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The complexes of vanadium (4) oxydichloride with tetrahydrofuran, ], 2 dlmethoxyethane
pyndme and picolines were prepared having general formulae VOC12L VOC12L” and VOCI, L 1”(here
L’ = tetrahydrofuran, and I’ = 1, 2 - dimethoxyethane, pyridine or picoline). The infrared spectra of
complexes were determined in nujol and hexachlorobutadiene (HCB) mull and assignments of vana-
dium - oxygen double bond v (V=0), vanadium - oxygen single bond v (V—0), vanadium - nitrogen
v (V=N), and vanadium - chlorine v (V—Cl) stretching vibrations were made. The electronic spectra of

complexes were determined in dimethoxyethane and toluene solution. The A e
of the complexes was shifted- to longer wavelength by less polar solvent. This red shift in the A

in electronic spectra
was

discussed by considering that the dipole moment of the complexes was changed during transrtron - The
possible structural formations of the complexes were proposed.

INTRODUCTION

Recent advances in polymerization catalysis have been
made using transition metal complexes to obtain a wide
variety of new polymers. The successive insertion of mono-
mer molecules between the carbon atom and the metal
atom of the catalyst has been responsible for the produc-
tion of polymers and copolymers of various stereospecific
nature. This stereospecificity of polymers has been strongly
influenced by the exact nature of the coordination catalyst
used.

Complexes of transition metals with a wide variety
of ligands have been reported in the literature [1, 2). Of
particular interest are the complexes of vanadium (4)
oxydichloride with various electron donating ligands.
Vanadium (4) oxydichloride complexes with monodentate
ligands other than water have been first reported by Funk
- and his co-workers [3, 4]. In fact vanadium (4) oxydi-
chloride complexes have been prepared adopting different
procedures. Feltz [S] prepared the complexes of VOCI,
with dioxane and acetonitrile having a general formula
VOC12L2 by the partial hydrolysis of VCl, in the ligand
solutions. Kern [6] and Saito [7] have reported the pre-
paration of VOCl, (C,Hg0), by the air oxidation of
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va, (C,H g0); in the presence of moisture. Baker er al.
[8] reported the preparation of VOC1 complexes by
the reduction of vanadium (5) oxytnchlonde with mono—,
di—, or trimethylamine and a range of thioethers.

An extensive infrared study on VOCl, complexes has
been undertaken by many researchers [S, 6, 8—13] but
even then the far infrared region (650—200cm™) has yet
to be explored. They all reported that the stretching
frequencies of vanadium - oxygen double bond, » (V=0)
should be found between 900 and 1100cm’! depending
on its environment. The persistent behaviour of the
v (V=0) stretching frequencies in oxovanadium (4) species

makes it possible to study the bonding structure of comp-
lexes of this dlelectron system.

The electronic spectra of several oxovanadium (4)
complexes [12] have been investigated at room tempera-
ture in the spectral region of 1200 to 350 nm. In general,
three low intensity absorption bands (ligand field bands)
have been observed between 909 to 625 nm, 690 to 526 nm
and 476 to 333 nm, respectively. The last band usually
overlaps a high intensity charge transfer band and, there-
fore, appears as a shoulder rather than a distinct absorption
peak. The electronic transition of the oxovanadium (4)
species depends on their environment. The published
data [12] on ‘the electronic spectra of oxovanadium (4)
complexes is still limited to establish the effects of sol-
vent on these species.
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In this author’s previous paper [14, 15] have been
reported the reduction of vanadium (5) oxytrichloride by
sulphur to vanadium (4) oxydichloride and henceforth
the reactions of VOCI, with various organic ligands. The
complexes of VOCI, with tetrahydrofuran, dimethoxy-
ethane, pyridine and picolines having general formulae
VOCL L’ ,, VOCL,L"and VOCl, 17 L" are now presented.
Infrared and electronic spectra of the complexes are dis-
~ussed in detail and the structural formations are predicted.

MATERIALS AND METHODS

Vanadium oxytrichloride (K. Light & Co. Ltd.) was
purified by fractional distillation under reduced pressure
in an anhydrous atmosphere.

Sulphur flowers (Fluorochem Ltd.) were dried at 60°
for 48 hr. and then flushed with',dry nitrogen for one hr.
prior to use. '

Tetrahydrofuran, 1, 2 - dimethoxyethane, hexane,
toluene, pyridine and picolines (BDH Laboratory Reagents)
were purified as described in a previous paper [15].

1. VOC12(C4H1002): This complex was prepared by the
reaction of VOCl, and 1, 2 - dimethoxyethane. Vanadium
(4) oxydrichloride used in this experiment was prepared
from vanadium (5) oxythrichloride by the reduction of sul-
phur as described in the previous paper [15]. A mixture of
5 g. VOC, and 250 ml of pure 1,2 dimethoxyethane (DME)
was refluxed in a three-necked R.B. flask under the atmos-
phere of pure nitrogen for 5 hr. The reaction mixture was
then filtered while hot and the residual green material was

thoroughly washed with pure DME. It was then dried under

high vacuum condition (~1 07 torr). The vocl, (C,H,,
0,) complex thus prepared was stored in an air-tight flask
in a dry box, prior to use in further tests.
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2. VOCl,(C,Hg0) (C4H,(0,): This complex was
prepared by the reaction of VOCI, (C,Hg0), and DME
adopting two slightly different procedures. vocl,
(o 4H80)2 used in this experiment was prepared by the
reaction of VOCI, with tetrahydrofuran as described in
the previous paper [15]. 1. A mixture of 9.9 g. of VOCI,
(C4Hg0),, 6.3 g. of DME and 100 ml of pure tetrahydro-
furan was charged in a three-necked R.B. flask and stirred
for 1 hr. in an atmosphere of pure nitrogen. The reaction
mixture was then allowed to stand for 16 hr. During this
time- the precipitate of VOCl, (C 4Hg0) (C H; 002)
appeared and it was filtered and dried under high vacuum
conditions. 2. In the second experiment DME was used
as a ligand as well as a solvent. Thus VOCL, (C,Hg0),,
5 g., and 100 ml of DME was stirred in a three-necked
R.B. flask in an atmosphere of nitrogen. The reaction was
observed by the gradual change of colour from green,
vocl, (C“HSO)2 to purple VOCI, (C4H80)(C4H1002)
which reached completion within a few minutes. The
excess DME was filtered off and the residual material was
dried under high vacuum conditions. ‘

voCl, (C,Hg0) (C4HgN): This complex was pre-
pared by the reaction of VOCI, (C,HgO), and pyridine
in tetrahydrofuran. A mixture of VOCI, (C,Hg0),,
5.64 g, and pyridine 1.58 g, 1:1 molar ratio in 50 ml of
pure tetrahydrofuran was stirred for 3 hr. under the atmos-
phere of nitrogen. The reaction mixture was then allowed
to stand for three days. During this time solid VOCI,
(C4HgO) (C4HgN) appeared, which was recovered by
filtration. The complex thus prepared was dried under
high vacuum conditions and then stored in an air-tight
flask in a dry box before further use.

vocl, (C,HgO) (@ — C¢H,N), vOCl, (C4Hg0)

Table 1. Yield and Analytical Data for the Complexes of Vanadium (4) Oxydichloride.

Compound* Yield C% H% N% Cl%
% Calcd. Found. Calcd. Found. Calcd. Found. Calcd. Found.

VOC12(C4H80)2 53 341 339 5.7 5.7 - - 252 25.2
VOClz(C4H1002) 85 210 196 43 4.0 - - 312 315
VOClz(C4H80) (C-4H1002) 95 320 320 6.0 5.9 - - 237 239
VOC]Z(C4H80) (C5H5N) 90 374 374 45 4.6 4.8 48 246 25.0
VOC12(C4H80) (a—C6H7N) 93 396 396 5.0 54 4.6 4.7 234 23.7
VOClz(C4H80) (B—C¢H,N) 94 396 395 5.0 53 4.6 49 234 234
V0C12(C4H80) (v—C¢H,N)- 92 396 398 5.0 4.8 4.6 54 234 239

- 2 - : .
Here C4H8 O is tetrahydrofuran, C4H1002 is 1, 2-dimethoxyethane, CSHSN is pyridine and a — , 8 — ,and 7—C6H7N

are picolines.
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(8 — CH,N) and VOCI, (C,Hg0) (v — CgH,N) were
prepared by the reaction of VOCI, (C‘.'HgO)2 with the
repective picoline in tetrahydrofuran using the same molar
ratio of the reactants and the procedure as described for
the preparation of VOCI, (C 4H80) (C HSN).

Elemental analyses were carried out on all the com-
plexes for carbon, hydrogen, nitrogen and chlorine. The
results are summarised in Table 1.

Infrared spectra of all the complexes were recorded
in nujol and HCB mulls using a Perkin Elmer Model 621
Spectrophotometer. The mull was always prepared in a dry
box to avoid contamination of the complex with atmos-
pheric moisture. The values of diagnostic infrared absorp-
tion frequencies (cm™) and band assignments of the
complexes are given in Table 2. The frequencies given
should be considered accurate to + 2cm™. :

The electronic spectra of the complexes were measured

in a closed absorption cell apparatus, consisting of a 10 mm
path length quartz cell. The samples were weighed in an
air tight ampoule and the solutions were then prepared in a
dry box using pure toluene and DME. The spectra were
recorded using Unicam SP 700 Spectrophotometer. All
the results are summarised in Table 3.

DISCUSSION

Vanadium (4) oxydichloride complexes having a
general formula VOCl, L L were prepared by the reac-
tion of VOCl, (C4HgO), and pyridine or picolines in
tetrahydrofuran. A similar procedure has been adopted for
the preparation of VOCl2 complexes with pyridine and

picolines having general formulae, VOCI, L, and VOCI, L,

in the previous paper [15] but here 1:1 molar ratio of vocl,
(C4Hg0), to ligand was used to replace only one molecule

Table 2. Infrared Absorption Frequencies ( em’! ) and Bond Assignments for the Complexes
of Vanadium (4) Oxydichloride.

y (V=0). v(V —N). v(V —Cl). y(V —=0)or
Compound y(V—=N)or
p(V =CI).
voCl, (C4Hg0), 902(S) e 376(S) 282(m)
327(S) 238(m)
voci, (C4H,,0,) 900(S) - 366(S) 440(m)
350(Sh.) 322(m)
298(m)
vocl, (C,Hg0) (C,H, ,0,) : 972(S) - 390(sh.) 680(m)
340(S) 552(m)
405(S)
266(m)
VOCl, (C,Hg0) (CsH N) 985(S) 440(S) 362(S) 642(S)
442(S) 313(S) 280(m)
225(m)
vocl, (C,Hg0) (Y-C¢H,N) 1010(S) 444(S) : 384(S) 648(m)
312(S) 340(m)
290(Sh.)
vocdl, (C,Hg0) (B—C4H,N) 982(S) 418(S) 377(S) 345(S)
312(S) 276(m)
VOCl, (C4H0) (y—C¢H,N) 985(S) 552(S) 380(S) 350(S)
492(S) 310(S) 380(m)
366(Sh.)

S = strong, m = medium and Sh. = shoulder.
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Table 3. Colour and Electronic Absorption Spectral Values of the Complexes of Vanadium (1v)

Oxydichloride.

Compound Colour  Solvent Amax. €A max. Amax. €Amax. Amax.

(am) (nm) (nm)

voci, (C,Hg0), - Green DME 683 173 820 136 351(Sh)

Toluene 725 — 795 - 480

voal, (CH, ,0,) ' Green DME 676  34.1 775 30.8  705(Sh.)
Toluene - - - - -

VOCIZ(C4H80) (C 4H1 002) Purple = DME 676 2157 814 18.1 345(Sh.)
Toluene 730 - 795 - -

vodi, (C4H80) (C5HsN) Green = DME 714 237 820 253 702(Sh.)
Toluene 733 - 820 - -

voci, (C4H80) (‘y—CGH7 N) Green  DME 683 40.6 863 422 377(Sh.)
Toluene 782 — - - -
vocl, (C4H80) (B—C6H7N) Green DME 686 31.7 827 28.7 -
Toluene 736 - 833 - R

vodi, (C, HBO) ('y—CﬁH7 N) Blue DME 718 26.8 820 29.2  645(Sh.)
‘ Toluene 725 - 820 - -

Sh = shoulder

of tetrahydrofuran by the stronger field ligand pyridine -

or picoline. It seems very unlikely from the results that
the end product of the reaction between VOCI, (C,Hg0),
and pyridine/picoline contains a mixture of VOCI,
(CsHgN)/VOCl, (C6H7N)2 and unreacted VOCI, (CsH;0),
because the VOCl, (C,Hg0), complex is very soluble
in tetrahydrofuran and can easily be separated by fil-
tration while VOCI, (C4H80)(C5 HSN) and VOCl,
(C4HgOXC4H,N) are insoluble and can only be purified
by washing with tetrahydrofuran.

It was found in the preparation of the VOCI,
‘(C4H80)(C4H1 00,) complex that one molecule of tetra-
hydrofuran from VOCl, (C,HgO), can be replaced by
one molecule of DME and furthermore DME behaves as
a monodentate rather than a bidentate ligand. The slightly
higher value of dielectric constant of tetrahydrofuran
(7.39) than DME (7.2) at 25° does not explain these
results. However, it is known [16] that DME due to its
probable bidentate behaviour acts as a much more power-
ful coordinating agent than tetrahydrofuran. In fact the
formation of VOCl, (C,H,,0,) complex explain the
bidentate ligation of DME.

In the previous paper [15] this author has described
the preparation of VOCl, (CsHgN), by the reaction of
VOCl, with pyridine under very mild experimental condi-

tions but to prepare a VOCl, complex with four mole-
cules of tetrahydrofuran or DME was not possible even
under the relative harsh experimental conditions (reflux
temperature). These results can be explained by consider-
ing that the coordination of a Lewis acid (VOCl,) with
a ligand depends mainly on the ligational strength of the
ligand, and in other words, the electron-pair donating
ability of the Lewis base. Infrared absorption frequencies
(em™!) for (V = 0) are listed in Table 2 for VOCl, com-
plexes. The vanadium - oxygen multiple bond, AV = 0)
stretching frequencies are the most significant in the
infrared spectral studies. of the complexes. The strong
absorption bands appearing in the frequency region of
900 to 1010cm™ can be considered the diagnostic bands
showing the presence of vanadium - oxygen multiple bond.
The variation in (V = 0) stretching frequency depends on
its environment. The stretching frequencies of vanadium -
oxygen multiple bond WV = 0) observed for the VOCI,
complexes with oxygen, and with both oxygen - nitrogen
containing ligands suggest that the shift to higher fre-
quencies for the latter set of complexes is due to the
transfer of increasing amounts of charge onto the vanad-
ium by ligands of increasing donor strength. The KV = 0)
variation found for VOCI, (C,H30), and VOCI, (C4Hg0)
(C4H,(,0,) complexes might be explained by considering
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the caging effect of the bulky ligand molecule over (V =0)
species. This caging effect is also quite significant in pico-
line complexes where »(V =0) for VOCI, (C,Hg0)
(a—C6H7N) is 1010cm™! as compared to 982 and 985¢cm’!
for an equivalent complex of f—, Y—picoline, respectively.
The vanadium - oxygen single bond stretching frequen-
cies, (V — 0) are also listed in Table 2 for all the com-
plexes. The investigation of these bands is of considerable
importance because it provides information about the
nature of metal - oxygen bond. In fact it has been reported
by Nakamoto et al. [17] and Gamo [18] in their infrared
study of inorganic salts with coordinated water that the
metal - oxygen bands in the NaCl region were observable
only when the water molecules were linked to the metal
by fairly (covalent, bonds and also to the outer ion or the
ligand of the neighbouring complex by strong hydrogen
bonds. They assigned these bands varying from 880 to
650 cm™.. The fact that no explanation has been offered
with respect to the frequency spread may be due to in-
sufficient data. The vanadium - oxygen stretching bands
are observed at 870 to 845 cm™! for VOCl, complexes
with oxygen containing ligands. The vanadium - oxygen
stretching frequency spread found for these complexes
is very small compared to its reported [19] spread for
various complexes of transition metals with coordinated
water. There may be several reasons responsible for this
frequency spread, e.g. (1) oxidation state of the metal
ion, (2) size of the metal ion, (3) environment of the
metal ion, and (4) the covalent nature of the metal to
oxygen bond. The shift to lower frequencies of v (V — 0)
stretching observed for the complexes having a general
formula  VOCIL, 1“L’can be related to the ligand L'in the
following order: a — picolme < {3 picoline <7 pico-
line = pyridine. :
The vanadium - nitrogen, {V — N) stretching fre-
quency is of significant importance too, because it pro-
vides valuable information about the coordinate bond.
The iV — N) should appear in the lower frequency region
because of the relatively heavy mass of the coordinate
bond. The bond assignments for v(V — N) stretching vib-
rations of the VOCl, complexes are given in Table 2.
The V — N) stretching frequencies found for these
complexes correspond to the values reported in the pre-
vious paper [15] for the VOCl, complexes of respective
ligands with a maximum difference of * 2cm’L. In accord-
ance with these results it can be suggested that the (V — N)
stretching frequencies in pyridine and picoline complexes
_are not apparently dependent upon the environment of the
vanadium ion as is the case in metal - aniline complexes
[20]. The frequencies designated for (V — N) modes are

in good agreement with the predictions of Bicelli [21]
which were based on an empirical relationship involving
the carbon - nitrogen bonds in the pyridine ring.

The fourth series of bands under discussion are the
vanadium - chlorine, AV — Cl) stretching modes. The metal
- halogen stretching bands can be very useful to determine
the structure of a complex by comparing the number of
observed bands with that predicted from Group Theory
[19]. The (V — Cl) stretching frequency bands are observed
in the CsBr region at 390 to 310 cm! for all the com-
plexes (Table 2). The observed (V — Cl stretching fre-
quencies are in agreement with the reported values of
various metal - chlorine terminal bands for tetrahedral
complexes [19, 22—24]. '

The other bands observed in the far infrared region
for the vanadium (IV) oxydichloride complexes are often
of low intensity. The frequencies of these bands are not
dependent upon the chlorine which is attached to the
vanadium or upon the particular ligand under investigation.
Therefore, it is not possible at this stage to make a more
precise identification of the vibrations responsible for these
bands.

In order to establish the effect of solvent on the
electronic spectra of vanadium (4) oxydichloride comp-
lexes, the spectra are studied in DME and toluene. In
general, two low intensity absorption bands are observed
at room temperature in the spectral region at 676 to
782 nm, 775 to 827 nm and a shoulder at 345 to 377 nm.
In the spectra of some complexes a shoulder is also ap-

~ peared at 645 to 705 nm (Table 3). The absorption band

appearing at 676 to 782 nm is of significant interest be-
cause it provides information about the solvation energies.
of the complexes at ground and excited states. A signifi-
cant red shift observed in this spectral region for all the
complexes in toluene can be explained by considering the
change in dipole moment during the transition. It is known
[25] that a molecule that is polar in its ground state will
have in its excited state an altered dipole moment which
may be greater or less than the ground state moment.
The decrease for the vanadium (4) oxydichloride complexes
with respect to dipole at the excited state results in the
decrease of solvation energy for this state relative to the
ground state through the dipole polarisation forces. Con-
sequently, a blue shift in the solution spectra of complexes
will appear depending on the refractive index of the solvent
and on the change in the dipole moment of the complex.
This shift should overlap the polarisation red shift and the
resultant shift may be either red or blue depending on the
relative magnitudes of two effects. On the other hand, if
the dipole moment of the complexes increases during the
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transition, the solvation energy of the excited state will
increase relative to the ground state and hence the solution
spectra of the complexes will shift to the red by an amount
depending on the refractive index of solvent. The spectro-
scopic investigations in conjunction with the elemental
analyses of the complexes have the stoichiometry VOCI, L,
are in agreement with the reported structural formation of
VOCl, (NMe,), [8, 26].

Nitrogen containing

O ligand
a -
V-— O
v o
Qi

Oxygen containing

ligand
voct, UL
\ (l)(‘H3 CH,
OCI-!3 CH2
voct, L

The structural formation of VOCL, (C4H,,0,) com-
plex where DME behaves as a bidentate should be a twisted
form of structure as described for voci, {55 o
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