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Abstract: In solution, spin-polarization transfer between laser-polarized xenon and the hydrogen nuclei of
nearby molecules leads to signal enhancements in the reséiMdR spectrum, offering new opportunities

for probing the chemical environment of xenon atoms. Following binding of laser-polarized xenon to molecules
of cryptophane-A, selective enhancements of'thé&lMR signals were observed. A theoretical framework for

the interpretation of such experimental results is provided, and the spin polarization-induced nuclear Overhauser
effects are shown to yield information about the molecular environment of xenon. The observed s#tective
enhancements allowed xeneproton internuclear distances to be estimated. These distances reveal structural
characteristics of the complex, including the preferred molecular conformations adopted by cryptophane-A
upon binding of xenon.

Introduction and 2D heteronuclediH—12%Xe NOESY experiments would
i . i . be enormously time-consuming.

Xenon is chemically inert, yet exhibits NMR parameters that  sing optical pumping methods!2 the nuclear spin polar-
are hlghly sensitive to its chemical environment. Considerable ization of12%Xe can be increased by—@ orders of magnitude;
work has therefore capitalized on the utility 8PXe (I = /) “laser-polarized™2%Xe provides significantly enhanced sensitiv-
as a magnetic resonance probe of molecules, materials, andty for a variety of NMR and MRI experiment$:24 For
biological systems:® Much of this work has utilized the highly ,
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binding’ and xenon preferential solvatiérSuch experiments (12) Walker, T. G.; Happer, WRev. Mod. Phys.1997, 69, 629-642.
have the advantage of providing direct microscopic information  (13) Cates, G. D.; Benton, D. R.; Gatze, M.; Happer, W.; Hasson, K.

regarding the xenon surroundings and should prove useful for C:; Newbury, N. RPhys. Re. Lett. 1990 65, 1591-2594.
9 9 g P (14) Raftery, D.; Long, H.; Meersmann, T.; Grandinetti, P. J.; Reven,

the interpretation of experimentéfXe chemical shifts, butthey | .'pines A Phys. Re. Lett. 1991 66, 584-587.
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Study of Xenon Binding in Cryptophane-A

example, the xenon polarization can be transferred via cross-
relaxation to molecules in solutién?” and to surface® 32 a
process called the “spin polarization-induced nuclear Overhauser
effect” (SPINOE). Temporary binding of xenon to the hydro-
phobic pocket ofr-cyclodextrin was shown to yield distance-
selective cross-relaxation rates, thereby enhancing the NMR
signal of protons to a degree dictated by their proximity to the
xenon binding sit8® These results suggest that SPINOE
polarization transfer could be utilized to study structure and
dynamics in molecules that interact with xenon and to map their
hydrophobic potentials. SPINOE experiments could also be used
to identify those regions of macromolecules and biological
systems that are accessible to and interact with xenon atoms.
Xenon is known to interact with a variety of systeffe34-48
including proteins in solutio#~3 and in crystal$’~42 Recent
work in proteins has been motivated by the desire to map
hydrophobic sites and also to use xenon/protein complexes as
heavy-atom derivatives for X-ray structure determinaffori?
Studies using xenon dissolved in lipid vesicles as a model for
anesthetic action showed that xenon is preferentially attracted

J. Am. Chem. Soc., Vol. 121, No. 14, 3583

to amphiphilic regions in lipid membranésinally, xenon has

been shown to form a variety of inclusion compounds with Fig

a-cyclodextrin?#2hemicarcerand¥,*>self-assembling dimer&,
calixarened! and, most recently, cryptophaneA.

Cryptophane-A (MW= 895.02 g/mol) is a nearly spherical

ure 1. (a) Structure of cryptophane-A and atom labeling used in
theH spectrum (the assignment of the signals of the spacer bridges

is discussed later). (b) CPK model of one possible conformation of
cryptophane-A with a xenon atom placed within the binding pocket.

cage molecule composed of two cyclotriveratrylene bowls cryptophane-Ain 1,1,2,2-tetrachloroethane exhibits particularly

connected by three OGBH,O spacer bridges (Figure 1). In a

strong binding, with a reported association consthifeater

recent study, it was shown that the complex of xenon and than 3000 M?! at 278 K#& whereasK for the xenont-

(26) Song, Y.-Q.; Goodson, B. M.; Taylor, R. E.; Laws, D. D.; Navon,
G.; Pines, AAngew. Chem., Int. Ed. Endl997, 36, 2368-2370.

(27) Fitzgerald, R. J.; Sauer, K. L.; Happer, ®hem. Phys. Letf998
284, 87-92.

(28) Rdm, T.; Appelt, S.; Seydoux, R.; Pines, A.; Hahn, E.Rhys.
Rev. B 1997, 55, 11604-11610.

(29) Raftery, D.; MacNamara, E.; Fisher, G.; Rice, C. V.; Smith].J.
Am. Chem. Sod 997 119, 8746-8747.

(30) Haake, M.; Pines, A.; Reimer, J. A.; Seydoux,JRAm. Chem.
Soc.1997 119 11711-11712.

(31) Brunner, E.; Seydoux, R.; Haake, M.; Pines, A.; Reimer, J.A.
Magn. Reson1998 130, 145-148.

(32) Pietr#, T.; Seydoux, R.; Pines, Al. Magn. Reson199§ 133
299-303.

(33) Brunner, E.; Haake, M.; Pines, A.; Reimer, J. A.; Seydouxiem.
Phys. Lett.1998 290, 112-116.

(34) Miller, K. W.; Reo, N. V.; Schoot Uiterkamp, A. J. M.; Stengle, D.
P.; Stengle, T. R.; Williamson, K. LProc. Natl. Acad. Sci. U.S.A981
78, 4946-4949.

(35) Tilton, R. F., Jr.; Kuntz, I. D., JBiochemistryl982 21, 6850~
6857.

(36) McKim, S.; Hinton, J. FBiochim. Biophys. Actd994 1193 186—
198.

(37) Shoenborn, B. P.; Watson, H. C.; Kendrew, JN@ture 1965 207,
28-30.

(38) Shoenborn, B. Mature 1965 208 760-762.

(39) Tilton, R. F., Jr.; Kuntz, I. D., Jr.; Pestko, G. Biochemistry1984
23, 2849-2857.

(40) shlitz, M.; PrangeT.; Fourme, RJ. Appl. Crystallogr.1994 27,
950-960.

(41) Shlitz, M.; Fourme, R.; Broutin, |.; Prahg&. Structure1995 3,
309-316.

(42) PrangeT.; Shlitz, M.; Pernot, L.; Colloc’h, N.; Longhi, S.; Bourget,
W.; Fourme, RProteins: Struct., Funct., Genet998 30, 61—73.

(43) Ripmeester, J. A.; Ratcliffe, C. I.; Tse, JJSChem. Soc., Faraday
Trans. 11988 84, 3731-3745.

(44) Cram, D. J.; Tanner, M. E.; Knobler, C. B.Am. Chem. So&991
113 77177727.

(45) Robbins, T. A.; Knobler, C. B.; Bellew, D. R.; Cram, D.J.Am.
Chem. Soc1994 116, 111-122.

(46) Branda, N.; Grotzfeld, R. M.; ValdeC.; Rebek, J., J3. Am. Chem.
Soc.1995 117, 85-88.

(47) Brouwer, E. B.; Enright, J.; Ripmeester, J.Ghem. Commurl997,
939-940.

(48) Bartik, K.; Luhmer, M.; Dutasta, J.-P.; Collet, A.; Reisse].JAm.
Chem. Soc1998 120, 784-791.

cyclodextrin complex in KO has been reported to be on the
order of 20 M 1749 Unlike the complexes of xenon and
hemicarcerands (which exhilits on the order 0200 M~1),44

the Xe/cryptophane-A complex is formed without a high degree
of constrictive binding (i.e., trapped xenon is not required to
overcome large steric constraints of the portals of cryptophane-A
in order to escape confinement), giving xenon residence times
on the order of milliseconds instead of hoé#sThe cryp-
tophane-A molecule can adopt various conformations that affect
the size of the cavity and the stability of the hoguest
complex; the dynamics of the host are expected to influence
the manner in which the guest is bound and reled%ed.

In this paper we provide a general theoretical framework
describing the SPINOE in solution, with stress placed on the
interpretation of SPINOE results in terms of the interactions
between xenon and its environment. We rep&idte NMR and
SPINOE experiments for laser-polarized xenon interacting with
cryptophane-A in solution. By using laser-polarized xenon,
selective enhancements of the NMR signals of protons adjacent
to the xenon binding site were observed, permitting experimen-
tally derived'H—12°Xe cross-relaxation rates to be correlated
with internuclear distances. Finally, by comparing experimen-

(49) Hitchens, T. K.; Bryant, R. Gl. Magn. Reson1997, 124, 227.

(50) Kirchhoff, P. D.; Bass, M. B.; Hanks, B. A.; Briggs, J. M.; Collet,
A.; McCammon, J. AJ. Am. Chem. S0d.996 118 3237-3246.

(51) Solomon, |Phys. Re. 1955 99, 559-565.

(52) Noggle, J. H.; Schirmer, R. Bhe Nuclear @erhauser Effect:
Chemical ApplicationsAcademic Press: New York, London, 1971.

(53) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G.; Skelton, N. J.
Protein NMR Spectroscopy: Principles and Practiéeademic Press: San
Diego, 1996.

(54) Song, Y.-Q., manuscript submitted for publication.

(55) Spin-lattice relaxation times of hundreds of seconds are usually
observed fof?%Xe dissolved in most simple solvents. Binding of xenon to
molecules such ast-cyclodextrin or cryptophane-A may shorten the
relaxation time to tens of seconds, but this remains much longer than typical
IH relaxation times. However, the interaction of xenon with paramagnetic
molecules may considerably accelerate the relaxat#Xe spin-lattice
relaxation times on the order of 0.1 s have been observed in aqueous
solutions of metmyoglobin (M. Luhmer, to be published).
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Figure 2. Calculated time dependence of the SPINOE signal, including
(solid line) and not including (dotted line) the exponential decay caused
by the eventuat®*Xe spin—lattice relaxation. Curves were calculated
with py =2 s, o5 = 0.001 s?, andps = 0.05 s* (for the solid curve).
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SPINOE difference. Such a heteronuclear difference NOE pulse
sequence is described in the Materials and Methods, in addition
to a full version expression analogous to eq 2 that accounts for
experimental considerations and the relaxation of sBin
Hereafter, an NMR spectrum obtained using this sequence will
be referred to as a SPINOE spectrum.

. 2. General Considerations for 12°Xe — 'H Polarization
Transfer. In the framework of the dipolar-coupled two-spin
model, the auto-relaxation of spirf!H) is solely a consequence
of dipole—dipole interactions with spirs (1*°Xe). However,
molecules in solution contain many spin systems; therefore,
intermolecular'H—12%e dipole—dipole interactions are not
likely to contribute significantly to théH auto-relaxation rate.
For solutes at low concentration in deuterated solvents, when
no paramagnetic species are present, intramolecétiartH
dipole—dipole interactions are expected to dominate the auto-
relaxation of protons in molecules large enough to bind xenon
(although other mechanisms, such as spotation coupling,
may contribute to the relaxation of small molecules such as

Behavior such as that shown with the dotted line may also be seenpanzene or parts of molecules, like methyl groups). Therefore

under conditions of continuous flow of polarized xer#n.

tally obtained cross-relaxation rates with computational models,
the preferred conformations of cryptophane-A in the xenon
complex were determined.

Il. Theoretical Background

II. 1. Solomon Equations for a Two-Spin SystemCross-
relaxation between any two spirisandS, is described by the
Solomon equatiot$52

di

=019 - oS~ ) (12)
ds,

== rdS~ 8~ 050, ~ 1) (1b)

wherel, and S, are the average values of taeomponent of
the | and S nuclear spin operators, and and & are the
equilibrium values i = I(l + 1)AyBy/3ksT and similarly for
spin9). The values,, psandas, og are respectively the auto-
relaxation and cross-relaxation rate constants. A full solution
to the Solomon equations can be found in the liter&fiand is
discussed in a forthcoming review concerning the SPINOE.
If the nuclear spirrlattice relaxation of spirsis much slower
than that of spinl (normally the case foS = 129Ke when
dissolved in solution}® the change in the polarization of spin
| is well-approximated by

0 = 1O ~ 1) T @
(o] |

where fi(t) = (It) — lo)/lo is the fractional polarization
enhancement of spin(and similarly for spinS). Equation 2 is
the solution to eq la given a constant polarization of $pin
and is valid in the short time limit (i.e., for times short relative
to the spin-lattice relaxation time of spirg, Tf = 1/pg) or
when theS spin polarization is maintained by continuous flow
(Figure 2)39 The second term on the right side of eq 2 describes
the time evolution of the polarization of spiroriginating from

S — | polarization transfer. For intermolecular polarization
transfer, the magnitude of this term is often small with respect
to the equilibrium polarization of spih (except when laser-
polarized xenon is used as a solVérit-%y, requiring an NMR

the simplest realistic model fd#°Xe — H polarization transfer
requires at least a three-spin system: two interactitig and
onel?Xe in dipolar interaction with one of thi sites. A three-
spin model is presented in the Appendix and will be used in
the discussion of the dynamics &°e — 'H polarization
transfer. However, for the purpose of interpreting experimental
SPINOE spectra, the two-spin model is sufficient, remembering
that in eq 2,0 ~ 1T!, whereT!' is the experimental spin
lattice 'H relaxation time (see eq 3). Finally, because biéth
and2%e nuclei have a spin quantum numbertf the ratio
S/l is equal to the ratio of the gyromagnetic ratiQse/yu
(and is negative, due to the negative valuergf). Equation 2
can then be rewritten as

_ Y _yTH
() = f,(0) € ”T'f——f 1o(0) Te THL — €7 (3)
H

By using the measureth enhancements, and provided that the
1H relaxation times and th&%e polarization are known, eq 3
may be used to obtain the-+Xe cross-relaxation ratesyxe.

Il. 3. General Considerations for 'H—12°Xe Cross-
Relaxation Rates. The quantity ouxe largely controls the
129¢e — 1H polarization transfer. Assuming an exponential
decay for the HXe dipole—dipole interaction correlation
function, the cross-relaxation rate is giverPby

22 2
Ho\2Ryh VXeal I;
Ouxe = | 1= [BIwy + wye) —
(471) 10 gXe
‘](wH - er)] (4a)

T
— (4b)
1+ w7

with  J(w) =
wherer. is the correlation time associated with the fluctuations
of the H—Xe dipole—dipole interactionsfuxe is the H-Xe
internuclear distance, arididenotes the ensemble average.
Both [F,,5.Jand 7. control the amplitude and selectivity of
the 129Xe — 1H polarization transfer. The dependencesgfe

(56) (a) Haake, M.; Seydoux, R.; Reimer, J. A.; Pines, A3%th Rocky
Mountain Conference on Analytical Chemisti®enver, CO, 1997. (b)
Haake, M.; Goodson, B. M.; Laws, D. D.; Brunner, E.; Cyrier, M. C;
Havlin, R. H.; Pines, AChem. Phys. Letl998 292 686—-690. (c) Tseng,
C. H.; Mair, R. W.; Wong, G.; Williamson, D.; Cory, D. G.; Walsworth,
R. L. Phys. Re. E: Stat. Phys., Plasmas, Fluids, Relat. Interdiscip. Top.

pulse sequence dedicated to the direct measurement of then press.
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ofxe: Which exists for any kind of solute molecule, and xenon
binding, of.. Which gives rise to the formation of a 1-to-1
xenon:host complex

d [Xe:M]
Opye = Opyye T ——7—0,
HXe HXe [M] T HXe

(6)

In eq 6, it is assumed that both “empty” host molecules and
molecules with included xenon (hereafter, included xenon is
referred to as Xig) experience identical diffusive coupling with
unbound xenon (referred to as & [Xe:M] is the equilibrium
molar concentration of the xenon:host complex ([Xe:M]
[xe]in)-

Il. 4a. The H—12%e Cross-Relaxation Rate Due to
Diffusive Coupling. A proper description of the intermolecular
cross-relaxation originating from diffusive coupling requires a
detailed microscopic understanding of the structure and dynam-
ics of solutions. Although molecular dynamics simulations are
very helpful for characterizing intermolecular relaxatif®they

on the correlation time can be understood from Figure 3 where ;o4 to be computationally demanding. However, simpler

wp[6J(wy + wxe) — Iwn — wxe)] is displayed as a function
of wyte. The function indicates thatyxe is always positive and
has its maximum value abyz; ~ 0.68. An increase in the
correlation time from a few psuyzc = 0.01-0.02) to a value
corresponding to the maximumy(in the range 0.20.5 ns)

gives rise to a~20-fold increase imyxe. However, this increase

does not necessarily translate into an increase in the observe
SPINOE enhancement. Indeed, in real systems large enough t
bind xenon, the increased correlation time characterizing the

H—Xe dipole-dipole interactions would generally be ac-

companied by a corresponding increase in the correlation time

characterizing the HH dipole—dipole interactions, and a
concomitant reduction 011'[' (see eq 3). A more thorough
discussion of this argument may be found in the Appendix.
Il. 4. 'H—12%e Cross-Relaxation Rates and SoluteXenon
Intermolecular Interactions. The value ofopxe depends on
H—Xe dipole-dipole interactions which change with the

(0)

models of intermolecular relaxation can be found in the
literaturé? that rely on crude assumptions yet provide reasonable
qualitative descriptions of the intermolecular dipetiipole
relaxation process. For example, it can be showndRathould

be linearly dependent on the concentration of molecules bearing

Spins thus,aﬂXe is dependent on [Xg}. Such a dependence,

in fact, arises from the ensemble average;rﬁg. In a pairwise
additivity scheme for xenon-solute interactions,,o,[d is
given by

-6 —
HXe—

JdQ gRQ) iz
Jde

47N,10777 [“dR R [Xelou (7)

whereR s the distance between the center-of-mass of the solute

structural and dynamical characteristics of the intermolecular molecule and the xenon atom (wifk and rpxe in A), Na is

couplings between xenon and its molecular environment. A
given molecule, M, may participate in various types of interac-
tions with a xenon atom including nonspecific interactions (i.e.,
diffusive coupling), preferential solvation, and xenon binding

Avogadro’s numberg2 represents the angular variables specify-
ing the relative orientation of the solut&enon pair, and
(R, Q) is the solute-xenon pair distribution function. To a
good approximation/[f,,5.[d is proportional to [Xe},; and

(the formation of a Xe:M complex). Exchange phenomena are therefore, a concentration-normalized-Me cross-relaxation
involved between these various situations, but the exchange iSrate,oEXe (s -M~1), may be defined according to the relation

generally rapid with respect to both tHe and'2°Xe relaxation
rates. FurthermoréH chemical shifts are expected to be poorly

sensitive to intermolecular interactions with xenon, and therefore

fast-exchange conditions with respect to thechemical shift
NMR time scale are also likely to be fulfilled. This behavior
implies that the'H spectrum will not be resolved according to
the solute-xenon interactions and that the obserddSPINOE
enhancement may originate from a combination of interaction
modes. Therefore, the experimentatKe cross-relaxation rate

is most generally written as

[M];

|
Ohixe
~[M]+

where the summation runs over the interaction modesy [M]

the total concentration of the solute, [N§ the molar concentra-

tion of the solute involved in the interaction modeandayy,

is the H-Xe cross-relaxation rate associated with that mode.
For a dilute solution of xenon-binding molecules, a simple

model considers two modes of interaction: diffusive coupling,

®)

Ouxe =

(8)

Concerning the dynamics of the diffusive coupling, it is clear
that an upper bound for the correlation tirrﬁeis provided by
the residence time of xenon in the solvation shell of the solute.
In common solventss! is in the range of 10!2to 10 !*s, and
the condition of extreme narrowing is thereby fulfilletThe

d _
Ohixe = Otixe [X€lout

(57) Luhmer, M.; Moschos, A.; Reisse,JJ.Magn. Reson. A995 113
164—168.

(58) Luhmer, M.; Reisse, Prog. Nucl. Magn. Res. Spectrost998
33, 57-76.

(59) Using molecular dynamics simulations, the correlation time associ-
ated with the fluctuations of the intermolecular—{e dipole—dipole
interactions has been estimated togeps for xenon dissolved in benzene.

It was found that this correlation time depends on both the rotational motions

of the benzene molecules and the translation of xenon relative to benzene.
However, the translational motions were found to be the most important

contribution®®

(60) Xenort-solute pair configurations with lifetimes significantly longer
than the average residence time of xenon in the solute solvation shell, but
short-lived in the sense that they do not reorient as a whole, could be
regarded as specific preferential solvation.
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1H—129e cross-relaxation rate due to diffusive coupling is then 10- K = 3000 M'!
given by K =200 M-t

Breld 57¢ )

4

] (uo)zhzyﬁ Vie
Ohxe = T—

- 10

It is worth noting thatr‘c’ may be unrelated to the correlation
time controlling the'H dipole—dipole intramolecular relaxation

of the solute molecule. For instance, in circumstances where
the molecular mass of the solute significantly exceeds the xenon
atomic mass, the tumbling motion of the solute molecules is !
expected to be slow on the time scale of the residence of xenon N K=2M!
atoms in the solvation shell of the solute. As a consequence,

the importance of the SPINOE signal originating from diffusive 0 5 10 15 20 25 30 35 40 45 50
coupling is expected to decrease for increasing solute size, not [Xeloy (mM)

becausejnge is affected, but becausH' is reduced (see eq 3 Figure 4. Dependence of experimental X&l cross-relaxation rate

and the Appendix for more details). (0nxe) oOriginating from xenon binding on the equilibrium xenon
The order of magnitude obf,, and o, can now be concentration in the solvent for various association constén@urves

estimated by assuming the system is a monatomic fluid and by with solid lines are for systems that have been studied via SPINOE

using a Heaviside step function as an approximation for the experiments (Xe/cyclodextrin in DMS®,= 2 M™% Xe/cryptophane-A
radial pair distribution functiond(r) = 0 for r < ro and 1 in (CDCl)2, K = 3000 M™1). The dotted curves, added for illustrative

. . . -6 N 27 purposes, correspond to what would be expected for Xe/cyclodextrin
?thi""'sel in eq 7, ) leading  tolf [ ~ _A'J_TNA]'(T in H,0, K ~ 20 M~1,74%and xenon/myoglobin or xenon/hemicarcerand,
136, [Xelow Wherer, is the protor-xenon minimum ap- K ~ 200 M-13544

proach distance. Using this result and eqs 8 and 9, v@ith 5
ps andr, in the range 3.63.2 A, o}, is estimated to be on arise from the effect of the xenon concentration on the binding
the order of 105 s M1, a figure in agreement with  equilibrium. On the basis of the definition of the binding
experimental result®:26 Because the solubility of xenon in ~ constant,K, for the equilibrium Xgu + M = Xe:M, the
organic solvents under standard conditions is on the order of following relationships hold
0.1 M, 0%, is expected to be on the order of £0s L.

Il. 4b. The H-129%Xe Cross-Relaxation Rate Due to [Xe:M] _ KIX€]out (10a)
Binding. Binding of xenon implies that a particular configu- Ml 1+ K[Xe]yu
ration of a xenor-solute pair has a lifetime long enough that it
can be considered as a supramolecule. The time scale relevanivhich for the case of weak binding reduces to:
to 12%Xe — H polarization transfer is the correlation time, oM
i ) . o e:
for the tumbling motion of the transient Xsolute pair; binding [ 1. KIXel.,, (10b)

implies that the lifetime of the Xesolute pair is much longer M]+

than the correlation time for its overall tumbling motitfhand

therefore, the latter controls the dynamicsvﬁf(e. Underthese  and for the case of strong binding and excess xenon reduces
circumstances, the description of the-Xé cross-relaxation rate  to:

reduces to the intramolecular case, and eq 4 may be used with

rlc’ = 7, to obtain H-Xe average distances that characterize the [Xe:M] ~1 (10c)
structure of the xenon-host complex. Naturally, the validity of M]+ -

such an analysis of experimental,, data depends on the

importance of internal dynamics. The consequences of internal Equation 10 is written in terms of [Xg}, and not as a function
motions of the host molecule, in addition to the motion of xenon of the total concentration in xenon, because for dilute solutions
inside the binding site, areg < 7y and m;iem values which of host molecules, [Xg]: is well-approximated by the equilib-
may be difficult to interpret because they correspond to weighted rium solubility of xenon in the pure solvent. For example, an
averages over multiple configurations. In such cases, molecularequilibrium constant of~2 M~* has been reported for the
dynamics simulations may be helpful. binding of xenon to cyclodextrin in DMSO (298 K)For an

An upper bound fowy,y, can be estimated from eq 4 using equilibrium xenon pressure of 1 atm, the solubility of xenon in

wHTE = 0.68 (from Figure 3) amﬁ]ggem = (3.2 Ay ¢ (an DMSO is 0.024 M (298 K). Therefore, eq 10b applies to this

estimate of the minimum approach distance of Xe and H). For System, and a linear increase in the SPINOE originating from
a 'H resonance frequency of 400 MHz, these numbers cor- Pinding is expected upon increasing xenon pressures (at least
respond to af,y, value of 3x 1073 7%, a figure which is 3 for pressure in the range of-@ atm), as shown in Figure 4.
orders of magnitude larger than the value expected fohthe ~ HOWever, in tetrachloroethane (xenon solubifitg.1 M*), the

129¢e cross-relaxation rate due to diffusive coupling. Indeed, eqwhbnym constant for the binding of xenon to cryptophane-A
values of this order have been observed for xenon bound V&S estimated to be larger than 30001278 K);*® therefore,

eq 10c is more appropriate (Figure 4). Using eqgs 8 and 10a, eq
6 can now be rewritten, taking into account the isotopic
abundance if?°Xe, Ai2g

UEXe
to a-cyclodextrin in solutior?®

Il. 4c. Xenon Concentration Dependence of the Experi-
mental 1H—129Xe Cross-Relaxation Rateln Section Il. 4a, it
was shown thadr‘ﬂ|><e is, to a good approximation, proportional
to the concentration of unbound xenon. An additional concen- Opxe = A129[Uu><e[xe]out+
tration dependence of the experimental cross-relaxation rate may

KIXe]gut b
W out 11
1+ K[Xe],, ™ (11)
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Figure 5. Experimental schematic. Continuous-wave circularly polar- ! ‘ , ' !
ized light (1.3 W) tuned to the Rb Dransition (794.7 nm) originating ' at l ‘
from a Ti:sapphire laser is directed into a Pyrex pumping cell containing |- m > E

xenon gas and a small amount of Rb metal. The Xe is pumped in a ]
weak, homogeneous magnetic field30 G) produced by a Helmholtz ~ Figure 6. Heteronuclear difference NOE pulse sequence'fdte—

coil pair. The gas transfer line is evacuatechtb0~5 Torr throughout 'H SPINOE NMR experiments.

the pumping process to prevent contamination from paramagnetic

molecular oxygen. Following optical pumping, the xenon is cryopumped suppressing the equilibrium signal, thus permitting the direct observation
to the sidearm of the sample tube with liquid:khe frozen xenon is of NOE signals as low as'1 x 10°* of the equilibrium signal. Prior
kept at high field €0.1 T) with a small permanent magnet to maintain to the detection ofH SPINOE signals, the polarization &#%e is

the high nonequilibrium polarization. The sample is then transported measured using a pulse of small tipping angle. The equilibritim

to the NMR magnet, where the xenon is rapidly sublimated and signals are first saturated by 98nd gradient pulses, and the saturation

delivered to the solution prior to signal acquisition. is maintained by a 18Qulse followed immediately by a gradient pulse.
A 29%Ke 180 pulse allows SPINOE signals to accumulate during the
Ill. Materials and Methods mixing periodsr; andz,. The total mixing periods = 71 + 72, was in

the range of théH Ti's but was short compared to th&Xe T;. The
ratio 71/t2 is chosen to minimize the overall equilibriufid signal
observed in the absence 8f—'?°Xe cross-relaxation. The 18GH
and*?%Xe inversion pulses are experimentally optimized BIR4 adiabatic

; ; . inversion pulse&® Because thé*Xe spectrum of the cryptophane-A
solution of cryptophane-A in (CDgp was placed in a 10-mm NMR solution consisted of two broad peaks separated by about 18 kHz, it

ube cuipped it a s, and Teon siopocksvere s [0 B0lae Gt 1 acheve et erion, s hrene necossn
Helium gas was gently bubbled through the solution fefl® min top explicitly account for the efficiency of thE&9e inversion pulses when

) calculating the experimental cross-relaxation rates (see below). Each
displace any other gases complexed by cryptophane-A. The samplelH SPINOE spectrum is the difference of two acquisitions. The resulting
was then degassed by several freegemp—-thaw cycles on a vacuum 1H SPINOE signal is given by the following relation:

Cryptophane-A, synthesized according to a procedure described
elsewheré?®was provided by A. Collet and co-workers. Deuterated
1,1,2,2-tetrachloroethane, (CD§| was purchased from Aldrich and
used without further purification. Approximately 2 mL of-&0.05 M

line.
The optical pumping procedure is shown schematically in Figure s
5;1314 the 12%Xe polarization was typically in the range—10%. FO) — O = — 20 4 5@ —psot 1S 1—ePmy —
Quantities of (2-5) x 104 mol of isotopically enriched xenon gas QRN |0( S s)cospe p_|{( e™)
12 . d . .
(809 12°Xe, Isotec) were used in each experiment. Following optical (1-nlL-e*r™)} (12)

pumping, laser-polarized#®e was frozen into the sidearm of the NMR
tube, transported to the spectrometer, and sublimated in the fringe field ) )
of the NMR magnet. After the xenon reservoir was opened, the sample Where the superscripts (1) and (2) denote the first and second
tube shaken, and the tube inserted into the magnet, the NMR experimen@cauisitions, and's) + f& is the fractionalXe enhancement
was immediately performed. Generally, additional experiments could determined from the observeéé®Xe signal (hereafter referred to as
be performed by administering freshly polarized xenon to the solution f %). Equation 12 is obtained from eq 2 under the following consid-
by simply reshaking the sample tube. erations: (i) Thé?’Xe auto-relaxation has no effect on the polarization
14 and!22Xe NMR spectra were recorded at room temperatt#22( transfer (an approximation used in eq 2), but its overall effect on the
°C) on a Varian/Chemagnetics CMX-400 Infinity NMR spectrometer xenon polarization must be considered; the factgreaccounts for
operating at &H frequency of 400.15 MHz (nominal frequency for  the decay of?°Xe magnetization during the time interval between its
129¢e = 110.70 MHz). Laser-polarized®>e NMR spectra were measurement and the beginning of the SPINOE measurement (see
obtained using rf pulses of small tipping angle (typically3e) to Figure 6). (i) While the'H 180" pulse is considered to produce
preservel?®Xe magnetization. Measurements f T;’s were made complete inversion, thé*’Xe inversion was generally less efficient,
using the inversiorrecovery technique and determined using a and therefore thé*Xe inversion efficiencyr, is explicitly included,
3-parameter nonlinear least-squares fitting procedure. where 0< r < 1 (experimentally determined values varied from
The SPINOE spectra were obtained using the NMR pulse sequence~0.5-0.8). The term (1— r)(1 — e ™) accounts for the smaller
shown in Figure 6. This sequence is a variant of a difference NOE SPINOE during the delay, originating from the loss off?Xe
sequence developed by Shaka and co-wotk&rsapable of efficiently polarization incurred from inefficient inversion. Additionally, these
considerations imply the relationshid? = &) cos)rerst (see
Figure 6). Finally, by including the considerations of Section Il. 2. eq

(61) The solubility of xenon in tetrachloroethane is not reported in the
literature but is expected to be similar to the solubility in chloroform (0.14

M at 298 K and 1 atm). 12 can be rewritten as
(62) Canceill, J.; Collet, AJ. Chem. Soc., Chem. Comm{i@81, 1137

1139. (65) Stott, K.; Keeler, J.; Van, Q. N.; Shaka, AJJMagn. Resor997,
(63) Canceill, J.; Collet, AJ. Chem. Soc., Chem. Comm@A88 582— 125 302-324.

584. (66) Garwood, M.; Ke, YJ. Magn. Reson1991, 94, 511-525.
(64) Stonehouse, J.; Adell, P.; Keeler, J.; Shaka, Al.JAm. Chem. (67) Clifford, A. A.; Gray, P.; Platts, NJ. Chem. Soc. Fraday. Trans. 1

So0c.1994 116, 60376038. 1977, 73, 381—382.
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Computer modeling of the Xe/cryptophane-A complex was carried
out using the software Chem3D Plus from Cambridge Scientific
Computing, Inc. The interaction parameters for xenon were user-
defined, and correspond to a XXe Lennard-Jones interaction
potential withc = 3.90 A ande = 251.5 K&’

IV. Results and Discussion

IV. 1. 129Xe and H Spin—Lattice Relaxation Times.Figure
7 shows 12°Xe NMR spectra of xenon dissolved in the
cryptophane-A solution, with (Figure 7a) and without (Figure
7b) laser-polarization. Th&?%e spectrum exhibits two lines
separated by~160 ppm and considerably broadened due to

chemical exchange. The higher field signal corresponds to the

xenon trapped in the cryptophane-A cavityX@ith a chemical
shift ~60 ppm downfield with respect to the xenon gas

Luhmer et al.

Integrated Intensities (arb.)

t(s)

Figure 8. 2°Xe NMR spectrum of laser-polarized xenon dissolved in
a~0.05 M solution of cryptophane-A in (CDg} and time evolution

resonance extrapolated to zero pressure. The trapping of xenorof the integrated intensities. The small amount of xenon used in this

by cryptophane-A has been thoroughly studied by Reisse, Collet,

and co-workwerd® The spectrum in Figure 7a was obtained
with one scan using a rf pulse of small tipping angte€(5°).
In contrast, using thermally polarize#®Xe, a comparable

signal-to-noise ratio requires several hours of signal averaging.

As shown in Figure 8, the integrated intensities of botk, Xe
and Xe;decrease with the same time evolution, indicating that
the relaxation of'2%e is a slow process compared to xenon
exchange. The averade of 12%e, T §° was found to be 22.1
s when the molar fraction of Xgwas 0.74. The relaxation time
of unbound!?*Xe is very long (hundreds of seconds in pure
(CDCl,),) and does not contribute significantly to the average
relaxation time. On the basis of the molar fraction of,Xthe

relaxation time of included?*Xe, T §"*[Xein/(Xein + Xeouw)],

was estimated to be 16.4 s. From a second experiment with aFigure 6 withz = 0.5 s, 7y/72

Xein molar fraction of 0.92, the relaxation time of trapdéeKe
was estimated to be 16.2 s. THé T; values for cryptophane-A
are listed in Table 1. The longest relaxation time$,8 s, are

(b)

L @)
DN

L
100 50 0
8-, (ppm)

T
150

Figure 7. Typical e NMR spectra for xenon dissolved in
cryptophane-A/(CDG). solution, with (a) and without (b) laser-

experiment is reflected in the fact that [Xe} [Xe]out

Table 1. Spin—Lattice Relaxation Times, SPINOE Enhancements,
Relative H-Xe Cross-Relaxation Rates, and Calculated Relative
Values in Gauche Conformations for the Various Protons of
Cryptophane-A

SPINOE  0pxd  Thgel
proton type T (s) (%) R L
aromatic H, Hn 0.80 11.0 (1.00) (1.00)
axial H, 0.27 3.0 0.47 0.30.4
linker H,Hy  0.36 5.2 067 03
linker Hk, Hi 0.41 13.0 1.55 151.8
methoxy Me 0.83 2.6 0.23 0-10.3
equatorial H 0.35 2.7 0.35 0.30.4

a2 SPINOE experiments were performed using the pulse sequence in
1.7, andp ~ 1°. The following
quantities were determined experimentally: the efficiency of the 180
pulse on'?*Xe wasr = 0.75, the enhancement of tkéXe polarization

~ 1.3 x 10* (error on the order of 50% is expected for this value), and
the molar fraction of Xg was 0.33 (corresponding to [Xg]~ 0.1

M). ® Errors are estimated to be in the range-26%.

those of the methoxy and aromatic hydrogens. Thus relaxation
of 12%Xe in this system is slow with respect tbl relaxation

and eq 2 (or eq 13) can be used when consideffxg — H
SPINOE polarization transfer.

IV. 2. Tumbling Motion of Cryptophane-A. The rotational
correlation time of cryptophane-A dissolved in (CD)zlwas
determined on the basis of CW-drivérl—1H NOE experi-
ments. At room temperature, negative NOEs were observed.
However, an increase in temperature of approximately@0
led to the observation of positive NOEs. This indicates that at
room temperatureyyzr, has a somewhat higher value than 1.12,
the point at which théH—1H cross-relaxation rate is equal to
zero. The buildup of the NOE experienced by the equatorial
protons, H, upon selective irradiation of the axial protons, H
was recorded at room temperature for saturation times ranging
between 0.125 and 2.0 s (Figure 9). The steady-state NOE
enhancement;, and the auto-relaxation rajg,e were measured

polarization. Spectrum (a) was acquired with one scan using a pulsetg he—0.148 and 3.64¢, respectively; these values correspond

of small tipping angle+{2.5°%); spectrum (b) was acquired with 8 scans
using 90 pulses with a delay of 60 s between acquisitions. e

spectra are referenced to the signal corresponding to xenon bound to

cryptophane-A (Xg). A second signal can be seen roughly 160 ppm
downfield from that of Xg, corresponding to unbound xenon residing
in the (CDC}), solvent (Xeu). 12°Xe was in considerable excess for

these experiments, as reflected by [Xed [Xe]out

to a cross-relaxation rat@eqa = —0.54 s1. Using eq A 4b
With rhepa = 1.72 A (determined from computer modeling of
crytophane-A, see below), the correlation time was estimated
to be 0.60 ns, anadyz; =1.5 (nominaltH frequency: 400 MHz).
Assuming that this correlation time controls tHéXe — H
polarization transfer originating from trapped xena@ €7,
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Figure 9. Time dependence of the NOE experienced by the equatorial

protons (H) of cryptophane-A upon selective irradiation of the axial
protons (H) at room temperature.
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Figure 10. (a) *H NMR equilibrium spectrum of~0.05 M cryp-
tophane-A in (CDG)), with chemical shift assignments. () SPINOE
spectrum acquired with the pulse sequence shown in Figure 6 following
the introduction of positively polarize®#Xe to the solution. (c) As in

(b), but with 12°Xe at thermal equilibrium, demonstrating virtually
complete suppression of all contributions to #ie NMR signal. (d)

1H SPINOE spectrum acquired during a second experiment in which
negatively polarized?*Xe (prepared by inverting the direction of the
magpnetic field in which thé?*Xe is laser-polarized) was used, resulting
in a corresponding sign change in thé SPINOE spectrum. Values

of 1 = 315 ms and» = 185 ms were used for the SPINOE experiments
shown.

see Section Il. 4b), Figure 3 indicates thdt’s on the order
of 70% of the maximum value can be expected.

IV. 3. SPINOE Spectra of Cryptophane-A and The
Magnitude of 'H—12%e Cross-Relaxation RatesThe equi-
librium *H NMR spectrum of the cryptophane-A solution is
shown in Figure 10a. The assignment of the cryptophane-A
signals can be found elsewhéfethe proton NMR signals of
the spacer bridges (which comprise an’BB' spin system)
are discussed below. Parts & of Figure 10 respectively show
SPINOE spectra obtained with positively laser-polari¥&de,
with 129Xe at equilibrium, and with negatively laser-polarized
129e. The relative intensities in the SPINOE spectra (Figure

J. Am. Chem. Soc., Vol. 121, No. 14, 3509

10b and d) differ from those in the equilibrium spectrum. The
equilibrium spectrum is dominated by the signal of the methoxy
group, while in the SPINOE spectra the signal from the aromatic
protons is the most intense. The obseriidcenhancements in
Figure 10b range between 3 and 13% (see Table 1). Addition-
ally, itis clear that the selectivity of the SPINOE is not primarily
a consequence of unequ#l relaxation times, as th‘é'f’s for

the methoxy and aromatic protons are similar.

The determination of the HXe cross-relaxation rates requires
the value of the'?%e polarization enhancement (see eq 13).
f9230) is estimated from the quantitative comparison of the
integrated intensities of the laser-polarized and equilibditfxe
NMR spectra. These spectra need to be recorded in very
different conditions (e.g., duration and amplitude of the rf
observation pulse, receiver gain, etc.), and the estimation of
fitgs(O) may be prone to errors. In the present case, broadening
of the 12°Xe NMR signals originating from exchange (yielding
line widths greater than 500 Hz) and the IoR&Xe relaxation
times (estimated to be in the range of 50 to 90 s in the samples
used for SPINOE experiments) are responsible for low signal-
to-noise ratios in the equilibrium spectrum. From the experi-
mental data given in Table 1, and usingf&30) value
measured to be-1.3 x 10* (with uncertainty on the order of
50%), onxelAr29 Was estimated to be1.2 x 1074 s71 for the
aromatic protons (see egs 13 and 11). From multiple experi-
ments opxe/Ar29 Values in the range-14 x 104 s were found
for the aromatic protons. This figure is 2 orders of magnitude
larger than the value expected forte cross-relaxation rates
originating from diffusive coupling; the observed SPINOE
enhancements can therefore be considered as originating entirely
from the binding of xenon. Furthermore, the SPINOE spectra
were obtained with dissolved xenon in excess with respect to
the cryptophane-A concentration. Under these circumstances eq
10c is valid, and we haveixe/Arze = 0fye (S€€ eq 11).

The largest?, values characterizing the binding of xenon
to cryptophane-A are found to be significantly smaller (5 to
10-fold) than the largest values observed when xenon binds to
a-cyclodextrin?® Such a discrepancy is unlikely to originate
from differences in the dynamics of tf&Xe — H polarization
transfer. Indeed, we have shown that for the binding of xenon
to cryptophane-A in (CDG), at room temperaturez;rﬂXe is
expected to reach 70% of its maximum value. Instead, the
discrepancy in theaﬂxe values suggests differences in the
structure of these xenon complexes. Giv@n= 0.6 ns and
Obxe & 1—4 x 1074 571, eq 4 leads to & 5.y value in the
range (0.5-2) x 104 A~8; thus, the average distance between
the aromatic protons and the xenon atom is42 A. These
results are in good agreement with computer modeling which
gives values of 454.8 A (from minimum energy structures
of xenon included in the cavity of cryptophane-A, see below).
On the basis of an X-ray structure @fcyclodextrin®® the ryxe
values between a xenon atom positioned at the center of the
cavity and the nearest protons are found to be in the range of
3.2-3.8 A. These calculated ranges of proton-to-xenon distances
translate into a 4- to 8-fold factor increase in the cross-relaxation
rates (neglecting dynamical effects), in agreement with the
experimental observations.

IV. 4. Relative Values and Structure of the Complex.In
section IV. 3. it was shown that the observed SPINOE
enhancement for the aromatic protons is consistent with xenon
included in the cavity of cryptophane-A. Detailed information

(68) Saenger, W.; Noltenmeyer, Mngew. Chem., Int. Ed. Endl974
13, 552-553.
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Table 2. Experimental H-Xe Cross-Relaxation Rates (bold) for
the Protons of the Spacer Bridges of Cryptophane-A Relative to the

Value for the Aromatic Protons and Relatii#, [ Values
Calculated Using the Structures in Figure 11 (see text)

proximal H's remote H's
experimental 1.55 0.67
antilla 5.2 0.5
anti11b 4.4 0.5
gauchellc 1.8 0.3
gauchelld 15 0.3

conformations posse&s symmetry axes which bisect the-C
bond of the linkers and intercept at the center of the cavity where
the xenon atom is found. Therefore, in Figure 11a the protons
labeled H and Hhave the same chemical shift which, a priori,
is different from the chemical shift of the other pair of protons.
The structures shown in Figure 12 were obtained from the
structure in 11a, where the labels were left unchanged; the H
and H which were remote with respect to the xenon atom in
Figure 11a are the proximal ones in Figure 11b. In both of these
anti conformations the proterkenon distances are similar and
lead to similar relativeT,,2,[0 values. From Table 2 it can be
seen that the calculated values for the proximal H's in the anti
conformations are significantly different from the corresponding
experimental result. Even if it were considered that both anti
Figure 11. Minimum energy structures of cryptophane-A with included  structures are present simultaneously, the experimental results
xenon for the various cqnformations of thg displayed'spacer b_ridge. could not be explained. In Figure 11c and d, the linkers are in
The a;f’"?s Ofﬂt‘he CYICIO'[T'V?ra}.ry:ﬁPe stu?u(?lts irfha:tim”ar pOStI)tI%nS a gauche conformation. These structures do not pos3gss
In eacn view; the molecule IS sl rotated suci at the spacer priage .
is clearly visible. In a and b, theglinl)(/ers are in an anti conforr)mation. Ig syrnme_try ages, but for _e_ach of them an equwalent_ structure
¢ and d, the linkers are in a gauche conformation. exists in which the position of_protons H and Hre inter-
changed. Therefore, for each pair of protons, must be calculated
regarding the structure of the complex can be obtained in the as the average between the two protons. It is worth noting that

(¢) (d)

absence of information about the absolute valuesafi;;{e; in both of these gauche structures, the partner of the proton
furthermore, the use of relative+Ke cross-relaxation rates  which is the nearest to xenon is the farthest proton; in Table 2,
avoids the uncertainty attached to the determinatiof0). this pair is referred to as the “proximal” H's because it leads to

Table 1 gives thefﬂXe values of the cryptophane-A protons the Iargestmgiem value. Thus the H and 'Hwhich are
relative to the value for the aromatic protons. From these data “remote” with respect to the xenon atom in Figure 11c¢ become
it is clear that the binding of xenon to cryptophane-A gives the “proximal” H's in Figure 11d. From Table 2, it can be seen
rise to selectivéH—12%Xe dipole—dipole interactions. Provided  that both gauche structures lead to relatifgs,[ values in
that internal dynamics do not contribute significantly to the good agreement with the experimental results. Both of these
fluctuations of the intermolecular dipotelipole interactions, gauche structures might be present simultaneously, but if this
the reIativeaE|Xe values listed in Table 1 reveal structural is the case, one conformation must be in considerable excess
information regarding the xenon/cryptophane-A complex. Par- in order to explain the observed difference in cross-relaxation
ticularly interesting are the results obtained for the protons rates between the proton pairs.
belonging to the OCKCH,O spacer bridges (also referred to In the last column of Table 1 are listed the relatiiﬁf}em
as linkers). Indeed, one pair of these protons (labelgartdl values for the various protons of cryptophane-A calculated using
Hy in the spectrum in Figure 10b) experiences, in the presencethe gauche structures. For the methoxy group, the calculation
of xenon, a cross-relaxation rate more than twice as large aswas carried out for various positions of these protons; the
that between xenon and the other pair of protonsafiti H'). calculation leads to values in agreement with the experimental
Because the dynamics of both pairs of protons are most likely relative cross-relaxation rates despite the fact that the dynamics
similar, these results indicate that &hd He are, on the average,  of the polarization transfer might be somewhat different in this
closer to the xenon atom thar Bhd H. case. A more rigorous treatment of the expected cross-relaxation
Cryptophane-A belongs to the group B symmetry. It rates could be performed using molecular dynamics simulations,
possesses high intramolecular connectivity and three short spaceand in such calculations the three spacer bridges of cryp-
bridges linking the two cyclotriveratrylene subunits and is tophane-A should not be considered independently. Furthermore,
therefore a somewhat rigid molecule. However, the internal our calculations neglect the effects of relayed SPINOES, which
degrees of freedom associated with the spacer bridges allowin the present system might be on the order of 16% between
the molecule to adopt various conformations. These conforma- geminal protons (for a detailed explanation of relayed SPINOEs,
tions involve changes in the dihedral angle-OH,—CH,—0O see the Appendix). Despite these simplifications, we can
and, referring to the oxygen atoms, are either gauche-like or conclude on the basis of the experimental SPINOE enhance-
anti-like in nature. Computer modeling was used to generate ments that the most probable conformation of the spacer bridges
minimum energy structures of cryptophane-A with included of cryptophane-A when the molecule complexes xenon (in
xenon. Structures are shown in Figure 11 for the various (CDCI,); at room temperature) is a gauche conformation. This
conformations of the displayed spacer bridge. In Figures 11a conclusion is in agreement with the simulation of resolution-
and 11b, the linkers are in an anti conformation. These enhancedH NMR signals performed elsewhefAdditionally,
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we can conclude that the chemical shifts ofHand H; describe the time dependence of the polarization of the protons
characterize the protons of the spacer bridges of cryptophane-AH, and H,

which are, respectively, gauche and anti with respect to the

vicinal oxygen atom.

df,(0) Vx
Conclusion di = —p fuat) — ofi,(t) — GHXeV_He fxe(0)  (Al.3)
In this paper a general theoretical framework is given, () = —pf (1) — of (1) (ALb)
describing the use of polarization transfer experiments with dt P Thb Ha '

laser-polarized?®Xe for probing the environment of xenon
atoms in solution. The technique was applied to investigate the wherefy(t) is the fractional enhancement of the protos(&hd
environment of xenon trapped by cryptophane-A. Selective  similarly for H, and Xe) andyxe/yw is the ratio of the xenon
enhancements were observed, permitting the preferred confor-and proton gyromagnetic ratios. The solution for constant Xe
mations adopted by cryptophane-A to be determined, and a morepolarization is given by the following relationships:
complete assignment of thi#d spectrum to be obtained. By
using laser-polarized xenon and SPINOE experiments, detailed — gt — g _
microscopic information can be obtained, demonstrating the fia(t) = e "[coshpt) f,(0) — sinh(at) f,,,(0)]
utility of suph methodg to directly probe molecular structure &“er(O) &[(1 — gt coshgt)) — ne ™ sinht)]
and dynamics in solution. YH o(1— 172)
. (A2)
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Appendix U thyﬁ 1
=|— 6J(2wy,) + 3J(w) + IO Ad.a
A Three-Spin Model for 12°%Xe — H Polarization Transfer. P 471) 10 Bﬂ [pI2wy) (@) + IO € )
Consider an isolated three-spin system comprised of two dipolar- U2 hzyﬁ 1
coupled protons Kand H,, and one'?°Xe that interacts with o= (4—) 10 B;@J(ZwH) —-J0)] (A4.b)
only one of the protons (for example,Hvith cross-relaxation & HH

rate opxe). The weak!29Xe—1H, dipole—dipole interaction is

not considered to contribute to the auto-relaxation rate of H As expected, the present three-spin model indicates that eipole
Therefore, both KHand H, have the same auto-relaxation rate, dipole interactions between Xe and, Eiffect the polarization

p, which is solely a consequence &fi—'H dipole—dipole of both H, and H, Hereafter, the SPINOE for thi coupled
interactions, and is the'H—1H cross-relaxation rate. Finally,

the auto-relaxation of?e is considered to be much slower 4,4 .~ .. direct SPINOE

. . B
than the'H relaxation < p). The Solomon equations (Al r
pxe < p) q (A1) e relayed SPINOE
i
0.6 -
200 - r
0.4
150 [
0.2 |-
10.0 L 0.0 T T T T T T T
02 [
5.0 i
-0.4 T .
0.001 0.01 0.1 1 10 100
0.0 HELLALL I AL B LA L B ALL I LA | mHtc
0.001 0.01 0.1 1 10 100

Figure 13. Dependence of maximut®Xe—'H direct SPINOE (dotted
line) and relayed SPINOE (solid line) on the correlation time. The
Figure 12. Dependence of (1 — #?) on the correlation time. The following ratios are displayed: direct SPINOE:J[®n + wxe) — J(wn
following ratio is displayed: 1u[6J(2wn) + 3J(wn) + I(0)](1 — 7?) — wxe)][6I(2wp) + 3I(wn) + I(0)](1 — #?); relayed SPINOE:—7 x
wheren = [6J(2wn) — J(0))/[6I(2wr) + 3I(ww) + I(0)]. direct SPINOE, withy as defined in the legend of Figure 12.

© H‘tc
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with 12%Xe is referred to as a direct SPINOE, and the SPINOE diffusive coupling, it is worth noting that the dynamicsafxe
for the 'H not coupled with'2%Xe is referred to as a relayed are not expected to change significantly with increasing solute

SPINOE. size (at least in dilute solutions) and therefore the direct SPINOE

Equation A2 indicates that the maximum XE direct goes as X(1 — %9, as depicted in Figure 12. Clearly, the
SPINOE is given by importance of the direct SPINOE due to diffusive coupling

decreases for increasing solute size.
max__ _ /Xe Ohxe Equation A3 indicates that the maximum XE relayed
(O o™ = Y fxe(0) p(L— 19 (AS) SPINOE is given by

The dependence afyxe on the correlation time is shown in [f(H)] M= — &fx (O)M (A6)
Figure 3 (section I1). The dependences gf(1/— 7?) andopxe/ ' Yoo p(1— 772)

(1 — 13 on . are shown in Figures 12 and 13, respectively.
The dependence depicted in Figure 13 applies for direct SPINOE
originating from xenon binding; under such circumstances, the
fluctuations of both thé2°Xe—H and !H—H dipole—dipole
interactions are characterized by a single correlation time. Even
thoughouxe increases by a20-fold factor for increasingyzc
values in the range 0.640.68 (see Figure 3, section Il), the
direct SPINOE is essentially constant, then decreasing. ForJA9841916

The importance of the relayed SPINOE relative to the direct
SPINOE is thus equal te-y;. The dependence 6fonxen/p(1

— 17%) on the correlation time is shown in Figure 13. For positive
fxe(0) values and short correlation times, negative relayed
SPINOEs are expected, whereas positive direct SPINOEs would
be observed under these conditions.



