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Abstract

The crystal structure of the tetraimine macrocyclic Co(1I) complex [Co(C,,H,oNg)CI(H,0)]Cl-H,O has been
determined. The space group is P2,/n, with a =6.969(1), b=22.077(3), ¢ =11.794(2) A, B=107.44(1)° and Z=4.
The Co(II) environment is nearly octahedral, unlike the analogous Ni(II) and Cu(II) complexes which have a
square pyramidal structure. An extensive FT-IR investigation between 4000 and 50 cm™! of all three tetraimine
complexes and their N-D deuterated counterparts has been carried out. Some spectra of related perchlorate
complexes are also reported. Detailed assignments of the observed transitions are proposed. The presence of

NH- - -Cl™ hydrogen bonds is clearly established.

Introduction

The macrocyclic tetraimine ligand C,oH,,Ng forms
square planar complexes with the divalent ions of first-
row transition-metals Fe, Co, Ni and Cu [1]. These
complexes may bind additional ligands at their free
coordination sites to yield five-coordinated square py-
ramidal or six-coordinated octahedral structures. Our
previous studies of C,,H,,Ng complexes were mainly
focused on the specific electronic interactions between
the conjugated m-system of the ligand and the metal
d-orbitals [2, 3]. These interactions give rise to an
interesting ligand field effect: the phase-coupling or Orgel
effect [4, 5]. This effect has been found to control the
spatial orientation of the molecular g-tensor in the low-
spin d” Co(C,,H,,N;)Cl, complex [2]. So far we have
reported the single-crystal EPR  spectra of
the doped [Nig 65C0g 05(C10H2uNg)C1]Cl and
[Nig.05%Cug,5(C1oH0Ng)CIJCl compounds and of the
pure [Cu(C,oH,,Ng)CI]Cl compound together with the
crystal structures of the Ni and Cu complexes [2, 3].
In the present paper we describe the crystal structure
of the remaining Co(C,H,,Hg)Cl, complex which is
not isomorphous with the Cu and Ni compounds. The
differences are illustrated by an extensive FT-IR in-
vestigation between 4000 and 50 cm™! of all three
M(L)CI, complexes (M =Co(II), Ni(II), Cu(II)) and
their N-D deuterated counterparts. Some results on
the perchlorates are also reported. For these last adducts
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some IR data in the NH and +C=N region have been
reported [1] but no vibrational data are yet available
for the M(L)Cl, complexes.

Experimental

The free ligand 2,3-butanedione dihydrazone
(C,H,oN,) was prepared according to the procedure
of Busch and Bailar [6]. The macrocyclic complexes
were obtained by the method of Peng et al. [1]. The
N-deuterated complexes were prepared by recrystal-
lizing the initial adducts from D,O. The intensities of
the YNH and vND bands show that at least 60%
deuteration was achieved.

The IR spectra (4000450 cm™"') were recorded on
a Perkin-Elmer 1720 FT-IR spectrophotometer. Some
IR spectra of the perchlorates were recorded on a
Beckman IR 4250 spectrophotometer. The far-IR spec-
tra were recorded on an FT-IR Bruker 88 spectro-
photometer using beam splitters of 12 and 6 p.

The spectra were measured in perfluorocarbon
(3500-1350 cm ~*) and in nujol (1350-50 cm~*) at room
temperature.

Crystal structure determination

Diffraction measurements were carried out on a
crystal of dimensions 0.2 X0.15 X 0.1 mm using a Syntex
P2, diffractometer with graphite-monochromatized
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Mo Ko radiation (A=0.71073 A). The crystal density
was determined by flotation in a CCl,/CHBr; mixture.
Cell parameters were obtained from a least-squares
refinement of the measured 26 values of 24 reflections.
Crystal data: C,,H,,NgCoCl,-2H,0, M =418.20, mono-
clinic, a=6.969(1), b=22.077(3), c=11.794(2) A, B=
107.44(1)°, V=1731.2(5)A% D,.=1.60(1), D(Z=4)=
1.603 g cm~ 2, Systematic absences of k0l for A +1=2n+1
and 0k0 for k=2n+1 determine the space group un-
ambiguously as P2,/n. Intensities of 7512 reflections in
a hemisphere of rcciprocal space to sin6/A=0.6 were
measured by the w-scan method. After application of
an empirical absorption correction [7] and correction
for Lorentz and polarization factors, symmetry-equiv-
alent reflections were averaged to give a unique set of
3169 reflections of which 2138 had an intensity exceeding
three times their standard deviation and were considered
as observed.

The cobalt and chlorine atomic positions were found
by Patterson methods and those of the other non-
hydrogen atoms by Fourier methods. The coordinates
and isotropic displacement parameters were refined by
full-matrix least-squares methods. A difference electron
density map indicated hydrogen atoms but was of too
poor a quality to allow their coordinates to be deter-
mined. They were placed at calculated positions con-
sistent with the difference map, with fixed C-H, N-H
and O-H distances of 1.05, 0.95 and 0.85 A, respectively,
and assigned displacement parameters 20% greater than
those of the atoms to which they are attached. Further
full-matrix least-squares refinement of positional and
anisotropic displacement parameters of the non-hy-
drogen atoms led to a final R value of 0.077 for the
2138 observed reflections and 0.111 for all reflections.
All calculations were carried out with the XTAL 3.0
system [8].

Results and discussion

Crystal structures

The coordination geometry of the isomorphous
Ni(L)Cl, and Cu(L)Cl, [2, 3] is square pyramidal with
one chloride ion (Cl1) in the apical position and the
four nitrogen ligators of the macrocycle in the basal
plane above which the metal ion is raised. This axial
displacement is more pronounced for the Cu(Il) com-
pound (0.46 A as compared with 0.28 A for Ni(II)).
Accordingly the Cu-N bonds (1.98 A) are slightly longer
than the Ni-N bonds (1.89 A). The lesser degree of
planarity in the copper compound is probably due to
the population by one electron of the d-orbital which
is antibonding in the basal plane.

The final atomic coordinates and equivalent isotropic
displacement parameters for Co(L)Cl, are given in

Table 1 and selected bond lengths and angles in Table
2. An overview of the molecular geometry is presented
in Fig. 1(a).

The Co(II) environment is not square pyramidal but
nearly octahedral. The axial displacement of the cob-
altous jon towards the apical CI1 is only 0.11 A. This
allows coordination of one water molecule, trans to
Cl1. One hydrogen atom of this water molecule forms

TABLE 1. Atomic coordinates and isotropic displacement
parameters for the non-hydrogen atoms in
[Co(CH6Ng)(H,0)CIJCl- H,O. Standard deviations for the last
digit are given in parentheses

x/a yib 2/c U (A%

Co 0.4225(2) 0.1513(1) 0.0972(1)  0.0197(3)
ciu 0.0562(3) 0.1945(1) 0.0400(2)  0.0330(7)
c1z 0.5660(5) 0.4190(1) 0.1198(3)  0.055(1)
N1 0.3585(10) 0.0741(3) 0.1467(6)  0.025(2)
N2 0.2937(12) 0.0250(3) 0.0711(7)  0.033(3)
Cc3 0.2085(13) 0.0433(4)  —0.0513(8)  0.030(3)
N4 0.3516(11) 0.0717(3)  —0.1048(6)  0.028(2)
N5 0.4006(10) 0.1303(3)  —0.0636(6)  0.024(2)
C6 0.4740(12) 0.1694(4)  —0.1200(7)  0.022(3)
c7 0.5245(12) 0.2277(3)  —0.0568(7)  0.021(2)
C8 0.5187(15) 0.1579(5)  —0.2343(8)  0.036(3)
9 0.5865(15) 0.2826(4)  —0.1111(9)  0.037(3)
N10  0.5137(10) 0.2264(3) 0.0506(6)  0.021(2)
N11 0.5695(12) 0.2736(3) 0.1271(7)  0.032(3)
C12 0.4791(13) 0.2731(4) 0.2239(8)  0.030(3)
N13 0.5555(11) 0.2234(3) 0.3062(6)  0.032(3)
N14 0.4788(10) 0.1683(3) 0.2625(6)  0.024(2)
Ci15 0.4730(13) 0.1225(4) 0.3306(7)  0.028(3)
Cl16 0.4021(11) 0.0670(3) 0.2608(6)  0.021(2)
Cc17 0.5348(16) 0.1232(5) 0.4629(8)  0.040(3)
C18 0.3892(16) 0.0068(4) 0.3194(9)  0.042(4)
o1 0.7488(9) 0.1132(3) 0.1330(6)  0.039(2)
02 0.9282(15) 0.0595(4) 0.3451(7)  0.073(4)
H2 0.3022 —0.0155 0.0969 0.040
H31 0.1500 0.0046 —0.1013 0.034
H32  0.0917 0.0742 —0.0564 0.034
H4 0.4036 0.0525 —0.1623 0.031
H81 0.5547 0.1119 —0.2388 0.042
H82  0.3925 0.1687 —~0.3062 0.042
H83 0.6411 0.1847 —0.2379 0.042
H91 0.6583 0.2689 —0.1734 0.045
H92  0.4592 0.3086 —~0.1539 0.045
H93  0.6862 0.3087 —0.0447 0.045
H111  0.6587 0.3040 0.1190 0.040
H121  0.5118 0.3143 0.2702 0.037
H122 03226 0.2684 0.1880 0.037
H13  0.6483 0.2288 0.3820 0.038
H171  0.6846 0.1379 0.4954 0.045
H172  0.4414 0.1529 0.4916 0.045
H173  0.5225 0.0794 0.4950 0.045
H181  0.4455 —0.0280 0.2779 0.053
H182  0.4743 0.0094 0.4093 0.053
H183  0.2384 —0.0022 0.3130 0.053
H11 0.8297 0.1345 0.1084 0.046
HI12  0.8044 0.0959 0.1991 0.046
H21 0.9298 0.0213 0.3544 0.083
H22 09658 0.0658 0.4197 0.083




TABLE 2. Molecular geometry of [ Co(C;oH,Ng)(H,0)CI]Cl-H,0O

Selected bond lengths (A)

Co—Cl1 2.617(2) C6-C8 1.49(1)
Co-N1 1.897(7) C7-C9 1.49(1)
Co-NS5 1.914(7) C7-N10 1.29(1)
Co-N10 1.915(7) N10-N11 1.36(1)
Co-N14 1.907(7) N11-C12 1.46(1)
Co-01 2.341(7) C12-N13 1.46(1)
N13-N14 1.37(1)
N1-N2 1.39(1) N14-C15 1.30(1)
N2-C3 1.44(1) C15-C16 1.47(1)
C3-N4 1.47(1) C15-C17 1.49(1)
N4-N5 1.39(1) C16-C18 1.51(1)
N5-C6 1.29(1) C16-N1 1.30(1)
C6-C7 1.48(1) 01-02 2.71(1)
Selected bond angles (°)
N1-Co-N5 97.6(3) N5-Co-Cl1 92.9(2)
N5-Co-N10 81.9(3) N10—Co-Cl1 89.5(2)
N10-Co-N14 98.0(3) N14-Co-CI1 94.4(2)
N14-Co-N1 81.8(3) Cl-Co—N1 96.1(2)
N1-Co-01 85.8(3) Cl-Co-N5 92.9(2)
N5-Co-01 82.9(3) Cl-Co-N10 89.5(2)
N10-Co-0O1 88.5(3) Cl-Co-N14 94.4(2)
N14-Co-0O1 89.8(3) Cl-Co-0O1 175.6(2)
N1-Co-Cl1 96.1(2)

a bond to the second water molecule with
O1-(H12)---02=2.71 A. The second hydrogen atom
of the first water molecule forms a hydrogen bond to
Cll at 1+x, y, z with O1-(H11)---Cl1=3.23 A so as
to give a continuous hydrogen bond chain in the ¢
direction. The second water oxygen (O2) forms hydrogen
bonds to two Cl2 atoms, one via H21 to the atom at
1.5—x, —0.5+y, 0.5—-z and the other via H22 to that
at 0.5+x, 0.5—y, 0.5+2z. Both these O- - -Cl bonds are
3.13 A long and they form a second chain along the
ab cell diagonal. These hydrogen bond chains are
depicted in Fig. 1(b). The Co(L)Cl, complex thus
crystallizes as [Co(C;oH,,Ng)(H,O)CI|Cl-H,0O. There
are few published examples of coordinated (H,O),. A
case in point is [Cu(PreH)H,0](Cl0O,)-H,O [9]. The
coordination geometry of (H,O), in this complex is
very similar, with a similar O- - -O distance (2.77 A)
and similar M—O-O angles (111° for Co—-O-O and 113°
for Cu-0O-0).

Mid-IR spectra

The mid-IR spectra of the Cu(L)Cl,, Ni(L)Cl, and
Co(L)CL,-2H,O complexes and their N-deuterated
counterparts are shown in Figs. 2, 3 and 4. Table 3
gives the experimental frequencies together with a
tentative assignment of the vibrations. The IR spectrum
of 2,3-butanedionedihydrazone shows bands at 3336
and 3191 (v,,NH, and »,NH,), 3011 and 2937 (»CH,),
1636 (8NH,), 1574 (¥C=N), 1458, 1437 and 1363 (6CH,)
c¢cm~ . The bands at 1080 and 1015 cm~* have been
assigned to the rocking vibrations of the CH; group
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Fig. 1. ORTEP drawing of the [Co(C,;,H,,Ng)(H,O)Cl]Cl-H,O
compound: (a) molecular geometry; (b) schematic view of the
unit cell in the ac plane, showing the H,0...H,O and H,0...Cl
hydrogen bonds (macrocyclic bridges are not drawn).

and the band at 940 cm ™" to the »C-C vibration [10].
The broad absorption at 740 cm~* originates from the
¥NH, vibrations and the bands at 1280 and 1125 cm ™!
are probably connected with some vN-N stretching
motion. The vibrations of the CH; group should be
only slightly sensitive to the formation of the complex,
unlike the C=N vibration which is shifted to higher
frequencies by complex formation. In the macrocyclic
complexes investigated here, the C=N vibration is
probably mixed with other modes. There seems to be
a correlation between the vC=N frequencies and the
mean C=N distances, which are 1.30, 1.29 and 1.29
A respectively in the Ni, Co and Cu adducts.
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Fig. 2. IR spectra (3500450 cm™') of the Cu(L)Cl, (NH) (—)
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and Cu(L)Cl; (ND) (- ——--) complexes.
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Fig. 3. IR spectra (3500-450 cm™") of the Ni(L)Cl, (NH) (—) and Ni(L)Cl, (ND) (— - —-) complexes.
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Fig. 4. IR spectra (4000450 cm™") of the Co(L)Cl,-2H,0 (NH) (—) and Co(L)Cl,-2D,0 (ND) (- —-) complexes.

N-deuteration has a profound influence on the IR
spectra, as has been observed for Cu(imidazole),Cl,
[11] where several imidazole ring modes are shifted to
lower frequencies and where absorptions between 1150
and 1100 (890-840 cm™! in the N-D derivative) have
been assigned to SNH vibrations. In the present com-
plexes, the 1500-1000 cm ™' region contains the SNH
vibration coupled with other ligand modes. In the

Ni(L)Cl, complex, the bands at 1504 and 1481 cm™!
disappear on deuteration and a large intensity increase
in the absorption at 1263 cm ™’ is observed. In the
Cu(L)Cl, complex the bands at 1485 and 1465 cm™*
also disappear on deuteration and new bands are ob-
served at 1258 and 1240 cm ™. The band at 1055 cm™*
shifts to 960 cm~'. The isotopic ratio of these bands
(1.10-1.18) also indicates the mixed character of the



TABLE 3. IR data (3500-500 cm™") for the Ni(L)Cl,, Cu(L)Cl, and Co(L)Cl,-2H,0 complexes
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Ni(L)Cl, Cu(L)Cl, Co(L)Cl,-2H,0 Tentative
assignment
NH ND NH ND NH ND
3382 s 2489 s vH,O(D,0)
3166 s 3207 sh 2381 sh
3053 s, br 2360 sh 3068 s, br 2365 sh 3176 s 2342 m
2890 s, br 2305 sh 2906 2330 sh 3122 m 2315 sh vNH(D)
2860 sh 2220 s 2856 2235 s 2927 w 2264 w
2960 m 2960 m 2960 w 2960 w vCH,
1645 m 8H,O
1593 ms 1593 ms 1610 ms 1610 m 1605 s 1605 s R(»C=N)
1567 mw 1568 m 1590 mw 1590 ms
1504 w 1263 s 1485 m 1258 s 1475 m ~1264 s
1481 m 1215 w 1465 m 1240 w R+ 8NH(D)
1440 m 1440 m
1420 m 1420 m 1420 m 1420 m 1435 m 1435 m 8CH,
1360 m 1360 m 1370 m 1370 m 1377 ms 1377 ms 8CH,
1150 s 1176 s 1148 s 1182 s 1137 s 1156
1143 s 1130 w 1135 w 1125 w R +8NH(D)
1111 s 1102 m 1104 s 1100 s 1116 m 1114 m rCH,
1061 s 962 s 1055 s 960 s 1056 m 994 m R+ 6NH
1023 s 1015 m 1018 s 1010 m 1021 w 1023 w rCH,
947 s 940 m 937 m 937 m 989 m 975 m vC-C skeletal
836 s 865 m 820 816 861 s 867 m R
826 m 847 m
771 vs ~570 m® 746 m ~580 m° 707 s ~ 540 br® yYNH(ND)
686 vs, br 677 s, br 615 s
2 740 s 730 m 700 R
2 662 m 640 w 642 R
582 s 596 m 584 m 584 m 599 593 R
548 m 548 m 485 490 570 R
522 R

?Overlapping with the yNH absorption. v=stretching; §=in-plane deformation; r =rocking; y=out-of-plane deformation; R =ligand

ring mode; s=strong; m=medium; w=weak; sh=shoulder; br=broad. Overlapping with the ring modes between 600 and 500

cm™ .

8NH mode. Interestingly, in 1-(2-pyridylazo)-2-naphthol
the 1510, 1475 and 1330 cm " and 1050 cm ™ ! absorptions
have been assigned to »C-C and vC-N vibrations pos-
sessing some 6NH character [12]. It also secems that
in this molecule, the SND vibration couples with dif-
ferent internal modes. In the present complexes, this
is probably the case for the bands observed between
1200 and 1125 cm ™' in the ND molecule. In the Ni(L)Cl,
adduct the bands observed at 1150 and 1143 cm ™" are
shifted to 1176 and 1130 cm ™' in the ND counterpart.

The 800-500 cm~' region, containing the out-of-
plane deformation mode yNH, is also sensitive to
deuteration. The main contribution to the yNH mode
is observed at 771 and 686 cm™' (Ni(L)Cl,), 746 and
677 cm~! (Cu(L)Cl,) and 707 and 615 cm™!
(Co(L)Cl,-2H,0). The band is broad and is probably
interrupted by an Evans hole which can be observed
when a broad level interacts with a narrower level of
the same symmetry. The observed minimum corresponds
indeed to the wave number of an internal vibration of

the ligand which may be observed in the deuterated
analogues at 730 (Cu(L)CL,), 740 (Ni(L)Cl,) and 642
(Co(L)Cl,-2H,0) cm™1.

In the Ni(i) and Cu(1I) adducts, two or three vNH
bands are observed between 3170 and 2860 cm . The
frequencies of these absorptions, which are shifted by
300 to 600 cm~' from the free ¥NH absorption lying
at 3450 cm !, suggest that the NH groups are involved
in medium to strong hydrogen bonds [13]. In the
Zn(imidazole),Cl, complex, the two observed vNH ab-
sorptions have been assigned to NH----Cl™ groups
involved in hydrogen bonds of different strengths [11].
The shortest N- - - C1~ distances in the Cu(L)Cl, adduct,
calculated from the data of ref. 3 are indicated in Table
4. According to the correlation diagram of Nakamoto
et al. [14] N- - -Cl1~ distances of 3.28 and 3.15 A should
correspond. to frequencies of 3080 and 2990 cm™’,
respectively. Furthermore, the intensity of the high
frequency band should be about twice that of the low
frequency band which is not the case. The presence
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TABLE 4. R(N- - -Cl) distances (A) for the outer nitrogens in the Cu(L)Cl, and Co(L)Cl,(H,0), complexes

Cu(II)

Bond Distance (A)
N4---CI2(1 +x, y, 2) 3.15
Ni1---Cl2(1—x, 1—y, 1—-2) 321
N2---Cli(1-x, 1-y, 1-2) 3.28
N13---CR2(1+x, —1+y, 2) 3.28

Co(II)

Bond Distance (A)
N4---Cl2(—1/2+x, 12—y, —1/2+z) 3.27
N11---CI2 3.21
N13---Cl1(12+x, 1/2—y, 1/2+z) 3.30

of a single main »ND---Cl~ band and the isotopic
ratios of 1.373 and 1.302 suggest that the bands at
3068 and 2906 cm ! cannot be due to hydrogen bonds
of different strengths, but must originate from an in-
teraction with other vibrational modes.

The same conclusion can be drawn for the Ni(L)CL,
complex (isomorphous with Cu(L)Cl,) where two main
vNH- - -Cl~ bands are observed at 3053 and 2890 cm'
with isotopic ratios equal to 1.375 and 1.302 cm™!
respectively.

In Fig. 5, the isotopic ratio ¥NH/vND has been
plotted against the experimental ¥NH frequencies for
some adducts between organic ligands and metal ions
where only one vNH band has been observed. The
corresponding data are gathered in Table 5 [11, 15-24].
These data show that the decrease in isotopic ratio
with »NH is in agreement with the Novak correlation
for NH*---X~ (X=(l, Br, I) hydrogen bonds [25].
The value of the isotopic ratio for the high frequency
component of the ¥NH absorption of Cu(L)Cl, and
Ni(L)Cl, strongly deviates from the curve of Fig. 5 and
this points to a Fermi interaction between the »NH
level and overtones and combination bands of the ligand.

A possible scheme of Fermi resonance is an inter-
action between the »NH level and the first overtone

b

1.40 —
VNH/VND

vfree
NH

‘ | \ \ ! \
2600 2800 3000 3200 3400 3600
Fig. 5. Isotopic ratio »NH/¥ND as a function of *NH (cm™?)
(data of Table 5): ® Cu(L)CI, complex (this work); B Ni(L)(CI),
complex (this work); A Co(L)Cl,;-2H,0 complex (this work).

of the 1485 cm~! (2970 cm™') band assigned to an
R +8NH vibration and for the 3166 cm™! band, an
interaction with the first overtone of the 1590 cm™!
(3180 cm~™') band. An interaction with the
29yNH+ (R+8NH) levels giving a frequency of
1410+ 1485=2895 cm™! seems to be less probable.
(The yNH frequency has been calculated from the
equation YNH = (y,A; + v2A,)/(A, + A;), v, and y, being
the experimental frequencies and A; and A, the ab-
sorbances of the two yNH bands). The existence of a
Fermi window at 2980 cm~! arising from a
YNH < 2(R +6NH) interaction cannot be ruled out;
the vNH band having absorption maxima between 3100
and 2900 cm™! is usually very broad.

For the Ni(L)CL, complex, the minimum observed
at 2955 cm ! can also originate from a 2 X 1480 =2960
cm ™' interaction. The combination 2yNH + (R + §NH)
giving a frequency of 1440 +1480=2920 cm ™' cannot
be ruled out. Interestingly, the presence of two vNH
absorptions in N-methylacetamide has been assigned
to a Fermi resonance between the vNH and amide II
levels, the amide II vibration containing a high con-
tribution to the 6NH in plane vibration [26].

In the Co(L)Cl,-2H,0O complex, the frequency dif-
ference between the two vNH absorptions is greater
(about 250 cm™!) and, as expected, the intensity of
the second vNH absorption at 2927 cm ™' is much lower.
The isotopic ratio of the two main »NH and vND bands
at 3176 and 2342 cm ™' is 1.35 and for the secondary
absorptions at 3207 (2381) and 3122 (2315) cm ™!, 1.347
and 1.349, respectively. As expected, the isotopic ratio
values show smaller deviations from the curve in Fig.
5 than do the corresponding Ni and Cu complexes.
The higher vNH and the lower yNH (660 cm ') values
are both consistent with a weaker NH- - - C1~ hydrogen
bond in the Co(IT) complex. This seems to be confirmed
by the N---Cl~ distances for Co(L)Cl, given in Table
4.

Some IR results for Co(L)(ClO,),-H,O and its N-
deuterated counterpart are gathered in Table 6 and
the spectrum of the Co(L)(ClO,),-H,O complex is
shown in Fig. 6. The Table also includes the IR data
for the macrocyclic Ni and Cu complexes with per-
chlorate counterions. According to Peng et al. [1] these
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TABLE 5. Isotopic ratio vNH/vND in some adducts of metal ions and organic ligands

Adduct vNH... ISR Reference
Zn[NN’(CD;),DTO]L? 3169 1.336 16
Cu[NN'(CD;),DTO]Br, 2787 1.304 15
Cu[N(CH,)DTO]CI, 3196 1.335 15
Cu[N(CD4)DTO]CI, 3191 1.330 15
K,PA(HNCOCONCH,), 3378 1.350 17
K,Pd(HNCOCONCD;), 3380 1.352 17
K,PA(HNCOCONCH,CH,OH) 3312 1.342 17
K,Ni[(Hhpo),] 3368 1.344 18
K,{Cuy(hpo),] 3340 1.346 18
Ni(HN-CH;DTONHCH,;),Cl, 2770 1.285 19
Ni(HNCD;DTOHNCD;),Cl, 2780 1.302 19
Pyrimidine hydrochloride 2620 1.265 20
(CH,);NHCIO, 3144 1.332 21
Cu(Im),Cl, 3298 1.338 11
3189 1.331 11
3130 1.334 11
Cu(Im),Cl, 3275 1.334 11
3189 1.333 11
Zn(Im),Cl, 3310 1.340 11
3250 1.331 1
Pyrazinium bromide 2900 1.310 22
Pyrazinium chloride 2800 1.300 22
Pyridinium bromide 2800 1.299 23
N-Methylimidazolium chloride 2650 1.270 11
Pyridinium chloride 2450 1.250 23

*DTO = dithiooxamide, Hhpo and hpo =hydroxypropyloxamide ligands, Im=imidazole.

TABLE 6. IR data (cm™}) for Co(L)(ClO,),, Cu(L)(ClO,), and Ni(L)(ClO,), complexes (in Nujol)

Co(L)(CIO,);-H,O Ni(L)(ClO,), Cu(L)(ClO,)," Tentative
assignment

NH ND
3467 m, br 2579 m vH,0(D,0)
3292 s 2463 m 3280 s° 3300 s* vNH(ND)
1638 w 1203 sh 8H,0O (8D,0)
1606 s 1605 s 1612 s? 1620 s? R(»C=N)
1080 vs 1080 vs 1080 vs 1080 vs vClO,~
928 m 930 m 940 m 952 m vC-C
832 w 840 m 840 m 820 m

814 w R
785 m 770 m 750 R
671 m, br ~660 m, br’ ~650 m, br” YNH
624 s 624 s 620 625 8ClO,~
593 m 580 m R
*The values quoted in ref. 1 are 3240 and 1605 cm™~! for Ni(L)(ClO,); and 3290 and 1615 cm~' for Cu(L)(ClO,),. °Approximate

value owing to the overlapping with the §ClO, band.
text).

complexes correspond to [Ni(L)|(ClO,), and
[Cu(L)CI(H,0)]CIO,, respectively. Because of the ex-
treme similarity of their IR spectra and the absence
of the characteristic IR bands for coordinated water
we consider it more likely that both complexes have
the same general formula M(L)(ClO,),. Owing to the
absorption of nujol, the regions 3100-2700 and
1500-1300 cm ™~ could not be studied. The spectra of

“According to ref. 1 this complex has the formula [Cu(L)(H,O)CI]CIO, (see

Ni(L)(C10,), and Cu(L)(ClO,), taken in fluorolube
show a single characteristic band in the »NH region,
at 3280 and 3290 cm ', respectively. In the absence
of coupling effects, the YNH and yNH frequencies fit
the correlation of Perchard and Novak [11].

Far-IR spectra
The far-IR spectra (400-50 cm ") of the Ni(L)Cl,
Cu(L)Cl, and Co(L)Cl, complexes are shown in



108

1 L i
4000 3000 2000 1500

L
1000 7 lem ) 500

Fig. 6. IR spectra (4000-500 cm ') of the Co(L)(ClO,),-H,0 (NH) (—) and Co(L)(ClO,),-D,0 (ND) (---) complexes. N indicates

bands of nujol.

| { . { i |

400 300 200 100 viem

Fig. 7. FT-IR spectra (400-50 cm™"') of Ni(L)Cl, (a), Cu(L)ClL,
(b) and Co(L)Cl,-2H,0 (c).

TABLE 7. Far-IR data (400-50 cm™!) for Ni(L)Cl,, Cu(L)Cl,
and Co(L)Cl;-2H,O

Ni(L)Cl, Cu(L)Cl, Co(L)Cl,-2H,0 Assignment?®
335 321 337 vM-Cl
273 231 291 vN-M
260 216 285
257 v,(H;0),
173 170 190 SNMN
157 151 181
142 vy water dimer?
118 113 112 v, NH- - -Cl
64 62 64 lattice

*v,=stretching and v, =stretching and bending modes of the
hydrogen bond.

Fig. 7 and Table 7. The absorptions between 300 and
200 cm ™! are assigned to the vM-N stretching vibrations
[27, 28]. Similar frequencies have been observed for
Cu(II), Ni(II) or Co(II) complexed with macrocyclic
ligands such as porphyrin derivatives [29-31], oxamide
[32] or 1-(2-pyridylazo)-2-naphthol [33]. In the octa-
ethylporphyrin complexes, for example, the vM-N vi-
brations have been observed at 287 (Ni), 264 (Co) and
234 (Cu) cm ™' [30]. These vibrations are usually coupled
to the internal modes of the ligand but have a pre-
dominant ¥M-N character [31, 33]. Our assignment
also agrees with the strong intensity of the bands
observed in the 300-200 cm ™! region. The bands be-
tween 190 and 150 cm ™! are assigned to the SNMN
in-plane deformation mode which are usually observed
between 140 and 200 cm ™' [28]. This assignment also
agrees with the strong intensity of the absorptions
observed in this region. In the porphyrin complexes
characterized by a D, symmetry, only one M—N stretch-
ing deformation mode has been observed [29]. In the
present case, the splitting of the ¥N-M and SNMN
modes suggests a local D,, symmetry.

The experimental order of the vM-N frequencies is
Co>Ni>Cu. The lower frequencies observed for the
Cu(II) complex agree with the higher Cu-N distances
(1.99, 1.98, 1.97 and 1.97 A). The mean Ni-N [2] and
Co-N distances are about 0.08 A shorter than the Cu-N
ones. A better correlation seems to hold with the axial
displacement of the metal out of the macrocyclic plane:
0.11, 0.28, 0.46 A for Co, Ni, Cu, respectively.

The vM-Cl stretching vibrations are usually observed
within a broad range (400-200 cm~'). Owing to their
weak intensities, the bands observed between 340 and
320 cm ! are assigned to the vM—Cl vibration.

The assignment of the other applications indicated
in Table 7 is tentative and made by comparison with
literature data on the intermolecular stretching vibration
v, of the water dimer [22] and of the NH-- -Cl~
hydrogen bonds [15]. These vibrations are strongly



influenced by the mass of the interacting species and
by environmental effects [34] and their frequencies do
not reflect the strength of the hydrogen bond.
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