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A systematic account is given of data on the structures and spectroscopic properties of transition metal complexes with
synthetic tetradentate macrocyclic ligands. The principal types of the structures of such complexes are specified. On the
basis of the analysis of electronic absorption spectra, a conclusion is reached concerning the mutual influence of the
ligands, which is expressed by a consistent variation of the spectrochemical parameters.
The bibliography includes 191 references.
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I. INTRODUCTION

Macroheterocyclic compounds represent the structural ele-
ments of many important natural metal complexes such as
haem, vitamin B12, chlorophyll, and others. The chemistry
of these compounds has now been thoroughly investigated1

and many complexes of porphyrins and corrins have been
synthesised in vitro2'3. Only high-intensity bands, associ-
ated with intraligand transitions and (or) charge-transfer
bands, which mask the d—d transition bands, have been
observed in the electronic spectra of compounds of this type.
The problems of the spectroscopy of porphyrin complexes
have been described in detail in a monograph1*.

The chemistry of synthetic ligands, i.e. ligands which are
not encountered in living nature and which constitute models
of natural macrocycles, has developed vigorously during the
last decade. There have been a number of reviews devoted
to various aspects of the chemistry of metal complexes with
ligands of this type5"8, but the problems of the spectroscopy
of these compounds have been considered only briefly in
Busch's review5 published in 1967.

This review deals with the crystal structures and electronic
absorption spectra of complexes formed by metal ions having
unfilled d shells with synthetic tetradentate macrocyclic
ligands containing either donor atoms of one kind (nitrogen
or sulphur) or donor atoms of different kinds (nitrogen,
sulphur, and oxygen). The compounds under consideration
include also complexes with ligands having a large number
of donor atoms, among which only four are involved in coor-
dination. Attention is concentrated on the absorption spec-
tra associated with the excitation of the d electrons of the
metal ions, which precludes the inclusion of porphyrin and
corrin complexes in this review. The review covers the lit-
erature up to 1977 inclusive.

The ligands are designated using the namenclature pro-
posed by Busch and coworkers9'10, which we believe to be
most suitable, despite some ambiguity.

Macrocyclic ligands, whose complexes are considered in this
review, and their names are given in Fig. l . Other most
frequently encountered names of individual ligands are given
in brackets.

I I . THE STRUCTURE OF COMPLEXES WITH MACROCYCLIC
LICANDS

In the majority of the complexes dealt with in this review
the donor atoms of the macrocyclic ligand occupy the equator-
ial plane in the coordination sphere of the metal. This type
of coordination enables the ligand to assume the most con-
venient conformation to which corresponds the minimum strain
in the macroring. However, in such coordination another
source of strain in the macroring is generated. The maxi-
mum overlap of the metal orbitals with the occupied donor
orbitals of the ligand is observed when the latter are directed
along the diagonals of the tetragon formed by the donor
atoms. In the ligands considered below the size of the mac-
roring prevents the ligands from assuming such a conforma-
tion and the incorporation of the metal ion in the plane of the
donor atoms therefore leads to the occurrence of strain in the
donor atom—carbon atom bonds.

The "ideal" metal—donor atom distances have been calcu-
lated as a function of the size of the macroring11 by the lig-
and strain minimisation method. It follows from the results
that a 14-membered macrocyclic ligand will experience the
minimum strain on coordination to the cobalt (III) ion and that
in the case of nickel(II), high-spin complexes a 15-membered
macrocycle is most suitable. However, this does not rule out
the possibility of the formation of planar complexes of these
ions with ligands having larger or smaller macrorings. It
has been suggested12 that nickel can form such complexes
even with 12-membered macrorings, but these complexes are
in all probability of the low-spin type.

The picture becomes somewhat more complex when the mac-
rocyclic ligand has different donor atoms or donor atoms of
the same kind but of different chemical nature (for example
amino- and imino-nitrogen atoms). In this case the metal-
donor atom bond length will depend on the type of donor
atom. In complexes of ligands of this type the metal ion
may not be located in the centre of the plane of the donor
atoms.

The types of the fundamental structures discovered in
transition metal complexes with macrocyclic ligands (hence-
forth these complexes will be referred to, for brevity, as
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the presence of several isomers).
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macrocyclic complexes), are presented in Fig. 2. Structure A
is characteristic of the majority of nickel(II) complexes.
Apart from nickel, complexes of this kind have been found
only for copper(II) 13'lh and cobalt(II).15 Structure B is
obtained when the diameter of the plane of the macroring is
too small for the given metal ion and the rigidity of the ligand
prevents it from assuming another conformation more suitable
for coordination. For complexes with a coordination number
(C.N.) of 5 there is a possibility of structures of types C, D,
and E. The structure of the complex in each specific case
is determined by the characteristics of the structure of the
macrocyclic ligand. Complexes having structure F are
probably most common, but their X-ray diffraction analysis
has been carried out in only a limited number of instances.
Structure G is obtained when additional bidentate and mono-
dentate ligands are involved in coordination apart from the
macrocyclic ligands. In the last case16 the structure is
determined by the small size of the macroring, as a result of
which the metal ion cannot be accommodated in the centre of
the plane of the donor atoms.

proton. However, the difference between the last two
types of donor atoms is in many cases abolished owing to the
conjugation in the six-membered chelate ring. If the com-
plex formation reaction takes place with substitution of a
proton at the nitrogen atom, then the imino- and ionic nitro-
gen atoms become equivalent. Subsequently they will be
designated by N c o v . The equivalence of these two types
of donor atoms in complexes of the above type has been
confirmed by X-ray diffraction data (Table 1) and X-ray
electronic spectroscopic data37. An analogous phenomenon
has been observed also in porphyrin and phthalocyanine
complexes38'39. In all probability the structures of such
complexes are represented more correctly by formula I
rather than II [in relation to compound No. 18 (Table 1)].

Table 1. The nickel-donor atom distances (in A) in square
planar complexes.

Figure 2. The types of structures of transition metal com-
plexes with macrocyclic ligands (X = donor atoms of macro-
cyclic ligands; Y = donor atoms of additional ligands).

No.

1
2
3
4
5
fi
7
8
9

10
11
12
13
1 /
14
15

16
17
18
19
20
21
22

Compound

Ni(Me 2 [ 13 ] dieneN4)ClO4
Ni(Me 2 [ 13 ] aneN4)(ClO4)2
Ni(5,12Me2[14]aneN4)(ClO4)2
Ni(Me2Et2[14]aneN4)(ClO4)2
Ni(Me6 [ 14 ] aneN4)(ClO4) 2
Ni(Me2py [ 14]aneN4)(ClO4)2
Ni(5,7,12,14Me4[14]dieneN4)(aO4)2
Ni(3,5,10,12Me4[14]dieneN4)(ClO4)2

Ni(Me6[14]4,14dieneN4)(ClO4)2
Ni(Me6[14]dieneN4)(C104)2
Ni(Me6[141dieneN4)(NCS)2
Ni(Me8 [14] dieneN4)(C104)2
Ni(Bz2[14]dieneN4)
Ni(Bz2Pyr[14]dieneN4)
Ni(Bz2[14]dieneN4S2)ClO4

Ni(OprBz2 [ 14] dieneN4S2)ClO4
Ni(Me6[14]4,8,10,14tetraeneN4)(ClO4)2
Ni(Bz2[14]tetraeneN4)
Ni(Me2Bz2[14]tetraeneN4)
Ni(Me4[14]hexaeneNg)
Ni([14]aneS4)(BF4)2
Ni(Bz4 [16] tetraeneN4)(BF4)2

e

iz

1.88
1.87
1.93
1.98
1.93
1.88
1.93
1.94
1.97
1.90
1.92
1.93
—

-

—
—
—
—

—

E

z"
iz

_
—

1.88
1.91
1.89
1.86
—

1.89
—

-

1.89
—
—

1.82

1.88

z

1.83

—
.—
—
—
—
—
—

1.86
1.85
1.84

1.83
—

1.87
1.85
—

—

Ni-other
atoms*

_
1-80 (Npy)

—
—
—
—
—
—
—

2.18 (S)

2.16 (S)
—
—
—

1.78 (Njorl)
2.17 (S)

—
R

ef
s.

12

17

18

19

20
21

22,23
24

25

26

27

28

15

15
29

30

31

32

33

34

3 5

36

*Here Npy is the nitrogen atom of pyridine.

1. Nickei(ll) Complexes

The majority of nickel(II) complexes investigated by X-ray
diffraction have a square planar structure, although com-
pounds have been found with another structure. Table 1
presents the results of X-ray diffraction studies on the
square-planar nickel(II) complexes. The donor atoms in
macrocyclic ligands can be oxygen and sulphur atoms, the
nitrogen atom Nam in a secondary amino-group, the nitrogen
atom Nim in an imino-group (-CH=N-), and the nitrogen
atom Nior; coordinated to the metal ion with elimination of a

As was to be expected, the length of the nickel-nitrogen
bond depends on the size of the macrocyclic ligand and is
shortest in a 13-membered macrocycle (square-planar com-
plexes with twelve-membered macrocycles have not been
synthesised). In all cases the Ni-Nam bond length is
greater than the Ni-Nim bond length for the same macro-
cyclic ligand. This is probably because the imino-group can
be involved in the formation of ir-bonds as well as a simple
donor-acceptor bond, which should enhance the nickel-
nitrogen interaction and should lead to the shortening of the
distance between these atoms (see also Section IV).



Russian Chemical Reviews, 49 (10), 1980 1007

The metal—donor atom bond length is greatly influenced
by the structure of the macrocyclic ligand. Thus the
Ni—Nam and Ni—Nim bond lengths in complex No. 10 are
shorter than in the complex No.9 (Table 1), although the
ligands differ only by the relative positions of the imino-
bonds and the methyl substituents. The presence of sub-
stituents in the ethylenediamine bridge between the donor
atoms lengthens the metal—nitrogen bond (cf., for example,
complexes No. 7 and 8 or complexes No. 10 and 12 in Table 1),
although the introduction of substituents in the propylene-
diamine bridge hardly influences the distance (cf. compounds
No.3 and 5). The flexibility of the macrocyclic ligand also
determines the nickel—nitrogen bond length. Thus the
Ni—Nam distance in complex No. 6 is shorter than the analo-
gous distance in complexes of other 14-membered ligands.
The presence of the pyridine ring apparently increases the
rigidity of the ligand, which leads to a decrease of the
nickel—nitrogen bond length.

The shortest bond between the nickel ion and the nitrogen
donor atom among the compounds listed in Table 1 is observed
in complex No. 20. The ligand forming this complex can be
coordinated in two ways [(III) or (IV)]. In the nickel com-
plex version (IV) obtains, so that two types of Ni—N bond
are observed. The presence of six double bonds in the
lacrocyclic ligand molecule decreases the size of its plane,
which is reflected in a decrease of the nickel—nitrogen bond
length.

It follows from the data in Table 1 that the nickel-nitrogen
distance varies consistently as a function of the nature of the
donor atom. It increases in the sequence Ni—Ncov < Ni—N}m<
Ni-Nam-

The nickel-sulphur distance is virtually constant regard-
less of which donor atoms, apart from those of sulphur, are
coordinated to the nickel ion.

All the compounds in Table 1 are diamagnetic. Certain
paramagnetic nickel(II) compounds having C.N. >4, have now
been ivestigated (Table 2). It follows from the data in
Tables 1 and 2 that the nickel-nitrogen distance in high-spin
complexes is greater than in diamagnetic complexes. The
length of this bond increases with the size of the macrocyclic
ligand. The Ni-O bond length depends on the charge on
the oxygen atom. If it is negative (acac~, CH3COO"), the
nickel-oxygen distance is shorter than in complexes with
neutral oxygen-containing ligands (H2O), the Ni-O. . dis-
tance being almost independent of the nature of the macro-
cyclic ligand.

Only two iodide ions, out of the four present, are coor-
dinated in complex No.23 [Table 2 (V)] and the nickel atom
has been raised 0.30 A above the plane of the four nitrogen
atoms in the direction of the iodide ion1*0. A similar devia-
tion of the nickel atom from the plane of the donor atoms in
the direction of the axial ligand (by 0.33 A) has been
observed also in complex No.27.1*1*

Table 2. The metal-donor atom distances (in A) in high-
spin macrocyclic nickel(II) complexes.

23
24
25
26
27
28
29
30
31
32

Compound

{[Ni(Me2[13]dieneN4)]l2}l2
[Ni([14]aneN4)Cl2]
[Ni(Me6[14]dieneN4)acac]a04
[Ni(Me6[14]aneN4)CH3COO] CIO4
[ Ni(N-Me4 [14] aneN4)N3] CIO
{Ni[(CH3OC6H4)2[14]dieneN2O2]l2>
[ [ 1 4 ] d i N O ) l l[ 2 [ 2 2
[{Ni(N-Me4[14]aneN4)]2N3XN3)2]I
[Ni(Me2[16]dieneN4)Cl, H2O]Q
[Ni(Bz4(16]tetiaeneN4)I, H2OH

<~ 8

T
yp st
iu

D
F
G
G
D
G
G
F
p
F

e
z
z

1.92
2.06
2.11
2.12
2-10

2.15
2.14

—

g
z
z

1.87

—

2.05
1.92

.
2.10
2.09

n S
Z

i

z

_
—
—
—.

1.95
—

2.13
_
—

o

z

2.06
2.11

2.22
2.07

2.22
2.20

x
z

2.96
2.49

_

2.73
2.88

2.43
2.90

a b
Remarks: see Fig.2; N a x =donor nitrogen atom of the
axial ligand; acac = acetylacetone.

The presence of the Ni-Ni bond has been demonstrated
by X-ray diffraction in complexes with Me4[14]4,6,ll,13-
te t raene^ and MeJ14]hexaeneN8 ligands1*9. These diamag-
netic coordination compounds have very similar structures
and are dimeric both in the solid state and in solution with
a nickel-nickel distance of approximately 3 A. Nickel atoms
are raised above the plane of the donor atoms towards one
another.

2. Cobalt Complexes

The number of studies on the X-ray diffraction analysis of
cobalt complexes of macrocyclic ligands is much smaller than
for the nickel complexes. The results obtained are listed in
Table 3. The general characteristics observed in the dis-
cussion of the stereochemistry of nickel complexes apply also
to the cobalt complexes.

Table 3. The metal—donor atom distances (in A) in certain macrocyclic cobalt complexes.

No.

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Compound I

[Co([12]aneN4)(N02)2]Cl
[Co([12]aneN4)CO3]ClO4-H2O

[Co([14]aneN4)en]Cl3.3H2O
[Co([14]aneN4O2)ser] ZnCl4-H2O
[Co([14]aneN4)CH3,H2O] (C1O4>2
[Co(Me2[14], 4,lldieneN4)(NCS)2] SCN-H2O
[Co(Me6 [ 14]dieneN4)(NH3)2] (C1O4)3
[Co(Me6[14]4,14dieneN4)(CN)2]C104
[Co(Me2[14]5,7dieneN4)H2O](PF6)2
[Co(Me4[ 14]tetraeneN4)(NH3)2]Br3
[Co(Me4Bz2[14]tetraeneN4)I]CHCl3
[Co([14]aneN4)](aO4)2

[Co(Me6[14]dieneN4)(H2O)2] (BF4)2

[Co(Me4[14]tetiaeneN4)(H2O)2](ClO4)2
[Co(Me4[14]hexaeneNg)CO]

Type of
structurea

G
G

G
G
F
F
F
F
C
F
D
A i

F
F
D

C ° - N a m

1.97
1.97
1.99
1.97
1.97
1.98
1.99
1.97
1.99

—
—

1.98
1.97

—
—

Co-N i m

_
~-

2.00
1.95
1.94

1.90
—
—

1.94
1.90

—

Co-N c o v

—
_

_
—
_

1.92
_

1.90
_
—
—

1.87

Co-Nax

1.93 (NOS)
—

1.98 (en)
1.97 (ser)

—
1.89 (NCS)
1.95 (NH3)

—
—

f .97 (NH3)
—
—
—
—
—

Co-other atoms

_

1.92 (OCOj)

1.90 (Oser)
2.01(0^)2,15(0^0)

1.92 (C^)
2-28 (O H > O )

2.56 (I)

—
2-48 (OHjO)
2.29 (OH>O)
1.77 (Ceo)

Refs

16

50

51

52

53

54

55
56

57
58

59

60
55

58

61

Remarks: see Fig.2; en = ethylenediamine; ser = serine.
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Table 4. The metal—donor atom distances (in X) in the macroeyclic complexes of certain transition metals.

No.

48
49
50
51
52
53
54
55
56
57
58
59
60

Compound

[Fe(Me4Bz2[14]tetraeneN4)]
[Fe(Me4Bz2[14]tetraeneN4)CO(NH2NH2)]
[Fe(Me4py2[14]tetraeneN6)(CH3CN)2](ClO4)2
[Fe(Oct2Antr2[14]hexaeneN8)]
[Fe(Me6[ 14]dieneN4)Cl]l
[Fe(Me4Bz2[14]tetraeneN4)C6H5]
[Fe(Me4Bz2[14JtetraeneN4)Cl]CH3CN
[Cu[14]aneN4)](aO4)2

[Cu([14]aneS4)](ClO4)2
{[Cu(Me6[14]dieneN4)]2CN}(C104)3
{[Cu(Me6[14]dieneN4)] 2C1)(C1O4)3
Mn(Me4Bz2[14]tetraeneN4)NEt3]
[Cr(Me6[14]dieneN4)NO2, NO]

Type of
structure^1

B
F
F
A
E
D
D
A
A
E
E
D
F

M - N

1.92 (cov)
1.94 (cov)
1.89 (im); 190 (c)
1.83 (im); 1.85 (ion)
2.17 (am); 2.13 (im)
1.91 (cov)
2.00 (cov)
1.95 (am)

2.06 (am); 2.03 (im)
2.06 (am)b; 2.00 (im)c
2.12 (cov)
2.04 (am); 2.02 (im)

M-other atoms

1.75 (Cc o) ; 2,12(NN H t N H i)

l -M (NCH.CN)

2.31 (Cl)

2.25 (Cl) 5

2.30 (S)
2-13 (NCN)
2.50 (Cl)
2-25(NNEt3)
2-20 (NNOs); 1,70(NNO)

M-4N
plane

0.11
0.11

0.23
0.60

0.73

Refs.

62
63
64
65
66
67
59
14

13,35
68
69
59
70

Remarks: see Fig. 2; distance in trigonal plane; distance to the vertex of the trigonal bipyramid.

Table 3 shows that the Co-Nam distance is almost indepen-
dent of the degree of oxidation of the cobalt ion and remains
virtually constant regardless of the mode of coordination of
the macroeyclic ligands. Evidently the ability of ligands to
form structures with a bent conformation of the macroring
(i.e. structures where the donor atoms of the ligand do not
occupy the equatorial plane in the coordination sphere of
the metal) enables the nitrogen atoms to occupy the most con-
venient position in relation to the cobalt ion and to avoid
strain in the macroring.

As a rule, the Co—Nam bond length is greater than the
Co-Nim bond length. The only exception is complex No. 138
(Table 3), which may be accounted for by steric interactions,
since in the ligand involved the imino-nitrogen is linked to
a carbon atom which is itself joined to a methyl group, while
the amino-nitrogen is linked to a carbon atom without alkyl
substituents. The cobalt-oxygen distance is determined
both by the nature of the macroring and by the character-
istics of the axial ligands. The shortest distances are
observed when a Co—O ionic bond is formed.

As for the nickel complexes, the equalisation of the Co—Nim
and Co—Nion bond lengths is observed in the presence of
conjugation in the propylene bridge of the macroeyclic ligand.
The shortest cobalt—nitrogen distance has been found in
complex No.47. The type of coordination of the macroeyclic
ligand in the cobalt complexes differs from that in the nickel
complex [the cobalt ion is coordinated to the nitrogen atoms
of the a-di-imino-groups, as shown in stucture (III)].

3. Other Transition Metal Complexes

A number of iron(II) and iron(III) complexes have been
investigated by X-ray diffraction. Some of the results of
these investigations are presented in Table 4. The Fe—N
distances are various and depend mainly on the type of coor-
dination of the macrocylic ligand and the donor nature of the
nitrogen atom. In trigonal-bipyramidal complexes the dis-
tance is somewhat greater than in tetragonal compounds.

Comparison of the carbonyl and alkyl derivatives of
cobalt and iron shows that, whereas the M-C(CO) distances
vary insignificantly [1.77 A for Co(II) and 1.75 A for
Fe(II)], the M—C(R) distances differ to a greater extent.
In complex No.51 (Table 4) the distances between the nitro-
gen atoms and the iron atom are various, which indicates the
absence of the delocalisation of the Tr-electrons in the pro-
pylene bridge (as in complex No.20, Table 1).

The amount of X-ray diffraction data on other macroeyclic
complexes is slight (Table 4). Only square-planar13'11*'35

and trigonal-bipyramidal68'69 structures have been observed
for the copper compounds. The structures of the macro-
cyclic manganese(II) 59 and chromium(I) 70 complexes have
also been determined.

Inspection of the data in Tables 1—4 reveals a consistent
variation of the metal—nitrogen donor atom distance in com-
plexes of different metals with macroeyclic ligands. In
terms of the decrease of the length of the bond, the metals
can be arranged in the following sequencet:

Fe3+>Fe2+>Ni2+ (S=l)>Cu2+>Co3+ ~ Co2+>Ni" (S=0) .

This series holds for any donor nitrogen atom (Nam , Nim,
and N c o v ) . In the nickel complexes the metal—donor atom
distance is greatly influenced by the spin state of the metal
ion.

I I I . ABSORPTION SPECTRA OF IRON COMPLEXES

There are literature data on the absorption spectra of
different macroeyclic iron(II) and iron(III) complexes which
include both high-spin and low-spin compounds. The
results of these studies will be considered below.

1. 1 ron (III) Complexes

In high-spin iron(III) complexes the ground state is 6S
and is not split in a crystal field of any symmetry. Com-
plexes of this type are characterised by a low intensity of
the d—d transitions, because they all spin-prohibited. In
the spectra of the compounds investigated charge-transfer
L—Fe^I bands have been observed at -30 000 cm for halide
complexes71'72 and at -19000 cm"1 for thiocyanate72 complexes.

The magnetic moments of all these compounds are in the
range 5.7—6.1 HB • The lower magnetic moments of some of
the complexes72 have been explained by the admixture of
the excited kEg and 2B2q states to the 6A1Cf ground state.

Very few low-spin iron(III) complexes are known and their
d—d spectra have in general been poorly characterised73"75.
Their magnetic moments are in the range 2.1—2.3 MB- With
increase of the number of double bonds in the macroeyclic
ligand, a steady decrease of the magnetic moment has been

tHere S is the overall spin of the ion.
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observed for isotypical complexes: )ieff = 2.30, 2.13, and
2.06 UB respectively for trans-[FeLCl2]+, where L=Me6-
[HJdieneN.p Me6[14]trieneNlf and MeJHJtetraeneN,,.

It follows from the study of Chan and Poon72 that the spin
state of the iron ion is greatly influenced by the relative
positions of the ligands: the complexes [Fe([14]anNlf)X2]

 + ,
where X = NCS", Cl~, or Br~, are high-spin for the cis-dis-
position of the monodentate ligand and low-spin in the case
of the trans-coordination.

2. High-Spin Iron(ll) Complexes

Among the high-spin complexes of bivalent ions, compounds
with coordination numbers of 5 (C4V symmetry) and 6 (D^
symmetry) have been observed. The data on the magnetic
moments and the electronic absorption spectra of these com-
pounds are presented in Table 5. In the spectra of com-
plexes of this type one may expect the presence of three
bands of the spin-allowed transitions SBX*- 5B2,

 5A1 + 5B2,
and 5E •*- 5B2. In practice usually two of these are observed
(those with higher energies) as broad bands with a low
intensity. The ground state in these complexes is 5B2, as
shown by Mossbauer spectroscopy71. The square-pyramidal
complexes of the type under consideration are probably sub-
ject to some trigonal distortion66.

The 5B1+- 5B2 transition is determined in the first place by
the very strong field of the macrocyclic ligand, since the
energy of the SA1 + 5B2 transition is determined by the nature
of the axial ligand. In square-pyramidal macrocyclic iron(II)
complex a very marked splitting of the "octahedral" 5Eg state
(-7000 cm"1) is observed, which has been explained by the
presence of only one axial ligand and by the unusually strong
field of the donor atoms of the macrocycle.

The energy of the 5B1+- 5B2 transition in the complexes
[Fe(Me2py[14]aneN1|)X] + , where X"=C1", Br", or I",
increases with decrease of the strength of the field of the
axial ligand71, which may reflect the mutual influence of the
ligands in the macrocyclic complexes (see Section VII). In
terms of increasing strength of the equatorial field, the
macrocyclic ligands can be arranged in the following sequence:

Me2py[14]aneN4 < Me6[14]tetraeneN4 < Me6[14JdieneN4.

Somewhat unexpectedly the di-imine ligand has a stronger
field than the tetraimine ligand (see Section IV). Evidently
the introduction of additional imine bonds decreases the size
of the macroring and leads to the expulsion of the metal ion
from the plane of the donor atoms, which weakens the metal-
nitrogen interaction and decreases the strength of the field
of the macrocyclic ligand.

The magnetic moments of compounds of this type are in the
range 4.95—5.20 UB> which is somewhat less than in the hexa-
coordinate complexes (see below). In all probability the
marked splitting of the 5Eg(O}\) state reduces (ieff as a
result of the orbital contribution.

The magnetic and spectroscopic data on the iron(II) com-
plexes with C. N. = 6 are listed in Table 5. The majority of
these compounds have the trans -coordination of the axial
ligands; the cis-coordination has been postulated for the
complexes [Fe(Me2py[14]aneNlt)CH3COO]PF6 and [Fe(Me6[14].
.tetraeneN^)phen](C10^)2 due to the bidentate coordination
of the additional ligands. The symmetry of the chromophore
should be pseudo-octahedral in this case and the presence
of a single broadened spin-allowed band due to the *Eg+ *Tzg
transition may be expected in the electronic spectrum. In
the spectrum of [Fe(Me2py[l4]aneN,,)(N3)2], which the
authors71 believe to have a trans-structure, no splitting was

observed, because the azide ligand gives rise to a field
whose strength is similar to that of the macrocyclic ligand.
This hypothesis is supported also by the magnetic moment
of the above compound.

Table 5. The magnetic moments and absorption bands of
high-spin iron(II) complexes

Compound

[Fe(Me2py [ 14]aneN4)Cl]PF6

[Fe(Me2py [ 14]aneN4)Br]PF6

[Fe(Me2py[14]aneN4)I]PF<
[Fe(Meg[ 14]dieneN4)Cl]ClO4
[Fe(Meg[ 14]dieneN4)Br] CIO4
[Fe(Me6[14]dieneN5)I]aO4
[Fe(Me6[ 14]tetraeneN4)a]aO4
[Fe(Me6[14]tetiaeneN4)Br]aO4
[Fe(Meg [ 14]tetraeneN4)I] CIO4
[Fe(Me6[14]aneN4)Cl2]
[Fe(Me6[14)aneN4)Br2]
[Fe(Me6[14]aneN4)I2]
[Fe(Me6[14]aneN4)(CH3COO)2]
[Fe(Me2py[14]aneN4)(N3)2]
[ Fe(Me2py [ 14 ]aneN4)CH3COO]PF6
[Fe(Meg[ 14]tetiaeneN4)phen] (C1C>4)2

[Fe(13]aneN4)(NCS)2]
[Fe([15]aneN4)(CH3CN)2](PF6)2

[Fe([15]aneN4)(NCS)2]
[Fe([16]aneN4)(CH3CN)2](PF6)2

[Fe([16]aneN4)(NCS)2]

4.95
5.11
5.20
5.05
5.11
5.15
5.00
5.14
5.10
5.58
5.47
5.37
5.70
5.50
5.11
5.00
5.42
5.52
5.32
5.55
5.52

3 Solvent

CH3NO2
CH3NO2
CH3NO2
CH3NO2
CH3NO2
CH3NO2
CH3NO,
CH3NO"2
CH3NO2
CHCI3
CHC13
CHCI3
CHC13
CH3NO2
CH3OH
solidc

solidc
CH3CN
CHCI3
CH3CN
CHCI3

M, 1- •B,

4.9(4)
4.5(5)
4.2(5)
4.7(7)

~ 5 (~ 5)
~5 (~4)
4.7(3)
4.8(3)

~ 5
5~5 (1)
5.0(1)

5.0
10.7(1)

10.8(4)
11.0(5)
11.4(5)
12.2(5)
12.5(5)
12.2(4)
11.6(3)
11.7(3)
11.7(3)
14.0(2)
14.1(5)
14.2(7)
14.0(2)

11.7(55)!b
11.6 (10)b
11.16)

8.8
9.6(4)

10.4(6)
9.3(3)
9.1(1)

11.5
14.1 (4)
12.6(5)
12.3(4)
11.1(5)

Refs.

71

71

71

9,76,77

9,76,77

9,76,77

73
73

7 3

10

10

10

10

71

1

73

78

78

78

8

78

Remarks: here and henceforth the positions of the absorp-
tion bands are given in units of 103 cm"1, the values of e,
expressed in litre cm"1 mol"1, being given in brackets;

5Eg+-5T2q transition for octahedral symmetry; spectra of
compounds in the solid state; phen = phenanthroline.

The positions of the absorption bands in the spectra of
these complexes depend, as for the compounds with C.N. = 5,
on the strength of the field of the equatorial axial ligands.
In the complexes [Fe(Me6[14]aneNi,)X2] there is a correlation
between the energy of the d-d transitions and the magnetic
moments. With increase of the strength of the field due to
the axial ligand, i.e. with increase of the energy of the
5Axg+- 5A2g transition, the 5B1g+- 5B2g band shifts to the
low-energy region, which indicates a decrease of the macro-
cyclic ligand field strength. If the axial ligands are
arranged in terms of the increasing splitting of the 5Eg(Ofi)
state (the CH3COO" < Cl" < Br"< I" sequence), then it follows
from the data in Table 5 that the magnetic moments of the
complexes formed by them decrease in the same direction.
This confirms the above hypothesis concerning the contribu-
tion of the orbital moment of the ueff of these compounds.

It follows from the spectra of the complexes [Fe([X]aneN,,)Y2],
where X = 15, or 16 and Y=NCS" or CH3CN, that78 the
strength of the field of the macrocyclic ligand is greater in
the acetonitrile complexes than in the thiocyanate complexes.
Evidently the greater the axial ligand field strength the lower
the macrocyclic ligand field strength and conversely. On
passing from complexes of a 15-membered ligand to those of a
16-membered ligand the strength of the field due to the mac-
rocycle diminishes by 180 cm"1 for the acetonitrile complexes
and by 150 cm"1 for the thiocyanate complexes.

A series of square planar iron(II) complexes, having the
triplet ground state 3B2g, have been obtained recently79.
Their effective magnetic moments are 3.2—4.3 UB a n d their
electronic absorption spectra are characterised by the pres-
ence of two absorption bands in the ranges 4000-7000 and
12 000-15000 cm"1.
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3. Low-Spin Iron(ll) Complexes

The spin state of iron(II) is determined by both macrocyclic
and axial ligands involved in coordination. For example,
the complexes [FeflHJaneN^Xz] are low-spin for X=CH3CN,
NCS~, or CN~, while among the complexes of the [lSJaneN,,
ligand only the cyanide compounds are low-spin78. In
many instances the absorption spectra of these complexes
contain intense charge-transfer of intraligand transition
bands, which mask the d-d bands. Such cases will not be
considered. A diagram of the states of the low-spin hexa-
coordinate iron(II) complexes is presented in Fig.3a. Evi-
dently at least four bands due to spin-allowed transitions
can be expected in the absorption spectra of the tetragonal
complexes of bivalent iron. However, if the splitting of the
"octahedral" xTlg and lTzg states is not observed, then the
absorption spectra of such compounds are interpreted from
the standpoint of pseudo-octahedral symmetry. The spec-
troscopic data for the hexacoordinate low-spin iron(II) com-
plexes are presented in Table 6.

The energy of the lTlg+- 1Aig transition is 10 Dq - C. 80

A method has been developed81 for the calculation of the
crystal field parameters for tetragonal low-spin complexes
of ions with the d6 configuration. According to the results
of this study, the energies of the transitions are described
by the following equations:

Hence we have

— C=v2,
Dq*«—35/4ZW—C=vlF

Dt=Ap (Dq*«—Dq').

Examination of the results shows that Dqxy is influenced
by the structure of the macrocyclic ligand. With increase
of the number of imino-nitrogen atoms, the parameter
increases. The number of methyl substituents in the macro-
ring has a much weaker influence, although as a rule the
greater the number of such substituents the smaller DqxV
{cf., for example, the values of Dqxy for [14]aneN,, and
Me6[ 14]aneN^ in the cyanide complexes}.

The strength of the field due to this macrocyclic ligand
also diminishes with increase of Dqz of the axial ligand and
conversely. As will be shown subsequently, this phenome-
non is characteristic also of the tetragonal cobalt (III) and
nickel(II) complexes83.

With increase of the size of the macrocyclic ligand, the
strength of the field generated by it diminishes, which can
be seen in relation to the complexes [Fe([X]aneN1()(CN)2],
where X = 13, 14, and 15. On passing from a 13-membered
to a 14-membered ligand, Dqxy decreases by 180 cm"1;
on further increase of the number of members in the ring by
unity, Dqxy decreases by 190 cm"1. These values are close
to those for the high-spin iron(II) complexes (see above).
Hence it follows that the change in the parameters Dqxy with
increase of the number of members in the macroring does
not depend on the spin state of the iron(II) ion.

The magnetic moments of the tetragonal iron(II) complexes
are in the range 0.4-0.8 |ig, but, one should note that there
is a tendency towards an increase of ueff with decrease of
Dqz.

IV. ABSORPTION SPECTRA OF COBALT COMPLEXES

where Dqxy (or DqE) is the strength of the field due to the
equatorial macrocyclic ligand, Dqz (or Dq^) is the strength
of the field due to the axial ligands, Dt is the tetragonal dis-
tortion parameter, and C is the Racah coefficient. If Dqxy >
Dqz, then Dt >0 and the sequence of levels corresponds to
that illustrated in Fig. 3a. If DqxV < Dqz, then Dt < 0 and
the xEg level lies above the xA2g level. This case obtains
in the macrocyclic iron(II) complexes with cyanide axial l ig-
ands. Having adopted the Racah coefficient C = 3300 cm"1,
it is possible to calculate from the absorption bands Dqxy,
Dqz, and Dt (Table 6).

Among the macrocyclic cobalt(II) complexes, compounds
with C.N. =4 , 5, and 6 have been observed.' The tetra-
coordinate complexes are of the low-spin type, while those
with C .N. = 6 are of the high-spin type. The vast majority
of cobalt (III) complexes are diamagnetic and have C.N. = 6 .

1. High-Spin Cobalt(ll) Complexes

The spectra of high-spin cobalt complexes show that the
metal ion has a pseudo-octahedral environment84'85. The
spectra are characterised by the presence of three absorp-
tion bands in the visible region at 8000, 16 000, and 19 000
cm"1, which corresponds to the spin-allowed transitions

Table 6. Absorption bands and spectroscopic parameters of low-spin iron(II) complexes with C.N. = 6 .

Compound

[Fe(Me6[141aneN4)(CN)2]
[Fe(Me2py[14]aneN4)(NCS)2]
[Fe(Me6[14]aneN4)Cl2]
[Fe([13]aneN4)(CN)2]
lFe([14JaneN4)(CN)2]

[Fe([15]aneN4)(CN)2l
[Fe(Me6[14]tetiaeneN4)(NCS)2]
[Fe(Me6[14]tetraeneN4)(CH3CN)2](PF6)2
[Fe(Me4[14]4,7,lU4tetraeneN4)(py)2](PF6)2
[Fe(Me2[16]tetiaeneN4)(py)2](PF6)2
Fe(Me2[ 15]tetraeneN4)(py)2l (PF6)2
Fe(Me2[ 14]tetiaeneN4)(py)2] (PF6)2
[Fe(Me2[14]tetraeneN4)(NCS2l
[Fe(Me2[14]tettaeneN4)(CH3CN)2])PF6)2

Solvent

CHC13

solid
DMF
CH3OH
CH3OH
CH3OH
solid
CH3CN
CH3NO2
CH3NO2

CH3NO2

CH3NO2

THF
CH3CN

I P £— XA

20.2(38)
15.6

16.6(77)
23.0(78)
21.1 (49)
19.6(27)

16.8
15.4(93)
12.1(528)
13.5(20)
13.2(23)
12.4(580)
15.9 (235)
13.7(46)

1A t~ tA

16.1 (5)
20.4

18.9 (88)
18.8(65)
17.0(51)
15.1(62)

21.7
21.3sh

19.3(560)
19.0(133)
19.6(320)
20.2(493)
20.2sh

21.3(105)

«2g. lbg<r- Alg

26.4 (65) sh
—
—

27.9 (71)
27.3(110)
24.7(64)

25.0
26.3(400)

—
—
—
—
—
—

Parameters, cm~l

194(1
2370
2220
2210
2030
1840
2500
2460
2260
2230
2290
2350
2350
2460

Dqz

27C0
1410
17f"0
305()
2f:50
2740
1520
1280
830

1130
1110
780

1490
940

Dt

—Am
549
203

—480
—409
- 5 1 4

560
674
817
(•29
731
9(13
491
868

Refs.

10

71

77

78

78

78

73,74

74

79
79

79

82

82

82

Remarks: here and henceforth sh = shoulder.
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and T l g ( P ) respectively.
The majority of complexes of this type are formed by macro-
cyclic ligands having nitrogen and oxygen donor atoms.
In these complexes the macrocycles have a distorted confor-
mation and the monodentate ligands occupy the cis-positions
in the octahedron.

The cobalt compounds with the N-(CH2C6H5)1([12]aneN4
ligand are high-spin complexes with a trigonal-bipyramidal
coordinationak. This structure of the complexes is deter-
mined by the structure of the macrocyclic ligand, which
consists of a 12-membered ring and contains four tertiary
nitrogen atoms with bulky substituents. A number of bands
have been observed in the absorption spectra of these
compounds, but these have not been assigned.

The magnetic moments of both pseudo-octahedral and
trigonal-bipyramidal cobalt(II) complexes have values of the
order of 4.5-5.0 ug, which corresponds to the presence of
three unpaired electrons.

2. Low-Spin Cobalt(l l) Complexes

Among the low-spin complexes of bivalent cobalt, square-
planar, square-pyramidal, and trigonal-bipyramidal com-
pounds have been found.

The square-planar structure of cobalt(II) complexes is
formed by virtue of the characteristics of the structures of
the macrocyclic ligands. A series of bands due to spin-
allowed transitions are observed in the spectra of these com-
pounds. The bands are presented in Table 7.

Since the energy of the 2A2g+- ?A1g transition depends on
Dqxy, the relative strength of the field due to the macro
cyclic ligands can be inferred from it. It follows from
Table 7 that Dqx v increases in the sequence Me1,[14]aneN4 <
Me,[14]4,7dieneh\ < Me8[ 14]dieneN^ < Me-[ 14]dieneNli <
Me6[14]tetraene NM.

In square-pyramidal complexes the energy of the 2E' •*-• 2A1

transition is related to Dqz. In terms of the decrease of
the energy of this band, the axial ligands can be arranged
in the sequence H2O s CH^CN >C1~ >Br~ >I~, which corre-
sponds to the spectrochemical sequence.

Table 7. Magnetic moments and absorption bands of low-
spin eobaiU ' 1) complexes.

Compound

[C->(Me6| l4|ancN'4)|(CIO4)2
[CoCMeil 14|4,7dierieN4)Kpi'6!2
[ColMegl 14 |dieneNf4)] (004)2
[Co(Me6fl4|dieneN.()](a04)2
[Cu(Me6[L4|ietraeneN4>|(ClO4)->
[Co<Me->[l4|5,7JienoN4)I]
[Oi(Me5(J4]4,7dieneN4)Ill

[Co(Vic6[14!

[Co(Me6[14]teuaeneN4)CiiCiO4

[Co(\1a6( 141:ei aeri?N'4)Bi]aO4

2.12
1.94
1
2.09 H2o

DMF
solid
DMF
DMF

CH3NO2

solid
solid

5.6 {>})
7.0

6,2(20)
6.3(44)
7.1(39)

5.8
5.8

7.9(37)

20.7 (70)
21.7

21.8(100)
22.4(130)
:3.8(257)

22.7
20.'8

23.8(205)

.97|CH3CN 7.8(76; |24.4(258)

.13CII,C\ ' j 7-1 (30) J22-2 i'1265)

.02CH3CN ! 6.8(11) I 19.6 sh

Other
bands

28.7(2500)
29.8(2500)
28.2(1840)

30.3
28.6

29.6(2820)
28.5 sh
31.3,sh

Comparison of two cobalt complexes with ligands of identical
structure (neutral and monoanionic) showed that the charged
ligand has a higher value of Dqxy (by 190 cm""1) than the
neutral ligand.

An absorption band at 30 000 cm"1 is observed in almost all
the spectra. It is associated with charge transfer from the
metal to the iT-antibonding orbital of the imino-group82.

According to the results of long and Busch88, the cobalt(II)
complexes of Me2py[14]dieneNi( are low-spin and have a tri-
gonal-bipyramidal coordination, but detailed studied on their
absorption spectra have not been carried out.

3. Pseudo-Octahedral Cobalt( l l l ) Complexes

According to their spectroscopic properties, all the
cobalt(III) complexes can be divided into two large groups:
pseudo-octahedral and tetragonal. The pseudo-octahedral
complexes can be divided in their turn into compounds con-
taining additional ligands, occupying two cis-positions in the
octahedron (the macrocyclic ligand then assumes a bent con-
formation), and tetragonal compounds (with axial ligands
in the frans-positions), in which the splitting of the "octa-
hedral" absorption band is not observed.

Since the iron(II) and cobalt(II) ions have the same elec-
tronic configuration (d6), the diagrams of their energy levels
in octahedral and tetragonal fields are similar (Fig.3a). The
transition energies are as follows in the case of the pseudo-
octahedral coordination80:

where C and B are Racah coefficients. Having adopted
C — 4B, it is possible to calculate the parameters of the ligand
field:

0Jis-%Dt

2BQ + 155

JDs-SDt

-61)s+%Dt

• % »

Figure 3. Diagrams and energies of the levels for the low-
spin d6 configuration (a) and the high-spin d8 configuration
(b) in octahedral (Oft) and tetragonal (D^) fields (the
superscript a, b, and c are used to denote levels of identical
symmetry and Ds and Dt are parameters of the tetragonal
distortion).
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The spectroscopic parameters of certain pseudo-octahedral
complexes are listed in Table 8. They show that all the
macrocyclic ligands can be arranged in the following sequence
in terms of the decrease of Dq for a fixed bidentate ligand:

[12]aneNlt >MeJ 14]aneN,, > 5,7,7,12,12,14Me6[14]aneNt,.
Comparison of the values of Dq for the oxalate and carbon-

ate complexes shows that Dq[CoLC2O,J + >Dq[CoLCO3]
 + . The

difference between them increases in the sequence of ligands
Me2py[14]aneNH<Me6[14]aneNlt< [12]aneNv The flexibility
of the macroring increases in the same sequence: the pyri-
dine ring in Me^yfl^aneNi, fixes the two ethylene bridges
more rigidly than the six methyl groups in Me6[14]aneNu and
-[12]aneN4, which have no substituents in the macroring.

The spectra of cobalt (III) complexes with monodentate
ligands in the cis-positions91'9**'98 are very similar to the
spectra of the compounds discussed above.

From the spectroscopic standpoint, the cobalt (III) ammines
behave as octahedral compounds (Table 8). According to
McClure", the splitting of the 1Tlff and 1T2g levels in a
field of Dhh symmetry arises owing to the difference between
the a- and u-antibonding properties of the equatorial and
axial donor atoms. In the amine complexes this difference
is too small to cause the splitting of the degenerate levels.

The value of Dq for the pseudo-octahedral complexes is
determined by the rigidity of the ligand as well as the donor
properties of all six atoms coordinated to cobalt. The more
flexible the macrocyclic ligand, the much smaller the strain
arising when it is coordinated to a cobalt ion, and the greater
the overlap of the d orbitals of the latter with the orbitals of
the donor ligand atoms.

Dq is also influenced by various other parameters: the
number of substituents in the macroring and the number of
double bonds and their relative positions. The influence of
the latter factor is seen particularly clearly when the
nephelauxetic coefficients B are compared. In terms of the
increase of this parameter, the nitrogen donor atoms have
been arranged in the sequence 4N(a-diim) < 2N(a-diim) +
2N(am) < 2N(im) + 2N(am) < 4N(am). This sequence reflects
the decrease of the degree of covalence of the metal—nitro-
gen bond.

Table 8. Absorption bands and spectroscopic parameters of
certain pseudo-octahedral cobalt(III) complexes.

Compound

[Co(Me6[14]aneN4)C2O4]ClO4
[Co(Meg[ 14]aneN4)CO3]ClO4
[Co(Me6 [ 14] aneN4)acac] (C1O4>2
[Co(Me6[14]aneN4)NO3)(NO3)2
[Co(Me6[14]aneN4)en]Cl3
[Co(5,7,7,12,12,14Me6(14]aneN4) x

C2O4]C1O4
[Co(Me2pyI 14]aneN4)C2O4]ClO4
[Co(Me2py[14]aneN4)CO3]ClO4
[Co(Me2py[14]aneN4)acac](ClO4)2
[Co(Me2py[ 14]aneN4)en](ClO4)3
[Co(Me6[14]dieneN4)CO3] CIO4
[Co(6,7,13,14Me4[14]dieneN4)CO3]aO4
[Co([ 12] aneN4)C2O4] CIO4
[Co([12]aneN4)CO3]ClO4
[Co(6,7,13,14Me4[14]dieneN4)(NH3)2]Cl3
[Co([14]aneN4)(NH3)2]Cl2
[Co(Me6[14]aneN4)(NH3)2](ClO4)3
[Co(Me3[ 14] l,3dieneN4)(NH3)2l (C1O4)3
[Co(Me6[14]dieneN4)(NH3)2](C104)3
[Co(Me4 [14] tetraeneN4)(NH3)2] (004)3
[Co(5,7,12,14Me4[14]dieneN4) x

(NH3)2]Cl2C104

Note: B = nephelauxetic coefficient.

solid
solid
solid
solid
solid
solid

CH3OH
H2O
H2O
H2O
H2O
CH3CN
H2O
H2O
H2O
H2O
H2O
H2O
H2O
H2O
HoO

18.4
18.2
18.5
17.1
18.0
17.9

22.4(75)
21.7(60)
20.6(75)
22.0(80)
22.0 (66)
23.1(120)28.6|sh
21.8(74)

25.5
25.4
26.9
26.3
25.8
26.6

.7(329)

2018
2000
2060
1940
1995
2008

213019.5(271)26
19.3(292)27
19.7(301) 26
20.7(250)29.0(256)2248
20.0(121)28.6(135)2215
19.8 (126) 26.0 (176) 2135
19.2 (245) 27.4 (205)-•"
18.8(280)27

.0 (339) 2123

.4 (280) 2138

2120
2090

30.0(118)2430
.2(210)

0(70)
1 sh

29.0(700)2375
29.6(80)

29.4(92)

Parameters,
cm"l

2353
2248

2390
2448
2370

0.42
0.42
0.49
0.54
0.46
0.51

0.45
0.39
0.49
0.50

388 036
0.48
0.49
0.4i
0.4
0.44
0.41
0.45
0.32
0.45

4. Tetragonal Cobalt(lll) Complexes

From the point of view of composition, complexes of this
type can be divided into three large groups. The first
group includes compounds formed by a macrocyclic ligand
and two identical axial ligands. The composition of com-
plexes of the second group includes two different axial lig-
ands , while the complexes of the third group are character-
ised by the presence of an axial cobalt—carbon a-bond and
the second axial ligand can be both an anion (Cl~, Br", I",
NCS~, or CNT) and a neutral molecule (PPh3, py, CH3CN,
or H2O).

The splitting of the band due to the 1T1g-*- 1A1q transition
is observed in the spectra of all these compounds. In cer-
tain cases the higher-energy "octahedral" band is also split.
This makes it possible to calculate the parameters Dqxy,
Dqz, and Dt by the method described in the discussion of
iron(II) complexes81. The Racah coefficient C for the
cobalt(III) ion was assumed to be 3800 cm"1.

Table 9 presents data on the absorption spectra of com-
plexes of the first group and their spectroscopic parameters
are given below in Tables 13 and 14. The tetragonal cobalt
complexes of this type are ideal objects for the investigation
of the influence of various factors, particularly the structure
of macrocyclic ligands, on the spectroscopic parameters.
Busch and coworkers101 investigated the dependence of Dqxy
on the degree of unsaturation of the macrocyclic ligand in
relation to the bis(acetonitrile) complexes with 14-membered
ligands. Their data show that Dqxv increases with the

Table 9. Absorption bands of certain tetragonal cobalt(III)
complexes of the type [CoLX2]

n+.

Me6[14]dieneN4
Me6[14]dieneN4
Me6(14]dieneN4
Me6[14]dieneN4
Me6[14]tetraeneN4
Me(j[14]tetraeneN4
Me4[14]tetraeneN4
Me4[14]tetraeneN4
Me4[14]tetraeneN4
Me4[14]tetraeneN4
Me2[14]l,3dieneN4
Me2[l4H.3dieneN4
Me2[14]l,3<iieneN4
Me2[14]l,3dieneN4
Me2[14]l,3dieneN4
[14]aneN4
[14]aneN4
[14]aneN4
2,3Me2[14]aneN4
2,3Me2[14]aneN4
M [ 1 4 ] N2 p [
Me2py[14]aneN4

[ 1 4 ] N2p[
Me2py[14]aneN4
Me2py[14]aneN4
Me2py[14]aneN4
Me2py[14]aneN4
Bz4[16]tetraeneN4
Bz4 [ 16 ] tetraeneN4
Bz4[16]tetraeneN4
Bz4[16]tetraeneN4
M [ 4 ]
Me6[14]aneN4
Me6[14]aneN4
Me$[14]aneN4
Me6[14]aneN4
Me6[14]aneN4
Me6[14]aneN4

X

H2O

Br
CH3CN
ci-
Br"
H2O
cr
CH3CN
Br-
H 2 0

crNCS-
Br"
CH3CN
H20
OH-
cr
ci-
CH,CN
H26
CN"
ci-
NCS-
Br-
OH-
CH3CN
ci-
NCS~
Br-
N~
H2O
CN-
ci-
NCS-
Br-
OH-
CH3CN

Solvent

H2O
CH3OH
CHjOH
CH3CN
CH3CN
CH3CN
solid
CH3CN
CH3CN
solid
H2O
solid
H2O
solid

CH3CN
H2O
H2O
H2O
CH3OH
CH.CN

H2O
CH3OH
H2O
CH-̂ OH
H26
CH3CN
solid
solid
solid
solid
solid
solid
H2O
solid
HaO
solid

CH3CN

17.3(24)
16.0(46)
15.0(65)
20.6(47)
16.7(52)
15.8(87)
17.4
17.4(46)
20-8(82)
16.7
18.2(35)
16.2
19.2(435)
16.4
20.6(106)
17.5(67)
18.9(97)
15.7(32)
16-0 (112)
21.1(129)
17.9(29)
25.0(84)
16.2(44)
19.3(393)
15.2(60)
17.0(29)
21.8(331)
15.6
16.6
14.4
15.6
16.6
23.2
15.6(31)
18.7
14.7(45)
16.6
20.3(64)

24.2 sh
22.4 sh
23.0 sh
24.0(72)

25.6(3470)
24.0
23.3(144)
25.5(137)
22.2
23.6 sh
23 5
2l!9(155)
23.0
24.1(94)
23.3(84)
21.3(105)
22.7(142)
22.0(112)
23.3(41)
22.1(245)
21.5(151)
21.2(181)
21.0(364)
20.8(183)
20.1(152)

20.2
19.7
20.0
18.5
21.6
20.9
20.7(35)
20.0
20.0 sh
18.9
22.2(74)

31.6 sh
27.2(31)

30.4(294)

28.1(80)

26.2(135)
20.7(102)

32.7(315)
25.9(148)

27.3 (266)
26.3;28,2
29.0
27.0
26.3
27.5
28.7
24.6(50)
24.0;26,7
25.1;28,0
24.9;26,6
25.8(66)

Refs.

73,87
73,87

102,103

95,106
95,106

107

{108
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number of double bonds in the macroring, which confirms
the hypothesis that the amino-nitrogen is a more effective
donor than the imino-nitrogen. This can be explained by
the strong TT-electronic interaction between the metal ion and
the nitrogen donor atom: the rehybridisation of the unshared
electron pair of the nitrogen, accompanying the conversion
of the amine into the imine, should have a significant influ-
ence on Dqxy. The fact that this parameter is virtually the
same for the conjugated and non-conjugated tetraimines
{cf., for example, the complexes with Mê f 14]tetraeneN,, and
Meo[14]tetraeneN4 or the di-imines Me2[ 14]l,3dieneN1) and
Me6[ 14]dieneN,t} shows that the reverse TT-bond is not the
main cause of the increase of Dqxy when an amine is replaced
by an imin°. In all probability, the increase is caused by
changes in the nature of the metal—nitrogen a-bond. The
decrease in ring size owing to the larger number of double
bonds also makes a definite contribution to the increase of
Dqxy for imine ligands compared with amine ligands. Evi-
dently the strengthening of the metal—nitrogen bond due to
the u-electronic interaction and the decrease of the size of
the macroring make the Co—Njm distance shorter than the
Co—Nam distance (see Section II).

Regardless of the nature of the axial ligands, Dqxy for
macrocyclic ligands diminishes in the following sequence as
a function of the nature of the nitrogen donor atoms:
4N(a-diimine) S4N(isolated imine) > 2N(a-diimine) + 2N(amine) £
frans-2N(imine, 6-membered ring) + 2N(amine)>trans-2N-
(imine, five-membered ring)+ 2N(amine) s cis-2N(imine, six-
membered ring) +2N(amine) =N(irnine) +3N(amine) >4N(amine).
In all probability this sequence of donor atoms is character-
istic of all transition metals. The increase of Dqxy in the
sequence an < diene < tetraene for tetragonal iron(II) com-
plexes had been noted previously and the same sequence is
characteristic of nickel(II) complexes (see below).

Me2py[14]dieneN1| and Me2py[ 14]aneNM are somewhat iso-
lated in this series of macrocyclic ligands. Dqxy for
[Co(Me2py[14]dieneNlt)(CH3CN)2KClOlt)3 is greater than for
the analogous complex with Me1([14]tetraeneN^. This effect
cannot be explained exclusively by the donor properties of
the pyridine nitrogen atom, because the values of Dqxy for
the cobalt(III) complexes of Me2py[14]aneN1( are close to
those of the 2,3Me2[ 14]aneNu complexes, while in the case of
the nickel(II) complexes they resemble those for the com-
plexes of saturated 14-membered ligands. In this instance
a considerable increase of DqxV for the complexes of the
Me2py[14]dieneN^ ligand can be explained by the conjugation
between the pyridine ring and the a -di-iniine groups of the
macroring, which probably greatly increases the strength
of the field due to this ligand.

The study of the influence of the size of the macroring on
the spectroscopic properties of cobalt(III) complexes of the
type [Co([X]aneN4)Cl2]ClOl,, where X = 13, 14, 15, and 16,
showed110 that Dqxy increases with decrease of the size of the
macroring. The authors of this study calculated the strain
energy arising on coordination of the metal ion to the macro-
cyclic ligand. It is of interest to note that the Dqxy are not
correlated with the strain energy: Dqxy increases in the
sequence [16] < [15] < [14] < [13], while the sequence based
on the decrease of the strain energy is [16] > [ 15 j >[14] >
[13]. Two important conclusions follow from this: (a) Dqxy
is related to the ratio of the sizes of the metal ion and the
cavity within the macrocycle to a greater extent than to the
overall strain energy of the ligand caused by coordination;
(b) a 14-membered macrocycle is most suitable as regards
size for the cobalt (III) ion.

The absorption spectra of cobalt complexes with two differ-
ent axial ligands90 '91 '95 '105 '107 '108 '111 resemble the spectra of
the compounds discussed above.

Complexes with an axial cobalt—carbon a-bond represent
an interesting class of coordination compounds. They model
vitamin B12 and their spectra are typical for tetragonal cobalt
complexes and are presented in Table 10 together with cer-
tain calculated parameters. The large extinction coefficients
of the absorption bands of these compounds can be explained
by the high degree of covalence of their bonds. The param-
eters Dqz(R) were calculated from the spectra in accordance
with the additive rule Dqz(X +R) = i[Dqz(X) +DqZ(R)] sub-
ject to the condition that the values of Dqz for CH3CN, NCS~,
H2O, Cl~, Br", and I" are 2180, 2000, 1720, 1460, 1300, and
1000 cm"1 respectively.

Table 10. Absorption bands and spectroscopic parameters
of cobalt complexes of the type [CoLRX]n + .

X Solvent ••E
g~'Ag

Parameters, cm"l

q

+

Q

S

Q

L = Me4[14]tetiaeneN4

CH7

CH7

C H J C H -

CH3CN

H,O

NCS-

Q-
Br~

I"

Br~

r
CHJCN

CH3OH

H2O

H2O

(CH3)aCO

(CH3)2CO

(CHaJaCO

(CH3)2CO

(CH3)2CO

(CH3)2CO

CH3OH

20.5(2000)

20.G (2200)

20.6(1570)

20.0(2300)

20.3(2900)

20.0(4300)

19.9(1700)

19.6(1600)

20.2(2400)

19.3(2600)

23.8(1450)

23.8(1400)

23.8(1620)

24.2(4600)

2 4 . 8 I M

25.0(8500)

24.1 (4500)

24.4(4500)

23.8(6000)

23.7(6000)

2760

2760

2760

2800

2860

2880

2790

2820

2760

2750

377

366

366

480

514

571

480

549

411

503

2100

2120

2120

1960

1960

1880

1950

1860

2040

1870

2020

2780

2240

2570

2740

2860

2550

2540

3180

1560

—

Br"

H2O

CH3OH

Cri-pK
CH3OH

CH3OH

16.1(525)

20.4(1050)

20.6(980)

15.7

L= Me2py[14]dieneN4

20.6(1200)

21.4 sh

21.8 sh

20.5

2440

2520

2560

2430

514

114

137

549

1540

2350

2330

1470

3080

3400

2940

2940

113
113

Compared with truly tetragonal complexes (i.e. complexes
with identical axial ligands), in these compounds there is an
additional factor which determines the value of Dqz(R).
Together with the influence of the macrocyclic ligand on
Dqz(R), the nature of the trans-axial ligand has also an effect.
The maximum values of Dqz have been obtained for com-
pounds in which a second axial ligand is absent. In the
presence of any trans-axial ligand DqZ(R) is less than the
maximum value. The values of this parameter can therefore
be used as characteristics of the trans -influence of the lig-
ands in macrocyclic complexes.

In compounds of the same macrocyclic ligand the trans-
influence series of axial ligands in relation to the alkyl group
is as follows {for example, for Me1>[14]tetraeneN4 complexes}:

CH3CN>NCS->Cl->Br->H2O>I-,

Some complexes do not show a splitting of the low-energy
band and they can therefore be regarded as pseudo-octa-
hedral. The values of 6 for these compounds are in the
range 0.31-0.39, which confirms the high degree of covalence
of their bonds.
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V. SPECTRA OF NICKEL(II) COMPLEXES

Among nickel complexes with macrocyclic ligands, both
high-spin and low-spin compounds have been found. All the
low-spin complexes have a square-planar structure. The
coordination number in the high-spin complexes is 5 or 6.
From the standpoint of the symmetry of the chromophore, the
pentacoordinate compounds can be classified as square-pyra-
midal (C\v) or trigonal-bipyramidal (D3^) complexes, while
complexes with C.N. = 6 are pseudo-octahedral (Oft) or
tetragonal-bipyramidal (Dhfl).

1 . Low-Spin Complexes

Depending on the relative strength of the field due to the
axial and equatorial ligands, the ground state in the nickel(II)
complexes (configuration d8) can be both 3BI<T (tetragonal
high-spin complexes) and lAig (square-planar low-spin com-
plexes). In the classical phthalocyanine and porphyrin
compounds114 the axial ligands are unable to compete with
the strong field generated by the macroring and the triplet
ground state of the nickel(II) ion does not occur. Synthetic
macrocyclic ligands have Dqxy smaller than for porphyrins
but sufficiently large to form mainly low-spin complexes.

In nickel complexes of this type there is a possibility, in
principle, of three spin-allowed transitions80. All the low-
spin complexes which have been discovered have an absorp-
tion band in the range 18500—24 000 cm"1 with an intensity of
20—500 litre cm"1 mol"1, which the majority of investigators
assign to the 1A2g+

 1Alg(blg + b2g) transition92 '93 '97 '115"153.
In a number of instances a band due to a second d-d trans-
ition has been observed in the range 25 000-28000 cm"1.115"118

However, one should note that, if the assignment of the first
band is correct, then its energy should correspond to
10Dqxv, but it has been found that the position of this band
depends greatly on many factors—the non-coordinated
anion, the ligand conformation, the solvent, the conditions
used in the recording of the spectra, etc.

2. High-Spin Complexes

As already mentioned, square-pyramidal and trigonal-
bipyramidal high-spin nickel(II) complexes with C.N. = 5
have been found. The absorption spectra of compounds of
this type are characterised by the presence of four (rarely
five) low-intensity absorption bands119 '154 '155 due to transi-
tions between split "octahedral" levels in a field of ChV sym-
metry The magnetic moments of these complexes are in
the range 2.80-3.20 UB-

The trigonal-bipyramidal nickel complexes have been
obtained only with the alkylated macrocyclic ligands
N-(CH2C6H5),,[12]aneN4

 156 and N-MeJ14]aneNv
 120>157 The

spectra of these complexes have at least five bands due to
d-d transitions in the range 6000—25000 cm"1, but the bands
have not been assigned.

Nickel(II) complexes with C.N. = 6 can be divided, like the
cobalt(III) complexes, into two large groups: pseudo-octa-
hedral and tetragonal. The energy level diagrams for com-
plexes of these types are presented in Fig. 3b. In terms of
the one-electron approximation, the transition energies in the
field of octahedral symmetry are as follows:

v t=£(37V^M2g) = 10 Dq,
V2=E(>Tit+-3A2g) = \8Dq,

v 3 = £ (37\g(P)^M2e) = 12Dq+ 15B.

Dq , cm l

2B00

2600

moo

const + 5L-6z> c m~

2100 2600 2800

J000

2000

1000 const +6 - 6 , cm
L i L

1000 2000 3000

.mo y-

moo -

1200 -

const + AL - Az , cm"
_ l I

10D0 1200 moo 1600

Figure 4. Correlation between DqCalc a n d Dc?exp: Q) f°r

the values of Dqxy in cobalt(III) complexes; b) for the
values of Dqz in cobalt(III) complexes [1) experimental
points; 2) points obtained with the aid of Dqxy ]; c) for

C3.1C

the values of Dqxy in nickel(II) complexes.
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Numerous pseudo-octahedral nickel(II) complexes with
macrocyclic ligands have been obtained and characterised121"
126,156-:B>* Two or three bands due to d—d transitions have
been observed in the spectra of these compounds in the
ranges 10000-12000 (vi) , 17000-19000 (v2), and 27000-
29000 crrT1 (v3) with low extinction coefficients (10—40 litre
cnr1 mol""1-). The values of Dq for compounds of this type
are in the range 1000—1200 cm"1 and are independent of the
macrocyclic ligand; they are typical for the amine complexes
of nickel(II) and this also applies to the parameters 3-

Among the complexes of the same macrocyclic ligand with
different bidentate ligands, the highest value of Dq and the
lowest of Ueff have been found for the oxalate complexes121,
which are dinuclear compounds. Their magnetic moment is
reduced owing to the Ni—Ni interaction via the C2O^~ bridge
group.

A series of hexacoordinate complexes containing cis- and
trans-monodentate ligands have also been isolated122'123'157'
i6i-i63_ j t j s noteworthy that macrocyclic ligands containing
nitrogen and sulphur donor atoms apparently have a low
value of Dqxy, since their complexes with Br~ and I" ligands
in the {rans-positions do not show a splitting of the low-
energy band161'162.

Tetragonal distortion of the complexes entails the splitting
jf the degenerate levels (Fig. 3b), which permits the calcula-
tion of the parameters of the tetragonal field from the follow-
ing formulae:

Dqxy - 1 / 1 0 £ i?B*g +~ 'sBlg),

Dt = * / M IE (3B2R - 3B1R) - E (3£g
a - 3Blg)\,

Dq' = Vio [2£ (*Ea
e*- *B1R) - E l3Bsg * - *BV)].

The absorption bands of tetragonal complexes of this type
are presented in Table 11 (the parameters obtained from
these spectra are compiled in Table 15). A series of tetrag-
onal complexes, not listed in Table 11, have been obtained
also for other macrocyclic ^ands1 1 9 '1 2 2 '1 2 3 '1 2 7"1 3 0 '1 6 1 '1 6 5 '1 6 6 .

As for cobalt(III) complexes, the Me2py[ 14]dieneNi, ligand
gives rise to the highest value of Dqxy (1866 cm"1) 167 among
all the ligands investigated.

Dqxy depends on the size of the macroring: [14]aneN,t
(1460 cnr1) >[15]aneN4 (1240 cm"1) >[16]aneNlf (1100 cm"1)
(the average values of Dqxy were used, see Table 15).
According to the data of Busch and eoworkers167, Dqxy for
the "ideal" Ni-N distance is 1213 cm""1. The [15]aneN^ lig-
and has a value of Dqxy closest to the above (Table 15),
which confirms the earlier hypothesis11 that a 15-membered
macroring is optimal for the high-spin nickel(II) ion.

As already mentioned, the introduction of electron-donating
imino-groups instead of the amino-groups increases Dqxy.
increments have been proposed167 for the calculation of the
values of Dq-xy from a specific value of this parameter—in
the given instance from Dqxy{[ lSJaneNj, as the most suitable
for the high-spin nickel(II) ion. These increments are

210 cm"1 when a 15-membered ring is replaced by a 14-mem-
bered ring and -130 cm""1 when a 15-membered ring is
replaced by a 16-membered ring; the replacement of the
amino-grcup by an imino-group increases Dqxy by 75 cm""1

for the first and second amino-groups, while the replacement
of the third and fourth amino-nitrogen atoms by imino-nitro-
gen atoms increases Oq-̂ V by 155 cm"1. The latter is due to
the mere raar.t<oc decrease of the size of the macroring after
the introduction of the third and fourth imino-groups com-
pared with the introduction of the first and (or) the second.

The influence of the axial ligands on the Dqxy parameters
is examined below (see Section VII).

Table 11. Absorption bands of certain tetragonal nickel(U)
complexes of the type [NiLX2l (in the solid state).

; p e- F *. OP OTHER TRANSITION METAL COMPLEXES

L

MeoPhof i4jdicne\!4
McjPlnl 14jdU1ncN4
Me^Phij 14jd«'neN4

Me2Ph2!14!d:V'<eN4

Meg, f 14|aneN'4

Me6[14]anoN4

Me6 |l4|am-N4

Mc6[14|aneN4

Me(5[!4JaneN4

B/4I lb|tetrjeneN4

B/4M' |'( trjeneN4

i ' 4 ' u N,

1 4, n \ i

1 » 11 N 4

' W T| I4| ineN4
1 M t _ | t 4 m f N 4

- 3Me_ I 4 | iru-\',t
1 M 2 | i 4 | d n c M i .

1 1 1 \}
IS'u \ 4

! am N4

' . \ 4

[1 i J J i N i

[!•>, 1 1 /

l f | a i N4

1 ,11 61 ineN4

Bz4 |16|aneN4
Bz4| !6|anoN4

Remarks: for
Fig.3b.

X

NO.7

Cl
CHoCOO-
NCS-

CH,COO
Br'

cr
N'~

NCS-

N."

NCS"
Br
Cl"
>;;

NCS-
I B r "
; C]~

NrNCS -

Br
cr
N3"
NCS-
Br~

crNrNCS-
NCS
Br-
Cl

9.4

9.3
1!) i

9.8
7 4
8.4
9.4

11.0

1(1.0

W.O
7.9
8.6

10.1
11.1

7.8
8.4

10.1
11.2
8.1

8 7
9.7

10.3
7 3
7.8

9.0

9.6

10.1
9.4
9.6

the designation

aA<2,,— VS...

ir..e
15.4
15.1
1'.7
•M.3
'•-'.(I
14.7
14.1

14.,1

14.7
14.7
14.9
14.8
14.5
14.2
14.9
14.7
14.T
14 1
12.8
((9 '

12.3
12.0
11.3
11.2
10.9
10.7
11.3
11.4
11.3

of the er

A " *

"£«*-

?0

19

>B>g

,

g

19.9
19
18

12. 9;
15 1 •
15.6;
17.3;
17.' ,
'i 7 i •
13.7;
15.2;
10.3;
17.8:
13.7;

16.6-
18.0;
'3.9;
;.' 4;
15 5;
15.8;
13.1;
13.5;
14.7;
15.4;
13.8:

16
15

ergy

g

19 0
19.. 1
19.5
20.0
20.0
20.0
19.3
19.4
19 8
20.2
19.3
V-:- .2

19 6

20.2

17.5
17.6
1 7 8

18.4
15.6
15.8
16.5
16.8
17 4
4
8

" C « * - > B 1 «

—

27 4
26.2; 28.3
26.7; 28.7

2',j.8

29.8; 30 5

27.1: 29.3
27.3. 29.2

27.0; 29.2
2, 1, 29.0

25.5; 27.1
2P..1.; 27.3

27.5
28.5
25.6
25.6
26.8
27.1
28.0

levels, see

Refs.

,,,,

125

i ?'.

iss
167'

167

167

: •/

i w

\''<7

i «7

it.7

167

167

167

167

167

167

107

167

167

167
167

167

167

167

168

168

,'- •1c;:g iy.•>• omplexes of other transition metals, those of

copper(':]. :iave been most fully investigated. Unfortunately,
the spectra of these compounds are characterised by a small
number jf broad absorption bands, which greatly diminishes
the possibility of deriving information about them.

The absorption spectra of the majority of compounds inves-
tigated contain one broad band in the range 16 000—20 000 cm"1

with extinction coefficients of 50-200 litre cm"1 mol"1. 92>93-97>
125,130-133,169-176 There is apparently no direct correlation
between the strength of the field due to the macrocyclic lig-
and and the position of this band, although an interesting
relation has been observed77 between the position of the
above absorption band and the heat of formation of amine
complexes of copper.

In a number of instances two120'131*'135'178 or even three11'0

absorption bands have been observed in the spectra, but
the amount of data is too small to make a correct assignment
of these bands.

A square-pyramidal171'179"181 or trigonal-bipyramidal155

structure has been proposed for certain pentacoordinate cop-
per compounds, the latter structure having been confirmed
by. X-ray diffraction69; however, the absorption bands were
not assigned in the above studies.

Data on the absorption spectra of compounds of other
transition metals are presented in Table 12. It is note-
worthy that the energies of the hBig+

 kBig (for the d3 con-
figuration) and 5B2g<- 5B^ (for the d1* configuration) transi-
tions correspond to values of lODq^y, which makes it pos-
sible to follow the variation of this parameter along the series
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of transition metals. For compounds of the type [M(Me6[14]-
aneNlf)Cl2]n+, the values of Dqxy are as follows: 1700 cm"1

(V2+), 1460 cm"1 (Cr3+), 1940 cm"1 (Cr2+), -2410 cm"1 (Mn3+),
2220 cm"1 (Fe2+), 2450 cm"1 (Co3+), and 1470 cm"1 (Ni2+).
It follows from this series that the values of Dqxy for triply
charged cations are greater than for doubly charged cations
and are constant (~2450 cm"1) within the limits of experimen-
tal error, while the values for M2+ increase markedly in the
sequence Ni < V-Cr < Fe.

Table 12. Absorption bands and magnetic moments of
tetragonal transition metal complexes.

Compound

[V(Me6[14]aneN4)Cl2l
V(Me6[14]aneN4)Br2]

[V(Me6[14]aneN4)I2]
V(5,12Me2[14]aneN4)Cl2]
Cr([14]aneN4)Cl2]Cl
Cr([ 14]aneN4)(H2O)2] (C1O4)3

[Cr(Me6[14]aneN4)Cl2]
Cr(Me6[14]aneN4)Br2]
Cr(5,12Me2[14]aneN4)Cl2]
Cr(5,12Me2[14]aneN4)Br2]
Mn(Me6 [ 14] aneN4)O2] PF6
Mn(Me6[14)aneN4)Br2] PF6

Meff.
MB

3.71
3.86
3.74
3.73

—
—

4.80
4.82
4.87
4.90
4.90
4.90

Solvent

solid
solid
solid
solid
H2O
H2O
solid
solid
solid
solid

CH3CN
CH3CN

v,

12.5
10.3
8.5

12.9
17.5(20)
19.6(24)
14.7sh
15.0sh
14.3
15.4
10.9(9)
11.7(17)

V j

17.0sh
16.0
15.5sh

—
24.6(35)
24.7(39)
19.4
20.4
19.7
19.6
24.1 sh
23.2sh

v,

22.0
21.0
20.0
19.2 sh

27.4
25.6(38)

—
—
—

26.5 sh
27.0sh^

v.

24.5
23.8
24.4
23.8sh
(41)
28.6(38)

—
—
—

-

Refs

182

135
135

82
82
82
83
83
84
84
84
84
, 185
, 185

Remarks: the assignments for the d3 configuration (V2+ and
Cr3+) are as follows: vx—

hEg<- ltB1g transition; v2—
hB2g +

^Bxg transition; v3 and Vi,—transitions to the components
of the split hTXg level (A2g and ''Eg); the assignments for
the d*1 configuration (Cr2+ and Mn3+) are as follows:

5 ,

\-5Er

5Blg transition;
Big transition.

5B
2g transition;

It is of interest to note that, in contrast to the cobalt(III)
complexes, in the macrocyclic rhodium(III) complexes no
splitting of the octahedral band is observed even for com-
pounds in which the trans -disposition of the axial ligands
has been demonstrated130 186-188.

Apart from the tetragonal complexes, trigonal-bipyramidal
vanadium (II) complexes182 and pseudo-octahedral chro-
mium(III) 183 and ruthenium (III) l89 complexes have also
been obtained.

V I I . THE MUTUAL INFLUENCE OF THE LIGANDS IN MACRO-
CYCLIC COMPLEXES

In the studies of the tetragonal complexes of iron(II),
cobalt(III), and nickel(II) it has been shown that DqxV for
macrocyclic ligands varies as a function of the nature of the
axial ligands and conversely that Dqz for a specific axial
ligand depends greatly on the nature of the coordinated
macrocyclic compound. Similar findings were also made for
natural macrocyclic complexes190. This phenomenon reflects
the mutual influence of the ligands and, since the axial lig-
and is in the cis-position with respect to the macrocyclic
ligand, reflects the cis-influence in complexes of this type.

It has been shown for cobalt(III) 83 and nickel(II) 167 com-
plexes that the dependence of the quantities DqxV and Dqz

on the nature of the ligands and their mutual influence can
be represented by the following simple equations:

(for Dqxy in the cobalt complexes), (1)
(for Dqz in the cobalt complexes), (2)
(for Dqxy in the nickel complexes)!, (3)

where 6 L , az, and AL are increments taking into account the
nature of the ligand, for which the value of Dq is determined
by the equation, and 6z» OL» and Az are increments taking
into account the nature of the ligand in the cis-position
with respect to the ligand whose parameter is calculated by
the equation.

The spectroscopic parameters of the macrocyclic complexes,
calculated from the data in Tables 9 and 11, as well as the
increments in Eqns.( l) , (2), and (3) are listed in Tables 13,
14, and 15. The constants in these equations were selected
on the basis of the most reliable data and are as follows:
Dqxy = 2450 cm"1 for [Co(Me6[14]aneN1()(H2O)2]

3+ in Eqn.(l);
Dqz = 1500 cm"1 for [Co(Me2py[14]aneN4)Cl2]

 + in Eqn.(2),
and Dqxy = 1399 cm"1 for [Ni(Me6[14]aneNlf)(NCS)2] in
Eqn.(3). The graphical relations between DqeXp and
Dqc a ic are presented in Fig.4. All the straight lines have
a slope of unity and the correlation coefficients are 0.975,
0.994, and 0.997 for Eqns.( l) , (2), and (3) respectively.

The increments OL and AL are determined by the structure
of the macrocyclic ligands and the donor properties of the
nitrogen atom, the nature of which has already been dis-
cussed in connection with the consideration of the tetragonal
cobalt(III) and nickel(II) complexes. The values of az
reflect the spectroscopic properties of the axial ligands and
increase in parallel with the spectrochemical series for these
ligands Br~ < Cl~ < H2O < OH" < N7 < NCS" < CH3CN < CN~ in the
case of the cobalt(III) ion. The cis-influence of the axial
ligands is expressed by the parameters <$z a n d Az and in the
case of cobalt the ligands can be arranged in the following
sequence in terms of the parameter &z: CH3CN <H2O < CN" £
Cl" < NCS" < Br"< N3 < OH".

The influence of the axial ligands on Dqxy can be explained
as follows. The part of the electron density orbital d 2

associated mainly with the axial ligands is located in the
equatorial plane XY and the mutual influence of the ligands
can be transmitted via this orbital, because the maximum
overlap of the atomic orbitals of the metal with the orbitals
of the donor nitrogen atoms occurs in the XY plane. The
influence of the macrocyclic ligand on Dqz, expressed by the
parameter O"L, can be explained by the steric interactions
between the alkyl or benzyl substituents in the macroring
and the axial ligands, apart from the cause indicated above.
This interaction has been observed in the XH NMR spectra
of a series of macrocyclic complexes191 and has also been
characterised as the cis-influence.

The available data are as yet insufficient to construct a
relation similar to Eqn.(2) for the Dqz of the nickel com-
plexes, although it has been shown for a limited number of
ligands (Cl", Br", N^, and NCS") 167 that there is a definite
relation between the parameters Dqxy and Dqz, and that the
susceptibility of the axial ligands to changes in Dqxy
increases in the sequence Br~(-0.54) =Cl"(-0.54) < N7(~0.39) <
NCS(-0.33) (the slopes of the linear relations between Dqz

and Dqxy are given in brackets).
It follows from the foregoing that Dqxy and Dqz are not

constants and vary as a function of the properties of the lig-
ands in the cis-positions. In the presence of various axial

#This equation is not quoted by Martin et al.,167 but follows
from the results obtained.



Russian Chemical Reviews, 49 (10), 1980

ligands in the macrocyclic complex the situation is complicated
still further, because in calculations of the parameters Dqxy
and Dqz it is necessary to take into account the mutual influ-
ence of the trans-ligands as well as the influence of two dif-
ferent axial ligands on the macrocyclic ligand.

Table 13. The parameters Dqxy and the increments in
Eqn.( l ) for cobalt(III) complexes of the type [CoLX2]n+

(in cm"1).

L

Me6[14]dieneN4
Me4[14]tetraeneN4
Me2ll4]l,3dieneN4
[14]aneN4
2,3Me2[14]aneN4
Me2py[14]aneN4
Bz4[16]tetiaeneN4
Me6[14]aneN4
«Z

X

CHjCN

2780
2930
2790

2710

2600
—80

H,O

2800sh
2780
2740sh
2710

2590

2540
0

CN-

2530

2470
80

c i -

2620 sh
2710
2730
2650
2580
2500
2460
2450

90

NCS-

2570
2600

2480
2350
2380

140

B i ~

2680 sh
2600
2510
2510

2460
2380
2380sh

170

N 3

2230

250

oi-i-

2490sh

2390

2270
270

«L

270
240
210
180
120

70
0
0

Remark: sh = calculated from the shoulder.

Table 14. The parameters Dqz and the increments in
Eqn.(2) for cobalt(III) complexes of the type [CoLX2]

n

(in cm"1).

X

CN-
CH3CN
NCS-
N7
OH~
H2O
cr
Br-
et,

L

Me, py [14]
ane N,

3230

2140
2060*
1770
1630
1590
1340

0

Me, [14]

ane.

2930
2220
2120

_
1750
1540
1430
1320

50

2,3Me,[14]
aneis4

2270
—
_

1380
1270

100

Me. [14]tetra-
eneN.

1990

_

1460
1350
1180

160

Me,[14]dieneN(

2910*
2100
1990*
1840*

1 5 0 0 M
1340nJi
1120*

160

IMe2 [1411,3
.diene N.

2090
2030

—
_

1580*
1270
1160
220

1680
780
550
520
30O
130

0
- 1 3 0

—

Remark: sh = calculated from the shoulder;
from the value of DqxV by Eqn.( l ) .

•calculated

Table 15. The parameters Dqxy and the increments in
Eqn.(3) for nickel complexes of the type [NiLX2] (in cm"1).

L

Me2Ph2[14]dieneN4

Bz4[16]tetraeneN4
14]aneN4

2,3Me2[14]aneN4
vleg[ 14]aneN4
[15]aneN4
3z4[161aneN4
16]aneN4

^Z

X

Br-

1487
1487
1492
1283
1140
1128
- 6 6

c i -

154Q

1480
1471
1469
1242
1130
1116
—59

CH.COO-

1510

1430

—
- 3 6

1473
1445
1426
1413
1227

1087
—17

NCS-

1470
1465
1418
1414
1399
1202
1115
1074

0

74
63
24
16
0

—205
- 3 2 5
—342

It follows from Table 12 that the position of the absorption
band associated with Dqxy depends on the nature of the axial
ligands in the case of vanadium(II), chromium(II), chro-
mium(III), and manganese(III) complexes, In all probability
this phenomenon is general for all transition metals.
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As shown in the present review, macrocyclic ligands
constitute an interesting class of compounds forming com-
plexes with metal ions. The wide variety of the structures
of these complexes is determined both by the structure of
the macrocyclic ligands and the properties of their donor
atoms, on the one hand, and by the characteristics of the
electronic structure of the metal ions, on the other.

Apparently, as for alkali and alkali earth metal complexes
with macrocyclic polyethers8, the relative dimensions of UKJ
cavity within the macrocyclic ligand and of the transition
metal ion play an important role in determining various p,- •
erties (kinetic, thermodynamic, spectrochemical, electro
chemical, etc.) of their complexes. If the size of the macro
cyclic ligand is insufficient for it to be coordinated to the
metal in a planar conformation, then complexes of a different
structure with a bent macrocyclic ligand are formed. Cor,
plexes of this type are formed also when a macrocyclic i i ; ,nu
of sufficient size contains bulky substituents in its riny
(particularly at the nitrogen atoms) or when an additionn
bidentate ligand is involved in the coordination.

Complexes with macrocyclic ligands occupying the t\i>..••.••:•
ial plane in the coordination sphere of the metal are srvi< .
to marked tetragonal distortion, which gives rise to :i nvt<••• •;. -i
possibility for the investigation of the influence oi v if ,;n
factors on the spectrochemical parameters of the e »n,;! .
It has been shown that the parameters obtained ;•<•:"' • '.»
mutual influence of the ligands in these complexes- .

From the spectrochemical point of view, macrocyek<- \ii!
pounds are as a rule some of the most powerful ligmu1- u>;
which the values of Dq have been determined and are inu: •
ior, as regards field strength, only to ligands of vhe typo
of cyanide ions or nitro-groups.
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