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ABSTRACT: Host−guest complexes between cryptophane-A as host and dichloro-
methane and chloroform as guests are investigated using 1H and 13C NMR
spectroscopy. Moreover, a related cryptophane, with the methoxy groups replaced by
butoxy units (cryptophane-But), and its complexes with the same guests were also
studied. Variable temperature spectra showed effects of chemical exchange between the
free and bound guests, as well as of conformational exchange of the host. The guest
exchange was studied quantitatively by exchange spectroscopy or line shape analysis.
Extraction of kinetic and thermodynamic parameters led to the characterization of the
affinity between guests and hosts. On the other hand, the host exchange was investigated
by means of 13C Carr−Purcell−Meiboom−Gill (CPMG) relaxation dispersion which
aims at the determination of the transverse relaxation rate R2, the inverse of the
transverse relaxation time T2, as a function of the repetition of the π pulses in a CPMG
train. The variation of the measured transverse relaxation rate with the repetition rate
νCPMG indicated conformational exchange occurring on the microsecond−millisecond
time scale. Structural information was obtained through measurements of cross-relaxation rates, both within the host and
between the host and the guest protons. The NMR results were supported by DFT calculations.

■ INTRODUCTION

Cryptophane-A was the first cryptophane synthesized by Collet
et al. in 1981.1,2 It is composed of two equivalent cyclo-
tribenzylene (CTB) caps bound together by three ethylene-
dioxy linkers. On each phenyl ring, there is one methoxy group.
Cryptophane-A has been the subject of many interesting studies
in the field of host−guest chemistry. It has a hydrophobic three-
dimensional cavity capable of binding small organic molecules
such as chloromethanes3,4 as well as xenon atoms.5 The
investigation of these molecular entities helps to understand
molecular recognition. The previously investigated chloro-
methane complexes of cryptophane-C revealed a surprisingly
high affinity constant for dichloromethane and relatively low
affinity constant for chloroform.6 This has brought up the
question of what structural properties have the largest effect on
the complexation. Cryptophane-A and -C are both anti-isomers,
but the latter has nonequivalent caps with only one of the caps
carrying the methoxy substituents on the phenyl groups (see
molecules 1 and 2 in Scheme 1).
Apart from this, the two molecules 1 and 2 are identical. They

also have the same cavity volumes. As will be discussed in the
present work, cryptophane-A in solution is in exchange between
its conformers similarly to cryptophane-C. The encapsulation of
a chloromethane guest changes the probability distribution of the
conformers as it has been seen before.6,7 Nuclear magnetic
resonance (NMR) is a perfect tool for characterizing the
encapsulation process but also for following the guest-induced
changes in the host. These chemical events can be explained, for

instance, by means of NMR spin−echo experiments. In this
work, translational diffusion was investigated in order to reveal
the eventual presence of another guest, water, inside the host
cavity.8 Carr−Purcell−Meiboom−Gill (CPMG) relaxation
dispersion methodology9,10 was dedicated to shed light on the
host conformational exchange. Obviously, upon encapsulation,
both 1H and 13C spectra displayed changes of the peak positions.
It is not only the peak position that is very informative but also
the intensity and broadening of the guest 1H signal in the free and
bound position, in particular if the host and the guest are present
in close to the 1:1 molar ratio. This concentration ratio also
allows a better estimation of the affinity constant from the 1H
spectrum. The comparison of the data to cryptophane-C is not
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Scheme 1. Structures of Cryptophane-A (Molecule 1),
Cryptophane-C (Molecule 2), and Cryptophane-But
(Molecule 3)
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sufficient to draw the final conclusion concerning the relation
between the structure of the caps and the affinity. To complete
the analysis, another cryptophane-A derivative was chosen in
which the methoxy groups attached to the CTB rings were
replaced by butoxy groups, resulting in a third cryptophane with
the same cavity volume (see molecule 3 in Scheme 1). The trans-
conformers of cryptophane-A are shown in Figure 1, and its
analogue with butoxy groups replacing the methoxy substituents,
denoted cryptophane-But, is shown in Figure 2.

■ EXPERIMENTAL SECTION
Sample Preparations. Cryptophane-A and cryptophane-

But were synthesized by Brotin et al.11,12 13C labeled chloroform
and the deuterated solvent, 1,1,2,2-tetrachloroethane-d2, were
obtained from Cambridge Isotope Laboratory. Nonlabeled
chloroform was obtained from Sigma Aldrich and dichloro-
methane from Scharlau Chemie S.A. The commercially obtained
chemicals were used without further purification.
The raw solid cryptophanes contained CHCl3, CH2Cl2, and

ethanol coming from the recrystallization. A 30 mM solution of
cryptophane-A was prepared without any purification (sample
1). Another solution, sample 2, with 10 mM cryptophane-A
containing 60 mM added nonlabeled chloroform was prepared
with no purification. For quantitative analysis, the material was
dipped into nonlabeled chloroform or dichloromethane and the
solvent was then let to evaporate. The process was repeated three
times. For quantitative work, the following solutions in 1,1,2,2-
tetrachloroethane-d2 were prepared:

(3) 12 mM cryptophane-A and 13 mM CH2Cl2
(4) 11 mM cryptophane-But and 13 mM CH2Cl2

(5) 10 mM cryptophane-A and 11 mM CHCl3
(6) 11 mM cryptophane-But and 12 mM CHCl3
(7) 20 mM cryptophane-A and 15 mM CH2Cl2
(8) 10 mM cryptophane-A and 62 mM 13CHCl3
(9) 10 mM cryptophane-But and 90 mM 13CHCl3
(10) 10 mM cryptophane-But and 25 mM CHCl3
(11) 10 mM cryptophane-But, 9 mM CHCl3, and 6.5 mM

CH2Cl2
(12) 30 mM cryptophane-A and 150 mM CHCl3
The solubility of cryptophane-A in tetrachloroethane is much

higher than that of cryptophane-C and cryptophane-But.
NMR Spectroscopy. 1H and 13C experiments were

performed with Bruker Avance spectrometers operating at 9.4,
14.1, and 16.5 T using 5 mm (BBI and BBO at 9.4 T, TXI and
BBO at 14.1 T, and cryo-TXI at 16.5 T) probe heads. At 9.4 T,
the temperature calibration was done using a standard methanol
calibration sample, while a resistance detector made of copper
wire dipped into silicon oil contained in a 5 mm NMR tube was
used at the two higher fields. The accuracy of the temperature
determination is estimated at ±1 K. All the experiments
measuring build-up or decay were repeated at least twice. The
peak assignment was based on DQF-COSY, (2D) NOESY, (2D)
ROESY, as well as 1H−13C edited HSQC experiments.
The EXSYmeasurements were performed at 250 K and 16.5 T

using the implementation as the DPFGSENOE sequence with
two selectively refocusing shaped pulses and one hard π pulse in
the middle of the mixing time interval.13 The semi-selective
inversion pulses were implemented as Gaussian G3 cascades14

with a duration of 18−20 ms. Sixteen different time intervals
were used. Experiments were performed with 64 accumulated
signal transients, using a relaxation delay of 35−40 s. Only the
doublets of the 13C-labeled chloroform were evaluated. The
purpose of the label is to enhance the proton spin−lattice
relaxation. The evaluation of the exchange rate of the forward
(complexation) reaction was based on the approach proposed
originally by Macura et al.15 and described by Hu and
Krishnamurthy.16 The exchange rate of the backward (decom-
plexation) reaction was based on the principle of detailed
balance, in order to avoid the error coming from small intensities
at very short mixing times in the initial rate regime.7

13C spectra were recorded with Waltz16 proton decoupling at
9.4 T, whileWaltz65 was used at 14.1 and 16.5 T. The decoupling
power corresponded, on average, to the nutation frequency of 2.8
kHz. The spin−lattice relaxation times of the guest (13CHCl3)
were measured by the inversion−recovery method using 16−19
recovery delays ranging from 0.5 ms to 30 s with a relaxation
delay of 35 s. The heteronuclear Overhauser enhancement was
measured with the dynamic NOE sequence.17 The NOE build-
up period was set to 5T1 and the relaxation delay to 10T1. In the
spectrum with no NOE enhancement, the build-up period was
set to 0.1 ms.
The 2D NOESY and ROESY at 9.4 and 14.1 T were recorded

at 235, 240, 255, and 258 K. The detection method used was
States -TPPI. The mixing times were 0.02−0.24 s for the NOESY
and 0.04−0.2 s for the ROESY. The spin lock power was set to 3
kHz. In the direct dimension, 8 scans were used with 16 dummy
scans, with a relaxation delay of 5−7 s. The size of the direct FID
was 4096 data points, giving an approximately 0.6 s acquisition
time in the t2 domain. 512 and 768 data points were used in the
indirect (t1) dimension, which were zero filed to 4096 points.
The window functions in both dimensions were shifted quadratic
sine bell functions. The NOESY pulse sequence contained a hard

Figure 1. (A) The T1T1T1 conformer of cryptophane-A with the atom
numbering. (B) The T2T2T2 conformer of cryptophane-A.

Figure 2. The T2T2T2 conformer of cryptophane-But.
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π-pulse in the middle of the mixing time and two z gradients with
a power of 40% and−40% of the maximum value.18 The ROESY
sequence used was π/2-t1-spin lock-t2.

19,20 The volume integrals
were used for data analysis. The ROESY spectra were only used
for qualitative analysis.
The 1H diffusion experiments were performed at 258 and 268

K using a pulse-gradient stimulated echo (PGSTE) sequence
with a longitudinal eddy-current delay (LED) and bipolar
gradient pulses. Two spoil gradients were also applied during the
longitudinal storage periods.21 The calibration of the gradients
was accomplished by measuring the diffusion coefficient of a
well-known sample at 298 K.22 In our case, the Bruker standard
“doped water” sample which is composed of 1% H2O in D2O
with 0.1 g/L GdCl3 was used. During the diffusion experiments,
the gradient strength was linearly incremented in 32 steps from 2
to 95% of its maximum value; the diffusion time Δ and the
gradient pulse duration δ were kept constant.
The 13C CPMG measurements were performed at two static

magnetic fields (B0 = 14.1 and 16.5 T) and two temperatures (T
= 298 and 310 K). The carbons 1′ and 2′ corresponding to the
cryptophane-A linkers and the aromatic carbon 6 (see Figure 1)
were considered. The transverse relaxation rates R2 were
measured using a 13C Carr−Purcell−Meiboom−Gill (CPMG)
sequence with proton decoupling during acquisition and a
proton 180° pulse at every second echo in the 13C CPMG pulse
train to avoid the CSA-DD cross-correlation effects.23 For each
R2 measurement, the delay between the 180° pulses in the
CPMGpulse train, νCPMG, was kept constant while the number of
180° pulses was increased. Every experiment was recorded with
1024 scans and 16 dummy scans with a relaxation delay of 2 s.
The 13C CPMG relaxation dispersions were established for
νCPMG (=1/(2τCPMG)) values ranging from 166.7 to 2500 Hz.
Quantum Chemical Calculations. All calculations were

performed in a similar way as reported for cryptophane D and
C.6,7 The Gaussian 09 package24 was used. Geometries were
optimized at the level of the DFT-B3LYP functional with the
basis set 6-31G(d). Each optimized structure was then taken and
a single point energy calculation was done, together with the
calculation of the 13C chemical shift using the GIAO method,25

with the larger basis set 6-311+G(2d,p). The calculated chemical
shifts reported are referenced to the calculated chemical shift of
TMS at the same level of theory. All the calculations were
performed using the conductor polarizable continuum model
(CPCM)26,27 with the parameters appropriate for dichloro-
ethane solvent. Two sets of calculations were made: one for the
empty host and one with a chloroformmolecule inside the cavity.
The van der Waals interaction was taken into consideration in all
structures optimized with the B3LYP functional by adding, after
the geometry optimization, the empirical term to the DFT
energies.28

■ RESULTS

Guest-Related Kinetics and Thermodynamics. Follow-
ing our earlier work,7 the complex formation in the host−guest
(H−G) systems is described in terms of the reaction
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NMR methods allow investigation of the reaction kinetics at
equilibrium, when the concentrations of various species are
constant in time. The forward and backward processes are
individually described by the rate expressions:
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The (pseudo) first-order rate constants, kfb (free-to-bound)
and kbf (bound-to-free), are defined according to
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affinity constant) is given by
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Equation 5 can be reformulated in terms of the principle of
detailed balance:

=k k[G] [HG]fb bf (6)

Equations 1−6 form the basis of the discussion of the kinetics
and thermodynamics of our systems.

Cryptophane-A. The solutions with approximately 1:1
host:guest ratios (samples 3−6) are very informative compared
to the solutions with high guest excess (samples 8−10 and 12). In
the case of samples 3−6, the intensity and the integral of the
bound guest peak are higher than those for the free guest. This
implies a relatively high affinity to the host. In order to extract
more information on kinetics, namely, the exchange rates, it is
possible to perform line-shape fitting29,30 on the spectra in which
the exchange caused line-broadening is higher than 1/T2*, i.e.,
the combined effect of the natural line width in the absence of
exchange and magnetic field inhomogeneity. This is not a
problem in the case of the dichloromethane guest, since, even at
the lowest temperature (235 K), the exchange-caused line-
broadening is large (see Figure 3). The results of the line-shape
fitting are summarized in Table 1.

In the case of CHCl3@cryptophane-A at low temperatures, the
exchange of the guest is not fast enough for line-shape fitting. The
rate constants kfb reported in Table 1 at 235, 245, and 255 K were
obtained from the EXSY experiments,7 while kbf were calculated
from the principle of detailed balance. The populations were
calculated from the integrals in the spectrum. The rates and

Figure 3. The proton spectrum of CH2Cl2@cryptophane-A in 1,1,2,2-
C2D2Cl4 (sample 3) at 14.1 T and 235 K.
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populations for CHCl3@cryptophane-A at higher temperatures
are based on the line-shape fitting.29,30

The exchange of dichloromethane is faster than that of
chloroform. This can be explained by the size difference between
the two guests (indeed, the van der Waals volumes of
dichloromethane and chloroform are, respectively, equal to 55
and 72 Å3).31 For both guests, the exchange is much slower than
in the case of cryptophane-C. The only difference between the
two hosts is that cryptophane-C has nonequivalent caps, since
the methoxy groups are missing from one of them. A hypothesis
formulated in our recent cryptophane-C study6 is that the
methoxy groups block the entrance and exit of the cavity. In the
case of cryptophane-A, the methoxy groups from the caps (see
Figure 1) present an even more severe hindrance for the guest.
Thus, the corresponding exchange processes are expected to be
slower for cryptophane-A, in agreement with the present
observations.
In the case of both guests, the ratio kfb/kbf = [HG]/[G] is very

high. This means that the affinity of cryptophane-A is very high
both to chloroform and to dichloromethane. Knowing the total
concentrations of the compounds, one can calculate the
concentration of the species ([H], [G], [HG], see the
Supporting Information) and calculate the equilibrium constant
at every temperature. From Table 1, the affinity constant is
higher for chloroform than for dichloromethane at 235 K. This is
interesting, since chloroform is the bigger guest, which might be
expected to fit worse inside the host cavity. It is also noteworthy
that the equilibrium constant determined here for the dichloro-
methane guest is much higher than it was reported in earlier work
from our laboratories,4 where a large excess of dichloromethane
compared to the cryptophanes led to a large uncertainty in the
free host concentration.
Cryptophane-But. The data analysis of the solutions

containing cryptophane-But and dichloromethane is difficult
because the exchange at low temperatures is rather slow and only
the integrals can be used for estimating the approximate
concentration of the species present. An example of the 1H
spectrum of sample 4 at 245 K is shown in Figure 4.
Nevertheless, it is possible to calculate the populations of the

free site pf and of the bound site pb (where pb = 1 − pf) at this
temperature range (see Table 2). At higher temperatures, overlap
occurs between the bound guest and the signals from the butoxy
groups.
For CHCl3@cryptophane-But, it was possible to measure

signal integrals at the low temperatures (235 and 245 K) and to
perform the line shape analysis between 255 and 305 K.
Comparing the values of the bound site population pb in Tables 1

and 2, one can notice that the bound site population is the
highest out of the four complexes in the case of CH2Cl2@
cryptophane-But.
The equilibrium constant values for both complexes are very

high, falling actually in the range where NMR is not the most
suitable technique. The values reported here for the dichloro-
methane complex carry a big error, since the concentration of the
host is very low (see the Supporting Information) and the
baseline and integration error sum up. Nevertheless, it is still
possible to draw the conclusion that the equilibrium constant is
very high. Surprisingly, the exchange is faster in the case of
CHCl3@cryptophane-But than CHCl3@cryptophane-A, while
the affinity constants are similar. A possible explanation of this
observation (as suggested by one of the reviewers) is that the
bulky butoxy groups cannot organize in the closed conformation
(see below).

Activation Parameters. Summarizing the exchange rates
between free and complexed sites, one can state that the CHCl3
guest is typically in slow exchange, while CH2Cl2 exchanges faster
on the chemical shift time scale. Using the Arrhenius and Van’t
Hoff equations, it is possible to estimate the activation energy and
the reaction enthalpy of the complexation reactions (see the
Supporting Information). The data for k1 and k−1 = kbf are
summarized in Table 3.
The activation energy obtained for the CH2Cl2@cryptophane-

A system agrees with previous studies.4 The activation energies
for the CHCl3@cryptophane-A are the highest, which agrees well
with structure and size considerations such as the previously
mentioned blocking effect of the methoxy groups connected to
the CTB rings. The lower activation energy of CHCl3@

Table 1. Population of the Bound Site pb and Kinetic Data for Dichloromethane and Chloroform Complexes of Cryptophane-Aa

host: cryptophane-A

guest: CH2Cl2 CHCl3

T (K) pb kfb (s
−1) kbf (s

−1) k1 (s
−1 M−1) K (M−1) pb kfb (s

−1) kbf (s
−1) k1 (s

−1 M−1) K (M−1)

235 0.78 17 5 8600 1800 0.76 0.3 0.01 190 2000
245 0.77 48 14 24200 1700 0.75 1.3 0.5 720 1600
255 0.76 110 34 53200 1600 0.73 5.2 1.9 2600 1300
265 0.75 267 87 121300 1400 0.71 18.7 7.7 8500 1100
275 0.74 732 253 312900 1200 0.66 38 20 14100 730
285 0.68 1366 658 423600 640 0.62 72 45 22500 510
305 0.50 167 168 37100 220

aThe exchange rates in the case of CHCl3 at 235, 245, and 255 K (bold font) were determined by EXSY experiments, in other cases by line-shape
fitting (samples 3 and 5). The equilibrium constant (K) was calculated from the concentrations of the species.

Figure 4.The proton spectrum of CH2Cl2@cryptophane-But in 1,1,2,2-
C2D2Cl4 (sample 4) at 14.1 T and 245 K.
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cryptophane-But indicates also that the butoxy groups play a role
in the complexation dynamics, but it is not as obvious as in the
case of cryptophane-A.
Looking at these results, it is worthwhile to not forget to take

account of experimental errors coming from the sample
preparation, the integration, and the line-shape fitting. The
estimated error of total concentrations is 20% (based on repeated
sample preparations) and is obviously propagated to the
association constant K and the exchange rate constant k1 (the
other parameters, determined by integration or by line-shape
fitting, carry a lower error which can be estimated around 5%) .
The samples containing close to 1:1 molar ratio of the host and
the guest also suffer from the low intensity of the peak of the free
site. This is, on the other hand, the consequence of the high
affinity constant which was “hidden” in earlier work by the high
excess of the guest.
Chloroform Mobility Inside the Cavity (13C T1 and NOE). In

order to probe the mobility of the guest within the cryptophane
cavity, relaxation of chloroform, both in the free and the bound
state, was investigated. The longitudinal relaxation rate R1
(inverse of the longitudinal relaxation time T1) and the
heteronuclear NOE were measured for the 13C of the guest, in
analogy with earlier work from our laboratories.4,6,7,32,33 The
relaxation data obtained at 250 K are summarized in Table 4.
From this table, one can see that, when chloroform is free in

the solution, extreme narrowing conditions are achieved; indeed,
the 13C spin-relaxation rate R1 is independent of the magnetic

field and a full NOE is retrieved. Concerning the bound
chloroform, the reported values show a field dependence of the
longitudinal relaxation rate R1 as well as a NOE enhancement less
than full. In order to explain these results, the motion of CHCl3
encapsulated in the cryptophane-A host cavity was analyzed
using the Lipari−Szabo model.34 For the global correlation time,
the value of 2.7 ns, estimated from the plot of τR versus the
temperature established earlier, was used.4 The resulting square
of the generalized order parameter, S2, is also shown in the table.
It can be seen that the Lipari−Szabo order parameter for the
guest within the cryptophane cavities agrees quite well with the
corresponding quantities from the solid state.4,35,36 The S2 value
found is high, indicating that the motion of the CHCl3 molecule
is restricted inside the host cavity.

More than One Guest: Diffusion Measurements. As there is
no doubt concerning the encapsulation of dichloromethane or
chloroform within cryptophane, one can wonder if other species
present in our solutions can enter the host cavity. The question
can especially arise for water (all the samples contain a small
amount of water coming from the walls of the glass materials), as
its molecular size is smaller than the one of dichloromethane or
chloroform. To bring out the possible encapsulation of water, 1H
diffusion experiments8 were performed on sample 7 and were
compared to the results obtained on a sample containing
dichloromethane in the same solvent but without cryptophane.
Self-diffusion coefficients for cryptophane-A, dichloromethane,
and water are given in Table 5 for the two samples investigated
and for the two temperatures considered (258 and 268 K).
First, one can observe that the diffusion coefficient of each

species varies as expected with the temperature. The self-
diffusion coefficient of CH2Cl2 in the sample containing the host
(sample 7) is much lower than the one in the sample without
cryptophane-A (roughly 4 times smaller at 258 K and 3 times
smaller at 268 K), indicating changes in the translational motions

Table 2. Population of the Bound Site pb and Kinetic Data for Dichloromethane and Chloroform Complexes of Cryptophane-But
(Samples 4 and 6)

host: cryptophane-But

guest: CH2Cl2 CHCl3

T (K) pb kfb (s
−1) kbf (s

−1) k1 (s
−1 M−1) K (M−1) pb kfb (s

−1) kbf (s
−1) k1 (s

−1 M−1) K (M−1)

235 0.82 15500 0.81 6.3 1.5 4800 3200
245 0.82 11000 0.80 8.6 2.2 6100 2900
255 0.79 5500 0.78 12.5 3.5 7800 2300
265 0.75 34.8 11.7 17400 1500
275 0.72 68.5 26.1 28500 1100
285 0.70 155 68 59600 900
305 0.61 387 245 105000 420

Table 3. Arrhenius Activation Energies and Reaction
Enthalpies and Entropies for All the Investigated Systems

host: cryptophane-A cryptophane-But

guest: CH2Cl2 CHCl3 CH2Cl2 CHCl3

reaction: k1 k−1 k1 k−1 k1 k−1 k1 k−1

Ea (kJ·mol
−1) 45 54 46 77 29 46

Ea(k−1) − Ea(k1) 9 31 17
ΔH (kJ·mol−1) −5 −20 −26 −18
ΔS (J·mol−1·K−1) 41 −13 −28 −6

Table 4. 13C Relaxation Data for CHCl3 in Sample 6 at 250 Ka

field 14.1 T 16.5 T
relaxation
parameter

R1 (s
−1) NOE R1 (s

−1) NOE

free site 0.190(0.004) 2.92(0.36) 0.190(0.003) 2.95(0.38)
bound site 2.47(0.03) 1.29(0.18) 2.16(0.03) 1.24(0.16)
S2 0.7(0.2)

aUncertainties are given in parentheses.

Table 5. Self-Diffusion Coefficients (m2·s−1) for
Cryptophane-A (DCr‑A), Dichloromethane (DCH2Cl2), and
Water (DH2O)a

258 K 268 K

sample without
cryptophane-A

DH2O (9.7 ± 0.3) × 10−10 (11.4 ± 0.3) × 10−10

DCH2Cl2 (4.7 ± 0.1) × 10−10 (5.3 ± 0.1) × 10−10

sample with
cryptophane-A
(sample 7)

DH2O (8.3 ± 0.3) × 10−10 (10.8 ± 0.3) × 10−10

DCH2Cl2 (1.2 ± 0.1) × 10−10 (1.8 ± 0.1) × 10−10

DCr‑A (0.9 ± 0.1) × 10−10 (1.0 ± 0.1) × 10−10

aErrors are deduced from Monte Carlo iterations.
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of CH2Cl2. Moreover, its diffusion coefficient at 258 K is close to
the value found for cryptophane, which definitely proves that
dichloromethane and cryptophane diffuse as one entity37,38 at
this temperature. At 268 K, DCH2Cl2 is roughly 2 times larger than
DCr‑A. This larger diffusion coefficient can be explained by the fact
that DCH2Cl2 can be seen as an apparent diffusion coefficient to
which the diffusion of both bound and free molecules
contributes. Indeed, as the exchange is getting faster and the
association constant decreases with the temperature, the
contribution coming from the free dichloromethane is more
important, leading DCH2Cl2 to increase.
Looking now at the self-diffusion coefficients of water,DH2O, in

the samples with and without cryptophane, it is interesting to
notice that they do not evolve in the same way as for
dichloromethane. Indeed, they are practically not affected by
the presence of the cryptophane. Even if they slightly decrease,
they are still 10 times larger than the diffusion coefficients of
cryptophane. Consequently, water may be interacting with the
cryptophane but does not enter the cavity in solution, thus
proving the hydrophobicity of the host cavity.39 This observation
differs from the conclusions obtained in the solid state by
Taratula et al.,40 which were however obtained in the absence of
other suitable guests.
Host Conformations in the Host−Guest Complexes. 1H

and 13C Spectra. In our earlier studies, it was shown that the
complexation of chloromethane changes the probability
distribution of the host conformers.6,7 This has an effect on the
chemical shifts in both the 1H and 13C spectra because they are
the weighted averages of the chemical shifts of all the conformers
in fast exchange in solution. The exchange between the host
conformers is always fast in the investigated temperature range,
as opposed to the guest exchange (discussed above) which can be
both fast and slow in this range.
In the case of cryptophane-A and cryptophane-But, the

equilibrium constant for both guests, chloroform and dichloro-
methane, is higher than in the case of previously investigated
compounds. This means that, at low temperatures, when the
equilibrium is shifted toward complex formation, even at low
concentration of the guest (1:1 host:guest ratio) the complexed
forms dominate the spectra. In order to investigate the influence
of complexation on the conformational distribution, it is an
advantage to look at spectra with low guest concentrations, at
least lower than the total concentration of the host. One way to
create these conditions is to work on samples containing more
than one guest. For cryptophane-A, the 1H and 13C spectra of
sample 1 (cryptophane-A containing solvents of purification) at
240 K are shown in Figures 5 and 6.
The solution contains not only the two chloromethanes but

also ethanol. Nevertheless, one can see three sets of signals for
the three complexed forms of the host. The chloroform complex
is labeled with the capital latter A, the dichloromethane complex
with B, and ethanol with C. Both spectra are very informative. At
this temperature, the free peaks of the guest are too small to allow
reliable integration or not even observable. The guests can be
considered to be fully complexed. This is not a surprise for
chloromethanes, knowing the high affinity of the host to these
guests. Interestingly, the host also encapsulates ethanol coming
from the purification of the material. It can be further seen in
Figure 5 that the chloroform complex has only one peak for the
linker protons (Figure 5, peak (A)1′,2′), in contrast to the other
guests which have two peaks for the linker protons (Figure 5,
peaks (B,C)1′,2′). This implies a more symmetric environment
in the case of the chloroform complex. The two proton peaks in

the case of other guests are dipolarly coupled to each other
(cross-relaxed by each other), according to NOESY and ROESY
spectra (see below). The aromatic region is also very informative.
It can be seen that the difference between protons 3 and 6 is the
biggest in the case of the chloroform complex and the smallest in
the case of the ethanol complex.
In Figure 6, the 13C spectrum of the same sample is shown. It is

also possible to see here three separate sets of peaks for the three
complexes (Figure 6, peak sets A, B, C). The spectrum shown
here is a proton-decoupled 13C spectrum which is easy to
interpret; every peak represents a chemically and magnetically
nonequivalent site in themolecule in question. One canmake the
following observations. The peak of the methoxy group is shifted
upfield going from ethanol to chloroform guest (Figure 6, peaks
(A)M, (B)M, and (C)M). The opposite behavior is true for the
linker carbons. The signals belonging to the linkers are shifted
downfield, and the chloroform complex has the highest chemical
shift value. As in the case of the proton spectrum, the difference
between the signals of the aromatic carbons is the highest in the
case of the chloroform complex and the lowest in the case of the
ethanol complex. If a high excess of chloroform (host:chloroform
= 1:6, sample 2) is added to the same solution, it will “push” the

Figure 5. The 1H spectrum of the solution containing 30 mM
cryptophane-A, 8 mMCHCl3, 7 mMCH2Cl2, and 10 mMCH3CH2OH
in 1,1,2,2-C2D2Cl4 (sample 1). The spectrumwas recorded at 14.1 T and
240 K. The capital letter A denotes the CHCl3@cryptophane-A, B the
CH2Cl2 complex, and C the CH3CH2OH complex.

Figure 6. The 13C spectrum of the solution containing 30 mM
cryptophane-A, 8 mMCHCl3, 7 mMCH2Cl2, and 10 mMCH3CH2OH
in 1,1,2,2-C2D2Cl4 (sample 1). The spectrumwas recorded at 14.1 T and
240 K. The capital letter A denotes the CHCl3@cryptophane-A, B the
CH2Cl2 complex, and C the CH3CH2OH complex.
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other guests out of the cavity and the free guest peaks are
observable again (see the Supporting Information). Figures 7
and 8 show the 1H and 13C spectrum of solution number 11 for
the cryptophane-But complexes.

In this case, the sample does not contain any ethanol but only
dichloromethane and chloroform in close to equimolar amount.
Both spectra show exactly the same behavior concerning the
chemical shift changes as in the previous case. By calculating the
chemical shift differences of the aromatic carbon signals 3 and 6
(Δ = δ3 − δ6), together with the full width at half-height (fwhh)
of carbons 1′, 3, and 6 for the two hosts (see the Supporting
Information), it can be seen that the signals at low temperatures
are broadened by both conformational exchange of the hosts and
the exchange of the guest. By increasing the temperature, both
exchange processes are getting faster. The chemical shift
difference of the aromatic carbons 3 and 6 is decreasing. This
is due to the increasing amount of noncomplexed host,
characterized by smaller Δ-values. At temperatures higher than
275 K, the peaks start to broaden again and, in the case of
chloroform complexes, the peaks broaden into the baseline and
further analysis is very difficult.
The spectra displayed in Figures 7 and 8 (sample 11) were

recorded at 250 K. In the 1H spectrum (Figure 7), it can be seen

that the position of the bound CH2Cl2 peak is very close to signal
number 4″ and other impurities, making, unfortunately, the
integration difficult. Nevertheless, one can try to fit a Lorentzian
to the peaks and extract information on the concentration ratio
between bound and free CH2Cl2, because in this case not only
the quantitative information is useful. The quantitative
information can be used to get a better picture of the affinity
of the host. The concentrations of various species are listed in
Table 6.

One can see that the ratio [HG]/[G] = kfb/kbf is much lower
than that in Table 2. This is the effect of having two guests
present at the same time. The data in Table 6 indicate that the
affinities of cryptophane-But to both chloromethanes are rather
similar.

Quantum Chemical Calculations of Chemical Shifts and
Energies. The experimental information provided by the simple
spectra is not sufficient to draw a definite conclusion on the type
of conformers preferred by the different guests. In order to give a
more detailed answer, one needs to look at the structure and
symmetry properties of the conformers. In the case of
cryptophane-A, the quantum chemical optimization was done
previously by Brotin et al.41 The present study complements that
work by reporting also the chemical shifts of the 13C sites in the
conformers. Moreover, an attempt to correct the calculated
energies with the van derWaals contribution28 is performed here.
As it was described in detail earlier,6,7 the linkers can exist in
various conformations. The all-trans conformers for crypto-
phane-A and cryptophane-But are shown in Figures 1 and 2,
respectively. There are two types of trans conformers (both
characterized by the -O-1′-2′-O- dihedral angle close to 180°)
which differ in the relative orientation of the bond connecting
carbons 1′ and 2′ with respect to the methoxy or butoxy groups
on the CTB rings. The two orientations result in two very
different conformers. Both T1T1T1 and T2T2T2 conformers
belong to the D3 point group. This means that there is no
chemical shift difference between carbon number 1′ and 2′
these nuclei become symmetry-equivalent. A complication
occurs when CHCl3 enters the cavity: since it belongs to the
C3v symmetry group, it reduces the symmetry of the complex to
C3. The situation is different in the case of the gauche conformers.
There are two basic types of gauche conformers, denoted G+ and
G−, with the only difference in the sign of the -O-1′-2′-O-
dihedral angle (+60°, −60°). Both all-gauche conformers belong
to theC3 symmetry group. This means that the equivalence of the
linker carbons no longer holds: they have different chemical
shifts. Additionally, there are also two types of G+ and G−
conformers, which are denoted G+, G+b, G−, and G−b. The
difference between the conformers with and without subscript
“b” is the orientation of the linker 1′−2′ bond with respect to the
methoxy groups and, more importantly, to the other linkers. The
three linkers can take different conformations independently of
each other, which results in a large number of possible species.
Two of the conformers are visualized in Figure 9.
The G−G−G− conformer is the molecule with black colored

carbons, while the green molecule is the G−bG−G−. Because of

Figure 7. The 1H spectrum of the solution containing 10 mM
cryptophane-A, 9 mM CHCl3, and 6.5 mM CH2Cl2 in 1,1,2,2-C2D2Cl4
(sample 11). The spectrum was recorded at 16.5 T and 250 K. The
capital letter A denotes the CHCl3 and B the CH2Cl2 complex.

Figure 8. The 13C spectrum of the solution containing 10 mM
cryptophane-A, 9 mM CHCl3, and 6.5 mM CH2Cl2 in 1,1,2,2-C2D2Cl4
(sample 11). The spectrum was recorded at 16.5 T and 250 K. The
capital letter A denotes the CHCl3 and B the CH2Cl2 complex.

Table 6. Concentration of Species in Solution 11 at 250 K

species/type free (mM) bound (mM) bound/free

CH2Cl2 3.7 2.8 0.76
CHCl3 3.6 5.4 1.50
host 1.8 8.2 4.56
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the equivalence of the caps, if one exchanges all the linkers from
G−,+ to G−,+b, one gets back the original conformer; this means
that the all-gauche conformers are pairwise equivalent (e.g.,
G−bG−bG−b = G−G−G−). The gauche conformers have one very
important and useful property in common: the linker carbons are
nonequivalent and their chemical shifts are different. The
calculated chemical shifts are shown in Table 7.
As it can be seen in the table, when the gauche conformer

changes to gauche b, the chemical shifts of the corresponding
carbons 1′ and 2′ exchange places. This would not cause any
complication, if the exchange of the linkers was synchronized,
meaning that they only change simultaneously. This is not the
case and the dynamics of the linkers can average the chemical

shift to only one single peak, even if the symmetry of the
conformers is only C3. The picture is more complicated for
protons. The chemical shifts and homonuclear J-couplings
between the linker protons (there are four of them in each linker,
with in principle different shifts and coupling, but they show up
as two multiplets; see, e.g., Figure 5) are not averaged out for the
dichloromethane (and ethanol) complex.
The observed chemical shifts for the proton-carrying aromatic

carbons also display conformation dependences. The situation of
the chemical shifts of carbons 3 and 6 is more complicated,
because of the close vicinity of the methoxy groups to number 6.
The methoxy groups have two local minima. The one with lower
energy corresponds to the methoxy groups in the plane of the
aromatic rings, with the dihedral angle (6-1-O-M) around zero.
When the same dihedral is around −110°, the methoxy group
points out of the plane of the aromatic ring. The energy
difference between these two methoxy group conformers is only
about 6 kJ/mol, more or less independent of the linker
conformation. The dynamic behavior of the methoxy groups
plays an important role both in the kinetics of the complexation
(as discussed in the case of cryptophane-C6) and in the chemical
shift of the carbon number 6. The calculated chemical shifts and
the difference between them are shown in Table 7.
There are two important conclusions that can be drawn

looking at Table 7. The first is that the chemical shift difference
between carbons 3 and 6 decreases going from the all-trans
conformers to the all-gauche conformers. The second conclusion
is that the orientation of the methoxy groups affects this
difference dramatically. Namely, in the case of trans and gauche−
conformers, the order of the peaks (the sign of the Δ-value) is
reversed. In the case of gauche+, the Δ-value is reduced but still
positive. From the HSQC and NOESY measurements, it is
known that the order of the peaks 3 and 6 in the carbon spectrum
is never exchanged. The explanation of this observation is that it
almost never happens that all six of the methoxy groups are
oriented with a dihedral angle of −110°. This, in turn, has an
effect on the kinetics of the complex formation, since the reaction
can only occur when two methoxy groups on the opposite sides
of a “cavity window” point out of the aromatic plane. This is
shown in Figure 10, where the conformer G−G−G− is displayed
in the van der Waals representation when two methoxy groups
on the opposite sides have a dihedral angle of zero (Figure 10A)
and −110° (Figure 10B).
It can be seen that it is not possible for CHCl3 to exit when the

methoxy groups block the way. As anticipated above, this
increased steric hindrance can be seen as the origin of the slower

Figure 9. The G−G−G− and G−bG−G− conformers of cryptophane-A.
The molecules are presented on top of each other. The molecule with
black carbon framework is the G−G−G− conformer, and the green
framework depicts the G−bG−G−.

Table 7. Calculated Chemical Shifts (ppm) of the Linker
Carbons When the Methoxy Groups Are Located in the Plane
of Aromatics and Calculated Chemical Shifts (in ppm) of the
Aromatic Carbons in CHCl3@Cryptophane-Aa

conformer 1′ 2′ Δ = δ1′ − δ2′

linker carbons (1′ and 2′) G+G+G+ 71.8 73.9 −2.1
G+bG+G+ 72.2 72.9 −0.7
G−G−G− 74.1 70.0 4.1
G−bG−G− 72.7 71.4 1.3
T1T1T1 75.0 75.0 0
T2T2T2 78.5 78.5 0
conformer 3 6 Δ = δ3 − δ6

aromatic carbons (3 and 6) T1T1T1A 129.1 116.8 12.3
T1T1T1B 129.7 131.1 −1.4
T2T2T2A 132.0 117.2 14.8
T2T2T2B 132.2 131.0 1.2
G−G−G−A 123.1 116.5 6.7
G−G−G−B 123.4 130.6 −7.2
G+G+G+A 122.0 117.1 4.9
G+G+G+B 124.0 121.8 2.2

aThe capital letter A denotes a conformer optimized with a methoxy
dihedral around zero. B denotes a conformer optimized with a
methoxy dihedral of around −110°. The calculated shifts for the
individual carbons differ by a few tenths of a ppm. Here, the average
values are given.

Figure 10. The van der Waals representation of theG−G−G− conformer
of cryptophane-A. (A) The molecule with the 6-1-O-M dihedral angle
close to zero, blocking the exit. (B) The molecule with the 6-1-O-M
dihedral angle close to −110°, out of the way.
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dynamics of both guests@cryptophane-A compared to crypto-
phane-C.
Cryptophane-But is a larger molecule, and the DFT

calculations are time-consuming. Due to this, the chemical shifts
of only three noncomplexed (G+G+G+, T1T1T1, T2T2T2) and two
chloroform-complexed (G+G+G+, T1T1T1) conformers were
calculated (see the Supporting Information). The results
obtained are very similar to cryptophane-A. The shift difference
between the proton-carrying aromatic carbons is highest in the
case of the trans conformer and lowest in the case of the gauche
conformer. The similarity also applies to the linker carbons. It is
thus possible to summarize the findings as follows. The chemical
shifts of the linker carbons are moved downfield (to higher shift
values), if the trans character of the complex increases, and the
shift difference, Δ, between the aromatic carbons also increases.
However, with this information at hand, it is still not possible to
decide which trans conformer is preferred by the complex. The
only conclusion possible to draw is that the trans character
increases in the case of binding of both chloromethane guests.
One possible help to decide which trans conformer is preferred

by the complex can be provided by the DFT-calculated energies
of the different complexes. The problem with the energies is that
they are basis-set-dependent and that the contribution coming
from the dispersion correction is an empirical estimate.28 There
are four types of energies one can compare. First, there are two
energy values coming from the small and large basis set and
containing only the zero point correction and the thermal
contribution; in addition, there are the energies containing the
dispersion contribution. From the relative energies of the
noncomplexed cryptophane-A conformers with respect to the
lowest values within the respective approximation level (see the
Supporting Information), it can be seen that there are big
differences between different calculations. In the case of no
dispersion correction, the minimum occurs at the T1T1T1
conformation with both basis sets and the dispersion-corrected
energies have their minimum at the G−bG−T1 conformer. This is
a large difference. From the energy values, one can calculate the
probability distribution of the conformers and weight the
calculated chemical shifts with it. The weighted average of the
shifts can be compared with the measured value. The calculated
weighted average Δ-values for the small and large basis set are
11.6 and 10.6 ppm, respectively, which does not match with the
measured values. Calculating the weighted chemical shifts in the
same way, but using the dispersion-corrected energy data, one
obtains 6.7 and 6.5 ppm. This is in better agreement with the
experimental spectra. One has to keep in mind that in reality
there was never any noncomplexed cryptophane-A in the
solutions studied. The discussion thus refers to the dichloro-
methane and ethanol complex.
The situation is more complicated in the case of CHCl3@

cryptophane-A and CHCl3@cryptophane-But complexes. First,
as it was mentioned before, all the gauche conformers have at
most C3 symmetry. This also means that there is a difference in
energy, dependent on the orientation of the chloroformmolecule
within the cavity. Figure 11 shows the gauche+ conformer with
the two orientations of chloroform.
It is also possible to change the linkers to gauche+b

conformation and let the orientation of chloroform to remain
unchanged. This complication arises only because the chloro-
form molecules cannot turn around in the cavity (see relaxation
data above).
From the energies of the chloroform-complexed cryptophane-

A (see the Supporting Information), it can be seen that, without

the dispersion correction, a minimum occurs at the T2T2T2 with
the small basis set and at the G−bT1T1 conformer with the large
basis set. For the dispersion-corrected data, the minimum is again
changed drastically. This time, the minimum occurs at G−T2T2
with the small basis set and at G−G−G− with the large basis set.
Looking at the probability-weighted sum of the chemical shift
differences between the proton-carrying aromatic carbons 3 and
6, one obtains similar values as before: 11.3 and 10.5 ppm
without the dispersion correction and 10.5 and 8.6 ppm with the
dispersion correction. It is thus confirmed again that the
complexation of chloroform will increase this difference, but
still it is not possible to select the preferred conformers.

13C CPMG Relaxation Dispersion. So far, the only conclusion
that can be drawn is that some guests prefer different
conformations of the host. Thus, guests can either fit into
major or minor states of the host. The main concern is that, due
to a fast conformational exchange of the host (see above), minor
states are not observable on the recorded spectra. Only a set of
peaks corresponding to an average of these major and minor
states is detectable. In order to get more information on this
conformational or chemical exchange, the 13C CPMG relaxation
methodology,9,10 which allows one to characterize physicochem-
ical parameters of systems under conformational exchange, was
applied on sample 12. As observed in Figures 12 and 13, the
transverse relaxation rate R2 of the linkers (singlet peak for
carbons 1′ and 2′, as seen in Figure 6) and of the aromatic carbon

Figure 11. The two possible orientations of CHCl3 inside the cavity of
the G−G−G− conformer of cryptophane-A.

Figure 12. 13C relaxation dispersion curves obtained for the
cryptophane-A linkers (triangles) and the aromatic carbon 6 (lozenges)
at 298 K (sample 12). Filled symbols, transverse relaxation rates R2
obtained at 14.1 T; empty symbols, transverse relaxation rates R2
obtained at 16.5 T.
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6 varies as expected with the repetition rate νCPMG (=1/
(2τCPMG)), indicating the presence of dynamical processes
occurring in the micro- to millisecond range.
The two-field dispersion data obtained at 14.1 and 16.5 T for

both linker and aromatic carbons were fitted according to the
Luz−Meiboom equation42 for a two-site fast exchange:
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where R2
0 is the transverse relaxation rate in the absence of

exchange, pmajor is the relative population of the major state in
exchange,Δω corresponds to the resonance frequency difference
between the spins in the major and minor states, and texch is the
exchange time between the two states. Of course, the assumption
of a two-site exchange is probably an oversimplification, but this
model, which is usually the first employed for analyzing
experimental data,43 is adequate for having an estimation of the
parameters of interest.
In order to get accurate parameters,44 the two-field dispersion

curves were fitted simultaneously for each case (linker and
aromatic carbons) by using a nonlinear least-squares fitting
procedure. The thermodynamic parameter pminor (=1 − pmajor),
the structural parameter Δω, the kinetic parameter texch, and the

relaxation rate in the absence of exchange R2
0 deduced from the

fitting of the 13C transverse dispersion curves are listed in Table 8
for the two fields and the two temperatures investigated.
Considering the calculated errors, the results obtained for the

linker and the aromatic carbons are quite similar as expected,
showing the reliability of the method. In both cases, the
population of the minor state is not affected by the temperature.
The value found for pminor is around 0.05, indicating the presence
of a low-populated state. The exchange time texch is in the
millisecond range, and the exchange rate, defined as (1/texch), is
increasing with temperature, agreeing with the Arrhenius
equation. Concerning the exchange-free relaxation rate R2

0, it
varies only little with the changes of temperature and field, with
the transverse relaxation of the aromatic carbon being slightly
faster. According to the Δω values found for the linker and the
aromatic carbons, the cryptophane-A minor state (if it would be
visible on the spectrum) should appear a few thousand hertz
away (roughly ±6−7 ppm at 298 K and ±8−10 ppm at 310 K)
from the peaks corresponding to the major state. By comparing
these results to those obtained by quantum chemical calculations
(see Table 7), one can see that theΔω values are consistent with
the calculated chemical shifts when going from the trans
conformers (which should correspond to the major state) to
the gauche conformers (which could be attributed to the minor
state).

Cross-Relaxation. The analysis of the 13C relaxation
dispersion curves revealed that a fast conformational exchange
is occurring in the complexed cryptophane-A system. To
complete this study and to give a possible solution of the
above-mentioned conformational problem, it is relevant to
measure the cross-relaxation rates between the linker protons
and the aromatic proton number 3. After this, one can make
comparisons with the distances from the DFT-optimized
conformer structures: the cross-relaxation rates are proportional
to the inverse sixth power of the corresponding proton−proton
distance. The relevant distances are shown in Table 9.
One can see that a high cross-relaxation rate is expected in the

case of the gauche conformers, since the distances are the shortest
there. Very small values are expected for the T1T1T1 conformer.
The cross-relaxation data are shown in Tables 10 and 11.
It is interesting to notice that, in the case of dichloromethane

complexes, there are no big differences between the two peaks in
the spectrum. However, there is a big difference between the
CH2Cl2 and CHCl3 complexes in cryptophane-A. The cross-
relaxation rate decreases by half in the case of the chloroform
guest. This is not the case in cryptophane-But. This suggests that
the conformational changes are much smaller in the case of the
latter host. This is also indicated in the spectra: there are always

Figure 13. 13C relaxation dispersion curves obtained for the
cryptophane-A linkers (triangles) and the aromatic carbon 6 (lozenges)
at 310 K (sample 12). Filled symbols, transverse relaxation rates R2
obtained at 14.1 T; empty symbols, transverse relaxation rates R2
obtained at 16.5 T.

Table 8. Physicochemical Parameters Deduced from the Fitting of the 13C Transverse Dispersion Curvesa

298 K 310 K

14.1 T 16.5 T 14.1 T 16.5 T

linker carbons (1′ and 2′) pminor 0.06 ± 0.01 0.04 ± 0.01
Δω (Hz) 933 ± 71 1082 ± 83 1205 ± 130 1410 ± 152
texch (ms) 1.1 ± 0.2 0.69 ± 0.05
R2
0 (s−1) 5.3 ± 0.2 5.0 ± 0.2 4.8 ± 0.2 4.6 ± 0.2

aromatic carbon (6) pminor 0.07 ± 0.03 0.04 ± 0.01
Δω (Hz) 1060 ± 175 1230 ± 203 1587 ± 175 1841 ± 203
texch (ms) 1.0 ± 0.1 0.52 ± 0.04
R2
0 (s−1) 6.1 ± 0.2 5.9 ± 0.3 5.6 ± 0.2 5.4 ± 0.3

aAt 16.5 T, Δω corresponds to (16.5/14.1) times the value obtained at 14.1 T. Errors are deduced from Monte Carlo iterations.
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two peaks in the proton spectra of cryptophane-But, and the
chemical shift difference between carbons 3 and 6 is also smaller.
Looking at the cross-relaxation data at 258 K (the same
temperature as used in cryptophane-C measurements6), it can be
noted that the cross-relaxation rates in CH2Cl2@cryptophane-C
are by a factor of 4 smaller. This indicates that even the CH2Cl2@
cryptophane-A complex has trans character. The small cross-
relaxation rate of CHCl3 means that probably the T1T1T1

conformer is preferred over the T2T2T2. The high cross-
relaxation rates of the CHCl3 guest with both hosts
(cryptophane-A, cryptophane-But) are very surprising and
shed light on the possible problems with DFT calculations,
namely, that the optimized structures are static and the systems
are not. Consistently with the carbon-13 relaxation data,
chloroform can be thought of as moving in a cone inside the
cavity. The average distance of chloroform from the aromatic
protons is 4 Å. It is impossible that one measures such a high
cross-relaxation rate at this distance. In reality, this distance must
be much shorter. This also means that the position of chloroform
predicted by DFT is not fully correct. This can, in turn, perhaps
be traced back to the lack of van der Waals contribution during
the geometry optimization procedures.

■ CONCLUSIONS
The investigation of chloromethanes@cryptophane with the
help of different NMR methodologies sheds light on the
complexation process. Besides the fact that the chloromethane
and the cryptophane diffuse as a single entity, it was also proven
that a conformational variability/selection of encapsulation of
chloromethane guests into the host cavity is also occurring. This
phenomenon, already observed on variable temperature spectra,
was studied further by DFT calculations and CPMG relaxation
dispersion. These techniques gave structural information about
the host but also allowed the determination of both kinetic and
thermodynamic properties related to the conformational
changes of the host. Nevertheless, the results obtained in this
study for the solution state differ from the previously proposed
induced fit model by Taratula et al. in the solid state.40 Indeed, a
double conformational selection model is proposed. Both the
conformations of the methoxy groups and of the linkers play an
important role in the case of cryptophane-A guest encapsulation,
as in the case of cryptophane-C. This model was supported by
the dynamical measurements of guest exchange and the
activation energies. Moreover, the conformational changes of
the host are different from those experienced in cryptophane-C.
Here, the trans character plays an important role in the case of
cryptophane-A, which can be caused by the methoxy groups
being too close to each other when lying in the plane of the
aromatic rings, which is their most stable position. In the case of
cryptophane-But, the gauche character of the linkers is more
pronounced and, as shown in the proton and carbon spectra,
there is less change experienced by the host upon complex
formation. Both hosts have a surprisingly high affinity constant to
CHCl3, compared to other cryptophane hosts. This can be
explained by the volume differences of the conformers. In the
case of cryptophane-C, the gauche conformers were more
populated, while the trans conformers are more important in the
case of cryptophane-A. For any of the hosts, the trans conformers
have a bigger cavity. However, it should be noted that the
explanation of the thermodynamic stability by the cavity size
does not work in the case of cryptophane-But. It does explain the
difference between dichloromethane complexes but not that
between the chloroform encapsulation in various hosts. The
stabilities of the chloroform complexes are very similar which is,
at the present stage of the research, surprising and requires more
investigation.

■ ASSOCIATED CONTENT
*S Supporting Information
Concentrations of the species in solution in the case of
cryptophane-A complexes. Concentrations of the species in
solution in the case of cryptophane-But complexes. 1H spectrum
of the solution containing 10 mM cryptophane-A and 60 mM

Table 9. Distances between the Aromatic Proton 3 and the
Linker Protons 1′ and 2′ in Å in DFT-Optimized Structures of
Different Conformers of Cryptophane-A

T1T1T1 3 T2T2T2 3

1′ 3.3 1′ 3.6
1′ 3.8 1′ 2.8
2′ 3.4 2′ 3.6
2′ 4.1 2′ 2.8

G+G+G+ 3 G−G−G− 3

1′ 2.4 1′ 2.5
1′ 2.4 1′ 3.3
2′ 4.2 2′ 2.1
2′ 4.5 2′ 3.7

Table 10. Cross-Relaxation Rates (s−1) between the Protons
Attached to the Linker Carbons and the Aromatic Proton 3 for
the Dichloromethane Complexes (Samples 4 and 7)

CH2Cl2@host cryptophane-A cryptophane-But

T (K) (field) 1H 1H on C1 1H on C2 1H on C1 1H on C2

235 (14.1 T) 3 1.01 0.82
240 (14.1 T) 3 0.54 0.43 0.69 0.56
255 (14.1 T) 3 0.25 0.28
258 (9.4 T) 3 0.15 0.13

Table 11. Cross-Relaxation Rates (s−1) between, on the One Hand, the Aromatic Protons and, on the Other, the Linker and Host
Protons for the Chloroform Complexes (Samples 8, 9, and 10)

CHCl3@host cryptophane-A cryptophane-But

T (K) (field) arom 1H 1H linker CHCl3
1H on C1 1H on C2 CHCl3

240 K (14.1 T) 3 0.25 0.26 0.59 0.52
6 0.07 0.21 0.18 0.16

258 K (9.4 T) 3 0.08 0.21 0.27 0.22
6 0.01 0.16

260 K (16.5 T) 3 0.26
6 0.24
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CHCl3 in 1,1,2,2-CD2Cl4. Arrhenius plots of k−1 and k1 exchange
rate constants versus inverse temperature for dichloromethane
and chloroform in cryptophane-A. Van’t Hoff plots of the
association constant K versus inverse temperature for dichloro-
methane and chloroform in cryptophane-A. Chemical shift
difference of the aromatic 13C signals and full width at half-height
for cryptophane-A and both guests. Calculated chemical shifts for
the linker and the aromatic carbons for the cryptophane-But
host. Chemical shift difference of the aromatic 13C signals and full
width at half-height for cryptophane-But and both guests.
Energies obtained by the geometry optimization of the
conformers for the noncomplexed cryptophane-A. Energies
obtained by the geometry optimization of the conformers for the
CHCl3 complexed cryptophane-A. This material is available free
of charge via the Internet at http://pubs.acs.org.
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