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Abstract

Unlike the most of a-alkoxy coordination in a-hydroxycarboxylates to vanadium, novel a-
hydroxy coordination to vanadium(I1V) has been observed for a series of chiral and achiral
monomeric a-hydroxycarboxylato vanadyl complexes [VO(Hcit)(bpy)]-2H20 (1), [VO(Hmal)
(bpy)]-H20 (2), [VO(Hacit)(phen)]-1.5H,0 (3), [VO(Hmal)(phen)]-H,0 (4), and [AVO(S-Hcitmal)
(bpy)]-2H20 (5), [VO(Hzcit)(phen)]»-6.5H,0 (6), which were isolated from the reactions of
vanady!| sulfate with a-hydroxycarboxylates and A-heterocycle ligands in acidic solution. The
complexes feature a tridentate citrate, malate or citramalate that chelates to vanadium atom
through their a—hydroxy, a—carboxy and p—carboxy groups; while the other p—carboxylic acidic
group of citrate is free to participate strong hydrogen bonds with lattice water molecule. The
neutral a-hydroxy group also forms strong intermolecular hydrogen bonds with water molecule
and the negatively-charged a-carboxy group in the environment. The inclusion of a hydrogen ion
in a—alkoxy group results in the formation of a series of neutral complexes with one less positive
charge. There are two different configurations of citrate with respect to the frans-position of axial
oxo group, where the complex with #frans-hydroxy configuration seems more stable with less
hindrance. The average bond distances of V—Onygroxy and V-Ogq carboxy are 2.196 and 2.003 A
respectively, which are comparable to the V—-O distance (2.15 A) of homocitrate in FeV—cofactor
of V—nitrogenase. A new structural model is suggested for A-homocitrato iron vanadium cofactor
as VFe;SqC(R-Hhomocit) (Hshomocit = homocitric acid) with one more proton in homocitrate
ligand.

Keywords
Citrate; malate; vanadyl; crystal structure; /R-homocitrato iron vanadium cofactor; nitrogenase

"Corresponding authors: Z. —H. Zhou: zhzhou@xmu.edu.cn; Tel.: +86 592 2184531; fax: +86 592 2183047; S. P. Cramer:
spjcramer@ucdavis.edu; Tel.: +1 530 7526153.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 2

1. Introduction

While the most extensively characterized Mo-nitrogenase contains both molybdenum (Mo)
and iron (Fe) with R-homaocitrato iron-sulfur-carbon-molybdenum cofactor MoFe7SqC(R-
homacit) (Hshomocit = homocitric acid) [1,2], some organisms have alternative nitrogenases
containing Fe and vanadium(V), or Fe only. Although the V-alternative nitrogenase is
inferred to have very similar structure with Mo-nitrogenase [3-6], it appears to have much
better catalytic activity in the conversion of carbon monoxide to ethylene with over 93%
selectivity [7,8], and becomes much interested recently [9]. It is proposed that homocitrate
may facilitate the formation of intramolecular hydrogen bond between a-alkoxy or a-
carboxy group with imidazole group in the histidine residue [10-12]. The introduction of
hydrogen atom onto FeMo-cofactor is considered from the proton deliveryside through the
B- and y-carboxy groups with water pool around homaocitrate in the MoFe protein [13-16],
while fewer comments are emphasized on the coordinated a-alkoxy, a.-carboxy groups or
their protonated forms that closed to the catalytic center for protonation. It seems that studies
of the model compounds are needed for a better clarification. In the previous study of
vanadium hydroxypolycarboxylate complexes, most of the investigations have addressed the
coordination chemistry of citrate vanadates [17-25] and vanadyl complexes [25-31]. The
mixed-ligand complexes have been reported as dimers [V,03(phen)s(Hcit)]-5H,0,
[V203(phen)s(Hcit),(phen)303V5]-12H,0 [32] and monomer [VO(H,cit)(bpy)]-1.5H,0
[33] (Hgcit = citric acid, phen = 1,10-phenanthroline, and bpy = 2,2"-bipyridine). The
formers are coordinated by citrate with a-alkoxy group, while the later is coordinated by
citrate with a-hydroxy group. In this publication, a series of mononuclear chiral and achiral
a-hydroxycarboxylato vanadyl complexes of malate, citrate and S-citramalate are examined
with the aid of N-heterocycle ligands, which show unusual protonation in a-alkoxy group.
Different configurations in citrate are observed and the absolute configuration of vanadyl S
citramalate is assigned. Their relationship with homocitrate coordination in FeV-cofactor is
also discussed.

2. Experimental

2.1. Preparation of [VO(Hcit)(bpy)]-2H,0 (1)

Vanady! sulfate VOSO,4-xH,0 (0.083 g, 0.51 mmol) and excess citric acid monohydrate
(0.22 g, 1.0 mmol) was dissolved in 20 mL of water—ethanol (1:1 in volume) with
concentrated ammonium hydroxide (0.50 mL). 2,2"-Bipyridyl (0.080 g, 0.51 mmol) was
added to the solution with continual stirring. The mixture turned from dark blue to green
yellow. The pH value was adjusted to 2.0 with dilute hydrochloric acid (1.0 M). The solution
was filtered and evaporated for several days to deposit grey yellow crystals at room
temperature. The precipitate was collected and washed with ethanol to afford 1 (0.11 g, 47%
yield based on vanadium). Found (calc for C1gH1gN2019V): C, 42.5 (42.8); H, 3.9 (3.7); N,
5.7 (6.0%). IR (KBr, cm™1): 1,4(CO,H), 1720,; vas(COy), 1604ys; v5(CO>5), 1446, 1386,
1346p,; V=0), 988y, 9521,. The data are similar to that of [VO(H.cit)(bpy)]-1.5H,0 [33]
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2.2. Preparation of [VO(Hmal)(bpy)]-H>0 (2)

VOS0,4-xH,0 (0.083 g, 0.51 mmol) and excess racemic malic acid (0.14 g, 1.0 mmol,
Hamal = R, S-malic acid) was dissolved in 20 mL of water—ethanol (1:1 in volume) with
concentrated ammonium hydroxide (0.50 mL). 2,2"-Bipyridyl (0.081 g, 0.52 mmol) was
added to the solution with continual stirring. The mixture turned from dark blue to green
yellow. The pH value was adjusted to 3.0 with dilute hydrochloric acid (1.0 M), and the
solution was changed into light blue. The solution was filtrated and evaporated for several
days. The grey yellow precipitate was collected and washed with ethanol to afford 2 (0.074
g, 39% yield based on vanadium). Found (calc for C14H14N,07V): C, 45.3 (45.1); H, 3.5
(3.8); N, 7.7 (7.5%). IR (KBr, cm™1): 1,4(CO,), 16605, 1639ys; v5(CO,), 13965; V(V=0),
971,

2.3. Preparation of [VO(Hxcit)(phen)]-1.5H50 (3)

VOS04xH»0 (0.16 g, 1.0 mmol) and excess citric acid monohydrate (0.47 g, 2.2 mmol)
was dissolved in 20 ml water—ethanol (1:1 in volume) with potassium hydroxide (5.0 M, 2
mL). 1,10-Phenanthroline monohydrate (0.20 g, 1.0 mmol) was added to the solution with
continual stirring. The mixture turned from dark blue to green yellow. The pH value was
adjusted to 2.0 with dilute hydrochloric acid (1.0 M). The solution was filtrated and
evaporated for several days, and the solution turned to light blue color. The light blue
precipitate was collected and washed with ethanol to afford 3 (0.25 g, 55% based on
vanadium). Found (calc. for C1gH17N20g 5V): C, 46.3 (46.6); H, 3.9 (3.7); N, 5.7 (6.0%). IR
(KBr, cm™1): v,(CO,H), 1727, vas(CO»), 1631ys; v(COy), 1426y, 13835, 1342,
WV=0), 979,

2.4. Preparation of [VO(Hmal)(phen)]-H,0 (4)

VOS0,4-xH»0 (0.084 g, 0.51 mmol) and excess racemic malic acid (0.14 g, 1.0 mmol) was
dissolved in 20 ml water—ethanol (1:1 in volume) with concentrated ammonium hydroxide
(0.50 mL). 1, 10—Phenanthroline monohydrate (0.10 g, 0.50 mmol) was added to the
solution with continual stirring. The mixture turned from dark blue to green yellow. The pH
value was adjusted to 3.0 with dilute hydrochloric acid (1.0 M). The solution was filtered
and evaporated for several days, and the solution turned to light blue color. The light blue
precipitate was collected and washed with ethanol to afford 4 (0.080 g, 40% based on
vanadium). Found (calc. for C1gH14N>07V): C, 48.2 (48.4); H, 3.5 (3.6); N, 6.8 (7.1%). IR
(KBr, cm™1): v,5(CO,), 1636y; v5(CO,), 1424y, 1395, 1344,,; V(V=0), 981,

2.5. Preparation of [AVO(S-Hcitmal)(bpy)]-2H,0 (5)

VOS0,4-xH50 (34 mg, 0.21 mmol) and S-citramalic acid (59 mg, 0.40 mmol, Hscitmal = S~
citramalic acid) was dissolved in 20 ml water—ethanol (1:1 in volume) with potassium
hydroxide (5.0 M, 0.40 mL). 2,2"-Bipydine (32 mg, 0.21 mmol) was added to the solution
with continual stirring. The mixture turned from dark blue to green yellow. The pH value
was adjusted to 3.0 with dilute hydrochloric acid (1.0 M). The solution was filtered and
evaporated for several days, and the solution turned to light blue colour. The grey yellow
precipitate was collected and washed with ethanol to afford 5 (13 mg, 39% based on
vanadium). IR (KBr, cm™): v;5(COy), 1647ys; v5(COy), 1446y, 13815, »(V=0), 978,
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2.6. Preparation of [VO(Hcit)(phen)],-6.5H,0 (6)

Ammonium vanadate (0.24 g, 2.0 mmol) and citric acid monohydrate (0.27 g, 1.3 mmol)
were dissolved in 20 ml H,O/C,HsOH (1:1 in volume) with ammonium hydroxide (0.50
mL). 1,10-Phenanthroline monohydrate (0.61 g, 3.1 mmol) was added to the solution with
continual stirring. Hydrazine hydrochloride (0.057 g, 0.50 mmol) was added to reduce
vanadate(V). The mixture turned from green yellow to dark blue. The pH value was adjusted
to 1.5 with dilute hydrochloric acid (1.0 M). The solution was filtrated and evaporated for
several days. The blue precipitate was collected and washed with ethanol to afford 6 (0.23 g,
35% based on citric acid). Found (calc. for C3gH41N4O225V5): C, 43.5 (43.6); H, 4.0 (4.2);
N, 6.0 (5.7%). IR (KBr, cm™1): 1,4(COoH), 1727,,; vas(CO2), 1629 5, 1603ys; v5(CO»),
1429, 1385, 1342,; YV=0), 979,.

2.7. X-Ray structure determinations

Crystals of 1 ~ 3 in oil were analyzed with a Bruker Smart Apex CCD area detector
diffractometer with graphite monochromate Cu-Ka radiation (A = 1.54180 A) at 296 K or
Mo-Ka radiation (A = 0.71073 A) at 223 K for 5 and 296 K for 6 respectively. The data
were corrected for absorption using SADABS program. The structures were solved by
SHELXS in the WinGX program and refined by full-matrix least-squares procedures with
anisotropic thermal parameters for all of the nonhydrogen atoms with SHELX-97 [34,35].
Hydrogen atoms were located from a difference Fourier map and refined isotropically. Detail
crystallographic data are given in Tables S1 ~ S4 in supporting information.

2.8. Physical measurements

The pH value was measure by a potentiometric method with a digital PHB-8 pH meter.
Infrared spectra were recorded as Nujol mulls between KBr plates on a Nicolet 360 FT-IR
spectrometer. Elemental analyses were performed with an EA 1100 elemental analyzer. The
electronic spectra were recorded on a Shimadzu UV 2501 spectrophotometer with an
integrating sphere for reflectance spectroscopy. X-ray photoelectron spectra (XPS) were
recorded on a Quantum 2000 Scanning ESCA Microprobe electron spectrometer using Al
Ka radiation with a pass energy of 46.95 eV. The binding energy (BE) scale was regulated
by setting the C 1s transition at 284.6 eV (accuracy of BE was +0.1 eV). EPR spectra of the
complexes were collected at different temperature on a Bruker EMX-10/12 spectrometer. 1H
and 13C NMR spectra were recorded in DMSO solution at 298 K on a Bruker AV400
spectrometer using 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as an internal reference.

3. Results and Discussion

3.1. Syntheses and solubilities

Dinuclear or tetranuclear vanadium a—hydroxycarboxylate complexes such as
dioxovanadates(V) [VO,(Hacit)]»2~ [18,19], [V204(R, S-H,homocit),]2~ (Hshomocit =
homocitric acid) [20], [VOa(Hcit)]»*~ [21-24], [VO4(cit)],%~ [24-26], [VO2(Hmal)],2~ [27];
vanady! citrate complexes of [V,0,(Hcit)(cit)]3~ [28,29] and [VO(cit)]»* [25,30,31]; and
mixed-valence oxovanadiumV:'Y complexes of [V,03(phen)s(Hcit)]-5H,0,
[V203(phen)s(Hcit),(phen)303V5]-12H,0, and [V,03(phen)s(~, S-Hyhomocit)]Cl-6H,0

J Inorg Biochem. Author manuscript; available in PMC 2016 October 15.
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have previously been reported. These complexes have Vo(V)Og4, Vo(IV)O, or V,(1V/IV)O3
cores. The malate, citrate or homocitrate group binds to the vanadium atoms through its a—
alkoxy and a—carboxy, and/or B-carboxy groups. With the available structural data, the
present study shows that malate, citrate or S-citramalate chelates to the vanadium atom
through a—hydroxy, a—carboxy, and p-carboxy groups in 1 ~ 3, 5 and 6. The ligand in 5 is in
S-configuration, its vanadium center can be assigned as A-configuration. Moreover,
compound 6 has two configurations of 6A and 6B. Configuration in 6A is similar with 3,
while 3 and 6A are in different configurations with 6B as shown in Scheme 1.

Unlike the reaction of vanadium(l11) chloride with bipyridine and citric acid [33], direct
reaction of vanadyl sulfate with excess Hamal, Hycit or S-Hacitmal is delicately sensitive to
pH adjustment, as demonstrated by a digital pH monitor. The reaction takes place in the
presence of bpy or phen in an aqueous ethanol solution. Increase of pH value will result in
the formation of dimeric or tetrameric species like phenanthroline citrato vandate(V/1V)
[V203(phen)s(Hcit),(phen)303V5]-12H,0. Insufficient supplies of the organic acids are
unfavorable for the coordination of malate or citrate ligand. Dissolution of vanady! sulfate is
finished in the presence of an alkaline solution.

Compound 6 was synthesized from the reaction of ammonium vanadate, Hucit and phen in a
molar ratio of 2: 1: 3, while hydrazine hydrochloride acted as a reductant and the pH value
was maintained at 1.5.

Compounds 1 ~ 6 are insoluble in water and ethanol. There is no signal for their solution
NMR. While compounds 1, 2 and 4 are sparingly soluble in DMSO. 13C NMR spectra in
deuterated DMSO are showed in Figure S1 with long time superposition. The spectra reveal
the decomposition of the complexes into free ligand in DMSO solution. The resonances at
74.0 (1), 68.4 (2) and 68.2 ppm (4) were assigned to the a-carbon of the free citrate or
malate respectively, and the signals at 172.8 (1), 173.3 (2) and 173.9 ppm (4) in downfield
regions were assigned to the p-carboxy group of citrate or malate, and the resonance located
at downfield [176.0 (1), 176.0 (2) and 177.6 ppm (4)] were attributed to the central carboxy
carbon of citrate or malate [Hycit, 179.3¢ carboxy: 176.0p-carboxy: 79-9a-hyroxy 46.1cHz]-
Other resonances between 110 to 160 ppm were assigned to the carbons of bpy or phen.
These resonances were in consistent with those of the free citrate or malate, bpy or phen
ligand, which are the results for the decomposition of compounds 1, 2 or 4.

3.2. Crystal structures

The crystal structures of 1 ~ 3, 5 and 6 consist of neutral molecules and crystallized water
molecules, while compound 4 was synthesized and isolated as light blue powder without
crystal structure. Its molecular formula was established based on elemental analysis,
infrared, NMR and EPR spectra. The ORTEP diagrams of the neutral molecules of 1, 2, and
5 are shown in Figures S2 ~ S4 in the supporting information (SI). The environments of 3
and 6 with hydrogen bonds between a-hydroxy and water molecule, a-carboxy group are
shown in Figures 1 and 2 respectively. Selected bond distances and angles for 1 ~ 3, 5and 6
are listed in Tables S1 ~ S4. The neutral molecule contains a monomeric vanadyl complex
with N-heterocycle ligand and malate, citrate or citratemalate ligand. The vanadium atom is

J Inorg Biochem. Author manuscript; available in PMC 2016 October 15.
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six-coordinated in a distorted octahedral geometry. The malate, citrate or citratemalate
ligand chelates to the vanadium atom as a tridentate ligand via its a—hydroxy, a—carboxy
and one of the p—carboxy oxygen atoms, whereas the other B—carboxylic acid group is free
for citrate ligand. The free carboxylic acidic group participates in strong intermolecular
hydrogen bonds with lattice water molecules [1, O7---O1w 2.61(1); 3, O7---O1w 2.84(1); 6,
07---02w 2.63(1) and 017---03w 2.65(1) A] in Table 1. The a-hydroxy group also forms
strong hydrogen bonds with the negatively-charged a-carboxy groups, forming one
dimensional chain (Figure S5). Especially, the lattice water molecules form one dimensional
zigzag water chains in compound 1. The strong hydrophilic chain may be related to the
hydrophobic packing by m—r interaction, which is resulted from strongly binding
heterocyclic (N-) ligands of bpy and phen in the vanadium inner coordination shell. Packing
diagram of [VO(Hacit)(bpy)]-2H,0 (1) showing hydrophobic rt— interaction of bpy is
shown in supporting information Figure S6.

In the previous reports, the chelation of malate or citrate complexes with vanadium or
molybdenum results in the coordination of a—alkoxy group from the deprotonation of a—
hydroxy group. Even the homocitrate chelation is supposed to have a—alkoxy coordination
to molybdenum in iron molybdenum cofactor of nitrogenase. Based on the coordination
modes of vanadyl citrate, malate and S-citramalate, it is reasonable to propose that bidentate
chelation of homocitrate ligand through a-hydroxy and a-carboxy ligands with one less
positive charge, and the a-hydroxy group participates with strong hydrogen bonds with
water molecules.

The V=0 distances in 1 ~ 3 and 5 are in the range of 1.573(5)-1.604(3) A, in agreement
with the double bond character. The V-0 distances in 1 ~ 3 and 5 vary systematically
according to its bond types in Table 2. The V-Og_hydroxy distances are in the range of
2.172(5)-2.297(3) A with an average value of 2.196(6) A, which is comparable to the V-O
distance (2.15 A) in homocitrato FeV—cofactor of V-nitrogenase [4]. They are much longer
than those of vanady| citrates [1.984(8) A], and also much longer than Rbs[V20,(tart),]
-2H,0 [2.001(5) A] and (NH4)[VO(ehba)(Hehba)]-2H,0 (H,ehba = 2-ethyl-2-hydroxy
butyric acid) [36,37]. These are attributed to the protonation of a-alkoxy group and the frans
influence of the terminal oxygen. The V-Og_carhoxy distances are in range
1.983(3)-2.146(5) A with an average value of 2.003(6) A. They are comparable with those
of dinuclear vanadyl complexes (Table 2). The V-Og_carhoxy distances are in range
1.978(4)-2.020(5) A with an average value of 1.990(6) A. They are comparable to those of
dinuclear citrate vanadyl complexes [1.997(7), A].

The structure of 6 consists of two parts of mononuclear vanadyl citrates denoted as A and B.
Part B is different from part A in their configuration. In part A, the molecular structure is
similar to that of 3. The vanadium atom is six-coordinated in a distorted octahedral geometry
with N,O,4 coordination, which contains a terminal oxygen atom, two nitrogen atoms from
phen and three oxygen atoms from citrate. The a-hydroxy group of citrate ligand
coordinates to vanadium atom in frans position to the terminal oxygen with an angle of
O(1)-V(1)-0O(8) 175.5(3)°, while the a—carboxy group of citrate coordinates to vanadium
ion in cis position to the terminal oxygen with an angle of O(2)-V(1)-0(8) 100.7(3)°. In
part B, the vanadium atom is also six-coordinated in a distorted octahedral geometry with

J Inorg Biochem. Author manuscript; available in PMC 2016 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 7

N»O4 coordination. The axial oxygen atom is #ransto the a—carboxy oxygen atom and cisto
a-hydroxy oxygen atom [O(11)-V(2)-0(18), 97.9(2)° and O(12)-V(2)-0(18), 171.5(3)°].
The distance of V=Oq_carhoxy in B [2.146(5) A] becomes longer than those in A and
compounds 1 ~ 3 and 5 [1.955(6) — 2.003(3) A]. This is because the trans influence of axial
oxygen oxo group. The distance of V-Og_nydroxy in B [2.026(5) A] shows shorter than those
in A and compounds 1 ~ 3 and 5 [2.172(5) — 2.297(3) A] without the trans influence of axial
0Xxygen oxo group. Moreover, it is interesting to note that achiral citrate is in different
configurations of Rand Srespectively after coordination with vanadium. The formulae of 6
can thus be assigned as [AVO(R-Hacit)(phen)] [AVO(S-Hcit)(phen)]-6.5H,0 (6). Further
attempts to isolate the B configuration in compounds 1 ~ 5 was unsuccessful, which may be
resulted from the unstable configuration in B.

3.3. IR and UV-visible Spectroscopies

To assist the structural analysis, the FT-infrared spectra of 1 ~ 5 are shown in Figure S7, with
well-resolved strong and sharp absorption bands for the carboxy and/or carboxylic acid
group of the coordinated citrate, malate and S-citramalate. Antisymmetric stretching
vibrations v,5(CO,~) were observed between 1660 and 1600 cm™1, while the vibrations of
WCO,H) were observed between 1730 and 1710 cm™1 for citrate complexes. The
corresponding symmetric stretches vs(CO,~) appeared between 1450 and 1375 cm=21. All of
the carboxy absorptions were shifted to lower frequencies with respect to those of Hzmal,
Hycit or SHacitmal. The frequency difference A[ v45(CO27)-v5(CO,7)] [38] was greater than
200 cm~1, which is consistent with a carboxy group coordinated to the metal ion in
monodentate fashion, and in agreement with those observed in X-ray structural analysis. The
aforementioned assignments were also in consonance with previous reports of the other
mononuclear citrate complexes like iron and manganese [39,40]. The features in the region
of 950-990 cm™1 indicate the existence of V=0, which is in consistent with the values
observed for the other vanadyl complexes [28-32].

The diffused reflectance UV-visible spectra of 1 ~ 3 were recorded in the solid state (Figure
S8). The spectra show several bands at 242, 296, 544 and 715 nm for 1, 250, 299, 322, 430,
552 and 735 nm for 2, 225, 265, 299, 420, 558 and 745 nm for 3. Bands in the range of 715—
745 nm are assigned to d-d transitions, and the bands in the in the range of 420-558 nm
region can be assigned to metal-to-ligand charge transfer. The bands below 350 nm region
should be the r—t transition [41].

3.4. Bond valence calculation and bio-relevance

Besides the structural inference, the vanadium covalency assignments were also supported
by an X-ray photoelectron spectroscopy (XPS) analysis of VV2p energy level as shown in
Figure 3. The strong peaks at 515.8 and 523.3 eV for 1 correspond to vanadium 2ps/, and
2py2 in the oxidation states of 1V [42], while L-edge XPS is one of the best methods to
define the oxidation states of transition metals. Theoretically, bond valence calculations
[43,44] also give consistent valences (4.0, 3.9 and 3.8 for 1 ~ 3, 3.9 for both 5 and 6
respectively).

J Inorg Biochem. Author manuscript; available in PMC 2016 October 15.
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In addition, the X-band solid state EPR spectra of 1, 2, and 4 exhibit one broad band
centered on 2.0 at 250 K and two or three bands at 100 K with a resolved hyperfine structure
as shown in Figure 4, presumably determined by strong spin-spin interactions. Better
resolution has been obtained at lower temperature. The broad line is modulated by a multi-
line hyperfine anisotropic contribution determined by the 1V nuclear spin (/= 7/2, S= %),
and indicative of the complex being mononuclear and the metal center being in an axial
environment [45], consistent with a V/4*.

The neutral a—hydroxy coordination in vanadyl hydroxycarboxylates is different from the
previous a-alkoxy coordination in model molybdenum a-hydroxycarboxylates [46,47],
which may change the charge balance of homacitrate and FeMoco surrounding around the
a-hydroxy group. We have also noted there is a sketch that shows both a-hydroxy and a-
alkoxy groups in FeMoco for selection in recent review, but not further comment is added
[48]. Here several accurate structural methods for small molecules converge in the
determination of the proton in the a—hydroxy group of hydroxycarboxylates. Although there
is a large gap between the coordination chemistry of mononuclear a—hydroxycarboxylato
vanadium/molybdenum with the biological homocitrate system, and the vanadyl
hydroxycarboxylates of citrate, malate or S-citramalate does not involve A-homacitrate, the
present formation of unsymmetric mononuclear hydroxycarboxylato vanadyl compounds 1 ~
6 could still be related to the coordination of homocitrato FeV-cofactor in nitrogenase [5,
49], that may show an unusual neutral a-hydroxy coordination in low oxidation state (+3 ~
+4) [50] as shown in Scheme 2.

4. Conclusions

The syntheses, spectral and structural characterization of compounds 1 ~ 6 show that
monomeric vanadyl species existed in distorted N,O4 octahedron from N-heterocycle ligand
and a—hydroxypolycarboxylate. The a—hydroxypolycarboxylate ligands coordinate
tridentately to the central vanadium with a.-hydroxy, a—carboxy and p-carboxy oxygen
atoms with two different configurations. The unique a-hydroxy and the free p—carboxylic
acid groups of citrate ligand participate in strong hydrogen bonds in the model compounds,
implying a new protonation pathway of iron-vanadium cofactor VFe;SgC(/~-Hhomocit) in
nitrogenase.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Hycit citric acid

Hsmal R,S-malic acid
Hscitmal — S-citramalic acid
Hshomocit homocitric acid
phen 110-phenanthroline
bpy 2,2"—bipyridine

Hoehba 2-ethyl-2-hydroxy butyric acid

neo 2,9-dimethyl-1,10-phenanthroline,
DSS 2,2-dimethyl-2-silapentane-5-sulfonate
XPS X-ray photoelectron spectra
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Figure 1.
The environment of [VO(H.cit)(phen)]-1.5H,0 (3) showing hydrogen bonds of a-hydroxy

group with water molecule and carboxy groups.
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Figure 2.
Ortep plot of [VO(Hcit)(phen)],-6.5H,0 (6) showing hydrogen bond between a-hydroxy

and a-carboxy groups.
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Figure 3.
The X-ray photoelectron spectra of vandyl citrate [VO(H.cit)(bpy)]-2H,0 (1).
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Figure 4.
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The electron paramagnetic resonance spectra of vanadyl citrates and malates [VO(Hcit)
(bpy)]-2H,0 (1), [VO(Hmal)(bpy)]-H20 (2), [VO(H4cit)(phen)]-1.5H,0 (3) and [VO(Hmal)

(phen)]-H20 (4)
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Scheme 1.

Typical mononuclear coordination modes of chiral and achiral a-hydroxycarboxylate with
vanadium(lV) in the text.
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Scheme 2.
Sketch map of FeVco with the coordination of a-hydroxy group and tentative assignment of

the absolute configuration in vanadium center based on the structure of FeMo-protein [1].
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Strong hydrogen bonds observed in [VO(Hcit)(bpy)]-2H20 (1), [VO(Hmal)(bpy)]-H»0 (2), [VO(Hcit)
(phen)]-1.5H,0 (3), [AVO(S-Hcitmal)(bpy)]-2H20 (5) and [VO(H.cit)(phen)],-6.5H,0 (6)

Table 1

Interaction H-AR) D-+AA) D—H--A(°) Symmetry operation
Compound 1

O(1)—H(1)-0(3)’ 2.00 2.610 128 X 05-y,0.5+z
O(7)—H(2)-0(), 177 2.615 169 Xy z
Compound 2

O(1)—H(1)--0(5) 1.75 2.557 160 0.5+x, -05-y, z
0O(11)—H(2)--0(15)" 1.72 2,575 172 0.5+x,-05-y, z
Compound 3

O(1)—H(1)-0(3)’ 1.86 2.683 163 -0.5+x, -y, z
O(7)—H(2)-0(),  2.06 2.841 151 Xy z
Compound 5

O(1)—H(1)--0(15)  1.84 2.565 165 Xy z
O(11)—H(2)-0(3)’  1.94 2.675 162 Xy 1+z
Compound 6

O(1)—H(1)-+0(13) 1.86 2,576 141 XV, z
O(11)—H(2)--0(15)"  1.89 2.507 167 Xy, 2+X, -2
O(7)—H@3)0(), 201 2.63 130 XY,z
O(17)—H(4)-0(3), 1.81 2.65 167 Xz
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Comparions of V-0 distances (A) in malato, citrato and S-citramalato vanadyl complexes (neo = 2,9-
dimethyl-1,10-phenanthroline)

Table 2

Complex
[VO(Hacit)(bpy)]-2H,0 (1)
[VO(H.cit)(bpy)]-1.5H,0
[VO(Hmal)(bpy)]-H,0 (2)

[VO(H,cit)(phen)]-1.5H,0 (3)
[AVO(S-Hcitmal)(bpy)]-2H,0 (5)

[VO(Hycit)(phen)],:6.5H,0 (6)

Average

K3[V204(Hxcit),]-4H,0
Na,K,[V204(Hcit),]-9H,0
K2(NH4)4[V204(cit),]-6H,0
K2[V204(R, S-Hzhomocit),]-6H,0
Average

Cs2[V204(Hmal),]
K3[V,0,H(cit),]-7H,0
(Hneo)3[V,0,H(cit),]-4H,0
Nay[V,0,(cit),]-6H,0

Average

VFe;SoC(R-Hhomocit)(S-cys)(N-His)

V-0
(a-hydroxy)

2.197(5)
2.209(3)

2.222(2)
2.228(2)

2.209(4)

2.172(3)
2.297(3)

2.203(5)
2.026(5)

2.196(6)

1.986(2)
1.984(4)
1.983(2)
1.980(8)
1.984(8)

1.990(4),
1.976(5)z
1.984(4),,
2.089(2)ay
2.016(5)

V-0
(a-carboxy)

1.993(4)
1.994(3)

1.992(2)
1.983(2)

1.983(3)

2.003(3)
1.987(4)

1.947(5)
2.146(5)

2.003(6)
1.980(3)
1.979(4),
1.981(2)
1.959(8)
1.974(8)
1.977(4)
1.981(6)
2.137(4)
2.038(2)
2.052(6)
2.15

V-0
(B-carboxy)

1.988(5)
1.985(4)

1.993(2)
2.001(2)

1.981(4)

1.975(3)
1.978(4)

1.990(5)
2.020(5)

1.990(6)

1.976(7)ay
1.989(4),,
2.025(2)y
1.997(7)

Reference

This work
[33]

This work

[18,20]
[21-23]
[24-26]
[19]

[27]
[29]
[28]
[25,30,31]
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