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Abstract: The synthesis of three differ-
ent nanoscale molecular hosts is report-
ed. These cavitands each possess a
highly preorganized cavity with an open
portal (nearly 1 nm wide), by which
guests can enter and egress the cavity.
Additionally, these hosts are deep-func-
tionalized with a crown of weakly acidic
benzal C�H groups which can form a
variety of noncovalent interactions with
guest molecules residing within the cav-
ity. Thirty-one guests were examined for
their propensity to form complexes with
the hosts. Guests that possess halogen
atoms were the strongest binders, sug-
gesting the formation of polydentate

C�H ¥ ¥ ¥X�R hydrogen bonds with the
deep crown of benzal hydrogens. Ex-
change rates between the free and
bound states were noted to be depend-
ent on the size of the guest and the
solvent used to study complexation. In
general, stronger binding and slower
exchange were noted for complexations
carried out in DMSO with highly com-
plementary guests. The orientation of
each guest within the cavity was deter-
mined using either EXSY NMR spec-

troscopy or 1H NMR shift data. Cumu-
latively these results showed that the
principal factors directing orientation
were interactions with the benzal groups
and the type of solvent. Van×t Hoff
analyses of selected complexations were
also carried out. As well as revealing
that all complexations were entropically
unfavorable, these experiments provid-
ed support for guest orientation deter-
minations, and gave an estimation that
the formation of a C�H ¥ ¥ ¥ I�R hydrogen
bond releases between 1 and
1.5 kcalmol�1.Keywords: cavitands ¥ host ± guest

systems ¥ nanostructures

Introduction

The precise orchestration of noncovalent and covalent forces
lies at the heart of enzyme catalysis. One way to begin to
understand this orchestration is enzyme mimicry; the repli-
cation[1] of the active site of the target enzyme using a small
molecule. One facet of an enzyme that is difficult to replicate
is the hydrophobicity of the active site. Active-site walls must
be constructed. One approach is to construct the concave
molecular surface by designing a polymer that will fold into a
predesigned topology.[2, 3] Another is to borrow from Nature
and try and decorate the inner surfaces of a cavity in, for
example, cyclodextrins.[1e] Alternatively, the task can be
approached by building a suitably functionalized molecular

cavity ™brick-by-brick∫. Building up a host with a large
hydrophobic cavity is complicated by the possibility of
molecular collapse. Thus although relatively small rigid
cavities have been built using calixarenes,[4] resorcinarenes,[5]

and cyclotriveratrylenes,[6] there have been relatively few
reports concerning the synthesis of hosts with nanoscale
cavities.[7, 8] Furthermore, although introducing functionality
into small or flexible cavities has been considered for some
time,[9] adding functionality to large, organized cavities is only
just beginning to be addressed.[10]

We describe here the synthesis of nanoscale hosts, the
molecular surfaces of which are woven using only covalent
bonds. This feature helps to endow these molecules with
highly preorganized cavities. Their general design includes an
open portal for guest entry and deep functionalization in the
form of a ™crown∫ of slightly acidic benzal hydrogens situated
6 ä down into the binding pocket. This array is capable of
forming (up to) five centered, or tetrafurcated acceptor type,
hydrogen bonds with guests possessing halogen atoms. Con-
sequently, along with the nature of the solvent, this array is an
important contributor to both guest selection and orientation.

Results and Discussion

Host synthesis : The synthesis of molecular baskets 3 ± 5
(Scheme 1) utilizes the stereoselective bridging of resorcinar-
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enes, for example, 1, with benzal bromides.[11] Thus, bridging
the phenolic pairs of 1 with 3,5-dibromobenzal bromide[12]

gave key octabromide deep-cavity cavitand (DCC) 2 in 65%
yield (Scheme 1).[11b] This introduction of a second row of
aromatic rings into the resorcinarene scaffold deepens the
cavity of the resorcinarene framework considerably. How-
ever, a lack of preorganization of the benzal bridges results in
these compounds possessing poor hosting properties. One
way to preorganize 2 is to covalently bridge between each of
the aromatic rings in the second row.We selected the Ullmann
aryl ether reaction for this purpose primarily because the
introduction of four resorcinol moieties would afford a high
degree of rigidity to the rim of the resulting cavitand. Initial
attempts at this eightfold reaction using recently developed
catalytic approaches unfortunately proved unsuccessful in our
hands.[13] However, using more classical conditions of pyridine
as solvent, potassium carbonate as base, and copper(��) oxide
as promoter, gave molecular basket 3 in a very satisfying 88%
yield.[7a] Each of the eight new C�O bonds are formed in
greater than 98.5% efficiency. With this success, we consid-
ered other resorcinols that might be amenable to this reaction.
We chose 5-methyl resorcinol and 2-methyl resorcinol; the
former because the methyl groups could potentially alter the
portal size of the resulting basket 4, and the latter because the
resulting basket 5 was anticipated to have different structural
dynamics compared with 3 and 4 (vide infra). Gratifyingly,
reaction of 2 with 5- and 2-methyl resorcinol gave the
respective hosts 4 and 5 in 80% and 88% yields, respectively
(Scheme 1). COSY NMR spectroscopy was necessary for the
full assignment of the protons in hosts 3 ± 5 (see Supporting
information).

Host dynamics : Inspection of models indicated that the third
row of rings in hosts 3 ± 5 have conformational options. Two
(extreme) conformations can be envisaged. For example,
host 3 can theoretically adopt one conformation with all four

rings oriented outwards so as to reveal a deep cavity with a
circular 1 nm wide entrance, or the conformation, in which all
four rings are oriented inwards (Figure 1). In the latter case

Figure 1. The open and closed conformations of molecular basket 3.

the entrance to the cavity is much smaller. Host 4 was
expected to show similar conformation properties. However,
because of the position of the methyl groups, the all-closed
conformation would possess only the smallest of apertures. In
5, the methyl groups were expected to affect the rate of
interconversion between the conformers since during this
process they must pass through a relatively small annulus
(above He in Scheme 2). Furthermore, the open conformer of
5 (methyl groups in) would have a much smaller cavity.
A combination of 2D NOESY NMR for 3 and 5, and 1D

NOE for 4 (solutions of which precipitated over the time
frame of a 2D experiment) revealed the conformational
preferences of these hosts in [D6]DMSO. In each case, a
strong NOE was observed between protons Hf and Hg

(Scheme 2) which suggested an open conformation. In con-
trast there were no cross peaks corresponding to an Hd and Hg

interaction as would be expected in the closed conformation.
Computational work (gas phase) offers support for these
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Scheme 2. ™Proton∫ designation in the molecular baskets: 3 (Rc and Rh�
H), 4 (Rc�H, Rh�Me), and 5 (Rc�Me, Rh�H).

findings. Thus, semiempirical
calculations (modified neglect
of diatomic overlap (MNDO))
on both the open and the closed
conformations of each basket[14]

were in line with similar calcu-
lations we had performed ear-
lier on 3.[7c] The heats of for-
mation for the open conforma-
tion of 3, 4, and 5 were
calculated to be 9, 9, and
17 kcalmol�1, respectively, low-
er in energy than their
corresponding closed confor-
mation. These hosts are anan-
comeric.
How large are the energy

barriers between these confor-
mations? Solutions of the hosts
in CD2Cl2 were examined down
to �90 �C for evidence of the decoalescence that would occur
as the conformational flipping slowed to a timescale less than
the NMR timescale. No broadening of signals was apparent
for those protons most likely to be affected by conformational
™freezing∫, that is, Hc, Hf, Hg, and Hh (or the corresponding
methyl groups).[15] This result can be explained either in terms
of the anancomeric nature of the hosts, or that the energy
barrier to flipping each aromatic ring is less than
9 kcalmol�1.[16] Indeed, calculations suggest both these points
are valid for 3 and 4. Thus, for these hosts, the energy barriers
between the conformer with all four rings in a closed
conformation and the conformation, in which one ring adopts
an open position, were both calculated to be 6.5 kcalmol�1

(Supporting information). Although a value of 18 kcalmol�1

was calculated for 5, no decoalescence was observed. Pre-
sumably, the anancomeric nature of 5 precludes observing
decoalescence.
To summarize, these hosts exist primarily in an all-ring open

conformation. However, the stepwise flipping of one ring into
a closed position is a relatively facile process.

Guest selection and orientation : The cavity volumes of 3 and 4
are estimated to be in the region of 280 ä3, while with four
methyl groups pointing into the cavity, the volume of 5 is
estimated to be about 200 ä3. As discussed, these hosts have
fully open and solvated cavities. Hence, it can be expected
that guest binding will be dependent on the solvent.[17]

Inspection of models suggests that quasispherical adaman-

tanes are ideal guests for 3 and 4. Host 5 on the other hand
possesses a cavity that is too small for adamantanes. To build a
binding profile for these two cavity shapes we chose a list of
guests from bromocyclobutane, up to bromocamphor
(Scheme 3). Guest binding induces shifts in several NMR
signals from the host and all of those from the guest. However,
unless noted, we chose the benzal protons Hb to measure
association constants because they underwent large shifts and,
barring the signal from Ha, are well removed from other
signals (Figure 2).

Figure 2. a) Selected region of the 1H NMR spectrum of host 3 in CDCl3;
b) Host 3 complexed with guest G11 in CDCl3. Exchange is slow on the
NMR timescale and allows identification of signals from both free and
bound (*) protons. Proton designations are shown in Scheme 2.

The C4v symmetry of these hosts means that as well as the
strength of association, we also have to be mindful of guest
orientation. In this regard, 2D EXSY 1H NMR spectroscopy
proved useful[18] for those systems, in which exchange was
slow on the NMR timescale. Figure 3 shows part of the 2D
EXSY spectrum of the complex G14@3 in [D6]DMSO, the
observed signal shifts, and a picture derived from a molecular
mechanics calculation of the complex. As is seen with smaller
cavitands, the conical profile to the cavity results in the

X
Br

O
Br

H

X

Br

Br

X
X

X

O

OH

O
O

Br

H2

H2

H3

H4−cis

H4−trans

G1:  X = H
G2:  X = OH
G3:  X = CH2OH

G5:  X = CO2H
G6:  X = NH2
G7:  X = CN
G8:  X = F

G9:  X = Cl
G10:  X = Br
G11:  X = I

G12 G13

G14 G15 G16 G17 G18

G19:  X = H

G22:  X = Br
G23:  X = I

G24:  X = Br

G25:  X = I

G26 G27 G28:  X = Br

G29:  X = I

G30:  X = Br

G31:  X = I

G4:  X = CH2CH2OH

G20:  X = Me
G21:  X = Cl

Scheme 3. Guests used in this study.
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general trend that the deeper a proton resides, the more that
proton is shielded. Consequently the most shielded protons
are H3, H4, and the endo protons at positions 5 and 6, while
those least affected reside at the open end of the cavity near
the C4 axis of the host. One particularly striking pair of shifts
is seen for the C6 methylene group. One proton is shifted ��
1.08 ppm upfield, while the other is shifted 2.25 ppm. These
hosts may make useful NMR shift reagents for bicyclics in
general. EXSY NMR spectroscopy was also useful for
determining the orientation of those adamantane guests that
exchanged slowly on the NMR timescale. Upon binding, the
difference between the shifts in the signals from the H2 (see
Scheme 3) and the H4 protons (���H2±H4-trans) revealed the
propensity to bind in a particular manner. Thus for guests
that displayed principally one orientation in the cavity,
���H2±H4-trans was found to be large (� � 1 ppm). However if
a guest did not demonstrate a preferential orientation,
���H2±H4-trans tended towards zero (see Supporting informa-
tion).
Most of the smaller guests underwent exchange faster than

the NMR timescale. For these cases we inferred the orienta-
tion of the guest by comparing the shift in the signal Hb and
relating this to slow exchanging analogues (see Supporting
information). Thus by a combination of EXSYand shift NMR
data we were able to deduce the principal orientation of all
the functionalized guests and monitor how these were
adjusted by solvent changes.

Host properties of basket 3 : Table 1 lists the association
constants of thirty-one guests examined for three different
solvents: [D1]chloroform, [D8]toluene, and [D6]dimethyl sulf-
oxide (DMSO). Some of the data in the first two columns of
this table have been reported previously,[19] but we include
them here to emphasize the trend that, with only one
exception, binding is strongest in DMSO and weakest in
chloroform.

Adamantane (G1) serves as a
reference point for the other
guests investigated. Binding is
nonexistent in CDCl3, around
1.6 kcalmol�1 in ™neutral∫ tol-
uene, and just under
4 kcalmol�1 in DMSO.[20] Upon
binding, there is an upfield shift
in the signal from the Hb pro-
tons. We envisage that G1 is
capable of freely tumbling with-
in the confines of 3. G1 binds
more strongly to 3 than the
series of monofunctionalized
adamantyl guests G2 ±G8.
One important reason why this
is so is that the entropy of
complexation (vide infra) is
larger for G2 ±G8 because
these guests must adopt only
one of two conformations
(functional group ™up∫ or

Figure 3. a) Part of the 2D EXSY NMR spectrum of G14 complexed to basket 3. Cross peaks for protons in the
free and bound state are labeled (see structure). Only the signal for proton H3 in the bound state (H3*) is shown;
b) The calculated shifts in the guest×s signals upon binding; c) a representation of the guest orientation (as
determined by molecular mechanics) demonstrating the correlation between the magnitude of shift with the
position (depth) of each proton in the hydrophobic pocket.

Table 1. Association constants between basket 3 and a variety of guests at
298 K.[a]

Guest CDCl3 [��1] [D8]Toluene [��1] [D6]DMSO [��1]

G1 ± 15 790
G2 ± ±[b] 180
G3 ± ±[b] 310
G4 ± ±[b] 280
G5 ± ± 320
G6 ± ±[b] 520
G7 ± 36 160
G8 ± ± 400
G9 53 310[c] 3600[d]

G10 290 1600 33000[e]

G11 670 4400 140000[e]

G12 78 380[c] 9800
G13 ± ± 97
G14 ± 150 1010
G15 ± 30 280
G16 ± 29 5
G17 ± ± 76
G18 5 24 330
G19 ± ± 13
G20 ± ± 33
G21 ± ± 43
G22 ± 13 180
G23 7 35 580
G24 ± 7 76
G25 ± 17 200
G26 ± ± 9
G27 ± ± 45
G28 ± ± ±
G29 ± ± 9
G30 ± ± 7
G31 ± ± 15

[a] Error within �10% from average of at least three titrations. Except as
noted determinations were made directly using Hb or Hc (see Scheme 2).
The symbol ™ ± ∫ denotes that binding was not observed. [b] Determination
of association constant was not possible (see reference [21]). [c] Determi-
nations were made by subtraction of He fromHa�Hb*. [d] Calculated using
signals from the C2 and C3 positions of the guest (see Scheme 3).
[e] Calculated by a competition experiment with adamantane (see Sup-
porting information).
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™down∫). EXSY NMR spectroscopy demonstrated that G2 ±
G5 bind with their functional groups pointing out of the cavity
(���H2±H4-trans� �1.2 ppm). As was observed for the binding
of G1, these guests all cause an upfield shift (ca. 0.2 ppm) in
the signal from Hb because the hydrocarbon moiety of these
guests is at the base of the cavity. In contrast, guests G6 ±G8
show a gradual, increasing tendency to bind with the func-
tional group down. The ���H2±H4-trans values were �0, �0.2,
and �0.7 ppm, respectively. However, a comparison of the
���H2±H4-trans values in G8@3 demonstrates that the tendency
forG8 to bind halogen down is relatively small compared with
the other haloadamantanes (vide infra).
In toluene, in which the binding ofG2 ±G8 is faster than the

(500 MHz) NMR timescale, a number of differences are
observed. Although binding constants for G2 through to G6
could not be determined,[21] it was still possible to determine
their mode of binding by monitoring shifts in the signal from
Hb. In this solvent, the signal Hb shifted downfield when
guests G2 ±G7 bound, a result that indicates that these guests
bind primarily with the functional group down. To confirm
this, complexes G2@3, G3@3, and G6@3 were examined by
using 1D NOE NMR spectroscopy, under conditions of slow
exchange ([D8]toluene, � 20 �C). These experiments con-
firmed the guest orientations. Thus although G7 binds down
in DMSO and toluene, the preferred orientations of G2 ±G6
can be switched by changing the solvent. Fluoroadamantane
(G8) stands out from the list G2 ±G8 because its small
functional group results in no preferred orientation.
For the other adamantoid guests G9 ±G12, binding is

strong, and only the functional group down orientation is
observed (e.g., ���H2±H4-trans for G11@3��1.95 ppm). The
strength of binding increases as the halogen increases in size
and becomes easier to polarize, to the point that binding of
G11 to 3, in either toluene or DMSO, is 3 kcalmol�1 stronger
than the corresponding value for G1. Although G11 has a
strong dipole moment,[22] this added stability does not appear
to be wholly based on dipole ± dipole interactions. G8 has the
highest dipole of the guests (3.92 debyes)[22] but is not strongly
bound to 3. The X-ray structure of G11@3[7a] is revealing. In
the solid state, the iodine atom of the guest is not situated at
the very base of the cavity. Instead, it is aligned with the crown
of benzal hydrogens such that the guest hovers over a small
cavity. Furthermore, the iodine atom is close to being the
perfect fit for the crown. The distance between the halogen
atom and each hydrogen (3.077 ä) is slightly less than the sum
of the van derWaals radii for I and H (3.35 ä). In other words,
there are four C�H ¥ ¥ ¥X�R interactions in the structure. In
the broadest terms, a hydrogen bond is said to exist when:[23]

1) there is evidence of a bond; 2) there is evidence this bond
sterically involves a hydrogen atom already bonded to
another atom. Thus, G11@3 is stabilized by a five-centered,
or tetrafurcated acceptor type, hydrogen bond. The unusual
nature of these interactions is worthy of further comment.
Hydrogen bonds are made up of a number of individual
components, including electrostatics, polarization, exchange
repulsion, charge transfer, and dispersion, that collectively
form an attractive force.[24] The most familiar hydrogen
bonds[25] are predominantly electrostatic in nature. However
in weak hydrogen bonds,[26] the electrostatic component is

small, and the dispersion term becomes more important. To
date, evidence for these types of hydrogen bonds is limited,[27]

but the primary cause of their controversial nature is that they
have previously only been observed in solid-state structures,
in which it is impossible to determine if they are actually
attractive. The association constants tabulated here therefore
represent the first quantitative glimpse of these types of
hydrogen bonds. A crude estimate that ignores differences in
the entropy change upon bindingG1 andG11 indicates that in
the case of iodonated guests such as G11 there is a
contribution of at least 0.75 kcalmol�1 per C�H ¥ ¥ ¥ I�R
hydrogen bond.
A consideration of the data provided in Table 1 reveals how

quickly the affinity between 3 and the guests drops off as the
guest becomes smaller and/or less complementary to the
shape of the cavity. For example, removing a methylene group
fromG5 (to giveG13) causes a 0.72 kcalmol�1 drop in the free
energy of complexation. Some interesting information can
also be garnered from the bicycles studied. Bromocamphor
derivative G14 (C10H15BrO) binds more weakly to 3 than the
similarly sized G10 (C10H15Br), even though both bind in a
bromine atom down orientation. Models indicate that the
location of the carbonyl group and the overall lower
symmetry of G14 are the principal causes of the weaker
binding. Removal of the bromine atom of G14 means that
camphor (G15) binds much more weakly. In DMSO, EXSY
NMR spectroscopy demonstrates that the bridgehead methyl
group resides in the base of the cavity which results in a
downfield shift of the signal from Hb. The similar downfield
shift in the signal from the benzal protons upon complexing
G15 in toluene suggests a similar mode of binding in this
solvent. Without any methyl groups to pack the base of the
cavity, the binding of norcamphor (G16) is much weaker.
Interestingly G16 is unique among all the guests examined
because it binds more strongly in toluene than in DMSO.
Precisely why this is so remains unknown.
In chloroform or toluene, the binding of smaller molecules

to 3 was so weak that very few of the guests G14 ±G31 bind.
In DMSO however, solvent competition for the cavity
dropped off, and binding for molecules as small as G26 was
observed. The guest series G18, G22, G24, and G26, in which
a methylene group is removed consecutively from each guest,
is illustrative of how quickly the association constants
decrease. The loss of three methylene groups means that the
binding energy ofG26 to 3 is a full 2 kcalmol�1 lower than that
for G18. Finally, the binding of the cyclohexyl deriva-
tives G19 ±G23 revealed both the expected trend, and that a
methyl group results in weaker binding than an isosteric
chlorine atom.

Host properties of basket 4 : We began with an investigation of
the ability of 4 to bind a number of substituted adamantanes
(Table 2). The determined association constants in chloro-
form were very close to those of basket 3. However, it was
evident that binding in toluene and DMSO was stronger. In
these solvents, all the recorded association constants were
significantly greater than those recorded for 3, with the Ka for
G9 binding to 4 double that for host 3. Again, G11 proved to
be the strongest binder (7.3 kcalmol�1). The orientations of



Open Nanoscale Hosts 130±139

Chem. Eur. J. 2003, 9, No. 1 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0901-0135 $ 20.00+.50/0 135

the guests in host 4 were the same as those observed for
basket 3. Thus irrespective of the solvent, the halogenated
guests always oriented with the halogen down. Likewise, the
cyano group of G7 pointed downwards in toluene, but had a
much smaller propensity to do so in [D6]DMSO (���H2±H4-trans
� � 0.351 ppm). For smaller guests, the general trend ob-
served for complexations to 3 was reproduced, but again
association constants were generally larger. Not all these
differences were statistically significant; however differences
as large as 95% were seen for G23, in which binding is
0.4 kcalmol�1 stronger than it is to 3. Apparently, the remote
methyl groups are capable of influencing the binding of guests
into these cavities.

Host properties of basket 5 : The smaller cavity of 5 resulted in
it being a poor host for adamantanes (Table 3). For this host,

binding was not observed until the relatively small bromocy-
cloheptane (G18) was examined. In this case, and in the others
reported here, the shift in the NMR signal of Hb demonstrated
the expected ™halogen down∫ binding. Models indicate that
G18 cannot fit under the methyl groups of 5. Instead, to form
the C�H ¥ ¥ ¥Br�R hydrogen bonds, the guest must adopt a
conformation that places the bromine substituent in an
equatorial position, while the seven-membered ring must slot
between the methyl groups protruding into the cavity (Fig-
ure 4a). In this ™vertical∫ orientation, the rotation of the guest

Figure 4. a) Space-filling model (generated from MMFF molecular me-
chanics (Spartan)) of bromocycloheptane (G18) binding to host 5 ;
b) Space-filling model of bromocyclopentane (G24) binding to host 5.

around the C4 axis of the host is inhibited by the inward
pointing methyl groups. As a result binding is weak. Although
bromocyclohexane (G22) appears to suffer the same fate, the
binding of G24 appears to be quite different. In the first
instance, the association constant for bromocyclopentane
(G24) is over twenty times that ofG22, while the correspond-
ing iodo derivative G25 was found to bind even more strongly
(3.9 kcalmol�1). Furthermore, for G24 and G25, binding is
slow on the NMR timescale, whereas in the case of the
cycloheptyl and cyclohexyl guests it is fast. This switch
suggests a different mode of binding. Indeed, models indicate
that G24 and G25 are small enough to bind underneath the
rim methyl groups and still bind halogen down (Figure 4b), a
mode of (horizontal) binding which would be promoted by
the fact that halogen substituents in cyclopentyl systems show
a preference for an axial orientation.[28] In this orientation,
most of the protons experience a similar (™equatorial∫)
environment. The exceptions, the H3 and H4 atoms on the
opposite face to that occupied by the halogen atom, are
located in the center of the cavity and facing the open portal.
Hence, guest binding would be expected to lead to approx-
imately two types of proton. EXSY NMR spectroscopy
confirms this. Although it was not possible to assign all the
signals of the guest, it was possible to determine that the signal
from the methine proton shifted ���2.85 ppm and those of
six protons shifted between ���2.20 and �2.32 ppm, while
the signal from two hydrogens underwent only a shift of ��
�1.48 ppm.[29]
Surprisingly the binding of cyclobutane derivative G26 is

both weak and fast on the NMR timescale. Likewise, no
binding was observed with the aromatic guests G30 and G31.
Hence, host 5 is an extremely selective host for halocyclo-
pentanes. With bromocycloalkanes, a methylene group either

Table 2. Association constants between basket 4 and a variety of guests at
298 K.[a]

Guest CDCl3 [��1] [D8]Toluene [��1] [D6]DMSO [M�1)

G1 ± 11 1100
G7 ± 36 200
G8 ± ± 600
G9 56 520[b] 6000[b]

G10 240 2300 45000[c]

G11 740 7000 220000[c]

G12 77 440[b] 17000
G22 ± ± 270
G23 ± ± 1100
G24 ± ± 85
G25 ± ± 380
G28 ± ± ±
G29 ± ± 10
G30 ± ± 8
G31 ± ± 19

[a] Errors are within �10% for an average of at least three titrations, with
the exception of guest G11 binding in DMSO (associated error is �20%
for three titrations). Except as noted determinations were made directly
using Hb or Hc (see Scheme 2). The symbol ™ ± ∫ denotes that binding was
not observed. [b] Determinations were made by subtraction of He from
Ha�Hb*. [c] Calculated by a competition experiment with adamantane
(see Supporting information).

Table 3. Association constants between basket 5 and a variety of guests at
298 K.[a]

Guest [D6]DMSO [��1]

G18 12
G19 10
G22 9
G23 22
G24 500[b]

G25 740[c]

G26 32
G27 5
G28 ±
G29 7
G30 ±
G31 ±

[a] Error within �10% from average of at least three titrations. Determi-
nations were made directly using the signal from proton Hb. The symbol
™ ± ∫ denotes that binding was not observed. [b] Determinations were made
by subtraction of He from free Hb. [c] Determinations were made by
subtraction of He from (bound) Hb*.
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way of the cyclopentyl systemmakes binding less favorable by
either 2.3 or 1.6 kcalmol�1.

Van×t Hoff analysis of selected host ± guest associations :
Tables 4 and 5 present a breakdown of the free energy of
complexation of six adamantyl guests and iodocyclopentane
binding to 3 and 4. All of the host ± guest interactions
monitored displayed a negative entropic change. The approx-
imate nanometer scale dimensions of these hosts suggest that
small solvents could easily solvate the cavity in multiple
numbers. Hence, our initial expectation was for the associa-
tions to be at least in part entropy driven. This is not the case
at all. All complexations are not entropically favorable; this
effect is least in chloroform and greatest in DMSO. Figure 5
graphs these changes for the typical guest G9 binding to 4, and
emphasizes that enthalpy ± entropy compensation as function
of the solvent is observed.[30] The overall negative entropy
values also suggest that the observed trend of stronger binding
in DMSO is not a classic solvophobic effect.[31]

A closer examination of either set of results is illuminating.
As expected, because it can freely tumble in the molecular
cavity, the least entropically unfavorable guest is G1. The
entropy becomes less favorable when the freedom of the guest
is reduced to it spinning on one axis, in one particular
orientation (G9 to G11). Furthermore this effect increases as
the halogen atom increases in size. Assuming that the entropic
component of solvating each haloadamantane is a constant,
these ��S values in the series G9 ±G11 reflect a progressive
constraining of the C3 rotation axis of the guest to the C4 axis
of the host as the halogen atom increases in size. Overall,
these results reveal another level of enthalpy ± entropy

Figure 5. Enthalpy ± entropy trends as a function of solvent forG9 binding
to basket 4.

compensation, this time as a function of the functional group.
Figure 6 graphs the trends for adamantanes binding to 4 in
toluene.
A comparison of the two sets of data allows a more accurate

picture of the strength of C�H ¥ ¥ ¥ I�R hydrogen bonds. The
complexation of adamantane (G1) to 3 (4) results in the
release of 2.7 (3.2) kcalmol�1 enthalpy in ™neutral∫ toluene. In
contrast, when G11 complexes there is an enthalpic stabiliza-
tion of 9.4 (9.8) kcalmol�1. One quarter of this difference
corresponds to approximately 1.7 (1.6) kcalmol�1 per C�H ¥ ¥ ¥
I�R interaction. Thus taking into account the probability that
there will be some synergism, it seems reasonable to conclude
that each hydrogen bond is capable of contributing at least
1 kcalmol�1 of stability.

Table 4. 1H NMR derived thermodynamic parameters for the binding of selected adamantanes to host 3 at 298 K.[a]

Guest CDCl3 [kcalmol�1] [D8]Toluene [kcalmol�1] [D6]DMSO [kcalmol�1]
�G �H T�S �G �H T�S �G �H T�S

G1 ± ± ± � 1.6 � 2.7 � 1.0 � 4.0 � 8.7 � 4.7
G8 ± ± ± ± ± ± � 3.7 � 7.9 � 4.2
G9 � 2.3 � 3.9 � 1.6 � 3.5 � 5.5 � 2.0 � 4.9 � 9.3 � 4.4
G10 � 3.3 � 5.0 � 1.7 � 4.4 � 7.9 � 3.6 ± ± ±
G11 � 3.8 � 7.3 � 3.5 � 5.1 � 9.4 � 4.4 ± ± ±
G12 � 2.6 � 4.3 � 1.7 � 3.6 � 5.7 � 2.1 � 5.5 � 12.0 � 6.5
G25 ± ± ± ± ± ± � 3.2 � 6.8 � 3.6
[a] Errors are within�15% for an average of at least two titrations. For each guest, the thermodynamic values were determined using the same NMR signals
as those used for the determination of the association constants (see Table 1). The symbol ™ ± ∫ denotes that binding was too weak (or too strong) to
determine the respective thermodynamic parameters.

Table 5. 1H NMR derived thermodynamic parameters for the binding of selected adamantanes to host 4 at 298 K.[a]

Guest CDCl3 [kcalmol�1] [D8]Toluene [kcalmol�1] [D6]DMSO [kcalmol�1]
�G �H T�S �G �H T�S �G �H T�S

G1 ± ± ± � 1.6 � 3.2 � 1.6 � 4.2 � 10.1 � 6.0
G8 ± ± ± ± ± ± � 3.8 � 8.9 � 5.1
G9 � 2.5 � 3.7 � 1.2 � 3.6 � 6.3 � 2.8 � 5.1 � 13.0 � 7.9
G10 � 3.4 � 5.8 � 2.4 � 4.6 � 8.2 � 3.6 ± ± ±
G11 � 3.9 � 7.0 � 3.1 � 5.2 � 9.8 � 4.6 ± ± ±
G12 � 2.5 � 5.8 � 3.3 � 3.5 � 7.8 � 4.2 � 5.6 � 13.1 � 7.5
G25 ± ± ± ± ± ± � 3.3 � 10.4 � 7.0
[a] Errors are within �15% for an average of at least two titrations. For each guest the thermodynamic values were determined using the same NMR signals
as those used for the determination of the association constants (see Table 2). The symbol ™ ± ∫ denotes that binding was too weak (or too strong) to
determine the respective thermodynamic parameters.
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Figure 6. Enthalpy ± entropy trends as a function of halogen atom for a
number of substituted adamantanes binding to basket 4 in [D8]toluene.

We also examined the binding of guests G24,G25, andG18
to host 5 to look for further evidence suggesting a different
mode of binding of the cycloheptane and cyclopentane
derivatives. The thermodynamic parameters presented in
Table 6 demonstrate that binding is again entropically un-

favorable. For the cycloheptyl system, the entropic penalty is
similar to those observed for the binding of guests to baskets 3
and 4. However, the entropic cost for binding the cyclopentyl
guests is twice that recorded for the cycloheptyl guest. The
enthalpy changes with the complexation of cyclopentyl
systems are also extremely high. For example, G25 binds to
open host 5 liberating 19 kcalmol�1! The binding enthalpy of
G18 is half that value and more in line with the other systems.
Assuming similar enthalpies and entropies of solvation for
G18 and G24, these differences strongly support the hypoth-
esis that guests G24 and G25 do not bind in the same manner
as G18 (and presumably G22 or G23). Rather cyclopentyl
guests are just the perfect size to slip under the methyl groups
at the rim of 5 and form some intimate contacts with both the
crown of benzal hydrogens and the cavity wall (Figure 4b).

Conclusion

We have detailed the synthesis and binding properties of a
new family of nanoscale molecular hosts. Their highly
preorganized design, combined with a fully open cavity,
allows them to bind a wide variety of guest molecules. Both

the type of guests selected by each host and guest orientation
within the molecular cavities are controlled by a number of
factors including the shape of the cavity, the functionality on
the guest, and the solvent used for complexation. Further-
more, the rigidity of these hosts results in radical differences
in guest binding and orientation, even with closely related
guests. However, the most important influence on guest
selectivity and orientation is the functionality at the base of
the cavity of each host. This crown of benzal hydrogens results
in the preferential binding of halogenated derivatives by the
formation of either bi-, tri-, or tetrafurcated acceptor type
hydrogen bonds, depending on the type of halogen atom
involved. Thus these hosts confirm the attractive nature of
C�H ¥ ¥ ¥X�R hydrogen bonds and indicate the upper limit for
these types of interactions to be 1.5 kcalmol�1.

Experimental Section

General : All reagents and guests were purchased from Aldrich Chemical
Company. Solvents were purchased from EMScience. Deuterated solvents
were purchased from Cambridge Isotopes. Dimethylformamide (DMF)
and dimethylacetamide (DMA) were stored over molecular sieves and
degassed prior to use. Other reagents and guests were used as received. All
reactions were run under a nitrogen atmosphere. Flash chromatography
(silica gel 60 ä, 200 ± 400 mesh; Natland International) was used for
product purification.
1H NMR spectra were recorded on a Varian Unity Inova instrument
(500 MHz, 25 �C). The COSY spectra were run at 298 K using a
homonuclear correlation pulse sequence (COSY macro supplied by
Varian). A phase-sensitive NOE 2D correlation pulse sequence (NOESY
macro supplied by Varian) was used to acquire 2D NOESYand 2D EXSY
spectra. A mixing time of 0.5 s and a relaxation delay of 10 s were used. The
number of t1 increments was 256 or 512, and 8 or 16 scans were
accumulated at 298 K. Before Fourier transformation, a Gaussian apod-
ization constant was applied on both dimensions. MS analysis was
performed with a PerSeptive Biosystems Voyager Elite MALDI-TOF
instrument. Elemental analysis was performed by Atlantic Microlab Inc.
Melting points are uncorrected.

Multigram scale synthesis of 3,5-dibromobenzaldehyde :[11b] The com-
pound 1,3,5-tribromobenzene (30 g, 95 mmol) and anhydrous diethyl ether
(500 mL) were added to a dried flask. After stirring, the solution was
cooled down to �78 �C, and nBuLi (45.4 mL, 95 mmol, 2.1� solution in
hexane) was added dropwise. After this addition, degassed anhydrous
DMF (14.8 mL, 190 mmol) diluted in anhydrous diethyl ether (20 mL) was
added dropwise, and the reaction stirred 1 h at �78 �C. The solution was
then allowed to reach 0 �C and quenched with HCl (10%) until the solution
was acidic. The mixture was partitioned between CHCl3 and water, and the
organic layer isolated. The aqueous layer was washed once with CHCl3, and
the organic layers were combined and dried with anhydrous MgSO4. The
solution was then concentrated under reduced pressure and run through a
silica plug using a CHCl3 mobile phase. Removal of the solvent under
reduced pressure gave a colorless solid that was dried under reduced
pressure for 1 h before the next step. The essentially pure 3,5-dibromo-
benzaldehyde was obtained in 94%.

Multigram scale synthesis of 3,5-dibromobenzal bromide :[11b] The 3,5-
dibromobenzaldehyde (24 g, 90 mmol) was dissolved in dichloromethane
(300 mL). BBr3 (56 mL, 1.8�) in dichloromethane (99 mmol) was added to
this stirring solution. The reaction was stirred at RT for 24 h. The solution
was then run though a silica column using hexane as the mobile phase
(CAUTION, HBr fumes), and the solvent removed under reduced
pressure. The reaction mixture was crystallized from hexane to give an
80% yield of the benzal bromide as large colorless crystals.

Multigram scale synthesis of DCC 2 :[11b] The compound 3,5-dibromobenzal
bromide (18 g, 44 mmol), degassed DMA (200 mL), and 1,8-diazabicy-
clo[5.4.0]undec-7-ene (DBU) (7.27 mL, 388 mmol) were added to a dried
flask. With stirring, octol (5 g, 5.53 mmol) dissolved in DMA (50 mL) was

Table 6. 1H NMR derived thermodynamic parameters for guest complex-
ation to basket 5 at 298 K.[a]

Guest [D6]DMSO [kcalmol�1]
�G �H T�S

G18 � 1.4 � 8.5 � 7.2
G24 � 3.6 � 17.6 � 14.0
G25 � 3.9 � 18.6 � 14.7
[a] Errors are within �15% for an average of at least two titrations. For
each guest the thermodynamic values were determined using the same
NMR signals as those used for the determination of the association
constants (see Table 3).



FULL PAPER B. C. Gibb et al.

¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0901-0138 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 1138

added by syringe pump over 64 h. The solution was then heated to 60 �C for
four days. After this time the DMAwas removed under reduced pressure,
the mixture was partitioned between CHCl3 and water, and the organic
layer collected. The aqueous layer was washed twice with CHCl3, and the
organic layers were combined and dried with anhydrous MgSO4. The
solvent was reduced down to about 100 mL under reduced pressure. Silica
gel (ca. 50 mL) was then added to the solution, and the solvent removed
under reduced pressure. The dry silica was loaded on a 100% hexane silica
column, and the excess 3,5 diBr-benzal bromide eluted with 100% hexane.
The product was then eluted with 50% CHCl3/hexane, and the solvent
subsequently removed under reduced pressure. The crude product was then
recrystallized from CHCl3/hexane to give a 64% yield of the cavitand as a
white solid.

Large-scale synthesis of basket 3 :[7a] DCC 2 (1 g, 0.53 mmol), K2CO3

(877 mg, 6.3 mmol), resorcinol (350 mg, 3.18 mmol), and pyridine
(65 mL) were added to a dried flask. Nitrogen was then bubbled through
the solution for five minutes, before CuO (505 mg, 6.3 mmol) was carefully
added. The flask was then fitted with a water condenser, and the stirring
solution heated to reflux (sand bath) for seven days. After this time the
solvent was removed under reduced pressure, and the resulting solid
suspended in chloroform and flushed through a silica plug with CHCl3
(100%). The solvent of the resulting solution was removed under reduced
pressure, and the crude product further purified by column chromatog-
raphy (mobile phase 50% CHCl3/hexane). The product was isolated as a
colorless solid in 78% yield (88% on the 250 mg scale).

Synthesis of basket 4 : DCC 2 (100 mg, 5.30� 10�5 mol) was added to an
oven-dried round bottom flask containing pyridine (24 mL). K2CO3

(146.4 mg, 1.06 mmol) and 5-methyl resorcinol (65.8 mg, 0.53 mmol) were
added to this stirring solution. Nitrogen was bubbled through the mixture
for five minutes, before CuO (84.3 mg, 1.06 mmol) was added, and the
solution was heated to a vigorous reflux (sand bath) and stirred for seven
days. After cooling the solvent was removed under reduced pressure to give
a crude solid mixture that was suspended in CHCl3 and loaded onto a short
silica plug. Flushing with CHCl3 and removal of the solvent of the resulting
colorless solution gave the crude product. Chromatography (1:1 CHCl3/
hexane) and then recrystallization with CHCl3/hexane gave the pure
product 4 as a colorless solid in 88% yield.

m.p.� 250 �C; 1H NMR (500 MHz, CDCl3): �� 2.433 (s, 12H), 2.55 (m,
16H), 4.56 (s, 4H), 4.84 (t, J� 8 Hz, 4H), 6.05 (s, 4H), 6.39 (t, J� 2 Hz,
4H), 6.52 (d, J� 2 Hz, 8H), 6.93 (t, J� 2 Hz, 4H), 7.00 (d, J� 2 Hz, 8H),
7.10 (m, 8H) 7.19 (m, 16H); MS: m/z : [M�Ag�]� calcd 1845; found:
1845.97; elemental analysis calcd (%) for C116H88O16: C 80.17, H 5.10;
found: C 80.05, H 5.17.

Synthesis of basket 5 : DCC 2 (100 mg, 5.30� 10�5 mol) was added to an
oven-dried round bottom flask containing pyridine (24 mL). K2CO3

(146.4 mg, 1.06 mmol) and 2-methyl resorcinol (65.8 mg, 0.53 mmol) were
added to this stirring solution. Nitrogen was bubbled through for five
minutes before CuO (84.3 mg, 1.06 mmol) was added, and the solution was
heated to a vigorous reflux (sand bath) and stirred for 14 days. After
cooling the solvent was removed under reduced pressure to give a crude
solid mixture that was suspended in CHCl3 and loaded onto a short silica
plug. Flushing with CHCl3 and removal of the solvent of the resulting pale
yellow solution gave the crude product. Chromatography (1:1 CHCl3/
hexane) and then recrystallization with CHCl3/hexane gave the pure
product 5 as a colorless solid in 80% yield.

m.p.� 250 �C; 1H NMR (500 MHz, CDCl3): �� 1.64 (s, 12H), 2.53 (m,
16H), 4.50 (s, 4H), 4.81 (t, J� 8 Hz, 4H), 5.93 (s, 4H), 6.48 (d, J� 1 Hz,
8H), 7.04 (s, 4H), 7.09 (m, 8H), 7.14 (s, 4H), 7.20 (m, 20H), 7.40 (t, J� 8 Hz,
4H); MS: m/z : [M�Ag�]� calcd 1845; found: 1845.38; elemental analysis
calcd (%) for C116H88O16 ¥CHCl3: C 75.66, H 4.93; found: C 75.66, H 5.13.
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