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tral and structural evidence in nickel(IT)'*® and cobalt-
(I1)’e complexes, mentioned above, indicates some dis-
tortion of the regular structure. The high values of the
extinction coefficients at the peaks in the spectra of the
vanadyl compounds may also be attributed to such
distortions.

Conclusions

The electronic characteristics of the substituents
R, R’ seem to be the main factor which governs the
stereochemistry of the complexes. Even when only
one of the substituents is an aryl group, the electron-
withdrawing effect on the 8 nitrogen prevents the co-
ordination of this atom to the central vanadium and
complexes with the same ligand are the result. When
the R, R’ groups have an electron-releasing effect, the 8
nitrogen becomes a strong donor, the Schiff base there-
fore functions tridentately, and hexacoordinate com-
plexes are formed. While in five-coordinate nickel(IT)
complexes with X-SALen-N(C.H;). the bidentate
ligand is a Schiff base, it is remarkable that with van-
adyl the bidentate ligand is a salicylaldehydo group.
This occurs even if the reaction is carried out using
stoichiometric amounts of preformed Schiff bases and
a vanadyl salt dissolved in aqueous ethanol. Part of
the Schiff base is hydrolyzed and the salicylaldehyde,
thus liberated, links itself to the vanadyl unit. The
low solubility of the mixed-ligand chelates in aqueous
ethanol is probably an important factor in directing the
reaction toward the formation of complexes of this

(15) L. Sacconi, P. L, Orioli, and M, di Vaira, J. Am, Chem. Soc., BT, 2059
(1865).
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type. The nature of the ring substituent X does not
seem to have any influence, in contrast to the behavior
of 'cobalt(II) and nickel(II) complexes with these
Schiff bases.

The Schiff bases with the terminal amino group
-NR, = -N(CH;)s, -N(CH,);5, ~N(CyHj;), deserve fur-
ther consideration. Among these, only the last does
not act tridentately but forms complexes with the same
ligand, in which the 8 nitrogen is not linked to the cen-
tral atom. If we arrange the various groups according
to increasing steric hindrance, the following order is
obtained: ”N(CH2)4 < -N (Csz)z < —N(CH2)5. The
series of increasing donor power of the nitrogen atom,
estimated on the basis of the pK values of the corre-
sponding amines HNR, in equilibria with the reference
acceptor NiDBH," is: HN(C.H;),; < HN(CH,): <
HN(CHy)s. It can be deduced that in the competi-
tion between the bulkiness and the electronic char-
acteristics of the substituents R, the latter predomi-
nates, enabling the nitrogen to coordinate in pyr-
rolidino and piperidino derivatives. In the case of a
terminal diethylamino group, on the contrary, the
donor power does not succeed in compensating for the
bulkiness of the two ethyl groups.
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The formation of mono- and diaddition compounds of pyridine with bis(dibenzoylmethano)oxovanadium was shown by
measuring the amount of pyridine adsorbed with a silica balance and by visible and infrared spectroscopy. While coordi-
nation of the first molecule of pyridine causes the V==0 stretching band to shift to lower frequency, further addition of the

second molecule of py ridine was found to cause a shift in the reverse direction.

An equilibrium constant for the monoadduct

of bis(dibenzoylmethano)oxovanadium with pyridine in chloroform solution was estimated from the visible spectra and was

compared with that for the acetylacetone chelate.

Introduction

Bis(acetylacetonato)oxovanadium and bis(benzoyl-
acetonato)oxovanadium have been established from
chemical and X-ray determinations to have a penta-
coordinated structure with a V=0 bond and two
chelate rings.2—* Pyridine coordinates to the vanadium

(1) Research Laboratory, Ishikawajima-Harima Heavy Industries Co.,
Ltd., Fukagawa-Toyosu, Koto-ku, Tokyo, Japan.

(2) R. P. Dodge, D. H. Templeton, and A. Zalkin, J. Chem. Phys., 88, 55
(1961).

atom, and the monoaddition compound of bis(acetyl-
acetonato)oxovanadium with pyridine has been known
and studied spectroscopically.5—7

(3) M. M. Jones, Z. Naturforsch., 12b, 595 (1957); J. Am. Chem. Soc., T6,
5995 (1954).

(4) P, K. Hon, R, L. Belford, and C. E, Pfluger, J. Chem, Phys., 48, 1323
(1965).

(5) K. Nakamoto, Y. Morimoto, and A. E. Martell, J. Am. Chem. Soc., 88,
4533 (1961).

(8) J. Selbin, L. H. Holmes, Jr., and S. P. McGlynn, J, Inorg. Nucl.
Chem., 28, 1359 (1983); J. Selbin, H. R. Manning, and G. Cessac, 7bid.,
26, 1253 (1963); J. Selbin and T. R. Ortolano, ibid., 26, 37 (1864).

(7) Y. Torii, Bull, Tokyo Inst, Tech., No. 89, 97 (1961).
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ELEMENTARY ANALYSIS OF VO(dbm), aND ITs MoNO AND D1 AppiTiIoN COMPOUNDS WITH PYRIDINE

V, % C, % ——H, % N, % .
Samples? Formula Found Caled Found Caled Found Caled Found Caled
a VO(CsH;COCH=COC¢H;), 10.20 9.94 70.85 70.18 4.77 4.29 .. ..
b VO(CsH;COCH=COCeH;);- 2C;H;N 70.48 71.53 4.86 4.80 3.88 4.17
c VO(CH;COCH=COCH;),- C:Hs;N Co o 69.88 70.94 4.56 4.59 2.62 2.36
d VO(CsH;COCH=COC¢H;); 10.05 9.94 71.16 70.18 4.48 4.29
n Samples a—d refer to the state shown in Figure 2,
In contrast to the vanadyl acetylacetone chelate, .
coordination of pyridine to bis(dibenzoylmethano)- N
oxovanadium [abbreviated as VO(dbm),] causes re- 1200
markable changes of the visible and infrared spectra.
Spectral as well as gravimetric studies of the VO-
(dbm),—pyridine complex revealed unexpectedly the 1000
formation of two types of addition compounds, evi-
dence for which will be presented iu this paper.
800
Experimental Section
Materials.—Bis(acetylacetonato)oxovanadium was prepared
according to the method described in Inorganic Syntheses.® 600
Bis(dibenzoylmethano)oxovanadium was prepared from di-
benzoylmethane and vanadyl sulfate which was prepared by re-
duction of vanadium pentoxide with hydrogen sulfide. A warm 400
alkaline ethanol solution of dibenzoylmethane was mixed with a
warm ethanol solution of vanadyl sulfate with stirring. Green
crystals formed; they were filtered, washed with ethanol and
water, and recrystallized from chloroform-ether solution. 200
Apparatus and Procedure. Adsorption Experiment.—A silica VO(dbmle
balance with a sensitivity of 0.97 mm/mg was used to determine
the amount of pyridine adsorbed by the crystals of bis(dibenzoyl- " L i L L |
methano)oxovanadiuin in a vacuum system. Pyridine was 550 600 700 800 900 my
dried over barium oxide and freed from air by a reported freeze- N
and-thaw method in the vacuum system at 1 X 1073 mm. 4OOL'
The weight change of the sample (30-50 mg) due to the sorp-
tion of pyridine vapor was followed by reading the elongation and
contraction of the silica helix with a cathetometer. The sample 500k 2
preheated at 150° and 1 X 1073 mm was used for the experiment.
A typical experiment is shown in Figure 2. Stage I shows the VOlacac)z
adsorption curve of pyridine vapor at room temperature, stage 1T | | | | ;
the desorption curve by heating the sample. The temperature 550 600 700 800 900 my

was raised at the rate of 1°/2 min. Stages III and IV repeat the
adsorption and desorption experiment; stage IV indicates the
second desorption follows a different course from the first. Fur-
ther adsorption and desorption follow the same pattern as III
and IV.

Microanalysis of the samples marked a, b, ¢, and d in Figure
2 was carried out, and the results are shown in Table I. The
vanadium content was determined by a spectrophotometric
method after the decomposition of the sample.

Infrared spectra were recorded with a Shimadzu IR 27 spec-
trometer equipped with a rock-salt prism. Figure 4 shows the
spectra in the CHCl; solution containing pyridine and Figure 3
shows the spectra in KBr disks. Visible and ultraviolet spectra
were measured with a Shimadzu SV-50A self-recording spec-
trometer.

Results and Discussion

In Figure 1 is shown the effect of solvents on the
visible spectra of VO(dbm); and VO(acac);. The
acetylacetone chelate in chloroform solution has two
maxima at 595 and 670 mp which shift in pyridine to
shorter and longer wavelengths at 575 and 760 mp.
VO(dbm), in chloroform shows two similar maxima at
610 and 670 my, but the spectrum in pyridine is quite
different. Whereas a new band is observed at 750

(8) R. A. Rowe and M. M, Jones, Tnorg. Syn., 5, 114 (1959).

Figure 1.—Visible spectra of VO(acac); and VO(dbm); in chloro-
form (curve 1) and in pyridine (curve 2).

mu as in VO(acac). in pyridine, a shorter wavelength
band is observed only as a shoulder at 493 mu on the
slope of a big ligand band at 350 mu (not shown in Figure
1). The result appeared to indicate a different effect
of pyridine coordination to VO(dbm), from that to
VO(acac), and prompted us to investigate the amount
and the mode of pyridine coordination to VO(dbm)s,.
Figure 2 indicates the result of a determination of the
amount of pyridine adsorbed by VO(dbm), VO-
(dbm), absorbs pyridine vapor rapidly as shown in
stage I in the figure. When pyridine vapor is pumped
off at room temperature the sample loses physically
absorbed pyridine and reaches an equilibrium weight
corresponding to the adsorption of two moles of pyridine
per mole of VO(dbm);. When the sample is heated
(stage II) it releases pyridine showing the desorption
curve in two steps and resumes the original weight of
VO(dbm), at 140°. The intermediary step roughly
corresponds to the adsorption of one mole of pyridine
per mole of VO(dbm),. When pyridine vapor is intro-
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Figure 2.—Thermogravimetric measurement of the amount of pyridine adsorbed on VO(dbm),:
I1I, second absorption; IV, second desorption.
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Figure 3.—Infrared spectra of VO(dbm); and its pyridine adducts
in KBr disks.

duced again (stage III), the sample absorbs pyridine
in the same manner as in the first absorption, but loses
pyridine differently. It loses more pyridine by evacua-
tion at room temperature compared with stage IT and
reaches a weight corresponding to the adsorption of
one pyridine per VO(dbm), and then loses the remaining
pyridine on heating.

This experiment suggests the existence of two types of

a) VO{dbmi,- Pyridine

I, absorption; II, desorptiom;

b3 VOlacac),-Pyridine
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Figure 4—Change of the infrared spectra of VO(dbm).: (a) and
VO(acac). (b) with addition of pyridine in chloroform.

pyridine adsorbed: omne molecule of pyridine is firmly
bound to VO(dbm). and the other is loosely bound,
The reason for the difference of desorption curves IT and
IV is not clear. A possible explanation is the change
of the crystalline structure after the first adsorption
experiment although we have not been able to get
conclusive evidence for this. Elementary analysis of
the samples labeled a, b, ¢, and d in Figure 2 shows that
samples b and c¢ correspond to di- and monopyridine
adducts as well as that the composition of the samples
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Figure 5.—Change of the visible spectrum of VO(acac), with addition of pyridine in chloroform. Molar ratio of Py/VO(acac)s:
Curve 1,0; 2,1:1; 3,2:1; 4,10:1; 5,50:1; 6,100:1.

(a and d) is identical before and after the adsorption
experiment. Samples a and d showed identical visible
spectra. Similar experiment with the vanadyl acetyl-
acetonate was not performed, since the acetylacetonate
sublimes on heating ¢» vacuo.

The comparison of the infrared spectra of solid
samples a, b, and c revealed interesting shifts on the
V=0 stretching band as shown in Figure 3. The
parent compound VO(dbm), (sample a) has a strong
absorption band at 997 cm~! which is ascribed to the
V=0 stretching frequency. In the spectrum of sample
b with the composition of VO{dbm). py the band at 997
cm~! decreases whereas a new strong band appears at
947 em~! with a small shoulder at 955 cm=!. Although
a weak band exists at 944 cm ™! in the parent compound
VO(dbm),, the new band at 947 cm~! is much stronger
and can be assigned to the V=0 stretching band
shifted by the coordination of pyridine. The similar
shift arising from addition of pyridine is observed in
many vanadyl complexes and is interpreted as a co-
ordination of a pyridine molecule to a vanadium atom
and the resulting loosening of the V=0 bond. In the
sample b, VO(dbm),2py, a new absorption band is
observed at 955 cm !, the V=0 band being shifted in
the reverse direction by the addition of one more mole-
cule of pyridine to the chelate. The band at 997 cm ™!
persisting in the addition products is considered to be
caused by the evacuation during the preparation of
KBr disks.

A similar trend is observed in the solution spectra of
VO(dbm), in chloroform containing wvarious molar
ratios of pyridine to the vanadyl complex (Figure 4).
The original V=0 stretching band at 1000 cm~! de-
creases with addition of pyridine and shifts first to 945
em~?! and then back to the higher frequency 951 cm™!
with further addition of pyridine. In the pure pyridine
solution no band is observed at 1000 cm ' and a single
strong band is observed at 959 cm 1.

In the case of acetylacetone complex the V=0 band
shifts from 995 to 964 cm~! by the coordination of
pyridine to vanadium but no further shift of 964 cm—*
band was observed.
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Figure 6.—Change of the visible spectrum of VO(dbm). with
addition of pyridine in chloroform. Molar ratio of Py/VO(dbm),:
Curve 1,0; 2,1:1; 3,2:1; 4,20:1; 5, 50:1.

Evidence supporting the formation of mono addition
compound of pyridine with the dibenzoylmethane com-
plex at low concentration of pyridine and the formation
of the second adduct at higher concentration was also
obtained from the visible spectra in Figures 5 and 6.
The extinction of the two absorption maxima of VO-
(acac)s in chloroform at 595 and 670 mu decreases with
the addition of pyridine, and new bands appear at
565 and 750 mu (Figure 5). Distinct isosbestic points
are observed at 530 and 710 mu which only slightly
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diverge at higher concentration of pyridine. In VO-
(dbm). the original two peaks at 610 and 670 mu be-
come flat by addition of smaller ratios of pyridine and
isosbestic points are observed at 605 and 725 mu (Figure
6). Further addition of pyridine causes the appearance
of a 750 mu band and the tremendous increase of the
shorter wavelength band with a shoulder at 495 my.
Deviation from the isosbestic point is significant in
this case, indicating the formation of the second adduct.

These spectral studies in the pyridine-chloroform
solution suggest the equilibria

K1
VO(dbm}, 4 py <= VO(dbm)-py (1)
Ko
VO(dbm)spy + py == VO(dbm).-2py (2)

In the range where isosbestic points are observed
equilibrium 1 is assumed to hold. Since pyridine
has no absorption in the visible region, one can calcu-
late K from the measurement of molar extinction co-
efficients at a wavelength knowing the concentration of
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pyridine and vanadyl complex.® The equilibrium con-
stant thus estimated for the dibenzoylmethane chelate
was 47 = 4 M~! and was three times as big as the
equilibrium constant®®:!! 17 = 2 A/~ for the acetyl-
acetone chelate.

We have presented the spectral and gravimetric
evidence for the existence of two types of pyridine
adducts with  bis(dibenzoylmethano)oxovanadium.
The first pyridine molecule may most probably co-
ordinate to the central vanadium atom but the mode of
addition of the second pyridine molecule is yet to be
solved. From the infrared shift of the V=0 stretching
frequency it seems reasonable to assume the second may
interact with the vanadyl oxygen atom from the other
side of the molecular plane.

(9) Japan Chemical Society Monograph, “Jikken Kagaku Koza’’ (“Tech-
niques in Chemistry”’), Vol. 3, Maruzen, Tokyo, 1937.

(10) Since we have completed our work an equilibrinm constant for the
system VO(acac)z—pyridine in benzene solution was reported.!! The value
reported is considerably higher compared with our result in chloroform; the

difference may be ascribed to the effect of the solvent employed.
(11) R.L. Carlin and F. A, Walker, J. Am. Chem. Soc., 8T, 2128 (1965).
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Infrared absorption has been used to study metal-ligand bonding in a systematic series of coordination compounds containing
pyridine, substituted pyridines, and quinoline as ligands; Cu, Ni, Co, Mn, and Zn as divalent ions; and Cl1—, NO;~, and

NCS8~ as anions.

Also, extensive series of copper chloride complexes with 4-substituted pyridines, monosubstituted methyl-

pyridines (picolines), and disubstituted methylpyridines (lutidines) have been examined. Both metal-anion and metal~
nitrogen {of the pyridine or quinoline ligand) stretching vibrations have been tentatively assigned. The metal stretching
vibrational bands usually changed in a systematic way with metal complex stability in aqueous solution, metal electronega-
tivity, and ligand base strength. When anomalous trends were found, steric factors related to the methyl group(s) probably

influenced band positionsin a consistent manner.

Introduction

Infrared spectroscopy has become increasingly im-
portant as a technique for studying metal-ligand
bonding int inorganic and coordination compounds.
New instrimentation and sampling cells have made it
relatively easy to investigate frequencies beyond the
sodium chloride range of 4000-667 cm~! Metal
stretching vibrations are now being observed directly in
the 500-200 cm~! region by workers interested in
studying stabilities of species containing metal-oxygen,
metal-halogen, and metal-nitrogen bonds.

In the present study, the region of most interest was
from 667 to 150 cm—! because absorption bands associ-
ated with metal-ligand bond-stretching vibrations are
generally in this range. The compounds selected for
study crystallize in the form ML,X,, wherea = 2 or 4

(1) Addresscorrespondence to this author,

and b = 2; M was a divalent transition metal ion (Cu,
Ni, Co, Mn, or Zn); L was pyridine, a monosubstituted
methylpyridine, a dimethylpyridine, a 4-substituted
pyridine (NH,, ¢-C;H;, Cl, CN, NO, derivative), or
quinoline; X~ was Cl—, NO;~, or NCS—.

Therefore, many combinations existed for investigat-
ing relative bond strengths and stabilities of complexes
by observing shifts of the metal stretching absorption
bands. Metal-ligand bonding in the above cases in-
volved the M-N (of the ligand ring), M—-Cl, M-O
(in nitrate), and M-N (in thiocyanate). A trend con-
forming to the classic Irving-Williams stability series
was found in most cases.? Irving and Williams re-
ported that the stability of high-spin complexes formed
by a ligand and divalent ions of the first transition

(2) H. Irving and R, J., P. Williams, J. Chem. Soc., 3192 (1953).



