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KAZUNORI SAKATA*, MASAKO KURODA, SHUNSAKU YANAGIDA and MAMORU HASHIMOTO
Department of Chemistry, Faculty of Engineering, Kyushu Institute of Technology, Tobata-ku, Kitakyushu 804, Japan

(Received June 23, 1988)

Abstract

The reaction of 5,14-dihydro-7,16-diethyl(E)- or
«(Z)-dipyrido[b, i][1,4,8,11]tetraazacyclotetradecine
with vanadium(III) chloride led to the corresponding
oxovanadium(IV) complexes, while reaction with
tetracarbonylbis(piperidine)molybdenum(0) gave the
corresponding  dioxomolybdenum(VI) complexes.
The oxovanadium(IV) complexes showed mass
spectra with prominent parent peaks in the EI mode.
On the other hand the FD mass spectra for the dioxo-
molybdenum(VI) complexes exhibited the expected
parent and parent-O peaks. A V=0 stretching band
was observed at ca. 970 cm™! for the oxovanadium-
(IV) complexes. The dioxomolybdenum(VI) com-
plexes had strong bands at 855 and 885 ¢cm™ in the
NaCl region, which are attributable to the Mo=0
symmetric and asymmetric stretching modes. The
absorption bands observed above 20000 ¢cm ™' range
were attributed to the CT and w->#* transitions.
Judging from the spin Hamiltonian parameters, the
oxovanadium(IV) complexes are of square-planar
types with an unpaired electron in the d,, orbital.
The downfield shifts for the dioxomolybdenum(VI)
complexes are much larger in magnitude than those
observed for the corresponding oxochromium(IV)
complexes. This is primarily dependent on the fact
that the magnitude of the positive charge fed by
molybdenum(VI) is greater than that by chromium-
(Iv).

Introduction

Though a lot of papers have been published about
transition metal complexes with tetraaza[l4]-
annulenes [1], relatively little has been presented on
their vanadium and molybdenum complexes. A
molybdenum carbonyl complex [2] and a dimeric
quadruply metal-metal bonded molybdenum(Il)
complex [3] with a tetraaza[l4]annulene were
reported previously. However, investigations about
synthesis and characterization of oxovanadium(IV)
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and dioxomolybdenum(VI) complexes with tetraaza-
[14]annulenes containing pyridine rings have never
been reported.

In the present work, we prepared oxovanadium-
(IV) and dioxomolybdenum(VI) complexes with
tetraaza[l4]annulene, that is, 5,14-dihydro-7,16-
diethyl-(E)-dipyrido[b,i][1,4,8,1 1 Jtetraazacyclotetra-
decine (1-E) and 35,14-dihydro-7,16-diethyl{(Z)-di-
pyrido[b, i][1,4,8,11 |tetraazacyclotetradecine (1-Z).
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This is the first example of a well-characterized di-
oxomolybdenum(VI) complex with tetraaza[l14]-
annulenes. We characterized the spectral properties
for oxovanadium(IV) and dioxomolybdenum(VI)
complexes of the present macrocycles with the aid of
mass, vibrational and electronic spectroscopy. The
detailed NMR studies for the dioxomolybdenum(VI)
complexes and the ESR data for the oxovanadium-
(IV) complexes are also provided.

Experimental

Physical Measurements

EI mass spectra (at 20 eV) of oxovanadium(IV)
complexes and FD mass spectra (at 5.0 kV for
cathode and at 25 ~30 mA for emitter) of dioxo-
molybdenum(VI) complexes were performed on a
Jeol IMS-DX 300 gas chromatograph—mass spectrom-
eter. Infrared spectra in the range of 400—4000 cm™*
were obtained from a KBr technique using a Hitachi
260-10 spectrophotometer at room temperature.
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Electronic spectra covering the 12 500--48 000 cm™!
region were carried out with a Shimadzu UV-200S
double beam spectrophotometer for methanol solu-
tions at room temperature. ESR spectra were recorded
at room temperature on a Jeol JES-ME-1 X-band
spectrometer equipped with a 100 kHz field modula-
tion unit. The oxovanadium(IV) complexes were
doped in the isomorphous ligand (=1 wt%) and were
also run in toluene. The manganese ion diffused into
magnesium oxide was employed to obtain standard
reference signals for measurements. Proton NMR
measurements were taken using a Jeol JNM-FX 60
spectrometer operating in the Fourier transfer mode.
The NMR spectra were measured in chloroform-d and
chemical shifts are reported in ppm relative to tetra-
methylsilane as an internal reference standard. Melt-
ing points were measured on a Yanaco micro melting
point apparatus MP-S3 and uncorrected. Elemental
analyses were performed with a Yanaco CHN Corder
MT-3.

Preparation of the Macrocycles

5,14-Dihydro-7,16-diethyl-(E )-dipyrido[ b, i]-

[1,4,8,11]tetraazacyclotetradecine (1-E) and

5,14-dihydro-7,16-diethyl-(Z )-dipyrido[b,i]-

[1,4,8,11]tetraazacyclotetradecine (1-Z)

The synthetic procedures for 1-E and 1-Z have
been reported previously [1t].

Preparation of the Macrocyclic Complexes

(7,16-Diethyl-(E)-dipyrido[b,i][ 1,4,8,11]tetra-
azacyclotetradecinato Joxovanadium(IV} { VO-
(1-E))

A mixture of 1-E (0.10 g), vanadium(III) chloride
(0.50 g) and N,N-dimethylformamide (5.0 ml) was
heated under reflux for 10 h. To the reaction mix-
ture was added water (100 ml). The precipitates were
separated, washed with methanol (5 ml) and extracted
with dichloromethane (20 ml). The extract was con-
centrated to ca. 2 ml in vacuo and dark green fine
needles were obtained; yield 0.02 g (17%), melting
point >300 “C. The mass spectrum showed M* at
mfz 411 and peaks for [M — CH;]* and [M—
2CH;]" at mfz 396 and 381, respectively. IR (KBr
disk): 1595 (C=C str. (conjugated ring)), 1563
(C=N str.), 1418 (macrocyclic skeletal str.) and 968
(V=Ostr.)em™,

(7,16-Diethyl-(Z)-dipyrido[ b,i][ 1,4,8,11] tetraaza-

cyclotetradecinato Joxovanadium(IV) (VO(1-Z))

The reaction of 1-Z (0.10 g) and vanadium(III)
chloride in N, N-dimethylformamide (5 ml), following
the above procedure, gave dark green fine needles;
yield 0.03 g (25%), melting point >300 °C. The mass
spectrum showed M™ at m/z 411 and peaks for
[M — CH;]" and [M — 2CHs]* at m/z 396 and 381,
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respectively. IR (KBr disk): 1590 (C=C str. (con-
jugated ring)), 1560 (C=N str.), 1423 (macrocyclic
skeletal str.) and 975 (V=0 str.) cm™*.

(7,16-Diethyl-(E )-dipyrido[ b,i][1,4,8,11]tetraaza-
cyclotetradecinato )Jdioxomolybdenum( VI) (MoO,-
(1-E))

A mixture of 1-E (020 g), tetracarbonylbis-
(piperidine)molybdenum(0) (0.40 g) [4], cyclo-
hexanol (1 ml) and N,N-dimethylformamide (14 ml)
was heated under reflux in argon atmosphere with
stirring for 8 h. Solvents were removed under reduced
pressure. The solid residue was washed with hexane
(10 ml). The dichloromethane solution of the residue
was applied on the top of a chromatographic column
of activated aluminium oxide (200 mesh, Wako Pure
Chemical Industries, Ltd.). A deeply colored band on
the top of the column was eluted with dichloro-
methane, and then with chloroform. The second deep
red effluent (chloroform as eluant) was collected and
evaporated to dryness ir vacuo. The solid residue was
recrystallized from dichloromethane—hexane to give
vermilion fine needles; yield 0.06 g (22%), melting
point >300 °C. The mass spectrum showed M* at
mfz 474 and peaks for [M — O]" and [M —20]" at
mfz 458 and 442, respectively. IR (KBr disk): 1592
(C=C str. (conjugated ring)), 1560 (C=N str.), 1403
(macrocyclic skeletal str.), 885 (Mo=0 str.) and 855
(Mo=0 str.) cm™.

(7.16-Diethyl-(Z)-dipyrido{ b,i]{ 1,4,8,11 ] tetraaza-
cyclotetradecinato )Jdioxomolybdenum(VI) (MoO;-
(1-Z))

This reaction of 1-Z (0.20 g) and tetracarbonyl-
bis(piperidine)molybdenum(0) (0.60 g) in a mixed
solvent composed of N,N-dimethylformamide (14 ml)
and cyclohexanol (3 ml), following the above pro-
cedure, gave vermilion fine needles; yiels 0.07 g
(26%), melting point >300 °C. The mass spectrum
showed M™ at m/z 474 and peaks for [M — O]* and
[M —20]" at m/z 458 and 442, respectively. IR
(KBr disk): 1595 (C=C str. (conjugated ring)), 1565
(C=N str.), 1402 (macrocyclic skeletal str.), 885
(Mo=0 str.) and 855 (Mo=0 str.) cm™*.

Results and Discussion

Synthesis of the Macrocyclic Complexes

The reaction of 1-E or 1-Z with vanadium(III)
chloride in refluxing N,N-dimethylformamide for
10 h gave the oxovanadium(IV) complexes, VO-
(1-E) and VO(1-Z), in 17 and 25% yields, respective-
ly. The corresponding reaction of tetracarbonylbis-
(piperidine)molybdenum(0) with 1-E or 1-Z occurred
within 8 h in the blended solvent of N N-dimethyl-
formamide and cyclohexanol at reflux temperature
to give the dioxomolybdenum(VI) complexes, MoO,-
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TABLE 1. Analytical Data for Macrocyclic Complexes

Compound Found (%) Calculated (%)

C H N C H N

CaoH29NgOV VO(1-E) 58.40 5.07 20.02 58.40 4.90 2043
CaoHoNgOV Y0(1-2) 58.24 4.92 20.40 58.40 4.90 20.43
CyoHo9NgO2Mo Mo0,(1-E) 51.09 4.29 18.10 50.86 4217 17.79
CooH20NgO,Mo Mo0,(1-2) 50.54 4.21 17.80 50.86 4217 17.79

(1-E) and MoO,(1-Z) in 22 and 26% yields each. The
analytical data for the macrocyclic complexes are
collected in Table 1. Elemental analyses of crystalline
samples of VO(1-E), VO(1-Z), M0oO,(1-E) and MoO,-
(1-Z) were consistent with compounds for the for-
mula macrocyclic oxovanadium(IV) and dioxo-
molybdenum(VI) complexes, respectively. The two
vanadium complexes gave mass spectra with the
molecular ion peak at mass number 411, which was
assigned to originate from [VO(1-E)]* or [VO(1-Z)]*.
On the other hand the mass spectra of the molyb-
denum complexes in FD mode and at 30 C exhibited
the expected molecular ion peak, [MoO,(1-E)]* or
[MoO,(1-Z)]* (m/z 474, *®Mo). At higher tempera-
tures and in EI mode, only m/z 458 was observed,
which is consistent with [MoO(1-E)]* or [MoO-
(1-Z)]*; a good fit was obtained between the cal-
culated and observed isotopic distributions.

Vibrational Spectra

The infrared spectra of VO(1-E), VO(1-Z), MoO,-
(1-E) and MoO,(1-Z) are shown in Fig. 1 for the
region of 800—1000 cm™*. As described in porphyrin
and related oxovanadium complexes previously [S—
7], the V=0 stretching mode causes a strong absorp-
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Fig. 1. Infrared spectra of macrocyclic oxovanadium /) and

dioxomolybdenum(VI) complexes by a KBr method. A,
VO(1-E); B, VO(1-Z); C, MoO3(1-E); D, MoO,(1-Z).
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tion band in the range of 950—1000 cm™!. Therefore,
the absorption band at around 970 ¢m™! for the
present vanadium complexes is attributed to the V=0
stretching mode. The molybdenum complexes,
MoO,(1-E) and MoO,(1-Z), show two strong absorp-
tion bands due to the MoO, group in the range from
850 to 900 cm ™! as shown in Fig. 1. According to the
criterion proposed previously [7—13], it may be
presumed that the two oxygen atoms of the molyb-
denyl group are cis to each other in the present
complexes as in 2b and the two bands may be attrib-
utable to the symmetric and asymmetric stretching
modes of the cis-dioxo group, respectively.
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Electronic Spectra

The electronic absorption spectra for VO(1-E) and
Mo0O,(1-E) as an example are shown in Fig. 2, cover-
ing the 15000—45000 cm™' range. The spectral
features for VO(1-E) and VO(1-Z), and MoO,(1-E)
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Fig. 2. Electronic spectra of 5,14-dihydro-7,16-diethyl(E)-
dipyrido[b,i][1,4,8,11]tetraazacyclotetradecine complexes
in methanol at room temperature. A, VO(1-E); B, MoO,-
(1-E).
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and MoO,(1-Z) respectively, are analogous to one
another. The absorption bands appearing in the
energy region greater than 20000 ¢cm™* are attribut-
able to charge-transfer transitions from metal to
ligand and 7 - n™* transitions within a ligand molecule,
and not of d - d* origin, because the molar extinc-
tion coefficients of these bands are much larger than
those commonly assigned to d —d* transitions [14,
15].

ESR Spectra

The spin Hamiltonian parameters for the present
macrocyclic oxovanadium(IV) complexes are com-
piled in Table 2. The ESR spectrum recorded at room
temperature for a 1072 ~ 10~ mol dm? solution of
VO(1-E) or YO(1-Z) in toluene consists of a set of
eight hyperfine lines and, as expected, the magnetic
interaction between the unpaired electron and the
vanadium nucleus (=7/2) is evident. The general
features of the spectra for VO(1-E) and VO(1-Z) are
similar to each other and to that observed for the
(5,10,15,20-tetraphenylporphinato)oxovanadium(IV)
complex [16]. The ESR spectrum of the (7,16-
diethyl-(E)-dipyrido[b,i] [1,4,8,11]tetraazacyclo-
tetradecinato)oxovanadium(IV) complex magnetical-
ly diluted in the corresponding metal-free ligand to a
ratio of 1:100 at room temperature is shown in Fig. 3
as an example. The spectral features of VO(1-E) and
VO(1-Z) are also similar to one another. The spec-
trum is made up of two sets of eight vanadium hyper-
fine lines that correspond to gy and g, components.
The two weak peaks at lowfield and the three
highest-field peaks correspond to the g, component
while the central strong peaks are associated with the
g, component. A similar spectrum was also observed
for the oxovanadium(IV) complexes derived from
porphyrin [16] and phthalocyanine [6,17,18]. In
this spectrum, we did not detect any extra hyperfine
structure due to magnetic interaction between an un-
paired electron in vanadium(IV) and nitrogen nuclei
(Z=1). Accordingly, the present oxovanadium(IV)
complexes assume a square-planar type with an un-
paired electron in the d,, orbital such as those of
porphyrin and phthalocyanine.
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Fig. 3. ESR spectrum of (7,16-diethyl(£)-dipyrido|b,i]-
[1,4,8,11]tetraazacyclotetradecinatoyoxovanadium(IV) com-
plex magnetically diluted in the corresponding metal-free
ligand at room temperature.

NMR Spectra

Consistent with a diamagnetism of the present
macrocyclic dioxomolybdenum complexes, MoO,-
(1-E) and MoO,(1-Z) gave well-resolved proton NMR
spectra. Chemical shift assignments were made on the
basis of comparisons with the metal-free ligands [1t]
and their nickel(IT) and oxochromium(IV) complexes
[1w]. Proton NMR data and their assignments for
MoO,(1-E) and Mo0O,(1-Z) are summarized in Table
3. The methine H,-proton signal obtained in the
lowest field is shifted downfield by 1.73—-1.93 ppm
and the methine Hy-proton peak is also shifted
downfield by 1.58~1.65 ppm on formation of the
dioxomolybdenum complexes. The magnitude of the
downfield shifts is much larger than that observed for
the nickel(IT} and the oxochromium(IV) complexes
[1w]. This downfield shift can be attributed to the
deshielding effect due to the positive charge provided
by, the metal ion in the complexes. Since the oxida-
tion number of the molybdenum is greater than that
of the nickel and the chromium, the deshielding
effect for the dioxomolybdenum(VI) complexes is
much greater than that of the nickel(Il) and the oxo-

TABLE 2. Spin Hamiltonian Parameters for the Oxovanadium(I1V) Complexes™P

Complex Medium z gl AV x 10% AY x 104 AV x 10
(em™h {em™ (cm™
VO(1-E) toluene® 1.995 86.6
ligand 1.963 1.996 151.8 55.0
vO(1-2) toluene® 1.994 86.6
ligand 1.962 1.997 151.9 548

3Measured at room temperature. '
the oXovanadium(IV) complex, 1072~ 1072 mol dm ™.

bMaximum possible errors: g, +0.0005; AV, A, A}, +0.5 X 10~ cm™.

¢Concentration ot
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TABLE 3. 'H NMR Data for the Macrocyclic Dioxomolybdenum(VI) Complexes®
Complex Ethyl Aromatic Methine
—CHj —CHa— —H, —Hg ~H, —H, ~Hy
MoO,(1-E) 1.52(1) 3.16(q) 8.34(dd) 7.22(dd) 8.08(dd) 10.06(s) 9.24(s)
(J=7.5Hz) J=17.5Hz) (J=5.0Hz) (V=179 Hz) (J=7.9Hz)
(J=13Hz) (J=5.0Hz) (/=13 Hz)
Mo02(1-2) 1.51(t) 3.13(q) 8.35(dd) 7.25(dad) 8.09(dd) 10.11(s) 9.22(s)
(J=1.5Hz) (J=17.5Hz) (J=4.6 Hz) (J=8.3 Hz) (J/=8.3 Hz)
1.54(1) 3.21(q) (J=1.5 Hz) (J=4.6 Hz) (J=1.5Hz)
(/=7.5Hz) (J=17.5Hz)

8Chemical shifts are given in ppm for TMS as an internal reference. Measured in chloroform-d. Multiplicity of a proton signal is
given in parentheses after 5 values: s = singlet; t = triplet; q = quartet; dd = doublet of doublets.
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chromium(IV) complexes. Accordingly the large
downfield shift for the dioxomolybdenum complexes
is explained on the basis of above deshielding effect.
The signals for the aromatic H,-, Hy- and H,-protons
are shifted downfield by 0.47—-0.84 ppm and the
signals for the methyl and methylene protons of the
7- and 16-ethy! groups are also shifted downfield by
0.38-0.96 ppm upon dioxomolybdenum(VI)
complex formation. Being also larger than that
observed for the nickel(II) and the oxochromium(IV)
complexes, the magnitude of the downfield shifts
for the aromatic, methyl and methylene protons is
much smaller than that obtained for the methine
protons. This is mainly attributed to the fact that the
aromatic, methyl and methylene proton groups are
placed further from the positive charge of the molyb-
denum(VT) ion which affords the deshielding effect.
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