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A novel dimeric dioxomolybdenum(VI) citrate complex, K[(MoO2)2-
(OH)(H2cit)2]‚4H2O (1), with weak coordination of â-carboxylic acid
groups and the first structural example of an oxomolybdenum(V)
citrate complex, (NH4)6[Mo2O4(cit)2]‚3H2O (2) (H4cit ) citric acid),
are isolated in a very acidic solution (pH 0.5−1.0) and neutral
conditions (pH 7.0−8.0), respectively. Complex 1 displays strong
double hydrogen bonds through â-carboxyl and â-carboxylic acid
groups [2.621(9) Å]. Transformations of the dimeric molybdenum-
(VI) citrate show that protonation of a carboxyl group will weaken
the coordination of molybdenum(VI) citrate. There are obvious
dissociations of molybdenum(VI/V) citrate complexes based on 13C
NMR observations in solution.

Recent high-resolution X-ray crystallographic analysis of
nitrogenase has revealed a previously unrecognized light
atom that coordinated to six Fe atoms located in the center
of R-homocitrate-MoFe7S9X (X ) light element such as N
or O) (FeMoco).1,2 Density-functional and electrostatics
calculations have concluded that this light atom is most likely
an N atom.3-6 But very recent results from ENDOR and
ESEEM observations strongly indicated that X is not an N.6

The new discovery of the central atom makes the middle Fe
atoms of FeMoco coordinately saturated. This strengthens
the notion that the Mo atom directly participates in substrate
binding and reduction.7,8 It is proposed that homocitrate may

facilitate the binding of dinitrogen through the ejection of
the boundR-alkoxyl or R-carboxyl groups from the Mo
atom9-12 and the formation of intramolecular hydrogen
bonding.14 However, there is no direct evidence for the
protonation of the coordinated carboxyl group prior to the
process of ejection. As a part of our systematic study related
to coordination chemistry of molybdate citrate,15-17 herein
we further report the interactions of molybdate and citric
acid in a very acidic solution and neutral conditions that result
in the isolation and characterization of a novel dinuclear
molybdenum(VI) citrate complex, K[(MoO2)2(OH)-
(H2cit)2]‚4H2O (1), and a molybdenum(V) citrate complex,
(NH4)6[Mo2O4(cit)2]‚3H2O (2).18,19

The syntheses of dimeric molybdenum(VI) and molyb-
denum(V) citrate complexes and their transformations are
shown in Scheme 1, which shows a pH-dependent reaction
pattern. Noteworthy is the requirement of pH 0.5-1.0 and
7.0-8.0 in the preparations of compounds1 and2, respec-
tively. While there are a wealth of reports available concern-
ing molybdenum citrate complexes,15-17,20none of these have
been isolated in a very acidic solution.

Figures 1 and 2 show the anion structures of1 and2 from
X-ray analysis, respectively.21 Selected bond parameters are
given in the captions. Figure 1 shows a remarkable feature
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of two cis-dioxo-Mo units in a syn configuration with respect
to the hydroxyl bridge. However, the anion [(MoO2)2O-
(Hcit)2]4- existing in a weak acidic solution shows the
corresponding pair ofcis-dioxo-Mo units in an anti config-
uration.17 Each molybdenum atom is six-coordinate with an
approximately octahedral geometry. The citrate ion coordi-
nates to molybdenum as a tridentate ligand via theR-alkoxyl
and R-carboxyl groups and one of theâ-carboxylic acid
groups, while the otherâ-carboxylic acid group remains free
and participates in strong interactions of double hydrogen
bonds, which results in the formation of a stable supramo-
lecular entity. The polymeric O‚‚‚O distance of 2.621(9) Å
is comparable to that in acetic acid dimer (2.68 Å).22 The
tridentate coordination mode of the citrate ion in complex1
through itsR-alkoxyl andR-carboxyl groups and one of the
â-carboxylic acid groups is unique, which is different from
those of (NH4)3[Ga(Hcit)2]‚4H2O,23 (NH4)4[M(Hcit) 2]‚xH2O
[M ) Mn(II), Co(II), x ) 0; M ) Ni(II), x ) 2],24 (NH4)5-
[M(cit) 2]‚2H2O [M ) Mn(III), Fe, and Al].24,25 The citrate

ion in these compounds uses itsR-hydroxyl (orR-alkoxyl),
R-carboxyl, and deprotonatedâ-carboxyl groups to interact
with the metal atom. Moreover, the angle of the Mo-O-
Mo bridge [133.3(5)°] in complex1 is different from that in
K4[(MoO2)2O(Hcit)2]‚4H2O (180°)17 and is also smaller than
those of the Mo-O-Mo bridges in K4Na2[(MoO2)2O(cit)2]‚
5H2O [144.7(2)°],15 K6[(MoO2)2O(cit)2]‚2H2O [137.1(4)], and
K6[(MoO2)2O(cit)2]‚5H2O [153.8(2)],20 which may be the
effect of the protonation in the bridged oxygen atom.

The Mo-O distances in complexes1 vary systematically
according to its bond type. The ModO distances [1.710(6)
and 1.715(7) Å] are in agreement with double bonds. The
resulting angle of O8-Mo1-O9 is considerably larger than
the regular octahedron value of 90° for cis groups; this is
expected from the greater O‚‚‚O repulsions between oxygens
with short bonds to the metal atom. In comparison to the
Mo-O distances in various molybdenum citrate complex-
es,15-17,20 the Mo-O (R-alkoxyl) and Mo-O (R-carboxyl)
distances observed in1 are comparable with 1.953(5) and
2.249(5) Å, respectively. In contrast, the Mo-O (â-carboxy-
lic acid) distance of complex1 of 2.463(6) Å is longer than
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Figure 1. ORTEP plot of a [(MoO2)2(OH)(H2cit)2]- anion in 1 at the 30%
probability level. Selected bond lengths (Å) and angles (deg): Mo1-O1 1.953(5),
Mo1-O2 2.249(5), Mo1-O4 2.463(6), Mo1-O8 1.710(6), Mo1-O9 1.715(7),
Mo1-O10 1.905(3), O7‚‚‚H2‚‚‚O6b 2.621(9); O8-Mo1-O9 104.3(3), Mo1-
O10-Mo1a 133.3(5).a (-x, 1/2 + y, -z); b (x, 3/2 - y, z).

Figure 2. ORTEP plot of a [(Mo2O4(cit)2)6- anion in2 at the 30% probability
level. Selected bond lengths (Å) and angles (deg): Mo1-O1 2.015(3), Mo1-
O2 2.151(3), Mo1-O4 2.208(3), Mo1-O8 1.946(3), Mo1-O9 1.945(3), Mo1-
O10 1.712(3), Mo2-O11 2.018(3), Mo2-O12 2.242(3), Mo2-O14 2.148(3),
Mo2-O8 1.943(3), Mo2-O9 1.964(3), Mo2-O18 1.702(3), Mo1-Mo2 2.5861(5);
Mo1-O8-Mo2, 83.4(1), Mo1-O9-Mo2 82.9(1).

Scheme 1. Syntheses and Transformations of Molybdenum(VI) and
Molybdenum(V) Citrate Complexes17
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that of its related deprotonted form K4[(MoO2)2O(Hcit)2]‚
4H2O [2.276(3) Å], indicating weak coordination to the
molybdenum atom. This, in turn, implies that this weakly
coordinatedâ-carboxylic acid group is easily replaced by
another ligand, such as an imidazole group in histidine. This
may result in the bidentate form of citrate to molybdenum-
like protein-bound nifV- FeMo-cofactor,26 using only
R-alkoxyl andR-carboxyl groups for coordination.

The structure of complex2 can be described as syn
dinuclear citratomolybdenum(V) linked by two bridged
oxygen atoms. The other two oxygen atoms (O10 and O18)
coordinate to Mo1 and Mo2, respectively, showing a syn
configuration. Each molybdenum(V) atom exists in aquasi-
octahedral geometry. The coordination sphere of the mo-
lybdenum(V) atom consists of one terminal oxygen atom,
two bridged oxygen atoms, and three oxygen atoms from
the R-alkoxyl and R-carboxyl groups and one of the
â-carboxyl groups of a full deprotonated citrate ligand.

The average distance [2.017(3) Å] of Mo(V)-O (alkoxyl)
in complex2 is longer than those of molybdate(VI) citrate
complexes. However, this is shorter than the strong reduced
molybdenum in FeMo-co of citrato nitrogenase (2.253 Å)
and Mo(0) citrate complex [2.230(2) Å].20f,26The interaction
between Mo1 and Mo2 [2.5861(5) Å] suggests the existence
of a weak metal-metal bond. The simple chemical trans-
formation of molybdenum(VI) citrate and molybdenum(V)
citrate in Scheme 1 suggests that the reductant-like iron-
only nifB-cofactor might be required in the early stage
during the biosynthesis of FeMo-co,27,28avoiding the strong
coupling of the Mo-Mo bond without consideration of the
complicated biosynthesis process in nature.29 Note that the
synthetic chemistry taking place in the solution does not
necessarily reflect the biomolecular chemistry of the as-
sembly of the FeMo-co in nitrogenase, where the metal ion
rests in protein coordination cavities, often restricting the
chances of Mo-Mo bond formation.

Owing to some dissociation, the13C NMR spectrum of
the dimeric molybdenum(VI) citrate complex1 shows addi-
tional small peaks (Figure 3), but the major peaks can be
interpreted. In comparison with a free ligand under compa-
rable conditions{KH3cit 13C NMR (D2O): δ 179.5 [(CO2)R],
175.6 [(CO2)â], 74.7 (tCO), 44.6 (dCH2)}, complex 1

shows generally downfield shifts of the corresponding13C
NMR resonances. In particular, coordinatedR-alkoxyl and
R-carboxyl carbons show large downfield shifts∆δ of 11.5
and 7.2 ppm, which is a clear indication of the coordination
of R-alkoxyl andR-carboxyl groups. However, theâ-car-
boxyl carbons show smaller highfield shifts∆δ of 1.5 ppm.
This indicates the weak bonding of theâ-carboxylic acid
group. Figure S2 in the Supporting Information illustrates
the 13C NMR spectrum of complex1 taken after 3 months,
which is similar to the pattern in Figure 3, despite the
relatively broad peaks observed. The result reveals the
presence of an equilibrium between complex1, free citrate
(H3cit-), and oxomolybdenum species in different protonated
forms such as [HMoO4]- and [MoO2(OH)(OH2)3]+ at very
low concentration (<10-4 M),30 which is supported by the
protonation of a bridged oxo group in complex1. A similar
pattern of13C NMR resonances was observed in the case of
a mononuclear complex, (NH4)5[Al(cit) 2]‚2H2O.25

In complex 2, there also exists some dissociation on
dissolving in D2O (Figure 4); the large low-field shift of some
13C NMR resonances (in comparison with Hcit3- ions at the
same pH) demonstrates that both theR-alkoxyl (∆δ of 5.8
ppm) andR-carboxyl (∆δ of 4.7 ppm) groups are coordi-
nated. The fact that bothâ-carboxyl groups give only one
13C NMR signal at 181.9 ppm leads us to think that the less
strongly bondedâ-carboxyl groups participate in coordination
exchange when the solid complex is dissolved in D2O. This
result is in agreement with an earlier report.31 The solution
NMR spectra reflect a consistency between the solid and
solution states, despite obvious dissociation of citratomo-
lybdenum into a citrate anion in solution.
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Figure 3. 13C NMR spectra of K[(MoO2)2(OH)(H2cit)2]‚4H2O (1) in D2O 5 h
after dissolution. Labels: (×) free citrate (H3cit-); (O) a coordinated molybde-
num(VI) citrate complex.

Figure 4. 13C NMR spectra of (NH4)6[Mo2O4(cit)2]‚3H2O (2) in D2O 5 h after
dissolution. Labels: (×) free citrate (Hcit3-); (O) a coordinated molybdenum-
(V) citrate complex.
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