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20- and 22-membered binuclear macrocyclic complexes of Co(II) and Ni(II) with 2,3,6,7,12,13,16,17-octamethyl-
1,4,5,8,11,14,15,18-octaazacycloeicosa-1,3,5,7,11,13,15,17-octaene and 2,3,6,7,13,14,17,18-octamethyl-1,4,5,8,12,15,16,19-
octaazacyclodocosa-1,3,5,7,12,14,16,18-octaene have been synthesized by the reaction of 3,6-dimethyl-4,5-diazaocta-3,5-
diene-2,7-dione with 1,2-diaminoethane and 1,3-diaminopropane in the presence of the respective metal ions. Structures of
these complexes have been elucidated on the basis of analytical and IR and electronic spectral data. Polarographic data reveal
two well-defined reversible reduction waves involving transfer of one electron at each step. In the first step of the reduction the
complex is stabilized with metal ions in an ambivalent oxidation state and in the final step both the metal ions are reduced to
+ 1 state. The E,, values are found to be functions of crystal field stabilisation energy (CFSE), ring cavity of the macrocyclic
ring and electron delocalizing influences of @-di-imine groups.

Template condensations of the binuclear bis-chelate
complexes of 3,6-dimethyl-2,7-dioxo-4,5-diazaocta-
3,5-diene-2,7-dihydrazone (BAADH) with formal-
dehyde and 2,3-butanedione, leading to the isolation of
a novel series of binuclear macrocyclic complexes have
been described in our earlier papers!-2. Results of the
electrochemical investigation of the complexes have
been stimulating. All the macrocyclic complexes
undergo stepwise one electron reductions and are
reminiscent of the binuclear structures and corporate
functioning of the metal centres enclosed within a
macrocyclic ring. Besides the conjugation in the
backbone of macroring, its charge and electrone-
gativity of the ring atoms influence the redox
behaviour considerably. These observations have
inspired us to attempt synthesis of structurally novel
binuclear macrocyclic complexes. In this paper we
report the results of our studies on a new series of
complexes obtained by the condensation of 3,6-
dimethyl-4,5-diazaocta-3,5-diene-2,7-dione with dia-
mines in the presence of Co(II) and Ni(II) ions. The
conjugated and consequently planar 2,7-diketone was
considered to be a structurally versatile ligand which
can span two metal ions through its nitrogen and
oxygen donor atoms. Though its metal complexes have
not been studied, it was thought that in situ
preparations using the 2,7-diketone, metal ions and a
diamine would yield binuclear macrocyclic complexes.
Using 1,2-diaminoethane and 1,3-diaminopropane, we
have prepared macrocyclic complexes (I) with the
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ligands, (2,3,6,7,12,13,16,17-octa-

methyl-1,4,5,8,11,14,15,18-octaazac-
ycloeicosa-1,3,5,7,11,13,15,17-octaene), abbreviated as
(Meg[20]octaenNg), and (2,3,6,7,13,14,17,18-octa-
methyi-1,4,5,8,12,15,16,19-0octaazac-
yclodocosa-1,3,5,7,12,14,16,18-octaene), abbreviated
as (Meg[22]octaeneNy).

Materials and Methods

2,3-Butanedione, hydrazine hydrate, 1,2-diamino-
ethane and 1,3-diaminopropane were BDH reagents.
Freshly distilled butanedione and diamines were used
for the synthetic work. The diketone, 3,6-dimethyl-4,5-
diazaocta-3,5-diene-2,7-dione, was prepared by
following the literature method?®.

Tetrathiocyanato (2,3,6,7,12,13,16,17-octamethy!-
1,4,5,8,11,14,15,18-octaazacycloeicosa-
1,3,5,7,11,13,15,17-octaene)dinickel(II)
tetrahydrate, [Ni,(C,oH1,Ng(SCN),J4H,0
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About 1.2g (0.02mol) of 1,2-diaminoethane in
100ml of methanol was treated with 0.02mol of
hydrogen chloride. The solution was cooled to 5°C and
3.36g (0.02mol) of 3,6-dimethyl-4,5-diazaocta-3,5-
diene-2,7-dione in 25 ml of methanol was added slowly
with constant stirring. The stirring was continued for
30min at low temperature when a wine-red solution
was formed. The solution was allowed to stand at room
temperature for about 20min and was then treated
with 5g (0.02mol) of nickel(II) acetate tetrahydrate.
The colour of the solution readily turned to dark-
brown. It was stirred for about 4hr and then
concentrated to a small volume. Zinc chloride (2.8 g,
0.02mol) was added to it when a dark brown
precipitate was formed. The product,
[Niy,(Meg[20]octaeneNg)1(ZnCl,),, was filtered. It
was found to be hygroscopic and was immediately
dissolved in the minimum volume of water and an
excess of potassium thiocyanate was added. A brown
solid was readily formed. The compound was filtered,
washed with water, ethanol followed by ether and dried
in vacuo.

The pictgcRhrlRofasie clormipilierx
[Niy(Meg[20]octaeneNg)(H,0),] (ClO,), was ob-
tained in a similar way by the metathetical reaction.

The Ni,(Meg[22]octaeneNg)X, 4H,O complexes
were prepared by following similar procedures using
1,3-diaminopropane. Cobalt(II) complexes were
prepared by analogous procedures.

Colour and analytical data of the complexes are
recorded in Table 1.

Results and Discussion
Binuclear macrocyclic complexes of
(Meg[20]octaeneNg) and (Meg[22]octaeneNg) have

been synthesized by in situ condensation of 3,6-
dimethyl-4,5-diazaocta-3,5-diene-2,7-dione with 1,2-
diaminoethane and 1,3-diaminopropane, respectively
in the presence of nickel(II) or cobalt(II) acetate. The
hygroscopic macrocyclic zinc salts,
[M,(Meg[20]/[22]octaeneNg)](ZnCl,), were ob-
tained as dark-brown precipitates by the action of
ZnCl%" ion. The thiocyanato, nitrito and perchlorate
complexes were synthesized by metathetical reactions
from the aqueous tetrachlorozincate solution. The
compounds were obtained in low yields (30-35 per
cent). All the complexes are stable at room temperature
for indefinite periods except the perchlorate complexes
which are explosive and hence cannot be stored over
long periods. All the macrocyclic complexes contain
water either in the coordinated form or as associated
lattice water. It may be stated that the dinucleating
macrocyclic ligand, (Meg[20]octaeneNg) has the
smallest macrocyclic-cavity reported so far accom-
modating two metal ions.

Infrared spectra

All the macrocyclic complexes show a strong and
broad band near 3400cm ™ ' which may be assigned to
VOH mode of water. its width as well as position
indicates the presence of either hydrogen bonding or
coordinated water. The deformation mode of water
appears as a shoulder of medium intensity near
1650cm ™! for the thiocyanato and nitrito complexes
and near 1625cm ! for the perchlorate salts. In the
perchlorate salts a band, reminiscent of coordinated
water>, appears near 640cm™ ' but is conspicuously
absent in the thiocyanato and nitrito complexes.

! in all the

stretching

A band appearing near 1600cm
complexes is assigned to the C—N

Table 1—Colour and Analytical Data of the Macrocyclic Complexes of Cobalt(II) and Nickel(IT) with (Meg[20]octaeneNyg)
= (Con 32N6) and (Mes[22]0CtaeneN8) = (C22H36N8)

Complexes Colour
[Ni,(C20H32Ng)SCN),]4H,0 Dark-
brown
[Niy(C20H32Ng)l(H20),1(Cl0,), Light-
brown
[CO,(C;0H3,Ng)SCN),14H,0 Bright-
g green
[CO,(C0H3,Ng)(NO,),]4H,0 Brown
[Niz(szH 3(>N sXSCN)4]4H 20 Yellowish-
green
[Ni,(C;,H36NsXH;0),1(Cl0,), Olive-
green
[COA(C,,H;36NsXSCN),J4H,0 Dull-
green

Found (Calculated), %

@ H N Metal N
35.51 4.72 20.72 14.61 15.70
(35.73)  (496)  (20.84) (14.64) (15.88)

24.42 391 11.50 12.07 —
(24.69) (411) (11.52) (12.14)

35.61 4.80 20.60 14.61 15.64
(35.72) (4950  (20.83) (14.63) (15.87)
31.43 491 21.83 15.52

(31.66) (527) (22.16)  (15.30) =
37.23 4.82 19.96 14.01 15.25
(37.41)  (527) (20.14) (1414) (15.34)
26.12 4.21 11.10 11.50 —
(26.40)  (440) (11200 (11.80)

317.22 5.10 20.00 14.32 15:22
(3440)  (5.26)  (20.13) (14.13) (15.33)
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vibrations. Its non-multiplicity implies equivalence of
all the azomethine C—=N groups. Earlier workers have
reported bands at similar positions for the coordinated
C-==N groups of the macrocyclic complexes* ~ *. Hence,
the IR data suggest that the metal atoms are
coordinated, in the present macrocycles, through the
azomethine nitrogen atoms. This is further sub-
stantiated by the fact that all the macrocyclic
complexes show bands near 540cm ™' which may be
assigned to the metal-nitrogen vibrations.

A number of bands are observed in the region 1400-
800cm ! due to deformation modes of CH; or CH,
groups. Apart from these vibrations, a strong and
sharp band appears at about 2080cm ™! along with
another sharp band at 485cm ™! in all the thiocyanato
complexes confirming the coordination of the
thiocyanato ions through their nitrogen atoms as
terminal groups’.

The nitrito complex shows a strong band at
830cm . Besides, a relatively sharp band observed for
thiocyanato and perchlorate complexes near
1440cm ™', on account of CH, and CH; deformation
vibrations, is broadened in the nitrito complex(1440-
1420cm ') due to overlap with O —NO stretching
vibrations. The third band of coordinated nitrito
groups could not be ascertained because of multiplicity
of bands near 1050cm™'; however all the other
features clearly suggest coordination of the NO, ion
through one of its oxygen atoms.

The above spectral data combined with the non-
existence of any band attributable to free C=0 or
—NH, groups provide unequivocal evidence for the
condensation of 3,6-dimethyl-4,5-diazaocta-3,5-diene-
2,7-dione with 1,2-diaminoethane or 1,3-diaminop-
ropane in the mole ratio 1:1 to give the macrocycles
(Meg[20]octaeneNg) and (Meg[22]octaeneNg) re-
spectively. A pair of metal ions is accommodated in
two separate compartments of the macrocyclic ligands
involving coordination of four nitrogen atoms with
each metal ion. The trans-axial positions are occupied

by SCN , NO, ions and H,O molecules in the
thiocyanato, nitrito and perchlorate complexes
respectively.

Magnetic susceptibilities and electronic spectra

The magnetic moments of nickel(II) macrocyclic
complexes are ~2.84 B M per ion of nickel, which are
somewhat below the normal values observed for
magnetically dilute octahedral nickel(II) complexes.

The electronic spectral data are recorded in Table 2.
The spectral data of these complexes show multiplet
band structures and are reminiscent of tetragonal
ligand field about the metal ions.In the low frequency
region two weak bands at 10,400cm ! and 12,100-
12,500cm ! are attributed to ’B;,—’E, and ’B,,
—3B,, transitions respectively. The latter transition is
related directly to Dg™ which provides a measure of the
in-plane ligand field strength of the macrocycle. In the
high frequency region of the spectra bands observed at
16350-16600 and 23530-25000cm ! are assigned to
the transitions *B;,—~>A4,, and —>E(F) respectively.
Besides, all the macrocyclic complexes show an intense
band at ~32,000cm ' attributable to *B,,~>T (P)
or *E, transition which seems to possess substantial
charge-transfer character.

The spectroscopic parameters Dg™ Dt and Dg” were
calculated by the equations described earlier'*. The
value of Dg™ descreases with increase in ring size with
the same axial ligands though the change is not
remarkable. In a series of mononuclear N4[14]-[16]-
membered macrocyclic complexes containing satu-
rated and unsaturated rings, the values of Dg™, Dg?,
Dt and Ds has been reported'*. The Dg* values range
from 1100 to 1800 cm ' and the present data compare
well with these spectroscopic parameters.

The macrocyclic complexes of cobalt(Il) show
magnetic moments in the range 4.2-4.4 B.M. per g ion
of the metal, which are slightly below the expected
values for octahedral cobalt(I) complexes. The spectra
of the present series of complexes (Table3) resemble one

Table 2—Electronic Spectral and Magnetic Moment Data of Nickel(Il) Complexes with the Macrocyclic Ligands
(Meg[20]octaeneNg) and (Meg[22]octaeneNg) (cm ™)

Complexes Mess Amax Dq* Dqg* Dt Ds
: (B.M.)

[Ni,(Meg[20]octaeneNg)(SCN),14H,0 2.88 10, 500; 12, 800; 1280 820 263 1210
16, 600; 23, 530;
32, 260

[Niy(Meg[20]octaeneNg)H,0),](ClO,), 2.86 10, 400; 12, 500; 1250 830 240 1247
16, 350; 23, 530

[Ni,(Meg[22]octaeneNg4(SCN),]4H,0 2.86 10, 400; 12, 400; 1240 840 230 1490
16, 360; 25, 000

[Niy(Meg[22]octaeneNg)H,0),](CIO,), 2.85 10, 300; 12, 100; 1210 850 206 1385
16, 350; 24, 400,
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Table 3—Electronic Spectral and Magnetic Moment Data of Cobalt(I) Complexes of the Macrocyclic Ligands
(Mes[20]octaneNs) and (Meg[22]octaneNs)

Complexes

[Co,(Meg[20]octaeneNg)(SCN),14H,0O

[Co,(Meg[20]octaeneNg)NO,),]4H,0

[Co,(Meg[22]octaeneNg)SCN),J4H,0

”‘ff' /.'ma.\
(B.M.)

445 16,000;
17,350(sh);
22,200

425 16,350;
17,850(sh);
21,000

439  16,000;
17,550(sh);
21,050

Table 4—Electrochemical

Data of Macrocyclic Complexes of Cobalt(Il) and Nickel(II) with the

Ligands

(Meg[20]octaeneNg) and (Meg[22]octaeneNg) in Aqueous DMF

Complexes First wave Second wave
—E,,inV Slope™! i —E,,inV Slope™! I
(vs SCE) (mV) (vs SCE) (mV)

[CO,(Meg[20]octaeneNgkNO,),]4H,O0 1.14 65 232 1L557) 68 2.68
[CO,(Meg[20]octaeneNg)SCN),]4H,0 1.06 62 2.84 1.53 66 2.86
[CO,(Mes[22]octaneNg)SCN),14H,0 0.91 63 2.54 1.36 67 2.71
[Ni,(Mes[20]octaneNgXSCN),J4H,0 1.26 61 2.65 1.58 69 2.62
[Ni(Meg[20]octaeneNg)(H,0),1(ClO,), 0.96 74 245 1:55 70 2.66
[Ni,(Meg[22]octaeneNg)SCN),14H,0 0.91 61 2.75 1.51 67 2.59
[Ni,(Meg[22]octaeneNg)H,0),](C1O,), 0.89 62 2.62 1.45 68 2.92

another and are consistent with the electronic spectral
features of spin-free octahedral cobalt(I) complexes. All
the macrocyclic complexes show an intense band at
~16,300cm ! with a shoulder on the high frequency
side near 17,500cm '. The former band can be
attributed to *7,,—~*T,,(P) transition. Though
electronic. spectra of several high-spin cobalt(II)
macrocyclic complexes have been reported'”'®, their
assignments have not been always unambiguous.
Apart from these bands, cobalt(Il) complexes show
bands in the region 22,000-24,000cm ' which seem to
arise from intra-ligand transitions.

Electrochemical studies

The macrocyclic c ormipilieixielss
M,(Meg[20]octaeneNg)X,nH,O and
M,(Meg[22]octaeneNg)X,nH,O (X =ClO,, SCN ",
NO, ) have been subjected to polarographic studies in
aqueous DMF medium with tetraethylammonium
perchlorate as the supporting electrolyte at an ionic
strength of 0.1 M (Table 4).

The polarogram for each binuclear macrocyclic
complex, irrespective of the metal ion or the ring size,
shows two well-defined one electron reversible or
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quasireversible redox waves. In the first step of
reduction the complex is stabilized with metal ions in a
mixed oxidation state, and in the final step both the
metal ions are reduced to formal oxidation state of + 1.
The redox processes can be represented as shown in
Eq. 1,

[M2"M? " macro]** +e=[M'*M? " macro]®*
+e=[M!"M' "macro]** .. (1)

Apart from these usual characteristic patterns
associated with the redox behaviour of macrocyclic
complexes enclosing two metal centres, the present
series of complexes show some outstanding features.
The most conspicuous observation relates to the
magnitude of the thermodynamic parameter (E,,,)
with respect to those of the earlier reported complexes.
The E,,, values for the first redox waves are most
cathodic for the present series of complexes, even when
comparisons are made with identical axial ligands, and
this clearly implies that the ligand field due to the
macrocycle vitally influences the E,,, values. The E,,
values for the second redox waves are also observed to
be most cathodic and again show the persistent
influence of the macrocyclic ligands.
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The structural factors that concertedly affect the E;/,
values can be attributed to (i) ring size effect of the
macrocycle (ii) number, size and sequence of the inner
chelate rings and (iii) degree of unsaturation and 7-
acceptor properties of the macrocyclic ligands.

Amongst the reported compounds, the present
macrocyclic ligand, (Meg[20]octaeneNs), possesses
the smallest ring size incorporating two metal centres.
Both the first and the second redox waves for the
complexes of (Meg[20]octeneNg) show the most
cathodic E,;, values of all the reported binuclear
complexes including (Meg[22]octaeneNs) studied
here. The E,, values for the [20]-membered
macrocyclic complexes for the first and second waves
are, glaringly, 50 to 200 mV more cathodic than those
for [22]-membered macrocyclic complexes. The [20]-
membered macrocycle, having the smallest ring size,
experiences the greatest difficulty in accommodating
the larger reduced cations and therefore the complexes
get reduced at the highest cathodic potential.

In terms of structural considerations, both the
macrocycles contain four %-di-imine chelate units.
Besides these chelate rings, additional pairs of five- and
six-membered chelate rings have been incorporated
symmetrically into the [20]- and [22]-membered
macrocyclic complexes, respectively, linking the 2-di-
imine groups. It is well known that complexes
containing 5-membered chelate rings have higher
thermodynamic stability!”!®. The combined effect of
ring size and the sequence of inner chelate units namely
5,5,5 and 5,6,5 for (Meg[20]octaeneNg) and
(Mesg[22]octaeneNs) respectively is manifested in the
relative E,, values of these complexes.

The m-acceptor properties of the macrocyclic ligands
are also of considerable significance for the E,, values
of the macrocyclic complexes. While the present series
of complexes contain four ®-di-imine T-acceptor units,
the earlier reported complexes?
(Me, ,[24]dodecaeneN; ,) contain six ®-di-imine units.
The E,, values for these [24]-membered macrocycles
have been already reported?. The first and second E, ,
values are observed at a substantial anodic potential in
the range —0.28 to —0.36 V and —0.7 to —1.06 V (vs
SCE) respectively for cobalt(II) complexes. Inclusion
of a large number of ®-di-imine units has significantly
changed the potential 7T-acceptor properties of the
macrocyclic ligands apart from enlarging the
macrocyclic ring size with 5,7,5 chelate ring sequence
about each metal ion. Thus the E,;, values of these
[24]-membered macrocyclic complexes® are self-

consistent and can be explained in terms of the
structural variations.

The formaldehyde condensation series of macroc-
ycles! (Meg[22]octaeneN ) too have [22]-membered
ring size and 5,6,5 chelate ring sequence. The six-
membered chelate rings of (Meg[22]octaeneN, ,) are
composed of units —N —N —C —N — N — in contrast
to the present series of complexes with chelate rings,
— N — C — C — C — N. The chelate ring systems exhibit
some unique features. While the former ring contains
uncoordinated nitrogen atoms adjacent to corrdinated
nitrogen atoms, in the latter ring the uncoordinated
nitrogen atoms are substituted by carbon atoms. The
effects of ring atoms are well reflected in the
polarographic data. The higher electronegativity of
nitrogen atoms in the former ring pushes the E,),
values for (Meg[22]octaeneN,,) series of complexes
towards anodic direction in comparison with the
present (Meg[22]octaeneNs) sereis of the macrocyclic
complexes. A survey of the reported polarographic
studies shows no similar example relating the E, ),
values with the nature of atoms in the chelate rings. The
complexes studied here are first of their kind. It is
expected that further investigations on the effects of the
nature of ring atoms on redox behaviour will be useful.

References

1 Mohapatra Bijay K & Sahoo B, IndianJ Chem, 22A (1983) 494.
2 Mohapatra Bijay K & Sahoo B, IndianJ Chem, (in press).
2 a Stoufer R C & Busch D H,J Am chem Soc, 82 (1960) 4834.
3 Nakamato K, Infrared spectra and Raman spectra of inorganic
and coordination compounds, (Wiley Interscience, New York,
Brisbane, Toronto) 1978, 227.
Boston D R & Rose N J,J Am chem Soc, 95 (1973) 4163.
Chakrabarty J & Sahoo B, Indian J Chem, 21A (1982) 48.
Stoufer R C & Busch D H,J Am chem Soc, 82 (1960) 3491.
Chakrabarty J, Naik Kunja B & Sahoo B,J Indian chem Soc, 21A
(1982) 1103.
8 Peng S M, Gordon G C & Goedken V L, Inorg Chem, 17 (1978)
119.
9 Burmeister L J, Coord Chem Rer, 3 (1968) 225.
10 Satpathy S & Sahoo B, J inorg nucl Chem, 33 (1971) 1313.
11 Singh C B, Rai H C & Sahoo B, IndianJ Chem, 14A (1976) 504.
12 Singh C B, Jena A K & Sahoo B, Indian J Chem, 16A (1978) 969.
13 Chakrabarty J & Sahoo B, Indian J Chem, 19A (1980) 441.
14 Martin L Y, Sperati C R & Busch D H,J Am chem Soc, 99 (1977)
2968.
15 Armstrong L G, Lindoy L F, McPartlin M, Mockler G M &
Tasker P A, Inorg Chem, 16 (1977) 1665.
16 Sarther C M & Blinn E L, Inorg Chem, 15 (1976) 3083.
17 Cotton F A & Wilkinson G, Advanced inorganic chemistry, 3rd
Edn (Wiley Eastern, New Delhi) 1972, 651.
18 Ashcroft J & Mortimer C, Thermochemistry of transition metal
complexes (Academic Press, New York) 1970, 52.

~No s

657





