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Tertiary Amide Rotation in a Nanoscale Host
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A self-assembled cylindrical capsule provides a nanoscale
environment that affects the rotational barriers of tertiary
amides. Measurements of the activation energies for the rota-
tions and behaviors of the amides inside the capsule were
determined by using 'H NMR spectroscopic methods in deu-
terated mesitylene solution. For amides 3-8, rotation rates
can decrease or increase in the capsule by up to an order of
magnitude from those of the free amides in solution de-
pending on the structure of the amides. The acceleration/
deceleration of the rotation results from selective destabiliza-

tion/stabilization of the ground state or the transition state.
In the case of compound 10, the rotation generates two iso-
mers that are equimolar in solution but inside the capsule
only one of them is observed. Accordingly, the rotation rate
is slowed by several orders of magnitude inside the capsule.
In the case of amide 8, a competition experiment indicates
that the acceleration of the rotation inside the capsule is due
to destabilization of the ground state.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Cylindrical cavitand 1 is known to form dimers by hydro-
gen bonding to create a host for a variety of guest molecules
inside.'! Dimer 11 provides a well-defined environment in
which the guests are able to interact with each other and
the inner walls of the capsule at a close distance. These in-
teractions are able to affect the conformation and/or the
molecular motions of the encapsulated molecule.l'>!¢l In
addition, energy barriers for the rotation about the bonds
of the guest can, at least in principle, be changed as a result
of the attractive or repulsive interactions taking place
within the cavity of the host.
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Earlier investigations revealed that the molecular motion
of a guest inside the capsule can be manipulated. It was
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shown that the rotation rate of a cyclophane along the axis
of 1:1 can be controlled and tuned by varying the size of
the coguest; Sherman et al. studied the rotation of pyr-
azine along an axis of a carceplex.[l Encapsulation can also
affect the internal molecular motions of a molecule. Ring
inversion of cyclohexane hosted in a different capsule was
studied, but only a small effect on the inversion rate of the
cyclohexane ring was observed.[*!

In the present study we investigate the rotational barriers
of encapsulated tertiary amides and compare them with the
barriers of the free molecules in solution.

The cis—trans isomerization of tertiary amides is an ex-
tensively investigated phenomenon and studies of the rates
of this isomerization have been reported in the literature for
numerous amides.[>-%! The energy barrier for rotation of the
C-N bond is relatively high compared to the barriers about
other covalent bonds. This is due to the partial m-bond
character between the carbonyl group and the nitrogen
atom that forces the amide function to be planar. The en-
ergy barrier is high enough to study this phenomenon by
NMR spectrometry around room temperature. It is also
known that the rotation rate of amides is affected by the
solvent and by the interaction of the oxygen of the carbonyl
group with Lewis acids;[®7! we therefore examined the rota-
tion of amides in a fixed solvent, which also provides the
surrounding environment in capsule 1-1.

The behavior of N,N-dimethylacetamide (DMA) and
N,N-dimethylformamide (DMF) has been studied in a car-
ceplex;®! the rotation of DMA was slowed inside the carce-
plex whereas the rotation of DMF was accelerated. This led
Cram to propose that the carceplex was a different phase,
but it is now generally accepted that reversible encapsul-
ation complexes are quite like the liquid phase.
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The study of the effects of a defined cavity on the rota-
tional barriers also has biorelevance because Nature pro-
vides nanoscale cavities in enzymes in which the rotational
barrier for the isomerization of proline is altered. These en-
zyme are able to catalyze the rotation of proline about the
C-N bond by different mechanisms.” The cis—trans isomer-
ization of peptidylproline plays a crucial role in the confor-
mational changes of proteins; for this reason proline can be
compared to a molecular switch.['% Peptidylprolyl cis—trans
isomerase (PPlase) was the first enzyme found to catalyze
this conformational interconversion.''l At least three fami-
lies of such enzymes are now known: cyclophilins, FK506
binding protein, and parvulins.['?]

In the present work we studied the rotational barriers of
tertiary amides 2-11 encapsulated in dimer 1-1.
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Results and Discussion

For such a study, the guests must form stable encapsul-
ation complexes in a temperature range that is wide enough
for the measurements to be made and show NMR signals
that undergo coalescence phenomena that do not overlap
with the signals of the capsule or the free guest. For these
reasons, we synthesized amides 3-11 that were likely, be-
cause of their size and shape, to be good guests.['3] These
amides have aliphatic protons that, when encapsulated, give
signals in the far upfield region of the 'H NMR spectrum.
We acquired 1D and, when necessary, 2D '"H NMR spectra
of these guests in the presence of 1 in deuterated mesitylene
solution.

We assigned the signals of the encapsulated amide and
studied the changes in the spectra with temperature to eval-
uate the energy barriers of the rotation about the C-N
bond. Mesitylene was chosen as the solvent because it does
not fit into the cavity of 1-1, and therefore it does not com-
pete with the amides for encapsulation.'¥ For a homogen-
eous comparison, mesitylene was also used to study the
barrier of the free guests in solution because this solvent
closely resembles the aromatic walls of the capsule. Ad-
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ditionally, the capsule can be thought of as an environment
in which the solvent is preorganized and fixed in the space.

We determined the rate constants of this rotation for
most of the guests. In some cases, the complexity of the
spectrum and/or the instability of the capsule did not allow
an estimate of the energy barriers. Initially, a line-shape
analysis approach was tried. The shape of the peaks in-
volved in the chemical exchange is mathematically de-
scribed by an equation derived from the Bloch equations.!!¥)
With this method, and fitting the spectrum with the calcu-
lated one, it is possible to determine the rate constants for
the rotation at different temperatures. By fitting all the ex-
perimental data using Eyring theory [see Equation (1)], the
values of AH°# and AS°* for the rotation about the C-N
bond were obtained. The rate constants measured with this
method show linear Arrhenius plots but unfortunately these
figures turned out to be affected by large systematic errors
as previously reported in the literature.['® The values of the
activation parameters obtained from these measurements
were very different for the amides investigated, but the val-
ues of AG°# were close to each other for different guests,
probably because of error compensations. The absolute val-
ues of AS°# for the rotation of many guests were very high,
whereas for rotation about a bond, the activation entropy
is expected to be very close to zero. Therefore, we decided
to use the coalescence method, which is the most common
and accepted method in the literature, to evaluate these en-
ergy barriers. According to this method, when two signals
are in chemical exchange, it is possible to obtain the rate
constant of the process at the coalescence temperature by
Equation (2), where v, and v, are the frequencies of the
peaks at the slow exchange limit.[3]
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From the rate constant at the coalescence temperature, it
is possible to obtain the rotational energy barrier by the
Eyring equation [Equation (1)]. The value of this barrier is
AG°#, but if we assume, according to the arguments above,
that AS°# is close to zero and therefore negligible, this bar-
rier can be considered as the enthalpy of activation. For
this reason, it is acceptable to compare the energy barriers
even if they are measured at different temperatures. The co-
alescence method provided measurements accurate enough
for the purposes of this study. Table 1 reports the values of
these barriers for amides 3-8. For the other guests, it was
not possible to obtain a quantitative estimate of the barri-
ers. Guest 2, for example, was encapsulated only in the pres-
ence of CH,Cl, as a coguest. Unfortunately, it was not such
a good guest for 1-1 and the methyl signals were not shifted
upfield enough to study the coalescence of the peaks.[!”]
2723
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In contrast, amide 3 forms a very stable complex in 1-1.
Well-defined signals appear in the upfield region of the 'H
NMR spectrum (see Figure 1).

Table 1. Energy barriers® [kcalmol™!] for the rotation of amides 3~
8 inside dimer 1-1 and in mesitylene solution.

Amide AG* ™ AGH T AGF, - AGF . kinlkoud
3 13.2 14.4 1.2 0.13
4 13.4 14.8 1.4 0.10
5 14.6 14.4 —0.2 1.4
6 15.4 15.1 0.3 1.7
7 15.2 15.2 0.0 1.0
8 15.6 14.2 -1.4 10.7

[a] Coalescence method measurements [Equation (2)], 600 MHz;
error limit <0.2 kcalmol . [b] Calculated by Eyring theory [Equa-

tion (1)]. [¢] Calculated at 300 K.
o]
/Q)LDI'
d‘ €
3

T T T
10.0 50 0.0 ppm

Figure 1. 600 MHz '"H NMR spectrum of amide 3 at 300 K encap-
sulated in 1-1 in deuterated mesitylene; (e) signals of the encapsu-
lated guest.

The 'H NMR spectrum of 3 in deuterated mesitylene at
300 K shows that the a methylene protons (and the 3 meth-
ylene protons) of the piperidine ring are in fast exchange
on the NMR timescale.l'”! Inside the capsule, the rotation
seems to be frozen. The COSY 'H NMR spectrum of 3
encapsulated in 1-1 reveals the presence of another guest
peak at 1.1 ppm overlapped with the capsule signals. The
NOESY[!'T and ROESY 'H NMR spectra (see Figure 2)
confirm the presence of another signal at 1.1 ppm, which is
in exchange with the signal at —0.3 ppm. The ROESY spec-
trum also shows exchange correlation signals between the
signals at —1.5 and —3.1 ppm. Also, a series of 1D '"H NMR
spectra were acquired at different temperatures (Figure 3).
The peaks at 0.3, —1.5, and —3.1 ppm become broader with
an increase in temperature and at 340 K they completely
disappear. It was not possible to increase the temperature
again because of the technical limits of the spectrometer,
but probably the peaks at 1.1 and —0.3 ppm and the peaks
at —1.5 and -3.1 ppm would coalesce into two signals. On
the basis of the spectroscopic evidence collected, the assign-
ment of the signals is that reported in Figure 1.

The value of AG°# for rotation about the C-N bond for
substrate 3 in mesitylene solution is 13.2 kcalmol™' versus
14.4 kcalmol™ inside 11 (see Table 1). The difference be-
tween the two barriers is 1.2 kcalmol™!, so the rotation is
about eight times slower inside the capsule at room tem-
perature. It is important to note that the coalescence tem-
2724
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Figure 2. Upfield region of the ROESY spectrum of 3 encapsulated
in 1-1. The exchange spots are circled for clarity.
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Figure 3. Upfield regions of the 'TH NMR spectra of amide 3 en-
capsulated in 1-1 at different temperatures.

perature does not depend only on the barrier, but also on
the chemical shift difference Av of the signals at the slow
exchange limit. The larger the value of Av, the higher the
coalescence temperature. In the case of guest 3, the capsule
has both an effect on the rotational rate and on Av of the
signals. The Av values of the peaks in chemical exchange
are larger in 1-1 than in solution.

We also studied acyclic guest 4. Compound 4 was encap-
sulated and the exchange was found to be slow on the
NMR timescale inside 1-1 and fast outside the capsule at
room temperature. Methyl groups of this guest give two sig-
nals at —1.1 and -3.2 ppm and the methylene protons in
the a position show a signal at —0.15 ppm and another one
overlapped with the capsule signals.'”! For compound 4,
the difference in the energy barrier of the encapsulated and
free compound is about 1.4 kcalmol™' (Table 1). In this
case, the rotation inside 1-1 is 10 times slower.

We studied amides similar to 3 but with different ring
sizes, for example, compound 5, which features a five-mem-
bered ring. The encapsulated compound shows a signal for
one of the o methylene protons at —0.4 ppm in exchange
with another signal that overlaps with the capsule signals,
and another two signals in chemical exchange at —2.0 and
—2.7 ppm for the B methylene protons.[!”l For amide 5, the
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barrier inside 11 is a little lower but the difference is only
0.2 kcalmol ™!, a difference comparable with the experimen-
tal error (0.2 kcalmol ).

In this case, we conclude that rotation about the C-N
bond is about the same inside and outside the capsule; the
cavity has no or little effect on this guest. In amides 6-8,
there is a methylene group between the carbonyl group and
the aromatic ring. This structural variation affects the elec-
tronic properties of the amide but mostly the geometry and
the flexibility of the compound. Amides 6 and 7 are very
good guests and form very stable capsules in a wide range
of temperatures. The upfield region of the '"H NMR spec-
trum of 6 encapsulated in 1-1 at 300 K looks very similar
to the spectrum of encapsulated 3.['”1 We observed one sig-
nal at 0.0 ppm in chemical exchange with another signal
further downfield but overlapped with other signals. The
two methylene protons in the B position show two signals
at 2.0 and —3.0 ppm.!'”) These signals become broader as
the temperature is increased and they completely disappear
at 340 K. For this amide, the barrier of rotation inside the
capsule is a little lower than outside. The value of AAG#
between the two barriers is 0.3 kcalmol !, a small difference
but bigger than the experimental error and probably mean-
ingful. According to this difference in energy, compound 6
rotates nearly twice as fast inside 1-1 as it does in mesitylene
solution at 300 K.

Amide 7 has a methyl group in the y position of the
piperidine ring. In this case, we observed two signals in
chemical exchange at —2.2 and -2.35 ppm and another two
signals in exchange at —2.7 and -3.2 ppm.l'7! The first two
signals in exchange are very close to each other and we
observed two distinct signals at 280 K that became broader
with an increase in the temperature. They coalesce at 315 K
and a new signal at —2.25 ppm appears. In this case, we
observed slow exchange and coalescence, but fast exchange
inside the capsule. For amide 7, there is no meaningful dif-
ference between the barrier inside and outside the capsule
(Table 1).

Amide 8, which features two methyl groups in the y posi-
tion of the piperidine ring, was also studied to evaluate the
effects of steric hindrance of the guest. The upfield regions
of the '"H NMR spectra of 8 at different temperatures are
reported in Figure 4. The only peaks in chemical exchange
that do not overlap with other signals of the spectrum are
at —2.0 and —2.6 ppm, which correspond to the methylene
protons in the B position. As for 7, we were able to see two
distinct peaks in slow exchange at low temperature and just
one peak at high temperature. It is remarkable that in this
case, the barrier for the rotation of the guest is significantly
lower inside than outside the capsule. The value of AAG#
is —1.4 kcalmol ™! (see Table 1), which corresponds to a rota-
tion inside 1-1 that is about 11 times faster than in mesity-
lene solution. Here, the difference between the energy barri-
ers is definitely much higher than the experimental error.
Amide 9 is similar to guest 3, but with a small structural
change on the piperidine ring. It is not such a good guest
because the capsule formed in the presence of this guest
disassembles at temperatures lower than 290 K.['81 At
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300 K, two very broad signals are visible and they become
sharper as the temperature is increased.!'”! These are the
signals of the o and B methylene protons. Therefore, in the
case of amide 9, it was not possible to measure the acti-
vation barrier because it was not possible to determine Av
at such a slow exchange limit.
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Figure 4. Upfield regions of the '"H NMR spectra of amide 8 en-
capsulated in 1-1 at different temperatures.

For the amides previously investigated, rotation about
the C-N bond turns the molecule into another identical
molecule (such as 3-6, 8, and 11) or into its enantiomer
(guests 7 and 9). In these cases, the two ground states have
the same stability. We also investigated the behavior of
amide 10, in which case the rotation about the C-N bond
interconverts the two different isomers (Figure 5). The 'H
NMR spectrum of 10 in deuterated mesitylene is very com-
plicated because of the presence of two rotamers in rapid
equilibrium. At 300 K, all of the protons signals on the pi-
peridine ring are broadened. Decreasing the temperature to
273 K sharpens the signals and it is possible to integrate the
signals of the methyl groups of the piperidine ring for the
two isomers. The ratio of the two rotamers outside the cap-
sule is, unsurprisingly, 1:1. Compound 10 is a very good
guest for dimer 1-1.
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Figure 5. Equilibrium between the two isomers of amide 10 outside
(left) and inside (right) the capsule.

The 'H NMR spectrum of guest 10 inside the capsule
shows only one set of signals for the protons on the piperi-
dine ring (see Figure 6). Furthermore, no change in the
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spectrum is observed over a wide temperature range. Molec-
ular modeling with ab initio calculations was carried out on
amide 10 encapsulated in 1-1.171 The structure of this host—
guest system shows that the most stable conformation of
amide 10 is inside the capsule. It seems that the () confor-
mation is unfavored because the methyl group on the piperi-
dine ring clashes with the walls of the cavity. On the basis
of this argument, it is reasonable to believe that the only
conformation observed inside the capsule is the (Z) form
(Figure 5). In the temperature range investigated, no signal
corresponding to the (E) isomer was detected; consequently,
it was not possible to give a quantitative estimate of the
rotational barrier. Nevertheless, we can reasonably conclude
that the rotation rate of 10 inside 1-1 is dramatically de-
creased.

v}
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Figure 6. Upfield region of the '"H NMR spectrum of amide 10 at
273 K encapsulated in 1-1.

The last compound, amide 11, features a seven-mem-
bered ring and shows three sets of signals that undergo
chemical exchange. Unfortunately, this compound was not
a good guest for capsule 1-1, and the proton spectra from
300 to 340 K show broad peaks and several coalescence
phenomena.l'’! It was not possible to assign the signals,
even with the help of NOESY and ROESY spectra. They
did not give any correlations for such broad peaks.

The only substrate that showed acceleration for the rota-
tion about the C-N bond was amide 8, the longest and the
most sterically hindered at the extremity. The acceleration
for guest 8 may be a destabilization of the ground state
owing to the presence of two methyl groups on the piperi-
dine ring. Computer models show that in amide 8, one
methyl clashes with the inner walls of the cavity, which
causes steric repulsion.['”l To support this hypothesis, we
carried out a competition experiment between amides 7 and
8. Equimolar amounts of the two guests were dissolved in
deuterated mesitylene (30 mMm) in the presence of 1 (4 mm).
Both compounds were encapsulated and by integration of
the signals of the methyl groups on the piperidine ring in-
side the capsule it was possible to quantify their affinity for
1-1.1'71 The measured ratio for 7/8 was 8:1. This molar ratio
corresponds to a difference of energy of about
1.2 kcalmol™'. This value is very close to the difference of
the activation energy AAG* found for compound 8. This
experimental evidence suggests that 8 undergoes accelera-
tion of the rotation inside the capsule because of ground-
state destabilization.
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Conclusions

This research was undertaken to investigate the internal
rotations of guests inside a nanoscale host. The energy bar-
riers for the rotation about the C—N bond of several amides
were measured by the coalescence method and compared
with the barriers of the compounds free in solution. Several
guests, differing in size and shape, were used. Amides 3 and
4 showed a decrease in their rotational rates, approximately
8 and 10 times slower, respectively. For guests 5-7, the en-
ergy barriers inside and outside 1-1 are basically identical;
the small differences observed are comparable with the ex-
perimental errors. Surprisingly, for amide 8, the most steri-
cally hindered guest, acceleration was observed (11 times
faster) inside the capsule. A competition experiment be-
tween 7 and 8 showed a higher affinity of 7 for the capsule,
which suggests that acceleration results from the destabili-
zation of the ground state of the encapsulated guest. The
rotation about the C-N bond in amide 10 generates two
isomers that have a ratio of 1:1 when the compound is free
in solution but inside dimer 1-1 only one rotamer was ob-
served (see Figure 5). Accordingly, the rotation rate in the
cavity is slowed by several orders of magnitude, if it occurs
at all.

It is not easy to predict and rationalize these effects even
a posteriori. Both attractive and repulsive forces take place
inside the cavity. These forces can stabilize or destabilize the
transition state of the rotation as well as the ground state.
The inside of the capsule, mostly hydrophobic, has a polar
region in the central belt of hydrogen bonds. The carbonyl
group of the guests is very close to these N-H bonds, and
it is known that the interaction of the carbonyl group of
amides with Lewis acids results in an increase in the rota-
tional barrier.[1 It is possible that such interactions contrib-
ute to the rotational barriers inside the capsule.

Experimental Section

Instruments and General Methods: Anhydrous solvents and chemi-
cals were obtained from Sigma-Aldrich or Acros Organics and
used without any further purification. For the study of encapsu-
lated guests and for the study of the rotational barriers of the free
guests, 1D and 2D 'H NMR spectra were recorded at 600 MHz
with a Bruker DRX-600. The other NMR spectra were recorded
with a Varian 300 MHz. [D,,]Mesitylene was purchased from Cam-
bridge Isotope Laboratories Inc. Andover, MA and was referenced
to oy = 2.11 (Ar-CHj3) with respect to the resonance of (CH3),Si.
High resolution mass spectra were recorded with an Agilent ESI-
TOF mass spectrometer.

Materials: Compound 1 was prepared according to the procedure
described by Hayashida et al.'”! N,N-dimethylbenzamide (2) is
commercially available (Aldrich, 99 %), and it was used without any
further purification. The other amides were synthesized according
to the general procedure described below. All secondary amines
used in the synthesis of guests 3-11 were commercially available
except 4,4-dimethylpiperidine, which was synthesized according to
a literature procedure.[]

General Procedure for the Synthesis of Amides 3-5 and 9-11: To a
solution of the secondary amine (12 mmol) in CH,Cl, (50 mL) was
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added p-tolylacylchloride (1.6 mL, 12 mmol) and triethylamine
(3.4 mL, 24 mmol). The mixture was stirred overnight at room
temp. and then diluted with CH,Cl, (50 mL), washed with NaOH
(1 m; 20 mL), HCI (1 m; 20 mL), saturated NaHCOj3 (20 mL), and
brine (20 mL). The organic phase was then dried with Na,SOy,
filtered, and concentrated in vacuo. The crude residue was purified
on silica gel.

Piperidin-1-yl(p-tolyl)methanone (3): Colorless oil. Yield: 1.851 g
(76%). '"H NMR (300 MHz, CDCl;): 6 = 7.28 (d, J = 8.0 Hz, 2 H),
7.19 (d, J = 7.9 Hz, 2 H), 3.69 (m, 2 H), 3.36 (m, 2 H), 2.37 (s, 3
H), 1.67 (m, 2 H), 1.63 (m, 2 H), 1.53 (m, 2 H) ppm. 3*C NMR
(75 MHz, CDCl;): 0 = 170.5, 139.3, 133.5, 128.9, 126.9, 48.7, 43.1,
26.4, 25.7, 24.6, 21.3ppm. HRMS (ESI-TOF): calcd. for
C3H{7NO [M + H]* 204.1383; found 204.1382.

N,N-Diethyl-2-naphthamide (4): Colorless oil. Yield: 2.043 g (75%).
'"H NMR (300 MHz, CDCl3): 6§ = 7.89-7.80 (m, 4 H), 7.55-7.43
(m, 3 H), 3.43 (m, 4 H), 1.14 (m, 6 H) ppm. *C NMR (75 MHz,
CDCl;): 0 = 171.1, 134.4, 133.2, 132.6, 128.1, 127.6, 126.6, 126.4,
125.5,123.7, 43.2, 39.2, 14.1, 12.8 ppm. HRMS (ESI-TOF): calcd.
for C;sH;NO [M + H]* 228.1383; found 228.1382.

Pyrrolidin-1-yl(p-tolyl)methanone (5): White solid. Yield: 2.086 g
(92%). '"H NMR (300 MHz, CDCl;): 6 = 7.39 (d, J = 8.1 Hz, 2 H),
7.16 (d, J = 7.8 Hz, 2 H), 3.61 (m, 2 H), 3.41 (m, 2 H), 2.34 (s, 3
H), 2.00-1.76 (m, 4 H) ppm. '*C NMR (75 MHz, CDCl,): 6 =
169.7, 139.7, 134.2, 128.7, 127.1, 49.5, 46.1, 26.3, 24.3, 21.3 ppm.
HRMS (ESI-TOF): calcd. for C;,H;sNO [M + H]* 190.1226;
found 190.1225.

(4-Methylpiperidin-1-ylI)(p-tolyl)methanone (9): Colorless oil. Yield:
1.770 g (68%). '"H NMR (600 MHz, CDCly): § = 7.29 (d, J =
7.9 Hz, 2 H), 7.19 (d, J = 7.9 Hz, 2 H), 4.66 (m, 1 H), 3.75 (m, 1
H), 2.96 (m, 1 H), 2.76 (m, 1 H), 2.37 (s, 3 H), 1.74 (m, 1 H), 1.64
(m, 2 H), 1.17 (m, 2 H), 0.97 (d, J = 6.4 Hz, 3 H) ppm. '*C NMR
(150 MHz, CDCl5): 6 = 170.4, 139.3, 133.5, 128.9, 126.9, 48.1, 42.5,
34.6, 33.8, 31.1, 21.7, 21.3 ppm. HRMS (ESI-TOF): calcd. for
C4H1oNO [M + HJ]* 218.1539; found 218.1539.

(3-Methylpiperidin-1-yl)(p-tolyl)methanone (10): Colorless oil.
Yield: 2.109 g (81%). 'H NMR (600 MHz, CDCl5): 6 = 7.30 (d, J
=7.9Hz 2 H), 7.21 (d, J = 8.2 Hz, 2 H), 4.54 (m, 1 H), 3.72 (m,
1 H), 2.89 (m, 1 H), 2.54 (m, 1 H), 2.39 (s, 3 H), 1.87 (m, 1 H),
1.68 (m, 2 H), 1.53 (m, 1 H), 1.18 (m, 1 H), 0.91 (m, 3 H) ppm.
13C NMR (150 MHz, CDCls): § = 170.4, 139.3, 133.5, 128.9, 126.9,
55.1 (br.), 48.3 (br.), 42.7 (br.), 33.1, 31.3 (br.), 25.2 (br.), 21.3,
18.9 ppm. HRMS (ESI-TOF): calcd. for C;H;)NO [M + H]*
218.1539; found 218.1540.

Azepan-1-yl(p-tolyl)methanone (11): Colorless oil. Yield: 2.0 g
(77%). '"H NMR (600 MHz, CDCl,): 6 = 7.26 (d, J = 8.0 Hz, 2 H),
7.18 (d, J = 7.7 Hz, 2 H), 3.66 (m, 2 H), 3.37 (m, 2 H), 2.36 (s, 3
H), 1.83 (m, 2 H), 1.66-1.55 (m, 6 H) ppm. '3*C NMR (150 MHz,
CDCl3): 0 = 171.6, 138.9, 134.4, 128.9, 126.5, 49.7, 46.3, 29.5, 27.8,
27.2,26.4, 21.3 ppm. HRMS (ESI-TOF): calcd. for C;4,H;oNO [M
+ H]* 218.1539; found 218.1536.

General Procedure for the Synthesis of Amides 6-8: To a solution
of p-tolylacetic acid (2 g, 13 mmol) in CH,Cl, (50 mL) was added
the secondary amine (14 mmol), triethylamine (3.7 mL, 26 mmol),
and PyBroP (6.5 g, 14 mmol). The mixture was stirred overnight at
room temp. and then diluted with CH,Cl, (50 mL), washed with
NaOH (1 m; 20 mL), HCI (1 m; 20 mL), satd. NaHCOj3; (20 mL),
and brine (20 mL). The organic phase was then dried with Na,SOy,,
filtered, and concentrated in vacuo. The crude residue was purified
on silica gel.
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1-(Piperidin-1-yl)-2-p-tolylethanone (6): Colorless oil. Yield: 2.143 g
(76%). 'TH NMR (300 MHz, CDCls): 6 = 7.15 (m, 4 H), 3.71 (s, 2
H), 3.59 (m, 2 H), 3.38 (m, 2 H), 2.34 (m, 3 H), 1.56 (m, 4 H), 1.37
(m, 2 H) ppm. 3C NMR (75 MHz, CDCl;): 6 = 169.0, 135.6,
131.9, 128.9, 128.0, 46.8, 42.4, 40.3, 25.8, 25.1, 24.0, 20.6 ppm.
HRMS (ESI-TOF): caled. for C4H;oNO [M + H]* 218.1539;
found 218.1539.

1-(4-Methylpiperidin-1-yl)-2-p-tolylethanone (7): Colorless oil.
Yield: 2.538 g (85%). 'H NMR (300 MHz, CDCls): § = 7.11 (m, 4
H), 4.58 (m, 1 H), 3.81 (m, 1 H), 3.67 (s, 2 H), 2.90 (m, 1 H), 2.53
(m, 1 H), 2.31 (s, 3 H), 1.68-1.50 (m, 3 H), 1.15-0.75 (m, 2 H),
0.88 (d, J = 6.2 Hz, 3 H) ppm. '3C NMR (75 MHz, CDCl,): 6 =
169.4, 136.0, 132.2, 129.2, 128.3, 46.4, 42.1, 40.7, 34.3, 33.6, 30.9,
21.6, 20.9 ppm. HRMS (ESI-TOF): caled. for C;sH, NO [M +
H]* 232.1696; found 232.1696.

1-(4,4-Dimethylpiperidin-1-yl)-2-p-tolylethanone (8): Colorless oil.
Yield: 2.229 g (70%). '"H NMR (300 MHz, CDCls): 6 = 7.11 (m, 4
H), 3.67 (s, 2 H), 3.56 (m, 2 H), 3.34 (m, 2 H), 2.31 (m, 3 H), 1.31
(m, 2 H), 1.16 (m, 2 H), 0.91 (s, 6 H) ppm. '3*C NMR (75 MHz,
CDCly): 0 = 169.4, 136.0, 132.2, 129.2, 128.3, 42.8, 40.6, 38.7, 38.3,
379, 289, 27.6, 209 ppm. HRMS (ESI-TOF): caled. for
CsH>3NO [M + H]*" 246.1852; found 246.1855.

Study of the Rotational Barriers: To prepare the sample for the
study of the encapsulated amides, a deuterated mesitylene solution
(450 pL) of 1 (4 mm) and the guest (30 mm) was prepared and soni-
cated overnight. To obtain a good signal-to-noise ratio, 250 scans
were acquired for each '"H NMR spectrum. For the measurement
of the rotational barriers outside the capsule, a sample (450 pL) of
a deuterated mesitylene solution of the guest (30 mm) was used. In
the competition experiment between 7 and 8, the two guests were
dissolved in mesitylene in the same concentration (30 mMm) and then
4 mMm of 1 was added. The sample was used after sonication over-
night.

Supporting Information (see footnote on the first page of this arti-
cle): Various spectral data for compound 2-9 and 11 and the com-
puter structures of 8 and 10 encapsulated in 1-1.
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