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Abstract: The motional dynamics of a van der Waals inclusion complex of cryptophane-E and chloroform
has been investigated by a combined NMR exchange and relaxation study. The kinetics of exchange of
chloroform between the bulk solution and the complex was investigated by means of proton EXSY
measurements. The carbon-13 relaxation of the cryptophane-E host and of the bound chloroform guest was
analyzed using the LipatiSzabo “model-free” approach. For interpretation of the carbon-13 relaxation
measurements for chloroform, the chemical-exchange process of complex formation and dissociation had to
be taken into account in terms of the modified Bloch equations. It was found that the complex behaves as a
single molecule without any significant guest chloroform motion inside the host’s cavity.

Introduction Chart 1. Cryptophane-E
Understanding different noncovalent bonding interactions has [T

been a challenge for chemists and physicists during the past Q Q

few decades. Various structures based on this type of bonding MeO MeO O

to form stable complexes have been designed and investigated. 0 MeO

A lot of interest has been centered around hydrogen bonding

in water-soluble, biologically relevant systems. Besides that,

numerous neutral organic systems have been designed to make
use of van der Waals interaction. Such systems, based on

calixarené, cyclophané, crown-ethel or even cyclodextrih
matrixes, have already found many interesting applications in
molecular recognition and analy3igsensors, selective elec-
trodes), catalysi%’ supramolecular chemistfyand many other
fields. Indeed, in most of such systems, various types of

noncovalent interactions take place side by side, and it is often

difficult to dissect the individual contributions.
Cryptophanes were found to interact strongly with small
neutral species in a hydrophobic environm&nif. Globularly
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aCarbon atom numbering used for the NMR spectra assignment is
shown for the aromatic ring (46), propylene linker (12'), methylene
bridge (B), and methoxy residue (M).

shaped cryptophane molecules consist of two cyclotriveratrylene
(CTV) units connected by three aliphatic linkers. In the case of
cryptophane-E (Chart 1), the linkers are propylene residues. This
molecule can act as a host accommodating a small guest inside
its cavity. It has been fourdé'8that, among a variety of small
neutral molecules (mostly halogenated hydrocarbons), the most
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on the selection of appropriate motional models for the two
species, because the values of correlation times are model-
dependent. The most common choice is that of rigid, isotropic

+ CHCL k& rotors®25-28 This model has obvious shortcomings (it does not
kye allow for internal motion or overall anisotropy) and can be
expected to function best in the case of very weakly coupled
motions and a rather symmetric guest.
cryptophane-E inclusion complex of We will s_ho_w that treating the whole cqmplex as a single
cryptophane-E with CHCI, molecule within the framework of the LipatiSzabo approach

is a better choice in the case of strong motional coupling. This
approach corresponds to a physical picture involving a strongly
anisotropic van der Waals interaction that effectively behaves
as a normal directional bond, allowing only a certain degree of
stable complex of cryptophane-E is formed with chloroform (see rotational mobility around the bond axis. .
Figure 1). We also stress that an appropriate consideration of chem|_cal
The crystal structure of the compléxeveals that the chlorine ~ €xchange, corresponding to the process of complex formation
atoms of chloroform are situated in the equatorial plane of the @nd dissociation, is necessary. Such a consideration is often
cryptophane, while the hydrogen is pointing toward the CTV Neglected in the literatur,?’if the exchange appears slow on
unit (right-hand side of Figure 1). Concerning the polar the H chemical shift scale. The sequence of steps, involving
orientation of the chloroform guest, a disorder in the crystal Several experiments and the use of appropriately modified Bloch
structure was encountered, suggesting that the guest can adogtquations for the extraction of the longitudinal relaxation times
two positions in the cavity, providing an effectids symmetry. and the heteronuclear steady-state nuclear Overhauser enhance-
The question of rotational mobility of the guest in this inclusion Ment (NOE) from the relaxation measurements, is presented
complex has been addressed only by computational methodsOr the case of slow chemical exchange. o
thus farl® We wish to address this issue from the experimental _ The Modified Bloch Equations for Relaxation in the

Figure 1. Scheme of the inclusion complex formation and definition
of the reaction rate constants. The complex structure is taken from an
X-ray crystal structuré® hydrogen atoms are not displayed.

point of view. Presence of Chemical Exchangélhe *3C longitudinal relax-
Figure 1 also shows the definition of reaction-rate constants ation due to the dipotedipole interaction with the directly
kes, ksr. The effective chemical exchange ratess, K*gr bound protons is single exponential, under the conditions of

required for interpretation of NMR experiments are given as: ‘H decoupling. The spinlattice relaxation time T, can be
k*es = keg[cryptophane-E]k* sr = ker (square brackets denote  €xtracted from the standard inversierecovery experiment

molar concentration). The association consténtis defined (delay— r-pulse— mixing time — /2-pulse— FID) by simple
according to eq 1. exponential fitting of peak intensities as a function of the mixing
time. The nuclear Overhauser enhancement facter ¢i) of
[cryptophane-E-CHCl,] the 13C signal due to'H saturation is conveniently measured

2) by omitting thezz-pulse in the sequence above, switching the
decoupler on at the beginning of the mixing time, making the

. . measurement with one very short and one very long mixing
NMR relaxation measurements represent a well-establishedijme  and taking the ratio of the peak intensities in the two

tool to quantify rotational molecular dynamig&They have been spectra (the dynamic NOE sequen&&)However, in the
used to shed light on a great variety of problems in systems presence of exchange between different chemical states, the
ranging from small solvent molecules to synthetic and biological extraction of these relaxation parameters, specific for each state,
macromolecules. For the description of motion of large and pecomes more complicated.

m|ddle-lS|zed molecules, the Liparzabo “model-free” ap- If the exchange occurs on a time scale similar to that of the
proaclt* has been proven to be very useful. It was derived from ,clear relaxation, the modified Bloch equatighsan be used

just a few basic assumptions concerning the molecular motion g gescribe the course of the nuclear spin system toward
(vide infra), and it uses a rather limited set of parameters that gqilibrium.

|

|F) +

B

1™ [cryptophane-E][CHC]

can be calculated often from a quite limited set of NMR

relaxation measurements. | —R.— K K
The characterization of the motion of a small guest molecule di'e| = B F
B

is more difficult because, commonly, even less experimental dt Kig —Rg — K

data are available for a potentially more complicated motion R0 \[@+ 7o 0
inside the host’s cavity. To quantify the degree of coherence of F FO 2
molecular motion of the guest and the host in an inclusion 0 Ry 1+ ng)lg

complex, the concept of motional coupling, expressed as a ratio
of the rotational correlation times of the guest and of the host,
has been introduced.22-24 The utilization of this concept relies 19é25) Inoue, Y.; Okuda, T.; Miyata, YCarbohydr. Res1982 101, 187—

(19) Varnek, A.; Helissen, S.; Wipff, G.; Collet, A. Comput. Chem. (26) Inoue, Y.; Kuan, F.-H.; Chujo, RBull. Chem. Soc. Jpri.987, 60,
199§ 19, 820-832. 2539-2545.
(20) Levy, G. C.; Kerwood, D. JEncyclopedia of Nuclear Magnetic (27) Mock, W. L.; Shih, N.-Y.J. Am. Chem. Sod989 111, 2697
ResonanceGrant, D. M., Harris, R. K., Eds. Wiley: New York, 1996; pp  2699.
1147-1157. (28) Azaroual-Belanger, N.; Perly, Bdagn. Reson. Chenmi994 32,
(21) Lipari, G.; Szabo, AJ. Am. Chem. Sod.982 104, 4546-4559. 8—11.
(22) Behr, J. P.; Lehn, J.-Ml. Am. Chem. S0d.976 98, 1743-1747. (29) Kowalewski, J.; Ericsson, A.; Vestin, BR.Magn. Resoril978 31,
(23) Hilmersson, G.; Rebek, J., Magn. Reson. Chenm998 36, 663— 165.
669. (30) Ernst, R.; Bodenhausen, G.; Wokaun, inciples of Nuclear
(24) Brevard, C. H.; Kintzinger, J. P.; Lehn, J.-Netrahedron1972 Magnetic Resonance in One and Two DimensidBsford University

28, 2447. Press: Oxford, 1994.
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The set of equations (eq 2) describes longitudinal relaxation

-1 _ 1— 2 —
of the spin statesr, |g that correspond to th&C nucleus of T = 4NH(DCC) [Ny = wg) + 3wc) + 6)(wy + wo)l

CHCl; in the free (index F) or the bound (index B) statBs, 4)
Rs are the longitudinal relaxation raté®-(= 1/Tir, Rs = 1/T1p). (VH\ 6J(wy, + wo) — Hwy — we)

Here, we should point out the different equilibrium- or steady- n=\|— (5)
states that can occur in the system and, consequently, in the re)dwy = wg) + 3)we) + 63wy + wo)
equations. When the spin system is allowed to relax in the gy eyuh
absence of any radio frequency irradiation, the equilibrium DCC= (u)rcH3 (6)
magnetizationd 2, 1g0 are proportional to the macroscopic 87’

concentrations of the free and host-bound forms. If the
longitudinal relaxation takes place under the conditiorttdf
saturation (without any chemical exchange present), the equ

librium magnetization at— o is NOE-enhanced by the factors X ~ h
of (1 + 79, (1 + 7g), respectively. When, in addition, the derived the spectral densities under the assumptions that the

chemical exchange is present, the magnetizations-at are molecule rotates isotropically as a whole (with the global

denoted a&?, I and can be obtained as a limit of the modified correlation timery) and that individual CH vectors, in addition,
Bloch equatiorBs (eq 2). The NOEs for the two states (NOE undergo a much faster (and uncorrelated with the global rotation)

NOEs) can be thus determined using the classical dynamic NOE Idocal _rgloélcgn tOf a I|m|te(tj a.mphtude. 'II_'hed Ioczjal motlcgetls
pulse sequence and eq 3. escribed by two parameters: a generalized order para®eter

(defining the degree of restriction) and the local correlation time
Te.

To express the frequency dependence of the spectral densities
i(and thus of the relaxation parameters) one needs to adopt a
certain model for the molecular motion. Lipari and SZbo

@a'?—KEF|§+E

NOE: = (1 +7) =
R 10 J(a))=2 Sty +(1—§)r 7
o o o 51+w2TM2 1+(02T2
_ _@Fls_l(rgBlF Iy
NOE; = (1+7g) =———F4+ 2 (3 Fimg g
e

0
Relg g

The simple model of a rigid body isotropic rotation can be
viewed as a limiting case of the Lipar§zabo model with totally
restricted local motions® = 1.

The last term of eq 3 represents the standard formula for
determination of the steady-state NOE by taking the ratio of
signals from spectra with very long and zero mixing times. The

first term corresponds to the effect of chemical exchange. > -
The overall strategy that we adopt for deriving the relaxation Jw) == —MZZ (8)
rates in the free and bound states of chloroform is as follows. S1+w TV

First, the exchange rates are determined from the proton 1D
NOESY (EXSY) experiment. In the second stéff; longitu- The 13C relaxation becomes magnetic field dependentzif>
dinal relaxation rate®r, Rs are determined from an inverse ~1 at the relevant angular frequencies, which provides an
detected inversionrecovery experiment (see the Experimental opportunity to sample the spectral densities at several frequen-
Section) by fitting the dependence of the signal intensities of cies.
the bound and free forms on the mixing time to the numerical ) )
solution of the set of equations (eq 2) (employing the previously EXperimental Section
measured effective exchange rates). In the third step, the NOE The sample used in this study consisted of cryptophane-E (purchased
parameters for the free and bound chloroform carbons arefrom Acros Chemicals) in the concentration of 0.01 rdoi3, of
obtained from an inverse detected dynamic NOE experiment. chloroform in the concentration of 0.037 main~2 (Aldrich Chemical
Basic Equations of the Lipari—Szabo Approach.The most Co.), and of tetrachloroethank{Cambridge Isotope Laboratories) as

efficient nuclear relaxation mechanism under the experimental Solvent. In addition, methylene chloride was found in the sample in
conditions of this study is the dipolalipole (DD) interaction  the concentration of 0.005 main =. It most probably filled the cavity
between directly bonde#C andH nuclei. In addition, the " IN€ raw cryptophane-E as obtained from the supplier. Al of the

- o . L . compounds were used as obtained without further purification or
chemical shielding anisotropy (CSA) mechanism is also effective

. - ) o stabilization. The sample was degassed using the frqga@ap—thaw
for aromatic nuclei; therefore, their relaxation is not analyzed procedure (three times) and flame-sealed in a 10 mm NMR tube.

in this paper. The DB-CSA cross-correlation contribution to The spectra were acquired on a Bruker AC 250 (5.9 T) spectrometer
the longitudinal relaxation is removed Byl decoupling during at room temperature and on Varian Inova spectrometers (9.4 and 14.1
the relaxation period. T) at 303 K using the standard temperature-control units. All of the

Neglecting the nondipolar mechanisms and cross-correlationquantitative experiments were repee_lted at least twic_e, and th_e average
between DD interactions, the longitudinal relaxation tife values are reported. THeél and**C signals were assigned using the
and NOE factor (1 #) can be expressed in terms of spectral Standard COSY and INEPT experiments at 9.4 T. _
densities at linear combinations éH and 2C resonance The chemical exchange between chloroform free and bound sites

. ” :
frequencies! The proportionality factor (the square of the was measured at 14.1 T usingt 1D NOES ¥ sequence employing
dipole—dipole coupling constant, DCC) depends on the sixth a half-Gaussian pulse. The bound state was excited with 20 ms, and

. . the free state with 10 ms selectiwg2-pulses (the haréH nz/2-pulse
power of the CH distancecy as well as several universal g ration was 32s). Thirteen values of mixing time were used, ranging

constants (permeability of vacuymg, °C and*H magnetogyric  petween 0 and 0.35 s or between 0 and 1.2 s when exciting the bound
ratiosyc, yn, and Planck constari). Ny denotes the number  and the free state, respectively. The effective rates were determined as
of attached hydrogens. linear terms of a second-order polynomial fitted to the build-up curve.

(31) Abragam, A.The Principles of Nuclear MagnetisnClarendon (32) Kessler, H.; Anders, U.; Gemmecker, G.; Steuernagel, Bagn.
Press: Oxford, 1961. Reson.1989 85, 1-14.
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The signal intensities were normalized to the integrated intensity of 3
the excited signal at zero mixing time (obtained by extrapolation of free CHCl, |6
the second-order polynomial, which best fits the mixing time depen-
dence of the excited signal integral intensity). The recycle time was
68 s (more than 5 times the appardntof the free chloroformtH
resonance).

The 13C longitudinal relaxation times antfC—{'H} steady-state
NOEs of cryptophane-E nuclei were measured in all three magnetic 1
fields using the fast inversion recovery (FfRand dynamic NOE® 5 & B
sequences, respectively. The spectral window typically covered 140
ppm, the spectrum size was 32 K, and the numbers of transients were free CH,Cl, bound CHCY, 2
3200-4000, 3600, 5081500, andt/2-pulse durations were 10, 9, 10.5
us, at 5.9, 9.4, 14.1 T, respectively. The Waltz-16 scheme was used LL_J
for decoupling with the power adjusted to give the decouplingr N S
pulse duration> 90 us. At least eight values of variable delay were 7 8 5 + 3 2
used in FIR; the recycle delay was always longer than 3 times the
longest measured;. The T, values were determined from peak
intensities by three-parameter exponential fitting. For NOE measure-
ments, one very short and one lorrgd(x Ti) proton irradiation delay
was used. The recycle delay wasB) times the longesk;. The NOE ) ) ) o
factor (1+ 1) was determined as the ratio of peak intensities in the Starting INEPT segment was omitted to obtain the true equilibrium
two spectra. magnetizationd(?, 1g° in the spectrum with zero mixing time. The

The host-bound and free chloroforfdC relaxation times were differential step was omitted as well, to obtain nonzero magnetization
measured at 14.1 T in an inverse manner using the INEPT-enhanced?t the mixing timet — co. The steady-state NOE was determined from
inversion-recovery sequenééThe reason for the choice of the inverse the two spectrawﬂhoyt and with a 30 s initialH irradiation period.
detection scheme is the fact that i€ signal of the bound CHgis The number of transients was 512, and the recycle delay was _48 S.
hidden under the strong solvent signal. The method works in a The steady-state NOEs of the two states were evaluated according to
differential manner, that is two subsequent scans differ by the orientation €d 3.
of the zzmagnetization at the beginning of the relaxation period, and
the resulting FIDs are subtracted. The initial conditions of the relaxation Results and Discussion

for the first scan aren(stands for signal enhancement due to starting L . .
INEPT segment): Kinetics of the Complex Formation. The composition of

the mixture was determined by integration of th¢ NMR
spectrum at 600 MHz, compare Figure 2. Because the com-
plexation causes only minor shifts of the cryptophane-E
1.(0) = —nI.° resonances, their integration provides the total amount of the
5(0)=—nlg ©) ! ,

host. Inclusion of chloroform to the host’'s cavity, however,
causes an upfield shift of the guest resonance of 4.44 ppm (the

solvent
bound CH,Cl,

H0

ppm

Figure 2. *H NMR spectrum of cryptophane-E with CHGB00 MHz,
303 K) with assignment. Protons are numbered according to the carbon
they are attached to.

1:(0)= —nI2°

Similarly, the initial conditions for the spin states for the second scan

are: free species resonates at 7.30 ppm, the host-bound one at 2.86
ppm) due to the shielding effect of the cyclotriveratrylene units.
10) = nI. The two sites are in ml_Jtua_ll slow exchange on the qarb_on_-13
and proton chemical shift time scales. The situation is similar
15(0) = nig° (10) for CH,ClI,, although its lower total concentration and lower

association constant give rise to only a trace signal of the

The3C longitudinal relaxation rates for both the free and the bound COMplexed species at the position reported by Canceill et al.
chloroform states were determined simultaneously by an iterative (1.19 ppm)8
procedure. In each step, the set of coupled differential equations (eq 2) Thus, the sample consists of 0.0077 rdai—2 cryptophane-
is solved numerically with the two different initial conditions given by E—CHClg complex, 0.0004 metim—3 cryptophane-E CH,Cl,
eq 9 and eq 10. The two solutions are then subtracted to provide thecomplex, 0.0295 metim—2 free CHC}, 0.0045 moldm™3 free
mixing time-dependent theoretical signal intensities that are compared CH,Cl,. The amount of free cryptophane-E, obtained by
with their experimental counterparts, and the deviations are IeaSt'Square§ubtraction of the concentrations of the complexes from the total
minimized throughout the iteration. The calculation was performed on is 0.0019 moldm-3. While the concentration ratio of bound to '

a PC using Matlab 5.3. . :
The ﬂ/fpmse duration was 32s for *H and 11us for C. The free chloroform (0.26) is determined reasonably accurately from

delays for magnetization transfer and refocusing were set to match athe integrated spectrum, the absolute value of the residual
Jcn of 210 Hz. The carrier frequency was set to the middle between concentration of the free cryptophane is subject to significant
the H resonances of free and bound chloroform species. 3o uncertainty. The equilibrium constants at 303 K, based on the
decoupling during acquisition was applied so as not to include the concentrations above, are 137 metdm?® and 50 moti-dm?
artifact central band intensity (due to incomplete suppression of the for CHCl; and CHCl,, respectively. Because of the uncertainty
signal of thet*C-bound protons) to the measured sidebands. The Waltz- of the free cryptophane concentration, the equilibrium constant
16 scheme was used fé dec_oupllng during the relaxation period at oy the chloroform complex can be subject to a large error,
tshe rt>ower flggerl ((i:orrespondlng to;wh ”/2.'de|Se ?f 221%/‘3' Thé’l perhaps as high as 50%. For the dichloromethane complex the
pectum o ata points covered the window of ca. 10 ppm. Eleven uncertainty is even larger, because of the low concentrations of

values of variable delay ranging from 0 to 20 s were used.
The 3C—{H} steadz—statge NgOE for the chloroform signals was (H€ free and bound CGi€l,. It should be stressed that the value

measured in a similar way, taking advantage ofttheletectior® The of the equilibrium constant is not of real interest for the present
study. Canceill and co-workérs'® have studied the complex-
(33) Canet, D.; Levy, G. C.; Peat, |. R.Magn. Resornl975 18, 199-

204 ation equilibria in the same systems and reported substantially
(34) Allard, P.; Jarvet, J.; Ehrenberg, A.; Gland, A.J. Biomol. NMR higher values of the equilibrium constants (470 maln? for
1995 5, 133-146. chloroform and about 110 nol-dm? for dichloromethane).
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Table 1. MeasuredC Longitudinal Relaxation Time$; and
Steady Staté*C—{'H} NOE (1 + #) for Cryptophane-E Host and
Chloroform
M 57T 94T 1417
12 %8 . n T (A+n) T A+p) T 1+
45 1 B carbon  protons (ms) (ms) (ms)
freo CHCH 3,6 1 137 202 182 174 214 1.46
B 2 83 205 123 193 148 1.55
1 2 89 205 126 1.88 165 1.59
z 2 2 85 114 181 157 1.59
fron CH.GL M 3 414 240 523 2.26 589 2.20
ol | 0 bound CHCY 1 350 1.52
free CHCh 1 11900 3
150 140 130 120 110 100 90 80 70 60 50 40 ppm
Figure 3. '*C NMR spectrum of cryptophane-E with CHQE00 MHz, Table 2. Local Motional Parameters Obtained from LipaBzabo
303 K) with assignment. The weak signals or the broadening of the Analysis of Relaxation Data of the Inclusion Complex of
foot of the host resonances arise from the free cryptophane-E. Cryptophane-E with CHG?
. . L carbon S AS(% S Ate (%
Those measurements have been carried out in a way similar to %) e (PS) e (%)
ours, and it appears to us that they also are subject to similar ?, 8-;3 g ig gg
uncertainties. Thus, the two sets of data are not necessarily in > 0'70 7 59 12
conflict with each other. M 0.065 12 15 13
To measure the relaxation of the guest, it was necessary to bound CHC} 0.68 11 22 69

establish first th? effective gxchange ratess, k' of the 3 AS, At are relative standard deviations of the parameter sets
chloroform entering and leaving the host molecule. Thanks to gpiained from Monte Carlo simulation.

the favorable separation of the two exchanging signals, a 1D

NOESY was the method of choice. In two separate 1D NOESY complexed with CHCI, will not be considerably different and
experiments, we excited selectively the resonance of either thethat the very small amount of this complex can hardly affect
free or of the bound chloroform. The initial build-up (dependent the results. The contribution of the free cryptophane-E species
on mixing time) of the transferred magnetization depends only to the evaluated intensities is further reduced by a tiny chemical
on a single effective exchange rak&gg or k* g, respectively. shift difference (cf. Figure 3) from the resonances of interest.
The effective exchange rates were determined rather precisely: The 13C longitudinal relaxation timesl;, and the NOEs of
K*rg = 0.168 51 (£0.010 s1), k*gr = 0.621 s (£0.020 s1). all secondary and tertiary carbons were measured and are
The error estimates are based on comparisons of different wayssummarized in Table 1. Significantly shorfésT; values T1's

to evaluate the initial rates. The rati®rg/k*gr = 0.27 is in after multiplication by the number of attached protdhg and
excellent agreement with the ratio of signal integrals of the two smaller NOEs for the aromatic nuclei provide an indication of
forms in theH spectrum (0.26), which provides an independent a chemical shield anisotropy (CSA) contribution to the nuclear
check of accuracy. Our rate constants are also lower than therelaxation, which is difficult to quantify. Consequently, only
corresponding values of Canceill ettak8To our understanding,  the dipolar interaction dominated relaxation of the bridging
their results were obtained using the proton linewidth/lineshape methylene carbons C-B; of the aliphatic linker carbons’'C-1
measurements at variable temperature. At the particular tem-C-2 and of the methoxy groups C-M was used for the
perature of our experiments, where the exchange leads to verydetermination of the rotational dynamics of the host. For all of
small line broadening, we believe that our 1D NOESY measure- these carbon resonances, we note thaffthend NOE values
ments give more accurate rates. are field-dependent and that the NOE values are less than the

The 1D NOESY experiment did not reveal any NOE contacts maximum value of 2.99. Thus, we are clearly outside of the
of the bound chloroform proton with any of the protons of extreme narrowing regime.
cryptophane-E. The distances of the chloroform proton from  Cryptophane-E is a fairly spherically shaped molecule,
the protons of the CTV unit estimated from the crystal struéture  according to the crystal structure datand the Lipari-Szabo
are 416-440 pm, and that is probably too far to observe an modeP! can be expected to be suitable for obtaining the relation
NOE using a sample prepared for optim&C sensitivity, and between the nuclear relaxation and the molecular motions. We
in the presence of chemical exchange. In addition, we did not fitted simultaneously all of the measured relaxation parameters
observe any splitting of the host resonances due to an asym-for the four3C nuclei to the model (eq 7) to determine nine
metric position of the guest inside the cavity. This is probably parameters:$ and 7. for all four carbons and one global
because the inclusion of chloroform to the cavity has only a correlation timery, common for the whole molecule. The CH
very small effect on the host chemical shifts (as opposed to the distance, determining the dipolar coupling constant (eq 6) was
large effect of the CTV units of the host on the chloroform set to 109.8 pm, as in our earlier relaxation stu#iés(DCC
resonances). = 1.434 x 1P rads™?).

NMR Relaxation of the Host. The 3C spectrum of cryp- We obtained a good fit with the global correlation time of
tophane-E, shown in Figure 3, contains 10 lines. While the 0.67 ns and the order parame&rof 0.7—0.8 for the different
signals from the aromatic carbons give rise to three nearly methylene carbons (all of the fitted parameters are shown in
degenerate pseudodoublets, the other carbons provide well-Table 2). The order parameters show that the whole molecule
separated singlets. Considering the composition of the sampleis rather rigid, with the propylene linkers slightly more mobile
and the large association constant, we measure predominantlthan the methylene bridges between the aromatic rings. The local
the relaxation of the chloroform-complexed host, with only & e m s oy G alewski, IMol. Phys 1995 84, 31-40.
slight contribution from the other forms that can well be  (3g) maer, L.: 'Lang, 3. Widmaim, G.; Kowalewski, Magn. Reson.
neglected. It is reasonable to assume that the motion of the hosthem.1995 33, 541—548.




Dynamics of a Complex of Chloroform and Cryptophane-E
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Figure 4. Experimental values of°C relaxation timeT; of cryp-
tophane-E methylene residues, and their calculated magnetic field
dependence (eq 4): C-1@, dashed line), C-2(, solid line), C-B

(v, dash-dotted line).
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Figure 6. Multiexponential, chemical exchange-couplé@ longitu-
dinal relaxation of CHGlin the free and in the bound positions. The

1.50 +—> experimental intensities and the fitted curves (eq 2) are to an arbitrary

scale.
7

1.25
the slow decay of the nuclear magnetization of the free guest

1.00 (T1 = 12 s) contributes to the need of long delays in the
sequence (mixing time, recycle delay). Thus, only measurements

0.75 at 14.1 T gave a sufficient signal-to-noise level. The determined
relaxation parameters for chloroform are included in Table 1.

0.50 Different models can be chosen to interpret the relaxation

4 6 8 10 12 14 16 parameters of the bound chloroform in terms of motional
Magnetic Field (T) parameters. One choice concerns the cafipyoton distance

Figure 5. Experimental values dfC—{H} steady-state NOE;] of and the dipolar coupling constant (DCC). We chose .here a
cryptophane-E methylene and methyl residues, and their calculatedCOmmon value of 109.8 pm for all of the CH bonds in the
magnetic field dependence (eq 5); C(@, dashed line), C‘ZM, solid complex, that is, including chloroform. The CH distances in
line), C-B (v, dash-dotted line), C-M ¢, dash-dot—dotted line). similar compounds vary between 107 and 112%#%depend-
ing on the system and the experimental methodology used for

correlation timesz,, for the three types of methylene groups their determination. Moreover, it is also possible that interaction
turned out to be about 50 ps (an order of magnitude faster thanwith the host could influence the CH bond length in chloroform.
the global reorientation), with large uncertainties (see Table 2). Because it is necessary to treat the motion of the two species in
In the case of highly restricted local motion (large order a consistent manner to be able to make comparisons, we decided
parameters), it is only possible to obtain an estimate of the to use the same distance of 109.8 pm for both species.
correlation times of the local motion. On the other hand, the  The isotropic reorientation model (eq 8) provides the simplest
fast local correlation time is significantly better determined for description of the reorientational dynamics. Using this model,
the methyl group, which is characterized by a very low-order we could obtain a global correlation time for the bound
parameter, indicating almost free rotation. The errors were chloroform of about 0.5 ns, which is rather close to Lipari
estimated using a Monte Carlo simulation assuming 5% error Szabory for the host, indicating a strong dynamic coupling.
in T; and 10% iny values. The relative standard deviations However, the quality of the fit is rather low, and the result
found are 8% foi? andty, and 50% forr.. The quality of the depends strongly on the weighting of the two experimental
fit is further illustrated in Figures 4 and 5, displaying the parametersTyg, #7g5). The similarity of the correlation times of
magnetic field dependence of the relaxation times and of the the guest and of the host leads us to another model: treating
heteronuclear NOE factors, respectively. the bound chloroform as an integral part of the host molecule

NMR Relaxation of the Guest.The3C signal of the bound in the framework of the Lipari Szabo approach (eq 7). In this
CHCl; is hidden under the strong solvent signal at 75 ppm (the case, the global correlation time must be common, equal to the
complexation-induced shift is about 3.5 ppm). Since the proton one determined for the host (0.67 ns). The order parameter and
signals of bound and free chloroform are well separated andthe local correlation time can be now calculated for the guest
easy to quantify, it was possible to measure chloroform from theT; and NOE data at a single field (see Table 1). The
relaxation usingH detection. Because of the chemical exchange motional parameters and their errors are listed in Table 2. The
between the two sites taking place on the time scale similar to uncertainties were estimated by Monte Carlo simulation as-
that of nuclear relaxation, it was necessary to use a moresuming 10% error bounds in the experimental values. The order
elaborate approach (described above) to extract relaxation timegparameter for the guest agrees well with the corresponding
and cross-relaxation constants from the signal intensities. Thevalues for the propylene linkers, which suggests that treating
dependencies of the free and the bound chloroform signal the complex as a single molecule within the Lipa®izabo
intensities on the mixing time (in the INEPT enhanced inversion approach is correct. Clearly, we should note the strong correla-
recovery experiment) and the fitted curves are shown in Figure tion of the order parameter, the global correlation time, and
6.

_ ; (37) Tables of Interatomic Distances and Configuration in Molecules
The bound-guest relaxation turned out to be rather hard to and lons Chemical Society: London, 1958,

measure due to low concentration (0.0077 ot ). In (38) Tables of Interatomic Distances and Configuration in Molecules
addition, in the case of chemical exchange-coupled relaxation, and lons Chemical Society: London, 1965.
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dipolar coupling constant that contains a value for the CH bond believe that it is generally more useful to consider the whole
length that is subject to uncertainties. However, independently complex rather than the two species separately.

of these quantitative uncertainties, we can conclude that the order .
parameter would be substantially lower in the case of a nearly Conclusions

isotropic rotation (or jumps) in the cavity. Thus, this study shows  The results of this study show that a combinéd,and*C

that the van der Waals interaction, even in a rather symmetric NMR exchange and relaxation study has great potential for the
system, can be highly anisotropic, behaving as a strong investigation of guesthost complexes. ThéH exchange
directional bond. Two additional comments should be made spectroscopy is a well-established tool for this type of work.
about the motion of chloroform inside the cryptophane-E cavity. Here, we went further with the analysis of the dynamic processes
First, it should be pointed out that this study deals with motion on a much shorter time scale by usifi§ relaxation.

of CH vectors and thus cannot contribute to the question of  The analysis of the inversietrecovery and NOE experiments
chloroform rotation about the CH bond axis. Second, the had to be done with caution in the presence of chemical
measurements that we have performed are sensitive to fasiexchange occurring on the same time scale as that of spin
motions. Thus, we cannot exclude the possibility that the relaxation. If this is done, it becomes possible to probe spectral
chloroform executes jumps within the cavity on a time scale densities at different frequencies by performing experiments at
slower than the reorientation of the complex. This notion should several magnetic fields. Reorientational dynamics of the whole
be kept in mind when comparing our findings to the X-ray inclusion complex can be then described in terms of the Lipari
datal® Szabo model.

Our results are in conflict with molecular dynamics simula- With regard to the complex-bound guest, we find that
tions of the complexation of cryptophane-E by Varnek éfal.  chloroform behaves as an integral part of the host cryptophane-E
After having adjusted some of the interaction potential param- molecule after inclusion in its cavity. No fast large scale motion
eters to reproduce the relative affinities of the host with respect of chloroform inside the cavity was observed. The cryptophane-
to different guests, they arrived at a characteristic time of jumps E—chloroform complex thus represents a van der Waals
between different chloroform orientations inside the cavity of molecule with a long lifetime (on the time scale of molecular
20—60 ps, depending on the parameters used. Our interpretatiorreorientation) and with strongly anisotropic (directional) interac-
of the discrepancy is that there may be a need for further work tion between the cyclotriveratrylene unit of the host and the
on the intermolecular potentials in systems with strong and hydrogen of the guest.
anisotropic nonbonding interactions.

Our choice to use the LipafiSzabo model for both the guest
and the host makes the concept of motional coupling, involving
a comparison of the global correlation times of the interacting
species, less useful. In fact, in the situation where the isotropic
guest rotation model provides strong motional coupling, we JA004349Y
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