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Initial investigations into the possible role of homocitric acid in iron molybdenum cofactor (FeMo-co) of nitrogenase
lead us to isolate and characterize two tetrameric molybdate(VI) species. The complexes Ka(NH,),[(M0O,)403(R,S-
Hhomocit),]-6H,0 (1) and Ks[(M00O,)40s(R,S-Hhomocit),]CI-5H,0 (2) (homocitric acid = Hshomocit, C;H10;7) are
prepared from the reactions of acyclic homocitric acid and molybdates, which represent the first synthetic structural
examples of molybdenum homocitrate complexes. The homocitrate ligand trapped by tetranuclear molybdate
coordinates to the molybdenum(VI) atom through a-alkoxy and o-, 5-carboxy groups. The physical properties,
structural parameters, and their possible biological relevances are discussed.

Introduction be a key factor during biological nitrogen fixation as
contrasted to the other alternative hydroxycarboxylates, such
as citrate and malate, which greatly reduce the activities of
the dinitrogen reductioff '8 The homocitrato entity in
FeMo-co uses its oxygen atomsmfalkoxy ando.-carboxy
groups to chelate the molybdenum atom, forming a giant
cluster MoFeSeX(S-cys)(N-His)(homacit}?2’ It is proposed
that homocitrate may form an intramolecular hydrogen bond
with the imidazole group of histidin®:28 It may facilitate

the binding of dinitrogen molecule through the dissociation

Homocitric acid, which exists in the-lactone form in
solution}%is an integral part of iron molybdenum cofactor
(FeMo-co) in nitrogenasE:*® While the precise role of
homocitrate in the dinitrogen reduction pathway is poorly
understood, the discovery and elucidation of the interactions
between molybdenum and this tricarboxylic acid are needed
in nitrogenase biochemisti}:'> Homocitrate is believed to
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Table 1. 3C NMR Spectral Data (in ppm) of Complexésand 2 and Homocitrato/-Lactone Acid

Zhou et al.

compound £CO) (CQ)a (COg (COy, (=CHy)
homacitratoy-lactone acid 83.5 176.5 172.5 170.5 41.7,31.9,28.3
1 90.0(6.5) 186.5(10.0) 181.8(9.3) 180.7(10.2) 47.7(6.0), 37.1(5.2) 31.7(3.4)
2 90.2(6.7) 186.6(10.1) 182.0(9.5) 181.1(10.6) 47.8(6.1), 37.3(5.4), 31.9(3.6)

a A values are given in brackets.

of either the boundx-carboxy ora-alkoxy group from the
molybdenum atomi?3* In vitro biosynthesis experiments
lacking homocitrate show n&Mo incorporation in any
proteins other than the Mo-storage enzyihe.

However, the isolation of molybdenum homocitrate com-
plexes in a crystalline form suitable for X-ray structural
analysis has been proved to be diffictfitjeaving the
interaction between molybdate and homocitrate poorly
understood and requiring further attention. Taking into
consideration the syntheses of homocitrato lactone and
homocitrato vanadafe®’ two yet undocumented tetrameric
homocitrato molybdates(VI1), [(MoghOs(R,S-Hhomocity]*~,
have been reported.

Experimental Section

All experiments were carried out in the open air. All chemicals
were analytical reagents and used without further purification.

Preparation of K(NH4)2[(M0O),03(R,S-Hhomocit),]-6H,0

(1) and Kg[(M0O 3)403(R,S-Hhomocit),]Cl -5H,0 (2). A prepared
racemic homocitratoy-lactone acié (0.14 g, 0.7 mmol) was
dissolved in a minimal amount of water. The pH value was adjusted
by potassium hydroxide to 11 to generate the acyclic homocitrate
as monitored with HPLC. After hydrolysis, ammonium paramo-
lybdate (0.26 g, 0.2 mmol) was added in small portions over a few
minutes. Upon cooling in an ice bath for 15 min, the pH value of
the solution was adjusted to 2 to induce complex formation. The
salts of chloride were filtrated with precipitation. Compléxvas
formed after sitting at room temperature for a few days. Yield:
0.49 g (56%). Found (calcd fori@H34N,05:K,M0,): C, 14.0 (14.1);
H, 3.0 (29) IR (KBr, chl): Vas(COOH)1702$v Vas(COO)162%y 1578;
VS(COO)142?S| 1392 Vs(Mo=0) 926, 865, cmLIH NMR (500 MHz,
D;0): oy 2.937 (d,J = 18.0 Hz, CH), 2.860 (d,J = 18.5 Hz,
CH,), 2.511-2.478, 2.378-2.340, 2.169-2.123, 1.892-1.860 (m,
CH,).23C NMR in D;O: see Table 1.

The same procedure was applied to prepare complexnd
potassium molybdate (0.95 g, 4.0 mmol) was allowed to react with
homocitric acid (0.48 g, 2.0 mmol). Yield 0.45 g (34%). Found
(calcd for G4H24030CIKsMoy): C, 12.6 (13.1); H, 2.0 (1.9). IR
(KBr, cm™Y): Vas(cooH) 1716, Vascoo)1638s, vscoo)1422, 1401
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Table 2. Crystal Data and Structure Refinements for

Kz(NH4)2[(M002)403(R,S*Hh0m0)] +6H,O (1) and

Ks5[(M002)403(R,S-Hhomo}]CI-5H,0 (2)

empirical formula G4H34N203:KoMog Cl4H2403oC|K5M04
fw 1188.39 1287.04

temp €C) 23

radiation Mo Ko (A = 0.7107 A)

cryst color colorless

cryst syst monoclinic triclinic

space group P21/c P1

formula units/ 4 2

unit cell

diffractometer Smart Apex CCD

crystal size (mr¥)
cell constants

0.35x 0.17x 0.14

0.28x 0.16x 0.07

a(h) 11.6965(5) 11.1529(4)
b (A) 15.2089(6) 12.1790(4)
c(A) 22.1252(9) 15.2720(5)
o (®) 86.640(1)
B 101.424(1) 72.297(1)
¥y (%) 67.387(1)
V (A3 3857.9(3) 1820.2(1)
Dearc (g-cm—3) 2.046 2.348

abs coeff (mm?) 1.589 2.096
FO00 2344 1256

6 range (deg) 1.6428.37 1.46-25.00
reflns collected/ 44 039/9215 17 542/6394

unique

[R(int) = 0.0837]

R(int) = 0.1224]

data/restraints/params ~ 9215/34/568 6394/17/523
GOF onF? 0.959 1.029
final Rindices R1=0.0436 R1=0.0375
(1> 20()]2
WR2=0.1398 WR2=0.0941
Rindices (all dated R1=0.0481 R1=0.0416
wR2=0.1434 wR2=0.0962

largest diff. peak

1.413 and-2.147

1.310 ane-0.776

and hole (€A —3)
3R1 = 3||Fo| — IFell/X(IFol), WR2 = F[W(Fo? — FA)?/ 3 [W(Fo?) Y2

Vsmo=0) 920, 892 cm~L. IH NMR (500 MHz, D,O): oy 2.81—
2.99, 2.60-2.76, 2.32-2.42, 2.267, 2.122.24, 1.84-1.94 (CH).
13C NMR in D,O: see Table 1.

Physical Measurementsinfrared spectra were recorded as Nujol
mulls between KBr plates using a Nicolet 360 FT-IR spectrometer.
IH and3C NMR spectra were recorded inO on a Varian UNITY
500 NMR spectrometer or a Bruker AV400 NMR spectrometers
using DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfonate) as an
internal reference. Elemental analyses were performed using an EA
1110 element analyzer.

X-ray Structure Determination. Diffraction data were collected
on a Bruker Smart Apex CCD diffractometer with graphite-
monochromated Mo K radiation at 296 K. The structures were
solved by SHELXS-97 and refined by full-matrix least-squares
procedures with anisotropic thermal parameters for all of the non-
hydrogen atoms. Hydrogen atoms were located from a difference
Fourier map. All calculations were performed on a microcomputer
using SHELXL-97 and SHELXS-97 prograr#fs®® Crystallographic
data for homocitrato molybdatdsand2 are summarized in Table
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Johnson, W. HJ. Biol. Inorg. Chem1996 1, 143-151.
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Molybdenum(VI) Complexes with Homocitrate

Table 3. Selected Bond Distances (A) and Angles (deg) ¥and2

1 2 1 2
MO(1)—O(L—atkoxy 1.929(4) 1.947(3) MO(1) O(2)—carboxy 2.194(4) 2.193(3)
Mo(1)—O(4)s—carboxy 2.327(4) 2.312(3) Mo(10(8) 1.708(4) 1.701(3)
Mo(1)—0(9) 1.731(4) 1.701(3) Mo(HO(10) 1.879(4) 1.920(3)
MO0(2)—O(4)s—carboxy 2.288(4) 2.265(3) Mo(2}0(10) 1.950(4) 1.948(3)
Mo(2)—O(15)—carboxy 2.316(4) 2.332(3) Mo(2)0(18) 1.701(5) 1.718(3)
Mo(2)—0(19) 1.696(5) 1.701(3) Mo(2)O(20) 1.910(4) 1.897(3)
Mo(3)—O(5)s-carboxy 2.318(4) 2.262(3) Mo(3}O(14)-carboxy 2.292(4) 2.313(3)
Mo(3)—0(20) 1.886(4) 1.929(3) Mo(3)0(21) 1.974(4) 1.928(3)
Mo(3)—0(22) 1.698(5) 1.694(3) Mo(3)0(23) 1.706(5) 1.706(3)
Mo(4)—O(11 )} alkoxy 1.955(4) 1.931(3) Mo(4}O(12)—carboxy 2.181(4) 2.200(3)
Mo(4)—O(14)—carboxy 2.317(4) 2.296(3) Mo(4Y0(21) 1.871(4) 1.903(3)
Mo(4)—0(24) 1.707(4) 1.691(3) Mo(4)O(25) 1.727(4) 1.728(3)
C(7)-0(6) 1.316(8) 1.34(1) C(HO(7) 1.222(8) 1.20(1)
O(1)-Mo(1)—0(2) 74.7(2) 75.2(1) O(BHMo(1)—0(4) 77.9(1) 77.6(1)
0(1)-Mo(1)—0(8) 106.8(2) 91.5(1) O(HMo(1)—0(9) 93.5(2) 106.9(2)
O(1)-Mo(1)—0(10) 145.8(2) 146.4(1) O(2Mo(1)-0(4) 77.0(1) 76.5(1)
0(2)-Mo(1)—0(8) 92.2(2) 163.7(1) O(2)Mo(1)—0(9) 163.3(2) 89.1(2)
0O(2)—Mo(1)—0(10) 83.6(2) 86.2(1) O(4Mo(1)—0(8) 166.8(2) 91.7(1)
O(4)-Mo(1)—0(9) 89.1(2) 163.4(1) O(4)Mo(1)—0(10) 71.6(2) 70.9(1)
0(8)-Mo(1)—0(9) 102.7(2) 104.0(2) 0(8)Mo(1)—0(10) 99.9(2) 100.6(2)
0O(9)—Mo(1)—0(10) 101.0(2) 100.5(1) O(4Mo(2)—0(10) 71.4(1) 71.5(1)
0(4)-Mo(2)—0(15) 78.8(1) 80.3(1) O(4)Mo(2)—0(18) 89.0(2) 163.0(1)
O(4)-Mo(2)—0(19) 164.3(2) 92.1(1) O(4Mo(2)—0(20) 82.7(2) 82.8(1)
0O(10)-Mo(2)—0(15) 77.8(2) 77.1() 0(16)Mo(2)—0(18) 98.0(2) 98.8(1)
0O(10)-Mo(2)—0(19) 98.8(2) 98.9(1) 0(16)Mo(2)—0(20) 149.5(2) 148.9(1)
O(15)-Mo(2)—0(18) 167.9(2) 83.9(1) O(15Mo(2)—0(19) 87.3(2) 172.1(1)
O(15)-Mo(2)—0(20) 81.6(2) 81.8(1) 0(18)Mo(2)—0(19) 104.7(3) 103.5(2)
0(18)-Mo(2)—0(20) 97.4(2) 101.3(1) 0O(19Mo(2)—0(20) 102.5(2) 99.2(1)
0(5)~Mo(3)—0(14) 79.3(1) 79.6(1) 0(5)Mo(3)—0(20) 81.2(2) 81.6(1)
0(5)-Mo(3)-0(21) 76.5(2) 79.7(1) 0O(5)Mo(3)—0(22) 169.4(2) 88.4(1)
0(5)-Mo(3)—0(23) 86.4(2) 168.2(1) O(14)Mo(3)—0(20) 83.5(2) 83.3(1)
0O(14)-Mo(3)-0(21) 70.7(1) 71.5(1) O(14Mo(3)-0(22) 90.3(2) 166.5(1)
0O(14)-Mo(3)—0(23) 163.7(2) 88.9(1) 0(26)Mo(3)—0(21) 148.4(2) 150.9(1)
0(20)-Mo(3)-0(22) 99.6(2) 101.1(1) 0(26)M0o(3)—0(23) 102.1(2) 94.7(1)
0(21)-Mo(3)-0(22) 98.5(2) 100.5(1) 0(2:)Mo(3)—0(23) 98.5(2) 99.1(1)
0(22)-Mo(3)—0(23) 103.6(2) 103.4(2) O(13Mo(4)-0(12) 74.4(2) 75.0(1)
O(11)-Mo(4)—0(14) 77.2(1) 79.0 (1) O(1BHMo(4)—0(21) 146.2(2) 147.2(1)
O(11)-Mo(4)—0(24) 106.0(2) 104.7(1) O(1HMo(4)—0(25) 90.4(2) 94.0(1)
0(12)-Mo(4)—0(14) 77.3(2) 76.6(1) O(12)Mo(4)—0(21) 86.0(2) 83.1(1)
0O(12)-Mo(4)—0(24) 90.0(2) 91.3(1) O(12)Mo(4)—0(25) 162.2(2) 163.3(1)
O(14)-Mo(4)-0(21) 71.7(2) 72.3 (1) O(14)Mo(4)—0(24) 165.7(2) 166.1(2)
0O(14)-Mo(4)—0(25) 90.6(2) 89.2(1) O(2HMo(4)—0(24) 101.1(2) 99.8(1)
0(21)-Mo(4)—0(25) 102.7(2) 101.1(2) 0O(24Mo(4)—0(25) 103.2(2) 103.7(2)
2. The large differential peaks and holes may be related to the heavy B-CO, y-CO, @-CO CH y-CH,
molybdenum atom. Selected bond distances and angles are given -CO, p-CH,
in Table 3.
DSS
Results and Discussions ‘ DSS DSS |
3C NMR chemical shifts observed on compl@xare 200 180 160 140 120 100 80 60 40 2%pm0

shown in Figure 1. This is a clear indication for the Figure 1. C NMR spectra of molybdate(Vl) H(MoO:ORS
coordination of thea-alkoxy, o-carboxy, andj-carboxy Hﬁomoﬂd.SHZO . P Y Z
groups in the complex. In comparison with free ligand under
comparable conditions, the title complexes show generally be compared directly with free homocitric acid. The later
large downfield shifts of the correspondid¥C resonance  forms a five-membered ring lactone by-carboxy and
as in Table 1. For example, botkk and-carboxy carbons  a-hydroxy groups. Thex-alkoxy carbons have somewnhat
show large downfield shifts oA 10.0, 9.3 ppm forl and small downfield shiftsAd of 6.5 and 6.7 ppm fol and2,
10.1, 9.5 ppm foR, respectively, in each case arising from respectively. This is also related to the formation of lactone.
the coordination. Howevet*C resonance shifts of-car- Other peaks also showed downfield shifts in generallfor
boxylic acid in the open chain of complexésind2 cannot  and2 and can be easily assigned to the remaining methylene
carbons. The'®C NMR spectra of the two complexes in
(39) Sheldrick, G. MSHELXS-97 and SHELXL-97, Programs for Solution  gg|ytion show no obvious decomposition for 1 week. The
and Refinement of Crystal Structurebniversity of Gudtingen: . . . . .
Gittingen, Germany, 1997. tetrameric species are believed to be stable in solution.
(40) Alcock, N. W.; Dudek, M.; Gryboce, R.; Hodorwicz, E.; Kanas, A.; The FT-infared spectra of the two title complexes display
1) ﬁi@é’,tmugeﬁ‘]LCQE",\],V‘Qé?fJ,\D,la'tLO”CTrL";‘,rV‘VSaSSr?Q]gFJj;ns 5 mp the characteristic features of the coordinated homocitrato
Crystallogr. Spectrosc. Re$987, 17, 373-382. ligand and oxo groups. The antisymmetric stretching carboxy
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Figure 2.
right) in ARAAARr configurations.

Perspective view of the anion structures of([KH4)2[(M002)403(R,S Hhomo)]-6H,O (1, left) and Ks[(M00O2)403(R,S-Hhomo)]CI-5H,0 (2,

Table 4. Mo—O Distances (A) and Absolute Configuration Assignments in Homocitrato and Citrato Molybdates

configuration

complex Mo—Oq-—alkoxy M0—0Oq—carboxy Mo—0Og—carboxy assignments ref
K2(NH4)2[(M002)403(R S Hhomocity]-6H,0O (1)  1.929(4), 1.955(4)  2.194(4), 2.181(4)  2.3X4), 2.309(4) ArRAAArR/AsAAAs this work
Ks[(M00O2)403(R,S-Hhomocity]Cl-5H,0 (2) 1.947(3) 1.931(3) 2.193(3), 2.200(3)  2.2&8), 2.314\(3)
K4[(M0O2)403(Hcit),] -5H,0 1.976(5), 1.968(5)  2.185(5), 2.211(5)  2.31D), 2.35%(5) [40]
[Mee.N(CHz)eNMee.]2[(M002)403(Hcit)2]'12H20 1.970(6) 2.217(6) 23%&5) [41]
MoFe;SgX(S-cys)(N-His)(homocit)
Azotobactewinelandii (Av1, 1992) 1.996 2.167 Ar [19]
Clostridium pasturianunfCp1) 2.035 2.206 [20]
Klebsiella pneumoniaépl) 2.35(2)e, 2.35(2)x  2.29(1)e, 2.29(2)x [25]
Azotobactewinelandii (Av1, 2002) 2.212 2.162 [26]

vibrations of the two complexes all shift to lower values with
respect to that of uncoordinated ligand. The bands at 1440
1390 cm! correspond to symmetric stretching vibrations,
vs(cooy for the two compounds. The remainingCOOH) of
y-carboxylic acidic group appears at 1702 ¢énfor 1 and
1716 cm? for 2. In the region around 900 cri both

molybdenum core in both complexes. Two sets of-M®»
(B-carboxy) distances in the two homocitrate complexes are
averaged to give 2.311(4) and 2.309(4) A faand 2.280(3)
and 2.314(3) A for2. These figures are longer than the
Mo—O (a-carboxy) bond distances 0f2.20 A in both
complexes. That might arise from the strong trans influence

complexes show several bands that result from the presencef the dioxo groups. As shown in Table 3, the MO (o-

of cis-dioxo molybdenum.

The ORTEP plots of the anions of compleXeand?2 are
shown in Figure 2. The crystal structure bfcomprises

alkoxy) distances are shorter, implying the deprotonation of
o-hydroxy group in homocitrate. The bond strength of
Mo—O in homocitrate to molybdenum is in the order of

potassium cations, ammonium cations, lattice water mol- o-alkoxy > o-carboxy > f-carboxy > y-carboxy groups.
ecules, and the tetrameric homocitrato molybdate(VI) anion. The strong coordination af-alkoxy anda-carboxy groups

Each Mo atom contains@s-dioxo-MoG; unit and exists in

to molybdenum has been found in protein-bound FeMo-

an approximately octahedral geometry. The two homocitrate c02%%°

ligands coordinate in a similar fashion with the molybdenum

For comparison, some related M@ bond distances and

center. One homocitrate ligand coordinates to Mol with O1 absolute configurations of citrato and homocitrato molybdates

of a-alkoxy, O2 ofa-carboxy, and O4 gf-carboxy groups,
as well as Mo2 and Mo3 with O4 and O5 of tfiecarboxy
group, respectively, leaving the-carboxylic acidic group
free. The charge balance and the difference-ef0istances
suggest that thisy-carboxy group is protonated. Thus,
homocitrates act as tridentate ligands in this complex.

The structure analyses of compl&xeveal that it has a
similar anion with1 except for the conformation of the
pendant CHCH,CO, arm of homocitrate. The latter is
sufficiently long and flexible that ity-carboxy group can
orient differently in the two complexes. In compléxthe
y-carboxy group (C7) curls back toward thecarboxy group
(C2). However, it keeps away from-carboxy group in
complex 2. The difference of the conformation may be
caused by the cationic partners.

are listed in Table 4. In tetranuclear citrato molybdates, the
bond distances af-alkoxy to molybdenum are shorter than
those ofa-carboxy group to molybdenum of complexgs
and2. However, the difference of MeO (a-carboxy) and
Mo—0 (B-carboxy) distances is smaller, which demonstrates
a s-carboxy group has comparable coordination ability. In
this point, this implies the possible substitution of imidazole
group byp-carboxy group of homocitrate in NMF extraction
of the cofactor of nitrogenagé.

The reaction of a racemic mixture of homocitrate or citrate
results in the isolation of racemic mixture of- and
A-complexes. The chiral configuration of molybdenum center
in wild-type FeMo-co isA, which might be induced by the
coordination of the chiraR-homocitrate. However, recent
crystallographic structural analysis shows that (FeMo-co)*

It is useful to examine some bond distances in Table 4 to from a nifV mutant of Klebsiella pneumonigealthough

evaluate the Me-O bond strength. The- and S-carboxy
oxygen atoms of homocitrate orient opposite todisadioxo
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achiral citrate acts as the ligand to the molybdenum, also
possesses the same molybdenum configuration with the wild-
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