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Bisphosphonates are analogues of pyrophosphate species. Two phosphonic acid groups are bonded to the
carbon atom, forming the-PC—P backbone of the bisphosphonate. Several types of bisphosphonates have
been developed during the past two decades. Bisphosphonates have clinical use in diagnostic and therapeutic
applications in the treatment of various bone diseases and calcium metabolism. di initio molecular

orbital studies, one to three water molecules, dimethylphosphinic acid monoanions, dimethylphosphinothioic
acid monoanions, and dianionic methylenebisphosphonates were bonded to the surface calcium of molecular
modeled hydroxyapatite (HAP) crystal. To study additional bisphospheiateium bonding, a model of

the bisphosphonatecalcium—bisphosphonate complex was investigated in different conformations. All the
molecular structures studied were fully optimized by a 3-21G(*) basis set, and the molecular energies obtained
were studied by means of model reactions.

Introduction for bisphosphonatemetal ion interactions. In previous studies,
we have calculated the molecular geometries of methylphos-
0phonate and methylphosphinate and their nitrogen and sulfur

breast carcinoma, multiple myeloma, Paget's bone disease’analogueé,methyl methylphosphonate and methyl methylphos-

osteoporosis, bone tumors and bone cancer, hypercalciuria and)hmate and.thelr sulfur analogg%:and methylenebisphospho-
hypercalcemia due to malignancy are all diseases that arehate and (q|chIoromethylene)b|sphosphonate stru@‘tﬁrm;d
strongly related to the amount and behavior of calcium in the the|r_ bor_1d|ngs to water molecuftsand to magnesium and
body. Bisphosphonate analogues, e.g. clodronate ((dichloro-CaICIlJm |c_)n§:' . .
methylene)bisphosphonic acid), are effective in the treatment .Extgnswg studlgs have been reported earlier for. many
of these diseasés1® Commercially available compounds such biologically interesting phc;;gl;orus compounds by experimental
as etidronate, clodronate, and pamidronate have successfully’jInOI thf_eoret|cal metho&é .

been used in the treatment of tumor-induced bone diseases, C@lcium hydroxyapatite (GaOH)(PQy)s or HAP) is the

These three bisphosphonates effectively inhibit bone resorption, MOSt commonly occurring calcium phosphate species and the
reduce pain remarkably, and have the ability to cure hypercal- most abundant mineral in bones and teeth and therefore suitable

: N . ; 9-34 i -
cemia and hypercalciuria. At the same time, treatments with 2 the prototype for bone matfi%*~3* Absorbtion of polypep
bisphosphonates reduce the possibility of bone fractures andtides in the HAP surface has been studied by magnetic resonance
further formation of osteolytic lesiorfs14 methods® Osteocalcin-hydroxypaptite interactions in the ex-
Many pharmacological studies have been made of the varioustracellular organic bone matrix have been studied using various

_ _  h ; Pl :
bisphosphonates, and their medicinal character has been proveff*Perimental method$:3” Different polymorphs of divalent
through clinical observatiorfsl®1t14 The precise mechanism metal bisphosphates have been modeled by atomistic simulation

Rstnatel . .
controlling the function of the bisphosphonates during the ltechr]lque§.| ,X ray standlrg)g Wéagves r:jave been app“eﬁ to
therapy is uncleaf. For example, it has been postulated that '°¢ating C]? clum in mem ra_nl > Ey rox;(/ia%antef Is the
clodronate molecules can act directly on the metabolism of Prototype for inorganic material in botfeand therefore was

osteoclasts, and the absence of dicationic metal ions is essentiafoSen for the modeling of bone surface in our studies. Itis
for this action®~810 Clodronate is thought to be fixed to the well-known that some bisphosphonates, e.g. clodronate, are

bone surface calcium until the osteoclast cells accumulate thelightly bonded to the skeletal sites of bone ma®i?,and
resorped bone remnants with the clodrorfa®nce within the ~ P€cause of this we have modeled and studied the bonding of
osteoclasts, intracellular EFemay be reduced to Be, which bisphosphonates on the (001) surface of HAP crystakbiitio
replaces the Ca ions in the bisphosphonatealcium com- MO methods.
plexes and causes precipitation of the bisphospheriaia
species. Metabolic pathways dependent on intracellular iron
then become unbalanced, leading to the injury or death of the Ab initio Hartree-Fock SCF-MO calculations on calcium
osteoclast cell§. bisphosphonate, HAPbisphosphonate, and HARvater com-
Theoreticalab initio molecular orbital (MO) studies are a  plexes were performed with Gaussian 90 and 92 progitons
useful way for obtaining geometric and energetic information SGI 4D/35, Indigo R4000/Elan, and IBM RS6000 computers.
Molecular geometries were optimized in the gas phase with the

A balance of calcium in the human body is very important
for health. Bone resorption, osteolytic bone metastases due t

Computational Methods

 Universi .
¢LLJ;',\gSOIt§,/ on ;n‘iggfé‘“- 3-21G(*) basis set. Calculated molecular structures at the
SLeiras Oy, Turku. 3-21G(*) basis set level correlate well with experimental and
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were calculated with the MP2/3-21G(*)//3-21G(*) methidd.  the hydrogen of the water molecule to the oxygen of the surface.
The basis set superposition error (BSSE) was calculated for theThe preferred Ca-O distance of 227.1 pm was calculated in
selected interaction systems. The neutron diffraction parametersthe al structure, and the hydrogen bond length was 195.4 pm
for the hydroxyapatite crystal (6@ O);0OH or HAP) evaluated (Figure 1 and Table 1). The hydrogen bone-B---O angle

by Sager and Kuh® were used as a model geometry for the was 128. In the bound water molecule the-HD—H angle
hydroxyapatite crystal modeling. Hydrogens were added to the was 112.2. The Mulliken charge of the calcium was 0e81

phosphorus groups of the HAP model to stabilize the charge  The bonding of two water molecules to the HAP model was
effects at the edges of the model. The molecular geometry of stydied next. The preferred €€ distances of 228.9 and 230.4
the HAP crystal model was frozen in the original crystal pm were evaluated for the optimize@ conformation (Figure
structure. Thexy-plane (001) of the HAP crystal was chosen 1 and Table 1). The GaO bonding directions were then
to model the surface. deflected 46 and 53 from the normal line of th&y-plane. The

A self-consistent reaction field (SCRF) model, based on the calcium-bonded water molecules were also hydrogen-bonded
code of Rivait®*°et al. and Rinald#>2et al., implemented in  to the oxygens of the crystal model. These hydrogen bond
Gaussian 90 was used to produce water medium effects ( |engths were 188.7 and 205.1 pm. The respectiveH®-O
78.549).3954 A single-center multipole expansion uplte= 6 hydrogen bond angles were F24and 128. The H-O—H
was used to describe the charge distribution of the solute in theangles of the bound water molecules were 1124d 113.1.
SCRF model. Ellipsoidal cavities around molecules were The Mulliken charge of the calcium decreased to the value of

determined by the van der Waals surfaces. The ellipsoidal 0.66: as compared to the relative value of (eSib the al
cavities in the SCRF calculations and the changes in the strycture.

dimensions of these cavities have been discussed earlier by

. i : A The bonding of three water molecules to the HAP surface
Tomasi and Persic®. In our study, the dimensions of the g

i . dbv 05 A t i th was calculated. The distances and geometries of the water
cav||t.|es| Were Increase t?/] .S CRI(:) enisurle t?gng_ﬁrges'ggén ®molecules were optimized. €0 distances ranging from 232.0
Mullipole expansions in the calculauons.he to 233.5 pm were calculated faB (Figure 1 and Table 1). The

calculattl_ons V\ienla tmgdft:,m 3thzel érzz%n (_)ptm:llzed lmﬁ/:eﬁ}ll(lar Ca-+0O bonding directions were deflected®557°, and 58 from
gﬁome nes ca(;:uta eda d fe '” t( ) gs;sr]setev?m Ehu KN the normal line of thexy-plane through the surface calcium. As
charges were determined for at atoms In the structareshe a comparison,ab initio calculations have predicted ™MD

molecular modeling program Sybyl was used for drawing the distances of 239.9 pm for the hexahydrated [G&ld>"

molecules® species, and the corresponding experimentally evaluate®M
values have ranged from 240 to 249 pmThe interactions
calculated for the watercalcium bonding on the HAP surface
Hydroxyapatite Crystal Surface Modeling. Thehydroxy- were supported by hydrogen bonds, and therefore the@a
apatite crystal structure was modeled by the S3faylolecular distances are shorter than the theoretical and experimental values
modeling program according to the crystal parameters, fractional Of the free [Ca(HO)e]*" species. All three water molecules in
coordinates, and space group evaluated hyg8aand Kuhs.  the a3 complex were also bonded to the oxygens of the HAP
The nine-coordinated calcium with the six neighboring phos- surface with hydrogen bond lengths of 183.9, 190.2, and 192.6
phorus groups was cut away from the modeled crystal piece of Pm. The O-H---O hydrogen bond angles ranged from 128
hydroxyapatite in a direction perpendicular to theplane of ~ to 133 (Table 1). In the bound water molecules, the 6—H
the crystal face (001). The surface calcium was made availableangles were 112°7113.0, and 113.2. All hydrogen bonds
for bonding by removing three phosphorus groups from the were conventional, no double-donatouble-acceptor hydrogen
choserxy-plane (001); the three other phosphorus groups below bond interactions were found. Strong-€® interactions, with
the calcium retained their original positions. Three calcium supporting hydrogen bonds from the water molecules to the
coordination sites above the surface were then available for thesurface, confirmed that water molecules stay close to the metal
approaching ligands. In the crystal model, two oxygens in each ion. Ab initio calculations at the DZP SCF level have been
remaining phosphorus groups were bonded to the surfaceused to determine conventional hydrogen bond lengths in the
calcium and these-PO bond lengths were 245.7 and 281.4 range 176.8197.4 pm for the local stationary points of the
pm. PO;~+(H20), complexesif = 1-3)41 The 6-31G* basis set
The original crystal structure of the model was kept geo- calculations for CHSCHCO,™ species with water molecules
metrically unchanged in thab initio MO calculations. The  have suggested conventional hydrogen bond lengths from 181.9
edges of the model were stabilized by adding hydrogens. Eachto 251.3 pr?® The Mulliken charge of the calcium in the HAP
of the PQ3~ groups had three hydrogens in which the bonding Modela3was decreased to the value of ®5ZThe difference
parameters were fully optimized. As a result, the HAP crystal Was 0.2@ as compared to thal model. The calcium charge
was presented in the form of a modeled [CeRBy)3]2* decreased with the increasing number of surface-bonded water
complex. The Mulliken charge of the calcium was @®96 molecules.
this model. One to three water molecules, dimethylphosphinic  Dimethylphosphinic Acid and Dimethylphosphinothioic
acid or dimethylphosphinothioic acid monoanions, or a meth- Acid Monoanions on the Hydroxyapatite Surface. Dimeth-
ylenebisphosphonic acid dianion was added as a ligand to theylphosphinic acid and dimethylphosphinothioic acid monoanion
[Ca(HsPQy)3)2™ complex. structures and their bidentate bonding to the calcium were
Water Molecules on the Hydroxyapatite Surface. In the optimized at the 3-21G(*) basis set level in our earlier stuélfes.
HAP crystal model, there are free coordination sites above the Those molecules were then bonded to the calcium of the HAP
calcium cation. The normal line to the~plane through the  surface. The normal line to they-plane through the calcium
surface calcium guided the approach of the first water molecule. was used again to define the direction in which the dimeth-
The geometry of the water was then relaxed. In the optimized ylphosphinic acid monoanion approached the HAP surface. The
HAP—water complexal, the Ca--O line was deflected 4¥rom molecule was a symmetric bidentate ligand in the bonding
the direction of the normal line to they-plane through the distance. The optimized and geometry-relaxed dimethylphos-
calcium. Simultaneously, a hydrogen bond was formed from phinic acid monoanion maintained the bidentate bonding to the

Results and Discussion
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Figure 1. Calculated structures of the studied hydroxyapatite surface complexes. Three water molecules, two monoanionic dimethyl phosphinate
species, and dianionic methylenebisphosphonate molecules are bonded to the surface calcium of HAP crystal.

TABLE 1: Calculated Ca---O Distances and Hydrogen results calculated earlier for the “pure” ion pair. X-ray studies

Bond Lengths in HAP—Water Complexes al, a2, and a3 and  have been made for MdPO, species and NaO distances from
HAP —Dimethylphosphinate bl and b2 Complexes 229 to 249 pm evaluated

length/pm H-bond/pm The G-P—C angle was 106%in the (CHs),PO,»Ca com-
Ca—OH,! Ca—OH,2 Ca—OH2 H-HAP H2-HAP H3—HAP plex? and an almost similar value of 108.&as determined
al 2271 195.4 for the bl complex. The P-O bond lengths in thdl were
a2 2289 230.4 188.7 205.1 152.3 and 15.8 pm. Those bond lengths shortened somewhat
a3 2320 2323 2335 183.9 190.2 192.6 in relation to the P-O bonds calculated for the (GHPO,-Ca
length/pm H-bond/pm complex? As a comparison, dimethyl phosphate species have
Ca—Ot Ca—O2 Cag? Hl—HAP been studied with different basis séisAt the 3-21G(*) basis
set level values of 147.3 and 163.4 pm for® and P-O(C)
E; Sg} 2301 314.0 2004 bonds have been determined. With the MP2/6-31G* method,
corresponding bond lengths of 150.0 and 167.9 pm have been
surface calcium, but in the energetically preferbdccomplex,  calculated, respectivefy. Experimentally, values ranging from

the Ca-+P direction was deflected 26rom the normal line of ~ 149.0 to 149.8 pm for the-PO bonds and 153.6 to 158.2 pm
the xy-plane through the calcium (Figure 1). The hydrogen for the P-O(C) bonds in dimethyl ammonium phosphate species
bond-like interaction connected one hydrogen of the methyl have been determingfl. X-ray studies have been made for
group and one oxygen of the surface together. A distance of @anhhydrous NgHPO; crystal and P-O bond lengths from 151
260.4 pm for this weak H-O interaction was calculated. 0 156 pm and the PO(H) bonds of 162 pm evaluatéd.
Bonding distances between the surface calcium and the oxygens The HAP crystal with dimethylphosphinothioic acid monoan-
of the dimethylphosphinic acid anion were 230.1 and 238.1 pm. ions was studied using the method employed in the study of
The symmetric bidentate bonding to the calcium is seen in the bl complex. The sulfurphosphorus compound as a
Figure 1 and Table 1. The Mulliken charge of the calcium was bidentate ligand approached the surface from the direction
0.4% in the bl model. As a comparison, the calcium charge guided by the normal line to they-plane through the calcium.
was 1.3® and the Ca-O distances were 224 pm in the (g The optimized complex structur®2 was obtained. The
POy-Ca complex studied earliér.The calcium charge decreased bidentate metal bonding remained unchanged ittheomplex

and the Cea-O distances increased in thé in relation to the (Figure 1). The same bonding type was also found inkthe
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TABLE 2: Calculated P—0O, P—O(H), and P—C Bond Lengths and P-C—P Angles for Methylenebisphosphonate Molecules

bond length/pm

angle/deg
(H)O*—-P? (H)O>—P* 05—P? oé—-p* 0°%—P? Ool—p# P>—C? p—-C3 P—C-P
cl 160.5 162.2 150.8 147.5 151.1 151.1 178.9 183.8 114.28
d1 dr 161.4 160.2 150.3 151.6 151.0 147.2 179.1 184.6 108.77
d1’ 161.4 160.2 150.3 151.6 1511 147.2 179.1 184.6 108.75
d2 dz2 161.5 160.4 151.6 147.1 149.8 1515 178.9 184.7 108.48
dz’ 161.5 160.4 151.6 147.1 149.8 151.5 178.9 184.7 108.48
d3 d3 161.8 169.8 147.8 148.1 148.0 151.3 186.2 178.5 113.90
d3’ 160.1 160.4 146.8 151.7 152.2 150.6 184.8 178.8 109.49
av 161.6 149.9 181.8

TABLE 3: Calculated Ca
Original HAP Crystal 2

---0 Distances in the Methylenebisphosphonate Complexes and Relative €@ Distances in the

length/pm

Ca—0! Ca—0° Ca—068 Ca—08 Ca—0° Ca—0O1!

cl 242.4 241.6 223.8
di d1 241.1 226.9 273.6
d1” 241.2 227.0 273.2

d2 dz 256.8 249.1 228.2

dz2’ 256.7 249.2 228.4

d3 d3 238.7 228.1
d3’ 256.4 223.6 238.8

length/pm
Ca—O" Ca—Or Ca—O" Ca—08 Ca—08 Ca—08 Ca—0° Ca—0° Ca—0°
HAP 245.7 245.7 245.7 281.5 281.4 281.5 240.7 240.7 240.8

aHAP crystal parameters &8¢ from the work of Sager and Kuh&?

complex. The Ca-P direction was deflected 1Zrom the
normal line of thexy-plane through the calcium. The optimized
Ca--O and Ca-S interaction distances in th#® were 223.1
and 314.0 pm (Table 1). GaO and Ca--S bonds of 219 and
283 pm, respectively, were calculated earlier for the {GP+
(0)SCa ion paird

for the bisphosphonatecalcium and the bisphosphonate
calcium—water complexe8where the bidentate calcium bond-
ing to the monophosphonic acid end was found to be energeti-
cally unfavorable in relation to bridging the calcium site between
the phosphorus groups.

The results obtained farl suggested that on the HAP surface

The Mulliken charge of the calcium in2 was 0.6%, and in the oxygens of the monophosphonic acid ends were simulta-
the (CH;).P(O)SCa speciesthe charge was 1.85 The closest neously bonded to the same calcium and that tridentate bonding
contact between the surface oxygens and the hydrogens of thénad occurred (Figure 1). Tetradentate calcium bonding is higher
methyl group inb2 was 382.5 pm. A similar hydrogen bond in energy than the energetically preferred tridentate fype,
effect as inb1 was not found inb2. The C-P—C angle of although the energy difference is somewhat smaller. The
106.3 and P-O bond lengths from 154.2 to 154.6 pm and a bisphosphonate studies with two calcium iossggested that
P—S bond length of 203.0 pm were calculated for the §GPH in addition to the primary calcium bonding, as in ttlecomplex,
(0)SCa compleX In b2, the corresponding €P—C angle secondary calcium bonding is also possible, where the mono-
was 104.3 and the P-O and P-S bond lengths were 153.6 phosphonic acid ends act as bidentate ligands with other
and 198.8 pm, respectively. The-B and P-S bond lengths calciums on the three-dimensional bone surface.
in the HAP-bonded species decreased slightly as compared to In c1, the (H)O-P—C angles ranged from 100.8 103.6

the corresponding values of the (gkP(O)SCa pairs.
Methylenebisphosphonic Acid Dianion on the Hydroxy-

apatite Surface. Bonding to the HAP surface was also studied

with methylenebisphosphonic acid dianionf#BP or meth-

and the G-P—C angles from 108°1to 112.0. The calcium

was bonded simultaneously to the three oxygen atoms of this
bisphosphonate. The distances from the surface calcium to the
oxygens of the bisphosphonate were 223.8, 241.6, and 242.4

ylenebisphosphonate). We have studied methylenebisphosphopm (Figure 1) (Table 3). In the bisphosphonatalcium pair,
nate-calcium ion pairs theoretically in the previous paper in these Ca-O distances were 213.9, 231.0, and 231.4%pithe

this serie®. There, the calcium was found to bridge the three bond lengths in the bisphosphonatelcium pair were shorter
oxygen atoms of the monophosphonic acid ends of the than the bonds in the HAFPbisphosphonate complex. Increas-
molecule? The interaction study of the methylenebisphospho- ing Ca--O distances in the HAP model in relation to the ion
nate-HAP system started from the primary structure, where pairs were also found when dimethylphosphinic acid and
one monophosphonic acid end of the bisphosphonate wasdimethylphosphinothioic acid monoanions were bonded to the
bonded as a bidentate ligand to the surface calcium (Figure 1).HAP surface instead of the free calcium. The steric hindrance
The molecular geometry of the primary bisphosphonate structurearound the calcium of the HAP model made the:-Ga
was relaxed, and at the same time the bonding type to thedistances longer than the C€D distances in the phosphinate
calcium was changed. In the optimized structethe original calcium and the bisphosphonatealcium complexes, where
bidentate interaction was changed to the bridging type, where compact ionic calcium can make close contacts with ligands.
the entire methylenebisphosphonate molecule acted as a triden- The calculated Ga-O distances correlated well with the
tate ligand for the metal bonding (Figure 1, Tables 2 and 3). In experimentally evaluated &a0 distances of 236.2 pm reported

the optimized structurel, the Ca--C line deflects 13 from
the direction of the normal line to they-plane through the

for the CaCjH,MBP-5H,0 crystals®® The average, crystallo-
graphically determined CaO distances ranged from 239.2 to

calcium. The tridentate bonding correlates well with our results 257.0 pm for the four independent calcium coordinations in the
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Figure 2. Hydroxyapatite crystal model (calcium and six neighboring phosphorus groups) as a stereo pair. Dotted hair line show original Ca
coordination in the HAP crystal, and heavy dotted lines are used to present phosphorus groups removed. Calculated coordination models of HAP
crystal surface with three water molecules and methylenebisphosphonate are fitted on the original HAP model.

B-calcium diphosphate speci#s.In the methylenebisphospho-  [water complexes have calcium charges of k@Hd 0.48,
nate-HAP model c1, the average PO(H) and P-O bond respectively’.

lengths were 161.4 and 150.1 pm. The®H) and P-O bonds The P-C—P angle of the methylenebisphosphonate was
correlated well with the corresponding average values of 158.1114.3 in c1, and the angle decreasefl & compared to the
and 150.9 pm calculated for the different bisphosphonate value of the methylenebisphosphonatalcium complex. In
calcium complexe8. As a comparison, the-PO(H) and P-O the crystal structure of Cagi,MBP-5H,0, a P-C—P angle
bonds in the crystal structure of CaB}MBP-5H,0 were 155.8  of 114.8 was determine® and it compares well with the
and 149.6 pm, respectively. The P-O bonds were 149.7 and  P—C—P angle of our study.

152.9 pm in the crystal structure gfcalcium diphosphat&. The atoms of the original HAP crystal and the calculated
A P=0 bond length of 145.5 pm for vinylphosphoryl dichloride  complex structurea3 andc1 were superimposed. The differ-
species has been experimentally evaluate@heoretically, the  ences between the calcium coordinations in the original HAP
P=0 bond lengths calculated with the MP2/6-31G* method for model and the calculateaB andc1 complexes were considered
vinylphosphonic acid, vinylphosphoryl dichloride, and vi- (Figure 2). The calcium-bonded oxygen atoms in the water and
nylphosphine oxide were 148.9, 148.4, and 150.1 pm, respec-the bisphosphonate molecules were almost at the same distances
tively.!® The HF/6-313%+G** studies for the orthophosphate  as the oxygens of the original HAP crystal structure, as seen in
species have predicted=® and P-O bond lengths of 144.6  Figure 2. The results suggest that, in the other crystal directions,
and 157.1 pm, respectivety and similar P=O and P-O bond the oxygens of the calcium-bonded molecules are also coordi-
lengths have been calculated by different basis sets for thenated in the same directions as the oxygens of the original HAP
pyrophosphate speciés?? In the anhydrous disodium hydro-  crystal.

genphosphate crystal structure, the averag@Rnd P-O(H) Calcium with Two Methylenebisphosphonic Acid Dian-
bond lengths were 153 and 162 pm, respectivélp—O—P ions. Three different conformations of methylenebisphospho-
angles have ranged from 112.% 148.0, and the internal  pate-calcium-methylenebisphosphonate complexes were con-
hydrogen bond bridges between the phosphorus ends of thesidered. The PC—P backbones of the bisphosphonates were
pyrophosphate molecules have been determined for the energetiparallel, perpendicular, and consecutive to either side of the

cally preferred conformatiorfd:?2 calcium ion. The first two primary conformations included the
The Mulliken charge of the calcium in the HAP crystal model bisphosphonates as tetradentate ligands bound to the calcium.
was 0.3@, and in the corresponding bisphosphoratalcium In the third conformation, both bisphosphonates had mono-

pair the calcium charge was 168 The phosphorus charges phosphonic acid ends, which acted as bidentate ligands to the
were 1.5@ and 1.6@ in the HAP-bonded methylenebisphos- calcium. All the primary molecular geometries and interaction
phonate, and phosphorus charges of &.66d 1.6%® were distances in the bisphosphonatalcium—bisphosphonate com-
calculated for the energetically preferred bisphosphonate plexes were relaxed. Fully optimized, stable structarbsi2,
calcium compleX. In the model, where six water molecules andd3 were obtained. The three different conformations are
were hydrogen-bonded to the bisphosphofAaptiosphorus  seen in Figure 3.

charges of 1.52and 1.5% were calculated. The charges of In the energetically preferred conformatiafl, the six-
phosphorus atoms increased as the metal ion complex wascoordinated calcium ions were bridge-bonded between the ends
formed. The calcium charge was 03 c1. Energetically of the methylenebisphosphonate molecules. The monophos-
preferred bisphosphonatealcium and bisphosphonatealcium-— phonic acid groups were rotated around theRCaxis during
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Figure 3. Three calculated conformations of the methylenebisphosphenateium—methylenebisphosphonate complexes. The-Cedistances
and the internal hydrogen bonds are presented.

the relaxation of the molecular backbones, and tridentate The coordination sphere of the calciumd2 was closed by
bonding was formed on either side of the calcium (Figure 3). the bisphosphonates, and no additional molecules could be
The same geometrical changes in the molecular backbones weréonded to the calcium. The coordination number of the calcium
found in the bisphosphonatenetal complexes studied in a was the same as found in tdd complex.

previous paper in this seriés.Interaction distances between In the third original conformation, the bisphosphonates were
calcium and the nearest six oxygen atoms ranged from 226.9found on either side of the calcium ion as bidentate ligands. In
to 273.6 pm, and the PC—P angles of the bisphosphonates the optimized complex geometdg, there was only one original

dl' andd1" were 108.8 and 108.7, respectively (Figure 3, bidentate bisphosphonate ligand left. Another bisphosphonate
Tables 2 and 3). On either side of the calcium, the backboneswas moved so that it acted as a tridentate ligand, where three
of the bisphosphonate molecules were staggered relative to eacloxygens of the molecule were bonded to the calcium. The
other. The optimized six-coordinated calcium sphere irdthe  coordination number of the calcium was five and the calcium
complex was very compact, and there was no space left forion was bonded to the oxygens in the range 22236.4 pm
other molecules to come into such close contact with the calcium (Table 3). The P-C—P angles were 113°9n the bidentate

as the two calcium-bonded bisphosphonate molecules. Themoleculed3 and 109.8 in the tridentated3" bisphosphonate
average interatomic torsional angles of (H)B:-P—O(H) (Figure 3, Table 2). ThePC—P angles were strongly affected
backbones in thell’ anddl” molecules were 279 Water by ionic interactions, but there were also internal hydrogen
molecules of the solvent sphere may form hydrogen-bonded bonds between the monophosphonic acid ends of the bisphos-
bridges between the oxygen atoms of different bisphosphonatephonates. The interactomic torsional angles of (Hf®-P—
molecules in the aqueous solvents. O(H) in the bisphosphonate molecules were abotiarid 84.

In the second conformatiodp, interaction distances GaO In the different conformationgjl, d2, andd3, the effective
ranged from 228.2 to 256.8 pm to the six neighboring oxygens internal hydrogen bonds ranged from 182.7 to 186.5 pm in the
(Figure 3, Table 3). ThePC—P angles in the complexel’ bisphosphonate molecules di’, d1", d2", and d3', where
andd2" bisphosphonates were 108.8able 2). The angles tridentate bonding to the calcium was found. In the bidentate
were similar to those calculated for the global minimum energy ligand moleculed3", the hydrogen bond length was 190.5 pm.
conformationdl. On either side, the calcium-bonded bispho- In the bisphosphonatecalcium—bisphosphonate complexes, the
sphonate backbones were almost parallel with respect to eactdetermined internal hydrogen bond lengths were comparable
other. The average interatomic torsional angles of (H)O to the corresponding values for the bisphosphonetater
P---P—0O(H) in the bisphosphonate molecules were about 78 complexes and to the hydrogen bond lengths of the various
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TABLE 4: Calculated Total Energies at the 3-21G(*) Level
and the Results with MP2/3-21G(*)//3-21G(*) Method,
Including the Total Solvation Energies Esqy) Calculated by
Subtracting the SCF Energies from the SCRF Energies

solvation

3-21G(¥) MP2 SCRF Eson/kJ

E/au E/au E/au mol?

HAP —2589.532 479 —2591.125 235 —2589.824 716 —767.3
al —2665.097 693 —2666.839 522 —2665.357 701 —682.7
a2 —2740.762 418 —2742.632 194 —2741.003 359 —632.6
a3  —2816.420 542 —2818.418 606 —2816.648 214 —597.8
bl  —3156.684 291 —3158.833 367 —3156.813 639 —339.6
b2  —3477.870 188 —3480.026 509 —3478.005 455 —355.1
cl —3755.072 194 —3757.700 528 —3755.186 503 —300.1
dl  —3004.063 789 —3005.956 550 —3004.323 738 —682.5
d2  —3004.060 232 —3005.954 009 —3004.317 820 —676.3
d3  —3004.005 274 —3005.896 135 —3004.254 534 —654.4

bisphosphonatecalcium ion pairs we have reported earliér.

Rasaen et al.

sphonatedl1’, d1"", d2', d2", andd3", were charged in the range
—1.1e to —1.26, and the bidentate-acting ligamd3' was
charged with—1.48. The charges for the entire methylene-
bisphosphonate molecules we calculated earlier weté8
in the methylenebisphosphonatealcium complex and-1.11e
in the methylenebisphosphonatealcium-[waterf complex®

In the bisphosphonatecalcium—bisphosphonate complexes
at the 3-21G(*) basis set level, the average calculate® P
P—O(H), and P-C bonds were 149.9, 161.6, and 181.8 pm,
respectively. As a comparison, in the Cag@&iMBP-5H,0
crystal structure values of 149.6, 155.8, and 185.0 pm for the
P—0, P-O(H), and P-C bond lengths have been determined,
and average values of the-®, P-O(H), and P-C bond lengths
of 150.0, 155.2, and 181.8 pm have been evaluated for several
anions of bisphosphonates and bisphosphonic &tidzalcula-
tions for pyrophosphoric acid and pyrophosphorate monoanion
species with the DZP basis set have determined average lengths

The hydrogen bond lengths were also comparable to the valuesof 145.1 and 146.2 pm for the-fO bonds and values of 155.3

calculated erlier for the pyrophosphite spede& In the
H4P-0O; compound, calculations with HartreEock/6-311#+G**

and 158.2 pm for the PO(H) bonds, respectiveRz The
HPO (OH); (oxyphosphorane) monoanionic species have been

and DZP basis sets have predicted two internal hydrogen bondscalculated with RHF/6-31G(d), MP2/6-31%G(d), and SCRF/

with lengths of 239 and 233.0 pm, respectivéi¥2 For
dianionic HP,0-%~ species two internal hydrogen bonds with
lengths of 194.0 pm have been calculatédFor lithium,

6-31+G(d) methods, and values of 149.8, 153.1, and 150.4 pm
for the P-O bond lengths and 164.7, 168.2, and 164.9 pm for
the P-O(H) bonds, respectively, have also been calcul#ted.

sodium, and potassium pyrophosphates and their anionic species Model Reactions. SCF and SCRF energies calculated at the
internal hydrogen bonds from 184.7 to 210.5 pm have been 3-21G(*) basis set level were used for the determination of the

determined?

The calculated values of thef£—P angles in the methyl-
enebisphosphonatealcium—methylenebisphosphonate com-
plexes d(1—3) were similar to the values reached for the
calcium—bisphosphonatecalcium complexes and the bispho-

model reactions to predict the formation processes of the
complexes. Correlation corrections were calculated with the
MP2/3-21G(*)//3-21G(*) method. The energies for the model
reactions were also studied with the energies determined by the
MP2/3-21G(*)//3-21G(*) method (Table 4). The basis set

sphonate structures with internal hydrogen bonds connectingsuperposition error (BSSE) was calculated for molecule pairs.

the phosphorus ends together. As a comparison, thé-FP
angles were closed in relation to the value of 114r8the
crystal structure of CagH,MBP-5H,0.8! The range from
113.9 to 117.2 includes the PC—P angles of several
bisphosphonate crystal specfésP—O—P angles from 117

The basis set superposition error for thgP,~-Na" complex
was 18% calculated at the 3-21G basis set level; whérahil
Mg+ were complexed to the same ion, the BSSE was below
5%52 The BSSE corrections of energies at the minimum basis
set level ranged from 15% to 28% when malonate and formate

to 170 in pyrophosphate species have been reported at differentligands were complexed with the €aion 53 Better results for

basis set levels, and the value of 1X8hhs been calculated
with HF/6-31G* and 112.5with HF/6-31H-+G** basis sets,
respectively?!

The d2 andd3 conformations were 9.3 and 153.6 kJ mol
higher in energy than the global minimum energy structlire

energies have been obtained with split valence basi$%Ats.

the 3-21G(*) basis set level, we calculated BSSE corrections
ranging from 3% to 9% for the various calcium complexes with
phosphonate, phosphinate, and bisphosphonate spéciBise
counterpoise (CP) method that has been used is one of the most

The complexation seems to prefer the structures of the bispho-common calculation procedure for handling the BSSE correc-
sphonate molecules, where calcium was bonded between theion.55 BSSE corrections were omitted in our studies with the
monophosphonic acid ends. The calcium-bonding trend is the HAP surface if there were multimolecular systems with three
same, which was determined earlier for the bisphosphenate or more compounds. This omission occurred because the BSSE
calcium complexe®. The Mulliken charges of the calcium ions  of multimolecular aggregates was previously calculated only
in the energetically different conformatiod4, d2, andd3 were for small-size complexes, e.g. dimers to pentamers of hydro-
0.51e, 0.47, and 0.6, respectively. The charge of the entire genfluoride with methods up to MP2/6-31G(d%)The BSSE
tridentate-bonded bisphosphonate wek.13 in the c1 com- correction in our study was calculated at the 3-21G(*) basis set
plex. Inthed group complexes, the tridentate-bonded bispho- level for interactions of two species (Table 5). The HAP model

TABLE 5: Model Reactions for the Formation of Studied Model Systems

E/kJ mol?
reactants products 3-21G(*) MP2 SCRF BSSE

1 HAP +  HO HAP-(H;0) (a1) —2453  —261.3 —192.7 65.5
2 HAP +  (H0) HAP-(H:0), (a2) —406.1 —433.9 —290.9
3 HAP +  (H:0)s HAP-(H;0)3 (a3) —493.3 —519.0 —349.7
4 HAP +  (CHg),P(O) HAP-(CH;),P(O)  (bl) —9929 —1023.0 -—-378.1 141.0
5 HAP +  (CHg),P(O)S HAP-(CH3),P(0)S (b2) —886.8 —919.0 -300.0 99.3
6 HAP + MBP HAP-MBP (cl) —1499.0 —1558.6 —405.9 213.4
7 CaMBP + MBP Ca(MBP) (d1) —678.0 —584.9 4247 1773
8 HAPHO) + MBP HAP-MBP (cl) + HO —1253.8 —1297.3 -213.3 1479
9 HAP-(HO), + MBP HAP-MBP (c1) + (H0), —1092.9 -—11246 -1151

10 HAP(H0); + MBP HAP-MBP (cl) + (H0); —1005.7 —1039.7 —56.2
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was taken as one compound in the BSSE calculations. This Two methylenebisphosphonates can be bonded to the calcium
presumption for the BSSE calculation of HAP crystal was made at the same time, forming the bisphosphoratalcium—
because the same crystal model was always compared with albisphosphonate complexes. Bridging type bonding was pre-
the other interacting species. The BSSE corrections calculatedferred, and the six-coordinated calcium ions there were tridently
for the phosphorus species in the HAP surface were from 11% bonded as links between the monophosphonic acid ends of the
to 22%, and for the HAPwater complex, the BSSE was 27%. bisphosphonates. The complex structures were very compact.
The calculated level of the BSSE correction correlates with those The other calcium-bonding sites in the bisphosphonate back-
BSSE values calculated earlier for various spedhe&.65 bones were higher in energy than the preferred bridging type.
The SCRF calculations were made without cavitation and The monophosphonic acid ends of the bisphosphonate molecules
dispersion corrections, because these effects were not expectewere connected by strong internal hydrogen bonds. The
to significantly change the molecular geometries of the stationary theoretically calculated molecular geometries of the phosphorus
points in the free energy surfae. The SCRF model used in  species interacting with the HAP surfaces correlated well with
this study provided only a qualitative model for the solvent the reference values of the experimental and theoretical studies
effects in the model reactions. The total solvation energies of organophosphorus compounds. The calculated model reac-
calculated as differences between SCRF and SCF/3-21G(*)tions suggested that the methylenebisphosphonates may replace
energies were high, because the crystal model was frozen inthe water molecules on the HAP surface. The modeled
the original hydroxyapatite form (Table 4). The calculated formation of the HAP-methylenebisphosphonate system is
SCRF energies for different species were used in the modelenergetically preferred in relation to the other complexes studied.
reactions (Table 5). One to three water molecules were addedIn addition to the primary calciums of the HAP surface, which
to the HAP surface. An exothermic SCRF reaction energy of were tridentately bonded to the bisphosphonate ligand, the
—193 kJ mot?! was calculated for the HAPwater complex secondary calciums of the HAP surface may be bonded
and—350 kJ mot? for the HAP—[waterk complex. Whenthe  bidentately to the monophosphonic acid ends of the bisphos-
hydroxyapatite-methylenebisphosphonate complex was formed phonate molecules.
from the corresponding reactants, an energy-406 kJ mot*
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