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Abstract:



The synthetic method for preparing N-(3-hydroxypropyl) 3α,12α-dihydroxy-5β-cholan-24-amide can lead to formation of at least three different crystal forms – an anhydrous compound and two monohydrates. The structural and thermal properties of these forms have been characterized by 13C-CP/MAS-NMR and IR spectroscopy, thermo-gravimetry, differential scanning calorimetry and by powder and single crystal x-ray crystallography. In addition, theoretical 13C-NMR chemical shift calculations were also performed for the anhydrous compound and for the first monohydrate, starting from single crystal structures and the structures of these species have now been verified. The first monohydrate, C27H47NO4 · H2O, crystallizes in orthorhombic space group P212121 with cell parameters: a = 7.1148(2), b = 18.1775(5), c = 20.1813(6), Z = 4.
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Introduction


Bile acids are widely applied in synthetic chemistry due to their enantiomeric purity, low cost and ready availability, combined with the different orientations and reactivity and varying number of their hydroxyl groups [1]. They are the natural ligands of enterohepatic circulation and are specifically recognized by intestinal and hepatic cells, which also makes them interesting compounds from the pharmacological point of view [2]. Some bile acid derivatives have an ability to act as enantiomer differentiating host molecules in inclusion processes [3,4]. Many bile acid derivatives are able to gel organic [e.g. 5,6,7,8,9] and aqueous solutions [e.g. 10,11,12]. Owing to these properties, bile acids are ideal building blocks for the construction of novel molecular and supramolecular assemblies for molecular recognition.



The investigation of the exact structures of bile acids and their derivatives in the solid state often proves to be complicated, because bile acids tend to precipitate out in forms unsuitable for single crystal X-ray structural studies. In our opinion, solid state NMR spectroscopy and crystallography [13,14] could provide some partial and novel solutions to these problems. We think that the 13C-CP/MAS-NMR technique opens a direct and pharmaceutically very important scope for studies of bile acid derivatives in the solid state and when utilized together with TG, DSC, and powder x-ray diffraction, enables characterization of the structures, including polymorphs and pseudopolymorphs, of many bile acid derivatives, even in the absence of single crystal x-ray structures. As far as we know, there are no prior reports on 13C-CP/MAS-NMR spectral studies of isolated bile acids or their derivatives, although a few reports on 13C-CP/MAS-NMR studies of inclusion or binding interactions of bile acids, including interactions with barley β-D-glucan [15], carrot fiber [16], 2,3-dimethyl-butadiene [17], ferrocene [18], and γ-valerolactone [19,20], can be found,



In a former study published by us [5] the synthesis and structures of N-(2-hydroxyethyl) and N-(3-hydroxypropyl) amides of 3α-hydroxy-5β-cholan-24-oic (lithocholic, LCA) and 3α,12α-dihydroxy-5β-cholan-24-oic (deoxycholic, DCA) acids as well as their gelation properties were discussed. Bile acid amidoalcohols have proven to be biologically interesting and active compounds. Some bile acid amidoalcohols are found to act as antimicrobials and antifungals [21] and could possibly be used in the treatment of inflammations and diseases [22,23,24,25,26]. These compounds are expected to have an effect on the ileal bile salt transport system [27]. One study shows that pathogenic strains could also biotransform human cholic acid (CA) derivatives to N-(2-hydroxyethyl) 3α,7α,12α-trihydroxy-5β-cholan-24-amide [28]. The ability of these compounds to gel organic solvents is also significant [5,8]. Due to these facts we feel that it is important to characterize the structure and function of these compounds more extensively. Solid state structures of these compounds are mainly unexplored. For example, from CSD database [29] only our crystal structure of N-(3-hydroxypropyl) 3α,12α-dihydroxy-5β-cholan-24-amide [5] was found. In the present report we describe our new solid state structural findings, as well as thermoanalytical and modeling studies of N-(3-hydroxypropyl) 3α,12α-dihydroxy-5β-cholan-24-amide (Scheme 1) and two of its monohydrates.
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Scheme 1. General structure of N-(3-hydroxypropyl) 3α,12α-dihydroxy-5β-cholan-24-amide. 






Scheme 1. General structure of N-(3-hydroxypropyl) 3α,12α-dihydroxy-5β-cholan-24-amide.
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Results and Discussion


Solid state 13C-CP/MAS-NMR spectra of the powdery solids 1–2, the crystallized monohydrate 3, as well as the anhydrous N-(3-hydroxypropyl) 3α,12α-dihydroxy-5β-cholan-24-amide (4) are presented in Figure 1. High quality spectra with sharp peaks proved these samples to be fairly crystalline. In our previous study [5] we reported the synthesis of solid 1 and the exact structure of crystalline material 4. Solid 1 was precipitated by addition of the reaction mixture into large excess of water. From the spectra (Figure 1) it is observed that this precipitate (solid 1) seems to contain forms 3 and 4, in agreement with the previous findings [5], in which 1 was expected, according to crystallographic data, to be a mixture of two forms (4 and an unidentified one). Unique resonances of both forms can be distinguished in the spectrum of 1 (Table 1). The double resonances for C18, C19 and C21 (methyls) in the spectrum fit nicely with the corresponding resonances of 3 and 4. Also, the resonances of C27 (with a hydroxyl group attached to it) for 3 and 4 are found in the spectrum recorded for 1. Two additional resonances of 1 at 41.6 and 39.3 ppm (Figure 1) correspond well with the resonances found for 3 (41.7 ppm) and for 4 (39.4 ppm), respectively. This gives an indication that the solid 1 is a mixture of the pure monohydrate 3 and the pure anhydrous form 4.


Figure 1. 13C-CP/MAS-NMR spectra of solids 1–4.
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Table 1. Selected chemical shifts in solid state 13C CP/MAS NMR of 1-4.







	
C

	
1a

	
2

	
3

	
4




	
3

	
71.3c

	
71.1d

70.0d

	
70.5d

	
71.4c




	
12

	
71.3c

	
72.3d

	
71.2d

	
71.4c




	
18

	
11.1

10.8

	
12.7

10.9

	
10.8

	
11.2




	
19

	
22.2

20.2

	
22.5

21.0

	
22.2

	
20.3




	
21

	
16.5

15.8

	
17.0

14.9

	
16.6

	
15.9




	
24b

	
174.7

173.5

	
175.5

	
173.5

	
175.2




	
27

	
56.8

55.6

	
59.2

58.0

	
56.9

	
55.8








a1 is composed of forms 3 and 4; bC24 shows multiple resonances in all forms, only the most intensive one presented for 2-4; cC3 and C12 resonances overlapped (one singlet); dassignments can be interchanged.








Solid state NMR spectral data also proved the powdery solid 3 to be similar to the crystallized (from water/ethanol) sample of any of the powdery solids. The solid 2 shows the most complicated resonance pattern, which does not fit too well with the patterns of crystalline forms 3 and 4. It seems to be a mixture of, at least, two different forms. The methyl signals on the shielded region of the spectra (Figure 1) of samples 3 and 4 are very sharp, while the deshielded carbonyl signals are broadened. This is most probably due to faster rotation of the methyls, and favourable relaxation properties, rather than different orientations or disorder of the amide side chains.



The solid 2 and the monohydrate 3 showed a broad signal at typical wavenumbers of O-H stretching absorption (around 3400 cm-1), while in anhydrous compound 4 there were three resolved stretching signals, one for each OH group, at 3454, 3410, and 3316 cm-1. Otherwise the IR analysis showed almost similar absorption behavior for all of the investigated forms.







The quality of the crystals of 3 was not very high, which can be observed from the refinement parameters (see Experimental section). Still, the structure was easily solved, although the internal consistency was poor. The selected asymmetric unit is presented in Figure 2.


Figure 2. Asymmetric unit of monohydrate 3. Thermal ellipsoids with 50 % probability level.
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As can be seen from Figure 3, each water molecule is located in a hydrophilic “pocket”, formed by bile acid backbones. The hydroxyl groups of the bile acids are oriented to the same spatial direction creating a hydrophilic side for the molecule. When the molecules interact, these sides tend to turn towards each other and, thus building a pocket-like assembly. In this pocket a water molecule can easily be connected to the bile acid molecules, with three hydrogen bonds (Table 2); one visible in the asymmetric unit (Figure 2). While the anhydrous compound 4 has a hydrogen bond between O27 and O24 [5], the structure of 3 does not contain any intramolecular hydrogen bonds. The terminal OH of the amidoalcohol side chain is instead hydrogen-bonded to O3 of the next bile acid molecule, forming a “head-to-tail” catenary architecture. The most interesting structure parameters of 3 are collected in Table 3, with the corresponding values of 4 for comparison.


Figure 3. Packing diagram of 3 with cell axes. The size of H2O molecules is emphasized.
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Table 2. Hydrogen bond lenghts (Å) and angles (°) of 3.







	
D ─ H ··· A

	
D ─ H

	
H ··· A

	
D ··· A

	
D ─ H ··· A




	
O1w ─ H1wb ··· O12

	
0.85(2)

	
2.00(2)

	
2.837(6)

	
172(7)




	
O3 ─ H3O ··· O24a

	
0.84(2)

	
2.11(3)

	
2.932(5)

	
165(6)




	
O1w ─ H1wa ··· O24a

	
0.84(2)

	
2.07(2)

	
2.908(5)

	
176(7)




	
O12 ─ H12O ··· O27b

	
0.84(2)

	
1.95(2)

	
2.773(6)

	
168(6)




	
N24 ─ H24 ··· O1wc

	
0.90(2)

	
2.06(2)

	
2.960(6)

	
174(5)




	
O27 ─ H27O ··· O3d

	
0.83(2)

	
1.97(2)

	
2.791(6)

	
169(7)








Symmetry codes: (a) ½ - x, 1 - y, ½ + z; (b) 3⁄2 - x, 1 - y, 3⁄2 + z; (c) 3⁄2 - x, 1 - y, -½ + z; (d) x, y, -1 + z.








Table 3. Selected geometric parameters (Å, °) of 3 and 4 [5].







	

	
3

	
4

	

	

	
3

	
4






	
C3 – O3

	
1.434(5)

	
1.444(3)

	

	
C20–C22–C23

	
115.4(4)

	
113.1(2)




	
C12 – O12

	
1.443(5)

	
1.433(3)

	

	
C22–C23–C24

	
113.3(4)

	
112.7(2)




	
C24 – O24

	
1.237(5)

	
1.244(3)

	

	
C23–C24–N24

	
114.4(4)

	
116.4(2)




	
C27 – O27

	
1.428(5)

	
1.422(4)

	

	
C24–N24–C25

	
123.3(4)

	
123.7(2)




	
C24 – N24

	
1.329(5)

	
1.332(3)

	

	
N24–C25–C26

	
113.4(4)

	
112.8(2)




	
C25 – N24

	
1.445(6)

	
1.459(3)

	

	
C25–C26–C27

	
113.5(4)

	
113.5(2)




	
C17 – C20

	
1.535(6)

	
1.534(3)

	

	
C26–C27–O27

	
111.8(4)

	
112.7(2)




	
C20 – C22

	
1.542(6)

	
1.537(3)

	

	

	

	




	
C22 – C23

	
1.517(5)

	
1.524(3)

	

	
C17–C20–C22–C23

	
–178.1(4)

	
–172.3(2)




	
C23 – C24

	
1.516(6)

	
1.505(4)

	

	
C20–C22–C23–C24

	
177.6(4)

	
177.1(2)




	
C25 – C26

	
1.523(6)

	
1.521(4)

	

	
C22–C23–C24–N24

	
152.3(4)

	
122.5(3)




	
C26 – C27

	
1.504(6)

	
1.524(4)

	

	
C23–C24–N24–C25

	
175.3(4)

	
–174.8(2)




	

	

	

	

	
C24–N24–C25–C26

	
–95.5(5)

	
–97.7(3)




	

	

	

	

	
N24–N25–C27–C27

	
–71.5(5)

	
59.5(3)




	

	

	

	

	
C25–C26–C27–O27

	
–66.2(5)

	
55.4(3)
















The experimental powder diffraction patterns of the pseudopolymorphs 3 and 4 were compared to the simulated patterns that were generated from the known single crystal structure parameters. For the previously reported mixture (1) [5] the phase is clearly composed of two components that are consistent with single crystal structures found for anhydrous (4, simulated pattern A) and monohydrate (3, simulated pattern B) forms of N-(3-hydroxypropyl) 3α,12α-dihydroxy-5β-cholan-24-amide, as can be seen in Figure 4. The weight fraction of the phases is approx. 8:2 in favor of the anhydrous form (estimated by the TG analysis).


Figure 4. Experimental powder diffraction pattern of the previously reported polymorph mixture (1) [5], compared with the simulated powder patterns generated from the single crystal structures of anhydrous (4, A) and monohydrate (3, B) forms.
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The samples of the anhydrous and monohydrate forms 4 and 3, which we were able to crystallize as pure phases, as well as the solid 2 were compared to the simulated powder patterns A and B. The solid (3) crystallized from ethanol/water solution afforded pure monohydrate form, as can be seen in Figure 5. The powder pattern of the solid (2) is not congruent with A or B. This observation supports the NMR results presented above, and proves that slight variations in synthetic conditions resulted in a new polymorphic form. The anhydrous solid sample of (4) crystallized from acetonitrile (or p-xylene) is identical to the single crystal structure, as can be seen as a perfect consistency between the experimental and simulated powder patterns in Figure 6.


Figure 5. Experimental powder diffraction patterns of the new hydrate and monohydrate forms 2 and 3, compared with the simulated powder pattern B generated from the single crystal structure of monohydrate form 3.



[image: Molecules 12 02161 g005]





Figure 6. Experimental powder diffraction pattern of the anhydrous form 4 compared with the simulated powder pattern A generated from the single crystal structure.
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The thermal behavior of each of the solids 1–4 was examined by TG/DTA and DSC. The results are summarized in Table 4 and the TG, DTA, and DSC curves are presented in Figure 7 and Figure 8. The previously reported solid 1, that proved to be a mixture of 3 and 4, showed concurrent dehydration and melting of the monohydrate form, and furthermore, subsequent recrystallization to the anhydrous form 4, which melting transition was finally observed at 179 °C. The observed melting temperature is consistent with the previously reported melting point for 1 (178.5-179.5 °C [5]). The solids of the two structurally different forms 2 and 3 showed also concurrent melting and dehydration transitions having onsets at ~115-116 °C. Typically, dehydration of solid 2 initiated somewhat at lower temperatures (40–50 °C) than on solid 3, for which dehydration initiated at ~80-90 °C, as can be seen in Figure 8. This can also be seen from the TG curves (Figure 7), where the weight loss corresponding to dehydration on 2 is clearly more gradual than on 3. Separate melting transitions for both hydrate forms were attempted to obtain by using a faster heating rate and hermetically sealed pans to prevent the initiation of dehydration. The resulted melting onsets for both of the hydrates were rather close to each other being 139 °C and 143 °C for 2 and 3, respectively (Table 4). Consequent crystallization transition to the anhydrous form 4 was observed readily after dehydration of the monohydrate 3. The same event was observed only occasionally on 2, typically if slow heating rates were used. Probably in the case of the clearly more crystalline monohydrate 3, the remaining seeds for further crystallization are more likely available on the dehydration/melting than on the less crystalline hydrate 2. The anhydrous solid 4 showed only a single melting transition at 179 °C. In all cases, only the glass transition at 82 °C was observed on the second heating scan. The same phenomenon was also observed, if the first heating scan was ended after the dehydration transition, confirming concurrent dehydration and melting.


Figure 7. TG and DTA curves for the solids 1-4 measured with heating rate of 10 °C min-1.
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Figure 8. DSC scans of solids 1–4. On each pair of scans: first heating scan is on top.
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Table 4. The phase transition temperatures, their enthalpy changes and decomposition temperatures of solids 1–4.







	
Comp.

	
1st Heating

Tm, Tdh, Tc, (ΔH): °C, (J g–1)

Tg, [ΔCp] : °C, [J g–1 °C–1]

	
2nd heating

Tg, [ΔCp] :

°C, [J g–1 °C–1]

	
Dec.

Td: °C




	
1

	
Tdh+ Tm 110.1 (30.92)

Tc 135.5 (-5.17)

Tm 179.0 (98.05)

	
Tg 81.6 [0.52]

	
321




	
2

	
Tdh + Tm 116.3 (88.16)

{Tm of hydrate 142.7}

	
Tg 80.1 [0.56]

	
323




	
3

	
Tdh+ Tm 115.4 (147.78)

Tc 144.0 (-35.97)

Tm 178.7 (88.51)

{Tm of hydrate 139.4}

	
Tg 82.5 [0.58]

	
313




	
4

	
Tm 179.2 (96.12)

	
Tg 81.5 [0.49]

	
326








Tm = melting, Tg = glass-transition, Tc = crystallization, Tdh = dehydration, ΔCp = change of heat capacity.














As all the examined solids dehydrated and/or melted before starting to decompose, being consistent with the anhydrous form 4 in that respect, a common decomposition temperature was obtained for all of the solids at ~320 °C. In addition, both hydrate forms, 2 and 3, showed weight losses corresponding to dehydration. For the known monohydrate 3, the weight loss of ~4.0%, which agrees well with a theoretical wt-% of 3.8%, was obtained. Nearly similar wt-% of 3.3–3.7% were obtained from sample to sample for the second hydrate form 2, suggesting that its composition seems to be close to that of stoichiometric monohydrate. As can be seen in the powder diffraction pattern (Figure 5), however, the molecular packing is different, which in part may be due to insufficient packing of water in the lattice (due to fast crystallization). The crystallinity of 2 is lower than that of 3.



It has been reported in the literature [30] that the side chain of a bile acid can usually exist in two conformations defined by the dihedral angle of the side chain at C17-C20-C22-C23. In the trans conformation this angle varies approximately between 160° and 180°, whereas the gauche form possesses values of the dihedral angle ranging roughly from 60° to 70°. The angles in the single crystal structures of 3 and 4 (Table 3) were -178.1(4)° and -172.3(2)°, respectively, establishing trans conformation. The same is true for the HF/6-31G*-optimized structures of 3 and 4, for which the corresponding values were -172.1° and -172.7°, respectively. The selected calculated 13C-NMR chemical shifts for the optimized structures are presented in Table 5 with the corresponding experimental data. The largest deviations between the calculated 13C-NMR chemical shifts of these two pseudopolymorphs can be observed for the side chain carbons, namely C24, C26, and C27, due to different geometries of the side chains. This is more or less in agreement with the experimental data. The differences between the exact values of the calculated and experimental shifts are probably due to the fact that the shifts are calculated for single molecules in vacuo. The method thus excludes intermolecular interactions between the bile acid molecules. Inclusion of more than one bile acid molecule in the calculation at this level would, however, have unreasonably increased the CPU time needed for the calculations.



Table 5. Selected theoretical (B3LYP/6-311G*) and experimental 13C NMR parameters calculated and measured for 3 and 4.







	
C

	
δtheor3

	
δtheor4

	
δexp(solid) 3

	
δexp(solid) 4

	
δexp(CDCl3) 1




	
3

	
71.57

	
73.77

	
70.5

	
71.4

	
71.89




	
12

	
77.23

	
75.71

	
71.2

	
71.4

	
73.24




	
18

	
11.51

	
11.41

	
10.8

	
11.2

	
12.81




	
19

	
21.26

	
22.45

	
22.2

	
20.3

	
23.18




	
21

	
16.85

	
16.47

	
16.6

	
15.9

	
17.54




	
24

	
168.15

	
171.83

	
173.5

	
175.2

	
174.58




	
27

	
59.86

	
57.35

	
56.9

	
55.8

	
59.70












The current findings show that our previous report of 1 [5] was not fully accurate. The gelation ability of 1 were erroneously considered to be only caused by pure N-(3-hydroxypropyl)-3α,12α-dihydroxy-5β-cholan-24-amide (4). Now, when 1 is proved to be a mixture of forms 3 and 4, the gelation ability must be actually a co-operative action of these two pseudopolymorphs. We tested quickly the gelation of chlorobenzene with 3 and 4 and observed no gelation at all, which confirms the co-operative nature. Review of these results suggests that the synthetic procedures in general result in the monohydrate, although in the powdery solid 1 the anhydrous form is predominant. The reason why three different solids were obtained with similar synthetic routes (exactly identical for 1 and 3) and why 2 is different from the other solids still remain ambiguous to us.




Conclusions


Four different solid materials containing N-(3-hydroxypropyl) 3α,12α-dihydroxy-5β-cholan-24-amide were structurally characterized. Solid 1 was previously characterized to contain two phases, from which the main component was identified to be anhydrous N-(3-hydroxypropyl)3α,12α-dihydroxy-5β-cholan-24-amide [5] (form 4) and the structural form of the minor phase remained unknown. In this study the minor component of the mixture was identified to be a monohydrate form 3, thus solid 1 being a mixture of forms 3 and 4. Solid 2 was also found to be a monohydrate, identified as a polymorph of 3. The exact structure of form 2 remained unknown. The monohydrate 3 is obtained either by a direct synthesis or by recrystallization of any of the powdery solids (1-3) from water/ethanol (2:1) mixture. The anhydrous solid 4 was obtained by recrystallization of the powdery solids (1-3) from acetonitrile or p-xylene. The monohydrate 3 does not contain an intramolecular hydrogen bond, found in its pseudopolymorph 4 between O27 and O24. The structural characterization of polymorphs and pseudopolymorphs of N-(hydroxyalkyl) amides, as well as the other bile acid derivatives, are one of the primary interests of our research group. More results from different N-(hydroxyalkyl) amides are to come in the near future.




Experimental Section


Compounds


The first synthetic procedure for preparing N-(3-hydroxypropyl) 3α,12α-dihydroxy-5β-cholan-24-amide (Scheme 1) with 5 days of reaction time in rt. resulted in white powdery solid 1, described in [5]. In the second procedure the reaction mixture was refluxed for 65 h and resulted in white solid 2 as well, but with a much better yield (79 %, compared to 37 % reported in [5]). Solid 2 was identified as N-(3-hydroxypropyl)-3α,12α-dihydroxy-5β-cholan-24-amide monohydrate. Identical solid 2 was also obtained at room temperature with the same reaction time. A third different solid 3 was obtained when the first synthetic procedure was repeated. Only this time the precipitate from water was different from 1 and 2. This N-(3-hydroxypropyl)-3α,12α-dihydroxy-5β-cholan-24-amide monohydrate was also obtained by recrystallization of whichever of the powdery solids (1-3) from a 2:1 mixture of water and ethanol. For analytical studies the samples of 3 were prepared by recrystallization. Pure crystals of anhydrous N-(3-hydroxypropyl)-3α,12α-dihydroxy-5β-cholan-24-amide (4) were obtained by recrystallization of the powdery solids 1-3 from acetonitrile or p-xylene. The solid 1 was found to be a mixture of 3 and 4. All organic solvents used were of analytical grade and water was deionized before use.




Spectroscopy


Liquid state NMR characterization results of 1 have been presented previously [5]. All 13C-CP/MAS measurements were performed at room temperature with Bruker Avance 400 MHz NMR spectrometer, equipped with a 4 mm standard bore CP/MAS probehead, using 4 mm zirconia rotors. The samples were spun at 10 kHz. The CP contact time was 4 ms and relaxation delay 5 s. For chemical shift calibration the spectrum of glycine sample, with known chemical shifts (173.3 and 42.6), was measured prior to bile acid sample. The complete lists of NMR acquisition and processing parameters are available from E.K. on request. IR absorption spectra were recorded with Mattson Satellite FTIR spectrometer, using KBr disc method.




Thermal properties


The thermal decompositions of the compounds were examined with Perkin-Elmer PYRIS DIAMOND TG/DTA thermogravimetric analyzer. The measurements were carried out in open platinum pans under a synthetic air atmosphere (a flow rate of 150 ml min-1) with a heating rate of 10 (or 20) °C min-1 at a temperature range of 25–700 (or 900) °C. The temperature calibration of the TG/DTA was made by using the melting points of five reference materials (In, Sn, Zn, Al, Au). The weight balance was calibrated by measuring a standard weight as a function of temperature. The sample weights used in the measurements were 4−10 mg.



Thermal behavior of the compounds was determined on power compensation type Perkin-Elmer PYRIS DIAMOND DSC. The measurements were carried out under nitrogen atmosphere (flow rate 50 ml min–1) using 50 μl sealed aluminum sample pans. The sealing was made by using a 30 μl aluminum pan with capillary holes to ascertain good thermal contact between the sample and the pan, and to minimize the free volume inside the pan. Some measurements were also performed with hermetically 50 μl sealed aluminum sample pans to investigate the melting transitions of the hydrate forms. The temperature calibration was made using two standard materials (n-decane, In) and energy calibration by an indium standard (28.45 J g–1). Typically, following temperature profile was used for each sample: a sample was heated from -40 to ~20−30 °C above the predetermined melting transition with a heating rate of 10 °C min-1, followed by one minute hold at the end temperature, and cooled down to -40 °C with a rate of 10 °C min-1. The heating-cooling cycle was repeated once and the sample was held at -40 °C for 5 min before initiation of the next cycle. Single heating scans from 25 to 160 °C with a rate of 20 °C min-1 were made to obtain melting transition for the hydrate forms. The melting (Tm), crystallization (Tc), dehydration (Tdh), and decomposition (Td) temperatures were obtained as extrapolated onsets. The glass transition temperature (Tg) was obtained at half-step temperature of ΔCp change. Uncertainty for measured temperatures was less than 0.7 °C for all measurements. Sample weights of 2.5–6 mg were used on the measurements. The sample weight was checked afterwards to monitor a weight loss that may have occurred during the scans.




X-ray powder diffraction analysis


The x-ray powder diffraction data were obtained at room temperature by the Huber imaging-plate Guinier camera 670 using germanium monochromatized CuKα1 radiation (λ = 1.5406 Å; 45 kV, 25 mA). The measurements were carried out in Guinier-type transmission geometry with the angle of incidence 45° to the sample normal. The hand-ground samples were prepared on the paraffin-coated Mylar foil of 3.5 μm thickness, which was mounted on vertical sample holder oscillating horizontally. The x-ray diffraction data were recorded with a curved, position sensitive imaging plate detector using 2θ-angle range of 4–100° and step resolution of 0.005°. The recording times were sample dependent varying typically from 20 to 300 min. The simulated powder diffraction patterns were calculated with MERCURY [31] from the single crystal structures (CIF) of forms 3 and 4, and are labeled further on as (B) and (A), respectively.




X-ray single crystal diffraction analysis [32]


The structure of N-(3-hydroxypropyl) 3α,12α-dihydroxy-5β-cholan-24-amide (4) was reported earlier by us [5]. The x-ray structural data of N-(3-hydroxypropyl) 3α,12α-dihydroxy-5β-cholan-24-amide monohydrate form 3, crystallized from water/ethanol (2:1), was collected with Bruker-Nonius Kappa APEX-II diffractometer at 173.0 ± 0.1 K using graphite monochromatized MoKα radiation (λ = 0.71073 Å) and COLLECT [33] data collection software. Data was processed with DENZO-SMN [34]. The structure was solved by direct methods, using SIR2002 [35], and refined on F2, using SHELXL-97 [36] in WinGX [37] program package. The reflections were corrected for Lorenz polarization effects and absorption correction was not used. The hydrogen atoms, except N-H and O-H, were calculated to their idealized positions with isotropic temperature factors (1.2 or 1.5 times the C temperature factor) and refined as riding atoms. Hydrogens attached to N or O were found from electron density maps and fixed to their ideal distance from their parent atoms (0.91 Å for N-H and 0.84 Å for O-H at 173 K), with isotropic temperature factors (1.2 or 1.5 times the parent atom factor). The figures were drawn with ORTEP-3 [38] and MERCURY [31]. Other experimental x-ray data are shown in Table 6.



Table 6. Crystal data and structure refinement of 3.







	
Empirical formula

	
C27H49NO5




	
Formula weight

	
467.67




	
Temperature (K)

	
173




	
Wavelength (Å)

	
0.71073




	
Crystal system

	
Orthorhombic




	
Space group

	
P212121




	
Unit cell dimensions (Å)

	
a = 7.1151(2)

b = 18.1803(4)

c = 20.1803(5)




	
Volume (Å3)

	
2610.42(11)




	
Z

	
4




	
Densitycalc (Mg/m3)

	
1.190




	
Absorption coefficient (mm-1)

	
0.080




	
F(000)

	
1032




	
Crystal size (mm)

	
0.30 × 0.10 × 0.10




	
Index ranges

	
-8≤h≤8; -21≤k≤21; -23≤l≤23




	
Reflections collected/unique

	
17693/2649 [Rint = 0.1650]




	
Data/restraints/parameters

	
2649/6/319




	
Goodness-of-fit on F2

	
1.070




	
Final R indices [I > 2σ(I)]

	
R1 = 0.0595; wR2 = 0.0960




	
R indices (all data)

	
R1 = 0.0870; wR2 = 0.1062




	
Largest diff. peak and hole (eÅ-3)

	
0.202 and -0.227













Molecular modeling


The NMR chemical shifts for crystallized forms 3 and 4 were calculated with DFT B3LYP/6-311G* level of theory using gauge independent atomic orbital (GIAO) [39] method by Gaussian98 software [40]. The single crystal structure was first optimized using molecular mechanics (MM+ force field) [41] and semiempirical PM3 method [42] with HyperChem molecular modeling software [43]. Finally, the structure was forwarded for geometry optimization at ab initio HF/6-31G* level of theory in Gaussian98 package. The NMR chemical shifts were then calculated for the optimized structures. The complete list of the calculated shifts for forms 3 and 4 can be obtained from authors on request.
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