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Binuclear and polynuclear transition metal complexes
with macrocyclic ligands

2.* New macrocyclic Schiff's base in the reaction of
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Condensation of 4�tert�butyl�2,6�diformylphenol with 1,2�diaminobenzene in ethanol is
accompanied by partial reduction of the azomethine double bonds to form symmetrical macro�
cyclic Schiff's base containing the alternating >C=N and >CH—NH fragments. In solution,
this compound exists as the only isomer in which two endocyclic hydrogen atoms are bound to
the oxygen atoms of the phenol groups and two other endocyclic H atoms are attached to the
nitrogen atoms of the CH2—NH fragments. All endocyclic protons are involved in hydrogen
bonding and undergo rapid exchange with each other at room temperature. In the crystal, the
planar macrocyclic molecules are arranged in closely packed stacks. The steric hindrances
resulting from overlapping of the bulky tert�butyl groups are eliminated through rotation of the
molecules with respect to each other in the adjacent layers. Study of the potential energy
surface for the Schiff's base under consideration by the DFT method demonstrated that the
structure corresponding to the global minimum is similar to that found in solution. However,
the isolated molecule is nonplanar, its macrocycle adopting a ladder conformation. The local
minimum on the potential energy surface whose energy is 2.6 kcal mol–1 higher than that of the
global minimum corresponds to the zwitterionic structure in which all four endocyclic hydro�
gen atoms are attached to the nitrogen atoms and the macrocycle adopts a tub conformation.
Flattening of the ring is considered as a consequence of stacking interactions between the
molecules in the crystal.

Key words: macrocyclic ligands, Schiff's bases, X�ray diffraction analysis, NMR spectros�
copy, quantum chemistry, density functional method.

Considerable recent attention has been given to homo�
and heteronuclear transition metal complexes, which con�
tain two or several metal ions in the cavity of one macro�
cyclic ligand in the immediate proximity to each other.
Complexes of this type are of interest as models of active
sites of metal�containing proteins and also as molecular
magnetics and potential components of homogeneous
catalytic systems.2—5 Expanded porphyrins6 and macro�
cyclic Schiff's bases of type 1, which can be prepared by
the reactions of α,α´�dicarbonyl derivatives of pyrroles,
pyridines, α,α´�dipyrroles, and phenols with aromatic and

aliphatic diamines, are particularly promising as macro�
ligands for these complexes. In complexes with such
ligands, their π�electron systems (π1 and π2) serve as an
electron reservoir with respect to transition metal ions,
which is of great importance for the manifestation of cata�
lytic activity. The type of the donor centers d1 and d2 and
the character of the bridging groups l1 and l2, which link
the π systems, can be varied, thus changing both the dis�
tances between the metal centers and the degree of conju�
gation between the π systems. Homo� and heterobinuclear
transition metal complexes with macrocyclic ligands based
on 4�substituted 2,6�diformylphenols have been studied
in sufficient detail.7 These complexes are generally syn�* For Part 1, see Ref. 1.
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thesized by the template method based on the reactions of
diamines with dicarbonyl derivatives of phenol in the pres�
ence of metal ions.

The reactions of 4�alkyl�2,6�diformylphenols with
1,2�diaminobenzene and its derivatives containing sub�
stituents in the aromatic ring exemplify this method.

At 50 °C, the reactions with 4�tert�butyl�2,6�diformyl�
phenol in the presence of MnII, CoII, FeII, or NiII salts in
methanol afforded mononuclear complexes 2 in yields

from 37% to 80%.8 In addition, binuclear complexes 3
and free macrocyclic ligand 4 in which one of the double
C=N bonds was reduced were obtained in low yields as
by�products. However, the reaction with 1,2�diamino�
3,4,5,6�tetrafluorobenzene performed under the same
conditions in the presence of MnII, CoII, or NiII salts
gave rise to free symmetrical macrocycle 5 (R´ = But) in
which two double C=N bonds were reduced. The latter
compound has been characterized by X�ray diffraction
analysis. The reactions of 4�tert�butyl�2,6�diformylphenol
and 2,6�diformyl�4�methylphenol with 1,2�diamino�
benzene and 1,2�diamino�4,5�dimethylbenzene were
studied in detail.9 In the absence of a templating agent at
room temperature, the reaction in ethanol or in etha�
nol—diethyl ether mixtures produced only a complex mix�
ture of oligomeric condensation products irrespective of
the ratio and concentrations of the starting reagents.

The reactions with the use of the reactants taken in a
ratio of 1 : 1 in the presence of two moles of concentrated
HCl or with the use of diamine dichlorohydrate as the
amine component afforded completely conjugated mac�
rocyclic Schiff's bases 6 and 7 as their dihydrochlorides in
∼70% yields. The structures of perchlorates 6 and 7 were
studied by X�ray diffraction analysis. The reaction of
2,6�diformyl�4�methylphenol with 1,2�diaminobenzene
in the presence of catalytic amounts of HCl gave rise to
partially hydrogenated macrocycle 8 (R = Me) in ∼70%
yield. The authors9 believed that 1,2�diaminobenzene was
a reducing agent in this reaction. Compound 8 was first
synthesized10 by the reaction of 2,6�diformyl�4�methyl�
phenol with 1,2�diaminobenzene on refluxing in metha�
nol in the absence of HC1. The structure of compound 8
has been established10 by X�ray diffraction analysis, but
its yield was not reported.10

As part of our continuing studies of binuclear and
polynuclear transition metal complexes with macrocyclic
Schiff's bases, we examined the reaction of 4�tert�butyl�
2,6�diformylphenol with 1,2�diaminobenzene in boiling
anhydrous ethanol in the absence of a templating agent,
the reagents being taken in a ratio of 1 : 1 at low concen�
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trations. In this case, we obtained a new macrocyclic
Schiff's base (9, R = But) in 44% yield. In addition, the

Table 1. Parameters of the 1H NMR spectra for compound 9 and
the results of the NOE experimentsa

Аtом δ1H NOE data
(JH,H/Hz)

Irradiated NOE (%)
nucleus (observed proton)b

2 (OH) 13.56 s H(2) –8.0 (H(15))c

4 7.43 d (2.35)
6 7.35 d (2.35) H(6) 13.8 (H(8)); 9.2 (H(18))
8 8.63 s H(8) 18.0 (H(6)); 14.3 (H(10))
10 7.07 dd H(10) 12.8 (H(8)); 11.8 (H(11));

–1.6 (H(6))e

11 6.79 td

12 7.25 td

13 6.96 dd H(13) 7.3 (H(16)); 11.0 (H(12))
15 (NH) 6.33 t (5.49) H(15) 6.3 (H(16)); –11.2 (H(2))
16 (CH2) 4.47 d (5.49) H(16) 10.0 (H(4)); 9.9 (H(13));

2.1 (H(15))
18 1.34 s H(18) ∼1.9 (H(4)); ∼2.1 (H(6))

a The numbering scheme of the hydrogen atoms is given in
the text.
b NOE (%) was calculated with respect to the irradiated sig�
nal (–100%).
c NOE caused by exchange.
d For the H(10), H(11), H(12), and H(13) protons, 3J =
7.5—7.7 Hz.
e Secondary NOE.

reaction afforded bis�benzimidazole derivative 10 in 32%
yield. The use of the reagents in other ratios, including an
excess of 1,2�diaminobenzene, variations in the nature of
the solvent, and additives of reducing agents, such as
hydroquinone, had no substantial effect on the ratio of
the reaction products, which always remained close to
1 : 1. This fact suggests that redox disproportionation of
Schiff's base 11, which was generated in the first step of
the reaction, to form compounds 12 and 13 proceeded
more rapidly than condensation of 11 with the second
diamine molecule. Most likely, symmetrical macrocycle
9 is generated through condensation of two molecules 13.

The structure of macrocycle 9 in solution was estab�
lished by 1H and 13C NMR spectroscopy and 2D hetero�
nuclear correlation experiments. The unambiguous as�
signment of the resonance signals was made based on the
results of a series of the NOE experiments.11,12 The spec�
troscopic parameters and the results of the NOE experi�
ments are given in Table 1.

Analysis of the NOE data revealed the following chains
of the spatially close protons (see the atomic numbering
schemes in the formulas of compound 8 and 9):
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At room temperature, the 1H NMR spectrum has two
separated signals with equal intensities for the NH and
OH protons at δ 6.33 and 13.56, respectively. This is
unambiguous evidence for the fact that in solution of
compound 9, two of four endocyclic protons are bound to
the O atoms and the other two protons are attached to the
N atoms. Irradiation of the the NH proton led not only to
NOE on the protons of the CH2 group but also to a large
negative effect for the OH proton (–11.2%). In the inde�
pendent experiment, saturation of the signal of the OH
group was also accompanied by negative NOE on the NH
proton. These results indicate that rather rapid exchange
occurs between the NH and OH protons in solution at
room temperature. The rate constant of the exchange,
which was estimated from additional exchange broaden�
ing of the signal for the OH protons at 303 K, was ∼1 s–1.
The occurrence of such rapid exchange between the NH
and OH protons in solution is, undoubtedly, accompa�
nied by the formation of a series of tautomeric forms.

The results of X�ray diffraction analysis of compound
9 allow the comparison of the structure of molecule 9 in
the crystalline state (Fig. 1) with its structure in solution.
The crystallographic and geometric parameters of com�
pound 9 are given in Tables 2 and 3, respectively.

Fig. 1. Structure of one of independent molecules 9 in the crystal.
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Table 2. Crystallographic parameters of compounds 9
and 10

Compound 9 10

Molecular formula С36H40N4O2 С26H28N4О2
 Space group Pbam P2(1)/n
a/Å 28.582(6) 8.952(3)
b/Å 15.326(3) 17.229(6)
c/Å 6.900(2) 15.131(6)
V/Å3 3022.5(12) 2291.1(15)
Z 4* 4
ρcalc/g cm–3 1.232 1.242
 µ/cm–1 0.077 0.080
Radiation Mo�Kα (λ = 0.71073 Å)
2θ Scan range/deg 3—48 3.6—60.0
Number of 1726 7393

independent
reflections

Number of 974 4682
reflections
with I > 4σ

R1 0.081 0.069
wR2 0.189 0.161

* Two independent molecules occupy the crystallographic
inversion centers on the m plane.
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In the crystal, the independent planar molecules
(Fig. 2) with the symmetry C2h located at the heights
z = 0 (A) and z = 0.5 (B) are packed in stacks consisting of
the alternating A and B molecules. In the adjacent layers
(distance between the layers is с/2 = 3.45 Å), the mol�
ecules are rotated with respect to each other about the
crystallographic twofold axis, which minimizes steric in�
teractions between the tert�butyl groups of the adjacent
molecules in the stack. The C—N bond lengths in both
fragments of two crystallographically independent mol�
ecules vary in the very narrow range from 1.35 to 1.41(1) Å
(see Table 3). The C(Ph)—C(7,17,27,37)—N bond angles
also differ only slightly (close to 116°). In the crystal
structure of compound 8, the CH=N and CH2—N bond
lengths are 1.303 and 1.460 Å, respectively. The corre�
sponding bond angles at the C(7) atom are 110° and 120°.
The model in which the —CH2—NH— and —CH=N—
fragments statistically replace each other seems to offer
the most reasonable explanation for equalization of
the C—N bonds in molecule 9. Hence, we actually
observed an averaged pattern due to superposition of
the —CH2—NH—C(Ph) and —CH=N—C(Ph) fragments
in the structure of 9, which hinders the correct determi�

nation of the coordinates of the H atoms in these frag�
ments. Formally, the crystal structure can be described as
a superposition of several tautomeric forms: 1) molecular
species in which the H atom is attached to different N
atoms and 2) zwitterionic forms in which three or four N
atoms are protonated and the negative charges are located
on one or two O atoms (in the crystal structure, the C—O
bond lengths are 1.33(1) and 1.34(1) Å, i.e., these val�
ues are close (to within the 3σ error) to the standard
C(sp2)—OH and C(sp2)—O– bond lengths).13 The last�
mentioned tautomer can be considered as a double zwit�
terion. One of the possible tautomers with the localized
—CH2—NH—C(Ph) and —CH=NH—C(Ph) fragments
in the molecules A and B is shown in Fig. 1. The proposed
model adequately explains the planarity of the macrocycles
in the crystal and accounts for the difficulties associated
with location of the positions of the H atoms in the struc�
ture of 9. Apparently, the flattened structures of the
macrocycles are to some extent stabilized through stack�
ing interactions between the macrocycles in the crystal
structure.

The differences in the molecular structures of 8 and 9
are remarkable. In the crystal, molecule 8 in which the

Parameter Molecule A Molecule B

Angle ω/deg
N(1)—C(1)—C(6) 117.7(6) 118.0(6)
C(2)—C(1)—C(6) 118.9(7) 118.2(6)
C(1)—C(2)—C(3) 121.3(8) 121.0(7)
C(2)—C(3)—C(4) 120.8(9) 120.3(8)
C(3)—C(4)—C(5) 119.1(9) 121.7(8)
C(4)—C(5)—C(6) 124.1(8) 120.6(7)
N(2)—C(6)—C(1) 117.6(6) 117.3(6)
N(2)—C(6)—C(5) 126.7(7) 124.6(7)
C(1)—C(6)—C(5) 115.7(7) 118.1(7)
N(2)—C(7)—C(8) 115.5(6) 114.8(6)
C(7)—C(8)—C(9) 125.0(6) 128.4(6)
C(7)—C(8)—C(13) 117.0(6) 112.9(6)
C(9)—C(8)—C(13) 118.0(6) 118.7(6)
O(1)—C(9)—C(8) 120.4(6) 118.2(6)
O(1)—C(9)—C(10) 118.6(6) 120.7(6)
C(8)—C(9)—C(10) 121.1(6) 121.2(6)
C(9)—C(10)—C(11) 117.7(6) 119.6(6)
C(9)—C(10)—C(17) 126.6(6) 126.4(6)
C(11)—C(10)—C(17) 115.7(6) 114.0(6)
C(10)—C(11)—C(12) 122.2(7) 121.4(6)
C(11)—C(12)—C(13) 115.9(7) 117.9(6)
C(11)—C(12)—C(14) 121.6(7) 123.6(6)
C(13)—C(12)—C(14) 122.6(7) 118.5(6)
C(8)—C(13)—C(12) 125.2(7) 121.1(6)
C(12)—C(14)—C(15) 109.4(6) 110.0(6)
C(12)—C(14)—C(16) 113.2(6) 112.6(6)
C(15)—C(14)—C(16) 107.8(6) 107.2(6)

Table 3. Principal geometric parameters of compound 9*

Parameter Molecule A Molecule B

Bond d/Å
O(1)—C(9) 1.34(1) 1.33(1)
N(1)—C(1) 1.41(1) 1.41(1)
N(1)—C(17)#1 1.35(1) 1.35(1)
N(2)—C(6) 1.43(1) 1.41(1)
N(2)—C(7) 1.39(1) 1.39(1)
C(1)—C(2) 1.37(1) 1.39(1)
C(1)—C(6) 1.45(1) 1.43(1)
C(2)—C(3) 1.37(2) 1.35(1)
C(3)—C(4) 1.38(2) 1.34(2)
C(4)—C(5) 1.33(2) 1.35(1)
C(5)—C(6) 1.40(1) 1.38(1)
C(7)—C(8) 1.48(1) 1.49(1)
C(8)—C(9) 1.40(1) 1.39(1)
C(8)—C(13) 1.37(1) 1.44(1)
C(9)—C(10) 1.42(1) 1.37(1)
C(10)—C(11) 1.43(1) 1.42(1)
C(10)—C(17) 1.49(1) 1.50(1)
C(11)—C(12) 1.41(1) 1.40(1)
C(12)—C(13) 1.40(1) 1.40(1)
C(12)—C(14) 1.52(1) 1.53(1)
C(14)—C(15) 1.53(1) 1.50(1)
C(14)—C(16) 1.53(1) 1.52(1)

Angle ω/deg
C(6)—N(2)—C(7) 117.1(6) 119.5(6)
C(1)—N(1)—C(17)#1 119.8(8) 119.5(8)
N(1)—C(1)—C(2) 123.3(7) 123.8(6)
N(1)#1—C(17)—C(10) 115.5(8) 115.4(8)

* The atoms marked with #1 are generated from the basis atoms by the symmetry operations 1 –x, 1 – y, –z.
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arrangement of the endocyclic H atoms is identical with
that observed in solution adopts a ladder conformation.
This conformation is very similar to that of 9a, which we
established in a DTF study of isolated molecule 9.

The structure of another product formed in the same
reaction is equally interesting. The structure of 2,6�
bis(benzimidazol�2�yl)�4�tert�butylphenol, C24H22N4O
(10), which crystallized as a 1 : 1 solvate with ethanol,
C24H22N4O•EtOH, was established by X�ray diffraction
analysis and confirmed by IR and NMR spectroscopy and
mass spectrometry.

The principal crystallographic data for compound 10
are given in Table 2. The bond lengths and bond angles of
10 are listed in Table 4. The geometric parameters of the
hydrogen bonds are given in Table 5. The structure of
10•EtOH is shown in Fig. 3. The geometry of molecules
10 is adequately described by the dihedral angles between
three planar fragments. The dihedral angle between the
planes of the benzimidazole fragments is 4.7°. The dihe�
dral angles between the plane of the phenol ring and the
planes of the benzimidazole rings are 4.2 and 7.5°. Appar�
ently, this coplanar arrangement of the fragments results
from conjugation. The molecule contains two intramo�
lecular hydrogen bonds (see Fig. 3 and Table 5), which
are also favorable for retention of the coplanarity of the
benzimidazole and phenol groups. In addition, these
bonds stabilize the unsymmetrical arrangement of both

heterocycles in the molecule. It can readily be seen that
the protonated nitrogen atoms of the benzimidazole frag�
ments point in the opposite directions with respect to
the C(13) atom of the phenol ring bound to the O(1)
atom. The corresponding C(13)C(12)C(14)N(4) and
C(13)C(8)C(7)N(1) torsion angles are 3.6 and 176.4°,
respectively. As a result, the N(4) atom is involved in the
formation of the N(4)—H...O(1) hydrogen bond, whereas
the N(1) atom of another benzimidazole fragment does
not participate in an analogous hydrogen bond. Instead,
the deprotonated N(2) atom of the latter fragment is in�
volved in O—H...N hydrogen bonding with the O(1) atom.
Hence, two of four active protons participate in the for�
mation of an intramolecular hydrogen bond. The third
active proton at the N(1) atom in molecule 10 forms a
hydrogen bond with the ethanol molecule of solvation. In
the crystal structure, the molecules are linked in the hy�
drogen�bonded ...EtO—H...10...H—OEt chains via the
hydrogen bond between the N(3) atom and the fourth
active proton belonging to the second ethanol molecule
(it is omitted in Fig. 3).

We carried out the theoretical study of isolated mol�
ecule 9 (which corresponds to the conditions of the gas
phase) using DFT calculations. Nonplanar structure 9a
corresponds to the global minimum on the potential en�
ergy surface (two projections of structure 9a are shown in
Fig. 4). This structure is characterized by distinct local�
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Fig. 2. Arrangement of two independent molecules 9 (one of several possible tautomers with the localized —CH2—NH—C(Ph)
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is 3.450 Å.
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Angle  ω/deg

C(13)—C(12)—C(11) 119.11(17)
C(13)—C(12)—C(14) 122.96(16)
O(1)—C(13)—C(8) 120.87(18)
O(1)—C(13)—C(12) 119.52(17)
C(12)—C(13)—C(8) 119.60(16)
N(3)—C(14)—N(4) 111.97(17)
N(3)—C(14)—C(12) 124.65(17)
N(4)—C(14)—C(12) 123.31(18)
N(3)—C(15)—C(16) 129.8(2)
N(3)—C(15)—C(20) 109.73(19)
C(16)—C(15)—C(20) 120.49(19)
C(17)—C(16)—C(15) 117.6(2)
C(16)—C(17)—C(18) 121.4(2)
C(19)—C(18)—C(17) 121.8(2)
C(18)—C(19)—C(20) 116.7(2)
N(4)—C(20)—C(15) 105.64(17)
N(4)—C(20)—C(19) 132.4(2)
C(19)—C(20)—C(15) 121.9(2)
C(10)—C(21)—C(23) 108.54(18)
C(22)—C(21)—C(24) 108.4(2)
C(22)—C(21)—C(10) 111.70(17)
C(22)—C(21)—C(23) 108.5(2)
C(24)—C(21)—C(10) 110.54(17)
C(24)—C(21)—C(23) 109.11(19)
O(1s)—C(1s)—C(2s) 109.00(17)

Table 4. Principal geometric parameters of compound 10

Bond d/Å

O(1)—C(13) 1.366(2)
N(1)—C(1) 1.390(3)
N(1)—C(7) 1.366(3)
N(2)—C(6) 1.392(3)
N(2)—C(7) 1.339(2)
N(3)—C(14) 1.334(3)
N(3)—C(15) 1.394(3)
N(4)—C(14) 1.379(2)
N(4)—C(20) 1.389(3)
C(1)—C(2) 1.396(3)
C(1)—C(6) 1.407(3)
C(2)—C(3) 1.381(3)
C(3)—C(4) 1.407(3)
C(4)—C(5) 1.382(3)
C(5)—C(6) 1.402(3)
C(7)—C(8) 1.465(3)
C(8)—C(9) 1.403(3)
C(8)—C(13) 1.419(3)
C(9)—C(10) 1.402(3)
C(10)—C(11) 1.395(3)
C(10)—C(21) 1.540(3)
C(11)—C(12) 1.409(3)
C(12)—C(13) 1.402(3)
C(12)—C(14) 1.467(3)
C(15)—C(16) 1.401(3)
C(15)—C(20) 1.404(3)
C(16)—C(17) 1.384(3)
C(17)—C(18) 1.403(3)
C(18)—C(19) 1.386(3)
C(19)—C(20) 1.399(3)
C(21)—C(22) 1.528(3)
C(21)—C(24) 1.529(3)
C(21)—C(23) 1.544(3)
O(1s)—C(1s) 1.431(3)
C(1s)—C(2s) 1.508(3)

Angle  ω/deg

С(7)—N(1)—С(1) 107.08(17)
C(7)—N(2)—C(6) 105.40(17)
C(14)—N(3)—C(15) 105.56(17)
C(14)—N(4)—C(20) 107.08(17)
N(1)—C(1)—C(2) 132.14(19)
N(1)—C(1)—C(6) 105.70(18)
C(2)—C(1)—C(6) 122.15(19)
C(3)—C(2)—C(1) 116.8(2)
C(2)—C(3)—C(4) 121.6(2)
C(5)—C(4)—C(3) 121.6(2)
C(4)—C(5)—C(6) 117.5(2)
N(2)—C(6)—C(5) 130.24(19)
N(2)—C(6)—C(1) 109.47(17)
C(5)—C(6)—C(1) 120.3(2)
N(2)—C(7)—N(1) 112.34(18)
N(1)—C(7)—C(8) 125.28(16)
N(2)—C(7)—C(8) 122.38(18)
C(9)—C(8)—C(7) 121.23(18)
C(9)—C(8)—C(13) 119.32(18)
C(13)—C(8)—C(7) 119.42(16)
C(10)—C(9)—C(8) 122.05(18)
C(11)—C(10)—C(9) 117.39(17)
C(9)—C(10)—C(21) 120.87(18)
C(11)—C(10)—C(21) 121.68(19)
C(10)—C(11)—C(12) 122.53(19)
C(11)—C(12)—C(14) 117.85(18)

Table 5. Geometric parameters of the D—H...A hydrogen bonds
in the structure of 10•EtOH, the H...A distances are smaller
than r(A) + 2.000 Å and the D—H—A angles are larger than 110°

D A d/Å Angle/deg

D—H H...A D...A
D—H—A

O(1) N(2) 0.981 1.633 2.554 154.39
N(1) O(1s) 0.945 1.880 2.810 167.22
N(4) O(1) 0.926 1.969 2.662 130.14
O(1s) N(3) 0.905 1.847 2.748 173.47

Note: r is the radius.

ization of two endocyclic protons at the O atoms of the
phenol groups, which are involved in hydrogen bonding
with the N atoms of the azomethine CH=N fragments.
Hence, according to the results of the DFT calculations,
the structure of the isolated molecule is identical with that
observed in solution. The CH=N and CH2—NH bond
lengths are substantially different (1.303 and 1.460 Å,
respectively) and are close to those found10 in the crystal
structure of compound 8. The macrocycle adopts a ladder
conformation. Two planar fragments consisting of the
phenol rings and the CH=N and CH2—NH groups are
parallel to one another and form an angle of 147.4° with
the plane in which both the phenyl rings and the N atoms
of the o�phenylenediamine fragments are located. Previ�
ously, an analogous conformation was found for mol�
ecule 8 and also for hexafluorophosphate of doubly pro�
tonated macrocyclic Schiff's base 14, which was prepared

by condensation of 2,6�diacetyl�4�methylphenol with eth�
ylenediamine.14

The local minimum on the potential energy surface
whose energy is 2.63 kcal mol–1 higher than that of the
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Fig. 3. Molecular structure of 10 in the crystal.

global minimum corresponds to structure 9b (Fig. 5),
which is close to the zwitterionic structure found for this
compound in the crystal structure. All four endocyclic
protons in this structure are located at the N atoms. The
CH=N and CH2—NH bond lengths are somewhat equal�
ized compared to those in structure 9a (1.329 Å and 1.463
Å, respectively). However, the macrocycle in molecule
9b is nonplanar and adopts a tub conformation as distinct
from the conformation in the crystalline state. The bot�
tom of the tub is formed by the plane in which the phenyl
rings and the N atoms of the o�phenylenediamine frag�
ments are located. Two planar fragments involving the
phenol rings and the CH=N and CH2—NH fragments
form angles of 150° with the tub bottom. The principal
geometric parameters of structures 9a and 9b are given in

Table 6. The zwitterionic character of structure 9b is clearly
manifested in the changes in the electron density distri�
bution and the dipole moment as compared to structure
9a (Table 7). The negative charges on the O atoms are
substantially increased, and the negative charges on the N
atoms of the CH2—NH fragments are also somewhat in�
creased, whereas the negative charges on the azomethine
N atoms are sharply decreased. The small difference in
the energies of structures 9a and 9b suggests that migra�
tion of the endocyclic protons, which was observed in
solution of compound 9 by NMR spectroscopy, proceeded
through an intermediate possessing structure 9b.

Table 6. Bond lengths (Å) in structures 9a and 9b from DFT
calculations

Bond 9a 9b

O(1)—C(9); O(1a)—C(9a) 1.351 1.292
O(1)—H(2na); O(1a)—H(2n) 1.027 1.958
O(1)—H(1na); O(1a)—H(1n) 2.143 1.542
N(2)—H(2n); N(2a)—H(2na) 1.628—1.635 1.085
N(1)—H(1na); N(1)—H(1n) — 1.025
N(1a)—C(17); N(1)—C(17a) 1.460 1.463
N(2)—C(7); N(2a)—C(7a) 1.303 1.329
N(2)—C(11); N(2a)—C(11a) 1.405 1.411
N(1a)—C(10a); N(1)—C(10) 1.376 1.376
N(2)—H(2na); N(2a)—H(1n) 2.320 —

Note. The atomic numbering schemes are given in Figs. 4 and 5.
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Fig. 4. Molecular structure of 9a according to the DFT calculations.

H(1n)

Atom 9a 9b

O(1) –0.1550 –0.2173
O(1a) –0.1553 –0.2175
N(1) –0.1082 –0.1098
N(2) –0.0949 –0.0380
N(1a) –0.1082 –0.1097
N(2a) –0.0943 –0.0380
C(9a) 0.0784 0.0797
C(7a) 0.0393 0.0534
C(17a) –0.0164 –0.0180
C(9) 0.0793 0.0796

* The dipole moments are 0.102 D (9a) and 1.765 D (9b).
** The atomic numbering schemes are given in Figs. 4 and 5.

Table 7. Charges on the atoms from the Hirschfeld analysis and
the dipole moments* in structures 9a and 9b**

Atom 9a 9b

C(17) –0.0163 –0.0180
C(7) 0.0386 0.0535
C(10a) 0.0464 0.0482
C(11a) 0.0177 0.0269
C(11) 0.0175 0.0268
C(10) 0.0646 0.0482
H(1na) 0.0887 0.0874
H(2na) 0.0977 0.0881
H(1n) 0.0886 0.0873
H(2n) 0.0973 0.0881

In conclusion, it should be noted that the above�con�
sidered differences in structures 9 in the crystalline state
and in the gas phase are reasonable. It is quite possible

that the effects of the crystal packing, which are pro�
nounced for porphyrin�like macrocycles due to stacking
interactions, are responsible for flattening of the very la�
bile macrocycle. New macrocyclic Schiff's base 9 synthe�
sized in the present study can serve as a hexadentate ligand
to form binuclear complexes with various transition met�
als. The structures and properties of these complexes will
be described in the following parts of this series of papers.

Experimental

4�tert�Butyl�2,6�diformylphenol was prepared according to
a procedure described previously.15 The NMR spectra were re�
corded on a Bruker DPX�300 instrument at 24 °C. The IR
spectra were measured on a Specord M80 spectrometer in KBr
pellets. The mass spectra were obtained on a Finnigan MAT 212
instrument; the energy of ionizing electrons was 70 eV; the tem�
perature of the ionization chamber was 230 °C.

Synthesis of compounds 9 and 10. Weighed samples of the
starting reagents, viz., 4�tert�butyl�2,6�diformylphenol (175 mg,
0.83 mmol) and 1,2�diaminobenzene (91 mg, 0.83 mmol), were
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Fig. 5. Molecular structure of 9b according to the DFT calculations.

dissolved in anhydrous ethanol (25 mL) and refluxed for 3 h.
After completion of refluxing, the dark solution was slowly cooled
to ∼20 °C. The pale�brown needle�like crystals of 9 that precipi�
tated were filtered off. The mother liquor was concentrated to
obtain an additional amount of crystals of 9. Compound 10 was
isolated by concentrating the mother liquor to dryness and wash�
ing off the starting reagents and compound 9 with chloroform
(∼1 mL). Compound 9 was isolated in the pure form after evapo�
ration of chloroform and recrystallization from ethanol. Air�
stable compounds 9 and 10 are insoluble in water. Schiff's base 9
is readily soluble in chloroform and poorly soluble in aromatic
and saturated hydrocarbons. Compound 10 is poorly soluble in
organic solvents, except for ethanol and DMSO. The melting
point of 9 was 272—273 °C (from ethanol). At 250 °C, the
crystals of 9 turned dark. Compound 10 did not melt up to 350 °C.

Compound 9. Found (%): C, 76.75, 76.89; H, 7.07, 7.16;
N, 9.75, 9.67. C36H40N4O2. Calculated (%): C, 77.11; H, 7.19;
N, 9.99. MS (EI, 70 eV), m/z (Irel (%)): 560 [M]+ (13); 453
[M – 107]+ (2), 383 [M – 177]+ (16), 281 [0.5M + 1]+ (100),
265 [0.5M – 15]+ (30), 119 [C7H5N2]+ (50). 13C NMR (CDCl3),
δ

1: 31.38 (C(18), 1JCH = 125.8); 34.01 (C(17)); 47.24 (C(16),
J = 137.3); 111.70 (C(13), 1JCH = 154.5 Hz); 117.38 (C(11),
1JCH = 161.1 Hz); 117.94 (C(10), 1JCH = 155 Hz); 119.15;

124.98; 127.98 (C(6), 1JCH = 152.5 Hz); 128.19 (C(12), 1JCH =
157 Hz); 130.81 (C(4), 1JCH = 153.8 Hz); 136.11; 141.79; 143.43
(C(5)); 157.22 (C(2)); 162.07 (C(8), 1JCH = 161.9 Hz). IR (KBr),
ν/cm–1: 3424 (N—H); 2960, 2920, 2872 (C—H); 1664, 1600,
1568, 1512, 1456, 1368, 1288, 1232, 1184, 736, 464. The
1H NMR spectrum is given in Table 1.

Compound 10. Found (%): C, 74.79, 74.06; H, 6.58, 6.49;
N, 14.03, 13.91. C24H22N4O. Calculated (%): C, 75.37; H, 5.80;
N, 14.65. MS (EI, 70 eV), m/z (Irel (%)): 382 [M]+ (195);
367 [M – CH3]+ (100); 43 [(H3C)2CH]+ (31). 1H NMR
(DMSO�d6), δ: 1.47 (s, 9 H, —C(CH3)3); 7.48 and 7.84 (both m,
8 H, AA´BB´); 8.50 (s, 2 H); 15.00 (br.s, 3 H, O—H and N—H).
13C NMR (DMSO�d6), δ: 31.19, 34.70, 111.79, 114.41, 124.61,
128.47, 133.69, 141.80, 148.76, 156.66. IR (KBr), ν/cm–1: 3394,
3367, 2964, 2919, 2869, 1625, 1556, 1515, 1461, 1313, 1047, 750.

X�ray diffraction study of compounds 9 and 10. The X�ray
diffraction data for the crystal of 9 were collected on a four�
circle automated Siemens R3v/m diffractometer (λ(Mo�Kα) ra�
diation, λ = 0.71074 Å, 22 °C). The unit cell parameters were
determined and refined using 24 equivalent reflections with
2θ < 24—28°. Three strong reflections with 0 < χ < 65° used as
standard reflections were monitored after each 1000 reflections.
The semiempirical absorption correction16 was ignored because
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of the low absorption coefficient. The calculations were carried
out using the SHELX97 program package.17 The crystallographic
parameters of 9 and 10 and details of their structure refinement
are given in Table 2.

The structure of compound 9 was solved by direct methods
and refined by the full�matrix least�squares method with aniso�
tropic thermal parameters for all nonhydrogen atoms. The posi�
tions of the hydrogen atoms were calculated geometrically and
refined using the riding model. The principal geometric param�
eters of 9 are listed in Table 3.

The structure of 10 was solved by direct methods and refined
by the least�squares method with anisotropic thermal param�
eters (isotropic thermal parameters for the H atoms) using the
SHELXS97 17 and SHELXL97 18 program packages to R = 0.069
(wR2 = 0.161) for 4682 reflections with F 2 > 2σ(I); the good�
ness�of�fit GOF = 1.007. The X�ray diffraction data were col�
lected on a Bruker AXS SMART 1000 diffractometer equipped
with a CCD detector (λ(Mo) radiation, graphite monochroma�
tor, 140 K, ω scanning technique, scan step was 0.3°, frames
were exposed for 10 s, 2θmax = 60°) using a standard procedure.19

Theoretical study. The potential energy surfaces for mol�
ecule 9 were calculated by the DFT method using the PRIRODA
program.20

The PBE functional, which involves the electron density
gradient, was used.21 The Kohn—Sham equations were solved
using the TZ3p atomic basis sets of the grouped Gaussian func�
tions. The orbital basis sets included the contraction sets
(5s1p)/[3s1p] for H and (11s6p2d)/[6s3p2d] for C, N, and O.
The matrix elements of the Coulomb and exchange�correlation
potentials were calculated using expansion of the electron den�
sity in the auxiliary basis set consisting of the atom�centered
nongrouped Gaussian functions (4s1p) for H and (3s2d1f ) for
C, N, and O.22 The geometry was optimized without restrictions
imposed on the molecular symmetry. The character of the sta�
tionary points was determined based on analytical calculations
of the second derivatives of the energy. Previously, we have
successfully used this method and the PRIRODA program in
the study of the structures and reactivities of silicon�containing
organophosphorus betaines23 and in examination of the mecha�
nism of activation of alkanes with cationic titanium and zirco�
nium complexes.24,25

We thank D. N. Laikov for helpful discussion of the
results of calculations and N. S. Kulikov for measuring
the mass spectrum.

This study was financially supported by the Russian
Foundation for Basic Research (Project No. 99�03�
32792).

References

1. A. Yu. Chernyadyev, Yu. A. Ustynyuk, O. V. Yazev, E. A.
Kataev, M. D. Reshetova, A. A. Sidorov, G. G. Aleksandrov,
V. N. Ikorskii, V. M. Novotortsev, S. E. Nefedov, I. L.

Eremenko, and I. I. Moiseev, Izv. Akad. Nauk, Ser. Khim.,
2001, 2334 [Russ. Chem. Bull., Int. Ed., 2001, 50, 2445].

2. J.�M. Lehn, Supramolecular Chemistry. Concepts and Per�
spectives, Weinheim, New York—Basel—Cambridge; VCH
Venlagsgesellschaft mbH, Tokyo, 1995.

3. R. H. Holm, P. Kennepohl, and E. I. Solomon, Chem. Rev.,
1996, 96, 2239.

4. L. F. Lindoy, Pure Appl. Chem., 1989, 61, 1575.
5. Molecular Electronics, Ed. G. J. Fishwell, Wiley, New

York, 1992.
6. A. Jasat and D. Dolphin, Chem. Rev., 1997, 97, 2267.
7. H. Okawa, H. Furutachi, and D. E. Fenton, Coord. Chem.

Rev., 1998, 174, 51.
8. K. Brychcy, K. Draeger, K.�J. Jens, M. Tilset, and

U. Behrens, Chem. Ber., 1994, 127, 1817.
9. Y. Tian, J. Tong, G. Frenzen, and J.�Y. Sun, J. Org. Chem.,

1999, 64, 1442.
10. A. Aguiari, E. Bullita, U. Castellato, P. Guerriero,

S. Tamburini, and P. A. Vigato, Inorg. Chim. Acta, 1992,
202, 157.

11. D. Neuhaus, J. Magn. Res., 1983, 53, 109.
12. M. Kinns and J. K. M. Sanders, J. Magn. Res., 1984, 56, 518.
13. F. H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G.

Orpin, and R. Taylor, J. Chem. Soc., Perkin Trans. 2, 1987, 1.
14. A. J. Atkins, A. J. Blake, A. Marin�Becerra, S. Parsons,

I. Ruiz�Ramirez, and M. Schroeder, Chem. Commun.,
1996, 457.

15. L. F. Lindoy, G. V. Meehan, and N. Svenstrup, Synthesis,
1998, 1029.

16. G. M. Sheldrick, SADABS. Program for Scaling and Correc�
tion of Area Detector Data, University of Göttingen, Göttingen
(Germany), 1997.

17. G. M. Sheldrick, SHELXS97. Program for the Solution of
Crystal Structures, University of Göttingen, Göttingen (Ger�
many), 1997.

18. G. M. Sheldrick, SHELXL97. Program for the Refinement of
Crystal Structures, University of Göttingen, Göttingen (Ger�
many), 1997.

19. SMART (Control) and SAINT (Integration) Software, Ver. 5.0,
Bruker AXS Inc., Madison, WI, 1997.

20. D. N. Laikov, Ph. D. (Phys.�Mat.) Thesis, M. V. Lomonosov
Moscow State University, Moscow, 2000 (in Russian)

21. J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865.

22. D. N. Laikov, Chem. Phys. Lett., 1997, 281, 151.
23. M. S. Nechaev, I. V. Borisova, N. N. Zemlyanskii, D. N.

Laikov, and Yu. A. Ustynyuk, Izv. Akad. Nauk, Ser. Khim.,
2000, 1850 [Russ. Chem. Bull., Int. Ed., 2000, 49, 1823].

24. L. Yu. Ustynyuk, Yu. A. Ustynyuk, D. N. Laikov, and V. V.
Lunin, Izv. Akad. Nauk, Ser. Khim., 1999, 2248 [Russ. Chem.
Bull., 1999, 48, 2222 (Engl. Transl.)].

25. Yu. A. Ustynyuk, L. Yu. Ustynyuk, D. N. Laikov, and V. V.
Lunin, J. Organomet. Chem., 2000, 597, 182.

Received January 24, 2001;
in revised form December 25, 2001


