridging group (only one previous report exists on similar
behaviour for a pepiide nitrogen [134]: (iiiy the formation of the N,O-glycine-like
ring, as observed for N-ArSQO, amino acids--metal(Il) complexes (metal{llj=cop-
per{1l) [76], palladium{IT} [128,129]) at high pH. in these cases do not prevent the
cyclometailation reaction, unlike what is reporied for simple amine acid complexcs
[135].

These results classify the N-ArSO,-glycincs into the cyvclometallating ligands
for paltadium(ll) ions since they satisfy the major requirements for cyclometallization:
{a) the cyclometallated ring will contain five atoms, (b} the mitrogen atom is sterically
hindered, {c) the carbon atom must be substituted by electrophilic attack, as indicated
for pheayl-substituted nitrogen-containing ligands such as benzylamines, azoben-
zenes, benzoylamines, phenyldiimides, ete, [136].

{in} General remarks
{a) Co(ID), Ni{ll) and Zn{ll) ions are incffective in promoting amide aitrogen

deprotonation in N-protected amine acids containming cither a peptide or a sulphona-
mide group;
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{b) in ternary bipy-zinc{Il) ion- N-tosyl- and - N-phenylsulphonyl-glycine systems,
the presence of a stable metal(ll}-bipy species in solution activaies sulphonamide
nitrogen deprotonation, which initiates zinc{ll} hydroxide precipitation,

(c} Cd(IT) and Pd(I1) ions give rise to amide nitrogen deprotonation in N-ArSQ,
amine acids in binary and ternary (bipy) systems in sclution;

(d) in all the binary complexes of Co(ll}, Ni(ll), Zn(Il) and Cd(IT) ions isolated in
the solid state, the N-protected amino acids invariably act as unidentate ligands
through one carboxylic oxypgen atom, the peptide or sulphonamide groups being
always invelved 1n intra andjor intermolecular hydrogen bonding in crystal packing;

{e) the N-benzoyl-glycinate complexes are the most original, presenting very
unusual and interesting structures;,

(f) the Pd(I]) ion separates binary solid compounds in which the N-Ar80, amino
acids act as chelating N,O-bidentate ligands through one carboxylic oxygen and the
deproionated sulphonamide nitrogen atoms;

{g) the Pd{II) ica is the most effective among the metal(ll) ions described in this
review in displacing the nitrogen-bound hydrogen in N-ArSQ, amino acids;

¢(h} under particular pH conditions {(about 3.5), Pd({1l} ions interact with the N-
ArSQ, amino acids, giving rise to “cyclometallation™ reactions which lead to the
formation of unusual compounds,

(i) in Table 10, a summary is given of the main structural parameters for the
structuraily known M(IT} (M= Co(ll), NiIl), Zn(il), Cd(II} and Pd(1])) complexes
discussed in Sect. E.

F. CONCLUDING REMARKS

The reaction pathway proposed for explaining anticipated amide nitrogen
deprotonation in metal-oligoglycine systems involves the initial chelation of the
metal ion through the terminal amino nitrogen and the neutral amide oxygen, with
closure of a five-membered ring, thus preveniing metal hydrelysis [23,66,137].

On the other hand, for N-benzoyl-, N-acetyl- and N-benzyloxycarbonyl amino
acids, which also possess a peptide group, the numrous experimental resuits invaria-
bly rule out nitrogen deprotonation in the presence of metal ions, even in strong
alkaline media. This behaviour may be due to unfavourable structuzai conditions
(e.g. the closure of seven-membered chelate rings) as well as to a weaker donor ability
of the active sites (e.g. amidic and carboxylic oxygens) in these N-protected amino
acids with respect to oligo-glvcine ones, which make the formation of the starting
complex very unlikely. Thus the only aciive site which could act as anchor remains
the carboxylate group, and although solution carboxylate species are formed (ML™),
they present too low a stability (log K =0.7 to 1.8) to enhance the acidic character
of the peptide nitrogen (pKyy =14) sufficieatly to compete with metal hydrolysis in
alkaline media.

The other class of N-protected amino acids discussed in this review is repre-
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sented by N-tosyl-, N-phenylsulphonyl- and N-dansyl-z-amino acids, which undergo
sulphonamide nitrogen deproionation at pH values greater than 11. With Cu(ll),
Cd{11) and Pd{II) ions they should give rise to the "biuret reaction”™ [137]. Conversely,
they form siable carboxylate and N,O-chelate compiexes in the presence of these
metal{II} ions from acidic to basic pH values, without metal hydrolysis, and sulphona-
mide nitrogen deprotonation occurs in the physiclogical pH range, as found for
oligoglycines.

Taking a pancramic view of this survey for the N-ArSQO, amino acids, the
effectivencss of the carboxylic group as primary ligating group, although less than
that of the amino group in oligoglycines, is fully demonstrated. This capability,
together with the cooperative electrophilic effect of the ArSO, group on the amide
niirogen, causes much greater reduction of the deprotonation pH than occurs in
peptides.

These experimental results clearly coafute the opinions that the COO ™ cannot
act as the effeciive primary ligating group and that the additional contribution of
an $O,-metal{ll} ion interaction is required in the solution carboxylate complexes
to activate sulphonamide nitrogen deprotonation 23], and stroagly suggest that the
carboxylate group plays an efiective key role in the process acting as a primary
binding group (“anchoring group™) and decreasing the competiiion from the metal
hydroxide precipitation.

As regards this problem, the involvement of an intermediate very stable mixed
metal{11}-hydroxy specics in the deprotonation equilibria of the N-ArSO,; amino
acids, interacting with the Cu(il), Cd(l1} and Pd{ll) ions, is particularly interesling.
The experimental evidence that Cu(fl), Cd(1I) and Pd(II) ions give rise to mixed
hydroxy carboxylate specics at low pH values suggests that the OH  ion bound
to the metal may act as a Lewis base towards the nitrogen-bound hydrogea in
the metal-induced sulphonamide deprotonation, as depicted in the scheme [128]

R [¢] R o
&n—c? &i—c?
s
R* —80,— N \OAR'—Soz—N No . H,0
2 P ~
H HO—M M

where R =H or alkyl and R’ =aryl. Thercfore the metal 10ns that are predictable to
be effective in sulphonamide deprotonation are those that form hydroxo species,
[M{OH]]*, at low pH (such as Cu(il) and Pd{II) ions [138- 1407), or undergo metal
hydroxide precipitation at high pH {such as the Cd(ll} ion) so that the metal
substitution for the sulphonamide hydrogen via the metal-bouad hydroxy group
may occur without competition from the metal hydroxide precipitation.

The deprotonation of the peptide nitrogen is promoted by the metal to a
different extent following the order PA(il) > Cu{il}> Ni{I[) > Co{Il} [ 132]. The metal-
promoted deprotonation of the sulphonamide nitrogen in N-ArSQO, amino acids
follows the order Pd» Cu>Cd > Zn, as alsc observed for oligopeptides [23], being



94

Co{ll) and Ni{I1) ineffective under the investigated experimenial conditions. In all
cases the Pd(I]) ion is the most effective metal ion in substituting for the amide
hydrogen.

In the ternary bipy systems of Cu(ll), Cdi{ll) and Zn(1l) ions, the metal{ll)-
promoted amide nitrogen deprotenation is determined by the presence of a very
stable intermediate [Mi{bipy)]?"* species, which enhances the “anchoring effeci™ of
the carboxylate group of ArSQO, amino acids [141].
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