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Oxovanadium(iv) Complexes containing Bidentate Schiff-base Ligands : 
Synthesis and Structural and Spectroscopic Data 

By Marco Pasquali, Fabio Marchetti, and Carlo Floriani,' lstituto di Chimica Generale, Universits di Pisa, 
56100 Pisa, Italy 

Stefan0 Merlino, lstituto di Mineralogia, Universita di Pisa, 561 00 Pisa, Italy 

The synthesis and properties of some oxovanadium( Iv) complexes, [VOL,], containing A/-substituted salicylal- 
dimines (L) are reported. An unusually low V=O stretching frequency (<go0 cm-l) has been observed when 
R = C6H4CI-4 and C6HpN02-4. This reduction in frequency has previously been attributed to polymerisation of 
theV=O unit, howeverthe present crystal-structureanalysisshowsthat bis[N- (4-~hlorophenyl)salicylideneiminato]- 
oxovanadium(1v) is monomeric in the solid state. The co-ordination polyhedron, which in the crystal has C, 
symmetry, is based on a distorted trigonal bipyramid. The three oxygen and vanadium atoms are in the equatorial 
plane and the two nitrogen donors occupy axial positions. The vanadium-oxygen bond length (1.61 5 A) i s  among 
the largest found in oxovanadium complexes. 

IN recent years the complexes of oxovanadium(1v) have 
received considerable attention.2 The [V0l2+ unit is well 
known for its ability to co-ordinate four (VOL,) and more 
rarely five (VOL,) donor atoms. The electronic con- 
figuration [Arldl of V I V  makes the oxovanadirim( IV) 
complexes ideal models for magnetic investigations, in 
different co-ordination  environment^.^ A square-pyra- 
midal geometry has been established, or more frequently 
assumed, for five-co-ordinate oxovanadium(1v) chelate 
c o m p l e ~ e s , ~ ~ ~  even when at  least one example has appeared 
which serves to shake the confidence in the usual assump- 
tions concerning the structure of vanadyl complexe~.~ 
Six-co-ordination of Vm may be sometimes achieved in 
the solid state in oxovanadiumfw) complexes via inter- 
action with an oxygen of an other VO u n k 6  The reduc- 
tion of the V-0 bond wavenumber from 950-1 000 to 
800-4350 cm-l is generally regarded as being diagnostic 
for this solid-state ' polymerisation '.' The utilisation 
of vanadyl complexes in chemical-reactivity studies 
either as models for V-0 bond reactivity or as potential 
free-radical-like activators of organic and inorganic 
molecules 8 makes the knowledge of their structure and 
relation with the spectroscopic data a fundamental 
starting point. This paper describes the synthesis of 
some oxovanadium( rv) complexes containing N-sub- 
stituted salicylaldimines as ligands, for some of which an 
unusual low V=O stretching vibration frequency has been 
found. The X-ray crystal-structure analysis for bis- 
[N- (Cchlorophenyl) salicylideneiminato] oxovanadium- 
(IV) is reported. 

EXPERIMENTAL 

Solvents were purified by standard methods. All the 
Schiff bases were prepared by mixing an ethanol solution of 
the salicylaldehyde and the corresponding amine. 1.r. 
spectra were recorded on a Perkin-Elmer 337 spectrometer 
and magnetic-susceptibility measurements were made with 
a Gouy balance. A typical synthesis is described in detail, 
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the preparation of the other complexes being carried out 
under very similar conditions. 

Bis [N (4-chlorop henyl) salicylideneiminato] oxovanadium- 
(IV), (1; R = C6H,C1-4).-The salt ~ 0 ] [ S O J * 5 H 2 O  (3.30 g, 
13 mmol) was dissolved in water (100 cm3) and the solution 
was added to a warm stirred solution of N-(4-chlorophenyl)- 
salicylaldimine (6.00 g, 26 mmol) in ethanol (95%, 100 cms) 
yielding a yellow-green solid. An aqueous solution (50 
cm3) of Na[O,CMe] (4.6 g, 56 mmol) was added and the 
suspension was boiled with stirring for 20 min. The sus- 
pension was allowed to stand for 2 h, then the golden-yellow 
solid was filtered off and washed with water, ethanol, and 
diethyl ether (yield ca. 80%). The solid (1 g )  is fairly 
soluble in hot CS, (30 cm3) giving a brown solution, from 
which yellow-brown monoclinic crystals, used for the crystal- 
lographic work, can be obtained. 

Crystal Data.-The cell data were determined by means 
of rotation and Weissenberg spectra, with nickel-filtered 
Cu-K, radiation ( A  1.541 8 A), and by precession 
spectra with zirconium-filtered Mo-K, radiation (A 0.710 7 
A). C2,H,,C1,N20,V, M 528.3, Space group P2,/n (from 
systematic absences), a = 11.08(2), b = 21.14(3), c = 

~ m - ~ ,  2 = 4, F(000) = 1076. After Cu-K, irradiation 
the intensity data were collected by means of Weissenberg 
photographs using the multiple-film technique and inte- 
grating process. A crystal of nearly prismatic shape 
elongated in the c direction (0.6 mm) with cross dimensions 
0.3 x 0.28 mm (mean pI i  0.99) was rotated about the 
c axis and ten layers (1 = 0-9) were collected. A total 
of 1778 independent reflections was observed. Inten- 
sities measured by a Nonius microdensitometer were 
corrected for Lorentz and polarisation factors ; no correc- 
tion was made for the transmission factor owing to the 
relatively small dimensions of the crystal. The attribution 
of phases to the structure factors was accomplished withdirect 
methods, by application of the ' MULTAN ' pr~grarnme.~ 
This located nearly all the heavy atoms. The structure was 
completed by means of successive Fourier syntheses. All 
the calculations were made by use of programs in the 
' X-ray '70 ' system.1° 

lO.OS(2) A, p = 99.0(2)", U = 2 326.6 A', D, = 1.508 g 
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TABLE 1 

Final atomic positional and anisotropic temperature parameters ( x PO4). * Estimated standard deviations are in 

X 
0.581 3(2) 
1.188 O(3) 

0.488 9(6) 
0.637 2(6) 
0.621 3(7) 
0.738 2(7) 
0.407 4(8) 
0.519 O( 10) 
0.422 6( 10) 
0.448 7(12) 
0.572 l(14) 
0.665 3(11) 
0.641 5(10) 
0.739 0(9) 
0.845 5(9) 
0.904 6(lO) 

1.054 6(10) 
0.996 4( 10) 

.0.029 6(3) 

1.010 qll) 

0.890 O( 10) 
9.593 l(10) 
0.670 O ( l 1 )  
0.632 4(11) 
0.513 6(14) 
0.436 2(12) 

0.389 2( 10) 
0.301 4(10) 
0.302 O(10) 

0.097 5(10) 
0.096 6( 11) 
0.195 6(12) 

0.473 1 (10) 

0.200 S(11) 

Y 
0.351 0(1) 
0.408 6(2) 
0.349 l(2) 
0.405 6(4) 
0.357 8(4) 
0.286 5(4) 
0.408 l(4) 
0.325 7(4) 
0.439 O(5) 
0.461 O(6) 
0.497 6(6) 
0.514 9(7) 
0.495 9(6) 
0.456 O(5) 
0.443 5(5) 
0.408 9(6) 
0.466 4(6) 
0.467 4(6) 
0.409 5(6) 
0.352 6(6) 
0.362 9(6) 
0.337 4(5) 
0.343 6(7) 
0.326 5(6) 
0.299 9(7) 
0.293 9(6) 
0.312 6(6) 
0.310 2(6) 
0.329 9(5) 
0.302 7(6) 
0.309 2(6) 
0.340 6(6) 
0.367 3(6) 
0.360 7(7) 

z 
0.121 4(2) 
0.514 O(4) 

-0.257 8(4) 
-0.006 5(8) 

0.309 2(8) 
0.054 4(8) 

0.174 3(9) 
0.100 l(9) 

-0.104 3(12) 
-0.210 3(10) 
-0.313 7(13) 
-0.320 5(14) 

-0.112 6(12) 
-0.008 7(12) 

-0.222 l(12) 

0.197 3(11) 
0.242 3(12) 
0.336 l(13) 
0.397 5(12) 
0,355 3(13) 
0.259 l(12) 
0.418 6(12) 
0.543 8(12) 
0.663 l(13) 
0.658 3( 13) 
0.536 4(13) 
0.415 3( 12) 
0.293 4(11) 
0.070 4( 11) 

-0.055 9(12) 
-0.165 8(14) 
-0.130 2(13) 
-0.005 2(13) 

0.095 3( 13) 

parentheses 
P11 

40(1) 
46(2) 
77(3) 
49(7) 
43(6) 
71(8) 
37(7) 

:;I%) 
77(12) 
87(13) 

124( 16) 
72(12) 
61(10) 
37 (9) 
34M 
49( 10) 
55( 11) 
52( 10) 
52(10) 

::pl) 
66( 11) 
SO(12) 

138(17) 
91(13) 
56( 10) 
61(10) 
67(10) 
45(10) 
66(12) 
47110) 
62( 11) 
86(13) 

P33 

39M 
107(5) 
127(5) 
61(10) 
58(10) 
70(11) 
50(12) 
47(12) 
52(16) 
16(14) 
57( 16) 
55(17) 
45(16) 
65( 16) 
63( 15) 
55(14) 
76( 16) 
78(17) 
67(16) 

113(18) 
76( 16) 
52(15) 
50( 15) 
81(17) 
43( 16) 
58( 17) 
48( 15) 

36( 14) 
69( 17) 
94(19) 

114(19) 
82(18) 
83(18) 

57( 15) 

1313 

14(1) 
- 16(3) 
-31(3) 

W6)  
16(6) 
27(7) 
17(7) 
15(7) 
22(10) 
2(9) 

30(13) 
5(10( 

27j10) 
W(f) 
5(10) 

20( 10) 

1(9) 

-1(10) 

-5(11) 

15(10) 
25(10) 

28(10) 

16(11) 
40(13) 
33(12) 

40( 10) 
19(9) 

30(9) 
-11(10) 

13(11) 

16(11) 
40(12) 

- 3( 10) 

* The temperature factors are of the form: exp[--(h2pl, + k2p2z + Z2pBSs + 2hkp12 + 2hZp13 + 2kZp2,)]. 

Atomic co-ordinates, scale factors, and thermal para- 
meters were refined by full-matrix least squares assuming 
isotropic thermal motion for all the atoms and assigning 

TABLE 2 
Bond distances (A) with estimated standard deviations. 

The values in the last column were obtained on aver- 
aging corresponding bond lengths in the two halves of 
the molecule 

1.6 15( 8) 
1.902( 7) 
2.153(9) 
1.296 ( 1 4) 
1.4631 15) 
1.362 ( 1 7) 
1.42 7 (20) 
1.375( 17) 
1.433(17) 
1.418(16) 
1.406( 15) 
1.328(15) 
1.417( 12) 
1.421 (17) 
1.387(16) 
1.422(18) 
1.737(11) 
1.400(18) 
1.403 ( 15) 
1.390(17) 

v-0 (2) 
V-N (2) 
0 (2)-C( 14) 
C( 14)-C(15) 
C( 15)-C( 16) 
Cl16)-C(17) 
C(17)-C(18) 

C( 19)-C(14) 
C( 1q-a 19) 

c ( 1 9)-Cf 20) 
C(20)-Nf2) 
N (2)-C( 2 1) 
C(21)-C(26) 
C ( 2 6 ) s  (26) 
C(25)-C(24) 
C(24)-C1(2) 
C(24)-C(23) 
C( 23)-C( 22) 
C( 22)-C( 2 1) 

1.900(8) 
2.1 45 (9) 
1.342( 15) 
1.413(15) 
1.384( 19) 
1.41 6( 19) 
1.389(17) 
1.400( 18) 
1.425( 16) 
1.4 19 ( 15) 
1.287( 15) 
1.448( 13) 
1.396( 18) 
1.378( 17) 
1.380(€9) 
1.760(12) 
1.38 1 (1 8) 
1.391 ( 16) 
1.396( 17) 

1.901 
2.149 
1.319 
1.438 
1.373 
1.422 
1.382 
1.422 
1.422 
1.413 
1.308 
1.433 
1.409 
1.383 
1.401 
1.749 
1.391 
1.397 
1.393 

unit weight t o  all the observations. A t  this stage R = 
C(]lFol - ~ F c ~ ~ ) / X ~ F o ~  = 0.11 for the observed reflections. 
Anisotropic temperature factors were then introduced using 

* For details see Notices to Authors No. 7, J.C.S. Dulton, 1976, 
Index issue (items less than 10 pp. are supplied as full-size copies). 

the weighting scheme .re* = ] / ( a  + lFol + blFoI2) where 
a = 40.0 and b = 0.01. Two further refinement cycles 
reduced K to 0.09. Hydrogen atoms were introduced in 
calculated positions with isotropic temperature factors of 
6.0 H i z .  One further refinement cycle in which hydrogen 
parameters were not varied gave R 0.08. Structure ampli- 
tudes are available as Supplementary Publication No. 
SUP 21853 (8 pp.).* 

Scattering factors used in the structure-factor calculations 
were taken from ref. 11 for all the atoms. Computation 
was carried out on an I.B.M. 370/158 computer a t  the 
Centro Nazionale Universitario di Calcolo Elettronico, 
Pisa. Atomic co-ordinates and molecular dimensions are 
given in Tables 1-3. 

RESULTS AND DISCUSSION 

There are many reports of the syntheses and character- 
isation of oxovanadium( IV) complexes containing N -  
substituted salicylaldimines.2*8 For all the reported 
complexes, spectroscopic and magnetic data are classi- 
fied as ‘usual’ and a square-pyramidal geometry for 
the N,O, donor set was, generally, a ~ s u r n e d . ~ , ~ * ~ J ~  
Contrary to an early belief, we must point out that the 
colour of vanadyl complexes, even within a given class, 
is neither usually blue-green nor diagnostic of their 
molecular cornple~i ty .~*~ The colour of complexes (1) 

l1 ‘International Tables for X-Ray Crystallography,’ Kynoch 
Press, Birmingham, 1962, vol. 3. 

l2 S. Yamada and Y. Kuge, Bull. Ckem. SOC. Japan, 1969, 42, 
152; Y. Kuge and S. Yamada, ibid., 1972, 45, 799. 
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ranges from green to maroon (Table 4). Complexes 
having colours other than green have often been suggested 
to contain polymerisation of the V=O u n k 6  In these 

TABLE 3 
Bond angles (") corresponding to (a) and (b) 

the two halves of the molecule 
(4 

O( l)-V-0(3) 
N( 1)-V-O( 3) 
0 ( 1 )-V-N( 2) 
O( 1)-V-N( 1) 
v-O( l)-c( 1) 
0 ( 1 )-C( 1 )-c ( 6) 
0(1)-C(1)-c(2) 
C(S)-C(l)-C(2) c ( 1)-c ( 2)-c ( 3) 
C (2)-C (3)-C (4) 
@(3)-C(4)-C(5j 
C(4)-C(5)-C(6) 
C(5)-C(6)-Cfl) 
C( 1)-C(6)-C(7) 

0(2)-V-0(3) 
N( 2)-V-O( 3) 
0 (2)-V-N ( 1) 
0 (2)-V-N (2) 
V-O(2)-C( 14) 
0 (2)-C( 1 a)<( 19) 
0(2j-C(14)-C(15) 
C( 19)-C( 14)-C( 15) 
C( P 4)-C( 15)-C( 16) 
C ( 1 5)-C( 1 6)-C ( 1 7) 
C( 16)-C(17)-C( 18) 
C( 17)-C (1 8)-C( 19) 
C(18)-C(19)<(14) 
C( 14)-€(19)-C(20) 

(4 

112.6(4) 
98.8 (4) 
84.8(3) 
87.2(3) 

13 1.9 (7) 
123(1) 
119(1) 
118(1) 
121(1) 
120( 1) 
120(1) 
121(1) 
119( 1) 
123(1) 

114.3(4) 
10 1.8 (4) 
85.1 (3) 
86.4(3) 

133.4( 7) 
124(1) 
117(1) 
119(1) 
122(1) 
119(1) 
120(1) 
121(1) 
119( 1) 
121(1) 

C(5)-c(WC(7) 

v-N ( 1) -c (8) 
C(7)-"1)-C(8) 

C( 7)-N( 1)-V 

:l;jzI:/:[!L) 
C( 13)-C( 8)-C( 9) 
C(8)-C( 9)-C( 10) 
C(9)-C( lo)<( 11) 
C(lO)-c( 11)-C( 12) 
C( lO)-Cf 11)-C( 11) 
C( ll)-c(l l)-C(12) 
C( 1 1)-C( 12)-C (1 3) 
C( 12)-C( 13)-C( 8) 

C( 18)-C( 19)-C( 20) 
C(20)-N(2)-V 
V-N(2)-C(21) 
C (20)-N (2)-C (2 1) 
N (a)<( 2 l ) - C  (2 6) 
N(2)-C( 2 1)-C(22) 
C(22)-C(2 I)-C( 26) 
C( 2 1)-C (26)-C(25) 
C(26)-C(25)-C(24) 
C(25)<(24)-C(23) 
C(25)<(24)-C(12) 

C(24)-C(23)-C(22) 
C(12)-C/24)-C(23) 

C(23)<(22)-Cf 21) 

llS(1) 
120.5(6) 
122.8(7) 
117(1) 
122(1) 
120(1) 

112(1) 
119( 1) 
120(1) 
120(1) 

120(1) 
121(1) 

120(1) 

118(1) 

12Q(1) 

124.9(7) 
117.7(7) 
117(l) 
121(1) 
121(1) 
119(1) 
121(1) 
121(1) 
119(1) 

120( 1) 
12 1 (I.) 
120( 1) 

lZQ(1) 

complexes in the solid state the vanadyl oxygen of one 
molecule occupies the sixth co-ordination position of a 
vanadium atom in a neighbouring molecule, the result 
being a linear chain of V=O units. The lowering in 

141 
(Table 4) together with the V=O stretching frequencies 
(solid state and CS, solution) show the monomeric 
nature. Attempts to convert these complexes into the 
corresponding six-co-ordinate species, [VOL,L'] , failed. 
Treatment of (1; R = Bun) in CS, or benzene solution 
with pyridine or cyclohexyl isocyanide, gave no evidence, 
either in the solid state or in solution (ix. spectrum), of 
six-co-ordinate VIV. 

The most unexpected results were obtained when R is 
a substituted phenyl group. For the 3-substituted 

R 

[VOL,] ( 1 )  

phenyl derivatives, apart from the colour, all the reported 
properties (Table 4) lay in the usual range, as was also the 
case for 4-substituted phenyl derivatives containing 
electron-donor groups (Me or OMe). A reduction of the 
V=O stretching vibration to  875-885 cm-l was neverthe- 
less observed in the case of electron-attracting substitu- 
ents (4-C1 or &NO,). The colonrs and the V=O 
stretching values are reminiscent, in these cases, of the 
properties found for oxo[Nlv'-propylenebis(salicy1idene- 
iminato)]vanadium(rt) .6*7 The assignment of v(V=O) 
was made by comparison with the i.r. spectra of the 
corresponding [VCl,L,] (Table 4). This prompted us 
to formulate (1 ; R = C,H4Cl-4 or C6H4N0,-4) as poly- 
meric comp1exes.l An easy explanation might be the 

TABLE 4 

Analytical, magnetic, and i.r. data for complexes (1) 

R Colour C H N (TK) cn i l  
I 

h > M ale P(v=o) a/ kff. "B.M. 
Analysis ( x )  a 

C6H4C1-4 ' Golden-yellow 59.2 (59.1) 3.7 (3.4) 5.2 (5.3) 1.81 (292) 885 
c6H4C1-3' Yellow-green 59.6 (59.1) 3.8 (3.4) 5.7 (5.3) g 940 
CuH4N0,-4 Light green 56.8 (56.8) 3.6 (3.3) 10.6 (10.2) 1.76 (293) 875 
C,H4N02-3 Light green 56.8 (56.8) 3.4 (3.3) 10.6 (10.2) 1.66 (293) 980 
C,H40Me-4 Yellow-green 63.5 (64.7) 4.5 (4.6) 5.6 (5.4) g 970 
CH,Ph Green 69.2 (69.0) 5.3 (4.9) 5.9 (5.8) 1.76 (293) 992 
C,H40Me-2 Yellow-green 64.1 (64.7) 4.6 (4.6) 5.4 (5.4) g 9 70 
Cl2H25 Beige-maroon 70.4 (60.9) 9.4 (9.3) 4.8 (4.4) g 650 (643) 970, 985 
CltiH33 Beige-maroon 73.2 (73.1) 10.3 (10.1) 4.1 (3.7) g 720 (755) 975, 985 
Bun Maroon 63.2 (63.0) 7.1 (6.7) 6.7 (6.7) 1.77 (293) 402 (419) 975, 895 

in benzene. In Nujol except where indicated otherwise. C1 13.7 (13.5%). fC1 13.9 (13.5%). Not determined. h In CS,. 
Calculated values are given in parentheses. Results expressed per metal atom; 1 B.M. = 9.27 x A m2. By cryoscopy 

frequency of the V=O stretching vibration, a t  least in the 
case of yellow-orange oxofNN'-propylenebis(salicy1- 
ideneiminato)]vanadium( IV), to 854 cm-l is attributed to 
this polymerisation.6 As a consequence, in all the other 
cases, an unusual colour and a low V=O stretching vibra- 
tion have been interpreted as evidence for the existence, 
in the solid state, of a polymeric s t r u ~ t u r e . ~ * ~ ~ ~ J ~ ~ ~ ~  

For complexes (1) which are soluble in hydrocarbons, 
the molecular weight determined by cryoscopy in benzene 

l3 J. McCormick and R. A. Rozis, Inorg. Chenz., 1971, 10, 2806. 

increase of the long-range vanadium acidity in the 
presence of electron-attracting groups.14 The very poor 
solubility, together with the failure to obtain six-co- 
ordinate species in the solid state, were also considered 
to be support for the proposed molecular complexity. 
The final answer to this question was left to an X-ray 
analysis of (1 ; R = C,H4C1-4) recrystallised from CS,. 

The unit cell of (1 ; R = C,H,Cl-$) comprises monomers 
l4 R. G. Cavell, E. D. Day, W. Byer, and P. M. Watkins, Inorg. 

Chem., 1972, 11, 1591. 
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of approximate C, symmetry. Selected interatomic 
bond distances and angles together with their standard 
deviations are given in Tables 2 and 3. A view of the 
structure projected along the V=O bond direction is 

C 

FIGURE 1 Molecular structure of (1; R = C,H4C1-4) viewed 
along the vanadyl bond direction, with relevant bond distances 

shown in Figure 1, which also includes the atom num- 
bering. As the molecule shows approximate C, (2) 
symmetry, a half-normal probability plot l5 was con- 

corresponding bond lengths are given in the third column 
of Table 2 and Figure 1. The geometry of the central 
vanadium atom is basically trigonal bipyramidal formed 

FIGURE 2 Vanadium co-ordination polyhedron. The V,N( l),- 
0(3),N(2), and V,0(1),0(2),(3) planes are perpendicular 

by three oxygens in the equatorial plane and two nitrogen 
atoms in the axial positions (Figure 2). The bond 
lengths and angles compare very well with those reported 

TABLE 5 
Comparison between the vanadium co-ordination polyhedra in some five-co-ordinate oxovanadium(1v) complexes, and 

the two idealised tbp and spy geometries 

L' L' 

Complex 
Bond lengths (A) r c 

-I 

v=o 1.615 1.600 1.571 1.62 
or angles (") tbp SPY (1; R = C,H4Cl-4) [VO(mgo)J5 [VO(Pd)Z118 IwdPeP) l  

V-LI 
v-L3 
LLV=O 
L3-V=0 
LLV-LZ 
L3-V-L4 
Ll-V-LS 
LS-V-LZ 

} 104.1 120 
180 } 151.9 120 

} 86.6 90 

2.149 
1.901 

100.4 
113.4 
159.1 
133.2 
86.8 
84.9 

2.136 } 1.968 } 2.06 1.921 
99.5 } 106.2 } 103 

} 147.5 } 153 

} 85.5 

116.4 
161.0 
129.2 
80.6 
91.0 

For the first two complexes L1 = L2 = N and L3 = L4 = 0; for [VO(pd)J, L1 = La = La = L4 = 0; for [VO(dpep)J, L1 = 
La = L3 = L4 = N. For all the cases, C2 symmetry was assumed with the binary axis coincident with the V-0 direction. 

struded in order to examine the agreement between 
corresponding bond distances in the two halves of the 
molecule. The plot was approximately linear, of gradi- 
ent 1.3, indicating some underestimation of the standard 
deviations of the bond distances. The mean values for 

l5 S. C. Abrahams and E. T. Keve, Acta Cryst., 1971, A27, 157. 
I* D. Bruins and D. L. Weaver, Inorg. Chem., 1970, 9, 130 and 

refs. therein; K. Henrick, C. L. Raston. and A. 1-1. White, J.C.S. 
Dalton, 1976, 26; N. D. Chasteen. R. L. Belford, and I .  C. Paul, 
Inorg. Chem., 1969, 8, 408; J .  E. Drake, J.  Vekris, and J .  S. 
Wood, J .  Chem. SOG. ( A ) ,  1968, 1000; J .  G.  Forrest and C. K. 
Prout, ibid., 1967, 1312. 

for bis(2-methylquinolin-8-olato)oxovanadium(1v), [VO- 
( m q ~ ) d . ~  The V=O distance, 1.615 A, is among the 
largest found in oxovanadium( 1v) complexes.16 Table 5 
gives geometrical parameters of the two idealised poly- 
hedra,l' namely trigonal bipyramid (tbp) and square 
pyramid (spy), with those found for some representative 
oxovanadium complexes. The terms ' square pyramid ' 
and ' trigonal bipyramid' are not intended to imply CiO 
or D3h symmetry, but refer only to the approximate 

17 P. L. Orioli, Co-ordination Chem. Rev., 1971,6, 285. 
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angular geometry of the co-ordination polyhedron about is approximately planar and the bond distances compare 
the vanadium atom. Oxobis(pentane-2,4-dionato)van- well with mean values obtained from a large number of 
adium(1v) ,18 [VO(pd),] , and (deoxophylloerythroetiopor- structural determinations,20 indicating predominance 
phyrin)oxovanadium(Iv) , [VO(dpep)] ,19 have been chosen of an orthoquinoid resonance structure. The chloro- 
as examples of the usual square-pyramidal geometry for phenyl groups are planar; the C(ll)-Cl(l) and C(24)-C1(2) 

FIGURE 3 Molecular packing for (1 ; R = C,H,Cl-4) as viewed along t 

oxovanadium( IV) complexes ; these two complexes are 
best described as square pyramids with deviations of the 
vanadium atom from the basal plane (0.55 and 0.48 A 
respectively). In (1; R = C,H,C1-4) the distance of the 

TABLE 6 
Shortest intermolecular distances (A) 

C(6) * * C(161) 3.56 O( 1) * * ' C( 1'1) 3.48 
C(6) O(lI1) 3.66 N(1) * C(29 3.56 

C(2) * * N(l11) 3.56 O(3) * - C(23III) 3.56 
C(1) * * C(ln)  3.40 C(19) * C(24III) 3.58 
O(2) * C(39 3.20 C(14) C(23III) 3.45 

C(3) * O(29 
Roman numeral superscripts refer to the following equivalent 

positions relative to the reference molecule at x ,  y ,  z :  I x ,  y ,  - 1 

vanadium atom from the N-N and 0-0 planes is 0.39 and 
0.76 A respectively. Complete delocalisation of electrons 
in the Schiff base is prevented by the high torsional angles 
around N(l)-C(8) and N(2)-C(21) (46.9 and 46.0" res- 
pectively). The bond lengths N(l)-C(8) and N(2)-C(21) 
(average 1.433 A) are normal for the C(~j5~)-N(sj5~) 
single bond. Planarity of the ligands is probably 
prevented by non-bonding interactions between H(7)- 
H(9) and H(20)-H(26). The salicylideneiminate moiety 

la P. K. Hon, R. L. Beford, and C. E. Pfluger, J .  Ckem. Phys., 

19 R. C. Pettersen, A d a  Cryst., 1969, B25, 2527. 

C(4) * ' O(2") 3.57 C(26) * * C(511) 3.55 

C(l) - * O(lI1) 3.48 C(20) ' * Cl(2In) 3.55 
3.20 

+ 2; TI 1 - x,  1 - y ,  -2; I11 * + x,* - y ,  4 + 2. 

1965, 48, 3111. 

distances (mean 1.749 A) correspond to the sum of the 
covalent radii of chlorine and carbon in sj!9 hybridisation. 

It appears 
from this Figure and from Table 6, which lists inter- 
molecular distances shorter than 3.6 A, that the packing 
of the molecules in the crystal is assured only by van der 
Waals interactions. A V-0 - V interaction cannot be 
invoked to explain the reduction of the V=O stretching 
vibration. Least-squares planes are reported in Table 7 ; 
planes containing V, N(l) ,  0(3),  N(2) and V, O(l), 0(2), 
O(3) respectively are mutually perpendicular. 

ConcZzcsions.-This is the first structural study of an 
oxovanadium( IV) complex containing ' classical ' ligands 
such as bidentate Schiff bases. The results suggest that 
any conclusions based on the V=O stretching frequency 
and on the colour of vanadyl complexes are unwarranted. 
The previously proposed square-pyramidal geometry 
must be regarded as more rare than the norm. In 
addition, we consider that, even for co-ordination en- 
vironments which are chemically very similar, the V=O 
bond lengths may be very digerent, the geometries of the 
vanadyl oxygens being much exposed to the influence of 
the neighbouring molecules in the crystal. There is 
probably no relation between the V=O bond length or 
V=O stretching frequency and polymerisation and/or 

The crystal packing is shown in Figure 3. 

2o M. Calligaris, G. Nardin, and L. Randaccio, Co-ordination 
Chem. Rev., 1972, 7, 385. 
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TABLE 7 

Least-squares planes 

Atom defining the plane and distance (A) from the least-squares plane 
N(1) N(2) 

?!:!33 :!%4 -0.182 -0.184 
O(1) Of21 O(3) v 
“1) “2) O(3) v 
O(1) C(1) C(2) C(3) C(4) C(5) (36) (37) N(1) 

0.002 0.002 0.002 -0.006 

0.0 0.0 0.0 0.0 

-0.007 -0.026 0.016 0.033 0.004 -0.019 -0.065 0.046 0.018 

-0.014 -0.031 0.014 0.037 0.006 -0.028 -0.039 0.024 0.031 
O(2) C(14) C(15) C(16) C(17) C(18) C(19) C(20) N(2) 

C(8) C(9) C(10) C(11) C(12) C(13) Cl(1) 

C(21) C(22) C(23) C(24) C(25) C(26) 
-0.033 0.019 -0.009 0.033 -0.002 0.012 -0.020 

0.019 -0.006 -0.001 -0.015 0.006 -0.014 ?.ti9 

Angles (”) between this plane and the 
plane : 

c 1 2 3 * 4  5 i? 

88.7 

89.2 89.0 

9.2 85.6 82.3 

15.7 86.6 73.5 24.2 

53.5 46.6 66.6 52.6 63.8 

61.3 36.7 66.5 62.5 53.6 65.4 

the co-ordination geometry at the vanadium. Never- 
theless, in the present case, the reduction of the the V=O 

geometry of the vanadyl cation, in the absence of struc- 
ural data, must be suspect. 

stretching frequency seems to be in agreement with the 
rather long V=O bond distance (1.615 A). This work has 
clearly shown that any conclusions on the co-ordination 
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