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Part of the Special Issue: Facets of Polymorphism in Crystals
 
 CRYSTAL GROWTH & DESIGN 2008 VOL. 8, NO. 1 140–154
 
 Polymorphism in Fuchsones Sreekant K. Chandran, Naba K. Nath, Saikat Roy, and Ashwini Nangia* School of Chemistry, UniVersity of Hyderabad, Hyderabad 500 046, India ReceiVed October 7, 2007; ReVised Manuscript ReceiVed NoVember 20, 2007
 
 ABSTRACT: Seven 2,6-disubstituted fuchsones (fuchsone ) 4-(R,R-diphenylmethylene)-1,4-benzoquinone, R ) H, Me, i-Pr, t-Bu, Ph, Cl, Br) were synthesized and crystallized from different solvents to find new polymorphs in this family of compounds. The chloro and isopropyl derivatives are dimorphic, methyl, and t-butyl compounds crystallized as trimorphs, but H-, Ph-, and Brsubstituted compounds gave one crystal structure each. Polymorphism in a family of compounds is discussed for the first time with respect to different conformations adopted by the exodiphenylmethylene group at the 4-position of the benzoquinone ring. Depending on the acceptor availability of the fuchsone CdO and the conformation of the phenyl ring, different C-H · · · O interactions, and close packing motifs are optimized in these crystal structures. One polymorph of dichloro-fuchsone has Z′ ) 4 due to offset in the stacking of symmetry-independent molecules. Phase transition in dimethyl fuchsone showed the β polymorph to be stable at high temperature, whereas the R form dominates at room temperature, making it an enantiotropic cluster. The three experimental polymorphs of dimethyl fuchsone lie within the 10 lowest-energy predicted crystal structures. Fuchsones represent easy to synthesize compounds derived via a molecular engineering approach for the study of conformational polymorphism. Introduction We have been studying polymorphism in closely related molecules with the idea of understanding molecular structurecrystal structure relationships. For example, the rhombohedral and monoclinic polymorphs of the classic hydroquinone molecule1 led us to synthesize 4,4′-terphenyldiol, which gratifyingly crystallized in a triply interpenetrated rhombohedral and a closepacked monoclinic form, akin to β and γ-quinol network structures.2 Similarly, the dimorphs of acetone tosylhydrazone3 encouraged us to examine polymorphism in bis(tolyl)ketone tosylhydrazone,4 and these conformational polymorphs bear some resemblances. The occurrence of polymorphism in two sets of “phenylogue” extended molecules (Figure 1) suggested a molecular engineering approach to finding new polymorph systems. Similarity in hydrogen bonding and packing motifs of closely related molecules, e.g., homologues, cis–trans isomers, stereoisomers, cycloalkene/cycloalkane analogs, etc., is termed morphotropism.5 4,4-Diphenyl-2,5-cyclohexadienone is tetramorphic6 but its phenyl-substituted derivatives do not exhibit polymorphism. We report herein crystal structures of some fuchsones that may be viewed as a vinylogue extension of diphenyl benzoquinone. The colored fuchsone compounds and p-hydroxytriphenyl methanols were of early interest as triphenylmethane dyes and in photographic printing.7 The word fuchsone originated from the fuchsine-like color of these aromatic and quinonoid compounds. Results A series of molecules having the fuchsone skeleton 1 with different R groups at 2,6-positions were synthesized using known routes8 from readily available starting materials (Figure 2). Purification by column chromatography and crystallization * Corresponding author. Tele-fax: [email protected].
 
 91
 
 40
 
 2550
 
 4231.
 
 E-mail:
 
 Figure 1. (a) Phenylogue extension of molecule gave polymorphs in two cases (refs 2 and 4). (b) Vinylogue extended polymorphic molecule (this paper). The site of molecular extension is marked with arrows.
 
 from common organic solvents gave single crystals for X-ray diffraction. Several solvents and temperature conditions were tried in each case to maximize the scope for new polymorphs. The synthesis, crystallization conditions, and X-ray crystallographic details are given in the Experimental Section and crystal data are summarized in Table 1. Structure solution and refinement gave good R-factor in all cases except for form 2 of dichloro compound 1-Cl.
 
 10.1021/cg700977w CCC: $40.75  2008 American Chemical Society Published on Web 01/02/2008
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 Figure 2. Fuchsone 1 derivatives screened for polymorphism. Atom numbering scheme is the same in all crystal structures determined in this study except 1-Ph, which contains a half molecule in the asymmetric unit. Atom numbers 20 onward are the R groups. 1a and 1b are interconverting enantiomers in solution. The preparation of fuchsones was carried out using different synthetic routes (see ref 8).
 
 Crystal Structures of Fuchsone Polymorphs. The orange colored glassy solid 1-H was crystallized from cyclohexane. The compound turned out to be unstable; it reacts with atmospheric moisture to give the triphenyl carbinol precursor for the dehydration step (Figure 2). The desired quinonoid compound crystallized in block morphology from a mixture contaminated with the aromatic starting material. Single crystals suitable for X-ray diffraction were obtained by cutting a big block and reflections were immediately collected. This experiment could not be easily reproduced because of facile retroconversion to the hydrated compound. In the crystal structure, one of the phenyl donor hydrogen makes a linear array of C-H · · · O interactions in a polar sheet. Adjacent layers are inversion-related in the centrosymmetric P21/c space group (Figure 3). The solitary O acceptor makes three C-H · · · O interactions (see Table 2 for interaction geometry of neutronnormalized H bonds) because of the profusion of phenyl and sp2 CH donors. Curtin and co-workers reported three polymorphic modifications (R, β, and γ) of dimethyl fuchsone 1-Me in 1980.9 We obtained single crystals of R and β forms but were unable to reproduce γ crystals or find another new polymorph. The present discussion (Figures 4-6) emphasizes the role of C-H · · · O interactions from the phenyl and quinone CH donor groups. The crystal structures of R and β forms were redetermined at 100 K
 
 to compare with other crystal structures in our study determined at low temperature. The focus in this discussion is on the occurrence of diphenyl conformers and C-H · · · O interactions in conformational polymorphs of fuchsones. Di-t-butyl fuchsone 1-tBu crystallized from n-hexane. Needleshaped crystals of form 1 were obtained and plate morphology crystals of form 2 appeared concomitantly on the walls of the conical flask after some time. Both crystal structures are in P21/c space group with one molecule in the asymmetric unit. A third modification was obtained after cooling the melt and also from CH2Cl2. Form 3 crystallized in chiral P21 space group (Figures 7-9). A difference between forms 1 and 2 vs 3 is that of the crystalline chirality in the solid state of an achiral or racemic molecule in solution. The molecule is achiral in the flat conformation and enantiomer pairs of rotamers, such as 1a and 1b (Figure 2), interconvert rapidly in solution. Whereas crystallization of enantiomers as racemates in the same crystal lattice is a norm, occasionally only one enantiomer may crystallize in chiral space groups, such as P21 and P212121 (form 3 of 1-tBu and β form of 1-Me). Diisopropyl fuchsone 1-iPr was crystallized in two polymorphic forms, forms 1 and 2. Form 1 crystallized from solvents such as EtOAc, benzene, n-hexane, and toluene in space group Pbca. Crystallization from CHCl3 gave plate-shaped crystals of form 1 as well as fine needles corresponding to a new form
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 Table 1. Crystallographic Data of Fuchsones 1 compd
 
 1-H
 
 1-Ph
 
 1-Br (298 K)
 
 1-Br (100 K)
 
 chem. formula fw cryst syst space group T (K) a (Å) b (Å) c (Å) R (deg) β (deg) γ (deg) Z V (Å3) Dcalcd (g cm-3) µ (mm-1) no. of reflns collected no. of unique reflns no. of observed reflns R1[I > 2σ(I)] wR2[all] GOF diffractometer
 
 C19 H14 O 258.30 monoclinic P21/c 100 8.5802(17) 16.575(3) 10.004(2) 90 109.70(3) 90 4 1339.5(5) 1.281 0.078 9345 2351 2075 0.0365 0.0916 1.07 SMART-APEX CCD
 
 C31 H22 O 410.49 orthorhombic Pbcn 100 8.0562(6) 23.5228(19) 11.5384(9) 90 90 90 4 2186.6(3) 1.247 0.074 11347 2157 1950 0.0577 0.1249 1.18 SMART-APEX CCD
 
 C19H12Br2O 416.11 monoclinic P21/c 298 14.0395(11), 6.7633(5) 17.4564(14) 90 97.0230(10) 90 4 1645.1(2) 1.680 4.926 10115 3239 2555 0.0284 0.0675 1.041 SMART-APEX CCD
 
 C19H12Br2O 416.11 monoclinic P21/c 100 13.9770(6) 6.6643(3) 17.3378(8) 90 97.1440(10) 90 4 1602.43(12) 1.725 5.057 16000 3176 2679 0.0272 0.0706 1.071 SMART-APEX CCD
 
 compd
 
 1-tBu, form 1
 
 1-tBu, form 2
 
 1-tBu, form 3
 
 1-iPr, form 1
 
 1-iPr, form 2
 
 chem. formula fw cryst syst space group T (K) a (Å) b (Å) c (Å) R (deg) β (deg) γ (deg) Z V (Å3) Dcalcd (g cm-3) µ (mm-1) no. of reflns collected no. of unique reflns no. of observed reflns R1[I > 2σ(I)] wR2[all] GOF diffractometer
 
 C27 H30 O 370.51 monoclinic P21/c 100 10.535(2) 21.685(4) 9.6923(19) 90 103.07(3) 90 4 2156.9(8) 1.141 0.067 18446 4232 3418 0.0496 0.1156 1.04 SMART-APEX CCD
 
 C27 H30 O 370.51 monoclinic P21/c 100 10.187(2) 17.517(4) 12.322(3) 90 95.41(3) 90 4 2189.0(9) 1.124 0.066 12803 3850 3377 0.0386 0.0997 1.05 SMART-APEX CCD
 
 C27 H30 O 370.51 monoclinic P21 100 5.9514(12) 20.416(4) 9.1338(18) 90 94.53(3) 90 2 1106.3(4) 1.112 0.065 10213 1986 1649 0.0538 0.1085 1.19 SMART-APEX CCD
 
 C25 H26 O 342.46 orthorhombic Pbca 100 8.9765(7) 20.8175(15) 21.5274(16) 90 90 90 8 4022.8(5) 1.131 0.067 32006 3562 3119 0.0453 0.1047 1.106 SMART-APEX CCD
 
 C25 H26 O 342.46 monoclinic P21/c 100 10.1830(6) 20.7015(13) 9.6029(6) 90 104.737(1) 90 4 1957.7(2) 1.162 0.069 19989 3824 3079 0.0519 0.1303 1.03 SMART-APEX CCD
 
 compd
 
 1-Cl, form 1
 
 1-Cl, form 2
 
 1-Me, R form
 
 1-Me, β form
 
 1-Me, γ forma
 
 chem. formula fw cryst syst space group T (K) a (Å) b (Å) c (Å) R (deg) β (deg) γ (deg) Z V (Å3) Dcalcd (g cm-3) µ (mm-1) no. of reflns collected no. of unique reflns no. of observed reflns R1[I > 2σ(I)] wR2[all] GOF diffractometer
 
 C19H12Cl2O 327.19 monoclinic C2/c 100 31.0560(18) 17.0663(10) 23.9123(14) 90 106.5110(10) 90 32 12151.2(12) 1.431 0.425 62547 11964 9433 0.0511 0.1253 1.045 SMART-APEX CCD
 
 C19H12Cl2O 327.19 monoclinic P21/c 100 14.066(5) 6.489(2) 17.068(6) 90 97.853(7) 90 4 1543.2(9) 1.408 0.418 13988 2699 1700 0.1443 0.2816 1.195 SMART-APEX CCD
 
 C21H18O 286.35 monoclinic P21/c 100 8.3795(12) 18.562(3) 9.8928(14) 90 90.599(2) 90.00 4 1538.6(4) 1.236 0.074 5604 2928 2338 0.0462 0.1079 1.037 SMART-APEX CCD
 
 C21H18O 286.35 orthorhombic P212121 100 8.0576(11) 10.7259(14) 17.609(2) 90 90 90 4 1521.9(3) 1.250 0.075 15646 2956 2867 0.0319 0.0788 1.046 SMART-APEX CCD
 
 C21H18O 286.35 orthorhombic Pna21 283–303 11.820(3) 16.487(4) 8.150(2) 90 90 90 4 1588.242 1.3 0.08
 
 a
 
 0.082 0.082
 
 Crystal data for 1-Me, γ form are taken from ref 9b.
 
 2 in the P21/c space group. Form 2 was also obtained from CH2Cl2. Crystallization of 1-iPr from CH3CN gave needle-
 
 shaped crystals after 1 h that dissolved and gave rise to block crystals of form 2. Quick filtration of needlelike crystals showed
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 Figure 3. C-H · · · O hydrogen-bonded linear tapes in the crystal structure of 1-H. The molecules in one layer point in one direction to form a 2D polar layer. (b) Adjacent layers point in opposite directions in the centrosymmetric structure. Hydrogen atoms not involved in C-H · · · O interactions are removed for clarity. (c) Acceptor trifurcation in 1-H C-H · · · O: (i) 2.46 Å, 131.2°; (ii) 2.37 Å, 173.9°; (iii) 2.33 Å, 176.0°.
 
 identity with form 1. These crystallization experiments suggested that form 1 is the kinetic phase that then transforms to stable from 2 in CH3CN solvent. In the absence of solvent, melt crystallization of form 1 and 2 gave the starting polymorphs without interconversion, as observed in a heat-cool-heat cycle in the DSC pan (see the Supporting Information). Crystal structures of form 1 and 2 of 1-iPr are displayed in Figures 10and 11. Diphenyl fuchsone 1-Ph was crystallized from several solvents such as EtOAc, acetone, benzene, toluene, CH3CN, CH3NO2, EtOH, MeOH, CHCl3, CH2Cl2, n-hexane, cyclohexane, anisole, and Et2O. The unit cell was determined on many crystals and reflections were collected on a single crystal obtained from CH3CN in the Pbcn space group (Z′ ) 0.5). In contrast to the linear array of molecules in previous structures, the molecular packing in 1-Ph is of head to tail dimers making a tape motif (Figure 12).
 
 The crystal structure of dibromofuchsone 1-Br was solved in the P21/c space group. The main interactions are bifurcated C-H · · · O bonds and Br · · · Br type 1 interaction10 across the inversion center. The dimers assemble in a columnar array by the stacking of quinone rings at 3.40 Å (Figure 13). It is not possible to compare the molecular packing of form 1 with a second orthorhombic form of 1-Br in the Cmca space group11 because 3D coordinates of atoms were not reported. Several crystallization conditions and experiments gave the same monoclinic crystal structure in our hands. Dichlorofuchsone 1-Cl crystallized in two forms. Single crystals of form 1 in C2/c space group were crystallized from various solvents such as CHCl3, CH2Cl2, toluene, benzene, and CH3CN. There are four symmetry-independent molecules in the asymmetric unit (Z′ ) 4, Z ) 32). In crystallography terminology, Z′ is the number of formula units in the unit cell (Z) divided by the number of independent general positions for that space
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 Table 2. Hydrogen-Bond Parameters in Fuchsones 1; C-H Distances Are Neutron-Normalized at 1.083 Å
 
 compd fuchsone, 1-H
 
 Di-iPr-fuchsone, 1-iPr, form 1 Di-iPr-fuchsone, 1-iPr, form 2 Di-tBu-fuchsone, 1-tBu, form 1
 
 Di-tBu-fuchsone, 1-tBu, form 2
 
 Di-tBu-fuchsone, 1-tBu, form 3 Di-Br-fuchsone, 1-Br
 
 Di-Cl-fuchsone, 1-Cl, form 1
 
 Di-Cl-fuchsone, 1-Cl, form 2 Diphenylfuchsone Di-Me-fuchsone, 1-Me, R form Di-Me-fuchsone, 1-Me, β form Di-Me-fuchsone, 1-Me, γ form a
 
 interaction C2-H2 · · · O1 C12-H12 · · · O1 C13-H13 · · · O1 C20-H20 · · · O1 C11-H11 · · · O1 C17-H17 · · · O1 C21-H21B · · · O1a C22-H22B · · · O1a C25-H25B · · · O1a C26-H26A · · · O1a C21-H21A · · · O1a C22-22A · · · O1a C25-H25A · · · O1a C26--H26A · · · O1a C25-H25C · · · O1a C26-H26A · · · O1a C9-H9 · · · O1 C15-H15 · · · O1 Br1 · · · Br1 C15-H15 · · · O1 C9-H9 · · · O3 C18-H18 · · · O1 C19-H19 · · · Cl1 C24-H24 · · · Cl5 C28-H28 · · · Cl4 C29-H29 · · · O2 C38-H38 · · · O4 C47-H47 · · · O1 C48-H48 · · · Cl8 C54-H54 · · · O4 C56-H56 · · · O3 C66-H66 · · · O2 C57-H57 · · · Cl5 C76-H76 · · · Cl7 C62-H62 · · · π C36-H36 · · · π C9-H9 · · · O1 Cl1 · · · Cl1 C10-H10 · · · O1 C21-H21C · · · O1 C18-H18 · · · O1 C10-H10 · · · O1 C12-H12 · · · O1 C12-H30 · · · O1 C6-H25 · · · O1
 
 D (Å) 3.280(2) 3.447(2) 3.410(2) 3.488(4) 3.352(2) 3.453(2) 3.029(2) 3.000(2) 3.023(2) 3.023(2) 3.052(2) 2.975(2) 3.016(2) 2.998(2) 2.971(6) 2.977(6) 3.342(3) 3.564(2) 3.464(3) 3.564(3) 3.469(3) 3.400(4) 3.728(2) 3.446(2) 3.616(2) 3.448(4) 3.306(3) 3.495(3) 3.475(3) 3.457(3) 3.309(3) 3.398(4) 3.683(4) 3.790(4)
 
 d θ (Å) (deg) 2.46 2.37 2.33 2.62 2.34 2.39 2.34 2.29 2.32 2.31 2.36 2.27 2.31 2.28 2.28 2.27 2.32 2.56
 
 2.56 2.39 2.52 2.68 2.67 2.60 2.57 2.23 2.41 2.61 2.42 2.51 2.35 2.61 2.72 2.92 2.91 3.334(13) 2.32 3.383(12) 3.443(2) 2.60 3.511(2) 2.45 3.532(2) 2.62 3.222(2) 2.41 3.456(2) 2.60 3.359(3) 2.39 3.523(3) 2.64
 
 131.2 173.9 176.0 137.0 154.9 166.5 119.6 121.1 120.7 121.7 120.1 120.9 121.3 121.9 121.5 121.1 156.9 153.5 143.7 153.5 171.5 137.7 162.9 128.4 156.5 137.4 171.8 176.2 136.0 160.8 130.1 161.0 173.0 168.2 146.6 128.0 155.1 151.1 133.8 165.9 141.8 130.4 135.4 147.7 138.1
 
 Intramolecular C-H · · · O interaction from tBu groups.
 
 group. Chemically speaking and for the present discussion, Z′ is the number of crystallographic unique molecules or conformers in the asymmetric-unit. The main interactions between the four symmetry-independent molecules (labeled as molecule/ conformer 1, 2, 3, and 4) are C-H · · · O hydrogen bonds, and C-H · · · Cl, C-H · · · π interactions; there is no short Cl · · · Cl contact. An extensive network of C-H · · · O interactions connects the crystallographic different molecules in the crystal structure (Figure 14). One layer of molecules 1 and 2 and another layer of molecules 3 and 4 complete the packing via C-H · · · Cl interactions. The presence of four molecules in the asymmetric unit is unusual in polymorph sets.6 A second form of 1-Cl with Z′ ) 1 in P21/c space group was obtained by sublimation. The main interactions in this structure are C-H · · · O hydrogen bond and type 1 Cl · · · Cl interaction10 (Figure 15). The stacking of quinone rings in the second form is similar to the bromo structure. To summarize, the origin of polymorphism in fuchsones may be traced to two or more factors. (1) The molecules can adopt several conformations due to restricted rotation about the Cvinyl-Cphenyl single bonds. (2) The phenyl and vinyl CH donors
 
 Figure 4. (a) Molecules form a 2D polar layer in the R form of 1-Me. (b) Alternate layers are arranged in opposite directions. Hydrogen atoms are removed for clarity. (c) C-H · · · O interactions: (i) 2.45 Å, 165.8°; (ii) 2.62 Å, 141.8°.
 
 compete for the same CdO acceptor in different C-H · · · O hydrogen bonds, leading to alternative packing arrangements. (3) The planar molecule can adopt chiral conformations in the
 
 Polymorphism in Fuchsones
 
 Figure 5. (a) C-H · · · O hydrogen-bonded zigzag tape in the chiral β-form of 1-Me. (b) C-H · · · O: (i) 2.60 Å, 135.4°; (ii) 2.41 Å, 130.4°.
 
 solid-state because of rotation of the exomethylene-phenyl groups. The scatter plot in Figure 16 shows that the two torsion angles τ1 and τ2 are similar in magnitude but not identical (Table S1, Supporting Information). Depending on the orientation of
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 the Ph ring, one of the aromatic CHs (ortho, meta, or para) or the quinononoid CH make C-H · · · O)C interactions. The conformation also determines the overall shape and packing of molecules. In general, there is one molecular conformer in each crystal structure (Z′ ) 1) except dichloro fuchsone form 1 with Z′ ) 4. A possible reason for the occurrence of high Z′ in this crystal structure could be stronger intermolecular interactions12 in the chloro structure. In addition to C-H · · · O interactions that are present in other molecules, the dichloro derivative also makes auxiliary C-H · · · Cl interactions. The multipoint C-H · · · O and C-H · · · Cl interactions (circled in Figure 14) assist in bringing together symmetry-independent molecules in the supramolecular aggregate for crystal nucleation of form 1. A second reason is the nature of molecular stacks. Whereas the aryl stacks are continuous in form 2 of 1-Cl and 1-Br, they are offset in the high Z′ structure of form 1 and not related by crystallographic symmetry (Figure 17). The high Z′ form has a higher density and stronger interactions compared to the Z′ ) 1 structure of 1-Cl (1.431 vs 1.408 g cm-3; numerous C-H · · · O/Cl interactions compared to only one). A dense network of C-H · · · O and C-H · · · Cl interactions in the crystal structure of ReCl2(NCMe)(NO)(PMe3)2 (Z′ ) 11) has been discussed.13 Stronger C-H · · · O interactions in high Z′ polymorphs compared to their lower Z′ cousins was noted in polymorph sets in the database.12 Polymorphs of Dimethyl Fuchsone. The original dimethyl fuchsone system9 was studied by variable-temperature powder X-ray diffraction to compare the stability of R, β and γ phases. Routine crystallization of 1-Me from different solvents afforded single crystals of R and β forms. A quantification of the powder XRD pattern by least-squared refinement in Powder Cell14 with the simulated structures of pure phases showed the bulk solid to contain ∼80% R form and ∼20% β form (with ∼2% variation between batches) (Figure 18). Heating the solid in an in situ temperature experiment on the X-ray diffractometer showed no change in lines from 30 to 100 °C. There are significant changes in powder pattern from 100 to 170 °C at which point the transformation to β form is complete. The overall pattern becomes significantly sharper because of the merging and disappearance of peaks. The material becomes amorphous and then semisolid/ melt at ∼200 °C. It does not retain its crystallinity upon cooling back to room temperature. Heating a
 
 Figure 6. (a) C-H · · · O hydrogen bonds in the γ-form of 1-Me. (i) 2.64 Å, θ ) 138.1°; (ii) 2.39 Å, 147.7°. (b) Two-fold interpenetrated network.
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 Figure 7. (a) Zigzag hydrogen-bonded tape in form 1 of 1-tBu. (b) Centrosymmetric dimer of C-H · · · O: 2.39 Å, 164.4°. (c) Layered arrangement in the structure.
 
 Figure 8. Molecular close packing in form 2 of 1-tBu.
 
 mixture of R and β polymorphs to a premelt temperature of ∼170 °C gave pure β form as judged from PXRD match. The achiral R to chiral β polymorph transformation upon heating means that it is a monotropic cluster from 30 to 100 °C and enantiotropic relation between 100 and 170 °C. The phase transition occurs well below the melting point of 1-Me polymorphs at 201–202 °C in DSC (Figure S1, Supporting Information). Interestingly, although the R form dominates at room temperature to 100 °C, the conditions of solution crystallization in most cases, the mixture converts exclusively to the β form at high temperature. The facile transition from R to β phase may be understood from their similar layer structures, whereas the γ form has a different molecular packing (Figures 4-6). Both enantiomers of 1-Me are present in the starting R phase but a single chiral molecule (1a/1b) is present in the enantiomorphous β form. Full-body minimization in Cerius2 using COMPASS force field,15 a method in which the crystal structure is energyminimized, allowing conformer relaxation to the optimal rotamer and allowing small cell edges variations, gave β form having the lower energy (UExpMin: R ) –54.25, β ) -54.61, γ ) –54.25
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 Figure 9. Molecular layer arrangements in form 3. (b) Corrugated polar crystal structure of 1-tBu with the ketone groups pointing in the same direction.
 
 Figure 10. (a) Layered packing of molecules in form 1 of diisopropyl fuchsone 1-iPr. (b) C-H · · · O: 2.62 Å, 137.0°.
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 Figure 11. (a) Layered packing of molecules in form 2 of 1-iPr. (b) C-H · · · O: 2.34 Å, 154.9°.
 
 Figure 12. Head-to-tail arrangement of molecules in the C-H · · · O bonded tape of diphenyl fuchsone 1-Ph. C-H · · · O: 2.60 Å, 133.8°. H atoms are omitted for clarity.
 
 kcal mol-1). The energy order is maintained in rigid body minimization (conformation is kept fixed), although the absolute values are higher because intramolecular bond energies are not accounted for in this method (Ulatt: R ) -37.41, β ) -38.12, γ ) -36.74 kcal mol-1). However, the R molecular conformer has the lowest energy and hence a higher concentration in the Boltzmann population of conformers during crystallization (Gaussian 03, DFT, B3LYP/6–31G (d,p),16 relative energies: R conformer ) 0.0, β conformer ) 0.05, γ conformer ) 0.10 kcal mol-1). Qualitatively, these computations are consistent with the R form dominating in the initial crystallization (kinetic) because the required conformer is more populated, whereas the
 
 Figure 13. Inversion-related molecules of 1-Br engage in C-H · · · O interactions of 2.32 Å and 2.56 Å (a) and type 1 interhalogen Br · · · Br interaction of 3.46 Å. (c) Molecular packing in dibromofuchsone.
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 Figure 15. Polymorph 2 of dichloro fuchsone 1-Cl in P21/c space group. Stacking of inversion-related C-H · · · O bonded quinone rings (a) and Cl · · · Cl interaction.
 
 Figure 14. Polymorph 1 of dichloro fuchsone 1-Cl in C2/c space group. (a) Dimer of symmetry-independent molecules 1 and 2. (b) Molecule 3 and 4 dimers. (c) Layers of molecules are interconnected by C-H · · · Cl (molecules 1 and 4, molecules 1 and 3) and C-H · · · π of ∼2.9 Å (molecules 1 and 3, molecules 1 and 4). There are multiple occurrences of the two-point C-H · · · O and C-H · · · Cl motif (circle in (a)) in this high Z′ crystal structure. See Table 2 for the metrics of numerous interactions in this crystal structure.
 
 most stable β form (thermodynamic) is the exclusive polymorph at high temperature. Ab initio crystal structure prediction17 of 1-Me was carried j C2/c, P212121, out in seven frequent space groups (P21/c, P1, P21, Pbca, Pna21). The molecular conformation was allowed to vary during the simulation and minimization of molecular clusters, the so-called full body method, given the diverse conformers possible in this family of compounds. The results are summarized in Table 3 and Figure 19. The observed crystal structures of 1-Me are present in the 10 lowest-energy frames, although the minimum energy computed structure in the P1j space group does not correspond to an experimental crystal structure. Interestingly, the observed structures have the lowest energy in that space group among the first 10 predicted frames overall (frame #3 ) β form, frame #6 ) γ form, frame #7 ) R form). The predicted and experimental structures were matched by visual comparison of molecular packing and superposition of PXRD lines. Even though fuchsones can adopt different conformers, it is remarkable that the conformation in the computed structures,18 their molecular packing, and the unit cells match identically in all three trimorphs of 1-Me (Table 4 and Figure 20). The eight lowest-energy computed structures in Table 3 are within 1 kcal mol-1 window of the minimum state. To refine the calculation in terms of both intramolecular and intermolecular energy contributions to crystal structure stabilization, we added the molecular conformer penalty (Econf) to the lattice energy (Ulatt) of computed frames.6 Reranking of structures based on Etotal () Ulatt of rigid body + Econf) gave R, γ, and β polymorphs as second-, third-, and fourth-lowest-energy structures. A consideration of both conformer and lattice energy generally gives superior results with experiment6 compared to lattice energy alone in crystal structure simulations on conformationally flexible molecules. The computation of three polymorphs correctly within 10 lowest-energy structures for a conformationally flexible molecule is exemplary for small
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 Figure 16. (a) Torsion angles τ1 and τ2 at the exomethylene phenyl rings of fuchsones in the solid state. See Table S1in the Supporting Information for definition of torsion angles. (b) Orientation of Ph rings in 16 conformers. H atoms are omitted for clarity. Color code: 1-H, dark gray; 1-Br, yellow; 1-Ph, pink; 1-iPr, form 1, dark brown; 1-iPr, form 2, light brown; 1-Cl, form 1, conf 1, red, conf 2, light green, conf 3, light blue, conf 4, dark blue; 1-Cl, form 2, magenta; 1-tBu, form 1, orange; 1-tBu, form 2, purple; 1-tBu, form 3, black; 1-Me, R form, chocolate; 1-Me, β form, light gray; 1-Me, γ form, fluorescent green.
 
 organic molecules.19 Small variations in energy and change of energy ranking for R, β, and γ forms could be due to the fact that the experimental coordinates of atoms in the crystal structure are determined by intermolecular potentials, which fall off all the way from r-1 (purely electrostatic, hydrogen bond like) to r-6 (pure van der Waals, or close packing type) and everything in between. The actual potential gradient between atoms in the solid state is slightly different from that incorporated in the commercial force fields (e.g., COMPASS), leading to slight discrepancies. Conclusions Conformational flexibility at the molecular level and polymorphism in crystal structures are generally positively correlated. Molecules with flexible torsions tend to be polymorphic because of differences in molecular shape, intermolecular interactions, and packing motifs. We strengthen this idea by extending to the fuchsone family. Dimethyl and di-t-butyl
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 Figure 17. Overlay molecules in 1-Cl. (a) Four symmetry-independent molecules in form 1. The molecules in adjacent stacks along [110] are offset by about a cyclohexane ring. (b) Screw axis related molecules stack with complete overlay of cyclohexane rings in form 2.
 
 fuchsones are trimorphic; di-isopropyl and dichloro fuchsones are dimorphic; and dibromo, diphenyl, and unsubstituted fuchsones have one crystal structure each on the criteria of accurately determined X-ray crystal structures. If the orthorhombic unit cell of dibromo structure is considered, then it becomes a dimorphic compound. This gives a probability of polymorphism in fuchsones comparable to that in drugs and pharmaceuticals (>50%).20 There are examples of conformational polymorphs wherein one or two members of a family of compounds are polymorphic, e.g., 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile,21 4,4-diphenyl-2,5-cyclohexadienone,6 bis(ptolyl)ketone p-tosylhydrazone,4 6-amino-2-phenylsulfonylimino1,2-dihydropyridine,22 and bis(m-nitrophenyl)urea.23 Drug molecules are often highly polymorphic, such as barbiturates, sulfa drugs, steroids.24 Fuchsones provide convenient synthetic access to a polymorphic family of simple organic molecules for understanding the origins of conformational polymorphism
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 Figure 18. (a) Powder X-ray diffraction of solid 1-Me at room temperature contains ∼80% R form and ∼20% β form as a concomitant mixture. Rp ) 0.25, Rwp ) 0.33, Rexp ) 0.12. (b) Variable-temperature powder XRD recorded on the hot stage. (c) Experimental powder XRD at 168 °C (black line) shows good match with the calculated powder pattern of 1-Me β form (red line). Rp ) 0.28, Rwp ) 0.43, Rexp ) 0.11. Table 3. Ten Lowest-Energy Crystal Structures of 1-Me Computed Using Full Body and Rigid Body Minimization Methods in Cerius2, COMPASS (molecular conformer energy was computed in Gaussian 03, DFT, B3LYP/6–31G (d,p); all numbers are normalized to per molecule of 1-Me) ranking based on full body Ulatt 1 2 3 4 5 6 7 8 9 10
 
 space group P1j P1j P212121 ) β P1j P212121 Pna21 ) γ P21/c ) R C2/c P1j P1j
 
 net cell V (Å3)
 
 Ulatt, full body min. (kcal mol-1)
 
 Ulatt, rigid body min. (kcal mol-1)
 
 Econf, torsions fixed (kcal mol-1)
 
 Etotal ) Ulatt + Econf(kcal mol-1)
 
 reranking based on Etotal
 
 383.9 386.1 384.8 386.3 388.7 380.6 379.8 389.2 387.8 385.2
 
 -54.97 -54.68 -54.62 -54.54 -54.39 -54.25 -54.25 -54.05 -53.61 -53.58
 
 -36.27 -35.37 -34.85 -34.37 -34.49 -35.24 -35.26 -33.78 -33.40 -33.51
 
 4.54 0.09 0.11 0.16 0.09 0.16 0.00 0.42 0.61 0.23
 
 -31.73 -35.28 -34.74 -34.21 -34.40 -35.08 -35.26 -33.36 -32.79 -33.28
 
 10 1 4 6 5 3 2 7 9 8
 
 by change of functional group. Polymorphs of R-substituted fuchsones may be considered as members of the same family, i.e., morphotropism. Even as the molecules are closely related,
 
 their crystal structures show little resemblance or similarity patterns in terms of obvious symmetry relationships. Fuchsones were screened for polymorphism as part of a molecular
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 Figure 19. Lattice energy vs net cell volume (columns 3 and 4 of Table 3) for 70 computed structures of 1-Me in seven common space groups using the full body minimization method in Polymorph Predictor. Experimental crystal structures R, β, and γ match with the 7th, 3rd, and 6th rank predicted structures. The global minimum structure is frame #1. The 10 lowest energy frames in each space groups were considered to give a total of 70 predicted frames. Table 4. Experimental Crystal Structures and Predicted Structures of 1-Me in Cerius2 Polymorph Predictor Using the Full Body Minimization Method polymorph
 
 a (Å)
 
 b /Å
 
 c (Å)
 
 frame #7a ExptMinb R formc
 
 8.465 18.173 8.179 18.090 8.380 18.562
 
 frame #3a,d ExptMinb β formc
 
 7.846 11.284 17.384 7.854 11.257 17.397 8.058 10.726 17.609
 
 Ulatt β (deg) V/Z (Å3) (kcal mol-1)
 
 R form, P21/c 9.882 9.814 9.893
 
 92.25 91.62 90.60
 
 379.76 379.79 384.65
 
 -54.250 -54.250
 
 384.76 384.53 380.46
 
 -54.622 -54.619 ---
 
 380.59 380.60 397.00
 
 -54.250 -54.250 ---
 
 β form, P212121 90 90 90
 
 γ form, Pna21 frame #6a ExptMinb γ forme
 
 11.852 15.992 11.851 15.993 11.820 16.487
 
 8.033 8.032 8.150
 
 90 90 90
 
 a Predicted polymorph frame from Table 3. b Experimental crystal structure minimized in Cerius2. c Cell values taken from this paper at 100 K. d b- and c-axes are interchanged to match with crystal data. e Cell values from ref 9b are at 298 K.
 
 engineering approach and not just discovered serendipitously. A molecular perturbation approach to study polymorphism should be fruitful to explore in other chemical classes. Experimental Section Synthesis. All compounds were synthesized and characterized by IR and 1H NMR. 1H NMR spectra (CDCl3 solution, δ scale, J coupling in hertz) were recorded on Bruker Avance at 400 MHz. FT-IR spectra (KBr pellet, ν in cm-1) were recorded on Jasco 5300 spectrophotometer. Melting points were recorded on Fisher-Johns apparatus and observed as endotherm in DSC thermograms (Figure S2, Supporting Information). All compounds were purified and characterized by 1H NMR and IR, and finally, the structure was secured by single-crystal X-ray diffraction. General Synthetic Procedure for 1-H, 1-Me, 1-iPr, and 1-tBu .7a,8a Phenol (0.03 mol) was stirred with benzophenonedichloride (0.01 mol) for 10 h in a dry RB flask. Excess phenol was removed from the reaction mixture by steam-distillation. The residue was digested with 5% NaOH and extracted with Et20. The product was precipitated by adding solid NH4Cl and purified by column chromatography. Hydroxyphenyl diphenylmethanol was heated in a RB flask until it melted (∼170
 
 °C). The compound was allowed to solidify to the glassy orange-red solid 1-H. The product was crystallized from cyclohexane at room temperature. Mp 167–169 °C (lit.8a 168-170 °C). 1 H NMR: 6.47–6.49 (2H, d, J 8 Hz), 7.26–7.28 (2H, d, J 8 Hz), 7.41–7.50 (10H, m). IR: 3028, 1610, 1508 cm-1. 1-Me: The compound was crystallized from benzene/cyclohexane/ EtOAc at ambient temperature. Mp 202 °C (lit.8a 200–202 °C). 1 H NMR: 2.43 (s, 6H), 6.84 (s, 2H), 6.84 (s, 2H).7.30 (10H, m). IR: 2916, 1628, 1601, 1508, 1442, 1334, 1028, 918 cm-1. 1-iPr: Crystallized from CH3CN/ CHCl3/ CH2Cl2 at ambient temperature. Mp 167–170 °C (lit.8b 170–171 °C). 1 H NMR: 1.04 (12H, d, J 7 Hz), 3.18 (2H, m), 7.11 (2H, s), 7.21–7.43 (10H, m). IR: 2961, 1630, 1599, 1516 cm-1. 1-tBu: Compound was crystallized from CH3CN/ CHCl3/ CH2Cl2 at ambient temperature. Mp 173–175 °C (lit.8b 182 °C). 1 H NMR: 1.24 (18H, s), 7.22–7.41 (12H, m). IR: 3074, 1602, 1516 cm-1. General Synthetic Procedure for 1-Br and 1-Cl. 8b 3,5-Dihalo4-hydroxybenzoic acid was dissolved in excess distilled MeOH (25 mL) in a RB flask. The mixture was cooled in ice and 1 mL of conc. H2SO4 was added. The mixture was refluxed for 6 h, MeOH was removed by evaporation, and the residue was extracted with EtOAc. The organic portion was washed with sat. NaHCO3 solution and dried with Na2SO4; the solvent was evaporated to obtain methyl-3,5-dibromo4-hydroxybenzoate. Mg turning (8.0 mmol) and 15 mL of distilled THF were taken in 150 mL of RB flask under a N2 atmosphere. Bromobenzene (8.0 mmol) was mixed with THF (8 mL), and 2 mL of this solution was added to the RB flask containing magnesium followed by a tiny crystal of I2. The remaining portion of PhBr solution was added slowly and when the reaction was complete, a solution of methyl-3,5-dihalo-4-hydroxybenzoate in THF was added. The mixture was refluxed for 1 h, and the product was decomposed by slowly pouring it into a mixture of 40 g of crushed ice and 1 mL of conc. H2SO4 with stirring. The organic layer was separated and washed with 10 mL of water, 10 mL of sat. Na2SO4 solution, and again 10 mL of water. The organic layer was dried and solvent evaporated to obtain a yellow oil, which was dissolved in 1 M NaOH, and 3,5-dihalo-4-hydroxyphenyldiphenylmethanol was precipitated by adding solid NH4Cl. It was filtered, washed with water, and dried. Three hundred milligrams of 3,5-dihalo-4-hydroxyphenyldiphenylmethanol was taken in a 25 mL RB flask and heated at 110 °C for 36 h to furnish the fuchsone product. 1-Br: Compound was crystallized from EtOAc. Mp 237 °C (lit.8a 236–238 °C). NMR: 7.46–7.58 (10H, m), 7.77 (2H, s). IR: 3057, 1635, 1585, 1512 cm-1. 1-Cl: Compound was crystalized from CHCl3/CH2Cl2. Mp 220–223 °C. (lit.8a 217 °C) 1 H NMR: 6.98–7.00(4H, d, J 8 Hz), 7.21–7.32 (8H, m). IR: 3051,1635,1587,1539,767,912,954 cm-1. Synthesis of Diphenylfuchsone. 8b Conc. H2SO4 (0.01 mL) was added to a stirred solution of 2,6-diphenylphenol (0.246 g, 1.0 mmol) and benzhydrol (0.184 g, 1.0 mmol) in acetic acid (2.5 mL) was added. The precipitate was filtered and washed with dilute MeOH. The compound was recrystallized from dilute MeOH to provide 4-hydroxyphenyldiphenylmethane. A suspension of active MnO2 (1.1 g) and 3,5-diphenyl-4-hydroxyphenyldiphenylmethane (103 mg, 0.25 mmol) in benzene (5 mL) was stirred for 3 h and filtered. The solvent was evaporated off and dried to provide 1-Ph, which was purified by column chromatography. 1-Ph: Crystallized from benzene. Mp 295–297 °C (lit.8b 297–298 °C). 1 H NMR: 7.33–7.55 (22H, m). IR: 3057, 1608, 1523 cm-1. The crystallization conditions attempted in this work are summarized in Table 5. X-ray Crystal Structure. The unit-cell parameters, space group, and crystal structures were determined from single-crystal X-ray reflections collected on a Bruker Smart Apex CCD diffractometer using Mo KR incident X-ray radiation (λ ) 0.71073 Å). Data reduction was performed using the SAINT software.25 Structures were solved using the direct methods in SHELX-97.26 Semiempirical and multiscan
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 Figure 20. (a) Superposition of R form crystal structure and predicted frame #7 (Rms deviation 0.271) (b) Superposition of β form crystal structure and predicted frame #3 (Rms deviation 0.328) (c) Overlay of γ crystal form and predicted frame #6 (Rms deviation 0.220). A cluster of 15 neighboring molecules were superposed in each case (red ) experimental structure, blue ) predicted structure). Frames numbers are of flexible body structure prediction listed in Table 3. Table 5. Crystallization Conditions for Fuchsones Polymorphs compd
 
 crystallization conditions
 
 fuchsone, 1-H Di-iPr-fuchsone, 1-iPr, form 1
 
 Di-Br-fuchsone, 1-Br Di-Cl-fuchsone, 1-Cl, form 1
 
 CH2Cl2, CHCl3, EtOAc, CH3CN, CH3NO2 CHCl3, CH2Cl2, PhH, PhMe, CH3CN
 
 Di-Cl-fuchsone, 1-Cl, form 2
 
 sublimation
 
 Di-tBu-fuchsone, 1-tBu, form 1
 
 cyclohexane EtOAc, PhH, PhMe, CHCl3, CH2Cl2, CH3CN after 1 h CHCl3, CH2Cl2, slow evaporation from CH3CN EtOAc, PhH, PhMe, n-hexane
 
 diphenylfuchsone, 1-Ph
 
 Di-tBu-fuchsone, 1-tBu, form 2 Di-tBu-fuchsone, 1-tBu, form 3
 
 n-hexane CH2Cl2, melt, sublimation
 
 dimethylfuchsone, 1-Me, R form dimethylfuchsone, 1-Me, β form
 
 n-hexane, EtOAc, CH2Cl2, CHCl3, PhH, PhMe, PhOMe, acetone, CH3CN, CH3NO2 PhH, PhMe, cyclohexane EtOAc, PhH, PhMe, cyclohexane, CH3CN, melt cyclohexane
 
 Di-iPr-fuchsone, 1-iPr, form 2
 
 compd
 
 dimethylfuchsone, 1-Me, γ form
 
 absorption correction SADABS were applied.27 All nonhydrogen atoms were refined anisotropically and all C-H atoms were fixed. Reflections were collected at 100 K. The crystal structure of 1-Br at 100 K showed disorder, whereas data collected at 298 K was ordered. The carbon
 
 crystallization conditions
 
 atom (C-24) of one i-Pr group in form 2 of 1-iPr is disordered over two positions (C24A and C24B) with sof of 0.50 each. All crystal structures solved satisfactorily (Table 1) except 1-Cl, form 2, which gave a high R-factor of 0.1443. We were unable to grow single crystals
 
 154 Crystal Growth & Design, Vol. 8, No. 1, 2008 of the 1-Me γ-form and these data in Table 1are reproduced from the original paper.9b Powder X-ray Diffraction. Powder XRDs were collected on Philips X-ray diffractometer (Cu KR, λ ) 1.5405 Å) under ambient conditions. The in situ VT-PXRD data were collected on PANlytical X’Pert PRO X-ray powder diffractometer using a parallel beam of monochromated Cu-KR radiation (λ ) 1.54056 Å) with the X’celerator power set at 40 kV and 40 mA. The sample was heated from 30 to 200 °C @ 10° min-1 and intensities were collected at regular T intervals in the 2θ range 5–35°. Full details of the VT-PXRD experiment are described in ref 6. The simulation of powder diffraction lines from the crystal structure and least-squares refinement of the experimental pattern was done in Powder Cell 2.3.14 The unit-cell parameters were scaled to correct for the higher temperature of powder XRD compared to singlecrystal data collection. Gaussian 03 and Cerius2 Computations. All simulations were carried out in version 4.8 of the Cerius2 molecular modeling environment15 running on Silicon Graphics workstation. Geometry optimizations were carried out using DFT at the B3LYP/6–31G (d,p) level in Gaussian 03.16 The global minimized conformer of dimethyl fuchsone 1-Me from Gaussian 03 was entered as input for the Polymorph Predictor. Crystal structure prediction was carried out in seven common space groups which j C2/c, P21, include the observed space groups (P21/c, P212121, Pna21, P1, Pbca). Atom point charges were assigned in COMPASS force field. Default options were used throughout with the fine search option in Monte Carlo simulation and for clustering of frames to get unique structures. Lattice energy minimization of predicted structures was carried out using default parameters in Cerius.2 All calculations were carried out either by relaxing the molecular conformation during the minimization, referred to as full body method, or by keeping the conformation fixed during minimization, the so-called rigid body method. Crystal conformer energies were computed in Gaussian 03 by keeping the main flexible torsions at the exomethylene phenyl groups fixed but allowing bond distances to relax at the nearest minima. This step was done manually for each molecule in Gauss View by selecting the atoms for flexible torsions and freezing them in the computation cycles. The identity of starting and final conformers was visually checked. Crystal lattice energies are calibrated for the number of molecules in the unit cell, i.e., quoted per molecule in Tables 3 and 4.
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