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I. INTRODUCTION

Vanadium-51 is a suitable nucleus
for NMR experiments using both Four-
ier transform (FT) and wide-line
equipment. Nuclear data are: natural
abundance 99.76 %, nuclear spin 7/2,
magnetic moment 5.139 (in units of
the nuclear magneton), sensitivity
relative to XH 0.382 at constant

magnetic field and 5.52 at constant
frequency. Line widths of s *V NMR
signals in solution vary from <2 Hz
(for vanadium compounds of 0h point
symmetry) to ca. 3000 Hz (correspond-
ing to relaxation times of ca. 10 to
0.1 ms), but usually cover the range
20-200 Hz, reflecting comparatively
small quadrupolar interactions, which
allow observation of sufficiently
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Table 1. s1V NMR Data of Carbonylvanadium and Related Complexes

Complex8

[V(C0)6]~
[V(C0)5L]"
L = NH3

C

PH3
PF3
P(0R)3

P(NR2)3

P(alkyl)3
P(t-Bu3)
P(aryl)3«
P(C5CPh)3
As(0Et)3
AsEt3

AsPh3
d

Sb(0Et)3
SbEt3
SbPhg"
BiEt3
psb(P)
psb(Sb)

[{V(C0)5}2ii-L]
2-

L = P2Cy4

P2Me4

P2Ph4

As2Ph4

Sb2Ph4

t-dpe
dppa
arphos(P)
arphos(As)
dpae

[V(C0)sCN]
2"

cis-[V(C0)4L]"
L = 2 PH3

2 PF3
2 P(OR)3

2 P(alkyl)3
2 PPh2Me
PCy3 + P(0Me)3

dppm

P2[5],
dppp, dppb

P3> P4
arphos, pab
dpae, aab
dpap

6( 5 1V) b

[ppm]

-1952

-1670
-1850
-1961
-1910 to -1920
-1780 to -1840
-1850 to -1890
-1738
-1805 to -1850
-1780
-1862
-1850
-1800
-1885
-1900
-1881
-1743
-1814
-1861

-1889
-1867
-1850
-1745
-1740
-1836
-1823
-1847
-1823
-1824

-1850',-1720c

-1830
-1967
-1880 to -1910
-1720 to -1780
-1671
-1890
-1590
-1755 to -1830
-1700, -1720
-1730 to -1830
-1738, -1772
-1730, -1754
-1651

lJ(3 1p_Slv)

[Hz]

1V0
488
355-370
210-230
185-230

190-350

220

220
207
210

214
232
250

130
498
365
195-215

193,381

225
190

220,240

References

26,43

30
31
26
20,26,31-33
31,33
20,26,31-33
e
20,31-33
e
20
20
20,32,34
20
20
33a
20
34
34

35
35
35,36
35
35
37
37
38
38
38

12,30

31
26
26,31,33
26,31,33
39
e
39,40
37,39,40
39,40
39-42
38,39
38,39
39
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Table 1. Continued

Complex8

diars
asb
dpsp

cis-[{V(C0)4}2y-L2]
2-

L = P2Ph4

dpae

[{V(C0)4}2(AsPh2)2]
2"

mer-[V(C0)3L]-
L = p3

P4

PP3
P2P4

fac-[V(C0)3L)
L = P2P4

3 PF3

trans-[V(C0)2(PF3)4r
[V(PF3)6]
[V2(C0)8(CN)4]

u-
Cp2V2(C0)5

CPV(CO)4

CpV(C0)3L
L = PH3

PF3
P(0R)3

P(NR2)3

PR3'
PR3

j

P(aryl)3
d

PPhCl2
As(0Et)3

AsEt3

AsPh3
d

Sb(0Et)3
SbEta
SbPh3
BiEt3
P2Me4

P2Cy4

P2Ph4

As2Ph4

psb(P)

6(51V)
[ppm]

-1750
-1785
-1781

-1780
-1781

-1810

-1720
-1810
-1729
-1724
-1734

-1778
-1964

-1948
-1946
-760
-1666
-1534

-1380
-1567
-1450
-1340
-1376
-1250
-1300
-1390
-1310
-1350
-1230
-1310
-1460
-1429
-1125
-1381
-1363
-1407
-1157
-1306

b

to
to
to
to
to

to

-1500
-1360
-1420
-1300
-1326

-1260

XJ(3XP-51V)
[Hz]

205

224
525

506
510

155
427
260-330
200-230
150-160
110-160
130-170
140

165
140
157

References

39
34,
e

35,
38

35

41,
40,
42
42
46

46
12

12
26,
30
e
26

31
26,
26,
31,
26,
39
31,
39
20
20
20,
20
20
33a
20
35
35
35,
35
34

39

36

42
42

43

•

39
31,
39,
31,

39,

45

L

36

39,44,45
44
39,44,45

44,45
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Table 1. Continued

Complex8

(CpV(C0)3CN]~

{CpV(C0)3}2y-L
L = MePhP-PPhMe

t-dpe
dppa
Sb2ph4

trans-[CpV(CO)2L]
L = 2 PF3

2 P(0R)3

2 PMe3

2 PPhMe2

cis-[CpV(C0)2L]
L = 2 PF3

2 P(alkyl)3

2 PPhMe2

2 P(0R)3

2 P(NMe2)3

2 PPh2Me
dppm
P2[5]
dppb
P3
arphos, pab
dpaer aab
dpap
diars
dpsp
asb

L = P2Me4

P2Cy4

MePhP-PPhMe
t-dpe
dppa

6( s lV) b

[ppm]

-1440

-1390
-1362
-1343
-1325

-1573
-1210 to -1270
-990
-903

-1608
-1160 to -1250
-1195
-1190 to -1390
-1340
-1152
-870
-1110 to -1143
-1360
-1176
-995, -1030
-937, -921
-1260
-992
-1042
-1008

]
-1325
-1076
-1070
-1143
-1281

[Hz]

165

446
340-370
210
185

430
160

280-300
240
108

References

26

35
37
37
35

26
31,33
31,33
31

26
31,44
31,33
31,33
31,33
39
39,40
37,39,40
39,40
26,41
38,39
38,39
39
39
e
34,39

35
35
35
37
37

CpV(CO)2n
2-dppa -51

CpV(C0)L
L = P3

k

3 PF3

CpV(PF3)4

[CpV(C0)3H]-

-950 ̂
-156fc
-1475
-1730

450
448

37

k
12
12
46
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Table 1. Continued

Complex8

[CpV(C0)2(H)L]-
L = PF3

P(0Et)3

PPh2Et

CpV(C0)(N0)2
CpV(N0)2PZ3

1

T13-C3H5V(CO)3L
L = dppm

dppe
dppp
arphos
diars

Tl3-C3H4MeV(C0)3dppe
TI 3 -CrotylV(C0)3 dppe

HV{C0)4L
L = dppm

dppe
dppp
dppb
arphos

cp3

HV(C0)3L
L = p 3

m

P4
CP3

PP3
P2P4

trans-[HV(C0)2L]

L = P4

P2P4

cis-[HV(C0)2pp3]

{HV(C0)4}2V-p4

V(C0)3N0(PMe3)2

V(C0)3N0(dppe)

fi(51V)b

[ppm]

-1691
-1603
-1355

-1294
-973 to -1265

-1355
-1492
-1348
-1413
-1461
-1391
-1445

-1593
-1690
-1600
-1553
-1663
-1608

-1640
-1665
-1528
-1690
-1485

-1658
-1500 to -1800

-1541
-1685
-1332
-1382

lj(31p.51v)

[Hz]

562
458

400-655

180

74

References

e
e
e

47,48
47,48

39
39
39
e
e
e
e

39,49
39,49
39,49
39,49
46,49
46

46
46
46

, 46

46

46
46

46
46
50
50

a) Abbreviations for ligands: pab = o-C6H4(PPh2)(AsPh2),
psb = o-C6H4(PPh2)(SbPh2), asb = o-C6H4(AsPh2)(SbPh2),
aab = o-C6H4(AsPh2)2, diars = o-C6H4(AsMe)2 ; p2[5] = phosphines forming che-
late 5-rings such as o-C6H4(PPh)2 , Ph2P(CH2)2PPh2 and
cis-Ph2PCH=CHPPh2; t-dpe = trans-Ph2PC=CPPh2, dppa = Ph2PC=CPPh2, arp-
hos = AsPh2(CH2)2PPh2; Ph2E(CH2)nEPh2: E = P (n = 1: dppm, n = 2: dppe,
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n = 3 : dppp, n = 4 dppb), E = As (n = 2: dpae, n = 3: dpap), E = Sb (n = 3:
dpsp); p 3 = PhP(CH2CH2PPh2)2, cp3 = CH3C(CH2PPh2)3, p4 = [Ph2PCH2CH2PPhCH2]2,
pp3 = P(CH2CH2PPh2)3, p2p4 = (Ph2PCH2CH2)2PCH2CH2P(CH2CH2PPh2)2. b) Upfield
of VOCI3 (neat or in CD2C12) 0.1 - 0.2 M in THF or THF/CH3CN 1:1 at room
temperature, if not indicated otherwise, c) At ca. 200°K in liquid ammonia,
d) Including oligodentate ligands with EPh2 groups (E = P, As, Sb). e)
Unpublished. f) In CH3CN. g) Geometry unconfirmed (see reference 42). h)
2J(51V-19F) = 10.3 Hz. i) Tolman's cone angle < 140°. j) Tolman's cone
angle 170c k) This complex was formerly assigned trans-[CpV(C0)2p3]
(26,41) on the basis of IR data. An X-ray analysis of this complex, however,
shows that actually three CO groups are substituted (51). 1) Data for a
variety of CpV(N0)2L complexes, where L is a ligand containing a C, N, 0 or S
donor/acceptor function, are also reported in Ref. 48. m) Erroneously char-
acterized as {V(CO)3p3}2 in reference 41. n) XJ(51V-31P) + ^ ( " V - lllN).

j
Chtoro Complexes

VOCyOR).VOCI(OR)2

VOtORJj

VO2* Derivatives

Vanadates (*V),iso- and
Heteropoly vanadates W)

Peroxovanadiuml+V)

CpVINOJjL

CpV(H)IC0)2L

HV(C0)6J.n

6(5 ty ) relative to VOCI3 (ppml 0 -500 -tooo -1500 -2000

Figure 1. 5XV chemical shifts in ppm relative to VOC13. Not included in
this chart is V0Br3 [+ 434 ppm (19)] and current work on sulfido
complexes [with low-field shifts down to ca. + 1400 ppm (53)].
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onal-pyramidal structure of the
(V(CO)4_n Ln} moiety. Shielding for
these complexes goes down as far as
to that of dicyelopentadienyldithio-
formiatovanadium-(+III) compounds
(52) and V0F3 (19), but does not
reach the extremely low shielding
values for VOC13, V0Br3 (19) and sul-
fidovanadium complexes (down to +1400
ppm (53)). The chart in.Figure 1, on
first sight, imparts the impression
of a correlation between shielding
and formal oxidation state. This
would imply significant contributions
to variations in the overall shield-
ing arising from the local diamag-
netic term; we have ruled out this
possibility in the previous section.
Hence, electronic (and steric) fac-
tors have to be taken into considera-
tion to account for these variations.

Qualitative and semi-quantitative
MO considerations on CpV(C0)3PZ3 and
[V(C0)5PZ3]" complexes (12,26,32,45)
have shown that 6(51V) values can be
used to classify the phosphine
ligands PZ3 according to their ligand
strength (0-donor and ir-acceptor
ability): the ligand strength
increases with increasing negative
shift values, i.e. with increasing
overall shielding or decreasing par-
amagnetic deshielding due to enhanced
LUM0-H0M0 splitting AE (equation 7),

P(NR2)3~P(aryl)3

<P(0R)3

P(alkyl)3~PH3
<PF3

This ordering which - except for
arylphosphines - is quite similar to
the sequence made up on the basis of
other (e.g. IR) spectroscopic parame-
ters, also reflects a decrease in
metal-contribution to MOs taking part
in LUM0-H0M0 transitions. The unus-
ual position of PPh3 (and related
phosphines) in this series as
compared to its IR-spectroscopic
position (where PPh3 is placed
between alkyl- and alkoxyphosphines)
has been explained by direct ligand-
to-ligand interaction, making PPh3 a
good n-acceptor on the IR but a poor
one on the NMR scale (20).

Essentially the same ordering as

that for phosphines was established
for arsenic and antimony ligands,
hence

EPh3~EPh2CH2R < EPhMe2~EEt3 <
E(OEt),,

where E = P, As, Sb (20,39). This
indicates that effects arising from
the substituents on E usually over-
ride those imparted by the donor/ac-
ceptor function of E itself. For an
identical set of substituents Z, how-
ever (20)

BiEt3 < AsZ3 < PZ3 < SbZ3

Z3 = Et3,Ph3,Me2Ph, (0Et)3

and this is paralleled by an analo-
gous ordering of bidentate ligands
(38,39):

Ph2As(CH2)2AsPh2 < Ph2As(CH2 )2PPh2
<Ph2P(CH2)2PPh2

and (34,39)

,AsPh2 PPh2

SbPh2

This sequence is independent of the
type of complex, which allows an une-
quivocal assignment of vanadium NMR
signals in isomeric mixtures.

While the ordering of phosphorus
and arsenic (and bismuth) ligands
apparently reflects the order of
decreasing ligand strength (decreas-
ing AE), the position of antimony
ligands such as SbPh3 needs special
attention. Here, AE appears to be
overpowered by the large nephelaux-

etic effect (small <r" 3 >
3 d) induced
3d

by SbPh3, probably connected with an
increase in covalency (small k' ) in
going from P to Sb. A similar
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conjecture has been made for cobalt
complexes (54-56).

The close relationship between the
shielding and the ligand strength was
also employed to assign signals of
vanadium complexes obtained with
diphosphanes R2PPR2 (35), which form
mononuclear, monosubstituted and
dinuclear, monosubstituted complexes.
The former should exhibit a greater
ir-interaction due to the presence of
an uncoordinated PR2 group directly
bonded to the ligated phosphorus and
hence a high 6(51V) value. This is
shown in Figure 2.

Special interest has been focussed
on the question of whether PF or CO
are the better ir-acceptors
(12,39,43). The 6(51V) values for
the complexes CpV(PF3)4 (-1475 ppm)
and [V(PF3)6]' (-1946 ppm) are
smaller than for the corresponding

carbon monoxide compounds (CpV(C0)4 :
-1534, [V(CO) ]": -1952 ppm) and this
should suggest a higher ir-acceptor
power of CO (greater AE and smaller
paramagnetic deshielding), provided
the factor <r~3>3dk'

2 is constant or
overpowered by influences in AE.
Analogous results are obtained from
the 93Nb NMR spectra of octahedral
niobium compounds (43). In complexes
containing both CO and PF3 ligands,
6(51V) are, however, clearly larger
for the PF3 complexes than for the
parent carbonyl compounds, although
diminished symmetry should increase
the number of symmetry-allowed tran-
sitions and thus opara • Figure 3
gives a graphical presentation of the
situation. Where PF3 and CO compete
for the metal iT-electron density, PF3
appears to be the better IT-acceptor.
This statement is valid only with the

-1000 -TI00 -1200 -1300 -U00 -1500 ppm

Figure 2. 23.66 MHz 51V NMR spectrum of the reaction products between
T15-C5H5V(CO)4 and PhMeP-PMePh.
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assumption of constant <r"3>k'2

contributions and neglect of aniso-
tropy effects (29).

A symmetry/shielding correlation
was also proposed for a number of
complexes [V(C0)6 n(PZ3)n]~ and
CpV(C0)4_n(PZ3)n (n"= 1 to 3) (26)
with the phosphines P(OMe)

3 » PMe3 '

PPh2Me, and PhP(CH2CH2PPh2)2 (Figure
4), which have substantially lower
IT-acceptor power than CO or PF3 .
Shielding decreases, as CO is succes-
sively replaced by the phosphine

ligand, which is explained by (i)
decreased energy separation between
HOMO and LUMO as the degeneracy of
the MO taking part in transitions is
raised plus increased number of rele-
vant transitions in the complexes of
lower symmetry, and (ii) destabiliza-
tion of o-type and/or Tr-type MO as
V-PZ3 interaction becomes increas-
ingly important relative to V-CO
interactions. For [V(CO) 6_n (PZ3)n ]"
complexes these relations are shown
in Figure 5.

-20001

-1990

-1980

-1970

-1950-

-1950-

-1940-

-1590-

-1570-

-1550-

-1530-

-1510-

-1490 -

-1470-

6(51V) [ppml

Number of PF3 Ligands (n)

0 1 2' 3 4 5 6

6(51V| Ippm]

mono di

-1900

^700

H300

-1100

-900

V =

1 \ ' / V \ >>

= PhP(CH2CH2PPh2l2

trans-di mono cis-di

Figure 3. Chemical shifts vs. num-
ber of PF3 ligands in carbonyltri-
fluorophosphinevanadium complexes,
showing the dependence of 6(5lV) upon
the local symmetry. Dashed lines
connect the higher symmetry isomers.
The graph also illustrates the temp-
erature dependence of 6(51V) for
[Et4N][V(C0)(PF,)5](small squares).

Figure 4. Correlation between chem-
ical shift, local symmetry, and
ligand strength for various phosphine
derivatives of n5-CsH5V(C0)4 (dashed
lines) and [V(CO) 1~ (solid lines).

6
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Generally,
order

{V(CO)m} >

S(51V) decreases in the

{V(CO)m_, }EZ3 >
) 2 > (V(CO)

m-3
}(EZ3)3,

where {V(CO)m} = [V(CO)6]~
CpV(CO)4; E = P,As,Sb,

1/2 di- or 1/3
Further,

and EZ3 is a mono-,
tridentate ligand.
cis-[V(C0)m.2(PR3)2]
trans-[V(C0)m_2(PR3) ] and
fac-[V(C0)3(PR3)3] >
mer-[V(C0)3(PR3)3] (R ji F).

An additional decrease in 5 lV
shielding is observed with very bulky
phosphines. This steric effect is
pronounced in the complexes
CpV(N0)2PR3 (47) and CpV(C0)3PR3 (39)
and illustrated for the latter in
Figure 6, where Tolman's cone
angle is employed as a measure for
the ligand size. While variations in
6(51V) for phosphines of similar cone
angles (PF3, P(0Me)3, PPhH2) again
illustrate influences primarily elec-
tronic in nature (full circles in
Figure 6), the decreasing shielding
for alkylphosphines of increasing

cone angle (shadowed squares and
solid line in Figure 6) is represen-
tative for factors primarily steric
in nature. The broken line in Figure
6 connects methylphenylphosphines,
where either effect has to be taken
into account. For bulky phosphines,
overlap conditions with suitable
vanadium orbitals are less favorable
due to steric crowding and increased
bond lengths. The validity of the
latter argument has been demonstrated
by correlating shielding parameters
and structural parameters obtained
from X-ray analyses of several phos-
phine-platinum complexes (57-63).
The net effect of hindered vanadium-
phosphorus interaction is a decrease
in AE, increase in k'2 and possibly
also an increase in <r"3> (diminished
extention of the metal-3d system),
all of which result in increased par-
amagnetic deshielding and decreased
overall shielding 0. A decrease of
shielding due to hindered V-P overlap
was also observed in strained che-
late-ring structures (39,40) and will
be discussed in the context of
6(31P)/6(51V) correlations in Section
II. D.

IV(CO)5L]" lV(CO)Al2r tV(CO)3L3r ID

(2)

(3)

W

yz

xy

b, [a*]

3d(V)
Oi_

e

b2

\jrlA

\ a, ffd(PZ3)

Figure 5. The vanadium-3d system for [V(CO)6_nLn]" complexes (left), and
the vanadium-phosphorus interaction in [V(C0)5PZ3]~ (right). (1)
Complex, (2) local symmetry, (3) transformation properties of the
angular momentum operator, (4) relevant transitions. From refer-
ence (26), slightly revised.
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2. Thioformiatovanadium(+III)
Complexes

51V NMR spectra were obtained for
several dicvclopentadienyldithioform-
iatovanadiuni- ( + 111) complexes (Table
2) which, in solution exhibit a tem-
perature dependent equilibrium
between a diamagnetic chelate struc-
ture with S-S-coordination and an
open, paramagnetic form (52):

C-Y
Cp Cp S (8)

Since the presence of paramagnetic
species usually prevents the observa-
tion of vanadium NMR signals, the
equilibrium for the compounds listed
in Table 2 may be considered to lie,
at the temperature indicated, almost
exclusively on the side of the diam-
agnetic forms.

The very similar 6(51V) values for
Y = OEt, NEt2, PCy2, PPh2, and AsPh2

support the assumption that this

Figure
.5

6. 6(51V) or
Tl'-C5H5V(C0)3PZ3 complexes vs. Tol-
man's cone angles of the phosphines
PZ3. The graph illustrates the
dependence of 6(51V) on steric
effects (squares) and electronic
effects (full symbols).

group does not take part in coordina-
tion to vanadium. The same applies
to the oxo-phosphorus and thio-phos-
phorus groups: coordination via the
phosphorus-bonded oxygen and sulfur
would result in a chelate five-ring
structure, for which shielding should
be higher than in the four-ring sys-
tems (see discussion in Section II.
D.). The lower shift values for
these complexes are in good agreement
with the known weak ligand strength
of the ligands [S2CP(S)R2] as com-
pared to [S2CPR2] (64)

3. Oxovanadium(+V) Complexes
Containing the V0 3 + or V02*
Group

Investigations in this field
include compounds of the types V0X3

(X = F, Cl, Br, NR2) and V0Cl3.n(0R)n

(n = 1-3) (19,65), [V0F4r (66,67)
and [V0Cl4_nFn«CH3CN]~ (n = 0-4)
(68), and [V02]

+ derivatives (69).
NMR data are summarized in Table 3.

No 6(51V) value was reported for
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Table 2. s 1V NMR Data of Dithioformiatovanadium(+III) Complexes

Cp2V(S2CY)

Solvent Temperature 6( 5 1V)

[ppm]
V2

[Hz]

OEt
NEt 2

PCy2

PPh2
AsPh2

P(O)Bz2

P(S)Ph2

-HaIf-width

THF
THF

CH2CI2

CH 2C1 2

CH 2C1 2

CH2 Cl2

CH 2C1 2

280
300
250
300
280
280
300
250
230

-1100

-1030

-1080

-960
-1000

-1040

-1090

-895
-780

>3000

>3000

640

ca. 1000

>3000

120

700

Table 3. s 2V NMR Data of V 0 3 + and V 0 + Complexes

1 . — — _ _

Compound

•

VOBr3

[VOCL, CH3CN]"
b

VOC1 3

VOCl3(CH3CN)2

VOCl 3(PhCN) 2

VOC13/THF
C

V0(SC10 3) 3
d

! VO(NEt 2) 3

VOCl2OMe
1
1

V0Cl20Et

V0Cl2(0-i-Pr)
1

V0Cl2(0-n-Bu)

' V0Cl2(0-i-Bu)

V0Cl2(0-t-Bu)
1

1 V0Cl(0Et)2
1 VOCl(O-i-Pr),

Phase

Br2
neat

CCU
CH3CN
neat

THF
CH3CN b

THF
THF

HSCIO3

CH3 CN

neat

THF
neat

THF
neat

THF
neat

neat

neat

THF
neat

neat

6( s lV) a

[ppm]

+440
+432
+417
+23

0
-32
-114
-35
-32,-242
-316
-4
-365

-290

-304

-300
-316

-309
-342

-290

-288
-320

-404
-414

-506

Av
[Ez]

20

68

38

126

16

63
28
19
19
770
56

References

19
19
19
68
19,2
19

19

19
69
19
19,e

19
19,e

19
19, e

19
e
e

19, e

e
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Table 3. Continued

Compound

VQCl(O-n-Bu)2

V0Cl (0 ' - i -Bu) 2

VOCl(O- t -Bu) 2

V 0 C l ( a c a c ) 2
f

V(OMe)3

V(OEt ) 3

VO(O-n-Pr ) 3

VO(Oi-Pr) 3

VO(O-n-Bu)3

VO(O-i-Bu) 3 .
VOF 3

tVOCl3F(CH3CN)r
t r a n s - [VOC12F2CH 3CNTf
cis-[VOCl2F2(CH3CN)r
[VOCIF 3(CH3CN)f

[VOF4(CHaCN)r
[V0(02)]+

fvo2]+

[V02(H2O)4]+

[V02(C204)2]3"
[VO2(EDTA)]3"
[VO2Cl2r
[V02F2]-

9

Phase

neat
neat
neat
THF
THF
CH3CN
neat
neat
Et2O
heptane
THF
neat
Et20
THF
C 6H i 1 C H 3
neat
THF
neat
THF
CH 3CN
CH3CN
CH CN'
CH CN
CH 3CN
CH3CN
H20/H2O2/H+

H 2 O/H+
H 2 O/pH 0
H 2 O/pH 1
H 2 O/pH 2
H C 1 0 4 , HNO3

H C l , H 2 S 0 4 ,
H 3 P 0 4

H20
H20
CH3CN
HSFO3
DMSO

6 ( 5 1 V ) a

[ppm]

-470
-478
-540
-344
-458
-459
-443
-555
-584
-577
-585
-628
-624
-619
-623
-548
-580
-538
-757
-786
-205
-380
-456
-608
-778
-543
-548
-545
-545
-541
-545

-520 to
-587
-533
-513
-301
-66
-64

A v i / 2

[Hz]

360
210
58

15
18
21
14

23

340
1390-1730

850
582
400

600-1500
250
800
60
60
60

References

e
e
e
19
19
19
19
19
e
e
e
19, e
65
65
65
e
19
19
19
19
68
68
68
68
68
70
71
66
70,72
73
69

69
69
69
69
69
69

a) At room temperature if not indicated otherwise. Some of the shift values
reported in reference 19 have been slightly revised. b) At 230°K. c) The
three signals probably correspond to [VOC13](THF)n , [VOC12(THF)n]C1, and
[VOCl(THF)n]Cl2. d) Tentative assignment for the signal observed when NH4V03

is dissolved in HSCIO3.
tative assignment.

e) Unpublished. f) acach2
 = Acetylacetone. g) Ten-
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the [VOF4]" anion, the composition of
which was based on the observation of
a quintet in the vanadium NMR spec-
trum. Since a quintet is in agree-
ment with the magnetic equivalence of
the fluorine ligands established for
local C 4v symmetry, this geometry was
suggested by Hatton et al. (66).
According to Moss and Howell (67),
however, it is doubtful that the
field gradient at the vanadium
nucleus is sufficiently small to
allow observation of a resolved vana-
dium signal, and they suggest a rapid
exchange amongst the F ligands either
in a C4v or in a C2» symmetry or,
alternatively, interconversion
between these two geometries.

Buslaev and co-workers studied the
systems VOC13/CH3CN, VOC13/CH3CN/KC1,
and VOC13/CH3CN/KF,HF (68). For
VOC13 dissolved in CH3CN, they
observed a chemical shift of -114 ppm
which they attribute to the known
complex VOC13»2CH3CN. The 6(51V)
values reported by us for VOC13

#2
CH3CN (-32) and, VOC13»2 PhCN (-35
ppm)(19) dissolved in THF may hence
correspond to VOC13/THF adducts (vide
infra) formed by displacement of the
nitrile for THF. On addition of KC1
to a solution of VOC13 in CH3CN, a
single signal at -38 ppm is obtained
which is thought to indicate the
position of an exchange equilibrium
of the kind

VOC13«2 CH3CN [VOC14'CH3CN]"

+ CH3CN (9)

On lowering the temperature to ca.
230°K, two signals (-114 and +23 ppm)
are observed (68).

Rapid exchange among various spec-
ies also occurs in the VOC13/CH3CN/HF
system, for which 6(51V) values cover
the range of -112 to -535 ppm (at
room temperature), depending on the
VOCI3/HF ratio. At ca. 240°K, five
fluorine-containing complexes can be
characterized by distinct 5XV NMR
signals., where (i) .' shielding
increases with increasing number of
F-ligands and (ii) shielding for
trans-[VOC12F2]~ is smaller than for

the cis-complex. These results are
in accord with (i) the stronger
ligand field exhibited by the fluor-
ide ligands and (ii) our findings on
the shielding in cis/trans isomers of
cyclopentadienylcarbonylphosphine-
vanadium complexes (see Section B.
1.). The relative intensities for a
VOC13/HF ratio of 1:5 are
[VOC14»CH3CN]" (0.26) /
[VOC13F«CH3CN]- (0.27) /
cis-[V0Cl2F2»CH3CN]~(0.11)
/ trans-[VOC12F2 •CH3CNf (0.06)/
[VOC1F3«CH3CN]" (0.16) / [V0F4»CH3CN]~
(0.14). The rapid intermolecular

exchange in oxovandium fluorides at
room temperature is in contrast to
the behaviour of oxofluorochlorides
of niobium, for which a 93Nb NMR
study has been carried out (74).

The signal at -778 ppm dissolves
into a quintet; the corresponding ion
[V0F4»CH3CN] apparently is equiva-
lent to that found by Hatton (66) and
Howell (67). The shift value
reported for V0F3 dissolved in CH3CN
is -786 ppm (19), which, within the
limits of temperature effects, coin-
cides with the 6(51V) value of

[V0FJ- •
Figure 7 gives a graphical repre-

sentation of the correlations between
the chemical shift values of oxovana-
dium complexes V0Z3 and the elec-
tronegativity x of the groups Z, on
the one hand, and the. bulkiness of R
if Z = OR, on the other hand (compare
reference 19). Buslaev's data on
[V0Cl4.nFn*CH3CN] have been included
(68). There is a consistent upfield
trend for the shift values as the
electronegativity of Z and the spa-
tial crowding at the V0 3 + centre
increase. The high field shift with
increasing X is consistent with
increasing AE and decreasing cova-
lency of the V-Z bond (equation 7).
The steric influence is opposite to
that observed for CpV(C0)3PZ3 com-
plexes (Figure 6). Lachowicz and
Thiele (75,76) have shown that there
is a definite tendency for vanadyl
esters V0(0R)3 to associate, and this
tendency decreases with increasing
bulkiness of the alkyl substituent R.
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D-—"Hfr-—D-—-Q-
voci^R

0- IVOCI3

!'= Me Et

VOZ3

O V0(0R'|3
/ \ V0CI(0R')2
D V0CI2(0R')

Increasing Ligand Bulkiness -—»

Figure 7. 6(51V) of V0Z3 compounds
vs. the Allred-Rochow electronegativ-
ities X of the substituents Z (upper
abscissa, solid line and shadowed
circles; R =n-Bu) and the bulkiness
of Z if Z = OR' (lower abscissa, bro-
ken lines, and open symbols). Data
taken from reference (19) and

Bun Bu1 PH Bu*

We have confirmed this phenomenon by
investigating the temperature depen-
dence of the 5 XV shift values and
half widths of the 5 *V signals.
Accordingly, the shifts for the vana-
dyl esters (and esterchlorides) indi-
cate the equilibrium position of
rapid exchange equilibria of the kind

n VO(OR), {V0(0R)3}r (10)

where n very likely attains the value
2. At temperatures below ca. 240°K,
the two species exhibit two distinct
signals (65). If the signal at low
field is assigned the oligomeric
(dimeric) form, the high field shifts
for vanadyl esters containing spa-
cious groups R indicate that there is
little association for these com-
pounds (see also the discussion in
Section II. E.). An additional con-
tribution to the high field shift may
arise from an expansion of the coor-
dination sphere (small <r~3> value in
equation 7).

Another interesting feature is the
substantial upfield shift for V0Br3

and VOCI3 when dissolved in THF (19).
The signal for V0Br3 is shifted from

n varies
ppm for a

+432 to -242 ppm, suggesting a com-
plete rearrangement in the coordina-
tion sphere with partial removal of
bromine ligands and formation of a
species [V0Brn(THF)m]Br3_n, where n
probably = 1. With VOC13 two signals
are obtained. While the low-field
signal at -32 ppm may be interpreted
in terms of a simple solvent shift
(THF coordinated in the second coor-
dination sphere), the high-field sig-
nal is probably due to a complex
[V0Cln(THF)]Cl3-n , where
from 2 (5(51V) = -242
VOCI3/THF ratio of 1:1) to. a limiting
value of 1 (6(S1V) = -316 ppm;
VOCI3/THF = 1:10).

Howarth (70) has reported the
shift values for the oxovanadium and
oxoperoxovanadium cations ([V02] :
-545; [V0(02)]

+: -543 ppm). The
shifts are identical within the lim-
its set by the inaccuracy in measur-
ing shift values, but [V0(02)]

+ is
distinct from [V02]

+ on the grounds
of the different line widths and the
behaviour towards EDTA: the peroxo
compound is not readily chelated by
EDTA. The dependence of shift and
line width for [V02]

+ upon concentra-
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tion and nature of the acid employed
for the acidification of an original
metavanadate solution has been dis-
cussed by O'Donnell and Pope (69)
(cf. Table 3).

4. Vanadates and Peroxovanadates(+V),
Iso- and Heteropolyvanadates(+V).

Howarth (70) has also investigated
the system metavanadate (i.e.
[H2V04]~)/H202/0H~ and identified up
to eleven peroxovanadates from their
resonances in the vanadium NMR spec-
trum. The data are contained in
Table 4; four of the species have
been tentatively assigned. The com-
position, i.e. the number of peroxo
ligands and the degree of protona-
tion, depends on the number of equiv-
alents of H 20 2 and base added to
[H2V04]~ at a starting pH of 8. The
complexes formed with one equivalent
of H 2 0 2 are [H2V03(02)]~ (tentative
assignment), [HV03(0 2)] 2~ and, at pH
> 10, [HV0 2(0 2) 2]

2-. This species is
the only one present if two equiva-
lents of H 20 2 plus one equivalent of

base are added to metavanadate, while
the diprotonated complex
[H 2V0 2(0 2) 2 ]" is formed without the
addition of OH". Addition of more
than 2 equivalents of H 2 0 2 yields
[HV0(02)3]

2~ . All protonated forms
are deprotonated to [V02(02)2]

3~ and
[V0(02)3]

3" if the pH exceeds 13.
Under extreme conditions (substantial
excess of H 20 2 and OH"), [V(02)4]

3"
is obtained.

Shift values increase by ca. 50
ppm or less, if protonation occurs
([HVOJ 2- (-534) •> [H2V04]" (-574)),
and increases by ca. 100 ppm for each
0 2

2~ ligand replacing the 02~ ligand.
These trends are explained by an
increase of the energy of the
ligand-to-metal charge transfer
(increased AE in equation 7), in con-
nection with an increase of covalency
of the V-0 bond (decrease of k 1 ) .

Four groups (66, 70/72/79, 73,69)
have investigated the systems metava-
nadate/OH" and metavanadate/H30*.
The results can be summarized as fol-
lows (see also Figure 8 and compare
the data contained in Table 4):

-550-

-500-

-450-

10

Figure 8. Composition and chemical shifts of vanadates(+V) between pH 0 and
14. Vertical lines connect 5 H7 signals belonging to the same
species. : .
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Table 4. 51V NMR Data of Vanadates(+V), Peroxovanadates(+V), and
Isopolyvanadates(+V)

Compound PH
[ppm]

Av
[Hz]

References

VO,

vo 3
1 7 o 3 -

14

V O ^

2 7

("VO - " )

V20H3"
HV03(02)2"

V0 2 (0 2 ) 2
3 " d

HV02(02)2
2"

H2V0z(02)2*
H[V0(02)2]2O
V0(02)3

3

HV0(02)3

3-
3 -

2 -

V0(02)2(NH3)
v n 5"
V 3 U 1 0

HV 0 5 '
10 28

H V 0 '
2 10 28

9
13-10

13
9
13-9
13-9.5
9
10-8
<8-7

13-9
5.5
7.5

13-5.5

11-7
6.9-2.7

8.5-7.5
6.9-2.7
7

5.5

5-3.5

5.8-4

-536

-537
-554 to -559

-534
-574
-553 to
-527 to
-562
-623
-621
-760
-766
-697
-757
-845
-733
-734
-746
-493 to
-510 to
-572 to
-407 to
-510
-492
-418
-511
-495
-426
-510 to
-500 to
-420 to
-520
-513
-427
-512 to
-495 to
-421 to
-519
-502
-422

•568
•534

•504
-523
-574
-419

<10-60
27
ca 100b

50c

50
80
80-100

85

250
240
260
650
380
160
480
165

150-180

-519
-504
-425

-517
-500
-422

150
150
350

69-73
78
69
66
78
70,72
19,70
69,70
66
70
70
70
70
70
70
70
70
70
70
70

66
69
66

72,79

73

69

73

79

79

a). In aqueous solution at room temperature; resonances cited in reference 70
at 273°K. b) The slightly broader signals and higher shift values at lower
pH indicate protonation and exchange equilibria between protonated and unpro-
tonated forms. c) Line width for the V-170 satellites in the 51V NMR spec-
trum, d) Tentative assignment.
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At pH 14, the only species present
is the orthovanadate ion [V04]

3"
(-536 ppm) which, due to its tetrahe-
dral geometry (field gradient at the
nucleus ~ 0) , is characterized by a
narrow line. As the pH is lowered,
the signal broadens due to the forma-
tion of dimeric [V207]''' (-553 ppm at
pH 13) and protonated species
[HV04]

2" (-534 ppm at pH 13) and
[HV207]

3* (-562 ppm at pH 9).
Exchange between these species
accounts for further line broadening.
In the pH region of 8.5 to 7.5, oli-
gomeric metavanadates [(V03)x]

x" with
•x probably 3 and 4 are present (-5 72
to -576 ppm), but the signal appear-
ing at -574 ppm (pH = 9) is also
assigned the diprotonated [H2V04]"
("metavanadate [V03]""). Further
lowering of the pH produces signals
which have been associated with the
oligomeric anions [V 30 1 0]

5" (two sig-
nals at -493 and -510 ppm (pH =6.9)
for the two different vanadium sites
in this anion) and tetra- or pentam-
eric forms (ca. -410 ppm) (66).
While these are tentative assign-
ments, the existence of decavanadate
[̂ 'iot-l28]6" below pH 7 is clearly
indicated by a set of three signals

[-418 (a), -492 (b), -510 (c) ppm at
pH 7 (79)j in the intensity ratio
1:2:2, corresponding to the three
different vanadium sites in this
anion (Figure 9). Finally, below pH
5.8, the decavanadate is protonated
and the species
[HVI0028]

5™ (-421, -496, -512 at pH
5.8) and [H2V10 0 2 8 ] " " (-422, -501,
-519 at pH 3.0) are formed before, in
strongly acidic solution (pH < 2),
they break down to [V02]

+ (-545 at pH
0).

Special attention has been attrib-
uted to the protonation of [V10028]

6"
over the pH range of 9 to 2 (79).
The first protonation occurs with an
overall pK of ca 5.5, the second pro-
tonation at a pK of ca. 3.6. Since
the signal (a) is only very slightly
affected by the protonation, and
since the first protonation affects
(c) to a lesser extent than (b) while
the influence on (c) and (b) is oppo-
site with the second protonation, the
protonation sites are considered to
be (b) for the first and (c) for the
second protonation (cf. Figure 9).
The authors also give strong evidence
that the apical out-of-plane, and not
the bridging oxygens are protonated,

© =V(Q)

Figure 9. Structure of the decavanadate ion [V 1 OO 2 8]
6" [adopted from refer-

ence (77)], showing the three different vanadium and the two pro-
tonation sites.
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which is contrary to the conclusion
made on the basis of 170 NMR studies
on [V 1 00 2 8]

6" (80).
The 51V NMR spectra of heteropoly-

vanadates of general formulas
[VnMe.n019 ] (

n*2)" (n = 1,2),
[VnM13.n 040] (

n+2)" (n = 3,4),
[VnM 2_n P040] (

n*3 Xn = 1,2) (includ-
ing some short-living protonated
forms), where M = molybdenum and
tungsten, have been investigated by
four groups (69,71, 73/81, 82), and
recently, these studies were extended
to [VnW18.n P2062] (

n + s )" (n = 1,3) and
several heteropolyvanadates contain-
ing silicon instead of phosphorus
(83). 31P (69,81,82) and 1 70NMR
studies (82) have also been carried
out on selected compounds. 5 *V data
are compiled in Table 5.

Species containing two and more
vanadium atoms usually show more than
one 5 *V NMR signal (an exception is
[V 2W 40 1 9]"' (69), which is attributed
to isomeric mixtures in solution
and/or different vanadium sites in
the complex structure. Thus, the
lines at -553 ppm for [VifWgOito ] s " and
-558 ppm for [V3W10Olt0 ]

5 ' are allo-
cated to the central (tetrahedral)
vanadium in the Keggin structure of
these anions, while the lines at ca.
-506 and ca. -530 ppm, respectively,
are due to external (octahedral)
vanadium atoms (69). Heteropolyvana-
dates - like isopolyvanadates - show
a pH-dependent shielding of the 5 *V
nucleus. This is again attributed to
protonation, and bridging oxygens are
considered to be the protonation
sites (69,73,81) which, in the light
of the investigations carried out by
Howarth and Jarroli on
tvio°28]e~ (79), seems doubtful.

Chemical shift values are higher
for tungsten than for molybdenum
anions (compare [V2W^019]*": -513 and
[V2Mo4019]*-: -502; [ VW, ̂ 0 , „ ] *" :
-551 and [VMOj jPO^ ]"" : -532 ppm
(73), and substantially higher for
phosphorus-containing heteropolyvana-
dates. This is rationalized by
Kasanskii (73) by considering the
first CT transition; i.e. the energy
separation between non-bonding orbi-

tals, consisting chiefly of pure
p-orbitals localized on the bridging
oxygen atoms, and the vacant, basi-
cally vanadium-3dx orbital. The
energy of the latter depends on the
degree of its participation in the
bond between vanadium and suitable
bridging oxygens. The Mo-0 bond in
molybdenum vanadates is weaker than
the W-0 bond in the tungsten vana-
dates. Hence, in the former, there
is a more substantial participation
of oxygen orbitals in the V-0 bond
and, in turn, a lesser V-dxy contri-
bution. The result is a destabiliza-
tion of the dxy orbital which leads
to higher AE and smaller opara values
and thus produces an increase of the
overall shielding (equations 7 and
1).

C. Chemical Shifts Related
to ESR g-Factors

The ESR-spectroscopic g-factor can
be expressed by

= -2X£(En-E0)<O|L
2|n> (11)

where in the notation of equation 5,
X is the spin-orbit coupling and L is
the angular momentum operator. Since
the vanadium shielding constant
depends on the orbital angular momen-
tum and the energy separation between
ground state, E Q, and the excited
states, E n, (equation 5), a correla-
tion between 6(51V) and g values is
not unexpected.

An approximately linear correla-
tion has been shown to exist between
the 6(51V) values of the vana-
dates (+V) [ W 5 0 1 9 ]

3 ~ , [VPMo uO^p]"" ,
[H2VWX1 0 k0]

 7" and [VPWX1 0kl} ] "' , and
the g-factors of the reduced forms
with vanadium in the formal oxidation
state +IV (73): |5(51V)j increases
with decreasing g. This correlation
was disputed by O'Donnell and Pope
(69); it seems to be approximately
valid for compounds containing an
isolated V atom. Thus, for

[aVSiWM0
V P W

i6-

the respective g-values are 1.962,
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reported for phosphorus-containing
heteropolyvanadates(+V) (69,81,82)
and for carbonylvanadium(-I and +1)
complexes (39). In nearly all of the
compounds studied, trends in 5(31P)
are opposite to those in 6( S 1V), i.e.
where shielding of the 31P nucleus
decreases throughout a series of com-
parable complexes, shielding of the
5 *V nucleus increases. This is dem-
onstrated for selected heteropolyva-
nadates in Table 6 and for carbonyl-
vanadium complexes in Figure 10.

It is a well established fact that
in chelate complexes of the diterti-
ary phosphines Ph2P(CH2)nPPh2 (dip-
hos; n = 1: dppm, n = 2: dppe, n = 3:
dppp, n = 4: dppb), the 31? nucleus
is shielded less in the unstrained
five-ring than in the strained four-
ring structures (84). These rela-

tions are paralleled by a contrary
trend in the shielding of the metal
nucleus (85-87) as exemplified for
the sXV nucleus of the complexes
CpV(CO)2 diphos and HV(C0)4 diphos in
Figure 10. Observations of this kind
have been discussed in the light of
phosphorus-metal-phosphorus bond
angles and metal-phosphorus bond
lengths obtained from X-ray data [see
59-63) and literature cited in refer-
ence (39)], suggesting that angle
distortions (deviations from ideal
bond angles) and extended bond
lengths in chelate systems subjected
to enhanced ring strains cause hind-
ered metal-phosphorus overlap (hence
a decrease in AE and an increase in
metal-d character of the relevant
molecular orbitals), and thus
decreased overall shielding of the

-1700-

-1600-

-1500-

-1400-

-1300-

1200-

-1100-

-1000-

-900-

-800-

dppm
4

fi(51V]

\
\

Q

dppm

dppe
5
1

dppp
6

O = HV(CO)4Ph2P(CH2)nPPh2

y
b

dppe
5

/

i

i

dppb
7

10-

30-

40-

50-

60-

80-

90-

OcpVICOI2Ph2P(CH2)nPPh2 -

\ 1 1 0 -

dppp* dppb

6 7
Chetate-ring Size n

Figure 10. Chelate-ring size vs. 6(51V)(left ordinate, solid lines and
shaded symbols) and'6(31P)(right ordinate, broken lines and open
symbols). Shielding of the 5XV and 31P nuclei increases from
bottom to top. The data taken for the dicarbonylcyclopenta-
dienylvanadium 6-ring complex ('") are those of
Ti5-CsH5V(C0)2Ph2(CH2)3PPh(CH2)3PPh2.

56 Bulletin of Magnetic Resonance



metal nucleus in dppm complexes.
Simultaneously, bond angles at the
phosphorus atom decrease (dppm) or
increase (dppp) with respect to the
109° angle for sp3 hybridization,
which is accompanied by an increase
of the o(s) electron density in the
donor function and hence an increase
in 31P shielding. Hindered P^M
TT-overlap and a resulting destabili-
zation of the vacant phosphorus type
MO taking part in electronic tran-
sitions relevant for the paramagnetic
shielding of 31P should contribute to
the high 3XP shielding in the dppm
complexes (34,39).

Large 5 *V upfield shifts for dppe-
and large 51V downfield shifts for
dppm complexes have also been
observed for the complexes
cis-[Et4N] [V(C0)4diphos] and
Tl3-allyl V(C0) diphos (39).

E. Temperature Dependence
of 51V Shielding

With increasing temperature,
vibronic levels are increasingly pop-
ulated and thus AE in equation 7 will
decrease, leading to an increase of
the paramagnetic term and a decrease
of overall shielding (and |6(S1V);
cf. also references (27) and (88)).
This is verified for the phosphomo-
lybdato- and silicotungstatovana-
dates-(V), where 6(51V) decreases by
3 to 7 ppm as the temperature is
raised from ca. 300° to ca. 350°K
(82,83) (cf. Table 5). In carbonyl-
vanadium(+I and -I) complexes, there
is usually a linear relationship
between 6(51V) and the temperature in
the temperature range 200-340°K
(Table 7 and Figure 11; see also Fig-
ure 3). Temperature gradients are

[Et4N][V(CO)5P(OF)3]

0,18 M in THF

Figure 11. 3D-Plot of 6(S1V) of [V(C0)5P(p-C6H4F)3 ]" vs. temperature and
relative amplitude. The doublet (51V'-31P coupling) collapses to a single
line below ca. 240°K due to increased line broadening.
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around 0.3 ppm/degree for carbonylva-
nadates(-I) and ca. 0.7 ppm/
degree for carbonylvanadium(-t-I).

In contrast, vanadyltriisopropy-
late V0(0iPr)3 exhibits a negative
temperature gradient; i.e. shielding
decreases with decreasing tempera-
ture. The temperature dependence of
6(51V) (and the line-width) of this
compound has been subject to an
extensive study (65), according to
which the decrease of 6(51V) is the
result of increased formation of
(probably) dimeric species of lower
shielding relative to that of the
monomer (equation 10 in Section B.
3.). Below ca. 240°K, the two spec-
ies emerge as two separate signals
(Figure 12 a and b). Over a range of
ca. 25 degrees,the signals shift
slightly to stronger field, and,
starting at ca. 220°K, this trend is
again reversed by a second downfield
shift which may reflect further
aggregation to {V0(0iPr)3 }n (n > 2)
units.

HI. NUCLEAR SPIN-SPIN
COUPLING CONSTANTS

A. introduction and Theory

The main contribution to nuclear
spin-spin coupling is usually consid-
ered the Fermi contact term (89,90)
which, in the average energy approxi-
mation, can be written in the form

| S ( 0 ) w | 2 | S ( 0 ) x | 2 o ( s ) 2 (13)

where o ( s ) = 2 £ c ( s ) M c ( s ) i X . I n s t e a d of

quoting J, it is sometimes convenient
to compare the reduced coupling con-
stant^ K = 2nJ/tiyM2rx.

3AE is the mean triplet excitation

energy, S(0)M and S(0)x are the
respective valence-s wave functions
at the nuclei M and X. 0(s)2 repre-
sents the o(s) contribution to the
M-X bond. equation 13 does not con-
tain parameters correlated with
direct ir-inf luences . Nonetheless, as
we will see, indirect n-contributions
are predominant at least in vanadium-
phosphorus couplings of carbonylphos-
phinevanadium complexes. The influ-
ence of the |S(0)M|

2 term is demon-
strated below for the M-P and M-F
couplings of the octahedral complexes
[M(PF3)6]" (M = V, Nb). For these
complexes, |S(0)x |

2 and - in a first
approximation-AE "x and o(s)2 may be
taken as constant. However, an addi-
tional contribution to K(NbP) may
arise from the greater o-bond order
in the Nb-P bond.

One of the main problems encoun-
tered with couplings in vanadium com-
plexes - as in complexes of other
nuclei with nuclear spin > 1/2 - is
the quadrupolar line broadening in
all complexes but those of cubic and
C3y symmetry, which quite often
causes unresolved NMR signals. Thus,
no coupling constants are reported
for phosphorus-containing heteropoly-
vanadates(+V) (an exception is
[Bu4N]3[VW5019] (83), Table 8), which
may, however, also be due to rapid
exchange between different isomers or
different sites in the same molecule.
For the same reason, vanadium-fluo-
rine coupling in complexes such as
[V0F4]" is only observed at low temp-
eratures (66,67,74).

M S ( O )M(-I) 2
K [Hz] (Ref.43)
MF

V 0.869

Nb 1.788

154

340

1.3

7.7
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Table 7. Temperature Dependence of 5 1V Shift Values

Complex Phase Temperature

[°K]

330
320
310
300
290
280
3l+0 - 280

313
303.
293
283
273
263
253
2U3
233
223
203
313 - 283
283 - 203

323 - 193
313 - 213
313 - 213
320 - 200
330 - 193
330 - 193

6(51V)

[ppm]

-19^.5
-19^7.7
-1950.9
-195U.1
-1957.0
-1960.2

-1951.1
-195^-2
-1957.3
-1960.3
-1962.9
-1965.2
-1967.6
-1970.2

-1972.5
-197^.8

-1979.1

-1805/-1838
-181+9/-1881
-1702/-17U1
-1957/-1995
-1514/-1598
-1300/-1396

Temp.-
Gradient

[ppm/°]

0.313

0.32
0.2U

0.36
0.32

0.39
0.32
0.6l
0.70

[Na(diglyme)2][V(C0)6] . glyme 0.2 M

[EtnN][V(CO)6] THF/CH3CN 1 : 1 , 0 .1 M

[Eti tN][V(CO)5P(p-C6HuF)3]
[EUN][V(C0)5PPhMe2]

THF 0.2 M
THF/CH3CN 1 : 1 , 0 .1 M

cis-[Et l tN][V(C0)4(PPhMe2)2] THF/CH3CN 1 : 1 , 0 . 1 M
THF 0 . 1 M
THF
THF 0.2 M

H2O/H3O
+

CpV(C0K
CpV(CO)3P(p-C6H1|F)3

3*+5 - 300 0.07 - 0.16

Vol. 4 , No. 1/2 59



Table 7- Continued

Complex Phase Temperature
[°K]

353 and 303
353 and 303

320 - 2^0

298
27^
21+9
239
229
219
209
201+
199
195
189
18U
180

298 - 180

6( 5 1V)
[ppm]

-566/-571
-569/-575

-627/-623

-619.7
-618.1
-612.0
-607-2
-601.6
-590.9, -601.1
-581.O, -596.7
-577.1, -59^.8
-567.8, -590.8

-563.7, -589.3
-558.5, -587
-552.6
-5^7.6

Temp.-
Gradient
[ppm/°]

0.1
0.1

-0.05

-o.6id

V0(0i-Pr)3

V0(0i-Pr)3

D2O/D3O*
D2O/D3O

neat

THF 0.86 M

a) Ref. (82); see also Table 5. b) Ref. (65). c) Ref. (83). d) Averaged for the low field signal. No linear
relation.
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Sly chemical shift values of VQtOPr'b in EtaO(1.72 M)
7 7 7 7 7 / / 7 7 7 7 / 7 7

n] -580 -590 -600 -610 -620 -630

•570 -580 -590 -600 -610 -620 -630 Ippm)

-630

•620

•610

-600

I 5 9 0

£-580
~B
M

•fi-570

-560

*0.39M
a 1.72M

180 200 220 240 260 280 300
TEMPERATURE |K]

Figure 12. Temperature dependence of 51V shielding in V0(0i-Pr ) 3 . (a) The
signal to low field ( T < 240°K) probably corresponds to a
dimeric species. Above 240°K, there is rapid exchange between
monomeric and dimeric forms. The Figure also shows the line
broadening with decreasing temperature. (b) At low concentra-
tions (0.39 M), the inconsistency at ca. 240°K disappears.
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On the other hand, vanadium NMR
signals in most [V(C0)6_n(PZ3) ]" and
CpV(CO)4.n (PZ3)n (n = 1,2) complexes
are sufficiently narrow so as to
allow direct observation of vanadium-
phosphorus coupling constants J(VP).
This is somewhat surprising, since
the local symmetry for these com-
plexes is C,̂  at the best, and
decreases down to Cs in CpV(CO)3PZ .
In complexes of low point symmetry,
the electric nuclear field gradient
tensor is fully effective and relaxa-
tion times should be rather short.
The relatively narrow 5XV signals may
therefore account for a small elec-
tric quadrupole moment eQ of the S1V
nucleus as discussed in the introduc-
tory section.

The feature of the spectra usually
depends on the strength and the bulk-
iness of the phosphine ligand, the
local symmetry of the molecule and
the viscosity of the solution. The
effect of viscosity is shown in Fig-
ure 11: with decreasing temperature,
the ti?o lines of the doublet broaden
and finally melt to give one broad
line. Strong iT-accepting ligands
give rise to comparatively narrow
signals and large coupling constants
and thus favor well resolved spectra.
In a series of complexes such as

[V(CO) L ]", line widths increase
with decreasing point symmetry, and
this dependence sometimes allows for
the distinction between geometrical
isomers.

A three-fold axis present in the
molecule usually decreases the relax-
ation times to an extent, where
coupling is not averaged to zero by
rapid quadrupolar relaxation. This
is shown in the s XV and 1H NMR spec-
tra of {CpV(H)(CO) ]" (46) (Figure
13). While 3

the vanadium spectrum exhibits a
doublet, the eight equidistant sig-
nals of equal intensity, which ought
to show for the hydride ligand in the
XH NMR spectrum, overlap to give a
plateau-like signal very typical of a
spin 1/2 nucleus coupling to a quad-
rupolar nucleus. An analogous XH
signal was observed for n7-C7H7V(CO)3

at room temperature (91). The signal
successively collapses into a broad
Lorentzian line as the temperature is
dropped. Finally, in the hydrido
complexes HV(CO)npm (n = 2-4; p m =
oligotertiary phosphine), the XH and
5 XV nuclei are decoupled (an excep-
tion is HV(C0)3MeC(CH2PPh2)3 which
again contains a C3 axis), and the
line pattern observed in the 1H - NMR
spectrum (hydride region) solely

70 Hz

. 160 Hz

Figure 13. The 23.66 MHz S1V (A) and 270 MHz *H (B) NMR spectra of
[Et4N][n

5-C5H5V(H)(C0)3](C3v point symmetry for the [V(H)(C0)3]
moiety).
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arises from 1E - 3XP coupling (46).
31P NMR spectra of phosphinevana-

dium complexes generally exhibit sig-
nals indicating no or only partial
decoupling, which are therefore hard
to observe. Exceptions are cyclopen-
tadienyl, allyl, and (to a certain
extent) hydrido complexes, where suf-
ficiently distinct 3*P signals can be
observed at 220°K (39-42, 46,92,93).
In a few special cases
[CpV(C0)PhP(CH2CH2PPh2)2](51) and
allyl complexes (92,93) the 31P and
5XV nuclei decouple at low tempera-
ture, and a single, rather narrow
line is seen in the 31P NMR spectrum.

If the symmetry is 0h or Trf, the
field gradient at the nucleus is
zero, and quadrupolar relaxation
becomes ineffective. Thus, for
[V(PF3)6]" , a well resolved

 3 *P spec-
trum is observed, showing eight
(3ip-5iy coupling) superimposed
1:3:3:1 quartets (31P-19F coupling)
(43). The corresponding 5XV spectrum
is illustrated in Figure 14. A
resolved eight-line pattern is also
observed in the 170 NMR spectrum of
[V0.J3" (78) and in the 13C NMR spec-
trum of [V(C0)6]-~ (94). Aqueous
[NH^][VF6], however, exhibits broad
signals in both the 19F (width ca.
200 Hz) and the 5 *V (ca. 170 Hz)
spectra (95), indicating either rapid

exchange of the fluorine sites or
non-ideal octahedral symmetry. In
acetonitrile solution, and at 250°K,
an eight-line pattern is observed for
this ion (14).

B. Discussion

Except for vanadium-phosphorus
couplings, information on coupling
constants involving vanadium is
scarce. The known data are compiled
in Table 8 (for J(VP) see also Table
1). Two-bond couplings have been
reported in three cases only (2J(VF)
in [V(PF ) J" : 10.3 Hz; 2J(VP) in
[V(CO)5P MeJ": 40 Hz; 2J(VW) in
[VW5019]'

3~: 11 Hz); they are smaller
by about an order of magnitude than
the one-bond coupling constants
JJ(VF) (88 to 140 Hz) and XJ(VP) (341
Hz in [V(C0)5P2Melf]~).

1J(S1V-31P) coupling constants
have been extensively studied (31)
and the results are similar to those
obtained for J(PW), J(PPt) and J(PRh)
(89).

Steric factors do not seem to
impart significant influences on the
size of J(VP), except where extreme
conditions are encountered as with
the very bulky phosphines PCy and
P(t-Bu), or with disubstituted,
cis-configurated complexes of compar-

. 500 Hz

Figure 14. 23.66 MHz S1V NMR spectrum of [Et4N][V(PF3)6], ca. 0.1 M in THF,
at room temperature. The fine structure splitting is due to
2J(51V-19F) coupling.
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Table 8. Nuclear Spin-spin Coupling Constants

Complex

[CpV(H)(C0)3]-

[V(CO)sf
(Me3Si0)3V=Nt-Bu
[V04]

3"
[V0F4]" 263°K

253°K
193°K

[VF6f (MeCN, 253°K)

V(C0)3(N0)(PMe3)2

[V(PF3)6]-

[{V(C0)s}2y-P2Me4]
2"

[V(C0)5P2Me4r

cis- [V(CO)4PCy3P(0Me)3 ]"

[VW5019]
3"

Coupling Constant

J I, n
XJ(13C-
>J(14N-
\J(l70-
XJ(19F-

1 T / 1 3T»

XJ(31P-
aJ(31P-
2J(19F-
XJ(31P-
1J(31P-
2J(31P-

W)
51V)
5 1 V ) e

51V)
S1V)

S1V)
S 1 V ) /
51V)
51V)
51V)
siy)
5 1V)
5 1V)

1J(31PCy-51V)
1JC31P(OMe)-slV)
2J(51V- 1 8 3W)

[Hz]

20.3±0.2
166
95
61.6±2.5a

116±5
120
140
88

74b

510
10.3
207
341
40
193
381
11

References

46
94,96
96a
78
66
67
67
14

50
43
43
35
35
c
c
c
83

[V(C0)5
PZ3 =

PZ3]
: PF3

P(0Me)3

P(NMe2)3

PMe3

PPh3

PH3

cis-[V(C0)4(PZ3)2r
PZ3 =

CpV(CO)

PZ3 =

= PF3

P(0Me)3

PMes
PH3
3PZ3
= PF3

P(0Me)3

P(NMe2)3

PMe3

PCy3
P(t-Bu)3

PH3
PPh3

cis-[CpV(C0)2(PZ3)2

PZ 3 == PF3

P(0Me)3

P(NMe2)3

PMe3

xJ( s lP- 5 1V) d

488
370
230
210
375
170

498
370
200
130

427
300
230
150
110
160
155
157

430
300
240
160

26
26
31
26
c
31

26
26
26
31

26
26
31
26
31
c
31
44

26
26
31
26

,31
,33
,31

,31
,31

,31
,33
,31

,31
,33
,31

,33

533

,33
,33

,33
,45
,33,45

,33

,33
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Table 8. Continued

Complex Coupling Constant [Hz] References

trans -

PZ3

[CpV(C0) 2 (PZ 3 ) 2 ]

= PF3

P(0Me)3

PMe3

CpV(NO)2PZ3

PZ3 = P(0Me)3

PMe3

P ( t - B u ) 3

PPh3

446
370
210

623
403
342
403

26
26,31
26,31

48
47
47
47

a) Obtained from the 170 NMR spectrum. The coupling constant obtained from
the 51V NMR spectrum of 170 enriched V04

3" is 63 ± 5 Hz. b) Eight-line pat-
tern (relative intensities 1:1.6:2.3:2.5:2.5:2.5:2.3:1.6:1). c) Unpublished
or revised. d) Selected data. See also Table 1. e) 1:1:1 Triplet.

atively spacious phosphines
(cis-[Et N][V(C0) (PPhMe) ] and
cis-[CpV(C0)2(PPh2Me)2J (39)), or
with chelate four-ring structures,
where hindered o-overlap may be
responsible for a small o(s)2 term in
equation 13 and small coupling con-
stants (unresolved spectra).

More pronounced is the dependence
of J(VP) upon the type of complex or
local symmetry, respectively.
Coupling decreases in the order

[CpV(H)(C0)2L] CpV(N0)2L » [V(CO)SL]"
»cis-[V(C0) l fL2]"> CpV(C0)3L~ t rans-

[CpV(C0)2L2] »cis-[CPV(CO) L ]

3'for a given phosphine L such as PMe
P(0Me)3) P(NMe2)3, PH3 (cf. Table 8).
The larger coupling in the pseudo-oc-
tahedral anionic complexes relative
to that in the square-pyramidal neu-
tral complexes may be due to the
higher s-contribution to. the hybride
orbitals of the former (d2sp3) as
compared to those of the latter
(d3sp3) [see, e.g., the discussion of

variations in J(RhP) for different
hybridization states of rhodium in
reference (97)]. The ratio of J(VP)
for [V(CO)5PZ3r/CpV(CO)3PZ3 varies
from 1.1 : 1 to 1.4 : 1. The greater
J(VP) values in trans than in
cis-[CpV(CO)2(PZ3)2] parallels an
analogous observation for pentacar-
bonylphosphinetungsten-(O) complexes
and was explained by enhanced
IT-interaction (giving rise to
enhanced synergetic o-donation of the
phosphine ligand) in the trans com-
plex (via two orbitals, namely the
dxz and d z ) (98). However, a con-
trary trend (J cis > J ,„„. ) is
observed in most Pt
(89,99,100).

The most obvious
J(VP) originate from electronic fac-
tors. J(VP) values correlate with
the Allred-Rochow electronegativities
lXz of the substituents Z in the
phosphine PZ3, and similarily with
the inductive Taft constants Z(a,)z
(31). Very bulky phosphines excluded
(Tolman's cone angle > 170°), the PZ3

trans

and Rh complexes

alterations in
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can be arranged in order of increas-
ing coupling (R = alkyl)

PH3 > PR3 > P(NR2)3 ~ PPh3 > P(0R)Ph2
» P(0R)2Ph > P(OR)3 > PF3

The increase of coupling with
increased eiectronegativity of the
ligand or the substituents on the
donor function of the ligand (see
also Figure 15) has been described
for a variety of metal-X coupling
constants (89, 101-105). From IR
data it is well known

12-

£ 9 -

w 6

CpV(CO)3PZ3

»epto

-10

,PPhH2

100 150 200 250 300 350 400

1 j (51y31 p ] COUPLING CONSTANT (Hz)

Figure 15. 'Jj(s H'-3*P) coupling
constants of TIN!-C5H5V(C0)3PZ3 com-
plexes vs. the Allred-Rochow elec-
tronegativities X of Z. epto = 4-
ethyl-2,6,7-trioxa-l-phosphabicyclo-
[2.2.2.]octane.

that increasing eiectronegativity of
Z increases the ir-acceptor power of
PZ3. Since the Fermi term (equation
13) does not contain parameters
directly connected to ir-electron den-
sity distributions in the bond under
consideration (except, perhaps, for
AE), interpretation of trends as that
shown in Figure 15 has to take into
consideration indirect influence of
the dominant Tr-effect on the parame-

ters
13:

(i)

(ii)

|S(0)|2 and o(s)2 in equation

Substantial n-delocalization
into suitable accepting orbi-
tals located on the phosphine
increases the s-contribution
to the o-bonding electron pair
on phosphorus via the a/ti syn-
ergism, and hence the o(s)2

term.

V -* P Tr-delocalization desh-
ields the 5XV nucleus, which
results in a contraction of
the 4s wave function; i.e.
|S(0)T7|

2 increases.

(iii) Strongly electronegative Z
similarily cause a contraction
of the phosphorus 3s wave
function and thus increases
|S(0)p|

2.

(iv) Electronegative Z should also
increase the s-character of
the donating electron pair
through rehybridization.

The net effects are large coupling
constants for phosphines such as PF3,
and P(OR) , which are usually consid-
ered as weak o-donors, and compara-
tively small coupling constants for
alkylphosphines and PH3, which are
classified as good o-donors. For
aminophosphines, R2N ~*.P p -d back-
bonding, as discussed by some workers
(106) should be taken into account.
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A further influence should arise
from AE-1, which depends on both,
0- and TT-interaction. Strong
n-accepting ligands (PF , P(OR) )
give rise to large HOMO-LUMO split. -
tings and hence should diminish
coupling - contrary to observation.
Transitions may therefore be
restricted to o-type molecular orbi-
tals, or effects via AE are overrid-
den by the factors mentioned above.
This parameter may, however, account
for the unexpectedly large coupling
encountered with the weak ligands
PPh3 in [V(CO)5PR3]* (375Hz).

Ma
-f/l-f

C. Correlations between NMR and ESR
Coupling Constants (CpV(CO)3PZ3

and Fe(NO)2(PZ3)Br)

The relationship between nuclear
and electronic spin resonance parame-
ters with special reference to the
correlation between NMR coupling con-
stants XJ(VP) of CpV(CO)3PZ and iso-
tropic ESR hyperfine coupling con-
stants Aiso(P) of Fe(N0)2 (PZ3)Br
complexes has been reported in refer-
ence (44). Correlations of this
kind, describing the interacting
properties of the phosphine ligands,
are not unexpected, since the iso-
tropic ESR hyperfine coupling - like
the nuclear spin-spin coupling - is
described by a Fermi term

A.so (P)=const.ci(P)|To(0)|
2 (14)

where |f0(0)|
2 = A o is the s-electron

density at the nucleus of the free
atom. The coefficients cs(P) are a
measure for the a(s)(PZ ) contribu-
tion to the ground state. They
depend on the o-donor strength and -
directly via a stabilization of the
HOMO, or synergetically - on the
ir-acceptor strength of PZ 3 (107).

If the bonding and antibonding
o-type MO for the M-P o-interaction
(M = V, Fe) are I^and ¥*, respec-
tively, then

Ta * -
Ma

Pa

Pa

where

(15a)

(15b)

and

ry. Now, equation 13
can be written in the form

J(MP)=const.•ISp(0)I
2 I SM(0) |

 2

(16)

Assuming that changes in M-P
o-bonding (M = Fe, V) impart equal
effects on the variables a2(l-£2) in
CpV(CO)3PZ3 and CS

2(P) in
Fe(N0)2(PZ,)Br, i.e. assuming
a(l-^2)^ « CS(P), equation (16)
becomes

J(VP)=const'.|S (0)|2|S (0)|2

P V
3AE"1[c|(E2a2-c|)b2/a2] (17) (17)

£ indicates contributions from other
orbitals than those considered above.

Assuming further that
|S(0) |2|S(0) |2AE"1and the s-coeffi-
cients a and D are approximately con-
stant, one arrives, by combination of
equations (14) and (17), to a "joint"

equation for J(VP) and A (P):
iso

J(VP)«A (A-A ),
iso iso

where A=£2a2|Tn (0) |
 2 (18)

Equation (18) relates the phospho-
rus-s-orbital contribution to the
molecular orbitals relevant for the
coupling. Changes in coupling con-
stants can hence be inferred from
changes in a single ground state
variable, a. The relation is in
rather good agreement with findings
on 19 phosphines, for which the
experimental relation is

J(VP) = 0.82A (P) +
iso

2.2»10"3[A
iiso

(19)

The complexes cis-[CpV(CO)2(PZ3)2]

also fit this curve.

Vol. 4, No. 1/2 67



IV. LINE WIDTHS IN ISOTROPIC MEDIA

Line widths Avj^ of S1V NMR sig-
nals for all but the carbonyl com-
plexes are contained in Tables 2 to
5. For selected Avi values of car-'sbonylvanadium complexes see Table 9.
It should be mentioned that the lower
limit for an accurate determination
of line widths on conventional wide-
line spectrometers is ca. 50 Hz at
best.

A. Exchange Broadening

Under isotropic conditions, quad-
rupolar effects are restricted to
broadening of the NMR signals by
quadrupolar relaxation, which is the
main relaxation mechanism in systems
with quadrupolar nuclei. A second
contribution may arise from the
dynamic behavior of a system, origi-
nating either from inter- or from
intramolecular exchange processes
provided the exchange is sufficiently
fast to suppress detection of the
specific forms taking part in the
equilibrium.

In various systems containing
vanadates, iso- and heteropolyvana-
dates, line broadening (plus an
upfield shift) is observed on acidi-
fication. This has been attributed
to protonation (giving rise to an
increase of the electric field gradi-
ent tensor at the nucleus; vide
infra), together with rapid exchange
between protonated and non-protonated
species. Equilibria of this kind
involve the systems [VOJ 3" / [HVOJ 2"
(72), [HVO ]2-/[V20 I"" (72), [V207]

4"
/[HV2O7]

3" (72), 2[HV01J
2-/[HV:>07]

3-
69 70) [HVO^] ~/[H2V01(] /[V03]
70)', [HxV2O7]"-

x/[(VO3)x]
x- (x pos-

sibly = 3,4) (69),

(7-x)'
10 28

(6ST,75,79),
[V 12P0 36]

 7" / [HXV 12P0 361
 v
y'_ *

; (73) ,

Internal/external proton exchange was
discussed for [1L W . ,0 ̂  ] 7~ by O'Don-
nell (69). To account for the
resolved 5XV NMR spectrum of [VOF.] ,

Howell and Moss have proposed rapid
inter- or intramolecular site
exchange of F~ ligands (averaging of
the field gradient to a small value)
(67).

Exchange broadening contributes to
the line widths of the vanadium sig-
nals of V0(0R)3/[V0(0R)3]2 and
[V0(0R) 3] 2/[V0(0R) 3]n (n > 2) equi-
libria (compare V0(0iPr)3 in Figure
12). The main contribution, however,
arises from quadrupolar broadening.

B. Quadrupolar Broadening

Line widths of nuclei possessing
an electric nuclear quadrupole moment
(nuclear spin > 1/2) are dominated by
a quadrupolar relaxation mechanism
which originates from the interaction
of the electric nuclear field gradi-
ent tensor with unsymmetrical elec-
tric fields produced by polar mol-
ecules in motion. For the extreme
narrowing case (2ITV OT C» 1 , vo = NMR
frequency, xc = molecular correlation
ti le), the relaxation mechanism
described by

_L_ _ _1_
"V T, " T2

is

10 -f (i).

,1 2

Q"<1+ M (20)

with Q' = (e2q Q)/h the electric
quadrupole coupling constant (qzz

 =

field gradient in zz-direction, and
eQ = quadrupole moment). Tj and T2
are the longitudinal and transverse
relaxation times, respectively; they
are connected with the half-width
through T2"' = TTAV , and with the
peak-to-peak width of the first
derivative of the NMR signal through
T 2"

x = /3TTAV 1/2. TI is the asymmetry
parameter (TI = 0 for axial symmetry),
and xc correlates with the interac-
tion between solute and solvent mol-
ecules; f(I) = (2I+3)/I2(2I-l) is
0.136 for the 5 XV nucleus.

From equation 20, it is quite
clear that Av ^ will increase with
decreasing point symmetry (where q
becomes more effective; q = 0 for 0h

and Td symmetries) and increasing x
(increasing viscosity of the
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I
solution). Further, there should be
a sizable electronic effect on q,
imparted by the electronic structure
in the coordination sphere of the
nucleus. Thus, for MABg systems
(e.g. [V(CO)5PZ3]"), q is related
(108) to the metal-to-ligand IT- and
the ligand-to-metal o-interaction via

C-IT 4-tr
B A

a +4 o
B 3 A

(21)

In Table 9, selected line width data
on carbonylvanadium complexes are
listed. No quantitative interpreta-
tion of the trends can yet be carried
out. Qualitatively, the results may
be summarized as follows:

(i) A decrease of symmetry (0h •*
C4v •* C 2 v -> Cs; C4v -* C.)
results in a substantial
increase in Av

1/2

(ii) Increase
(PPhMe2

in ligand
* PPh, -+

bulkiness
P(t-Bu)j)

increases the solvent-solute
interactions and thus A

(iii) Line widths increase as the
bonding orbitals of the
donor/acceptor function become
more diffuse (P -* As -»• Sb) .

(iv)

(v)

Strong ii-accepting ligands
(PF3) and o-donating ligands
(PPnMe2) give rise to narrow
lines.

Enhanced strains in
ring systems (5-ring
-* 4-ring) increase AV

chelate-
-* 6-ring

The relation between the electric
field gradient tensor q and the local
symmetry at the vanadium nucleus has
effectively been employed in the
assignment of NMR signals of vana-
dates(+V) • and polyvanadates(+V).
O'Donnell and Pope (69) summarize the
relations as follows:

Site of symmetry of V Range of line widths (Hz]

tetrahedral
tetragonal (no neighboring V
as in [VW5O19 ]3")

tetragonal (with neighboring V
as in [V10028]

6~)

rhombic

60 - 100

60 - 80

100-200

200-800
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Table 9. Selected slV Line-width Data of Carbonylvanadium Complexes

Complex Local
Symmetry

/
[Hz]

6(S 1V)
[ppm]

(1) Effect of point symmetry and donor/acceptor function (coordinated
atoms underlined)

(a) CpV(CO) derivatives

Cs
Cs
Cs
Cs
Cs
Cs
Cs

CpV(C0)3o-C6H4(PPh2)2

CpV(CO)3o-C6Hlt (AsPh2 ) (SbPh2 )
CpV(CO)3o-C6Hlt (AsPh2 ) (SbPh2 )
CpV(C0)2o-C6Hlt (AsPh2 ) (SbPt^ )
CpV(CO)3o-C6Hl4 (Ph2P) (BiPh2)
cis-[CpV(C0)2PhP(CH2CH2PPh2)2]
CpV(C0)PhP(CH2CH2PPh2)2

(b) [V(C0)6]" derivatives

[V(CO)6]"

c i s - [V(C0) l t (PPh 2 Et) 2 ] -
mer- [V(CO)3 PhP(CK, , ^ 2

H3-C3HgV(CO)3PhzP(CH2)2PPh2

C2v
Cs

12
130
245
320
440
500
430
620

1.4±0.3
120
775
1900
2400

-1534
-1312
-1236
-1382
-1008
-1260
-1176
-970

-1952
-1842
-1685
-1736
-1492

(2) Ef fec t s of po in t symmetry and l igand s t r e n g t h

(a) PPhMe complexes

[V(CO)5PPhMe2]"
cis-[V(C0) [ t (PPhMe ) ] *
CPV(C0)3PPhMe2

(b) PF complexes

[V(CO) PF3]~
c i s - [ V ( C 0 ) l t ( P F 3 ) 2 ] '
CpV(CO)3PF3

cis- [CpV(C0) 2 (PF 3 ) 2 ]

c

C2v

Cs

Cs

(3) Effect of ligand bulkiness in [V(C0).PZo] complexes

PZ3 = PPhMe2 cone angle 122 C
PPhjMe 132 C,"

PPh3
PCy
P(t-Bu),

145
170
182

32
59
60

40
48
31
31

s

32
160
136
89
420

-1855
-1710
-1396

-1961
-1967
-1565
-1608

-1855
-1839
-1805
-1854
-1738
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Thus, the narrowness of the signals
for [VO.J3" and [V207]*" is consis-
tent with the symmetrical electrical
environment of the vanadium nuclei in
these anions. Protonation destroys
the high point symmetry, and the sig-
nals broaden. On the basis of symme-
try considerations, the two compara-
tively narrow lines (ca. 150 Hz) of

[V10°28]6~ a t ca- ' 5 0° a n d " 5 2° PPm

(see Section II. B. 4. and Table 5)
can be assigned the "outer-plane"
vanadium sites with terminal oxygen
(b and c in Figure 9), while the
third signal at ca. -420 ppm (Av =
350 Hz) corresponds with the ' in-
plane" (site a in Figure 9) vanadium
atoms (69,79). Line widths changes
for the three signals on lowering the
pH from 7 to 2 were also employed to
detect the protonation sites in the
decavanadate anion (79).

On the grounds of line-width argu-
ments, the [VOJ* (or [V02(H20)lf]

+)
ion present at pH values < 2
(Av . ~400 Hz) was assigned a cisoid
arrangement of the two 02"° ligands
(69), while the additional broadening
( -> 1600 Hz) in HC1, H^O^ and H3POif
may indicate the formation of pseudo-
octahedral, cis-configurated (C2v)
complexes with the incorporation of
chloro and sulfato ligands. In
HSC103 and HSF03, the signals narrow
to 60 Hz, which was tentatively
attributed to the formation of the
pseudo-tetrahedral anions [V02F2]~
and [VO2C12]~ (69); the local symme-
try remains C 2 v, though. Likewise,
it was argued on the basis of line-
width differences between [VW5019]

3~
(34 Hz) and [V2Vv

7
4 O19 ]*" (68 Hz) that

the two V06 groups in the latter
occupy cis-positions in the overall
structure (73).

Since the correlation time T is
closely related to the viscosity,
line widths increase as the tempera-
ture decreases (Figures 11 and 12 a).
In O'Reilly's quasi-lattice model
(109) relaxation takes place by
jump-reorientation into empty sites
of a hypothetic lattice. Evaluation
of T in the line of this model (110)
leads to

, exp(E/RT) (22a)

where E is the activation energy of
rotational reorientation, and vf is
the "free volume" (110). The Av, /T
correlation obtained from equation
22a,

Av1/2=AT"l/2exp(B/T) (22b)

is in excellent agreement with exper-
imental data for V0(0i-Pr)3 dissolved
in THF (temperature range 300 - 180
K, Avi/2 = 10 - 600 Hz; A = 0.39404,
B = 1767.56, activation energy for
the rotation barrier 14.7 kJ) (65).

Gillen and Noggle (111) investi-
gated the temperature dependence of
the relaxation times of the 35C1 and
5 H7 nuclei in neat VOCI3, for which
anisotropic reorientation is assumed.
From the data (summarized in Table
10), they calculated the
Arrhenius activation energies E for
the appropriate nuclei and also the
rotational diffusion constants for
rotation about the C3 axis (D,,) and

perpendicular to it (D.). Recent
T, -studies on neat VOC13 have con-
firmed that relaxation in this system
is purely quadrupolar (2,10).

V. QUADRUPOLE EFFECTS IN
ANISOTROPIC MEDIA

The shape of spectra obtained in
anisotropic media (liquid crystals,
polycrystalline powders, single crys-
tals) is mainly defined by quadrupole
interaction (line broadening, first
and second order quadrupole split-
ting) and anisotropic chemical shift
effects. The broadening of lines in
solids can additionally be caused by
magnetic dipolar coupling. We
restrict our attention to effects
originating in quadrupolar interac-
tions .

A. Liquid Crystals

In anisotropic mesophases, the N'MR
signals of quadrupolar nuclei split
due to the non-vanishing electric
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Table 10. Relaxation Data for Neat VOCI3

339.2
316.6
297-T
273.9
255.0

35Cl (Ref, 113)

E =

21k.6

.91 ± 0.17

T2*10
5 [s]

2U.2 ± 0.7
19.i ±0.1+
15.3 ± 0.1+
11.5 ± 0.3
8.53 ± 0.2
5.81 ± 0.2
3-87 ± 0.1

51V (Ref. 113)

DM(303°K) =

D, (303°K) =

298.1
279.9
255.0
23^-0
217.5
199.0

E = 8.2i+ ± 0.25 kJ/xMol

7.O'1O10 s"1

1+.9-1010 s"1

Ti'103 [s]

23.2 ± 0.3
19-2 ± 0.3
13.8 ± 0.2
9.-72 ± 0.15
6.89 ± 0.10
I4-.U2 ± 0.07

T!(V)
Ti(35Cl)
T2(

51V)
T2(

35C1)
Tc
Ref.

18 ± 2

16

15
(2)

16.3
0.20
2.6
(150)

0.12

O.lU
3.2 .
(151)

10-12

ms
ms
ms
ms
s
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20 kHz

72/4 A

Zeemann-| Quadrupole-
Splitting

Ase?qQ{3cos2e-1)/8I(2I-1J

5 kHz

Figure 16. First order quadrupole
splitting of the 5 H? NMR signal
(first derivative) of V0(0i-Pr)3 dis-
solved in the liquid crystal MBBA.
Two different orderings (anisotropy
axes) are shown. The central line
corresponds to the +1/2 -*• -1/2 tran-
sition. Magnetic field = 1 T, fre-
quency = 11.2 MHz.

Figure 17. Energy level diagram for
the Zeemann splitting in an external
magnetic field and first-order qua-
drupole perturbation for a nucleus of
nuclear spin 7/2 (eQ > 0). The scale
for the quadrupole splitting is exag-
gerated by a factor of ca. 103. The
increase from AE1 to AE2, AE2 to AE3
etc. is 24/4 A, hence the equidistant
signals in Figure 16.

3e2qQSfield gradient. Accordingly, the 5*V
NMR signals of vanadyl esters dis- E=YhBo m+ 4 W 2 I - I ) (3cos*e ~:

solved in liquid crystals show a
seven line pattern resulting from a
first order quadrupole splitting as
shown in Figures 16 and 17, and
described by equation 23 (112):

[3m -1(1+1)] (23)

The first term corresponds to the
Zeemann splitting in the external
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magnetic field Bo , and the second to
the quadrupole splitting. 8 is the
angle between the director in the
liquid crystal and Bo, and S is an
ordering factor, denoting the degree
of order with respect to a selected
molecular axis: S = 1/2 < 3cos' - 1>
(for cylindrical symmetry), with <f>
the angle between the director and
the molecular axis (i.e. the largest
component of the field gradient eq).
Assuming that (3cos2$ - 1) is aver-
aged to one (113), the quadrupole
splitting Av between two adjacent
lines becomes

(x = 0 - 0.08) (124) were studied by
51V NMR; and phase transfer in solid
solutions was investigated in

B-Na 0.33 V 20 s (125) and V02 containing
additives of niobium, chromium and
ferric oxide (119; see also Table
11).

A typical S1V NMR spectrum (poly-
crystalline VOC13, (150)) is shown in
Figure 18. The line pattern origi-
nates from first order quadrupole
splitting. A similar spectrum
was reported for single crystals

Av = 3e2qQS/4hI(2I-l) (24)

If S is known, quadrupole coupling
constants can be calculated (vide
infra). Figure 16 illustrates the
situation for a solution of vanadyl
triisopropylate in the nematic liquid
crystal N(p-methoxybenzyliden)p-n-bu-
tylaniline (MBBA). The splitting Av
depends on the concentration and the
temperature and is further a function
of the mesophase and the vanadyl
ester employed (150).

B. SoSids

5*V NMR results of oxidic vanadium
compounds have been reviewed recently
by Pletnev (16). We therefore
restrict our treatment of this wide
area to a compilation of data (Table
11) and a brief mention of several
features.

Direct 5XV NMR investigations have
been carried out on V 20 5 (115-117),
VnOa,,., (n = 3-8) (118), V02

(119-122), V01<25 (123), V 20 3 (124),
vanadium bronzes (125), metavana-
dates (126-132), divanadates
(126,133,134), orthovanadates (126,
135-145), VB (146) and V3Si (147a),
mostly employing polycrystalline pow-
ders. However there are also some
studies on single crystals
(115,116,130,133,134, (141-143) and
on amorphous systems (117,131). The
phase diagram for FexNbxV2-2x O4
(x = 0 - 0.09) (121) and V203+x

100 KHz

Figure 18. 11.20 MHz sXV NMR spec-
trum of VOCI3 at ca. 90°K, the lower
part showing a section with the split
central line and the first satellite
(150). Computer simulation for
e2qQ/h =5.7 MHz indicates an asymme-
try parameter in=0.08 (compare the
results by Allerhand (149), obtained
from the evaluation of the two compo-
nents of the central line:
e2qQ/h =5.4 MHz, n< 0.4). The spec-
trum was obtained on a Varian DP 60
spectrometer at 0.9935 T (sweep width
0.0415 T), with the RF field set to
minimal power (10yA on the RF control
unit V-4210A). Modulation 0.5 mT; 85
scans.
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Table 11. 51V NMR Data of Crystalline Vanadium Compounds8"

Compound

V205 .
v 2 o 5

 b 'c

V02 ,
Cr Nb V 0

X X 2-2X it

(x = 0.01-0.09)

Fe Nb V 0 d

X X 2~2X It

(x = 0.01-0.09)
LI3VO4
Na3VO.lt C

Ca3(V0O2 f
Sr3(V0O2
Ba3(VO<t)2

ScVOit
ScVOit
YVO1+
YV0.+
LaVOit
CeV04

CeVOu
PrVOit
YbV04

CrVOit

FeVOit

Co3(VOi+)2

Ni3(V0if)2

Ni 2V z0 7

e2qQ/fi

0.8 ± 0
0.805
6.72 ±

6.72 to

6.72 to

1.51 ±
1.05 ±
2.05 ±
0.53 ±
0.75 ±
3.80 ±

4.75 ±

5-21 ±
5.23 ±
5-33 ±
5.11 ±
4.22 ±
2.19 ±
2.81 ±
2.15 ±
1.68 ±
2.16
2.48 +
2.15 ±
2.58 ±
3.35 ±

[MHz]

.06

0.14

4.76e

4.34e

0.01
0.03
0.03
0.02
0.02
0.04

0.04

0.07
0.09
0.07
0.09
0.04
0.0U
0.076

0.04
0.146

0.086

0.0U
o.oie

0.06

n

0.04
0.51±0.

0.74 to

0.50 to

0

0

0.69 ±
0.69 ±

0.76 ±
0

02

0.73

0.79

0.01
0.03

0.03

2.367
-0.33

1.0 ±

0.6 ±

3.5 ±

g
g
g
g
g

0 . 2

•0.2

i
i

i

0.04

02

-5.934
-0.39

1.6

1.6

5-5

03

3.567
-0.12

0 .8

0 .8

-20.7

i s o

-0.28
-0.28

to -0.26
-0.19
to -0.27

-0 .1 ± 0.5
+0.3 ± 0.6
+0.1 ± 0.5
-0.3 ± 0.5
-0.1+ ± 0.5

0.96

0.97
0.7 ± 0.5
0.5 ± 0.3

-1.25
1.1 ± 0.04

0.31

2.00

1.08

O.76 ± 0.02

0.56 ± 0.01

Refs.

115
116
119,122

119

119

135
135
135
135
135
136
137
136
137
138
138
137,144
138
136
126
139
126
139
126
139
126
139
126
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Table 11. Continued

Compound e2qQ/h [MH] (73 a.
ISO

Refs.

Ni(VO3)2
NH4VO3

NaVO3
NaV03

KVO3
KVO3 (glass)
KVO3 b

KVO3
CsVO3
RbVOa
Mg(VO3)2
Ca(V03)2

n7-c7H7v(co)3
VsSi1

VOF3
VOCI3
VOC13
VOCI3 "
VOCI3 P

V0Cl2(0i-Pr)
P

V0Cl2(0i-Bu)
P

V0Cl2(0Me)
P

V0Cl(0i-Pr)z P

V0(0i-Pr)3
VO(Oi-Bu)3

q

V0(0n-Pr)3
q

m
n

4.03 ± 0.06
2.88 ± 0.06
2.76 ± 0.03
3.65 ± 0.06
3.94 ± 0.04
4.05 ± 0.05; 2.1
4.36 ± 0.06
3.35
4.22 ± 0.15
4.34 e

3.84 ± 0.04
4.33 I
6.19 I
2.81 e

2.4 ± 0.2
2.924 ± 0.015
8.9 ± 0.4
5.4 0.2
2.98
5.7 ± 0.2
7.5 ± 0.2
4.3
4.7
6.0
7.1
4.4 0.3

0.3

0.3 ±
0.37 ±
0.60 ±
0.64 ±
0.22 ±
0.75 ±

0.65
0.77
0.63
0.72
0.63
0.60

0.10
0.05
0.10
0.05
0.03
0.10

± 0.15

± 0.05

0
ca 0
^ 0.4
$ 0.4

0.08

-1.4 ± 0.2 -0.7
-1.7 ± 0.2 -0.7
-1.4 ± 0.2 0.8
-2.0 ± 0.2 -1.9

-2.3 ± 0.2 -0,3
-1.2 -0.3

-0.6 -0.9
-2.3 ± 0.2 -1.5
-1.4 -1.7
-2.4 -2.4

6.4
5.0 0.4

0.23 ± 0.01 126
2.7 127
3.0 128
3.5 127
3.2 128

129
2.1 127
3.1 131

130
2.2 132
3.3 128
1.7 132
0.9 132

132

148
147
149
149
2
150
150
150
150
150
150
150
150
150
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a) See text for explanation of sym-
bols. Standard for the shift values
is, if not indicated otherwise, aque-
oous KV03. Data, except where stated
otherwise, at room temperature. b)
Single crystal study. c) Standard =
Na3V04/aq. d) At 250°K and 315°K5
respectively, for details see Ref.
119. e) By multiplication of vQ by
14. f) Standard = Sr3(V04)2/aq. g)
0 aniso values are as follows: +0.8,
-0.9, -0.7, -0.3, -0.4 ± 0.5 h) Data
on other MV04 (M = Pr, Nd, Sm, Eu,
Gd, Tb, Dy3 Ho, Er, Tm, Yb, and Lu)
are also reported. i) oanjso =-0.3s

of V2O5 (115), where the splitting of
the central line (m = +l/2^m = -1/2)
is, however, caused by anisotropic
shift interactions. Polycrystalline
and amorphous V 20 5 was investigated
by Legrand and co-workers (117). At
frequencies >6 MHz, the increase of
^v 1/2 with the applied frequency
indicates predominance of magnetic
interaction (more substantial in
crystalline than in amorphous V2O5),
while at frequencies <6 MHz, the
decrease of line widths with the
applied frequency both for crystal-
line and amorphous V2O5 indicates
predominance of quadrupolar effects.
This leads to the assumption of iden-
tical local structures at the S1W
sites in either species.

An extensive discussion of the
theoretical background and analysis
of the spectra is given by Baugher et
al. (127). The evaluation is carried
out according to the following equa-
tions (152)

-0.3, +0.2; =-0.5, -0.4, -1.4 in

A1 = 3e
2qQ(l-Ti)/2I(2I-l)h

A, = 25[I(I+l)-3/4](e2gQ)2

64[I(2I-l)]zhzvo

K 135 45 ;

(25)

(26)

A1 is the splitting of the central
line, A2, the distance between the
central line and the first satellite,
and vo is the generator frequency.
It has become common in solid state

the order LaV03, CeV03, PrV03.j) Two
types of non-equivalent vanadium
sites. k) Indirectly determined in
solution from the 5XV spin-lattice
relaxation time and from the *H line
shape, respectively. 1) At 28°K. m)
At 167°K. n) Determined indirectly
from relaxation measurements (cf.
text). o) At ca. 90°K. p) Deter-
mined from e2qQ/h(3SCl), Av%
(35C1-NMR) and Av^(slV NMR). q)
Determined indirectly from quadrupole
splittings in nematic liquid crys-
tals.

51V NMR, to relate the shift values
to aqueous KV03 (6(51V) = -576 ppm
upfield of VOC13) and to quote values
in units of 1G*4 %.

The results for metavanadates show
that the tetrahedral symmetry of the
basic V0 4 tetrahedron is distorted.
It is expected that the primary con-
tribution to the quadrupole coupling
constant will be due to substantial
TT-bonding between vanadium and oxy-
gen. The nther large variations in
e2qQ/h for alkaline metal metavana-
dates (1.51 - 4.36 MHz) are, however,
not easily explained by a iT-bond
theory. In the sodium metavanadate
dihydrate structure, the vanadium
atoms are located in two types of
nonequivalent sites with different
electric field gradients at the vana-
dium nuclei (129). A *H and 23Na NMR
study was also carried out on this
compound (129). In two papers
(132,135) the electric field gradient
tensor q has been obtained from
semi-empirical Mulliken-Wolfsberg-
Helmholtz calculations. The diago-
nals are

[V0, [VO, 3-

(Ref. 132)
107.94
61.87

-169.83

(Ref. 128)
-43.164
80.000
123.000

The results for orthovanadates show a
similar range of e2Qq/h values. It
was noted that the molecular orbital
responsible for the hyperfine inrer-
actions at the 5XV nucleus is a
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Ana(s) type orbital (139). For two
compounds, ESR spectroscopic g-fac-
tors are reported: CrV04, g = 1.98;
FeVO4, g = 1.96 (126).

First-order quadrupole splittings
of the S1V NMR signals of single
crystals of TmV04 and GdV04 were
observed at temperatures close to
absolute zero. For TmVO at 4.5°K, a
seven line pattern is obtained which
splits into a "double" spectrum at
1.5°K, due to the two principal axes
of Jahn-Teller distortion in the
(001) plane (141,142). The quadru-
pole splitting is 160 kHz. A four-
teen line system is also observed in
GdV04 (below 2.495°K) which arises
from the two different vanadium sites
produced by magnetic ordering by Gd3+

(143).
Apart from vanadates(+V), informa-

tion on quadrupole coupling constants
for vanadium compounds is scarce
(148-150, 2). We have determined
e2qQ/h values for VOC13 and several
vanadyl ester chlorides indirectly
through the 35C1 quadrupole coupling
constants measured at 77°K, and slV
and 3SC1 NMR line widths in the neat
samples at room temperature (150).
Comparison between e2qQ/h for VOC13
obtained by this method (7.5 MHz) and
from powder spectra [ca. 5.6 MHz
(149,150)] show that the former pre-
sumably is too large by approximately
40%. One has, however, to keep in
mind that in a frozen liquid such as
VOC13, partial orientation is likely
to occur. The e2qQ/h value of VOC13

was also estimated from relaxation
data [2.98 MHz, (2)], using the
Debye-Stokes-Einstein equation for
the calculation of xc; it seems
doubtful, however, that this equation
can be applied to a neat liquid. For
a few vanadyl triesters, coupling
constants were calculated from qua-
drupole splittings of the NMR lines
in nematic liquid crystals, taking
e2qQ/h[V0(0i-Pr)3] as obtained
directly from a powder spectrum for
the determination of the ordering
factor (150).

Vf. CONCLUDING REMARKS

Among the quadrupolar transition
metal nuclei, the vanadium nucleus
may be considered the most favorable
one for carrying out NMR experiments.
This is due mainly to its rather
small electric nuclear quadrupole
moment (ca.|0.05|*10"28 m 2 ) , keeping
quadrupolar relaxations rates suffi-
ciently low to allow observation of
well resolved spectra even for com-
pounds of low point symmetry. At the
same time NMR parameters arising from
quadrupolar interactions (line widths
in isotropic media, quadrupole split-
tings under anisotropic conditions)
can be obtained in addition to the
parameters commonly observed with
spin 1/2 nuclei (chemical shifts and
nuclear spin-spin coupling con-
stants), providing a comprehensive
set of data for different fields of
application.

Due to the wide range of chemical
shift values (caused by variations in
the 2nd order paramagnetic deshield-
ing contributions), spanning about
2500 ppm, the chemical shift is a
sensitive probe to alterations in the
first and also in the second coordi-
nation sphere of diamagnetic coordi-
nation compounds of vanadium in the
formal oxidation states, -I, 0, +1,
+11I and +V. Applications go, how-
ever, beyond the identification of
species, structural assignment and
investigations of mechanistic
aspects.

One of the areas of great promise
encompasses methodological-theoreti-
cal statements on the basis of semi-
quantitative analyses of 51V NMR
parameters, which will become more
predominant as the NMR instrumenta-
tion is improved continuously and
feasible vanadium complexes are
increasingly prepared. The impor-
tance of vanadium NMR will thus shift
towards a better understanding of the
electronic interactions between vana-
dium and its ligand systems, provid-
ing results which may well apply to
coordination compounds of other tran-
sition metals which are less accessi-
ble to NMR.
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