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TaBLE VIII C. The Over-all Structure.—As is shown in Figure

THE HYDROGEN BONDING® 4, the cation is surrounded by sulfate groups and water

From To  Dist, A From To Dist, & molecules, and all of these groups are held together by

N(@)  0(7),a 3.00 N@) 0(@)a 3'12 an intricate network of hydrogen bonds. The hydro-

88 S 3(2)32, 0ds), e 3. gen-bonding scheme is summarized in Table VIII,

N(2) 0(8): a 3:07 N(7) 0(12), a 3.08 which lists the short N~O or C-O distances which we

0(6).,d 8.12 0(9), c 2.91 have interpreted as hydrogen bonds. The hydrogen

0(5),c 2.06 O(11), a 3.26 atomns themselves were positioned from difference maps

N@) O@),c 3.07 N@B) 00)c¢c g g? and in most cases their positions were unambiguous;

822;’3 3'38 0a3), e ' where there was any doubt as to the placement of a

N@4)  0(10),a 3.07 N@) O@) c 308 hydrogen atom, the potential hydrogen bonding was

0(8),a 3.29 0(14), ¢ 3.08 considered. All but three of the ammine protons are

O(4),c 3.12 [0(8), O(10)}, 2  3.07 involved in the hydrogen bonding, and all of the sul-

NE)  0@) e 2.9 N@10) O(12) a 2.98 fate oxygen atoms appear to accept at least two and
0(6), d 3.04 0(11), ¢ 3.16

0(14), d 3.10 usually three hydrogen bonds. The water molecules

o(11) 0@2),a 2.82 013) OB)a 9 81 each accept two hydrogen bonds from ammine groups

o(7),a 2.90 0(10), ¢ 2.77 (or water) and donate two to sulfate groups (or water).

0(12) O(11),a 2.73 0O(14) O(4),a 2.85 Thus the structure appears to involve a very efficient

0@®)c 2.78 0(6), b 2.74 use of the available donors and acceptors, just as did the

@ The atom listed in column 1 has coordinates as given in
Table III. The symmetry transformation given after the atom
listed in column 2 applies to its coordinates. These transforma-
tions are: (a) x, ¥, z; (b) —x, —y, —z; (¢) o + x, /2 — ¥,
vy 4 2y (d) /2 — x, /s 4+ ¥, /2 — 3, or integral unit-cell transla-
tion variants of these.

cipal axes of vibration very nearly in the plane of the
circle they define and tangent to that circle.

structure of the sulfate of the superoxo-bridged cation.
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Spectral Properties of Oxovanadium(IV) Complexes. 1.
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Recetved Oclober 17, 1967

The spectral properties of oxovanadium(IV) complexes of the g-ketimines bisacetylacetoneethylenediimine, bisbenzoyl-
acetoneethylenediimine, bisacetylacetone-1,2-propylenediimine, and bisbenzoylacetone-1,2-propylenediimine have been
studied. The visible electronic spectra, 10-25 kK, were measured with the materials in tolene, tetrahydrofuran, pyridine,
chloroform, and ethanol solution. The positions of the prominent ligand field bands at ~16.4 and ~18.0 kK are nearly the
same for all the complexes. -Only small solvent effects are noted. These do not parallel donor strength of the solvent but
appear to be more dependent on hydrogen-bonding and dielectric constant effects, Electron spin resonance spectra have
been measutred with the complexes in solution and in the frozen solid state. The g values, go = 1.974, gj; = 1.954, and g, =
1.984, are the same for all complexes in every solvent examined. The vanadium nuclear hyperfine splittings, 4o = 103.8-
99.4, 4| = 183-176, A, = 6461 G, vary only slightly with substituent. Solvent effects are small and can be interpreted
in the same way as for the visible spectra. The electronic structure of the 8-ketimine complexes is discussed by comparison

to those of the B-diketone and porphyrin complexes.

Introduction

The occurrence of vanadium in petroleum is wide-
spread.? - Knowledge about the chemical nature of the
metal atom is prerequisite to understanding not only
the role that the metal plays in the origin of petroleum,
but also to determine how to remove this deleterious

(1) Presented at the 154th National Meeting of the American Chemical
Society, Division of Inorganic Chemistry, Symposium on Unusual Coordi-
nation Polyhedra, Chicago, Ill,, Sept 10~15, 1967.

(2) O. A, Radchenko and L. S. Sheshina, T». Vses. Nefl. Nauchn.-Issled.
Geologorazved. Inst., Geol. Sb., 88 (1), 274 (1855).

element from petroleum products. To a very large
extent the vanadium is concentrated in the solid,
asphaltic fraction of petroleum? as oxovanadium(IV)
complexes, which are classified as either porphyrint* or
nonporphyrin. Nonporphyrin vanadium complexes
have never been successfully isolated and the ligand
atoms bound to the metal in these compounds are un-

(3) A.J. Saraceno, D. T. Fanale, and N. D. Coggeshall, Anal. Chem., 88,
500 (1961).

(4) E. W. Baker, T. F. Yen, J. P. Dickie, R. E. Rhodes, and L. F. Clark,
J. Am. Chem. Soc., 89, 3631 (1967).
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known. It has been suggested that nonporphyrin vana-
dium is bound to heteroatoms such as nitrogen, oxygen,
and sulfur in the polyaromatic portion of asphaltene.®

Electron spin resonance spectroscopy represents the
best way of observing oxovanadium(IV) in petroleum,®
and, ultimately, it could be used to learn how nonpot-
phyrin vanadium is bound. Even though the coordina-
tion chemistry of the oxovanadium(IV) ion continues
to be of interest,”® there are not enough suitable
model compound data available to correlate the esr
parameters with the ligand atoms bound to the metal.
The esr properties of oxovanadium(IV) complexes of
B-diketones® (four oxygen donors) and porphyrins
(four nitrogen donors) have been studied.’ On the
other hand, complexes of similar pseudo-aromatic
ligands with mixed donor atoms, e.g., nitrogen—oxygen,
oxygen—sulfur, and sulfur-nitrogen, have not been
investigated. We propose to synthesize model com-
pounds with these ligand systems bound to oxo-
vanadium(IV) and to study their esr spectra as well as
other relevant spectral properties.

Although oxovanadium(IV) complexes with nitrogen—
oxygen donors (3-ketimines) have been reported,™
the electronic properties of these low-symmetry com-
pounds are unknown. We wish to report here some
results on the spectral properties of J-ketimine-
oxovanadium(IV) complexes. A structural representa-
tion of the compounds studied and their abbreviations
are given in Figure 1.

Experimental Section

Materials.—All chemicals were reagent grade and were used
without further purification. Solvents were freshly distilled
before use. Chloroform was washed with water several times
to remove ethanol and dried. Ligands were prepared by the
condensation of acetylacetone or benzoylacetone with ethylene-
diamine or 1,2-propylenediamine as previously described by
Martell.!2 The compounds gave satisfactory melting points and
elemental analyses.

Coordination compotnds were prepared by following the gen-
eral procedure of Martin and Ramaiah.!’®* Both 0.01 mol (2.7
g) of bisacetylacetonatooxovanadium(IV) and 0.012 mol of
the appropriate ligand were intimately mixed together and placed
in a 25-ml round-bottom flask. The flask was attached to a
cold trap and then to a vacuum pump. The mixture was heated
at 250° for 3 hr under vacuum during which time acetylacetone
distilled off. The solid product was then removed from the
cooled flask and extracted several times with ether. The gray-
green powder was then placed in a Soxhlet apparatus and ex-
tracted with toluene or chloroform and the undissolved residue
was discarded. The impure product was isolated from the solu-
tion and then recrystallized from boiling toluene or chloroform.
The pure solid was dried at 60° under vacuum for 24 hr.

Spectral Measurements.—Infrared spectra were obtained with
a Beckman IR-4 spectrometer. Samples were dispersed in Nujol
and placed between rock salt plates or dissolved in dimethyl-

(5) T. F. Yen, J. G, Erdman, and A. J. Saraceno, Anal. Chem., 34, 694
(1962).

(6) D. E. O'Reilly, J. Chem. Phys., 29, 1188 (1958).

(7) J. Selbin, Chem, Rev., 68, 153 (1965).

(8) J. Selbin, Coord. Chem. Rev., 1, 293 (1966).

(9) 1. Bernal and P. H. Rieger, Inorg. Chem., 2, 256 (1963).

(10) J. M. Assour, J. Chem. Phys., 43, 2477 (1965).

(11) D.F. Martin and K. Ramaiah, J. Inorg. Nucl. Chem., 27, 2027 (1965).

(12) P. J. McCarthy, R. J. Hovey, K. Ueno, and A, E. Martell, J. 4Am.
Chem. Soc., TT, 5820 (1955).

(13) K. Ramaiah and D. ¥, Martin, J. Inorg. Nucl. Chein., 27, 1663 (1965).
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Figure 1.—Structural representation of oxovanadium complexes
of 8-ketimines.

formamide and placed in a sodium chloride cavity cell (0.10 mm).
Electronic spectra were obtained at room temperature with a
Beckman DK-1 recording spectrophotometer equipped to read
directly in wave numbers. Samples were dissolved in the ap-
propriate solvent and the solutions (1-10 X 1073 M) were placed
in 10-mm (or longer) quartz cells. Stock solutions were diluted
to obtain spectra in the ultraviolet region. Esr spectra were taken
with a Varian V4502 X-band spectrometer system with a 12-in.
magnet and ‘‘Fieldial.”” A rectangular dual cavity was used
with 100-kHz magnetic field modulation at the sample and 400-
Hz modulation at the reference. The reference material used
was DPPH, 1078 M in benzene. The solutions, ~2 X 10~% M,
were freshly prepared and observed at 20° or they were quick
frozen and ohserved at —150°. In the case of the tetrahydro-
furan solution, the samples were prepared and sealed in an esr
tube in the absence of atmospheric gases. The spectra were
recorded at least twice for each sample and two different samples
of the same material were also used. The reproducibility from
sample to sample was better than =0.001 for the g values and
better than +£0.5 G for 4¢ and =1 G for 4,. Mass spectra
were obtained at 10 eV and 150° with an AEI MS-9 mass spec-
trometer equipped with a direct-insertion probe. Magnetic
susceptibility measurements were carried out with a Faraday
balance using platinum metal as a standard.

Results

The §-ketimine complexes of oxovanadium(IV) were
prepared by the ligand-exchange method of Ramaiah
and Martin.?® All but [VO(bzen)] have been previously
reported. Analytical data for the materials are listed
in Table I.** In no case were solvated complexes
obtained. Low-voltage mass spectra gave parent
peaks at the appropriate molecular weight and indicate
that higher molecular weight materials were not present
to a significant extent. Ultraviolet and infrared spec-
tral properties agree with those already published.!?
Infrared spectra of the complexes were recorded in the
650-4000-cm™! region. The compounds were dis-
persed in Nujol as well as dissolved in a coordinating
solvent, dimethylformamide. In both cases for all of
the complexes the vanadium-oxygen stretching fre-
quency appears at 982 = 3 ecm™1,

Electronic absorption spectra were obtained in the
10.0-25.0-kK region for each complex in a variety of

(14) Elemental analyses performed by Product Services Division, Gulf
Research & Development Co., Harmarville, Pa.
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TABLE I

ANALYTICAL DATA FOR COMPLEXES

Elemental analyses, %

C H N Mol Mp, Magnetic
Compound Formula Caled Found Caled Found Caled Found wt °C moment,* BM
VO(acen) Ci2HisN20sV 49.8 50.1 6.3 6.3 9.7 9.2 289 236 1.76
VO(acpn) CisHgHo05V 51.5 51.4 6.6 6.4 9.2 9.2 303 199 1.73
VO(bzen) CoaHanNOsV 63.6 63.9 5.8 5.2 6.8 6.7 413 >300 1.75
VO(bzpn) CosHaNoOsV 64.6 65.4 6.1 5.8 6.6 6.3 427 271 1.84
@ At 19°.
solvents. The frequencies of the two main visible TasLE 11

absorption maxima and their energy difference D1y 111
are listed in Table II. Typical electronic spectra are
shown in Figure 2. In gemneral, the visible spectra show
two closely spaced, broad maxima of nearly equal in-
tensity at 16.1-16.5 and 17.5-18.2 kK (e ~70). In
addition, a shoulder appears on the red side of band I at
13.0-14.0 kK (e ~20) and on the red side of the intense
ultraviolet ligand band at 23.0-24.0 kK (e ~80). In
some cases the two main absorptions, as well as the
shoulders, are not resolved and only one broad maxi-
mum appears in the spectrum. Band IT undergoes a
blue shift, and band III undergoes a red shift in going
from both the ethylenediamine to the propylenedi-
amine and from the acetylacetone to the benzoyl-
acetone compounds. The result is that the energy
separation between the two bands decreases for both
substituents. The spectra of the complexes show
characteristic shifts in going from poor or non-
coordinating solvents to good coordinating or hydrogen-
bonding solvents. Band II undergoes a red shift and
band III a blue shift; consequently, Dir, 11 increases
in the order ethanol > chloroform > pyridine > tetra-
hydrofuran > toluene. It is not possible accurately to
ascertain substituent or solvent effects on the position of
the shoulders at 23-24 and 13-14 kK owing to the
band overlap and broadness.

Magnetic susceptibility measurements were made
for these solid complexes. Effective magnetic moments
are listed in Table I. After the appropriate dia-
magnetic correction the values lie in the range 1.73-1.84
BM, close to the spin-only value for a d! case.’® Elec-
tron spin resonance spectra were determined with the
complexes in a variety of solvents. The nuclear g
values and vanadium nuclear hyperfine splitting con-
stants, 4, are collected in Table III. A typical iso-
tropic spectrum with the coniplex in solution, at 20°,
is given in Figure 3. Also a typical anisotropic spec-
trum with the complex in the frozen solid state, at
—150°, is shown in Figure 4. The g, values were de-
termined from the isotropic spectra and second-order
corrected.’® The g values were determined from the
anisotropic spectra by the method of Kuska.”” The
g, values were calculated from g, and g;. The A4,
A, and 4 | values were determined in a way analogous
to that used for the g values.

The g values are, within our error limits, independent

(15) A. P. Ginsberg, E. Koubek, and H. J. Williams, Inorg. Chem., B,
1656 (1966).

(16) R. Wilson and D. Kivelson, J. Chem. Phys., 44, 154 (1966).

(17) H. A. Kuska, Ph.D. Thesis, Michigan State University, 1865.

VISIBLE ABSORPTION MAXIMA FOR COMPLEXES
IN VARIOUS SOLVENTS®

Complex Solvent 11 III D
VO(acen)  Toluene ~16.5b 17.7 1.2
Tetrahydrofuran ~16.5 17.7 1.2
Pyridine 16.3 18.0 1.7
Chloroform 16.1 18.0 1.9
Ethanol 16.1 18.2 2.1
VO(acpn)  Toluene 17.2
Tetrahydrofuran 17.2 cen .
Pyridine 16.5 17.9 1.4
Chloroform 16.3 17.9 1.6
Ethanol 16.2 18.2 2.0
VO(bzen) Toluene - Ce c
Tetrahydrofuran ~16.4 17.4 1.0
Pyridine ~16.4 17.5 1.1
Chloroform ~16.4 17.4 1.0
Ethanol N
VO(bzpn) Toluene 16.9
Tetrahydrofuran 16.8
Pyridine 16.7
Chloroform 16.8 o .
Ethanol 16.1 17.5 1.4
@ Values in kilokaisers. 1 kK = 1000 cm~!. ? Shoulder.
[VO(ccen)]
100 in E1OH (—)
in THF (=) N
\
B / \ /
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Figure 2.—Visible electronic spectra of bisacetylacetone-
ethylenediimineoxovanadium(IV) in ethanol and tetrahydro-
furan.

of the particular complex and solvent. The average
values are g = 1.974, g, = 1.954, and g, = 1.984.
Conversely the 4 values are dependent on both the
complex and the solvent. For example, 4, decreases
from highest to lowest values (A4 ~ 3 G) in the order
toluene > tetrahydrofuran > pyridine > chloroform >
ethanol. A4, increases in going from the ethylenedi-
amine to the propylenediamine derivatives by an aver-
age of 0.8 (%0.5) G. The A4 values are independent of
substituents but do appear to decrease in going from
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TaBLE III
EsrR PARAMETERS FOR COMPLEXES IN VARIOUS SOLVENTS

Com-

plex Solvent I gl £ Ad Ayc AL
VO(acen) Toluene 1.975 - . 102.5 ... -
Tetrahydrofuran 1.974 1.984 1.954 102.2 182 62
Pyridine 1.975 1.986 1.954 101.7 179 63
Chloroform 1.975 99.8 ...
Ethanol 1.974 1.984 1.953 99.4 176 61
VO(acpn) Toluene 1.974 1.984 1.953 103.2 182 64
Tetrahydrofuran 1.974 1.984 1.954 102.6 183 62
Pyridine 1.975 1.986 1.952 102.2 182 62
Chloroform 1.975 .. L. 101.0 ... ces
Ethanol 1.975 1.984 1.956 100.0 178 61
VO(bzen) Toluene
Tetrahydrofuran 1.975 1.986 1,952 102.6 183 62
Pyridine 1.975 1.984 1.958 101.4 178 63
Chloroform 1.975 e . 100.1
Ethanol
VO(bzpn) Toluene 1.974 R e 103.8 ... .
Tetrahydrofuran 1.975 1.984 1,957 103.4 182 64
Pyridine 1.975 1.986 1.954 101.6 181 62
Chloroform 1.975 . PR 101.8 ... AN
Ethanol 1.974 1.986 1.950 100.1 177 62
o 0,001, ?£05G. ¢=x1.0G

| —

Figure 3.—Electron spin resonance spectrum of bisacetyl-
acetoneethylenediimineoxovanadium(IV) in tetrahydrofuran at
25°.

Wolacpniin THF ‘

| :
i ) :
| Vo N T Yo
| ( Cld Ay

|
| |

H—
Figure 4.—Electron spin resonance spectrum of bisacetyl-
acetone-1,2-propylenediimineoxovanadium(IV) in tetrahydro-
furanat —150°.

noncoordinating to coordinating solvent. In no case
was x,y splitting noted on the perpendicular features
of the anisotropic spectra. Further, ligand nitrogen
superhyperfine splitting was not observed on the vana-
dium lines even in the absence of oxygen.

Discussion

The electronic structure of oxovanadium(IV) d! com-
plexes is the subject of keen interest today, and much
discussion of the assignment of electronic transitions
has appeared in the literature.'®!* Recent molecular

Inorganic Chemistry

orbital calculations on A-diketone?® and porphyrin®
complexes indicate the detailed ordering of the metal d
energy levels. Inboth cases the single unpaired electron
is in an essentially pure metal d,, orbital and the lowest
energy transition is d,; = dj,, d,. (I). For g-diketone
complexes, the remaining transitions with increasing
energy are d,, = dyoye (IT) and d,, — d,» (III). This
order is inverted for the porphyrins, ¢.e., transition III
is at lower energy than transition II. The d;. . level
is very sensitive to the ligand field strength of the in-
plane donor atoms and increases in energy as their
donor strength increases. The (B-ketimines are ex-
pected to have a ligand field strength intermediate
to that of the 8-diketones and porphyrins.?? Therefore,
the energy level ordering should be intermediate between
the two extremes and the d,. and d;.—,» levels should
lie close to each other in energy.

The visible spectra of the 8-ketimine complexes show
three low-intensity absorption bands, in the 10-20-kK
region, at 13-14 (sh), 16.1-16.5, and 17.4-18.2 kK.
The absorption spectra are qualitatively similar to those
of the p-diketone complexes.’® All three bands are,
however, at higher energy, in agreement with the ex-
pected increased ligand field of the @-ketimines.
Also the splitting Diy 11 is less than that for the §-
diketones. It is reasonable to assign the bands in the
10-20-kK region to ligand fleld transitions. A possible
assignment scheme is as follows: the shoulder at 13-14
kK can be assigned to transition I while the bands at
16.1-16.5 and 17.4-18.2 kK can be assigned to transi-
tions IT and III. Analogous assignments have been
made for the absorption spectra of the oxovanadium-
(IV) complexes of salicylaldimines.?® A fourth band
in the visible region at 23-24 kK (sh) is not thought to
be a ligand field absorption but rather is attributed to a
spin-forbidden transition more or less internal to the
ligand.?

Spectral variations with substituent can be qualita-
tively understood using ligand field considerations.
For example, phenyl substitution decreases the ligand
field strength of the B-ketimine and the absorption
maxima shift to lower energy. In going from ethylene-
diamine to the propylenediamine derivative band II
appears to shift to slightly higher energy. This is
surprising since the ligand field strength of the two
materials should be very nearly the same. The propyl-
enediamine derivative exists as a mixture of four
stereoisomers.?® The methyl group can be on either
carbon atom of the ethylene bridge and either in the
axial or equatorial position, depending on the conforma-
tion of the chelate ring. Molecular models suggest

(18) J. Selbin, G. Maus, and D. L. Johuson, J. Inorg. Nucl. Chem., 39, 1735
(1967).

(19) C. J. Ballhausen and H. B. Gray, Inorg. Chem., 1, 111 (1062).

(20) H. A. Kuska, P. T. Manoharan, M. T. Rogers, and A. K. Fan, Ab-
stract V054, 154th National Meeting of the American Chemical Society,
Chicago, IL., Sept 10-15, 1067.

(21) M. Zerner and M. Gouterman, Inorg. Chem., B, 1699 (1966).

(22) C. K. Jgrgensen, ‘“Absorption Spectra and Chemical Bonding in
Complexes,” Pergamon Press, Oxford, 1962, p 109.

(23) L. Sacconi and U. Campigli, Inorg. Chem., 8, 606 (1966).

(24) K. M. Jones and E. Larsen, Acta Chem. Scand., 19, 1210 (1965).

(25) K. Ramaiah, F. E, Anderson, and D. F. Martin, [norg. Chem., 3,
298 (1964).
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that the methyl substituent sterically interacts with
the B-ketimine methyl groups for all of the isomers. A
slight distortion of the donor atom geometry around the
metal could relieve these interactions and alsochange the
ligand field.

If the B-ketimine oxovanadium(IV) compounds are
square pyramidal like the B-diketones, they should
readily add a ligand to the metal in the vacant sixth
(axial) coordination position. Marked shifts of the
visible maxima have been observed to result from the
B-diketone complex—donor molecule interaction.® The
B-ketimine complexes show only slight solvent-
dependent spectral shifts in going from non- (or poorly)
coordinating solvents, such as toluene and tetrahydro-
furan, to a good domor solvent, such as pyridine.
The over-all effect of pyridine is small and, in fact, may
be related to the increase in dielectric constant of the
solvent, not to its donor strength.?® The largest solvent
shift is observed with ethanol. Thermodynamic studies
on B-diketone complexes show that alcohols are the
weakest donors toward the vanadium atom.?” This
suggests that the major part of the large spectral shift
noted there is due to the hydrogen-bonding ability of
the solvent. Hydrogen bonds could be formed between
the solvent and either the axial oxygen atom or the in-
plane oxygen atoms. The significant shift noted here
with a noncoordinating but hydrogen-bonding solvent,
chloroform, supports this explanation.

Electron spin resonance spectral properties of the 3-
ketimine oxovanadium(IV) complexes are consistent
with the supposition that the single unpaired electron
is the nonbonding metal d,, orbital.! The isotropic
g values, g, = 1.974, lie between the values for j-di-
ketones, 1.969, and those for porphyrins, 1.979. This
corresponds to the position expected from ligand field
considerations. The anisotropy of g, I g — gHI, is
smaller for the B-ketimines than for the B-diketones,
reflecting the increased donor strength of the in-plane
ligands. Substituent and solvent effects on g values
are as small for the 8-ketimine complexes as for those
of B-diketones.® Ligand field effects should not produce
as great a'change in g values as is noted for different
donor atoms. Kivelson and Lee? have calculated
orbital coefficients from visible and esr spectral data
and have concluded that electron delocalization in-
creases in going from g-diketones to porphyrins. Since
the B-ketimine g values fall intermediate to those of
both ligands, the orbital coefficients and electron de-
localization might fall in the same order,

Vanadium nuclear hyperfine splittings for the g-
ketimines fall between those of the 8-diketones and
porphyrins. For example, the isotropic values, 4y, in
toluene solution are ~108, ~102, and ~95 G for the
three ligand types. A configuration interaction mecha-
nism has been suggested by Kivelson to be operative
in A4, variation for oxovanadium complexes.?® A de-

(26) S. Ikeda, A. Yamamoto, S. Xurita, K, Takahashi, and T. Watanabe,
Inorg. Chem., 5, 611 (19686), )

(27) R.L.Carlin and F. A, Walker, J. Am. Chem. Soc., 8T, 2128 (1965).

(28) F. A. Walker, R. L. Carlin, and P. H. Rieger, J. Chem. Phys., 48, 4181
(1966). L L

(29) D. Kivelson and S. K. Lee, tbid., 41, 1896 (1964).
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crease in 4, then can be related to an increase in ligand
field about the metal atom. As expected, the dipolar
term |4, — A;| remains essentially constant for the
three ligand types. Small but real solvent effects are
noted for A4, values. The highest value of 4, occurs
for the complexes in noncoordinating solvents, e.g.,
toluene. In pyridine solution the 4, is lowered by about
1 G. The decrease is consistent with an increased
ligand field about the metal resulting from the addition
of a donor molecule to the free sixth coordination
position of the metal. The magnitude of the decrease
is, however, smaller here than for the B-diketones.2®
In fact, it is small enough to be accounted for by a
dielectric constant solvent effect.?® The largest solvent
effect on A, is a decrease of about 3 G for ethanol
solutions. This may be attributed to a hydrogen-
bonding ability of this solvent. It isinteresting to note
that chloroform solutions show a shift of about 2 G.
This is about twice as large as that for pyridine solutions.
The dipolar term appears to decrease slightly in the
order tetrahydrofuran < pyridine < ethanol. The
rather small solvent dependence on the dipolar term is
in contrast to the large variation observed for the 8-
diketones.?

In general, the spectral properties of the B-ketimine
complexes of oxovanadium(IV) can be qualitatively
rationalized using a ligand field approach which places
these ligands between the B-diketones and the por-
phyrins. The variation of electronic absorption and
esr spectral properties for the three ligand types might
be evidence for closely similar molecular structures.
X-Ray structures of several of the 3-diketone complexes
have been carried out.®® The compounds are square
pyramidal in geometry with the metal atom above the
plane of the four oxygen atoms of the B-diketones.
The porphyrins are more or less restricted to square-
pyramidal geometry by the very nature of the ligand.
The placement of the metal with respect to the four
nitrogen donors is unknown. There is some evidence
for thinking that the metal is out of plane in the most
stable situation.?* It seems unlikely that the 8-ketimine
complexes have a geometry grossly different from square
pyramidal, e.g., trigonal bipyramidal. Of course, small
distortions may exist. Normal magnetic moments rule
out the possibility of six-coordinate vanadium-oxygen—
vanadium structures.?’

A marked difference between the §-ketimine and 3-
diketone complexes of oxovanadium(IV) is the very
slight solvent dependence of the visible and esr spectra
for the former. In fact, the solvent effects for the 8-
ketimine complexes cannot be unambiguously assigned
to a specific: vanadium—~donor molecule interaction.
Rather, a general but little understood dielectric
constant and/or hydrogen-bonding effect seems to
dominate. Infrared spectral studies of the 3-ketimine
complexes of oxovanadium(IV)3! show that the axial
vanadium-oxygen stretching absorption is not shifted
at all when the materials are dissolved in good donor

(30) P. K. Hon, R. L. Belford, and C. E. Pfluger, ibid., 48, 1323 (1965);
48, 3111 (1965). '
(31) R. G. Garvey and R. O. Ragsdale, submitted for publication.
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solvents or are in the presence of good donor molecules.
Conversely, 8-diketone complexes show marked infrared
shifts under similar conditions.?? Steric interaction of
the base molecule with the ethylene bridge might, of
course, prevent close approach of the donor atom to the
vanadium atom in the 8-ketimine complexes. It must
be pointed out that lack of spectral variation with
solvent cannot be construed as evidence for non-
existent or even weak interaction of the donor atoms
with the vanadium. Thermodynamic measurements
are needed to settle this point.

In the B-diketone oxovanadium(IV) complexes, the
axial oxygen atom dominates the ligand field about the
metal. Implicit in this is the substantial pr — dr
bonding between the axial oxygen and vanadium atoms.
It is reasonable to expect that addition of a donor
molecule to the vanadium atom opposite to the axial
oxygen would effect the pr — dr interaction. This
should lead to a change in the d-orbital energy levels,
and, consequently, the spectral properties would change
with solvent. An important consideration here is the
extent of ligand—metal pr — dr interaction with the
in-plane donor atoms. To the extent that this is
important, axial = interaction should be lessened. If

(32) J. Selbin, L. H. Holmes, and S. P. McGlynn, J. Inorg. Nucl. Chem.,
25, 1359 (1963).

Inorganic Chemistry

this occurs, one would expect that axial coordination
to the vanadium atom of a donor molecule might not
effect the energy of the d levels to a large extent. Asa
result the spectral properties would not be markedly
dependent on the donor properties of the solvent. It
has been suggested®? that with porphyrin ligands
there is a greatly increased = bonding of the metal
with the in-plane donor atoms (nitrogen) over that for
the 3-diketones. The esr parameters reported here can
be interpreted from the point of view that = bonding of
the in-plane ligands is greater for the 8-ketimines than
for the g-diketones (but less than for the porphyrins).
The decreased solvent dependence of the spectra noted
here for the B-ketimines might then be a consequence
of this. The fact that the vanadium axial oxygen
stretching frequency for the B-ketimine complexes is
~20 cm™! lower than that for the B-diketone com-
pounds might also be evidence for a weakened vana-
dium-axial oxygen bond.
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A series of five new monofluoro complexes of chromium(IIT) of the type [Cr(en),FX]"* (en is ethylenediamine) has been pre~

pared and characterized.
arrangement of the FX ligands.
the FX ligands frans to each other.

techniques, and in one case by the resolution of a complex into its optical antipodes.
presented for some known complexes of chromium(III),

Introduction

Complexes of the general type [Cr(en),FX]*+
have not been investigated to any great extent for
those cases where X is a uninegative monodentate
ligand. In 1957 Dahme* reported the syntheses
of  fluorohydroxobis(ethylenediamine)chromium(III)
chloride, fluoroaquobis(ethylenediamine)chromium (I1I)

(1) For the previous publication in this series see J. W, Vaughn, L. N.
Coward, and B. XK. Winter, Inorg. Chem., 6, 2061 (19686).

(2) Taken in part from a thesis submitted by O. J. S, to the Graduate
School of Northern Illinois University in partial fulfillment for the M.S.
degree,

(3) National Science Foundation Research Participant.

(4) W. Dahme, Dissertation, Clausthal Bergakad, Germany, 1957, p 36;
A, Katowski, Ed., “Gmelins Handbuch der Anorganischen Chemie, VIII
Auflage, Chrom,” Vol. 52 Part C, Verlag Chemie, Weinheim/Bergstrasse,
1965, p 190.

The complexes which contain C1—, Br~, I~, or NCS~ as the X~ group all appear to involve a ¢is
However, those complexes which contain ONO~ or F~ as the X~ groups appear to have
Structures were established via ultraviolet—visible spectral studies, by ion-exchange

In addition, new synthetic methods are

perchlorate monohydrate, and difluorobis(ethylenedi-
amine)chromium(III) chloride. This work was fol-
lowed by the synthesis of e¢is-difluorobis(ethylene-
diamine)chromium(III) iodide by Fehrmann and
Garner® in 1960. In addition, these workers presented
evidence for the c¢is-fluoroaquobis(ethylenediamine)-
chromium(III) ion in solution.

The present investigation was initiated to develop
suitable synthetic methods for the preparation of
unknown fluoro complexes of the type [Cr(en).FX]"*
and if possible to determine the spatial relationship
of the F and X ligands.

(5) K. R. A, FPehrmann and C. S, Garner, J. Am. Chem, Soc., 82, 6291
(1960).



