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Abstract Extensive DFT and ab initio calculations were per-
formed to characterize the conformational space of pamidro-
nate, a typical pharmaceutical for bone diseases. Mono-, di-
and tri-protic states of molecule, relevant for physiological pH
range, were investigated for both canonical and zwitterionic
tautomers. Semiempirical PM6method were used for prescre-
ening of the single bond rotamers followed by geometry
optimizations at the B3LYP/6-31++G(d,p) and B3LYP/6-
311++G(d,p) levels. For numerous identified low energy con-
formers the final electronic energies were determined at the
MP2/6-311++G(2df,2p) level and corrected for thermal
effects at B3LYP level. Solvation effects were also considered
via the COSMO and C-PCM implicit models. Reasonable
agreement was found between bond lengths and angle values
in comparison with X-ray crystal structures. Relative equilib-
rium populations of different conformers were determined
from molecular partition functions and the role of electronic,
vibrational and rotational degrees of freedom on the stability
of conformers were analyzed. For no level of theory is a
zwitterionic structure stable in the gas-phase while solvation

makes them available depending on the protonation state.
Geometrically identified intramolecular hydrogen bonds were
analyzed by QTAIM approach. All conformers exhibit strong
inter-phosphonate hydrogen bonds and in most of them the
alkyl-amine side chain is folded on the P-C-P backbone for
further hydrogen bond formation.
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Introduction

Bisphosphonates are analogues of the naturally occurring
inorganic pyrophosphate in which the oxygen in P-O-P has
been replaced by a carbon, resulting in a metabolically
stable P-C-P structure [1, 2]. These drugs represent a large
contribution to the global pharmaceutical market and are
widely used in treatment of a variety of bone disease such
as osteoporosis, Paget’s disease and hypercalcemia due to
malignancy [3, 4]. Replacement of the oxygen atom be-
tween two phosphonic acid moieties of pyrophosphate by
a carbon atom opened up the possibility of attaching side
chains (1 and 2 in Fig. 1a). Over many years, a large amount
of experimental research on bisphosphonates has been fo-
cused on the modulation of the characteristic features of
these compounds by variation of the structure and function-
ality of side chains of the P-C-P backbone [5]. In the most
potent bisphosphonates in clinical use, one of the side
chains is a hydroxyl group and the other is a bulky group
with a nitrogen moiety either in an alkyl chain or within a
heterocyclic structure. These nitrogen containing bisphosph-
onates inhibit the enzyme farnesyl diphosphate synthase
(FPPS) by binding to its active site via participation of a
cluster consisting of 3 Mg+2 ions, as demonstrated by X-ray
diffraction studies [6–9].
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Each of the phosphonate groups, hydroxyl moiety and
positive nitrogen center play a distinct role in overall activ-
ity of clinically relevant bisphosphonates, as revealed from
experimental and QSAR studies [10–14]. When targeting
bone mineral or FPPS enzyme each of these functional
groups interact specifically with their molecular targets.
For example removal or replacement of a phosphonate with
other groups leads to a huge loss of activity. The length of
bulky side chain and the location of its positive nitrogen
center relative to the P-C-P backbone is another important
parameter. The hydroxyl moiety acts also as a “bone hook”
and existence of it is essential for efficient bone resorption
activities. Although many experimental studies shed some
light on the structure-activity relationships of bisphospho-
nates, it is still an open theoretical question of how small
structural modifications of bisphosphonates may lead to
extensive alterations in their physicochemical, biological
and toxicological characteristics.

A few theoretical studies have also been conducted on
bisphosphonates and their interaction with biological targets
[15–18]. In 1994 Rasanen and coworkers [15] have studied
the gas-phase molecular properties of two clodronate-type
bisphosphonates at the HF/3-21 G* level of theory. A self-
consistent reaction field (SCRF) model has been used in
their work to incorporate solvent effects. They also investi-
gated the geometry of complexes of bisphosphonates with
up to six water molecules. The same authors in another work
[16] have used the same methodology to investigate the
interaction of bisphosphonates with cationic magnesium
and calcium ions. In 2006 Robinson and coworkers [17]
used the generalized AMBER force field (GAFF) to model
the structure of bisphosphonates and their interaction with
hydroxyapatite (a model for bone mineral). Reasonable
agreement was found between vacuum molecular mechani-
cal geometries and solid state crystal structures. They have
analyzed the relative bone affinity of different bisphospho-
nates by comparison of the magnitude of the exothermic

interaction energy released through binding to different
faces of hydroxyapatite crystal. Finally, in a recent study
the energetic basis of molecular recognition between FPPS
enzyme and nitrogen containing bisphosphonates have been
studied by Ohno and coworkers [18] using the fragment
molecular orbital (FMO) method. They have found that
the potency of nitrogen containing bisphosphonates is af-
fected by hydrogen bond, electrostatic interaction, CH-π
and π-π interactions with FPPS residues.

Pamidronate (Fig. 1b) is a second generation bisphosph-
onate which was the starting point for extensive structural
modifications. Though more potent bisphosphonates have
been obtained from these modifications, this compound is
still a classical target for general structural investigations on
a hydroxy-bisphosphonate moiety with an aliphatic alkyl-
amine side chain. Assessment of the conformational flexi-
bility of pamidronate and patterns of H-bonding that gov-
erns it would be helpful for analysis of interaction of this
ligand and other nitrogen containing bisphosphonates with
their biological targets. Moreover, knowledge of conforma-
tional states of pamidronate is a perquisite for study of its
interaction and complexation with relevant metallic cations
such as Mg+2, Ca+2 and radio-nucleotides such as Sm+3 [19,
20]. In this regard a detailed structural analysis of
bisphosphonates under a well-defined theoretical frame-
work is necessary for prediction of their activities. In the
present study, an extensive conformational search was per-
formed to identify the most stable structures of pamidronate,
as a representative member of nitrogen containing
bisphosphonates pharmaceuticals. Some structural features
and patterns of intramolecular hydrogen bonds over the
conformational space of pamidronate will be analyzed in
the following sections.

Methodology

Structural definitions

Pamidronate is a polyprotic acid having four ionizable P-
OH groups and one amino (-NH2) group which might be
protonated in the form of a positive acidic moiety (-NH3

+)
(see Fig. 1b). Successive deprotonation of this pentaprotic
acid (referred to as H5L) results in other protonation states
of pamidronate. The present study is simplified by focusing
attention on those states that are more relevant in the phys-
iological range of pH. Measured values of pKa1, pKa2 and
pKa5 are around 1.24, 1.93 and 12.14, respectively
corresponding to the first, second and fourth ionizations of
the four P-OH groups [21, 22]. Thus only the H3L, H2L and
HL species at both of the canonical (c) and zwitterionic (z)
forms are considered here. Note that the total charge of
species is dropped in our notation.

Fig. 1 a General structure of geminal bisphosphonates. b Structure of
pamidronate in its fully protonated form (H5L)
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Structure of fully protonated H5L form of pamidronate is
illustrated in Fig. 1b with unique atom-names that were used
to facilitate the structural analysis of the system. Some
useful conventions were adopted in naming of atoms in
other protonation states. In the case of un-equivalent phos-
phonate groups, the name P2 was always used for the P atom
in that phosphonate group which has less proton than the
other. Moreover, within a phosphonate or amine group pro-
tons are named in increasing order of their acidity. Thus Hx3

(x 0 N, 1, 2) refers to the most acidic proton in a functional
group.

As illustrated in Fig. 1b, conformational flexibility of
H5L is controlled by ten rotamers in its structure. Successive
deprotonation reduces the dimension of conformational
space to 9, 8, 8, 7, 7 and 6 in the case of H3L(c), H3L(z),
H2L(c), H2L(z), HL(c) and HL(z), respectively. Common
to all species, there are four rotamers that define the heavy-
atom (non-hydrogen back-bone) structure of pamidronate
(red bonds in Fig. 1b). By definition, rotations of PO3

groups are expressed in terms of X-P1-Cα-Y (Ф1XY) and
X-P2-Cα-Y (Ф2XY) torsion angles where X and Y might be
one of the possible proximal and distal atoms. Rotations
along the alkyl-amine side-chain are expressed by Cγ-Cβ-
Cα-Oβ (Фαβ) and N-Cγ-Cβ-Cα (Фβγ) torsion angles. To
provide compact notations for different conformations, tor-
sion angles Ф1 and Ф2 are defined in a unique manner as an
average over Ф1XY and Ф2XY values for some combinations
of X and Y. Structural definitions adopted in present study
were chosen to be generally applicable to other bisphosph-
onates in order to be helpful for future comparisons.

Following IUPAC notation for torsion angle [23], each of
the above mentioned dihedrals are designated by symbols T,
C, G+, G−, A+, and A− to represent trans, cis, gauche-
clockwise, gauch-counterclockwise, anticlinal-clockwise
and anticlinal-counterclockwise, respectively. A combina-
tion of these symbols for a set of (Ф1, Ф2, Фαβ, Фβγ)
rotamers was used to identify different heavy-atom struc-
tures preceded by a number to sort, in order of increasing
energy, all investigated conformers. It should be noted that
forФ1 andФ2 angles, due to their average definition, only C
and G (without + or −) symbols were used to reflect the
eclipsed or staggered orientations of PO3 groups around P-C
bonds. Thus, for example, the GGTT refers to a structure in
which both PO3 groups are staggered and the whole side-
chain is transoid.

Conformational search

To explore conformational space of pamidronate, a systematic
variation of all rotational degrees of freedom was performed
for which Ф1XY, Ф2XY, Фαβ and Фβγ were varied by four,
four, five and five-fold increments, respectively. In the case of
hydrogen-contained dihedrals (blue bonds in Fig. 1b) a four-

fold incremental variation was used except for H3L(c), H3L
(z) and H2L(c) where a 3-fold H-X-Y-Z dihedral was consid-
ered to avoid combinatorial explosion of a number of trial
structures. Accordingly, 97,200, 32,400, 25,600 and 6400
structures were constructed for cases with nine, eight, seven
and six rotamers, respectively.

All bond lengths and bond angles are set initially to the
equilibrium values obtained from a model-builded structure
that was optimized by PM6 semiempirical method. PM6 is
the most recent member of the NDDO family of semiem-
pirical methods and is understandably the most accurate
[24]. Several low energy phenomena are predicted more
accurately by PM6, with the most important of them being
the prediction of the energies and geometries involved in
hydrogen-bonding. Thus the initial structures were then
partially optimized by PM6 method while all bond lengths
kept frozen. This constraint helps avoid bond breaking and
forming when there are bad contacts in the initial structures.
The resulting structures were then fully optimized by relax-
ing bond lengths. To avoid loss of any minima near the
initial structures, starting values of the trust radius in the
following adopted eigen-vector algorithm was reduced by
an order of magnitude.

Redundant conformers were identified by checking the
final heats of formation and also by comparison of root
mean squared atomic distances between structures. After
relaxation of bond lengths it was found that the zwitter ionic
forms are unstable in gas-phase and one of the protons on
the NH3

+ group tends to migrate to the phosphonate groups.
To trap the zwitterionic states, solvation should be consid-
ered to stabilize charge separation by environmental effects.
Accordingly, the conductor-like screening model (COSMO)
was used in conjugation with PM6 Hamiltonian for optimi-
zation of zwitter ionic trial structures. COSMO is a compu-
tationally efficient continuum approach for modeling
solvent effects which generates a conducting polygonal
surface around the system at the Van der Waals distance
[25]. In COSMO calculations 162 surface segments per
atom was used with a dielectric constant of 78.4 for solvent.
However, as will be discussed later, in the case of HL
protonation state the canonical tautomer was preferred over
the zwitter ionic one in both gas-phase and solvated
structures.

Semiempirically located minimum structures were then
subjected to further optimizations at the B3LYP/6-31+G*
level of theory. Solvent effects were incorporated through
the conductor polarized continuum model (C-PCM) [26,
27]. In the course of geometry optimizations only the electro-
static contribution to the solvation energy was considered via
the iterative solver method while for the final structures the
cavitation and dispersion-repulsion parts of solvation energy
were also calculated at the HF/6-31+G* level. At the B3LYP/
6-31+G* level, number of unique conformations was reduced
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to 65, 58 and 37 for H3L(c), H2L(c) and HL(c) respectively
and the C-PCM calculations resulted in 62, 75 and 45 con-
formers for H3L(z), H2L(c/z) and HL(c), respectively. To
increase the accuracy of geometries, low-energy conformers
obtained at the B3LYP/6-31+G* level were further optimized
at the B3LYP/6-311++G(d,p) level of theory. The normal
mode analysis was also performed at this level for final
structures to ensure their minimum character. The zero-point
energy (ZPE) corrections and thermal contributions to the
energy and entropy were also obtained from this analysis. To
increase the accuracy of relative conformational energies,
single-point calculations were performed on the final struc-
tures at the MP2/6-311++G(2df,dp) level with and without C-
PCM model.

Conformational populations

As will be seen in the next section, many low energy con-
formers are possible, in gas-phase or solution, for each
protonation state of pamidronate. To determine equilibrium
population of these structures, standard techniques of statis-
tical mechanics were used [28, 29]. For a given protonation
state, the structure with lowest value of ZPE-corrected elec-
tronic energy was selected as reference conformer Cref and
the following conformational equilibrium:

Cref , Ci Ki ¼ Ci½ �
Cref

� � ð1Þ

was considered between the reference conformer and any of
the others. The equilibrium constant Ki was obtained from
molecular partition function qi according to the following
relation:

Ki ¼ qi
qref

¼ Krot
i Kvib

i Kelec
i ¼ qroti

qrotref

qvibi
qvibref

qeleci

qelecref

: ð2Þ

In this equation the equilibrium constant is factorized to the
rotational (Krot), vibrational (Kvib) and electronic (Kelec)
contributions and qrot,qvib and qelec are rotational, vibrational
and electronic parts of molecular partition function, respec-
tively. For each conformer these partition functions were
calculated from respective ab initio data including moments
of inertia, vibrational frequencies and ZPE-corrected elec-
tronic energies. The fraction (Xi) of each conformer in the
equilibrated sample was then obtained according to the
following relation:

Xi ¼ Ki=
X

i

Ki; ð3Þ

where the sum in the denominator goes through all conform-
ers including the reference one (note that Kref01). The factor-
ization that was adopted in Eq. 2 makes it possible to analyze
in a distinct manner the role of rotational, vibrational and

electronic degrees of freedom on the population of each
conformer.

Characterization of hydrogen bonds

There are numerous sites in the structure of pamidronate that
can potentially act as donors and/or acceptors of protons. As a
result of this fact hydrogen bonding plays an important role in
structural diversity of pamidronate and the relative stability of
its conformers. In the present study hydrogen bonds in differ-
ent conformers were identified between hydrogen and accep-
tor if their distances are larger than the sum of their Van der
Waals radii and simultaneously if the donor-hydrogen-
acceptor angle is larger than 110º. In this regard, Van der
Waals radii as tabulated by Bondi were used for all atoms
[30]. As an independent measure, topology of the electron
density was analyzed according to the quantum theory of
atoms in molecules (QTAIM) [31]. Existence of a bond crit-
ical point (bcp) between hydrogen and acceptor atoms were
used as a topological confirmation of geometrically identified
hydrogen bonds [31, 32]. Moreover, the value of electron
density (ρbcp) and its Laplacian functionr2

ρbcp
were calculated

at hydrogen bonding critical points for further characterization
of hydrogen bonds.

Estimation of hydrogen bond energy (EHB) would be
helpful for analysis of the role of hydrogen bonding on
different conformers. In the case of intramolecular hydrogen
bonds there is not a unique proposal for calculation of EHB.
In this work the relation EHB≈0.5Vbcp were used where Vbcp

is the local potential energy density at the hydrogen-bond
critical point [32]. This relation has been proposed from a
correlation between Vbcp and EHB over a sample of crystal
structures [33]. The terms “topological measure” and “topo-
logical confirmation” in previous sentences should be used
with some cautions outside the QTAIM paradigm. Despite
popularity in the application of topological criteria for iden-
tification of hydrogen bonds, it should be noted that the
existence of a bond critical point does not always indicate
an interaction and the magnitude of the density at this point
in noncovalent interactions does not always correspond to
hydrogen bond strength. In the case of intramolecular inter-
actions, which are difficult to quantify, this approach can be
at least suggestive of the bond strengths.

All semiempirical calculations were performed by
MOPAC [34] while DFT and MP2 results were obtained
by GAMESS suite of programs [35]. The AIM2000 package
[36] was utilized for QTAIM analysis of the wave function.

Results and discussions

Some of the most stable gas-phase structures of pamidronate
are displayed in Figs. 2 and 3. Corresponding solvated
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structures obtained from C-PCM calculations are depicted in
Fig. 4. (Structures of all obtained conformers can be found
in Figs. S1, S2. S3, S4, S5 and S6 in supplementary infor-
mation). Relative electronic energies, ZPE corrected ener-
gies, Gibbs free energies, conformational populations and
conformational equilibrium constants for most populated
gas-phase and solvated conformers are reported in Tables 1
and 2. These data for all obtained conformers can be
found in Tables S1, S2, S3, S4, S5 and S6 in supple-
mentary information). In Table 3 some structural param-
eters of pamidronate for the most stable conformers
obtained at the B3LYP/6-311++G(d,p) level of theory
are compared with those obtained from X-ray crystal-
lography [37, 38]. The overall agreement is reasonable
considering the fact that all X-ray structures have no
intramolecular hydrogen bond and have an extended
conformation while all theoretical structures have a
strong intramolecular hydrogen bond with folded side
chain. Moreover, in X-ray structures some positively
charged counter ions located near the phosphonate
groups considerably affect their geometries. Wild

changes in some reported angle values of theoretical
conformers could be attributed to different patterns of
intramolecular interactions as will be discussed in the
following sections.

Canonical vs. zwitterionic stability

As noted previously, all stable gas-phase structures are of
canonical form and solvation is necessary to stabilize
charge-separated zwitterionic structures. However, even in
the presence of continuum solvation model successive
deprotonation of pamidronate destabilizes the zwitterionic
forms. In the case of H3L, all of the most stable conformers
are zwitterion but there is a close competition between H2L
(c) and H2L(z) conformers as is evident from relative ener-
gies and populations in Tables 2 and S4. The z1GGTG−

conformer has lowest electronic energy and ZPE-corrected
energy but thermal corrections make two canonical con-
formers c6CGG−A− and c2GGG−G− more populated as a
result of lower Gibbs free energies. Entropic and thermal
effects play a significant role on the relative stability of

Fig. 2 Geometries of the most stable gas-phase conformers of H2L protonation state of pamidronate
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solvated structures in all protonation states. In the case of
H2L solvated structures, three of the five conformers with
lowest energy are zwitterionic but after inclusion of
thermal effects the total population of z-forms is less
than 30 %. In the case of HL protonation state all
solvated conformers are canonical since the phosphonate
groups are highly charged and more separation of
charges is impractical from the electrostatic point of
view. Present calculations show that the H3L form of
pamidronate is mainly populated by a single conformer
but the H2L and HL protonation states are multi con-
former systems in gas-phase and solution.

Electronic vs. vibrational stability

In all protonation states the differences in electronic energy
of conformers are small and thus ZPE and thermal correc-
tions have significant effect on the energy ordering of dif-
ferent conformers. This effect is more pronounced for
solvated structures as a result of smaller successive energy
differences. In this regard an interesting question would be

the role of vibrational and rotational components of molec-
ular energy on the relative stability of different conformers.
There are many cases in Tables 1 and 2 and S1, S2, S3, S4,
S5 and S6 for which a conformer with higher electronic
energy becomes more populated than a conformer with
lower electronic energy. A neat example is solvated H3L
conformer z2GGTG− which is around 10 % more populated
than global minimum z1GGG−G− since its Kvib value is
larger than that of z1GGG−G−. In other words, as a result
of its larger vibrational partition function, z2GGTG− has a
less rigid structure than z1GGG−G− and is more favored
with respect to vibrational degrees of freedom. It should be
noted that these two conformers have nearly the same Krot

value and with respect to rotational degrees of freedom none
of these structures is preferred over the other. In other words
structure of z2GGTG− is nearly as compact as that of
z1GGG−G−.

Similar comparisons can be made between electronic,
vibrational and rotational equilibrium constants of other
conformers in different protonation states. As a general
conclusion, it can be said that relative stability of different

Fig. 3 Geometries of the most stable solvated conformers of H2L protonation state of pamidronate
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conformers of pamidronate in different protonation states is
mostly controlled by electronic (mainly energetic) and vi-
brational (mainly entropic) factors. The overall effect of
rotational factors is small since there are multiple hydrogen

bonds in the structure of most (low-lying) conformers. Pres-
ence of these hydrogen bonds keeps most conformers in
locked forms with the same level of compactness. In all con-
formers of H3L and H2L the alkyl amine side chain is folded

Fig. 4 Geometries of the most stable solvated conformers of H3L protonation state of pamidronate

Table 1 Relative electronic en-
ergies (E), ZPE-corrected ener-
gies (E0), Gibbs free energies
(G), conformational equilibrium
constants (K) and conformation-
al populations of the most stable
gas-phase conformers of
pamidronate. Only conformers
with population more than 5 %
are listed here. All energies are
in kcalmol−1

Conformer Population (%) E E0 G K Kelec Kvib Krot

H3L

c1GGTG- 88.5 0 0 0 1 1 1 1

c2GGG-G- 5.6 1.858 1.732 1.377 0.064 0.043 1.349 1.090

H2L

c1GGG-G+ 43.2 0 0 0 1 1 1 1

c2GGTG- 23.7 0.181 0.543 1.08 0.549 0.737 0.780 0.955

c3GGG-G- 20.4 0.645 0.592 0.339 0.472 0.337 1.389 1.009

c4GGG-G- 7.7 1.134 1.029 0.814 0.178 0.148 1.195 1.009

HL

c1GCG+G+ 28.8 0 0 0 1 1 1 1

c2GCTG- 31.7 0.182 −0.061 −0.542 1.098 0.736 1.583 0.943

c3GCG-G+ 12.9 0.523 0.324 0.077 0.448 0.414 1.078 1.005

c4GCG-G- 25.4 0.625 0.173 −0.830 0.881 0.348 2.488 1.017
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on the P-C-P back bone to form one or two hydrogen bonds.
Even when the alkyl amine side chain is extended and forms
no hydrogen bond, as in some conformers of HL, the rota-
tional partition function does not change considerably and
electronic and vibrational factors remain more effective.

Other notable cases of competitive role of electronic and
vibrational factors occurs in gas-phase HL conformers where
c2GCTG− and c4GCG−G− are more populated than
c1GCG+G+ and c3GCG−G+, respectively. The same thing
is true for solvated conformers of HL where c2GCG−T is
considerably more favored over c1GCG−G+ and both of
c4GCG+Tand c5GCG+Tconformers are more preferred than
c3GCG−T.

Statistical analysis of P−O bond lengths

Two histograms of P−O bond lengths with equal bin widths of
0.008 Å are depicted in Fig. 5 for gas-phase and solvated
conformers. Continuous or dashed curves in this figure were
obtained from a smooth Gaussian kernel representation of the
distribution of whole or some special subsets of P−O bond
length data. As can be seen, values of P−O bond length are
clustered into two distinguishable distance ranges depending
on the protonation of oxygen atom. Single P−O bonds (blue
curves in Fig. 1b) are obviously longer and cover a range from
1.58 to 1.75 Å in gas-phase conformers. This range is con-
tracted considerably in the solvated conformers and as a rule

Table 2 Relative electronic en-
ergies (E), ZPE-corrected ener-
gies (E0), Gibbs free energies
(G), conformational equilibrium
constants (K) and conformation-
al populations of the most stable
solvated conformers of pamidr-
onate. Only conformers with
population more than 5 % are
listed here. All energies are in
kcal mol−1

Conformer Population (%) E E0 G K Kelec Kvib Krot

H3L

z1GGG−G− 36.2 0 0 0 1 1 1 1

z2GGTG− 47.3 0.098 −1.115 −2.585 1.307 0.848 1.614 0.955

z3GGG−G− 11.0 0.232 0.960 2.162 0.304 0.676 0.448 1.004

H2L

z1GGTG− 65.8 0 0 0 1 1 1 1

c2GGG−G− 15.2 1.763 0.807 −1.045 0.231 0.051 4.154 1.092

c4CGTA+ 5.4 2.214 1.432 −0.084 0.082 0.024 3.270 1.056

c6CGG−A− 5.6 2.651 1.170 −1.501 0.085 0.011 6.774 1.099

HL

c1GCG−G+ 14.9 0 0 0 1 1 1 1

c2GCG−T 30.0 0.081 −0.183 −0.942 2.012 0.872 2.072 1.114

c3GCG−T 11.1 0.177 0.363 0.546 0.748 0.742 0.902 1.117

c4GCG+T 15.7 0.231 −0.549 −1.589 1.052 0.677 1.397 1.111

c5GCG+T 16.0 0.424 −0.399 −1.687 1.073 0.489 1.972 1.113

Table 3 Some structural parameters of pamidronate for the most stable conformers obtained at the B3LYP/6-311++G(d,p) level of theory in
comparison with those obtained from X-ray crystallography. Bond lengths and angles are in angstroms and degrees, respectively

Angles Bonds

P1−Cα−P2 C−Cβ−C N−C−Cβ C−Oβ Px−Oxy
a Px−OxyHxy

a N−Cγ

B3LYP/6-311++G(d,p) conformers

H3L (z1GGG−G−) 107.64 116.50 113.01 1.437 1.521 1.640 1.504

H3L (z2GGTG−) 112.72 120.43 113.75 1.448 1.521 1.640 1.500

H3L (z3GGG−G−) 106.80 116.25 112.90 1.439 1.524 1.634 1.507

H2L (z1GGTG−) 113.44 120.84 113.28 1.451 1.541 1.639 1.497

H2L (c2GGG−G−) 113.26 116.22 113.84 1.445 1.524 1.640 1.482

H2L (c4CGTA+) 111.25 118.22 111.58 1.446 1.523 1.642 1.485

H2L (c6CGG−A−) 114.76 116.67 111.46 1.449 1.524 1.635 1.485

Structures from X-ray crystallography

H2L(z) GGG
−T [Ref 37] 110.25 116.55 109.02 1.452 1.515 1.613 1.492

H3L(z) GGG
+T [Ref 38] 111.63 116.30 108.01 1.437 1.503 1.583 1.496

a Average is reported over all possible “x” and/or “y” values in a conformer
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of thumb it can be said that in condensed phase any P−O bond
longer than 1.6 Å is a single bond with protonated oxygen.
Such a rule would be helpful for interpretation of protonation
states of bisphosphonate groups in experimental structures
with missing hydrogen positions.

As a result of higher bond orders the length of deproto-
nated P-O bonds are shorter than 1.59 Å in both gas-phase
and solvated conformers. In a finer analysis, this cluster of
bond lengths can be partitioned into three subsets
corresponding to three types of high-order P−O bond. In
the order of increasing average P−O length, these subsets
correspond to equivalent bare oxygen atoms in PO3H2,
PO3H and PO3 groups. In each of these subsets, the diver-
sity and distribution of P−O bond lengths over the confor-
mational space of pamidronate is mainly affected by
different patterns of hydrogen bonding. The bare oxygen
in high-order P−O bonds can only act as a hydrogen bond-
ing acceptor which will results in elongation of P−O bond.
This is reflected in Fig. 5 by the fact that all corresponding
curves are skewed to the right. In this regard, hydrogen
bonds between terminal amine and phosphonate groups
have an especial effect that can be revealed by comparison
of c- and z-form curves in Fig. 5. When the amine nitrogen
becomes protonated the single P−O bonds are more short-
ened since the NH3

(+) cannot act as an acceptor for their

protons. On the other hand, in zwitterionic conformers the
high order P−O bonds are elongated since the NH3

(+) is
more potent than NH2 to act as a donor for bare oxygen
atoms.

Intramolecular hydrogen bonds

In Tables 4 and S7 and S8 geometrical and topological
characteristics of intramolecular hydrogen bonds in the most
stable gas-phase conformers of pamidronate are listed for
H3L, H2L and HL protonation states, respectively. Note
that only topologically confirmed hydrogen bonds are con-
sidered in these tables. As can be seen, strongest hydrogen
bonds are those occurred between phosphonate groups. In
most conformations of pamidronate the alkyl amine side
chain is folded on hydroxyl or phosphonate groups to par-
ticipate in hydrogen bonding with them. These nitrogen
containing hydrogen bonds are weaker than inter-
phosphonate hydrogen bonds though they play an important
role on the relative stability of conformers. A common
feature of most stable conformers in all protonation states
is their stronger nitrogen containing hydrogen bonds. Espe-
cially, the c2GCTG− conformer of HL in gas phase has
three N−H···O contacts of which two of them belong to a
bifurcated hydrogen bond between N−HN2 and O11 and O23.
However, tendency of the amine group to participate in
hydrogen bonding is reduced significantly in HL structures
and as a result of it the sterically relaxed Trans orientation of
amine becomes more populated.

Presence or absence of hydrogen bond between hydroxyl
group as a donor and one of the oxygen atoms of the
phosphonate groups is a somewhat mysterious feature of
pamidronate conformers. In all conformers of pamidronate
there is a geometrically identified hydroxyl-phosphonate
hydrogen bond where the hydroxyl group is always the
donor. However, many of these hydrogen bonds are not
confirmed topologically. In other words, there are many
cases where HO-Oxy distance is less than the sum of their
van der Waals radii but there is no bond critical point
between them. Application of a tighter geometrical thresh-
old is not a solution to this problem, since many topologi-
cally confirmed hydrogen bonds are not then geometrically
predictable. In H3L and H2L protonation states both PO3

groups prefer a staggered orientation while in the case of
HL, the fully deprotonated phosphonate group takes an
eclipsed structure. This fact is well correlated with the
presence and strength of hydrogen bonds between Oβ−HO

and one of PO3 oxygen atoms. As can be seen in Tables 4
and S7 and S8 tendency of hydroxyl group for donation of
hydrogen bond to the PO3 group is increased from H3L to
HL protonation states. Indeed most of geometrically identi-
fied Oβ−HO···Oxy hydrogen bonds are not topologically
confirmed in H3L and H2L while for all of them in the

Fig. 5 Distribution of P-O bond length values over conformational
space of pamidronate. a Gas-phase structures. b Solvated (C-PCM)
structures
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HL state a bond critical point was observed. Moreover, in
HL state values of EHB for Oβ−HO···O22 hydrogen bonds
are around 5–10 kcalmol−1 stronger than H3L or H2L cases.
Thus the steric strain of PO3 eclipse orientation is compen-
sated by stronger hydroxyl-phosphonate hydrogen bonds in
HL protonation state.

An interesting question is how well the geometrical and
topological characteristic parameters of hydrogen bonds are
correlated with each other over the conformational space of
pamidronate. An assessment of values reported in Tables 4
and S7 and S8 shows that the hydrogen-acceptor distance
correlates better than the donor-hydrogen-acceptor angle
with any of the topological parameters. In nearly all topo-
logically confirmed hydrogen bonds and for any type of
donor or acceptor atoms, one can find that shorter
hydrogen-acceptor distances result in larger electron density
and its Laplacian and larger local density of potential energy
at hydrogen bonding critical point. In Fig. 6 the electron
density at hydrogen-bond critical point is plotted against
acceptor-hydrogen distance. All conformers in all proton-
ation states are considered in this figure. Such correlations
usually were performed over hydrogen bonding data of
different systems and to our knowledge this is the first time
that this type of correlation is tested over different con-
formers of a single system. In the lower panel of Fig. 6 the
same data is depicted for In(ρbcp) and distinction is made
between different hydrogen donors. The result of a linear
regression applied to these data is also reported in this
figure. As can be seen, the linear relation between In(ρbcp)

Table 4 Geometrical and topo-
logical characteristics of hydro-
gen bonds in the most stable
conformers of H3L protonation
state. Only topologically con-
firmed H-bonds are listed here

Conformer D-H···A H···A D-H···A ρbcp r2
ρbcp EHB (kcal/mol)

Atom names Distance (Å) Angle (deg)

c1GGTG− O11-H11···O23 1.72 155.0 0.045 0.133 13.3

O12-H12···O22 1.97 152.8 0.026 0.080 5.9

O21-H21···N 2.05 145.1 0.026 0.074 5.4

N-HN1···O23 2.08 136.1 0.022 0.075 4.8

Oβ-HO···O22 2.13 126.2 0.021 0.075 5.1

Cγ-Hγ1···O11 2.64 123.0 0.008 0.025 1.6

c2GGG−G− O11-H11···O23 1.77 155.2 0.039 0.119 10.8

O12-H12···O22 1.82 154.5 0.036 0.109 9.5

N-HN2···O13 2.04 155.5 0.022 0.077 4.9

c3GGG−G+ O11-H11···O23 1.77 154.6 0.035 0.120 10.9

O12-H12···O22 1.87 154.3 0.026 0.099 8.1

Oβ-HO···O22 2.16 125.8 0.016 0.073 4.9

N-HN2···O13 2.34 136.7 0.008 0.040 2.5

N-HN1···Oβ 2.58 106.9 0.007 0.035 2.0

Cγ-Hγ2···O13 2.69 106.4 0.006 0.031 1.8

c4GGG−G− O11-H11···O23 1.77 155.4 0.039 0.119 10.9

O12-H12···O22 1.81 155.0 0.037 0.111 9.8

N-HN2···O13 2.04 153.3 0.022 0.077 4.9

Fig. 6 a Correlation between electron density at H-bond critical point
and the acceptor-hydrogen distance over conformational space of
pamidronate. b The same data on a logarithmic scale with distinction
between different types of donors. Electron densities larger than 0.015
were fitted with depicted linear model
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and acceptor-hydrogen distance holds well for stronger hy-
drogen bonds. At larger acceptor-hydrogen distances the data
points are more scattered. Another notable fact is that the
correlation between In(ρbcp) and acceptor-hydrogen distance
is independent of the protonation state of pamidronate and
mainly depends on the type of donor atom. Indeed better
linear regressions can be obtained if only hydrogen bonds of
the same donor type are considered in the fit or if the analysis
be performed on subsets of structurally similar conformers.

Conclusions

Full conformational space of pamidronate was searched for
three protonation states relevant at physiological pH range.
Numerous stable conformers were obtained for each state in
gas phase and in the presence of continuum solvation effects.
Reasonable agreement was found between bond lengths and
angle values in comparison with X-ray crystal structures.
Present analysis shows that in all protonation states of pamidr-
onate only the canonical tautomer exists in the gas-phase. As a
result of foldable alkyl-amine side chain one proton always
migrates from NH3

(+) to one of the P−O(−) groups. On
the other hand, the solvation effects, or strictly speaking
the implicit model of solvation considered here, stabil-
izes the charge separation in zwitterionic forms of all
H3L and some H2L conformers but all of the HL con-
formers remain canonical even when the solvent effects
are taken into account.

The spectrum of conformational energy is populated by
many low lying structures. In gas phase and within an
energy range of 5 kcalmol−1 higher than the most stable
conformer there are 9, 15 and 8 conformers for H3L, H2L
and HL protonation states, respectively. Solvation effects
reduces the energy differences considerably and in the same
energy range 16, 14 and 18 conformers were found for H3L,
H2L and HL protonation states, respectively. Solvation
effects also reduce the structural diversity of pamidronate
as revealed from the statistical analysis of P−O bond
lengths. Analysis of different contributions of molecular
partition functions and conformational equilibrium con-
stants show that the stability of conformers is mainly
controlled by electronic and vibrational factors. In all
conformations there is a competition between electronic
and vibrational parts of equilibrium constants and as a
result of it the order of stability of different conformers
is changed by inclusion of thermal contributions to the
Gibbs free energy.

The intramolecular hydrogen bonds were analyzed by
geometrical and topological criteria. In some conformers,
presence or absence of a hydrogen bond between hydroxyl
and phosphonate groups remains as an open question since
the geometrically identified hydrogen bonds were not

confirmed by topological criteria. All other hydrogen bonds
were identified as true QTAIM cases as a result of existence
of a bond critical point. In all topologically confirmed
hydrogen bonds there is a well behaved correlation between
the geometrical parameters and those deduced from topolo-
gy of electron density at hydrogen bond critical point. The
best correlation was found to be a nearly linear relation
between the hydrogen-acceptor distance and the logarithm
of electron density at hydrogen bond critical point.
Accordingly, the relative strength of different types of
hydrogen bonds cover a wide range from strong
phosphonate-phosphonate hydrogen bonds to the weak
C−H···O or C−H···N cases.
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