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and Unhydrated Form
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The structure of [(dimethylamino)methylene |bis[ phosphonic acid] dihydrate (C;H;;NO4P, -2 H,0; 1) was
solved ab initio from synchrotron powder X-ray diffraction data. The structure determination was based on
direct methods combined with difference Fourier techniques, and the refinement was carried out using the
Rietveld method. Using this high-quality diffraction pattern, it was possible to index a second phase which
corresponds to the structure of the known [ (dimethylamino )methylene |bis[ phosphonic acid] monohydrate (2).
[ (Dimethylamino)methylene ]bis[ phosphonic acid] dihydrate (1) is monoclinic, space group P2,/c, Z =4, with
a=10.6644(1), b=9.1599(1), c=10.5213(1) A, and $=98.353(1)°. The structure analysis indicates two non-
equivalent P-atoms in the molecule of 1 which are also observed in the corresponding monohydrate 2 and
unhydrated form 3. All three compounds exhibit extended H-bonding networks which result in remarkably
different 3'P-NMR spectra. The [(dimethylamino)methylene]bis[phosphonic acids] 1-3 crystallize in the
betaine-type structure which, therefore, contains two nonequivalent P-atoms. The —P(=O)(OH), and
—P(=0)(OH)O" groups of 1-3 are involved in a number of strong H-bonds which can be characterized by the
different 3P-NMR chemical shifts of the two P-atoms of 1-3.

1. Introduction. — Phosphonic acids are of interest from the standpoint of their
chelating properties [1][2] and from their use in modern in vivo diagnostic techniques
[3]. Additional interest stems from their resemblance to amino acids and from the fact
that some aminophosphonic-acid derivatives have been found in lower animals and
that these compounds seem to play a role in the metabolism of these organisms [4].

[ (Dimethylamino)methylene]bis[ phosphonic acid] (C;H;;NO¢P,) is an organo-
phosphorous compound containing P—C bonds. It has been prepared and structurally
characterized in its unhydrated form, ie., C;H;;NO¢P, (3) [5][6]. The molecular
structure of the monohydrated compound, i.e., C;H;;NO4P,-H,O (2), has also been
reported [7]. The formation of a dihydrated form of the same compound, i.e.,
C;H;;NO4P,-2H,0 (1) was discussed [8], but no crystal structure has been reported
until now. While macroscopic-sized single crystals of the unhydrated form 3 and of the
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monohydrate 2 could be easily obtained for single-crystal structure analysis, the
[ (dimethylamino)methylene |bis[ phosphonic acid] dihydrate (1) was obtained only in
microcrystalline form. Using powder diffraction techniques, we have now succeeded in
solving the molecular structure of 1.
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SIP-NMR Studies in liquid and solid state have been reported for all three samples
1-3 by Harris et al. [9] and Jancke et al. [8]. The knowledge of the structures presents a
rare possibility of direct elucidation of the influence of water and the formation of H-
bonds on the configuration of such a molecule. We now report on the relationship
between the crystal structures and the properties, such as solid-state *P-NMR data, of
dihydrate 1, of monohydrate 2, and of the unhydrated form 3.

2. Experimental — [(Dimethylamino)methylene]bis[ phosphonic acid] dihydrate (C;H,;;NO¢P,-2H,0, 1)
was obtained in microcrystalline form by precipitation from an aq. soln. by means of acetone. Slow
recrystallization from H,O yielded crystals of the unhydrated form 3 [8].

For compound 1, the X-ray powder diffraction data were first collected on a finely ground sample (side-
loaded in a flat sample holder) using a Rigaku computer automated diffractometer. The X-ray source was a
rotating anode operating at 50 kV and 180 mA with a copper target and graphite monochromated radiation.
Data were collected between 5 and 80° in 260 with a step size of 0.01° and a counting time of 10 s/step (Fig. 1,a).
The indexing procedure [10] revealed a monoclinic cell with a =10.66, b =9.16, c=10.53 A, and #=98.34°. The
presence of a second phase in the sample was suggested by a relatively intensive reflection at 7.248° (26) which
could not be indexed. The structure solution using the indexed monoclinic unit cell and the derived space group
P2,/c by direct methods and Patterson search failed. The compound was then remeasured in transmission mode
using synchrotron radiation at the Swiss-Norwegian beamline, ESRF (Fig. 1,b). From the high-resolution
synchrotron X-ray powder data, ca. 700 reflections were extracted using the program EXPO [11]. The main
structure of 1was solved by direct methods using SHELXS [12] and completed by difference Fourier techniques
[13].

The obtained structural model was used for Rietveld profile refinement in GSAS [14] using the profile over
the range 3° < 20 < 45°. After the initial refinement of the scale, background, and unit-cell constants, the non-H-
atom positions were refined without constraining the bond lengths and angles. The H-atoms of the Me and CH
groups, and the H-atom attached to the N-atom of the dimethylamino group were introduced in their calculated
positions in analogy to the procedure used in the case of the monohydrate 2 and the unhydrated form 3. The
remaining H-atoms of the phosphonic-acid moieties and the H-atoms of the H,O molecules were placed in
positions of significant positive electron density located in Fourier difference syntheses. The introduction of the
H-atoms gave slightly lower R values than without H-atoms: wR2 0.112 vs. 0.118 (without H-atoms), R1 0.080 vs.
0.084, and R 0.062 vs. 0.066. The refinement for the H-atoms was constrained using normal O —H bond lengths
and P—O—H and H-O—H bond angles and an overall isotropic temperature factor. In the final cycles of
refinement, the shifts in all parameters were less than their estimated standard deviations. The high quality of
the diffraction pattern permitted the second phase to be indexed, and it was found to arise from the structure of
the known [(dimethylamino)methylene |bis[ phosphonic acid] monohydrate (2) [7].

Crystallographic details for 1 are given in Table I, and Fig. 2 illustrates the final Rietveld plot showing the
simultaneous refinement of two phases (95% of 1 and 5% of 2). Selected bond lengths and angles and a list of
important intermolecular N --- O and O --- O distances of 1-3 are given in Tables 2 and 3, resp. For monohydrate
2, the atom positions in the corresponding unit cell were used with their original values [7] and kept constant
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Fig. 1. Powder diffraction profile for dihydrate 1: a) low-angle part of the data measured in reflection mode using
copper (Kal + Ka2) radiation, b) data measured in transmission mode using synchrotron radiation. Reflections
of the second phase, i.e., of monohydrate 2 (5% ), are marked by arrows.

during the Rietveld refinementn procedure; only the profile parameters were refined for this second phase.
Crystallographic data for the structures discussed in this paper have been deposited with the Cambridge
Crystallographic Data Centre as deposition No. CCDC-102870 for 1 and CCDC-102871 for 2. Copies of the data
can be obtained, free of charge, on application to the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK.
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Table 1. Crystallographic Data for Dihydrate 1

Formula CH,NOP, 2H,0  T[K] 296
Formula weight ~ 255.13 Peaclg/em™3] 1.679
[g/mol] u[mm1] 0.45
Crystal system monoclinic Pattern range (26) 3-45°
Space group P2,/c (No. 14) Step size (20) 0.005°
a[A] 10.6644(1) 26 Interval[°]/step scan time[s]  3-18/4; 18-45/8
b[A] 9.1599(1) Data collection mode transmission (1.0-mm capillary)
c[A] 10.5213(1) No. of contributing reflections 1450 (phase I and 1I)
Bl°] 98.353(1) No. of structural parameters 105
V[A3] 1016.86(1) No. of profile parameters 9
z 4 R,,")/Rp") 0.112/0.080
1[A] 0.79934 R;°) 0.065

) R,y =[owU—~ LYWl ) Ry =~ /L ©) Re= (|Fo|=|F)/{|F])-

Table 2. Selected Bond Lengths [A] and Bond Angles [°] for 1-3. Arbitrary numbering.

1 2 (7] 3[6] 1 2[7]  316]
P(1)-O(1)  155(1) 1.504 1.494%) O(1)-P(1)-0(2)  120.5(6) 1154 1166
P(1)-0(2)  157(1)*)  1461%) 1510 O(1)-P(1)-0O(3)  108.8(6) 1097 1119
P(1)-0(3)  151(1) 1.550 1.555 O(1)—P(1)—C(1) 98.7(7) 1031 1057
P(1)-C(1)  1.88(1) 1.906 1.841 0(2)-P(1)-0(3)  108.5(7) 1157 1086
P(2)-0(4)  154(1) 1.577 1.4812) 0(2)-P(1)-C(1)  110.6(7) 1089  107.6
P(2)-0O(5)  149(1)*) 1505 1515 O(3)-P(1)-C(1)  109.0(6) 1025 1058
P(2)-0(6)  1.59(1) 1461%) 1555 O(4)-P(2)-0(5)  1144(6) 1109 1178
P(2)-C(1)  1.78(1) 1.845 1.842 O(4)—P(2)-0(6)  105.8(6) 1081  107.6
C(1)-N(1)  1.57(1) 1.510 1.516 O(4)-P(2)-C(1)  1088(7) 1035 1087
N(1)-C(2)  1.49(1) 1.510 1.503 O(5)-P(2)-0(6)  1134(6) 1186 1117
N(1)-C(3)  1.40(1) 1.497 1.497 0(5)-P(2)-C(1)  106.0(7) 1034 1027

0(6)-P(2)-C(1)  107.6(7) 1113 1079
C(1)-N(1)-C(2)  1152(11) 1144 1162
C(1)-N(1)-C(3)  1168(12) 1121 1124
C(2)-N(1)-C(3)  111.6(11) 1106  110.1
P(1)-C(1)-P(2)  1181(8) 1122 11338
P(1)-C(1)-N(1)  1104(10) 1161 1156
P(2)-C(1)-N(1)  112.5(10) 1124 1120

) Formal P=0 bonds.

3. Results and Discussion. — The structure analysis of dihydrate 1 indicates two non-
equivalent P-atoms in the molecule, which was also observed in the case of the
corresponding monohydrate 2 and unhydrated form 3. The protonation of the N-atom
is responsible for the formation of an intramolecular H-bond, and consequently for the
formation of the different H-bonding situations due to the formation of one
phosphonic-acid group (—P(=O)(OH),) and one phosphonate-anion group
(—P(=0)(OH)O") (Fig. 3). The atoms P(1) and P(2) display tetrahedral environ-
ments with normal bond lenths and angles which are similar to those found for
compounds 2 and 3 by single-crystal structure analyses (7able 2), within experimental
error. However, the precision of the powder diffraction analysis is much lower than that
of the single-crystal structure analyses. All the non-H-atoms in the powder structure 1
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Table 3. N---O and O --- O Hydrogen Bond Distances [A] for 1-3. Arbitrary numbering.

1 2 3

Intramolecular interactions:
N(1)-H---O(4) 2.97(1) N(1)-H---O(4) 2.94 N(1)-H---O(4) 2.92

Intermolecular interactions:
Environment of P(1):

O(1)—H---O(2W)?)  2.49(2) O(1)—H---O(1W)8)  2.46 0(6))—H--0O(1) 258
O(1W)®»)—H---0(2)  2.68(1) O(1W))—H--0(2) 278 0(2)--H--0(5)°) 241
O(2W)—H:--0(2) 2.57(1) Oo(4)M—-H--0(2) 2.64 O(3)-H--0(4H)™) 251
O(3)-H:-0(5)°) 2.57(1) 0O(3)—H - 0(5))) 2.42 N(1)-H--O(1)?)  2.82
Environment of P(2):

O(1W)—H:--O(4) 2.73(1) O(4)-H:--0(2)¥) 2.64 O(3)P—H---O(4) 2.51
O2W)Y)—H--0(4)  2.38(1) 0(3)")-H:--0(5) 2.42 0(5)-+-H--0(2)9) 241
0(3))—H---0(5) 2.57(1) O(1W)—H:--O(6) 2.66 O(6)-H--O(1)") 258
0O(6)—H--O(1W)®)  2.56(1) N(1)—H---0(6)¥) 2.87

N(1)=H---O(5)! 2.79(1)

N 1R2-y12+4z. ) —x,~124y12—z. ) 1-x1-yl-z. Yxl4+yz. ©)x32-y1R2+z. Hx32-y—12+z.
&) x,14+y,z. h) 12—x,y,—124z. )—=124x1-yz. ) —124x2-yz. k) 12—x,y,1/12+z. l) 124x2—y,z.
™ x,124y12—z. ") —x,1-y—z. °)14xyz. P)—x,—124+y12—z. 9)—1+xyz.

were freely refined. This was possible using the high-resolution synchrotron powder
diffraction data, but the lack of data (limited number of reflections, 2-phase system)
results in small deviations from standard values and relatively high standard deviations
for bond lengths and bond angles. The standard deviations given in Table 2 for 1, are
certainly underestimated. This is demonstrated by the large range found for the C—N
bond length values (1.40(1), 1.49(1), and 1.57(1) A) as compared to the standard value
of 1.50 A [15]. This same bond length varies from 1.497 to 1.510 A in 2 [4] and from
1.497 to 1.516 A in 3 [5][6]. The P—C bond lengths are 1.88(1) and 1.78(1) in 1, 1.906
and 1.845 A in 2, and 1.841 and 1.842 A in 3. The P—O(terminal) bond lengths vary
from 1.49(1) to 1.59(1) A (P—0,, 1.54 A). Formal double bonds are assigned to
P—0O(5) (1.49(1) A) and P—O(2) (1.57(1) A), even though the latter exhibits a
relatively large deviation from the normal bond-length range of P=0O bonds (1.45-
1.50 A [15]). This is probably due to the low precision of the powder structure analysis.
All the P(1)—O bonds show bond lengths in the range of 1.51-1.57 A. Atom O(5),
being double-bonded to P(2), is involved in an intermolecular H-contact to atom O(3)
(2.57(1) A). Positive electron density is located near to O(3) and assigned to a H-atom,
hence, atom O(3) is assumed to belong to an OH group. A practically eclipsed
conformation of the phosphonic-acid and phosphonate-anion groups of 1 is observed,
which is reflected in the torsion angles O—P---P—O along the P---P direction (the
three smallest torsion angles are 21, 26, and 57°).

All six O-atoms O(1) to O(6) of 1 are involved in the H-bonding network (Fig. 4).
An intramolecular H-bond is formed between the NH proton and atom O(4). The
torsion angle N(1)—C(1)—P(2)—0(4) is 30.3° and comparable to the corresponding
torsion angle in 2 (34.9°) and 3 (23.8°). Each water molecule of 1, symbolized by the O-
atoms O(W1) and O(W2), participates in three H-bond contacts, i.e., in two donor
bonds involving the water H-atoms (O(1W)°*)—H :-- O(2) and O(1W)—H --- O(4), and
O(2W)—H---0O(2) and O(2W)Y)—H---O(4), resp.) and in one acceptor bond
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Fig. 2. Observed (+) and calculated (—) profiles for the Rietveld refinement for dihydrate 1 (above 5-25° and
below 25-45°, different intensity scale). The bottom curve in each is the difference plot on the corresponding
intensity scale.

involving the P—OH groups (O(6)—H:---O(1W)¢) and O(1)—H---O(2W)?); see
Table 3). There are three H-bonds involving water molecules (O - O <2.73 A) in the
coordination spheres of both P(1)O; and P(2)O; of 1. Interestingly, the two strongest
H-bonds (< 2.5 A) of 1 involve water molecule O(W2), in contrast to compound 2
where the single water molecule participates in only one of the three strongest H-
bonds. The H-atom positions, which were included in the refinement process to give a
better agreement of the values of the calculated structural model and the measured
data, have a relatively high error and, therefore a more detailed discussion of the
distances and angles involved in H-bonding is not justified. The eight intermolecular H-
bonds (O-++0 <2.73 A) involving one molecule of 1 and directed to neighbouring
bis[ phosphonic acid] molecules and water molecules, give rise to an extended three-
dimensional network ( Fig. 5).
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Fig. 3. Projection of the crystal structure of 1 perpendicular to the plane defined by the atoms P(1)—P(2)—N(1)
showing the numbering scheme (SCHAKAL [16]). Arbitrary numbering.
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Fig. 4. The intra- and intermolecular contacts for compound 1 including the distances between non-H-atoms
linked by H-bonds visualized by dashed lines

Since the two P-atoms in the molecule of 1 are nonequivalent, two signals arise in
the solid-state *'P-NMR spectra. For all three compounds 1-3, two lines are found, but
the chemical shift of these two lines, while similar in the case of dihydrate 1 or
monohydrate 2, is very different in the case of the unhydrated form 3 (7able 4), i.e.,
different solid-state NMR properties are observed. As there are no significant
differences in the structure of the [(dimethylamino)methylene ]bis[ phosphonic acid]
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Fig. 5. A view of the structure of 1 down the a axis. The intermolecular contacts are shown by dashed lines
(PLUTON [17]).

moiety of 1-3 (see Table 2), the reason for the different 3'P-NMR chemical shifts must
be due to the different environment of the two PO; groups, specifically to their
involvement in the intermolecular H-bonding network ( 7able 3). The environment of
P(1) is similar in 1 and 2. The bonding of the H-atoms to the atoms O(1) and O(3) is
equivalent, and also the involvement of O(1), O(2), and O(3) in the H-bonding
network is similar. The environment of P(2) of 1 and 2 differs only slightly, with the H-
atom being connected to atom O(6) in the case of 1, while in 2, the H-atom is attached
to atom O(4). Hence, the presence of water molecules in the coordination sphere of the
PO; groups results in a similar behaviour in the solid-state ¥P-NMR of 1 and 2.

Table 4. Solid-State 3’P-NMR Data for 1-3

1 2 3
5(P) [ppm] 8.8, 7.0 [8] 8.4,7.1[18] 9.1,2.0 [9] or 9.3, 2.3 [8]

The strongly differing chemical shifts of the two P-atoms of the unhydrated form 3
9.1 and 2.0 ppm [9] or 9.3 and 2.3 ppm [8] are rationalized as follows. The atoms O(3)
and O(6) of 3 are protonated, while a third proton is statistically distributed between
atoms O(2) and O(5). Atoms O(1), O(2), and O(3) participate in the same H-bonds as
atoms O(4), O(5), and O(6) (Table 3). The NH group of 1-3 participates in both an
intra- and intermolecular H-bond. In all three compounds, the intramolecular contact
involves the atom O(4). However, in 3, the strong N(1)—H --- O intermolecular H-bond
involves an O-atom connected to P(1), while in 1 and 2, an O-atom connected to P(2) is
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involved. These facts may explain the different solid-state 3P-NMR behaviour of 1and
2 as compared to 3.

This study shows that crystal structures can be solved by means of X-ray powder
diffraction data and that the recording of high-resolution X-ray data can facilitate the
study of two-phase problems. The powder structure analysis of dihydrate 1 established
its overall three-dimensional structure, however, even though the high-resolution data
permitted the free refinement of the non-H-atoms, the accuracy of this analysis is not
comparable to that of the single-crystal structure analyses of 2 and 3.
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