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ABSTRACT: The energy landscape of molecular gyroscopes wittamethoxy substituted trityl groups may include many
stereoisomers due to the helicity of the two triarylmethyl propeller moieties and the stereochemical label providethéiathe
methoxy group. While low equilibration barriers and rapid equilibration in solution prevent isolation and observation by relatively
slow techniques such aBl and13C NMR, their many structural options may offer opportunities to prepare several crystal forms,
or conformational polymorphs. In this paper, we report the synthesis and characterization of 1,4rbétfrinéthoxyphenyl)-
propynyllbenzene2), a crystalline molecular gyroscope with a phenylene rotator, a dialkyne axle, and tmet&methoxy-
substituted trityl frames. Using a combination of single-crystal X-ray diffraction, differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), high resoluti&iC cross-polarization magnetic-angle spinning (CPMAS) NMR, and polarized
microscopy, we obtained experimental evidence for seven polymorphs lahel@dand up to six phase transitions that relate them.

Introduction. To prepare solid-state materials built from
molecules that emulate the topology and function of macroscopic &
gyroscopes and compasses (Figure 1), we analyzed structure:®
consisting of a phenylenmtator linked through a barrierless
dialkyne axlé to shielding triarylmethyl or triptycyP® frames.
Early results with the parent trityl derivativiea (Ry = R = H,
Scheme 1) showed a remarkably fast 2-fold ()80-flipping
motion in the solid state that emulates the desired gyroscopic
motion with exchange rates of ca. 1.6 MHz at ca. €&

Subsequently, we showed that trityl derivatitls with bulky Figure 1. A simple gyroscope consists of a rotator with an axis of
tert-butyl groups at the twenetapositions of eqch phe”Y' group 1 station that passes through its center of mass and an encapsulating
(R = Rz = tBu, Scheme 1) reduce the Pac_k'”g density _around frame that holds the assembly together (left). In the center is a
the central rotator, so that phenylene flipping in the solid state hypothetical solid-state molecular gyroscope showing a phenylene
occurred with a rate- 100 MHz at 25°C.4 We have also shown  rotator with a dialkyne axis (in red) and an encapsulating frame made
that crystalline molecular compasses with rotating electric up with two trismetamethoxy-substituted triphenylmethyl groups (in
dipoles can be interfaced with external electric fields and may Plue)- An iconic line formula is shown on the right.
be used as artificial dielectric materidls.
When structures analogous to those in Figure 1 and Scheme
1 are considered, it is expected that small variations will cause
changes in their crystal packing and their rotary dynamics. To Ry
establish clear structurdunction parameters for rotational
dynamics in the solid state, structural and dynamic data from a Raa A
Ny
Ry—4x

Scheme 1

large number of structures are desired. While variations in solid
forms can be introduced by systematic changes at the molecular

level attained by synthetic means, the formation of polymd¥phs R R, 1a: R,=R,=H R,
and pseudopolymorphs also extends the number of solid-state s E‘:&Rﬂfom

alternatives for any given structure. Although the preparation

of many crystal forms from a given compound by crystallization {5 the time and energy spent in research on that compound.”
may sound simple, the formation of polymorphs and pseudopoly- while the empirical sense conveyed by this quote makes the
morphs is far from trivial. This is highlighted by nonconven-  compinatorial screening of crystallization conditions one of the
tional efforts based on polymorph formation by controlled more promising strategiéjntuition also suggests that certain
nucleation through epitaxyby polymorph growth inhibition  stryctures may be much more polymorphogenic than others. In
with suitable additive$,and by nucleation with another poly-  fact, knowing that crystallization relies on a subtle balance of
morph:® In fact, still current, the common wisdom on the inter- and intramolecular forces, and that lattice energies of
subject, as articulated by McCrone in 1963, indicates that “the polymorphs differ by~1—2 kcal/mol, one may expect that
number of (crystal) forms for a given compound is proportional stryctures with a large number of conformers within a small
. energy range should be particularly promistAé3A remarkable
Ch;;.ouc\ll\;hgg;.CorreSpondence should be addressed. E-mail: mgg@ illustration of this is the macrocyclic polyether 18-crown-6,
*Facultad de Qumica Universidad Nacional Autmma de Mico, which was reported to occur in 54 crystal structures in 12
Ciudad Universitaria, 04510 Méo D. F., Meico. different conformation? With that in mind, we have prepared
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Scheme 2
OMe
OMe CeHalz
Li° / THF 1) AcCl Pd(PPhg)gClg
(Et0),.CO | 2) =MgBr / Piperidine
Br  (89%) : (91%) (70 %)
OMe OMe OMe OMe
3 4 5

and analyzed 1,4-bis[trisfetamethoxyphenyl)propynylbenzene  obtained in solution at ambient temperature and pressure clearly
(2) (R = OMe, Scheme 1) as a test case. As discussed below,indicate the latter to be true for compougd

compound? is expected to have a remarkably flat conforma- In addition to their propeller conformation, triarylmethyl
tional landscape with a very large number of energy minina.  groups in which the aromatic rings lack a local 2-fold symmetry
In agreement with these expectations, a Monte Carlo confor- axis coincident with the direction of their AIC bond display
mational analysis of 15 000 structures reveals ca. 1600 differentgeometric isomers (Figure 2b). In the case of tineta
structures within 2 kcal/mol, and a modest number of crystal- substituted benzenes of compourl this can be easily
lizations from solution followed by temperature variations recognized in terms of the orientation of the MeO substituent
produced up to seven distinguishable crystal forms. In this paper,(either syn- or anti-) with respect to the direction of the;-Ar

we describe the synthesis, crystallization, and solid-state CC=C bond. Finally, as illustrated in Figure 2c, two more
characterization of compoun2 by a combination of single-  geometric stereoisomers are obtained in a given methoxy-
crystal X-ray diffraction, solid-state cross polarization and magic substituted aryl group when the direction of the methyl group
angle spinning (CPMASY3C NMR, thermal analyses, and is considered. Gas phase and computational analysis of simple
thermal microscopy. metamethylanisol and othenetamethoxy aromatics indicate
the existence of coplanar syn- and anti-conformers with an
energy difference of only ca. 60 crh (0.17 kcal/mol)t®
Therefore, the geometric isomers generated by the orientation

Synthesis. The hexamethoxy molecular gyroscofiewas of each methyl-oxy group with respect to the aromatic ipso-
prepared in three steps frometabromoanisole as illustrated carbon is an additional Stereogenic element that increases the
in Scheme 2. The trityl alcohe! was prepared in one step in  humber of potential minima in the conformational landscape
89% isolated yield by the reaction of diethyl carbonate with Of 2.
the aryllithium reagent prepared frof1in THF by metal- The relatively flat torsional potentials of the central phenylene
halogen exchange. The trityl chloride prepared by the reaction @nd six aryl groups also give rise to nonidentical structures,
of 4 with acetyl chloride was not isolated but reacted im- Which may differ only by the magnitude of one or more dihedral
mediately with ethynylmagnesium bromide to give the trityl angles between the various aromatic plaffeEven if one
acetylenes in 91% yield. In the final step, two equivalents of ignores this structural aspect and assumes that the trityl groups
the terminal acetylene were submitted to a Pd(0)-coupling in 2 will be staggered (see below), one may envision many
reaction with 1,4-diiodobenzene to form compouhih 70% stereoisomers for the structure (Scheme 3), some of which could
yield® (Scheme 2). Compourilwas characterized by conven-
tional spectroscopic methods, and its structure was confirmed(a) Chiral propeller
by single-crystal X-ray diffraction (see below). The solution ~ cenformers
1H and’3C NMR spectra were consistent with a time-averaged
symmetric structure. The central phenylene appears irtHhe

NMR as a singlet at 7.43 ppm, with all the trityl aromatics (b) Geometric (syn/anti) '/I\

Results and Discussion

m-MeO isomers

occurring as a set of four coincident signals centered at 7.22, OMe
6.93, 6.88, and 6.80 ppm, and all six methoxy groups as a singlet
at 3.74 ppm. Thé3C NMR consists of eight aromatic carbon

resonances between 159.3 and 112.0 ppm, two alkyne signals
at 97.1 and 84.9 ppm, and the signals for the two quaternary
carbons and six methyl groups at 56.2 and 51.1 ppm, respec-

tiV@ly. (c) Geometric {s_ynfanli]
Conformational Analysis and Residual Isomerism.To We-OAr isomers

appreciate the number of stereoisomers that may exist at
equilibrium in solution, one must consider the conformational
preferences and static stereochemistry of triarylmethyl deriva-
tives1’ It is well-known that the planes of the three rings tend
to have a uniform tilt with respect to the £8—X bond, creating

a helical, propeller-like conformation, with eith€g or C; axial Figure 2. (a) lllustration of the axial chirality with one of the two
symmetry8 Structures differing only by the sense of the tilt of g;%"rﬁgﬁzcc?srggggr'g”fe:ljl t?nglTr?)lr?ngtlgrne;m?ghgyrlogggvieglvt\?\}o(b)
the aryI_groupS are nonsuperimposable mirror images, Whlch’ different orientations with respect to the phenylethynyl substituent, and
depending on the nature of the three aryl groups and their ) geometric isomers arising from the two preferred conformations of
substituents, may be obtained either as isolable or rapidly the methyl ether with the methyl group pointing toward pea- or
interconverting enantiomers (Figure 2a). The spectroscopic dataortho-phenyl carbons.
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slow evaporation from benzene (26) and dichloromethane
(25°C, —10°C). The former were characterized as a benzene
clathrate, which is a crystal form with “incarcerated” benZéne
[form A], and the latter as a solvent-free structure [fdm25

°C] and a dichloromethane clathrate [fo& —10 °C]. X-ray
quality crystals grown from acetone, 1,2-dimethoxyethane,
hexanes, and acetonitrile at 26 had cell dimensions identical

to those of phasB, but the heterogeneous appearance of those

@ {m-MeO syn or anti
to phenylene)
OMe

O“ Me (ant)
6 Geometric isomers
{Me syn or anti to
trityl carbon)

samples suggested additional crystal forms (see below). Given
that solid formsA and B have different compositions due to
the solvent of crystallization, they are formally considered
pseudopolymorphs rather than polymorphs. We noticed that
crystallization from solvents (dichloromethane, acetone, hexane,
etc., 25°C) containing minute amounts of benzene had a strong
tendency to form clathrat&, and that form#\ andB sometimes
be isolated in the crystalline state. Notably, with identically occurred concomitantly under those conditi8halthough no
substituted trityl groups at the two ends of the structure some other forms suitable for single-crystal X-ray analysis were
of these isomers may have an inversion center, which will render apparent from solution crystallization at ambient temperature,
them meso. three other formsG—E) were discovered upon heating samples
Monte Carlo Conformational Search. While gas phase of A and B (see below) and two moreF(and G) by
energy variations within this remarkably large structure set are crystallization at low temperatures. From the latter, solvent-
expected to be relatively small, some conformers may experi- containing samples of fornG crystallized at—10 °C from
ence adverse steric interactions between neighboring methoxy-dichloromethane. These crystals were suitable for single-crystal
aryl groups. To confirm the structure of compou@dand X-ray diffraction, and their structure was determined along with
evaluate the number of isomers withir2 kcal/mol, we carried ~ those of A and B. Key crystallographic data for the two
out a systematic Monte Carlo multiple minimum (MCM&1)  pseudopolymorphA andB, and polymorplG, are included in
conformational search, using the AMBER force fiétdTo Table 1. Notably, all three structures are centrosymmetric with
mimic our crystallographic results (see below), we assumed the coincident crystallographic and molecular inversion centers. The
relation between trityl groups to be staggered and investigatedstructure of the solvent-free crystaB)( was solved in the
a number of different conformations within a range of conver- monoclinic space grougP2,/c with half a molecule per
gent root-mean-square deviation values of cR#8.25 A and asymmetric unit and two molecules per unit cell. The structures
cRMS= 1.5 A. The cRMS deviation is the norm of the distance ©f the benzene clathratéd) and the dichloromethane clathrate
vector between two sets of atomic coordinates that have been(G) were solved in the triclinic space groufl with half a
optimally superimposed and is a common measure of structuralMolecule of2 and one molecule of solvent per asymmetric unit.
similarity2! Values in the studies range were analyzed to AS expected from our conformational analysis, the molecular
establish criteria to reject structures that differ by small Structures determined in the three crystal forms represent
variations in the tilt of the aromatic rings of the trityl groups. different conformational isomers.
As expected, the total number of different structures identified ~ An ORTEP representation of the molecular structure of form
for a given number of Monte Carlo searches decreased withA (collected at 100 K, thermal ellipsoids drawn at 50%
this structural restriction and essentially converged between probability level) is shown in Figure 3a along with a packing
cRMS = 1.0 A and cRMS= 1.5 A. The total number of diagram illustrating its unit cell and one benzene molecule at
(different) structures within a given energy window was also the center of the unit cell. With the trityl groups adopting
analyzed for convergence as a function of the total number of asymmetricC, conformations of opposite chirality, the molec-
structures searched. Sample sizes of 1000, 5000, and 15 00@®!lar structure is meso. With respect to the center of the molecule,
provided 427, 1136, and 1608 energy minima within 2.0 kcal/ two methoxy groups (C25 and C26) are anti, and one (C27) is
mol for a cRMS= 1.5 A limit, and as many as 740, 2700, and Syn. All of them have methyl groups directed toward fiaea-
4641 for those sample sizes when the energy window was carbon. This conformation gives rise to a large cavity that
increased to 5 kcal/mol. Notably, the global energy minimum accommodates the caged benzene molecule, which can be
found in all these calculations was consistent with a conforma- clearly appreciated at the center of the unit cell in Figure 3a.
tion that has two of the three methoxy groups on each trityl Notably, the benzene clathrate differs from those observed
syn- to the phenylene, and all the methyl ether groups in eachwith the parent compounda® and several of its phenylene-
of the six phenyls directed to their corresponding ortho-carbon. substituted derivative®. While benzene molecules in those
From the conformational search sampling 15 000 structures, theclathrates occur as parallel-displaced dimers, the structuke of
conformation of highest energy withia 5 kcal/mol range has  contains only one benzene molecule in the center of the unit
all the methoxy groups syn to central phenylene and all methyl cell (Figure 3a). The packing structurefis characterized by
groups directed to theara-phenyl carbon. Interestingly, analysis having all molecules in a parallel alignment with severa sp
of a few random structures suggest no obvious adverse stericCH:*-O and sp CH-+-O interactions, with the shortest two being
effects, suggesting that polar interactions may determine theonly 2.44 and 2.55 A.
energy differences between the structures in this set. An ORTEP diagram of fornB drawn at the 50% probability
X-ray Analysis. In search of solid phases containing different level in Figure 3b (acquired at 298 K) shows all six methoxy
conformations of compoung we carried out a relatively small ~ substituents in a syn-conformation pointing toward the central
number of crystallizations from several common solvents and phenylene ring. As in formd, the local symmetry of the trityl
solvent mixtures, including choroform, dichloromethane, ac- groups isCy, but the centrosymmetric molecular structure is
etone, diethyl ether, hexane, dichloroethane, dimethoxyethanemeso. Two methyl groups (C26 and C27) are oriented toward
and benzene. Distinct X-ray quality crystals were obtained by the para-phenyl carbon and the third (C25) toward the ortho

Me(O 2 chiral axes
(trityl propellers)
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Table 1. Principal Crystallographic Parameters for the Hexa-(netamethoxy-triphenylmethyl) Derivatives of
1,4-Bis-(3,3,3-triphenylpropynyl)Benzene [A, B, and G]

empirical formula @4H4606'C6H5 (A) C54|'|4505 (B) C54H4606'2(CH2C|2) (G)
formula weight 869.02 790.91 960.76
crystal system triclinic monoclinic triclinic
space group P1 P2i/c P1
z 1 2 1
size, mnd 0.35x 0.20x 0.10 0.62x 0.60x 0.52 0.40x 0.20x 0.20
color, morphology prisms prisms parallelepiped
temperature, K 100(2) 298(2) 120(2)
unit cell dimensions
a, A 6.9849(10) 11.834(2) 8.906(2)
b, A 10.1656(15) 11.931(2) 11.926(3)
c, A 17.697(3) 15.764(3) 11.959(3)
a, deg 77.320(2) 90 89.392(4)
b, deg 82.054(2) 105.390(3) 73.078(4)
g, deg 73.833(2) 90 89.372(4)
Vv, A3 1173.4(3) 2146.0(6) 1215.1(5)
D¢, Mg/m? 1.230 1.224 1.313
total reflections 10321 18841 9823
independent reflections 5423 5196 4936
[R(int) = 0.0446] [R(int)= 0.0200] [R(int)= 0.0416]
R1[l > 2s()] 0.0611 0.0443 0.0596
wR2 (all data) 0.1753 0.1312 0.1380

aCrystals grown from benzene (28€) for A, dichloromethane (28C) for B, and from dichloromethane-(0 °C) for G.

position. A slight curvature along the axis of the alkyne triple experiments run at 210° min~! with forms A and B we
bonds is seen in the structure, with C4 and C5 bending out of detected several small peaks in addition to the melting endo-
an imaginary line drawn between C3 and C6. The distortion in therm at 181°C (Figure 4). It was later shown that the latter
the alkyne bonds is further illustrated in the packing arrangement melting transition corresponds to a daughter phase subsequently
in Figure 3b, as molecules adopt a slight S-conformation with labeled as phase (please see below).
the trityl groups of adjacent molecules making close contacts. DSC experiments with clathra#® and solvent-free crystals
Not evident in Figure 3b is the layer of molecules with their B at various heating rates revealed a complex behavior (Figure
long axes making an angle of 65%@ith respect to that the  4). At least five different phaseACE) were deduced from
molecules shown. endothermic transitions with intensities that depended on heating
The ORTEP representation and unit cell arrangement of rates and whether the samples were allowed to equilibrate
structureG are shown in Figure 3c, at 50% probability, acquired between consecutive transitions. Three representative runs are
at 120 K. This structure was solved in the triclinic space group shown in Figure 4. The top trace is from a DSC experiment
P1 with half a molecule of 2 and one of GHI, per asymmetric run at a rate of 10min—! that started with the solvent-free phase
unit. This structure is also meso, with the trityl groupsGn B grown from dichloromethane. The middle and bottom traces
conformations and all methoxy substituents arranged in a syn are from experiments with the benzene clathratat rates of
conformation to the dialkyne axis. The methyl groups labeled 10° min~tand 5 min~%, respectively. The sample in the bottom
C26 and C27 are directed toward the ortho-carbon and the thirdtrace was allowed to equilibrate for 20 min at 145 and 160
one, C25, is directed toward tlpara-position. Several edge-  with the intention of annealing the phases that form at 141 and
to-face interactions between the trityl groups of adjacent 153°C, respectively. The melting transition previously observed
molecules and an 3jCH---O interaction between H(2) of the in melting point experiments at 18IC was namedD. In
central phenylene and O(3) in one of the methoxy groups, at aagreement with the slow heating visual observations, the
distance of 2.59 A, are notable in the structure. Dichloromethaneintensity of this transition increased in size with decreasing
molecules occur in pairs related by an inversion center with no heating rates and was the largest peak anhix—2, (not shown),
close contacts between them within a cage structure formed bysuggesting that it may be thermodynamically the most stable
four molecular gyroscopes. Close contacts involving the dichlo- phase. Experiments with freshly crystallized samples heated just
romethane hydrogens include interactions with one of the past each of the observed transitions, cooled to ambient
neighboring methoxy oxygens, at a distance of 2.435 A-[Cl temperature, and subsequently heated to the same temperature
HC—H(2S)--O(1)]. The second hydrogen has contacts with showed all of them to be thermally irreversible. From all five
carbons in the aromatic ring of one the neighboring phenyl transitions, only the endotherm assigned to the melting of phase
groups with distances of 2.68 A [IC—H(1S)--C(19)] and E at 173°C was always small and irreproducible. In no case
2.273 A [CbHC—H(1SY):-C(20)]. As the other structures, a was crystallization from the melt observed after samples had
small curvature along the alkyne axis can also be appreciatedbeen heated beyond 18C. A relation between the heating
when one traces a line between the ipso and triarylmethyl rate and the intensity of the endotherm fr@mo C, and from
carbons C3-C6. D to the melt, suggests that pha€emay be formed under
Solid Phases and Phase Transition#n initial determina- kinetic control (upon fast heating), while phaBemay form
tion of the melting points of formé andB, with finely ground preferentially under thermodynamic control (slow heatiHgff.
samples in a capillary tube using a slow heating rate revealed Searching for conditions that might reveal new phases, we
identical, sharp melting points at 18C, suggesting that form  carried out DSC analysis of several samples obtained by
A loses benzene to give forB in an apparent solid-to-solid  crystallization from various solvents, at ambient temperature,
transformation. Thermogravimetric analysis of fodncon- in a freezer kept at-10 °C, and in a dry ice/acetone bath at
firmed the loss of mass corresponding to one molecule of —78°C. Microcrystals obtained from 1,2-dimethoxyethane and
benzene at 135140 °C. However, while searching for a  1,2-dichloroethane at 2% were analyzed by DSC, giving large
confirmation of the melting point observations by DSC with endotherms corresponding to ph&seDSC runs with crystals
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Figure 3. (Left) ORTEP and (right) packing diagrams of (a) the benzene clathrate of molecular gyr@(fopa A). (b) Solvent-free form of
2 (form B). (c) Dichloromethane clathrate &f(form G).

grown from acetone at —10 °C showed a small exothermic  examination and spectral analysis (see below), the presence of
transition at 138C that was followed by the melting transition  small amounts of additional phases, which may later act as seeds,
of phase<C andD. This new phase was not suitable for single- cannot be rigorously discarded. Starting with samples of form
crystal X-ray diffraction and was designated with the leEer A grown from benzene with a heating rate of°1@in~! we
Crystallization from dichloromethane atLl0 °C afforded phase  were able to observe the loss of solvent (efflorescence) as form
G, which loses solvent over a broad temperature range, followed A transforms into formB. A selection of photomicrographs
by a small exothermic transition at 13€ as these convertto  taken between ca. 30 and 132 are available in PDF format
phaseC, which was characterized by its melting point at 167 as Supporting Information. Crystals éf appeared mainly as
°C. thin plates and thin plate conglomerates, although a few
Thermal Microscopy. Variations in the endotherm intensity appeared as prisms. Solvent efflorescence and the onset of
of consecutive thermal transitions observed in different experi- opacity started sharply at ca. 14C for all the crystals in the
ments suggested that not all the phases present in theseiew. As the temperature increased to +4%2 °C, about half
experiments are always formed in a sequential manner. There-to two-thirds of all crystals in the view melted while the rest
fore, to help us understand the results from the DSC experi- remained apparently unchanged. Differences in the thermal
ments, we carried out visual observations as a function of behavior of different specimens may be taken as an indication
temperature with a polarizing microscope. A model consistent of nucleation and growth of different daughter phases from the
with all thermal analysis and microscopic observations is same mother phasé?26Since the same behavior was observed
depicted in Scheme 4. Although samples grown from benzenewith samples of phasg by in situ desolvation, and with samples
and dichloromethane appeared homogeneous by macroscopiof phaseB obtained by crystallization from dichloromethane
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Temperature (C) Figure 5. Solid-state CPMAS3C NMR spectra of taken at 298 K

after having exposed the sample for 30 min periods to reduced pressure

Figure 4. DSC traces (endothermic transitions upward) illustrating (1073 Torr), or ca. 10 degree temperature increments, until the change

the phase transitions of molecular gyrosc@p@&op: starting from the
solvent-free formB at a heating rate of 20min~1. Middle: starting
from benzene clathrate for at a heating rate of 2amin—. Bottom:

starting from benzene clathrafeat 5 min~* and pausing for 20 min

at 145 and 160C.

(25 °C), one may assigB as the mother phase of phases

andD (and probabl\E). A metastable liquid formed from phase
B at 151°C, which began to crystallize almost immediately, at

was complete: (a) Samples freshly crystallized from benzene remained
unchanged for no less than a week at 298 K (ph&ke(b) Some
desolvation occurs after exposure to-iTorr for 6 h (phase#\ and

B). (c) Pure phasB was obtained after heating phaseo 135°C for

60 min. This spectrum was identical to that obtained with crystals grown
from dichloromethane (28C). (d) PhaseC is obtained after heating

to 153°C for a total of 3 h. (e) Phasé3 andD can be detected after
heating 160°C for a total of 3 h. (f) Pure phad@ after heating to 160

°C for a total of 12 h. No changes corresponding to phassere
observed and melting occurred 180. The spectrum obtained after

153°C, gave raise to a new transient solid that subsequently melting consisted of very broad peaks as expected for an amorphous
melted at 167C. We assign these transitions, indicated on the glass.

right sidearm of the flowchart in Scheme 4, to the formation
and melting of phas€. Finally, the fraction of the sample that
remained solid started to melt at 170 and turned completely

isotropic at 181°C, allowing us to assign it to phade. In

min~1) DSC runs and visual melting observations on capillary
tubes, where no liquid phases were observable (presumably due
to self-seeding). At the beginning of the experiment, the thermal

contrast to some of the DSC experiments where a small melting stability of phaseA at ambient temperature and its relatively

transition was observed at 173, there were no visual

slow desolvation under reduced pressure were documented.

microscopic changes that could be correlated with the melting After certain heating periods, when the spectrum revealed two

of phaseE.
Solid-State CPMAS 3C NMR Analysis. In search of
additional information on crystal phasés-E, 13C CPMAS

distinguishable phases, the sample was allowed to remain at
the same temperature until the transformation had been com-
pleted. The results summarized in Figure 5 confirm the

NMR spectra were acquired in experiments carried out by remarkable homogeneity of phage suggested by the DSC
heating freshly prepared samples inB) degree increments results and reveal four of the five postulated phases. Clear
from 100 to 190°C, allowing them to equilibrate for 30 min, differences were observed in spectra obtained before and after
and cooling them down to ambient temperature to record their heating to 135C (Figure 5, spectrum c), 15& (spectrum d),
spectra. These experiments mirror the slow heating (i®e., 2 and 160°C (spectrum f). No changes were observed after

Scheme 4
X-Ray X-Ray
Benzene MeoCO CHxCly
Clathrate A Clathrate F Clathrate G
(T = -10°C) (T =-10°C)
l 141°C B
¢ l134 °c
X-Ray
? o 153 °C
Solvent : Solvent 151°C . Solvent
FreeE* |~ | FreeB e MELT E—— Fro6 C
i?
l 173°C ! l 167°C
? Solvent
ing?
MELT* --> | FreeD <eeeees soeding? ... MELT*
l 181°C
MELT!

a*Metastable liquids recrystallize spontaneously and/or by seeding. **Phasey detected by DSC. tThe final melt forms a glass upon cooling.
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the highly viscous medium.

Two of the most notable changes in tH€ NMR spectra of
the various solid phases are the significant shifting of the two

alkyne peaks (between 82 and 110 ppm) and the progressively,,

Fellowships are gratefully acknowledged. We also thank Prof.
K. N. Houk for computer use.
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aracterization of compounds5, and2; crystallographic information

Iower symmetry YVith inc!’easing phase formation temperature, fjes (CIF) of formsA, B, andG; microscopic observations illustrating
as judged by the increasing number of peaks across the spectrghase changes as a function of temperature. This material is available

The spectra from phasésandB are relatively simple. Although
they have three crystallographic and magnetically nonequivalent
methoxy groups (between 50 and 60 ppm), their spectra have a
nonresolved peak, which overlaps partially)( or completely

(B), with the quaternary “methane” carbon. Although there are
clear variations in the chemical shift of the alkyne carbons of
phase® andB, probably due to field effects from the benzene
molecule inA and the different alignment of the oxygen ethers
lone pairs in both, all the aromatic signals are remarkably
coincident. In contrast, variations in the aromatic signals in going
from these two phases to phasesndD are quite remarkable
(between 108 and 165 ppm). Although pha€eandD could
represent different packing arrangements of the conformers
present inA andB, their chemical shift dispersion is unlikely

to arise from field effects due to different packing arrangements
and are more likely to reflect different conformations. Although
they both have three methoxy signals, a methane carbon, and
up to 16 aromatic signals clearly distinguishable, the presence
of only two alkyne carbons strongly suggests internal symmetry
between the two trityl sides, just as in phaseandB. However,

the chemical shift dispersion and relatively large number of
aromatic signals in the spectra of phasesand D suggest
structures of low symmetry, making it interesting to speculate
on the possible formation of chiral crystals by spontaneous
resolution of molecules adopting disymmetric point groups.

Conclusions.The structural diversity available to molecular
gyroscope? is nicely manifested in the solid state in terms of
a relatively rich conformational isomerism accompanied by
solvent clathrate formation and phase transitions. Clear spec-
troscopic, calorimetric, and microscopic evidence were obtained
for seven distinct phases labeldd-G. Experiments run with
phaseA using a very slow heating rate proceeded with no
apparent liquid phases and allowed for the selective preparation
of phasesB—D, which could be characterized by solid-state
13C CPMAS NMR. Phas@ could be obtained by slow solvent
evaporation from dichloromethane or by a solid-to-solid-phase
transition and loss of benzene from clathrateExperiments
run with fast heating rates revealed the formation of phlase
by melting and recrystallization of pha8e While there were
no microscopic observations indicating the formation of phases
D andE, DSC analyses suggest that they may form directly
from phaseB. However, nucleation of one or more phases by
another phase should not be discourdf&dFinally, while many
polymorphs may be obtained with significant effort from any
given compound, molecular compassasily provided us with
at least seven different phases with potentially different
gyroscopic dynamics to be analyzed soon. Studies in progress
are now aimed at the preparation of molecular gyroscopes with
substituents having a chiral center, which will increase the
number of possible structures, and which, when resolved, may
influence the configurations of the axial and planar chirality of
the highly polymorphogenianetaalkoxy substituted trityl
groups.

free of charge via the Internet at http://pubs.acs.org.
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