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Abstract: *H NMR spectra of pyridine and-, 3-, andy-picoline coordinated to the paramagnetic heteropolyanion
[HmSiWe037CUe] 10-M~ (SiWyCug) are reported. NMR lines are assigned tg,8iWo03:Cus(ptl) ] M- (n=1, 2

or 3;m= 0, 1 or 2; ptl= pyridine-type ligands) on the basis of their pH and [S8Ag]/[pt]] dependence. The
isotropic NMR shifts come mainly from the contact shifts, which for some protons exceed 70% of those in analogous
nickel complexes. The nuclear longitudinal relaxation times are 0.006, 0.06, and 0d-sfgrandy-H in pyridine
coordinated to Si\WCus. The electronic correlation time calculated from fRgvalues is in the order of 10! or

107125, which is two or three orders of magnitude smaller than those of ordinary copper complexes. It is suggested
that spin frustration causes rapid electronic relaxation in these complexes in which the tArelerGuform an
equilateral triangle.

The chemistry of heteropolyanions of tungsten and molyb-
denum continues to attract much attention, particularly with
respect to potential catalytic activity. Recently we have
reported trimetallo derivatives of 9-tungstosilicate heteropoly-
anions, [SiW03/M3(H20)3]" (M = Al, Ga, CM', Fe", Mn'",

Cd", Ni", or Cd').2 These complexes, havingNI(OH,)} 305]

as a portion of the molecular surface (Figure 1), can be expected
to model features of metal oxide surfaces such as multisite or
cooperative binding and activation of ligand substrates.

While studying these complexes, we have noticeddhaind
B-[SiWg037;Cus(H20):]1% (hereafter denoted as Silik)
exhibit no EPR signal at room temperature, indicating that the
unpaired electron spins relax rapidly. This unexpected phe-
nomenon prompted us to meastireNMR spectra of pyridine-
type ligands (ptl) coordinated to f$iWoOs7Cug]1™~. Good
NMR spectra with large isotropic shifts have been observed.

The NMR spectra of paramagnetic transition metal complexes
have been extensively studieédvlost NMR studies have been
carried out on complexes of lanthanides, low spin Fe(lll), high
spin Co(ll), and Ni(ll) which have short electronic relaxation
times. We have studied NMR spectra of pyridine- and
imidazole-type ligands coordinated to [SiVD:gM]8~ (M = Figure 1. Presumed structure ¢-[SiWsOsA Cu(H0)}3]'". Large
Co?* or Ni2H).45 So far NMR spectra have been observed for filled circles, W; large shaded circles, Cu; small shaded circles, O.
Cu(ll) complexes only when the €uion is coupled with a ) ) )
fast relaxing metal i087 SiWeCus is a different type of geometrical arrangement of the three?Ciuons. The rapid

complex in which the electron spins relax fast because of electronic relaxation in this complex opens up the possibility
of using NMR as a very sensitive probe to study interactions

T iversi . . ! X
ié‘;%?ggtgvcr']"gﬁi'\t/yérsity of various ligands with {Cu(OH,)}303]. This paper reports
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Table 1. Assignment of NMR Lines
chemical shift
signal (ppm) intensity assignmerit
[a-H] d
A 1242 28 3py M A
B 122.4 4
C 121.4 15 2py .
D 115.4 1py (112)
E 113.8 8 1py (I11) N " \
F,G 112.2,111.8 30 1py (06 10) BC FG 1J MN
H 110.6 15 1py (1) b a|/DE] M T 4 0p°{§ST
[B-H] AN N L
l,J 47.7,47.3 25 3py
K 445 10 a
L (3 lines) 395 16 2py —_—A NNL L
M y 37'67 454 11py (1) - "T1200 100 60 40 20 OPPM
(2 lines) 36. Py (08-10 +11) Figure 2. *H NMR spectra of RO solutions containing [Si¥Cu0s7]°~
[y-H] and pyridine in the mole ratio of (a) 1, (b) 1/2, (c) 1/3, and (d) 1/4 at
O 18.0 6 pH 8.1.
P 17.3 26 3py
Q 16.3 28 2py+ 1py (11)
R 16.0 14 1py (10)
S 15.5 10 2pyt+ 1py (111)
T 14.8 16 1py (00)
a Percentage of the intensity in each groumaefs-, andy-H. ° 1py,
2py, and 3py represent mono-, di-, and tripyridine complexes,
respectively. The symbols such as II1 are described in the text.
[
B form. The pH of solutions was adjusted by adding small amounts ~— —— A L
of D,0 solutions of HSO, or NaOD. The pH values of f© solutions
are given as uncorrected pH meter readings. b
Most 'H NMR spectra were obtained with a Varian Gemini-300 __/\d/L__, L
spectrometer at ambient temperatures{22°C). The residual water

resonance in each spectrum was saturated by irradiating with a single 2
frequency pulse which was gated off during acquisition. Sodium salt ~ __~
of 3-(trimethylsilyl)propionic-2,2,3,3} acid (TSP) was used as an ARAPFSRARRERE RSy

. oe DY 120 100 60 a0 20 OPPM
internal reference. The spitattice relaxation times were measured . B . o . o
for pyridine coordinated to Si¥Cus by using the inversion recovery ~ Figure 3. *H NMR spectra of RO solutions containing [SI¥Cu:Os7]

method®® Values of T, were obtained by a three-parameter least- 2nd pyridine in the mole ratio of 1 at pH (a) 6.0, (b) 7.4, and (c) 9.1.
squares analysis of the signal intensity versus recovery time measure-(F N, and T) increased, and finally at pH 9.1 only these
o » N, ) :
me_Pkt]se. magnetic susceptibility measurements at360 K were lines were observed (Figure 3c). The pH de_pende_nce_of the
performed using a SQUID magnetometer. spectrum suggests _that more than one species with d_|fferent
degrees of protonation are involved in complex formation at
Results and Discussion pH 6—10. The lines get broader as the pH is lowered, and the
lines originating from species with different degrees of proto-
nation are not resolved below pH!S.
The question arises as to which oxygen atoms are protonated.
erminal and bridging oxygen atoms are potential sites for
B protonation. The protonation behavior of polyvanadates and
y vanadotungstates suggested that the bridging oxygen atoms are
more basic than the terminal oxygen atots2 There are
. ; . several types of bridging oxygen atoms in S0s: those
ppm are assigned ta-H, f-H, and y-H in the coordinated o een two tungsten atoms, those between one tungsten atom
pyridine, respectively. The broad line at&0 ppm originates 4 one copper atom, and those between two copper atoms.
from the free ligand, and the sharp line at 4.7 ppm from HDO. When a WG* group in a heteropolyanion is replaced by £Cu
_ 11-?28 bes;reslolv$ﬂ s?ectrum v;as _obser\(/jeg for bﬁik%/[[;y]_ ion, the bridging oxygen atoms bonded to the copper atom get
= 1/2atpH 8.1. The lines are designated by-AT, and their extra negative chargé$. So the oxygen atoms between two
chemical shifts and relative intensities are listed in Table 1. copper atoms are most basic, and they must be protonated
When the ratio [SIWCuw)/[py] was reduced, the relative preferentially ’

inkt]ensitli_es of D— H, M, .N’ R, and T decr_egsed (Figlure 2)- The number of expected NMR lines depends on the rates of
These lines may be assigned to monopyridine complexes andyiar_ and intramolecular proton transfers. Observation of five
others to species having more than one coordinated pyridine.

Shown in Figure 3 are NMR spectra for [Siig]/[py] = 1 (10) SiVCus is slowly converted to [SIMACU(H0)Ozq]> at pH < 5,

: ) : and the K of pyridine is 5.17. Still we could obserné NMR spectrum
at different pH's. The spectrum at pH 6 shows no free ligand pyridine coordinated to SIWCus at pH= 4.2.

peak, indicating that all pyridine molecules are coordinated.  (i1) Day, V. W.; Klemperer, W. G.: Maltbie, D. J. Am. Chem. Soc
When pH was increased, the relative intensity of one set of lines 1987 109, 2991-3002.
(12) Flynn, C. M., Jr.; Pope, M. Tnorg. Chem1971, 10, 2524-2529.
(8) Martin, M. L.; Delpuech, J. J.; Martin, G. Practical NMR (13) Finke, R. G.; Rapko, B.; Saxton, R. J.; Domaille, B. Am. Chem.
SpectroscopyHeyden: London, 1980. Soc 1986 108 2947-2960.
(9) Levy, G. C.; Peat, I. RJ. Magn. Resan1975 18, 500-521. (14) Day, V. W.; Klemperer, W. GSciencel985 228 533-541.

NMR Spectra. IH NMR spectra of RO solutions containing
SiWeCus and pyridine (py),o-, -, or y-picoline have been
measured. The spectra for the pyridine complexes will be .
described in detail. Each spectrum consists of three groups of
lines ascribable to the pyridine complexes (Figure 2).
comparing with the spectrum of, 5-, or y-picoline coordinated
to SiWeCug, the three groups at 126,10, 506-36, and 26-14




9-Tungstosilicate Heteropolyanions

lines D — H for a-H’'s of the monopyridine species indicates
that intermolecular proton transfer is slow on the NMR time
scale. Otherwise, only one exchange-narrowed line would be
observed for the monopyridine species. If the intramolecular
proton transfer is fast on the NMR time scale, the threé"Cu
ions become equivalent, and only one NMR line will be
observed for each of un-, mono-, di-, and triprotonated mono-
pyridine species. Expected in this case are four sets of lines
(or three sets if the triprotonated species is assumed not to
contribute to the spectrum at pH-60). The spectra for [Si/
Cuw/[py] = 1/2 exhibit five sets of lines, indicating that
intramolecular proton transfer is slow on the NMR time scale.
Norton et al. have shown that proton transfers involving oxo
bridges between transition metal ions are quite sfowhe slow
rate was attributed to extensive geometric and electronic
rearrangement accompanying protonation and deprotonation.
In order to account for five sets of lines originating from the
monopyridine species, we assume that$VoCleOsApy)]10-m-
(m =0, 1, and 2) contribute to the spectrum at pH1®.
Triprotonated species are assumed not to exist at @ There
are five different copper sites in these species, which are
designated by the number of protons on the anion (0, I, or II)
and the number of protonated oxygen atoms adjacent to the
pyridine-coordinated copper atom (0, 1, or 2).

Cu, =—— 00 Cu, =—1I1 C -—
: - (ID H(I)/ ~o HO™ ™ "oH 12
Cu\o/Cu Cu\o/Cu<— 10 Cu\o,Cu -— 111

The NMR lines have been assigned on the basis of their pH
and [SIWCug]/[py] dependence and relative intensities; see
Table 1. The lines originating from monopyridine species,
especiallya-H lines, are well resolved, and all lines have been
identified. The lines originating from the multipyridine species
are not so well resolved. The broad lines (A+1J, and P)
appearing at lower fields are tentatively assigned to tripyridine
species, and the higher-field lines (C, L, Q and S; Q and S are
overlapped by monopyridine lines) to dipyridine species.

The intensity of the free ligand peak increases as the pH of

J. Am. Chem. Soc., Vol. 118, No. 3, B236
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Figure 4. *H NMR spectra of RO solutions containing [Si¥CusOs7]*°
and pyridine in the mole ratio of 1 at (a) 30, (b) 50, and (c)°@0
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Figure 5. *H NMR spectra of RO solutions containing [Si¥CusOs7]1%
and (a)a-picoline, (b)s-picoline, and (c)y-picoline in the mole ratio
of 1.

lines appearing at{5) — (—9) ppm (Figure 5c). ThéH NMR
spectrum of a BO solution containing Si\ACus andf-picoline

is shown in Figure 5b. The complexity of the spectrum at-130
110 ppm comes from inequivalence of tweH’s.

the solution increases, indicating that protonated species have The!H NMR spectrum of a BO solution containing Si\g#

higher affinity for pyridine than the unprotonated species. This
may be attributed to enhanced acidity of the copper ions on
protonation of the bridging oxygen atom(s).

As the temperature is raised, the free ligand lines move
downfield while the complex lines move upfield (Figure 4). And

Cus anda-picoline shows only one set of lines, which may be
attributed to a species with one coordinategicoline (Figure

5a). a-Picoline, which is not coordinated to [SMDzsCoJF~
because of steric hindrantdorms a complex with SiACus,
revealing subtle difference in their surfaces. However, species

the lines from various species merge gradually. The temperaturewith more than one coordinatedpicoline is not formed.
dependence of the spectrum can be explained in terms of the Magnetic Susceptibilities. In order to analyze the isotropic

exchange rate of pyridine, which must increase with increasing
temperature. We have also measufétl NMR spectra of
pyridine coordinated to SiyWiz and SiW,Cos. Each spectrum
exhibits only one set of broad lines ascribable to the complex,
indicating that the exchange rate of pyridine at each of these
complexes is faster than at S§GAs.

TheH NMR spectrum of a BO solution containing Si\y
Cus and y-picoline is quite similar to that of the pyridine
complex except that the-H lines are replaced by the-CH3

(15) (a) Kramarz, K. W.; Norton, J. RProg. Inorg. Chem1994 42,
1-65. (b) We can roughly estimate the proton transfer rate forySiy/
using a well-known equation for the two-site (A and B) equal-time process.
The lifetime ta (= 7g) for detecting two exchanging nuclei as separate
resonances is given by

V2

o >—Y2
Aoy =)

The separation between the lines designated by M and N in Figure 2 is 27

NMR shifts and the relaxation times, we have to know the
energy levels of SiCus. If the exchange interactions between

two CU¥" ions are assumed to be equal for all three pairs, the

system can be described by the following spin Hamiltonian

H=—J8rS,+ 58+ &) (1)
When the spin states are representedby S + S + S,

the resulting states are two double®= 1/;) and one quartet

(S=3,). The experimental molar magnetic susceptibility for

this system can be expressed®as

_ NoGE 1+ 5 exp(2KT)
M AT = 6) 1+ exp(J/2kT)

*+ XaiaMw 2

whereM,, is the molecular weight ang, is the diamagnetic

susceptibility.

Hz, indicating that thera is greater than 0.017 s at pH 8.1. These lines
merge below pH 5. Nortoet al. have presented examples of protonation
at oxygen bridges several orders of magnitude slower than this.

(16) Chaudhuri, P.; Winter, M.; Vedova, B. P. C. D.; Bill, E.; Trautwein,

A.; Gehring, S.; Fleischhauer, P.; Nuber, B.; Weissndrg. Chem 1991,

30, 2148-2157.
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0.07 and the radius vector from the metal ion to the nucleus,i§
[ the distance between the metal ion and the nucleus, i.

0.06 However, since the value at room temperature is of the
< 0.0 order of KT (207 cnt?) for SiWsCus, the magnetic coupling
e and the magnetic anisotropy of the whole exchange-coupled
Boosk system should be considered in calculaiiag. The system is
QE: axial with a C3 axis. The moleculag values, g(m) and
S 003 go(m), can be estimated from the logaalues of a Cu@L (L
~ = ligand) group in SIWCu; and the structure of the Keggin
»0.02 anion?? For theS = 3/2 stateg(m) equals they value in the

ootk direction of theCs axis, andgn(m) equals the averaggvalue

B of three CuQ@L groups in a direction perpendicular to tka
000 kim0 ! 1 . | axis?® When theS = 1/2 states are not degenerate, thgeir

0 5 100 150 200 250 300 values are differer®* However, for our spin-frustrated system
T/K we may use the average values for the two doublet states, which
Figure 6. Temperature dependence of molar magnetic susceptibility gre the same as those of tBe= 3/2 state. When the population
of KeHa[SiWO37Cls(H;0)s]'nH:0: 0, measured;- calculated. distribution is taken into account, the pseudocontact shift for a

. given nucleus i in this system can be expressed as
The g value was assumed to be equal to that of [giW

O3gCu(H0)]6, i.e., g = 2.209. The magnetic susceptibility o 15(3cog y, — 1)

data ofa-SiWyCu; at 5-300 K were fit to eq 2 by treating, dip = 27

0, andyia as adjustable parameters. Satisfactory fit could not 9kTR’i

be obtained for any combination of the parameters. Considering

the possibility that the exchange interactions among the three ZS(S + 1)(23 + 1) expE/KT)

Cw?" ions are not equal, we have tried to fit the measured data T

using two or three different values without success. We have ES+ 1= (®)

also tried without success a more rigorous expression obtained Z(ZS, + 1) expE/KT)

by replacingd in eq 2 byzJ{1 + 5 exp(3/2kT)}/4k{ 1 + exp- T

(3J/2kT)}.1® However, a reasonable fit was obtained (Figure \herey; is the angle between the;@xis and the radius vector

6), when the magnetic susceptibility data were divided into three from the nucleus, i, to the center O of the equilateral triangle

temperature regions and the followidgvalues were usedJ formed by the three Ct ions; R is the distance between O

=-55cmtatT < 45K, J=—312—- 0529 at T = 45~ and the nucleus, i. Equation 4 is validRfis much larger than

130 K, and) = —100 cnr* at T = 130 K. Other parameters  the distance between O and the metal3riThe geometrical

used aref = —2.5 K andyga = —1.2 x 10°" emu/g. The  factors, (3cody; — 1)/R3, have been calculated from X-ray

value ofyqia agrees with that of a diamagnetic heteropolyadfon.  gata of a Keggin anid4 and monopyridinecopper(ll) acetéte
Since J is negative, the ground state consists of two gand the following bond lengths: ring-€H 1.03, methyl-ring

degenerate doubletS & 1/2), and an excited quarte3¢ 3/2)  c—C 1.53, methyl GH 1.09 A. Theg values are assumed to

lies—1.5 J cn1? above them. Itis noted that the magnitude of pe the same as those of [SiVD3sCu(H:0)]6~, gy = 2.412 and

J is constant down to 130 K, decreases linearly at-148® K, gy =12.108. Calculated moleculgrvalues aregy(m) = 2.371

and then becomes constant again below 45 K. A possible andg(m) = 2.131. Listed in Table 2 are calculated values of

explanation for the magnetic behavior is a geometric rearrange- s, and values ofn for monoligand complexes obtained by

ment of the heteropolyanion which increases the average Cu - gyptractingdai, from diso.

(9(m)? — go(m)*)B(S+ 1)1 (4)

temperature-dependence\h‘})r (NH4)23[KA54W4OCU2(H20)21 values of nickel(ll) complexes. Since octahedral Ni(ll) com-
Ou4g-nH20 (J = 0.0060 cm* at 298 K andJ = 0.0043 cm plexes have very small g anisotropy, is negligible andiso
at 95 K) by single crystal EPR spectroscdfy. is close todeon The NET ion in octahedral symmetry has two

Contact and Pseudocontact Contributions. The isotropic  ynpaired electrons iny@rbitals which haver symmetry. It is
NMR shifts (iso) in paramagnetic systems contain contact and most likely that the unpaired electron density is transferred from
pseudocontact contributions. Contact shifig) occur when  the 3d: orbital to theo orbital system of the ligand. Horrocks
unpaired electron density is transferred from the metal to the gng Johnston have shown thadelectron delocalization in
ligand nucleus in question, whereas pseudocontact shifi} ( pyridine derivatives coordinated to bis(2,4-pentanedionato)-
arise from a through-space dipolar interaction between the nickel(ll) are roughly proportional to the hyperfine coupling

electronic and nuclear magnetic moments. N _ constants in phenyl ang, m-, andp-tolyl radicals?’
The pseudocontact shift for a given nucleus i in an axial, The C@&* ion in octahedral symmetry has one unpaired
mononuclear complex can be expressed as electron in the 3¢, orbital. Since the local symmetry of a
S = @#ES(S-F 1)(3cos 6, — 1), 5 Cw?" ion in SiWyCus is Cs, 3de-y2 and 3d: orbitals can be
dp = 27 OkT .3 @G-o 6 (22) Robert, F.; Teg, A.; Herve G.; Jeannin, YActa Crystallogr 1980
i B36, 11-15.

where0; is the angle between the principal axis of the complex  (23) Cho, Y. H.; So, HBull. Korean Chem. Sod 995 16, 243-247.
(24) Bencini, A.; Getteschi, DElectron Paramagnetic Resonance of

(17) Brown, D. B.; Wasson, J. R.; Hall, J. W.; Hatfield, W. IBorg. Exchange Coupled Syste®pringer-Verlag: Berlin, 1990; p 107.
Chem 1977, 16, 2526-2529. (25) (a) McConnell, H. MJ. Chem. Physl957, 27, 226-229. (b) When

(18) O’Connor, C. JProg. Inorg. Chem1982 29, 203-283.J is the R is not large, it is necessary to consider the appropriate molecular orbitals.
interaction parameter between two nearest W anions, andz is the See: Golding, R. M.; Pascual, R. O.; Stubbs, L.M&l. Phys.1976 31,
number of nearest neighbors around a given anion. 1933-1939.

(29) Flynn, C. M., Jr.; Pope, M. Tnorg. Chem1973 12, 1626-1634. (26) Barclay, G. A.; Kennard, C. H. LJ. Chem. Sacl961, 5244-5251.

(20) Cho, Y. H.; So, H.; Pope, M. T. (to be published). (27) Horrocks, W. D.; Johnston, D. Ilnorg. Chem 1971, 10, 1835~

(21) Happe, J. A.; Ward, R. L]. Chem. Phys1963 39, 1211-1218. 1838.
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Table 2. Comparison of Contact Shifts in 2 2
[HmSiWeOs7Cus(ptl)] 1™~ and [RW1OgsNia(pt)] 2 1= 2(@)@ «

M 6
proton Jiso Odip Ocon Oiso(Ni) Ocorf Oiso(NIi) S\4

r

a-H* 1019 -17 1036 140 0.74 1. 5 -
p-H2 29.1 0.8 28.3 39.2 0.72 (5(169” + 995 — 49,09) + (9, — 9)7sin" 6 +
y-He 67 10 57 13.8 0.41

a-CHf -50 —40 -10 -13.0 0.08 .
p-CHg 34 -07 41 8.0 0.51 7 : c
y-CHP  -91 08 -99 -136 0.73 39(95 — g)sir’ 0 PR

W5 T

aThe data for the pyridine compleXThe data for the picoline 1
. 2 2 2 b
complexes (5(49” + I + 49”95) - (gn - gm) sin" 6 —

admixed and some unpaired electron density can delocalize onto 1 T,
the o orbital system of the ligand. If the contact shifts are due :—5(29|| —50)(9; — g“)sin2 9)—22} +
to o electron delocalization alone for both nickel(ll) and copper- 1+ T,
(1) complexes, theibcon ratios of various protons should closely
parallel each other. il(&)M(g” —g.)(3cog 6 — 1) x
We have measurédti NMR spectra of pyridine-type ligands \4r r
coordinated to Ni* in three heteropolyanior#8[SiW1;039Ni] 6, 7, Z(Ac
+ =
3

[SiWgOs7Ni3] 1%, and [BW1g0sgNi3]*2~. As thedis, values are o(z,, IQ—Z
C

h

2 T

> S+ 1) —= (6)
similar for all three compounds, those fopYR1g0gsNiz(ptl)] 12~ 1+ 1+ w;tg
showing the best-resolved spectra are compared d¢ghin
the copper(ll) complexes (Table 2). The ratiosdef, values where
in the copper(ll) complexes to this, values in the nickel(ll)
complexes are also given.

Values of d¢or(Cu)iso(Ni) for a-H, -H, andy-CHjz are in
good agreement with one another, the average being 0.73. It
is noted that theis, values for these protons are much larger A, 3y KT
than thedgp values. Values 0dco(Cu)ldiso(Ni) for the other + = 0o
protons, especially that @f-CHs, are much smaller than 0.73. h ”g,uBS(S—i- 1)
Since these protons have sm@l, values, a small error in the
calculation of dgip would change theco(Cu)/iso(Ni) ratios Again contributions of botts = 3/2 andS = 1/2 manifolds
considerably. Especially eq 4 may not be adequate/{GHs, to the nuclear relaxation should be considered for our system.
for R = 4.04 A is not much larger than the distance between O The electronic correlation timee, may be assumed to be equal
and the copper nucleus, 2.14 A. to the electronic relaxation time.. Thez. value is in principle

So more reliabledcon, values of the copper(ll) complexes different for each level. However, as thgvalue for each level
exceed 70% of those of nickel(Il) complexes. These values cannot be determined separately, it will be assumed to be the
are surprisingly large. Even if the unpaired electron in the same for all levels. Then onl§S + 1) in egs 6 and 8 needs
3de_2 orbital is delocalized onto the ligand as extensively as be replaced by an average value.

w, = gugB/h (7)

8)

that in the 3¢ orbital, thedcon values of the copper(Il) complex Two different approaches are possible. One method is to

should be about 50% of those of the nickel(ll) complexes.  consider only the effect of the unpaired electron on the copper
Electronic Relaxation in SiWgCus. The electronic relax- ion to which the ligand is coordinated. In this casend are

ation time in ordinary copper(ll) complexes is-3 x 107%s2° kept,g anisotropy is neglected, and the average valug$ft

TheH NMR spectrum of a copper(ll) complex can be observed 1) is calculated taking th€i coefficients into accour#: The
if the electronic relaxation time is decreased at least two ordersresultingz. values are 5« 10712 s foro-H and 1x 10711 s for

of magnitude. One way to achieve this is to couple &Can p-H andy-H. (ldeally thez. values should be the same.)
with a fast relaxing ion such as €o H NMR spectra of some The other method is to assume that all three electrons are
copper complexes were measured by this mefifod. located at the center of the equilateral triangle formed by the

The electronic relaxation time in Siy@u; was estimated from  three C@" ions. Ther andé in eq 6 are replaced big andy,

the longitudinal relaxation times of the protons in the coordi- andS(S+ 1) by [§S+ 1)[of eq 5. The resulting. values are
nated pyridine. Values &f; measured by the inversion recovery 3 x 10712s fora-H and 4x 10712s for3-H andy-H. Although
method are 0.0063, 0.062, and 0.13 s éof 8-, and y-H, the 7. values from the second method are in better agreement
respectively. Nuclear relaxation arises from dipolar and contact with one another, the agreement may be fortuitous considering
interactions of the nuclear magnetic moments with the unpaired many approximations involved. Still we may conclude that the
electron spin. The enhancement of the nuclear longitudinal 7c value in SiWCu is in the order of 10! or 10712 s, which
relaxation rate,'I'I,\}., due to coupling with unpaired electrons is two or three orders of magnitude smaller than those of
for a mononuclear system haviggnisotropy can be expressed ~ordinary copper(ll) complexes. The calculations also show that

a0 the dipolar relaxation is the dominant mechanism.
The question arises as to what causes the decrease in the
(28)™H NMR spectra of [SiWiOsgNi(ptl)] ¢~ were reported in ref 4H electronic relaxation time in SiYZws. The ground state consists

NMR spectra of [PW1g0esNis(ptl)s]12~ also exhibit lines of mono-, di-, : : :
and triligand complexes. The spectra will be reported elsewhere. The of two degenerate doublets, which can have different spin states

structure of [BW1g0gsNiz(H20)s]12~ was described: Knoth, W. H.; for a given Cd" ion as shown schematically beléw

Domaille, P. J.; Harlow, R. Llnorg. Chem 1986 25, 1577-1584.
(29) Reference 3, p 77. (31) (a) Banci, L.; Bertini, I.; Luchinat, CStruct. Bondingl99Q 72,
(30) Sternlicht, H. JJ. Chem. Physl965 42, 2250-2251. The equation 113-136. (b) Banci, L.; Bertini, I.; Luchinat, CNuclear and Electron

is quoted in ref 3, pp 6465. Relaxation VCH: New York, 1991; p 152. g is defined in this reference.




626 J. Am. Chem. Soc., Vol. 118, No. 3, 1996 Woo et al.

} ) A [As2W1g066CUs(H20)2] 12~ exhibits a good EPR signal from the
1 1 1 S = 3/2 state and no NMR spectrum for pyridine coordinated
to it. The mechanism responsible for the fast electronic
o relaxation at theS = 3/2 level in SiWCus is not clearly
b2 3t K 342 3¢ understood.

In summary, pyridine-type ligands coordinated to paramag-

As the system hesitates as for the nature of the ground staten€tic [HnSiWeO37Cug] "™~ have been found to exhibit good
(this phenomenon is known as spin frustrat®nthe electron  *H NMR spectra, and many species with different numbers of
spins can relax rapidly. In the EPR spectrum of another copper coordinated ligands and different degrees of protonation have
trimer, [AS;W1g0s6Cls(H20),]12", the absence of EPR lines been identified. NMR techniques may be useful in studying
from theS= 1/2 manifolds was attributed to spin frustrat®2 ~ interactions of other (more interesting) substrates with SiW

It is more difficult to explain the electronic relaxation at the Ct @nd its analogues.
excitedS = 3/2 state in SiWCus. TheS= 3/2 state, which is
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