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Abstract—New chiral calix[4]arene derivatives have been synthesized by appending at the lower rim amino acid (LL-tyrosine, LL-aspar-
tic acid, LL-valine, and LL-tryptophan) or pinene-like (myrtenyl and homomyrtenyl) units or by distal intrabridging with a binaphthyl
amine scaffold. The application of these derivatives in enantioselective catalysis was studied by testing the catalytic activities of the
corresponding Ti(IV)/calixarene complexes, prepared in situ, in the asymmetric aldol reaction of Chan�s silyloxydiene with
p-nitrobenzaldehyde.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Chiral calixarenes1 have attracted increasing research
interest because of their potential in enantiodiscrimina-
tion processes. They can be obtained either by attaching
chiral moieties at one of the calix rims (upper or lower)2

or by synthesizing �inherently� chiral derivatives3 in
which an asymmetric substitution of the macrocycle is
associated to its intrinsic three-dimensional nature.
From a practical point of view, the first approach ap-
pears to be preferable because inherent chirality always
requires a difficult resolution on an appropriate scale.4

Therefore, a large number of chiral calixarenes have
been prepared by using chiral units, such as single amino
acids,5 peptides,6 amino alcohols,7 sugars,8 tartaric acid
esters,9 binaphthyl,10 glycidyl,11 menthone,12 and guan-
idinium groups.13

Many of these derivatives have exhibited significant rec-
ognition properties toward achiral cations,5d,10b and
anions,5g but, more interestingly, some of them have
shown remarkable enantiodiscrimination abilities.7,10a,14

Thus, for example, calix[4]arenes bearing chiral amino
alcohol groups at lower rim exhibited enantioselective
recognition versus racemic carboxylic acids,7 while a col-
orimetric enantiodiscrimination of chiral amines has
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been shown by calix[4]arenes derivatized with a binaph-
thyl group at the lower rim.10a

Another area of application of chiral calixarenes is their
use in enantioselective catalysis, which still remains lar-
gely less studied. In fact, only a very few examples15

have been reported, in which chiral calix[4]arenes have
been used as ligands for the enantioselective catalysis
of hydroformylation,16a allylic alkylation, and
hydrogenation.16b

As a contribution in this area, herein, we report on the
synthesis of some new chiral calix[4]arene derivatives
and on their use as ligands in an enantioselective
Ti(IV)-catalyzed aldol reaction. In fact, very recently
we have reported that Ti(IV)/calix[n]arene complexes,
formed in situ or previously prepared with standard pro-
cedures, efficiently catalyze the aldol condensation of
Chan�s silyloxydiene 1 with several aldehydes 2 afford-
ing, in satisfactory yields, aldol adducts 3 (Scheme
1),17 which are key-intermediates in the synthesis of
important bio-active compounds.18 Obviously, it can
+ RCHO
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be expected that the use of chiral calixarene ligands may
give rise to an efficient enantioselective catalysis for this
reaction.19
But ButBut But
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2. Results and discussion

2.1. Synthesis and characterization of chiral calixarenes

The previous observation that the presence of three
contiguous phenolic OH groups in the calixarene
ligand appeared as an important requirement in order
to strongly tricoordinate the Ti(IV) cation,17a induced
us to initially synthesize chiral calixarenes by linkage
of a single LL-amino acid unit at the lower rim. These
amino acid derivatives were prepared by coupling
of the known p-tert-butylcalix[4]arene monoacetic
acid 420 with LL-amino acids, in the presence of DCC
and DMAP, in dry CH2Cl2 (Scheme 2). The use of
appropriately protected LL-tyrosine, LL-aspartic acid,
LL-valine, and LL-tryptophan, gave the corresponding
amino acid conjugated 5a–d in 47–69% yield (see
Section 4).

The structure of compounds 5a–d were confirmed by
elemental analysis and ESI(+) MS, while 1H NMR spec-
tra were consistent with an asymmetric calix[4]arene
structure. Thus, for example, five and six t-Bu singlets
were observed for 5a and 5b, respectively, whereas 5c
and 5d gave four signals for the same groups. Interest-
ingly, three OH singlets were observed for 5a–d at low
field (9.07–10.03 ppm), while the NH doublets resonate
in the 9.23–9.52 ppm range. These strong downfield
shifts for both OH and NH protons are indicative of a
circular hydrogen bond at the lower rim of these deriv-
atives, in agreement with the results reported by Frk-
anec et al.5e The presence of an H-bond-stabilized
cone conformation was also reflected in the significant
chemical shift separation of diastereotopic OCHaHb

protons (Dd = 0.10–0.27).
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In order to verify the possible influence of a lower num-
ber of phenolic OH groups, we decided to synthesize a
disubstituted amino acid–calixarene derivative. Thus,
calixarene diacetic acid 621 was coupled with LL-Tyr-
OMe hydrochloride, in the presence of DCC and
DMAP to give 7 in 79% yield (Scheme 3). In accordance
with the C2-symmetry of the structure, the 1H NMR
spectrum of 7 contained three t-Bu singlets (1.04, 1.27,
and 1.28 ppm), one OMe singlet (3.54 ppm), and two
AX systems for ArCH2Ar groups. The equivalence of
the two chiral pendant moieties was confirmed by the
13C NMR spectrum of 7, which showed a single reso-
nance for OCH2 (75.2 ppm), –COOMe (170.2 ppm),
and –CONH– (168.1 ppm) groups. Also in this instance,
the presence in the 1H NMR spectrum of 7 of a strongly
downfield shifted NH resonance (9.61 ppm) was indica-
tive of a circular H-bond at the lower rim involving
NH� � �O interactions.5e

A useful complement to the above calixarenes bearing
amino acid units could be the use of chiral pendant
groups having a lower number of potentially coordinat-
ing oxygen atoms. Therefore, we directed our attention
to the synthesis of 2-pinen-10-yl (myrtenyl) monoester
derivative 8 (Scheme 2). As in the previous instances,
this compound was obtained, in 70% yield, by coupling
p-tert-butylcalix[4]arene monoacetic acid 4 with (�)-
myrtenol, in the presence of DCC and DMAP. The 1H
NMR spectrum of 8 was fully consistent with its asym-
metric structure as indicated by the presence of four AX
systems for ArCH2Ar groups.

In order to bring the stereogenic moiety closer to the
coordinating calixarene OH groups, we devised a simple
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variation of the above synthesis. Thus, p-tert-butyl-
calix[4]arene 9 was directly alkylated with myrtenyl22

or homomyrtenyl (nopyl)23 p-toluensulfonate in the
presence of K2CO3, in refluxing CH3CN (Scheme 4) to
give, after column chromatography on silica gel, 1,3-
dimyrtenyl-calix[4]arene 10 (62% yield) and 1,3-dino-
pyl-calix[4]arene 11 (46% yield). The syn-distal disubsti-
tution and the dissymmetry of these derivatives was
readily confirmed by 1H and 13C NMR spectra. In fact,
in both instances, two 1:1 resonances for tert-butyl
groups, two AX systems for ArCH2Ar groups, and
one broad singlet for vinylic proton were clearly ob-
served in their 1H NMR spectra. 13C NMR spectra were
also in full agreement by showing, inter alia, two
ArCH2Ar signals in the 30–32 ppm range indicative of
a cone conformation.24

The observation that in all the above chiral calixarene
derivatives, the dangling chiral moieties are freely swing-
ing with respect to the putative catalytic center induced
us to synthesize an additional derivative bearing a rigid
chiral bridge at the lower rim. Therefore, calix[4]arene
diacetic acid 6 was condensed with binaphthyl amine
(slowly added dropwise) in the presence of DCC and
DMAP in dry CH2Cl2, to give 12 in 30% yield (Scheme
3). 1H and 13C NMR spectra of compound 12 confirmed
the C2-symmetry of the structure. In particular, two
t-Bu singlets (1.19 and 1.29 ppm), one AX (3.55/
4.48 ppm, J = 12.6 Hz, 4H), and one AB (3.52/
3.84 ppm, J = 13.8 Hz, 4H) systems for ArCH2Ar
groups, and one AB system for OCH2 protons (4.13/
4.40 ppm, J = 14.8 Hz, 4H) were observed in its 1H
NMR spectrum. The presence of an AB system for
one of the two ArCH2Ar groups indicate a C2 flat-
tened-cone conformation for compound 12.25

2.2. Application of chiral calixarene derivatives in aldol
reaction

In order to evaluate the catalytic properties of the syn-
thesized chiral calixarenes in the above mentioned aldol
reaction, we decided to consider the reaction between
Chan�s diene 1 with p-nitrobenzaldehyde 2a, chosen as
a representative substrate, in the presence of a Ti(IV)/
calixarene complex formed in situ by addition of 1 equiv
of Ti(O-i-Pr)4 (Scheme 5). The reaction was carried out
in THF under conditions similar to those previously
optimized for the Ti(IV)/p-tert-butylcalix[4]arene sys-
tem.17b Table 1 summarizes chemical yields and ees
experimentally observed.

When the reaction was carried out in the presence of 8%
mol of the Ti(IV)/5a complex17b (entry 1), aldol adduct
3a was obtained only in 12% yield. A more satisfactory
chemical yield (80%) was obtained by increasing the cat-
alyst loading to 16 mol % (entry 2) but the enantioselec-
tivity was very poor (7%).

By using derivative 7, bearing two distal tyrosine substi-
tuents, as a ligand of the Ti(IV)-complex a negligible ee
was obtained, in addition to a significant decreasing of
the catalytic activity (40%, entry 3) with respect to the
related monosubstituted derivative 5a. This result is in
accordance with our previous conclusion that three conti-
guous phenolic OH groups are very likely a minimal re-
quirement in order to strongly coordinate Ti(IV) cation.17a

A similar trend can also be observed when the catalytic
activity of myrtenyl monoester derivative 8 (68%, entry
4) is compared with that of 1,3-dimyrtenyl ether 10
(27%, entry 5). In both instances, the observed enantio-
selectivity was very low.

In the attempt to increase the enantioselectivity, we
studied the influence of the reaction temperature in the
aldol reaction catalyzed by Ti(IV)/5a complex. By per-
forming the reaction for 16 h at 0 �C, after the 2 h step
at �78 �C (entry 6), a very high chemical yield (90%)
was obtained, but only a slight increase of the ee
(12%) was detected. Interestingly, a further decrease in
temperature to �20 �C (entry 7) resulted in a beneficial
effect on enantioselectivity (27%) with an acceptable
drop in efficiency (64%). However, no further improve-
ment in ee could be observed by running the reaction
at a lower temperature (�40 �C for 16 h; entry 8).

The low ees observed for ligands 5a and 7 suggest that
the presence of asymmetric carbon atoms on the pen-
dant group has a scarce influence on the enantioselectiv-
ity probably due to an excessive mobility of this moiety
which is not geometrically fixed with respect to the
Ti-catalytic center determined by the coordinating
calixarene OH groups. Therefore, on this basis it could



Table 1. Efficiency of Ti(IV)/chiral-calixarene complexes in aldol reaction of diene 1 with p-nitrobenzaldehyde 2aa

Entry Ligand Temperature (time) Yieldb (%) eec (%)

1a 5a �78 �C (2 h) + rt (16 h) 12 —

2 5a �78 �C (2 h) + rt (16 h) 80 7

3 7 �78 �C (2 h) + rt (16 h) 40 3

4 8 �78 �C (2 h) + rt (16 h) 68 4

5 10 �78 �C (2 h) + rt (16 h) 27 1

6 5a �78 �C (2 h) + 0 �C (16 h) 90 12

7 5a �78 �C (2 h) + �20 �C (16 h) 64 27

8 5a �78 �C (2 h) + �40 �C (16 h) 70 28

9 12 �78 �C (2 h) + rt (16 h) 56 11

10 12 �78 �C (2 h) + �20 �C (16 h) 40 11

a The reactions were performed by using 1 mmol of aldehyde and 16 mol % of Ti(IV)/calixarene complex. An exception is given by the reaction of

entry 1, which was performed in the presence of 8 mol % of Ti(IV)/5a complex.
b Yields refer to isolated, chromatographically pure compound whose structure was confirmed by comparison with the literature data.19

c Determined by HPLC on a Chiralpak AD column. The preferred absolute configuration of the aldol product 3a was (S), as determined by

comparison of the HPLC retention times with the literature values.19
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be expected that calix[4]arene 12, rigidified by the steri-
cally demanding binaphthyl-bridge, should give better
results. Unfortunately, only low ees (11%) with a de-
creased efficiency (40–56%) were obtained by perform-
ing the reaction either at room temperature (entry 9)
as well as at �20 �C (entry 10). These disappointing re-
sults can be rationalized in terms of the general low cat-
alytic efficiency observed for 1,3-disubstitued
calix[4]arenes, which is attributable to the weaker Ti-
coordination by only two calixarene OH groups. In
addition, the relatively large distance between the stere-
ogenic and catalytic centers could account for the lim-
ited chiral induction.
3. Conclusion

In conclusion, we have described the synthesis of some
new optically active calix[4]arene derivatives bearing
chiral pendant units, which include amino acids,
pinene-like, and binaphthyl groups. The application of
these derivatives in enantioselective catalysis was studied
by testing the catalytic activities of the corresponding
Ti(IV)/calixarene complexes, prepared in situ, in an
asymmetric aldol reaction. Unfortunately, only limited
enantioselectivities were observed probably due to one
or more key factors which include: (i) eccessive flexibility
of the dangling chiral moieties; (ii) large spatial separa-
tion between the Ti-catalytic site and the stereogenic
center, and (iii) ineffective coordination of the Ti cation
by a nonsufficient number of calixarene OH groups. The
extension of this work to the design of improved chiral
calixarenes ligands may include the use of short chiral
bridging moieties containing additional OH coordina-
tion sites or the exploitation of inherent chirality which,
in accordance with recent reports,16b could be effectively
transferred to the metal catalytic center. Both ap-
proaches are currently under study in our laboratory.
4. Experimental

ESI(+) MS measurements were performed on a BIO-Q
triple quadrupole mass spectrometer (MICROMASS)
equipped with an electrospray ion source, using CH2Cl2
and 5% HCOOH as solvent. All NMR spectra were re-
corded at 400 (1H) and 100 (13C) MHz on a Bruker
Avance-400 spectrometer. Chemical shifts are reported
relative to the residual solvent peak (CHCl3: d = 7.26,
CDCl3: d = 77.2). Optical rotations were measured on
an JASCO DIP-1000 polarimeter at the wavelength of
589.3 nm. Flash chromatography was performed using
silica gel (Kieselgel-60, 0.040–0.063 mm, Merck). All re-
agents were of reagent grade quality and used without
further purification. Dichloromethane was distilled over
CaH2. Compounds 4,20 6,21 myrtenyl p-toluensulfo-
nate,22 nopyl p-toluensulfonate,23 and p-tert-butyl-
calix[4]arene26 were prepared according to a literature
procedure. Reactions were monitored by TLC on Merck
silica gel plate (0.25 mm) and visualized by UV light and
spraying with H2SO4–Ce(SO4)2.

4.1. General method for coupling p-tert-butylcalix[4]arene
monoacetic acid 4 with amino acids. Compounds 5a–d

A mixture of p-tert-butylcalix[4]arene monoacetic acid 4
(0.2 g, 0.3 mmol), DMAP (0.034 g, 0.3 mmol), and DCC
(0.12 g, 0.61 mmol) in dry CH2Cl2 (30 mL) was stirred at
25 �C for 10 min and then LL-amino acid was added
(0.6 mmol). The solution was stirred for 3 h at room
temperature. Then dicyclohexylurea was filtered off,
and CH2Cl2 washed with 1 M HCl and brine. The
organic phase was dried over Na2SO4 and concentrated
in vacuo. The crude product was subjected to flash chro-
matography on silica gel, using CH2Cl2 as eluent, to give
the isolated compounds.

4.1.1. 5,11,17,23-Tetra-tert-butyl-25-[O-methyl-O 0-tert-
butyl-(S)-tyrosinyl-carbonylmethoxy]calix[4]aren-26,27,28-
triol 5a. 0.16 g (58%), ½a�25D ¼ �36 (c 3.91, CHCl3);

1H
NMR (CDCl3, 298 K): d 1.19 [s, C(CH3)3, 9H], 1.25 [s,
C(CH3)3, 9H], 1.26 [s, C(CH3)3, 18H], 1.33 [s, C(CH3)3,
9H], 3.20 (dd, Tyr-Hb, J = 14.0, 10.5 Hz, 1H), 3.35
(d, ArCH2Ar, J = 13.1 Hz, 1H), 3.45 (dd, Tyr-Hb,
J = 14.0, 5.4 Hz, 1H), 3.52 (br d, ArCH2Ar, 3H), 3.84
(s, OCH3, 3H), 4.09 (d, ArCH2Ar, J = 13.1 Hz, 1H),
4.20 (d, ArCH2Ar, J = 13.5 Hz, 1H), 4.27 (d, ArCH2Ar,
J = 13.8 Hz, 1H), 4.28 (d, ArCH2Ar, J = 13.8 Hz, 1H),
4.35 and 4.62 (AB, OCH2CO, J = 14.7 Hz, 2H), 5.17
(m, Tyr-Ha, 1H) 6.89–7.21 (AB, ArH, J = 8.4 Hz, 4H),
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7.03–7.12 (overlapping, ArH, 8H), 9.18 (s, OH, 1H),
9.52 (d, NH, J = 8.9 Hz, 1H), 9.64 (s, OH, 1H), 10.04
(s, OH, 1H); 13C NMR (CDCl3, 298 K): d 28.52 (q),
30.78 (q), 31.11 (q), 31.17 (q, 6C), 31.62 (t), 31.88 (t),
32.55 (t), 32.69 (t), 33.63 (s, 2C), 33.78 (s), 33.97 (s),
36.84 (t), 52.22 (d), 53.06 (q), 74.78 (t), 77.95 (s),
123.85 (d, 3C), 125.52 (s), 125.61 (d, 3C), 125.85 (d),
126.22 (d), 126.61 (s), 126.70 (s), 126.86 (d), 127.34 (s),
127.53 (s), 128.10 (s), 129.25 (d, 3C), 131.29 (s), 132.14
(s), 132.68 (s), 143.23 (s), 143.61 (s), 143.81 (s), 146.75
(s), 147.65 (s), 147.89 (s), 148.29 (s), 148.84 (s), 153.80
(s), 167.50 (s), 171.67 (s); ESI(+) MS m/z 962 (MNa+).
Anal. Calcd for C60H77NO8: C, 76.64; H, 8.25; N,
1.49. Found: C, 76.60; H, 8.30; N, 1.41.

4.1.2. 5,11,17,23-Tetra-tert-butyl-25-[bis(O-tert-butyl)-
(S)-aspartyl-carbonylmethoxy)]calix[4]aren-26,27,28-triol
5b. 0.17 g (55%), ½a�25D ¼ �5.1 (c 0.4, CHCl3);

1H NMR
(CDCl3, 298 K): d 1.20 [s, C(CH3)3, 9H], 1.24 [s,
C(CH3)3, 9H], 1.25 [s, C(CH3)3, 9H], 1.26 [s, C(CH3)3,
9H], 1.46 [s, C(CH3)3, 9H], 1.52 [s, C(CH3)3, 9H], 2.92
(dd, Asp-Hb, J = 16.3, 8.3 Hz, 1H), 3.03 (dd, Asp-Hb,
J = 16.3, 5.3 Hz, 1H), 3.45–3.54 (overlapping, ArCH2-
Ar, 4H), 4.23–4.30 (overlapping, ArCH2Ar, 4H), 4.57
and 4.70 (AB, OCH2CO, J = 14.7 Hz, 2H), 5.07 (m,
Asp-Ha, 1H), 7.03–7.10 (overlapping, ArH, 8H), 9.26
(s, OH, 1H), 9.48 (d, NH, J = 9.9 Hz, 1H), 9.49 (s,
OH, 1H), 9.96 (s, OH, 1H); 13C NMR (CDCl3,
298 K): d 28.18 (q, 6C), 31.30 (q), 31.67 (q, 9C), 32.27
(t), 32.43 (t), 33.04 (t), 33.10 (t), 34.12 (s, 2C), 34.24
(s), 34.47 (s), 37.81 (t), 50.00 (d), 75.42 (t), 81.31 (s),
82.33 (s), 125.93 (d, 4C), 125.99 (s), 126.12 (d), 126.22
(d), 126.90 (s), 127.22 (d, 2C), 127.32 (s), 127.62 (s),
128.16 (s), 128.39 (s), 132.91 (s), 133.07 (s), 143.65 (s),
143.82 (s), 144.02 (s), 147.30 (s), 148.25 (s), 148.50 (s),
149.04 (s), 149.23 (s), 167.89 (s), 169.60 (s), 169.83 (s);
ESI(+) MS m/z 956 (MNa+). Anal. Calcd for
C58H79NO9: C, 74.57; H, 8.52; N, 1.50. Found: C,
74.62; H, 8.49; N, 1.45.

4.1.3. 5,11,17,23-Tetra-tert-butyl-25-[O-methyl-(S)-vali-
nyl-carbonylmethoxy]calix[4]aren-26,27,28-triol 5c. 0.11 g
(47%). ½a�25D ¼ �1.5 (c 0.83, CHCl3);

1H NMR (CDCl3,
298 K): d 1.09 (d, CH(CH3)3, J = 6.7 Hz, 3H), 1.13 (d,
CH(CH3)3, J = 6.8 Hz, 3H), 1.17 [s, C(CH3)3, 9H],
1.21 [s, C(CH3)3, 9H], 1.22 [s, C(CH3)3, 18H], 2.42 (m,
Val-Hb, 1H), 3.45–3.52 (overlapping, ArCH2Ar, 4H),
3.83 (s, OCH3, 3H), 4.19–4.27 (overlapping, ArCH2Ar,
4H), 4.56 and 4.66 (AB, OCH2CO, J = 15.2 Hz, 2H),
4.75 (dd, Val-Ha, J = 8.9, 6.7 Hz, 1H), 6.99–7.09 (over-
lapping, ArH, 8H), 9.16 (s, OH, 1H), 9.23 (d, NH,
J = 9.5 Hz, 1H), 9.50 (s, OH, 1H), 10.03 (s, OH, 1H);
13C NMR (CDCl3, 298 K): d 18.89 (q), 19.38 (q),
30.78 (d), 31.09 (q), 31.41 (q), 31.49 (q, 6C), 31.86 (t),
32.14 (t), 32.91 (t), 32.96 (t), 33.93 (s, 2C), 34.09 (s),
34.29 (s), 52.28 (d), 57.94 (q), 75.37 (t), 125.75 (d, 4C),
125.84 (d), 125.97 (d), 126.13 (d), 126.73 (d), 126.78
(s), 126.95 (s), 127.11 (s), 127.46 (s), 127.92 (s), 128.40
(s), 132.49 (s), 132.87 (s), 143.41 (s), 143.70 (s), 144.02
(s), 146.99 (s), 148.00 (s), 148.33 (s), 148.59 (s), 149.13
(s), 168.11 (s), 171.87 (s); ESI(+) MS m/z 842 (MNa+).
Anal. Calcd for C52H69NO7: C, 76.16; H, 8.48; N,
1.71. Found: C, 76.22; H, 8.40; N, 1.65.
4.1.4. 5,11,17,23-Tetra-tert-butyl-25-[O-methyl-(S)-try-
ptophanyl-carbonylmethoxy]calix[4]aren-26,27,28-triol
5d. 0.19 g (69%), ½a�25D ¼ �22 (c 4.1, CHCl3);

1H NMR
(CDCl3, 298 K): d 1.17 [s, C(CH3)3, 9H], 1.23 [s,
C(CH3)3, 9H], 1.24 [s, C(CH3)3, 9H], 1.26 [s, C(CH3)3,
9H], 3.21 (d, ArCH2Ar, J = 13.1 Hz, 1H), 3.43–3.60
(overlapping, 5H), 3.84 (s, OCH3, 3H), 4.00 (d, ArCH2-
Ar, J = 13.1 Hz, 1H), 4.12 (d, ArCH2Ar, J = 13.8 Hz,
1H), 4.18 (d, ArCH2Ar, J = 13.4 Hz, 1H), 4.20 (d,
ArCH2Ar, J = 13.8 Hz, 1H), 4.40 and 4.64 (AB, OCH2-
CO, J = 14.7 Hz, 2H), 5.27 (m, Trp-Ha, 1H), 7.01–7.27
(overlapping, ArH, 12H), 7.65 (d, ArH, J = 7.8 Hz,
1H) 7.91 (br s, NH, 1H), 9.07 (s, OH, 1H), 9.45 (d,
NH, J = 8.7 Hz, 1H), 9.49 (s, OH, 1H), 9.96 (s, OH,
1H); 13C NMR (CDCl3, 298 K): d 27.89 (t), 31.25 (q),
31.60 (q), 31.66 (q), 31.72 (q), 32.00 (t), 32.32 (t), 32.99
(t), 33.12 (t), 34.11 (s, 2C), 34.25 (s), 34.43 (s), 52.83
(s), 53.06 (q), 75.44 (t), 111.11 (s), 111.24 (d), 118.93
(d), 119.65 (d), 122.17 (d), 123.07 (d), 125.90 (d, 2C),
126.01 (d, 3C), 126.31 (d), 126.68 (d), 127.10 (s, 2C),
127.29 (d), 127.77 (s, 2C), 128.07 (s), 128.57 (s, 2C),
132.64 (s), 133.08 (s), 136.36 (s), 143.53 (s), 144.04 (s),
144.23 (s), 147.07 (s), 148.01 (s), 148.50 (s), 148.81 (s),
149.23 (s), 168.11 (s), 172.41 (s); ESI(+) MS m/z 929
(MNa+). Anal. Calcd for C58H70N2O7: C, 76.69; H,
7.78; N, 3.09. Found: C, 76.62; H, 7.85; N, 3.15.

4.2. 5,11,17,23-Tetra-tert-butyl-25,27-bis[O-methyl-
O 0-tert-butyl-(S)-tyrosinyl-carbonylmethoxy]calix[4]aren-
26,28-diol 7

p-tert-Butylcalix[4]arene-diacetic acid 6 (0.08 g,
0.10 mmol) was reacted for 6 h with DMAP (0.02 g,
0.24 mmol), DCC (0.10 g, 0.48 mmol), and t-Bu-O-(LL)-
Tyr-OMeÆHCl (0.14 g, 0.48 mmol) as described above
for compounds 5a–d. The crude product was subjected
to flash chromatography on silica gel, using dichloro-
methane/diethyl ether (95:5, v/v) as eluent, to give 7:
0.97 g (79%), ½a�25D ¼ þ22 (c 0.7, CHCl3);

1H NMR
(CDCl3, 298 K): d 1.04 [s, C(CH3)3, 18H], 1.27 [s,
C(CH3)3, 18H], 1.28 [s, C(CH3)3, 18H], 2.97–3.13 (over-
lapping, 6H), 3.47 (m, 2H), 3.54 (s, OCH3, 6H), 4.03–
4.16 (overlapping, 8H), 5.06 (m, Tyr-Ha, 2H), 6.69–
7.05 (overlapping, ArH, 16H), 7.92 (s, OH, 2H), 9.61
(d, NH, J = 8.6 Hz, 2H); 13C NMR (CDCl3, 298 K): d
25.19 (q), 25.84 (q), 29.06 (t), 31.24 (t), 31.91 (t), 34.20
(q), 38.92 (s, 4C), 49.41 (q), 52.99 (d), 75.21 (t), 77.26
(s), 124.35 (d), 125.24 (d), 125.61 (d), 126.13 (d),
126.48 (d), 127.06 (d), 127.68 (d), 129.70 (d), 131.30
(s), 131.70 (s), 132.90 (s), 133.10 (s), 143.00 (s), 148.10
(s), 149.90 (s), 150.05 (s), 154.60 (s), 157.00 (s), 168.10
(s), 170.18 (s); ESI(+) MS m/z 1253 (MNa+). Anal.
Calcd for C76H98N2O12: C, 74.12; H, 8.02; N, 2.27.
Found: C, 74.20; H, 8.00; N, 2.19.

4.3. 5,11,17,23-Tetra-tert-butyl-25-[(R,R)-6,6-dimethyl-
bicyclo[3.1.1]hept-2-ene-2-methoxy-carbonylmethoxy]-
calix[4]aren-26,27,28-triol 8

p-tert-Butylcalix[4]arene monoacetic acid 4 (0.30 g,
0.42 mmol), was reacted with (�)-myrtenol (0.15 g,
0.97 mmol), DMAP (0.10 g, 0.84 mmol), and DCC
(0.20 g, 0.97 mmol) in dry CH2Cl2 (40 mL), as described
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above for compounds 5a–d. The crude product was sub-
jected to flash chromatography on silica gel, using
CH2Cl2 as eluent, to give 8: 0.25 g, (70%), ½a�25D ¼ �8.0
(c 2.8, CHCl3);

1H NMR (CDCl3, 298 K): d 0.93 [s,
CH3, 3H], 1.27 [s, C(CH3)3, 9H], 1.28 [s, C(CH3)3,
18H], 1.30 [s, C(CH3)3, 9H], 1.38 [s, CH3, 3H], 2.19–
2.51 (overlapping 6H), 3.49 (d, ArCH2Ar, J = 13.0 Hz,
2H), 3.50 (d, ArCH2Ar, J = 13.7 Hz, 2H), 4.38 (d,
ArCH2Ar, J = 13.6 Hz, 2H), 4.56 (d, ArCH2Ar,
J = 13.0 Hz, 1H), 4.59 (d, ArCH2Ar, J = 13.0 Hz, 1H),
4.75 and 4.81 (AB, OCH2, J = 12.2 Hz, 2H), 4.95 and
4.99 (AB, OCH2, J = 15.9 Hz, 2H), 5.77 (br s, C@CH,
1H), 7.05 (br s, ArH, 1H), 7.06 (br s, ArH, 1H), 7.12
(br s, ArH, 4H), 7.16 (br s, ArH, 2H), 9.33 (br s, OH,
2H), 10.30 (br s, OH, 1H); 13C NMR (CDCl3, 298 K):
d 21.09 (q), 22.64 (s), 26.07 (q), 31.20 (q), 31.32 (t,
2C), 31.45 (q, 9C), 32.51 (t, 2C), 32.96 (t, 2C), 33.89
(s, 2C), 34.18 (s), 38.06 (s), 40.58 (d), 43.60 (d), 68.39
(t), 71.91 (t), 123.15 (d), 125.58 (d, 2C), 125.73 (d, 4C),
126.58 (d, 2C), 127.65 (s, 3C), 127.97 (s, 4C), 133.22
(s), 133.28 (s), 142.18 (s), 143.02 (s, 2C), 143.30 (s),
148.22 (s, 3C), 150.16 (s), 169.67 (s); ESI(+) MS m/z
863 (MNa+). Anal. Calcd for C56H72O6: C, 79.96; H,
8.63. Found: C, 79.88; H, 8.70.

4.4. 5,11,17,23-Tetra-tert-butyl-25,27-bis[(R,R)-6,6-
dimethyl-bicyclo[3.1.1]hept-2-ene-2-methoxy]calix[4]aren-
26,28-diol 10

A mixture of p-tert-butylcalix[4]arene 9 (0.04 g,
0.07 mmol), K2CO3 (0.02 g, 0.17 mmol) and myrtenyl
p-toluensulfonate (0.20 g, 0.66 mmol) in 5 mL of
CH3CN, was refluxed for 36 h. After concentration un-
der vacuum, the residue was dissolved in CH2Cl2 and
washed with 1 M HCl (10 mL) and brine (10 mL). The
organic phase was dried over Na2SO4 and concentrated
in vacuo. The crude product was subjected to flash
chromatography on silica gel, using petroleum ether/
dichloromethane (95:5, v/v) as eluent, to give 10: 40 mg
(62%), ½a�25D ¼ þ2.6 (c 1.9, CHCl3);

1H NMR (CDCl3,
298 K): d 0.92 [s, C(CH3)3, 18H], 0.95 [s, CH3, 6H],
1.27 [s, CH3, 6H], 1.32 [s, C(CH3)3, 18H], 1.87–2.18
(overlapping, 10H), 2.66 (m, 2H), 3.28 and 4.28 (AX,
ArCH2Ar, J = 12.9 Hz, 4H), 3.29 and 4.33 (AX, ArCH2-

Ar, J = 13.0 Hz, 4H), 3.78 (br t, OCH2, 4H), 5.11 (br s,
C@CH, 2H), 6.75 (br s, ArH, 4H), 7.07 (br s, ArH, 4H),
7.27 (s, OH, 2H); 13C NMR (CDCl3, 298 K): d 19.38 (t),
20.47 (q), 24.22 (t), 24.48 (t), 26.26 (q), 31.20 (q), 31.69
(t), 31.95 (q), 34.00 (s), 34.05 (s), 39.84 (s), 41.14 (d),
43.45 (d), 81.86 (t), 124.16 (d, 4C), 125.45 (d, 3C),
125.62 (d, 3C), 127.86 (s), 127.94 (s), 132.52 (s), 132.58
(s), 141.31 (s), 146.72 (s), 150.23 (s), 151.18 (s, 4C);
ESI(+) MS m/z 939 (MNa+). Anal. Calcd for
C64H84O4: C, 83.79; H, 9.23. Found: C, 83.85; H, 9.16.

4.5. 5,11,17,23-Tetra-tert-butyl-25,27-bis[(R,R)-6,6-
dimethyl-bicyclo[3.1.1]hept-2-ene-2-ethoxy]calix[4]aren-26,28-
diol 11

p-tert-Butylcalix[4]arene 9 (0.2 g, 0.3 mmol), was reacted
for 16 h with homomyrtenyl p-toluensulfonate (1.0 g,
3.3 mmol) and K2CO3 (0.12 g, 0.86 mmol) in 15 mL of
CH3CN as described above for compound 10. The crude
product was subjected to flash chromatography on silica
gel, using petroleum ether/dichloromethane (99:1, v/v)
as eluent, to give 11: 0.13 g (46%), ½a�25D ¼ �15 (c 1.5,
CHCl3);

1H NMR (CDCl3, 298 K): d 0.85 [s, CH3,
6H], 0.97 [s, C(CH3)3, 18H], 1.27 [s, C(CH3)3, 18H],
1.28 [s, CH3, 6H], 2.08–2.39 (overlapping, 8H), 2.70–
2.80 (overlapping, 8H), 3.30 (d, ArCH2- Ar,
J = 12.9 Hz, 4H), 3.98 (t, OCH2, J = 8.0 Hz, 4H), 4.27
(d, ArCH2Ar, J = 12.9 Hz, 2H), 4.29 (d, ArCH2Ar,
J = 12.9 Hz, 2H), 5.40 (br s, CH@C, 2H), 6.80 (br s,
ArH, 4H), 7.03 (br s, ArH, 4H), 7.57 (s, OH, 2H); 13C
NMR (CDCl3, 298 K): 21.42 (q), 26.53 (q), 31.27 (q),
31.62 (t), 31.85 (t), 31.90 (q), 32.11 (t), 32.14 (t), 34.02
(s), 34.15 (s), 37.62 (t), 38.29 (s), 40.94 (d), 46.19 (d),
74.89 (t), 118.87 (d), 125.23 (d, 4C), 125.60 (d), 125.68
(d), 128.07 (s), 128.16 (s), 132.97 (s), 133.02 (s), 141.47
(s), 144.11 (s), 146.85 (s), 150.32 (s), 150.84 (s); ESI(+)
MS m/z 967 (MNa+). Anal. Calcd for C66H88O4: C,
83.85; H, 9.38. Found: C, 83.79; H, 9.46.

4.6. 5,11,17,23-Tetra-tert-butyl-25,27-[(S)-binaphthyl-2,20-
bis(aminocarbonylmethoxy]calix[4]aren-26,28-diol 12

A mixture of p-tert-butylcalix[4]arene diacetic acid 6
(0.3 g, 0.4 mmol), DCC (0.24 g, 1.2 mmol), and DMAP
(0.14 g, 1.7 mmol) in dry CH2Cl2 (24 mL) was stirred
at 25 �C for 30 min. Then, a solution of (S)-(�)-2,2 0-dia-
mino-1,1 0-binaphthalene (0.11 g, 0.4 mmol) in CH2Cl2
(24 mL), was added dropwise over 1 h. The resulting
solution was stirred for 90 min at room temperature
and then dicyclohexylurea was filtered off. The CH2Cl2
phase was washed with 1 M HCl, brine, dried over
Na2SO4, and concentrated in vacuo. The crude product
was subjected to flash chromatography on silica gel,
using dichloromethane/petroleum ether (98:2, v/v) as elu-
ent, to give 12: 0.12 g (30%), ½a�25D ¼ �89 (c 2.5 CHCl3);
1H NMR (CDCl3, 298 K): 1.19 [s, C(CH3)3, 18H], 1.29
[s, C(CH3)3, 18H], 3.52 and 3.84 (AB, ArCH2Ar,
J = 13.8 Hz, 4H), 4.13 and 4.40 (AB, OCH2, J =
14.8 Hz, 4H), 3.55 and 4.48 (AX, ArCH2Ar, J =
12.6 Hz, 4H), 7.02–8.13 (overlapping, ArH, 20H),
8.85 (OH, 2H) 10.9 (NH, 2H); 13C NMR (CDCl3,
298 K): d 31.07 (q), 31.56 (q), 31.95 (t), 32.86 (t), 33.94
(s), 34.31 (s), 74.09 (t), 125.06 (d), 125.68 (d, 3C),
125.98 (d, 3C), 126.30 (d), 127.33 (d), 127.52 (s, 6C),
127.62 (d), 128.08 (d), 129.54 (d, 4C), 131.41 (s), 132.37
(s), 132.61 (s), 132.95 (s), 133.70 (s), 143.40 (s), 148.12
(s), 148.96 (s), 149.42 (s), 164.86 (s); ESI(+) MS m/z
1035 (MNa+). Anal. Calcd for C68H72N2O6: C, 80.60;
H, 7.16; N, 2.76. Found: C, 80.54; H, 7.24; N, 2.70.

4.7. General procedure for asymmetric aldol reaction
catalyzed by Ti(IV)/chiral-calix[4]arene complex

Amixture of Ti(O-i-Pr)4 (0.16 mmol), chiral p-tert-butyl-
calix[4]arene derivative (0.16 mmol), and molecular
sieves (680 mg) in dry THF (4 mL) was stirred at rt
for 1 h. The mixture was cooled at �78 �C, then alde-
hyde 2a (1 mmol) was added followed, after 30 min, by
a solution of the Chan�s diene 1 (2 mmol) in THF
(2 mL). The mixture was stirred at �78 �C for 2 h and
at rt overnight (16 h). The mixture was cooled to
�78 �C and TFA (0.8 mL) added. After stirring at rt
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for 1 h, desilylation was complete and the reaction mix-
ture diluted with ether and a saturated aqueous NaH-
CO3 solution (4 mL) was added dropwise. The mixture
was stirred until the evolution of gas ceased (30 min),
then the organic layer was separated and washed with
brine, dried over MgSO4, and concentrated in vacuo.
The pure aldol product was obtained by the usual
purification procedures and enantiomeric excesses were
determined by HPLC analysis on Chiralpak AD column
as reported in the literature.19
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I. Tetrahedron 2000, 56, 1883; Consoli, G. M. L.; Cunsolo,
F.; Geraci, C.; Mecca, T.; Neri, P. Tetrahedron Lett. 2003,
44, 1313.

9. Yuan, H.-S.; Huang, Z.-T. Tetrahedron: Asymmetry 1999,
10, 429.

10. (a) Kubo, Y.; Maeda, S.; Tokite, S.; Kubo, M. Nature
1996, 382, 522; (b) Pinkhassik, E.; Stibor, I.; Casnati, A.;
Ungaro, R. J. Org. Chem. 1997, 62, 8654.

11. Neri, P.; Bottino, A.; Geraci, C.; Piattelli, M. Tetrahedron:
Asymmetry 1996, 7, 17.

12. Soi, A.; Pfeiffer, J.; Jauch, J.; Schurig, V. Tetrahedron:
Asymmetry 1999, 12, 177.

13. Liu, F.; Lu, G.-Y.; He, W.-J.; Liu, M.-H.; Zhu, L.-G. Thin
Solid Films 2004, 244, 468.

14. (a) Kubo, Y.; Maeda, S.; Tokita, S.; Kubo, M. Enantiomer
1997, 2, 287; (b) Jennings, K.; Diamond, D. Analyst 2001,
126, 1063; (c) He, Y.; Xiao, Y.; Heng, L.; Zeng, Z.; Wu, X.
Tetrahedron Lett. 2002, 43, 6249; (d) Lynam, C.; Jennings,
K.; Nolan, K.; Kane, P.; McKervey, M. A.; Diamond, D.
Anal. Chem. 2002, 74, 59; (e) Bitter, I.; Koszegi, E.; Grun,
A.; Bako, P.; Pal, K.; Grofcsik, A.; Kubinyi, M.; Balazas,
B.; Toth, G. Tetrahedron: Asymmetry 2003, 14, 1025; (f)
Kubinyi, M.; Pal, K.; Baranyai, P.; Grofcsik, A.; Bitter, I.;
Grun, A. Chirality 2004, 16, 174; (g) Liu, S. Y.; He, Y. B.;
Qing, G. Y.; Xu, K. X.; Qin, H. J. Tetrahedron:
Asymmetry 2005, 16, 1257.

15. For a special case of activation of an enantioselective
allylation by the achiral p-tert-butylcalix[4]arene, see:
Casolari, S.; Gozzi, P. G.; Orioli, P.; Tagliavini, E.;
Umani-Ronchi, A. Chem. Commun. 1997, 2123.

16. (a) Loeber, C.; Wieser, C.; Matt, D.; De Cian, A.; Fischer,
J.; Toupet, L. Bull. Soc. Chim. Fr. 1995, 132, 166; (b)
Dieleman, C.; Steyer, S.; Jeunesse, C.; Matt, D. J. Chem.
Soc., Dalton Trans. 2001, 2508.

17. (a) Soriente, A.; Fruilo, M.; Gregoli, L.; Neri, P. Tetra-
hedron Lett. 2003, 44, 6195; (b) Soriente, A.; De Rosa, M.;
Fruilo, M.; Lepore, L.; Gaeta, C.; Neri, P. Adv. Synth.
Catal. 2005, 347, 816.

18. (a) Evans, D. A.; Carter, P. H.; Carreira, E. M.; Prunet, J.
A.; Charette, A. B.; Lautens, M. Angew. Chem., Int. Ed.
1998, 37, 2354; (b) Evans, D. A.; Ripin, D. H. B.;
Halstead, D. P.; Campos, K. R. J. Am. Chem. Soc. 1999,
121, 6816; (c) Soriente, A.; De Rosa, M.; Apicella, A.;
Scettri, A.; Sodano, G. Tetrahedron: Asymmetry 1999, 10,
4481; (d) Evans, D. A.; Hu, E.; Burch, J. D.; Jaeschke, G.
J. Am. Chem. Soc. 2002, 124, 5654.

19. For previous studies concerning this enantioselective aldol
reaction, see: (a) Soriente, A.; De Rosa, M.; Scettri, A.
Tetrahedron: Asymmetry 2000, 11, 3187; (b) Soriente, A.;
De Rosa, M.; Stanzione, M.; Villano, R.; Scettri, A.
Tetrahedron: Asymmetry 2001, 12, 959; (c) De Rosa, M.;
Acocella, M. R.; Soriente, A.; Scettri, A. Tetrahedron:
Asymmetry 2001, 12, 1529; (d) Villano, R.; De Rosa, M.;
Salerno, C.; Soriente, A.; Scettri, A. Tetrahedron: Asym-
metry 2002, 13, 1949; (e) De Rosa, M.; Acocella, M. R.;
Villano, R.; Soriente, A.; Scettri, A. Tetrahedron Lett.
2003, 44, 6087; (f) De Rosa, M.; Acocella, M. R.; Villano,
R.; Soriente, A.; Scettri, A. Tetrahedron: Asymmetry 2003,
14, 2499; (g) Soriente, A.; De Rosa, M.; Villano, R.;



2340 C. Gaeta et al. / Tetrahedron: Asymmetry 16 (2005) 2333–2340
Scettri, A.. Curr. Org. Chem. 2004, 8, 993; (h) Villano, R.;
Acocella, M. R.; De Rosa, M.; Soriente, A.; Scettri, A.
Tetrahedron: Asymmetry 2004, 15, 2421.

20. Zeng, C.-C.; Becker, J. Y. Tetrahedron 2004, 60, 1643.
21. Arnaud-Neu, F.; Barrett, G.; Cremin, S.; Deasy, M.;

Ferguson, G.; Harris, S. J.; Lough, A. J.; Guerra, L.;
McKervey, M. A.; Schwing-Weill, M. J.; Schwinte, P.
J. Chem. Soc., Perkin Trans. 2 1992, 1119.

22. Gupta, B. D.; Das, I.; Dixit, V. J. Chem. Res. (S) 1992,
306.
23. McLaughlin, M. L.; McKinney, J. A.; Paquette, L. A.
Tetrahedron Lett. 1986, 27, 5595.

24. Jaime, C.; de Mendoza, J.; Prados, P.; Nieto, P. M.;
Sanchez, C. J. Org. Chem. 1991, 56, 3372; Magrans, J. O.;
de Mendoza, J.; Pons, M.; Prados, P. J. Org. Chem. 1997,
62, 4518.

25. Gutsche, C. D. Calixarenes; Royal Society of Chemistry:
Cambridge, 1989, pp 110–111; Kanamathareddy, S.;
Gutsche, C. D. J. Org. Chem. 1992, 57, 3160.

26. Gutsche, C. D.; Iqbal, M. Org. Synth. 1989, 68, 234.


	Synthesis of calix[4]arene derivatives bearing chiral pendant groups as ligands for enantioselective catalysis
	Introduction
	Results and discussion
	Synthesis and characterization of chiral calixarenes
	Application of chiral calixarene derivatives in aldol reaction

	Conclusion
	Experimental
	General method for coupling p-tert-butylcalix[4]arene monoacetic acid 4 with amino acids. Compounds 5a ndash d
	5,11,17,23-Tetra-tert-butyl-25-[O-methyl-O prime -tert-butyl-(S)-tyrosinyl-carbonylmethoxy]calix[4]aren-26,27,28- triol 5a
	5,11,17,23-Tetra-tert-butyl-25-[bis(O-tert-butyl)-(S)-aspartyl-carbonylmethoxy)]calix[4]aren-26,27,28-triol 5b
	5,11,17,23-Tetra-tert-butyl-25-[O-methyl-(S)-valinyl-carbonylmethoxy]calix[4]aren-26,27,28-triol 5c
	5,11,17,23-Tetra-tert-butyl-25-[O-methyl-(S)-tryptophanyl-carbonylmethoxy]calix[4]aren-26,27,28-triol 5d

	5,11,17,23-Tetra-tert-butyl-25,27-bis[O-methyl-	O prime -tert-butyl-(S)-tyrosinyl-carbonylmethoxy]calix[4]aren-26,28-diol 7
	5,11,17,23-Tetra-tert-butyl-25-[(R,R)-6,6-dimethyl-bicyclo[3.1.1]hept-2-ene-2-methoxy-carbonylmethoxy]-calix[4]aren-26,27,28-triol 8
	5,11,17,23-Tetra-tert-butyl-25,27-bis[(R,R)-6,6-dimethyl-bicyclo[3.1.1]hept-2-ene-2-methoxy]calix[4]aren- 26,28-diol 10
	5,11,17,23-Tetra-tert-butyl-25,27-bis[(R,R)-6,6-dimethyl-bicyclo[3.1.1]hept-2-ene-2-ethoxy]calix[4]aren-26,28- diol 11
	5,11,17,23-Tetra-tert-butyl-25,27-[(S)-binaphthyl-2,2 prime -	bis(aminocarbonylmethoxy]calix[4]aren-26,28-diol 12
	General procedure for asymmetric aldol reaction catalyzed by Ti(IV)/chiral-calix[4]arene complex

	Acknowledgements
	References


