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Abstract

Project Code: PDF/55/2540

Project Title: Synthesis of New Aza Crown Ether Calix{4]arenes and Studies of Their Binding
’ Properties towards Cations, Anions and Organic Molecules

Investigators:
Project head: Assistant Professor Dr. Thawatchai Tuntulani
Department of Chemistry, Faculty of Science, Chulalongkorn University
Mentor: Associate Professor Dr. Vithaya Ruangpornvisuti '
Department of Chemistry, Faculty of Science, Chulalongkorn University

E-mail Address: tthawatc@chula.ac.th
Project Period: August 1, 1997 to April 30, 2001

Objectlves: To develop the synthesis methodology for new aza calixarenes containing various
types of amines and to study binding properties of the synthesized molecules towards cations,
anions and organic molecules and the possibility to use the synthesized molecules for
separation of cations, anions and organic molecules from environments

Methodology: Condensation reactions between aldehyde derivatives of calix[4]arene and
suitable amines were carried out to give Schiff base products. The Schiff base compounds
were reduced with NaBH; and subsequently protonated with HCI in CH;OH to produce
ammonium derivatives. Neutralization of the ammonium derivatives with NaOH resulted in new
aza benzene crown ether calix{4)arenes. The pyridine derivative of calix[4]arene was
synthesized by a nucleophilic substitution reaction between calix(4)arene and 4-
chloromethylpyridine.  The binding properties of the synthesized compounds towards cations,
anions and organic molecules were studied by H NMR and potentiometric titrations.

Results: Compounds, 25,26,27-N,N:N::-tri((2-ethoxy)benzyl)ethylenetetraamine-p-ten‘-butyl
calix[4)arene-4HCIl (5a), 25,26,27-N,N,N -tri((4-ethoxy)benzyl)ethylenetetraamine-p-tert-butyl
calix[4)arene«4HCl (8b), 25,27-{2,2"-[2,2'-((2,5,8-triaza)nonyl)diphenoxyldiethyl}-p-tert-butylcalix
(4larene (7). 25,27-[N,I\/ -di-((2-ethoxy)benzyl)propylenediamine]-26,28-dimethoxy-p-tert-buty!
calix[4)arene dihydrochloride (10) and 5,11,17,23-tetra-tert-butyl-25,27-bis|(4-pyridylmethyl)oxy]-
26,28-dihydroxycalix[4]arene (11) have been synthesized. Compounds Sa and 5b can form 1:1
complexeg towards NO3, Br and |, and the complex stabilities vary as follows: NO; > | > Br
(using Na as countercation). In the presence of K, the association constants of 5a towards
Br and | are higher than using Na . However, 5b forms the most stable compjexes, with 2[
when B£4N is used as countercation. Compoungj can gqrm cog]plexe%with Co , Nji , Cu
and Zn , and the order of stability varies as Cu >> Ni' > Co > Zn . Compound 11 can
form complexes with catechol, resorcinol and phthalic acid and also gives interesting
supramolecular structures.

Discussion and Conclusion: Size of the ligand cavity and countercations play an important
role in anion binding ability of 5a and 5b. The crown ether cavity in 5a prefer to bind K over
Na . The result also suggests that the anion binding cavijy of 5b ig bigger than that of 5a.
Cogpound 7 form 1:1 ligand/metal complexes with Lu . Ni and Co and a 1:2 complex with
Zn . The result show that compound 7 bind Cu™ selectively. The selective binding of 11
towards catechol, resorcinol and phthalic acid and their fascinating supramolecular structures
are found to depend on hydrogen bonding and van der Waals interactions.

Keywords: calix[4]arene, Schiff base, NMR titration, potentiometric titration, anion binding
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spectroscopy)
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[2.2’-((2,5,8-triaza)nonyl)diphenoxy]diethyl}-p-tert-butylcalix[4]arene (7) 25.27-{N,N/-di-((2-ethoxy)
benzyl)propylenediamine}-26,28-dimethoxy-p-fert-butylcalix[4]arene dihydrochloride (10) W&s
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terephthalic acid WUi1ta1s 11 sunsaiiessuszneuidetawlany resorcinol catechol W&
phihalic acid iulaofanuaiosiuiduasiaa phthalic acid (log K = 5.41) > resorcinol
(log K = 3.13) > catechol Wa31n NOESY ugasliifiuin masuastsuuuuius:lalasion uss
(59 van der Waals ﬁwaﬁﬁlﬁlﬁ@mnﬁam“uﬁ'umséﬁna‘nuﬁaﬁ'aﬁﬂﬁnﬁ@‘[maﬁ‘noqﬂﬂimaﬁa

¢ d ., o
817 (supramolecular structure) Mirauladnaa
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Benzo Crown p-tert-Butylcalix[4)arene and Its Host-Guest Chemistry" Tetrahedron Lett.
1997, 38, 3985.

2. Veravong, S.; Ruangpornvisuti, V.; Pipoosananakaton, B.; Sukwattanasinitt, M.; Tuntulani,

T. “Synthesis of Tetraalkylated Calix[4]arenes and Studies of Their Conformational
Behaviors” ScienceAsia 2000, 26, 163.

3. Tuntulani, T.; Tumcharern, G.; Ruangpornvisuti, V. “Recognition Studies of a Pyridine-

Pendant Calix[4]larene with Neutral Molecules: Effects of Non-Covalent Interactions on

Supramolecular Structures and Stabilities” J. Inclu. Phenom. 2001, 39, 47.
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4,

5.

Tuntulani, T.; Poompradub, S.; Thavornyutikarn, P.; Jaiboon, N.; Ruangpornvisuti, V.;
Chaichit, N.; Asfari, Z.; Vicens, J. “Aza Crown Ether Calix[4]arenes Containing Cation and
Anion Binding Sites: Effects of Metal lons towards Anion Binding Ability” submitted for
publication in Tefrahedron Lett.

Tuntulani, T.; Poompradub, S.; Thavornyutikarn, P.; Jaiboon, N.; Ruangpornvisuti, V.;
Chaichit, N.; Asfari, Z.; Vicens, J. “Design and Synthesis of Tripodal Aza Crown Ether Calix
[4]arenes: Anion Binding Studies and Role of Countercations towards Anion Binding Ability”

in preparation for submitting in Tefrahedron or J. Inclu. Phenom.
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calix{4)arene &4 oxo-molybdenum ersuriuduiiiuazeanvasiuasdnasndiausasteaand
agﬁuﬁ‘uaaman[4]mﬁ%u'nﬁmﬁmmmﬁuﬁum§n[4]m'§u§ﬂ';mﬁalu'luimmw%u‘lﬁ@ums
Usznaulsegon 12

HC %

"o
oit |
16

12

ﬁm?ﬂmsmﬁ%’m§oﬂ%mm1Lanifa:ﬁﬂmsﬁfumﬁ:ﬁtasmmfa‘nm]fuﬁwnﬁmha 9 N
wuuseuszuvuraalaoillulasian uas sandaniuasuiuas (donor) lavaanuuulilase
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a a a & o A 1 o« a .
N. 1039INANATIEN UUuNN H-NMR ®UnasuealuiaIad nuclear magnetic resonance

spectrometer 'é‘u. Bruker ACF 200 MHz %38 Bruker DRX 400 MHz w32 GEOL 500 MHz lay
arauaseiatgln COCl, %58 DMSO-ds uasiufindn chemical shift lanadudniyinnas
residual proton tu@avinazaiuil internal reference

3Lﬂ'5‘|:ﬁﬁ‘|qam(ﬂ5:nauﬁaum‘%aa Perkin Elmer CHON/S Analyzer PE2400 series |
Tufinua FAB uusminasudioiaias VG-Analytical ZAB HF Mass spectrometer 821 ESI-TOF
wuesiUnafudufindiuadas Micromass LCT mass spectrometer magwaaummﬁ'mm‘%ao
Electrothermal 9100 ussiiunfinuazas FT-IR sinausoiaias Nicolet Impact 410 FT-IR
spectrophotometer

~l ar o a s
2. RITONURARON LT UM TTILHTIZH

a'm,mlLLa:'mqw'l“nmﬁwmﬂuﬁuﬂ standard analytical grade Ua3usun BDH J.T. Baker
- o o d49 o
%30 Merck Mvinasaenlisu acetone dichloromethane ethyl acetate hexane \L&= methanol
UM TNARLALIAUTN IS molecular sieve UWI0 4 A §3¥azay DMF sunmisnauuazvinle
]_I : » ‘l @ & as EEY v e
DAINUINDULTYINATI NUNENTNFILATIZA LG8 column chromatography lag silica gel

(kieselgel 60, 0.063-0.200 mm, Merck) uazaaa1uilfiiTuneiy thin layer chromatography (TLC)



Tavld  silica gel plates (kieselgel 60 F,s4, 1 mm, Marck) g17dscnay 2-(2/-bromoethoxy)
benzaldehyde (1;.\):“s 4-(2'-bromoethoxy)benzaldehyde (1 b)37 LA p-tert-butyl(‘,alix[ct]arene3 KORTaEY
ldndunanauanm sy

a. IEmMIguaTv

MSHIUATIEN 25,26, 27-tri((2-ethoxy)benzaldehyde-p-tert-butylcalix{4]Jarene (3a) RN
25,26, 27-tri((4-ethoxy)benzaldehyde-p-tert-butylcalix(4Jarene (3b)

NRY p-tert-butylcalix[4jarene (6.05 N34, 9.34 Nadlua) barium oxide (5.20 n¥u, 33.90
faklua) uas DMF (150 Naadas) adluaanunay 2 aa vuia 250 fiaddas ﬂuﬁgmmgﬁﬁao
WHuat 1 $alus udiduamsazann 2-(2'-bromoethoxy)benzaldehyde (1a) (6.56 nSu, 28.64 iia
alua) lu OMF (50 fafidaT) solufasnoa auvaswsuaaaaa mulaussumealulasniau 1w
(I8 7 % ﬁqm%qﬁ 70 DIPNLTRLTUR mﬁammfuﬂéatl'lﬁaﬁazmmﬁuanuﬁaQmwﬂﬂﬁaa el
YanFNsan@acagasnmeldnnzanudud ldvesnsuiiaiadon azaruvosnand
el dichioromethane (& 3 M hydrochloric acid 3unse¥a pH wa9g1sazatailu 1 anauansu
dunidaanale dichloromethane Ltﬁagwfwaanlmfl’ﬁ sodium sulfate anhydrous N38IURTUIRAT
aranof ldunssmedavhasanesnswne Idiiuwssarafies  shssilduuonuda i
@18 silica gel column lanld dichloromethane (Tluaqne ROUENHAAA U RGaInNT 25.26,27-tri
((2-ethdxy)benzaldehyde)-p-tert-butylcalix[4]arene (3a) @an?an  25,27-di((2-ethoxy)
benzaldehyde)-p-tert-butylcalix[4]arene (2a) mmfuﬁ’m'lwnwﬁnﬁdn methanol |u
dichloromethane 1&a1s 3a (HunAnzuidu (2.17 3w, 21%)

FWNTOFUATIZE 2b (0.20 N3N, 2%) U 3b (5.53 N3N, 46%) & InU{ATuATEWING p-
tert-butylcalix[4)arene (7.03 n3u, 10.83 Hadlua) uar 4-(2'-bromoethoxy)benzaldehyde (7.42
n3Y, 32.63 Jadlua) 11 DMF (50 §a88a3) udunumIfIaIT Iy 3a

3a: 1H-Ni\/‘IF( spectrum (200 MHz, CDCl,) & (ppm) 10.41 and 8.74 (s each, 2H and 1R, -
Ar(C=0)H); 7.63-6.32 (m, 20H, aromatic protons); 5.22 (s, 1H, ArOH); 4.90, 4.42 and 4.16 (m,
12H, -OCH,CH,0-); 4.24 and 3.29 (m, 4H each, ArCHAHgAT); 1.36-0.82 (m, 36H, -Ar-t-C Hy).
FAB MS (m/z): 1092.5. Anal. Cald. for 3a (C,;Hgp040): C.77.99; H, 7.37. Found: C, 78.11; H,
7.17.

3b; 1H-NMR spectrum (500 MHz, CDCl,) & (ppm) 9.76 and 9.68 (s each, 2H and 1H, -
Ar(C=0)H), 7.57 and 7.43 (d each, J,, = 8.7 Hz, 4H and 2H, -OArH,), 7.19 (s, 2H, HOArH),
7.14 (s, 2H, ROArH), 6.70 and 6.63 (d each, J,,, = 8.7 Hz, 4H and 2H, -OArH,), 6.54 (s, 4H.
ROArH), 5.40 (s, 1H, HOAT), 4.86 (m, 2H, OCH,CH,0), 4.45 and 3.32 (d each, J,,,, = 12.4 Hz,
4H each, ArCH,H,AT), 4.28 (m, 2H, OCH,CH,0), 4.13 (s ,8H, OCH,CH,0), 1.36 (s, 18H, HOAr-



t-CHo and ROAr-t-CqHa), 0.82 (s, 18H, ROAr-t-C4Hs). MALDI-TOF MS (m/z): 1093.6. Anal.
Cald. for 3b (CrHaOs0): C.77.99; H, 7.37. Found: C, 77.91; H, 7.52.

MIFNATIEN  25,26,27-N,N" N -tri-((2-ethoxy)benzyl)ethylenetriimine-p-tert-butylcalix[4]
arene (4a) URs 25,26,27-N,N/,N”-tri—((4-ethoxy)benzyl)ethylenetriimine-p-Iert-butylca/ix[4}arene
(4b)

@UENIAZANY  tris(2-aminolethylamine (0.18 n3W, 1.10 Dadlua) ludrvhacapusy
dichloromethane (10 Ta3@3) Uay acetonitrile (50 Hnddas) Aazvoa asluvranunay 2 @
PYW1a 500 DRAAAT ﬁ'ussqmawawaa 3a (1.00 n¥u, 0.92 Dadlua) us: acetonitiile (250
Aadaa9) anvnsnsuaaarsmulausssndlulasiouniourlianusousunssisdwing
Wwaan 8 T2l ﬂ‘nngmﬁ‘mwncﬂ:naummwé’emnf:'uﬂéaU‘lﬁm?a:mmﬂumauﬁdqm&{)ﬁ
Wad NTasraIuiIfuIV0s 42 paNINUBIHFULEITIALNAUMD acetonitrile wazvintwuwalaold
5u§@q1ﬂ1ﬁ (1.03 N3y, 95%)

FUITARIATIZH 4b (3.23 nTN, 97%) NUASENszMINg 3b (3.05 n3w, 2.79 Irdlug)
WAz tris(2-aminoethyllamine (0.50 n3v, 3.43 Uadlua) lu acetonitrile (250 fiadans) lauAtnny
ITULALIALTISUY

4a: 'H-NMR spectrum (200 MHz, CDCIl;) 6 (ppm) 8.93 and 8.83 (s each, 1H and 2H, -
CH=N-); 7.91-6.45 (m, 20H, aromatic protons); 5.30 (s, 1H, -ArOH); 5.16, 4.53 and 4.04 (m,
12H, -OCH,CH,0); 2.89 (m, 12H, -NCH,CH,N-): 4.39 and 4.33, 3.39 and 3.32 (d each, 2H
each, Jun = 13 Hz, ArCH HgAr); 1.36, 1.27 and 0.79 (s each, 8H, S8H and 18H, ROAr-t-C,H,
and HOAr-t-CyHs). FAB MS (miz): 1185.7 Anal. Cald. for 4a-H,0 (CrHasN,Og): C, 76.84; H,
7..87; N, 4.65. Found: C, 76.70; H, 7.61; N, 4.24,

4b: 1H-NMR spectrum (500 MHz, CDCl;) & (ppm) 8.07 and 7.86 (s each, 1H and 2H, -
CH=N ), 7.38 (d, J,,, = 8.7 Hz , 4H, -OArH,), 7.20 (s, 2H, HOArH), 7.18 (s, 2H, ROArH), 6.73
(d, J,., = 8.7 Hz, 4H, -OArH,), 6.62 (d, J,,,, = 2.4 Hz, 2H, ROAH,), 6.52 (d, J,,,, = 2.4 Hz, 2H,
ROArH,), 6.32 (s, TH, HOAr), 6.13 (d, J,.,, = 8.8 Hz, 2H, ROArH), 6.02 (d. J,, = 8.8 Hz,
2H,ROArH), 4.92 and 3.32 (d each, J,,,, = 13.0 Hz, 4H, ArCH,H,Ar), 4.56 (m, 2H, OCH,CH,0),
4.33 and 3.23 (d each, J,, = 13.0 Hz, 4H, ArCH H,Ar), 4.28-4.02 (m, 10H, OCH,CH,0), 3.74
(m, 44, CH=NCH,CH,N), 3.64 (m, 2H, CH=N CH,CH,N), 2.83 (m, 4H, CH=NCH,CH,N), 2.59
(m, 2H, CH=NCH, CH,N), 1.39 (s, 9H, HOAM-CeHe), 1.36 (s, OH, ROArE-CH,), 0.83 (s, 18H,
ROAr-t-C4Hg). MALDI-TOF MS (m/z): 1184.6 Anal. Cald. for 4b (CHg,N,O5): C, 78.01; H,
7.82; N, 4.73. Found: C, 77.95; H, 7.66; N, 4.77.

AIFAUATIEA 25,26, 27-N,N ’ N ”—tri((2-ethoxy)benzyl)eth ylenetetraarnine-p-tert-butylcalix

[4]arene<4HC! (5a) use 25,26,27—N,N/,N”—tri((4-ethoxy)benzyl) ethylenetetraamine-p-tert-
butylcalix{4]arene+4HCI! (5b)



W@uRS 4a (1.00 n3x, 0.84 Hadlua) lu dichloromethane (50 fiaRdaT) wuas sodium
borohydride (0.63 n3w, 0.02 fiadlua) wniiune aslumanunavvuia 500 Taddas AUV
navasoariamuldusssmalulaniown dwaan 10 7 lus fda sodium borohydride Minaa
FrodnauSunnnnidune  wisninetausnTumsaunsfuardudninduunsznians
srauladannziunans mdaiade sodium sulfate anhydrous NIsduAZIHMEEIATaTY
aanaUURY RemuTaN TR lddIn methanol Wiumitay 9 ussvhlviflunsaday hydrochloric
acid 0.74% VAV lu methanol aunsznia pH 1flu 1 sumpdvinazauaand 9 HRANTUH 5a 9z@N
aenauaany L uuaIuDsE? (0.92 NN, 81%)

FNAINFILATIER 5b (1.44 U, 84%) NUFATEN5zwIN9 4b (1.52 N3, 1.283 Tiadlua)
uay NaBH, (0.92 n3u, 24.35 findlua) 1 methylenechloride (300 fiadans) lasdFmsisui@nn
AUNIRUATIEN Sa

5a: 'H-NMR spectrum (200 MHz, DMSO-d,) & (ppm) 9.78 and 9.38 (s each, broad, 4H
and 2H, ArCH,NH, Cl); 7.86, 7.66, 7.57, 7.34 and 7.03 (m, 12H, H, H, H_ and H,); 7.17 and
7.11 {s each, 2R each, ROArH and HOArH); 6.54 and 6.46 (s each, 2H each, ROArH); 5.80 (s,
1H, ArOH); 5.13 {m, broad, 2H, OCH,CH,0); 4.62-4.39 (m, 6H, HoN CH,-Ar and 4H, ArCH,A);
4.18 (m, broad, 10H, OCH,CH,O and 4H, ArCH,Ar); 2.82-2.75 (m, 12H, NHCH,CH.N H,);
1.30, 1.20 and 0.73 (s each, 9H, 9H and 18H, HOAr-t-C4Hy and ROAr-t-C;Hg). ESI-TOF MS
(m/z): 1192.1 Anal. Cald. for 5a-4H,0 (Cr7H11o0N4O1:Cle): C, 65.69; H. 8.44: N, 3.78. Found: C,
65.61; H, 7.87; N, 3.97.

5b: "H-NMR spectrum (500 MHz, CDCl,) d 8.71 and 8.23 (s each, broad, 4H and 2H,
ArCH,NH, CIY), 7.79 (d, J,,,, = 8.6 Hz, 4H, -OATH,), 7.36 (d, J,,, = 8.5 Hz, 2H, -OATH.), 7.14 (s,
2H, HOArH), 7.10 (s, 2H, ROArH), 6.92 (d, J,.,, = 8.7 Hz, 4H, -OArH,), 6.54 (m, 6H, ROArH
and -OArH,), 6.12 (s, 1H, HOAr), 4.56 and 3.30 (d each, J,,,, = 13.3 Hz, 4K, ArCH,HAr), 4.55-
4.40 (m, 14H, OCH,CH,0, ArCH,N and ArCH,HAr), 4.20-3.98 (m, 6H, OCH,CH,0. ArCH,N),
3.70 (s, br, 2H, NCH,CH,N), 3.41-3.10 (m, 10H, NCH,CH,N), 3.25 (d, J,,, = 13.0 Hz, 2H,
ATCH,HGAT), 1.34 (s, OH, HOAr-C,Rg), 1.32 (s, 9H, ROAr-t-C,Hg), 0.82 (s, 18H, ROAT-{-C,Ho).
MALDI-TOF MS (m/z): 1191.8 Anal. Cald. for 8b (C;;H10oN4O;Cls): C, 69.15; H, 7.89; N, 4.19.
Found: C, 69.19; H, 7.76; N, 4.16.

25,26,27-N,N / N ”—tri( (2-ethoxy)benzyl)ethylenetetraamine-p-tert-butyicalix(4]arene (6a)

/2.
Uas 25,26,27-N,N N " -tri((4-ethoxy)benzyi)ethylenetetraamine-p-tert-butyicalix(4]arene (6b)
URITRECRIBDUAIVDI NaOH 1% methanol mmumaolum@nunawm@ 50 VaR{OT N

UTIIRIRERIDYDY 25,26,27-N,N /,N”—tri-((z-ethoxy)benzyl)ethylenetetraamine-p-ten-butylcaiix[d,}

arene-4HCI, 5a, (0.10 n3%, 0.07 adlur) lu methanol (30 TadaAs) IMNTENIFITRZAER 6]



pH i 10 aumsazsoasaansmaldussomelulanan Wwam 1 Fl sz
szapaanmulaniazaaniudu sraivvasudeilalu dichioromethane ugrdeduingu w
nssvisludasinlud cf (@T19RaVIY  AgNO-) Anaasinludu organic @t sodium sulfate
anhydrous IHMu@INaza weanalineing WiaAmn 6a aranaznansanuILTuvaInTIFU
(0.06 NN, 72%)

6a: 1H-NMR spectrum (400 MHz, CDCl;) &(ppm) 7.20 and 6.56 (s each, 4H, {-C(CHa)
LATHCH,-); 7.47, 7.15, 6.93 and 6.25 (m, 12 H, -OArHOCH,-); 5.19 (s, 1H, -ArOH); 4.98.4.32,
4.03 and 3.86 (m, 12H, -OCH,CH,0-); 4.18 and 3.75 (d, 2H and 4H, Juu = 14 Hz, ArCH,NR);
7.34 (t, 3H, H, aromatic); 4.85, 4.45, 3.37 and 3.23 (d, 2H each, Jy.y = 13 Hz, ArCH,CHRAr);
2.66-1.89 (m, broad, 12H, RNCH,CH,NR); 1.41, 1.39 and 0.86 (s each, 9H, SH and 18H,
HOAr-t-C4Hy and ROAI-t-C4Hg). FAB MS (m/z): 1191.7 Anal. Cald. for 6a (C7HegN4O7): C,
77.61; H, 8.29; N, 4.70. Found: C, 77.57; H, 7.85; N, 4.32.

6b: 1H-NMR spectrum (200 MHz, CDCly) 8(ppm) 7.18, 7.07, 7.05 and 7.01 (s each, 8H,
1-C(CH3),ArHCH,-); 6.70-6.30 (m, 12 H, -OArHOCH,-); 5.39 (s, 1H, -ArOH); 4.85-4.60 (m, 6H, -
OCH,CH,O-, ArCH H_Ar), 3.27 (m, 2H, ArCH H_Ar), 3.74-3.45 (m, 6H, -OArCH,N-); 2.86, 2.67,
1.92 (m, broad, 12H, RNCH,CH,NR); 1.32 and 0.83 (s each, 18H and 18H, HOAr--C,H, and
ROAr-t-C4Hy). FAB MS (m/z): 1191.7 Anal. Cald. for 6b (C;;HgeN,O;): C, 77.61; B, 8.29; N,
4.70. Found: C, 77.57, H, 7.85; N, 4.32.

3. MFUANERATIFTIINEN

3 =
HANYBIETT 52 WA 0.20 x 0.20 x 0.10 mm™ ndadauudaIuval hollow glass fiber
AUUUIENVBINANGIINY  cyanoacrylate  mFilansidasduuaziivtayalaols MoK,

Q A = & a ¥
radiation (A = 0.71073 A) d2t1AT83 Bruker AXS X-ray diffractometer tHusa123a may‘aﬁ'nu
@ Y 38 o @
Tuldasinly reduced dolusunsy SAINT usauily  empirical absorption @rnlysunsu

SADABS® vhmsiansasriow (reflection) 58,283 059 ¢nt9vas B (Ju 0.99-30.46° 13w
lassafsvesasiuinladainds direct method uazriinsdsuunlasea$he (refinement) #nsu
amauﬁ‘hﬂ'ﬂaiﬂsmuuuu anisotropic thermal parameters 3T full matrix least square Tow
15T0sunsu SHELX-07"° dunmisvaslalasianazasunsnuenuly different Fourier map WAL
W lilunsysuudlassafrodie Wesenms disorder annmﬁumaﬂutaqamaoﬁaﬁﬂaza‘mﬁ
aglundnyililadn R uaz wr ﬁgo (0.1355 uRe 0.402 aVE16V)

2. M nmsneruadalusaouldwduany

mslnnsnidsfnsimsiiessdsnoudadaussning 5a uaz 5o nunawloaauen g
Toun arsenite, bromide, carbonate, fluoride, hydrogen phosphate, dihydrogen phosphate,
iodide, nitrate, sulfate u&e phosphate lananduinaiia 1H~NMR titration MM TLATHNRITALANY
Wty 0.0250 M 2898Unua 5a (0.0836 nu, 0.0625 Hadlua) lu DMSO-ds (2.50 Hadaas) iy
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§IRTANDMBtNNTINaT 0.20 Hnddns laaslunasa NMR 9niudy mseesuvad 0.1000 M
sodium salts (0.1500 Jsdlua) 1 DMSO-dg (1.50 NadaaT) 0.04.0 viraslunsaa NMR N
\iu DMSO-ds aa'lmwiazmamﬁ"an%*uﬁ%mm'l.ﬁwhﬁw!nﬁaa@ -
FMTUsNIecaLa20t9ed  5b  YnseIouasdIT@uInuALs a8ty 5a  ualt
CD,OD uaz CDCly iu@vhazain vnmatufin NMR spectra 104@13@206119UAEA0ANN
24 1l wnszﬂ%msﬂiznam"ﬁo‘faunmjnn:aue}a IINTUN Job's plot 3TN
sasasdsznaudedaun ((1-X)8) nusandiulavlusvesfunuduazuanlanau (X) nuinisia
asdsznavidstauzninadunudnuuanlasaududansin  1:1  wavasnInasssdunavas
113 plot stwitgen chemical shift AUYSINmasuenlosaufiduidnly msieneknmwiled
#1655 non-linear curve-fitting Tapandblusunsy EQNMR' msnasasaznszyingt 2 assdnsu

uansuantaaau

222 msdsansisriuulaasndardnilanin ms@nsnisiddsundasiased uay
a & ‘ fa s a a Ao [

nsiAaaIsYsna vBeeonsesnivagiasaudisasafnssundsiasislanulanaon

yaslansunsuwdswlasddlmnuslawninlninssu

P A a €
0. 1OHTAINAUANTRK

vmstuiinualusaouidwduanimunasy (H-NMR) dsweiasiinedofunnménisla
unudsidnInsiiiaas (nuclear magnetic resonance spectrometer) Bruker ACF 200 MHz 14013
ﬁnmmﬂﬂ‘émﬂmagﬂ‘uaaman[4]‘m‘s'u‘[mu‘l'ﬁwmﬁﬂnwm‘§uuuﬂaaqmmgﬁns:ﬁwum‘%ao
GEOL 500 MHz lasazannasaiathilu CDCl; w3a DMSO-d, uasiiufingn chemical shift lay
D1FUATYTY 1WA residual proton ludarhazauiiu intemal reference mM1sIiaETIgEIR
Usznaunszynenuie3as CHON/S Analyzer 984 Perkin Elmer PE2400 series || YUNNNALUT
fnasuaIn MALDI-TOF mass spectrometer

~ (> A Qw §
9. gIsladlas Y Fan LEun1sFaITw

m‘sma‘iuazi'ﬁqﬁ'l'&'ﬁmwmﬂwuﬁ@ standard analytical grade wasu3¥m Fluka, J.T.
Baker w3a Merck Imu'lxivl@“ml'm'lﬁw'lﬁu%cgwﬁﬁman Favhazatnfldizu  acetone,
dichloromethane, ethyt acetate, hexane WA methanol &hummﬁuua:tﬁu%’nm‘lu molecular
sieve UU1@ 4 A aaviase iy  tetrahydrofuran (THF) &humsné“'uuazﬁ’ﬂﬁﬂ'z“lﬂmnﬁ‘uriaul"ﬁ"iqn
a%”  msusnmsndensinszvhlaglfinadle column chromatography g silica gel
(kieselgel 60, 0.063-0.200 mm, Merck) uaz@aawUjisu1a28 thin layer chromatography (TLC)
Tawld silica gel plates (kieselgel 60 Fas,, 1 mm, Marck) &15 2a° uaz 25,27-(2,2-[2.2-((2.5.8-
triaza)nonyl)diphenoxy]diethyl}-p-tert-butylcalix[4]arene (7)‘53 mm‘snm%ﬂﬁmnfmamm

LONEITENIDS



A. MISFUATIEN

msauaTed  25,27-di-((2-ethoxy)benzaldehyde)-26, 28-dimethoxy-p-tert-butylcalix(4)
arene (8)

a5 2a (1.12 g, 1.19 mmol) BaO (0.19 g, 1.21 mmol) uaz THF (80 mL) laasluve
AURRY 2 ADTUA 250 mL ﬁdaagﬁumumumas’ msauvasuauduna 1.5 9alus awle
yrssnmalulasion :niu@n £BuOK (0.41 g, 3.63 mmol) Waz CHal (0.39 mL, 6.24 mmol) &9
W usldenusoweunssisivandilwam 1 dalue Aclilmdundrinlsmodvinazans
THE aan W§UGUCH,Cl, (100 mL) asld §easazanadas 1 M HCl ansiuusnaduidudm
organic layer Llﬁagﬂifwaanﬁm anhydrous Na,SO, N39ILAIIINITHRUAIREAILEANAULKY
ﬂﬁmaouﬁommﬂﬂﬂﬁﬁqﬂ%ﬁamaé’uu“[mmnnwmﬂu‘l’ﬁ 10% ethyl acetate 11 hexane Tu
a7 Tutuilale crude product 289815 8 mnﬁv'um'lﬂﬁﬂﬁu%qw%‘ﬁnﬂ%zm"wﬁwﬂaﬁmﬂmm
nymAlauld 1% CH;0H lu CH,CL, 1uarTe aldmns 8 ﬁu‘-‘sqnfaanm (0.33 g, 28%).

1H NMR (200 MHz; CDCIs) 0.79 and 1.04 (9H each, br s, CH,OAr-t-C,H,), 1.27 (18H, br
s, ROAr-t-C,H,), 3.14 (4H, br s, ArCH,Ar), 3.82 (6H, s, OCH,), 4.03-4.50 (12H, m, OCH,CH,0O-
and ArCH-Ar), 6.50 (4H, br s, CH;0ArH), 6.98-7.05 (8H, m, aromatic and ROArH), 7.52 (2H, t,
J 8.3, aromatic), 7.82 (2H, d, J 7.7, aromatic), 10.44 (2H, br s, CHO); Anal. Calc. for CgsH750s4:
C, 78.98; K, 7.87. fFound C, 78.97; H, 7.77.

NITANUATIEN 25,2 7-[N,N Cdi—((z-ethoxy)benzyl) propylenediimine]-26,28-dimethoxy-p-tert-
butylcalix[4]Jarene (9)

(G uR1TaZaI884 1,3-diaminopropane (0.08 mL, 0.96 mmol) 134 CH,OH (12 mL) aslylu
#382a10 CH,CN (60 mL) 289813 8 (0.56 g, 0.58 mmol) finsvuawsaumian anuuliaiy
Sowaunsznisdwandidunian 24 4alus veaudefivn (@73 9) szansaninaIaza oAl
iuasauisgunniivas nisvaznauusIFIGL CHLOH Auiiu usrfiolSlwuds (0.32 g, 55%)

'H NMR (200 MHz; CDCl3) 0.79 and 1.03 (9H each, br s, CHsOAr-t-C4H,), 1.27 and
1.32 (SH each, br s, ROAr-t-C4Hg), 1.52-1.70 (1H, m, NCH,CH,CH;N), 1.85-2.05 (1H, m,
NCH,CH,CH,N), 2.80-3.32 (8H, m, NCH,CH, and ArCH,Ar), 3.32-3.61 (3H, br m, OCH,), 3.74
(3H, br s, OCHs), 3.90-4.50 (12H, m, OCH,CH,O- and ArCH,Ar), 6.43 and 6.50 (4H, br s,
CH30ArH), 6.70-7.10 (8H, m, aromatic and ROArH), 7.27-7.32 (2H, m, aromatic), 7.90 (2H, d, J
7.2, aromatic), 8.65 (2H, br s, HC=N); Anal. Calc. for Cg;HgN,Og: C, 79.57; H, 8.17; N, 2.77.
Found C, 79.49; H, 8.03; N, 2.62.

NMTFUATIEA 25,27-[N,N /-di-((2-ethoxy)benzyl)prop ylenediamine]-26,28-dimethoxy-p-
tert-butylcalix{4]arene dihydrochloride (10)

ALAIUR1T 9 (0.47 g, 0.46 mmol) lu CH,Cl, (100 mL) WRUAY NaBH, (0.48 g, 12.64
mmol) 8aly augsazasmsldusssimalulasiawdung 2 5% niudiida NeBH, dwAn
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6?')umﬂauﬁw‘%qnfﬁﬂmumnaa'lﬂ WHNT organic layer Lteheamfwaanﬁw anhydrous
N2,S0, nsasudnirluszmpiondaviasaioaan u 2% HCl tu CH,OH aslusasndsiledon
NseMa pH DBIRNSREAUINAL 1 WioTsmolan CH:O0H sanunsinasldvasudoiunivessns
10 @anaany (0.39 g, 77%)

'H NMR (500 MHz at 100 °C; DMSO-d,) 0.95 (18H, s, CHaOAr-C,H,), 1.30 (18H, br
s, ROAr-£-C4Hs), 2.03 (2H, br m, NCH,CH,CH,N), 2.84 (4H, br m, NCH,CH,CH,N), 3.28 (4H, br
m, ArCH,Ar), 3.54 (4H, br s, ArCH,N), 4.11 (6H, br s, OCHa), 4.16-4.18 (8H, br m, ArCH-,Ar
and OCH,CH,0), 4.38 (4H, br m, OCH,CH,0), 6.65 (4H, br s, CH;OArH), 7.02 (2H, t, J 8.3,
aromatic), 7.12 (2H, d, J 7.2, aromatic), 7.16 (4H, s, ROArH), 7.38 (2H, t, J 8.3, aromatic), 7.59
(2H, d, J 7.2, aromatic); Anal. Calc. for CgHggN,OgCl+2CH,0H2H,0: C, 69.73; H, 8.48; N,
2.36. Found C, 69.84; H, 7.87; N, 2.39. MALDI-TOF MS for [M+]; 1014.2 m/z.

3. MRLAIVUFITAZRIVEN q FIMSUMTINNm

inert background electrolyte flTlun1slninm fie BuNCF,S0, lauaiuulsfaisdy
Hu 0.05 M lussazaisimues nswesoasasasvaslaaauuaslans Co(ll), Ni(l), Cu(il
W&z Zn(ll) 9N Co(Ci0,),®6H;0, Ni(CIO,),®6H,0, Cu(CF3S05), Wat Zn(CF3S04), auiaulwdl
AT 0.001 M lusnsazant inert background electrolyte WwaAildaa Bu,NOH aauidudu
0.05 M luasazans inert background electrolyte &aunsafildlumslninsnifta standardize a3
sranpluafna RCIO, anuiudu 0.05 M lussasaudaninslant

1 A _ - @
9. TI’]S‘I‘Y]LYI'W] LAENMIHIAAINUYAINISINARITUIENO ULTITO U

. a ° ad 4 wel o v o 44 & o
M3 calibrate  Sanlnsanszvhlagdiinassudalddgmnonuling™  lusuusnazdas
o U A Qs =3 dlﬂl o=t [l s ‘
Srwrmenasninssuldsaauvasdunudlasntslifilesausaslansizutau lagnisiaaraiy
o e o a A = & ) av a -
waduniisuudaslhvasamsazmoda lninsmaunudianuius msinmimnszvirlauasos
o £ . i ' = o . a
Tinmdaludd nnuwihnams ininsnalaludrumumarastuainsivinulysaauvasd
o ' v 45 & o o )
unuaaInsIenoldsunsy SUPERQUAD™ wandniismunsndIuwIdn1snsznualvadatl s
1 A 1 had ¥ { a o :I s
@3 9 9 pH 9 9 aslduaaallusruvasunnuidoniaiy
nfunslninsnifemdrnsiaasnisiiassusenaudidauasnizvinlagnisuauans
aranuvaslossuvaslansaslumsacapasiunud (uvaie 9 dandm) uadaimsininsm
Qe ¥ A Q LS7-% L A L4 = _ - o = (%
nuwsdoeasinnmaaludd sncudisldmsazaevaslanziinifia Sanudndudssaiua
£ L a ) -3 A w a aans « L3 A A3
mslmnmdpliawnzdaafuuema 9 5 wifl thesaliliel jiseadwsuugol Toyafla
nnmrinnmeeseh Wdowdunsmanufuiiuiszn e n nuds log L leasuaasluzy
P ' A e a o ) &
7 8 ludruvasnanuidouaziiahdaysd 9 lddwnlasldsunsy SUPERQUAD luruman
1 :‘ o ~ [ &’/ a [
mMs refine staudaminvasnissulyseauvestunudnily munsssdsznauiBsdauuuy M
1 A L] A o - @ r-%
(CH,O) uat @adft autoprotolysis Basusman axlemasnniiiassusznauiBsdonsadd

L 1 Q [ V- EI A st
unuﬁnu[anz1aaaum10 ¢ muammwmnammwn'tmu
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a

2.2.3 msﬁ'cLm'\:ﬁm@wuﬁ‘"‘%ﬂ"uﬂaamﬁn[fi]m%u uarnsAnsINsiiedsUsenaulBe

danhulug nadun3g

n. m‘smﬁuaﬁﬂqm’f

msmﬁuazi’aqﬁlvﬁﬁmumﬂwzfﬁﬂ standard analytical grade ¥89U31¥N Fluka J.T. Baker
%38 Merck u.a:thuwl«n‘%'u'lsjﬁ"n'lﬁu‘%qﬂﬁiﬁuLau frazatflSidu acetone, dichloromethane,
ethyt acetate, hexane (a: methanol (DwTiia commercial grade munﬁnﬁ'uua:tﬁu‘}'nm‘lu
molecular sieve TUQ 4 A mﬂmnm‘sﬁﬁ’dtﬂ‘i‘l:ﬁﬁﬂﬂul‘f silica gel column chromatography
(kieselgel 60, 0.063-0.200 mm, Merck) @unsaaaudfisenazls thin layer chromatography
(TLC) wuy silica gel plates (kieselgel 60, 0.063-0.200 mm, Merck) ¥Rz INTULEULEY
875 (deuterated solvent) LT chloroform-d methanol-d, and DMSO-d; ﬂ:gmﬁu%'ﬂmlu
molecular sieve Y@ 3 A p-ter1—uty|caIi>([4]arene3 813 Za42 HREFNS 2b37 mm‘:‘_m@%nﬂﬁmn%‘ﬁ'
Maspnuliud 1,2-Dihydroxybenzene (catechol) 1,3-dihydroxybenzene (resorcinol) uaz 1,4-
dihydroxybenzene (hydroquinone) a:ﬁnmv‘hlﬁu‘%qwﬁw%%'u‘msgm §M  benzene-1,3-
dicarboxylic acid (isophthalic acid) mm‘mﬁ"at.ﬂﬁm“lﬁmn%%ﬁﬁ%Ts‘mo‘mvlit,ﬁ')de '

4. ¥msiensk

msdufines 'H uar C Buduend Muelasfiuadsfuunmdnslouudmdnlng
el (nuclear magnetic resonance spectrometer) Bruker ACF 200 MHz FIUMIANW 2D-
NMR l‘fﬁﬂéad GEOL 500 MHz lasazanoasaiatinalu deuterated chioroform %38 deuterated
methyl sulfoxide %38 deuterated methanol uaziiufinen chemical shift Iﬂumﬁuﬁtyapm’nad
residual proton Iugariazanuiilu internal reference nsMaaaIRIAERLEWENAIIIRLA
ns:mﬁqmﬁgﬁ 25 °C

mﬁLﬂﬂ:ﬁmqadﬁﬂ‘iznaum:m6‘3’3Utﬂéao Perkin Elmer CHON/S Analyzer PE2400
series 1 UuAnwauugsidnaiudls MALDI-TOF mass spectrometer KATWIPANRBUINAIA Y
Lﬂ%aé Electrothermal 9100

A. NIFILATIER

MIRIATIER  5,71,17, 23-tetra-tert-butyl-25,27-bis[(4-pyridylmethyl) oxy]-26, 28-dihydroxy
calix{4]arene (11).

HRY calix[4]arene (2.00 g, 3.08 mmol) K,CO4 (4.25 g, 30.8 mmol) uas Nal (2.30 g, 15.3
mmol) 11t acetonitrile (200 mL) uirldanuionaunsensinandiduam 30 wfl dou 9 wua
RITREAHUDI 4-(chloromethyl)pyridine hydrochioride (1.05 g, 6.40 mmol) lu CH,OH (50 mL) 83
Twvasuan IWanduasnauidnealudn 24 $alus mntussmplardvhasswoanasiduosuded
ihaae szaopasudaiay CH,Cl (100 mL) U8R NIITBLAIBG8 0.5 M HCI (150 mL) uag 1
M NaHCO, (150 mL) e u&1ay nsuugns i dudu  organic aanmua”agmfﬂﬁ'm
anhydrous Na,SO, nresudI Tmudavnasueanatldmsiminanaums wdnih ldvnnisuenans
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‘lﬁu%qwfﬁ’mﬂaé’mﬁmmimm’lﬂﬂ Tatl 2% acetone/dichioromethane \ndamzaseaeui L
v isoreaniminaasuiioneundadsld  10%  acetonefdichloromethane  TzwEa s
&o9ms ntiwdn diethylether ssluasldvasudofinizes 11 anaznanasnin (1.13 g, 44 %)
"H NMR (8 in CDCL,): 8.60 (d, 4H, Juy = 6.1 Hz, Py-2-proton); 7.64 (d, 4H, Jupn = 5.9
Hz, Py-3-proton); 7.05 (s, 4H, HOArH); 6.99 (s, 2H, ArOH); 6.77 (s, 4H, ROArH); 5.05 (s, 4H,
OCH,PY); 4.23, 3.31 (dd (AB system), 8H, Juy =13.1 Hz, ArCH HgATr); 1.28 (s, 18H, HOAr-t-
C.H,); 0.91 (s, 18H, ROArE-CiHy). G NMR (8 in CDCly): 30.93, 31.55, 31.68, 33.84, 33.94,
75.93, 121.33, 125.13, 125.71, 127.52, 132.23, 141.85, 146.13, 147.57, 149.36, 150.11,
150.47. MALDI-TOF MS (M', m/z): 830.3. Anal Calcd. for CsgHegO4N,: C, 80.93; H, 8.00; N,

3.37. Found: C, 80.60 ; H, 7.92 ; N, 3.21. Melting Point: 107 C>C.
3. MsanwMsiiaaIsUsznauITan

msAnwInMsiinmsszneudsgaussnina1s 11 nu Ketones, Aldehydes and Amines

l@IUuE1T 11 (0.1039 g, 0.125 mmol) 14 CDCl, (2.5 mL) l#&zisazaiwway 0-4
equivalents 189 guest (0.250 mmol) lu COCl; (2.5 mL) aslunsaa NMR udaswaaadaiians
RZTRUVBIRTT 11 f‘fmm"’suuvl*?agi 0.2 mL saraslunasa NMR udazuaanvzgnuiuldiidinn
Lmﬁ'uvlnvmam nniudsin liuiinas wavasnimansaiiunavasns plot $£1I9e1 chemical
shift AuLSuMed guest Mamdrly vmsdensinmuitldedn o35 non-linear curve-fitting ™’

msansnsiiaassznauiFigauseniNa1s 11 nu Catecho!

guiumsininmil 0-4 equivalents 189 catechol 1@3uUFITREMBLAIES 11 (0.1039 g,
0.125 mmol) 14 CDCl; (2.6 mL) l&asazauuad 0-4 equivalents Va3 catechol (0.250 mmol) 1u
CDCl; (2.5 mL) asluwaan NMR udssnaaadedzisazarnvasmns 11 ag 0.2 mLEamIuNTin
mwﬁ 5-10 equivalents LOSURITRENUVOIFNT 11 (0.0623 g, 0.0750 mmol) Tu CDCly (1.5 mL)
79 catechol (0-4 equivalents) udalagasly waoa NMR UARZMAATIDRITAZALVEIENT 11 agj
0.2 mL ssazawluneea NMR udazwaanazgndSulvlivsnowriiunnusae nniudeinly
Tufinua

mM3fanwnIsifeasUsznouBsToustwINaIT 11 U Resorcinol, Hydroquinone Use
Benzene Dicarboxylic Acids

\W@3UUAT 11 (0.0707 g, 0.0851 mmol) 1w COCl, (1.7 mL) ldmsazanvas 0-4
equivalents 289 guest Tugtvesvasuds aslumaaa NVR wiasvmaaadsiamsazaruwasars 11
8y 0.2 mL msaza1uluncen NMR udaznaaaazgnuiuliivTinuyiniuynuaaa niudain
iiuiinue wavasmmasediduuauains plot w39 chemical shift AuLSu M3 guest 7
Gy vimsienedins i lderuss non-linear curve-fitting
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2. MIdvImlassaemnuiaiiarouay

3 o @ e o R o v o
msdummaadnloudulaslsitnie molecular mechanic (MM+) gnibunlFiNan
v o 4849 . o )
Ta598 19289877 11 a0 Iwsuns fFulass9V8Y benzene dialcohols LRt benzene

dicarboxylic acids 3TRIWIMAILAT PM3

- A Lo
23 HENWININTY

hmemu‘%fs’mﬁuawgrﬂi‘fﬁa’ummnwaowuﬁ%’uﬁ1€7§uaantﬂu 3 @awTwALINUMg
dufiumHin dailde

2.3.1 msé’omﬂ:ﬁm}ﬁuﬁw%wa@TaLmﬂLafmmuFmsntf'naoman[4]sn1§uém%'u§'uﬁ'u
uanlopaunazuanlosan  assmaumsdnmandamsfessdsenaviisdanivuanlaasnua:
wanlapaudAtduduanilninsou

2.3.2 mysaanssamiuulaasiiadné4miu msﬁnmmuﬂé‘uuuﬂaa‘[mogﬂ Uas
mItieasdssnandidauszninsiamasibisasananaiuiigeasilenuloaouvaslans
untudtulasdslwinuslawninlninssu

233 MIANRaRRUTAIAUEINEN[A]TY  wazmIFnsIniersUsznau
Fauruluanadunid

231 nsdstaeiaunusnitneaauatisrunlzesduasendni4sundmiuduny
LANDDDUULALLAHIDDEW  ARDAIRNITANBIANITGNISIAAITUSE N IBITawALLAN
lTanauuasuanlanawn 2838168168073 ININITH

N. NMITRIATIEHURS NI TREAULANANHDIUDIRNT

&
a

fduTuasumMIFN AT nrasde 25,26,27-N,N" N ""tri({(2-ethoxy)benzyl)
ethylenetetraamine-p-tert-butylcalix{4]arene+4HCI  (5a) uaz  25,26,27-N,N "N "-tri((4-ethoxy)
benzyl) ethylenetetraamine-p-tert-butyicalix{4)arene<4HCI  (5b) VlGTLLam‘lﬂmmumwﬁ 1
UARStunuiivesny OH uwnfia3suas p-fert-butylcalix[4larene dan  2-(2'-bromoethoxy)
benzaldehyde (1a) uac 4-(2'-bromoethoxy)benzaidehyde (1b) 37U 3 Tua equivalent lagd
u.laa%i‘l,uﬁﬁﬁ‘%mehm:‘lﬁn?&@ﬁmﬁﬂuagﬁuﬁ trialdehyde 183MAN[4)T15UA0 3a waz 3b e
AU MnnTisuiiuwuIndald K,co, \Huiua Nﬁmﬁm%ﬁlﬁauﬂumgﬁuﬁ dialdehyde
283 AN[4)T3UAD 2a UaT 2b 'luﬂ‘%mmuﬁmﬁ'mwfﬁgoy'dz aldms 3a 1Wos 6% wintu 39l
wosiundsuwsdldinalilams 3a unz 30 windu strlsAaumuinludiisodilfus
Aflanuusannu KOH nhaufien Cannizzaro %o‘lﬁn&mﬁmsﬁtﬂuagﬁuf alcohol uas
carboxylic acid @ouaadlugumsn 1= ud‘luﬁqﬂﬁwmmﬁaﬁmmﬂu BaO lu DMF aglw

Y30 wua9a13 3a (21%) and 3b (46%) W INNIWSMBY dialdehyde calix(4]arenes 2a (20%)
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uaz 2b (2%) ufihdsnairintSnasdaiusiues 3b wzundu 2 wihvasudadineiuas 3a
ﬁv’u‘fmmﬂmw-mmmmnmamy;ﬁaﬁ'fulue‘huﬁumaﬂm:ﬁmnniﬂum’wLmuownﬂ "H-NMR
fnasuved 3a sUFAINAVEY (C=O)H # 1041 URr 9.74 ppm §IUVDY 3b UNOIFY IO
(C=0)H 7 9.76 uaz 9.68 ppm lasidandmuvasdufitnstuiu 1.2 waan FAB MS warms
Jamzvingaidlsznavvadans 3a usz 3b fienlndidnanpuafldinmssuinanulasaod

eaualy

BaO, DMF, 70 0C
1a, ortho
1b, para

2a, ortho 3a, ortho
2b, para 3b, paru
I P\
NH HN” HN

(D R (o
WYy @/ 3@@ @HQJ ”59

o
L)) Tewmnon (0
B NaOH/CH,OH o 3 2)074% HCl in CH4OH [

6a, ortho Sa, ortho 4a, ortho
6b, para Sb, para 4b, para



4

Ufjisen condensation v84 3a ua: 3b AU 1.1 equivalents W3 tris(2-amino)ethylamine
TUAIREABNENDDS CH,CN UAs CH,Cl, Iuan12z13897 (high dilution) z1iauwus imine w3e
Schiff base 4a (95%) UAs 4b (97%) anoonuanUnsun 'H NMR 20s157aaduaaaliiinil
Fyaures (C=0)H wiwldnaunaiuudezdsingdygimvas RN=CH Tununuidumla
8.83 Ua: 8.93 ppm FINMSUFTT 4a Uazi 8.07 uaz 7.68 ppm §WSLAS 4b WAIN FAB MS uaz
mﬁmﬁ:ﬁmqaaﬁﬂs:nauﬁaa@ﬂﬁmﬁ'ﬂﬂ‘soa‘?ﬁwaamsﬁaaaaﬁw ANNIUANNNTIAT 4a uaz
4b ¢1p 20 equivalents 189 NaBH, ludmvnazans CH,Cl, WaN@IBNNS protonation @20 0.74%
viv HCI TUCH;0H arldaunuinitwedauanluilonvasnfndlmiu 5a (86%) uas 5b (95%)
Foazlvdyyindu 'H NMR Afiansme broad ua:ag%“'nmm downfield 11N 9 1§1899NENTWA
vaadszavanuuuenluiion ynimad ArCH,NH, CH,- 189 5a q:ﬂswngﬂfuﬁ 9.78 uaz 9.39
ppm &1V 5b n:ﬂﬂﬂgﬁfuﬁﬁmmm 8.71 uaz 8.23 ppm wanuussiUnlaswal usznsd
Lﬂﬁ:mqmﬁﬂsznauaamﬁmﬁuimeﬁwﬁﬁasms RN FIna3nagminfaduniisras
TUsaaupu (C=0)H, RN=CH uaz ArCH,NH, CH,- luans 3a-5a a:ﬂswng%uﬁdumﬂo downfield
Nwa98NT 3b-5b Lauadietsvniwnsenan magnetic anisotropy maeulw'ﬁaﬁagﬁmiﬂa
faun s Uisonasifiv (neutralization) 489 5a U8z 5b N NaOH 1w methanol az1vuda s
(Wuas 6a (72%) uae 6b (80%) ﬁaﬁnaa'\nuuamﬂnﬂ%’mta:n'\s‘imﬂ:ﬁmqaoéﬂs:nauﬁmm
gaandoanulasiaiofiaua

2, MIPUATITHLATIFTIINANVDIRIS 5a

snsaiuolansaninzasans 5a  laauinaiiaendisdaiadalanWiuuuadn
@or Taseaioves 5a LLam‘H'lugﬂﬁ 1 wuihlu@anages 5a azpndausaudmuluanauesaii
azaofilsie CHLOH uas Tuanawas H,0 8n 2 Taana 2umilavesmuandn4laiudasiag
lulasagyuuy pinched cone uasvhaulainathanilafomuld ethoxy benzyl aowmitefidaain
29ANT uanfouRetUMIILae tris(2-amino)ethylamine dFasrwlnsivasunleslaadng

717 2 lasssdondnuassns sa
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o ' a < A/,dw - >
Warinmula  ethoxy benzyl dnRawxin  lilassgiudlisnwocafuny  self-threaded
“ & " Ve a . 51 a , P g
rotaxane dwiilulutanadsldiunsaaulasunan nomooxacalixi3jarene”  uanidaliuiuini
. oy v . .\ oda v Y P P
Vicens Urzanue laToawiieans tripodal calix[4](azo)crown NAlATIaINARUEIS 5a TunIBNn
d 52 a “ a R a d v a < o o a
I Dawdecgsldaurtnanadnas 5o inaldlauanNivunssudunTum sha e lan
v -~ o - - ] 1 a 1 ) a v (]
guaoitiendisiadadalaniwWil ud H NMR sidnaiuuasans 5b ysuaniwiziraslsing
o -l At av A « a 1 & A d ‘ o
ladnwas 5b Iimmiaanidusaiisuniives sa erulanaiusssuialwsaniuandraiues 5a
!U (v :: r- s A ) A 3 &
use 5b Adanalimmasasdianuaunsalunisiunuueulasaudre 9 lduanaroiu

a. nmssunuwaulanau

msdanuanleasuniazlunisinwnisiviunanlasanvasfunud 52 uar sb &
ﬁmmnﬁoﬁ;aoﬂs:a\ua:gﬂ%mmuau‘loaauﬁa:mmﬁnumﬂuﬁ'\ﬁty aamdvldidandne wou
laaoudiiinssnay (F Br uaz I) LLau"laaauﬁﬁgﬂiwaﬂumumﬁuuuumw (AsO, ugs CO, )
URES uau‘laaauﬁﬁzﬂ'mLﬂunsthﬁunénﬂn (H,PO, HPO. S0 uae PO, lunisiilald
maiia 'H NMR (200 MHz) titration (Radnsimsiiaansdsznavifsdausas 5a uas 5b nuuau
lasau n3lmnstudniuas 5a aznseriilu DMSO-d, MHWI1Ims 5a uazuauloaaudin:
ansansoacanldd §uas 5b aznszvinlusmsssaunaNsnite CDCL, By CO,0D (s
0 5b muldalu cocl, daunanlassuiildazauldalu cD,0D

MU F uae SO,° wuiiisidn NaF uas Na,S0, Usunnuuniiuwaasivluasazay
284 5a uaz 5b lunwuinAansiduuudas chemical shift uasdmrndlsaaula g luawna sy
PDIF1S 5a UL 5b 1Ay Uxkasing F ua: SO, hitieasusznauidsdaniuss 5a uas 5b 44
vanifhwinawesss Fuas 50, lumanzaunvsmwiavasinssvasfunue

lunsdivas AsO, CO;~ PO, HPO,” uaz H,PO, (@uludnsmzassindalmdoy) wuia
Wadsingmsaimihaunliiuda  Savivdandmimuluavasuanlsaay voswsuszwinags
5a MU AsO, CO5 uas PO, a:ﬁm:namﬁﬂ{uﬁﬂm"lﬁmmmﬁwmﬂmmmma%aanugnfua:
fwrumarnanvasmstdam sUsenauietauld udatnelsfimuansazaipvas 5a Ay HPO,
waz H,Po, aliifiansanaznau usazdn1sindaufivasfyos ArCH,NH, CH,- ﬁﬂswng'ﬁuﬁ
9.39 uaz 9.78 ppm Wonduminduwerums atelsAdiiafinandwvasuanlaasuly
snwuirdneSuvasms 52 anwdsuselaniidnsusadrurumunaiuuasans 6a daiu
BUWUSIURIMTRVUBIATT 5a uamadIRIT 5a amfiams deprotonation \Havh §Asuniy HPO,”
uas H,PO, M lansadm ummasnsesm i senaudedanle

MmN IRamTIENalETausEINg 5b AU AsO,. CO,° and PO, wWuinilvs
sl isnauEadaniAnduniauneiams deprotonation lihilu 6a s1ovlwliauisadiuim
wiaasfvesnsiiaasUssnoudidenls  atalsfianunwuiimsdy NaHPO, aoluluas

- [P a o o o P
aza1uvasdunud 5b ylwiemndaunvasaparsudinmelsu@nnuszunm 6.5-8.0 ppm lu
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sUnaiurassns 5b uaibufinioawi Na,HPO, hisunsoazaoduilaideriumsazan
2pIRUNUA Lo ﬁaﬁﬂ‘lﬁ”himm'smmmmﬁ’uaomsﬂs:nauv‘ﬁavﬁau'lﬂ”aamgnﬁaa uazlunsdl
209 H,PO, WUIHIMNALIAN NaH,PO,H,0 UTunawnniiuwasshilugsazans sb flsiwy
mswanuulsenasduginlag lumdnasuvesss 5b wag uweaeilas sb liiieansdsznay
Viadauny HPO,

ey NaBr Nal usz NaNO, asluasezany 5a wuisiunasuvasms 5a (ianis
mﬁauﬁ'uaoﬁnumunm ArCH,NH, CH,- Gﬁoﬂﬂngﬁ 9.39 and 9.78 ppm lUwasua I Tunedns
indaufivasdyyimaliundnuiiane 7.00-8.00 ppm thadiniay sulunsiivasas sb wu
FUNVBY -ArCH,NH; CH,- srmeldiilasnniiansuandoulisaourasas sb Huda
Sowvas CD,0D athelsfawuidnisinfeufivssdynralysaaufidunianimves -CHArH,
lwesuerndafininidn NaBr Nal uaz NaNO; ludandusrwaulusdrs 9 nuaslulums
AEAUVRIALNUG 5b uEAIIINI 5a usr 5b suiuuewlessumatiudamionIUnada
wanludlvudioduasiion IWiadad (electrostatic interaction) WRANTEWRINIANUTUTUVAIFNT
Usznouidedauiifntuiudandnuesdunudaananloaan (Job plot) vsvaniaIsUsznay
\BeFauhatwiuuuy 1:1 (@78E19184 Job's plot uamé’ogﬂﬁ 3 UAZEINNTOAIUI AR ATAIT
'naonmﬁ@smﬂs:nauL’Bdﬁaumﬂﬁagm;aams'lmiuﬁmamlumﬁoﬁ 1 éaldsunsy
EQNMR"

(1-X)

i 1 T 1 T o

1 ! ! 1
0.0 0.2 04 0.6 0.8 1o
X (1wole fraction)

319 3 28819 Job plot paIMsAnEIMsIiaaTUTENauEFauTEnINY 5b AU Bu,NI

nnuammasasnuindafinniiaasuanlosawily Na® %9 5a usr 5b vziAaEs
UsznauBadeunu Br I uaz NO, laefidnasfiuasmaifamsUsznaudadondesmudauasi
fa NO, > I > B ‘duuitarazifiasunanmii NO; ®IITOAASUaIASITALAUN UGS
829 1dMILUL electrostatic URZLLY hydrogen bonding HuniER Br uaz | unsnifiasuash3en
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o v o & a e an
WUU electrostatic U 5a W&z 5b lWRpIuLLEY aenunsiouasiiswaty q uuuluas
o 3 A D 0 3 o 3 a : = :‘ ] A \
dssnouidadeunity 9 wdrumlvasdiznsudsdouaivsanndu uniiannaines 5a
A a @ O Y . \a_a 4 de o A A &a )
WasrsUsznauidetauny NO, lalafissnitgns 5b udanfsnilonaasdrilefisnfanisd@nsinig
a = v & o ' & “ ° w
e sUsenauiBidouressts sb MludivnarmuNaNIzni1g CDCl, RU CD,OD devzvinlv
AUAINILILUY hydrogen bonding $2%319 5b AU NO; 8auad
d & o d o . oA P e )
899 MmN 5a uas 5b Nlansadenysznaumuoiruniduniruiunauloaan (anion
' A & ot e o o, [V v o
receptor) wazguniuasibiseidmmunudiaunsnsuiulasausaslavzuoanlaldd as
E 4 o 40 Y a4 a ' ' o e
wuwdsdunihaulavivdmniiieniinafuanlosaundreiuasssnantznudanduiuuenlosay
[ o . @ a ) 4 44 v « * + Pl
dunield Felddniiunmmasaslasmsaouaiiinefuanlosaunldiiu K uaz BuN  waf
Y A & a + + = . - P N
ladailiaiduinds K waz BuN 229 Br uar I asluluensazan sa sziinnsiefaunives
o + 1 o a
AU ArCHNH, CHp- I H NMR aldnasuves 5a ldwaauarsuazlussazay sb asifia
A A bl 1 ar a a ‘ L
M3IeRauRUaIaYYINL -CHAH, 1u 'H NMR snasuaay 5b ludsfiana downfield daudng
1IN NALEAIANURUWKEIZWING chemical shifts YAIRUNML -OArHCH,- 28981 5b AU
o e - P & 4 ' o o , a a
anududuras | lasfianlinesuoulosauuundn 9 i waadlilugid 4 dnsfivasmsifia
&13UTEnauEITausTnINgTs Sa uar 5b NU Br | uaz NO; Aliwnliasuanlasoudrs 9 nu

[% N I 41 i
‘1@gnmmmmulﬂmnw EQNMR™ URZUAGINAIUANIINN 1

(Hz) |
1490: -K+
14801 . - Na*

] i A -Eiu“N+
1470 - ‘:. =
1460 wa”

- ‘-
14504 o=

0.00 001 002 003 004

concentration of added iodide anion (IVI)

P & 1 . . a a
3UN 4 @UFUNUTITAIN chemical shifts VaIRUIM -OArHCH,- 289815 5b Ay

AU uTUVY |



HOUM i N d i

‘gﬂ"&t: ANININHTII NEID J? 1 3

{ » P a a a o ) a
A13197 1 AraannsfalmTlssnauidsdaunatfunuud 5a uaz 5b nuusulasaudn g

_ Kassoe (M)
Metal Anion < 0
None® Br 84.2 76.5
Na* Br 58.6 53.0
K* Br 120.1 349
None® I 108.9 137.9
Na* i 77.2 57.3
K* I 103.3 66.3
Na* NOy" 190.2 106.3

- "all experiments were carried out at 298 K; errors estimated to be less than 15%. ®Using
BusN" as countercation.

naftlesingiudeld BuN ilweanfiimauanlaaauwioss 5a uaz 5b aufiems
Ysznaviadauiiadusuiniu | athelsfianunuinassenauidadoussnine 5b Ay I e
WWOUININNG 5a  wamsnaaadtsuanidwioinlnsivesdunud 5b Hrunawawunziy I uan
ni1 5a @wdawenimeiuanlasawin K wuhnmafeasdsznoudedoustwing 5a Ay Br
RPN 15 i udlwsnsd@ordunuindeld Na® Wunnfinasuanlosanwlinuirdnng
nizquninfiessdsznaniidaunvuanlasaurilasin nansnasasiuaasliifiuiilnss
as1iBsaTatToUs LAY K annnin Na© Beer uazamizlamoinufsmsdsameyt biscalix4]
arene mﬁwﬁa?‘ﬁdUs:nau‘lﬂéwaaﬂmaqamaa calix[4]arene L%au@iaﬁuﬁang glycolic wazdl
dnsnuIusindedums sa wuimsasnanitmnsafiemsdsznandedouiy K agaidan
Wz (selectivity)™ dwndaunaulialssuinuasans sa Sunanaiiuwllldnlaaauvas
Iamuaam‘lammsnﬁ%:gné’ua@lﬂwswaa ardasefudinilinilwiAensialaseais
229815 52 lniasnaasluwuunng 2 lilwssuss sa amsnsodesslsznaudssausy | #
fuwalngldiaziostu uivihdineienumunsalumssunenlosaunas 5b iy BF was I
szanauiafitanfinafuanlosamile Na* uar K Umngmisafileneniumsnanmsusiu
Audvuanlasaufdiuld wseialesauuaslanzuanantaflisnsofawedfulnssuasmia
adisadunsans 5a nia 5b ﬁuuﬂﬁuﬁa:ﬁuﬁagﬁuuaﬂaaaumnndﬁoﬁﬂmﬁ@mmﬂaﬁ"u
Suuaulosaurumiroviuwadauaulufionluaunudisa
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“. Ad ° v a o &
urwnnd 2 lassuwnaslansfidauaimunzguansazyi liiiansialassaeasas

1 L Q. a - A’
5a lniv vduunanlssauldiyuseansninédadu

N+ A
& N

+ NH,

+ NHQ H2N+

Y

3. mﬁﬁnmmﬁuﬁu'laaauTamé’on:ﬁwauagvﬁ’uf‘sﬂﬁcﬂunmwaoua«mmfﬁnbm'%u. (6a)

MsAN® host-guest chemistry U89 6a Ny Zn(NO,),

nsensIMsiaaUsnaudiTausaIaunua 6a Nu Zn(NO,), nszvilasitlninsass
az8"y (CDCly) 183 6a é2p ®13azan (CD,0OD) 283 Zn(NOs), lunaaa NMR laonsuiugas
dausrmanlunues Zn(NO,), My 6a iTluwadng § fu asud 0.5:1.0 f9 3.0:1.0 lagmnltlu
maieUffsendin 36 alus 910 NMR spectra Wudndnymuas proton dwiiosunann
NHCH,CH,NH- idnwme broad Issnnanlaisunsadue chemical shifts lugasitle agnalsi
anunwuimaafenfivasfyune ArH-tCHe WAz +CoHy HARNEATIRIUYAY ML URS WU
nMsaRauRvaasmasFy gl FuRUE R

midnsmsifeasdssnaui@etounas Zn(ll) lesau AURWNUAUISELAN diaza benzo
crown ether p-tert-calix[4larene lan Saun Lﬁmﬂs:m‘%gﬁa-u'\ﬁuamm:s“ wuiuilald Za(Cl0.),
ssfesstsznaudsdanlans 1:1 uas 21 (lancloson : Sunud) vaiiennsodusulénnms
iR auNTOIFY MY ¢-CyHg f‘fioagﬁ lower rim wasAIANT I MowRidules swing Tng
A3NUdY Smndunuaritaduanuin jideny znX, (X= CI, Br usz I) anﬁmmnﬂ&'ﬂugﬂ
$19719998989888nG 91N cone l1lg partial cone’ §Uilig NI UBNAN Zn(ll) v luonduaglu
gaufiilu N-donor usa naulosaw X szt lUoglulwssvas Auasdnaandiauld Jaiuns
IWiAanswisulassshaiesssiunissusuusulosoudansn

(fle9n  'H-NMR Spectrum Hamsulasuudasataiulddaludrsfyannas
NHCH,CH,NH-  uazudd  Ar-t-CoH, lassedniidiulyldvasssus=navidsdouvaslansdon:a
NUALAKA 6a arvandu Zn(ll) 'laaawfwa:@namﬁﬂﬂag‘i‘lﬂwswm nitrogen donor W3 e

- o A a a a o o .
dnnilvazeaululwssvasfiusaiineandiou wio zn(l) lesaunilvazeauwnloslnlnsevas
|
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nitrogen donor WAz NO, lasswdldlndnnlwssvesiuaadnaanionile waftwuirga9ves
Fuanouiiednn tCyH, (3tnin 0.5-1.2 ppm) fFyunanfedududaunatoduon  ugasind
ﬂ'rnﬂﬁuugﬂé‘lwaoﬁarJmanﬁun‘iaammnmnﬁmmsﬂs:nam%o*faumnnfiwﬁaﬂmnmﬁ@
fude onilansiendwl)ldmisaslanaafatulummasandmivoriile  aosudel
MININNNIAREUNVIFY QI ArH-tCiHg %38 Art-CiHe 209M3ININTadan Zn(NOs),
AW IR AIRYsInstiassUssnaudBadowle

AN host-guest chemistry 783 6a ny ZnBr,

msdnsnsiiamsdsznauiddausas 6a Ny Zn(NO,), liaunsonwidiasfivaansiia
ssUsznaudsdauldasnann  Jarihimsansmaiiesisusznoudsdaunuindavalanzlasau
203 Za(ll) vhelntide znBr, lavdfininsalunaaa NMR (Bwl@uany Zn(NOs), 10 NMR
spectra VOINTININTA 6a WUIIRYIMDDY proton Wil n -NHCH,CHN- Fdnmoue
broad SWBWEIITUNIAUEY Zn(NOy), 39lim s udn chemical shift lugneiile atnglsh
muwu’iﬂﬁmsmgau%aoé’mvnpm ArH-t-C{Hs U Ar-t-C Hs WilalRUEATIEINYE ML LaE WU
mTedsuiivasvirasdyynmdanuiuiusiwivae@ ﬁmwnﬁmamgmsm%uﬁmao
sypunssadlugassanduluanes ML Wi 11 uay 1.5:1 wuhildas us: Fuoimdu
Hl09M9N -CoHe NANBMETTALIN (resolved) NN Wunangwuaasinmsiiassisznay
\Badaunes ZnBr, My 6a onvaziduuuy 1:1 laod Zn(l) lesauduivdunud 6a lavandvaglu
Twsawae N-donor 3 4 azaaw uaz Br lasauazidnlulndiu Nuaadnaandiau 7 lower rim va4
aanaIule

¢ chemical shift UBIRWWIMINN  ArH-£CHg URE Ar-t-CHq yagasisansnsi tuls
wiFesfvasnm e sUsznaudidan sening Zn(ll) nu 6a lo Ltdﬁoﬁtmﬁané}gm‘um‘uao

ArH-t-C4Hg \Wunanlumsdruim lavldaumsasealus

M+ L ‘K— ML
K= [MLYMI(L]

A \ 9 L4 v A ~
lag (M) = evudutuvas zn(ll) was [L] = anududuvasiunud (sa)

Oobss = S X, + X (1)
P A A e
e X, @@ molefracon L dafienridy [LyC, 2)
iWla Xy Ao mole fracon ML dsfiduviany K MIILYC, (3)

mass balance equation
C, {L)+[ML] ks [L)
Cu [M]+[ML] Uy  [M]

CU(1+KM]) (4)
Cul(1+KIL)) (5)
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mn’g@mamumsﬁ’wﬁud (1)-(5) asifumsduanda INURAIY 970U Faazi5unnns
Yrmnmeanududunaslansloasn M) ussienududuastunud [ ewiniildnnas
ns (4) sz luldlunnsduatvaen ) ﬁgnﬁaamnaumsﬁ (5) Taymsvinituitaziunisvin
& qw'lﬁmﬁgn@i"aoﬁa dramududusasdunuduas Metal \lusfizaaadasiu aniuasinly
fwImnan mole fraction INFUNISN 2 Uar 3 uazm e K azldansumsi (1) Failuns
extrapofate #1 d(Hz) MFnmsdmmium & Amrldannmasas Msduimavuaitesyia
Tasandplisunsunaufieas sunsamarasfivasmsiiesslsenouldssouay ZnBr, AU 6a
Teu log K = 2.58

232 msdsiassiiesnunlzasdandniazis msdnsnsiwdswudaslasezyl was
a 1 % 1 ga I'4 A ) a o Vo

nistiaa1sUsenamBedanseniiamiasindisasardnesundnasisvlanvlsoaun

paslanzunsudrulasdslminuslaninininssu

. NTRILATIERFITURSNITNIILA NAN DL

levnnsasaTizians 25,27-N,Ndi((ethoxy)benzyl)propylenediamine-26,28-dimethoxy-
p-tert-butylcalix[4]arene dihydrochloride (10) audunaufiugasliluunwninit 3 Taoluduusn

waanings 2a Wl fisendu CHyl $auou 2 Tuadadnaud lawll BaO uaz +-BuOK (uiua

4, & [
LHWBATAN 3 TUADUMITRILATIZHRNT 10

i 9o 9
ot oo
(o] (o]
( j BaO. 1-BuOK, CH sUTHF (0 oj
[o) qH reflux | he o ~o
1) NaBH 4

2) HCYCH 30H
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iy fAToluaaiszans THE agldmns 8 sanudunfadusitionm 28% s 8 luvh
YRS nanauiasduny propylene diamine (SaTam 1:1 luadaianaurl) lu CH,CN azldaw
wa 9 ansanunanufiienludiuim 55% NNNsTndms 9y NaBH, 1w CH.CI,
ugavinTldsaanundas 2% (viv) HCI lu CH,OH azldans 10 lufSuim 76% 'H NMR
anaiuresas of 8-10 lu CDCl, ﬁqmwgﬁﬁmuamé’ngnpmﬁﬁé’num: broad Fatafvindinng
Lﬂﬁuuuﬂaﬂmqgﬂ‘uammumﬁnfftﬁﬂ%umﬁuﬁam\j"laman%ﬁa‘émanqmﬁn*ﬁ’gnu,aaﬁLam:
A 1u8 intramolecular hydrogen bonding ?meia"lﬂwLwﬁa%amgusaua:wwm%aum%ﬁu‘léf[ﬂu
gzaan  aglsfienananinnisiesiedngesdlsznayuasans 8-10 roansasnulasiaiofih
wue by
Y. m'sﬁnmnmﬂﬁﬂuuﬂmimagﬂmawmUmﬁn[4]«ﬂﬁu

Wasnnlaseasevasans 10 ﬁmuimam‘lna‘[aﬁnLﬂua:wwm%ammiﬂmgﬂuan%
sandiansaimhuadni4laniuiiilasigd (conformation) fdwlydivdaies cone partial
cone Uar 13-alternate LYmn ﬁaﬁﬁnqu6n‘smm‘sm‘é’wuﬂaﬂmagﬂmaoms 10 lap3%
Tsaambuduasaulninsalnifgunniivasludavhazams CDCl, DMSO-d; uaz CD,0D W
31 "H-NMR munasuvasss 10 lu cdCl, Faududvhazarusiia aprotic ﬁqmwgﬁ 25 °C 9:il

ar Qv o = ar _ A A U
anudutauaseuinawaslysaauann tbutyl uazlisyanaluusinmelsun@ni broad sulu

- Tl

e
. J\M\Mu

® Lo h Jq

. : |
”_JUNLLL wwb \
8.0 70 60 5.0 40 30 20

1.0 PPM

a2 v a
U 5 'H NMR s11na3u1e4813 10 (a) lu CDL0D 71 40 °C (v) lu CD,0D 7 27 °C () ln
DMSO-d, 71 27 °C uaz (d) I DMSO- d, # 100 °C. * uaz # udypruvasiiuazaarh
arapiildarudau
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DMSO-d, (qUft 5¢) wuifidyanmiiilu broad singlet vaslusnauun CHyOAM-CiH uat
ROAM(-C(Hg Maidtyeyosiufidnumia 0.81 0.98 uaz 1.27 ppm wazdynisluninmalnndnd
fanuTuTsuLR:  broad é’ofulué‘hﬁ*ua:mnﬁqaawﬁ@dwu'hﬁn'mﬂé"nuuﬂaﬂmagﬂ‘uao
wmigaan4jmInnaulunausn (conformational interconversion) Nuld NMR time scale 814
Isfiann 'H NMR swnesuweszns 10 lu CD,0D Qﬂﬁ sb) Sududivhazauwiia protic 3
Ry singlet vaslUsRDULY t-butyl ﬁau%’aﬁ‘fuamé’mmmﬁﬁmmm 0.99 Uas 1.34 ppm WAz
ludnaelsin@nAdawusugnm  broad  singlet sesdaNMvadlUsaauun ROArH U
CHSOATH AdU1ET 7.21 Uae 6.71 ppm A8 HAMINARBITINEIUFAITIBRAVEINIRzaud]
nafasaTIIvaIn1INANNa U lUnaLAN (rate of interconversion) Bad1nWHaluniI BANE NG

Lﬂ’aﬁm:ﬁnmnansznwaaqmvsqﬁeianmﬂﬁuuimagﬂné’u‘lﬂné'um {conformational
interconversion) 341d¥hAsTa 'H NMR 289815 10 lu CDCl; DMSO-d, use CD,0D figrampil
uanaeny  msuailnaiuuassns 10 lu cDCl, v"iqmv.gﬁ 0 —15 =35 Rz —40 °C HANNLY
vndudaulunn 9 virnaussliausonan coalescence 1ot LLoﬁLﬁaLﬁuqm\aQﬁQJﬂ{u "H
NMR an@$uvas 10 lu DMSO-d, asfinnuantaiu \Jufirdnnairduaio singlet 7
éNurKI 1.30 ppm a:ﬁmmﬂui’mauaﬁnn 9 NNl lummzﬁﬁtgtywm singlet # 0.95 ppm =
broad ﬁqmwgﬁeﬁ 9 ua:a:ﬁmmnu%’mifuzﬁaqmmqﬁgﬁu FIrUFNMAGUMILS 1.30
ppm 2395 Tuw80lU AU RygOArC(CH,), WA FUNMA 0.95 ppm ansaziluuaslisnan
Ul CHZ0ArC(CH,)s ﬁafﬁwsw:auﬂﬁaﬁﬂa:wmtféamia;ja:himmsm:m‘é'aui‘i‘lﬁazmmmﬁu
ootwﬁaﬁtfﬁamagﬁung CH,0- 'H NMR slnasuvas 10 lu DMSO-0, ﬁqmmﬁ 100 °C uaed 1y
luguf 4d  Fynnos singlets a9lUsnanUK CHiOATH Uuas ROAMH Usngiufidruwis 6.65
waz 7.16 ppm mudieu damiualsndnluseausarsundudaiuasmudaas iy nd
ﬁmmwmﬁsﬂngﬁuﬁdmwm 7.02 7.12 7.38 uaz 7.59 ppm ®IUFULI —OCH, a:ﬂswnm‘jvuﬁ
Guvig 4.11 ppm WU coalescence temperature \iadufi 50 °C MUAMUNTNUDIFU N
Ny (ﬁ@humia 6.65 ppm) 50 Hz mmsnﬁwmmmé'm*nmuﬂﬁnuimagﬂ (rate  of
conformational interconversion)’ Iefiilu 111.0 8"

wanunityléfine conformational interchange 89T 10 ﬁqmmgﬁﬁn 9 lu cD,0D
My wuhmUnasun —40 °C (gﬂﬁ 5a) IR singlet wasliUsaanun t-butyl Fuan
waedo uaswuidygiasadlysaeuunasnimdanndiudedanudusanunyiuani
ﬁmwawﬁwm‘[magﬂmammum&nfﬁtﬁmfuamutauaaa'[megﬂ (%aawauﬂuimagﬂuuu
cone W8T partial cone) ueimﬂnm%"uﬁmméﬁ'u«ﬁamﬁundwﬁa:mé’@ﬁéauwaoiﬂsogﬂu.@ia:ej"uvtﬁ
lunsdifiwuin coalescence temperature a:agﬁ 27 °C uazlanuniaesdynnm (Adums
8.72 ppm) iu 43 Hz mmmmmmma"m*nmnﬂ?iuu[mogﬂ (rate of conformational

L . 559 o & -
interconversion) - 1w 94.6 s
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Tninstu watildwuinas 10 aldifemsdsznaudsdontu zno luumeiians 25.27-(N,N ~di-
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a . u| o
@159 1 Fraanmsiu-delsaauuasans 7 (L)

Protonation log K
Ktk + H == LH 10.45 + 0.03
+ + N 2+
Ky: LH + H < LH 8.32 £ 0.07
o+ + N 3+
Ki: LH; + H b~ A 1 2.74 £ 0.11
1006 i £
LH* L
2
R0 ‘,’ LI‘IZ \‘l
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sofF
% L
op o LHY
201
4 -\-‘.\\\
0_ - 1 ll“ - 1 i
2 4 6 8 10 12

pH
3UN 7 nHUEAINIINIENaIUIRLTFAN 9 va3Ens 7 Wisuny pH

mngﬂﬁ 6 urr A7 2 sunsnasUlaiaunud 7 arlidaugavainisiu-doldsaau
3 @1 @0 log K = 10.45, 8.32 uaz 274 anfouifiovdunud 7 fudunudnddnsuclndians
fAudia OenNdienH4"® (d1aruil OenNdient4 lifldiFoudsnuananamiu) dnmv‘%au@}ammn
Y3813 7 :AAININNIIBRI OenNdienH4 (9.47) 'lumm:ﬁﬁﬁauqaﬁqﬁ'amLLa:muf;m'lna”Lﬁm

N (8.27 URZ 2.35 @URIGY) urayIMsdngaguasmanidlmiuetavsisinuninduaon
watvasteiululasiauluans 7 Adule
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A 1 IJ - - a 1 &
AN 3 AAINVDINTIINARITUIENOUBITAUTEAINENT 7 nu'laaumao'[w:

UNTUdTU
M log K
ML™ ML(CH,0)" ML
2+
(a) Co 7.57 £ 0.03 = -
2+
(b) Ni 9.06 T 0.04 " -
2+
(c) Cu 15.27 1 0.04 6.01 £ 0.08 -
2+
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Lfmﬁmsmgﬂ'sﬁwmwaanﬁ'[é‘lugﬂﬁ' 8 wudt waanwas Co(l) waz Ni(ll) A3uU5
ANWUIRTBUNY ﬁm'\uw]’uiwumﬁunm{go 9 wu f1 n dnlng 1 ugasdma Co(ll) uas Nidll)
losswAamsisznauidsdouiuaunuduuy 1:1 de Col™ uae NiL* Tapfidrasfivasniniiass
Usznau@ytoudu log K (AL 7.57 Uaz 9.06 @ useu widewInudsuiuaunuddd
aaunafaraaundiuie aunud OenNdienN4 Tafidrasfimaiassdsznauidedaudy Ni()
W log K = 9.96 uaasindunud 7 unuiinidalaludivin oenNdienN4

WRANIERIN n UAT log [L] 183 Cu(ll) AANMVUANENNVDI Co(ll) w8z Ni(ll) fo
Waonwad Cu(tl) Aenududiuaas L wia &3 7 é1 9 a2lidl fat line et 1wwszdiams
Usznaudetoudntssinnnilsdia Cul(CH,0)" uanmflanin cul™ masfimsiiaasisenay
\BaFauvas Cul’ uas CuL(CH;0) il% 15.27 uaz 6.01 uSIGU fasimsiiassusznay
L%o«ﬁaui‘fa:gan*jwaa OenNdienN4 15z 10 ¥ (log K = 14.41) iduivinauladinin cu(l)
lasaugunsniiassusznaui@sdon CuL(CH,0) luvmie?i OenNdienN4 a:lyilvmsidedon
Uszinanil '

Wuivinauleatedein za@l) a2en n 2 61 @8 0.5 9 log [L] = -7.0 uas 1 Aduwiio
log [L] = -3.0 ugasMALAUGREINTINamTYsEnauEsTaunylasauuas Zn(ily Ieéouuy 1:1
war woy 1:2 lagdeasfivasmafiaasUsenoudedon iy 7.17 uas 1238 @udaud
gannsasiLuItToesTauwr  wAuasane™  atholsfieny  OenNdlenN4 lisansaifaans
dsznauidedouuuy 1:2 1o armwaamaom'sn's:muﬁamaaaﬂ%‘lugﬂﬁ 9 azmunsarh 5 v
ummaﬁdqmauﬁ'@‘nmmsﬂsznaw’?nvﬁ'amzwhﬁunuﬁ 7 N Co(ll), Ni(ll), Cu(ll) waz Zn(ll)

PNMFANINUIRUNUG 7 sanTaifessdsznauddauny Co(ll), Nill), Cu(ll) was
zn(l) Tao@imsi3uedrdudail cu™ >> NP > Co™* > zn”” wananiifowuasisznauidstanfing
gnfa Cul(MeO)’ é’otfumsﬂﬁngag“uammUm‘én[z&]mﬁuﬁwalﬁtﬁ@mn%ﬁauuuu 1:2 da
Zn,L*" d

o
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N, NMIRILANZHANT 11

lavnmsfaansieunuinsanasandnimiusionilsfia 25,27-di-(4-pyridylmethoxy)-
p-tert-butylcalix{d]arene (11) Navnnifnsimsiiesmslsnaudsdounasns 11 Auluana
dun3d #1311 fuesedlanndjiionsnine warunefisesinfaadn@dede  fu 4-
(chloromethyfpyridine hydrochioride 1 acetonitrile latls K,C05 \Duiwa uazld Nal \fudnss
difdundousaslusunsi 2 sansouonars 11 lddedanasnasuilasnlanmdl 1§

YT UNRAAMNYNIY  44% WonSuuinuiuauaiuiRuvasnandmindu 9 20ledy
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a v o \ o da [ aaa vd . ' 56 7 a r
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o v » & X =) « ] & o~ & a a +
]9 11 ZUUBYNNIN mua’mztﬂmwﬁ:ﬂlums 11 %otﬂumgwuﬁ para WANAUNUINANNL K

1@‘1mﬂaLﬁ1ﬁvmada$§ﬁuf ortho use meta 9z N AiaY 581 nucleophilic substitution 1w
1uléenn

/N K,COs , Nal (cat.) (2)
. —_—
I HC CH;CN, reflux
Cl

11

a a an ‘ o aa d a a Ao @ o
A NITANHINI AN DUATATHITENINIDOUNUBNIAUVAIANAN[4] BT UNFILAIIZH LN U
Tuanadunsy

Idvinnis@nwuad host-guest 18913 11 numduniew 9 dndu hydrogen bond
donor LT 1,3-dialdehyde crown p-tert-butylcalix[4larenes (813 2a \Ua: 2b), acetylacetone, 1,2-
diaminoethane, 2,6-uiaminopyridine, catechol, resorcinol, hydroquinone, phthalic acid,
isophthalic acid Utz terephthalic acid TaplHslusaaududuarsinmstulu CDCl, ‘%w:’?@m‘i

- | [ @ a4 P o o ‘ 3
LﬂRﬁuﬂmaﬂﬁq‘)m‘\m‘l@ﬁﬂém‘,‘lmﬁuﬁ’ﬂaﬁﬁ']s 11 (host) LY\UUﬂUﬂ@'I'i‘Iﬁ?%é'\%?%tilﬂmaxjilﬂﬂﬂqﬂ
a a4 a o &

DUNTL (guest) NAdY § LWNUU

2a 2b

A «
wamnmﬂwmmﬂﬁnmﬂma guest 1w &3 2a uas 2b, 1,2-diaminopyridine, 2,6-
. . . . A &) A & 1] @
diaminopyridine Us acetylacetone lu/saou d uaz e dadulusnaundunia onho uas para M

AL A a Qs al { A [ a A A 1 ‘ . a
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Fniumslammans 11 durrdunidiwan leuaansaas uar lemivandiniada
asvnansduniialiuneaansliiszan lu COCI, 11w recorcinol, hydroquinone usslan1fuad
aanda flndaslemanaiiaslilunsaa NMR Tanass Namnm‘smamlugﬂﬁ 10 uaaslh
(AU31  hydroguinone, benzene-1,3-dicarboxylic acid (isophthalic acid) uaz benzene-1,4-

dicarboxylic acid (terephthalic acid) ldiAas1TdsznoutBsdaunia hilfaduasisonnuans 11

1721
1720 d o ] § .
] °
179 b o "
‘: A
A
1718 |- n 'S ik .
LN
i |
717 f
as,. |
1716 |- .
8 i = Hydroquinon
1715 | e  [sophthalic
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1714 |
e
1712 : ' : L ‘ l . ! :
0 /1 2 3 4

Equivalents of guest molecules

3UN 10 AHLRaIANUFURUTIENIN CIS udanaiuuas guest YOIN TN TNTERIN

&3 11 Ny hydroquinone isophthalic acid Was terephthalic acid

ifiealday resorcinol 891Uluansazart COCI, v09813 11 WU resorcinol Mansaazansle
LLﬁaUﬁngé'nujmnm’j‘Tuﬁ 7.13 (1), 6.59 (d) WRs 6.46 (dd) ppm nn%’agmnme:mﬁaumﬂ’luﬁﬂ
downfield snswlusaou d Seezdimuefoufiludsnens upfield  waanwasminedauiuns
sy mainlysaau d, e usz ArOH (chemical induced shift w30 CIS) AudaTIEIMIIWIUINR
284 resorcinol u.amﬁogﬂﬁ 11(a) U§TIa5 11 \Pamstsenauisdount resorcinol LHnuLL
1.1 PINRAMINARBIMUITDI W A RsfivssmaRamsdsenaudadanlilu fog K = 3.13
wananitsiléviinislmnsnin CD,0D uar DMSO-d, wdwwiners 11 Lifiduasisoniy
resorcinol lugsazauimnanil

§w30 catechol Wwilowdy catechol aellumsazany CDCl; voIms 11 s 10
equivalent UMY IIMTIeRaufives dyqmlsaaudis g ondu Tuseeu e dansdifiuda
14 & wmiulusaau e msm%«‘auﬁmaaé’mqwmewqaﬁmzmm 4 equivalent 189 catechol asinsls
AnaniasnnlyuntefldlunsduinwdnidnaiemsUsznauidoussdim aldians
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stlznandadaumfaduuuy 11 war 211 whew s9liamansomidiafivanisifiaans
Usznaul s faussningas 11 Nu catechol o gﬂﬁ 11(b) LEAIWRAN a4 CIS nlusaau d, e
e ArOH NU equivalent 283 catechol

AMNNNTANEILAD host-guest 2ay®17 11 Ay dicarboxyilic acid Wyl 1,3-benzene
dicarboxylic acid (isophthalic acid) Wac 1,4-benzenedicarboxylic acid (terephthalic acid) ErA by
azaplusmsazann CDCL 129 11 Snrdchithldiiannadauiivesfugmlisaauudatngls

A . y , ] . _ = 4 4
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waaé‘cyzy'\mmmauﬁaum‘lugﬂﬁ 11(c) Ferispaninas 11 aniesstiznaudafaudu phthalic

acid Huupy 111 Samusadwinummasivasmadamsdnauididouldiiu log K = 5.41
fawracldensomm amasimaiessUsznaudatausasas 1 nu

resorcinol latanaUTouisunsiiasn sy senouBIdansening catechol N phthalic acid law

5 lninstusaisarled madusTasanouad 118catechol asldlu phthalic acid wuinnas

A A ar a [ a . . o X Q [
wRaufvasFyIullsnausziiaaaunuued 11phthalic acid  auuIIe1INE N 1aINE1S 11
A NAf TUTENaUVEIFauny phthalic acid laé@n3n

Y a v i a &
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319 12 (a) duasi3u1veTEnINg H-H 910 NOESY uag (b) lassaiivasans 11 A
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drwrnulasldinatia MM

NOESY vo3uaINFUTEAINEIT 11 URE resorcinol ludamsin 1:1 uamﬁogﬂﬁ 13(a)
Tusaau He w29 resorcinol 3z NOE connectivity iy ldsaaw d 289815 11 Wwwmsil [usaon
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~—p prlecmolecular yggregate
«—— single aggregate

< v a =1 % A a .
5un 14 lanssfananudulyldvassrssznauididou 11eresorcinol
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lunsdluad catechol 1dvin NOESY vhmesnsuuuy 1:2 uaz 1:4 WA connectivity
sewinolusean Ha nu lusmaw Hd, He, Hf ws: Hg ¥84813 11 é’aumm‘lugﬂﬁ 16 &2
connectivity Ausasiaduasiisnssnilusnanulidnngusesula arnimeassmnia
15U 5znauIBeFauszning Waan NU catechol wuitnsauazifiaasUsenauiBsfouny catechol
uuy 21 Sedwldiddas 11 GadsnaudiomihniGas 2 wihsandemsdsznauiderausy
catechol WUy 41 Fssaeasasiumannmslnninunegin s lsiarunansinimmiadin
catechol aurinassuadltlumsasaiuvosens 11 atwdaifies wsavidnEMzmTAaEs
UssnauBsdomiwliludnwnsfiiulndwaidn gﬂﬁ 16 usadlassaHrofidullaluas
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3. ANUFUNWTUDILASIFFINUVUINUDS quest

Ievnnisdm annamansuiassulanldis PM3 Remwmausslasasironas guest i
Anwfa catechol, resorcinol, hydroquinone, phthalic acid, isophthalic acid ust terephthalic acid
Touw1a e 189 H-H 989 HO-Ar-OH #&s HO-(C=0)-Ar-(C=0)-OH a4 guest N7 lowun
Fugalum TN 4 1INANIAWIMWLIN catechol, resorcinol Waz phthalic acid AT
PVARNIERY (L&NNTN 6.34 A) AN TLNOSUATAILNUEYT 11 FafgoaadatunaaNMIANEA
&1 NMR HaNINiNaLesMIINGI189 resorcinol SatdadansiiemTdsznavdedaudsiilase
a‘?ﬂo@'ﬁgﬂﬁ 14 snvadwltldmssrasduiuposwusslalanaunasSuasisen hydrophobic
Mldarsdsenaudadau  118resorcinol ﬁmmmﬁmmnﬁqﬂﬁm a3u/lé919uasASon  non-
covalence HiHadalasvEILALA AR DSYBIE TS NaUEITaudAady TasaliEunud 11

FWTaLEandY resorcinol phthalic acid was catechol 1o
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H-H 289 HO-Ar-OH U8s HO-(C=0)-Ar-(C=0)-OH ¥aJ guest &€

Name Structure H,-H, distances (A)

Catechol Ha H 3.29

\

0O O
Resorcinol 4.58

Ha\
Hydroquinone 6.39
Phthalic acid O O 5.82
// \
=C C—OHp
Isophthalic acld (I)I (a 8.68
C C
- \
H,0 \@/

Terephthalic acid 9.13

/
HaO
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2.4 FFUNANIINAADIUALTDIANDUMS
Tei“ﬁwms%’qmﬂ:ﬁmsﬂs:nauﬁﬁwé’ryﬁm%’mwﬁ%’u%ﬂf 5 glediunuAs  25,26,27-
N,N’,N”—tri((2-ethoxy)benzyi)ethylenetetraamine-p-fert-butylcalix[4]arene~4HCl (ba) 25,26,27-
N,N’,N”—tri((4-ethoxy)benzyl)ethylenetetraamine-p-tenf-butytcalix[4]arene-4HC| (5b) 25,27-{2,2'-
[2,2'-((2,5,8-triaza)nonyl)diphenoxyldiethyl}-p-tert-butylcafix[4]arene 7N 25,27-[N,N'-di-((2-ethoxy)
benzyl)propylenediamine}-26,28-dimethoxy-p-tert-butylcalix[4]arene dihydrochioride (10) u&e
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Abstrgct: The tripodal-amine capped beazo crown p-terr-butylcalix(4)arene (6) was sypthesised. The
basicity of the nitrogen donors in 6 based oa the protonation constants was measured dy potentiometric
ticration. The complexation studies of 6 with Zn(II) ions were also carried out by *H NMR spectroscopy.
© 1997 Blsevicr Science Lid.

One of the most important types of macrocyclic compounds that plays a very important role in host-guest
chemistry is the cage molecules such as cryptands.! They possess three dimensional structures which enhance the
ability to encapsulate metal ions and anions.?* p-rert-Butylcalix[4]arene has been shown to be an important
starting building block for host-guest chemistry because it can be chemically modified at the pbenolic oxygens
(lower rim) and at the para-positions (upper rim). The chemical modifications associated with the conformational
properties lead to a large variety of fascinating receptors.”” It js of interest to combine the calix{4]arene
framework with the cage constructing unit such as tris(2-amino)ethylamine, tren, to synthesise a compound that
has great potential to bind metal ions and anions. We report herein the preparation of the tripodal-amine capped
benzo crown p-ferz-butylcalix{4)arene (6). To our knowledge, this is the first tren capped benzo crown p-tert-
butylcalix{4]arene that has been synthesised. The compound 6 is a heterotopic receptor containing both the Ny
cage and the crown ether like units. It can, therefore, possibly exhibit appealing host-guest chemistry with metal
ions and anions. The preliminary complexation studies of 6 with Zn(II) salts are also described.

The compound 6 can be prepared from the substitution reaction of calix[4]arene with 2.7 equiv. of 2((1-
formyl-2-phenyl)oxylethylbromide,® 1, in the presence of K4CO; in acetonitrile. The reaction under the
condition shown in ¢q. 1 yiclded dialdehyde calix{4]arene, 2 (50%) and trialdehyde calix[4)arene, 3 (6%). The
compounds 2 and 3 were separated by silica gel chromatography using CH,Cl, as an eluent. The compound 3
was characterised by spectroscopy and elemental analysis.” 'H NMR spectrum of 2 shows (C=O)-H signals at
9.75 and 10.41 ppm in 1:2 integral ratio. Interestingly, signals in the methyl region corresponding to methyl
protons on ferr-butyl groups exhibit complicated patterns suggesting that the calix(4]arene framework is not rigid
in the solution. Condensation reaction of 3 with 1.1 equiv. of tris(2-amino)ethylamine in acetronitrile
precipitated an imine or Schiff base product, 4 (46%) which was characterised by spectroscopy.'® The signals
due to (C=0)-H protons disappear, and the signals due to RN=CH protons disptay at 8.82 and 8.92 ppm in the
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'H NMR spectrum of 4. The methy! proton signals exhibirs only three singlet lines at 1.35, 1.22 and 0.73 ppm
in 1:1:2 ratio, respectively indicating that the molecule possesses the cone conformation. It also implies that the
structure of 4 is more rigid than that of 3 when capped with the tren unit. Hydrogenation of 4 by 20 equiv. of
NaBH, and subsequently acidifying with HCUCH,OH (0.74% v/v) yielded an ammonium derivative, § (86%)
which shows very broad signals in 'H NMR spectrum due to the effect of positive charges. There are signals
due to R-NH,*-R and R,NH" appear at 8.55, 9.55 and 10.02 ppm; however, the integral ratio cannot be
estimated. Due to the mechanism of FAB MS, the mass spectrum of 5§ shows a strong signal at m/z 1191.7
corresponding to molecular weight of the neutralised species 6. Nevertheless, elemental analysis suggests the
existence of §.!! Neutralisation of § with NaOH in methanol provided the neutral tripodal-amine capped benzo
crown calix[4}arene, 6 (46%). 'H NMR spectrum (400 MHz) of 6 suggests a rigid cone conformation of the
calix[4]arenc unit observed from 3 singlet signals due to t-butyl protons at 0.86, 1.39 and 1.41 ppm and 4
doublet signals (J = 13 Hz) due to the bridging methylene protoas on the calix[4]arene unit identified by a COSY
experiment at 3.23, 3.37, 4.45 and 4.85 ppm."

AT l

KiCO4 + 0y
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The ligand 6 possesses both nitrogen donors and oxygen donors. It can possibly accommodate metal
ions and anions in the cavity of amine nitrogen donors or phenolic oxygen donors. - We have examined the
basicity of the nitrogen donors by determining protonation constants of 6 in 0.0 M methanolic solution of
tetramethylammonium chlaride at 25 °C with potentiometric titration. The titrations were carried out four times at
the pH range of 2.968-12.030. The first, second, third apd fourth protonation constants of 6 obtained from
computer evaluation of the potentiometric titration data are log K, = 11.8040.05, log K, = 10.8810.09, log K, =
7.75%0.10 and log K, = 4.9740.12, respectively.”* The first two values are higher than the protonation
constants of tren and bis-tren reported by Martell and Lehn by approximately an order of magnitude.'

The ligand 6 shows sclectivity towards metal ions and anions. Complexation of Zn(Il) jons with the
ligand 6 can be studied by '"H NMR titration experiments.!® The possible structures of Zo(II)-6 complexes,
deduced from the NMR data and the previous studies on similar calix(4}acene derivatives, are illustrated in
Scheme 2.'!7  Although the signals due to the RNCH,CH,NR are broad when 6 forms complex with Zo(Tl)
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ions, we can observe the displacement of signals due to Ar-r-C(CH,), (a) and 1-C(CH,),Ar-H (b) on the
calix[4]arene framework. In the ZnBr, casc, signals (a) and (b) shift downficld (2-10 Hz) with respect to the free

AE A
[

3 4
i) tris(2-amino)ethylamine, rt
ii) NaBH, i)
jii) HC/CH,OH (0.74% V/V) .‘!.)
iv) NaOH w
/\r N/\ * E’j‘

eYe] — e ?]

Scheme 1. Preparation method for the compound 6.

ligand 6 upon increasing mole ratio of ZnBr,. The plot between mole ratio of ZnBr,:6 and the magnitude of
displacement reveals a 1:1 complex formation. One Za(Il) ion may reside in the cavity of the amine nitrogen
donors while one of Br™ ions may be induced into the cavity of phenolic oxygen, Scheme 2 (7). The calix[4)arene
framework must adjust the cavity to enclathrate a Br ion. This results in the displacement of protons (a) and (b).
Curve fitting by iteration technique has been applied to calculate the stability constant for ZnBr,-6: log K =
2.58.!¢ In addition, we have isolated the ZnBr,-6 complex and characterised it by elemental analysis: anal. cald.
(found) for C,;HyyN,0,ZnBr,: C, 65.28 (65.44); H, 6.97 (6.60); N, 3.95 (3.68).'* The result thus agrees with
the proposed 1:1 structure. 'H NMR titration of 6 with Za(NO,), also gives the displecement of protons (a) 2od
(b); however, the displacement does not proceed in the same direction. In addition, we observe that the methyl
protons signals of fert-butyl groups are very complicated suggesting the existence of more than ope species in the
NMR solution.”? Another possible species is the 2.1 complex in which two Zn(II) ions reside in 6; one Zn(ID
ion must reside in the amine nitrogen cavity while the other is in the phenolic oxygen cavity, Scheme 2 (8)."”

This preliminary study, therefore, indicates the selectivity of the ligand 6 towards a metal and anions.
Further studies of the complexation of 6 with other zinc salts by NMR spectroscopy are currently under
investigation. Future work will also be focused on elucidation of the structures of Za(II)-6 complexes by X-ray
crystaliography.
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7 8
Scheme 2. Possible structures of Zn(I)-6 complexes.

Acknowledgements
We thank Prof. Yodhathai Thebtaranonth for the permission to access 400 MHz NMR spectrometer at the

National Center for Genetic Engineering and Biotechnology. The Thailand Research Fund is also gratefully

acknowledged for financial support.

References and Notes

1. Lehn, J.-M. Supramolecular Chemistry; VCH: Weinheim, 1995, pp 271.

2. Lehn, J.-M. Acc. Chem. Res. 1978, 11, 49.

3. Dietrich, B.; Guilbem, J.; Lehn, J.-M.; Pascard, C.; Sonveaux, E. Helvetica Chimica Acta 1984, 67, 91.

4. Lehn, J.-M. Pure & Applied Chem. 1980, 52, 2441.

5. Lhotak, P.; Shiokai, S. J. Synth. Org. Chem. Jpn. 1998, 53, 41.

6. Bohmer, V. Angew. Chem. Int. E4 Engl 1995, 34, 713.

7. Pochini, A.; Ungarro, R. In Comprehensive Supramolecular Chemistry; E. Vogtle, Ed.; Pergamon Press: 1996: Vol. 2;

103.

8. ggangpnscﬂhj R.; Asfani, Z.; Amuad, F.; Vicens, J. J. Org. Chem. 1994, 59, 1741.

9 Anal, Cald. for 3 (Cy HyoOy0): C. 77.99; H, 7.37. Found: C, 78.11; H, 7.17. *H NMR (3 ppw, CDCl,, 200 MHz): 0.8
1.5 (36H, m, -ArC(CH),): 3.25 and 4.22 (4H cach, m, ATCH HpAr); 4.16, 4.42 and 4.92 (12H, m., -OCH,CH,0-); 5.20
(1H, s, ArOH); 6.32-7.85 (20H, m, aromatic protons); 9.75 and 10.4] (1H and 2H, s each, -Ar(C=0)H). FAB MS (m/1):
1092.5.

10. Anal. Cald. for 4-H,0 (C;,Hy4N,Oy): C, 76.84; H, 7.87; N, 4.65. Found: C, 76.70; H, 7.61; N, 4.24. 'H NMR (5 ppm,
CDC);. 200 MHz): 0.73, 1.22 and 1.35 (18H, 9H, 9H, s cach, ROArC(CH,), and HOArC(CH3)4); 3.32, 3.53, 4.32 and
4.35 (2H exch, d (J = 13 Hz), ArCH, HpAr); 2.85 (12H, b, m, -NCH,CH,N-); 4.03, 4.50 and 5.15 (12H, m, -OCH,CH,0):
5.30 (1H, s, -ArOH); 6.42-7.90 (20H, m, aromatic protons); 8.82 and 8.92 (1H and 2H, s each, -CH=N-). FAB MS (mv/z):
1185.7.

(1. Anal. Cald. for S«4H,0(Cy7H,;gN,C140,,): C, 65.69; H, 8.44; N, 3.78. Found: C, 65.61; H, 7.87; N, 3.97. FAB MS
(m/z): 1191.7.

12, Anal. Cald. for 6 (Cy7HggN,O5): C. 77.61: K, 8.29; N, 4.70. Found: C, 77.57; H. 7.85; N, 4.32. 'H NMR (3 ppm,
CDCl,, 400 MHz): 0.86. 1.39 and 1.41 (18H. 9H. 9H. 5 cach. ROArC(CH,)y and HOArC(CH,);); 1.99-2.66 (12H, b, m,
RNCH,CH,NR): 3.23, 3.37, 4.45 and 4.85 (2H cach, d (J = 13 Hz), ArCH ,HpAr); 3.7Sand 4.18 (4H and 2H,d (J = 14
Hz), ArCH,NR); 3.86, 4.03, 4.32 and 4.98 (12H, m, -OCHZCHZO-); 5.20 (1H, s, -ATOH); 6.25, 6.93, 7.15 and 7.47 (12H.
m, -ATHOCH,-); 6.56 and 7.20 (4H, each, s, 1-C(CHy);ArHCH,-). FAB MS (m/2): 1191.7.

13. The protonation constants of 6 were estimated by the Superquad computer program: Gans, P.; Sabatini, A.; Vacca, A. J.
Che;:. Stwl:6 ‘,Dalmn Trans. 1988, 1195. The deprotonation constant of metbanol at 25 °C was calculated (o be
log K= -16.7.

14. Motekaitis, R. J.; Martell, A, E.; Lehn, J.-M.; Watanabe, E.-1. Inorg. Chem. 1982, 2/, 4253.

15. Typically, the ligand 6 (0.036 g, 0.030 mmol) was dissolved in CDCl, (2.40 mL) and placed into 6 NMR tubes (0.40 mL
each). Zinc salts (0.083 mmol) in CD,0D () mL) were then added 1o the ligand solution in each tube by varying the ratio
of Za(IT):6 from 0.5:I 10 3:).

16. Pothsree, T.; Scangpraserikij-Magee, R.; Tunwulani, T. J. Incl. Phenom. 1997 in press.

17. Seangprasertldj, R.; Asfari, Z; Vicens, J. J. Incl Phenom. 1994, 17, 111.

18. A methanolic solution (5 mL) of ZaBr, (0.020 g, 0.088 mmol) was added into a stirred CH,Cl, solution (5 mL) of 6
(0-100g, 0.084 mmol). The reaction was allowed to stir at room temperature for 48 h. White solids precipitated from the
reaction. The solvent volume was subsequently reduced, and white solids were separated by filration and washed with

0 diethylether. (0.061 g, 5{%).

19.

The proton signals due to rerr-buty] groups appear at 0.53, 0.60, 0.65, 0.67, 1.03, 1.13, 1,17 and (.19 ppm.

(Received in UK 26 March 1997; accepted 18 Aprit 1997)



(ZIESEARCH ARTICLE

Synthesis of Tetraalkylated Calix(4)arenes
and Studies of Their Conformational Behaviors

Sudarath Veravong, Vithaya Ruangpornvisufi, Bongkot Pipoosananakaton,

Mongkol Sukwattanasinitt and Thawatchal Tuntulani

Department of Chemistry, Faculty of Sclence, Chulatongkomn Universlty, Bongkok 10330, Thailand.
* Corresponding author.

Recelved 22 Feb 2000
Accepted 9 May 2000

ABSIRACT Three new tetraalkylated calix[4)arenes, 25,27-[N.N"-di-((2-ethoxy)benzy!)propylene
diamine] -26.28-dimethoxy-p-tert-butylcalix[4]arene dihydrochioride. 7. 25,27-{di{2-ethoxy)
nitrobenzene]-26,28-dimethoxy-p-tert-butylcalix[4]arene, 10, and 25,27-[di(2-ethoxy)azobenzene)-
26,28-dimethoxy-p-tert-butylcalix[4]arene, 11, have been synthesized. These compounds underwent
the conformational interconversion of the calix[4]arene unit which could be studied by variable
temperature 'H NMR experiments. Rates of conformational interconversion of 7 were determined to be
111.05'and 94.6 s*! in DMSO-dg at 50°C and CD;0D at 27°C, respectively. In CDCly at - 30°C, compound
10 was found to exist in both cone and partial cone conformations with the ratio of 43:57. Cyclization
of 10 by reductive coupling to 11 confined the calix[4]arene unit in cone conformation. The compound
11 in CDCl; then underwent conformational interconversion upon isomerjzation of the azobenzene
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unit leading to mixed conformations of calix[4]arene.

KEYWORDS: calixarene, conformation, interconversion, Isomerization, azobenzene.

INTRODUCTION

Calix[4}arene is a versatile supramolecular
building block.3 The molecule possesses a well
preorganized cavity for accommodating guests such
as metal ions. Both lower rim and upper rim of the
calix[4)arene unit, in particular, can be modified to
have useful moieties for complexing cations, anions
and organic molecules. Besides these attractive
properties, calix[4]arene also has an interesting
conformational interconversion which occurred by
rotation of the aryl rings through the methylene
bridges. The possible conformations of calix[4]arene
are cone, partial cone, 1,2-alternate and 1,3-alternate
(Scheme 1). The cone conformation is the most
favored among these 4 conformations due to the very
strong intramolecular hydrogen bonding between
the 4 OH groups at the lower rim of the calix.

Conformational analysis of tetramethylated
calix[4]rene, 1, is one of the most interesting aspects
of these supramolecular building blocks. All possible
conformations of compound 1 are found by
theoretical calculations and NMR studies.*” Shinkai
and coworkers reported that upon increasing solvent
polarity the concentration of the cone conformation
of the calix[4)arene unit in | increased.? Later
Reinhoudt and coworkers have reported the
mechanism of conformational interconversion of a
series of calix(4]arene derivatives, 2, containing 4
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Scheme 1. Possible conformations of calix[4]arene.

methoxy groups at the lower rim and a bridging
group at the upper rim.® They found that the
conformation of these compounds are confined to
cone and partiai cone and the movement of the aryl
rings depends on the lengths of the bridging groups.
Bshmer and colleagues demonstrated that the
calix[4]arene unit in a calix(4]arene derivative, 3,
tended to be in 1.3-alternate conformation for a
shorter bridging chain.!

Our group has been working on the synthesis
and complexation studies of di- and trisubstituted
calix(4]arenes by 'H NMR analysis for a number of
years.""'* Understanding of the conformational
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interconversion of the calix[4]arene conformation
is thus an important subject to pursue for better
knowledge to control the complexation ability of this
superb supramolecular building block. This article
describes the synthesis and characterization of 25,27-
N.N"di((ethoxy) benzyl) propylenediamine-26,28-
dimethoxy-p-tert-butylcalix(4] arene dihydrochloride,
7, 25,27-[di(2-ethoxy) nitrobenzene]-26,28-dimethoxy
-p-tert-butylcalix[4]arene, 10, and 25,27-(di(2-
ethoxy)azobenzene]-26,28-dimethoxy-p-tert-
butylcalix[4]}arene, 11. Both 7 and 11 contain two
methoxy groups and bridging groups with different
lengths and rigidity at the lower rim. We have studied
effects of solvents and bridging groups towards the
conformational interconversion of the calix[4]arene
unit in these compounds.

EXPERIMENTAL SECTION

Materials

All materials were standard analytical grade,
purchased from Fluka, JT Baker or Merck, and used
without further purification. Commercial grade
solvents such as acetone, dichloromethane and
methanol were distilted and stored over 4 A
molecular sieves. Acetonitrile was dried according
to the standard techniques.!* Chromatographic
separations were performed on silica gel columns
(kieselgel 60, 0.063-0.200 mm, Merck). Thin layer
chromatography (TLC) was carried out using silica
gel plates (kieselgel 60 F,5,, 1 mm, Merck). 25,27-
Di-(2-ethoxy)benzaldehyde-p-tert-butylcalix[4]
arene, 4,'° and 26,28-dimethoxy-p-tert-butylcalix[4]
arene, 9.5 were prepared according to methods
described in the literature. Unless otherwise noted.
all reactions were carried out under nitrogen.

Analytical Instruments
Elemental analyses were carried out on a Perkin
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Elmer CHONY/S analyser (PE2400 series [1). Melting
points were taken on an Electrothermal 9100
apparatus. UV-visible spectra were recorded on a
Spectronic 3000 array spectrophotometer. The 'H-
NMR spectra were recorded either on a Bruker ACF
200 MHz or a Bruker AM 400 MHz nuclear magnetic
resonarnce spectrometer. Variable temperature NMR
experiments were carried out on a JEOL 500 MHz
NMR spectrometer at the Scientific and
Technological Research Equipment Center of
Chulalongkorn University. Temperatures employed
are 120, 100, 50, 27, 0. -15, -25, -35 and -40°C
depending on the solvents. In most cases, samples
were dissolved in deuterated chloroform and
chemical shifts were recorded using a residual
chloroform signal as internal reference.

Preparation of 25,27-di-((2-ethoxy)benzaldehyde) -
26,28-dimethoxy-p-tert-butylcalix[4]arene, 5.
Compound 4 (1.12g, 1.19 mmol), BaO (0.19 g, 1.21
mmol) and dry THF (80 mL) were placed in a 250
mL two-necked round bottom flask and stirred for
1.5 hours. Then, ¢-BuOK (0.41 g, 3.63 mmo)) and
CH,I (0.39 mL. 6.24 mmo)) were added to the
mixture. The reaction was heated at reflux for 1 hour.
After the reaction was cooled to room temperature,
THF was evaporated by reduced pressure to dryness.
The residue was dissolved in CH,Cl, and washed
with 1 M HCI. The organic layer was subsequently
separated, dried over anhydrous Na,SO, and
evaporated to dryness. The residue was
chromatographed on a silica gel column using 10%
EtOAc in hexane as eluant to separate a crude
product of 5 which was further purified by column
chromatography using 1% CH,0H in CH,Cl, as
eluent (0.33 g, 28%).

dy (200 MHz; CDCly) 0.79 and 1.04 (9H each,
brs, CH;OAr-t-C,Hy). 1.27 (18H. brs, ROAr-t-C,H,),
3.14 (4H, br s, ArCH,Ar), 3.82 (6H. s, OCH,), 4.03-
4.50 (12H, m, OCH,CH,0- and ArCH,Ar), 6.50 (4H.
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br s, CH,0ArH), 6.98-7.05 (8H, m, aromatic and
ROArH), 7.52 (2H. ¢, ] 8.3, aromatic), 7.82 (2H, d, J
7.7, aromatic), 10.44 (2H, br s, CHO); Anal. Calc.
for CgH,,04: C. 78.98: H, 7.87. Found C, 78.97; H,
7.717.

Preparation of 25,27-[N,N'-di-((2-ethoxy)
benzyl) propylenediimine]-26,28-dimethoxy-p-tert-
butylcalix[4]arene, 6. Into a stirred solution of
compound 5 (0.56 g, 0.58 mmol) in CH,CN (60 mL)
was added dropwise a solution (CH;OH, 12 mL) of
1.3-diaminopropane (0.08 mL, 0.96 mmol). The
reaction was heated at reflux for 24 hours. White
solid of B precipitated after the reaction mixture was
cooled to room temperature. [t was isolated by
filtration, washed with cold CH;OH and dried (0.32
g 55%). -

8, (200 MHz; CDCl,) 0.79 and 1.03 (9H each,
brs, CH;OAr-t-C,Hy, 1.27 and 1.32 (9H each, brs,
ROAr-t-C,H,), 1.52-1.70 (1H, m, NCH,CH,CH,N),
1.85-2.05 (1H, m, NCH,CH,CH,N), 2.80-3.32 (8H,
m, NCH,CH, and ArCH,Ar), 3.32-3.61 (3H, br m,
OCH,). 3.74 (3H, br s, OCH,), 3.90-4.50 (12H, m,
OCH,CH,0- and ArCH,Ar), 6.43 and 6.5C (4H, br
s. CH,0AcH), 6.70-7.10 (8H, m, aromatic and
ROArH), 7.27-7.32 (2H, m, aromatic), 7.90 (2H, d,
J 7.2, aromatic), 8.65 (2H. br s, HC=N); Anal. Calc.
for Cy;Hg,N,04: C, 79.57; H, 8.17: N, 2.77. Found
C.79.49: H, 8.03; N, 2.62.

Preparation of 25,27-[N,N'-di-((2-ethoxy)
benzy!) propylenediamine]-26,28-dimethoxy-p-tert-
butylcalix{4]arene dihydrochloride, 7. Compound 6
(0.47 g. 0.46 mmol) was stirred with suspended
NaBH, (0.48 g, 12.64 mmol) in CH,Cl, (100 mL)
for 2 days. Excess NaBH, was then destroyed by
adding a copious amount of water. The organic layer
was separated, dried over anhydrous Na,SO, and
evaporated to dryness to give a white residue. The
residue was added 2% HC] in CH,0OH until pH of
the solution became 1. Upon removal of CH,OH,
white solid of 7 precipitated (0.39 g, 77%).

8y, (500 MHz at 100 °C; DMSO-dy) 0.95 (18H, s,
CH;OAr-t-C,Hy), 1.30 (18H, brs, ROArt-C,H,), 2.03
(2H, br m, NCH,CH,CH,N), 2.84 (4H. br m,
NCH,CH,CH,N), 3.28 (4H, br m. ArCH,Ar), 3.54
(4H, br s, ArCH,N), 4.11 (6H, br s, OCH,), 4.16-
4.18 (8H. br m, ArCH,Ar and OCH,CH,0), 4.38 (4H.
br m, OCH,CH,0), 6.65 (4H, brs, CH,OArH), 7.02
(2H. t. ] 8.3, aromatic), 7.12 (2H, d, ] 7.2, aromatic),
7.16 (4H, s. ROArH), 7.38 (2H., t. J 8.3, aromatic).
7.59 (2H, d, J 7.2, aromatic); MALDI-TOF MS for
[M*]; 1014.2 m/z.

Preparation of 2- (2'-broroethoxy) nitrobenzene, 8.
In a 500 mL two-necked flask equipped with a
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magnetic bar and a reflux condenser, o-nitrophenol
(4.45 g, 32.0 mmol), 1,2-dibromoethane (60.11 g,
320.0 mmol) and K,CO; (8.85 g, 64.0 mmol) were
mixed in CH,CN (150 mL). The mixture was
refluxed for 24 hours and then allowed to cool to
room temperature. The solid was separated by
filiration and washed with CH,Cl,. The combined
solution was then evaporated to dryness to obtain a
yellow residue. Methanol was subsequently added
to dissolve this residue, and the solution was chilled
in an ice bath to precipitate white solid identified as
dinitrophenoxy ethylene. The white precipitate was
filtered and washed with cold methanol (0.55 g. 7%).
The supernatant was evaporated to dryness. The
residue was then dissolved in diethyl ether. The
desired product, 8, crystallized as a bright yellow
solid by adding hexane (5.80 g, 74%).

Melting point: 164-165°C; &, (200 MHz; CDCl,)
3.65 (2H,t, J6.0,-OCH,CH,Br), 4.40 (2H,t. ]6.0,
-OCH,CH,Br), 7.02-7.10 (2 H, m, aromatic), 7.52
(1H,t,J8.0,aromatic), 7.81 (1 H, d, J 8.0, aromatic);
Anal. Calc. for CgH4BrNO,: C, 39.05; H, 3.28; N,
5.69. Found C, 39.07; H, 3.21; N, 5.65.

Preparation of 25,27- [di(2-ethoxy) nitrobenzene) -
26,28-dimethoxy-p-tert-butylcalix{4]arene, 10. In a
250 mL two-necked flask equipped with a magnetic
bar and a condenser, 9 (1.37 g, 2.03 mmot). K,CO,
(1.12 g, 8.11 mmol), KOH (3-5 pellets) were mixed
in CH,CN (50 mL). After stirring at 35-40°C for 4
hours, 8 (1.00 g, 4.06 mmol) in CH,CN (40 mL)
was then slowly added . The mixture was refluxed
for 48 hours and allowed to cool to room
temperature. The mixture was filtered and the solid
residue was washed with CH,CI,. The filtrate was
combined and the solvent was removed to give a
brown viscous residue. The residue was dissolved
in CH,Cl,, washed with saturated NH,ClI solution
and extracted with H,0 (2 x 20 mL). The organic
phase was subsequently separated and dried over
anhydrous Na,SO,. After separation of Na,SO,. the
solvent was removed to give a dark brown residue.
The residue was redissolved in a minimum amount
of CH,Cl, and chromatographed on a silica gel
column with 10% ethyl acetate in hexane as eluent.
The desired product, 10. was crystallized in
methanol to give orange needles (0.41 g, 20%).

Melting point: 189-191°C; &, (200 MHz; CDCl,)
0.84 and 1.05 (9 H each, br s, CH,OAr¢-Bu). 1.28
(18 H each, br s, ROArt-Bu), 3.00-3.40 (4 H. br,
ArCH,Ar), 3.47 (6 H, s, - OCH,), 3.60-4.60 (12 H,
br, ArCH,Ar and - OCH,CH,0-), 6.40-6.69 (4 H. br.
CH,0ArH),6.92-7.30 (8 H, br. nitrobenzene and ROArH).
751 (2 H. t, J 70, nitrobenzene), 7.81 (2 H, d, J 8.0,



166

nitrobenzene) ; Anal. Cale. for C,H, N,O,: C, 73.93; H,
7.40; N, 2.78. Found C, 73.92; H, 7.46; N, 2.76.

Preparation of 25,27-[di(2-ethoxy)azobenzene]-
26,28-dimethoxy-p-tert-butylcalix[4]arene, 11.
Compound 10 (0.51 g, 0.50 mmol) in isopropanol
(10.0 mL), NaOH (0.20 g. 5.00 mmol) in H,0 (2
mL) and zinc (0.13 g, 2.00 mol) were placed in a 50
mL round-bottom flask. The mixture was refluxed
for 2 days and allowed to cool to room temperature.
The mixture was filtered and the residue was washed
with CH,Cl,. The combined filtrate was evaporated
to obtain an orange residue. The residue was
dissolved in CH,Cl,, washed with NH,Cl and
extracted with H,O (2 x 20 mL). The organic phase
was separated and dried over anhydrous Na,SO,. The
product was then filtered and purified by silica gel
column with 5% ethyl acetate in hexane as eluent. It
was crystallized in methanol and ethyl acetate to give
orange crystals (0.06 g, 12 %).

Melting point: 228-230°C: §, (400 MHz; CDCl,)
0.82 and 1.28 (18 Heach, s, t-Bu protons), 3.10 and
4.23 (4 Heach, d. ],3 12.0, ArCH,Ar), 3.44 (6H, s. -
OCH,), 4.34 and 4.63 (8 H. m, -OCH,CH,0-), 6.42
(4 H, s, CH,0ArH), 6.94 (2 H, m, azobenzene), 7.01
(4 H, s, ROArH). 7.08 {4 H. m, azobenzene), 7.41
(2 H, m, azobenzene); Anal. Calc. for Cg,H;N,Op:
C.78.95:H, 7.91; N, 2.97. Found C, 79.06; H, 7.91;
N, 2.87; UVAvis [1 (nm). e (dm3 mol'ecm™)]: 334,
19385; 440, 7714.

Resuts AND Discussion

Synthesis and Characterization
We have synthesized 25,27-N,N"-di((ethoxy)
benzyl) propylenediamine-26,28-dimethoxy-p-tert-
butylcalix[4]arene dihydrochloride, 7, according to
the procedure shown in Scheme 2. The preparation
of 7 started from methylation of 4 with 2 equiv. of
CH,l in the presence of BaO and t-BuOK jn THF to
obtain the methylated product, 5. in 28%. The product
5 was further reacted with propylene diamine (1:1
stolchiometry) in acetonitrile to precipitate a Schiff
base, 6, in 55%. The Schiff base was subsequently
reduced with NaBH, in CH,Cl, and then protonated
with 2% v/v HCYCH,OH to give the desired product
7 in 76%. '"H NMR spectra of 5, 6 and 7 in CDCl, at
NO,
K,CO,
@: ¢ CHLCN
OH

8r
5\

(X
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Scheme 2. Symheti_c procedure for preparation of 7.

room temperature showed broad signals indicating
the conformational interconversion of the
calix[4]arene framework due to lack of intramolecutar
hydrogen bonding. However, elemental analysis
results of compounds 5-7 agree with the proposed
structures.

We have synthesized other tetrasubstituted
calix[4]arenes by attaching two ethoxy nitrobenzene
groups into the dimethoxy calix[4]arene (9)
framework. Reductive coupling of nitrobenzene
groups was then employed to afford the azobenzene
crown ether calix[4]arenes. This synthetic procedure
started from a nucleophilic substitution reaction
between o-nitrophenol and excess 1,2-dibromo-
ethane resulting in the isolation of the mono-
substituted compound 8 (74%) and disubstituted
compound (7%). eq 1. Excess 1,2-dibromoethane
was needed in order to produce the monosubstituted
product. If the equimolar amount of 1.2-
dibromoethane was used, the major product was
found to be the disubstituted compound.

Nitrobenzene calix[4]arenes, 10, was synthesized
by a nucleophilic substitution reaction between 8
and 9 in the presence of K,CO,. Sugar-like crystals

NO, X O ON A
+ | i J (1)
o o 0N
Br
\__/ __/
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of 10 was obtained in 20% after separation and
purification. Reductive coupling of 10 using zinc
metal in propanol/water gave the azobenzene, 11,
which was crystallized from hot methanol to give
orange crystals (12%). eq 2. '"H NMR spectra and
microanalysis results of 8, 10 and 11 agree well with
the proposed structures.

Effects of Solvents and Temperatures towards
Conformational Interconversion of 7

Due to the bridge between 2 opposite phenoxy
oxygens at the lower rim, the possible conformation
of the calix[4] arene framework of 7 are cone, partial
cone and 1,3-alternate. We thus studied the
conformational behaviors of 7 by 'H NMR spectro-
scopy. 'H-NMR spectra of 7 in CDCl,, DMSO-dgand
CD,OD at room temperature were recorded. The 'H-
NMR spectrum in CDCl,, an aprotic solvent, showed
complicated lines of t-butyl signals and broad lines
in the aromatic region. In DMSO-d; (Figure 1c),
there are three broad singlets appear at 0.81, 0.98
and 1.27 ppm due to CH;OAr-t-C,H; and ROAr-t-
C,H,. The signals in the aromatic region are also
complicated and broad. The results show that the
conformational interconversion of the calix[4]arene
framework occurs in CDCJl,; and DMSO-d,.
[ncerestingly, the "H NMR spectrum of 7 in CD,0D
(Fig 1b), a polar protic solvent, shows two sharp
singlets of t-butyl protons at 0.99 and 1.34 ppm and
also two broad singlets at 7.21 and 6.71 ppm due to
ROArH and CH,;OArH. This signifies the effect of
solvents on the rate of the aryl ring interconversion
in the calix{4]arene unit.

The temperature dependence of the confor-
matiopal interconversion in CDCl;, DMSO-d; and
CD,0OD were then investigated by variable
temperature NMR spectroscopy. Unfortunately, the
spectra of 7 in CDCIl, showed compticated signals
in all regions and the coalescence point cannot be
observed. However, upon increasing temperature,
the '"H NMR spectra of 7 in DMSQ-d; became
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sharper. We have noticed that the singlet at 1.30 ppm
was always sharp at various temperatures while the
singlet at 0.95 ppm was broad and became more
resolved at higher temperature. The signal at 1.30
ppm must belong to R, (OArC(CH,), and the latter
is assigned to CH,OArC(CH,) ;because the aryl rings
of R, ;,OArC(CH,),cannot move as freely as the rings
containing CH,0- groups. The spectrum recorded
at 100 °C is illustrated in Figure 1d. The singlets for
CH,OArH and ROArH appear at 6.65 and 7.16 ppm,
respectively. The four aromatic protons of the
bridging group become distinct from each other and
appear at 7.02,7.12, 7.38 and 7.59 ppm. The - OCH,
signal appears at 4.11 ppm. We have found that the
coalescence temperature was at 50 °C with the line
width (at 6.65 ppm) of 50 Hz. The rate of the
conformational interconversion was then calculated
tobe 111.0s1.18

In addition, studies of the conformational
interchange of 7 at lower temperature have been
performed in CD,0D. The spectrum at -40°C (Fig
la) shows several singlet peaks in the t-buty! region
and a very complicated signals due to methylene
bridge protons suggesting a mixed conformation of
the calix[4]arene framework upto 2 conformations
in the solution (possibly cone and partial cone).
Unfortunately, the spectrum {s too complicated to
identify the ratio of each conformation. The
coalescence temperature was found at 27°C with the
line width (at 6.72 ppm) of 43 Hz. The rate of
conformational interconversion was calculated to be
94.6 5! in CD,OD. However, judging from the
coalescence temperature which js Jower in CD,0D,
the rate of interconversion seems to be faster in
CD,0D than in DMSO-d; or CDCl, at the same
temperature. The presence of the hydrogen bonding
in CD,OD may thus be responsible for increasing
the interconversion rate of the aryl rings of
calix(4]arene.

In order to examine the effect of conformational
interconversion on the complexation ability of 7, the
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Fig 1. 'H NMR spectra of 7 (a) in CD;OD at - 40°C (b) in CD;0D at 27°C (c) in DMSO-d; at 27°C (d) in DMSO- d; at 100°C. * and
# denote the trace of water in the solvent and the solvent signal, respectively.

complexation studies of 7 with Zn® was performed
by potentiometric titration.'” The result showed that
7 did not form a complex with Zn* as its analogous
compound, 25,27-[N,N"-di-((2-ethoxy)benzyl)
propylenediamine]-26,28-dihydroxy-p-tert-
butylcalix[4]arene, did.'? The conformational
interconversion may, therefore, prohibit 7 to form a
complex with Zn?.

Effects of the length and rigidity of the bridging
group

In the same manner as 7, the 'H NMR spectrum
of 10 in CDC), at room temperature (Figure 2a)
shows complicated broad signals which indicate the
existence of conformation interconversion leading
to a mixed conformation of the calix[4]arene
framework. However, the '"H NMR spectrum of 10
is more resolved than that of 7'in CDCI, suggesting
the increasing rigidity of calix[4]arene in 10. Upon
decreasing temperature, the broad signals became
sharper. However, signals due to protons on
nitrobenzene rings do not change much when

compared to other signals. This implies that the
movement of the calix[4]arene unit occurs on the
aryl ring containing OCH,, group. The 500 MHz 'H
NMR spectrum of 10 at -30°C (Figure 2b) reveals
that in solution (CDCl,) 10 exists as a mixture of
two conformers: partial cone and cone conformations.
The cone conformation possesses two planes of
symmetry. The t-butyl protons appear as two singlets
at 0.78 and 1.29 ppm. The methoxy protons appear
as a singlet at 3.8] ppm. On the other hand, the
partial cone conformation has only one plane of
symmetry. The t-butyl protons appear as three
singlets at 1.04, 1.18 and 1.28 ppm (ratio 2:1:1).
The methoxy protons appear as two singlets at 3.01
and 3.18 ppm (ratio 1:1). There should be 3 pairs of
signals due to methylene bridge protons in the
spectrum; however, the signals are superimposed on
the glycolic proton signals which appear as 4 sets of
multiplets between 4.00-4.50 ppm. The ratio of
cone:partial cone can be calculated from the
integration ratio of the methyl protons of each
conformation to be 43:57.
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Fig 2.'H NMR spectra (CDCl,) of (a) 10 at 27°C (b) 10 at -30°C (c) 11 at 25°C (d) 11 at 25°C after isomerization. * and ¥ denote
the trace of water in the solvent and the solvent signal, respectively.

The 'H NMR spectrum of the coupling product
(CDCl,, room temperature), 11, is quite well
resolved (Figure 2c), compared to that of 10. The
spectrum suggests that 11 exists in a cone
conformation which represents by one pair (AB
system) of methylene bridge protons at 3.10 and 4.23
ppm (J = 12 Hz) and two singlets at 6.24 and 7.01
ppm corresponding to the meta-protons on the
phenyi rings of calix[4]arene. The t-butyl protons
appear as two sharp singlets at 0.82 and 1.28 ppm.
The result shows that the bridging group of 11
(ethoxyazobenzene) can enhance the rigidity of the
calix[4] arene framework probably by squeezing the
two connected aryl rings together, which makes it
harder for the methoxy groups to swing through the
calixarene annulas.

It is well known that azobenzene exists in two
isomers: cis and trans.’® These two isomers can be
switched by light. Upon standing in the day light
for several hours, the '"H NMR spectrum of 11
changed dramatically. In Fig 2d, there are many
singlets due to t-butyl protons between 0.7-1.4 ppm.
The region of the methylene and aromatic protons
becomes very complicated. Another singlet probably
due to methoxy protons appears at 3.72 ppm. The results

suggest the occurrence of mixed conformations in
the NMR time scale and also show that the
conformational interconversion of the calix[4]arene
unit takes place upon isomerijzation of the
azobenzene unit which acts as a bridging group.
Compared to the results obtained by Reinhoudt et
al.? compound 2 containing shortest glycolic chain
(n=1) still showed conformational interconversion.
The length of the bridging chains may not be the
only one factor in controlling the conformational
interconversion. The rigidity or inflexibitity of the
bridging group must also be accounted for governing
the conformational behavior of calix(4]arene.
Recently, Okada and colleagues have discovered that
using the proper bridging groups between aryl rings
at the ortho and para positions (with respect to the
hydroxy groups) resulted in rigid calix(4]arene
frameworks.!%2

CONCLUSION

The calix{4]arene unit in 7 containing a benzo
propylenediamine bridging group was found to
undergo conformational interconversion at different
rates depending on solvents. In a protic solvent like
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CD,0D. the conformational interconversion seemed
to be faster than in aprotic solvents such as CDCl,
and DMSO-d; at the same temperature. Changing
two substituents to ethoxy nitrobenzene in 10
increased the rigidity of calix[4]arene. Compound
10 existed in both cone and partial cone
conformation (43:57) in CDCl, at - 30 °C. Reductive
coupling of nitrobenzene to azobenzene in 11
aliowed the calix[4)arene unit to exist in cone
conformation. Reducing rigidity upon isomerization
of the azobenzene group caused the conformational
interconversion to occur and resulted in mixed
conformations of calix[4]arene. We have thus
demonstrated that temperature, solvent, length and
rigidity of bridging groups have strong effects on
conformational behaviors of the calix[4]arene unit.
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Abstract

A new calix[4)arene derivative containing hydrogen bond acceptors, 5,11,17,23-tetra-tes7-butyl-25,27-bjs[(4-
pyridylmethyl)oxyl-26,28-dihydroxycalix(4]arene (L), has been synthesized. TH-NMR titrations in chloroform-d were
carried out to investigate the host—guest chemistry of L towards neutral molecules containing a wide variety of hydrogen
bond donor groups such as aldehyde derivatives of p-terr-butylcalix(4]arenes (compounds 3 and 4), acetylacetone, 1.2-
diaminoethane, 2,6-diaminopyridine, catechol, resorcinol, hydroquinone, phthalic acid, isophthalic acid and terephthalic
acid. L can form complexes with resorcinol, phthalic acid and catechol in 1:1 (log K = 3.13), 1:1 (log X = 5.41) and
polymeric fashions, respectively. In addition, the solution structures of these complexes have been revealed by NOESY
experiments. L forms a 1: 1 complex with resorcinol by hydrogen bonding and van der Waals interactions resulting in a
supramolecular framework. The phthalic acid molecule interacts with L via hydrogen bonding and is included into the
lower rim cavity of L.

Introduction Calix[4]arenes containing pyridone moieties at the up-
per rim can bind urea derivatives such as imidazolidone
in a 1:1 fashion [9]. A calix[4)arenc substituted with
four carboxylic groups at the upper rim interacted with a
calix[4]arene containing pyridine moieties at the lower rim
to form a 1:1 complex, 1, via hydrogen bonding intecac-
tions (10). Corazza et al. have synthesized an interesting
oxo-molybdenum calix{4]arene in which oxo-molybdenum
binds four oxygen atoms from the phenolic O-atoms of a
calix[4]arene (11]). The oxo-molybdenum calix[4]arene re-
acted with calix(4]arene (o give a product, 2, which could
be crystallized in nitrobenzene. The crystal structure of the
product shows that nitrobenzene is probably stabilized in the
structure by both hydrogen bonding with a H2O molecule
and van der Waals interactions of the arene rings. Thus far,

The assembly of organic supramolecular species incorpor-
ates non-covalent interactions such as van der Waals effects
and hydrogen bonding to produce specific structural and
functional properties [1]. Examples are liquid crystals [2]
and molecular devices such as molecular cages and capsules
(3, 4]. Calix(43arenes, one of the most versatile building
blocks in supramolecular chemistry, were derivatized and
their seif-assembly interactions investigated. Shimizu et al.
have demonstrated the use of self-complementary hydrogen
bonding to construct molecular capsules from calix[4]arene
derivatives containing urea moieties at the upper rim (5).
This type of molecule can bind several polycyclic com-
pounds such as nopinone, myrtenal, camphor and tricyclene

to a different extent depending on the orientation of the guest
molecules [6]. Béhmer and coworkers have also demon-
strated the use of 'H NMR spectroscopy to unambigu-
ously determine the structures of tetraurea calix{4]arenes
and also the exchange rates for four sets of protons by
NOESY experiments (7]. Scheerder er al. (8] showed that
the bis(ureido)calix(4)arenes gave a hydrogen-bonded dimer
in a pinched cone conformation.

Several assemblies of calix(4]arene derivatives to-
wards neutral molecules were also investigated [9-11].

* Author for correspondence.

the understanding of how interactions between hosts and
guests affected the structures of the assembled molecules is
stifl unclear and, thus, should be a subject to pursue.
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Besides the work of van Loon et al. [9], other
pyridinocalixarenes have been reported in the litera-
ture [12-14]). Shinkai and colleagues synthesized (2-
pyridylmethoxy)calix(n)arenes (n = 6 and 8) and found
that they were efficient extractants for UO; at 100 °C
[12]. Pappalardo et al. [13] synthesized nine confor-
mers of (2-pysidylmetiryl)oxylcalix[4]arenes by alkylation
of calix{4]arenes with 2-(chloromethyl)pyridine in the pres-
ence of various bases. Later, they studied the extractive
ability of tetrapyridinocalix[4]arene towards alkali cations
and found that the selectivity followed the order Na* > K+
> Rb* > Cst > Lit [14].

Due to the versatile donor abilities of pyridinocalix[4]-
arenes, we are intecested in synthesizing a pyridino-
calix(4)arene and studying its interactions with neutral mo-
lecules containing hydrogen bond donor groups such as
aldehydes, ketones, amines, alcohols and carboxylic acids.
The complexation studies are carried out by 'H-NMR ti-
trations, and the solution structures of the complexes are
determined by 2D-NMR spectroscopy. The results lead to
the understanding of the relationship between size, shape,
interactions between host/guest and structures of aggregated
molecules.

Experimental

Materials

Unless otherwise stated, all materials and solvents were
standard anaiytical grade, purchased from Fluka, J. T.
Baker or Merck, and used without further purification.
Commercial grade solvents such as acetone, dichloro-
methane and methanol were distilled and stored over 4
A molecular sieves. Chromatographic separations were
performed on silica gel columns (kieselgel 60, 0.063-
0.200 mm, Merck). Deuterated solvents (chloroform-d,
methanol-ds and DMSO-dg) were stored over 3 A mo-
lecular sjeves. p-tert-Butylcalix[4]arene [15) and its de-
rivatives, 3 (E6) and 4 [17), were prepared as previ-
ously described. 1,2-Dihydroxybenzene (catechol), t,3-
dihydroxybenzene (resorcinol) and 1,4-dihydroxybenzene
(hydroguinone) were purified by standard procedures [18).
Benzene-1,3-dicasboxylic acid (isophthalic acid) was syn-

thesized according to the procedure described in the literat-
ure [19].

Analytical procedures

Elemental analysis was performed on a Perkin Elmer
CHON/S analyzer (PE2400 series IT). MALDI-TOF mass
spectra were recorded on a Bruker MALDI-TOF mass spec-
trometer (BIFEX) using ¢-cyanocinnamic acid as matrix.
The melting point measurement was carried out on an Elec-
trothermal 9100 apparatus. 'H NMR titration and '3C NMR
experiments were conducted on a Bruker ACF 200 MHz
nuclear magnetic resonance spectrometer. Two dimentional
NMR spectra were recorded on a Jeol 500 MHz nuclear
magnetic resonance spectrometer. Typically, samples were
dissolved ir. deuterated chloroform and chemical shifts were
recorded using a residual chloroform signal as internal ref-
erence. All NMR experimenis were carried out at room
temperature (25 °C).

Synthetic procedures

Preparation of 5,11,17,23-tetra-ters-butyl-25,27-bis{(4-
pyridylmethyl)oxy]-26,28-dihydroxvcalix{4]avene (L)
The following procedure was adapted from the method used
for synthesizing S,11,17.23-tetra-terr-butyl-25,27-bis[(2-
pyridylmethyl)oxy]-26,28-dihydroxycalix[4]arene (13]). A
suspension of calix{4]acene (2.00 g, 3.08 mmol) and po-
tassium carbonate (4.25 g, 30.8 mmol) in the presence of
Nal (2.30 g, 15.3 mmol) in acetonitrile (200 mL) was heated
to reflux under nitrogen for 30 minutes. The methanolic
solution (50 mL) of 4-(chloromethyl)pyridine hydrochloride
(1.05 g, 6.40 mmol) was subsequently added dropwise to
the reaction mixture over a 15 minute period. The dark
brown slurry was refluxed for an additional 24 hours. The
solvent was then removed by a rotary evaporator to obtain
a dark brown solid. The solid was dissolved in CH;Clh
(100 mL) and subsequently washed with 0.5 M HCI (150
mL) and ¥ M NaHCO3 (150 mL). The organic layer was
then separated, dried over anhydrous sodium sulfate and
solvent was removed under reduced pressure to afford a
red brown solid. The solid was dissolved in a minimum
amount of dichloromethane and placed on a silica gel
column. Unreacted reagents. were eluted with 2% acet-
one/dichloromethane. The desired product was eluted with
10% acetone/dichloromethane and was purified by adding
diethylether to precipitate a white solid (1.13 g, 44%).
Characterization for L:'"H NMR (8 in CDCl3): 8.60 (d,
4H, Jy—y = 6.1 Hz. Py-2-proton); 7.64 (d, 4H, Jg—y =
5.9 Hz, Py-3-proton); 7.05 (s. 4H, HOAcH); 6.99 (s, 2H,
ArOH); 6.77 (s. 4H, ROArH); 5.05 (s. 4H, OCH,Py); 4.23,
3.31 (dd (AB system), 8H, Jy—n = 13.1 Hz, ArCHAHBATD);
1.28 (5, I18H, HOA-t-C4Hs); 0.91 (s, 18H, ROAr-1-Cy Hy).
13C NMR (6 in CDCl3): 30.93, 31.55, 31.68, 33.84, 33.94,
75.93, 121.33, 125.13, 125.71, 127.52, 132.23, 141.85,
146.13, 147.57, 149.36, 150.11, 150.47. MALDI-TOF MS
(M*, m/z): 830.3. Anal Caled. for CsgHgsOaNa: C, 80.93;
H, 8.00; N, 3.37. Found: C, 80.60; H, 7.92; N, 3.2]. Melting
Point: 107 °C.



Host—-guest chemistry studies

Host—-guest studies of L with ketones, aldehydes and amines
Typically, a solution of L (0.1039 g, 0.125 mmol) in CDCly
(2.5 mL) was prepared. To each NMR tube containing 0.2
mL of the L solution was added 0—4 equivalents of a guest
(0.250 mmol) in CDCIl3 (2.5 mL). The solution in each NMR
tube was adjusted by adding CDCl; to the same volume
before the NMR measurements. NMR spectra were then re-
corded. The chemical shifts of the signals were followed and
plotted against the equivalents of the added guest.

Host—guest studies of L with catechol

A solution of L (0.1039 g, 0.125 mmol) in CDCl3 (2.5
mL) and a solution of catecho) (0.0275 g, 0 250 mmol) in
CDClj (2.5 mL) were prepared. To each NMR tube contain-
ing 0.2 mL of the L solution was added 0-4 equivalents of
catechol. In the case of 5-10 equivalents, a solution of L
(0.0623 g, 0.0750 mmo)) in CDCl3 (1.5 mL) was prepared.
Solid 1,2-Dihydroxybenzene (0O—4 equivalents) was added to
each NMR tube containing 0.2 mL of the L solution. The
solution in each NMR 1tube was adjusted by adding CDCl;
to the same volume before the NMR measurements.

Hosr-guest studies of L with resorcinol, hydroquinone and
benzene dicarboxylic acids

Typicatly, a solution of L (0.0707 g, 0.0851 mmol) in CDCl3
(1.7 mL) was prepared. Solid guest compounds (0-4 equival-
ents) were added to each NMR tube containing 0.2 mL of the
L solution. The solution in each NMR tube was adjusted by
adding CDCl3 to the same volume before the NMR measure-
ments. Association constants were determined using a curve
fitting method [20, 21].

Competitive study berween catechol and resorcinol

A solution of L (0.0707 g, 0.0851 mmol) and a solution
of catechol (0.0275 g, 0.250 mmo)) in CDCl4 (1.7 and 2.5
mL, respectively) were prepared. In each NMR tube, 0.2
mL of the prepared L solution was mixed with the prepared
solution of catechol (0—4 equiv.), and the mixture was sub-
sequently transferred to an NMR tube containing 0—4 equiv.
of solid resorcinol. The solution in each NMR tube was
adjusted by adding CDCHj to the same volume before the
NMR measurements. Chemical shifts of the mixture were
compared to the known chemical shifts of L-catechol and
L-cesorcinol.

Theoretical calculations

Quantum calculations using a molecular mechanics method
(MM+) were performed to obtain a gas phase structure of L
[22). An empirical method, PM3, was used to calculate the
structures of benzene dialcohols and benzene dicarhoxylic
acids (23, 24).
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Results and discussion

Synthesis and characterization

A p-tert-butylcalix[4]arene  derivative, 511,12,23-
tetra-rert-butyl-25,27-bis((4-pyridyl methyl)oxy]-26,28-
dihydroxycalix[4]acene (L) was synthesized by alkylating
calix[4]arene with 2 equivalents of 4-(chloromethyl)pycidine
hydrochloride in acetonitrile in the presence of K;COs as
base and Nal (5 equivalents) as catalyst (Equation {})).
Separation of the products by column chromatography
(8107) using 10% acetone in dichloromethane as eluent
gave L in 44% yjeld. Compared to other pyridylmethoxy
derivatives such as osrho [13] and mera (14] derivatives,
the para derivative (L) was obtained in lower yield because
the N-donor in a para position could not chelate the K
ion to form a template framework that may facilitate the
nucleophilic substitution reaction. A '"H-NMR spectrum
of L composed of a singlet signal of Ar-OCH,-Py () al
5.05 ppm and two doublets of the aromatic protons on the
pyridine moieties at 8.60 (d) and 7.64 ppm (e) as well as the
signals of the p-rerr-butyl calix[4 ]arene unit which showed a
doublet of doublet signal at 4.23 and 3.31 ppm (designating
the cone conformation). Furthermore, elemental analysis
and MALDI-TOF MS results agree well with the proposed

structure.
Jd N N,
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The compound L can possibly form a dimeric struc-
ture in a similar fashion with the bis(ureido)calix(4]arene
as reported by Reinhoudt and colleagues [8). However, the
NOESY spectrum of L in CDCl3 showed no NOE con-
nectivity between the proton d and the proton f, methylene
bridge and —OH protons, vide infra. This evidence suggests
that L remains a single molecule in the solution,

Host—guest chemistry studies

'H-NMR titrations have been carried out Lo investigate the
host—guest chemistry of L towards neutral molecules. A
series of compounds containing different types of hydrogen
bond donor groups such as 1,3-bis(ethoxybenzaldehyde)-
p-tert-butylcalix[4)arenes (3 and 4), 1,2-diaminoethane,
2,6-diaminopyridine,  [,2-dihydroxybenzene (catechol).
1,3-dihydroxybenzene (resorcinol), 1,4-dihydroxybenzene
(hydroquinone), benzene-1,2-dicarboxylic acid (phthalic
acid), benzene-1,3-dicacboxylic acid (isophthalic acid) and
benzene-1,4-dicarboxylic acid (terephthalic acid) has been
used in the investigation. In addition, a host-guest chem-
istry study between L and 2,4-pentanedione or acetylacetone
has also been conducted. Generally, acetylacetone occurs in
solution as an equilibrium mixture of 87% enol and 3%
diketone [25). The keto form contains acidic methylene



50

protons which may be suitable for hydrogen bonding with
L. The change in the keto:enol propostion due to hydrogen

bonding interactions is anticipated.
O=¢cy Oy R
3 S S

§ o

3 4

'H-NMR titrations of L with various hydrogen bond
donors were performed in CDCly solution at 25 °C. The
results showed that the proton on the ortho and meta pos-
itions of the pyridine pendant groups (d and &) only slightly
shifted upon addition of ligands 3 and 4, 1,2-diaminoethane,
2,6-diaminopyridine and acetylacetone and suggested that L
had no recognition towards such compounds. In the case of
compounds 3 and 4, the hydrogen bonding interactions may
be too weak to be observed by NMR spectroscopy. For mod-
erate hydrogen bond donors, 1,2-diaminoethane and 2,6-
diaminopyridine, the absence of hydrogen bonding interac-
tion with L may stem from the electron repulsion between
N-amine and N-pyridine. It was surprising that no hydrogen
booding interaction between L and acetylacetone was ob-
served. The intramolecular hydrogen bonding between —OH
and O=C- in the enol form of acetylacetone must be very
strong and prevents the intermolecular hydrogen bonding to
occur.

In the light of the fascinating molecular structures of
1 and 2 which showed molecular assemblies by hydrogen
bonding and van der Waals intecactions, host—guest studies
of L towards dihydroxybenzenes and benzene dicarboxylic
acids containing two hydrogen bond donor groups at differ-
ent positions are the subject of our interest. A reladonship
between the positions or orientations of the hydrogen bond
donors and the struclures/stabilities of the complexes is ex-
pected. Host—guest studies between dihydroxybenzenes and
L were performed by adding various amounts of the guests
into a deuterated chloroform solution of the host (L), and
interactions of host and guest molecules were investigated
by '"H-NMR spectroscopy. Due to the insolubility of di-
hydroxybenzenes except catechol, they were added directly
as solid into NMR tubes. Dissolution of the solids into
the solution of L jindicates that the alcohols have interac-
ted with or formed complexes with L. It was found that the
solution of L could not dissolve hydroquinone, and the Py-2-
proton and Py-3-proton (d and ¢) were only stightly shifted.
Therefore, L did not form a complex with hydroguinone.
For catechol and resorcinol, each 'H-NMR spectrum of the
complexes with L possessed a doublet of doublet signal at
approximately 3.34 and 4.23 ppm (J ~ 13 Hz) suggesting

that L retained the cone conformation of calix[4)arene upon
complexation.

Addition of resorcinol into the deuterated chloroform
solution of L led to the evolution of a new set of proton res-
onances at 7.13 (1), 6.59 (d) and 6.46 (dd) ppm. All signals
except the one for proton d shifted continuously downfield
until 1 equivalent of the guest was added. A plot of chem-
icat induced shift (CIS) against the equivalent of resorcinol
is displayed in Figure la. The plot suggests that L forms
a complex with resorcinol in a 1: 1 fashion. The stability
or complex formation constant of L towards resorcinol has
been estimated vsing a curve-fitting program to be log K =
3.13 [20, 21].

The complexation of L and resorcino) was also studied
in methanol-ds and DMSO-d¢. Unfortunately, the results
showed that L did not complex resorcinol in these so)vents.
In deuterated methanol, the complexation of L and re-
sorcinol may be disrupted and replaced by the stronger
hydrogen bonding interactions of methanol towards L and
resorcinol because the hydroxy group of methanol acted as
both hydrogen bond donors and hydrogen bond acceptors. In
the case of tetrapyridinocalix(4}arene, the crystal structure
of the compound showed that a methanol of solvation was
hydrogen bonded to one pyridine N atom [13]. Either the
hydrogen bond donor character of the O-atom or the pres-
ence of H>O in deuterated DMSO accounted for the absence
of an interaction between L and resorcinol in this solvent.

Interestingly, addition of up (o 10 equivalents of catechol
produced continuous shifts of all proton signals of L (Fig-
ure 1b) except Py-3-proton (e). It should also be noted that
catechol was completely dissolved in the solution of L in
spite of the low solubility of catechol (> 10 equivalents of
catecho] were added). The CIS of the protons and the evi-
dence from the increasing solubility of catechol suggested
that the interactions between the aromatic protons of cat-
echol and the aromatic protons of L may be in a polymeric
manner. Therefore, the stability constant was not able to be
calculated using our curve-fitting program.

The abilities of L to form complexes with benzene di-
carboxylic acids such as phthalic acid, isophthalic acid and
terephthalic acid have been studied by '"H-NMR titrations
which were carried out by direct addition of the acid as solid
into CDCly solutions of L. It was found that isophthalic acid
and terephthalic acid did not dissolve in the solution of L
and, thus, did not form complexes with L. Only phthalic
acid dissolved in a solution (CDCI3 ) of L and a complex
formation constant was able (o be estimated by 'H-NMR
spectroscopy. In addition, each 'H NMR spectrum contained
a pair of doublet signals (J ~ 13 Hz) due to the methylene
bridge protons (ArCH,Ar) signifying a cone conformation
of calix[4]arene. The titration results shown in Figure lc¢
suggested a 1: 1 stoichiometry of the L-phthalic acid com-
plex. The protons d, e and ArOH were used for determining
a stability constant of L-phthalic acid which was estimated
tobe log K =5.41.

Although the stability constant of (he L-catecho! com-
plex could not be determined, the comparative binding
ability of catechol and resorcinol was conducted. Addition
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of various stoichiometcies of L-catechol in CDClzinto the
same various ratios of resorcinol resulted in the shifting
of proton signals which was similar to the chemical shifts
of L-resorcinol. The result signified that L formed a more
stable complex with resorcinol.

Solution structures of complexes

In order to understand the factors that control the stability
of the complexes, the solution structures of the host-guest
complexes must be determined. Thus, NOESY experiments
for LL and the mixnure of L and guests in CDCl3 have been
carried out. It can be clearly seen from the NOESY spectra
of L that the proton e on the pyridine pendant groups has
interacted with ArOH and the methylene bridge protons (g)
on the calix(4]arene unit. We have calculated a structure of
L by MM+ and found that the pyridine pendant arms organ-
ize themselves by bending towards the calix[4]arene umit.
This is pertinent to the connectivity of the protons observed
in NOESY. The distance between Npy-N,y of the pyridine
groups was 6.34 A. Figure 2 displays connectivities among
protons of L as deduced from the NOESY spectra and
the calculated structure of L which shows the preorganized
cavity of the ligand.

Certain regions of the NOESY spectra of the mixture
of L. and resorcinol in a 1:1 stoichiometry are shown in
Figures 3a and 3b. The proton H. of resorcinol is found
10 have a connectivily with the proton d while the protons

Figure 2. (a) NOE connectivities of L. (b) calculated struture of L.

H, and Hy do not show any connectivities with the proton
d. In addition, there js no connectivity between H,/Hy and
the proton e. The resorcinol molecule must arrange its A
into the cavity of the pyridine pendant arms and pointing Hy,
and H, outwards. This orientation should be stabilized by
hydrogen bonding interactions between resorcinol-OH and
N-pyridine of L. Unexpectedly, connectivities of the pro-
ton Hy, with ROArH (i) and HOAcH (j) of the calix(4]arene
framework are detected. Furthermore, the NOESY spectrum
in Figure 3b shows thal the proton H. has a connectivity with
t-butyl protons () of the ArOH rings. These connectivities
cannot result from through space interactions within a single
aggregate because these protons are 100 far from each other.
They must arise from interactions with hydrogens of another
molecule. The interactions summarized in Figure 3¢ imply
that a resorcinol molecule must also be included into the hy-
drophobic upper rim cavity of another calix[4)arene unit of
L. Recently, Hosseini and coworkers have demonstrated use
of the double fusion of two calix(4)arenes and p-xylene 1o
form a unidirectional supermolecule in the solid state (26).
The possible solution structure of L-resorcinol is thus pro-
posed in Figure 3d accounting for the 1:1 stoichiometry of
L-resorcinol suggested by the titration results. The structure
also corresponds with the upfield shifis of the proton @ and
all protons of resorcino! due to the diamagnetic anisotropy
of the neighboring ring currents.

NOESY experiments of the 1:( mixture of L and
phthalic acid have also been performed in CDClz and a
spectrum is depicted in Figure 4a. The signal due 10 H, on
phthalic acid is superimposed on the signal of the proton
e. Therefore, some interactions related to these two protons
cannot be distinguished. From Figure 4a, only the connectiv-
ity between Hy, of phthalic acid and the proton j of L can be
unambiguously assigned. In addition, an interaction of the
proton b towards HOATH can also be observed (Figure 4b).
However, no intermolecular NOE connectivity encountered
in L-resorcinol has been detected in the phthalic acid case.
The results imply that phthalic acid resides within the cavity
of L close to the lower rim ArOH and HOArH. The pos-
sible solution structure of the L-phthalic acid complex can
be drawn as shown in Figure 4c. The structure also agrees
with the fact from titrations that ArO/ shifted upfield (due
to the anisotropic effect of the phthalic ring current).

NOESY spectra of the mixture of L and catechol have
also been obtained. We observed that a proton of catechol
had connectivities with protons d, e, f and g of L. However,



Figure 3. (2), (b) NOESY specura of L-resorcino! in CDCls (¢) summary of interactions deduced from NOESY specira. (d) possible solution structure of
L-resorcinol.

—

Figure 4. (2 NOESY spectrum of L-phthalic acid (b) NOE connectivities. (c) possible sofvtions structure of L-phthalic acid.




the NMR titration results indicated the polymeric struc-
ture of the complex. The data obtained from NOESY are,
therefore, not conclusive enough for deducing the solution
structure of L-catechol.

Effects of size, shape and interaction between host/guest
towards aggregated molecules

The structures of dicarboxylic acids and benzene dialcohols
used in these studies were calculated by the PM3 method.
The results show that the H-H distances of HO-Ar—OH
in catechol, resorcinol and hydroquinone are 3.29, 4.58
and 6.39 A, respectively. For the acids, the H-H distances
of HO—(C=0)-Ar—(C=0)-OH in phthalic acid, isophthalic
acid and terephthalic acid are 5.82, 8.68 and 9.13 A, re-
spectively. Our results show that catechol, resorcinol and
phthalic acid can form complexes with L. The size and
dimensionality of hydroquinone, isophthalic acid and tere-
phthalic acid may be unsuitable to form hydrogen bonding
with L or fit into the cavity of L. Phthalic acid may have
a suitable geometry foc its hydroxy groups to form hydro-
gen bonding with N-pyridine of L and simultaneously be
included into the Jower rim cavity of L. The combination
of hydrogen bonding and the preorganized structure of L for
inclusion of phthalic acid may account for the high stablity
constant of the L-phthalic acid complex. In contrast, the
geometry of catechol and resorcinol are probably too con-
strained to organize such an alignment in the phthalic acid
case. Nevertheless, the dimensionality of resorcinol must
be appropriate for the inclusion into an upper rim cavity
of calix[4]arene. In this case L requires a dramatic disturb-
ance of the calix(4)arene compartment and this may result in
the lower stability constant of the L-resorcinol complex. In
the case of catechol, the polymeric structure of L-catechol
may stem from the versatility of catecho) to form both
homonuclear hydrogen bonding (catechol-catechol) and he-
teronuclear hydrogen bonding (¢atechol-L). The structure of
the catechol complex cannot be deduced from the present
data. More experiments will be carried out in due course to
elucidate its solution structure.

Conclusion

The compound 25,27-di-(4-pycidylmethoxy)-p-tert-
butylcalix[4]arene (L) has been synthesized and found by
NMR studies to interact with some dialcohols and diacids.
The recognition of L towards dialcohols and diacids is as
follows: phthalic acid (log X = 5.41) > resorcinol (log K
= 3.13) > catechol. L selectively binds resorcinolina 1: 1
fashion by hydrogen bonding and van der Waals interactions
(0 form a supramoleculac structure. L also forms a 1:1
complex with phthalic acid. The phthalic acid molecule was
included into the lower rim cavity of L, and the complex
was stabilized by hydrogen bonding. Catechol was also
found to form a complex with L in a polymeri¢ manner via
hydrogen bonding interactions. We have demonstrated thus
far that 2 combination of hydrogen bonding and van dec
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Waals interactions between L and certain neutral guests can
result in interesting supramolecular structures.
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Molecular recognition of abiotic anions by synthetic
receplors has received increasing attention in the past few
years according lo recent reviews written by Beer and
Gale.'! Many of receptors have been used successfully as
sensors for anions.’ Recently, synthetic receptors
containing two individual recognition sites for a cation and
an anion have attracted chemist attention. Applications of
such receptors may be found in metal-controlled anion
sensing devices. Reinhoudt and coworkers have elegantly
demonstrated that a calix[4]arene derivative with cation
binding ester groups on the lower rim and anion binding
urea on the upper rim can efficiently bind CI' only in the
presence of Na*> Beer and coworkers have synthesised a
number of ditopic receptors that can undergo selective ion
pair recognition.”

In 1997, polyaza crown ether derivatives of p-fert-
butylcalix{4]arene have been synthesised in our lab. The
ammonium derivatives are found to form complexes with
COf', NO:, AsO, and CI' in a different extent using
electrostatic  interactions.’ We are interested in
constructing a three dimensional anion receplor by
combining the calix(4)arene framework with tris(2-amino)
ethylamine, tren, and glycolic chains 10 obtain a compound

that have both a cation and an anion binding sites in the
same molecule. This compound may have great potential
to bind a metal ion and an anion cooperatively and
selectively.

Tripodal aza crown ether calix[4]arenes, Sa and Sb, werc
synthesised according (o (he procedure shown in Scheme |.
Substitution reactions of p-rerr-butylcatix(4]arene with 3.0
equiv. of 2-(2°-bromoethoxy)benzaldehyde, la, and 4-(2’-
bromo ethoxy)benzaldehyde, 1b, respectively. were carried
out in the presence of a base to produce trialdebyde
precursors, 3a and 3b, for preparing the Iripodal amine
capped calix[4]arene. The synthesis of 3a was reported
previously in acetonitrile using K,CO, as base. This
reaction gave only 6% yield of the desired trialdehyde
derivative.b Furthermore, substitution reaclions  using
K,COj; always gave the dialdehyde derivatives, 2a and 2b.
in high yields.” Since then, a number of bases and solvents
have been employed to optimize the yields of the desired
products, However, it was found that reactions in the
presence of strong bases such as NaH and KOH underwent
Cannizzaro reactions and gave both alcohol and cacboxylic
acid derivalives instead.® Finally, we found that reactions
using BaO in DMF gave higher yields of wrialdehyde calix
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[4]arenes, 3a® (21%) and 3b° (46%). than those of
dialdehyde calix(4]arenes, 2a (20%) and 2b (2%). It
should be noted that the yield of 3b was twice as much as
that of 3a probably due to the less steric hindrance of the
para isomer facilitating the substitution reaction.
Compounds 2 and 3 were separated by silica gel
chromatography using CH,Cl, as eluent. Condensation
reactions of 3a and 3b with 1.1 equiv. of tris(2-amino)
ethylamine in acetronitrile precipitated imine or Schiff base
products, 4a®(95%) and 4b'® (97%). Reduction of 4a and
4b by 20 equiv. of NaBH, and subsequent acidifying with
HCVYCH;OH (0.74% v/v) yielded the desired tripodal
ammonium derivatives, 5a° (86%) and 5b'' (95%). 'H
NMR spectra of compounds 3b-Sb possessed four sets of
doublet due to the methylene bridge protons on the calix(4]
arene motety suggesting the existence of the cone
conformation.

Scheme 1.

The solid state structure of compound Sa nas been
determined by X-ray crystallography (Figure 1).'> The
calix(4)arene unit is in a pinched cone conformation. One
of the ethoxy benzyl chains connecting to the tren unit
threads through the cavity of the other two ethoxy benzyl
chains, This structure resembies a self-threaded rotaxane
derivatised from two homooxacalix[3]arenes.” Recently,
Vicens and colleagues have also reported a similar structure
of tripodal calix[4](azo)crowns."

Figure 1. Crystal structure of 5a. Hydrogen atoms were
omitted for clarity.

Although suitabte crystals ot db tor X-ray analysis cannot
be obtained, the 'H NMR spectrum of Sb suggests a more
symmetrical orientation of the glycolic chains.!" Both Sa
and 5b possess Ny-tripodal ammonium units  for binding
anions and Og-crown ether cavities for binding alkali
cations. However, the N,-tripodal ammonium cavity of the

para isomer, 5b, should have more space than that of the
ortho isomer, Sa. This leads to the different selectivity ol
Sa and Sb towards various anions.

'H NMR (200 MHz) titrations were employed in
compiexation studies of 5a and Sb towards halide anions
(F, Br and I') in the presence of various countercations.”
It was found that no displacement of any proton signals of
Sa and Sb occurred upon addition of F. The result
indicates that 5a and Sb do not form complexes with F.
Addition of Br' and I to Sa and 5b, however, resulied in \he
displacement of signals due to -OArCH,NH,"™- and -
OArHCH,-. The plot showing the relationship between
chemical shifts of the signal due io -OArHCH,- and
concentrations of iodide anion is depicted 10 Figure 2. Job
plot analysis indicates that 5a and 5b bind Br and I" in a
1:1 ligand/anion ratio. Association constanis of Sa and 5b
towards Br™ and I in the presence of various countercations
such as BuyN*, Na* and K* calculated by the program
EQNMR'® are collected in Table 1.

Hz) |
1490 T -x
1480 - - . Na?

y T . = BuN'
1470 1 o0 L
1460 - -=

] %5
14504 .-

0.00 0.0 002 003 004

concentration of added iodide anien (M)

Figure 2. Titration curves of Sb with I' in the presence of
BuyN*, Na* and X*.

Table 1. Association constants of ligands Sa and Sb

towards Br and [ in the presence of various
countercations.
Metal Anion Kasoe (M)
Sa Sh
None® Br 84.2 76.5
Na* Br 58.6 53.0
K* Br 120.1 24.9
None® I 108.9 1376
Na” T 77.2 57.3
K I 103.3 66.3

“all experiments werebcarried out at 298 K; errors estimated
to be less than 15%. °Using BuuN™ as countercation.

The result implies that the (ripodal ammonium cavities of
5a and Sb are not suitable for binding F. With Bu,N* ax
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countercation, 5a and 5b can form more stable complexes
with I'. However, the stability of Sb towards I is higher
than Sa. This signifies that the cavity of Sb is more
suitable for binding a big anion such as I'. In the presence
of K', Sa shows an increase in binding affinity towards Br’
by nearly 1.5 folds. On the other hand, Na* does not show
any enhancement in anion binding ability of Sa. The result
suggests that the crown ether unit of 5a prefers binding K*
over Na*. A similar crown ether cavity found in biscalix[4]
arene in which two molecules of calix{4)arene linked by
four glycolic units has been reported to bind K
selectively.'” From the crystal structure of Sa, it is also
possible that an alkali metal ion can coordinate to the
crown ether unit and induces the structural reorganization
of Sa to be more appropriate for binding anions (Scheme
2). Interestingly, the binding ability of §b towards Br and
I' decreases in the presence of Na* and K*. The observation
in which the presence of alkali metal ions decreases the
anion binding ability of Sa and Sb can be rationalised in
term of the binding competition. Alkali metal ions (Na* or
K*) that cannot fit into the cavity size of the crown ether
unit in Sa or Sb retain alkali metal-anion pairs and
compete in binding with the tripodal ammonium unit of the
ligands.

Scheme 2. A metal ion can possibly induce the structural
reformation of 5a to bind an anion more efficiently.

In summary, we have synthesised two tripodal aza crown
ether calix[4]arenes, Sa and Sb, and shown that both can
bind Br' and I' in a different extent depending on
coutercations. We are currently investigating the
complexation of Sa and 5b towards other anions and also
preparing new ion pair receptors for better understanding of
such cooperative behaviour and for possibie applications in
metal ion-controlled anion extraction.
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3b: 'H-NMR spectrum (500 MHz, CDCly § 9.76 and 9.68 (s each.
2H and 1H, -A(C=0)/), 7.57 and 7.43 (d each. Jy.y = 8.7 Hz. 4K
and 2H, -OArf,), 7.19 (s, 2H. HOArH). 7.14 (s. 2H. ROAIH), 6.70
ang 6.63 (d each, Jyy = 8.7 Hz, 4H and 2H. -OArH,). 6.54 (8. 4H.
ROArH), 5.40 (s, 1H, HOAr), 4.86 (m. 2H. OCH>CH:0). 4.45 and
3.32 (d each, Jyy = 12.4 Hz, 4H each, ArCH, HaAr). 4.28 (m. 2H.
OCH.CH-0), 4.13 (s .8H, OCH.CH,0). (.36 (s, 18H. HOAr-{-C:Hu
and ROAr-t-CiHs), 0.82 (s. 18H, ROAr-1-CiHy). FAB MS (m/f2);
1092.5. Anal. Culd. for 3b (CyiHxOh): C.77.99: H. 7.37%. Found:
C.7791: H. 7.52%.

4b: 'H-NMR spectrum (500 MHz, CDCl,5 § 8.07 and 7.86 (s eachr
1H and 2H, -CH=N ), 7.38 (d. Ja.y = 8.7 Hz . 4H. -OArH.). 7.20 (x.
2H, HOArH), 7.18 (s. 2H. ROArH). 6.73 (4. Jy.w = 8.7 Hz. 4H. -
OArH,), 6.62 (8, Ju.u = 2.4 Hz, 2H. ROArH,). 6.52 (d. Jyyy = 2.4 He.
2H, ROArH,), 6.32 (s, TH. HOAr). 6.13 (d. Ju.y = 8.8 Hz. 2H.
ROArH), 6.02 (d. Juu = 8.8 Hz, 2H.ROArH). 4.92 and 3.32 (d each.
Jun = 13.0 Hz, 4H, ArCH HAr), 4.56 (m. 2H. OCH-CH.0). 4.13
and 3.23 (d each, Juy = 13.0 Hz. 4H. ArCH,HpAr). 4.28-4.02 (m.
10H, OCHLCH:0), 3.74 (m, 44, CH=NCH CH;Nj. 3.64 (n. 2H.
CH=N CHsCH:N), 2.83 (m. 4H. CH=NCH.CH:N). 2.59 (i, 2H.
CH=NCH:CH:N). 1.39 (s. 9H. HOAr-1-CoHy). 1.36 (s. 9H, ROAr-1-
CiHy), 083 (s, IBH. ROAr--CiHy).  Anul. Culd. for 4b
(CrHu:NiO9): C. 78.01: H, 7.82; N. 4.73%. Found: C. 77.95: H.
7.66; N, 4.77%.

5b: 'H-NMR spectrum (500 MHz. CDCl;3) § 8.7t and 8.23 (s cach.
broad, 4H and 2H. ArCH:NH:'CI'). 7.79 (d. Juy = 8.6 Hz, 4H. -
OArH,), 7.36 (d, Juy = 8.5 Hz, 2H. -OArH,). 7.14 (s. 2KR. HOArH).
7.10 (s, 2H, ROArH). 6.92 (4. Jy.y = 8.7 Hz. 4H. -OArH,). 6.54 (m.
6H, ROArH and -OA1H,), 6.12 (s. IH. HOATI). 4.56 and 3.30 (d
each, Jyy = 133 Hz 4H. AcCH HzAr). 4.35-3.40 on. 14H.
OCH,CH,O, ArCH,N and AICHHpAr. 4.20-398 (m., 6H.
OCH,CH,O. ArCH>N), 3.70 (s. br. 2H. NCH:CH:N). 3.41-3.10 (m.
10H, NCH,CH,N), 3.25 (d. Ju.n = 13.0 Hz, 2H. ArCH. HaA0). 1.34
(s, 9H. HOAr-+-CiHy), 1.32 (s. 9H. ROAr-1-CiHoy. 0.82 (s. I8H.
ROAr-1-CyHs). Anal. Cald. for 5b (C3:B:NiO7Ch: C. 69.15: M.
7.69: N, 4.19%. Found: C.69.19:H, 7.76. N. 4.16%.

Crystal data for 5a. C3H,0:NiOYCIxXOH)«(CH:OH)(H0):, M =
1368.7, monoclicnic. space group C2/c. Z= 8. u = 43,6552 (14). b =
15.9085 (5). ¢ = 25.1856 (7) A, B =109.4630 (10)°. V= 16491.6 (9)
A%, Dc = 1.119 g cm™. 23606 unique date. R/ = 0.1355, wR2 =
0.3402.

Zhgogg Z: lkeda. A.: Shinkai. S. J. Am. Chem. Soc. 1999, 121
11906.

Oueslati, L; Abidi, R.; Amuri. H.: Thuéry. P.: Niedtich. M.: Asfaci, 2.
Vicens J. Terrahedron Lenr. 2001, 42, 1685,

A solation of 5a (0.0250 M) and a solution of Sh (0.0083M) in
DMS8O-ds and in a mixwre of CDCly and CD:0OD. respectively.
were prepared. To a soluhon of a ligand in cach NMR wbe was
added 0.04.0 equivalenis of 0.1 M anion salts. Specira were
recorded every 24 hours undl the complexation reached the
equilibrium. The result of the experiment was a plot of displacement
in chemical shift as a function of the amount of added anion, The
program EQNMR was then used to analyse (he resulting Gitration
curves and calculate subility constant walues (or ;1 anion
complexes in M. Titration experiments were repeated (wice with al
least 12 data poincs for each anion.
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Supplementary Matertal

Crystallographic data for Sa are available upon request
from the editorial office.

Scheme 1. Synthetic procedure of compounds 5a and Sb.
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Introduction

During the past decade, chemists have synthesized many types of anion receptors and
studied their anion binding properties as appeared in recent review articles."” Anion receptors
can be subdivided into two classes: positively charge and electroneutral anion hosts. The
anion binding role of macrocyclic compounds such as cryptands can be dated back to the
early year of anion recognition studies. Park and his coworkers have demonstrated that the
preorganized molecular cages so called katapinands can encapsulate halide anions into the
cavity.® The selectivity towards a particular anion can be controlled by the lengths of the
alkyl spacers. Later, Lehn and colleagues have found that macrobicyclic and macrotricyclic
polyamine ligands can selectively bind Cl" and Ny, respectively.” !

Recently, receptors containing two individual recognition units, one for a cation and
one for an anion have attracted chemist attention.'? Applications of such receptors may be
found in metal-controlled anion sensing devices. Reinhoudt and coworkers have synthesized
an elegant calix(4]arene denivative with cation binding ester groups on the lower rim and
anion binding urea on the upper rim. The compound can efficiently bind CI” in the presence
of Na*."> Beer and coworkers have synthesized a number of ditopic receptors that can
undergo selective ion pair recognition. Rhenium(I) bipyridyl amide crown ether receptors
were found to complex KCl ion pairs." A tripodal tris(amido benzo-15-crown-5) ligand was
found to cooperatively bind chloride, iodide and perrhenate anions via co-bound crown ether

complexed sodium cations.” Later, a heteroditopic bis(calix[4])arene) ferrocene receptor was



found to give a significant electrochemical response to bromide anions in the presence of Li
jon.'®

Reinhoudt and coworkers have shown that the tripodal urea podand derivatized form
tris(2-amino)ethylamine, tren, can bind HoPO, selectively by hydrogen bonding. 17 Recently,
polyaza crown ether derivatives of p-tert-butylcalix[4])arene have been synthesized in our Jab.
The ammonium derivatives were found to form complexes with C032', NO;y', AsO, and CI  in
a different extent.'® It is of interest to expand the cavity of our compounds to three dimension
by combining the calix[4]arene- framework with the cage constructing unit such as tris(2-
amino)ethylamine, tren, to synthesize a compound that has great potential to bind metal 10ns
and anions cooperatively. We report herein the synthesis of the tripodal-amine capped benzo
crown p-fert-butylcalix[4]arenes, 5a and Sb. The complexation of 5a and Sb towards anions

has been studied in the presence of various countercations in crder to understand the role of

cations towards anion binding ability.

Results and Discussion

Design, synthesis and characterization. Our desired receptors must contain both
cation and anion binding size. Ammonium groups and crown ether are well-known to bind
anions via electrostatic interactions and cations via coordination bond, respectively. In this
paper, we employ p-tert-butylcalix[4]arene as a supramolecular building block. Three ethoxy
benzaldehyde groups have been attached to the calix[4]arene unit to form a crown ether-like
cation ionophore. Subsequent reactions of trialdehyde calix[4)arene with tris(2-amino)
ethylamine generated tripodal ammonium receptor unit for binding anions. Compounds Sa
and 5b thus possess both metal ion and anion ionophores next to each other separating by a
spacer such as benzene unjt. Both 5a and 5b can thus possibly exhibit appealing host-guest

chemistry with both metal ions and anions.

Scheme 1

The synthesis of compounds Sa and 5b was carrded out as shown in Scheme 1.
Substitution reactions of p-tert-butylcalix(4]arene with 3.0 equiv. of 2-(2’-bromoethoxy)
benzaldehyde, 1a, and 4-(2’-bromo ethoxy)benzaldehyde, 1b, respectively, were carried out
in the presence of a base to produce trialdehyde precursors, 3a and 3b, for preparing the

tripodal amine capped calix(4]arene. The syathesis of 3a was rcported previously in



acetonitrile using K»COs as base.”” This reaction gave only 6% yield of the desired
trialdehyde derivative. Furthermore, substitution reactions using K,COs; always gave the
dialdehyde derivatives, 2a and 2b, in high yields.?®*' Since then, a number of bases and
solvents have been employed to optimize the yields of the desired products. However, it was
found that reactions in the presence of strong bases such as KOH underwent Cannizzaro
reactions and gave both alcohol and carboxylic acid derivatives instead (Eq. 1).2* Finally, we
found that reactions using BaO in DMF gave higher yields of trialdehyde calix[4]arenes, 3a
(21%) and 3b (46%), than those of dialdehyde calix[4]arenes, 2a (20%) and 2b (2%). It
should be noted that the yield of 3b was twice as much as that of 3a probably due to the less
steric hindrance of the para isomer facilitating the substitution reaction. The 'H-NM_R
spectrum of 3a showed (C=0)H at 10.41 and 9.74 ppm and at 9.76 and 9.68 bpm for 3b in
1:2 integral ratio. FAB MS and elemental analysis results of 3a and 3b were agreeable with

the proposed structure.

Condensation reactions of 3a and 3b with 1.1 equivalents of tris(2-amino)ethylamine
in a mixture of CH3CN and CH,Cl, (high dilution) precipitated imines or Schiff base
products, 4a (95%) and 4b (97%). The signals due to (C=0)H proton disappeared, and the
signals due to RN=CH protons showed at 8.83 and 8.93 ppm in the 'H-NMR spectrum of 4a
and at 8.07 and 7.68 ppm for 4b. FAB MS and e¢lemental analysis results were pertinent to
the proposed structures. Reduction of 4a and 4b by 20 equivalents of NaBH, in CH,>Cl» and
subsequent protonation with HCY/CH3OH (0.74% v/v) yielded ammonium derivatives, Sa
(86%) and 5b (95%), which showed very broad signals in the "H-NMR spectrum due 10 the
effect of positive charges. Signals due to ArCH,NH,"CHa- appeared at 9.78 and 9.39 ppm
with an integral ratio of 2:1 for 5a and at 8.71 and 8.23 ppm for 5b. Although, mass spectra
of 5a and 5b showed a strong signal at m/z 1192.1 corresponding to the molecular weight of
the neutralized species. Nevertheless, elemental analysis result agreed with the proposed
structures. It is interesting that the position of (C=0)H, RN=CH and ArCH,NH,"CH,-

protons in 3a-5a appear more downfield than those of 3b-Sb probably due to the effect of



magnetic anisotropy of the adjacent phenyl ring. Neutralization of Sa and 5b with NaOH in
methanol provided the neutral tripodal-amine capped benzocrown calix(4]arene, 6a (72%)
and 6b (80%). Spectroscopic and elemental analysis results of 6a and 6b agreed well with
the proposed structures.

The solid state structure of compound Sa was determined by X-ray crystallography
(Figure 1). The structure was solvated by one molecule of CH;OH and two molecules of
H;0. The phenyl rings of the calix[4]arene unit is in a pinched cone conformation.
Interestingly, one of the ethoxy benzyl chains connecting to the tren unit threads through the
cavity of the other two ethoxy benzyl chains. This structure resembles a self-threaded
rotaxane derivatised from two homooxacalix{3]arenes.23 Recently, Vicens and colleagues
have also reported a similar structure of tripodal calix[4](azo)crowns.24 Although suitable
crystals of Sb for X-ray analysis cannot be obtained, the 'H NMR spectrum of 5b suggests a
more symmetrical orientation of the glycolic chains. Difference in structure and size of the

cavity of 5a and Sb lead to the different in anion binding ability, vide infra.
Figure 1

Anion binding studies. Charge and geometry of anions were considered in our
investigation. Therefore, we chose to investigate spherical anions (F, Br" and I'), trigonal
planar anions (AsQO-," and Cng“) and tetrahedral anions (H,PO.', HPO,*, SO42' and PO4R .
"H NMR (200 MHz) titrations were employed in complexation studies of 5a and 5b towards
anions. NMR titrations for Sa were carried out in DMSO-ds due to the great solubility of Sa
and anion salts in that solvent. The compound Sb, however, were not soluble in DMSO-ds
but soluble in CDCls. Anion salts dissolved quite well in CD;0D. The NMR titrations for
5b were thus cartied out in the mixture of CDCl; and CD;0OD.

Although excess NaF and Na,SO4 was added to solutions of 5a and Sb, no chemical
shift displacement of any signals in NMR spectra was observed. The result shows that F* and
5042' cannot form complexes with Sa and 5b. This is probably due to the size of F and 50"
which is not appropriate for the ligand cavity.

In case of anions such as AsO,, CO32‘, PO43', HPOf’ and H,PO4 (using sodium
salts), we observed interesting phenomena when complexation studies of ligand Sa were
performed. Upon increasing the mole ratio of anions, white solids precipitated from the
mixture of 5a and AsO,’, CO32' and PO,> . Therefore, NMR titrations cannot be completed

with these anions and the association constants cannot be calculated. However, the solution



of 5a and HPO,* and H,PO, did not precipitate white solids. Upon addition of HPO,> and
H,POy into the solution of Sa, moderate upfield shifts of the signal AfCHgNH{'CHg- at o
9.39 and 9.78 ppm were observed. Nevertheless, when the anion ratio increased the spectrum
changed to the same as that of the neutral compound (6a) implying that the deprotonation of
5a took place upon complexing HPO,* and H,PO,. Association constants of the complexes
of 5a with HPO4> and H,POy thus cannot be calculated.

The complexation studies of Sb towards AsO,, CO;* and PO,* were also carried out.
It was found that complexation occurred along with the deprotonation to give the nuetral
compound 6b. Therefore, the association constants for these complexes cannot be calculated.
Although addition of Na,HPOj, into ligand Sb causes the displacement of the aromatic signal
(at 6.5-8.0 ppm) of Sh, Na,HPO, cannot be completely dissolved into solution. The
association constant of the complex of 5b and HPO,” caunot be determined correctly.
Furthermore, upon addition of excess NaH,PO4-H>O to a solution of 5b, no chemical shift
displacement in the NMR spectra was observed. The result shows that Sb cannot form a
complex with HPOy'.

Upon addition of NaBr, Nal and NaNO; to the solutions of Sa, moderate upfield shifts
of the signal ArCH,NH,"CH,- at 8 9.39 and 9.78 ppm and slightly shifts of aromatic regions
at § 7.00-8.00 ppm were observed in the 'H-NMR spectra. This indicates that anions form
complexes with 5a in the cavity of the tripodally capped unit using the electrostatic
interactions. Job’s plots indicated that Sa formed complexes with these anions in a 1:]
fashion. The association constants were obtained from the resulting titration curves using the

program EQNMR? and the values are presented in Table 1.
Table 1

In case of 5b, the signal of the ArCH,NH,"CH,- protons in ligand 5b disappeared
because the protons on ammonium position exchanged with CD;OD. Nevertheless, the
moderate downfield shift of protons on para position of -CH,ArH, and ROArH, was
monitored upon addition of various ratios of NaBr, Nal and NaNO,. The interaction that
occurred between host Sb and guests such as Br', I and NO3™ was electrostatic interaction and
hydrogen bonding. Job’s plots indicated that 5b also formed complexes with anions in a 1:1
ratio. The association constants of the various anions calculated by the program EQNMR

were shown in Table 1. It is found that using Na® as countercation Sa and Sb form
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complexes with Br, I and NO3™ and the stability 6f the complexes varies as NOy > T > Br'.
This must stem from the fact that both electrostatic and hydrogen bonding interactions are
presented in the case of NO3” while Br™ and I have only electrostatic interactions with 5a and
5b. It should also be noted that the interaction of Sa towards NOj' is stronger than that of Sb.
The results indicate that Sb possess a bigger cavity for anion binding.

We are also interested in the effects of metal ions towards anion binding. Upon
addition of tetrabutylammonium and potassium salts of Br" and I' to Sa moderate upfield
shifts of the signal ArCH,NH,*CH,- at § 9.39 and 9.78 ppm and to Sb strongly downfield
shifts of the signal -CHArH, and ROArH, at § 7.38 and 6.93 ppm were observed in the 'H-
NMR spectra. The plot showing the relationship between chemical shifts of the signal due to
-OArHCH,- and concentrations of iodide anion in the presence of various countercations are
depicted in Figure 2. Association constants of Sa and Sb towards Br', I' and NOz™ in the
presence of various countercations such as BuyN" and K* calculated by the program EQNMR

are collected 1n Table 1.
Figure 2

With BugN™ as countercation, Sa and 5b can form more stable complexes with T
However, the stability of Sb towards I is higher than Sa. This signifies that the cavity of Sb
is more suitable for binding a big anion such as I'. In the presence of K", Sa shows an
increase in binding affinity towards Br™ by nearly 1.5 folds. On the other hand, Na* does not
show any enhancement in anion binding ability of Sa. The result suggests that the crown
ether unit of 5a prefers binding K™ over Na*. A similar crown ether cavity found in biscalix
(4]arene 1n which two molecules of calix[4]arene linked by four glycolic units has been
reported to bind K* selectively.?® From the crystal structure of 5a, it is also possible that an
alkali metal ion can coordinate to the crown ecther unit and induces the structural
reorganization of Sa to be more appropriate for binding anions (Scheme 2). Interestingly, the
binding ability of 5b towards Br and I decreases in the presence of Na* and K*. The
observation in which the presence of alkali metal ions decreases the anion binding ability of
Sa and Sb can be rationalised in term of the binding competition. Alkali metal ions (Na* or
K*) that cannot fit into the cavity size of the crown ether unit in 5a or Sb retain alkali metal-

anion pairs and compete in binding with the tripodal ammonium unit of the ligands.



Scheme 2

Conclusion

In summary, we have synthesised two tripodal aza crown ether calix[4])arenes, Sa and
5b. We have studied anion complexation of 5a and 5b with various anions such as F, Br', T,
NOy, SO42', CO32', PO, AsOy, HPO,*> and H,PO4™ using Na® countercation. In case of
basic anionic guests such as AsO,, CO;* and PO, two phenomena have occurred. The first
one is complexation and the second one is deprotonation. We, therefore, cannot calculate the
stability constants of these complexes. This is the most crucial defect of anion hosts using
ammonium receptors. However, the main advantage of using the electrostatic interaction for
anions is the various choice of solvent can be chose, unlike the hydrogen bonding interaction
which depended on the solvent employed. Our results also show the effect of K™ ion towards
anion binding of Sa and 5b and also demonstrate an example of metal ion controlled anion

binding receptors.

Experimental Section

Analytical instruments. The 'H-NMR spectra were recorded on a Bruker ACF 200
MHz nuclear magnetic resonance spectrometer and 400 MHz on a Bruker DRX 400
spectrometer. In all cases, samples were dissolved in deuterated chloroforrmn or methyl
sulfoxide, and chemical shifts were recorded using a residual proton signal as internal
reference.

Elemental analyses were analyzed on a Perkin Elmer CHON/S analyzer (PE2400
series I). Mass spectra were determined using VG-Analytical ZAB HF Mass Spectrometer.
The ESI-TOF mass spectra were obtained from a Micromass LCT Mass Spectrometer and the
electrospray ion trap nass spectra were recorded on a Bruker Mass Spectrometer. Melting
points were taken on an Electrothermal 9100 apparatus. The FT-IR spectra were recorded on
a Nicolet Impact 410 FT-IR spectrophotometer.

Materials for synthesis. All materials and reagents were standard analytical grade,
purchased from BDH, Fluka, J.T. Baker or Merck, and used without further purification.
Commercial grade solvents such as acetone, dichloromethaoe, ethyl acetate, hexane and

methanol were distilled and stored over 4 A molecular sieves. DMF was dried according to



the published procedure and distilled before used.”” Chromatographic separations were
performed on silica gel column (kieselgel 60, 0.063-0.200 mm, Merck). Thin Jayer
chromatography (TLC) was carried out using silica gel plates (kieselgel 60 Fasq, 1 mm,
Merck). 2-(2’-Bromoethoxy)benzaldehyde, 1a,”® 4-(2’-bromoethoxy)benzaldehyde, 1b,%" and

p-tert-butylcalix[4] arene®

were prepared according to the literature.

Preparation of 25,26,27-tri((2-ethoxy)benzaldehyde-p-tert-butylcalix[4]arene, 3a
and 25,26,27-tri((4-ethoxy)benzaldehyde-p-tert-butylcalix(4]arene, 3b. Into a 250-mL
two-necked round bottom flask equipped with a magnetic bar and a reflux condenser, a
mixture of p-fert-butylcalix[4]arene (6.05 g, 9.34 mmol), barium oxide (5.20 g, 33.90 mmol)
and dry DMF (150 mL) was stirred for 1 hour. Into this mixture, 2-(2’-bromoethoxy)
benzaldehyde, 1a, (6.56 g, 28.64 mmol) in DMF (50 mL) was then added dropwise through
an addition funnel. The mixture was stirred and heated-at 70 °C under nitrogen atmosphere
for 7 days. The reaction was allowed to cool to room temperature, and the solvent was
evaporated under reduced pressure to give an orange-brown residue. The residue was
dissolved in dichloromethane and it was then added 3M hydrochloric acid until the pH of the
solution reached 1. The organic phase was separated, and the aqueous layer was extracted
again with dichloromethane. The combined organic layer was dried over sodium sulfate
anhydrous. After filtration of sodium sulfate, the solvent was removed to give an oily orange-
brown residue. The residue was redissolved in a minimum amount of dichloromethane. The
orange-brown solution was eluted through a silica gel column with dichloromethane as
eluent. The 25,26,27-tri((2-ethoxy)benzaldehyde-p-tert-butylcalix[4]arene, 3a, eluted out of
the column after 25,27-di((2-ethoxy)benzaldehyde-p-tert-butylcalix[4)arene, 2a. White
needle crystals of 3a can be obtained by adding CH;OH into its (CH,Cl,) solution (2.17 g,
21%).

In a similar manner to 3a, the reaction between p-fert-butylcalix[4]arene (7.03 g,
10.83 mmol) and 4-2(2’-bromoethoxy)benzaldehyde (7.42 g, 32.63 mmol) in dry DMF (50
mL) resulted in compounds 2b (0.20 g, 2%) and 3b (5.53 g, 46%).

3a: 'H-NMR spectrum (200 MHz, CDCl3) & (ppm) 10.41 and 9.74 (s each, 2H and
IH, -Ar(C=0)H); 7.63-6.32 (m, 20H, aromatic protons); 5.22 (s, 1H, ArOH); 4.90, 4.42 and
4.16 (m, 12H, -OCH>,CH>0-); 4.24 and 3.29 (m, 4H cach, ArCHxHgAr); 1.36-0.82 (m, 36H,
-Ar-1-C.H). FAB MS (mv/z): 1092.5. Anal. Cald. for 4a (C77HgoOyo): C,77.99; H, 7.37.
Found. C,78.11; H, 7.17.



3b: 'H-NMR spectrum (500 MHz, CDCl3) & (ppm) 9.76 and 9.68 (s each, 2H and 1H,
-Ar(C=0)H), 7.57 and 7.43 (d each, Jy.n = 8.7 Hz, 4H and 2H, -OArH,), 7.19 (s, 2H,
HOATrH), 7.14 (s, 2H, ROATIH), 6.70 and 6.63 (d each, Jy.x = 8.7 Hz, 4H and 2H, -OArH,),
6.54 (s, 4H, ROArH), 5.40 (s, l1H, HOAr), 4.86 (m, 2H, OCH,CH,0), 4.45 and 3.32 (d each,
Ju.r = 12.4 Hz, 4H each, ArCH HpAr), 4.28 (m, 2H, OCH,CH;0), 4.13 (s ,8H, OCH,CH,0),
1.36 (s, 18H, HOAr-t-C4Hy and ROAr-#-C,Hy), 0.82 (s, 18H, ROAr--C4Hy). MALDI-TOF
MS (m/z): 1093.6. Anal. Cald. for 3b (C7HgoO10): C,77.99; H, 7.37. Found: C, 7791; H,
7.52.

Preparation of 25,26,27-N,NN”-tri-((2-ethoxy)benzyl)ethylenetriimine-p-tert-
butylcalix[4]arene, 4a, and 25,26,27-N,N’,N "-tri-((4-ethoxy)benzyl)ethylenetriimine-p-
tert-butylcalix[4]arene, 4b. Into a 500-mL two-necked round bottom flask equipped with a
magnetic bar and a reflux condenser, a mixture of 3a, (1.00 g, 0.92 mmol) and acetonitrile
(250 mL) was stirred. tris(2-amino)ethylamine (0.16 g, 1.10 mmo}) in dichloromethane (10
mL) and acetronitrile (50 mL) was then added dropwise through an addition funnel over 30
minutes. The mixture was refluxed under nitrogen atmosphere for 8 hours. White solid
precipitated from the solution. The mixture was allowed to cool to room temperature and
filtered. The white solid residual of 4a was washed with acetronitrile and dried in vacuo (1.03
g, 95 %).

Compound 4b was synthesized from the reaction between 3b (3.05 g, 2.79 mmol) and
tris(2-aminoethyl)amine (0.50 g, 3.43 mol) in acetonitrile (250 mL). (3.23 g, 97%)

4a: '"H-NMR spectrum (200 MHz, CDCl3) & (ppm) 8.93 and 8.83 (s each, 1H and 2H,
-CH=N-); 7.91-6.45 (m, 20H, aromatic protons); 5.30 (s, 1H, -ArOH); 5.16, 4.53 and 4.04
(m, 12H, -OCH,CH,0); 2.89 (m, 12H, -NCH,CH,N-); 4.39 and 4.33, 3.39 and 3.32 (d each,
2H each, Jy.y = 13 Hz, ArCH HgAr); 1.36, 1.27 and 0.79 (s each, 9H, 9H and 18H, ROAr-I-
C4Hy and HOAr-1-C4Hy). FAB MS (nvz): 1185.7 Anal. Cald. for 4a-H,O (Cy7HosN4O3): C,
76.84; H, 7.87; N, 4.65. Found: C,76.70; H, 7.61; N, 4.24.

4b: '"H-NMR spectrum (500 MHz, CDCl3) § (ppm) 8.07 and 7.86 (s each, 1H and 2H,
-CH=N), 7.38 (d, Ju.n = 8.7 Hz , 4H, -OArH,), 7.20 (s, 2H, HOArH), 7.18 (s, 2H, ROArH).
6.73 (Q, Ju.n = 8.7 Hz, 4H, -OArH,), 6.62 (d, Ju.y = 2.4 Hz, 2H, ROArH,), 6.52 (d, Jy.uy = 2.4
Hz, 2H, ROArH,), 6.32 (s, 1H, HOAr), 6.13 (d, Ju.y = 8.8 Hz, 2H, ROArH), 6.02 (d, Jy.y =
8.8 Hz, 2H,ROAT1H), 4.92 and 3.32 (d each, Ju.x = 13.0 Hz, 4H, ArCHHAr), 4.56 (m, 2H,
OCH,CHx0), 4.33 and 3.23 (d each, Jy.y = 13.0 Hz, 4H, ArCH4HpAr), 4.28-4.02 (m, 10H,
OCH,CH>0), 3.74 (m, 4H, CH=NCH,CH,N), 3.64 (m, 2H, CH=N CH,CH,N), 2.83 (mn, 4H,
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CH=NCH,CH,N), 2.59 (m, 2H, CH=NCH, CH;N), 1.39 (s, 9H, HOAr-1-C.H,), 1.36 (s, OH,
ROAr-1-C4Ho), 0.83 (s, 18H, ROAr-t-C4Hy). MALDI-TOF MS (m/z): 1184.6 Anal. Cald.
for 4b (Cy7HoaN4O5): C, 78.01; H, 7.82; N, 4.73. Found: C,77.95; H, 7.66; N, 4.77.

Preparation of 25,26,27-N,NN’-tri((2-ethoxy)benzyl)ethylenetetraamine-p-tert-
butylcalix[4]arene-dHCl, Sa and 25,26,27-N,N’,N”-tri((4-ethoxy)benzyl)
ethylenetetraamine-p-fert-butylcalix{4]arene-4HCI, 5b. Into a 500-mL one-necked round
bottom flask equipped with a magnetic bar and a reflux condenser, 4a (1.00 g, 0.84 mmol)
was dissolved in dry dichloromethane (50 mL). The solution was added excess sodium
borohydride (0.63 g, 0.02 mmol) and stirred overnight under nitrogen atmosphere. A copious
amount of deionized water was then added to destroy excess sodium borohydride. The
organic phase was separated and washed again with deionized water until the pH of the
aqueous layer became neutral. The combined organic layer was dried over sodium sulfate
anhydrous. After filtration of sodium sulfate, the solvent was removed to dryness. The solid
residue was dissolved in 2 minimum amount of methanol and acidified with 0.74% V/V
hydrochloric acid in methanol until the pH of the solution reach 1. Upon stow evaporation of
the solvent, the white crystals of 5a were precipitated (0.92 g, 81 %).

In a similar fashion, the reaction between 4b (1.52 g, 1.283 mmol) and NaBH, (0.92
g, 24.35 mmol) in dry CH,Cl, (300 mL) yielded Sb. (1.44 g, 84%)

Sa: '"H-NMR spectrum (DMSO-ds) 8 (ppm) = 9.78 and 9.38 (s each, broad, 4H and
2H, ArCH.NH,'Cl"); 7.86, 7.66, 7.57, 7.34 and 7.03 (m, 12H, H, H, H.and H,); 7.17 and
7.11 (s each, 2H each, ROArH and HOArH); 6.54 and 6.46 (s each, 2H each, ROArH); 5.80
(s, 1H, ArOH); 5.13 (m, broad, 2H, OCH,CH,0); 4.62-4.39 (m, 6H, H.N"CH»-Ar and 4H,
ArCH,Ar); 4.18 (m, broad, 10H, OCH,CH,0O and 4H, ArCH-Ar); 2.82-2.75 (m, 12H,
*NHCH,CH,N"H,); 1.30, 1.20 and 0.73 (s each, 9H, 9H and 18H, HOAr-1-C4Hy and ROA[-1-
CsHs). ESI-TOF MS (mvz): 1192.1 Anal. Cald. for 5a-4H,0 (C37H,oN4sOyCly): C, 65.69;
H, 8.44; N, 3.78. Found: C, 65.61; H, 7.87; N, 3.97.

5b: '"H-NMR spectrum (500 MHz, CDCl3) 8 8.71 and 8.23 (s each, broad, 4H and 2H,
ArCH,NH,'CI), 7.79 (d, JH_;) = 8.6 Hz, 4H, -OArH,), 7.36 (d, Ju.y = 8.5 Hz, 2H, -OArH,),
7.14 (s, 2H, HOATIH), 7.10 (s, 2H, ROArH), 6.92 (d, Jy.y = 8.7 Hz, 4H, -OArH,). 6.54 (m,
6H, ROArH and -OArH,), 6.12 (s, 1H, HOAr), 4.56 and 3.30 (d each, Jy.y = 13.3 Hz, 4H,
ArCH HpAr), 4.55-4.40 (m, 14H, OCH,CH,0, ArtCH,;N and ArCH,HgAr), 4.20-3.98 (m,
6H, OCH,CH;0, ArCH,N), 3.70 (s, br, 2H, NCH,CH,N), 3.41-3.10 (m, 10H, NCH,CH-N),
3.25 (d, Ju.w = 13.0 Hz, 2H, ArCH;HjpAr), 1.34 (s, 9H, HOAr-1-CsHo), 1.32 (s, 9H, ROATr-1-
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CsHg), 0.82 (s, 18H, ROA1-t-C;Hy). MALDI-TOF MS (m/z): 1191.8 Anal. Cald. for 5b
(C77H,102N:07Cly): C, 69.15; H, 7.69; N, 4.19. Found: C, 69.19; H, 7.76; N, 4.16.

Preparation of 25,26,27-N,N N ”-tri((2-ethoxy)benzyl)ethylenetetraamine-p-tert-
butyicalix[4]arene, 6a and 25,26,27-N,N ;N “-tri((4-ethoxy)benzyl)ethylenetetraamine-p-
tert-butylcalix[4]arene, 6b. Into a 50-mL round bottomn flask equipped with a magnetic bar,
25,26,27-N,N’,N"-tri-((2-ethoxy)benzyl)ethylenetetraamine-p-rert-butylcalix(4)arene-4HCI,
6a, (0.10 g, 0.07 mmol) was dissolved in dry methanol (30 mL). NaOH solution (CH,OH)
was then slowly added until the pH of the solution reached 10. The reaction was stirred under
nitrogen atmosphere for 1 hour. The solvent was subsequently removed under reduced
pressure. The residue was redissolved in dichloromethane and extracted with deionized water
until the aqueous phase contained no CI'. The organic layer was then dried over sodium
sulfate anhydrous and concentrated on a rotary evaporator. Upon slow evaporation of the
solvent, the white solid of 6a precipitated (0.06 g, 72 %).

6a: 'H-NMR spectrum (400 MHz, CDCl;) o(ppm) 7.20 and 6.56 (s each, 4H. 1-C
(CH3)3ArHCH,-); 7.47, 7.15, 6.93 and 6.25 (m, 12 H, -OArHOCH>-); 5.19 (s, 1H, -ArOH):
4.98,4.32,4.03 and 3.86 (m, 12H, -OCH,CH,0-); 4.18 and 3.75 (d, 2H and 4H, Jy.x = 14 Hz,
ArCH,NR); 7.34 (t, 3H, H, aromatic); 4.85, 4.45, 3.37 and 3.23 (d, 2H each, Ju.y = 13 Hz,
ArCHACHgAT); 2.66-1.99 (m, broad, 12H, RNCH,CH,NR); 1.41, {.39 and 0.86 (s each, 9H,
9H and 18H, HOAr-t-C4Hy and ROAr-t-C4Hs). FAB MS (m/z): 1191.7 Anal Cald. for 6a
(C17HggNsO5): C, 77.61; H, 8.29; N, 4.70. Found: C, 77.57, H, 7.85; N, 4.32.

6b: '"H-NMR spectrum (200 MHz, CDCl;) &(ppm) 7.18, 7.07, 7.05 and 7.01 (s each,
8H, +-C(CH;)3ArHCH;-); 6.70-6.30 (m, 12 H, -OArHOCH>-); 5.39 (s, lH, -ArOH); 4.85-4.60
(m. 6H, -OCH,CH,0-, ArCH, HpAr); 3.27 (m, 2H, ArCH HpAr);, 3.74-3.45 (m, 6H. -
OArCH,N-); 2.86, 2.67, 1.92 (m, broad, 12H, RNCH,CH,NR); 1.32 and 0.83 (s each, 18H
and 18H, HOAr-r-C4Hs and ROAr-t-CsHg). FAB MS (m/z): 1191.7 Anal. Cald. for 6b
(C77HoegN4O5): C, 77.61; H, 8.29; N, 4.70. Found: C, 77.57;, H, 7.85; N, 4.32.

X-ray crystallography. The crystal of 5a (0.20 x 0.20 x 0.10 mm®) was mounted on
the end of a hollow glass fiber approximately parallel to the long dimension of the crystal
using cyanoacrylate glue. Preliminary examination and data collection were performed using
MoK, X-radiation (A = 0.71073 A) on Bruker AXS SMART area detector diffractrometer.
The collected data were reduced using the program SAINT.® Empirical absorption
correction was done by the program SADABS.*! A total of 58283 reflections were measured

within the 6 range of 0.99-30.46°. The structure was solved by direct methods and refined
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with anisotropic thermal parameters for all non-hydrogen atoms by full matrix least square
using SHELX-97 package.>” All hydrogen atoms were found in different Fourier maps and
were included in the refinement. Due to vibrational disorder of the solvent of crystallization,
refinement converged with rather high R and wR values (0.1355 and 0.402, respectively). !
'H NMR titrations. Complexation of 5a and Sb towards various anions such as
arsenite, bromide, carbonate, fluoride, hydrogen phosphate, dibhydrogen phosphate, iodide,
nitrate, sulfate and phosphate were studied employing '"H NMR titrations. For 5a, typically, a
0.0250 M solution of ligand Sa (0.0836 g, 0.0625 mmol) in DMSO-ds (2.50 mL) was
prepared. To 0.20 mL of this solution in NMR tubes were added 0.0-4.0 equivalents of
0.1000 M sodium salts (0.1500 mmol) in DMSO-ds (1.50 mL). In each NMR tube, the
amount of DMSO-ds was then adjusted to the same quantity. For Sb, typically, a 0.1000 M
solution of a sodium salt (0.1500 mmol) in CD;OD (1.50 mL) was prepared. Ligand Sb was
brought into the NMR tubes and 0.0-4.0 equivalents of 0.1000 M sodium salt were added. In
each NMR tube, the amount of the solvents was adjusted to the same quantity. The spectra
were recorded every 24 hours until the complexation reached the equilibrium. Job’s plots
between the complex concentration and the mole fraction of ligands and anions (Br’, I and
NO3’) indicated 1:1 ligand:anion complexes. The result of the experiment was a plot of
displacement in chemical shift as a function of the amount of added anion, which was
subjected to analysis by a non-linear curve-fitting method using the program EQNMR.>

Titration experiments were repeated at least twice for each anion.
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Figure 1. Crystal structure of Sa. Hydrogen atoms were omitted
for clarity.
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Scheme 1. Synthetic procedure of compounds Sa and Sb.
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Table 1. Summary of association constants of ligands Sa and Sb towards
various anions."

Metal Anion Kassoe (M)
5a Sb
None” Br 84.2 76.5
Na* Br 58.6 53.0
K* Br 120.1 34.9
None® I 108.9 137.9
Na* I 77.2 57.3
K* I 103.3 66.3
Na* NO;y 190.2 106.3

*all experiments were carried out at 298 K; errors estimated to be less than 15%. °Using
Bu,N" as countercation.
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Table 1S. Crystal data and structure refinement for Sa.

Empirical formula CosH2C1hN4O2
Formula weight 1368.67
Temperature 203(2) K
Wavelength 0.71073 A

Crystal system monoclinic, C2/c
Unit cell dimensions a= 43.6552(14) A

b=15.9085(5) A
c=25.1856(7) A
B = 109.4630(10) °

Volume 16491.6(9) A"3

Z, Calculated density 8, 1.119 g/em’

Absorption coefficient 0.136 mm’'

F(000) 5976

Crystal size 0.40 x 0.40 x 0.40 mm

Theta range for data collection 0.99 to 30.46 °

Limiting indices -56<=h<=60, -22<=k<=12, -34<=]<=31
Reflections collected / unique 58283 /23606 [R(int) = 0.0954]
Completeness to theta = 30.46 94.2 %

Max. and min. transmission 0.9474 and 0.9474

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 23606 /615 /883
Goodrness-of-fit on F? 1.061

Final R indices (I > 2a(I)] R1=0.1355, wR2 = 0.3402

R indices (all data) R1=0.3078, wR2 =0.4380
Extinction coefficient 0.00088(15)

Largest diff. peak and hole 1.134 and -0.476 ¢.A™



Table 2S. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A% x
10°) for 5a.

X y v4 U(eq)
CI(1) 152(1) 1141(1) 4840(1)  72(1)
Cl(2) -526(1) 2677(3) 2698(2) 191(2)
o(1) 1370(1) 1961(2) 5308(1) 44(1)
0(2) 934(1) 2450(2) 6015(1) 48(1)
O(1W) 1167(2) 1580(6) 2821(5) 197(7)
E) 1854(1) 458(2) 5750(1) 52(1)
0(2W) 1049(5) 2489(17)  3532(6) 540(30)
0(4) 1472(1) 1417(2) 6602(1) 62(1)
O(3W) -207(2) 2785(6) 6618(4) 152(5)
0 929(1) 142) 5106(1) 60(1)
O(4W) 402(3) 2454(12)  7428(4) 281(9)
0(6) 305(1) 3233(2) 5249(1) 56(1)
o(7) 1619(1) 770(2) 4827(2) 74(1)
0(8) 748(2) -842(3) 2176(2) 76(2)
N(D) 271(1) 671(3) 4448(2) 58(1)
N(2) 325(1) 420(3) 3527(2) 63(1)
N(3) 19(1) 2404(3) 3869(2) 61(1)
N(4) 1106(1) 49(4) 3293(2) 80(2)
(1) 1311(1) 4484(3) 5955(2) 49(1)
c2) 1439(1) 47133) 6525(2) 57(1)
C(3) 1413(1) 4136(3) 6911(2) 55(1)
C(4) 1253(1) 3354(3) 6768(2) 47(1)
C(5) 1257(1) 2728(3) 7221(2) 54(1)
C(6) 1570(1) 2240(3) 7461(2) 46(1)
ce7) 1777(1) 2373(3) 8007(2) 46(1)

IC(S) 2066(1) 1937(3) 8250(2) 49(1)




Table 2S. (continued) Atomic coordinates (x 10%) and equivalent isotropic displacement

parameters (A2 x 10°) for 5a.

X y z U(eq)
C(9) 2148(1) 1349(3) 7906(2) 50(1)
C(10) 1955(1) 1195(3) 7350(2) 47(1)
C(11) 2071(1) 654(3) 6968(2) 53(1)
C(12) 2182(1) 1221(3) 6571(2) 45(1)
C(13) 2387(1) 1889(3) 6787(2) 54(1)
C(14) 2469(1) 2483(3) 6455(2) 52(1)
C(15) 233](1) 2396(3) 5885(2) S51(1)
C(16) 2122(1) 1727(3) 5636(2) 48(1)
C(17) 1944(1) 1718(3) 5003(2) 52(1)
C(18) 1732(1) 2488(3) 4832(2) 45(1)
C(19) 1825(1) 3155(3) 4563(2) S1(1)
C(20) 1658(1) 3919(3) 4458(2) 57(1)
C(21) 1391(1) 4002(3) 4643(2) 49(1)
C(22) 1291(1) 3353(3) 4921(2) 42(1)
C(23) 1018(1) 3508(3) 5158(2) 46(1)
C(24) 1146(1) 3727(3) 5785(2) 41(1)
C(25) 1458(1) 2603(3) 5000(2) 40(1)
C(26) 1106(1) 3195(3) 6191(2) 38(1)
C(27) 1663(1) 1624(3) 7138(2) 46(1)
C(28) 2059(1) 11283)  5990(2) 44(1)
C(29) 1778(2) 4645(4) 4184(3) 80(2)
C(30) 2006(6) 5133(14) 4657(7) 430(30)
C(@31) 1962(4) 4402(7) 3831(7) 211(1D)
C(32) 1513(3) 5190(7) 3860(6) 210(10)
C(33) 1586(2) 5594(4) 6699(3) 77(2)

C(34) 1937(2) 5485(6) 7114(5) 103(5)




Table 2S. (continued) Atomic coordinates (x 10%) and equivalent isotropic displacement

parameters (A2 X 103) for Sa.

X y y/ Ueq)
C(35) 1572(2) 6137(5) 6208(4) 125(5)
C(36) 1380(2) 6048(5) 7023(4) 80(4)
C(37) 2293(1) 2089(4) 8850(2) 61(2)
C(38) 2629(2) 2087(9) 8905(4) 219(11)
C(39) 2182(5) 2717(12) 9128(5) 390(20)
C(40) 2315(3) 1250(7) 9198(4) 153(9)
C(41) 2917(5) 3077(10) 7267(8) 350(20)
C(42) 2782(6) 3731(12)  6372(6) 380(20)
C(43) 2480(5) 3818(11) 6897(12) 370(30)
C(44) 2675(2) 3245(4) 6720(3) 70(2)
C(45) 1159(1) 1328(3) 4982(2) 54(1)
C(46) 1083(1) 763(3) 5392(2) 57(1)
C(47) 915(1) 651(3) 5449(2) 65(2)
C(48) 1066(2) -682(5) 6026(3) 111(3)
C(49) 1048(3) -1418(6) 6315(4) 158(5)
C(50) 865(2) 22067(5) 6062(4) 140(4)
c(s1) 707(2) -2033(4) 5500(3) 85(2)
C(52) 727(1) -1325(3) 5182(2) 63(2)
C(53) 536(1) -1295(3) 4555(2) 63(2)
C(54) 25(2) -683(4) 3859(2) 72(2)
C(55) 170(2) 411(4) 3413(2) 73(2)
C(56) 84(1) 1093(4) 3384(2) 66(2)
C(57) 234(2) 1935(4) 3626(2) 68(2)
C(58) 154(1) 3247(4) 4086(2) 64(2)
C(59) -52(1) 3668(3) 4377(3) 56(1)

C(60) -340(2) 4088(4) 4061(3) 77(2)




Table 2S. (continued) Atomic coordinates (x 10*) and equivalent 1sotropic displacement

parameters (A2 X 103) for 5a.

X y z U(eq)
C(61) -537(2) 4460(4) 4305(4) 90(2)
C(62) -456(2) 4451(4) 4879(4) 85(2)
C(63) -167(1) 4060(3) 5224(3) 70(2)
C(64) 28(1) 3647(3) 4960(2) 53(1)
C(65) 389(1) 3140(4) 5843(2) 59(1)
C(66) 608(1) 2401(3) 6057(2) 58(1)
C(67) 567(2) 508(4) 3247(2) 69(2)
C(68) 881(2) 122(4) 3606(2) 77(2)
C(69) 1417(2) -504(5) 3659(3) 93(2)
C(70) 1335(2) -1296(5) 3920(3) 77(2)
C(71) 1152(2) -1920(6) 3586(3) 97(2)
C(72) 1073(2) -2618(6) 3791(4) 112(3)
C(73) 1165(2) -2748(5) 4397(4) 110(3)
C(74) 13512) -2127(4) 4744(3) 82(2)
C(75) 1439(1) -1407(4) 4513(3) 71(2)
C(76) 1787(2) -947(4) 5414(3) 80(2)
c(a7 2026(2) -265(3) 5657(3) 75(2)
C(78) 684(4) -1050(11) 2314(6) 450(30)

U(eq) is defined as one third of the trace of the orthogonalized Ujj tensor.



Table 3. Bond lengths [A] for 5a.

Atoms Bond Jengths (A) Atoms - | Bond lengths (A)
O(1)-C(25) 1411(5) C(5)-C(6) 1.514(7)
O(1)-C(45) 1.426(5) C(6)-C(T) 1.385(6)
0(2)-C(26) 1.394(5) C(6)-C27) 1.416(7)
0(2)-C(66) 1.462(6) C(7)-C(8) 1.391(7)
0(3)-C(28) 1.394(6) C(8)-C(9) 1.398(7)
O(3)-C(77) 1.437(6) C(8)-C(37) 1.525(7)
O(4)-C(27) 1.369(5) C(9)-C(10) 1.394(6)
O(5)-C(47) 1.378(6) C(10)-C(27) 1.389(7)
0O(5)-C(46) 1.437(6) C(10)-C(11) 1.500(7)
O(6)-C(64) 1.357(6) C(11)-C(12) 1.537(7)
O(6)-C(65) 1.423(6) C(12)-C(13) 1.379(7)
O(7)-C(75) 1.362(7) C(12)-C(28) 1.389(6)
O(7)-C(76) 1.441(7) C(13)-C(14) 1.387(7)
N(1)-C(53) 1.480(7) C(14)-C(15) 1.367(7)
N(1)-C(54) 1.513(7) C(14)-C(44) 1.524(8)
N(2)-C(67) 1.459(7) C(15)-C(16) 1.407(7)
N(2)-C(56) 1.461(7) C(16)-C(28) 1.394(7)
N(2)-C(55) 1.470(8) C(16)-C(17) 1.523(6)
N(3)-C(57) 1.483(7) C(17)-C(18) 1.508(7)
N(3)-C(58) 1.492(7) C(18)-C(19) 1.389(7)
N(4)-C(68) 1.472(7) C(18)-C(25) 1.408(7)
N(4)-C(69) 1.545(8) C(19)-C(20) 1.397(7)
C(1)-C(24) 1.397(6) C(20)-C21) 1.398(7)

C(1)-C(2) 1.403(7) C(20)-C(29) 1.526(8)
C(2)-C(3) 1.369(7) C(21)-C(22) 1.396(6)
C(2)-C(33) 1.543(8) C(22)-C(25) 1.379(6)
C(3)-C(4) 1.414(7) C(22)-C(23) 1.521(7)
C(4)-C(5) 1.509(7) C(23)-C(24) 1.529(6)




Table 3S. (continued) Bond lengths [A] for Sa.

Atoms Bond lengths (A) Atoms Bond lengths (A)
C(4)-C(26) 1.404(6) C(52)-C(53) 1.519(8)
C(24)-C(26) 1.382(6) C(54)-C(55) 1.525(8)
C(29)-C(31) 1.435(12) C(56)-C(57) 1.526(8)
C(29)-C(32) 1.459(11) C(58)-C(59) 1.495(8)
C(29)-C(30) 1.492(16) C(59)-C(64) 1.391(8)
C(33)-C(35) 1.494(10) C(59)-C(60) 1.409(7)
C(33)-C(34) 1.548(10) C(60)-C(61) 1.351(10)
C(33)-C(36) 1.578(10) C(61)-C(62) 1.369(10)
C(37)-C(39) 1.394(13) C(62)-C(63) 1.416(9)
C(37)-C(38) 1.429(11) C(63)-C(64) 1.406(8)
C(37)-C(40) 1.582(11) C(65)-C(66) 1.500(7)
C(41)-C(44) 1.454(15) C(67)-C(68) 1.498(8)
C(42)-C(44) 1.363(14) C(69)-C(70) 1.519(10)
C(43)-C(44) 1.420(15) C(T1)-C(72) 1.317(12)
C(45I)-C(46) 1.489(7) C(71)-C(70) 1.372(10)
C(47)-C(52) 1.382(7) C(72)-C(73) 1.458(12)
C(47)-C(48) 1.382(8) C(73)-C(74) 1.389(10)
C(48)-C(49) 1.395(10) C(74)-C(75) 1.395(10)
C(49)-C(50) 1.330(1 D) C(75)-C(70) 1.421(9)
C(50)-C(51) 1.354(11) C(76)-C(77) 1.490(8)

C(51)-C(52)

1.401(8)




Table 4S. Bond angles [deg] for 5a.

Atoms

Angles [deg]

Atoms

Angles [deg)

C(25)-0(1)-C(45)
C(26)-0(2)-C(66)
C(28)-0O(3)-C(77)
C(47)-O(5)-C(46)
C(64)-0(6)-C(65)
C(75)-0(7)-C(76)
C(53)-N(1)-C(54)
C(67)-N(2)-C(56)
C(67)-N(2)-C(55)
C(56)-N(2)-C(55)
C(57)-N(3)-C(58)
C(68)-N(4)-C(69)
C(24)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-C(33)
C(1)-C(2)-C(33)
C(2)-C(3)-C(4)
C(26)-C(4)-C(3)
C(26)-C(4)-C(5)
C(3)-C(4)-C(5)
C(4)-C(5)-C(6)
C(7)-C(6)-C(27)
C(7)-C(6)-C(5)
C27)-C(6)-C(5)
C(6)-C(7)-C(8)
C(7)-C(8)-C(9)
C(7)-C(8)-C(37)
C(9)-C(8)-C(37)

115.93)
117.1(4)
112.9(4)
115.7(4)
119.1(4)
116.6(5)
115.0(4)
112.9(5)
110.7(4)
111.3(5)
112.2(5)
112.3(5)
121.8(5)
116.9(5)
122.1(5)
120.9(5)
124.1(5)
116.0(4)
123.4(4)
120.6(4)
115.0(4)
117.4(4)
121.4(4)
121.2(4)
123.8(4)
116.2(4)
123.5(4)
120.4(4)

C(22)-C(23)-C(24)

C(26)-C(24)-C(1)

C(26)-C(24)-C(23)

C(1)-C(24)-C(23)

C(22)-C(25)-C(18)

C(22)-C(25)-0(1)
C(18)-C(25)-0(1)
C(24)-C(26)-0(2)
C(24)-C(26)-C(4)
0(2)-C(26)-C(4)
0(4)-C(27)-C(10)
0(4)-C(27)-C(6)
C(10)-C(27)-C(6)

C(12)-C(28)-C(16)

C(12)-C(28)-0(3)
C(16)-C(28)-0(3)

C(31)-C(29)-C(32)
C(31)-C(29)-C(30)
C(32)-C(29)-C(30)
C(31)-C(29)-C(20)
C(32)-C(29)-C(20)
C(30)-C(29)-C(20)

C(35)-C(33)-C(2)

C(35)-C(33)-C(34)

C(2)-C(33)-C(34)

C(35)-C(33)-C(36)

C(2)-C(33)-C(36)

C(34)-C(33)-C(36)

112.2(4)
118.7(4)
122.1(4)
119.2(4)
122.1(4)
118.6(4)
119.1(4)
118.3(4)
122.0(4)
119.6(4)
116.1(4)
122.6(4)
121.4(4)
120.94)
120.4(4)
118.6(4)
108.5(8)
105.8(14)
109.3(14)
115.2(6)
112.0(6)
105.8(7)
113.0(6)
112.4(7)
108.4(6)
106.8(7)
107.9(5)
108.0(6)




Table 4S. (continued) Bond angles [deg] for 5a.

Atoms

Angles [deg]

Atoms

Angles {deg]

C(3)-C(2)-C(33)
C(39)-C(37)-C(8)
C(38)-C(37)-C(8)
C(39)-C(37)-C(40)
C(38)-C(37)-C(40)
C(8)-C(37)-C(40)
C(42)-C(44)-C(43)
C(42)-C(44)-C(41)
C(43)-C(44)-C(41)
C(42)-C(44)-C(14)
C(43)-C(44)-C(14)
C(41)-C(44)-C(14)
O(1)-C(45)-C(46)
O(5)-C(46)-C(45)
O(5)-C(47)-C(52)
O(5)-C(47)-C(48)
C(52)-C(47)-C(48)
C(47)-C(48)-C(49)
C(50)-C(49)-C(48)
C(49)-C(50)-C(51)
C(50)-C(51)-C(52)
C(47)-C(52)-C(51)
C(47)-C(52)-C(53)
C(51)-C(52)-C(53)
N(1)-C(53)-C(52)
N(1)-C(54)-C(55)
N(2)-C(55)-C(54)
N(2)-C(56)-C(57)
N(3)-C(57)-C(56)

122.1(5)
113.1(6)
113.7(6)
107.1(11)
94.2(7)
108.3(5)
102.0(12)
114.7(12)
98.2(11)
116.7(6)
108.6(8)
113.9(6)
106.1(4)
109.2(4)
115.7(5)
125.4(5)
118.8(5)
119.3(7)
122.0(8)
119.1(7)
121.5(6)
119.0(6)
120.9¢5)
120.1(5)
109.6(4)
112.6(5)
113.2(5)
111.4(4)
[11.1(5)

C(39)-C(37)-C(38)
N(3)-C(58)-C(59)
C(64)-C(59)-C(60)
C(64)-C(59)-C(58)
C(60)-C(59)-C(58)
C(61)-C(60)-C(59)
C(60)-C(61)-C(62)
C(61)-C(62)-C(63)
C(64)-C(63)-C(62)
0(6)-C(64)-C(59)
0(6)-C(64)-C(63)
C(59)-C(64)-C(63)
0(6)-C(65)-C(66)
0(2)-C(66)-C(65)
N(2)-C(67)-C(68)
N(4)-C(68)-C(67)
C(70)-C(69)-N(4)
C(72)-C(71)-C(78)
C(71)-C(72)-C(73)
C(74)-C(73)-C(72)
C(73)-C(74)-C(75)
O(7)-C(75)-C(74)
O(7)-C(75)-C(70)
C(74)-C(75)-C(70)
O(T)-C(76)-C(77)
O(3)-C(77)-C(76)
C(71)-C(70)-C(75)
C(71)-C(70)-C(69)
C(75)-C(70)-C(69)

T118.0(11)
110.7(5)
118.2(5)
121.6(4)
120.2(6)
122.2(7)
119.8(6)
121.1(6)
118.1(6)
116.4(5)
123.0(5)
120.6(5)
[11.7(4)
116.9(4)
109.5(5)
113.1(5)
110.9(6)
123.0(8)
120.9(8)
117.2(9)
120.4(7)
123.7(6)
116.0(6)
120.3(6)
109.0(5)
108.4(5)
118.1(8)
120.6(7)
121.3(6)

Symmetry transformations used to generate equivalent atoms.



Table 5S. Anisotropic displacement parameters (A% x 10°) for 5a.

U1l U22 U33 U23 U13 Ul2
CK(1) 91(1) 62(1) 68(1) -5(1) 30(1) -1(1)
Cl(2) 160(3)  218(4) 1583)  -5(2) 4(2) 30(3)
o(1) 54(2) 38(2) 39(2) 1(1) 13(2) -5(2)
0(2) 42(2) 44(2) 54(2) 2(2) 10(2) 2(2)
O(1W)  107(6)  215(10)  275(14)  125(9) 71(7) 10(5)
0@3) 64(2) 38(2) 49(2) -4(2) 10(2) 6(2)
O(W)  480(30) 800(50)  182(13)  143(19) -105(15)  -450(30)
O4) 72(3) 56(2) 402) -2 -5(2) 11(2)
OBW)  13%(8)  196(10)  134(8)  -34(6) 54(6) -26(6)
0(5) 712) 40(2) 582)  -6(2) 8(2) -17(2)
O@W)  179(10) 480(20)  165(9)  73(10) 34(7) 56(11)
O(6) 49(2) 64(2) 532) 302 14(2) 15(2)
O(7) 79(3) 62(3) 62(2) -15(2) 2(2) 112)
O(8) 934) - 73(3) 45(3) -26(2) 1(3) 8(3)
N(1) 55(3) 57(3) 51(3) -3(2) 4(2) 8(2)
N(2) 66(3) 65(3) 59(3) -5(2) 22(2) 9(2)
N(3) 53(3) 55(3) 69(3) -13(2) 13(2) 5(2)
N(4) 50(3) 121(5) 62(3) 7(3) 10(2) 17(3)
c() 43(3) 43(3) 64(3) 0(2) 212) 1(2)
CQ) 50(3) 47(3) 73(4) -8(3) 20(3) -5(2)
C@3) 50(3) 59(3) 493)  -11(3) 6(2) 1(3)
C@) 37(3) 52(3) 48(3) 2(2) 9(2) 3(2)
C(5) 42(3) 70(4) 47(3) 1(2) 10(2) 9(2)
C(6) 44(3) 49(3) 42(3) 3(2) 10(2) 1(2)
c) 47(3) 48(3) 393)  -8(2) 11(2) -1(2)
C(8) 53(3) 42(3) 453)  -4(2) 5(2) -4(2)




Table 5S. (continued) Anisotropic displacement parameters (A2 x 10°%) for 5a.

U1l U2 us3 U23 U13 Ui2
c(9) 513)  46(3) 403) 8(2) 202) 302)
C(10)  55(3)  37(3) 43(3) 42) 9(2) 2(2)
can @ 3603) 44(3) 42) 8(2) 9(2)
C(12)  523)  34(2) 44(3) 02) 92) 14(2)
C(13)  58(3)  49(3) 46(3) 202) 42) 73)
Cc(14)  503)  4203) 61(3) ) 14(3) 3(2)
C(1s)  603)  43(3) 55(3) 02) 26(3) 102)
C(16)  523)  46(3) 44(3) 1(2) 14(2) 16(2)
CT)  63Q})  463) 48(3) 202) 22(2) 7(2)
C(18)  S1R)  4503) 37(2) 02) 12(2) 402)
19  513)  573) 4903) 8(2) 22(2) 1002)
CR0) 644  54(3) 52(3) 8(2) 20(3) 0(3)
cel)  60(3)  39(3) 48(3) 8(2) 17(2) 72)
CR2)  40(3)  46(3) 35(2) 5(2) 9(2) 3(2)
CR3)  41(3)  43(3) 47(3) 02)  72) 7(2)
Co4) 362  4203) 43(3) 12) 10(2) 5(2)
CRs) 4203  383) 37(2) 0(2) 72) -102)
CR6)  292)  373) 44(3) 32) 72) 3(2)
c2ny 523 4203) 34(2) 12) 12) 9(2)
CR8)  46(3)  39(3) 42(3) 102) 72) 9(2)
CR9)  85(5)  75(4) 87(5) 20(4)  39(4) _1(4)
C(30)  600(40) 390(30)  183(18)  76(17)  -10(20)  -400(30)
C(31)  285(19) 129(10)  330(20)  110(11)  250(18)  S3(10)
C(32) 170(12)  172(12)  350(20)  192(14)  169(14)  85(9)
C(R3)  74@) 624 89(5) 203)  21(4) 2103)
ce4 516 T5(7) 161(10)  -46(6)  7(5) 23(4)




Table 58. (continued) Anisotropic displacement parameters (A% x 10°) for 5a.

Uil U22 U33 U23 U13 U2
C(35) 154(9)  8%(7) 143(9) -7(5) 65(7) -51(6)
C(36) 77(6) 53(5) 105(7) 35(4)  23(5) 0(4)
C@37) 60(4) 71(4) 41(3) 153)  3(3) -3(3)
C(38) 64(7) 410(30)  148(11)  -154(13) -5(6) -36(9)
C(39) 370(30)  420(30)  178(14)  -210(17) -180(16) 270(20)
C(40) 219(17)  130(11)  43(6) 24(6)  46(T)  -37(9)
C(41) 330(30) 185(17)  320(30)  55(14)  -170(20) -171(19)
C(42) 590¢50)  380(30)  172(15)  -136(16) 149(19)  -420(30)
C(43) 290(30)  260(20)  630(60)  -330(30) 250(30)  -140(20)
C(44) 83(4) 46(3) 76(4) -6(3) 23(4) -10(3)
C(45) 66(3) 40(3) 43(3) 202) 0(2) -11(2)
C(46) 61(3) 45(3) 59(3) -8(2) 13(3) -14(2)
C(47) 70(4) 45(3) 63(4) 7(3) 0(3) -11(3)
C(48) 122(6)  80(5) 83(5) 25(4) 30(4)  -44(4)
C(49) 191(10)  118(7) 98(6) 58(6) -42(6)  -57(T)
C(50) 147(8)  79(6) 142(8) 54(5) 21Ty -33(5)
C(51) 84(5) 39(3) 114(6) 10(3) 9(4) 7(3)
C(52) 63(4) 42(3) 73(4) 0(3) 8(3) 6(3)
C(53) 69(4) 43(3) 70(4) 133)  14(3) -9(3)
C(54) 75(4) 76(4) 60(4) 15(3)  14(3) 9(3)
C(55) 80(4) 73(4) 61(4) -9(3) 16(3) A(3)
C(56) 60(4) 75(4) 56(3) -3(3) 10(3) 11(3)
C(57) 64(4) 73(4) 65(4) 0(3) 19(3) 11(3)
C(58) 54(3) 67(4) 59(3) 3(3) 4(3) 0(3)
C(59) 42(3) 37(3) 79(4) 22) 6(3) 42)
C(60) 60(4) 57(4) 87(4) 2(3) -103)  8(3)
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Table 58. (continued) Anisotropic displacement parameters (A x 10”) for 5a.

Ull U22 U33 U23 Ul13 Ul12
C(61) 54(4) 66(4) 125(7)  -16(4) 2(4) 19(3)
C(62) 56(4) 55(4) 142(7)  -20(4) 32(4) 10(3)
C(63) 49(3) 58(4) 100(5)  -10(3) 23(3) 4(3)
C(64) 42(3) 41(3) 72(4) 2(2) 15(3) 2)
C(65) 46(3) 67(4) 64(4) -7(3) 193) -5(3)
C(66) 53(3) 65(4) 51(3) 8(3) 11(3) -16(3)
C(67) 74(4) 70(4) 66(4) 3(3) 27(3) 14(3)
C(68) 73(4) 102(5)  56(4)  -15(3) 22(3) 14(4)
C(69) 63(4) 123(6) 86(5) -9(4) 18(4) 15(4)
C(70) 59(4) 95(5) 67(4)  -33(4) 8(3) 22(3)
(71 95(6) 85(6) 95(5) -32(5) 10(4) 12(5)
C(72) 99(6) 97(7) 114(7)  -53(5) -1(5) L1(5)
C(73) 91(6) 76(5) 1478)  -33(5) 17(5) 12(4)
C(74) 87(5) 57(4) 89(5)  -19(3) 13(4) 10(3)
c(75) 59(4) 66(4) 76(4)  -30(3) 6(3) 12(3)
C(76) 91(5) 52(4) 72(4)  -17(3) 1(3) 28(3)
CITY 64 4203) 81(4)  -173) 8(3) 22(3)
C(78) 390(30)  670(50)  110(12) -230(20)  -158(15)  470(40)

The anisotropic displacement factor exponent takes the form: -2pi*[h*a>*U] 1 + ... +

2hka*b*U12].
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