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Calix[4]arene Amino Acid Derivatives. Intra- and Intermolecular
Hydrogen-Bonded Organisation in Solution and the Solid State

Leo Frkanec,!?! Aleksandar Visnjevac,! Biserka Koji¢-Prodi¢,”! and Mladen Zinic¢+1al

Abstract: Chiral calix[4]arene deriva-
tives with four O-(N-acetyl-PhgOMe),
(1), (Phg denotes R-phenylglycine), or
O-(N-acetyl-LeuOMe) (2) strands have
been synthesised. Both compounds exist
in chloroform in stable cone conforma-
tions with a noncovalently organised
cavity at the lower rim that is formed
by circular interstrand amidic hydrogen
bonds. Such organisation affects both
the selectivity and extraction/transport
properties of 1 and 2 toward metal
cations. Calix[4]arene derivatives with

1,3-OMe-2,4-(O—CH,COPhgOMe) sub-
stituents (4) at the lower rim have also
been prepared. For 3, a conformation
stabilised by a circular hydrogen-bond
arrangement is found in chloroform,
while 4 exists as a time-averaged C,
conformation with two intramolecular
NH:---OCH; hydrogen bonds. Com-
pound 5 has a unique hydrogen-bonding

Keywords: calixarenes - cations -
hydrogen bonds - noncovalent inter-
actions structure elucidation

motif in solution and in the solid state
with two three-centred NH --- O and two
OH--- O hydrogen bonds at the lower
rim. This motif keeps § in the flattened
cone conformation in chloroform. The
X-ray structure analysis of 1 revealed a
molecular structure with C, symmetry;
this structure is organised in infinite
chains by intra- and intermolecular H
bonds. The solid-state and solution
structures of the [1-Na]ClO, complex
are identical, C, symmetric cone con-
formations.

one OCH,COPhgOMe strand (3), two
OCH,COPhgOMe strands (5) and with

Introduction

In biological systems, the cooperative action of peptidic
hydrogen bonds plays a major role in organisation, assembly
and molecular recognition processes.!! The supramolecular
approach to synthetic molecules with recognition and self-
organisational properties often comprises synthetic combina-
tion of rigid molecular scaffolds that act as topological
templates with amino acids or small peptides as organisational
elements; various constrained systems such as cavitands,?
steroids,’! porphyrins, constrained peptidest! and sugarsl®
have been used. Surprisingly, calix[4]arenes,”! although they
have been very extensively studied in recent years, have only
been used infrequently as topological templates in combina-
tion with amino acids or peptides.’! Very recently, however,
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supramolecular chemistry

the syntheses of calix[4]arene hybrid receptors functionalised
at the upper rim with L-alanine and dipeptide units have been
reported.’) Very limited data are available in the literature
about the upper-*“! or lower rim!® ! calix[4]arene tetra-(O-
amino acid or -dipeptide) derivatives that describe their
organisation by intramolecular hydrogen bonds. For structur-
ally related cavitands®?! with strands at the lower rim that
incorporate peptidic functionalities, organisation by intra- and
interstrand hydrogen bonding was observed. However, the
calix[4]arenes with urea units at the upper rim form dimers
through intermolecular hydrogen bonds and produce a
molecular capsule.'> "I An example of the lower rim 1,3-bis-
O-(CH,CONHR)-substituted calix[4]arene revealed the
transannular amidic type of hydrogen bonding."?l All of the
above examples show that calix[4]arene derivatives with
hydrogen-bonding functionalities at the lower or upper rim
may form various types of intra- or intermolecular organisa-
tions.

The possible hydrogen-bonding motifs of calix[4]arene
derivatives with one, two or four strands at the lower rim
and with one amino acid unit each are presented in this work.
Molecular modelling studies!™® on p-tert-butyl-calix[4]arene
(1, Scheme 1) in the cone conformation with four O-
(CH,COPhgOMe) strands at the lower rim show that the
interstrand peptidic type of hydrogen bonding is likely to
occur with this type of calix[4]arene. More interestingly, if all
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the amide groups are oriented
in the same direction, the hy-
drogen bonds may form a cir-
cular arrangement and this of-
fers additional benefits of co-
operativity. Such compounds
appear to be of interest with
respect to the known metal
cation binding properties of
calix[4]arene tetra-(O-acet-
amide) derivatives.'!l In order
to investigate experimentally
the anticipated organisational
properties of such calix[4]arene
amino acid derivatives, we have
synthesised the tetrasubstituted
calix[4]arene derivatives 1 and
2. In addition, mono- (3) and
disubstituted derivatives (4 and
5) have been prepared to inves-
tigate possible hydrogen-bond-

R = CH2COCI

Abstract in Croatian: Sintetizi-
rani su derivati Kaliks[4]arena s
cetiri  O-(N-acetil-PhgOMe),
(1), (Phg oznacava R-fenilgli-
cin) ili O-(N-acetil-LeuOMe)
(2) lanca na donjem rubu Kalik-
sarenske kosarice. Ustanovlje-
no je da oba derivata tvore
stabilne stoZaste konformacije
u kloroformu s ne-kovalentno
organiziranim Suljinama na do-
njem rubu kaliksarenske kosa-
rice. gupljine nastaju tvorbom
cirkularnih medulancanih vodi-
kovih veza izmedu amidnih
skupina. Ovakva organizacija
kod 1 i 2 utjece na njihovu selektivnost u ekstrakcijama i
eksperimentima prijenosa metalnih kationa. Sintetizirani su i
derivati Kaliks{4]arena s jednim (3) i dva (5) OCH,COPhgOMe
lanca te derivat 4 s 1,3-OMe-2,4-(OCH,COPhgOMe) supsti-
tuentima na donjem rubu. Spoj 3 tvori u kloroformu stoZastu
konformaciju stabiliziranu cirkularnim vodikovim vezama
dok spoj 4 daje dvije C, simetricne konformacije u ravnoteZi
nastale tvorbom suprotno usmjerenih NH --- OCH; vodikovih
veza. Spoj 5 tvori u otopini i krutom stanju konformaciju s
jedinstvenim motivom vodikovih veza. Motiv se sastoji od
dvije trocentricne NH --- O i dvije OH --- O vodikove veze na
donjem rubu koje ukrucuju Kaliksarensku kosaricu u spljo-
stenoj stoZastoj konformaciji. Kristalografska strukturna ana-
liza spoja 1 otkriva molekulsku strukturu s C, simetrijom
organiziranu u beskonacne lance pomocu intra- i inter-mole-
kulskih vodikovih veza. Molekulske strukture kompleksa
[1, Na"]CIO, u otopini i krutom stanju su identicne i
odgovaraju C, simetricnoj stoZastoj konformaciji.
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R = CH,COCI
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Scheme 1. Reagents and conditions: i) R-PhgOMe-HCI, or (S)-LeuOMe, Et;N, CH,Cl,, RT; ii) N-(chloro-
acetyl)PhgOMe, K,CO;, KI, dry acetone, reflux.

ing motifs with OH and amidic functions at the lower rim
(Scheme 1). The acyclic model compound 6 was prepared for
comparative purposes. The solution and solid-state structures
of prepared calixarenes were studied by NMR and FTIR
spectroscopy, and X-ray structure analysis. Metal cation
extraction and transport studies were performed and the
results were compared with those for calix[4]arene tetra-(O-
acetamide) derivatives to reveal the possible dependence of
these properties on hydrogen-bonding motifs present at the
lower rim.

Results and Discussion

Synthesis: The well-established method for the synthesis of
tetra-(O-acetic ester) or -(O-acetamide) calix[4]arene deriv-
atives in the cone conformation is based on the use of NaH as
a strong base and also on the templating effect of sodium
cations.”” However, for the synthesis of 1 and 2, such a strong
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base has to be avoided owing to
facile racemisation of R-phen-
ylglycine and S-leucine in
strongly basic conditions.['s] Al-
ternatively, the synthesis was
reported of calix[4]arene tetra-
(O-acetyl) ester in a cone con-
formation by using a weaker
base, potassium carbonate, and
a large excess of ethyl bromo-
acetate in acetone.l'%® The at-
tempted one-step synthesis of 1
under the latter conditions that
starts from p-tert-butyl-calix[4]-
arene and N-(chloroacetyl)-
PhgOMe (K,CO;, KI, dry ace-
tone, reflux under nitrogen)
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yielded, even after 7 days, only
the mixture of the monosubsti-
tuted 3 (9% yield) and disub-
stituted 5 (40% yield), which
are separable by column chromatography (silica gel, 0-2%
MeOH in CH,Cl,). The stepwise route via the known
calix[4]arene tetraacetic acid and its chloride!'®) and PhgOMe
or LeuOMe hydrochlorides (Et;N, CH,Cl,) gave 1 (71%
yield) or 2 (47 % yield). Calix[4]arene 1,3-OMe derivative 4
with two 2,4-O-(CH,COPhgCOOMe) strands was prepared
from a known 1,3-dimethyl-2,4-(CH,COOQOEt) derivative and
its acid chloride!'” and coupled with PhgCOOMe. Compound
4 was produced in 78 % yield. Compound 6 was prepared from
phenol and (+)-N-(chloroacetyl)PhgOMe in 50 % yield.

7

Solution conformations of calix[4]arene derivatives 1-5:
intramolecular hydrogen bonding at the lower rim: 'H NMR
spectra of compounds 1 and 2 (CDCI;) show the pattern
characteristic of p-tert-butyl-calix[4]arene in a cone confor-
mation, except for the appearance of two close singlets (6 =
6.66 and 6.68) of approximately equal intensity for the
calix[4]arene aromatic protons (ArH) in the spectrum of 1
(Figure 1). Similar but more pronounced splitting of calixar-
ene ArH protons was observed in amino acid derivatives with
C, symmetry at the upper rim and was attributed to the
presence of chiral amino acid units.’) The NH protons of 1
(0=8.12) and 2 (0=76) are strongly shifted downfield
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Figure 1. '"H NMR (CDCl;) of 1 and FTIR (inset, NH region; CHCl;) spectra of 1, 2 and 6.

relative to those of 6 (6 =7.6) and N-chloroacetyl-LeuOMe
(0 =16.94); this indicates the involvement of the first two in
hydrogen bonding (Table 1). In line with this observation, the
high NH temperature coefficient!'"® in CDCl; was determined
for 1 (AO/AT=4.9 x 103 K1; ¢;=8.1 x 10~3m), while for 6 at
the same concentration the coefficient was only AS/AT=
2.4 x 1073 K-, which is characteristic of non-hydrogen-bond-
ed NHs exposed to chloroform. It was also observed that
'"H NMR spectra of 1 and 2 were concentration independent
in the 10#-10"2M range; this points to intramolecular
hydrogen bonding in these compounds. Possible intrastrand
hydrogen bonding to ether, amide or ester carbonyl oxygens
as hydrogen-bond acceptors may be excluded as no such
hydrogen bonding was observed for 6. To identify the possible
interstrand hydrogen-bond acceptors in 1 (ether, amide or
ester carbonyl oxygens), the chemical shifts of carbonyl
resonances in the *C NMR spectra of 1 (0=171.47 and
169.65) and 6 (0 =170.98 and 167.75) were compared. The
downfield shift (Ad;4~2) of the higher field carbonyl
resonance of 1 points to its involvement in hydrogen bonding.
The assignment of carbonyl resonances in >*C NMR spectra of
1 and 6 was achieved on the basis of deuterium isotope effects
after partial NH—ND exchange. In accordance with literature
data,l'”! the larger two-bond isotope effects (75 ppb) and

Table 1. '"H NMR NH and OH chemical shifts [ppm], temperature coefficients [A6/AT x 10° K-!], chemical shift difference of diastereotopic OCH,Hg
protons [Adocranss Hz], FTIR NH and amide I bands [v, cm™!], and corresponding H-bond types for calix[4]arene derivatives 1-5 and compound 6.

Compound!® '"H NMR CDCl, FTIR H Bond Type
Oxn Adny/AT Adon Adon/AT Adochans VNH VconH

1 8.12 4.7 - - 106 3351 1675 NH --- O=CNH

2 7.60M! 4.9 - - 60 3326 1669 NH --- O=CNH

3 9.70 3.5 9.80 4.7 14 32990l 1683 NH:---OH, OH---OH; OH---OCH,
9.20 3.0
9.06 3.1

4 8.20 3.8 - - 32 3417 1683 NH---OCH;4

5 9.41 1.8 7.20 3.7 77 33160 1676 NH---OCH,, OHY); OH --- OCH,

6 7.60 2.4 - - 14 3420 1686 -

[a] Concentration 8.1 x 1073M. [b] Ony = 6.94 for N-chloroacetyl-LeuOMe in CDCl;. [c] Combined OH and NH stretching bands. [d] NH in three-centred

hydrogen bonding.
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smaller three-bond effects (19.5 ppb) identified unequivocally
the positions of amide (1 0 =169.65; 6 6 =167.75) and ester (1
0=171.47; 6 6 =170.98) resonances. This identifies the amide
carbonyls in 1 as hydrogen-bond acceptors. The FTIR data are
fully in agreement with NMR results. In the spectra of 1 and 2
(¢=3.5x1073m, CHCl;), the NH stretching bands at 3320—
3350 cm™! that correspond to hydrogen-bonded NHs are
much stronger than those of free NH at 3420 cm™!; the latter
are, however, stronger in the spectrum of 6 (Figure 1, inset).
Also, the amide I bands in the spectra of 1 and 2 appear at
lower frequencies (v =1675 and 1669 cm™!, respectively) than
that of 6 (v =1686 cm™") in agreement with their participation
in hydrogen bonding. The pronounced chemical shift differ-
ence (Adpcuans, Hz) of diastereotopic OCH,Hjg protons in
the spectra of 1 and 2 (Table 1), which is absent in flexible
derivative 6, suggests the formation of rigid conformations of
1 and 2. Thus, all the spectroscopic observations support the
conclusion that in chloroform 1 and 2 exist in cone con-
formations with C, symmetry and are organised at the lower
rim by interstrand hydrogen bonds (Figure 2). As expected for
such a case, Adocyanp IS strongly solvent dependent and
diminishes with competitive hydrogen-bond-accepting power
of solvent molecules (Adocpaps for 1in CDCl; CD;CN and
[D¢]DMSO is 94, 25 and 0 Hz, respectively; for 6 in CDCl,
14 Hz; for 2 in CDCIl; 60 Hz). Thus, in [Dg]DMSO the
organisation at the lower rim completely disappears. Both 'H
and 3C NMR spectra of 1 and 2 in CDCl; were found to be
temperature independent in the 253-313 K range. The
absence of any coalescence or even peak broadening features

N—H,
0= . 0—H
W I
A 7 =9
Ao Dk N
O N \ ! -
4 ! H 0]
y 0 .-H \N\’?
&o 7/
H—N R0
R
1,2 3
0 o)
R R
(&N\/ RO D /W
¢ A > N)> 0.
l \ H O et l ----- H
\ g I H '
) CHy | '
\ I | 0— —0
\ CHs o— —9 : |
H CH, ; : H
\ ) .o -
N Hl H —O_—
/ W ’L
(6] N /
R R
0 o
4 5

Figure 2. Lower rim hydrogen-bonding motifs for calix[4]arene derivatives
1,3-5 (R=PhgOMe) and 2 (R =LeuOMe) in solution.
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indicative of a time-averaged C, conformation suggests that 1
and 2 each exist as a stable conformation in CDCl;. It should
be noted that, depending on the left or right directionality of
the NH --- O=C bonding, two cyclodiastereoisomeric??” con-
formations of 1 and 2 could be formed. However, only one
species could be observed by NMR spectroscopy during the
temperature variation, this implies the presence of only one
cyclodiastereoisomer in solution.

The 'TH NMR spectrum of 3 (CDCl;, RT; Table 1) with a
single O(CH,COPhgOMe) strand shows sharp resonances for
all protons. Diastereotopic equatorial and axial calixarene
CH, protons give altogether five doublets due to the inherent
asymmetry of 3. The analysis of COSY maps shows that two
axial protons of methylene groups attached to a strand with a
phenolic unit appear at 6 =4.30 and 4.07. These protons are
coupled with two equatorial protons at 6 =3.51 and 3.41. The
two axial and two equatorial protons of the remaining
methylenes give two proton doublets at d =4.11 and 3.41,
respectively (the latter overlap with a 1H doublet). At low
field (0 =9-10), three sharp resonances for OH protons (6 =
9.80,9.20 and 9.06) and one doublet for NH could be observed
(Table 1). In the NOESY spectrum of 3, the NOE effects
between OH at 60 =9.80 and those at d=9.20 and 9.06,
together with weak NOE interaction between NH and OH at
0 =9.02, suggest their vicinal position at the lower rim of the
calix[4]arene cone. Strong downfield shift of 3-NH (6 =9.70 in
CDCl;) along with the high NH temperature coefficient
(Table 1) suggest its participation in hydrogen bonding. In the
FTIR spectrum, no free NH stretching band above 3400 cm™!
could be observed and the position of the amide I band at
1683 cm~! suggests that the amide oxygen is not a hydrogen-
bond acceptor. The analysis of OH proton chemical shifts and
their temperature coefficients suggests that all three are
involved in intramolecular hydrogen bonding and that the OH
proton with the highest chemical shift (6 =9.80) also exhibits
the highest value for the OH temperature coefficient (Adqy/
AT=4.7x1073K™). This can be explained by its participa-
tion in hydrogen bonding with neighbouring OH and NH. The
lower rim circular hydrogen-bonding motif shown in Figure 2
can explain the summarised spectroscopic data for 3.

In the '"H NMR spectrum of 4 at room temperature, the
resonances are considerably broadened, which indicates
conformational interconversion. The chemical shift of NH
protons (6=28.20), their temperature coefficient (3.8 x
103 K-!) and the fact that the chemical shifts are not
dependent on concentration suggest their involvement in
intramolecular hydrogen bonding. Comparison of FTIR vyy
data for 4 and model compound 6 also points to participation
of 4-NHs in weak hydrogen bonding. However, the veong
(1683 cm™!) of 4 is close to that of 6 (1686 cm™!); this indicates
that the amide carbonyl oxygens of 4 are not hydrogen-bond
acceptors. Consequently, the existence of two NH--- OCHj;
intramolecular hydrogen bonds in 4 seems to be the most
likely explanation. For the calix[4]arene moiety of 4, the
pattern of 'H NMR resonances observed suggests the
formation of a C, flattened cone conformation. This is
supported by considerable upfield shifts of one tert-butyl
singlet (6 =0.82) and one ArH singlet (6 =6.42) because of
the more proximate position of two aromatic rings in such a
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flattened cone conformation. In the NOESY map, the NOE
interactions between ArH signals at 6 =7.14 and 7.16 with that
at 0 =6.42 indicate their close proximity in the cone con-
formation. These findings and the observed NH-:-- OCH;
hydrogen bonds exclude the possible 1,3-alternate cone of 4
as one of the interconverting conformations in equilibrium.
The relatively small OCH,Hg chemical shift difference
(Table 1) of 4 relative to 1 and 2 suggests their similar
chemical environment. In conclusion, the NMR and FTIR
data may be best explained by interconversion between two
C, symmetric conformations of 4 with the NH--- OCH;
hydrogen bonds in opposite directions (Figure 2).

All resonances in the "H NMR spectrum of 5 are sharp and
this indicates the presence of one stable conformation. In a
similar way to 4, the observed resonances of the calix[4]arene
moiety in the spectrum of 5 are in agreement with the
flattened cone conformation. In the NOESY spectrum, the
cross peaks for NH/OH, OH/axial methylene and more
deshielded ArH singlets/equatorial methylene protons are
observed, which shows their proximity in the flattened cone of
5. The NH resonance is strongly shifted downfield (6 =9.41);
however, its temperature coefficient is unexpectedly small
(AV/AT=1.8 x 1073 K~!; Table 1) relative to that of 4 and all
other studied calixarenes. The molecular structure of §

be observed (0 =6.79, 6.84, 7.01 and 7.07) due to conforma-
tional rigidity, which enhances the nonequivalence between
the diastereotopic pairs of calixarene ArH protons. In
conclusion, the spectroscopic data are in accord with the
hydrogen-bonding motif found in the crystal structure of 5.
This unique motif with two three-centred NH:--O and two
OH --- O hydrogen bonds strongly stabilises the C,-symmetric
flattened cone conformation of 5 in solution. This also
explains the formation of only monosubstituted 3 (9 %) and
disubstituted 5 (40%) but not the tetrasubstituted 1 in the
described synthetic procedure, that starts from p-fert-butyl-
calix[4]arene and N-(chloroacetyl)PhgOMe.

Structures and stability constants for [1-Na]SCN and [1-
K]SCN complexes in solution: '"H NMR spectra of [1-Na|SCN
in both CDCl; and CD;CN differ considerably from those of
free 1 in the same solvents. The complexation-induced shifts,
defined as Ad = dp.m — Oy [ppm], were determined for both
solvents and Na- and KSCN and are presented in Table 2. The
strongest upfield shifts were observed for NH protons; this is
apparently due to disappearance of the circular NH--- O=C
hydrogen-bond arrangement upon complexation. Forma-

Table 2. "H NMR complexation-induced shifts [Ad =0y —0; in ppm] of
(Figure 4), obtained by X-ray structural analysis (see the selected protons for complexes [1-Na]SCN and [1-K]SCN in CDCI; and

section on crystal structures), presents a hydrogen-bonding CD;CN.
motif (Figure 2) that could explain most of the spectroscopic NH
observations. It consists of two three-centred NH:--O and

Calix-ArH OCHH; Calix—CH,, Calix-CH,, OCHj

. 1-Na*/CDCl; —0.45 0.31 —-0.24 —-0.24 0.30 0.12
two OH---O hydrogen bonds. Such a hydrogen-bonding 1.Nat/CD,CN —0.52 028 ~039  —050 0.14 013
scheme with each NH involved in three-centred bonding 1-K*/CD;CN —0.68 0.26 -036  —034 0.11 0.08

might explain their high downfield shift and, at the same time,
the unexpectedly low temperature coefficient. Apparently,
the latter could be a consequence of strong three-centred
hydrogen bonding, which remains stable during the temper-
ature variation (20-50°C, CDCI;) used for determination of
the temperature coefficients. The presence of six hydrogen
bonds at the lower rim of 5§ would explain the formation of a
very stable conformation in solution. Remarkably, the tem-
perature variation from 40-120°C produced only slight
changes in the 'H NMR spectra of 5 dissolved in
CDCI,CDCl,, as well as some line broadening. Support for
the same hydrogen-bonding motif in solution as the one found
in the crystals comes also from the comparison of the
OCH,Hjg chemical shift difference for similarly substituted
5 and 4. The OCHHj chemical shift difference for 5 (77 Hz)
is more than two times larger than that for 4 (32 Hz) and this
strongly suggests a much more fixed position of OCH,Hg in §
than in 4. The fixed position in the former is made possible by
simultaneous hydrogen bonding of OH (AJ/AT for OH is
3.7x10° K-, Table1) and NH protons to the oxygen
acceptor of the OCH,Hjg group. It is worthwhile comparing
the calixarene ArH resonances in the spectra of 4 and 5, which
have a similar type of substitution but differ in conformational
stability. In the spectrum of 4, one broad (6 =6.42) and two
poorly resolved singlets (6 =7.14 and 7.16) can be observed for
the calixarene ArH protons as a consequence of time-
averaged conformational exchange. Such a process is expect-
ed to diminish the nonequivalence between the diastereotopic
ArH protons. However, in the spectrum of 5, four singlets can

446 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

tion of [1-Na]SCN and [1-K]SCN complexes was also
studied by means of 'H NMR titrations in CD;CN, as
both inorganic salts were sufficiently soluble in this solvent.
While at a 1/NaSCN molar ratio of 0.5 the separate
resonances for the complex and free 1 are simultaneously
present, only shifts and broadening of resonances are
observed in the 1-KSCN spectrum (see Supporting Informa-
tion). This shows that 1 forms a strong kinetically stable
complex with Na* with slow exchange kinetics on an NMR
timescale. On the other hand, the complex with K* exhibits
much faster equilibrium kinetics. The stability constants for
[1-K]SCN and [1-Na]SCN complexes in the same solvent
were determined spectrophotometrically from the MSCN
induced changes in electronic absorption of calix[4]arene.['*]
The constants of 2.6 x 10°M~! and 8.2 x 10*M~! have been
obtained in this way for 1-NaSCN and 1-KSCN complexes,
respectively. Their ratio gives a Na*/K* selectivity of 30. It is
interesting to compare the complexation behaviour of 1 and
calix[4]arene tetra-[O-(N,N-diethylacetamide] derivatives!'*
with a similar type of binding site for metal cations, towards
Na* and K* in acetonitrile; however, the latter lacks NH so
that hydrogen-bonded organisation at the lower rim is not
possible. For the diethylacetamide derivatives, the log Kj
values exceed 8.5 for both Na'® and K*. Apparently, the
presence of organisation in 1 lowers the stability constants for
the same cations by at least 2—4 orders of magnitude. This
effect may be explained by the competition of the metal
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cations with NHs for amide carbonyl oxygen sites in the
complexation with 1. The Na*, which is known to fit better in
such a cavity at the lower rim, is a better competitor than K*.
This is caused by considerably weaker binding of K™ and
hence the Nat/K* selectivity is equal to 30. Competition
between metal cations and hydrogen bonding may be a useful
principle for the construction of selective cation receptors or
carriers.

Crystal structures and stereochemistry of 1, 5 and the [1-
Na]ClO, complex: The molecular structures of 1 (Figure 3)
and 5 (Figure 4) revealed the distorted cone of an approx-
imate C, symmetry (Table 3). It is characterised by a sequence

Figure 3. ORTEP drawing of 1 with thermal ellipsoids scaled at 30%
probability. Only hydrogen atoms involved in hydrogen bonds are shown.

of the torsion angle signs (+, —, +, —, +, —, +, — ). To define
the regularity of the cone, Ugozzoli and Andreetti?!! intro-
duced a pair of torsional angles, ¢ and y, about the methylene
bonds of the macrocyclic ring. These are listed in Table 3. In
the [1-Na]ClO, complex (Figure 5), the regular cone con-
formation of C, symmetry (with the crystallographic fourfold
axis) was detected. Due to the high symmetry, the cone
conformation is defined by a single pair of ¢ and y values
(Table 3). However, the terminal parts of the amino acid
subunits disobeyed the C, crystallographic symmetry and
disorder was encountered. Deformations of the cone are
connected with the tilting of the phenyl rings towards the

Figure 4. ORTEP drawing of 5 (thermal ellipsoids scaled at 30%
probability) with intramolecular hydrogen bonds; only hydrogen atoms
involved in hydrogen bonds are shown.

Figure 5. The [1-Na]ClO, complex with crystallographic fourfold symme-
try. The coordination around Na* is regular square antiprism.

main molecular plane (defined with four methylene carbon
atoms). In 1, the two almost parallel phenyl rings, (C25-C1-
C24-C23-C22-C21 and C27-C13-C12-C11-C10-C9), are al-
most perpendicular to the molecular plane [85.6(5)° and
85.7(3)°, respectively], whereas the other two (C28-C7-C6-
C5-C4-C3 and C26-C19-C18-C17-C16-C15) are tilted away
from the cavity; the angles between the main molecular plane

Table 3. Molecular conformations of 1, 5 and [1-Na]ClO, defined by ¢ and y parameters.?') Esds are given in parentheses.

¢ [°] 1 (7] ¢, [°] ¢5[°] 1 [°] ¢4 [°] 1 [°]
1 89.5(5) —60.0(6) 68.9(5) 113.1(5) 105.7(5) —52.8(6) 62.2(5) —98.4(4)
5 —76.6(6) 105.9(6) —106.0(7) 80.5(7) —78.6(7) 91.7(7) —94.7(6) 75.9(7)
[1-Na]C10, —76.1(8) 75.6(9)
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and these phenyl rings are 49.5(2)° and 36.9(2)°, respectively.
These two phenyl rings are almost perpendicular to each other
[85.4(2)°]. In 5, two of the four hydroxy groups are substituted
with amino acid chains and the orientation of the phenyl rings
towards the main plane does not show such differences as in 1;
the angles between the phenyl rings (the sequence of atoms is
the same as for 1) and the main molecular plane are 39.8(2)°,
71.3(2)°,51.2(2)° and 67.6(2)°, respectively. In [1-Na]ClO,, the
sodium ion is located on the crystallographic fourfold axis.
The coordination polyhedron around Nat is a regular square
antiprism, which is formed by four ether and four carbonyl
oxygen atoms from four amino acid subunits with Na—O bond
lengths of 2.465(9) and 2.471(5) A. The dimensions of the
calixarene baskets in 1, [1-Na]ClO, and 5 do not leave
sufficient room for a guest molecule. Around the fourfold
axes, there is a disordered methanol molecule with a Na--- O
separation distance of 4.31 A. However, the crystal lattice of §
includes disordered solvent molecules.

The crystal packing of 1 is characterised by a two-dimen-
sional hydrogen-bond network with infinite chains along a
(Figures 3 and 6, Table 4); this is achieved through the
intermolecular hydrogen bonds of N49-H---O96 and N65-
H---080. The remaining two donors, N81-H and N97-H,
participate in intramolecular, interstrand hydrogen bonds.
Two donors, N97-H and N49-H, are involved in three-centred
hydrogen bonds with somewhat different functions in the
crystal packing. N97-H forms an intrastrand hydrogen bond to
093 and an intramolecular, interstrand hydrogen bond to

s

O(80)=<Q > 97)H
Ph N @R 0(93?\CH§)£4 ® N49)H
>;Oo(% NN A QCH3
X eHs NETIH o,
3
CHa

Figure 6. Scheme of intramolecular and intermolecular hydrogen bonds in 1. Crystal packing of 1 with a two-
dimensional hydrogen-bond network. Intramolecular hydrogen bonds are between two amino acid subunits.
Intermolecular hydrogen bonds connect molecules along a into infinite chains, which are separated by the

hydrophobic regions of Ph and rBu groups.

Table 4. Hydrogen-bond geometry in 1. (Esds are given in parentheses.)

0(48
(31)H (93) CH3 ( N(9)H
0(96; ’$=O‘58
81)H (93) CH30(4 N(49
0(96);\ >S-=o 58

048. The donor N49-H participates in an intrastrand inter-
action with O58 and an intermolecular one with O96. In the
crystal lattice, the packing pattern reveals pronounced
separation of the hydrophilic regions of amino acid subunits
and hydrophobic ones with tert-butyl groups. The crystal
structure of S reveals a circular intramolecular hydrogen-bond
arrangement (Figure 4, Table 5) only. Two unsubstituted
hydroxy groups are available, both as donors and acceptors.
Both amide nitrogens, N11 and N12, are involved in the three-
centred hydrogen bonds: N11-H to intrastrand ether oxygen

Table 5. Hydrogen-bond geometry in 5. (Esds are given in parentheses.)

D-H--A[A] D-H[A] H--A[A] D-H-A[]
N12-H-- 01k 3.085(6) 0.86 223 174
N12-H - 04l 2.653(6) 0.86 2.26 108
N11-H - 02 3.062(6) 0.86 2.20 176
N11-H - O30 2.707(6) 0.86 2.36 105
02-H-- 04 2.850(5) 0.82 2.04 173
O1-H-- 03 2.769(5) 0.82 2.05 147

[a] Three-centred H bonds.

O3 and to hydroxyl O2-H and N12-H repeats the same type of
interaction to intrastrand ether oxygen O4 and to hydroxyl
O1-H. The hydroxy groups act as donors to ether oxygen
atoms (O1-H--- O3 and O2-H:--O4) to complete a circular
hydrogen-bond arrangement, which is in the form of a twisted
hexagonal ring (Figure 4). Due to the high disorder of solvent
molecules in the crystal lattices
of 5 and [1-Na]ClO,, no firm
conclusion about the details of
their interaction can be given.
In the crystal packing of [1-
Na]ClO,, the hydrogen bond
N1-H--05 (2.93(2) A) con-
nects a complex cation and a
CH3 perchlorate anion.

-,

N(97)H

“en
s Extraction and transport: The

construction principle of 1 and
2 involves cation binding func-
tionalities (four ether and four
carbonyl oxygens), which are
known to cooperatively bind
metal cations in complexes
of calix[4]arene tetra-(O-acet-
amide) derivatives.'* 22 For 1
and 2, however, organisation at
the lower rim by circular amidic
hydrogen bonds was observed

D-H--A[A] D-HI[A] H--A[A] D-H-A[] Symmetry in lipophilic solvents, when the
operations .

on A amide carbonyl oxygens act
as hydrogen-bond acceptors.
N49-H.--- 0381 2.709(6) 086 238 103 L Therefore, extraction and trans-

N49-H --- 09614 2.975(5) 0.86 2.20 149 —14x 9.2 > ;
N65-H --- 080 3.003(4) 0.86 217 164 “14x,yz Port of alkaline metal cations
N81-H - 064 3.023(4) 0.86 2.17 170 X,z by 1 and 2 are expected to be
N97-H --- 048R! 2.859(4) 0.86 2.17 137 X, )z affected by the observed orga-
Ng7-H--- 0938 2.686(4) 0.86 231 107 H) 2 nisation. The results of extrac-

[a] Three-centred H bonds.
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tion and transport studies with
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1 and 2 are compared with those of previously studied
calix[4]arene primary-['*1 and tertiary-acetamide!'*! deriva-
tives that possess closely related binding sites. The experi-
ments were performed under the same conditions as used with
tetra-(O-acetamide) derivatives? so that comparison of the
results was possible. The same experiments were performed
with compound 4 with two CH,COPhgOMe strands; this
produced a different organisation at the lower rim compared
with 1 and 2.

The results of extraction experiments (Table 6) show that 1
and 2 moderately extract Na-picrate and only weakly extract
other alkaline picrates from water to the dichloromethane
phase. The results were compared with those for calix[4]arene

Table 6. The percentages of M-picrate extraction [log K.,] and transport
rates of Na- and K-thiocyanates [pmolh~!cm~22l] for 1, 2, and 4.

% extraction [log K] transport

Li+ Na+ K+ Rb* Cst*  Na* K+

1 095 16.1; (6.6) 1.8;(5.6) 13 0.9 2.9 0.3
2 0.66 8.1; (6.2) 12;(53) 13 0.7 2.1 0.2
4 12 5.4; (6.0) 6.3;(6.1) 27 1.5 1.1 1.3

[a] Obtained by dividing the transport rates [umolh~!] by the surface area
(4.23 cm?) of the organic phase.

tetra-(O-acetamide) derivatives (% extraction: Lit <1, Na*
2.7, K* <1, Rb* 5.2 and Cs* 3.1)'4] and calix[4]arene tetra-
[O-(N,N-diethylacetamide)] derivatives (% extraction: Li*
62.5, Na* 95.5, K+ 73.7, Rb* 24.0 and Cs* 11.8).['*l This shows
that 1 and 2 are better extractants than the former and much
weaker than the latter. However, 1 and 2 exhibited higher
Nat/K* extraction selectivities (1, 8.9 and 2, 6.7) than both the
calix[4]arene primary (Na®/K*>2.7) and tertiary acetamide
derivatives (Na®/K™=1.3). The phenylglycine derivative 1
showed better extraction and higher Na*/K* selectivity than
leucine derivative 2. However, both ligands exhibited clear
Na* selectivity among the tested alkaline picrates.

Derivative 4 with two CH,COPhgOMe strands and two
OMe groups at the lower rim is a weaker and less selective
extractant than 1 and 2. In fact, 4 showed a slight preference
for K* over Na* and slightly enhanced extraction of Li*, Rb*
and Cs* relative to 1 and 2. Apparently, 4 with two
OCH,COPhgOMe strands possesses a more flexible binding
cavity than 1 and 2, which both have four identical strands at
the lower rim. Therefore, diminished Na*/K* selectivity and
somewhat better extraction of smaller Li* and larger Rb* and
Cs* cations were observed for 4.

In transport experiments (Table 6), dramatic differences
between 1 and 2 and calix[4]arene tetra-[O-(N,N-diethylacet-
amide)] derivatives were observed. For example, 1 has a
transport rate for Na*™ and reversed Na'/K™ selectivity (Na'/
K+ selectivity: 1, 9.6 and 2, 10.5) that is more than 150 times
higher than that for N,N-diethylacetamide derivatives (trans-
port rate: Na* 0.04, K+ 0.56 umolh~!'cm~2; K*/Na* selectivity
14).041 1t is well known that there is a bell-shaped dependence
of cation transport rates on K., values of calix[4]arene ester
and amide derivatives.’!l Comparison of the extraction
equilibrium constants for 1 and 2 (Table 6) with those for
N,N-diethylacetamide derivatives (log K.,: Na*® 11.2, K*

Chem. Eur. J. 2000, 6, No. 3
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8.8)[1 shows that the presence of the circular hydrogen-bond
arrangement strongly reduces their extraction efficacy. This
effect, as in the case of complexation in acetonitrile (preced-
ing paragraph), should be the consequence of the competition
between cation and amide NHs for amide carbonyl oxygen
sites. Consequently, K., values for 1 and 2 are considerably
lower than those for non-hydrogen-bonded diethylacetamide
derivatives in which such competition is absent. However, the
K., values determined for 1 and 2 seem to be more favourable
for efficient transport to occur; this makes both 1 and 2 much
better carriers than calixarene diethylacetamide derivatives.
In conclusion, the presence of hydrogen-bonded organisation
in 1 and 2 and the resulting competitive effects make their
properties more like those of a carrier. In contrast, the N,/NV-
diethylamide derivative, which is unable to form intramolec-
ular hydrogen bonds at the lower rim, behaves as a typical
receptor for the same cations.

Conclusion

Experimental evidence for molecular organisation in solution
and in the crystal is available for 1-5 and the [1-Na]CIO,
complex. According to the behaviour in solution, two groups
were recognised: a) 1, 2 and 3 and b) 4 and 5 (Figure 2). In
apolar solvents (CDCl;, CD;CN), 1 and 2 with four strands of
peptidic units and 3 with one such strand and three free OH
groups formed a cone conformation with a circular hydrogen-
bond arrangement at the lower rim. Spectroscopic data of 4
are in agreement with the time-averaged C, symmetric
conformation formed by two intramolecular NH--- OCHj,4
hydrogen bonds. In the crystal, four intramolecular hydrogen
bonds (two are three-centred) were found for 5. The spectro-
scopic data determined for 5 in CDClI; are in accord with the
hydrogen-bonding motif found in the crystalline state. This
motif keeps § in the flattened cone conformation in solution
and in the solid state. The organisation is so stable that it
overcomes concurrent intermolecular hydrogen-bonding mo-
tifs possible both in solution and in the solid state. In contrast,
the high C, symmetric organisation of 1 in solution is reduced
to G, in the crystal due to the occurrence of intermolecular
hydrogen bonds. In the crystal that includes a polar environ-
ment, the hydrogen-bond donor/acceptor functionalities with-
in one molecule compete with those of their neighbouring
molecules. In addition to intramolecular hydrogen bonds,
there are also intermolecular ones, which prevent the
formation of the circular hydrogen-bond arrangement found
in solution. Complexation of 1 with Na™ makes the molecule
more rigid and it keeps C, symmetry in the solid state and in
solution. In the synthesis of 1, the phenylglycine with the R-
configuration was used. Thus, the chirality of the amino acid
used dictates the orientation of the strands in the calixarene
molecule; in the structure studied, it is in a clockwise
direction. The presence of a circular hydrogen-bonding motif
in 1 and 2 with the amide oxygen sites considerably influences
their binding properties toward Na™ and K. Compared with
the calix[4]arene N,N-diethylacetamide derivatives with sim-
ilar but non-hydrogen-bonding sites, the equilibrium extrac-
tion constants for 1 and 2 are three to five orders of magnitude
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lower. This appeared to be a consequence of the competition
between cations and amide NHs for amide carbonyl oxygen
sites in 1 and 2. However, the same competing process gives a
lower but more favourable K. value for Na' transport.
Consequently, the transport rate for 1/Na™ is more than
150 times higher than that found for the non-hydrogen-
bonded N,N-diethylacetamide derivatives and the same
cation.

In conclusion, we have presented evidence that the
calix[4]arenes substituted at the lower rim with amino acids
possess various types of intra- and intermolecular organisa-
tions in solution and in the solid state. The variety of the
hydrogen-bonding motifs that occur in the studied calix[4]-
arene derivatives may be of considerable importance for the
future design of novel calix[4]arene-based receptors, carriers
or supramolecular solid-state structures.

Experimental Section

General: Melting points were determined on the Kofler stage and were
uncorrected. '"H and *C NMR spectra were recorded with a Gemini 300
spectrometer (TMS was used as an internal standard) at 300 MHz and
75 MHz, respectively. In the description of 'H and C NMR spectra, the
calixarene aromatic protons and carbon atoms were designated as ArH and
ArC, respectively, and those of the phenylglycine phenyl group as PhH and
PhC, respectively. IR and FTIR spectra were recorded on a Perkin Elmer
P-E2000 instrument. UV/Vis measurements were made with Cary 5 and
PU 8730 UV/Vis spectrophotometers. Optical rotations were measured on
an Optical Activity AA10 automatic polarimeter at the wavelength of
589.3 nm. TLC was performed on silica gel Merck 60 F,s, plates and column
chromatography was carried out with 230—240 mesh Merck 60 silica gel.
All chemicals were of the best grade commercially available and were used
without purification. Solvents were purified according to standard proce-
dures; dry solvents were obtained according to literature methods and
stored over molecular sieves.
5,11,17,23-Tetra-tert-butyl-26,28,25,27-tetrakis-(O-methyl-R-a-phenylgly-
cylcarbonylmethoxy)calix[4]arene (1): Triethylamine (0.36 mL, 2.61 mmol)
was added to the cooled (—10°C) solution of R-phenylglycine methyl ester
hydrochloride (0.48 g, 2.24 mmol) in dry CH,Cl, (30 mL) and stirred for
30 min. Then, the acid chloride of calix[4]arene tetracetic acid (the cone
conformer)?? (0.45 g, 0.47 mmol) in dry CH,Cl, (30 mL) was added at once
with a syringe. The reaction mixture was allowed to warm up to room
temperature and was stirred for an additional 2 hours. After filtration, the
filtrate was washed with NaOH (1.0m), hydrochloric acid, brine and water.
After drying and evaporation of the solvent, the product was crystallised
from methanol, which gave 1 (0.49g, 71%). R;=0.28 (5% MeOH/
CH,Cl,); m.p. 255-256°C; [a]® =—62.0 (c=1 in CH,CL); '"H NMR
(300 MHz, CDCl;, 20°C, TMS): 6 =8.12 (d, 3/ =75 Hz, 4H; NH), 7.30-
727 (m, 20H; PhgH), 6.68 (s, 4H; ArH), 6.66 (s, 4H; ArH), 5.7 (d, 3/ =
7.5 Hz, 4H; C*H), 4.75 (AB-d, 2J=13.5 Hz, 4H; OCH,CO), 4.41 (AB-d,
2J=13.5Hz, 4H; OCH,CO), 4.46 (AB-d, 2/ =13 Hz, 4H; ArCH,Ar), 3.58
(s, 12H; OMe), 2.95 (AB-d, 2J=13 Hz, 4H; ArCH,ArH), 1.07 (s, 36 H;
CMe;); 3C NMR (75 MHz, CDCl;, 20°C): 6 =171.47 (COOMe), 169.64
(CONH), 153.16 (para-Ar—C), 145.155 (Ar—C), 136.35 (Ph—C), 132.56 and
133.11 (meta-Ar—C), 128.66 (ortho-Ph—C), 128.22 (meta-Ph—C), 127.87
(para-Ph—C), 12526 and 125.63 (ortho-Ar—C), 74.0 (OCH,CO), 55.9
(C*H), 52.4 (OMe), 33.58 (C-tert-butyl), 31.5 (ArCH,Ar), 31.12 (CH;-tert-
butyl); FTIR (¢ =5 x 10-3m, CH,Cl,): #= 3422 (w) and 3351 (s) (NH), 1744
(COOMe), 1675 (CONH, amidel), 1521 cm~' (CONH, amide II);
CysH oN,O ¢ (1469.8): caled C 7191, H 6.86, N 3.81; found C 71.89, H
6.87, N 3.81.
5,11,17,23-Tetra-tert-butyl-26,28,25,27-(O-methyl-S-a-leucil-carbonylmeth-
oxy)calix[4]arene (2): This compound was prepared as described for 1 from
the methyl ester of S-leucine hydrochloride (0.95 g, 5.23 mmol) and acid
chloride of calix[4]arene tetraacetic acid (the cone conformer)®
(1.19 mmol). Recrystallisation from methanol gave 2 (0.93 g, 56%). R;=
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0.34 (5% MeOH/CH,Cly); m.p. 322-323°C, [a]f=-32.0 (c=1 in
CH,Cl,); 'H NMR (300 MHz, CDCl;, 20°C, TMS): 6 =7.67 (brd, 4H;
NH), 6.76 (s, 8H; ArH), 4.70 (AB-d, 2/ =12.8 Hz, 4H; ArCH,Ar), 4.65—
472 (m and AB-d, 8H; OCH,COO), 4.54 (AB-d, 2/=14.0Hz, 4H;
OCH,COO0), 3.69 (s, 12H; OMe), 3.19 (AB-d, 2/ =12.8 Hz, 4H; ArCH,.
Ar), 1.59-1.61 (m, 12H; CH,CH), 1.07 (s, 36 H; rBu), 0.88 (m, 24 H; CH;);
BC NMR (75 MHz, CDCl;, 20°C): 6 =173.87 (COOMe), 170.12 (CONH),
153.11 (para-Ar—C), 14525 (Ar—C), 132.47 and 133.46 (meta-Ar—C),
125.25 and 125.64 (ortho-Ar—C), 74.07 (OCH,CO), 51.97 (OCH,), 50.30
(C*), 40.39 (Leu—C), 33.60 (C-tert-butyl), 31.75 (ArCH,Ar), 31.13 (C-tert-
butyl), 24.47 (Leu—CH), 21.40 and 22.47 (Leu—CH,); FTIR (¢ =5 x 103 in
CH,Cl,): 7=3423 (w) and 3326 (s) (NH), 1746 (COOMe), 1669 (CONH,
amide I), 1541 cm~! (CONH, amide II); CgH,(N,O,, (1389.8): caled C
69.14, H 8.41, N 4.03; found C 69.33, H 8.20, N 4.22.

5,11,17,23-Tetra-tert-butyl-25,27-dihydroxy-26,28-bis-(O-methyl-R-a-phen-

ylglyeylcarbonylmethoxy)calix[4]arene (5) and 5,11,17,23-tetra-zert-butyl-
25,27,26-trihydroxy-28-(O-methyl-R-a-phenylglycylcarbonyl-methoxy)ca-

lix[4]arene (3): A mixture of p-tert-butyl-calix[4]arene (0.5 g, 0.77 mmol),
potassium carbonate (212.5 mg, 1.54 mmol), potassium iodide (281.5 mg,
1.69 mmol) and N-chloroacetyl-PhgOMe (361.0 mg, 1.54 mmol) in dry
acetone (25 mL) was stirred and heated under reflux for 15 h. The cooled
solution was filtered through a bed of Celite and the filtrate was combined
with dichloromethane washings and evaporated to dryness. The residue was
purified by column chromatography (silica gel/5% CH;OH in CH,Cl, as
eluent). Fractions with R;=0.2-0.3 were collected to give 5 after
evaporation of the solvents. Recrystallisation from methanol gave the
diester 5 (325mg, 39.9%). R;=0.26 (2% MeOH/CH,CL,); m.p. 146-
147°C; [a]® = =29 (c=1 in CH,CL); '"H NMR (300 MHz, CDCl;, 20°C,
TMS): 6 =9.40 (d, 3/ =6.2 Hz, 2H; NH), 7.35-7.23 (m, 10H; PhH), 7.20 (s,
2H; OH), 707 (s,2H; ArH), 7.01 (s, 2H; ArH), 6.84 (s, 2H; ArH), 6.79 (s,
2H; ArH), 5.62 (d, 3/ =62 Hz, 2H; C*H), 4.44 (AB-d, 2/ =152 Hz, 2H;
ArCH,Ar), 421 (AB-d, 2J=15.5Hz, 4H; OCH,CO), 4.19 (AB-d, /=
15.5 Hz, 4H; OCH,CO), 3.77 (AB-d, 2/ =13.5 Hz, 2H; ArCH,Ar), 3.69
(s, 6H; OMe), 3.39 (AB-d, 2/ =13.4 Hz, 2H; ArCH,Ar), 3.25 (AB-d, 2/ =
13.48 Hz, 4H; ArCH,Ar), 1.28 (s, 18H; CMe;), 0.97 (s, 16H; CMe;);
BC NMR (75 MHz, CDCl;, 20°C): 6 =170.91 (COOMe), 168.63 (CONH),
149.49 and 147.97 (para-Ar—C), 149.31 and 142.50 (Ar—C), 135.29 (Ph—C),
132.31 and 131.82 (meta-Ar—C), 128.79, 128.54, 128.20, 128.00, 126.98,
126.44, 126.20, 125.92, 125.72, 125.51, 125.39, 125.16, 74.38 (OCH,CO),
57.15 (C*H), 52.42 (OMe), 33.76 and 33.64 (C-tert-butyl), 31.88 and 31.82
(ArCH,Ar), 31.41, 31.05 and 30.66 (CH;-tert-butyl); FTIR (¢ =5 x 10> M in
CH,Cl,): #=3316 (w) (OH, NH), 1743 (COOMe), 1676 (CONH, amide I),
1523 cm~!' (CONH, amide II); C4H;sN,O (1059.36): caled C 74.83, H 7.42,
N 2.64; found C 74.62, H 7.39, N 0.862.

Compound 3: Fractions with R;=0.5-0.6 were collected to give 3 (59 mg,
9%). R;=0.55 (2% MeOH/CH,CL,); m.p. 223-224°C; [a]d =—10 (c=1
in CH,Cl,); 'H NMR (300 MHz, CDCl;): 6=9.79 (s, 1H; OH), 9.70 (d,
3] =175 Hz, 1H; NH), 9.20 (s, 1H; OH), 9.06 (s, 1H; OH), 7.59-7.28 (m,
5H; PhH), 7.23-6.97 (m, 8H; ArH), 5.86 (d, 3 =7.58 Hz, 1H; C*H), 4.62
(AB-d, J =15 Hz, 2H; OCH,CO), 4.3 (AB-d, 2/ =13 Hz, 1 H; ArCH,Ar),
412 (AB-d, =13 Hz, 2H; ArCH,Ar), 4.08 (AB-d, /=13 Hz, 1H;
ArCH,Ar), 3.81 (s, 3H; OMe), 3.51 (AB-d, 2J=13.6 Hz, 1H; ArCH,Ar),
342 (AB-d, =139 Hz, 2H; ArCH,Ar), 3.41 (AB-d, /=132 Hz, 1H;
ArCH,Ar), 1.21 (s, 18H; CMe;), 1.20 (s, 9H; CMe;), 1.16 (s, 9H; CMe;);
3C NMR (75 MHz, CDCl;, 20°C): 6 =170.94 (COOMe), 167.85 (CONH),
149.14, 148.60, 148.21, 148.12, 147.07, 143.90, 143.45, 135.67, 132.72, 129.2,
128.61, 128.25, 128.16, 128.10, 127.12, 126.94, 126.80, 126.72, 125.99, 125.77,
125.70,75.17 (OCH,CO), 56.74 (C*H), 52.63 (OMe), 34.09, 33.87 and 33.72
(C-tert-butyl), 32.64, 31.92 and 31.79 (ArCH,Ar), 31.67, 31.32, 31.23 and
30.90 (CHj-tert-butyl); FTIR (¢ =35 x 10~3m in CH,Cl,): 7=3299 (w) (OH,
NH), 1748 (COOMe), 1683 (CONH, amide I), 1487 cm~' (CONH,
amide II).

5,11,17,23-Tetra-tert-butyl-25,27-di(O-methyl)-26,28-bis-(O-methyl-R-c-

phenylglycylcarbonylmethoxy)calix[4]arene (4): Triethylamine (0.178 mL,
1.27 mmol) was added to the cooled (—10°C) solution of R-phenylglycine
methyl ester hydrochloride (0.247 g, 1.15 mmol) in dry CH,Cl, (20 mL) and
stirred for 30 min. Then, the acid chloride of calix[4]arene diacetic acid['’]
(0.435 g, 0.52 mmol) in dry CH,Cl, (20 mL) was added at once and the
reaction mixture was allowed to warm up to room temperature and was
stirred for 2 hours. After filtration, the filtrate was washed with NaOH
(1.0Mm), hydrochloric acid, brine and water. After drying and evaporation of
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the solvent, the crude product was crystallised from methanol and 4 was
produced (0.423 g, 78 %). R;=0.4 (5% MeOH/CH,CL,); m.p. 240-241°C;
[a]® =—62.0 (c=1 in CHCl;); 'H NMR (300 MHz, CDCl,, 20°C, TMS):
0=8.15 (brd, 2H; NH), 7.51-7.28 (m, 10H; PhH), 716 (s, 2H; ArH), 7.14
(s,2H; ArH), 6.42 (s, 4H; ArH), 5.84 (d, *J = 5.8 Hz, 2H; C*H), 424 -4.15
(AB, 4H; ArCH,Ar and AB 4H; OCH,CO), 4.07 (s, 6H; ArOMe), 3.26—
3.14 (m-AB, 4H; ArCH,Ar), 1.35 (s, 18H; CMe;), 0.82 (s, 18H; CMe;);
3C NMR (75 MHz, CDCl;, 20°C): 6 =170.81 (COOMe), 168.62 (CONH),
15517 (para-Ar—C), 151.61, 145.85 and 145.27 (Ar—C), 136.66 (Ph—C),
135.50 and 135.37 (meta-Ar—C), 131.08, 130.95, 128.95 (ortho-Ph—C),
128.54 (meta-Ph—C), 12753 (para-Ph—C), 125.85, 125.85 and 124.79 (ortho-
Ar—C), 74.06 (OCH,CO), 60.76 (ArOMe), 55.61 (C*H), 52.50 (OMe),
34.00 and 33.42 (C-tert-butyl), 31.49 and 30.82 (CH,-tert-butyl), 31.19, 30.60
and 30.56 (ArCH,Ar); FTIR (c=5x 10-3m in CH,Cl,): 7=3690 (w) and
3417 (s) (NH), 1746 (COOMe), 1683 (CONH, amide I), 1509 cm™!
(CONH, amide II); CiHg,N,O,, (1087.42): caled C 75.11, H 7.60, N 2.58;
found C 75.11, H 7.86, N 2.69.

Methyl N-(phenoxyacetyl)-R-phenylglycine (6): This compound was
prepared from N-chloroacetyl-PhgOMe and phenol in the presence of
tBuOK in dry benzene. Yield 50%. R;=0.79 (2% MeOH/CH,Cl,); m.p.
95-96°C; 'H NMR (300 MHz, CDCl;, 20°C, TMS): =758 (d, /=
7.6 MHz, 1H; NH), 727-735 (m, 7H; ArH), 6.93-7.06 (m, 3H; ArH),
5.65 (d, 3J=175Hz, 1H; C*H), 4.53 (AB-d, 2J=4.4 Hz, 2H; OCH,CO),
3.74 (s, 3H; OMe); BC NMR (75 MHz, CDCl;, 20°C): 6=170.90 (s,
CONH), 16773 (s, COOMe), 15714 (Ph—C), 136.05 (Ph—C), 129.72
(Ph—C), 128.97 (Ph—C), 128.62 (Ph—C), 127.19 (Ph—C), 122.14 (Ph—C),
114.76 (Ph—C), 57.12 (OCH,CO), 55.75 (C*), 52.70 (OMe); FTIR (c =5 x
10-3m in CH,Cl,): 7= 3420 (NH), 1744 (COOMe), 1686 (CONH, amide I),
1517 em~' (CONH, amide I1); C;;H;NO, (299.33): caled C 68.22, H 5.72, N
4.68; found C 68.15, H 5.75, N 4.67.

Picrate extractions: Metal picrates (2.5 x 10~*M) were prepared in situ by
dissolving the metal hydroxide (0.01 mol) in picric acid (2.5 x 10~*m,
100 mL). Distilled water was used for all aqueous solutions. Solutions
(2.5 x107*Mm) of the calixarene derivatives were prepared in dichloro-
methane. Equal volumes (5mL) of the two solutions were shaken
vigorously for 30 min in a 50 mL extraction flask. The solutions were left
to stand until phase separation was complete. The concentration of picrate
ion in the organic phase was then determined spectrophotometrically as
described by Pedersen.”! Control experiments showed that no picrate
extraction occurred in the absence of a calixarene derivative.

Transport measurements: Thoman’si®! modification of the procedure
described by Lamb et al.?®l was used to measure the rates of ion transport
through a dichloromethane membrane. The membrane (CH,Cl,, 10 mL,
7 x 10~*m of the calixarene derivative) was placed in a 70 mL beaker, which
contained a magnetic stirring bar. A 20 mm diameter glass cylinder was
inserted 10 mm into the CH,Cl, solution and clamped securely into
position. The source phase (3 mL, 5 x 10-2M metal thiocyanate) was very
slowly run down the inside of the cylinder. Similarly, the receiving phase
(7mL, 0.2M Fe(NOs); in 0.2M nitric acid) was run down the outside.
The system was stirred slowly at approximately 100 rpm. Samples
were withdrawn from the receiving phase at 1h intervals and the
absorbance recorded at A, =480 nm for Fe(SCN)?>*. The & value of
4400 Lmol'cm™! was used for calculations. The experiment, when
performed in the absence of calixarene, showed no transport of metal
thiocyanate.

Preparation of complexes: The calixarene derivative 1 (100 mg) was
suspended in methanol (20-30 mL) and the mixture was heated until a
homogeneous solution was obtained. The Na-thiocyanate (3 equiv) was
added and the mixture was heated again until homogeneous and filtered.
The solution was then allowed to cool slowly to room temperature. After
several days, the crystals of the [1-Na]SCN complex were collected and
recrystallised from the same solvent. The same procedure applied for 1 and
KSCN failed to give the complex. However, the formation of the [1-K]SCN
complex in CD;CN was observed by NMR spectroscopy (see Supporting
Information).

5,11,17,23-Tetra-tert-butyl-26,28,25,27-tetrakis-(O-methyl-R-a-phenylgly-

cylcarbonylmethoxy)calix[4]arene-NaSCN complex [1-Na]SCN: 'H NMR
(300 MHz, CDCl;, 20°C, TMS): 6 =745 (brs, 4H; NH), 744-7.28 (m,
20H; Ph and ArH), 6.99 (brs, 8H; ArH), 5.62 (d, 3J=6.7 Hz, 4H; C*H),
4.49 (AB-brd, 2/ =14.0 Hz, 4H; OCH,CO), 4.30 (AB-brd, 2/ =14.0 Hz,
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4H; OCH,CO), 422 (AB-d, 2/ =105 Hz, 4H; ArCH,AT), 3.70 (s, 12H;
OMe), 2.95 (AB-d, 2/=10.5Hz, 4H; ArCH,Ar), 1.09 (s, 36H; CMe;);
3C NMR (75 MHz, CDCly, 20°C): ¢ =171.29 (COOMe), 169.55 (CONH),
150.04 (para-Ar—C), 14780 (Ar—C), 136.15 (Ph—C), 134.24 and 134.10
(meta-Ar—C), 132.37 (SCN-), 128.87 (ortho-Ph—C), 128.66 (meta-Ph—C),
127.61 (para-Ph—C), 125.72 and 125.61 (ortho-Ar—C), 74.33 (OCH,CO),
56.60 (C*H), 52.89 (OMe), 33.82 (C-tert-butyl), 29.99 (ArCH,Ar), 30.99
(CH,-tert-butyl); FTIR (c=5 x 10-M in CH,CL,): 7=3413 (w) and 3330
(s), 2050 (SCN-) (NH), 1742 (COOMe), 1697 and 1684 (CONH, amide I),
1522 cm™! (CONH, amide II).

Crystal structure determination of 1, 5 and [1-Na]ClO,: The crystallisation
of samples required great attention. Crystallisation from a hot solution of 1
in methanol resulted in well-formed but unstable crystals. It was discovered
that a few drops of THF could stabilise the crystals. Therefore, vapour
diffusion of methanol into a solution of 1 in THF at room temperature was
used and good crystals for X-ray measurements were obtained. Crystals of
5 were obtained by slow evaporation from a mixture of dichloromethane
and ethanol (1:1 vol) at 277 K. Good quality crystals of [1-Na]|ClO, grew by
using slow evaporation of a solution in ethanol. Crystals of 1, 5 and [1-
Na]ClO, were covered with protective grease and immediately inserted
into the cold N, stream of the low-temperature device on the diffractom-
eter. The crystallographic data and details of data collection and refine-
ment have been listed in Table 7.77*2l p-amino acids were used in synthesis
and during structure determination chirality was assigned accordingly.
Scattering factors used in calculations were from SHELXL97.?)l Hydrogen
atoms were calculated on stereochemical grounds and refined using the
SHELXO97 riding model. The crystal structure of 5 revealed disordered
solvent molecules (two water molecules with positional parameter=0.5
(pp); two methanol molecules with pp =0.5 and furfuraldehyde with pp =
0.25). Furfuraldehyde can be detected at a low concentration in ethanol; in
the crystallisation procedure, the less volatile furfuraldehyde increased in
concentration in the mother liquor. During purification of 5, recrystallisa-
tions in methanol were used and the procedure applied can explain the
small amount of disordered methanol in the crystal lattice. In the crystal
structure of [1-Na]ClO,, the terminal part of the amino acid subunits as
well as tert-butyl groups revealed disorder and therefore these fragments
were refined isotropically. Two crystalline water molecules, each with pp =
0.5, were found. In the space between chains, there was a disordered
methanol molecule (pp =0.25); oxygen and carbon atoms were located on
a fourfold axis that was in disagreement with the entire molecular
symmetry (CH;OH). Structure determination in orthorhombic symmetry
failed.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-113248 (1),
CCDC-113249 (5) and CCDC-113250 ([1-Na]ClO,). Copies of the data can
be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.
cam.ac.uk).
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