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ABSTRACT: The flexibility and the different degrees
of ionization of the hydroxybisphosphonic function
provide numerous possibilities for the complexation of
metallic and organic cations to molecules possessing
these functions. The properties of this class of com-
pounds are very interesting for different industrial and
medical applications. They depend in a large part on
the nature of the hydrocarbonated chain substituted
to CH, in hydroxyethylidenebisphosphonic acid and of
the number and the position of the bisphosphonic
groups grafted on this chain. © 2001 John Wiley &
Sons, Inc. Heteroatom Chem 12:73-89, 2001

INTRODUCTION

The crystal structure of the hydroxyethylidenebis-
phosphonic acid (HEBP) monohydrate H,C-
C(OH)(PO,H,), - H,0O was the first solved concerning
this class of compounds [1]. This molecule is shown
in Figures 1 and 2. The hydroxybisphosphonic func-
tion -C(OH)(PO,H,), is a tetraacid with only one
strong acidity.

Alone in an infinitely diluted medium, the HEBP

Correspondence to: J.-P. Silvestre.
© 2001 John Wiley & Sons, Inc.

FIGURE 1 The molecule of hydroxyethylidenebisphos-
phonic acid with the chosen standardization for the atom
names. (In the case of other compounds the hydrogen atoms
eventually linked to O1 and O6 are named respectively H1
and H6).
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FIGURE 2 View of the molecule of hydroxyethylidenebis-
phosphonic acid showing the shifting between the two phos-
phonate groups: orthogonal projection perpendicular to the
plane of the figure along the P1 (upper)-P2 (lower) axis.

molecule presents many free rotations. This is the
case of each PO;H, group and CH; and H atoms of
the P-OH group. In these conditions, this molecule
would show a symmetry plane defined by 07-C1-C2.
In the crystallized state, all these free rotations are
locked by intermolecular hydrogen bonds or involv-
ing water molecules or by the complexation of cat-
ions in salts with loss of the symmetry plane. So,
because of its numerous possibilities of ionization
and its flexibility of conformation, the HEBP func-
tion is able to give a great variety of complexes. We
have classified these compounds in three groups: (1)
the hydroxyethylidene bisphosphonic acid and its
metallic salts, (2) the different bisphosphonated ac-
ids and complex salts, and (3) the tetraphosphonate
salts.

This article presents the compilation of crystal
structure data to show the behavior of the hydroxy-
bisphosphonic function in the crystallized state.

For further comparison and discussion, the at-
oms of the hydroxybisphosphonic function were re-
named for all the compounds found in the literature
following the convention used in Figures 1 and 2.

CRYSTAL STRUCTURE SYMMETRY AND
UNIT CELL PARAMETERS

Tables 1-3 give the space group and unit cell param-
eters and volume for all compounds available in the
literature; among them 44 nonisostructural struc-
tures are listed. All the compounds, except 24, 25,
and 28 (i.e., <7%) crystallize in centrosymmetric
groups with generally a low symmetry group; 27.3%

in triclinic P1 (space group 2); 52.3% in monoclinic
space group 14 (P2,/c, P2,/n, P2,/a). Only four com-
pounds (2 and 15, Table 1; 24 and 28, Table 2) crys-
tallize in orthorhombic space groups, respectively:
Pcab (space group 61), Pbca (s.g. n°61), Pca2, (space
group 29) and Pna2, (space group 33). The volume
occupied by the ligand HEBP is about 200 A%, and
after considering the volume of cations, water mol-
ecules, esterification groups, and substitution of the
CHj; group, it can be observed that the compacity is
nearly the same for all the compounds.

THE P-O AND C-O BONDS

Tables 4-6 give the P-O and C-O distances for each
compound with averages for each PO, group (col-
umns 12 and 13), for the two PO, groups together
(column 14), and for all the P-O and C-O bonds (col-
umn 15). For P-OH groups the P-O lengths are gen-
erally greater than 1.55 A. It is not possible to distin-
guish P=0 from P-O- bonds: they generally have
lengths less than 1.51 A. When the hydrogen atom is
shared between two P-O or one P-O and one water
molecule, the P-O length is generally about 1.52-
1.53 A. Whatever their number, the influence of hy-
drogen bonds received or involved cation coordin-
ence bonds is not systematic: it is not significant
from one compound to another and even also in a
same compound. Thus two anomalies can be ob-
served for the compound 21 (Table 5), which pre-
sents an inversion of the P-O bond lengths: P-O
bonds carrying an H atom are shorter than P-O
bonds without an H atom, and the C-OH group is
ionized by loss of the hydrogen atom. On the other
hand, the P-O length average in PO, groups is very
similar for all the compounds (1.526 A), and a com-
pensation can be frequently observed between the
two PO; groups and sometimes even with the C-O
length of the C-OH group as it can be seen with the
different calculated average values.

Then again these averages are not dependent on
the ionization degree of the PO,H, groups or on their
esterification.

At last we can observe that they are the oxygen
atoms O3 and 06 which are the most frequently car-
riers of an H atom, particularly in the case of the
HEBP acid and its metallic salts. This is globally true
whatever the ionization degree of the hydroxybis-
phosphonic group. So, for the 40 compounds that
are not isomorphous or esterified, the 119 remaining
hydrogen atoms are distributed as follows:

26.9% on P1-03, 21.0% on P2-06, 14.7% on P2—
04 and P1-02, 12.2% on P2-05 and 10.5% on
P1-0O1. This is a consequence of the volume oc-
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TABLE 1 HEBP Acid and Metallic Complexes: Unit Cell Parameters

No. Compound Space Group Z  a(A) b(A) c(A) a() BC) ) V(A3) Ref.
la (LH,).H,0 P2./c 4 7.011(3) 17.613(7) 7.143(3) 108.57(7) 836.2 1]
1b* (LH,).H,0 P2./c 4 6.981(3) 17.55(3) 7.107(9) 108.6(1) 825.2 12,22]
2a Na(LH.).H,0 Pcab 8 18.773(3) 11.834(4) 7.500(3) 1666(2) [3,23]
2b Na(LH,).H,0 Pbca 8 7.499(3) 11.830(5) 18.779(6) 1666 [4]
3 Nay,(LH,).4H,0 P2,/c 4 10.598(4) 5.993(2) 18.262(6) 91.77(1) 1159.34 5]
4 K(LH).2H,0 PL 2 7.499(1) 11.015(2) 6.679(3) 101.92(3) 109.92(3) 78.03(1) 501.8 6]
5  NH,(LH.).2H,0 PL 2 7.562(1) 11.156(1) 6.668(2) 99.78(2) 109.08(2) 79.65(1) 519.2 6]
6a Rb(LH,).2H,0 PL 2 6.627(5) 7.592(5) 11.066(3) 79.82(4) 80.69(4) 71.24(5) 516(5) [7]
6b Rb(LH.).2H,0 PL 2 7.602(3) 11.066(3) 6.627(4) 99.29(5) 108.84(5) 79.79(5) 516.0 8]
bc* Rb(LH,).2H,0 PL 2 6.623(7) 7.597(7) 11.053(10) 79.78(8) 80.69(8) 71.17(8) 514.7 [9]
7 Cs(LH,).2H,0 PL 2 7.729(1) 11.125(2) 6.587(3) 95.89(3) 107.59(3) 81.56(1) 533.0 8]
8 cCa(LH,).2H,0 PI 2 6.961(3) 8.085(4) 9.729(4) 106.26(7) 106.08(7) 60.33(5) 450.4 [10]
9  Sr(LH.),4H,0 C2/c 4 18.411(9) 12.769(6) 8.323(5) 100.72(6) 1922(25) [11,23]
10a Cd(LH,).2H,0 P2,/n 4 14.229(3) 5.613(1) 11.521(3) 93.06(1) 918.8(4) [12]
10b Hg(LH,).2H,0 P2,/n 4 14.346(4) 5.692(2) 11.621(4) 95.17(2) 945(1) [12]
11 Pb(LH,)H,0 P2,/c 4 10.896(6) 8.297(5) 10.317(6) 109.82(6) 877(2) [13,22]
12 Y(LH)(LH,)  P2/n 4 10.451(2) 11.395(3) 17.173(3) 94.28(1) 2039.5(7) [14,15]
5.5H,0
13 Ho(LH,)(LH,) P2/n 4 10.447(2) 11.382(2) 17.129(4) 94.32(3) 2031.1(7) [15]
5.5H,0
14a Er(LH)(LH,) P2,/n 4 10.432(1) 11.398(2) 17.134(2) 94.35(2) 2031.6(5) [15]
5.5H,0
14b Er(LH)(LH,) P2,/n 4 10.434(2) 11.407(4) 17.163(4) 94.33(2) 2036.9 [16]
5.5H,0
15 Gd(LH).3H,0 Pbca 8 9.7125(5) 9.741(1) 20.53(3) 1942.5(3) [17]
16  Cu,(LH),.6H,0 PL 1 9.891(3) 8.784(3) 6.221(2) 103.24(2) 98.94(2) 106.26(2) 494.93  [18,24]
17  K,Na,Cu(L), PI 2 11.951(3) 6.220(1) 11.789(2) 113.17(1) 108.94(2) 97.56(1) 727.4 [19]
12H,0

Estimated standard deviations in parenthesis.
L = [(H,C)(OH)C(PO,),]*.

Compounds 1b* and 6¢*, crystal structures solved by neutron diffraction.

cupied by the hydrophobic methyl group or its
substitutings.

Table 7 retails the distribution of the hydrogen
atoms for each ionization degree.

CONFORMATION OF THE
HYDROXYBISPHOSPHONATE FUNCTION
(TABLES 8-10 AND FIGURE 2)

From one compound to an another, the P1-C1-P2
angles are similar with a 10% deviation at most. The
highest and smallest values are respectively 106.3(2)°
(compound 45, Table 9) and 116.0(8)° (compound
36, Table 9) with a general average of 111.7°
(111°42"), not far from the theoretical value (109°28")
of the valence angle in sp?® hybridization of the car-
bon atom.

The relative displacement between the two PO,
groups of the hydroxybisphosphonic function (Fig-
ure 2) can be measured by the pseudo-torsion angles
P1-01/P2-04, P1-02/P2-0O5 and P1-03/P2-06.
Generally these three angles have the same direction
of rotation, which depends only on the choice of the

asymmetric unit. So, a negative sign is only given
when one angle has a direction of rotation opposite
to the other two or if these directions are different
between two HEBP functions, which exist in the
same asymmetric unit (examples: compounds 1, 12—
14 [Table 8], 22 and 45, [Table 9]). The values of
these angles correspond to a not far from eclipsed
conformation for a great majority of compounds.
Only the compounds 24, 31, 37, 48, and perhaps also
32 present a rather staggered configuration. So the
distribution of the values of the pseudo-torsion an-
gles is very large: from 0.1(3)° (compound 21, Table
9) to 58.3(5)° (compound 37, Table 9). These angles
depend on the cation complexation mode and of the
hydrogen bonds given or received by the oxygen
atoms.

CATION COMPLEXATION MODE: TABLES
11-13

The hydroxybisphosphonate groups can complex the
cations in four different ways: (1) by a monodentate
bond involving an oxygen atom of one of the two PO,
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TABLE 2 Other Varied Bisphosphonated Acids and Complexes: Unit Cell Parameters

Space . . . .
No. Compound Group Z  a(A) b(A) c(A) o) L) 7(°) V(A3 Ref.
18 EDA(LH,) P2,/c 4 6.867(1) 11.665(2) 10.977(2) 101.66(9) 861.2(2) [20]
19 2A3MP(LH,).H,O Pl 2 8.083(2) 12.595(9) 7.174(3) 106.24(6) 92.40(4) 87.15(5) 700.1(6) [21]
20 (2A4AMP),(LH;5)(LH,5) P2,/c 4 7.3400(8) 21.200(5) 18.807(2) 93.96(1) 2919.6(6) [21]
3H,0
21 (NIE|4)6M06017(LH)2.10H20 P2,/c 4 8.636(2) 31.255(4) 16.619(5) 96.82(2) 4454 [25]
22 (NH,);Mo00,(LH,) Pl 2 9.215(1) 9.383(1) 15.470(3) 101.43(1) 97.70(1) 99.01(1) 1298(2) [26]
(LH).6.75H,0
23 Na,(NH,)MoO,(H)(L), C2/c 4 11.980(4) 13.876(3) 19.410(6) 106.03(2) 3101 [27]
5H,0
24 H(NI2—|)(CH3)2(HMBP).H20 Pca2, 4 12.839(3) 7.290(2) 10.142(2) 949.2(6) [28]
25 (OH)(NH,)(CH,),(HMBP) P2, 2 6.626(1) 9.971(1) 6.924(1) 110.56(1) 428.3(2) [28]
26 (NH)(CH,),(LH,) P2,/n 4 10.503(3) 10.952(3) 8.028(2) 98.55(3) 913.18 [29]
27 (NH;)(CH,)s(LH,) P2,/c 4 6.960(2) 13.127(5) 12.056(3) 95.89(2) 1095.6(6) [30]
28 (NH,)(CH,)4(LH,).H,O Pna2, 8 12.002(9) 13.778(8) 14.131(22) 2336.8 [31]
29 Zn[(NH;)(CH,),(LH,)],.2HO P2,/c 4 12.589(5) 13.582(4) 12.447(6) 110.0(2) 1999.9 [31]
[32]
30 Cd[(NH,)(CH,);(LH)].H,O P2,/n 4 12.478(5) 14.581(4) 5.765(14) 98.1(1) 1038.4 [31]
_ [32]
31 [(H;C)O(H)(CH,)] Pl 2 11.404(3) 10.426(3) 6.199(5) 92.07(1) 95.90(1) 110.45(1) 684.89 [31]
[(CH2)(CH,)5(LH,)]
32 (NH;)(CH,),;(LH,),.2H,0 P2,/n 8 14.808(4) 10.342(3) 13.494(4) 98.95(2) 2041.4 [33]
_ [24]
33 (L)(CH,), Pl 2 8.915(3) 8.786(3) 8.226(3) 116.02(2) 95.78(2) 87.63(2) 576.06 [34]
[24]
34 (C4Hy)(L)(CH,), P2,/n 4 14.743(4) 8.494(2) 12.318(3) 104.35(2) 1494.4 [34]
[24]
35 (CgHs)(L)(CH,C¢Hy), P2,/c 4 14.427(2) 27.941(2) 8.246(2) 107.0(2) 3178.8 [35]
[36]
36 (CH,)(L)(CH,C4H,), P2,/c 4 10.968(7) 8.766(3) 29.681(11) 103.1(2) 2778.9 [36]
37 NH,(CH,)s(LH,) P2,/n 8 10.160(4) 21.347(5) 10.700(3) 95.25(2) 2310.9 [37]
38 Betaine his(dihydroxyphos- P2,/n 4 11.538(3) 11.168(5) 9.440(4) 91.59(2) 1215.9 [37]
phinoyl)-2,2 N(2',3',4'-H
pyrolyl) pyrrolidin
39 Cu[(NH,(CH,),(LH,).], P2,/c 4 12.622(4) 13.524(4) 12.521(3) 110.82(6) 1997.8 [37]
2H,0 [38]
40 Cui,z[(NH3(CH2)5(LH2)2] P2,/n 4 7.396(3) 13.189(3) 13.822(3) 102.89(5) 1314.3 [37]
2H,0 [38]
41 [Hzi\l(CHZCHQ,)Z]ZCu(LH2)22H20 P2,/c 2 7.495(3) 11.473(4) 14.947(7) 96.81(4) 1276(2) [39]
42 [H,N(CH,CH,),],Co(LH,), P2,/c 2 7.359(1) 11.586(2) 15.130(3) 96.18(1) 1282.5(7) [39]
2H,0
43 [HZZI\I(CHZCH3)2]2Mg(LH2)2 P2,/c 4 7.360(1) 11.583(2) 15.135(3) 96.16(3) 1282.4(4) [40]
2H,0
44 [HZZI\I(CHZCH3)2]ZZn(LHZ)2 P2.,/c 4 7.366(1) 11.577(2) 15.115(2) 96.22(2) 1281.4(3) [40]
2H,0 _
45 CuzLHZ)(bipyridiI)AHzO Pl 2 8.309(2) 10.362(2) 10.811(2) 91.53(1) 90.57(2) 93.43(1) 928.74 [16]
46 NaCu(LH,)CI.3H,0 P2,/c 4 12.219(4) 8.608(2) 12.427(3) 115.87(3) 1176(1) [41]

Estimated standard deviations in parentheses.
EDA, ethylenediammonium, 2A3MP, 2-amino 3-methyl pyridinium, 2A4MP, 2-amino 4-methyl pyridinium, L, [(H,C)(OH)C(PO,),]*~.

groups, never the oxygen atom of the C-OH group;
(2) by a bidentate bond given by one oxygen atom
from each PO, group, never from the same PO,
group or from a PO, and C-OH group; (3) by a tri-
dentate bond given only by one oxygen atom from
each PO, group and from the C-OH group; and (4)
by a tetradentate bond; this case is exceptional and
concerns exclusively the compound 17 (Table 11)

K ,Na,Cu[(H,C)(OH)C(PO,),], - 12H,0: for one of the
potassium atoms the four bonds are given by two
oxygen atoms of each PO, group.

For the different cations under investigation, all
these possibilities can coexist, and the cation coor-
dination can be completed or not by water mole-
cules. The cation coordination polyhedra can be in-
dependent or linked together by sharing summits,
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TABLE 3 Bis-HEBP Complexes (DHHTP and DHOTP): Unit Cell Parameters

Space . . . .
No. Compound Group Z a(A) b(A) c(A) a(®) @) 7(°) V(A3 Ref.
47 (H,0),(DHHTP)2H,0 C2/c 4 19.935(3) 9.925(2) 10.195(3) 108.51(2) 1912.8(7) [42]
48 Nay,(DHHTP).4H,0 P2./a 2 10.472(2) 10.645(4) 9.160(2) 92.12(2) 1024.9(5) [43]
49 K,(DHHTP).2H,O C2/c 4 19.914(5) 9.813(3) 10.046(2) 107.83(2) 1872.5(7) [42]
50 Cu(DHHTP).10H,0 PL 1 9.820(5) 7.636(4) 9.543(2) 109.00(1) 113.09(1) 76.39(1) 617(1) [44]
51 [(H)O(CH,),],(DHOTP).2H,O PL 1 10.052(10) 9.336(9) 8.282(12) 98.4(1) 104.9(1) 106.6(1) 699.82 [31]
52 Ca(DHOTP).6.8H,0 Pl 1 11.168(5) 11.032(6) 5.138(7) 91.9(1) 91.0(1) 91.4(1) 632.37 [31]
53 Cu,(DHOTP).12H,0 C2/c 4 31.956(2) 6.034(9) 18.510(3) 128.6(1) 2789.9 [31]

Estimated standard deviations in parentheses. DHHTP, 1,6-dihydroxyhexylidene-1,1,6,6-tetraphosphonate; DHOTP, 1,8-dihydroxyoctilidene-

1,1,8,8-tetraphosphonate.

edges, faces, or alternatively summit and edge form-
ing mono-, bi- or tridimensional chainings. The poly-
hedra can also be associated two by two following
independent bipolyhedra (compounds 47-49, Table
13). The possibilities are very diverse, and there is
no rule involving the nature of the cation.

WATER MOLECULE

The water molecules take a prominent part in the
cohesion of the crystal structures. All the compounds
crystallize with water molecules, sometimes with a
great number, except compounds 18, 25-27, 31, 33—
38 (Table 2). Various kinds of water molecules can
be distinguished and coexist in a crystal structure:
(1) water molecules taking part in the cation coor-
dination; (2) water molecules connecting the ligands
following varying manners by bridges involving one
or two H,O and even three with starry arrangement
(compounds 12-14, Table 1); (3) statistical water
molecules with a random distribution on different
uncompletely occupied crystallographic sites; and
(4) exceptionally a water molecule can play the role
of a cation by ionization as H;O* (compound 47, Ta-
ble 13).

All these water molecules are involved as donors
of two hydrogen bonds and acceptors of zero, one or
two hydrogen bonds. We can consider that the last
two sorts of water molecules play the role of genuine
cement between the bisphosphonated ligands.

NETWORK OF HYDROGEN BONDS

The hydrogen bonds that are given by the remaining
hydrogen atoms on the phosphonate groups, the C-

OH group and the water molecules give very com-
plex and various networks. In a large part of the com-
pounds they alone ensure the tridimensional
cohesion of the structure. Unfortunately the atomic
position of the hydrogen atoms are generally not well
determined by X-ray diffraction, particularly when
these atoms seem to be exactly shared between two
oxygen atoms of PO, groups of two ligands related
by a centre of symmetry. Only two structures were
solved by neutron diffraction (compounds 1b and
6¢) and these studies show clearly that such bonds
are not symmetric and not perfectly linear with the
hydrogen atom nearer one of the two involved oxy-
gen atoms. It would be very interesting also to solve
other ambiguities concerning for example the case
of the hydrogen atoms of NH, or NH; groups which
seem to give hydrogen bonds towards P-O groups or
two H,O groups or one P-O and one H,O group (ex-
amples: compounds 32, 37-40, Table 5).

CONCLUSION

The present article sums up according to the litera-
ture some characteristics of the behavior of the hy-
droxybisphosphonic function as can be observed in
the structural studies of its salts and other related
compounds. It is noteworthy that the oxidation
states, the conformation possibilities, and the vari-
ous networks of hydrogen bonds can greatly change
depending on the substitutions, the nature of the
complexing cations, and the role of the water mole-
cules. Some of the derivated compounds with this
hydroxybisphosphonic function have been therefore
successfully applied in different industrial applica-
tions, and in the medical field [50-57].
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TABLE 7 Distribution of the Hydrogen Atoms (Number and Percentage) on the P—-OH Groups

lonization P1-01 P1-02 P1-03 P2-04 P2-0O5 P2-06 Number of H Atoms
LH,- 7 12 14 45 10.5 15 63
11.1% 19.0% 22.2% 7.1% 16.7% 23.8%
LH2- 3 2 11 8 1 6 31
9.7% 6.5% 35.5% 25.8% 3.2% 19.4%
LH3- 1 0 2.5 0 0 45 8
12.5% 0 31.3% 0 0 56.3%
LH, LHS:~, LH32- 1.5 3.5 45 5 2 0.5 17
Total 12.5 17.5 32 17.5 13.5 26 119
10.5% 14.7% 26.9% 14.7% 11.3% 21.8%

TABLE 8 HEBP Acid and Metallic Complexes: P-C—P Angle (°) and Pseudo-Torsion Angles (°) between PO, Groups

Average
No. Compound P1-C1-P2 P1-01:P2-04 P1-02:P2-05 P1-03:P2-06 Rotation Ref.
la (LH,)-H,0 115.1(2) 3.2(1) 7.6(1) —-2.8(1) 2.7 [1]
1b*  (LH,)-H,O 114.50(6) 3.3(1) 7.4(1) —2.6(1) 2.7 [2,22]
2a Na(LH,) - H,O 113.3(2) 15.0(2) 10.6(2) 39.2(2) 21.6 [3,23]
2b Na(LH,)-H,O 113.7(1) 15.1(2) 10.3(2) 40.2(2) 21.9 [4]
3 Na,(LH,) - 4H,0 113.9 13.5 7.1 4.9 8.5 [5]
4 K(LH,)-2H,0 113.5(2) 13.8(1) 14.9(1) 15.7(2) 14.8 [6]
5 NH,(LH,) - 2H,0 113.3(2) 13.2(1) 12.2(1) 18.6(2) 14.7 [6]
6a Rb(LH,) - 2H,0 113.0(1) 15.3(1) 13.6(1) 19.5(1) 16.1 [7]
6b Rb(LH,) - 2H,0 113.5(3) 15.6(1) 13.9(1) 19.5(1) 16.3 [8]
6¢c*  Rb(LH,)-2H,0 114.1(2) 15.4(1) 13.5(1) 19.5(1) 16.1 [9]
7 Cs(LH;)-2H,0 112.9(2) 18.5(3) 21.0(3) 16.4(2) 18.6 [8]
8 Ca(LH,)-2H,0 113.7(3) 20.8(1) 23.1(1) 31.2(2) 25.0 [10]
9 Sr(LH,),-4H,0 113.3(3) 4.5(3) 6.4(3) 3.0(3) 4.6 [11,23]
10 Cd(LH,)-2H,0 110.5(2) 6.4(1) 9.9(1) 18.7(2) 11.7 [12,22]
11 Pb(LH,)-H,O 114.2(4) 3.9(2) 3.6(3) 0.7(3) 2.7 [13,22]
12 Y(LH,)(LH,)-5.5H,0 [15]
LH;* 111.3(2) 4.2(1) 1.4(1) -3.1(1) 0.8
LH;2 107.1(2) 0.6(1) 0.7(2) —7.0(2) 1.9
13 Ho(LH,)(LH,) -5.5H,0 [15]
LH;?t 111.1(2) 3.8(1) 0.8(1) -3.3(1) 0.4
LH;2 106.9(2) 0.5(1) 0.9(2) -7.5(3) 2.0
1l4a Er(LH;)(LH,) -5.5H,0 [15]
LH;* 110.4(2) 3.8(1) 1.2(1) -3.4(1) 0.5
LH;? 106.6(2) 0.8(1) 0.6(1) -7.5(2) 2.0
14b Er(LH,)(LH,) -5.5H,0 [16]
LH;* 110.6(3) 3.6(1) 1.0(1) -3.0(1) 0.5
LH;2 106.5(3) 0.5(1) 0.4(1) -8.4(2) 25
15 Gd(LH)-3H,0 107.7(2) 17.4(3) 21.6(3) 36.8(4) 25.3 [17]
16 Cu,(LH),-6H,0 107.9(6) 5.3 8.0 135 8.9 [18,24]
17 K,Na,Cu(L),-12H,0 111.4(2) 8.1(2) 8.5(1) 13.6(2) 10.1 [19]

Estimated standard deviations in parentheses.
Compounds 1b* and 6¢*, crystal structures solved by neutron diffraction; L = [(H,C)(OH)C(PO,),]*~.
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TABLE 9 Other Various Bisphosphonated Acids and Complexes: P-C—P angle (°) and Pseudo-Torsion Angles (°) between
PO, Groups

Average
No. Compound P1-C1-P2 P1-01, P2-04 P1-02,P2-05 P1-03, P2-0O6 Rotation Ref.
18 EDA(LH,) 115.8(1) 19.1 39.9 21.9 27.0 [20]
19 2A3MP(LH,)-H,O 115.7(1) 6.0(1) 2.5(1) 11.9(1) 6.8 [21]
20 (2A4MP),(LH,:)(LH,)-3H,0 [21]
LHgs- 112.8(2) 15.5 16.1 17.6 16.4
LHig- 112.8(2) 14.7 15.3 16.5 15.5
21 (NH,);Mo,0,,(LH),- 10H,0 111.4(6) 1.5(4) 1.9(4) 2.0(6) 1.8 [25]
110.4(5) 1.1(3) 0.1(3) 2.7(5) 1.3
22 (NH,);M00,(LH,)(LH)-6.75H,0 111.7(3) 7.8(2) —-1.5@3) -6.9 -0.2 [26]
111.5(3) 6.9(3) 6.5(3) —3.5(5) 3.3
23  Na,(NH,)MoO,(H)(L),-15H,0 112.7(4) 12.5(3) 10.6(3) 15.6(4) 12.9 [27]
24 (H)(CH,),N[HC(PO,H,)(PO,H)]-H,O 113.4(8) 33.4(2) 43.9(1) 67.6(2) 48.3 [28]
25  (NH,)(CH,),(LH,) 110.66(8) 25.4(1) 25.8(1) 33.1(2) 28.1 [28]
26 (NH,)(CH,),(LH,) 113.5(2) 8.6(1) 0.3(1) 1.8(2) 3.6 [29]
27  (NH,)(CH,)s(LH,) 113.6(2) 14.0(1) 20.7(2) 47.4(2) 27.4 [30]
28 (NH,)(CH,)s(LH,)-H,O 112.1(1) 10.3(1) 14.6(1) 18.3(1) 14.4 [31]
110.9(1) 24.4(1) 28.5(1) 43.3(1) 32.1
29  Zn[(NH,)(CH,),(LH,)],-2H,0 110.3(4) 4.3(3) 0.8(3) 16.4(4) 7.2  [31,32]
113.6(5) 17.7(3) 12.5(3) 42.0(4) 24.1
30 Cd[(NH,)(CH,),(LH)]-H,O 108.8(6) 7.9(4) 9.3(3) 22.8(5) 13.3  [31,32]
31  [(H;C)O(H)(CHL)I[(CH,)(CH,),(LH,)]  108.4(2) 36.3(1) 39.6(1) 51.3(2) 42.4 [31]
32 (NH.)(CH,);(LH;6), - 2H,0 111.0(2) 26.2(1) 27.7(1) 53.0(2) 35.6 [33,24]
112.1(2) 23.9(2) 31.9(2) 46.4(2) 34.1
33 L(CH,), 119.3(2) 5.4(1) 1.5(1) 7.6(2) 4.8 [34,24]
34  (CeHg)L(CH,), 111.7(2) 22.4(1) 30.0(2) 34.6(2) 29.0 [34,24]
35 (CeHs)L(CH,CeHy), 115.8(2) 16.6(1) 15.2(1) 27.4(1) 19.7  [35,36]
36 (CH,)L(CH,CiH.), 116.0(8) 17.4(1) 18.9(1) 31.3(2) 225 [36]
37  NH3(CH,)s(LH,) 111.7(6) 41.6(3) 47.0(3) 58.3(5) 49.0 [37]
108.6(5) 28.6(4) 36.2(4) 54.6(5) 39.9
38 Betaine 114.6(3) 0.1 2.2 1.3 1.2 [37]
bis(dihydroxyphosphinoyle)-2,2
N(2’',3',4'-H pyrolyle) pyrrolidine
39  Cu,[(NH,(CH,)5(LH,),], - 4H,0 110.0(4) 3.9 0.3 14.6 6.3 [37,38]
113.5(4) 15.6 11.2 38.1 21.6
40 Cu,,[(NH4(CH,)s(LH,),] - 2H,0O 110.3(5) 0.2 4.8 15.0 6.7 [37,38]
41  [H,N(CH,CH,),],Cu(LH,), - 2H,0 109.7(3) 8.5(2) 14.1(2) 13.6(2) 12.1 [39]
42  [H,N(CH,CH,),],Co(LH,), - 2H,0 111.9(1) 7.5(2) 12.5(1) 9.8(1) 9.9 [39]
43 [H,N(CH,CH,),],Mg(LH,), 2H,0 111.41(9) 7.0(1) 12.2(1) 9.8(1) 9.7 [40]
44 [H,N(CH,CH,),],Zn(LH,), - 2H,0 111.7(1) 7.4(1) 12.7(1) 9.9(2) 10.0 [40]
45 NaCu(LH,)CI-3H,0 106.3(2) 2.1(1) 1.2(1) -8.1(2) -1.6 [16]
46 (NH,)(CH,)s(LH,)-H,O 112.1(1) 10.3(1) 14.6(1) 18.3(2) 14.4 [41]
110.9(1) 24.4(1) 28.5(1) 43.3(1) 32.1

Estimated standard deviations in parentheses.
EDA, ethylenediammonium; 2A3MP, 2-amino 3-methyl pyridinium; 2A4MP, 2-amino 4-methyl pyridinium; L = [(H,C)(OH)C(PO,),]*.

TABLE 10 Bis-HEBP Complexes (DHHTP and DHOTP): P—C-P angle (°) and Pseudo-Torsion Angles (°) between PO,
Groups

P1-01, P1-02, P1-03, Average

No. Compound P1-C1-P2 P2-04 P2-05 P2-06 Rotation Ref.
47 (H,0),[(H;04P,)(OH)C(CH,),C(OH)(P,0O.H.)] - 2H,0 111.3(1) 17.7(1) 23.7(1) 32.1(2) 245  [42]
48  Na,[(H;04P,)(OH)C(CH,),C(OH)(P,O4H,)] - 4H,0 108.3(2) 35.7(1) 32.3(1) 53.6(2) 40.5 [43]
49  K,[(H,04P,)(OH)C(CH,),C(OH)(P,0.H,)] - 2H,0 111.4(1) 19.2(1) 25.8(1) 35.7(1) 269  [42]
50 Cu[(H,0O4P,)(OH)C(CH,),C(OH)(P,0¢H,)] - 10H,0 110.4(3) 9.9(2) 10.7(2) 23.4(3) 14.7 [44]
51  [(H)O(CH,),L[(Hs0sP,)(OH)C(CH,),C(OH)(P,O.HJ)]- 4H,0  111.2(6)  13.2(4) 14.9(4) 16.5(5) 149  [31]
52  Ca[(H,04P,)(OH)C(CH,);C(OH)(P,0¢H,)] - 6.8H,0 111.7(4) 20.8(3) 24.5(2) 35.9(3) 27.1 [31]
53  Cu2[(H,04P,)(OH)C(CH,),C(OH)(P,O.H,)] - 12H,0 110.7(4) 7.6(3) 14.0(3) 18.7(4) 134  [31]

Estimated standard deviations in parentheses.
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