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A novel dimeric dioxomolybdenum(VI) citrate complex, K[(MoO,),- facilitate the binding of dinitrogen through the ejection of
(OH)(Hcit)2]+4H,0 (1), with weak coordination of 5-carboxylic acid the bounda-alkoxyl or a-carboxyl groups from the Mo

groups and the first structural example of an oxomolybdenum(V) atonf~*? and the formation of intramolecular hydrogen
citrate complex, (NH)s[M0204(cit)z]+3H20 (2) (Hacit = citric acid), bonding:* However, there is no direct evidence for the
are isolated in a very acidic solution (pH 0.5-1.0) and neutral 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 citrdtel” 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

conditions (pH 7.0-8.0), respectively. Complex 1 displays strong
double hydrogen bonds through S-carboxyl and j3-carboxylic acid
groups [2.621(9) A]. 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 molybdenum(VI) citrate complex, K[(Mog(OH)-
dissociations of molybdenum(VI/V) citrate complexes based on $*C (Hacit),]-4H0 (1), and a molybdenum(V) citrate complex,
NMR observations in solution. (NH4)e[M0,04(cit);]-3H,0 (2).181°

The syntheses of dimeric molybdenum(VI) and molyb-
] ] ] ) denum(V) citrate complexes and their transformations are
Recent high-resolution X-ray crystallographic analysis of ghown in'Scheme 1, which shows a pH-dependent reaction

nitrogenase has revealed a previously unrecognized lightpattern. Noteworthy is the requirement of pH 950 and
atom that coordinated to six Fe atoms located in the center7 o_g 0 in the preparations of compountignd2, respec-

of R-homocitrate-MoFgSX (X = light element such as N tjyely. While there are a wealth of reports available concern-
or O) (FeMoco)-? Density-functional and electrostatics ing molybdenum citrate complex&s17-2none of these have
calculations have concluded that this light atom is most likely peen isolated in a very acidic solution.

an N atom:™® But very recent results from ENDOR and  Figyres 1 and 2 show the anion structured ahd2 from

ESEEM observations strongly indicated that X is not ah N.  x_ray analysis, respectiveRf.Selected bond parameters are

The new discovery of the central atom makes the middle Fe yjyen in the captions. Figure 1 shows a remarkable feature
atoms of FeMoco coordinately saturated. This strengthens
the notion that the Mo atom directly participates in substrate (7) Leigh, G. J.Science2003 301, 55.

indi ioRs It i ; (8) Leigh, G. J.Sciencel995 268 827.
binding and reductiofi? It is proposed that homocitrate may (9) Holland, P. L. InComprehensie Goordination Chemistry 1IMc-
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Figure 1. ORTEP plot of a [(M0oQ),(OH)(Hcit),]~ anion in1 at the 30%
probability level. Selected bond lengths (A) and angles (deg): M1 1.953(5),
Mo1-02 2.249(5), Mo+04 2.463(6), Mo+-08 1.710(6), Mo+09 1.715(7),
Mo01-010 1.905(3), O#+H2:--O6b 2.621(9); O8M0o1—-09 104.3(3), Mot
010-Mola 133.3(5)a (=X, Y2 +y, —=2); b (X, 3> — vy, 2.

Figure 2. ORTEP plot of a [(M@O4(cit),)¢~ anion in2 at the 30% probability
level. Selected bond lengths (A) and angles (deg): ™01 2.015(3), Mot
02 2.151(3), Mo1-04 2.208(3), Mot-08 1.946(3), Mo+09 1.945(3), Mot
010 1.712(3), Mo2011 2.018(3), Mo2012 2.242(3), Mo2014 2.148(3),
Mo2—-08 1.943(3), Mo2-09 1.964(3), Mo2-018 1.702(3), Mot-Mo2 2.5861(5);
Mo1-08-Mo2, 83.4(1), Mo+09-Mo2 82.9(1).

Scheme 1. Syntheses and Transformations of Molybdenum(VI) and
Molybdenum(V) Citrate Complexés
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of two cis-dioxo-Mo units in a syn configuration with respect
to the hydroxyl bridge. However, the anion [(MggD-
(Hcit),]*~ existing in a weak acidic solution shows the
corresponding pair ofis-dioxo-Mo units in an anti config-
uration!” Each molybdenum atom is six-coordinate with an
approximately octahedral geometry. The citrate ion coordi-
nates to molybdenum as a tridentate ligand viactkekoxy!
and a-carboxyl groups and one of th@carboxylic acid
groups, while the othe#-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 distance of 2.621(9) A
is comparable to that in acetic acid dimer (2.682AYhe
tridentate coordination mode of the citrate ion in comglex
through itsa-alkoxyl anda-carboxyl groups and one of the
[-carboxylic acid groups is unique, which is different from
those of (NH)3[Ga(Hcit)]-4H,0,23 (NH4)4[M(Hcit) 5] -xH,0O

[M = Mn(ll), Co(ll), x = 0; M = Ni(ll), x = 2],2* (NHy)s-
[M(cit)2]-2H,0 [M = Mn(lll), Fe, and Al]?425The citrate
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ion in these compounds uses dtshydroxyl (or o-alkoxyl),
a-carboxyl, and deprotonatgticarboxyl groups to interact
with the metal atom. Moreover, the angle of the Mo—
Mo bridge [133.3(5)] in complex1 is different from that in
K4[(M00O,),0O(Hcit),]-4H,0 (18C)'" and is also smaller than
those of the Me-O—Mo bridges in KN&[(M00O,),0(cit),] -
5H,0 [144.7(2)],%° Ke[(M0O,)0(cit),]-2H,0 [137.1(4)], and
Ke[(M0O2),0(cit)]-5H,0 [153.8(2)]?° which may be the
effect of the protonation in the bridged oxygen atom.

The Mo—O0 distances in complexdsvary systematically
according to its bond type. The MaD distances [1.710(6)
and 1.715(7) A] are in agreement with double bonds. The
resulting angle of 08 Mo1—09 is considerably larger than
the regular octahedron value of Ofbr cis groups; this is
expected from the greater @O repulsions between oxygens
with short bonds to the metal atom. In comparison to the
Mo—O distances in various molybdenum citrate complex-
esl®>1720the Mo—0O (a-alkoxyl) and Mo-O (a-carboxyl)
distances observed ihare comparable with 1.953(5) and
2.249(5) A, respectively. In contrast, the MO (3-carboxy-
lic acid) distance of complex of 2.463(6) A is longer than

(19) Triammonium citrate (3.65 g 15 mmol) and (N5IM07024]-4H,0
(1.77 g 1.4 mmol) were dissolved in 10 mL of water in @ N
atmosphere. Hydrazine hydrochloride (0.52 g, 5 mmol) was added to
give a red solution. The pH value of the solution was adjusted to 7.0
with the addition of ammonia hydroxide (20%). The resulting solution
was stirred in a water bath at 4C for 6 h and filtered. Subsequently,
the reaction mixture was kept refrigerated for several days. The brown
crystals were collected and washed with 95% ethanol (2.58 g 69%).
C, H, and N elem anal. Found (calcd forH3021NeM0y): C, 18.3
(18.1); H, 4.9 (4.8); N, 10.3 (10.6). IR (KBr, crh): v2{CO;) 1638,
1578, v(COy) 143%, 1401, v(M0=0) 925; va{Mo—O—Mo) 728.

IH NMR (500 MHz, D;O): dn 2.668 (s, CH). 3C NMR (D;0): dc
189.3 [(CQ)], 181.9 [(CQ)g], 83.8 (=CO), 49.1 £CHy). UV—vis:
Amax = 300 nm,e = 6100.
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Trans. Met. Chem1991, 16, 495. (b) Nassimbeni, L. R.; Niven, M.

L.; Cruywagen, J. J.; Heyns, J. B. B. Crystallogr. Spectrosc. Res.

1987 17, 373. (c) Alcock, N. W.; Dudek, M.; Grybos, R.; Hodorowicz,

E.; Kanas, A.; Samotus, Al. Chem. Soc., Dalton Tran99Q 707.
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D. M.; Wang, R. Z,; Liu, S. Q.; Zeng, Q. XSolid State Scil999 1,

189-198. (f) Takuma, M.; Ohki, Y.; Tatsumi, KOrganometallics
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The room-temperature diffraction measurements for the crystal were

recorded on a Bruker Apex CCD diffractometer fitted with MoK

radiation. Crystal data fdr: C12H210,3KM0o2, M = 764.27, monoclinic,

space groufP2,/m, a= 6.7618(5) Ab = 22.346(2) Ac = 8.5338(6)

A, B =109.077(1), V= 1218.6(2) B, D, = 2.083 g/crd, Z= 2, R1

= 0.078, wR2= 0.152. Crystal data fo2: Ci2H3502,1NeM02, M =

794.36, triclinic, space groupl, a = 9.6932(5) A,b = 10.6198(7)

A, ¢ = 15.1487(5) A,a = 109.629(4), p = 99.707(3}, y =

73.106(5), V = 1401.0(1) B, D, = 1.883 g/cmd, Z= 2, R1= 0.039,

wWR2 = 0.960. The structure was solved by direct methods and refined

by full-matrix least-squares procedufesvith anisotropic thermal
parameters for all of the non-hydrogen atoms.
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Dakanali, M.; Raptopoulou, C. P.; Tanglouis, V.; Terzis, A.; Moon,
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Figure 3. 13C NMR spectra of K[(M0Q),(OH)(Hcit),]-4H,0 (1) in DO 5 h dissolution. Labels: ) free citrate (Hcit"); (O) a coordinated molybdenum-
after dissolution. Labels: x) free citrate (Hcit™); (O) a coordinated molybde- (V) citrate complex.

num(VI) citrate complex.

shows generally downfield shifts of the correspondi#@
NMR resonances. In particular, coordinat@alkoxyl and
o-carboxyl carbons show large downfield shifg of 11.5
and 7.2 ppm, which is a clear indication of the coordination
of a-alkoxyl andoa-carboxyl groups. However, theé-car-
boxyl carbons show smaller highfield shifts) of 1.5 ppm.
This indicates the weak bonding of tifiecarboxylic acid
group. Figure S2 in the Supporting Information illustrates
the 13C NMR spectrum of comples 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 complexree citrate
(Hscit™), and oxomolybdenum species in different protonated
forms such as [HMo@~ and [MoGy(OH)(OH,)s]t at very
low concentration €10* M),3° which is supported by the
protonation of a bridged oxo group in compl&xA similar

that of its related deprotonted form,KMoO,).O(Hcit),]
4H,0 [2.276(3) A], indicating weak coordination to the
molybdenum atom. This, in turn, implies that this weakly
coordinateds-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-boundnifV~ FeMo—cofactor?® using only
a-alkoxyl anda-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 (010 and O18)
coordinate to Mol and Mo2, respectively, showing a syn
configuration. Each molybdenum(V) atom exists iquast
octahedral geometry. The coordination sphere of the mo-
lybdenum(V) atom consists of one terminal oxygen atom,
m’g gfggggyfxggg r&fg:gz;(;ngr?dgg c;xgc?egnitog; st:]rg m pattern of'*C NMR resonances was observedZSin the case of
B-carboxyl groups of a full deprotonated citrate ligand. & Mmononuclear complex, (NJ[AI(Cit) z]-2H,0

The average distance [2.017(3) A] of Mo/ (alkoxyl) _In cc_)mplex 2, there also exists some dlsspuatlon on
in complex2 is longer than those of molybdate(VI) citrate  dissolving in RO (Figure 4); the large low-field shift of some
complexes. However, this is shorter than the strong reduced < NMR resonances (in comparison with Hitons at the
molybdenum in FeMe-co of citrato nitrogenase (2.253 A) Same pH) demonstrates that both thalkoxyl (Ad of 5.8
and Mo(0) citrate complex [2.230(2) A3+?6 The interaction ~ PPM) ando-carboxyl (A0 of 4.7 ppm) groups are coordi-
between Mol and Mo2 [2.5861(5) A] suggests the existence[‘ated- The fact that bothi-carboxyl groups give only one
of a weak metatmetal bond. The simple chemical trans- --C NMR signal at 181.9 ppm leads us to think that the less
formation of molybdenum(VI) citrate and molybdenum(v) Strongly bondeg-carboxyl groups participate in coordination
citrate in Scheme 1 suggests that the reductant-like iron-eXChaﬂg_e when the SO|Id complex is dissolved izlfDDThIS
only nifB—cofactor might be required in the early stage result is in agreement with an earlier reptrihe solutlgn
during the biosynthesis of FeMao02"2avoiding the strong NMR_ spectra reflect a Cons'lstency betyvegn the §0I|d and
coupling of the Me-Mo bond without consideration of the solution st_ates, de_splte obwogs dlsspmatlon of citratomo-
complicated biosynthesis process in nafiirdlote that the  lybdenum into a citrate anion in solution.
synthetic chemistry taking place in the solution does not  Acknowledgment. Financial support by the Ministry of
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