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dazole citrate and bipyridine
homocitrate in different oxidation states – balance
between coordinated a-hydroxy and a-alkoxy
groups†

Si-Yuan Wang and Zhao-Hui Zhou *

Oxo and thiomolybdenum(IV/VI) imidazole hydrocitrates K2{MoIV3 O4(im)3[MoVIO3(Hcit)]2}$3im$4H2O (1),

(Him)2{MoIV3 SO3(im)3[MoVIO3(Hcit)]2}$im$6H2O (2), molybdenum(V) bipyridine homocitrate trans-

[(MoVO)2O(H2homocit)2(bpy)2]$4H2O (3) and molybdenum(VI) citrate (Et4N)[MoVIO2Cl(H2cit)]$H2O (4) (H4cit ¼
citric acid, H4homocit ¼ homocitric acid, im ¼ imidazole and bpy ¼ 2,20-bipyridine) with different oxidation

states were prepared. 1 and 2 are the coupling products of [MoVIO3(Hcit)]
3� anions and incomplete cubane

units [MoIV3 O4]
4+ ([MoIV3 SO3]

4+) with monodentate imidazoles, respectively, where tridentate citrates coordinate

with a-hydroxy, a-carboxy and b-carboxy groups, forming pentanuclear skeleton structures. The

molybdenum atoms in 1 and 2 show unusual +4 and +6 valences based on charge balances, theoretical

bond valence calculations and Mo XPS spectrum. The coordinated citrates in 1 and 2 are protonated with a-

hydroxy groups, while 3 and 4 with higher oxidation states of +5 and +6 are deprotonated with a-alkoxy

group even under strong acidic condition, respectively. This shows the relationship between the oxidation

state and protonation of the a-alkoxy group in citrate or homocitrate, which is related to the protonation

state of homocitrate in FeMo-cofactor of nitrogenase. The homocitrate in 3 chelates to molybdenum(V) with

bidentate a-alkoxy and monodentate a-carboxy groups. Molybdenum(VI) citrate 4 is only protonated with

coordinated and uncoordinated b-carboxy groups. The solution behaviours of 1 and 2 are discussed based on
1H and 13C NMR spectroscopies and cyclic voltammograms, showing no decomposition of the species.
Introduction

Molybdenum is widely present in water, soil, various animals and
plants, and constitutes a variety of metalloenzymes with redox
functions.1,2 Homocitrate as a chelating ligand bound to MoIV/III of
FeMo-cofactor plays a critical role in nitrogen xation.3–11 Homo-
citric acid is also a key intermediate in the biosynthetic pathway to
the essential amino acid lysine in fungi and euglenids.12–14

Molybdenum homocitrate is also considered to be involved in the
nal biosynthesis of FeMo-cofactor by the coupling reaction with
iron clusters.15,16 R-Homocitrate, whose long and exible CH2CO2

arm can form ahydrogen bondwith theNHgroup of the imidazole
ligand, may play an important role in the process of reducing
nitrogen.17,18 The source and path of protons in homocitrate have
been an important topic in nitrogenase.19–25
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As a homolog of homocitrate, citrate is also a complexing
agent used in the preparations of Co(Ni)–Mo catalyst precursors
of hydrosulfurization or baths for the electrodeposition of
molybdenum–iron metal alloys, which assure a stable pH value
during the deposition process in the electrolyte.26–31Molybdenum
citrate has also been discovered in nifV nitrogenase and the
sensor kinase CitA.32,33 The incomplete cuboidal clusters Mo3S4,
Mo3S3O, Mo3SO3 and Mo3O4 can form complexes with various
types of ligands as a classic low-valence Mo skeleton struc-
ture,34–43 which exists in Mo storage protein.44 The latter also
contains octanuclear molybdenum complexes [Mo8O26(im)2]

4�

with imidazole from histidine residue as polyoxometalates.44–46

It is noted that most of the mixed-valence molybdenum
complexes are in VI/V and V/IV,47–54 while molybdenum(VI/IV)
complex is less common.55 Here two pentanuclear imidazole
hydrocitrato molybdenum(VI/IV) complexes K2{Mo3IVO4(im)3-
[MoVIO3(Hcit)]2}$3im$4H2O (1) and (Him)2{MoIV3 SO3(im)3-
[MoVIO3(Hcit)]2}$im$6H2O (2) have been obtained with proton-
ated a-hydroxy groups, while dimeric bipyridine oxomolybde-
num(V) homocitrate trans-[(MoVO)2O(H2homocit)2(bpy)2]$4H2O
(3) and mononuclear oxomolybdenum(VI) hydrocitrate (Et4N)
[MoVIO2Cl(H2cit)]$H2O (4) were captured with coordinate a-
alkoxy groups in acidic solution.
RSC Adv., 2019, 9, 519–528 | 519
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Results and discussion

Until now, a number of citrate or imidazole molybdenum
complexes have been reported, while there is less interest on the
mixed-ligand complexes of citrate and imidazole.45,47,56–59 Most
of the mixed-valence molybdenum complexes focus on Mo(VI)/
Mo(V) and Mo(V)/Mo(IV),47–54 fewer examples of Mo(VI)/Mo(IV)
have been reported.55 Here pentanuclear molybdenum(IV/VI)
imidazole hydrocitrates K2{MoIV3 O4(im)3[MoVIO3(Hcit)]2}$
3im$4H2O (1) and (Him)2{MoIV3 SO3(im)3[MoVIO3(Hcit)]2}$
im$6H2O (2) were obtained from an aqueous solution. The
valences of themolybdenum atoms in 1 and 2 are +4 or +6 based
on the charge balances, theoretical bond valence calculations
and Mo XPS spectrum, which will be discussed later. They are
different from the common mixed-valence complexes in the
adjacent valence state, which are coordinated with citrate and
imidazole.47,60

Increasing the temperature can enhance the coordination
abilities of citric acid and imidazole. High-valent molybdenum
atoms are reduced in a closed Teon-lined stainless steel
container with the aid of a reducing agent. Low-valent molyb-
denum atoms and weak alkaline conditions can avoid the
protonation of imidazole, making it easier for coordination with
molybdenum citrate simultaneously. Possible routes for
molybdenum citrates 1, 2 and 4 are outlined in Scheme 1 in
three steps. First, the molybdates are reduced to tetravalent
molybdenum cations [MoIV3 O4(H2O)9]

4+ or [MoIV3 SO3(H2O)9]
4+-

respectively.61 The imidazoles as monodentate ligands
Scheme 1 Possible routes for molybdenum(IV/VI) imidazole hydro-
citrates 1 and 2 and (m3-X ¼ S or O) molybdenum(VI) citrate 4.

520 | RSC Adv., 2019, 9, 519–528
coordinate to the molybdenum(IV) atoms in [MoIV3 O4(H2O)9]
4+ or

[MoIV3 SO3(H2O)9]
4+ ions. Free b-carboxy and a-alkoxy groups in

[MoVIO3(cit)]
4� further coordinate with the molybdenum

atom(IV) atoms in [MoIV3 O4(H2O)9]
4+ ion, forming a pentanuclear

structure {MoIV3 O4(im)3[MoVIO3(Hcit)]2}
2� with a-hydroxy

groups. When Na2S2O4 was used instead of hydrazine dihy-
drochloride as a reducing agent, the m3-O of [MoIV3 O4]

4+ in 1 is
replaced by m3-S to form [MoIV3 SO3]

4+. Moreover, one of the
terminal oxygen in [MoVIO3(H2cit)]

2� could be replaced by
chloride under strong acidic conditions. The [MoVIO2Cl(H2cit)]

�

ion was further captured by the large cation (Et4N)
+ as 4 without

protonation in a-alkoxy group.
Previously, a series of molybdenum(VI) homocitrates have

been synthesized.62–65 The strong chelating agent, 2,20-bipyr-
idine, assisted the formation of reduced molybdenum(V)
homocitrate trans-[(MoO)2O(H2homocit)2(bpy)2]$4H2O (3) in
the presence of hydrazine. The insoluble complex 3 crystallized
immediately with a decrease in temperature. Attempts to
prepare molybdenum(IV) homocitrate and molybdenum(IV/VI)
imidazole homocitrate were not yet successful.

As shown by the X-ray crystal structures (Fig. 1 and S1–S4†),
K2{MoIV3 O4(im)3[MoVIO3(Hcit)]2}$3im$4H2O (1) and (Him)2-
{MoIV3 SO3(im)3[MoVIO3(Hcit)]2}$im$6H2O (2) are pentanuclear
imidazole hydrocitrato molybdenum(IV/VI) complexes. An
incomplete cubane cluster anion [MoIV3 O4]

4+ or [MoIV3 SO3]
4+ in 1

or 2 is joined by imidazole to form the circular species,
respectively. Each molybdenum atom(IV) is surrounded octa-
hedrally by two m2-O, one m3-O/S and one N atom of the imid-
azole ligand. The three imidazole ligands occupy a cis position
to the m2-O. This is similar to the reportedMo3O4(his)3 cluster in
the Mo storage protein with an incomplete cubane anion, where
each molybdenum atom is octahedrally coordinated to ve O
atoms and to the imidazole N32 atom of hisa140.44 Moreover,
molybdenum(VI) atoms in 1 or 2 are hexa-coordinated in
approximate octahedral geometries respectively. The citrate
ligand uses its a-hydroxy, a-carboxy and one b-carboxy groups to
act as a tridentate ligand. The other b-carboxy and a-hydroxy
groups of the citrate further coordinate with the other molyb-
denum atom(IV). Each molybdenum(VI) citrate connects to
[MoIV3 O4]

4+ or [MoIV3 SO3]
4+ unit with an O- or S-bridge to

constitute novel pentanuclear skeleton structures.15

Hydrogen bonds of the imidazoles played important roles in
the crystal packing of 1 and 2 (Fig. S5–S8, Tables S1 and S2†).
The free imidazole as well as the imidazole ligand can act as
providers for the two types of hydrogen bonds as N–H/O and
N–H/N. N–H/O interactions, which are found in imidazole
with bridging or terminal oxygen atoms, and oxygen atoms from
citrate or water molecules. Hydrogen bonds in the form of
N–H/N are only observed in 1.

Trans-[(MoVO)2O(H2homocit)2(bpy)2]$4H2O (3) is dimeric
bipyridine homocitrato oxomolybdenum(V) complex as shown
in Fig. 2 and S9.†Mo atoms in 3 are hexacoordinate in distorted
geometries and surrounded octahedrally by one m2-O, one
terminal O, two O atoms of homocitrate and two N atoms of
2,20-bipyridine. The homocitrate anions chelate to the Mo via a-
alkoxy and monodentate a-carboxy groups, while the b- and g-
carboxylic acidic groups remain free. The homocitrate
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 ORTEP plot of the molecular structure of trans-[(MoVO)2O(H2-
homocit)2(bpy)2]$4H2O (3) at the 20% probability levels. [O1/O1w
2.74(2), O3/O2w 2.74(2), O14/O3w 2.65(2), O5/O4w 2.60(4) Å].

Fig. 3 ORTEP plot of the anion structure in (Et4N)[MoVIO2Cl(H2cit)]$
H2O (4) at the 20% probability levels.

Fig. 1 ORTEP plots of the anion structures in K2{MoIV
3 O4(im)3-

[MoVIO3(Hcit)]2}$3im$4H2O (1, a) and (Him)2{MoIV
3 SO3(im)3[MoVIO3-

(Hcit)]2}$im$6H2O (2, b) at the 20% probability levels.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 2
/2

7/
20

26
 5

:5
8:

17
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
coordination in 3 is similar to those in FeMo-cofactors of
nitrogenases.5–7 Water molecules act as proton sources around
the a-alkoxy and carboxy groups of homocitrate. It should be
highlighted that one water molecule acts as a hydrogen donor
for the a-alkoxy group among the crystallized water molecules,
which shows strong hydrogen bonding between the water
molecule and the a-alkoxy group.

As shown by X-ray structural analyses (Fig. 3 and S10†),
(Et4N)[MoVIO2Cl(H2cit)]$H2O (4) is a monomeric oxomolybde-
num(VI) complex. 4 is a product that is captured by a large cation
(Et4N)

+, while binuclear or tetranuclear molybdenum citrato
complexes were usually isolated in acidic conditions in a 1 : 1
ratio.57,66,67 The molybdenum atom is hexa-coordinated in an
approximate octahedral geometry. The citrate ligand uses its a-
alkoxy, a-carboxy and one b-carboxy acidic groups as a tri-
dentate ligand, while the other b-carboxy acidic group is free.
Unlike the coordinated a-hydroxy groups of citrates in 1 and 2,
no protonation was observed for the a-alkoxy group even under
strongly acidic conditions (pH ¼ 0.5). The tridentate
This journal is © The Royal Society of Chemistry 2019
coordination mode of citrate in 4 is similar to those of K4-
[MoVIO3(cit)]$2H2O (6) and (NH4)4[MoVIO3(cit)]$2H2O (7),58,66

while both b-carboxy groups of citrate are protonated.
Water cluster and hydrogen bonds also play important roles

in the stabilization of the host structures. A crystallized water
molecule and a carboxy oxygen atom alternately connect to each
other to form a water chain, and two water chains connect to
form a band by hydrogen bonds in 4 as shown in Fig. S11.† The
average O/O distance of water layer is 2.825 Å shown in Table
S3.† This is longer than the corresponding value in ice Ih (2.759
Å)68 and shorter than in liquid water (2.854 Å),69,70 but within the
values in the ice II phase (2.77–2.84 Å).71

Previously, the mimic complexes [MoIV3 SO3(glyc)2(im)5]$
im$H2O (13) and Na2[MoIV3 SO3(R,S-lact)3(im)3]$10H2O (14) in
Table 1 have been used for comparison with FeMo-cofactors in
nitrogenases, which provide indirect evidence for the proton-
ation of homocitrate in the FeMo-cofactor MoIII/IVFe7S9C(S-
cys)(N-His)(homocit).72 Here the longer MoIV–O distances in 1
and 2 [2.192(4)av Å in 1 and 2.201(4)av Å in 2] further support this
RSC Adv., 2019, 9, 519–528 | 521
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proposal that the oxygen atoms in the MoIII/IV–O (a-alkoxy/
hydroxy) of FeMo-co (16 and 17) should be protonated,20–25,73

which are obviously longer than theMoVI–O (a-alkoxy) distances
[1.975(7)av Å] in 3–14 and similar to the MoIV–O (a-hydroxy)
distances [2.204(4)av Å] in 15. The oxygen atom coordinated with
molybdenum(IV/VI) was protonated, while the a-alkoxy group
coordinated with molybdenum(VI) in 3 and 4 was deprotonated
even under extreme acidic condition. This indicates that the O
(a-alkoxy) coordinated with Mo(III/IV) atom had a higher charge
density and was more easily protonated. The MoIV/VI–O (a-car-
boxy) and MoVI–O (b-carboxy) distances in 1 and 2 were shorter
than those of 4 and 6–14. The characteristic MoIV–O–MoVI

bridges were in apparent asymmetric congurations [1.831(4)av
and 2.039(4)av Å]. The Mo–N, Mo–m2-O, Mo–m3-O, Mo–Mo
distances in 1, 2, 3, 5, 13–15 and 18–34 have also been listed for
comparison in Table S4.†42,43,47,59,72,74–81
Solution 13C and 1H NMR spectra

Solution 13C and 1H NMR spectra are shown in Fig. 4, S12–S21
and Table S5,† and provide valuable information on the coor-
dination environments of 1, 2 and 4. Only one set of species was
observed for 1 and 2 respectively, showing no decomposition
over three months. The coordinated a-carboxy and b-carboxy
carbons in 1 and 2 are at around 185.5–185.2 ppm and 181.7–
180.5 ppm respectively. Large downeld shis (Da-carboxy ¼ 5.9–
6.2 ppm; Db-carboxy ¼ 4.5–5.7 ppm) are observed compared to
those of the free citrate (a-carboxy 179.3 ppm; b-carboxy 176.0
Table 1 Comparison of selected Mo–O bond distan
(Him)2{MoIV

3 SO3(im)3[MoVIO3(Hcit)]2}$im$6H2O (2), trans-[(MoVO)2O(H2h
O(H2cit)2(bpy)2]$4H2O (5),81 K4[MoVIO3(cit)]$2H2O (6),66 (NH4)4[MoVIO3(c
4H2O (9),58 K2[MoVIO2(H2homocit)2]$2H2O (10),65 K2(NH4)2[(MoVIO2)4O3

[MoIV
3 SO3(glyc)2(im)5]$im$H2O (13),72 Na2[MoIV

3 SO3(R,S-lact)3(im)3]$10H2
IVFe7S9C(S-cys)(N-His)(Hhomocit)} (16) (a, PDB 1QGU;82 b, PDB 1M1N;8 c,
1H1L32)

Complexes (Mon+) Mo–Oa-alkoxy/hydroxy

1(IV/VI) 2.151(4)av(IV)
2.192(4)av(VI)

2(IV/VI) 2.189(4)av(IV)
2.201(4)av(VI)

5(V)81 1.982(3)av
3(V) 1.952(1)av
4(VI) 1.931(4)
6(VI)66 2.052(2)
7(VI)58 2.054(1)
8(VI)56 1.957(7)av
9(VI)58 1.919(2)
10(VI)65 1.984(1)av
11(VI)64 1.942(4)av
12(VI)64 1.939(3)av
13(IV)72 1.986(2)av
14(IV)72 1.999(7)av
15(IV)80 2.092(3)/2.204(4)av
16a82 2.351
16b8 2.199
16c83 2.250
16d9 2.178
1732 2.252

522 | RSC Adv., 2019, 9, 519–528
ppm). The coordinated a-hydroxy (83.5 ppm in 1 and 82.9 ppm
in 2) and a-alkoxy carbons (87.0 ppm in 4) also show large
downeld shis compared to those of the free citrate (75.9
ppm), respectively. The 13C NMR spectral signals for protonated
a-hydroxy groups in 1 and 2 show an obvious shi to the
higheld compared with the a-alkoxy in 4 and other molyb-
denum citrates, showing the inuence of protonation. The a-
carboxy and methylene carbons in 4(VI) show downeld shis
compared to those in 1(IV/VI) and 2(IV/VI).

Mo XPS spectra and bond valence calculations

As shown in Table 2, the theoretical bond valence calculations for
1–3 show 4.274av and 5.984av for the molybdenum atoms in 2,
respectively, which are close to charge balances +4 and +6. The
Mo 3d5/2–Mo 3d3/2 doublet was registered at binding energies
(BE) 227.3 eV, 230.3 eV and 232.5 eV in the XPS spectrum of 2 as
shown in Fig. 5 and S22.† The XPS spectrum of bulk MoO3 in the
Mo 3d region showed a single spin–orbit doublet with a Mo 3d5/2
binding energy of 233.0 eV.84,85 The widening of the Mo 3d level is
associated with the presence of more than one molybdenum
states.86–89 The Mo 3d5/2 peak at BE ¼ 232.5 eV is characteristic of
the MoVI presence, while Mo 3d5/2 and Mo 3d3/2 peaks at BE ¼
230.3 eV and 227.3 eV are attributed to the MoIV species.

EPR spectrum and magnetic susceptibility

Theoretical bond valence calculations give the valences 5.232av
for molybdenum atoms in 3, which is close to a charge balance
ces (Å) for K2{MoIV
3 O4(im)3[MoVIO3(Hcit)]2}$3im$4H2O (1),

omocit)2(bpy)2]$4H2O (3), (Et4N)[MoVIO2Cl(H2cit)]$H2O (4), [(MoVO)2-
it)]$2H2O (7),58 Na2[MoVIO2(H2cit)2]$3H2O (8),56 K2[(MoVIO2)2O(H2cit)2]$
(Hhomocit)2]$6H2O (11),64 K5[(MoVIO2)4O3(Hhomocit)2]Cl$5H2O (12),64

O (14),72 [MoIV
3 S4(PPh3)3(Hlact)2(lact)] (15),80 FeMo-cofactors {MoIII/

PDB 3K1A;83 d, PDB 3U7Q9) andMoFe7S9C(S-cys)(N-His)(Hcit) (17) (PDB

Mo–Oa-carboxy Mo–Ob-carboxy

2.101(5)av 2.071(5)av(IV)
2.259(5)av(VI)

2.104(4)av 2.079(4)av(IV)
2.269(4)av(VI)

2.076(3)av
2.068(2)av
2.178(3) 2.433(4)
2.237(7) 2.411(3)
2.213(1) 2.307(2)
2.219(7)av
2.178(3) 2.538(2)
2.209(1)av
2.188(4)av 2.322(4)av
2.197(3)av 2.304(3)av
2.127(2)av
2.133(6)av
2.083(4)/2.118(4)av
2.293
2.181
2.171
2.212
2.292

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 13C NMR spectra of K2{MoIV
3 O4(im)3[MoVIO3(Hcit)]2}$

3im$4H2O (1, a), (Him)2{MoIV
3 SO3(im)3[MoVIO3(Hcit)]2}$im$6H2O (2, b).

Table 2 Bond valence calculations for K2{MoIV
3 O4(im)3[MoVIO3-

(Hcit)]2}$3im$4H2O (1), (Him)2{MoIV
3 SO3(im)3[MoVIO3(Hcit)]2}$

im$6H2O (2), trans-[(MoVO)2O(H2homocit)2(bpy)2]$4H2O (3) and
(Et4N)[MoVIO2Cl(H2cit)]$H2O (4)

Complexes Atom N
P

Sij D

1 Mo(1) 4+ 4.341 0.341
Mo(2) 4+ 4.263 0.263
Mo(3) 4+ 4.283 0.283
Mo(4) 6+ 5.993 0.007
Mo(5) 6+ 5.970 0.030

2 Mo(1) 4+ 4.439 0.439
Mo(2) 4+ 4.207 0.207
Mo(3) 4+ 4.177 0.177
Mo(4) 6+ 5.944 0.056
Mo(5) 6+ 6.023 0.023

3 Mo(1) 5+ 5.208 0.208
Mo(2) 5+ 5.256 0.256

4 Mo(1) 6+ 6.012 0.012

Fig. 5 XPS spectrum (Mo 3d level) of (Him)2{MoIV
3 SO3(im)3[MoVIO3-

(Hcit)]2}$im$6H2O (2).
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of +5. The two molybdenum atoms in 3 are independently
paramagnetic, based on the X-band of solid state EPR spectrum
at 90 K as shown in Fig. 6.90,91 The EPR spectrum of 3 appeared
to be anisotropic, and the g value was 1.9089. The bands which
exhibit S ¼ 1/2 signals are consistent with a 4d1 metal center
Mo5+, while neither Mo4+ or Mo6+ in 2 had an EPR signal. 2 and
3 with valences of Mo(IV/VI) or Mo(V) atoms exhibit diamagne-
tism as shown in Fig. S23 and S24† respectively.92–94
Fig. 6 EPR spectrum of trans-[(MoVO)2O(H2homocit)2(bpy)2]$4H2O
(3).
IR and UV-visible spectra

1–4 were also characterized by IR and UV-Vis spectroscopies
respectively. Based on the IR spectra shown in Fig. S25–S27,†
vibrations of the symmetric and asymmetric carboxy groups,
Mo]O and Mo–O–Mo bonds appeared at 1683–1612 cm�1,
1427–1364 cm�1, 949–850 cm�1 and 722–704 cm�1, respec-
tively. The absorptions of carboxy acidic groups for 3 and 4
appeared at 1724 cm�1 and 1732 cm�1. Due to the chelation of
the ve-membered rings with molybdenum atoms, the
symmetric and asymmetric absorption peaks of the carboxy
This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 519–528 | 523
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groups were red shied to low wave numbers. In the UV-Vis
spectra, the strong absorption peaks were due to ligand-based
p–p* transitions (206 nm in 1 and 207 nm in 2) and intra
ligand transitions (230 nm in 1 and 231 nm in 2) as shown in
Fig. S28.† The strong absorption peaks of bipyridine appeared
at 280 nm in 3 due to the N-chelating ligand-based p–p* tran-
sition as shown in Fig. S29.†
Cyclic voltammograms and mass spectra

Cyclic voltammograms of 1, 2 and 4 scanning from �1.600 V to
1.600 V were performed in 1 mol L�1 Na2SO4 aqueous solution
as shown in Fig. S30–S32.† The CV scan measurements were
made in the positive direction, and then back to the cathode
reduction region. As for the cyclic voltammograms of 1 and 2,
the reductive waves of MoVI appeared at�0.567 V and�0.564 V,
respectively. The oxidized peak of MoIV in 1 was at +0.776 V,
while there was no oxidized peak in 2. 2 with a central sulfur
atom is more easily reduced than 1 with its central oxygen atom.
The fact indicates that MoIV atoms in [MoIV3 SO3]

4+ were more
stable than those in [MoIV3 O4]

4+ and not easily oxidized. All redox
Fig. 7 Mass spectra of {Mo3O4[MoVIO3(Hcit)]2}
2� and {Mo3SO3-

[MoVIO3(Hcit)]2}
2� in K2{MoIV

3 O4(im)3[MoVIO3(Hcit)]2}$3im$4H2O (1, a)
and (Him)2{MoIV

3 SO3(im)3[MoVIO3(Hcit)]2}$im$6H2O (2, b) respectively.

524 | RSC Adv., 2019, 9, 519–528
processes were single and irreversible, which are different from
those previously reported for [MoIV3 O4(ox)3]

2�.47,95 Mass spectra
of major anions in 1, 2 and 3 are shown in Fig. 7 and S33.† As
the ion source bombarded the complexes, the imidazoles and
chlorides that are weakly coordinated with the metal dissoci-
ated, and there were no peaks associated with the complete
anions in the spectra, except for
{MoIV3 O4[MoVIO3(Hcit)]2}

2� ({MoIV3 SO3[MoVIO3(Hcit)]2}
2�) and

[MoVIO2(Hcit)]1�.

Conclusions

A series of molybdenum(IV/V/VI) citrates and homocitrate K2-
{MoIV3 O4(im)3[MoVIO3(Hcit)]2}$3im$4H2O (1), (Him)2{MoIV3 SO3-
(im)3[MoVIO3(Hcit)]2}$im$6H2O (2), trans-[(MoVO)2O(H2-
homocit)2(bpy)2]$4H2O (3) and (Et4N)[MoVIO2Cl(H2cit)]$H2O
(4) were prepared from aqueous solutions. Pentanuclear
imidazole hydrocitrato molybdenum(IV/VI) complexes 1 and 2
were obtained with incomplete cubane units [MoIV3 SO3]

4+ and
[MoIV3 O4]

4+ units. The charge balances, theoretical bond
valence calculations and XPS spectrum indicate molybdenum
atoms with valences of +4 or +6 respectively, which are
different from the mixed-valence complexes in the adjacent
valence state. The incomplete cubane cluster units,
[MoIV3 SO3]

4+ and [MoIV3 O4]
4+, with monodentate imidazoles

were coordinated by two [MoVIO3(Hcit)]3� anions on both
sides to form pentanuclear skeleton structures. It is worth
noting that the a-alkoxy groups of coordinated citrates in 1
and 2 were protonated, indicating O (a-hydroxy) atoms in
molybdenum(IV) complexes with higher charge densities are
more easily protonated. The structures in 1 and 2 are impor-
tant for the further study of imidazole molybdenum complexes
with a-hydroxycarboxylates. The homocitrate anions in 3
chelate to Mo via the a-alkoxy and monodentate a-carboxy
groups, while the remaining b- and g-carboxylic acid groups
remained free. Moreover, the monomeric oxomolybdenum
citrate complex (Et4N)[MoVIO2Cl(H2cit)]$H2O (4) is captured by
large cations [Et4N]

+ with a-alkoxy coordination in strong
acidic conditions. The solution behaviors of 1 and 2 were
discussed based on 1H and 13C NMR spectroscopies giving
only one set of species, and showing no decomposition of 1
and 2. The coordinated a-alkoxy/hydroxyl and carboxy carbons
in 1, 2 and 4 show large downeld shis compared with those
of the free citrate. The cyclic voltammograms of 1 and 2
indicate that MoIV atoms in [MoIV3 SO3]

4+ were more stable than
that in [MoIV3 O4]

4+. 2 and 3 exhibited diamagnetically.

Experimental
Preparations of K2{MoIV3 O4(im)3[MoVIO3(Hcit)]2}$3im$4H2O (1)
and (Him)2{MoIV3 SO3(im)3[MoVIO3(Hcit)]2}$im$6H2O (2)

(NH4)6Mo7O24$4H2O (0.35 g, 0.29 mmol), citric acid (0.42 g, 2.0
mmol), imidazole (0.136 g, 2.0 mmol) were dissolved in 10 mL
water, then excess hydrazine dihydrochloride (0.42 g, 4.0 mmol)
was added in an anaerobic environment. The pH value was
adjusted to 9.5 by the addition of KOH solution (5.0 M). The
reactants were heated at 120 �C for 24 h in a 10 mL Teon-lined
This journal is © The Royal Society of Chemistry 2019
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stainless steel container under aqueous reaction conditions and
cooled to room temperature. Product 1 was isolated as yellow
needle crystals aer one month in 6.7% yields (0.042 g) based
on molybdenum. Found (calcd for C30H42N12O28Mo5K2): C, 22.7
(22.9); H, 3.0 (2.7); N, 10.4 (10.7). IR (KBr, cm�1): n(C–H) 3124w,
2954w, 2852w; nas(CO2) 1640vs; ns(CO2) 1397s; ns(Mo]O) 916s;
nas(Mo–O–Mo) 704s. UV-Vis (H2O, nm): 206, 230. Solution 1H
NMR (400 MHz, D2O, 25 �C, DSS): d ¼ 8.64 (s, 2H; CH), 8.48 (s,
1H; CH), 8.31 (s, 2H; CH), 7.73 (s, 3H; CH), 7.31 (t, J ¼ 3 Hz, 3H;
CH), 7.26 (d, J ¼ 2 Hz, 7H; CH), 2.91 (t, J ¼ 8 Hz, 8H; CH2);
solution 13C NMR (100 MHz, D2O, 25 �C, DSS): d ¼ 185.2 ppm,
181.5 ppm, 180.5 ppm, 141.4 ppm, 130.7 ppm, 120.6 ppm,
83.3 ppm, 45.4 ppm, 44.5 ppm.

Similarly, the synthesis of 2 was performed, except Na2S2O4

(0.35 g, 2.0 mmol) was used instead of hydrazine dihydro-
chloride and the pH value was adjusted to 6.0 with the addition
of NaOH solution (5.0 M). Product 2 was isolated as green plates
aer one month in 10.5% yields (0.065 g) based on molyb-
denum. Found (calcd for C30H48N12O29SMo5): C, 22.9 (23.2); H,
3.3 (3.1); N, 10.7 (10.8). IR (KBr, cm�1): n(C–H) 3128w, 2957w,
2853w; nas(CO2) 1626vs; ns(CO2) 1399s; ns(Mo]O) 921s; nas(Mo–
O–Mo) 712s. UV-Vis (H2O, nm): 207, 231. Solution 1H NMR (400
MHz, D2O, 25 �C, DSS): d ¼ 8.69 (d, J ¼ 10 Hz, 4H; CH), 8.61 (s,
1H; CH), 7.86 (s, 1H; CH), 7.77 (s, 2H; CH), 7.45 (s, 7H; CH), 7.35
(s, 2H; CH), 7.30 (s, 1H; CH), 2.81 (t, J¼ 8 Hz, 8H; CH2); solution
13C NMR (100 MHz, D2O, 25 �C, DSS): d ¼ 185.4 ppm,
181.7 ppm, 130.8 ppm, 121.7 ppm, 82.9 ppm, 45.5 ppm,
43.6 ppm.

Preparation of trans-[(MoVO)2O(H2homocit)2(bpy)2]$4H2O (3)

The homocitric acid g-lactone (0.060 g, 0.30 mmol)96 synthe-
sized by ve steps was dissolved in a minimal amount of water.
The pH was adjusted to 11 by the addition of potassium
hydroxide to generate the acyclic homocitrate. The mixture
was stirred for two days to complete the hydrolysis at room
temperature. (NH4)6Mo7O24$4H2O (0.026 g, 0.021 mmol) and
1.0 mL 2,20-bipyridine ethanol solution (0.15 mol mL�1) was
added and the solution was stirred for one hour, then excess
hydrazine dihydrochloride (0.060 g, 0.60 mmol) was added.
The pH value was adjusted to 2.5 with the addition of hydro-
chloric acid. A dark purple solution was obtained when 1.0 mL
2,20-bipyridine ethanol solution (0.30 mmol mL�1) was added.
Product 3 was isolated as purple plates in 20.7% yields (0.016
g) based on molybdenum aer one day. Found (calcd for
C34H40N4O21Mo2): C, 39.3 (39.6); H, 4.0 (3.9); N, 5.3 (5.4). IR
(KBr, cm�1): n(b-CO2H) 1724vs; nas(CO2) 1639vs; ns(CO2) 1427s,
1402s; ns(Mo]O) 947m, 871w, 850m; nas(Mo–O–Mo) 722m. UV
(DMSO, nm): 280, 315, 422, 593.

Preparation of (Et4N)[MoVIO2Cl(H2cit)]$H2O (4)

(NH4)4[MoVIO3(cit)]$2H2O58 (0.44 g, 1.0 mmol) and tetraethy-
lammonium chloride (0.17 g, 1.0 mmol) were mixed in 10 mL
water. The pH value was adjusted to 0.5 with dilute hydro-
chloric acid. The resulting solution was allowed to stand at
room temperature and slow evaporation afforded colorless
crystals of 4 with 52.5% yield (0.026 g) based on molybdenum.
This journal is © The Royal Society of Chemistry 2019
Found (calcd for C14H28NO10ClMo): C, 33.4 (33.5); H, 5.4
(5.6); N, 2.5 (2.8). IR (KBr, cm�1): n(b-CO2H) 1732vs; nas(CO2)
1683vs, 1612vs; ns(CO2) 1364vs; ns(Mo]O) 949vs, 909vs, 850s.
Solution 1H NMR (400 MHz, D2O, 25 �C, DSS): d¼ 3.25 (qAB, J¼
7 Hz, 8H; CH2–N), 3.03–2.86 (d–d, J ¼ 16 Hz, 4H; CH2), 1.28–
1.24 (m, J¼ 2 Hz, 12H; CH3); solution

13C NMR (100 MHz, D2O,
25 �C, DSS): d ¼ 185.8 ppm, 175.8 ppm, 87.0 ppm, 54.5 ppm,
45.6 ppm, 9.2 ppm.
X-ray structure determinations

Crystals 1–4 were measured on an Oxford Gemini CCD diffrac-
tometer with graphite monochromatic Mo-Ka radiation (l ¼
0.71073 Å) or Cu-Ka radiation (l ¼ 1.54184 Å) at 173 K. The
structures were primarily solved by Olex2 and ShelXT in WinGX
program97 and rened by full-matrix least-squares procedures
with anisotropic thermal parameters for all of the nonhydrogen
atoms with SHELX-2014/7.98–100 Crystallographic data and
structural renements for 1–4 are listed in Table S6.† Selected
bond distances and angles are listed in Tables S7–S10.†
Physical measurements

Infrared spectra were recorded as Nujol mulls between KBr
plates on a Nicolet 380 FT-IR spectrometer. Elemental analyses
were performed with a Vario EL III elemental analyzer. UV-
visible spectra were recorded on a Shimadzu UV-Vis 2550
spectrophotometer. Solution 1H NMR and 13C NMR spectra
were recorded on a Bruker AV 500 NMR spectrometer with D2O
using DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfonate) as
an internal reference. The magnetic susceptibility of micro-
crystalline sample restrained in paralm was measured on
a Quantum Design MPMS.XL-7 magnetometer with an applied
eld of 5 kOe. Cyclic voltammetry measurements were carried
out on a CHI 720E electrochemical station using a conventional
three-electrode single compartment cell at room temperature
under a nitrogen atmosphere. The working electrode was glassy
carbon, a platinum plate was used as the counter electrode and
Hg/Hg2Cl2 as the reference electrode. Mass spectra were recor-
ded on an Agilent 6224 mass spectrometer. The XPS spectra
were recorded on a Qtac-100 LEISS-XPS spectrometer with
a hemispherical detector operating at constant pass energy (PE
¼ 40 eV) and pressure 1 � 10�8 Pa. An X-ray source of power
300 W (I ¼ 20 mA, U ¼ 15 kV) and Al Ka radiation (Eq ¼ hn ¼
1486.6 eV) were used. The sample temperature was 25 �C. All the
binding energies (BE) were referenced to the C 1s line at 285 eV.
Electron paramagnetic resonance (EPR) was recorded on Bruker
EMX-10/12 electron paramagnetic resonance spectrometer. The
magnetic susceptibility of microcrystalline samples restrained
in paralm was measured on a Quantum Design MPMS.XL-7
magnetometer with an applied eld of 5 kOe.
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