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Solid-State Molecular Organization and Solution Behavior of Methane-1,1-
Diphosphonic Acid Derivatives of Heterocyclic Amines: The Role of the
Topochemical Ring Modification and the Intramolecular Hydrogen Bonds in
Monosubstituted Piperid-1-ylmethane-1,1-diphosphonic Acids
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Abstract: The crystal structures of 3-
methylpiperid-1-ylmethane-1,1-diphos-
phonic (2), 4-methylpiperid-1-ylmeth-
ane-1,1-diphosphonic  (3), 2-ethylpi-
perid-1-ylmethane-1,1-diphosphonic (4),
and 2-methylpiperid-1-ylmethane-1,1-
diphosphonic (5) acids have been de-
termined and are discussed with re-
spect to their molecular organization
and crystal-packing preferences. The
chair conformation, predominant also
in solution, favors equatorial position-
ing of the bulky subsituents of the het-
erocyclic N and C atoms. The molecu-
lar geometry also provides access to in-
tramolecular hydrogen-bond formation
between the axial protons located on
the nitrogen atoms, as well as the
carbon atoms closest to it, and phos-
phonic/phosphonate oxygen atoms. The
molecules preferably arrange in mono-
layers, observed in all crystals with an
exception of 3. The layers are held in
place in the third direction through

van der Waals interactions. The analysis
of two-dimensional hydrogen-bonded
networks is concentrated on revealing
how the substituent’s topology of the
molecule affects the solid-state organi-
zation in well-defined structures and is
aimed at unraveling the consequences
and the possible conformational
changes by stepwise network disruption
upon crystal dissolution in water. The
solution NMR studies are focused on
revealing the role that the topochemis-
try of the substituent plays for the ste-
reodynamics in 2-5. It is demonstrated
that in constrast to piperid-1-yl-
methane-1,1-diphosphonic acid (1), in
which the ring inversion/rotation
around the C—N bond concerted with
the N—H--O hydrogen-bond breaking/
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formation process leads to a mixture of
two interconverting conformers, the
concerted N—H--O breaking/rotation/
N—H--O formation process in 2 and 3
allows for a predominance of one con-
former in solution. However, place-
ment of a substituent at 2-position in
the ring hampers the rotation around
the C—N bond; this makes 4 and 5 sig-
nificantly less flexible relative to com-
pounds 1-3. In addition, both com-
pounds 4 and § are proved to exist as a
mixture of two conformers, the equi-
librium of which in acidic solution is
shifted towards the conformer found in
solid state. In alkaline solutions of 4
and 5, the equilibrium is shifted to-
wards the conformer that is forced by
the flipping of the heterocyclic ring.
These results correlate well with re-
cently documented differences in the
biological potency of this group of
compounds.

Introduction

Bisphosphonates constitute an interesting class of hydrolyti-
cally stable analogues of pyrophosphate, in which the
oxygen bridge between the phosphorus atoms is replaced by

a carbon atom, with the possibility to attach specific side
chains to it. For over two decades they have been employed
as therapeutic agents for treatment of bone disorders char-
acterized by an excessive bone turnover, such as Paget’s dis-
ease, hypercalcemia of malignancy, and osteoporosis."! De-
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spite the large amount experimental data referring their ac-
tivity, the molecular mode of their action still remains un-
clear. An important breakthrough in understanding the mo-
lecular mechanism by which bisphosphonates inhibit bone
resorption was the discovery that drugs possessing a nitro-
gen atom in their side chain may inhibit the intracellular
mevalonate pathway. In particular, the farnesyl pyrophos-
phate synthase (FPPS) was identified as their principal
target.”! The reduction in the farnesyl pyrophosphate level
inhibits the prenylation of the intracellular signaling proteins
and thereby impairs many cellular functions, which in turn
leads to a programmed cell death.**

Along with their well-documented treating properties for
bone disorders, bisphosphonates have also been identified as
potent antiparasitic agents.”! They were shown to combat
parasitic protozoa, which are the causative agents of human
African trypanosomiasis (sleeping sickness), malaria, and
visceral leishmaniasis. The initial studies on nitrogen-con-
taining bisphosphonates were limited to compounds directly
used in bone resorption therapy.[*!l Structurally diverse com-
pounds, including the aminomethane-1,1-diphosphonic acids
(alternatively named aminomethylenebisphosphonic acids)
with nitrogen directly bonded to C,“*! are of current inter-
est. The antiparasitic activity of all these compounds can
also be attributed to the inhibition of the farnesyl pyrophos-
phate synthase.l!

Finally, the group of substituted aminomethane-1,1-di-
phosphonic acids constitute a new class of promising herbi-
cides with remarkable phytotoxic effects at both the whole
plant and cell culture level.”) However, the attempts to
define mechanism of their action give quite contradictory
results, indicating that the mode of their herbicidal activity
is complex and presumably relies on the simultaneous
action on several plant enzymes, including the farnesyl pyro-
phosphate synthase.!

The studies on the structure—activity relationship
show that the key feature for the FPPS inhibition is the
presence of the nitrogen atom. Its positive charge appears to
be very important, since it mimics reactive carbocation in-
termediates of the enzyme-catalyzed reaction. The spatial
accessibility of the positively charged nitrogen atom may
also play role. On the other hand, the nature and the size of
the substituent on N are crucial for the compound activity
as well. Sufficiently bulky substituents introduce a good
steric contact with the active site of the enzyme. Generally,
aromatic substituents, providing the system with hydropho-
bicity and charge delocalisation, are considered to be more
effective than non-aromatic ones. Despite the significant
progress made in understanding the inhibitory properties of
bisphosphonates, it is still less studied and it is not well un-
derstood why relatively small modifications in their struc-
ture may lead to significant changes in their biological po-
tency.

Previously, we demonstrated that the combination of X-
ray diffraction analysis and solution NMR studies gives a
powerful tool for revealing the inherent molecular proper-
ties of bisphosphonates.”’ The disentanglement of the crystal

[4c—e,5a,8]
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networks based on the priorities of the hydrogen-bond for-
mations and the hierarchy in the molecular organization al-
lowed us to deduct the preferred association forms of these
compounds in solution. Although the used methodology
may be argued, considering the not exactly understood so-
lution/solid-state relationship, it appears to be very helpful
for uncovering the grounds of the chemical functionality
and, possibly, the biological activity. Such a strategy can be
considered as an inverse to the crystal engineering strategy.

Our present studies concern piperid-1-ylmethane-1,1-di-
phosphonic acid (1)!"! and a group of its derivatives (2-5)
with a topologically modified piperidine ring. In particular,
we are aim to reveal the structure-dependent relationships
of the inter- and intramolecular hydrogen bonds, which
appear to play an essential role for the solution behavior of
these compounds.

R® R
_PO3H,
RY N—C<
o "PO3H,
R®=R=R‘=H
R’=Me R*=R'=H
R'=Me, R*=R’=H

R?=Et R®=H,R*=H
R?>=Me,R®=H,R*=H

O b WN

Very recently the compounds 1-5 have been shown to act
as immunomodulators that activate the YT cell, playing an
important role in the immune system. Although the mecha-
nism of this activation is not clear yet, it appears again to be
highly correlated with the activity of bisphosphonates as
FPPS inhibitors."!! The order of the decreasing activities for
1-5 expressed in ICy, values (ICs,: concentration (um) for
50% stimulation) has been shown to be the following: 3>
1>2>4>35. The ICs, values are in the range from 24 for 3
to 1203 and 2741 for 4 and 5, respectively.

In view of this, it seems reasonable to look for the molec-
ular basis of the above reported results with respect to the
topochemical relations and the aggregational predisposition
of the compounds. Therefore, the present studies are target-
ed at discerning the stereodynamics in 1-5, taking their con-
formational similarities and dissimilarities into considera-
tion.

Results and Discussion

Solid-state molecular organization: The molecular struc-
tures, atomic numbering scheme and the intramolecular hy-
drogen-bond connectivity patterns for 2-5 are shown in
Figure 1. For comparison purposes the atom numbering of
the phosphonic and the phosphonate groups is consistent
with that of the formerly studied N-substituted amino-
methane-1,1-diphosphonic acids.”! Compounds 2, 3, and §,
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Figure 1. Molecular structure and crystallographic numbering scheme of compounds 2-5: a) 3-methyl-piperid-1-ylmethane-1,1-diphosphonic acid; b) 4-
methyl-piperid-1-ylmethane-1,1-diphosphonic acid; c) 2-ethyl-piperid-1-ylmethane-1,1-diphosphonic acid; d) 2-methyl-piperid-1-ylmethane-1,1-diphos-
phonic acid. The displacement ellipsoids are at 40 % probability level. Water molecules are omitted for clarity.

are crystallographically isostructural with the unsubstituted
piperid-1-ylmethane-1,1-diphosphonic acid'” (1) and crys-
tallize in the monoclinic P2,/n space group. Compound 4
crystallizes in the triclinic space group P1 (Table 1). Similar
to the N-substituted aminomethane-1,1-diphosphonic
acids,”) all the studied compounds appear in a zwitterionic
form with a proton transferred from one of the phosphonic
groups towards the nitrogen atom (N1). The heterocyclic
ring in all compounds adopts a chair conformation with an
equatorial alkyl substituent on the ring C atom and an axial
hydrogen atom (HIN) on the nitrogen atom. The multiple
intramolecular hydrogen bonds, established between the
axial ring hydrogen atoms (located on N and the closest C
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atoms) and one or both phosphonic/phosphonate groups,
generate rigid hydrogen-bonded motifs S(5) and S(6).

The most important structural parameters are presented
in Table2. A careful analysis of these data reveals very
close similarities of the internal molecular parameters of 2
and 3 relative to those of 1. For the reasons of space we will
not discuss the intramolecular relations of these compounds
in detail and refer the readers to Table 2 and the supple-
mentary crystallographic data (see Experimental Section).
The main focus of the discussion considers the organization-
al features of the studied compounds in solid state with re-
spect to the most abundant molecular associations in so-
lution and their impact on the solution properties.
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Table 1. Summary of crystal data, data collection, and refinement conditions for compounds 2-5. arranged in (001) molecular
2 3 4 5 monolayers with hydrophilic in-
formula C,H,,NO.P, C,H,;NO,P, C4H, NO,P, C,H,,s NO,,P, terior and hydrophobic exteri-
M, 273.16 3272 305.20 295.68 or. The solid-state molecular
crystal system monoclinic monoclinic triclinic monoclinic conformation is firmly fixed by
space group P2i/n P2,/n P1 P2i/n sy .
a[A] 6.444(2) 5.974(2) 7.001(3) 8.988(2) three rigid ring motifs (S(5) and
b[A] 8.119(3) 14.398(4) 7.864(3) 14.703(3) S(6)) formed by the intramolec-
c[A] 20.401(5) 17.548(4) 12.035(4) 18.688(4) ular hydrogen bonds NI1—
a[] 72.71(3) HIN--O1, C6-H61--:06, and
B[] 92.69(3) 92.11(3) 89.48(3) 96.44(3) C2-H21--05 (assigned as 9, 10,
7 [°] 83.73(3) -
VA7 1066.2(6) 1508.3(7) 628.7(4) 2454.0(9) and 11) (Sf% Figure 1a and
T[K] 100(2) 100(2) 100(2) 100(2) Table 3). This configuration sets
VA 4 4 2 8 a predisposition for a mutual
Peatca [gCH[I ’] 4 1702 1441 1612 L.601 recognition of the identical sites
u#(Moy,) [mm~ 0.422 0.325 0.373 0.381 hosphonic—phosphoni
0 range [°] 3.91-35.69 3.65-35.18 3.55-35.60 3.29-35.27 (p 0sphome=phosphonic or
reflections collected 15752 19210 12103 29308 phosphonate—phosphonate).
independent reflections (Rj,) 4581 (0.0894) 5996 (0.0819) 4939 (0.0319) 8824 (0.0836) The molecular dimer formed by
reflections observed [I>20(1)] 2706 3480 3869 5140 0O3-H3---O1 (assigned as 1)
refined parameters 212 264 247 395 with an eight-membered ring
RI 0.0693 0.0752 0.0378 0.0764 motif R2,2(8) can be considered
wR2L! 0.0948 0.0825 0.0879 0.0779 1 Rs,2(8) can be consider
all data R 0.1552 0.1638 0.0569 0.1660 as the smallest building block
WwR2 0.1164 0.0998 0.0951 0.0950 of the crystal. Two different N-
AP/ APrmax [€ A%] —0.51/0.52 —0.41/0.36 —0.48/0.55 —0.42/0.38 phosphonate hydrogen_bond in-
[a] R=X(F,~F,)/SF,. [b] wR2 =[Sw(F2—F2)YSw(F2)*"2. teractions (2 and 3) are used to
extend the inversion-related di-
meric units into molecular rib-
The crystal network of 2: The substitution of one of the ring bons along the a direction (Figure 2a). An additional four-
C3 hydrogen atoms for the methyl group does not change membered ring is generated along the ribbon from the com-
the molecular organization in the crystal significantly. The bination of the inter- and intramolecular N-phosphonate hy-
three-dimensional hydrogen-bonded network of 2 is identi- drogen bonds (3 and 9). The two phosphonic groups are al-
cal with that of 1! (see Tables 2 and 3). The molecules are ternately arranged on both sides of the ribbons and provide

Table 2. Selected intramolecular bond lengths [A], angles [°] and torsion angles [°] for compounds 1-5.

L 2 3 4 5
A-unit B-unit
P1-0O1 1.511(3) 1.505(2) 1.515(2) 1.5076(12) 1.522(2) 1.511(2)
P1-02 1.506(3) 1.501(2) 1.495(2) 1.5010(12) 1.484(2) 1.532(2)
P1-03 1.572(3) 1.569(2) 1.571(2) 1.5757(12) 1.561(2) 1.522(2)
P1-Cl1 1.854(4) 1.853(3) 1.845(2) 1.866(2) 1.852(3) 1.846(3)
P2-04 1.496(3) 1.488(2) 1.481(2) 1.4809(12) 1.501(2) 1.484(2)
P2-05 1.549(3) 1.543(2) 1.531(2) 1.5496(12) 1.511(2) 1.539(2)
P2-06 1.544(3) 1.548(2) 1.546(2) 1.5628(12) 1.568(2) 1.546(2)
P2-Cl1 1.830(3) 1.838(3) 1.852(2) 1.842(2) 1.846(3) 1.853(2)
N1-C1 1.514(5) 1.520(3) 1.519(3) 1.523(2) 1.530(3) 1.526(3)
N1-C2 1.509(5) 1.504(3) 1.514(3) 1.537(2) 1.533(3) 1.538(3)
N1-C6 1.505(5) 1.507(3) 1.514(3) 1.518(2) 1.517(3) 1.524(4)
P1-C1-P2 111.6(2) 111.73(12) 115.42(11) 114.31(7) 116.71(15) 113.89(12)
N1-C1-P1 111.6(2) 110.9(2) 111.49(14) 111.10(9) 108.3(2) 117.5(2)
N1-C1-P2 118.9(3) 118.6(2) 114.54(14) 114.98(8) 115.3(2) 109.41(15)
C1-N1-C2 111.7(3) 112.7(2) 115.0(2) 114.95(10) 114.3(2) 114.4(2)
C1-N1-C6 115.3(3) 115.2(2) 113.7(2) 112.10(10) 111.8(2) 111.8(2)
C2-N1-C6 110.8(3) 110.1(2) 109.7(2) 108.63(10) 110.6(2) 110.6(2)
02-P1-C1-N1 136.3(2) 137.7(2) —147.6(2) 14.82(10) —29.0(2) 66.9(2)
04-P2-C1-N1 176.8(3) 175.5(2) —45.9(2) 45.94(11) —51.7(2) —30.9(2)
C2-N1-C1-P1 —~155.3(2) —-160.2(2) —64.3(2) —171.77(9) 168.0(2) —58.0(3)
C2-N1-C1-P2 72.5(4) 68.5(2) 69.1(2) 56.42(13) —59.0(2) 170.1(2)
C6-N1-C1-P1 77.1(3) 72.3(2) 168.1(2) 63.53(12) —65.4(2) 68.8(2)
C6-N1-C1-P2 —55.1(4) —58.9(2) —58.5(2) —68.28(12) 67.5(2) —63.1(2)

[a] The original crystal numbering scheme has been changed in order to make it consistent with that of the studied compounds.
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H-bond interactions H-A[A] D-~A[A] ¥DHA[?] Symmetry code H-Bond motif
piperid-1-ylmethane-1,1-diphosphonic acid (1)!"!
acid-acid H-bonds
molecular ribbons along the a direction inversion and translation

1 03-H3--01 phosphonate-phosphonate  1.78 2.599(4) 163 2—x,2-y, —z R2,2(8)

2 N1-HIN--02 N-phosphonate 2.30 3.056(4) 151 2—x,1-y, —z R2.2(10)
molecular monolayers (001) translation along the b axis

3 06—H6--04 phosphonic—phosphonic 1.67 2.502(4) 169 1-x,2-y, -z R2,2(8)

4 O5-H5--02 phosphonic-phosphonate 1.73 2.536(4) 159 1-x,1-y, —z R2.2(12)
stabilizing interactions

5 C1-H1C--04 C,—phosphonic 2.22 3.076(4) 143 1-x,1-y, -z

6 C1-H1C--01 C,—phosphonate 2.42 3.045(5) 120 2—x,1-y, —z

7 C3—H31---02 Ciing—Phosphonate 2.51 3.301(5) 137 2—x,1-y, —z
intramolecular H-bonds conformational stabilization

8 N1-HIN--O1 N-phosphonate 2.35 2.867(5) 121 X, 92 S(5)

9 Co6—H61--01 Ciing—Phosphonic 2.40 2.988(4) 118 X, 92 S(6)

10  C2—-H21--05 Ciing—Phosphonic 2.54 3.213(4) 125 X, 92 S(6)
3-methyl-piperid-1-ylmethane-1,1-diphosphonic acid (2)
acid-acid H-bonds
molecular ribbons along the a direction inversion and translation

1 03—H3--01 phosphonate—phosphonate ~ 1.80(4) 2.623(2) 179(5) 1-x,1-y,1-z R2,2(8)
N1-HIN--02 N-phosphonate 2.23(3) 3.111(3) 158(2) 2—x,1-y,1-z R2.2(10)

3 N1-HIN--O1 N-phosphonate 2.51(3) 3.113(3) 123(2) 2—x,1-y,1-z R2,2(10)
molecular monolayers (001) translation along the b axis

4 06—H6--04 phosphonic—phosphonic 1.69(4) 2.519(2) 163(4) 1-x, —y, 1-z R2,2(8)

5 0O5—H5--02 phosphonic—phosphonate 1.90(4) 2.552(2) 172(4) 2—x, -y, 1-z R2,2(12)
stabilizing interactions

6 C1-H1C--04 C,~phosphonic 2.24(3) 3.084(3) 150(2) 2—x, -y, 1-z

7 C3—H31--02 C,i,;—phosphonate 2.47(2) 3.332(3) 140(2) 2—x,1-y,1—z

8 Cl1-H1C--01 C,~phosphonate 2.53(3) 3.040(3) 115(2) 2—x,1-y,1-z
intramolecular H-bonds conformational stabilization

9 N1-HIN--Ol1 N-phosphonate 2.39(3) 2.862(3) 111(2) X, )2 S(5)

10 C6—H61--06 Cing—phosphonic 2.40(2) 3.023(3) 119(2) X, 02 S(6)

11  C2-H21-05 Cing—phosphonic 2.56(3) 3.184(3) 118(2) X, )2 S(6)
4-methyl-piperid-1-ylmethane-1,1-diphosphonic acid (3)
acid-acid H-bonds
molecular dimers inversion

1 03-H3--01 phosphonate—phosphonate  1.67(3) 2.570(2) 176(3) —x, 1=y, 1-z R2,2(8)
molecular ribbons along the a direction translation along the a axis

2 N1-HIN--O1 N-phosphonate 1.91(3) 2.790(2) 154(3) 1-x,1-y, -z R2,2(10)
water H-bonds, 3D network

3 O5-H5--0O3w phosphonic-water 1.37(4) 2.416(2) 171(4) X, 02

4 06—H6--O1w phosphonic-water 1.60(3) 2.529(3) 174(3) —0.5—x, =0.5+y, 0.5z

5 O3w—H6w--02w water-water 1.73(4) 2.632(3) 173(3) 1+4+x,y, 2

6 O2w—H3w--04 water—phosphonic 1.78(3) 2.638(2) 172(3) X,V Z

7 O3w—H5w--02 water—phosphonic 1.78(4) 2.603(3) 170(4) 0.5—x,0.5+y, 05—z

8 O2w—H4w--02 water—-phosphonate 1.84(4) 2.719(2) 175(3) 0.5—x,0.5+y, 05—z

9 Olw—H2w--05 water—phosphonic 1.95(4) 2.801(3) 178(3) 0.5—x, 054y, 05—z

10  Olw—Hlw--O2w water-water 1.99(3) 2.771(3) 166(3) X,z
intramolecular H-bonds conformational stabilization

11  N1-HIN--O1 N-phosphonate 2.40(3) 2.900(2) 113(2) X0z S(5)

12 C2-H21-04 C,ine—phosphonic 2.40(2) 3.067(3) 128(2) X, )z S(6)
2-ethyl-piperid-1-ylmethane-1,1-diphosphonic acid (4)
acid-acid interactions
molecular dimers inversion

1 03-H3--02 phosphonate-phosphonate ~ 1.76(2) 2.579(2) 177(3) 2—x,1-y,1-z R2,2(8)
molecular ribbons along the a direction translation along the a axis

2 N1-HIN--O1 N-phosphonate 2.09(2) 2.924(2) 160.4(19) 1-x,1-y,1-z R2.2(10)
molecular layers (001) translation along the b axis

3 0O5-H5--01 phosphonic-phosphonate 1.69(3) 2.519(2) 169(3) 1-x,2-y,1-z R22(12)
acid—-water interactions layer stabilization

4 06—H6--O1w phosphonic-water 1.70(3) 2.532(2) 176(2) X, 02

5 Olw—Hlw--04 water—phosphonic 1.93(3) 2.726(2) 178(2) —14x,yz C(6)

6 Olw—H2w--03 water—-phosphonate 2.16(3) 2.950(2) 163(3) 1-x,2-y,1-z
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Table 3. (Continued)

H-bond interactions H-~A[A] D-A[A] XDHA[°] Symmetry code H-Bond motif
7 C1-H1C---02 C,~phosphonate 2.41(2) 3.222(2) 144(2) 1-x,1-y,1-z
8 C7-H71--O1w Cin—Water 2.530(2) 3.417(2) 150(2) X0z
intramolecular H-bonds conformational stabilization
9 N1-HIN--O02 N-phosphonate 2.509(19)  2.888(2) 107(2) X, )z S(5)
10 C6—H61--04 Cin;—phosphonic 2.356(16)  3.063(2) 128(2) X0z S(6)
11  C6-H62--02 C,in;—phosphonate 2.434(17)  3.074(2) 125(1) X, 92 S(6)
2-methyl-piperid-1-ylmethane-1,1-diphosphonic acid (5)
acid-acid interactions
asymmetric unit A-B pseudo screw rotation 2,(y)
la O2B—H2B--O5A phosphonate—phosphonic 1.64(3) 2.479(3) 168(4) X, )z
1b  O5A-H5A--O2B phosphonic-phosphonate 1.63(6) 2.479(3) 176(8) X, )2 D
molecular ribbons translation along the a axis
2 O3B-H3B-OlA phosphonate-phosphonate ~ 1.55(3) 2.423(2) 171(3) 14x, 9,2 caoy®
3 O5B—H5B--04A phosphonic-phosphonic 1.60(3) 2.467(2) 176(3) 14+x, 5,2 caoy®
4 O6A—H6A--O1B phosphonic-phosphonate 1.75(3) 2.636(2) 170(3) —14x,yz C(8)
molecular layers (010) n-glide reflection
5 N1B-HINB--O2A N-phosphonate 1.78(3) 2.719(3) 168(3) 0.5+x,0.5-y, —0.5+z C(11)
6 N1A-HINA--O4B N-phosphonic 1.94(3) 2.861(3) 165(2) —0.54+x,0.5-y,05+z C(11)
3D crystal network inversion
7 06B—H6B--O1B phosphonic—phosphonate 1.76(3) 2.581(3) 174(2) 2—x, -y, —z R22(8)
water H-bond interactions stabilizing the 3D network
8a O3A—H3A--O3wB phosphonate-water 1.66(3) 2.376(10)  171(4) 0.5—x, =0.5+y, 0.5z
8b O3A-H3A--O3wA phosphonate-water 2.16(3) 2.877(9) 172(3) 0.5-x, —0.54+y, 0.5—z
9 O3wA—H5w--Olw water—-water 1.88(3) 2.665(9) 151(3) 0.5-x,05+y, 05—z
10  O3wB—H7w--O2w water—-water 1.92(3) 2.743(9) 160(6) X, 2
11  O2w—H4w--O4B water—phosphonic 1.93(3) 2.782(5) 171(5) —14x,y 2z
12 Olw—Hlw-OlA water—phosphonate 1.96(3) 2.830(3) 169(3) 0.5-x, —0.54+y, 0.5—z
13 Olw—H2w--O5A water—phosphonic 2.23(3) 2.970(3) 160(3) X, 02
14  O3wA—Ho6w--O5B water—phosphonic 2.30(3) 3.055(9) 147(5) —14x,z
intramolecular interactions stabilizing the conformation of the asymmetric A unit
15 NI1A-HINA--O2A N-phosphonate 2.39(3) 2.846(3) 109(2) X, 02 S(5)
16 C6A—H61--0O4A Cin—phosphonic 2.37 3.069(3) 127 X, 2 S(6)
17 C7A-H71A--O5A Cy—phosphonic 2.60(3) 3.226(4) 121(2) X, )2 S(7)
intramolecular interactions stabilizing the conformation of the asymmetric B unit
18 NI1B-H1(NB)--O4B N-phosphonic 2.52(3) 2.908(3) 105(2) X, 02 S(5)
19 C2B—H21B--O2B Cin;—phosphonate 2.54 3.094(3) 115 X, )2 S(6)
20 C6B—H62B--O5B Cing—phosphonic 2.56 3.293(3) 131 X, )z S(6
21  C6B—H61B--03B Cin;—phosphonate 2.45 3.131(3) 126 X, ) 2 S(6)
22 C7B—H71B--02B Cy—phosphonate 2.48(3) 3.171(4) 125 X, )2 S(7)
intramolecular interactions stabilizing the conformation of the asymmetric dimer unit A-B
23 C2A-H21A--O3B C,ine—phosphonate 2.38 3.171(3) 135 X, )2 D
24  C2B—H21B--0O4A Cing—phosphonic 2.47 3.286(3) 138 X, )2 D

intermolecular stabilizing interactions

25 CSA-H52A--0O3A Ciing—phosphonate 2.49
26 CSA-HS51A--O1B Ciing—phosphonate 2.57
27 ClA—HI1CA--O3wB C,~water 2.56

3.4823) 176
3299(3) 130
3.332(10) 134

0.5—x,05+y, 05—z
1.5—x,0.54y, 05—z
05-x, —0.54y,05—7

[a] The original crystal numbering scheme has been changed in order to make it consistent with that of the studied compounds. [b] 2 and 3 generate

R2,2(12); 3 and 4 generate R2,2(10).

additional recognition sites accessible for inter-ribbon hy-
drogen-bond interactions with a resultant (001) monolayer
formation. Two hydrogen bonds O6—H6--O4 (4) and O5—
H5--02 (5) connect the ribbons in the layer generating new
motifs R2,2(8) and R2,2(12) (see Table 3). Due to the inflex-
ibility of the methane-1,1-diphosphonic portion, the inter-
ribbon R2,2(8) motif is strongly distorted (Figure 2a). The
geometry of bonds 4 and 5 significantly deviates from linear-
ity in order to accommodate the two-dimensional network.
The heterocyclic rings in 2, alternately arranged on both
sides of the (001) molecular layers, protrude in a manner so
as to fit in the large meshes formed between the ribbons
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(Figure 2b). The specific molecular conformation of 2 en-
ables a formation of three additional, relatively strong inter-
molecular hydrogen bonds C—H:--O stabilizing the two-di-
mensional network. Two of them (6 and 8) are donated
from the hydrogen atom located on C, towards both the
phosphonic and phosphonate groups, and the third one (7)
is established between the ring C3 atom and the phospho-
nate group. So, an optimal use of the hydrogen-bond donor-
acceptor capacity of molecule is executed in the formation
of invariable molecular layers in 2. The heterocyclic rings of
the monolayers are arranged in stacks and van der Waals in-
teractions (with mean H-H distance between the layers of
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Figure 2. The hydrogen-bonded dimers of 2 (formed by 1 and stabilized
by intramolecular hydrogen bonds 9, 10, and 11) are organized into (001)
molecular monolayers with a hydrophilic interior and hydrophobic exteri-
or: a)a view of the two-dimensional hydrogen-bonded network formed
by multiple intermolecular hydrogen bonds 2, 3, 4, and 5. The heterocy-
clic rings and the stabilizing interactions 6, 7, and 8 are omitted from the
picture; b) a side view of the monolayers demonstrating the heterocyclic
ring arrangement (hydrogen atoms of the rings are omitted) and the in-
terlayer relations. For the numbering of the hydrogen bonds see Table 3
and the text.

Chem. Eur. J. 2005, 11,2357 -2372 www.chemeurj.org
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2.34 A) hold adjacent screw-related monolayers in the third
dimension.

The crystal network of 3: The movement of the methyl
group from 3- to the 4-position leads to substantially modi-
fied molecular organization. A consideration at molecular
level reveals that the strain between the methane-1,1-di-
phosphonic portion and the heterocyclic ring becomes some-
what relaxed, since only a single C2—H21--O4 bond (12) is
established between the ring and the phosphonic group in
addition to N1-HIN--O1 (11), common for all studied crys-
tals (Figure 1b). Similar to 1 and 2, the dimeric units are
formed through the strong phosphonate—phosphonate inter-
action (O3—H3--01, assigned as 1). However, unlike 2, the
extension of the dimers into molecular ribbons along the a
direction is executed only by a single N1—phosphonate hy-
drogen bond (2). The one-dimensional network incorporates
three ring motifs: two of them, R2,2(8) and R2,2(10), are
generated by single hydrogen bonds (1 and 2, respectively),
whereas the third one R2,2(4) arises from a combination of
the intra- and intermolecular N1---O1 hydrogen bonds 2 and
11 (Figure 3a). Similar to 1 and 2, the phosphonic groups
are aligned on both sides of the ribbons and do not partici-
pate in the ribbon formations. However, the topology of the
substituent prevents a close approach between neighboring
ribbons and effectively disables any inter-ribbon hydrogen-
bond and layer formation. Three symmetry independent
water molecules serve as space fillers and hydrogen-bond
linkers between the ribbons. Two of them, W1 and W3, sta-
bilize and interweave the screw-related ribbons (through 3,
4,7, 9). The third one, W2, also cross-links the molecular
ribbons (through 6 and 8) and additionally accepts two
more hydrogen bonds (5 and 10) from W3 and W1 in order
to establish water bridges between the ribbons completing
the three-dimensional network (Figure 3b). The heterocyclic
portions of the molecules are arranged in the large hydro-
phobic channels (along the a direction) encircled by pairs of
screw-related chains.

The crystal network of 4: The substituent group placed at
the C2 atom in the ring is expected to interfere strongly
with the methane-1,1-diphosphonic portion of the molecule.
The three bulky groups, equidistantly positioned around N1,
tend to stay as far as possible away one from another. This
prevents the axial proton H21 at C2 to approach the phos-
phonate oxygen atoms, but enables the equatorial proton
H62 at C6 to establish a new C,;,,—phosphonate intramolecu-
lar hydrogen bond (11) in addition to the N—phosphonate
and C,,,—phosphonic bonds (9 and 10, respectively) ob-
served in 1-3. The formation of C—H--O bonds to both P1
and P2 additionally stiffens the molecular conformation in 4
and 5. However, the ethyl group, in contrast to the methyl
one, is more apt to accommodate the requirements of the
extended network established between the methane-1,1-di-
phosphonic portions of the molecules. Therefore, the one-di-
mensional arrangement in 4 resembles that in 3. Phospho-
nate—phosphonate resonance-assisted and N-phosphonate
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Figure 3. The hydrogen-bonded ribbons in 3 are mediated by three water
molecules in order to form the three-dimensional hydrogen-bonded net-
work: a)a view of the molecular ribbons demonstrates that only the
phosphonate portions of the molecules 3 are used in the one-dimensional
hydrogen-bonded extensions. The phosphonic portions, arranged from
both sides of the ribbons are hydrogen bonded explicitly to the water
molecules, that prevent the formation of molecular monolayers; b) a
view along the ribbons envisaging the water bridges between the ribbons
and the arrangement of the heterocyclic rings in the hydrophobic chan-
nels.

charge-assisted interactions (1 and 2) are used for ribbon
formation in the a direction (Figure 4a). The phosphonic—
phosphonate charge-assisted hydrogen bond O5—H5--O1 (3)
links the neighboring ribbons into molecular monolayers
(001). However, unlike 2, in which all available hydrogen-
bond donors and acceptors are used in hydrogen bonds
inside the monolayer, some of the oxygen sites in 4 are inac-
cessible for intralayer hydrogen-bond formation. This gener-
ates large empty chambers between the ribbons of the mo-
lecular layers in 4. For dense-packing reasons the crystal
network incorparates one water molecule, which serves as

2364 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4. The one-, two-, and three-dimensional molecular arrangement
in 4. a) The molecular ribbon. b) The molecular layer. The water mole-
cules in 4 are arranged inside the molecular layer traversing back and
forth the empty spaces between the ribbons and forming water paths
(tapes) parallel to the ribbons. The heterocyclic rings (omitted on the pic-
ture) are arranged in the exterior of the monolayer and fit in the pockets
close between the molecular and the water tapes. c) A side view of two
neighboring monolayers. The water molecules and the hydrogen atoms of
the rings are omitted.
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space filler and provides additional hydrogen-bond sites a)
inside the layers. Water-phosphonate interactions (5) tra-
verse the ribbons, whereas the phosphonic—water and
water—phosphonic interactions (4 and 6) contrive water
bridging tapes that are parallel to the molecular ribbons
(Figure 4b). The rings protrude out of the layers and are ar-
ranged between them with the ethyl groups maximally devi-
ated from the hydrophilic portion of the molecule (torsion
angle N1-C2-C7-C8 of —157.8(2)°) so as to embed in the hy-
drophobic exterior (Figure 4c).

The crystal network of 5: The replacement of the ethyl
group with the rigid methyl group extremely complicates
the hydrogen-bonded network, and the comprehension of
the molecular organization in 5 has been a challenging task
for variety of reasons. The asymmetric unit of the crystal is
composed of two independent molecular entities (assigned
as A and B) (Figure 1d), which lead to an approximate
screw rotation. This pseudosymmetry!'? is rationalized as a
conflict between the hydrogen-bonding requirements and
the need for optimal packing. Unlike the ethyl moiety, the
methyl group is not able to align along the ring in order to
escape the close approach of the methane-1,1-diphosphonic
portion. The formal asymmetric dimeric unit A-B is formed
through a strong pseudosymmetrical hydrogen bond O2B—
H2B--O5A (1) by means of a D motif instead of the
common R22(8). The molecular subunits are stabilized
through eight hydrogen bonds: assigned as 15, 16, and 17 in
A and 18, 19, 20, 21, and 22 in B. Intramolecular contacts
are established between the methyl substituent and the
phosphonate groups in both independent molecular units.
Two more C—H--O bonds (23 and 24) traverse the inde-
pendent units and contribute to the A-B formation in addi-
tion to 1. Three different hydrogen bonds (2, 3, and 4)
extend the A-B entities into molecular ribbons along the a
axis (Figure 5a). Four R2,2(10) ring motifs are generated in
the ribbons by means of hydrogen-bond pairs 2-4, 34, 1-18,
and 1-20, and two more ring motifs R2,2(12) are formed
from a pair combination of 2-3 and 18-20. Two N—H--O
bonds (5 and 6) link neighboring glide-related ribbons in
order to form undulate molecular monolayers (001) with a
hydrophilic interior and a hydrophobic exterior (Figure 5b).
The heterocyclic rings, organized in the nanosized holes,
protrude from the layer. The methyl groups point towards
the interior rather than the exterior of the layer. This may
be attributed to the hydrogen bonds (17 and 22) established
between the methyl and the phosphonic/phosphonate

Figure 5. The one-, two-, and three-dimensional solid-state molecular or-
ganization of 5. a) A presentation of the formal molecular ribbons
formed by the independent dimeric units A-B (the heterocyclic rings of
the molecules are omitted). b) View of the formal molecular monolayers
(010). The rings are locked in the spaces between the ribbons. c) A side
view of four molecular monolayers revealing the interlayer hydrogen-
bond relations. The giant empty spaces generated between the layers are
filled by the water molecules (omitted on the picture) that serve as addi-
tional hydrogen-bond agents between the layers.
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groups. Markedly, the methyl hydrogen atoms H71A and
H71B approach exactly the oxygen sites (O5A and O2B) al-
ready engaged in the disordered hydrogen bond 1. There-
fore, the character of the proton disorder in 1 is presumed
to be dynamic, resulting from the movement of the methyl
group. Reasonably, the proton H2B(H5A) becomes disor-
dered between the oxygen sites of the asymmetric units A
and B (with an occupancy factor 63% to O2B and 37% to
O5A).

Another way to disentangle the two-dimensional network
in 5 is to consider the ribbon formations in the [101] direc-
tion (generated by phosphonate—phosphonate and N—phos-
phonate interactions as in crystals 1-4; see Figure 5b), that
are connected by the pseudosymmetrical hydrogen bond 1.
However, the fluctuant repulsion and attraction effects be-
tween the librating methyl group, the H2B(H5A) proton
sites, and the O2B and O5A oxygen sites prevent the close
inversion relation between the ribbons and the generation
of the R2,2(8) motif observed in 1-4. Instead of this, the
molecules use translation and glide-reflection relations be-
tween two independent molecular units A-B, which almost
have screw related symmetry. The water disorder observed
in 5 may also be explained by the dynamic behavior of the
system. Such a delineation of the molecular organization is
reasonable with respect to the similar solution behavior of 4
and 5. Indeed, there is no difference between A and B mol-
ecules in solution and the doubling of Z' in the crystal is
only the way in which the molecules choose to accommo-
date spatial demands of the substituent with the directional
dictates of the intermolecular interactions. The heterocyclic
rings, arranged to form stacks along [101] direction, are em-
bedded in the hydrophobic channels generated between the
monolayers. The glide relationship inside the layers allow
for a connection only between B subunits in the interlayer
region. The R2,2(8) motifs generated between the neighbor-
ing monolayers through bond 7 are placed at a distance of
18.688 A along the ¢ axis (Figure 5¢c). Three water molecules

fill in the large pockets of the interlayer region. Two of
them, W2 and W3, are disordered with an occupancy of less
than 50 %.

Spectroscopic characteristics: The complete assignments of
the room-temperature 'H and “C NMR spectra of com-
pounds 1-5 are presented in Table 4. The positions of the
resonances of the piperidine ring have been determined
with the aid of the 'H-'H COSY, “C-'H HMQC, and
DEPT 135 experiments, and verified by iteration of each
'"H NMR spectrum. The number of resonances in the spectra
is in accordance with the symmetry considerations. The pres-
ence or absence of large vicinal proton—proton coupling con-
stants has been used as a diagnostic tool for distinguishing
the axial and the equatorial protons. The magnitudes of the
diaxial *J(H,H) coupling constants ranging between 13.6—
11.5 Hz show that the piperidine ring in 1-5 predominantly
adopts a chair conformation in solution.

The characteristic feature of both the 'H and the
BC NMR spectra of compounds 1-5 is a triplet (doublet of
doublets) arising from the coupling of the C,H proton or
carbon atoms with the *'P nuclei of the phosphonate
groups.”! The binding of the methane-1,1-diphosphonate
portion to the piperidine nitrogen atom shields the reso-
nances of the nearest C2 and C6 ring carbon atoms relative
to those of the parent piperidine.' Similarly, the signals of
H2 and H6 in the corresponding 'H NMR spectra are
strongly shielded and therefore easy to recognize.

The comparison of the *C NMR spectra of 2-5 with that
of 1 shows that the replacement of the hydrogen atom with
an alkyl group in the piperidine ring exerts downfield shifts
(~6-8 ppm) on the resonances of the carbon atoms at a-
and B-positions with respect to the substituent. The most
pronounced shielding (11.73 ppm) is detected on the alkylat-
ed C2 carbon atom of 4, whereas the C3 carbon atom in the
B-position versus the 2-ethyl group is less affected (Ad=
4.48 ppm), when compared to 2, 3, and 4. A shielding due to

Table 4. 'H, "*C, and *'P NMR spectral data [ppm] for compounds 1-5 in D,O at 300 K.

CH H2 H3 H4 H5 H6 CH, CH,
ax eq ax eq ax eq ax eq ax eq
1 3.52 (19.2)% 3.59 3.52 1.70 1.89 1.38 1.71 1.70 1.89 3.59 3.52 - -
2 3.55 (19.6) 322 3.42 1.83 - 1.05 1.73 1.70 1.88 3.50 3.50 - 0.86
3 3.55 (19.2) 3.61 3.50 1.38 1.86 1.60 - 138 1.86 3.61 3.50 - 0.85
4 3.81 (20.8) 3.76 - 1.56 1.96 1.44 1.75 1.61 1.87 3.47 3.72 1.63;1.83 0.86
5 3.84 (21.3) 3.86 - 1.65 1.90 1.46 1.72 1.62 1.89 3.47 3.78 - 1.33
130 3p
CH 2 C3 C4 cs C6 CH, CH,
piperidine!"® 475 272 252 272 475 - - -
1 62.84 (120.4) 54.41 (4.8) 24.03 20.93 24.03 54.41 (4.8)1 - - 712
2 62.71 (122.1) 59.62 (4.1) 30.41 29.55 23.65 53.83 (4.1) - 17.93 7.16
3 62.41 (121.5) 54.08 (4.8) 31.94 27.90 31.94 54.08 (4.8) - 20.29 7.20
4 57.25 (126.8) 66.14 (5.5) 28.51 21.97 23.42 54.01 24.09 7.64 8.52; 6.17
55.71 (126.4)
5 57.89 (126.0) 61.76 (5.6) 3227 22.09 24.02 53.52 - 17.73 8.60; 6.19

56.33 (125.3)

[a] J(P,H) and J(P,C) [Hz] experimental values in parentheses.
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the 2-alkyl substitution is also observed for the C,H proton
signals of 4 and 5, which demonstrate a downfield shift of
approximately 0.3 ppm relative to C,H of 1-3.

In order to comprehend the solution behavior of com-
pounds 1-5, their NMR spectra have been monitored over a
broad range of pH. The studied compounds represent a
family, in which each of the phosphonate (PO5*") groups is
capable of accepting two protons and the heterocyclic nitro-
gen atom one proton. Although in solid state all compounds
exist in the zwitterionic form [H,L] (Figure 1); the dominat-
ing form in solution is [H;L]™. This is due to the fact that
the PO;H, group is strongly acidic and dissociates well
below pH 2. Therefore, as much as three protons (one
proton from each of the phosphonate groups and one from
the nitrogen atom) can potentially be released in the mea-
surable pH range. Figure 6 displays the 'H NMR titration

w &
[ o
1

'H chemical shift/ ppm
w
N

N
@

Figure 6. '"H NMR chemical shifts of the methine C,H proton as a func-
tion of pH for compounds 1-5.

curves for C,H proton of compounds 1-5. The steep up-
field shifts of the resonances clearly demonstrate that only
two subsequent deprotonations take place from the two
PO;H™ groups. Similar to other aminomethane-1,1-diphos-
phonic acids, the release of the proton from the more acidic
PO;H™ group is separated by nearly four pK units from that
of the less acidic one.'" The proton located on the piperi-
dine nitrogen atom is not removed even in very strong alka-
line solutions as evidenced from the spectra. Therefore, the
intramolecular N1-HIN--O (phosphonic or phosphonate)
hydrogen bond, observed in the crystals 1-5, is apparently
an inherent property of these compounds and is retained
also in solution. To confirm the conclusions drawn from the
"HNMR spectra, the corresponding *'P NMR titrations
were also performed (Figure 7). In the spectra of com-
pounds 1-3 (Figure 7a), both phosphonate moieties result in
a single peak, which is slightly sensitive (Ad~0.5 ppm) to
the variations in their protonation states. This additionally
proves that the heterocyclic nitrogen atom remains proton-
ated over the whole studied range of pH, since otherwise a
significant downfield shift of the *'P resonance should be ob-
served in alkaline solutions.!

As far as 4 and 5 are concerned their pH dependences of
the C,H proton chemical shifts versus pH are quite similar
to those of 1-3. However, their *'P NMR spectra are signifi-
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Figure 7. *'P NMR chemical shifts as a function of pH: a) compounds 1-
3; b) compounds 4 and 5.

cantly different (Figure 7b). There are two distinct pH areas,
(pH < 6 and pH > 8), in which the two independent resonan-
ces demonstrate exactly the opposite trend for the changes
of the chemical shift versus pH. On the other hand, in the
intermediate pH range 6—8 the signals thoroughly coales-
cence in 4 and are very close in 5. Taking into account that
the approximate pK, values for a dissociation of the proton
from the PO;H™ groups are 4.5 and 8.5 (Figure 6), the larg-
est differences in the *'P chemical shifts correspond to pH
ranges in which both phosphonate groups remain monopro-
tonated or in which both exist predominantly as diprotonat-
ed PO, forms. The corresponding “C NMR spectra of 4
and 5 display narrow lines in the acidic and alkaline solu-
tions, whereas in the pH range 6 —8 the signals are signifi-
cantly broadened. In addition, only minor changes are de-
tected in the *'P spectra performed for acidic and alkaline
solutions with heating of the samples up to 350 K. On the
other hand, the single resonance detected in the *'P NMR
spectra of 4 in the pH range between 6—8 splits upon cool-
ing into two lines, which suggests a dynamic behavior of the
compound.

Solution properties of compounds 1-5: The structural analy-
sis (Table 3) has revealed the strong inclination of the mole-
cules 1-5 for self-recognition and dimer formation through
phosphonate—phosphonate and/or phosphonic—phosphonic
interactions between alike sites. The entire crystal is built up
by dimer units that form according to the conventional
space group symmetry. However, the periodical distribution
of the noncovalent bonds between the dimers are different,
essentially depending upon the topology of the substituent.
Although the priority of hydrogen bonds with respect to
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their strength (provided that the contact distance is a
strength-reflecting factor) can be argued, it seems reason-
able to anticipate that the hydrogen bonding between the
monoprotonated sites initiates the molecular organization in
solution, gradually eliminating other less preferred forma-
tions. This is justified by the
fact that this binding, which
does not allow for multiple
choices, reduces the possible
combinations and minimizes A\ |
the wrong recognitions. Indeed, HO \C/N
in all crystals 1-5, the phospho- HO,PT
nate-phosphonate ~ P10;H - H
P10O;H™ interaction is used for
dimer formation. The phos-
phonic—phosphonic and the N-
phosphonate hydrogen bonds
obey the symmetry require- Hs: H,,
ments for ribbon formation. /P1\
The phosphonic—phosphonate Hs, Ha,
interactions, used in the two-di- 2P H1C
mensional arrangement, inter-
mingle the P20;H, and the n
P1O;H™ sites of the ribbons
and generate bigger hydrogen-
bond motifs.

Considering the crystal disin-
tegration upon dissolution as a
process opposite to crystal for-
mation, we may be able to anticipate some of the solution
aggregation forms. The stepwise disruption of the network
and the gradual reduction of the long-range symmetry lead
to smaller molecular assemblies, stable under certain condi-
tions in solution. The nondirectional packing forces and the
weak intermolecular C—H--O hydrogen bonds, stabilizing
the network, evidently are the first to be released. The mul-
tiple strong hydrogen bonds established between the
P20;H, and P1O;H" sites break stepwise, and this process
essentially depends upon pH and other external conditions
in solution. The gradual release of protons upon increasing
pH leads to enhanced molecular motions and conformation-
al freedom. This correlates well with the NMR results.

Conformation dynamics: The whole set of intramolecular
motions in six-membered saturated azacycles includes three
different types of motions: ring inversion (RI), nitrogen in-
version (NI), and rotation around the C—N bond (R).'
However, the nitrogen inversion is not allowed when nitro-
gen is tetrasubstituted and only isolated RI and R processes
or a concerted RI/R process are in principle expected to de-
termine the stereodynamics in 1-5.

In 1-3 the only reliable constrain on the molecular confor-
mation in solution is the intramolecular N1-HIN--O1 hy-
drogen bond. Therefore, the molecules 1-3 may potentially
convert between two chair conformations A and B. Addi-
tionally, each of the conformational isomers A and B may
exist as a mixture of three different rotamers, provided that
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some movement’s freedom around the exocyclic C1—-N1
bond is allowed. This is demonstrated in Scheme 1 for 1, the
simplest compound of the studied set.

The ring inversion in 1 is clearly evidenced in the 'H 2D
exchange (EXSY) spectrum showing the correlation peaks

B
H,,
H
/H - 41
H42 / |
O\ _cH_
Ha: - P\ POH
O  oH
He, H Hq, Hy
Hs, p2 Ha, Hs, H1o H,,
He, H,, He, Ho,
H1C P1 1P P2
H1N H1N
] rs

Scheme 1. a) The A and B conformers of 1 issued from the ring inversion. A corresponds to the isomer, that
was experimentally found in solid state.l'”’ b) The Newman projections for the A conformer, with an assump-
tion of staggered rotamers around the C1-N1 bond. The numbering is consistent with that of the crystals. The
positions of P1 and P2 in r, correspond to those found in solid state.

issued from the exchange phenomena between H4,, and
H4,, as well as H3,5,, and H3,5.,. The cross peaks correlat-
ing H2,6,, and H2,6, are less visible due to their close posi-
tions, The nonequivalence of the ring geminal protons, de-
tected in the room-temperature 'H NMR spectrum, is most
likely connected with the steric impediment on N1. Al-
though the bulk effects of the methane-1,1-diphosphonate
moiety may also account for the increase of the rotational
barrier, the room-temperature *'P NMR spectrum of 1 dis-
plays only one resonance, which demonstrates that both
phosphonate groups are equivalent (Table 4) and that the
rotation is fast on the *'P NMR timescale.

This behavior can be explained if the possible populations
of the rotamers around the CI1-N1 bond (Scheme 1,
bottom) are taken into consideration. The ring movement
around C1—N1 in r; and r, allows the protons on N and the
closest C atoms to approach the oxygen atoms of the phos-
phonate group (P1 or P2) in order to form “dynamic” hy-
drogen bonds. This allows us to presume that both r, and r,
are nearly equally populated and therefore can be consid-
ered as predominant rotameric forms in solution. Although
the P1 and P2 oxygen sites in r; are equally accessible for
the nitrogen proton, they are not accessible at all for the
carbon protons; this seemingly makes this form less stable
and less abundant in solution. Evidently, the rate of ex-
change between r; and r, is determined by the rate of rever-
sible formation and breaking of the N1—H1--O(phospho-
nate) hydrogen bonds.
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Some structure-dependent differences become evident
when we compare the spectra of 2 and 3 with those of 1.
The most important one is the lack of chemical exchange
between the geminal ring protons in the EXSY spectra of 2
and 3, which shows that the inversion of piperidine ring is
locked upon substitution in 3- or 4-position and only one
conformer predominates in solution. The well-documented
tendency of the ring substituents to adopt, whenever possi-
ble, equatorial positions,'**!” confirmed by the structures of
the studied compounds, allows us to assume that both 2 and
3 adopt the A conformation in solution. Therefore, the ste-
reodynamics of 2 and 3 is determined by the rotation
around the CI1-N1 bond concerted with the NI—
H1--O(phosphonate) hydrogen-bond breaking/formation
process. The rotation is fast on the *P NMR timescale, since
similar to 1, only one resonance is detected in the corre-
sponding spectra. The equal values for *J(P,C2) and *J(P,C6)
coupling constants found in all compounds 1-3 also confirm
this (Table 4).

Differences dependent on the substituent and its position
in the ring are reflected also in the '"H NMR spectra mea-
sured versus temperature and pH. Heating the sample of 1
(Table 4) up to 350 K leads to coalescing of the lines for
H2,6 and H3,5 and unusual broadening of the H4,, and H4,,
signals. These effects can be explained by the ring dynamics
concerted with the formation and breaking of inter- and in-
tramolecular hydrogen bonds. The temperature rise acceler-
ates the concerted ring inversion/rotation process (RI/R),
which in turn accelerates the formation/breaking processes
of the intramolecular N1—H1--O(phosphonate) and C—
H--O(phosphonate) hydrogen bonds. On the other hand,
the intermolecular hydrogen bonds also become more labile
and can break with increasing temperature. No molecular
aggregations are expected at high temperatures. The spectral
behavior versus pH is very similar. The increase of pH from
~1 to 13 leads to a stepwise coalescence of the signals for
the ring geminal protons in the order H2,6 >H3,5 > H4 with
a complete averaging to single broad lines achieved at pH >
12. This can be explained with the gradual deprotonation of
the phosphonate groups and the intermolecular hydrogen
bonds breaking, leading to complete disintegration of any
aggregation forms. Generally, the spectral changes with the
temperature and pH are better visible for the protons very
close to the N atom. This seems to correlate well with the
ascending order of AJd,. values (Ad,.: the chemical shifts dif-
ference between the geminal protons) for H2,6, H3,5, and
H4 protons, namely 0.07, 0.19, and 0.33 ppm, found from the
room-temperature spectrum (Table 4). The above experi-
ments show the significant contribution of the rotation to
the overall ring movement processes.

The '"H NMR changes with temperature and pH observed
for 2 and 3 are very conclusive for the gradual decrease of
the rotational contribution to the ring dynamics, which is
logical taking into account that the replacement of a ring
proton for the bulkier Me group makes the heterocycle less
flexible. The ring rigidity is essentially dependent upon the
substituent’s position and its possible interference with
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other steric impediments. So, in 3 the effect of the substitu-
ent is expected to be significantly less important than in 2,
since the Me group in the 4-position is pretty far from the
methane-1,1-diphosphonate portion of the molecule. The ex-
perimental results are in excellent agreement with this rea-
soning. The Ad,, values in the room-temperature 'H NMR
spectrum of 3 are 0.11 ppm (H2,6) and 0.48 ppm (H3,5). Ac-
cordingly, the heating of the sample up to 350 K causes only
the H(2,6) resonance to coalesce to a single line, whereas
the signals for H3,5,, and H4 markedly broaden and H3,5,
remains unchanged. The increase of pH influences the spec-
tra in more complex way. In particular, the signals for H2,6
start to broaden at the beginning, then coalesce at pH6—38,
and finally reappear again as two resonances at pH > 8. This
is accompanied by a gradual broadening of the H4 and
H3,5,, resonances upon pH increase up to ~8, but the sig-
nals invert their trend at pH higher than 8. However, the
"H NMR spectra of 2 display only narrowing of the signals
for the closest H2 and H6 protons, and the other ring
proton resonances remain almost unaffected by the pH or
temperature changes. This feature indicates that the rota-
tional movement around the C1-N1 bond, although being
still fast on the *'P NMR timescale, is significantly reduced
in 3 and especially in 2, relative to that in 1. So, in contrast
to 1, only hydrogen-bond breaking/rotation/hydrogen-bond
formation processes are responsible for the ring movement
in 2 and 3, and the rate of rotation in 2 is significantly re-
duced versus that in 3 and especially that in 1.

The situation is significantly more intricate in 4 and 5,
since even under basic conditions some molecular aggrega-
tions are retained. Essentially, the dissolution processes of 4
and especially of 5 are different from that of 1-3. For exam-
ple for compound 4, the release of the proton H6 upon dis-
solution leads to a destabilization of the layers, eventually to
a discontinuation of the long-range periodicity, but not to a
destruction of the two-dimensional molecular assemblies.
Only after the second proton (HS5) is released (at slightly
acidic conditions) do the assemblies break into smaller mo-
lecular aggregations (organized around the primary dimers),
which eventually have short-range arrangements due to the
N-phosphonate interactions. The unrestrained P20,*~ group
is free to rotate around the C1-P2 bond. The monopro-
tonated P1O;H™ group, constrained in the dimer ring motif,
can rotate around the C1—P1 bond only in a concerted way
embracing the whole dimer, which in turn harms the rota-
tion around the C1-N1 bond. The only possible conforma-
tional change in the dimer is a simultaneous flipping of both
heterocycles in two opposite directions. The dimers
(R2,2(8)) break after the release of H3. However, even at
very basic conditions, certain “dynamic” formations may
still exist in solution due to interchangeable N—phosphonate
interactions. The solution behavior of compound 5 is very
similar to that of 4.

The A conformer is considered to be the predominant
form upon dissolution also in 4 and 5. This is evidenced in
the lack of exchange peaks between the ring geminal pro-
tons in the EXSY spectra and in the narrowing of the
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"H NMR resonances upon temperature increase. The Ad,.
values for H3, H4, HS5, and H6 protons (0.40, 0.31, 0.26,
0.25 ppm in 4 and 0.20, 0.26, 0.27, 0.31 ppm in 5) are similar
and remain almost constant over the whole studied pH
range. This presumably reflects the lower flexibility of the
piperidine ring in 4 and S5 relative to 1-3.

In view of the above considerations it becomes clear that
the chemical environment of the two phosphonate groups in
4 and 5 is different even in solution. So, the different reso-
nances detected at low and high pH *'P NMR spectra (Fig-
ure 7b) are attributed to different phosphonate groups. The
high-field resonance (at pH <6) is assigned to the P2O;H"
group, which is deprotonated first. The lower field signal is
assigned to the P1O;H™ group, which is constrained in the
hydrogen-bonded dimer. The nonequivalence of P1 and P2
is also reflected in the *C NMR spectra (Table 4). The C,
carbon atom displays two separate doublets (instead of an
averaged triplet) observed in the whole measurable pH
range, which is affected by the coupling to the nonequiva-
lent P1 and P2 atoms. Essentially, the *J(P,C) coupling con-
stant of approximately 5.5 Hz is observed for only one
carbon atom, C2.

The very unusual *'P NMR spectral behavior can be ex-
plained with the steric effects of three equidistant bulky
groups around the heterocyclic N-atom (the alkyl and the
two phosphonate groups) and the consequences for the mo-
lecular motion. For example, in 5 the HIN proton preferably
forms intramolecular hydrogen bond with the less acidic
P10O;H™, retaining the A conformer in acidic conditions.
However, both phosphonate groups tend to stay far away
from the alkyl substituent and the axial proton H21 (on C2)
cannot approach any of the oxygen atoms. Instead of this,
the equatorial proton H61 (on C6) binds internally to the
P10O;H™ group and the axial proton H61 to P2O;H™. A cru-
cial moment is the increase of a negative charge on P2 after
a proton release upon rising pH, which makes the P20;*~
group more attractive for the nitrogen proton HIN. Howev-
er, the P2 oxygen atoms still remain inaccessible for the ni-
trogen proton, due to constrains imposed by the crossed hy-
drogen bonds donated from C6 towards both P1 and P2. So,
the only way for HIN to form a hydrogen bond towards P2
group is a conformational change through a flipping of the
ring (Scheme 2).

In the pH range 6—8 A and B are likely to occur in an
approximate 1:1 ratio. The contribution of both conformers

A B
CH,
O O--H
) |
Ho— P\ NHC pH
_C /H\N
‘HO,P™ 1\ ‘ . |
H oL ¢
o/P\ PO~
o

acidic solution alkaline solution

Scheme 2. The pH switched conformations of 4 and 5.
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may explain the existence of one averaged *'P NMR signal
for the phosphonate groups in 4 and the appearance of two
very close resonances in the spectrum of 5. The dynamic
equilibrium in this range is confirmed by the separation of
the *'P NMR signal of 4 into two peaks on cooling to 283 K.
Accordingly, the room-temperature *C NMR spectra in the
pH range 6-8 demonstrate a markedly broadened reso-
nances for all carbon atoms, including C,, except for the
CH, signal of the ethyl group. A noticeable broadening is
observed also in the 'HNMR spectra. No EXSY cross
peaks are detected in the pH range 6—8 under the condi-
tions of the experiment. All resonances in both 'H and
BCNMR spectra undergo further narrowing on going to
higher pH values. This presumably results from the confor-
mational switching from A into B form, with a consequent
predominance of the B conformer at the end of titration.

Conclusion

We have demonstrated that combination of solid-state struc-
tural and solution NMR methods is helpful for uncovering
structural and conformational problems in the studied com-
pounds. We have shown that nature and topology of the sub-
stituent significantly account for the recognition and aggre-
gation preferences and, therefore, for the solution behavior.
All compounds (except 3) form molecular layers; however,
the intra- and interlayer organization in 1,2 and 4,5 differs.
The existence of these different forms also predominates
upon dissolution. The crystal structure of 3 is intermediate
between 1,2 and 4,5. Additionally, we have revealed the sub-
stantial role of the intra- and intermolecular hydrogen
bonds, not only for the organizational processes in solution
and solid state, but also for the conformation dynamics in
solution.

We experimentally proved that ring-inversion/rotation
concerted with the N1—-H1---O(phosphonate) hydrogen-bond
breaking/formation process leads to a mixture of intercon-
verting conformers (A and B) in solutions of 1. On the
other hand, placement of an alkyl group in the ring prevents
the inversion and leads to a predominance of the A con-
former in solutions of 2 and 3. The concerted N1—
H1--O(phosphonate) hydrogen-bond formation/rotation/
N1-H1--O(phosphonate) hydrogen-bond dissociation proc-
ess is significantly influenced by the substituent and its posi-
tion in the ring. The rate of rotation decreases in the follow-
ing order 1>3>2. The rotation process in 4 and 5 is dis-
abled, which makes them less flexible than 1-3. The influ-
ence of pH on the conformation dynamics in 4 and 5 is evi-
denced as well. Both compounds can exists as an A=B
mixture with equilibrium shifted to the left in acidic solu-
tions and to the right in alkaline solutions.

If now we try to correlate the biological activities of 1-5
documented by Oldfield"" with the results of our studies
they seem to be more comprehensive. Generally, com-
pounds existing as monomolecular forms, with a predomi-
nance of one conformer in solution, are considered to be
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more effectively bound by the receptor. The binding capaci-
ty and the resulting receptor response are significantly re-
duced if variable conformations and/or aggregational forms
are present. Evidently, external factors (like pH) can signifi-
cantly influence the existing equilibria and, therefore, play a
substantial role for the biological activity of the compound.
For example, compound 3, the most potent compound in the
series, is most labile among the studied substituted com-
pounds. Additionally, the monomolecular forms of only one
conformer predominate already at neutral pH conditions. In
contrast, the conformational equilibria for the most rigid
compounds 4 and 5§ are pH dependent and certain small ag-
gregates are the prevailing formations even at basic condi-
tions. This might be one of the reasons for their significantly
lower potency relative to 1-3. The twofold higher potency
of 4 versus 5 may be explained with the relatively better
adaptability of the substituent group.

Experimental Section

Sample preparation: The piperid-1-ylmethane-1,1-diphosphonic acids
were synthesized according to a literature procedure!" in the reaction of
appropriate amines with ethyl orthoformate and triethyl phosphite, fol-
lowed by acid hydrolysis of the obtained esters. This reaction afforded
the required compounds in satisfactory yields (37-64 % ). The single crys-
tals of 2, 3, 4, and 5§ were grown from water at room temperature by
using the slow evaporation method.

Crystal structure determination: The X-ray diffraction data collection
was performed at 100 K on a KUMA KM4 CCD four-circle diffractome-
ter!" equipped with an Oxford Cryosystem Cooler by using graphite-
monochromated Moy, radiation, 1=0.71073 A. The crystal structures
were solved by direct methods by using the SHELXS97 program! and
refined by full-matrix least-squares technique by using SHELXL97.%!

All H atoms in the structures of 24 were found in the difference Fourier
maps and were refined isotropically except for H22 in 2, which was re-
fined with U, equal to U, of the parent C2 atom.

All nitrogen and oxygen H atoms in 5 were found in the difference Fouri-
er maps and refined with U,=1.2U,, of the proper O or N atoms. The
hydroxyl OSA—HSA and O2B-H2B distances were constrained to
0.86 A. Additionally, the H3W--H4W, H5SW--H6W, and HSW--H7W dis-
tances were constrained to 1.43 A. The site occupation factors for the
water molecules in 5 were 1 for W1 (O1W, HIW, H2W) and 0.5 for W2
(O2W, H3W, H4W). The oxygen and the hydrogen atoms of W3 were ob-
served at positions O3WA, O3WB, H6W, H7W (with s.0.f.=0.5) and
H5W (s.of.=1). All C-bonded H atoms, except those of the methyl
groups, were included from the geometry (using one of the AFIX instruc-
tions) and refined with U, =1.2 U, of the parent C atoms.

The XP package” was used to generate the molecular drawings. The
computer program Platon®’! was used for analysis and graphical presen-
tation of the hydrogen bonding patterns.

CCDC-235483 (2), CCDC-235484 (3), CCDC-235485 (4), and CCDC-
235486 (5) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

NMR measurements: NMR spectra were recorded on a Bruker Avance
DRX-300 spectrometer operating at 300.13 MHz for 'H, 75.46 MHz for
13C and 124.50 MHz for *'P, and some 1D '"H NMR spectra on a Bruker
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The 2D experiments were carried out with the following parameters: 1)
['H-"H] COSY spectral width 1800 Hz in both dimensions, 512 F1 incre-
ments, relaxation delay of 2s, a 512x2048 data matrix, and 16-32 scans
for each FID; a sine weighting function was applied prior to Fourier
transformation; 2) [*C-'"H] HMQC with 256 F1 increments, relaxation
delay 2 s and Bird delay 650 ms, a 256 x 1024 data matrix, and 24 scans
for each FID; a m/2 shifted sine-squared weighting function was applied
prior to Fourier transformation; 3) NOESY (EXSY) spectra were ac-
quired in the phase-sensitive mode by using time proportional phase in-
crementation (TPPI), mixing time #,,=500 ms—1 s, relaxation delay 4 s,
spectral width 2400 Hz in both dimensions, 512 F1 increments, a 512x
2048 data matrix, and 16 scans for each FID; a /2 shifted sine-squared
weighting function was applied prior to Fourier transformation.

The variable-temperature measurements covered the temperature ranges
283-350 K (*'P) for 4, 5 and 300-350 K ('H) for 1-5.

The samples for NMR studies were prepared in deuteriated water. The
concentration of the samples was 1x107' moldm™ for “C and 2x
102 moldm™ for the 'H and *P titration measurements. The pH was
measured using a Radiometer pHM 83 instrument equipped with a Met-
tler Toledo INLAB 422 combined electrode and is given as meter ridings
without correction for pD.
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