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Bisperoxovanadium(V) compounds with bidentate ligands have shown tumor growth inhibition by cleaving DNA.
The kinetics and mechanisms of ligand substitution reactions of two bisperoxovanadium(V) compounds [VO(O,)(bpy)]~
(bpVbpy) and [VO(O,),(phen)]~ (bpVphen) with entering ligands picolinic acid (pic) and dipicolinic acid (dipic) at
physiological pH are reported, and its relevance to their DNA-cleavage activities are discussed. The products of
the ligand substitution reactions with pic and dipic are the monoperoxo complexes [VO(Oy)(pic),]~ and
[VO(O,)(dipic)(H,0)], respectively. 51V NMR experiments indicate that bpVphen is substantially more inert in agueous
solution than bpVbpy. As a result, bpVbpy is more prone to ligand substitution and subsequent conversion to
monoperoxo species. The rate of reaction for bpVbpy was faster than that of bpVphen by an order of magnitude,
indicating that the ancillary ligand plays an important role in ligand substitution reactions. The ligand substitution
reactions of bpVbpy feature first-order dependence on both [pic]y and [dipic]r whereas the substitution kinetics of
bpVphen feature saturation behavior with dipic. The substitution reactions of both bpVbpy and bpVphen with pic
showed first-order dependence on [H*] whereas no acid dependence was observed for the reactions with dipic.
Hydrogen peroxide was determined to be a competitive inhibitor with respect to dipic. The ligand substitution
reaction mechanisms and the rate laws consistent with these results are presented. The substitution reactions with
pic and dipic proceed through different mechanisms; the substitution reactions with dipic proceed via solvolysis as
the first step in the mechanisms whereas the reactions with pic bypass solvolysis to go through a mixed ligand
monoperoxo vanadium intermediate.

Introduction been proven to reduce hyperglycemia in diabetic Talfs.
The mechanism of this mimetic action has been studied
extensively?13

Peroxovanadium compouridsare also known to mimic
insulin in vitro and in vivo via phosphotyrosine phosphatase
inhibition.2>-2! Furthermore, these compounds have been

Vanadium is found naturally in soil and water as a trace
metal. Vanadium compounds with oxidation states of Ill,
IV, and V exist in the environment and in biological systems.
The chemistry of the two latter oxidation states, in the form
of vanadyl(IV) and vanadate(V), is particularly relevant to
the biological action and the effects of vanadium in mam- (4) Shechter, Y.; Karlish, S. J. DNature 198Q 284, 556-558.
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shown to inhibit cancerous tumor grow#i?® and to induce
DNA cleavage chemically and photochemicafly?® Re-
cently, Kwong et af® examined DNA-photocleavage activi-
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It has been previously reported that addition of ancillary
ligand (e.g., phen) retards the DNA-cleavage activity of
[VO(O)(phen)f .28 Thus, dissociation of the ancillary ligand

ties of 15 peroxovanadium compounds by using a plasmid must be involved in the interaction between the bisperoxo-
DNA relaxation assa$? Among the 15 compounds that were vanadium compounds and DNA. In other words, a ligand
examined, [VO(Q)x(phen)] (phen= 1,10-phenanthroline)  substitution reaction takes place. Kinetics and mechanisms
showed the highest DNA-cleavage activity, that is, 99%. The of formation and decomposition of some peroxovanadium
authors proposed the possibility of singlet oxygen as the compounds have been reported in the literature. Also,
cleavage source. However, the mechanism of DNA cleavagereactions of peroxovanadates with amino acids and small
by these peroxovanadium compounds has not been elucidategeptides have been studied usthBNMR and®V NMR.31-34
yet. Also, an interesting finding was that [VO{@(phen)l However, these studies were done exclusively with simple
and [VO(Q)«(bpy)]” (bpy = 2,2-bipyridine) showed a  peroxovanadat& 2 or in acidic pH3* 4! The kinetics and
substantial difference in DNA-cleavage activities: 99% vs mechanisms of ligand substitution reactions of bisperoxo-
50%, respectively. It is surprising that the subtle change in vanadium complexes with ancillary ligands (e.g., [VQ®©
the ancillary ligand from phen to bpy resulted im-&®0% (L—L)]17), which employ small organic molecules as entering
decrease in the DNA-cleavage activity. The origin of this ligands, aneutral physiologicalpH have not been defined.
difference has not been explained. The above report by Therefore, we investigated ligand substitution reactions of
Kwong et al. prompted us to investigate the aqueous [VO(O2)2(bpy)]” and [VO(Qy)(phen)]” with picolinic acid
chemistry and the reaction kinetics of the bisperoxovanadiumand dipicolinic acid at physiological pH (Scheme 1). Herein,
complexes, [VO(@(phen)] and [VO(Q)x(bpy)I™, at physi- we report on the kinetics and mechanisms of these reactions
ological pH. and the relevance of the kinetics and mechanisms of ligand
substitution to the DNA-cleavage activities of [VQj&bopy)]
(12) Shechter, Y.; Eldberg, G.; Shisheva, A.; Gefel, D.; Sekar, N.; Qian, and [VO(Q)z(phen) .

S.; Bruck, R.; Gershonov, E.; Crans, D. C.; Goldwasser, Y.; Fridkin, . .
M.; Li, J. In Vanadium Compounds: Chemistry, Biochemistry, and Experimental Section

Therapeutic ApplicationsTracey, A. S., Crans, D. C., Eds.; American
Chemical Society: Washington, D.C., 1998; Vol. 711, pp-38&5
and references therein.
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(14) Butler, A.; Clague, M. J.; Meister, G. Ehem. Re. 1994 94, 625—
638.
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Shaver, AJ. Biol. Chem.1994 269, 4596-4604.
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366, 55—60.
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Anticarcinogenic Bisperox@anadium(VV) Compounds

boxylic acid (dipicolinic acid) were purchased from Aldrich,®} 1.0
(30% wi/v) was purchased from Fisher Scientific Co. Deuterium
oxide (DO, 99.9%) was purchased from Cambridge Isotope
Laboratories, Inc. Absolute ethanol was purchased from Gold Shield 08 |
Chemical Co. All chemicals were of reagent grade or the highest
purity available and were used without further purification. The
complexes NH[V(O)(O2)z(bpy)]-4H0 (bpVbpy) and NH[V(O)- g osr
(O2)2(phen)12H,0O (bpVphen) were prepared as described in the 8
literature?2 The complexes were fully characterized by Yuis, §
IR, and5V NMR. < 04r
Instrumentation. IR spectra were recorded on a JASCO FT/
IR-420 infrared spectrometer on a 3M polyethylene card Type 91. 02l
UV—vis spectra were recorded on a Shimadzu UV-2501 PC |
spectrometer, equipped with a thermostated cell compartitight.
NMR spectra were collected on a Bruker ARX-500 MHz NMR, 00
and VOC} was used as an external reference. A 1:1 mixture of 300 350 400 450 500
D,0 and 0.10 M, pH 6.8 sodium phosphate buffer ([NBBy)/ Wavelength/ nm
[Na;HPQy]) was used as the solvent f6V NMR experiments. Figure 1. Absorption spectra of bpVphen (0.9 mM) in a 0.10 M, pH

Stopped-flow kinetics were collected on an Applied Photophysics 6.8 sodium phosphate buffer, in the presence of increasing amount of pic
SX.18MV stopped-flow spectrometer. pH measurements were (0—0.3 M).
performed on a Corning pH meter 430.

Kinetics. Unless otherwise noted, all kinetics measurements were (Table S1 and Figure S1, see Supporting Informatidithe
carried out at 20C in 0.10 M, pH 6.8 sodium phosphate buffer presence of two ©0 stretches in the IR spectra is consistent
([NaH,PQOy)/[Na;HPQy]), with excess NHCI to maintain the ionic with the assignment of two peroxo ligands on vanadium. In
strength ¢ = 1.00 M). The final products from the ligand addition, each compound exhibited a singfé NMR peak
substitution reactions were characterized by-tiNs and®V NMR. around —748 ppm, which is in the expected range for

In ligand substitution reactions, 0.90 mM bpVbpy or bpVphen bisperoxo complexe¥:*3 However, bpVbpy and bpVphen
was reacted with excess pic (16:60.0 mM) or dipic solution (2.5 exhibit different stability in solution. For example, when
35.0 mM). The changes in absorbance at 350 and 366 nm Wereprbpy is dissolved in a 1:1 mixture of.D and 0 1’0 M
monitored for bpVbpy and bpVphen, respectively. The reported oH 6.8 phosphate buffer .a peak a16927 ppm a;ppear's

rate constants were determined using the initial rates method. ) . .
The effect of light on the rates of ligand substitution was also @PProximately after 6 h. This peak is due to [V(O}®

examined using a 100-W mercury lami(~ 350 nm). AUG-1  (H20)]~.*"*3Thus, the bpy ligand on bpVbpy dissociates,
glass filter and a copper sulfate solution filter were used to cut off Producing the bisperoxo-aqua species. In contrast, the phen
the visible (425-675 nm) and IR regions, respectively. complex, bpVphen, is stable for more than 2 days in solution.
The effect of pH on the rates of ligand substitution was examined Nevertheless, solutions of the vanadium peroxo complexes
by conventional UV-vis and stopped-flow spectrometer. The pH were freshly prepared before each experiment.
ranges of 2-7 and 4.5-7 in 0.1 M sodium phosphate buffer were | g kinetic experiments, the absorbance changes at 350
%Sei;‘l)rbt_'r_f rg}f‘g_‘g?gsa"‘:i‘rgc ;”st'rF;gége(sﬁeg‘;“vgg" ItD'll‘Jeecth the hm and at 366 nm were monitored for bpVbpy and for
W upiity IPIC, W T W utilized. . . .
At pH below 4, dipic precipitates out of solution. The pH of each prphen, respgctlvely, since absorpthn atthese W.aV(?IengthS
solution was adjusted by adding appropriate amounts of concen-(:‘_')(hlt.)lted maximum changes upon “ganq sgbstltutlon. A
trated HCI or NaOH. For the reactions of bpVphen with pic below titration plot of bpVphen with pic 'S, shown in Figure 1. The
pH 3, in which the reactions are too fast to monitor by conventional Shoulder at 366 nm decreases while a broad band at 450 nm
UV —vis, stopped-flow was utilized. increases. The broad band at 450 nm represents the mono-
Inhibition by H,O, was investigated by UMvis for ligand peroxo-picolinate (mpVpig species®444The molar extinc-
substitution reactions of bpVphen. Several entering ligand (dipic: tion coefficients for both complexes, at 350 nm for bpVbpy
10 and 30 mM; pic: 50 mM) and #®;, (10, 20, 30, 50, and 500  and 366 nm for bpVphen, were determined using Beer's Law
mM) concentrations were used. plots: ezsonn(bpVbpy) = 604 £ 2 M1 cm! and esgennr
The effect of HO, .concentration on the monoperoxio.products (bpVphen)= 563+ 2 M~1 cm . The concentrations of the
was probed by U¥-vis and®V NMR. Solutions containing 0.9 comnounds in solutions were calculated using the above
mM bpVphen and excess dipic (10 and 30 mM) or pic (50 MM) 4101 extinction coefficients. pic and dipic were chosen as
were allowed to equilibrate overnight, prior to the addition of excess . . . L .
H,0,. the.enterlr?g Ilgapds for ligand substitution studies because
their reactions with bpVbpy and bpVphen produced a clean,
Results single-product species with no side products. When oxalate
and citrate were used as entering ligands for the ligand
substitution reactions with bpVbpy, the substitution reactions
yielded multiple products and exhibited complex kinetics.

General Features of Vanadium Peroxo Complexes and
Their Ligand Substitution Reactions. The bisperoxovana-
dium complexes (bpVbpy and bpVphen) showed the ex-
pected IR stretches and WWis extinction coefficients (43) Conte, V.. Di Furia, F.. Stefano, Maorg. Chim. Actal99§ 272

62—67.
(42) Vuletic, N.; Djordjevic, CJ. Chem. Soc., Dalton Trans973 1137 (44) Djordjevic, C.; Vuletic, N.; Renslo, M. L.; Puryear, B. C.; Alimard,
1141. R. Mol. Cell. Biochem1995 153 25—-29.
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Figure 2. 5V NMR spectrum of a mixture containing bpVbpy (0.9 mM) and dipic (30 mM) in a 1:1 mixture,f Bnd 0.10 M, pH 6.8 sodium phosphate
buffer, taken 20 min after the beginning of the reaction.

For example, the reaction of bpVbpy with citrate gave six 60 ' ' ' '

different peaks in the'v NMR spectrum. On the other hand, (A)
the reaction of bpVbpy with dipic features two distinctive 50 - 1
peaks in théV NMR spectrumg —748 for bpVbpy and
—596 for [V(0)(Oy)(dipic)(H.0)]~, mpVdipic, without ac- 40 b .
cumulation of intermediates (Figure ¥)Also, Figure 1
features a distinct isosbestic point-a05 nm, indicating
that a single set of reactants gives a single set of products in
constant proportion¥. 20 L P i

Ligand Substitution Kinetics. The ligand substitution -
reactions of bpVbpy and bpVphen with pic and dipic yield 10 -7
the monoperoxo complexes (Scheme 1). The substitution e
reaction with dipic produces [V(O)@Xdipic)]~ (mpVdipic) P
whereas the reaction with pic produces [V(O)(@®ic).]~ 0 001 002 003 004 005 006
(mpVpicy). In the case of pic, the bpy or phen ligand and [Ligand]/ M
one of the two peroxo groups are replaced by two molecules 5
of pic. The %V NMR spectrum of a reaction mixture £
containing bpVphen (0.9 mM) and pic (50 mM) in a 1:1 ’
mixture of D,O and 0.10 M, pH 6.8 sodium buffer, taken ir = ]
after completion of the ligand substitution reaction, shows a ¢ s
single peak at-632 ppm. This peak is assigned as mp¥pic
whereas mpVpic with only one pic ligand on vanadium
occurs at—600 ppmt7:43:44.46

The extent of the ligand substitution reactions depended w8 2r / ]
on the concentrations of the entering ligands. As revealed ?
by UV—vis, the final absorbance values at the end of sub- ’
stitution reactions varied with the entering ligand concentra- A
tions (data not shown). This result indicates that the ligand
substitution reactions are reversible (i.e., in equilibrium). 0 1 1 L 1 L L

As shown in Figure 3, the observed first-order rate 0 oor o 0,'03 004 005 006 007
constantskus = wil[bpV(L—L)]i, s71) of the ligand substitu- _ _[L'gand]T/ M N
tion reaction with bpVbpy and bpVphen reveal a linear, first- ﬁ;ll“;ﬁ d3-pi C(A()"P'St ffl“))fs(";) ['I'Dglz?dgff Vk‘gkt)*: 359 [IriZ;I\::n?j?Tv\?v?t)lr{ g.lglcm'h)l
order dependence on [pic]The most striking difference bpVphen: dipic ® —) and pic @, — — —). Observed first-order rate
between pic and dipic is that the ligand substitution reaction constantsKys9 are summarized in Table S2 in the Supporting Information.

5 -1
kobs (10 )/'s
8
T
1

4 05)/ s
\

obs

(45) Moore, J. W.; Pearson, R. Ginetics and Mechanisngrd ed.; Wiley- of bpVphen with dipic shows saturation behavior at [dipic]
Interscience: New York, 1981; pp 4%0. > 0.020 M (Figure 3B), whereas pic shows a linear, first-
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order dependence with both bpVbpy and bpVphen. Also, 1
the rate at [pic] > 0.050 M exceedsthe plateau value
(saturation) of the observed rate (i.e., the maxiniggy for
the reaction of bpVphen with dipic. These results indicate 4
that the ligand substitution reactions with pic and dipic

proceed through different mechanisms. 2

It is noteworthy that the substitution reaction rates for
bpVbpy are an order of magnitude faster than those for
bpVphen. Also, the reaction of bpVbpy with dipic does not
feature saturation kinetics. Again, this result demonstrates
the differences in substitution kinetics between bpVbpy and
bpVphen.

The effect of light on the rate of ligand substitution for
bpVphen is shown in Figure S2 in the Supporting Informa- 7
tion. A reaction mixture containing bpVphen (0.9 mM) and
pic (50 mM) was irradiatedi{; ~ 350 nm) for the entire
duration of the substitution reaction. The presence of light
enhances the rate of reaction 2-fold. The observed first-order 25
rate constant for photochemical substitution is (6.9.1)

x 1075 s71, whereas the observed rate for the thermal reaction -3.0
is (3.884- 0.02) x 10°° s % The rate enhancement due to
photolysis can be explained as a result of photochemical
dissociation of a peroxo ligand.

pH Profile. The pH dependence of the ligand substitution
reactions was determined. At the end of each reaction, the 45
pH of the reaction solution was measured to verify that the
pH remained constant throughout the reaction. Figure 4
shows the pH profiles for the reactions of bpVbpy and 55
bpVphen (both 0.9 mM) with 50 mM pic, 10 mM dipic,
and 30 mM dipic. For the reactions of bpVphen, the 5o Y . " . s
employed concentrations of dipic, that is, 10 and 30 mM, pH
were chosen to represent the linear, first-order ligand Figure 4. (A) Plot of log kebsVs pH for the reactions of 0.9 mM bpVphen
dependence region and the ligand-saturated, zero-ordemwith 50 mM pic @, —), 10 mM dipic (¥, - --), and 30 mM dipic ©,
dependence region, respectively (see Figure 3B). pic features ni'wap)if'g, Cf)'oagrf‘gbgo"; m?;i;hafgagﬂggé of 0.9 mM bpVbpy with
a linear pH profile, characteristic of first-order dependence
on [H*] over a pH range of 27. In contrast, the reactions  The hydrogen peroxide inhibition with dipic does not set
of bpVphen with dipic both 10 and 30 mM) exhibit no  in at the beginning of the reaction, as observed for pic. For
dependence on [H over the pH range of 4:57, Figure instance, the ligand substitution reaction with 10 mM dipic
4A. For the reactions of bpVbpy, pic features first-order proceeds undisturbed without any sign of inhibition for the
dependence on [H, Figure 4B. dipic, however, shows an initial 1000 s, even in the presence of 500 mMd (Figure
intermediate slope (ca-0.31 =+ 0.03), indicating that the  5A). Then, the ligand substitution reaction is terminated, and
acid dependence is between zero- and first-order for thethe bisperoxo species is regenerated, as evident from the

obs
&

log k

-2.0

-3.5

obs

-4.0

log k

-5.0

reaction of bpVbpy with dipic. subsequent increase in absorbance. When an equal amount
H-0- Inhibition. Since ligand substitution reactions of (10 mM) of hydrogen peroxide and dipic is present, the
bisperoxovanadium complexes yield monoperexanadium  ligand substitution reaction is finished after approximately

species, hydrogen peroxide is expected to inhibit the reaction.5000 s. Thus, in the presence of adde®} the reactions
Indeed, when excess hydrogen peroxideQjl = 500 mM) of bpVphen with 10 mM dipic shows no inhibition initially,

is added to a reaction mixture containing 0.9 mM bpVphen but the extent of reaction is less; the equilibrium lies in favor
and 50 mM pic, the ligand substitution reaction comes to a of bpVphen rather than mpVdipic.

halt (data not shown). Representative time profiles for In the limit of zeroth order in [dipig] (i.e., =30 mM, see
reactions of 0.9 mM bpVphen and 50 mM pic in the presence Figure 3B), the ligand substitution reaction features very little
of various amounts of yD, (0, 20, and 50 mM) are shown inhibition even at 500 mM kD, (Figure 5B). The most

in Figure S3 in the Supporting Information. The rate of the striking feature of the hydrogen peroxide inhibition with dipic
reaction containing 20 mM #D; is retarded noticeably by s that the extent of inhibition is dependent on the concentra-

a factor of 5, and the reaction containing 50 mMQ4 is tion of dipic. As illustrated by Figure 5A,B, the absorbance

completely inhibited. values at equilibrium depends on the concentration of dipic.

(46) Conte, V.; Di Furia, F.; Moro, S1. Mol. Catal. A1997, 117, 139 For example, when 500 mM £, is present, the final
149. absorbance is-0.493 with 10 mM dipic and~0.435 with
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0.52 T

Absorbance @ 366 nm

0.42 L
0 2000

4000 6000 8000 10000
Time/ s

0.52

0.50

0.48

0.46

Hwang et al.

Absorbance

I
(%
T

0.0
300 350 400 450 500

wavelength/ nm

Figure 6. Absorption spectra of bpVphenr-), the bisperoxo species from
mpVpic; (— — —), and the bisperoxo species from mpVdipic (- - -), after
addition of 500 mM HO,.

complex resulting from mpVpideatures a different absorp-
tion spectrum. The sharp peaks-~a825 and 345 nm that

are present in the bpVphen spectrum have disappeared. The

bisperoxo complex from mpVpicaffords consistentlya
chemical shift that is 0.5 ppm more downfieldl {745.8),
Figure S4 (Supporting Information), than that observed for
bpVphen. Since the known compound bpVpic ([V(O)-
(O2)2(pic)]?) occurs at—744 ppmt’43464iye contend that
the product from the addition of excess®4 to mpVpig is

a mixture of bpVphen and bpVpic. On the basis of these
findings and the principles of microscopic reverse, ligand
substitution reactions with pic and dipic proceed through
different reaction intermediates.

Activation Parameters. The temperature dependence of
the substitution reactions with pic and dipic was investigated
over the temperature range of-180 °C at various ligand
concentrations (Table 1). The data were used to construct
30 mM dipic. In fact, in the presence of 30 mM®: and linear Eyring plots (eq 4 and Figure S5 (Supporting
30 mM dipic, no inhibition effect upon the ligand substitution Information)) from which the activation parameteist*
is observed, as apparent from the initial rates: (3.28+ andAS’ were determined. The values of rate constants along
0.02) x 108 M s~tin the absence of ¥D, versusy; = (3.24 with activations parameters for ligand substitution reactions
+ 0.02) x 108 M st in the presence of ¥D, (Figure 5B). are summarized in Table 1. For the substitution reactions of
Hence, hydrogen peroxide is a competitive inhibitor with bpVphen with 30 mM dipic, in the limit of zeroth order in
respect to dipic. [dipic]t (see Figure 3B), first-order rate constants were used

When excess hydrogen peroxide (500 mM) is added afterto construct Eyring plots. In all other cases including the
the substitution with dipic or pic is completed, the mono- reactions of bpVphen with 10 mM dipic, the observed rate
peroxo vanadium products (mpVpiand mpVdipic) react  constants K, were normalized by the entering ligand
with hydrogen peroxide through different routes. The identity concentrations since the substitution reactions are bimolecular
of the generated bisperoxo complexes was examined byand the rates depend on the entering ligand concentration.
UV —vis and®V NMR. Our results indicate that mpVdipic  Thus, second-order rate constarkés(mol~ s™*) were used
in the presence of excess hydrogen peroxide reverts to then eq 1 for these cases.
starting complex bpVphen, which is in line with our finding ‘
that the equilibrium of ligand substitution of bpVphen with |n(i_<) = |n(ﬁ) + g _AH (1)
dipic lies in favor of bpVphen rather than mpVdipic (vide T h/ = R RT

As shown in Table 1, the values &fH* determined for

infra). As evident by the absorption difference spectra shown
in Figure 6, the UV-vis spectrum for the bisperoxo product ppvphen are slightly higher than those for bpVbpy. More

from mpVdipic and excess 4@, is identical to bpVphen.
Furthermore, the addition of excess hydrogen peroxide to (47) Shaver, A.; Ng, J. B.; Hall, D. A.; Lum, B. S.; Posner, Blrlorg.
mpVdipic yields a chemical shift in th&V NMR that is Chem.1993 32, 81093113,

) - - (48) Espenson, J. HChemical Kinetics and Reaction Mechanisr@ad
consistent with bpVpherd(—746.3). However, the bisperoxo ed.; McGraw-Hill: New York, 1995; pp 156164.
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Figure 5. (A) Plot of absorbance vs time for reactions of 0.9 mM bpVphen
with 10 mM dipic in the absencé&l) and presence of 10 mMD) and 500
mM (a) Hx0.. (B) Plot of absorbance vs time for reactions of 0.9 mM
bpVphen with 30 mM dipic in the absendg)(and presence of 30 mMD)
and 500 mM 4A) H20;.
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Table 1. Rate Constants and Activation Parameters for Ligand Substitution Reactions of bpVbpy and BpVphen

rate constants (k), L mol~1st

bpVbpy bpVphen

T,K L'= pic (50 mM) dipic (30 mM) pic (50 mM) dipic (10 mM) dipic (30 mMy-f
283 1.38x 1073 5.62x 1073 2.63x 104 6.78x 104 8.56x 1076
293 4.35% 1073 1.46x 1072 7.76x 1074 2.68x 1073 3.65x 10°°
303 1.20x 1072 5.28x 1072 2.47x 1073 8.29x 1073 1.17x 104
313 3.11x 1072 1.30x 101 7.71x 1073 2.10x 1072 3.33x 104
AH¥, kJ mol? 73.9+ 0.8 76.3+ 3.9 80.6+ 2.5 81.9+ 34 87.2£ 2.9
AS, IJmolrtK-1 —-37.9+26 —18.4+ 13.0 —28.8+ 8.3 —-15.2+ 115 -33.0+9.8

a Experimental conditions: 0.9 mM bpV(tL); L' = entering ligand (pic or dipic); in 0.1 M pH 6.8 sodium phosphate buffer; ionic strergttO M.
b All rate constants have error values less than S&molecular, second-order rate constants (except 30 mM digick: (vi/[bpV(L—L)]i)/[L']. ¢In the
limit of first-order dependence on [dipic]see Figure 3B)¢ In the limit of zeroth-order dependence on [digic]Unimolecular, first-order rate constants:
k = wil[bpV(L—-L)]i, s~

Scheme 2
T i i
k. o
Vs A "o ! /7m0 § L oL
C’V\/ + 2H,0 VS / I\
/1™ R
k/L OH

o, |||\‘0
O/ W /|\0 + o, + HO

OH,

importantly, the values oASf for these reactions are not one molecule of KO is coordinated to vanadiuki#344We

very negative, and\ S for substitution reactions with dipic  do not have spectroscopic evidence to distinguish the number

are somewhat less negative than those for the reactions withof H,O molecules in the first coordination sphere of the

pic. For exampleAS for the reaction of bpVbpy with pic  intermediate species. Nonetheless, two moleculesOfdite

is —38 J mott K1 whereasAS' for the reaction with dipic used in the solvolysis step to fulfill the coordination number

is —18 J mof'! K. These activation parameters indicate of sevent’4® The second step of the mechanism involves

that the reactions with pic and dipic proceed through different association of the bisperoxo-aqua intermediate and fully

activation processes and thus different mechanisms. How-protonated dipic to form mpVdipic, alongside the dissociation

ever, the small and negative values\& in general indicate  of H,O, and one molecule of #. Interestingly, fully

an |, (Interchange, Associative) intimate mechanism for protonated dipic is chosen as the reactive species in the

substitution on vanadium(W)bisperoxo complexes. second step of the mechanism since using deprotonated dipic
as the reactive species results in a rate law that is not

Discussion consistent with our results. The simplified, experimental rate
Substitution Reaction Mechanism: dipic. The bisper- law, derived according to the mechanism in Scheme 2, is

oxovanadium complexes, bpVbpy and bpVphen, react with given in eq 2, where [bpV(EL)]: and [bpV(L—L)] are the

pic and dipic to form monoperoxo species, mp\fpand concentrations of bisperoxovanadium compound at time

mpVdipic, respectively (Scheme 1). As stated above, our and at equilibrium, respectivefy.The full rate law and its
results indicate that the ligand substitution reactions of the derivation are given in the Supporting Information.

bisperoxovanadium complexes with pic and dipic proceed .

through different mechanisms. The substitution reaction _ dibpV(L-L)] — klkZ[d'p'C]T[H+]2

mechanisms must conform to the following: (1) the satura- dt ky[dipic]{[H 1% + k_,[H,O,][H "1?

tion behavior of bpVphen with dipic; (2) first-order depen- ([bpV(L—L)], — bpV(L—-L)]) (2.1)
dence on pic; (3) first-order dependence and zeroth-order

dependence on [ with pic and dipic, respectively; and ~ d[bpV(L—L)] _ kiko[dipic];

(4) competitive inhibition by HO, with respect to dipic for at ~ \k[dipic]; + k_,[H,0,]

the reactions of bpVphen. The substitution reaction mech- (bpV(L—L)], — [opV(L—L)]) (2.2)
anism for the ligand substitution of bpV<tL) with dipic is

illustrated in Scheme 2. The rate law in eq 2 is consistent with the experimental

As shown in Scheme 2, the mechanism consists of two results. First, it explains the saturation behavior observed
reversible steps. The first step in the mechanism involves for bpVphen with dipic as well as the competitive inhibition
solvolysis and dissociation of the ancillary ligand (i.e., bpy of H,O.. In the limit of first-order dependence on [dipic]
and phen), thus forming bisperoxo-aqua complex ([bpV- (i.e., [dipic}y < 10 mM), the observed rate constant becomes
(H20),]) as the reaction intermediate. It is possible that only kops = kiKo[dipiclt/[H20;], thus giving rise to first-order
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dependence on [dipigjpnd inhibition by HO,. In the limit
of zero-order dependence on [dipiclhe termky[dipic]t in

the denominator dominates, and the observed rate constant

reduces td;, which explains the saturation kinetics and the
absence of kD, inhibition. The substitution reactions of

bpVbpy, on the other hand, feature first-order dependence

on [dipic]r over the wide concentration range investigated.
As mentioned above, oV NMR experiments revealed

that bpVphen is substantially more stable in solution phase
than bpVbpy; the dissociation of bpy from bpVbpy proceeds
considerably faster than dissociation of phen from bpVphen.

Hence, the solvolysis step for bpVbpy does not become rate

determining, even at high dipic concentrations.
Furthermore, the rate law (eq 2.2) predicts no™JH

dependence, which agrees with experimental results over a

broad range of pH (457), Figure 4A. In the case of
bpVbpy, however, the pH profile gave a slope -60.31,
Figure 4B. The slope is substantially lower thanl,
indicating that the acid dependence is not first-order.
Therefore, the slope 0f0.31 in the case of bpVbpy must
rise from contributions of other terms in the denominator of
the full rate law (see Supporting Information), suchkag

Ka " "[H205][H*] and/or k1K™ [L —L][H *].

The activation parameters (Table 1) provide insight into
the mechanism. In the limit of zero-order [dipic]the
reaction of bpVphen with dipic (30 mM) affords, albeit small,
a negative value oAS' (—33.0 J mot! K-1). Hence, the
solvolysis stepK;), which is rate-determining in that limit,
is associative in character. TeS' values for the reaction
of bpVbpy with dipic and the reaction of bpVphen and dipic
(10 mM), in the limit of first-order dependence on [digic]
are quite small and comparable18.4 and—15.2 J mot?
K~1, respectively (Table 1). In fact, within experimental
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Figure 7. (A) Comparison of experimental dat@) and simulated kinetic
trace () for the substitution reaction of bpVphen with dipic. Experimental
conditions: [bpVphen]= 0.90 mM, [dipiclf = 30 mM in 0.10 M, pH 6.8
sodium phosphate buffer at 2€. Simulation conditions: [bpVphes}
0.90 mM, [dipich =30 mM,k; =4.0x 10°5s 1, k; =0.85 M1s! k,

precision these values are essentially zero. When the reactions: 6.5 x 103 M~1s%, k_, = 0.25 M-t 5L, (B) Comparison of experimental

are first-order in [dipic], the observed rate constant reduces
to kiK[dipiclt/[H20,] (eq 2.2). Thus, the observed rate
constant, in the limit of first-order [dipig] is a composite

of elementary steps, and experimentally determin&lis

the sum of AS* and AS°* The second step in the
mechanism involves association of one molecule of dipic
and dissociation of KD, and HO. Therefore AS,® for this
equilibrium step is likely positive. As a result, the observed
values ofAS" arelessnegative than those for the reactions
of bpVphen with 30 mM dipic.

To examine the validity of the above mechanism for the
substitution reactions with dipic, the kinetic simulation
program HopKINSIM® was used to simulate time profiles.
The mechanism shown in Scheme 2 was used in the
simulation, which was contrasted to experimental data. Figure

(49) Experimentally important terms from the full rate law, which match
our experimental results, are included in the simplified, experimental
rate law. Note that the inhibition term by ancillary ligands (i.e., bpy
and phen) is not included in eq 2. Due to the low solubility of phen
in aqueous solvents, inhibition effect of phen on the substitution
reactions was not investigated. Since the ancillary ligand dissociates
in the mechanism, the term involving inhibition by ancillary ligands
could very well be a contributor in the denominator of the simplified
rate law k-1[L —L][H *]?, see Supporting Information). However, this
inhibition term is omitted from the simplified, experimental rate law
for clarity of discussion.

7974 Inorganic Chemistry, Vol. 42, No. 24, 2003

data ©) and simulated kinetic trace—) for the substitution reaction of
bpVbpy with dipic. Experimental conditions: [bpVbpyF 0.90 mM,
[dipic]r = 30 mM in 0.10 M, pH 6.8 sodium phosphate buffer at°2Z0
Simulation conditions: [bpVbpy]= 0.90 mM, [dipich = 30 mM, k; =
70x 10%s Lk 1=16M1s k=20x102M1s1 k,=0.8
M-1s71

7 displays experimental data alongside simulated time
profiles. The value ok; was fixed to 4.0x 10°°s™%, which

is close to the saturation value from the least-squares fit in
Figure 3B, since this value provided a simulated time profile
that matches experimental data. All other rate constants were
predicted values that provided best-fit. The initial rates of
simulated kinetic traces were sensitivekio whereask_i,

k., andk_, only affected the final absorbancei.} and the
curvatures of the traces.

For the substitution reaction of bpVphen with diplg,
value of 4.0x 10°° s™! provided a simulated kinetic trace
that is in excellent agreement with the experimental time
profile (Figure 7A). On the other hand kavalue of 7.0x
10 % s ! for the reaction of bpVbpy, approximately an order
of magnitude larger than that of bpVphen, proved to yield a
kinetic trace that matches experimental data (Figure 7B).

(50) The Macintosh version of KINSIM. See Barshop, B. A.; Wrenn, R.
F.; Frieden, CAnal. Biochem1983 130, 134-145.
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As shown in the mechanism, the first step of the ligand
substitution reaction with pic is the association of protonated

Furthermore, according to the mechanism shown in pic molecule and formation of [VO(£)pic)(L—L)] as an
Scheme 2, both bpVphen and bpVbpy give rise to the sameintermediate; the mechanism does not involve solvolysis.

reaction intermediate, namely, [V(O){2(H-0),] . In other
words, the values df, andk_, should be the same for both

This may be attributed to the smaller size of pic compared
to that of dipic. Thus, pic bypasses the solvolysis step. In

bpVphen and bpVbpy. Interestingly, for the best fits the the second step of the mechanism, a second molecule of

actual predicted values & andk_, for bpVbpy are slightly

protonated pic reacts with the mixed ligand intermediate to

higher than those for bpVphen by a factor of 3. This form the product mpVpic In this mechanism, HO
discrepancy is rationalized by the fact that the reactions of dissociates in the first step, whereagdq is generated in
bpVbpy with dipic are not as “clean-cut” as the reactions of the second step of the mechanism for dipic. HChen,
bpVphen. For example, the difference in the pH dependencerapidly equilibrates with H to form H,O,. Again, protonated
between bpVphen and bpVbpy (Figure 4) is a good point in pic is used as the reactive form since using deprotonated
case that illustrates contributions from other terms in the full pic as the reactive species results in a rate law that is

rate law for bpVbpy. Nevertheless, the sakig= kio/k_,)

inconsistent with experimental results. The simplified, ex-

of 0.025 is obtained for both bpVbpy and bpVphen. This perimental rate law (eq 3) contains a [ﬁid}erm in the
again substantiates the hypothesis that the mechanism ohumerator. Since our kinetics feature first-order dependence

substitution for bpVbpy and bpVphen with dipic is the same.

Substitution Reaction Mechanism: pic. The ligand
substitution reactions of bpVtL) with pic must proceed

on [piclr for both bpVbpy and bpVphen (Figure 3),
kaKPpic]t > k_aK5?%H,0,]. Hence, under the employed
experimental conditions, and in the absence of excess hy-

through a different mechanism than the one described abovedrogen peroxide, the observed rate constantkig}"®)-

for dipic since the observed rate constants at high {pic]
concentrations (i.e5 50 mM) exceed the plateau (saturation)

[pic]t[H"], which explains the first-order dependence on
[pic]t and [H"]. The first step ks) is rate-determining and

value of the reactions with dipic. The reaction mechanism the second step is fast. It is worth noting that having the

for ligand substitution on bpV(tL) with pic is illustrated

solvated bisperoxo adduct, V(@¥O,), (OH,),™, available

in Scheme 3. The simplified, experimental rate law for the for substitution with dipic would dictate that this same

mechanism is given in eq 3, whek&® and K7°2 are the
acid dissociation constants for pic ang@, respectlvely19
The full rate law and its derivation are included in the
Supporting Information.

_ d[bpV(L-L)] _
dt -

ke [picl3[H T°
k,KE TpicTy[HT? + koK™ [H,0,[H ] 2)
(IbpV(L—L)], — [bpV(L-L)]) (3.1)
keky[pic]7[H ']
kyKE“Tpicly + k_oKZ*(H, 0]
(IbpV(L—L)], — [bpV(L-L)]) (3.2)

_d[bpV(L-L)] _
dt N

intermediate should in principle undergo substitution with

pic; the intimate molecular reasons as to why the solvolysis
intermediate does not react with pic is an intriguing observa-
tion and mystery to say the least.

Furthermore, the mechanism is consistent wit®inhi-
bition (Figure S3, see Supporting Information), which is more
pronounced and different than that observed for dipic (Figure
5). In the mechanism for pic (Scheme 3), hydrogen peroxide
dissociates in the rate-determining stky).(Contrarily, HO;
dissociates in the second step of the mechanism for dipic
(Scheme 2), which is not rate-determining. Therefor€)H
inhibits directly the rate of substitution with pic but only
affects the equilibrium distribution in the case of dipic.

The values oAS for the reactions with pic are small and
negative, which is characteristic of &hmechanism (Table
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1). The rate-determining step for the reaction with piksis dependent, acid-independent, and inverse acid tgrihslike
which involves association of pic. Therefore, both bpVbpy the results reported by Wieghardt, the kinetics were con-
and bpVphen undergo substitution via an associative mech-sistent with a monomeric structure for the starting dioxodi-
anism, whether the rate-determining step is solvolysis (in picolinato complex [V(O)dipic)(H.O)]~. Also, hydrolysis
the case of dipic) or entry of the entering ligand (in the case of the starting dioxodipicolinato complex to form the
of pic). corresponding hydroxo complex, [V(@lipic)(OH)]?~, was
The kinetics of the substitution reactions investigated here claimed to play a significant role in the reaction mechanism,
are markedly different from other systems reported in the in which both protonated aqua complex [Vgalipic)(H.O)]~
literature. Quilitzsch and Wieghardt have investigated the and unprotonated, hydroxo complex [V¢@ipic)(OH)>~
decomposition of several bisperoxovanadium complexesreact with HO, to form the final monoperoxo product.
containing bidentate organic ligands to monoperoxovanadiumHowever, under the experimental conditions employed in
complexes in perchloric acid media at low PHThe our studies (pH 6.8), vanadium complexes containing hy-
proposed mechanism involves a rapid acid-catalyzed proto-droperoxo (V-O—0OH) and hydroxo (\*-OH) ligands were
nation of one of the peroxo moieties to form a coordinated, not observed by UVvis or >V NMR.
monodentate hydroperoxo ligandm\D—OH, and the rate- Relevance of Substitution Reaction Kinetics and Mech-
determining step is protonation of the hydroperoxo ligand anisms to DNA-Cleavage ActivitiesWe have demonstrated
and dissociation of KD, to form a monoperoxo species, herein that the reaction kinetics of bpVbpy and bpVphen at
which subsequently binds water. Observed pseudo-first-orderphysiological pH are markedly different. The substitution
rate constantsk,,s were determined to have the following  reactions of bpVbpy feature first-order dependence on both
forms: [pic]+ and [dipic} whereas the kinetics of substitution for
bpVphen feature saturation behavior with dipic, Figure 3.
or k, = [H] Also, the substitution reactions of bpVbpy proceed ap-
bs proximately 10 times faster than the analogous reactions of
bpVphen. For the substitution reaction with dipic (Scheme
Our observed rate constant for the substitution reaction with 2), the first step of the reaction mechanism involves
pic (eq 3.2) is similar to the above form, which features an solvolysis and dissociation of the ancillary ligand. BpVphen
acid-dependent term. However, in the case of dipic, the is substantially more stable in solution than bpVbpy, and
observed rate constant features no pH dependence. Outhe bpy ligand is more prone to substitution than phen.
proposed mechanisms (Schemes 2 and 3) for the substitution The difference in stabilities and reactivities of bpVbpy and
reactions of bpVbpy and bpVphen with pic and dipic at bpVphen in solution can be correlated to the difference in
neutral pH do not involve protonation of a peroxo ligand. their DNA-cleavage activities. Among the investigated
The similarity in the observed rate constant for the reaction bisperoxovanadium compounds, Kwong et al. found bisper-
with pic to that of Quilitzsch and Wieghardt must rise from oxo-aqua, [VO(Q)2(H20),]~, to exhibit very low DNA-
the involvement of H@" as the leaving group in the rate- cleavage activity (i.e., 996.This indicates that the ancillary
determining step (Scheme 3). In the case of dipic, the rate-ligand plays an important role in DNA cleavage. Further-
determining step is solvolysis (Scheme 2), in which acid has more, monoperoxovanadium compounds displayed much
no involvement. Hence, this implies that, at neutral pH, lower efficiencies in DNA cleavage (3-380%). Our results
protonation of a peroxo ligand becomes unimportant and reveal that bpVbpy is more prone to dissociation and
solvolysis dominates the kinetics of ligand substitution substitution of the bpy ligand (thus, conversion to mono-

__HT
obs = 3 T b, 05

reactions. peroxo species) than bpVphen. Hence, it can be generalized
The formation of mpVdipic ([VO(®(dipic)(H,0)]") from that the higher DNA-cleavage activity exhibited by bpVphen
the reaction of dioxodipicolinato vanadium ([V(&dipic)]") compared to bpVbpy results from the higher kinetic robust-

and hydrogen peroxide has also been investigated in acidicness of bpVphen in solution and that the ancillary ligand
media®® From the kinetic data, the dioxodipicolinato complex must stay intact long enough to attain efficient DNA-cleavage
was determined to be trimeric in solution. Hence, addition activity.

of H,O, or HO,~ (depending on the pH) to the trimer was

proposed to occur via an associative pathway, followed by Conclusions

a subsequent breakdown (bridge cleavage) of the trimer. The
resulting monomeric fragments were proposed to react with
hydrogen peroxide to form two different bisperoxo com-
plexes that contain two units of monodentate hydroperoxo
ligands, V-O—OH. The bisperoxo complexes are then
transformed to the final product, [VOgdipic)(H.0)], via
acid-catalyzed dissociation of,8, and formation ofy?
peroxo. Interestingly, Tanaka et al. investigated the same
reaction of formation of mpVdipic from dioxodipicolinato-
vanadium(V) with hydrogen peroxide in acidic media and (51) Funahashi, S.: Haraguchi, K.: Tanaka, Morg. Chem.1977, 16,
arrived at a different, complex rate law that included acid- 1349-1353.

We have reported herein the kinetics of ligand substitution
reactions of bpVbpy and bpVphen with pic and dipic at
physiological pH. As mentioned in the Introduction, previous
kinetics studies of peroxovanadium compounds reported in
the literature were performed with simple peroxovanadate
or in acidic pH3¥4! Most of those studies investigated the
formation of simple peroxovanadate from orthovanadate and
acid-catalyzed decomposition of peroxovanadate at low pH.
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Table 2. Summary of Rate and Equilibrium Constants

entering ligand

dipic pic
complex ky/s™1 K> kiKo/s™1 ksyM-1s1
bpVphen (4.6 0.2) x 10°5 (2.6+0.3) x 1072 (1.2+0.2) x 1076 (2.8+0.1)x 10°2
bpVbpy? ~2.9% 1076 (1.6 0.1)x 1071

apH 6.8 at 20°C. P kiK> is an estimate value since bpVbpy substitution with dipic shows some dependence on pH.

To our knowledge, the current system reported herein is theeffects exerted by the entering ligands, which also applies
first example of kinetics and mechanisms of ligand substitu- to our current system. Interestingly, the transition metals
tion reactions involving bisperoxovanadium compounds with employed in the reaction are niobium and tantalum, which
ancillary ligands and small organic molecules (i.e., pic and are in Group VB as vanadium. Also, the metal centers are
dipic) as entering ligands at physiological pH. Our kinetic in the same oxidation state-6) as bpVbpy and bpVphen.
results have revealed that bpVbpy and bpVphen display  as mentioned above, the stabilities and ligand substitution
different stabilities in solution phase, bpVphen being sub- yinetics of bpVbpy and bpVphen are markedly different, and
stantially more stable, and the dissociation of the bpy ligand ;s itference can be correlated to the difference in their
occurs more readily than phen. As a result, bpVbpy is more pya_cleavage activities. We contend that the higher DNA-
prone to ligand substitution reactions and, thus, conversion cleavage activity of bpVphen arises from its higher kinetic
{0 MONOPEroXo Species. Th? kinetics pf supstitL_Jti.on reaction inertness in solution and that the ancillary ligand must stay
of prphep feature sa.turat|on behavior with d'p'c. whereas intact for efficient DNA-cleavage activity. In conclusion, the
the substitution reactions of bpVbpy feature first-order current work demonstrates the unique kinetic behavior

dependence on both [picl]and [dipic}. The rate and o . .
equilibrium constants for bpVbpy and bpVphen are sum- exhibited by bpVbpy and pprhen at-ph.yS|olog|caI p.H and
. . the dependence of their ligand substitution mechanisms on
marized in Table 2. the identity of th teri ligand. The sterically |
Furthermore, the ligand substitution reaction mechanisms € identity of the entering figand. € sterically 1ess
demanding pic ligand bypasses the solvolysis intermediate

have been elucidated. The substitution reactions with dipic o .
proceed through a solvolysis step whereas the substitutionanOI enters the coordination sphere of bpV(phen/bpy) directly.

reactions with pic bypass solvolysis. Reports of ligand Further investigations of bisperoxpyanadium compounds will
substitution reactions involving non-square-planar transition 2/I0W us to better understand their interaction with DNA and

metal compounds in which the reaction proceeds throughto fully elucid_ate their mechanism of DNA c!eavage. Efforts
different mechanisms depending on the entering ligands are@long these lines are currently undergoing in our laboratory.
scarcely found in the literature. The only relevant example Acknowledgment. We wish to thank the NSF (CHE-

is the I|gan_d substitution reaction of niobium(V) and tantz_i- 9874857) and the Beckman Foundation (BYI to MMA) for
lum(V) halides reported by Merbach and co-workers, in _ .
financial support.

which the substitution reaction MK + L* = MXsL* + L
(M = Nb, Ta; X = CI, Br) proceeds via a dissociative Supporting Information Available: Spectroscopic character-
mechanism when k= Me;O and via an associative mech-  jzations of peroxovanadium complexes, time profiles of substitution
anism when L= Me;S, MeSe, MeTe?>% The authors  reactions, tables of observed rate constants, Eyring plots, and
attributed this “mechanism crossover” mainly to the steric derivation of the rate laws. This material is available free of charge
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