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ABSTRACT
Prednisolone (Prd) is a polymorphous synthetic corticosteroid that has three crystalline forms mediated by different solvents. In this study, we have demonstrated that solid-state {1H}13C cross-polarization/magic angle spinning (CP/MAS) NMR spectroscopy is able to resolve the effects of methylation and fluorination on the conformation of the steroidal rings in Prd. Two compounds were chosen for the study, 6-α-methylprednisolone (Prd-6M) and 6-α-fluoroprednisolone (Prd-6F). The 13C signals of Prd-6F showed primarily doublet patterns, with splittings of 40–380 Hz, indicating multiple ring conformations, whereas the 13C signals of Prd and Prd-6M exhibited a singlet pattern, indicating a unique conformation. Using evidence from chemical shift deviation and anisotropy analysis, we have demonstrated by solid-state NMR that Prd-6F adopts two different steroidal ring conformations that are different from that of Prd-6M, and less similar to that of unsubstituted Prd. 
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INTRODUCTION
Prednisolone (Prd) is a corticosteroid drug 1[]
 that is used for the symptomatic treatment of inflammatory and auto-immune conditions 2[]
, including asthma 3[]
, rheumatoid arthritis 
 ADDIN EN.CITE 

[4]
, and ocular inflammation 5[]
. Prednisolone is also used for the treatment of acute lymphoblastic leukemia 6[]
 and Kawasaki disease 
 ADDIN EN.CITE 

[7, 8]
. Prd can exist as two unsolvated polymorphs and one hydrate form 
 ADDIN EN.CITE 

[9-14]
. The polymorphism of Prd has been analyzed using thermo-analytical methods as well as vibration Infrared spectroscopy 15[, 16]
. Suitchmezian et al. recently confirmed the existence of three crystalline forms by single-crystal x-ray diffraction and solid-state NMR spectroscopy 17[]
. In the presence of solvents such as ethanol or chloroform, Prd was found to form monoclinic crystals (form I). In the presence of methanol, Prd can form orthorhombic crystals (form II). From water, Prd forms a sesquihydrate. Differential scanning calorimetry measurements showed that the melting temperature of form I is significantly higher than that of form II.

MATERIALS and METHODS
Prd, Prd-6M, and Prd-6F (purity ≥ 99%), were purchased from Sigma–Aldrich (St, Louis, MO, USA) and were used both with and without further purification. For the recrystallization processes, the samples were dissolved in either an organic solvent, such as ethanol or methanol, or in aqueous solution, and placed in a rotary vacuum evaporator at 60°C to gently remove the solvents. The dried, finely powdered samples were packed into a 4 mm zirconium MAS rotor for solid-state NMR measurements. 

RESULTS and DISCUSSION
The {1H}13C CP/MAS NMR spectra of three different crystalline forms of Prd are presented (Figs. 1a–c). Form I (monoclinic form), form II (orthorhombic form), and a hydrate (sesquihydrate form) were prepared using ethanol, methanol and pure water, respectively. As described in the introduction, Prd exhibits polymorphism, with three different crystalline forms mediated by different solvents 17[]
. From methanol, Prd crystallizes as form II (orthorhombic), whereas from other organic solvents, such as toluene, butanol, and ethanol, Prd crystallizes as form I (monoclinic). From either pure water or NaCl solution, Prd crystallizes as a sesquihydrate with three molecules of water of crystallization per two molecules of Prd (orthorhombic, se). Consistent with an earlier report 17[]
, the 13C CP/MAS NMR spectra of forms I and II showed 21 well-resolved resonances, of slightly different patterns. In the spectrum of the sesquihydrate, however, almost all of the resonances were split into doublets. We interpret the multiplet patterns as an indication of different steroidal conformations. The 13C chemical shifts of forms I and II and the hydrate form are shown in Table 1. 

CONCLUSIONS
We have used 13C CP/MAS solid-state NMR spectroscopy to investigate the differences in conformation of the steroidal rings in Prd, Prd-6M, and Prd-6F. To probe the differences in conformation, we have determined the CSD values of 13C signals of Prd-6M and Prd-6F and have highlighted the residues having higher than average CSD values. We compared the 13C chemical shifts of three crystalline forms of unsubstituted Prd, form I, form II and hydrate form. We found that steroidal rings A and D exhibit a larger degree of conformational flexibility than rings B and C. 
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Figure legends
Figure 1. The 13C normal CP/MAS NMR spectrum of polymorphic Prd. The 13C NMR signals of three crystalline forms of Prd; (a) form I (b) form II and (c) hydrate form. Forms I and II exhibit exclusively singlet patterns whereas those of the hydrate form exhibit characteristic multiplet patterns, with splittings in the range 30(200 Hz.

Figure 2. The 13C NMR signals of Prd-6M. (a) Normal {1H}13C CP/MAS spectrum, and (b) 1H-filtered 13C CP/MAS spectrum for acquiring non-protonated signals. As shown, improved spectral resolution facilitated the assignment of 13C resonances. The inset shows the same spectrum for the overcrowded region from 15–60 ppm. Signals for methylated carbons, C18 and C19, are not completely eliminated in the “non-protonated” spectra. 

Figure 3. The 13C NMR signals of Prd-6F. (a) Normal {1H}13C CP/MAS spectrum, and (b) 1H-filtered 13C CP/MAS spectrum for acquiring non-protonated signals. The 13C signals exhibit a characteristic doublet pattern. The doublet patterns, with splitting in a range of 40(260 Hz, are indicated by brackets. The inset shows the same spectrum for the overcrowded region from 15–60 ppm. Signals for the methylated carbons, C18 and C19, are not completely eliminated in the “non-protonated” spectra. 

Figure 4. The 13C chemical shift analysis of Prd-6M and Prd-6F. 13C CP/MAS NMR spectra of (a) Prd at MAS speed of 2450 Hz, (b) Prd-6M at 2100 Hz and (c) Prd-6F at 2800 Hz, respectively. For brevity, only the 13C chemical shifts corresponding to C3, C5, and C20 are displayed. These isotropic chemical shifts were flanked by a series of MAS spinning sidebands, in which the isotropic signals and spinning sideband signals are labeled by thick and thin bars, respectively. 
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