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Abstract—A new series of oxovanadyl complexes of the Schiff base ligands 4-(2-pyrrolyl methyl-
ideneamino)antipyrine (PyAAP), 4-(2-thienylmethylideneamino)antipyrine (TAAP), 4-furfurylidene-
aminoantipyrine (FAAP) and 4-(2-hydroxybenzylideneamino)antipyrine (SAAP), have been synthesized and
characterized by different physical techniques. The spectral and magnetic data indicate a distorted square
pyramidal structure for all complexes. The selective deoxygenation of the oxovanadyl complexes [(PYAAP-
H),(V0),S0,] and [(SAAP-H),VO], which gave a good yield of the corresponding dichloro compounds
{L,VCL], L = PyAAP-H or SAAP-H, is made by using different deoxygenating agents in different solvents
and at various temperatures. The purity and the percentage yield of the products are found to be solvent,
temperature and deoxygenating agent dependent. Spectral and magnetic studies are used to elucidate the
structure of the dichloro derivatives. The solvent effects upon the electronic spectra of the oxovanadyl complexes

and the corresponding dichloro derivatives are ascertained. Copyright © 1997 Elsevier Science Ltd
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It is becoming increasingly apparent that the chem-
istry of vanadium is of great importance to a wide
variety of biological and industrial systems. Recently,
it was found that there is a series of nitrogenase met-
alloenzymes which have vanadium at the active site
[1-8]. In these enzymes vanadium appears to shuttle
between V** and V** and is possibly bound to an
iron-sulfur cluster, as it is difficult for direct linking
of iron—sulfur clusters [9] and V**. Furthermore, the
role of vanadium in the biosphere is very important.
It has been found that mammals require vanadium
at the nano- to pico- molar level, and several lower
organisms have a vanadium requirement at a much
higher level [3,10].

Vanadium is also important in the fuel industry [9-
11]. Vanadium occurs naturally and can be in high
concentrations in heavier crude oil. It affects the
industry because its necessary removal poisons the
heterogeneous catalysis used in processing [12-14].
The intermediate species in the transformation of the
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naturally occurring VO** complexes to vanadium sul-
fide on the upgrading catalyst surface are not well
characterized. Some evidence suggests that VO*'
is deoxygenated to V(IV) [13,15]. Vanadium com-
pounds have also been used to generate slurry-type
catalysts to upgrade heavy oils and assist in coal
liquefaction. Clearly the activation of the V=0 bond
is a critical part in the fuel industry.

Due to the importance of vanadium compounds, we
aimed to prepare and characterize some biologically
active vanadyl complexes of antipyrine derivatives (1)
followed by the deoxygenation of the isolated com-
plexes to form dichloro derivatives.
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EXPERIMENTAL

Synthesis of the organic ligands

The organic ligands were prepared according to the
following method: a solution of the corresponding
aldehyde (1.0 or 1.1 g, 0.01 mol of furan-2-aldehyde or
thiophene-2-aldehyde, respectively) in EtOH (20 cm?)
was added to a solution of 4-aminoantipyrine (2.1 g,
0.01 mol) in 50 cm® of the same solvent. The reaction
mixture was refluxed on a water bath for 1-2 h. Upon
cooling to room temperature the solid formed in each
case was isolated by filtration and recrystallized from
EtOH and dried in vacuo over P,O,,.

Synthesis of oxovanady! complexes

All vanadyl complexes of the 4-aminoantipyrine
Schiff bases were prepared by the general method;
namely, the salt VOSO,-2H,0 (2.0 g,0.01 mol) was
dissolved in water (15 cm’) and the solution was added
to a warm, stirred solution of the corresponding
organic compound (6.2,6.5,6.3 or 6.8 g; 0.022 mol
of PYAAP, TAAP,FAAP or SAAP, respectively) in
ethanol (50 cm®). An aqueous solution (15-20 cm’) of
NaOAc (0.3 M solution) was added and the sus-
penston was stirred for 2 h. The corresponding crys-
talline product was filtered off, washed with water,
EtOH, diethyl ether and dried in vacuo over P,O,,.

Synthesis of dichlorovanadium complexes, [(PyAAP-
H),VCl,] and [(SAAP-H),VCl,]

The synthesis was carried out under dry, purified
dinitrogen gas. Different deoxygenating agents such
as SOCI,, PCl; or CH,COCI and different solvents
were used. The following procedure was applied,
[(PYAAP-H),(VO),SO,] (20 £,0.025 mol) or
[(SAAP-H),VO], (1.8 g,0.0025 mol) was dissolved in
50 cm® of the appropriate solvent (toluene, CH,CI,,
bezene or dioxene). In all cases a dark green or dark
brown solution was obtained. The solution was
degassed and the deoxygenating agent (1.0,1.8 or 0.6
g of SOCI,, PCl; or CH,COCI, respectively ; 0.80 mol)
was added while stirring at room temperature. In some
cases a boiling condition was utilized. The reaction
mixture was stirred at room temperature overnight and
then layered with the appropriate solvent and placed
in a freezer. The crystalline product in each case was
filtered off and dried. Recrystallization from CH,Cl,
or C,H,Cl,/hexane mixture lead to pure materials as
determined from their physical measurements.

Elemental analysis

Carbon, hydrogen and nitrogen contents in each
sample were estimated at the Microanalysis Unit,
Cairo University. Vanadium content was determined
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by igniting a suitable accurate weight in silica crucible
to a constant weight. The product was VQ-, in which
the vanadium content was determined. Chlorine and
sulfur contents were determined argentometrically
and gravimetrically, respectively [16].

Physical measurements

Molecular weight for each sample was determined
by the method of depression of freezing point. The
other physical measurements and the elemental analy-
ses were carried out as previously reported [16].

RESULTS AND DISCUSSION

The oxovanadyl complexes were found to be air
stable, soluble in most common organic solvents, but
insoluble in water. The formulation of the complexes
was based on the elemental analysis, molecular weight
determination and the molar conductivity values
(Table 1).

The selective deoxygenation of the two complexes
[(PYAAP-H),(VO),SO,] and [(SAAP-H),VO] which
gave pure and high percentage yields of the cor-
responding dichloro complex [(L,VCL,], L = PyAAP-
H or SAAP-H, was made by using SOCIl,, PCl;s and
CH,COCL. It was found that both oxo-complexes
react to a different extent with the three different
deoxygenating agents. Furthermore, the purity of the
reaction product and percentage yield were found to
be solvent and temperature dependent (Table 2).

Under refluxing conditions, SOCI, reacts with the
oxo-vanadyl complexes in dry benzene producing a
pure and good vyield of [L,VCL]. This reaction may
proceed according to eq. (1).

dry benzene

[L,VO]+SOCl, —

[L,VC!-SO,Cl]
= [L,VCL]+80, (1)

In 1.4-dioxan, PCl; gives the best dichloro com-
plexes at room temperature according to eq. (2).

1.4 dioxan

2PCl, = PCl, - PCl, +[L, VO] ——
[LVCI- CIPOCL,] — [LVCL.] + POCL,  (2)

Acetyl chloride was found to be the best deoxy-
genating agent in toluene at room temperature, since
it leads to the formation, in high yield, of dichloro
derivatives. The reaction mechanism may proceed by
electrophilic attack of the CH,COCl on vanadyl
oxygen, as shown in eq. (3).

toluene

[L,VO]+3CH,COCI [L,VCL,]
+(CH,C00),0+CH,—C H,—COCH, (3)

In all cases, 50% of the deoxygenating agent has
been employed to minimize the extent of hydrolysis
of SOCl,, PCI; or CH,COCI. This is in addition to the
use of dry solvents. The above reactions would suggest
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Table 1. Analytical data for the vanadyl complexes and some physical properties
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M.W. % Found (% Cailc.)
Found e -
Compound Colour A4 W (Calc.) C H N \% X
[L{(VO).S0,) pale 1.30 1.61 796 48.5 4.0 14.0 131 4.3
green (788) (48.7) (3.8) (14.2) (12.9) 4.1}
[LIVCL] biue 2.90 1.76 680 56.6 4.6 16.5 7.8 l6.6
green (630) (56.5) (4.4) (16 5) (7.5) (10.4)
[L3VO]}S0, yellowish 96.40 1.76 760 50.4 39 1.1 6.8 125
green (757) (50.7) 4.0) (11.1) (6.7) (12.7)
[11VO]SO, pale 87.55 1.78 720 52.7 39 11.6 73 4.5
yellow (725) (53.0) 4.1) (11.6) {7.0) 4.4
[L1VO] green 1.90 1.73 681 63.4 4.7 12.4 78
(679) (63.6) 4.7 (12.4) (7.5)
[L3VCl,] blue 2.05 1.75 736 58.% 4.5 11.3 72 10.0
(734) (6.9) (9.7

“L' = PyAAP-H, L* = SAAP-H, L* = TAAP. L* = FAAP.

"Molar conductivity values of 10™* M solutions at 25+ 1°C.

“ Effective magnetic moment (B.M.) at room temperature.

(58.9) (4.4) (11.4)

Table 2. Products from the reaction of vanadyl complexes with the different deoxygenating agents as shown from

the spectroscopic studies

Purified vield %"

Deoxygenating - -

Starting complex agent Solvent Temperature (1) (2)
SOClL, CH,Cl, R.T. 28 R

toluene boiling 31 38

benzene boiling 38 36

1.4-dioxane R.T. 30 28

[L3(VO).S0.] PClL, toluene beiling 25 34
or CH,Cl, R.T. 34 40
[L3VO] 1,4-dioxane R.T. 36 42
CH,COClI 1.4-dioxane R.T. 41 48

CH.Cl, R.T. 48 48

benzene boiling 2 46

toluene R.T. 63 70

toluene 56 49

“(1) L' = PyAAP-H. (2) L* = SAAP-H.

the formation of a cis isomer as previously reported
[17]. It was found that cis/trans isomerization is rapid,
allowing for the formulation of the observed trans
isomer [17]. Table 2 summarizes the products from the
reaction of the vanadyl complexes with the different
deoxygenating agents, as shown from the spec-
troscopic studies.

Vibrational spectra

Table 3 lists the most important and characteristic
bands of the IR spectra of oxovanadyl and the di-
chloro derivatives. The absence of bands at 968 and
986 cin~' characteristic of V=0 in [(PYAAP-H),
(VO),80,] and [(SAAP-H),VO], respectively, indi-
cates the conversion to the dichloro complexes. This

boiling

observation is taken as a good parameter for the com-
pleteness of the deoxygenation process. The low value
of v(V=0) for [(PyAAP-H),(V0),S0O,] may be taken
as evidence for the polymeric nature of this complex
as shown from its IR spectrum. Its deoxygenation
+may proceed according to eq. (4)

[(PyAAP-H).(V().S0,)
=[(PYAAP-H).VO]+ VOSO,
SOCH
[(PYAAP-H). VO] +or PCl;
or Ch,COCl

SO,
- [(PyAAP-H),VCL ]+ or POCI,
or (CH.CO,)0

{4)
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Table 3. Infrared spectral data (v cm™") for the vanadyl complexes

Compound v(C=0) v(C=N)
HL' 1659s 1600
L2 1942 1596
L 1637 1603
HL* 1650 1592
[L:(V0),S0,] 1639s 1589m
[LIVCL) 1660s 1579m

1572m
[L3VO] 1649s

1566s
[L3VCL) 1652s 1570m

1575s
[L3VO]SO, 1621m

1560s

1590m
[L2VO]SO, 1616m

1582s

v(V=0) v(V—N) v(V=0) v(V—Cl)

968vs 463m 360
334m

— 458m — 364
436m

986s 448m 338m

— 432m 342 356

976s 449m 346m

988s 468m 356m

“L' = PyAAP-H, L?> = FAAP, L’ = TAAP, L* = SAAP-H.

The v(C=0) mode in the parent Schiff base, except
SAAP, shifts to lower wavenumbers by ca 20 cm ™~ in
the case of their oxovanadyl complexes, indicating the
bond of the amide oxygen to vanadium, but not in the
case of complex [{(SAAP-H),VO]. The band in the
range 1613-1590 cm ™' in the free organic compounds
due to v(C=N) is shifted to 1590-1572 cm~' upon
complexation. This observation suggests that the
C=N bond is weakened due to coordination of the
azomethine-N to vanadium. The splitting of this band
in the investigated complexes, except [(PYAAP-
H),(V0),S0,], suggests that the two azomethine
groups are distorted below and above the horizontal
plane. The broad band at 3434 cm ~' with a band width
of 1660 cm ™" in the spectrum of SAAP, is assigned to
hydrogen bonded OH. Furthermore, the existence of
a broad weak band at 1915 cm™' can be taken as
evidence for the presence of intramolecular hydrogen
bonding of the type O—H---N. This was also
supported by the appearance of the v(C—O)
phenolic band at 1267 cm~'. Upon complexation, the
bands at 3434 and 1915 cm™~' disappeared and that
at 1267 cm™' was shifted to 1305 em~', indicating
the bonding of the ionized phenolic oxygen to van-
adium.

The spectrum of (PyAAP) shows a broad band at
29643156 cm ™' due to the different vibrational modes
of -NH- of the pyrrole ring, and is absent in [(PyAAP-
H),(V0),S0,] indicating its deprotonation upon com-
plexation. The spectra of FAAP and SAAP display
bands at 1505 and 1332 cm™!' due to C—O—C and
C—S—C, respectively. These bands were found to be
largely unaffected upon complexation, indicating the

non-bonding nature of the oxygen and sulphur in the
heterocyclic rings.

The far-IR spectra for all complexes except
[(PYyAAP-H),VCl,] display a band at 338-360 cm ™'
due to v(V—O0). The spectrum of [(PyAAP-H),VCl,]
exhibits a band at 1660 cm ™' due to v(C=0) indi-
cating that the amide oxygen is not bonded to
vanadium. The band in the range 468-432 cm™' is
assigned to v(V—N) of the azomethine group. In
addition, the spectra of [(PYAAP-H),(V0),80,] and
[(PyAAP-H),VCl,] exhibit another band at 443 and
436 cm™' assignable to v(V—N),q.. The dichloro
complexes exhibit bands at 303 and 309 cm ™' due to
wW(V—Cl) in [(PYyAAP-H),VCl,] and [(SAAP-
H),VCl,], respectively.

The diagnostic IR band frequencies of the sulphate
anions indicate its ionic nature in [(FAAP),VO]SO,
and [(TAAP),VO]SO, and act as a bridging group in
the case of [(PYAAP-H),(V0O),S0O,] [18].

It appears, therefore, that PYAAP behaves as a
monobasic tridentate ligand in [(PYyAAP-H),(VO),
SO,] and as a monobasic bidentate ligand in [(PyAAP-
H),VCl,). In the first complex the vanadyl group is
coordinated to PyAAP via ketoamide oxygen, azo-
methine and pyrrole nitrogen atoms. In the second it is
coordinated via the azomethine and pyrrole nitrogen
atoms. The previously mentioned IR data indicate the
bidentate nature of SAAP, through the azomethine
nitrogen and the phenolate oxygen atoms. The other
and ligands (FAAP and TAAP) appear to be neutral
bidentate ligands coordinated to VO via the azo-
methine-N and ketoamide oxygen atoms. Accord-
ingly, the following structures could be assumed.
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One can observe that the v(C=N) for the dichloro
complexes appears at a lower wavenumber than that
for the starting oxovanadyl complexes. This is con-
sistent with the observations reported for rrans-dihalo
complexes of V(IV) [19-21], and can be rationalized
by considering the metal complex symmetry and the
nature of the ligands. ESR studies of several V(IV)
dihalide complexes [22] revealed that on going from
the vanadyl structure (where the metal is somewhat
out of the plane of the equatorial ligands) to the trans
structure (where the metal is in the plane of the
ligands) stabilizes both the o-bonding d,, orbital,
slightly, and the n-bonding d,:_ > orbital, greatly, due
to increased orbital overlap. This, in turn, increases
delocalization and effectively reduces the charge on
the ligand. This results in a decrease in frequency of
the diagnostic ligand bands. Contrary to the trans
structure, the orbital overlap of the cis structure is
reduced, because the deviation from the ligand plane
is increased. This localizes the charge on the ligand,
and results in increasing the frequencies of the diag-
nostic ligand bands. Furthermore, the geometry of
VCl,(r-C,H,COCHCO)-t-C,Hy), is determined by
examining the V—CI bands in the far IR [23]. The
reported assignment of 362 cm™' for the trans
geometry matches ours of 364 and 356 cm™' for
[(PYAAP-H),VCl,] and [(SAAP-H),VCl,], respec-
tively. The previously mentioned evidence indicates
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that [(PYAAP-H),VCl,] and [(SAAP),VCl,] also have
a trans geometry.

Magnetic and electronic spectral data

The positive spin—-orbit coupling {24] (4) for oxo-
vanadium(I'V) complexes exhibits a room temperature
magnetic moment very close to the spin only value
(1.73 B.M.) [25]. The complexes under investigation,
except [(PYAAP-H),(VO),SO,], also exhibit room
temperature magnetic moments in the range 1.73-1.78
B.M. corresponding to one unpaired spin. The value
for [(PYAAP-H),(VO),S0,] of 1.61 B.M. indicates the
possibility of a magnetic exchange interaction between
the vanadyl centres through the bridging sulphate
group, or possibly some V(V) impurity.

The electronic spectral data of the oxovanadium
complexes and the dichloro derivatives, either as solid
or solution, are summarized in Table 4. No bands are
found at lower energies, and splitting of the low energy
band is found, as in the case of [VO(N-CH,);]Cl, [26].
The large extinction coefficients for [(SAAP-H),VO].
[(FAAP),VO]SO, and [(TAAP),VOI]SO, compared
with [(PYAAP-H),(V0),S0,] may arise from a greater
metal-ligand bond covalency and/or a larger dis-
tortion from the C,, symmetry assumed for this type
of complex. The bands with smaller molar extinction
coefficients can be assigned to d-d transitions. The
spectrum of [(PYAAP-H),(VO),50,] exhibits two
intense d—d transition at about 15,800 and 12,820
cm™’, and a third one of lower intensity at 21,300
cm ', all of which are on the tail of a charge transfer
band. In CHCIL,, three well-defined bands are
observed, with no great change in position, indicating
that no geometrical change in CHC, took place. The
increase in the intensities of these bands may be attri-
buted to the disproportionation of the polymeric com-
plex [(PYAAP-H),(V0),S0,] [eq. (5)]. followed by the
interaction of the solvent molecules, organized around
[(PyAAP-H),VO], with the dipole of the complex.

[(PyAAP-H),(VO0).S0,]
=[(PyAAP-H),VO]+VOSO, (5

In the excited Frank-Condon state, the solvent mol-
ecules do not have enough time to rearrange in
response to the dipole in the excited complex
L(PyAAP-H),VO]. There is a possible hydrogen bond-
ing formation between the oxovanadyl group and the
active hydrogen in CHCl;. This is confirmed from the
red shift of the charge transfer band as given in Table
4. The effects of CHCI, on the band positions in the
case of the other oxovanadium complexes (Table 4)
are similar to those for [(PyAAP-H),(VO),SO,]. The
spectral features are consistent with those reported for
square pyramidal oxovanadium complexes [27-29].
The spectral bands of all complexes in DMSO exhi-
bit a drastic change in the positions and intensities of
the d—d transitions as well as the charge transfer bands,
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Table 4. Electronic spectral data for the vanadyl(1V) complexes

viem Yemol™ 'l 'em )
Compound* Medium d—d transitions C.T.
Nujol mull 21,300 15,800 12,800 29,400
[L}(VO),S0,] CHCL, 21,500(32) 15,600(52) 12.700(54) 27,900(8200)
DMSO 17.300(19) 14.200(10) 28,900(10300)
Nujol mull 21,600 16,500 28,400
[LiVO] CHCI, 20,800(44) 16,300(68) 13,200 27.300(7480)
DMSO 17,200(18) 12.800(52)
13.900(11)
Nujol mull 22,400 16,300 27,900
[L3VO]SO, CHCl, 23,100(26) 16,000(68) 13,300 27.,300(7620)
DMSO 17,000(21) 13.200(36) 36.900(9700)
14.000(12)
Nujol mull 22,300 16,300 28,000
[L3VO]SO, CHCl, 22,500(40) 16,100(98) 13,200 28,400(8050)
DMSO 16,900(28) 12.900(60) 27.500(12300)
13.800(16)
[L'VCl,] Nujol mull 16,400 27,000
EtOH 16,200(16) 13.200 26,400(4760)
13,000(45)
[L*VCl,] Nujol mull 17,000 27,160
EtOH 17.100(19) 13,400 27,000{7000)

13,100(42)

“L' = PyAAP-H, L = FAAP, L} = TAAP, L* = SAAP-H.

indicating solvent coordination to the sixth coor-
dination site of the oxovanadyl complexes. These
spectral features are consistent with those reported for
similar compounds [27,28].

The energy level and MO calculations on square
pyramidal oxovanadium complexes [28-31] revealed
that the vanadium 34 orbital populations are d,:_
(b)) < d.., d. (e¥) < d-(b¥) <d,, (a¥). This ordering
is consistent with the assignment of the
b,(d,,,d..) = b,(d:) transition for the lowest energy
band (12,660~13,300 cm™'). The band at 15,600—
16,350 cm ™' is due to the b, — e* transition, while
that at 20,600-22,500 cm~' is assigned to the
b, — af transition. In DMSO, three d-d transitions in
the range of 13,800-14,200, 16,800-17,480 and
22,030-24,000 cm ! are assigned to b, - b¥, b, — e*
and b, — a, transitions, respectively, characteristic for
a distorted octahedral oxovanadium complex [30,31].
On the basis of the data available, it appears that these
complexes have a tetragonally distorted structure. The
transition due to b,—b, (16,800-17,480 cm™'") is
taken as 10 Dq. Therefore the ligands could be ordered
according to their strengths as: SAAP > PyAAP >
FAAP > TAAP. This ordering may be attributed to
the effect of the moiety bonded to the azomethine
group [C;H,O (FAAP); C,H;N (PyAAP): C,H,O
(SAAP); C,H,S (TAAP)].

The spectra of [(PYAAP-H),VCl,] and [(SAAP-
H),VCl,] as Nujol mulls and as CH,Cl,/SOCL, (19: 1
V/V) solutions are identical and similar to those
reported for various dichlorovanadium(IlV) com-

plexes in an octrahedral ligand field [32]. The Nujol
mull spectra exhibit only two d-d transitional bands at
13,200, 13,400 and 16,100, 16,350 cm ™' for [(PyAAP-
H),VClL,] and [(SAAP-H),VCl,], respectively. The
third band may be buried under the intense absorption
originating at 20,000 cm~'. The two bands could be
assigned to b, — b} and b, — e¥ transitions, respec-
tively.
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