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ABSTRACT: In this work, we describe the synthesis and solid-
state dynamics of isomeric molecular rotors 7E and 7Z,
consisting of two androstane steroidal frameworks linked by
the D rings by triple bonds at their C17 positions to a 1,4-
phenylene rotator. They are also linked by the A rings by an
alkenyl diester bridge to restrict the conformational flexibility of
the molecules and reduce the number of potential crystalline
arrays. The analysis of the resulting molecular structures and
packing motifs offered insights of the internal dynamics that
were later elucidated by means of line shape analyses of the
spectral features obtained through variable-temperature solid-
state 13C NMR; such analysis revealed rotations in the solid
state occurring at kilohertz frequency at room temperature.

■ INTRODUCTION

The successful design of dynamic processes at the molecular
level will be fundamental for the development of molecular
machines and functional materials.1 It has been suggested that
the control of molecular rotation and reorientation in
condensed-phase matter can lead to the modulation of
dielectric and photonic responses in crystalline materials.2,3

Over the past few years, we have made progress on the design,
synthesis, and dynamic characterization of molecular rotors that
bear a structural resemblance to macroscopic gyroscopes4,5 and
compasses.6 Based on a molecular design that integrates a
rotating unit that is covalently bound by a dialkynyl axle to
relatively large and static groups that shield the rotator and act
together as a stator, we have obtained crystalline solids with
rotational frequencies that vary from a few hertz to several
gigahertz.7,8 To convey the coexistence of highly dynamic
components and static, lattice-forming frameworks, we have
suggested the term amphidynamic crystals.7,9

In our search for new amphidynamic architectures, we have
recently begun exploring the use of steroidal stators.10 Among
several possible advantages, one may include their structural
rigidity, their homochirality, and the availability of alkynyl-
substituted structures (originally developed as contraceptives).
The steroidal rotors previously described10,11 consist of two
17α-ethynyl-substituted steroidal stators linked by a central 1,4-
phenylene that acts as a rotator (Figure 1a). It is expected that
the homochiral structures of these compounds will guarantee
the formation of noncentrosymmetric crystalline arrays, which are
a prerequisite for piezoelectricity, ferroelectricity, and second-

order nonlinear optical responses, among other properties that
are only present in polar crystal structures.3,12 Regarding
rotational dynamics, it has been demonstrated that the
phenylene rotators partially shielded by steroidal derivatives
range from static,10 to one example where they rotate in the
solid state at room temperature at megahertz frequencies and in
a correlated manner.11 The use of steroids can also be
advantageous since their chemical transformations have been
extensively explored due to their broad application in the
synthesis of hormones,13 vitamin D derivatives,14 trans-
porters,15 etc. Many steroids play a significant role in
phytotherapy as antiviral,16 antibacterial,17 antifungal,18 or
antitumoral compounds.19 Lately, they have been used as
promising building blocks for the synthesis of biomaterials and
macrocycles with ion-recognition properties.20

One of the concerns about the use of 17α-ethynyl-
substituted steroidal stators such as the one represented in
Figure 1a comes from the conformational flexibility that exists
as a result of the relatively free rotation of the two steroidal
units about their linking triple bonds. The availability of many
different orientations, with only syn- and anti- shown in Figure
1, may result in the formation of different conformational
polymorphs,21 as well as in close intermolecular contacts
involving the rotator. Considering this, we describe here the
synthesis and characterization of two structures where this
conformational degree of freedom is prevented by a macro-
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cyclic bridge, as shown in Figure 1b. The desired structures 7E
and 7Z consist of two molecules of 17α-ethynyl-5α-androstan-
17β-ol (stator) that are linked at the alpha faces of the D rings
by a 1,4-phenylene (rotator) and also at the α faces of the A
rings by side chains with ester and double bond functionalities.
We report an efficient seven-step synthesis of the isomeric
molecular rotors with the bridge obtained in the final step by
olefin metathesis, giving rise to cis and trans (7E and 7Z,
respectively) alkenes.20a,22 The structural differences arising
from the double-bond configuration in molecular rotors 7E and
7Z correlate with the position of the steroidal fragments in the
solid state, as revealed by single-crystal X-ray diffraction. Using
differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) methods, we determined the thermal stability
of their corresponding solid forms, and taking advantage of
variable-temperature solid-state 13C NMR CPMAS, we were
able to explore their rotational dynamics, which revealed a
phenylene 180° rotation in the kilohertz regime at ambient
temperature in the case of molecular rotor 7Z with an
activation energy of 7.19 kcal/mol.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. As a starting point in the
synthesis of molecular rotors 7E and 7Z, we selected the
commercially available and relatively inexpensive 3β-hydroxy-
5α-androstan-17-one (1). The hydroxyl group in 1 was
protected as the tert-butyldimethylsilyl ether to obtain 2

(Scheme 1).23 Compound 2 was then reacted with
ethynylmagnesium chloride in dry THF at room temperature
with the addition of the acetylide onto the α face, directed by
the methyl group at C13 to give compound 3 in 71% yield. It is
well-established that alkynylation of 17-oxo steroids generally
proceeds by attack of the organometallic reagent from the less
hindered α side of the keto group, giving almost exclusively the
17α-alkenyl-17β-ol derivatives.24 Infrared spectroscopy of 3
revealed characteristic stretching bands for the hydroxyl group
at 3597 cm−1 and for the free alkyne at 3305 cm−1. The
solution 1H NMR spectra exhibited characteristic signals at δ =
3.60−3.50 (broad m, 1H) attributed to the axial proton H-3α
and the signal at δ = 2.57 (s, 1H) from the proton in the free
alkyne fragment. Additionally, the presence of the silyl-
protecting group was evidenced by the signals at δ = 0.89 (s,
9H) and δ = 0.05 (s, 6H), from the tert-butyl and methyl
substituents, respectively. 13C NMR spectra confirmed the
presence of the alkyne group with signals observed at 87.7 and
73.8 ppm with chemical shifts analogous to those found in
similar structures. High resolution mass spectrometry showed a
peak at m/z = 453.3176 that corresponds to the expected
molecular ion. Subsequent reaction of 3 with 1,4-diiodoben-
zene following Sonogashira conditions using Pd(0) under inert
atmosphere yielded 4 in 48% (Scheme 1). In addition to the
signals observed in the precursor 3, the 1H NMR spectrum of 4
confirmed the coupling of the phenylene ring to the steroidal
framework, as revealed by the aromatic signal at δ = 7.38 (s,

Figure 1. Line diagram of (a) conformationally unrestricted steroidal molecular rotors and (b) structure of one of the conformationally restricted
molecular rotors studied in this work.

Scheme 1. Synthesis of compounds 2-4
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4H). The 13C NMR spectrum also showed two distinctive
signals at δ = 131.5 and δ = 122.8 that correspond to the
protonated and ipso aromatic carbon atoms, respectively.
HRMS gave a m/z peak at 957.6611 that matches the proposed
formula with two steroids surrounding the 1,4-diethynylphe-
nylene portion.
The silyl-protecting groups in compound 4 were easily

removed using tetrabutylammonium fluoride (TBAF) to give 5
with the free β-hydroxyl at C3 in high yield (97%), as depicted
in Scheme 2. The loss of two tert-butyldimethylsilyl groups was
confirmed by HRMS showing a peak at m/z = 729.4828 that
corresponds to the expected mass for 5. Subsequently, the
Mitsunobu esterification25 of the hydroxyl groups at C3 with
successful inversion of configuration using 3-butenoic acid,
diethyl azodicarboxylate (DEAD), and triphenylphosphine
afforded diester 6 in 42% yield. The Mitsunobu reaction is
widely used in natural product synthesis since it proceeds with
clean inversion of stereogenic centers in the secondary alcohols
including saturated steroidal 3β-alcohols.26 It must be noted
that the length of the side chains was chosen by inspection of
Dreiding models, and reinforced by molecular modeling using
the MM+ force-field (HyperChem),27 in order to subsequently
obtain the smallest macrocycle with the lowest strain. Infrared
spectroscopy showed the stretching bands from the hydroxyl
groups at 3597 cm−1 and from the ester groups shifted at 1722
cm−1. Besides the signals from the steroid backbone and
aromatic ring, 1H NMR exhibited signals at δ = 6.00−5.90 (m,
2H), 5.20−5.16 (m, 2H), and 5.15−5.13 (m, 2H) correspond-
ing to six vinyl protons. The narrow signal of two equatorial
protons H3β at δ = 5.05 (W1/2 = 7 Hz), compared with a broad

signals of axial 3α-protons in 4 (W1/2 = 24 Hz), confirmed the
inversion of configuration at this stereogenic center. The ester
function could also be identified by solution 13C NMR with
signals at δ = 171.0 for the carbonyl, and 130.6 and 118.2 ppm
from the vinyl carbons. HRMS analysis showed an m/z peak at
865.5347 that corresponds to the expected molecular ion of
compound 6 clustered with sodium ion.
After attaching the esters chains with the proper length and

in proper orientation, we carried out an olefin metathesis to
afford diastereoisomeric compounds 7E and 7Z in a ratio ca.
1:1 due to the nonstereoselective route of the reaction using a
Grubbs second-generation catalyst (Scheme 2). Different
catalysts (Grubbs first generation, Hoveyda−Grubbs second
generation) gave lower yields and comparable stereoselectivity.
After purification by HPLC, the diastereomeric molecular
rotors 7E and 7Z could be distinguished by small spectroscopic
differences. The infrared spectra taken in CHCl3 showed
stretching bands for the ester groups at 1721 and 1725 cm−1 for
the isomers E and Z, respectively. Also, the 1H NMR signal of
the olefinic protons of compound 7E appeared at δ = 5.73 (2H,
m) and that of compound 7Z was observed at δ = 5.87 (2H,
m). Another difference could be noticed in the 13C NMR
spectrum, where the signal of the vinyl carbon atoms of rotor
7E appeared at δ = 126.0 while the analogous signal of
molecular rotor 7Z was found at δ = 124.0. As expected, the
high resolution mass spectra of both isomers confirmed the
formula showing molecular ions as clusters with a sodium ion
(m/z = 837.5058).
After crystallization experiments, analysis of the molecular

rotors 7E and 7Z in the solid state was carried out in order to

Scheme 2. Synthesis of Compounds 5 and 6 and Macrocyclic Molecular Rotors 7E and 7Z
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establish a connection between structure and dynamics for each
diastereoisomer. As detailed below, the analyses consisted of
single crystal and powder X-ray diffraction experiments,
differential scanning calorimetry and thermogravimetric anal-
yses, infrared and variable-temperature 13C CPMAS experi-
ments.
Solid-State Characterization of Molecular Rotors 7E

and 7Z. Single-Crystal X-ray Diffraction Studies. Single
crystals of molecular rotors 7E and 7Z suitable for X-ray
diffraction studies were grown by slow evaporation of a
saturated solution in dichloromethane. The ORTEP diagrams
derived from data acquired at 293(2) K are illustrated in Figure
2. Compound 7E was solved in the monoclinic space group P21

with one molecule per asymmetric unit and two molecules in
the unit cell. The anisotropic refinement also showed one
dichloromethane molecule disordered over three positions. On
the other hand, isomer 7Z was refined in the orthorhombic
space group P212121 with one molecule per asymmetric unit
and four molecules in the unit cell. This compound also
contained one dichloromethane molecule located inside the
macrocyclic cavity but without noticeable disorder.
A comparison between the molecular structures of macro-

cyclic rotors revealed that the 1,4-diethynylphenylene frag-
ments are close to linear (7E = 178.3° and 7Z = 173.2°) and
relatively distant from the bridging chain, suggesting that
different rotational dynamic would have to arise from

differences in packing effects, rather than from intramolecular
interactions with the bridge. In both molecular rotors, the chain
was disordered over two positions with a 50:50 occupancy, as is
commonly observed in flexible fragments containing alkene
functionalities.28

Regardless of the position of the disordered side chain, trans
substitution in the E isomer causes the bridge to acquire a
conformation similar to a distorted “S”, which places the two
steroids in a staggered position relative to the diethynyl
molecular axis. In contrast, the side chain in the Z isomer
adopts a “U” arrangement allowing for a nearly eclipsed
location of the steroids. Each isomer presented different
distances between the edges of the steroid fragments with
compound 7E having a C3−C3′ distance of 9.41 Å, which is
shorter than the 10.09 Å distance observed in 7Z (see the
Supporting Information).
The macrocyclic molecular rotors 7E and 7Z present very

distinctive packing arrays in their corresponding crystals. Their
packing arrangement can be described as a combination of
normal OH···O and “weak” CH···O hydrogen bonds29 that
hold the molecules together. Rotor 7E (space group P21) packs
in columns with opposite tilt having the screw axis along the a,c
plane, placing the 1,4-diethynylphenylene molecular axis
roughly parallel to the a,b plane (Figure 3a). These columns
act as a channel that is occupied by the dichloromethane
molecules in the lattice. The rotators of 7E face each other and
one CH of the central phenylene interacts with a neighboring
hydroxyl group with donor−acceptor distance (D−A) of 3.289
Å and a DHA angle (∠) of 154.6°. Molecular rotors in adjacent
columns interact in a zigzag manner through OH···O
interactions between their hydroxyl groups at C17, with
donor−acceptor distances of 3.020 Å and DHA angles of
135.3°. It is possible that the short distances between columns
and rotators can somewhat restrict the motion of the rotators in
this arrangement.
The molecular rotor 7Z packs in perpendicular inter-

penetrating layers with the rotator fragment facing toward the
next coplanar neighboring bridge (Figure 3b). From the X-ray
data, it can be postulated that the array in 7Z may enable faster
rotational dynamics in the solid state as compared to its isomer
7E, possibly due to the flexible side chain that could bend if
necessary. In a following section, it will be shown that the
double-bond proximity to the neighboring rotator plays a major
role defining the internal rotation. In this arrangement, the 1,4-
diethynylphenylene molecular axis also lies roughly parallel to

Figure 2. ORTEP diagrams of macrocyclic molecular rotors: (a)
compound 7E with the dichloromethane molecule in one of the
disordered positions and (b) compound 7Z with the dichloromethane
molecule. The ellipsoids are drawn at 50% probability.

Figure 3. Crystal packing of molecular rotors: (a) 7E showing a columnar packing and (b) 7Z with an interpenetrated array. The dichloromethane
molecules contained in both structures were removed for clarity.
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the a,b plane as in the isomer E. Similarly, the hydroxyl groups
at C17 of neighboring rotors interact with each other with D−
A distance of 2.873 and ∠ D−A of 172.9°. Additional distances
and angles of the observed intermolecular interactions in
compounds 7E and 7Z can be found in the Supporting
Information.
Powder X-ray Diffraction Experiments and Solid-State IR.

Solid samples of 7E and 7Z resulting from crystallization
experiments were studied by X-ray powder diffraction and
infrared spectroscopy (ATR) before and after variable-temper-
ature solid-state NMR, to ensure the identity and integrity of
the crystal forms. Bulk solids obtained after slow evaporation
from dichloromethane presented powder patterns with sharp
Bragg reflections and narrow peaks in the range 5−55° (2θ
degrees) that matched very well those calculated from the X-ray
single-crystal diffraction structures (see the Supporting
Information). Moreover, even though molecular rotors 7E
and 7Z showed minimal differences in their IR spectra when
taken in CHCl3 solution, the two solid forms gave specific
stretching bands in the solid-state infrared spectra, especially
those corresponding to the hydroxyl groups at 3538 and 3426
cm−1 for 7E and 7Z, respectively. Interestingly, while the
carbonyl group in crystalline 7E showed one band at 1737
cm−1, two bands at 1737 and 1712 cm−1 were observed for the
solid compound 7Z (see the Supporting Information).
Thermal and Calorimetric Analyses. The thermal stability

of crystalline samples of molecular rotors 7E and 7Z was
explored using differential scanning calorimetry (DSC) and
thermogravimetric analyses (TGA) to accurately corroborate
the visual melting point and to detect phase or glass transitions
upon temperature changes. More importantly, this stability
assessment was used to determine the temperature range that
the sample can be submitted to in variable-temperature solid-
state NMR experiments.
Calorimetric experiments for both compounds indicated

some transitions, but the changes were very small and gradual.
Conversely, thermogravimetric analysis confirmed that the
steroidal molecular rotor E is stable upon heating from room
temperature up to 175 °C. When this temperature is reached,
the sample starts to lose mass until 295 °C, with a 5.3% weight
loss in this interval attributed to the evolution of dichloro-
methane molecules. This suggests that partial and gradual
desolvation of the bulk solid can occur during storage, reducing
the amount of CH2Cl2 within the lattice from the 9% value
suggested by the X-ray experiment. Above 300 °C, the sample
presents concomitant melting and decomposition, as suggested
by the abrupt loss of weight, a result that agrees with the visual
melting point measurement when the sample shrinks and
darkens progressively after 300 °C. Similarly, loss of solvent in
compound 7Z started at about 175 °C and ended at ca. 232 °C,
with a total mass loss of 7.0%. After losing solvent, the solid
sample remains stable up to ca. 300 °C, when melting and
decomposition occur (see the Supporting Information).
Variable-Temperature Solid-State 13C NMR CPMAS. After

having confirmed the thermal stability of macrocyclic rotors, we
submitted samples with the appropriate solid form (P21 or
P212121 for rotors E and Z, respectively) to solid-state NMR
experiments to explore the rotational dynamics of the 1,4-
phenylene. It is well-known that line shape analysis of variable-
temperature 13C NMR spectra is a suitable technique to
document the dynamics of site exchange processes occurring in
the ca. 100−1000 Hz regime.1d,30 Conveniently, only the

rotator signals of 7E and 7Z appear in the aromatic region of
the spectra between 127 and 137 ppm.
Most carbon signals in the solid-state spectra occur in sets of

two, indicating that analogous carbons from the two steroids in
the molecule are magnetically nonequivalent, in agreement with
crystallographic information showing that both macrocyclic
rotors 7E and 7Z contain one molecular rotor per asymmetric
unit. The room-temperature 13C CPMAS spectrum of
compounds 7E (Figure 4, top) and 7Z (bottom) showed that

not all of their signals were resolved, despite being relatively
narrow (FWHM = 30−35 Hz). The symmetry of the two
structures also requires the four CH rotators carbons to be
magnetically nonequivalent under static conditions, although it
had to be recognized that limited chemical shift dispersion
would result in strong spectral overlap. Additional experiments
using the nonquaternary suppression technique31 to reveal only
signals corresponding to nonprotonated and highly mobile
carbons (see the Supporting Information), allowed us to
identify several signals from the spectra and confirm their
assignment by comparison with those previously assigned in
solution NMR experiments. From these analyses, it was
corroborated that the rotator signal coming to the CH carbons
of isomeric rotors 7E and 7Z appear at ca. 137−127 ppm and
are sufficiently separated from other signals to make it
potentially possible to characterize the phenylene rotational
dynamics using variable-temperature measurements.
As a starting point to address the effects of rotational

exchange on the line shape of the aromatic CH signals, we
noticed that the 13C CPMAS NMR spectrum for macrocyclic
rotor 7E at 298 K has only one broad signal, suggesting that
there is not enough chemical shift dispersion to clearly
distinguish different sites or that there is a rotational process
in the intermediate exchange regime. Although lowering the
temperature to 173 K failed to split the signal, going above 298
K progressively sharpened it until two peaks could be partially
resolved with a separation of 29 Hz (0.39 ppm) at 323 K. This
suggests a process where intermediate rotator dynamics begins
to enter the fast exchange regime (see the Supporting
Information). Higher temperatures narrowed the signals
slightly until they began to lose intensity by 403 K, presumably
due to spin−lattice relaxation in the rotating frame (T1ρ).
Efficient spin−lattice relaxation in the rotating frame as a result

Figure 4. 13C NMR CPMAS spectra at room temperature of
macrocyclic rotors 7E (top) and 7Z (bottom) from recrystallization
in dichloromethane.
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of motions in the 10−20 kHz regime has the effect of
destroying the magnetization while the corresponding 13C
signals are being accumulated by cross-polarization. In any
event, we interpret the modest temperature dependence in the
spectra of macrocyclic molecular rotor 7E over a 230 K range
(i.e., 173−403 K) as an indication of slow motion and large
rotational barrier.
In contrast, the room-temperature 13C CPMAS spectrum of

compound 7Z displayed two close aromatic signals at δ = 131.2
and δ = 130.3, suggesting that the rotator could be involved in a
motional process with a frequency that averages the different
magnetic environments at the two sides of the phenylene group
in the NMR time scale (Figure 4, bottom). This speculation
was confirmed with low-temperature 13C CPMAS NMR
experiments between 296 and 173 K, which showed the
splitting of the two original signals into four as the temperature
was lowered to 223 K. Additional experiments taken above
room temperature revealed that the two signals first sharpen
and then vanish progressively, as it was observed at high
temperatures for compound 7E.
In order to correlate the observed line shape variations in the

phenylene signals of compound 7E with a dynamic exchange
process, we selected experiments between 273 and 183 K to
simulate their lineshapes with the WinDNMR software.32 Our
model is based on a 2 × 2 spin model, i.e., two pairs of singlets
coalescing into two singlets with the same site exchange rate
constant k. In this model, it was necessary to assign the signals
involved in the exchange, prior to exploring their exchange rate.
As represented in a cartoon manner in Figure 5, the signals AB

and CD in the fast exchange regime would arise from rotator
carbon atoms A ↔ B and C ↔ D, that are related by 180°
jumps. The order of those signals in the slow exchange regime
from low field to high field could be ABCD or ACBD, as
indicated in the bottom left portion of Figure 5, and we
explored both possibilities. After several attempts, the best
spectral simulations resulted when the exchange occurs
between signals in the ABCD array as shown in Figure 6a.33

However, it should be pointed out that the best simulations
deviated from a simple model involving 180° jump between
two sites that remain constant as a function of temperature. In
fact, the difference in chemical shifts of the signals assigned to
the static model had to be adjusted by as much as 6 Hz. This
observation was attributed to small changes in the crystal
structure due to conformational adjustments of the bridging

alkene diester. The single-crystal X-ray analysis of 7Z suggested
such motion of the side chain, which was confirmed by the 13C
NMR CPMAS experiments showing that the signal corre-
sponding to the alkene carbons also change as a function of
temperature variations. Unfortunately, the overlap of alkene
signals with a quaternary carbon of the central phenylene at δ =
122.6 at room temperature prevented a complementary study
of the double bond dynamics (see the Supporting Informa-
tion).
Within the limits of the model, a comparison between the

simulated and experimental rotator line shapes allowed us to
obtain the exchange rate (krot) of the proposed 180° rotational
motion, wich was subsequently used in an Arrhenius plot to
calculate an activation energy (Ea) and a pre-exponential factor
(A) of 7.19 kcal mol−1 and 5.0 × 108 s−1, respectively. An
Eyring plot (see the Supporting Information) gave an activation
enthalpy ΔH⧧ of 28.26 kJ mol−1 (6.75 kcal mol−1) and
activation entropy ΔS⧧ of −84.20 J mol−1 K−1. The low value
for the pre-exponential factor and the value of ΔS⧧ suggest that
rotation in 7Z is not an elementary process in a constant
potential but that it may require motion of the double bond in
the bridge that affects directly the phenylene dynamics, as
described above. A phenylene rotational barrier of 7.19 kcal/
mol (30.12 kJ/mol) in crystalline 7Z is much lower than that
deduced in earlier examples involving norethisterone and
ethisterone stators10 but is higher than that of the molecular
rotor based on mestranol.11 The differences in activation
energies can be explained in terms of the crystallographic
arrangements: the ethisterone-based molecular rotors crystallize

Figure 5. Diagram illustrating the two considered arrays of the four
crystallographically and magnetically nonequivalent signals in the slow
exchange regime that would coalesce into two signals in the fast
exchange regime through a rotational process.

Figure 6. (a) Comparison between simulated and experimental line
shapes of compound 7Z from CPMAS 13C NMR experiments
between 273 and 183 K. (b) Arrhenius plot for the phenylene rotation
in 7Z with constants obtained from the simulation process. The
corresponding activation energy and pre-exponential factor are 30.12
kJ/mol (7.19 kcal/mol) and 5.0 × 108 s−1, respectively (R2 = 0.99).
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in one-dimensional layers due to the relative position (anti) of
the steroidal fragments, with very limited space around the
rotator.10 On the other hand, the syn position acquired by the
mestranol portions in the corresponding molecular rotor, gave
rise to a helical array that allows the rapid reorientation of the
phenylene.11 The rotation of macrocyclic rotors 7E and 7Z
presented here is located between those two ends of the
dynamic behavior, favored by the steroidal conformation locked
by the bridge that also helps to protect partially the rotator;
however, the remaining intermolecular contacts are still
important enough so as to increase the activation energy of
the rotational process.

■ CONCLUSIONS

Molecular rotors 7E and 7Z with steroidal stators bridged by
side chains with ene−dioate functionalities were designed and
realized following a seven step synthesis. The cis/trans
substitution of the bridge restricts the conformational degrees
of freedom of the stators as conceived but this also exposes the
rotator to intermolecular interactions in the solid state that
affect their internal dynamics. The analyses of their different
crystal structures suggested that tight interactions between
adjacent rotators in 7E can restrict their motion, while relatively
looser phenylene-bridge interaction in the case of compound
7Z may enable faster rotation. This hypothesis was
corroborated by line shape analysis of their corresponding
13C NMR spectral features in the solid state, which revealed
that slow motion in 7E occurs in the intermediate exchange at
room temperature, while the phenylene rotator in 7Z
undergoes motion in the fast exchange regime at 273 K with
a rotational activation barrier of 7.19 kcal/mol. With this
information, the next generation of macrocyclic molecular
rotors will be fine-tuned by implementing chemical trans-
formations that protect the rotator from undesired interactions
in the solid state.

■ EXPERIMENTAL SECTION
General Remarks. Melting points were determined on a Kofler

apparatus of the Boetius type. NMR spectra were recorded in CDCl3
solutions in 200 and 400 MHz spectrometers using the residual
solvent as internal standard (only selected signals in the 1H NMR
spectra are reported). Infrared spectra were recorded on a FT-IR
spectrometer in anhydrous chloroform solutions, as KBr pellets or as
solid samples using the ATR technique. Mass spectra were obtained
using an electrospray ionization technique using a time-of-flight
detector or electron-impact (70 eV) analyzer. The reaction products
were isolated by column chromatography performed on 70−230 mesh
silica gel. Yields refer to chromatographically purified products unless
otherwise stated. The HPLC separations of the isomeric rotors were
performed using an instrument equipped with UV−vis detector (wave
range 190−800 nm) and reversed-phase semipreparative columns LC
18. The HPLC grade solvents (CH3CN and CH2Cl2) were
commercially available.
3β-[(tert-Butyldimethylsilyl)oxy]-5α-androstan-17-one (2). Ob-

tained from epiandrosterone 1 (3.62 g, 12.46 mmol) according to
the literature procedure23 in 89% yield (4.49 g) as a white crystalline
material: mp 166−167 °C (lit.23 mp 166−167 °C).
3β-[(tert-Butyldimethylsilyl)oxy]-17α-ethynyl-5α-androstan-17β-

ol (3). A solution of 3β-[(tert-butyldimethylsilyl)oxy]-5α-androstan-
17-one (2) (1.50 g, 3.71 mmol) in dry THF (80 mL) was placed in a
flame-dried 250 mL round-bottomed flask. Then ethynylmagnesium
chloride (9 mL, 0.5 M in THF, 4.5 mmol, 1.2 equiv) was added to the
reaction mixture at ambient temperature. After 22 h, the reaction was
quenched by slow addition of saturated NH4Cl (100 mL). The phases
were separated, and the aqueous phase was extracted twice with Et2O

(100 mL each). The combined organic layers were washed with brine,
dried over Na2SO4, and concentrated under reduced pressure. Flash
column chromatography (gradient, 98:2 to 97:3 hexane/AcOEt)
afforded 1.13 g (2.62 mmol, 71% yield) of 3 as a white crystalline
material: mp 186−187 °C (hexane/AcOEt): Rf = 0.46 (hexane/AcOEt
8:2); IR (cm−1, CHCl3) ν 3597, 3305, 2930, 2857, 1472, 1253, 1092,
836; 1H NMR (ppm, CDCl3) δ 3.60−3.50 (m, 1H), 2.57 (s, 1H),
2.32−2.24 (m, 1H), 2.18 (s, 2H), 2.01−1.93 (m, 1H), 0.89 (s, 9H),
0.84 (s, 3H), 0.82 (s, 3H), 0.71−0.63 (m, 1H), 0.05 (s, 6H); 13C NMR
(ppm, CDCl3) δ 87.7(C), 80.0 (C), 73.8 (CH), 72.1 (CH), 54.1
(CH), 50.5 (CH), 46.9 (C), 45.1 (CH), 39.0 (CH2), 38.7 (CH2), 37.2
(CH2), 36.2 (CH), 35.6 (C), 32.7 (CH2), 31.9 (CH2), 31.7 (CH2),
28.6 (CH2), 25.9 (3 × CH3), 23.1 (CH2), 20.9 (CH2), 18.3 (C), 12.8
(CH3), 12.4 (CH3), −4.5 (2 × CH3); HRMS (ESI) calcd for m/z
C27H46O2SiNa

+ requires 453.3165, found 453.3176.
1,4-Bis[3β-[(tert-butyldimethylsilyl)oxy]-17β-hydroxy-5α-andro-

stan-17α-yl-ethynyl]benzene (4). A solution of tetrakis(triphenyl-
phosphine)palladium(0) (169 mg, 0.15 mmol, 10 mol %) and 1,4-
diiodobenzene (241 mg, 0.73 mmol, 0.5 equiv) in dry THF (50 mL)
was placed in a flame-dried 150 mL round-bottomed flask. To the
resulting homogeneous solution was added 3 (630 mg, 1.46 mmol),
and the reaction mixture was heated to 40 °C. After 10 min, copper(I)
iodide (28 mg, 0.15 mmol, 10 mol %) and N,N-diisopropylethylamine
(1.5 mL, 8.61 mmol, 5.9 equiv) were added. After being stirred at 40
°C for 1 h, the reaction mixture was cooled to room temperature,
poured into water, and extracted twice with Et2O (100 mL each). The
combined organic layers were dried over Na2SO4 and evaporated in
vacuum. Flash column chromatography (gradient, 93:7 to 92:8
hexane/AcOEt) afforded 328 mg (0.35 mmol, 48% yield) of the
linear dimer 4 as a white crystalline material: mp 243−245 °C
(hexane/AcOEt); Rf = 0.42 (hexane/AcOEt 8:2); IR (cm−1, CHCl3) ν
3597, 2931, 2857, 1472, 1256, 1092, 837; 1H NMR (ppm, CDCl3) δ
7.38 (s, 4H), 3.59−3.50 (m, 2H), 2.40−2.32 (m, 2H), 2.09−2.01 (m,
2H), 0.89 (s, 18H), 0.89 (s, 6H), 0.83 (s, 6H), 0.72−0.64 (m, 2H),
0.06 (s, 12H); 13C NMR (ppm, CDCl3) δ 131.5 (4 × CH), 122.8 (2 ×
C), 94.7 (2 × C), 85.4 (2 × C), 80.5 (2 × C), 72.1 (2 × CH), 54.2 (2
× CH), 50.9 (2 × CH), 47.5 (2 × C), 45.1 (2 × CH), 39.1 (2 × CH2),
38.7 (2 × CH2), 37.2 (2 × CH2), 36.2 (2 × CH), 35.6 (2 × C), 33.1
(2 × CH2), 32.0 (2 × CH2), 31.7 (2 × CH2), 28.6 (2 × CH2), 25.9 (6
× CH3), 23.3 (2 × CH2), 21.0 (2 × CH2), 18.3 (2 × C), 13.0 (2 ×
CH3), 12.4 (2 × CH3), −4.6 (4 × CH3); HRMS (ESI) calcd for m/z
C60H94O4Si2Na

+ requires 957.6588, found 957.6611.
1,4-Bis(3β,17β-dihydroxy-5α-androstan-17α-yl-ethynyl)benzene

(5). A solution of dimer 4 (664 mg, 0.71 mmol) in dry THF (60 mL)
was placed in a 250 mL round-bottomed flask, and then tetra-n-
butylammonium fluoride (10 mL, 1 M in THF, 4.26 mmol, 6 equiv)
was added dropwise. After being stirred at room temperature for 22 h,
the reaction mixture was poured into water and extracted three times
with Et2O (100 mL each) and twice with AcOEt (100 mL each). The
combined organic layers were dried over Na2SO4, and solvents were
evaporated under reduced pressure. Flash column chromatography
(gradient, 6:4 to 1:1 hexane/AcOEt) afforded 487 mg (0.69 mmol,
97% yield) of linear dimer 5 as a white crystalline material: mp 285−
286 °C (hexane/AcOEt); Rf = 0.49 (AcOEt); IR (cm−1, KBr) ν 3356,
2936, 1508, 1448, 837. 1H NMR (ppm, DMSO-d6) δ 7.37 (s, 4H),
3.41−3.30 (m, 2H), 2.20−2.11 (m, 2H), 1.94−1.86 (m, 2H), 0.76 (s,
12H), 0.66−0.57 (m, 2H); 13C NMR (ppm, DMSO-d6) δ 131.4 (4 ×
CH), 122.5 (2 × C), 96.9 (2 × C), 83.6 (2 × C), 78.6 (2 × C), 69.3 (2
× CH), 59.7 (2 × CH2), 53.8 (2 × CH), 50.4 (2 × CH), 47.0 (2 × C),
44.3 (2 × CH), 38.9 (2 × CH2), 38.2 (2 × CH2), 36.6 (2 × CH2),
35.8 (2 × CH), 35.2 (2 × C), 32.9 (2 × CH2), 31.4 (2 × CH2), 28.3
(2 × CH2), 23.0 (2 × CH2), 20.7 (2 × CH3), 20.6 (2 × CH2), 14.1 (2
× CH3); HRMS (ESI) calcd for m/z C48H66O4Na

+ requires 729.4859,
found 729.4828.

1,4-Bis[3α-(but-3′-enoyloxy)-17β-hydroxy-5α-androstan-17α-yl-
ethynyl]benzene (6). Triphenylphosphine (569 mg, 2.16 mmol, 4
equiv), 3-butenoic acid (0.19 mL, 2.16 mmol, 4 equiv), and THF (50
mL) were placed together in a 250 mL round-bottomed flask. Then,
dimer 5 (384 mg, 0.54 mmol) and diethyl azodicarboxylate (0.67 mL,
40% in THF, 4.25 mmol, 7.9 equiv) were added. The reaction was
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stirred for 18 h at room temperature. Upon concentration under
reduced pressure, the crude product was poured into water and
extracted twice with Et2O (100 mL each). The combined organic
layers were washed three times with a solution of ceric ammonium
nitrate (100 mL each), dried over Na2SO4, and evaporated in vacuum.
Flash column chromatography (gradient, 9:1 to 85:15 hexane/AcOEt)
afforded 192 mg (0.23 mmol, 42% yield) of diester 6 as a white
crystalline material: mp 215−217 °C (hexane/AcOEt); Rf = 0.49
(hexane/AcOEt 7:3); IR (cm−1, CHCl3) ν 3597, 2937, 2858, 1722,
1184, 1160, 988; 1H NMR (ppm, CDCl3) δ 7.40 (s, 4H), 6.00−5.90
(m, 2H), 5.20−5.16 (m, 2H), 5.15−5.13 (m, 2H), 5.05 (m, 2H), 3.09
(dt, J = 6.9, 1.4 Hz, 4H), 2.40−2.33 (m, 2H), 2.09−2.02 (m, 4H), 0.90
(s, 6H), 0.83 (s, 6H); 13C NMR (ppm, CDCl3) δ 171.0 (2 × C), 131.5
(4 × CH), 130.6 (2 × CH), 122.9 (2 × C), 118.2 (2 × CH2), 94.8 (2
× C), 85.4 (2 × C), 80.4 (2 × C), 70.3 (2 × CH), 53.9 (2 × CH), 50.8
(2 × CH), 47.4 (2 × C), 40.0 (2 × CH), 39.6 (2 × CH2), 39.1 (2 ×
CH2), 36.2 (2 × CH), 35.9 (2 × C), 33.0 (2 × CH2), 32.9 (2 × CH2),
32.8 (2 × CH2), 31.4 (2 × CH2), 28.2 (2 × CH2), 26.1 (2 × CH2),
23.2 (2 × CH2), 20.5 (2 × CH2), 13.0 (2 × CH3), 11.3 (2 × CH3);
HRMS (ESI) calcd for m/z C56H74O6Na

+ requires m/z 865.5383,
found 865.5347.
Ring-Closing Metathesis: Synthesis of Rotors 7E and 7Z. A

solution of diester 6 (30 mg, 0.04 mmol) in dry toluene (200 mL) was
placed under argon atmosphere in a flame-dried 500 mL round-
bottomed flask, and then the reaction was heated to 80 °C. After 5
min, Grubbs second-generation catalyst (5 mg, 0.06 mmol, 15 mol %)
was added. The reaction mixture was stirred for 3 h at 80 °C, cooled to
room temperature, and quenched with ethylvinyl ether (1 mL). The
solvents were removed under reduced pressure, and the residue was
extracted three times with AcOEt (100 mL each). The combined
organic layers were dried over Na2SO4 and evaporated in vacuo. The
separation of rotors (7a and 7b) from the catalyst and/or its
decomposition products was performed by flash column chromatog-
raphy (gradient, 85:15 to 8:2 hexane/AcOEt, on 230−400 mesh silica
gel). The mixture of isomeric rotors 7a and 7b was obtained (19 mg,
0.023 mmol, 67% yield; E/Z ratio −1:1, determined by 1H NMR).
The separation of the rotors was achieved by HPLC.
Molecular Rotor 7E. White crystalline material: dec above 305 °C

(CH2Cl2); Rf = 0.41 (hexane/AcOEt 7:3); HPLC tR (9:1 CH3CN/
CH2Cl2) 10.91 min; IR (cm−1, CHCl3) ν 3595, 2933, 2858, 1721,
1265; IR (cm−1, ATR) ν 3538, 2922, 2858, 1737, 1267, 1153, 987,
850; 1H NMR (ppm, CDCl3) δ 7.43 (s, 4H), 5.73 (m, 2H), 5.04 (m,
2H), 3.18−3.07 (m, 4H), 2.40−2.33 (m, 2H), 2.09−1.97 (m, 4H),
0.90 (s, 6H), 0.81 (s, 6H), 0.72−0.63 (m, 2H); 13C NMR (ppm,
CDCl3) δ 171.1 (2 × C), 131.5 (4 × CH), 126.0 (2 × CH), 122.9 (2
× C), 94.9 (2 × C), 85.1 (2 × C), 80.2 (2 × C), 70.5 (2 × CH), 54.1
(2 × CH), 50.8 (2 × CH), 47.7 (2 × C), 40.2 (2 × CH), 39.0 (2 ×
CH2), 38.8 (2 × CH2), 36.2 (2 × CH), 35.8 (2 × C), 33.0 (2 × CH2),
32.9 (2 × CH2), 32.8 (2 × CH2), 31.5 (2 × CH2), 28.2 (2 × CH2),
26.0 (2 × CH2), 23.2 (2 × CH2), 20.5 (2 × CH2), 12.9 (2 × CH3),
11.4 (2 × CH3); HRMS (ESI) calcd for m/z C54H70O6Na

+ requires
837.5070, found 837.5058.
Molecular Rotor 7Z. White crystalline material: mp 299−300 °C

(CH2Cl2/hexane); Rf = 0.41 (hexane/AcOEt 7:3); HPLC tR (9:1
CH3CN/CH2Cl2) 12.06 min; IR (cm−1, CHCl3) ν 3596, 2931, 2857,
1725, 1265, 1159; IR (cm−1, ATR) ν 3426, 2934, 2857, 1737, 1712,
1263, 1178, 1159, 1043, 834, 742; 1H NMR (ppm, CDCl3) δ 7.41 (s,
4H), 5.87 (m, 2H), 5.07 (m, 2H), 3.16−3.06 (m, 4H), 2.40−2.32 (m,
2H), 2.09−1.95 (m, 4H), 0.90 (s, 6H), 0.82 (s, 6H), 0.74−0.65 (m,
2H); 13C NMR (ppm, CDCl3) δ 171.0 (2 × C), 131.4 (4 × CH),
124.0 (2 × CH), 122.9 (2 × C), 94.7 (2 × C), 85.1 (2 × C), 80.2 (2 ×
C), 70.4 (2 × CH), 54.2 (2 × CH), 50.9 (2 × CH), 47.6 (2 × C), 40.2
(2 × CH), 38.8 (2 × CH2), 36.1 (2 × CH), 35.9 (2 × C), 33.3 (2 ×
CH2), 33.0 (2 × CH2), 33.0 (2 × CH2), 32.8 (2 × CH2), 31.6 (2 ×
CH2), 28.2 (2 × CH2), 26.1 (2 × CH2), 23.2 (2 × CH2), 20.5 (2 ×
CH2), 12.9 (2 × CH3), 11.4 (2 × CH3); HRMS (ESI) calcd for m/z
C54H70O6Na

+ requires 837.5070, found 837.5048.
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