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Abstract

Project Code : RMU4980024

Project Title : Synthesis and study of calix[4]arene-based selective ionophores
Investigator : Mongkol Sukwattanasinitt, Department of Chemistry, Faculty of Science,
Chulalongkorn University, Bangkok 10330.

E-mail Address : smongkol@chula.ac.th

Project Period : 20 July 2006-19 July 2009 (3 years)

This project aims to synthesize ligands from calix[4]arene which can bind with metal ions
effectively and selectively. The calix[4]arene derivatives containing stilbene bridge was obtained in
high yield through McMurry coupling reaction using excess TiCl, in high dilution condition.
The shape of a calix[4]arene cavity is largely depended on the length of the stilbene bridge. A long
bridge length squeezes the calix[4]arene basket into pinched cone conformation. On the other
hand, a short bridge length leads to normal cone shape basket. The stilbene-bridged 1,3-alternate
calix[4]Jarene crown 5 and 6 can selectively extract potassium and cesium ions, repectively.
These calix[4]arene crown have higher extractability and selectivity compring to normal crown
ethers. Another series of calix[4]arene derivatives containing multiple diacetylene units were
synthesized in good vyield through a modified Cadiot-Chodkiewicz coupling reaction of
tetra(2-propynyl)-tert-butylcalix[4]arene with iodo-pentynol using Cul catalyst in pyrrolidine.
The solid-state photopolymerization study revealed that only the calix[4]arene derivatives containing
four diyne units with alkyl urethane groups were substantially polymerized upon exposure to UV
and gamma irradiation to give polydiacetylenes containing calix[4]arene. The ene-yne conjugation
formed through the topological 1,4-addition polymerization of the diyne units. Unfortunately,
these new polymers have not showed binding property with any metal ions. Modified series of

calix[4]arene derivatizatives with expected selective binding property are currently being pursued.

Keywords: calixarene, host-guest complex, ionophore, metal ion, polydiacetylene, supramolecule
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Abstract—A series of stilbene-bridged calix[4]arenes was synthesized through an intramolecular reductive McMurry coupling of bis-
benzaldehyde calix[4]arene in high yields. Tetra- and pentaethylene glycol chains were tethered to the phenolic groups of calix[4]-
arene to form stilbene-bridged calix[4]Jarene crown-5 and crown-6, respectively. The presence of stilbene bridge over the
calix[4]arene rim effectively prevented the connection of the polyether chains in the cone conformation resulting in the exclusive for-
mation of 1,3-alternate stilbene-bridged calix[4]arene crown product. Compared to the cone analogues, the 1,3-alternate calix[4]-
arene crown ethers showed a greater extraction ability and selectivity toward Cs*.

© 2007 Published by Elsevier Ltd.

1. Introduction

Since its discovery, calix[4]Jarene has been extensively
used as a molecular platform to construct artificial iono-
phores.! Thanks to its preorganized basket structure
and readily functionalizable phenolic groups, calix[4]-
arene-based ionophores with variety of cavity shapes
and sizes were readily synthesized.? Calix[4Jarene crown
ethers, a class of calix[4Jarene derivatives containing
polyether chain tethered across opposite phenolic rings,
are known to be more selective alkali ionophores than
their crown ethers counterparts.’ Both crown ether
chain length and calixarene conformation play impor-
tant roles in regulating the complextion with metal
ions.* The applications of calix[4Jarene crown ethers
for Na™/K™ pump mimicking,®> Rb" transportation in
radiopharmaceutical treatments,® and the removal of
Cs" radioactive wastes were reported.’

We have recently synthesized and studied a series of
azobenzene-bridged and stilbene-bridged zerz-butylcalix-
[4]arenes as photoswitchable ionophores® and molecular
receptors.” We found that the incorporation of different
isomers of rigid azobenzene or stilbene bridge on the
narrow phenolic rim can regulate the calix[4]arene cavity
shape. In this work, we would like to report the use of

Keywords: Crown ether; Extraction; Calix[4]arene; Alkali ion.
* Corresponding author. Tel.: +66 2 2187620; fax: +66 2 2187598;
e-mail: smongkol@chula.ac.th

0040-4039/$ - see front matter © 2007 Published by Elsevier Ltd.
doi:10.1016/j.tetlet.2007.01.026

stilbene bridge to direct the synthesis of calix[4]arene
crown ethers in a 1,3-alternate conformation for
selective alkali ion extraction.

2. Results and discussion

Using reductive McMurry intramolecular coupling of
bis-benzaldehyde calix[4]arenes 1 followed by condensa-
tion with the ditosylate ester of tetra- and pentaethylene
glycol, stilbene-bridged calix[4Jarene crown-5 and
crown-6 were synthesized (Scheme 1). The reductive
coupling yielded stereoisomeric mixtures of cis and trans
stilbene 2 of which the cis isomer was predominant. By
using a high dilution condition (7 mM of bisbenzalde-
hydes) and a large excess of TiCly and Zn (20 equiv),
the yields of stilbene products were markedly improved
from our previous work.” The mixtures of cis and trans
stilbene-bridged calix[4]arene were separated by column
chromatography and used in the next condensation step.
Only cis form of the final products from the condensa-
tion were successfully synthesized except for 0-3 that
the trans isomer was also obtained. The characteristic
singlet NMR signal of the calix[4]arene methylene pro-
tons observed in the spectra of 3 and 4 indicated that
the stilbene-bridged calix[4]Jarene crowns were formed
in the 1,3-alternate conformation.'®

To our surprise, the attempts to prepare m-trans-3 and
m-trans-4 from m-trans-2 by the same approach have
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1 0-2 cis62% trans 15%
m-2 cis37% trans 37%

p-2 cis87%

n=1 o-cis3 80%
o-trans3 67%
mcis3 84%
p-cis3  80%

n=2 o-cis-4 5%
mcis4 68%
p-cis4  70%

Scheme 1. Synthesis of stilbene calix[4Jarene crown ether 3, 4.'" Reagents: (a) TiCl, Zn, THF; (b) TsO(CH,CH,0);34,,Ts, Cs,CO;3, BuyNBr,

CH;CN.

been so far fruitless, yielding only intractable materials.
To clarify these puzzling results, both cis- and trans-m-2
were condensed with 2 equiv of p-toluenesulfonate ester
of diethyleneglycol monoethylether (Scheme 2). The
products from m-cis-2 was the expected 1,3-alternate
m-cis-5 but the reaction of m-trans-2 gave only a poor
yield of the unexpected cone m-trans-6. The cone con-
formation was assigned according to the characteristic
NMR signals of the doublet pairs of the calix[4]arene
methylene protons. The results suggested that the phe-
nol ring flipping process required for the conversion of
the conformation from cone to 1,3-alternate was some-
how disallowed in m-trans-2. Although our previous
work has predicted that the calix[4]arene rims in m-
trans-2 were distorted from the normal circular shape
into an oval shape® we have never thought that this dis-
tortion would totally prevent the ring flipping process.

Scheme 2. Synthesis of stilbene calix[4]Jarene crown ether 5, 6.

Cs,CO3, Bu,NBr (
o)

CH4CN

For comparison in the extraction study, calix[4]Jarene
crowns without the stilbene bridge (7 and 8) containing
the same crown sizes as 3 and 4 were also synthesized
(Scheme 3). Without the stilbene bridge, calix[4]arene
crowns were obtained in the cone conformation
exclusively.

The alkali metal ion extraction at the aqueous CHCI;
interface by stilbene-bridged calix[4Jarene crowns 3
and 4 were investigated in comparison with compounds
5,7, 8, and 18-crown-6. The extraction was carried out
by thorough mixing a chloroform solution (5 mM,
1 mL) of the ligand with an aqueous solution of the
metal picrate (5 mM, 1 mL) for 24 h. After centrifuga-
tion, the aqueous phase (35 pL) was pipetted out and
diluted to 5SmL. The concentration of the remaining
metal ion in the aqueous phase was determined from

)

O
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O OHOH O

PON U TSO(CH,CH,0)3,,Ts Q \oo/ ;
/ 7 ‘/ | 7 \ Cs,CO3, BuyNBr ’/,( /&/ N ,)'\\

\ N
X CH4CN m\ A\
n=1,7 74%
n=2;8 52%

Scheme 3. Synthesis of calix[4]arene crown ether 7, 8.

the UV absorbance of picrate ion at 354 nm in the
diluted solution. The % extraction was calculated from
([Ao — AY[Ap)) x 100, whereas Ay and A were the absor-
bance of the aqueous metal picrate solutions before and
after extraction, respectively.

Calix[4]arene crowns (3, 4, and 7) and 18-crown-6 gener-
ally showed a good extractability toward alkali ions lar-
ger than Na™ (Fig. 1). While the calix[4Jarene crown-5
such as 3 and 7 showed a significantly greater K*/Cs*
selectivity than that of 18-crown-6, the calix[4]arene
crown-6 (compound 4) displayed impressively high
Cs*/K™ selectivity. Stilbene-bridged calix[4]arene 5 in
which structure contains two linear diethylene glycol
chains has poor extractability toward all alkali ions.

Figure 1. Extraction percentage of alkali metal picrates from water to
chloroform by calix[4]arene derivatives and 18-crown-6 at room
temperature.

x df ec ab g
X
d X f ceab
740 720 7.00 6.80  6.60

The result indicated that neither the six oxygen atoms
present in the diethylene glycol chains nor in the crown
oxygens on the same side with the stilbene bridge are
suitable for hosting the alkali ions. The cone calix[4]-
arene crown 8 has relatively much lower Cs™ extractability
compared to the 1,3-alternate stilbene-bridged calix[4]-
arene crown 4. The 1,3-alternate calix[4]arene crown
was reported to have a suitable orientation of aromatic
rings for cation/r interaction participating in the bind-
ing of Cs*.!1

Having a high extracting ability, ligands 3 and 4 were
also tested for solid-liquid extraction. An excess amount
of potassium picrate was added into a solution of 3 or 4
in CDCIl; and the mixture was sonicated. The color of
the solution gradually changed from colorless to yellow
indicating the dissolution of metal picrate into CDCl;,
which is normally nonsolvent for picrate salts. The
changes in "H NMR spectra were used to justify the nat-
ure of complexation. For example, a new set of proton
signals was clearly observed after 1 h of sonication p-
cis-3 with potassium picrate salt (compare Fig. 2a and
b) suggesting a partial association of the ligand to K,
to form the expecting host-guest complex, in the slow
exchange process. This new set of signals became stron-
ger with the expenses of the original set of signals as the
sonication prolonged. The original signals p-cis-3 were
completely replaced by the signals of the complex after
3 h of sonication (Fig. 2c) signifying a full complexation
of the host molecules to K' in the solid-liquid
extraction.

Upon complexation with K, the signals of the methyl-
ene protons in the crown ether moiety of p-cis-3 were
shifted significantly downfield while the other signals
were shifted only slightly (Fig. 3a) indicating that K"
situated mostly within the crown ether loop. For the
complexation between p-cis-4 and Cs™, significant shifts
of various signals including the calixarene aromatic pro-
tons were observed (Fig. 3b) suggesting the possibility of
cation—m interaction involving in the complexation.

In summary, the incorporation of stilbene bridge to
calix[4]arenes provided a sensible approach to synthesize
calix[4]arene crown-5 and crown-6 in 1,3-alternate con-
formation. These 1,3-alternate calix[4]arene crowns have
a greater extractability and selectivity than those of the
corresponding cone calix[4]arene crowns. The stilbene-
bridged calix[4]arene crown-5 has an excellent K*/Cs™
selectivity while the stilbene-bridged calix[4]arene

a) n ih jk I ' m
b)

i kil m n,h
c)

420 4.00 3.80 3.60 340 3.20

Figure 2. The "H NMR spectra of (a) p-cis-3, (b) partial complexation between p-cis-3 and potassium picrate, and (c) full complexation between p-

cis-3 and potassium picrate.
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Figure 3. (a) A of p-cis-3 complexed with potassium picrate and (b) Ad of p-cis-4 complexed with cesium picrate.

crown-6 has an excellent Cst/K* selectivity in the
aqueous chloroform extraction. The metal selectivities
of 1,3-alternate calix[4]arene crowns also significantly
outperform 18-crown-6.

Acknowledgments

This work was financially cosupported by the Thailand
Research Fund (TRF) and the Commission of Higher
Education under the contract code: RMU4980024.

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tetlet.
2007.01.026.

References and notes

1. (a) Gutsche, C. D. Acc. Chem. Res. 1983, 16, 161-170; (b)
Gutsche, C. D. Calixarenes Revisited. In Monograph in
Supramolecular Chemistry; Stoddart, J. F., Ed.; The Royal
Society of Chemistry: Cambridge, 1989; (c) Bohmer, V.
Angew. Chem., In. Ed. Engl 1995, 34, 713-745; (d) Ikeda,
A.; Shinkai, S. Chem. Rev. 1997, 97, 1713-1734; (e)
Gutsche, C. D. Calixarenes Revisited. In Monograph in
Supramolecular Chemistry; Stoddart, J. F., Ed.; The Royal
Society of Chemistry: London, 1998; (f) Asfari, Z.;
Bohmer, V.; Harrowfield, J.; Vicens, J. Calixarenes 2001,
Kluwer Academic: Dordrecht, Holland, 2001.

2. (a) Casnati, A.; Pochini, A.; Ungaro, R.; Ugozzoli, F.;
Arnaud, F.; Fanni, S.; Schwing, M.-J.; Egberink, R. J. M_;
de Jong, F.; Reinhoudt, D. N. J. Am. Chem. Soc. 1995,
117, 2767-2777; (b) Matsumoto, H.; Shinkai, S. Tetrahe-
dron Lett. 1996, 37, 77-80; (c) Arduini, A.; Domiano, L.;

Pochini, A.; Secchi, A.; Ungarro, R.; Ugozzoli, F.; Struck,
O.; Verboom, W.; Reinhoudt, D. N. Tetrahedron 1997, 53,
3767-3776; (d) Bodenant, B.; Weil, T.; Businelli-Pourcel,
M.; Fages, F.; Barbe, B.; Pianet, I.; Laguerre, M. J. Org.
Chem. 1999, 64, 7034-7039; (e) Beer, P. D.; Hopkins, P.
K.; McKinny, J. D. Chem. Commun. 1999, 1253-1254; (f)
Guillon, J.; Leger, J.-M.; Sonnet, P.; Jarry, C.; Robba, M.
J. Org. Chem. 2000, 65, 8283-8289; (g) Tuntulani, T.;
Poompradub, S.; Thavornyutikarn, P.; Jaiboon, N.;
Ruangpornvisuti, V.; Chaichit, N.; Asfari, Z.; Vicens, J.
Tetrahedron Lett. 2001, 42, 5541-5544; (h) Beer, P. D;
Gale, P. A. Angew. Chem., Int. Ed. 2001, 40, 486-516; (i)
Liu, J.-M.; Zheng, Q.-Y.; Yang, J. L.; Chen, C.-F;
Huang, Z.-T. Tetrahedron Lett. 2002, 43, 9209-9212; (j)
Yilmaz, A.; Memon, S.; Yilmaz, M. Tetrahedron 2002,
7735-7740; (k) Cao, Y.-D.; Zheng, Q.-Y.; Chen, C.-F;
Huang, Z.-T. Tetrahedron Lett. 2003, 44, 4751-4755.

(a) Gbidini, E.; Ugozzoli, F.; Ungaro, R.; Harkema, S.;
El-Fadl, A.; Reinhoudt, D. J. Am. Chem. Soc. 1990, 112,
6979-6985; (b) Nijenhuis, W. F.; Buitenhuis, E. G.; de
Jong, F.; Sudholter, E. J. R.; Reinhoudt, D. N. J. Am.
Chem. Soc. 1991, 113, 7963-7968; (c¢) Yamamoto, H.;
Shinkai, S. Chem. Lett. 1994, 1115-1118; (d) Asfari, Z.;
Bressot, C.; Vicens, J.; Hill, C.; Dozol, J.; Rouquette, H.;
Eymard, S.; Lamare, V.; Toumois, B. Anal. Chem. 1995,
67, 3133-3139; (e) Geraci, C.; Chessari, G.; Piattelli, M.;
Neri, P. Chem. Commun. 1997, 921; (f) Kim, J.; Lee, W.;
Suh, I.; Kim, J.; Yoon, IL.; Lee, J. J. Org. Chem. 2000, 65,
7215-7217.

(a) Bocchi, C.; Careri, M.; Casnati, A.; Mori, G. Anal.
Chem. 1995, 67, 4234-4238; (b) Asfari, Z.; Bressot, C.;
Vicens, J.; Hill, C.; Dozol, J.; Rouquette, H.; Eymard, S.;
Lamare, V.; Tournois, B. Anal. Chem. 1995, 67, 3133~
3139; (c) Arnaud-Neu, F.; Caccamese, S.; Fuangswasdi,
S.; Pappalardo, S.; Parisi, M. F.; Petringa, A.; Principato,
G. J. Org. Chem. 1997, 62, 8041-8048; (d) Kim, J. S;
Pang, J. H.; Yu, I. Y.; Lee, W. K_; Suh, I. H.; Kim, J. K.;
Cho, M. H.; Kim, E. T.; Ra, D. Y. J. Chem. Soc., Perkin
Trans. 2 1999, 837-840; (e) Casnati, A.; Ca, N. D
Sansone, F.; Ugozzoli, F.; Ungaro, R. Tetrahedron 2004,
60, 7869-7876; (f) Luo, H.; Dai, S.; Bonnesen, P. V.;


http://dx.doi.org/10.1016/j.tetlet.2007.01.026
http://dx.doi.org/10.1016/j.tetlet.2007.01.026

10.

. (@) Radioactive

A. Jaiyu et al. | Tetrahedron Letters 48 (2007) 1817-1821

Buchanan, A. C.; Holbrey, J. D.; Bridges, N. J.; Rogers,
R. D. Anal. Chem. 2004, 76, 3078-3083; (g) van Leeuwen,
F. W. B.; Beijleveld, H.; Miermans, C. J. H.; Huskens, J.;
Verboom, W.; Reinhoudt, D. N. Anal. Chem. 2005, 77,
4611-4617.

(a) Reinhoudt, D. N.; Dijkstra, P. J.; in’t Veld, P. J. A
Bugge, K.-E.; Harkema, S.; Ungaro, R.; Ghidini, E. J.
Am. Chem. Soc. 1987, 109, 4761-4762; (b) Dijkstra, P. J.;
Brunink, J. A. J.; Bugge, K.-E.; Reinhoudt, D. N.;
Harkema, S.; Ungaro, R.; Ugozzoli, F.; Ghidini, E. J.
Am. Chem. Soc. 1989, 111, 7567-7575; (c) Beer, P. D.;
Gale, P. A.; Chen, Z.; Drew, M. G. B.; Heath, J. A;
Ogden, M. L.; Powell, H. R. Inorg. Chem. 1997, 36, 5880—
5893; (d) Bourgeois, J.-P.; Echegoyen, L.; Fibboli, M.;
Pretsch, E.; Diederich, F. Angew. Chem., Int. Ed. 1998, 37,
2118-2121.

(a) Brewer, K. J. Am. Chem. Soc. 1938, 60, 691; (b)
Anderson, C. J.; Welch, M. J. Chem. Rev. 1999, 99, 2219~
2234.

Waste Management and Disposal,
Cecille, L., Ed.; Elsevier: New York, 1991; (b) Asfari, Z.;
Pulpoka, B.; Saadioui, M.; Wenger, S.; Nierlich, M.;
Thuery, P.; Reynier, N.; Dozol, J.-F.; Vincens, J. In J.
Mol. Recognit. Inclusion, Proc. 9th Int. Symp.; 1998; pp
173-178; (c) Hill, C.; Dozol, J.-F.; Lamare, V.; Rouquette,
H.; Eymard, S.; Tournois, B.; Vincens, J.; Asfari, Z.;
Bressot, C. J. Inclusion Phenom. Mol. Recognit. Chem.
1994, 79, 399-408; (d) McDowell, W. J.; Case, G. N.;
McDonough, J. A.; Bartsch, R. A. Anal. Chem. 1992, 64,
3013-3017.

. (a) Pipoosananakaton, B.; Sukwattanasinitt, M.; Jaiboon,

N.; Chaichit, N.; Tuntulani, T. Tetrahedron Lett. 2000, 41,
9095-9100; (b) Sukwattanasinitt, M.; Rojanathanes, R.;
Tuntulani, T.; Sritana-anant, Y.; Ruangpornvisuti, V.
Tetrahedron Lett. 2001, 42, 5291-5293; (c¢) Rojanathanes,
R.; Pipoosananakaton, B.; Tuntulani, T.; Bhanthumna-
vin, W.; Orton, J. B.; Cole, S. J.; Hursthouse, M. B,;
Grossel, M. C.; Sukwattanasinitt, M. Tetrahedron 2005,
61, 1317-1324.

Rojanathanes, R.; Tutulani, T.; Bhabthumnavin, W
Sukwattanasinitt, M. Org. Lett. 2005, 7, 3401-3404.
Spectroscopic data of stilbene calix[4]arene crown-5 or 6
(3 and 4); compound o-cis-3: "H NMR (400 MHz, CDCl5)
J 3.06, 3.42 (t, -OCH,CH,O-crown, 8H), 3.11, 3.45
(t, ArOCH,CH,O-crown, 8H), 3.56 (br, ArOCH,-
CH,OAr, 8H), 3.87 (m, ArCH,Ar, 8H), 6.86, 6.90 (t,
calix-ArH, 4H), 6.79, 7.18 (d, stilbene-ArH, 4H), 6.90,
7.16 (t, stilbene-ArH, 4H), 6.55 (s, CH=CH, 2H), 6.98,
7.10 (d, calix-ArH, 8H); '*C NMR (400 MHz, CDCls) &
38.1 (ArCH»Ar), 68.3 (OCH,), 68.8 (OCH>), 69.7 (OCH,),
69.8 (OCH,;), 70.7 (OCH,), 72.7 (OCH,), 122.8 (calix-ArC),
123.7 (calix-ArC), 129.2 (calix-ArC), 129.7 (calix-ArC),
133.4 (calix-ArC), 133.9 (calix-ArC), 156.1 (calix-ArC),
156.3 (calix-ArC), 129.1 (stilbene-ArC), 127.9 (stilbene-
ArC), 117.3 (stilbene-ArC), 117.7 (stilbene-ArC), 121.7
(stilbene-ArC), 122.8 (stilbene-ArC), 127.9 (stilbene-ArC),
129.1 (stilbene-ArC), 156.9 (stilbene-ArC), 126.7
(CH=CH); mp = 124-126 °C; FTMS calcd for Cs4H54,09
[ESI, M" NH,]: 846.4106, found: 864.4091; compound
o-trans-3: '"H NMR (400 MHz, CDCl;3) ¢ 3.16, 3.53
(t, OCH,CH,O-crown, 8H), 3.25, 3.65 (t, ArOCH,-
CH,0O-crown, 8H), 3.57, 3.64 (br, ArOCH,CH,0Ar,
8H), 3.88 (m, ArCH,Ar, 8H), 6.65, 7.15 (d, calix-ArH,
8H); '*C NMR (400 MHz, CDCl;) 6 37.9 (ArCH,Ar),
65.8 (OCH,), 68.1 (OCH,), 68.3 (OCH,), 69.8 (OCH,),
70.5 (OCH,), 72.6 (OCH,), 129.3 (calix-ArC), 129.3
(calix-ArC), 133.9 (calix-ArC), 134.1 (calix-ArC), 134.1
(calix-ArC), 139.3 (calix-ArC), 156.2 (calix-ArC), 158.5
(calix-ArC), 111.1 (stilbene-ArC), 115.3 (stilbene-ArC),
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122.6 (stilbene-ArC), 122.7 (stilbene-ArC), 129.1 (stilbene-
ArC), 156.1 (stilbene-ArC), 121.4 (CH=CH) FTMS calcd
for Cs4Hs4O0 [ESI, M NH,]: 846.4106, found: 864.4099;
compound m-cis-3: '"H NMR (400 MHz, CDCl;) ¢ 3.16,
3.46 (t, OCH,CH,O-crown, 8H), 3.27, 3.52 (t, ArOCH,-
CH,0O-crown, 8H), 3.60 (br, ArOCH,CH,OAr, 8H), 3.87
(m, ArCH,Ar, 8H), 6.65, 6.91 (t, calix-ArH, 4H), 6.83,
6.89 (d, stilbene-ArH, 4H), 7.27 (t, stilbene-ArH, 2H), 6.63
(s, stilbene-ArH, 2H), 6.78 (s, CH=CH, 2H), 7.05, 7.13
(d, calix-ArH, 8H); *C NMR (400 MHz, CDCls) 6 38.1
(ArCH,Ar), 67.0 (OCH,), 68.3 (OCH,), 68.4 (OCH,), 69.7
(OCH,), 70.7 (OCH,), 72.8 (OCH,), 129.5 (calix-ArC),
129.8 (calix-ArC), 130.0 (calix-ArC), 134.1 (calix-ArC),
134.2 (calix-ArC), 138.5 (calix-ArC), 156.1 (calix-ArC),
158.5 (calix-ArC), 109.9 (stilbene-ArC), 111.5 (stilbene-
ArC), 116.5 (stilbene-ArC), 122.3 (stilbene-ArC), 111.5
(stilbene-ArC), 156.0 (stilbene-ArC), 122.4 (CH=CH);
mp = 206-207 °C; Anal. Calcd for Cs4Hs5400: C, 76.62;
H, 6.38. Found: C, 76.68; H, 6.45; compound p-cis-3: 'H
NMR (400 MHz, CDCl3) 6 3.32, 3.39 (t, OCH,CH,O-
crown, 8H), 3.59 (br, ArOCH,CH,O-crown, 8H), 3.79 (br,
ArOCH,CH,OAr, 8H), 3.92 (s, ArCH,Ar, 8H), 6.52, 6.89
(t, calix-ArH, 4H), 6.75, 6.86 (d, stilbene-ArH, 8H), 6.78
(s, CH=CH, 2H), 7.08, 7.14 (d, calix-ArH, 8H); '*C NMR
(400 MHz, CDCl3) 6 37.8 (ArCH,Ar), 68.9 (OCH,), 68.9
(OCH,), 69.4 (OCH,), 70.5 (OCH,), 70.6 (OCH,), 71.9
(OCH,), 130.1 (calix-ArC), 130.5 (calix-ArC), 130.6
(calix-ArC), 131.3 (calix-ArC), 133.8 (calix-ArC), 134.0
(calix-ArC), 155.8 (calix-ArC), 156.4 (calix-ArC), 117.4
(stilbene-ArC), 121.8 (stilbene-ArC), 115.5 (stilbene-ArC),
158.0 (stilbene-ArC), 122.7 (CH=CH); mp =211 °C;
Anal. Calcd for Cs4Hs6O: C, 76.62; H, 6.38. Found: C,
76.60; H, 6.38; compound o-cis-4: '"H NMR (400 MHz,
CDCls) 6 3.12 (t, OCH,, 4H) 3.19 (t, OCH,, 4H) 3.42 (t,
OCH,, 4H), 3.46 (t, OCH,, 4H), 3.55 (t, OCH,, 4H), 3.61
(m, OCH,, 8H), 3.75 (t, ArCH,Ar, 8H), 6.41 (s, CH=CH,
2H), 6.89, 7.02 (d, calix-ArH, 8H), 6.82, 7.09 (t, calix-ArH,
4H), 6.75 (m, stilbene-ArH, 2H), 6.77 (m, stilbene-ArH,
2H), 6.82 (m, stilbene-ArH, 2H), 7.20 (d, stilbene-ArH,
2H), mp = 116-118 OC; Anal. Caled for C56H53010: C7
75.53; H, 6.51. Found: C, 75.54; H, 6.56; compound m-cis-
4: 'H NMR (400 MHz, CDCl5) 6 3.35 (t, OCH,, 8H), 3.46
(t, OCH,, 4H), 3.53 (t, OCH,, 4H), 3.61 (t, OCH,, 4H),
3.64 (t, OCH,, 4H), 3.67 (t, OCH,, 4H), 3.71 (t, OCH,,
4H), 3.85 (s, ArCH,Ar, 8) 6.63, 7.27 (t, calix-ArH, 4H),
7.07, 7.12 (d, calix-ArH, 8H), 6.82, 6.91 (d, stilben-ArH,
4H), 6.90 (t, stilben-ArH, 2H), 6.64 (s, stilben-ArH, 2H)
6.78 (s, CH=CH, 2H); *C NMR (400 MHz, CDCl;) ¢
38.0 (ArCH,Ar), 61.7 (OCH,), 66.9 (OCH,), 68.3
(OCH,), 68.9 (OCH,;), 69.4 (OCH,), 72.7 (OCH,),
1129.9 (calix-ArC), 130.1 (calix-ArC), 130.3 (calix-ArC),
134.0 (calix-ArC), 134.3 (calix-ArC), 138.5 (calix-ArC),
156.3 (calix-ArC), 158.4 (calix-ArC), 111.3 (stilbene-ArC),
116.4 (stilbene-ArC), 112.4 (stilbene-ArC), 122.6 (stilbene-
ArC), 122.6 (stilbene-ArC), 156.0 (stilbene-ArC), 122.2
(CH:CH) FTMS calcd for C56H58010 [ESI, MJr NH4]Z
908.4368, found: 908.4352; compound p-cis-4: '"H NMR
(400 MHz, CDCls) 6 3.54 (t, OCH,, 4H), 3.81 (t, OCH,,
4H), 3.87 (t, OCH,, 4H), 3.91 (t, OCH,, 8H), 3.97 (t,
OCH,, 4H), 4.46 (t, OCH,, 4H), 3.87 (s, ArCH,Ar, 8H),
6.19, 6.78 (t, calix-ArH, 4H), 7.02, 7.19 (d, calix-ArH, 8H),
7.07, 7.14 (d, stilbene-ArH, 8H), 6.70 (s, CH=CH, 2H2
mp = 256-257 °C; FTMS caled for CsgHs3O; [ESI, M
NH4]: 908.4368, found: 908.4375. The experimental details
are available in Supplementary data.

(a) Lamare, V.; Dozol, J. F.; Ugozzoli, F.; Casnati, A.;
Ungaro, R. Eur. J. Org. Chem. 1998, 8, 1559-1568; (b)
Kim, J. S.; Ohki, A.; Ueki, R.; Ishizuka, T.; Shimotashiro,
T.; Maeda, S. Talanta 1999, 48, 705-710.



Macromolecule2008,41, 675—681 675

Topological Polymerization afert-Butylcalix[4]arenes
Containing Diynes

Chantana Lim, Daniel J. Sandmant and Mongkol Sukwattanasinitt* '

Organic Synthesis Research Unit, Department of Chemistry, Faculty of Science, Chulalongkorn
University, Bangkok 10330, Thailand, and Center forvAdced Materials, Department of Chemistry,
University of Massachusetts, Lowell, Massachusetts 01854

Received July 19, 2007; Revised Manuscript Received November 12, 2007

ABSTRACT: The new 25,26,27,28-tetra(8-hydroxylocta-2,4-diyrigt-butylcalix[4]arene was synthesized in

good yield from copper-catalyzed coupling reaction of 25,26,27,28-tetra(2-propentyDutylcalix[4]arene with
5-iodo-4-pentynol in pyrrolidine. The hydroxyl end groups were converted to urethane groups through addition
to alkyl or phenyl isocyanate. Di- and trisubstitutedt-butylcalix[4]arene analogs were also synthesized through

the same approach. The solid-state photopolymerization study revealed that only the calix[4]arene derivatives
containing four diyne units with alkyl urethane groups were substantially polymerized upon exposure to UV or
gamma irradiation to give polydiacetylenes containing calix[4]arene. The visible absorption band-&0850

nm and the Raman signals around 1500 and 2100 cmaracterized the ene—yne conjugation formed through

the topological 1,4-addition polymerization of the diyne units.

Introduction

Topological polymerization of preorganized monomers can
be used to control the structures of polymers at both the // topological
molecular and the supramolecular levels, which is vital for the //e _ Lieddton ©

preparation of unique materials with interesting properties that R’
cannot be achieved by conventional polymerizatidiong this .
line, the favorable packing of diacetylene compounds has figyre 1. Packing parameters,= ~5 A andg = ~45°, required for
attracted much attention because their noncovalently organizedte topological polymerization of a diacetylene monomer.
structures can be topologically polymerized to form the corre-
sponding polydiacetylenes. Closely-packed suprastructures of
properly designed diacetylenes undergo 1,4-addition polymer- R R
ization upon UV or gamma irradiatichTremendous interest

in polydiacetylenes (PDASs) arises from the extensive-gme
conjugation in the polymer backbone, leading to unique optical
and electronic properties that are promising in a variety of
applications such as chemical sensobspsensorg,nonlinear
optical material$, photoresist$, thermal? and mechanical
sensors.

To make a polydiacetylene via topochemical polymerization,
it is required that the monomer diyne units be arranged with a
repeat distance) of ~5 A and an orientation anglé) of ~45°
relative to the translation axis, as shown in Figur® These N
packing r.equn'e.ments limit the.shape and size Of. the SUl:)smuentsFigure 2. The structures ofert-butylcalix[4]arene and its tetradiyne
(R) on diynes in that the sterically bulky substituents usually yerivative.
preclude the topopolymerizatidh.Due to this limitation, the
design of molecules that can undergo intramolecular 1,4-addition
reaction of diyne units is challenging and, to our knowledge,
has not been reported.

Bisdiyne incorporated within an alkyl chain had been studied
for topological polymerization in Langmuir—Blodgett films.
However, the mode of topological polymerization was purely
intermolecular as the diyne units were not restricted to the
parallel alignment. A molecule containing multiple diyne units
aligned in an appropriate direction is required to demonstrate
an intramolecular 1,4-addition reaction between the diyne
groups.

po[ymenzauon

Calix[4]arene has a unique three-dimensional cavity-shaped
architecture that its derivatives exhibit interesting supramolecular
binding behaviors in solutidAand in the solid stat& The self-
assembled PDA/tert-butylcalix[4]arene bilayer on gold surface
acts as a chemically sensitive interface for surface acoustic wave
mass balances in vapor-phase sensing applicatfonith the
knowledge thattert-butylcalix[4]arene having four squarely
arranged hydroxyl groups has a preorganized basket like
structure and the distance between the neighboring hydroxyl
groups is 4.55.0 A (Figure 2)!5 we contemplated that its
derivatives containing multiple diyne units may undergo topo-
* E-mail: smongkol@chula.ac.th. logical polymerization to fgrm PDA-co.ntallnmgrt—butylcal!x-

t Chulalongkorn University. [4]arene. Study of topological polymerization teft-butylcalix-
* University of Massachusetts. [4]arene mounted with multiple diyne chains will not

10.1021/ma0716128 CCC: $40.75 © 2008 American Chemical Society
Published on Web 12/29/2007
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HO, OH HO OHOH HO HQ OHOH Scheme 1. Reagents and ConditiofAs
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~ T TN > T C2BU 55% C2A 38%
C3BU 32% C3A 58%
28U C3BU C4BU, C4HU, C4PU CA4BU 84% C4HU 45% Can 51%
Figure 3. The structures of calix[4]arenes containing multiple diyne C4PU 65%
units synthesized in this work. The letters B, H, and P denote R aKey: (i) Propargyl bromide, KCOs, CHsCN, reflux forn = 2 and
butyl, hexyl, and phenyl, respectively. 4; Ba(OHY8H,0, BaO, THF, reflux forn = 3; (i) NaH, propyl

. . . . bromide, THF, Reflux; (iii) b, morpholine, toluene; (iv) Cul, pyrroli-
only be mechanistically interesting but may also give novel gine: (v) R—N=C=0, dibutyltindilaurate, THF.

interesting sensing materials.
100
Results and Discussion 2090 1486
Synthesis of Calix[4]arenes Containing Multiple Diyne 80 0
Units. Calix[4]arenes mounted with two, three, and four diyne
units (Figure 3) were synthesized and studied for their possibility . 60 |
to undergo topological 1,4-addition polymerization. The syn- Z

thesis was started from multip@-alkylation oftert-butylcalix- 40 m‘T ‘ ”

[4]arene with appropriate equivalents of propargyl bromide in .’I ‘ J ‘ /}\ J\ S
the presence of a suitable inorganic base at reflux tempetéttite. 20 | D SV A W Al W
Di-, tri-, and tetrapropargylert-butylcalix[4]arenes were ob- |\ (1 A C4BU
tained in 65-85% yields (Scheme 1). The remaining phenolic ol L S AW
hydroxyl groups of di- and tripropargyért-butylcalix[4]arene 2000

were protected with propyl group prior to the subsequent Raman shift (cm)

coupling to form the diynes. The Cadie€hodkiewicz cou- Figure 4. FT-Raman spectra of C4BU and PC4BU (in KBr).
pling'® of the propargy! substitutert-butylcalix[4]arenes with
5-iodo-4-pentynol afforded the desired calix[4]arenes containing
multiple diyne units in good yields. The iodine-terminated of C4BU and C4HU rapidly turned into intense red color (within
alkyne used in the coupling step was generated from the 5 min) while the white color of C4A and C4PU solids were
iodination of 4-pentyn-1-ol with iodine in the presence of virtually unchanged upon long exposure to UV irradiation (30
morpholine basé? Further modification of the hydroxyl end  min) (Table 1). The intense color change of a diacetylene solid
of the diyne chains to carbamate (urethane) was accomplishedafter UV irradiation typically signifies the formation of extensive
by the addition of hydroxyl group to an isocyanate. Unless ene-yne conjugation resulting from the topological 1,4-addition
commercially available, the isocyanates were generated in situpolymerization of the diyne units. Dissolution of the irradiated
from the corresponding amine by reacting with triphosgene using C4BU and C4HU in chloroform gave solutions of C4BU and
triethylamine as a base in dry chloroform in the presence of C4HU (confirmed by TLC and NMR) and insoluble red
dibutyltindilaurate as a cataly3tAll diacetylene products were  powders. No significant insoluble solid was observed in the
purified by column chromatography until theid NMR and dissolution of irradiated C4A and C4PU in chloroform, and the
13C NMR spectra were clean. The elemental analysis was usedsoluble materials were identified as the starting C4A and C4PU.
to confirm their purity prior to the study of their photopolym-  The red insoluble solids obtained from the irradiation of C4BU
erization. and C4HU are thus likely to be polydiacetylenes of the
Solid-State Photopolymerization otert-Butylcalix[4]arene corresponding monomers which will be denoted as PC4BU and
Containing Four Diyne Units. UV irradiation (TUV 15W/G15 PC4HU, respectively, for later discussion.
T18 lamp, Philips, Holland) at a distance of 30 cm of C4A, Due to its low penetration power, UV irradiation is known
C4BU, C4HU, and C4PU powders showed that the white color to lead to only surface reaction on the solid. To obtain higher
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Table 1. Color Change oftert-Butylcalix[4]arene Derivatives of the intramolecular 1,4-addition of diynes. The resulting
Containing Four Diyne Units %%Or?]iEXPOS“re to UV Irradiation for polydiacetylene also possesses intriguing molecular architecture

containing a parallel conjugated ene—yne backbone teith
butylcalix[4]arene as hollow side chains.

The good solubility of PC4BU and PC4HU in tetrahydrofuran
indicated that the polymers were not crosslinked and allowed
the molecular weight determination by gel permeation chro-
matography (GPC). The molecular weights of PC4BU and
PC4HU were determined from the tetrahydrofuran eluted GPC
chromatograms calculated against polystyrene standards using
a universal calibration method. The GPC chromatograms of the
purified PC4BU and the crude PC4HU have common bimodal
features (Figure 6). The monomer peak appearing in the
chromatogram of crude PC4HU but not in the chromatogram
of purified PC4BU indicates that the purification of the polymers
by precipitation is effective. The number average molecular

Table 2. Dispersion of PC4BU in Tetrahydrofuran and weights of PC4BU are 3.6X 1(° Da (My/M, = 1.08) and
N,N-Dimethylformamide under Sonication and the Storage Stability 5.31x 10* Da (My/M, = 1.13), and those of PC4HU are 7.39
of the Dispersion x 10°P Da (My/M,, = 1.03), 1.58x 10P Da (M./M, = 1.03),

and 1.01x 10° Da (My/M, = 1.15).

The inability to undergo topological polymerization of C4A
indicated the importance of the carbamate group present at the
movable end of the diyne chains. The strong hydrogen bonds
among the carbamate groups in C4BU and C4HU are important
for restraining the diyne units in an appropriate packing for
topological polymerization. However, C4PU was also photo-
inactive despite having four carbamate groups probably due to

yields of PC4BU and PC4HU for a more definitive character- the steric bulkiness of the phenyl end groups, preventing the
ization, the polymerization was conducted by exposing C4BU intimate packing of the diyne chains.
and C4HU to 50 Mrad of’ radiation fromf%Co. The resulting Solid-State Polymerization oftert-Butylcalix[4]arene Con-
deep red polymerized solid was dissolved in tetrahydrofuran taining Two and Three Diyne Units. The C2BU powder did
with the assistance of ultrasonication. The red solution was not change its color while the color of C3BU powder changed
filtered through a 0.4xm cellulose acetate filter and concen- to orange upon exposure to UV light. These results suggested
trated under reduced pressure. The concentrated crude washat C2BU is photoinactive while C3BU can topologically
dropped into methanol at room temperature to give a red polymerize somewhat but not as extensive as C4BU does. The
insoluble precipitate. The precipitate was collected by filtration difference in topological polymerizability dért-butylcalix[4]-
and dried under vacuum to afford pure red polydiacetylene (45% arene containing different number of diyne units maybe
yield for PC4BU). explained by the molecular packing in the solid state of the
Raman scattering spectroscopy has been one of the mosfnonomers. For C4BU to be effectively polymerized topologi-
effective techniques to unambiguously characterize the-ene cally, the calix[4]arene cones must arrange themselves in the
yne conjugation of polydiacetylenes especially for the insoluble same direction that will allow the diyne units to align side by
polymers. The FT-Raman spectra of C4BU and PC4BU powdersside. This arrangement can be continued for at least in each
are shown in Figure 4. The spectrum of C4BU has a single row of C4BU molecules and can be attributed to inter- and
C=C stretching peak at 2250 cthassociated with the internal  intramolecular hydrogen bonding among the carbarmate groups
diyne groups. The €C stretching peak shifts to lower energy  (Scheme 3). For C3BU, the same molecular arrangement is

at 2090 cm! in the spectrum of PC4BU and a new=C subjected to the possibility of some defects because of one
stretching peak appears at 1486 éprconfirming the presence  Missing diyne unit per each monomeric molecule. The topologi-
of ene—yne conjugation in the red PC4BU powder. cal polymerization of C3BU thus cannot proceed very far. With

Initially, PC4BU appeared to be insoluble in all solvents WO diyne units missing, C2BU will not have any continuous
tested. The polymer however formed clear red solution when &lignment of the diyne units beyond two consecutive units, and
sonicated in dimethylformamide or tetrahydrofuran for 5 min. thus its topological polymerization is totally forbidden. This
The solution (5% wi/w) was stable upon standing in refrigerator Packing analysis confirms that the topological polymerization
for months without noticeable precipitation as shown in Table Of C4BU operates through parallel or antiparallel 1,4-addition
2. The electronic spectra of C4BU and PC4BU in tetrahydro- involving both inter- and intramolecular reactions.
furan are shown in Figure 5 (For clarity sake, the similar spectra .
of C4HU and PC4HU are not included in the figure.) The Conclusion
spectrum of C4BU has no visible absorption, while that of  The derivatives oftert-butylcalix[4]arene containing two,
PC4BU shows a broad absorption band in the range 0f-350 three, and four diyne units were successfully synthesized. Only
620 nm with maximum absorption peaks at 440 and 560 nm. the derivatives that contain four diyne withalkyl carbamate

Due to the rigidity of the preorganizedrt-butylcalix[4]arene moieties readily undergo solid-state topological photopolym-
platform, the topological 1,4-addition polymerization of the four erization to give eneyne conjugated polydiacetylenes. The
diyne units of C4BU is most likely to proceed through a parallel presence of carbamate groups is necessary for aligning the
intramolecular 1,4-addition (Scheme 2). The observation of diynes through their continuous hydrogen bonding. The replace-
polydiacetylene from C4BU thus provided us the first evidence ment one or two diyne units with a simple alkyl chain results



678 Lim et al.

Macromolecules, Vol. 41, No. 3, 2008

Scheme 2. Proposed Topological 1,4-Addition Polymerization dért-Butylcalix[4]arene Containing Four Diyne Units

Scheme 3. Top View of the Proposed Molecular Packing
Patterns in the Solid State of C4BU, C3BU, and C2B®

2 The arrow indicates the direction of the topological polymerization

over sodium and benzophenone, and acetonitrile was distilled over
calcium hydride and stored over molecular sieves. Other analytical
grade solvents were used as received without further distillation.
Unless otherwise noted, all reactions were carried out under nitrogen
atmosphere. Column chromatography was performed using Merck
silica gel 60 (76-230 mesh).

Analytical Instruments. H spectra were recorded on Varian
Mercury 400 MHz NMR spectrometer (Varian, USA) and AC
Bruker 200, 250, and 500 MHz NMR spectrometer (Bruker, USA)
using the residual solvent proton resonance of G2CF.26 ppm
as the reference3C NMR spectra were recorded on the same
instruments asH NMR and the data are provided in Supporting
Information. Elemental analysis was performed on PE 2400 Series
Il (Perkin-Elmer, USA). Infrared spectra (data provided in Sup-
porting Information) were measured from KBr pellets on a Nicolet
Impact 410 FT-IR spectrophotometer (Thermo Nicolet, USA)-UV
vis spectra were recorded on Varian Cary 100 Bio -tiNs

and X indicates the mismatched pair of the substituents to undergo theSpectrophotometer (Varian, USA). The melting points were recorded

topological polymerization.

0.8
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0.6
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0 T \ ;
250 350 450 550 650 750
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Figure 5. UV—vis spectra of 2.5 mM C4BU and 0.05 mM PC4BU in
tetrahydrofuran.

PC4BU

Absorbance

850

in the reduction of the molecular symmetry and hence the
topological polymerizability of the compound. The polymeriz-
ability of the tetradiyne derivatives provides not only the first
evidence of the intramolecular 1,4-addition of diynes but also

on a Mettler Toledo DSC 823e (Mettler Toledo, USA) instrument
with an aluminum standard cell (44.) as a holder at a heating

rate of 10°C/min. The FT-Raman experiments were performed by
exciting neat solid samples with a cw Nd:YAG laser at 1.064,

and the Raman spectra were recorded on the same IR spectrometer
with Raman accessories using 28tptical collection geometry.
GPC analysis was measured on a Water system (Waters, USA)
with a Water 600 pump, a Water 2414 refractive index detector,
and a set of Styragel columns (HR1, HR3, and HR4) &ftGhsing
tetrahydrofuran as an eluent at a flow rate of 1.00 mL/min.

Synthesis Procedures25,27-Dipropagyloxy-26,28-dihydroxy-
tert-butylcalix[4]arene (). A mixture of potassium carbonate (1.71
g, 12.34 mmol) andert-butylcalix[4]arene (4.01 g, 6.18 mmol) in
acetonitrile (200 mL) was stirred at room temperature for 1 h. A
solution of propargyl bromide (1.24 g, 12.98 mmol) in acetonitrile
(50 mL) was added dropwise into the stirred mixture over 30 min.
The reaction mixture was refluxed for 48 h and was then allowed
to cool to room temperature. The reaction mixture was filtered to
remove insoluble particles, and the filtrate was concentrated in a
rotating evaporator. To the concentrated reaction mixture was added
2 M HCI (100 mL) and then extracted with dichloromethanex(3
100 mL). The combined organic extracts were washed with brine
(100 mL), dried over anhydrous B&Q,, filtered, and evaporated

a route to synthesize some novel polydiacetylenes with interest-is gryness in vacuo. The crude mixture was crystallized from-CH

ing molecular architecture.

Experimental Section

Materials. Propargyl bromide, iodine, morpholine, copper(l)
iodide, pyrrolidine, propyl bromide, sodium hydride, potassium
carbonate, barium oxide, barium hydroxide octahydrate, triethy-
lamine, and butylamine were purchased from Fluka (Switzerland).
Dibutyltindilaurate, 4-pentyn-1-ol, butylamine, hexyl isocyanate,

Cl,/CH;30H to afford1 as a white solid (3.72 g, 83% vyield). Mp:
232 °C (decomposed)tH NMR (200 MHz, CDC}): ¢ 7.13 (s,
4H, Ar-H), 6.78 (s, 4H, Ar-H), 6.55 (s, 2H, OH), 4.80 @@= 4.0
Hz, 4H, OCH), 4.42 (d,J = 14.0 Hz, 4H, ArCHAr), 3.38 (d,J =
14.0 Hz, 4H, ArCHAr), 2.58 (t,J = 4.0 Hz, 2H, C=CH), 1.35 (s,
18H, (CHg)3), 0.94 (s, 18H, (El3)3).
25,26,27-Tripropargyloxy-28-hydroxy-tert-butylcalix[4]arer®).(
A mixture of Ba(OH}-8H,0 (3.66 g, 11.60 mmol), BaO (1.02 g,

phenyl isocyanate, and triphosgene were purchased from Aldrich 6.63 mmol), andert-butylcalix[4]arene (2.15 g, 3.31 mmol) were

(USA). Butyl isocyanate was purchased from Merck (Germany)
and used without further purificatiotert-butylcalix[4]arene was
prepared according to the literat@fel etrahydrofuran was distilled

dissolved in tetrahydrofuran (50.0 mL), and the solution was stirred
at room temperature for 1 h. A solution of propargyl bromide (4.93
g, 33.0 mmol) in tetrahydrofuran (30 mL) was added dropwise into
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Figure 6. GPC traces of purified PC4BU (solid line) and crude PC4HU (dash line) using tetrahydrofuran as an eluent.

the stirred mixture over 30 min. The reaction mixture was refluxed
for 48 h and was then allowed to cool to room temperature. The
reaction mixture was filtered to remove insoluble particles, and the

filtrate was concentrated in a rotating evaporator. To the concen-

trated reaction mixture was added 2 M HCI (50 mL) and then
extracted with dichloromethane 360 mL). The combined organic
extracts were dried over anhydrous S8, and filtered, and the
solvent was removed to give a brown oily residue. The residue
was purified by column chromatography with dichloromethane/
hexane (15/85) to giv2 as a white solid (67% yield, 1.69 g). Mp:
157°C. H NMR (200 MHz, CDC}): 6 7.18 (s, 2H, Ar-H), 7.13
(s, 2H, ArH), 6.63 (s, 2H, ArH), 6.59 (s, 2H, ArH), 5.83 (s, 1H,
OH), 5.08 (d,J = 2.5 Hz, 2H, O®,), 4.70 (d,J = 3.0 Hz, 4H,
OCH,), 4.66 (d,J = 14.0 Hz, 2H, ArG,Ar), 4.43 (d,J = 14.0
Hz, 2H, ArCHAr), 3.36 (d,J = 14.0 Hz, 2H, ArCHAr), 3.27 (d,
J = 14.0 Hz, 2H, ArCG1,Ar), 2.56 (t,J = 3.0 Hz, 2H, G=CH),
2.50 (t,J = 2.5 Hz, 1H, G=CH), 1.37 (s, 18H, (El3)3), 0.90 (s,
9H, (CHg)3), 0.89 (S, 9H, (@'3)3)
25,26,27,28-Tetra(propargyloxy)-tert-butylcalix[4]aren®).(A
mixture of potassium carbonate (43.37 g, 313.76 mmol)tand
butylcalix[4]arene(10.18 g, 15.68 mmol) in acetonitrile (200 mL)
was stirred at room temperature for 1 h. A solution of propargyl
bromide (23.33 g, 156.88 mmol) in acetonitrile (50 mL) was added
dropwise into the stirred mixture over 30 min. The reaction mixture
was allowed to reflux for 48 h and then allowed to cool to room
temperature. The reaction mixture was filtered to remove insoluble

particles, and the filtrate was concentrated in a rotating evaporator.

To the concentrated reaction mixture was added 2 M HCI (100
mL) and then extracted with dichloromethanex3L00 mL). The
combined organic extracts were washed with brine (100 mL), dried
over anhydrous N&O,, filtered, and evaporated to dryness in
vacuo. The crude mixture was crystallized from £/CH;0OH
to afford 3 as a white solid (10.68 g, 85% yield). Mp: 10C. H
NMR (400 MHz, CDC¥}): 6 6.78 (s, 8H, Ar-H), 4.80 (dJ = 2.4
Hz, 8H, OCH), 4.60 (d,J = 13.2 Hz, 4H, ArCHAr), 3.16 (d,J =
13.2 Hz, 4H, ArCHAr), 2.48 (t,J = 2.4 Hz, 3H, C=CH), 1.07 (s,
36H, (CH)s).
25,27-Dipropargyloxy-26,28-dipropyl-tert-butylcalix[4]arend) (
1(1.03 g, 1.42 mmol) and NaH (0.40 g, 14.16 mmol), which was
washed with hexane (8 10 mL), were dissolved in tetrahydrofuran
(20 mL), and the solution was stirred at room temperature for 1 h.
Then a solution of propyl bromide (1.74 g, 14.16 mmol) in
tetrahydrofuran (20 mL) was added dropwise to the above mixture.
After the addition was complete, the reaction mixture was allowed
to reflux for 24 h. The reaction mixture was then allowed to cool
to room temperature and quenched with ethanol (20 mL). The

solvent was removed in vacuo to obtain a yellow residue, and then

the residue was extracted with dichloromethane (30 mL). The

3.71 (t,J = 6.0 Hz, 4H, G4,CH,CHj3), 3.14 (d,J = 12.0 Hz, 4H,
ArCH,Ar), 2.39 (t,J = 2.4 Hz, 3H, G=CH), 2.00 (m, 4H, CHCH,-
CHg), 1.33 (s, 18H, (€l3)3), 1.05 (t,J = 6.0 Hz, 6H, CHCH,CH,),
0.83 (s, 18H, (El3)3).
25,26,27-Tripropargyloxy-28-propyl-tert-butylcalix[4]aren®) (
2(0.93 g, 1.22 mmol) and NaH (0.15 g, 6.08 mmol), which was
washed with hexane (8 10 mL), were dissolved in tetrahydrofuran
(20 mL), and the solution was stirred at room temperature for 1 h.
Then a solution of propyl bromide (0.75 g, 6.08 mmol) in
tetrahydrofuran (20 mL) was added by dropwise to the above
mixture. After the addition was complete, the reaction mixture was
allowed to reflux for 24 h. The reaction mixture was then allowed
to cool to room temperature and quenched with ethanol (20 mL).
The solvent was removed in vacuo to obtain a yellow residue, and
then the residue was extracted with dichloromethane @® mL).
The combined organic layers were washed with brine (50 mL),
dried over anhydrous N8GO, and filtered, and the solvent was
removed in vacuo to give a brown oily residue. The residue was
isolated by column chromatography with dichloromethane as an
eluent to affordb as a white solid (0.80 g, 82% vyield). Mp: 14G.
IH NMR (400 MHz, CDC}): 6 7.00 (s, 2H, ArH), 6.98 (s, 2H,
Ar-H), 6.60 (s, 2H, ArH), 6.54 (s, 2H, ArH), 4.98 (d,J = 2.4
Hz, 2H, CHC=C), 4.89 (d,J = 2.4 Hz, 2H, CHC=C), 4.63 (d,
J= 2.0 Hz, 2H, G4,C=C), 4.59 (dJ = 12.5 Hz, 2H, ArGH,Ar),
4.51 (d,J = 12.5 Hz, 2H, ArCHAr), 3.76 (t,J = 7.4 Hz, 2H,
CH,CH,CHj3), 3.17 (d,J = 5.6 Hz, 2H, Ar(H,Ar), 3.13 (d,J =
5.6 Hz, 2H, ArH,Ar), 2.4 (t,J = 2.0 Hz, 1H, GECH), 2.44 (t,J
= 2.4 Hz, 2H, G=CH), 2.00 (m, 2H, CHCH,CHj), 1.28 (s, 18H,
(CHg)3), 1.07 (t,J = 7.4 Hz, 3H, CHCH,CHj3), 0.96 (s, 9H, (€i3)3),
0.94 (s, 9H, (E13)3).
5-lodo-4-pentynolA solution of morpholine (33.25 mL, 381.60
mmol) in toluene (350 mL) at 45C was treated with iodine (13.56
g, 53.42 mmol) shielded from light and stirred for 1 h. A solution
of 4-pentyn-1-ol (3.21 g, 38.16 mmol) in toluene (30 mL) was added
and the reaction mixture was stirred at45for 1 h. The reaction
mixture was cooled to room temperature and filtered to remove
the salt. The filtrate was poured over a mixture of diethylether (200
mL) and a saturated aqueous solution o£84®; (100 mL) and
shaken vigorously until the organic layer was colorless. The organic
layer was separated, washed with,8#&; (100 mL), dried over
anhydrous Nz5Q,, filtered, concentrated, and purified by column
chromatography (ethyl acetate/hexan&/93) to afford 5-iodo-4-
pentynol as a light yellow oil (6.97 g, 87% yield NMR (400
MHz, CDCL): 6 3.78 (t,J = 6.0 Hz, 2H, CHOH), 2.53 (t,J =
6.0 Hz, 2H, G=CCH,), 1.80 (quintetJ = 6.0 Hz, 2H, CHCH,-
CH,OH), 1.61 (br s, 1H, OH).
25,27-Di(octa-4,6-diyn-1-ol)oxy-26,28-dipropyl-tert-butylcalix-
[4]arene (C2A).To a stirred solution o# (0.22 g, 0.27 mmol) and

combined organic layers were washed with brine (50 mL), dried 5-iodo-4-pentynol (0.28 g, 1.34 mmol) in pyrrolidine (1.0 mL) was

over anhydrous N&O,, and filtered, and the solvent was removed added copper(l) iodide (0.01 g, 0.05 mmol). After the reaction
in vacuo to give a brown oily residue. The residue was isolated by mixture was stirred at room temperature for 2 h, it was hydrolyzed
column chromatography with dichloromethane as an eluent to afford with a saturated aqueous solution of ammonium chloride (30 mL)

4 as a white solid (0.35 g, 31% yield). Mp: 19C.H NMR (400
MHz, CDCL): 6 7.09 (s, 4H, ArH), 6.45 (s, 4H, ArH), 5.02 (s,
J= 2.4 Hz, 4H, O®,Ar), 4.52 (d,J = 12.0 Hz, 4H, ArGH,Ar),

and extracted with diethyl ether 350 mL). The combined organic
layers were dried over anhydrous 4$&, and filtered, and the
solvent was removed in vacuo. The crude product was purified by
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column chromatography (dichloromethane/ethyl acetatdd/90)

to obtain C2A as a light yellow solid (0.10 g, 38% yield). Mp:

168°C. IH NMR (400 MHz, CDC}): ¢ 7.09 (s, 4H, Ar-H), 6.43

(s, 4H, Ar-H), 5.01 (s, 4H, OCKC=C), 4.48 (dJ = 13.6 Hz, 4H,

ArCHyAr), 3.76 (t,J = 6.0 Hz, 4H, GH,CH,CH3), 3.71 (t,J=7.5

Hz, 4H, CH,OH), 3.14 (d,J = 13.6 Hz, 4H, ArG1,Ar), 2.43 (t,J

= 7.5 Hz, 4H, ¢H,CH,CH,0H), 2.00 (m, 4H, CHCH,CHj), 1.81

(quintet,J = 7.5 Hz, 4H, G4,CH,0H), 1.33 (s, 18H, (Bl3)3), 1.05

(t, J = 6.0 Hz, 6H, CHCH,CHj), 0.82 (s, 18H, (El3)3).
25,26,27-Tri(octa-4,6-diyn-1-ol)oxy-28-propyl-tert-butylcalix[4]-

arene (C3A).To a stirred solution o6 (0.24 g, 0.30 mmol) and

5-iodo-4-pentynol (0.36 g, 1.79 mmol) in pyrrolidine (2.00 mL)

was added copper(l) iodide (0.02 g, 0.08 mmol). After the reaction

mixture was stirred at room temperature for 2 h, it was hydrolyzed

with a saturated aqueous solution of ammonium chloride (30 mL)

and extracted with diethyl ether 850 mL). The combined organic

layers were dried over anhydrous J8&, and filtered, and the
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CCH,), 2.00 (m, 4H, CHCH,CHj), 1.84 (quintetJ = 5.8 Hz, 4H,
C=CCH,CH,), 1.47 (m, 4H, CHCH,CH,CHjs), 1.32 (s, 18H,
(CHa)3), 1.05 (t,J = 6.0 Hz, 6H, CHCH,CHg), 0.92 (m, 6H, CH-
CH,CH,CH3), 0.81 (s, 18H, (El3)3). Anal. Calcd for
CreH10N20g: C, 77.91; H, 8.77; N, 2.89. Found: C, 76.28; H,
8.43; N, 3.19.
25,26,27-Tri[octa-4,6-diyn-1-ol-(carboxy-butyl-urethane)]oxy-28-
propyl-tert-butylcalix[4]arene (C3BU).C3BU was synthesized
according to the above urethane formation procedure from C3A
(0.07 g, 0.07 mmol), butylamine (0.07 g, 1.00 mmol), triphosgene
(0.10 g, 0.30 mmol), triethylamine (0.28 mL, 2.00 mmol), and
dibutyltindilaurate (0.13 g, 0.21 mmol) in chloroform (10 mL) and
purified by column chromatography (ethyl acetate/hexan&5/
85). A light yellow solid (0.03 g, 32% yield) was obtained. Mp:
117°C. H NMR (400 MHz, CDC}): 6 7.00 (s, 4H, Ar-H), 6.56
(s, 2H, ArH), 6.50 (s, 2H, ArH), 4.99 (s, 2H, OE,C=C), 4.88
(s, 2H, OCHC=C), 4.80 (br s, 3H, NH), 4.70 (s, 2H, ®fz:C=

solvent was removed in vacuo. The crude product was purified by C), 4.54 (d,J = 13.0 Hz, 2H, ArGH,Ar), 4.47 (d,J = 13.0 Hz,

column chromatography (dichloromethane/ethyl acetat&0/50)
to give C3A as a light yellow solid (0.18 g, 58% yield). Mp: 145.
1H NMR (400 MHz, CDC}): o6 7.00 (s, 4H, ArH), 6.58 (s, 2H,
Ar-H), 6.51 (s, 2H, ArH), 5.01 (s, 2H, Ei,C=C), 4.87 (s, 2H,
CH,C=C), 4.71 (s, 2H, B,C=C), 4.55 (d,J = 12.5 Hz, 2H,
ArCHAr), 4.46 (d,J = 12.5 Hz, 2H, ArGH,Ar), 3.76 (m, 8H,
CH,CH,CHz; and CHOH), 3.17 (d,J = 6.4 Hz, 2H, ArGH,Ar),
3.14 (d,J = 6.4 Hz, 2H, Ar(H,Ar), 2.44 (t,J = 6.6 Hz, 6H, G-
CH,CH,0H), 2.00 (m, 4H, CHCH,CHj), 1.81 (m, 6H, G&,CH,-
OH), 1.25 (s, 18H, (Bl3)3), 1.08 (t,J = 7.4 Hz, 3H, CHCH,CHy),
0.92 (s, 9H, (Ei3)3), 0.87 (s, 9H, (Ei3)3).
25,26,27,28-Tetra(octa-4,6-diyn-1-ol)oxy-tert-butylcalix[4]-
arene (C4A).To a stirred solution o8 (4.18 g, 5.22 mmol), and
5-iodo-4-pentynol (10.96 g, 52.18 mmol) in pyrrolidine (40.00 mL)
was added copper(l) iodide (0.40 g, 2.09 mmol). After the reaction
mixture was stirred at room temperature for 2 h, it was hydrolyzed
with a saturated aqueous solution of ammonium chloride (200 mL)
and extracted with diethyl ether (8 150 mL). The combined
organic layers were dried over anhydrous 8@, and filtered, and

2H, ArCHAr), 4.12 (t,J = 5.6 Hz, 6H, ¢H,0CO), 3.74 (t, 2H,
CH,CH,CHj), 3.15 (m, 10H, Ar®i,Ar and NH(H,), 2.39 (t,J =
6.4 Hz, 6H, G4,CH,CH,0OCO), 2.03 (m, 4H, ChCH,CHs), 1.86
(m, 6H, (H,CH,OCO), 1.47 (m, 6H, CHCH,CH,CH3), 1.34 (m,
6H, CH,CH,CH,CHj3), 1.25 (s, 18H, (€l3)3), 1.07 (m, 9H, CH-
CH,CH,CHj3), 0.91 (s, 9H, (®i3)3), 0.86 (s, 9H, (El3)s). Anal.
Calcd for GgH113N3010: C, 76.58; H, 8.44; N, 3.12. Found: C,
74.40; H, 7.71; N 3.21.

Urethane Formation of C4BU, C4HU, and C4PU.General
Procedure for SynthesiBiacetylenic alcohotert-butylcalix[4]arene
derivatives and dibutyltindilaurate were dissolved in tetrahydrofuran,
and R—N=C=0O (commercially available) was added dropwise
to this solution with stirring at 0C. The mixture was allowed to
warm up to room temperature and the stirring was continued for
another 2 h before ice/water was added. Tetrahydrofuran was
evaporated, and the aqueous residue was extracted several times
with CH,Cl, and brine. The combined organic layers were dried
over anhydrous N&O, and filtered, and the solvent was removed
in vacuo. The crude product was eluted through a silica gel column.

the solvent was removed in vacuo. The crude product was purified  25,26,27,28-Tetra[octa-4,6-diyn-1-ol-(carboxy-butyl-urethane)]-

by column chromatography (ethyl acetate) to afford C4A as a light
yellow solid (2.73 g, 51% vyield). Mp: 212C (decomposed)}H
NMR (400 MHz, CDCk): 6 6.77 (s, 8H, ArH), 4.82 (s, 8H,
OCH,), 4.53 (d,J = 13.2 Hz, 4H, ArCHAr), 3.77 (t,J = 7.0 Hz,
8H, CH,0OH), 3.17 (d,J = 13.2 Hz, 4H, Ar®H,Ar), 2.45 (t,J =
7.0 Hz, 8H, GECCH,), 1.90 (bs, 1H, OH), 1.81 (quintel,= 7.0
Hz, 8H, Cl‘bCHzCHz), 1.07 (S, 36H, ((E|3)3)

Urethane Formation of C2BU and C3BU.General Procedure
for Synthesis.

Butylamine was dissolved in chloroform. Triphosgene was
gradually added to this solution with stirring. Triethylamine was

oxy-tert-butylcalix[4]arene (C4BU)C4BU was synthesized ac-
cording to the above urethane formation procedure from C4A (0.85
g, 0.75 mmol), butyl isocyanate (0.75 g, 7.53 mmol), and dibu-
tyltindilaurate (1.90 g, 3.01 mmol) in tetrahydrofuran (20 mL) and
purified by column chromatography (ethyl acetate/hexand5/
55). A white solid (0.96 g, 84% yield) was obtained. Mp: T3

IH NMR (400 MHz, CDC}): 6 6.77 (s, 8H, ArH), 4.82 (s, 8H,
OCH, and NH), 4.53 (d) = 13.2 Hz, 4H, ArCHAr), 4.13 (t,J =

5.8 Hz, 8H, OCO®El,), 3.17 (m, 12H, ArG1,Ar and NCH,), 2.39

(t, J = 6.8 Hz, 8H, GGCCH,CH,), 1.87 (quintet,J = 6.0 Hz, 8H,
C=CCH,CH,), 1.47 (quintetJ = 6.6 Hz, 8H, CHCH,CH,CHj),

added dropwise to this stirred mixture (a water bath may be needed1.33 (m, 8H, CHCHg), 1.06 (s, 36H (Ch)s), 0.95 (t,J = 7.4 Hz,

to keep the temperature below 3G). The reaction mixture was
refluxed for 2 h before diacetylenic alcohlrt-butylcalix[4]arene
derivatives [C2A or C3A] and dibutyltindilaurate were added. The

stirring was continued for 10 h at room temperature. The solvent

12H, Cl‘b) Anal. Calcd for GeH12N4O12: C, 75.56; H, 8.19;

N, 3.67. Found: C, 75.58; H, 8.39; N 3.65. Raman: 2250%m

(—C=C—-Cc=C—).
25,26,27,28-Tetra[octa-4,6-diyn-1-ol-(carboxy-hexyl-urethane)]-

was evaporated, and the residue was redissolved in hexane. Thexy-tert-butylcalix[4]arene (C4HU). C4HU was prepared as de-
resulting solution was filtered, and the solid was washed several scribed above from C4A (0.54 g, 0.48 mmol), butyl isocyanate (0.61
times with hexane. The filtrate was collected, and the solvent was g, 4.78 mmol), and dibutyltindilaurate (1.21 g, 1.91 mmol) in

evaporated. The residue was eluted through a silica gel column.tetrahydrofuran (15 mL) and purified by column chromatography

25,27-Di[octa-4,6-diyn-1-ol-(carboxy-butyl-urethane)]oxy-26,28-
dipropyl-tert-butylcalix-[4]arene (C2BU)C2BU was synthesized

(ethyl acetate/hexarre 27/73). A white solid (0.35 g, 45% vyield)
was obtained. Mp: 103C.H NMR (400 MHz, CDC}): 6 6.76

according to the above urethane formation procedure from C2A (s, 8H, ArH), 4.91 (br s, NH), 4.80 (s, 8H, Qf}), 4.53 (d,J =

(0.07 g, 0.07 mmol), butylamine (0.32 g, 4.32 mmol), triphosgene
(0.43 g, 1.44 mmol), triethylamine (1.20 mL, 8.63 mmol), and
dibutyltindilaurate (0.18 g, 0.29 mmol) in chloroform (10 mL) and

12.8 Hz, 4H, ArGi,Ar), 4.12 (t,J = 6.0 Hz, 8H, G1,0CO), 3.16
(d,J=12.8 Hz, 4H, ArCHAr), 3.12 (t,J = 6.0 Hz, 8H, NHCH),
2.38 (t,J = 6.4 Hz, 8H, G=CCH,), 1.85 (quintet,) = 6.4 Hz, 8H,

purified by column chromatography (ethyl acetate/dichloromethane C=CCH,CH), 1.47 (m, 8H, NHCHCH,), 1.27 (m, 24H, €1,CH,CH,-

= 1/99). A light yellow solid (0.05 g, 55% yield) was obtained.
Mp: 100°C. *H NMR (400 MHz, CDC}): 6 7.09 (s, 4H, Ar-H),
6.42 (s, 4H, Ar-H), 5.01 (s, 4H, OGIE@=C), 4.69 (br s, 2H, NH),
4.48 (d,J = 13.6 Hz, 4H, ArCHAr), 4.12 (t,J = 5.8 Hz, 4H,
OCOCH), 3.70 (t,J = 6.0 Hz, 4H, ¢1,CH,CHg), 3.14 (m,J =
13.6 Hz, 8H, ArCHAr and NCH,), 2.38 (t,J = 6.6 Hz, 4H, C=

CHg), 1.05 (s, 36H, (Ch)s), 0.87 (t,J = 6.2 Hz, 12H, CH). Anal.
Calcd for Q04]'|14d\|4012: C, 76.25; H, 8.61; N, 3.42. Found: C,
76.24; H, 8.64; N 3.76.
25,26,27,28-Tetra[octa-4,6-diyn-1-ol-(carboxy-phenyl-urethane)]-
oxy-tert-butylcalix[4]arene (C4PU)C4PU was prepared as de-
scribed above from C4A (0.36 g, 0.32 mmol), phenyl isocyanate
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(0.38 g, 3.19 mmol), and dibutyltindilaurate (0.81 g, 1.27 mmol)
in tetrahydrofuran (15 mL) and purified by column chromatography
(ethyl acetate/hexarre 22/78). A light yellow solid (0.33 g, 65%
yield) was obtained. Mp: 107C.*H NMR (400 MHz, CDC}): ¢
7.37 (d,J = 8.0 Hz, 8H,HorihsAr), 7.28 (t,J = 8.0 Hz, 8H,Hmets
Ar), 7.04 (t,J = 8.0 Hz, 4H,HyazAr), 6.90 (br s, NH), 6.78 (s,
8H, H-Arcain), 4.82 (s, 8H, OChL), 4.54 (d,J = 12.8 Hz, 4H,
ArCHAr), 4.27 (t,J = 6.0 Hz, 8H, OCOG@i,), 3.18 (d,J = 12.8
Hz, 4H, ArCHAr), 2.44 (t,J = 7.0 Hz, 8H, C=CCH), 1.96 (m,
8H, CH,CH,CH,), 1.06 (s, 36H, (CH)s). Anal. Calcd for
CioH10N4O12: C, 77.78; H, 6.78; N, 3.49. Found: C, 77.39; H,
6.78; N 3.24.
Poly(25,26,27,28-Tetra[octa-4,6-diyn-1-ol-(carboxy-butyl-ure-
thane)]oxy-tert-butylcalix[4]arene) (PC4BU). The monomer C4BU
(50 mg) was exposed to 50 Mrad gfradiation from®Co. The
resulting deep red polymerized solid was dissolved in 20 mL
tetrahydrofuran with the assistance of ultrasonication. The red
solution was filtered through a 0.48n cellulose acetate filter and
concentrated to 2 mL under reduced pressure. The concentrate
crude was dropped into methanol (100 mL) and stirred2ftn at
room temperature to give a red precipitate. The precipitate was
collected by filtration and dried under vacuum to afford pure red
polydiacetylene (23 mg, 45% yield NMR (400 MHz, CDC}):
0 7.05 (br, 8H), 6.77 (br, 8H), 4.97 (br, 8H), 4.82 (br, 8H), 4.54
(br, 8H), 4.15 (br), 4.00 (br), 3.12 (br), 2.39 (br, 8H), 1-6690
(br). Raman: 2090 cmt (—C=C—), 1486 cm?! (—C=C—).
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Synopsis Structural analyses of bridged calix[4]arenes by X-ray and AML1 calculation
revealed that bridges longer than 7.0 A considerably distort the conformation of calix[4]arene
from the perfect cone to pinched cone with the average O-O distance greater than 3.0 A. The
distortion is well correlated with the significant upfield shift of '"H NMR signals of the
phenoxyl protons which can be used for quick identification of pinched cone conformation of

new calix[4]arene compounds.

Abstract The analysis of structural parameters of azobenzene- and stilbene-bridged
calix[4]arene obtained from AML1 calculation are in good agreement with those obtained from
X-ray crystallography. The bridge longer than 9.0 A such as p,p-trans-azobenzene and p,p-
trans-stilbene cannot be constructed over the narrow rim of calix[4]arene through two
ethylenoxide linkers. The m,m-stilbene bridge is the most promising photoswitch because its
shorter cis stereoisomer (5.85 A) allows calix[4]arene to assume the perfect cone
conformation, whilst its longer trans stereoisomer (8.00 A) forces calix[4]arene to adapt a
pinched cone conformation. The pinched cone conformation has longer distances between the
neighbouring phenoxyl groups causing the weaker intramolecular hydrogen bonding and the
upfield shifts of the phenolic proton signals to below 7.00 ppm. This upfield shift is useful for

quick identification of pinched cone conformation of new calix[4]arene compounds.

Keywords: Azobenzene, Calix[4]arene, Conformation, Host-guest Complex, Isomer

Supramolecular interaction is the vital initial process triggering biological and chemical
events. Studies on binding between converging sites of synthetic hosts with diverging sites of
guest molecules or ions have progressively provided valuable information towards
understanding of the supramolecular interaction of complicated natural molecules." Much

attention has recently been paid to achieve the binding selectivity between the host and the



guest molecules by controlling the size and shape of the binding cleft of the host molecule.? A
host molecule that can controllably switch its binding selectivity as desired is rare® but
extremely desirable for various applications including imitating biological events.

Owing to its pre-organized structure, calix[4]arene is one of the most established
molecular platforms for constructing three-dimensional hosts for molecules or ions.* The
structure of calix[4]arene consists of four phenol rings linked together with four methylene
units in a circular fashion producing a basket like architecture.® Flipping one or more phenyl
rings around the flexible methylene linkages allows calix[4]arene to exist in one or more of
the four main conformers viz. cone, partial cone, 1,2—alternate and 1,3—alternate.® The cone
conformer, which is the most stable conformation for unmodified calix[4]arene, has all four
hydroxyl groups oriented along the same rim of the basket to maximize the intramolecular
hydrogen bonding among them. If two of the four phenol rings are tilted over from the perfect
circular alignment to adopt an oval-shaped basket, the resulting conformer is called a pinched
cone.” The difference in the cavity shapes between cone and pinched cone provides an
opportunity to regulate the selectivity of calix[4]arene hosts towards ionic or molecular
guests. The guidelines for synthesis and analysis by *H-NMR of calix[4]arene derivatives for
cone and 1,3-alternate conformers using alkali metal templates have been well established.?
The use of aromatic proton signals in '"H NMR have been proposed for discrimination
between cone and pinched cone conformation of calix[4]arene.” Unfortunately, the
unambiguous assignment of aromotic proton signals of calix[4]arenes are not viable for many
derivatives, especially when the calix[4]arenes possess aromatic substituents.

We have previously reported the synthesis of calix[4]arene derivatives (1-3) containing a
geometrically photoisomerizable bridge, azobenzene or stilbene, over its narrow rim.° The
meta stilbene bridge is particularly of interest as the photo-switching between a binding and
non-binding states of cis-m-2 and trans-m-2."! The switching of the binding properties have
been hypothesized as a result of the switching between a cone and pinched cone conformation
of the calix[4]arene upon cis/trans photoizomerization of the stilbene bridge. The inability of
m-trans-3 to form 1,3-altermate conformation in the Cs* templated synthesis also implied its
pinched conformation.? To reallize if a calix[4]arene derivative is in a pinched cone
conformer, a single crystal of the compound was required for X-ray crystallography. We have
re-examined the X-ray and AM1 geometry optimized structurres of these compounds that
leads to guidelines for quick identification of pinched cone conformation by using NMR
signals of phenolic protons of calix[4]arene as reported herein. Unlike the aromatic proton
signals, the hydroxyl proton signals of calix[4]arenes can be readily assigned and confirmed
by deuterium exchange with D,O that is attractive to be used for quick discrimination of cone

and pinched cone conformation of new calix[4]arene derivatives.
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Figure 1 Structures of azobenzene bridged calix[4]arene and stilbene bridged calix[4]arenes.

Results and Discussion

The length of relatively rigid azobenzene and stilbene units can be calculated using simple
computational routines for geometry optimization, such as AM1."® The calculated bridge
length is dependent not only on the cis/trans geometrical isomers but also on the regio-
positions where the bridge is connected (Table 1). The calculated unit length strongly
supports the previous synthesis results. For azobenzene-bridged calix[4]arenes, only trans
stereoisomer of the ortho and meta isomers (0-1 and m-1) were obtained.'® The
stereospecificity was attributed to the instability of cis-azobenzenes, whilst the unsuccessful
isolation of the coupling product from the p-isomer is well supported by the meticulously
long length of the trans isomer (9.21 A). For the the stilbene bridged calix[4]arene, five
isomers of 2 (0-cis-2, o-trans-2, m-cis-2, m-trans-2 and p-cis-2) and five isomers of 3 (o-cis-
3, o-trans-3, m-cis-3, m-trans-3 and p-cis-3) were all successfully isolated.’®* The isolated
products showed the preference of cis stereoisomers for all regioisomers that are well
substantiated by the short distance between the opposite hydroxyl groups of calix[4]arene (at
only 4.0 A)* in comparison to the bridge length. The results clearly demonstrate that the
calculated lengths of the bridging units can be used as a quantitative specification of the

bridge length (< 9.0 A) which may be constructed over the narrow rim of calix[4]arene.
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O '
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cis trans

azobenzene: X =N
stilbene: X = CH

Table1l The AM1 calculated distance between various symmetrical positions on phenyl rings of
stilbene.



Isomer Molecular lengths of

Azobenzene (A) Stilbene (A)

cis trans cis trans
0-0 3.48 5.05 351 5.24
m-m 5.90 7.81 5.85 8.00
p-p 8.32 9.21 835  9.39

Two new X-ray structures (m-cis-2 and m-cis-3) in combination with three previously
reported structures (o-trans-1, m-trans-1, o-cis-2) are shown Figure 2. The X-ray structures
reveal that these bridged calix[4]arenes assume a cone conformation. To obtain adequate
structural parameters for conformation analysis, the structures of all synthesized compounds
were computationally calculated with AM1 geometry optimization. The distances between
neighbouring phenolic oxygen atoms on the calix[4]arene rim obtained from the AM1
geometrically optimized structures agree very well (< 5% difference) with those obtained
from the X-ray structures (Table 2) justifying that the structural parameters obtained from

AML structures are suitable for further conformation analysis.

o-trans-1 m-trans-1 0-Cis-2

m-cis-2 m-cis-3

Figure 2 The X-ray Structure of azobenene and stilbene bridges calix[4]arenes.

Table 2  The distances between two neighboring phenoxyl oxygen (O-O distance) on the narrow
rim of azobenzene and stilbene bridged calix[4]arenes obtained from AM1 optimized (and X-ray)

structures.

Compounds  O-O distance in A*

2.86 2.95 2.95 3.03
o-trans-1 (2.76) (2.80) (3.03) (3.04)
m-trans-1 2.85 3.05 331 3.41




(2.75) (2.92) (332)  (3.47)

2.73 2.76 2.92 2.95
0-Cis-2 (2.70) (2.70) (2.90) (2.96)
o-trans-2 2.71 2.84 291 2.96

2.78 2.83 2.88 2.90
m-cis-2 (2.76) (2.80) (2.82) (3.02)
m-trans-2 2.86 3.05 3.29 3.47
p-cis-2 3.04 3.23 3.37 3.61
0-Cis-3 2.74 2.76 2.92 2.95
o-trans-3 2.77 2.84 2.89 2.99

2.78 2.83 2.88 2.90
m-cis-3 (2.74) (2.82) (2.83) (2.84)
m-trans-3 2.86 3.05 3.28 3.54
p-cis-3 2.80 3.15 3.26 3.52

*There are four pairs of neighboring oxygen atoms around the calix[4]arene rim. The distances obtained from x-
ray structures are shown in parenthesis.

Re-examining the '"H NMR spectra of all synthesized compounds, we found that the
phenolic protons display conspicuous chemical shifts. The signals of phenolic protons in m-
trans and p-cis isomers appeared significantly upfield comparing to those of the rests
(representatively shown in Figure 3). The upfield shifts in the chemical shifts suggest that the
intramolecular hydrogen bonding between the phenoxyl groups in the m-trans and p-cis
isomers is relatively weaker than those of the other isomers.

*

_jl a) m-cis-3

34 82 80 7.8 7.6 74 72 70 68 6.6 64 62 60 58 5.6
x

6

h

b) m-trans-3

ﬂ I

34 82 80 7.8 7.6 74 72 7.0 68 6.6 64 62 60 5.8

]

Figure 3 'H NMR spectra of a) m-cis-3 b) m-trans-3. The asterisk (*) designated for phenolic
proton signal verified by D exchange with D,0.

To relate the chemical shifts of the phenolic protons to the molecular structures, the
distances of the four pairs of neighbouring phenoxyl oxygen atoms around the calix[4]arene
were averaged and presented along with the chemical shifts of the corresponding

calix[4]arene derivatives (Table 3). The compounds with an average O-O distance longer than



3.0 A show the signals of phenolic protons below 7.0 ppm whilst the compounds with an
average O-O distance shorter than 3.0 A show the signals above 7.0 ppm (Table 3). This
correlation of the average O-O distances with the chemical shifts is a strong evidence to
support that the upfield chemical shifts are the result of weaker hydrogen bonding between
the neighboring phenoxyl groups due to the distortion of the calix[4]arene rim caused by the
longer azobenzene and stilbene bridges i.e. m-trans and p-cis isomers (bridge length > 7.0 A,
Table 1)

Table 3 The 'H NMR chemical shifts of the phenolic protons and the average O-O distances of

azobenzene and stilbene bridged calix[4]arenes from AMZloptimized structures (and X-ray structures).

"HNMR  Average 0-O

Compounds
5 (ppm)  distance (A)

o-trans-1 7.61 2.95(2.91)
m-trans-1 6.07 3.15(3.12)
0-Cis-2 7.70 2.84 (2.82)
o-trans-2 8.43 2.85
m-cis-2 8.08 2.85 (2.85)
m-trans-2 6.60 3.17
p-cis-2 6.29 3.31
0-Cis-3 8.10 2.84
o-trans-3 8.44 2.87
m-cis-3 8.30 2.85(2.81)
m-trans-3 5.62 3.18
p-cis-3 6.65 3.18

The plot between the average O-O distances and the chemical shifts shows a striking
division of the compounds into two groups (Figure 4) suggesting the possibility to use the
phenolic *H NMR signals for identifying the highly distorted or pinched cone conformer of
calix[4]arene derivatives. It is important to point out here that the distances between the
neighbouring phenoxyl protons observed by X-ray crystallography and AM1 calculation are
so varied that the classification between cone and pinched cone conformation cannot be well
justified by using just individual or a pair of distances. This variation in the distances is
attributed to the fact that the structures derived from both X-ray crystallography and AM1
calculation are static. On the other hand, the chemical shifts observed by *H NMR in solution
are the average values resulting from the dynamic exchange process of the intramolecular
hydrogen bonding. It is thus reasonable that the chemical shifts are more correlated with the
average distances and they can be very useful for conformation analysis of new calix[4]arene

derivatives in solution. The conformational information in solution is important for explaining



and predicting the conformational related binding properties of calix[4]arene in host-guest

chemistry.

Figure 4 The correlation between the average O-O distance and the chemical shifts of phenolic

protons.

To apply our method for classification of cone and pinched cone conformation by 'H
NMR spectrum can be applied to previously reported calix[4]arene derivatives, we retrieved
the crystal structures of all calix[4]arene derivatives from the Cambridge Structural Database
(CSD). The data set of over a thousand structures was refined to 176 structures containing two
narrow rim substituents that adopt the cone conformation. Those structures having 1,2- or 1,3-
alternate conformation were disregarded. The average O-O distances were calculated from the
structural parameters retrieved from the database and plot them in an ascending order (Figure
5). It is clear that the majority of structures have the average O-O distances between 2.6 to 3.0

19¢. 15 with the average O-O distance greater than

A. There are only seven out of 176 structures
3.0 A, which maybe considered as a highly pinched cone conformation. Indeed, the phenolic
OH signal of all these pinched cone compounds, with one exception,'*® were observed at the

chemical shift below 7.0 ppm.
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Figure 5 Average O-O distance of related calix[4]arene derivatives calculated based on the

structural parameters retrieved from CSD.



Conclusion

Detailed structural analyses of azobenzene- and stilbene-bridged calix[4]arenes by X-ray
and AM1 calculation revealed that bridges with a unit length longer than 7.0 A could
considerably distort the conformation of calix[4]arene from the perfect cone shape. The
highly distorted (or pinched) cone calix[4]arene has the average O-O distance around the
narrow rim greater than 3.0 A. This distortion is well correlated with the significant upfield
shift of "H NMR signals of the phenoxyl protons which can be used for quick identification of
pinched cone conformation of new calix[4]arene compounds. The ability to identify the cone
or pinched cone conformation of calix[4]arene in solution is useful for predicting controlling
and explaining previously unforeseeable supramolecular binding activity of new calix[4]arene

derivatives.
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ABSTRACT

A series of water-soluble fluorescent dendritic compounds composed of phenylene-ethynylene repeating units and anionic carboxylate or
cationic ammonium peripheral groups were synthesized. The first generation fluorescent dendrimer containing nine phenylene-ethynylene
units and six carboxylate peripheral groups exhibited a highly selective fluorescence quenching by Hg?* ions. The Stern—Volmer constant
(Ksv) was 33,700 M~ in aqueous media in the presence of Triton X-100 surfactant.

Mercury is one of the most toxic environmental pollutants
generated from industrial sources. The most abundant ionic
form of this element is the mercuric ion (Hg?*), which can
be accumulated in the organs of human or animal bodies
through the food chain.® Inorganic mercury has been reported
to produce harmful effects at a concentration of 5 ppb.2
Development of highly sensitive and selective Hg?" sensors
that can provide direct determinations of the amount of Hg?*
in aqueous media is therefore of great interest.®> Chemosen-
sors for Hg?" have been progressively improved using

" Department of Chemistry, Faculty of Science.

¥ Center for Petroleum, Petrochemicals and Advanced Materials.
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redox,* chromogenic,” or fluorogenic® changes as the means
of detection.

Fluorescence-based methodologies have attracted much
interest due to their intrinsic sensitivity and selectivity.’
Considerable efforts have been devoted to the design of
fluorescent compounds to be used as sensors for mercury.
However, their poor solubility in water and low fluorescence
quantum yield due to aggregation have limited the satisfac-
tory application of these compounds in aqueous media.®

(5) () zhang, X.; Shiraishi, Y.; Hirai, T. Org. Lett. 2007, 9, 5039-
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Several methods have been used to prevent aggregation and
increase quantum efficiencies, for example, the use of
polyelectrolytes or surfactants.

Conjugated polyelectrolytes have been applied to the
detection of metals due to their efficient static quenching
properties with quenchers.® In some recent studies, surfac-
tants were also used to enhance the fluorescence quantum
yields of hydrophobic conjugated polymers containing hy-
drophilic side chains.'® The dominant hydrophobic interac-
tions between surfactants and fluorophores can significantly
reduce the aggregation. An application of surfactants for
amplification of the quenching effect between the fluorescent
polymers and quenchers has also been reported.**

The fluorescent linear polymers poly(phenylene-ethy-
nylenes) substituted by carboxylate groups have been
reported to exhibit a quenching effect by Hg?" in aqueous
media in the absence and presence of avidin, with Stern—\Volmer
constant (Ky,) values of 10* and 10° M™%, respectively.*?
Despite offering high sensivity, the unpredictable secondary
and tertiary structures in solution, due to a wide number of
repeating fluorophores and random molecular conformations
in linear conjugated polymers, can lead to inconsistent
quenching effects and inexplicable behaviors.

In comparison with linear polymers, the numbers of
fluorophore units in dendrimers can be controlled by a
stepwise synthesis. This should reflect in the more predictable
fluorescence property and other structure-related behaviors

(8) Zhu, X.-J.; Fu, S.-T.; Wong, W.-K.; Guo, J.-P.; Wong, W.-Y. Angew.
Chem., Int. Ed. 2006, 45, 3150-3154.

(9) McQuade, D. T.; Pullen, A. E.; Swager, T. M. Chem. Rev 2000,
100, 2537. Thomas, S. W.; Joly, G. D.; Swager, T. M. Chem. Rev 2007,
107, 1339-1386.
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J. Am. Chem. Soc. 2003, 125, 896-900. (c) Burrows, H. D.; Lobo, V. M. M,;
Pina, J.; Ramos, M. L.; Seixas de Melo, J.; Valente, A. J. M.; Tapia, M. J.;
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P.; Yue, H; Wu, M.; Liu, M.; Treece, J.; Waldeck, D. H.; Xue, C.; Liu, H.
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B. J. Phys. Chem. B 2008, 112, 9295-9300.
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Chem. Soc. 2006, 128, 2818-2819. (c) Kim, I.-B.; Phillips, R.; Bunz,
U. H. F. Macromolecules 2007, 40, 814-817.
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of dendritic molecules. We thus decided to synthesize
dendritic compounds 1—3 (Figure 1) and study their fluo-
rescent sensing applications.

Diphenylacetylene is selected as the repeating fluorescent
unit for its known high fluoresence quantum yield and
structural rigidity. To make the dendritic compounds water-
soluble, carboxyl or quaternary ammonium groups have been
installed as the peripheral groups. The compounds were
synthesized by a convergent approach as outlined in Scheme
1. The reactive core, 4,4",4”-triiodotriphenylamine 4, was
prepared from the iodination of triphenylamine using ben-
zyltrimethylammonium iododichloride (BnMes-ICly).** The
peripheral building blocks, methyl 4-ethynyl benzoate 5 and
N,N-dimethyl-4-ethynylaniline 6, were obtained through the
Sonogashira coupling™® of trimethylsilylacetylene with the
corresponding aryl iodide and a subsequent base-catalyzed
desilylation. With the required building blocks in hands, we
proceeded with the Sonogashira coupling between 4 and 5
followed by the hydrolysis of triester 7 to afford ionizable
fluorophore 1. Similarly, the reaction between 4 and 6 gave
rise to the triamine 8, which was treated with an excess of
Mel to provide the polycationic fluorescent compound 2. In
order to obtain the first generation fluorescent dendrimer 3,
we carried out a reaction of the core 4 with 1 molar equiv
of trimethylsilylacetylene to obtain the branch building blocks
9. The Sonogashira coupling of 9 with 5 followed by
desilylation gave the dendron 10, which was coupled with 4
to afford hexaester 11. The hydrolysis of 11 eventually
afforded first generation fluorescent dendrimer 3 in moderate
yield.*

The effects of surfactants on the photophysical properties
of 1—3 were studied. Without the surfactant, compounds 1—3
displayed absorption peaks around 370—375 nm. In the
presence of the surfactant Triton X-100, these bands were
slightly red-shifted to 379—383 nm. The spectral shifts

(13) Kajigaeshi, S.; Kakinami, T.; Moriwaki, M.; Fujisaki, S.; Maeno,
K.; Okamoto, T. Synthesis 1988, 545-546.

(14) (a) Devadoss, C.; Bharathi, P.; Moore, J. S. J. Am. Chem. Soc.
1996, 118, 9635-9644. (b) Pesak, D.; Moore, J. S. Macromolecules 1997,
30, 6467-6482. (c) Nantalaksakul, A.; Dasari, R. R.; Ahn, T.-S.; Al-Kaysi,
R.; Bardeen, C. J.; Thayumanavan, S. Org. Lett. 2006, 8, 2981-2984. (d)
Zhang, X.; Ren, X.; Xu, Q. H.; Loh, K. P.; Chen, Z. K. Org. Lett. 2009,
11, 1257-1260.
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Scheme 1. Synthesis of 1, 2, and 3
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observed in the emission spectra were in the opposite
direction and of more significance. The emission peaks of
1, 2, and 3 were at 454, 485, and 489 nm in the absence of
Triton X-100. The surfactant caused the emission bands to
blue-shift by 20, 47, and 68 nm, respectively (Table 1).

The blue shift and increase in fluorescence quantum yields
(P¢) suggested that the deaggregation of 1—3 was caused
by the addition of the surfactants. The enhancement of ®¢
of 3 was greater than that of 1 implied that compound 1, a
smaller molecule, was only partially deaggregated.

We also investigated the fluorogenic behaviors of 1—3 in
the presence of metal ions in the +2 oxidation state, such as
Cr?*t, Fe?*, Co?*, Ni?*, Cu?*, Cd?*, Hg?", and Pb?*. Without
the surfactant, the fluorescence signal of 3 can be quenched

(15) The spectroscopic data (*H and **C NMR, MALDI-TOF MS, and
ESI-MS spectra) of every compound are available in Supporting Informa-
tion.
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Table 1. Photophysical Properties of 1—3 in 50 mM Phosphate
Buffer (pH 8.0) without and with Triton X-100

absorption fluorescence
compd Amax (NM) eM1em™) Amax (nm) D
Without Triton X-100
1 374 5900 454 0.097
2 370 26823 485 0.14
3 375 63500 489 0.037
With Triton X-100
1 383 9592 434 0.47
2 382 21310 438 0.46
3 379 49820 421 0.65

@ Quinine sulfate in 0.1 M H,SO, (®r = 0.45) was the reference.

by Hg?* ions (Figure 2a), whereas there are no significant
effects on the signals of 1 and 2. With Triton X-100, the
fluorescence signal of 1 was quenched by all metal ions listed
above, but the signal of 2 was not affected. On the other
hand, the fluorophore 3 still exhibited a selective quenching
by Hg?" ions.

A Stern—Volmer plot was made in order to access a
guantitative measurement of fluorescence quenching. K, for
the system with Triton X-100 was 33,700 M1, whereas it
was only 5,800 M~ for the system without Triton X-100
(Figure 3). It is clear that Triton X-100 could amplify this
selective quenching effect.

The nonselective quenching of 1 suggested that positively
charged metal ions reduce the electrostatic repulsion between

Figure 2. Emission spectra of the solutions of 1—3 (10 M) upon
the addition of metal ions (40 uM): without Triton X-100 for (a)
1, (b) 2, and (c) 3; with 0.1 mM Triton X-100 for (d) 1 (1 uM), (e)
2 (0.1 uM), and (f) 3 (0.1 uM).

Org. Lett, Vol. 11, No. 13, 2009



Figure 3. Stern—\Volmer plots for fluorescence quenching of 3 (0.1
uM) with and without of Triton X-100 (0.1 mM).

Figure 4. Emission spectra of 3 (0.1 xM) upon the addition of
Hg?* (40 uM) and EDTA (100 uM).

the partially deaggregated negatively charged fluorophores
1, resulting in the enhancement of self-quenching. Con-
versely, the charge repulsion among positively charged
fluorophore 2, having a comparable molecular size to 1,
cannot be reduced by the metal ions and therefore exhibits
no enhancement of the self-quenching effect.

The selective fluorescence quenching of 3 by Hg?" is more
complicated and difficult to rationalize. With the high
selectivity for Hg?t, the common metal ion enhanced self-
quenching mechanism is unlikely to play the key role. The
quenching effect may involve selective formation of 3-Hg?*
complex and efficient energy transfer between the fluorescent
units in 3 to this complex at the periphery.'® To test if the
proposed complex could be reversed, a strong chelator,
EDTA, was added. The addition of 2.5 molar equiv of EDTA
could restore the fluorescent signal of 3 to its original level
(Figure 4). The result supports the above hypothesis to some
extent.

In summary, a series of diphenylacetylene dendritic
compounds containing negatively and positively charged
peripheral groups were successfully synthesized through a

(16) (a) Sandanaraj, B. S.; Demont, R.; Aathimanikandan, S. V.;
Savariar, E. N.; Thayumanavan, S. J. Am. Chem. Soc. 2006, 128, 10686—
10687. (b) Jiwpanich, S.; Sandanaraj, B. S.; Thayumanavan, S. Chem.
Commun. 2009, 806-808.
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convergent approach. We have demonstrated that these
diphenylacetylene based dendritic molecules with a charge
decorated periphery constitute a new intriguing class of
fluorophores useful for sensing applications in aqueous
media. The quantum efficiencies of the fluorophores in water
were considerably enhanced by the nonionic sufactant Triton
X-100. In the presence of Triton X-100, the fluorescent signal
of the first generation dendrimer containing a carboxylate
periphery could be selectively quenched by Hg?". A wide
linear fluorescence quenching response to Hg?" concentration
was observed in the range of 2—80 «M (0.4—16 ppm). Other
applications along this line are currently under investigation,
and the results will be disclosed in due course.
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