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SUMMARY

An investigation of a series of imidazole'complexes_of first
transition metal(II) nitrates, perchlorétes and halides is reported.
Deuteration of the imidazole ring provides reliable assignments for the
internal vibrations of imidazole. This technique also permits
unambiguous assignments of the internal vibrations of nitrate or per-
chlorate by their lack of deutero-sensitivity. The infrared spectra
of imidazole and ifs complexes are examined in order to determine the
ratio vD/vH for bands assigned to the C-H, N-H and ring modes of the
heterocyclic rihg. With very few exceptions, vD/vH falls within the
ranges 0.74 to 0.84 and 0.93 to 1.00 for C-H and ring vibrations,
respectively. The potential usefulness of the results is discussed.
Assignments of the M-N and M~halidé 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 symmetries and
facilitates accurate structural assignments.

Essentially complete assignments have been deduced for [CU(NOS)Z(PZ)]n
in the 400C0-300 emt 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 symmetries of the linear polymer.

Band éssignments for the internal vibrations of the ligands are based on
pyrazine—d4 substitution. The complete far-infrared spectrum (350-25
cm—l) is reported together with assignments for the metal-ligand stretch-
ing vibrations. |

The metal(II) complexes of acetylacetone [M(AA)Z(B)Z] (M = Co, Ni,
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Zn; B = imidazole, pyridazine) and ﬂM(AA)Z(B)]anW = Co, Ni, Zn;
B= pyrazine, pyrimidine) were prepared and their infrared spectra

determined over the range 700-140 en L.

Metal-oxygen and metal-
nitrogen stretching vibrations, vM-O 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—O bands are observed

1

within the range 600-200cm ~. -The two WM-0 bands of higher frequency

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

bands are observed within the range 280-170 en!

. The metal-nitrogen
stretching frequencies are in good agreement with the values previously
established for these vibrations in the complexes ﬂW(hnidazole)6]2+,
[M(pyrazine),C1,]  and [Ni(AA)(pyridine),].

The infrared spectra (7OO—i4O_cm_1) of the metal (II) complexes of
salicylaldehyde [M(Sal)z] M = Co, Ni, Zn), [M(Sal) ,(B),] M =Co, Ni, -
In; B = water, imidazéle, pyridine) and DW(Sal)Z(B)]n (M = Co, Ni, Zn;

= pyrazine, pyrimidine) are discussed. On the basis of their infrared
spectra all these complexes are assigned octahedral structures.

Aséignments of the M;O 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 wM-0 bands near 500 and 300 cm-1 are considered to originate
in the two species of the M-O bonds-which (unlike the analogous acetyl-

‘acetonates) have differing bond lengths. These.differences, and
vibrational coupling between W-0 and salicylaldehyde ligand modes, give

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

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

The infrared spectra (4000~-400 cm—l) of the complex trans-[Pt(glycinate)z]

18 . 15 13 13 _
and its o, N, 1- (-, 2- (-, Z,Z—dz—andﬂhhhdz—labelled analogues



- (1x)

have been determined. Each spectral band has been assigned on the
basis of the shifts induced by the various forms of isotopic labelling. .
The N-H, C-H, C=0 and Pt-O stretching vibrations and the CH2 scissoring,
H, twisting and NH, twisting modes are vibrationally pure.but all other
' bands represent vibrationally coupled modes. The spectra reveal that
some carlier assignments require revision. » ,

A study of the infrared spectra of cis-[Ni(gly)z(Him)é] (gly =
glycinate ion, Him = imidazole) and its isotopically labelled analogues

1 18 1sy. 1-13¢. 2-13¢. and

are made over the range 4000-140 cm
2,2—d2—Labelling of the cbordinated glycinate yields assignments for

the internal glycinate modes and nickel-oxygen and nickel-nitrogen
stretching.and bending vibrations, while deuteration of imidazole -
(Him-ds) provides assignments for @he internal modes of the coordinated
imidazoie rings and for nickel-imidazole vibrations. The results,
combined with those of previous multiple isotopic labelling studies

on glycinate complexes, enable some general conclusions tobbe reached
on the infrared spectra of these complexes.

An investigation of the infrared spectra (4000-140 cm'l) of the
complex trans-[Pt(L-alaninate),] and its 180-, 15y-, 2-d, 3-d5- and
N,N—dz-labelled analogues has been made. Spectral bands are assigned
on the basis of the shifts induced by the various forms 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 spectrum.

Thé infrared spectra of some metal(II) complexes of glycylgly;ine
are discussed in relation to their known or probablé 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 presented for the majority of the internal ligand
vibrations and metal-ligand modes by observing the band shifts resulting

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

1. 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-orbitallpopolation may
be rationalized in teims of the splitting which these orbitals suffer
under the influence of the crystal field. The_elecffostatic crystal
field theory (CFT) which considers metal ions and 1igahds as point
charges, has proved adequate for the explanation of many fundamental
properties of transition metal complexes. These encompass the manner
in which! bond distances, lattice energies, heats of ligation and other
thermodynamic properties vary through a series of transition metal
conplexes of constant ligand composition as also their magnetic character-
istics, electronic spectra and métal—ligand stretching frequencies.

The electroétatic field created by the presence of the ligands, which
is likened, in octahedral symmetry, to a spherical set‘of negative point
charges (comprising, for instance, the negafive ends of the ligand dipoles)
removes the degeneracy of the metal ion inner orbitals.  The o-, p- and
d-orbitals are affected differently, according to their spatial orientation
with respect to the axes of ligand aoproach. Cn ligand approach the
s-orbitals of the metal ion,  being spherically symmetrical with regard
to the three dimensional coordinate system, are raised in énergy. A
similar repulsion is experienced by the p-orbitals which are directed
along the'three cartesién_axes. The éxz—yz_ and d,2-orbitals, collectively
termed the eg-orbitals, suffer a greater repulsion than those which are
orientated between the axes (égy-’ dxz— and dyz—orbitals, collectively

termed the tgg-orbitals) such that the degeneracy of the five d-orbitals



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

. removal of degeneracy but the splitting is much smaller.
‘ /

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

(a) Free ion.

(b) Attraétion of iigand charges.

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

(e) Crystal field splitting.

Figure 1.

Crystal field splitting results in stabilization of the cdmplex
relative to the situation which would obtain in the absence of such
splitting. Each tzg-orbital is stabilized by 4Dq ébout the baricentre
of the split orbitals, and each eg-orbital is destabilized by 6Dg, where
10Dq represents the total splitting energy. The more closely the

ligands approach the metal ion; the more extensive the d-orbital



repuléion suffered and the largér the magnitude of 10Dg.  In strong
fiel&slimn may attain a value of the order of 100 X cal mo171,

For all configuratiohs other than dQ, highuspin.dS and le (or
fg, high-sph1f7and f14) the splitting lowers the potential energy of
the system. This energy decrease which results from the splitting of
the d-orbital levels is termed the crystal field stabilization energy
(CFSE}. It is a function of, inter alia, the population of the d-
orbitals. Hence, the CFSE of a transition metal ion in an octahedral
field may be expr.essed2 |

CFSE = -(0dn,, - O.Gneg)IObq v @
‘where n,tzg and neg are the occupation numbers of the tgg and e, orbitals,
respectively and P is the pairing energy appropriate to spin-paired

complexes. Jprgensen® expressed 10Lg as thé product

100 = fg o " @

where § 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 10Dq_fof én octahedrally hydrated
metal ion (for which f is umity). From this relationship 10Dg may be
estimated for ions where experimental values are not available. From
examples where 10Dg has been empirically determined, f values for a Variéty
of ligands have been obtained. These data are valuable since they
provide an index of the relative CF splitting poweré of various ligands.

Despite fhe small magnitude of the CFSE contribution to complex
formation its significant influence on complex properties?’" may readily
be detected on passing through an isostructural transition series of

complexes of a common ligand with varying metal ion of constant oxidation |



state. This'implies that all other influences such as ionic radius
and mass are cohstant or vary smoothly through the series of iens from.
& to d°. The part played by CFSE is superimposed upon these effects
and varies irregularly with d-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.d—shell. |
Since the CFSE influences the M-L bond strength, the M—L'force
constants of such an isostructural series of complexes as has becn
defined above are expected® to exhibit a variation with d-orbital
population.similar to that shown! by numerous thermodynamic properties.
Apart from CFSE, those properties of the metal ion which have most
influence on wM-L are the ionic radius and mass of M. Ionic contraction
and increasing ionic mass on passing_through a fransition series will
have opposed effects on vM-L. The former will increaée wM-L and the
latter will decrease vM-L. The fact® that there is almost invariably an
overall increase in vM-L from_do-through qt? suggests that the effect of -
jonic contraction on wM-L outweighs the mass effect. It therefore appears
probable® that, in the absence of any appreciable mass effect, the M-L
stretching frequencies in the infrared.spectra of these complexes should
vary in parallel with their CFSE's.
| To obtain the crystal field contributien5'15 to wM-L, the stretching
frequency, v, is plotted against d—erbital pbpulation. Complexes”of
first transition series ions with 3d0, high-spin 3d5band 3q%7 electronic
configurations are‘not stablized by the crystal field. Their spectra
may be considered as reference spectra from which CF effects‘are absent.
lThuS, an interpolation line drawn through the points for these ions

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



also be realized for the complexes of the remaining ions where CF
stabilization is absent. The difference (v-yo) between the observed |
and interpolated frequencies is therefore that part of yM-L contributed
by the CFSE. The variation in (v-v ) is found to qualitatively follow
the variation in’CFSE. There is also an increase in vM-L (i.e. vo)
in the order & < d® < a? vhich is expected from the ionic contraction
through the transition series.. | |

‘Thornton and co-workers5-18 have made extensive studies in this
field. WM-0 of many B-ketoenolates of trivalent ions. show a correlation
with d-orbital population which is consistent with the relative CFSE's
of the metal(III) ions®.. Good correlations were obtained for vM-L
vibrations in metal (II) and metal(III) tropolonate complexes®, metal(II)
acetylacetonates and their nitrogenous base adducts?, in metal(II) 2,2'-
bipyridyl and 1,10-phenanthroline Eomplexesa, 2—thenoyltrifluqroacetonates9,
met2l(II) anthranilates!®, the di- and trivalent y-substituted acetyl-
acetonates!!, a range of complexes with nitrogen donor ligands!2, and in
metal(II) oxalate aﬁd ﬁetal(III) cyanide_complexesi3. The same
correlation was demonstrated for vM-O in the second transition series
metal (111) acetylacetonates!3 and the lithium salts of the lanthanide(III)
tetrakis(tropolonates)!*, and lanthanide(III) tris(tropolonates)!S.
Support for the assignments made for vM-L in a variety of metal(II)
salicylaldimine complexes!®™ 18, was obtained from such correlations with

CFSE.



o METHODS OF ASSIGNING METAL-LIGAND VIBRATIONS IN
THE INFRARED SPECTRA OF TRANSITION METAL COMPLEXES

Direct informatidn regarding structural featutes of inorganic and
coordination compounds may be obtained from their low frequency infrared
spectra {i.e. below 650 cm_l). Bands in the far infrared region ariée .
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
frequenty torsional oscillations. Of prime interest arevthe metal-
ligand stretches and bends (generally dccuring below 650 cm-l).since
these yield important information for structural characterization. The
interpretation and assignment of M-L vibrations is, however,‘frequently
complicated by vibrational ccupiing, by lowering of symmetry and by the
occurence of ligand modes activated by complex formation.!®

Use has been made of the following methods, in particular, for the
assignment of metal-ligand vibrations:

1. A method distinguished by its simplicity, involves comparison of
the spectrum of the free ligand with that of its complex. Bands

in the spectrum 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°

2. _Metal—sensitivé 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



assigned?® by this method.  The method has also been used for

- the assignment of vNi-O in a series of variously substituted pyridihe
adducts of Ni(II) acetylécetonate22 and for vM-O assignments in

the spectra of metal acetylacetonates with Vérious a-, B-, and

y-substituentsl!,23,

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 spectrum
which follow this trend are regarded as having metai-ligand
characteristics. ‘This technique is discussed and éxemplified

in chapters three and four.

Metal-1ligand and other frequencies are predicted by calculations
(normal coordinate analysis) based on a model of the complex?“727,
It is, however, difficult to determine a unique éét of'physically
reasonable force constants and, as a consequence, the values of
metal-ligand stretching force constants différing sometimes by an
appreciable factor have been published?". More accurate values
are obtained by methods involving the calculation of force con-
stants using such data as isotopic shifts and Coriolis coupling

constants2°5-27,

The isotopic labelling technique?® 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/h ratio increases, where mi ié the
higher maés of the labelled atom and m is the mass of the atom with
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_l, respectively. In

the case of lower mi/m ratios,.for instance !80-labelled molecules?8,

shiftsas high as 40 cn™!

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 greater the extent to which the molecular species comprising
the iabelled'atom contributes to a vibration, the grcater is the
isotopic shift effected by the mass change resulting from isotopic.
substitution. The magnitudes of fhese shifts are subject to
constraints such as vibrational coupling, the number and nature
of the atoms in the molecule which have been labelled and the extent
of hydrogen bending.  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 calculated?®
by assuming the labelled atom to be part of a simple diatomic
oscillator. _The vibrational frequency of an harmonic diatomic

molecule may be represented

_ 1 g2 - ‘
”‘m[a‘] | (3a)

and, for the corresponding isotopically-labelled species



) 1 ' . .
i .1 2 . _ q
bk ] o @
where v = vibrational frequency (wavenumber) ,
f = harmonic force constant,
u = reduced mass of molecule,

e = velocity of light.

and the superscript i pertains to the labelled system.

The frequency shift may be obtained from the ratio.

i 1 |

£l R
Equation (4) approximates the observed ratio well if most of the
energy of the vibration is contained within the diatomic oscillator,
Z.e. where vibrational coupling, hydroger bonding, etec. are absent.
Good agreement between calculated and observed shifts (lv-viJ) have
been obtained for instance, for N-H and C=0 stretching vibrations in
the infrared spectra?®-3! of glycine, and L- and p-alanine
complexes of Cu(II) and Ni(II).

A variety of commercialiy available iigands with labelled donor
or other atoms, of high isotopic purity are obtainable. The most |
comnonly emploved stable isotopes are 2H, 1?0, 13C and 1°5N. 2H-
Labelling is useful in ascertaining‘fhe extent of vibrational purity
of N-H, C-H and C-H vibrational modes and also for the detection of
hydrogen bonding, by comparison of the observed and calculated shifts.
The favourable mass advantage of ring deutration relative to donor
atom labelling in heterocyclic nitrogenous bases (e.g. aniline-d5 or
-d7, pyridine-d5 and pyridine~N—oxide—d5) facilitates the unambiguous

assignment32-3% of VM-L vibrations, as well as the various ring
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deformations.  The work reported on !80-labelling involves various
_ 180=X stretching vibrations where X is C, N, f, As, S, Vand U,
but significant shifts are also obtained for 18O—H,'C—lad and M-180
vibrations. The wM-O bands of acetylacetonate complexes35"‘3'6 have
been éssigned by replacement of the donor !60-atoms by 180, |
Labelling of the ligand donor atom has been used to.éssign wM-L
in salicylaldimine complexesl®:18, anthranilate complexesl® and
tropolonate complexes3?’.  Assigmments of wM-L and other vibrations
in the glycine and L- and g-alanine complexes of Cu(Ii) and‘Ni(II)
have been achieved by multiple labelling2°-3! of the ligand atoms.
Another method which is often costly and limited by the
availability of the appropriate (preferably) stable isotope,_is
_ metal ion labelling. This méthod has the inherent advantage of
generating shifts in M-L vibrations only but_tﬁevshifts are generally
smali (because of the relatively unfavourable mass ratio betWeen
labelled and ﬁnlabelled.metal ion), and may fall within the range of
experimental.erfOr. The method fails also ih distingﬁishing between
M-L vibrations in complexes of mixed donor atoms. For instance,
W-N and W-CL in [M(py),Cl,], would be indistinguishable by this
technique. In an extensive review, Nakamoto3® has surveyed the
use of isotopes of various transition metal ions for the assignmentsv
of M-L vibrations. Thié technique has been used for assignment
purposes in a vast range of molecules such as complexes of phosphines,
quinoline, acetylacetone, 2,2'-bipyridyl, amines and pyridine. It
has also been utilized in amino acid complexes3? and.tropolonate

complexes"?,



3. GROUP THEORY APPLIED TO MOLECULAR VIBRATIONS

Using symmetry considerations*!~*3 alone, it is possible to.
predict the number oflvibrational modes and their Raman/infrared
activities. If the symmetry elements of a molecule are known, oﬁe may
deduce the point group to which the molecule belongs. From the character
table for that particular point group, the symmetry species of the normal
modes of vibration of the moleéule 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’
Correspondlto 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 symmetry operations for the particular
point group, the atomic displatements are expressed as transformation

matrices whose characters, x, form a reducible representation, T

total’®
for this set of vectors. Consider as an illustration, the H,0 molecule
(point group 020) for which rtotal 1s
1
Coy I E Cy 5, s,
Tour | 9 -1 1 3

To determine the symmetry species of all possible molecular motions,

the following reduction formula is used.

)
Ny TR LXpXp W o (5)
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where n. the number of times each irreducible representation appears

in the reducible representation,

h = the order of the group,

Xp = character of the reducible representation,
Xp = character of the irreducible representation,

¥ = the number of symmetry operations in the class.

Thus, the nine possible molecular motions in the water molecule are:
L2y = 347 + 4+ 2By + 3By

The vectors for any point group individually represent translation with
the z, y and z directions ahd are obtained from the character table
containing colums listing the transformation properties of x, y and =z,
%2, y?, 22, xz, yzandxy. Rotational properties associated with a
point group are listed as E&, Ry and Rz. Removing these irreducible
representations relating to translation and rotation leaves the
representations responsible for vibraticn. For the water moleéule:
Symmetries for all molecular motions 34; + 4, + 2B} + 3B,

Symmetries for transliations -4 + By *+ B,

Symmetries for rotations A, + By + By

3N- 6

1]

Symmetries for vibrations =T 241 + By

vib
In order to determine how the stretches and bends contribute to

the normal 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 differeht position by a symmetry operation

contributes nothing to the character of the matrix, while unshifted

vectors contribute +1 or -1 depending on whether they are unchanged or
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reversed. For water the operations £ and avl do not move the vectors,

while Cy and 8, interchange them,
e ;
C2v 'E CZ Gv 6v
rstreteh 0 0 2

which reduces using equation (5) to
Ystpeten = Al(sym.) * 5 (asymf)

The bends are obtained by subtracting T from Tyib yielding,

stretch
Toend = 21 (sym.).
Symmetry does not permit the separation of two vibrations of the
same irreducible representation. Stretching vibrations usually require
morevénergy than bending modes, resulting in a considerable frequency
difference between the two. Hencevthe symmetrichl stretch and 4
bend in water would have little influencé on-one another although symmetry
permits their intcraction. However, vibrations of the 4; type do not
interact with those of the B, type since they are orthogonal representa-
tions. | | |
A vibration will be infrared active if, d@ring vibration, there is
a resultant change in dipole. Since the dipole moment changes in the

y and z coorindates, a vibration will be infrared

o

same way as the z,
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 column of the character table. These operations are related
to the polarizability of the bonds. IFor watér, all modes are infrared

and Raman active.
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The vibrations of a molecule in the gaséous phase are governed
only by the restrictions*? of its own pbint symmetry. These are the
conditions described above. Whén 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 symmetry restrictions of its solid environ-
ment. This change in symmetry 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 entife array of molecules
should be considered but there are two frequently used approximations:
Site group** and factor group analyses.“>""*® In the site group analysis
by_Halford,L*L+ the interactions between one molecule and its surroundings
are ignored. The surroundings are treated as static but its symmetry is
imﬁosed on that of the molecule occupying a site within it. . The site
symmetry 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 symmetry, which is generally lower than the molecular symmetry,
may be found if the space group, the number of molecules per unit cell
and the point group of the isolated molecule are known. Halford"*
derived tables listing the possible site symmetries and the number of
equivalent sites for the 230 space groups.

Factor group analysis“*>™%® 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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terms of the Wykoff notation. Adams and Newton“” have published tables
of reduced repreécntations 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 form complexes

with metal ions through the tertiary ratﬁer than through the imino
(pyrrole) nitrogen."“8”58 The proton at the pyrrole nitrogen is labile
and the resulting anion behaves as a uninegative bridging ligand.
This has been confirmed by numerous x-ray structural analyses.“8 >8
Imidazole, however, fofms such a large and diverse number of complekes
with most transition metal ions that few of their structures are known
with any degree of certaiﬁty.’ By far the most common‘techniques
used for their structural elucidation have been infrared spectroscopy,5 65
electronic spectroscopy®°~®? and magnetic measurements, 587 61

The coordination chemistry of Him has often been compared with that
of other nitrogenous bases such as ammonia but more especiélly, pyridine
(py).%8-60  Both Him and py are heterocycles which compléx through a
tertiary nitrogen atom. One interesting feature of Him is its ready
formation of[MG{hn)6]Xzsystems where X ranges from halide through manj’
simple indrganic anions. By contrast, confirmation of the existence of
only two hexakis-complexes of py has been obtained and those reperted
are certainly not very stable, e.g. [Cf(py)é]BrZ.66 The reason why
Him readily forms stable hexakis-complexes is not clearly understood.
Some consider®? 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 showﬁ by their
respective pK, values (pK, Him = 6.95; pK, py = 5.3) may 58 also account
for this ability. However, the isomer of Him, pyrazole (also a five-
membered ring, rK, = 2.47) has been found67‘to form stable hexakis-

L

complexes with Co(II) and Ni(II) salts even though it is a weaker base
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than py. There are further anomalies. For instance, the stable
form33 of Co(py)ZCI2 is polymeric octahedral,_while Co(NH3)2C1268
is monomeric tetrahed}al and the intense blue colour, electronic
spectrum®? and infrared spectrﬁms” of Co(Him),Cl, is convincing evidence
for its tetrahedral structure. Differences such as these have been
explained®® in terms of differences in c-electron donor and w-electron
acceptor properties of these ligands.

Complete band assignments in the infrared spectrum of solid Him
have been proposed by Perchard and co-workers®9-71  While the band
assigmments proposed in this work for the spectra of Him (and its
deuterated analogues Him—dl, Him-d3 and Him-d4) are essentially identical
to those reported,69,70 these spectra are now re-examined with the aim of
determining the ratiova/'J{' for bands assigned to C-H, ring and N-H modes
of the heterocyclic ring. Without exceptioﬁ, the ratios,vD3/vH“ and
vD“/vH“ 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 assignmenig
of Him vibrations occurring in complexes of this ligand since the ratios
for the complexes are similar to those observed for the free 1igand.

The infrared spectra (4000 - 140 cm_l) 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.
' MHIm) ¢ (X), where M = Mn(II), Fe(II), Co(II), Ni(II);

X = Cl0,”, and [Zn(Hm)S](c1o4)2.or
M = Co(II), Ni(II), Zn(II); X = NOg .

M(Him) 4 (X), where M = Cu(II), Zn(II); X = ClO4—, NO5~
- M=Cu(Il); X=Cl1, Br, I .

M(Him) ,(X), 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
oécurring below 350 cm’! by determining the band shifts induced by
deuteration of the Him ring and by determining the extent to which the
number of M-L bands yielded by the deuteration studies are consistent

with symmetry 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 symmetry fequirements) on going from esseﬁtially
ionic perchlorate or nitrate, to structures known to contain essentially

monodentate perchlorate or nitrate.
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5. INFRARED VIBRATIONAL ANALYSIS OF [cU(NO3),(pz)],

{Qu(NOs)Z(pz)]n has been investigated by x-ray crystallography’?2
in terms of its space group and atomic coordinates, and has also
received attention in the fields of PMR,73 magnetic measurements%,75
and electronic and ESR s_tudies.76 The molecular structure of pyrazine
has been determined by electron diffraction’’ and x-ray analysis?® and,
on the basis of these studies, detailed vibrational assignments have
been made.”9-8%

The norm31 modes of-vibratién of an isolated nitrate ion of Dgy
point group symmetfy afe well known.85 A number of studies, such as
those by Vratny®® and Ferraro®’ on nitrates, have sought to relate
deviations from the free ion.selection rules to the covalent character
of the nitrate group. Some studiés 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
bidentate®2 and bridging nitrato groups.

A study of the infrared spectrum of [CU(NOS)Z(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
symmetry data on this compound and its component molecules, makes this a
suifable system for the application of-symmetry consideration. Present

1, thus enabling

facilities allow the spectrum to be extended from 250-30 cm
an investigation of all the metal-ligand and related modes expected tovarise
at lower 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 symmetry of the crystalline environment.

This is especially interesting in the case of the nitrate groups which are
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,bidehtate towards the Cu(II) ion. Finally, the availability of deuterétéd
pz has enabled accurate assignments of the stretcheé involving the

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

modes in the mid-infrared on the basis ofvtheif insensitivity towards

deuteration of the pz ring.



6. HETEROCYCLIC BASE ADDUCTS OF METAL(11) ACETYLACETONATES

. Since Wérner93 first employed acetylacetone as a chelating iigand,
B-dikétones have ﬁroved 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,vattention was direéted primarily at the
mid—infrared‘region. More recently, research has been extended to the

1 where the metal-ligand vibrations are expected to-

region below 700 cm~
occur.A In 1960, Nakamoto and Martell®" carried out an approximate

normal coordinate analysis on [Cu(AA),]. At this time no spectral data
bélow 400 cm_1 were availabie and no isotopically-labelled metal acétyl-
acetonates had been studied. A number of investigators?°~97 have ‘
recently extended measurements to the far-infrared region, and thc spectra
of metal complexes containing 13¢- and 180-labelled acetylacetonites?®»98
as well as their metal ion-labelled®? analogues, have been reported.

Recent work in this laboratory has included studies of the adducts

formed between first row transition M(II) acetylacetconates and monodentate
nitrogen donor 1igands such as alkylamines, anilines and pyridines.22,1090
The complexes generally have the formula transt%(AA)éBz]. Ridentate
ligands such as 1,10-phenanthroline, 2,2'-bipyridine and 2,2"'-biquinoline®
which form complexes of the type cis—UW(AA)Z(B—B)] have also received
attehtion. Many heterocyclic bases including imidazole (Him),
rpyrazine (pz), pyrimidine (pm) and pyridazine (pd) are known to form

stable adducts with M(II) B-ketoenolates.!01-105 These heterocycles
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‘(with the exception of imidazole) have the capacity to form neutral
polymers in which each of the two nitrogen donors .are bonded to discrete
' pianar M(AA)2 units and formulated [M(AA)ZB]n.

Assignments of the metal-ligand stretching frequenéies in the
bis (pyridine) adducts of Ni(II) acetylacetonaté106 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 formed between Him, Pz,
pm and pd and M(II) acetylacetonates are available, the present work was
undertaken to determine the infrared spectra of these complexes (700 -
140 cm'l) and to use thesé 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 facilifate assignments of the M-N stretching
and bending modes. It has also proved possible to distinguish M-N
vibrations by 15§-labelling of the heterocyclic nitrogen atom.l06
However, a much greater mass difference is achieved by employing the
deuterated base which, apart from allowing unambiguous assignments of
the internal ring deformations, may generate low frequency shifts in

W-N of as much as 10 can' 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 attributedl?7 to the interference of resonance in
the chelate ring which results from the presence of the O-phenylene ring
of salicylaldehyde. This has been illustrated by comparing the formation
constants!®7 of the Cu(II) chelates of acetylacetone and salicylaldehyde.
Stability éonstants of M(II) complexes of salicylaldehyde have been
determined by several workers!08°10% and the relationship between proton
dissociation constants and stability constants of substitﬁted salicyl-
aldehydes has been studied.!107111  Crystal structure determinations,!127118
magnetic measurements!177119 and aidiscussion of the absorption spectral??
in terms of o- and w-bonding of various salicylaldehydate complexes have
been reported.

The first infrared study of salicylaldehydate complexes was carried
out by Beilamy and Branch,!?! who noted from the values of vC-O and
vC=0, that the phenoxidé'andcarbonyl groups appear to retain their
independent character on chelation by contrast with acetylacetone, where
electron delocalization tends to equalize the C === O bond orders. |
Graddon and Mockler!22-125 have reported vC=0 values for many bis-
(0-hydroxyarylcarbonyl) metal(II) compounds to be in the.1660-1600 et
region. In a later studyl26 the infrared spectra of some M(I), M(II)
and M(III) complexes were extended down to 300 cm-l, and assignments of
vM-O.were made by comparisoﬁ with the analogous acetylacetonates.

In a recent investigation!?? in this laboratory, the effects of

metal ion substitution and ligénd substitution on the spectra (1700-250 cm'l)
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of the Co(II), Ni(Ii) and Cg(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 subsfituent by another of
greater electron releasing fesonahce capacity, nas the effect of
increasing the M—Q and phenolic C-O bond orders at the expense of the
aldehydic C=0 bonding. These effects were considered!?? to cause
increased electron delocalization in the chelate ring, thus facilitating
metal-ligand w-bonding. Formation of bis(pyridine) adducts was foundl27
to cause depletion of electron density in the M-O and C=0 bonds relative
to the-anhydrous complexes or bis(aquo) adducts, in accordance with the
m-electron acceptor properties of pyridine.

The aim of the present stiudy was to extend the spectra of the |
complexes of Co(II) and Ni(II) salicylaldehydates to 140 Cm—l and to extend
earlier work!?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 thcse complexes have been studied.  For this
purpose the nitrogen-donor bases pyridine (py), imidazole (Him),
pyrazine (pz) and pyrimidine (pm) were employed. The effects of bis(aquo)
adduct formation on the spectra of the anhydrous complexes are also
discussed. In addition, the deuterated species, py-d, , pz-d, and Him-d,
have assisted in providing 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 VibfatiOns 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 metalloprdtein systems.

Isotopic labelling of the ligand atoms has ied to reliable band
assignments in the infrared spectra of glycine!28-130 and its Ni(II) and
Cu(II) complexes.?%730  Assignments in the spectrum of cts=-[Cu(gly), (H,0)]
have been based on deuteration studies,!3! isotopic 8°Cu-substituticn,l32
and recently?? anvelaborate study was made in which the glycinate 1igand
was labelled using !°#-, 18 0-and 1-13¢-isotopic substitution. A similar
study39 has been made on trans—[Ni(gly)z(HZO)z]. Crystal structure
determinations indicate that the dimensions of the glycinate residues in
most glycinate complexes!33-13% 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),] and cis-[Ni(gly),(Him),] are difficult to accomplish by direct
comparison with those reported3? forAtrans—[Ni(gly)z(HZO)z].

There exists some measure 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-O bonds!36,137

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

another!31,138 considers the M-0O bends to be highly covalent.
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Independent normal coordinate analyses!3!»136 have not succeeded in
unambiguously resolving the problem, the two sets of assignments showing
considerable differences. |

In the present work,.the infrared spectra (4000-140 cm—l) of
trans-[Pt(gly),], cis-[Ni(gly),(Hin),] and trans-[Pt(L-ala),] were studied.
Each band in the spectra of the glycinate complexes has been assigned on
the basis of the shifts induced by '80-, 15y-, 1-13¢-, 2-13¢-, 2,2-d,-
and ¥,N-d,-labelling of the glycinate ligand. The results show that the _
N-H, C-H, C=0 and Pt-O stretching vibrations and the CH, scissoring, CH2
twisting and NH, twisting modes in the spectrum of trans—[Pt(gly)Z] are
vibrationally 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 glycinate modes in'thé spectrun of cis-[Ni(gly),(Him),] 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 example to be studied
by this technique in which-all of the donor atoms in an heterocyclic
adduct of a metal glycinate complex have the eZs-configuration. The
results, combined with those of previous multiple isotopicllabelling 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),] and its 180-, 15m- 2-d, 3~ds~ and N,N-d,-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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substitﬁtioh of Pd(II) for Pt(II). The.laBelling study reﬁeals (again)
that very few bands represent vibrationally pure»mbdes and that a small -
increase in the complexity of the éoordinated amino acid (on gbing from
glycine to L—élanine) induces a large increase in the complexity of the.

spectrum,
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9. METAL COMPLEXES OF  GLYCYLGLYCINE

Infrared spectra of dipeptides have previously been investi-

gated,!39-1%2 and extensive studies have been made on the interactions .
of metal ions with dipeptides in solution.140,143-148  Results of these
studies, which were largely confined to the effects of pH and pD variation
on the infrared spectra in the 1700 - 1500 crn'1 region, have been
discussed1%3-148 in relation to coordinate bonding and formation_conétants.
Reports on the mull spectra of M(II) peptide systems are sparse, although
some of the complexes studied here have previously beeﬁ investigated
in the 1700 - 1400 cm - region. Attempts to use frequencyidifference$1“9 .
in the asymmetfic and symmetric 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 functional
groups coordinated to the metal as well as differences of opinion on the
formulation of metal-peptide chelates.

The trans—amide group in dipeptides (which is invariably planar!30)
gives rise to characteristic absorption bands in the infrared Spectrdm,
due to combinations of N-H, C=O and C-N stretching énd bending motions.
Typical frequencies for these highly coupled vibrations or "Amide Bands"
for free pebtides'and their approximate assignments!50 are given in
Table 1. The inherent complexity of the infrared spectra of dipeptides
‘and fheir metal chelates is well known. It has been shownl51,152
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 band!52 undergoes a corresponding'
high frequency shift, indicating some resonance effect between the two

species}s1l»152 A correspondingly low frequency shift of the Amide III
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Table 1.

Band ' v eml Approximate assignment -
Amide A 3300 wWH
“Amide B . - 3100 - Amide II first overtone
Amide T 1660  vC=0
Amide II 1570 §i.p. N-H + vC-N
© Amide III 1300 vC-N + 6i.p. N-H
Anide IV 630 §i.p. 0=C-N
Amide V 730 - $o.0.p. N-H

Amide VI 600 §o0.0.p. C=0

band indicates that the origins of the Amide II énd III bands are also
related.

The infrared spectra of sixteen.first row transition metal(IT)
complexes of glycylglycine (gg) are reported here. For those complexes
of known structure, structural correlation$~ are possible on the basis of
differences between their infrared band'patterns. These correlations,
together with information obtained from !S¥-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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11, 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 nujol mulls between polycthylene plates.on aDigilab 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 emL whereas the Beckman IR-12 spectrophotometer

1

was used for the 4000-250 cm ~ region. The wavenumber precision of the

1 at ZOO'cm-l,

1

latter instrument is quoted by the manufacturers as 0.2 cm

1 1

0.3 cn L at 400 emt, 0.4 et at 740 en’!, 0.6 cm™! at 1330 cm™! and

1 at 2220.cm-1. The wavenumber reproducibility of the spectrcphoto-

1 1

0.7 cm

, 0.15 et
1

meter is given by the manufacturers as 0.1 cm ~ at 200 cm

1 1 1 2t 1330 em™! and 0.35 em”

at 400 ant, 0.2 ent at 740 an’t, 0.3 em”
at 2220 cm’l.  For maximum precision, the frequencies were read directly
from the wavenumber drum, not from the chart paper. Bands in the spectra
of labelled compounds and iheir unlabelled analogues were repeated at
least five times. Reproducibility of quoted frequencies is better than
0.5 am’L.

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

calibrated against carbon dioxide, water vapour and polystyrene film.
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1.2 Electronic Spectra

Electronic spectra were taken as solids supnorted on filter paper
circles in the reflectance mode on a Beckman Dk-2A ratio recording
spectrophotometer.  The instrument was calibrated with a didymium

filter.

1.3 Magnetic Measurements

Magnetic susceptibilities were determined at ambient temperatures on
a Newport-Stanton Gouy magnetic balance. The instrument was calibrated
with mércury(II) tetrathiocyanatocobaltate. Pascal's constants!®3 were
used to estimate the diamagnetism of the ligands. | Accuracy was checked
with copper(II) acetate (found: 1.43 B.M. at 293 K; reported!S*:

1.40 B.M. at 293 K).

1.4 Microanalyses

Microanalyses were performed on a Heraeus Universal Combustion
Analyser Model CHN-Micro, by Mr. W.R.T. Hemsted 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 heat conductivity of nitrogen or water vapour is

negligible.



32
2. PREPARATION OF COMPOUNDS

The isotopically labelled ligands-used in this study togéther with
their commercial sources and reported isotopic purities are listed in

Table Z.

Table 2.

Isotopically labelled Isotopic Commercial source

ligand purity (atmﬁ%)
Imidazole-d4 ' 98 | Merck, Sharp § Dohme (Canada) Ltd..
.[midazole-d3a
Imidazole-dlb

 Pyridine-d 99 ~ BOC Prochen Ltd.
Pyrazine—d4C 84 Merck, Sharp § Dohme (Canada) Ltd.
180-glycine 8 BOC Prochem Ltd.
15y-glycine | 97 ~ BOC Prochem Ltd.
1-13¢-glycine 91 BOC Prochem Ltd.
2-13¢-glycine 91 BOC Prochem Ltd.
N;N-dz-glycineb |
2,2-dy-glycine 97 : Merch, Sharp § Dohme (Canada) Ltd.
180-L-alanine 76 ~ BOC Prochem Ltd. |
15y-1,-alanine 95 Merck,.Sharp & Dohme (Canada) Ltd.

2-d,3-d5-Ll-alanine 98 . Merck, Sharp § Dohme (Canada) Ltd.
N,N—dZ—L-alanineb '

15N-glycylglycine 99 Stohler Isotope Chemicals.

'ﬁ Obtained by successive recrystallization of imidazole-d, from water.
Obtained underinert conditions by successive recrystallization from D,0.
Infrared spectrum gives reason to believe that the compound has less than
the reported isctopic purity.
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2.1 The Imidazole Complexes of Metal(II) Nitrates, Peérchlorates and
Halides | ’

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

Perchlorates [M(Him)i](X)2 (M = Co, Ni, Zn, X = NO-; M = Mn,
Fe, Co, Ni, X = C10,) and {Zn(Him).](C10,), -

‘The nitrate complexes (except for that of Zn(II)) weré
prgpared51’58’6°—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 preéipitates were collected by filtration and washed with a small
volume of cold water. The iinc(II) cemplex was crystallized from a
concentrated ethonolic solution of the metal(II) nitrate (0.0005 mole) and
hnidazole (O.OOSImole) which was left at room temperature for two days.
The colourless crystals were coliected by filttration and washed with cold
ethanol. All complexes were dried under reduced pressure over silica
gel.

Complexes of metal(II) perchlorates and [Zn(Him)S](C104)z wére
similarly prepared from aqueous solutions of imidazole‘(0.00S mole) and
metal (II) perchlorate (0.0005 mole). The 1abe11ed complexes were
similarly prepared from imidazole-d4._ The deuteroimine (ND) groups of
imidazole—d4 undergo rapid éxchange in sblution so that synthesis cf the
labelled complexes with imidazole—d4 yields imidazole-d, 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(1I) complexe553»56’53’51 were readily precipitated as
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blue or violet crystals for the perchloroate and nitrate, respectively,
oﬂ combining imidazole (0.002 mole) in ethanol with the copper(1I) saltv
(0.0005 mole) in ethanol: The zinc(II) complexes, being more soluble,
were crystallized®%>61 by slow evaporation of concentratéd solutions

of imidazole (0.002 mole) and zinc(II) nitrate or perchlorate (0.0005
mole) iﬁ 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) Chloride, Bromide
- and Iodide '

Crystals of fhe chloride and bromide complexes58,6! were readily
precipitated on combining imidazole (0.002 mole).in ethanol, with the |
appropriate copper(II) halide (0.0005 mole) in ethanol. The cr?stals
were recovered by filtration, washed successively with ethanol and acetone
and dfied under reduced pressure over silica gel.

Solutions of copper(II) ions are noﬁnally 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 reported>? to be both solvent and temperature
dependent, reduction to Cu(I) being'favoured in relatively non-polar
solvents and by high temperatures. The_complex [Cu(Him) 4I,] was prepared
by a method similar to that reported.>? An'aqueous solution containing
a slight excess of imidazole (0.0025 mole) was introduced, with stirring,
to an aqueous solution of éopper(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 tomplex was formed.



35

This was collected by filtration, washed with water and stored over
silica gel. The complex showed no evidence of contamination with
[Cu(Him94C12]. Labelled complexes were similarly prepared using

_imidazole;d4.

2.1.4 The Bis(Imidazole) Complexes [M(Him)zgz] M = Co; X = Cl, Br;
M= 1In, X = C1, Br)

Several preparative methods®8759,61 for the cobalt(II) complexés
have been reported. Thermal decomposition of hexakis(imidazole)
cobalt(II) chloride (or bromide) yields the bis-complexes but their
purity was questionable. The bis-complexes were therefore prepared by
the following reportedAmethod.61 To an ethanolic solution of the
cobalt(II) halide (0.001 mole) was added with stirring, a solution of
imidazoie (0.002 mole} in ethanol. The volume of the resulting deep
blue solution was reduced to a minimum by warming and a few drops of
dichloromethane were added. Upon standing at 0°C for two days, the
royal blue crystals which were formed were filtered, washed with ice-cold
ethanol followed by anhydrous ether and stored ﬁnder reduced pressure
over silica.gel.

The chloride and bromide complexes of Zn(II) were prepared by
- reported methods.*9:62  Concentrated ethanolic solutions containing
0.00Z mole imidazole and C.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 and dried in vacuo
over silicé gel. |

Labelled complexes were prepared from imidazole—d4 according to.the

above methods.
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2.2  The Complex Bis(nitrato)mono(pyrazine)copper(I1I)

The royal blue crystals were synthesised accordiﬁg to the literature
method.”2 A concentratéd aqueous solution of pyrazine (0.001 mole) and
copper(1I) nitrate (0.001 mole) was ieft to efaporate at room temperature.

The crystals which separated were éollected byvfiltration, washed with
ﬁater and dried over silica gel. The labelled complex was similarly

prepared using pyrazine-d,.

2.3 The Imidazole, Pyrazine, Pyrimidine and Pyridazine Adducts
of Metal(Il) Acetylacetonates {M(AA)Z(B)n] (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 synthesised!?2-10% from hot ethanolic solutions of the metal(II)
acetylacetonate and heterocyclic base in the correct stoichiometric
'proportions. The products were collected byvfiltration,vwashed with
ethanol followed by petroleum ether and dried over silicavgel.

Preparation of the bis(pyridazine) adducts required recrystallization
of the anhydrous metal(II) acefylacetonate 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-d, in deuterated ethanol or pyrazine-d,.
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2.4 The Metal(II) Complexes of Salicylaldehyde [M(Sal),] (M = Co, Ni, Zn)
and their Aquo, Imidazole, Pyridine, Pyrazine and Pyrimidine Adducts,
[M(Sal),(B) ] (M= Co, Ni, Zn, n = 2, B = H,0, Pyridine; M =
Co, Ni,un =”2, B = Imicazole; M = Co, Ni, Zn: n =1, B = Pyrazine,

Pyrimidine)

The bis(aquo) adducts were prepared!27 By the following general
procedure. A solution of the ligand (0.02 mole) in methanoi was treated
with 20 ml of 1M sodium hydroxide. This solution was then added, drop-
wise,vto a solution of metal(II) acetate in hot methanol._ After allowing
the solﬁtion to cool, the crystals were collected by filtration, washed
thoroughly (methanol) and dried under reduced 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, pyrazine and pyrimidine adducts were 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 necéssary to induce precipitation of thé pyridine
adducts by the addition of petroleum ether.  The products were washed
with a small volume of ethanol and stored over silica:gel. The labelled
adducts were similarly prepared from pyridine—ds, imidazole—d4 or

pyrazine-d4.

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

The synthesis is similar to that reported.l55 An aqueous solution
of glycine (0.002 mole) and KZPtC14 (0.001 mole) was heated on a water
bath and the pH of the solution adjusted to 6.0 by dropwise addition of
lM-KOH. On evaporation of the water white crystals of the complex

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

labelled analogues were similarly obtained from 13w-, 180-, 1-13¢-, 2-13¢-
and 2,2—d2- labelled glycine. The ¥,N-d,-labelled complex Wwas similarly
prepared in DZO from samples of glycine (or 2,2-d,-glycine) previously

recrystallized from D,0.

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

The complexes were prepared by the same method usedvfor'the
synthesis of ¢rans-[Pt(gly),]. The labelled analogues of ¢rans-
[Pt(L-ala),] were similarly obtained ffom 180-, 154~ and 2-d, 3-ds-L-
alanine. - The N,dez—labelled complex was prepared in D,0 from a sample‘

of L-alanine previously recrystallized from D,0.

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

The complex may be synthesised according to the reported method.!56
Since discrete crystals of the complex were not required, the following
procedure was followed using a stock supply of frans—[Ni(gly)z(HZO)z].
A slight excess of imidazole (0.0025 mole) in ethanol was slowly intro-
duced to a suspénsion of trans—[Ni(gly)z(HZO)z] (Q.OOlvmole) in hot
ethanol.  On continued heating, the blue solution turned purple énd a
deposit of eis—[Ni(gly)z(Him)z] formed. This was retrieved by filtration,
washed with hot ethanol and dried under feduced 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.1%¢ The labelled
complexes were s1m11ar1y prepared from 180-, 15§-, 1-13¢c-, 2—130— and

2 Z—dz glyc1ne and 1m1dazole—d4 The deuteroimine (ND) groups of the
1m1dazole—d4 ring undergo exchange in solution so that synthesis of the
labelled complex with imidazole—d4‘yie1ds 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(Il) complexes of Glycylglycihe

2.8.1 The complexes [M(Hgg)X(H,0)] with Hgg = (NH,CH,CONHCH,C0,)~
(M = Mn, Co, Ni, Zn; X = Cl1, Br) and [Cu(Hgg)X] (X = C1, Br)

Glycylglyc1ne (0.001 mole) in hot etbanol was added (with stlrrlng)
to the metal(II) halide (0.0014 mole) in hot ethanol The resultant
precipitate was collected by filtration, washed (ethanol) and dried over .
silica gel. Thc labelled complexes were similarly prepared using

15y-glycylglycine.

2.8.2 The complexes [Cu(Hgg)C1(H,0)] and [Cd(Hgg)Cl(H,0)]

Crystals of [Cu(Hgg)Cl(HZOj] were prepared By the following method.1%?
An aqueoﬁs solution of glycylglycine (0.001 mole) was added to a solution
of copper(II) chloride (0.0014 mole). The volume of the bluc-green
solution was reduced to a minimum by heating, and upon standing blue-
green crystals were deposited which were collecfed by filtration, washed
 with ethanol and dried over silica gel. The labelled complex was similarly
prepared from 13y-glycylglycine.

Crystals of [Cd(Hgg)Cl(H 0)] were obtained!57 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
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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-

2.8.3 The complexes Na,[Ni(gg),].nH,0 where gg = (NHZQQZQQNCHZCOZ)
M=Ma,n=2;M=Ni,n=9; M=2Zn, n=25

vThe complex NaZ[Ni(gg)z].QHzO was prepared by the addition of
glycylglycine in ethanol to a hot aqueous suspension of nickei(II)
carbonate. The mixture was heated with stirring for 1 hour before the
excess nickel(II) carbonate was removed by filtration. Blue-green
crystals brecipitated after the filtrate had stood overnight. These
were collected by filtration, washed (ethanol) and dried over silica gel.

The Mn(II) and Zn(II) complexes were prepared by the addition of
glycylglycine (0.002 mole) in ethanol to an aqueous suspension of freshly
prepared metal(II) hydroxide (0.001 mole). The mixture was heated
gently (with stirring) until precipitation was complete. The prcducts

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

2.8.4 The complex [Cu(gg) (H,0),]

The complex was synthesised according to the reported method.l™"
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 similarly prepared using 15N-gly¢ylg1ycine.
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LI, RESULTS

1. ANALYSES OF COMPOUNDS

Table 3. Analyticai déta'on the complexes [M(Him) 6] (NOS)Z’ [M(Him) 6] (C104)2

and [Zn(Him) S] (C104) 7.
Complex ’ ' Calculated . Found
5C 3 N 5C % 9N
[Co(Him) ] (NO5), 36.6 4.1 33.2 36.6 4.0 33.2
,[mwmﬁmW%h 36.2 4.0 32.8 36.3 4.0 33.0
[Co(Him-d5) ] (NO5), - 35.5 4.0 32.2 35.5 4.0  32.0
[Co(Him-d,) (] (NOs) 3.1 3.9 31.9 351 4.0 32.0
[Ni (Him) ;] (NO3) : 36.6 4.1 33.2 36.6 4.0 33.2
- Ni(Him-dg) 6] (NO3), 35,5 4.0 3.2 35.6 4.0 32.0
[Ni (Him-d,) ¢] (NO5) 35.1 3.9 31.9 35.3 4.0 32.0
" [Zn(Him) 5] (NO3), 36.2 4.0 32.8 36.1 4.1 32.7
_ [Zn(Him-d3)6](NO3)2 35.1 3.9 31.8 35.2 4.0 32.0
[Mn(Him) (] (C10,) 32.6 3.7 25.4 32.6 3.7 25.3
[Mn(Hin-d5) ] (C10,) 3.8 3.6 27.7 3.7 3.6 27.7
[Fe (Him) (] (C10,),, 32.6 3.6  25.3 31.6 3.6  25.4
[Fe (Him-d5) (] (C10,) 31,7 3.6 24.7 318 3.5 24.7
[Co(Him) ] (C10,), 32.4 3.6 25.2 32.4 3.6 25.0
[Co(Him-d3) 1(C10,), 31.6 3.5 24.6 31.8 3.5 24.7
[Ni (Him) ¢ ] (C10,), 32.5 3.6 25.2 524 3.6 25.1
[Ni (Him-d) 6] (C10,) 31.6 3.5 24.6 317 3.6 24.6
[Zn(Him) ] (C10,), 29.8 3.3 23.2 30.0 3.3 23.3

[Zn(Him~d3)5](ClO4)2 - 29.1 3.3 22.6 29.2 3.2 22.7
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Table 4. Analytical data on the tetrakis(imidazole) compleXes of
metal (1) perchlorates and nitrates

Complex . ' .Calcaiéted -~ ... Found.

5C  $H 3N ¢ 3H 9N
- [Cu(Him) 4 (C10,),] 27.0 3.0 21.0 27.0 3.0 20.7
[Cu(Hin-d) 4(C10,) ] 26.4 2.9 20.5 - 26.4 3.0 20.4
[Zn(Him) 4] (C10,), 26.9 3.0 20.9  26.9 3.0 20.9
[Zn(Him-"d3..)'4](C104)2 26.3 2.9  20.4 26.2 2.9 20.4
[Cu(Him) 4 (NO5),] 31.3 3.5 30.5 31.4 3.5 30.3
[Cu(tiin-ds) 4 (NO5) ,] 30.5 3.4 29.7 30.5 3.4 29.8
[2n(Him) 4 (NO5) 5] 3.2 3.5 30.3 31.1 3.5 30.1
[Zn (Him-d) 4 (NO5) 5] 304 3.4 29.6 30.6 3.4 29.5

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

halides
Complex Calculated _ Found
%C $H SN %C $H &N

[Cu(Him)4C12] . 35.4 4.0 27.5 35.3 4.0 27.3
[Cu(Him-d3)4C12] | 34.4 3.9 26.8 34.5 3.9 26.8
[Cu(Him) 4Br,] : 29.1 3.3 22.6 29.1 3.3 22.5
[Cu(Him-d3)4Br2] 28.4 3.2 22.1 28.3 3.2 22.0
[Cu(Him) 41,] 24.4 2.7 19.0 24.4 2.7 19.2

[Cu(Him-d3)4Iﬂ 24.0 2.7 18.6 24,2 2.7 18.7
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Table 6. Analytical data on the bis(imidazole) ccmplexes of metal(II)

halides
Complex -.Calculated. - .Found -
%C $H %N C %H %N
[Co(Him)2C12] 27.1 3.0 21.1 27.1 3.0 20.0
[Co(Him—dS)ZCIZ]' 26.5 3.0 20.6 26.6 3.0 20.5
[Co(Him) ,Br,] 20.3 2.3 15.8 20.3 2.3 15.9
[Co(Him-d.) ,Br,] 20.0 2.2 15.5 20.1 2.3 15.7
[Zn(Him) ,C1,] 26.5 3.0 20.6 26.3 3.1 20.3
[Zn(Him-d ) ,C1,] 25.9 2.9 20.1 25.5 3.0 20.0
[Zn(Him) ,Br,] 19.9 2.2 15.5 20.1 2.3 15.7
[Zn(Him-d5) ,Br,] 19.6 2.2 15.2 19.7 2.3 15.4
Table 7. Analytical data on the Complex [Cu(NOS)Z(pz)]n~and its
pz-d, analogue
Complex Calculated Found
$C  $H 3N 5 $H 9N
[Cu(NO) 5 (p2)],, 18.0 1.5 21.0 ‘18.Q- 1.5 21.0
17.7 1.5 20.6 17.6 1.4  20.5

[CuNOg) , (P2=dj)],
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‘Table &. Analytical data on the héterocyclic base adducts of metal(II)
acetylacetonates and their deuteratcd analogues

Complex - - Calculated : - Found
5C  3H 9N %C. %H 9N

[Co(AR) , (Him) ,] 48.9 5.6 14.3  48.9 5.5 14.2
[Co(AN) , (Him-dj),] 47.9 4.5 14.0 47.9 4.5 14,2
[Ni(A%) , (Him) ] 48.9 5.6 14.2 48.9 5.6 14.2
[Ni (AA) 5 (Him-d,) ,] 47.9 4.5 14.0 47.8 4.5 14.0
[Co(AA) ,(p2)],, ' 49.9 5.4 8.3 49.9 5.5 8.4
[Co(AA) 5 (pz-dj)],, 9.3 5.3 8.2  49.4 5.5 8.2
[Ni(AAJz(pz)]n 49.9 5.4 8.3 49.9 5.4 8.4
[Ni (AA) , (pz-d,)] 49.3 5.3 8.2 49.3 5.4 8.4
[Zn(A),(p2)] - 48.9 5.3 8.2 48.8 5.2 8.1
[Zn(AN) 5 (pz-dj)],. ©48.4 5.2 8.1 48.3 5.1 8.0
[Co(An) ,(pm)],, 49.9 5.4 8.3 49.8 5.4 8.3
[N (AR) 5 (pm)] 49,9 5.4 8.3 49.8 5.4 8.3
[Zn(AR) 5 (pm) ], - 48.9 5.3 8.2 49.9 5.3 - 8.2
[Co(AR) , (pd) ] 51.8 5.3 13.4 51.8 5.3 13.4
[Ni(AA),(pd),] 51.8 5.3 13.4 51.8 5.3 13.4
[{Co(AA) ;1 (pd)] 48.5 5.4 - 4.7 48.5 5.4 4.7

C[NEAN) 1, (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

[Co(Sal)z]
[Ni(Sal)z]
[Zh(Sal)z]

[Co(Sal) , (H,0),]
[Ni(Sal) , (H,0) ,]
[2n(Sal) , (H,0),]

[Co(Sal) , (py),]
[Co(Sa1) ,(py-ds) ;]
[Ni (Sa1), (py),]
[Ni(Sal) , (py-de) ;]
[Zn(Sal), (py) ]
[n(Sal) , (py-ds) ]

fCo(Sal) , (Him),]
[Co(Sal) , (Him-d,),]
[Ni{Sal) , (Him) ,]
- [Ni(Sal),(Him-d,),]

[Co(Sal) 5 (pz)],,
[Co(Sal) ,(pz-dy)]
[Ni(Sal) ,(p2)],,

[Ni(Sal) ,(pz-d,)]

Found

Calculated

eC  SH 9N 5C SH %N

55.8 - 3.3 55.4 3.3

55.9 3.3 55.4 3.3

54.7 3.3 . 54.8 3.3

49.9 4.2 50.0 4.3

49.9 4.2 49.8 4.1

48.9 4.1 48.2 3.9

62.7 4.4 6.1 62.7 4.4 5.9

61.4 4.3 6.0 61.0 4.5 5.9

62.8 4.4 6.1 . 62.6 4.3 6.2

61.4 4.3 6.0 61.5 4.3 6.0

61.9 4.3 6.0 61.5 4.4 5.6

50.8 4.2 5.9 0.0 4.5 5.8

55.0 4.1 12.8 54.9 4.1 12.7

54.0 4.1 12.6 53.7 4.3 12.5

55.0 4.1 12.8 54.9 4.1 12.9
' 54.0 4.1 12.6 54.0 4.4 12.5

56.7 3.7 7.3 56.6 3.7 7.2

56.1 3.7 7.3 56.0 3.5 7.3

56.7 3.7 .7.3 56.5 3.7 6.9

56.1 3.6 7.3 56.3 3.8 7.0

continued/



‘Table 9 continued/

46

Complex Calculated Found

5 3 3N 3¢ $H 9N
[Zn(Sal),(pz)], 55.8 3.6 7.2 56.5 3.7 6.9
[zn(Sal),(pz-d,)], 55.2 3.6 7.1 55.5 3.5 7.4
[Co(Sal),(pm)] 56.7 3.7 7.3 56.5 3.7 7.4
[Ni (Sa1) ,(pm) ] 56.7 3.7 7.3 56.3 3.7 7.3
[zn(Sal) ,(pm)] 55.8 3.6 7.2 55.8 3.6 7.0
Table 10. Analyticai data on the complex trans-[Pt(gly),] and its

isotopically labelled analogues |

Complex Calculated Found

5C  SH 4N 5C  $H 3N
trans-[Pt(gly)z] 14.0 2.4 8.2 14.0 2.4 8.2
trans- [Pt(180-gly),] 13.7 2.3 8.0 13.7 2.3 8.0
trans- [Pt(150-gly),] 13.9 2.3 8.1 13.9 2.4 8.2
trans- [Pt(1-13¢-gly) ] 14.0 2.3 8.1 14.3 2.3 8.1
trans- [Pt(2-13C-gly) ] 14.0 2.3 8.1 14.4 2.3 8.1
trans- [Pt(2,2-d,-gly),] 13.8 8.0 13.8 3.5 8.0




Table 11. Analytical data on the complex cis—[Ni(gly)z(Him)z] and its

isotopically labelled analogues

47

Complex : Calculated Found
5C  $H 9N $C  $H N
cis-[Ni(gly) , (Him),] 35.0 4.7 24.5 34.8 4.5 24.2
cisf[Ni(180-g1y)2(Him)2] 34.2 4.6 23.9 '34.1 4.5 24.0
cis- [Ni(154-gly) , (Him),] 34.8 4.7 24.4 34.8 4.6 24.5
cis-[Ni(1-13¢-gly) ,(Him),] 34.8 4.7 24.4 34.8 4.7 24.5
- cis-[Ni(2-13c-gly) ,(Him),] 34.8 4.7 24.4 34,7 4.7 24.3
cis-[Ni(2,2-d,-gly),(Him),] 34.6 4.6 24.2 34.5 4.5 24.2
cis- [Ni(gly), (Him-d5) ] 34.4 4.6 24.1 344 4.5 24.0
Table 12. Analytical data on the complex trans—[Pt(L—ala)z] and its
isotopically labelled analogues
Complex _ : Calculéted Found
C $H 3N 5C  $H 9N
trans-[Pt(L-ala),] 19.4 3.3 7.5 19.2 3.1 7.3
 trans=[Pt(180-L-ala) ;] 19.0 3.2 7.4 19.1 3.1 7.4
trans—[Pt(15¥-L-ala) ] 19.3 3.2 7.5 19.2 3.2 7.5
trans-[Pt(2-d,3-d5-L-ala),] 19.0 3.2 7.4 19.0 3.2 7.5
trans-[Pd(L-ala),] 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 Found

5C  %$H SN 5  SH 3N
[Mn (Hgg) C1(H,0) ] 201 3.8 11.7 | 20.1 3.7 11.5
[Co(Hgg)C1(H,0)] | 19.7 3.7 11.5 19.9 3.8 11.7
[Cb(15N-Hgg)C1(H20)] ' 19.6 3.7 11.4 - 19.6 3.7 11.5
[Ni (Hgg) C1(H,0) ] 19.7 3.7 11.5 19.6 2.6 11.5
[Ni (}5n-Hgg) C1(H,0)] 19.6 3.7 11.4 19.5 3.6 11.4
[Cu(Hgg)C1(H,0)] 19.4 3.7 11.3 - 19.4 3.7 11.3
[Cu(5¥-Hgg) CL(H,0)] 19.2 3.6 11.2 19.2 3.5 11.2
[Zn(Hgg) C1(H,0)] 19.2 3.6 11.2 19.2 3.5 11.0
[Mn (Hgg) Br (H,0)] 16.9 3.2 9.9 16.8 3.2 10.0
[Co(Hgg)Br (H,0)] 16.7 3.1 9.7 16.8 3.1 9.8
[Co(lsN-Hgg)Br(HZO)] » 16.6 3.1 9.7 16.5 3.1 9.7
[Ni (Hgg)Br (H,0) ] 16.7 3.2 9.7 16.7 3.2 9.5
[Ni (1 5y-Heg) Br (H,0) ] 16.6 3.1 9.7 16.5 3.2 9.8
[Cu(Hgg) Br (H,0)] 16.4 3.1 9.6 - 16.4 3.1 9.6
[Cu(lsN-Hgg)Br(HZO)] 16.3 3.1 9.5 16.4 3.1 9.5
[Cu(Hgg)C1] 20,9 3.1 12.2 ~20.8 3.1 12.2
[Cu(}>N-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(!3n-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 -

| 5C  3H 9N 5 $H 5N
Naz[Mn(gg)z]-zfxzo ) 2.2 4.1 14.1 24,5 4.8 14.0
Na, [Ni(gg),1+9H,0 18.2 5.7 10.6 18.1 5.7 10.5
Na,[Zn(gg) ;1 5H,0 20.8 4.8 12.1 21.1 5.1 12.2
[Cu(gg)(HZO)Z] 20.9 4.4 12.2 21.2 4.6 12.1

[Cu(gg) (H,0)] (H,0) 19.4 4.9 11.3 19.4 4.9 11.3




2.

INFRARED RESULTS

A11 values are cm —,

1
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Table 15. Frequencies, vD/vH ratios and band assignments? in“the infrared

spectrum of Imidazole and its d

1",

ds- and d,-analcgues

o1 e Ds e Dy e

990

Him  Him-d Him-d Him-d, Species Assignment
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 v
2800 2150 2850 2140 0.77 1.0 0.76 AL wN-H
1573 1538 1507 1510 Comb.
1468 «
1460 1461 ' 1 .
1541 1497 1454 1457 0.97 0.95 0.95 A vring
1474 1443 1434 3
1490 1442 1423 1414 0.97 0.96 0.95 Al vring
1450 igig 1412 1338  0.93  0.97  0.92 Al vring
1397
1340
1317 1317
1305
1292
g 1281
1325>% 1274 1273 1 .
1323 7379 1765 1260 1.0 0.96 0.96 A vring
1303
1260 1244 1244
1260 i%igsh 959 947  0.99  0.76  0.75 Al §C-H
1243 916 1212 914 0.74 0.98 0.74 Al SN-H
1209 1198  1195P
1178 1178
1159
1174 1140 Comb.
1145 1116 - 1 .
1140 1126 HdOsh 1106 0.99 0.97 0.97 A vring
1110 854 849 1 3
1099 17035M g3 833 1.0 0.77 0.77 A 6C-H
1086 1049 1048
807 804 a
1052 1060 201 7g¢sh 1.0 0.76 0.76 A 6C-H
1018 '
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Table 15 continued,'

Him  Himd, Himd; Him-d, w10 D3t Puye species Assignment
972 _ Comb.
934¢ 554 920 566 0.60 0.99 0.61 ALl yN-H
934 964 959 953 1.03 1.03 1.02 Al sring
924 927 . 799 768 | 11 -

| Sexsh 7o 10 0.83  0.83 A yC-H
894 895 879 881 1.0 0.98 0.99 Al ~ éring
867 -
835 838 672 | v 11 -
857 81 e 666 1.0 0.0 0.80 A yC-H
755 758 597 597 1 ;
% 10 ces g6 10 0.78  0.78 A yC-H
729 728
721 721 724 |
657 090 547 547 1.0 0.83  0.83  All yring
619 S%2  s2 s 1.0 0.84  0.84  All yring
1749 _ . - Translational
lattice mode
a Assignments based on those of Perchard et al.69-71
b Mean of doublet.
Frequency of yN-H estimated”® within this region.
sh- Shoulder.
W

Weak.
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Table 17. Frequencics, ratios v D_/vH and band assignments in the infrared
spectra of [M(Him)é] (C104)2, (M = Mn(II), Fe(II), Co(II), Ni(ID))
~and [Zn(Him) ] (C10,), '

Mn Fe Co Ni Zn vD3 / Wl Ass ignment

Him = Him-ds Him  Him-dg

3437 3437 3437 3438 3438 |
3350 3355 3355 3360 3360 = o020 3320 1.0 VN-H
3165 3165 3165 3165 2363 3145 2360 0.75 vC-H
3143 3145 3145 3150 2335 3130 2335  0.7420.01 vC-H

1535 1535 1535 1536  1aos 1545 1475  0.96:0.0l vring

1486 1486 - 1486 1486 1440  1p50 1458 0.97 vring
| 1461

1421 1421 1421 1424 1411 1432 1425 1.0 vring
- 1403

1287 1330 1275

| | ) o
1325 1325 1325 1326  Ja7s  Tiesh 1oeg  0-96t0.01 vring
948 947
1255 1255 1285 1257 g5, 1265 g 0.7420.01 §C-H
1223 1223 1223 1223 }128 1245 1190  0.95t0.01 &N-H
1156 . 1156 . 1156 . 1156 a . 1170 a vring
11301 113050 11305P 11305 11305P 11305 11305
i1 1111 1111 1111 1111 1110 1110 }v v3C10,
1084 1084 1084 1085 1085 1087 1087
883 891 )
1049 1049 1049 1054 820 1071° 826  0.77:0.01 &C-H
975 975 975 975 972 980 Comb.

936 936 936 936 961 953 973, 1.03:0.01  ring
919 919 919 919 725 920 73350 0.79t0.01 YC-H

876 876 876 876 Conb
864 864 864 864 omp..
845 845 845 845 771 847 778 0.91*0.01 dring
826 826 826 826 648 oy, 653  0.78:0.01 YC-H
770 770 770 771 593 767 - '

758 758 758 758 579 757 °77  0.76t0.01  YC-H
727 727 727 725 715 725 725 1.0 YN-H
656 656 656 660  aop 010 547 0.84£0.01 Yring

621 621 621 621 621 621 621 ’ v,4C104

or orogr ST Bl eogSh 525 0.86t0.01  Yring
464% 464" 464 464% 464" 464YY  464VV v,C10,

- i e 43( . 22 :
211(3)C 231(5) %22633 260(4) §1OE%§) | VLN

| 1257(9) VM-N
278(7) 275(3) 185(3) 199(6) 195(11) 8¢ M-Him +
268(8) 264(10) 175(6) 185(11) 95( ‘ SM-N-C -
: _ 176(0) coupled §N-M-N

.cont./



Table 17 continued.

Corresponding band in spectrum of labelled complex is obscured
by perchlorate absorption in1100 cm-1 region.

Corresponding band in spectrum of unlabeiled complex is obscured

~ by perchlorate absorption in 1100 cm~l region.

Figures in parentheses following metal-ligand frequencies are
the shifts towards lower frequency induced by Himrdz labelling.

Shoulder,
Weak,
Very weak.

56
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Table 18. Frequencies, ratios vD3/vH“ and band assignments in the infrared
spectra of [Cu(Him)4(C104)2] and [Zn(Hin_l)4](C104)2

Cu(I1) | Zn(II)
Him Him-d;  Hin Him-d, D3 e Assignment
3381 3381 ) L
33c] pa 3380 3380 1.0 YN-H
3164 2372 3160 2379 0.75 vC-H
3144 2340 3145 2355 0.75%0.01 vC-H
3131 2337 0.75 vC-H
1545 ii?g 1546 1493 0.960.01 vring
1513 1465 1512, 1471 0.97 rin
1493 1454 1508S 1453 ‘ vring
1421 .
1434 1409 1431 1404 0.98+0.01 yring
1347
1339
1330 iggg 1331 1273 0.96%0.01 vring
- 1266 950 1267 948 0.75 §C-H
g 1198 .

1225 1183 1230 1188 Comb.
1175 a 1183 a vring
b 4 b 1133 a §N-H

1135° 1135 .
1111 1111 1120-1060° v3C10,
1070 1070
e 890 . e 889 §C-D
g774
1056 827 1050 828 0.78+0.01 §C-H
980 ‘
950 970 953 974 1.02 sring
930W 930W v1C104
v 930
745 759 i
917 715d 1920 1 0.81+0.01 yC-H
870 845 873
781 854 . )
847 776 917 776 0.92+0.01 Sring
650 .
£ end 833 £ YC-H
764 598d 760 600 0.78+0.01 YC-H
757 586 - _
760
721 715 730 720 0.99 YN-H
660 565 .
650 552 652 556 0.85 yring
625 625 622 622 | v4C10,
610 521 614 524 0.85 yring

continued/
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Table 18 continued.

CufII) Zn(IT)
Him Him-ds  Him Him-ds D3 7 Hy Assignment

462" 462"V 464" 464VV v2C104
307 303 _ vasym. Cu-N
286 284 | | vsym. Cu-N

: 271 268 | vZn-N
246 238 199 189 8 M-Him+ §M-N-C
228 219 185 175 § M-Him+ 6M-N-C
167 162 sN-Cu-N

a ~Corresponding band in spectrum of labelled complex obscured by
perchlorate absorption near 1100 cm 1.

b Band obscured by perchlorate absorption near 1100 anl
Perchlorate band in spectrum of the Zn(Il) complex occurs as a
continuous absorption in the range 1120 to 1060 cm-1,

d Mean of doublet.

© Corresponding band in spectrum of uh;abélled complex obscured by
perchlorate absorption near 1100 cmi.

£ Corresponding band not observed.

sh Shoulder,

¥ Weak.

vw

Very weak.
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Table 19. Frequencies, ratios vD3/vH“ and band assignments in the infra-
red spectra of.[Cu(Him)4(N03)2] and [Zn(Him)4(N03)2]

\

Cu(I1) Zn(1I)
Him Him-d;  Him Hin-d D3 7 Ha Assignment
3315 3310 3237 3237 1.0 WN-H
2356 31602 2363 0.75 vC-H
3155 2343 3148 2355 0.75+0.01 vC-H
3134 2329 31363 23343 0.74 vC-H
1537 }jgg 1544 1498 0.96:0.01 vring
1478
1512 1466 -
1498 1450 1505 1dc3 0.97 vring
1432 14045 1461 1431 0.98 vring
1399 1390 1406 1494 v4NO3
1343 1337 1324 1335 v1NO3
1322 1292 1289 ' g
1311sh 1272 1315 1270 - 0.97 vring
1257 o 1261 oo 0.75 6C-H
1242 1190 1248 1210
1174 1238 1196
1166
1147
1167 1110 1189 1117 0.94+0.01 vring
1132 1080 1136 1079 0.95 SN-H
a
1097 §§2 iégg 891 © 0.80+0.01 5C-H
1068 819 1069 gié 0.77 5C-H
1044 1049 1035 1035 v N0,
- 1010 | :
949 975 : i .
931 757 919
890 865 | |
856 842° ' )
846 773 . 835 770 N 0.91+0.01 sring
S S
# e owow o
746 5804 760 593 0.78 7C-H
739% 722 745 b 0.98 YN-H
| 718 718 - VaNO3
709 709 703 703 _ VeNO3
| 567 551 .
660 2o 644 40, 0.85 Yring
619 529 623 530 o
610 519 18 524 0.85 Yring

continued/



Table 19 centinued.
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Cu(I1) 7n(11)
Him Hin-d;  Hin Hin-d, D3 /e Assignment
290 287 271 267 WM-N
254 246 8, M-Him+8M-N-C
223 216 202 194 8¢ M-Him+8M-N-C
165 157 156 154 SN-M-N

2 Mean of doublet,

Corresponding band in spectrum o
Could be coincident with 736 cm”

Shoulder.

sh

£
1

labelled complex not observed.
.absorption.
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Table 20. Frequencies and band assignments in the infrared spectra of
[CuHim), (X),], (X = CL, Br or I) '

C1 v Br ' I o Assignment

\ . 3285% WN-H
3298 S 32205
3188 3180 3173 W-H
3134 WN-H
3154 B
3141 vC-H
3116 3123 3120 vC-H
3110 3112 3105 ~ vC-H
1537 1535 1533 vring
15018 1490 o
1494 1489 1472 - vring
a0 1420 1422 vring
1348 1330 1347 .
1337 1325 1328 vring
1330Sh 1310 Comb.
1262 1258 1256 §C-H
1245 1240 1234 ,
1222% | 1218W 1222w Combd.
}}gg 1166 1166 yring
1142 | &N-H
1127 1131 1128 sN-H
1112 1101 1095 sN-H
1004 1094 1081 sC-H
1066 1064 1066 §C-H
953 949 947 o
943 941 941 ring
920 920 919 YC-H
850 888 . Comb.
870 860 N
860 871 85 éring
845 | 853 833 YC-H
833 |
804 | 801 v | YN-H
775 770 775
756 770 } YC-H
747 747 745
| 720
730 728 S -H
663 659 657 yring
622 619 620 .
610 608 604 : yring
284(4)2 292(4) 289(4) : vCu-N
254E83 253(8) zsogsg § .Cu-Him+8Cu-N-C
225(8 223(8) 218(6 5 Cu-Him+sCu-N-C
170(4)sh | sN-Cu-N
156(3) - . 6N-Cu~N

Cont./
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Table 20 continued.

Figures in parentheses following metal-ligand frequencies are the

shifts towards lower frequency induced by Him-d3 labelling.
Shoulder.
Weak.

sh
W
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Table 21. Frequencies and band assignments in the infrared spectra
of [M(Him)z(X)ZJ, (M = Co(II) or Zn(II); X = Cl1 or Br)

Co VA : '
ca. .. Br ....... . ....Cl ... . Br .. Assignment
3308 3339 3309 - 3350sh N-H
3272 3313 3260 3270sh v
3152 3160 - 3154 3165 JC-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 :
1492sh ' 1493 1491 vring.
1422 1422 1432 - :
1412 ’ 1422 1425 vrlng
135007 1350bT 1355bT 1348bT
1315 1325 1328 13292 »Ting
1257 1260 ]
1754 1255 1756 1260 6C-H
1236 1236
1220 1222 1226 1214 comb.
1177 1177 .
1168 1169 1170 1171 viing
1132 1127 1135 1129 SN-H
1122 1122 1124 1125
1101 1097 1101 1100 SC-H
1098 1091 1098 1091
1071 1069 1071 1069 SC-H
1063 1062 :
952 951 952 9502 § ring
917 | 918 918 919 YC-H
863 869 g70sh
852 845 865 - 864 § ring
842 839 | 853 846 -1
833 833 ‘ 844 832 Y
753 7533 4 754 758 yC-H
735 723 | 740 706 N-H
702 704 704 v
| 679 682 YN-H
650 gigsh 649 | 642. (ring
616 ‘ 617 -
612 609 e13 608 yring -
321 298 br vasym. M-XA
310 25507 288 231% ySym. M-X
276(3)P © 283(2) 250(3) 250(3) vasym: M-N
240(1) c - 238(4) « vSym. M-N
205 187 (2) 195(9) 192(10)sh  6,M-Him + 6M-N-C
193(8) 183(9)sh ' 184(5) §cM-Him + 6M-N-C
_ . 170(10) §¢M-Him + SM-N-C
1 T 8§ N-M-
159(6) 149(6) T3ty 148(4) ' NN

Cont./
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- Table 21 continued.

2 Mean of doublet,

b Figures in pérentheses following metal-ligand frequencies
are the shifts towards lower frequencies induced by
Him—d3 labelling.

¢ vsym. Co-N masked by strong absorption at 255 cm™L,

sh Shoulder.

br

Broad.
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Table 22. Vibrational frequencies of pyrazinea and [Cu(NOS)Z(pz)]n' |

[CU(NOS)ZPZ]n species(CZh) Assignment'

pyrazine species(DZh)
.3080 _ 3132 Comb.
3060(785) Bz, 3112(793) A, vC-H
- 3060(803) Baoy 3100(806) B, vC-H
3078
3008 3061 Comb.
3033
2965 3011
2931 2949
1492 - 1494(0) By, vl.NO3
1482 Bz, 1486 A“ vrlngr
1410 Bo,, 1429 By . vring
1351 B 1386 B vring
13325 2u cu
' 1290(0) By v, NOg
1181
1143 ;
1139 By, 1166 BV §C-H
1113 1108 Comb.
1064 Bz, 1123 Ay 6C-H
1019 Bz, 1081 Ay s§TINg
1015(0) By v, NO;
1004 Comb.
[9501P A, 1051 Ay yC-H
825 835 ,
801 B, 823 . By yC-H
786 . - 814
805(0) By vz NO;
751(0) By, ve NOZ
708(0) Ay Vo NO3
413(14) B1, 498(29) By Y ¥ing
[400]b A, 493(32) Au yring
341(2) - vasym. Cu-0
224(2) vCu-N
205(4) '
140(3)
- 115(1)
95(2)
73(0)
46(4)
3 5\9\\[

Assignments based on those of Simm(_)nsg3

Figures in square brackets represent estimated frequencies

and those of Lord et a

180,
80 ,83-84
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Fig. 8. The infrared spectrum (700-140 cm—l) of the complex

[Co(An), (p2)]
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Fig. 9. The infrared spectrum (700-140 cm_l) of the complex. [Co(AA)z(pm)]n
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Fig. 10. " The infrared spectrum (700-140 cm™1) of the complex

[Co(A), (pd) ]
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800

Fig. 11.

l — . I T

The infrared spectrum (800-140 cm—l) of the complex
[Ni(Sal),]

200 cm|
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800 | - 200cm
Fig. 12. The infrared spectrum (800-140 cni_l) of the .complex

[Ni (Sa1),, (Him) ]
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"Fig. 13. The infrared spectrum (800-140 cni_l) of the complex

[Ni(Sal),(p2)],
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Table 25. Frequencies, iSotbpically—inducéd shifts and infrared band

assignments for trans-[Pt(gly),]2 )

See ref. 137.

Ay

’ 18y 15y 113 213 2,2-dy N,N-d, 2,2-d, Assigment
.......................... AU ..+.N,N-d2..

v, 3230 4 822 819 wN-H asym.

v, 3094 _ o 795 797  wN-H sym.

vs 2984 ' 2 12 829 823 vC-H asym.

vy 2934 4 831 823 - vC-H sym.

ve 1650 18 29 6 4 vC=0

Ve 1607 6 2 15 6 400 475 vC=0 + NH2 scissor

2 1439 ' 2 374 369 CH2 scissor .

vg 13Lsh24 5 - 10 70 56 76  vC-O+C-CHNI, twist

vg 1375 5 4 9 18 22 44 vC-0 + vC-C

vip 1333 8 10 25 136 vC-O + NH, twist

vy 1294 5 .14 3 247 242 vC-0+vC-C+NH, twist

vy, 1247 4- 217 239 NH, twist '

Vi3 1187 2 248 256 CH, twist

V14 1026 3 12 18 101 171 234 vC-N + €O, scissor

Vis 968 9 91 111 vC-C + CH, rock

Y16 921 31¢ 7 29 31 29 CO2 scissor-i-CH2 rock

v, 798 3 2 21 34 58 } €0, rock + CH, rock

vig 754 13 2 5 29 120 125 + NH, rock

V19 619 ‘ 9 Z1 43 CO2 wag + NH2 rock

Vog 948 53 22 31 ring def. + vPt-N

Vo 497 27 18 39 vPt-N + vPt-0O

vy, 415 11 | 2 8 10 vPt-0

vy 338 3 3 6 80-Pt-0

Vo, 263 4 4 31 42 SN-Pt-N

vpg 150 3 10 o

V26 1289

V27 9od

& 'All shifts to lower wavemmber. Absence of date implies‘shift <1 cm—l.

b Shoulder.

; Proceded by a residual !60-band.
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Table 26. Frequency and isotopic shift data (am™l) for the complex
' eis-[Ni(gly) Z(Him) 2]. Shifts of <1.5 cml are ignored.

* T smife -_

ond TTOWE Mg, 15y 10% 235 g0 himedy o

v 3318 | 8 | - 20

v, 3282 7 | 14} W-H(gly)

Vs 3195 7 17

vy 3150 | ‘ 790 |

Ve 3139 ' 905 ~} vC-H(Him)

Ve 3127 | 820 :

v, 2940 | 13 798

vg 2920 o 5 810 | vC-H(gly)

v 1632 9 12 2 9

vyt 1601 19 35 | L \WC=0

vy 1586 18 31 2 ]

Vi, 1541 3 6 - NH2 scissor + yC=0

Vi3 1516 -5 9 18 NH2 scissor+y {Himring)

v, 1492 56} o

v 1448 | 3 100 v(im ring)

V16 1434 4 5 17 CH2 scissor +y{llimring)

vy, 1416 15 19 7 vC-0 + yC-C(gly)

V18 1401 ' 4 6 ZZQ 9 CHZ scissor+ vC-C(gly)

vg 1355 20 3 19 5 20 4 V-0 +vC-C(gly) + NH, wag

vy 1344 8 193 19 CH, wag + NH, wag
1327 57  &C-H(Him)

vy, 1310 4 4 6 18 8  CH, wag+C-C(gly) +vC-0

Vg 1294 3 6 97 16 CH, wag + NH, wag

vy, - 1257 | 284 } )

vye 1253 280 | OC-H(HIm)

voe 1245 . | 48  §N-H(Him)

vy, 1188 4 2 104 7 CH, twist + vC-C(gly)

vy 1145 45  §N-H(Him)

vyg 1133 3 2 2 28 10 NH, twist + vC-C(gly)

vy 1093 2 2 : 213 o

v 067 - 250} SC-H(Him)
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Table 26 continued. ' : _ :

| . S Shife
Band* Frequency Assignment -
T B By 0B B0 2,204, Himed,
v, 1052 14 18 4 4 vC-N(gly)
V22 957 : 1 10 11 vC-C(gly)
V24 944 3 | 3 4 4 vC-C(gly) +CO, scissor
Vze 916 0 36 CO2 scissor + yC-H(Him)
Vzg 905 25 7 7 31 - 10 CO2 scissor + CH2 rock
Vg 898 | 28 S§(Him ring)
Vg 850 | 118 -
Vag 834 102
VAO - 831 _ 99 } vyC-H(Him)
Va1 763 129
Vs 753 | 119 |
- CO, rock +CH, rock
V43 - 729 9 2 6 6 23 9 2 L rocﬁ
Va4 667 _ | _ 112
Vas 664 109 } y(Him ring)
Va6 624 , 100
Va7 601 2 6 18 13
} ' CO, wag + chelate ring
Vig 583 6 2 31 10 2 dof
V49 536 15 7 2 5 12
Ve 510 11 4 42 .
v, 498 7 2 2 s0 15| COpwag+Ni-N(gly)
Ve, 418 6 6 o ‘
v, 401 75 _81?} vNi-N(gly) + WNi-O
wNi-0 + Ni-N(Him)
Veg 306 6 2 2 13 + WNi-N(gly)
Voo 256 4 2 3 21 _ . _ ‘
Vee 236 6 2 16 wNi-N(Him) +60-Ni-N(gly
Veo 203 3 2 15 80-Ni-O + vNi-N(Him)
V58 164 2 6 8 (Him)N-Ni-N(Him)
Veg 149
* Hydrogen bonded wN-H(Him) bands occur at 3093, 3046, 3037, 3015, 2921,
2845, 2832, 2785, 2715, 2690, 2618 and 2595 cm-1
t vy masks_a v{Ilim ring) band which becomes resolved {rom the vC=0 band

in the 1-13¢-1labelled spectrum.
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Table 27. Frequencies (cm'l), shifts (av, cm'l) ahd infrared band aSsignments
for the compiex [Pt(L~a1a)2] and its Pd{II)- and isotopically-
substituted analogues* ’

LAV L

Band Frequency TR TS Assignment
L (Pt-Pd) ...0....N..N,N<d2. 2—d,3ed3.A._..,... o
v 3225 -5 5 818
v, 3209 -8 .8 808 wN-H
vz 3103 -18 5 795 :
vy 3003 3 . 751
Ve 2985 1 . ' 749 vC-H
Vg - 2943 3 744 )
V7 1655 11 26 2 2 2 vC=0
Vg 1606 3 9 3 422 - vC=0 + NHz'scissor
v 1457 -18 337 :
vio 1450 . _7 4 , g 3§7 } CHg deg.def,
vy, 1392 2 . 0
vi; 1384 0 3. 20 71 } ve-0 + vC-C
vz 1360 -3 2 365 CHz sym.def.
vig 1348 5 2 2 35 377 Cz sym.def. + NH, twist
v 1307 3 15 2 1 19 . AT e e
Vs 129 1 s 23w } vC-0 + vC-C + M, twist
v 3 .
vig 1246 22 4 284 64 ] NHp twist + vC-CHg
Vig 1231 32 4 283 94
Voo 1119 1 2 10 56
vél 1108 -3 2 2 37 52 coupled vC-N
v22 - 1094 8 4 2 35 45 E
Vo2 1038 yA 3 2 260 117 vC-N +C0,, scissor +CH, rock
Vou 928 4 11 3 4 26 COy scissor + vC-C
vie 917 ¥ 4 27 16 Ww-N
Yo 862 3 20 4 14 13 CO; scissor + vC-N
¥oq 819 21 5 5 178 21 :
Vog 772 2 7 15 13 CO2 rock + CH3 rock
Yoa 765 3 ' 3 2 97 + NH, rock
'?36 747 -1 3 3 180 34 o
31 699 5 9 2 3 10 CO, rock
vz 632 9 5 4 13 19
Vzz 617 18 14 9 31 22 CO, wag + ring def.
vz, 605 18 7 9 19 10
Vzr 527 18 6 7 - 27 22 vPt-N + vPt-0
V36 418 8 10 4 13 vPt-0
<7 402 11 10 2 23 18 vPt-0 + ring def.
Vg 359 3 5 16 14
V24 324 36 4 2 9 10 ring def
V10 289 7 5 2 4 S )
vy 266 2 3002 7
vg; 234 ] 6 2 8 9 80-Pt-N
V43 223 2 4 15 SN-Pt-N
vag 158 6 8 §0-Pt-0
* Shifts <2 cm™d ignored. + Frequency for Pt(II) complex minus frequency for

Pd(II) complex. T No corresponding band observed in spectrum of Pd(IT) complex.

p
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Table 29. Frequencies, 15N—induced shifts (in parentheses) and band

assignments in the infrared spectra of [Cu(Hgg)X]

(X = C1 or Br)

C1 Br ' ’ Assignment
3325(6) 3321(10) vasym. N-H (amino)
3268(8) 3291(12) vsym. N-H (amino)
32612 32614 . vO-H

©3112(20) 3111(19) wN-H----- 0
3012 3008 vC-H '
2970 2969 vC-H
2938 2934 vC-H
29243 29244 vC-H
1642(5) 1641(10) vC=N
1594 1591(3) vC=0 (carboxyl)
1579(7) 1578(8) NH, scissor
1562(8)2 1562 (11) NH, scissor
}gég 1;3% vC-0 + CHy scissor,
. C-0 + vC-C and
1371 (1) 1367 N
C-0 + CHy wag
1301(1) 1301 v 2 Wk
1273(2) 1276 (2) Ni; twist
1251(2) 1253(2) NH; twist
1100(4) 1102(5) vC-N
1086(11) 1086(11) - vC-N
1038(9) 1037(S) vC-N
1023(8) 1023(9) vC-N
937(2) 935 CO2 scissor
927 930 CO2 scissor
896 (3) 896(2) - NHy wag
746(3) 740(4) NH, rock
720 720(1) sring
715(3) 699 (2) sring
612(5) 619(4) $ring
588 (2) 591(3) sTing.
567(3) 570(2) sTing -
503 (8) 506 (8) vCu-N
383(1) 390(5) Coupied 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 SL-Cu-L
- 160 151 SL-Cu-L
a

Shoulder.
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Table 30. Frequencies and band assignments in the infrared spectra of
hh2[M(gg)2].nH20 M=Mn,n=2;M=Ni,n=9; M=1In, n=075)
~Mn.. N In Assignment .
3545 3527 3542 vO-H (water)
3442bT 3451bT 3450bT vO-H (water)
3338 3339 3328 vasym. N-H (amine)
~ 3243br 3236bT 3240bT ‘vSym. N-H(amine) +vO-H(water)
3147 3157 - 3140 wN-H---0 v
3088 3094 3092 wN-H---0
2971 2971 2971 vC-H
2936 2923 2932 vC-H
1659 1652 1660 Amide I (vC=0)
1643 1627 1645 Amide 1 (vC=0)
1600 1594 1600 NHp scissor
1569 1575 1572 vC=0 (Carboxylate)
1427 1426 1427 )
1404 1406 1405
1381 1384 1383
1324 1322 1324 ! vC-0 + CH, scissor, vC-0
1311 1311 1312 + vC-C and vC-0 + CH, wag
1280 1282 1280 :
1260 - 1257 1260
1211 1206 1212
1159 1157 1160 J
1111 1107 1111 Coupled vC-N
1095 1090 1095 Coupled vC-N
1678 1076 1078 Coupled vC-N
1041 1037 1040 Coupled vC-N
1028 1025 1028 Coupled vC-N
_ 1003
950 949 951 CO, scissor
925 925 924 €Oy scissor
893 896 889 NH, wag + SN-H
753 754 754 NH; rock + 8N-H
734 739 738 NH2 rock + 6N-H
611 614 612 CO7 rock
524 528 527 wW-N (amine)
459 465 465 W-N + wW-0
425 427 411 W-N + w-0
355 370 355 wM-0
529 335 325 w-0 X
294 304 SL-M-L
240 - 226 SL-M-L
203 210 197 SL-M-L
135 SL-M-L
152 : 150 GL M L

Broad,
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Table 31, Frequencies and band assignments in the infrared
spectrum of [Cu(gg)(HZO)Z] :

3386 vO-H (water)
- 3309 vasym.. N-H

3266 vsym. N-H
3092 wN-H---0

2936 vasym.. C-H

2910 - vsym.. C-H

1688 Amide 1

1622 NH, scissor

1592 vC=0 (carboxylate) .
1427 o
1383

1356 vC-0 + CH, scissor,
ggg vC-0 + vCC and
1173 vC-C + CH2 wag.
1138

1088 Coupled vC-N

1038 Coupled vC-N

1000 Coupled vC-N

932 CO, scissor

918 CO; scissor

819br Hy0 rock

755 NHy wag + NHp rock
725 + §N-H.

620 COp twist

543 vCu-N (amine) -
514 vCu-N (amine) or vCu-O (water)
473 vCu-N + vCu-0

416 vCu-N + vCu-0

381 vCu-0

337 “Cu-0

305 SL-M-L

263 §L-M-L

206 S§L-M-L

188 SL-M-L

160 §L-M-L

br

Broad.



3. ELECTRONIC SPECTRA AND MAGNETIC MOMENTS

Table 32. Electronic transition energies and magnetic moments

for the base adducts of metal(I1) acetylacetonates .

Transition - Yogr
- Complex . - energy Assignment (B.M )
[Co(AA),(Him),] 9.9 41 < 4.26
2 2 4 2g A 1g
19.1 T, (P) « T
_ 3 1g 3 1g ,
[Ni (AA). (Him) ] 10.5 T « A 2.62
2 2 5 28 3 28
, .
[Co(AA)z(pz)]n - 10.1 4T2g <+ 4Tlg
18.7 T, (P) <« T
. 3 1g 3 1g
[NiAA) 7 (pz) ]n 10.2 3TZg <+ 3A2g
17.4 T +~ TA
v 4 1g 4 2g
[Co (}\A)z(pm)]n 10.3 4T2g “ 4T1g _
21.5 T. (P) « T
. 3 1g 3 1g
[Ni (AA)Z(pm)] n 10.6 3TZg « 3A2g
17.7 T <+~ A,
4 1g 4 28
[Co(AA), (pd),] 10.4 T < T
2P 428 418
19.6 T, (P) <« T
3 18 3 18
[Ni(AA)z(pd)z] - 10.6 - ng < A2g
17.7 31 « A
. _ 4 1g 4 2g a
[{CO(AA)Z}Z(pd)] 8.9 ng “« T1g 4.09
| 17.1 i m) o« M
1 3 Ig 3 1g a
[{Ni(AA),}, (pd)] 8.5 T « "A 2,71
272 5 28 528
: ‘16.8 Tlg “+ | AZg

Assuming octahedral goemetry for the complexes
[(M(AR) 3 (pD) ] -
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Table 33. Electronic transition energies for the metal(II)
complexes of salicylaldehyde and their adducts =
Transition
- Complex energy Assignment
- (LK) .....
[Co(Sal),] 9.5 g\ <
2 | 428 g
’ 19.6 T, (P) « T,
. 4 1g 4 18
[Co(Sal),, (H,0),] 9.7 4TZg « 4Tlg
19.6 T, (P) « T
4 18 4. 18
[Co (Sal)z(py)z] 10.4 4Tzg o« 411g
' 18.5 T, (P) <« T
. 4 18 4 18
[Co(Sal) ? (Him) 2] 9.5 4T2g <~ 4T1g
| | 20.0 T, (P) <« T,
. 4 1g 4T-Lg
[Co(Sal) 2 (pz) ]n 10.1 4T2g <« 4‘1g
: 18.0 T, (P) <« T,
. 4 1g 4 1g
[Co(sal), (pm)], 10.3 4T2g « 4Tlg
18.9 Tlg(P) ~ T,
2 o
[Ni(Sal),] 9.7 31 « A
2 5 28 5 28
16.3 T « A,
. 3 1g z 2g
[Ni(Sal) 2 (HZO) 2] 9.7 3TZg + 3Azg
16.4 T « A
. 3 1g 3 2g
[Nl(Sal)Z(py)z] 10.9 3Tzg « 3Azg |
18.0 Tl < A2
. ) 3 -8 3 48
[Ni(Sal).,(Him),] 10.4 T, « °A
2 2 5 28 528
17.7 . T <~ A
. 3 1g 3 2g
[Ni(Sal) ? (pz)] 1 10 4 3T2g < 3Azg
' 18.0 T1g « A,
e , 3 3,5
[Ni{Sal) 2(pm) iy 10.2 3T2g' < 3AZg
- 17.5 T + AZg
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IV, DISCUSSION -

1. INFRARED SPECTRA OF IMIDAZOLE COMPLEXES OF METAL(II)
HALIDES, PERCHLORATES AND NITRATES ' .

1.1 Band assignments in the infrared spectrum of imidazole and

examination of the ratio vD/vH for bands assigned to C-H(D),

N-H(D) and ring vibrations in imidazole and its complexes

Comparison of the spectrum of imidazole (dim) with that of Him-d;
and Him—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 subétitution. Three such ratios may be obtained for Him,
namely le/vH”, W3/t and vD”/vH”, 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!®87159 for other aromatic and heterocyclic bases,
0.74 1o 0.83 and 0.83 to'l.OO 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 Workers161 for pyridine and aniline.

The infrared spectra of a diverse variety of metal'complexes comprising
such 1igands as quincline, pyridine, aniline and their fully deuterated

analogues have been examined in this laboratory!S87159 with the aim of
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determining the ratio vD/vH 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:
fing vibrations in aromatic and heterocyclic compounds.l®l The pdtential
usefulness of such results lies, however, in the absence of overlap
between the ratio ranges!3?® 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
vibraticns and metal-ligand modes, or bands originating in the vibrations
of other functional groups or other coordinated ligands has also been
achieved,1°9 the latter generally yielding vD/vH ratios very close to unity.
Where apparently anomolous ratios aré observed, the possibility of
incorrect assignments or vibrational coupling must be considered.l!®l

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 purpcse of determining the ratio.

Imidazole crystallizes in the monoclinic system!®2 and belongs to
the space group P21/C (Cgh) having four molecules per unit cell. The
crystal contains infinite chains of N —H --- N hydrogen-bonded molecules.!82
The only symmetry element of an Him chain (I) iS a glide plane parallel
to the c-axis,1%? which corresponds with C, symmetry. Using this, 21
fundamental vibrations are expected for an'Him molecule, represented by
1541 + 6411, Vibrations of the 4! type involve in-plane motions,

while the 41! vibrations whose characters are negative with respect to the
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..... N \N/H“'““"N/C\ v
C By \ ‘}ﬂ —_—
H H H NH

plane of symmétry 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) Descripticn

vN-H
, 3vC-H
1541 6N-H
38C-H
Svring
28ring

6411 3yC-H

"~ The infrared spectrum of Him has been extensively studied in both the

solid and solution states,69-71,1637165 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 dl—, ds— and d4-1abelling and on the reported

~ assignments by Perchard et q7.89-71 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®?-70

However, sbmevassignment changes in the spectra of the‘variously

deuterated molecules are proposed on the basis of the results of the

deuteration studies and on the expected values of the ratio vD/vH.

The 3100-2200 cm_l region of the spectrum consists of a massive

envelope of bands attributed®® to H-bonded N-H stretching modes, with an

1

intensity maximum near 2800 cm ~. It has been suggested’! that the

1

numerous other bands extending down to 2200 cm ~ may involve Fermi

resonance of the wN-H fundamental (near 2800 cm-l) with various combina-

- 1 - ” —1 .
tions and overtones.  Two sharp bands occur”above 3100 cm ~ which are
_ rp

attributed to vC-H. The more intense absorption at 3123 (:m_l probably®?

comprises overlap of two of the three expected C-H stretching modes.
The five ring stretching modes of the 4l species occur at 1541, 1490,

1450, 1320 and 1145 cn”© (doublet). Of the three 6C-H modes, that at

1

1260 cm — is shifted to 959 cm'l in the Him_dS spectrum, thus overlapping70

with the éring band at the same frequency. It becomes clearly visible,
however, in the spectrum cf Him~d4 at 947 Cm—l. The &C-D band
corresponding to 6C-H at 1099 cm-1 in the Him spectrum has been placed’?

L in the Him—d3 spectrum, -and at 849 cm_1 in the spectrum of

1

at 879 cm

Him-d4. It is suggested here that the 849 cm ~ and 833 et bands in

1

the Him-d, spectrum and the 854 cn™! and 834 cm™! bands in the Him-d3

spectrum are 8C-D since this yields an appropriate /o value of 0.77.

1

The remaining 8C-H mode is assigned to the 1052 cm ~ vibration, and the

1243 e’ band is assigned to §N-H in agreément with previous work.”?
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1 in the Him spectrum was left unassigned’® in

The 6riﬁg' mode at 894 am
the Him.-d3 spectrun, buf may originate in the 879 tm-l band previously .
assigned’? to 6C-D.

Of the six fundamentals of the A!! species, the assignments for two
of the yC-H modes at 924 and 750 n (doublet) are in agreement with
‘those previously made,v70 while changes in assignment of vC-D (corresponding
to yC-H near 830 cm—l) in the Him—d3 and Him-d, spectra are proposed
on the basis of their vD/vH ratios. This vibration was previouslyj0

1

ascribed to the band near 725 cm ~ in the spectra of Him-d; and Him-d

4’
yielding ratios of 0.87 which is anomalously high for a C-H vibration.l58-161

1, and the band at

For this reason, assignment of the doublet near 660 cm
666 cn™ ! in the spectra of Him-d; and Him-d, respectively, to yC-H,

is preferred. These assignments yield ratios of 0.80 which lies within
the range expected for such vibrations. No specific band may be |
ascigned to yN-H.  Perchard et al.70 estimated it to occur near 930 ant
and considered that it may be masked by adjacent absorptions. They
assigned a 670 cn”® vibration in the spectrum of.Him-d1 to YN-D (this is
considered to correspond with the 660 cm—l band in the present work).

A unique band in the Him—d1 spectrum, however, is that at 554 cm_l, which
is therefore only reasonably assignable to yN-D. This band recurs in the

Him-d, spectrum at 566 en L,

Using the factor group C,, Perchard and
co-workers?! determined the number of lattice vibrations of Him and
assigned the weak 174cm_1 band to a translational lattice mode.
Practically all the internal modes in the spectrum of ﬁim 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 0.81 and 0.84 to 1.00, respectively, with the exception

of the Sring band near 950 cm.-1 which undergoes a slight high frequency
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shift?0 on deuterétion to yield (as it does in the spectrum of the free
base) an anémalous ratio of 1.03. This value approximates the square -
root'df the mass ratio mi/m, where m® is the mass of Him-d, or Him-d,.

In contrast ﬁo the complicated absorptions of the H-bonded N-H stretch

in the spectrum of free Him, complexation results in clearly defined N-H
stretching bands above 3200 cnl. The positions of the N-H deformational
frequencies in the spectra of Him complexes are knoﬁnsg to be highly
dependent on the nature and extent to which they partake in H-bonding;

6N~-H (in the complexes studied here) spanning the frequency ranges 1250

to 1100 cm-1 and yN-H 940.to 700 cm-l. The reméining bands are
approximately concurrent in the spectra of the free ligand and the
complexes. Ratios for the N-H modes in the complexes are almost identical
to those pertaining to the free base, ranging from C.60 to 0.75 for the dl-

and d4- and from 0.95 to 1.00 for the d3~1abe11ed complexes.

1.2 The complexes [M(Hi@lﬁ](NOBLZ, where M = Co(II), Ni(II) and Zn(II)

Hexakis(imidazole)nickel(II) nitrate appears to be isomorphous with
the Co(II) analogue,®!,166 both having the rhombohedral space group R?.
Complete assignments for the low frequency infrared and Raman spectra of
the Co(II) complex®> have been made in single crystal studies (for which
this ccmplex is ideally suited since the point group, site group and
factor group®® are all Sg). In the present study the corresponding
Zn(II) complex (Fig. 2) is also discﬁssed, and band assignments in the
far—infrared are based on the effects of Him-ds labelling and metal ion
sﬁbstitution‘ 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 isostyuctural (not necessarily
isomorphous) with‘the Co(II) and Ni(II) complexes. Infrared spectra

(4000 - 300 an’Y) of d)-, d,-
recorded (Table 16, Fig. 20) for the purpose of facilitating band

and d4-1abelled [Cq(HiJn)6](N03)2 were

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®! of the Ni(II) complex reveals that the
nitrate groups are essentially ionic_with symmetry Cas which is not
sufficiently distorted®>,%1»187 from D,, symmetry (the symmetry of an
isolated nitrate ion) to cause splitting of degeneraéies of induce activity
of infrared inactive modes. Assignments of the nitrate modes are
reported in Table 35. Of the four normal modes of vibration of an ionic
nitrate group, v; (which occurs in the 1050 em™L region85,915167) jg
infrared inactive,®5 but often appears in,thé spectra of complexes

where the nitrate ion is outside the coordination sphere.®!

Table 35. _
Frequency (cm 1) ' Assignment
Co(II) Ni(II) Zn(II) .
1374 1373 1374 _ Vs vasym.NOS
825 ‘ - 827 ‘ 828 vy 6N03 '
710 715 712 V4 6N03

This is attributed to reiaxation of the free ion selection rules under
the constraint of the field within the crystal. All three spectra
reveal the absence of vi (vsym. NO3)hhi1ev2, v3 and vy arise within
the regions expected85’91;167 for ionic nitrate. That the intensity of

the v, band increases and shows an apparent shift on Him—d3 and Him—d4
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labelling is due to its coincidence with 5C-D of Him—d3 and Him—d4
in these spectra. | .

A1l the skeletal vibrations (of which one asymmetric stretch and
one N-M-N bending mode are expected on the basis of 0y, point groﬁp symmetry]
‘are confined to the region below 300 cn (Fig..21). It is generally
agreed>7+61,64765 that the strong band of highest frequency is vasym.M-N.
Nakamoto®* found that the equivalent band in the spectra of [M(Him)ﬁ]Cl2
(M = Ni or Zn) exhibited the largest metal-isotope shifts in this region.
The Him-d-induced shifts (Table 16) in these bands in the nitrate
complexes are lower than the shifts expefienced by the reméining bands in

the 300-140 cm” !

region but are of the magnitude expected for a relatively
pure vM-N band.  Furthermore, 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—l. .'One'
viewbl considers that these.weaker bands might be components of the
T,,, stretching mode due to departure from 0, symmetry. Eilbeck and co-
workers®’ tentatively assigned the 200 cm_1 vibration in [Co(Him)ﬁ]Cl2
to 6N-M-N, while NakamotoS* suggests them to be ligand modes because the
Him spectrum exhibits a weak band near 180 cm™! (assigned’! to a trans-
lational lattice mode). Adams,®° however, gives good reason to suggest
that these bandé originate in M-Him torsional modes and modes involving
§M-N-C.  While these bands Qere founds“.to yield no appreciable metal-
isotope shifts, they are strongly deutero-sensitive.

It is difficult to make reliable assignments for these bands since
they are rather close to wM-N to warrant their assignment to SN-M-N.
- In the past however, similar bands in pyridine complexes have been

assigned33,85,168 to §N-M-N.  Adams®® points out that numerous complicated

deformational modes are likely to arise in complexes with donor ligands
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Him
Co
Him-d
Him
Ni
Him—d3
Him
Zn _
Him-d3
300
Fig. 21. ~ The infrared spectra (300-140 cm—l) of the complexes

DW(Him)6](N03)2 and their Him-d, labelled analogues.
Solid bands: vM-N
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sucﬁ as these heterocycles, which may manifest themselves in varicus M;L
torsions and deformations in the vibrational spectra. Both bands are .
nevertheless strongly metal ion dependent indicating some form df M-L
character and.furthermore, their shifts on ds-labelling are much

greater than the expected shifts (Av ~ 3 cm-l) based on a simple diatomic
oscillator model. It is probable that a deformation of the form éM-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 étM-Him + éM-N-C.

1.3 The complexes [M(Himlﬁ](CIOﬂ)z, where M = Mn(I1I), Fe{II), Co(1I)
and Ni(II) and [Zn(Him)E](C104le_

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) 1is characterised by two N-H stretching bands near
2360 cm.-1 and a shoulder near 3437 cm_l, whereas the spectrum of the
five-coordinate Zn(II) complex exhibits a single broad band at 3320 Cm_l.
The v ring mode near 600 ent occurs as two bands in the spectra of the
complexes of Mi(II) through Ni(II) while that in the Zn(II) spectrum
occurs as a shoulder at 609 Gn—l. The only complex in this series to
have previously received attention®® is that of the Co(II) salt, for which

the value of ueff,(S.IO B.M.) is typical of high-spin octahedral Co(II).

Reported infrared spectra®® (4000 - 700 Qn_l) summarized the pérchlorate
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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 structure8S»167
165-170 and belongs to the Td point group. Its nine vibrational degrees
. of freedom are distributed between four fundamental modes of vibration,
Ay (vy) + E(v2) + 2T2(v3,vy). In the spectra of ionic perchlorates,

85 near

the triply degenerate modes are infrared active; vj occuring
1100 cm! as a very broad band which is occasionally split168 while v,

is observed in the 625 cm-1 region. The non-degenerate vj, theoretically
forbidden in the infrared, often occur5167;169 as a very weak band near

930 cm~1

owing to some relaxation of the T, symmetry criteria in a field

| of someWhat lower symmetfy. - While the effect of coordination of the
perchlorate group is likely to bring about méjor differences in the

infrared spectrum, minor shifts o; splittings may result from lowering

of the group's site symmetry or from vibrational coupling between perchlorate
groups in the unit cell. The bands assigned to perchlorate modes are

1isfed in Table 36. From the nature and frequencies of these vibrations

it may be concluded that the perchlorate groups obey the selection rules

for an ionic and tetrahedral anion, although activation of the inactive |

vz 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.(tmil) v
Mn(IT) Fe(II) Co(II) Ni(II) Zn(II)  Species Assignment
_ (1) —_—
1130 1130 1130 1130 - 1145
1111 1111 1111 "1111 _ 1110 r, V3 vasym..
1084 1084 1084 - 1085 1087 .
621 621 621 621 621 T, vy Sasym.
464 464 . 464 464 4632 E vp SSym.

a Very weak.
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1

deformation, vy, is readily identified at 621 cm™ by its insensitivity

towards deuteration of the Him Ting and the broad diffuse v absorption

has three intensity maxima in the 1100 em™L

region.

" The metal-ligand vibrations, below 350 cm_1 (Fig. 23) in the spectra
of the complexes of Mn(II) through Ni(II) exhibit essentially the
same band patternsbas their corresponding nitrates. The asymmetric
Ni-N stfetching mode occurs at the same freduency as vasym Ni-N in
V[Ni(Him)é](NOS)Z. The spectrum of the Co(II) complex is exceptional in
thét this band. is split, giving two strong absorptions at 243 and 224 cm_l,
undergoing equivalent shifts (av = 4 cmhl) on deuteration. In the
light of the reported magnetic moment and electronic spectrum,®0 both.
of which support octahedral sterochemistry, splitting of vCo-N must be
Considéred evidence for some deviation from 0, symmetry. Support for
these assignments of wM-N is revealed by their strong metal ion
dependence - in the order of CFSE's: Mn(II) < Fe(II) < Co(II) < Ni(II).

1 are probably the same

The remaining two bands between 200 and 140 cm’
as those bands assigned to torsions and SM-N-C in the spectra of the
nitrate complexes. In these spectra they are, however, significantly
weaker in intensity; These bands show, with the exception of Fe(Ii),
a correlation with metal ion substitution equivalent to that of wM-N,
while their d-sensitivities-are, once again, equal to or greater than
those observed for wM-N. They are therefore similarly assigned to
8¢M-Him + &M-N-C,
The anomalous spectrum obtained for the Zn(II) complex is evidence
for its unique structure. Five-coordinate Zn(II), of which there are
numerous known examples,!’! appears to form tetragonal pyramidal structures!?!
rather than the dther 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 pattérn which is -



110

Him
Mn
Him-d4
Him
Fe
Him—d3
Him
Co
Him-d3
Him
Ni
Him—d3
Him
a
Zn
Him-dg
- Fig. 23.  The infrared spectra (350-140 cm—l) of the complexes

DW(Him)é](ClO4)2 and [Zg(Him)S](C104)2.

Solid bands: wM-N
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identical tc that of the six-coordinate complexes (Table 17), the
structure proposed for this complex is that cf & squafe based pyramid.
On this basis the fhree bandsﬁabove 250 cm'1 in the infraredepectrum
are assigned to viIn-N. The fact that these bands arise at the same, or
higher, frequency than wNi-N in {Ni(Him)ﬁ](C104)2, assists in verifying
the structural assignment of the Zn(II) cbmplex. It is well known!72
that when the bonding capacity of the metal ion ié 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(pijCIZ], (vCo-N = 182 cm'l) into monomeric
tetrahedral [Co(py),Cl,], (vCo-N = 248 and 208 cmnl). In the case of
the tetrahedral complex, the bonding capacity of Co(II) is dis£ributed
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 §{M-Him + §M-N-C in the spectra of tnie octahedral
cdmplexes. The 195 cm™* band is similarly assigned, on the basis

of its position and its strong d-sensitivity, while the 176 cm_'1 band,
which shows no sensitivity towards deuteration, is assigned to a

coupled mode involving 6N-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(C104)2]2 [Cu(HimJ4(N0312], [Zn(Him)4](C10,!)2
and [Zn(HimJ4(NO

3)al

| The crystalé of [Cu(Him)4(C104)2]are monoclinic,53 space group

: pgl/h,‘with two formula units in the unit cell. The six-coordinate
octahedral complex possesses two short Cu-N bonds differing by 0.012 A
and a long Cu-O bond of 2.625 R completing the trars-octahedral stereo-
chemistry.s3 The hydrogen atoms on the pyrrole nitrogens take part in
two types of H-bond®3 to oxygen atoms of the perchlorate groups. This
is well reflected in the N-H stretching region of the infrared spectrum
(Table 18, . Fig. 24) by two wN-H peaks. The crystal structure analysisS3
indicates that the symmetry of the monodenfate perchloratc groups
approximates that of the free ion. Tetragonal distortion along the
Cn-0 bonds evidently has the effect of lowering the Cu-O covalent.
character, thus preserving most of the ionic nature of the perchloraté
groups. This fact is evident from the infrared spectrum (Table 37,
Fig. 24) where the degéneréte perchlorate modes, v and vy, which
display structure, are essentially the same as those in the spectra of

[M(Himkﬂ(ClO4)2. The point of significance in the present case is the

Table 37,

Frequency (Cmﬁl}

[Cu(Him)q(ClO1lzl .[Z’n(Him),!](ClO4l2 Species (Tdi. Assignment

1135 _
1111 1120—1060 - T V3 vasym.
1070 - '
9302 | ‘ 4y V1 vSym.
625 622. v T2 vy, dasym.
462° 464° E v, 6sym.
Weak.

Very weak.
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increased freqﬁency separation between the two lower frequency

components of vz. The asymmetric deformation, vy, occurs as a single
absorption at 625 cm_l, while v; and v,, which are theoretically infrared-
inactive in T, symmetry, but often observed!697170 in the spectra of

ionic perchlorates, occur as weak bands at 930 and 462 cm-l.

All these
assignments are supported by absence of sensitivity to deuteration.

The Zn(II) ion in [Zn(Him)A](ClO4)2 is tetrahedrally coordinated>*
to four Him molecules whose pyrrole N-H groups are H-bonded to oxygen
atoms of the approximately tetrahedral ionic perchlorate groups. The
perchiorate spectrun (Tables 18 and 37) agrees well with those of the
hexakis-complexes, with the exception of w3, which occurs as one
continuous absorption over the range 1120 to 1060 cm-l. It_is
distinguished, however, from the spectrum of [Cu(Him)4(ClO4)2] by the .
absence of v;, while v, is again seen.as a very weak band at 464 cm'l.

Tetrakis(imidazole)copper (I1) nitrate forms orthorhombic
crystals®® (space group Pnag,, I = 4) whose geometry is similar to
that of the perchlorate complex i.e. tetragonally distorted along the Cu-O
(nitrate) bonds with four Him molecules defining the equatorial plane.
The infrared spectrum (Table 19) exhibits nitrate absorptions differing -
considerably from those in the spectra of [M(Him)6]tN03)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 approximateas’91 02

v symmetry, thus lifting dégenerate modes
and activating all six vibrational degrees of freedom. The Doy > Cony
correlation is shown in Table 38 together with the‘corresponding,

assignments. Both vasym.and vsym.NO2 bccur-as strong absorptions at

1

1399 and 1343 cm-l,respeCtively. wN-0 is observed at 1049 cm ~, and

6asym.NO2 occurs at 709 cm‘l, as evidenced by their insensitivity
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towards deuteration. The symmetric bend, v, which generally
occurs in the 740 an L range®5291 is probably obscured by the

strong Him absorptions in this regicn.

Table 38.

Tonic nitrate Monodentate nitrate Frequency (cm—l)

(D3h symmgtry)——————+> (CZU symmetry) [Cu(Him)4(N03)2] [Zn(Him)4(N03)2]

v1 Aiv vsymNO,  —> vy A vsym. N-O 1049 1035
v 411 6NO, — 5 vg B! oop rock 823 813
v3 B! vasym.NO, —s v A' vsym.NO, 1343 - 1324

| ™ vy By vasym. NO, - 1399 ' 1406
vi E1 Planar rock—s v3 41 §sym.NO, ‘not observed 718
TS g B2 sasymNO, 709 703

1

The close similarity between the infrared spectra below 300 cm
of [Zn(Him)4](C104)2 and its corresponding nitrato-complex is misleading.
Examination of the nitrate spectrum (Tables 19 and 38) of the Zn(II) complex
shows that vy is split into two strong absorptions in the 1410-132Q cm_l
region, and that v, is also split. In fact, the band pattern is
~identical to that observed in the nitrate spectrum of [Cu(Him)4(N03)2]
and is consistent®3291 with covalent bond formation between nitrate and
In(II). In view of this evidence, the ZIn(II) complex is formulated
[Zn(Him)4(N03)2] with monodentate nitrate groups occupying axial sifés
of the octahedron. This is consistent with the'findings of Goodgame

and co-workers.®1 It has been established?! that the position of

WN-O in monodentate nitrato-complexes is symptomatic of the strength of
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the M-O covalency. Comparison of the frequencies in Table 38 for the.
Zn(I1I) and Cu(II) analogués’shows that v, (wN-0) for monodentate nitrate
in the Zn(II) complex is some 14 en™! lower in frequency than the
corresponding nitrate band in the Cu(II) complex, indicating a stronger
Zn-0 than Cu-0 covaleﬁt bond. This is consistent with tetragonal
distortion®® in the direction of the Cu-O bond in the Cu(II) complex.
 That the frequency separation between v; and vy, is greater in the Zn(II)
complex may also be a measure of the M-O bond strength.

1 in the spectrum of

The metal-ligand modes below 350 cm’
[Cu(Him),(C10,),] are best described in terms of the C, site symmetry>®
of the Cu atom, rather than the point grcup symmetry D4y, The
distribution of the relevant modes for D,;, symmetry together with the
corresponding modes for C, symmetry are shown in the correlation in

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 T in the infrared spectrum. (Fig. 25). It is expected that
vCu-0 occurs below 140 cm ' since the Cu-0 distanceS® is long and all the

bands occurring above this frequency exhibit streng d-sensitivities.

Table 39,

Dy (Point grouﬁ) R ¢, (Site group)

Eu -WM-N — 2Au tvasym.M—N + vsym. M-N)
Ay, -0 | Au vM-o

A, - Au

By, —> Au Skeletal deformations

2E : 24
u U



Fig. 25.

Octahedral
[CulHim};(ClO, )

-Him-dy

Octahedral
[CulHim);(NO3)]

-Him-d3

Tetrahedral
[Zn(Him)[,l(ClO[,)z

—Him—d3

Octahedral

—Him“d3

Infrared spectra (350-140 cmul) of [Cu(Him) 4 (€10

[Cu(Him) ,(NO5) ], [Zn(Him) 4] (C10,), and [zn(Him) ,(NO

Solid bands: vM-N (Him)

[Zn({Him),INO3)5 1 |
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The bands arising at 246 and 228 cm-1 appear to have the sawe origin

as the bands assigned to &;M-Him +:6NbeC in the.spectra of the hexakis-
complexes since they occur at similar positions in relation to wM-N.
and are equally sensitive to-Him-d3 substitﬁtion. The weak 167.<:m-1
absorption is assigned to 8N-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),(NOg),] and
[Zn(Him)4(N03)2] occur as singlé strong absorptions at 290 and 271 cm'l,
respectively. It has been suggested®! that the 271 cm ™! band in the
Zn(II) complex is vZn-O (nitrate). This appears unlikely for two
reasons. Firstly, it has a d-sensitivity matching that of most of the
béndS'assigned to vM-N in the complexes studied here and secondly, it
‘seems unlikely that vZn-O would occur some 69 cn L higher than any .
other band that may be assigﬁed to vin-N.  Finally, this assignment
agrees well with the corresponding assignments for the Cu(II) complex,
being in the expected order of CFSE'S of Cu(II) > ZntII). The remaining
one (or two) bands occurring above 180 cm_l are, 6n the basis of their
d-sensitivities and positions with respéct to similar bands in the

hexakis-complexes, assigned to §¢M-Him + 8N-M-C while the band below

170 cn™! is assigned to SN-M-N.

1.5 The complexes [Cu(Him),X,], where X = Cl, Br or I.

Perchard and Novak®? reported a thorough investigation of the
ligand modes in the infrared spectra of the chloride and bromide
complexes.  Together witthim—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

1

Fig. 27. The infrared spectré (330-140 cm-l) of the complexes

- [Cu(Him) 4()()2]. Solid bands: wM-N.
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in these comﬁlexes, as indicated by the presence of more than one N-H(D;
stretching and bending mode.  Present assighmen@s in the 4000-600 cm L
range are therefore identicalyto those reported®® (Table 20, Fig. 26)..

Of the three complexes, only the iodide has been the subject of
X;tay crystallographic investigation.®® 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 distancesS?
3.42 and 3.87 KJ suggesting a weak Cu-I interaction. For the chloride
and bromide complexes, tetragonally distorted octahedral structures
have been suggested,®® as evidenced by their electronic spectra.

Reported infrared spectraS®’6! gave no evidence for a Cu-X vibration

above 190 cm—l, in agreement with the suggestedl”3 long Cu-X bond.
Howevef, the energies of the electronic bands in the reflectance

spectra were found®! to change on varying the halogen, suggesting some
measure of Cu-X covalency. These workers®! identified the three
halogen-independent bands above 200 c:m-1 (Table 20,  Fig. 27) as possibly
vCu-N modes generated by distortion of the CuN, plane. This would appear
unlikely since the degiee of distortion implied would yield spectra for
these halide complexes quite different frbm that of [Cu(Him)4(N03)2]_

while each has essentially the same symmetry. On this basis, the band

1 is assigned to vCu-N (Fig. 27) while the two bands

above 280 cm
between 260 and 200 cm_1 are assigned to &§tCu-Him + 3Cu-N5C. - The
spectra of the chloride complex has an additional band at 156 ém-l and
a shoulder at 170 cm' ¥, both of which display d-sensitivities which

distinguish them from possible Cu-Cl vibrations.. These bands are

assigned to 8N-Cu-N.
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1.6 The complexes [M(Him)zgé], where M < Co(I1) or Zn(II); X = C1 or Br

- Of these complexes, only [Zn(Him)2C12] has been studied“g’sf2

by x-ray crystallography. The Zn(II) complex is tetrahedral®? and,
together with the corresponding bromide and iodide, has been character:
ized®2763 by infrared and Raman spectroscopy (4000-40 an1y. - Perchard
and Novak!® classified the low frequency vibrations from a factor group
analysis supported'by Him-d, labelling. The Co(II) complexes are royal
blue in colour and generally believed®® 59:61s6% to be tetrahedral with
sz point symmefry; ' _

Complete band assignments (4000-500 cmgl) in the infrared spectra
of the Zn(II) complexes have‘been made®? using Him-d; 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 sz symmetry for the Co(II) and Zn({II)
complexes is sufficient to explain band assignments in the 350- 200 cm-1
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 agreed®®,61,63-6% that the two
M-Cl stretches (asymmetric and symmetric) are thcse bands at highest
frequency. These assignments are now substantiated by their total
lack of deuterofsensitiyity; while they are sensitifé towards
both metal ion substitution and replacement of chloride by bromide.
By contrast, the two bands between 280 and 230 cm_1 are assigned to
wM-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 wM-X and vM-N very nearly coincide in the

250 cm_l region of the spectrum.. The asymmetric Zn-N stretch occurs
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as a shouldér at 250 cm-l and is distinguished from vZn-Br at 231 em™L
- by its d-sensitivity, while the latter is insensitive to isotopic sub-
stitution. vBy comparison with the posiﬁion of vsfm. Zn-N in the
chloro complex, it is likely that the cérresponding vibration in the bromo
complex 1is maéked by the stfong 231 cn! band. |

Some measure of disagreement has arisen over the correct assign-

ments of vasym. and vsym. Zn-Br. It has been noted!’"* for complexes of
the type Co(py)ZXZ, that the frequency separation between the asymmetric
and symmetric M-X stretching bands decreases in the order C1 > Br > I,
there being very little separation between the M-Br and M-I frequencies.
Perchard et al.53 found the reverse order to hold in the spectra of
Zn(NHS)ZXZ’ and assumed this to be true for the corresponding bis(imida-
zole)comﬁlexes also, assigning vsym. Zn-Br at 186 cm-l. The resulting
,largevasym}vsym, frequency difference was explained®3 in terms of coupling of

“the 186 cm'1 band to a rotaticnal mode at 192 Cm—l.

em ! band apparently®3 shows no splitting in the spectrum at liquid nitrogen

Although the broad 231

temperature, it is now considered preferable to assign vasym. + vsym. Zn-Br

as coincident at 231 en L.

However, all the bands below 200 cn™! are shifted
by d3-1abelling which precludes any of them from being assigned to a vIn-Br
mode with any degree of vibrational purity. Since all the bands below 200 c:m_1
in the spectra of these Co(II) and Zn(II) complexes exhibit substantial d-
sensitivities, no band or bands can be uniquely assigned to 6X-M-X. The
bands below 160 Cm—l in the spectra of the Co(II) complexes are assigned to
§N-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
200 cm—l, these are the only absorptions exhibiting both d-and metal_ion

sensitivity. = On the results of their factor group analysis,

Perchard and co-workers$? assigned the shoulder at 153 Gnql_in the spectrum



124

42009

(g ‘ID =X fuz ‘o =R) ¢ m@ﬁﬁ%é SOXOTdWod sY3 Fo (;.W5 085-00¥¢) BI3Deds pareagur Syf *8Z ‘814
00L 008 - 006 000 00ll . 00Z 00€L 0c 7L 005! 8; _ . 007€
TWT W T 7 W T W]

W
TV WIT VT W [ |
T F T T P T U
raaza i rasaiEy

T T




Fig. 29.

Him
Cl
o Him-d-
Co
Br
Him-d3 &é\ /\_\ /\
Him
Ci
Him—d3
Zn
Him
Br
Him—d3

The infrared spectra (350-140 cm—l) of the complexes

[MHim) ,(X),], (M = Co,Zn; X = C1, Br).

Solid bands: wM-N, shaded bands: wM-X.
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of [Zn(Him),Cl,] to SN-M-N, while the 195 an! and 160 an”! bands were63
assigned to Zn-Him rotations. - These motions are .similar to those modes
described by Adams®® to account for the bands in the 200-170 cm ™t region
of [Co(Him)] (NO;),.  The results of metal isotope studies®" have led -
to the assignment of the 195 and 160 c;m-1 bands to a ligand mode and

1

8N-Zn-Cl, respectively, while the 153 cm = shoulder was assigned to a

second ligand mode.
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2. A VIBRATIONAL ANALYSIS OF BIS(NITRATO)MONO(PYRAZINE)-
COPPER (IT) ~ |

Pyrazine reacts with M(II) ions to formba wide variety of complexes
the structural diversity of which has attracﬁed the attention of many
workers. The literature is particularly rich in reports on the complexes
formed by pz and M(II) halides ranging from those of the first row
transition metal ions!75-180 to Cd(II), Hg(II) and also Sn(IV) halides.l180718%

Structural elucidation hes been of primary interest since the various
combiﬁations of both terminal and/or bridging pz and halide generate at
least four structural possibilities. For the metals Mn(II), Fe(II),
Co(II), Ni{II), Cu(II), Zn(II) and Cd(II), the 1:1 complexes MLClZYare
considered!75,177,1797181,1837188 to jnvolve polymeric octahedral structures
having both pz and chloride bridging.' Similar structures have been
proposed for the 1:1 complexes of NiBrz, CuBr,, CdBr2 and CdI,. The
ZnBr,, Znl,, HgCl, and HgBr, complexes are, however, considered: 83
to be polymeric tetrahedral species with terminal halide, polymerisation
being achieved by bridging pz units. The 1:1 cemplexes of Sn(IV)
chloride and bromides form octahedral complexes!®2 with terminal halide
and bridging pz molecules.

When M(II) ion and ligand are combined in the ratio 1:2 the favoured
structure is polYmeriC octahedral.l75,177-180,185-187  The Mn(II) ,
Fe(IT) , Co(II) and Ni(TI)chlorides and Ni(II) bromide form 1:2
complexes considered to be polymericoctahedral species with terminal
pz aﬁd bridging halide. However, a recent Crystai structure determina-
tion!78 of Co(pz),Cl, has revealed the presence of bridging pz and
terminai'chloride. Sn(pz),X, (X = Cl, Br, I) are all considered! 82

mononuclear octahedral with terminal pz and halide.
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The majority of these structural assignments have been based cn
infrared and Raman spectra. Changing the halogen is a successful means
of assigning M-X modes since bands originating in these vibrations show |
the usual®> iow frequency shift as one halogen is replaced by another
of higher atomic mass. Whether.the halide is terminal or bridging
may similarly be determined®>® since terminal halides usually abscrb at
higher frequency. This method becomes unreliable when there is a
chaﬁge in structure\vithinzaseries,i;e. the metal ion in a chloride

_complex may be octahedral but tetrahedral in the bromide or iodide.v
In this case the change in coordination number may counteract the méss_
effect. Assignments of wM-N in pz complexes have been based primarily
- on emperical methods. Thé bands usually occur within the region
285-185 cmul. To date, fhere has been but one reported study on the
effects df deuteration!7? of the pz ring on the spectra of this type of
compound.,

Bis(nitrato)mono(pyrazine)copper(II) was found’2 to crystallize in
the orthorhombic system, with space group Pmna (Dgh), and Z = 2.
The two nitrate anions are unsymmetrically bonded to the Cu(II) ion
through two oxygen atoms, forming two long (2.490 R) and two short
(2.010 K) bonds, in accordance with the typical tetragonally-distorted
Cu(II) stereochemistry. Pyrazine molecules occupy the fifth and sixth
coordination sites to form a linear coordination polymer as depicted
in Fig. 30. There are two such chains per unit cell’? with a
unimolecular repeat in each cell and the chains are parallel to the
crystallographic a-axis. The shortest distaﬁce between copper atoms
belonging to neighbouring chains is as high as 5.142 K, 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 between 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,!8? to a first approximation, in terms of
their line group symmetry. From the crystal structure data’? 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 thé 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 (Cy;) and the whole chain has the symmetry elements C,, %
and §, the line group is isomorphous with Coy+  Derivation of the
sélection 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 Newton.“’  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 Ag : Bg Au Bu
Cu a 0 C 1 2
C 4 o 3 3 3 3
H 4 o0 3 3 3 3
N 2 1 1 2 1 2
N 2 m 2 1 12
3x0 X2 m 6 3 3 6
: =. - 1
N . . 15 12 12 18 57 = 3Nl

where N! = half the number of atoms in the unit cell.

This number of vibrations (3¥1) is exactly half that expected for the whole
unit cell (3v = 114). Ntotal (Table 40) may now be separated into the
contributions from the internal vibrétions of the nitrate and pz groups,
the vibrations of the CuO,N, skeleton, énd the low frequency acoustic

modes (Table 41).
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Table 41.
c o _ ;
o A, B, 4, B
- a 15 12 12 18
total o '
Tacausticb 0 0 1 2
RZ’C 1 0 0 0
d 6 6 16 6 e
. 6 6 in-acti
ring : i in-ac 1velmodes
N z -5 1 : 1 :
NO3 ; > :
4 {
Noreletal © 3 > i:{ _______ §;;

From table 40.

Acoustic modes corresponding with the translational vectors
aligned along the three axes, and are read directly from

the C2h character table.

The single rotatory mode of the chain which is read off the

z-rotation table of group No. 10, ref. 47.

Nring and IVNO3

under the symmetry of the line group. Nring is obtained by
summing the rows 2 to 4 (Table 40), less translations and
rotations of the pz ring. NNOg' is a 4 x row 2m (Table 40),

less translations and rotations for two nitrate groups .

Row 1 less rows 2 to 5.

- represent the internal modes of pz and NOs— '

Under the symmetry 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-dy used in this study are rated by the manufacturers
as belng of 84% isotopic purity, insufficient for reliable assignments
of the internal modes of pz- d4 in the spectrum of [Cu(NOS) (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 d-sensitivity .
| The row Nmog* in table 41 may also be obtained by considering the
isolafed planar NO3— ion of'point group Dgy.  The normal modes of
vibration for such an ion85,187 are All(v1} + Aéll(vz) + El(v3)1+ El(vy),
of which three are ir-active and absorb above 650 cm-% vy And vy, are
doubly degenerate and, if the symmetry of the ion is lowered, these
vibrations may split while the Raman-active mode v, may become ir-active.
It may therefore be possible to see six nitrate vibrations above 650 cm-1
in the infrared spectrumjand, if the symmetry is lowered by coordination
to a metal ion, bands attributable to M-O modes will also arise below
600 cm-l.
Each nitrate is bidentate towards the Cu(II) ion i_n'[Cu(NOS)Z(pz)]n

and occupy sites m, having ¢, symmetry (II).

| 0
cy.  ON=0 o:N/ \
\O/ . N o"/

0

N
o

(11) | (1)
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A correlationnof Dy Cs_will give the Vibratioﬁél species for cne NO3_
coordinated to CulII), whereas the correlation Cg > Cop will yield the
vibrational species for two nitrate groups (III) coordinated to Cu(II)

~under the symmetry of the line group, Czh' 'Finally a line group-factor
group correlation (CZh > Doy should indicate the manner in which the
vibrations of all four NO3—vgrouPs interact under the symmetry conditions

of the unit cell (Table 42).

Table 42.
D __fkl__4> c X2 o X2 __p
Sh ' s 2h Czi:zﬂ 2h
1 | gl a |
vi A (vsym.NO3 ) A Ag +_f£ Ag + ng + By + By,
11 - 11 _
v fﬁ_ (GNO3 ). A Bg +'fEL Blg+ BZg +A4, 4+ Bg,
vy EL (vasym.NO3_) 241 Z(Ag +B) Z(Ag + By, + By + By)
vy ;Ql (N03rock) _géi 'Z(Aa + Bu) Z(Ag + ng + By, + By )
Isolated NO3_ ion. One NO, Two NO.,~ Two chains in unit
coordiilated coordinated cell containing two
to Cu(II), to Cu(II), NO3“ groups each.

a Species underlined indicate ir-activity.

The increased splitting which the bands in the nitrate spectrum
undergo as the symmetry of the enviromment is lowered,!8° is diagram-
atically represented in Fig. 31. The six ir-active fundamentals of the
nitrate groups under the line group symmetry, are each split into two
‘modes under the factor group symmetry. Thus, the Bu species in Cop,
is split into two bands By, * Boy, in Dops both being ir-active.

but the

The A, spec;es is also split in D,, into two bands, Au + By s
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Fig. 31

A, component is-inactive and only the B, component is observed.

The frequency separation of these factor group splittiﬁgs will.be

small and were unresolvable under the facilities available. It is
therefore necessary only to consider the line group approximation. |

The six internal modes of the nitrate groups (Céh) and their assignments

are given in Table 43.

Table 43.
Mode & | Species Frequency (cm—l)

Vi vN=0 Bu 1494

V2 vsym.NO2 Bu 1015

vy 5sym.N02 Bu 805

vy vasym.NO, ' -Bu 1290

vs sasyn. NO, B, 751

Ve - &oop. NO< - A, 708

a

Modes for bidentate nitrate8S.
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The total lack of d-sensitivity exhibited by these bands when pz was
;eplaced by pz-d, (Table 22, Figs. 6 and 32) confirms their assignments

to vibrations involving the nitrate groups.

2.2 The pyrazine spectrum

The molecular structure of pz has been determined by electron
diffraction’’ and x-ray analysis._78 The molecule is planar and
belongs to the D, point group. The vibrational assignments of pz
were first discussed by Ito et al.7% and by Lord et al.®" bn the
basis of more extensive experimental data. Scully®! made a zero
order calculation of the pz fundamentals using a valence field based on
fhat of benzene. The ir spectra of pz and pz;d4 have been studied in
the liquid and vapour states by Simmons and colleagues,®3 and in the
1iquid, vapour and crystalline states by Califano and co-workers,®8"

Choosing a set of axes such that the xy-plane incorporatées 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 “7 (Table 44).

P g, e D

H _\\7//H ,
A

N

W)



Table 44,
Atoms  Sites D, Bi, By, By By, By, B,
2xN C o 27 1 1 0 1 1 1
4xC g 4y 2 1 1 1 2 2
4xH Cq 4y 2 1 1 1 2 2

_ 5 3 2 3 5 5
Translatory/Rotatory
modes 1 1 1 1 1 1
Internal modes of
pz 4 2 1 22 4 4=

Modes underlined indicate ir-activity,

Assignments of the internal modes of free pz and its corresponding
modes in the complex are listed in Table 22.

free pz is cxpected to show ten ir-active fundamentals.

4, modes being inactive in Doy, symmetry) .

(The two
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24 = 3n-6

According to Table 44,

The two out-ot-plane B,

modes of free pz, the yC-H and yring modes (Fig. 32) are located at

801 and 413 cm_l, respectively.
based on the work of Simmons®3 and co-workers and of Lord et al.80
Hence the bands at 3060, 1410 and between 1135 and 1140 cm_1
assigned to fundamentals of the B,,, species.
3060, 1492, 1143, 1064 and 1019 cn™* to the B, species.

- The two C-H stretching modes, B

Band assignments proposed here are

are

The four bands at

, and By , are coincident at 3060 cm”

1

but are split into separate bands in the spectrum of pz-d, at 2275 and

2257 em L.

The remaining bands in the ir spectrum of pz are assigned

to various combination bands in accordance with the assignments made

by Califano and co-workers.2* Estimations80:83 of the frequencies of
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the two inactive 4, species have been made at 950 and 340 cm_l; A

subsequent study®* placed the A, mode of lower frequency near 400 an L,

A Dgy + Cgy correlation of the wvibrations 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 Cg+ Doy

correlation shows how the bands split on coupling two chains together

 Table 45.

Doy (Factor Group)

Dy (Point Group) C2fx); Czh (Line Group) o)

54

g .
Y 6{A + B
B g g * B’
3g
4B
Ig
B 6(B, + B
. 63, (B1g * Bay)
2
g
24 '
u 64 6(A + B, )2
4B _u u _OU
3u »
2B
Iu v
2u o
a

Spécies underlined indicate ir-activity.

in the crystal. The Au modes in C 5, are now ir-active and therefore

2

twelve fundamentals, 6Au + 6Bu, are expected. However, under the
Dy, factor group symmetry, each A, mode (Table 45) is split into an

4, and B, band, of which only the B, component is ir-active.

Similarly each B mode will split into a By,

and B, mode, both
u
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components being ir-active. Such splitting would however require low
temperature studies for their observation. The 1051 cm™! band and the
shoulder at 493 cm_1 (Table 22, Fig. 32) are assigned to the - |
components of the A, mode which were inactive in the. spectrum of the
free 1igand. Most low frequency ligand modes tend to shift to higher
frequency on complexation.l9%  Appearance of the low frequency
component of the Au species at 493 cm—l'seems to support earlier
assignments8* of the inactive A mode of free pz near 400 L rather
than89,83 near 340 cm’ since the latter would represent a high frequency
shift (some 153 cm_l), rather in excess of thaf expected for such a ligand
inode. Cbmplexation has resulted in the separation of the two vC-H
bands near 3100 (Blu + Bgu), which were coincident in the spectrum of
free pz. These bands occur as a well-resolved doublet (Table 22)
rear 2270 cn L in the spectrum of [Cu(NO3),(pz-d,)]. .

Hence, all the nitrate modes and pz modes, apart from the band at
490-<:m_1 are above 700 cm‘l, leaving the skeletal modes (Table 41) |

expected below 600 <:m_l uncluttered 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:
Notoletal = 3Ag + SBg + 44 + 5B of which nine vibrations
(4Au + 5Bu) are ir-active. In the full unit cell (correlation
02h > Dgé), Table 46, each mode will couple with the same mode in the
second chain generating two modes.  Thus each Au modé should, in theory,

generate a doublet of which only the B, component is ir-active.
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Table 46.

C
3Ag . ' 3(Ag + ng)
S - 5(B. + B
B, ( 19 2g’
4 ' 44 +B. %
Au' } u 3u
SBu 5(Blu+ BZu)

a Species underlined indicate ir-activity.

The same applies to the Bu modes, but both components are ir-active.

The B, mode represents the in-phase coupling and the B, wmode represents

the out-of-phase coupling (V).

<—> <—>By in-phase

Bu< , :
<—> —><—Bsou outof-phase

Coh Doh
(V)



The frequency separation of these modes may not, however, be large

enough to be detectable at room temperéture, and for the purpose of

this study, it isAnécessary only to censider the line group approximatiom. .
It is useful to consider the skeletal modes as originating189 in

the three translations and three rotations“associated with each nitrate

and each pz group, in the hypothetical situation where there js no

bonding between them and the Cu(II) ion. The three translations of

Cu will correspend with the_three-translations of the wliole chain and

are therefore omitted. However, the single rotatory mode R, of the

_chain must be included in the skeletal modes. Thus, in Copo the

‘nitrate groups are on sites m and the pz riﬁg on site q and, using

the tables for factor group analysis,*’ the translations and rotations

associated with these groups may be summed to yield the required skeletal

modes, as depicted in Table 47.

Table 47.

Co, Ag Bg 4, B,
a | :
2 x NOg m 2 1 1 2
2 x NOg°  m 1 2 2 1
1xpz ¢ @ o . 0 1 2
1xpz ¢ 4 1 2 0 0
4 5 4 5 = Sum of rows R, +
| Nskeletal in
Table 41.

Row m of group 10 represents“’ transiations of.Z X N03j )

Rotatory table of group 10 represents rotaticns of 2 X NO-.

Row a of group 10 represents translations of pz.

[S TR @ N & S )

- Rotatory table of group 10 represents rotations of pz.
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The four Au modes may be divided into one vCu-N(pz) (the
longitudinal optic mode of the chain), éN(pz)-Cu-O, GTCu-NOSFQnd
GwCu-O-N(Nos), | The two Cu-O bonds which have co&alent bond lehgths
| (Z.Ol.R) will have vCu-O modes associated with them. These_ﬁodes
- span the represeﬁtations Ag(vsym.Cu-O) + Bu(vasym.Cu—O), the B,
component being infrared-active. The remaining four B, que5189 are
_ 5Cu-O—N{N03), §Cu-0, plus two_modes in which the pz rings move in
orthogonal directions normal to the chain axis, i.e. 25Cu-N,

The region 350-25 cmv'l (Figs. 7 and 33) in the infrared spectrum
agrees well with theoretical predictions of Czh’ showing eight of the

nine expected bands. The ninth band may be the weak absorption at

35 cm_1 or may arise below 25-cm-1. Deuteration alone is, however,

insufficient as a means of band assignments in this region since all
mode§ with the same symmetry designation (i.e. Au or Bu) may, through
vibrational mixing, exhibit d-sensitivities. This is apparently the =
case since apaft from the 73 cm band, all other bands show varying
degrees of d-sensitivity (Tablc 22). Therefore, assigments of vCu-N
vCu-0 ohly are proposed and no éttempt is made to assign the remaining

skeletal vibrations.

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,l17°57181,1837188 Moreover, rough estimates of

vCu-N using the relationshipl®! obtained by the Wilson FG matrix method

o 2] e

(where f is an average Cu-N force constant'®27193 and y is the reduced

mass of the Cu-pz entity) placés vCu-N well within thisjregion. 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 T. 1

 The strong 341 am ~ band is therefdre assigned to
vasym.Cu-0, its d-sensitivity resulting from mixing with other Bu modes
involving N(pz). Suﬁport for this assignment comes from studies!9*

of the spectra of bidentate nitrato-complexes LZCu(NO3)2 (L = 2-picoline,
quinoline, pyridine) where strong bands assignable to vCu-0 (NO3) were

found in the 330-250 cm ™t region.
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-1
3. INFRARED SPECTRA (700-140 cm “) GF THE IMIDAZOLE,
PYRAZINE, PYRIMIDINE AND PYRIDAZINE ADDUCTS OF
COBALT(II), - NICKEL(II) AND ZINC(II) ACETYLACETONATES

Anhydrous bis(acetylacetonato)Co(II).has been shown!®> by x-ray
ana1y51s to be a tetrameric molecule, [Co(AA)2]4,1n which some oxygen
atoms of the acetylacctonate group are shared between two Co(II) icns to
attain octahedral configuration about each Co(II) ion. The trimeric
nature of the analogous Ni(II) and Zn(II) complexes!®6-197 is achieved by
similar sharing of oxygen atoms of the acetylacetonate ligands. The
anhydrous Cu(II) chelate198 is, however, uniquely monomeric and square
plenar in the solid state. The anhydrous polymers are readily cleaved
by donors such as water and nitrogenous bases which, apart from Zn(II)
aeetylacetonate, generally assume trans—axial positions to yield six-
coordinate monomers.  Such adducts of Zn(II) acetylacetonate have been
shownl99-200 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 form polymeric octahedral structeres but attain?%! 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  The bis(aquo) adducts of Co(II) and Ni{II).acetyl—
acetonates are trans-octahedral monomers204-205 while the Zn(II) complex206
adducts only one molecule of water to yield a five-coordinate trigonal .
bipyramidal structure. These aquo-adducts of M(II) acetylacetonates are
the classical starting 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 pyridire (which formé trans-octahedral monomefic adducts
with Co(II) and Ni(II) acetylacetonates?%7°298 and five-coordinate monomers
with Zn(II) acetylacetonate) pz, pm and pd have the capacity to behave
as bridging ligands, coordinating to two different metal ions forming |
-M-L-M- links. Formation of bridged species is characteristic of these
nitrogen heterocycles in contrast tc the commnﬁ bidentate ligands such
as 2,2'-bipyridine and ethylenediamine, which prefer to form cis-chelatés
with a single metal ion.2%?  Such polymers have been reportedi(> for
[Mn(AA)Z(pzﬂrf However, mélccular weight deferminations were of no
diagnoétic value owing to the facile decomposition of the polymer in
chloroform solution. In another studyl®3 of the first row transition
metal (II) acetylacetonates of pz, it was similarly concluded that the
pz adducfs'may form -M-L-M-.chains. Although the published powder
patterns showed minor differenccs, they were .considered sufficiently
alike to suggest that the Mn(II), Fe(II), Co(II) and Zn(II) complexes are
strucfurally analogous, while the Ni(II) ccmplex showed more ﬁﬁrked
deviations which were considered to indicate a somewhat different structure.
Several further examples of such chains have been repor‘ced.72>1°“>2,10‘21'1
Belford' et al.210 reported a crystal structure determination of
[Cu(hfac)z(pz)]n (hfac = CFSCOCHCOCFS)_in which the complex is shown
to be a linear coordination polymer bridged by pz molecules. Morosin
et al.2'! found that the pz adduct of Cu(II) acetate has a structure
characterised by alternating linear chains in which diméric units of
Cu(II) acetate monohydrate are linked by pz molecules.

While it is expected that pz and pm will form -M-L-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-L-M- chain.
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Hence, it is likely that pd will form 1:2 monomers. A variety of metal
complexes of Him have been synthesised and their infrared spectra
determined but there is little information in the literature on adduct
formation by this base.l92 On losing a proton, an Him anion (im) may
act as a uninegative bridging ligand, and is thus capable of forming
—M~im—M- chainé,212 or two-dimensional networks. This is, however,
unlikely to occur in the Him adductsof M(II) acetylacetonates discussed
here. In practice Him behaves as a neutral monodentate ligand towards
M(II) acetylacetbnateslo2 forming the species [M(AA),(Him),]. The
reflectance spectra and magnetic moments of the Co(II) and Ni(II)
complexes are typical?l3 of octahedral complexes of these metal ions
(Table 32), and they are therefore probébly structurally analogous

with the trans-bis(pyridine) adducts of Co(II) and Ni(II) acetylacetonates
(Fig. 34a). '

Reéction of pz and pm with Co(II), Ni(II) and Zn(II) acetylaceto-
nates forms complexes which analyse for one molecule of base, indicating
polymeric structures of stoichiometry [M(AA),B] , (Figs. 34b and 35).

The Co(II) and Ni(II) species also vield reflectance spectra?!? which

are in accord with those expected for octahedral complexes of these ionsf
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(AA)Z(pd)z] ciearly involve bonding through only

one of the niffogen atoms of the heterocyclic base. These adducts have
reflectance spectra?!3 indicative of octahedral symmetry (Table 32) and
are therefore regarded as monomeric octahedral species similar to the
corresponding bis(pyridine) adducts.l96  On reaction between the

M(II) acetylacetonate and pd in- the ratio 1:1, the resulting adducts.

analyse for -half a molecule of base with a stoichiometryv[{M(AAJé}Z(pd)].
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Fig. 34. Proposed structures for the complexes [M(AA)Z(pz)'] n

and [M(AA),(B),], (B= monodentate ligand e.g. Him, py).
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Fig. 35. Proposed sturcture for the complexes [M(AA)z(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 bridging pd molecules,vasvpostﬁlated21“ for
[MXZpd], (M = first row transition metal(II) ion; X = halogen).

Rigorous normal coordinate treatments (considering all the atoms
in the molecule) of some M(II) and M(III) acetylacetonates?!> have been
reported. - Band assignmeﬁts throughout the region 3100-290 em™ L and M-0
stretching force constants have been given. It is the M-L stretching
vibraticns of these complexes which are of primary concern since they
provide direct information regarding the strength and electronic characteristics
of the M-L bonds. These vibrations were initiaily assigned on a purely.theoreti-
cal basis??S without any independent experimental verification. The
metal-isotope labelling technique®?® was subsequently used to provide a
novel method_for detecting M-L vibrations. Nakamoto and co-workers®?
applied this technique toc the acetylacetonato complexes of Fe(III), Cr(III),
Pd(II), Cu(II) and Ni(II), while Pinchas et al.3° used.the 18p-1abelled
acetylacetonates of Mn(III) and Cr(III) for their assignments.
Controversy immediately enéued as to the correct assignment of vCr-O in
[Cr(AA)4]. Nakamoto?? 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_l; respectively) on metal ion labelling.
The 180-induced shift (19 cmhl) observed by Pinchas35 for the band at
592 cm—1 was sufficiently close to the calculated value (assuming a
diatomic oscillator) of 25 cm‘1 for a Cr-0 stretch, to warrant its
assignment to this mode. On the other hand, this band shifted only

1

0.7 cm ~ on S0Cr-53Cr-substitution,®® and, on this basis, was assigned
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to an out-of-plane chelate ring defcrmation.

The behavior of the band at 355 cm';

in the.tfis-complex of Cr(III)
towardé the alternative types of labelling, hés also led to confusion.
Its insensitivity towards !80-labelling led to its assignment3S és an
in-plane C-C-C bending mode. This band produced the largest isotopic
shift (3.9 cm—l) in the >0Cr-53Cr study,®® where it was accordingly
assigned to vCr-O.

The infrared spectra of the bis(aquo) adducts of M(iI) acetyl-
acetonates are known?2»99,106 to exhibit three regions of metal ion

sensitivity below 600 L.

These metal-sensitive bands occur within
the ranges 600-500, 450-400 and-300—180 cm-l, and aré also observed to
‘exhibit sensitivity towards the adduéted base?2:106 (as a iesult of the
variation in ligand field strength of the bases). Based on the results
of normal coordinate analyses, and in view of the large shift recordgd
for metai ion labelling,®3 the band near 572 el in the spectrum of
[Ni(AA)Z(py)Z] has been assigned to a ring deformatién coupled with wM-O.
Absence of deutero—sensitivity.coupled»with significant sensitivity towards .
metal ion substitution!%® were considered evidence in-support of this
assignmeﬁt. Substituent effccts within: the chelate ring of the g-
‘ketoenolate?3,108% have also been cited in support of this assignment.
Alfhough 180-1abelling has not been épplied to the base adducts of
M(II) acetylacetonates, the a.ssignm.ent35’?-‘16 of vCr-0 in [Cr(AA);] to the
bands near 590 and 456 cm—1 has been made on the basis of this technique.
The latter band, which is analogous to the 420 o™ vibration in
[Ni(AA)z(py)z] was previously assigned?® tb an unspecified chelate ring
- vibration. It was also claimed that because of their large metal-

1

isotope shifts, the bands at 276 and 249 cm — represent vNi-O and WNi-N

modes, respectively.  Subsequently, deuteration of the pyridine ring!0®
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led to the unambiguous assignment of the doublet at 197 and 186 ant to
vN;’L—N. -

~ Since pz, pm and pd are isomeric, the metal-ligand bands in the

infrared spectra of their adducts with M(I1) acetylacetonates wiil be
free from mass effects. The position of wM-N will therefore be -
dependent only on the metal-ligand force constanté, 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—O and
M-N stretching modes should yield information on the étructural
characteristics of these complexes.

In the following discussion, bands shifted by metal ion substiiuticn
will be referred to as M-sensitive bands, while the term d- sensitive
will be used to describe those bands which shift to lower frequency on
deuteration of the adducted base. _ For the'isotopic labelling technique,

only Him and pz were available as their deuterated analogues, Him—d4 and

_ pz—d4.

3.1 The imidazole adducts, [M(AA).(Him),] (M = Co, Ni)

The infrared spectra aré depicted in Fig. 36 and the vibrational
frequencies are given in Table 23. Band v; has previously beeﬁ assigned??
to §C-CHz + éring + WNi-O in the spectrum of [Ni(AA)Z(pY)Z]. The fact
that it generally shows no M-sensitivity indicates, however, that there
~is little or no contribution from wM-O. It is also insensitive towards

deuteration of the Him ring, and is therefore assigned to a chelate ring

deformation. The corresponding band in the spectrum of [Cr(AA) 7] occurs
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.near 661>c_m—1 and has been assigned3® to an out-of-plane chelate ring
deformation.

Of all the Bands below 700 cm—l, vz has the highest d-sensitivity |
and is unambiguously assigned to the internal mode’? of Him, yring.
The spectra of the deuterated complexes show 3 or 4 unique bands between
6C0 and 500 Cm—l, which are assigned to yC-D and yring defofmations of
deuterated imidazole. Except for a weak lattice vibraticn at 174 cm—l,_
Him has no internal ligand vibrations with a frequency <600 Cm—l, nor
are there any internal vibrations of coordinated AA in this region.
Hence,'the seven bands within the range 600-140 cm_1 in these spectra
all have their origin in M-ligand modes.” The bands vz and v, are
firmly assigned to wM-O for three reasons. Firstly, they are completely
insensitive to deuteration of the Him ring. Seéondly, they are
strongly M-sensitive in the CFSE sequence Co<Ni.l%6 . Thirdly, their
frequencies lie close to those of the vM-O bands in [M(AA)ZBZ] (M = Co,
Ni;B = HZO, py). In [Ni(AA),(py),], the wM-O bands are considered! 06
to be coupled with the GC-CHSVmode of the AA ring or with a py ligand
mode, That v3 and vy are coupled vM-O bands is also proposed for the
Him adducts since the M-sensitivity of vi and (especially) vy 1s lower
than that of v; (see below). o |

The bands vs and vg undoubtedly originate in vM-N modes, since they
afe significantly d- and M—sensitive.. Their frequencies are very close
to those reported®*=65 for vM-N in the complexes [M(th)6]2+, in which
the assigmnments were based on the metal—isotope labelling technique,®*
and on a single crystal study.®> Since v7 has a higher M-sensitivity
 than either vs or vy but is completely unaffected by deuteration of Him,
it is assigned to a Vibrafionally pure (uhcoupled) wM-0 mode. The

alternative assignment to §0-M-O proposed?!® for a band in this region
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Fig. 36. The inffared spectra (700-140 cm—l) of the complexes

[M(AA)Z(Him)?] and their Him-d, analogues. Solid bands:
vM-0, shaded bands: wM-N
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of the spectrum of [Cr(AA)S] is considere& unlikg;y since this would
place the O-M-O bend at a higher frequency than vM-N,

vg, Being both d- and M-sensitive, is either a third VM-N band,
,of, more probably, a bending mode involving nitrogen i.e. 80-M-N, SN-M-N
or M-N-C.  The origin of vg is uncertain since it has no M-sensitivity
and is too broad for its d-sensitivity to be determined in the spectrum
of the Ni(II) adduct. |

Support for the assignments proposed for vM-O and wM-N is adduced
from a comparison between the frequencies of these vibrations in
[Ni(AAJZ(py)2]1°5 and [Ni(AA),(Him),]. It is now well known! 06 that.any
increase iﬁ the strength of the M-base bond on replacing one adducted base
by another causes a shift in wM-O towards lower frequency. Since wNi-N
in the Him adduct exceeds wNi-N in the py adduct, #he reverse trend 1s

expected for vNi-O. This is observed. -

3.2 The pyrazine adducts, [M(AA)Z(pz)]n (M = Co, Ni, Zn)

The infrared spectra are depicted in Figs. & and 37. Below 700 cmkl,

pz exhibits one internal ligand mode, an out-of-plane deformation®?®
of the heteroc?clic‘ring, at 413 cﬁ—l, with a d-sensitivity of 14 cm-l.
This band recurs in the spectra of the pz adducts in tﬁe 470 cm_l region
(vs3). As observed for the py adducts, coordination eof pz leads to an
increase in the frequency of such internal ligand!®0 vibrations. The
d-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 (v2), and 420 an’ ! (vy). The latter two bands

are assigned to coupled vM-O modes on the grounds of their absence of
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d-sensitivity and their high M-sensitivity in the CFSE sequence

Co < Ni > Zn. ~ By analogy with the Him adducés, V1 is assigned to

a chelate ring deformation. This band exhibits no d-sensitivity, but
does, however, yield a small measure of M-sensitivity, indicativé of
some coupling with wM-0. The spectra of the deuterated adducts reveal
one extra band in this region, near 640 cm'l, which is assigned®? to a
_ pz—d4 vC-D mode originating above 70C an! in the wndeuterated

complex.

Of the four (or five) bands within the range 300-200 Cm-l, only the
two of lowest frequency (vg and vg) exhibit significant d-sensitivity,
establishing them firmly as wM-N bands. Their position (near 200 cm'l)
agrees with the position of WM-N in the complexesl7? [Co(pz)ZXZ]

(X = halogen). The assignment is also supported by the strong M-sensivity
of these bands in the sequence Co < Ni > Zn. Of &he remaining two

(or three) bands (vs,ve and vy) within the range 300-200 Cm-l, vg and

ve are assigned to vibrationally pure wM-O modes on fhe grounds of

their absence of d-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)Z(HZO)Z] (M = Co, Ni), and [Zn(AA)Z(HZO)],
which undoubtedly have the same origin, and the established existencel0®

of two vM-O bands in this region of the spectra of [M(AA)Z(py)Z] and
[Zn(AA)Z(py)]. 510 Is congidered to originate in a M-ligand bending

mode in view of its M- and d-sensitivity.

3.3 The pyrimidine adducts, [M(AA),(pm)]. (M = Co, Ni, Zn)

Figures 9 and 38 depict the spectra of the complexes [M(AA)Z(pm)]n.

Deuterated pm—d4 was not available, but the similarity of these spectra
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to these of the corresponding Him and pz adducts provides a basis for

reliable empirical assignments. Pyrimidine has four ligand modes below8?

1, at 678 (yring), 624 (Sring), 348 (yring) and a.very weak band

1

700 cm’

at 567 cm ~ ($ring). The spectra of the adducts yield seven bands

within the range 700-300 cm;l. The band of lowest frequency (v)

is considered to correspond with the pm ligand band, raised 31 cm_1 by

coordination, a shift characteristic!®? of the shift in the out-of-

plane ring vibration, on complexation of nitrogen heterocycles. v;

And v, are similarly regarded as the internal mpdes of the pm ring,

undoubtedly the dut~of—plane ring deformation;'and in-plane ring

deformations, respectively. vy Is assigned to a chelate ring

deformation. Its M-sensitivity suggeéts that it comprises some contri-

bution from wM-O. Of the remaining three bands in this region (700

- 300 cm—l), that néar 420 Cm_1 (vg) and the more M-sensitive band near

560 c:m—l (vs) are assigned to coupled vM-O modes. The 578 cm_;'vibration

(vy) originates in the B, mode (sz) of pm at 567 cm_l (8ring).
Assignment of the two uncoﬁpled M-0 bands (vg and vg), and the

two wM-N bands (v;q and v;;), between 300-170 c:m—1 is made by comparison

with the assignmenis made for the correéponding Him and pz adducts.

i_vlz Is assigned to a bending mode involving oxygen or nitrogen by

analogy with corresponding bands in the spectra of the othcr adducts.

3.4 The pyridazine adducts, [M(AAJé(pd)7] - (M = Co, Ni)

. Pyridazine exhibits four internal infrared-active vibrational

],at 665 cm (sring8%), weak bands at 696 (yC-H) and

modes below 700 cm”
623 on ! (éring) and a band at 375 em ' (yring), (Figs. 10 and 39). In
“the spectra of the adducts the band of lowest frequency, the out-of-plane

heterocyclic ring‘deformation,80 is split into two peaks near 400 (vg)
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and 385 cm-1 (v7)..  The appearance of an extra 1igand.hode'cou1d

be attributed to different orientations of the pd rings in different
[M(A4) (pd)z] molecules, or the activatiocn of an infrared-inactive
internal pd mode. Bands v; and vz are assigned to the remaining two
pd ring deformations. Band vy is assigned to a chelate ring deformation
by comparison with the spectfa of the other adducts. The bands vy and
V5, are almost certainly coupled vM-O vibrations, and veg and vg are
assigned to the vibrationally purest wM-O modes. There is only one band
below 200 cm - (vio). In view of its strong M-sensitivity, it is
assigned to vM—N. This band occurs within close proximity to vM-N in

the analogous!%® complexes [M(AA),(py),].

3.5 The pyridazine adducts, [{M(AA)7i2(pd)]' (M = Co, Ni)

The internal pd 11gand modes (Fig. 40) are assigned to vi,vy and
V7. The fact that v, occurs at higher frequency than the 51m11ar1y
assigned band in the bis(pd} adducts is attributed to the fact that both
nitrogen atoms in these complexes, are involved in bonding, thus
imposing a greater stereochemicalirigidity upon the adduétéd base. v3
Is assigned to a chelate fing deformation. This aésignment is based on
its correspondence with the similarly assigned hand in the bis(pd) adducts.
vs And vg. are assigned to the coupled wM-O vibrations. As observed
in the spectra of the pm adducts there is an additional band, vy, Within
the region 600- 500 cm-l. This band is probably a heterocyclic ligand
mode activated by a change in symmetry on complexation. The"principal
(least-coupled} vM-O vibrations (vg aﬁd vg) are assigned by comparison with

the spectra of the other adducts. = vj¢ Is assigned to vM-N.
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4. INFRARED SPECTRA (700-140 cn”1) 0F THE ANHYDROUS, AQUO,
PYRIDINE, IMIDAZOLE, PYRAZINE AND PYRIMIDINE ADDUCTS
OF COBALT(II), NICKEL(II) AND ZINC(II) SALICYL-
ALDEHYDATES | |

By anélogy with the cérfespoﬁding M(iI) acetylacetonates, the bis(aquo)
adducts of M(II) salicylaldehydates, when heated undef reduced pressure
over silica gel at temperatures between 120 and 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
considered!16-117,217 to be tetrahedral or planar. Anhydrous [Zn(Sal),]
was considered?17 tetrahedral simply on the grounds that very many
tetracocrdinate Zn(II) complexes of known st;ucture are tetrahedral.

Magnetic and spectroscopic studies!22-125 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.

H
0 0=
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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!?27125 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 éntibonding orbital

of the localized C=0 double bond.

‘Subsequent evidence from x-ray diffraction studies!!2,218 electronic
spectra and magnetic moments,'!32218 established polynuclear octahedral
structures for the Co(II) and Ni(II) derivatives and approximately square
planar coordination!!*-115,1235219 for the Cu(II) chelate, which was
found2?9 to crystallize in the monoclinic system, P2 /c, with Z = 2.

The anhydrous Ni(II) complex is trimeric!!Z? and not isomorphous!!®
‘with the Co(II) complex. The latter is probably a tetramer, rcsembling
the corresponding Co(II) acetylacetonate,l06

The structures of these complexes are therefore analogous with the
acetylacetonates apd tropolonates of the same metal ions. However,

- salicylaldehydate complexes differ from acetylaceonates and resemble
tropolonates in possessing two different C-O bond lengths within the
chelate ring.  This is evident from the infrared spectra'?!»!27 of
salicylaldehydate complexes by the appearance of distinctive aldehydic
carbonyl (C=C) and phenolic carbonyl (C-0O) vibrations near 1650 and

1330 cmhl, respectively in the bis(aquo)-compleies. The vC=0 band

in thé free acetylacetone spectrum occurs!?? near 1660 cm—l. This

band disappears on complexation and two new bands!22 appear near 1590 and

1

1520 cm .  The high frequency band representing mainly vC=C coupled with

vC === 0, and the lower band being mainly vC === O coupled with vC=C.

However, the C=0 band in salicylaldehydate complexes is not far removed
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from!22 the 1660 cm T band of the free ligand. - Thus the two C-O bonds
in these complexes cannot be considered fully equivalent. The C-0.
frequenciés in the'Ni(II) and Cu(II) complexes of salicylaldehyde agree
remarkably well with the frequencies of this vibration in the correspond-

ing tropolonate complexes?20 which occur near 1340 cm-l.-

The
unsymmetrical nature of the chelate ring was revealed by x-ray analysis
of the complexes of Ni(II)22! and Cu(II).11!* However, the presence
of the o-phenylene ring in sélicylaldehyde has been suggested!!® 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
—qg /2
H

(VIIa) .' (VIIb)

much localization of electrons!?? in thé chelate ring (less than in
acetyiacetonate éomplexes). .
In an extensive study of the infrared spectra éf the Co(II), Ni(II)

and Cu(II) complexes of variously-substituted salicylaldehydates!2?

the band-for-band correspondence of the spectra of the Co(II) and Ni(II)
complexes furnished evidence of their analogous structure. ThevCu(II)
chelates, on the other hand, yielded!27 unique band patterns in accord-
' 1

ance with the uniquely square planar structure. 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 x Ni < Cu- Whilebassigning
vM-0 within this region, it was noted!?7 that several bands within the
CsI region show similar metal ion sensitivity which would justify their
assignment, also to tcoupled) vM-0 Vib?ations. It has since been
found that in the spectra of the analogous acetylacetonatel!0® and

tropolonate*?>220 complexes, one or two bands below 400 an!

may be
assigned to vM-O on the basis of the shifts induced by isotopic labelling -
of the coordinated metal ion. |

By contrast with Zn(II) acetylacetonate, which is knownl0® to adduct
only one molecule of water or pyridine, yielding five-coordinate species,'
the adducts of Zn(II) salicylaldehydate all analyse as six-coordinate
complexes and have infrared band patterns which are practically identical
with thcse of their Co(II) and Ni(II) analogues. For this reason, the
bis(aquo) and bis(pyridine) adducts of Zn(1I) salicylaldehydate are regarded
as being trans-octahedral and isostructural with the Co(II) and Ni(II)
complexes.

'The proton magnetic resonance?22 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 values22" being
0.65 and 1.30, respeétively. In complexes of these ligands, the bases
may function eithcr 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) salicylaldehydate?23, A1l 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 expected?!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 (pKa®® = 6.95), on the other hand,
_analysed for two molecules of the base.  Their reflectance spéctra
also conform with those?!3 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)z(B)z] while the pz

and pm adducts are formulated [M(Sal)z(B)]n.

4.1 The anhydrous compléxes [M(Sal),] (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

1

free ligand. The bands (Table 24) near 665, 587 and 545 cm ~ in thé

spectra of the anhydrous complexes (Figs. 11 and 41) are assigned to
ligand modes (vsal) originating in the bands at 660, 564 and 539 cmhl,
respectively, in salicylaldehyde. - The band at 521 el occurs within

“a region free from ligand absorption, and is assigned to wM-O in agree-
ment with previous assignments!?’. It is M-sensitive in the CFSE
sequehce Co < Ni > Zn, and its frequency is close to that of the

(coupled wM-0O in the spectra of M(II) acetylacetonates. This order of
wW-0 and the similarity of the spectrum of the Zﬁ(II) complex :to those

of the Co(II) and Ni(II) complexes indicates that the anhydrous Zn(1I)
complex is also octahedral since a lower coordination numbér for the Zn(II)
complex would induce a dramatic high-frequency shift in vZn-0.

Salicylaldehyde has three bands between 500-400 cn™Y.  The band

near 440 cm_1 in the spectra of the complexes is regarded as originating
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Infrared spectra of  [M(Sall,(H,0),]

Co

Ni

Zn

Fig. 42.

The infrared spectra (700-140 cm—l) of the complexes

[M(Sal),(H,0),].  Solid bands: w0



168

in one or more of these ligand modes. Although it exhibits slight
M-sensitivity indicating the possibility of some coupling with wM-O |
it is not regarded as a éecond vibrationally pure vM-O as previously
suggested!?® from comparisons with the spectra of the analogous M(II)
acctylacetonates. Ail the bands below 400 cm'lvare strongly M-
sensitive, but do not arise entirely from M-ligand vibrations, since .
salicylaldehyde itself has four bands in this region. " The bands near
343ch—1 and 318 an L probably correspond with the ligand modes near 299
en! and 268 cm_%,their M-sensitivity indicating coupling with wM-O.
They are therefore assigned to vsal + wWM-0. The band of highest frequency
and exhibiting the strongest.M—sensitiVity in this region, i.e. that near
276 cm_l, is assigned to wM-O. A similar assignmeht was made for é band
near thisvfrequency in the complexes of M(II) tropolonates“0 (on the
basis of metal isotope substitution) and M(II) acetylacetonates!?® (on -
the basis of its behaviour towards metal ion substitution and py adduct
formation).

The two bands of highest frequency below 250 cm-l, occur within
regions ofyligand absorption and one thus assigned to ligand modes.
Their M-sensitivities indicate the possibility of a contribution from

W-0. The band of lowest frequency probably involves a 0-M-O deformation.

4.2 The bis(aquo) adducts [M(Sal),(H,0),] (M= Co, Ni, Zn)

There are five vibrations Between 700 and 500 cm_l, 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 ! exhibits the strongest M-sensitivity, and is assigned to

wM-0 by cbmpérison with the spectra of the anhydrous compiexes. The band
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near 440 cm™ is assigned to vsal since it shows no M-sensitivity, and
occurs within a region of absorption of the free iigand. The broad,
weak band near 37$.cm'1 is not present iﬁ the spectré of the anhydrous
complexes. A band at‘340vcm_1 in the spectrum of the bis(aquo)Aadduct
- of Ni(II) tropolonate was assvignedl*0 to WNi-OH, on the results of
58Ni-62Nji substitution. The corresponding band shows no M-sensitivity
in [M(Sal),(H,0),] as would be expected for WM-CH,. An alternative'
assignment is to an H-O-H rocking mode. |

The band between 327 and 311 en! is assigned to vSal-FvM—Ovin 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-sensitivity which it exhibits. The doublet in the region'257-245 qn_l
is assigned to wM-O by analogy with the assignment made for the band
in this;rééion in [M(Sal),], . The band at 215cm ™t is assigned to
vsal inclnding a contribution from wM-0O since it is strongly M-sensitive.
The bands below 175 cm + probably involve bending motions of the G-M-O
Skeleton. |

It was noted in earlier work!27 that a low frequency shift in
wM-0 (assigned to the baﬁd between 535 and 514 chhl) did not accompany
the transformation of the anhydrous complexes into their dihydrates.
This was regarded és implying that a change in ccordination number does
not accompany this transformation. When ligand composition remains
constant, increased coordination number causes a considerable low
frequency shift in wM-L. This may be illustrated33 by the transformation
of mononuclear tetrahedral [Co(py)ZCIZ], Cy, Symmetry (W-N = 248, 208
cm-l), into polynuclear octahedral [Co(py)2C12]n, ¢, symmetry (WM-N =
182 cmfl). The change frém [M(Sal),] - [M(Sal)z(HZO)Z].does involve

a change in ligand composition but the ligand field strength of the
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ligand introduced (HZO) is comparable with that of‘the ligand replaced (Sal),
so that no significant shiff in vM-C is expected to accompany the
transformation if the anhydrous complex is six-coordinate. The same
argument will apply to the Zn(II) complexes where vM-O near 500 Cm—1
remains constant or hés 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)Z(HZO)Z] is monomeric and
trans-octahedral. Since there is a substantial decrease in the
frequency ofva-O near .7>OO.(:m'1 on bis(aquo) adduct formation, this band
is regarded as a coupled, less vibrationally pure wM-O than that near

500 cm‘l,

4.3 The pyridine adducts [M(Sal),(py),] (M = Co, Ni, Zn)

Since the ligand field strength of py is approximately 25% greater
than that of water,? a significant decrease in WM-0 is expected to
accompany the transformation [M(Sal) 2 (HéO) 2] > [M(Sal) 2 (py) 2] . It is
known! 99,225 that an inverse relationship exists between the ligand
field strength of the adducted base, and W-C in the py adducts of M(II)
acetylacetonates and troﬁolonates, i.e. any strengthening of the metal-
adduct.bond occurs at the expense of the metal-chelate bond. The bands s
between 523 and 497 cm"l (Fig. 43) are assigned to wM-O for the following
reasons. They undergo shifts of as much as 17 cm—1 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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v They alsQ exhibit a total lack of d-sensitivity when the adductéd pyridine
is replaced by pyridine—ds. | |

The two bands af 254 and 230 en! are also assigned to wM-0,
They correspond, in position, with the bands assigned to wM-O in the
spectra of [M(AA)Z(py)Z], they are strongly M-sensitive and are insensitive
to deuteration of the py ring. The other two bands of higher frequency,
below 350 Cmﬁl, are assigﬁed to the coupled Vibratioh, vsal + wM-0, since

they correspond with.the ligand modes at 299 and 268 cnf1 and are strongly

4

M-sensitive. The band at Z07 cm'1 probably originates in the ligand

mode near 219 et

and is assigned 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'1 in the Co(II) complex, and the doublets
in the Ni(Ii) and Zn{II) complexes within the regions 192-181 cm'1

and 158-153 cmnl, respectively, are assignedxto wW-N.  These vM-N
frequéncies égree well with those of WM-N in [M(AA)Z(py)Z] which were also
established!®® by isotopic labelling. The remaining band below 160 !
in the Co(II) and Ni(II) complexes (probably below 140 an™! in the

Zn(II) complex) exhibit slight M-sensitivity but no d-sensitivity.and

are therefore assigned to §0-M-O.

Of the reméining bands between 700 and 400 Cm_l, those near 660, 590,

1'and the doublet near 440 Cnf1 are assigned to vsal, since they

546 cm
occur in regions of absorption by the free ligand, they lack M-sensitivity
and are also insensitive towards py deutération. Deuteration of the py
ring has enabled unambiguous assignments bf the internal py ring
deformations. The bands near 700, 631 and 425 ém_l exhibit d—induced.
shifts of approximately 92, 100 and 39 cm_l, respeétively. By comﬁarison
with the assignments of pyridine itself,22% they are’assignéd to the

yC-H, éring and yring modes of the py ring. These bands occur in almost

identical positions in the spectra of [M(AA.)Z(py)Z].lo6
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4.4 The imidazole adducts [M(Sal), (Him),] (M = Co, Ni)

The band (Figs. 12 and 44) at 509_cm_'1 is assigned to wM-O because

it is M-sensitive in the CFSE sequence Co < Ni and is totally _
insensitive towards deuteration of the Him ring.  The band near 435 c:m-l
is assigned to vsal by analogy with the assignments made for the
corresponding band in the complex of salicylaldehyde discussed above.
The two bands between 332 and 312 cmﬁ1 are similarly assigned to the
coupled vibration, vsal + wM-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 d-insensitivity.
Apart from the 174 cmFl lattice mode, Him’!l has no internal =
vibrations below 600 cmﬁl. Therefore any d-sensitive bénds below
this frequency must arise from the stretching_and bending motions of_the-
M-N bonds.  That the two baunds at 266 and 239 cm'1 in the Co(1I) cbmplex
are vM-N is proposéd for the following reasons. Their frequencies are
in good agreement with thosé of W-N in the complexes [M(Him)6]2f which
were assigned®% by metal-isotope labelling and a single crystal study.8%
These frequencies also correspond with those of wM-N in [M(AA)é(Him)z].
Moreover, they exhibit strong M-sensitivity and are shifted to lower
frequency on Him-d, substitution. The shoulder at 232 cm_l is assigned
to WM-0 since it is M-sensitive and d-insensitive. However, the close
proximity of wM-N and vM-O 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. §0-M-N or N-M-N.

1

Of the remaining bands between 700 and 530 en” , those near 664,

585 and 543 cm“1 are assigned to vsal. Uncoordinated'Him has two

1

bands’% at 657 and 619 cm ~. Of these, the latter recurs in the spectra
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Fig. 44. The infrared spectra (700-140 Cm—l) of the complexes
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1

of the adducts near 625 cm —, and is identified as the yring (Him)

vibration’® by its d-sensitivity. As observed in 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-ds.

4.5 The pyrazine adducts [M(Sal)z(pz)]ﬂ (M = Co, Ni, Zn)

Pyrazine exhibits one internal mode®0 below 700 cm“l, an out-of-
plane ring deformation (yring).near 413 cm_l. This band recurs in the
spectra of the adducts (Figs. 13 and 45) near 470 cm_l, and exhibits a
d-sensitivity of approximately 20 Cm_l. It is readily distinguished
from the d-insensitive ligand bands between 450 and 430 cm-l, which,
because of their 4-insensitivity, are assigned to vsal: The band near
505 cm—1 is assigned to wM-0 since it is the most strongly M-sensitive
band in this region of the spectrum and is totally d—iﬁsensitive. The

three bands near 660, 593 and 538 en L are assigned to vsal.

The band near 336 cm"1 is both M- and d-insensitive and is
assigned to vsal, while the band at 338 cm_l, which exhibits strong
M-sensitivity, is assigned to the coupled Vibration, vsal + WwM-0.
The band between 300 and 280 cm * in the Co(II) and Ni(II)

complexes, and the high frequency shoulder at 250 cm_1

in the Zn(1I1)
complex are assigned to vsal (originating in the free ligand

vibration at 268 cm—l). Their M-sensitivity suggests some coupling with
w-0. The band at 257 ant s aséigned to vM-O because it is strongly
M-sensitive and matches, in position, the band at 287 c:m"1 in lM(AA)Z(pz)|n,

also assigned to wW-0. That it is coupled to vM-N in the Zn(II) compiex,
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Fig. 45. The infrared spectra (700-140 cm"l) of the complexes

[M(Sal)z(pzj]n.
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is indicated by its d-sénsitivity of 2 am’l.,  The 231 cn! band is also
assigned to wW-0 in view of its M-sensitivity and also because it

1 pand in

corresponds, in position,with the simiiarly assigned 237 cm”
[M(AR),(p2)] .

The low frequency shoulder at 221 an’t is assigned to wM-N + QM'O
in accordance with the assignment made for the corresponding band in the
spectrum of [M(AAjz(pz)]n, and also by comparison with the assignments
made for vwM-N in the complexes [M(pz)2X2]179 X = halogen); This
band is M-sensitive in the sequénce of CFSE's Co < Ni > Zn, but acquires
d-sensitivity only in the Co(iI)'Complex. This observatibn, in addition
to the fact that it is virtually coincident with the wM-0 band.at

231 cmfl indicates that these two bands are probably coupled and both

contribute towards vM-O and wM-N. The two bands below 170 cnt are
strongly M-sensitive and are assigned to 8L-M-L. The high frequency band

 is d-sensitive only in the Zn(II) complex.

4.6 The pyrimidine adducts [M(sal)z(pm)] (M = Co, Ni, Zn)

1
10

The two bands (Fig. 46) at 687 cm t (in the free base) and

1

370 cn L (348 cm ~ in the free base) are assigned to pm ring deformations,

1 and the doublet near

yring. The bands at 659, 591, 564, 544 cm
440 <:m-1 are assigned to vsal. The strongly M-sensitive band at

508 cm—l, is assigned to vM-O in accordance with the assignments made
for the same band in the complexes of salicylaldehyde'discussed above.

The doublet near 336 cm—l.is assigned to vsal + vM;O since it occurs

in a region of multiple absorption in the spectrum of uncoordinated
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The infrared spectra (700-140 cm—l) of the complexes

[M{Sal)z(pm}]n. Solid bands: wM-0, shaded bands: vM-N.
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- salicylaldehyde and because the two components of the doublet exhibit
strong M-sensitivity. For similar reasons, the band near 290 <:m—1

is also aSSignéd.tb vsal + W-0. The band at 257 <:m_1 is strongly
M-sensitive and is assigned to vM-O. It corresponds, in position, with
WM-0 in [M(AA),(pm)] . 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 © are assigned to yM-N since they correspond
with the similarly assigned doublet in this region of the [M(AA)Z(pm)]n

spectrum.  The 145 cm~1 band is probably a skeletal deformational

mode involving nitrogen and oxygen.
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5. BAND ASSIGNMENTS IN THE INFRARED SPECTRUM OF
' TRANS-BIS (GLYCINATO) PLATINUM(II) BY MULTIPLE 1ISOTOPIC
LABELLING - ’ -

Glycine forms séveral types of complex'with Pt(II) ions.
Reaction of the anionic ligand with KZPtC14,227‘228'yields the.Complex
{Pt(gly),] in which the glycinate groups act as bidentate ligands.
A mechanism for this reaction has been postulated2?7‘2?% Ley and
Ficken230 were the first to investigate this system. They proposed &
four-coordinate planar Pt(II) complex with cis- and trans-isomerides which
‘were isolated as two differing crystal forms. Grinberg and Ptizn231-
found th¢se isomerides to be sparingly soluble'in water, giving non-
coqducting SOlutionsl The less soluble of the isomerides was regarded
as being the trans—complex.?327233
Grinberg et al.23% synthesised bis(glycinato)bis(glycine)-
platinum(II), [Pt(gly)z(gI)%Dz], the significance of which with fegard
to the c¢zs- and trans—isomerism of [Pt(giy)z] is of interest. When.this _
compound is heated with water?3"* there is an almost quantitative con-
version to cis—[Pt(gly)Z]. _The reasons for the formation of the cis-
isomer only, have been investigated. It was also discovered?3° that when
cis—[Pt(gly)Z] is heated with excess glycine, in aquous solution, a
considerable fraction is converted to the trans-isomer. This conversion
was found?3S 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.?3® To account for this, these
authors235 suggésted that [Pt(gly),(glyH),] is formed as an intermediate
in the cis- trans-conversion. The trdns—isomer, unlike the eis—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 bf these mono- and bidentate complexes
of. glycine with platinum have been reported,131,136-135,236-238 |
Earlier conclusions, regarding 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
exiéts some measure ofléovalent nature in the M-N bond. In the absence
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%  Thus, for a series of trans-glycinate complexes of various
M(II) ions, the value of vN-H has been found!3!,136:236,238 to decrease
in the order Ni(IT) > Cu(II) > PA(II) > Pt(II), and wM-N to follow the
reverse trend. Such a sequence is in agreement with the stability order
of M(II)-glycinato complexes2*? and with their calculated force
consfants,131 and is regarded as suggesting that the covalent character
of the M-N bond follows the same trend.

For the carboxylate frequencies, one viewl!367137 yssumes low covalency
in the M-O bonds with essentially monodentate cooidination. If‘this were
so, thc carboxylate frequenéy should lie unchanged at approximately

1590 cm™t

(its value in the alkali metal salts). This is the
case?38 with vC=0 in the Ni(II) and Zn(II) chelates of glycine. Another
view!31,138 considers the M-O 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=0 shift, suggesting that this may be

- correlated with covalent bond formation. These cbservations are again

.subject to solid state effects, vZz. hydration or hydrogen-bonding.
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Independent normal cobrdinaté analyses!315136 have not succeeded
in unambiguously resolving'the}problem of ‘M-L assignments; the two
sets of data showing considerable discrepancies. In their study of
the infrared spectrum (670-270 cm-l) of trans—[Pt(gly)Z]; Lane and

co-workers!36 used an approximate normal coordinate treatment as a

136

basis for the assignment of vPt-N. The analysis was made on a five-

body problem (PtNZOZ; point group D2h) in which only the nitrogen and

~oxygen atoms of the glycinate ligands were considered. By this

procedure these workers!3® assigned vPt-N to the band near 418 cm'l,

~ while an extension!37 of this analysis (400-40 en 1) resulted in the

1

aésignment of the band at 155 cm = tc vPt-O. In the spectrum of

4
A

cis—[Cu(gly)z(HZO)] these workers!3’ assigned the band at 156 cm ~ to -
vCu-0.  This band has subsed_uently29 been found to be insensitive to
the 180- and 1-13¢-forms of isotopic labelling. A more sophisticated
treatment!315138 based on a 1:1 (metal:ligand) model of ¢, symmetry, led
to the assignment of the Pt-N stretching vibration to the band neér '

1

550 cm —, and of the Pt-0 stretch mixed with the Pt-N stretch to the band

at 418 —

‘The complex: trans-bis(glycinato)platinum(II) crystallizes!35 in the

triclinic system, with space group PI (C%). Each molecule (VIII) takes

0 0 NH:

\ 2
\\C// \\\ /// \\CH2
AN

2
\NHZ o o
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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 oiygen atoms.
There is one formula unit for unit cell, and the Pt atom .lies at a centre
of symmetry.!35  The molecule therefore has factor group symmetry C;
and the internal.modeé of vibrafion will be described by a calcﬁlation
using ¢, symmetry. .Using the procedure outlined by Adams,"7 a factor
group analysis has been attempted on this‘system.

From the crystal structure analysis,!35 the Pt atom at the centre
of symmetry, occupies Wyckoff site 'g''. All other ligand atoms lie on
generai positions "'Z".

Number of atoms in molecule (») = 19 = number of atoms in unit cell (¥).

Table 48.
c A A
7 g u
Site of Pt atom ia 0 3
Sites of all other atoms 2z 27 27
. = = '<
N, ¢, 27 30 57 3N
?A ' 0 3
Nopt. 27 .27 = 54 = (3N-3)
T 0 0
R 3 0
Wiy 24 27 = 51 = (3n-6)
NZigands Zlv 21
NskeZetaZ 5 6
where: Nepp, = total number of vibrations for the unit cell, of which
" there are 3¥. Of these, three are,
TA = acoustic modes corresponding to translational vectors

along three axes. This leaves,
optical branch modes.

i

Nopt.
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T = optical branch translatory modes.
R = rotatory modes. .
Nint = internal modes of vibration for the molecule.
NZig&rds' = internal modes of vibration for the ligands.
7 = vibrations of the PtNZO2 skeleton under ¢; symmetry.

skeletal

Thus the internal vibrations (Table 48) for one molecule span the
representations Nt = 24Ag + 27Au,band the infrared spectrum should
show 27 bands (Au). If each nine atom ligand is considered as,
NHZCHZCOO_, it has 21 normal modes. With tWo such ligands arranged
centrosymmetfically about the Pt(II) ion, there will be in-phase and
out-of-phase combinations of each of these 21 modes; as for example

the N-H stretching_vibrations of the amino groups (Fig. 47), for which

Zi,,ri”’é’ h{,/'F"'/;?
O\Pt/N O\Pt/ >
N, 7N
ér/"H”1] «”7H’/:Z
/ /

in-phase (Ag) | out-of-phase (Au)

Fig. 47.
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the out-of-phase components only, are infrared active. The contribution
from the ligand modes towards N. . is thus Zl(Ag + Au). Removing these
from N, s leaves 3Ag + 6Au modes, which will involve motions of the

trans—[Pt(NZOZ] skeleton. The last line in Table 48, ¥ may

skeletal
similarly be arrived at by considering the vibrational representation
of an isolated trans—[PtNZOZ] skeleton of point group Do for which

Iu
A correlation between this result and the factor group of Ci symmetry will:

the reduced representations are 24 + B, + 2B, + 2B, + 2B, .
g 1g 2u 3u

yield the representations (Table 49) of the skeletal modes ¥_; ;. . ;-

Table 49,
Cov
2z, :
Doy Copp ——> C;
24
g SAg —_ SAg
By
2B —_— 24 — 84
1u ‘ U u
232u /
—_— 4B
2B,

Under.Ci 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. - The remaining four Au modes are likely to be
deformations of_the trans—[Pt(NZOZ] unit. Since there is only one
molecule per unit cell, there are no translatory modes (Table 48)
other than those of the acoustic typevin_which_all'motions are in;phase
(involving no dipole moment change) and'therefore infrared-inactive.

The three rotatory modes, 3Ag, will (Table 48) involve motions of the
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hydrogen bonds!8% as well as any other intermoleculer attractive

forces. These are all infrared-inactive. Hence, the infrared spectrum
will not show bands corresponding to hydrogen-bond stretches. ~Such

N —H --- O bonding will be detectable only in a decrease in wN-H due

to the interéction; _

Alfhough this system is relatively simple, the overall symmetry is
iow, and consequently very litfle further information regarding the ligand
modes and their descriptions can be deduced from Nypge Since all the
infrared-active modes originate in the same symmetiy representations,
extensive coupling is expected in the infrared spectrum. This will
‘complicate the analysis of the observed isotopic shifts. The isotopic
shifts (Av) recorded‘in Table 25 reveal the extent to which vibrational
coupling is present in the infrared spectrum of trqns—[Pt(gly)Z];
many -bands being 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. (The bands at 120 and 90 cm are reported by Walter

and co-workers.137)

The region 4000-1500 an’ L

Four bands occur (Fig. 48) within the range 3300-2800 cm L.

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 c:m—‘l

frequencies upon deuteration of the amino group, using equation (4).
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1 for

The equation yields values of vl of approximately 2360 and 2258 cm
vésym.N—D and vsym.N-D, respectively, indicating that approximately 95%
of the energy is localized within the N-H oscillator. The asymmetric

C-H stretch (v9 appears as a weak shoulder near 2983 c:m-1

but is clearly
visible in the spectrum of the N,N—dz-substituted complex; Shifts of
approXimately 800 cm_1 are induced by deuteration of the methylene groups,
and these modes (v3 and vy) afe also vibrationally pure.

The strong absorption at 1650 cm—l (vs).is clearly the C=0
asymmetric stretch, being sufficiently sensitive towards 180- and 1-13¢-
labelling only. The 180-induced shift of the 18 cn™? is lower than ‘
‘anticipated (40 cm-l), and is probably the result of hydrogenvbonding.
Its sensitivity to 1-!3¢-substitution however, is close to the expected
value.  The NH, scissoring mode at 1607 cm-l (ve) is recognised by its
15y- and N,ii-d,-sensitivity, but is slightly coupled with vC=0 since
it also exhibits !80- and 1-13¢-sensitivity. The only difference between
the present assignments and thosé previously proposed for the bands in

the range 4000-1500 cm_l'lies in the coupled nature of vg which is now.

established by isotopic substitution.

The region 1500 - 600 et

The isotopic shift data reveal that, apart from v,, and v,3, 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 spectrum corresponds with a particular band in the
undeuterated spectrum cannot always be decided with complete certainty.
It is nevertheiess believed that the shifts indicated in Table 25 and

depicted in Fig. 48 are probably correct. The 1439 cm-l band (v-),
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which is uniquely sensitive to 2-13¢-labelling, and is shifted 374 emt

on.Z,Z—dZ—labelling is clearly the CH, scissoring mode as assigned by
Nakamoto. 131 |

The C-O stretch appears to be distributed over four bands (vg to vjp).
Previous assignments within this region based on normal coordinate ;v
analyses,131’13é are not in entire agreement with each other.
Assignment!38 of the absorption at 1375 L (vg) to vC-0 + vC-C is in
agreement with the observed isotopic shifts recorded here. However, the
assignment of vig as predominantly the‘CH2 wag!3! appears to be incorrect.
It is preferred that this band be assigned to the C-O stretch since it
shows significant shifts on both 1%0- and 1-13¢-substitution. The
1294 cm-l band (vj;) also contains a contribution from the C-0 and C-C
stretches, but is assigned to predominantly the NH2 twist, because of its
large W,¥-d,-sensitivity. The small 15y-sensitivity of the 1333 qn_;
band (u;p) suggests that the NH, twist is distributed over two bands.
Assignment of vy; to vC-N is therefore incorrect, since such an assign-
ment would be expected to yield considerably larger 2-13¢- and 19K-shifts
than those observed.

The 1247 cm-1 band (v;2) does not show a shift on Z,Z—dz-subStitution,
hence it cannot be considered as having a contribution from the CH2
twist,1138 however, its 15y- and #,N-d,-sensitivities support!3l its
assignment to the NH, twist. Despite its insensitivity towards 2-13c-
labelling, v!3 (1187 cmul) is assigned to the (H, twist. This assignment
is based on its significant Z,2-d,-sensitivity and is in agreement with
the results of normal coordinate analysis.!3!

Three bands occurring between 1100 and 900 onil, have previously!3l
been assigned aspredominéntlyl\‘ﬂ{2 way + C—N stretch, C-C stretch, and CHZ

rock, respectively. The results of isotopic labelling indicate that two
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ot theSe assignments require revision.. Strong sensitivity towards 155
and 2-13¢-labelling strongly supports the assignment of vy to vC-N.

Ité slight sensitivity to 180-labelling however, impiies that it contains
some contribution from the CO2 scissoring mode. Sensitivities of vis to
the 1-13¢- and 2-13¢- forms of labelling are in agreement with an earlier
assignment®3! to vC-C, although it is more likely that vjs is a vC-C + CH,
“rock since it has a substantial 2,2-d-,-sensitivity. The 9Z1 cn! band
(vi¢) 1is clearly the CO2 scissor._ Coupling of this band to the CH2 Tock

is however, indicated by the 2-13¢-shift. This band in the spectrum of the
180—1abelled complex, is preceded by a weak high frequency shoulder,

probably a residual 160-band. The NH, and €O, rocking modes were

2
previouslyl3! assigned to the bands at 798 ent (vi7) and 754 L (vig),
respectively. These modes appear however, to be distributed over both
these bands, the chief contribution to both modes béingv(as evidenced by
the 1sotopic shifts) the 754 cm—1 band. These bands exhibit significént
2—13C?sensitivity, suggesting a contributiqh from the CH, rocking mode.
Since vig is sensitive to 80~ and 1-13¢-labelling, it is assigned to the CO,
wag. The fact that it also contains a contribution from the NH, rock is
shown by its sensitivity towards 15§- and N,N-dz-labelling.

The frequencies of the various NH, -and CH, deformations provided by
- the assignmentsvpfoposed above, generally agree well with those
previouslyl315138 proposed for these vibrations except that the NH,
~twisting mode is approximately 100 cn! lower than previously predicted,
and no bands can be identified as originating specifically in the

'wagging modes of the NH, and CH2 groups.
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The region 600 - 14C cm '

It is within this region that the metal-ligand vibrations are
expected‘to occur. The suggestionl36,238 thaf the Pt-0 bonds are ionic
is discounted By the structural determination!?> of trans-[Pt(gly),] |
which reveals Pt-O and Pt-N distances consistent with high covalency in
both bonds. Similar arguments have been advanced?97131for. the relatively
high value of the vCu-O frequency in the spectrum of cis—[Cu(gly)Z(HZO)].
Previous2°730 jisotopic labelling studies on trans-[Ni(gly),(H,0),] and
cts-[Cu(gly),(H,0)] confirm the suggestionl3! that the vM-N and wM-0
frequencies in these glycine chelates follow the sequence Cu > Ni, while
the same vibrations in [Pt(gly)z] are expected to exceed the frequencies
of the corresponding asymmetric vibrations in the Cu(II) glycinate
complex (476 and 379 cm L, respectively). The band at 548 cm™t (vao)
has been previouslyl31,138 assigied to vPt-N.  While the present results
do not invalidate this assignment (since the band is both !°V- and N,V-d,-
sensitive) concomitant sensitivity to 180- and 1-13¢-labelling shows that |
there is coupling with a CO2 Vibration; presumably the wagging mode at
619 cn . The isotopic sensitivity of the band at 497 L (v21) is also
consistent with its assignment to vPt-N. This band is more sensitive than
vao to 180-labelling but completely insensitive to 1-13¢-1abelling, suggesting
that it comprises coupling from vPt-O. Hence, the assignment vPt-N + vPt-O
is proposed for vyj.

The band at 415 cmhl(vzz) is firmly assigned to the vibrationally
pure vPt-O mode, since it has substantial 180-sensitivity, no 1-13¢C-
sensitivity (i.e. it does not comprisé a contribﬁtion from a CO2
deformation). The present assignments of vél to coupled vPt-N and vo2 to
va—O place these frequencies some 30 c:m—1 higher than_the asymmetri_

vCu-N and vCu-O 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 assignment!367137 of y,, to Pt-N is definitely discounted
by the absence of sensitivity to !SN- and N,N-dz—labelling.

The 338 cm -

vibration (v,3) is significantly sensitive towards
180-1abelling only, although the recorded shift is smaller than that
of V22 . This band (vz3) is therefore assigned to the 0-Pt-O bending
mode. This frequency is again higher, as expected, than the copper-ligand
bending frequency in the spectrum?? of CiS—[Cu(gly)z(HZO)]. Absence of
15y-, 1-13¢- and 2-13¢-sensitivity invalidates previous assignments!367138
of vy3 to a C-C-N bending mode.

An earlier assignment!367137 of the absorption at 263 emt (voy) to
a carboxylate twisting mode was supported by the occurrence of a band in
this region of the spectrum of uncoordinated glycine. The absence of any
significant '80- and 1-13C-sensitivity requires that this band does not
originate in such a mode.. Sensitivify of (ou) to 1°¥- and N;N-dz—
labelling requires that it be assigned to SN-Pt-N. Results of the normal
coordinate anélysis,137 and the assumption of an ionic M-O interaction,
yielded an aésignment for vgs at 150 crrf1 to the asymmetric vPt-0.-
In view of the present evidence; it would appear unlikely that wM-O
in trans—[Pt(gly)z] will occur at such low wavenumber. In view of its
180- and 2,2—d2-sehsitivities, this band (v,s) probably originates in a
6Pt-0-C vibration. Two other bands (at 128 and 90 cm_l).have been reported
for this sysfmn(vze and vy7), and were assigned!37 to certain intermolecular

modes.
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6. BAND ASSIGNMENTS (4000-140 cm™') IN THE INFRARED
SPECTRUM OF 15, cIS-BIS(GLYCINATO) CIS-BIS(IMIDAZOLE)-
NICKEL(II) BY MULTIPLE ISOTOPIC LABELLING

It has been shown by x-ray crystal analysis®*! that the title
complex Crystalliies with a monoclinic unit cell containing four formula
units. The space -group?*! is P2,/C (Cgh). 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.2%!

Oo\/\

|

C}42 '
N}42

i e 0
; \N.//I \C/ °
' | // ' /
Ha /S ’4_ _B_QH{C{*Z
H/
(X

There are two features which may have important consequences in the
infrared spectrum of this complex. Firstly, the two Ni-O (carboxyl),

and the two Ni;N(Him) bond ‘lengths2*!l were found to differ by a significant
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factor of approximately 0.03 R. Secondly, all acidic hydrogen atoms
are involved in H-bonding, except for one hydrogen atom on one of thé
- amino groups. |
In the cnly previously reported study of cis—[Ni(gly)z(Him)z] and‘

other binary Ni(1ID) compleXes of amino acids, Rao and Lil5® showed
that cis—[Ni(gly)z(Him)z] exists as an octahedral complex in aquedus
solution and hasba value of 9820 cm—1 for the crystal field splitting
parameter, 10Dq.' CH%BlOqualuels6of trans=[Ni(gly),(H,0),] is 8910 cm—l).

 The infrared spectrun is depicted in Fig. 49 and the isotcpically-
induced shifts (Av) are recorded in Table 26. The imino-hydrogen atom
in Him, as well as the amino-hydrogen atoms of glycine are acidic and
undergo exchange inaqueous solution. Consequently, it is not possible
| to synthesise the Him—d4 and ¥,¥-d,-gly analogues of cis—[Ni(gly)z(Him)z]
as chémicallyvunique-species. For this reason, the spectra of the fully
‘deuterated Him complex and the N,N—dz—glycinate complex are not

reported.

The region 4000-1700 e

The spectrum of free Him in fhe region 3100-2200 ! consists of
a massive envelope of bands attributed6%:163 to H-bonded N-H stretching
modes. In the spectrum of cis—[Ni(gly)z(Him)z], this envelope 1is
better resolved but there }emains an extensive band pattern down to
2200 cm—l, which vastly complicates assignments, especially those of
the C-H glycinate stretchés. The N-H(gly) stretching modes, idenﬁified
'by their seﬁsitivity towards 15N-labelling, are aséigned to the bands

3282 cm ~ {vg; vasym.N-H) and 3195 cm-1 (v3; vsym,N-H). One further

o
ot

vibration (v; at 3318 Cm_l)'exhibits significant !5N-sensitivity, warranting
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itS assignment to vN-H(gly). The presence of this extra vwN-H mode
may well be thc result of the existence of one N-H bond which does not
participate in H-bonding.2*!  The mass change which occurs on
substitution of Ilim by Him-d3 results in a shift of all three.N-H-
stretching modés to léwer frequency.

In most M(1I) complexes of glycine,29-30,131 the vC-H modes of the
methylene groups occur between 3000 and 2900 can! and are of low intensity.
In cisf[Ni(gly)z(Him)z], these bands are not easily identified because
of the complexity of the spectrum in this region. The three bands
within the range 3150-3100 c:m—1 (vy-vg) are cléarly C-H stretching modes

of Him, being shified some 800 cm™ L

to lower frequency by deuteration.
They are unaffected by other modes of labelling. The two vC-H(gly)
bands (v7; vg) occur within the 3000-28C0 (:m—1 range where they are
identified by their 2,2-d,-shifts tm800 cm—l) and 2-13C-sensitivities.
All other bands within the range 4000-2200 an—l (Table 26; Fig. 49) are

assigned to H-bonded wN-H modes of the imidazole imino group.

The region 1700-580 cm L

The majority of the infrared bands of free Him recur in the ,
spectrum of the complex with minor shifts and splittings. The internal
Him modes are identified by Him-d3 sensitivity and absence of sensitivity
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-workers’® on the Him spectrum.  Three bands
in the 1635-1550 cm_l region (Vg—vli) may be assigned to carboxylate
stretching modes by virtue of their sensitivities towards !80- and

1-13¢-1abelling. Sensitivity of the 1632 en” ! band toward the various
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forms of.labelling precludes its‘assignment to the NH2 scissoring mode
which is known3? to occuf in this regionlof the spectrum of trans-—
[Ni(gly)z(HZO)z]. In fact the NH, scissoring mode appears to be
distributed over twe bands (viy,vy3) in the 1550-1510 an”! region of
the spectrum.  Sensitivity of the 1541 cm * vibration to 1-13c-
labelling is probably the result of an interaction with the vC=0 absorption
at 1586 cm-1 which undergoes a large low frequency shift on this form bf
labelling; hence its assignment to the NH, scissor + vC=0.  The 1516 cm—l
band exhibits a similar sensitivity towards Him-d4 labelling as do the
vN—H(gly) modes in the 3300 cm—l region.  The 1516 cm™! band (vi3) is
assigned to the NH2 scissor + vwring(Him).

The 1492 and 1448 e vibrations (Viy,vy5) are assigned to Him
ring stretching modes,”? originating in the 1490 and 1450 cm * vibrations
of free.Him. Both bands arc sensitive only to Him~d3 labelling. In
the light of its 2-13C-sensitivity, the 1432 cm’™ band (vy4) must be
regarded as having some CH, scissoring character yet its shift on 2,2-d2—
labelling is small. On the basis of its moderate sensitivity to
Him-d3 labelling, this band is assigned to a coupled CH2 scissor + yring-
(Him).  The band at 1416 cm—l {v;7) is assigned to vC-0 + vC-C(gly) since
it is significantly sensitive to both 18p- and 1—13c~iabelling and is
substantially sensitive also to 2-13¢- and 2,2-d2~1abelling. That v;g
originates in a C-H deformaticn of the glycinate methylene group is
apparent from its shift on 2,2-d2—labelling. Its 1-13¢- and 2-13¢-
sensitivity indicates it also has vC-C character. Hence, it is assigned
to the CH, 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;q¢) 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 strefching mode since it is primafily sensitive to 180- and
i-13¢-labelling. - Slight sensitivity to !5n-labelling indicates that
vig 1s also coupled with the NH, wag. | |

The 1344 cm—1 band (v29) is identified as thg CHZ wagging mode.

This assigrment is based on the large 2-13¢- ande,Z—dZ-shifts. The 1°n-
sensitivity also shows. that it is mixed with NH2 wagging mode.  Absence
of sensitivity towards labelling of the glycinate ligands implies that V21
is ap internal mode of the Him ring.’® This band corresponds with the
strong 1323 e band in free Him which has been assigned’0 to vring(Him).
The 1310 cm~l band (vz2) 1is sensitive towards most forms of isotopic

| labelling and is assigned to CH,wag + QC-C(gly) + vC-0 in accordance with
the observed shifts. vp3 Exhibits shifts similar to those observed for
vy and is therefore similarly assigned although vyy is significantly more
sensitive to Z,Z—di—labelling and thus represents a purer'CH2 wagging -
vibration. The doublet (vou,v2s5 ) at 1257 and 1253 c:m_1 is sensitive.
only to Him-d3 labeiling and is assigned to the Him ring C-H defcrmation in
accordance_with previous assignments’0 for free Him.  v,¢ Corresponds
with the 1243 cm_l_band in Him, assigned’® to N-H(Him). Its sensitivity
only to Him-d; labelling (in which it shifts 48 Cm’l) substantiates this
assignment. . '

Although the 1188 en’! band (v27) is only slightly sensitive to
2-13¢-1abelling, its assignment.to the CH, twist is based on its large
2,2-d,-sensitivity. Sensitivity towards 1-13C-labelling, however,
suggésts that it also receives a contribution from vC-C(gly). Identical
assignments have been proposed?®73% for bands in the same region of the
spectra of trans-[Ni(gly),(H,0),] and cis—[Cu(gly)Z(HZO)], on the basis
of isctopic substitution. The 1145 cm_l absorptioh (v28) is assigned to
SN-H(Iim) , and the band at 1133 cm™' (vzs) is assigned to the NH, twist

+ vC-C(gly) since it is sensitive tolSy-, 1-13¢- and 2-13¢-labelling.
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1

Free Him gives rise to two absorptions at 1099 and 1052 cm ™, The

corresponding bands in eZs-[Ni(gly),(Him),] occur at 1093 and 1067 cm—l,
thé latter beingvfotally'insensitive to iabelling of the glycinate
ligands. These bénds (v3g,v3;) are accordingly assigned??® to 6C-H{Him).
The 1052 cm™L band (v32) is unambiguously assigned to vC-N. It
“exhibits large shifts towards 15§- and 2-13¢-labelling only, and has
invariably been found to occur near 1050 Cm-1 in the spectra of those
M(II) cdmplexes of glycine studied?230 by the isotopic labelling
technique, 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 1-!3¢-, and 2-13¢-
labelling, whereas the neighboufing Vibrationé at 944 cm_l (v3y) 1is
additionally sensitive to the 180-label. On the basis of its small
2,2~d2-shift, the 944 cm—l band is assigned to vC-C + o, scissor.

The 916 cm band (v3s) is assigned to CO, scissor + yC-H(Him)

since it is sensitive only to 18g. 1-13¢. and Him-d, labelling.

v3s Is, however, more sensitive to 180-labelling and is therefore
assigned to a purer CO2 scissoring mode. Its simultaneous

sensitivity towards 2-13¢- and (especialiy) 2,2-d,-labelling

indicates a contribution from the CH, rocking vibration.

All the bands in the region 900 - 750 et exhibit a .

complete absence of éensitivity towards labelling of the glycinate ligands.
Furthermore, these bands all occur in regions of strong absorptica in

the spectrum of Him where they have been assigned to Him ring modes in fhe
spectrum of the free ligand 7% High sensitivity to 180- and 1-13¢-

| labelling suggests that vy3 is chiefly the o, rock, while simultaneous
sensitivity towards 2-13¢- and 2,2-d,-labelling implies mixing with the

CH, rock.  Some NH, rocking character is also evident from the small
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shift induced by !5i-labelling. The bands in 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—1 in
the spectrum of Him splits on complexation, giving rise to a doublet
near 665 cm’ Y in the spectrum of the conplex, which is assigned’? to
yring(Him). The.band at 624 cm.1 is similarly assigned’? to yring(Him)
due to its sensitivity (only} towards Him-d- labelling and its correspond-
ence with the 619 cm—1 band (yring) in the spectrum of Him. By virtue
of the '80- and 1-!3C-shifts of V47, it is assigned to the €0, wag.
Sensitivity to all other forms of labelling suggest.that the €O, wag is
mixed with a ring deformation. The same.assignments are proposed for
v,g and v,g which also show varied magnitudes of sensitivity to all forms
of labelling.

The vC=0, NH, scissoring, (H, scissoring, o, scissoring and
vC-N modes are normally most readily identifiable in M(II) complexes of
glycine29-30,131  Of these, only the vC=0 and vC-N modes represent
pure vibrations in the spectrum of ciS—[Ni(gly)z(Him)z], while the coupléd
NH, scissoring modes are some 70 Cm~1 lower than generally observed.
The isotopic shift values (Table 26) reveal, however, that the extent of
vibrational mixing in the 1000-600 en region is comparable3? with that
in the spectrum of trans-[Ni(gly)z(HZO)Z], where some bands achieve identi—

cal assigments in corresponding spectral positions.

The region 580-140 e

Since each chemically equivalent pair of donor atoms in the cis-

[NiAZBZCZ]—type skeleton occupy ajacent corners of the octahedron,

symmetry considerations require the infrared activity of both asymmetric
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and symmetric Ni-L ﬁibrations. The table of isotopic shifts also reveals
the extent to which Vibrationalvmixing of the Ni-L absorptions is
operative in this region. Assignment of the two bands (v50,Q51) at
510 and 498 cm™ L to the C0, wag is based on their 189- and 1-13¢-
sensitivities. That they aléo comprise a contribution from wNi-N{gly) is
indicated by theirllSN-sensitiVities. A band at 518 cm ! in the spectrum
of trans—[Ni(gly)z(HzO)z] has been similarly assigned3® on the'results of
isotopic labelling. The presenice of two such bands in_cis—[Ni(gly)z(Him)z]
is consistent with the ezs-symmetry of the latter complex. These modes
are displaced to lower frequency in the bis(Him) complex compared with
[Ni(gly)z(HZO)z]. This is consistent with the increase in ligand field
strength df Him relative to that of water. |

The bands at 418 and 401 cm ™t (vs,,vs3) exhibit comparable shifts on
18p- and !°N-labelling and are assigncd to mixed vasym,Ni-N(gly) +
1).

The latter band reveals an apparently anomolous shift of 81 cm—lbon Him—d3

vasym.Ni-O (418 cm'l) and vsym.Ni-N(gly) + vsym.Ni-O (401 cm

labelling. This shift is too large for a VNi-N(Him) vibration. An
identical assignment has been proposed3? for the 437 an! band in the spectrum
of the trané—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 cm—l, Since they undergo3? a significantly larger low.frequency

shift when water is replaced by Him.  The band at 306 cm_1 is sensitive

to 180-, 15y-, and Him-d, labelling, suggésting that it comprises
contributions from vwNi-O, wNi-N(gly) and wNi-N(Him). Assignments of

the vss and vgg absorptions to wNi-N(Him) is suggested for three reasons.
Firstly, these bands are most significantly sensitive to deuteration of

the Him ring.  Secendly, bands assigned to yM—N in the spectra of

the complexes [M(Him)6]2+ occur®4765 in the similar region of the spectrum.
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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 l5y-sensitive, indicating coupling of
the Ni-N(Him) stretch with 60-Ni-N(gly). The 203 cm™) band (vs,) is
assigned to 80-Ni-O + wNi-N(Him) since it shows !80-sensitivity, and is
also sensitive to Him.—d3 substitution, while the band étv164 cm-1 (vsg)
is sensitive 6n1y to Him.—d3 labelling, confirmingrits assignment to
& (Him)N-Ni-N(Him) - o

Although the metal-ligand stretching frequency region of cis-
[Ni(gly)z(Him)z] is espectéd to be more complex than that of trans-
[Ni(gly)Z(HZO)Z] 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 thc 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 studies?%-30,245-246 haye
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-H, vCz0 aﬁd vC-N. (2) Metal—ligandv
stretching frequencies span a wide range of values with vM-N generally
>W-C. Characteristic values for vM-N are ~ 550 cm - (CA(II)246 and
Pt(II) chelates) and ~ 450 cem 1 (Ni(II) chelates3%). wM O Is character-
istically within the 450-300 Gn'l range. In many glycinate complexes,
w-0 and vwM-N océur as mixed vibrations. (3) Octahedral glycinate
complexes comprising adducted heterocyclic bases with nitrogen donors243

commonly yvield wM-N(Base) bands within the range 350-150 cm*l.
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7. BAND ASSISNMENTS IN THE INFRARED SPECTRA OF TRANS-
BIS(L-ALANINATO)PLATINUM(II) AND PALLADIUM(II) BY
iSOTOPIC LABELLING

Band assignments in the infrared spectrum of alanine were first
reporied by Mizcshima and co-workers2“* by comparing the épectra of
N-deuterated alanine and alanine hydrochloride with that of normal
- alanine. In an attempt to make more conclusive assignments, further
measurements of the infrared spectra were later made on C;deuterated
alanine.24> The assignments245 were based on a normal vibration
calculation 4s a seven—body problem, regarding the NH3+ and CH3 groups as
dynamical units. Later, the spectra?“® of 2-d, 3-d5- and Z—dQBdS—N—dB—
L-alanine were reported and the assignments made supported those previously
discussed.244-245 A subsequent 15iv—labelling study (1700-500 cmﬂl) brought

1 pand

about no assignment changé52”7 at all except for the 540 cm
previcusly?44~246 assigned to the COZ— bending mode, which was reassigned?“’
to a §CCN vibration.: These relatively straightforward assignments2“%-247
were later shown3! by 15y- and 180-labelling to show extensive vibrational
ccupling, and some modification of the existing assignments were found
necessary. Aqueous solutions of L~ and g-alanine have also been studied?“8
by Raman spectroscopy. |

The M(II) complexes formed by L-alanine (L-ala) have been studied by
nunercus workers312152’2”9'253 in the field of vibrational spectroscopy.
Nakamoto et al.2%? studied the nature of the metal—carboxylafe coordinate
linkage of many amino acid complexes in the solid state and in DZO
solution. A normal coordinate treatmentl>2 of the M(II) complexes of
DL-a-ala (4000—80-cmf1) was accomplished using a full 25-body problem, and
an approximate discription.of the.vibrational modes of all observed bands
was reported.!52 The most recent report; is that of an 180~ and 15y-

labelling study3! of anhydrous and hydrated Ni(L-ala), and anhydrous
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Cu(L—ala)Z in which complete band a551gnments (1/00—140 cm ) were
proposed accordlng to the 1sotop1c shlfts ' .

There is, to date, no crystallographlc data avallable for Pt(II) and
bd(II) complexes of L-ala. -As is characteristic of Pt(II) chemlstry, the
;tructure is regarded as a planar monbmerA(X) and identical to that

- studied!32 by Durkin and co-workers. With only two exceptions, there

NH, CH,

\?/ N/ K?H/
CH C

CH/3 \NH2 o \o

(x)

a band-for-band correspcndence in the infrared spectré of the Pt(iI)
and Pd(II) complexes (Fig. 50).  The isotopic shifts (Av) recorded in
Table 27 for trans—[Pt(L-ala)Z] réveal the éxtent to which vibrational
coupling is present; exceedingly more so than in the spectrum of trans-
[Pt(gly)zj studied earlier. Most bands are sensitive to all forms 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,3! ¢rans-[Cu(L-ala),]3! and trans-
[Pt(gly)z]. Whilefthe 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) compiex by multiple isotopic
labelling is considered to provide analogous assignments for the corres-
ponding bands of the PA(II) complex. Frequencies cited in the énsuing

discussion refer to the -Pt(II) complex.
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The region 4000-1500 cm

Splitting of the vasym. N-H band (v; and vy) in both the Pt(II)
and PA(1I) complexes, near 3200 Cm-l is ascribed to variations in
strength of intermolecular N-— H --- O hydrogen bonding within the solid
FState. Shifts undergone by thesé bands and the vsym. N-H mode (v3)
near 3100 cm—l, on 1%§- and N,N-d,-labelling, arebof-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. thc opposite
trend exhibited by the wM-N bands. While the trend in vN-H might
indicate differing H-bond strengths, the.correspondiﬁg opposite trend
in W-N gives more cause to believe that a higher metal-ligand bond
stébility in the Pt(II) complex occurs at the expense of the N-H bonding.
TWo stretching vibrations are expected for the C-H bondé of the methyl
bgroup in L-alanine. These bands are regardéd as 6riginating in the
doublet (vy and vs) near 3000 Cm-l, while the band near 2940 cm * (vg)
is assigned to the C-H stretch. All three Bands are sensitive only
to 2-d, 3—d3—labelling.

The position of vC=0 in trans—[Pt(L—ala)z] agrees well with the
position of the cerresponding band in the glycinate éomplex, although in
the present case a greater 18¢0-shift is recorded. The NH, scissoring
mode (vg) shows 180-sensitivity which is induced by overlap with the
strong carbonyl stretching absorption i.e. a low frequency shift in vC=0
on 180-labelling influences the ffequency of the NH, scissor at slightly
lower wavenumber. The vC=0 value for the Pt(II) complex is 11 cm"1
higher than the value for the Pd(II) complex, indicating that the higher

electron density of the Pt-O bond is transmitted to the exocyclic C=0

bond.
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The region 1500 - 600 cn”

In the spectrum of free L—alanine31’2“5'2qe the CH, degenerate
deformation and the CH3 symmetric deformation occur af 1455 cm—1 and 1362
cm'l, respectively. In the spectra of the complexes the degenerate
deformation recurs as a doublet (vg and v;gy) near 1450 cm and are
readily identified by their shifts when hydrogen is replaced by deuterium.
These shifts agree well with those reportedz“s'zue.for similarly deuter-
ated L-ala. Bands vy; and v, are shifted slightly by 180-1abelling.
Their sensitivities towards N,N-dy- and 2-d, 3—d3—1abelling are too

“small for NH, or CHq modes but are consistent with a contribution from
vC-C.  They are thus assigned to vC-O + vC-C. Bands v;3 and viy,

1 clearly originate in the symmetric deformation mode of the '

near 1350 cm’
vmethyl group. They occur very close to the position of the corresponding
band in free L-ala3! and are significéntly sensitive tewardsz—d, 3-ds-
labelling. The small !5~ and N,N-d,-sensitivity of vy indicates some
coupling with the NH, twisting mode. A band near this frequency in the
spectrum of trans—[Cu(L-ala)z] was assigned31 to the NH2 wag on the

basis of its 1°¥-sensitivity (Av = § cmfl). The substantial !80-shifts
exhibited by vis and vlé suggest that theyvare primarily vC-O modes although
coupling with vC-C and some contribution towaids the NH, twist is indicated
by concomitant shifts on 2-d, 3'd3‘ and N,N~d2~1abelling. This assign-
ment is identical to that given for the analogous glycinate complex.

The vC-CHz mode is expected to occur near 1237 cm_l, which is its

position in the spectrum of free L-ala. The three bands vi7-vig

exhibit isotopic sensitivities which are consistent with this assignment.

‘Similar !SN-sensitivity in two of these bands, however, suggests coupling
with the NH, twisting mode.  The 1108 cmvl‘band (vp1) does not show

sufficient N,N—dz- or 2-d, 3-d3—sensitivity to warrant its assignment to
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an NH, or C-H deformation, as has been proposed.l!®2 In fact the bands

vog to vop exhibit N,N—dz— shifts which are certainly consistent with those
expected for vC-N, although considerable vibrational coupling is indicated .
by sensitivity to the cher isotopic labels. That v,3 and vyy are

mixed vibrations, is shown by their sensitivities towards all forms of
labelling, while v,; appears to represent a pure vC-N mode.

The normal coordinate analysis!®2 led to assignments of the CO,
scissoring modes in the 800-700 cm-l'region. The isotopic shift data
reveal that these specific modes arise at higher frequency, (voy and vye)
and that all the bands in the 1000 to 600 c:m'1 region contribute in some
manner towards varicus deformations of the carboxyl group. That
vog 1S the more vibrationaliy pure CO, scissoring mode is shown by its
greater 180-sensitivity. As was observed in the spectrum of trans—
[Pt(gIY)Z]’ this absorption exhibite residual high frequency shoulders
attributed to 160-L-ala. This assignment, furthermore, agrees well with
that made for the CO, scissoring mode3! in the spectrum of tranS*[Cu(L-ala)z].
In contrast to the infrared spectra of M(II) complexes of glycine where
the vC-N mode generally occurs as a single relatively uncoupled vibra-
tion29-39,24%2 petween 1100 - 1000 cm'l, it is generally observed?%57247
that vC-N in L-ala and its‘M(II) complexes3!+152 is a coupled vibration
and spread over a number of bands in the 1100-850 c:nf1 region.  The bands
vo7 to v3g are all coupled and the assignments proposed are reasonable
in temis of the cbserved shifts and analogous assignments in the
spectrum of trans—[Pt(gly)z]. The isotopic shifts reveal that vi; with
its substantial 180—§hift, originates predominantly in the.CO2 rocking
mode. Ring deformational modes are expected to occur below 700 Cm—1
and the sensitivity of the bands vsz-vsy to all modes of isotopie

substitution suggests that they originate predominantly in skeletal vibrations
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of the chelate ring with some contribution from the @0, wagging

mode apparent from their !80-sensitivities.

The.region 600-140 cm” )

- In the spectrum of trans-[Pt(gly)z], a band at 497.cmp1 was

assigned to the coupled vibration vPt-N + vPt-O, and no Vibrationally
pure vPt-N was observed._ The shifts of v3s in the spectrum of #frans-

[Pt(L-ala),] are practically identical with those of the corfesponding
band in the spectrum of the glycinate complex. Hence, a similar
assignment 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 trendl3l,136.249 of Pt(II) > PA(II), based on the degree of
~ covalency of the M-L bond, and is consistent with the assignment proposed.

A relatively pure vPt-O band is observed at 418 cm_l.

The frequency
is very close to that observed (415 cm ) for vPt-O in the analogous
glycinate complex. The band at 402 c:m-1 {(v37) is also vPt-0 but its
slight 19#-sensitivity and its greater sensitivity than vig towards
V,N-d,-labelling, suggests that it is coupled with a ring deformational
mode involving the nitrogen atom.

Below 400 Cm_l, bands occur which exhibit sensitivity to several
forms of isotopicflabelling. These are preobably ring deformations and
bending modes involving the methyl 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 inffared absorptions.

The bands vyp-vyy may be assigned to L-Pt-L bending modes. Of these,
vy3 is sensitive towards 15¥- and N,N-d,-labelling only, suggesting that
it originates in 8N-Pt-N.  Since vyy is shifted only by 180-1abelling it
ié assigned to §0-Pt-0. Band vy» , however, is sensitive to !80-,

15§~ and ¥,F-d,-labelling and is therefore likely to be §0-Pt-N.
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7.1 Influence of Pd(I1) substitution on the spectrum of trans—[Pt(L-ala)z]

It is now well established!Z>2%5 that substitution of one coordinated
metal ion in-a complex by another from a higher trausition series leads
to an increase in the force constant (and hence Vibratiohal frequency) of
the metal-ligand bonds provided that no change in coordination number,
symmetry or oxidation state of the metal ion accompanies the sﬁbstitution.
Thué,vsubstitution of Pt(I1) in trans—[Pt(L—ala)z]_by Pd(II) should lead
to a decrease in wM-N and vM-O. Although the mass effect will favour
higher frequencies for the Pd(II) complex, mass effects have been shown!72
to be heavily diluted in metal chelates. The data in Table 27 show that
all bands ascigned to metal-ligand stretching and bending vibrations
exhibit a frequency decrease on PAd(II) substitution and this observation
may be cited in support of thesc assignments. .

The effects of metal ion substitution on the metal—ligand frequencies
are often further transmitted tc affect the frequencies of other
vibrations in the molecule. These may vary in parailel with the metal-
ligand frequencies or they may exhibit an inverse trend.!?  The NH,
rocking modes of coordinated amines are 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 NH, rocking and
twisting modes exhibit substantially lower frequencies in the spectrum
of the Pd(II) L-ala complex.

Metal ion substitution in amine complexes often?55 cause the VN-H
band to move in the opposite direction to wM-N.  This effect is also
observed for the L-ala complexes described here, supporting the assig-

ments for the wN-H bands.
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7.2 Comparison between present and previous assignments and conclusions

The onlyfprevious assignment study!52 of the alanine complex of
Pt(II) was based on a normai 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 complexes30-31 Thus, the strong
527 Cm-1 band was not reported, while vPt-N was assigned to the 418 Cm-l
band which is now found not to shift at all on !S¥-labelling.  vPt-O
was assigned to a band at 198 cm—1 since it was believed that the M-O 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),}.H,0 and isomerism studies! 55,243,256 op trans-[Pt(gly),]
which reveal normal M-0 Bond lengths, |

. In conclusion, the frequency shifts which résult from multiple
isotopic labelling and Pd(II) substitution enable reliable assignments
to be provided for most bands in the spectrum of trans—[Pt(L~a1a)2]
over the range 4000-140 cm_l. There are few vibrationally pure bands
in the spectrum. This 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)z] 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 ON SOME METAL(II) COMPLEXES
OF GLYCYLGLYCINE FROM THEIR INFRARED SPECTRA

The maximum deviation from planarity of the peptide group?S7 in
complexes of peptides which have thus far been investigated crystallo-
graphically,258 has been found to approximate 6°, which appears258 to be
the limit to which the peptide group may be deformed in order to
accommodate chelate ring strain.  Furthermore, there is no structural
evidence258 that protonated N(peptide) atoms are ever used in metal-
ligand»bonding. This observation is explained?°8 on the grounds that the
tetrahedral configuration thus implied, is energetically and geometrically
unfavourable. The average dimensions!®0,258 of the complexed peptide
~do not appear to differ significantly from those of the free peptide,
except for the C=0 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(amin€ and M—N(amide) bonds are found tc differ
considerably,?58 the former generally being longer than the latter.

Initially, the association of Cu(iI) ions with peptides was
regarded as unique?59-260 in that Cu(II) was the only ion known to
induce ionization of the amide proton. Extensive titration,l®%>261
spectrophotometric and x-ray diffraction studies!'*,150,258,261 reyeal
that Co(II), Ni(II) and Pd(II) may also promote ionization of amide
protons, the Co(II) ahd Ni(II) complexes usually containing?62 two
molecules of glycylglycine (gg) per M(II) ion. The more strongly
tetragonal Cu(II) and Pd(II) ions chelate only one molecule?62 of gg per
M(II) ion. Types of structure and the functional groups used in
bonding to the metal ion are highly pH dependent.

143-148,252,263-264

At low pH, the most basic sites within the'peptide are the amino group
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and the O(peptide) atom. It is thérefore at thesé sites that metal

ion coordination occurs.l%3-148  As pH is raised the N(peptide) atom
becomes deprotonated resulting in it becoming the most basic Site.
Consequently coordination takes place here. The cérboxylate_oxygen
atoms nmow become the most basic sites and may participate in coordination.
‘Martell and co-workers!** found that bonding to Zn(II) ions was nct pH
dependent and put this down to the fact that Zn(II) ions, which are not
affeéted by ligand field stabilization, have nothing to gain energetically
by being bound to N(peptide) instead of O(peptide) donor atoms.
Accordingly,280 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 important.

8.1 [M(Hgg)X(H,0)1, M = Mu, Co, Ni, Cu, Zn; X = Cl, Br)

Chloroglycylglycinatocopper (1) monohydrate has been shown by x-ray
analysi52§5 to be a dimeric structure (XI). The glycylglycinate ligands
are coordinated to one Cu(II) ion through the amino nitrogen?®® and peptide
oxygen atoms, and to the other Cu(II) ion through the carboxylate oxygen
atom, in a dimeric structure having Co-like symmetry.26>  The coordina-
tion polyhedra are distorted square pyramidal, with the water molecule
at the apex. This complex is crystallized from acid solution!*? and has
retained the proton at the N(peptide) atom.

Although the finer details of the metal-ligand bond lengths and
molecular packing were not reported?65 the infrared spectrum (Table 28,
Figs. 17 and 51) is consistent with this mode of coordinatibn.

The infrared spectra (Table 28, Figs. .17 and 51) of the Mi(II), Co(II),
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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 reported!S? forf[Cd(Hgg)Cl(HZO)],
where the dimers, which have a structure identical to that2®> of |
[Cu(Hgg)Cl(HZO)]Z, complete their octahedral coordination by bridging of
the carboxylate oxygen atoms (M-* 0™="C"="0 — M) to neighbouring

dimers.  Thus, all the carboxylate or amido oxygen atoms are bonded to
‘M(II) ionms. Octéhedral geometries have previouslyl“? been suggested for
the Ni(II) complex :0It. the basis of magnetic moments, but the form of
carboxylate bonding was not deduced,l“?

Because of the nétﬁre and extent of H-bonding in most complexes of
dipeptides,258 it is assumed that 2ll acidic protons in the complexes
studied here are involved in H-bonding. The broad dOublef 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 150-labelling.  Five bands occur between 3400 and 3100 cm_l, all of
which are sensitive to !SV-labelling. These bands have previouslyl“?

been assigned to the asymmetric and symmetric N-H stretches of the

amino groups. The 3167 cm'1 band was assigned to the Amide A band
(W-H). The Amide A band arises, near 3280 cm-l in free Hogg and since
chelation does not occur through the N(peptide) atom it seems uhlikely
that a decrease in frequency of some 110 cm_l would occur in this band
on complexation. It.is therefore preferred tovassign the two bands -
at 3257 and 3218 cm—l to the Amide A band. The remaining two bands at
3327 and 3290 cﬁ—l are then attributed to the vasym.and vsym.N-H (amine)

bands, respectively. These bands oécur in close proximity to the
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similarly assigned?? uN-H modes in eis—[Cu(gly)ZCHZO)].
Tn the spectra of the Mn(II), Co(II), Ni(II) and Zn(II) complexes,

1 and the shoulder near 3390 cm™* are

the broad band near 3450 cm
assigned to vO-H(water). By contrast with the Cu(II) complexe€s, only
fourl5¥-sensitive bands are observed in the 3370-3100 cm™t range. vThe
absorption near 3270 c:m—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 H,gg. The other two absorptions near 3360
and 3345 ent are attributed to vasym. and vsym. N-H (amine), respectively.
The sharp decrease in frequency of the wN-H (amine) vibration on passing
from Ni(II) to Cu(II) may arise from differences in strength of
N—~H--- 0=C H-bonding. t may also, however, reflect a stronger
M-N (amine) Bond order, which is to be éxpected'in.the case of Cu(IT)
due to its increased contribution from CFSE and lower coordination number.
The same observations were madel!3!,136 for the amino acid complexes of
Ni(II) and Cu(II) where vwN-H in the Ni(II) chelates are invariably higher
than those of the Cu(II) chelates. It is suggested that this order27728
reflects the relative strengths of the covalent M-N bonds (assuming that
soiid state effects remain constant throughout).v

The bands between 3010 and 2900 ch-l, being insensitive to labelling,
are assigned to C-H stretching modes of the methylene groups. The car-
bonyl region (1700-1500 cm"l) in the spectra of the Cu(II) complex
exhibits six bands, of which the two of lowest frequency show~significant
15y-sensitivity, confirming their previous assignments!*9 to amide II
vibrations (SN-H). This assignment agrees well with the frequency of
the amide IT band in free.Hzgg_(near 1575 cm_l), 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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15y-sensitivity (indicative of coﬁpling) they are assigned to the

amide I band (vC=0) and:vC=O (carboxylate), respectively. Su;h an
assignment of vC=0 (carboxvlate) is con51stent with a monodentate

carboxyl group contalnlng an uncoordlnated (probably H-bonded) carboxylate
oxygen atom. Because the 1607 c:m'1 vibration is insensitive to the
15§-isotope, it could be assigned to the OH, scissoring mode, known®®

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 II bands could be the result of
-coupliﬁg of the vibrations of the two peptide groups constituting the dimer.
Two bands in the spectrum of H gg have been assigned!*!s'*° to amide I
bands. In the spectrum of o-chitin, Nakamoto?®® assigned two bands to
amide I modes, the one at higher frequency {1656 cm_l) was thought to
arise from hydrate formation since it is very weak in the specrrum766

of anhydrous 8- Chltln Similar splitting of the amide I band has been
reported!*3 for other complexes of gg, and attributed to crystal effects.
The remaining band at 1586vcm—1 is assigned, by virtue of its 15¥-
sensitivity, and by comparison with similar assignments in the complexes
of glycine,2°730 to the N, scissoring mode.

It is within the 1700-1500 cm—1 region that the most important
conclusions may be drawn as to the dissimilarities in‘strﬁcture and 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 !°#-labelling. The asymmetric carboxylate stretch occurs
near 1571 cm—l. It is the most intense absorption in this region and
is totally insensitive to 1°n-labelling. This assignment is entirely

consistent with the mode of carboxylate 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 ! s assigned to
the NH, scissoring mode by éomparison with the spectfa df glycine
complexes??~39 and because it is substantially 15y-sensitive. Only
one amide II band (8N-H) is observed in these spectra. It arises

1

near 1550 cm ~ and shows strong !3N-sensitivity.

’_A remarkable feature about the absorptions in the 1500-1200 cm"lb
range is their almost complete insensitivity to !®N-labelling. This
prevents reliable assignments of these bands to vibrations such as NH,
deformétions, known to occur in this region of the spectra of amino
acids.30731,131,136,14%  The hands between 1300-1230 cm™ ! do, however,
exhibit slight !SN-sensitiviily, indicating that they may be coubled
amide I1I or NH, deformational bands. The‘bands between 1500 and 1300
cm ~ are probably various mixed vibrations imvolving CH2 deformations,
C-C and C-0 stretching modes, since these vibrations dominate this
region of the spectra of amino acid complexes.30-312131,136,144  p
contrast, the 1120-950 cm—l'region exhibits bands which undergo dramatic

shifts on !3§-substitution (av up to 22 !

). The two bands of highest
frequency are split ip the spectra of the Cu(II) complex, while the band
near 1000 cm~l appears 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.3!

On this basis, these bands are assigned to pure C-N stretching modes.
Using the same comparisons, the bands between 950 and 900 ant are
assigned to (coupled) CO, scissoring modes, since they are insensitive

to !SN-labelling, and arise at a similar frequency in amino acid

complexes.?%-31  For similar reasons, the bands near 885 an! are
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assigned to NH, deformations, based on their 1Slv—sénsitivity. Bands
exhibiting !SN-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 deforma£ions of the amide group. Most of the
bands in the 800-550 cm_1 range exhibit some measure of 13N-sensitivity.
The band patterns in this region of the spectra of the various complexes
differ considerably énd are probably ccupled mcdes involving ccntri-
butions ffom the N-H (amide) and NH2 deformations. The band near 624 cm_1
is insensitive to labelling (except in the Cu(II) chelate, 645 Cm-l) and
by comparison with the glycine??"30 and L-alanine3! complexes previously
reported, is regarded as having a significant contribution from fhe €O,
rocking mode.  This assignment puts the CO, rock in the Cu(II) complex

at higher frequengy than the other»M(II) comﬁlexes, which is in agreement
with the observed shifts in the carboxylate stretch in the 1600 em™d
region and supports the conciusion that both carboxylate oxygen atoms
are involved in M-O 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'l, the majority of bands being sensitive to 15y~
subétitution. There are also a number of bands, which, on the basis of
their sensitivities towards replacement of thé 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 13y~

and M-sensitivity. - On the basis of their higher !S¥-sensitivity, the
bands near 470 cm_; are assigned to the principal wM-N(amine).

The neighbouring band in the range 450-4()0_("_111—1 is similarly M-

sensitive but is compietely unaffected by !5§-labelling and is therefore



assigned to the stretching vibration of one of the three species cf
metal-oxygen bonds present in these complexes. Another wM-O band

with similar features occurs within the range 310-250 cm_l.

The
neighbouring band to lower frequency is assigned to vM-O + vM-Cl
since it is 15y-insensitive, M-sensitive and in the bromo complexes
of Co(II) and Ni(II), gives rise to additional !¥-insensitive bands

at 227 and 220 cm‘l, respectively.  The lower frequency bands are

assigned to the metal-ligand bending modes.

8.2 [Cu(Hgg)X], (X = C1, Br):

The proposed structure for these complexes (XIII) is that of & four-
coordinate planar molecule with a tridentate glycylglycinate residue in
which the N(peptide) atom is deprotonated in a similar manner to that
observed crystallographically?6? for the bis(glycylglycinato)cobalt(III)
ion.

The broad band above 3400 cm—{ assigned to vO-H (coordinated water)
in the spectra of the hydrated complexés discussed above, is absent from
these spectra. Instead a broad band envelope (Table 29, Fig; 52) occurs
in the 3330-3250 ¢m~1 region, due to the 0-H stretch of the iminol
hydroxyi group. The peak of highest frequency is assigned to vasym.
N-H, and that at 3268 et to vsym. N-H, since they are both !5y-sensitive.
The magnitudes of their shifts indicate that théy are vibrationally pure.

The low frequency shoulder near 3261 cm-1 is assigned to vO-H (iminol).

-1

The remaining 15¥-sensitive band near 3112 an - is assigned to the

H-bonded wN — H --- O which has acquired !Sy-sensitivity as a result of



(XIII)
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H-bonding to a nitrogen atom of an adjacent complex. The bands
between 3100 and 2900 c:m-1 are clearly the vC-H médes. They are
insensitive to !°¥-labelling and compare well with the frequencies of
vC-H in amino acid complexes.29-31 | |
The carbonyl region (1700-1500 cm_l); exhibit only three

absorptions. The presence of the 1642 c:m'1 vibration showing strong
15y-sensitivity excludes it from originating in the amide(I) (vC=0) 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 .
M-alkylsalicylaldimine complexes!? of Cu(II). Hence, the presence of a
vC=N mode and the absence of the amide I mode from the 1650 1600 cm—1
region are consistent only with a protonated O(peptide) atom to form
the iminol tautomer (XIII). The band at 1579 Cm—liand its low freauency
shoulder are assigned to the NHZ scissor since they shift in unison on
. 15§-labelling. The strong 1590 cm_1 absorption is assigned to vC=0
(carboxylate). |

" As is observed in the spectra of the hydrated complexes, for which
the bénd pattern is very similar, the 15C0-1300 cm_l‘region exhibits bands
which are insensitive to labelling. By ahalogy with the assignments in
the spectra of glycine complexes, these are.assigned to vC-C, vC-0 and
(H, deformation modes. The~two bands between 1280 and 1200 cmql'are
sensitive to !SN-labelling and are assigned to the NHZ twisting mcde.

1

The bands in the 1105-1000 cm — range are assigned to C-N stretching

vibrations by virtue of their stfong I5N-sensitivity, and because these
modes are known to occur in this region of the spectra of M{II) glycinate
and L-alanine complexes.29731 By analogy with assignments made for the
hydrated complexes, and in view of their l3N~insensitivity, the doublet

1

near 930 cm ~ is assigned to the €O, scissoring mode.  Similarly, the
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896 cm” vibration, being 15N-sensitive, is assigned tc the NH, wag.

The bands between 750 and 550 cm-l, which all exhibit some measure of
15N—sensitivity, are probably coupled defofmatiéns involving fhe methylene,
amino; carboxylate and iminol groups.

1 and

The most substantially iSN—sensitive band occurs near 500 cm"
is assignéd 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 plana; geometry is merely an
extreme example of a tetragonally distorted square pyramidal complex,

nd the gain in CFSE is expected to be small. Hence the correspondence
-of these vCu-N frequencies. Three-further vibrations between 400 and
300 et may be assigned to coupled vCu-N on the basis of their 15N-
sensitivities. A band in the 400 c:m_1 region of the spectra of
N-alkylsalicylaldimine compleiesl7 was assigned to vCu-N on the basis
of its éensitivity towards change in substituent. The 271 cm"1 vibration
is completely insensitive to !Sy-labelling and is firmly assigﬁed to a

vCu-0. The band at 262 cm 1

in the chloro complex and 235 cm ~ in the
bromo complex, are umambiguously assigned to vCu-X, their positions and
the shift induced when bromide is substituted for chloride are in agree-
ment with those expected for terminal halide complexes267of Cu(II) ions.
Their irsensitivity to 1°mN~labelling, furthermore, implies that they
represent pﬁre vCu-X vibrations. The lower frequency bands are

assigned to M-L bending modes.
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5.3 Mo, () p].0tiy0, 01(n) = Mn(2), Ni(9) and Zn())

In solutions of Ni(II) ions and gg atva near 10, dissociationl®>
of the peptide protons occurs. Two types of complex, an octahydrate and
a nonohydrate, crystallize from such solutions, and differ both in compo-
sition and crystal symmetry.!*> Both are disodium salts of the same
[Ni(gg)z]Z_ jon. The molecular structure268 (XIV) of Na, [Ni(gg),].9H,0
reveélé that each dipeptide ligand is coordinated to the Ni(II) ion
through the amino group, déprotonated amide nitrogen and an oxygen
of the carboxylate group. This complex is probably identical?6®
with the decahydrate studied Ly Menyak et ol.l** The related complexes
Naz[Mn(gg)z].ZHZO and NaZ[Zn(gg)z].SHzO do not appear to have previously
been studied. Their infrared spectra generaliy exhibit a band-for-band
correspondence with that of the Ni(II) complex 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 © and the broad band at 3442 cm’T are assigned to vO-H(water),
while the 3338 cm™t vibration is assigned to vasym. N-H(amine). The
broad band at 3240 Cﬁ_lbis assigned to vsym. N-H + vO-H(water). Since
the peptide nitrogen?®® is deprotonated (XIV) there can be no band
in this region attributable to the amide A band (vN—H).V Hence, the
assignments of the vibrations at 3147 and 3088 cm ' to wN — H---0.

Crystal structure analyses?58 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 form (XVI). Since the eleétron shift258 to the metal is

smaller than that to the peptide proton which the M(II) ion replaces,
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the 0(§eptidé) becomes more negative and the C===0 bond order is reduced.

This is consistent with the decrease in the amide I frequency (Fig.53)

from near 1675 !

in free H,gg to near 1550 en 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(peptide) bond order is expected tec inérease
over that of the (spin-free) Mn-N and Zn-N bond orders, i.e. the resonance
form (XVI) is predominant in the Ni(II) complex, while the Mn(II) and
Zn(II) ccmplexes comprise a gréater contribution from resonance form (Xv).
Therefore the C-O(peptide) band shculd be reduced in the Ni(II) complex,
hence the assignment of the 1659 and 1634 cmfl”bands as amide T bands.
These bands shift in an order which is the opposite cf the calculated |
CFSE's. A similar argument may be put forward for the observed shifts

in the NH, scissoring modes (1600 cm-l)_and C=0 (carboxyl) stretching
modes near 1569 cm—l. Increased bond order of the Ni-N(amine) bond
reduces the effe;tive restoring force of the NH, scissdring mode,
decreasing its frequency. Conversely, the greater Ni—O (carboxylate)
covalent character (due to the extra contribution from CFSE) in the

Ni(II) complex, causes an increase in the C=0 bond order and a

concomitant high frequency shift in vC=0O(carboxylate).
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' These spectra broadly resemble the spectra of the [Cu(Hgg)X]

1 range and consequently similar assignments

complexes in the 1500-600 cm’
may be proposed. (Table 30). Because of the symmetric arrangemeht

of the ligands about the M(II) ion, thesé spectra are relatively éimple,
in spite of the humber of lattice water mclecules preseht. This 1is

1

particularly so below 600 cm ~,  Although these complexes were not

labelled with !S#-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_1 are assigned to vM-N(amine) and those between 470 and
400 cm~1 are assigned to wvM-N + wW-0. The two highly M—sensitjve bands
between 380 and 320 cm—1 are probably preduminantly of wM-O character,
since this is the region in which these bands arise in M(II) amino acid

complexes,29731,1231

8.4 [Cu(gg) (H,0),]

The crystal structure has been shown?6? to contain discrete units of
[Cu(gg)(HZQ)Z] in which the Cu(II) ion has square-based pyramidal
coordination (XVII). Tridentate ccordination of the gg ligand is
achieved by deprotonation?®?® of the amide nitrogen atom, being identical
to the mode of coordination?®® of gg in Na,[Ni(gg),].9H,0. 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_1 which is attributed to vO-H of |
water. -The asymmetricvand symmetric amino group N-H stretches occur in

1

the region 3310-3260 cm ~. - Since the amide nitrogen is deprotonated,263
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the band at 3092 cm™l cannot be attributed to the amide A mode. It
appears therefore, that this band is also vN-H(amine) as is the case inﬁ
the spectra of Naz[M(gg)z].nHZO. The remaining two vibrations near
2600 cm ! are assigred to vC-H modes.

The occurrence of three bands in the 170C-1500 cm—1 region of the
spectrum (Fig. 54) is consistent with the mode of gg bonding._:The
uncoordinated peptide carbonyi frequehcy (amide I) occurs at 1688'¢m—1.

If a direct comparison is drawn between the spectra of [Cu(gg)(HZO)z]
and Naz[M(gg)z].nHZO, 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, fhe extent of H~bohding in the disodium complexes (due to the
presence of a 1argc number of jattice water molecules) may significantly
lower the C=0 bond order. |

The NH, scissoring and vC=0(carboxylate) modes occur at 1622 and 1592
cm ©, respectively. As expected, the amide II band is not obserﬁed.
Assignments in the spectrum below 1500 ot (Fig. 54) are accomplished by
comparison with the spectra of NaZ[M(gg)z].nHZO (Fig. 53), for which
the overall band patterns are similar {except for the two bands at 819 and
514 cm L in the Cu(II) complex). The crystal structure analysis?©9
reveals that the coordinated water molecuie completing the basal plane is
exceptionally sirongly bonded {Cu-O distance?691.946 A) vwhereas the
apical water molecule is loosely bound with a Cu-O distance?69 of 2.383 A.
On these grounds, the extra band at 514 cm~1 is assigned td 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._1 is assigned to an HZO rocking mode.



W 0o N O 1 i

10.
11.
12.

13.
14.
15,
16.
17.
18.
19.
20.

21.
22.
23.
24.

25.
26.

27.
28.

29.

234

REFERENCES

P. George and D.S. McClure, Progr. Inorg. Chem., 1 (1959) 381.

'B.N. Figgis, Introduction to Ligand Fields, Interscience, New York,

(1966) p.244.

C.K. Jdrgensen, Absorption Specitra and Chemical Bonding in
Complexes, Pergamon, Oxford, (1962) p.110.

H. Irving and R.J.P. Williams, J. Chem. Soc., (1953) 3192,

R.D. Hancock and D.A. Thornton, J. Mol. Struct., 4 (1969) 361.

L.G. Hulett and D.A. Thornton, Spectrochim. Acta, 274 (1971) 2089.
R.D. Hancock and D.A. Thornton, J. S. Af. Chem. Inst., &3 (1970) 71.
G.C. Percy and D.A. Thornton, J. Mol. Struct., 10 (1971) 39.

G.S. Shephard and D.A. Thornton, Helv. Chim. Acta, 54 (1971) 2212.
G.S. Shephard and D.A. Thornton, J. Mol. Struct., 16 (1973) 321.
C.A. Fleming and D.A. Thornton, J. Mol. Struct., 17 (1973) 79.

J.M. Haigh, R.D. Hancock, L.G. Hulett and D.A. Thornton, J. Mol.

 Struct., 4 (1969) 369.

R.D. Hancock and D.A. Thornton, J. Mol. Struct., 6 (1970) 441.

L.G. Hulett and D.A. Thornton, Ckimza, 26 (1972) 72.

L.G. Hulett and D.A. Thornton, J. Mol. Struct., 12 (1972) 115.

G.C. Percy and D.A. Thornton, J. Inorg. Kucl. Chem., 34 (1972) 3357.
G.C. Percy and D.A. Thornton, J. Inorg. Mucl. Chem., 34 (1972) 3369.
G.C. Percy and D.A. Thornton, J. Inorg. Nucl. Chem., 35 (1973) 2319.
K. Nakamoto, Instrument News, 20 (1970) 1.

(98}

K. Nakamoto, Infrared Spectra of Inorganzc and Coordination Compounds,

Wiley, New York (1963).

M. Goldstein, E.T. Mooney, A. Anderson and H.A. Gebbie, Spectrochim.
Acta, 21 (1965) 105.

J.M. Haigh, N.P. Slabbert and D. A Tbornton J. Mbb Struct., 7
(1971) 198.

R.D. Hancock and D.A. Thornton, J. Mol. Struct., 4 (1969) 377.
G.T. Behnke and K. Nakamoto, Inorg. Chem., 6 (1967} 433.
I.M. Mills, Spectrochim. Acta, 16 (1960) 35.

J. Aldous and I.M. Mills, Spectrochim. Acta, 18 (1962) 173; 19
(1963) 1567.

J.L. Duncan and I.M. Mills, Spectrockim. Acta, 20 (1964) 523,

S. Pinchas and I. Laulicht, Infrared Spectra.of Labelled Compounds,
Academic Press, London, (1971).

G.C. Percy, Spectrochim. Acta, 324 (1976) 1287.



30.
31,
32.
33,
34,
35,
36.
37.
38.

39.
- 40.

41.
42,
43,

44,
45,

46.
47.

48,
49.
50.

51.

52.
53.
54.

55.
56.

- 57.

235

G.C. Percy and H.S. Stenton, J. Chem. Soc. Dalton, (1976) 1466.
G.C. Percy and H.S. Stenton, J. Chenm. Soc. Daltom, (1976) 2429,
C. Engelter and D.A. Thornton, J. Mol. Struct., 33 (1976) 119.
J.E. Ruede and D.A. Thornton, J. Mol. Struct., 34 (1976) 75.
A.T. Hutton and D.A. Thornton, Spectrose. Lett., 10 (1977) 57,

S. Pinchas, B.L. Silver and I. Laulicht, J. Chem. Phys., 46 (1967)
1506.

H. Junge and H. Musso, Spectrochim. Acta, 244 (1968) 1219.
H. Junge, Spectrochim. Acta, 244 (1968) 1957,

- K. Nakamoto, Angew. Chem. Internat. Ed. 11 (1972) 666.

A.B.P. lever and E., Mantovani, Canad. J. Chem., 51 (1973) 514.

B. Hutchinson, D. Eversdyk and S. Olbricht, Spectrochiim. Acta,
304 (1974) 1605.

E.B. Wilson Jr., J.C. Decius and P.C. Cross, Molecular Vibrations,
McGraw-Hill, New York, (1955). ‘

F.A. Cotton, Chemical Applications of Group Theory,; Secord Edition,
Wiley-Interscience, New York, (1971).

J.R. Ferraro and J.S. Ziomek, Introductory Group Theory ard its
Applications to Molecular Structure, Plenum, New York, (1969).

R.S. Halford, J. Chem. Phys., 14 (19406).8.

S. Bhagavantam and T. Venkatarayudu, Proc. Ind. Acad. Sci., 9A
(3929) 224.

D.M. Adams, Coord. Chem. Rev., 10 (1974) 183.

D.M. Adams and D.C. Newton, Tables for Factor Group and Point Group
Analysis, Beckman-RIIC Ltd., Croydon (1970).

J.AJ. Jarvis and A.F. Wells, Acta Crystallogr., 13 (1960) 1027.
B.K.S. Lundberg, Acta Crystallogr., 21 (1966) 901.

F. Akhtar, D.M.L. Goodgame, M. Goodgame, G.W. Rayner Canham and
A.C. Skapski, Chem. Commun., (1968) 1389.

A. Santoro, A.D. Mighell, M. Zocchi and C.W. Reimann, Actc Crystallogr,
B25 (1969) 342.

B.K.S. fundberg, Acta Chem. Scand., 26 (1972) 3977.
G. Ivarsson, Acta Chem. Scand., 27 (1973) 3523.

C.A. Bear, K.A. Duggan and H.C. Freeman, Acta Crystallogr., B3I
(1975) 2713.

D.L. McFadden, A.T. McPhail, P.M. Gross, C.D. Garner and F.E. Mabbs,
J. Chem. Soc. Dalton, (1975) 263.

D.L. McFadden, A.T. McPhail, P.M. Gross, C.D. Garner and F.E. Mabbs,
Jd. Chem. Soc. Dalton, (1976) 47.

W.J. Eilbeck, F. Holmes, C.E. Taylor and A.E. Underhill, J. Chenm.
Soec. (4), (1968) 128. :



58.

59.
60.
61.

63.
64.

65.
66.
67.
68.
69.

70.
71.
73.

74.
75.

76.
77.

78.
79.

80.

81.
82.
83.

84.

- 85.

236

. W.J. Eilbeck, F. Holmes and A.E. Und°rh111 J. Chem. Soc (A),

(1967) 757. _
C.E. Taylor and A.E. Underhill, J. Chem. Soc. (A), (1969) 368.
W.J. Davis and J. Smith, J. Chem. Soc. (A), (1971) 317.

D.M.L. Goodgame, M. Goodgame, P.J. Hayward and G.W. Rayner Canham,
Inorg. Chem., 7 (1968) 2447.

C. Perchard and A. Novak, J. Chim. Phys., £5 (1968) 1964.
C. Perchard and A. Novak, Spectrochim Acta, 26A (1970) 871.

B.C. Cornilsen ard K. Nakamoto, J. Inorg. Nucl. Chem., 36 (1974)
2467.

D.M. Adams and W.R. Trumble, J. Chem. Soc. Dalton, (1975} 30.
D.G. Holah and J.P. Fackler, Inorg. Chem:, 4 (1965) 1112.

N.A. Dougherty and J.H. Swisher, Inorg. Chem., 7 (1968) 1651.
R.J.H. Clarke and C.S. Williams, J. Chem. Soc. (A), (1966) 1425.

A.M. Bellocq, C. Perchard, A. Novak and M.L. Joseln J. Chim. Phys.,
62 (1965) 1334,

C. Perchard, A.M. Bellccq and A, Novak. J. Chim. Phys., 62 (1965)
1344, - ‘

C. Perchard and A. Novak, J. Chem. Phys., 48 (1968) 3079.

A. Santoro, A.D. Mighell and C.W.Reimann, Acta Crystallogr. B26
(1970) 979.

M. Inoue, S. Emori, K. Hara and M. Kubo, J. Mag. Res., 17 (1975) 212.
J.F. Villa and W.E. Hatfield, J. 4m. Chem. Soc., 93 (1971) 4081:

D.B. lLosee, H.W. Richardson and W.E. Hatfield, J. Chem. Phys., 59
(1973) 3600. '

R.J. Dudley, R.J. Fereday, B.J. Hathaway, P.G. Hodgson and P.C. Power,
J. Chem. Soc. Dalton, (1973) 1044.

V. Schomaker and L. Pauling, J. 4m. Chem. Soc., 67 (1939) 1769.
P.J. Wheatley, Acta Crystallogr.,” 10 (1957) 182.

M. Ito, R. Shimada, T. Kuraishi and W. Mizushima, J. Chen. Phys.,
25 (1956) 597.

R.C. Lord, A.L. Marston and E.A. Miller, Spectrochim. Acta, 9 (1957)

. 113,

D. Scully, Spectrochim. Acta, 17 (1961) 233.
H. Perkampus and E. Baumgarten, Spectrochim. Acta, 20 (1964) 385.

J.D. Simmons, K.K. Innes and G.M. Begum, J. Mol. Spect., 14 (1964)
190.

S. Califano, G. Adembri and G. Sbrana, Spectrochim. Acta, 20 (1964).
385.

J.R. Ferraro, Low-Frequency Vibrations of Inorgawzn and Coordination
Compounds , Plcnum New York, (1971) p.77. :



86.
87.
88.

89.

91.

92.
93.
94.
95.
96.
97.

98.
.99,

100.

101.
102.
103.

104.
105.

106.
107.

108.

109.
110,

111.
112.

113.

237

F. Vratny, Appl. Spectr., 13 {1959) 59.
J.R. Ferraro, J. Moi. Spect., ¢ (1960) 99. '

J.R. Ferraro, C. Cristallini and I. Fox, J. Inorg. Nucl. Chem., 29
(1967) 139,

C.C. Addison, D.W. Amos, D. Sutton and W.H.H. Hoyle, J. Chem. Soc.
(4), (1967) 808. -

R.J. Fereday and N. Logan, Chem. Commun, (1968) 271,

B.M. Gatehouse, S.E. Livingstone and R.S. Nyholm, J. Chem. Soc.,
(1957) 4222.

C.C. Addison and A. Walker, Proc. Chem. Soc., (1961) 242.

A. Werner, Ber. dtsch. chem. Ges., 34 (1901) 2584.

K. Nakamoto and A.E. Martell, J. Chem. Phys., 32 (196C) 588.
K.E. Lawson, Spectrochim. Acta, 17 (1961) 248.

C. Djordjevic, Spectrochim. Acta, 17 (1961) 448.

R.D. Gillard, H.G. Silver and L.J. Wood, Spectrochim. Acta, 20
(1964) 63.

H. Musso and H. Junge, Tetrakedron Lett., 33 (1966) 4003, 4009.

K. Nakamoto, C. Udovich and J. Takemoto, J. Amer. Chem. Soc., 92
(1970) 3973. :

J.M. Haigh, N.P. Slabbert and D.A. Thornton, J. Inorg. iucl. Chem.,
32 (1970) 3635. '

J.P. Fackler, Progr. Inorg. Chem., 7 (1966) 361.
M.X. Mistra and D.V.R. Rao, J. Inorg. Nucl. Chem., 31 (1969) 3875.

P.E. Rakita, S.J. Kopperl and J.P. Fackler, J. Inorg. Nucl. Chem.,
30 (1968) 2139.

S. Ambe and F. Ambe J. Inorg. Nucl. Chem., 35 (1973) 1109.-

F. Cariati, D. Galizzioli, Y. Morrazzoni and L. Naldini, Inorg.
Nucl. Chem. Lett., 9 (1973) 743.

C. Engelter and D.A. Thornton, J. Mol. Struct., 39 (1977) 25.

A.E. Martell and M. Calvin, Chemistry of the Metal Chelate Compounds,
Frentice-Hall, New York, (1952) p.514.

H. Irving and R.J.P. Williams, Nature, 162 (1948) 746; see also ref.
4, :

L.E. Maley and D.P. Mellor, Nature, 159 (1947) 370.

J.G. Jones, J.B. Poole, J.C. Tomkinson and R.J.P. Williams, J. Chem.
Soc., (1958) 2001. ' '

K. Clark, B.A. Cowen, G.W. Gray and E.H. Osborne, J. Chem. Soc.,
(1963) 245.

F.K.C. Lyle, B. Morrosin and E.C. Lingafelter, Acta Crystallogr., 12
(1959) 938. '

J.R. Miller and A.G. Sharpe, J. Chem. Soc., (1961) 2594.



114.
115.
116.

117.
118.

119.
120.
121.
122,
123.
124.
125,
126.

127.
128.

129,

130.
131.
132.
133.

134.
135.
136.

137,
138.
139,
140.
141.
142.
143,
144.

238

‘A.J. McKinnon, T.N. Waters and D. Hall, J. Chem. Soc., (1964) 3290.

D. Hall, A.J. McKinnon and T.N. Watcrs, J. Chem. Soe., (1965) 425.

M.A. Porai-Koshits and P.M. Zorkii, J. Struct. Chem. U.S.S.R.,
2 (1961) 15. _

V.V. Zelentsov and V.K. Trunov, J Struct. Chem. U.S.S.R., 2 (1961)
688.

V.V, Zeleniaév P.M. Zorkii -and M.A. Porai-Koshits, . Struct.
Chem. U.5.S.R., 4 (1663) 414.

G:N. Tyson and S.C. Adams, J. Amer. Chem. Soc., 62 (1940) 1228,
B.R. James, M. Parris and R.J.P. Williams, J. Chem. Soc. > (1961) 4630.

" L.J. Bellamy and R.F. Branch, J. Chem. Soc., (1954) 4491.

D.P. Graddon and G.M. Mockler, Austral. J. Chem., 20 (1967) 21.
D.P. Graddon and G.M. Mockler, Austral. J. Chem., 21 (1968) 617.
D.P. Graddon and G.M. Mockler, Austral. J. Chem., 21 {1968) 907.
D.P. Graddon and G.M. Mockler, Austral. J. Chem., 21 (1968) 1487.

W.H. Hohman, Ph.D. Thesis, Chio University (1966); Diss. Abs.,
B27 (1966) 92.

G.C. Percy and D. A. Thornton, J. Inorg. Nucl. Chem., 35 (1873) 2719.

M. Tsuboi, T. Onlshl . Nakagawa, T. Shimanouchi and S. Mizushima,
Speptrncktm Acta, 12 (1958) 253. -

I. Laulicht, S. Pinchas, D. Samuel and I. Wasserman, J. Phys. Chem.,
70 (1966) 2/19

S. Suzuki and T. Shimanouchi, Spectrochim. Acta, 19 (L963) 1195.
R.A. Condrate and K. Nakamoto, J. Chem. Phys., 42 (1965) 2590.
G.W. Rayner Canham and A.B.P. Lever, Spectrosc. Lett., 6 (1973) 109,

H.C. Freeman, M.R. Snow, I. Nitta and K. Tomita, Aeta Crystallogr.,
17 (1964) 1463.

H.C. Freeman and J.M. Guss, Acta Crystallogr., B24 (1968) 1133.
H.C. Freeman and M.L. Golomb, Acta Crystallog»., B25 (1969) 1203.

T.J. Lane, J.A. Durkin and R.J. Hooper, Spectrochim. Acta, 20 (1964)
1013.

J.L. Walter and R.J. Hooper, Spectrochim. Acta, 254 (1969) 647.
J.A. Kieft and K. Nakamoto, J. Inorg. Mucl. Chem., 29 (1967} 2561.
M. Tsuboi, Biopolymers, (1964) 527. '

M.K. Kim and A.E. Martell, J. Amer. Chem. Soc., 85 (1963) 3080.
H.S. Kimmel and A. Saifer, Anal.Biochem., 32 (1969) 1.

J.F. Pearson and M.A. Slifkin, Spectrochim. Acta, 284 (1972) 2403.
A. Rosenberg, Acta Chem. Scand., 11 (1957) 1390.

A.R. Manyak, C.B. Murphy and A E. Martell, Arch. Biochem. Biophys.,
59 (1955) 373, ’



239

145.  R.B. Martin, M. Chamberlain and J.T. Edsall, J. Amer. Chem. Soc.,
82 (1960) 495.

146.  M.K. Kim and A.E. Martell, Bilochem., 3 (1964) 1169.

147. 0. Yamouchi, H. Miyata and A. Nakahara Bull. Chem. Soc. Japan, 44
(1971) 2716.

148. A.E. Martell and M.K. Kim, J. Coord. Chem., 4 (1974) 9.
149. M.L. Bair and E.M. Larson, J. Admer. Chem. Soc., 93 (1971) 1140.
150. G.F. Bryce and F.R.N. Gurd, J. Bzol. Chem., 241 (1966) 122.

151. J.H. Keighley, Infrared Spectroscopy, in Introduction to the
Spectcscopy of Biological Polymers, ed. D.W. Jones, Academic Press,
Lendon, New York, (1976).

152, J.F. Jackowitz, J.A. Durkin and J.L. Walter, Spectrochzm Acta, 234
(1967) 67.

153, P.W. Selwood, Magnetochemistry, Interscience, New York (1943)
p.>51.

154, B.N. Figgis and J. Lewis, Progr. Inorg. Chem., 6 -(1964) 37.

. 155. F.W. Pinkard, E. Sharratt, W. Wardlaw and E.G. Cox, J. Chem. Soc.,
(1934) 1012, :

156.  G.N. Rao and N.C. Li, Canad. J. Chem., 44 (1966) 1637.

157. R.J. Flook, H.C. Freeman, C.J. Moore and M.L. Scuddér, Chem. Commun. ,
(1973) 753.

158. A.T. Hutton and D.A. Thornton, Spectrochim. Acta, 344 (1978) 645.

159. G.A. Foulds, J.B. Hodgson, A.T. Hutton, M.L. Niven, G.C. Percy,
P.E. Rutherford and D.A. Thornton, Spectrose. Lett., 12 (1979) (in press).

160. A.L. McClellan and G.C. Pimentel, J. Chem. Phys., 23 (1954) 245.

161. S. Pinchas and L. Laulicht, Infrared Spectra of Labelled Compounds,
Academic Press, New York (1971) p.Z26.

162. S. Martinez-Carrera, Acta Crystallogr., 20 (1966) 783.
163. M. Cordes and J.L. Walter, Spectrochim. Acta, 244 (1968) 237.
164. R.H. Carlson and T.L. Brown, Inorg. Chem., 5 (1966) 268.

165. D.H. Bonsor, B. Borah, R.L. Dean and J.L. Wood, Canad. J. Chem., 654
(1976) 2458.

166. M. Gerloch and P.N. Quested, J. Chem Soc. (A), (1971) 3729.

167. S.D. Ross, Incrganic Infrared and Raman Spectra, McGraw-Hill, New York,
(1872) p.140.

168. N. Ohkaku, Y. Saito and K. Nakamoto, Angew. Chem. Int. Ed. Engl., 11
(1972) 666.

169.  B.J. Hathaway and A.E. Underhill, J. Chem. Soc., (1961) 3091.
170. S.D. Ross, Spectrochim. Acta, 18 (1962) 225.

171. F.A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry, 3rd ed.,
Interscience, New York, (1972) p.514.

172.  L.G. Hulett and D.A. Thornton, J. Inorg. fucl. Chem.; 35 (1973) 2661.



240

173. D.M. Adams and P.J. Lock, J. Chem. Soc. (A), (1967) 620.

174. C. Postmus, K. Nakamoto and J.R. Ferraro, Inorg. Chem., 6 (1967)
- 2194. ~ ' : '

175. G. Buch and C.T. Mortimer, J. Chem. Sce. (4), (1967) 1116.
176. A. Tenhunen, Suomen Kemistilehti (B), 44 (1971).
177. A. Tenhunen, Suomen Kemistilehti (B), 45 (1972) 298.

178. M. Goldstein, F.B. Taylor and W.D. Unsworth, J. Chem. Soc. Dalton,
(1972) 418. S

179. M.D. Child and G.C. Percy, Spectrosc. Lett., 10 (1977) 71.

180, J.R. Ferrano, J. Zipper and W. Wozniak, Appl. Spectr., 23 (1969) 160.
181. M. Goldstein and W.D. Unsworth, J. Mol. Struct., 14 (1972) 451.

182. M. Goldstein and W.D. Unsworth, Spectrochim. Acta, 274 (1971) 1055.

183, J.R. Ferraro, W. Wozniak and G. Roch, Ricerca Scientifica, 38 (1968)
433,

184. J.R. Ferraro, C, Cristallini and G. Roch, Ricerca Scientifica. 37
©(1967) 435.

185. A.B.P. Lever, J. Lewis and R.S. Nyholm, J. Chem. Soc., (1962) 1235.
186. A.B.P. Lever, J. Lewis and R.S. Nyholm, J. Chem. Soc., (1963) 5042.
187.  A.B.P. Lever, J. Lewis and R.S. Nyholm, J. Chem. Soc., (1964) 4761.
188. G.W. Inman and W.E. Hatfield, Inorg. Chem., 11 (1972) 30CS85.

189. D.M. Adams, Personal Communication.

190. « D.M. Adams, Metai-Ligand and Related Vibrations, Arnold, London,
(1967) p.278. h

191. S.D. Ross, Inorganic Infrared and Raman Spectra, McGraw-Hill, U.K.,
(1972) p.97.

192. I. Nakagawa, R.J. Hooper, J.L. Walter and T.J. Lane, Spectochim. Acta,
21 (1965) 1.

193, T. Shimanouchi, Pure and Appl. Chem., 7 (1963) 131.

194.  R.H. Nuttall and D.W. Taylor, Chem. Commun, {1968) 1417.

195. F.A. Cotton and R.C. Elder, Inorg. Chem., 4 (1965) 1145.

196. G.J. Bullen, R. Mason and P. Pauling, Inorg. Chem., 4 (1965) 456.

197. M.J. Bennett, F.A. Cotton and R. Eiss, Acta Crystallogr., B24 (1968)
904.

198. Z.A. Slarikova and E.A. Shugam, 2zh. Struckt. Khim., 10 (1969) 290.
199. D.P. Graddon and D.G. Weedon, Austral. J. Chem., 16 (1963) 980.
200. D.P. Graddon and D.G. Weedon, Austral. J. Chem., 17 (1964) 607.
201. R.H. Holm and M.J. O'Connor, Progr. Inorg. Chem., 14 (1971) 241.
202.  D.P. Graddon, Coord. Chem. Rev., 4 (1969) 1.

203. - A.W. Addison and D.P. Graddon, Austral. J. Chem., 21 (1968) 2003.
204, G.J. Bullen, Acta Crystallogr. 12 (1959) 703.



241

205. H. Montgomery and E.C. Lingafelter, Acta Crystallogr., 17 (19€4) 1481,
206,  H. Montgomery and E C. lingafelter, Adcta Crystallogr > 16 (1963) 748.
207. R.C. Elder, Inorg. Chem., 7 (1968) 1117.

208. R.C. Elder, Inorg. Chem., 7 (1968) 2316.

209. R.H. Balundgi and A. Chakravorty, J. Inorg. Nucl. Chem., 35 (1973)
2078.

210. R.C.E. Belford, D.E. Fenton and M R. Truter, J. Chem Soc. Dalton,
- (1974) 17.

211.  B. Morosin, R.G. Hughes and Z.G. Soos, Acta Crystallogr., B31 (1975) 762.
212.  W.G. Davis and J. Smith, J. Chem. Soc. (4), (1971) 317.

213. A.B.P. Lever, Inorganic Electronic Spectroscopy, Elsevier, Amsterdam,
(1968) pp.318, 333.

214, J.R. Ailan, G.A. Barnes and D.H. Brown, J. Inorg Nucl. Chem., 33
(1971) 3765.

215. M. Mikami, I. Nakagawa and T Shimanouchi, Spectrochim. Acta, 2% (1967)
1037.

216.  S. Pinchas and J. Shamir, J. Chem. Soc. Perkin (II), (1974) 1098.

217, D.H. Curtis, F.K.C. Lyle and E.C. Lingafelter, Acta Crystallogr., &
- (1952) 388.

218.  R.H. Holm and M.J. O'Connor, Progr. Inorg. Chem., 14 (1971) 329.

219. J.A. Bevan, D.P. Graddon and J.F. McConnell, Nature, 199 (1969)
373.

220. L.G. Hulett and D.A. Thornton, J. Mol. Struct., 4 (1969) 361.

221. ~J.M. Stewart, E.C. Lingafelter and J.D. Breazeale, Acta Crystallogr.,
14 (1961) 888.

222. H.G. Biedermann and X.E. Schwartzhans, Z. Natuurforsch, 25 (1970) 1056.

223. H.G. Biedermann, P.K. Burkert and K.E. Schwartzhans, Z. Natuurforch,
26 (1971) 968.

224, A.B.P. Lever, J. Lewis and R.S. Nyholm, Nature, 189 (1961) 58.
225, L.G. Hulett and D.A. Thornton, Spectrosc. Lett., 5 (1972) 323.

226. L. Corrsin, B.J. Fax and R.C. Lord, J. Chem. Phys., 2I {1952) 11i70.
227. A.A. Grinberg and B.V. Ptitzuin, Ann. Inst. Platine, 9 (1932) 55.

228.  A.A. Grinberg and L.M. Volshtein, Bull. dcad. Sci. U.R.S.S. Classe
Sei. Chim., (1941) 381,

229. A.A. Grinberg and L.M. Volshtein, Bull. Acad. Sei. U.R.S.S., 7 (1935) 485.
230. H. Ley and K. Ficken, Ber., 45 (1912) 377. _

231, A.A. Grinberg‘and_B.W. Ptizn, J. Prakt. Chem., 136 (1933) 143,

232.  L.M. Volshteinand I.0. Volodina, Russ. J. Inorg. Chem., 5 (1960) 949.
233, L.M. Volshteinand G.G. Motyagina, Russ. J. Iﬁorg. Chem., & (1960) 840.

234, A.A. Grinberg and L.M. Volshtein, Dokl. Akad. Fauk. S.S.S.R., 7 (1935)
: 485. .



242

235. L.M. Vblshteln, M.F. Mogllevklna and G.G. Motyagina, Russ. J. Ihorg.
Chem., 6 (1961) 564.

236. A. Rosenberg, Acta Chem. Scand., 10 (1956) 840.

237. Y.S. Vorshavskii, E.N. In'Kova and A.A. Grinberg, Zh. Neorg. Khim,
3 (1963) 2659.

- 238, A.J. Saraceno, I. Nakagawa, S. Mizushima, C. Curran and J.V.
Quagliano, J. Amer. Chem. Soc., 80 (1938) 5018.

239. G.F. Svatos, C. Curran and J.V. Quagllano J. Amer. Chem. Soc s 77
(1955) 6159.

240. L.E. Maley and D.P. Mellor, Austral. J. Sei. Res., A2 (1949) 579.
241. H.C. Freeman and J.M. Guss, Acta Crystallogr., B28 (1972) 2090.

242.  G.A. Foulds, G.C. Percy and D.A. Thornton, Spectrochim. Acta, (in press).
243.  M.L. Niven and D.A. Thornton, Inorg. Chim. Acta, (in press).

244. K. Fukushima, T. Onishi, T. Shimanouchi and S. Mizushima, Spectrochim.
Acta, 14 (1959) 230.

245. S. Suzuki, T. Oshima, N. Tamiya, K. Fukushima, T. Shimanouchi and
S. Mizushima, Spectrcchim. Acta, 15 (1959) 969.

246. T. Oshima and N. Tamiya, Spectrochim. Acta, 17 (1961) 384.

247. M. Tsuboi, T. Takenishi and A. Nakamura, Spectrochim. Acta, 17 (19€1)
631.

248. M. Takeda, R.E.S. Iavazzo, D. Garfinkel, I.H. Scheinberg and
J.T. Edsall, J. Amer. Chem. Soc., 80 (1958) 3813.

249, K. Nakamoto, Y. Morimoto and A.E. Martell, J. Amer. Chem. Soc., 83
(1961) 4528.

250.  G.W. Watt and J.F. Knifton,Inorg. Chem. 6 (1967) 1010.

251. A.A. Ablov, L.F. Chapurina and N.N. Proskina, Russ. J. Inorg. Chem.,
. 12 (i967) 257.

252. C.A. McAuliffe and W.D. Perry, J. Chem. Soc. (A), (1969) 634.

253, W. Herlinger, S.L. Wenhold and T.V. Long, J. Amer. Chem. Soc., 92 -
(1970) 6474, -

254. D.A. Thornton, S. Afr. J. Sei., 70 (1974) 70, 110.
255. C. Engelter, D.A. Thornton and M. Ziman, J. Mol. Struct., (in press).

256. B.W. Low, F.L. Hirshfield and F.M. Rlchards, J. Amer. Chem. Soc., 81
(1959) 4412.

257. R.E. Marsh and J:. Donohue, Adv. Protein Chem., 32 (1967) 23S.
258.  H.C. Freeman, Adv. Protein Chem., 32 (1967) 257.

259. S.P. Datta and B.R. Rabin, J. Biochem., 59 (1955) 246.

260. B.R. Rabin, Trans. Faraday Soec. 52 (1957) 1117, 1130.

261. P.J. Morris and R.B. Martin, Inorg. Chem., 10 (1971) 964.

262. M.T. Barnet, H.C. Freeman, D.A. Buckingham, I.N. Hsu and D. van der
Helm, Chem. Commun., (1970) 367.

263. A.E. Martell and M.K. Kim, J. Amer. Chem. Soc., 88 (1966) 914.



Journal of Molecular Structure, 37 (1977) 193—198
©Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

STRUCTURAL INFORMATION ON SOME METAL(II) COMPLEXES OF
GLYCYLGLYCINE FROM THEIR INFRARED SPECTRA

JOHN B. HODGSON and GORDON C. PERCY
Department of Inorganic Chemistry, University of Cape Town (South Africa)
(Received 27 September 1976).

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™ region, have
been discussed in terms of coordinate bonding [6—8]. The mull spectra
(1700—1400 cm™!) 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.

EXPERIMENTAL

Crystals of Na,[Ni(GG),].9H,0 [where GG = (NH,CH,CONCH,CO,)*"]
were prepared by the addition of glycylglycine in ethanol to a hot aqueous
suspension of nickel carbonate. The mixture was heated with stirring for
1 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 Na,[M(GG),].nH,0 (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(H,0)} with HGG = (NH,CH,CONHCH,CO,);
M = Mn, Co, Ni, Zn; X = Cl or Br, and the complexes [ Cu(HGG)X] with
X = (], 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)CI(H,0)] and [Cu(GG)(HZO)z] were prepared by published
methods (refs. 9 and 10 respectively).

Analytical data are given in Table 1.’

Magnetic susceptibilities of [M(HGG)CI(H 0O)] were measured at room
temperature on a Newport—Stanton Guoy Magnetic Balance. The following
results were obtained: M = Mn, 4 = 5.75 BM; M = Co, u = 4.95 BM; M = Nj,
u=3822BM;M=Cu,u=1.86 BM.

IR spectra were determined on Nujol mulls between caesium iodide plates
(or below 250 cm™ between polyethylene plates) on a Perkin—Elmer 180
Spectrophotometer.

|
i

RESULTS AND DISCUSSION

The molecular structure of the bisélycylglycinatonickelate(II) ion of
Na,[Ni(GG),].9H,0 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™ 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,0 24.2° 4.1 141 245 4.8 14.0
Na,[Ni(GG),].9H,0 18.2. 5.7 106 181 5.7 10.5
Na,[Zn(GG),].5H,0 20.8, 4.8 121 211 5.1 12.2
[Mn(HGG)CI(H,0)] 201 3.8 11.7 201 3.7 11.5
[Mn(HGG)Br(H,0)].H,0 159 3.7 9.3 159 3.2 9.0
[Co(HGG)CI(H,0)] 19.7 3.7 11.5 199 3.8 11.7
[Ni(HGG)CI(H,0)].4H,0 19.0 4.0 111 190 3.8 108
[Ni(HGG)Br(H,0)] 16.7 3.2 9.7 167 3.2 9.5
[Cu(HGG)CI(H,0)] 19.4 3.7 11.3 194 3.7 11.3
[Zn(HGG)CI(H,0)] 19.2 3.6 11.2 192 3.5 11.0
[Cu(GG)(H,0),] 209 4.4 122 21.2 4.6 12.1
[Cu(HGG)C1] © 209 31 12.2 208 3.1 12.2

[Cu(HGG)Br] 175 2.6 10.2 17.6 2.6 10.1°
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Fig. 1. The IR spectra 1700—1500 and 650—150 cm™ of the complexes Na,[M(GG),].nH,0.

1575 cm™) are assigned, by comparison with the assignments proposed for
the spectrum of trans-[Ni(glycine),(H,0),] [12], as the NH, scissoring and
carboxylate stretching modes respectively. The absorption at 1652 cm™! is
assigned to the amide I vibration (vC=0). The remaining band at 1627 cm™!
may be assigned as the OH, 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 Na,[Mn(GG)]}.2H,0 and Na,[Zn(GG)].5H,0 do
not appear to have been studied previously. Their IR spectra (1700—150 cm™)
generally exhibit a band-for-band correspondence with that of the analogous
Ni(1I) 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™. That the first two
bands below 1700 cm™' 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)CI(H,0)], 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 (1700—1500
cm™!) is consistent with this mode of coordination (Fig. 2). The additional
band near 1550 cm™!, which was absent in the spectra of Na,[M(GG),}:nH,0,
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 Na,[M(GG),].nH,0 complexes.
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Fig. 2. The IR spectra 1700—1500 and 660%1 50 cm™ of the complexes [M{(HGG)X(H,0)].

The IR spectra (Fig. 2) of the series [M(HGG)X(H,0)] with M = Mn(1I),
Co(II), Ni(II), Zn(II); X = C! 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 [CA(HGG)CI(H,0)], where the dimers, which have a structure
identical to { Cu(HGG)CI(H,0)] ,, complete 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 tiie unique five-coordinate structure of [Cu(HGG)CI(H,0)],.
In accordance with the presence of the free carboxylate oxygen atom in
[Cu(HGG)CI(H,0)], vC=0O(carboxylate) occurs at higher frequency. The
bands at 658 and 645 cm™, which by comparison with the firmly established
assignments in the spectrum of trans-{Ni(glycine),(H,0),] may reasonably
be assigned as CO, rocking modes, occur some 30 to 40 cm™ 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 CO, 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)CI(H,0)]

(M = Ni, Zn), but with no conclusions about the form of the coordinate
bonding.

Below 600 cm™, several absorptions in the spectra of [M(HGG)X(H,0)]
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)(H,0),] 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 Na,[Ni(GG),].9H,0, The five-coordinate
structure is completed by the two water molecules. The IR spectrum in the
region 1700—1500 cm™! is entirely consistent with this structure. The
uncoordinated peptide carbonyl frequency (amide I) is at 1688 cm™ and the
NH, scissor and »C=0(carboxylate) occur at 1622 and 1592 cm™' 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 Infrared . Spectra
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Fig. 3. The IR spectra 1700—1500 and 660—150 cm™ of various Cu(II) complexes of
glycylglycine.
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200 cm™" where »Cu—X are expected to occur. We propose a 4-coordinate
structure for these molecules in which tpe peptide carbonyl has become
protonated in a similar manner to that observed crystallographically for the
bis(glycylglycinato)cobalt(III) ion [17]. Assuming this to be the structure,
the band at 1642 cm™ may reasonably Pe 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(Il) [18].

For comparative purposes, Fig. 3 inc}udes the spectra of the other Cu(II)
complexes studied here. The band patterns are clearly dependent both on
the mode of coordination of the glycylglycinate anion and on the complex

structure. (
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EXAMINATION OF THE RATIO vD/ vH FOR INFRARED BANDS ASSIGNED TO
.THE C-H(D) AND RING VIBRATIONS IN METAL COMPLEXES OF QUINOLINE,
PYRIDINE, ANILINE AND THEIR FULLY-DEUTERATED ANALOGUES

G.A. Foulds, J.B. Hodgson, A.T. Hutton, M.L. Niven, (the late)

G.C. Percy, P.E. Rutherford and b.A. Thornton

Department of Inorganic Chemistry,

University of Cape Town, Rondebosch 7700, South Africa.

The infrared spectra of sixteen méfal camplexes _combrising fhe
ligands quinoline, pyridine, "emi_line and their flully-deu_terated.
analogues have been cxamined :'m‘ order to determi.m the ratio .\;D/\»I for

 bands assigned: to the C-H and ring modes of the iletérocycl.ic or
aromatic ring. With very‘ few exceptioﬁs, vD/vH falls within the rahges
.0.68 to 0.85 for C-ii vibrations and 0.85 to l.Ob for ring modes. The
ranges are narrower for complexes of a specific amine. The péteﬁtial '

- usefulness of the results is'discussed. -
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" INTRODUCTION

l'The ratio (\,D/\,H) between the frequencies of éorrespond.ing' bands
in the infrared speétra of deuterated and normal molecules serves as
an effective distinction bet\veén the C-H stretching (or bending) modes
and the ring stretching (or bending) vibrations in aromatic and hetero«

cyclic . compounds?. Naphthalene uﬁd naphthalene-dg, for instance,

yield values of \.\D/‘vH which are approximately 8.75 for C-H modes and
" 0.90 for ring modes2. Correspo‘ncvl‘i.ng ratios are observed for other

-aromatic and heterocyclic compounds - such as aniline and pyridinel:

The extent to which similar values of 'vD/vH are observed four the .
metal complexes of these amines appears to have been neither examined

nor fully exploi. ted as a ‘potential aid to assignments in their infrared

‘spoctra although it has long been recognlsed3 that the majority of

I
Jnfrared bands which originate in the internal v1brat10ns of pyridine

recur on an approxmately ba.ndqfor—ba.nd basis in the spectra of p)'rldme

complexes. Some relatively comp]ete (4000 - 150 an~l) assignment
studies"s5 recently made in this laboratory enable evaluation of the
extent to which the vD/ v! ratios for metal complexes mimic those of the

parent ligands.’

EXPERIMENTAL

The complexes were prepared by reported methods®™11, Deuterated -

complexes were synthesized from pyridine-ds, quinoline-d; and aniline-dg

- of 99.98 and 97% isotopic purity, respectively, supplied by Merck, Sharp

and Dohme (Canada) Ltd. Purity of all compounds was determined by micro-

analyses (C,H,N).Infrared specira were determined on nujol and hexachloro-

R butadiene me¥ls between ca:esium jodide plates '(400'0 - 250 an”1) or poly-



.

" ethylene plates {250 ~ 150 an™l) on Beckman IR—iZ and Perkin-Elmer

180 §pectro;3hétometers and on a Digilah FTS~16B/D interferometer.’

RESULTS AND DISCUSSION

Only the internal modes of the amines are relevant tc the

discussion; the metzilﬁligand vibrations and the intemal modes of the

" isothiocyanate, dimethylglyoximate and giyc_inate ligands will be

reported elsewhere"»5. The frequencies for the latter vibrations are

theref_ore excluded from Table_s. 1 and 2,

The complexes Q%5 (M"= Co, Ni,' Cu or In; Q = quinoline; X =

a » Br, 1 or NCS) and fheir deuterated znalogues represent the most

complete series of complexes studied. The frequencies for the internal

modes of quinoline, quinoline-d; and their complexes are reported in

Tahle 1. DBecause of the small variation which exists between the

frequencies of corresponding bands in their spectra, only the mean
freéuency is cited for the ten Compiexes studied. vThe_assigxﬁnents given
fbr quinoline ére those preposed by Chiorboli and Bertoluzzil? which are
partially ba;sed on tﬁe sfudy ofvrllaphth'algane and naphthalene~dg by
McClellan and Pimentel2. Praétically every band in the quinoline : .
Spectrum recﬁrs_ in thé' spectra of the_ complexes. The ratio ,\;D/vl? :s'pan.s.

the ranges 0.74 to 0.83 for the C-H modes and 0.87 to 0.98 for the ring

‘ vibrations. The yalues for the complexes are similar: 0.74 to 0.84 --
‘and 0.88 tp 0.98, respectively, with the single exception of the & (ring)

mode near 860 cm™* which yields values of 0.80 for the ligand and 0.79

for the complexes, which are anomalously low if the assigmment given is
correct. ' .
So far as the pyridine cciiplexes are concerned, sufficiently

complete data®for a meaningful evaluation of the \:D/uH ratio have been
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TABLE 1

~ Frequencies of quinoline yibrations, vD/‘vH ratios and assignments for

quinoline (Q) and the complexes [MQ:X;] (M = Co, X = Cl, Br; M = Ni,
X =DBr; M= Cu, X=Cl, Br, NC5; M= Zn, X = Cl, Br, I, NCS). The

Quinoline vD/vH Mean frequencies WLl . Assignments?,i2
frequencies for for complexes - for (band nurber)

(= ) U ligand........ (ecm™y) ... complexes. . ... C e
3054(2275) 0.74 3066£14(2274£14)  0.75:0.01 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 (1462x16) 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.C1 §(C-H) (18)
- 1412(1303) 0.92 1410+8 (1321x15) 0.94+0.01 -

- 1391(1281) 0.92  1398+7 {1295¢3) 0.93:0.01  v(ring) (32)
1370(1239)  0.90 137623 (123824) 0.90 . v(ring) (4)
1336(1257) 0.94 1336+15(1263+5)  0.95 : -

11332(1232) 0.92 1325+8 (1251+5)  0.94:0.01 . :

131.2(1092) 0.83 1310+3 (1099:2) 0.84 - - . §(C-H) 34(33)
1278(1036)  0.81 1283£15(1044%3) . 0.81+0.01 y(CD (20
1253(1015) 0.81  1270%8% (2019+9)  0.80:0.01 §(C-H) (5)
1230(1024) 0.83 123446 (-) -
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 11415 (905:4)  0.79+0.01 Y(CH)  (26)
1117(876) 0.78  1130:4 (885:8)  0.78:0.01 §(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 8(ring) (6)
1012(838) 0.83 10213 (839:9)  9.82+0.01 8(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 (781x10) . 0.81%0.02 s(C-H) (7)
924(712) 0'773 889  (718x6) 0.81 ’
866(696) 0.80 863 . (684£20)  0.79:0.04%  &(ring) (20)

- 842(806) 0.96 - . (79619) y(ring) (12) ..
803(641) 0.80 808+5 (642¢5)°  0.79:0.01 y(C-H) (23) —
784 (€13) 0.78 781:4 (611:3)  0.78+0.01 y(C-H) (38)
758(674) . 0.90 L 722¢1 (-) . : &(ring) (8)

. 742(665) 0.90 7411 (652:13)  0.88 s(ring) (47)
736(584) 0.79 739:10(576:7)  0.7810.01 y(C-H) (27
627(589) 0.94 - - : &(ring) (35)
€10(568) 0.93 635:3 (530+8)  0.93:0.02  &(ring) (21)

. 521(504) 0.97 528:2 (510+7)  0.97:0.02 &(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 &(ring) (48)
390(351) 0.90 399:5 (363x4)  0.91:0.02 y(ring) (13)
375(345) 0.92 39414 (356+4)  0,91:0.01 &(ring) (36)
178 (166) 0.93 187+4 (175:7)  0.93:0.04. . y(ring) (25)

a

Anomalously low value for the assignment cited.
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for the complexes are remarkably consistent with those obéenregLfc;r the

. obtained"»5 for six complexes of vwidely differing chemical’ typé.

The assignments for pyridine (py) and pyridine-ds (py-ds) arc better
established!3”17than those of quinoline. Table 2 lists the

relevant frequency data for pyridiné, the complexes [7n(py) 2C1é] ,
[Co(H) ,(py)X] (DH =‘dimeAthy1g1yoximate anion; X = Cl, Br, I, CH;) 4,

[Ni(gly)2(py)2]1 (gly = glycinate anion) and their py-ds analogues. -

. Based on the ass'igmnents of Xline and Turkevichl*, the ratio vD/vH

falls within the ranges 0.73 to 0.79. (C—H.modes) and 0.90 to 0. 98"
(rmo modes) for py- and py~ds and 0.68 to 0, 85 and 0.85 to 1. 00

respectively, for the complexes with the exz.epts.on of the apparently

‘ anomalously high ratlos of 0.90 for the T(C-H) mode 10b in .

[Co(DH)Z(py))\] and 0 96 for the vy(C—H) mode 11 in [Nl(gly‘)z(py) 2] ‘In

view of the widely dlffermg types of complexes represented, the ratios

,
4

. ._parent ligand.

Sufficiently complete data have been obta_med'* for only' one

anillne (an) complex, [Zn{an),Cl;] and its an-ds analogue.. Their-
'spect.ra reveal \;D/yH ratios within the ranges 0.68 to 0.76 (C-H modes)
. and 0.93 to 0.99 (ring hodes) on the basis of the: assignments given by

Evans® for the parent amine. Similar ratios have been foundS for a wide

range of imidazole complexes

. Over the series of s:ucteen complexes dlSCUaSCd the ratio v /v

spans the ranges 0.68 to 0.85 for the C-H modes and 0.85 to 1.00 for the -

- -ring modes. Absence of oyerlap 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, between

these vibrations and metal-ligand modes or bands originating in the

vibrations o?’ other functional groups or other coordinated .igands may
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.- also be achieyed since the lattey generally }r_ield vD /\:H ratios very '

close to unity, Where apparently anomalous ratios are obseyved, the

possibility of incorrect assignments or vibratjonal coupling must be

considered?.
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THE INFRARED SPECTRA OF TRANS-BIS(L-ALANINATO) COMPLEXES OF
PLATIRUM(LI) AND PALLADIUM(II) : BAND ASSIGHMENIS BY
MULTIPLE ISOTOPIC LABELLING

\

by J.B. HODGSON, (the late} G.C. PERCY and D.A. THORNTON

(Departmeﬁt of Inoxganic Chemistry, University of Cape Town),

(With 1 figure)
(Read ~ 1978)

- SUMMARY

. The infrared spéctra (4006 - 140 Gn'l) of the L-alaninate complex
trans-[Pt(L-ala),) and its B0, 13-, 2-d,3-d5- and W,¥-d,-labelled
analogues have buen determined. Each spectrél band has been assigned on

_ the basis of the shifts induced by the various_mode$ of isotopic labelling
and by subétitution of Pd(II) for Pt(1Y). The labelling study reveals that

>'Veryffew bands represent vibrat?onally—pure modes and that certain carlier

assignments require revision.
INTRODUCTION

Less attention has been given to the infrared spectra of alanine
complexes than to those of glycine. (Ablov et a?. 1967; Herlinger et al.

1970; Jackowitz et al. 1967; McAuliffe § Perry 1969; Nakamoto et al.



1961; Percy § Stenton ].97§b; Watt § Knifton 1967). Recent work shows
-that vefy few infrared bands in the spectra of glycinate complexes
representv 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 the ligand atoms (Hodgson
et al. 1978; Niven & Thornton 1979; Percy 1976; Percy & Stenton 1976a).
This paper reports 1£he assignments for trans~[Pt(L—a]a)2] by observing
‘the infrared band shifts induced by 180-, ISN_’ 2-d,3—d3— and N,N—dz—
labelling of L-alanine and the effect on t_he. spectrum of substituting

PA(1I) for Pt(II).
EXPERIMENTAL

The tfaﬁs—complexes [P't(L-‘a.la)Z] and [?d(L—g:la)z] were prepared
by reported methods (Jackowitz et al. 1967). - The labelléd analogues
of [Pt(L—alzi)Z] were similarly obtained from 180-_L-al:~,uu'ne of 76%
isotopic purity supplied by BOC Prochem Ltd. and 151\1-’ and 2-d,3—d3-
L-alanine of (respectively) 95 and 98% isotopic purity supp.lied by
Merck, Sharb and Dohme (Canada) Ltd. Composit{on and purity were
determined by mic_roanalysi-s «, H, N). The N.,N—dz-labelled complex
was simi].arly prepared in dzo frorm a sample of L-alanine previously
recrystallized from D,0. ‘ o

Infrared spectra were determined on nujol mulls (or, in the regioﬁ‘
of nujol absorption, on hcxathorobutadiene mulls) between caesium
iodide plates on a Beckman IR-12 spectrophotomcter (4000 - 250 'l
'andlbet&een polyethylenc plates on a Perkin-Elmer 180 spectrophotometer
(250 - 140 cm'él).' Reproducibility of reported bands is better than |

0.5 a1, :




RESULTS AND DISCUSSION

The band fréquencies and shifts (av) 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 PA(II) L-alaninate complexes
(ﬁigure 1). Heﬁcg, establishment of the assignments for the Pt(II)
complex by multiple isotopic labelling is considered to provide
analogous assigmments for the corresponding bands of the Pd(II) complex.
Frequencie§ cited in the ensuing discussion refer to the Pt(II) complex.

Six bands occur within the range 3300 - 2500 eml. The N-H

‘Stretching modes (vl—vs) are distinguisnzd by their sensitivities to
15

N- and N,N-dz—labelling from the neighbouring C-H stretching
vibrations (v;-vg) which are shifted by 2-d,3-d5-1abelling only. The
shifts are approximately SOO cm_1 for N-H stretches and 750 an-1

for C-H stretches. These values are close to those calculated for-
‘isolated N-H or C-M diatomic oscillatofs (Pinchas § Laulicht 1971).
This feature and absence of sensitivity to any other moce of labelling,
indiéatés that these vibrations are essentiaily free from vibrational
_ coublihg. Substitution of Pd(II) for Pt(II) causes a high frequency
shift in the v(N-H) bands, Z.e, the opposite trend e%hibited by>the
V(M—N) bands. Hence the higher metal-ligand bond stébility of the
Pt(II) complex occurs at the expense of the N-H bonding.

The band at 1655 cn™t (v7) is clearly a pure v(C=0) vibration since
it is only shifted by 180-1ai>elling. The neighbouring band'(vs) is
sensitive to 130-, 15N— and N,N-dz—labelling; it is therefore assigned
to J(C=O) coupied with the N, scissoring mode which is generally

observed near 1600 cm” ‘. The v(C=0) value for the Pt(II)} complex is
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Frequencies (am1), shifts (av,

Table 1

)
1
'

avl) and infrared band assignments for

the complex [Pt{L- ala)Z] and its Pd(II)- and 1sotochally -substituted

< < < <

analogues* _____
N . Av .

?gﬂd Frequency (Pt-pd)t 18, 15, Nfﬁfdz 2-d,3—d3 Assignment
vy 3225 . -5 5 818

v 3209 - -8 8 808 v(N- u)‘

vs 3103 .18 5 795
vy 3003 3 751

ve 2985 . - 1 749 { v(C-H)

Vg 2943 -3 744

vy 1655 11 - 26 2 2 2 v(C=0)

vg. 160? : g 9 3 422 : v(C= O)+‘\'H2 scissor
Vq - 145 -1 : 337

hog o, 3 iy (mee

13 138 0 3 20 71 V(O (C-O)

13 1360 =3 2 . 365 (h sym.def. .

Vig . iggg g 1§ % ?g 3;3 CH3 sym.def. +NH2 twist
PIRY) B 3 o
»vig }ggg _ 1 8 2 ig lgg \V(C 0)+v(C-C)+Ni, twist
v = . 3 .
vil 1246 22 4 284 64 { Ny twistey (C-C5)
Bom o3 i °
v - 1 :

vl 1108 32 2 3 52 {C°“Pled v(CN)

Voo 1094 8 4 2 35 45

Va3 1038 2 3 2 200 117 v(C- n)+C025c1ssor+Ch3r0C
vou 928 . 4 11 3 4 26 €0y scissor+v(C-C)
voe 917 £ 4 27 16~ (E-N)

Va6 362 3 20 4 14 13 . €0, scissor+v(C-N)
Vo7 819 21 5 5 178 21

Voa 772 2 7. 15 13 CO2 roc]\+CH3 rock
Vag 765 3 3 2- 97 + NHi, rdck

Yo 747 -1 33 180 34

v 699 -5 9 2 3 10 . €0, rock

v3; 632 9 5 4 13 19

vig 617 18 14 9 31 22 €0, wag+ring def.
Vi, 605 18 7 9 19 10 '

vic 527 186 7 27 22 y(Pt-N)+v(Pt-0)
Ve 418 8 10 4 13 v(Pt-0)

vy 402 1 10 2 23 18 v(Pt-0)+ring def.
< e 4 o2 % M

v 3 10 e
-vig 289 7 5 2 4 ring def.

Va1 266 2 3 2 7

V4o 234 1 6 -2 8 9 §(0-Pt-N)

Va3 223 2 4 15 8 (N-Pt-N)
.v44,,....,]_58'..u“.. B T 8 "5 (0-Pt-0)

* Shifts <2 cml ignored.

Pd(1I) complex.

t Frequency for Pt(II) complex minus frequency for

¥ No corresponding band observed in spectrum of Pd(1I) comple



© 1876b). Bands v, and vj, are shifted slightly by

11 et higher than the value for the Pd(II) complex, indicating that,'
the higher electron density of the Pt-O bond is transmitted to the

exocyclic C=0 boad. '

The bands (vg,vlo) are sensitive towards 2-d,3—d3-labc].li_ng only.

. They clearly originate in the degeneratec deformation mode of the

methyl group. The frequencies in the complexes are very similar to

those observed im the spectrum of free L-alanine (Pércy & Stenton’

180—]\abelling.

Their sensitivities towards N,N—dz— and'2~d,3—d3-labe11ing are too

small for W, or (i modes byt are consistent with a contribution

from v(C-C). Hence, the assignment v(C-0) + v(C-C) is proposed.

Bands Vi3 and vig» DEAT 1350 i:m'l, clearly originate in the symmetric

. deformation mode of the methyl group. They occur very close to the

position of the corresponding band in free L-alanine (Pe'r.cy‘ § Stenton
19765} and afe significantly sensitive towards Z—d,'3-d3~labelling{
'I"he small 1SN— and N,N—dz—selwitivity of .v14 indicates_some coupling
with the NH, twisting mode. '

The substantial 0 shifts exhibited by VlS and v 16 suggest that

they are primarily v(C-0) bands althcough coupling ‘with v( C-C) and an leZ

mode is indicated by concomitant shifts on 2-d 3-d3- and ¥ N-d -
labellmg. The a551gnment proposed is identical w1th that given for
the analogous glycinate corpler (Hodgson et al, 1978) The v(C-CHS)

modes is expected to occur near 1237 cm 1, its wvalue for free

" L-alanine (Percy § Stenton 1976b). The three bands v177v19 exhibit

isotopic sensitivities which are consistent with this assignment but
concomitant 1SI?:’—:;c:nsitivity in two of them suggests some coupling with

the NH2 twisting mode. The bands vag 1O vy exhibit I»’,N-dz—shifts
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which are too small.for NHZ modes but are cohsistent with those
expected for v(C-N), alfhough conﬁiderable vibrational coupling is
indicated by sensitivity to the other isotopic labels.

The b:mds.v23 to\go are highly coupled except for Vo which is
a relﬁtively pure v(C-N) band. The assignments proposed are reason-
able in terms of the observed shifts and analogous assignments in
the spectrum of [Pt(gly)z] (HOdgson et al, 1978). The band vz1s
with its subsLantlal 180 Shlft originates predominantly in the €0,

rocking mode. Ring deformations sve expected below 700 cm~1 and the

sensitivity<bf the bands Vgy~Vgy to all modes of isotopic substitution

"suggests that they originate predominantly in skeletal vibrations of

the chelate ring with some coupllng from the CO2 wagging mode
apparent fTom thelr 180~sen51t1v1»1es

In the spectrum of [Pt(gly)z], a band at 497 cm™l has been assigned
fq the coupled vibration: v(Pt-N) # v(Pt-0), no vibrationally-pure
v(Pt-N) band having been observed (Hodgson et al. 1978). The shifts
exhibited by vz in the spectrﬁm of [Pt(L-ala) ] are practically
1dcnt1cal w1th those of the corresponding band in tne spectrum of
the g‘yc1nate complex. Hence, a similar a551gnm¢nt is proposed. The

large shift (18 ecm"1) which this bard exhibits on substitution of

Pd(Ii) for Pi(11) is also similar to that observed for the glycirate

complexes and is consistent with the assignment proposed.

A relatively pure v(Pt-0) band is observéd at 418 em™l. The
frequency is very similar to that (415 cn1) observed for v(Pt-0) in
the anélogous glycinate complex and similar secnsitivities to PA(I1y
subsititution are also observed for the complexes of the two amino
acids. The band at 402 anl (vq,) is also v(Pt-0) but its siight

15N-sensitivity and its greater sensitivity than v towards N,N-d,-



Influence.of Pd(II) substitution on the spectrum of [Pt(L-ala)

labelling, supgest that it is coupled with a ring deformation

mode involving the nitrogen atom.

Below 4080 an~l, bands occur which exhibit sensilivity to several

modes of isotopic labelling. These are probably ring deformation

bands and bending modes involving the methyl group of coordinated

alanine. The absence of a methyl group in glycine explains-why this

region of the spectrum of the L-alaninate complex is relatively rich
in infrared bands.

The L-Pt-L bending modes may be assigned to the bands v427Va4"

- of these, Va3 1s sensitive towards 151]- and N,N-dz-labelling only,

_suggestivn-g that it originates in §(N-Pt-N). Y44 is only shifted by
18

0-labelling and is thercfore assigned to G(O-I’t;O). Band V42 is

sensitive to ]'80-, 15H~ and N,N-dz-labelling and is therefore

probably 6(0-Pt-N).

2]

It is now well established that substitution of one coordinated

. metal jon in a complex by another from a higher transition series

leads to an increase in the forcc constant (and hence vibrational
frequency) of the metal~1igand bonds provided that no change in coordin-
ation mmber, symmetry or oxidaiion state of the metal iom accompznies
the substitution (Huleft & Thomton 1973; Thomton 1974). Thus,
substitution of Pt(II) in [Pt(L—a_lla) 2] by Pd(II) should lead to a

decrease in v(M-0)} and v(M-N}. Although the mass effect will favour

. higﬁer frequencies for the Pd(11) complex, mass effects have been shown

to be heavily diluted in metal chelates (Jhilett & Thornton 1973). The
data in Table 1 show that all bands assigned to metal-ligand stretching

and bending vibrailions exhibit a {requency decrease on Pd(II)

L senaid
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substitutic;n and this observation may be citc!-:d in supporf of these
assignments. '

The effec.'ts of metal ion substitution on the meial-ligand
frequencies arc often further. transmitted to affect the frequencies
of other vibrations in the moiecule. These may vary in parallel

with, the metal-ligand frequencies or they may exhibit an inverse

trend (Ha_igh et al. 1969). The I\‘H2 rocking modes of coordinated amines
are generally very sensitive to metal ion substitution, moving in
the same di?ection as v(M-N). The data ianable 1 show that many
) bands assigned to pure or coupled NHZ rocking and twisting modes
exnibit substantially lower frequencies in the Pd(II) L-alanine complex.
) l‘«]etal:ion substitution in amine complexes oftem causes the v(N-H) l
) b;md to move _in the opposite direction to v(M-N) (Engelter et al. 1978).
'I_'his effe(;t is also observed for the L-alanine complexes described

here, supporting the assignments for the v(N-H) bands.

Comparison vbetween present and previous assignments and conclusions

. O_n}y one previous assignment study of the alanine complex of

Pt(II) has been made (Jackowitz e¢v al. '1967). T]ﬂis was based on a
normal coordinate treatment, a method which has previously been shcwn

to yield incorreét assignments, .especivally for the metal-ligand
stretching modes, .in aminc; e7id complexes (Percy § Stenton 1976a, 1976b).
Thus, the strong 527 cm™l band was not reported, while v(Pt-N) was
assigned to the 418 cm~) band which is ﬁgw found not to shift at all

4 - " on 15N~labelling. v(Pt-0) was assigned to a band at 198 am1

since it
: ’ was .believed that the M-O bonds in amino acid complexes have largely
ionic character, a view that has been invalidated by subscquent infrared

studies and X-ray structural work on [Cd(gly)z] 'HZQ and isomerism
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studies on trans- [PtA(gly)z] which reyeal nommal M-O bond lengths
(Low et al. 1959; Niven § Thornton 1978; Pinkard et al. 1934).
In conclusion,the frequency shifts which result from multiple

isotopic labeliling and PA(II) substitution enable rcliable assignments

to be provided for most bm}ds in the spectrum of [Pt(L~ala)2] over
thc range 4000 - 140 cm™l. There are few vibrationally-pure bands in
' . the spectyum. This is evident, not only from the observed isotopic
| shifts, but also from the oécurrence of 44 bands in the spectrum of
[Pt(L—ala)z] qqrnpaned with 25 for [Pt(gly)z] over the same spectral
range. Since both complexes have trans-configuration, it is apparent
that a smali increase in the complexity of the coordinated amino acid

induces a large increase in the complexity of the spectrum.
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~ Band assignments in the infrared spectrum of ecis,cis-bis(glycinato)cis~

bis(imidazole)nickel (II) Ly multiple isotopic .:.label].ing

JOHN B. HODGSON, (the late) GORDON C. PERCY and DAVID A.  THORNTON

Department of Inorganic Chemistry, UniversiL:y of Cape Town, Rondebosch 7700,
» South Africa
ot

" (Received  September 1978)

. Abstract - The i.r. spectra of cis—[Ni(gly)z(liim)7] ‘(gly = glycinate, ion,
" Him = imidazole) and its isotopically-labelled analogues have been deter-

18, 15 13 13

mined over the range 4000-150 an L, 0-, ON-, 1-"7¢-, 2-7¢- and

2,2-d2-l,abelli{1g of the coordinated glycinate yields assignments for the
internal glycinate modes and the'nickel-oxygen and nickel-nitrogen
stretching an§ bending \lfibrations while deuteraticyn of imidazole (Him—dE)
_provides assignments for the internal modes of the cob’ ~dhlated imidazole
rings and for thé nickel-imidazole vibrations. The resu].té, combined with
.'those of previous multiple 'isotopiu labelling studies on glycinate cdmplexes, ’
enable some general conclusions t(') be reaciled on the i.r. spectra of these

compounds.
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. INTRODUCTION
Multiple isotopic labelling of the chelate ring has recently been successfully 4
employed in the assignment of i.r. bands iﬁ the spectra of several amino
acid complexes [1-5. The general conclusion emerges from these studies that
few bands‘rcp;esent pute, vibrationally-uhcoupled modes. Nevertheless, it -
has proved possible, by labelling all,'or almost all, ligand atoms, to

provide reasonably fimm assignments for each band in the spectrum. The

- title compound (I) represents the first example 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—configuratioﬁ.

o
I .
EXPERIMENTAL

Cis~[Ni(gly),, (Him),) was synthesized as described by Rao and Li [6)."

The labelled complexes were similarly synthesized from 180-, 15N—,

113

C- and 2-130-1abelled glycine of 78, 97; 91 and 91% isotopic purify,
respectively, supplied by BOC Prochem Ltd. and 2,2—d2—glycine and
imidazol-e—d4 of 97 and 98% isotopic purity, respectively, supplied by

i .

1
i



Merc-:k, Sharp and Dohme (Canada) Ltd. Purity of all compounds was
established by microanalysis (C,H,N). Infrared spectra were determined
on Nujol or hexachlorobutadiene mulls between caesium iodide plates
(or, ovér the range 300-150 cm__l, between polyethylene plates) on a

Digilab FIS 15 B/D interferometer and a Perkin-Elmer 180 spectrophotomneter.

RESULTS AND DISCUSSION A ’

X-Ray structural determination [7] reveals that the complex (I) is
octahedral and the configuration around the metal ion is éis~0(carboxyl) ,
cig-N(amino), eis-N(imidazole). The nickel-ligand bond lengths are
charactéristic of those determined for t:mns—-[Ni(gl'y)z(HZO) 2] and E
[Ni(HiJﬁ)()] (€10,),- The molecule has ¢; site ‘symmetry. o

" . Figure 1 shows the spectra of the variously-labelled complexes

while Table 1 lists the frequencies, isotopic shifts and band assignments.

The internal imidazole vibrations and the Ni-N(Him) modes are identified
from the band shifts whicH occur in the liim—ds-labeiled compiex while
the glycinate and Ni-N(gly) and Ni-O vibrafions are disi:iﬂguished by
the shifts whicﬁ occur on labelling ea_ch skeletal atom ‘(anc_l the methylene
hydrogen atoms) of the coordinated glycinate groups.- The deuteroimine
(ND) gfoups of the 1'midazole-d4 ‘r‘inAg undergo rapid -H-D exchénge in air
so that synthesi; of the labelled complex with imid'a.zole~ 4 yields the
imidazole-d; complex. -
The 40002000 en™? region

The sbectfum of free Him in the .region 3100-2200 cm-l, consists of .
a massive envelope of bands atrributed {8,9] to H-konded N-H stretéhing
modes .> This feature and the fact that each molecule of the complex forms
ten hydrogen bonds to seven synune‘try-related molecules in the crystal [7], -~
vastly complicates the i.r. spectrum in this region. In the absence of

ligand labelling, reliable assignments would not be possible. With
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Table 1.

eis=[Ni(gly) ,(Hin) ] -

et dbania e s b

Frequency and i.sotopic shift data (1) for the complex ‘

Shifts of #1.5 an-l are ignored,

Shift o
Band* Frequoncy Assignment
T 38 38y 1.1 2.8 2,20, in-d,
v 3318 8 20 J’
v, 3282 7 14 W-H(gly)
v 3195 7 17 l
v 3150
g 3139 -+ 905 x:Hann)
v 3127
oy 2940 i3 798
\f H(gly)
v 2920 5 810 -
vo - 1632 9 12 2 .
_ vt 1600 19 35 o T
vy - 1586 18 12 .
v, 1541 36 N, scissor + \C=0
Vi3 1516 5 9 18 M, scissor + v(Him ring)
v 1402 56 L :
14 .v(Him ring)
vis 1448 3100 :
vig 1434 4 5" 17 (H, scissor + y(Him ring)
vi7 1416 15 19 7 9 V-0 + VC-Clgly)
vig 1401 4 6 220 9 QH, scissor + vC-C(gly)
vg 1355 20 3 19 5 200 4 -0 + C-C(gly) + NH, wag
v20 1344 4 .8 193 19 CH, wag + NH, wag
vap 1327 57  6C-H(Him)
vy, 130 4 4 6 18 8 CHywag + W-Clgly) + -C-0
1294 3

V23

97 16 CH, wag + Ni, vag
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Table 1 (continued)

Shift .. ........

Band® Frequency 18, 15, 1 13, ,.13; 2,2-d, Him~dy Asélglment

Vaa 1257 a ; C 284 :

. e A : { 8C-H(Him)

25 . 1253 a ‘ 280 ,

V26 1245 - ) 48  N-H(Him)
Va7 s 42 1047 CH, twist + WC-C

V28 1145 B , S 45 N-H(Him)

V29 1133 3 2 20 28 10 N, twist + \C-C

V30 1093 - 2 2 : 213 :

o - . . L {_6C~H(Him)

31 1067 : . 250 _

V32 1052 U 18 4 4 C-N(gly)

V33 o957 11 10 1 vC-C(gly)-

V34 o4 3. 3 a4 4 . WC-C(gly) *+ €O, scissor
V3g 06 6 . 2 4 36 00, scissor + yC-H(lin)

‘ V36 905 25 7 7 31 10 (0, scissor + (H, rock

Y37 898 7 : T 28 FG(Him ring)‘

Vig 850 ' . us ¢,

Vig. 834, _ 02

V4o 831 : s ' 99 ¢ C-H(Him)

Voo o7es ‘_' 129 )
V42 753 : 3 BEETTE G

V43 72 9 2 6 6 23 9 (0, rock + Qi Tock + Ni, T
Vag 67 . a2 -

v - . ' : . v y(Him ring)

45 664 . -109 . .
Va6 . 624 - " 100

V47 i i 4 2 6 18 137 ‘

Vag ss3 | 9 6 i 2 31 10 lco2 wag + chelate ring def.

5% 15 7 2 2 - 5 12 l ’




Table 1 (continued)

» Assignment
B¢ 2-B¢ 2,2-0, Hin-a,

Band* Frequency '
- . 189 1y 1-1% 2

519 11 4 2

V50
_ . O, wag + le-N (gly)
Ve, 498 7 2 2 15
Iy N
Ve, 418 6 6 - .
' ' : : o o le—N(gly) + wWi-0
Vo3 401 7 5 . 4 ) 817 ;
Vey 306 6 2 2 ) 13 wWNi-0 + Wi-N(iim)
v C ' + WNi-N{gly)
. .
veo 2% 4 2 3 21 .
: SRR : WNi-N(Him) + 80-Ni-N(gly)
v 236 6 2 16
vg7 203 3 2 15 60-Ni-O + wNi-N(Him)
vy 164 ' © 2 6 S(BmN-Ni-N(Him)
vgg 149 ' : - . . L

CL* Hydrogen bonded WN-H(Him) bands occur at 3093, 3046, 3037, 3015,
2921, 2845, 2832, 2785, 2715, 2690, 2618 and 2595 cm-1

masks a2 v(Him ring) band which becomes resolved from the

v
10 13

vC=0 band in the 1-""C-labelled spectrum. :

E3
3

Eax)
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- labelling, however, the N-H(gly) stretching modes are readily identified
by their sensitivities towards'15N~1abe'].1ing as the group of three bands
(v;-v5) within the ronge 3350-3150 enl. The slight Him-d; sensitivity
of these bands probably arises from hydrogen bonding between the
glycinate aua imidazole groups of neighbouring molecules.

The three bands within the range 3150-3100 <:m"1 (v4—v6) are
clcarly‘ C-H stretching modes of Him, being shifted some 800 cn’ t6
lower frcquency by deuteration. They are unaffected by other rﬁodes of
1abe111ng The two vC-H(gly) bands (\) \)8) occur within the range 3000-
2800 cm’ wherc they are identified by their 2,2- d shlfts {(~800 cm” )
and 2- 3C-5en51t1v1t1es. A1l other bands w1t111_n.the range -4000-1700 cm -1
are assigned fo hydrogen-bonded wN-H modes of the imidazole imino group.

_ The 1650-600 em ! region )

The majority ovf 1r bands of free imidazole recur in the spectrum
of the complex with the minor shifts and qphttmys which also characten?o
the spectra of py’rldme complexes [10]. The 1nternal imidazole modes
are 1dent1fled by Him- d sensitivity and absence of sensitivity towards °
labelling of the glycinate group) while the species of each mtcrnal
imidazole vibration is allocated éccording to the extensive deuteration
studies of Perchard Cordes and co-workers (8,9,10] on thé hniﬁazole spectrum.

The bands \)9 17 are 3551gned to the carboxylate stretch, vC=0,

18

since they are 51gn1f1cant1y s$hifted by ~"0- and 1- ‘50 1abe] 1mg, only

The NH2 sussormg mode gives rise to two bands (v 12°Y1 3) at 1541 and’
1516 cm 1. These frequencies are considerably lower than that [2] of the~
corresponding Vibrgtion (1610 cm__l) in trans-JNi(gly) 2(HZO) 2] as a
" result of hydrogeﬁ bonding and {ribratiqnal coupling with QC=0 (vlz) or an
imidazole ring 'sﬁretching mode (vls).. Two further imidazole ring stretches )
(\’14’\)15) are idgnti.fied by their Him~d3 sensitivities, while the CH2

i )

{

i



scissoring mode (vlé), identified by its sensitivity fo 2-130- and
2,2-d2-labelling, also comprises a contribution from an imidazole ring
stretch. The vC-0 band (u17) is identified by its marked sensitivity to
180- andA1~130—labe11ing but is clearly coupled with vC-C(gly) since

it is also 2»130-‘and 2,27d2-sensitive. In this respect, it resemblcs
the 1412 cm“? band in trans-[Ni(gly),(H,0),]. The NHZ' wagging bands
!v19’v20’v23) are all coupled with other glycinate vibraﬁions. .

The inrpléne C-H and N-H deformations of the imidazole ring
give rise to a set of seven bands within the range 135@—1050.cm'1 where
they are distinguished from the interspersed glycjnate%vibrations by
their unique sensitivity to imidazole deuteration. lhé band at 1052 cnf1

(v32) is assigned to vC-N{gly) by its high sensitivity to 15N-rand 2-130~
labelling. The positién of this band is relatively constant in glycinate
cdmplexes [1-5] where it is also characterized by its vibrational purity.
- The CO2 scissoring mode spans three bands, none_bf which is vibrationally
_pure; within the range 950-900 al, o " ;

" The qut—of-blane C-H Aeformations of the imidazole ring are
idehtified as a set of five consecutive bands (v38~v42):by their Hhﬁ—ds.
sensitivities. Like their in-plane analogues and the 5: and y(ring)
bands (v44—v46), they are ali.vibrationally pure. %
The 600-1"0 cm—J region . » ;

Imidazoie yields no bands with frequencies <600 cﬁ'l. Hencc; only
the o, wagging mode and the'farious chelate ring defon{ations of the
~ glycinate group will cbmplicéte the'aséignment of metal-ligand vibrations.
The five bands (v47-v51) are all sensitive to several modes of labelling
and clearly comprisé contributions from the €0,, NHZ and;CHZ groups of
the giycinate ring. Reference to earlier maltiple isbtopic labelling

studies of glycinate complexes [1-5] reveals that a grouﬁ of such bands
. . i

characterizes their spectra generally. The extent to which these bands

+



- bending modeD._ The 203 cm -1 band v 7) is sellsltlve only towards 1 o-,

10

interfere with the metal-ligand stretching frequency assignments depends

on their relative positions. In the present complek, wNi-O and wNi-N(gly)
. . . " 15 et s
may contribute to v 47 Vg in view of their ]80~_ and 1 N-scnsitivities

but the band at 418 'cm—l ‘(vSZ) is significantly sensttive towards 180—

and 15N labelling only, implying that it originates solely in the coupled

-1

3

V1brat10;1 le—O + le-N(gly). The neighbouring band (v53) at 401 cm

exhibits similar 'isotopic sensitivities. except for. Him—ds labelling where

the spectrum reveals an appavently ano'malous shift of 81 cm_]'. This shift

is far too large for a Wi -N(Him) vibration.

The band at 306 an (v 4) is sensn:ve to 180—,v 1SN— and Hjm-d3~

labelling, suggeatmg that it comprlses contributions from wNi-O, WNi-N(gly)

and vNi~N(Hm). WNi-0, in i:mns—[Nl(gly)z(HZO)z] , OCCUTS as a pure

vibration at 334 cn’" [2]. The isotopic sensitivities of vgs and v -

resemble those of v 54 but the contributions to wNi-N(Him) from the glycinate

_portion of the nolccule are here more likely to orlgmate in metal-ligand

8
. 13

1 and Hi:n;dz,-labelling. It is therefore assigned to WNi-N{Him) +

§0-Ni-0, while the bzmd at 164 c:m_1 (v58) is sensitive only to l‘-lim—d3

labellmg, suggest:mg -its assignment- to &§(Him)N- Nl—N(hlm)

Although ine metal-ligand stretching frequency region of efs-[Ni (gly) (hlm) ]
is expected to be more complex than that of trans-[Ni (gly)z(HZO)z] purely on
symmetry gfounds (both the antisymmetric and Synmletric’vNi-L baﬁds of the -
formér are i.r.-active) it is clear frc;m the above discussion that the
observed comp].exit.y of the spectrum of the eis-complex cannot be attributed
solely to symmetry considerations but must, at least partlally, be ascribed
to the extent of vibrational coupling in this complex.

CONCLUSIONS

Sufficient multiple isotopic labelling studies have now been

performed on glycinate complexes to enable some general conclusions

v v e e e e e e e B e ion ol




u
regarding their infrared spectra to be reached.
:1. Very few bands represent vibrationally pure modes. The ]éast-
coupled bands are generally, vN-H, vC-H, vC=0 and vC-N.
2. Metal-ligand stretching frequencies span a wide range of values
with WM-N generally >wM-0. Chavacteristic values for vM-N are
ASS0 cm (Cd(nj and Pt(IT) chelates) and ~450 cm1 (Ni(II) chelates)
WM-0 is characteristically within the range 300-450 cm-l. In many
glycinate complexes, vM~0‘and W-N are coupled. ‘
3. Octahedral glycinate complexes comprising adducted heterocyclic
‘bases with nitrogen donors commronly yield vM—N(bas;) bands within
the range 150-350 am 1. » »
Acknowledgements - We thénk,the University of Cape Town Research Committee
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Band Assignments in the Infrared Spectrum of franc-bis(glycinato)-

platinum(J1) by Multiple Isotopic Labelling
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Sunmary

- The infrared spcct.ra. (4000-140 cm—l) of the complex trans=
[Pt (glycinate),] and its ‘So-, PN, 1-M¢-, 2-Mc-; 2,2-d,- and
N,N-d,~labelled analogues haye been deicrmined.  Each spectral band
lﬁs been assigned on the basis of the shifts induced by the various

modes of isotopic labelling. The N-H, C-H, C=0 and Pt-O stretching

vibrations and certain of the CH, and NH, bending modes are

vibrationally pure but all other bands represent vibrationallyvcoupledv

modes. The spectra reveal that| some earlier assignments require

revision.

* To whom all correépondence should be directed,

i



Introduction
There is some measure of disagreement on the assignment of
infrared bands in the spectrum of trans—[Pt(gly)Z] and other glycinate

w,

Une view(z) assumes low covalency in the M-0 bonds with
3)

complexes
essentially monodentate -coordination of the amino acid while another
conside)*sv the M-O bonds to be highly covalent. Independent normal
coordinate analyses(s’[l) have not succeeded in unambiguously resollving

the problem, the two sets of assignments showing considerableAdifferences.‘
_ In this paper, isotopic labelling of every ligand atom in trans-[Pt(gly) 2]
is used to assist in resolving the assigrﬁnént problem.

Experimental )
Trans—[Pt(gly),] was prepared by a reported method®) . The

18 3

labelled analogues were similarly obtained fromlSNf, 0.~~?' 1-1%c- and 2-

labelled‘ glycine of (respectively) 95, 74, 92 and 93% isotopic purity '
supplied by BOC Prochem Ltd. and 2,2—d2-labelled glycine of 98% isotopic
purity supplied by Merck, Sharp and Dohme (Canadz) Ltd. N
[Pt(gly),] calc. : . C, 14.0; H, 2.4; N, 8.2. Found : C, 14.0;
H, 2.4; N, 8.25. Found for [Pt(gly-%0),] : ¢, 1%.7; H, 2.3;
N, 8.05.  Found for [pt(gzy—“zlv;z]' . ¢, 13.9; H, 2.4; N, 8.65. -,
" Found for [Pt(gly.—1~13c)2] . C, 14.3; H, 2.3; N, 8.13. .Fouhd for
[Pt(gly-Z-”C)Z] . ¢, 14.4; H, 2.3; N, 8.05. Found for [Pt(gly-2,2-d,5.] :
.C, 13.8; H, 3.5; N, 8.0%. The N,N—dz—labelled complexes were similarly
prepared in D,0 from samples of glycine (or glycine-Z?Z—dz) previously
recrystallized from DZO' | '

Infrared spectra were detefmined on nujoi mulls (or, in the region
of nujol absorption, on hexachlorobutadiene mulls) between céesiuni iodide,

plates on a Beckman IR-12 spectrophotometer (4000-250 aly and between

e pm - o e e e — e s e e mim a4 pes me e e e a3



polyethylene plates on a Perkin-Elmer 380 spectrophotometer (25C-140 cm—]').

' Reproducibility of reported bands is better than 0.5 et

| Results and Discussion
The isotopically-induced shifts (Av) are recorded in Table 1 and,

the spectra are depicted in Figure 1. V »
The vegion 40001200 en”!

- Four bands occur within the range 3300-2900 cm—l. The N-H stretching
.modes (vl, vZ) are readily identified by their sensitivities to lSN— and
N, N-d labellmg whllc the neighbouring C-H stretching modes (vj, vy)
are recogmsﬂd by thelr sensitivity to 2“ C-— and 2,2-d,-labelling.
Shifts of roughly 800 cm = are induced by deuteration of the N, and )
groups and both modes are vibrationally pure. The band at 1650 ;m\.l (vsl
. ] is firmly assigned to v(C=0), being significantly sensitive towards "
i . l80'— and 1—130— labelling only. The I\'H2 scissoring band at 1607 'cm_1
‘ ("6) is récognised by its 151_V- and N,N-d,-sensitivity but is coupled with

v{C=0) since it also exhibits 180— and l—lzc—sensitivity. The band at

i - 1439 cm_1 (v7) is uniquely- sensitive fo 2—130- and 2;2-d,-labelling and is
| therefore assigned to a vibrationally ﬁure CH, benc’!ijxg modé. The onl)"
difference between the present assigmments and those previously proposed( »0)

_for bands within the range 4000-1400 cm = lies in the coupled nature of Ve

which is now established by isotopic labelling.

The vegion 1400-600 cm

“The isotopic shift data reveal that, .except for V12 and vyzs all bands
within this region originate in extensively coupled vibrations. The
bands Vg, Vg and vy, are all varicusly-coupled v(C-0) modes in view of
their ‘80~ sensitivities whereas only vy and vy have previcusly neen
43,0

i

I recognize as originating in v(C-0). Earlier-assignment(s) of
i . .
|

i
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Table 1 Frequencies, isotopically-induced shifts and infrared hand
assignments for trans--[Pt(gly),] (cm“-l)a)
Av .
V. . : - - - - Assignment
18g- 15y 1:13¢ 2-13¢ 2,2-d, N,N~d, 2,2-dy ' '
: o+ NN-d)
vi 3230 4 8§22 819 - v(N-H) asym. -
vy 3094 - 795 797 v(N-H) sym.
vy 2984 S2 12 - 829 823 - v(C-H) asym.
vy 2934 o 4 831 . 823 v(C-1I) sym.
vs 1650 18 29 : . 6 . 4 v(C=0) )
vg 1607 6 2 15 6 - 400 475 - v(C=0) + NH, def.
vz 1439 b) 2 374 369 CH, def.
vg 1431sh 24 5 - 10 70 56 .76 v(C-0) + v(C-C)
’ ) : ’ + NH, def.
vg 1375 5 4 g 18 22. 44 v(C-0) + v(C-C)
vig 1333 8 10 25 136 v(C-0) + NH, def.
viy 1294 5. 14 3. - 247 242 v(C-0):+ vw(C-N)
' o : ' + NHy def.
- vyp 1247 4 : 217 - 239 © NH; def.
viz 1187 2 ' . 248 : 256 CH, def.
viy 1026 3 12 18 101 171 234 v(C-N) + COy def.
vis 968 ¢ 8 .: 9 9 111 | v(C-C) + CH def.
vig 921 31 3 7 29 31 29 CO, + CH, defs.
. w17 798 3 : 2 - 21 34 58 {COZ + CHj
754 13 2 S 29 120 - 125 + NH, defs. -
vig 619 8 8 2 9 21 43 €0, + NH, defs.
v 548 3 4 7 53 22 81 :
vay 197 8 5 27 18 39 -~ { coupled v(Pt-N)
vy 415 11 2 8 . 10 -~ v(Pt-0)
va3 338 3 ) ' - 3 "6 §(0-Pt~0)
vy 263 4 4 31 42 §(N-Pt-N)
. V25 150

3 o 10 » 8 (Pt-0-C)

-2) A1l shifts are to lower wavenumber. Absence of data implies shift <1 an”

|

1

b) Shoulder v ‘ - . : -

©) Ppreceded by a residual !6g-band.
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vyp to v(C-N) coupled with the NH2 wagging mode receives support

15

from the isotopic shift data. Sensitivity of vy, to "7~ and N, N~d,-

labelling only, suﬁports an carlier assigmnent(s) to the NH, twist while
agreement with a previous aSSignment(s) of vy to the CH, twisting mode

is now provided by its wnique sensitivity to 2—13(,‘— and Z,Z—dz—labelling.

1

Strong sensitivity to 1SN~ and 2- SC—labelling suggests that v, , is

principally v(C-N) but some coupling with a 00, deformation is implied by
slight 18, sensitivity. The bands vyg, v ¢ and vy; are all variéusly— .

coupled CH2 bending modes of which at least one component of the coupled
(3) 1

vibration agrees with earlier assignments >’ The band at 619 cm ~, -

previously identiﬁe_d(‘s) as a (0, wag, -is now scen, from ISN—A é‘md_ I‘J,'N-—dzé
sensitivities, to be coupled with an NH2 bending modé. - The frequencies
of the NH, and CH, dcfdmations provided by the assignments given ahove ,

generally agree well yith those previously proposed(s) for these modes.

e . -

The region 600-140 aﬂ*l

In this region the metal-ligand vibrations are expected to occur. '

" For the ¢; symmetry of the complex, two metal-ligand stretches, v(Pt-O)

'_and v(Pt-N), and four bending modes are expected. '1"}_1e suggestion(2’4)

(7

that the Pt-O bonds are ionic is discounted by the siructural determination

of trans-[{Pt{pgly) 2] which reveals Pt-O aud Pt-N distances consistent with

(3,8)

high covalency in both bonds.  Similar argwnents have been advanced -

for the relatively high value of the v(Cu-0) frequency in the spectrum of
(9) '

cis—[Cu(gly)z(HZU)] . Both stability constant data and force constant
calculations(s) suggest that the metal-ligand stretching frequencies in
glycine complexes will increase in the sequence Ni<Cu<Pt. Previous isotopic

labelling studiestg’lo)

on trans-[Ni(gly),(H,0) 2] and cis—[Cu(gly), (HZO)]
confirm the sequence Ni<Cu for v (M—N) and v(M-0). Hence , v(Pt-N) and v(Pt-0})

are expected to exceed the frequencies of the corresponding antis,mmetric
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L .

‘higher, as expected, tlhan the copper-ligand bending frequency: in the

vibrations in the Cu(II) glycinate complex (476 and 379 cm_l; respectively).
The band at 548 cm L (“20) has been assigned(s’ﬁ) to v(Pt-~N). While the

present results do not invalidate the assignment (since the band is both

15N—--and ¥, B-dy-sensitive) concomitant sénsitivity to 180— and 1~130—

labelling shows that there is coupling with a vibration involving the €o,
group. ‘lhe isotopic sensitivity of the band at 497 ant (v21) is also

consistent with its assignment to v{Pt-N). This band is more sensitive than

v_, to 18

20 0-labelling but 2,2—d2-sensitiviFy.suggests that v,y is also

vibrationally coupled.

The band at 415 cmﬁl‘(vzz) is firmly assigned to the vibrationally

pure v(Pt-0) mode since it has substantial 180—sénéitivity; no le;3c—

'sensitivity {Z.e. it does mot comprise a contribution from a €O, deformation)

15

and no "“N- or N,N-d,-sensitivity. The present assignments of v,y to

coﬁpled v(Pt-N) and vyy to v(Pt-0) place these frequencies some 30 cm?}

" higher than the éntisymmetric v(Cu-N) and v(Cu-0) frequencies of eié«~

[Cﬁ(gly)z(HZO)] which is qualitatively consistent with their relative
)] {11) (4,12)

stability constants and coordination numbers Earlier assignment

of vy, to v(Pt-N) is definitely discounted by absence of sensitivity to

34~ and w,#-d,-1abelling. -

The band at 338 cm (vp3) is significahtly sensitive towards 18,

. labelling only, although the 18)_shift is smaller than that of Vooi Vo3

is therefore assigned to the 0-Pt-O bending mode. This frequency is again

13

spectrum of cis—[Cu(gly)z(HZO)](S). Abscnce of lSN—, 1-""C=~ and

13 (4,6,12)

2-""C-sensitivity invalidates previohs assignments of vyz to a CCN

bending mode. v
The band at 263 cm ! (v24), sensitive to ISN« and Z,Zvdzvlabelling? is

assigned to the §(N-Pt-N) bending mrde. Absence of 180ﬁ and 1n13Cv



sensitivity invalidates earlier a551gments(4’1“) to the CO2 wagging

mode coupled with a ring deformation.  Finally, v, at 150 cm—]’ probablly

18

originates in the &(Pt-0~C) bending vibration in view of its ~“0-

and Z,Z—dz—sensitivities.
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Suminary

The complexes M(acac),(imicazole), (M = Co or Ni) and
[M{zez2)7B], (M = Co, Nior Zn; B = pyrazine or pyrimidine)
have beer nrepared and their ir. spectra determined over the
600—140 cm™! range. The metzl-oxygen and metal-nitrogen
strezching frequencices, #(M—0) and ¥(M—N), arc assigned on
the Lusis of the band shifts induced by deuteriation of the
adducted base and by substitution of the metal ion. Threc or
four ¥{M—C) bands arc observed within the 660—200 cm™!
range. The two #(M--0) bands of higher frequency arc con-
sidered to be coupled with internal ligand modces. Two
Y(M~N) bands arc observed within the 280170 em™ range.
The metal-figand stretching frequencics are in good agree-
ment with the values previousty established for these vibra-
tions in the [M(imidazolc),—,]“ and Ni(acac), (pyridine),
complexes.

Introduction

Many heterocyclic bases including imidazole (1m) and
pyrazine (pz) arc known to form stable adducts with

*  Autbor 1o whoin ali correspondence shouid be directed.

. metal(I1) f-keroenolatest! =5). Those forined by reaction

between monodentate bases, B, such as itn and pyridine (py)
and the metal(11) acetylacetonate arc generally®: 7 the
trans-M(acac), B, species whereas bidentate heterocycles
such as pz form linear polymers with cach of the two nitro-
gen donors axially bonded to discrete planar M(acac), units
and formulated as trans-{M(acac); B],8).

Assignments of the metal-ligand stretching {requencies in
the bis(pyridinc) adducts of Ni*! acetylacetonate bave been
established recently by obscrving the shifts i=duced by metal
ion substitution and pyridine deuteriation”. This paper
reports the application of rhis technique to the im, pz and
pyrimidine (pm) adducts of Co'!, Nill and zn" acetylaccton-
ates.

Experimental -

The adducts were prepared by reported methods® ¥,
Comiposition and purity were determined by microanalysis
(Table 1). Deutcriated complexes were prepared from iin-Dg
of 98% isotopic purity and pz-D4 of 84% isotopic purity sup-
piicd by Merck, Sharp and Dohme (Canada) Lid. The ir.
spectra were determined on nujol mulls between Csl plates
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[M(qcuc)z ( im)z] }

and between polyethylenc plates on a Perkin-Elmer 180
spectrophotometer (250140 em™"). Reflectance spectra v vy v, WYy

Al 7

were determined on a Beckman DK-2A spectrophotometer. i—_._m ._._._._'...l._'_ _l..

Co '
Table 1. Analytical data and clectronic transition encrgics for base l é e 4

A
- Ni
re
&

ona Beckman IR-12 spectrophotometer (600-250 cm™") E' |
W,

1

adducts of metal(l1} acetylacetonates
A ALl Apn
T ¥ f

500 400 %0 200

Complex Found (Caled.)% . 'l‘rnn;j(i()n
C H N cnergy“)

Colacac)z (im)z 489 55 142 9900 El ! [Miacac),lpz]] , ]
W

(43.9) (5.6) (14.3) 19,100

¥ v Y, Vo VgV Ve
Colacachylim-Dy)y 479 15 13.9 —|- P _l‘_i Ry
(7.9 (1.5 (13.9) l ] ’ I , \
Ni(acac)z (im) 48.9 56 - 14.2 10,500
(48.9) (5.6) (14.2) 17,200
Ni{acuc)z(im-Da)2 47.8 7.5 13.9
- {47.9) (7.5) (14.0)
{Co(acac)2(pz)g 49.9 5.5 8.4 10,100
(49.9) (5.4) (8.3) 18,700 “
{Colacac)z(pz-Dg)ln 49.4 6.5 8.2
(49.3)  (6.5) (8.2) [
Mlacac),(pm) I
[Nitacac)y(p2)in 49.9 5.4 8.4 10,200 E [ v o],
49.9)  (54) (8.3) 17,400
[Ni(acac)a (pz-Da)ly 49.3 6.4 8.3 .
@9.3) (65 (82 : | 7\
{Zn(acac)2 (p2)ln 488 5.2 8.1 . “ [ / [ //
(318.9)  (5.3) (8.2 A A 4 A A
{Zn(acac)z (pz-Da)ln 48.3 6.5 8.0 \\ \ \
(48.4)  (6.4) (8.1) . Zn A
{Co(acac)(pm)in 498 5.4 8.3 10,300 600 500 80 00 200 .
49.9)  (5.4) (8.3) 21,500 Wavenumber /em™!
[Ni(acac)z({pm)ly 49.8 . 5.4 8.3 10,600 : -1
(49.9) (5.4) (8.3) 17,700 Figure 1. Lr. spectra (600-140 cm™ } of base adducts of metal(1)
[Zn(acac)y (pmln 18.9 5.3 8.2 acetylacctonates. Shaded bands: ¥(M—0); solid bands: »(M—N).
48.9 5.3 8.2 . . . . . !
“n9 (53 8-2) The i.r. spectra are depicted in the Figure and the vibra-
) Assigned, in order of increasing energy, to the transitions: tional frequencics are given in Table 2. In the following dis-
N Tyg <—°Tlg, 4')‘,3 ‘-"Tlg(P) (Co complexes) and cussion, hands shifted by metal jon substitution will be re-
Jng « 3/“23, 3T|g - JA'zg (Ni complexes). ferred to as M-sensitive bands while the term D-sensitive will

be used to describe bands which shift to lower frequency on
deuteriation of the adducted base. For the isotopic labelling
technique, only im and pz were available as their deuteriated
analogues, im-D4 and pz-Dg.

Results and Discussion

Imidazole behaves as a monodentare ligand towards metal
acetylacetonates, forming the M(acac),(im), species while
pz (1,4-diazabenzene) and pm (1.3-diazabenzenc) act as
bidentate ligands to yield the polymeric adducts [M(acac);B),,.  The imidazole adducts, M{acac), (im), (M = Co or Ni)
The reflectance spectra of the Coll and Ni'l complexes of
both species are typical“o) of octahedral complexes of these Imidazole has no internal ligand vibrations wirh a fre-

ions (Table 1). quency < 600 em™!, nor are there any internal vibrations of

Table 2. Vibrarional frequencies and (in parcatheses) D-sensitivitics of i.r. bands in base adducts of metal(11) ncctylnccwnatcs“)

M(acac)y(im)y {M{acac)y(pn)ig [M(acac)y(pin)y Assignment
Co . Ni Co Ni Zn Co Ni Zn . :
556(0) 572(0) 557(9) 577(0) 554(1) 555 $66 558
416(0) 422(0) 410(0) 417(0) 412(1) 416 423 116 coupled (M~0)
469(18) 480(20) 460(16) 374 379 360 pz or pm 0.0.p def.
262(3) 278(4) 216(2) 234(2) 217(0) 212 to233 184
220(2) 253(1) 201(3) 2132) 202(3) 201 221 175 ¥M-N)
202(0) 220(0) 281{0) 293(0) 258(0) 276 28. 248
257(M 267(0) 227(0) 254 . 265 231 wM-0)
237(1) 252(1) (227) : (M—N} + B{M—-0)?
0(2 § < g
:2;‘::0; 133(4) 148(0) 161(3) 149(2) 155 164 154 5(L~M-1)
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coordinated acac in this region. Hence, the seven bands
within the 600—140 cm ™' range in the spectra of the
bistimidazole) adducts are all assigned to metal-ligand modes.
The »y and v, bands are firmly assigned to ®(M-0) for
three reasons. Firstly, they are completely insensitive 1o
deutcriation of the imidazole ring. Sccondly, they are
strongly M-sensitive in the CFSE sequence Co < MitY,
Thirdly, their frequencies lic close to those of the 5{M—-0)
bands in M(acac); B, (M = Co or Ni; B = H,0 or py). In
Ni(acac)(py)2, the V(Ni—0) bands arc considered o be
coupled with the 8 (C—Mc¢) mode of the acac ring or with a
pyridine ligand mode. That #; and v, are coupled ¥(M—0)
bands is also proposed here for the im adducts since the
Mesensitivity of vy and fespecially) v is lower than that of
vy (vide infra).

The v3 and 4 bands are undoubtedly {M~N) modes
since they are significantly D- and M-sensitive. Their fre-
quencies arc very close to those rcportcd(l 1 for y{M—N) in
the [M(im),,]r complexes in which the assignments were
based on the metal-isotope labelling technigue. Since v has
a higher M-scnsitivity than »y or ¥; but is completcly unaf-
fected by deuteriation of i, it is assigned te a vibrationally-
pure (uneoupled) ¥(M--0) mode. The alternative assignment
to §(0—-M-0), proposcd(”) for a band in this region of the
spectrum of Cr{acac)y, is considered unlikely since this
would place the O—M--0 bend at a higher frequency than
the M—N stretch. v, being both D- and M-sensitive, is cither
a third ¥(M—N) band, 6(O—M—N) or 6{N—M—N). Thc origin
of v4 is uncertain since it bas no M-sensitivity and is too
broad for its D-sensitivity to be determined in the spectrum
of the N1 adduct.

Suppot for the assignments proposed for ¥(M~0) and

,W(M=N) is cvinced from a comparison between the fre-
quencies for these vibrations in Ni(acac);(py);(” and
Ni(acac)z(im),. As is well known(g), any increasc in the
strength of the M-base bond on replacing one adducted base
by another causes a shift in ¥{M~0) towards lower fre-
quency. Since X(Ni—N} in the im adduct excceds ¥{Ni—N) in
the py adduct, the reverse trend is expected for #{(Ni—O). This
is obscrved.

The pyrazine adducts, [Macac)y (pz)]y (M = Co, Ni or Zn)

Below 600 cm™ !, pz exhibits une internal ligand mode,
an out-uf-plane deformation of the heterocyclic ring at
412 em~! with a D-sensitivity of 14 em™! . This band recurs
in the spectra of the pz adducts in the 470 em”™! region
(v7, Tigurc). As has been observed for the py adduc[s(w),
coordination of pz leads to an increasc in the frequency of
such interna! ligand vibrations. The D-sensitivity which this
band retains in the spectra of the pz-Dy adducts enables it
to be readily distinguished from the D-insensitive bands near
560 cm™' () and 420 cm™! (¥3). The latter two bands
arc assigned to coupled ¥(M—0) on the grounds of their ab-
scnce of D-sensitivity ard their high M-sensitivity in the
CFSE sequence Co < Ni > Zn.

Of the four (or five) bands within the 300~200 om™
range, only the two of lowest frequency (v, vg) exhibit
significant D-sensitivity, establishing them firmly as p(M-N)
bands. Their positicn near 200 cm”™ ' agrees well with that
of the two ¥(M—N) bands in the spectrum of
Ni(}acac)z(py);(g). The assignment is also supporied by the

1
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strong M-sensitivity of these bands in the sequence

Co < Ni> Zn. Of the remaining two {or three) bands (v,
Vg, Vg) within the 300--200 em™" range, vq and vg arc as-
signed to vibrationally-pure #{M~0O) modes on the grounds
of their absence of D-sensitivity, their significant M-sensitiv-
ity in the sequence Co < Ni > Zn, the occurrence of bands
in this region in the spectra of the Miacac)a(i1;0); com-
plexes (M = Co or Ni) and Zn{acac)z{15;0) which undoubi-
cdly have the samic origin and the established® existence of
two 2(M-~0) bands in this region of the spectra of
M{acac)y{py)s and Zn(acac)a{py). The bands below 200 em™
are considered to originate in metal-ligand bending vibra-
tions.

The pyrimidine adducts, [M(acac); (pm)),, (M = Co, Ni or Zn)
Pyrimidine has only one ligand band below 600 cm™,
namely at 348 em™' . The spectra of the adducts yield four
bands within the 600—300 cm™! range. The band of lowest
frequency is considered to correspond with the pm ligand
band since it is raised 31 em™" by coordination, a shift
characteristic*? of the shift in the our-of-plane ring vibra-
tion on complexation of nitrogen heterocyclics. Of the
remaining three bands, that near 420 em™! and the more
M-sensitive of the two bands near 570 em™* ,are assigncd to
coupled Y{M—0) modes. Assignment of the two uncoupled
y(M-0) and the two P(M—N) bands between 300 and
170 cm™! is made by analogy with the assignments of the
corresponding py and pz adducts.
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THE INFRARED SPECTRA OF SOME METAL(II) GLYCYLGLYCINATE .
COMPLEXES :  ASSIGNMENTS AND STRUCTURAL ASPECTS
. ? .

J.B, Hodgéon, (the 1ate) G.C. Percy and D.A. Thornton

) Department of Inorganic Chemistry
University of Cape Town, Rondebosch 7700, South Africa

ABSTRACT o -
The infrared spectra (4000 < 140 e l) of the complexes [Cu(Hgg)X]

(Hgg = monoanionic glycylglycinate anion, X = Cl, Br) ,, [Iv‘l(h'gg)X(HZO)]

(M =Mn, Cu, Zn, X = Cl; M= Co, Ni, X = C1, Br) and their 1°N-labelled

analogues, are discusscd in relation to their known or proposed structures.

Firm assignments are presented for the majority of thc internal ligand

modes and for metal-ligand vibrations of the basis of the band shifts . - '
resulting from 15N-1abe1.11hg, metal ion substitution and halogen substitu-
tion.
INTRODUCTION

The solid state infrared spectra of metal peptide complexes have

1,2

received very little attention This is undoubtedly due to the

diversity of their composition and stmctures, their far greater complexity
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than those of simple amino acidlcompigxes and the di_fficultyuof applying
reliable assignment techniques.

In an carlier paper4, it was s]%own that infrared spectra could be
used to distinguish between several stoichiometrically and structurally

distinct species of metal glycylglycinate complexes but 1o firm assign-

- ments could be provided for internal ligand vibrations and none at all

for metal-ligand modes. This communication presents ‘the first reported

assignments for glycylglycinate complexes based on isotopic labelling.

~It will be shown that ]‘Sl‘l—labelling enables finn assignments to be made

for certain ligand and metal-ligand modes in the complexes [Cu(Hgg)X]
(X = C1, Br) and, combined with \the effects’of metal ion substitution, in
the complexes [M(Hgg))((h'ZO)] M = Mn, Co, Ni, Cu, Zn). Hgg is used

as an abbreviation for monodentate glycylglycinate.

EXPERIMENTAL

The unlabelled compleycs were prepared by- reported' methodb o4 iﬁ‘hf:
1abelled analogues were s:.rnllarly obtained from glycylglymne~1 N, of 99%
isotopic purity supplled by Stohler Isotope Chemicals, Inc. Composiﬂon
and pufity of all compounds were established vby micro;analysis (C_, H, N).
Infrared spectra were determined on nujol mulls between caesium jodide
plates (or, below '250 cm_]‘, between poly=thylene piates) on 2 Perkin-Elmer

180 spectrophotometer. |

The frequencies of the complexes discussed here are reported in

Tables 1 and 2.

The Spectra of [Cu(igg)X] (X = Cl, Br)

These complexes are considered to have a structure (Fig. la) similar
‘to that establisheds crystallograp}iically for the bis(glycylglycinato)-

cobalt(III) ion. As will be shown, certain features of the infrared spectra

wadei
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rise to two » A-sensitive bands in the 1580 - 1560 cm”
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support the proposed structure. The three significantly 15N—sensitive

bands zbove 3000 et arc assigned to the N-H stretching modes of the

coordinated amino group, the band at 3112 an”t resulting from strong
N-H---0 hydrogen bonding. The 15N—insensitive shoulder =zt 3261 cm']‘ is
assigned to the O-H stretch of the iminol ‘moiety. The four bands within
the range 3100 - 2900 anl are completely unaffected by labelling and are
theréfore assigned to v(C-H). '

Absence of any 15N~insensitive amide I v{C=0) band within the 1650 -
1600 cn™t region confirms the absence of on amide group as suggesteci by
the proposed structure. Ihstead, this region comprises a lsiv-_sensitive
band which is assigned to the ;)(C=N) mode, being very close to \its
position6 in N—élkylsalicy’la]_dim_ine complexes of Cu{II). The carboxylate

1

v(C=0) band appears below 1600 cm™~. Slight 15A’—sensitivity in the bromo

complex suggests some coupling with the Mi, scissoring mode which gives.
£, oupling 2 4 g
1 region.

From published papers on the spectra of variously-labelled glycinate

complexes 7'9, the v(C-C), v(C-0) and CH, deformations- arc expected to

‘occur within the 1500 - 1300 (:m.1 region. Four 15N-insensitive bands

within this region are accordingly assigned to these modes. The NHZ twist-

‘ing mode gives rise to two 1.5N~sensitive bands, while four such bands

appear in the v(C-N) region (1100‘ - 100’chm_1). Bands insensitive to 151'.7—

labelling near 930 cm~1 are assigned to the CO2 scissoring vibration by

analogy with earlier wor]<7_9 on glycine c;)mplexes while, for similar reasons,

Loy_sensitive bands near 900 and 750 an ! are assigned to NH, deformations.
'Ring deformation modes generally occur within the 750 - 550 cm—1 region

of glycine complexes7_9 and are observed here as a group of moderately 15,.



TABLE 1

Vibrational frequencies (amn-1j, 1 5N-~induced shifts (cm™}, in parenthesesl
and infrared band assigmments for [Cu(Hgy)X] (X =Cl, Br). Shifts <1 cm~

ignored.
%Ew?uency (%ﬁ}gﬁ) .. Assignment . ... ,} rC—L——L—‘ uenc (g)z] ]fhE) - Assignment
3325(6)  3321(10) - 1038(9)  2037(9) {
3268(8)  3291(12) {vorm 1023(8)  1023(3) 1 vEM
3261sh 3261sh v(0-H) 937(2) 935 { 0. scs
3112(20)  3112(19)  v(N-H---0) 927 930 2 SC1Ssor
3012 3008 : 896(3) 896(2)  NHp wag
2970 - 2069 vCH) 746(3) 740(4) Ny rock
2938 2934 720 720
2924sh 2924sh 715(3) 699(2) def.
1642(5) 1641(10)  v(C=N) 0,2(5) 619(4) | Ting de
- 1594 1591(3)  v(C=0) - 588(2) 591(3)
1579(7)  1578(8) NH . o 567(%) 570(2)
1562sh(8) 1562(11) -scissor 503(8) 506 (8) v(Cu N)
1419 1422 ©393(2) 390(5)
1392 1392 v(C-C), v(C-0)  363(2) . 360(3) {s?gplgg
1371 1367 and CH, def. ~  324(3)  317(3) u-
1301 ©1301 771 271 v(Cu-0)
1273(2)  1276(3) 262 235 v(Cu-X
1251(2)  1253(2) {“h twist 187 170 {6(L_Cu?L)
1100(4) . 1102(5) {“(C N) 160 . 151 L
1086(11)  1086(11) . ‘ ' P

sensitive bands. The most substantially 15N—sensitive band occurs near
500 cm~l and is éssigned to v(Cu‘-N)..‘ Since both nitfbgen atoms of the
complex are :abelled, a firm distinction between the two species of v(Cu-N)
bands is not possible. Moderateli); 15, sensitive bands within the 400 -
300 em™d region may briginate in variously~éoup1ed v(Cu-N) modes. The

271 ecm) band is the first completely 51./ insensitive band below 700 cm -

‘and is thus fimly assigned to v(Cu-0). The neighbouring 262 em™ band .

X = C1) is also 15I\I-insensiti\re and is firmly assigned to v(Cu-C1) since it

-1

shifts to 235 cm - on substitution of Br for Cl. Lower frequency bands are

assigned to metal-ligand bending modes.
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TABLE 2

Vibrational frequencies (an-1), 15#-induced shifts (cm-l, in parentheses)

and .infrared band .assignments .for . [M(Hgg)C1(H,0) 1y, - -(M = Ma, Co, Ni, Cu, Zn)a

b Co " UUUNAT e zmP Assigmment
34553450 3360 3450 3500 o
3380 3389 3385 3425 (broad) {1 (water)
3360 3362(8) 3360(9) 3327(8) 3329 o
3345 3345(7)  3344(9)  3200(7)  sz7g V(N (amino)
. o 3257(5 . .
3270 3277(6) 3369(3) 3218%4% 3240 .{v(N-H) (anide A)
3180 3170(7) 3180(9) 3167(15) 3158 amide B
3000 3003 3006 2989 3107
2976 13006 { e
2950 2948% 2950 2953 2961
2930 2932 2933 2032 2030 :
1644 1643 1642 1642(3) 1650 ~:{ N R
1615 . 1617 1617 1607 1616 \V(€=0) (amide 1)
1571 1571 1572 1627(3) ., 1566  v(C0) (carboxyl)
1544 1549(17)  1551(14) }ggggigg 1558 ds(N-H) (amide IT)
1584 1591(5) 1593(3) 1586(6) 1576 Ni, scissor
-d -d . -d -d -d coupled v{C-0)
1273 1271(2) 1271 1282¢(2) 1278 .{ L
1256 1256(2) 1257(2) 1259(2) 1268 ycoupled &{NHp)
1104 1101(8y 1100(8) 1102¢12) 1108 ,
1062 - 1062(3)  1065(7) 10927 1077 T
- 1048 (16) .{ coupled v(C-N)
1029 -e 1030(10)  1028(7) 1029 P
999 1017(22)  1023(13) - 1020(10) 1026
932 935 935 937 936 _
922 925 925 o8 g30  |C0z scissor
890 893(4) 895(3) 895(3) 888
883 886(3) 889(%) 749(7) 759 ) .
749 753(2) 757(2) 723(3) Jon. |20+ SO
723 718(5) - 723(2) 1707(2) 724
. 663 645(5) :
624 624 624 612 612 .
596 -603(2) 608(2) - 601 .
567 577(2) 595(3) | 589(2) _ 0, rock + ring def.
548 570(3) 573(4) : 562
491 532 537(2) 550(2) 539 L
439 267(11) 481(8) 506(8) 478 v(M-Nip)
402 418 431 450(2) 435 v(M-0) -
346 360(4) 367(2) 368(2) 369 ligand (?)
A 285 299 306(2) 275 w(M-0)
59 _ |
“ 272 » 293 300 270 . w(M-C1) + v(M-0)
210 227 256(8) 268 250
195 205 . 207 .
183 185 195 196 189 98(L-M-L)
T 1s4 gy 180 R S

a Shifts <1 on ¥ ignoted. P These complexes were not labelled. © Mean of

doublet. 4 6 or 7 15
€ Masked in unlabelled complex but observed in labelled complex.

bromo complexes, v(M-Br) occurs at 226 cm™1 (4= Co) and 220 cml (M = Ni).

¥-insensitive bands occur within the range 1440-1309 cm-1.
- In the
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. ';'he' Spectra of "[M(Hgg)C1 (HZ’O)] (M= Mn, Cu, Zn; X = 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 isotopic shifts
\w}hich, except for v(M-X), are very similar to those of the chloro analogues.
The structure of the Cu(II} complex has been determinedlo. The
- dinuclear complex (Fig. 1b) comprises Hgg~ ligands coordinéted to one
Cu(I1) ion through the amino nitrogen and peptide oxygen atoms and to the
second Cu(II) ion through carboxylate oxygen atoms. ‘The infrared spectrum
is cpnsistent with the structure. The spectrum also broadly resembles those
of the corresponding Ma(I1), Co(IT), Mi(IT) and Zn(IT) complexes but
certain differences t(; be discussed below indicate that the latter c_ompléxes
differ in that each metal ion achieves esszsntially ocfahedr.al coordination
bf bridging via the carboxylate oxygen atoms of n'eighbourjn-g dimers in ﬂ"le
manner’ crysfaflographically e_s_tablishedll for the analggous Cd(II) é‘;;nplex
. (Fig. 1c). The magnetic moment of the Ni(II) (:omplex2 X = (1} is
consistent with such octahedral cbordination. In the ensuing discussion,
cited frequencies refer to the complexes with X = C1. Only the Co(II),

15N—]abe11éd. Since the essignments for

Ni(II) and Cu(II). compleies were
many of the internal ligand modes follow those presented in the previous
-section, only thosé which differ and +Fe metal-ligand modes will be
discussed beiow. »

-Significant differences in the 15N-sensiti\re bands exist between the
spectra of [Cu(Hgg)X] and [bi(l-[gg)xtlizo)]. The latter complexes comprise
peptide links while the former dd not. Thus the [M(Hgg)X(HZO)] complexes

yield 151‘.’-sensitive amide A and B bands within the range 3300 - 3100 cm™l.



A further distinction occurs in the 1650 - 1600 em1 region where the
amide I v(C=0) mode is observed as a 1SN—insensitive pair of Lands, the
carboxylate v((=0) mode appearing at lower frequency. The amide II

§(N-H) bénds occur as 15N-sensitive bands _near 1550 cm™l. Ffhe observa-
tion that the carboxylate v(C=0) frequency in the Cu{II)} complex at 1627
el is some 60 cm1 higher than the frequencies for the corresponding
vibration in the complexes of the remaining metal ions, supports the
suggestion that only the Cu(lI) complexvis dimeric, the remaining complexes
involving cross-linking of the dimers through the carboxylate oxygen atoms
to neighbouring dimers. This feature contra$ts strongly with-the amide I
v(C=0) band where the spectrum of the Cu(il)‘complex does not differ from
the complexes of the other metal.ions.‘

The band within the range 506 - 439 enl is assigned to vGﬂ-NHz)
sincebit is the most significantly 15N-sensitive band in this region and
also in view of its strong M-sensitivity vhich is in the Irving—Willimnsf
stability sequence Mn < Co < Ni < Cu > Zn. -The neighbouring band within

"the range 450 - .400 an! is similarly M-sensitive but is completely .

15

unaffected by “~N-labelling and is therefore aséigned to the stretching

vibration of one of the three species of metal-oxygen bon.s present in
these complexes. Another v(M-0) Land with similar features occurs within
the range 310 - 250 an"l. The néighbou(ing band to lower frequency is

1SN—insensitive, M-sensitive and,

15N_"‘

assigned to v(M-0) + v(M-Cl) since it is
in the bromo complexes of Co(II) and Ni(II), gives rise to additional
insensitive bands at 227 and 220 an’l, respectively. Lower frequency bands

are assigned to the metal-ligand bending modes.

o
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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

> In, is consistent with the view that the Cu(fI) complex nas a lower

coordination number than that of the remaining complexes.
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