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form relatively few compound amenable to detailed &d facile ~ves~~a~on. 
Finally, the chemists concerned with ESR find this oxi~a~o~~st~~o of va~~~~~ of 
great experimental and theoretical interest because of the isotopic $x&y of the 
naturally occurring vanadium-~1 isotope, its high nuclear spin (I == 7/Z), and the 
single, hence uncured, &electron o~~ide of a closed shell, Since ail of the a~u~o~ 
chemistry and probably 98 ok of the solid state chemistry of te~avalent vanadium 
involves VOf +, it is clear that almost all ESR work deals with compounds of this 
species. 

TABLE I 

SOME EXAMWZs’” OF vO=+ COMPLEXES CATEGORIZED BY GENERALIZED IWWJLAb 

1. DrO% OIb and WOa,bl 
a = l&O, F-, Cl-, NCS-, CN-, DMSO, Pb,PQ Pb,AsO, pyNO,4-subsdtut~d-pyN0~~ 
b = usually I&C’, ROH, or X- 

a = py, DMSO, THF, PbsPO, ROH, E&O b = CI-, F-, SO,z-, Br-, etc. 

3. cvoa, or &WI 
AA =’ ox-, &g&en, dipy, SO,--, dipbosnb a =i F-, Cl-, Br-, NCS-, E&O, etc. 

4. WO(AA&J and lYO(AA)~al 
AA = acac-, F6acac-, o-phen, OX~-~ MNT-, &pys3 
a = l&O* X-, NCS-, py, substituted-py, Ph,PO, Ph%AsO, pyN0, DMSOU: series of aromatic 
and aliphatic N-bascsaJ, MeOW?, etc. 

5. WO(AB)J and ~O(AB~~al 
AB =;i oxine-V unsym. &d&ctones, cat 3-, sal-, ~~oby~oxamate-, quin~~natc, 3-bydroxy- 
~,3-dipb~nylt~~ne, (and other WI- or ~-3-substituted hy~oxyt~~en~), big- {and sub 
stitut~-bjS)~ py~***‘~ a = solvent rno~~~~ aromatic amine, bctero~c~c base 

6. HO (BB)l (none known) and WO(AB) (CD)] 
AB = X-salen-N(R)(R’)- ” CD = X-Sal- 

7. wO(AA)a, Of J (none known) and WO(ABA)a, or J 
ABA = lut* 4*r6f cocol13- s7, i~odi~cetate6? 
a = E&O, aromatic amine, heterocycXic bases7 

8. lW3@BC)a, 0t J (none known with ceded) 
ABC = eheF- 67 u = see 7 above 

a References to the literature for a specific complex may be obtained from reference It : references 
given in the Table am for new complexes. 
b The Sen d charge d~i~ation, e.g., of, has omitted outside each ion bucket. 
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The large number of complexes of V02* may be best classified in terms of 
generalized formulae for the complexes, where we designate monode~tate ligands 
by single lower-case letters, a, b, or c, and m~tidentate ligands by uper-case 
letters, such as AA, BB, ABA, etc., for s~~et~~ and AB, ABC* etc., for un- 
symme~i~ multidentate ligands. Some examples of each type are listed in Table 1. 

Some additional X-ray diffraction data has been published si&ce the Iast 
review* and all available pertinent data are collected in Table II, where-it may be 
seen that the vanadyl V=O bond lengths are, in general, shorter than most other 
V-X bond lengths by approximately 0.4-M A. It is interesting to note that the 
bond distance (2.22 & to the axially positioned Hz0 in the ion, ~~CS)~- 
w,w -9 is shorter than in the ion, fvO(H,0),]2’ (2.4 ir>. It would seem that 
the stronger ligand NCS- must weaken the V=O bond sufEciently to allow a 

stronger attachment by H,O trans to the m~tiply-bonded uxygen, Infrared data 
for iW==O) support. this hypothesis also, with values of 982, 963 emeL for the 
isot~ocya~ato compfexlO and 1003,975 cm-” for the aquo ion”‘. It would be par- 
ticulariy interesting and valuable to have X-ray data on some of the new low sym- 
metry compIexes which are to be discussed later. It is possible that we shall have 
just such data on a tartrate complex from Belford’s laboratory”‘. 

1.56 (1035) 2.12 
1.57 (996) 1.97 
I.58 (1020) 1.77, 1.88, 2.02, 2.81 
I.59 2.0f, 205, 228 
1.605 (995) 1.95, 1.98 
1.62 (982, 963) 2.04 oy1, 2.22 (0) 

2 

3,4 
5, 6 

2; 
16 

1.65 (968) 
1.67 (1003,975) 
1.76 

2.3, 2.4 
1.86, 1.87, 2.01, 2.03, 2.05 

II 
12.13 
14,s 

a Note that the iixst and third compounds are of pentawfent vanadium, included for comparison 
of V=Os* and V==Opc lengths. 
b An X-ray investigation has been reported for monoclink (NH&VCWI - H&I, space group 
C,,%P2z/cz and tetragonal VO(CcIO+)s - n HsO(n=4 or s), space group ~‘~‘*-l~~~~~ but no bond 
iengtbs were given in the abstract of the Russian paper”? 
c Values in psxentheses are assigned IR stretching frequencies, in cm-f for V=O. 

Cou&. Gem. Rev., I (1966) 293314 
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(ii) Infrared studies 

It is now well-known that metal-oxygen multiple bonds;(?nd metal-nitrogen 
multiple bonds also for that matter) may be revealed by infrai-$‘.bands in the NaCl 
region . 1g-21 The following generalizations, valid for all of the transition metals 
forming multiple M=O bonds may be made concerning the frequencies for such 
bonds: terminal M=O, 780-1100 cm-‘, and bridgingZo M-O-M, 650-920 cm-‘. 
The V =.O*+ frequencies generally fall in the range 960 + 50 cm-‘, and the bands 
are usually very strong and sharp”. Relatively Jittle new22-25 IR work, per se, 
with vanadyl complexes has appeared since the previous review’ but many papers 
dealing with other aspects of the chemistry also report IR data. Although there 
have been some very recent attempts made22*2g to correlate T(V=O) with other 
properties of the vanadyl complexes, along the lines originally attempted by Selbin 
and co-workers”’ ‘O, it is this author’s opinion now that the stretching frequency, 
especially for a multiple bond, is simply too insensitive to other molecular changes 
to be of much value for such studies. 

(iii) Thermodynamic studies 

In 1961 the first efforts to obtain thermodynamic data on the act of coordina- 
tion to vanadyl were made 31 Enthalpies, entropies and free energies of coordina- _ 

tion to th? sixth, unsolvated position in the neutral complex, VO(acac),, were 
obtained by vapor pressure measurements and involved NH3, MeNH,, (iso-Pr)- 
NH, and (tert-Bu)NH2. Enthalpy changes of approximately - 15 kcal/mole were 
found, but the changes in free energies were relatively small in each case. Some 
interesting similarities were fobnd in the thermodynamic data to the data found 
with adduct compounds of (CH3)3B, suggesting similarities in the act of coordina- 
tion in the two cases. Recently a much more extensive study has appeared32 in 
which enthalpy changes were ‘measured calorimetrically in nitrobenzene for the 
reaction of many N- and a few O-donor ligands with VO(acac),. Values span the 
range - 10.59 to -5.77 k&/mole from n-decylamine to methanol. The equili- 
brium constants lie between 2 1000 and 0.55 l/mole for the same adducts. Both 
steric and inductive effects seem to control the AH,, values, but the results show 
that VO(acac), is not a sensitive indicator of relative base strength. Some’data 

obtained for VO(F,acac),, allow some quantitative measure of the inductive 
effect in the chelate ring system. 

The heat ofcombustion of VO(acac)2, measured as - 1276 kcal/mole ,was used 
in a thermochemical cycle to obtain a value for &he V-O bond energy (in the acac- 
O-V bond, not the V=O bond) 33 The value so obtained, 77.2 kcal/mole, is . 

larger (by 7-28 k&/mole) than every other M-O bond energy evaluated (where 
M =‘ U022 +, Cu2 +, Mg2 +, Co3+, Fe3 ‘) except for M = Th4+, for which case 
it is roughly equivalent. In view of the bond length data (Table II) for VO(acac), 
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(viz., V=O, lS7 and V-O, 1.97), it seems to this author now that the large bond 
strength may be taken as an indication of a very strong cr-bond. While the existence 
of n-bonding also, from the acac-0, cannot be ruled out, it would seem that ionic 
bonding contributions must be considered as a more likely origin for the enhanced 
bond strength. 

Relatively few studies have been made of complex-ion formation constants 
for vanadyl complexes’, but recently such data has been reported for (a) some lactate 
complexes, using circrilar dichroism and s~~trophotometri~ measurements34; (b) 
an EDTA coaplex using spectrophotometry3~ ; (c) chelates of picolinic and sulfo- 
salicylic acidsandsalicyladehyde36; and (d) the addition of pyridine26 to VO@cac), 
and VO(DBM),. 

(iv) Sohtion studies 

Aside from spectral (including IR, vis-UV and ESR) and thermodynamic 
studies, relatively little solution work has appeared recently with V02* and its 
complexes and the earlier work has been thoroughly reviewed”. There have been 
however, at ieast three recent kinetics and mechanisms investigations involving 
the reaction3’ (a) between V02+ and Cry* in dilute HClO,; (b) between V02+ 
and Cr2+ in acid solution38 ; and3’ (c) between V02+ and V2 + in dilute HClO,. 

(v) New compounds 

Many new compounds, or known compounds prepared by new methods 
for the purpose of new studies, have appeared since the previous review’. The 
following discussion will touch upon at least 95 % of them. 

Many compounds of the type VO(OOCR)2 have been prepared recently*‘* 4o 
where R is 114’$ CH3, C&Is, n-C3H7, n-CsHi,, CICH,, Cl,CH, Cl,C, C,H,, 
@-I)C6H4, n-C4H9; and IR spectra have been rung for all but the last two. The 
ij(V’= 0) values appear to be - 100 cm-* lower than commonly found in V02* 
compounds (aide supru) and V-=0*. . . .V-=O+. . _.V-=Of linkages have 

25 beenproposedasanexplanation . Further support for this proposal is deduced from 
magnetic susceptibility studies at room temperature of 23 organic salts of V02+ 
(including those above)42 and chelates with dicarboxylic acids (such as malonic, 
succinic, glutaric and adipic 43, in which spin moments less than for the expected 
one electron were observed. 

Complexes with picolinic acid, sulfosalicylic acid and salicylaldehyde have 
beenpreparedand stabilityconstantsdetermined36.Complexesofpyridine-2-carbox- 
ylic acid (pycH) of the types ~O(~~C)~H~O] and HwOCpyc),] - 3H20 have been 
prepared and both yield mO(py~)~X] when treated further with. X = pyridine, 
2-picoline, aniline, NJV-dimethylaniline, etc. 44. The pyridine-3-carboxylic acid is 
claimed to react similarlys whilst pyridine-2,Gdicarboxylic acid (h&H,) gives 

Cuord. Chem. Rev., 1 (1966) 293-314 



298 J. SELBIN 

shiny-blue [VO(btt) (I&O)] - $H,O, which can be successively hydrated and de- 
hydrated&, 

Complexes of the types fVOa4]bz and WOa, Jb, have been prepared from 
Csubstituted pyridine. M-oxides where the substituted group was CH&- or 
CH,-, ,whereas the ring deactivating 4substituents CI-, Br-, and NOz- gave 
[VO azbz + HzO] (where b = Cl-, Br-)45. Flowever when C104- was the anion 
a11 substi~ted pyridine N-oxides gave complexes of the former types. 

Some solid EDTA (HibY) compounds have been isolated, M+VOY * x H,O 
(M = -& Ba, NH.+, Li, Na, K, Rb, Cs) and (VO),Y * 8H,O, and their densities, 
water solubilities, heat stabilities, IR spectra, X-ray powder patterns and magnetic 
susceptibilities recorded 46 Other recent work with the EDTA chelates includes . 
two independent stability-constant determinations”s*47. 

Among what may now be considered the more routine types of oxovanadium- 
(IV) compounds, we have the solids, VO(ox) - 2 H,O and VO(ox) * 4 HzO, described4’ 
aiong with their respective magnetic moment of 1.71 and 1.73 B.M., T(V=O) 
values of 986 and 988 cm-“, and their aqueous-solution visible bands (in kR, 
with molar extinction coefficients): 12.82 (27.5); 16.67sh (7); 41.60sh (3~) and 
45.50 (> lO,OOO), Also there are f.(Me,N),PO],VO(NCS), reported by Ziegler and 
co-workers4Q, a J?$‘-bis(salicylaldimino)diethylamine ehelate complex, reported 
with magnetic and IR data”, eheIates (ail monohydrates) with salicylal-2’-hydro- 
xyanalinate and its S-chloro- and S-bromo-derivates, which have p,rr values of 
1.84, 1.82, and 1.80 B.M., respectively, and which do not obey ~~~~~Weiss law 
between 4.2-300 0K5’, and the solid, nicely crystalline, blue ~O(H~O)~](CIO~~~, 
shown by IR to involve no C104” coordination either in solution or in the solid 
and having or = 1.70 B.M. in solutions2. 

Of the more exotic compound types we have a complex with the sulfur- 
donor ligand, maleonitrile dithiolate (MNT), ~hsPCH,],~O(MNT),l, which has 
v(V=O) at 963 cm-‘, is monomeric in nitrobenzene, and which has very in- 
teresting electronic and ESR spectra53. Then there is VO(cp)Ci, prepared recentlys4 
by oxidation with O2 of V(cp),. In our laboratory we” have succeeded in coor- 
dinating the diphospbine et~y~enebis(dipheny~phosphi~e), (~~Hs~~~H~~H~P- 
(&H&, to VOCL,, yielding green, crystalline ~O(diphos)Cl~~, with ii(v=O) at 
1005 cm-’ and visible bands at 13.7,20.4-21.8, and -24sh kK. 

Perhaps the most interesting new compounds to appear recently are those 
aptly termed “low-symmetry” complexes. Interest in low-symmetry complexes, 
per se, seems to have started when Selbin and Morpurgos6 prepared a solid tar- 
trate complex in hopes that spectral studies of a low-symmetry complex would 
shed more light on the problem of.assignments of electronic spectral data, all of 
which had previousfy been obtained with complexes of relatively high symmet~ 
(generally C,, or C,,). This matter is considered in detail later in Section III. 

From the laboratory of Dutta has begun to flow a series of low-symmetry 
complexes, one of which, that with the tridentate pyridine-2,tidicarboxylic 
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(futidinic) acid, has already been mentioned4”. Recently “heterochelates” have 
been prepared from the tridentates : ~hydroxypy~dine-2,6-di~rboxy~c (chezida- 
mic) acid, pyr~di~e-~4,6-t~carboxyIic (collidi~c~ acid, and i~n~iacetic acid; all 
four tridentates appear to yield complexes of the types, VO(t~d~n~~~=O)~ an@ 
V~(trident)~~(H~O~, where X = pyridine, 2-picoline, aniline, etc., or VO(tri- 
d~nt~(bid~n~~ with such bidentates as o-phen, dipy, acaq glycine, oxine, benzo- 
hydroxamic acid, and picofnic acid 57s These latter heterochelates dispiay magnetic 
moments in the somewhat high range of 1.82-1.86 B.M. U~fo~nate~y no optical 
spectral data is yet available on these interesting compounds, but it is ho@$ that 
such data will be fo~h~oming. 

However, a large group of low sy~etry complexly has been prepar~dinthe 
laboratory of Sacconi2* and their spectral properties have been studied. Seventeen 
compounds falling into two series are reported along with rna~~tic and spectral 
data (vibrational and electronic), the latter to be discussed later, The general for- 
mulae are: ~-~aIen-N(R) (R’j]sVO, in which V is linked to two Schiff bases, and 
[(X-sal) (X-salen-N(R~ (R’)]VO, in which V is linked to one sa~cyialdehyde grcmp 
and one Schiff base (and X = II-, S,6-benzo- or 5-chloro- and R = CHs, II, 
C&, c&I, etc.)* 

The Schiff bases have the general formula 

and they are presumably bidentate, coordinating through the oxygen and the 
imine nitrogen in the first type of complex mentioned. In e second type of com- 
pkx paving both the SchiE base moIec~~e and a mol~~e of submitted sa~i~y~aI- 
dehyde bound to the V02+, the au~hors28 believe that the foyer behaves as a 
tride~tat~ Iigand and the complex ion s~cture is of the type 

H~wever~ this is by no means firmIy established and it may also be that the S&i 
base is still bide&&s and possibly the strnctnre distorts toward a trigonal bipyra- 
midal arrangement with the vanadyl oxygen in the equatorial plane. We have made 
this suggestion for certain oxovanadium~~ complexes before30, and it would be 
most i~terestiu~ and instructive to have an X-ray crystal s~~~r~ dete~natio~ 
made on one of these complex types. 

Cuord. C&m. Rev., 1 (1966) 293-314 
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One of the most exciting development in oxovanadi~(I~ che~st~ which 
has occurred, necessarily with low-symmetry complexes, has been the resolution 
into optical en~ntiomo~bs of several inner-complexes formed with asymmetric 
quad~den~te ligands. The first reportS8 (in 1965), was of the resolution of bis- 
~ace~Ia~tonepropy~ene~i~no)oxovanadi~(I~ on a *lactose c&mm. Other 
compfexes of quad~dentate ~-ketoi~~es were then pa~ially resolvedsg and the 
rates of racemization (dextro samples) and mutorotation and racemization (laevo 
fractions) reported. 

The general formula is as follows : 

where R = R” = R” = CL& (and -jCV=O) = 978, 945 cm-“) or R’ = R” = 
CN,, R = C&H, (and F(V==O) = 983 cm-“). The compound should exist in t&e 

four forms, Dd, Ll, Dl and Ld. In a third paper in the series Martin and Ramaiah6’ 
report the separation into four optical ~na~t~orne~ of the compound first resolved 
for WY’, &y means 0 f a double-column chromatographic technique employing 
&lactose and elution with tolu~ne. In that paper they also consider the kinetics 
of mutorotation and racemization of the diastereoisomeric mixtures and the 
kinetics of chelate exchange with a quadridentate ligand and with benzoylacetone. 
They find evidence for stereospec~~ity in the correlation of chelate exchange and 
the change in optical activity. They also present evidence that the primary separa- 
tion yields two sets of diastereoisome~ Ll, DI (the Iaevo fraction) and Ld, Dd 
(the dextro fraction), and then the secondary separation gives much higher optical 
purities and the activity is stable over a period of days. Optical resolutions could 
not be obtained when bidentate ~-k~to~~es were used as Ligands5’. 

It is interesting to speculate at this point about the possibility of employing 
an opti~~y~a~ive sample of oxovanadium~ compound in a cohmm to attempt 
to separate asymmetric organic molecules which may be capabIe of attaching 
weakly to the (pressumed) vacant sixth position in the molecule. Perhaps the kind 
of steric direction known to be given by, e.g., opti~lly-active Co” comp?exes, 
when they substitute ligands, can operate in the vanadyl case, only without in this 
system changing the basic structure and composition of the complex. At least in 
theory a continuous operation for isomer resolution could be envisaged. 

Finally, in this section must be mentioned some very new and unusual 
oxovanadium~ how-s~rner~ type complexes. They have been made from 
several Ssubstituted ~-~2-hydroxypheny~)~cy~dene~n~ and have been 






























