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ABSTRACT: The self-assembled supramolecular host [ GayLs] ">
(1; L = 1,5-bis[2,3-dihydroxybenzamido Jnaphthalene) can en-
capsulate cationic guest molecules within its hydrophobic cavity
and catalyze the chemical transformations of bound guests. The
cavity of host 1 is lined with aromatic naphthalene groups,
which create a magnetically shielded interior environment,
resulting in upfield shifted (1—3 ppm) NMR resonances for
encapsulated guest molecules. Using gauge independent atomic
orbital (GIAO) DFT computations, we show that 'H NMR
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chemical shifts for guests encapsulated in 1 can be efficiently and accurately calculated and that valuable structural information is
obtained by comparing calculated and experimental chemical shifts. The "H NMR chemical shift calculations are used to map the
magnetic environment of the interior of 1, discriminate between different host—guest geometries, and explain the unexpected
downfield chemical shift observed for a particular guest molecule interacting with host 1.

B INTRODUCTION

The NMR chemical shift is a remarkably sensitive and
informative probe of nuclear chemical environment. The com-
bination of density functional theory (DFT) based calculations
with the gauge independent atomic orbital (GIAO) method for
calculating nuclear shielding tensors has provided an accurate
approach to calculating NMR chemical shifts in the solution and
solid states.' > Many researchers have successfully used DFT-
based GIAO calculations to predict NMR chemical shifts and
provide insight into a variety of experimental problems, tyPically
involving molecular structure and/or conformation.*” "’ Re-
cently, several groups have applied NMR chemical shift calcula-
tions to supramolecular host—guest complexes to investigate
supramolecular self-assembly,'® guest binding and molecular
recognition,'®>* as well as encapsulated guest conformation.**
Supramolecular systems are typically well-suited to interrogation
via NMR-based methods since guest encapsulation often dra-
matically changes the guest’s electronic environment, resulting in
pronounced chemical shift changes.25 However, the large size of
many supramolecular host—guest systems presents some com-
putational challenges, since the DFT level of theory necessary to
accurately predict chemical shifts becomes computationally very
expensive with large atom numbers. Herein, we show that by
treating a su?ramolecular host and its guest with differently sized
basis sets, "H NMR chemical shifts can be accurately and
efficiently calculated, yielding valuable structural information.

The self-assembled supramolecular complex [Ga4L6]12’
(1; Figure 1; L = 1,5-bis[2,3-dihydroxybenzamido ]naphthalene)
can act as a host for suitably sized monocationic and neutral guest
molecules.”® ° Encapsulation within 1 has been shown to alter
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guest reactivity and catalyze a variety of chemical transforma-
tions, with accelerations as large as 2 million.>* ~>* These large
rate accelerations cannot be explained by only guest binding;
they imply enzyme-like binding of the transition state. The
singular interior space of host assembly 1 is dominated by the
six naphthalene walls in the assembly framework. Due to the
aromatic ring currents generated by these naphthalene groups,
encapsulated guest molecules experience a magnetically shielded
environment. The result is that the NMR resonances for guest
molecules encapsulated within 1 are typically moved 1-3
ppm upfield from their NMR chemical shifts in bulk solution,
provided that interior/exterior guest exchange is slow on the
NMR time scale.*® Such a large difference in the NMR chemical
shift for free and encapsulated guests is useful both because it
makes the observation of guest encapsulation simple and un-
ambiguous and because it allows the behavior of interior and
exterior guests to be monitored independently by NMR. This
fortuitous separation in NMR chemical shifts has allowed for the
measurement of many physical properties of supramolecular host
1, such as the thermodynamics and kinetics of guest binding and
exchange.***

The NMR chemical shifts of encapsulated guest molecules can
in principle also provide structural information, such as the
average orientation of a guest within the host cavity. Figure 2
shows the 'H NMR spectra of two host—guest complexes; for
each, the encapsulated guest "H NMR resonances are distinct
and well-separated, suggesting different average positions and
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Figure 1. (Left) Schematic illustration of supramolecular host 1 with
only one ligand shown for clarity. (Right) Model of the host—guest
complex [NEt, C 1]'", where C denotes encapsulation.
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Figure 2. "H NMR spectra of NEt," + 1 (top) and PEt;* + 1 (bottom)
in D,0. Encapsulated/interior (red int) and unencapsulated/exterior
(blue ext) guest resonances are labeled.

Chart 1

PMe3

chemical environments for the various protons (i.e., CHz, CH,)
of each guest molecule. Although these guests tumble rapidly
on the NMR time scale inside of 1 and the observed chemical
shifts are the time-average of many guest orientations, knowledge
of the magnetic environment of the host interior can provide
information about the low-energy guest conformations and
orientations within the host cavity. Solution-state structural
information is especially valuable for supramolecular host 1,
since crystallization of these host—guest complexes is prob-
lematic.

Further motivation to investigate the NMR chemical shifts of
encapsulated guest molecules computationally comes from the
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Figure 3. 'H NMR spectra showing the downfield shift of the proton
resonances of guest 2 (red @) upon interaction with host 1 in DMF-d,.
(Top) 2 in bulk DMF-d; (2nd from top) "H NMR resonances of 2 shift
downfield by ~0.2 ppm upon addition of 1; (bottom) addition of NEt,"
to block the host cavity and exterior binding sites results in the
resonances of 2 moving upfield toward their positions in bulk DMF-d,.

observation of surprising NMR chemical shifts for some host—
guest complexes. For example, closer inspection of the encapsu-
lated guest re%ion in the "H NMR spectra for [NEt, C 1]'"" and
[PEt, C 1]'" (Figure 2) reveals that for NEt,", the CHs
resonance is upfield of the CH, resonance, whereas the reverse
is true for PEt,".*> Even more curious, the interaction of guest 2
(Chart 1) with host 1 in DMF-d; results in a downfield shift
relative to that guest’s NMR chemical shift in bulk solution
(Figure 3).** This is the first downfield shift that has been
observed for a guest interacting with 1, for either interior or
exterior host binding.

This work describes the application of DFT-based GIAO
NMR chemical shift calculations to guest molecules encapsulated
in supramolecular host 1. It is found that despite the large size of
these systems (~300 atoms), by treating host and guest with
small and large basis sets, respectively, "H NMR chemical shifts
for the encapsulated guest can be efficiently and accurately cal-
culated. This methodology is then applied to the dynamic
process of guest exchange, which suggests an explanation for
the unexpected downfield shift of 2 described above. In combi-
nation with in situ NMR spectroscopy, these NMR chemical shift
calculations provide a useful probe of solution-state host—guest
geometry.

B RESULTS AND DISCUSSION

Calculated "H NMR Chemical Shifts of a Hypothetical
Methane Guest. The magnetic environment of the host cavity
was first investigated by calculating the relative '"H NMR
chemical shift changes on the interior of 1. For these calculations,
the host geometry from the solid-state structure of [Cp*,Co C 1]""
was used”® and a molecule of methane was incrementally moved
along two paths spanning the host interior: from vertex to aperture
and from naphthalene wall to naphthalene wall (Figure 4, a). The
"H NMR chemical shift of the methane probe was then calcu-
lated at different points along each path (Figure 4, b). The
calculated "H NMR chemical shifts of the four individual protons
of methane were not the same and typically differed by ~0.2 ppm,
but in a few cases differed by more than 2 ppm; the individual
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Figure 4. (a) Cutaway of host 1 showing the paths along which 'H
NMR chemical shifts for methane were calculated. (b) Plot of the
average "H NMR chemical shift for methane at various distances from
the host center along the paths shown in a; the average chemical shift of
methane at the host center is set to zero. (c) Cutaway of host 1 showing a
contour map of the change in average 'H NMR chemical shift of
methane, relative to the host center. The contour map was generated in
OriginPro 8.1*" from the data shown in b and the application of host

symmetry.

calculated shifts were averaged to give the average 'H NMR
chemical shift for methane. The GIAO NMR shift calculations
were carried out in Gaussian 09* in a water dielectric and host
atoms were treated with B3LYP/3-21 g while guest atoms were
treated with B3LYP/6-311 g(d,p). The lower level of theory
applied to the host is sufficient to model electronic shielding
effects felt by the encapsulated guest while keeping computa-
tional cost reasonable, but it is insufficient to provide accurate
NMR chemical shifts for host protons and these were generally
observed to differ from experimental values by 1—4 ppm.*® By
applying the host symmetry (the naphthalene—naphthalene
path is along a 2-fold rotational axis) to the calculated chemical
shift data, a spatial map of the relative changes in guest chemical
shift on the interior of 1 can be generated (Figure 4, c).

As methane is moved from the host center toward either a
metal vertex, or in the opposite direction toward an aperture, its
calculated average "H NMR chemical shift increases by nearly
1 ppm relative to the center of the host. In contrast, moving

Table 1. Calculated and Experimental "H NMR Chemical
Shifts and the Calculated Void Space Cavity Volumes (V; from
Voidoo®"*?) for Various Host-Guest Complexes”

"H NMR chemical shift (ppm), obtained

from the following:

host—guest CS, MM
complex moiety solid-state?  minimization® experimental®
[NEt, C 1]*" NCH,CH; —1.22 —1.53 —1.53
NCH,CH, —0.84 —0.71 —0.61
(V=268A% (V=3924%
[PEt, C 1]'" NCH,CH;, —1.30 —1.31
NCH,CH, —1.58 —1.60
(V=414 A)
[NMe;Bn C 1]'"" NCH;, —0.10 0.67 —0.18
NCH, 0.15 1.09 0.75
ArH 4.87 (0) 4.63 (o) 4.13 (0)
5.46 (m) 6.00 (m) 5.33 (m)
519 (p) 5.51 (p) 6.02 (p)
(V=300A% (V=450A4%
[Bci1' PCH, —0.91 —0.84 —0.97
PCH, 0.13 0.31 —0.04
ArCHj, 0.50,0.55 (o) 0.44,0.45 (0) 0.43,0.50 (o)
037 (p) 078 (p) 0.65 (p)
ArH 3.54, 491 5.01, 526 3.69, 4.57

(V=3674% (V=4354%

“For all NMR shift calculations, host atoms were treated with B3LYP/
3-21g and guest atoms with B3LYP/6-311g(d,p) in a continuous
water dielectric. * Host—guest geometries obtained from solid-state
structures,”® with minimization (OPLS 2005) of the guest only to correct
for C—H bond lengths underestimated by the diffraction experiment.*®
“Host—guest geometries obtained from conformational searching and
minimization (OPLS 2005) of both host and guest.  Experimental
"H NMR chemical shifts were measured in D,O (0 = 4.80) at S00 MHz
and 298 K with [1] = 1 mM and 0.9 equivalents guest. o, m, and p, refer to
ortho, meta, and para aromatic protons, respectively.

methane from the host center toward any of the naphthalene
walls results in almost no change in the average chemical shift: a
decrease of less than 0.1 ppm is observed relative to the host
center. Assuming that this hypothetical methane probe provides
a good approximation of the local magnetic environment experi-
enced by guest moieties, it would be expected that, for example,
the "H NMR resonances of encapsulated methyl groups posi-
tioned near the host apertures or vertices would be significantly
downfield-shifted relative to those positioned close to the
naphthalene walls.

Calculated versus Experimental "H NMR Chemical Shifts.
The relative "H NMR chemical shifts calculated using a methane
probe may give qualitative information about how a guest is
oriented within the host cavity, but because methane is only a
hypothetical guest (it has never been observed experimentally
inside of 1) these calculations cannot be compared directly to
experimental NMR spectroscopy data. To investigate whether
the GIAO computational method can predict "H NMR chemical
shifts for guests encapsulated in 1 that accurately match those
obtained experimentally, the shifts for several known host—guest
complexes were calculated (Table 1). The host—guest geometries
for these calculations were obtained in one of two ways: (a) from
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solid-state structure coordinates,*® or (b) from molecular me-
chanics-based conformational searching (MacroModel,* OPLS
2005°°), in which the host and guest geometries were subjected
to Monte Carlo conformational searching and minimized using
molecular mechanics. These host—guest geometries were then
submitted for DFT-level GIAO calculations (note that there is no
minimization in this step) with the same basis sets and conditions
described above for the encapsulated methane calculations. The
calculated "H NMR chemical shifts of protons that are chemically
equivalent in solution (e.g, CHj; protons of a methyl group,
which are related via rapid bond rotation) were averaged.

For the simple guests NEt," and PEt,", the agreement between
the calculated and experimental '"H NMR chemical shifts is
excellent. The GIAO computations nicely predict the reversal
of the CH, and CHj resonances for encapsulated NEt," (CH;
upfield of CH,) versus PEt," (CH, upfield of CH;) observed in
solution. For the aromatic guests NMe;Bn* and 3 (Chart 2),
agreement between experimental and calculated chemical shifts
is not nearly as striking, but still quite good. Comparing the
calculated chemical shifts for solid-state versus minimization-
derived host—guest geometries, neither is significantly more
accurate than the other, suggesting that the magnetic environ-
ment of the interior is relatively independent of host cavity
volume (V in Table 1; which is consistently ~150 A> larger for
mechanics-minimized geometrie553).

It is not surprising that GIAO calculations with the higher
symmetry guests NEt,” and PEt," show better agreement with
experiment than the lower symmetry benzyl phosphonium/
ammonium guests: the experimental 'H NMR chemical shifts
measured in solution are actually an average of many different
host—guest orientations and conformations (the guest tumbles
rapidly on the NMR time scale inside the host cavity), while the
calculated chemical shifts are taken from one static host—guest
geometry. For calculations with the tetrahedrally symmetric
NEt," and PEt,", a single host—guest geometry is sufficient

Chart 2

PMe3

because the four ethyl groups effectively sample the different
conformations and magnetic environments experienced by a
rapidly tumbling guest in solution. However, this is not necessa-
rily true for the aromatic guests, where a different orientation
within the cavity would produce markedly different chemical
shifts (see below). Calculating the "H NMR chemical shifts for
each aromatic guest in many different orientations within the
host, then averaging those shifts, may lead to improved agree-
ment between computation and experiment.

If the GIAO calculations described above are to be useful in
helping decode solution-state host—guest structure, then they
must be able to discriminate between different encapsulated
guest orientations. From the encapsulated methane calculations,
it is not immediately obvious that this discrimination is possible,
since the symmetry of the assembly and the similarity of the
magnetic environment near the apertures and vertices would
suggest that many guest orientations might have indistinguishable
chemical shifts. To address this possibility, the "H NMR chemical
shifts of alternate host—guest geometries for [PEt," C 1]'" and
[NMe;Bn* C 1]'" generated from the conformational searches
were calculated (CS, MM minimization 2; Table 2). The alternative
host—guest geometries have PEt," off-center in the host cavity (the
original minimization-derived structure has the guest centered in
the host cavity), and the aromatic meta and para C—H bonds of
NMe;Bn" point toward a host vertex (the original minimization-
derived geometry has those aromatic C—H bonds pointing toward a
host aperture; Figure S).

For both PEt," and NMe;Bn", GIAO calculations with the
two different host—guest geometries taken from their respective
conformational searches yield noticeably different "H NMR

Figure 5. “CS, MM minimization” (left) and “CS, MM minimization 2”
(right) host—guest geometries for [NMe;Bn" C 1]'". As shown in
Table 2, these different geometries give different calculated 'H NMR
chemical shifts.

Table 2. Calculated and Experimental "H NMR Chemical Shifts for Various Host-Guest Complexes and Guest Orientations

"H NMR chemical shift (ppm), obtained from the following:

host—guest complex moiety CS, MM minimization* CS, MM minimization 2 experimental®
[PEt, C 1]'" NCH,CH; —1.30 —1.45 —1.31
NCH,CH; —1.58 —147 —1.60
[NMe;Bn C 1]'" NCH, 0.67 1.09 —0.15
NCH, 1.09 1.05 0.75
ArH 4.63 (0) 4.57 (o) 4.13 (0)
6.00 (m) 6.00 (m) 5.33 (m)
5.51 (p) 7.71 (p) 6.02 (p)

“Host—guest geometries obtained from conformational searching and minimization (OPLS 2005) of both host and guest, repeated from Table 1.
? Alternate host—guest geometries (different from CS, MM minimization) selected from conformational searching and minimization (OPLS 2005) of
both host and guest. “ Experimental "H NMR chemical shifts, see Table 1 for conditions.
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Figure 6. Plot of the calculated, average 'H NMR chemical shifts of
PMe," during guest ejection from host 1 in a DMF dielectric.** Ball and
stick schematics illustrate the approximate host—guest distances and
geometries along the exchange pathway. The dotted line marks the "H
NMR chemical shift of PMe," calculated in a DMF dielectric in the
absence of 1.

chemical shifts. Shifts calculated for the CS, MM minimization 2
geometries (PEty" off-center, NMe;Bn" oriented with its para
C—H pointed toward a host vertex) show worse agreement with
experiment than those for the CS, MM minimization geometries
(PEt," centered, NMe;Bn" oriented with its para C—H pointed
toward a host aperture), suggesting that the latter orientations
are closer to the solution-state, average host—guest geometries.
Despite the tetrahedral symmetry of host 1 and the high degree
of redundancy in the magnetic environment of the interior cavity,
DFT-based GIAO NMR shift calculations are able not only to
accurately predict experimental "H NMR chemical shifts, but also
to distinguish between different host—guest geometries. These
calculations provide some insight into the solution-state struc-
ture and orientation of guest molecules encapsulated within 1.

Calculated "H NMR Chemical Shifts During Guest Exchange.
Having successfully mapped the magnetic environment for the
interior cavity of 1 and shown that experimental "H NMR chemical
shifts can be accurately predicted with GIAO NMR shift calcula-
tions, this methodology was next applied to the guest exchange
process, in order to address the curious observation of downfield
shifted guest resonances for 2.2D "H—"H EXSY NMR experiments
show that guest 2 enters and exits host 1 rapidly on the NMR time
scale in DMF-d, solution (see Supporting Information). The
hypothesis is that while 2 exchanges quickly, on average, it sits near
one of the apertures on the outside of host 1 and this position, which
is in-plane with three naphthalene rings, is magnetically deshielded
and responsible for the observed downfield shift of the guest NMR
resonances relative to their frequencies in bulk solution. To test
whether the space near the host apertures is sufficiently magnetically
deshielding to shift guest resonances downfield, "H NMR chemical
shifts for the simple guest PMe," were calculated at various points
along its guest ejection pathway (Figure 6). Host—guest geometries
during the guest ejection process were calculated using molecular
mechanics minimizations (CAChe 6.1, MM3) as previously
described.*'

As PMe," moves from the center of 1 toward an aperture on
the interior of the host, its average "H NMR chemical shift moves
progressively downfield, consistent with the methane-based
calculations discussed above. As it passes through the aperture
and onto the host exterior, the guest chemical shifts initially
continue to move downfield and as the guest moves further and
further away from the host, its chemical shifts tend upfield toward
their position in bulk solution. These calculations predict that the

space on the exterior of 1 near the host apertures is significantly
deshielded and that the 'H NMR resonances of PMe," are
shifted nearly 1 ppm downfield from their position in bulk DMF.
This suggests that guest 2 might sit near the host apertures in
DMEF solution and quickly exchange into and out of 1, such that
on average its '"H NMR chemical shifts are moved downfield
relative to their position in bulk DMF. In the solid-state host—
guest structures with 3%* and NMe;Bn*,** both have guest
molecules bound to the exterior of the host that sit very close
to one of the apertures; it is therefore reasonable to assume that
the structurally similar 2 can bind in this manner as well, lending
further support to the above explanation of its downfield-shifted
NMR resonances.

B CONCLUSIONS

DFT-based GIAO NMR chemical shift calculations in con-
junction with in situ NMR spectroscopy provide a powerful tool
for investigating solution-state molecular structure. Although
supramolecular host—guest systems with 1 are very large and
thus present some computational challenges at the DFT level of
theory, by applying a smaller basis set to the host and a much
larger basis set to the guest, NMR chemical shifts for the
encapsulated guest can be predicted both efficiently and accu-
rately. The interior and exterior magnetic environment of host 1
was investigated through GIAO calculations in several ways: (1)
a qualitative, spatial map of the magnetic shielding felt by
encapsulated guests was generated using methane to probe the
relative changes in 'H NMR chemical shifts at different locations
on the host interior; (2) the "H NMR chemical shifts for host—
guest complexes in several orientations and geometries were
predicted computationally and compared with solution-state
NMR experiments; and (3) the computational method was
applied to the dynamic process of guest exchange to help explain
the unexpected downfield shifting of a particular guest’s NMR
resonances.

The calculated "H NMR chemical shifts for encapsulated
guests accurately reproduce those obtained experimentally, and
for all three cases described above, the GIAO calculations
provide information about solution-state host—guest geometry.
While the magnetic environment of the host interior is not
sufficiently diverse to predict specific host—guest geometries
from a simple "H NMR spectrum (due to host symmetry and
similarities in local shielding), the combination of computational
and experimental NMR chemical shifts can provide information
about the average guest orientation and/or conformation within
host 1. The DFT-based GIAO NMR shift calculations described
here are a first step in elucidating how the conformations and
orientations of encapsulated guests affect host-mediated reactiv-
ity and catalysis in solution. We expect that this computational
approach can also be applied by other researchers to accurately
and efficiently calculate NMR chemical shifts for a variety of
large, supramolecular host—guest systems and provide valuable
solution-state structural information.

B EXPERIMENTAL SECTION

General. Unless otherwise noted, manipulations were carried out
using standard Schlenk and high-vacuum techniques and all chemicals
were obtained from commercial suppliers and used without further
purification. All glassware was oven-dried at 150 °C. All solvents were
sparged with nitrogen prior to use. The preparation and characterization
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of host—guest complexes with NEt,*, PEt,", NMe;Bn", and 3 have been
previously reported.*>2%2%°

Procedures for NMR Spectroscopy. Host—guest complex
solutions were prepared under nitrogen in degassed solvent by mixing
stock solutions of host and guest in D,O and filtered through 0.2 um
syringe filters prior to use. The final concentrations of the host—guest
solutions analyzed by NMR had [1] = 1 mM and [guest] = 0.9 mM; the
slight excess of host ensures nearly quantitative encapsulation of guest
and no perturbations on encapsulated guest chemical shifts due to
exterior guest association. All "H NMR spectra were acquired on a
Bruker AV-500 NMR spectrometer at 298 K and the chemical shifts
were referenced relative to residual protic solvent resonances (0 4.80 for
D,0 and 6 2.75 for DMF-d,).

Computational Methods. All DFT calculations were carried out
in the UC Berkeley Molecular Graphics and Computation Facility using
Gaussian 09 software with GaussView graphical user interface.** For all
GIAO "H NMR chemical shift calculations, all host atoms were treated
with B3LYP/3-21 g and all guest atoms were treated with B3LYP/6-311
g(d,p). The calculated guest "H NMR chemical shifts were referenced to
those calculated for trimethylsilane at the B3LYP/6-311 g(d,p) level of
theory. All GIAO calculations were carried out with a continuous
dielectric solvent model (either water or DMF).

For the encapsulated methane calculations, methane was system-
atically moved across the host interior as described in the Results and
Discussion section and the methane molecule was stopped just before
the van der Waals radii of host and guest came into contact. The 'H
NMR chemical shifts of methane were calculated at each point and the
chemical shifts for each of methane’s four protons were averaged. For the
host—guest structure calculations, the calculated 'H NMR chemical
shifts for those protons which are expected to be chemically equivalent in
solution were averaged; for example, all nine protons for the methyl
groups in NMe;Bn" were averaged because rapid bond rotation in
solution will make these equivalent by NMR. For the same reasons, in
the PMe, " guest exchange calculations all methyl protons were averaged.
The calculated 'H NMR chemical shifts for individual protons that are
expected to be chemically equivalent in solution typically differed by up
to ~0.3 ppm, but in some cases these differed by greater than ~2 ppm.

2,3,5,6-Tetramethylbenzyl Alcohol. 2,3,5,6-Tetramethylben-
zoic acid (2.0 g, 11.0 mmol, 1 equivalent) was dissolved in THF and
added dropwise to a cooled (—30 °C) suspension of lithium aluminum
hydride (LAH; 851 mg, 22.0 mmol, 2 equivalents) in THF under N,.
The suspension was warmed to room temperature and refluxed for 20 h.
The LAH suspension was then cooled to 0 °C and a saturated, aqueous
solution of sodium sulfate was slowly added dropwise under N,. This
reaction is very exothermic and care must be taken to not quench the
LAH too quickly. Once the LAH suspension was quenched and visibly
stopped reacting with the added water, the solution was filtered and the
layers of the filtrate were separated. TLC of the organic layer showed a
mixture of product and starting material, so the crude product mixture
was redissolved in THF and added to a fresh suspension of LAH (1.27 g,
34 mmol, 3 equiv). The suspension was refluxed for 2 days under N.,.
After quenching and separating organic and aqueous phases as above,
the aqueous layer was washed with diethyl ether (3 x 100 mL) and the
organic layers were combined and dried with MgSO,. The ether was
removed under reduced pressure to give a white solid with yield 513 mg
(27%). "H NMR (400 MHz, CDCl,): 6 6.94 (s, 1H, ArH), 4.77 (d, ] =
4.4 Hz, 2H, benzyl CH,), 2.29 (s, 6H, ArCH3;), 2.23 (s, 6H, ArCH3),
1.21 (br, 1H, OH). "*C{'H} NMR (100 MHz, CDCl,): 0 136.5 (ArC),
134.2 (ArC), 133.3 (ArC), 131.7 (ArC), 59.8 (benzyl CH, ), 20.4 (ArCH3),
15.2 (ArCH,).

2,3,5,6-Tetramethylbenzyl Bromide. 2,3,5,6-Tetramethylben-
zyl alcohol (0.5 g, 3.0 mmol, 1.0 equiv) was dissolved in diethyl etherina
warm, oven-dried Schlenk flask. The solution was sparged with N, and
cooled to —78 °C in a CO,/acetone cold bath. PBr; (0.35 mL, 3.7 mmol,

1.2 equiv) was added directly to the ether solution via syringe and the
reaction mixture was allowed to slowly warm to room temperature and
stirred overnight. The resulting light orange solution was poured over ice
to quench any remaining PBr; and the layers were separated. The
aqueous layer was extracted with diethyl ether (2 x 100 mL) and the
organic layers are combined, washed with saturated aqueous bicarbonate
and then dried over MgSO,. The ether solvent was removed by rotary
evaporation to give a white solid with yield 400 mg (58%). '"H NMR
(400 MHz, CDCL): 6 6.97 (s, 1H, ArH), 4.64 (s, 2H, benzyl CH,), 2.31
(s, 6H, ArCH;), 2.26 (s, 6H, ArCH;). *C{'H} NMR (100 MHyz,
CDCl3): 6 134.1 (ArC), 134.0 (ArC), 133.5 (ArC), 132.0 (ArC), 30.8
(benzyl CH,), 20.4 (ArCH), 15.0 (ArCHS).

2,3,5,6-Tetramethylbenzyltrimethyl Phosphonium Bromide
(2[Br]). 2,3,5,6-Tetramethylbenzyl bromide (370 mg, 1.6 mmol, 1 equiv)
was dissolved in diethyl ether (7S mL) and sparged with N, for 10 min.
Trimethyl phosphine (0.42 mL, 4.1 mmol, 2.5 equiv) was added to the
reaction flask via syringe. The solution was stirred overnight under nitrogen
atmosphere and the resulting white precipitate was collected by vacuum
filtration and washed with diethyl ether (3 x 30 mL). After removing
residual solvent overnight under high vacuum, the product was obtained as a
white solid with yield 400 mg (82%). 'H NMR (500 MHz, CD;OD):
0 6.96 (s, 1H, ArH), 3.90 (d, ] = 16.5 Hz, 2H, benzyl CH,), 2.20 (br, 12H,
ArCH;), 1.81 (d, ] = 144 Hz, 9H, PMe;). *C{'H} NMR (125 MHz,
CD;0D): 0 135.1 (d, J = 4.2 Hz, ArC), 133.0 (d, ] = 5.5 Hz, ArC), 131.3
(d,J=42Hz, ArC), 125.1 (d, ] =9.3 Hz, ArC), 24.4 (d, ] = 50.0 Hz, benzyl
CH,), 19.3 (s, ArCH3), 163 (d, ] = 1.6 Hz, ArCH3), 7.4 (d, J = 53.8 Hz,
PMe;). *'P{'H} NMR (202 MHz, CD;OD): 0 284 (s). (ESIHR) for
C4H,4P, caled (found) m/z: 223.1610 (223.1609).

K11[2 C 1]. The title host—guest complex was prepared in situ by
mixing host K;;[1] with 2[Br] in D,O under a nitrogen atmosphere. 'H
NMR (600 MHz, D,0): 0 8.13 (d, Jun = 7.8 Hz, 12H, host ArH), 7.65
(d, Jys = 8.4 Hz, 12H, host ArH), 7.35 (d, Jyy = 7.8 Hz, 12H, host ArH),
6.91 (t, Juy = 8.4 Hz, 12H, host ArH), 6.75 (d, Juy = 7.8 Hz, 12H, host
ArH), 6.61 (t, Juy = 7.8 Hz, 12H, host ArH), 4.20 (s, 1H, encaps ArH),
0.41 (m, 1H, encaps benzyl CH), 0.38 (s, 3H, encaps ArCH3), 0.04 (m,
1H, encaps benzyl CH), —0.55 (s, 3H, encaps ArCH3), —0.88 (d, Jps =
13.2 Hz, 9H, encaps PMes), —1.12 (s, 3H, encaps ArCH;). HRMS
(ESI-QTOF): caled (found) m/z: [1 + 2 + 8K']> 1124.3633
(1124.3726), [1 + 2 + 7K* + H']>” 1111.7113 (1111.7078), [1 + 2 +
7K]*T 833.5317 (833.5209), [1 + 2 + 6K" + H']*" 824.0428
(824.0475), [1 + 2 + SK* + 2H']*" 814.5538 (814.5443), [1 + 2 +
4K+ 2H']>™ 643.6506 (643.6408).

B ASSOCIATED CONTENT

© Supporting Information. 2D EXSY NMR spectrum of
guest 2, atom coordinates used for all GIAO NMR shift calcula-
tions. This material is available free of charge via the Internet at
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