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The structural and functional analogy between difluoromethylene bisphosphonate (CF,PP) and pyrophosphate (PP;)
is investigated in a reaction with V(V) in the form of vanadate. The reaction of CF,PP with vanadate was investigated
using 1.00 M KCI as supporting electrolyte over the ranges 3 < [CF,PP] < 60 mM and 2.06 < pH < 11.80. 5V,
BE and 3P NMR spectroscopic studies showed that a 1:1 species was formed with an H*-dependent formation
constant of 110 M~* at pH 7.22. Results of solution experiments and ab initio calculations are consistent with
CF,PP coordinating V(V) in a bidentate manner, as previously reported for PP;. Below pH 4, a minor complex
forms, which is consistent with a 1:2 stoichiometry. This complex was also observed with pyrophosphate. The
X-ray crystal structure of the monoprotonated difluoromethylene bisphosphonate anion (H[CF,PPJ*~)—toludine complex
is presented. The H[CF,PP]*~ anion crystallized in the triclinic space group P1 with a = 12.7629(7) A, b = 13.3992-
(M A c=17.1002(9) A, and V = 2584.4(2) A3, and Z = 2. Sheets of the layers of anions are connected through
a network of H-bonds and separated by a layer of toludine cations. The structural features are investigated, and
the CF,PP anion was found to be longer and wider than the corresponding PP;. Given the larger size of this anion
compared to PP;, the chelation affinity upon CF, substitution was found to be 4-5-fold reduced at neutral pH.

Introduction tion of the bridged oxygen atom with N, S, or various
C-based units are maéée® Such substitutions have a
d profound effect on the properties of thejRlpstem because
fundamental parameters such d§, palues and the metal
binding affinity are altered. This work characterizes the
fundamental properties of the [§P),CF,] unit, abbreviated
CR,PP, focusing on structural and chelation information for
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The pyrophosphate unit (abbreviated)PR the key
structural and functional component of nucleotide an
deoxyribonucleotide diphoshates and triphosphhitksa-
logues of this unit have been developed for studies of reaction
mechanisms and enzyme cataly’si¥. Commonly, substitu-
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PR, CRPP, has K, values of 1.44, 2.11, 5.66, and 7.53,
which compare well to that of Rf 0.85, 1.49, 5.77, and
8.2212 We have chosen to study the complexation ob-CF
PP with vanadium(V) (V(V) in the form of vanadate) because
5V NMR spectroscopy is a sensitive prébeand the
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bidentate manner, the phosphate groups are eclipsed and the
internal P-O bond and the bite angles determine the fit
between anion and the metal ion. The reaction between
vanadate and PRrms two complexes, the most stable being

a 1:1 (VIPP complex?? A 1:2 species with a central

corresponding studies with vanadate have been detailed foroctahedral VV atom chelated to two;PRoieties was proposed

PR.12 The comparison of trianionic difluoromethylene bis-
phosphonate, H[(§P),CF;]®, abbreviated H{CFPPF~, with
PR on the ability to form complexes with vanadate may
provide important information on the interactions of these
derivatives with metal ions and the potential difference in
how CF, analogues act in enzymes catalyzing phosphoryl
transfer.

PR commonly acts as a bidentate ligand for metal
ions!*~27 Protonation of PPleads to mono-, di-, and
triprotonated PRhat have very different chelation properties.

as a minor speci€é.An interesting V complex has been
reported containing both V(lIl) and V(IV}® The V(IV) in
the form of a vanadyl cation (V@) is coordinated in a
bidentate manner to RPand the V(lll) serve as counter
cations associated with neutralization of the overall charge
of the complex® The cyclic nature of the V&—PR
complex is analogous to that reported for ¥gPR.%7:36

The reaction of CEPP, with vanadate generates one major
1:1 product analogous to the major product formed with PP
The presence of the electron-withdrawing ;G#foup in-

Although stable complexes form with phosphate, complexes creases the first twoky, values and should decrease this

formed from PPare much more stable, reflecting the fact
that most of these complexes contain the; H&ands
coordinated in a bidentate manriéf® Strong complexes
form between PPand metal ions such as magnesium,
calcium, iron, cobalt, and other transition metal
ions141518.19.21232%4 \WWhen PP chelates a metal ion in a
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analogues affinity for metal ions. However, given the
complexity of the system a quantitative comparison based
on pK, values is not straightforward. We provide experi-
mental data demonstrating thatjBRffinity for a metal ion

at neutral pH decreases by a facter3twhen the bridging
oxygen atom is substituted with GF

Experimental Section

Materials. All reagents were of analytical grade (Sigma Aldrich).
Ultrapure water, obtained by deionizing distilled water using a
Nanopure water system, was used for preparative work and to make
up solutions for all physical measurements.

Synthesis of Difluoromethylene Bisphosphonic Acid. (a)
Synthesis of Tetraethyl DifluoromethylenediphosphonateThe
synthesis of tetraethyl difluoromethylenediphosphonate was based
on a modified procedure by Shipitshin et3alScheme 1S. In a
typical preparation, a 100 mL Schlenk flask equipped with a
magnetic stirbar and rubber septum was charged under dry nitrogen
with THF (10 mL, freshly distilled from sodium benzophenone
ketyl) andi-Pr,NH (1.80 mL, 12.8 mmol, freshly distilled from
NaOH) and placed in icewater bath. After 30 min of stirring, a
2.45 M n-BuLi solution in hexanes (5.30 mL, 13.7 mmol) was
added dropwise within 6 min. After another 30 min, the-igeater
bath was replaced by &78 °C isopropanctdry ice slush bath,
and the reaction mixture was stirred for an additional 30 min before
a solution of diethyl difluoromethyl phosphonéite(2.26 g,

12.0 mmol) in THF (9 mL) was added dropwise within 6 min.
Thirty minutes later, a solution of diethyl phosphochloridate
(2.05 g, 11.9 mmol) in THF (9 mL) was added dropwise to the
brown reaction mixture within 8 min. Aftel h of stirring at

—78 °C, the isopropanetdry ice bath was replaced by an ice
water bath and stirring was continued for another hour before a
saturated aqueous solution of KD, (10 mL) was added to the
reaction mixture. After being stirred at ambient temperature
overnight, the contents of the flask were transferred into a separatory
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Chelation of V(V) by Difluoromethylene Bisphosphonate

Table 1. Crystal Data and Structure Refinement fofal@soFaNeO12P4

GaHeoFaN6O12P,
1064.86

empirical formula
fw
cryst color, habit

crystal dimens (mr) 0.25x 0.20x 0.10

temp (K) 153(2)

wavelength (A) 0.71073

cryst syst triclinic

space group P1

formula unit/unit cell 1

a(A) 12.7629(7)

b (A) 13.3992(7)

c(A) 17.1002(9)

o (®) 69.350(2)

B () 72.000(2)

y (®) 89.762(3)

V (A3) 2584.4(2)

z 2

density (calcd) (Mg/r#) 1.370

abs coeff (mm?) 0.224

F(000) 1118

260 range () 1.35=< 260 < 27.10
range ofh, k, | -16—13,-16—17,—22— 13
reflns collected 15683

independent reflns 10 96®(int) = 0.0373]
completeness t = 27.10 96.2%

abs correction none

refinement method full-matrix least-squaresFén
data/restraints/params 10 969/0/647

GOF onF? 1.006

final Rindices | > 20(1)]
Rindices (all data)
largest diff. peak and hole

R1=0.0484, wR2= 0.0879
R* 0.0805, wR2=0.0932
0.480 and®.346 e A3

funnel with aid of EtOAc (80 mL) and water (40 mL). The aqueous
phase was washed twice with 50 mL portions of EtOAc, and the
organic phases were combined and dried over MgS&ter
filtration and removal of solvent and any volatiles under reduced
pressure the crude product was obtained as yellow oil. It was
purified by column chromatography on silica gel (EtOAc/hexanes,
3:2). Additional purification was achieved by heating the product
under vacuum (75C, 3 mmHg) for 17 h. The product was a
colorless oail, yield 2.71 g (70%JH NMR (400 MHz, CDC}): ¢
4.28-4.40 (8H, m, OCH), 1.38 (12 H, tJ = 7.0, CH). %F NMR
(376 MHz, CDC4, external reference CFgh CDCly): 6 —122.0
(t, J—r = 86.1). 3P{*H} NMR (162 MHz, CDC}, external
reference= 85% HPQy): 6 4.2 (t, Jr-r = 86.0).

(b) Synthesis of Difluoromethylene Bisphosphonic AcidThe
synthesis of difluoromethylene bisphosphonic acidfR.PP) was
done according to a modified procedure of McKenna and Shen,

Table 2. Selected Bond Lengths (A) and Angles (deg) for
CasHeoF4NeO12P4

P(1)-0(1) 1.5052(15)  P(2)O(6) 1.4995(17)
P(1-0(3) 1.5156(17)  P(2O(5) 1.5641(19)
P(1)-0(2) 1.5209(15)  P(2)C(1) 1.849(2)
P(1)-C(1) 1.866(3) F(1¥C(1) 1.382(2)
P(2)-0(4) 1.4965(17)  F(BC(1) 1.396(2)
O(1)-P(1)-0(3) 113.87(10) O(4P(2-C(1) 104.78(10)
O(1)-P(1)-0(2) 113.47(09) O(6YP(2)-C(1) 108.34(10)
0O(3)-P(1)-0(2) 111.83(09) O(5)P(2)-C(1) 103.60(10)
O(1)-P(1)-C(1) 107.18(10) F(BC)-F(2) 104.61(17)
0O(3)-P(1)-C(1) 106.05(10) F(HC1)-P(2) 107.13(15)
0(2)-P(1)-C(1) 103.49(10) F(C(1)-P(2) 108.67(15)
O(4)-P(2)-0(6) 116.59(11) F(BC(1)-P(1) 108.26(15)
O(4)-P(2)-0(5) 109.80(11) F(2}C(1)-P(1) 107.88(15)
0(6)-P(2)-0(5) 112.60(10) P(C1)-P(1) 119.34(12)

85.2).31P{H} NMR (162 MHz, DO, external reference 85%
H3PQy): 0 4.1 (t,Jp—r = 85.4). The sodium salt of difluorometh-
ylene bisphosphonic acid was prepared using the method reported
by Burton et akk!

Synthesis of Sodium Difluoromethylene Bisphosphonate
(Na,CF,PP). Solid H,CF,PP (0.307 g, 1.45 mmol) and BMaO;
(0.307 g, 2.89 mmol) were mixed in a 100 mL beaker; then
deionized water (10 mL) was added to the mixture. Dissolution
caused effervescence, with evolution of £he mixture was
gently heated on a hotplate to remove water80 °C resulting in
a white solid. The beaker and its contents were placed in an oven
set at 110°C so as to make the anhydrous salt, sodiumREF
Yield = 0.413 g (95%). Analysis: ESI MS (negative mode)z
= 211.00{[HO(O),PCRP(O)(OH}]"}. 3> NMR {10% D;O, pH
7.06, andl = 1.00 M (KCI)}: 6 6.26 ().

Preparation of the m-Toludinium Salt of Difluromethylene
Bisphosphonic Acid for Crystallographic Analysis. Difluo-
romethylene bisphosphonic acid (J6FRPP) (50 mg, 0.33 mmol)
was dissolved in deionized water (10 mL). The solution was treated
with excessmtoludine (0.500 mL, 4.67 mmol) under stirring. A
sticky brown precipitation formed. The precipitate was recrystallized
from deionized water, and crystals were grown in deionized water
for X-ray analysis.

X-ray Crystallography. Diffraction data for the H[CEPPE-
anion were collected at 153 K on a SMART APEX CCD
diffractometer with graphite-monochromated Ma, Kadiation
(A = 0.71073 A). A hemisphere of the crystal data was collected
up to a resolution of 0.75 A. Cell parameters were determined using
SMART software. The SAINT package was used for integration

Scheme 18S. In a typical synthesis, a 50 mL round-bottomed flask ©f data, Lorentz, polarization, and decay corrections, and for the
containing tetraethyl difluoromethylenediphosphonate (2.68 g, 8.27 Merging of data. No absorption correction was applied. All
mmol) and a magnetic stirbar was charged under dry nitrogen with calculations for structure determination were carried out using the
98% bromotrimethylsilane (7.00 mL, 52.0 mmol). The flask was SHELXTL package (version 5.1). Initial atomic positions were
sealed with a glass stopcock, and the reaction mixture was stirred!ocated by direct methods using XS, and the structure was refined
at ambient temperature for 4.5 days. The volatiles were removedPY |€ast-squares methods using SHELX with 10 969 independent
in vacuo followed by addition of water (14 mL). After being stirred ~ réfléctions and within the range 6f= 1.35-27.1C' (completeness

for 50 min at ambient temperature, the colorless liquid was 96:2%).Calculated herogen positions were input and refined in a
transferred into a separatory funnel, and the organic phase was'iding manner along with the attached carbons. Hydrogen atoms
separated and discarded. The aqueous phase was washed twice witfVolved in H-bonding were located using the appropriate HFIX
15 mL portions of ether and transferred into a 100 mL round- command. Views of the structure were prepared using ORTEP3
bottomed flask with water (combined volume 30 mL). Most of for Windows. Additional details of the data collection and refine-

water was removed in vacuo at ambient temperature. The resultingMent for the crystal of the H[GPPF~ anion studied are given in

oil was dried over ROs in vacuo (0.1 mmlg, 4 days), the wet ~ lable 1. Fractional coordinates are given in Table 2, and selected
P,0s being replaced with fresh dry material at least oncgCIH- bond lengths and angles are given in Table 3.

PP: colorless crystals, yield 1.68 g (85 1°F NMR (376 MHz, Preparation of Solutions for Spectroscopic Studies.The

D,0, external reference CFCin CDCl): 0 —123.0 (t,Jp_r = vanadate stock solutions-£03 mM) were prepared by dissolving
NaVGQ; in deionized water in volumetric flasks. The exact concen-
tration of the stock solution was determined at pH 13 by UV/visible

(39) McKenna, C.; Shen, B. Org. Chem1981, 46, 4573-4576.
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Table 3. Selected Bond Lengths and Angles for HJERCF,]3~(H[CF.PPF-) and Related PRaind Calculated Specis®

H[(OsP)2.CF]*~ CRP,0gV3~
H[(OsP)XCF,]3~ (H[CF.PPE") H[(O3P)0]3~ (cyclic)
complex (H[CF,PPE") H[(O3P)%0]3~ [(O3P)Y0]* [(O3P)0]* calcd calcd calcd
cation m-toludinium guanidinium VGO, V3t Mg?* Na* Na* Na*
P-0O - 1.621(8) 1.597(3) 1.620(4) - 1.68 -
(brid) 1.626(6)
P—C (brid) 1.866(3)/ - - - 1.88/1.87 - 1.87/1.88
1.849(2)
P=0O/P-O(ter)  1.4965(17)/ 1.478(8)/ 1.484(5) 1.493(4)/ 1.54 1.54 1.52
1.5209(15) 1.514(7) 1.520(4)
P—OH 1.5641(19) 1.550(7) - - 1.64 1.63 -
1.536(8)
P—O 1.4995(17) 1.514(7) 1.562(6) 1.507(4)/ 1.52 1.52 1.61
(cation) 1.520(4)
<0O-P-0 - 102.8(3)-109.7(4)  104.2(4) 102.8(2y107.1(2)  — 102.0 -
(bridging) (135.9 av)
<O—-P-C 103.49(10) - - - 102.0/100.6 - 101.2
(bridging)
<p-O-P - 128.2(4) 127.8(7) 125.6(2) - 127.6 -
(bridging)
<pP-C-P 119.34(12) - - - 122.9 - 120.0
(bridging) (119.8 av)
refs this work 47 36 28 this work this work this work

spectroscopy at 260 nm with a molar extinction coefficient of 3.55 continuum model (IEF-PCM} with the 6-31G* split-valence
x 108 M~ cm1.40 polarized basis set. The triplevalence polarized (TZVP) basis
Solutions for théV NMR spectra were prepared at the desired set of Ahlrich$> was used for V(V) to more accurately describe
pH values, ligand, and vanadate concentrations using stock solutiondts d orbitals. This method will be further denoted as IEF-PCM/
containing each component. First, a sufficient amount of the stock B3LYP/6-31G*. All geometry optimizations were done at the IEF-
solution of the ligand was added for the desired pH; then a sufficient PCM/B3LYP/6-31G* level under loose criterion (optloose) using
stock solution of sodium vanadate was added to give the desiredthe Gaussian 03 prograth.|[EF-PCM was used to generate an
V(V) concentration, and finally, sufficient KCl was added to give environment reproducing dielectric properties of water! aun-
a final ionic strength of 1.0 M. If needed, the pH was adjusted to terions were placed about calculated structures in order to produce
the desired value with either 0.01 M NaOH or 0.01 M HCI. a total charge of zero for the studied systems to improve the
NMR Spectroscopy. 5V NMR spectra were acquired on a reliability of the applied computational methods. These calculations
INOVA-400 MHZ at 105.2 MHz with the spectral window of 299.6  Were carried out for monoprotonated pyrophosphate, H#{{O]*",
kHz, a pulse angle of 60and an acquisition time of 0.080 s with ~ and the Ck analogue, H[(GPLCF]*", ions, as well as for the
no relaxation delay. A 15 Hz exponential line broadening was Products of the reaction of monoprotonated HRRCF,]*~ with
applied before Fourier transformation except in the case of line vanadate, leading to several cyclic and linear conformers of the
width measurements. Mole fractions of vanadate species wereresulting 1:1 complexes. The topology, numbering scheme, and
measured using Origin 7 SR4, V 7.0 software and applying the Cartesian coordinates for the singly and doubly protonated pyro-
Lorentz function. VOGJ was used as an external reference for all Phosphate and GFanalogues, as well as the vanadate and CF
51V NMR spectrat! Assuming that all the V present in solution ~analogue products, are given in the Supporting Information (Figures
was in the form of V(V), the relative intensities of the V(V) species 1S and 2S, Table 1S).
were used to calculate the concentrations of each specific V- Relative free energies of the cyclic and linear conformers of 1:1
containing species (¥ monomer; 4 dimer; V, tetramer; \4 CRPP-V(V) complexes in aqueous solution were determined as
pentamer; complexes). a difference in the IEF-PCM/B3LYP/6-31G* energies, which
3P NMR spectra were acquired on a Varian INOVA-300
spectrometer at 121.5 MHz the spectral window of 10.0 kHz, a (44) Mennucci, B.; Cances, E.; Tomasi,JJ.Phys. Chem. B997, 101,

pulse angle of 690 and an acquisition time of 1.60 s with no 10506-10517. . )
relaxation delay. A sample containing 85%A@; in D,O was used (4 ;;;‘?fer’ A.; Horn, H.; Ahlrichs, Rl. Chem. Phys1992 97, 2571~
as an external reference for &P NMR spectra. (46) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
19F NMR spectra were acquired on a Varian INOVA-300 M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
spectrometer at 282.4 MHz with the spectral window of 50.0 kHz, K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
o . . V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
relaxation delay. A sample containing 500 mM KF inMwas Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
n external reference for NMR tra. H.; Klene, M,; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B,;
used as an externa _e erence 0_18” spectra . Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
Quantum Mechanical Calculations. A B3LYP gradient-cor- E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
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whereas the calculated bridging angi®—C—P of CRPP
is 122.9. The CRPP unit is therefore longer and bulkier
than PR

Under biological conditions, R¥s generally coordinated
in a bidentate manner to metal ions such as magne&ium.
The main difference between the monoprotonatedaRion
and the H[CEPPF™ is size. Therefore, a detailed comparison
of the trianionic PPand CRPP with the PPbound to
magnesium or vanadiuf*®document the subtle differences
such as the bond length of the-PH bond (1.5725(18)/
1.536(8) A) or the P-O(cation) (1.562(6) A compared to
Figure 1. Two molecules of H[(GP),CF,]*" interconnected through a  ghout 1.52 A for most PO bonds. Interestingly, the bite
g—g?ggr.];r:g (;I;.?I:)rll:‘:].umt forms a superstructure of sheets connected throthangleS of the magnesium complex are very similar to the V

complex. These structures show that the longeri@goond

included gas phase, electrostatic sokgelvent interactions, and  length is being balanced by the longer®(cation) in the
nonelectrostatic (cavitation) terms. For each molecule, the lowest V complex, suggesting that such change is more favorable
energy from the three independent calculations that differed in the rather than changes in the bite angle.
initial positions of N& counterions was used. Solttsolvent Since two [(QP)%CF,]*~ molecules crystallized very close
boundaries for the IEF-PCM calculations were generated using together, the possibility for some kind of interaction was
Pauling’s atomic radii (1.2, 1.35, 1.4, 1.57,1.5, 1.7, and 1.8 A for investigated. A probable hydrogen-bonding scheme was
H, F, O, Na, C, V, and P atoms, respectively). observed between a protonated phosphate and a terminal
phosphate group in a different molecule (see Figure 1).
Calculating hydrogen atoms in the usual riding manner is

Synthesis of Difluoromethylene Bisphosphonate Anion.  circumspect for hydroxyl groups. However, using an ap-
Preparation of various salts of the title anion has previously propriate HFIX command, we were able to locate some
been reported3° In our hands these procedures produce €lectron density around an oxygen atom and assign hydrogen
several products, so we provide a modified approach to theto it. Figure 1 shows the H-bonding between H100 from one
preparation of the title anion with less side products and anion and O8 from another. The ©8/100 distance was
higher yield. found to be 1.64(3) A, which is well within the distances

X-ray Crystal Structure of the Monohydrogen CF,PP commonly observed in hydrogen bonds. The dimeric units
Anion. The crystallographic data and selected structural COMbine to make a super structure with sheets of anions
parameters for the H{GPPF~ anion are given in Tables 1  linked by H-bonding between units.
and 2. The structural information on the counterion, toludine, ~ Charge Distribution of the Protonated PR and CF.PP
showed no unusual structural parameters. The structure forAnions. Atomic charges were calculated to reproduce IEF-
the anion is shown in Figures 1 and 3S. Since the bond PCM/B3LYP/6-31G* electrostatic potentials of mono- and
lengths for the bridging PC bonds are longer (a# 1.858  diprotonated PRand CRPP anions in complexes with Na
R) than the P-O bonds (av= 1.597 A), the [CEPP]— anion ions in aqueous solution. These charges are presented in
is significantly longer than the corresponding; RRion?? Table 1S of the Supporting Information. Since the total
The shape of the anion is slightly different since the bite charge of the-CF.— group (-0.26 a.u.) is less negative
angle<P—O-P is different from that of thecP—C—P. The ~than the charge of the bridgingO— group in PP(—0.48
F atoms in the CFunit are occupying the position of the ~&.U.), there is an excess negative charge-0£22 a.u. that
lone pairs in the PRunit and contribute to increasing the IS distributed on the remaining part of the £ anion. The
size of the [CEPP]~ unit compared to the RP calculations indicate that the excess negative charge is moved
mainly to phosphorus atoms, which are significantly less
positive in CRLPP than in PPThis redistribution is consistent
with the P-C bond having more covalent character than the

Results and Discussion

Since the objective of this work is to compare the Bt
with the CRPP unit, structural parameters are given in Table
3 for selected PRanions. Although the anion can coordinate

in a monodentate fashidhthe bidentate coordination mode correqunding PO bond. ) ) )
is far more commoR’® An initial comparison between Reaction of Vanadate with Difluoromethylene Bispho-

anions show that the=PO and P-O(Cation) bonds are sphonate: 5V NMR Studies. The reaction of vanadate (
similar between the two series of systems. TheQP is with CF,PP was first examined as a function of pH at 5 mM
longest for the PRunit, but the major differences observed Vi 60 MM CRPR, andl = 1.0 M (KCI), Figure 2. AtpH
are in the bridging unit and the<P—O—P/<P—C—P 11.80 and 9.89, two species are observed, the major species
angles'” The calculated PO bond lengths of PRare 1.68  Peing HVQZ™ (0 _45_36’ line width 44 Hz) and the minor
A, whereas the calculated+€ bonds of CEPP are 1.87 A, SPecies being ¥0;* (6 —560). No evidence for redox
The calculated bridging angleP—O—P of PR is 127.6 processes were observed in any of the studies reported in
this manuscript. These species are labeled in Figure 2 as V
(47) Adams, J. M.; Ramdas, \Acta Crystallogr., Sect. B: Struct. Sci. and Vo, rESpeCtlvely' With further decrease in pH to 8.90,
1976 32, 3224-3227. signals for M (0 —541) and (0 —565 and —571)
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Figure 2. 5V NMR spectra recorded of GPP and vanadate solutions as
pH is varied from 2.06 to 11.80. The vanadate oligomers monomgr (V
dimer (V»), tetramer (M), and pentamer (3) are labeled. Complexes {C
and G) are also indicated. [y = 5.00 mM, [CRLPR] = 60.0 mM, and =

1.00 M (KCI).
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Figure 3. 5V NMR chemical shifts are shown as a function of pH of
vanadate and GPP solutions at 1.00 M KCI. The chemical shifts are
indicated for the vanadate oligomersi(W,, Va4, Vs) and Vi (as either
H,VO,4~ or HVO42") in the absence of GPP.

downfield (¢ —552, line width 485 Hz). The broadening of
this signal is much more than can be attributed by protonation
of the V; species and is consistent with complex formation
between vanadate and the ££P ligand overlapping theV
signal. The signal superposition of vanadate and complex
was as previously observed with the complex formed with
PR.12 With continued decrease of pH, this signal continues
to increase accompanied by broadening and shift of this
signal fromo —552 to—539 (line width 726 Hz) at pH 6.42,
where this signal is the only vanadate species present.

Since a complex between vanadate angRE-forms at
lower pH, characterization of the system was also carried
out in the acidic pH range as shown in Figure 2. As the pH
decreases from 6.36 to 4, two signads{523 and—538)
were observed in the presence of BP. These two peaks
persisted even at pH values as low as 2.06, but the minor
signal atd —522 does not form in the absence of £P.
The signal a —542 (line width 662 Hz) has shifted slightly
at pH 2.06. However, at even lower pH this signal is solely
attributed to the V@" ion (ato —544, line width 532 Hz)
as can readily be confirmed in solutions containing only
V(V).

The plot of the5V NMR chemical shift of the reaction
mixture as a function of pH visually illustrates complex
formation, see Figure 3. In this figure the chemical shift of
vanadate under similar conditions is given for comparison
and the existence of complex is apparent when the observed
chemical shift deviate from that of vanadate alone.

Analysis and Stoichiometry of the Complexes Formed
between Vanadate and CEPP. The reaction of vanadate
with CRPP was investigated further at pH 7.22 to determine
the formation constant and stoichiometry for the complex
that forms with vanadate. In Figure 4, selectéd NMR
spectra are shown of a study in which the concentration of
CF,PP is varied at pH 7.22 at a total vanadate concentration

shift and other oligomeric vanadates are observed includingof 5.00 mM and at = 1.00 M (KCI). The \ signal ato

V, (tetramer ad —576), and \, (pentamer ad —583). The

—557 (line width 122 Hz) is shifted downfield and dramati-

V, signal is broadened to 233 Hz as a result of protonation cally broadened as GPP is added. At 5 mM the GPP the

to form HVO,~. At pH 7.95, further broadening of this

signal is observed &t —554 and the line width is 1140 Hz.

signal is accompanied by further shifting of the signal The signal continues to shift as the concentration
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¢ % 0.015
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— e A A a function of [CEPP]. [Vi] = 5.00 mM, [CRPR] = 0—60.0 mM, pH=
-400 -450 -500 -550 -600 7.22, andl = 1.00 M (KClI).

8/ ppm , : . ,
_ PP _ thed —543 signal in the study carried out at pH 7.22 (Figure
Figure 4. 5% NMR spectra of CEPP and vanadate solutions as

concentration of Cf|PP is varied. The complex (; V1, V2, V4, Vs, and 4) consists of signals fromya 1:1 Complex (V(CEPP))
decavanadate () species are indicated on the spectra] B¥ 5.00 mM, and a 1:2 complex ((GPP)V(CRPP)), by virtue of identical
pH = 7.22, and = 1.00 M (KCI). in chemical shift, or rapid chemical exchange, eq 9 can be

of CRPP increase (ai —543 at 60 mM CEPP), and at the written from a combination of eqs-&.
same time, the Iinelwidth of the sigpal decrease frqm 1140 V= [Vd + [V + [V, + [V {] + [V(CF,PP)]+
to 826 Hz. At the higher concentrations of £/, a signal [(CF,PP)V(CEPP)] (6)
attributed to the Y oligomer also begins to broaden, 2 2
presumably reflecting the chemical exchange taking place _ _ 12, 1/4
with the V; species. We conclude that the observations for [V(CFPP)]= KS[CFPP]IVi] = KKy Ko [CFPP]
the CRPP system are qualitatively similar to those reported IV 1M = KK, M CF,PPIV,] M (7)
for the PR system'?

Thg nature of the com.ple>.< that forms from vanadate [(CF,PP)V(CRPP)]|= KKK, “?K,“[CF,PPFV 4 =
reacting with CEPP shown in Figures 3 and 4 were analyzed

1/2 1/2
using the approach reported previously for. fRe equilibria KKK, ICF,PPFIV ] (8)
are given in eqs 45124849 A 1:1 complex and a 1:2 »
complex, as shown in eqs—%, are considered. (V4 + [V(CFPP)]+ [(CFPP)V(CEPP)/[V,] ™ =
< K, 2K + KoK, YK M CF PP+ K KoK, YK Y [CF,PPT
V,=2V, ) 9)
< ) . .
V2=1 2V, @) A plot of the left-hand side of eq 9 versus [EHP] will

give an intercept oK,“K"4. If no (CRPP)V(CRPP) is

K, present in solution, the line will be straight with a slope of

V=5V, (3) KsK1Y2Ko'4; otherwise it will have an upward curvature. A

plot of the left-hand side of eq 9 versus [{B¥] is shown

in Figure 5, and since an intercept is observed, we deduce

that no (CEPP)V(CRPP) complex forms at pH 7.22. The

K, slope was calculated as 0.25 M = K3K 2Ky, while the

V(CF,PP)+ CF,PP=— (CF,PP)V(CEPP) (5) intercept was 2.3« 10-3 M34 which is equal td<;2Kq".
The ratio of slope to intercepks, can be calculated to be

The total V(V) concentration, ¥ can be expressed as 110 M1 on the basis of the four V atoms in the $pecies.

shown in eq 6, and the concentration of a 1:1 and a 1:2 K, andK; are calculated as 8.6 104 and 1.8x 1074 M,

complex is given as shown in egs 7 and 8. Assuming that respectively, at pH 7.22 and= 1.0 M (KCI).

Ks
V, + CF,PP==V(CF,PP) (4)

(49) 1021’2251?722 Schelble, S. M.; Theisen, L.JAOrg. Chem1991, 56, K11/2 + K3K11/2[CF2PP]+ K4K3K11/2[CF2PP]2 (10)

Inorganic Chemistry, Vol. 46, No. 16, 2007 6729



Crans et al.

Equations similar to eq 9 can be written in terms of][V
instead of [\4] so that an independent measurekgfandKs
is deduced. Equation 10 is analogous to eq 9. A plot of the
left-hand side of eq 10 versus [@FP] is given in the
Supporting Information (Figure 4S), where the intercept is
equal to 1.4x 1072 M2, which is equal tK;2 The slope
is KzK;2 = 3.1 M~%2, From the ratio of slope to intercept,
Kz was calculated as 230 M, which corresponds to a value
of 120 M™! for K3 (based on two V atoms in the dimeric
species). The values fdt; as calculated from egs 9 and 10
are 110 and 120 M, showing consistency within the data.
We obtained &; at an average of 110 M at pH 7.22 80 75 70 65 60 55 50
andl = 1.0 M (KCI) which compares to K3 = 39.0 M? 5/ ppm
for PI_:} reported by Gresser et®lat pH 7.98, 20 mM Tris- Figure 6. 1P NMR spectra of 60 mM GPP in the absence-) and
chloride, and = 1.0 M (KClI). Thus, although the concen-  presence — —) of 5 mM vanadate at pH 7.07 arid= 1.0 M (KCI).
tration of the CEPP used to observe the complex were higher
than needed for RPcomparison of the data shows that the  Reaction between Vanadate with Difluoromethylene
formation constant of GIPP is higher than that observed Bisphosphonate: 3P and °F NMR Studies. The reaction
for PR. This seeming contradiction is due to the fact that of vanadate with CFPP was also followed as a function of
these complexes are pH dependent and more stable at lowepH using3'P and'®F NMR spectroscopy. Thé'P NMR
pH. Thus, a direct comparison between the two systemsspectra of CEPP show a triplet over the entire pH range in
required that measurements were done for&@mpH 7.22; the presence and absence of vanadate.J{IRE) coupling
the possibility of conducting the analysis with 8P at pH constant is 78 Hz for both spectra, shown in Figure 6. The
8 was less desirable because the stability of this complexmain difference between the two sets of spectra in the
rapidly decreased above pH 7. Using the similar approach, presence and absence of vanadate is the chemical shift for
the experiments were repeated for BFpH 7.22 and a pH-  the signals. At pl 7 a significant amount of complex is
dependent formation constant of 500 Mfor K; was present in solution in rapid exchange with free ligand. This
obtained. These results are consistent withREFbeing a is evident from the different chemical shift observed for the
4—5-fold poorer metal ion chelator than PP solution containing ligand and vanadate compared to the
Often the ligands’ K, values are used to obtain such a solution containing only ligand (Figure 6). Because the
quantitative comparison of complex stability. In general, such system is in fast exchange with a 10-fold excess of ligand
qualitative analysis works when the reacting ligakd and to V(V), only a small fraction of the chemical shift difference
the product i, change in concert. In the case of 2P and (between free ligand and complex) is observed. This differ-
PR, such analysis is more difficult to carry out because the ence of 0.1 ppm at a 10-fold excess of ligand corresponds
ligands have severakp values, and presumably the species to a chemical shift difference of about 2 ppm between ligand
in solution and the species that is forming complex both and complex, which cannot be observed, as the temperature
contribute to the formation constant. Since the pairskaf p  cannot be lowered enough without freezing. Differences of
values being for CfPP* and PPR1.44/0.85, 2.11/1.49,5.66/ 5 ppm are observed when phosphate is derivatized by
5.77, and 7.63/8.22, the comparison for this system is alkylation, or protonation, whereas metal ion chelation of
nontrivial and would not lead to a quantitative comparison PR derivatives results in a shift of about 2 ph¥2A smaller
as described above using the chelation constants. chemical shift difference is also consistent with the complex
The complex at-522 ppm appears only below pH 4. A having a condensed triphosphate-like character and reports
concentration study was carried out at pH 1.9 to explore this found with other metal ions chelating R triphosphaté?->2
complex further (see Supporting Information, Figure 5S). At The reaction of vanadate with GFP as a function of pH
this pH the concentration of the 1:1 complex described above was studied by*F NMR spectroscopy from pH 11.65 to
is negligible (Figure 2 and 3). Analysis of the data at pH 2.06 (Figure 7a). Since these species vary as a function of
1.9 using eq 8 and plotting concentration of complex as a pH, theJ(FP) coupling constant was measured to be 78 Hz
function of [CRPPF[V4] produces a straight line at low hoth in the presence (Figure 7a) and absence (Figure 7b) of
concentration followed by saturation of complex at higher vanadate. The sharp triplet at pH 11.65 broadened and the
[CF.PP] (see Supporting Information, Figure 5S). This chemical shifts changed with the protonation of theRH
behavior is consistent with this minor complex being of a as the pH was decreased. In addition to the changes as a
1:2 stoichiometry with one V(V) and two GPP ligands  result of the protonation reactions, additional changes take
resulting in a formation constant o$310° M~2 Analogous  place once vanadate is introduced. Since no further peaks

species were reported for the;ftPthe pH range £2.5using  are observable, such changes are consistent with a free ligand
UV/vis spectroscopy?® The form of CRPP chelated to the

V(V) was previously suggested to be protonatéd. (51) Bose, R. N; Viola, R. E.; Cornelius, R. D. Am. Chem. Sod.984
106, 3336-3343.
(50) Leitsin, V. A.; Grekov, S. D.; Sirina, T. P.; Pritsker, B.Zh. Neorg. (52) Knorre, D. G.; Lebedev, A. V.; Levina, A. S.; Rezvukhin, A. |;
Khim. 1972 17, 1325-1330. Zarytova, V. F.Tetrahedron1974 30, 3073-3079.
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Figure 7. 19F NMR spectra of 60 mM CHPP in the presence (A) and absence (B) of 5 mM vanadate as pH is vatied &0 M (KCI).
and complex in rapid exchang§eThe broadening of the ~ Scheme L. o
spectra in the presence of vanadate shows the presence of Fy °
an additional dynamic process: the formation and breakup . ' Os 07
21y, \ _—Par1111ll0g \ O3 /
of the complex. G ‘ 3 / y
These interpretations were confirmed BYF and 5V o Ope_ / g F, &// o5y '\O
variable-temperature NMR experiments, the data obtained “‘V1/ ¢.~P1 ) ci \1\02 9
at pH 7.4 are shown in the Supporting Information (Figures o™ ‘ o\\s / 0,
6S and 7S). As the temperature decreased, the chemical shifts 0, ¢ b F2
changed slightly for free ligand, but corresponding changes Linear (monodentate) Cyclic (bidentate)

were not observed for the sample containing vanadate (Figure
6S). This observation is consistent with formation of a
complex in rapid equilibrium. When subjecting these samples
to 5V NMR studies (Figure 7S), the studies at@© show a
distinctive signal broadening consistent with a system in

vanadate and H[GPPF~ forming a 1:1 linear or cyclic
complex (Scheme 1) is shown in eq 11.

. Fa
. . . OH H,O0 O O
0 F,0 o} OF0 O 0 Pck
which the signals were approaching coalescence3atC, OB-B-OH +O-J-OH 32 HO-B-CB-0-0-OH 3= O_g/ Bo
the lowest temperature we were able to run. O OH O O O ket Oy

From a plot of the!F NMR chemical shifts versus pH,

pKazand gKa4 can be calculated as 5.4 and 7.1, respectively,
at an ionic strength of 1.0 M (KCI). These values are close The reactants are protonated at one of the vanadate and

to those reported previously at a lower ionic strength of 0.10 phosphate oxygen atoms to model one of the most prevalent
M (pKas = 5.66 and fas = 7.63)1 Combined, thd9F NMR protonated form of CJPP and vanadate at pH 7. The

data obtained in the presence and absence of vanadatéalcwatecj standard reaction free energy difference @B

: : . cal/mol (55M HO, 298K, pH 7, see also Figure 4S) and
f:;grly that the V(V)-CRPP complex is exchanging the corresponding equilibrium constant ofx910* mol/L

Computational Evaluation of the Cyclic and Linear strongly favor the cyclic product. The corresponding reaction

Products of the Reaction of Vanadate and Phosphate with of the trianionic PP(eq 12),
PP, and CF,PP. One possible reaction pathway between

OH HO 000
o o 0 o o o 2 P oY
. O-P-OPOH*OVOHSL HOPOPOVOH = OF B0 a2
(53) Gerig, J. T.Prog. Nucl. Magn. Reson. Spectrod@94 26, 293— Sy O OH O 6 & kesae OwP°

370. pS
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also shows a large preference for the bidentate complex, butdeveloped resulting in characterization of this fundamental

the equilibrium constan = 5000 mol/L, is smaller than
for CRPP analogue. To complete the comparison, we
investigated the reaction of P@nd CRPP with phosphate
(eq 13).

OH- H,0 O &

0FR0 0 0rR0 o MO 9c
0-p-C-F-OH+O-p-OH === HO-p-CH-0-B-OH == O7F" £°0 3

o O OH o O O K=150 R

The equilibrium constant for the cyclization of €F
substituted triphosphaté (= 150 mol/L) was found to be
similar to that for the parent triphosphaté € 90 mol/L,
eq 14),

o o o 9 o0 9 o MO, B0% .

0-P-0-F-OH+0-p-OH <= HO-p-0-H-0-p-0H = O7F" #°0 (
o o OH O 60 O kw0 Op
dor

but significantly smaller than for the reactions with vanadate
(eq 11 and 12). The cyclization of triphosphate, although

structural unit analogous to PH'he X-ray structure of the
tris-toludinium salt shows that the major structural differences
are in the P-O bond length in the free GBubstituted anion
and in complexes to metal ions. Although metal ion chelation
has the potential to change this bite angle, comparison with
X-ray data and theoretical evaluations suggest that the
adjustments in the modified “PRunit involve only minor

bite angle changes.

The linear vanadatePPi complexes are potential transi-
tion-state analogues in enzymes catalyzing nucleotide transfer
or cyclization, for example, DNA polymerases or ATP
cyclase$® The calculated relative stability of cyclic and
linear forms of triphosphate and its isoelectronic vanadate
PR complex indicate that the vanadateéR complex is much
more favorable to bind to an enzyme in its cyclic form rather
than analogous linear form. The replacement of the bridging
oxygen of PPby the CF, group stabilizes the cyclic form
rather than the linear form and thus is not a viable route for

predicted as favorable, may not be experimentally observablethe design of vanadate-based transition state analogues of

because of the competing spontaneous hydrolysis of triph-

osphate to PP The hydrolysis side-reaction could be
eliminated by studying equilibria for triphosphate with both
bridging oxygen atoms substituted by £ nonaqueous

these systems.

2'-Deoxyribonucleoside triphosphate (dNTP) analogues
containing the CEPP unit have been recently applied to study
the mechanism of DNA replication. The observed differences

solvents, a cyclic isomer of triphosphate has been detected dNTP binding to human polymerase with dNTP

as a product of reaction df-cyclohexylphosphoramidate
with pyridine>*

analogue® could be attributed to different abilities of leaving
group chelation of metal ions, which are present in the

Since cyclization requires structural adjustments, these €nZyme active site. Our results document differences in
calculations provided some information on how these systemsstructure and differences in chelation affinities of; @Rd

adjust to the steric limitations imposed by cation chelation.
Importantly, the bridging PO bond length in the linear

CF,PP. These combined measures may turn out to be useful
when steric factors compromise the applications of dNTP

calculated structure and in the crystal structure do not change2nalogues. The work described here suggests that simple
as noted above when comparing the X-ray structure of the chelation studies may assist mechanistic enzymology by

H[CF,PPF~ anion to that of PPand chelated anions. In the
cyclic [VO.CRPPF~ complex (eq 11), the PCF,—P bite
angle was found to change about But the major change
in anion structure was the length of the—-® bond

providing metal chelation constants that combine the elec-
tronic and steric factors needed for dNF¥ietal ion

substrate recognition for many DNA processing enzymes.
Further studies of other analogues will allow testing of such

coordinated to the V. This geometric adjustment was also hypothesis.

noted when comparing the geometry of the HJEPP~

anion structure with that of the Mg and VV complexes reported
previously. These studies therefore point to the possibility
that the P-O bond length may be a key parameter in
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