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To understand the substitution effects of 4-(pyridin-2-yl)pyrimidine (pprd) on the coordination reaction
equilibria, the interactions between a series of the pprd-like ligands and [OV(O2)2(H2O)]

− or
[OV(O2)2(HOD)]

− or [OV(O2)2(D2O)]
− (bpV) have been explored by a combination of multinuclear

(1H, 13C, and 51V) magnetic resonance, heteronuclear single quantum coherence (HSQC) and variable
temperature NMR in a 0.15 mol L−1 NaCl D2O solution that mimics physiological conditions. The direct
NMR data are reported for the first time. Competitive coordination interactions result in a series of new
hepta-coordinated peroxidovanadate species [OV(O2)2LL′]

− (LL′ = pprd-like chelating ligands). The
equilibrium constants for the products between bpVand the pprd-like ligands show that the relative
affinity of the ligands is pprd ≈ 2-NH2-pprd > 2-Me-pprd > 2-Et-pprd > 4-(6-methylpyridin-2-yl)
pyrimidine (abbr. 6′-Me-pprd). When the ligand is pprd, a pair of isomers (Isomer A and B) are observed
in aqueous solution, which are attributed to the different types of coordination modes between the metal
and the ligands, while the crystal structure of NH4[OV(O2)2(pprd)]·2H2O has the same coordination
structure as Isomer A. For substituted pprd ligands, however, only one type of structure (Isomer A or B)
is observed in solution. These results demonstrate that, when the aromatic ring has a substitution group,
both the steric effect (from the alkyl) and hydrogen bonding (from the amine) can affect the coordination
reaction equilibrium to prevent the appearance of either Isomer B in solution for the ligands 2-Me-pprd,
2-NH2-pprd, 2-Et-pprd, or Isomer A in solution for 6′-Me-pprd.

Introduction

Heteroligand peroxidovanadate complexes, used in classical
spot tests for vanadate, have received renewed attention since
the 1970s due to their important biological and industrial
significance.1–4 Peroxidovanadates, as models for haloperoxi-
dases, can oxidize hydrocarbons, alcohols and thioethers, etc.,
under mild conditions with high selectivity and good product

yields. By inhibiting protein tyrosine phosphatase (PTPase) and
causing DNA cleavage both in vitro and in vivo, peroxidovan-
dates and complexes thereof have been tested for their potential
as insulin-mimetic agents,1–3,5 as well as for their potential as
anti-tumor drugs.6 Therefore, it is not surprising to see that the
synthesis and characterization of peroxidovanadates and the
study of their biological mechanisms have recently stimulated
great interest.1–12 The coordination chemistry of the peroxidova-
nadate complexes is also a main concern.3,7,9–12 For example, a
series of peroxidovanadate complexes containing tridentate
ligands, such as nitrilotriacetic acid, were synthesized and
characterized as functional models for the vanadium haloperoxi-
dase enzymes by Pecoraro’s group.9 Based on the chemistry
observed for these model compounds, they proposed a mechan-
ism of halide oxidation. Posner et al. synthesized and character-
ized twelve peroxidovanadate complexes containing bidentate
ligands, e.g., oxalate, 2,2′-bipyridine (bipy) and 1,10-phenan-
throline, and studied their insulinomimetic activities.5 Shaver
and co-workers synthesized peroxidovanadate complexes,
including picolinate and its derivatives and studied the reactions
between these complexes with cysteine.10 Furthermore, peroxi-
dovanadates containing other bidentate ligands, such as 2-(2-
pyridyl)-imidazole or picolinamide, have been successfully syn-
thesized by Chen’s group.11c,d The general structures of some
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heteroligand (LL′) coordinated peroxidovanadate complexes are
shown in Scheme 1. The importance to choose these chelating
ligands, which contain pyridine building block in particular, for
synthesizing peroxidovanadates has been demonstrated
previously.12

The 4-(pyridin-2-yl)pyrimidine (pprd) ligand,13 which has
both the pyridine and pyrimidine rings, is analogous to bipy in
terms of the chelating site and is expected to be a good ligand
for the formation of peroxidovanadate complexes. At the same
time, in order to probe the substitution effects on the coordi-
nation reaction equilibrium of the pprd ligand to peroxidovana-
date, we have synthesized a series of the pprd-like ligands (1–7,
shown in Scheme 2) and used multinuclear (1H, 13C and 51V)
magnetic resonance, heteronuclear single quantum coherence
(HSQC) and variable temperature NMR to explore the inter-
actions between [OV(O2)2(H2O)]

−/[OV(O2)2(D2O)]
−/[OV

(O2)2(HOD)]
− (all of which may be abbreviated to ‘bpV’) and

the pprd-like ligands in a 0.15 mol L−1 NaCl D2O solution that
mimics physiological conditions. When the ligand was pprd (1)
or 2-NH2-pprd (3), two new single crystals were obtained and
their structures were characterized by NMR and single crystal X-
ray diffraction. Through the combined use of these methods, and
by comparison with the crystal structures, solution structures and
coordination modes for all species in the interacting systems
were determined. A better understanding was achieved, which
suggested that the coordination equilibrium in solution are
influenced by both the steric effect (from the alkyl group) and
the hydrogen bonding interactions (from the amine group).

Results and discussion

Solid state structures of 8 and 9

Both crystals of 8 and 9 consist of ammonium ions, pprd-like
ligand-coordinated biperoxidovanadate(V) complexes and water,
held together by ionic and hydrogen bonding interactions. The
structures of [OV(O2)2(pprd)]

− and [OV(O2)2(2-NH2-pprd)]
−

are depicted in Fig. 1, both of which share the same distorted
pentagonal bipyramidal geometry. Within the limits of exper-
imental error, the four peroxido oxygens, as well as the nitrogen
atom in the pyridine ring, define an equatorial plane with respect
to the axial VvO bond. A nitrogen atom in the pyrimidine ring
binds to V in the axial position. Selected bond lengths of 8 and
9 are presented in Table 1, which are compared with the corre-
sponding values of other biperoxidovanadate complexes. More
detailed structural data (bond distances and angles) of 8 and 9
can be found in ESI, shown in Table S1.†

Table 1 shows that the axial VvO lengths are 1.611 Å for
8 and 1.606 Å for 9, which are typically found for a double
bond between V and O atoms and are within the range observed
in similar geometries, such as those of [OV(O2)2(py-im)]−

and [OV(O2)2(im)]−.3,11c The vanadium atom displaces 0.358
(in 8) or 0.341 Å (in 9) from the equatorial plane, which are
comparable to that of ∼0.3 Å found in other seven-coordinated
biperoxidovanadate complexes.11c,14 The V–Operoxido bond
lengths (1.878–1.912 Å) are also within the range of the normal
V–Operoxido bond distances reported in [OV(O2)2(bipy)]

− and

Scheme 1 The general structures of some heteroligand (LL′) coordinated peroxidovanadate complexes.5,10–12

Scheme 2 The structures of the 4-(pyridin-2-yl)pyrimidine derivatives: the pprd-like ligands 1–7.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 3684–3694 | 3685
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[OV(O2)2(py-im)]−.11c,14e The lengths of the (O–O)peroxido
bonds are around 1.465–1.472 Å, similar to the corresponding
values in [OV(O2)2(im)]− and [OV(O2)2(bipy)]

−.3,14e The bond
lengths for both V–Nequatorial (2.142 Å for 8, 2.128 Å for 9) and
V–Naxial (2.332 Å for 8, 2.399 Å for 9) are in good agreement
with the corresponding values reported for other peroxidovana-
date complexes, such as [OV(O2)2(bipy)]

−, [OV(O2)2(pic)]
− and

[OV(O2)2(py-im)]−.3,10,11c,14

Fig. 2 gives the 51V MAS NMR spectra recorded at the spin-
ning rates of 3, 5 and 7 kHz, where the chemical shifts of 8 and
9 are −719 and −738 ppm, respectively. This remarkable shield-
ing difference between 8 and 9 can be naturally attributed to the
electronic effects imparted by the nature of the ligands/ligand
sphere. Such electronic effects also show up in the geometry
differences between 8 and 9, shown in Table 1, and the corre-
sponding differences in the IR data presented in the ESI.†

Solution state structures of 8 and 9

Although X-ray diffraction provides conclusive results for the
coordination modes in 8 and 9 in the solid state, we are very
much interested in their solution state structures, which we
explored using NMR spectroscopy in solution. The details of the
1H and 13C NMR spectroscopic data for 8 and 9 in solution are
presented in the ESI.†

Fig. 3 shows a comparison between the 13C NMR spectra of 9
in solution (a) and in the solid state (b). There is a clear one to
one correspondence, which provides strong evidence showing
that, for the 2-NH2-pprd (3) ligand, only one coordination mode
to the metal is observed in solution, which corresponds to the
same structure adopted by the crystal form of 9. For 8 with the
pprd (1) ligand, the comparison between the 13C NMR spectra
in solution (c) and in the solid state (d) is not so straightforward.
Obviously, the signals in solution can be grouped into two sets,
one stronger (labeled with *) and one weaker. We assume that
when 8 is dissolved in solution, there exists a pair of isomers (A
and B). While Isomer A, corresponding to the set of stronger
signals, is the main product in solution, which may adopt the
same coordination mode as that in the solid state of 8, Isomer B,
which corresponds to the set of weaker signals, is the minor
product in solution, which may adopt a different coordination
mode compared to that in the solid state. Through inspection of
the crystal structure in Fig. 1, we assume that Isomer B may
have a coordination mode with Nequatorial and Naxial interchanged,
i.e., it is the nitrogen atom in the pyridine ring, instead of that in
the pyrimidine as in Isomer A, that binds to V in the axial pos-
ition in Isomer B. What has led to the difference in coordination
modes between complexes 8 and 9 in solutions? We will ascer-
tain the coordination modes associated with Isomers A and B
and will explore their formation mechanisms. At the same time,

Fig. 1 Structures of the pprd-like ligand-coordinated peroxidovanadate complexes in the NH4[OV(O2)2(pprd)]·2H2O (8, on the left) and
NH4[OV(O2)2(2-NH2-pprd)]·3H2O (9, on the right) crystals. Ammonium ions and the water molecules are not shown.

Table 1 Selected bond lengths of 8 and 9, as well as those of the other biperoxidovanadate complexes

8 9 bpV(im) bpV(pic) bpV(py-m) bpV(bipy)

VvO 1.611(3) 1.606(3) 1.603(2) 1.599(4) 1.614(2) 1.619(3)
V–Operoxido(trans) 1.895(2) 1.882(4) 1.922(2) 1.895(4) 1.891(2) 1.883(3)

1.878(4) 1.884(2) 1.881(4) 1.879(2) 1.880(3)
V–Operoxido(cis) 1.887(2) 1.912(4) 1.866(2) 1.917(4) 1.918(2) 1.911(3)

1.901(3) 1.865(2) 1.899(4) 1.899(2) 1.909(3)
(O–O)peroxido 1.472(3) 1.473(6) 1.475(2) 1.464(5) 1.462(3) 1.471(4)

1.465(5) 1.467(3) 1.458(6) 1.449(3) 1.465(4)
V–Nequatorial 2.142(3) 2.128(4) 2.092(2) 2.123(5) 2.102(3) 2.149(4)
V–N/Oaxial 2.332(3) 2.400(4) — 2.290(4) 2.356(3) 2.288(3)
Ref. This work 3 10 11c 14e

3686 | Dalton Trans., 2012, 41, 3684–3694 This journal is © The Royal Society of Chemistry 2012
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we will discuss in the following sections the substitution effects
on the coordination reaction equilibria of a series of the pprd-
like ligands (1–7) to biperoxidovanadates.

1H and 13C NMR data of the interaction systems between bpV
and the pprd-like ligands

In order to explore the coordination between pprd (1) and the
vanadium metal center, the bpV–pprd interaction systems were
studied using 1H and 13C NMR spectroscopy. The bpV solution
was first prepared according to the procedure described in the
Experimental section and then varying amounts of the pprd (1)
ligand were added.

Fig. 4(a) shows the 13C NMR spectrum when the molar ratio
of pprd (1) and bpV is 1 : 1. As it is clear, there exist two sets of
peaks, which are identical to Fig. 3(c) for the solution complex
of 8. The set of stronger signals indicates the formation of
Isomer A, while the weaker one is assigned to Isomer B. These
peaks do not correspond to the free pprd ligands. When the

amount of pprd (1) was increased (from 1 to 1.5 equivalent), the
peaks of the free ligands appeared as shown in Fig. 4(b).
According to the assignments of the 13C NMR signals for the
bpV–pprd interaction system, the 1H NMR signals can also be
assigned through the HSQC spectrum, which is displayed in
Fig. 5.

The NMR results for the other interaction systems between
bpV and the pprd-like ligands (2–5) are summarized in ESI
(Table S2†). The shifts of the 1H and 13C NMR spectra as com-
pared to those of the corresponding spectra of the free ligands
suggest that ligands 2–5 indeed coordinate to bpV, whereas
ligands 6 and 7 do not as no such shifts were observable. Inter-
estingly, only pprd (1) displays two sets of signals, while all
others show only one set of signals, suggesting all other pprd-
like ligands (2–5) adopt a single coordination mode which is
similar to the one in crystal 8 or 9 or their solution structures.
These N,N′-chelating biheteroaromatic ligands can form the
hepta-coordinated [OV(O2)2LL′]

− species as exemplified by
[OV(O2)2(py-im)]− studied previously11c (cf. Scheme 1).

Fig. 2 The solid-state 51V NMR spectra of 8 (a) and 9 (b). The asterisk indicates the 51V NMR signal; other bands are spinning side-bands.

Fig. 3 13C NMR spectra: complex 9 in solution (a) and in the solid-state (b); complex 8 in solution (c) and in the solid-state (d).

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 3684–3694 | 3687
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51V NMR of the interaction systems between bpVand the
pprd-like ligands

The 51V NMR results for the interaction systems between bpV
and the pprd-like ligands (1–5) are also summarized in ESI
(Table S2†). In this section, we will discuss them in detail.

It was reported that the as-prepared bpV (see Experimental
section) has a 51V peak at −692 ppm as shown Fig. 6(a).15

When pprd was added to the bpV solution, new peaks appeared
at about −741 and −745 ppm (see Fig. 6(b)–(d)), which suggest
the formation of the bpV–pprd complex [OV(O2)2(pprd)]

−.
Isomer A, corresponding to the main peak, is the major product,
while Isomer B, corresponding to the shoulder peak, is the
minor product. Their intensities increase with an increase of the
molar ratios of pprd–bpV (from 0 to 1, and finally to 1.5 equiva-
lents) before reaching a maximum, as shown in Fig. 6(b)–(d).

However, the molar ratio between Isomer A and B is still 2 : 1 in
the process of adding pprd (1). These results echo the 1H and
13C NMR spectra of 8 in solution as well as those of the bpV +
1 system, lending further support to the suggestion that the
appearance of two set of peaks for the species of [OV
(O2)2(pprd)]

− in the NMR spectra is a strong indication that
there exist two types of coordination mode for the pprd ligand
(1) binding to the metal center.

In order to explore the temperature influence on the coordi-
nation equilibrium, variable temperature 51V NMR was used to
study the interaction system between bpV and pprd (1) in the
range of 20–40 °C. The experimental results shown in Fig. 7
show that: (1) all the peaks in the spectra move towards the low
field when the temperature is increased. The chemical shift
of bpV moves about 5.5 ppm every 10 °C and that of [OV
(O2)2(pprd)]

− moves about 4.5 ppm every 10 °C. (2) The

Fig. 4 13C NMR spectra of the bpV–pprd interaction system in aqueous solution. The molar ratio of bpV and pprd is 1 : 1 and 1 : 1.5 in (a) and (b),
respectively. A, B and C label the signals from Isomer A, Isomer B and the free pprd (1) ligand, respectively.

Fig. 5 The HSQC spectrum of the bpV–pprd interaction system in aqueous solution. The molar ratio of bpVand pprd is 1 : 1.5. A, B and C label the
signals from Isomer A, Isomer B and the free pprd (1) ligand, respectively.

3688 | Dalton Trans., 2012, 41, 3684–3694 This journal is © The Royal Society of Chemistry 2012
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quantity of the [OV(O2)2(pprd)]
− species decreases when the

temperature is increased. However, the ratio between Isomers A
and B is still maintained at 2 : 1 in the temperature range of
20–40 °C. This implies that, with an increase in temperature,
the coordination bonds between vanadium and pprd (1) are
weakened and both Isomer A and B are converted back to bpV
gradually.

The respective 51V NMR spectra with all pprd-like ligands
(1–7) are displayed in Fig. 8, which suggest how the substitution
groups on the pprd ligand affect the coordination equilibrium
with bpV. While the bpV peak intensity decreased, new peaks
appeared as the corresponding pprd ligands were added. For 2-
Me-pprd (2), a new peak at about −732 ppm, see Fig. 8(b), was
assigned to [OV(O2)2(2-Me-pprd)]−. Similarly, new peaks
shown in Fig. 8(c)–8(e) at −739, −729 and −736 ppm were

assigned to [OV(O2)2(2-NH2-pprd)]
−, [OV(O2)2(2-Et-pprd)]

−,
and [OV(O2)2(6′-Me-pprd)]−, respectively, for the corresponding
pprd-like ligands of (3)–(5). The upfield signals may correspond
to some ligand-free peroxidovanadates. For example, the small
new peaks at −732 and −755 ppm in Fig. 8(d) may be assigned
to [HVO(O2)3]

2− and [HV2O3(O2)4]
3−, respectively, according

to a previous literature report.16 The assignment of the pprd-like
ligand coordinated 51V peak can be confirmed by checking the
51V peak intensity varying with the concentration of the pprd-
like ligands (see below for further discussion). As noted from
Fig. 8(f ) and 8(g), no new peaks appear besides those of bpV.
This is an indication that 2-Me-6′-Me-pprd (6) or 2-NH2-6′-Me-
pprd (7) can not coordinate to bpV to form the corresponding
bpV–pprd-like complexes. Therefore, based on the ratios of the
bpV peak areas before and after coordination, the relative affinity
of the pprd-like ligands towards bpV is deduced as 1 ≈ 3 > 2 >
4 > 5, with 6 and 7 having no affinity.

Quantitative measurements of the interaction systems between
bpVand the pprd-like ligands

To gain a quantitative evaluation of the coordination affinity of
the ligands, the equilibrium constants were determined via NMR
studies using a procedure as described by Tracey et al.7 Note that
bpV here stands for [OV(O2)2(H2O)]

−. Hence, when a pprd
ligand is coordinated to bpV, it is actually a substitution reaction:

bpVþ pprd� like ! bpVð pprd� likeÞ þ H2O ð1Þ

Fig. 6 The 51V NMR spectra of the interaction system between bpV
and pprd (1) in an aqueous solution. (a)–(d) correspond to molar ratios
of pprd/bpV = 0, 0.5, 1.0 and 1.5, respectively.

Fig. 7 Variable temperature 51V NMR spectra of the interaction system
between bpV and pprd (1) with a 1 : 1 molar ratio in an aqueous
solution.

Fig. 8 51V NMR spectra of the interaction systems of bpV and the
pprd-like ligands (1–7) in an aqueous solution. The peaks of the newly
formed [OV(O2)2LL′]− (LL′ = 1–7) species are indicated by arrows.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 3684–3694 | 3689
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Based on eqn. (1), the equilibrium constants of various
coordination reactions could be calculated according to eqn. (2):

K ¼ ½bpVð pprd� likeÞ�½H2O�=½bpV�½ pprd� like� ð2Þ

where, in an aqueous solution, the concentration of water is just
a constant. Fig. 9 plots the ratio change of [bpV(pprd-like)]/
[bpV] with varying [pprd-like] when the pprd-like ligand is
2-NH2-pprd (3), where the slope corresponds to its equilibrium
constant K. The constants, K, for the other pprd-like ligands can
be measured in the same way and the resultant values are sum-
marized in Table 2. The linear correlations are found to be excel-
lent for reactions with all pprd-like ligands. The data in Table 2
quantitatively evaluate the relative affinity of the pprd ligands
towards bpV, which confirm the assignments of the 51V NMR
spectra, as shown in Fig. 8, that 1 binds to bpV in two different
ways and all other ligands bind in one way with the affinity trend
of 1 ≈ 3 > 2 > 4 > 5.

Coordination mechanisms between bpVand the pprd-like ligands

In order to explore the coordination mechanisms, the bpV inter-
actions with a series of pyridine-like or pyrimidine-like ligands,
which are the building blocks of pprd, have been studied system-
atically and used as references. When 1 equivalent of pyridine-
like or pyrimidine-like ligands were added to the bpV solutions,
the peak areas of bpV decreased and new peaks appeared. As
shown in Fig. 10, the peak at −710 ppm is assigned to [OV
(O2)2(Py)]

− for the pyridine (Py) ligand, −749 ppm is assigned
to [OV(O2)2(bipy)]

− for bipy, −709 ppm is assigned to [OV
(O2)2(2-Me-Py)]− for 2-methylpyridine (2-Me-Py), −700 ppm is
assigned to [OV(O2)2(Pym)]− for pyrimidine (Pym) and
−704 ppm is assigned to [OV(O2)2(4-Me-Pym)]− for 4-methyl-
pyrimidine (4-Me-Pym). The small new peaks at −732, −749
and −755 ppm can be assigned to [HV2O3(O2)4]

3− according to
the literature.16 Importantly, based on the decreasing ratio of the
bpV peak areas upon coordination, the relative affinity of the
ligands towards bpV can be deduced as bipy > Py > Pym ≈
4-Me-Pym > 2-Me-Py.

The coordination modes between bpV and the pyridine-like or
pyrimidine-like ligands are summarized in Scheme 3. The above
experimental results demonstrate that: (1) for a pyridine ligand
with ortho substitution, coordination to bpV is permissive as
shown in 10a–c in Scheme 3. If the substitution group is also a
coordination group, chelate effect enhances the stability of the
complex, e.g. as in 10c when the ligand is bipy; whereas steric
effects weaken the coordination interaction, e.g. as in 10b when

Fig. 9 Determination of the equilibrium constant for the coordination
between bpV and the 2-NH2-pprd (3) ligand according to eqn. (2). Con-
ditions of the experiments: temperature 25 °C, 15.0 mmol L−1 total
vanadate, 0.6 mol L−1 KCl, 20 mM HEPES buffer (pH 6.8) and varying
amounts of 2-NH2-pprd (0.0–6.0 mmol L−1).

Table 2 The equilibrium constants for the coordination between bpV
and the pprd-like ligands as determined via 51V NMR studies using a
procedure described by Tracey et al.7 Note that the linear correlation
coefficient, R, is generally higher than 0.99

Ligand

bpV + pprd-like = [OV
(O2)2(pprd-like)]

− + H2O

Rδ (51V) K

pprd (1) −741, −745 4.4 × 103 0.9907
2-Me-pprd (2) −732 1.8 × 103 0.9987
2-NH2-pprd (3) −741 4.7 × 103 0.9939
2-Et-pprd (4) −731 9.5 × 102 0.9966
6′-Me-pprd (5) −734 83 0.9925

Fig. 10 51V NMR spectra of the interaction systems between bpV and
the pyridine-like (pyridine is abbreviated to Py; 2,2-bipyridine is abbre-
viated to bipy; 2-methylpyridine is abbreviated to 2-Me-Py) or pyrimi-
dine-like (pyrimidine is abbreviated to Pym; 4-methylpyrimidine is
abbreviated to 4-Me-Pym) ligands in an aqueous solution. The total con-
centration of the vanadate species is 0.2 mol L−1. The peaks of the
newly formed species, [OV(O2)2L′′]

− (L′′ = Py, bipy, 2-Me-Py, Pym or
4-Me-Pym), are indicated by arrows.
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the substituent is Me. Hence the coordination affinity is bipy >
Py > 2-Me-Py. (2) Pym is a weaker coordination ligand than Py,
which discourages coordination with the N3 atom for a substi-
tuted Pym (e.g. 11). Coordination with N1 is allowed (e.g. 12a
and 12b) as this places the substitution group in the para pos-
ition, which minimizes the steric interaction. Hence the coordi-
nation affinity is Py > Pym ≈ 4-Me-Pym.

Conte and co-workers suggested that, for a neutral monoden-
tate ligand, there exist two possible coordination modes for the
ligand binding to [OV(O2)2]

−: the ligand can either lie in the
equatorial plane of the peroxide oxygens or be on the axis trans
to the oxido group.17 Their ab initio calculations indicated that
the former is more favorable in energy than the latter. This
understanding can be extended to understand the coordination
mechanisms of the pprd-like ligands to bpV studied here. We
suppose that, for the pprd-like bidentate ligands, the interaction
process may be artificially decomposed to two steps (see
Scheme 4). Since the coordination ability of pyridine is stronger
than that of pyrimidine, the pyridine building block is expected
to occupy the favorable equatorial position first to form a hexa-
coordinated Intermediate A. This is then followed by binding
of the pyrimidine building block to the metal center epaxially to
form the final hepta-coordinated peroxidovanadate. This (i.e.,
Route A in Scheme 4) actually gives the main product of the
coordination mode of Isomer A for pprd (1). The minor product
of the coordination mode, Isomer B, is thus formed via the
alternative path (i.e., Route B in Scheme 4), which is less ener-
getically favorable, where the pyrimidine building block
occupies the equatorial position first followed by the binding of
the pyridine building block to the metal from the axial position.
For other pprd-like ligands (2–7), the substitution effects from
R1 and R2 have to be taken into account to understand the stab-
ility of the biperoxidovanadate complexes.

It is clear that any ligand with a substituent in the ortho pos-
ition of pyrimidine (i.e., R2 in Scheme 4) can not form a peroxi-
dovanadate complex via Route B due to the steric repulsion.

Scheme 3 The coordination modes between bpV and the pyridine-like or pyrimidine-like ligands. ‘×’ indicates a not allowed route. ‘)(’ indicates a
steric interaction.

Scheme 4 The possible interaction modes between bpV and the pprd-
like ligands in solution.
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This excludes the existence of any type B isomers for the pprd-
like ligands of 2–4, 6 and 7 with R2 other than H. Hence, in
addition to 1, only 6′-Me-pprd (5) can survive as the type B
isomer.

It is interesting to predict whether 5 can also lead to the
formation of a type A isomer. We know that even though pyri-
dine can bind strongly to bpV, an ortho substitution with methyl
will diminish its binding affinity (Fig. 10(b) vs. (d)). 6′-Me-pprd
(5) can be viewed as a pyridine with two ortho substitutions,
which eliminate its possibility to bind to bpV in the equatorial
position. Hence, 6′-Me-pprd (5) can only form the type B
isomer. Indeed, only one coordination mode is observable, as
shown in Fig. 8(e).

Similarly, 2-Me-6′-Me-pprd (6) and 2-NH2-6′-Me-pprd (7)
can also be viewed as pyridines with two ortho substitutions.
They will neither form the type A isomer nor the type B isomer.
Hence, ligands 6 and 7 have no binding affinity to bpV as
observed experimentally (see Fig. 8(f ) and 8(g)).

Ligand 2-Me-pprd (2), 2-NH2-pprd (3) or 2-Et-pprd (4) is pyr-
idine with one ortho substituent that can form a chelating
complex (see 10a–c in Scheme 3). Hence, forming the type A
isomer is permissive for these ligands. If the steric effects of R2

are taken into account, the ligand binding affinity to bpV should
follow the trend of 1 > 2 > 4. The electronic nature of the –NH2

makes it different from –Me and –Et. For the 2-NH2-pprd (3)
ligand, besides the steric effect, there also exist hydrogen
bonding interactions. As indicated by the distances of the H in
–NH2 to O4 (2.432 Å) or O2 (2.531 Å) in crystal 9 in Fig. 1, the
hydrogen bond interactions are strong enough to overcome its
otherwise steric repulsion. This helps to improve the complex
stability and gives rise to similar binding affinities towards bpV
for 1 and 3.

These provide a clear understanding of the coordination
mechanisms between bpV and the pprd-like ligands in
solution, which suggest that the ligand binding affinities
follow the trend of 1 ≈ 3 > 2 > 4 > 5 with 6 and 7 having no
affinity.

Conclusion

In this paper, several NMR experimental techniques were
employed to study the interactions between a biperoxidovanadate
complex (bpV) and a series of 4-(pyridin-2-yl)pyrimidine
(abbreviated to pprd)-like ligands in a 0.15 mol L−1 NaCl D2O
solution. The relative affinities of the pprd-like ligands are 1 ≈ 3
> 2 > 4 > 5 with 6 and 7 having no affinity. When the ligand is
pprd, a pair of isomers (Isomer A and B) are observed in the
aqueous solution, which are attributed to the different types of
coordination between the vanadium atom and the ligands, while
the crystal structure of 8 has the same coordination structure as
Isomer A. For substituted pprd ligands, however, only one type
of structure (Isomer A or Isomer B ) is observed in solution.
These results demonstrate that, when the aromatic ring has a sub-
stituted group, both the steric effect (from the alkyl) and the
hydrogen bonding (from the amino) can affect the reaction equi-
librium to prevent the appearance of either Isomer B in solution
for the ligands 2, 3 and 4, or Isomer A in solution for the
ligand 5.

Experimental section

Materials and preparation

The compounds NH4VO3, NaVO3, H2O2 (30%), 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES) and KCl
were commercial products from Sinopharm Chemical Reagent
Company and used without further purification. The pprd-like
ligands were synthesized according to the method reported in the
literature,18 as shown in Scheme 5. The experimental procedures
and spectroscopic data of these compounds are summarized in
the ESI†.

To form the complex systems of NaVO3/H2O2/L (L = 4) or
NH4VO3–H2O2–L (L = 1–3 or 5–7), NaVO3 or NH4VO3 and
H2O2 were mixed first with a 1 : 5 molar ratio of the bpV sol-
ution and then the respective ligands were added to the solution.
Unless otherwise stated, the total concentration of the vanadate
species was 0.2 mol L−1.

The biperoxidovanadate crystals were prepared by adding
10 mL H2O2 (30%, w/v, solution) and 1.17 g NH4VO3 to 50 mL
distilled water. After the NH4VO3 was dissolved, 1.57 g pprd (1)
or 1.72 g 2-NH2-pprd (3) was added to the mixture. The mixture
was stirred in an ice water bath at 273 K for 0.5–1 h. After this
time, ethanol was added gradually until a precipitate appeared.
The reaction mixture was then filtered and the solution was kept
at 278–283 K for a week to crystallize. The crystals were filtered
and washed with 2 mL cold water and 7 mL cold ethanol (3
times) and then dried on a filter paper. The isolated yield was
60–80% based on the vanadate.

Crystal structure determination

Determination of the unit cell and data collection for the biper-
oxidovanadate compounds were performed on a R-AXIS
SPIDER-R (for NH4[OV(O2)2(pprd)]·2H2O, 8) or Bruker
SMART CCD (for NH4[OV(O2)2(2-NH2-pprd)]·3H2O, 9) dif-
fractometer at 173 K. Crystal data and details of the data collec-
tion and refinement are shown in Table 3. The structures were
solved using a direct method as implemented in the program
SHELXS97. The non-hydrogen atoms were refined using the
full-matrix least-square procedure on F2. Anisotropic displace-
ment parameters were assigned to the non-hydrogen atoms.
CCDC 801329 and 801327 contain the crystallographic data for
8 and 9, respectively.

Scheme 5 The synthetic route toward pprd-like ligands. (a) N,N-
Dimethylformamide dimethylacetal (DMF–DMA), 110 °C; (b) R2C
(NH)NH2, NaOEt, 65–85 °C.
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Spectroscopic measurements

Room temperature solid-state NMR experiments were performed
on a 300 MHz Bruker DMX NMR spectrometer, operating at
78.8 MHz for 51V NMR and 75.5 MHz for 13C NMR. The 51V
chemical shifts were referenced to VOCl3, while the 13C chemi-
cal shifts were referenced to the carbonyl carbon of glycine,
which, in turn, is 173.2 ppm with respect to that of tetramethyl-
silane. IR spectra were recorded on a Perkin–Elmer spectrometer
(Spectrum One).

The solution NMR spectra were recorded on a 500 MHz
Bruker AV II NMR spectrometer, operating at 500.13 MHz for
1H NMR, 125.77 MHz for 13C NMR and 131.47 MHz for 51V
NMR. DSS (3-(trimethylsilyl)-propanesulfonic acid sodium salt)
was used as an internal reference for 1H and 13C chemical shifts.
51V chemical shifts were measured relative to the external stan-
dard VOCl3 with the upfield shifts considered as negative
values. The signal-to-noise ratios were improved by a line-broad-
ening factor of 2 Hz and 10 Hz in the Fourier transformation of
all 13C and 51V spectra. In the NMR experiments, an ionic
medium, 0.15 mol L−1 NaCl D2O, was chosen in order to rep-
resent physiological conditions. The temperature was generally
20 °C, while, in the variable temperature NMR, it varied from
20 °C to 40 °C at steps of 5 °C.

The equilibrium constants for coordination between bpV and
the pprd-like ligands were measured via NMR studies according
to Tracey’s method.7 The main conditions of the experiments
were: temperature 25 °C, 15.0 mmol L−1 total vanadate, 0.6 mol
L−1 KCl, 20 mM HEPES buffer (pH 6.8) and variable amounts
of the pprd-like ligands (0–6.0 mmol L−1).

Detailed spectroscopic measurement results may be found in
the ESI.†
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