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Aqueous Chemistry of Ammonium (Dipicolinato)oxovanadate(V): The First Organic
Vanadium(V) Insulin-Mimetic Compound
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Fort Collins, Colorado 80523, and Department of Inorganic and Analytical Chemistry,
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Receied July 14, 1999

The aqueous speciation, formation constants, and solution structure were determined for a new insulin-mimetic
organic vanadium(V) compound (ammonium (dipicolinato)oxovanadate(V)). The solution properties of the system
were characterized by using potentiometit, 1°C, and®V NMR 1D and 2D spectroscopy, and UV/visible
spectroscopy. These studies were conducted using the crystalline compound as well as combinations of the free
ligand and the metal salt. The major complex is most stable in the acidic pH range, although it does protonate at
low pH. It protonates at pH-1 and decomposes below pH 0. The dipic ligand is coordinated in a tridentate
manner throughout the pH range studied. Protonation at low pH takes place on one of the oxo groups. Dynamic
processes were explored usitifjand?3C EXSY NMR spectroscopy. V&ipic™ was found to exchange between

the complex and the ligand at high and at low pH values. In the intermediate-pH range, no evidence for exchange
processes was obtained, documenting the inertness of the complex at4oH3e high stability and inertness in

the pH 3-4 region may be of biological significance since the combination of high stability and low lability
suggests the complex will be more resistant to hydrolysis at the pH of the stomach.

Introduction aminediacetate and,N'-ethylenediaminedi§)-methionine oxo-
o . , , vanadium(IV)? bis(acetylacetonato)oxovanadium(1¥)!! bis-
Non-lnsulln-depgndent(jlabetes mellitus (NIDDM) is the most (picolinato)oxovanadium(IV}2 and bis(maltolato)oxovana-
common form of diabetes in adult humafsand human studies dium(1V).23 Although potent effects due to peroxovanadium-
with an organic vanadium compound, KP-10% diabetic (V) complexes have been reported, these effects are observed
patients document the pharmaceutical potential of these typesi, "oy jtures or in live animals when oral administration is
of compounds as oral therapeutic agents. The American Diabéteg;ircymyented. All of the insulin-mimetic organic vanadium
Foundation identified hypo- and hyperglycemic episodes as the oo mpounds reported to date contain vanadium in oxidation state
main source of diabetic complications and recommended strict |\, Despite the efficacy of oral vanadium compounds in
glycemic control for all diabetic patients. Vanadium com- 5 vering blood glucose, the exact mechanism of action and the
pounds are therefore of particular interest because a range Ok, ge(s) are less obviodEvidence suggests that vanadate,
these comp(_)u_nds with |_nsuI|n-I|ke effects in th_e rat model of 5.4 presumably also other vanadium complexes, bypasses the
streptozotocin-induced diabetes support glycemic control. Thesejngjin receptor and activates glucose metabolism within the
compounds include simple salts (sodium ortho- and metavana-ce|| - presumably through inhibition of protein tyrosine phos-
date, vanadyl sulfate)and organic vanadium compounds, nhataseds Toxicity as observed by weight loss, poor appetite,
including bis(pyrrolidineN-carbodithioato)oxovanadium(lV),  yomiting, and diarrhea has been associated with ingestion of

bis(cysteine methyl ester)oxovanadium(FIN.N'-ethylenedi- \anadium compounds; therefore, the therapeutic index of some
— vanadium complexes (orthovanadate, metavanadate, and vanadyl
T Colorado State University. sulfate) can be quite narro¥® Nevertheless, recent efforts have
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Figure 1. Structure and numbering scheme for )iic™.

focused on identifying vanadium compounds with increased
potency and decreased toxicity’® The recent successes

Crans et al.

solution was a 3:3 comple®. The purpose of this study is to
determine the speciation and the properties of the complex in
aqueous solution. All known effective insulin-mimetic organic
vanadium compounds have a neutral charge; howeverigio™

is absorbed better than VO(mako)his paper describes the
speciation, stability, and lability of this complex at various pH
values.

Experimental Section

Materials. All chemicals used were of reagent grade. Water was
distiled and deionized on an ion-exchange column. Ammonium
oxovanadium(V) 2,6-pyridinedicarboxylate (MHO-dipic) was pre-

achieved with organic transition metal complexes suggest thatpared according to a literature metBbttand recrystallized from water.

modifications of the metal ion chemistries by the organic ligands
not only increased efficacy but also decreased toxicity.

Its purity was assessed By and*H NMR spectroscopy and elemental
analysis. A stock solution of 4.0 M KCI was prepared from distilled

The most successful vanadium complexes contain organicand deionized water.
ligands that are reasonably solubile in both organic and aqueous NMR Sample Preparation. The 'H NMR samples were prepared

environments and which are compatible with human metabo-

lism. Most of the compounds reported contain bidentate ligands

and have a 1:2 metal-to-ligand stoichiometry. The maltol ligand
(3-hydroxy-2-methyl-4-pyronéj is particularly desirable be-
cause, in addition to its favorable chemical properties, it is
already an approved food additive and is sold in health food
stores. Picolinic acid (2-pyridinecarboxylic acid) is a desirable
ligand because it alone has a low level of insulin-like properties
and is formed in the body as an intermediate in the tryptophan
degradation pathway. Furthermore, it is an approved food
supplement and Chromax chromium picolinate (tris(picolinato)-
chromium(lll)) is currently being used in human studies with
diabetic patient3® Recent organic vanadium complexes also
contain polydentate ligands and have a stoichiometry of 1:1,
which should reduce the potential for side product forma-
tion.219200ne recent successful ligand is dipicolinic atid?
This ligand is desirable because of its low toxicity and its
amphophilic nature. 3-Pyridinecarboxylic acid (commonly
known as niacin or vitamin 8, which is closely related to
dipicolinic acid, is a precursor for the coenzyme NAD and is
required in the human diet. Dipicolinic acid (2,6-pyridinedi-
carboxylic acid) is furthermore related to 2,3-pyridinedicar-
boxylic acid (quinolinic acid), which also is an intermediate in
the tryptophan degradation pathway and is a precursor for NAD.
We discovered that the vanadium(V) dipicolinate complex was

by dissolving the crystalline solid complex (or the crystalline solid
complex and free ligand) in deuterium oxide. The pH was adjusted
with a stock solution of DCI or NaOD. ThdV NMR samples for the
stoichiometry studies were prepared by mixing various amounts of stock
solutions of vanadate, free ligand (2,6-pyridinedicarboxylic acid), and
potassium chloride'>C NMR samples contained 33% (v/v) deuterium
oxide. The pH values were adjusted with 0.2 M HCl or 0.2 M NaOH.
The indicated pH is that measured unless the pH is below 0.5; then the
pHs indicated are calculated values.

NMR Spectroscopy.1D *H, 13C, and®V spectra were recorded on
a Varian INOVA-300 spectrometer (7.0 T) at 300 MHz fét, 75.4
MHz for °C, and 78.9 MHz forPV. Routine parameters were used
for 'H NMR spectroscopy*3C spectra were acquired with a 20 000
Hz spectral window, a 90pulse width, an acquisition time of 0.8 s,
and a relaxation delay of 1.0 & 5 Hz exponential line broadening
was applied prior to Fourier transformation. DSS (3-(trimethylsilyl)-
propanesulfonic acid sodium salt) was used as an external reference
for *H and*3C chemical shifts>V NMR spectra were acquired with
a spectral window of 83 600 Hz, a pulse angle df,&hd an acquisition
time of 0.096 s with no relaxation dela§tvV NMR chemical shifts
were referenced against an external sample of \UO@I 15 Hz
exponential line broadening was applied before Fourier transformation.
Complex and oligomeric vanadate mole fractions were measured using
the Varian integration software. Assuming that all vanadium present
in solution was in the form of vanadium(V), the mole fractions of
vanadium complex and oligomers gave concentrations of complex and
oligomeric vanadates.

Variable-temperaturéH, 3C, and vV NMR spectra also were

a more potent inhibitor for phosphatases than the correspondingrecorded. The temperatures for the variable-temperature experiments

vanadium(lV) and peroxo complex&sThis study led us to
pursue the activity of the V@ipic™ complex in live animals,
and we discovered that it is effective as an oral agefft??

The synthesis and structure of Wdpic~ were reported
previously (Figure 1¥324 Vanadium is five-coordinate in a
mononuclear complex anidf.Studies probing the reactivity
with H,O; in solution suggested that an important species in
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267.
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were calibrated using an 80% ethylene glycol sample in DMz @-

an accuracy of:2 K.?> The NMR spectra were recorded first at 298 K
and then at gradually increasing temperatures. Each sample was allowed
to equilibrate for 10 min at every temperature before the spectrum was
recorded. At the end of the temperature series, the sample was cooled
back to 298 K to ensure that no changes in the sample had taken place
during the variable-temperature experiment.

2D H and*C EXSY experiments were run on a Varian INOVA-
500 spectrometer (11.7 T) at 500 MHz féit and 125.7 MHz forC
at 20°C. The typical 2D'H EXSY spectra were recorded with a sweep
width of 1120 Hz, an accumulation time of 0.229 s, a delay time of
3.0 s, a mixing time of 0.5 s, and 128 increments of four scans each.
The 2D3C EXSY spectra were recorded with a sweep width of 7620
Hz, an accumulation time of 0.134 s, delay times of-229 s, mixing
times of 0.2-0.5 s, and 128 increments of four scans each. To increase
sensitivity, the spectral window was narrowed to include only the signal
region of interest. This reduced the size of the data matrix required in
the F1 domain and decreased accumulation times.

Solution Preparation for Potentiometric Studies.Solutions were
prepared by dissolving #dipic and NaVQ in distilled water under an
argon atmosphere. The vanadium in the stock solution was reduced to
V(IV) with HCI, and after removal of the Clions, the concentration
was standardized by permanganate titration as described é&ifliee.
hydrogen ion concentration in this solution was determined by the pH-
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metric method® The purity of the ligand and the exact concentration Table 1. Compositions, Notations, Formation Constants (®g
of the stock solution were determined by the appropriate Grartplot. and Acidity Constants () for the H"—dipic>~, H"—H,VO,4~, and
Individual samples were prepared by combining the appropriate H*—H2VO, —dipic?~ Systems [ = 0.40 M (KClI), 25°CJ?
calculated amounts of I!gand, vanadate, and KCI. The ionic strengths (r.a,p) notation logB (+3SD) Ka ref

of all solutions were adjusted to 0.40 M KCI.

Potentiometric Studies. The stability constants of the vanadium-  (1:1.0) Hd'_p'_co 4.49 (1) 4.49  this work
(V) complexes were determined at 256 by pH-metric titration of 25 %’1’3) '_Izg!p!0+ 6'522(1) 02'03 H."S Workk
mL samples. The pHs were measured with an Orion 710A pH-meter (3.1.0) Hdipic 1) ~0.5 this wor
equipped with an Orion Ross 8103BN-type combined glass electrode (3,1,1) H(VQdipic)® 16.3 (2) ~0.5  this work
calibrated for hydrogen ion concentrati®tiThe concentrations of the (2,1,1) VQudipic™ 15.79 (1) this work
ligand were 0.0040 and 0.0020 mol/L, and the metal ion to ligand molar (2,0,1) \Yeas 6.74 b
ratios were 0:4, 1:1, 1:2, and 1:4. Titrations were performed with KOH (—1,0,1) HVQZ -8.13 b
solutions of known concentrations (ca. 0.4 M) under a purified argon  (0,0,1) HVO,4~ 0 813 b
atmosphere to avoid interference from the oxygen and carbon dioxide (—2,0,2) V.07~ —16.03 b
in air. The pH range studied was +80.0 for the metatligand (-1,02)  HWOF" —5.77 10.26 b
systems. The reversibility of the complexation reactions was checked (0,0.2) HZvZCG)Z} 2.67 8.44 b
by back-titration, i.e., by titrating samples from basic pHLQ) with (-2,04)  ViOid 5 —9.64 b
HCI solutions of known concentrations. Equilibrium was reached in Eaégf) U\éojf _8gé g%? g
all these solutions within 5 min. Experiments were performed in (0.0.5) \/20125* 1137 : b
duplicqte_, and in all cases, the reproducibility of the titrati_on curves (410110) VigOo®™ 50:50 b
was within O.QOS _pH unit. A v value of 13.75 was determined and (5,0,10) HViOps> 57.00 650 b
used for the titrations at 28C andl = 0.40 M (KCI). (6,0,10) BV 1008+ 61.07 407 b

The stability constants calculated in this work are defined as shown (7,0,10) HV 100263~ 62.85 178 b

in eq 1, where M refers to HVO,4~ and L2~ refers to dipié~. The

concentration stability constangépqr) are defined in eq 2 and do not “The data in this table give a constant of 39102 M~ for

[VOdipicJ/[V 1][dipic?] (where, at pH 6.6, [V] = [H2VO47]). This
value is obtained from the table by using the constant for the 2,1,1

PM™ 4 gL + rH" = M L H, @R+ (1) species (15.79) and the reaction 2HH,VO,~ + dipic — VO.dipic™

+ 2H,0 (formation constant: [V@lipic™]/[H T]qHVO* ][dipic]).

B(par) = [M oLgH ] (P*H(ZCF)*('*)]/[M *]P[LZ*]CI[H +]f 2 At pH 6.6, the [H] concentration is 167¢ M and [H,VO*] = [V4].

Appropriate substitution gives a constant of 39 10* M~ for

Odipic7]/ dipic?-]. ® Calculated from data reported in ref 31.
consider the contributions of activity coefficients. The constants were [VOdipicV lidipic*] P

calculated using the computer program PSEQUAB The speciation v,
of vanadate into monomeric, dimeric, tetrameric, and pentameric species ”

was considered in the calculation of the overall speciation in this c Vv, V..
system?! When necessary in the speciation calculations, the stability PH7.3 2| Vs
constants used from previous reports were corrected for different ionic I
strengths by using the Davies equation. The errors indicated in Table pH 7.0 J‘\
1 refer to 3 SDs. —
UV/Visible Spectroscopy A series of studies were conducted with pH 6.1 J'\
a combination of NMR and UV/vis spectroscopy at 298 K. The UV/
vis spectra were recorded on a Perkin-Elmer Lambda 4 spectrometer
equipped with a variable-temperature bath. PH 5.2 J
Results and Discussion pH24 fL
NMR Spectroscopic Studies of the Vanadium(\3)-Hdipic
System.Studies were conducted to characterize the pH depen- pH 1.6 A
dence and stoichiometry of the \@pic™ complex. The®V c || voy
NMR spectra show only one signal @633 ppm for solutions pH 0.4 oo

of dissolved crystalline Ni¥/O.dipic (10 mM) from pH 1.6 to

5.2 (Figure 2). However, when the acidity increases and the pHO \

pH decreases below 1, the complex hydrolyzes to form*%O

as seen in Figure 2, where both complex and:V&re observed pH -0.3 /\C+VO,

at pH 0.4, 0, and-0.3. At pH 6.5 and above, less of the complex

[ARANARARY AL AR RAARE RRARS RARAN KAARE RARAN KARRY RALRN RARMS

-500 -520 -540 -560 -580 ppm

is observed and signals for vanadate oligomers are present. In
Figure 3 are shown th#1 NMR spectra of solutions containing
37 mM crystalline complex and 31 mM free ligand from pH
1.6 to pH 6.7 and, for comparison, a spectrum of only the
complex at pH 5.2. The signals for the H1 and H3 protons in ¢ompjex exhibits a triplet centered at 8.64 ppm. As the pH
the complex have identical chemical shifts and show a doublet i, ~reases above 6. the complex hydrolyzes to form vanadate
centered at 8.32 ppm. The signal for the H2 proton in the 5nq mainly dianionic dipicolinate (dipic). The corresponding

- - - - signals for the free ligand at pH 2.3 are 8.38 and 8.47 ppm. As
(28) lllr%lgglng-; Miles, M. G.; Pettit, L. DAnal. Chim. Actal967, 38, the pH increases, no change is observed in the chemical shifts
(29) Nagypah' I.; Fabian, Ilnorg. Chim. Actal982 62, 193-205. for complex. The free ligand, however, shows significant
(30) Zekany, Y. L.; Nagypal, I. InComputational Methods for the  changes consistent with deprotonation eélijic (signals at pH
Bf;g;’f“ﬂae“v\?ggrrcl’ggf'o” Constantseggett, D. J., Ed.; Plenum g 5g. H2, 8.18 ppm; H1 and H3, 8.10 ppm). In summary, the
(31) Elvingson, K; GonZez Barq A.; Pettersson, Linorg. Chem1996 *lV (Figure 2) and théH NMR data show that the complex is

35, 3388-3393. most stable in the acidic pH range.

Figure 2. 5V NMR spectra for solutions of dissolved crystalline NH
VOqdipic (10 mM) from pH—0.30 to+7.3.
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Figure 4. Experimental pH-metric titration points and calculated

| titration curves (full lines) for the H—H,VO, —dipic>~ system. The
WL experimental points for concentrations of Mnd >~ are 0.0020 and
PH16 ), J 0.0040 M ), 0.0010 and 0.0040 M), and 0.0020 and 0.0020 M
(O). (The experimental points are spaced out for better visibility.)
pH 5.2 C(H2) JC(HHHS) concentration range 0.6°0.4 mM; however, some free ligand
il was observed in samples at pH-@. Free ligand only was
e A observed in a sample with added 0.07 mM complex at pH 6.6.
8.9 8.7 8.5 8.3 8.1 7.9 pm Although most of the NMR and UV/vis studies were
Figure 3. *H NMR spectra of solutions containing 37 mM crystalline  conducted using the crystalline compound, identical spectra were
complex and 31 mM free ligand from pH 1.6 to 6.6 and a spectrum of gptained for solutions containing equimolar amounts of vanadate
the crystalline complex at pH 5.2. and Hdipic. This indicates that the solutions rapidly reach
Lo . . equilibrium and potentiometric studies would be useful in further
The stoichiometry was determined by measuring the NMR exploring the detailed speciation of this system.
spectra for a series of aqueous solutions _contain'rngOlmM Potentiometric Studies of the Vanadium(V)-H.dipic
vanadate and-110 mM Hdipic at pH 6.6 in the presence of gy tem A joint evaluation of the normal and back-titrations of
0.40 M KClI. Plotting [VQuipic™] as a function of [][dipic?fed the Hf—H,VO, —dipic~ system vyielded the concentration
gave a straight line, whereas plotting [Mfipic’] as a function  g¢apijity constants given in Table 1. Experimental pH-metric
of [V1]°[dipic?"ree® (or any other pertubation of vanadium and - yiration points and calculated ftitration curves are shown in
ligand) gave no linear relationship (data not shown)s][V  Eigyre 4. A separate evaluation of the two types of titrations
represents the concentration of total observed mononuclearprovided very similar stability constants within the range of 3
vanadium(V), which at low pH corresponds to [\’—2@ and at SDs given in Table 1. This indicates the complete reversibility
higher pH to the sum of [WO,] and [HVO#]. This ot the complexation reaction and the exclusion of any redox
information is only consistent with the possibility that the major \oaction between the reactants. The two log protonation
solution complelx. opserved at533 ppm has a sﬁoichiometry constants (lod.(Hdipic™) = 4.49 (£0.01) and logK(H.dipic)
of 1:1. The e_q_unzlbrlum constant at pH 6.6 (defined as VO — 5 3 (1:0.01)) are in good agreement with the results reported
dipic™}/[V 4][dipic* ed) for the VOudipic™ complex was found  ,e\iously32 The third log protonation constant characterizing
to be [1.2 (0.1 (3SD))] x 10° M™™. The stability constantis  he protonation of the second carboxylate group isHaHs-
known to be sensitive to ionic strength and a slightly lower dipict) = 0.5 (+:0.2) and was measured with lower accuracy.
formation constant was observed at pH 6.6 in the presence of 1o metat-ligand system was well described by a single

0.50 M _K_Cl (8.5 0.1 (3SD))]X_ 1 M_l)'_ ) species, V@ipic™, which was predominant in the pH range
_UVN|S|bIe Spectroscqpy StudiesThe c_)ptlca_l propertiesof  5_g The speciation curves of the HYO—dipic2~ system are
this complex were previously characterized in detaff We depicted in Figure 4The speciation and the stability constants

carried out a few studies combining NMR and UV/Vis spec- sptained for the species \idipic™ are in fairly good agreement
troscopy. In agreement with previous studies, we found that \yiih those obtained by th&V NMR spectroscopic studies
the UV/visible spectra have one local maximum with one or yescribed above. Using the potentiometric data, the H
two shoulders in the region 25300 nm. .The fine-structure dependent constant defined as Ba®ic [V J[dipic? xed was
features of the spectra are very sensitive to’pland the  cjcylated to be 3.% 102 M~ (see Table 1). Since the NMR
extinction coefficients neatmax are in the range (25) x 10° data are not as carefully pH-controlled as the potentiometric
M~icm™* (depending on ionic strengtf) Since both the ligand  measurements, the results obtained by these two methods are
and vanadate absorb in the same wavelength range and becausg general agreement. The stability constants determined here
the concentrations at which the UV/vis spectra were run were py hoth potentiometry and NMR spectroscopy are slightly higher
significantly lower than those used in most of the NMR studies inan those determined earlier with an ionic strength ©f1.0
described above, thodd NMR studies were carried out directly (NaClOy).32 The log equilibrium constant obtained for the
on the samples that were examined by UV/vis spectroscopy. In reaction VG* + dipicZ = VO.dipic- was 8.65 Ko = 4.47 x
general, it was found that, at low pHs and at low concentrations, 1 g M-1)32 and that determined in this work is 9.08.(= 1.12

the complex remained intact. Specifically, no evidence for the , 1 M-1). Since an increase in ionic strength decreases the
free ligand was observed in the samples at pHA2n the  giapility of vanadium(V) complexes in solutidAthe constants
reported in this paper are higher than those previously reported.

(32) Funahashi, S.; Haraguchi, K.; Tanaka, Morg. Chem.1977, 16,
1349-1353. (33) Crans, D. CComments Inorg. Chem994 16, 1—-33.
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Figure 5. Speciation diagram for a titration of the total vanadium(V) J\Ww A mﬂ\w«mw/\/vwwm /u\
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I
In addition to the major species, two minor species, a L \ | J ‘U‘
protonated complex, H(V&ipic)’, and a mixed hydroxo e o i e ot oo
complex, VQ(OH)dipic>~ (also described as VAipicH-,),

308 K M

: - 298 K
were assumed to check for a better fit. The fitting between the ’ Mﬂ | | (‘
experimental and calculated titration curves improved only by MWWW e I
~2% when these species were assumed. The log protonation ——— T

constant logka(H(VOdipic)®) = 0.5 + 0.2 characterizes the 180 175 170 165 160 155 150 145 140 135 130  ppm
protonation reaction V@lipic~ + HT = H(VO.dipic)® in accord Figure 6. Variable-temperaturé®C NMR spectra of a solution with
with the literature reports on the existence of this species in 730 mM added NV Odipic and 520 mM Hdipic at pH 6.6 £0.1).
acidic and organic solutioAsand the spectroscopic studies The spectra were recorded at 298, 308, 318, and 328 K and then again
described below. A log dissociation constant-dbg Ko(VO2- at 298 K.

dipicH-;) = 8.4+ 1.7 characterizes the deprotonation reaction

VO.dipic- + H,0 = VO,(OH)dipic= + H*. The high atoms (ce/CT, 171@ ppm; L6/L7, 174.6 ppm), the carbons
uncertainty of the latter log stability constant is indicative of adiacent to the pyridine nitrogen (C1/CS150 ppm; L1/LS,

the uncertainty with which this hydroxo species is characterized. 1°4-6 PPm), the meta carbon atoms (C2/C4, 129.7 ppm; L2/

Furthermore, this is not observed with NMR spectroscopy L4, 128.2 ppm), and t.he para carbon atom.(643,50 ppm;
because of the low stability of this species. The maximum L3 142.1 ppm) (see Figure 1 for the numbering system). This

concentrations of both of these species did not exceed 5% in@SSignment is consistent with the slow relaxation times for
the measured pH range£20) and are at the detection limit of carboxyl and ternary carbon atoms and with th_e |n_duct|ve and
these studies. resonance effects observed in heteroaromatic ring systems.

As seen in Figure 5, Va@lipic- complex formation is Furthermore, the assignment was confirmed with a DEPT
complete at acidic pH and practically no uncomplexed,¥O experiment which showed that the dipidigand is covalently

ion is present at pH-1.8, where the titrations begin. Despite co0rdinated in a tridentate manner to the vanadium.
this fact, a reasonable and accurate overall stability constant As the pH increased, no change was observed in the chemical
can be obtained for the major species {pic™ from the pH- shift. Lack of chemical shift change is consistent with no further
metric data since the equilibrium system is fixed to the high- deprotonation reaction taking place up until pH 7.6 (no more
pH range of uncomplexed MO,~ and HVQ?~ species. The complex was observed above this pH). The free ligand however
VO.dipic- complex does protonate at pHl and deprotonates ~ shows significant changes, consistent with deprotonation of
at pH>8. The VQ(OH)dipic> complex, if it exists at all, forms ~ Hdipic™ (Figure 3). Correspondingv. NMR experiments
in negligible concentration and is less significant than previously confirm the lack of deprotonation of the \(@ipic™ anion.
suggested? pH-potentiometry alone cannot alone determine if However, as the pH decreased from 2 to 0.5, a small but
the mononunclear species Wpic~ or its oligomeric forms ~ consistent change was observed by bth(<0.25 ppm for
(VO.dipic), are formed, since the equilibriunvO.dipic- = H2 and <0.05 ppm for H1/H3) and®V (2 ppm) NMR
(VO.dipic™), has no direct effect on pH. However, speciation Spectroscopy. The chemical shift changes at these low pH values
calculations together with the spectral results (see above) gaveMay suggest protonation of the complex on the oxo group,
no indication for the existence of the 3:3 species reported generating a species with the formula VO(OH)dipiSuch a
previously23 Spectroscopic structural characterization of the Species is very acidic; only a small fraction§%) of the
Species formed was carried out as described below. Complex was detected at pH 2 in the SPECiation study. However,
Solution Structure of the VO.dipic~ Anion. *H and 3C isolation of yellow H(VQdipic)e2H,O has previously been
NMR spectra were recorded to obtain information on the reported in both aqueous and ethanolic solutféns.
solution structure and ligand coordination of the vanadium. For  Motional Processes and Lability of the VQdipic™ Anion.
the aromatic ring!H NMR spectra showed a large shift for the Variable-temperature spectra were recorded for a solution with
H2 proton (8.64 ppm) and small shifts for the H1 and H3 protons added crystalline V@lipic and for solutions with both
(8.31 ppm) in the complex at pH 4.2. The large shift for the crystalline VQdipic™ and excess ligand biH, 5V, and 13C
ligand H2 (8.51 ppm) is consistent with direct coordination of NMR spectroscopy. For all pH values examined, dynamic
the pyridyl nitrogen to the vanadium, and the smaller shifts processes were observed. In Figure 6 are showAQ&IMR
observed for the ligand H1 and H3 (8.38 ppm) are consistent spectra of a solution containing 730 mM complex and 500 mM
with both carboxylate groups (more distant from H1 and H3) ligand at pH 6.6 recorded at 29828 K. No decomposition
being coordinated through a single oxygen. TRE NMR reactions took place, as evidenced by the fact that the identical
spectra of solutions (Figure 6) showed that all of the carbon spectrum was obtained after completing the variable-temperature
atoms are affected upon complexation: the carboxylate carbonexperiment. Exchange broadening was observed fof3all
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C(1/5) Interpretation ofH NMR EXSY spectra is complicated by the
C(3) C(2/4) fact that other types of processes are observed iAHE¢MR
L(6/7) COM7)  L(1/5) L(3) L(2/4) EXSY experiment, including cross-signals attributed to NOEs
o | “ | “ and scalar couplings. Thus, although Figure 8 shows a clean

T T T spectrum with cross-signals between pairs of ligand and complex
175 165 155 145 135  ppm protons, lower intensity cross-signals were observed between

3 F g complex H2 (C2(H2)) and complex H1/H3 (C(H1/H3)). These
QQ ER " cross-peaks signify scalar couplings or NOEs between complex
g 3 - protons and are not related to the dynamic process(es) being

x| investigated here.

e ] F - Using thelH NMR EXSY spectra, the exchange process was

& ;;J Es ' ’ examined as a function of pH. However, since this process is
§ o _J E ! inherent to the complex, it should be less sensitive to changes

[ ] in solution pH and was initially used as a reference for

S E - comparison!H NMR EXSY spectra were recorded at pH 0.9,

. E 1.6, 2.2, 3.2, 3.9, 4.2,5.3, 6.1, 6.6, and 7.1. In Figure 9 are

5 x shown thetH NMR EXSY spectra recorded at pH 4.2 and 2.2.

S ]k . As the pH approaches neutral, the cross-peaks indicating

£ EL I intermolecular exchange between Mpic~ and free ligand

< 3 increase significantly compared to the cross-peaks between

protons in the complex (compare Figures 8 and 9). Decreasing
Figure 7. 3C EXSY spectrum of the V@lipic™ complex (687 mM) the pH to 4.2, 3.9, and 3.2 yields EXSY spectra in which the
in the presence of free ligand (581 mM) at pH 6460(1). cross-peaks for the intramolecular system are equally as intense
as or more intense than the cross-peaks for the intermolecular
process. However, as the pH is decreased further to 2.2, 1.6,
N and 0.9, the intensity of the cross-peaks for the intermolecular
T e process begins to increase again and surpasses the intensity of
8.6 8.5 8.4 8.3 8.2 8.1 8.0 ppm the cross-signals for the intramolecular system (Figure 9). At
low pH, the cross-peaks for the intramolecular system are much
2 smaller than the cross-peaks for the intermoleculer process.

@ @ @ As shown in Figure 2, the chemical shifts for the free ligand
‘ varied significantly with pH, and accordingly, on the basis of
chemical shift differences, some changes in cross-signal intensi-
ties would be anticipated. However, the cross-peak volume
< ©——O0 intensities changed as a function of pH to a greater extent than
would be justified on the basis of differences in chemical shifts.
As indicated in Figures 8 and 9, complex and ligand exchange
is observed as the cross-peaks between the H2 of the complex
and the H2 of the ligand and between the H1/H3 of the complex
and the H1/H3 of the ligand. In Figure 10 are shown the total
@ 8 © exchange volume intensities as expressed by the ratios of total
exchange volume integrals (for the complex to ligand exhange)
‘ to diagonal signals as a function of pH. Although most of the
Figure 8. H EXSY spectrum of the V@lipic~ complex (694 mM) data shown were recorded for solutions with similar concentra-
in the presence of free ligand (572 mM) at pH 6280(1). tions, the results obtained with higher and lower concentrations
were similar, as indicated in Figure 10. Also, as clearly indicated
signals as the temperature was increased, and the carbonyin Figure 10, the exchange is least at pH43compared to either
signals at 174.6 and 171.8 ppm and the complex signal at 150.5lower or higher pHs. To validate this observation, a similar
ppm each disappeared into the baseline. To obtain additionalcomparison was carried out for the ratio of the total volume
information regarding the nature of this process, homonuclear integrals between the complex and ligand to the total volume
1H and3C EXSY NMR spectra were recorded. integrals between the complex H2 and the complex H1/H3. This
EXSY Spectroscopy'The initial focus was on determining ratio should Change as a function of pH if the differences in the
whether intermolecular processes such as ligand exchange takéability are genuine. Indeed, the ratio was found to be greatest
place in solutions containing \é@ipic—. BothH and!3C EXSY at low and high pHs (about 3540) and near unity at pH-34.
Spectroscopy were used to examine Comp|ex |ab|||ty e On the basis of this combined infOrmation, we conclude that
EXSY spectrum of the V@lipic™ complex (687 mM) in the the complex is least labile in the pH range from 3 to 4.
presence of free ligand (581 mM) at pH 6:6Q.1) is shown in In view of the complicating scalar couplings and NOEs,
Figure 7. The cross-peaks between ligand signals and complexsupport for the results shown in Figure 10 was sought by
signals are indicated by solid lines in this figure. These cross- recording the'3C EXSY NMR spectra at both low and high
signals signify that the dipfc ion in the VQdipic™ anion is pH values for comparison with the data obtained at pH 4.2.
exchanging with the free dipic ion in solution on the time Given the lower sensitivity of3C NMR, such experiments
scale of the NMR experiment. The correspondity EXSY require high concentrations, and as a result of the lower
NMR spectrum is shown in Figure 8 for a solution of 694 mM solubility at low pH, these spectra were recorded at lower
VO.dipic- and 572 mM free complex at pH 6.6:0.1). concentrations than those shown in Figure 7. Although the
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Figure 9. H EXSY spectra of the V@lipic- complex (37 mM) in the presence of free ligand (31 mM) at pH 4tD.0) (left) and of the
VO dipic™ complex (37 mM) in the presence of free ligand (31 mM) at pH 2B.0) (right).

2.0 nucleophilicity and the charge repulsion that develops between
VO.dipic™ and the free ligand. Specifically, digicis more
nucleophilic than Hdipic, which again is more nucleophilic
than Hdipic. However, as two negatively charged species
approach each other, charge repulsion builds. This repulsion
will be greater the larger the species charge. It is possible that
only a highly nucleophilic dipi& species can effectively
overcome the charge repulsion and consequently will continue
to attack the charged complex. Although the monoanionic
Hdipic™ ion will replace the ligand in the complex, the rate
0.5 will be slower because of reduced nucleophilicity. The neutral
Hadipic, on the other hand, will not generate such electrostatic
repulsion upon approach, and as more of this species becomes
0.0 T T present in solution, the rate of compfeligand exchange
0 2 4 6 8 increases again. As the solution becomes even more acidic, the
presence of ktlipict and VO(OH)dipi€ will begin to affect
pH the reaction in this system. That is,sdipict is a stable
Figure 10. Ratio of total volume integrals of exchange cross-signals alternative to complex, and as the pH decreases, the complex
between VQdipic™ and free ligand and the total diagonal signals stability begins to decrease again.
obtained fromH EXSY NMR spectra plotted as a function of pH. Biological Significance of the Chemical Properties of

The points depicted by closed diamonds represent data obtained fro LI . .
solutions containing 37 mM V@ipic- and 31 mM free ligand. The "™/0 dipic=. To date, the organic vanadium compounds that have

points depicted by the open square and the cross represent data obtaind@@€n reported with insulin-mimetic properties contain vanadium-
at approximately 10-fold lower and 10-fold higher concentrations, (V). In the case of VO(malte)and kojic acid analoguéthe
respectively. vanadium(V) complexes were also examined and found to be

inferior to the vanadium(lV) complexes. Similar observations

accumulation times for these spectra were much greater, thereVere made with VO(acagand its vanadium(V) analogue O
is no evidence for exchange in the pH-&region (the diagonal ~ @cac (unpublished). The recent observation that thedifiiz

signals are very clear as anticipated). Decreasing the pH to 2c0mplex also is very effective suggests that this complex
further limited the solubility of the ligand. However, it was still Maintains the desirable properties of the vanadium(IV) com-
possible to observe exchange in #8& EXSY NMR spectrum plexes. Although it is commonly recognized that vanadium
when the slices were examined separately (data not shown). IncOmpounds act as protein phosphatase inhibitors, other factors
summary, thé3C NMR data support théH NMR data in that suc_h as compound absorption will be very important to the
the exchange at pH-34 was not observable, whereas exchange &ction of the compounds. _ _ .
was observed at both higher and lower pHs. Since most of the reported active organic vanadium com-
Why would the complex lability decrease in the pH-& poun(_:is_ are neL_JtraI,_ one important question with regard_ to
regime? The explanation for the observed differences in ratesVO=dipic” chemistry is whether this species will be neutral in
of ligand-complex exchange is presumably associated with the the environment of compound absorption. On oral ingestion,
differences in protonation states of the ligand and the fact that the complex passes through the acidic stomach (pH)after
e e o e S ™
observation can be explained as a combination of the species  109-116.

1.5

1.0

Volume Integral Ratio
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which it proceeds to the intestine, where the pH is neutral. (V) compounds with polydentate O,N-donor-containing function-
Greatest absorption takes place when a complex is neutral. Thealities3739-41 It was therefore of interest to examine the lability
speciation and structural chemistry described above show thatof the VOudipic™ complex. The variable-temperature and EXSY
the VQO.dipic™ complex is very stable in the pH range of the spectroscopic studies described above show, perhaps not
stomach. Furthermore, the complex can protonate and form asurprisingly, that the V@lipic- complex also is labile under

neutral compound at low pH. AlthoughKgVO(OH)dipic) is

some conditions. Interestingly however, the lability is signifi-

~0.5 and only a limited amount of the complex is in this form cantly decreased in the pH range4 It is possible that the
at pH 2-4, the results show that some will exist in the form decreased lability of the complex in the appropriate pH range
that is most readily absorbed. These chemical properties pointis of significance with respect to its action in biological systems.

to the possibility that this type of compound is absorbed in the

Chemical studies such as those presented in this work cannot

stomach or is very quickly absorbed after arriving in the alone elucidate the mechanism or the compound properties that

intestine.
A series of organic vanadium(V) compleXe¥were recently

shown to be labil87-%1 These complexes include vanadium-
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can affect the insulin-mimetic action of these vanadium
compounds. Furthermore, the studies presented here do not
examine all aspects of the chemistry relevant to the insulin action
of these compounds. However, our results do thoroughly
describe the speciation and hydrolytic properties of our title
complex, and this is necessary information for evaluation of
the potential role that redox chemistry may have in the action
of this complex.
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