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The 1H and 13C NMR chemical shifts of the acetate and pyridine ligands (a-position) in a series of [Ru3O(CH3CO2)6L3]+

clusters are linearly correlated with the pKa (L), but exhibit variable trends at the various positions as a consequence of the
inductive, paramagnetic anisotropy and ring current effects and the ligand interactions through the Ru3O core.

NMR spectroscopy has successfully been employed in the
characterization1–11 of m-oxoruthenium acetate clusters of
general formula [Ru3O(CH3CO2)6L3]+, and in the investiga-
tion of their electron-transfer12 and substitution kinetics.13–17

This type of compound exhibits a triangular structure, as
shown in Fig. 1, strongly held together by intramolecular
m-oxo, m-acetate and metal–metal bonds.

In spite of the relatively large number of systems reported
in the literature,1–11 the available NMR data are rather
scarce and unsuitable for comparison purposes because
of the different conditions employed for the measure-
ments. Here we report a correlation study based on the 1H
and 13C NMR chemical shifts measured for a series of

[Ru3O(CH3CO2)6L3]+ complexes, as a function of the basicity
(pKa), EL and sp parameters for the several substituted
pyridine ligands (L) employed.

Experimental
The triangular clusters [Ru3O(CH3CO2)6(acpy)3]BF4 (acpy =

4-acetylpyridine), [Ru3O(CH3CO2)6L3]PF6 [where L =
bipy (4,4p-bipyridine), py (pyridine), tbpy (4-tert-butylpyridine),
vpy (4-vinylpyridine), ampy (4-aminopyridine)] and [Ru3O-
(CH3CO2)6(py)2L]PF6 (where L = acpy, bipy and vpy) have been
synthesized and characterized previously.18

1H and 13C NMR spectra were recorded on a Bruker AC 200
spectrometer, using 10µ2 mol dm3 solutions of the clusters in
CD3CN. The reported chemical shifts (d) are relative to Me4Si.

Results and Discussion
Symmetric Clusters.·The 1H NMR spectra of the sym-

metric [Ru3O(CH3CO2)6L3]+ clusters consist of character-
istic peaks distributed in three regions: 0.2–0.8 (Ha-L),
5.8–6.6 (Hb-L) and 2.4–5.2 ppm (CH3). The corresponding
13C NMR spectra exhibit peaks at µ2 to µ7 (Ca-L), 96–113
(Cb-L) and 141–164 ppm (Cg-L) and at 96–113 (CH3) and
197–218 ppm (CO2

µ). The complete data obtained in this
work can be seen in Table 1.

In order to rationalize the NMR data for the series of
complexes, the possible correlations with ligand (L) param-
eters such as pKa, SEL

19 and sp
20 were exploited in this work.

In general, the best linear correlations were obtained with
pKa, as shown in Table 2. The SEL parameter has been intro-
duced for electrochemical purposes,19 e.g. prediction of E0

values, while sp is a typical substituent parameter, particu-
larly suitable for ligand data correlations.

The Ha-L and Ca-L peaks are shifted upfield with respect to
the free ligand, since the corresponding atoms are located
very close to the metal centre, and are more susceptible to
the local paramagnetic anisotropy. This particular behaviour
is very useful for the assignment of the NMR spectra of this
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Fig. 1 Structural representation of [Ru3O(CH3CO2)6(py)3]+

Table 1 1H and 13C NMR chemical shifts for [Ru3O(CH3CO2)6L3]+ and [Ru3O(CH3CO2)6(py)2L]+ clustersa

Lb pKa
d SEL

e sp
f Ha-L Hb-L Hg-L H3C Ca-L Cb-L Cg-L CH3 CO2

µ

(acpy)3

(bipy)3

(py)3

(vpy)3

(tbpy)3

(ampy)3

3.60
4.82
5.28
5.62
6.14
9.39

0.90
0.81
0.75
0.60
0.69
0.36

0.50
0.44
0.00

µ0.04
µ0.20
µ0.66

0.81
0.56
0.25
0.29
0.30
g

5.87
6.04
5.82
6.00
6.15
6.62

6.57

5.20
5.02
4.82
4.70
4.55
2.39

µ7.0
µ6.4
µ6.4
µ6.0
µ6.0
µ2.3

125.5
126.4
126.6
127.1
127.0
136.5

141.3
143.1
138.1
147.2
164.1
159.5

113.1
112.6
114.5
111.0
111.2
96.0

196.8
197.1
199.3
199.6
200.6
217.8

acpyc

(py)2

0.74
0.28

5.97
5.77 6.60

5.07
4.92

µ6.1
µ6.1

125.2
126.7

141.3
138.1

113.0
114.6

196.8
201.3

bipyc

(py)2

0.54
0.13

6.10
5.75 6.57

5.00
4.89

µ6.4
µ6.3

126.9
126.9

143.1
138.1

112.6
113.1

197.7
199.9

vpyc

(py)2

0.42
0.17

6.02
5.81 6.50

4.83
4.79

µ6.3
µ6.5

127.1
126.4

147.2
138.0

111.1
114.5

199.5
199.4

aIn acetonitrile. bSee Experimental section. cMixed cluster. dRef. 18. eRef. 19. fRef. 20. gMasked.
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type of cluster, since the resonance signals at the a position
are greatly discriminated from those at the b and g positions.
The observed chemical shifts seem to follow a linear correla-
tion with the ligand parameters pKa, EL and sp (Table 2);
however, the interpretation is complicated by the involve-
ment of a number of electronic and magnetic contributions,
such as (a) inductive effects from the metal centre, (b) sub-
stituent effects on the ligand L and (c) paramagnetic aniso-
tropy and ring current effects.

The paramagnetic anisotropy of the cluster seems to be
responsible for the upfield shifts, since the inductive effects
would lead to downfield shifts at the a position. The variation
of the Ha-L chemical shifts along the series of substituted
ligands reflects the shielding effects from the increase in the
electron density, proportional to the pKa of L. This trend is
reversed in the case of Ca-L, and may be due to the influence
of the paramagnetic anisotropy of the metal as well as to the
contribution of low-lying excited states.

The influence of paramagnetic anisotropy is expected to
decay very rapidly with the distance, and should be negligible
at the b position. In fact, the Hb-L, Cb-L and Cg-L signals
occur in the same region as for the free ligands, but are
sensitive to the ligand parameters such as pKa, EL and sp,
reflecting the importance of the electronic effects. The
chemical shifts for the 1H and 13C atoms at the b position
exhibit a linear correlation with pKa; however, the downfield
shifts observed as a function of pKa do not reflect the direct
influence of the susbtituents on the electron density of the
pyridine ring, since in this case a reverse trend would be
expected. Presumably, the increase in the ligand basicity is
more than compensated for by the stabilization of the tri-
angular ruthenium(III) cluster, thus enhancing its electron-
withdrawing power.

A remarkable behaviour is observed for the 1H signals of
the acetate ligands, as a function of the ligand L parameters.
It should be noted that the influence of the substituents at L
can only be transmitted to the acetate protons via the Ru3O
centre. Therefore, the chemical shifts for the CH3 groups can
be used to probe the changes in the electronic structure of the
metal cluster, induced by the substituted pyridine ligands. In
fact, the 1H chemical shifts for the CH3 groups decrease as
the pKa of L increases. The observed shielding effect is con-
sistent with an increase in the electron density of the
cluster.

The 13C chemical shifts for the carboxylate group seem to
be influenced by the paramagnetic anisotropy of the cluster,
as well as by the basicity of the ligand L. The increase in the

electron density of the cluster reduces the net spin, thus
decreasing the paramagnetic effect. This would explain the
inverse trend in the linear variation of the 13C chemical shifts
for the carboxylate group versus pKa(L).

Less Symmetric Clusters.·The discussion on the NMR
data for the symmetric clusters can also be extended to the
less symmetric ones, of the type [Ru3O(CH3CO2)6(py)2L]+,
exhibiting C2v symmetry. Typical results are shown in
Table 1.

In the less symmetric clusters, the mutual influences of the
various ligands are readily apparent in the NMR spectra. In
general, if a resonance peak for the ligand L in the
[Ru3O(CH3CO2)6(py)2L]+ cluster is shifted upfield with
respect to the symmetric [Ru3O(CH3CO2)6L3]+ cluster, the
corresponding peak for the pyridine ligand is shifted down-
field with respect to [Ru3O(CH3CO2)6(py)3]+, and vice versa.
This type of compensation phenomena results from the high
degree of electronic coupling within the cluster. Because of
the mutual interactions, the NMR data for the less symmetric
clusters seem to be less sensitive to the ligand parameters,
departing from the linear correlations reported for the
symmetric species. Another interesting aspect is that
the resonance signals for the acetate ligands opposite to L
are much closer to those observed in the symmetric species
[Ru3O(CH3CO2)6L3]+, while the resonance signals for the
vicinal acetates are comparable to those for
[Ru3O(CH3CO2)6(py)3]+. This fact indicates the existence of
trans-influence in the triangular clusters.
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Table 2 Linear regression coefficients of 1H and 13C NMR data for symmetric clusters
versus the ligand parameters

13C NMR 1H NMR

L-Parameter Signal a b r Signal a b r

pKa

SEL

sp

d(C¸O) 3.9¹0.6
µ38¹9
µ16¹5

179¹3
228¹4
202¹4

0.96
0.91
0.87

pKa

SEL

sp

d(CH3) µ3.2¹0.7
32¹8
13¹5

128¹3
88¹3

110¹5

0.92
0.89
0.79

d(CH3) µ0.51¹0.06
5.1¹1.0
2.1¹0.6

7.4¹0.3
1.0¹0.4
4.4¹0.5

0.97
0.93
0.88

pKa

SEL

sp

d(Ca-L) 0.8¹0.1
µ8¹2
µ3¹1

10.6¹0.5
0.0¹0.7
5.7¹1.0

0.97
0.93
0.86

d(Ha-L) µ0.23¹0.06
0.7¹0.2
1.8¹0.6

1.6¹0.1
0.3¹0.1

µ0.9¹0.1

0.92
0.91
0.85

pKa

SEL

sp

d(Cb-L) 2.0¹0.3
µ20¹5
µ8¹3

117¹1
142¹2
128¹3

0.95
0.90
0.83

d(Hb-L) 0.14¹0.03
µ1.3¹0.4
µ0.5¹0.2

5.3¹0.1
7.0¹0.2
6.1¹0.2

0.93
0.86
0.79

pKa

SEL

sp

d(Cg-L) 3.7¹1.9
µ35¹22
µ18¹8

127¹8
173¹9
149¹8

0.69
0.63
0.72


