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A study of the aqueous H3O*(OH™)/H,VO,~/(2R,3R)-tartrate system has been performed at 273 K in a 1.0 mol/L
Na*(CI™) ionic medium using *V NMR spectroscopy. In this relatively complicated system, more than 12 different
species were observed. Ligand concentration, vanadate concentration, and pH variation studies were carried out,
particularly for the range of pH 5.8—8.0 and for pH 2.4. Chemical shifts, vanadium—ligand stoichiometry, and also
composition and formation constants for some, but not all, species are given. Despite some reduction of vanadium-
(V) to vanadium(lV) in an acidic medium at pH ~2.4, the stoichiometries of the principal species in solution at this
pH were determined. Electrospray ionization mass spectra for some solutions were obtained and were in accordance
with the conclusions drawn from the speciation studies. A series of crystalline vanadium(V) tartrato complexes
M4[V4Og(tart),]-aq were also prepared and characterized. X-ray diffraction studies of Nay[V,Os(rac-tart)]-12H,0 (1)
and (NEts)4[V40s((R,R)-tart),]-6H,0 (2) revealed unique tetranuclear [V4Os(tart),]*~ ions for which the {V,40,} rings
have boat conformations.

Introduction spectroscopy, irrespective of the vanadatettaric acid
molar ratio, observed only one complex(}*V) = —522

The anions ofr-hydroxycarboxylic acids take part in many rﬁpm] throughout the range of pH 3-0.5. A tetranuclear

basic biochemical processes and thus represent an importa
group of biogenic ligands. All crystallographically character-
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structure with a planafV,O4} ring has been suggested for
this complext~® More recently, on the basis of ligand
concentration studies usingV NMR spectroscopy, two
complexes were identified, with the major product being
specified as a 1:1 V/tart compléxt is evident that there is
little agreement between the various studies.

Schwendt et al.

(NEtg)4[V 40g((R,R)-tart) 5] -6H,0 (2). V,0s (0.18 g, 1.0 mmol)
was dissolved in a NgDH solution (2 mL of a 2.34 mol/L solution,
4.86 mmol), and an aqueous solution oR(3@R)-tartaric acid was
added (2 mL 6a 1 mol/L solution, 2 mmol). The pH of the red
solution was 6.3. For initiation of crystallization, acetone was added.
After 5 days of standing at 276 K, large red plates were isolated.
Anal. Calcd for GoHogN4O26V4 (found): C, 38.3 (38.9); H, 7.7

Two types of solid complexes have been obtained by g3y N 4.5 (4.7); v, 16.3 (15.7). IR bands (206800 cnrd):
reactions of vanadates with tartaric acid or tartrates: (@) 1632 vs j.{COO")], 1594 vs, 1352 mif(COO")], 1325 m, 1299

relatively stable red complexesM-V,0s-C4H,Os-aq (M

= Na, K, Rb, Cs,%,Mg, Y/,Ca) and (b) unstable yellow
compounds formulated as 3M-2V,05:2C,H4Os-aq (M =

K, Rb, Cs,%,Ca)? These results have been confirmed by
Sivak,3” who has proposed a dinuclear structure for yellow

m, 1171 s, 1097 s/[C—0y)], 1071 m y(C—0y)], 1000 s, 957 vs
[¥(V=0))], 930 m, 854 m, 823 m, 797 sh, 777 w, 739&{VOV)],
656 m (VOV)], 632 w, 600 w, 546 sif(V—0Oun)], 533 sh, 510
sh, 466 m, 434 m, 403 m.

Nau[V s05((R,R)-tart) 5] 12H,0 (3). NaVO; (1.22 g, 10.0 mmol)

complexes and a planar tetranuclear structure for red onesWas dissolved in water (7.5 mL). To the cold solution (273 K) was

In this study, ™ NMR spectroscopy was used to
determine speciation in the aqueousOH(OH)/HVO,/

(2R,3R)-tartrate system. Electrospray ionization mass spec-

added solid (R,3R)-tartaric acid (0.75 g, 5.0 mmol). This provided

a red solution, which was maintained at 273 K for 2 h, after which
cold ethanol (20 mL) was added. After 14 days at 250 K, red needle-
shaped crystals were isolated. Anal. Calcd faH§Na;,03,V4

trometry (ESIMS) was used to substantiate the results of the(found): C, 10.3 (10.1); H, 3.0 (2.9); V, 21.9 (21.7). IR bands
speciation analysis. Also, we report the syntheses and(2000-400 cnrl): 1640 vs -{COO)], 1350 s p(COO")], 1339

characterization of a series of vanadium(V) tartrato com-
plexes and the X-ray crystal structures of 4NaOg(rac-
tartp]-12H,0 and (NE)4[V 4O0s((RR)-tart)]-6H,0.

Experimental Section

Materials and Syntheses.V,0s was prepared by thermal
decomposition (at 773 K) of previously purified WO3. KVO3
was prepared by thermal decomposition (at 393 K) of k\«&,0
obtained by reaction of ¥0s with an aqueous solution of KOH at

pH 8. For preparation of the solutions for the NMR measurements,

NaVQO;:2H,0 (p.a., Lachema) and RZ3R)-tartaric acid (p.a.,

w, 1330 m, 1301 m, 1279 m, 1248 w, 1216 w, 1085 0],
1059 m p(C—0y)], 973 vs p(V=0y)], 916 w, 851 m, 829 w, 770
vs [1adVOV)], 729 sh, 653 si(VOV)], 556 s (V—Cur)], 491
m, 440 m, 407 m.

K4V 40g((R,R)-tart) ;] -8H,0 (4). KVO3 (1.38 g, 10.0 mmol) was
dissolved in water (7.5 mL). Upon the addition of solidR(2R)-
tartaric acid (0.75 g, 5.0 mmol), a red solution was obtained. To
this solution (pH 5.3) was added ethanol until a precipitate started
to appear. Red needles were isolated after 24 h of standing at 276
K. Anal. Calcd for GH20K4025V 4 (found): C, 10.4 (10.2); H, 2.2
(2.0); V, 22.0 (22.0). IR bands (206@00 cml): 1633 vs
[vadCOO7)], 1349 s p(COO)], 1314 w, 1292 w, 1250 w, 1219

Lachema) were used. All other chemicals were of reagent gradeW 1084 s J(C—On)], 1057 m p(C—Oy)], 967 vs p(V=0))], 917

and were used as commercially obtained without further purifica-
tion.

Nay[V 4Og(rac-tart) o]+ 12H,0 (1). NaVO; (1.22 g, 10.0 mmol)
was dissolved in water (7.5 mL). To the cold solution (278 K) was
added under continuous stirring an aqueous solutioa®fartaric
acid (5 mL d a 1 mol/L solution, 5 mmol). The red solution that
was obtained (pH 5.8) was maintained for a furtBen at 278 K,
and then ethanol was added until the first turbidity occurred. Dark-
red crystals were isolated aft@ h of standing at 278 K. Anal.
Calcd for GH2gNayO3,V4 (found): C, 10.3 (10.2); H, 3.0 (2.8); V,
21.9 (22.3). IR bands (2060100 cnTl): 1645 vs po{COO7)],
1361 s p(COO7)], 1320 m, 1292 m, 1273 w, 1250 w, 1236 w,
1217 w, 1210 w, 1088 mv[C—0y)] (O = oxygen atom of the
hydroxylic group of the tartrato ligand), 1078 5(C—0y)], 1060
m [¥(C—0Oy)], 1049 m p(C—0Oy)], 971 vs p(V=0y)] (O; = terminal
oxygen atom), 936 sh, 917 w, 850 m, 766 vg{VOV)], 711 m,
660 m pg(VOV)], 622 sh, 598 sh, 554 sv(V—0wr)] (Otart =
coordinated oxygen atom of the tartrato ligand), 517 w, 489 m,
440 m, 414 m.

(2) Jahr, K. F.; Preuss, F.; RosenhahnJLInorg. Nucl. Chem1969
31, 297-302 and references cited therein.
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m, 851 m, 829 m, 760 ve/j{VOV)], 652 s [p(VOV)], 553 s [r-
(V—Can)], 438 m, 407 m.

K 4[V 4Og(rac-tart) ;]-8H,0 (5). KVO3 (0.69 g, 5.0 mmol) was
dissolved in water (5 mL), and an aqueous solutionagftartaric
acid (2.5 mL d a 1 mol/L solution, 2.5 mmol) was added. The pH
was adjusted to 3.9 ugina 5 mol/L KOH solution. Ethanol was
added until the first precipitate was formed. Crystallization at 276
K yielded red plate-shaped crystals. Anal. Calcd feil §K 4025V 4
(found): C, 10.4 (10.4); H, 2.2 (2.2); V, 22.0 (22.8). IR bands
(2000-400 cnl): 1663 vs P{COO")], 1347 s p(COO")], 1316
m, 1292 m, 1271 m, 1249 w, 1207 w, 1095 n{C—0y)], 1083 s
[v(C—0p)], 1057 m p(C—0p)], 1045 m p(C—0Oy)], 989 sh, 973
vs [v(V=0y)], 918 w, 850 m, 790 sh, 768 ve{VOV)], 659 m
[v(VOV)], 557 s [/(V—Orr)], 515 W, 483 w, 436 m, 414 sh.

(NH4)4[V 40g((R,R)-tart) 5]-9H,0 (6). To the aqueous solution
of NH4VO3 (4 mL of 0.5 mol/L solution, 2 mmol) was added an
aqueous solution of R3R)-tartaric acid (1 mL 6a 1 mol/L
solution, 1 mmol). Crystallization from the red solution (pH 3.9)
was initiated by ethanol. Orange-red plates were isolated after 1
day of standing at 276 K. Anal. Calcd forlsgN4O,gV 4 (found):

C, 11.4 (11.6); H, 4.5 (4.5); N, 6.7 (6.5); V, 24.2 (23.9). IR bands
(2000-400 cnT?): 1606 VS Pa{COO")], 1409 m Pa(NH4H)], 1349

s [v(CO07)], 1314 w, 1214 w, 1081 mi{C—0y)], 1057 m p-
(C—0p)], 969 vs p(V=0y)], 916 m, 848 m, 830 w, 756 veis
(VOV)], 650 m [v(VOV)], 554 m [v(V—Orud], 483 m, 436 m,
407 w.

(NMeg)a[V 405((R,R)-tart) 2] -3H,0 (7). V205 (0.18 g, 1.0 mmol)
was dissolved in a NM@®H aqueous solution (2 mL of a 1.1 mol/L
solution, 2.2 mmol). Then aqueous solutions &,8R)-tartaric acid



Vanadium(V) Tartrato Complexes

Table 1. Crystallographic Data and Refinement Results fand 2

complex 1 2

formula GeHogNayO32V 4 C40HoeN4026V 4
M (g/mol) 932.02 1252.98
space group P1 (No. 2) P2; (No. 4)
a(h) 10.627(2) 12.225(2)
b (A) 11.392(2) 14.029(3)
c(R) 14.167(3) 18.298(4)
o (deg) 88.76(3) 90

B (deg) 78.53(3) 108.75(3)
y (deg) 62.85(3) 90

V (A3) 1490.9(5) 2971.6(10)
z 2 2

pealcd (/ML) 2.076 1.400
temperature (K) 120(2) 120(2)

2 (A) 0.71073 0.71073

u (mmY) 1.397 0.689

R1( > 20))2 0.0193 0.0499
WR2 (I > 20)P 0.0530 0.1173

aR1 = JIIFg| — [FdIF|Fol. PWR2 = {SW(F? — F&ywF3 12

2 mL of a 1 mol/L solution, 2 mmol) and NM&H (1.8 mL of a

1.1 mol/L solution, 1.98 mmol) were added. To the red solution
(pH 6.8) was added acetone to initiate crystallization. Small red
needles crystallized from the solution standing at 276 K after 4
days. Anal. Calcd for @HsgN4O23V 4 (found): C, 29.3 (29.8); H,
6.0 (6.3); N, 5.7 (5.7); V, 20.7 (21.4). IR bands (26880 cnt1):
1617 vs podCOO7)], 1485 m, 1335 s1f(COO7)], 1302 m, 1094

s [»(C—0p)], 1067 m p(C—0y)], 958 vs p(V=0y)], 915 m, 852

m, 825 m, 799 m, 759 vsr[{VOV)], 704 w, 658 m ps(VOV)],

603 m, 555 s9f(V—Cun)], 481 m, 434 w.

Physical Measurements.The IR spectra were recorded on a
Nicolet Magna 750 Fourier transform IR spectrometer with either
Nujol mulls or KBr tablets. Elemental analysis (C, H, and N) was
performed on a 1106 CHN analyzer (Carlo Erba, Milano, Italy).
Vanadium(V) was determined gravimetrically agd¢ in a platinum
crucible at 773 K or volumetrically by titration with FeQQc =
0.1 mol/L) using diphenylamine as the indicator. BVis spectra
were recorded on a Jasco V-530 bVis spectrophotometer at room
temperature®V NMR spectra were recorded at 278 or 295 K on
a Varian Mercury Plus 300 MHz spectrometer operating at 78.94
MHz (3) and a Varian Unity Inova 600 MHz spectrometer
operating at 157.68 MHZ21V) in 5 mm tubes without locking on
D,O. Chemical shifts are in ppm relative to a VQ@xternal

reference, also determined at 278 or 295 K. ESIMS spectra were

recorded forx, y, andz using a direct probe on a Waters ZMD

ppm -500 -550 -600
*'V Chemical Shift

Figure 1. 5V NMR spectrum obtained at 157.68 MHz showing vanadate,
several of its oligomers, and a number of tartrate complexes. Conditions of
the experiment: vanadate, 3.0 mmol/LR(3R)-tartaric acid, 30.0 mmol/

L; pH, 6.5; HEPES buffer, 20 mmol/L; temperature, 278 K; a 1.0 mol/L
Na*(Cl~) ionic medium.

that decavanadate was not formed, even at low tartrate concentra-
tions at pH 6.5. Solutions were allowed to stand approximately 3
h for equilibration before the measurement. Depending on pH, some
increase of the pH (up to 0.2 pH units) with time occurred as a
result of the reduction of vanadium(V) to vanadium(lV). Reduction
was faster in acidic solutions. By monitoring the changes of the
intensity of the band characteristic for the vanadium(lV) complex
at 762 nm, we estimate that at pH 2.4 up to 10% of the total
vanadium was reduced when the measurement was finished. This
had a negative impact on the speciation procedure, particularly at
low pH. The problem was, however, mitigated to an extent by
cooling the samples to 278 K. To compare our data with those in
the literature’, some spectra were measured for solutions at different
conditions: 295 K; a 0.6 mol/L N4CI~) ionic medium.

Crystal Structure Determination. The intensity data were
collected on a KUMA KM-4«-axis diffractometer using a graphite-
monochromatized Mo & radiation equipped with an Oxford
Cryosystem LT device and corrected for absorption effects using
a1y scan. Thaw-scan technique with differertand¢ offsets for
covering an independent part of reflections in the28° 6 range
was used. The cell parameters were refined from all strong
reflections. The data reductions were carried out usin@tysAlis
RED (Oxford Diffraction, Abingdon, U.K.) program. The structures

2000 mass spectrometer. The mass spectrometer was directlyVere determined bgHELXS-97and refined bySHELXL-97.%and

coupled to a MassLynx data system. Solutions for ESIMS were
prepared by mixing solutions of R23R)-tartaric acid, NaVG@, and
NaOH [c(Hatart), 0.01 or 0.06 mol/Lg(NaVvOs;), 0.0018 or 0.01
mol/L; pH, 3.0, 4.1, or 4.6]. The pH was measured with a Precision
digital pH meter OP-208/1 (Radelkis, Budapest, Hungary) by use
of a combined semimicro pH electrode HC 139 (THETA '90). The
log 5 values for the protonligand complexes were estimated by
standard potentiometric procedures.

Solutions for the NMR Measurements.Stock aqueous solutions
of 0.15 mol/L NavQ@-2H,0, 1.00 mol/L (R,3R)-tartaric acid, 0.20

the data for publication were prepared SIELXLand PARST

and the figures bypiamond?!? Crystal data and structure determi-
nation summaries fot and2 are listed in Table 1. Selected bond
lengths and angles for the two compounds are listed in Table 2.

Results and Discussion

Speciation in the HHO1T(OH)/H,VO,4/(2R,3R)-Tartrate
System.Vanadium, tartrate, and hydrogen ion concentration
studies were undertaken in order to identify the products
formed in solution and to elucidate their stoichiometries.

mol/L HEPES buffer, and 4.00 mol/L NaCl were used for mixing  paliminary studies at pH 6.5 showed the presence of three

of solutions for measurement. The pH of the solution was adjusted

by adding a NaOH solution (1 or 0.1 mol/L) or a HCI solution
(only for solutions with pH 2.4¢(HCI), 2 or 0.1 mol/L). All final
solutions were prepared witt{Na*) = 1.0 mol/L. The solutions

products witlPV NMR chemical shifts 0f~-503,—524, and

(8) Pettersson, L.; Hedmann, B.; Andersson, |.; IngriCRem. Scr1983
22, 254-264.

for the NMR measurements were prepared by combining appropri- (9) Sheldrick, G. M.Acta Crystallogr.1990 A46, 467-473.

ate amounts from the various stock solutions in the following
order: (R,3R)-tartaric acid, NaCl, HEPES, @@), (NaOH),
NaVGOs, (NaCl), (HCI), HO. Careful adherence to procedure meant

(10) Sheldrick, G. M.; Schneider, T. Rlethods Enzymol997, 277, 319—
343.

(11) Nardelli, M.Comput. Chem1983 7, 95-97.

(12) DIAMOND, version 3.1.d; CRYSTAL IMPACT: Bonn, Germany.
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Table 2. Selected Bond Lengths (A) and Angles (deg) foand for2

Schwendt et al.

complex
1 2

V1-013 1.5970(14) 1.618(4)
V1-017 1.7727(13) 1.759(4)
V1-018 1.8201(12) 1.828(4)
V1-04 1.9270(13) 1.963(4)
V1-06 2.0389(13) 2.070(4)
V2-014 1.5916(14) 1.618(4)
V2-020 1.8304(13) 1.854(4)
V2-03 1.8573(13) 1.869(4)
V2-019 1.8826(12) 1.884(4)
V2-01 2.0375(13) 2.059(4)
V3-015 1.5923(12) 1.602(4)
V3—-020 1.8317(12) 1.838(4)
V3-09 1.8413(14) 1.882(4)
V3-017 1.8747(15) 1.889(4)
V3-07 2.0269(13) 2.070(4)
V4-016 1.5995(12) 1.617(4)
V4-019 1.7814(13) 1.783(4)
V4-018 1.8104(13) 1.823(4)
V4-010 1.9314(12) 1.962(4)
V4-012 2.0398(16) 2.070(4)
013-V1-017 106.98(7) 105.39(18)
013-V1-018 102.01(6) 102.61(18)
017-V1-018 98.84(6) 98.93(16)
013-V1-04 108.34(7) 110.64(18)
017-V1-04 141.68(6) 141.79(16)
018-V1-04 87.98(5) 85.49(16)
013-V1-06 94.96(6) 93.21(18)
017-V1-06 84.77(6) 88.32(16)
018-V1-06 160.68(5) 160.06(16)
04-V1-06 77.88(5) 77.53(15)

—537 ppm. Figure 1 shows®V NMR spectrum obtained
from a 600 MHz spectrometer.

complex
1 2
O/2-020 102.32(7) 103.51(18)
014/2—03 100.80(6) 100.95(19)
020/2—03 100.53(6) 98.52(17)
014/2—-019 103.18(6) 104.01(19)
020v2—-019 90.31(6) 91.65(17)
03/2-019 150.86(6) 149.97(15)
014/2—01 100.74(7) 99.32(17)
020v2-01 156.71(5) 157.14(17)
03/2-01 78.17(5) 78.12(16)
019/2-01 81.29(6) 81.58(16)
015/3-020 102.35(6) 103.22(19)
015/3-09 100.93(7) 100.99(18)
020/3—09 100.00(6) 99.74(17)
015/3-017 101.38(6) 103.79(18)
020v3—-017 90.81(6) 91.75(16)
0OwW3-017 152.44(6) 149.44(16)
015/3—-07 103.56(6) 100.74(17)
020/3—-07 153.80(5) 155.91(16)
093-07 78.81(6) 77.96(15)
0xN3—-07 80.40(6) 80.09(16)
016/4—-019 105.70(6) 107.16(19)
016/4—-018 102.43(7) 102.18(18)
019%/4—-018 97.64(6) 98.18(17)
016/4—010 107.74(6) 108.40(18)
01W4-010 144.11(5) 142.20(16)
018v4—-010 87.64(6) 86.55(15)
016v4—012 94.97(6) 93.45(19)
O19v4-012 86.59(6) 87.53(16)
018/4-012 160.16(5) 160.85(15)
01V4—012 77.95(6) 77.98(15)

is accurately determined relative to the other components.
Also, it has a charge state that is constant-at with it not

Several product signals are observable in this spectrumbeing protonated under acidic conditions, which makes it a

and, in anticipation of the analysis, are identified in the figure.
Also identified are the various oligomeric vanadates that
typically are found. It should be noted that, under the

good reference for studies under conditions of different
lelS—l7
Two products are observed in the NMR spectrum at pH

conditions of this study, decavanadate is not observed in the7.9. The one of initial interest is a minor component in rapid

NMR spectra. Additionally, line broadening and a change
in the chemical shift of close te-0.5 ppm of the V signal
indicated the formation of products in rapid equilibration with
V1. Similar behavior has been found fothydroxycarboxylic

equilibration with the monomer, Vv As mentioned, this is
possibly two components deriving from an independent
monodentate reaction at the hydroxyl and carboxylate groups.
Because the V/L stoichiometry is identical for the two

acids and has been assigned to the presence of productsituations, it is not possible to separate the two formation

deriving from monodentate carboxylate and hydroxylate
coordinationt*>**In the case of lactate, the overall formation
constant for these products was 0.550.05 M! at pH
7.351% Because of the statistical factor, this value can be
expected to approximately double for the tartrate system.
A major complication in this study was the extreme
sensitivity of product formation to the pH of the medium.
Going from pH 6.5 to 7.0 was sulfficient to eliminate the
major product signal at-524 ppm and the minor product
signal at—537 ppm from the NMR spectra. This presented
one advantage in that the product giving rise to ti03
ppm signal could be studied in isolation. For the analysis,

constants at fixed pH, and only an overall formation constant,
Ks, is available. Reaction proceeds according to eq 1, but
because [Y] is not known, \4 provides a reference for,V
according to eq 2 so that the two formation constakitg,

and K;, are provided by eq 3, whereV; is the total
concentration of Y components v = [Vi] + [VL])
represented by the mixed signal. The equilibrium unligated
tartrate concentration, ft], is obtained from the conserva-
tion equation for total L, so an initial analysis is required in
order to determine ligand stoichiometry for the various
products. Corrections to [L] are then applied as the analysis
proceeds. The twoly, values of tartaric acid are 2.68

the tetramer was used as the reference compound for two0.02 and 3.55+ 0.02 under the conditions of the NMR
reasons. The principal one is that this compound gives a€xperiments. These values compare well with the literature

relatively sharp NMR signal, and therefore its concentration

(13) Tracey, A. S.; Li, H.; Gresser, M. lhorg. Chem.199Q 29, 2267
2271.

(14) Tracey, A. S.; Gresser, M. J.; Parkinson, K. IMorg. Chem.1987,
26, 629-638.
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(15) Elvingson, K.; Baro, A. G.; Pettersson, Inorg. Chem.1996 35,
3388-3393.

(16) Pettersson, L.; Hedman, B.; Nenner, A. M.; Anderssofdicta Chem.
Scand.1985 A39 499-506.

(17) Pettersson, L.; Andersson, |.; HedmanCBem. Scr1985 25, 309—
317.
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Figure 2. Graphical representation of the formation of the product

giving rise to the—507 ppm signal. The solid line gives the least-squares
fit to a straight line, while the dotted lines represent the 95% confidence
interval. Conditions of the experiments: total vanadate, 6.0 mmol/L;
(2R,3R)-tartaric acid, variable 680 mmol/L; pH, 7.95; HEPES buffer,

20 mmol/L; temperature, 278 K; all solutions, a 1.0 mol/L*@l") ionic
medium.

valueg® of 2.69 and 3.73 at = 1.0 mol/L. These low K,

values mean that it is not necessary to consider any but the

doubly minus charge state of the ligand unless the pH is
well below 6.

V,+L=VL v 1][L] K= [VL] Q)
4V, =V, [\/1]4K'14 =V, (2
VAV 1Y = (L + [LIK)/K 3)

A plot of the left side of eq 3 vs [L] then provides both
K'14 andK. The values obtained wek4 = (3.6 + 0.5) x
10° M2 andK; = 1.1+ 0.7 ML, The value forK; is only
poorly determined, but it anK',4 are in line with expecta-
tions from other studie®:** This value ofK'14 is not a true

PH
8.04

7.35
7.07
6.72
6.48

6.25
6.03

-550

ppm -500 -600
*'v Chemical Shift

Figure 3. 5V NMR spectra showing the influence of the pH throughout
the range of pH 6.68.0 on equilibria in the aqueous vanadatB/@R)-
tartrate system. Conditions of the experiments: total vanadate, 6.0 mmol/
L; (2R,3R)-tartaric acid, 30.0 mmol/L; pH, as indicated; HEPES buffer, 20
mmol/L; temperature, 278 K; all solutions, a 1.0 mol/L {&l~) ionic
medium.

Figure 3 shows the influence of the pH on ¢ NMR
spectra for the range of pH 6:@.0. It is evident that, as
the pH becomes lower, the NMR spectra become con-
siderably more complicated. This is in accordance with a
more complicated speciation at the lower pH. Variation of
the vanadate and ligand concentrations at pH 6.5 clearly
showed that the various products have different stoichiom-
etries.

The pH variation studies showed that thB07 ppm signal

formation constant in the sense that, at this pH, the signal shifted to lower field upon acidification from pH 8.0 and

from V; corresponds to Vin two ionic states, Y- and \,>".
KnowingK'14 allows the constant for formation of the507
ppm product from Y to be ascertained even though i¢

occurred at-503 ppm at pH 6.5. In accordance with this,
the vanadate concentration studies showed that 883 ppm
signal corresponded to monovanadate species. However, the

used as the reference compound. Preliminary studies sugdigand concentration study showed that th803 ppm signal

gested that the-507 ppm product had VL stoichiometry and
thus is formed as described by eq 1, wity replacingKs:.

had components from both VL (eq 1) and ¥leq 5)
products, unlike what was observed at higher pH, where only

On this basis, eq 4 is obtained, where the product is identified VL was observed. Therefore, the concentration corresponding

by its NMR chemical shift.
o(—507)= LIV J"*Ky /K" (4)

Figure 2 gives a graphical representation of the experi-
mental results plotted according to eq 4 when the total

to the =503 ppm signalg(—503), is given by eq 6, which
can be rewritten in terms of the ;Vconcentration and

formation constants as eq 7, whekg, represents the
formation of \,*~ from 4V;~.

vanadate concentration was held constant and the tartrate

concentration varied. A similarly good graph was obtained

when the ligand was maintained constant and the vanadate

concentration variedKy, had the values 19.# 0.4 M1
and 19.1+ 0.3 M from the tartrate and vanadate

concentration studies, respectively. There was no indication

that the—507 ppm signal was a composite signal deriving
from more than one component.

(18) Kaotrly, S,; Hicha, L.Handbook of Chemical Equilibria in Analytical
Chemistry;Ellis Horwood Ltd.: Chichester, U.K., 1985.

Vi+2L=VL, [V UK, =[VL] (5)
c(—503)=[VL] + [VL,] (6)

—503
[f/("]TA,[L]) =Ku/ K141/4 + Ky [LY K14l/4 (7

Formation of the—=503 ppm products is sensitive to the
pH. The observations suggested that there is formation of

three complexes, V-, HVL?", and HVL*", as described

by eqs 8-12.
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vV, + L2 =VL3 vV, 2*] Ky, =[VL 3*] (8) I/z?]I:diSLimFormation Constants of R3R)-Tartrate (L) Complexes of
VLS + Hf=HVL? formula/notatiof p.qr 109 Bpqr(30) Ov (ppmy
3— + — 2— HVO4*~ -1,1,0 —7.87(3) —534
VL™ ]H 1Ky = [HVL] (9) HVO 010 280
HV,073- -1,2,0 —5.03(4) —572
HVL? + L% =HVL," HAV 207 0,2,0 3.00(6) —561
o o _ V4015* 0,4,0 10.92(7) —576
[HVL #JIL * Ky, = [HVL,] (20) VsOre 0.5.0 13.61(9) 584
VL3~ 0,1,1 1.62(3) —507
_ _ — HVL?Z2- 1,1,1 7.68(4) —503
o(=503)=[VL* ]+ [HVL® ]+ [HVL,"]  (11) HVL - 1102 9.36(4) ~503
vl i pol
c(—503 g , 2, . -
% = (Ky, + Ky Ky [H7 + HiViLiS- 3,4,2 32.55(9) —524
Y2 ! HaVaL 4 4,4,2 39.03(9) —524
Ky K KHVLZ[H +][L 27])/Kl41/4 (12) a Formation constants are for the following conditions: total vanadate,

6 mmol/L; (2R,3R)-tartaric acid, 30 mmol/L; pH, variable 5-:8.0; HEPES
buffer, 20 mmol/L; temperature, 278 K; all solutions, a 1.0 mol/L"{&l ")
A plOt of the term on the left side of eq 12 vs ﬂ-lgave jonic medium.? Oxygen stoichiometry is not specified for the tartrato
a graph with a small amount of curvature. Extrapolation of Somplexes because full stoichiometry may be uncertaixcept for VL=,
] . which is for a pH 7.9 solution, the chemical shifts observed for the tartrate
the curve to the/ axis gave an intercept of 0.07@80.0015, complexes are for pH 6.5. Because of signal overlap, or possibly rapid
which equalsl(VL/K141’4 orKy. =420+ 1.1 M~ This is exchange, the signals neab03 ppm and those nea537 ppm are average

in good agreement with the pH 7.9 study where the Values measured for a broad signal.

proportion of Vi in total V1 (V1™ + V1) is close to'/; the —537 ppm signal corresponded to products ef And

that at pH 6.5, thus reducing the formation constant of VL v/ ) , stoichiometry. In this event, formation of the537

from V1~ by a factor of about 2. An additional correctionis  y5m products proceeds according to egs 13 and 14, and their

needed if significant protonation of VL occurs at pH 6.5.  t5rmation from \4 can be written as in eq 15. In accordance
That there is a HVE"™ component can be seen from a ity this assignment, the agreement between the assumed

ligand concentration study. This is demonstrated most readily stoichiometry and the experimental results, when plotted

by rearranging eq 12 into a form linear infl]. The graph ~according to eq 15, is good (Figure 2s in the Supporting
gives both a slope and an intercept when the appropriate|nformation).

data obtained from tartrate concentration studies are plotted

(Figure 1s in the Supporting Information). Tieintercept 2V, +L=V,L [V, Ky =I[Voll (13

would be zero if no HVE™ were formed, while the slope

would be zero if no. HVL* were formed. . 2V, +2L=V,L, [V1]2[L] 2KV2L2 =[V,L,] (14)
There was no evidence that HYL loses a proton with

an increase in the pH. The formation of H¥L becomes c(—537)

progressively unfavored as the pH is increased with respect = (Ky, + [LIKy /Ky, (15)
to VL3, and it consequently is not formed to a great extent

at elevated pH, in accordance with a Mhroduct not being

2[V "L

) ) Analysis of the pH variation data showed that only one
observed in the pH 7.9 study. The value determined for the proton per ligand was taken up during formation of each of

pKa of HVL?™ from the intercept of the graph was 6.04. - .
The formation constants for these and the other products arethe two ~537 ppm products (eqs 16 and 17). Equation 18

: . . . gives the conservation equation for the products giving rise
summarized in Table 3. The formation constants are written B . . : .
in the 0g B, Notation defined by WL, with HVO, to the—537 ppm signal. This can be combined with eqs 16

being the reference, 3 from which the stoichiometry is and 17, rewritten as eq 19, and the experimental results

defined and for whichy is 1 andp andr are 0. plotted graphically (Figure 3s in the Supporting Information).
The —537 ppm signal is quite broad, and this, coupled H* 4+ 2V, 4+ ¥ =HV,L*

with the comparatively low signal intensity, adds uncertainty e, —a2 _ 3

to the analysis. The vanadium concentration study at fixed [HV o 1L Kive = [HV.L™] (16)

tartrate concentration was consistent with this product having B . —

V, stoichiometry. No evidence was obtained for @ v 2H +2V; +2L7 = H;Vyl,

component, which might have been expected because H1IV, 121U Ky = [HoVLL, ] (17)

products of \4 stoichiometry are frequently formed with zee

a-hydroxycarboxylic acids and give rise to chemical shifts o(~537)/2= [HV L3_] FHVL 4_] (18)
- 2 2V 2=2

near this frequenci??° Analysis of the ligand concentration

study proved somewhat more problematic and suggested that The intercept of the graph is small but cannot be said to

(19) Gorzsas, A.; Andersson, |.; Pettersson]..Chem. Soc., Dalton Trans. be 0. From the formation constants for pH 6'5- With 6.0
2003 25032511, o ’ mmol/L total vanadate and 30 mmol/LRBR)-tartaric acid,

(20) Tracey, A. SCoord. Chem. Re 2003 237, 113-121. it can be calculated that there is a little over twice as much
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c(—537) _
2[v, 1M LEIH T
(Kiv,e + K, JLTH DK (29)

of the bisligand than of the monoligand complex in solution.
These studies only provide stoichiometry and cannot deter-
mine whether VL, is similar to \LL with a second ligand

(x 102 (mol/Ly®)

c(-524){4V," TIL* THT}

attached or whether they are completely different products. 0 . . . )
There were no indications from any studies that-t24 0 5 10 15 20
ppm signal was a composite signal deriving from more than [H'] (x 107 moliL)

a single product. The vanadate and tartrate concentrationrigure 4. pH dependence of the formation of the tetranuclear products
studies showed that the-524 ppm product had four giving rise to the—524 ppm signal. The intercept corresponds to the
vanadium centers and was complexed by two tartrate ligands formation of ValoH*" and the slope to M 2H,*". The solid line gives the

. . . ‘least-squares fit to a straight line, while the dotted lines represent the 95%
Its formation, therefore, is described by eqs 20 and 21. A confidence interval. Conditions of the experiments: total vanadate, 6.0

graphical representation of the data, when plotted accordingmmoliL; (2R 3R)-tartaric acid, 30 mmol/L; pH, variable 5.8B8.04; HEPES

to eq 21, gave an excellent straight line (Figure 4s in the buffer, 20 mmol/L; temperature, 278 K; all solutions, a 1.0 mol/LF{@l~)
. . ionic medium.

Supporting Information).

4V +2L=V,L, [V 2Kv4|_2 =[V,L] (20)
c(—524)/4= [V JIL] Ky, /Ky, (21)

The pH study of this product was particularly interesting
because, although it showed that four protons were taken
up during formation of the-524 ppm product, one of the
protons could be released; that is to sayyiL,>~ can form.
This is described by eqs 224.

AH"+ 4V, + 217 =H,V,L,"
HTV, T L2 1K, = HaV,L, T (22)
3H + 4V, + 217 =H,V, L,
[HTIV L 1L PRy, = [HaVal, 1 (23)

c(—524)
AV, ILHTR

= (KH3V4L2 + KH4V4L2[H+])/K14 (24)

Figure 5. Species distribution diagram calculated for the pH rang8.6

For the calculations, the concentrations were as follows: total vanadate,
A graph of the quantities of eq 24 is shown in Figure 4. 6.0 mmoliL; (R3R)-tartaric acid, 30 mmol/L. The formation constants are

If the intercept of this graph were 0, na¥L 5 would be found in Table 3 and determined for a 1.0 mol/L*™&I~) ionic medium.
found in solution. If HV4L,* and HV,4L,> differ only by fixed at—524 ppm and there was no change in the line shape
the presence of the single proton, then tig pf H,V L% with a change in the pH. However, several additional NMR
is 6.48. There are no protons available igMAL*~ unless signals were observed at lower pH.
it has complexed water. This result therefore suggests that As demonstrated by Figure 7, the relative intensities of
the coordination about vanadium in an aqueous solution isthese signals are highly dependent on the amount of tartaric
not pentacoordinate as observed in the crystalline materialacid (Hstart™ + Hjtart at pH 2.4) in solution. The principle
but rather more highly coordinated, perhaps hexacoordinateone of the new signals occurred-a550 ppm. Other signals
(see the discussion of the crystal structure). occurred at-461,—511,—-532, and—539 ppm. Under the

A summary of the formation constants measured is given low pH conditions, there was on the order of 10% reduction
in Table 3. These values were used to obtain a speciesof vanadium(V) to vanadium(lV) when the spectra were
distribution diagram (Figure 5) for the range of pH& and measured.
calculated for 6 mmol/L total vanadate and 30 mmol/L  Despite this, it was possible to draw some conclusions
(2R,3R)-tartaric acid. about species stoichiometry. Over the range of tartaric acid

An effort was made to identify species occurring at pH concentrations of 12660 mmol/L, the V-atom concentration
2.4, A titration from pH 6.01 to 2.55 (Figure 6) suggested corresponding to the-524 ppm signal decreased from 1.93
that there was no change in the identity of the product giving mmol/L at 10 mmol/L tartaric acid to 0.14 mmol/L at 60
rise to the—524 ppm signal because this signal remained mmol/L tartaric acid while the V-atom concentration cor-
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V,L,+2L=2V,L, VL] [LI2K=[V,L,]? (25)

If the product is \L,, then, as suggested by-&l3 ppm

PH change in the chemical shift from that observed at pH 6.5
2.85 for a V,L, product, there is a difference in coordination,
perhaps the V center having octahedral rather than penta-
coordinate geometry. Possibly there is bridging between V
3.62 atoms by the tartrate ligands in addition to the normal oxo
bridging, or alternatively there may simply be a change in
the hydration state. A different coordination is expected
5.02 because this product was not observable in the NMR spectra
until the pH was below 4. Vanadate itself goes from

3.14

: . : . . o0l tetrahedral to octahedral coordination under acidic conditions
ppm 450 -500 -850 -600 with incorporation of water into the coordination sphere. In
*'V Chemical Shift the vanadate case, the change in coordination is accompanied
Figure 6. 53V NMR spectra showing the influence of the pH throughout by a change in the protonation state. Unfortunately, the
the range of pH 2.556.01 on equilibria in the aqueous vanadate/8R)- charge state of the-550 ppm product is not known.

tartrate system. Conditions of the experiments: total vanadate, 30 mmol/ . .
L; (2R,3R)-tartaric acid, 60 mmol/L; pH, as indicated; temperature, 278 K; There is an additional prOdUCt that appears to hayle,V

all solutions, a 1.0 mol/L N&CI~) ionic medium. stoichiometry that gives an NMR signal-ab11 ppm. This
compound is about a factor of 4 less favored than-tB&0
ppm product, but its formation with a change in the tartrate
YA concentration follows closely that of the550 ppm product.
Some information was also obtained about the stoichiom-
etry of the—539 ppm product. Under conditions where the
! cltart) —524 ppm product droppe_d in concentration by a factor of
l (mmol/L) about 14, the concentration of the539 ppm product
0 followed lockstep with that of the-524 ppm product. This
is demonstrated in Figure 8. The linear correlation suggests
that the—524 and—539 ppm products both have the same
V/L stoichiometry, i.e., \{L,. Because protonation/deproto-
/N 80 nation will generally be fast on the NMR time scale unless
accompanied by a coordination change, it seems likely that

N these two tetravanadate complexes differ in their structure.
60

There is another product that is observed when there is a

100

A large excess of ligand in solution (see Figure 7). This product
40 gives rise to a very broad signal at461 ppm, and its
J concentration increases rapidly with an increase in the free
: : - . : : 20 ligand concentration, being about 0.13 mmol/L at 40 mmol/L
ppm 450 -550 680 tartrate and about 0.45 mmol/L at 60 mmol/L tartrate, both

measurements for 3.0 mmol/L total vanadate. For comparison
Figure 7. 5V NMR spectra showing the influence of theRi2R)-tartaric prt:rposes,f the concentration of th|550 F;ﬂm arodu]f:tég_z)
acid concentration on equilibria in the aqueous acidic vanad®&Rp changes from 1.70 to 1.77 mmol/L while that of th&24
tartrate system for @ 3R)-tartaric acid concentrations varying throughout —ppm product (ML,) changes from 0.50 to 0.14 mmol/L, for
the range of 8100 mmol/L. Conditions of the eXperimentS: total Vanadate, the same two ||gand Concentratlons respectlvely EVldentIy
3.0 mmol/L; (R,3R)-tartaric acid, as indicated; pH, 2.4; temperature, 295 h d h ’ ivelv high L/ ’
K; all solutions, a 0.6 mol/L NACI-) ionic medium. the =461 ppm product has a comparatively high LV
stoichiometry, perhaps VAL
responding to the-550 ppm signals increased from 0.63to  There is an additional minor product signal that occurs at
1.77 mmol/L. On the other hand, the524 ppm signal —530 ppm. This signal was only poorly characterized, but
increased in intensity much more rapidly than did 50 it increases in intensity with an increase in the tartaric acid
ppm signal when the tartaric acid concentration was fixed concentration in a fashion that suggests it has more than a
and the total vanadate concentration was increased. In fact1:1 V/L stoichiometry. Two other very low intensity signals
the behavior was consistent with formation ofLY from occurred at-575 and—580 ppm. Their intensities did not
V4L, as described by eq 25, where it is assumed that thevary much over the range of tartaric acid concentrations
—524 ppm signal corresponds tgl\s, in accordance with  above 20 mmol/L, where they accounted for about 2% of
the pH 6.5 studies and the pH titration (Figure 6). The the total vanadium in the solution. However, it is to be noted
experimental data, when plotted graphically according to eq that these signals did not occur when no ligand was present
25, gave a good linear correlation (Figure 5s in the and were very weak at 10 mmol/L tartaric acid. They were
Supporting Information). not more fully characterized.

*'v Chemical Shift
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Figure 8. Concentration of the-539 ppm shown as a function of the
—524 ppm product as R3R)-tartaric acid is varied from 10 to 60 mmol/

Chart 1. Characteristic Structure @f-Hydroxycarboxylatovanadates
(One of a Number of Stereoisomers)

R, Q
R1 C//
H %
o—v—"9

/ \O>m:O
(0] Ry 4
>t
o/ Rz

L. The solid line represents a linear least-squares fit to the data and the Carboxylate group) bonds and protonation of the carboxylic

broken lines the 95% confidence interval. Conditions of the experiments:

total vanadate, 3.0 mmol/L; R3R)-tartaric acid, variable 1660 mmol/
L; pH, 2.40; temperature, 295 K; all solutions, a 0.6 mol/L'{&l~) ionic
medium.

Table 4. Strongest Signals in the ESIMS Spectrum of the
NaV0O;—(2R,3R)-Hatart—-NaOH-H,0O—CH3;OH Solution in Negative
Mode?

m/z relative designation in
intensity Table 3andin
found calcd (%) assignment the text
74.13 74.04 6 Htarf~
116.82 116.95 10 WO, Vi
148.89  149.08 100 Hart
156.05 155.97 23 [YOs(tarty]+~ HaValo*
165.06 164.98 92 [WOs(tart)(H20)z]4~
208.15 208.29 51 [¥Osg(tart)(Htarty] 3~
230.86 231.01 28 [YO4(Hatart)] 2~ VLo
313.04 312.94 16 [WOs(Htart)]>~

ac(NaVOs) = c(Hatart)= 10 mmol/L, pH 3.0, solution:methanei 9:1
by volume (after measurement of the pH).

The results of the speciation studies are generally con-

groups during the ESIMS process. The most abundant
complexioninthe ESIMS spectrum was®(tart(H.0)2]*".

It was found by the X-ray structure analysis that there is
enough space for accommodation of a bridging water
molecule in each of the two cavities of the j®(tart)]*~

ion. The existence of bridging water molecules is not rare
in structures ofa-hydroxycarboxylatovanadium(V) com-
plexes (see, e.g., ref 23) and offers some explanation for the
otherwise incomprehensible deprotonation @¥kl ,*~ and
formation of the HV,L,®> species.

There are some solid tartrato complexes of vanadium(V)
that were not fully characterized. Yellow complexes of
supposeticomposition Mg[HV ,Os(tart)] could correspond
to the—537 ppm (H\L3") solution species, while the\/»
species §y = —550 ppm) might correspond to the
[V 204(Hatart)]? ion with a dinuclear structure and & ,0,}
central ring (Chart 1). This type of structure is characteristic
for most of thea-hydroxycarboxylatovanadates.

Synthesis and Characterization of Solid Complexesn

firmed by ESIMS in negative mode. The strongest signals gpjte of there being a number of species present in aqueous

obtained from acidic solutions (pH 3.0) (Table 4) can be
assigned to species derived from theQytarty]*~ (HaV4L:*)
ion, to the [\O4(Hatart)]?~ (Vol,) ion, and to tartrate
anions. The’®™Y NMR spectrum of the same solution but
without methanol exhibited signals-a624 ppm (HV4L>*",
77%), —550 ppm (ML, 17%), and—537 (HVi.L* +
HV,L3", 6%).

It should be mentioned that vanadium(lV) also forms
dinuclear tartrate complexes;NVO),(tarty]-nH,O ** where

solutions, we obtained only complexes of the[WOg-
(tartp]-aq type in the form of crystals suitable for X-ray
structure determination.

The complexes N#V 4Os((RR)-tarty]-12H0 (3), Nas-
[V 40g(rac-tarty]-12H,0 (1), and K[V 104((R,R)-tart),]-8H,0
(4) were prepared by modified literature methéd$but we
obtained compounds with different numbers of water mol-
ecules in comparison with the published data. The complexes

the fully deprotonated ligand bridges two V centers. The M4V 4Os((RR)-tart)]-nH,O [M = NEt, (2), NH4 (6), NMe,
speciation study of the vanadium(IV) tartrate aqueous system(7)] and Ky[V 4,Og(rac-tart)]-8H.0 (5) are new. Solid com-
suggested that there are various dinuclear complexes and alsplexes are generally photosensitive: exposure under daylight

minor mononuclear speciés.

We suppose that the structure of the\Vl,* species
corresponds to the solid-state structure of thgJ)tart)]*
ion (vide infra). The®>V NMR spectra of saturated, very
concentrated aqueous solutions of batland 3 exhibited
only one signal at-522 ppm, and the spectra did not change
for at least 1 h. This structure offers the possibility of
eventual breaking of the YO, (O. = oxygen atom of the

(21) (a) Forrest, J. G.; Prout, C. B. Chem. Soc. A967, 1312-1317. (b)
Tapscott, R. E.; Belford, R. L.; Paul, I. @org. Chem1968 7, 356—
364.

(22) Kiss, T.; Buglyg P.; Sanna, D.; Micera, G.; Decock, P.; Dewaele, D.
Inorg. Chim. Actal995 239, 145-153.

conditions causes a gradual reduction of vanadium(V), and
a color change from red to brown is observed. The most
stable of the complexes is (N V 40s(R,Rtart)]-6H.0 (2),
which can be stored without decomposition in a refrigerator
for weeks and, surprisingly, also aqueous and acetonitrile
solutions of this complex preserve their color for several
weeks at 276 K and even for several days at room
temperature.

(23) Schwendt, P.;\&ndrek, P.; Kuchta, L.; Marek, Polyhedron1998
17, 2161-2166.

(24) Sivk, M. Acta Fac. Rerum Nat. Uni Comenianae, Chim198Q
XXVII, 69-75.
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conformation. Each V atom is pentacoordinate. The geometry
of the coordination polyhedra can be described in terms of
square pyramids distorted toward trigonal bipyramids. The
7 value ¢ = O for ideal square pyramid; = 1 for ideal

3 trigonal bipyramid®) is 0.32 for V1, 0.098 for V2, 0.023
for V3, and 0.27 for V4. This arrangement is prevalent for
pentacoordinated V atonig.

Tetragonal pseudoplanes of the opposite pyramids around
V1 and V2 are nearly parallel (the angle between corre-
sponding planes: 6.5°), and they are nearly perpendicular
to pseudoplanes of the neighboring pyramids around V3 and
V4 (the angles between corresponding planes~ares®).

The situation is analogous for the pyramids around V3 and
V4. Because the same enantiomeric form of the two tartrate
ligands is coordinated in one j@g(tart)]*" ion, the square
pyramids are mutually shifted in a way that enables weak
interactions between V and O atoms from the opposite
pyramids (VE020, V2-04, V3—-010, and V4020;
Figure 10). V atoms thus achieve nearly octahedral coordina-
tion geometry. Because these interactions are weak, the V
atoms deviate considerably from the tetragonal pseudoplanes
(between 0.387 and 0.426 A).

The {V4Og} group and eight O donor atoms of ligands
form a{V4O,¢ core, which can be considered as composed
of four {VOs} tetragonal pyramids. Each of tHe/Os}
pyramids contains one@tom, two @ atoms, and two O

Figure 10. Structure of the [MOs(R,Riart)]*~ anion in1. atoms of the Iigand (Qand Q). The bridging Q@ atoms

. _._connect each of thEVOs} pyramids with the two neighbor-
The IR spectra of prepared complexes exhibit characterlstlcing {VO:} pyramids. The bond lengths in t§¥,O1¢ core

bands corresponding 16{CO0"), v(COO ), »(C—On), v- are within the expected ranges: 1.59466150 A for =
(V=0y), vadV—=0=V), »(V=0-V), andv(V=Oun) vibra- 5 ponds; 1.77471.8792 A for =0, bonds; 1.8408
tions (see the Experimental Section). The IR spectra of

complexes withrac- and (R 3R)-tartaric acid are very o070 "0 50 "E T Chen, 3. Anderson, O. P.: Miller, M. M.
similar. The corresponding bands are only slightly shifted, Inorg. Chem.1997, 36, 1038-1047.

thus indicating a similar structure of both complexes (26) Jiang, F.L.; Anderson, O. P. Miller, S. M.; Chen, J.; Mahroof-Tahir,
M.; Crans, D. ClInorg. Chem.1998 37, 5439-5451.

(Figure 9). (27) Tsagkalidis, W.; Rodewald, D.; Rehder, Borg. Chem.1995 34,

Nevertheless, some splitting of the IR bands was observed =~ 1943-1945.

. . p (28) Murphy, G.; Nagle, P.; Murphy, B.; Hathaway, B. Chem. Soc.,
in the spectra ofac-tartaric acid complexes when compared Dalton Trans.1997 2645-2652.

Transmitance

1400 1300 1200 1100 1000 900 800 700
Wavenumber (cm™)
Figure 9. IR spectra of3 and1 (1400-700 cnt?).

to the spectra of complexes with RBR)-tartaric acid, (29) Maurya, M. R.; Agarwal, S.; Bader, C.; Rehder, Eur. J. Inorg.
; ; ; i Chem.2005 147-157.
prqbgbly aresult Of. C(.)rrelatlor? effepts in th? unit cell. ThIS (30) Cavaco, |.; Pessoa, J. C.; Duarte, M. T.; Matias, P. M.; Henriques, R.
splitting is characteristic, especially in the region of stretching T. Polyhedron1993 12, 1231-1237.
vibrations of C-Oy, groups (1106-1000 cnrl; Figure 9). (31) Manos, M. J.; Tasiopoulos, A. J.; Tolis, E. J.; Lalioti, N.; Woolins, J.
The complexes prepared witac- or (2R,3R)-tartaric acid D03 o e g0y S'0alas, M. P Kabanos, T. Bhem-Eur. J.
can be reliably distinguished by means of these bands.  (32) wulff-Molder, D.; Meisel, M. Acta Crystallogr. 200Q C56,
; 33-34.

Crysta}l Structures. The crystal structure df can|sts of (33) Arrowsmith, S.. Dove, M. F. A.; Logan, N.: Antipin, M. \i. Chem.

Na' cations, tetranuclear [XDs(rac-tart)]*" anions, and Soc., Chem. Commum995 627—627.

i (34) Salta, J.; Zubieta, Jnorg. Chim. Actal996 252 435-438.
water molecules held together by electrostatic forces and(35) Heinrich, D. D.; Folting, K.; Streib, W. E.; Huffman, J. C.; Christou,

hydrogen bonds. The triclinic unit cell contains two tetra- G. J. Chem. Soc., Chem. Commu889 14111413,
nuclear anions with different enantiomers of tartaric acid, (36) gtarett). % BE.; au?f Z,; HJeiréricE, Ddl_D.l;( Mcclgslﬁler,ch-1 Kt Fcillé(i:g, K,
— . reip, . E.; Autfman, J. C.; Renarickson, D. N.; rstou, rg.
[V 40s((RR)-tarty]*~ and [VaOg((S 9-tart)]*"; the complex Chem 1996 35, 6450-6460. 9
1 represents a typical example of a racemic compound: Na (37) Priebsch, W.; Rehder, D.; von OeynhausenCiiem. Ber1991, 124,
- - . 761-764.
[\/408((R’R) tart)z][V 40?’((8'8) _tart)z] 24H,0. . (38) Rieskamp, H.; Gietz, P.; Mattes, Rhem. Ber.1976 109, 2090-
The tetranuclear anion (Figure 10) consists diVaOg} 2096.

i i (39) Crans, D. C.; Marshman, R. W.; Gottlieb, M. S.; Anderson, O. P.;
group and two taft ligands. Thg V4Og} group is composed Miller. M. M. Inorg. Chem 1992 31, 4939-4949.

of four V=0 groups that are bridged by four bridging, O  (40) carrano, C. J.; Mohan, M.; Holmes, S. M.; de la Rosa, R.
atoms. In contrast to what is observed for most tetranuclear Butler, A.; Charnock, J. M.; Garner, C. Dnorg. Chem.1994 33,

: 27 646—655.
vanadium complexe’é_,‘ the four V atoms are nOt_CODIanar' (41) Herberhold, M.; Dietel, A. M.; Milius, WZ. Naturforsch. BChem.
The central{V4O4} ring possesses an approximate boat Sci 2003 58, 299-304.
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Table 5. Types of Tetranuclear Vanadium(V) Complexes with Organic Ligands

planarity
(torsion
coordination angle of conformation
type core geometry I(V=X)b (&) Vi) of V404 cycle compound
Al {V4O1¢} SPY-5{VOs} or 2.19-2.32(X=0) P (max+ 1°) chair [V406(OCHg)e(acac)]-2CH;CN 26
OC-6{VOe} [V 405(OCHg)s(acacy], 2
[V 404 (OCH:)sCCHs} 2(OCHg)g], 25
[V 404{ (OCH;)3CCHs} 3(OCHs)3]
{V401-Ng} SPY-5, 2«<{VO3N;} 2.27-2.33 (X=0) P (maxt 1°) chair [V405(OCHa)a(bpy)],3°
ZX{V05} or [V408(OCI-|3)2(,L¢3-OCH;)2—
OC-6 2x{VO4N3} (5,5-Mezbpy)]-3CH;OH3!
2x{VOg}
A2 {V4015} SPY-S{ VOs} or 2.56-2.89 P (maX:I: 70) all /4—0 above (Pmp)[V408(CH3COO)4(N03)],32
0OC-6{VOq¢}, (X=0,cCl, the V, (PhAS)[V ,05(CH;COO)(NO3)], 33
{VOsCl} or nothing) plane (PhyP)[V405(CHsCOO)(CI)],34
(NEh)z[V403(NO3)(tca)4]'Hzod’3536
[V 405(0,CCH,'Bu)g]
2tBUCH,COOHBUCH,COOK3’
A3 {V401g SPY-5{VOs} or 2.41, 2.46 (X= O) P (maxt 7°) two u-O above K[V 408(Co04)4(H20),]-6H,0%8
OC-6{VOg} the V,
plane and
two u-O
below the
V4 plane
Ad {V401.Cl3} SPY-5{V,0;Cl} or 2.271,2.305 (%= O) P [V404(OH),Cl,(dmpd)]-CHCIg®
0C-6{V,0.Cl}
A5 {V401g SPY-5{VOs} or 2.487-2.749 (X=0) NP boat this work
OC-6{VOe}
B1 {V40gN;2} OC-6{VO3Nz} 2.273,2.268 (X= N) NP boat [ViOs{ BH(pz)s} 4] - CHoClpr 2H,0%0
C1 {V40¢(Cs)a} quasi T-4{VOsCs} NP [V4Og(CsHs)4]*

a Abbreviations: acac= acetylacetonate(d), Mebpy = 5,5-dimethyl-2,2-bipyridine, bpy= 2,2-bipyridine, PhP = tetraphenylphosphonium{j),
Phy/As = tetraphenylarsonium(t), tca= tiophene-2-carboxylatol), NEt, = tetraethylammonium¢t), '‘BuCH,COOH= 3,3-dimethylbutanoic acid, dmpd
= 2,2-dimethylpropane-1,3-diolate{2, BH(pz) = hydridotris(pyrazolyl)borate@). b X = atom in the trans position to the double-bonded O atom of the
V=0 group.¢ P = planar. NP= nonplanar The [V4Og(NOs)(tcay]?~ anion contains one delocalized electron. The average oxidation state of vanadium
is 4.75 (3x VV + 1 x VV).

1.9328 A for \=-0p; 2.0280-2.0542 A for \=O.. Each structures of this type from CCDC (July 2006) can be
tartrato ligand possesses trans conformation with torsion classified into several types.

angles 177.07(for C1-C2—C3—C4) and 176.32(for C5— Type A. The complexes of this type can be considered as
C6—C7—-C8) and forms two five-membered chelate rings. constructed from th€VOE,} structural subunits possessing
The tartrate anions are bonded as bis(bidentate) ligandstetragonal-pyramidal geometry (SPY-5). The double-bonded
which is a common coordination mode for this antéithe O atom is always in the apical position; equatorial positions
crystal structure ofl is stabilized by numerous hydrogen are taken by O or, exceptionally, N atoms. TH¢OE,}
bonds between water molecules and between water moleculesubunits are often mutually arranged in a way that enables

and O atoms of the anions (@D,, and Qyy). a weak covalent bonding (or weak interaction) between the
The structure of the chiral compound {H}4[V 40s((R,R)- V atom and a donor atom X (O or Cl) in the second apical
tarty]-6H,O (2) consists of ENT cations, [V,Os((RR)- position (trans position to the double-bonded O atom of the

tarty]*~ anions, and molecules of water of crystallization. V=0, group). The octahedral (pseudooctahedral) coordina-
The structure of the [YOg((R,R)-tart),]*~ ion is very similar tion geometry is thus achieved with~\X distances between
to the structure of the anion ih. The coordination about  2.19 and 2.89 A (Table 5). The structures classified inte-Al
the V atoms is a square-pyramid-like structure distorted A4 subtypes differ in the mode of arrangement of the
toward a trigonal bipyramide(= 0.30 for V1,7 = 0.12 for {VOE,4} subunits and in the positions pfO atoms relative
V2, r = 0.11 for V3, andr = 0.31 for V4), and the to the V, plane (Figure 11).
arrangement of thg VOs} pyramids is analogous to the Types B and C.With ligands that have special structural
arrangement in the structure df Also, here weak interac-  properties, the structures of type B ¢(Os{ BH(pz)s} 4]-CHa-
tions occur [(V+-+O) values are 2.62 and 2.75 A), which Cl,*2H,0) and type C ([MOs(CsHs)s]) are profoundly
complete the coordination polyhedron of the central atoms different from the structures of type A.
to a strongly distorted octahedron. The structure of the [¥Osg(tart)]*~ ion presented here is
The [V4Og((R,R)-tart)]*" ions in the structure of are unique, and although it is classified as type A5, it differs
connected by hydrogen bonds, and a two-dimensional (2D) considerably from the other structures of type A. The four
layered structure is thus formed. Some of thg\Etcations V atoms do not lie in one plane, and tH&,O4} ring
are located in cavities that occur in the 2D sheets; the possesses a boat conformation. There is also another
remainder are situated between the 2D layers. substantial difference between previously proposed structures
A comparison of the structures of compourddand2 with of the [V4Og(tart)]*~ ion®>+®and the structure found by X-ray
those of other structurally characterized cyclic tetravanadatesdiffraction. In contrast to the arrangement in the proposed
that have organic ligands bound to the V atoms and that structure, the tatt ligands do not bridge between adjacent
contain exclusively or mostly vanadium(V) centers reveals V atoms of the{V,O4} ring that are connected byO atoms
some structural features (Table 5 and Figure 11). The 15but instead coordinate to V1 and V2 or V3 and V4 (Figure
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Figure 11. Types of tetranuclear vanadium(V) complexes with organic ligands (see text and TabjeSei@inal oxygen atom; %= O or Cl atom trans
to the Q (or nothing in the case of MOg(O,CCH,'Bu)4]-2BUCH,COOHBuUCH,COOK3?).

10). It is this unique binding mode that imposes the boat (Grant UK/144/2006). NMR measurements were performed
conformation on thegV4O0,} ring. on the equipment supported by the Slovak State Programme
Acknowledgment. This investigation has been supported Project No. 2003SP200280203. We thank Dr. Karel Dallez

by the Ministry of Education of Slovak Republic (Grant (Faculty of Natural Sciences, Paldciyiversity, Olomouc,
VEGA 1/4462/07) and Comenius University in Bratislava Czech Republic) for measurement of the ESIMS spectra.

3982 Inorganic Chemistry, Vol. 46, No. 10, 2007



Vanadium(V) Tartrato Complexes

Supporting Information Available: X-ray crystallographic files lographic Data Centre as supplementary publication nos. 622257
in CIF format for structure4 and2 and graphical representations and 622258. Copies of the data can be obtained, free of charge,

of the formation of tartrate complexes (Figures—5s). This upon application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
material is available free of charge via the Internet at http:// U.K.

pubs.acs.org. Crystallographic data (excluding structure factors) for
the structures have been deposited with the Cambridge Crystal-IC062223H
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