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The synthesis of macrocyclic and acyclic cleft-like anion
receptors in which four hydrogen bond donating urea moieties
are present in a preorganized fashion is described. NMR
spectroscopy shows the complex formation with H,PO, and
Cl -. Cleft-like receptors bind H,PO,” in a 2:1 guest-host

stoichiometry (K, = 107 M2) in DMSO, whereas Cl ~ is bound
in a 1:1 stoichiometry (K, - 103M!). The macrocyclic receptors
form a 1:1 complex with H,PO,~ (K, = 10° Mt in DMSO) with
a 100-fold selectivity for H,PO,~ over Cl .

Introduction

After the first synthetic receptor for anions had been de-
veloped by Park and Simmons several groups have contrib-
uted to this growing field of molecular recognition.! For
most of these receptors the anion binding is due to Cou-
lombic interactions (in positively charged receptors) and/
or interactions with Lewis acidic sites (in organometallic
receptors). However, in nature neutral anion binding pro-
teins are known which bind the anions onl/y via hydrogen
bonding interactions.! Also synthetic anion receptors have
been developed which bind anions via hydrogen bond do-
nating (sulfon)amido substituents. In these receptors several
scaffolds of spacers, e.g. tris(aminoethyl)amine,’] cholic
acid,™ or calix[4]arenes,’! are used to preorganize the am-
ide moieties. Urea moieties are excellent hydrogen bond do-
nors; N,N'-dimethylurea or N-butyl-N'-tolylurea form
AA*DD type (acceptor-acceptoredonor-donor) complexes
with carboxylates like acetate® and benzoate,[”! with ap-
preciable stability in DMSO (K, = 50—150 m~}!). The bind-
ing strength and selectivity can be enhanced by preorganiz-
ation of multiple urea moieties. There are a variety of multi-
dentate anion receptors in which the geometry and flexi-
bility of the spacer determines the selectivity. For example
the rather flexible tris(2-aminoethyl)amine has been used
for a tridentate receptor selective for PO, (K, = 1.1 X
10* M1 in DMSO),®! rigid spacers like polycyclic diam-
ines!”1®! and p-xylylenediamine!® have been used to make
receptors for dicarboxylates, calix[4]arene derivatives for
Cl- 191 and carboxylate!'!] receptors and calix[6]arene de-
rivatives for Br—.['?] Recently, Umezawa et al.!'3! published
strong H,PO,4~ binding by a receptor in which two urea
units are preorganized via a xanthenel'¥ spacer. Even in a
polar solvent like DMSO the association constant is 2 X
10°> M~ L. Also based on the more accessible m-xylylenedia-
mine, bisurea derivatives have been synthesized. Depending
on the nature of the urea moities (aromatic, aliphatic, urea,
or thiourea) they bind H,PO,~ in DMSO with association
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constants ranging from 100 to 4600 M~ ' and with a 2—3
fold selectivity over ClI~ binding.[!31[13]

This paper describes neutral xylylenediamine based anion
receptors. We have developed cleft-like receptors with firstly
multiple urea moieties in order to increase the number of
hydrogen bond donating sites and secondly, by ring closure
of these clefts, we have decreased the flexibility of the hy-
drogen bond donating sites which increases the preorganiz-
ation. For several anions the association constants and
complex stoichiometry have been determined by 'H NMR
spectroscopy in order to evaluate the effect of the modifi-
cations on the binding strength and selectivity.

Results and Discussion
Synthesis

Rigid aromatic diamine 1 is the preferred building block
for our novel anion receptors. The isopropyl substituents
increase the solubility of the receptors in solvents like THF
and DMF compared to anion receptors derived from m-
xylylenediamine or 1,2-diaminobenzene. Diamine 1 was re-
acted with two equivalents of 2-nitrophenyl isocyanate in
CH,Cl, and bisurea derivative 2 precipitated from the reac-
tion mixture in 80% yield (Scheme 1).

NH, oN,  NCO

0/
.2 1. CH,Cl,, 80% 0w N N__O
— H O H Y
NH, 2. H,NNH,/Raney Ni N‘H H,N
THF/MeOH, quant. @: @
1 X X
2 X=NO,
3 X=NH,
Scheme 1

The two nitro substituents can be converted into a second
pair of hydrogen bond donating moieties. The nitro sub-
stituents were reduced with Raney Nickel and hydrazine to
give the diamino derivative 3 in quantitative yield. Reaction
of 3 with two equivalents of propyl isocyanate in DMF
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yielded in 60% tetrakisurea cleft 4a, which has eight hydro-
gen bond donating NH moieties (Scheme 2). Similarly, reac-
tion of 3 with phenyl isocyanate or benzenesulfonyl isocy-
anate gave the receptors 4b and 4c¢ in 75% yield. Reaction
of diamine 3 with phenylisothiocyanate yielded the bisurea-
bisthiourea 4d in 60%. The increased acidity of the thiourea
hydrogen atoms in 4d might lead to a different anion associ-
ation behavior.

RNCX \iN CH,-R-CH,-NCO
/>©i\ 60-75 % 85 % /bgi\

“H YHH\(/

CC D Cry o0
. H.
N Hey N /'L
H o H.
NI At H
R R ‘\R/
4a X=0,R=CH,
4b X =0, R = Phenyl 5a R=\©/
4¢ X =0, R=S0,Phenyl
4d X =S, R = Phenyl 5b R = CH,CH,
Scheme 2

The '3C NMR spectrum of 4d shows a characteristic C=
S signal at & = 180.7 for the thiourea moiety in addition to
the C=0 signal at § = 155.0 of the urea moiety. In the 'H
NMR spectrum of 4d the thiourea NH hydrogen atoms,
which are more acidic, resonate at lower field compared to
the urea hydrogen atoms of 4a (8 = 9.90 and 9.14 for 4d
vs. 6 = 9.02 and 7.96 for 4b).

According to CPK models, ring closure of diamine 3 with
diisocyanates should yield macrocyclic tetrakisurea deriva-
tives in which all eight urea hydrogen atoms point to the
center of the macrocycle and therefore result in a highly
preorganized anion binding site. Ideally, the distance be-
tween the amino substituents should be bridged by a m-
xylylenediamine spacer and indeed we found that reaction
of 3 with 1,3-bis(isocyanatomethyl)benzene gave macrocy-
cle 5a in 85% yield. Interestingly, the '"H NMR spectrum
shows two broad triplets at 6 = 6.85 and 6.78 for the
CH,NH urea hydrogen atoms. This double set of reson-
ances might be due to the asymmetry induced by the iso-
propyl substituents. Also slow interconversion between two
different conformers might explain the two sets of urea hy-
drogen atom signals. Steric interactions preclude a com-
pletely flat structure and the urea hydrogen atoms are
slightly above or below the macrocycle plane. Even at
100°C the two broad signals remain separated in the 'H
NMR spectrum. Ring closure of diamine 3 with 1,4-diiso-
cyanatobutane gave tetrakisurea macrocycle 5b in 85%
yield. In the '"H NMR spectrum of 5b again two pairs of
CH,NH urea hydrogen atoms are present.
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Anion Binding Studies

The anion binding ability of the novel multidentate urea
receptors in DMSO was investigated by '"H NMR spec-
troscopy. For this purpose the tetrakisurea clefts 4a—d and
macrocycles 5a,b (2.5 mM solutions in [Dg]DMSO) were ti-
trated with tetrabutylammonium salts of C1~, Br—, NO;™,
HSO,~, and H,PO,~. The addition of one equivalent of
H,PO, " resulted in large downfield shifts in the "H NMR
spectrum of tetrakisurea cleft 4a. Both the low field aryl
urea hydrogen atoms (ArNH) and the benzylic urea hydro-
gen atoms are strongly shifted downfield ( 6 = 0.7 and =
0.5, respectively). This clearly indicates that all four urea
moieties are involved in the anion binding. Moreover, large
shifts were observed for the aromatic hydrogen atoms. The
resonances at 6 = 7.54 and 7.41 (hydrogen atoms ortho to
the urea moieties) are shifted to & = 7.62 and 7.68, respec-
tively. Interestingly, the hydrogen atoms meta to the urea
moieties are shifted upfield by 0.07 ppm. A similar behavior
was observed for the aromatic xylene hydrogen atoms. The
resonance at & = 7.16 broadens and is shifted 0.12 ppm
downfield, whereas the singlet at & = 7.28 shifts upfield to
& = 7.16. The latter signal has been used to determine the
association constant for complex 4a-H,PO,~. The Job plot
(Figure 1B) is not symmetric and shows a maximum when
the mol fraction guest is 0.56, which indicates a mixed 1:1
and 2:1 guest-host stoichiometry. Consequently, it was not
possible to obtain an accurate value for the association con-
stants. In the presence of Cl~, Br~, NO5;~, or HSO,™ the
aryl urea and aromatic xylene hydrogens are hardly shifted
and these effects are too small to determine the associ-
ation constant.

The Job plot for the H,PO,~ complexation by 4b which
has N-phenyl substituents instead of N-propyl substituents
(Figure 2B) indicates that 4b binds H,PO,~ almost exclus-
ively in a 2:1 guest-host stoichiometry. Assuming a 2:1 stoi-
chiometry the association constant is 5 X 107 m~2 (Figure
2A). Again, Cl-, Br—, NO;~, and HSO4~ do not induce
shifts in the '"H NMR spectrum.

The thiourea moieties in cleft 4d do not enhance the bind-
ing of H,PO,~. The Job plot also shows a 2:1 guest-host
stoichiometry and a similar association constant as for 4b.
However, upon the addition of one equivalent of Cl~ a
0.025 ppm shift of the low field urea hydrogen atom singlets
is observed and the Job plot indicates a 1:1 complex with
an association constant of 250 M~ !,

The N-phenylsulfonyl-substituted receptor 4¢ gives with
H,PO,™ a guest-host stoichiometry of 1.5:1 and no associ-
ation constant could be determined accurately.

Upon the addition of H>,PO,~ to the macrocyclic recep-
tors 5a and 5b pronounced effects on the '"H NMR spec-
trum were observed. The urea hydrogen atom resonances
are broadened and shifted downfield over 1 ppm upon com-
plexation of this anion. In contrast to the tetrakisurea clefts,
macrocycle 5a binds H,PO,~ exclusively in a 1:1 stoichi-
ometry (Figure 3B) with an association constant of 2.5 X
10° Mm~!. Complexation of CI~ by 5a induces a downfield
shift of the aryl urea and aromatic hydrogen atoms. The Job
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Figure 1. Complexation of H,PO,~ by cleft 4a. A. Effect on the chemical shift of an aromatic hydrogen atom. B. Corresponding Job plot.

A B.
5 7.64 1
H o [Complex]
(ppm) mM) 0.8 L
7.59 1 (mM) 0. ® 9
°
I IO.6 + o .
7.54 1 .
0.4 1
® .
7.49 4 021 ®
7.44 X + t } } } 0 t t t +
0 2 4 6 8 10 12 0 0.2 04 0.6 0.8 1
» EQq. H.PO, —» [H:PO,T/([HPO,T+[4b])

Figure 2. Complexation of H,PO,~ by cleft 4b. A. Effect on the chemical shift of an aromatic hydrogen atom. The curve is calculated
for a K, of 5 X 107 M™2 and a compiex Of 7.5; B. Corresponding Job plot.

plot clearly indicates a 1:1 stoichiometry (K, = 500 M~ !).
Also macrocycle 5b binds H,PO,™ in a 1:1 stoichiometry
and the binding strength (K, = 4.0 X 103 m~!) is compar-
able with macrocycle Sa. However, the Cl~ binding is
strongly reduced (K, < 50 M~ ') and this means that 5b
binds H,PO,4~ with at least a 100-fold selectivity over CI™.
Br~, NO5~, and HSO,~ anions induce shifts that are too
small to determine either the stoichiometry or association
constant.

Bisurea derivative 6, structurally related to the bis(thio)u-
rea receptors developed by Umezawa et al.,['3I15] complexes

dition of 1 equivalent of Cl~ does not result in significant
shifts in the '"H NMR spectrum.
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Figure 3. Complexation of H,PO,~ by macrocycle Sa. A. Effect on the chemical shift of an aromatic hydrogen atom. The curve is
calculated for a K, of 2.5 X 10° M™" and a S¢ompiex Of 7.1; B. Corresponding Job plot.
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Discussion

The complexation of H,PO,~ induces large shifts of all
urea NH hydrogen atom signals for 4a—d. Job plot analyses
indicate the formation of complexes with a 2:1 guest-host
stoichiometry and especially in the case of phenylurea de-
rivatives 4b and 4d the termolecular complex is predomi-
nantly present with high association constants (K, = 5 X
107 M~2) in [Dg]DMSO. This implies that binding of the
first H,PO,~ anion increases the affinity towards the se-
cond anion. For the H,PO,~ complexes of 6 Umezawa et
al. ") suggested a structure in which one of the H,PO,~
oxygen atoms forms two hydrogen bonds, whereas two
other oxygen atoms have only one hydrogen bond interac-
tion. The remaining polar hydroxyl is not involved in the
binding due to the absence of properly oriented hydrogen
bond acceptors. In the termolecular complex 4b-2H,PO,~
the first H,PO,4~ anion species can significantly contribute
to the binding of a second H,PO,~ anion (while bound by
the second pair of urea moieties) as a result of additional
hydrogen bonding between the hydroxyl groups of the two
anions. This is in line with the previously reported dimeriz-
ation of H,PO,~ in uranyl salophene H,PO4~ com-
plexes. €]

With 4a and 4c¢ a considerable amount of 1:1 complex is
present. The lower affinity for binding the second anion
with these receptors might be related to the decreased acid-
ity of the second pair of urea moieties in 4a and 4c¢ or to
increased intramolecular selfassociation of the urea moiet-
ies. In receptors 4b and 4d this will be prevented by the
bulky phenyl substituents.

In the macrocyclic receptors 5a and 5b the flexibility and
size of the binding cavity are smaller than in the clefts
4a—d. H,PO,™ is bound by the macrocycles exclusively in
a 1:1 stoichiometry. The association constant of the com-
plex of 5a-H,PO, is 2.5 X 10° M~ ' and comparable with
H,PO,~ complexation by uranyl salophene derivatives.['®]
However, in this novel class of macrocyclic anion receptors
only hydrogen bond formation contributes to the binding.
Comparison of the association constants with the H,PO,~
binding by the reference 6 (K, = 900 M~ !) shows that the
increased number of hydrogen bond donating sites indeed
results in stronger binding.

In contrast with H,PO,4~, CI™ is complexed by the cleft-
like receptors 4a—d in a 1:1 stoichiometry. However, com-
plexation of Cl~ generally induces only small shifts of the
urea NH resonance signals of the cleft-like receptors 4a—d
(smaller than 0.05 ppm), and only for the bisurea-bisthio-
urea derivative 4d an association constant of 250 M~ ! could
be determined. In the CI~ complex probably only the se-
cond pair of urea moieties is involved in the anion binding
and the urea moieties directly attached to the xylene linker
are of minor importance. This has been confirmed in the
complexation experiments with cleft 4a, in which all the
urea NH signals can be properly distinguished in the 'H
NMR spectrum, and only the NH hydrogen atoms next to
the phenylene moiety are (slightly) shifted. Moreover, bisu-
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rea 6 and bisurea derivatives of m-xylylenediamine reported
in the literature show no indication for CI~ binding.[!31[!3]

The macrocyclic receptor 5a also binds Cl~ (K, = 500
M~ 1) but the smaller ring size and higher flexibility of mac-
rocycle 5b reduces the binding of CI™ (K, <50 M~ !). Conse-
quently, the selectivity for H,PO,~ over Cl~ binding is
much higher (= 100).

Anions like NO3;~ or HSO4~ form much weaker hydro-
gen bonds than H,PO,~ (pK, = —1.4, —3.1, and 2.16,
respectively),[!l and consequently the latter forms a
stronger complex with the hydrogen bond donating
hosts. 8]

In summary, this study shows that strong anion com-
plexation in polar organic solvents can be achieved exclus-
ively by hydrogen bond formation, i.e. without the use of
Coulombic interactions (as in charged anion receptors) or
interactions with strong Lewis acidic sites (as in organomet-
allic receptors). The number and preorganization of the hy-
drogen bond donating moieties clearly influence the associ-
ation constants and stoichiometry of the anion complex.
The large number of urea moieties in the cleft-like receptors
results in high association constants for the termolecular
2-H,PO,~ complex (K, = 107 M~ ?) and only minor indi-
cations of moderate Cl~ binding is observed. The macro-
cyclic structure of receptor 5b exhibits strong binding of
H,PO,™ (K, = 4.0 X 10°> M~ ') with at least a 100-fold selec-
tivity for H,PO,~ over Cl~.

Experimental Section

General: NMR spectra were recorded in [Dg]DMSO on a Bruker
AC 250 spectrometer. — DMF was freshly distilled from CaCl, and
stored over molecular sieves (4 A), — The reactions with isocyan-
ates were carried out in a dry argon atmosphere. 1,3-Bis(aminome-
thyl)-4,6-diisopropylbenzene (1) was synthesized according to a lit-
erature procedure. ‘]

4,6-Diisopropyl-1,3-bis|[methylene-(/V'-2-nitrophenylureylene)|-m-
xylene (2): A solution of diamine 1 (2.3 mmol) and 2-nitrophenyl
isocyanate (2.6 mmol, 0.43 g) in 200 mL of dry CH,Cl, was stirred
for 4 h. The precipitated yellow solid was collected by filtration and
dried under vacuum to yield bisurea derivative 2. Yield 1.0 g (80%).
M.p. 258°C. — '"H NMR: § = 9.40 (s, 2 H, ArNH), 8.34 (dd, 2 H,
J =85Hz J=11Hz ArH), 8.03 (dd, 2 H, / = 84Hz, J =
1.5 Hz, ArH), 7.89 (bt, 2 H, CH,NH), 7.61 (m, 2 H, J = 6.5 Hz,
J=1.5Hz ArH), 7.26 (s, 1 H, ArH), 7.21 (s, 1 H, ArH), 7.15-7.05
(m, 2 H, ArH), 4.33 (s, 4 H, CH,), 3.2—-3.1 (m, 2 H, CH), 1.21 (d,
12 H, J = 6.8 Hz, isopropyl CH3). — '3C NMR: & = 153.8 (s),
145.9 (s), 136.5 (s), 135.9 (s), 134.9 (d), 132.8 (s), 129.7 (d), 125.3
(d), 122.1 (d), 121.9 (d), 121.3 (d), 40.5 (t), 28.0 (d), 23.8 (q). —
MS-FAB; m/z: 548.0 (M, calcd. 548.2). — CygH3,NgOg: caled. C
61.3, H 5.9, N 15.3; found C 61.2, H 5.9, N 15.1.

4,6-Diisopropyl-1,3-bis|[methylene(/V'-2-aminophenylureylene)|-m-
xylene (3): A 1:1 mixture of THF and MeOH (100 mL) was used
to dissolve the bisnitro derivative 2 (0.9 mmol). After the addition
of 0.44 mL of hydrazine monohydrate (9 mmol) and a catalytic
amount of Raney Nickel (50% slurry in water) the solution was
refluxed overnight. The solution was filtered over Hyflo and the
solvent was evaporated to afford the bisamino derivative 3 in quan-
titative yield. M.p. 290°C (dec). — 'H NMR: & = 8.32 (s, 2 H,
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ArNH), 7.30 (dd, 2 H, J = 7.9 Hz, J = 1.3 Hz, ArH), 7.24 (s, 1
H, ArH), 7.20 (s, 1 H, ArH), 6.85-7.75 (m, 2 H, ArH), 6.68 (dd,
2H,J=179Hz J=15Hz ArH), 6.55-6.5 (m, 2 H, ArH), 6.43
(t, 2 H, J = 5.1 Hz, CH,NH), 4.67 (br. s, 4 H, NH,), 4.29 (d, 4 H,
J = 5.1 Hz, CHa), 3.2—3.1 (m, 2 H, CH), 1.21 (d, 12 H, J = 6.8 Hz,
isopropyl CH3). — 13C NMR: § = 155.4 (s), 145.7 (s), 140.4 (s),
133.4 (s), 129.5 (d), 125.4 (s), 123.8 (d), 123.2 (d), 122.0 (d), 116.8
(), 115.7 (d), 40.6 (1), 28.0 (d), 23.9 (q). — MS-FAB: m/z: 489.6
[M + H]", caled. 489.3. — C,3H36NgO,: caled. C 68.8, H 7.4, N
17.2; found C 69.0, H 7.5, N 17.4.

General Procedure for the Preparation of Tetrakisurea Clefts 4a—c
and Bisurea-Bisthiourea Cleft 4d: To a solution of 0.10 g of diamine
3 (0.2 mmol) in 10 mL of dry DMF was added 0.5 mmol of iso-
(thio)cyanate (propyl isocyanate, phenyl isocyanate, benzenesul-
fonyl isocyanate, or phenylisothiocyanate for 4a, 4b, 4c, and 4d,
respectively). After stirring the solution overnight at room tempera-
ture water was added to destroy the excess of isocyanate, and sub-
sequently the solvent was evaporated. The crude product was tritu-
rated with MeOH. Filtration yielded 4a—d as white solids.

Tetrakisurea Cleft 4a: Yield 0.08 g (60%). M.p. 245°C (dec). — 'H
NMR: & = 7.82 (s, 2 H, ArNH), 7.71 (s, 2 H, ArNH), 7.56—7.52
(m, 2 H, ArH), 7.43—7.39 (m, 2 H, ArH), 7.23 (s, | H, ArH), 7.16
(s,  H, ArH), 6.95-6.91 (m, 4 H, ArH), 6.83 (bt, 2 H, ArCH,NH),
6.45 (t, 2 H, J = 5.5 Hz, propyl—-NH), 4.27 (d, 4 H, J = 4.9 Hz,
ArCH,), 3.2—-3.1 (m, 2 H, CH), 299 (q, 4 H, J = 6.5Hz,
CH;CH,CH,), 1.44—1.36 (m, 4 H, CH;CH,CH,), 1.19 (d, 12 H,
J = 6.7Hz, isopropyl CHj), 0.84 (t, 6 H, J = 7.4Hz
CH;CH,CH,). — 3C NMR: & = 155.9 (s), 155.5 (s), 145.7 (s),
133.3 (s), 132.0 (s), 131.1 (s), 129.8 (d), 123.8 (d), 123.3 (d), 123.0
(d), 122.0 (d), 41.1 (t), 40.6 (1), 28.0 (d), 23.9 (q), 23.0 (t). — MS-
FAB; m/z: 657.3 [M — H]", caled. 657.3. — C3¢H;5oNgO4MeOH:
caled. C 64.3, H 7.9, N 16.2; found C 64.6, H 7.5, N 16.5.

Tetrakisurea Cleft 4b: Yield 0.11 g (75%). M.p. 247°C (dec). — 'H
NMR: § = 9.02 (s, 2 H, ArNH), 7.96 (s, 2 H, ArNH), 7.87 (s, 2
H, ArNH), 7.60 (d, 2 H, J = 9.1 Hz, ArH), 7.45—7.4 (m, 6 H,
ArH), 7.3=7.15 (m, 6 H, ArH), 7.1-6.8 (m, 8 H, ArH and
ArCH,NH), 429 (d, 4 H, J = 43 Hz, CH,), 3.2—-3.1 (m, 2 H,
CH), 1.18 (d, 12 H, J = 6.4 Hz, CH;). — '3C NMR ([D7]DMF):
& = 156.9 (s), 154.3 (s), 153.6 (s), 146.4 (s), 141.3 (s), 141.0 (s),
134.5 (s), 133.7 (s), 131.7 (s), 129.4 (d), 125.4 (d), 124.9 (d), 124.0
(d), 122.9 (d), 122.6 (d), 122.4 (d), 119.1 (d), 118.9 (d), 41.5 (1),
29.1 (d), 24.1 (q). — MS-FAB; m/z: 725.6 [M — H]*, calcd. 725.4.
— C4Hyu6Ng0,4:0.5MeOH: caled. C 68.7, H 6.5, N 15.1; found C
68.9, H 6.5, N 15.1.

Tetrakisurea Cleft 4c: Yield 0.13 g (75%). M.p. 208—210°C. — 'H
NMR: § = 11.27 (br. s, 2 H, SO,NH), 8.34 (s, 2 H, ArNH), 7.98
(s, 2 H, ArNH), 7.94 (d, 4 H, J = 1.7 Hz, ArH), 7.7—7.6 (m, 6 H,
ArH), 7.45—7.35 (m, 4 H, ArH), 7.27 (s, 1 H, ArH), 7.21 (s, 1 H,
ArH), 7.1-7.0 (m, 4 H, ArH), 6.74 (bt, 2 H, ArCH,NH), 4.34 (d,
4 H,J=47Hz, CH,), 3.2-3.1 (m, 2 H, CH), 1.21 (d, 12 H, J =
6.7 Hz, CH3). — '3C NMR: § = 155.6 (s), 149.8 (s), 145.9 (s), 140.0
(s), 133.3 (d), 133.1 (s), 132.0 (s), 129.7 (d), 129.1 (d), 127.3 (d),
125.5 (d), 125.0 (d), 124.2 (d), 123.7 (d), 123.6 (d), 122.2 (d), 40.8
(1), 28.0 (d), 23.9 (q). — MS-FAB; m/z: 853.4 [M — H]", calcd.
853.3. — C4,H4NgO0gS,:0.5MeOH: caled. C 58.6, H 5.6, N 12.9, S
7.4; found C 58.6, H 5.4, N 13.0, S 7.3.

Bisureabisthiourea Cleft 4d: Yield 0.09 g (60%). M.p. 173—166°C.
— 'H NMR: & = 9.90 (s, 2 H, ArNH), 9.14 (s, 2 H, ArNH), 7.93
(s, 2 H, ArNH), 7.89 (d, 2 H, J = 8.2 Hz, ArH), 7.51 (d, 4 H, J =
7.9 Hz, ArH), 7.35-7.10 (m, 14 H, ArH and ArCH,NH), 6.97 (t,
2 H, J = 7.5Hz, ArH), 4.26 (d, 4 H, J = 3.7 Hz, CH,), 3.2-3.1
(m, 2 H, CH), 1.21 (d, 12 H, J = 6.7 Hz, CH3). — 3*C NMR: § =
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180.7 (s), 155.0 (s), 146.1 (s), 139.2 (s), 136.1 (s), 133.1 (s), 130.2
(d), 128.9 (d), 128.4 (d), 126.7 (d), 124.5 (d), 123.6 (d), 122.2 (d),
121.8 (d), 120.7 (d), 40.7 (t), 28.1 (d), 23.9 (q). — MS-FAB; m/z:
749.3 [M™], caled. 759.0. — C4,H4N3gO,S,"MeOH: caled. C 65.3,
H 6.4, N 14.2, S 8.1; found C 65.1, H 6.1, N 14.3, S 8.3.

General Procedure for the Preparation of Tetrakisurea Cycles 5a and
5b: To a solution of 0.25 g (0.51 mmol) of diamine 3d in 50 mL of
dry DMF was added 0.51 mmol of 1,3-bis(isocyanatomethyl)ben-
zene or 1,4-diisocyanatobutane (for 5a and 5b, respectively). After
stirring the solution overnight the solvent was evaporated and the
crude product was triturated with MeOH. Filtration yielded 5a and
5b as white solids.

Tetrakisurea Cycle 5a: Yield 0.29 g (85%). M.p. 230°C (dec). — 'H
NMR: § = 7.93 (s, 2 H, ArNH), 7.89 (s, 2 H, ArNH), 7.60 (dd, 2
H, J = 7.3 and 2.1 Hz, ArH), 743 (dd, 2 H, J = 72 Hz, J =
2.3 Hz, ArH), 7.3—7.1 (m, 6 H, ArH), 7.05—-6.95 (m, 4 H, ArH),
6.85 (bt, 2 H, ArCH,NH), 6.78 (bt, 2 H, ArCH,NH), 4.3—4.2 (m,
8 H, CH,), 3.2—3.1 (m, 2 H, CH), 1.21 (d, 12 H, J = 6.7 Hz, CH3;).
— BC NMR: § = 155.9 (s), 155.4 (s), 145.7 (s), 140.0 (s), 133.1 (s),
132.5 (s), 130.7 (s), 129.5 (d), 128.3 (d), 126.9 (d), 126.5 (d), 124.4
(d), 123.9 (d), 123.0 (d), 122.9 (d), 122.0 (d), 43.3 (1), 40.4 (1), 28.0
(d), 23.9 (q). — MS-FAB; m/z: 677.5 [M + H"'], caled. 677.3. —
C3gH44NgOy: caled. C 67.4, H 6.6, N 16.6; found C 67.7, H 6.6,
N 16.5.

Tetrakisurea Cycle 5a: Yield 0.30 g (85%). M.p. 280°C (dec). — 'H
NMR: § = 7.92 (s, 1 H, ArNH), 7.85—-7.65 (m, 3 H, ArNH),
7.65—7.3 (m, 2 H, ArH), 7.3—-7.1 (m, 2 H, ArH), 7.05-6.85 (m, 4
H, ArH), 6.84 (bt, 1 H, CH,NH), 6.77 (bt, 2 H, CH,NH), 6.49 (bt,
1 H, CH,NH), 6.38 (bt, 2 H, CH,NH), 4.29 (bd, 4 H, ArCH,),
3.3-3.0 (m, 6 H, CH and NHCH,CH,), 1.5-1.3 (bm, 4 H,
NHCH,CH,), 1.20 (d, 12 H, J = 6.7 Hz, CH;). — 3*C NMR: § =
156.0 (s), 155.4 (s), 145.8 (s), 133.1 (s), 132.6 (s), 130.8 (s), 130.0
(d), 124.5 (d), 123.8 (d), 123.0 (d), 122.7 (d), 122.0 (d), 40.5 (v),
39.3 (1), 28.0 (d), 27.0 (1), 23.9 (q). — MS-FAB; m/z: 629.3 [M +
H]", caled. 629.3. — C34H 4NgOy: caled. C 65.0, H 7.1, N 17.8;
found C 65.2, H 7.2, N 18.1.

NMR Experiments: Complex stoichiometry and association con-
stants were determined by 'H NMR experiments (Job plot analy-
sis). To this end, stock solutions were prepared of the host (2.5 mm
in [Dg]DMSO) and of the tetrabutylammonium anion salts (2.5 mm
in [Dg]DMSO). Ten NMR tubes were filled with 500 pL. mixtures
of the host and guest solutions in the volume ratios from 10:0 to
1:9. The '"H NMR spectra were recorded and the complex concen-
tration was calculated as follows: [complex] = [host]ioi(Oops —
Shost)(Bcomplex — Onost)s in Which [host], is the total host concen-
tration, &, the observed chemical shift, d;,. the estimated chemi-
cal shift of the free host, and Ocomplex the chemical shift of the
complex. Association constants were determined by a nonlinear fit
of the observed chemical shifts in the ten NMR measurements,
assuming exclusively 1:1 or 2:1 guest-host complexation.
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