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SUMMARY 

An investigation of a series of imidazole complexes of first 

transition metal(II) nitrates, perchlorates and halides is reported. 

Deuteration of the 1~idazole ring provides reliable assignments for the 

internal vib1·2.tions of imidazole. This technique also permits 

unrunbiguous assignments of the internal vibrations of nitrate or per-

chlorate by their lack of deutero-sensitivity. The infrared spectra 

of imidazole and its complexes are examined in order to determine the 

ratio vD/v8 for bands assigned to the C-H, N-H and ring modes of the 

heterocyclic ring. With very few exceptions, vD/v8 falls within the 

ranees 0. 7 4 to 0. 84 and 0. 93 to i. 00 for C-H and ring vibrations, 

respectively. The potential usefulness of the results is discussed. 

Assignments of the M-N and M-halide vibrations are based on the 

results of the deuteration studies, metal ion substitution and on halogen 

substitution. The number of M-L vibrations in the far-infrared satisfies 

the selection rules for the molecular point or site group syrrnnetries and 

facilitates accurate structural assignments. 

Essentially complete assigTu~ents have been deduced for [Cu(N03) 2(pz)]n 

in the 4000-300 cm-l range of the mull infrared spectrum. The number 

of vibrational modes for the nitrato and pyrazine ligands and their 

activities in the infrared are deduced on theoretical predictions based 

on the known site and factor group syrrnnetries of the linear polymer. 

Band assignments for the internal vibrations of the ligands are based on 

pyrazine-d4 substitution. The complete far-infrared spectrum (350-25 
-1 cm ) is reported together with assignments for the metal-ligand stretch-

ing vibrations. 

The metal(II) complexes of acetylacetone [M(AA) 2(B) 2] (M = Co, Ni, 
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Zn; B = imidazole, pyridazine) and [M(AA) 2(B)]n (M =Cc, Ni, Zn; 

B= pyrazine, pyTimidine) were prepared and their infrared spectra 
-1 . 

detennined over the range 700-140 an : Metal-oxygen and metal-

nitrogen stretching vibrations, vM-0 and vM-N are assigned on the 

basis of the band shifts induced by deuteration of the adducted base and 

by metal ion substitution. Three or four vM-0 bands are observed 

within the range 600-200cm-1• The two vM-0 bands of higher frequency 

are considered to be coupled with internal ligand modes. Two vM-N 

bands are observed within the range 280-170 an-1• The metal-nitrogen 

stretching frequencies are in good agreement with the values previously 

established for these vibrations in the complexes [M(imidazole) 6] 2+, 

[M(pyrazine) 2c12]n and [Ni(M) 2(pyridine) 2]. 
. -1 

The infrared spectra (700-140.an ) of the metal (II) complexes of 

salicylaldehyde [M(Sai) 2] (M =Co, Ni, Zn), [M(Sal) 2(B) 2] (M =Co, Ni, 

Zn; B =water, imidazole, pyridine) and [M(Sal) 2(B)]n (M = Co, Ni, Zn; 

B = pyrazine, pyrimidine) are discussed. On the basis of their infrared 

spectra all these complexes are assigned octahedral structures. 

Assign.~ents of the M-0 and M-N stretching vibrations are made by 

comparison with the spectra of the analogous acetylacetonate complexes, 

the effects of metal ion substitution and deuteration of the adducted 

base. The vM-0 bands near 500 and 300 an-l are considered to originate 

in the two species of the M-0 bonds which (w1like the analogous acetyl-

acetonates) have differing bond lengths. These.differences, and 

vibrational coupling between vM-0 and salicylaldehyde ligand modes, give 

rise to a greater number of bands which comprise a contribution from 

vM-0 than occur in the spectra of the analogous acetylacetonate::adducts. 

The infrared spectra (400J-400 an-1) of the complex trans-[Pt(glycinate) 2J 
18 15 13 13 . 

and its o, N, 1- c-, 2- c-, 2, 2-d2- and N ,N-d2-labelled analogues 
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have been detennined. Each spectral band has been assigned on the 

basis of the shifts induced by the various fonns of isotopic labelling .. 

The N-H, C-H, C=O and Pt-0 stretching vibrations and the rn2 scissoring, 

CH2 twisting and NH2 twisting modes are vibrationally pure but all other 

bands represent vibrationally coupled modes. The spectra reveal that 

some earlier assignments require revision. 

A study of the infrared spectra of cis-[Ni(gly) 2(Him) 2] (gly = 

glycinate ion, Him = imidazole) and its isotopically labelled analogues 

are made over the range 4000-140 cm-1• 180-, lSN-, l-13c-, 2-13c_ and 

2,2-d2-Labelling of the coordinated glycinate yields assignments for 

the inte1-nal glycinate modes and nickel-oxygen and nickel-nitrogen 

stretching and bending vibration~while deuteration of imidazole 

(Him-d3) provides assignments for ~he internal modes of the coordinated 

:iF..idazole rings and for nickel-imidazole vibrations. The results, 

combined with those of previous multiple isotopic labelling studies 

on glycinate complexes, enable some general conclusions to be reached 

on the infrared spectra of these complexes. 

An investigation of the infrared spectra (4000-140 cm-1) of the 

complex trans-[Pt(L-alaninate) 2] and its 180-, lSN-, 2-d, 3-d3- and 

N,N-d2-labelled analogJes has been made. Spectral bands are assigned 

on the basis of the shifts induced by the various fonns of labelling 

and by substitution of Pd(II) for Pt(II). The labelling study reveals 

that very few bands represent vibrationally pure modes and that a small 

increase in the complexity of the coordinated amino acid induces a large 

increase in the complexity of the spectnnn. 

The infrared spectra of some metal(II) complexes of glycylglycine 

are discussed in relation to their knm·m or probable structures. A 

distinction between various structures is possible on the basis of 
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differences in the spectral band patterns of these complexes. Firm 

assignments are pYesented for the majority of the· internal ligand 

vibrations and metal-ligand modes by observing the band shifts resulting 

from 15N-labelling, metal ion substitution and halogen substitution. 
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I. INTRODUCTION 

l~ CRYSTAL FIELD ASPECTS OF INFRARED SPECTRA 

The way in which certain properties of compounds of the first and 

second transition series metal ions vary with d-orbital population may 

be rationalized in tenns of the splitting which these orbitals suffer 

under the influence of the crystal field. The electrostatic crystal 

field theory (CFI') which considers metal ions and ligands as point 

charges, has proved adequate for the explanation of many fundamental 

properties of transition metal complexes. These encompass the manner 

in which1 bond distances, lattice energies, heats of ligation and other 

thermodynamic properties vary through a series of transition metal 

complexes of constant ligand composition as also their magnetic character-

istics, electronic spectra and metal-ligand stretching frequencies. 

The electrostatic field created by the presence of the ligands, which 

is likened, in octahedral synnnetry, to a spherical set of negative poi.~t 

charges (comprising, for instance, the negative ends of the ligand dipoles) 

removes the degeneracy of the metal ion inner orbitals. The s-, p- and 

a-orbitals are affected differently, a~cording to their spatial orientation 

with respect to the axes of ligand approach. On ligand approach the 

s-orbitals of the metal ion; being spherically symmetrical with regard 

to the three dimensional coordinate system, are raised in energy. A 

similar repulsion is experienced by the p-orbitals which are directed 

along the three cartesian axes. The a 2 2_ and a 2-orbitals, collectively x -y z 

termed the e -orbitals, suffer a greater repulsion than those which are 
g . 

orientated between the axes (a -, a - and a -orbitals, collectively xy xz yz · 

termed the t2g-orbitals) such that the degeneracy of the five a-orbitals 



is removed as depicted in Fig. 1. f-Orbitals tllldergo a corresponding 

removal of degeneracy but the splitting is much smaller. 
I 

E ~ 6Dq -C
-eg '1' 

--- =-=;----·~ 40q 
29 

(a) (b) (c) (d) (e) 

(a) Free ion. 

(b) Attraction of ligand charges. 

(c) Destabilization of electrons in orbitals other than d. 

(d) Destabilization of electrons in d-orbitals. 

(e) Crystal field splitting. 

Figure 1. 

Crystal field splitting results in stabilization of the complex 

relative to the situation which would obtain in the absence of such 

2 

splitting. Each t 2g-orbital is stabilized by 4Dq about the baricentre 

of the split orbitals, and each e -orbital is destabilized by 6Dq, where 
g 

10Dq represents the total splitting energy. The more closely the 

ligands approach the metal ion, the more extensive the d-orbital 
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repulsion snffered and the larger the magnitude of lODq. In strong 

f iel<i; IODq may attain a value of the order of 100 K cal mol -l. 

For all configurations other than da, high-spin d5 and d10 (or 

/, high-spinf7 and r4
) the splitting lowers the potential energy of 

the system. This energy decrease which results from the splitting of 

the d-orbital levels is tenned the crystal field stabilization energy 

(CFSE}. It is a function cf, inter alia, the population of the d-

orbi ta1s. Hence, the CFSE of a transition metal ion in an octahedral 

field may be expressed2 

CFSE = -(0.4n - 0.6n )lODq + P 
t 2g eg 

(1) 

wherent:.... and n are the occupation numbers of the t
2

n and en orbitals, 
-2g eg " " 

respectively and P is the pairing energy appropriate to spin-paired 

complexes. J.¢rgensen3 expressed lODq as the produc:t 

lODq = f g (2) 

where f provides a measure of the CF splitting power of the ligand 

(equivalent to its position in the spectrochemical series) and g is the 

spectroscopically-determined value of lODq for an octahedrally hydrated 

metal ion (.for which f is unity) • From this relationship lODq may be 

estimated for ions where experimental values are not available. From 

examples where lODq has been empirically determined; f values for a variety 

of ligands have been obtai_~ed. These data are valuable since they 

provide an index of the relative CF splitting powers of various ligands. 

Despite the small magnitude of the CFSE contribution to complex 

formation its significant influence on complex properties2' 4 may readily 

be detected on passing through an isostructural transition series of 

complexes of a common ligand with varying metal ion of constant oxidation 
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state. 1his implies that all other influences ~uch as ionic radius 

and mass are constant or vary smoothly through the series of ions from 
./) 10 er to d • 1he part played by CFSE is superimposed upon these effects 

and varies irregularly with a-orbital population. The total bonding 

energy is primarily dependent on such factors as the attraction between 

the metal ion and ligands and on interelectronic repulsion of electrons 

in orbitals other than those of the a-shell. 

Since the CFSE influences the M-L bond strength, the M-L force 

constants of such an isostructural series of complexes as has been 

defined above are expecteds to exhibit a variation with a-orbital 

population similar to that shown1 by numerous thermodynamic properties. 

Apart from CFSE, those properties of the metal.ion which have most 

influence on vM-L are the ionic radius and mass of M. Ionic contraction 

and increasing ionic mass on passing through a transition series will 

have opposed effects on vM-L. The former will increase vM-L and the 

latter will decrease vM-L. The facts that there is almost invariably an 

overall increase in vM-L from a0 through a10 suggests that the effect of 

ionic contraction on vM-L outweighs the mass effect. It therefore appears 

probables that, in the absence of any appreciable mass effect, the ~~L 

stretching frequencies in the infrared spectra of these complexes should 

vary in parallel with their.CFSE's. 

To obtain the crystal field contributions-Is to vM-L, the stretching 

frequency, v, is plotted against a-orbital population. Complexes of 

first transition series ions with 3<1?, high-spin 3a5 and 3d10 electronic 

configurations are not stablized by the crystal field. Their spectra 

may be considered as reference spectra from which.CF effects are absent. 

Thus, an interpolation line drawn through the points for these ions 

represents the frequencies ('Jo) which, other factors being equal, would 



also be realized for the complexes of the remaining ions where CF 

stabilization is absent. The difference (v-v ) between the observed 
0 

5 

and interpolated frequencies is theref9re that part of vM- L contributed 

by the CFSE. The variation in (v-v ) is found to qualitatively follow 
0 

the variation in CFSE. There is also an increase in vM-L (i.e. v 
0

) 

in the order a? < d5 < d10 which is expected from the ionic contraction 

through the transition series. 

Thornton and co-workers 5 - 18 have made extensive studies in this 

field. vM-0 of many S-ketoenolates of trivalent ions show a correlation 

with d-orbital population which is consistent with the relative CFSE's 

of the rr.etal(III) ionss. Good correlations were obtained for v M- L 

vibrations in metal(II) and metal(III) tropolonate complexes6, metal(II) 

acetylacetonates and their nitrogenous base adducts 7 , in metal(II) 2,2'­

bipyridyl and 1,10-ph~nanthroline complexesa, 2-thenoyltrifluoroacetonates9, 

metal(II) anthranilates 10 , the di- and trivalent y-substituted acetyl­

acetonates11, a range of complexes with nitrogen donor ligandsl2, and in 

metal(II) oxalate and metal(III) cyanide complexesl3, The same 

correlation was demonstrated for vM-0 in the second transition series 

metal(III) acetylacetonates 13 and the lithium salts of the lanthanide(III) 

tetrakis(tropolonates) 14 , and lanthanide(III) tris(tropolonates)l 5 • 

Support for the assignments made for vM-L in a variety of metal(II) 

salicylaldimine complexes16 - 18 , was obtained from such correlations with 

CFSE. 



2. METHODS OF ASSIGNING METAL-LIGAND VIBRATIONS IN 

THE INFRARED SPECTRA OF TRANSITION METAL COMPLEXES 

6 

Dir,ect infonnation regarding structural features of inorganic and 

coordination compounds may be obtained from their low frequency inf rared 

spectra (i.e. below 650 cm-1). Hands in the far infrared region arise 

from vibrations of relatively weak bonds or those involving heavy atoms 

encompassing such motions as lattice modes, vibrations in which hydrogen 

bonding participates, modes arising from coordinated water and low 

frequency torsional oscillations. Of prime interest are the metal­

ligand stretches and bends (generally accuring below 650 cm-1) since 

these yield :important infonnation for structural characterization. The 

interpretation and assignment of M-L vibrations is, however, frequently 

complicated by vibrational cc~pl.ing, by lower:i:ng of syrrnnetry and by the 

occurence of ligand modes activated by complex formation. 19 

Use has been made of the following methods, in particular, fur the 

assignment of metal-ligand vibrations: 

1. A method distinguished by its simplicity, involves comparison of 

the ~pectnnn of the free ligand with that of its complex. Bands 

in the spectnnn of the complex which are absent from that of the 

ligand, may be assigned to M-L modes. Ambiguity often arises since 

ligand vibrations activated by complexation may appear in the same 

region as the M-L vibrations. 2
(1 

2. Metal-sensitive vibrations will appear in the same regions in the 

infrared spectra of complexes constituting an identical metal 

ion, and a series of similar substituted ligands. vCu-N in the 

complexes, CuX2L2 (X = Cl, Br; L = substituted pyridine) were 
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assigned21 by this method. The method has also been used for 

the assignment of vNi-0 in a series of variously substituted pyridine 

adducts of Ni(II) acetylacetonate22 and for vM-0 assignments in 

the spectra of metal acetylacetonates with various a-, S-, and 

y-substituents 11,23. 

3. A series of isostructural complexes in which the coordinated metal 

ion is replaced successively by metal ions of equivalent oxidation 

state from the same transition series, while the ligand composition 

remains constant, will yield values of vM-L in the order of the 

CFSE's of the respective metal ions. The bands in the spectnnn 

which follow this trend are regarded as having metal-ligand 

characteristics. This technique is discussed and exemplified 

in chapters three and four. 

4. Metal-ligand and other frequencies are predicted by calculations 

(normal coordinate analysis) based on a model of the complex24-27. 

It is, however, difficult to determine a unique set of physically 

reasonable force constants and, as a consequence, the values of 

metal-ligand stretching force constants differing sometimes by an 

appreciable factor have been published24 . More accurate values 

are obtained by methods involving the calculation of force con­

stants using such data as isotopic shifts and Coriolis coupling 

constants25 -27 . 

5. The isotopic labelling technique28 employs labelling of the metal 

ion or ligand atoms with preferably stable isotopes. Bands 

shifted by labelling are assigned to vibrations involving the 

labelled atoms. It is assumed that the force constants are 



unaltered by isotopic substitution. Thus the shift in observed 

frequency is attributed to the mass effect. -The isotope-induced 

shift will be greater as the mi/m ratio increases, where mi is the 

higher mass of the labelled atom and m is the mass of the atom with 

8 

natural isotopic abundance. The greatest isotope effect can there-

fore be expected for deuterated and tritiated molecules which 

show band shifts of up to 1000 and 1300 cm-1, respectively. In 

the case of lower mi/m ratios, for instance 180-labelled molecules28, 

shiftsas high as 40 cm-l may be observed. However, the frequency 

shifts .which result from labelling depend directly.upon the extent 

to which the labelled atoms participate in the specific vibration. 

The greate~ the extent to which the molecular species comprising 

the labelled atom contributes to a vibration, the greater is the 

isotopic shift effected by the mass change resulting from isotopic 

substitution. The magnitudes of these shifts are subject to 

constraints such as vibrational coupling, the ntunber and nature 

of the atoms in the molecule which have been labelled a.i1d the extent 

of hydrogen bonding. The smaller the coupling with a vibration not 

involving the labelled atom, the purer is the vibration and the 

greater will be the observed shift. 

To a reasonable approximation, isotopic shifts may be calculated28 

by asstuning th~ labelled atom to be part of a simple diatomic 

oscillator. The vibrational frequency of an harmonic diatomic 

molecule may be represented 

\) = 1 
21TC 

and, for the corresponding isotopically-labelled species 

(3a) 



9 

1 
Z'lfC [-'-] 1 (3b) 

µl 

where v = vibrational frequency (wavemnnber), 

f = hannonic force constant, 
µ = reduced mass of molecule, 

c = velocity of light. 

and the superscript i pertains to the labelled system. 

The frequency shift may be obtained from the ratio 

(4) 

Equation (4) approximates the observed ratio well if most of the 

energy of the vibration is contained within the diatomic oscillator, 

i.e. where vibrational coupling, hydrogen- bonding, etc. are absent. 

Good agreement between calculated Cilld observed shifts (I v-v1 I) have 

been obtained for instance, for N-H and C=O stretching vibrations in 

the infrared spectra29 - 31 of glycine, and L- and s-alanine 

complexes of Cu(II) and Ni(II). 

A variety of commercially available ligands with labelled donor 

or other atoms, of high isotopic purity are obtainable. The most 

commonly employed stable isotopes are 2H, iao, 13c and lSN. 2H-

Labelling is useful in ascertaining the extent cf vibrational purity 

of N-H, 0-H and C-H vibrational modes and also for the detection of 

hydrogen bondn1g, by comparison of the observed and calculated shifts. 

The favourable mass advantage of ring deutration relative to donor 

atom. labelln1g in heterocyclic nitrogenous bases (e.g. ani1ine-d5 or 

-d7, pyridine-d5 and pyridine-N-oxide-d5) facilitates the unambiguous 

assignrnent3 2 - 34 of vM-L vibrations, as well as the various ring 



defonnations. The work reported on 180-labelling involves various 

18a=X stretching vibrations where X is C, N, P, As, S, V and U, 

but significant shifts are also obtained for 180-H, c-1so and M-180 

vibrations. The vM-0 bands of acetylacetonate complexes35 - 36 have 

been assigned by replacement of the donor 160-atoms by 180. 

Labelling of the ligand donor atom has been used to assign vM-L 

in salicylaldimine complexes 16,l8, anthranilate complexes10 and 

tropolonate complexes 37 • Assignments of vM-L and other vibrations 

in the glycine and L- and ~-alanine complexes of Cu(II) and Ni(II) 

have been achieved by multiple labelling2 9-31 of the ligand atoms. 

Another method which is often costly and limited by the 

availability of the appropriate (preferably) stable is0tope, is 

metal ion labelling. 1his method has the inherent advantage of 

10 

generating shifts in M~L vibrations only but the shifts are generally 

small (because of the relatively unfavourable mass ratio between 

labelled and unlabelled metal ion), and may fall within the r:mge of 

experimental error. 1he method fails also in distinguishing between 

M-L vibrations in complexes of mixed donor atoms. For instance, 

vM-N and vM-Cl in [M(py) 2c12], would be indistinguishable by this 

technique. In an extensive review·, Nakamoto38 has surveyed the 

use of isotopes of various transition metal ions for the assignments 

of M-L vibrations. This technique has been used for assignment 

purposes in a vast range of molecules such as complexes of ph0sphines, 

quinoline, acetylacetone, 2,2'-bipyridyl, amines and pyridine. It 

has also been utilized in amino acid complexes 39 and tropolonate 

complexes40 • 
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3. GROUP THEORY APPLIED TO MOLECULAR VIBRATIONS 

Using synnnetry considerations41 - 4 3 alone, it is possible to 

predict the mun.her of vibrational modes and their Raman/infrared 

activiti~s. If the synnnetry elements of a molecule are known, one may 

deduce the point group to which the molecule belongs. From the character 

table for that particular point group, the synnnetry species of the normal 

modes of vibration of the molecule are determined. These vibrations 

may then be separated out into stretches and bends, and their activities 

in the infrared and Raman deduced. 

All movements of the atoms in a molecule may be resolved into 

components along three axes, x, y and z. There are 3N possible 

movements in a molecule composed of N atoms. Six of these motions· 

correspond to translation and rotation, while the remaining 3N-6 (3N-5 

for a linear molecule) are associated with internal molecular vibrations. 

To categorize these vibrations, each atom is labelled with three orthogonal 

position vectors. Under the synnnetry operations for the particular 

point group, the atomic displacements are e:x.-pressed as transfonnation 

matrices whose characters, x, form a reducible representation, rtotal' 

for this set of vectors. Consider as an illustration, the H2o molecule 

(point group c2v) for which rtotal is 

E 

rtotaZ 9 -1 1 

0 1 
v 

3 

To determine the symmetry species of all possible molecular motions, 

the following reduction formula is used. 

1 n. = 
1, h (5) 
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where n. =the number of times each irreducible representation appears 
1,. 

in the reducible representation, 

h = the order of the group, 

xR = character of the reducible representation, 

·v = character of the irreducible representation, _AI 

N = the number of symmetry operations in the class. 

Thus, the nine possible molecular motions in the water molecule are: 

1ne vectors for any point group individually represent translation with 

the x, y and z directions and are obtained from the character table 

containing columns listing the transfonnation properties of x, y and z, 

2 2 2 d :c , y , z , xz, y z an xy. Rotational properties associated with a 

point group are listed as R , R and R • 
x y 8 

Removing these irreducible 

representations relating to translation and rotation leaves the 

representations responsible for vibration. For the water molecule: 

Symmetries for all molecular motions 3A 1 + A2 + 2B1 + 3B2 

Symmetries for translations 

Symmetries for rotations 

Symmetries for vibrations = r 'b vi. 3N - 6 

In order to determine how the stretches and bends contribute to 

the nonnal modes, a new basis for the representations of the point group 

is chosen, using internal displacement vectors. To determine the 

reducible representations for the stretches, vectors are drawn along the 

bonds. Any vector shifted to a different position by a symmetry operation 

contributes nothing to the character of the matrix, while unshifted 

vectors contribute +l or -1 depending on whether they are unchanged or 
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reversed. For water the operations E and o 1 do not move the vectors, v 

while c2 and ov interchange them, 

rstretch 1: 0 0 

0 1 
v 

2 

which reduces using equation (5) to 

r stretch = Al (sym.) + B2 (asym.) 

1he bends are obtained by subtracting rstretch from rvib yielding, 

rbend = Al (sym.). 

Synnnetry does not permit the separation of two vibrations of the 

same irreducible representation. Stretching vibrations usually require 

more energy than bending mod~s, resulting in a considerable frequency 

difference between the two. Hence the synnnetric A1 stretch and A1 

bend in water would have little influence on·one another although synnnetry 

permits their interaction. However, vibrations of the A1 type do not 

interact with those of the B2 type since they are orthogonal -repl'esenta­

tions. 

A vibration will be infrared active if, during vibration, there is 

a resultant change in dipole. Since the dipole moment changes in the 

same way as the x, y and z coorindates, a vibration will be infrared 

active if it belongs to the same representation as any of the internal 

displacement vectors. This is read directly from the character table. 

Similarly, a fundamental transition will be Raman active if the mode 

involved belongs to the same representation as any of the operations in 

the last coltnnn of the character table. These operations are related 

to the polarizability of the bonds. For water, all modes are infrared 

and Raman active. 
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The vibrations of a molecule in the gaseous phase are governed 

only by the restrictions 42 of its own point synnnetry. These are the 

conditions described above. When a molecule occupies a site in a 

crystal it may no longer be regarded as an isolated unit, since it 

now becomes subject to the synnnetry restrictions of its solid environ-

ment. This change in synnnetry can split degenerate vibrations, activate 

inactive vibrations and generate lattice modes .arising from translatory 

and rotatory motions of the molecule within the solid. 

For a rigorous vibrational analysis, the entire array of molecules 

should be considered but there are two frequently used approximations: 

Site group44 and factor group analyses. 45 - 46 In the site group analysis 

by Halford, 44 the interactions between one molecule and its surroundings 

are ignored. The surroundings are treated as static but its synnnetry is 

imposed on that of the molecule occupying a site within .... 
1 .... The site 

syrmnetry is found using the following conditions: 

1. The site group must be a subgroup of the space group of 
the crystal and the point group of the isolated molecule. 

2. The number of equivalent sites must be equal to the 

number of molecules in the unit cell. 

The site syrmnetry, which is generally lower than the molecular synnnetry, 

may be found if the space group, the number of molecules per unit cell 

and the point group of the isolated molecule are known. Halford44 

derived tables listing the possible site synnnetries and the number of 

equivalent sites for the 230 space groups. 

Factor group analysis45 - 46 is more complete in that it accounts 

for lattice modes and solid state splittings of non-degenerate vibrations 

of the free molecule. The information necessary for the analysis is 

a full X-ray crystal structure analysis with atomic coordinates in 
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tenns 0f the Wykoff notation. .Adams and Newton47 have published tables 

of reduced representations which readily facilitate the vibrational 

analysis of solids belonging to any of· the 230 space groups.· 

.. 
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4. INFRARED SPECTRA OF IMIDAZOLE AND ITS COMPLEXES 

Imidazole (Him) is a monodentate ligand known to fonn complexes 

with metal ions through the tertiary rather than through the imino 

(pyrrole) nitrogen. 48 - 58 The proton at the pyrrole nitrogen is labile 

and the resulting anion behaves as a uninegative bridging ligand. 

This has been confinned by numerous x-ray structural analyse$ .1.iB - 58 

Imidazole, however, forms such a large and diverse number of complexes 

with most transition metal ions that few of their structures are laiown 

with any degree of certainty. By far the most cormnon techniques 

used for their structural elucidation have been infrared spectroscopy, 57 -65 

electronic spectroscopy55 -60 and magnetic measurements.58-61 

The coordination chemistry of Him has often been compared with that 

of other nitrogenous bases such as ammonia but more especially, pyridine 

(py). 58 -60 Both Him and PY are heterocycles which complex through a 

tertiary nitrogen atom. One interesting feature of Him ts its ready 

fonnation of [M0-Iim) 6]x2systems where X ranges from halide through many 

simple inorganic anions. By contrast, confinnation of the existence of 

only two hexakis-complexes of py has been obtaii1ed and those reported 

are certainly not very stable, e.g. [Cr(py) 6]Br2.6 6 The reason why 

H;im readily fonns stable he~akis-complexes is not clearly understood. 

Some consider60 that the smaller five-membered ring might be favoured 

from a steric point of view. The greater availability of the lone -

pair on the Him tertiary nitrogen than that on py, as shown by their 

respective pKa values (pKa Him = 6.95; pKa py = 5.3) may 58 also account 

for this ability. However, the isomer of Him, pyrazole (also a five­

membered ring, pKa = 2.47) has been found67 to form stable hexakis­

complexes with Co(II) and Ni(II) salts even though it is a weaker base 



than py.. There are further anomalies.. For instance, the stable 

fonn33 of Co(py) 2c12 is polymeric octahedral, w11ile Co(NH3) 2c12
68 

. 
is monomeric tetra11edral a.~d the intense blue colour, electronic 
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spectrum59 and infrared spectrum64 of Co(Him) 2c12 is convincing evidence 

for its tetrahedral structure. Differences such as these have been 

explainedsa in terms of differences in a-electron donor and ~-electron 

acceptor properties of these ligands. 

Complete band assignments in the infrared spectrum of solid Him 

have been proposed by Percharcl and co-workers~9-71 While the band 

assignments proposed in this work for the spectra of Him (and its 

deuterated analogues Him-d1, Him-d3 and Him-d4) are essentially identical 

to those reported, 69 , 70 these spectra are now re-examined with the aii'TI of 

determining the ratio vD / vH for bands assigned to C-H, ring and N~H modes 

of the heterocyclic ring. Without exception, the ratios vD3/vH4 and 

vD4/vH4 fall within the range 0.74 to 0.83 for bands involving C-H 

vibrations and 0.83 to 1.00 for essentially ring modes. The potential 

usefulness of these results is discussed with respect to the assignments 

of Him vibrations occurring in complexes of this ligand since the ratios 

for the complexes are similar to those observed for the free ligand. 

The infrared spectra (4000 - 140 cm-1) of the following series of 

complexes derived from the reaction of Him with metal(II) halides, 

nitrates and perchlorates are studied in the present work. 

M(Him) 6 (X) z 

M(Him) 4 (X) z 

M(Him) z (X) z 

where M = Mn(II), Fe(II), Co(II), Ni(II); 
X = c104-, and [Zn(Him) 5](Cl04) 2 or 

M = Co(II), Ni(II), Zn(II); X = N03-. 

where M = Cu(II), Zn(II); X = Cl04 - , N03 -
M = Cu(II); X =Cl-, Br-, I-. 

where M = Co(II), Zn(II); X = Cl-, Br - . 
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This work was also undertaken in order to assign the metal-ligand vibrations 

occurring below 350 an-l by determining the band shifts induced by 

deuteration of the Him ring and by determining the extent to which the 

number of ~~L bands yielded by the deuteration studies are consistent 

with synnnetry requirements based on known or likely structures of the 

complexes. Band patterns in the mid-infrared relating to perchlorate or 

nitrate modes in the spectra of these particular complexes, show interesting 

correlations (based on syrrrrnetry requirements) on going from essentially 

ionic perchlorate or nitrate, to structures known to contain essentially 

monodentate perchlorate or nitrate. 
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s. INFRARED VIBRATIONAL ANALYSIS OF [cuCN03lz(pz)Jn 

f~u(N03) 2 (pz)]n has been investigated by x-ray crystallography72 

in tenns of its space group and atomic coordinates, and has also 

received attention in the fields of PMR, 73 magnetic measurements 74 >75 

and electronic and ESR studies. 76 The molecular structure of pyrazine 

has been determined by electron diffraction77 and x-ray analysis 78 and, 

on the basis of these studies, detailed vibrational assignments have 

been made. 79- 84 

The normal modes of vibration of an isolated nitrate ion of D
3
h 

point group synnnetry are well known. 85 A number of studies, such as 

those by Vratny86 and Ferraro87 on nitrates, have sought to relate 

deviations from the free ion selection rules to the covalent character 

of the nitrate group. Some studies have been aimed at determining 

whether certain deviations from the free ion selection rules could be 

used as a criterion for distinguishing between monodentate,88-91 

bidentate92 and bridging nitrate groups. 

A study of the infrared spectrum of [Cu(N03) 2(pz)]n was under-

taken for several reasons. Firstly, this system has not previously been 

studied by infrared spectroscopy. The availability of the wealth of 

synnnetry data on this compound and its component molecules, makes this a 

suitable system for the application of synnnctry consideration. Present 

facilities allow the spectrum to be extended from 250-30 cm-1 , thus enabling 

an investigation of all the metal-ligand and related modes expected to arise 

at lmver frequency. Of particular interest is a study of the behaviour 

of the internal modes of pz and nitrate as their vibrational selection 

rules are changed on lowering the synnnetry of the crystalline environment. 

This is especially interesting in the case of the nitrate groups which are 
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, bidentate towards the Cu(II) ion. Finally, the availability of deuterated 

pz has enabled accurate assignments of the stretches involving the 

N-Cu-N skeleton and unambiguous assignments of the internal nitrate 

modes in the mid-infrared on the basis of their insensitivity towards 

deuteration of the pz ring. 



6. HETEROCYCLIC BASE ADDUCTS OF METAL(II) ACETYLACETONATES 

Since Werner93 first employed acetylacetone as a chelating ligand, 

13-diketones have proved to be one of the most versatile classes of 

organic donors available for the study of coordination complexes. 

Ironically, the M(II) and M(III) complexes of acetylacetone remain a 

subject of controversy among coordination chemists, at least so far as 

their infrared spectra are concerned. 

In earlier infrared studies, attention was directed primarily at the 

mid-infrared region. More recently, research has been extended to the 

region below 700 cm-l where the metal-ligand vibrations are expectecl to 

occur. In 1960, Nakamoto and Martell94 carried out an approxim~te 

normal coordinate analysis on [Cu(AA) 2]. At this time no spectral data 

below 400 cm-l were available and no isotopically-labelled metal acetyl­

acetonates had been studied. A number of investigators95-9 7 have 

recently extended measurements to the far-infrared region, and the spectra 

of metal complexes containing 13c- and 180-labelled acetylacetonates;s, 93 

as well as their metal ion-labelled99 analogues, have been reported. 

Recent work in this laboratory has included studies of the adducts 

formed between first row transition M(II) acetylacetonates and monodentate 

nitrogen donor ligands such as alkylamines, anilines and pyridines. 22 ,100 

The c:omplexes generally have.the formula tran.s-:[M(AA)zB2]. Bidentate 

ligands such as 1,10-phenanthroline, 2,2'-bipyridine and 2,2'-biquinoline8 

which form complexes of the type cis-[M(AA) 2 (B-B)] have also received 

attention. Many heterocyclic bases including imidazole (Him), 

pyrazine (pz), pyrimidine (µn) and pyridazine (pd) are known to form 

stable adducts with M(II) l3-ketoenolates.101-1os These heterocycles 
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-(with the exception of imidazole) have the capacity to fbnn neutral 

polymers in which each of the two nitrogen donors_are bonded to discrete 

planar M(AA) 2 llllits and formulated [M(AA) 2B]n. 

Assignments of the metal-ligand stretching frequencies in the 

bis (pyridine) adducts of Ni(II) acetylacetonate1 06 have been established 

by observing the shifts induced by metal ion substitution and by deuteration 

of the pyridine adduct. In view of the success achieved and because 

virtually no infrared data concerning the adducts fonned between Him, pz, 

pm and pd and M(II) acetylacetonates are available, the present work was 

undertaken to detennine the infrared spectra of these complexes (700 -

140 cm-1) and to use these techniques for assignment of the metal-ligand 

vibrations. Some eighteen adducts of Co(II), Ni(II) and Zn(II) 

acetylacetonates were synthesized and the Him and pz adducts were labelled 

with the deuterated base to facilitate assignments of the M-N stretching 

and bending modes. It has also proved possible to distinguish M-N 

vibrations by 15N-labelling of the heterocyclic nitrogen atom. 1 06 

However, a much greater mass difference is achieved by employing the 

deuteratcd base which, apart from allowing unambiguous assignments of 

the internal ring defonnations, may generate low frequency shifts in 

vM-N of as much as 10 an-1• 
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7. METAL CHELATES OF SALICYLALDEHYDE 

Many of the reactions of salicylaldehyde as a bidentate ligand are 

rather similar to those of acetylacetone. However, the complexes of 

salicylaldehyde do not have the stability of the corresponding acetylaceto-

nates. This has been attributed107 to the interference of resonance in 

the chelate ring which results from the presence of the 0-phenylene ring 

of salicylaldehyde. This has been illustrated by comparing the formation 

constants107 of the Cu(II) chelates of acetylacetone and salicylaldehyde. 

Stability constants of M(II) complexes of salicylaldehyde have been 

determined by several workers10B-I09 and the relationship between proton 

dissociation constants and stability constants of substituted salicyl-

aldehydes has been studied.110-111 Crystal structure determinations,11 2-118 

magnetic measurements 117 -Il9 and a discussion of the absorption spectra120 

in terms of o- and ~-bonding of various salicylaldehydate complexes have 

been reported. 

The first infrared study of salicylaldehydate complexes was carried 

out by Bellamy and Branch, 121 who noted from the values cf vC-0 and 

vC=O, that the phenoxide and carbonyl groups appear to retain their 

independent character on chelation by contrast with acetylacetone, where 

electron delocalization tends to equalize the C -=-=-=- 0 bond orders. 

Graddon and Mockler122 - 125 have reported vC=O values for many bis­

(0-hydroxyarylcarbonyl) metal(II) compounds to be in the 1660-1600 cm-l 

region. In a later study12 6 the infrared spectra of some M(I), M(II) 

and M(III) complexes were extended down to 300 cm- 1, and assignments of 

vM-0 were made by comparison with the analogous acetylacetonates. 

In a recent investigation127 in this laboratory, the effects of 

metal ion substitution and ligand substitution on the spectra (1700-250 cm-1) 
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of the Co(II), Ni(Ii) and Cu(II) complexes of salicylaldehyde were 

studied. It was found that replacement of one metal(II) ion by another 

of higher CFSE, or replacement of one ligand substituent by another of 

greater electron releasing resonance capacity, has the effect of 

increasing the M-0 and phenolic C-0 bond orders at the expense of the 

aldehydic C=O bonding. These effects were ccnsidered127 to cause 

increased electron delocalization in the chelate ring, thus facilitating 

metal -ligand 1r - bonding. Formation of bis(pyridine) adducts was found12 7 

to cause depletion of electron density in the M-0 and C=O bonds relative 

to the anhydrous complexes or bis(aquo) adducts, in accordance with the 

~-electron acceptor properties of pyridine. 

1he aim of the present siudy was to extend the spectra of the 
_, 

complexes of Co(II) and Ni(II) salicylaldehyclates to 140 cm - and to extend 

earlier work1 ~ 7 to incorporate the complexes of Zn(II) salicylaldehydate. 

In order to facilitate band assignments, the effects of adduct formation 

on the infrared spectra of these complexes have been studied. For this 

purpose the nitrogen-donor bases pyridine (py),imidazole (Him), 

pyrazine (pz) and pyrimidine (pm) were employed. 1he effects of bis(aquo) 

adduct formation on the spectra of the anhydrous complexes are also 

discussed. In addition, the deuterated species, py-d5 , pz-d4 and Him-d4 

have assisted in prov~ding reliable assignments of vM-N in the spectra of 

these adducts. 
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8. BAND ASSIGNMENTS IN THE INFRARED SPECTRA OF 
METAL(II) CHELATES OF AMINO ACIDS BY ISOTOPIC LABELLING 

Vibrational spectroscopic techniques have been widely applied to 

systems of biological interest. Such studies when applied to metal-

amino acid systems, are of importance since the identification of metal-

ligand vibrations provides information on both the nature of the metal 

binding site and the strength of the metal-ligand interaction. This 

information, obtained from such simple models as these, may be of value in 

the study of more complex metallopeptide and metalloprotein systems. 

Isotopic labelling of the ligand atoms has led to reliable band 

assignments in the infrared spectra of glycine128-130 and its Ni(II) and 

Cu(II) cornplexes. 29-30 Assigrunents in the spectrum of cis-[Cu(gly) 2(H20)] 

have been based on deuteration studies, 131 isotopic Gseu-substituticn, 132 

and Tecently29 an elaborate study was made in which the glycinate ligand 

was labelled using 15N-, 18 0-and l- 13c-isotopic substitution. A similar 

study30 has been made on trans-[Ni(gly) 2(H2o) 2]. Crystal structure 

determinations indicate that the dimensions of the glycinate residues in 

most glycinate complexes 133 -l3'+ are almost identical and are very close 

to those of the free ligand. However, because of differences in symmetry 

(structure and coordination number) assignments in the spectra of trans-

[Pt(gly) 2] and cis-[Ni(gly) 2(Hirn) 2] are difficult to accomplish by direct 

comparison with those reported30 for trans-[Ni(gly) 2(H2o) 2]. 

There exists some n1easure of disagreement on the assignment of the 

infrared bands in the spectra of glycinate and other amino acid 

complexes~31,136-138 One view assumes low covalency in the M-0 bonds136,l37 

with essentially monodentate M-N coordination of the amino acid while 

another131,i 3s considers the M-0 bonds to be highly covalent. 
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Independent normRl coordinate analyses 13 l,l36 have not succeeded in 

tlllambiguously resolving the problem, the two sets of assignments showing 

considerable differences. 

In the presei1t work, the mfrared spectra (4000-140 cm-l) of 

trans-[Pt(gly) 2], cis-[Ni(gly) 2(Him) 2] and trans-[Pt(L-ala) 2] were studied. 

Each band in the spectra of the glycinate complexes has been assigned on 

the basis of the shifts induced by 180-, 15N-, l-13c- 2-13c- 2 2-d -
' ' ' 2 

and N,N-d2-labelling of the glycinate ligand. The results show that the 

N-H, C-H, C=O and Pt-0 stretching vibrations and the CHz scissoring, CH2 

twisting and NH2 twisting modes in the spectrum of trans-[Pt(gly) 2] are 

vibrati011ally pure but all other bands represent vibrationally coupled modes. 

The spectra reveal also that certain earlier assignments require revision. 

While the above forms of isotopic labelling yield assignments for 

the internal glycinatc modes in the spectrum of cis-[Ni(gly) 2 (Hi~)z] as 

well as the nickel-oxygen and nickel-nitrogen stretching and bending modes, 

deuteration of imidazole (Him-d3) provides assignments for the internal 

modes of the coordinated imidazole rings and for the nickel-imidazole 

vibrations. This complex represents the first exrunple to be studied 

by this technique in which all of the donor atoms in an heterocyclic 

adduct of a metal glycinate complex have the cis-configuration. The 

results, combined with those of previous multiple isotopic labelling studies 

on glycinate complexes, enable some general conclusions to be reached on 

the infrared spectra of these complexes. 

Less attention has been given to the infrared spectra of alanine 

complexes than those of glycine. The infrared spectra of trans-

[Pt(L-ala) 2] and its 180-, 15N- 2-d, 3-d3- and N,N-d2-labelled analogues 

have been determined. The spectral bands were assigned on the basis 

of the shifts induced by the various modes of isotopic labelling and by 
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substitution of Pd(II) for Pt(II). The labelling study reveals (again) 
-

that very few bands represent vibrationally pure modes and that a small · 
. . 

increase in the complexity of the coordinated amino acid (on going from 

glycine to L-alanine) induces a large increase in the complexity of the 

spectrum. 
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9. METAL COMPLEXES OF . GLYCY~GLYCINE 

Infrared spectra of dipeptides have previously been investi-

gated, 139-142 and extensive studies have been made on the interactions 

of metal ions with dipeptides in solution. 14 0,l 43-l 48 Results of these 

studies, which were largely confined to the effects of pH and pD variation 

on the infrared spectra in the 1700 - 1500 an-l region, have been 

discussed14 3-l 4a in relation to coordinate bonding and formation constants. 

Reports on the mull spectra of M(II) peptide systems are sparse, although 

some of the complexes studied here have previously been investigated 

in the 1700 - 14(X) an-l region. Attempts to use frequency differences14 9 

in the asyrrnnetric and syrrnnetric vibrations of the carboxylate group as an 

indication of the mode of carboxylate bonding have met with little success. 

There still exists some disagreement as to the nature of the functionai 

groups coordinated to the metal as well as differences of opinion on the 

fonnulation of metal-peptide chelates. 

The trans-~~ide group in dipeptides (which is invariably planar15 D) 

gives rise to characteristic absorption bands in the infrared spectrum, 

due to combinations of N-H, C=O and C-N stretching and bending motions. 

Typical frequencies for these highly coupled vibrations or "Amide Bands" 

for free peptides and their approximate assignments 15 0 ar~ given in 

Table 1. The inherent complexity of the infrared spectra of dipeptides 

and their metal chelates is well lmown. It has been shownl51,l5 2 

that some relationship exists between the Amide A, B, II and III vibrations. 

When coordination of the peptide group to a metal ion occurs, the Amide II 

frequency increases, while the Amide B band152 undergoes a corresponding 

high frequency shift, indicating some resonance effect between the two 

species} 51'152 A correspondingly low frequency ~hift of the Amide III 



Table 1. 

Band v on -1 Approximate ass ignn1ent 

Amide A 3300 vN-H 
Amide B 3100 Amide II first overtone 

Amide I 1660 vC=O 
Amide II 1570 oi.p. N-H + vC-N 
Amide III 1300 vC-N + oi.p. N-H 
Amide IV 630 oi.p. O=C-N 
Amide V 730 oo.o.p • N-H 
.Amide VI 600 oo.o.p. C=O 

band indicates that the origins of the Amide II and III bands are also 

related. 

The infrared spectra of sixteen first row transition metal(II) 
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complexes of glycylglycine (gg) are reported here. For those complexes 

of known structure, structural correlations · are possible on the basis of 

differences between their infrared band patterns. These correlations, 

together with information obtained from 15N-labelled glycylglycine, 

are used to assign structures to related complexes, many of which do 

not appear to have previously been investigated. 
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II. EXPERIMENTAL 

1. PHYSICAL METHODS 

1.1 Infrared Spectra 

Infrared spectra were determined as nujol mulls between caesium 

bromide or caesium iodide plates on a Beckman IR-12 spectrophotometer, 

and as nuj ol mulls between polyethylene plates on a Digilab FTS 16 B/D 

interferometer and a Perkin-Elmer 180 spectrophotometer. Infrared 

spectra of liquid heterocyclic ligands, acetylacetone and salicylaldehyde 

were determined as liquid films using the same window materials. The 

Digilab interferometer and Perkin-Elmer spectrophctometer were used mainly 

over the range 300-150 cm-l whereas the Beckman IR-12 spectrophotometer 

was used for the 40CXJ-250 cm-l region. The wavenumber precision of the 
~ -1 -1 

latter instrument is quoted by the manufacturers as 0.2 cm at 200 cm , 

0.3 cm-lat 400 cm-1, 0.4 cm-lat 740 cm-1, 0.6 cm-lat 1330 cm-land 

0.7 cm-lat 2220 cm-1. The wavenlllllber reproducibility of the spectrophoto-
-1 -1 -1 meter is given by the manufacturers as 0.1 cm at 200 cm , 0.15 cm 

at 400 cm-1, 0.2 cm-lat 740 cm- 1, 0.3 cm-lat 1330 cm-land 0.35 cm-l 

at 2220 cm-1 . For maximum precision, the frequencies were read directly 

from the wavenumbeT drum, not from the chart paper. Bands in the spectra 

of labelled compounds and their unlabelled analogues were repeated at 

least five times. 

-1 0. 5 cm . 

Reproducibility of quoted frequencies is better than 

The Beckman IR-12 and Perkin-Elmer 180 spectrophotometers were 

calibrated against carbon dioxide, water vapour and polystyrene film. 



1.2 Electronic ·spectra 

Electronic spectra were taken as solids 5upported on filter paper 

circles in the reflectance mode on a Beckman Dk-2A ratio recording 

spectrophotometer. The instn.nnent was calibrated with a didyrnium 

filter. 

1.3 Magnetic Measurements 
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Magnetic susceptibilities were determined at ambient temperatures on 

a Newport-Stanton Gouy magnetic balance. The instrument was calibrated 

with mercury(II) tetrathiocyanatocobaltate. Pascal's constants 153 were 

used to estimate the diarnagnetism of the ljgands. Accuracy was checked 

with copper(!!) acetate (found: 1.43 B.M. at 293 K; reported1 54 : 

1.40 B.M. at 293 K). 

1.4 Microanalyses 

Microanalyses were perfo1~1ed on a Heraeus Universal Combustion 

Analyser Model CHN-Micro, by Mr. W.R.T. Hernsted of the Department of 

Organic Chemistry, University of Cape Town. The calculated values are 

based on the assumption that the effect of the mass change (due to 

labelling) on the he~t conductivity of nitrogen or water vapour is 

negligible. 
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2. PREPARATION OF COMPOUNDS 

The isotopically labelled ligands-used in this study together with 

their commercial sources and reported isotopic purities are listed in 

Table 2. 

Table 2. 

Isotopically labelled 
ligand 

Imidazole-d4 

Imidazole-d3a 

Imidazole-d1b 

Pyridine-d5 

Pyraz.ine-d4c 

180-glycine 

15N-glycine 

l- 13c-glycine 

2-13c-glycine 

N,N-d2-glycineb 

2,2-d2-glycine 

180-L-alanine 

15N-L-alanine 

2-d ,_3-d3-L-alanine 

N,N-d2-L-alanineb 

lSN-glycylglycine 

Isotopic · Connnercial source purity (atom%) 

98 Merck, Sharp & Dohme (Canada) Ltd. 

99 

84 

78 

97 

91 

91 

97 

76 

95 

98 

99 

BOC Prochem Ltd. 

Merck, Sharp & Dohme (Canada) Ltd. 

BOC Prochem Ltd. 

BOC Prochem Ltd. 

BOC Prochem Ltd. 

BOC Prochem Ltd. 

Merch, Sharp & Dahme (Canada) Ltd. 

BOC Prochem Ltd. 

Merck, Sharp & Dahme (Canada) Ltd. 

Merck, Sharp & Dohme (Canada) Ltd. 

Stohler Isotope Chemicals. 

a Obtained by successive recrystallization of imidazole-a4 from water. 
~ Obtained tmder jnert. conditions by suc~essive recrystallization from D2o. 

Infrared spectrum gives reason to believe that the compound has less than 
the reported isctopic purity. 



2 .1 The Imidazole Complexes of Metal (II) Ni t1·ates, Perchlorates and 

Halides 

2.1.1 The Hexakis(Imidazole) Complexes of Metal(II) Nitrates and 

Perchlorates [M(Him)~2 (M = Co, Ni; Zn, X = N03; M =Mn, 
Fe, Co, Ni, X = Cl04) and [Zn(Him) 5 ](Cl04 )~ 
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The nitrate complexes (except for that of Zn(II)) were 

prepared51 , 58 , 60 -61 , 65 by slow addition of imidazole (0.003 mole) in water 

(2 ml) to a solution of the metal(II) nitrate (0.0005 mole) in water (2 ml). 

The precipitates were collected by filtration and washed with a small 

volume of cold water. The zinc(II) ccmplex was crystallized from a 

concentrated ethonolic solution of the metal(II) nitrate (0.0005 mole) and 

imidazole (0.003 mole) which was left at room temperature for two days. 

The colourless crystals were collected by filtration and washed with cold 

ethanol. All complexes were dried under reduced pressure over silica 

gel. 

Complexes of metal(II) perchlorates and [Zn(Him) 5](Cl04) 2 were 

similarly prepared from aqueous solutions of imidazole (0.003 mole) and 

metal(II) perchlorate (0.0005 mole). The labelled complexes were 

similarly prepared from imidazole-d4. The deuteroimine (ND) groups of 

imidazole-d4 undergo rapid exchange in solution so that synthesis cf the 

labelled complexes with imidazole-a4 yields imidazole-a3 complexes. 

Unless otherwise stated, this applies to all the labelled imidazole 

complexes studied here. 

2.1.2 The Tetrakis(Imidazole) Complexes of Copper(II) and Zinc(II) Nitrates 
and Perchlorates 

Both Copper(II) complexes53,56,58,61 were readily precipitated as 



blue or violet crystals for the perchloroate and nitrate, respectively, 

on combining imidazole (0.002 mole) in ethanol with the copper(II) salt 
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(0.0005 mole) in ethanol• The zinc(II) complexes, being more soluble, 

were crystallized54 , 61 by slow evaporation of concentrated solutions 

of imidazole (0.002 mole) and zinc(II) nitrate or perchlorate (0.0005 

mole) in ethanol. All products were collected by filtration, washed 

with ethanol followed by acetone, and dried under reduced pressure 

over silica gel. The labelled complexes were similarily prepared using 

imidazole-d4• 

2.1.3 The Tetrakis(Imidazole) Complexes of Copper(II) Olloride, Bromide 

and Iodide 

Crystals of the chloride and bromide complexes58,6l were readily 

precipitated on combining imidazole (0.002 mole) in ethanol, with the 

appropriate copper(II) halide (0.0005 mole) in ethanol. The crystals 

were recovered by filtration, washed successively with ethanol and acetone 

and dried under reduced pressure over silica gel. 

Solutions of copper(II) ions are normally reduced by iodide ions. 

It was found that in the presence of imidazole, the copper(II) ion is 

stable in solutions containing iodide ions. The stability of such 

solutions has been reported5 0 to be both solvent and temperature 

dependent, reduction to Cu(I) being favoured in relatively non-polar 

solvents and by high temperatures. 1be complex [Cu(Him) 4I 2] was prepared 

by a method similar to that reported.so An aqueous solution containing 

a slight excess of imidazole (0.0025 mole) was introduced, with stirring, 

to an aqueous solution of copper(II) chloride (0.0005 mole). On treating 

this clear blue solution with an excess of aqueous KI (0.0008 mole) a 

copious precipitate of the violet crystalline iodide complex was formed. 



This was collected by filtration, washed with water and stored over 
-

silica g,el. The complex showed no evidence of contamination with 
. . 

[Cu(Him) 4c12]. Labelled complexes were similarly prepared using 

imidazole_-d 4• 

2.1.4 1he Bis(Imidazole) Complexes [M(Him) 2~2 J (M = Co, X = Cl, Br; 

M = Zn, X = Cl, Br) 

Several preparative methods 58 ~s9,61 for the cobalt(II) complexes 

have been reported. Thennal decomposition of hexakis(imidazole) 

cobalt(II) chloride (or bromide) yields the bis-complexes but their 
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purity 1:as questionable. The bis-complexes were therefore prepared by 

the following reportedmethod. 61 To an ethanolic solution of the 

cobalt(II) halide (0.001 mole) was ~dded with stirring, a solution of 

imidazole (0.002 mole) in ethanol. The volume of the resulting deep 

blue solution was reduced to a min:i.Jm.nn by wanning and a few drops of 

dichloromethane were added. Upon standing at o0c for two days, the 

royal blue crystals which were fonned were filtered, washed with ice-cold 

ethmiol followed by anhydrous ether and stored under reduced pressure 

over silica gel. 

The chloride and bromide complexes of Zn(II) were prepared by 

reported methods. 4 9,6 2 Concentrated ethanolic solutions containing 

0.002 mole imidazole and 0.001 mole zinc(II) halide were mixed and the 

solution allowed to stand overnight at room temperature. The crystals 

were collected by filtration, washed with ethanol ai1d dried in vacuo 

over silica gel. 

Labelled complexes were prepared from imidazole-d4 according to the 

above methods. 
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2. 2 :_I'he Complex Bis (ni trato)mono (pyraz ine) copper(! I) 

The royal blue crystals were synthesised according to the literature 

method. 72 A concentrated aqueous solution of pyrazine (0.001 mole) and 

copper(II) nitrate (0.001 mole) was left to evaporate at room temperature. 

The crystals which separated were collected by filtration, washed with 

water and dried over silica gel. The labelled complex was similarly 

prepared using pyrazine-d4. 

2.3 The Imidazole, Pyrazine, Pyrimidine and Pyridazine Adducts 

of Metal(II) Acetylacetonates [M(AA)zilUn] (M = Co, 
Ni, n = 2, B = Imidazole, Pyridazine;M = Co, Ni, Zn, 
n = 1, B = Pyrazine, Pyrimidine; M = Co, Ni, n = 1, 
B = Pyridazine 

Except for the bis(pyridazine) complexes, well-crystallized adducts 

were synthesised102 ,io 4 from hot ethanolic solutions of the metal(II) 

acetylacetonate and heterocyclic base in the correct stoichiometric 

proportions. The products were collected by filtration, washed with 

ethanol followed by petroleum ether and dried over silica gel. 

Preparation of the bis(pyridazine) adducts required recrystallization 

of the anhydrous metal(II) acetylacetonate from excess pyridazine. The 

adducts, once formed, are stable and were collected by filtration, washed 

with ethanol and dried over silica gel. Labelled adducts were similarly 

prepared from imidazole-d4 in deuterated ethanol or pyrazine-d4. 
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2.4 The Metal(II) Comnlexes of: Salicylaldehyde [M(Sa1) 2] (M = Co, Ni, Zn) 

and their Aquo, Imidazole, Pyridine, Pyrazine and Pyrimidine Adducts, 

[M(Sa1) 2(B\i] (M = Co, Ni, Zn, n = 2, B = H20, Pyridine; M = 
Co, Ni, n = 2, B = Imidazole; M = Co, Ni, Zn, n = 1, B = Pyrazine, 

Pyrimidine) 

The bis(aquo) adducts were prepared127 by the following general 

procedure. A solution of the ligand (0.02 mole) in methanol was treated 

with 20 ml of lM sodium hydroxide. This solution was then added, drop­

wise, to a solution of metal(II) acetate in hot methanol. After allowing 

the solution to cool, the crystals were collected by filtration, washed 

thoroughly (methanol) and dried under Yeduced pressure over silica gel. 

When heated over silica gel at 130°c under reduced pressure, the bis(aquo) 

adducts yielded the anhydrous complexes. 

The pyridine, imidazole, py-razine and pyrimidine adducts we:re prepared 

by addition of the appropriate ligand in ethanol (in slight excess of the 

stoichiometric quantity) to a hot ethanolic solution of the bis(aquo) 

adduct. It was necessary to induce precipitation of the pyridine 

adducts by the addition of petroleum ether. The products were washed 

with a small volume of ethanol ;md stored over silica _gel. 'The labelled 

adducts were similarly prepared from pyridine-d5, imidazole-d4 or 

pyrazine-d4. 

2.5 The Complex Trans-Bis(glycinato)Platinum(II) 

The synthesis is similar to that reported.155 An aqueous solution 

of glycine (0.002 mole) and K2PtC14 (0.001 mole) was heated on a water 

bath and the pH of the solution adjusted to .6.0 by dropwise addition of 

]}.1 KOH. On evaporation of the water white crystals of the complex 

were formed which were collected by filtration, 
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washed with wann water, and dried over silica gel. The 

labelled analo~Jes were similarly ob~ained from lSN- 180- l-13c- 2-13c-
o· ' ' ' . 

and 2,2-d2- labelled glycine. The N,N:d2-labelled complex was similarly 

prepared in D2o from samples of glycine (or 2,2-d2-glycine) previously 

recrystallized from D2o. 

2.6 The Trans-Bis(L-Alaninato) Complexes of Platinum(II) 

and Palladium(II) 

The complexes were prepared by the same method used for the 

synthesis of trans-[Pt(gly) 2]. The labelled analogues of trans­

[Pt(L-ala)2] were similarly obtained from 180-, 15N- an<l 2-d, 3-d3-L­

alanine. The N,N-d2-labelled complex was prepared in n2o from a sample 

of L-alanine previously recrystallized from n2o. 

2.7 The Complex Cis,cis-Bis(Glycinato)cis-Bis(Imidazole) 
Nickel(II) 

The complex may be synthesised according to the reported method. 156 

Since discrete crystals of the complex were not required, the following 

procedure was followed using a stock supply of trans-[Ni(gly) 2(H20) 2]. 

A slight excess of imidazole (0.0025 mole) in ethanol was slowly intro-

duced to a suspension of trans-[Ni(gly) 2(H2o) 2] (O.OCH mole) in hot 

ethanol. On continued heating, the blue solution turned purple and a 

deposit of cis-[Ni(gly) 2(Him) 2] formed. This was retrieved by filtration, 

washed with hot ethanol and dried under reduced pressure over silica gel. 

The preparation yields a complex, the infrared spectrum of which is 
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identical to that synthesised by the literature method. 156 The labelled 

complexes were similarly prepared from lBo-, 15fi-, l-13c-,2-13c- and 

2,2-d2-glycine and imidazole-d4• The deuteroimine (ND) groups of the 

imidazole-d4 ring undergo exchange in solution so that synthesis of the 

labelled complex with imidazole-d4 yields the imidazole-d3 complex. The 

reaction cannot be carried out in ethanol-OD since this will induce 

deuteration of the amino group of glycine. 

2.8 Metal(II) complexes of Glycylglycine 

2.8.1 The complexes [M(Hgg)X(I-120)] with Hgg = (NH2CH2CONHCH2C02L 
(M = Mn, Co, Ni, Zn; X = Cl, Br) and [Cu(Hgg)X] (X = Cl, Br) 

Glycylglycine (0.001 mole) in hot ethanol was added (with stirring) 

to the metal(II) halide (0.0014 mole) in hot ethanol. The resultant 

precipitate was collected by filtration, washed (ethanol) and dried over 

siiica gel. The labelled complexes were similarly prepared using 

lSN-glycylglycine. 

2.8.2 The complexes [Cu(Hgg)Cl(H20)] and [Cd(Hgg)Cl(H2.Q21 
Crystals of [Cu(Hgg)Cl(H20)] were prepared by the following method.1 49 

An aqueous solution of glycylglycine (0.001 mole) was added to a solution 

of copper(II) chloride (0.0014 mole). The volume of the blue-green 

solution was reduced to a minimum by heating, and upon standing blue­

green crystals were deposited which were collected by filtration, washed 

with ethanol and dried over silica gel. The labelled complex was similarly 

prepared from 15N-glycylglycine. 

Crystals of [Cd(Hgg)Cl(H20)] were obtained157 from an aqueous solution 

containing cadmium(II) chloride (0.001 mole) and glycylglycine (0.002 mole) 

whose pH was adjusted to 8 by addition of 0.1 M NaOH. Upon evaporation 

'f 
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of the clear solution white crystals were deposited which were collected 

by.filtration, washed with ethanol and dried under reduced pressure over 

silica gel. 

2. 8. 3 The complexes Na2 [Ni (gg) 2] .nH2o where gg = (NHz.Q:!.~Nrn2co2 ) .:.=_ 
(M = Mn, n = 2 ; M = Ni , n = 9 ; M = Zn, n = 5 

The complex Na2[Ni(gg) 2].9H2o was· prepared by the addition of 

glycylglycine in ethanol to a hot aqueous suspension of nickel(II) 

carbonate. The mixture was heated with stirring for ~ hour before the 

excess nickel(II) carbonate was removed by filtration. Blue-green 

crystals precipitated after the filtrate had stood oveniight. These 

were collected by filtration, washed (ethanol) and dried over silica gel. 

The ~fn(II) and Zn(II) complexes were prepared by the addition of 

glycylglycine (0.002 mole) in ethanol to an aqueous suspension of fre_shly 

prepared metal(II) hydroxide (0.001 mole). The mixture was heated 

gently (with stirring) until precipitation was complete. The products 

were collected by filtration, washed (ethanol) and dried over silica gel. 

2.8.4 The complex [Cu(gg)(HzQl.zl 

The complex was synthesised according to the reported method.1 44 

A freshly prepared aqueous suspension of copper(II) hydroxide (0.001 mole) 

was treated with a solution of glycylglycine (0.001 mole). The excess 

cupric hydroxide was removed by filtration and the volume of the deep­

blue filtrate reduced to a minimum. Upon standing crystals of the 

dihydrate were deposited which were recovered by filtration, washed with 

a small volume of water and dried over silica gel. . The labelled analogue 

was siinilarly prepared using 15N-glycylglycine. 
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III. RESULTS 

1. ANALYSES OF COMPOUNDS 

Table 3. Analytical data on the complexes [M(Him)6](N03)2, [M(Him)6](Cl04)2 
and [Zn(Him) 5] (Cl04)2 . 

Complex Calculated Fotllld 

%C %H %N %C %H %N 

[Co(Him) 6] (N03)2 36.6 4.1 33.2 36.6 4.0 33.2 

[Co(Him-d1) 6] (N03) 2 36.2 4.0 32.8 36.3 4.0 33.0 

[Co(Him-d3) 6] (N03) 2 35.5 4.0 32.2 35.5 4.0 32.0 

[Co(Him-d4) 6] (N03) 2 35.1 3.9 31.9 35.1 4.0 32.0 

[Ni(Him) 6] {N03) 2 36.6 4.1 33.2 36.6 4.0 33.2 

[Ni(Him~d3) 6](N03) 2 35.5 4.0 32.2 35.6 4.0 32.0 

[Ni(Him-d4)6](N03) 2 35.l 3.9 31.9 35.3 4.0 32.0 

[Zn(Him) 6] (N03) 2 36.2 4.0 32.8 36.1 4.1 32.7 

[Zn(Him-d3)6](N03)2 35.1 3.9 31.8 35.2 4.0 32.0 

[Mn(Him) 6] (Cl04) 2 32.6 3.7 25.4 32.6 3.7 25.3 

[Mn(Him-d3) 6] (Cl04) 2 31.8 3.6 27.7 31. 7 3.6 27.7 

[Fe(Him)6](Cl04)2 32.6 3.6 25.3 31.6 3.6 25.4 

[Fe(Him-d3) 6](Cl04)2 31. 7 3.6 24.7 31.8 3.5 24.7 

[Co(Him)6](Cl04)2 32.4 3.6 ·25.2 32.4 3.6 25.0 

[Co(Him-d3)5](Cl04)2 31.6 3.5 24.6 31.8 3.5 24.7 

[Ni(Him) 6](Cl04) 2 32.5 3.6 25.2 32.4 3.6 25.1 

[Ni(Him-d3) 6](Cl04) 2 31.6 3.5 24.6 31. 7 3.6 24.6 

[Zn(Him) 5] (Cl04) 2 29.8 3.3 23.2 30.0 3.3 23.3 

[Zn(Him-d3) 5J(Cl04) 2 29.1 3.3 22.6 29.2 3.2 22.7 



Table 4: Analytical data on the tetrakis(imidazole) complexes of 

metal(II) perchlorates and nitrates 

Complex Calculated .Found. 

%C %H %N %C %H 

· [Cu(Him) 4(c104)2] 27.0 3.0 21.0 27 .0 3.0 

(CuQ1im-d3) 4(c104) 2] 26.4 2.9 20.5 26.4 3.0 

(Zn(Him) 4]_ (Cl04) 2 26.9 3.0 20.9 26.9 3.0 

[Zn(Him-d3)4](Cl04)z 26.3 2.9 20.4 26.2 2.9 

[Cu(Him)4(N03)2l 31.3 3.5 30.5 31.4 3.5 

[Cu(Him-d3)4(N03)2l 30.5 3.4 29.7 30.5 3.4 

[Zn(Him) 4 (N03) 21 31.2 3.5 30.3 31.1 3.5 

[Zn(Him-d3)4(N03)2l 30.4 3.4 29.6 30.6 3.4 
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%N 

20. 7 

20.4 

20.9 

20.4 

30.3 

29.8 

30.1 

29.5 

Table 5. Analytical data on the tetrakis(imidazole) complexes of copper(II) 

halides 

Complex Calculated Found 

%C %H %N %C %H %N 

[Cu(Him) 4Cl2l 35.4 4.0 27.5 35.3 4.0 27.3 

[Cu(Him-d3)4Cl2] 34.4 3.9 26.8 34.5 3.9 26.8 

[Cu(Him) 4Br 2] 29.1 3.3 22.6 29.1 3.3 22.5 

[Cu(Him-d3) 4Br 2] 28.4 3.2 22.1 28.3 3.2 22.0 

[Cu(Him) 4 I2] 24.4 2.7 19.0 24.4 2.7 19.2 

[Cu(Him-d3) 4r2J 24.0 2.7 18.6 24.2 2.7 18.7 
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Table 6 . .Analytical data on the bis(imidazole) complexes of metal(II) 

halides 

Complex .. Calculated- .Found 

%C %H %N %C %H 

[Co(Him) 2c12] 27.1 3.0 21.1 27.1 3.0 

[Co(Him-d3) 2c12] 26.5 3.0 20.6 26.6 3.0 

[Co (Him) 2Br 2] 20.3 2.3 15.8 20.3 2.3 

[Co(Him-d3) 2Br2] 20.0 2.2 15.5 20.l 2.3 

[Zn(Him) 2c12] 26.5 3.0 20.6 26.3 3.1 

[Zn(Him-d3) 2c12] 25.9 2.9 20.1 25.5 3.0 

[Zn(Him) 2Br2] 19.9 2.2 15.5 20.l 2.3 

[Zn(Him-d3) 2Br2] 19.6 2.2 15.2 19.7 2.3 

Table 7; .Analytical data on the complex [Cu(N03)2(pz)]n·fu1d its 

pz-d 4 analogue 

Complex Calculated Found 

%C %H %N %C %H 

[Cu(N03) 2 (pz) Jn 18.0 1.5 21.0 18.0. 1. 5 

[Cu(N03) 2 (pz-d4)]n 17.7 1.5 20.6 17.6 1.4 

%N 

20.0 

20.5 

15.9 

15.7 

20.3 

20.0 

15.7 

15.4 

%N 

21.0 

20. 5 
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Table 8. .Analytical data on the heterocyclic base adducts of metal(II). 

acetylacetonates and their deuteratcd analogues 

Complex Calculated Found 

%C %H %N .%C %H %N 

[Co(AA) 2 (Him) 21 48.9 5.6 14.3 48.9 5.5 14.2 

[Co(AA) 2 (Him-d4) 21 . 47. 9 4.5 14.0 47.9 4.5 14.2 

[Ni(AA) 2 (Him) 2] 48.9 5.6 14.2 48.9 5.6 14.2 

[Ni (AA) 2 (Him-d 4) 2] 47.9 4.5 14.0 47.8 4.5 14.0 

[Co(AA) z(pz) ]n 49.9 5.4 8.3 49.9 5.5 8.4 

[Co(AA) 2(pz-d4)]n 49.3 5.3 . 8. 2 49.4 5.5 8.2 

[Ni (AA) 2 (pz) ]n 49.9 5.4 8.3 49.9 5.4 8.4 

[Ni(AA) 2(pz-d4)]n 49.3 5.3 8.2 49.3 5.4 8.4 

[Zn(AA) 2 (pz) ]n 48.9 5.3 e.2 48.8 5.2 8.1 

[Zn(AA) 2(pz-d4)]n 48.4 5.2 8.1 48.3 5.1 8.0 

[Co(AA) 2 (pm) ]n 4 9. 9 5.4 8.3 49.8 5.4 8.3 

[Ni (AA) z (pm) ] 49.9 5.4 n 8.3 49.8 5.4 8.3 

[Zn(AA) 2 (pm) ]n 48.9 5.3 8.2 49.9 5.3 8.2 

[Co(AA) 2(pd) 2] 51.8 5.3 13.4 51.8 5.3 13.4 

[Ni(AA) 2 (pd) 2] 51.8 5.3 13.4 51.8 5.3 13.4 

[ {Co(AA) 2} z (pd)] 48.5 5.4 4.7 48.5 5.4 4.7 

[{Ni (AA) 2} 2 (pd)] 48.5 5.4 4.7 48.6 5.4 4.7 
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Table 9 . .Analytical data on the M(II) chelates of salicylaldehyde and 

their heterocyclic base adducts 

Complex Calculated Found 

%C %H %N %C %H %N 

[Co(Sal) 2] 55.8 3.3 55.4 3.3 

[Ni(Sal) 2] 55.9 3.3 55.4 3.3 

[Zn(Sal) 2] 54.7 3.3 54.8 3.3 

[Co(Sal) 2 (H20) 2] 49.9 4.2 50.0 4.3 

[Ni(Sal) 2(H2o) 2] 49.9 4.2 49.8 4.1 

[Zn(Sal) 2(H2o) 2] 48.9 4.1 48.2 3.9 

[Co(Sal) 2(py) 2] 62.7 4.4 6.1 62.7 4.4 5.9 

[Co(Sal) 2(py-d5) 2] 61.4 4.3 6.0 61.0 4.5 5.9 

[Ni(Sal) 2(py) 2] 62.8 4.4 6.1 . 62. 6 4.3 6.2 

[Ni(Sa1) 2(py-d5) 2J 61.4 4.3 6.0 61.5 4.3 6.0 

[Zn(Sal) 2(py) 2] 61.9 4.3 6.0 61.5 4.4 5.6 

[Zn(Sal) 2(py-d5) 2] 60.8 4.2 5.9 GO.O 4.5 5.8 

fCo(Sal) 2 (Him) 2] 55.0 4.1 12.8 54.9 4.1 12.7 

[Co(Sal) 2 (Him-d4) 2] 54.0 4.1 · 12.6 53.7 4.3 12. 5 . 

[Ni (Sal) 2 (Him) z] 55.0 4.1 12.8 54.9 4.1 12.9 

[Ni(Sa1) 2(Him-d4) 2] 54.0 4.1 12.6 54.0 4.4 12.5 

[Co(Sal) 2(pz)]n 56.7 3.7 7.3 56.6 3.7 7.2 

[Co(Sal) 2(pz-d4)]n 56.1 3.7 7.3 56.0 3.5 7.3 

[Ni(Sal)z(pz)]n 56.7 3.7 .7.3 56.5 3.7 6.9 

[Ni(Sal) 2(pz-d4)]n 56.1 3.6 7.3 56.3 3.8 7 .o 

continued/ 



Table 9 continued/ 

Complex Calculated Foillld 

%C %H %N %C %H 

[Zn(Sal) 2 (pz) ]n 55.8 3.6 7.2 56.5 3.7 

[Zn(Sal) 2(pz-d4)]n 55.2 3.6 7.1 55.5 3.5 

[Co(Sal) 2(pm)]n 56.7 3.7 7.3 56.5 3.7 

[Ni(Sal) 2(pm)]n 56.7 3.7 7.3 56.3 3.7 

[Zn(Sal) 2 (pm) ]n 55.8 3.6 7.2 55.8 3.6 

Table 10. Analytical data on the complex trans-[Pt(gly) 2] and its 

isotopically labelled analogues 

Complex Calculated Found 

%C %H %N %C %H 

trans- [Pt(gly) 2] 14.0 2.4 8.2 14.0 2.4 

trans-[Pt( 18o-gly) 2] 13.7 2.3 8.0 13.7 2.3 

trans-[Pt( 15N-gly) 2] . 13.9 2.3 8.1 13.9 2.4 

trans-[Pt(l- 13 C-gl~) 2 ] 14.0 2.3 8.1 14.3 2.3 

trans-[Pt(2-.13c-gly) 2] 14.0 2.3 8.1 14.4 2.3 

trans-[Pt(2,2-d2-gly) 2] 13.8 2.3 8 .0 13.8 3.5 

46 

%N 

6.9 

7.4 

7.4 

7.3 

7 .o 

%N 

8.2 

8.0 

8.2 

8.1 

8.1 

8.0 
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Table 11. Analytical data on the cou~p1ex cis-[Ni(gly) 2(Him) 2] and its 

isotopically labelled analogues 

Complex Calculated Fmmd 

%C %H %N %C %H %N 

cis-[Ni(gly) 2(Him) 2] 35.0 4.7 24.5 34.8 4.5 24.2 

cis- [Ni(1 80-gly) 2 (Him) 2] 34.2 4.6 23.9 34.1 4.5 24.0 

cis-[Ni(lSN-gly)z(Him)z] 34.8 4 .• 7 24.4 34.8 4.6 24.5 

cis- [Ni(l- 13c-gly) z(Him) 2] 34.8 4.7 24.4 34.8 4.7 24.5 

cis-[Ni(2~13c-gly)z(Him) 2 ] 34.8 4.7 24.4 34.7 4.7 24.3 

cis-[Ni(2,2-d2-gly)z(Him)z] 34.6 4.6 24.2 34.5 4.5 24.2 

cis-[Ni(gly) 2(Him-d3) 2] 34.4 4.6 24.1 34.4 4.5 24.0 

Table 12. Analytical data on the complex trans-[Pt(L-ala) 2] a.1.d its 
isotopically labelled ru1alogues 

Complex Calculated Found 

%C %H %N %C %H %N 

trans-[Pt(L-ala) 2] 19.4 3.3 7.5 19.2 3.1 7.3 

trans-[Pt( 18o-L-ala) 2] 19.0 3.2 7.4 19.1 3.1 7.4 

trans-[Pt( 15N-L-ala) 2] 19.3 3.2 7.5 19.2 3.2 7.5 

trans-[Pt(2-d,3-d3-L-ala) 2] 19.0 3.2 7.4 19.0 3.2 7.5 

trans-[Pd(L-ala) 2] 25.5 4.3 9.9 25.5 4.3 10.0 
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Table 13. Analytical data on the M(II) halide complexes of glycylglycine 

Complex Calculated Fotmd 

%C %H %N %C %H %N 

[Mn(Hgg)Cl(H20)] 20.l 3.8 11. 7 20.l 3.7 11.5 

[Co(Hgg)Cl(H20)] 19.7 3.7 11.5 19.9. 3.8 11. 7 

[Co( 15N-Hgg)Cl(H20)] 19.6 3.7 11.4 19.6 3.7 11.5 

[Ni(Hgg)Cl(H20)] 19.7 3.7 11.5 19.6 3.6 11.5 

[Ni(lSN-Hgg)Cl(HzO)] 19.6 3.7 11.4 19.5 3.6 11.4 

[Cu(Hgg)Cl(H20)] 19.4 3.7 11.3 19.4 3.7 11.3 

[Cu(l5N-Hgg)Cl(H20)] 19.2 3.6 11.2 19.2 3.5 11.2 

[Zn(Hgg)Cl(H20)] 19.2 3.6 11.2 19.2 3.5 11.0 

[Mn(Hgg)Br(H20)] 16.9 3.2 9 .. 9 16.8 3.2 10.0 

[Co(Hgg)Br(H20)] 16.7 3.1 9.7 16.8 3.1 9.8 

[Co( 15N-Hgg)Br(H20)] 16.6 3.1 9.7 16.5 3.i 9.7 

[Ni(Hgg)Br(H20)] 16.7 3.2 9.7 16.7 3.2 9.5 

[Ni(l5N-Hgg)Br(H
2
0)] 16.6 3.1 9.7 16.5 3.2 9.8 

[Cu(Hgg)Br(H20)] 16.4 3.1 9.6 16.4 3.1 9.6 

[Cu( 15N-Hgg)Br(H20)J 16.3 3.1 9.5 16.4 3.1 9.5 

[Cu(Hgg)Cl] 20.9 3.1 12.2 20.e 3.1 12.2 

[Cu(1 5N-Hgg) Cl] 20.7 3.0 12.1 20.6 3.0 12.0 

[Cu(Hgg)Br] 17.5 2.6 10.2 17.6 2.6 10.1 

[Cu( 15N-Hgg)Br] 17.4 2.5 10.1 17.4 2.4 10.0 
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Table 14. Analytical data on the M(II) complexes of glycylglycine 

Complex Calculated Found · 

%C %H %N %C %H %N 

Na2 [Mn(gg) 21 · ztr 2o 24.2 4.1 14.1 24.5 4.8 14.0 

Na2[Ni(gg) 2J·9H2o 18.2 5.7 10.6 18.1 5.7 10.5 

Na2[Zn(gg) 2]·SH2o 20.8 4.8 12.1 21.1 5.1 12.2 

[Cu(gg)(H2o) 2] 20.9 4.4 12.2 21.2 4.6 12.1 

[Cu(gg)(HzO)](HzO) 19.4 4.9 11.3 19.4 4.9 11.3 



so I 
~ 

' 
2. INFRARED RESULTS 

All values are an-1• 

Table 15. Frequencies, vD ; .. }1 ratios and band assigrunentsa m·:the infrared 
spectrlllll of Imidazole and its a1-, a3- and a4-analcgues 

Him Him-d1 Him-d3 Him-d4 
vD1;vH4 vD3/vH4 VD4 /yH4 Species Assigrunent 

3143 3142 2354 1.0 0. 76 0. 75 Al vC-H 
3123 3121 2335 2334 1.0 0.75 0. 75 Al vC-H 
3123 3121 2320 2323 1.0 0.75 0. 74 Al vC-H 
3100 3098 

3020 
2909 

2800 2150 2850 2140 0. 77 1.0 o. 76 Al vN-H 
1573 1538 1507 1510 Comb. 

1468 

1541 1497 1460 1461 0.97 0.95 0.95 Al vring 1454 1457 
1474 1443 1434 

·' 
1490 1442 1423 1414 0.97 0.96 0.95 Al vring 

1450 
1353sh 

1412 1338 0.93 0.97 0.92 Al vring 1348 
1397 
1340 
1317 1317 
1305 
1292 

132Ssh 
1281 

1323 1274 1273 1.0 o. 96 0.96 Al vring 1319 126S 1260 
1303 
1260 1244 1244 

1260 1248 
1243sh 959 947 0.99 0. 76 o. 75 Al oC-H 

1243 916 1212 914 o. 74 0.98 0.74 Al oN-H 
1209 1198 1195b 

1178 1178 
1159 

1174 1140 Comb. 
1145 1126 1116sh 1106 0. 99 0.97 0.97 Al vrh1g 1140 1105 

1099 1110 854 849 1.0 0. 77 0. 77 Al oC-H 11035h 834 833 
1086 1049 1048 

1052 1060 807 804 1.0 0. 76 0. 76 Al oC-H 791 795Sh 
1018 
990 
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Table 15 continued. 

H:i.m-d D1; H4 D H "D4;"H4 Species Assignment Him Him-d Him-d3 \) \) '\) 3 /\I 4 
1 4 

972 Comb. 
934c 554 920 566 0.60 0.99 0.61 Al 1 yN-H 
934 964 959 953 1.03 1.03 1.02 Al oring 
924 927 769 768 1.0 0.83 0.83 Al 1 yC-H 763sh 760 
894 895 879 881 1.0 0.98 0.99 Al oring 

867 
835 838 672 666 1.0 0.80 0.80 All yC-H 82? 831 656 
755 758 597 597 1.0 o. 78 o. 78 All yC-H 736 740 569 586 

729 728 
721 721 724 

657 660 547 547 1.0 0.83 0.83 All yring 648 

619 622 522 521 1.0 0.84 0.84 Al 1 yring 6iO 
174w Translational 

lattice mode 

a Assignments based on those of Perchard et az.69-71 

b Mean of doublet. 

c Frequency of yN-H estimated70 within this region. 

sh Shoulder. 

w Weak. 
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Table 17. Frequencies, ratios \; D/vH and band a~signments in the infrared 

spectra of [M(Him) 6](Cl04) 2, (M = Mn(II), Fe(II), Co(II), Ni(II)) 

and [Zn(Him) 5](Cl04) 2 

Mn Fe Co Ni Zn D3/ H4 \) \) Assignment 

Him Hiffi-d3 Him Him-d3 

3437 3437 3437 3438 3438 3320 3320 1.0 vN-H 3350 3355 3355 3360 3360 
3165 3165 3165 3165 2363 3145 2360 0. 75 VC-H 
3143 3145 3145 3150 2335 3130 2335 0. 74±0.01 vC-H 

1535 1535 1535 1536 1497 1545 147S 0.96±0.01 Vring 1484 

1486 1486 1486 1486 1440 1510 1458 0.97 vring 1497 
1461 

1421 1421 1421 1424 1411 1432 1425 1.0 vring 
1403 

1325 1325 1325 1326 1287 1330 1275 0.96±0.01 vring 1273 1323sh 1260 

1255 1255 1255 1257 948 1265 947 0. 74±0.01 oC-H 932 933 

1223 1223 1223 1223 1166 124S 1190 0.95±0.01 oN-H 1159 
1156 1156 1156 1156 a 1170 a yring 
1130sh 1130sh 1130sh 1130sh 1130sh 1130sh 1130sh 

} 1111 1111 1111 1111 1111 1110 1110 v3Cl04 
1084 1084 1084 1085 1085 1087 1087 

b b b b 
883 

b 891 
SC-D 871 875 

1049 1049 1049 1054 820 1071" 826 o. 77±0.01 oC-H 
975 975 975 975 972 980 Comb. 
936 936 936 936 961 953 973 1.03±0.01 oring 
919 919 919 919 725 920 733Sh 0. 79±0.01 YC-H 
876 876 876 876 Comb. 864 864 86<l 864 
845 845 845 845 771 847 778 0. 91±0.01 oring 

826 826 826 826 . 648 833 653 0. 78±0.01 YC-H 824 
770 770 770 771 593 767 577 o. 76±0.01 YC-H 758 758 758 758 579 757 
727 727 727 725 715 725 725 1.0 YN-H 

656 656 656 660 567 670 547 0.84±0.01 Yring 557 650 
621 621 621 621 621 621 621 v 4c104 
607 607 607 607 531 609sh 525 0. 86±0.01 Yring 595 595 595 595 520 
464w 464w 464w 464w 464w 464vw 464vw v

2
c104 

2i1(3)c 231(5) 243(4) 322 (12) 
224(4) 260( 4) 310(7) VM-N 

257 (9) vM-N 
278(7) 275(3) 185(3) 199(6) 195 (11) o_T M-Him + 
268(8) 264(10) 175(6) 185 (11) oM-N-C · 

176(0) coupled oN-M-N 

cont./ 



Table 17 continued. 

a Corresponding band in spectrtnn of labelled complex is obscured 
by perchlorate absorption in llOO an-1 region. 

b Corresponding band in spectrum of unlabejled complex is obscured 
by perchlorate absorption in 1100 cm-1 region. 

c Figures in parentheses following metal-ligand frequencies are 
the shifts towards lower frequency induced by Hirnrd3 labelling. 

sh 
Shoulder. 

w Weak. 

vw Very weak. 
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Table 13. Frequencies, ratios \P3;vH4 and band assigrunents in the infrared 

spectra of [Cu(Him) 4(c104) 2] and [Zn(H~) 4J(Cl04 ) 2 

Cu(II) Zn(II) 

Him Him-d3 Him Him-d3 
D3/ H4 v v Assigrunent 

3381 3381 3380 3380 1.0 vN-H 
3351 3351 
3164 2372 3160 2379 0. 75 \IC-H 
3144 2340 3145 2355 0.75±0.01 vC-H 

3131 2337 o. 75 vC-H 

1545 1486 1546 1493 0.96±0.01 vring 
1471 

1513 1465 1512 1471 0.97 vring 
1493 1454 1503sh 1453 

1434 1421 1431 1404 0.98±0.01 yring 
1409 

1347 
1339 

1330 1303 1331 1273 0.96±0.01 vring 
1276 

1266 950 1267 948 o. 75 oC-H 

1225 1198 1230 1188 Comb. 
1183 

1175 a 1183 a vring 
b b 1133 a oN-H 

11355h 1135sh } 1111 1111 1120-1060c v3c104 
1070 1070 

e 890d. e 889 oC-D 
877 

1056 827 1050 828 0.78±0.01 oC-H 
980 

950 970 953 974 1.02 oring 
93ow 93ow v1Cl04 

930 

917 745d 920 759 0.81±0.01 yC-H 
738 741 

870 845 873 

847 781 854 776 0.92±0.01 oring 
776 847 

f 650 833 f yC-H 
644 

764 598d 760 600 0.78±0.01 YC-H 
757 586 

760 
721 715 730 720 0.99 YN-H 
660 565 652 556 0.85 yring 
650 552 
625 625 622 622 v4Cl04 
610 521 614 524 0.85 yring 

continued/ 
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Table 18 continued. 

Cu(II) Zn(II) 

Him Him-d3 Him Him-d3 
'D3 H4 v /v Assignment 

a 

b 

c 

d 

e 

f 

462vw · 462vw 464vw 464vw v2c104 
30!7 303 'Jasym. Cu-N 
286 284 vsym. Cu-N 

271 268 vzn-N 
246 238 199 189 oTM-Him+oM-N-C 
228 219 185 175 orM-Him+oM-N-C 
167 162 oN-Cu-N 

·Corresponding band in spectrurn of labelled complex obscured by 
perchlorate absorption near 1100 cm-1. 

Band obscured by perchlorate absorption near 1100 on-1. 

Perchlorate band in spectrLlTJl of the Zn(II) complex occurs as a 
continuous absorption in the range 1120 to 1060 crn-1. 

Mean of doublet. 

Corresponding band in spectnun of unJabelled complex obscured by 
perchlorate absorption near 1100 cm-i, 

Corresponding band not observed. 
sh Shoulder. 
w Weak. 
vw Very weak. 
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Table 19. Frequencies, ratios vD3 /,JH4 and band assignments in the infra-

red spectra of [Cu(Him) 4(N03) 2] and [Zn(Him) 4(N03) 2] 

Cu( II) Zn(II) 

Him Him-d3 Him Him-d3 
vD3/vH4 Assignment 

3315 3310 3237 3237 1.0 vN-H 
2356 3160a 2363 0. 75 vC-H 

3155 2343 3148 2355 0.75±0.01 vC-H 
3134 2329 3136a 2334a o. 74 vC-H 

1537 1484 1544 1498 0.96:!;0.0l vring 1472 
1478 

1498 1450 
1512 1466 0.97 vring 1505 1453 

1432 1404sh 1461 1431 0.98 vrL1g 
1399 1390 1406 1494 v4N03 
1343 1337 1324 1335 v1N03 
1322 1292 1315 1289 0.97 vring 131lsh 1272 1270 

1257 946 1261 945 0. 75 oC-H 
937 940 

1242 1190 1248 1210 
1174 1238 1196 
1166 
1147 

1167 1110 1189 1117 0.94±0.01 vring 
1132 1080 li36 1079 0.95 oN-H 

1097 
888a 1104 891 0.80±0.01 oC-H 876 1092 

1068 819 1069 831 0. 77 oC-H 819 
1044 1049 1035 1035 v NO· 

1010 2 3 

949 975 954 971 1.03±0.01 oring 
942 968 
931 757 919 736 0.80 yC-H 
925 736 912 
890 865 
856 773 

842sh 
770 0.91±0.01 oring 

846 835 
823 3z3sh 813 813sh v6No3 
761 595a 768 597 0. 78 YC-H 
746 53oa 760 593 
739sh 722 745 b 0.98 YN-H 

718 718 V3N03 
709 709 703 703 "5N03 
660 567 644 551 0.85 Yring 

560 549 
619 529 ....... .., 530sh 0.l.) 0.85 Yring 610 519 618 524 

continued/ 
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Table 19 continued., 

Cu(II) Zn(II) 

Him Him-d3 Him Him-d3 
vD3 /vH4 Assignment 

290 287 271 267 vM-N 
254 246 o M-Him+oM-N-C 
223 216 202 194 or M-Him+oM-N-C T, 
165 157 156 154 oN-M-N 

a Mean of doublet. 
b Corresponding hand in spe::.trum of labelled complex not observed. 

Could be coincident with 736 cm- .absorption. 

sh Shoulder. 
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Table 20. Frequencies and band assignments in tbe infrared spectra of 

[Cu(Him) 4 (X) 21 ' (X = Cl, Br or I) 

Cl Br I Assignment 

3298 3285W 
3220sh 

vN-H 
3235w 

3188 3180 3173 vN-H 
3134 vN-H 
3154 vC-H 
3141 
3116 3123 3120 vC-H 
3110 3112 3105 vC-H 
1537 1533 1533 vring 

1494 
1501sh 1490 vring 
1489 1472 

1427 1420 1422 vring 
1422 
1348 1330 1347 vring 
1337 1325 1328 
133osh 1310 Comb. 
1262 1258 1256 oC-H 
1245 1240 1234 Comb. i222w 1218W 1222W 
1175 1169 1166 vring 
1165 
1142 oN-H 
1127 1131 1128 oN-H 
1112 1101 1095 oN-H 
1094 1094 1081 oC-H 
1066 1064 1066 oC-H 

953 949 947 oring 
943 941 941 
920 920 919 YC-H 
890 888 Comb. 
870 871 860 oring 
860 852 
845 853 833 YC-H 

833 
804 801 YN-·H 
775 770 775 

} 756 770 YC-H 
747 747 745 

730 728 720 YN-H 
701 

663 659 657 Yring 
622 619 620 yring 
610 608 604 
284(4)a 292(4) 289(4) vCU-N 
254t8~ 253 rs'\ 250t8~ o Cu--Him+oCu-N-C 
225 8 223~8) 218 6 oTCu-Him+oCu-N-C 
170(4)sh o~-Cu-N 
156(3) oN-Cu-N 

Cont./ 



Table 20 continued. 

a Figures in parentheses following metal-lig8nd frequencies are the 
shifts towards lower frequency induced by Him-d3 labelling. 

sh Shoulder. 

w Weak. 

64 
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Table 21. Frequencies and band assigrm1ents in the infrared spectra 

of [M(Him) 2(x) 2J, (M = Co(II) or Zn(II); X = Cl or Br) 

Co Zn 
Cl . Br Cl Br .. Assignment 

3308 3339 3309 335osh 
'\>N-H 3272 3313 3260 327osh 

3152 3160 3154 3165 vC-H 3141 3152 3141 3151 
3133 3139 3133 3139 vC-H 
3120 3120 3120 3126 vC-H 
1538 1538 1540 1540 vring 
1512 1507 1515 1508 
1497 1489 1501 vring 1492sh 1493 1491 
1422 1422 1432 1425 vring 1412 1422 
135obr 135obr 1355br 1348br 
1315 1325 1328 1329a ')rlng 
1257 1255 1260 1260 oC-H 1254 1256 
1236 1236 comb. 1220 1222 1226 1214 
1177 1177 v~iilg 1168 1169 1170 1171 
1132 1127 1135 1129 oN-H 1122 1122 1124 1125 
1101 1097 1101 1100 oC-H 1098 1091 1098 1091 
1071 1069 1071 1069 oC-H 1063 1062 
952 951 952 95oa oring 
917 918 918 919 yC-H 
863 869 87osh 
852 845 865 864 o ring 
842 839 853 846 yC-H 833 833 844 832 
753 753a 754 758 yC-H 
735 723 740 706 yN-H 702 704 704 

679 682 yN-H 
650 648 649 642 yring_ 643Sh 
616 609 617 608 yr}.ng 612 613 
321 255br 298 23lbr vasym. M-X 
310 288 vsym. M-X 
276(3)b 283 (2) 250 (3) 250 (3) va.sym. M-N 
240(1) c 238(4) vsym. M-N 
205 187 (2) 195(9) 192(1Q)Sh o1M-Him + oM-N-C 
193(8) 183(9) 5h 184 (5) o,M-Him + o:M-N-C 

170(10) o-rM-Him + oM-N-C 
159 (6) 149 (6) 160 (10) 

153(4)Sh 148(4) o N-M-N 

Cont./ 
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Table 21 continued. 

a Mean of doublet. 

b Figures in parentheses following metal-ligand frequencies 

are the shifts towards lower frequencies induced by 
Him-d3 labelling. 

c vs)'\11.- Co-N masked by strong absorption at 255 cm-1. 

sh Shoulder. 

br Broad. 
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Table 22. Vibrational frequencies of pyrazinea and [Cu(N03) 2(pz)]n · 

pyrazine species(D2h) 

3080 
3060 (785) 
3060(803) 

3008 

2965 
2931 

1492 
1482 
1410 
1351 
1335 

1181 
1143 
1139 
1113 
1064 
1019 

1004 
[950] b 
825 
801 
786 

413(14) 
[40oJb 

} 

} 

} 

{ 

3132 
3112(793) 
3100(806) 
3078 
3061 
3033 
3011 
2949 
1494(0) 

1486 

1429 

1386 

1290 (0) 

1166 

1108 
112"3 
1081 
1015(0) 

1051 
835 
823 
814 
805(0) 
7 51 (O) 
708(0) 
498(29) 
493(32) 
341(2) 
22tJ. (2) 
205 ( 4) 
140(3) 
115(1) 

95 (2) 
73 (O) 
46(4) 
35\hv 

species(C2h) Assignment 

Au 
Au 
Bu 

Au 

Bu 

Bu 
Bu 
Au 
Bu 
Au 

Comb. 
vC-H 
vC-H 

Comb. 

vl N03 
vring 

vring 
vring 

v4 N03 

oC-H 

Comb. 
oC-H 
0ring 
v2 N)3 
Comb. 
yC-H 

yC-E 

v3 N03 
vs N03 
v6 _N03 yring 
yring 
v asyrn. 
vCu-N 

Cu-0 

a Assignments based on those of Sirnrnons83 and those of Lord et ai80 . 

b p· . b k . d f . 80,83-84 igures in square rac ·ets represent estlIBate requencies . 
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Fig. 8. 
-1 The infrared spectrLDTI (700-140 cm ) of the complex 

[Co(M) 2(pz)]n 
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Fig. 9. The infrared spectnun (700-140 cm-1) of the complex [Co(M) 2(pm)]n 
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Table 25. Frequencies, isotopically-induced shifts and infrared band 

assignments for trans-[Pt(gly)2]a 
......... . . . . . . . 

t>.v 
\) 

189 15N l-13c 2-13c 
Assignment 

2,2-a2 N,N-d2 2,2-a2 
+ N ,N-d2 .. 

"1 3230 4 822 819 vN-H asym. 

"2 3094 795 797 vN-H sym. 

"3 2984 2 12 829 823 vC-H asym. 

"4 2934 4 831 823 vC-H sym. 

"5 1650 18 29 6 4 vC=O 

"6 1607 6 2 15 6 400 475 vC=O + NE2 scissor 

"7 1439 2 374 369 CH2 scissor 
b 

"s 143lsh 24 5 10 70 56 76 vC-O+vC-C+NII2 twist 

"g 1375 5 4 9 18 22 44 vC-'J + vC-C 

"10 1333 8 10 25 136 vC-0 + NH2 twist 

"11 1294 5 14 3 247 242 vC-O+vC-C+NH2 twist 

"12 1247 4 217 239 NH,, t~vist ,_ 

"13 1187 2 248 256 CH2 twist 

"14 1026 3 12 18 101 171 234 vC-N ·:· C02 scissor 

"15 968 8 9 91 111 vC-C + CH2 rock 

'-'16 921 3lc 3 7 29 31 29 co2 scissor -:· CH2 rock 

"17 798 3 2 21 34 58 ] co2 rock + CI-I2 rock 

"18 754 13 2 5 29 120 125 + m2 rock 

"19 619 8 8 2. 9 21 43 co2 wag + NH2 rock 

"20 548 3 4 7 53 22 81 ring def. + vPt-N 

"21 497 8 5 27 18 39 vPt-N + vPt-0 

\)22 415 11 2· 8 10 vPt-0 

\)23 338 3 3 6 oO-Pt-0 

\)24 263 4 4 31 42 oN-Pt-N 

\)25 150 3 10 oPt-0-C 

\)26 128d 
\)2-7 god 

a All shifts to lower wavem.nnber. Absence of date implies ' -1 shift <l cm . 
b Shoulder. 
c Proceded by a residual 160-band. 
d See ref. 137. 
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Table 26. Frequency and isotopic shift data (on-1) for the complex 

cis-[Ni(gly)2 (H:im) 2] . Shifts of <l.5·cm-l are ignored. 
. . . . . . . . . . . . . . ........ 

·shift ....... 

Band* Frequency 18 15 13 13,., Assignment 
. . . . . . .. . . . 0 . . . N .l"'.. c .2"'.. ,(.,. 2 ,2"'.d2 . Him-d3 

vl 3318 8 20 

} vN-H(gly) V2 3282 7 14 

V3 3195 7 17 

V4 3150 
790 } 

\1- 3139 905 vC-H(H:im) 
~ 

v6 3127 820 

V7 2940 13 798 

1 Vg 2920 5 810 vC-H(gly) 

\) 1632 9 12 2 ] 9 
VlOt 1601 19 35 vC=O 

"11 1586 18 31 2 

"12 1541 3 6 NH2 scissor + vC=O 

iil3 1516 5 9 18 NH2 scissor+v Qlirn ring) 

"14 1492 56 J 
"15 1448 3 100 v(Him ring) 

"16 1434 4 5 17 CH2 scissor +v (Him ring) 

"17 1416 15 19 7 9 vC-0 + vC-C(gly) 

\118 1401 4 6 220 9 CH2 scissor+ vC-C (gly) 

\ll9 1355 20 3 19 5 20 4 vC-0 +vC-C(gly) + NH2 wag 

\)20 1344 4 8 193 19 CH2 wag + NH2 wag 

"21 1327 57 0C-H(Hin1) 

"22 1310 4 4 6 18 8 CH2 wag +vC-C (gly) + vC-0 

'>23 1294 3 6 97 16 CH2 wag + NH2 wag 

\124 1257 284 J 
v 1253 280 oC-H(I-Iim) 

25 
"26 1245 48 oN-H(Him) 

\)27 1188 4 2 104 7 CH2 twist + vC-C (gly) 

"2s 1145 45 oN-H(Him) 

\129 1133 3 2 2 28 10 NH2 twist + vC-C(gly) 

"30 1093 2 2 213 l 
\131 1067 . 250 oC-H(Him) 
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Table 26 continued. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .... ' 

........ ···shift· . ........ 

Band* Frequency 18 .15N. 13 13 Assignment 
.0 . l-:. c. .2"".. c . .2,2"".d2 . Him"".d3 

\)32 1052 14 18 4 4 vC-N(gly) 

\)33 957 11 10 11 vC-C (gly) 

\)34 944 3 3 4 4 vC-C(gly) +co2 scissor 

\)35 916 
,,. 

2 4 36 co2 scissor+ yC-H(Him) 0 

\)36 905 25 7 7 31 10 co2 g:issor + CH2 rock 

\)37 898 28 o (Him ring) 

\)38 850 118 

\)39 834 102 

\)40 831 99 yC-H(Him) 

\)41 763 129 

\)42 753 119 

\) 43 . 729 9 2 6 6 23 q co2 rock +CH~ rock 
· +NH roe~ 

\) 44 667 112} 2 
\)45 664 109 y(Him ring) 

\)46 624 100 

\)47 601 4 2 6 18 131 
\i48 583 9 6 2 31 10 co2 wag + chelate ring 

def. 
\)49 536 15 7 2 2 5 12 

\)50 510 11 4 2 42 is] \)51 498 7 2 2 40 co2 wag +vNi-N(gly) 

" 418 6 6 4 

81?] 
·52 vNi-N(gly) + vNi-0 
\)53 401 7 5 4 

\)54 306 6 2 2 2 13 vNi-0 + vNi-N (Him) 
+ vNi-N(gly) 

\)55 256 4 2 3 21] 
\)56 236 6 2 16 vNi-N(Him) + cSO-Ni-N(gly: 

\)57 203 3 2 15 cSO-Ni-0 + vNi-N(Him) 

\) 58 164 2 6 o(Him)N-Ni-N(Him) 

\)59 149 

* Hydrogen bonded vN--H(H:im) bands occur at 3093, 3046, 3037, 3015, 2921, 
2845, 2832, 2785, 2715, 2690, 2618 and 2595 cm-~ 

t v10 masks a v(Ilim ring) band which becomes resolved from the vC=O band 
in the 1-13c-labelled spectrum. 
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Table 27. Frequencies (cm-1), shifts (tiv, crn-1) and infrared band assignments 

for the complex [Pt(L~aJ.a) 2] and its Pd(II)- and isotopically­

substituted analogues* 

Band Frequency 

3225 
3209 
3103 
3003 
2985 
2943 
1655 
1606 
1457 
1450 
1392 
1384 
1360 
1348 
1307 
1289 
1268 
1246 
1231 
1119 
1108 
1094 
1038 

928 
917 
862 
819 
772 
765 
747 
699 
632 
617 

.. ·.605 
527 
418 
402 
359 
324 
289 
266 
234 
223 
158 

. . . . . . . - . . . . . . . . . . . . . . . . . 

. . . ti\) . 

+ 18 15 Assignment 
(Pt-,Pd) .... 0 .. N N ,N-,dz 2-d ,3-:d

3 
. 

-5 
-8 

-18 
3 
1 
3 

11 
3 

-18 
-7 
2 
0 

-3 
5 
3 

-1 
t 

22 
32 
1 

-3 
8 
2 
4 
:!; 

3 
21 
2 
3 

-1 
5 
9 

18 
18 
18 

8 
11 

3 
36 
7 
2 
J 
2 
6 

26 
9 

4 
3 

2 
15 

8 

2 
4 
3 

11 

20 
5 
7 

3 
9 
5 

14 
7 
6 

10 
10 

5 
4 
5 
3 
6 

8 

·5 
8 
5 

2 
3 

2 

2 
2 
2 

4 
4 
2 
2 
2 
2 
3 
4 
4 
5 

3 
3 
2 
4 
9 
9 
7 

2 

2 
2 
2 
2 
4 

. 818 
808 
795 

2 
422 

2 
9 

20 
2 

32 
18 
15 

319 
284 
283 
10 
37 
35 

200 
4 

27 
14 

178 
15 

2 
180 

3 
13 
31 
19 
27 
4 

23 
16 

9 

8 
15 

751 
749 
744 

2 

337 
337 
30 
71 

365 
377 

19 
40 

130 
64 
94 
56 
52 
45 

117 
26 
16 
13 
21 
13 
97 
34 
10 
19 
22 
10 
22 
13 
18 
14 
10 

4 
7 
9 

J vN-H 

J vC-H 

vC=O 
vC=O + NH2 scissor 

} CH3 deg.def. 

J vC-0 + vC-C 
CH3 sym.def. 
CH3 sym.def. + NH2 twist 

} vC-0 + vC-C + NH2 twist · 

J NH2 twist + vc-rn3 

} coupled vC-N 

J 

} 

vC-N_ + co2 scissor + CH2 rock 
C02 scissor + vC-C 
vC-N 
C02 scissor + vC-N 

co2 rock + CH3 rock · 
+ NH2 rock 

co2 rock 

co2 wag + ring def. 

vPt-N + vPt-0 
vPt-0 
vPt-0 + ring def. 

} ring def. 

oO-Pt-N 
oN-Pt-N 
oO-Pt-0 

'* Shifts <2 cm-1 ignored. t Frequency for Pt (II) complex minus frequency for 

Pd(II) complex. t No corresponding band observed in spectn.nn of Pd(II) complex. 
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Table 29. Frequencies, 15N-induced shifts (in parentheses) and band 

assignments in the infrared spectra of [Cu(Hgg)X] 

(X = Cl or Br) 

Cl Br Assignment 
........ 

3325 (6) 3321(10) vasym. N-H (amino) 
3268(8) 3291(12) vsym. N-H (amino) 
326la 3261a vO-H 
3112(20) 3111(19) vN-H-----0 
3012 3008 vC-H 
2970 2969 vC-H 
2938 2934 vC-H 
2924a 2924a vC-H 
1642 (5) 1641(10) vC=N 
1594 1591(3) vC=O (carboxyl) 
1579 (7) 1578(8) Ml2 scissor 
1562(8)a 1562(11) NH2. scissor 
1419 1422 } vC-0 + CH2 scissor, 1392 1392 
1371(1) 1367 vC-0 + vC-C and 

1301(1) 1301 vC-0 + CI-12 wag 

1273(2) 1276(3) NHz twist 
1251(2) 1253 (2) NI-12 twist 
1100(4) 1102 (5) vC-N 
1086(11) 1086(11) vC-N 
1038(9) 1037 (9) vC-N 
1023(8) 1023(9) vC-N 
937 (2) 935 COz scissor 
927 930 C02 scissor 
896 (3) 896 (2) . 1'.1H2 wag 
746(3) 740(4) NH2 rock 
720 720 (1) oring 
715 (3) 699(2) <Sring 
612 (5) 619 ( 4) oring . 
588 (2) 591 (3) <Sring· 
567(3) 570(2) <Sring · 
503 (8) 506 (8) vCu-N 
383(1) 390(5) Coupled vCu-N 
363 (2) 360 (3) Coupled vCu-N 
324 (3) 317(3) Coupled vCu-N 
271 271 (1) vCu-0 
262(1) 235(1) vCu-X 
187 170 oL-Cu-L 
160 151 <.51-Cu-L 

a Shoulder. 
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Table 30. Frequencies and ba.i1d assignments in the infrared spectra of 

Na2[M(gg) 2J.nH2o (M = Mn, n = 2; M = Ni, n = 9; M = Zn, n = 5) 

Mn .. . . Ni .. Zn .. Assignment 

3545 3527 3542 vO-H (water) 
344zbr 3451br 345obr vO-H (water) 
3338 3339 3338 vasym. N-H (amine) 
3z43br 3236br 324obr vsym. N-H(amine) + vO-H(water) 
3147 3157 3140 vN-H- - -0 
3088 3094 3092 vN-H---0 
2971 2971 2971 vC-H 
2936 2923 2932 vC-H 
1659 1652 1660 Amide I (vC=O) 
1643 1627 1645 Amide I ( vC=O) 
1600 1594 1600 NI-12 scissor 
1569 1575 1572 vC=O (Carboxylate) 
J427 1426 1427 
1404 1406 1405 
1381 1384 1383 
1324 1322 1324 vC-0 + CHa scissor, vC-0 
1311 1311 1312 + vC-C an vC-0 + CH2 wag 
1280 1282 1280 
1260 1257 1260 
1211 1206 1212 
1159 1157 1160 
1111 1107 1111 Coupled vC-N 
1095 1090 1095 Coupled vC-N 
1078 1076 1078 Coupled vC-N 
1041 1037 1040 Coupled vC-N 
1028 1025 1028 Coupled vC-N 

1003 
950 949 951 co2 scissor 
925 925 924 co2 scissor 
893 896 889 NH2 wag + oN-H 
753 754 754 NH2 rock + oN-H 
734 739 738 NH2 rock + oN-H 
611 614 612 COz rock 
524 528 527 vM-N (amine) 
459 465 465 vM-N + vM-0 
425 427 411 vM-N + vM-0 
355 370 355 vM-0 
329 335 325 vM-0 
294 304 oL-M-L 

240 226 oL-M-L 
203 210 197 oL-M-:L 

185 oL-M-L 
152 150 cSL-M-L 

br · Broad. 



Table 31. Frequencies and band assignments in the infrared 

spectrum of [Cu(gg)(H2o) 2] 

3386br 
3309 
3266 
3092 
2936 
2910 
1688 
1622 
1592 
1427 
1383 
1336 
1293 
1202 
1173 
1138 
1088 
1038 
1000 
932 
918 
s19br 
755 
725 
620 
543 
514 
473 
416 
381 
337 
305 
263 
206 
188 
160 

br Broad. 

vO-H (water) 
vasym., N-H 
vsym. N-H 
vN-H---0 
vasym •. C.-H 
vsym •. C-H 
Amide I 
NH2 scissor 
vC=O (carboxylate) 

vC-0 + CH2 scissor, 
vC-0 + vC-C and 
vC-C + CH2 wag. 

Coupled vC-N 
Coupled vC-N 
Coupled ·vC-N 
co2 scissor 
co2 scissor 
HzO rock 
NI-iz wag + :NHz rock 
+ oN-H. 

COz twist 
vCu-N (amine) 
vCu-N (amine) or vCu-0 (water) 
vCu-N + vCu-0 
vCu-N + vCu-0 
vCu-0 
'..>Cu-0 
oL-M-L 
oL-M-L 
oL-M-L 
oL-M-L 
oL-M-L 

92 
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3. ELECTRONIC SPECTRA AND MAGNETIC MOMENTS 

Table 32. Electronic transition energies and magnetic moments 

for the base adducts of metal(II) acetylacetonates. 

Transition lleff. Complex energy Assignment (B.M.) (kK) 

[Co (AA) 2 (Him) 2] 9.9 4T ..(- 4T 4.26 2g 4 lg 
19.1 4T1g(P) + T 

3 lg 
[Ni (AA) 2 (Him) 2] 10.5 3T + A 2.62 

3 2g 3 2g 
17.2 T + A 

[Co (AA) 2 (pz) ]n 10.1 
4 lg 4 Zg 
Tzg + T 

4 lg 
18. 7 41 (P) + T 

[Ni(AA) 2 (pz) ]n 10.2 
3 lg 3 lg 
T + A 

3 2g 3 Zg 
17.4 T + A 

[Co(AA) 2 (pm) ]n 10.3 
4 lg 4 Zg 
Tzg + T 

4 lg 
21. 5 :Tlg(P) .k T 

[Ni (AA) 2 (pm)] n 10.6 
3 lg 

Tzg + A 
3 Zg 

17.7 3T + Ar 

[Co(AA) 2 (pd) 2] 10.4 
4 lg 4 Lg 
Tz + Tlg 

19.6 4Tl~(P) + 4T 
3 lg 

[Ni (AA) 2 (pd) 2] 10.6 3T') + A 
3 l.g 3 2g 

17.7 T + A 

[ {Co (AA) 2} z (pd) J 8.9 
4 lg 4 Zg a 

4.09 T..,g + T 
4 lg 

17.1 4r~g(P) + T 
3 lg a 

[{Ni (AA) 2} z (pd) J 8.5 3T + Azg 2.71 
3 2g 

16.8 Tlg + 3A 
2g 

a Asswning octahedral goemetry for the complexes 
[ {M(AA) 2 }2 (pd)]. 
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Table 33. Electronic transit.ion energies for t,l1e metal (II) 

complexes of salicylaldehyde and their adducts . · 
. - . . . -

Transition· 
Complex energy Assignment 

. (kK). 

[Co(Sal) 2] 9.5 4T + 4r 2g 4 lg 
19.6 4Tl (P) + T~ 

[Co(Sal) 2(H2o) 2] 9.7 
4 g 4 J.g 
Tz + T 

4Tl:(P) 
4 lg 

19.6 + Tlg 
[Co(Sal) 2 (py) 21 10.4 4T + 4T 

4 2g . 4 lg 
18.5 T (P' + T 4 lg ) 4 lg 

[Co(Sa1) 2(Him) 21 9.5 . Tz + T 

4Tl:(P) 
4 lg 

20.0 + T 
4 lg 

[Co(Sa1) 2(pz)1n 10.l 4T + 'T' 

2g /lg 
18.0 4T (P) + T 

4 lg lg 
[Co(Sal) 2 (pm) ]n 10.3 Tz + 4T 

4Tl:(P) 
4 lg 

18.9 + T (Y 

7 lb 
[Ni(Sal) 21 9.7 3T + .JA 

3 2g 3 2g 
16.3 T + Azg 3 lg 

[Ni(Sa1) 2(H2o) 21 9.7 T + 3A 
3 2g 3 2g 

16.4 T + A 
3 lg 3 2g 

[Ni (Sal) 2 (py) 21 10.9 T + A • 
3 2g 3 2g 

18.0 T + A 
3 lg 3 2g 

[Ni (Sal) 2 (Him) 2] 10.4 T,., + A 
3 ... g 3 2g 

17.7 T + A 
3 lg 3 2g 

[Ni (Sal) 2 (pz)] n 10.4 T" + A 
3 L.g 3 2g 

18.0 T + A2a 

[Ni(Sal) 2(pm)]n 10.2 
3rlg 3 "' + A 
3 2g 3 2g 

17.5 Tlg + A2g 
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IV I DI SC USS I ON 

1. INFRARED SPECTRA OF IMIDAZOLE COMPLEXES OF METAL(II) 
HALIDES, PERCHLORATES AND NITRATES 

1.1 Band assignments in the infrared spectn.nn of irnidazole and 

examination of the ratio vD/vH for bands assigned ta C-H(D), 

N-H(D) and ring vibrations in irnidazole and its complexes 

Comparison of the spectn.nn of imidazole (Hirn) with that of Him-d3 

and Hirn-d4 (Table 15, Fig. 19) shows that the ratio between the frequencies 

(vD/vH) of corresponding bands falls into two ranges, 0.74 to 0.83 for 

bands involving C-H vibrations and 0.83 to 1.00 for ring vibrations. 

The lower ratio obtained for C-H modes is to be expected since these 

vibrations involve the hydrogen atoms and are therefore more sensitive 

to deuterium substitution. Three such ratios may be obtained for Him, 

namely vD1 ;}I4, vD3 ;}14 and vD4 /vH4, where the latter two ratios are 

nearly identical except for the N-H(D) vibrations, in which case the first 

and third ratios are very close in value, ranging from 0.61 to 0.76. 

Such ratios obtained for the C-H and ring vibrations agree very well 

with those reported 158 - 159 for other aromatic arid heterocyclic bases, 

0.74 to 0.83 and 0.83 to 1.00 for C-H and ring modes, respectively. 

This ratio approach has also been applied to the vibrational spectra 

of naphthalene and naphthalene-d8 and values of vD/vH approximating 

0.75 for C-H and 0.90 for ring modes were obtained. 160 Similar ratios 

have been observed by other workersl 6 1 for pyridine and aniline. 

TI1e infrared spectra of a diverse variety of metal complexes comprising 

such ligands as quinoline, pyridine, aniline and their fully deuterated 

analogues have been examined in this laboratory1 sa-, 159 with the aim of 
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determi.T}.ing the ratio vD /v8 for C-H and ring vibrations as an aid to 

assignments. With very few exceptions, the ratios parallel those of 

the free parent ligands. 

These ratios may serve as an effective distinction between C-H and 

ring vibrations in aromatic ar1d heterocyclic compounds. 161 The potential 

usefulness of such results lies, however, in the absence of overlap 

between the ratio ranges 159 suggesting that the observed ratios may serve 

to distinguish between C-H and ring modes in metal complexes as in the 

parent ligands. The ratios observed for the Him complexes discussed 

here exactly match those for the free ligand. Distinction between these 

vibrations and metal-ligand modes, or bands originating in the vibrations 

of other functional groups or other coordinated ligands has also been 

achieved, 159 the latter generally yielding vD/v
8 ratios very close to unity. 

Where apparently anomo.lous ratios are observed, the possibility of 

incorrect assignments or vibrational coupling must be considered. 161 

These ratios will be further discussed with regard to the band assignments 

in the spectrum of Him and its variously deuterated analogues. When 

more than one band occurs for each mode of vibration, the mean value of 

the frequencies is taken for the purpose of determining the ratio. 

the 

Imidazole crystaJlize~ in the monoclinic systeml6 2 and belongs to 
5 

space group P2
1
/c (C2h) h::iving four molecules per unit cell. The 

crystal contains infi.1ite chains of N - H N hydrogen-bonded molecules.162 

The only syrrnnetry element of an Him chain (I) is a glide plane parallel 

to the c-axis, 162 which corresponds with C syrrnnetry. 
s 

Using this, 21 

fundamental vibrations are expected for an Him molecule, represented by 

1SA1 + 6A 11 . Vibrations of the A1 type involve in-plane motions, 

while the A11 vibrations whose characters are negative with respect to the 
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---~c 

·(I) 

plane of symmetry will be out-of-plane motions, all of which should be 

both infrared and Raman active. These vibrations are described in 

Table 34. 

Table 34. 

Species (Cs symmetry) 

1SA1 

6A 11 

Description 

vN-H 
3vC-H 

oN-H 
3oC-H 
Svring 
2oring 

yN-H 
3yC-H 
2yring 

The infrared spectrum of Hirn has been extensively studied in both the 

solid and solution states.69-71,163-165 The band assignments in the 
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spectrum of Him proposed in Table 15 and depicted in Fig. 19 are based . 

on the effects of d1-, d3- and a4-labelling and on the reported 

assignments by Perchard et az.69-71 whose work appears to be the most con­

clusive for this system. Assignments for the internal modes of undeuterated 

Him proposed here are identical with those previously reported~9-70 

However, some assignment changes in the spectra of the variously 

deuteratedmolecules are proposed on the basis of the results of the 

deuteration studie$ and on the expected values of the ratio vD/vH. 

'Ibe 3100-2200 on-l region of the spectrum consists of a massive 

envelope of bands attributed69 to H-bonded N-H stretching modes, with an 

intensity maximum near 2800 cm-l It has been suggested71 that the 

numerous other bands extending duwn to 2200 cm-l may involve Fermi 

resonance of the vN-H fundamental (near 2800 cm-1) with various combina-

tions and overtones. Two sharp bands occur·above 3100 cm-l which are 

attributed to vC-H. -1 60 'Ibe moLe intense absorption at 3123 cm probably J 

comprises overlap of two of the three expected C-H stretching modes. 

TI1e five ring stretching modes of the .4 1 species occur at 1541, 1490, 

1450, 1320 and 1145 cm-l (doublet). Of the three oC-H modes, that at 

1260 an-l is shifted to 959 cm-l in the Him-d3 spectrum, thus overlapping70 

with the oring band at the smne frequency. It becomes clearly visible, 

however, in the spectrum cf Him-d4 at 947 cm-1. 'Ibe oC-D band 

corresponding to oC-H at 1099 cm-l in the Him spectrum has been placed70 

at 879 cm-l in the Him-d3 spectrum, and at 849 cm-l in the spectrum of 

Him-d4. It is suggested here that the 849 cm-l and 833 cm-l bands in 

the Him-d4 spectrum and the 854 cm-l and 834 cm-l bands in the Him-d3 
spectn.nn are oC-D since this yields an appropriate vD/vH value of 0.77. 

TI1e remaining oC-H mode is assigned to the 1052 cm-l vibration, and the 

1243 an-l band is assigned to oN-H in agre~ment with previous work. 70 
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The oring- mode at 894 an-l in the Him spectrum was left unassigned7 0 in 

the Him-d3 spectrum, but may originate in the 879 cm-l band previously 

assigned7 0 to oC-D. 

Of the six fundamentals of the A 11 species, the assigrunents for two 

of the yC-H modes at 924 and 750 crn-l (doublet) are in agreement with 

.those previously made, 7 0 while changes in assigrunent of yC-D (corresponding 

to yC-H near 830 cm-1) in the Him-d3 and Him-d4 spectra are proposed 

on the basis of their vD/vH ratios. This vibration was previously70 

ascribed to the band near 725 an-l in the spectra of Him-d3 and Him-d4, 

yielding ratios of 0.87 which is anomalously high for a C-H vibration. 158-l61 

For this reason, assigrunent of the doublet near 660 crn-1 , and the band at 

666 crn-l in the spectra of Him-d3 and Hirn-d4 respectively, to yC-H, 

is preferred. These assignments yteld ratios of 0.80 which lies within 

the range expected fur such vibrations. No specific band may be 

as~igned to yN-H. Perchard et az. 7 0 estimated it to occur near 930 crn-l 

and considered that it may be masked by adjacent absorptions. They 

assigned a 670 crn-l vibration in the spectrum of Hirn-d1 to yN-D (this is 

considered to correspond with the 660 crn-l band in the present work). 

A unique band in the Hirn-d1 spectrum, however, is that at 554 cm-1, which 

is therefore only reasonably assignable to yN-D. This band recurs in the 
-1 Hirn-d4 spectrum at 566 cm . Us:L.1g the factor group C 2h Perchard and 

co-workers 71 determined the number of lattice vibrations of Him and 

assign~d the weak 174 cm-l band to a translational lattice mode. 

Practically all the inten1al modes in the spectrum of Hirn recur in 

the spectra of the complexes and, in both cases, similar values of the 

ratio vD/vH are observed. Ratios of the C-H(D) modes and ring modes span 

ranges of 0.74 to 0.81and0.84 to I.CO, respectively, -with the exception 

of the iSring band near 950 cm-l which undergoes a slight high frequency 
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shift70 on deuteration to yield (as it does in the spectnnn of the free 

base) an anomalous ratio of 1.03. This value approximates the square · 

root of the mass ratio mi/m, where mi is the mass of Him-d3 or Him-d4. 

In contrast to the complicated absorptions of the H-bonded N-H stretch 

in the spectnnn of free Him, complexation results in clearly defined N-H 

stretching bands above 3200 cm-1. The positions of the N-H deformational 

frequencies in the spectra of Him complexes are known62 to be highly 

dependent on the nature and extent to which they partake in H-bonding; 

oN-H (in the complexes studied here) spanning the frequency ranges 1250 

-1 -1 to 1100 cm and yN-H 940 to 700 cm . The remaining bands are 

approximately concurrent in the spectra of the free ligand and the 

complexes. Ratios for the N-H modes in the cornplexes are almost identical 

to those pertaining to the free ba.se, ranging from 0.60 to 0.75 for the d1-

and d
4

- and from O. 95 to 1.00 for the d3-labelled complexes. 

1.2 The complexes [M(Him)~J12 , where M = Co(II), Ni(II) and Zn(II) 

Hexakis(imidazole)nickel(II) nitrate appears to be isomorphous with 

the Co(II) analogue, 51 ,l66 both having the rhombohedral space group R3. 

Complete assignments for the low frequency infrared and Raman spectra of 

the Co(II) complex65 have been made in single crystal studies (for which 

this complex is ideally suited since the point group, site group and 

factor group6 5 are all s
6
). In the present study the corresponding 

Zn(II) complex (Fig. 2) is also discussed, and band assignments in the 

far-infrared are based on the effects of Him-d3 labelling and metal ion 

substitution. It is clear from the band-for-band correspondence of the 

mid- and far-infrared spectra (Table 16, Figs. 20 and 21) of these complexes 
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that the Zn(II) analogue is octahedral and isostructural (not necessarily 

isomorphous) with the Co(II) and Ni(II) complexes. Infrared spectra 
-1 .· 

(4000 ~ 300 cm ) of a1-, d3- and a4-labelled [Co(Him) 6](N03) 2 were 

recorded (Table 16, Fig. 20) for the purpose of facilitating band 

assignments and to ascertain whether the ratios vD/vH conform with those 

for the free base. Examination of the ratios in Tables 15 and 16 show 

that these values are similar. 

Crystal structure analysis 51 of the Ni(II) complex reveals that the 

nitrate groups are essentially ionic with synnnetry c3, which is not 

sufficiently distorted85 , 91 , 167 from D3h synnnetry (the synnnetry of an 

isolated nitrate ion} to cause splitting of degeneracies or induce ~ctivtty 

of infrared inactive modes. Assigrunents of the nitrate modes are 

reported in Table 35. Of the four normal modes of vibration of an ionic 

nitrate group, v1 (which occurs in the 1050 cm-l regionBS,~l,l6 7 ) is 

infrared inactive, 85 but often appears in the spectra of complexes 

where the nitrate ion is outside the coordination sphere.9 1 

Table 35. 

Frequency (cm-1) Assignment 

Co(II) Ni(II) Zn(II) 
1374 1373 1374 v3 vasym.N03 

825 827 828 v 2 oN03 
710 715 712 V4 0N03_ 

This is attributed to relaxation of the free ion selection rules under 

the constraint of the field within the crystal. All three spectra 

reveal the absence of v1 (vsym. N03) whiley2, v3 and v4 arise within 

the regions expected85,9l,l67 for ionic nitrate. ·That the intensity of 

the v 2 band increases and shows an apparent shift ori. Him-d3 and Him-d4 



labelling is due to its coincidence with oC-D of H1~-d3 and Him-d4 

~ these spectra .. 
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All the skel~tal vibrations (of which one asyrrnnetric stretch and 

one N-M-N bending mode are expected on the basis of Oh point group symmetry) 

· are confined to the region below 300 cm -l (Fig. 21) . It is generally 

agreeds 7 ,61,64-Gs that the strong band of highest frequency is vasym.M-N. 

Nakamoto64 found that the equivalent band in the spectra of [M(Him) 6]c12 

(M = Ni or Zn) exhibited the largest metal-isotope shifts in this region. 

The Him-d3-induced shifts (Table 16) in these bands in the nitrate 

complexes are lower than the shifts experienced by the remaining bands in 

the 300-140 cm-l region but are of the magnitude expected for a reJatively 

pure vM-N band. Furthe1inore, they are strongly metal ion dependent in 

the order of CFSE's Co(II) < Ni(II) > Zn(II). Four opinions exist as 

to the origins of the remaining one (or two) bands above 140 cm-1. One 

view61 considers that these weaker bands might be components of the 

T1 stretching mode due to departure from Oh syrrnnetry. Eilbeck mid co-
~u 

workers57 tentatively assigned the 200 cm-l vibration in [Co(Him) 6]Cl2 

to oN--M-N, while Nakamoto64 suggests them to be ligand modes because the 

Hi.11 spectrtnn exhibits a weak band near 180 cm-l (assigned71 to a trans-

lational lattice mode). Adams,65 however, gives good reason to suggest 

that these bands originate in M-Him torsional modes and modes involving 

oM-N-C. While these bands were found6 4 .to yield no appreciable metal-

isotope shifts, they are strongly deutero-sensitivc. 

It is difficult to make reliable assignments for these bands since 

they are rather close to vM-N to warrant their assignment to oN-M-N. 

In the past however, similar bands in pyridine complexes have been 

assigned33 ,85,l6B to oN-M-N. Adams65 points out that numerous complicated 

defonnational modes are likely to arise in complexes with donor ligands 
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Fig. 21. 

Him 
Co 

Him-d3 

I I 
Him 

Ni 

Him-d3 

Him 
Zn 

Him-d3 

300 200cm-1 

The infrared spectra (300-140 cm-1) of the complexes 

[M(Him) 6] (N03) 2 and their Him-d3 labelled analogues. 

Solid bands: vM-N 

105 



106 

such as these heterocycles, which may manifest themselves in various M-L 

torsions and deforlllations in the vibrational spectra. Both bands are 

nevertheless strongly metal ion dependent indicating some fonri of M-L 

character and furthermore, their shifts on a3-labelling are much 

greater than the expected shifts (t.v "' 3 cm-1) based on a simple diatomic 

oscillator model. It is probable that a defonnation of the fonn o.M-N-C 

will yield a larger shift than that of a M-N stretch or N-M-N bend and on 

this basis these bands are assigned to oTM-Him + oM-N-C. 

1.3 The complexes [M(Him) 6] (Cl04)2, where M = Mn(II), Fe(II), Co(II) 
and Ni(II) and [Zn(Him) 5] (ClOLJ.)_2 . 

Imidazole readily forms stable hexakis-complexes with Mn(II), Fe(II), 

Co(II) and Ni(II) perchlorates, whereas the Zn(II) perchlorate complex 

prefers five-coordination. With the exception of the far-infrared 

spectrum of the Co(II) complex (Figs. 3 and 23) the striking similarities 

in band patterns in the spectra of the complexes of Mn(II) through Ni(II) 

is sufficient evidence of their isostructural nature. The mid-infrared 

spectrum (Table 17) is characterised by two N-H stretching bands near 
-1 -1 3360 cm and a shoulder near 3437 on , whereas the spectrum of the 

five-coordinate Zn(II) complex exhibits a single broad band at 3320 cm-1. 
-1 The y ring mode near 600 cm occurs as two bands in the spectra of the 

complexes of t-·h1(II) through Ni(II) while that in the Zn(II) spectrum 
-1 

occurs as a shoulder at 609 on . The only complex in this series to 

have previously received attention6 0 is that of the Co(II) salt, for which 

the value of µeff· (5.10 B.M.) is typical of high-spin octahedral Co(II). 

Reported infrared spectra 6 o ( 4000 - 700 on -l) sunmlarized the perchlorate 
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vibrations from which it was concluded that the perchlorate ions are 

essentially ionic. 

The free perchlorate anion has a-regular tetrahedral structure85,167 

169-170 arid belongs to the Td point group. Its nine vibrational degrees 

, of freedom are distributed between four fundamental modes of vibration, 

In the spectra of ionic perchlorates, 

the triply degenerate modes are infrared active; v 3 occuring85 near 

ll(X) cm-l as a very broad band which is occasionally split168 while v4 

is observed in the 625 cm-l region. The non-degenerate vl, theoretically 

forbidden in the infrared, often occurs 16?,l69 as a very weak band near 
-1 . 930 cm · owm.g to some relaxation of the Td syrrnnetry criteria in a field 

of somewhat lower S}1Tll11etry. While the effect of coordination of the 

perchlorate group is likely to bring about major differences in the 

infrared spectrum, minor shifts or splittings may result from lowering 

of the group's site syrrnnetry or from vibrational coupling between perchlorate 

groups in the unit cell. The bands assigned to perchlorate modes are 

listed in Table 36. From the nature and frequencies of these vibrations 

it may be concluded that the perchlorate groups obey the selection rules 

for a.'1 ionic and tetrahedral anion, although activation of the inactive 

v2 mode is evidenced by a weak band at 464 cm-l This absorption is 

extremely weak in the spectrum of the Zn(II) complex. The asymmetric 

Table 36. 

Frequencies .(cm-1) 

Mn(II) Fe(II) Co(II) Ni(II) Zn(II) Species Assignment 
,{Td) 

1130 1130 1130 1130 1145 

] 1111 1111 1111 1111 1110 T2 v 3 vasym. 
1084 1084 1084 1085 1087 

621 621 621 621 621 T2 V4 oasym. 
464 464 464 464 463a E V2 osym. 

a Very weak. 
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defonnation, v4, is readily identified at 621 crn-1 by its insensitivity 

towards deuteration of the Him ring and the broad diffuse v 3 absorption 

has three intens1ty maxima in the 1100 crn-l region. 

The metal-ligand vibrations, below 350 crn-l (Fig. 23) in the spectra 

of the complexes of .Mn(II) through Ni(II) exhibit essentially the 

same band patterns as their corresponding nitrates. The asymmetric 

Ni-N stretching mode occurs at the same frequency as vasyrn Ni-N in 

The spectrum of the Co(II) complex is exceptional in 

that this band, is split, giving two strong absorptions at 243 and 224 crn-l 

undergoing equivalent shifts (tiv = 4 an -l) on <leuteration. In the · 

light of the reported magnetic moment and electronic spectrum, 60 both 

of which support octahedral sterochemistry, splitting of vCo-N must be 

considered evidence for some deviation from Oh syi1nnetry. Support for 

these assignments of vM-N is revealed by their strong metal ion 

dependence in the order of CFSE's: .Mn(II) ;1;: Fe(II) < Co(II) < Ni(II). 

The remaining two bands between 200 and 140 cm-l are probably the same 

as those bands assigned to torsions and oM-N-C in the spectra of the 

nitrate complexes. In these spectra they are, however; significantly 

weaker in intensity; TI1ese bands show, with the exception of Fe(II), 

a correlation with metal ion substitution equivalent to that of v~1-N, 

while their a-sensitivities-are, once again, equal to or greater than 

those observed for vM-N. They are therefore similarly assigned to 

o-rM-Hirn + oM-N-C. 

The anomalous spectn.nn obtained for the Zn(II) complex is evidence 

for its unique structure. Five-coordinate Zn(II), of which there are 

munerous 1mown examples, 1 71 appears to fonn tetragonal pjramidal structures 1 71 

rather than the other idealized geometry of a trigonal bipyramid for 

five-coordinate complexes.. Assuming that the perchlorate ions are not 

coordinated, as appears to be the case from their band pattern which is · 
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Him 
Mn I ;;. 

Him-d3 

Him 
Fe' 

Him-d3 

Him 
Co 

Him-d3 

Him 
Ni 

Him-d3 

Him 
a 

Zn 

Him-d3 

300 200 cm-1 

Fig. 23. -1 The infrared spectra (350-140 cm ) of the complexes 

Solid bands: vM-N 
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identical tc that of the six-coordinate complexes (Table 17), the 

structure proposed for this complex is that cf a square based pyramid. 

On this basis the three bands .above 250 cm-l in the infrared spectrum 

are assigned to vZn-N. The fact that these bands arise at the same, or 

higher, frequency than vNi-N in [Ni(Him) 6](Cl04) 2, assists in verifying 

the structural assignment of the Zn(II) complex. It is well knownl72 

that when the bonding capacity of the metal ion is distributed over fewer 

bonds, the values of vM-.L will be higher than would be the case for 

a complex with a greater coordination number. This phenomenon has been 

demonstrated on numerous occasions, one example33 being the transformation 

of polymeric octahedral [Co(py) 2c12], (vCc-N = 182 cm- 1) into monomeric 
-1 tetrahedral [Co(py) 2c12], (vCo-N = 248 and 208 cm ). In the case of 

the tetrahedral complex, the bonding capacity of Co(II) is distributed 

over four bonds rather than six in the octahedral complex. Both 

values of vCo-N are at higher frequency than that for the octahedral 

complex. The two bands below 200 cm-l correspond, in position, with 

those assigned to o,M:-Him + oM-N-C in the spectra of the octahedral 

complexes. The 195 cm-l band is similarly assigned, on the basis 

of its position arid its strong d-sensitivity, while the 176 cm-l band, 

which shows no sensitivity towards deuteration, is assigned to a 

coupled mode involving oN-M-N since this is the region in which such 

a mode is anticipated i.e. roughly half the frequency of the M-N 

stretching mode. 
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1.4 The complexes [Cu(Him) 4(Cl04) 2], [Cu(Him)~™2 ], [Zn(Him) 4] (Cl04) 2 
and [Zn(Him) 4 (N0~2l 

The crystals of [Cu(Him) 4(Cl04)2] are monoclinic, 5 3 space group 

P2 /n, with two formula units in the unit cell. The six-coordinate 1 . 
0 

octahedral complex possesses two short Cu-N bonds differing by 0.012 A 
0 

and a long Cu-0 bond of 2.625 A completing the trar.s~octahedral stereo-

chemistry. 53 The hydrogen atoms on the pyrrole nitrogens take part in 

two types of H-bond53 to oxygen atoms of the perchlorate groups. This 

is well reflected in the N-H stretching region of the infrared spectnnn 

(Table 18,, . Fig. 24) by two vN-H peaks. The crystal structure analysis 53 

indicates that the symmetry of the monodentate perchlorate groups 

approximates that of the free ion. Tetragonal distortion along the 

Cn-0 bonds evidently has the effect of lowering the Cu-0 covalent 

character, thus preserving most of the ionic nature of the perchlorate 

groups. This fact is evident from the infrared spectrum (Table 37, 

Fig. 24) where the degenerate perchlorate modes, v3 and v4, which 

display structure, are essentially the same as those in the spectra of 

[M(Him)5](Cl04) 2. The point of significa:11ce in the present case is the 

Table 37. 

Frequency (cm~ 1) · 

[Cu(Hirn) 4 (Cl04) zl 

1135 
1111 

1070 

a 
b 

930a 

625 
462b 

Weak. 
Very weak. 

.[Zn(Him) 4] (Cl042_z 

1120-1060 

622 
464b 

Species 

T2 

Al. 

T2 

E 

(Ta!_ 

} 

Assigr....11ent 

v3 vasym. 

v 1 vsym. 

v4 oasym. 

v 2 osym. 
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increased frequency separatiOn between the two lower frequency 

components of v3 • The asymmetric deformation, v4 , occurs as a single 

absorption at 625 an-1, while v1 and v2 , which are theoretically infrared­

inactive in Td symmetry, but often observed169 - 170 in the spectra of 

ionic perchlorates, occur a5 weak bands at 930 and 462 an-1. All these 

assignments are supported by absence of sensitivity to deuteration. 

The Zn(II) ion in [Zn(Him) 4] (Cl04) 2 is tetrahedrally coordinated54 

to four Him molecules whose pyrrole N-H groups are H-bonded to oxygen 

atoms of the approximately tetrahedral ionic perchlorate groups. Th.e 

perchlorate spectrum (Tables 18 and 37) agrees well with those of the 

hexakis-complexes, with the exception of "3, which occurs as one 
-1 continuous absorption over the range 1120 to 1060 an It is 

distinguished, however, from the spectrum of [Cu(Him) 4(Cl04) 2] by the 
-1 

absence of v1 , while v 2 is again seen as a very weak band at 4M cm 

Tetrakis(imidazole)copper(II) nitrate forms orthorhombic 

crysta1s 56 (space group rna24 , Z = 4) whose geometry is similar to 

that of the perchlorate complex i.e. tetragonally distorted along the Cu-0 

(nitrate) bonds with four Him molecules defining the equatorial plane. 

The infrared spect:::um (Table 19) exhibits nitrate absorptions differing 

considerably from those in the spectra of [M(Him) 6](N03) 2 and this is 

attributed to their monodentate coordination in [Cu~Him) 4 (N03) 2 ]. This 

has the effect of lowering the point symmetry of the nitrate entity 

so as to approximate85 ' 91 c2v symmetry, thus lifting degenerate modes 

and activating all six vibrational degrees of freedom. 

correlation is shown in Table 38 together with the corresponding . 

assigrunents. Both vasym.and vsym.N02 occur as strong absorptions at 
-1 -1 1399 and 1343 an , respectively. vN-0 is observed at 1049 cm , and 

-1 oasym.N02 occurs at 709 cm as evidenced by their insensitivity 
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towards deuteration. The symmetric bend, v3, which generally 

occurs in the 740 an-l range85 ' 91 is probably obscured by the 

strong Him absorptions in this region. 

Table 38. 

Ionic nitrate Monod:entate nitrate Frequency (cm-1) 
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(D3h syrrnnetry) (C 2v symmetry) [Cu(Him)4(N03)zl [Zn(Him) 4(N03) 2] 

v1 A 1 vsym.N02 ~ V2 Al vsym. N..,.O 
1 

V2 A 11 
2 

oNo2 ---?>- v5 Bl oop.rock 

V3 El vasym.N02 ---?- V1 Al vsym.N02 
~ 

v4 B2 vasym.N02 

w El r Planar rock~ v3 -4. 1 osym.No2 

~ vs B2 oasym.N02 

The close similarity between the 

1049 1035 

823 813 

1343 1321 

1399 1406 

not observed 718 

709 '703 

-1 infrared spectra below 300 cm 

of [Zn(Hjm) 4](Cl04) 2 and its corresponding nitrato-complex is misleading. 

Examination of the nitrate spectYUJn (Tables 19 and 38) of the Zn(II) complex 

shows that v 3 is split into two strong absorptions in the 1410-1320 cm-l 

region, and that v4 is also· split. In fact, the band pattern is 

identical to that observed in the nitrate spectYUJn of [Cu(Him) 4(N03) 2] 

and is consistent85 ,9 1 with covalent bond formation between nitrate a.i1d 

Zn(II). In view of this evidence, the Zn(II) complex is formulated 

[Zn(Him) 4(N03) 2] with monodentate nitrate groups occupying axial sites 

of the octahedron. This is consistent with the findings of Goodgame 

and co-workers. 6 i It has been established9 1 that the position of 

vN-0 in monodentate nitrato-complexes is symptomatic of the strength of 
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the M-0 covalency. Comparison of the frequencies in Table 38 for the. 

Zn(II) and CU(II) analogues shows that v2 (vN-0) for monodentate nitrate 

in the Zn(II) complex is some 14 cm-l lower in frequency than the 

corresponding nitrate band in the Cu(II) complex, indicating a stronger 

Zn-0 than Cu-0 covalent bond. This is consistent with tetragonal 

distortion56 in the direction of the Cu-0 bond in the Cu(II) complex. 

That the frequency separation between v1 and v4 is greater irt the Zn(II) 

complex may also be a measure of the M-0 bond strength. 

The metal-ligand modes below 350 cm-l in the spectrum of 

[Cu(Him) 4(Cl04) 2] are best descrihed in terms of the Ci site symmetry56 

of the Cu atom, rather than the point gro~p symmetry D4h. The 

distribution of the relevant modes for D4h symmetry together with the 

corresponding modes for c. synunetry cire shown in the correlation in 
i. 

Table 39. This symmetry has the effect of generating both asymmetric and 

symmetric Cu-N stretching modes which are recognised as those bands at 307 

and 286 cm-l in the inf~ared spectrwn (Fig. 25). It is expected that 

vCu-0 occurs below 140 cm-l since the Cu-0 distance 56 is long and all the 

bands occurring above this frequency exhibit strong d-sensitivities. 

Table 39. 

D4h (Point group) ------::;.. c. (Site group) 
i. 

E vM-N ---? 2A (vasym.M-N + vsym .. M-N) u u 

A2u yl\1-0 -....;... Au vM-0 

A2u :: ) 82u Skeletal deformations 

2E 2A u u 



Octahedral 

[Cu(Him)4(Cl04)2] 

-Him-d3 

Octahedral 

[Cu{Him)4(N03)2] 

-Him-d3 
\ \ \ 

~I 
I 

Tetrahedral 

[Zn(Him)4 ]{Cl01J 2 

-Him-d3 

Octahedral 
[Zn(Him)4{N03} 2] 

\ \ 
-Him-d3 

·: 300 200 cm-1 
\ -

Fig. 25. Infrared spectra (350-140 cm-1) of [Cu(H?n) 4(Cl04) 2], 

[Cu(HiTil) 4 (N03) 2], [Zn(Him) 4] (Cl04) z and (Zn(Him) 4 (N03) 2). 

Solid bands: vM-N (Him) 
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The bands arising at 246 and 228 cm-l appear to have the sai-r.e origin 

a~ the bands assigned to o!M-Him + oM-N-C in the spectra of the hexakis­

complexes since they occur at similar positions in relation to vM-N .. 

-1 and are equally sensitive to Him-d3 substitution. The weak 167 cm 

absorption is assigned to oN-Cu-N on the basis of its shift on labelling 

and its position with respect to the vCu-N bands. 

The Cu-N stretches in the spectra of [Cu(Him) 4(N03) 2] and 

[Zn(Him) 4(N03) 2] occur as single strong absorptions at 290 and 271 cm-1, 

respectively. It has been suggested61 that the 271 on-l band in the 

Zn(II) complex is vZn-0 (nitrate). This appears unlikely for two 

reasons. Firstly, it has ad-sensitivity matching that of most of the 

bands assigned to vM-N in t11e complexes studied here and St!Condly, it 

'seems unlikely that vZn-0 would occur some 69 cm-l higher than any 

other band that may be assigned to vZn-N. Finally, this assignme~t 

agrees well with the corresponding assignments for the Cu(II) complex, 

being in the expected order of CFSE's of Cu(II) > Zn(II). The r~maining 

one (or two) bands occurring above 180 cm-.l are, on the basis of their 

d-sensitivities and positions with respect to similar bands in the 

he:x:akis-complexes, assigned to oTM-Him + oN-M-C while the band belcw 

170 cm-l is assigned to oN-M-N. 

1. 5 The complexes [Cu(Him) 4x2], where X = Cl, Br or I . 

Perchard and Novak62 reported a thorough investigation of the 

ligand modes in the infrared spectra of the chloride and bromide 

complexes. Together with Him-d1 labelling these. workers were able to 

distinguish between crystallographically non-equivalent Him molecules 
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Him 
Cl 

Him-d3 

Him 
Br 

Him-d3 

Him 
I 

Him-d3 

300 200cm-1 

Fig. 27. -1 The infrared spectra (330-140 cm ) of the complexes 

[Cu(Him) 4 (X) 2]. Solid bands: vM-N. 
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in these complexes, as indicated by the presence of more than one N-H{D) 

stretching and bending mode. Present assignmen~s in the 4000-600 cm-l 

range are therefore identical to those_ reported66 (Table 20, .Fig. 26). 

Of the three complexes, only the iodide has been the subject of 

X-ray crystallographic investigation. 5 0 The coordination about the 

copper atom was found to be essentially square planar with two rather 

distant iodide ions completing a distorted octahedron (Cu-I distancesSO 
0 

3.42 and 3.87 A) suggesting a weak Cu-I interaction. For the chloride 

and bromide complexes, tetragonally distorted octahedral stnictures 

have been suggested, 58 as evidenced by their electronic spectra. 

Reported infrared spectra58 , 61 gave no evidence for a Cu-X vibration 

above 190 cm- 1, in agreement with the suggested173 long Cu-X bond. 

However, the energies of the electronic bands in the reflectance 

spectra were found6 1 to change on varying the halogen, suggesting some 

measure of Cu-X covalency. These workers6 1 identified the three 

halogen-independent bands above 200 cm-l (Table 20,. Fig. 27) as possibly 

vCu-N modes generated by distortion of the CuN4 plane. This would appear 

unlikely since the degree of distortion implied would yield spectra for 

these halide complexes quite different from that of [Cu(Him) 4(N03) 2] 

while each has essentially the same symmetry. On this basis, the band 

above 280 cn-l is assigned to vCu-N (Fig. 27) while the two bands 
-1 . 

between 260 and 200 cm are assigned to o,Cu-Him + oG..l-~5c. The 
-1 

spectra of the chloride complex has an additional band at 156 cm and 

a shoulder at 170 cm-1 , both of which display d-sensitivities which 

distinguish them from possible Cu-Cl vibrations. 

assigned to oN-Cu-N. 

These bands are 
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1.6 The complexes [M(Him)z!_2J, where M = Co(Il_) or Zn(II); X = Cl or Br 

Of these complexes, only [Zn(Him) 2c12] has been studied49 , 52 

by x-ray crystallography. The Zn(II) complex is tetrahedral49 and, 

together with the corresponding bromide and iodide, has been character . .:_ 

ized62-53 by infrared and Raman spectroscopy (4000-40 an-1). Perchard 

and Novak16 classified the low frequency vibrations from a factor group 

analysis supported by Him-d4 labelling. The Co(II) complexes are royal 

blue in colour and generally believedsa-s 9 , 5i, 54 to be tetrahedral with 

c2v point symmetry. 

Complete band assigrunents (4000-500 an-1) in the infra~ed spectra 

of the Zn(II) complexes have been made6 2 using Him-d1 labelling (Table 21). 

Similarities between the far-infrared spectra of the Co(II) and Zn(II) 

complexes (Fig. 28) clearly indicate their isostructural character. 

The point group approximation of c
2
v symm.etry for the Co(II) and Zn(II) 

complexes is sufficient to explain band assignments in thB 3~0-200 cm-l 

region (Fig. 29). On this basis, two M-halogen and two M-N stretching 

vibrations are expected. In the case of the chloride complexes these 

are well-resolved. It is generally agreeds 9 , 51, 53 -6 4 that the two 

M-Cl stretches (asymmetric and symm.etric) are these bands at highest 

frequency. These assigrunents are now substantiated by their total 

lack of deutero-sensitivity, while they are sensitive towards 

both metal ion substitution and replacement of chloride by bromide. 
-1 By contrast, the two bands between 280 and 230 an are assigned to 

vM-N since they are deutero-sensitive and metal ion sensitive, but show 

no halogen sensitivity. Band assignments in the bromides are not as 

easily accomplished because vM-X and vM-N very nearly coincide in the 

250 an-l region of the spectrum. The asymm.etric Zn-N stretch occurs 
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as a shoulder at 250 cm-l ancl is distinguished from vzn...:Br at 231 cm-l 

by its d-sensitivity, while the latter is insensitive to isotopic sub-

stitution. By comparison with the position of vsym. Zn-N in the 

chloro complex, it is likely that the corresponding vibration in the bromo 

complex is masked by the strong 231 cm-l band. 

Some measure of disagreement has arisen over the correct assign-

ments of vasym. and vsym. Zn-Br. It has been noted174 for complexes of 

the type Co(py) 2X2, that the frequency separation between the asyrrnnetric 

and synnnetric M-X stretching bands decreases in the order Cl > Br > I, 

there being very little separation between the M-Br and M-I frequencies. 

Perchard et al. 63 found the reverse order to hold in the spectra of 

Zn(NH3) 2X2, and assumed this to be true for the corresponding bis(imida-

zole) complexes also, assigning ,vsym. Zn-Br at 186 cm-1. The resulting 

.largevasylll•vsyr.i.. frequency difference was explained63 in terms of coupling of 

the 186 cm-l band to a rotational mode at 192 cm- 1. Although the broad 231 

cm-l band apparently63 shows no splitting in the spectrum at liquid nitrogen 

temperature, it is now considered preferable to assign vasym. + vsym. Zn-Br 

as coincident at 231 cm-1. However, all the bands below 200 cm-l are shifted 

by d3-labelling which precludes any of them from being assigned to a vZn-Rr 

mode with any degree of vibrational purity. Since all the bands below 200 cm-l 

in the spectra of these Co(II) and Zn(II) complexes exhibit substantial d-

sensitivities, no band or bands can be uniquely assigned to oX-M-X. The 
-1 bands below 160 cm in the spectra of the Co(II) complexes are assigned to 

oN-M-N as are the corresponding bands in the spectra of the Zn(II) complexes. 

These assignments are based on the observation that, of all the bands below 
-1 200 cm , these are the only absorptions exhibiting both d-and metal ion 

sensitivity. On the results of their factor group analysis, 

Perchard and co-workers 6 3 assigned the shoulder at 153 cm -l. in the spectrum 
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Fig. 29. 

Hirn 
Cl 

Hirn-d3 
Co 

Hirn 
Br 

Hirn-d3 

Hirn 
Cl 

Hirn-d3 
Zn 

Hirn 
Br 

Him-d3 

300 200crn-1 

The infrared spectra (350-140 cm-1) of the complexes 

[M(Him)z(X)z]' (M = Co, Zn; x = Cl, Br). 

Solid bands: vM-N, shaded bands: vM-X. 
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of [Zn(Him) 2Cl2] to oN-M-N, while the 195 an-l and 160 an~l bands were63 

assigned to Zn-Him rotations. These motions are .similar to those modes 

described by Adams 65 to account for the. bands in the 200-170 an-l region 

of [Co(Him) 6](N03) 2. The results of metal isotope studies 64 have led 

to the assignment of the 195 and 160 cm-l bands to a ligand mode and 

oN-Zn-Cl, respectively, while the 153 cm-l shoulder was assigned to a 

second ligand mode. 
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2. A VIBRATIONAL ANALYSIS OF BIS(NITRATO)MONO(PYRAZINE)­
COPPER (I I) 

Pyrazine reacts with M(II) ions to fonn a wide variety of complexes 

the structural diversity of which has attracted the attention of many 

workers. The literature is particularly rich in reports on the complexes 

fonned by pz and M(II) halides ranging from those of the first row 

transition metal ions 175 -180 to Cd(II), Hg(II) and also Sn(IV) halides. 18 0- 184 

Structural elucidation has been of primary interest since the various 

combinations of both tenninal and/or bridging pz and halide generate at 

least four structural possibilities. For the metals ~1n(II), Fe(II), 

Co(II), Ni(II), Cu(II), Zn(II) and Cd(II), the 1:1 complexes MLClz are 

consideredl75,177,179-181,183-188 to involve polymeric octahedral structures 

having both pz and chloride bridging. Similar structures hav~ been 

proposed for the 1:1 complexes of NiBr2, CuBr2, CdBr2 and Cdiz. The 

ZnBr2, ZnI 2, HgC12 and HgBr2 complexes are, however, considered18 3 

to be polymeric tetrahedral species with terminal halide, polymerisation 

being achieved by bridging pz units. The 1:1 complexes of Sn(IV) 

chloride and broCTides fonn octahedral complexes182 with tenninal halide 

and bridging pz molecules. 

When M(II) ion and ligand are combL~ed in the ratio 1:2 the favoured 

structure is polymeric octahedral. 17 5, 177-180,185-187 The ~1n(II) , 

Fe(II) , Co(II) and Ni(TI)chlorides and Ni(II) bromide form 1:2 

complexes considered to be polymeric octahedral species with tenninal 

pz and bridging halide. However, a recent crystal structure determina­

tion178 of Co(pz) 2c12 has revealed the presence of bridgil1g pz and 

tenninal chloride. Sn(pz) 2X4 (X = Cl, Br, I) are all considered182 

mononuclear octahedral with terminal pz and halide. 



128 

The majority of these structurctl assignments have been based en 

infrared and Raman spectra. Changing the halogen i_s a successful means 

of assigning M-X modes since bands originating in these vibrations shm'l 

the usual85 low frequency shift as one halogen is replaced by another 

of higher atomic mass. Whether the halide is tenninal or bridging 

may similarly be dete1mined85 since tenninal halides usually absorb at 

higher frequency. This method becomes unreliable when there is a . 

change in structure within a series, i.e. the metal ion in a chloride 

complex may be octahedral but tetrahedral in the bromide or iodide. 

In this case the change in coordination number may counteract the mass 

effect. Assignments of vM-N in pz complexes have been based primaYily 

on emperical methods. The bands usually occur within the region 

285-185 cm-l To date, there has been but one reported study on the 

effPcts of deuteration179 of the pz ring on the spectra of this ty-i=ie_of 

compound. 

Bis(nitrato)mono(pyrazine)copper(II) was found72 to crystallize in 

the orthorhombic system, with space group Pmna (D~h), and Z = 2. 

The two nitrate anions are unsyrrunetrically bonded to the Cu(II) ion 
0 

through two oxygen atoms, fanning two long (2.490 A) a..-rid two short 
0 . 

(2.010 A) bonds, in accordance with the typical t8tragonally-distorted 

Cu(II) stereochemistry. Pyrazine molecules occupy the £ifth and sixth 

coordination sites to fonn a linear coordination poiyir,er as depicted 

in Fig. 30. There are two such chains per unit cell 7 2 with a 

unimolecular repeat in each cell and the chains are parallel to the 

crystallographic a-axis. The shortest distance between copper atoms 
0 

belonging to neighbouring chains is as high as 5.142 A, suggesting the 

absence of chemical bonding between parallel chains. 
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Figure 30, 

The structure may therefore be treated as a molecular crystal 

comprising _relatively strong interactions hetween Cu(II) ions and ligands 

and relatively weak interactions between neighbouring -Cu-pz-Cu- chains. 

For the vibrational analysis, the nitrate groups are therefore correctly 

treated as being covalently bonded to Cu(II) and not as separate ionic 

entities. Regarding the chains as relatively isolated from one another, 

the vibrations may be treated, 18 9 to a first approximation, in terms of 

their line group symmetry. From the crystal structure data72 the 

Wyckoff site occupancy of the various atoms in the unit cell are 

obtained as follows. The CU atoms occupy sites 2/m, and the oxygen 

and nitrogen atoms of the nitrate groups occupy sites m. The nitrogen 

atoms of pz are on sites e, and the remaining carbon and hydrogen atoms 
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of pz occupy general positions. Since the Cu atom in the crystal is . 

on sites 2/m (C2hJ and the whole chain has the symmetry elements c2, i 

and o, the line group is isomorphous with c
2
h. Derivation of the 

selection rules for· the line group may be readily achieved by making 

use of the tables for factor group and point group analysis derived by 

Adams and NewLOn. 47 Using group No. 10 in these tables, and choosing 

the relevant rows corresponding to the site occupancy of the various 

atoms, the line group vector Ntotal is obtained (Table 40). 

Table 40. 

c2h A B A B 
g g u u 

Cu a 0 0 1 2 

c 4 0 3 3 3 3 

H 4 0 3 3 3 3 

N 2 i 1 2 1 2 

N 2 m 2 1 1 2 

3x0 3x2 m 6 3· 3 6 

N 15 12 12 18 = 57 = 3JV1 
total ' 

where N1 = half the number of atoms in the unit cell. 

This number of vibrations (3N1) is exactly half that expected for the whole 

unit cell (3N = 114). Ntotal (Table 40) may now be separated into the 

contributions from the internal vibrations of the nitrate and pz groups, 

the vibrations of the Cu02N2 skeleton, and the low frequency acoustic 

modes (Table 41). 
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Table 41. 

c2h Ag B A lJ g u u 

NtotaZ 
a 15 12 12 18 

T t. b aoaus 1,,c; 
0 0 1 2 

Rz 
c 1 0 0 0 

r---------., 
N . 
ruig 

d 
6 6 : 6 6 ~in-active modes 

I I d 
NNO :. 5 I 

I 
1 5 I 

I 
I 

NskeZetaZ e 3 5 4 5 
I 

I I 

L---·-------' 

a From table 40. 

b Acoustic modes corresponding with the translational vectors 

aligned along the three axes, and are read directly from 

the c2h character table. 

c The single rotatory mode of the chain which is read off the 

z-rotation table of group No. 10,, ref. 4 7. 

d N • and N NO - represent the internal modes of pz and N03 nng 
3 under the symmetry of the line group. N . is obtained by 

Y'1,,ng 
summing the rows 2 to 4 (Table 40), less translations and 

rotations of the pz :ring. NN03- is a 4 x row 2m (Table 40), 
less translations and rotations for two nitrate groups . 

e Row 1 less rows 2 to 5. 

Under the syimnetrf of the line group the ir spectrum (Table 41) is 

expected to yield a total of 27 vibrations, 12 of which are pz modes, 

6 are nitrate modes and 9 are skeletal modes. 
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2.1 The nitrate spectrum 

The samples of pz-d4 used in this study are rated by the manufacturers 

as being of 84% isotopic purity, insufficient for reliable assignments 

of the internal modes of pz-d4 in the spectrum of [Cu(N03) 2(pz)]. 

The spectrum of the deuterated complex is included in the discussion 

since it does nevertheless facilitate assignments of the nitrate modes 

by their total lack of a-sensitivity . 

The row NNO - in table 41 may also be obtained by considering the 
3 

isolated planar N03- ion of point group D3h. The normal modes of 

vibration for such an ion85 , 167 are A1
1(v1} + A/ 1(v2) + E1(v3) + E1 (v4), 

of which three are ir-activ-.; and absorb above 650 cm- 1. v3 And v4 are 

doubly degenerate and, if the symmetry of the ion is lowered, these 

vibrations may split while thb Raman-active mode v1 may become ir-active. 

It may therefore be possible to see six nitrate vibrations above 650 cm-l 

in the infrared spectrum and, if the symmetry is lowered by coordination 

to a metal ion, bands attributable to M-0 modes will also arise below 
-1 600 cm . 

Each nitrate is bidentate towards the Cu(II) ion in [Cu(N03) 2 (~z)] 11 
and occupy sites m, having C

8 
symmetry (II). 

(II) (III) 
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A correlation of D
3
h + Cs will give the vibrational species for one N03 

coordinated to Cu(II), whereas the correlation C3 + c2h will yield the. 

vibrational species for two nitrate groups (III) coordinated to Cu(II) 

under the syIDmetry of the line group, c2h. Finally a line group-factor 

group correlation (c2h -+ D2h) should indicate the manner in which the 

vibrations of all four N03- groups _interact under the symmetry conditions 

of the unit cell (Table 42). 

Table 42. 

\) 1 A 1 
1 

(vsym.N03:-) 

v2 A 11 
_L 

(oN0
3
-) 

\J3 EI (vasym.N03 

\>4 EI (N03rock) 

Isolated N03 ion. 

x2 x2 
Cs --~ C2h C (x);,. D2h 

2 ---
a 

AI A + B A + B3 + Blu + 8 2u g u ff g 

All B +A 8 1g+ B2g +Au .+ 3 3u g -1L 
I ZAl 2(A + B ) 2(Ag + B3g + Blu + B2u) ; 

g _Jj_ 

zAl 2(A + B ) Z(Ag + B3g + Blu + B2) 
g _g_ 

One N0
3 
- Two NO~ - Two chains in unit 

coordinated coordinated cell containing two 
to Cu(II). to Cu(II). N0

3 
- groups each. 

a Species underlined indicate ir-activity. 

The increased splitting which the bands in the nitrate spectnnn 

undergo as the synnnetry of the environ11ent is lowered,189 is diagram-

aticaJly represented in Fig. 31. 111e six ir-active fundamentals of the 

nitrate groups w1der the line group symmetry, are each split into two 

modes W1der the factor group symmetry. Thus, the B species in C9.h u "-' 

is split into tHo bands B1u + B2u in D2h, both being ir-active. 

The Au species is also split in D2h into two bands, Au + B3u, but the 
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Au component is inactive and only the B3u component is observed. 

The frequency separation of these factor group splittings will be 
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small and were unresolvable undei: the facilities available. It is 

therefore necessary only to consider the line group approximation. 

The six internal modes of the nitrate groups (c2h) and their assignments 

are given in Table 43. 

Table 43. ---
Mode a Species Frequency (cm-1) 

\) 1 vN=O B. .1494 u 
v2 vsym,N02 B u 1015 

V3 osym.N02 B 805 
u 

v4 va?ym.N02 B u 1290 

vs oasym.N02 B u 751 

VG coop. N03 A 708 u 

a Modes for bidentate nitrate85, 
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The total lack of d-sensitivity exhibited by these bands when pz was 

~eplaced by pz-d4 (Table 22; Figs. 6 and 32) confinns their assignments 

to vibrations involving the nitrate groups. 

2.2 The pyrazine spectrum 

. 
The molecular structure of pz has been detennined by electron 

diffraction77 and x-ray analysis. 78 The molecule is planar and 

belongs to the D2h point group. The vibrational assignments of pz 

were first discussed by Ito et aZ. 79 and by Lord et az. 80 on the 

basis of more extensive experimental data. Scully81 made a zero 

order calculation of the pz fundamentals using a valence field based on 

that of benzene. The ir spectra of pz and pz-d4 have been studied in 

the liquid and vapour states by Sirrnnons and colleagues,83 and in the 

liquid,vapour and crystalline states by Califano and co-workers. 84 

Choosing a set of axes such that the xy-plane incorporates the 

plane of the molecule with the x-axis passing through the nitrogen atoms, 

and the z-axis perpendicular to the molecular plane (IV), a point 

group analysis may be completed using group No. 47 in the Tables by 

Adams and Newton 47 (Table 44). 

x 

I 
Hy~y 
H~~ 

{IV) 
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Table 44. 

Atoms Sites D2h A Elg B2g B3g A Btu B2u B3u g u 

ZxN C2V 2i 1 1 1 0 0 1 l 1 

4xC cs 4Y 2 2 1 1 1 1 2 2 

4xH cs 4y 2 2 1 1 1 1 2 2 

5 5 3 2 2 3 5 5 
Translatory/Rotatory 
modes 1 1 1 1 1 1 

Internal modes of 
pz 5 4 2 1 2 2a 4 4 = 24 = 

a Modes underlined indicate ir-activity, 

Assign.~ents of the internal modes of free pz and its corresponding 

modes in the complex are listed in Table 22. According to Table 44, 

free pz is expected to show ten ir-active fundamentals. (The two 

Au modes being inactive in D2h symmetry). The two out-of-plane B1u 

modes of free pz, the yC-H and yring modes (Fig. 32) are located at 

-1 801 and 413 cm , respectively. Band assignments propased here are 

based on the work of Sinunons 8 3 and co-workers and of Lord et al. so 

-1 Hence the bands at 3060, 1410 and between 1135 and 1140 cm are 

assigned to fundamentals of the B2u species. The four bands at 
-1 3060, 1492, 1143, 1064 and 1019 cm to the B

3
u species. 

-1 The two C-H stretching modes, B 3u and B2u, are coincident at 3060 on 

but are split into separate bands in the spectrum of pz-d
4 

at 2275 and 

2257 cm- 1. TI1e remaining bands in the ir spectrum of pz are assigned 

to various combination bands in accordance with the assignments made 

by Califario and co-workers.84 EstimationsB0,83 of the frequencies of 

3n-6 
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the two inactive Au -1 species have been made at 950 and 340 cm . A 

subsequent study84 placed the A mode of lower frequency near 400 cm-1. u 

A D2h + c2h correlation of the ¥ibrations of the pz molecule indicate 

the behaviour of the modes under the line group symmetry (Table 45) in 

agreement with the entry Nring in Table 41. Finally the c2h+ D2h 

correlation shows how the bands split on coupling two chains together 

Table 45. 

D2h (Point Group) _c_2_lx_J_,,.. .. · 
C; 

c2h (Line Group)~_2_(_x_)>~ D2h (Factor Group) 

SAg 
6A 6(A + B3 ) 

B3g 
g g 9 

4Blg 
6Bg 6(Blg + B2g} 

2B2g 

2Au 
6(A 

a 
6A + B3u) 

4B3u 
u u 

2Blu 
6Bu 6<B1u + 82u) 

4B2u 

a 
Species underlined indicate ir-activity. · 

in the crystal. The Au modes in c2h are now ir-active and therefore 

twelve fundamentals, 6Au + 6Bu' are expected. However, under the 

D2h factor group symmetry, each Au mode (Table 45) is split into an 

A and B7 band, of which only the B,., component is ir-active. 
U vU vU 

Similarly each Bu mode will split into a Blu and B2u mode, both 
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components heing ir-active. Such splitting would however require low 

temperature studies for their observation. The -1051 cm-l band and the 

shoulder at 493 cm-l (Table 22 , Fig. 32) are_ assigned to the · · 

components of the A mode which were inactive in the spectrum of the u 

free ligand. Most low frequency ligand modes tend to shift to higher 

frequency on complexation. 190 Appearance of the low frequency 

-1 component of the A species at 493 cm seems to support earlier 
u 

assignments 84 of the inactive A mode of free pz near 400 cm-l rather 
u 

than80 ,83 near 340 cm1 since the latter would represent a high frequency 

shift (some 153 cm-1), rather in excess of that expected for such a ligand 

mode. Complexation has resulted in the separation of the two vC-H 

bands near 3100 (B 1u + B
3
u), which were coincident in the spectrum of 

free pz. These bands occur as a.well-resolved doublet (Table 22) 
-1 

~ear 2270 cm in the spectrum of [Cu(N03) 2(pz-d4)]n. 

Hence, all the nitrate modes and pz modes, apart from the band at 
. -1 -1 

490 cm are above 700 cm , leaving the skeletal modes (Table 41) 

expected below 600 cm-l vncluttered by ligand vibrations. 

2.3 The skeletal modes 

In the line group approximation the skeletal modes (Table 41) of 

a single chain span the representations: 

N k 1 t 1 = 3A + SB + 4A + SB of which nine vibrations s e~e a~ g g u u 

(4A + SB ) are ir-active. In the full unit cell (correlation u u 

c2h-+ D2h), Table 46, each mode will couple with the same mode in the 

second chain generating tivo modes. Thus each A mode should, in theory, 
u 

generate a doublet of which only the B
3
u component is ir-active. 



Table 46. 

3(.4g + B3g) 

5(B + B
2 

) 
lg g 

4(A + B
7 

a) 
u _vu_ 

5(B1u+ B2) 

a Species underlined indicate ir-activlty. 
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The same applies to the Bu modes, but both components are ir-active. 

The Blu mode represents the in-phase coupling and the B2u inode represents 

the out-of-phase coupling (V). 

in-phase 

out-of-phase 



TI1e frequency separation of these modes may not, however, be large 

enough to be detectable at room temperature, and ·for the purpose of 
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this study, it is necessary only to consider the line group approximation .. 

It is useful to consider the skeletal modes as originating1 89 in 

the three translations and three rotations associated with each nitrate 

and each pz group, in the hypothetical situation where there is no 

bonding between them and the Cu(II) ion. The three translations of 

Cu will correspond with the three translations of the whole chain and 

are therefore omitted. However, the single rotatory mode R of the z 

chain must be included in the skeletal modes. Thus, in c2h' the 

nitrate groups are on sites m and the pz ring on site a and, using 

the tables for factor group analysis, 47 the translations ai1d rotations 

associated with these groups may be summed to yield the required skeletal 

modes, as depicted in Table 47. 

Table 47. 

c2h A B A B 
g g u u 

a 2 1 1 2 2 x N03 m 

2 x N03b m 1 2 2 1 

1 x pz c 0 0 1 2 a 

1 x pz d 1 2 0 0 a 

4 5 4 5 = Sum of rows Rz + 

Nskel.etaZ in 

a 

b 

c 

d 

Table 

Row m of group 10 represents47 translations of 2 x N03 ~ 

Rotatory table of group 10 represents rotations of 2 x N03. 

Row a of group 10 represents translations of pz. 
Rotatory table of group 10 represents rotations of pz. 

41. 



The four A modes may be divided into one vCu-N(pz) (the u 

longitudinal optic mode of the chain), oN(pz)-Cu-0, o1"Cu-N03 and 
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Tne two Cu-0 bonds which have covalent bond lengths 

(2.01 A) will have vCU-0 modes associated with them. These modes 

span the representations Ag(vsym.Cu-0) + Bu(vasym.Cu-0), the Bu 

component being infrared-active. The remaining four Bu modesl89 are 

6Cu-0-N(N0
3
), oCu-0, plus two modes in which the pz rings move in 

orthogonal directions normal to the chain axis, i.e. 2oCu-N, 

The region 350-25 cm-l (Figs. 7 and 33) in the infrared spectrum 

agrees well with theoretical predictions of c
2
h' showing eight of the 

nine expected bands. The ninth band may be the weak absorption at 
-1 . -1 35 cm or may arise below 25 cm . Deuteration alone is, however, 

insufficient as a means of band assignments in this region since all 

modes with the same synnnetry designation (i.e. A or B ) may, through u u 

vibrational mixing, exhibit a-sensitivities. This is apparently the 

case since apart from the 73 cm-l band, all other bi:!Ilds show varying 

degrees of a-sensitivity (Table 22). Therefore, assigments of vCu-N 

vCu-0 only are proposed and no attempt is made to assign the remaining 

skeletal vibrations. 
-1 . 

The 224 cm band is assigned to vCu-N. This band lies within 

the region characteristic of vCu-N in a large variety of complexes of 

metal(II) ions and pz.175-181,183-188 Moreover, rough estimates of 

vCu-N using the relationship191 obtained by the Wilson FG matrLx method 

\) = _l [2f] ~ 
2nc µ 

(6) 

(where f is an average CU-N force constcint192 -193 and µ is the reduced 

mass of the Cu-pz entity) places vCU-N well within this region. Little 
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is known of the far-infrared spectra of coordinated nitrato-complexes. 

It is unlikely that the Cu-L skeletal deformations will occur above 

vCu-N at 224 cm-1. The strong 341 cm-l bar1d is therefore assigned to 

vasym.Cu-0, its d-sensitivity resulting from mixing with other B modes u 

involving N(pz). Support for this assignment comes from studiesl94 

of the spectra. of bidentate nitrate-complexes L2Cu(N03) 2 (L = 2-picoline, 

quinolirie, pyridine) where strong bands assignable to vCu-0 (N03) were 

found in the 330-250 cm-l region. 



3. INFRARED SPECTRA (700-140 
PYRAZINEJ PYRIMIDINE AND 
COBALT(II)J NICKEL(II) AND 

-1 
cm ) OF 

PYRIDAZ(NE 
ZINC (I I) 
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THE IMIDAZOLEJ 
ADDUCTS OF 

ACETYLACETONATES 

Anhydrous bis(acetylacetonato)Co(II) has been shown19 5 by x-ray 

analysis to be a tetrameric molecule, [Co(M) 2] 4, in which some oxygen 
I . 

atoms of the acetylacctonate group are shared between two Co(II) ions to 

attain octahedral configuration about each Co(II) ion. The trimeric 

nature of the analogous Ni(II) and Zn(II) complexes196 - 197 is achiev~d by 

similar sharing of oxygen atoms of the acetylacetonate ligands. 1be 

arili.ydrous Cu(II) chelate 198 is, however, uniquely monomeric and square 

pla..11ar in the solid state. The anhydrous polymers are readily cleaved 

by donors such as water and nitrogenous bases which, apart from Zn(II) 

acetylacetonate, generally assume trans-axial positions to yield sL~-

coordinate monomers. Such adducts of Zn(II) acetylacetonate have been 

shown199- 200 to exist as both five- and six-coordinate species. 

When the methyl groups of acetylacetone are replaced by such bulky 

substituents as tertiary butyl groups, the M(II) complexes obtained do 

not fonn polymeric octahedral structures but attain201 monomeric square 

planar geometry as a result of steric _repulsion. Hence bis(dipavaloyl­

methanido)Ni(II) and bis(3-methylacetylacetonatc)Ni(II) are planar and 

diamagnetic. 202 -203 TI1e bis(aquo) adducts of Co(II) and Ni(II) acetyl­

acetonates are trans-octahedral monomers204- 2os whil~ the Zn(II) complex20 6 

adducts only one molecule of water to yield a five-coordinate trigonal 

bipyramidal structure. These aqua-adducts of M(II) acetylacetonates are 

the classical starbng materials for the synthesis of a large variety of 

adducts comprising bases such as amines, pyridines, pyridine-N-oxides and 

bases with labile oxygen atoms. 
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Unlike pyridine (which fonns trans-octahedral monomeric adducts 

with Co(II) and Ni(II) acetylacetonates;o 7- 2os and five-coordinate monomers 

with Zn(II) acetylacetonate) pz, pm and pd have the capacity to be~ave 

as bridging ligands, coordinating to two different metal ions forming 

-M-1-M- links. Formation of bridged species is characteristic of these 

nitrogen heterocycles in contrast to the corrunon bidentate ligands such 

as 2,2'-bipyridine and ethylenediamine, which prefer to for.n cis-chelates 

with a single metal ion. 209 Such polymers have been reported105 for 

[Mn(AA) 2 (pz)]
11

• However, mo.lccular weight determinations were of no 

diagnostic value owing to the facile decomposition of the polymer in 

chloroform solution. In another stuayl03 of the first row transition 

metal(II) acetylacetonates of pz, it was similarly concluded that the 

pz adducts· may form -M-1-M-. chains. Al thour;h the published powder 

patterns showed minor differenc~s, they were . .considt;red sufficiently 

alike to suggest that the ~1n(II), Fe(II), Co(II) and Zn(II) complexes are 

structurally analogous, while the Ni(II) complex showed more marked 

deviations which were considered to indicate a somewhat different structure. 

Several further examples of such chains have been reported.12,104,210-211 

Belford et al. 21 o reporte<l a crystal structure dete1inination of 

[Cu(hfac) 2(pz) ]n (hfac = CF3COGI COCF
3
)- in which the complex is shown 

to be a linear coordination polymer bridged by pz molecules. Morosin 

et al. 211 fou.nd that the pz adduct of Cu(II) acetate ,has a structure 

characterised by al ternatiri.g linear chains in which dimeric units of 

Cu(II) acetate monohydrate are linked by pz molecules. 

While it is expected that pz and pm will form -M-1-M- links to 

produce polymeric structures with M(II) acetylacetonates, it is doubtful 

whether pd will have the necessary bite to span the distance across 

two M(II) acetylacetonato molecules in order to achieve a -M-1-M- chain. 
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Hence, it is likely that pd will fonn 1:2 monomers. A variety of metal 

complexes of Hi~ have been synthesised and their ~frared spectra 

detennined but there is little information in the literature on adduct - -

fonnation by this base. 102 On losing a proton, an Him anion (im) may 

act as a uninegative bridging ligand, and is thus capable of_ fanning 

-M-im-M- chains, 212 or two-dimensional networks. This is, ~owever, 

unlikely to occur in the Him adducts of M(II) acetylacetonates discussed 

here. In practice Him behaves as a neutral monodentate ligand towards 

M(II) acetylacetonates 102 fanning the species [M(AA) 2(Him) 2]. The 

reflectance spectra and magnetic moments of the Co(II) and Ni(II) 

complexes arG typical2 13 of octahedral complexes of these metal ions 

(Table 32), and they are therefore probably structurally c:malogous 

with the trans-bis(pyridine) adducts of Co(II) and Ni(II) acetylacetonates 

(Fig. 34a), 

Reaction of pz and pm with Co(II), Ni(II) and Zn(II) acetylaceto-

nates fonns compiexes which analyse for one molecule of base, indicating 

polymeric structures of stoichiometry [M(AA) 2B]n, (Figs. 34b and 35). 

The Co(II) and Ni(II) species also yield reflectance spectra213 which 

are in accord with those expected for octahedral complexes of these ions. 

In the present work, two types of adducts were isolated from the reaction 

of pd with Co(II) and Ni(II) acetylacetonate. The bis(adducts) having 

the stoichiometry [M(M) 2(pd) 2] clearly involve bond~g through only 

one of the nitrogen atoms of the heterocyclic base. These adducts have 

reflectance spectra21 3 b1dicative of octahedral symmetry (Table 32) and 

are therefore regarded as monomeric octahedral species similar to the 

corresponding bis(pyridine) adducts. 106 On reaction between the 

M(II) acetylacetonate and pd inthe ratio 1:1, the resulting adducts 

analyse for-half a molecule of base with a stoichiometry [{M(M) 2}2(pd)]. 



b 

B 

(0"'4~,.-0) 
o~t'o 

B 
a 

Fig. 34. Proposed structures for the complexes [M(AA) 2(pz)]n 

and [M(AA) 2(B) 2], (B= monodentate ligand e.g. Him, py). 
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Fig. 35. Proposed sturcture for the complexes [M(AA) 2(pm)]n 
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The reflectance spectra of the pz, pm and bis(pd) complexes indicate that 

they all have octahedral stereochemistry. The small differences which 

arise in the reflectance spectra of the latter pd complexes are not 

sufficient to suggest five-coordination but rather indicate distorted 

octahedral structure with bri<lging pd molecules, as postulated214 for 

[MX2pd], (M =first row transition metal(II) ion; X =halogen). 

Rigorous nonnal coordinate treatments (considering all the atoms 

in the molecule) of some M(II) and M(III) acetylacetonates215 have been 

reported. Band assignments throughout the region 3100-290 cm-l and M-0 

stretching force constants have been given. It is the M-L stretching 

vibraticas of these complexes which are of primary concern since they 

provide direct information regarding the strength and electronic characteristics 

of the M-L bonds. TI1ese vibrations _were initiaily assigned on a purely theoreti­

cal basis 94 ,2l.5 without any independent experimental verification. TI1e 

metal-isotope labelling technique99 was subsequently used to provide a 

novel method for detecting M-L vibrations. Nakamoto and co-workers99 

applied this technique to the acetylacetonato complexes of Fe(III), Cr(III), 

Pd(II), Cu(II) and Ni(II), while Pinchas et az.35 used the 180-labelled 

acetylace~onates of Mn(III) and Cr(III) for their assignments. 

Controversy immediately ensued as to the correct assignment of vCr-0 in 

[Cr(AA) 3]. Nakrunoto99 assigned the two bands at 463 and 358 cm-l to 

Cr-0 stretching modes, since these bands exhibit the.largest low 

frequency shifts (3 and 4 cm-1, respectively) on metal ion labelling. 

The 180-induced shift (19 cm- 1) observed by Pjnchas35 for the band at 

592 cm-l was sufficiently close to the calculated value (assuming a 

diatomic oscillator) of 25 cm-l for a Cr-0 stretch, to warrant its 

assignment to this mode. On the other hand, this band shifted only 

0.7 cm-l on·socr-53Cr-substitution,99 ru1d, on this basis, was assigned 



151 

to an out-of-plaI1e chelate ring defonnation. 

The behavior of the band at 355 an-l in the -tris-complex of Cr(III) 

towards the alternative types of labelling, has also led to confusion. 

Its insensitivity towards 180-labelling led to its assignment35 as an 

in-plane C-C-C bending mode. This band produced the largest isotopic 

shift (3.9 an- 1) in the socr- 53Cr study,99 where it was accordingly 

assigned to vCr-0. 

The infrared spectra of the bis(aquo) adducts of M(II) acetyl­

acetonates are known22 , 99 ,ioG to exhibit three regions of metal ion 

sensitivity below 600 an- 1. These metal-sensitive bands occur within 
. -1 

the ranges 600-500, 450-400 and 300-180 an , and are also observed to 

exhibit sensitivity towards the adducted base2Z,l06 (as a 1·esult of the 

variation in ligand field strength of the bases). Based on the results 

of nonnal coordinate analyses, and in view of the large shift recorded 

for metal ion labelling, 99 the band near 572 an-l in the spectrum of 

[Ni(AA) 2(py) 2] has been assigned to a ring defonnation coupled with vM-0. 

Absence of deutero-sensitivity coupled with significant sensitivity towards 

metal ion substitution1 06 were considered evidence in support of this 

assignment. Substituent effects within the chelate ring of the G-

ketoenolate23 ,lOG have also been cited "in support of this assignment. 

Although 180-labelling has not been applied to the base adducts of 

M(II) acetylacetonates,the assignment3S,Zl5 of vCr-0 in [Cr(AA) 3] to the 

bands near 590 and 456 an-l has been made on the basis of this technique. 

The latter band, which is analogous to the 420 cm-l vibration in 

[Ni(AA) 2(py) 2] was previously assigned99 to an llllspecified chelate ring 

vibration. It was also claimed that because of their large metal-

isotope shifts, the bands at 276 and 249 cm-l represent vNi-0 and vNi-N 

modes, respectively. Subsequently, deuteration of the pyridine ringl06 
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led to the unambiguous assign1rrent of the doublet at 197 and 186 an -l to 

vNi-N. 

Since pz, pm and pd are isomeric, the metal-ligand bands in the 

infrared spectra of their adducts with M(Il} acetylacetonates will be 

free from mass effects. The position of 'JM-N will therefore be 

dependent only on the metal-ligand force constants, which will be 

determined by the availability of the donor electrons of the heterocyclic 

base. In addition, the band patterns and the frequencies of the_M-0 and 

M-N stretching modes should yield information on the structural 

characteristics of these complexes. 

In the following discussion, bands shifted by metal ion substitution 

will be referred to as M-sensitive bands, while the term d·scnsitive 

will be used to describe those bands which shift to lower frequency on 

deuteration of the adducted base. For the isotopic labelling technique, 

only Hirn and pz were available as their deuterated analogues, Him-d4 and 

pz-d4. 

3.1 The imidazole adducts, [M(AA) 2(Him) 2] (M = Cu, Ni) 

The infrared spectra are depicted in Fig. 36 and the vibrational 

frequencies are given in Table 23. Band v1 has previously been assigned99 

to oC-rn3 + oring + vNi-0 in the spectrum of [Ni (AA) 2 (py) z] . The fact 

that it generally shows no M-sensitivity indic~tes, however, that there 

is little or no contribution from vM-0. It is also insensitive towards 

deuteration of the Him ring, and is therefore assigned to a chelate ring 

defonnation. The corresponding band in the spectrum of [Cr(AA) 3] occurs 
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near 661 cm-l and has been assigned35 to an out-of-plane chelate ri.'1g 

deformation. 

Of all the bands below 700 cm-1, v2 has the highest d-sensitivity 

and is unambiguously assigned to the internal mode7 0 of Him, yring. 

The spectra of the deuterated complexes show 3 or 4 unique bands between 

qOO and 500 cm- 1, which are assigned to yC-D and yring deformations of 
_, 

deuterated imidazole. Except for a weak lattice vibration at 174 cm~, 

Him has no internal ligand vibrations with a frequency <600 cm-1, nor 

are there any internal vibrations of coordinated AA in this region. 

Hence, the seven bands within the range 600-140 cm-l in these spectra. 

all have their origin in M-ligand modes. The bands v3 and '.>4 are 

firmly assigned to vM-0 for three reasons. Firstly, they are completely 

insensitive to deuteration of the Him ring. Secondly, they are 

strongly M-sensitive in the CFSE sequence Co<Ni. 1 06 .Thirdly, their 

frequencies lie close to those of the vM-0 bands in [M(AA) 2B2] (M = Co, 

Ni;B = H2o, py). In [Ni(AA) 2(py) 2], the vM-0 bands are cunsidered1 06 

to be coupled with the oC-CH3 mode of the AA ring or with a py liga'1d 

mode. That v3 and v4 are coupled vM-0 bands is also proposed for the 

Him adducts since the M-sensitivity of v3 and (especially) v4 is lower 

than that of v7 (see below). 

The bands vs and v6 undoubtedly originate in vM-N modes, since they 

are significantly d- and M-sensitive. Their frequencies are very close 

to those reported64 ~ 65 for vM-N in the complexes [M(Him)/] 2
+, in which 

0 

the assignments were based on the metal-isotope labelling technique, 64 

and on a single crystal study.65 Since v7 has a higher M-sensitivity 

than either v3 or v4 but is completely unaffected by deuteration of Him, 

it is assigned to a vibrationally pure (uncoupled) vM-0 mode. The 

alternative assignment to 80-M-0 proposed2 1 6 for a band in this region 



154 

Imidazole 

Imidazole-d4 

~~I ~~~~In_f_ra_r_ed~-sp_e_c_tr_a~cl~[-M-(A_A_l_2_(H-im_l_2_J-'--~~~__. 

Co Him 

Co 

Ni Him 

Ni 
i 

Fig. 36. 

---/--. 
A t',1 

I 

A --i:__ \ \ I I I 

700 600 500 400 300 

-1 The infrared spectra (700-140 cm ) of the complexes 

[~l(AA) 2 (Him) 2 ] and their Him-d4 analogues. Solid bands: 

v~l-0, shaded b~mds: v~l-N 



155 

of the spectrum of [Cr(AA) 3] is considered unlike_ly since this would 

place the 0-.M-0 bend at a higher frequency than vM-N. 

va, Being both d- and M-sensitive, is either a third vM·N band, 

or, more probably, a bending mode involving nitrogen i.e. oO-M-N, oN-M-N 

or oM-N-C. The origin of v9 is uncertain since it has no M-sensitivity 

and is too broad for its d-sensitivity to be detennined in the spectrum 

of the Ni(II) adduct. 

Support for the assignments proposed for vM-0 and vM-N is adduced 

from a comparison between the frequencies of these vibrations in 

[Ni(AA) 2(py) 2] 106 and [Ni(AA) 2(Him) 2]. It is now well known10 6 that any 

increase in the strength of the M-base bond on replacing one adducted base 

by another causes a shift in vM-0 towards lower frequency. Since vNi-N 

in the Hjm adduct exceeds vNi-N in the py adduct, the reverse trend is 

expected for vNi-0. This is observed. 

3.2 The pyrazine adducts, [M(M) 2(pz)]n (M =Co, Ni, Zn) 

The infrared spectra are depicted in Figs. 8 and 37. -1 Below 700 cm , 

pz exhibits one internal ligand mode, all out-of-plane defonnation8 0 

of the heterocyclic ring, at 413 c~-l, with ad-sensitivity of 14 cm-l 

This band recurs in the spectra of the pz adducts in the 470 cm-l region 

(v 3). As observed for the py adducts, coordination of pz leads to an 

increase in the frequency of such internal ligandl90 vibrations. The 

a-sensitivity (which this band retains in the spectra of the pz-d4 

adducts) enables it to be readily distinguished from d-insensitive 

bands near 560 cm-l (v2), and 420 cm-l (vLf). The latter two bands 

are assigned to coupled vM-0 modes on the grounds of their absence of 
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a-sensitivity and their high M~sensitivity in the CFSE sequence 

Co < Ni > Zn. By analogy with the Him adducts, v1 is assigned to 

a chelate ring deformation. This band exhibits no a-sensitivity, but 

does, however, yield a small measure of M-sensitivity, indicative of 

some coupling with vM-0. The spectra of the deuterated adducts reveal 

one extra band in this region, near 640 cm-1, which is assigned80 to a 

pz-a
4 

yC-D mode originating above 700 cm-I in the undeuterated 

complex. 
-1 Of the four (or five) bands within the range 300-200 cm , only the 

two of lowest frequency (va and v9) exhibit significant a-sensitivity, 

establishing them finnly as vM-N bands. Their position (near 200 cm-1) 

agrees with the position of vM-N in the complexesl 7 9 [Co(pz) 2X2] 

·ex= halogen). The assignment is also supported by the strong M-sensivity 

of these bands in the sequence Co < Ni > Zn. Of the remaining two 

-1 (or three) bands (vs,v6 and v7) within the range 300-200 cm , v5 and 

v6 are assigned to vibrationally pure vM-0 modes on the grcunJs of 

their absence of a-sensitivity, their significant M-sensitivity in the 

sequence Co < Ni > Zn, and the occurrence of bands in this region in the 

spectra of the complexes [M(AA) 2(H2o) 2] (M =Co, Ni), cind [Zn(AA) 2CH20)], 

which undoubtedly have the same origin; and the established existence106 

of tKo vM-0 bands in this region of the spectra of [M(AA) 2(py) 2] and 

[Zn(M) 2 (py)]. v10 ls considered to originate in a :M-ligand bending 

mode in vie1v of its M- and a-sensitivity. 

3. 3 Jhe pyrimidine adducts, [M(AA) zlpm})y
1 

(M '-' Co., Ni, Zn) 

Figures 9 and 38 depict the spectra of the complexes [M(M) 2(pm)]n. 

Deuterated pm-d4 was not available, but the similarity of these spectra 
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to these of the corresponding Him anJ pz adducts provides a basis for 

reliable empirical assignments. Pyrimidine has four ligand modes below8 0 

700 cm-1, at 678 (yring), 624 (oring), 348 (yring) and a.very weak band 

at 567 cm-l (oring). The spectra of the adducts yield seven bands 

within the range 700-300 cm-1. the band of lowest frequeHcy (v 7 ) 

is considered to correspond with the pm ligand band, raised 31 cm-l by 

coordination, a shift characteristic190 of the shift in the out-of-

plane ring vibration, on complexation of nitrogen heterocycles. v1 

And v2 are similarly :regarded as the internal modes of the pm ring, 

undoubtedly the out-of-plane ring deformation, and in-plane ring 

deformations, respectively. v 3 is ass:i.gned to a chelate ring 

deformation. Its M-sensitivity suggests that it comprises some contri-

bution from vM-0. Of the remaining three bands in this region (700 

- 300 cm- 1), that near 420 Gn-l (v6) and the·'more H-sensitive band near 

560 cm-l (v 5 ) are assigned to coupled v.M-0 modes. The 578 cm-l vibration 

(v4) originates in the B1 mode (c2v) of pm at 567 cm-l (oring). 

Assignment of the two uncoupled M-0 bands (vs and v9), and the 

two vM-N bands (v 10 and v11 ), between 300-170 cm-l is made by comparison 

with the assignments made for i:he corresponding Him and pz adducts. 

v12 Is assigned to a. bending mode involving oxygen or nitrogen by 

analogy with corresponding bands in the spectra of the other adducts. 

3.4 The pyridazine adducts, [M(M)'2(pd) 2] (M = Co, Ni) 

Pyridazine exhibits four internal infrared-active vibrational 
-] . 

modes below 700 cm , at 665 cm (oring8 0), weak bands at 696 (yC-H) and 
-1 -1 . 623 cm (oring) and a band at 375 cm ( yring), (Figs. 10 and 39). In 

the spectra of the adducts the band of lowest frequency, the out-of-plane 

heterocyclic ring defonnation, 80 is split into two peaks near 400 (v6 ) 
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and 385 an-l (v7). The appearance 0£ an extra ligand mode could 

be attributed to different orientations of the pd rings in different 

[M(AA.) 2(pd) 2] molecules, or the activation of an infrared-inactive 

internal pd mode. Bands v1 and v3 are assigned to the remaining two 

pd ring defonnations. Band v2 is assigned to a chelate ring deformation 

by comparison with the spectra of the other adducts. The bru1ds v 4 and 

v5 , are almost certainly coupled vM-0 vibrations, and vs and v9 are 

assigned to the vibrationally purest vM-0 modes. There is only one band 

below 200 cm-l (v 1o). In view of its strong M-sensitivity, it is 

assigned to vM-N. This band occurs within close proximity to \)M-N in 

the analogous 106 complexes [M(.l\A) 2 (py) 21. 

3.5 The pyridazine adducts, [{M(AA) 2l 2(pd)] (M = Co, Ni) 

The internal pd ligand modes (Fig. 40) are assigned to v1,v2 and 

v7. The fact that v2 occurs at higher frequency than the sirnilarly 

assigned band in the bi.s(pd) adducts is attributed to the fact that both 

nitrogen atoms in these complexes, are involved in bonding, thus 

imposing a greater stereochemical rigidity upon the adducted base. v3 

Is assigned to a chelate ring deformation. This assignment is based on 

its correspondence with the sjmilarly assigned band in the bis(pd) adducts. 

\!5 And vs are assigned to the coupled vM-0 vibrations. As observed 

in the spectra of the pm adducts there is an additional band, v4, within 
-1 the region 600-500 cm . This band is probably a heterocyclic ligand 

mode activated by a change in symmetry on complexation. TI1e principal 

(least-coupled) vM-0 vihrations (v 8 and \Jg) are assigned by comparison with 

the spectra of the otber adducts. v10 Is assigned to vM-N. 
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4 · INFRARED SPECTRA ( 700-140 cm -l) OF THE ANHYDROUS1 AQU0 1 
PYRIDINE1 IMIDAZOLE1 PYRAZINE AND PYRIMIDINE ADDUCTS 

OF COBALT(II) 1 NICKEL(II) AND ZINC(II) SALICYL­
ALDEHYDATES 

By analogy with the corresponding M(II) acetylacetonates, the bis(aquo) 

adducts of M(II) salicylaldehydates, when heated under reduced pressure 

over silica gel at temperatures between 120 ai1d 170°C, yield anhydrous 

complexes. The water molecules are also readily replaced by a variety 

of nitrogenous bases, of which pyridine is a representative example. 

Extensive solid state studies have been made on the anhydrous complexes 

of Co(II), Ni(II) and Cu(II) salicylaldehydates which were originally 

considered116 - 117 , 217 to be tetrahedral or planar. Anhydrous [Zn(Sal) 2] 

was considered217 tetrahedral simply on the grounds that very many 

tetracocrdinate Zn(II) complexes of known structure are tetrahedral. 

Magnetic and spectroscopic studies122 - 125 of the Co(II), Ni(II) 

and Cu(II) complexes of salicylaldehyde and its substituted derivatives 

as well as various other o-hydroxyarylcarbonyl complexes of general 

formula (VI) have shown that the Co(II) and Ni(II) complexes have high-spin 

configurations and electronic spectra typical of octahedral structure. 

(VI) 
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It was suggested that the anhydrous complexes are polymeric in the solid 

state, although they were found to be essentially monomeric in dilute 

solutions in non-donor solvents. These authors 122 ~ 125 concluded that 

the solution structures were best described as four-coordinate high-spin, 

trans-square --planar species, -their stability being achieved by back 

donation of d-electrons of the metal ion into the antibonding orbital 

of the localized C=O double bond. 

Subsequent evidence from x-ray diffraction studies112 ,218, electronic 

spectra and magnetic moments, 113 , 218 established polynuclear octahedral 

structures for the Co(II) and Ni(II) derivatives and approximately square 

planar coordination114 - 115 , 123 , 219 for the Cu(II) chelate, which was 

found219 to crystallize in th3 monoclinic system, P2
1
/c, with Z = 2. 

The anhydrous Ni(II) complex is trimeric112 and not isomorphous 118 

·with the Co(II) complex. The latter is probably a tetramer, resembling 

the corresponding Co(II) acetylacetonate.106 

The structures of these complexes are therefore analogous with the 

acetylacetonates ~d tropolonates of the same metal ions. However, 

salicylaldehyclate complexes diffe1· from acetylaceonates and resemble 

tropolonates in possessing two different C-0 bond lengths within the 

chelate ring. This is evident from the infrared spectra121 , 127 of 

salicylaldehydate complexes by the appeara;1ce of distinctive aldehydic 

carbonyl (C=O) a.rid phenolic carbonyl (C-0) vibrations near 1650 and 

1330 cm-1, respectively in the bis(2quo) complexes. The vC=O band 

in the free acetylacetone spectrum occurs 122 near 1660 cm- 1 . This 

band disappears on complexation and two new bands122 appear near 1590 and 

1520 cm- 1. The high frequency band representing mainly vC=C coupled with 

vc :._ __ 0, and the lower band being mainly vC ~ 0 coupled with vC=C. 

However, the C=O band in salicylaldehydate- complexes is not far removed 
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from122 the 1660 cm-l band of the free ligand. Thus the t'.·m C-0 bonds 

in these complexes cannot be considered fully equivalent. The C-0 

frequencies in the Ni(II) and Cu(II) complexes of salicylaldehyde agree 

remarkably well with the frequencies of this vibration in the correspond­

ing tropolonate complexes22 0 which occur near 1340 cm-1• The 

unsynnnetrical nature of the chelate ring was revealed by x-ray analysis 

of the complexes of Ni(II)221 and Cu(II).114 However, the presence 

of the o-phenylene ring in salicylaldehyde has been suggested11 6 to 

interfere with the resonance of the chelate ring, such that the contri-

bution of the benzenoid and non-benzenoid forms (VIIa and VIIb) leads to 

H 

-0 
\ 

~-cf~ 

(VII a} (VIIb} 

much localization of electrons 122 in the chelate ring (less than in 

acetylacetonate complexes) .. 

In an extensive study of the infrared spectra of the Co(II), Ni(II) 

and Cu(II) complexes of variously-substituted salicylaldehydates127 

the band-fo.r-band correspondence of the spectra of the Co(II) and Ni(II) 

complexes furnished evidence of their analogous structure. The Cu(II) 

chelates, on the other hand, yielded127 unique band patterns in accord-

ance with the uniquely square planar structure. 
-1 

The region 610-550 cm 

in the spectra of the anhydrous complexes, exhibited bands which were 
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strongly substituent dependent and metal ion dependent, the latter 

being in the sequence of the CFSE's: Co ~ Ni < Cu. While assigning 

vM-0 within this region, it was noted12-7 that several bands within the 

CsI region show similar metal ion sensitivity which would justify their 

assigni~ent, also to (coupled) vM-0 vibrations. It has since been 

foW1d that in the spectra of the analogous acetylacetonate10 6 and 

tropolonate40 , 220 complexes, one or two bands below 400 on-l may be 

assigned to vM-0 on the basis of the shifts induced by isotopic labelling 

of the coordinated metal ion. 

By contrast with Zn(II) acetylacetonate, which is known1 06 to adduct 

only one molecule of water or pyridine, yielding five-coordinate species, 

the adducts of Zn(II) salicylaldehydate all analyse as SL~-coordinate 

complexes and have infrared band patterns which are practically identical 

with these of their Co(II) and Ni(II) analogues. For this reason, the 

bis(aquo) and bis(pyridine) adducts of Zn(II) salicylaldehydate are regarded 

as being trans-octahedral and isostructural with the Co(II) and Ni(II) 

complexes. 

The proton magnetic resonance222 and ligand field spectra223 of the 

pz and pm adducts of Co(II) salicylaldehydate have been studied. These 

bases are weaker than pyridine (pKa = 5.3), their pKa values 224 being 

0.65 and 1.30, respectively. In complexes of these ligands, the bases 

may function either as terminal groups involving only one nitrogen donor, 

or as bridging groups involving both nitrogen donors. Both types of 

adduct have been prepared from Co(II) salicylaldehydate223 . All com­

plexes synthesised in this work analysed for one molecule of base. The 

reflectance spectra (Table 33) of the Co(II) and Ni(II) complexes of 

both adducts are those expected21 3 for_an octahedral environment. The 

adducts are therefore regarded as polymeric trans-octahedral complexes, 

similar to those of the corresponding acetylacetonates. 
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The adducts of imidazole (pKa5 8 = 6.95), on the other hand, 

. aJ1:alysed for two molecules of the base. TI1eir reflectance spectra 

also conform with.those2 13 expected for octahedral complexes of these 

M(II) ions. The remarkable similarity between the infrared spectra 

of these complexes and those of the bis(pyridine) adducts, supports the 

view that the Him adducts are monomers. The bis(aquo), bis(py) and 

bis(Him) adducts are therefore formulated [M(Sal) 2(B) 2] while the pz 

and pm adducts are forn1ulated [M(Sal) 2(B)]n· 

4.1 pie anhydrous complexes [M(Sal) 7 ] (M = Co, Ni, Zn) 

It is known that ligand vibrations appearing in the spectra of a 

complex often occur at higher frequency than in the spectrum of the 

free ligand. The ba!lds (Table 24) near 665, 587 and 545 cm-l in the 

spectra of the anhydrous complexes (Figs. 11 and 41) are assign0d to 

ligand modes (vsal) originating in the bands at 660, 564 and 539 cm-1 , 

respectively, in salicylaldehyde. The ba,'1.d at 521 cm -l occurs within 

a region free from ligand absorption, Cl!ld is assigned to vM-0 in agree-

ment with previous assignments127 • It is M-sensitive in the CFSE 

sequence Co < Ni > Zn, and its frequency is close to that of the 

(coupled vM-0 in the spectra of M(II) acetylacetonates. This order of 

vM-0 and the similarity of the spectrum of the Zn(II) complex :to those 

of the Co(II) and Ni(II) complexes indicates that the anhydrous Zn(II) 

complex is also octahedral since a lower coordination number for the Zn(II) 

complex would induce a dramatic high-frequency shift in vZn-0. 

Salicylaldehyde has three bands between 500-400 cm-1. The band 

near 440 cm-l in the spectra of the comp~exes is regarded as originating 
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in one or more of these ligand modes. Although it.exhibits slight 

M-sensitivity indicating the possibility of some ~oupling with vM-0 

it is not regarded as a second vibratiqnally pure vM-0 as previously 

suggested126 from comparisons with the spectra of the analogous M(II) 

-1 acctyl&cetonates. All the bands below 400 cm are strongly M-

sensitive, but do not arise entirely from M-ligand vibrations, since 

salicylaldehyde itseif has four bands in this region. The bands near 
-1 -1 

343 cm and 318 cm probably correspond with the ligand modes near 299 

cm-l and 268 cm-1, their M-sensitivity indicating coupling with vM-0. 

They are therefore assigned to vsal + vM-0. The band of highest frequency 

and exhibiting the strongest M-sensitivity in this region, i.e. that near 
-1 276 sm , is assigned to vM-0. A similar assignrnent was made for a baud 

near this frequency in the complexes of M(II) tropolonates40 (on the 

basis of metal isotopP substitution) and M(II) acetylacetonates 1 06 (on 
. 

the basis of its behaviour towards rnet~l ion substitution and py adduct 

fonnation). 

The two bands of highest frequency below 250 cm-1, occur within 

regions of ligand absorption and one thus assigned to ligand modes. 

Their M-sensitivities indicate the possibility of a contribEtion from 

vM-0. The band of lowest frequency probably involves a 0-M-0 deformation. 

4.2 The bis(aquo) adducts [M(Sal) 2(H2o) 2] (M = Co, Ni, Zn) 

There are five vibrations between 700 and 500 cm-1, of which the 

four bands of highest frequency (Fig. 42) are assigned to vsal since they 

may be correlated with the free ligand bands in this region. The band 

at 526 on-l exhibits the strongest M-sensitivity, and is assigned to 

vM-0 by comparison with the spectra of the anhydrous complexes. The band 
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near 440 cm-l is assigned to vsal since it shows no M-sensitivity, and 

occurs within a region of absorption of the free ligand. The broad, 

weak band near 375 cm-l is not present in the spectra of the anhydrous 

complexes. A band at 340 an-l in the spectn.nn of the bis(aquo) adduct 

of Ni(II) tropolonate was assigned40 to vNi-OH2 on the results of 

58Ni-6 2Ni substitution. The corresponding band shows no M-sensitivity 

in [M(Sal) 2(H2o) 2] as would be expected for vM-OH2. An alternative 

assignment is to an H-0-H rocking mode. 

The band between 327 and 311 cm-l is assigned to vsal + vM-0 in view 

of its proximity to the ligand absorptions which occur below this 

frequency in the spectrum of the ligand, and because of the strong 

M-se:nsitivity which it exhibits. The doublet in the region 257-245 an-l 

is assigned to vM-0 by analogy with the assignment made for the band 

in this.region in [M(Sal) 2]n. The band at 215cm-l is assigned to 

vsal inclnding a contribution from vM-0 since it is strongly M-sensitive. 

The ba.J.ds below 175 cm-l probably involve bending motions of the 0-M-O 

skeleton. 

It was noted in earlier work127 that a low frequency shift in 

vM-0 (assigned to the band between 535 and 514 cm- 1) did not accompany 

the trai~sformation of the anhydrous complexes into their dihydrates. 

This was regarded as implying that a change in coordination number does 

not c.ccompany this transformation. When ligand composition remains 

constant, increased coordination number causes a considerable low 

frequency shift in vM-1. This may be illustrated33 by the transformation 

of mononuclear tetrahedral [Co(py) 2c12], c2v synunetry (vM-N = 248, 208 

cm-1), into polynuclear octahedral [Co(py),.,Cl2] , c. synunetry (vM-N = '-- n .-i 

-1 182 cm ). The change from [M(Sal) 2]n -+ [M(Sa1) 2(H2o) 2] does involve 

a change in ligand composition but the ligand field strength of the 
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ligand introduced (H20) is comparable with that of the ligand replaced- (Sal), 

so that no significant shift in vM-0 is expected ~o accompany the 

traP.sfonnation if the anhydrous comple~ is six-coordinate. The same 
-1 

argument will apply to the Zn(II) complexes where vM-0 near 500 cm 

remains constant or has shifted to slightly higher frequency on 

bis(aquo) adduct formation. This supports the proposal that [Zn(Sal)z]n 

also has the polymeric octahedral structure which pertains to the 

corresponding acetylacetonate and that [Zn(Sal) 2 (H2o) 2] is monomeric and 

trans-octahedral. Since there is a substantial decrease in the 
~l 

frequency of vM-0 near 300 cm on bis(aquo) adduct formation, this band 

is regarded as a coupled, less vibrationally pure vM-0 than that near 

-1 500 cm . 

4.3 }'he pyridine adducts [M(Sal)zl£tlz] (M = Co, Ni, Zn) 

Since the ligand field strength of py is approximately 25% greater 

than that of water, 2 a significant decrease in vM-0 is expected to 

accompany the transformation [M(Sal) 2CH2o) 2] + [M(Sal) 2(py) 2]. It is 

known1 oo, 225 that an inverse relationship exists between the ligand 

field strength of the adducted base, and vM-0 in the py adducts of M(II) 

acetylacetonates and tropolonates, i.e. any strengthening of the metal­

adduct, bond occurs at the expense of the metal-chelate bond. The bands 

between 523 and 497 cm-l (Fig. 43) are assigned to vM-0 for the following 

-1 reasons. They undergo shifts of as much as 17 cm towards lower 

frequency when the adducted water molecules are replaced by pyridine. 

They are strongly M-sensitive in the CFSE sequence Co < Ni > Zn. 
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They also exhibit a total lack of d-sensitivity when the adducted pyridine 

is replaced by pyridine-d5. 

The two bands at 254 and 230 cm-l are also assigned to vM-0. 

They correspond, in ppsition, with the bands assigned to vM-0 in the 

spectra of [M(AA) 2(py) 2], they are strongly M-sensitive and are insensitive 

to deuteration of the py ring. TI1e other two bands of higher frequency, 

below 350 cm-1 , are assigned to the coupled vibration, vsal + vM-0, since 

they correspond with the ligaI1d modes at 299 and 268 cm-1 , and are strongly 

M-sensitive. The band at 207 cm-l probably originates in the ligand 

mode near 219 cm-l and is ~ssigned to vsal. Thus its M-sensitivity is 

small and is completely d-insensitive. On the basis of its significant 

d-sensitivity, the band at 193 cm-l in the Co(II) complex, and the doublets 

in the Ni(II) and Zn(II) complexes within the regions 192-181 cm-l 

and 158-153 cm- 1 , respectively, are assigned. to vM-N. These vM-N 

frequencies agree well with those of vM-N in [M(AA) 2(py) 2] which were also 

established106 by isotopic labelling. The remaining band below 160 cm-l 

in the Co(II) and Ni(II) complexes (probably below 140 cm-l in the 

Zn(II) complex) exhibit slight M-sensitivity but nod-sensitivity.and 

are therefore assigned to cSO-M-0. 

Of the remaining bands between 700 and 400 cm-1, those near 660, 590, 

-1 -1 546 cm and the doublet n~ar 440 cm are assigned to vsal, since they 

occur in regions of absorption by the free ligand, they lack M-sensitivity 

and are also insensitive towards py deuteration. Deuteration of the py 

ring has enabled unambiguous assignments of the internal py ring 

deformations. The bands near 700, 631 and 425 cm-l exhibit d-induced 

shifts of approximately 92, 100 and 39 cm-1 , respectively. By comparison 

with the assignments of pyridine itself , 22 6 they are assigned to the 

yC-H, cSring and yring modes of the py ring. These bands occur in almost 

identical positions in the spectra of [M(AA.) 2(py) 2] .106 
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4.4 The imidazole adducts [M(Sal) 2(Him) 2] (M::: Co, Ni) 

The band (Figs. 12 and 44) at 509 on-l is assigned to vM-0 because 

it is M-sensitive in the CFSE sequence Co < Ni and is totally 

insensitive towarc1s deuteration of the Him ring. The band near 435 on-l 

is assigned to vsal by analogy with the assigr~~ents made for the 

corresponding band in the complex of salicylaldehyde discussed above. 

The two bands between 332 3Dd 312 cm-l are similarly assigned to the 

coupled vibration, vsal + vM-0, on the grounds of their M-sensitivity, 

the fact that they correspond with the two salicylaldehyde ligand 

vibrations at slightly lower frequency and because of their a-insensitivity. 

Apart from the 174 cm-l lattice mode, Him71 has no internal 

vibrations below 600 cm~1 . Therefore any d-sensitive bands below 

this frequency must crise from the stretching_ and bending motions of the 

M-N bonds. That the two bands at 266 and 239 cm-l in the Co(II) complex 

are vM-N is proposed for the following rea3ons. their frequencies are 

in good agreement with those of vM-N in the complexes [M(Him) 6J2
+ which 

were assigned6 4 by metal-isotope labelling and a single crystal study. 65 

These frequencies also con·espond with those of vM-N in [M(AA) 2 (Him) 2J. 

Moreover, they exhibit strong M-sensitivity and are shifted to lower 

frequency on Him-d4 substitution. TI h ' -] . . d 1e s ,oulaer at 232 cm - 15 ass1gne 

to vM-0 since it is M-sensitive and d-insensitive. However, the close 

proximity of vM-N and vM-0 indicate that they are likely to couple. 

The three bands below 200 cm-l are significantly d-sensitive and also 

exhibit slight M-sensitivity. They are therefore assigned to bending 

motions involving nitrogen, i.e. oO-M-N or oN-M-N. 
. -1 

Of the remaining bands between 700 and 530 cm , those near 664, 

585 and 543 cm - l are assigned to vsal. Uncoordinated Him has two 

bands 70 at 657 and 619 cm- 1. Of these, the latter recurs in the spectra 
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of the adducts near 625 cm-1, and is identified as the yring(Him) 

vibration7 0 by its d-sensitivity. As observed :i)l the spectra of the 

analogous acetylacetonate, the spectra of the deuterated Him adducts 
. -1 

show four new bands between 600 and 500 cm . These are undoubtedly 

deformational modes of deuterated Him-d3. 

4.5 Jile pyrazine adducts [M(Sal) 2(pz)] (M = Co, Ni, Zn) 

Pyrazine exhibits one inte111al mode80 below 700 cm-1, an out-of-

plane ring deformation (yring).near 413 cm- 1. This band recurs in the 

spectra of the adducts (Figs. 13 and 45) near 470 cm-1, and exhibits a 

a-sensitivity of approximately 20 Cin- 1. It is readily distinguished 

from the d-insensitive ligand bands between 450 and 430 cm-1, which, 

because of their d-insensitivity, are assigned to vsal: The band near 

505 cm-l is assigned to vM-0 since it is the most strongly M-sensitive 

band in this region of the spectnun and is totally d-insensitive. The 

three bands near 660, 593 and 538 cm-l are assigned to vsal. 

The band near 336 cm-l is both I'-1- and d-insensitive and is 

assigned to vsal, while the band at 338 cm-1, which exhibits strong 

M-sensitivity, is assigned to the coupled vibration, vsal + vM-0. 

The band between 300 and 280 cm-l in the Co(II) and Ni(II) 

complexes, and the high frequency shoulder at 250 cm-l in the Zn(II) 

complex are assigned to vsal (originating in the free ligand 

vibration at 268 cm-1). Their M-sensitivity suggests some coupling with 

vM-0. 111e b_and at 257 cm-l is assigned to v.M-0 because it is strongly 

.M-sensitive and matches, in position, the band at 287 cm-l in IMCM) 2(pz) In' 

also assigned to vM-0. That it is coupled to vM-N in the Zn(II) complex, 
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is indicated by its d-sensitivity of 2 an-1• -1 The 231 an band is also 

assigned to vM-0 in view of its M-sensitivity and- also because it 

corresponds, in position, with the similarly assigned 237 cm-l band ill 

[M(M) 2 (pz) ]n. 

The low frequency shoulder at 221 an-l is assigned to vM-N + vM-0 

in accordance with the assigrunent made for the corresponding band in the 

spectrum of [M(M) 2(pz)]n' and also by comparison with the assignments 

made for vM-N in the complexes [M(pz) 2x2]1 79 (X '.'.' halogen). This 

band is M-sensitive in the sequence of CFSE's Co <Ni > Zn, but acquires 

d-sensitivity only in the Co(II) complex. Thi$ observation, in addition 

to the fact that it is virtually coincident with the vM-0 bc::ind at 

231 cm- 1, indicates that these two bands are probably coupled ar..d. both 

contribute towards vM-0 and vM-N. -1 The two bands below 170 on are 

strongly M-sensitive and are assigned to oL-M-1. The high frequency band 

is d-sens~_tive only in the Zn(II) complex. 

4.6 The pyrimidine adducts [M(sal) 2(pm)] (M = Co, Ni, Zn) 
~-4'-'-~~~~~~~-=--'-~-=-~~~n~-'--~~.<----'-~~ 

The two bands (Fig. 46) at 687 an-l (in the free base) and 

370 cm-l (348 cm-l in the free base) are assigned to pm i·ing defonnations, 

yring. The bands at 659, 591, 564, 544 an-l and the doublet near 

440 cm-l are assigned to vsal. TI1e strongly M-sensitive band at 

508 cm-1, is assigned to vM-0 in accordance with the assignments made 

for the same band in the complexes of salicylaldehyde discussed above. 

The doublet near 336 an-l is assigned to vsal + vM-0 since it occurs 

in a region of multiple absorption in the spectrum of w1coordinated 
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salicylaldehyde and because the two components of the doublet exhibit 

strong M-sensitivity. For similar reasons, the band near 290 cm-l 

is also a.ssigned to vsal + vM-0. The band at 257 cm-l is strongly 

M-sensitive and is assigned to \lM-0. It corresponds, in position, with 

vM-0 in [M(AA) 2(pm)]n· However, it is probably coupled to the ligand 

mode occurring at 219 cm-l in the spectrum of salicylaldehyde. The 

two bands at 185 and 171 cm-l are assigned to vM-N since they correspond 

with the similarly assigned doublet in this region of the [M(AA) 2(pm)]n 
-1 

spectn.un. TI1e 145 cm band is probably a skeletal deformational 

mode involving nitrogen and oxygen. 
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5. BAND ASSIGNMENTS IN THE INFRARED SPECTRUM OF 
TRAN~-BIS(GLYCINATO)PLATINUM(II) B¥ MULTIPLE ISOTOPIC 
LABELLING. 

Glycine forms several types of complex with Pt(II) ions. 

Reaction of the anionic ligand with K2Ptc1
4

,227-228 yields the complex 

[Pt(gly) 2] in which the glycinate groups act as bidentate ligands. 

A mechanism for this reaction has been postulated22 7 -229. Ley and 

Ficken230 were the first to investigate this system. They proposed a 

four-coordinate planar Pt(II) complex with cis- and trans-isomerides which 

were isolated as two differing crystal forms~ Grinberg and Ptizn231 · 

fmmd these isomerides to be sparingly soluble in water, giving non­

conducting solutions. The less soluble of the isomerides was regarded 

as being the trans-complex.2 32 -233 

Grinberg et al. 234 synthesised bis(glycinato)bis(glycine)­

platimnn(II), [Pt (g1y) 2 (glyH)2], the significance of which with regard 

to the cis- and trans-isomerism of [Pt(gly) 2] is of interest. 

compound is heated with water234 there is an almost quantitative con­

version to cis-[Pt(gly) 2]. The reasons for the formation of the cis-

isomer only, have been investigated. It was also discovered235 that when 

cis-[Pt(gly) 2] is heated with excess glycine, in aquous solution, a 

considerable fraction is converted to the trans-isomer. This conversion 

was found235 not to occur in the absence of free glycine. In fact, 

the percentage conversion to the trans-isomer increases sharply as the 

quantity of glycine is increased. 235 To account for this, these 

authors 235 suggested that [Pt(gly) 2(glyH)z] is formed as an intennediate 

in the cis- trans-conversion. The trans-isomer, unlike the cis-isomer, 

does not react in this manner with excess glycine due, probably, to its 

smaller solubility product. 
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Infrared spectra for several of these mono- and bidentate complexes 

of. glycine with platinum have been reported. 131,136-B8,236-238 

Earlier conclusions, regardi.11g the bonding in M(II) complexes of glycine 

have been based on the observed frequencies of the N-H and carboxylate 

stretching vibrations of the coordinated N(amino) and carboxyl groups. 

These conclusions have been criticized on the basis that solid state 

effects, especially hydrogen-bonding, may be a significant factor in 

determining these frequencies. It is generally agreed that there 

exists some measure of covalent nature in the M-N bond. In the 3.bsence 

of other effects the lower the N-H stretching frequency compared with. 

that of the ionic ligand (for example K(gly)), the more covalent the 

M-N bond. 23 9 Thus, for a series of trans-glycinate complexes of various 

M(II) ions, the value of \lN-H has been found13 l,l36, 236,238 to decrease 

in the order Ni(II) > Cu(II) > Pd(II) > Pt(II), and vM-N to follow the 

reverse trend. Such a sequence is in agreement with the stabEity order 

of M(II)-glycinato cornplexes2 4 0 and with their calculated force 

constants,131 c:nd is regarded as suggesting that the covalent character 

of the M-N bond follows the same trend. 

For the carboxylate frequencies, one view1 36-13 7 assumes low co11alency 

in the M-0 bonds with essentially monodentate coo1dination. If this were 

so, the carboxylate frequency should lie unchanged at approximately 

1590 cm-l (its value in the alkali metal salts). This is the 

case238 with vC=O in the Ni(II) and Zn(II) chelates of glycine. Another 

view13 l,l38 considers the M-0 bonds as having a significant degree of 

covalency. The CU(II) and (especially) the Pt(II) and Pd(II) chelates 

show a definite high frequency vC=O shift, suggesting that this may be 

correlated with covalent bond forniation. These observations are agai.11 

subject to solid state effects, viz. hydration or hydrogen-bonding. 
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Independent nonral coordinate analyses13 l,I36 have not succeeded 

in unambiguously resolving the problem of M-L assignments, the two 

sets of data showing considerable discrepancies. In their study of 
-1 the infrared spectrum (670-270 cm ). of trans-[Pt(gly) 2], Lane and 

co-workers13 6 used an approximate normal coordinate treatment as a 

basis for the assignment of .v.Pt-N. The analysis was made136 on a five­

body problem (PtN2o2; point group D2h) in which only the nitrogen and 

oxygen atoms of the glycinate ligands were considered. By this 

procedure these workers 136 assigned v.Pt-N to the band near 418 cm-1, 

while an extension137 of this analysis (400-40 cm-1) resulted in the 
-1 assignment of the band at 155 cm tc vPt-0. In the spectru.~ of 

, 
cis-[Cu(gly) 2(H20)] these workers137 assigned the band at 156 cm-~ to 

vCu-0. This band has subsequently29 been found to be insensitive to 

the 180- and l- 13C-forms of isotopic labelliilg. A more sophisticated 

treatmentl3i,138 based on a 1:1 (metal:ligand) model of c symmetry, led s 

to the assignment of the Pt-N stretching vibration to the band near 

550 cm-1 , and of the Pt-0 stretch mixed with the Pt-N stretch to the band 

at 418 cm- 1. 

The complex trans-bis(glycinato)platinum(II) crystallizes135 in the 

triclinic system, with space group Pl (C~). Each molecule (VIII) takes 
. i. 

(VIII) 
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part in eight hydrogen bonds to each of four neighbouring complexes via 

the hydrogen atoms on the amino groups, and the carboxylate oxygen atoms. 

There is one formula unit for unit cell, and the Pt atom lies at a centre 

of synnn~try. 135 ·me molecule therefore has factor group symmetry c. 
. ~ 

and the internnl modes of vibration will be described by a calculation 

using c. synnnetry. . Using the procedure outlined by Adams, 47 a factor 
~ 

group analysis has been attempted on this system. 

From the crystal structure analysis, 1 35 the Pt atom at the centre 

of synnnetry, occupies Wyckoff site "a". All other ligand atoms lie on 

general positions "i'.'. 

Number of atoms in molecule (n) = 19 = m.1mber of atoms in unit cell (N). 

Table 48. 

c. A A 
~ g u 

Site of Pt atom ]g 0 3 

Sites of all other atoms 2i 27 27 

where: N tot. 

TA 

N opt. 

N 27 30 = 57 = :m 
tot. 

T 
·A 

0 3 

N 27 27 = 54 = (3N-3) 
opt. 

T 0 0 

R 3 0 

N. 24 27 = 51 - (3n-6) 
~nt. 

Nligands 21 21 

N 
skeletal 3 6 

=total number of vibrations for the unit cell, of which 
there are 3N. Of these, three are, 

-- acoustic modes corresponding to translational vectors 
along three axes. This leaves, 

= optical branch modes. 
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T =optical branch translatoryinodes. 
R = rotatory modes. 
N. =internal modes of vibration for the molecule. 
N~n_~. d · = internal modes of vibration for the ligands. 
N8~~~:t~l = vibrations of the PtN2o2 skeleton lll1der Ci symmetry. 

Thus the internal vibrations (Table 48) for one molecule span the 

representations Nint. = 24Ag + 27Au, and the infrared spectn.un should 

show 27 bands (A). 
u 

If each nine atom ligand is considered as, 

NH20:I2cex:>-, it has 21 normal modes. With two such ligands arranged 

centrosymmetrically about the Pt(II) ion, there will be in-phase and 

out-of-phase combinations of each of these 21 modes; as for exampl~ 

the N-H stretching vibration::; of the amino groups (Fig. 47}, foy which 

in-phase (Agl 

Fig. 47. 

J 
r~ 

0 N---H 

""' / Pt 

/"" H--N 0 
~1 

li 

l 
out-of-phase (Au) 
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the out-of-phase components only, are infrared active. The contribution 

from the ligand modes towards N. tis thus 2l(A +A). Removing these 
~n . g u 

from Nint. leaves 3Ag + 6Au modes, which will involve motions of the 

trans-[Pt(N2o2] skeleton. The last line in Table 48, NskeZetaZ may 

similarly be arrived at by considering the vibrational representation 

of an isolated trans-[PtN2o2] skeleton of point group D2h, for which 

the reduced representations are 2A
9 

+ B1g + 2B
1
u + 2B2u + 2B3u. 

A correlation between this result and the factor group of C. symmetry will· 
~ 

yield the representations (T~tble 49) of the skeletal modes NskeZetaZ' 

Table 49. -----

D2h 
c2fz) 

c2h c. -
~ 

2A } g 3A -· 3A 
B g g 

1g 

2Blu 2A 6A 
u 

/ 
u 

2B2u} 
4B 

2B3u. 
u 

Under C. symmetry, two of the infrared-active modes will be 
~ 

the asymmetric stretches of the Pt-L bonds, i.e. vasym .. Pt-N and 

vasym. Pt-0. '111e remaining four A modes are likely to be u 

deformations of the t:rians-[Pt(N2o2] unit. Since there is only one 

molecule per unit cell, there are no translatory modes (Table 48) 

other than those of the acoustic type in which a~l motions are in-phase 

(involving no dipole moment change) and therefore infrared-inactive. 

TI1e three rotatory modes, 3A , will (Table 48) involve motions of the 
g 



186 

hydrogen bonds 18 9 as well as any other intennoleculcr attractive 

forces. These are all infrared-inactive. Hence, the infrared spectrum 

will not show bands corresponding to hydrogen-bond stretches. Such 

N -H --- 0 bonding will be detectable only in a decrease in vN-H due 

to the interaction. 

Although this system is relatively simple, the overall symmetry is 

low, and consequently very little further information regarding the ligand 

modes and their descriptions can be deduced from Nint: Since all the 

infrared-active modes originate in the same symmetry representa.ti0ns, 

extensive coupling is expected in the infrared spectrum. This will 

complicate the analysis of the observed isotopic shifts. The isot0pic 

shifts (Liv) recorded in Table 25 reveal the extent to which vibrational 

coupling is present in the infrared spectrum of tr~ns-[Pt(gly) 2]; 

many bands bejng sensitive to several forms of labelling. Finally, 

Table 25 reveals that 27 bands are observed in the range 4000-50 cm-l 

of the spectrum. -1 (The bands at 120 and 90 cm are reported by Walter 

and co-workers. 137) 

-1 The region 400J-1500 cm 

Four bands occur (Fig. 48) within the range 330J-2900 cr.i-
1. 

Although the hydrogen atoms of the amino groups take part in intermolecular 

hydrogen bonding, 135 much of the N-H stretching vibrational energy appears 

to be localized within the N-H diatomic oscillator. Assuming the N-H 

oscillator as isolated from the rest of the molecule, it is possible to 

estimate roughly the expected isotopic shifts of the 3230 and 3094 cm-l 

frequencies upon deuteration of the amino group, using equation (4). 
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The equation yields values of v1 of approximately 2360 and 2258 cm-l for 

v~sym.N-D and vsym.N-D, respectively, indicating that approximately 95% 

of the energy is localized within the N-H oscillator. The asyrrnnetric 

C-H stretch (v0 appears as a weak shoulder near 2983 cm-l but is clearly 

visible in the spectnun of the N,N-d2-substituted complex. Shifts of 

approximately 800 cm-l are induced by deuteration of the methylene groups, 

and these modes (v 3 and v4) arc also vibrationally pure. 

The strong absorption at 1650 cm-l (vs) is clearly the C=O 

asyimnetric stretch, being sufficiently sensitive towards 180- and l- 13c­

labelling only. The 180-induced shift of the 18 cm-l is lower than 

anticipated (40 cm-1), and is probably the result of hydrogen bonding. 

Its sensitivity to l- 13c-substitution however, is close to the 0xpected 

value. The NH,., scissoring mode at 1607 cm-l (v5) is recognised by its 
t, 

15N- and N ,N-d2-sensi tivity, but is sl i.ghtly coupled with ·-iC=O since. 

it also exhibits 180- and l- 13c-sensitivity. The only difference between 

the pn~sent assignments and those previously proposed for i..he bane.ls in 

the range 4000-1500 cm-l lies in the coupled nature of v6 which is now. 

established by isotopic substitution. 

Th · 1500 - 600 cm-l e rcgJ.on~---'~-~~~~-

TI1e isotopic shift data reveal that, apart from v12 and v13 , all 

bands within this region originate in extensively coupled vibrations. 

Although deuteration is of great value in the assignment problem, which 

band in the deuterated spectnun corresponds with a particular band in the 

undeuterated spectrum cannot always be dec.i.ded with complete certainty. 

It is nevertheless believed that the shifts indicated in Table 25 and 

depicted in Fig. 48 are probably correct. The 1439 cm-l band (v 7), 
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which is uniquely sensitive to 2- 13C-labelling, and is shifted 374 cm-l 

on.2,2-d2-labelling is clearly the CH2 scissoring mode as assigned by 

Nakamoto. 131 

The C-0 stretch appears to be distributed over four bands (v 8 to v11 ). 

Previous assignments within this region based on nonnal coordinate __ 

analyses, 131,136 are not in entire agreement with each other. 

Assignment138 of the absorption at 1375 cm-l (v9 ) to vC-0 + vC-C is in 

agreement with the observed isotopic shifts recorded here. However, the 

assignment of v10 as predominantly the CH2 wag 131 appears to be incorrect. 

It is preferred that this band be assigned to the C-0 stretch since it 

shows significant shifts on both 18 0- and l- 13c-substitution. 'fl1e 

1294 cm-l band (vu) also contains a contribution from the C-0 &nd C-C 

stretches, but is assigned to predominantly the NH2 twist, because of its 

large N ,N-d2-sensitivity. The small 15N-sensitivity of the i_333 c111-.1 

band (v10) suggests that the NH2 twist is distributed over two bands. 

Assigniitent of v11 to vC-N is therefore incorrect, since such an assign-

ment would be expected to yield considerably larger 2- 13c- and 15N-shifts 

than those observed. 

The 1247 cm-l band (v12) does not show a shift on 2,2-d2-subsritution, 

hence it cannot be considered as having· a contribution from the CH2 
1 

twist, 138 however, its 15N- Cllld N,N-d2-sensitivities support131 its 

assignment to the !';'Hz twist. Despite its insensitivity towards z_l3c­

labelling, v13 (1187 cm- 1) is assigned to the rn2 twist. This assignment 

is based on its significant 2,2-d2-sensitivity and is in agreement with 

the results of nonnal coordinate analysis. 131 

'fl1ree bands occurring between 1100 and 900 cm-: 1, have previously131 

been assigned as predominantly NH2 way + C-N stretch, C-C stretch, and CH2 

rock, respectively. The results of isotopic labelling indicate that two 
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of these assignments require revision. Strong sensjtivity towards 15N­

and 2- 13c-labelling strongly supports the assignm~nt of v14 to vC-N. 

Its slight sensitivity to 180-labelling however, implies that it contains 

some contribution from the co2 scissoring mode. Sensitivities of v15 to 

the l- 13c- and 2- 13c- forms of labelling are in agreement with an earlier 

assignment131 to vC-C, although it is more likely that v15 is a vC-C + CH2 

rock since it has a substantial 2,2-d-2-sensitivity. The 921 cm-l band 

(v 15) is clearly the C02 scissor. Coupling of this band to the rn2 rock 

is however, indicated by the 2- 13c-shift. This band in the spectrum of the 

180-labelled complex, is preceded by a weak high frequency shoulder, 

probably a residual 160-band. The NH2 and co2 rocking modes were 

previously131 assigned to the bands at 798 cm-l (v 17) and 754 011-l (v 18), 

respectively. These modes appear however, to be distributed over both 

these bands, the chief contribution to both modes being (as evidenced by 
-1 

the isotopic shifts) the 754 cm ~ band. These bands exhibit sip;nificant 

z_l3c-sensitivity, suggesting a contribution from the CH2 rocking mode. 

Since v19 is sensitive to lBo- and l- 13c-labellmg, it is assigned to the co2 

wag. The fact that it also contains a contribution from the NH2 rock is 

shown by its sensitivity towards 15N- and N,N-d2-labelling. 

The frequencies of the various NH2-and CH2 deformations provided by 

the assignments proposed above, generally agree 1·1ell with those 

previouslyl31,13B proposed for these vibrations except that the NH2 

twisting mode is approximately 100 cm-l lower than previously preri.icted, 

and no bands can be identified as originating specifically in the 

wagging modes of the NH2 and CH2 groups. 



-1 The region 600 - 140 cm 

It is within this region that the metal-liga.!d vibrations are 
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expected to occur. The suggestion13 6, 238 that the Pt-0 bonds are ionic 

is discounted by the stnictural determination135 of trans-[Pt(gly) 2] 

which reveals Pt-0 and Pt-N distances consistent with high covalency in 

both bonds. Similar arguments have been advanced29 d 3 lfor. the relatively 

high value of the vCu-0 frequency in the spectrum of cis-[Cu(gly) 2(H20)]. 

Previous29-30 isotopic labelling studies on trans-[Ni(gly) 2(H2o) 2] and 

cis-[Cu(gly) 2(H20)] confirm the suggcstion131 that the vM-N and vM-0 

frequencies in these glycine chelates follo~ the sequence Cu > Ni, while 

the same vibrations in [Pt(gly) 7 ] are ~:xpected to exceed the frequencies 
'"' 

of the corresponding asymmetric vibrations in the Cu(II) glycinate 

-1 " -1 complex (476 and 379 cm , respectively). Tne band at 548 cm (v2 0) 

has been previously131 , 138 assigned to vPt-N. - While the present results 

do not b1validate this assignment (since the band is both 15N- and N,N-d2-

sensitive) concomitant sensib_vity to 180- and l- 13c-labelling shows that 

there is coupling with a co2 vibration, presumably the wagging mode at 

1 -1 619 on- . The isotopic sensitivity of the band at 497 cm (v21) is also 

consistent with its assignment to vPt-N. This band is more sensitive than 

;v2 0 to 180-labelling but completely insensitive to l- 13c-labelling, suggesting 

that it comprises coupling from vPt-0. Hence, the assign1nent vPt-N + vPt-0 

is proposed for v21. 

The band at 415 cm- 1(-v22) is fim1y assigned to the vibrationally 

pure vPt-0 mode, since it has substantial 180-sensitivity, no l- 13c-

sensitivity (i.e. it does not comprise a contribution from a co2 

deformation). The present assignments of v21 to coupled vPt-N and v22 to 

vPt-0 place these frequencies some 30 cm-l higher than the asymmetric 

vCu-N and vCu-0 modes of cis-[Cu(gly)z(HzO)) which is qualitatively consistent 
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with their relative stability constants240 and coordination numbers.172 

Earlier assignmentl36~137 of v22 to Pt-N is definitely discounted 

by the absence of sensitivity to 15N- ~d N,N-d2-labelling. 

The 338 cm-1 vibration CY23) is significantly sensitive towards 

ISO-labelling only, although the recorded shift is smaller than that 

of v22 • This band (v23 ) is therefore assigned to the 0-Pt-0 bending 

mode. This frequency is again higher, as expected, than the copper-ligand 

bending frequency in the spectnnn2 9 of cis- [Cu(gly) 2 (H20)]. Absence of 

15N-,..·I-.13c- and 2- 13C-sensitivity invalidates previous assignme:rits 136 -138 

of v23 to a C-C-N bending mode. 
-1 An earlier assignment 136 - 137 of the absorption at 263 cm (v24) to 

a carboxylate twisting mode was supported by the occurrence of a band in 

this region of the spectn.rr11 of uncoordinated glycine. The absence of any 

significant 180- and l- 13c-sensitivity requires that this band does not 

originate in such a mode. Sensitivity of (v24) to 15N- and N ,N-d2-

labelling requires that it be assigned to oN-Pt-N. Results of the norm~l 

coordinate analysis, 137 a.Hd the assumption of an ionic M-0 interaction, 

yielded an assignment for v25 at 150 cm-l to the asymmetric vPt-0. · 

In view· of the present evidence, it would appear unlikely that vM-0 

in trans-[Pt(gJ.y) 2] will occur at such low wavenumber. In view of its 

180- and 2,2-d
2
-sensitivities, this band (v25) probably originates in a 

oPt-0-C vibration. Two other bands (at 128 and 90 cm- 1) have been reported 

for this system (v26 and v27), and were assigned1 37 to certain intermolecular 

modes. 

\ 
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6. BAND ASSIGNMENTS (4000-140 cm- 1) IN THE INFRARED 

SPECTRUM OF CIS, CIS-BIS(GLYCINATO) CIS-BIS(IMIDAZOLE)-

NICKEL(II) BY MULTIPLE ISOTOPIC LABELLING 

It has been shown by x-ray crystal analysis241 that the title 

complex crystallizes with a monoclinic unit cell containing four fonnula 
. 1 5 units. 'The space group24 is P2

1
/c rc

2
h). Each pair of chemically 

equivalent donor atoms occupy adjacent corners of the coordination octa-

hedron, which is unusual for an octahedral bis(glycinate) complex (IX). 

Furthermore, the two chemically equivalent pairs of ligands are not 

related by crystallographic symmetry.241 

(IX) 

There are two features which may have important consequences in the 

infrared spectnun of this complex. Firstly, the two Ni-0 ( carboxyl) , 

and the two Ni-N(Hirn) bond lengths241 were found to differ by a significant 
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factor of approximately 0.03 A. Secondly, all_acidic hydrogen atoms 

are involved in H-bonding, except for one hydrogen atom on one of the 

amino groups. 

In the only previously reported study of cis-[Ni(gly) 2(Him) 2] and 

other binary Ni(II) complexes of amino acids, Rao and Lil 56 showed 

that cis-[Ni(gly) 2(Him) 2] exists as an octahedral complex in aqueous 

solution and has a value of 9820 cm-l for the crystal field splitting 

parameter, lODq. (The lODq value 156 of trans-[Ni(gly) 2 (H20) 2] is 8910 cm-l). 

The infrared spectrum is depicted in Fig. 49 and the isotopiccilly-

induced shifts (Lw) are recorded in Table 26. TI1e imino-hydrogen atom 

in Him, as well as the amino-hydrogen atoms of glycine are acidic mid 

lmdergo exchange in aqueous solution. Consequently, it is not possible 

to synthesise the Him-d4 and N,N-d2-gly analogues of cis-[Ni(gly) 2(Him) 2] 

as chemically unique species. For this reason, the spectra of the fully 

deuterated Him complex and the N,N-d2-glycinate complex are not 

reported. 

The spectrum of free Him in the region 3100-2200 cm-l consists of 

a massive envelope of bm1ds attributed69 '163 to H-bonded N-H stretching 

modes. In the spectrum of cis-[Ni(gly) 2(Hnn) 2], this envelope is 

better resolved but there remains an extensive band pattern down to 

2200 cm-1 , which vastly complicates assignments, especially those of 

the C-H glycinate stretches. The N-H(gly) stretching modes) identified 

by their sensitivity towards l 5N-labelling, are assigned to the bands 
-1 . -1 

at 3282 cm (v 2 ; vasym.N-H) and 3195 cm (v 3 ; vsym.N-H). One further 

vibration (v1 at 3318 cm- 1). exhibits significm1t 15N-sensitivity, warranting 
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its assignment to vN-H(gly). The presence of this extra vN-H mode 

may well be the result of the existe1ice of one N-H bond which does not 

participate i.~ H-bonding. 24 1 The mas£ change which occurs on 

substitution of IIim by Him-d3 results in a shift of all three N-H 

stretching modes to lower frequency. 

In most M(U) complexes of glycine, 29 - 30,l3l the vC-H modes of the 

methylene groups occur between 3000 and 2900 cm-l and are of low intensity. 

In cis-:-[Ni(gly) 2(Him) 2], these bands are not easily identified because 

of the complexity of the spectrlllll in this region. The three bands 

within the range 3150-3100 cm-l (v4-v 6) are clearly C-H stretching modes 

of Him, being shif·i:ed some 800 cm -l to lower frequency by deuteration. 

They are lll1affected by other modes of labelling. The two vC-H(gly) 

bands (v7; v8) occur within the 3000-2800 cm-l range where they are 

identified by their 2,2-a2-shifts (rvsoo cm-1) and 2- 1 3c-sensitivities. 

All other bands within the range 4000-2200 an-l (Table 26; Fig. 49) are 

assigned to H-bonded vN-H modes of the imidazole imino group. 

The region 1700-580 cm-~ 

The majority of the infrared. ba.~ds of free Him recur in the 

spectn.m1 of the complex with minor shifts and splittings. The internal 

Him modes are identified by Him-d3 sensitivity and absence of sensit.ivity 

towards labelling of the glycinate groups,while the species of each 

internal Him vibration is assigned according to the extensive deuteration 

studies by Perchard and co-workers7D on the Him spectrum. Three bands 

in the 1635-1550 cm-l region (v 9-v 11 ) may be assigned to carboxylate 

stretching modes by virtue of their sensitivities towards 180- and 

l- 13C-labelling. Sensitivity of the 1632 cm-l band toward the various 
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fonns of labelling precludes its assignment tu the NH2 scissoring mode 

which is known30 to occur in this region of the spectrum of trans-

[Ni(gly) 2(H2o) 2]. In fact the NH2 scissoring mode appears to be 

distributed over two bands (v 12 ,v 13 ) in the 1550-1510 cm-l region of 

the spectn....1111. Sensitivity of the 1541 cm-l vibration to l- 13c-

labelling is probably the result of an interaction with the vC=O absorption 

at 1586 cm-l which w1dergoes a large low frequency shift on this fonn of 

labelling; hence its assignment to the NH2 scissor + vC=O. The 1516 cm-l 

band exhibits a similar sensitivity towards Him-d4 labelling as do the 
-1 -1 vN-H(gly) modes in the 3300 cm . region. The 1516 cm band (v13) is 

assigned to the NH2 scissor + '.>ring(Hi'll). 

The 1492 and 1448 CJI1-l vibrations (v 1,nv 15 ) are assigned to Him 

ring stretching modes, 70 originating in the 1490 and 1450 cm-l vibrations 

of free Him. Both bands arc sensitive only ·to Him-d3 labelling. In 

the light of its 2- 13C-sensitivity, th0 143~ cm-l band (v 16) must be 

regarded as having some 0-12 scissori11g character yet its shift on 2,2-d2-

labelling is sma11. On the basis of its moderate sensitivity to 

Him-d
3 

labelling, this band is assigned to a coupled CH2 scissor + vring­

-1 (Him). The band 8.t 1416 cm (v17) is assigned to vC-0 + vC-C(gly) since 

it is significantly sensitive to both 180- and l-13c-labelling and is 

substantially sensitive also to 2- 13c- and 2,2-d2-labelling. 

originates in a C-H defonnaticn of the glycinate methylene group is 

apparent from its shift on 2,2-d2-labelling. Its l- 13c- and 2- 13C-

sensitivity indicates it also has vC-C character. Hence, it is assigned 

to the CH2 scissor+ vC-C(gly). The vC-C(gly) mode appears to be 

spread over all three vibrations in this region, since the sensitivities 

of the 1355 cm-l band (v 19) also require its assignment to vC-C(gly). 

The isotopic shifts indicate, however, that this band is principally the 
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C-0 stretching mo<le since it is primarily sensitive to lBo- and 

l-l3C-labelling. · Slight sensitivity to 1 SN-labelling indicates that 

v19 is also coupled with the NH2 wag. 

'The 1344 cm-l band (v20) is identified as the CH2 wagging mode. 

'!his assigri~~ent is based on the large 2- 13c- and 2,2-d2-shifts. The 15N-

sensitivity also shows that it is mixed with NH2 wagging mode. Absence 

of sensitivity towards labelling of the glycinate ligands implies that v21 

is an internal mode of the Him ring. 7 o This band corresponds with the 

strong 1323 cm-l band in free Him which has been assigned70 to vring(Him). 

-1 'Ihe 1310 cm band (v22) is sensitive towards most forms of isotopic 

labelling and is assig11ed to CH2wag + vC-C(gly) + vC-0 in accordance with 

the observed shifts. v 2 3 Exhibits shifts similar to those observed for 

v20 and is therefore similarly assigned although v20 is significantly more 

sensitive to 2, 2-d2-labelling and thus represents a purer a-12 wagging · 

vibration. 
-1 

111e doublet (v24, v25 ) at 1257 and 1253 cm ~ is sensitive 

only to Him-d3 labelling and is assigned to the Him ring C-Ii defonnation in 

accordance with previous assigrunents 70 for free Him. v 26 Corresponds 

with the 1243 cm-l band in Him, assigned 70 to oN-H(Him). Its sensitivity 

only to Ilim-d3 labelling (in which it shifts 48 cm- 1) substantiates this 

assignment. 

Although the 1188 cm-l band (v27) is only slightly se::nsitive to 

2- 1 3c-labellirig, its assignment to the CH2 twist is based on its large 

2,2-d2-sensitjvity. Sensitivity towards l- 13C-labelling, hrnvever, 

suggests that it also receives a contribution from vC-C(gly). Identical 

assignments have been proposed29 - 30 for bands in the same region of the 

spectra of trans-[Ni(gly) 2(H2o) 2J and cis-[Cu(gly) 2(I-I20)], on the basis 

of isotopic substitution. The 1145 cm-l absorption (v2a) is assigned to 

oN-H(Him), and the band at 1133 cm-l (v 29 ) is assigned to the NH2 twist 

+ vC-C(gly) since it is sensitive tol SN-, 1-13 c- and z_13 c-labelling. 
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Free Him gives rise to two absorptions at 1099 and 1052 cm~l The 

corresponding bands in cis-[Ni(gly) 2(Him) 2] occur· at 1093 and 1067 cm-1, 

the latter being totally insensitive to labelling of the glycinate 

ligands. These bands (v 30 ,v3i) are accordingly assigned70 to oC-H(Him). 

The 1052 cm-l band (v 32) is unambiguously assigned to vC-N. It 

exhibits large shifts towards 15N- and 2- 13c-labelling only> and has 

invariably been found to occur near 1050 cm-l in the spectra of those 

M(II) complexes of glycine studied29 -30 by the isotopic labelling 

techi.1ique, where it is also characterised by its vibrational purity. 

The isotopic shift data indicate that v33 originates purely in the 

v(>C(gly) mode, as it is sensitive only towards the l- 13c-, and 2- 1.3c­

labelling, whereas the neighbouring vibrations at 944 cm-l (v34) is 

additionally sensitive to the 180-label. On the basis of its small 

2,2-d2-shift, the 944 cm-l bcind is assigned to vC-C + co2 scissor. 

111e 916 cm-l band (v35) is assigned to co2 scissor + yC-H(Him) 

~ince it is sensitive only to · 180-, l- 13c- and Him-d3 labelling. 

v36 Js, hrnvever, more sensitive to 180-labelling and is therefore 

assigned to a purer co2 scissoring mode. Its s]multaneous 

sensitivity towards 2-13c- aI1d (especially) 2,2-a2-labelling 

indicates a. contribution from the CH2 rocking vibrat_ion. 

·· l . . . All the bands in the region 900 - 7 SO cm ex!11b1 t a . 

complete absence of sensitivity towards labelling of the glycinate ligands. 

Furthermore, these bands all occur in regions of st!'ong absorptio:a in 

the spectnnn of Him where they have been assigned to Him ring modes in the 

spectrum of the free ligand 70 High sensitivity to 180- and l-13c-

labelling suggests that v43 is chiefly the co2 rock, while simultaneous 

sensitivity towards 2- 13c- and 2,2-d2-labelling implies mixing with the 

rn2 rock. Some :t\1H2 rocking character is also evident from the small 
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shift jnduced by 15N-labelling. -1 The bands li1 the 700-620 cm region 

are firmly established as Him ring deformations due to their sensitivities 

only towards deuteration of the Him ring. The band at 657 cm-l in 

the spectrwn of Him splits on complexation, giving rise to a doublet 

near 665 cm-l in the spectrum of the complex, which is assigned70 to 

yring(Him). The band at 624 cm-l is similarly assigned.70 to yring(Him) 

due to its sensitivity (only) towards Him-d3 labelling and its correspond­

ence with the 619 cm-l band (yring) in the spectrum of Him. By virtue 

of the 180- and l- 13C--shifts of v47~ it is assigned to the co2 wag. 

Sensitivity to all other fo1ins of labelling suggest that the co2 wag is 

mixed with a ring deformation. The same assignments are proposed for 

Vt•S and v49 which also show varied magnitudes of sensitivity to all forms 

of labelling. 

The vC=O, I'IJB2 scissoring, < H2 scissoring; co2 scissoring and 

vC-N modes are normally most readily identifiable in M(II) compltxes of 

glycine?9-30,131 Of these, only the vC=O and vC-N modes represent 

pure vibrations in the spectrum of cis-[Ni(gly) 2(Him) 2], while the coupled 
-1 NH2 scissoring modes are some 70 cm lower than generally observed. 

The isotopic shift values (Table 26) reveal, however, that the extent of 

vibrational mixing in the 1000-600 cm-l region is comparable 30 with that 

in the spectrum of trans-[Ni(gly) 2(H2o) 2], where some bands achieve identi­

cal assigments in corresponding spectral positions. 

-1 TI1e region 580-140 cm 

Since each chemically equivalent pair of donor atoms in the cis-

[NiA2B2C2]-type skeleton occupy ajacent corners of the octahedron, 

symmetry considerations require the infrared activity of both asymmetric 
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and syrmnetric Ni- L vibrations . The table of isotopic shifts also reveals 

the extent to which vibrational mixing of the Ni-L absorptions is 

operative in this region. Assignment of the two bands (vso,vs1) at 

-1 1 510 and 498 cm to the co2 wag is based on their 180- and 1- 3c-

sensitivities. That they also comprise a contribution from vNi-N(gly) is 

indicated by their !SN-sensitivities. A band at 518 crn-l in the spectrum 

of trans-[Ni(gly) 2(I-I2o) 2] has been similarly assigned30 on the results of 

isotopic labelling. The presence of two such bands in cis- [Ni (gly) 2 (Him) 2] 

is consistent with the cis-symmetry of the latter complex. These modes 

are displaced to lower frequency in the bis(Him) complex compared with 

This is consistent with the increase in lig:md field 

strength of Him relative to that of water. 

The bands at 418 and 401 cm-l (vs 2 ,v53) exhibit cornpar:=tble shifts on 
·' 

180- and 15N-labelling and are assigned to mixed vasyrn.Ni-N(gly) + 

vasym.Ni-0 (418 cm-1) and vsyrn.Ni-N(gly) + vsym,Ni-0 (401 cm- 1). 

The latter bcu1d reveals an apparently anornolous shift of 81 cm-l on Him-d3 

labelling. This shift is too large for a vNi-N(Him) vibration. An 

identical assignment has been proposed30 for the 437 cm-l band in the spectrum 

of the trans-bis(aquo) adduct of Ni(II) glycinate. These bands, further- . 

more, are regarded as representing purer vNi-L modes than the two bands 

near 500 crn- 1, since they undergo30 a significantly larger low frequency 

shift when water is replaced by Him. The band at 306 cm-l is sensitive 

to 180-, 15N-, and Him-d3 labelling, suggesting that it comprises 

contributions from vNi-0, vNi-N(gly) and vNi-N(Him). Assignments of 

the vss and v55 absorptions to vNi-N(Him) is suggested for three reasons. 

Firstly, these bands are most significantly sensitive to deuteration of 

the Him ring. Secondly, baJids assigned to vM-N in the spectra of 

the complexes [M(Him) 6] 2
+ occur6 4 -5s in the similar region of the spectrwn. 
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Thirdly, in the spectra of the Him adducts of M(II) acetylacetonates, the 

M-N(Him) bands arc found in the same spectral region. These bands are 

nevertheless significantly 180- and 15N-sensitive, indicating coupling of 

the Ni-N(Him) stretch with cSO-Ni-N(gly). The 203 cm-l band (v 57) is 

assigned to cSO-Ni-0 + vNi-N(Him) since it shows 180-sensitivity, and is 

also sensitive to Him-d3 substitution, while the band at 164 cm-l (v53) 

is sensitive only to Him-d3 labelling, confirming its assigni~ent to 

cS(Him)N-Ni-N(Him). 

Although the metal-ligand stretching frequency region of ais-

[Ni (gly) 2 (Him) 2] is espected to be more complex than that of tram;­

[Ni(gly) 2 (H2o) 2] purely on symmetry grounds (both the asymmetric and 

symmetric vNi-L bands of the former are infrared-active) it is clear from 

the above discussion that the observed complexity of the spectrum of the 

cis-complex cannot be attributed solely to symmetry conditions but must, 

at least partially, be ascribed to the extent of vibrational coupling. in 

this complex. 

Sufficient multiple isotopic labelling studies2 9-30 ,245-2Lf6 have 

now been performed on glycinate complexes to enable some general 

conclusions regarding their infrared spectra to be reached. 

(1) Very few bands represent vibrationally pure modes. The least coupled 

bands are generally, vN-H, vC-I-1, vC=O and vC-N. (2) Metal-ligand 

stretching frequencies span a wide range of values with vM-N generally 

>vM-0. Characteristic values for vM-N are 'v 550 cm-l (Cd(II) 2 46 and 

Pt(II) chelates) and~ 450 cm-l (Ni(II) chelates3°). vM·O Is character­

istically within the 450-300 cm-l range. In many glycinate complexes, 

v.M-0 and vM-N occur as mixed vibrations. (3) Octahedral glycinate 

complexes comprising adducted heterocyclic bases with nitrogen donors245 

canrnonly yield vM-N(Base) bands within the range 350-150 cm-1. 



7. BAND ASSIGNMENTS IN THE INFRARED SPECTRA OF TRANS­

BIS(L-ALANINATO)PLAT!NUM(I I) AND PALLADIUM(II) BY 

ISOTOPIC LABELLING 

Band assignments in the infrared spectrum of alanine were first 

reported by Mizushima and co-workers244 by comparing the spectra of 

N-deuterated alanine and alanL~e hydrochloride with that of normal 
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alanine. In an attempt to make more conclusive assignments, further 

measurements of the infrared spectra were later made on C-deuterated 

alanine. 245 The assignments245 were based on a normal vibration 

calculation as a seven-body problem, regarding the J'.;'H3 + 1u1d CH
3 

groups as 

dynamical units. Later, the spectra246 of 2-d, 3-d3- and 2-d,3d3-N-d3-

L-alanine were reported and the assignments made supported those previously 

discussed.24 4-245 A subsequent 15N-labelling study (1700-500 cm-1) brought 

about no assignment changes24 7 at all except for the 540 cm-l band 

previously244- 246 assigned to the co2- bending mode, which was reassigned247 

to a oCCN vibration. These relatively straightforward assignments244-2 47 

were later shown31 by 15N- and 180-labelling to show extensive vibrational 

ccuplir..g, and some modification of the existing assignments were found 

necessary. Aqueous solutions of L- and 13-alanine have also been studied21
f
8 

by Raman spectroscopy. 

The M(II) complexes fnrmed by L-alan.ine (L-ala) have been studied. by 

nlilllercus workers 31 , 152 , 249- 25 3 in the field of vibrational spectroscopy. 

Nakamoto et al. 249 studied the nature of the metal-carboxylate coordinate 

linkage of many amino acid complexes in the solid state and in D2o 

solution. A normal coordinate treatmentl52 of the M(II) complexes of 

DL-a-ala (4000-80 cm-1) was accomplished us5ng a full 25-body problem, and 

an approximate discription of the vibrational modes of all observed bands 

was reported. 152 The most recent report, is that of an 180- and 15N­

labelling study31 of anhydrous and hydrated Ni(L-ala) 2 and anhydrous 
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-1 Cu(L-ala)2, in which complete band assignments (1700-140 cm ) were 
- . . . 

proposed according to the isotopic shifts. 

There is, to date, no crystallographic data available for Pt(II) and 

pd(II) complexes of L-ala. ·As is characteristic of Pt(II) chemistry, the 

structure is regarded as a planar monomer (X) and identical to that 

studiedl52 by Durkin and co-workers. With only two exceptions, there 

{X) 

is a band-for-band correspondence in the infrared spectra of the Pt(II) 

and Pd(II) complexes (Fig. 50). The isotopic shifts (b.v) recorded in 

Table 27 for trans-[Pt(L-ala) 2] reveal the extent to which vibrational 

coupling is present; exceedingly more so than in the spectrum of trans-

[Pt(gly) 2] studied earlier. Most bands are sensitive to all fonns of 

labelling, especially deuteration. The assignments proposed in Table 

27 are based on the effects of isotopic.substitutions and on comparisons 

with previous assignments for L-ala,31 trans-[Cu(L-ala) 2] 31 and trans­

(Pt(gly)2]. While the Pt(II) and Pd(II) complexes appear to be 

isostructural, they are not necessarily isomorphous. However, establish-

ment of the assignments for the Pt(II) complex by multiple isotopic 

labelling is considered to provide analogous assignments for the corres-

ponding bands of the Pd(II) complex. Frequencies cited in the ensuing 

discussion refer to the -Pt(II) complex. 
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The region 4000-1500 cm- 1 

Splitting of the vasym. N-H band (v 1 and v 2 ) in both the Pt(II) 
-1 

and Pd(II) complexes, near 3200 cm is ascribed to variations in 

strength of intermolecular N- H --- 0 hydrogen bonding within the solid 

state. Shifts undergone by these bands and the vsym. N-H mode (v 3 ) 

-1 
near 3100 cm , on 15N- and N,N-d2-labelling, are of the expected 

magnitude for pure N-H stretching modes. Substitution of Pd(II) for 

Pt(II) causes a high frequency shift in the vN-H bands, i.e. the opposite 

trend exhibited by the vM-N bands. 1-Vhile the trend in vN-H might 

indicate differing H-bond strengths, the corresponding opposite trend 

in vM-N gives more cause to believe that a higher metal-ligand bond 

stability in the Pt(II) complex occurs at the expense of the N-H bonding. 

1\vo stretching vibrations are expected for the C-H bonds of the methyl 
·' 

group in L-alanine. These bands are regarded as originating in the 

doublet (v4 and vs) , - I -1 near :5000 cm · ·, while the band near 2940 cm ( v6) 

is assigned to the C-H stretch. All three bands are sensitive only 

to 2-d, 3-d3-labelling. 

The position of vC=O in trans-[Pt(L-ala) 2] agrees well with the 

position of the corresponding band in the glycinate complex, although in 

the present case a greater 1 80-shift is recorded. The NH2 scissoring 

mode (v 8 ) shows 180-sensitivity which is induced by overlap with the 

strong carbonyl stretching absorption i.e. a low frequency shift in vC=O 

on 180-labelling influences the frequency of the NH2 scissor at slightly 

lower wavenumber. The vC=O value for the Pt(II) complex is 11 cm-l 

higher than the value for the Pd(II) complex, indicating that the higher 

electron density of the Pt-0 bond is transmitted to the exocyclic C=O 

bond. 



-1 The region 1500 - 600 cm 

206 

In the spectrum of free L-alanine 31 , 245 -246 the CH3 degenerate 

defonnation and the CH3 symmetric defonnation occur at 1455 cm-l and 1362 

an- 1, respectively. In the spectra of the complexes the degenerate 

-1 defonnatioi1 recurs as a doublet ( v9 and v10) near 1450 an and are 

readily identified by their shifts when hydrogen is replaced by deuterium. 

These shifts agree well wjth those reported245 -246 for similarly deuter-

ated L-ala.. Bands v11 and v12 a.re shifted slightly by 180-labelling. 

Their sensitivities towards N,N-d 2- and 2-d, 3-d3-labelling are too 

· small for NH2 or CH3 modes but are consistent with a contribution from 

NC-C. They are thus assigned to vC-0 + vC-C. 

near 1350 an-l clearly originate in the syrmnetric defonna.tion mode of the 

methyl group. They occur very close to the position of the corresponding 

band in free L-ala31 and a.re significantly sensitive towards 2-d, 3-d3-

labelling. The small 15N- and N,N-d2-sensitivity of v14 indicates some 

coupling with the NH2 twisting mode. A band near this frequency in the 

spectrwn of trans-[Cu(L-ala) 2] was assigned31 to the NH2 wag on the 

basis of its 15N-sensitivity (tw = 5 cm -l). The substantial 180-shifts 

exhibited by v15 and v16 suggest that they are primarily vC-0 modes although 

coupling with vC-C and some contribution towards the NB2 twist is indicated 

by concomitant shifts on 2-d, 3-d3- and N,N-d2-labelling. This assign-

ment is identical to that given for the analogous glycinate complex. 

TI1e vC-CH3 mode is expected to occur near 1237 cm-1, which is its 

position in the spectrum of free L-ala. The three bru1ds v17-v19 

exhibit isotopic sensitivities which are consistent with this assignment. 

Simllar 15N-sensitivity in bm of these bands, however, suggests coupling 

with the NH2 twisting mode. The ll08 cm-l band (v 2 1) does not show 

sufficient N,N-d2- or 2-d, 3-d3-sensitivity to warrant its assignment to 
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mi NH
2 

or C-H defonnation, as has been proposeu.152 In fact the bands 

v20 to v22 exhibit N,,N-d2- shifts which are certainly consistent with those 

expected for vC-N, although considerable vibrational coupling is indicated 

by sensitivity to the other isotopic labels. That v23 and v24 are 

mixed vibrations, is shown by their sensitivities towards all forms of 

labelling, while v25 appears to represent a pure vC-N mode. 

TI1e nonnal coordinate analysis152 led to assignments of the co2 

scissoring modes in the 800-700 cm-l region. The isotopic shift data 

reveal that these specific modes arise at higher frequency, (v24 and v26) 

and that all the bands in the 1000 to 600 cm-l region contribute in some 

manner towards various defonnations of the carboxyl group. That 

v26 is the more vibrationally pure co2 scissoring mode is shown by its 

greater !Bo-sensitivity. As was obsenred in the spectrum of trans-

[Pt(gly);,], this absor9tion exhibits residual high frequency shoulders 

attributed to 160-L~ala. This assignment, furthermore, agrees well lvith 

that m~de for the co2 scissoring mod831 in the spectrum of trans-[Cu(L-ala) 2]. 

In contrast to the infrared spectra of M(II) complexes of glycine where 

the \JC-N mode generally occurs as a single relatively uncoupled vibra­

tion29-30; 242 between llOO - 1000 cm-1 , it is generally observed.245-247 

that vC-N in L-ala and its M(II) complexes 31 , 152 is a coupled vibration 

and spread over a number of bands in the 1100-850 cm-l region. 'The bands 

v27 to v30 are all coupled and the assignments proposed are reasonable 

in tern1s of the observed shifts and analogous assignments in the 

spectrum of trans-[Pt(gly) 2J. The isotopic shifts reveal that v31 with 

its substantial 180-shift, originates predominantly in the co2 rocking 
-1 mode. Ring defo1mational modes are expected to occur below 700 cm 

and the sensitivity of the bands v32-v34_to all modes of isotopic 

substitution suggests that they originate predominantly in skeletal vibrations 
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o:t the chelate ring with some contribution from the co2 wagging 

mode apparent from their 180.:sensitivities. 

The region 600~140 cm-l 

~l 
In the spectrwn of tr•ans- [Pt(gly)2], a band at 497 cm was 
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assigned to the coupled vibration vPt-N + vPt-0, and no vibrationally 

pure vPt.-N was observed. The shifts of v35 in the spectnun of trans-

[Pt(L-ala)?] are practically identical with those of the corresponding ,, 

band in the spectrwn of the glycinate complex. Hence, a similar 

assigrnnent is proposed. The large shift (18 cm -l) which this band under -

goes on substitution of Pd(II) for Pt(II) is consistent with the generally 

observed trend~ 31 , 136 : 249 of Pt(II) > Pd(II), ba3ed on the degree of 

covalency of the M-L bond, and is c9nsistent with the assignment proposed. 

A relatively pure vPt-0 band is observed at 418 cm-1. The frequency 

is very close to that observed (415 cm- 1
) for vPt-0 in the analogous 

glycinate complex. The band at 402 cm-l (v17) is also vPt-0 but its 

slight 15N-sensitivity and its greater sensitivity than v36 towards 

N,N-d2-labelling, suggests that it is coupled with a ring deformational 

mode invulving the nitrogen atom. 

Below 400 cm-1 , bands occur which exhibit sensitivity to several 

forms of isotopic labelling. These are probably ring deformations and 

bending modes involving the inethyl group of coordinated L-ala. The 

absence of a methyl group in glycine explains why this region of the spectrum 

of the L-ala complex is relatively rich in jnfrared absorptions. 

The bands v42-v44 may be assigned to ~-Pt-L bending modes. Of these, 

v43 is sensitive towards 15N- and N,N-d2-labelling only, suggesting that 

it originates in :SN-Pt--N. Since v44 is shifted only by 180-labelling it 

is assigned to oO-Pt-0. Band v42 , however, is sensitive to 180-, 

15N- and N,N-d2-labelling and is therefore likely to be oO-Pt-N. 
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7.1 Influence of Pd(II) substitution on the snectrum of trans-[Pt(L-ala)zl 

It is now well established12 , 245 that substitution of one coordinated 

metal ion in a complex by another from.a higher transition series leads 

to an increase in the force constant (and hence vibrational frequency) of 

the metal-liga.~d bonds provided that no cha.~ge in coordination number, 

synnnetry or oxidation state of the metal ion accompanies the substitution. 

Thus, substitution of Pt(Il) in trans-[Pt(L-ala) 2] by Pd(II) should lead 

to a decrease in vM-N and vM-0. Although the mass effect will favour 

higher frequencies for the Pd(II) complex, mass effects have been shown172 

to be heavily diluted in metal chelates. The data in Table 27 show that 

all bands assigned to metal-l;gancl stretching and bending vibrations 

exhibit a frequency decrease on Pd(II) substitution and this observation 

may be cited in support of these assignments ... 

The effects of metal ion substitution on the metal-ligand frequencies 

are often further transmitted to affect the frequencies of other 

vibrations in the molecule. TI1ese may vary in parallel with the metal­

ligand frequencies or they may exhibit an inverse trend. 1 2 The I\.TT-J:2 

rocking modes of coordinated amines C1re generally very sensitive to metal 

ion substitution, moving in the same direction as vM-N. The data in 

Table 27 show that many bands assigned to pure or coupled NH2 rocking and 

twisting modes exhibit substantially lower frequencies in the spectrum 

of the Pd(II) L-ala complex. 

Metal ion substitution in amine complexes often2 55 cause the vN-H 

band to move in the opposite direction to vM-N. This effect is also 

observed for the L-ala complexes described here, supporting the assig­

ments for the vN-H bands. 
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'l .2 Cornparison hetween present and previous assignments and conclusions 

The only previous assignment study1·52 of the alanine complex of 

Pt(II) was based on a normal coordinate analysis, a method which has 

previously been shown to yield incorrect assignments in spectra of 

complexes involving chelating ligands, especially for the metal-ligand 

stretching modes in amino acid complexes~0-3l Thus, the strong 

-1 1 527 cm band was not reported, while vPt-N was assigned to the 418 cm-

band which is now found not to shift at all on 15N-labelling. vPt-0 

was assigned to a band at 198 cm-l since it was believed that the M-0 bonds 

in amino acid complexes have largely ionic character, a view that has 

been invalidated by subsequent infrared studies and x-ray structural work 

on [Cd(gly) 2}.H2o and isomerism stu~ies 1 ss, 24 3,2s6 on trans-[Pt(gly) 2] 

which reveal no·nnal M-0 bond lengths. 

In conclusion, the frequency shifts which result from multiple 

isotopic labelling and Pd(II) substitution enable reliable assignments 

to be provided for most bands in the spectrum of trans-[Pt(L-ala) 2] 

-1 over the range 4000-140 cm . There are few vibrationally pure bands 

in the spectrum. TI1is is evident, not only from the observed isotopic 

shifts, but also from the occurrence of 44 bands in the spectrum of 

trans-[Pt(L-ala) 2] compared with 25 for trans-[Pt(gly) 2] over the same 

spectral range. Since both complexes have the trans-configuration, it is 

apparent that a small increase in complexity of the coordinated amino acid 

induces a large increase in complexity of the infrared spectrum. 
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8. STRUCTURAL INFORMATION 
OF GLYCYLGLYCINE FROM 

ON SOME METAL(II) COMPLEXES 
THEIR INFRARED SPECTRA 

The maximum deviation from planarity of the peptide group257 in 

complexes of peptides which have thus far been investigated crystallo­

graphically, 258 has been found to approximatG 6°, which appears 258 to be 

the limit to which the peptide group may be deformed in order to 

accorrnnodate chelate ring strain. Furthermore, there is no structural 

evidence258 that protonated N(peptide) atoms are ever used in metal-
, 

ligand bonding. This observation is explained258 on the grounds that the 

tetrahedral configuration thus implied, is energetically and geometrically 

unfavourable. The average ciimensionsl50,258 of the complexed peptide 

do not appear to differ significantly from those of the free peptide, 

except for the C=O and C-N bonds of the peptide group when the 

N(peptide) atom takes part :in M-L bonding. As regards the M-L bond 

lengths, those of the M-N(amine) and M-N(amide) bonds are found tc differ 

considerably, 258 the former generally being longer than the latter. 

Initially," the association of Cu(II) ions with peptides was 

regarded as unique259-260 in that Cu(II) was the only ion known to 

induce ionization of the amide proton. Extensive titration 144,261 
' 

spectrophotometric and x-ray diffraction studies 144 , 150 , 258 , 26 i reveal 

that Co(Il), Ni(II) and Pd(II) may also promote ior..ization of amide 

protons, the Co(II) a..1d Ni (II) complexes usually containing262 two 

molecules of glycylglycine (gg) per M(II) ion. The more strongly 

tetragonal Cu(II) and Pd(II} ions chelate only one molecule262 of gg per 

M(II) ion. Types of structure and the functional groups used in 

bonding to the metal ion are highly pH dependent: 43 -148 , 252 , 263 -264 

At low pH, the most b3sic sites within the peptide are the amino group 
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and the O(peptide) atom. It is therefore at these sites that metal 

ion coordination occurs. 14 3- 148 As pH is rcised the N(peptide) atom 

becomes deprotonated resulting in it becoming the most basic site. 

Consequently coordination takes place here. The carboxylate oxygen 

atoms now become the most basic sites and may participate in coordination. 

Martell and co-workers 144 found that bondi:P..g to Zn(II) ions was not pH 

dependent and put this down to the fact that Zn(II) ions, which are not 

affected by ligand field SLabilization, have nothing to gain energetically 

by being bound to N(peptide) instead of O(peptide) donor atoms. 

Accord1ngly, 260 the dissociation of peptide protons in alkaline solution 

is not promoted by Zn(II) ions as it is by Cu(II), Co(II) and Ni(II) 

ions, for which CFSE is impor~ant. 

8.1 [M(Hgg)X(HzO)], (M = Jv'1n, Co, Ni, r::u, Zn; X =Cl, Br) 

Chloroglycylglycinatocopper(JI) monohydrate has been shewn by x-ray 

analysis265 to be a dDneric structure (XI). The glycylglycinat.e lip;ands 

are coordinat2d to one Cu(II) ion through the amino nitrogen265 and peptide 

oxygen atoms, and LO the other Cu(II) ion through the carboxylate oxygen 

atom, in a dDneric structure having c
2
-like symrnetry. 2 65 The coonlina­

tion polyhedra are distorted square pyramidal, with the water molecule 

at the apex. This complex is crystallized from acid solution1 49 an.<l has 

retained the proton at the N(peptide) atom. 

Although the finer details of the metal-ligand bond lengths and 

molecular packing were not reported2 6 5 the infrared spectrum (Table 28, 

Figs. 17 and 51) is consistent with this mode of coordination. 

The infrared spectra (Table 28, Figs .. 17 and 51) of the Mn(II), Co(II), 
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(XI) 

(XII} 
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Ni(II) and Zn(II) complexes show, by virtue of their band-for-band 

correspondence, that these chloro and bromo complexes are isostructural,. 

and resemble, in broader detail, the spectra of the analogous Cu(II) 

complexes. It is suggested that these complexes have (distorted) 

octahedral structures (XII) similar to that reported157 for:[Cd(Hgg)Cl(HzO)], 

where the diniers, which have a structure identical to that265 of 

[Cu(Hgg)Cl(H20)] 2, complete their octahedral coordination by bridging of 

the carboxylate oxygen atoms (M .;.... o-=--c-=--o - M) to neighbouring 

dimers. Thus, all the carbm .. ·y1ate or amido oxygen atoms are bonded to 

M(II) ions. Octa11edral geometries have previously14 9 been suggested for 

the Ni (II) co!nplex on. the basis of magnetic moments, but the form of 

carboxyla.te bonding was not deduced.149 

Because of the nature and extent of H-bonding in most complexes of 

dipeptides, 258 it is assumed that all acidic protons in the complexes 

studied here are involved jn H-bonding. The broad doublet of low 

intensity above 3400 cm-l (Fig. 51) in the Cu(II) complex is assigned to 

vO-H of the coordinated water molecule. This band is totally insensitive 

to 15N-lahelling. -1 Five bands occur between 3400 and 3100 cm , all of 

which are sensitive to 15N-labelling. These bands have previously14 9 

been assigned to the a:;ynnnetric and synnnetric N-H stretches of the 

amino groups. The 3167 cm-l band w~s assigned to the Amide A band 

( vN-H). The Amicie A band arises. near 3280 cm-l in free H2gg and since 

chelation does not occur through the N(peptide) atom it seems unlikely 

that a decrease in frequency of some 110 cm-l would occur in this band 

on complexation. It is therefore preferred to assign the two bands 

at 3257 and 3218 cm-l to the Amide A band. The remaining two bands at 

3327 and 3290 cm-l are then attributed to the vasym. and \isym.N-H (amine) 

bands, respectively. These bands occur in close proximity to the 
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similarly assigned29 vN-H modes in cis-[Cu(gly) 2(H20)]. 

In the spectra of the Mn(II), Co(II), Ni(II) and Zn(II) complexes, 

the broad band near 3450 cm-l and the shoulder near 3390 cm-l are 

assigned to vO-H(water). By contrast with the Cu(II) complexes, only 

four15N-sensitive bands are observed in the 3370-3100 cm-l range. The 

absorption near 3270 cm-l is assigned to the Amide A band, and agrees well 

with the position of absorption of this mode (for a non-coordinated peptide 

nitrogen) in the spectrum of H2gg. The other two absorptions near 3360 

and 3345 cm-l are attributed to \iasym. and vsym. N-H (amine), respectively. 

The sharp decrease in frequency of the vN-H (amine) vibra.tion on passing 

from Ni(II) to Cu(II) may arise from differences in strength of 

N - H --- 0 = C H-bonding. It may also, however, reflect a stronger 

M-N (amine) bond order, which is to be expected in the case of Cu(IJ) 

due to its increased contribution from CFSE and lower coorJir.ation number. 

The same observations were madel 31, 136 for the arnino acid compli:~xes of 

Ni(II) and Cu(II) where vN-H in the Ni(II) chelates are invariably higher 

than those of the Cu(II) chelates. It is suggested that this order21-2s 

reflects the relative strengths of the covalent M-N bonds (assuming that 

solid state effects remain constant throughout). 

The bands between 3010 and 2900 crr{-1 , being :.insensitive to labelling, 

are assigned to C-H stretching modes of the methylene groups. The car·· 

bonyl, region (1700-1500 cm- 1) in the spectra of the Cu(II) complex 

exhibits six bands, of which the two of lowest frequency show-significant 

15N-sensitivity, confinning their previous assignments 14 9 to amide II 

vibrations (oN-H). This assignment agrees well with the frequency of 

the amide II band in free H2gg (near 1575 cm-1), indicating a free, 

protonated N(peptide) atom. The two at 1642 and 1627 cm-l are the 

most intense absorptions in this region. Although they exhibit slight 
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15N-sensitivity (indicative of coupling) they are assigned to the 

amide I band (vC=O) and vC=O (carboxylate~ respectively. Such an 

assignment of vC=O (carboxylate) is consistent with a monodentate 

carboxyl group cont~ining an uncoordinated (probably H-bonded) carboA"Ylate 

oxygen atom. Be(:aus2 the 1607 cm-l vibration is insensitive to the 

!SN-isotope, it could be assigned to the OH2 scissoring mode, known 30 

to occur near this frequency in the bis(aquo) adduct of Ni(II) glycinate. 

It is nevertheless, preferred to assign it to a further amide I band. 

The occurrence of two amide I and JI bands could be the result of 

.coupling of the vibrations of the two peptide groups constituting the dimer. 

Two bands in the spectrum of H
2
gg have been assigned141 , 14 9 to amide I 

bands. In the spectrum of a-chitin, Nakamoto200 assigned two bands to 

amide I modes, the one at higher frequency (1656 cm-1) was thought to 

arise from hydrate fonnatior. since it is very weak in the spectr.um200 
.. 

of anhydrous $-chitin. Siuilar splitting of the amide I band has been 

reported143 for other complexes of gg, and attributed to crystal effects. 

TI1e remaining band at 1586 cm-l is assigned, by virtue of its lSN-

sensitivity, and by comparison with similar assignments in the complexes 

of glycine, 2 9- 30 to the NH2 scissoring mode. 

It is within the 1700-1500 crn-l region that the most important 

conclusions may be drawn 2s to the dissimilarities in structure a.11.d bonding 

between the Cu(II) complex and the Mn(II), Co(II), Ni(II) and Zn(II) 

complexes. The two bands near 1640 and 1620 cm-l~ in the latter series 

of complexes are assigned to the amide I bands in view of their insen-

sitivity to !SN-labelling. The asyrrunetric carhOA"Ylate stretch occurs 
-1 near 1571 cm . It is the most intense absorption in this region and 

is totally insensitive to lSN-labelling. This assignment is entirely 

consistent with the mode of carbm ... "Ylate bonding proposed for this 
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series of complexes, by contrast with the free carboxylate oxygen 

atom in the Cu(II) complexes. The band near 1590 cm~l is assigned to 

the NH2 scissoring mode by comparison with the spectra of glycine 

complexes29-30 and because it is substantially lSN-sensitive. Only 

one amide II band (oN-H) is observed in these spectra. It arises 

near 1550 on-land shows strong 15N-sensitivity. 

A remarkable feature about the absorptions in the 1500-1200 cm-l 

range is their almost complete insensitivity to 15N-labelling. This 

prevents reliable assignments of these bands to vibrations such as NI-1 1 
""' 

deformations, known to occur in this region of the spectra of amino 

acids.30-3 1, 131 ,l36,l 44 The hands b~tween 1300-1230 cm-l do, however, 

exhibit slight 15N-sensitivity, indicating that they may be coupled 

amide III or NH2 deformational bands. The bands between 1500 and 1300 

cm-l are probably various mi.'<ed vibrations irrvol ving rn2 deformations, 

C-C and C-0 stretching modes, since these vibrations dominate this 

region of the spectra of amiilo acid complexes. 3 0-31~131,136,1'+4 In 

contrast, the 1120-950 cm-l region exhibits bands which undergo dramatic 

shifts on 15N-substitution (ti\J up to 22 cm~ 1). The two bands of highest 

frequency are spljt in the spectra of the Cu(II) complex, while the band 

near 1000 cm-l appecirs to show some metal ion sensitivity. Shifts of 

similar magnitude have been observed for C~N stretching modes in the 

M(II) complexes of amino acids.29-31 Three such bands have been 

assigned to vC-N in the Ni(II) and Cu(II) complexes of L-alanine.31 

On this basis, these bands are assigned to pure C-N stretching modes. 

Using the same comparisons, the bands between 950 and 900 on-l are 

assigned to (coupled) co2 scissoring modes, since they are insensitive 

to 15N-labelling, and arise at a similar frequency in amino acid 

complexes. 29 - 31 For similar reasons, the bands near 885 on-l are 
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assigned to NH2 defonnations, based on their 15N-sensitivity. Bands 

exhibiting 15N-sensitivity occur near this frequency in the spectra of 

all the complexes studied here (as well as those complexes in which 

the amide group is deprotonated) which precludes ascribing their 

origin to solely N-H defonnations of the amide group. Most of the 
-1 bands in the 800-550 cm range exhibit some measure of 15N-sensitivity. 

The band patterns in this region of the spectra of the various complexes 

differ considerably and ate probably coupled modes involving cc:atri­

butions from the N-H (amide) and NH2 defonnations. The band near 624 cm-l 

is insensitive to labelling (except in the Cu(II) chelate, 645 cm- 1) and 

by comparison with the glycine29 - 30 and L-alanine31 complexes previously 

reported, is regarded as having a significant contribution from the co2 

rocking mode. This assignment puts the co2 rock in the Cu(II) complex 

at highe-r frequency than the other M(II) complexes, which is in agreement 

with the observed shifts in the carboxylate stretch in the 1600 cm-l 

region and supports the conclusion that both carboxylate oxygen atoms 

are involved in M-0 bonding in the Mn(II), Co(II), Ni(II) and Zn(II) 

chelates. 

The extent of vibrational coupling is clearly evident in the 

region below· 600 cm·1, the majority of bands being sensitive to 15N-

substitution. There are rrlso a munber of bands, which, on the basis of 

their sensitivities towards replacement of the metal ion (in the order 

· of CFSE' s Mn < Co < Ni < Cu > Zn) may be assigned to M-L stretching 

modes. Three bands in the 500-350 cm-l region exhibit both 1 5N-

and M-sensitivity. On the basis of their higher 1 5N-sensitivity, the 
-1 bands near 470 cm are assigned to the principal vM-N(amine). 

The neighbouring band in the range 450-400 cm-l is similarly M­

sensitive but is completely unaffected by lSN-labelling and is therefore 



assigned to the stretchh1g vibration of one of the three species cf 

metal-oxygen bonds present in the~e complexes. Another vM-0 band 

with similar features occurs within the range 310-250 cm-1. The 

neighbouring band to lower frequency is assigned to vM-0 + vM-Cl 

since it is 1SN-insensitive, M-sensitive and in the bromo complexes 
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of Co(II) and Ni(II), gives rise to additional !SN-insensitive bands 

-1 . at 227 and 220 cm , respectively. The lower frequency bands are 

assigned to the metal-ligand bending modes. 

8.2 [Cu(Hgg)X], (X = Cl, Br)i 

The proposed structure for these complexes (XIII) is that of ~ fou:t-

coordinate planar molecule with a tridentate glycylglycinate r0sidue in 

which the N(peptide) atom is deprotonated in a similar mar ..... rier to that 

observed crystallographically262 for the. bis (glycylglycinato)cobalt(III) 

ion. 

TI1e broad band above 3400 cm-~ assigned to vO-H (coordinated water) 

in the spectra of the hydrated complexes discussed above, is absent from 

these spectra. Instead a broad band envelope (Table 29, Fig. 52) occurs 

in the 3330-3250 cm-l region, due to the 0-H stretch of the iminol 

hydroxyl group. The peak of highest frequency is assigned to vasym. 

N-H, and that at 3268 cm-l to vsym. N-H, since they are both lSN-sensitive. 

The magnitudes of their shifts indicate that they are vibrationally pure. 

· The low frequency shoulder near 3261 cm -l is assigried to vO-H ( iminol). 

Th . . l S~7 • • h d 311'> -l . ' . d e remaining iv-sensitive ~an near ,., cm is assigne to the 

H-bonded vN - H --- 0 which has acquired I SN-sensitivity as a result of 



(XIII) 
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H-bonding to a nitrogen atom of an adjacent complex. The b:mds 
_, 

between 3100 and 2900 cm ~ are clearly the vC-H modes. They are 

insensitive to 1 SN~labelling and compare well with the frequencies of 

vC-H in mnino acid complexes. 2 9~31 

The carbonyl region (1700-1500 an-1L exhibit only three 

absorptions. The presence of the 1642 cm-l vibration showing strong 

1SN-sensitivity ex.eludes it from originating in the arnide(I) (vC=O) mode, 

as is the case in the hydrated complexes. This vibration clearly involves 

the N(iminol) atom and is therefore assigned to vC=N. Such a C=N 

stretching vibration is known to occur in the region of the spectra of 

N-alkylsalicylaldimine complexes 17 of Cu(II). Hence, the presence of a 

vC=N mode and the absence of the amide I mode from the 1650 1600 cm-l 

region are consistent only with a protonated O(peptide) atom to form 
-1· 

the iminol tautomer (XIII). TI1e band at 1579 cm and its low frequency 

shoulder &re assigned to the NH2 scissor since they shift in unison on 
-1 !SN-labelling. The strong 1590 cm absorption is assigned to vC=O 

(caTboxylate). 

As is observed in the spectra of the hydrated complexes, for which 

the band pattern is very similar, the 1500-1300 cm-l region e:xhibits bands 

which are insensitive to labelling. By analogy with the assignments in 

the spectra of glycine complexes, these are assigned to vC-C, vC-0 and 

rn2 deformation modes. The two bands between 1280 and 1200 cm-1 ·are 

sensitive to 1SN-labelling and are assigned to the Nl-Iz twisting mcde. 

The bands in the 1105-1000 crn-l range are assigned to C-N stretching 

vibrations by virtue of their strong !SN-sensitivity, and because these 

modes are known to occur in this region of the spectra of M(II) glycinate 

and L-alanine cornplexes. 2 9-31 By analogy with assignments made for the 

hydrated complexes, and in view of their !SN-insensitivity, the doublet 
-1 . 

near 930 cm is assigned to the co2 scissoring mode. Similarly, the 
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896 cm-1 vibration, being 15N-sensitive, is assigned to the NH2 wag. 

The bands between 750 a'ld 550 cm-1 , which all exhibit some measure of 

15N-sensitivity, are probably coupled deformations involving the methylene, 

amino, carboxylate and iminol groups. 

The most substantially 15N-sensitive band occurs near 500 cm-:-l and 

is assigned to vCu-N. Since both nitrogen atoms of the complex are 

labelled, a firm distinction between the two species of vCu-N bands is 

not possible. That these vCu-N bands occur at exactly the same frequency 

in the hydrated and anhydrous complexes supports the prediction of a 

planar anhydrous Cu(II) complex, since the planar geometry is merely an 

extreme example of a tetragonally distorted square pyramidal complex, 

and the gain in CFSE is expected to be small. Hence the correspondence 

of these vCu-N frequencies. Three-further vibrations between 400 and 

300 cm-l may be assigned to coupled vCu-N on the basis of their 15N­

sensitivities. A band in the 400 cm-l region of the spectra of 

N-alh.')'lsalicylaldimine complexes 17 was assigned to vCu-N on the basis 

of its sensitivity towards change in substituent. The 271 cm-l vibration 

is coml?letely insensitive to 15N-labelling and is firmly assigned to a 

vCu-0. TI1e band at 262 cm-l in the chloro complex and 235 cm-l in the 

bromo complex, ar-e unambiguously assir,ned to vCu-X, their positions and 

the shift induced when bromide is suustituted for chloride are in agree­

ment with those expected for terminal halide complexes2 6 7of Cu(II) ions. 

Their insensitivity to 15N-labelling, furthennore, implies that they 

represent pure vCu-X vibrations. The lower frequency bands are 

assigned to M-L bending modes. 
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8.3 Na.z[M(gg)z] .nHzO, (M(n) :-.: Mn(Z)' Ni(9) and Zn(S)) 

In solutions of Ni(II) ions and gg at pH near 10, dissociation145 

of the peptide protons occurs. Two types of complex, an octahydrate and 

a nonohydrate, crystallize from such solutions, and differ both in compo­

sition ~d crystal synunetry. 14 5 Both are <lisodium salts of the same 

[Ni(gg) 2] 2- ion. The molecular structure268 (XIV) of Na2[Ni(gg) 2] .9H2o 

reveals that each dipeptide ligru1d is coordinated to the Ni(II) ion 

through the amino group, deprotonated amide nitrogen and an oxygen 

of the carboxylate group. This complex is probably identical268 

with the decahydrate studied Ly Manyak et al. 141• The related complexes 

Naz [Mn(gg) zl. ZH20 and Na2 [Zn(12:g) z]. SH20 do not appear to have previously 

been studied. Their infrared spectra generally exhibit a bru1d-for-band 

correspondence with that of the Ni(II) comple.~ and, on these grounds, these 

sodium salts appear to be structurally equivalent. 

The infrared spectra (Table 30) are depicted in Fig. 53. The band 

near 3540 cm-land the broad band at 3442 cm-l are assigned to \JO-H(wa.ter)~ 

while the 3338 cm-l vibration is assigned to \Jasym. N-H(amine). The 

Lroad band at 3240 cm-l is assigned to vsym. N-H + \JO-H(water). Since 

the peptide nitrogen268 is deprotonated (XIV) there can be no band 

in this region attributable to the amide A band (\JN-H). Hence, the 

assign.1!lents of the vibrations at 3147 and 3088 cm-l to \JN - H---0. 

Crystal stn1cture analyses258 have shown that when the N(peptide) 

atom is coordinated, there is a significant lengthening of the C-O(peptide) 

and shortening of the C-N(peptide) bond distances, with respect to those 

of the free peptide. This implies an increased contribution from the 

resonance foni1 (XVI). Since the electron shift 2 58 to the metal is 

smaller thru1 that to the peptide proton which the M(II) ion replaces, 
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(XV) (XVI) 

the O(peptide) becomes more negative and thP- C =O bond order is reduced. 

This is consistent with the decyease in the amide I frequency (Fig.53) 

from near 1675 cm-l in free H2gg tc near 1550 cm-l when the M(II) ion 

is bonded to the N(peptide) atom. The Ni(II) complex is stabilized by 

CFSE and as a result, the Ni-N(pP.ptide) bond 6rder is expected to increase 

over that of the (spin-free) Mn-N and Zn-N bond orders, i.e. the resonance 

fonn (XVI) is predominant in the Ni(II) complex, while the .Mn(II) and 

Zn(II) complexes comprise a greater contribution from resonance fonn (XV). 

TI1erefore the C-O(peptide) band should be reduced in the Ni(II) complex, 
-1 hence the assignment of the 1659 and 1634 cm bands as amide I bands. 

These bands shift in ::m order which is the opposite of the calculated 

CFSE' s. A similar argument may be put fon1ard for the observed shifts 

in the NH2 scissoring modes (1600 cm-1) and C=O (carboxyl) stretching 

modes near 1569 cm-1. Increased bond order of the Ni-N(amine) bond 

reduces the effective restoring force of the NH2 scissoring mode, 

decreasing its frequency. Conversely, the greater Ni-0 (carboxylate) 

covalent character (due to the extra contribution from CFSE) in the 

Ni(II) complex, causes an ~ncrease in the C=O bond order and a 

concomitant high frequency shift in vC=O(carboxylate). 
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These spectra broadly resemble the spectra of the [Cu(Hgg)X] 

co~plexes in the 1500-600 cm-l range and consequently similar assignments 

may be proposed. (Table 30). Because of the symmetric arrangement 

of the ligands about the M(II) ion, these spectra are relatively simple, 

in spite of the number of lattice water molecules present. This is 

particularly so below 600 cm-1. Although these complexes were not 

labelled with 15N-gg, tentative assignments of the bands below 600 cm-l 

may be made by comparison with the spectra of the complexes previously 

discussed. On this basis, and in view of their M-sensitivities, the 

bands near 530 cm-l are assigned to vM-N(amine) and those between 470 and 

400 cm-l are assigned to v.M-N + v.M-0. The two highly M-sensitjve bands 

between 380 and 320 cm-l are probably preduminantly of vM-0 character, 

since.this is the region in which these bands arise in M(II) amino acid 

complexes.29-31,131 

8.4 [Cu(gg)(H2o) 21 

The crystal structure has been shown26 9 to contain discrete w1its of 

[Cu(gg)(H2o) 2] in which the Cu(II) ion has square-based pyramidal 

coorclination (A.'VII) . Trideritate coordination of the gg liga11d is 

achieved by deprotonation2 69 of the amide nitrogen atom, being id0~tical 

to the mode of coordination2 68 of gg in Na2[Ni(gg) 2].9H2o. The five-

coordinate structure is completed by coordination of two water molecules. 

The infrared spectrum (Table 31, Fig. 54) in the N-H stretching region 

displays a broad band at 3386 cm-l which is attribµted to vO-H of 

water. The asymmetric and symmetric amino group N-H stretches occur in 

the region 3310-3260 cm-1. · Since the amide nitrogen is deprotonated, 269 
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the band at 3092 crn-l cannot be attributed to the amide A mode. It 

appears therefore, that this band is also vN-H(amine) as is the case in 

the spectra of Na2[M(gg) 2] .nH20. The remaining two vibrations near 
-1 

2900 an - are assigned to vC-H modes. 

'Ihe occurrence of three bands in the 1700-1500 cm-l region of the 

spectrum (Fig. 54) is consistent with the mode of gg bonding. The 

tmcoordinated peptide carbonyl frequency (amide I) occurs at 1688 cm-1. 

If a direct comparison is drav.11 between the spectra of [Cu(gg)(H2o) 2J 

and Na2[M(gg) 2] .nH2o, it would appear that the exceptionally higher 

frequency of the amide I band in the former complex, represents an . 

increased contribution of resonance form (XV) over that of (XVII). 

However, the extent of H-bonciing in the disodium complexes (due to the 

presence of a large number of lattice water molecules) may significantly 

lower the C=O bond order. 

The NH2 scissoring and vC=O(carboxylate) modes occur at 1622 and 1592 

an-1, respectively. As expected, the amide II band is not observed. 

Assignments in the spectrum below 1500 cm-l (Fig. 54) are accomplished by 

comparison with the spectra of Na7.[M(gg) 2].nH2o (Fig. 53), for which 

the overall band patterns are similar (except for the two bands at 819 and 

514 cm-l in the Cu(:!:!) complex). TI1e crystal structure analysis269 

reveals that the coordinated water molecule completing the basal plru1e is 
0 

exceptionally strongly bonded (Cu-0 distance 2691.946 A) whereas the 
0 

apical water molecule is loosely bound with a Cu-0 distance269 of 2.383 A. 

On these grounds, the extra band at 514 cm-l is assigned to vCu-N(amine) + 

vCu-O(water), while the 543 cm-l band is assigned to vCu-N(amine) by 

comparison with the spectra of the disodium salts. The broad band at 

819 cm-l is assigned to an H2o rocking mode. 
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ABSTRACT 

The infrared spectra of thirteen metal(II) complexes of glycylglycine have been deter­
mined and are discussed in relation to their known or probable structures. A distinction 
between various structures is possible on the basis of differences in the spectral band 
patterns of these complexes. 

INTRODUCTION 

Although metal complexes of peptides have been extensively studied by 
X-ray crystallographic methods [1], very little structural information has 
been obtained from IR spectral studies. The IR spectra of peptides have been 
thoroughly investigated [2-5] but few publications have dealt with the 
spectra of their complexes. 

The results of earlier work, which was largely confined to the effects of 
pH and pD variation on their spectra in the 1700-1500 cm- 1 region, have 
been discussed in terms of coordinate bonding [ 6-8] . The mull spectra 
(1700-1400 cm- 1

) of some of the complexes studied here have previously 
been obtained (9]. However, attempts to use frequency differences in the 
symmetric and antisymmetric vibrations of the carboxylate group as an 
indication of the mode of carboxylate bonding met with little success. In this 
paper we report correlations between known structures of peptide complexes 
and their IR spectra. These spectral band patterns are used to assign structures 
to related complexes. 

EXPERIMENT AL 

Crystals of Na2[Ni(GGhJ .9H20 [where GG = (NH2CH2CONCH2C02)2-] 
were prepared by the addition of glycylglycine in ethanol to a hot aqueous 
suspension of nickel carbonate. The mixture was heated with stirring for 
! hour before the excess nickel carbonate was removed by filtration. The 
crystals precipitated after the green filtrate had stood overnight. These were 
collected, washed with ethanol and dried over silica gel. 

The complexes Na2[M(GG)2] .nH20 (M =Mn, Zn) were prepared by the 
addition of glycylglycine (2 molar proportions) in ethanol to an aqueous 
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solution of freshly prepared metal hydroxide (1 molar proportion). The 
mixture was heated gently (with stirring) until precipitation. The precipitate 
was collected, washed (ethanol) and dried over silica gel. 

The complexes [M(HGG)X(H20)] with HGG = (NH2CH2CONHCH2Co2r; 
M =Mn, Co, Ni, Zn; X =Cl or Br, and the complexes [Cu(HGG)X] with 
X = Cl, Br were prepared by addition of glycylglycine (1 molar proportion) 
in ethanol to the metal halide (1.4 molar proportions) in ethanol. The resul­
tant precipitate was collected, washed (ethanol) and dried over silica gel. 

[Cu(HGG)Cl(H20)] and [Cu(GG)(H20)i] were prepared by published 
methods (refs. 9 and 10 respectively). 

Analytical data are given in Table 1. ' 
Magnetic susceptibilities of [M(HGG)Cl(H20)] were measured at room 

temperature on a Newport-Stanton Guoy Magnetic Balance. The following 
results were obtained: M =Mn,µ= 5.15 BM; M =Co,µ= 4.95 BM; M =Ni, 
µ = 3.22 BM; M = Cu,µ = 1.86 BM. 

IR spectra were determined on Nuj()l mulls between caesium iodide plates 
(or below 250 cm-1 between polyethylene plates) on a Perkin-Elmer 180 
Spectrophotometer. 

RESULTS AND DISCUSSION 

I 

The molecular structure of the bisglycylglycinatonickelate(II) ion of 
Na2[Ni(GG)i] .9H20 reveals that each dipeptide ligand is coordinated to the 
nickel ion through the amino group, deprotonated amide nitrogen and an 
oxygen of the carboxylate group [11]. Four bands are present in the 1700-
1500 cm-1 region (Fig. 1). The two bands at lower wavenumber (1594 and 

TABLE 1 

Analytical data on complexes of glycylglyCine 

Complex Calculated Found 

%C %H %N %C %H %N 

Na, [Mn(GG),] .2H,O 24.2 4.1 14.l 24.5 4.8 14.0 
Na,[Ni(GG),]. 9H,O 18.2 5.7 10.6 18.1 5.7 10.5 
Na,[Zn(GG),].5H,O 20.8, 4.8 12.1 21.1 5.1 12.2 
[Mn(HGG)Cl(H,O)] 20.1, 3.8 11.7 20.l 3.7 11.5 
[Mn(HGG)Br(H,O)] .H,O 15.9 3.7 9.3 15.9 3.2 9.0 
[Co( HGG )Cl(H,O)] 19.7 3.7 11.5 19.9 3.8 11.7 
[Ni(HGG)Cl(H,O)] .~H,O 19.d 4.0 11.1 19.0 3.8 10.8 
[Ni(HGG)Br(H,O)] 16.7 3.2 9.7 16.7 3.2 9.5 
[Cu(HGG)Cl(H,O)] 19.4 3.7 11.3 19.4 3.7 11.3 
[Zn(HGG)Cl(H,O)] 19.2 3.6 11.2 19.2 3.5 11.0 
[Cu(GG)(H,O),] 20.9 4.4 12.2 21.2 4.6 12.1 
[Cu(HGG)Cl] 20.9 3.1 12.2 20.8 3.1 12.2 
[Cu(HGG)Br] 17.5 2.6 10.2 17.6 2.6 10.l 
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Fig. 1. The IR spectra 1 700-1500 and 650-150 cm-' of the complexes Na,[M(GG),] .nH,O. 

157 5 cm- 1
) are assigned, by comparison with the assignments proposed for 

the spectrum of trans-[Ni(glycine) 2 (H20)i] [12], as the NH2 scissoring and 
carboxylate stretching modes respectively. The absorption at 1652 cm- 1 is 
assigned to the amide I vibration (vC=O). The remaining band at 1627 cm-1 

may be assigned as the OH2 scissoring mode. However, we prefer (for reasons 
discussed below) to suggest that it is a further amide I vibration. The occur­
rence of two amide I bands could well be the result of coupling of the two 
peptide carbonyl groups of the complex ion. A similar splitting of the amide I 
band, which was attributed to crystal effects, has been reported [6] for 
other complexes of glycylglycine. 

The related complexes Na2 [Mn(GG)] .2H2 0 and Na2 [Zn(GG)].5H2 0 do 
not appear to have been studied previously. Their IR spectra (1700-150 cm-1

) 

generally exhibit a band-for-band correspondence with that of the analogous 
Ni(II) complex, and on this basis these three sodium salts appear to have 
identical structures. Figure 1 reveals the spectral similarities for these com­
plexes in the regions 1700-1500 and 650-150 cm-1

• That the first two 
bands below 1700 cm-1 show metal-sensitivity strongly supports their assign­
ment to amide I vibrations rather than to the scissoring mode of the unco­
ordinated water molecules. 

The structure of [Cu(HGG)Cl(H20)] 2 shows both Cu ions of the dimer 
to-be in square based pyramidal coordinations with the glycylglycinate 
ligands bridging the Cu ions [ 13'] . Each ligand coordinates to one Cu ion via 
the peptide oxygen and the amino group and to the other Cu ion via one of 
the carboxylate oxygens. Although the finer details of bond lengths and 
molecular packing were not reported [13], the IR spectrum (1 700-1500 
cm- 1

) is consistent with this mode of coordination (Fig. 2). The additional 
band near 1550 cm- 1

, which was absent in the spectra of Na2 [M(GG)i] ;nH20, 
is assigned as the amide II (N-H bend) mode. Predictably, because of the 
different modes of coordination of the ligand, the amide I bands occur at 
lower frequency than in the spectra of the Na2 [M(GG) 2 ] .nH20 complexes. 
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Fig. 2. The IR spectra 1700-1500 and 660~150 cm-• of the complexes [M(HGG)X(H,0)]. 

The IR spectra (Fig. 2) of the series [M(HGG)X(H20)] with M = Mn(II), 
Co(II), Ni(II), Zn(II); X =Cl or Br, show, by virtue of their band-for-band 
correspondence, that these complexes are iso-structural. We suggest that all 
these complexes have (distorted) octahedral structures similar to that reported 
[14] for [Cd(HGG)Cl(H20)] 2 where the dimers, which have a structure 
identical to [Cu(HGG)Cl(H20)] 2 , cbmplete their octahedral coordination by 
bridging of carboxylate oxygen atoms to neighbouring dimers. Comparison 
of the spectra of this series with the spectrum of the analogous Cu(II) complex 
(Fig. 2) supports the unique five-coordinate structure of [Cu(HGG)Cl(H20)] 2 • 

In accordance with the presence of the free carboxylate oxygen atom in 
[Cu(HGG)Cl(H20)], vC=O(carboxylate) occurs at higher frequency. The 
bands at 658 and 645 cm-1

, which by comparison with the firmly established 
assignments in the spectrum of trans-[Ni(glycineh(H20)i] may reasonably 
be assigned as C02 rocking modes, occur some 30 to 40 cm-1 higher in 
frequency than for the corresponding octahedral analogues of Mn(II), Co(II), 
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Ni(II) and Zn(II). Apart from these differences arising from the C02 modes, 
the fact that the spectra of all the complexes show such extreme similarities 
supports our proposed structures. It is of interest to note that octahedral 
geometries have previously been suggested [9] for [M(HGG)Cl(H20)] 
(M = Ni, Zn), but with no conclusions about the form of the coordinate 
bonding. 

Below 600 cm- 1
, several absorptions in the spectra of [M(HGG)X(H20)] 

exhibit a metal ion dependence which is the sequence of calculated crystal 
field stabilisation energies for the high-spin ions. This feature suggests that 
these bands probably originate from metal-ligand stretching vibrations. How­
ever, in view of the fact that isotopic labelling has shown that the majority of 
bands in the spectra of metal glycinate complexes [12, 15] are the result of 

·mixed vibrations, detailed assignments in the even more complex spectra of 
these metal glycylglycinates would only be possible after an isotopic labelling 
study. 

[Cu(GG)(H20)2 ] has been shown to have a square based pyramidal struc­
ture [16], with the tridentate coordination of the glycylglycinate ligand 
being identical to that found [11] for Na2 [Ni(GG}i] .9H20, The five-coordinate 
structure is completed by the two water molecules. The IR spectrum in the 
region 1700--1500 cm-1 is entirely consistent with this structure. The 
uncoordinated peptide carbonyl frequency (amide I) is at 1688 cm-1 and the 
NH2 scissor and vC=O(carboxylate) occur at 1622 and 1592 cm- 1 respectively. 
As expected, the amide II band is not observed. 

Two further Cu(II) complexes for which elemental analyses suggest the 
formulation [Cu(HGG)X] (X =Cl, Br) were isolated in this study. Their IR 
spectra (Fig. 3) have identical band patterns apart from the region below 

Complex I I Infrared Spectra 

N N a> ~ M MM 

~ ~ ~ 0 
~ - "' "' ~ ~~ ~ ~ 
~ "'"'"' 

(cu(HGG)C~ 

[cu(HGG)B1 

[Cu( GGXf1iOl2] 

NC-.. C-.. \0 M 
...r N 0 CD "' 

[ Cu(HGG}Cl(HzO~ 
~~~~ "' 

1700 1600 1500 600 500 400 300 200 cm- 1 

Fig. 3. The IR spectra 1700-1500 and 660-150 cm-• of various Cu(II) complexes of 
glycylglycine. 
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200 cm-1 where vCu-X are expected to occur. We propose a 4-coordinate 
structure for these molecules in which the peptide carbonyl has become · 
protonated in a similar manner to that 6bserved crystallographically for the 
bis(glycylglycinato )cobalt(III) ion [17]. Assuming this to be the structure, 
the band at 1642 cm-1 may reasonably be assigned as a C=N stretching vibra­
tion since it occurs in the region found for this mode in N-alkylsalicylal­
dimine complexes of Cu(II) [18]. 

For comparative purposes, Fig. 3 includes the spectra of the other Cu(II) 
complexes studied here. The band pattJrns are clearly dependent both on 
the mode of coordination of the glycylglycinate anion and on the complex 
structure. 
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EXJ\MI~TION OF 1llE RATIO ,p/v8 .FOR INFRARED BANDS ASSIGNED TO . 

. I!"ffi C-H(D) N'1D RING VIBRATIONS IN METAL CO.\JPLEXES OF QUINOLtlii::, 

PYRIDINE, ANILINE AND 'IBEIR FULLY-DEUI'EK\TED A.1'.l"ALOGUES 
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G.C. Percy, )'.E. Rutherford aiid fl.A. Thornton 

DepartJnent of Inorganic Chemistry, 

Univers:).ty of Cape Trnm, Ronclebosch. 7700, South Africa. 
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ABSTRl\Gf 

The infrared spectra of sixteen metal complexes comprising the 

ligands quinoline, pyridine, aniline and their ;fully-deuterated 

analogues have been examined ii~ order to detenni,.,~ the ratio .vD;JI for 

. bands assigned. to the c.:.H and ring modes o{ the heterocyclic or 

aromatic ring; With very. few exceptio~s, vD/vH falls liithin the ranges 

. 0. 68 to O. 85 for C-li vibrations and. O .85 to 1. 00 fo~ ring modes. The 

ranges are narrower for complexes of a specific a.-nine. The potential 

usefulness of the results is discussed. 



• ---·-··-- ~·--...,....~~---· -"'~-· .. ~- _,..__....__ ....... -4..,...;,...__.......,,... '-'-"'--....e~.~ ...... -.~ .• - '":.""~·.:···.·:1.·: - .. .l.·. ··-

..l·. 

INTRODUCI'ION 

The ratio ( vD I vH) between the frequencies of correspondirtg bands 

in the infrared spectra of deuterated mid. nonnal molecules. serv~s as 

2 

an effective distinction between the C-H stretching (or bending) modes 

and the ring stretching (or bending) vibrations in aromatic and hetero~ 

cyclic. compoundsL Naphthalene und naphthalene-d8 , for instance, 

yield values of vD/11 which are approximately 0.75 for C-H mo.des and . 

. 0.90 for ring m~des2 • Corresponding ratios are observed for other 

aromatic ai1d heterocyclic compounds.sum as aniline and pyridine!: 

The extent to which similar values 0£ ;p ;...,H are observed for the 

metal complexes of these amiJ.1es appears to have been neither exa'ltined 

nor fully explo5.ted as a potential aid to assignments in their infrared 

·spectra although .it has long been recognised3 that.the majority of 
.. .,..,__ 

infrared baiids which originate in the internal vibratioris of pyridine 

recur on an approximately band-for-band basis in the spectra of pyridine 

complexes. Some relatively complete (4000 - 150 cm-1) assignment 

studies"' 5 recently made in this laboratory enable evaluation of the 

D H . · • 
extent to which .the v /v ratios for metal coroi>lexes mimic those of the 

parent ligands. 

EXPERIMENTAL 

The complexes were prepared by reported methodsG-11. Deuterated ·_ 

complexes were synthesized ;from pyridine-d5, quinoline-d7 and aniline-d5 

. of 99. 98 and 97% isotopic purity, respectively, supplied by Merck, Sharp 

and Dahme (Canada) Ltd. Purity of all compounds was determined by micro-

analyses (C,H,N). Infrared spectra were determined on nujol and hexachloro­

.. butadiene mens between caesium iodide plates (4000 - 250 an~1 ) or poiy-



~ 
l 
t 
l 
I· 
\ 

1 · 

ethylene plates (250 "'.150 on"'1) on Beckman Il\-lZ and ]?erkin-Elmer 

180 spectrophotometers and on a Digilall FTS"'l6B/D interferometer. · 

RESULTS JJ\lD DISCUSSION 

Only the internal modes of the amines are relevant tc the 

discussion; the metal~ligand vibrations and the intental. 1nodes of the 

isothiocyanate, dimethylglyoxbn?.te and glycinate ligands will be 

reported elsewhere"' 5 • The frequencies for the latter vibrations are 

therefore excluded from Tables 1 and 2, 

3 

The complexes [MQ2X2] (M·,. Co, Ni, Cu or Zn; Q ~ quinoline; X = 

Cl, Br, I or NCS) and their deuterated. walogues represent t1.e most 

c0mplete series of complexes studied. The frequencies for the internal 

modes of quh1oline, quinoline-d7 and their complexes .are. reporte~ in 

Table 1. Because of the small variation which exists bet1veerl-the ." 
.. ;-~ . 

frequencies of corresponding bands in their spectra, only the mean 

frequency is cited for the ten complexes studied. The assignments given 

for quinoline are those preposed by Chiorboli and Bertoluzzi 12 which are 

partially based on the study of naphthal~ne and naphthalen~a8 by 

McClellan and PimenteI2. Practically every band in the quinoline 
D H · . 

spectrum recurs in the. spectra of the complexes~ The ratio v /v spans 

the ranges 0:74 to 0.83 for the C-H modes and 0.87 to 0.93 for the ring 

vibrations .. The values for the complexes are similar: 0.74 to 0.84 · ... 

and 0.88 to 0.98, respectively, with the single exception of the o(ring) 

mode near 860 an-i which yields values of 0.80 for the ligand and.0.79 

for the complexes, lVhich are anomalously low if the assignment given is 

correct. 

So far as the pyridine cc;,;plexes are concerned, sufficiently 

complete dat«"°for a meaningful evaluation of the vD/v11 ratio have been 
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TABJ..E 1 

· Frequencies of qujJloline vibrations, JJ /vH ra.tios and ass~ents for 
quinoline (Q) and the complexes IMQ2X2]' (M" Co, X = Cl, Br; M "' Ni, 
X =Br; M =Cu, X =Cl, Br, NCS; M = Zn, X =Cl, Br, I, NCS). The 

· .. frequencies in. parenth~ses are. tl.1ose for the deutcrated. species). 

Quinoline D/-i-1 Mean £rcqucncies VD j)i Assignments2,l2. v v 
freque!ld es for for co~lexes . for (bar1d DUll'~e:r) 

.. :.: . (an-1) . . . . . ligru1d .. . ... (cm .. ) . . . . complexes 

3054(2275) 0.74 3066±14(2274±14) 0.'/5±0.01 v(C-H) (1,41) 
3034(2256) 0.74 3053±25(2259±7) 0.74±0.01 v(C-H) (14, 29) 
1619(1584) 0.98 1620±1 (1588±9) 0.98 v(ring) (16) 
1594(1551) 0.97 1592±3 (1558±3) 0.98±0.01 v(ring) (17 ,31) 
1569(1542) 0.98 1583±3 (1544±2) 0.98±0.01 v(ring) (3) 
1549(1290) 0.83 1551±3 (1275±12) 0.82 
1533(1451) 0.95 1546±6 (1462±16) 0.95±0.01 
1500 (1438) 0.96 1508±3 (1448±4) • 0.96 v(ring) (44) 
1468(1383) 0.94 1463±3 (1381±7) 0.94±0.01 
1453(1366) 0.94 1439±20 (1364±3) 0.94±0.01 
1430(1163) 0.81 1437±3 (1155±12) 0.81±0.01 o(C-H) (18) 
1412(1303) 0 .. 9~ 1410±8 (1:521±15) 0.94±0.01 
1391(1281) 0.92 1398±7 (1295±3) 0.93±0.01 v(ring) (32) 
1370(1239) 0.90 1376±3 (1238±4) 0.90 v(ring) (4) 
1336(1257) 0.94 1336±15(1263±5) 0.95 

· 1332 (1232) 0. 92_ 1325±8 (1251±5) 0.94±0.01 
1312(1092) 0.83 1310±3 (1099±2) 0.84 o(C-H) t-{33) 

'I 

1278(1036) 0.81 1283±15(1044±3) 0.81±0.01 y(C-ll) (10) 
1253(1015) 0.81 1270±8 (1019±9) 0.80±0.01 o(C-H) (5) 
1230(1024) 0.83 1234±6 (-) 
1215(963) 0~79 1219±13 (973±11) 0.80±0.02 
1191(915) 0.78 1200±10\:929±4) 0.77±0.01 
1139(891) 0.78 1141±5 (905±4) 0.79±0.01 y(C-H) (26) 
1117(876) 0.78 1130±4 (885±8) 0.78±0.01 li(C-H) (19,45) 
1094(860) 0.79 1090±10 (855±24) 0.78±0.03 y(C-H) (37) 
1031(932) 0.90 1054±6 (948±1) 0.90±0.01 o(ring) (6) 
1012(838) 0.83 1021±3 (839±9) 0.82±0.01 o(C-H) (46) . 
978(825) . 0.84 993±6 (826±9) 0.83±0.02 
952 (749) 0.79 970±5 (761±21) 0.78 y(C-H) (22) 
938(780) 0,83 957±4 (781±10) 0.81±0.0Z o(C-H) (7) 
924(712) 0.77 889 (718±6) 0.81 
866(696) 0.80a 863 (684±29) 0.79±0.04a o(ring) (20) 
842(806) 0.96 . (796±19) y(ring) (12) 
803(641) 0.80 808±5 (642±5) 0.79±0.01 y(C-H) (23) 
784 (t13) 0.78 781±4 (611±3) 0. 78±0.fll y(C-H) (38) 
758(674) . 0.90 722±1 H o(ring) (8) 
742(665) 0.90 741±1 (652±13) 0.88 o(ring) (47) 
736(584) 0.79 739±10(576±7) 0.78±0.01 y(C-H) (27) 
627 (589) 0.94 (-) o(ring) (35) 
f,) 0 (568) 0.93 635±3 (590±8) 0.93.tO.OZ o(ring) (21) 
5£1(504) 0.97 528±2 (510±7) 0.97±0.02 o(ring) (9) 
.477(417) 0.87 488±11 ( 433±11) 0.89±0.01 y(ring) (24) 
469( 409) 0.87 464±2 (407±3) 0.88±0.01 o(ring) (48) 
390(351) .,.. 0.90 399±5 (363±4) 0.91±0.02 y(ring) (13) 
375(345) 0.92 394±4 (356±4) 0.91±0.01 o(ring) (36) 
178 (166) 0.93 187±4 (175±7) 0.93±0.04. y(ring) (ZS) 

Sl a Anomalously low value for thP. assignment cited. 

--·--·------
. -·--- . ..,, r···r .. _·~ 
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obtained'1•5 for six complexes 0£ widely dlf£ering chemical tYPe. 

TI1e assignments for pyridine (py) and pyr~dine-d5 (py;-d5) arc better 

establishedl3-17than those of quinoline. Table 2 lists the 

relevant frequency data for pyridine, the complexes [Zn(py) 2Cl2], 

[Co(DH)z(py)X) (DH= dimethylglyox:i.mate anion; X = Cl, Br, I", m3), 

[Ni(gly)z(py')z] (gly = glycinate anion) and their py-d5 analogues • 

. Based on the ass.ignments of Kline and Turkevich1.4, the ratio 'vD/vH 

falls within the ranges 0. 73 to 0, 79. (C-H modes) ond 0.90 to 0.98 · 

(ring modes) for PY' and py-d5 and 0.68 to 0.85 and 0.85 to 1.00, 

respectively, for the complexes with ·th~ exception of the apparently 

anomalously high ratios of 0.90 for the r(C~H) mode lOb in 

{Co(DH)z(py)X] and 0.96 for the 1(C-H) mode 11 in [Ni(gly)z(py)z]. In 

view_of the widely differing types of complexes represented, the ratios 

for_ the complexes are reraarkably consistent with those obsenre~l,f~r the 

,parent ligand. 

Sufficiently complete data have been obtained~ for only one 

aniline (an) complex, [Zn(an) 2Cl2_] and its an-d5 analogue. . 111eir 

spectra reveal vD;J1 ratios withl:n the rat1.ges 0 ..:.68 to 0. 76 (C-H modes) 

and 0.93 to 0.99 (ring modes) on the basis of the assignments given by 

Evans1B for the parent 'amine. Simi.Jar ratios have been founds for a wide 

range of imidazole complexes. 

Over the series of sixteen complexes discussed, the ratio vD/vH 

spans the ranges 0.68 to 0.85 for the C-H mod.es and 0.85 to 1.00 for the 
' ' 

ring modes, Absence 0£ overlap between these ranges suggests that the 

observed ratios serve to distinguish between C-H and ring modes in metal 

' complexes as they do in the parent ligands. Distinction, also, bet\veen 

ti1ese vibrations and metal-liga!ld modes or bands originating in the 

vibrations o'r other functional gr~ups or .other coordinated i.igands may 
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. also be achieyed since the lp,tte;r gcn~rnur y:i~ld .. .P;vH rati.os yexy 

close to unity-. \Shere apparentlr ano!l)alous -ratios a1·e obse;rved, the 

possibility_0f incorrect assignments or Yibrati.onal coupling must be 

cons5.dered1. 
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1HE INFRARED SPECI'RA OF TMNS-BIS(L-ALA:'HNl\TO) COMPLEXES OF 

PLATih'UM(U) AND PALLADIUM(Il) : BAND ASSIGNME.t\ffS BY . 

MULTIPLE ISOTOPIC LABELLING 

.\ 
by J.B. HODGSOH, (the late) G.C. PERCY and D.A. THORNTON 

(Department of Inorganic Chemistry, University of Cape TmmJ 
. t · .. 

(With 1 figure) 
. ) 

(Read 1978) 

·SlMl.ARY 

Tne infrared spectra (4000 - 140 an-1) of the L-alaninate complex 

trans-[Pt(L-ala) 2) and its 180-, 15N-, Z-d,3-d3- and N,N-d2-labelled 

analogues have been detennined. Each spectral band has been assigned on 

. the basis of the shifts induced by the various modes of isotopic labelling 

and by subs·dtution of Pd(II) for Pt (J.T). TI1e labelling study reveals that 

·very 'few bands represent vibrat~onally-pure modes an<l that certain earlier 

assignments requirl': revision. 

INTRODUCTION 

··' Less attention has been given to the infrared spectra of alanin':! 

complexes than to those of glycine. (Ablov et a?. 1967; Her linger et al. 

1970; Jackowitz et'. al. 1967; MGiluliffe &·Perry 1969; Nakamoto et al. 
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1961; Percy & Stenton l976b; Watt & Knifton 1967~. Recent work shows 

.that very few infrared bands in the spectra of glycinate complexes 

represent vibrationally-pure species although it has been possible to 

assign the metal-ligand stretching modes by observing the band shifts 

which are induced by isotopic labelling of ti:e ligand atoms Qfodgson 

et aZ. 1978; Niven & TI1ornton 197 9; Percy 1976; Percy & Sten ton 1976a). 

TI1is paper reports the assignments for tmns-[Pt(L-ala) 2] by observing 

the infrared band shifts induced by 180-, 15N-, 2-d,3-d3- and N ,N-d2-

labelling of L-alaninc and the effect on the spectr~m of substituting 

Pd(II) for Pt(II). 

EXPERIMEl'.TAL 

The trans-complexes [Pt(L-ala) 2] and [Pd(L-a,la) 2) were prepared 

by reported methods (Jackowitz et aZ. 1967). ·The labelled analogues 

of [Pt(L-ala) 2] were similarly obtained from 180-L-ala:nine of 76% 

isotopic purity supplied by BOC Prochem Ltd. and 15
N- and 2-d,3-d3-

L-alanine of (respectively) 95 and 98% isotopic purity supplied by 

Merck, Sharp and Dohrne (Canada) Ltd. Composition arid purity were 

determined by microanalysis (C, H, N). TI1e N,N-d2-labelled complex 

was similarly prepared in J
2
o fron a sample ~f L-alm1ine previously 

recrystallized fro~ n2o. 

Infrared spectra were detennined on nujol mulls (or, in the region 

of nujol absorption, on hcxachlorobutadiene mulls) beb1een caesium 

iodide plates on a Beckman IR-12 spectrophotometer (4000 - 250 c:m-1) 

and between polyethylene plates on a Perkin-Elmer 180 spectrophotometer 

(250 - 140 cm~l). Reproducibility of reported bands is better than 

0.5 an-1. 
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RESULTS AND DISCTJSSJON 

TI1c band frequencies and shifts (hv) are reported in Table 1 and 

the spectra are depicted in Figure 1. 

With only two exceptions, there is a band-for-band correspondence 

between the spectra of the Pt(II) and Pd(II) L-alaninate complexes 

(Figure 1). Hence, establishment o:t! the assignments for the Pt(II) 

complex by multiple isotopic labelling ~s considered to provide 

analogous assignments for the corresponding bands of the Pd(II) complex. 

Frequencies cited in the ensuing discussion refer to the Pt(II) complex. 

Six bands occur within the range 3300 - 2900 cm-1. TI1e N-H 

stretching modes (v1-v3) are distingui~nc~d by their sensitivities to 

_ 1 ~N- and N ,N-d2-labelling from the neighbouring C-l·I stretching 

vibrations (v4 -v6 ) 1vhich are shifted by 2-d,3-d3-labelling only. TI1e 

shifts are approximately 800 cm-l for N-H stretches and 750 on-1 

for C-H stretches. These values are close to those calculated for 

isolat_ed N-H or C-H diatomic oscillators (Pinchas & Laulicht 1971) . 

This feature and absence of sensitivity to any other mocle of labelling, 

indicates that these vibrations are essentially free from vibrational 

coupling. Substitution of Pd(II) fo:: Pt(II) causes a high frequency 

shift in the.v(N-H) bands, i.e, the opposite trend exhibited by the 

v(M-N) bands. Hence the higher metal-ligand bond stability of the 

Pt(H) complex occurs at the expense of the N-H bonding. 

The band at 1655 crn- 1 (v7) is clearly a pure v(C=O) vibration since 

it is only shifted by 180-labelling. TI1e neighbouring band (v 8) is 

sensitive to Bo-, 15N- and N,N-d2-labelling; it is therefore assigned 

to v(C=O) coupled with the NH2 scissoring mode which is generally 

observed near 1600 cm'"\ TI1e v(C=O) value for the Pt(II) complex is 
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Table 1 

Frequencies ( an-1), shifts (!iv, an-1) and infrared band assignments for 

the complex [Pt{L-ala) 2] and its Pd(II)- and isotopically-substituted 

analogues* 

llv 
Band Frequency 

{Pt-Pd)i 180 15N N_,N~d2 2-d,3-d3 
Assigrunent 

vl 3225 -5 5 818 
{ v(N-11) ' \)2 3209 -8 81 808 

\)3 3103 -18 5 795 
,\)4 3003 3 751 

{ v(C-H) vs 2985 .1 749 
\)6 2943 3 744 
\)7 1655 11 26 2 2 2 \) cc~o) 
\)8 1606 3 9 3 422 v(C:O)+NH2 scissor 
\)9 1457 -18 337 { m3 deg. def. \)10 1450 . -7 2 337 
\)11 1392 2 4 2 9 30 

{ v(C-O)+v(C-C) \)12 1384 0 3 20 71 
\)13 1360 ~3 2 365 013 sym.def.. 
\)14 1348 5 2 2 32 377 CH3 sym.def.+NH2 twist 
\)15 1307 ' 3 15 2 18 19 

{ v(C-O)+v(C-C)+~~i2 twist \)16 1289 -1 8 2 15 40 
\)17 1268 ... 319 130 

{ NH2 twist+v (C-m::) 
... 

\)18 1246 22 4 284 64 
\)19 1231 32 4 283 94 
\)20 1119 1 2 10 56 

{coupled-.· v (C-N) \)21 1108 -3 2 2 37 52 
\)22 1094 8 4 2 35 45 
\)23 1038 2 3 2 200 117 v(C-N)+C02scissor+CH3roc 
\)24 928 4 11 3 4 26 co2 scissor+v (C-C) 
\)25 917 .:I: 4 27 16 v(C-N) 
\)26 .362 3 20 4 14 13 . c02 $Cissor+v(C-N) 
\)27 819 21 5 5 178 21 

{ co2 ~ock+m3 rock \)28 772 2 7 . 15 13 
\)29 765 3 3 2. 97 + NH2 rock 
\)30 747 -1 3 3 180 34 
\)31 699 ·s 9 2 3 10. co2 rock 
\)32 632 9 5 4 13 19 

{ co2 wag+ring def. \)33 617 18 14 9 31 22 
\)34 605 18 7 9 19 iO 
\)35 527 18 6 7 27 22 v(Pt-N)+v(Pt-0) 

. \)36 418 8 10 4 13 v(Pt-0) 
\)37 402 11 10 2 23 18 v(Pt-O)+ring def. 
\)38 359 3 5 16 14 

{ dng dof, 
_v39 324 36 4 2 9 10 
\)40 289 7 5 2 4 
\)41 266 2 3 2 7 
\)42 234 1 6 2 8 9 6(0-Pt-N) 
V43 223 2 4 15 o(N-Pt-N) 

. V44· .J.58- 6 8 o (O-Pt-0) 
* Shifts <2 cm-1 ignoreci. t Frequency for Pt (II) complex minus frequency for 

Pd(II) complex. :!: No corrcsr'mding band observed in spectrum of Pd(ll) comple-
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11 cm-1 higher than the value for the Pd (II) complex, indicating that . 

the h.igher electron density of the Pt-0 bond is transmitted to the 

exocyclic C=O bond . 

. Tiie bands (v9 ,v10) are sensitive towards 2-d,3-d3-labclling only . 

. TI1ey clearly originate in the degenerate deformation mode of the 

methyl. group. 111e frequencies in the complexes are very similar to 

thoseobserved in the spectrum of free 1-alanine (Percy & Stenton· 

1976b). Bands v11 and "i2 are shifted slightly by 180-labelling. 

Their sensitivities towards N,N-d
2

- and 2-d,3-d3-labelling are too 

small for NH2 or 013 modes bµt are consistent with a cont1i.bution 

from v(C-C). Hence, the assignment v(C-0) + v(C-C) is proposed. 

_Bands v13 and v14 , near 1350 em -l, clearly originate in the symmetric 

--<defonnation mode of the methyl group. They occur very close to the 

position of the corresponding band in free 1-alanine (Percy & Stenton 

1.976b) and are significantly sensitive towards 2-d,3-d3-labelling. 

The small 15N- and N,N-d2-sensitivity of "l4 indicates some coupling 

with the NH2 twisting mode. 

111e substantial 180-shifts exhibited by "ls and v16 suggest that 

they are primarily v(C-0) bands altilough coupling with v(C-C) and, an m2 

mode is indicated by concomitant shifts on 2-d,3-d3- and N,N-d
2

-

labelling. The assignment proposed is identical with that given for 

the analogous glycinate compleY (Hodgson et ai. 1978). The-v(C-CH3) 

modes is expected to occur near 1237 cm -1, i tS v:i.lue for free 

L-alanine (Percy & Stenton 1976b). TI1e three bands v17 -v19 exhibit 

isotopic sensitivities which are consistent with this assignment but 

concomitant 15N-scnsitivity in two of them s:.:ggests some coupling with 

the l\~12 twisting mode. The bands v20 to v22 exhibit N,N-d2-shifts 
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which are too small for NH2 modes but are consistent with those 

expected for v(C-N), although considt:rable vibrationnl c0upling is 

indicated by sensitivity to the other isotopic labP.ls. 

The b::mds v23 to '3o are highly coupled except for v25 which is 

a relatively pure v(C-N) band. TI1e as.signments proposed arc .renson­

able in tenns of the observed shifts and analogous assignments in 

the spectrum of [Pt(gly) 2) (Hodgson et al. 1978). TI1e band v31 , 
I 

with its substantial 180-shift,' originates predominantly in the co2 

rocking mode. Ring deformations ::>Ye expected below 700 cm-1 and the 

sensitivity-of the.bands v32 -v34 to all modes of isotopic substitution 

· suggests that they originnte predominantly in skeletal vibrations of. 

the chelate ring with some coupling from the co2 wagging mode 

apparent from their 180-sensitivities. 

In the spectnun of [Pt(gly) 2], a band at 497 cm-1 has been assigned 

to the coupled vibration: v(Pt-N) + v(Pt-0), no vibrationally-pure 

v(Pt-N) band having been observed (Hodgson et al. 1978). TI1e shifts 

exhibited by v35 in the spectrum of [Pt(L-ala) 2] are practically 

identical with those of the corresponding band in the spectrum of 

the 5:ycinate complex. Hence, a similar assignment is proposed. The 

large shift. (18 cm-1) which this 'JaP.d exhibits on substitution of 

Pd (II) for Pt (II) is also simib:r to that observed for the glycinate 

.complexes and is consistent w:.th the assignment proposed. 

A relatively pure v(Pt-0) band is observed at 418 cm-1. The 

frequency is very similar to that (415 cm-1) observed for v(Pt-0) in 

the analogous glycinate complex and similar sensitivities to Pd(II} 

subsititution are also observed for the complexes of the two amino 

acids. The band at 402 cm-1 (v37) is also v(Pt-0) but its siight 
15N-sensitivity .,.,d its greater sensitivity than v36 towards N,N-d2-
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labelling, suggest that it is coupled 1~ith a ring dcfonnation 

mode involvi.ng the nitrngen atom. 

Below 400 on-1, bands occur whid1 exhibit sens~_~ivity t9 several 

modes of i~·:>topic labelling. These are probably ring deformation 

bands and bending modes involving the methyl grnup of coordinated 

alanine. 1he absence of a methyl group in glycine e>..-plains ·why this 

region of the spectrum of the L-alaninate complex is relatively rich 

in infrared bands. 

'TI1e L-Pt-L bending modes· may be assigned to the bands v42 -v44 . 

Of these, v~3 is sensitive towards 15N- and N,N-d2-labelling only, 

suggesting that it originates in o(N-Pt-N). v44 is only shifted by 

180-labelling and is therefore assigned to o(O-Pt~O). Band v42 is 

sensitive to 180-, 15N- and N ,N-d2-labelling and is therefore 

probably o(O·-Pt-N). 

Influence of Pd(II) substitution on the spectrwn of [Ft(L-alaJ 2] 

It is now well established that substitution of one coordinated 

metal ion in a complex by another from a higher transition series 

leads to an increase in the fore-:: constant (and hence vibrational 

frequency) of the metal-ligand bonds provided that no mange in coordin­

ation number, syrrnnetry or oxidation state of the metal ion accompanies 

the substitution (Hulett & 'Jn•)mton 1973; Thornton 1974). Thus, 

substitutio~ of Pt(II) in [Pt(L-ala) 2J by Pd(II) should lead to a 

decrease in v(M-0) and v(M-N). Although the mass effect will favour 

. higher frequencies for the Pd(II) complex, mass effects have been shown 

to be heavily diluted in metal cl1elates (P'.llett & 'TI1omton 1973). The 

data in Table 1 show that all bands assigned to metal- ligand stretming 

and bending vibra~:.ons exhibit a frequency decrea5e on Pd(II) 

-- -·---·-----~···-----· -·- "··--·., - --- ·····--·. -- ~- - . - ---""T"~-. --··--- -· ,,,,._ •. ~ 
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substitution and this observation may be cited in support of these 

assignments. 

The effects of metal ion substitution on the mc."~ .. 11-ligand 

frequencies arc often further transmitted to affect the frequencies 

of other vibrations in the molecule. 111ese may vary in parallel 

with. the metal-ligand frequencies or they may exhibit an inverse 

trend (Haigh et al.. 1969). The
1 

NH2 rocking modes of coordinated amines 

are generally very sensitive to metal ion substitution, moving in 

the same direction as v(M-N)·. The data in Table 1 show that many 

. bands assigned to pure or coupled Nll2 rocking and twisting modes 

exhibit substantially lower frequencies in the Pd(II) L-alanine complex. 
. . 

Metal_ ion substitution in amin<> complexes often causes the v(N-H) 

band to move in the opposite direction to v(M-N) (Engelter et aZ. 1978). 

TI1is effect is also observed for the L-alaniJ1e complexes described 

here, supporting the assignments for the v(N-H) bands. 

Comparison between present and previous assignments and conclusions 

·. Only one previous assignment study of the alanine complex of 

Pt(II) has been made (Jackowitz .,-;: aZ. 1967). TI1is W:!3 based on a 

normal coordi.Jiate treatment, a method which has previously been shown 

to yield incorrect assignments, . especially for the metal-ligand 

stretching modes, in amino <:<:id complexes (Percy & Stenton 1976a, 1976b). 

111us, the strong 527 cm-1 band was not report~~d, while v(Pt-N) was 

assigned to the 418 cm-1 band which is now found not to shift at all 

on 15N-labelling. v(Pt-0) was assigned to a band at 198 cm-1 sh1ce it 

was .belie,1ed that the M-0 bonds in amino u.cid complexes have largely 

ionic character, a view that has been invalidated by subsequent infrared 

studies and X-ray •;tructural work on [Cd(gly) zl .H2o. :md isomerism 
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studies on trans- [Pt(gly) 2] which reveal nonnal M-0 bond lengths 

(Low et al. 1959; Niven & TI1ornton 1978; Pinbrd et al. 1934). 

In conclusion, the frequency shifts 1vhich result frt'm multiple 

isotopic ·labelling and Pd(II) substitution enable reliable assignments 

to be provided for most bands in the spectrum of [Pt(L-ala) 2] over 

the range 4000 - 140. cm-1. 'There are few vibrationally-pure bands in 

the spectrum. TI1is is evident, not only from the observed isotopic 

' ?hifts, but also from the occurrence of 44 bands in the spectrum of 

[Pt(L-ala) 2] c_ompai:ed with 25 for [Pt(gly) 2] over the same spectral 

range. Since both complexes have trans-configuration, it is apparent 

that a small increase in the complexity of the coordinated amino acid 

induces a large increase in the complexity of the spectrum • 
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bis (imidazole)nickel (II) l•y rnul tip le isotopic labelling 

JOJ-L'l B. HODGSON, (the late) GORJXlN C. PERCY and DAVID A. TilORNTON 

Department of Inorganic Chemistry, University of Cape Town, Rm<lebosch 7700, 

South Africa 

.(Received September 1978) 

flb~tr\tst - TJie i.r. spectra of cis-[Ni(gly) 2(1Jim) 2] (gly = glydnate,ion, 

Him ~ imidazole) and its isotopically-labelled a:nal0gues have bee;n deter­

mined over the range 4000-150 Oi!-l 180-, 15N-, l-13c-, z-13c- and 

2,2-d2-tabelli'.1g of the coordinated glycinate yields assigrnnents for the 

internal glycinate modes and the nickel-OA')'gen and :nickel-nitrogen 

stretching and bending vibrations while deuteration of jmidazole (Him-d3) 

provides '1.Ssignments for the jntern~ modes of the coo ·d:iJ1ated imidazole 

rings and for the nickel -imidazole vibr:itions. The results, combined with 

those of previous multiple isotopic labelling studies on glycinate complexes, 

enable some general conclusions to be reached on the i. r. spectra of these 

compounds. 



I~ 

2 

INTRODUCI'ION 

Multiple isotopic lnbelling of the chelate ring has recently been successfully 

employed in the assignment of i. r. bands in the spectra of several amino 

acid complexes [1-Sj. Th3 general conclusion emerges from these studies that 

few bands rc;,.-esent pure, vibrationally-W1coupled modes. Nevertheless, it 

has proved possible, by labelling all, or alJnost all, ligand atoms, to 

provide reasonably fiim assignments for each b~J11d in the spectrwn. 111e 

title compound (I) represents the first example to be studied by this 

technique in which all of the donor atoms in an hetcrocyclic adduci: of a met:Jl 

glycinate complex have the eis-configuration. 

Ill 

EXPERIMENTAL 

Cis-[Ni(gly) 2(1-I:im) 2] was synthesized as described by Rao and Li [6] :~ 

The labelled complexes were similarly synthesized from 180-, 15N-, 

l- 13c- and 2- 13c-labellecl glycine of 78, 97, 91 and 91% isotopic purity, 

respectively, supplied by BOC Prochem Ltd. and 2,2-d2-glycine and 

imidazole-d4 of 517 and 98% isotopic purity, respectively, supplied by 
I 



Merck, Sharp and Dohme (Canada) Ltd. Purity of all compounds was 

established by microanalysis (C,11,N). Infrared spectra were determined 

on Nujol or hexachlorobutadiene mulls between caesium iodide plates 

3 

(or, ov~r the range 300-150 cm-1, between polyethylene plates) on a 

Digilab FfS 1-6 B/D interferometer and a Perkin-Elmer 180 spectrophotometer. 

RESULTS AND DISCUSSIO}.I 

X-Ray structural determination [7) reveals that the complex (I) is 

octahedral and the configuration arow1d the metal ion is eis-O(carboxyl), 

eis-N(amino), eis-N(imidazole)-_ The nickel-ligand. bond lengths are 

characteristic of those dete1inined for f;rans-[Ni (gly) 2 CHzO) zl and 

{Ni(Him) 6J (Cl04) 2. The molecule has Ci site symnetry. 

Figure 1 shows the spectra of the variously-labelled complexes 

while Table 1 lists the frequencies, isotopic shifts and band assign.'Tients. 

The internal imidazole vibrations and the Ni-N(H:i.m) modes are identified 

from the band shifts which occur in the Him-d3-labeiled complex \"n.ile / 
the glycinate and Ni-N(gly) ancl Ni-0 vibrations are distinguished by 

the shifts which occur on labelling each skeletal atom (and the methylene 

hydrogen atoms) of the coordinated glycinate groups. The deuteroimine 

(ND) groups of the :i.midazole-d4 ring undergo rapid-H-D exchange in air 

so that synt!.esis of the labelled complex with irnidazole-d4 yields the 

imidazole-d3 complex. 

-1 The 4000-2000 em region 

-1 The spectrum of free Him in the region 3100-2200 cm , cc;isists of 

a massive envelope of bands atrributed [8,9) to H-l::onded N-H stretching 

modes. ·This feature and the fact that each molecule of the complex fo11ns 

ten hydrogen bonds to seven synunetry-related molecules in the crystal [7], 

vas-::ly complicates the i. r. spectrum in this region. In the absence of 

ligand labelling, reli::!~'lc assignments would not be possible. With 

- -·-------~-. ---.·-···--------·-· __________ _;_ ·-· _..._.._... 



-
·-

-
~
-
-
-
-
-

.. I l 
... i ! I 

' 

j j I ' l I ! 

I'.
 

U
n l

e 
b

e
lle

d
 

18
0 

t5
N

 

i-
13

c 

2-
13

c 

2.
2-

d2
 

H
im

-d
3 

I t· 
F

ig
. 

l.
 

In
fr

ar
ed

 s
pe

ct
ru

m
 o

f 
ci

s•
[N

i(
gl

y)
2(H

im
) 2] 

an
d 

it
s 

is
o

to
p

ic
al

ly
·l

ab
el

le
d

 a
na

lo
gu

es
. 

j 
: 

. 

4 

.... 



·-·--~->'-•~•·•~...-v~,.--,_.__._._..,.,_, __ •~- - --v_._..,...,~_,..,.._._ . ._ -• ,. ..... 
-~ -·-· --·- . . .. -·-·· ··--~· - --··-

.. 
s 

Table 1. Frequency and isotopic shi:i;t data (on"l) ;for the complex 

cis-[Ni(gly-) 2 (1fo11) 2J. ShHts of .-;1.5 on-1 are ignored, 

1· 
Shift 

Band* Frequ;;ncy ·]-
8 15

N l-
13c 2-13c 2 2-dz Him-d 

Assignment 
0 

' 3 

I 
"1 3318 8 

20 J 
I . "2 3282 7 14 J'l-H(gly) 

"3 3195 7 17 l .. 
"4 3150 

790 { 

. "s 3139 . 905 ..C-H(Him) 

"6 3127 820 

"7 2940 13 798 
{.C-H(gly) 

"8 2920 s 810 

"9 1632 9 12 2 

F~ 
... ,.. . . 

"1ut 1601 
/ 

19 35 

"11 1586 18 31 2 

"12 1541 3 6 NH 2 scissor + vC=O 

"13 1516 5 9 18 NH 2 ssissor + v(Him ring) 

"14 14~2 56 { . 
.v(Him ring) 

"1s 1448 3 100 . 

"16 1434 4 s 17 Q-12 scissor + v(Him ring) 

"17 1416 15 19 7 9 . vC-0 + vC-C(gly) 

"18 1401 4 6 220 9 Q-1 2 scissor + vC-C(gly) 

"19 1355 20 3 19 5 20 4 vC-0 + vC-C(gly) + NH 2 wag 

"20 1344 4 8 193 19 Q-12 wag + NI-1 2 wag 

".?l 1327 57 oC-H(Him) 

"22 1310 4 4 6 18 8 Q-12 wag + vC-C(gly) + ·.C-0 

"23 1294 3 6 97 16 0-12 wag + l\~12 11ag 



---· -·-~·· - -~~ ., . - - -,- ........ - ~ -· ·-~ ... r - j 
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Table 1 (continued) 

. Shilt 

Band* Frequency 18 15 13 13 . Assignment 
0 N 1- c 2- c 2,2-a2 ll1rn-a3 

V24 125·; 284 { . 

v25 
cSC-H(Him) 

1253 280 ' 

V26 1245 48 cSN-H(Wm) 

V27 1188 ,4 2 104 7 Gl2 twist + vC-C 

v28 1145 45 cSN-H C!1jm) 

V29 1133 3 •2 2 28 10 NH2 twist + vC-C 

v30 1093 2 2 213 { . 

v31 
. · .cSC-H(Him) 

1067 250 

V32 1052 . 14 18 4 4 vC-N(gly) 

V33 957 ~1 10 11 vC-C(gly) 

V34 944 3 '3 4 4 vC-C(gly) +. C02 ·scissor 
,. 

V35 916 6 2. 4 36 C02 scissor + yC-H(Ifon) 

v36 905 25 7 7 31 10 C02 scissor + 01 2 rock 

V37 898 28 cS(Him ring) 

v38 850 118 

f V39 834 102 

v40 831 991,0-H(Jfa) 
V41 763 129 

V42 753 119 

V43 729 9 2 6 6 23 9 C02 rock + Gl2 rock + M·l 2 r• 

V44 667 
112 { V45 

y(Him ring) 
664 ·.109 

v46 624 100 

V47 601 4 2 6 18 13 { 

v48 583 9 6 2 31 io lco, .,., chelate ring clef. 

V49 536 15 7 2 2 5 12 

..; 

------ ----.-.---.-~--~....,,..._,,,.....,.... . ..:..,....,._. ____ --~- ....... .;. .....,.....-~·-· ----~---~--·-- -.---- ·-
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Table 1 (continued) 

- - ShiH 

Band* Frequency 18 Assigrunent 
. o 15N i-13c 2-13c 2,2-d2 H:im-a3 

V50 51 'J l1 4 2 42 
{ COz \~ag + vNi-N(gly) 

V5}. 498 7 2 2 40 15 i - -

V52 418 6 6 4 ~ vNi:-N(gly) + vNi-0 
V53 401 7 5 4 8l?L : 

V54 306 6 2 2 2 13 vNi~O + vNi-N(Him) 
+1 vNi-N(gly) 

V55 256 4 2 3 21 { :. 
vN:i-N(Him) + 00-Ni-N(gly) 

.v56 236 6 2 16 

V57 203 3 2 15 60-Ni-0 + vNi-N(l-Iim) 

V53 164 2 .6 6 (Ilim)N-Ni-N(Hirn) 

V59 149 
.. ,..._ ,. 

* Hydrogen bonded vN-1-I(Him) bands occur at 3093, ~046, 3037, 3015, 
2921, 2845, 2832, 2785, 2715, 2690, 2618 and 2595 cm-1 

t v10 masks a v(l-lim ririg) band which becomes reso;i.ved from the 
13 -- -

vC"'O band in the 1- C-labelled spectrum. < 
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labelling, however, the N-H(gly) stretching modes are readily identified 

15 -by their sensitivities towards N-labclling as the group of three bands 

(v
1

-v
3

) within the nmge 3350-3150 cm-l The slight Him-d
3 

sensitivity 

of these bru1ds probably arises from hydrogen hondiJ1g between the 

glycinate mm imidazofo groups of neighbouring molecules. 
--1 

The three bands within the range 3150-3100 an (v4-v
6

) arc 

clearly C-H stretching modes of Him, being shifted some 800 cm-l to 

lower frequency by dcutcration. They are unaffected by other modes of 

labelling. TI1e two vC-H(gly) bands (v7 ,v8) occur within the range 3000-

2800 cm-l where they are identified by their 2,2-d2-shift~ (-v800 cm-1) 

and z- 13c~sensitivities. All other bands within tJrn range 4000-1700 cm-l 

are assigned to hydrogen-bonded vN-H modes of the imidazole iJnino group. 

_The 1650-600 em-l reg1'.011 

The majority of i.r. bands of free imidazole recur in the spectrum 

of the complex with the minor shifts and splittings which also characterize 

the spectra of pyridine complexes [10]. The internal imidazole modes 

are identified by Him-d3 sensitivity and absence of sensitivity towards· 

labelling of the glycinate group:; while the species of each internal 

imidazole vibration is allocated according to the extensive deuteration 

studies of Perchard, Cordes and co-workers [8,9,10] on the imidazole spectrum. 

TI1e baJlds v9-v11 are assigned to the carboxylate stretch, vC=O, 

since they are significantly shifted by 180- and l-13c-labelling, only. 

The N112 scissoring mode gives rise to two baJlds (v12 ,v13) at 1541 and-
-1 . 

1516 cm . These frequencies are considerably lower than that [2] of the--

corresponding vibration (1610 cm-1) in trans-]Ni(gly) 2CHz0) 2] as a 

result of hydrogen bonding and vibrational coupling \.;ith vC=O (v12) or an 

imidazole ring stretching mode (v13). Tuo fuhher :imidazole ring stretches 

(v14 ,v15) arc identified by their I-lim-d3 sensitivities, while the CH2 
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scissoring mode (v16), identified by its sensitivity to 2-13c- and 

2,2-d2-labelling, also comprises a contribution from an imidazole ring 

stretch. The vC-0 band (v17) is identified by its marked sensitivity to 

180- and. l-13c-1abelling but is clearly coupled with vC-C(gly) since 

it is also 2-13c- and 2,2-d2-sensitive. In this respect, it resembles 

the 141~ cm-l band in trans-[Ni(gly) 2(1-J20) 2). The NH2 wagging bands 

I v19 , v20 , v23) are all coupled with other glycinate vibrations. 

TI1e in-plane C-H and N-H deformations of the imidazole ring 
. -1 

give rise to a set of seven bands within the range J.350-1050 cm where 

they are distinguished from the interspersed glycinate!vibrations by 

their unique sensitivity to imidazole deuteration. 111~ band at 1052 cm-l 

( ) . . d C N( 1 ) b "t h" h . . . 15N d 2 ll v32 is assigne to v - g y y is ig sensitivity to -an - c-

. labelling. TI1e position of this band is relatively constant in glycinate 

complexes [1-5] where it is also characterized by its vibrational purity . 

. The co2 scissoring mode spans three bands, none of which is vibrationally 

pure, within the range 950-900 on - l. .,... / 

The out-of-plane C-H rlefonnations of the imidazole ring are 

identified as a set of five consecutive bands (v38 -v42) by their Him-d3 
sensitivities. Like their in-plane analogues and the 6- and y(ring) 

bands (v44-v46), they are all.vibrationally pure. 

I 
·-1 Imidazole yields no bands with frequencies <600 01i • Hence, only 

the co2 wagging mode and the various chelate ring defonnations of tlie 

glycinate group will complicate the assignment of metal-ligand vibrations. 

The five bands (v47 -v51) are all sensitive to several mo~es of labelling 

and clearly comprise contributions from the co2, NH2 and: 0-12 groups of 

the glycinate ring. Reference to earlier 1111:lltiple isotopic labelling 

studies of glycinate complexes (1-5) reveals that a group of such bands 
I 

characterizes their ~pectra generally. The extent to wh~ch these bands 
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interfere with the metal-ligand stretching frequency assignments depends 

on their relative positions. In the present complex, vNi-0 and vNi-N(gly) 

.b . . f ' . 180 d lSN .... may contn ute to v47-v51 111 view o tueir - an · ··scns1.t1v1t1cs 

but the band at 418 an -l .(v52) is significantly sensitive towards 180-

and 15N-labclli11g only, j1nplyillg that it origiJ1ates solely in the coupled 

-1 vibratic;1 vNi-0 + vNi-N(gly). TI1c neighbouring bru1d (v
53

) at 401 an , 

exhibits siJnilar isotopic sensitivities. except' for, Him-d3 labelliJ1g where 

the spectrum reveals an apparently ru1omalous shift of 81 cm - l This shift 
. . I 

is far too large for a vNi-N(HiJn) vibration. 

The band at 306 an-l (v
54

)' is sensitive to 180-, 15N- and HiJn-a
3

-

labelling, sugge~ting tha:t it comprises contributions from vNi-0, vNi-N(gly) 

and vNi-N(Ifon) .. vNi-0, in t:rans-[Ni(gly) 2(H2o) 2], occurs as a pure 

vibration at 334cm-~ (2). The isotopic sensitivities of v55 and v56 

resemble_ those of v54 but the contributions to vNi-N(Him) from the glycinate 

. portion of the molecule are here more likely to origfuate in metal- ligand 

bending modes. The 203 an-l band ~v57) js se11sitive only towards 180-, 

l-13c- and HiJn~d3-labelling. It is therefore assigned to vNi-N(HiJn) + 

60-Ni-0, while the band at 164 c:m-l (v58) is sensitive only to HiJn-d3 

labelling, suggest:iJlg -its assigrnnent· to o(HiJn)N-Ni-N(HiJn). 

Al though ·Wie metal -ligand stretching frequency region of cis- [Ni (gly) 2 (HiJn) 2] 

is expected to be more complex than that of tr~s-[Ni(gly) 2 CHzD) 2 J purely Oil 

symmetry grounds (both the antisymmetric and symmetric vNi-L bands of the 

fonner are i.r.-active) it is clear from the above discussion that the 

observed complexity of the spectrum of the cis-complex carn1ot be attributed 

solely to synnnetry considerations but must, at least partially, be ascribed 

to the extc:r.t of vibrational coupling in this complex. 

CONCLUSIONS 

Sufficient multiple i:;otopic labell:iJlg studies have noi~ been 

performed on glycinatc complexes to enable some general conclusions 
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regarding their infrared spectra to be reached. 

1. Very few bands represent vibrationally pure modes. The least­

coupled bands arc generally, vN-H, vC-H, vC=O and vC-N. 

2. Metal- ligand stretching frequencies span a wide range of values 

with v:>i-N generally >vM-0. Characteristic values :for vM-N are 

'VSSO cm-l (Cd(II) and Pt(II) chelates) and "-450 ~"1 (Ni(II) chelates). 

vM-0 is characteristically wi thjJ1 the range 300-450 an - l. In many 

glycinate complexes, vM-0 and vM-N are coupled. 

3. Octahedral glycinate complexes comprising adducted· heterocyclic 

bases with nitrogen donors corrunonly yield vM-N(basl'!) bands within 

-1 
the range 150-350 cm 
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Stmunary 

-1 
TI1e infrared spectra ( 4000-140 cm ) of the complex tmns-

[Pt (glycinate) z] and its 180-, 15N-, 1-
1
\-, z-13c-, -2,2-d2- and 

N,N-d2-labelled analogues have been dei··~TIItlned. Each spectral band 

has been assigned on the basis of the shifts induced by the various 

modcs of isotopic labelling. The N-H, C-H, C=O and Pt-0 stretching 

vibrations and certain of the CH2 and NH2 bending modes are 

vibrationally pure but all other bands represent vibrationally coupled 

modes. The spectra reveal that some earlier assignments require 
I 

revision. 

" To whom all correspondence shoulil be directed, 



Introduction 

There is some measure of disagreement on the assignment of 

infrared bands in the spectrum of trans-[Pt(glyJ 2] alld other glyc:i.nate 

complexes(l). One view(2) asswnes low covalency in the M-0 bonds with 

essentially monodentate coordination of the amino acid wl.:i.le a11otherl3) 

considers the M-0 bonds to be highly covalent. Independent nonnal 

coordinate analysesC3,4J have not succeeded in unambiguously resolving 

the problem, the two sets of assignments showing considerable differences. 

In this paper, isotopic labelling of every ligand atom in tmns-[Pt(gly) 2] 

is used to assist in resolving the assigrnnent problem. 

Experimental 

Trans-[Pt(gly) 2] was prepared by a reported methodl5). The 

L 

labelled analogues were similarly obtained from15N-:-, !80-, i-13c- and z-13c-

labelled glycine of (respectively) 95, 74, 92 and 93% isotopic purity 

supplied by BOC Prochem Ltd. and 2,2-d2-labelled glycine 0£ 98% isotopic 

purity supplied by Merck, Sharp and Dohme (Canad2.) Ltd. 

[Pt(gly) 21 calc. C, 14.0; H, 2.4; N, .8.2. Found C, 14.0; 

H, 2.4; N, 8.2%. Found for [Pt(gly-18o) 2] : C, 13.7; H, 2.3; 
15 . 

N, 8.0%. Found for [Pt(gly- · rJ 2J : ~. 13.9; H, 2.4; N, 8.6%. 

N, 8.1%. Found for Found for [Ptlgly~1-13c) 2 J : c, 14.3; H, 2.3; 

[Pt(gly-2-13cJ2J : c, 14.4; H, 2.3; N, 8.0%. Fotmd for (Pt(gly-2,2-d-).J 
L ;, 

C, 13.8; H, 3.5; N, 8.0t'. The N,N-d2-labelled complexes were similarly 

prepared in n2o from samples of glycine (or glycine-2,2-d2J previously 

recrystallized from n2o. 
Infrared spectra were determined on nujol mulls (or, in the region 

of nujol absorption; on hexachloro'..>utadiene mulls) between caesium iodide 

' -1 plates on a Beckman IR-12 spectrophotometer (4000-250 on ) and between 
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polyethylene plates on a Perkin-Elmer J80 spectrophotometer (ZS0-140 on-1). 

Reproducibility of reportE:d bands is better than O.S cm-1• 

Results and Discussion 

The isotopically-induced shifts (ll\l) are recorded in Table 1 and 

the spectra are depicted in Figure l. 

The region 4000-1400 cm-l 
-1 Four bands occur within the range 3300-Z900 cm The N-H stretching 

modes (v1, vz) are readily identified by their sensitivities to 15N- and 

N,N-dz-labelling while the neighbouring C-H stretching modes (v3, v4J 

are recognised by thei: sensitivity to z-
13

c- and Z,Z-dz-labelling. 

Shifts of roughly 800 cm-l are induced by-deuterati.on of the NHz and GHz 

groups and both modes are vibrationally pure. The band at 1650 cm-l (vsl 

is finnly assigned to v(C=OJ, being significantly sensitive toward$,__ 
180:- and l-13c- labelling only. The J\l-lz scissoring band at 1607 cm-l 

(v(,) is recognised by its 15N- and N,N-dz-sensitivity but is coupled with 

vlC=O) since it also exhibits 180- and l-13c-sensitivity. The band at 

1439 cm-l (v7) is uniquely sensitive to z-13c- and 2;2-d2-labelling and is 

therefore assigned to a vibrationally pure GHz bending mode. TI1e only 

difference bet-ween.the present assigrunents and those previously proposed(3,6) 

for bands within the range 4000-1400 cm-l lies in the coupled nature of v
6 

which is now established by isotopic labelling. 

-1 
The region 1400-600 cm 

The isotopic shift data reveal that, except for v12 and v13 , all bands 

within this region originate in extensively coupled vibrations. TI1e 

bands ''g• v10 and "ll are all vario:.:sly-coupled v(C-0) modes in view o;f 

their 18 
0- sensiti.vities whereas only v9 and vll have previously iieen 

recognizedl3,u) as originating in v(C-0). Earlier assignment(3) of 
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Table 1 Frequencies, isotcpically-foduccd shifts <mcl jnfrared band 
·1 ;i) assignments fer tz>ans--[Pt(glyh] (cm"'- ) 

tw 

v Assignment 
160' 15N 1c.nc z-l 3c 2,2-d2 N,N-d2 2,2-d2 

+ N,N-d2 

v1 3230 4 822 819 . v(N-H) asym. 
Vz 3094 795 797 v(N-H) sym. 
v3 2984 ·2 12 829 823 v(C-H) asym. 
V1t 2934 4 831 823 v (C-ll) sym. 
V5 1650 18 29 6 4 v(C=O) 
VG 1607 6 2 15 6 400 475' v(C=O) + NH2 def~ 
V7 1439 

_b) 
2 374 369 CI-12 def. 

Ve 143lsh 24 5 10 70 56 . 76 v(C-0) + v(C-C) 
+ NH2 def. 

V9 1375 5 4 9 18 22 44 v(C-0) + v(C-C) 
V10 1333 8 10 25 136 v(C-0) + NH2 def. 
v11 1294 5 14 3 247 242 v(C-0) + v(C-N) 

+ NI-12 def. 
v12 1247 4 217 239 NI-12 def. 
v13 1187 2 248 256 CH2 def. 
v14 1026 3 12 18 101 171 234 v(C-N) + C02 def. 
V15 968 

3lc) 
8 9 91 111 v(C-C) + CH2 def. 

Yl G 921 3 7 29 31 29 C02 + .CH2 clefs. 
VJ7 798 3 2 21 34 58 {C02 + CH2 

'VJS 754 13 2 s 29 120 125 + N!-12 defs. 
v19 619 8 8 2 9 21 43 C02 + NH2 defs. 
V20 548 3 4 7 53 22 81 { coupled v(Pt-N) v21 497 8 5 27 18 39 
Vz2 415 11 2 8 10 v(Pt-0) 
V23 338 3 3 6 cS(O-Pt-0) 
V21t 263 4 4 31 42' cS(N-Pt-N) 

_ V25 150 3 10 cS(Pt-0-C) 

a) All shifts are to lower wavenwnber. Absence of data implies shift d cm"'1 

b) Shoulder 

c) Preceded by a residual 160-band. 
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v11 to v(C-NJ coupled with the NH2 wagging mode receives support 
15 . 

from the isotopic shift data. Sensitivity of v12 to N- and N,N-a.2 .. 

labelling only, supports an earlier assigrnnent(3J to the NH2 t1vist while. 

agreement with a previous assignment(3) of vn to the rn2 t1visting mode 

is now provided by its tmique sensitivity to 2-13c- and 2,2-d2-labelling. 

Strong sensitivity to 15N- and z-13C-labelling suggests that v14 is 

principally v(C-N) but some coupling with a.co2 defonnation is iniplied by 

1 . It 18 ... s ig1 o- sens1t1v1ty. The bands v15 , v16 and v17 are all variously-

coupled CH2 bending modes of which at least one component of the coupled 

vibration agrees with earlier assignments C3J .J11e band at 619 cm-·\ 

previously identifiedC3) as a co2 wag, is now seen, from 15N-:. imd N,N-a
2

, 

sensi ti vi ties, to be coupled with an 1'.1H2 bending mode. TI1e .frequencies 

of the NH2 and CH2 deformations provided by the assignments given above, 

generally agree well with those previously proposed(3) for these modes, 

-1 
1.'he region 600-140 cm 

. ..... 

In this region the metal-ligru1d vibrations are eA-pected to occur. 

For the Ci symrnet1y of the complex, two metal-ligand stretches, v(Pt-0) 
--. . (2 4) 

.and v (Pt-N), and four bending modes are expected. 1ne suggestion ' 

I 

that the Pt-0 bonds are ionic is discounted by the !>~ructural determinationC7J 

of trane-[Pt(gly) 2] which reveals Pt-0 a.ud Pt-N distances consistent with 

high covalency in both bonds. Similar arguments(3,S) have been advanced 

for the relatively high value of the v(Cu-0) frequency in the spectnnn of 

cis-[Cutgly) 2tH2o)]. .Both stability constant data(9J and force constant 

calculations(3) suggest that the metal-ligand stretching frequencies in 

glycine complexes will increase in the sequence Ni<:Cu<Pt. Previous isotopic 

labelling studieslS,lO) on trans-[Ni(glyJ 2(H20J 2] and cis-[Cu(3ly) 2CHzD)] 

confirm the sequence Ni<Cu for v(M-N) and v(M-0). Hence, v(Pt-N) and v(Pt-0) 

.are CA1Jected to exceed the frequencies of the corresponding 011th;, mrnetric 
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-1 vibrations in the Cu(II) glyc.inate complex l 476 and 37':"1 cm , 
-1 (3 6) . . 

111e band at 548 cm · ( v20) has been assigned ' to v (Pt~NJ. 

respectively). 

\'lltile the 

present results do not invalidate the assignment (since the hand is both 

15N- ru1d N,N-d2-sensitive) concomitant sensitivity to 180- and l-13c­

label~ing shows that there is coupling with a vibration involving the co2 

group. The isotopic sensitivity of the band at 497 cm-l (v21) is also 

consistent with its assignmer.t to v(Pt-N). 111is band is more sensitive than 

v
20 

to 180-labelling but 2,2-d2-sensitivity suggests that v21 is also 

vibrationally coupled. 

-1 111e band at 415 cm ( v22) is finnly assigned to the vibrationally 

pure vtPt-0) mode since it has substantial 180-sensitivity; ~o h
13c­

sensitivity (i.e. it does not comprise a contribution from a co2 deformation) 

and no 15N- or N,N-d2-~ensitivity. 111C present assignments of v21 to 

coupled vlPt-N) and v22 to vtPt-0) place these frequencies some 30 cm-1 

· higher than the antisynunetric v(Cu-NJ and v'(Cu-OJ frequencies o:( cis~ 

[Cu(gly) 2(H20)] which is qualitatively consistent with their relative 

stability constants(9) and coordination numbersl11J. Earlier assigrnnent(4•12l 

of v22 to vtPt-N) is definitely discolmted by absence of sensitivity to 

15N- and N,N-d2-labelling. 

111e band at 338 cm-1 (v23) is significantly sensitive tow:ards 180~ 

labelling only, although the 180-shift is smaller than that of v22 ; v23 

is therefore assigned to the 0-Pt-O bending inode. This .frequency is again 

.higher, as expected, tl1<m the copper-ligand bending_ frequency in the 

spectrwn 0£ eis-[Culgly) 2tH20)](s). Absence of 15N-, l-13c~ and 

z-13c-sensitivity invalidates previous assignments(4,6112) of v23 to a CCN 

bending mode. 

The band at 263 cnt1 lv24), sensitj,ve to 15N- and z,z~a2.,.labelling 1 is 

assigned to the olN-Pt-N) bending Jllrde. Absence of 180..,., and l..,13c"' 
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sensitivity jJ1validates earlier assignment~;C4 ,lZ) to the co
2 

wagging 

-] . 
mode coupled with a ring defonnation. Finally, v25 at 150 an - probably 

originates in the 6lPt-0-C) bending vibration in view of its 18a-

ancl 2,2-d2-sensitivities. 
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Summary 

1'hc complexes M(acac),(imiC: .. zolc), (M = C.o or Ni) and 
[M(oc:·c),Bj0 (M =Co, Ni or Zn; B ~ prrazine or pyrimidine) 
have beert ~rcpared and their i.r. spectra determined over the 
600-140 ~m-1 range. The metal-oxygen and metal-nitrogen 
str<:::f·'.ling frequencies, v(M-0) and V(J\1-N), are assigned on 
the Jasis of the band shifts induced by dcutcriation of tne 
adducted b~:.:c and hy substitution of the metal ion. Three or 
four v(M-0) bands are observed within the 600-200 cm- 1 

range. The two v(M--0) hands of higher frequency arc con­
sidered to be coupled with internal ligand modes. Two 
v(M-N) bands ar~ obscr .. cd within the 280--170 cm- 1 range. 
The metal-ligand stretching frequencies are in good agree­
ment with the values prc\'iously cstabiis!icd for these vibra­
tions in the [M(imidazok),,]2' and Ni(acac),(pyridinc), 
complexes. 

Introduction 

M:i.ny hetcrocyclic bases incltJding imidazolc (1m) and 
pyrazinc (pz) arc known tu form stable adducts nlith 

• Author to whom .all corrc:•pondcncc shou:d be directed. 

. metal(!!) (l-kctoenolatcs<1-5J. Those formed by reaction 
between monodcntate bases, B, such as im and pyridine (py) 

and the metal(II) acetylacetonate arc gcncrally(6, 7) the: 
trans-M(acach B2 species wht.>rcas bidentatc hctcrocyclcs 
such as pz form linear polymers with each of the: two nitro­
gen donors axially bonded to discrete planar M(acac)z units 
and formulated as trans·[ M(acac) 2 B] 0 (

8 ). 

Assignments of the metal-ligand stretching frequencies in 
the bis(pyridine) adducts of Njll acetylacetonate have been 
established recently by observing the shifrs i-:ducc<l by metal 
ion substitution and pyridine deuteriation<9}. This p:ipcr 
reports the application of rhis technique ro the im, pz and 
pyrimidine (pm) adducts"' Coll. Nill and Zn11 acetylaccton­
ates. 

Experimental . 

The adducts were prepared by reported mcthodP· 4 ). 

Composition and purity were determined by microanalysis 
(Table I), Ocutcriated complexes were prepared from im-D4 
of 98% lsmopic purity and p1.-D4 of 84% isotopic purity sup­
piicd by Merck, Sharp and Dohmc (Canada) Ltd. The i.r. 
spccrra were determined.on nujol mulls between Cs' plates 
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Tran~i1ion Met. Chem. J, 302-304 (1978) lmid~z'?le, pyr:nine and pyrimidine aJduc1.. of Cl)U, Ni 11 .3.nd znU acetylaceronatcs 303 

on a llcckman IR-12 speccrophoromcccr (600-250 cm-•) 
and b<.:tween polyethylene plates on a Perkin-Elmer 180 
spcc1 rophoromccer (2 50-140 cm_, ). Reflectance spectra 
were dc:rermincd on a Beckman DK·2A spcctrophot1Jmctcr. 

Table 1. Analytical d~ca and clct·rronic transition energies for b.i.se 
ad.ducts of mctal(ll) acetylaccrnn:ncs 

Complex 

Co(acac)i(imh 

Co(acac)i(im-04)1 

Ni(acach (imh 

N}{ac:c)i(im·D4)i 

f Co(acac)i (pz) In 

!Co(acac)i (pz·D4l!n 

(Ni(acac)i(pz)J 0 

(Ni(:icac}i(pz-04 )) 11 

{Zn(arnc)i(pz)}0 

I Zn(acac)i (pz-D4) In 

!Co(a..:ac)i(pm)Jn 

!Ni(acac)i(pm)J0 

{Zn(acac)i(pm>ln 

~~~~--~~~~~~~ 

Found (Cakd.)% 
c ll 

48.9 s.s 
(48.9) (S.6) 

47.9 7.S 
(47.9) (7.S) 

48.9 S.6 
(48.9) (5.6) 

47.8 7.S 
(47.9) (7.S) 

49.9 s.s 
(49.9) (S.4) 

49.4 6.S 
(49.3) (6.S) 

49.9 S.4 
(49.9) (S.4) 

49.3 6.4 
(49.3) (6.S) 

48.8 S.2 
(48.9) (S.3) 

48.3 6.S 
(48.4) (6.4) 

49.8 S.4 
(49.9) (S.4) 

49.8 S.4 
(49.9) (S.4) 

48.9 S.J 
(4R.9) (S.3) 

N 

14.2 
(14.J) 

13.9 
(13.9) 

14.2 
(14.2) 

ll.9 
(14.0) 

8.4 
(8.3) 

8.2 
(8.2) 

8.4 
(8 3) 

8.3 
(8.2) 

8.1 
(8.2) 

8.0 
(8.1) 

8.3 
(8.3) 

8.3 
(8.3) 

8.2 
(8.2) 

· TranSition 
energ).a) 

9,900 
19,100 

10,SOO 
17,200 

10,100 
18,700 

10,200 
17,400 

10,300 
21,SOO 

10,600 
17,700 

a) Assigned, in order of increasing eneq,')', to the transitions: 
4 r2g +- 4 T1g. 

4
T 18 "--

4 T 1g(P) (Co complexes) and 
3 T 2g +- 3 A 2g, 3 T 1g +-

3 A 1g tNi complexes). 

Rcsul ts and Discussion 

Imidazole behaves as a monodcncate ligand towards metal 
acetylacetonates, forming the M(acac}z(imh species while 
pz (.L ,4·diazabcnzcnc) anJ pm (J .3-diazabcnzenc) act as 
hi<lcntate ligands to yield the polymeric adducrs [M(acachB]0 • 

The rcflec:rancc spectra of cite Co11 and Ni11 ::omplcxcs of 
h1>th species arc rypii.:al(IO) of octahedral complexes of these 
ions (Table !). 

0 C_ [Miacacl2 (iml2) ~ 
v, Vz VJ v~ VsV5V7 

EJ a_-1--n-1-i-n 
0 li __ _Jr- ,1{/~J 

600 ~00 400 300 200 

G L- (Mlocaclzlpzl] 0 ----~ 
V\ V2 'VJ V1, V) V5v7vl Vg 

~~i-·~ 
~~ .. ~ 

600 500 400 300 200 

0 I [Miacacl2{pml). I 

W~ H ~ 
600 sOO <bO iJ-0 200 

Wavenurober /cm·1 

Figure 1. l.r. spectra (600-140 cm -l) of base adducts of mctal(ll) 
acetyb.ceconates. Shaded bands: v(M-0); solid bands: v(M-N). 

The i.r. spectra are depicted in rhe Figure and the vibra­
tional frequencies a.re given in Table 2. In the following dis­
cussion, hands shifted by metal ion substirution will be re­
ferred to as J\1-sensitive bands while the term 0-sensitive will 
be used to describe bands which shift to lower frequency on 
deureriation of the adducted base. For the isotopic labelling 
technique, only im and pz were available as their dcuteriated 
analogues, im-D4 and pz-04 • 

Tile imidazole adducts, M(acac)z (im!, (M =Co or Ni) 

lmidazolc has no internal ligand vibrations with a fre­
quency< 600 cm- 1

, nor are there any internal vibrarions of 

Table 2. Vibrational frcyucndcs and (in parentheses) 0-scn~icivirics of i.r. bands in base adducts of mctal(l I) acccylaccton:Hcs3 > 

1\.1(ai.:ac).i(im\2 (M(iu.:ai.:)z(pz>!n (M(ac:u.:)·z(pm)f0 J\ssignmcm 
Co N; Co Ni Zn Co Ni Zn 

S56(0l S72(0) SS7(0) S77(0) SS·!( I) SSS 566 S58 
coupled r1(M-O) 416(0) 422(0) 410(0) 417(0) 412(1) 416 42) 416 

469(18) 480(20) -160(16) 374 379 3(,Q pz or pm o.o.p def. 

262(3) 278(4) 216(2) 234(2) 217(0) 212 233 184 
v(M-N) 229(2) 2S3(1) 201()) 213(2) 202(3) 201 221 I 7S 

202(0) 220(0) 281(0) 298(0) 2S8(0) 276 28. 2'!8 
v(M-0) 

2S7(0) 267(0) 227(0) 2S4 . 26S 231 

237(1) 2S2(1) (227) z.'(M-N) + v(M-0)? 

180(2) 195(4) 148(0) 161(3) 149(2) lSS 164 154 
6(L-M·-I.) 17ll(U) 174 

a) cm-I, 
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coordinated acac in r.hic;. region. J knee, th(' scvcu bands 
within the 600-140 cm- 1 range in the spectra of the 
his(i1~1idazolt:) adducts are :ill assigned to mcc;~Higand modes. 
The J'1 :rnd Vi hands arc firmly assigucd to ll(M-0} for 
three rr:asons. Firstly, they arc completely rn:-.cnsitivc ro 
dcuu:riation of the l'midazolc ring. Secondly, thr.y arc 
strongly M·scnsitivc in the CFSE sequence Co< r-Jjl9 ). 

Thirdly, their frequencies lie close to cho~c cf the V(M-0) 
bands in M(acac)2 B2 (~\=Co or Ni; ll = 11 20 or py). In 

Ni(acac)z(py),, the v(Ni-0) band, arc considcre11<0 l to be 
coupled with the O(C-Ak) mod~ of the acac ring or with a 
pyridine ligand mode. That 11 1 ano v2 arc coupled v(M-0) 
bands is al~:o proposed here for the im adducts since the 
M·scnsitiviry of v1 _ an<l .~cspccially) v2 is lower chan that of 
Vs °(vide infra). 

The V3 an<l v, hands arc unduubte<lly v(M-N) modes 
since they are significantly D- ~nd f\1-s.cnsiti\'c. Their fre­
quencies arc vay close to those rcporrcd< 11 ) for v(M-N) in 
the {M(im) 6 ]

2 +complexes in which the assignments were 
based on the metal-isotope labelling technique. Since i1 5 has 
a higher M-scns:itivity than v1 or V2 but is completely unaf­
fected b~, deutcriation of im, it is assigned to a vibrationally­
pure (uncr,uplcd) v(M-0) mode. The alternative assignment 
to b(Q--M-0), proposed(l2) for a band in this region of the 
spectrum of Cr(acac)3, is considered unlikely since this 
would place the 0-M-0 bend at a higher fr('qucncy than 
the M-N stretch. v6 , being both D· ;rnd M-scnsitivc, i!- either 
a third v(M-N) band, b(O-M-N) or f,(N-M-N). The origin 
of v1 is uncertain since it has no }.\-sensitivity and is too 
broad f~r, 1its D-sensitivity to be determined in the spectrum 
of the 1'1 adduct. 

~upp:-: t for the assignments proposed for v(M-0) and 
, v(M--N) i:. evinced from a comparison between the fre­
quencies for these vibrations in Ni(acac)2(py),{9) and 
Ni(acach(imh. As is well knov.m(9), any increase ir; the 
strength of the M-base bond on replacing one adducted base 
by another causes a shift in v(M-0) towards lower fre­
quency. Since v(Ni-N) in the im adduct exceeds v(Ni-N) in 
the py adduct, the reverse trend is expected for v(Ni-0). This 
is observed. 

The pyrazine adducts, (M(acac), (pz!],, (M =Co, Ni or Zn) 

Below 600 cm- 1
, pz exhibits unc internal ligand mode, 

an out-of-plane deformation of the hcrcrocyclic ring at 
412 cm- 1 with a D-scnsitivity of 14 cm- 1 . This band recurs 
in the spectra of the pz adducts in thc·470 cm- 1 region 
(v2 , f i5urc). As has been observed for the py adducts< 13l, 
coordination of pz leads to an increase in the frequency 1Jf 
such internal ligand vibrations. The D-sensitivity which chis 
band retains in the spectra of the pz-04 adducts enables it 
to be readily distinguished from the D-inscnsitive bands near 
560 cm- 1 (v 1 ) and 420 cm-• (v,). The latter two bands 
arc assigned to coupled v(M-0) on the grounds of their ab­
sence of D-scnsitivity ar.d their high M-scnsitivity in the 
CFSE sequence Co< Ni> Zn. 

Of the four (or five) ba~ds within the 300-200 om- 1 

range, only the two of lov.-cst frequency (v7 , Vs) exhibit 
significant D-sensirivity, establishing them firmly as JJ(M--N) 
bands. Their posirirn near 200 crn- 1 agrees well with that 
of the t\vo V(M-N) bands in the spectrum of 
Ni(acac),(py), <9 l. The assignment is also suppone<l by the 

Transition M<.·t. Chl'm. 3, 302-304 (19'lil) 

strong M-sensitivity of these bands in the sequence 
Co< Ni> Zn. Of rhc remaining t\\"O (or three) bands (114 , 

V5, v6) wiLhin the ~00-··200 cm- 1 range. v4 and Vs arc ~1s­
signcd to vibrationally-pt1re v(M -0) modt;s on the grounds 
of their absence of D·scnsitivity, their significant M-scnsit iv­
ity in the scq:1C'ncc Co< Ni> Zn, the occurrence of bands 
in this region in the ~pcctra of the M(acac)~(l l~Oh com­
plexes (ill= Co or Ni) and Zn(acac},(11 20) which undouht· 
edly h:.1vr. the s:imc origin and the csrahlished<9> existence of 
two I'(J\\ -0) h:rnds in chis region of Liu.: spectra of 
M(acac),(py), ""<l Zn(acac) 2(py). The ban<ls below 200 cm- 1 

arc considered to originate in InC'tal-ligand bending vibra­
tions. 

Tbe pyrimidine adducts, [M(acac), (pm!],, (M; Co, Ni nr 7.n) 

Pyrimidine has only one ligand lrnnd below 60() cm-•, 
namely at 348 cm- 1 

. The spectra of the adducts yield four 
b<1nds within the 600-300 cm- 1 r:rngc. The band of lowest 
frequency is considered to correspond with chc pm ligand 
band since it is raised 31 tm- 1 by coordination, a shift 
charancristic(l J) of the shift in chc our~of-planc ring vibra· 
tion on complcxation of nitrogen hctcrocyclics. Of the 
remaining three bands, that near 420 cm - 1 and the more 
M-sensitive of the two bands near 570 cm- 1

, are assigned to 
coupled v(M-0) modes. Assignment of the two uncoupled 
vlM-·0) and rhe two v(M-N) bands between 300 and 
170 cm- 1 is made by analogy with the assignments of the 
corresponding py and pz adducts. 
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Tiffi INFRARED SPECTRA OF SOME ME1AL(II) GLYCYLGLYCINATE . 

C0/.1PLEX.ES : ASSIGN>lENTS AND S'TRUCTUHAL ASPECTS 

J.B. Hodgson, (the late) G. C. Percy and D.A. TI1ornton 

Department of Inorganic Chemistry 
University of Cape Toi.n, Hondebosch 7700, South Africa 

ABSTRA.CT 

The infrared spectra (4000 -· 140 cr:1.-l) of the complexes [Cu(Hgg)X] / 

(Hgg = monoanionic glycylglycinate anion, X = Cl, Br), [M(Hgg)X.(H20)] 

(M =Mn, a.i, Zn, X = Cl; M = Co, Ni, X =Cl, Br) and their 15N-labellcd 

analor,'lles, ::i.re discussed in relation to their known or proposed structures. 

Firm assignments arc presented for the majority of tl...: internal ligand 

modes and for metal- ligand vibrations o.i.' the basis of the band shifts 

resulting from 15N-labelling, metal ion substitution and haloi!en substitu-

ti on. 

INTRODUCTm: 

The solid state infrared spectra of metaJ. peptide complexes have 

received very little attention 1 •2. This is undoubtedly due to the 

diversity of their composition and stnicture3 , their far greater complexity 
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than tho:,e of simple <uni.no acid complexes and the difficulty of applyjng 

reliable assignment techniques. 

In an earlier paper4, it was shown that infrared spectra could be 

used to distinguish between severnl stoichiometrically and structurally 

distinct species of metal glycylglycinate complexes but i::.. finn assign­

ments could be provided for internal ligand vibrat:.ons and none at all 

for metal- ligand modes. 111is conununication presents the first reported 

assignments for glycylglycinate complexes based on isotopic labelling. 

It 1vill be shown that 15N-labelling enables finn assignments to be made 

for certain ligand and metal-ligand mode,, in the complexes [Cu(Hgg)XJ 

(X = Cl, Br) and, combined with the effects'of metal ion substitution, in 

the complexes [M(Hgg)X(H20)] (M = Mn, Co, Ni, Cu, Zn). Hgg is used 

as an abbreviation for monodentate glycylglydnate. 

EXPERIMENTAL 

--~e unlabelled com~lexes were prepared by· ni~d~~S ~e:thod~2 • 4 : .... The 

labelled analogues were similarly obtained from gly~~lg~y~ine-1 5N2 of 99% 

isotopic purity supplied by Stohler Isotope 01emicals, Inc. Composition 

.and purity of all compow1ds were established by ,11icro-analysis (C_, H, N). 

Infrared. spectra were dcte:cmined on nujol mulls between caesium iodide 
. - ] 

plates (or, below 250 cm ·, between pcl;•ethylene plates) on a Perkin-Elmer 

180 spectrophotometer. 

RESULTS .Al'ID DISCUSSION 

111e frequencies of the complexes discussed here are reported in 

Tables 1 and 2. 

The Spectra of [Cu(l.:!g~ (X = Cl, Br) 

TI1ese complexes are considered to have a structure (Fig. la) similar 

·to that established5 crystallographically for the bis(glycylglycina~o)-

cob~lt(III) ion. As w.:.::.1 be shown, certain features of the infrared spectra 
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(a) 

(b) 

.. ,.._ 

(c) 

Figure 1. Structures of glycylglycinate complexes: (a) [Cu(Hgg)X], 

(b) [Cu(Hgg)Cl(HzO)], (c) [M(Hgg)X(HzO)] (M =Mn, Co, 

Ni, Zn). 

._:, 



tl d t t Tl tl . . f. · J is . . support le propose s -ruc ·ure. . le iree s1gm. ·).cant .y N-sens1t1ve 

bands above 3000 an -l are assigned to the N··H stJ:etch:ing modes of tJ1e 

coordinated rnnino group, the band at 3112 on-l resulU11g from strong 

N-H---0 hydrogen bonding. The !SN-insensitive shoulder ;;t 3261 cm-l is 

assigned to the. 0-H stretch of the iminol moiety. The four bands within 

the range 3100 - 2900 cm··l are completely unaffected by labelling and are 

therefore assigned to v(C-H). 

Absence of any lSN-i11sensitive amide I v(C=O) band within the 16SO -

1600 cm-1 region confirms the absence of :.>n amide group as suggested by 

the proposed structure. Instead, this regio:i:i comprises a lSN~sensitive 

band which is assigned to the v(C=N) mode; being very close to its 

position6 in N-alkylsalicylald:imine complexes of Cu(II). The carboxylate 

v(C=O) band appears below 1600 cm- 1 . Slight !SN-sensitivity in the bromo 

complex suggests some co~pling with the J\ll2 scissor:ing mode which gives. 

rise to two !SN-sensitive bands in the 1S80 - 1S60 on-i region. 

From published papers on the spectra of variously-labelled glycinate 

7-9 complexes , the v(C-C)_, v(C-0) and CH2 deformations are expected to 

occur within the lSOO - 1300 cm-l region. Four lSN-:insensitive bands 

within this region are accordingly ass;.gned to these._mooe>.. The NH
2 

twist­

ing mode gives rise t~ two !SN-sensitive b:mds, while £our such bands 

appear in the v(C-N} region (11001 - 1C31 cm-1). Bands ino;ensitive to lSN­

labelling near 930 cm-l nre assigned to the co2 scissoring vibration by 

analogy with earlier work7-9 on glycine complexes while, for similar rensons; 

1~N-sensitivc bands near 900 and 7SO on-l are assigned to f\q12 deformations. 

Ring deforn1ation modes 

7-9 of glycine complexes and 

generally occur within the "/SO - SSO CJil-l region 

lS are.observed here as a group of moderately II-



TABLE 1 

Vibrational frequencies (on-1), 15N-·induced shifts (encl~ in parenthescsi 
and infrared band assignments for [Cu(Hgg)X] (X =Cl, l3r). Shifts <l an-

ignored. 
Frequency (shift) Assig11ment . Frcquencr (shift) 

Assignment X=Cl X=Br x~c1 X=Br 

3325(6) 3321(10) 
{ v(JH!) 1038(9) :!.037 (9) 

{ v(C-N) 3268 (8) 3291(12) 1023 (8) 1023 (9) 
326lsh 326lsh v(O+I) 937 (2) 935 { co2 scissor 3112(20) 3112(19) v(N-H---0) 927 930 
3012 3008 l '(C-H) 

896 (3) 896(2) NH2 wag 
2970 2969 746 (3) 740(4) Wi2 rock 
2938 2934 720 720 

{ tillg def. 
2924sh 2924sh 715(3) 699(2) 
1642 (5) 1641 (10) y(C=N) oJ2(5) 619 (4) 
1594 1591(3) v(C=O) 588 (2) 591(3) 
1579 (7) 1578 (8) 

{.NH2 scissor 
567 (~) 570(2) 

1562sh(8) 1562(11) 503(8) 506 (8) v(Cu-N) 
1419 1422 393(1) 390(5) 

{coupled 1392 1392 { '(C-C), '(C-0) 363(2) 360(3) 
1371 1367 and CH2 de.£. 324(3) 317(3) v(Cu-N) 

1301 1301 771 271 v(Cu-0) 
1273(2) 1276(3) 

{ NH2 twist 
2f.2 235 v(Cu-X) 

1251 (2) 1253 (2) 11'7 170 { o(L-Cu-L) 1100(4) 1102 (5) \.v(C-N) 160 151 
1086(11) 1086 (11) 

.. ,__ 
.' 

sensitive bands. TI1e most substantially 15N-sensitive band occurs near 

500 cm·l and is ~ssigned to v(Cu-N). Since both nitrogen a.toms of the 

complex are .tabelled, a firm distinction between the two species of v(Cu-N) 

bands is not possible. Moderateiy 151•-·;ensitive bands within the 400 -

300 cm" 1 region may originate in variously-coupled v(Cu-N) modes. The 

271 an"1 band is the first completely 15N-insensitive bnnd below 700 cm-l 

and is thus finnly assigned to v(Cu-0). TI1e neighbouring 262 cm·l band. 

(X = Cl) is also 15N-insensitive and is finnly assigi~ed to v(Cu-Cl) sfoce it 

shifts to 235 cm-l on substitution of Br for .Cl. Lower frequency bands are 

assigned to metal-ligand bending modes. 



TABLE 2 
Vibrational frequencies (on-1), 15N-incluced shifts (on-1, in parentheses) 
and infrared band .assignn:ents for ._[M(Hgg)Cl (H20)Jn . .(M ·"' .M11, .Co, .Ni, Cu, .Zn)a 

. Mnb. . Co. Ni 
.... ·cu· · . zr1b . · Ass~rr;ent · 

3455 3450 3460 3450 3500 { v(O-H) (water) 3380 3389 3385 3425 (broad) 
3360 3362(8) 3360(9) 3327 (8) 3329 { v(N-H) (amino) 3345 3345 (7) 3344 (9) 3290(7) 3278 

3270 3277 (6) 33(;9 (3) 3257 (S) 32.f O { v(N-H) (amide A) 3218(4) 
3180 3170(7) 3180(9) 3167 (15) 3158 amide 11 

3000 3003 3006 2989 3107 

{ v(C-hJ 
2976 3006 

2950 2948c 2950 2953 2961 
2930 2932 2933 2932 2930 
1644 1643 1642 1642(3) 1650 . { v(C=O) (amide I) 1615 1617 1617 1607 1616 
1571 1571 1572 1627 Cs) 1566 v(C~O) (carboxyl) 

1544 1549 (17) 1551 (14) 1576(16) 1558 { o (N··H) (amide II) 
155~23) 

1584 1591(5) 1593(3) 1586(6) 1576 NH2 scissor 
_d _d -d _d _d coupled v(C-0) 

17.73 1271(2) 1271 l282C(2) 1278 
• {coupled 6 (NH2) 1256 1256(2) 1257 (2) 1259 (2) 1268 

1104 ll01(8) 1100(8) ll02(12) 1108 

{ cou~lod v(C-N) .· 
1062 1062 (8) . 1065(7) 1092 Ci) 1077 

1048 (16) 
1029 -e 1030(10) 1028 (7) 1029 /' 

999 1017(22) 1023(13) 1020 (10) 1026 
932 935 935 937 936 

{ C02 scissor 922 925 925 928 930 918 
890 893(4) 895 (3) 895(3) 888 

{'(NH2J • '(N-H) 
883 886(3) 889( 4) 749(7) 759 
749 753(2) 7 57 (2) 723 (3) 724 -. 
723 718 (5) 723(2) 707 (2) 

663 645(5) 

~co2 rook• ring d,f, 

624 61.4 624 6lg 612 
596 . 603 (2) 608(2) 601 
567 577 (2) 595 (3) 589 (2) 
548 570(3) 573(4) 562 
491 532 537 (2) 550(2) 539 
439 467 (11) 481 (8) 506 (8) 478 v(M-M12) 
402 418 431 450 (2) 435 v(M-0) 
346 360(4) 367 (2) 368(2) 369 ligand (?) 

259 285 299 306(2) 275 v(M-0) 
272£ · 293£ 300 270 v(M-Cl) + v(M-0) 

210 227 256 (8) 268 250 
195 205 207 189 {'(L-M-L) 183 185 195 196 

. 154 171. . . . . ·130 . . . 158 . . . . 
a Shifts d cm- J ignored. b These complexes wer'? not labelled. c Mean of 
doublet. d 6 or 7 !SN-insensitive bands occur within the range 14i0-J.309 cm-1. 
e Masked in unlabellecl complex but observed in labelled complex. Jn the 
bromo complexes, v(M-Br) occurs at 226 cm-1(M=Co)and220 cm-1 (M =Ni). 
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The Spectra of "[M(Hgg)Cl(lijQ)J (M ·.:;Mn, Cu, Zn~-~= Cl;. M ='Co; Ni; 

·x = Cl, Br) 

Frequencies for the chloro complexes are reported in Table 2. The 

two bromo complexes (M = Co, Ni) yield frequencies and isotr;pic shifts 

which, except for v(M-X), are very similar to those;; of the chloro analogues. 

·The structure of the Cu (II) complex has been detennined10. The 

dinuclear complex (Fig. lb) comprises Hgg- ligands coordinated to one 

Cu(II) ion through the amino nitrogen and peptide oxygen atoms and to the 

second Cu(II) ion through carboxylate oxy~en atoms. The infrared. spectnim 

is consistent with the structure. The spectnnn also broadly resembles those 
. . . . 

of the corresponding ~'ln(Il), Co(II), Ni(II) and Zn(II) complexes but 

certain differences to be discussed below indicate that the latter complexes 

differ in that each metal ion achieves essentially octahedral coordination 

by bridging via the carboxylate oxygen atoms of neighbouring dimers in the 
. ,.. ~ 

manner crystallographically established11 for the analogous Cd(II) complex 

(Fig. le). The magnetic moment of the Ni(II) complex2 (X =Cl) is 

consistent with such octahedral coordination. In the ensuing discussion, 

cited frequencies refer to the complexes with X = CL Only the Co(II), 
- 15 . 

Ni(II) and Cu(II) complexes were N-labelled. Since the r.ssignments for 

many of the internal ligand modes follow those presented in the previous 

·section, only those which differ and -::re metal-ligand modes will be 

discussed below. 

Significant differences in the 15N-sensitive bands exist between the 

spectra of [Cu (Hgg)X] and [M(l·lgg)X (H20)] . The latter complexes comprise 

peptide links while the former do not. Thus the [M(Hgg)XCHzO)J complexes 

yield 151.'-sensitive amide A and B bands within the range 3300 - 3100 cm-1. 

L _________ ------··-·· 

f 
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A further distinction occurs in tJ1e 1650 - J.GOO cm-1 region where the 

"d I (C=O) <l • b 1 lSN ~- . . . f b d th amJ. e v - mo .e 1s o servec as a -1nsens1t1ve pair o an s, e 

carboxylate v(C>O) mo<le appearing at lower frequency. TI1e amide II 

6(N-H) b~ds occur as 15N-sensitive bands near 1550 cm-1. fhe observa-

ti.on that the carboxylat:e v(C=O) frequency in the C:.i(II) complex at 1627 

crn-1 is some 60 cm-1 higher than the frequencies for the corresponding 

vibration in the complexes of the remaining metal ions, supports the 

suggestion that only the Cu(II) complex is dimeric, the remaining complexes 

involving cross- linking of the dimers through the carboxylate o:>..-ygen atoms 

to neighbourbg dimers. This feature contrasts strongly 1~itr;· the amide I 

v (C=O) band where the spectrum of the Cu (I.I) complex does not differ from 

the complexes of the other metal. ions. 

The band within the range 506 - 439 CT!l-1 is assigned to v(M-NH2) 

since it is the most significantly 15N-sensitive band ,in this region arid 

also in view of its strong M-sensitivity \.'hi.ch is in the Irving-Williams/ 

stability sequence Mn < Co < Ni < Cu > Zn. ·The neighbouring band within 

·the range 450 - 400 cm-1 is similarly M-sensitive but is completely 

unaffected by 15N-labelling and is therefore assigned to the stretching 

vibration o~ one of the three species uf metal-oxygen b0r:.:s 1Jresent in 

these complexes. Another v(M-0) band wi-t-J1 similar features occurs within 

the range 310 - 250 an-1. The nJighboming band to lower frequency is 

assigned to v(M-0) + v(M-Cl) since it is 15N-insensitive, M-sensiti~e and, 

in the bromo complexes of Co(II) and Ni(II), gives rise to additional 15N­

insensitive bands. at 227 and 220 cm-1, respectively. Lower frequency bands 

are assigned to the metal-ligand bending modes. 

v 
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The fact that all of.the metal-ligand stretching frequencies are 

in the Irving-Williams sequence Mn < Co < Ni < Cu > Zn rather than in 

the sequence of crystal field stabilization energies: Mn < Co < Ni > Cu 

> Zn, is consistent with the view that the Cu(JI) complex nas a lower 

coordination number than that of the rem::tining co;:;plexes. 
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