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Noncovalent cation-π interactions are important in a variety of supramolecular and biochemical systems.
We present a23Na solid-state nuclear magnetic resonance (SSNMR) study of two sodium lariat ether complexes,
1 and2, in which a sodium cation interacts with an indolyl group that models the side chain of tryptophan.
Sodium-23 SSNMR spectra of magic-angle spinning (MAS) and stationary powdered samples have been
acquired at three magnetic field strengths (9.4, 11.75, 21.1 T) and analyzed to provide key information on the
sodium electric field gradient and chemical shift (CS) tensors which are representative of the cation-π binding
environment. Triple-quantum MAS NMR spectra acquired at 21.1 T clearly reveal two crystallographically
distinct sites in both1 and2. The quadrupolar coupling constants,CQ(23Na), range from 2.92( 0.05 MHz
for site A of 1 to 3.33( 0.05 MHz for site B of2; these values are somewhat larger than those reported
previously by Wong et al. (Wong, A.; Whitehead, R. D.; Gan, Z.; Wu, G.J. Phys. Chem. A2004, 108,
10551) for NaBPh4, but very similar to the values obtained for sodium metallocenes by Willans and Schurko
(Willans, M. J.; Schurko, R. W.J. Phys. Chem. B2003, 107, 5144). We conclude from the 21.1 T data that
the spans of the sodium CS tensors are less than 20 ppm for1 and2 and that the largest components of the
EFG and CS tensors are non-coincident. Quantum chemical calculations of the NMR parameters substantiate
the experimental findings and provide additional insight into the dependence ofCQ(23Na) on the proximity of
the indole ring to Na+. Taken together, this work has provided novel information on the NMR interaction
tensors characteristic of a sodium cation interacting with a biologically important arene.

Introduction

Noncovalent interactions between a cation (e.g., alkali metal
or ammonium cation) and a nearbyπ-system such as an aromatic
ring,1-3alkene,4,5oralkyne6areknownascation-π interactions.7-10

There is a large and growing body of experimental and
theoretical data that has been collected with the goal of
characterizing cation-π interactions and their impact on local
molecular and electronic properties. These interactions have been
posited to play important roles in diverse areas of chemistry
including biomolecular recognition by proteins,11-13 peptide
stability,14 protein-protein15 and protein-DNA interactions,16-19

ionophores and receptors,20 nucleic acid structure and stabil-
ity,21,22adsorption of small molecules in zeolites,23-25 environ-
mental systems,26 and supramolecular recognition.27-29 It has
been shown experimentally, and reproduced theoretically,30 that
such interactions are relatively strong and may therefore be
expected to have a significant impact on molecular and
supramolecular structure. For example, the change in enthalpy,
-∆H0 (298 K), upon binding of an alkali metal cation to
benzene in the gas phase is-76.6 kJ/mol for K+,7 -117.2
kJ/mol for Na+,8 and -158.7 kJ/mol for Li+.31 These values
are well in excess of a typical hydrogen-bonding strength of
∼5 to 40 kJ/mol.

X-ray crystallographic studies of small molecules are valuable
probes in the identification and characterization of cation-π

interactions. To establish firm crystallographic evidence for
cation-π interactions, one of us has designed and analyzed an
extensive series of lariat ethers, wherein an alkali metal cation
is complexed by a crown ether, and one or more side arms
containingπ-systems may interact with the cation.1-6,32-37 One
of the goals achieved in these studies has been the characteriza-
tion of interactions that occur between alkali metal cations and
neutral arenes of biological significance (e.g., indole groups).
Unfortunately, crystallographic studies do not always provide
conclusive details on the location or identity of bound ions in
larger systems such as proteins. For example, Na+ and H2O,
which both have 10 electrons, are not easily differentiated in
the crystal structure of tryptophanase,38 and it has been
proposed33 that electron density originally assigned to a water
molecule may in fact be a sodium cation interacting with the
aromatic ring of tyrosine 429. It is clear that complementary
and/or alternative characterization methods are desirable.

Solid-state NMR (SSNMR) spectroscopy is an ideal tool for
providing new physical insights39,40into the electronic structure
about cations involved in cation-π interactions. Under favorable
conditions, experiments performed on magic-angle spinning
(MAS) and stationary powdered samples can yield information
on the electric field gradient (EFG) tensor, the chemical shift
(CS) tensor, and the relative orientations of these tensors.41,42

In principle these two tensorial quantities offer different,
complementary information on the bonding environment. Until
recently, there has been little NMR spectroscopic characteriza-
tion of cations involved in cation-π interactions,43,44particularly
in the solid state. Recent work in this area has been nicely

* Author to whom correspondence should be addressed. Phone: 613-
562-5800, ext 2018. Fax: 613-562-5170. E-mail: dbryce@uottawa.ca.

† University of Ottawa.
‡ Washington University School of Medicine.

13568 J. Phys. Chem. A2006,110,13568-13577

10.1021/jp065171q CCC: $33.50 © 2006 American Chemical Society
Published on Web 11/30/2006



summarized by Wong et al.45 These same workers have also
carried out a detailed23Na and39K SSNMR and computational
study of sodium and potassium tetraphenylborates with the goal
of establishing23Na and39K NMR signatures for alkali metal
cations involved in cation-π bonding to phenyl rings.45 Watts
and co-workers46,47have discussed the important role of NMR
spectroscopy in identifying cation-π interactions in the nicotinic
acetylcholine receptor.48

Shown in Figure 1 are the structures of the two related sodium
lariat ether complexes studied in the present work. These com-
pounds are of particular interest in that they feature cation-π
binding to an indolyl group, which is found in the side chain of
tryptophan. As such, these complexes represent simple models
for the interaction of sodium cations with tryptophan side chains
in proteins. The goal of the present study is to apply23Na
SSNMR spectroscopy to characterize this cation-π bonding
environment to obtain new insights into the dependence of the
observed NMR interaction tensors on the local molecular and
electronic structure. Knowledge of the23Na EFG and CS tensors
which are representative of cation-π binding to indole groups
is an essential step in the interpretation of NMR data for larger
systems for which alternative structural information is unavail-
able. Quantum chemical calculations are also employed to
provide additional insights into the experimental data.

Experimental and Computational Methods

A. Sample Preparation.Preparation of N-(2-(3-(5-methoxy)-
indolyl)ethyl)aza-15-crown-5, Compound1: 5-Methoxytryptamine
(0.53 g, 2.79 mmol), 1,14-bis(tosyloxy)-3,6,9,12-tetraoxatet-
radecane (1.53 g, 2.79 mmol), Na2CO3 (2.97 g, 28 mmol), NaI
(20 mg, 0.13 mmol), and 40 mL of CH3CN were combined
and heated to reflux for 48 h. The solvent was removed in vacuo.
The residue was dissolved in CH2Cl2, then washed with 2×
50 mL each of 5% aq citric acid, 5% aq NaHCO3, and brine
solution. The organic layer was dried over MgSO4, filtered
through a Celite pad, and concentrated in vacuo. Column
chromatography (0-5% Et3N in Me2CO) on silica resulted in
a yellow oil (0.85 g, 93% yield). IR: 3220, 2875, 1485, 1456,
1353, 1217, 1117.1H NMR (300 MHz, CD3COCD3): δ 2.86-
2.90 (m, 8H,-CH2CH2N-, -NCH2-), 3.65-3.71 (m, 16H,
-CH2OCH2-), 3.86 (s, 3H,-OCH3), 6.85 (d, 1H,J ) 2.4,
indole-H7), 7.04 (dd, 2H,J ) 2.4,J ) 8.7, indole-H2,6), 7.24
(d, 1H, J ) 8.7, indole-H4), 7.97 (s, 1H, indole-H1), 9.79 (s,
1H). 13C NMR: 23.23, 54.72, 55.98, 57.45, 70.14, 70.19,
70.46, 71.07, 100.80, 111.73, 111.95, 114.22, 122.68, 128.01,
131.37, 153.89. Complex1‚NaBPh4: a 1:1 ratio of compound
1 and NaBPH4 were dissolved in hot ethanol. Vapor diffusion

of this solution with hexanes yielded colorless crystals (mp
154-156 °C).

The complex of NaBPh4 with N-(2-(3-indolyl)ethyl)aza-15-
crown-5, compound2, was prepared as described previously.37

For the remainder of this manuscript, “1” and “2” refer to the
NaBPh4 complexes of these compounds.

B. Solid-State NMR Spectroscopy.Recrystallized samples
of 1 and 2 were powdered and packed into the central tenth
(lengthwise) of 4 mm o.d. zirconia MAS rotors. Only a few
milligrams of 1 and 2 were used in these studies. Solid-state
NMR spectra were recorded in magnetic fields of 9.4, 11.75,
and 21.1 T (105.9, 132.3, and 238.1 MHz23Na Larmor
frequency, respectively) using Bruker DSX, Avance, and
Avance II consoles. Bruker XWinNMR (9.4 and 11.75 T) and
TopSpin 1.3 (21.1 T) software was used for acquisition. At 9.4
and 21.1 T, Bruker double-resonance 4 mm MAS probes were
used. At 11.75 T, a Bruker triple-resonance 4 mm MAS probe
was used. MAS rates of 10-15 kHz were employed. Solid
powdered NaCl or NaCl(aq) was used for pulse calibration.
Typical central transition (“solid”)π/2 pulses were 1.99, 2.36,
and 1.55µs at 9.4, 11.75, and 21.1 T, respectively. Shorter (e.g.,
π/6) pulses were used in some cases on stationary samples to
ensure uniform excitation across the spectrum. Recycle delays
ranged between 1 and 10 s. All 1D MAS spectra were obtained
using a simple pulse-acquire sequence. Spectra of stationary
powdered samples were acquired using a single-pulse or a spin-
echo sequence (π/2-τ-π-τ-acquire). This sequence has been
shown to provide optimal signal-to-noise with only a small
signal distortion for half-integer spin quadrupolar nuclei.49,50

High-power proton decoupling was employed during acquisition
of the FID in all cases.

Two-dimensional rotor-synchronized23Na MQMAS spectra
of compounds1 and2 were obtained at 21.1 T using a MAS
rate of 11.111 kHz. Thez-filtered 3QMAS pulse sequence51

was used, consisting of excitation (6.6µs) followed by evolution
of the triple-quantum coherence duringt1 followed by a
conversion pulse (2.2µs), a 20µs z-filter, and a selectiveπ/2
pulse (13µs) followed by acquisition duringt2. Radiofrequency
fields were 81 kHz for the excitation and conversion pulses and
10 kHz for the third pulse. High-power proton decoupling was
employed duringt1 and t2. A recycle delay of 1.0 s was used.
A total of 256 (compound2) or 512 (compound1) transients
were obtained for eacht1 increment due to the small amount of
sample available; 128 complex points were acquired int1, with
a t1 increment of 90µs. Exponential apodization of 45 Hz was
applied in both dimensions prior to zero-filling and Fourier
transformation. The 2D spectra were sheared using TopSpin

Figure 1. Structures of the sodium lariat ether salts studied in the present work. (a) Two-dimensional structural representation. (b) Three-dimensional
representation of compound2; atomic coordinates were taken from refs 36 and 37; hydrogen atoms are not shown for clarity; the sodium cation
is shown in orange. Both compounds crystallize with tetraphenylborate counterions (not shown).
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1.3 to yield the isotropic dimension alongF1 and the anisotropic
dimension alongF2. MQMAS spectra of compound1 were also
obtained at 11.75 T.

Experimentally, sodium-23 chemical shifts were measured
with respect to the central transition centerband of NaCl(s).
Reported sodium-23 chemical shift values, however, are with
respect toδ(23Na) of dilute NaCl(aq). The CT centerband of
solid NaCl is at+7.1 ppm on this scale.52

NMR spectra of stationary and MAS samples were simulated
using WSOLIDS.53 Stack plots were prepared using DMFit.54

C. Quantum Chemical Calculations.All quantum chemical
calculations were performed using Gaussian 03.55 A model for
calculations of NMR interaction tensors was built using atomic
coordinates for the heavy (non-hydrogen) atoms obtained from
the X-ray crystal structure of compound2 of Hu et al.37 The
model consisted of the sodium cation complexed by the lariat
ether (see Figure 1b); the BPh4

- counterion was not included
in the model except where indicated. Hydrogen atoms were built
on, and their positions were optimized at the B3LYP/6-311G*
level while the positions of the heavy atoms remained fixed.
Sodium electric field gradient and nuclear magnetic shielding
(σ) tensors were subsequently calculated for the resulting
optimized structure using the restricted Hartree-Fock (RHF)
and B3LYP56 methods with a series of Pople-type and Dunning-
type basis sets. The gauge-including atomic orbitals (GIAO)
method was used for the calculation of nuclear magnetic
shielding tensors. Convergence-related options were left at their
default values. The EFG andσ tensors were diagonalized (after
symmetrization in the case of the shielding tensors) to yield
three principal components and three Euler angles relating the
orientation of their principal axis systems (PAS) to the local
molecular coordinate system. The23Na quadrupolar coupling
constant was obtained from the EFG tensor principal component
of largest magnitude (V33) according to the following equation:

wheree is the charge on an electron,h is Planck’s constant,
andQ is the nuclear electric quadrupole moment for23Na, 10.4
fm2 (ref 57). A factor of 9.7177× 1021 V m-2 per atomic unit
must also be included when using output directly from Gaussian
03. The asymmetry parameter of the EFG tensor is defined in
terms of the principal components (|V33| g |V22| g |V11|) as

Additional models were constructed to provide physical
insight into the dependence of the sodium NMR interaction
tensors on the proximity of the indolyl aromatic system. To
isolate this effect, no further geometry optimization was
undertaken. Only the (indolyl-C3)-CH2-CH2-(aza-N) dihedral
angle,φ, was systematically varied, from 30 to 180°, to produce
new structural models which were then used for calculations
of the EFG and nuclear magnetic shielding tensors.

Molecular orbital graphics were generated using GaussView
3.09.58

Results and Discussion

Solid-State NMR Spectroscopy.Sodium-23 (I ) 3/2; N.A.
) 100%) is a quadrupolar nucleus with a high NMR receptivity
(9.27 × 10-2 relative to1H) and a moderate nuclear electric
quadrupole moment. Our general strategy for extracting the

23Na quadrupolar coupling constant, asymmetry parameter, CS
tensor, and the relative orientation of the EFG and CS tensors
involves first acquiring NMR spectra under MAS conditions.
Simulations of the resulting second-order quadrupolar line shape
provideCQ, ηQ, andδiso. With these parameters fixed, simula-
tions of spectra acquired for stationary powdered samples will
depend additionally on the magnitude of the CS tensor and its
orientation relative to the EFG tensor.

Shown in Figure 2 are23Na NMR spectra obtained at 9.4,
11.8, and 21.1 T for MAS samples of compound1. The fact
that high-quality spectra may be obtained under MAS conditions
immediately indicates that the sodium nuclear quadrupolar
coupling constants are not prohibitively large, which would
result in very broad spectra, thereby complicating spectral
acquisition and interpretation. Further inspection of the spectra
in Figure 2 indicates that ideal second-order quadrupolar line
shapes are present and that there appear to be two crystallo-
graphically and magnetically nonequivalent sodium sites in1.
Spectral simulations confirm this through simultaneous fitting
of spectra of MAS samples obtained at three magnetic field
strengths. An alternative explanation is that there is a mixture
of two polymorphs in our sample; however, this is unlikely given
the high quality and small number of uniformly shaped crystals
used to prepare the powdered NMR sample, and furthermore it
is improbable that a mixture of two polymorphs would
fortuitously exist in a 1:1 ratio. Presented in Table 1 are the
values ofCQ(23Na), ηQ, andδiso obtained. The values of|CQ|,
2.92 ( 0.05 and 3.15( 0.08 MHz, for sites A and B, are
significantly larger than those reported by Wong et al. for
NaBPh4, (|CQ| ) 1.24 ( 0.05 MHz) wherein sodium cations

CQ )
eV33Q

h
(1)

ηQ )
V11 - V22

V33
(2)

Figure 2. Solid-state23Na MAS NMR spectra of compound1. (a, c,
e): Experimental23Na NMR spectra recorded with proton decoupling
at MAS rates of 13 010, 10 000, and 11 111 Hz, respectively, in
magnetic fields of 9.4, 11.8, and 21.1 T. A small peak due to a trace
NaCl(s) impurity is evident at 0 ppm (experimentally, the spectra were
referenced to NaCl(s) at 0 ppm). (b, d, f): Simulated spectra, each
based on two crystallographically unique sodium sites, generated using
the parameters given in Table 1. Also shown are the simulated line
shapes (21.1 T) for each of the two unique sodium sites (site A shown
in (g); site B shown in (h)).
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are interacting with theπ-systems of the phenyl rings.45 In the
sodium and potassium tetraphenylborates, each cation is sur-
rounded by four aromatic rings that, for symmetry reasons, may
reduce the EFG at the cation.

Wong and Wu59 have reported values ofCQ(23Na) for solid
crown ethers, cryptands, and ionophores which range from 0.94
MHz for Na(C222)SCN to 3.15 MHz for Na(valinomycin)SCN;
however, the values for crown ethers generally fall below 2
MHz. Importantly, the value obtained for sodium complexed
in a crown ether of the same dimensions as those found in1
and2, i.e., 15 atoms, is only 1.45 MHz (for Na(B15C5)I.H2O),
and the value reported for sodium complexed by 15-crown-5
itself is only 720 kHz,60 suggesting that the presence of a
cation-π interaction in 1 and 2 results in an increase in
CQ(23Na). Solution23Na NMR data also indicate relatively small
quadrupolar coupling constants for sodium ions wrapped by
crown ethers.61,62 It is important to recognize that motional
averaging in solution, or of symmetric complexes in the solid
state, may reduce the effective EFG at sodium. Sodium-23

SSNMR data available for sodocenes63 indicate thatCQ(23Na)
values are very similar to those obtained for1 and 2, e.g.,
CQ(23Na) ) 3.07(2) MHz for CpMeNa.

The advantages of acquiring data at several field strengths
were evident in the analysis of the MAS spectra. The data
acquired at 21.1 T benefit from a marked reduction in the
second-order quadrupolar broadening and a concomitant am-
plification of the isotropic chemical shift differences (in Hz)
between the two sites in1. A detailed inspection of the spectrum
obtained at 21.1 T (Figure 2e) is presented in Figure 3. It is
well-known that the center-of-gravity (COG) of the central
transition (+1/2 T -1/2, CT) centerband (CB) is displaced from
the true isotropic resonance frequency due to second-order
quadrupolar effects.64 For the present case of a spin3/2 nucleus,
this displacement may be expressed in ppm as

where δiso is the true isotropic chemical shift,δCOG is the
apparent center-of-gravity shift of the CT centerband, andνL is
the Larmor frequency of the nucleus under observation. The
values ofCQ andηQ obtained from the simulations of the CT
line shape may be used to predict the displacementδiso - δCOG;
these are tabulated in Table 2 forB0 ) 11.75 and 21.1 T. The
beneficial effects of the 21.1 T data are seen here, as the second-
order shift is reduced from 12.9 to 4.0 ppm (site A) for1. As
a further check on the quadrupolar parameters derived from line
shape fitting, the position of the satellite transition ((3/2 T
(1/2, ST) centerband may be predicted and compared to what
is observed in the experimental spectrum (Figure 3). For a spin
3/2 nucleus, the ST centerband is shifted from the center-of-
gravity of the CT by the following amount, in ppm:64

whereδ(ST) is the shift of the satellite transition centerband.
Values ofδ(ST)- δCOG predicted on the basis of CT line shape

TABLE 1: Experimental Sodium-23 Quadrupolar and Chemical Shift Parameters Measured for Sodium Nuclei Involved in a
Cation-π Interaction

compound CQ(23Na)/MHza ηQ
b δiso/ppmc Ω/ppmd ref

1 (site A) (+)2.92( 0.05 0.41( 0.04 -8.4( 1.5 7( 4 this work
1 (site B) (+)3.15( 0.08 0.18( 0.04 -7.4( 1.5 4( 3 this work
2 (site A) (+)3.10( 0.07 0.33( 0.04 -5.9( 1.5 <20 this work
2 (site B) (+)3.33( 0.05 0.28( 0.04 -4.9( 1.5 <20 this work
Na[BPh4] (-)1.24( 0.05 0.0( 0.1 -45.6( 0.5 14( 2 Wong et al. (ref 45)

a Sign ofCQ inferred from quantum chemical calculations.b The quadrupolar asymmetry parameter,ηQ, is defined as (V11 - V22)/V33, where|V33|
g |V22| g |V11|. c Chemical shifts are with respect to NaCl(aq).d The span,Ω, is defined asσ33 - σ11 ≈ δ11 - δ33, whereσ33 g σ22 g σ11 andδ11

g δ22 g δ33.

Figure 3. Expanded region of the23Na MAS NMR spectrum of1
obtained at 21.1 T (MAS rate of 11 111 kHz). The central transition
(CT) centerband (CB) is off scale at the low-frequency end of this
expansion, and its center-of-gravity is marked at∼ -19 ppm asδCOG.
The true isotropic chemical shift (δiso) is 4 ppm to higher frequency. A
further 9 ppm to higher frequency (∼13 ppm fromδCOG) the satellite
transition (ST,(3/2:(1/2) centerband is evident. Also shown are the
central transition+1 spinning sideband (SSB), a trace NaCl(s) impurity
at 0 ppm (experimentally, the spectra were referenced to NaCl(s) at 0
ppm), and a trace unknown impurity marked with an asterisk.

TABLE 2: Second-Order 23Na Quadrupolar Shifts for
Sodium Lariat Ethers 1 and 2a

21.1 T
11.75 T

compound
δiso - δCOG
(CT)/ppm

δ(ST) -
δCOG/ppm

δiso - δCOG
(CT)/ppm

δ(ST) -
δCOG/ppm

observed
δ(ST) -

δCOG/ppm

1 (site A) 12.9 38.6 4.0 12.0 13( 1
1 (site B) 14.3 43.0 4.4 13.3 13( 1
2 (site A) 14.2 42.7 4.4 13.3
2 (site B) 16.3 48.8 5.0 15.1

a See eqs 3 and 4. Data in the last column are observed experimen-
tally. Results in the other columns are derived from data obtained from
fitting the experimental central transition line shape.

δiso - δCOG ) 1
40(CQ

2

νL
2)(1 +

ηQ
2

3 ) (3)

δ(ST) - δCOG ) 3
40(CQ

2

νL
2)(1 +

ηQ
2

3 ) (4)
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fitting are summarized in Table 2. In the case of compound1,
the ST centerband is observed in the spectrum (Figure 3) at 13
ppm with respect toδCOG and at 9 ppm with respect to the value
of δiso. These observations are in excellent agreement with the
values predicted on the basis of the parameters obtained from
line shape fitting (Table 2).

Sodium-23 NMR spectra of MAS samples of compound2
are presented in Figure 4. Again, data were acquired at three
magnetic field strengths, and this proved to be very beneficial
for spectral simulations. Two nonequivalent sodium sites are
once again observed, as was the case for1. The values of
CQ(23Na), ηQ, and δiso obtained from line shape fitting are
presented in Table 1. The parameters are very similar to those
obtained for1; this is not surprising as the two compounds differ
only in a substituent on the indole ring (see Figure 1). The values
of |CQ|, 3.10( 0.07 and 3.33( 0.05 MHz, are 6% larger than
the values obtained for the two nonequivalent sites in1. The
successful analysis of the spectra presented in Figure 4 again
speaks to the fact that23Na solid-state NMR spectroscopy offers
resolution of sodium sites in very similar, but not identical,
cation-π binding environments. Second-order quadrupolar
shifts and satellite transition shifts for2 are presented in Table
2; however, the presence of a small impurity precluded the
experimental observation of the ST centerband in this case.
Interestingly, X-ray crystal structure data available for2 indicate
only a single sodium site in the asymmetric unit;36 however,
the NMR data clearly indicate two equally populated sites. A
preliminary report65 stated that the unit cell indeed contains two
crystallographically distinct sodium sites, in agreement with the
NMR results.

Sodium-23 MQMAS51,66-68 NMR spectra were recorded at
21.1 T for 1 and 2 (Figure 5) as further evidence for the
existence of two nonequivalent sodium sites in each of these
compounds, and to provide additional experimental restraints
for the one-dimensional line shape simulations. For potential
future analyses of alkali metal cations involved in cation-π
interactions in larger biomolecular systems, the present results
are encouraging in that spectral resolution is obtained for two
very similar sodium environments. Resolution of sodium sites
by MQMAS has also been demonstrated recently by Grant et
al. for sodium mononucleotide complexes in which sodium
cations are coordinated by phosphate and water oxygen atoms.69

This could be important in larger biomolecular systems where
several sodium cations may be bound to similar sites of interest
in a given sample.

Having firmly established the quadrupolar parameters for1
and2 through one- and two-dimensional MAS NMR, spectra
of stationary samples were recorded with the goal of extracting
the sodium CS tensor magnitude and its orientation relative
to the EFG tensor. Such data are important since the two ten-
sors report on different aspects of the local and longer-range
molecular and electronic structure about the sodium cation.
Furthermore, as very high magnetic fields, e.g., 18.8 or 21.1 T
or beyond, become more commonplace, proper spectral inter-

Figure 4. Solid-state23Na MAS NMR spectra of compound2. (a, c,
e): Experimental23Na NMR spectra recorded with proton decoupling
at MAS rates of 10 000, 10 000, and 11 111 Hz, respectively, in
magnetic fields of 9.4, 11.8, and 21.1 T. A peak due to an unknown
impurity is indicated with an asterisk. (b, d, f): Simulated spectra, each
based on two crystallographically unique sodium sites, generated using
the parameters given in Table 1. Also shown are the simulated line
shapes (21.1 T) for each of the two unique sodium sites (site A shown
in (g); site B shown in (h)). Experimentally, the spectra were referenced
to NaCl(s) at 0 ppm.

Figure 5. 23Na MQMAS NMR spectra obtained at 21.1 T for (a)
compound1; (b) compound2.
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pretation for quadrupolar nuclei must include the effects of
chemical shift anisotropy.

Presented in Figure 6 are23Na NMR spectra of stationary
samples of1 obtained at 11.8 and 21.1 T. Spectral simulations
specify that the span,70 Ω ) δ11 - δ33, of the sodium CS tensor
is 7 ( 4 ppm for site A and 4( 3 ppm for site B. Other
parameters used in these simulations include the skew of the
CS tensor,κ ) 3(δ22 - δiso)/Ω, which was set to 0.4( 0.4 for
site A and to 0.7( 0.3 for site B, and the Euler angles describing
the rotations required to bring the PAS of the EFG tensor into
coincidence with that of the CS tensor.71 These angles areR )
86° ( 20°, â ) 84° ( 20°, γ ) 90° ( 20° for site A andR )
0° ( 20°, â ) 78° ( 30°, γ ) 33° ( 40° for site B. It is evident
that a more precise characterization of these angles is not
realistic given the very small anisotropy of the CS tensor. It is
also important to not rule out the fact that alternate sets of Euler
angles may also fit the experimental data; however, repeated
simulations indicate clearly that the angleâ must be significantly
different from zero, which means that the largest components
of the magnetic shielding and EFG tensors are not coincident.
It is also clear that the data cannot be fit in the absence of a
span on the order of 5 ppm for both sites.

Although these are very small spans, it is apparent that the
anisotropy of the CS tensor has an important effect on the
observed line shape. For example, shown in Figure 6e is the
23Na spectrum expected if the sodium CS tensor were com-
pletely isotropic. The CS tensor spans are smaller than, but
comparable to, those obtained by Willans and Schurko63 for
sodium metallocenes (Ω ) 9.5-12.5 ppm) as well as those
obtained by Wu and co-workers for NaBPh4 (Ω ) 14 ( 2
ppm)45 and Na(12-crown-4)2ClO4 (Ω ) 14 ppm).59 The sodium
CS tensor spans are similarly small in a series of inorganic salts
studied using single-crystal NMR by Sagnowski et al.,
Ω(NaNO3) ) 0 ( 2 ppm; Ω(NaClO3) ) 12 ( 2 ppm;
Ω(NaBrO3) ) 17 ( 2 ppm.72 The present conclusion that the
largest components of the magnetic shielding and EFG tensors
are not coincident, e.g., in factσ11 andV33 are coincident for
site B, is in contrast to the situation observed for NaBPh4 and
the sodocenes.

Shown in Figure 7 are the experimental23Na NMR spectra
of stationary samples of2. Unfortunately, a small impurity in
this sample (denoted by asterisks in Figures 4 and 7) precludes
an accurate determination of the CS tensor parameters; never-
theless, simulations show that it is clear that the span is of the
same order of magnitude as that found in compound1. An upper
limit of 20 ppm is reported in Table 1; this is in accord with a
calculated span of 14.4 ppm for Na+ interacting with the five-
membered ring of tryptophan.45 Simulated spectra which assume
an isotropic CS tensor are presented in Figure 7 along with the
experimental spectra, and it is clear that a small but non-
negligible contribution from the sodium CSA exists. The fact
that the experimental spectra arenarrower than the simulated
zero-span spectra suggests that the observed differences between
experimental and simulated spectra are not due to dipolar
couplings (e.g.,23Na-23Na) and also suggests thatσ33 andV33

are non-coincident as is the case for compound1.
The small sodium CS tensor spans observed experimentally

strongly suggest the lack of significant contributions to the
paramagnetic part of the nuclear magnetic shielding tensor. This
is discussed below in the context of quantum chemical calcula-
tions (vide infra).

Quantum Chemical Calculations and Interpretation of
NMR Parameters.A series of quantum chemical calculations
of the sodium nuclear magnetic shielding and EFG tensors was
carried out on compound2 to provide added insight into the
experimental results. The results of the calculations, carried out
at the RHF and B3LYP levels, are tabulated in Table 3. The
experimental values ofCQ(23Na) are best reproduced by the
Dunning-type cc-pVXZ (X) D,T) basis sets,73,74 using either
the RHF or B3LYP method. For example, an RHF/cc-pVTZ
calculation of the EFG tensor results in aCQ of 3.10 MHz,
whereas the experimental value for site A of compound2 is
3.10( 0.07 MHz. The calculations also indicate that the sign
of the quadrupolar coupling constant is positive. Interestingly,
this is in contrast to the negative values ofCQ reported for
NaBPh4, in which Na+ is also involved in a cation-π interac-
tion.45 Calculated values ofηQ are generally not within
experimental error; however, for the larger basis sets they are
consistently less than 0.4, in agreement with experiment. Of
the data reported in Table 3, only the small 3-21G basis set not
surprisingly yields equivocal results. The modest 6-31G basis

Figure 6. Solid-state23Na spectra of stationary powdered samples of
compound1. (a, c): Experimental23Na NMR spectra recorded with
proton decoupling in magnetic fields of 11.8 and 21.1 T. (b, d):
Simulated spectra, each based on two crystallographically unique
sodium sites, generated using the quadrupolar parameters given in Table
1 and the CS tensor parameters reported in the text. Shown in (e) is
the spectral simulation (21.1 T) resulting if anisotropy of the chemical
shift tensor for both sites is set to zero in the simulation. Experimentally,
the spectra were referenced to NaCl(s) at 0 ppm.

Figure 7. Solid-state23Na spectra of stationary powdered samples of
compound2. (a, c): Experimental23Na NMR spectra recorded with
proton decoupling in magnetic fields of 11.8 and 21.1 T. (b, d):
Simulated spectra, each based on two crystallographically unique
sodium sites, generated using the quadrupolar parameters given in Table
1 and assuming an isotropic chemical shift tensor (Ω ) 0). Experi-
mentally, the spectra were referenced to NaCl(s) at 0 ppm.
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set, used within either the RHF or B3LYP framework, yields
values ofCQ which are within experimental error.

Small discrepancies between experimental and theoretical
values obtained here may originate from the fact that calculations
are carried out on an isolated cationic system in vacuo, whereas
the experiments have been carried out in the solid state, with a
surrounding lattice of neighboring cations and anions. The effect
of including the nearest neighbor tetraphenylborate counterion
on the computed NMR parameters of2 was investigated. While
the effect on the calculated nuclear magnetic shielding tensor
spans is negligible, the value ofCQ changes from 3.10 to 3.25
MHz at the RHF/6-31G level and from 3.04 to 3.46 MHz at
the B3LYP/6-31G level when the counterion is added (see the
Supporting Information for further details). These results
demonstrate that the surrounding crystal lattice can have an
important effect on the EFG tensor at sodium; however, caution
must be exercised when building an appropriate model of this
lattice. In the present case only a single counterion could be
included, and a somewhat asymmetric model of the effects of
the lattice results. For this reason, the isolated cation model
seems to provide results of approximately equal reliability in
the present case. A plane-wave-based description of the system,
such as that as described by Pickard and Mauri,75 is a useful

method to incorporate crystal lattice effects during the calcula-
tion of NMR parameters.

Calculations of the sodium nuclear magnetic shielding tensor
in isolated cationic2 (Table 3) reproduce the experimental
finding thatΩ < 20 ppm. For example, the B3LYP/cc-pVTZ
result isΩ ) 10.6 ppm. The largest component of the EFG
tensor, V33, is oriented approximately perpendicular to the
average plane of the crown ether and passes through the indolyl
C7acarbon atom (see the Supporting Information). It is satisfying
to note that theleastshielded component of the shielding tensor
is approximately coincident (within 6° at this level of theory)
with V33; this is in agreement with the relative tensor orientations
derived experimentally for compound1, vide supra. The small
values ofΩ may be rationalized in the context of Ramsey’s
theory,76-80 which describes how the paramagnetic contribution
to the shielding tensor (σp) is related to magnetic-dipole-allowed
mixing of occupied and virtual orbitals. The degree to which
the mixing results in a deshielding of one of the principal
components of the shielding tensor depends on the degree of
occupied/virtual orbital overlap after application of an orbital
angular momentum operator and on the inverse of the energy
gap separating these orbitals. Consistent with experiment, an
analysis of the molecular orbitals (MO) obtained from a B3LYP/

TABLE 3: Quantum Chemical Calculations of the Sodium-23 Quadrupolar and Nuclear Magnetic Shielding Tensors for Lariat
Ether 2a

method and basis set CQ/MHz ηQ σ11/ppm σ22/ppm σ33/ppm σiso/ppm δiso/ppmb Ω/ppm

RHF/3-21G -1.09 0.76 596.2 600.7 607.9 601.6 -25.0 11.7
RHF/6-31G 3.10 0.21 586.8 591.1 595.7 591.2 -14.6 8.9
RHF/6-311G* 4.33 0.19 576.7 581.4 588.0 582.0 -5.4 11.3
RHF/6-311++G** 4.34 0.20 576.8 581.7 588.2 582.2 -5.6 11.4
RHF/cc-pVDZ 2.93 0.10 586.3 594.1 598.9 593.1 -16.5 12.6
RHF/cc-pVTZ 3.10 0.14 584.5 589.2 595.7 589.8 -13.2 11.2
B3LYP/3-21G -1.20 0.85 568.2 591.8 598.7 586.2 -9.6 30.5
B3LYP/6-31G 3.04 0.16 575.7 579.9 584.1 579.9 -3.3 8.4
B3LYP/6-311G 4.60 0.22 565.5 570.3 575.6 570.5 6.1 10.1
B3LYP/6-311G* 4.41 0.18 564.6 569.2 574.6 569.5 7.1 10.0
B3LYP/6-311++G 4.59 0.22 564.9 570.7 575.6 570.4 6.2 10.7
B3LYP/6-311++G** 4.42 0.19 564.9 570.0 575.1 570.0 6.6 10.2
B3LYP/cc-pVDZ 3.02 0.11 576.3 586.7 593.2 585.4 -8.8 16.9
B3LYP/cc-pVTZ 3.05 0.10 572.0 578.2 582.6 577.6 -1.0 10.6

a Proton positions were optimized at the B3LYP/6-311G* level.b Values are reported with respect to NaCl(aq) at 0 ppm. Calculated values of
σiso were converted toδiso by using the following relation:δiso(wrt NaCl(aq))) 576.6 ppm- σiso

Figure 8. Selected pair of occupied (HOMO-69) and virtual (LUMO+53) orbitals which contribute to paramagnetic deshielding along theσ11

direction (i.e., approximately perpendicular to the plane of the indole ring, as depicted by the red arrow). The relevant orbital overlap may be
visualized by rotating the p-type orbital (HOMO-69) on sodium 90° about the red arrow, while keeping the atomic coordinates fixed. The resulting
rotated p-type orbital overlaps favorably at sodium with the LUMO+53 orbital. Hydrogen atoms are not shown for clarity. Figure generated using
GaussView 3.09 (ref 58).
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6-31G calculation on2 reveals that appropriate occupied orbitals
for contributions toσp, i.e., those which feature large sodium
p-type orbital contributions, lie significantly below the HOMO-
LUMO gap (e.g., HOMO-69, see Figure 8). The energy gap
between HOMO-69 and a virtual orbital featuring contributions
of appropriate symmetry on sodium, e.g., LUMO+53, is 113
kJ/mol. The mixing of this pair of MOs also qualitatively
explains why the least shielded component,σ11, is oriented
perpendicular to the plane of the aromatic ring (see Figure 8).
Nevertheless, it is clear that the deshielding contribution toσ11

is a very small and subtle effect, as evidenced by the very small
spans obtained experimentally and theoretically.

The absolute shielding scale81 for 23Na, derived from atomic
beam magnetic resonance and relativistic calculations,82 makes

use of the23Na magnetic shielding constant for infinitely dilute
Na+ ions in D2O at 297 K and allows for comparison between
experimentally measured chemical shifts and calculated mag-
netic shielding constants:

The derived chemical shifts, presented in Table 3, are interesting
to compare with experiment. The RHF/6-311G* and RHF/
6-311++G** results,-5.4 and-5.6 ppm, respectively, are well
within experimental error of the observed values for site A and
B, -5.9 ( 1.5 ppm and-4.9 ( 1.5 ppm. RHF calculations
with the cc-pVDZ and cc-pVTZ basis sets produce chemical

Figure 9. (A) Geometries used to investigate the effect of the proximity of the indolyl moiety on the NMR parameters of the sodium cation in
compound2. Hydrogen atoms are omitted for clarity. Each structure differs from the next only in that a rotation about the (indolyl-C3)-CH2-
CH2-(aza-N) dihedral angle,φ, has been made (see green arrow). In the experimental structure, this dihedral angle is∼54°. (B) Sodium-23 quadrupolar
coupling constants as a function ofφ (diamonds, lower axis) and of the Na-C4a distance (triangles, upper axis); RHF/cc-pVTZ results.

δiso )
576.6ppm- σiso

1 - 576.6ppm
≈ 576.6ppm- σiso (5)
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shifts,-16.5 and-13.2 ppm, which are∼10 ppm too shielded
relative to experiment, whereas B3LYP calculations with these
basis sets provide results that are within a few ppm of
experiment.

While the use of an absolute shielding scale enables the most
stringent test of the ability of a theory to reproduce magnetic
shielding constants, the use of quantum chemically calculated
shielding constants of reference compounds to derive chemical
shifts (i.e., differences between shielding constants) is also worth
exploring. Wong et al. have reported calculated isotropic
shielding constants at various levels of theory for [Na(H2O)6]+,
which is representative of aqueous NaCl. Their calculated values
range from 571.8 ppm at the B3LYP/6-311G(d,p) level to 588.7
ppm at the HF/6-31G(d)/cc-pVDZ level. Use of this latter value
as a shielding reference results in improved agreement with
experiment for the RHF/cc-pVDZ and RHF/cc-pVTZ calcula-
tions, -4.4 and -1.1 ppm. However, this improvement is
somewhat fortuitous given that the shielding constant for the
reference was derived at a different level of theory.

To develop additional insight into the dependence of the
sodium NMR interaction tensors on the proximity of the
π-system contained within the indolyl moiety, a series of
calculations was performed wherein the (indolyl-C3)-CH2-
CH2-(aza-N) dihedral angle,φ, was systematically varied to
produce a set of model structures (Figure 9A). This dihedral
angle is approximately 54° in the X-ray structure of2. Variations
in the NMR parameters as a function of the proximity of the
π-system may be useful in the interpretation of23Na data in
systems where alternative structural information is unavailable.
The observed trend inCQ(23Na) is depicted in Figure 9B, both
as a function ofφ and as a function of the distance from Na+

to the fusion carbon C4a. The value ofCQ increases sharply as
a function ofφ for values ofφ between∼30° and∼90°. This
is very interesting as, in the present system, it is this range of
values that represent physically realistic situations for which a
cation-π interaction may be supposed. For larger values ofφ,
the indolyl moiety is far removed from the sodium cation (Figure
9), and the value ofCQ plateaus. The calculations, in concert
with the experimental quadrupolar coupling constants, suggest
that the indolyl group is slightly closer to the sodium cation in
compound1 than in compound2.

Interestingly, as shown in Table 4, the experimental structure
(φ ) 54°) produces the most shielded chemical shift, in
agreement with the conclusions of Wong et al. that highly
shielded resonances are characteristic of cation-π interactions.45

However, it is important to note that the chemical shifts observed
experimentally for1 and2, while somewhat shielded, are∼40
ppm less shielded than those observed for NaBPh4.

Conclusion

Cation-π interactions in two sodium lariat ether complexes
have been characterized by solid-state23Na NMR spectroscopy
and quantum chemistry. In addition to providing benchmark
23Na quadrupolar coupling constants for sodium interacting with
the tryptophan side chain, useful information on the sodium
chemical shift tensors has been gleaned. As such, this study
has provided new information on the NMR interaction tensors
characteristic of a sodium cation interacting with a biologically
significant arene. This new information is complementary to
other recent experimental and theoretical work which has
specifically examined interactions involving tryptophan.83,84

Particularly shielded isotropic chemical shifts seem to be
associated with the presence of the cation-π interaction;
however, it is difficult to conclusively associate a single isotropic
observable with the presence or absence of a cation-π inter-
action. Taken together, the EFG and CS tensor data presented
herein are characteristic of the sodium-indolyl bonding envi-
ronment. Quantum chemical calculations of the sodium EFG
and nuclear magnetic shielding tensors corroborate the experi-
mental data, including the new insight that the largest compo-
nents of these tensors are non-coincident.

The use of a 21.1 T NMR spectrometer offered three crucial
advantages in the present study. First, the increased signal-to-
noise and concomitant time savings that this high field strength
affords was particularly beneficial since only a few milligrams
of sample were available. Second, the increased chemical shift
resolution at this high field enabled accurate spectral simulations,
in particular the definitive resolution of two crystallographically
nonequivalent sodium sites. This is an important consideration
if solid-state NMR is to be applied to study quadrupolar nuclei
such as23Na and39K in larger biomolecular systems for which
significant spectral overlap from several similar binding sites
is possible. Finally, the measurement of23Na CS tensor spans
on the order of 5 ppm would not have been possible at lower
fields in this case where two very similar powder patterns due
to the different sites completely overlap.
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TABLE 4: Computed (RHF/cc-pVTZ) Variation of
Sodium-23 Quadrupolar and Nuclear Magnetic Shielding
Tensors as a Function of (Indolyl-C3)-CH2-CH2-(aza-N)
Dihedral Angle, O, in Lariat Ether Compound 2 a

angle/
(deg) CQ/MHz ηQ σ11/ppm σ22/ppm σ33/ppm σiso/ppm δiso/ppmb

30 1.05 0.26 563.8 574.8 591.3 576.6 0.0
40 2.46 0.15 580.6 588.2 591.9 586.9 -10.3
54 3.10 0.14 584.5 589.2 595.7 589.8 -13.2
70 3.15 0.15 580.6 585.6 592.5 586.2 -9.6
90 3.45 0.14 578.3 584.7 592.2 585.1 -8.5

120 3.80 0.12 576.1 587.5 594.0 585.9 -9.3
150 3.84 0.13 575.5 588.2 594.4 586.0 -9.4
180 3.84 0.13 575.5 588.3 594.6 586.1 -9.5

a See the Supporting Information for additional data (results at
different levels of theory).b See the footnoteb of Table 3.
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