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ABSTRACT: The design, synthesis, conformational analysis,
and variable-temperature NMR studies of pentiptycene-based
molecular gears Pp,X, where Pp is the unlabeled (in 1H) or
methoxy groups-labeled (in 10M) pentiptycene rotor and X is
the phenylene stator containing ortho-bridged ethynylene axles,
are reported. The approach of using shape-persistent rotors of
four teeth but C, symmetry for constructing four-toothed
molecular gears is unprecedented. In addition, the first example
of enantioresolution of chiral pentiptycene scaffolds is demon-
strated. Density functional theory (DFT) and AM1 calculations
on these Pp,X systems suggest two possible correlated torsional motions, geared rocking and four-toothed geared rotations, which
compete with the uncorrelated gear slippage. The DFT derived torsional barriers in 1H for rocking, four-toothed rotation, and gear
slippage are approximately 2.9, 5.5, and 4.7 kcal mol ', respectively. The low energy barriers for these torsional motions result from
the low energy cost of bending the ethynylene axles. Comparison of the NMR spectra of 10M in a mixture of stereoisomers (10M-

mix) and in an enantiopure form (10M-op) confirms a fast gear slippage in these Pp,X systems. The effect of the methoxy labels on

rotational potential energy surface and inter-rotor dynamics is also discussed.

B INTRODUCTION

The phenomenon of correlated rotary motions of two or more
sterically congested groups in a molecule mimics the cogwheel-
ing function of macroscopic gears.' ® The paradigms of
molecular gearing systems are undoubtedly the three-toothed
molecular bevel gears Tp,X, where Tp represents the bridge-
head-substituted triptycene rotors and X is the atom (e.g., O and
S) or group (e.g, CH, and NH) stator.' > These molecular gears
possess a negligible energy barrier (1—2 kcal mol ") for disrota-
tory cogwheeling motions but high energy penalty (>20 kcal mol ™)
for uncorrelated rotations (i.e., gear slippage). It is desirable to
construct molecular gears of larger number of gear teeth for more
effective transmission of motions in artificial molecular machines.
However, previous attempts® have been impeded by the lack of
suitable rotors of triptycene-like rigidity and shape persistency.
In this context, we have explored the feasibility of pentiptycene
(Pp),”® a larger member of the triptycene family, being a four-
toothed rotor, although its phenylene teeth are not of C4 but C,
symmetry.

In this paper, we report our first approach toward pentiptycene-
based molecular gears Pp,X through experimental and computa-
tional studies on the o-bis(ethynyl)benezene-bridged bipentip-
tycenes 1H and 10M. Unlike the case of Tp,X, AMI calculations
on both 1H and 10M predict a higher barrier for four-toothed
correlated rotation than for gear slippage and for geared rocking
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motions. Density functional theory (DFT) calculations also
predict the same results on 1H. Enantioresolution of the
methoxy group-labeled pentiptycene building blocks was con-
ducted to prepare optically pure isomer of 10M for NMR
studies, the results of which confirm the computational predic-
tion. The pros and cons of pentiptycene as a four-toothed rotor
for constructing molecular gears are also discussed.

B RESULTS AND DISCUSSION

Molecular Design. The great success of triptycene as a three-
toothed rotor in molecular gears Tp,X stems from its perfect
structural symmetry and rigidity. Therefore, an ideal four-toothed
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1H:R=H
10M : R = OCHg5; (S, S enantiomer)

rotor for molecular gears should be C;-symmetrical and shape-
persistent. However, molecules that fulfill both criteria remain to
be elusive. Previous approaches adopt C,-symmetrical but shape-
flexible rotors. The presence of intrarotor rotations in these
systems not only complicates the inter-rotor rotational dynamics
but also increases the chance of gear slippage, leading to un-
reliable geared rotations.® The alternative approach that uses
non-Cy-symmetrical but shape-persistent rotors has not yet been
reported. This prompts us to explore the potential utility of
pentiptycene as a four-toothed rotor in Pp,X. Like the case of
triptycene, the scaffold of pentiptycene is shape-persistent and
free from internal rotations of the phenylene teeth. However,
unlike the presence of only V-shaped notches in triptycene, there
exist both U-shaped and V-shaped notches in pentiptycene due
to the C,-symmetrical scaffold. This would result in two possible
meshed forms (UU, and VV,) during the four-toothed geared
rotation (Figure 1, parts a and b). In addition, the twofold
meshed form (UV,), where the two teeth that form a V-notch in
one rotor fit into the U-shaped notches of the other, cannot be
ignored (Figure 1c). For the occurrence of gear slippage, there
are two possible transition states, corresponding to the unmeshed
UU and VV forms (Figure 1, parts d and e). The UU form is

(a) (b) (c) (d) (e)
uu, W, uv, Uy W

Figure 1. Schematic representation of the (a) UU,, (b) VV,, (c) UV,,
(d) UU, and (e) VV conformations of the two pentiptycene rotors in a
Pp,X system. The subscript numeric labels 2 and 4 in conformations
a—c refer to the twofold and four-toothed intermeshed form, respec-
tively. The conformations d and e are transition structures for gear

slippage.

expected to have a shorter inter-rotor distance than the VV form.
Despite the presence of several possible inter-rotor conformations,
their relative energy can be readily evaluated by computations. In
contrast, it is more difficult to track the dynamic interplay between
intrarotor and inter-rotor rotations in systems of flexible rotors.
This might highlight the advantage of shape-persistent rotors for
constructing molecular gears.

The next concern is the stator X in Pp,X. Pentiptycene is
bulkier than triptycene and thus demands a larger spacing created
by the stator X in Pp,X versus that in Tp,X. However, the
distances between the axis of the rotor and the two faces of
the U- and V-shaped notches are different in Pp, which results in
different optimal inter-rotor distances for the UU, and VV,
meshed forms (Figure 1, parts a and b). It appears that X should
be somewhat flexible to accommodate both forms.

The target compounds 1H and 10M were designed in part
with the concern of synthetic feasibility. Among the known
central-ring-functionalized pentiptycene building blocks,”"° the
ethynylene- and octyloxy-substituted pentitpycene 2H is parti-
cularly attractive in terms of synthesis, derivatization, shape, and
solubility."® Compound 2H could be readily synthesized from
pentiptycene quinone 3H, which is in turn prepared from
benzoquinone and anthracene (Scheme 1).'"'* The conversion
of 2H to 1H could be accomplished through Sonogashira
coupling reactions with 1,2-diiodobenzene. The linear ethynyl
group in 2H can function as an axle that allows free rotation of the
Pp rotors and meanwhile as a spacer between the Pp rotors and
the benzene stator. The ortho substitution brings the two Pp
rotors in close proximity, as is the situation of cis-ethylene-
bridged Tp,X.? Very recently, a similar design in the axle —stator
moiety was reported for molecular gears Tp,X with X = 1,8-
bis(ethynyl)naphthalene or 1,8-bis(ethynyl)anthracene."> The
first combination of an ethynyl axle and a Tp rotor was employed
to construct a prototype of molecular brakes.'* The octyl groups
in the pentiptycene rotors would ensure a good solubility for the
target compounds. Moreover, to probe the inter-rotor rotational
behavior in Pp,X with NMR signals, it requires substituent labels
on the teeth to break the symmetry and meanwhile to create
stereoisomers. As such, the methoxy group-labeled species 10M
is designed, because a facile synthesis of the precursor 30M
starting from 1,4-dimethoxyanthracene and benzoquinone has
been reported.'

Synthesis. The synthesis of target compounds is illustrated by
the case of 10M (Scheme 2). Nucleophilic addition of lithium
trimethylsilylacetylide to 30M followed by trapping of the
phenoxide intermediate with trimethylsilyl (TMS) chloride
and then by reductive aromatization of the central ring produced
aracemic mixture of 4OM as well as the TMS-capped precursors.
The mixture was subjected to a basic condition for deprotection
of the TMS group to afford a racemic mixture of 4OM. Although

Scheme 1. Retrosynthesis of Molecular Gears 1H and 10M

2H:R=H
20M : R = OCH,

3H:R=H
30M : R = OCHj

5783 dx.doi.org/10.1021/j02009017 |J. Org. Chem. 2011, 76, 57825792



The Journal of Organic Chemistry

Scheme 2. Syntheis of 10M as a Mixture of Stereoisomers (10M-mix)

. Li TMS
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—>—>
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3.Zn, HOAc 33%
CgH4/Br ©i
KoCOs 20M-S
Ki Pd(PPhs),
+
Acetone i-ProNH
20M-R Hy, DMF
90% reflux, 24 h
74%

10M-mix

both the bridgehead carbons bonded to the dimethoxyphenylene
tooth are stereogenic centers, the stereodescriptors R/S used
herein for the compounds are based on the one close to the
ethynyl group. Subsequent O-alkylation of 40M was conducted
under a conventional Sy2 reaction condition. The resulting
racemic mixture of 20M was reacted with 1,2-diiodobenzene
to form the target compound 10M as a mixture of stereoisomers.
This Sonogashira reaction requires the presence'® of H, and the
absence of copper catalyst to avoid the competition of the Glaser
coupling reaction'® between molecules of 20M. It should also be
noted that the Sonogashira reaction condition is more rigorous
(in reflux DMF vs THF at 60 °C) for the synthesis of 10M than
for 1H, presumably due to the bulkier 20M versus 2H. We
expect the presence of a statistical ratio of 1:1 for the meso
(10M-RS) and the racemic (10M-RR and 10M-SS) isomers in
the obtained 10M. This sample is called 10M-mix hereafter.
Unfortunately, attempts to separate the diastereomers in 10M-
mix by conventional silica gel column chromatography or by
HPLC using columns made of chiral stationary phases were
unsuccessful.

To obtain decisive conclusions from NMR studies (vide infra),
data from optically pure 10M are required. In this context, we set
out to resolve the racemates of 4OM through formation of
diastereomers with a chiral auxiliary. Very recently, it was shown
that a camphanyl group attached to helical aromatic amide
oligomers can result in a complete helix bias.'” Indeed, the
diastereomers derived from 40M and camphanic acid or cam-
phor sulfonyl chloride can be separated by repeated HPLC on
silica gel, which was the best, albeit not ideal, result among the
chiral auxiliaries tested. We adopted camphanic acid for this
work, since it is easier to cleave an ester C—O bond than a
sulfonate S—O bond under a basic condition for removing the
chiral auxiliary to recover 4OM. As shown in Scheme 3, racemic
40M was converted to diastereomeric SOM by reacting with
(—)-camphanic acid. The obtained diastereomeric mixture was
separated by HPLC and then converted directly to enantiopure
20M through base-promoted ester hydrolysis and O-octylation.
Figure 2a shows the mirror-imaged circular dichroism (CD)
spectra of the enantiomers of 20M in THEF. Although the

Scheme 3. Enantioresolution of 20M through Diastereomer
Formation with (—)-Camphanic Acid

o 25 s §

+
DCC DMAP OCH,
CH,Clp, t, 12 h

(1st elution : 38%;
2nd elution : 48%)

40M-R

H,CO

50M-S 50M-R

KOH, MeOH, H,0, THF
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CgHy7Br, K,COj, KI, DMF
i, 16 h

(76% over two steps)

absolute configuration for each enantiomer of 20M is unknown
at current stage, this does not affect our NMR analysis in this
work. We adopted the enantiomer with a shorter elution time in
HPLC and with the negative Cotton effects at the longest
wavelength (303 nm) in CD for the construction of 1OM. The
product would be either 10M-RR or 10M-SS and is called
10M-op hereafter.

It is interesting to note that the CD signal for 10M-op
(Figure 2b) is red-shifted and ca. S times stronger than that for
enantiopure 20M under the same concentration of the 20M
component (i.e., the concentration of 1OM-op is half of that of
20M). This could be attributed to an increased 7-conjugated
length and molar absorptivity (Figure 2c) for the chromophores
on going from 20M to 10M-op. The overall low CD intensity
for both 10M-op and 20M reflects the “achiral” nature of the
chromophores and a small perturbation in “molecular symmetry”
by introducing the methoxy groups on one of the teeth.'®

Rotational Potential Profiles. The rotational potentials of
1H and all four stereoisomers of 10M have been investigated by
computations. Since the length of the terminal alkyl chains is
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Figure 2. CD spectra of (a) enantiomers of 20M (5.32 X 10> M) and
(b) 10M-op (2.66 x 10> M) and (c) UV spectra of 20M and 10M-
op in THF recorded at room temperature.

irrelevant to this issue, the octyl groups were replaced by methyl
groups to expedite the calculation. Figure 3a shows the geared
rotational potential profile for 1H derived from DFT calculations
at the B3LYP/6-31G* level."” The optimized conformation of
1H is a UU, geometry (conformer A, Figures 3b and 4). The
dihedral angle () defined by one of the axle—stator Copo—Cp2
bonds and the central ring of the other axle-connected pentipty-
cene group (see the red bonds in the structural formula of 1H) in
conformer A is —55.6°. The dihedral angle j value can also be
viewed roughly as the dihedral angle between the planes of the
stator phenylene ring and the central ring of one of the
pentiptycene rotors. For the purpose of discussion, this pentip-
tycene rotor is thereafter called the variable group (VG) and the
other one is called the response group (RG). We calculated the
rotational energies by constraining the dihedral angle y to various
increments of 10° from the optimized conformer A () = —55.6°)
in both clockwise and counterclockwise directions. It is noted
that the ethynyl axles are relatively flexible and prone to slight
bending whenever needed to relieve steric congestion. There-
fore, when we rotate and constrain the VG at a certain dihedral

angle, geometry optimization can lead to a structure resulting
from rotation of the RG, bending of the ethynyl axle, or more
likely, a combination of the two. In other words, multiple minima
with close energies are possible for this molecule. The fact that
various conformation combinations of the two terminal methoxy
groups are possible also contributes to the multiple minima
situation at a given ) (see Methods in Experimental Section). This
is why the energy profile shown in Figure 3a is not completely
symmetric.

The results shown in Figure 3a suggest two possible types of
correlated torsional motions in 1H: rocking and rotation. As
schematically depicted in Figure 3b, the rocking motion inter-
converts the conformer A (y = —55.6°) and nearly its mirror
form B () = 54.4°) through the transition state I () = 4.4°) that
corresponds to the UV, form in Figure lc. On going from
conformer A to B, the VG rotates counterclockwise by 110° and
the RG rotates clockwise by 64°, and it encounters an energy
barrier of 2.9 kcal mol . If the VG in conformer B continues to
rotate counterclockwise, it would encounter a higher barrier of
5.5 keal mol ™~ by passing the transition state C () = 164.4°) and
then reach the ground state D () = —115.6°). Further counter-
clockwise rotations of the VG would pass the transition state G
and restore conformer B to finish a 360° rotation. In this case, the
RG also undergoes a full 360° turn in an opposite (i.e., clockwise)
direction. A nearly mirrored energy surface was found for the
VG-clockwise geared rotation starting from conformer A. The
detailed information about the changes in inter-rotor dihedral
angles is shown in Figure S1 (see the Supporting Information).
Overall, the A—.E—F—H—A and B—C—D—G—B rotations
accomplish a four-toothed geared rotation for 1H. These geared
rotations encounter the two possible meshed forms in Figure 1,
parts a and b, where the UU, (isoenergetic conformers A, B, D,
and F) and VV, (isoenergetic conformers C, E, G, and H) forms
correspond to the ground states and transition states, respec-
tively. A higher energy barrier by 2.6 kcal mol " for the rotation
versus rocking (i.e, VV, vs UV,) suggests that the latter would
dominate (99%) the correlated inter-rotor rotations in 1H. The
energy data for conformers A—I are shown in Supporting In-
formation Table S1.

The AM1 algorithm was also employed for the calculation of
rotational potential of 1H (Supporting Information Figure S2).
Compared to the DFT results, the AM1 method provides
essentially the same barrier (2.8 vs 2.9 kcal mol ") for the rock-
ing motion but a slightly smaller barrier (5.0 vs 5.5 kcal mol ")
for the fourth-toothed geared rotation. Regarding the similar
results obtained for 1H with both the DFT and AM1 methods,
the corresponding calculations for 10M were carried out by the
AM1 method only in order to expedite the calculations.

In the case of 10M, the geared rotational profile depends on
the stereoisomers and phase isomers. Note that phase isomer
refers to conformational isomers that possess high energy
barriers for interconversion (i.e., extremely slow rate for gear
slippage) in a molecular gear.”? As schematically shown in
Figure 5, there are totally four pairs of enantiomers, designated
as dl1—dl4, when phase isomers are considered. The conforma-
tions in Figure 5 are represented by the UV, form, the transition
state I in Figure 3b. This UV, conformation has the highest
symmetry among the various meshed conformations when the
methoxy labels are ignored (i.e., in 1H).

Figure 6a shows the geared rotational profile of dil repre-
sented by 10M-SS;. The corresponding energy data for con-
formers A—Iand I are shown in Supporting Information Table S2.
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Figure 4. Fully optimized structure of conformer A of 1H at the
B3LYP/6-31G* level.

The decreased symmetry of rotational profile for 10M versus 1H
simply results from the presence of methoxy labels that increase
steric hindrance in the meshed forms. The influence of the
methoxy labels on rotational potentials can be seen in several
respects. First, the energy of conformer C is the highest among
the VV, forms due to a close proximity of the two methoxy group-
labeled teeth. This results in a barrier as large as 12 kcal mol ' for
geared rotation from conformer B to D. Second, the VV,
conformer G becomes a local minimum in the potential energy
surface. Evidently, the steric interactions between the labeled and
unlabeled teeth are larger in the transition states J and K than in
the conformer G. In fact, in conformer G, two CH:---O
interactions can be found between the phenylene stator (X)
and the methoxy groups of the labeled teeth (Supporting
Information Figure S3a). Third, the steric effect is also present
in the UU, ground states, as revealed by the destabilized

Phase isomers

ss, RR,
I I
RS, SR, RS, SR,

Figure 5. Schematic representation of the four groups (dl1—dl4) of
stereoisomers of 10M in the UV, conformation. The methoxy-labeled
phenylene teeth are in pink.

conformer F relative to conformers A, B, and D. Finally, there
are two different UV, transition states for the geared rocking
motions. One is the transition state I between conformers A and
B, and the other is transition state I’ between conformers D and
F. The latter is less stable than the former by 2.5 kcal mol " again
due to the close proximity of the two labeled teeth. We can
conclude that the geared torsional motions are dominated by the
rocking motions between conformers A and B, as is the case of
1H. For the four-toothed geared rotations, the VG-clockwise
rotation should be more favorable than the VG-counterclockwise
rotation, since both the VV, transition states E and H in the
former direction possess much lower energy than the VV,
transition state C in the latter direction. These conclusions also
apply to the dI2 group as represented by 10M-SS, (Supporting
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Information Figure S4), although the geared rocking is mainly
between conformers D and F due to a lower UV, transition state
I versus I (2.1 vs 6.2 kcal mol ™).

The geared rotational potentials for the dI3 and dl4 are similar
but somewhat different from those of dI1 and dI2. Figure 6b
shows the case of dI3 by 10M-RS;, and the results for dl4 by
10M-SR, are shown in Supporting Information Figure SS5.
According to Figure 6b, there are high barriers (ca. 9 keal mol ')
for both the VG-counterclockwise (transition state C) and VG-
clockwise (transition state E) four-toothed geared rotation. The
energy of transmon states I and I’ for geared rocking are 2.4 and
5.6 keal mol " relative to conformer A. Similarly, there is a local
minimum for the VV, conformer G, which can be attributed to
two CH- - -O interactions, one between the phenylene stator
(X) and the methoxy group of the labeled teeth and the other

between the labeled and unlabeled teeth (structure shown in
Supporting Information Figure S3b). Thus, we can expect that
the geared rocking between conformers A and B would be the
most favorable geared motions, and a full 360° turn through four-
toothed geared rotation would be negligible in these isomers.
On the basis of Figure 6, it can be concluded that in the VV,
transition states, the steric effect of the methoxy-labeled tooth is
significant when the tooth is located in the V-notch of the other
rotor (e.g., conformer C in Figure 6a and conformers C and E in
Figure 6b), but the steric perturbation is relatively small when the
labeled tooth is outside of the V-notch, as evidenced by the
similar energy of conformers C versus E and G versus H in
Figure 6b. The fact that two of the four meshed forms in the four-
toothed geared rotation are transition states (i.e., the VV, forms)
renders this Pp,X system a pseudo-four-toothed molecular bevel
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gear. This reveals the deficiency of the H-shaped pentiptycene
scaffold® as a four-toothed rotor in constructing molecular gears.

In addition to the geared motions, the uncorrelated motions
(ie., gear slippage) for both 1H and 10M are predicted to be also
energetically feasible. For example, the conformer A of 10M-SS;
can be converted to the conformer B of 10M-SS, by conrotatory
motions of the rotors and through a UU transition state
(Figure 1d). The barriers for a UU gear slippage were calculated
to be 3—4 kcal mol ! for 10M at the AM1 level (3.1, 3.4, 3.0,and
3.3 keal mol ! for $S;(A) — SS,(B), SS,(A) — SS;(B), RS;
(A) — RS, (B), and RS,(A) — RS, (B), respectively) and 3.0 and
4.7 kcal mol ' for 1H by AM1 and DFT calculations, respectively.
The slippage barrier through a VV transition state (Figure le), on
the other hand, is 9.1 keal mol™" for 1H by AM1 calculations.
Therefore, slippage through a VV transition state is less viable.
Schematic representations of the transition states are shown in
Supporting Information Figure S6. The relationship between
conformers of phase isomers is shown in Figure 7. The energy
barrier for the UU gear slippage is higher than that for geared
rocking but is lower than that for four-toothed geared rotations
for 1H and all the sterecisomers of 10M. Thus, the relative
importance of the predicted internal rotation modes in both 1H
and 10M would be geared rocking > gear slippage > four-
toothed geared rotation. To our knowledge, molecular systems
of preferred geared rocking motions are unprecedented.”’
The occurrence of gear slippage at room temperature as well
as at 183 K for 10M is indeed confirmed by NMR studies
shown below.

Regarding the high rigidity of the pentiptycene rotors and the
phenylene stator in these Pp,X systems, the bendable ethynylene
axles are responsible for the low barriers for both correlated and
uncorrelated inter-rotor motions discussed above. The bend-
ing ability of an ethynyl group has been previously recognized,*
although phenylene ethynylene conjugated oligomers and poly-
mers are often called rigid-rod systems. The bond angles of the
Cyp2(Ph)—Cy,—C,, (o) and Cy,—Cy,—Cypo(Pp) (B) in the
calculated UUy, VV,, UV,, and UU forms of 1H, 10M-SS;, and
10M-RS,; at the AM1 level are shown in Supporting Information
Table S3. Whereas the o and 3 values are close to 180° in the
ground states (UU,), a noticeable deviation from 180° is indeed
present in the transition states of different modes of motion
(VV,, UV,, and UU) with the largest deviation (165.3°) found in
the conformer C of 10M-SS;. The averaged ot and {5 values are in
the order UU, (176.8°) > UU (173.6°) ~ UV, (173.3°) > VV,
(170.8°). Evidently, the degree of bending in the ethynyl groups
is strongly associated with the calculated energy, namely, the

smaller the o or 5 value is, the higher is the energy of the
conformer. Nevertheless, the energy cost for such bending is low.

NMR Spectra. Experimental verification of the computationally
predicted inter-rotor motions in the current Pp,X systems was
carried out with NMR spectroscopy. Disregarding the inter-rotor
rotation being geared or not, there is only one set of NMR signals
for 1H as long as the rotation is fast on the NMR time scale.
Indeed, the presence of only one set of "H NMR signals even at a
temperature as low as 183 K for 1H in CD,Cl, (Supporting
Information Figure S7) is consistent with the predicted low energy
barriers for geared rocking and four-toothed geared rotation as
well as for uncorrelated rotations of the pentiptycene rotors.

In contrast, the NMR spectrum of 10M depends not only on
the number of stereoisomers but also on the presence or absence
of phase isomers in the sample. In the presence of phase isomers
(i.e., gear slippage is slow on the NMR time scale), four sets of
NMR signals are expected for 1I0M-mix, corresponding to the
four pairs of enantiomers d/1—dl4 in Figure S, and it becomes of
only two sets (dI1 and dI2) for 10M-op. In the absence of phase
isomers (i.e., gear slippage is fast and thus dI1 = dI2 and dI3 = dl4),
two and one set(s) of NMR signals are expected for 10M-mix
and 10M-op, respectively. This analysis assumes that each pair of
enantiomers dl1—dl4 has distinct resonances. However, the
possibility cannot be excluded that some of the stereoisomers
might happen to be isochronous (i.e., a fortuitous coinciding of
all resonances). This concern is raised from inspecting the
conformations I and I’ in dl1—dl4, which can be divided into
two groups. The first group consists of dI1 and dI3 that contain
the labeled teeth pointing inward (conformer I') or outward
(conformer I) simultaneously (Figure 6, parts a and b). In
contrast, the conformers I and I’ in the second group of dI2
and dl4 always possess one of the two labeled teeth pointing
inward the other one outward (Supporting Information Figures
S4 and SS). If dI1 and dI3 were isochronous and so were dI2 and
dl4, then 10M-mix and 10M-op would both display two sets of
NMR signals in the presence of phase isomers and one set of
NMR signals in the absence of phase isomers. Therefore,
comparison of the NMR spectra of 10M-mix and 10M-op
can provide an unambiguous determination of the gearing effect
in this Pp,X system.

Figure 8a shows the "H NMR spectra for 1OM-mix and 10M-
op in DMF-d; at room temperature. There are two sets of signals
of equal intensity for 1OM-mix and one set of signals for lOM-op
that coincides with the resonances of one of the two sets for 1OM-
mix. Evidently, the stereoisomers of 10M have distinct resonances
and the current Pp,X system does not possess phase isomers at
room temperature. The latter is consistent with the low barriers
calculated for gear slippage (vide supra). On the basis of a series
of 2D NMR experiments, including COSY, HSQC, HMBC,
NOESY, and ROESY, and the assumption that the methoxy-
labeled teeth possess a larger ring current than the unlabeled
teeth,”* all the signals for IOM-op can be unambiguously assigned
(Supporting Information Figures S8—S14). It is interesting to
note that the chemical shifts for H. and Ho in 10M-SS/10M-RR
are slightly upfield-shifted than those in 10M-RS.

Figure 8b shows the variable-temperature (VT) '"H NMR in
the pentiptycene region for 10M-op in DMF-d,. More complete
VT NMR spectra are shown in Supporting Information Figure
S15. As is the case of 1H, the number of signals for 10M is
unchanged at all temperatures. The absence of peak splitting at
low temperatures is again consistent with the calculated low
barrier for gear slippage. It is interesting to point out that upon
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Figure 8. Pentiptycene region of the (a) "H NMR spectra (500 MHz) of 10M-mix and 1OM-op in DMF-d, at 293 K and (b) VT "H NMR spectra (500 MHz)
of 10M-op in DMF-d,. Temperature (T, K) is given for every trace. The solid circles in the spectra of 10M-mix denote the signals from 10M-op.

Figure 9. AM1-derived ground-state conformers (a) B and (b) D for
10M-SS;. The ring bearing H. and Hy is marked with blue color.
Selected distances (in angstroms) are shown.

lowering the temperature most of the signals are either unmoved
or downfield-shifted except for the nuclei H,, H;, Hy, H,, Hy, and
Hg (red peaks) that undergo an upfield shift. A shielding of the
latter nuclei can be expected when they are located in the
U-notch of the other rotor in the UU, conformation. This is
indeed consistent with the AMI1-derived rotational profile for
10M-SS, (Figure 6a), where conformers B and D are predicted
to be more stable UU, forms. The nuclei H,, H,, and Hy in the
VG rotor are located in the U-notch of RG in conformer B and
vice versa in conformer D. Figure 9 shows the AM1-optimized
conformers B and D (Figure 6a). They both show CH---O
interactions between methoxy groups on different rotors. This
probably explains why they are preferred conformers over
conformer A. Since these lower-energy UU, conformers would
be enriched at lower temperatures, the shielding effect of the
U-notch phenylene teeth on nuclei H,, H,, and Hy would
become more significant.

B CONCLUSION

The inter-rotor rotation modes in the teeth-unlabeled 1H and
teeth-labeled 10M have been investigated in order to evaluate
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the potential utility of pentiptycene as a four-tooth rotor in
constructing four-toothed molecular bevel gears (Pp,X). Our
approach differs from the previous ones in terms of the symmetry
of rotors. Unlike the previous approach of using rotors of n teeth
and n-fold symmetry for n-toothed molecular gears,' ® the
current approach adopted twofold symmetrical pentiptycene
rotors for four-toothed gears. This mismatch in teeth number
and molecular symmetry results in a less favorable four-toothed
geared rotation than the other inter-rotor motions such as geared
rocking or gear slippage in both 1H and 10M. Nevertheless, the
rotational potential of a Pp,X system appears to be adaptable
through teeth substitutions to favor the four-toothed geared
rotation in view of (a) the small difference of 1—2 kcal mol ™"
among the rotational barriers in the different modes and (b) the
significant perturbations of teeth labeling on the rotational
barriers. Further studies on the replacement of stator/axle units
and the influence of substituents in the inter-rotor rotation
modes of this Pp,X system are ongoing in our laboratory.

B EXPERIMENTAL SECTION

Methods. The actual sample temperature for variable-temperature
NMR measurements was calibrated by 'H signals of ethylene glycol and
methanol, and the temperature error was assured to be within +1 K.
Signal acquisition was begun after a sufficient temperature equilibration
time (10— 15 min). The calculations were performed with the Gaussian03
and Gaussian09 programs.”® Using the fully optimized structure of
conformer A, automated scans for rotational profiles with constrained
optimizations were performed with opt = addredundant. The structure
of conformer A of 1H is shown in Figure 4. The dihedral angle ()) used
to scan the rotational profile was defined in text and their values are
—55.6° and —56.29° at the B3LYP and AM1 levels, respectively. A
sample input file for AM1 clockwise scan of 1H with an angle increment
of 10 is provided in the Supporting Information (Figure S16). Ideally,
the number of automated steps (nsteps) in a scan can be set to cover the
whole range of dihedral angles of interest. Nevertheless, certain constrained
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optimizations may fail or produce irrelevant structures, resulting in
missing or irregular points in the rotational profile. When these
situations occurred, a subsequent scan was initiated, starting with the
successfully constrained optimized structure that is close to the missing/
irregular point on the profile. It is noted that the methoxy groups of 1H
in Figure 4 are both pointing away from the gear center. Because
energies of local minima with different combinations of methoxy
conformations vary by only 0.13 and 0.03 kcal mol " for conformer A
of 1H at the AM1 and B3LYP/6-31G* levels, the structure shown in
Figure 4 was used for all scans of 1H and 10M. For 10M, additional
methoxy groups are present on the labeled teeth. These groups are also
oriented away from the gear center in the initial structure, so as to avoid
bumping into the bridgehead proton in pentiptycene.

Materials. Compounds 2H,"’ 3H,'° and 30M"? were prepared ac-
cording to the literature procedures. The synthetic procedures and
characterization data for the other compounds are shown in the following.

Synthesis of TH. To a mixture of 2H (0.10 g, 0.18 mmol),
Pd(PPh;), (0.02 g, 0.017 mmol), and 25 mL of dry THF was added
1,2-diiodobenzene (2 mL of 0.038 M benzene solution, 0.08 mmol) and
S mL of diisopropylamine under N,/H, (1:1). The mixture was refluxed
for 16 h. The mixture was cooled and then extracted with CH,Cl,. The
organic layer was dried over anhydrous MgSO,, and the filtrate was
concentrated under reduced pressure. Column chromatography with
CH,Cl,/hexane (1:4) as eluent afforded the white solid of 1H with a
yield of 66%: mp, 294—296 °C; "H NMR (500 MHz, CD,CL,) 8, 0.96
(t,J=7.0Hz, 6H), 1.39—1.55 (m, 16H), 1.68—1.71 (m, 4H), 2.02—2.05
(m, 4H), 4.02 (t, ] = 6.8 Hz, 4H), 5.61 (s, 4H), 5.80 (s, 4H), 6.32
(t,J=7.4Hz, 8H), 6.62 (t,] = 7.4 Hz, 8H), 6.35 (d, ] = 7.3 Hz, 8H), 7.14
(d,J = 7.3 Hz, 8H), 7.64—7.66 (m, 2H), 8.01—8.03 (m, 2H); *C NMR
(125 MHz, CD,CL,) 6, 14.5,23.3,27.0, 30.0, 30.2, 30.3, 31.1, 32.5, 48.7,
52.8, 76.8, 89.3, 93.9, 111.3, 123.6, 124.0, 125.2, 125.3, 127.1, 129,1,
133.2, 136.2, 145.1, 145.4, 146.9, 150.5; IR (KBr) 3066 (C=C—H),
2925 (C—H), 2204 (C=C), 1575 (C=C) cm™'; HRMS calcd for
Co4H750,, 1238.6002; found, 1238.6006.

Synthesis of TOM-mix and 10M-op. To a mixture of racemic or
enantiopure 20M (0.22 g, 0.34 mmol), Pd(PPhs), (0.03 g, 0.026 mmol),
and 10 mL of DMF was added 1,2-diiodobenzene (3.4 mL of 0.038 M
benzene solution, 0.08 mmol) and 4 mL of diisopropylamine under
N,/H, = (1:1). The mixture was kept stirring at 60 °C for 16 h. The
mixture was cooled and then extracted with CH,Cl,. The organic layer
was dried over anhydrous MgSO,, and the filtrate was concentrated
under reduced pressure. Column chromatography with CH,Cl,/hexane
(1:3) as eluent afforded the white solid of 10M with a yield of
74%. 10M-mix: mp, 189—250 °C; 'H NMR (800 MHz, DMF-d) J,
092—0.93 (m, 12H), 1.37—1.52 (m, 32H), 1.69—1.71 (m, 8H),
2.03—2.05 (m, 8H), 3.64 (s, 6H), 3.66 (s, 6H), 3.81 (s, 12H),
4.06—4.09 (m, 4H), 4.12—4.15 (m, 4H), 5.76 (s, 2H), 5.77 (s, 2H),
5.82 (s, 2H), 5.83 (s, 2H), 6.07 (t, ] = 7.3 Hz, 2H), 6.13 (t, ] = 7.3 Hz,
2H), 6.24 (s, 4H), 629 (t, ] = 7.3 Hz, 2H), 6.31 (t, ] = 7.3 Hz, 2H), 6.34
(t,J=7.3 Hz,2H), 6.41—6.43 (m, 4H), 6.47 (d, ] = 8.7 Hz, 2H), 6.50 (s,
2H), 6.51 (s, 2H), 6.53—6.58 (m, 8H), 6.62—6.70 (m, 12H), 6.87
(d,J=7.2Hz,2H),6.92 (d,]=7.2Hz,2H),7.13 (d,] = 7.2 Hz,2H), 7.21
(d,J = 7.0 Hz, 4H), 725 (d, ] = 7.2 Hz, 2H), 7.26 (d, ] = 7.3 Hz, 2H),
7.28—7.31 (m, 6H), 7.81—7.82 (m, 4H), 8.14—8.15 (m, 4H); '>*C NMR
(200 MHz, DME-d,) 6, 14.8, 23.6,27.2, 31.3, 32.9, 42.8, 46.9, 46.9, 48.8,
53.3, 56.9, 57.3, 57.3, 77.1, 89.7, 89.7, 94.6, 94.6, 110.2, 110.2, 110.7,
110.8,111.8, 124.1, 124.1, 124.1, 124.2, 124.4, 124.5, 124.6, 124.8, 125.5,
125.5,125.6,125.7,125.7,125.8,125.8, 125.8, 125.9, 126.8, 130.3, 134.1,
134.2,135.5,136.1, 137.1, 137.3, 137.4, 145.6, 145.7, 145.8, 145.9, 146.0,
146.0, 146.1, 146.2, 146.2, 146.2, 147.4, 147.4, 148.0, 149.9, 149.9, 150.2,
150.2, 151.1; IR (KBr) 3066 (C=C—H), 2926 (C—H), 2204 (C=C),
1579 (C=C) cm'; HRMS calcd for CogHgsOg 1358.6424; found,
1358.6399. 10M-op: mp, 189—191 °C; [a]E +5.1° (¢ = 1, CH,CL);
"H NMR (500 MHz, DME-d,) 6, 0.90 (t, ] = 6.9 Hz, 6H), 1.37—1.34

(m, 8H), 1.44—1.42 (m, 4H), 1.52—1.46 (m, 4H), 1.71—1.65 (m, 4H),
2.07—1,98 (m, 4H), 3.62 (s, 6H), 3.79 (s, 6H), 4.14—4.03 (m, 4H), 5.74 (s,
2H), 5.80 (s, 2H), 6.05 (t, ] = 7.2 Hz, 2H), 622 (s, 2H), 6.29 (t,] = 7.2 Hz,
2H), 6.41—6.38 (m, 4H), 6.49 (s, 2H), 6.51 (t,] = 84 Hz,2H), 6.53 (d, ] =
89 Hz, 2H), 660 (d, J = 72 Hz, 2H), 6.68—6.62 (m, 4H), 6.86
(d, ] = 72 Hz, 2H), 7.19 (d, ] = 8.4 Hz, 2H), 7.20 (d, ] = 8.4 Hz, 2H),
725 (d,J=7.2Hz,2H),7.28 (d, ] = 7.3 Hz,2H), 7.79 (dd, ] = 5.7 and 3.3
Hz,2H), 8.12 (dd, ] = 5.7 and 3.3 Hz, 2H); >*C NMR (125 MHz, DMF-d,)
5,14.3,232,26.7,309, 32.4, 42.3, 46.4,48.3, 52.8, 56.4, 56.8,76.7,89.2, 94.1,
109.7, 1102, 1113, 123.6, 123.7, 123.9, 124.0, 124.1, 124.4, 125.1, 1252,
1252, 125.3, 1254, 125.4, 126.4, 129.8, 133.7, 135.0, 135.6, 136.6, 136.9,
1452, 145.3, 1454, 145.5, 145.7, 145.8, 1469, 147.5, 149.4, 149.8, 150.6,
162.5, 162.7, 162.9; IR (KBr) 3066 (C=C—H), 2926 (C—H), 2204
(C=C), 1579 (C=C) em'; HRMS calcd for CosHgsOs, 1358.6424;
found, 1358.6429.

Synthesis of Racemic 20M. A mixture of racemic 4OM (1.0 g,
1.9 mmol), 1-bromooctane (0.27 mL, 2.0 mmol), K,CO5 (0.49 g, 3.6 mmol),
and KI (0.31 g, 1.9 mmol) in 25 mL of dry acetone was refluxed for
3 days. The solution was cooled, the solvent was removed under reduced
pressure, and the residue was dissolved in CH,Cl, and washed with
brine. The organic layer was dried over anhydrous MgSO,, and the
filtrate was concentrated under reduced pressure. Column chromato-
graphy with CH,Cl,/hexane (2:1) as eluent afforded the white solid.
The crude product was recrystallized from CH,Cl,/MeOH to afford the
white solid of 20M with a yield of 90%: mp, 242—244 °C; '"H NMR
(400 MHz, CDCly) 0, 0.95 (t, ] = 6.8 Hz, 3H), 1.37—1.52 (m, 8H),
1.64—1.68 (m, 2H), 1.99—2.03 (m, 2H), 3.58 (s, 1H), 3.76 (s, 3H), 3.78
(s, 3H), 3.89—3.91 (m, 1H), 3.99—4.02 (m, 1H), 5.66 (s, 1H), 5.82
(s, 1H), 6.12 (s, 1H), 628 (s, 1H), 6.43—6.49 (m, 2H), 6.89—6.94 (m, 6H),
7.28—7.39 (m, 6H); *C NMR (100 MHz, CDCL;) 6, 14.3, 22.9, 26.4,
29.6, 29.7, 30.6, 32.0, 41.7, 45.6, 48.2, 52.2, 56.2, 57.1, 76.1, 79.3, 82.4,
108.7,109.8, 123.2, 123.3, 123.5, 123.8, 123.9, 124.9, 125.0, 134.7, 135.1,
135.4,135.6,144.8, 145.0, 145.1, 145.1, 145.3, 146.0, 147.0, 148.7, 149.1,
149.9; IR (KBr) 3297 (C=C—H), 3068 (C=C—H), 2927 (C—H),
2105 (C=C), 1580 (C=C) cm '; HRMS caled for C,4H,,0;,
642.3134; found, 642.3141.

Synthesis of Enantiopure 20M. To a solution of 0.13 g
(0.18 mmol) of SOM in 5 mL dry THF was added 1 mL of KOH(aq)
and §S mL of MeOH. The mixture was stirred at room temperature for
S h. The reaction was quenched by 36.5% HCl(aq). The solvent was re-
moved under reduced pressure, and the residue was dissolved in CH,Cl,
and washed with brine. The organic layer was dried over anhydrous
MgSO,, and the filtrate was concentrated under reduced pressure. To
the residue was added 0.06 g (0.43 mmol) of potassium carbonate, 0.04 g
(0.24 mmol) of potassium iodide, 0.1 mL (0.52 mmol) of 1-bromooc-
tane, and 5 mL of dry DMF at room temperature for 10 h. The organic
layer was added to S0 mL of water and extracted by CH,Cl,. Column
chromatography with CH,Cl,/hexane (2:1) as eluent afforded the white
solid of 20M with a yield of 76%: mp, 242—244 °C; [a]5 —9.8° (¢ =1,
CH,Cl,) and [a]F’ +8.4° (¢ = 1, CH,Cl,) for enantiopure 20M from
the first and the second HPLC elution of SOM, respectively.

Synthesis of 40M. Under an atmosphere of argon, 1.0 mL of
n-butyllithium in hexane (2.5 M, 2.5 mmol) was added dropwise to a
solution of (trimethylsilyl)acetylene (0.30 mL, 2.2 mmol) in THF
(15 mL) at —10 °C. The mixture was then kept at —10 °C for another
30 min before it was transferred to a solution of quinone 30M (1.0 g,
1.9 mmol) in THF (20 mL) at —10 °C. The mixture was stirred for 3 h at
the same temperature before trimethylsilyl chloride (0.37 mlL,
3.0 mmol), zinc powder (0.33 g, 5.1 mmol), and 2 mL of HOAc was
added in this order. The mixture was warmed to room temperature and
stirred for 24 h. The solvent was removed under reduced pressure, and
the residue was dissolved in CH,Cl, and washed with brine. The organic
layer was dried over anhydrous MgSOy,, and the filtrate was concentrated
under reduced pressure. To the residue was added 10 mL of dry THF
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and 3 mL of a solution of 10% KOH(aq) and 10 mL of MeOH. The
mixture was stirred at room temperature for S h. The reaction was
quenched by 36.5% HCl(aq). The solvent was removed under reduced
pressure, and the residue was dissolved in CH,Cl, and washed with brine.
The organic layer was dried over anhydrous MgSO,, and the filtrate was
concentrated under reduced pressure. Column chromatography with
CH,Cl,/hexane (2:1) as eluent afforded the white solid of racemic 40M
with a yield of 33%: mp, >300 °C; "H NMR (400 MHz, CDCL;) 6, 3.55
(s, 1H), 3.76 (s, 3H), 3.77 (s, 3H), 5.54 (s, 1H), 5.67 (s, 1H), 5.81 (s, 1H),
597 (s, 1H), 628 (s, 1H), 6.43—6.48 (m, 2H), 6.90—6.92 (m, 6H),
7.29—7.38 (m, 6H); "*C NMR (100 MHz, CDCl;) 8,40.7,45.6,47.2, 52.1,
56.4,57.1,794, 81.8,107.2, 109.1, 110.0, 1234, 123.5, 123.9, 124.1, 125.0,
125.1, 125.1, 1294, 129.7, 134.6, 135.5, 145.0, 145.0, 145.1, 145.1, 1452,
1454, 146.0, 146.5, 147.0, 148.5, 149.4; IR (KBr) 3438 (O—H), 3297
(C=C—H), 3067 (C=C—H), 2937 (C—H), 2099 (C=C), 1581
(C=C) em™'; HRMS calcd for C35H,405, 530.1882; found, 530.1864.

Synthesis of 50M. To the solution 0of 0.27 g (1.4 mmol) of camphanic
acid in 5.0 mL of THF was added 0.30 g (1.5 mmol) of dicyclohexylcarbo-
diimide, 0.02 g (0.16 mmol) of 4-(dimethylamino)pyridine, and 0.50 g
(0.94 mmol) of racemic 40M, and the mixture was stirred for 12 h at
room temperature. The solvent was removed under reduced pressure,
and the residue was dissolved in CH,Cl, and washed with brine. The
organic layer was dried over anhydrous MgSOy,, and the filtrate was
concentrated under reduced pressure. Column chromatography with
CH,Cl,/hexane (3:1) as eluent afforded the white solid of diastereo-
meric SOM with a yield of 86%: mp, >300 °C; "H NMR (400 MHz,
CDCl;) 6, 1.31 (s, 6H), 1.43 (s, 6H), 1.48 (s, 6H), 2.01—1.93 (m, 2H),
223-2.13 (m, 2H), 2.61—2.51 (m, 2H), 2.96—2.82 (m, 2H), 3.64
(s, 2H), 3.70 (s, 3H), 3.71 (s, 3H), 3.79 (s, 6H), 5.26 (s, 1H), 5.30
(s, 1H), 5.81 (s, 2H), 5.86 (s, 2H), 6.31 (s, 2H), 6.50—6.42 (m, 4H),
6.97—6.6.90 (m, 12H), 7.25—7.20 (m, 6H), 7.41—7.35 (m, 6H); *C
NMR (100 MHz, CDCL;) 6, 9.8, 17.0, 17.1, 17.1, 29.0, 29.1, 31.4, 31.6,
42.0, 45.5, 48.8, 48.8, 52.0, 53.4, 54.5, 55.1, §5.9, §7.0, 78.6, 83.5, 91.2,
108.8,108.9,110.0,112.2,123.6,123.7,123.8,123.9,123.9, 124.1, 125.1,
125.3,125.4,125.4,133.8,134.4, 135.0, 135.0, 140.4, 143.9, 144.0, 144.0,
144.3,144.4, 144.7, 144.7, 145.0, 145.0, 146.7, 147.5, 148.9, 149.2,165.2,
165.2,177.8,177.9; IR (KBr) 3285 (C=C—H), 2969 (C=C—H), 2249
(C=C), 1795 (C=0), 1608 (C=C); HRMS calcd for C,gH;50,
710.2668; found, 710.2668.

Separation of Diastereomers of 50M. The mixture of diaster-
eomeric SOM (0.0S g) in 3 mL of CH,Cl, was separated by repeated
HPLC (APS-2 Hypersil, 1:1 hexane/ CH,Cl, eluent, flow rate 10 mL/min).
The retention time for the first and the second elution is 20—25 min and
23—28 min, respectively.

B ASSOCIATED CONTENT

© Supporting Information. 2D NMR spectra and com-
plete VT NMR spectra for 1OM-op, 'H and *C NMR spectra of
new compounds, AM1-derived rotational potentials and ethynyl
bond angles for 1H, 10M-SS,, and 10M-RS,, geared inter-rotor
dihedral angle relationship for 1H, and coordinates for the DFT-
and AM1-calculated conformers and energies. This material is
available free of charge via the Internet at http://pubs.acs.org.
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