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As one of the traditional work horses in supramolecular
chemistry, resorcinarenes!!! represent a highly interesting
multipurpose scaffold for numerous applications ranging
from the assembly of capsules” such as the resorcinarene
hexamers,””) coordination cages,m and molecular loops,[5] to
applications in supramolecular sensors'®’ and phase-transfer
catalysts.!

The simplest resorcinarenes such as 1 (Scheme 1) are held
in a cone conformation through O—H--O hydrogen bonding
along the upper rim and are well known to accommodate
guest cations inside their cavities, for example, quaternary
ammonium ions.®! For anion binding,”’ more elaborate
cavitand receptors have been developed,'” in which the
resorcinarene merely provides the scaffold, while the (thio)-
urea, N-heterocyclic, or quaternary ammonium binding sites
are located in the apical positions on the edge of the cavity. In
quite a number of anion receptors, anion binding is supported
by additional weaker interactions of the anion with aromatic
C—H bonds."" However, reports on interactions between

[*] S.S. Zhu,M Prof. Dr. C. A. Schalley
Institut fiir Chemie und Biochemie
Freie Universitit Berlin
Takustrasse 3, 14195 Berlin (Germany)
Fax: (+49)30-838-55817
E-mail: schalley@chemie.fu-berlin.de
H. Staats, Prof. Dr. A. Liitzen
Kekulé-Institut fir Organische Chemie und Biochemie
Universitat Bonn
Gerhard-Domagk-Strasse 1, 53121 Bonn (Germany)

F. Gruppi, Prof. Dr. E. Dalcanale

Dipartimento di Chimica Organica ed Industriale
Universita di Parma and INSTM UdR Parma

V.le G.P. Usberti 17/A, 43100 Parma (ltaly)

Prof. Dr. K. Rissanen

Nanoscience Center

Department of Chemistry, University of Jyviskyld

P.O. Box 35, 40014 Jyviskyld (Finland)

K. Brandhorst, Dr. ). Grunenberg

Insitut fiir Organische Chemie, TU Braunschweig

Hagenring 30, 38106 Braunschweig (Germany)

Present address:

Kekulé-Institut fir Organische Chemie und Biochemie
Universitdt Bonn

Gerhard-Domagk-Strasse 1, 53121 Bonn (Germany)

We are grateful for funding from the Deutsche Forschungsgemein-
schaft and the Fonds der Chemischen Industrie. This work was
supported by a PhD scholarship from the Studienstiftung des
deutschen Volkes (to S.S.Z.).

@ Supporting information for this article is available on the W\WW
under http://www.angewandte.org or from the author.

[+

[7‘: *

T IWILEY
N

{7 InterScience*

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

038 SO,
2 R'=H; R? = CgHyy

3 R'=0OMe; R? = CgHy

4 R'=COMe;  R?=CsHyy

5 R'=Br, R? = CsHyy

6 R'=1; R? = CsHy4

7 R'=CN; R? = CgHy4

8 R'=p-CeH,CN; R?=CeHyy

9 R'=H; R? = CgHys 0.8 . so-
10 R'=H; R2 = CH,CH,Ph ¥ 17 g
11 R'=CN; R? = CH,CH,Ph

Scheme 1. Resorcinarene-based hosts 1-11 and anions 12 —17*" used
in this study.

anions and nonaromatic CH groups as hydrogen-bond donors
are rare,’” and only two recent NMR spectroscopic and
crystallographic studies!" reported C—H-X hydrogen bond-
ing involving the inwards oriented acetal hydrogen atoms of
methylene-bridged cavitands comparable to 2 (Scheme 1).
Gas-phase experiments are a powerful tool to examine the
anion-binding capabilities of cavitands such as 2-11. Unex-
pected effects of solvent or counterions can be ruled out, and
it is possible to study the intrinsic properties of the anion-
cavitand complexes.!'! Consequently, electrospray ionization
Fourier-transform ion-cyclotron resonance mass spectromet-
ric (ESI-FTICR-MS) experiments were used to assess the
anion-binding behavior of hosts 1-11.">) When an acetone
solution of Me,N*13~ with 1 was sprayed in the positive-ion
mode, intense signals for cation-host complexes were
observed, while with 2 no signals for complexes with the
same guest cation were evident. In marked contrast, 1 did not
give intense anion-host complexes [13@1]~ in the negative-
ion mode (Figure 1a), while a surprisingly clean mass
spectrum (Figure 1b) was obtained with 2. The host-guest
complex [13@2]~ is the predominant complex formed in the
ion source. Thus, nonbridged resorcinarene 1 forms com-
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a) [135+Na]~ [1-H]~ [1+132+MegNI=  [1p+MeyN-2H]~ To gain further insight, we conducted
m/[z1 :::13+M ’:‘r;/_zm? m/z 1132 ot m/z 1609 (113 #Meg NI- tandem MS experiments with mass-selected
A Y *1;;'\"64 N-Hl/ /s 1536 o [12@2,]*~ and [12@11,]*" ions (for experimen-
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] || T VT e ‘| tal detal.ls., see the Supporting Inf.C).rmatlon).In
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b) M3@2- _ experiment using argon as the collision gas,
m/z 961 rs@z2)” o, [12@2]* cleanly fragments through the loss of
one cavitand (Figure 2a, process A). The for-
[132+Meg NI” [134+3Meg NI~ _[_ mation of the 1:1 complex [12@2]*~ provides

m/z 364 m/z 802 [ . . . e e
| | | ———— evidence for the sufficient stabilization of
"T400 600 800 1000 1200 1400 1600 1800 2000 sulfate against electron autodetachment even
c) [12@1,]2- /[Ac0@11]‘ 2G5 1= through binding to only one cavitand. Even if
me oy m 1[1:;04 e calcd. oxp. theory'®! overestimates the energy gain from
cl@n- m/z 1149 JJLM r} ,U electron autodetachment (130-160 kJmol™)
m/z 1087 m UL _JLV e to some extent, the cavitand-anion binding
T IS NN || S O — e energy must be higher than that and is thus

400 600 800 1000 1200 1400 1600 1800 2000 substantial.
9 [15@1;;1(1 1 exp. (5@t 1 252@3117%] 272%151221 . When the same experiment is peﬁrform.ed
fW /7 2424 with cyano-substituted [12@11,]* (Fig-
"~ Jﬂ MM ‘ ure 2b), three fragmentation pathways are
LT . ‘ : : ! _— . ‘ populated (Scheme S1 in the Supporting
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 Information): A) loss of one neutral cavitand,
e) E:)‘/‘g%zzf_ ez, B) a charge-separating loss of [HSO,@11]"
calcd. exp. involving the formation of a deprotonated
[14@2]2 cavitand, and C)loss of CH,O and SO,
mz 618 _LL_ ll) through nucleophilic substitution and frag-
FES W a—— l e mientation. Two subsequent 1,2-elimination
400 600 800 1000 1200 1400 1600 1800 2000 reactions of styrene and/or CO follow the
m/z

primary reaction in pathway B; pathway C can

Figure 1. ESI-FTICR mass spectra of solutions of a) 1 4+ 1 equiv Me,N*13~ (200 um),
b) 2 + 1 equiv Me,N*13~ (200 um), ¢) 11 + 10 equiv (Me,N*),12*" (680 um),

d) 11 + 0.25 equiv Na"15~ (250 pm), €) 2 + 0.5 equiv Na',14*~ (780 um) in acetone
(a-b,d) or acetone/MeOH (40:7 (c), and 40:1 (e)). AcO =acetate.

plexes with cations, even though it could bind anions through
O—H--anion hydrogen bonds. In contrast, methylene-bridged
cavitands have a significant preference for
suitable anions, even when cations are present

quently, the

lead to the subsequent loss of a neutral
cavitand. The results are remarkable in that
deprotonation of an acetal proton can com-
pete not only with electron autodetachment
but also with breaking covalent interactions

for [12@11,)*", while this is not true for [12@2,]*~. Conse-

binding energy of 11 to sulfate must even be

_ R=CsH

that could compete for binding. Experiments 3) [12,%22281; RoOR }: B
with other anions such as chloride, bromide, W\ Ouge0
iodide, and nitrate also provided strong signals RN R A Y AN
for the formation of anion—cavitand complexes. o N A W

Encouraged by these results, we extended (12@2]2- RORROR
the study to sulfate as an example of a small m/z 456 Y m/z 456
dianion. Isolated sulfate dianions are calculated 112@2,*" nvz 864
to be roughly 1.3—1.6 €V (A2 130160 KT T1I01 1) ermmettom ettt o e s s s e e T
higher in energy than the corresponding anions 400 600 800 1000 1200 1400 1600 1800
and thus would spontancously undergo electron ) ek 15(];)_ [11-H-CO-styrene]~  [(11-CHp)@MI2~ |[12@1 ]2
autodetachment when generated under gas- m/z 919 m/z 1045 m/z 1100
phase conditions."”! Therefore, sulfate can be (1-H-styrene]-
observed in the gas phase only if solvated, for [11-CHg ]2~ m/z 947 [11-H]- | [HSO4@11]-
example, by at least three water molecules.!"” m/z 519 [1-Hcop- |ME108T| mz \1149
Despite the inherent instability of sulfate, the [12@1112- I ] e 10213 / L L
ESI-FTICR  mass spectrum  (Figure 1c) I /m/z 574 “ 930 980 1030 1080 1130 miz
obtained from spraying an acetone/methanol S VL S PSR R s L T,
solution of 11 and (Me,N"),12*" reveals the 600 800 1000 1200 1400 1600 1800 2000 2200

m/z

abundant formation of the 2:1 complexes [12@
11,]*". With cavitand 2, formation of [12@2,]*"
was likewise observed.
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Figure 2. CID mass spectra with mass-selected a) [12@2,]* and b) [12@11,]* (for
experimental details, see the Supporting Information).
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significantly higher than that of 2. A rationalization for this
feature is the direct conjugation of the acetal oxygen with the
nitrile group. An electron-withdrawing substituent such as the
nitrile group thus increases the positive partial charge on the
acetal hydrogens and increases the strength of their inter-
actions with anions (also see below).

Size-selectivity experiments with large monoanions such
as tetraphenylborates 15~ and 16~ may provide insight into
the binding mode. Upon addition of 0.25 equiv Na*15~ to a
solution of 11, dimeric, trimeric, and tetrameric complexes
([15@11,] 7, [15@11;] ", [15@11,]") were observed in the mass
spectrum (Figure 1d). Similar results were also obtained with
cavitands 2, 9, and 10. In marked contrast, cavitand 8 with its
extended cavity, gave rise exclusively to the 1:1 complex [15@
8]~. Apparently, this is a result of the steric congestion caused
by the longer and quite rigid side chains on the upper rim of 8
and points to anion binding in the cavitand’s cavity. In control
experiments with the sterically more demanding guest
Na*16~, no complex formation occurred with cavitands 9
and 11, and free 16~ was the only ion observed. Each phenyl
group of tetraphenylborate (157) can dive into one cavitand
cavity to form complexes with compositions of up to 4:1. This
binding mode is unavailable when the size of the phenyl
groups is increased by the attachment of two CF; groups in
the 3- and 5-positions. Anion 16~ is thus incongruent with the
cavity in size and shape.

Finally, larger dianions such as 14>~ and 17*" were studied.
The mass spectrum (Figure 1¢) obtained from a solution of 2
and Na*,14*~ clearly shows the predominant presence of the
dimer—guest complex [14@2,]*~ accompanied by the corre-
sponding monomer-guest complex [14@2]*~. With the tetra-
sulfonated porphyrin 17*7, 4:1 complexes [17@2,]*" of cav-
itand and tetraanion were observed as the base peak in the
ESI mass spectrum.

With guest 14>~ and a 1:1 mixture of two different
cavitands, it is possible to generate heterodimeric host—guest
complexes. Upon addition of 14*~ to a mixture of two
cavitands such as 2 and 3, which have the same overall
structure but carry different substituents, heterodimeric
cavitand-dianion complexes such as [14@2,3,]* were
observed in the gas phase. After mass-selection of the
heterodimeric complexes, CID experiments were performed.
A qualitative ranking of the relative intrinsic strengths of the
cavitand-sulfonate interactions can be easily determined by
comparing the intensities of fragment ions such as [14@2]*~
and [14@3]>~ for three reasons:'®
1) Fragmentation occurs exclusively through the loss of one

neutral cavitand, which is not significantly influenced by

the other because of the distance between the two anionic
sites on the guest.

2) The ratio of two fragment ions in the CID spectra is
independent of ionization processes and spectrometer
settings, because a true gas-phase experiment is performed.

3) The number of vibrational degrees of freedom into which
the internal energy can be distributed in either fragment is
not significantly different.

Consequently, it is possible to examine how the electronic
nature of electron-withdrawing or electron-donating substitu-
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ents on the cavitands’ upper rims influences complex
stabilities. Following this protocol, CID experiments were
conducted with mass-selected [14@5,7,]*", [14@5,6,]*, [14@
4,6,]*, [14@2,4,]*", and [14@2,3,]*" ions (Figure 3a—e). These
CID spectra clearly show that the strengths of cavitand-
sulfonate interactions increase as follows: 3<2<<4<5=6<

a) 5
[14@5]<
[14@71% m/z 776
m/z 668 not observed 14@51 7112
m/zl1234
b) [14@51 6112
[14@6]2_ m/z 1434
2-
n4@sl m/z 870
m/z 776 l
c) [4@412- [14@41 612~
m/z 734 2- m/z 1394
not observed na@el
l m/z 870
adaadaade ! L
d) (14@21 4112
[14@2]2— [14@4]2_ m/z 1142
m/z 618
not observed m/z 734
3 |
e) [14@2134]2-
m/z 1086
[14@2]2- [14@31%-
m/z 618 /m/z 678
|
600 800 1000 1200 1400
m/z

Figure 3. CID experiments with mass-selected, doubly charged hetero-
dimer indigo carmine complexes: a) [14@5,7,]*, b) [14@5,6,]*,
) [14@4:6,]"", d) [14@2:4]", ) [14@2;3," .

7. In terms of the substituents’ electronic nature, the order is:

OMe <H<CO,Me <Br~I<CN. The experimentally

obtained tendency is in good agreement with the electron-

withdrawing or -donating ability of the aromatic substituents.

The only exception is the CO,Me group, which apparently

affects the complexation through its conformationally flexible

methoxy arms which extend to the vicinity of the binding sites.

Nevertheless, this effect is not too prominent since 4 still binds

sulfonate far better than 2 and 3 do.

These experiments provide evidence for a cavitand—anion
interaction mediated by C—H--anion hydrogen bonds that
involve the acetal protons pointing into the cavitand bowl.
The following points support this conclusion:

1) Anion-m interactions'” do not play a significant role,
since otherwise, 1 would be expected to be an equally good
host for anions.

2) The substantial stability of the cavitand—anion com-
plexes, particularly that of [12@11,]*", indicates that
complexation is mediated by multiple interactions and
thus likely occurs inside the cavitand bowl.

Angew. Chem. Int. Ed. 2008, 47, 788-792
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3) Cavitand 8 has the same alkyl feet as 2-7 but displays a
significantly different complexation behavior with 14°~
and 15°. This excludes binding of the anions at the
bottom rim, since then no such effects would be expected
to occur. Steric effects attributed to the longer cyano-
phenyl substituents can easily be understood, however, if
anion binding inside the cavity is assumed.

4) The fragmentation of [12@11,]*" includes the deprotona-
tion of one of the acetal positions, suggesting sulfate
binding to occur close to the methylene inner protons.

5) Substituent effects revealed by the CID spectra of
heterodimeric host—guest complexes with 14°~ provide
evidence for the binding sites to be located in the
“influence region” of substituents at the upper rim. This
applies in particular to the acetal protons which carry a
higher positive partial charge when electron-withdrawing
substituents are present.

For more detailed insight into the thermodynamic forces
driving anion binding to the cavitands through C—H:--anion
interactions, we performed a series of quantum chemical
calculations on a C,,-symmetric model system for [13@2]~ in
which the CsH;; moieties where replaced simply by H, and
which is designated [13@2']~ (Figure 4). Geometry optimiza-
tions and energy second-derivative calculations were con-
ducted with the hybrid density functional B3LYP™ with a
split-valence double-zeta basis set augmented with one set of
polarization functions and diffuse functions on all atoms (6-
3144 G(d,p)) as implemented in Gaussian03.”'! Adopting
the rigid-rotor harmonic-oscillator approximation, the free
energy of association at room temperature (AG5,,) for [13@
2']" is calculated to be —24.2kJmol™', which is quite
substantial in view of the assumed weak individual enthalpic
contributions and the entropic cost of any associative
mechanism. In a second step, generalized compliance con-
stants® were calculated in order to quantify the individual
contributions and, if possible, to discriminate between C—

15.2 A mdyne™’

Figure 4. The B3LYP/6-31+ + G(d,p)-optimized structure of the model
complex [13@2']" mapped with the electrostatic potential on the host
surface. C—H---F hydrogen bonds are depicted.
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H--anion and possible anion—r interactions. To the best of our
knowledge this is the first direct quantification of this type of
weak, noncovalent C—H--ion interaction. The anion—mt con-
tacts measured as displacements of the internal coordinates
between the fluorine atoms of the PF,™ anion and aromatic
carbons in the resorcinarenes are very soft, with compliance
constants between 30 and 40 Amdyne™'. Note that a higher
compliance constant is connected with a softer interaction.
Anion—r contacts can thus indeed be excluded as the
enthalpic driving force during the association. On the other
hand, the compliance constant for the 2'C—H--F-PFs~
interactions point to a hydrogen bond in the range between
a strong N—-H--O (~5 Amdyne ') and a C—H--O hydrogen
bond (~20 Amdyne ). The strength of the 2"C—H--F-PFy~
interaction measured by generalized compliance constants is
computed to be 15.2 Amdyne . The four individual C—H--F
contacts in [13@2']", which are intensified through the
negative charge on the guest molecule, are therefore mainly
responsible for the stability of the adduct.

In conclusion, mass spectrometric experiments together
with theory indicate that suitably positioned C—H bonds can
complex anions, if they are polarized by neighboring electro-
negative heteroatoms. The easy-to-access methylene-bridged
resorcinarene cavitands provide exactly the right geometric
arrangement of such groups to support anion binding through
multiple interactions with up to four converging C—H groups.
Particularly remarkable is the fact that even one cavitand is
able to solvate a sulfate dianion well enough to prevent
electron autodetachment. This experiment shows that the
interaction strength between host and guest anion can amount
to substantial values. From a fundamental point of view, this
study provides new insight into the nature and importance of
C—H---anion interactions. This mode of hydrogen bonding,
that is, hydrogen bonds between an anion and a nonaromatic
C—H bond, is very rare and not well studied so far. To the best
of our knowledge, the phenomenon that neutral cavitands
complex different anions exclusively through this type of
weak interaction has not been described previously.

Received: July 31, 2007
Published online: December 11, 2007

Keywords: anion receptors - cavitands - gas-phase chemistry -
mass spectrometry - supramolecular chemistry

[1] For reviews on resorcinarene-based cavitands, see: a) P. Timmer-
man, W. Verboom, D.N. Reinhoudt, Tetrahedron 1996, 52,
2663-2704; b) A. Jasat, J. C. Sherman, Chem. Rev. 1999, 99,
931-968.

[2] F. Hof, S.L. Craig, C. Nuckolls, J. Rebek, Jr., Angew. Chem.
2002, 714, 1556-1578; Angew. Chem. Int. Ed. 2002, 41, 1488 -
1508.

[3] a) L. R. MacGillivray, J. L. Atwood, Nature 1997, 389, 469 -472;
b) T. Gerkensmeier, W. Iwanek, C. Agena, R. Frohlich, S. Kotila,
C. Nither, J. Mattay, Eur. J. Org. Chem. 1999, 2257-2262; c) A.
Shivanyuk, J. Rebek, Jr., J. Am. Chem. Soc. 2003, 125, 3432—
3433; d) L. Avram, Y. Cohen, Org. Lett. 2003, 5, 3329-3332;
e) N. K. Beyeh, M. Kogej, A. Ahman, K. Rissanen, C.A.
Schalley, Angew. Chem. 2006, 118, 5339—-5342; Angew. Chem.
Int. Ed. 2006, 45, 5214 -5218.

www.angewandte.org

Chemie

791


http://dx.doi.org/10.1016/0040-4020(95)00984-1
http://dx.doi.org/10.1016/0040-4020(95)00984-1
http://dx.doi.org/10.1021/cr960048o
http://dx.doi.org/10.1021/cr960048o
http://dx.doi.org/10.1002/1521-3757(20020503)114:9%3C1556::AID-ANGE1556%3E3.0.CO;2-C
http://dx.doi.org/10.1002/1521-3757(20020503)114:9%3C1556::AID-ANGE1556%3E3.0.CO;2-C
http://dx.doi.org/10.1002/1521-3773(20020503)41:9%3C1488::AID-ANIE1488%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3773(20020503)41:9%3C1488::AID-ANIE1488%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1099-0690(199909)1999:9%3C2257::AID-EJOC2257%3E3.0.CO;2-H
http://dx.doi.org/10.1021/ja027982n
http://dx.doi.org/10.1021/ja027982n
http://dx.doi.org/10.1021/ol035211y
http://dx.doi.org/10.1002/ange.200600687
http://dx.doi.org/10.1002/anie.200600687
http://dx.doi.org/10.1002/anie.200600687
http://www.angewandte.org

Communications

792

[4] L. Pirondini, F. Bertolini, B. Cantadori, F. Ugozzoli, C. Massera,
E. Dalcanale, Proc. Natl. Acad. Sci. USA 2002, 99, 4911 -4915.

[5] O.D. Fox, M. G. B. Drew, P. D. Beer, Angew. Chem. 2000, 112,
139-144; Angew. Chem. Int. Ed. 2000, 39, 135-140.

[6] L. Pirondini, E. Dalcanale, Chem. Soc. Rev. 2007, 36, 695 —706.

[7] R.J. Hooley, S. M. Biros, J. Rebek, Jr., Angew. Chem. 2006, 118,
3597-3599; Angew. Chem. Int. Ed. 2006, 45, 3517-3519.

[8] a) H.J. Schneider, Angew. Chem. 1991, 103, 1419-1439; Angew.

Chem. Int. Ed. Engl. 1991, 30, 1417-1436; b) A. Shivanyuk, K.

Rissanen, E. Kolehmainen, Chem. Commun. 2000, 1107 -1108;

c) A. Shivanyuk, J. Rebek, Jr., Chem. Commun. 2001, 2374 -

2375; d) H. Minsikkamiki, M. Nissinen, K. Rissanen, Chem.

Commun. 2002, 1902-1903; e) H. Miansikkaméki, M. Nissinen,

C. A. Schalley, K. Rissanen, New J. Chem. 2003, 27, 88-97.

a) A. Bianchi, K. Bowman-James, E. Garcia-Espana, Supra-

molecular Chemistry of Anions, Wiley-VCH, New York, 1997,

b) P. A. Gale, Coord. Chem. Rev. 2003, 240, 191-221; c¢) J. L.

Sessler, P. A. Gale, W.-S. Cho, Anion Receptor Chemistry, RCS

Publishing, Cambridge, 2006.

[10] Selected examples: a) H. Boerrigter, L. Grave, J. W. M. Nissink,
L. A.J. Chrisstoffels, J. H. vander Maas, W. Verboom, F.
de Jong, D. N. Reinhoudt, J. Org. Chem. 1998, 63, 4174 -4180;
b) U. Liicking, D. M. Rudkevich, J. Rebek, Jr., Tetrahedron Lett.
2000, 41, 9547-9551; ¢) S. K. Kim, B.-G. Kang, H. S. Koh, Y. J.
Yoon, S. J. Jung, B. Jeong, K.-D. Lee, J. Yoon, Org. Lett. 2004, 6,
4655 —-4658.

[11] Examples for aromatic C—H---anion interactions: a) D.-W. Yoon,
H. Hwang, C.-H. Lee, Angew. Chem. 2002, 114, 1835-1837,
Angew. Chem. Int. Ed. 2002, 41, 1757-1759; b) K. Chellappan,
N. J. Singh, I.-C. Hwang, J. W. Lee, K. S. Kim, Angew. Chem.
2005, 117, 2959-2963; Angew. Chem. Int. Ed. 2005, 44, 2899 —
2903; c¢) W. J. Belcher, M. Fabre, T. Farhan, J. W. Steed, Org.
Biomol. Chem. 2006, 4, 781 -786.

[9

—

[12] a) C. A. Ilioudis, D. A. Tocher, J. W. Steed, J. Am. Chem. Soc.
2004, 126, 12395-12402; b) H. Maeda, Y. Kusunose, Chem. Eur.
J. 2005, 11, 5661 —5666.

[13] a) C. L. D. Gibb, E. D. Stevens, B. C. Gibb, J. Am. Chem. Soc.
2001, 723, 5849-5850; b) Z. R. Laughrey, T. G. Upton, B.C.
Gibb, Chem. Commun. 2006, 970-972.

[14] M. Meot-Ner (Mautner), Chem. Rev. 2005, 105, 213 -284.

[15] Cavitand syntheses: a) D. J. Cram, L. M. Tunstad, C. B. Knobler,
J. Org. Chem. 1992, 57, 528; b) J. A. Bryant, M. T. Blanda, M.
Vincenti, D. J. Cram, J. Am. Chem. Soc. 1991, 113, 2167-2172;
¢) N. Cuminetti, M. H. K. Ebbing, P. Prados, J. de Mendoza, E.
Dalcanale, Tetrahedron Lett. 2001, 42, 527-530; d) F. Fochi, P.
Jacopozzi, E. Wegelius, K. Rissanen, P. Cozzini, E. Marastoni, E.
Fisicaro, P. Manini, R. Fokkens, E. Dalcanale, J. Am. Chem. Soc.
2001, 123, 7539-7552. Also, see the Supporting Information.

[16] A.I. Boldyrev, J. Simons, J. Phys. Chem. 1994, 98, 2298 —2300.

[17] a) A.T. Blades, P. Kebarle, J. Am. Chem. Soc. 1994, 116, 10761 —
10766; b) X.-B. Wang, J. B. Nicholas, L.-S. Wang, J. Chem. Phys.
2000, 7713, 10837 —10840.

[18] This experiment is a variant of Cooks’ kinetic method and used
here only for a qualitative ranking, not for the determination of
quantitative binding energies. For a review on this method, see:
R. G. Cooks, J. S. Patrick, T. Kotiaho, S. A. McLuckey, Mass
Spectrom. Rev. 1994, 13, 287 —339.

[19] O.B. Berryman, V. S. Bryantsev, D. P. Stay, D. W. Johnson, B. P.
Hay, J. Am. Chem. Soc. 2007, 129, 48— 58, and references therein.

[20] A.D. Becke, J. Chem. Phys. 1993, 98, 5648 —5652.

[21] M. J. Frisch, et al., Revision B.02 ed., Gaussian, Inc., Pittsburgh
PA, 2003.

[22] K. Brandhorst, J. Grunenberg, ChemPhysChem 2007, 8, 1151 -
1156, and references therein. The generalized compliance
constants were computed using our own code COMPLIANCE,
which will be available free of charge from our homepage
(http://www.oc.tu-bs.de/grunenberg) soon.

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2008, 47, 788-792


http://dx.doi.org/10.1073/pnas.072612199
http://dx.doi.org/10.1002/(SICI)1521-3757(20000103)112:1%3C139::AID-ANGE139%3E3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1521-3757(20000103)112:1%3C139::AID-ANGE139%3E3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1521-3773(20000103)39:1%3C135::AID-ANIE135%3E3.0.CO;2-N
http://dx.doi.org/10.1039/b516256b
http://dx.doi.org/10.1002/ange.200600405
http://dx.doi.org/10.1002/ange.200600405
http://dx.doi.org/10.1002/anie.200600405
http://dx.doi.org/10.1002/ange.19911031104
http://dx.doi.org/10.1002/anie.199114171
http://dx.doi.org/10.1002/anie.199114171
http://dx.doi.org/10.1039/b002144j
http://dx.doi.org/10.1039/b106793c
http://dx.doi.org/10.1039/b106793c
http://dx.doi.org/10.1021/jo972127l
http://dx.doi.org/10.1016/S0040-4039(00)01688-9
http://dx.doi.org/10.1016/S0040-4039(00)01688-9
http://dx.doi.org/10.1021/ol048285y
http://dx.doi.org/10.1021/ol048285y
http://dx.doi.org/10.1002/1521-3757(20020517)114:10%3C1835::AID-ANGE1835%3E3.0.CO;2-C
http://dx.doi.org/10.1002/1521-3773(20020517)41:10%3C1757::AID-ANIE1757%3E3.0.CO;2-0
http://dx.doi.org/10.1002/ange.200500119
http://dx.doi.org/10.1002/ange.200500119
http://dx.doi.org/10.1002/anie.200500119
http://dx.doi.org/10.1002/anie.200500119
http://dx.doi.org/10.1039/b516027h
http://dx.doi.org/10.1039/b516027h
http://dx.doi.org/10.1021/ja047070g
http://dx.doi.org/10.1021/ja047070g
http://dx.doi.org/10.1002/chem.200500627
http://dx.doi.org/10.1002/chem.200500627
http://dx.doi.org/10.1021/ja005931p
http://dx.doi.org/10.1021/ja005931p
http://dx.doi.org/10.1039/b515187b
http://dx.doi.org/10.1021/jo00028a025
http://dx.doi.org/10.1021/ja00006a040
http://dx.doi.org/10.1016/S0040-4039(00)01991-2
http://dx.doi.org/10.1021/ja0103492
http://dx.doi.org/10.1021/ja0103492
http://dx.doi.org/10.1021/j100060a015
http://dx.doi.org/10.1021/ja00102a046
http://dx.doi.org/10.1021/ja00102a046
http://dx.doi.org/10.1063/1.1333703
http://dx.doi.org/10.1063/1.1333703
http://dx.doi.org/10.1021/ja063460m
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1002/cphc.200700038
http://dx.doi.org/10.1002/cphc.200700038
http://www.angewandte.org

