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When 'H NMR spectra of pyridine, 4-amino-, 4-methyl-, and 4-cyanopyridine coordinated to the paramagnetic
polyoxometalate, [SiW,C0"0,]"in DO are compared, both ct—and B— proton peaks are shifted upfield as the
basicity of the ligand decreases. The 1sotropic shifts are separated mto contact and pseudocontact contributions
bv assuming that the contact shifts are proportional to the isotropic shifts of the same ligands coordinated to
[SiW,Ni"0,]". This separation reveals that the shift variations with the axial ligand basicity are dominated
by changes in the magnetic anisotropy (pseudocontact shift) of [SIW,,Co™(ptDO,,]* (ptl=pyridine-type ligand).
The magnitude of the magnetic anisotropy in a series of pyridine-type ligands increases linearlv as the pX of

their conjugate acids decreases.

Introduction

Several vears ago we discovered that the exchange rates
of some ligands coordinated to a Co™ion could be varied
by incorporating it in various polyoxometalates.” It has
been shown that pvridine- and imidazole-type ligands coor-
dinated to [SiW,,Co"0,]*(SiW Co) or [SiW, Ni"0,]"
(8iW ,Ni) undergo slow exchange on the NMR time scale,
exhibiting separate signals for the complexes and the free li-
gands in their 'H and "C NMR spectra.” Well-resolved
NMR spectra of ligands coordinated to paramagnetic po-
lvoxometalates can provide useful information on both the li-
gands and polyoxometalates.™

Slow ligand exchange makes it possible to measure ab-
solute isotropic shifts directly from room temperature spec-
tra, and hence to compare the values for various ligands.
We have studied effects of ligand basicity on the isotropic
NMR shifts of protons in pyridine, 4-amino-, 4-methyl-, and
4-cyanopyridine coordinated to SiW, Co. Previously La Mar
et al. reported effects of basicities of the same ligands coor-
dinated to low-spin ferric tetraphenylporphyrin complexes.’
Thev used the pattern of the meso- phenyl isotropic shifts to
separate the contact and pseudocontact contributions. It was
concluded that the shift variations with pvridine pK were
dominated by changes in the magnetic susceptibilitv an-
1sotropy. We have used NMR data for the SiW, Ni com-
plexes to separate the isotropic shifts of the SiW, Co com-
plexes inte contact and pseudocontact contributions.

Experimental

Ks[SiquO(HzO)Ow] ) nHzO> Ks[SiwllNi(HzO)Ow] ) nHzO>
and K,,[Ni,(PW,0,,),] - nH,O were prepared according to the
literature methods™ and identified by their IR spectra. Py -
ridine, 4-amino-, 4-methyl- (y— picoline), and 4-cyanopyri-
dine were purchased from Aldrich. NMR samples were pre-
pared by dissolving a polyoxometalate and a ligand in a 1:1

molar ratio in D,0. The typical concentration was 20 mM
for each of the polyoxometalate and ligand.

'H NMR spectra were obtained in the Fourier transform
mode with a Varian Gemini-300 or -200 spectrometer equip-
ped with a broad band, narrow-bore probe. NMR meas-
urements were made at ambient temperature (22-25 °C).
The line-broadening factor used in exponential anodization
was 20 Hz. Pulses of 90°(10 w:s) were used, and the ac-
quisition time was 0.2 s. No extra delay time was in-
troduced between pulses. The residual water resonance in
each spectrum was saturated by irradiating with a single fre-
quency pulse which was gated off during acquisition. So-
dium salt of 3-(trimethylsily propionic-2,2,3,3-d, acid (TSP)
was used as an internal reference.

Results and Discussion

'H NMR spectrum of a D,0 solution containing SiW,,Co
and 4-aminopyridine (4-NH,-py), 4-methylpvridine (4-CH,-
, pvridine , or 4-cyanopyridine (4-CN-py) is shown
E‘Y %ig[‘;re L. Tf'llcj:ygpectra <3}f py %};d 4-CIEIJ-py cgggdinated to
SiW,Co were reported before” The free ligand peaks ap-
pear at 0-9 ppm, and the peaks originating from the com-
plexes are easily identified on the basis of their linewidths
and intensities.' Listed in Table 1 are pX values for the con-
Jugate acids of these ligands,” which may be used as a meas-
ure of their ¢ basicities: the pyridine basicity increases as
the pK value increases. It is seen that both a-H and - H
peaks are shifted up field, as the basicity of the ligand de-
creases. The isotropic shifts change linearly as a function of
pK, as shown in Figure 2.
The isotropic NMR shifts (8 .} in a paramagnetic system
contain contact (6 ) and pseudocontact shifts (3 ).

§.=0.+ 0, (1

Contact shifts occur when unpaired electron density 1s
transferred from the metal to the ligand nucleus in question,



370 Bull. Korean. Chem. Soc. 1997, Vol. 18, No. 4

B-H

aH B-H 1-Chy
A
. |

——————_A__’J\a-H B-H ¥-H

d

a-H B-H
I

e T e e e S e

140 120 100 20 0 PPM

Figure 1. 'l1 NMR spectra of 1,0 solutions containing Siw, Co
and (a) 4-aminopyridine. (b 4-methylpyndine. (¢) pynidine, and
(d) d-cyanopyriding in a 1:1 molar ratio. The peaks onginating
trom the complexes arc labeled.

Table 1. pX Valucs of Ligands and Isotropic Shitts (in ppm)
tor SiW, Co and SiW Ni Complexes

. —Proton B-Proton
4-X 129 . . . . . .
SiW Co Siw Ni* Siw Co Siw Ni
NH. 9.2 122.7 1303 26.9 323
Cll, 6.0 107.7 137.0 19.3 344
1 5.2 101.6 1339 177 36.1
CN 1.9 834 1291 4.9 303

*listimaled [rom the following &  values for «—11and B—11in the
[Ni (PW.0.)]" complexes: 4-NH 1444 and 35.8 ppm: 4-CH,
141.8 and 35.6 ppm: 4-H, 145.4 and 38.1 ppou 4-CN, 138.5 and
32,5 ppm.

whereas pseudocontact shifts arise from a through-space di-
polar interaction between the clectronie and nuclcar mag-
nclic moments.”

The contact and pseudocontact contributions to & may
he separated in the following way. For an oclahedral mickel
(I[y complex, which has an orbitally non-degenerate ‘A,
ground stale with exciled states far removed in energy, the
orbital contribution is small and so is the magnelic an-
isotropy. " NMR studies have shown that the isotropic shifts
m  bis(2,d-pentancdionato)bis(pyridine)nickel(IT) come main-
Iy from the contact shifts.™" Tn order Lo estimale the pseu-
docontact shifts in |SIW,Ni(pth,,]", in which the en-
vironment of Ni* deviales  considerably  from octahedral
symmetry (see below), we have compared the isotropic
shifts n [S1W, Ni(py¥)0,,J°(36.1 and 11.& ppm for - and
v¥—H, respectively) with those in [Ni(py),]”. an oclahcdral
complex. '[I NMR spectrum of [Ni(py),|” in propyvlene car-
honale exhibits average peaks for free and complexed py-
ridine molecules at room temperature, dicating that the li-
gand exchange is fast on the NMR time scale.” 1lowever,
separate NMR lines are observed for free and complexed
pyridine molecules, when Ni(N(Q,),and pyridine are mixed
m D,0. The 1sotropic shifts were measured for various ra-
tos of [py/[Ni*"]. The isotropic shifts changed slightly
when the ratio was increased from 1 to 6, but remamned con-
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Figure 2. Isotropic shifts of protons in SiW,Co complexcs as
tunctions of pX of the ligands. Straight lines arc given as guides
{or eves.

stant thereafter. Since the species responsible for the NMR
spectrum must be [Nigpy),(H,0),,]1". the constant isotropic
shifts for [py]/|Ni”|=6 were assumed to be equal to those
in [Ni(py),]" (118, 32.9. and 9.6 ppm for o—, B—, and y- L1,
respeetively). Tt is noted that the 1sotropic shilts in [STW N
(py)0,,]" are slightly larger than the corresponding values
i [Ni(py),]". II' the pscudocontact shilts are sigmificant for
[SiW, Ni(py)O,J", all peaks are expected to be shifted up-
lfcld and hence the 1sotropie shilts 1o be deercased, as was
observed for |SiW, Co(py)0,.J)". Absence of such upfield
shilts indicates that the pscudocontact contributions Lo the
isotropic shifts in [STW,Ni(pthQ,,]" arc ncgligibly small.

Since hoth Co™ and Ni*'ions in distorled octahedral en-
vironmenls have Iwo ¢ clectrons in the d,and d,,, or-
bitals, contact shifts due to 66— electron delocalization i the
S1W ,Co complex may be assumed to be proportional to the
corresponding isotropic shifls for the SIW Ni complex. Al-
though S1W, Co complexes can have additional contact
shifts due to mt— clectron delocalization, they are small for o-
and - protons “and may be neglected.

The pseudocontact shift may be expressed as"

84 = 4‘;3 X[ { ¥z = (e + 9 )72 } X(3cos20-1)

+ (Y — Yo ) X8I0 @08 2¢) 2)

where yx, cle. are magnetic susceplibility componenlts, and
other symbols have their usual meamng. When the ligand
rotates freely about the Co-N axis, the second term due to
the n-plane magnetic anisolropy can be negleeled. Pyridine-
type ligands can form both 6— and x— symmetrv bonds with
transition metal 1ons, and 11 has been suggested thal a T—
bonding barrier prevents these ligands from rotating at room
temperature. ' However, recent moleeular mechanics cal-
culations (MM2¥) on low-spin ferric porphyrinates have
shown that the barrier to rotation of pyndine (pv) in |Fe
(TPP)(py).]'is extremely low (2.2 keal/mol)." Similar cal-
culations have shown that the axial imidazole (Im) rings in
trans- |(Im),(NIL) Ru”|CL rotate freely in solution.” Com-
parison of § _ valucs for [(Tm)(NH,)Ru™" and the cor-
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responding complex with 2-methyvlimidazole, which 1s ster-
ically hindered [rom rotating, revealed signilicantly ditferent
values for 4-11 but nearly identical values tor 3-11° This
difterence was attributed (o rotation about the the z-axis hav-
mg a negligible efleet on 3-H (0=15") but having a large cl-
leet on 4-11 (8=4(") . We have made a similar observation
on SiW,Co compleses of imidazole and 2-methy limidazole.’
(Chemical shitts for 4-11 and 3-I1 are 45.8 and 38.3 ppm
for imidazole, and 738 and 37.0 ppm lor 2-methy-
hinndazole.) These resulls lead us (o believe that 4-sub-
stituted pyvridine ligands coordinated to Siw, Co rotate free-
Iv at room temperature in solution.

It the sccond term in Hq.o (2) is neglected, the pseu-
docontact shifl is proportional to the geometric factor, (3
cos’ 0-1) A,

5. =4 {2 = (e + 2732} |, (Beos?0-1) 3
a 4r r3 -

Now Eq. (1) may be expressed as
80 (CO)=Cy x 8, (Niy+ €, 3E78=1) ()
s

where Coand Coare proportionality  constants.  Geometrie
factors may be assumed (o be the same as those caleulated
for bis(2 4-pentanedionato)bis(pyridine)cobalt(1): (0.0233 for
o= and 0.0106 A “for B—11."The two unknown constants,
C,and C,, can be determined Irom measured & values for
o—ITand B—11. Unlortunately signals from ¢—11 of the S1W.Ni
complexes are too broad o be observed: only B-T1 peaks
arc observed.' Tlowever, broad o—IT peaks are observable
for pyridine-tvpe ligands coordinated to [NL(PW 01"
(P,Ni,): see Figure 3. The signals origimatng (rom o— H and
¥—H consist of several peaks, which are ascribed to mono-,
di-, and triligand complexes. and their monoprotonated
speedes.” The speetra ol coordinated pyridine and 4-methyl-
prridine were reported betore”

In order to estimate 8, values for o— 11 in the SiW Ni
complexes, we compare 8, values for protons in Siw, Ni
and PP Ni,in Table 2. Values of &, lor two conmplexes are
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Figure 3. 'l NMR spectra of DO solutions containing [Ni.
(PW.O.) |7 and (a) 4-aminopyridine. (b) 4-methyvlpyridine. (¢)
pyridime. and (d) 4-cyvanoparidine in a 1:1 molar ratio.
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roughly  proportional, ndicating that ¢ c¢lectron de-
localization is the dominant mechanism contributing to the
wotropic shifts, It there 15 considerable melectron de-
localization, 1ts contribution will be most significant at y— 11
and 7= CH,." S0 we have assumed that the ratios of 6

values for ¢— and B— protons are the same for the SiW, N1
and P Ni,complexes. Using the strongest peak in the signal
for B—11 in cach P Ni complex. “we get the § | values for
o~ T1in S{W.Co listed in Table 1.

Now, using L. (4), one can separate the sotropie shifts
m the S1W, Co complexes nto contact and pscudocontact
contributions. The results are summarized m Table 30 Tt 18
noted that all values of 3 _are negative. Sinee the geome-
tric factors [or o—, B, and y- H are all positive, negative §

Table 2. Comparison of Isotropic NMR Shitts'in SiW..Ni and
INI{PW.O )] Complexes

Proton SIV"]*N' INi (p\’\;f] 2 R;‘;z‘”
ol - 143 .

B-10 36.0 391 0.92
Il 11.8 153.7 0.86
«—-CH"* - -13.0 -

B-cu; 7.7 8.0 0.96
¥~ CH! —12.1 —13.0 0.89

Tn ppm. The data for unprotonated. monoligand complexes.
The data for the pyvridine complex. The data for the picoline
complexes.

Table 3. Scparation ol Isotropic NMR Shilts {in ppm) in
SiW.Co Complexes

«—Proton B—Proton

4-X - - N - ; -
NH 1227 139.7 -17.0 269 36 -1.7
CII. 107.7 145.7 —38.0 19.3 36.6 -17.3
H 101.6 147.0 —-454 17.7 85 -20.8
CN 834 150.0 —66.6 4.9 332 —-303
12
10 } Scon 8dip
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Contact and Pseudocontact Shifts (ppm)
Figure 4. Contact (...) and pscudocontact shifts (=) of protons
in the SIW. .Co complexes as functions of p X ot the ligands.
Straight lines are given as guides for eves.
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means (¥,- ) < 0.

Values of &, and §  for SiW, Co(pll) arc plolted as
small: an increase ol 10 ppm 1s obscrved lor ct-protons on
going from 4-NL1-pv to 4-CN-py. Values of 8 _ for SiW Ni
(ptl) in Table 1 are similar and exhibit no trend as a func-
tion of pK . These results suggest that the axial ligand basi-
cily causes relatively small elfects on the contact shifts.

On the other hand, the magnitude of the pscudocontact
shift increases remarkably as the axial ligand basicity de-
creases. (Sinee values of & are negative, they cause up-
field shifts.) If the geometric factors are assumed to be the
same for all complexces, the magnetic anisotropy, {X,.- (¢,
% w23 or (- %,). should be altered by the ligand basicity.
Below we consider why (),- x,) s negative and why the
magnitude of the magnetic anisotropy increases as the axial
ligand basicily decreases. It 1s more convenient (o consider
(g - 2, which is roughly proportional to (¥,- x.)."

The theory for the high spin d configuration T axially
distorted octahedral ficld was first worked out by Abragam
and Pryce,”and a simplified account was given by GrifTith.”
In an octahedral ficld the ground term is ‘T, to which the
following Hamiltonian 1s applicd,

(1'%

i =_% ylL-S -5(L3-§)+pﬂa (yL +25) )

where ysatisfies ? 1.5<y<? 1.0, &1is the spin-orbit cou-
pling parameter, 8 1s the Letragonal distortion parameter, and
other svmbols have their usual meanming. The ground term,
having a threefold orhital degeneracy and a fourfold spin de-
generacy, splits mto six Kramers doublets. And the fol-
lowing expressions for g values are derived from the lowest
level.

3 4
_ 2y 12
81_4{ x+2+x(x+2)}/f ”
a5, 8
f—1+x2+(x+2)2
_1 x+3 3 4
“3yc{ 2 X x+2} ®

In sites of strict octahedral symmetry (8=0)), g is isotropic
with g =g, = 4.0-43. For oclahedral coordination with
small tetragonal distortion, g becomes very amsotropic: g >
g ,when 8> 0, and g ,<g ,when 8 =< 0. The magnetic an-
1sotropy Tor SiW, Co(ptl) indicates that § < 0.

The effects of axial ligand basicity on the magnetic an-
isotropy can he explained qualitatively based on the ord-
ering of the d orbitals. The geometry around the cobalt 1on
m $1W, Co(ptl) deviates considerably from octahedron. The
$IX oxyvgen aloms surrounding a tungsten atom in [SiW 0,1
can be classified mto four tvpes: one O,atom shared
between three WO, groups and the central Si0), letrahedron,
two (3, atoms shared belween adjacent WO unils, two O,
atoms shared between two WO, octahedra in the same W,
unit, and onc O,alom linked o one tungsten atom. The
bond lengths are W-0,2.35, W-(,1.92, W-(,1.93, and W-
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0,170 A*Ttis noted that the axial O atom is located 0.4
A rarther than O, and O atoms which [orm a square plane.
In SiW,Co(ptl) one of the twelve W-0, groups has been re-
placed by Co(pl). Since the ionic radius of Co™is 0.16 A
larger than that of W*, the Co™ ion should lic 0.8 A above
the square planc.” Therelore, the Co-O,bond, if it exists,
must be very weak, and the geometry around the Co” ion
may be considered o be square pyramidal.

The d orbatals have the orderng d,, d,<d, <d,<d,, . lor
some square pyramidal Co(ll) complexes,"and d_<d . d,
<d,<d, for some square pyramidal nickel, palladium
(1), and platinum complexes.” When 8 < 0 in a C, field,
the term — &( Lz'? 2/3) in Eq. (3) splits the T, term into A,
and E states, the doubly degenerate E state being above the
orbitally nondegenerate A, state. If the d . d  orbitals are
below d, the ground clectronic conliguration is (d, d,)Y
(d,)(d,)'d,.,.)". and the excited clectronic configurations,
(d,, d ¥(d, )(d,)' ). arc degenerate in agreement with
the prediction for 0<0. OF cowrse, these states are urther
spht by clectrostatic repulsion and spin-orbit coupling. 10
the d,, d orbitals were above d,, the energies of the clee-
tronic contigurations would be reversed.

Now that the orderng of the d orbitals has been cs-
tablished, the energy difference between the d,, , and d, or-
bitals, or that between the d, and d,,. d, orbitals may be
used as a measwre of deviation from the octahedral field
and hence the magnetic anisotropy. When the axial ligand
basicity incrcases, the d,and d,,, d,orbitals are des-
tabilized, reducing the energy differences and henee the
magnetic anisotropy. The coordmated 4-NH -py, which has
the largest basicity, exhibils the smallest absolute value of
& ,,.in agrecement with this prediction.

Values of the magnelic anmisotropy, (),- X). can he det-
crmined from the proportionality constant C,: 4-NH,-py.,
-1317. 4-CH -py. -2946; py. -4055; 4-CN-py, -5167 in unils
of 10°cgsu/mol. The magnetic anisotropy of bis(2.4-
pentancdionato)ms(pyridine }eoball(TT)y determined from sin-
gle cryslal magnctic measurements is -3065 x 10%cgsu/
mole in reasonable agreement with our values.”

A similar study on the same ligands coordinated to low-
spin fernic tetraphenylporphyrin complexes also revealed
that the shift variations with the axial ligand basicity were
dominated by changes in the magnetic anisotropy.  How-
ever, the pseudocontact shifts in these complexes cause
downlicld shilts for the protons in pyridine-type ligands, in-
dicating (),- x,) > 0. In addition, the magnetic anisotropy
decreases as the pyridine basicity decreases.

The ground stale of Tow-spin ferric porphyrins 1s known
to have the d“and d_levels above d_*For such systems
it was shown“that g ;> g ,in agreement with (),-x,) =
0. The encrgy difference, SE, between the d, . d orbitals
and the d_orbital 15 a measure of the magnetic anisotropy.
Therelore, the variation in the magnetic anisolropy can be
interpreted in terms of the effect of the axial ligand on SE.
llere the (s-type interactions between the metal and the ax-
ial higands are of less importance o the energices of the d |
orbitals of the complexes than are the energies of the &
bonding and antibonding orhitals of the ligand atoms. Tt has
been shown that the d orbitals of iron{TIT) Tic shightly above
the energy of the morbital of the lugh basicity pvridines
and shightly below the T orbital of the low-basicity py-

xz?
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ridines. 7 Thus, high-basicity pynidines mteract with won(IT)
by x donation from the filled pyvridine m orbital to the sing-
Iy occupied d _orbital of won(ITl). This teraction des-
tabilizes the d _orbital, increasing the magnetic anisotropy.
On the other hand, ©© back-donation occurs Irom the (illed
d ,orbital of won(lll) to the empty m* orbital of the pyridine
for low-basicity pvridines, stabilizing the d _orbitals, hence
reducing the magnetic anisotropy.

In summary, we have shown that axial ligand basicity
causes strong clfcets on the sotropic NMR shifts ol py-
rndine-type hgands coordmated o SiW,Co by allering the
magnetic anisotropy of the complex. We have also det-
crmined absolute values of the magnetic anmisotropy  (or
some SiW, Co complexes.
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