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Abitract: The mipodel-smine capped beszo crown g-terr-butylcaliz]d]arens (6] was synthesised. The
besiciry of the mitrogen donor in & based on the profocation conmants wis measuned by polesiometric
tirztion. The complexatioo shadies of § with Za{T) iost were alsn carvied out by 'H NMR spectroscopy.
i© 1997 Elsevier Science Lad |

Ome of the most important types of macrocyclic compounds thet plays a very important role in host-guest
chemistry is the cage molecules such as cryplands.” They possess three dimensional structures which enhance the
shility to encapsulate metal jons and snions.™™ p-rerr-Butylcalix[4]arene has been shown 10 be an important
starting building block for host-guest chemistry because it can be chemically modified at the phenolic axygens
(lower rim) and st the para-positions {upper rim). The chemical modifications sssociated with the conformational
propertics lead 10 a large variety of fascinating receptors.”” It is of inlerest to combine the calix[4]arenc
framewark with the cage constructing unit such as tris(2-amino)ethylamine, tren, to synthesise a compound thet
has great potential to bind metal ions and andons. W repornt berein tbe preparation of the inpodal-amine capped
benzo crown p-sert-butylcalix[4]arene (6). To our knowledge, this is the first tren cappsd benxo crown p-ferr-
batylcalix[4]amps that has been synthesised. The compound & is a heterotopic receptor comaining both the Ny
cage and the crown ether like units. It can, therefore, possibly exhibit appealing bost-guest chemistry with metal
jons and anions. The preliminary complexation studies of & with Zn(TT) salts are also described.

The compound & can be prepared from the substitution reaction of calix]4arene with 2,7 equiv. of 2{(1-
formyl-2-phenyljoxyjethylbromide.” 1. in the presence of K;C0O4 in acetonitrile. The reaction under the
condition shown in eg. | yiclded dialdehyde calixf4]arene, 2 (50%) and rialdebyde calix(4jarene, 3 (6% ). The
compounds 2 and 3 were separated by silica gel chromatography using CHCly as an eluent. The compound 3
was characterised by spectroscopy and elemenial analysis.” 'H NMR spectrum of 2 shows (C=0)-H signals at
9.75 and 10,41 ppm in 1:2 integral ratio. Interestingly, signals in the methyl region comesponding to methyl
protons on rerv-butyl groups exhibit complicased patierns suggesting that the calin]4 jarcne framework is oot rigid
in the solution. Condensation reaction of 3 with 1.1 equiv, of tns(2-aminojethylamine in acetronitrile
precipitated an imine or Schiff base product, 4 (46%) which was charactenised by spectroscopy.'® The signals
due to (C=0}-H protons disappesrs, and the signals doe o RN=CH protons dispiay af 882 and 8.92 ppm in the
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'H NMR spectrum of 4. The methyl procon signals exhibits only three singlet lines at 1.35, 1.22 and 0.73 ppm
in 1:1:2 mtio, respectively indicating that the molecule possesses the cone conformation. [t also implies that the
structure of 4 is more rigid thes that of 3 when capped with the tres unit. Hydrogenstion of 4 by 20 equiv. of
NaBH, and subsequently acidifying with HCVWCH,OH (0.74% viv) yielded an ammonium derivative, § (86%)
which shows very broad signals in "H NMR spectrum due 1o the effect of positive charges. There are signals
due to R-NH,"-R and R,NH" appear st 8.55, 9.55 und 10,02 ppm; however, the intagral ratic cannot be
estimated. Due to the mechanism of FAB MS5, the mass spectrum of § shows & strong signal at méz 1191.7
comesponding to molecular weight of the neutralised species 6. Nevertheless, elemental analysis suggests the
existence of 5" 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 suggesis a rigid cone conformation of the
calix{4]arene unit observed from 3 singlet signals due to r-butyl protons at 0,86, 1.3% and 1.41 ppm and 4
doublet signals (I = |3 Hz) due o the bridging methylens protons on the calix[4]arene onit identified by a COSY
experiment &t 3.23, 3.37, 4.45 and 4.85 ppm.
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The ligand & possesses both nitrogen dovors and oxygen donors, It can possibly sccommodate metal
ions and anions in the cavity of amine aitrogen donors or phenolic oxygen donors. 'We have examined the
basicity of the nitrogen donors by determining protonation constants of € in 0.01 M methanolic solution of
tetramethylammonium chioride st 25 *C with potentiometric titration. The titrations were carried out four times a
the pH range of 2.968-12.000. The first, second. third and fourth protonation constants of & obtained from
computer evalustion of the potentiometric titration dats are log K, = 11.8020.05, log K, = 10.8840.09, log K, =
7.7520.10 and log K, = 4.97+0.12, respectively.!’ The first two values are higher than the protonation
constants of tren and bis-trem reported by Manell and Lebn by approximasely an order of magnitude.

The ligand 6 shows selectivity towards metal ioas and anions. Complexation of Zo(Il} jons with the
Mﬂimhmdhdhr‘HM&mﬁmupuﬁmu.“mmmufmmmpm
deduced from the NMR data and the previous studies oo similar calix[4)arens derivatives, are illustratsd in
Scheme 2,617 Although the signals due to the RNCH,;CH,NR are broad when 6 forms complex with Zo(I)
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jons, we can observe the displacement of sigmals due to Ar-t-C(CH,), (a) and -C{CH,),Ar-H (b) on the
calix{4}arene framewaork. In the ZnBr, casc, signals (a) and (b) shift downfield (2-10 Hz) with respect to the free
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i) tris(2-amino)ethylamine, n
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Scheme 1. Preparation method for the compound 6.

ligand & upon increasing mole ratio of ZnBr,. The plot between mole ratio of ZnBr,’6 and the magnimde of
displacement reveals a 1:1 complex formation. One Zn(II) 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]areae
framework must adjust the cavity 10 enclathrate a Br ion. This results in the displacement of prosons (a) and (b).
Curve fitting by iteration technique has been applied to calculate the stability constant for ZaBr,-6: log K =
2.58." In addition, we have isolated the ZnBir, 6 complex and characterised it by elemental analysis: anal, cald.
(found) for Crplle,N,0.Zalir;: C, 63.28 (65.44); H, 6.97 (6.60); N, 1.95 (3.68)." The result thos agrees with
the propossd 1:1 structure, 'H NMR titration of 6 with Za(NO,), also gives the displacement of protons (1) and
(b however, the displacement does pol procoed im the same direction. In addition, we observe that the methyl
protons signals of teri-buty] groups are very complicated suggesting the existence of more than one species in the
RMR solution.”  Another possible species is the 2:1 complex in which two Za(TI) jons reside in §; one Zn(Il)
ion must reside in the wmine nitrogen cavity while the other is in the phenolic oxygen cavity, Scheme 2 (#)."7

This preliminary study, therefore, indicates the selectivity of the ligand § towards & metal and anions.
Hnﬂ:nmnﬁunﬂh:mﬂ:uﬂmufini&nﬂuﬁmuhbyﬂhﬂmmmmmhmw
investigation hmwﬂumuh:ﬁuumdmﬁudduhnrmmmdlﬂm—lmwxm
erysiallography.
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Schame 2. Possible strocrures of Zn(IT)-6 complexes.

Acknowiedgements
We thank Prof. Yodhathai Thebtaranonth for the permission to access 400 MHz NMR spectrometer gi the

National Ceater for Genetic Engineering and Biotechnology. The Thailand Research Fund is also gratefully
scknowbedged for financial suppor.

References apd Notes

Leha, 1.-M. Sspremolacalar Chemipry; VOH: Walshsim, 1995, pp 171
I..lhl.l.vlli.m.ﬂﬂ.h 1978, I, 48. i

Dreerich, 8. Guilbem, I.; Leha, 1-ML; Pascard, C.; Sonveans, E Melwetica Chimica Acta 1984, 57, 9],
LI.II.J.-:J. Paire 4 Chewe. 1980, 52, 2441

.+ Shinksl, 5. J, Swuth. Chem, Jpa. 1995, 53, 41
V. Angew, Chem. Jut Ed 1993, 34, 713,
Pochini, A., Ungarrs, R. In Comprrhensive Supramolecalar Chemisrry; F. Vope, Ed ; Pergamon Press: 1996; Vol 2;

Seangpeaserikij, R.; Asfarl, Z.; Arsusd, F; Vicens, 1. J. Org. Chem, 1984, 55, 1741
Anal, Cald. for 3 (CyyEygOyol: €, 77.99; H, 737, Found: C, TE.IL: H, 7.17. 'H NMR (8 ppm, CDCly, 200 MHz): 0.8

ﬁiﬁﬁ?w.mﬂ”a:nm;amusn Found: C, 65.61; H, 757; N, 1.97. FAB MS
Anal. Cald. for 6 (CopblogN,Oq) C, T7.61: H, 829 N, 4.70. Found: C, 77.57; H. 74%; N. 432 'H NMR (8 ppm,
CDXCly, 400 MHz): 0.86, 139 and 141 (18K, 5H, §H, » each, ROArCICH,), sad HOAICICH,)y); 1.99-2.66 (12H, b, m.
RNCHCH3NR): 3.23, 3.37, 4.45 und 485 (2H each, d (T = 13 Bzl ArCH, HpAsk 375 and 4.18 (4H snd TH. d (1 = 14
M), ArCHNRY, 1.86, 4.03, 4.32 und 458 (12H, m, -OCH,CH,0-); 520 (1H, s, -ArOH); 625, 6.93, 7.15 and 7.47 [12H,
m, -ArHOCH ), 6.56 nnd 7.20 (4H, each, 1, -CICH ), AsSCH,-). FAB MS (mf2): 11917,

The protonation constants of § wese estimuted by the Seperquad comgnter program: Gans, F.: Sabatini, A ; Vacon, A 1.

mhﬁ_,ﬂuhm.lﬂ,nu Tha depromnation constant of methancl & 25 °C wes calculsisd io be
LJCH -

Ml!.:mhlilﬂ.lﬂ:"mum Chem. 1982, 11, 4253,
Typically, the ligaad 6 (0.036 g, 0,030 mmol) was dissobved in CDCly (140 mL) aad placed into 6 NMR tubed (0,40 mi_
cach), Zinc sl (0.053 mmol) is CDy0D (1 mL) wers then added ta the ligand solution in each rube by varying the rato
?nm.'rm

B R; Tomralani, T. S, Incl. Phenows 1997 ia press.
E_wﬂ:j.l‘.,hﬁ'l.?-."m.lihd Fhenom. 1984, 17, 111,
amlm‘mm-m t:;dhhm;ﬂﬂﬂ}wﬂﬂm;md' CHyCly sclition {5 mlL) of &

A0 . renction was Allowsd to mir &t room tempersnare for 48 b White solids precipiunsd from the
reaction. The solvent volimhe s sshsequestly mduced, and wiile sohids were separied by filtration snd weshed wid
MHM.WIEIL![‘}.
The: proton signals due o tereboty] growps sppear s 0.53, 060, (L83, 067, 103, 1.13, 1,17 and 1.1% ppm

(Received on UK 26 March 1997; accepied 18 April 1997)




(QEsearcH ARTICLE

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

Sudarath Veraveng, Yithaya Ruangpornvisufi, Bongkot Pipoosananakaton,
Mongkol Sulowattanasinitt and Thawalchal Tuntubani

Department of Chamistry, Fooulty of Sclence, Chulolonglom Lintvarsity, Bangkok 10030 Thalond,
* Comesponding author.

Recehed 22 Feb 2000
Accepted # May 2000

ABsTRACT Three new tetrsalkylated calix|4]arenes, 25.27-[N.N"-di-((2-ethoxy) benzyl) propylene
diamine] -26,28-dimethoxy-p-tert-butylealix 4] arene dihydrochloride, 7, 25.27-[di{2-ethoxy)
nitrobenzene|-26_28-dimethoxy-p-tert-butylcalix[4}arene, 10, and 25,27-[d1(2-ethoxy)azobenzens]-
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 T were determined to be
111.05" and 94.6 57! in DMS0-dg at 50°C and CD,0D at 27°C. respectively, In CDCly a2 - 30°C. compound
10 was found to exist in both cone and partial cone conformations with the ratio of 43:57. Cyclization
of 10by reductive coupling to 1 1 confined the calix[4]arens unit in cone conformation. The campound
11 in CDCly then underwent conformationsl knterconversion upon Bomerization of the szabenzene

Sciemcedsis 26 (2000) | 163-170

wende beading to mixed conformations of calie[4]arene

KEYWORDS: calixarens, conformation, interconversion. isomerization, azobenzene.

InTRODUCTION

Calix[4]arene is a versatile supramolecular
building block.'"® The molecule possesses a well
preorganized cavity for accommodating guests such
as metal lons. Bath 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 posaible 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
strang 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
conformatlons of compound 1 are found by
theoretical calculations and NMR studies. *7 Shinkai
and covworkers reported that upon increasing solvent
polarity the concentration of the cone conformation
of the calix[4]arene unit in 1 increased.® Later
Reinhoudt and cowarkers have reported the
mechanism of conformational interconversion of &
series of calix|4]arene derivatives, 2, containing 4

1,2=-aHewnals
Scheme 1. Possible conformatiaons of calix[4]anene

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
cong and partial cone and the movement of the aryl
rings depends on the lengths of the bridging ENHEpS.
Bohmer and colleagues demonstrated that the
callx[4]arene unit in a calix[4)arene derivative, 3.
tended (0 be in |, 3-alternate conformation for a
sharter bridging chain,'®

Our group has been working on the synthesis
and complexation studies of di- and trisubstionuted
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 impontant subject to pursue for better
knowladge 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-butylcatix |4 |arene dihydrochioride,
7. 25,27- | di (2-ethoscy) nitrobenzene]-26.28-dimethoxy
-p-teri-butylcalix[4]arene. 10, and 25,27-[di(2-
ethoxy}azobenzene|-26,28-dimethoxy-p-tert-
butylcalix[4]arene, 11. Both T and 11 contaln two
methoxy groups and bridging groups with different
lengths and rigidicy at the lower rim. We have studied
effects of solvents and bridging groups towards the
conformational interconversion of the calix[4 |srene
unit in these compounds.

ExreriMENTAL 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 distilled and stored over 4 A
molecular sieves. Acetonltrile 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 Fyg,, 1 mm, Merck). 25,27-
Di- (2-ethoxy) benzaldehyde-p-tert-butylcalisx [4]
arene, 4,'* and 26,28-dimethoxy-p-tert-butylcalix[4]
arene, 9. were prepared according to methods
described in the literature. Urnless otherwise noted,
all reactions were carried out under nitrogen.

Analytical Instruments
Elemental analyses wese carried out on & Perkin
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Elmer CHON/S analyser (PE2400 series [T), Melting
points were taken on an Electrothermal 3100
apparatus. UV-vislble specira were recorded on &
Spectronic 3000 array spectrophotometer. The 'H-
NMR spectra were recorded efther on a Bruker ACF
200 MHz or a Bruker AM 400 MHz nuclear magnetic
resonance spectrometer. Variable temperature NMRE
experiments were carried out on a JEOL 500 MH=z
NMR spectromeier at the Scientific and
Techinological Research Equipment Center of
Chulalonglkomn 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 sipral as internal reference.

Preparation of 25,27-di- {{2-ethoxy) benzaldehyde) -
26,28-dimethoxy-p-tert-butylealix[4]arene, 5.
Compound 4 (1.12g. 1.19 mmol), BaO (0.19 g, 1.21
mmaol) 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 mmol) and
CH,l (0.39 mL, 6.24 mmol) were added ta the
mixture. The reaction was heated at reflux; for | hour.,
After the reaction was cooled to room temperature,
THF wras evaporated by reduced pressure to dryness.
The residue was dissolved in CH,Cl, and washed
with 1 M HCL The organic layer was subsequently
separated, dried over anhydrous Na, 50, and
evaporated to dryness. The residue was
chromatographed on a silica gel column using 10%
EtDAc 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%).

&, (200 MHz: CDCIy) 0.79 and 1.04 (9H each,
brs, CHyOAr--C Hy, 1.27 (18H, br s, ROAr-t-C, H,).
3.14 (4H. brs. ArCH,Ar), 3.82 (6H.s, OCH,). 4.03-
4.50 (12H, m, OCH,CH,0- and ArCH,Ar). 8.50 (4H.




ScienceAsia 26 (200()

br s, CH,OArH), 6.98-7.05 (BH, m, aromatic and
ROArH), 7.52 (2H, 1, ] 8.3, aromatic), 7.82 (2H. 4, |
7.7, aromatic), 10.44 (2H, br s, CHO); Anal. Cale.
for Co H, Oy C, 78.98; H, 7.87. Found C, 78.97; H.
T.i7.

Preparation of 25,27-[N N'-di-({(Z2-ethoxy)
benzyl) propylenediimine]-26. 28-dimethoxy-p-tert-
butylcalix[4]arene, 6. Into a stirred solution of
compound 5 (0.56 g, 0.58 mmal) 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 6 precipitated after the reaction mixture was
cooled to room temperature. It was isolated by
filtration, washed with cold CH,OH and dried (0.32
B 55%) .

8y (200 MH= CDCLy) 0.79 and 1.03 (8H each,
br s, CH,OAr--C,Hy), 1.27 and 1.32 (9H each, brs,
ROArt-C M), 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 6.50 (4H, br
s, CH,0AcH), 6.70-7.10 (BH, 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 Co;HN,0.: C. 79.57; H, 817; N, 2.77. Found
C.78.49; H, 8.03; N, 2.62.

Preparation of 25.27-|N,N'-di-((2-ethoxy)
benzyl) propylenediamine |-26, 28-dimethoxy-p-tert-
butylcalix{4]arene dilydrochloride, 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 MNa, 50, and
evaporated to dryness to give a white residue. The
residue was added 2% HCI in CH,OH until pH of
the solutlon became |. Upon removal of CH,0H.
white solid of 7 precipitated (0.39 g 77%).

&y, (500 MHz at 100 *C; DMSO-d,) 0.95 (18H, =,
CH,OAr-1-C,Hy), 1.30 (18H. br s, ROAr-C,H,), 2.03
(2H, br m. NCH,CH,CH,N), 2.84 (4H, br m.
NCH,CH,CH,NJ. 3.28 (4H. br m, ArCH,Ar), 3,54
(4H. br s, ArCH,N), 4.11 (6H. br s, OCH,), 4.16-
4.18 (BH. br m, ArCH,Ar and OCH,CH,0). 4.38 (4H.
br m, OCH,CH,0), 6.65 (4H. br s, CH,0ArH), 7.02
(2H, v, ] 8.3, aromatic), 7.12 (2H. d, J 7.2, aromatic),
7.16 (4H, s, ROArH), 7.38 (2H, t. ] 8.3, aromatic),
7.59 {2H. d. ] 7.2, aromatic); MALDI-TOF MS for
[M*]; 1014.2 mi=

Preparation of 2-(2'-bromoethoxy) nitrobenzene, 8.
In a 500 mL two-necked flask equipped with a

&5

magnetic bar and & reflux condenser, o-nitrophenol
(4.45 g. 32.0 mmol), 1.2-dibromoethane {60.11 g,
320.0 mmol) and K,CO, (B.85 g, 64.0 mmol) were
mixed in CHyCN (150 mL). The mixture was
refluxed for 24 hours and then allowed to cool 1o
room temperature. The solld was separated by
filtration and washed with CH,Cl,. The combined
solution was then evaporated to dryness to obtain &
yellow residue. Methanol was subsequently added
mdlﬂﬂwﬂmrﬂﬂnn 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
residus was then dissolved in diethyl ether. The
desired product, 8, crystallized as a bright vellow
solid by adding hexane (5.80 g, 74%).

Melting point: 164-165°C; §, (200 MHz; CDCl,)
365 (2H, v, J6.0,-OCH,CH,Br), 440 (2H, ¢, ] 6.0
-OCH,CH,Br), 7.02-7.10 (2 H. m. aromatic), 7.52
{1 H.t. J8.0, aromatic), 7.81 (1 H. d. J 8.0, aromatic):
Anal. Calc. for CH,BrNO,: C. 39.05; H, 3.28: N,
3,69, 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)arens, 10, In a
250 mL two-necked flask equipped with a magnetic
bar and a condenser. 9 (1.37 g. 2.03 mmal), K,CO,
(1.12 g, B.11 mmol), KOH (3-5 peliets) 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 Nltered and the solid
residue was washed with CH,Cl,. The filtrate was
combined and the solvent was removed o give a
brown viscous residue. The residue was dissalved
in CH,Cl,. washed with saturated NH,CI solution
and extracted with H;0 (2 x 20 mL), The organic
phase was subsequently separated and dried over
anhydrous Na,S0,. After separation of Na,50,, the
solvent was removed to give a dark brown residus.
The residue was redissolved in 8 minimum amount
of CH,Cl; and chromatographed on a silica gel
column with 10% ethyl acetate In hexane as eluent.
The desired product, 1O, was crystallized in
methanal 1o give orange needles (0.41 g, 20%).

Melting point: 189-191°C. §, (200 MHz; CDC1,)
0.4 and 1.05 (9 H each, br s, CH,OArt-Bu), 1.28
{18 H each. br s, ROAr-Bu), 3.00-3.40 (4 H. br.
ArCH,Ar), 3.47 (6 H, s, - OCH,). 3.60-4.60 {12 H,
br, ArCHAr and - OCH,CH,0-}, 6.40-6.69 (4 H. br,
CH,0ArH), 6.92-7.30 (8 H, br, nitrobengzene and ROACH),
151 (2 H, . J 7.0, nitrobenzene), 7.81 (2 H. d, ] 80,
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nitrobergene); Anal. Cale. for CoH, N,0,: C, 7393 H,
TA N, 278, Found C, T3.92; H, 746 N, 276,

Preparation of 25,27-[di(2-ethoxy)azobenzene)-
26,28-dimethoxy-p-tert-butylcalix[4 Jarens, 11,
Compound 10 (0.51 g 0.50 mmaol) in isopropanel
(10.0 mL), NaOH (0.20 g. 5.00 mmol) in H,O (2
mL} and zine {0, lﬂg,lﬂﬂmnﬂmplﬂﬂdlnlﬁﬂ
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 evapocated
to obtain an orange residue, The residue was
dissolved in CH,Cl,, washed with NH,C! and
extracted with H,0 (2 x 20 mL). The organic phase
was separated and dried over anhydrous Na,S0,  The
product was then filtered and purified by silica gel
column with 5% ethyl acetate in hexane as eluent. [t
was crystallized in methanaol and ethyl acetate to give
orange crystals (0.08 g, 12 %).

Melting point: 228-230°C; &, (400 MHz; CDC),)
(.82 and 1.28 (18 H each, 5, -Bu protons), 3.10 and
4.23 (4 Heach, d, J,; 120, AfCH,Ar), 3.44 (B H. 5. -
OCH,), 4.34 and 4.63 (8 H. m. -OCH,CH,0-), 6.42
(4 H, s, CH,OArH), 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 CgH, N,05
C,78.95;:H. 7.91: N, 2.97. Found C, 79.06; H, 7.91;
N, 2.897; UVhvis [l (nm), e {dm®™ mol'»em)]; 334,
19385; 440, 7714,

Resutrs anp Discussion

Synthesis and Characterization

We have synthesized 25.27-N N-di((ethoxy)
benzyl) propylenediamine-26,28-dimethosxy-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 BaC and t-BuOK in THF to
abtain the methylated product, 5, in 28%. The product
5 was further reacted with propylene diamine (1:1
stolchiometry) in acetonlirile to precipitate a Schiff
base. 6. in 55%. The Schifl base was subsequently
reduced with NaBH, in CH,Cl, and then protonated
with 2% /v HCI/CH,OH to give the desired product
7 in 76%. 'H NMR spectra of 5. 6 and 7 in CDCI, at

- BaD, HEOK, CHATHE
vl | P = -
”
4 ]
mﬁﬂ
P oo
% # }H‘EH':I.M [" o,

-T\

T
Scheme 2. Synthetic procedurs for preparasion of 7.

room temperature showed broad signals indicating
the conformational interconversion of the
calise|4]arene framework due to lack of Intramolecular
hydrogen bonding. However, elemental analysis
results of compounds 5-T agres with the proposed
siruciures.

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 B (T4%) and disubstuted
compound (7%), eq |, Excess 1.2-dibromoethane
was neaded In order to produce the monosubstituted
product. If the equimolar amount of 1.2-
dibromosthane was used, the major product was
found to be the disubstituted compaound.

Nitroberzens calix |4 ]arenes, 10, was synthesized
by a nuclsophilic substitution reaction betwesn B
and 9 in the presence of K,CO,. Sugar-llke crystals

C[T’\/JE'—"C[ @qcﬁ:@ U
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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 azobenzens, 11,
which was crystallized from hot methanol 1o give
orange crystals (12%), eq 2. "H NMR spectra and
microanalysis results of B, 10 and 11 agree well with
the proposed structures.

Effects of Solvents and Temperatures towards
Cenformational Interconversion of 7

Due to the bridge between 2 opposite phenaxy
oxygens at the lower rim. the possible conformation
of the calix|[4] arene framework of 7 aie cone, partial
cone and 1, 3-alternate. We thus studied the
conformational behaviors of T by "H NMR spectro-
scopy. 'H-NMR spectra of 7 in CDCL,, DMSO-d, and
CD4OD at room temperature were recorded. The 'H-
NMR spectrum in CDCly, an aprotic solvent. showed
complicated lines of -butyl signals and broad lines
in the aromatic region. In DMSO-d; (Figure lc),
there are three broad singlets appear at 0.81, 0.98
and 127 ppm due to CH,0Ar-t-C H, and ROAr-1-
C,H,. The signals in the aromatic region are also
complicated and broad, The results show that the
eonfarmational interconversion of the calix|4|arens
framework occurs in CDCl, snd DMS0-d,.
Interestingly, the "H NMR spectrum of 7 in CD,0D
{Fig 1b). a polar protic solvent, shows two sharp
singlets of -butyl protons at (.59 and 1.34 ppm and
alsa twa 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 Jarene unic

The temperature dependence of the confor-
mational interconversion in CDCl,, DMS0-d; and
CD,0D were then investigated by variable
temperature NMR spectroscopy. Unfortunately, the
spectra of T in CDCL, showed complicated signals
int all regions and the coalescence podnt cannot be
observed. However, upon Increasing temperature,
the '"H NMR spectra of 7 in DMS0-d; became

oo, P

o juhqr 10 WaoH
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sharper. We have noticed that the singletat 1.30 ppm
was always sharp st various temperatures while the
singlet &t 0.95 ppm was broad and became more
resolved at higher temperature. The signal at 1.30
ppm must belong to B OArC(CH,), and the latter
is assigned to CH,OArC (CH,), because the aryl rings
of R OArC{CH,) ycannot move as freely as the rings
containing CH,0- groups. The spectrum recorded
at 100 °C s illustrated in Figure 1d. The singlets for
CH,0ArH 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 ai 7.02, 7.12, 7.38 and 7.58 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 111.0 5! %%

In addition, studies of the conformational
interchange of 7 at lower temperature have been
performed in CD,0D. The spectrum at -40°C (Fig
1a} shows several singlet peaks in the (-butyl region
and a very complicated signals due to methylens
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 emperature wes found at 27°C with the
line width (at 6.72 ppm) of 43 Hz. The rate of
conformiational interconversion was calculated to be
84.6 5! in CD,OD. However, judging from the
coalescence temperature which is lower in CD,0D,
the rate of interconversion seems to be faster in
CD,0D than in DMS0-d; or CDCl, at the same
temperature. The presence of the hydrogen bonding
in CD,0D may thus be responsible for increasing
the intercanversion rate of the aryl rings of
callx |4 |arene,

[n order to examine the effect of conformational
interconversion on the complexation ability of 7, the
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Fig 1. 'H NMR specera of 7 (a) tn CD,0D ut - 40°C (15} in CO,0D at 27°C () in DMSO-d, at 27°C (d) i DMSO- d, at 1PC. * and
¥ demote the trace of water in the sodvent and the solvent signal, respectivedy,

complexation studies of 7 with Zn™ was performed
by potentiometric titration.'” The result showed that
7 did not form a complex with Zn** as lis 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 CDCl, at room temperature (Figure 2a)
shows complicated broad signals which indicate the
existence of conformation interconversion leading
o & 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 tmplies that the
maovement of the calix[4]arene unit coours an 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 [-butyl protons appear as two singlets
at (.78 and 1.29 ppm. The methoxy protons appear
as a singlet at 3.81 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, 118 and 1.28 ppm (rato 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 methylens bhridge 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
intsgration ratio of the methyl protons of each
conformation to be 43:57.
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The '"H NMR spectrum of the coupling product
(CDCly, 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. 10and 4.23
ppm (] = 12 Hz) and two singlets at 6.24 and 7.01
ppm corresponding to the mefa-protons on the
phenyl rings of calix[4]arene. The t-butyl protons
appear as two sharp singlets at (.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
o connected aryl rings together, which makes it
harder for the methoxy groups to swing through the
calixarerne 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 -butyl protons between 0.7-1.4 ppm.
The reglon 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 ocourrence of mixed conformations In
the NMR time scale and also show that the
conformational interconversion of the calix|[4]arene
unit takes place upon Isomerization of the
azobenzene unit which acts as a bridging group.
Compared to the results obtained by Reinhoudt et
al? compound 2 containing shertest glycolic chain
(n= 1) still showed conformational interconversion.
The length of the bridging chalns may not be the
only one factor in controlling the conformational
tnterconversion. The rigidity or inflexibility 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]arens
frameworks. '+ &

CoNcLusion

The calix[4]arene unit in 7 containing a benzo
propylenediamine bridging group was found o
undergo conformational interconversion at different
rates depending on solvents. In a protic sohvent like




CD,0D, the conformational interconversion seemed
to be faster than in aprotic solvents such as CDCI,
and DM50-d; at the same temperature,

two substituents to ethoxy nitrobenzene (n 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
allowed the calix|4]arene unit to exist in cone
conformation. Reducing rigidity upan 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|arens unit.
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Abstract

A new calix[4]arene derivative comtaining hydrogen bond acceptors.  5,11,17,23-tetra-tavr-buiyl-25,27-bisf(4-
pycidyimethylponxy]-26,28-dibrydroxycalix[4)Jarene (L), has been synthesized 'H-NMR titrations in chloroform-d were
carried out to investigate the bost—guest chemisiry of L towards neutral molecules containing & wide variety of hydrogen
bond donor groaps such as aldehyde derivatives of p-terr-butylcalix[4)arenes {compounds 3 and 4), acetylacetone, 1.2-
diaminoethane, 2,6-disminopyridine, catechol, resorcinol. hydroguintine, phthalic acid, isophihalic acid and terephthalic
lﬂimewmmplnuhilhrmﬂmLpﬂhﬂi:uidmdmull:t{hz.!-tlﬂﬁ.I:I[hl;ﬂ’njdljlmd
polymeric fashions, respectively. In sddition, the solution stractures of these complexes have bean revealed by NOESY
experiments. L forms a 1: | complex with resorcinol by hydrogen honding and van der Waals interactions resubting in &
supramoleculur framework. The phihalic acid molecule ineracts with L via hydrogen bonding end b5 included into the

bower rim cavity of L.

Introdoction

The sssembly of organic supramolécular species incorpor-
ales non-covalent interactions snch as van der Wials effects
and hydrogen bonding to produce specific structural snd
functional properties [1]. Examples are ligquid crysials [2)
and molecular devices such as molecular cages and capsules
[3, 4], Calix[4]arenes, one of the most vergatile building
blocks in supramolecular chemistry, were desivatized s
their self-assembly interactions investigated. Shimirw e af,
have demonstmted the use of self-complementary hydrogen
bonding 10 construct molecular capsules from calix[4]arens
derivatives containing ures mobeties o the upper rim [35].
This type of molecule can bind several polycyclic com-
pounds such as nopinons, myrienal, camphor and iricyclene
o & different exteni depending on the orentation of the guest
molecules [6]. Béhmer and coworkers have also demon-
sirated the use of '"H NMR spectroscopy to unambigu-
ously determine the structures of tstraurea calin[d]arenes
and also the exchange mies for four sets of protons by
KROESY caperiments [7]. Schesrder 7 al [B] showed tha
the bis{ureido)calix]4]arencs gave a hydrogen-bonded dimer
in & pinched cone conformation.

Several assemblies of calix[4]arcne denivatives to-
wards newiral moleculss were abo ivestigated [9-11].

* Amihor for coreespondenoe

Calix[4]arenes containing pyridone moleties o the up-
per nim can bind wren derivatives such as imidazolidon:
in & 1:1 fashion [9). A calix[djarenc substituted with
four carboxylic groups 1 the upper rim ineracted with o
calix[4}arcne comtaining pyridine moieties at the lowes tim
to form a 11 complex, 1, via hydrogen bonding interac-
tons [10]. Corazzs er al. have synthesized an interesiing
oxo-molybdenum calixfd]arens 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 to give & product, 2, which could
be crystallized in nitrobenzene. The crystal structure of the
product shows that nitobenzene is probably stabitized in the
sructure by both hydrogen bonding with &8 HyO molecale
and van der Whaals interactions of the arene rings. Thus far,
the undersumnding of how interactions between hoste and
guests affecied the stractares of the assembled moleculas is
il unclear and, thus, should be a subject 1o parsue.
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and found that the selectivity followed the order Nat = K+
> Rb* = Cs* > Lit [14).
Due to the versatile donor sbilities of pyridinocalix|4]-

mrenés, we are interested in synthesizing & pyridino-
calix[4]arene and studying its interactions with neutral mo-
lecules containing hydrogen bond dooor proups such aa
midohydes, ketones, amines, aloobols and carboxyhic acids.
The complexation studies are carried out by 'H-NMR -
trations, and the solution siractores of the complexes are
determinad by 2D-NMR spectroscopy. The resulls lead o
the understanding of the relationship between size, shape,
interactions betwesn bost/guest and structares of aggregaiad
molecukes

Experimenial
Materials

Unless otherwize stated. all maisnals snd solvenis wers
standard mnalytical grade, parchased from Fluks, 1 T
Baker or Merck, and ased withoui further parification.
Commerncial grade solvems such as acetone,  dichloro-
methane and methanol were distlled and soved over 4
A moleculsr sieves. Chromatographic separations were
performed on silica gel columns (keselgel 60, 0U063-
0.200 mm, Merck) Dentersted solvents {chlosofomm-d,
methanol-dy and DMS0-dg) were stored over 3 A mo-
lecular sicves. p-terr-Baiylcalix[d4]arens [15] s itz de-
rivatives, 3 [16] and 4 [I17], were prepared a3 previ-
ouigly described. 1,2-Dihydroxybenzene (catechol), 1.3-
dibydroxybenrene (resorcingl) and | 4-dibydroxybenzene
{hydroquinone) were parified by sandand procedures [18].
Benzene- | 3-dicarboxylic acid (isophthalic acid) was syn-

thesized according io the procedure deseribed in the fitemi-
ure [19].

Analyrical procediires

Elemental analysis was performed on a Perkin Elmer
CHON/S amalyzer (PE2Z400 series 1) MALDI-TOF mass
spoctm were recorded on a Bruker MALDI-TOF mass spec-
irometer (BIFEX) wsing o-cyanocinmamic acid as matrin,
The melting point messuremen wos cammied ol on an Elee-
wothermal 9100 apparstus. 'H NMR titration and '*C NME
experiments were conducted on a Bruker ACF 200 MHz
nuclesr magnetic resonance spectrometer, Two dimeniional
NMR spectra were recorded on & Jeol 500 MHz nuclesr
muognetic resonance specirometer. Typically, samples were
diszolved in dewemied chloroform and chemical shifis were
recorded using & residual chloroform signal as internal ref-
ercace, All NME experiments were carried out & room
tempemue (15 *C).

Synitketic procedures

Preparasion of 5,11, 17.23-tetra-terr-butyl-25.27-bis{{4-
pyridylmethyl jaxy]-26,28-difydroxyealiz/ 4 Jarene (L)
The following procedure was adapted from the method used
for synthesizing 5.11,17.23-totra-terr-butyl-25,27-bis{(2-
pyridylmethyljoxy]-26, 28 dibydroxycalin[djarens [13], A
suspension of calix[4}arens (2.00 g, 3.08 mmol) und po-
tassiam carbonsie (4.25 g, 30.8 mmal) in the presence of
Mal {2.30 g, 15.3 mmol) in scetoniirile (200 mL) was heated
i reflux onder nitregen for 30 minutes. The methanalic
solution (50 mL) of 4-(chloromethy)pyridine hydrochloride
(1.05 g, 6.40 mmol) was sabsequently added dropwise 1o
the reaction mixiure over & 15 minuoic period. The dark
berown slarry was refluxed for an additionsl 24 howurs. The
solvent was then removed by a rotary evaporator 10 obtain
& dark brown solid, The solid was dissolved in CHiCh
(100 mL} and subsequently washed with (.5 M HCI (150
mL} and | M NaHCOs (150 mL). The arganic layer was
then separsted, dried over anhydrous sodium sulfae and
solvent wia removed under reduced pressure o aifford &
red brown solid. The solid was disgoived in & minimum
amount of dichloromethane and placed on & silica el
columin, Unreacted reagenis were shuted with 2% acel-
one/ichloromethune. The deairad product was eluisd wiik
1(¥% acesone/dichloromethane and was purifisd by adding
diethylether to precipitate & white solid (1.13 g, 44%).
Characterization for L:'H NMR (3 i OO ) 860 (d,
4H, Jh-p = 6.1 Hz, Py-2-proton), 7.64 (d, 4H, Ty =
5.9 Hz, Py-3-proton); 7.05 (s, 4H. HOAMH); 6.99 (s, 2H,
ATOHY, 6.77 (8, 4H, ROArH); 5.05 (s, 4H, OCH3Py). 4.23,
3,31 {dd (AB system), 8H, Jg—i = 13.1 He, ArCH s HpArk
1.28 (8, 18H, HOAr--Cyffo); 0.91 (s, 18H. ROArCylg).
B¢ NMR (4 in CDCls); 30,93, 31,55, 31.68, 33.84, 33.94,
T893, 120.33; 125.13; 12571, 12752 13273, 141.8%,
146013, [47.57, 149,36, 15001 L, 15047, MALDI-TOF M5
(MY, miz): 8303 Amal Caled. for CegHggOyNy: C. 80.93;
H, 8.00; N, 3.37. Foand: C, B0.60; H, 7.92; N, 3.21. Meling
Point: 107 2C.




Host-guest chemistry shudies

Hosi-guest mudies of L with ketones, aldehydes and amines
Typically, a solution of L (0.1039 g. 0.125 mmaol) in CDCly
{2.5 mL) was prepared. To each NMR tube containing 0.2
mL of the L solution wis added 0—4 equivalents of a guest
(0.250 mmsol) in CDCly (2.5 miL). The sobution in esch NMR
tube was adjusted by adding CDCl o the same volums
before the NMRE measuremenis. NME spectm wene then re-
conded. The chemical shifts of the signals were followed and

plotted against the squivalents of the sdded gues.

Hosi—puess studies of L with catechol

A solution of L (0.1039 g, 0.125 mmol) in CDCly (1.5
ml) and & solution of catechol (0.0275 g, 0 250 mmal) in
CDCly (2.5 mlL) were propared. To each NMR tube contain-
ing 0.2 mL of the L solution was added 0-4 squivalants of
catechol. In the case of 5=10 equivalents, a solution of L
(00623 g, 0L0750 mmol) In CDCls (1.5 mL) was preparl
Solid 1,2-Dihydroxybenzene (0-4 equivalents) was sdded 1o
each NMR mube contsining 0.2 mL of the L solution. The
solution in sach NMR ube was adjusted by adding CD{Cly
to the same volume before the NMR measaremems,

Host-guest studies of L with resorcinol. hvdroguinone and
benzene dicarbaryylic acids
Typically, a solution of L (0.0707 g, 0.0&5 1 mmol) in CDCly
(1.7 mL) was prepared. Solid guest compounds (0-4 equival-
ents} were added to esch NME ube containing 0.2 mL of the
L solution. The solution in each NMR tube was asdjusted by
adding CD{Cls 1o the same volume before the NME messure-
ments. Associstion constants were determined using a curve
fitting method [20, 21).

Competitive siudy berween catechol and resorminol
.hmlutiunnt’l.{ﬂ.ﬂ?ﬂ-‘!l, OLOES T mmol) and o solution
of catechol (00275 g, 0.250 mmol) in CDCl (1.7 and 2.5
mlL. respectively) were prepared. In each NMR wbe, 0.2
mL of the propared L solution was mixed with the prepared
solution of catechol (04 equiv.), and the mixture was sub-
sequently transfemed to an NME mbe containing 0-4 equiv,
of solid resorcinol. The solution in each NMR fube was
adjusied by adding CDCly o the same volume before the
HMR measuremenis. Chemical shifts of the minmire were
compared to the known chemical shifis of Lcatechol snd
L-resorcinal.

Theoretien! caleulations

Quantum calculatdons using & moleculer mechanics method
(M4 ) were parformad 1o obiain a gas phase strociure of L
[22). An empirical method, PM3, was used 1o calculate the
structnres of benzene dialcobols and benzene dicarboxylic
acids [23, 24].

49
Remulis and discission

Synihesis and charmcterization

A p-rer-butylcalix[4larene  dedvative, S00,17.23-
tetra-derr-butyl-25,27-bis[(4-pynidyl  methyloxy)-26,28-
dibiydroxycalix{4jarens (L) was synthesized by alkylating
calin|4]arene with 2 equivalents of 4-{chloromethyl ypyridine
hydrochlonide in scetonitrile i the presence of KaCOy as
base and Mal (3 equivalenis) as catalyst (Equation (1))
Separation of the products by column chromatography
(50} using 109 acetone in dichloromethane as elueni
gave L in 44% yield. Compared to other pyridylmethoxy
derivatives such as orhe [13] and meta [14] derivatives,
the para derivative (L) was obtmined in lower yield becanse
ihe M-donor in & para position could not chelue the K+
fon (o form & templale framework that may facilitae the
nucleophilic substilmtion reaction. A "H-NMR spectrum
of L composed of & singlet signal of Ar-OCHy-Py (T} ai
5.05 ppm and two doublets of the sromatic protons on the
pyridine mwictics at B.60 (d) and 7.64 ppm (e) s well as the
signals of the p-teri-butyl calix{4]arene unit which showed a
doublet of doublet signal at 4.23 and 3.31 ppm (designating
the cone conformation). Purthermore, clemental analysis
and MALDI-TOF MS results agree well with the proposed

s .Qmw%

The compound L con possibly form & dimeric struc-
wre in & similar fashion with the bis(ereido)calix]4 larene
a8 reponied by Reinhoud! and colleagues (8], However, the
NOESY spectrum of L in CDClh showed no NOE con-
nectivity between the proton d and the proton f, methylene
bridge and O protons, vide infra. This evidence suggests
that L remains 4 single molecule in the solution.

Hosti—guest chemisiry sudies

"H-NMR titrations have been carried out 1o investigale 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-bisiethoxybenzaldelydaj-
p-teyr-butylcalixf4]arenes (3 and 4), 1. 2-diaminoethane,
16-dinminopyridine, | 2-dihydroxybenzens  (catechol),
I 3-dihydroxybenzene (resorcinol), |.4-dihydroxybenpene
(hydroguinone), benzene- |, 2-dicarboxylic acid (phthalic
acid), benzene- | 3-dicarboxylic acid (isophthalic acid) and
benzene-1 4-dicarboxylic acid (erephthalic acid) has been
used in the investigation. In sddition, & host-guest chem-
isry study between L and 2.4-pemtanedione or scetylscetone
has also been conducied. Generally, scetylacetons oocurs i
poluibon as an equilibnem mixture of 87% enol and 13%
diketone [23]. The keto form conlsins scidic methylens




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

bonding interactions is anticipaied.
n? o

3 4

'H-NMR titrations of L with various hydrogen bond
donors were performed fn CDCly solution at 25 °C. The
resulis showed that the proton on the ortho and meta pos-
itions of the pyridine pendant groups (d and &) only slightly
shified upon addition of ligands 3 and 4, |, 2-diaminoethans,
2 6-dizminopyridine and scetylaceione snd suggessed ihat L
had no recognition iowards such compounds. In the case of
compounds 3 and 4, the hydrogen bonding interactions may
be too weak 1o be ohserved by NMR spectroacopy. For mod-
erale hydrogen bond donors, | 2-disminosthane and 2,6-
diaminopyridine, the sbsence of hydrogen bonding interac-
tion with L. may stem from the slectron repulsion between
N-amine and N-pyridine. It was surprising that no hydrogen
bonding interaction berwesn L and scetylscetone was ob-
served. The intramolecular hydmgen bonding between ~0OH
and OmC-~ in the enol form of scetylacetone must be very
strong and prevents the intermolecular bydrogen bonding o
DECHE,

In the light of the fascinating mobecular stroctures of
1 and 2 which showed molecular sssemblies by hydrogen
bonding and van der Waals interactions, host-guest studies
of L wowards dihydroxybenzenes and benzene dicarboxylic
acids containing two hydrogen bond domor groups at differ-
ent positions are the subjact of our interest. A relationship
between the positions or arentations of the hydrogen bond
donors and the structures/stshilities of the complexes is ex-
pected. Host—guest studies between dihydroxybenzenes and
meﬁﬁumwlﬁqnﬂmnmdﬂum
into & denterated chioroform solution of the host (L), and
intermctions of host and guest molecules were investigated
by 'H-NMR spectroscopy. Due to the insolubility of di-
hydroxybenzencs except catechol, they were added directly
a5 solid inio NMRE twbes. Dissolution of the solids into
the soluwtion of L indicates that the alcobols have intemc-
ted with or formed complexes with L. It was found that the
solution of L could not dissolve hydroquinons, and the Py.2-
muﬂ?ylmm[dudelmmrmrm
THﬂum,LﬁdmtﬂmmlmFﬂ
For catechol and resorcinol, sach H-N?-{Rq:m-nnfnn
complexes with L possessed a doublet of doublet sigmal at
approximately 3.34 and 4,23 ppm (J -~ 13 Hz) suggesting

that L retsined the cone conformation of calix[4jarens apon
complexation.

Addition of resorcinol inm the deuterated chiorform
solution of L led to the evolution of a new set of proton res-
onances at 7.13 (1), 659 {d) and 6.46 (dd) ppm. All signals
except the one for proton d shifted continuously downfielkd
until | equivalent of the goest was added. A plot of chem-
ical induced shift (CIS) against the equivalent of resorcinol
is displayed in Figure la. The plot suggests that L forms
8 complex with resorcinol in & 1:1 fashion. The stability
or complex formation constant of L towards resorcinol has
been estimated using a curve-fitting program 1o be log £ =
31320, 21).

The complexstion of L and resorcingl was also sdied
in methancl-dy and DMSO-dy. Unformnately, the resalts
showed that L did not complex resorcinol in these solvenis
In dewsernted methanod, the complexation of L and re-
sorcinol may be disrapted and replaced by the stronger
hydrogen bonding internctions of methanol towards L and
resorcingl because the hydroxy group of meihanol acted as
both hydrogen bond donors and hydrogen bund acceptors. In
the cage of tetrapyridinocalix [4]arens, the crystsl sinaciure
of the compound showed thal & methanol of solvation was
hydrogen bonded 1o ope pyridine N atom [13]. Either the
hydrogen bond donor character of the O-atom or the pres-
ence of HyO in deuseraled M50 sccounted for the sheence
of an interaction berwesn L and resorcinol in this solvent,

Interestingty, addition of up to 10 equivalents of camechol
produced continuous shifts of all proton signals of L {Fig-
ure |b) except Py-3-proton (e). It should slso be noted that
caiechol was completely dissolved In the solution of L in
spite of the low solubility of catechol (= 10 equivalents of
catechol were added). The CIS of the protons and the evi-
dence from the increasing solubility of catechol suggested
that the interactions between the ammatic protons of cat-
echol and the aromatic profons of L may be in o polymeric
munner. Therefore, the sability constant was not able o he
cakculated using our curve-filting program,

The abilities of L 1o form complexes with benzene di-
carboxylic acids such as phthalic acid, isophihalic acid and
terephthatic acid have been studied by "H-NME tirations
which were carriod 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 sot form complexes with L. Only phthalic
icid dissolved in & solstion (T j of L and a complex
formation constamt was able 10 be estimaed by '"H-NMR
spectroscopy. In addition, each ' H NMR spectrum contained
A pair of doublet signals (F ~ 13 Hz) due 10 the methylene
bridge protons (ArCH3Ar signifying & cone conformation
of calix{4jarenc. The titration resulls shown in Figure Ic
suggesied a | ¢ | stoichiometry of the L.phthafic acid com-
plex. The protons d. e and ArOH were used for determining
& stability constant of L-phthalic acid which was estimased
to be log K = 5.41.

Although the stability constant of the L.catechol éom-
plex could pot be determined, the comparative binding
abifity of catechol and resorcinol was conducted, Addition
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of various stoichiometries of L-catechod in CDClyinto the
same various ratios of resorcinol resubted 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 compleres

In order 10 understand the factors that control the stability
of the complexes, the solution structures of the host-guest
complexss must be determined. Thus, NOESY experiments
for L and the mixture of L snd guests in COCly have been
carried out. It can be clearly seen from the NOESY spectra
of L that the proton ¢ on the pyridine pendant groups has
mteracted with ArOH and the methylene bridge protons (g)
on the calix[4jarene unil. 'We have calculated & structure of
L by MM+ and found that the pyridine pendsnt arms orgas-
ize themselves by bending towards the cafix[4}arens unit.
This is pertinent io the connectivity of the protons observed
In NOESY. The distance between Ny, ~Npy of the pyridine
groups was 6.34 A_ Figure 2 displays connectivities among
protons of L as deduced from the NOESY spectm and
the calculated structure of L which shows the preorganized
cavity of the ligand,

Cerain regions of the NOESY specira of the mixure
of L snd resorcinol in a 1: 1 siichiometry are shown in
Figures 3a and 3b The proton M. of resorcinol is found
3 have a connectivity with the proton d while the protons

[
‘@?
!

Frgwre 2. (a} NOE conneciivities of L. (b) calcaiaed sorunire of L.

Hy and Hy do not show any conmectivities with the proton
d.lnlddiﬁummamhmmcﬂﬂulhtw:mﬂ.mpuﬂ
the proton e. The resorcinol molecule must arrange its #,
nto the cavity of the pyridine pendant arms and pointing M,
and Hf, outwards. This orientation should be stabilized by
hydrogen bonding interactions between resorcinal-08 and
N-pyridine of L. Unexpectedly, connectivities of the pro-
ton Hy with ROAsH (i) and HOArN () of the calix[4)arene
framework are detected. Funthermore, the NOESY spectrum
in Figure 3b shows that the proton B, has s comnectivity with
i-batyl protons (1) of the ArOH rings. These connectivithes
cannot result from through space interactions within o single
aggregnin bocauss (hess protons sre o far from each other
They must arise from interactions with hydrogens of another
molecule. The interactions summarized in Figure 3c imply
that a resorcined molecule must also be included imo the hy-
drophobic upper rim cavity of mnother callx{4 Jarene unit of
L. Recently, Hosseini and coworkers have demonstrated use
of the double fusion of two caliz[4)arenes and p-xylene 10
form & unidirectional supermoleculs in the solid stae [26]
The possible solution structure of L-resorcinol is thus pro-
posed in Figure 3d sccounting for the 1:1 ssoichiometry of
I-resorcinol suggesied by the titration results, The sinsciure
also corretponds with the upfield shifts of the proton d and
all protons of resorcingd due w the dismagnetic anisotropy
of the neighboring ring currents.

NOESY experiments of the [: | mixture of L and
phthalic acid have also been performed in CDCly and &
spectrum is depicted in Figure da. The signal due wo M, on
phithalic acid is superimposed on the signal of the proton
e. Therelore, some interactions related 10 these two protons
canndf be distinguished. From Figure 4a, only the conneciiv-
ity hetwean Hy, of phthalic acid and the proton j of L con be
unambiguousty azsigned. In addition, sn ineraction of the
proton b towards HOAMH can also be observed (Figure 4b)
However, no intermolecular NOE connectivity encouniered
i L-resomcinol has been detecied in the phthalic acid case.
The: resubts imply that phthalic acid resides within the cavity
of L close to the bower rim ArON and HOArH. The pos-
sible solution structure of the L-phthalic acid complex can
be drawn as shown in Figure 4c. The siructure also agrees
with the fact from titrations that ArQMN shified upheld (due
to the anisotropic effect of the phthalic ring curment),

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




Figwee 4. (8] NOESY spectam of L-phtalic scid (8) NOE connectivities, (<) possibie soletions siructore of L-phshulic scid




the NMR tiration resulis indicated the polymernc struc-
tmre of the complex. The data obtained from NOESY are,
therefore, not conclusive enough for deducing the solution
structure of L-caiechol.

Effects of site, 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 reaulis show thai the B-H distunces of HO-Ar-DH
in cafechol. resorcingl and hydroguinone are 3,29, 4.58
and 6.39 A, respectively. For the acids, the H-H distances
of HO-{Ce0)-Ar—{(C=0)-0H in phithalic acid, isophthalic
acid and tercphihalic acid are 582, B.68 and 9.13 4, -
spoctively. Our resulis show that catechol, resorcinol and
phthalic acid can form complexes with L. The size and
dimensionality of hydroquinone, isophthalic acid and ters-
phthalic acid may be unsaitable o form hydrogen bonding
with L or fit into the cavity of L. Phrhalic acid may have
i suitable peometry for its hydroxy groups io form ydro-
gen bonding with Nepyridine of L and simultaneously be
incladed into the lower rim cavity of L. The combination
of hydrogen bonding and the preorganied straciure of L for
inclusion of phihalic acid may account for the high sablity
constant of ihe L-phthalic scid complex. In conirasi, ihe
peometry of catechol and resorcingl are probably too con-
sirained 10 organire such an alignment in the phthalic acid
cate, Nevertheless, the dimensionality of resorcinal must
be appropriaie for the inclusion into am wpper rim cavity
of calix(#]arene. In this case L requires a dramatic disturb-
ance of the calix[4]ar=ne compartment and this may resull in
the lower stability constant of the L-resarcinol comples. In
ihe case of catechol, the palymeric structure of L-catechol
may siem from the versatility of calechol o form both
homosuclear hydrogen bonding (catechol-catechol) and he-
teronuclzar hydrogen bonding (catechol-L). The structurs of
the catechol complex canmot be deduced from the present
dats. More experiments will be carried oul in due coarsa w
elucidate its solution strucgure.

Conclusion

The compound  2527-di-(4-pyridyimethoxy j-p-rert-
tutylcalixfd]arene (L) has been synthesized and found by
MNMR studies 1o interact with some dialcobols and discids.
The recognition of L fowands dialcobols and diacids is as
folbows: pluhalic acid (log X = 5.41) > resorcinol (log K
= 113} > cutechol. L selectively binds resorcingl ina 1: |
fazhion by hydrogen bonding and van der Waals interactions
b0 form & supramoleculasr strocture. L slso forms 5 00
complex with phthalic scid. The phthalic acid molecule was
incloded inta the lower rim cavity of L, amd the complex
was siabilized by hydrogen bonding. Catechol was also
found to form a complex with L in a polymeric manner via
hydrogen bonding interactions. We have demonstrated thus
far that a combination of hydrogen bonding and van der

Lk |

Waals interactions berween L and cenain neutral guests can
result in interesting supramolecular structures,

Acknowledgements

We thank the Thailand Research Fund for financial suppon
{Grant No. PDF4080055) and the Bio-Technology Instinae,
Eh:hhngtannlvmiuﬁIMﬁ.Lnl-Tﬂmemu-
mietry resubts. Mrs. Wanna Srivinnuth of the Sciemtific and
memunﬁm.cnmmn
University is gratefully acknowledged for her help in 2D
NMR experiments. We appreciaie Dr Mongkol Sukwat-
tanasiniit for helpful discussion on the NMR analyses. G.T.
is & student under support of the Development and Promo-
tion of Science and Technology Talemt project. Finally, we
are indebied to the meferess of this anicle for thelr valuable
T T

References

L LM Lebn: Supramedecalor Chemmnry; Concepis sl Pergpecives
VOH Peblichers, 'Weinkeim, pp. 161180 (1905}

1. F Vogil® Seprassolrculur Chamisrre, bohn Wiksy & Som. Mes Yook,

P I3E-28] (E9RLL

L. Bebek, Jo.; Chwm, Soc. Bec 355 {19963

R Chepinias and 1.C. Shermans Termmbeatrod 53, 1590 1 { 1997),

By Shimszn and I, Rebek, Jr. Frov. Mol dead Sei 54, 92

1 24033 {19941

R Casiellino, B.H. Kim and I, Rebek, Fri 0 dog Ol S 110

BT (1597,

O Mogek, M. Poss. V. Bioterer sl W Vg £ Am Chem S 158

FT06 (1597,

I Scheerder. RH. Vioekamp, LFA, Engherma. W, Verboom 1 Pai

van Dhuynborves and DN Redabomt J. Oy, Clignn, 80, 3476 ( 19961

% L-0v van Loon, RO. lesmsen, W, Verboam and DN Beinhoud
Tetretederm Lem 33, 5125 (1992

10, RH. Vieskamp, W, Veshoom and D.N. Reinhoodt: £ O, Ches, 61
A283 ( 1URAL

il F Comeza, C Femiani, A Chicti-Vills ead C. Guastinic J O
Soc., Chem. Comuus, 640 | 1990),

(ir S S.-thlﬂ.T-[Hﬂlh.LAnﬂ-d'!.lMM[‘hmh.Jph
B2, 4055 | 19E),

i3, 5. Pappalsedo, L. Csome M, Fotk 0. Ferguson. LF Gallagher and B
Kaimer; J (g, Clewe. 57 268 1 ( 1992)

I4. 5. Pappalerda, 0. Fergusan. P, Mer and C. Roomc 4 g, Clhem. 80
ASTE (1988,

13, C.0. Cutsche sl M. Ighat: Org, S, 85 234 | 19859},

t6. B Seangpraserij, £ Asfari, F Amood. | Weiss snd J, Vieens J
frcl Plossu, 14, A1 (1992

IT. B Mmskhon, T. Tevules snd V. Ruangpormvisuii: 4 b, Piess,
L ERr i

IB. [0, Perrin asd WL F. Armaregoc Purificsifion af Labarmamry. Clas-
ity Pergamon Fress, Oufoed, p. 117, 196, 373 mnd 399 [18EE)

1, HT Clarke sad ER. Tiplor: Ovg. Sl 32, |35 (19430

M. T Potwree. B Sesngprasenkij-Magee snd T. Temtulanii £ e,
Plagusoors, 20, 99 {1997
Magee and T, Tummslani: Termabedmon 53, 4569 [ 1997)

2. A R Lesch: Molecular Modeiiimg: Principles snd Appiicosiog,
Longwan, Londem, pp. 131706 { 19961,

25 DLP Srewwr S Compur Chean. 10, 2049 1 | 880

M, LA Sorwsrt J, Compur Chesm 10, 27 {19890

a5

i

R R A

. E Breimmier: Srurssne Elvcvdation & VUK b Orgaic (hemsdiiry
A Praviicul Duide. Jobn Wiley & Sons. New Yok . B=00 {19933

. F Hajek, MW, Hosseink £ Oral, AD. Cisn and §, Fieber: Anges
Chami. b, Ed, Eugl, 36, 1760 {1957,




Graphical Abstract

- Tocreate your abstract, type over the instructions in the template box below,

Fonts or sbstract dimensions should not be changed or altered.

Aza crown calix{4]arenes containing cation = ——
and anion ﬂt:s:]:mﬂ: of metal ions | Semaviing misa blenk- Forabstruc mi
towards anion binding abllity —_—— x
Thawatchai Tuntulani,"" Sirilux Poompradub,” Praput Thavornyutikar,' Nongnuj Jaiboon,"
Vithaya Ruangpomvisuti," Narongsak Chaichit,” Zouhair Asfari® and Jacques Vicens® A8

: mmi:mjr! Faculty of Science, Chulalongkorn University,

m ﬁ;ﬁu Faculty of Science, Thammasar Untversity ar Rangsit,
ECPM, Group de Chimie des Interactions Moléculaires Spécifigues, associé au CN,
25, mﬂﬁ“ﬂuuﬁﬁmmﬁﬁﬁ‘;mm. France o

Sm and 5b were synthesised, and their complexation with halide anions
in the presence of various countercations was studied by "H NMR titrations, [ -




-

Tetrahedron Letiers i

Pergamon

Aza crown ether calix[4]arenes containing cation and anion
binding sites: effects of metal ions towards anion binding ability

Thawatchai Tuntulani,*” Sirilux Poompradub,*

t Thavornyutikarn,' Nongnuj Jaiboon,*

Vithaya Ruangpornvisuti,” Narongsak Chaichit,” Zouhair Asfari® and Jacques Vicens®
“Deparment af Chemistry, Faculry of Science, Chulalongkom Universiry, Bongkok (0330, Thailand
*Department of Physics, Faculty of Science, Thammasar Universicy av Rangsit, Patiumthani 12421, Thatland
“ECPM, Groip de Chimiie des interactions Moléculaires Spécifiques. associé au CNRS. 25, rue Becquerel,
F-HF087 Srrashourg Ceder 2, Fromee

Abstract— Tripodul azn crown ether calix{4 jarenes containing both cstion and anfon binding sites (S and Sh) have been symbesised, The
K-y amalysis shows that Sa forms & sell-threaded mtaxane-like structure in the solid stsse. 'H NMR tirations of the two ligands with
various halide anions indicase thet Sa and 5b can form complenes with Br and [ bt not F, However. both compaunds foem more stiable
complexes with I than with By in the presence of BuyN", The presence of K enhances the binding ability of Sa iowands Br. @ 2001

Elsevier Science. All rights reserved.

Keywords, ara crown; calix[4)arene; anion birding: protos amr irstion.

Molecular recognition of abiotic smions by synthetic
receplors has received incressing aftention in the pest few
years scconding lo receni reviews wrilten by Beer and
Gale.! Many of receptors have been used successfully as
sensors  for amions.” Recemtly, synthetic receptors
containing two individual recognition sites for a cation and
an amion have attracted chemist attention. Applications of
such receptors may be found in metal-controlled anion
sensing devices. Reinhoudt and coworkers have elegamly
demonstrated that o calin[4)arene derivative with cation
binding ester groups on the lower rim and anion binding
urea on the upper rim can efficiently biad 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, polvars crown ecther derivatives of peter-
butylcalix[4]arene have been synthesised in our lab. The
ammaonium derivatives are found o form complexes with
COy*, NOy, AsO, and CT in a different extent using
elecrostatic  interactions.”  We are  imterested  in
constructing a ihree dimensional anion receplor by
combining the calix][4]arens frmmework with ns(2-amino)
ethylamine, tren, and glycolic chains 1o obtain & compound

that have boith o cation and sy snion binding siles in the
same molecule. This compound may have grear potential
1o bind 5 metal ion and an anion cooperatively und
welectively, '

Tripodal ara crown ether calix]4 jarenes, 5a and Sh, wee
synthesised according to the procedure shown in Scheme |,
Substitution reactions of p-rerr-butylcaliz[4 Jarene with 3.0
equiv. of 2-(2"-bromoethoxy)benzaldehyde, 1a, and 4-(2"-
broino ethoxy )benzaldehyde. 1b, respectively, werne carried
out in the presence of a base to produce waldehyde
precursors, da and 3b, for preparing the tripodal amine
capped calix{4]arene. The symthesis of 3a was reponed
previously in acetonitribe wsing KOOy as base.  Ths
reaction gave only 6% yield of the desired trialdehyde
derivative.® Furthermore, substitution reactions  using
K,CO;y always gave the disldehyde derivatives, 2a and 2b,
in high yields." Since then. a number of bases and solvents
have been employed w optimize the yields of the desired
products.  Howewer, il was found that resctions in ihe
presence of strong bases such as NaH and KOH underwen
Cannizzaro reactions and gave both alcohol and carboxylic
acid derivatives instead * Finally, we found that reactions
using Bal) in DMF gave higher yiclds of winldehyde calix
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[4larencs, 3a® (21%) and 3" (46%). than those of
dinldehyde calix[4jarencs, Za (20%) and 2b (2%). It
should be notad that the yield of 3b was (wice as much as
that of 3a probably due 1o the less steric hindrance of the
para  isomer faciliating the substiution reaction
Compounds 2 and 3 werc scpamsted by silica gel

using CH,Cl, as eluent. Condensation
reactions of 3a and 3b with 1.1 equiv. of tris(Z-aminc)
ethylamine in acetronitrile precipitated imine or Schiff hase
products, 4&* (95%) and 4b™ (97%). Reduction of da and
db by 20 equiv. of NaBH, and subsequent acidifying with
HCUCH,OH (0.74% wiv) yielded the desired tripodal
smmonium derivatives, Sa* (86%) and 56" (95%). 'H
NMR spectra of compounds 3b-5b possessed four sets of
doublet due 1o the methylene bridge protons oa the calix{4)
arene moicty suggesting the existence of the cone
comiormation.

Scheme 1.

The solid swate structure of compound Sa has been
determined by X-ray crystallography (Figore 1) The
calix[4]arene unil is in & pinched cone conformation. One
of the ethoxy benzyl chains connecting to the fren umit
threads through the cavity of the other two ethoxy benzyl
chains. This structure resembles a self-threaded rotaxane
derivatised from two homooxacalis]3jarenes.” Recentdy,
Vicens and colleagues have also reported & similar structure
of tripodal calix[4){azo)erowns.

Figure 1. Crystal structure of Sa. Hydrogen atoms were
amitted for clariry.

Althougn saitable crystals of b 10r X-Tay analysis canm
be obtuined, the "H NMR spectrum of 5b suggests a more
symmetrical orientation of the glycolic chains.!! Both Sa
and Sb possess N-tripodal ammoniom onits for  binding
aniong and Og-crown ether cavities for binding alkali
cutions. However, the N,-iripodal ammonium cavity of the

para isomer, 5b, shoald have more space than that of the
ortho isomer, Sa. This leads to the different selectivity of
Sa and 5b wwands various amions,

'H MMR (200 MHz) titrations were employed in
complexation studies of Sa and 5b towards halide anions
(F, Br" and T} in the presence of various countercations.”
It was found tha! no displacement of any proton signals of
Sa and Sb occurred upon addition of F. The resull
indicates that Sa and Sb do not form complexes with F.
Addition of Br” and T to Sa and Sh, however, resulied in the
displacement of signals due to -OArRCHNH,"- and -
OArHCH;-. The plot showing the relationship beiween
chemical shifis of the signal due 1w -DArf#CH,:- and
concentrations of iodide anion is depicted in Figure 2 Job
plot analysis indicaies that Sa and 5b bind Br and [ in &
1:1 ligand/anion ratio. Association constants of 5& and 5b
towards Br and [ in the presence of various countercations
such as BuN', Na" and K' calculited by the program
EQMNMR" are collected in Table 1.

(Hix}
1400 o

1480 =
1470 - i
1440 e

450 -™

0.00 .01 0.02 003 0
concentration of added iodide anion (M)

Figure Z. Titration curves of b with I in the presence of
Bu,N", Na"and K.

Table 1. Association constants of ligands Sa and 5h

iowards Br and T in the presence of various
counkercations.”
Metal  Anion Ky )
Sa 5b
Mone” Br 842 6.5
Ma* Br 586 530
K Br 120.1 9
Mone" T 10E.9 137.9
Na* I T1.2 573
K § 1033 i3
"all experiments were carmiad out a1 298 K; errors estimaied

o be less than 15%. "Using Bu,N* as countercation,

The result implies that the tripodal smmonium cavities ol
5a and 5b are soi suitable for binding F. With Bu,N™ as




countercation. Sa and Sb can form more stable complexes
with I, However, the stability of 5b towards I is higher
than S5a. This signifies that the cavity of 5b s mome
suitable for binding a big anion suci as [, In the presence
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of K', Sa shows an increase in binding affinity towards Br
by mearly 1.5 folds. On the other hand, Ma* does not show
sny enhancement in anion binding ability of 5a. The result
suggests that the crown ether unit of Sa prefers binding K*
over Na'. A similar crown ether cavity found in biscalix]4]
arome in which two molecules of calix{4]arone linked by
ﬁ:ugljmh:umuhi.bunrmﬂmhndx‘
selectively.” From the crystal structure of Sa, il is also
possible that an alkali metal jon can coordinate 1o the
crown ether unit and induces the structural recrganization
of Sa to be more appropriate for binding snions (Scheme
1). 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 jons decreases ihe
mnion binding sbility of Sa and Sb can be ratioaslised 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 remin alkali medsl-anion pairs and
compete in binding with the tripodal ammoniom onit of he
ligands.

Scheme L. A metal jon can possibly induce the structural
ienily.

reformation of Sa 1o bind an anion more effic

In summary, we have synihesised two tripodal aza crown
ether calix{4}arencs, 5a and 5b. and shown that both can
bind Br and [ in a different extent depending on
coulercations. We are curremtly  investigating  the
complexation of 5a and S5b towards other anions and also
preparing new ion pair receptors for betier understanding of
such cooperative behaviour and for possible applications in
metal ion-controlled anion extraciion.
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Design and Synthesis of Tripodal Aza Crown Ether Calix[4]
arenes: Anion Binding Studies and Role of Countercations
towards Anion Binding Ability
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“ECPM, Group de Chinie des Interactions Moléculatres Spécifiques, associé an CNRS, 25, rue Becguere!,
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Introduction

During the past decade, chemists have synthesized many types of anion receptors amnd
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
alicyl spacers. Later, Lehn and colleagues have found that macrobicyclic and macrotricyclic
polyamine ligands can selectively bind CI" and Ny, respectively ™!

Recenily, 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 derivative 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 jon pair recognition. Rhenium(l) bipyridyl amide crown ether receptors
were found to complex KCl jon 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
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found to give a significant elecirochemical response to bromide anions in the presence of Li
ion'8

Reinhoudt and coworkers have shown that the tripodal urea podand derivatized form
tris(2-amino)ethylamine, tren. can bind H;POy" selectively by hydrogen bonding.” Recently,
polyaza crown ether derivatives of p-tert-butylcalix[4]arene have been synthesized in our lab,
The ammonium derivatives were found to form complexes with CO:*, NO;', AsOy and CI' in
a different extent.' It is of interest o expand the cavity of our compounds to three dimension
by combining the calix[4]arene framework with the cape constructing unit  such as tris(2-
amino)ethylamine, tren, to synthesize a compound that has great potential to bind metal ions
and anions cooperatively. We report herein the synthesis of the tripodal-amine capped benzo
crown p-rerr-butylcalix[4]arenes, 5a and 5b. The complexation of 5a and 5h towards anions
has been studied in the presence of various countercations in order 1o 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[4Jarene 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 unit. Both Sa and 5b can thus possibly exhibit appealing host-guest
chemistry with both metal ions and anions.

Scheme 1

The synthesis of compounds 5a and Sb was carrded out as shown in Scheme 1.
Substitution reactions of p-rerr-butylcalix[4}arene with 3.0 equiv. of 2-(2"-bromoethoxy)
benzaldehyde, 1a, and 4-(2-bromo ethoxy)benzaldehyde, Ib, respectively, were cartied out
in the presence of a base to produce trialdehyde precursors, 3a and 3b, for preparing the
tripodal amine capped calix[4]arene. The synthesis of 3a was reported previously in
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acetonitrile using K:CO; as base."” This reaction gave only 6% vield of the desired
trialdehyde derivative. Furthermore, substitution reactions using K:COy always gave the
dialdehyde derivatives, 2a and 2b, in high yields ™' Since then, a number of bases and
mlwnuhawbunemp]uycdmnpﬁmlmﬂnyiﬂdwfﬂ:duimdpmdum However, it was
fmdlhﬂmaﬂiﬂnsindmptﬂemnflunnghummhnKDHunﬁhwemﬂmﬂmm
reactions and gave both alcohol and carboxylic acid derivatives instead (Eq. 1).2 Finally, we
fmmdmmtmmﬁmuﬂngﬂnﬂinﬂhﬁ'puhiglmﬁdﬁnﬂdﬂdnhy&mﬁ:[d]mk
(21%) and 3b (46%), than those of dialdehyde calix{4]arenes, 2a (20%) and 2b (2%). Tt
:hmﬂdhuuutudthﬂth:yislduﬁhmtﬁh:ummhultﬂuﬂnpmhab}ydumth:lm
steric hindrance of the pare isomer facilitating the substitution reaction. The 'H-NMR
spectrum of 3a showed (C=0)H at 10.41 and 9.74 ppm and at 9.76 and 9.68 ppm for 3b in
1:2 integral ratio. FAB MS and elemental analysis resulis of 3a and 3b were agreeable with

s A
(ﬂ’l”r“;] + _En'}u" (0

Condensation reactions of 3a and 3b with 1.1 equivalents of fris{2-amino)ethylamine
in a mixture of CHyCN and CHyCly (high dilution) precipitated imines or Schiff base
products, 4a (95%) and 4b (97%). The signals due 1o (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 elemental 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 HCWCHyOH (0.74% v/v) yielded ammonium derivatives, Sa
(B6%) and 5b (95%), which showed very broad signals in the 'H-NMR spectrum due to the
effect of positive charges. Signals due to ArCH;NH;'CH;- appeared at 9.78 and 9.39 ppm
with an integral ratio of 2:1 for Sa and at 8.71 and 8.23 ppm for 5b. Although, mass specira
of 5a and 5b showed a strong signal at m/z 1192.1 corresponding to the molecular weight of
the neutralized species. Nevertheless, clemental analysis result agreed with the proposed
structures. It is interesting that the position of (C=0)H, RN=CH and ArCH,NH;'CHs
protons in 3a-5a appear more downfield than those of 3b-5b probably due to the effect of
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magnetic anisotropy of the adjacent phenyl ring. Neutralization of Sa and 5b with NaOH in
methanol provided the neutral wripodal-amine capped benzocrown calix[4)arene, 6a (72%)
and 6b (80%). Spectroscopic and elemental analysis results of 6a and 6b agreed well with
ihe 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
HiO. The phenyl rings of the calix{4Jarene unit is in a pinched cone conformation,
Interestingly, one of the ethoxy benzyl chains connecting 1o 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.” Recently, Vicens and colleagues
have also reported a similar structure of tripodal calix{4)(azo)crowns.**  Although suitable
erystals of 5b for X-ray analysis cannot be obtained, the '"H NMR spectrum of Sb suggests a
more symmetrical orientation of the glycolic chains. Difference in structure and size of the
cavily of 5a and 5b 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 T), trigonal
planar anions (AsO;" and C05;™) and tetrahedral anions (H;POy, HPO, SO, and PO,
"H NMR (200 MHz) titrations were employed in complexation studies of 5a and 5b towards
amions. NMR titrations for Sa were carried out in DMSO-dy due to the great solubility of 5a
and anion salts in that solvent. The compound 5h, however, were not soluble in DMSO-d,
but soluble in CDCly. Anion salts dissolved quite well in CD.0D. The NMR titrations for
Sb were thus carried out in the mixture of CDCl; and CDLOD.

Although excess NaF and Na;S0, was added to solutions of 5a and 5b, no chemical
shift displacement of any signals in NMR spectra was observed, The result shows that F and
SO, cannot form complexes with Sa and 5b. This is probably due to the size of F and SO,*
which is not appropriate for the ligand cavity.

In case of anions such as AsOy, COy", PO, HPO, and H,PO, (using sodium
salts), we observed interesting phenomena when complexation studies of ligand 5a were
performed.  Upon increasing the mole ratio of anions, white solids precipitated from the
mixture of Sa and AsOy, CO;™ and PO,” . Therefore, NMR titrations cannot be completed
with these anions and the association constants cannot be calculated. However, the solution
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of 5a and HPO,” and H,PO,’ did not precipitate white solids. Upon addition of HPO,® and
H;POy into the solution of 5a, moderate upfield shifts of the signal ArCH.NH,'CHa- at §
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
Sa took place upon complexing HPO,™ and H:PO,'. Association constants of the complexes
of 5a with HPO,” and HzPO,’ thus cannot be calculated.

The complexation studies of 5b 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 NagHPQ, into ligand Sb causes the displacement of the aromatic signal
(at 6.5-80 ppm) of 5b, Na;HPO, cannot be completely dissolved into solution. The
association constant of the complex of 5b and HPO," cannot be determined correctly.
Furthermore, upon addition of excess NaH,PO,-HyO to a solution of 5b, no chemical shifi
displacement in the NMR spectra was observed. The result shows that 5b cannot form a
complex with HoPOy'.

Upon addition of NaBr, Nal and NaNO; to the solutions of 5a, moderate upfield shifts
of the signal ArCH;NHy"CHz- at §9.39 and 9.78 ppm and slightly shifts of aromatic regions
at 8 7.00-8.00 ppm were cbserved 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 5a formed complexes with these anions in a ']
fashion. The association constants were obtained from the resulting tifration curves using the
program EQNMR™ and the values are presented in Table |.

Table 1

In case of Sb, the signal of the ArCH;NH;"CH;- protons in ligand Sb disappeared
because the prolons on ammonium position exchanged with CD;0D. 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 berween host 5b and guests such as Br, I and NOy” was electrostatic interaction and
hydrogen bonding. Job's plots indicated that Sb 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 5a and 5b form




complexes with Br', I' and NOy™ and the stability of the complexes varies as NOy > I' > Br.
This must stem from the fact that both electrostatic and hydrogen bonding interactions are
presented in the case of NOy while Br and I' have only electrostatic interactions with 5a and
Sb. It should also be noted that the interaction of 5a towards NO,' is stronger than that of Sh.
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 T to Sa moderate upfield
shifts of the signal ArCH;NH,"CH;- at § 9.39 and 9.78 ppm and to 5b strongly downfield
shifts of the signal -CHaArH, 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 jodide anion in the presence of various countercations are
depicted in Figure 2. Association constants of 5a and Sb towards Br, I' and NO+ in the
presence of various countercations such as BuyN" and K calculated by the program EQNMR
are collecied in Table 1.

Figure 2

With BusN" as countercation, Sa and 5b can form more stable complexes with .
However, the stability of Sb towards I is higher than 5a, This signifies that the cavity of 5b
18 more suitable for binding a big anion such as . 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 5a. The result suggests that the crown
ether unit of 5a prefers binding K* over Na®. A similar crown ether cavity found in biscalix
[4Jarene in which two molecules of calix[4Jarene 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 ether wnit and induces the structural
reorganization of 5a to be more appropriate for binding anions (Scheme 2). Interestingly, the
binding ability of Sb towards Br and T 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 jons (Na* or
K*) that cannot fit into the cavity size of the crown ether unit in 5a or 5b 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, 5a and
Sb. We have studied anion complexation of Sa and 5b with various anions such as F, Br, I,
NOy, 80,7, CO;", PO, AsOy, HPO,* and H;POy using Na® countercation. In case of
basic anionic guests such as AsOy, CO,” and PO,*, two phenomena have occurred. The first
one is complexation and the second one is deprotonation, We, therefore, cannot calculate the
stability constamts of these complexes. This is the most crucial defect of anion hosts using
ammonium receplors. 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* jon towards
anion binding of 5a 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 2 Bruker ACE 200
MHz nuclear magnetic resonance spectrometer and 400 MHz on a Bruker DRX 400
spectrometer. In all cases, samples were dissolved in deuterated chloroform or methyl
sulfoxide, and chemical shifis were recorded using a residual proton signal as internal
reference.

Elemental analyses were analyzed on a Perkin Elmer CHON/S analyzer (PE2400
series II). Mass specira were determined using VG-Analytical ZAB HF Mass Spectrometer,
The ESI-TOF mass spectra were obtained from a Micromass LCT Mass Spectrometer and the
clectrospray ion trap mass 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, dichloromethane, 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 layer
chromatography (TLC) was carried out using silica gel plates (kieselgel 60 Fasq, | mm,
Merck). 2-(2"-Bromoethoxy)benzaldehyde, 1a,” 4-(2-bromoethoxy)benzaldehyde, Ib,! 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-tert-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 | 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 exiracted
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-terr-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 CH3OH into its (CH3Cly) solution (2.17 g,
21%).

In a similar manner to 3a, the reaction between p-tert-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, CDCly) & (ppm) 10.4] and 9.74 (s each, 2H and
IH, -AnC=0)H); 7.63-6.32 (m, 20H, aromatic protons); 5.22 (s, |H, ArQH); 4.90, 4.42 and
4.16 (m, 12ZH, -OCH;CH;0-}); 4.24 and 3.29 (m, 4H each, ArCH HgAr); 1.36-0.82 (m. 36H.
-Ar-1-CoHy). FAB MS (m/z); 1092.5, Anal Cald for 4a (Cy7HeOyo): C.77.99: H, 7.37.
Found: C,78.11, H, 7.17.




3b: 'H-NMR spectrum (500 MHz, CDCls) 8 (ppm) 9.76 and 9.68 (s each, 2H and 1H,
-Ar(C=0)H), 7.57 and 7.43 (d each, Jyy = 8.7 Hz, 4H and 2H, -OArH,), 7.19 (s, 2H,
HOArH), 7.14 (s, 2H, ROArH), 6.70 and 6.63 (d each, Jiy = 8.7 Hz, 4H and 2H, -OArH,),
6.54 (s, 4H, ROArH), 5.40 (s, 1H, HOAr), 4.86 (m, 2H, OCH,CH,0), 4.45 and 3.32 (d each,
Juar= 12,4 Hz, 4H each, ArCH, HpAr), 4.28 (m, 2H, OCH,CH0), 4.13 (s ,8BH, OCH,CH-0),
1.36 (s, 18H, HOAr-t-CyHy and ROAr-+-CyHs), 0.82 (5, 18H, ROAr--CiHy). MALDI-TOF
MS (m/z): 1093.6. Anal. Cald. for 3b (Cy/HgOuo): C,77.99; H, 7.37. Found: C, 77.91: H,
7.52.

Preparation of 25,26,27-N,N N "tri-((2-ethoxy)benzyl)ethylenetrilmine-p-tert-
butylcalix{4larene, 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 mixiure of 3a, (1.00 g, 0.92 mmol) and acetonitrile
(250 mL) was stired. tris(2-amino)ethylamine (0.16 g, 1.10 mmol) 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 vacue (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%)

d4a: "H-NMR spectrum (200 MHz, CDCl;) & (ppm) 8.93 and 8.83 (s each, |H and 2H,
-CH=N-); 7.91-6.45 (m, 20H, aromatic protons); 5.30 (s, LH, -ArOH); 5.16, 4.53 and 4.04
(m, 12H, -OCH,CH,O); 2.89 (m, 12H, -NCH;CH;N-); 4.39 and 4.33, 3.39 and 3.32 (d each,
2H each, Juu = 13 Hz, ArCHa\HgAr); 1.36, 1.27 and 0.79 (s each, 9H, 9H and 18H, ROAr--
CyHy and HOAr-1-CoHy). FAB MS (m/z): 1185.7 Anal Cald. for 4a-H40 (CrHayN4Oy): 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, CDCly) & (ppm) 8.07 and 7.86 (s each, 1H and 2H,
-CH=N ), 7.38 (d, Juu.y = 8.7 Hz , 4H, -OArH,), 7.20 (s, 2H, HOArH), 7.18 (s, 2H, ROA:H),
6.73 (d, Jy.y = 8.7 Hz, 4H, -OArH;), 6.62 (d, Juu = 2.4 Hz, 2H, ROArH,), 6.52 (d, Jy.y = 2.4
Hz, 2H, ROArH,), 6.32 (5, |H, HOAr), 6.13 (d, Ju.y = 8.8 Hz, 2H, ROArH), 6.02 (d, Juy =
8.8 Hz, 2H.ROArH), 4.92 and 3.32 (d each, Jyuy = 13.0 Hz, 4H, ArCH,HpAr), 4.56 (m, 2H,
OCH>CH,0), 4.33 and 3.23 (d each, Jus = 13.0 Hz, 4H, ArCHHpAr), 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 (m. 4H.
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CH=NCH,CH:N), .59 (m, 2H, CH=NCH; CH:N), 1.39 (s, 9H, HOAr-r-C Hs), 1.36 (s, 9H,
ROAr-r-CyHyg), 0.83 (s, 18H, ROAr-1-CHy). MALDI-TOF MS (m/z): 11846 Anal Cald.
for 4b (CrHeaN4Oy): 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)benzyljethylenctetraamine-p-fers-
butylcalix[4]arene-dHCIl, 5a and 25,26,27-N,NN"-tri{{(4-ethoxy)benzyl)
ethylenetetranmine-p-tert-butylcalix[4Jarene-<4HCI, 5b. Into a 500-mL one-necked round
bottom flask equipped with 8 magnetic bar and a reflux condenser, da (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 1o 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 a minimum amount of methanol and acidified with 0.74% V/V
hydrochloric acid in methanol until the pH of the solution reach 1. Upon slow 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 mmal) in dry CH3Cls (300 mL) yielded 5b. (1.44 g, 84%)

Sa;: '"H-NMR spectrum (DMSO-ds) & (ppm) = 9.78 and 9.38 (s each, broad, 4H and
2H, ArCH;NH,;"CI'); 7.86, 7.66, 7.57, 7.34 and 7.03 (m, 12H, H, Hs H.and Hy); 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, HaN"CH>-Ar and 4H,
ArCH-Ar), 4.18 (m, broad, 10H, OCH;CH;0 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-CoHy and ROAr-1-
CyHs). ESI-TOF MS (m/z): 1192.1 Anal. Cald. for 5a-4H;0 (Cs7H, ;sN40,,Cly): 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;) § 8.71 and 8.23 (s each, broad, 4H and 2H,
ArCH;NH,'CL), 7.79 (d, Jy.u = 8.6 Hz, 4H, -OArH,), 7.36 (d, Jyw = 8.5 Hz, 2H, -OArH,),
7.14 (s, 2H, HOArH), 7.10 (s, 2H, ROArH), 6.92 (d, Jux = 8.7 Hz, 4H, -OArH,), 6.54 (m,
6H, ROArH and -OArH), 6.12 (5, |H, HOAr), 4.56 and 3.30 (d each, Jyy = 13.3 Hz, 4H,
ArCH HyAr), 4.55-4.40 (m, 14H, OCH,CH;0, ArCH;N and ArCH,HgAr), 4.20-3.98 (m,
6H, OCH;CHZO, ArCH:N), 3.70 (s, br, 2H, NCH;CH;N), 3.41-3.10 {m, 10H, NCH;CH;N).
3125(d, Jyy = 13.0 Hz, 2H, ArCH HpAr), 1.34 (s, SH, HOAr-1-CyHs), 1.32 (s, 9H, ROAr-1-
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CyHg), 0.82 (s, 18H, ROAr-r-CHg). MALDI-TOF MS (mfz): 11918 Amal. Cald. for Sh
(CrH mNOCL): 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-cthoxy)benzyl)ethylenetetraamine-p-tert-
butylcalix{4]arene, 6a and 25,26,27-N,N (N ““tri({4-ethoxy)benzyl)ethylenetetranmine-p-
tert-butylcalix(4]arene, 6b. Into a 50-ml. round bottom flask equipped with a magnetic bar,
25,26,27-N,N',N “tri-((2-ethoxy)benzyl Jethylenetetraamine-p-tert-butylcalix{4 Jarene 4 HCI,
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 stirmed 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, CDCly) &ppm) 7.20 and 6.56 (s each, 4H, 1-C
(CH3)sArHCH;-); 747, 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,CH0-); 4.18 and 3,75 (d, 2H and 4H, Jyy = 14 Hz,
ArCH;NR); 7.34 (t, 3H, H. aromatic); 4.85, 4.45, 3.37 and 3.23 (d, 2H each, Jyu = 13 Hz,
ArCH,CHgAr); 2.66-1.99 (m, broad, 12H, RNCH,CH;NR); 1.41, 1.39 and 0.86 (s each, 9H,
9H and 18H, HOAr--Cyfo and ROArt-Coflg). FAB MS (m/z): 11917 Anal. Cald. for 6a
(CrrHoaNLOy): 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)s ArHHCH3-); 6.70-6.30 (m, 12 H, -OAtHOCH;-); 5.39 (s, 1H, -ArOH); 4.85-4.60
(m, 6H, -OCH,CH,O-, ArCH,HgAr), 3.27 (m, ZH, ArCH,HgAr), 3.74-345 (m, 6H, -
OArCH;N-}, 2.86, 2.67, 1.92 (m, broad, 12H, RNCH,CH;NR); 1.32 and 0.83 (s each, I18H
and 18H, HOAr-r-Cofly and ROAr-1-CoHls). FAB MS (mfz): 11917 Anal Cald. for 6b
(CrHeNO): 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 Sa (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 8 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 tltrations. Complexation of 5a and 5b towards various anions such as
arsenite, bromide, carbonate, fluoride, hydrogen phosphate, dihydrogen phosphate, iodide,
nitrate, sulfate and phosphate were studied employing 'H NMR titrations, For Sa, typically, a
0.0250 M solution of ligand 5a (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-d; (1.50 mL). In each NMR tube, the
amount of DMSO-d; was then adjusted to the same quantity. For 5b, typically, a 0.1000 M
solution of a sodium salt (0. 1500 mmol) in CDy0D (1.50 mL) was prepared. Ligand 5b was
brought into the NMR wbes and (.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
berween the complex concentration and the mole fraction of ligands and anions (Br', I and
NOy) 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 5a. Hydrogen atoms were omitted
for clarity.
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Scheme 1. Synthetic procedure of compounds Sa and 5b.
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Table 1. Summary of association constants of ligands Sa and b towards
Various anions.”

Metal Anion Kassce (M)
Sa 5h
MNone” Br B4.2 76.5
Na* Br 58.6 53.0
K" Br 120.1 34.9
None” 108.9 1379
Na* I 112 513
K I 103.3 66.3
Na® NOy 190.2 106.3

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

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 30.46
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [1 > 2a(1)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

CraH 1 12CHNGOy 2
1368.67

293K

0.71073 A
monoclinic, Clfc
a= 43.6552(14) A
b=1590855) A
c=25.1856(T) A
B = 109.4630(10) ®
16491.6(9) AM3

8, 1.119 glem®
0.136 mm™

5976

040 x 040 x 0.40 mm
0.99 1o 30.46 °

S6cshamf(, -22e=ke=]2, -I4<=]<c=1]

58283 / 23606 [R{int) = 0.0954]
94.2 %

0.9474 and 0.9474

Full-matrix least-squares on F*
23606 /615 / 883

1.061

R1=0.1355, wR2 =0.3402

Rl =0.3078, wR2 =0.4380
0.00088(15)

1.134 and -0476 e.A™
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I Table 28. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A2 x
10%) for 5a.
I x y z Uteq)
I Ci(1) 152(1) 1141(1) 4840(1) T2(1)
I Cl(2) -526(1) 2677(3) 2698(2) 191(2)
Q1) 137X 1) 1961(2) 5308(1) 4401}
I 0(2) 934(1) 2450(2) 6015(1) 48(1)
O(1W) 1167(2) | 580(6) 2821(5) 197(7)
l 0(3) 1854(1)  458(2) 5750(1)  52(1)
0(2W) 1049(5) 2480(17)  3532(6) 540(30)
l 0(4) 147201)  1417)  6602(1)  62(D)
D(3W) -207(2) 2785(6) 6618(4) 152(5)
l 0(5) 929(1) 14(2) S106(1) 60(1)
O(4W) 402(3) 2454(12)  7428(4) 281(9)
l : O(6) 05(1) 3233(2) 5249(1) S6(1)
o(7) 1619(1) -770(2) 4827(2) 74(1)
I O(8) 748(2) -842(3) 2176(2) 76(2)
N(1) 271(1) -671(3) 4448(2) 58(1)
I N(2) 325(1) 420(3) 3527(2) 63(1)
N(3) 19(1) 2404(3) 3869(2) 61(1)
l N(4) 1106(1) -49(4) 3293(2) 80(2)
(1) 1311(1) 4484(3) 5955(2) 49(1)
l C(2) 1439(1) 471303) 6525(2) 57(1)
C(3) 1413(1) 4136(3) 6911(2) 55(1)
l Ci4) 1253(1) 3354(3) 6768(2) 47(1)
C(5) 1257(1) 2728(3) T221(2) 54(1)
I Ci6) 1570(1) 2240(3) T461(2) 46(1)
C(7) 1777(1) 2373(3) 8007(2) 46(1)
I C(8) 2066(1) 1937(3) 8250(2) 49(1)
i
i
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I Table 2S. (continued) Atomic coordinates (x 10*) and equivalent isotropic displacement
parameters (A" x 10%) for Sa.
: x ¥ z Uleq)
C(9) 2148(1) 1349(3) 7906(2) 5001)
I C(10) 1955(1)  L195(3) T3S 47(1)
c(11) 2071(1) 654(3) 6968(2) 53(1)
I C(12) 2182(1) 1221(3) 6571(2) 45¢1)
C(13) 23B7(1) 1889(3) 6787(2) S4(1)
I C(14) 2460(1) 2483(3) 6455(2) s2(1)
C(15) 2331(1) 2396(3) 5885(2) 511
. C(16) 2122(1) 1727(3) 5636(2) 48(1)
ca7 1944(1) 1718(3) 5003(2) 52(1)
l C(18) 1732(1) 2488(3) 4832(2) 45(1)
C(19) 1825(1) 3155(3) 4563(2) 51(1)
I C(20) 1658(1) 3919(3) 4458(2) 57(1)
c(21) 1391(1) 4002(3) 4643(2) 49(1)
I C(22) 1291(1) 3353(3) 4921(2) 42(1)
C(23) 1018(1) 3508(3) 5158(2) 46(1)
I C(24) 1146(1) 3727(3) 5785(2) 41(1)
C(25) 1458(1) 2603(3) 5000(2) 40(1)
l C(26) 1106(1) 3195(3) 6191(2) 38(1)
C2T 1663(1) 1624(3) 7138(2) 46(1)
l C(28) 2059(1) 1128(3) 5990(2) 44(1)
C(29) 1778(2) 4645(4) 4184(3) 80(2)
' C(30) 2006(6) S133(14)  4657(7) 430(30)
C(31) 1962(4) 4402(7) 3831(7) 211(11)
I C(32) 1513(3) 5190(7) 3860(6) 210(10)
C(33) 1586(2) 5594(4) 6699(3) 772}
I C(34) 1937(2) 5485(6) T114(5) 103(5)
I
0
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I Table 28. (continued) Atomic coordinates (x 10°) and equivalent isotropic displacement
parameters (A” x 10%) for 5a.
l X ¥ z Uleq)
I C(35) 1572(2) 6137(5) 6208(4) 125(5)
l C(36) 1380(2) 6048(5) T023(4) 80(4)
C(37) 2293(1)  2089(4)  88S0(2) 612
I C(38) 2629(2) 2087(9) 8905(4) 21911}
C(39) 2182(5) 2M7(12)  9128(5) 390(20)
I C(40) 2315(3) 1250(7) 9198(4) 153(9)
C(41) 2917(5) 3077100 7267(8) 350(20)
I C(42) 2782(6) BN 6376 380(20)
Ci43) 2480(5) IBIB(LL)  6897(12)  370(30)
l Ciad) 2675(2)  3245(4) 672000  70(2)
C(45) 1159(1) 1328(3) 4982(2) 54(1)
l C(46) 1083(1)  763@3) 5392(2)  S7(1)
C(47) 915(1) £51(3) 5449(2) 65(2)
i C(a8) 066(2)  -6825)  6026(3)  111(3)
C(49) 1048(3) -1418(6)  6315(4) 158(5)
l C(50) 865(2) 2067(5)  6062(4) 140(4)
C(51) 707(2) -2033(4)  5500(3) 85(2)
l C(52) 727(1) -1325(3)  s182(D) 63(2)
C(53) 536(1) 1295(3)  4555(2) 63(2)
i C(54) 25(2) 688(4)  3859(2)  72(2)
C(55) 170(2) 411(4) 3413(2) 73(2)
U C(56) 84(1) 1093(4)  33842)  66(2)
C(57) 234(2) 1935(4) 3626(2) 68(2)
l C(58) 154(1) 3247(4) 4086(2) 64(2)
C(5%) =32(1) 3668(3) 4377(3) 36(1)
l C(60) -340(2) 4DBS(4) 4061(3) 77(2)
i
q




X ¥ z Uleq)
C(61) -537(2) 4460(4) 4305(4) o0(2)
C(62) -456(2) 4451(4) 4879(4) B5(2)
C(63) -167(1) 4060(3) 5224(3) T0(2)
C(64) 28(1} I647(3) 4960(2) 53(1)
C(65) 389(1) 3140(4) 5843(2) 59(1)
C(66) 608(1) 2401(3) 6037(2) 58(1)
C(67) 367(2) S0B(4) 3247(2) 69(2)
C(68) BEB1(2) 122(4) 3606(2) T7(2)
C(69) 1417(2) -504(5) 3659(3) 93(2)
C{70) 1335(2) -1296(5) 3920(3) THZ)
{71} 1152(2) -192(§6) 3586(3) 97(2)
C{T2) 1073(2) -2618(6) 3791(4) 112(3)
C(73) 1165(2) -2T48(5) 4397(4) L10(3}
C(74) 1351(2) -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(77) 2026(2) -265(3) 5657(3) 73(2)
C(78) 684(d) -1050011)  2314(6) 450(30)

I EE R B & B @ B B D B B S B B B B B B =
I'1

Ufeq) is defined as one third of the trace of the orthogonalized Uij tensor.

i)

Table 2S. (continued) Atomic coordinates (x 10") and equivalent isotropic displacement
parameters (A’ x 10°) for Sa.




Table 38. Bond lengths [A] for Sa.

Aloms Bond lengths (A) Atoms Bond lengths ()
O(1)-C(25) L4L1(5) C(5)-C(6) 1.514(7)
O(1)-Ci45) 1.426(5) C(6)-C(T) 1.385(6)
O(2)-C(26) 1.394(5) C(6)-C(27) L.416{7)
O 2)-C(66) 1.462(6) C(T-C(8) 1.391(7)
O(3)-C(28) 1.394(6) C(8)-C(9) 1.398(T)
O3)-C(TT) 1.437(6) C(8)-C(37) 1.525(T)
O(4)-C(27) 1.369(5) C(9)-C(10) 1.394(6)
O(5)-C(4T) 1.378(6) C(10}-C(27) 1.389(T)
O(5-Ci46) 1. 437(6) C0-C(11) 1.500(7)
Q(6)-C(64) 1.357(6) C(11)-C(12) 1.537(7)
O(6)-C(65) 1.423(6) C(12)-C(13) L379(T)
O(7)-C(75) 1.362(7) C(12)-C(28) 1.3B9(6)
O(T)-C(76) 1.441(T) 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) 1L.51¢T) C(14)-C(44) 1.524(8)
N(2}-C(67) 1.45%(7) C(15)-C(16) LADT(T)
N(2)-C(56) 1461(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(T) C{1T-C(18) 1.508(7)
N(3)-C(58) 1.492(T) C{18)-C(19) 1.38%(T)
MN(4)-C(68) L4727 C(18)-C(25) 1.408(7)
N{4)-C(69) 1.545(8) C(19)-Cr20) 1.397(7)
C(1)-Ci(24) 1.397(6) C(200-C(21) 1.398(7)
C(1)-Ci(2) 1.403(T) C(200-C(29) 1.526(8)
C(2)-C(3) 1.369(T) 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) 14147} C(22)-C(23) 1.521(7)
C{4)-C(5) 1.509(T) C(23)-C(24) 1.529(6)




Table 38. (continued) Bond lengths [A] for Sa.

Atoms Bond lengths (&) Atoms Bond lengths (A)

C(4)-C(26) L404(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) CI56-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) L.351(10)
C(33)-C(36) 1.578(10) Ci61)-Ci62) 1.369(10)
C(37T)-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) L582(11) Ci65)-C(66) 1.500(7)
Ci41)-Ci44) 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(42)-C(44) 1.420(15) C(71)-C(72) 1.317(12)
C{45)-C(46) L489(T) C-C(70) L3TH10)
Ci47)-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)
Ci(48)-C(49) 1.395(10) C(74)-C(75) 1.395(10)
C(49)-C(50) 1.330(11) C(75)-C(70) 1.421(9)
C(50)-C(51) 1.354(11) C(76)-C(TT 1.490(8)
C(51)-C(52) 1.401(8)




Table 45, Bond angles [deg] for Sa.

Atoms Angles [deg] Atoms Angles [deg]
C(25)-0( 1 )-C(45) 115.9(3) C(22)-C(23)-C(24) 112.2(4)
C(26)-002)-C(66) 117.1(4) C{(26)-C(24)-C(1) 118.7(4)
C(28)-0(3)-C(77) 112.9(4) C(26)-C(24)-C(23) 122.1(4)
Cl47)-0(5)-C(46) 115.7(4) C(1)-C(24)-C(23) 119.2(4)
C(64)-0{(6)-C(65) 119.1(4) C(22)-C(25)-C(18) 122.1(4)
C(75)-0(T)-C(76) 116.6(5) C(22)-C(25)-0(1) 118.6(4)
C(53)-N{1)-C(54) 115.004) C(18)-C(25)-0(1) 119.1(4)
C(67)-N(2)-C(56) 112.9(5) Ci24)-C(26)-0(2) 118.3(4)
C(67)-N(2)-C(55) 110.7(4) C(24)-C\26)-C(4) 122.0(4)
C(56)-N(2)-C(55) 111.3(5) 0O(2)-C(26)-C(4) 119.6(4)
C(57)-N{3)}-C(58) 112.2(5) O(4)-C(2T-C(10) 116.1(4)
C(68)-N(4)-C(69) 112,3(5) O(4)-C(2T)-C(6) 122.6(4)
C(24)-C(11-C(2) 121.8(5) C(10}-C(27)-C(6) 121.4(4)
C(3)-C(2)-C(1) 116.9(5) C(12)-C(28)-C(16) 120.9(4)
C(3)-C(2)-C(33) 122.1(5) C(12)-C(28)-0(3) 120.4(4)
C{1)-C(2)-C(33) 120.9(5) C{16)-C(28)-0(3) 118.6(4)
C(2)-C(3)-C(4) 124.1(5) C(31)-C(29)-C(32) 108.5(8)
C(26)-C(4)-C(3) 116.0(4) C{31)-C(29)-C(30) 105.8(14)
C(26)-C(4)-C(5) 123.4(4) C(32)-C(29)-C(30) 109.3(14)
C(3)-C(4)-C(5) 120.6(4) C(31)-C(29)-C(20) 115.2(6)
C(4)-C(5)-C(6) 115.004) C(32)-C(29)-C(20) 112.0(6)
CT-C(6)-C(27) 117.4(4) C(30)-C(29)-C(20) 105.8(7)
C(T-C(6)-C(5) 121.4(4) C(35)-C(33)-C(2) 113.0(6)
C(2T)-C(6)-C(5) 121.2(4) C(35)-C(33)-C(34) 112.4(T)
C(6)-C(7)-C(8) 123.8(4) Ci2)-C(33)-C(34) 108.4(6)
C(T-C(8)-C(9) 116.2(4) C(35)-C{33)-C(36) 106.8(7)
C(7)-C(8)-C(37) 123.5(4) C(2)-C(33)-C(36) 107.9(5)
C(9)-C(8)-C(37) 120.4(4) C(34)-C(33)-CA6) 108.0(6)




-
l L]
l Table 4S. (continued) Bond angles [deg] for Sa.
Atoms Angles [deg) Atoms Angles [deg]
B CErCEICr) Z216) | CO%-Co7Ca8 | T80
C(39)-C(37)-C(8) 113.1(6) N{3)-C(58)-C(59) 110.7(5)
l C(38)-C(37)-C(8) 113.7(6) C(64)-C(59)-C(60) 118.2(%)
C(39)-C(37)-C(40) 107.1(11) C(64)-C(59)-C(58) 121.6(4)
I C(38)-C(37)-C(40) 94.2(T) C(60)-C(59)-C(58) 120.2(6)
C(8)-C(37)-C(40) 108.3(5) C(61)-C(60)-C(59) 122.2(T)
I C(42)-C(44)-C(43) 102.0(12) C(60)-C(61)-C(62) 119.8(6)
C(42)-C(44)-C(41) 114.7(12) C(61)-C(62)-C(63) 121.1(6)
' C43)-C(44)-C(41) 98.2(11) C(64)-C(63)-C(62) 118.1(6)
C(42)-C(44)-C(14) 116.7(6) 0(6)-C(64)-C(59) 116.4(5)
l C(43)-C(44)-C(14) 108.6(8) O(6)-C(64)-C(63) 123.0(5)
C(41)-C(44)-C(14) 113.9(6) C(59)-C(64)-C(63) 120.6(5)
I O 1)-C(45)-C(46) 106.1{4) O(6)-C(65)-C(66) L11,7(4)
O(5)-C(46)-C(45) 109.2(4) 0(2)-C(66)-C(65) 116.9(4)
l O(5)-C(47)-C(52) 115.7(5) N(2)-C(67)-C(68) 109.5(5)
O(5)-C(47)-C(48) 125.4(5) N(4)-C(68)-C(67) 113.1(5)
l C(52)-C(47)-C(48) 118.8(5) C(70)-C(69)-N(4) 110.9(6)
C(47)-C(48)-C(49) 119.3(7) C(72)-C(T1)-C(78) 123.0(8)
l C(50)-C(49)-C(48) 122.008) C{T1-C(T2)-C(73) 120.9(8)
C(49)-C(50)-C(51) 119.1(T) C(74)-C(13)-C(72) 117.2(9)
I C{50)-C(51)-C(52) 121.5¢6) C(TH-C(74)}-C(T5) 120.4(7)
I C(47)-C(52)-C(51) 119.0(6) O(T)-C(75)-C(T4) 123.7(6)
C(47)-C(52)-C(53) 120.9(5) O(7)-C(75)-C(T0) 116.0(6)
I C(51)-C(52)-C(53) 120.1(5) C(74)-C(75)-C(70) 120.3(6)
N(1)-C(53)-C(52) 109.6(4) O{T)-C(76)-C(TT) 109.0(5)
l N(1)-C(54)-C(55) 1 11&;5] O(3)-CITH-C(T6) 108.4(5)
N{2)}-C(55)-C(54) 113.2(5) C(71)-C(70)-C(75) 118.1(8)
l MN{2)-C(56)-C(5T) 111.4{4) CO-CT0-Ci69) 120.6(7)
N(3)-C(57)-C(56) 111.1(5) C(75)-C(70)-C(69) 121.3(6)
l Symmetry transformations used to generaie equivalent atoms.
b
i




Table 58. Anisotropic displacement parameters (A? x 10”) for Sa.

Ull v22 U33 uz3 Ul3 Uiz
Ci1) 91(1) 62(1) 68(1) -5(1) 30(1) -I(1)
Cl2) I160(3)  218(4) 158(3)  -5(2) 4(2) 30(3)
O(1) 54(2) 38(2) 39(2) 1(1) 13(2) -5(2)
0O(2) 42(2) 44(2) 54(2) 2(2) 10(2) -2(2)
O(1W) 107(6)  215(10)  275(14) 125(9) TUT 10(5)
0(3) 64(2) 38(2) 49(2) -4(2) 10(2) 6(2)
O(2ZW)  480(30) B0O(50)  182(13)  143(19) -105(15)  -450(30)
Oq4) 72(3) 6(2) 4(2) -1(2) -3(2) 11{2)
O3wW) 132(8)  196(10) 134(8)  -34(6) 54(6) -26(6)
O(5) T1(2) 40(2) 58(2)  -6(2) 8(2) -17(2Z)
O{4W) 1790107  480(20)  165(9)  73(10) 34(T) 56(11)
0(6) 49(2) 64(2) 33(2) 3(2) 142) . 15(2)
(7} 7%3) 62(3) 62(2) -15(2) -2(2) 11(2)
O(8) 93(4) 73(3) 45(3) -26(2) 1(3) 8(3)
N(1) 55(3) 57(3) 51(3) -3(2) 4(2) B(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(1) 43(3) 43(3) 64(3) 0(2) 21(2) 1(2)
C(2) 5003) 47(3) 73(4) -8(3) 20(3) -5(2)
C(3) 50(3) 59(3) 45(3) -11(3} 6(2) 1(3)
C(4) 37(3) 52(3) 48(3) -2(2) N2) 3(2)
C(s) 42(3) 70(4) 47(3) 1(2) 10(2) 2(2)
C(6) 44(3) 49(3) 42(3) 2) 10(2) 1(2)
C(7) 47(3) 48(3) 39(3) -8(2) 11(2) -1(2)
C(8) 33(3) 42(3) 45(3) 42 5(2) -4(2)

I




.

Table 55. (continued) Anisotropic displacement parameters (A? x 10" for Sa.

U1l Uz2 33 U23 U3 Ul2
C(%) 51(3) 46(3) 40(3) 8(2) -2(2) 32)
(10 33(3) 37(3) 43(3) 4(2) 9(2) 2(2)
C(11} 71(4) 36(3) 44(3) 4(2) 8(2) 2)
C(12) 32(3) 34(2) 44(3) 0(2) 9(2) 14{2)
C(13) 38(3) 49(3) 46(3) -2(2) 4(2) 7(3)
C(14) 50(3)  42(3) 61(3) 7(2) 14(3) 3(2)
C(15) 60(3)  43(3) 55(3) 0(2) 26(3) 10(2)
C(16) 32(3) 46(3) 44(3) 1{2}) 14(2) 16(2)
Ci17) 63(3) 46(3) 48(3) -2(2) 22(2) T(2)
C(18) 513)  45(3) 37(2) 0(2) 12(2) 4(2)
C(19) 51(3) 37(3) 45(3) 8(2) 22(2) 10(2)
C(20)  64(4)  S43) 23 8Q2) 2003) 0(3)
Ci21) 603 39(3) 48(3) 8(2) 17(2) 1(2)
C(22) 4(3) 46(3) 35(2) 5(2) 9(2) 3(2)
0(23) 41(3)  43(3) 47(3) 10(2) 7(2) 2)
C(24) 36(2) 42(3) 43(3) -1(2) 10(2) 5(2)
C(25)  4203) 38(3) 37(2) 0(2) 2 -1(2)
C(26) 2%2) 37(3) 44(3) 32} T(2) 3(2)
Ci27 52(3)  4203) 34(2) -1(2) 1(2) -9(2)
C(28) 46(3)  39(3) 42(3) -1{2) 7(2) 9(2)
C(29) 85(5)  75(4) 87(5) 29(4) 39(4) -1{4)
C(30) 600(40) 390(30)  183(18)  76(17)  -1020)  -400(30)
C(31) 285(19)  129(10)  330(20)  110(11) 250(18)  S53(10)
C(32) 170(12) 172(12)  350(20)  192(14) 169(14)  85(9)
C(33) 744)  62(4) 89(5) 2003)  21(4) -21(3)
C(34) 51(6)  75(7) 161(10)  -46(6)  7(5) -23(4)
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Table 58. (continued) Anisotropic displacement parameters (A’ x 10%) for 5a.

Ull U22 U33 U3 U13 Uiz
C(9) 31(3) 46(3) 40(3) 8(2) -2(2) 3(2)
C(10) 55(3) 37(3) 43(3) 4(2) %(2) 2(2)
C(11) 71{4) 36(3) 44(3) 4(2) 8(2) X2)
C(12) 52(3)  34(2) 44(3) 0(2) %2) 14(2)
C(13) 38(3) 49(3) 46(3) -2(2) 4(2) 7(3)
C(14) 50(3) 42(3) 61(3) -1(2) 14(3) 3(2)
C(15) 60(3) 43(3) 55(3) 0(2) 26(3) 10(2)
C(16) 52(3) 46(3) 44(3) 1(2) 14(2) 16(2)
c(17) 63(3) 46(3) 48(3) -2(2) 22(2) 7(2)
C(18) 51(3) 45(3) 37(2) 0(2) 12(2) 4(2)

51(3) 57(3) 49(3) 8(2) 22(2) 10(2)
C(20) 64(4) 54(3) 32(3) 8(2) 20(3) 0e3)
C2n 60(3) 3N(3) 48(3) 8(2) 17(2) 2)
C(22) 40(3) 46(3) 35(2) 5(2) %2) 3(2)
C(23) 41(3) 43(3) 47(3) 10(2) 7(2) 2)
C(24) 36(2) 42(3) 43(3) -1(2) 10(2) 5(2)
C(25) 42(3) 38(3) 37(2) 0(2) 7(2) -1(2)
C(26) 29(2) 37(3) 44(3) 3(2) 7(2) 3(2)
C{27) 52(3) 42(3) 34(2) -1(2) 1(2) -9(2)
C(28) 46(3) 39(3) 42(3) -1(2) 7(2) %(2)
C(29) 85(5) 75(4) 87(5) 2%(4) 39(4) -1(4)
C(30) 600(40)  390(30)  183(18)  T(17)  -10(20)  -400(30)
C(31) 285(19) 1290100  330(20)  110(11)  250(18)  53(10)
C(32) 170(12)  172(12) ~ 350(20)  192(14)  169(14)  85(9)
C(33) T4(4) 62(4) 29(5) 2003) 21(4) -21(3)
C(34) 51(6) 75(7) 161(10)  46(6)  7(5) -23(4)
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Table S8, (continued) Anisotropic displacement parameters (A? x 10%) for Sa,

Ul1 U2 U33 u23 U13 Ui2
C35) 1549 8% W39 US)  65(T)  -SI6)
C(36) THE) 33(5) 105(7) -35(4) 23(3) 0(4)
cEn 60(4)  T1(4) 41(3) 153 3 -3(3)
C(38) 64(T)  ALO(30)  148(11)  -154(13) -5(6) -36(9)
C(39) 370(30)  420(30)  17B(14)  -210(17) -180(16) 270(20)
C(40) 219017)  130(11)  43(6) 24(6)  46(T)  -37(9)
C(41) 330(30) IBS(17)  320030)  $5(14)  -170(20) -171(19)
C(42) 590(50) 3B0(30)  172(15)  -136(16) 149(19}  -420(30)
Ci43) 200030) 2600209 630(60)  -330(30) 250(30) - 140(20)
Cia4) B3(4) 46(3) T6(4) -6(3) 23(4) -10(3)
C(45) 66(3)  40(3) 43(3) 2(2) 0(2) -112)
C{46) 61(3) 45(3) 39(3) -B(2) 13(3) -14{2)
C{47) T0(4) 43(3) 63(4) 7(3) 03) -11(3)
C(48) 122(6)  80(5) 83(5) 25(4)  30(4)  -44(d)
C(49) 191(10)  118(7) 98(6) 58(6)  426) 57N
C(50) 147(8)  79(6) 142(8) 545  -2UT)  -3%(5)
Ci1) 84(5)  39(3) L14(6) 10(3) o) (3)
C(52) 63(4) 42(3) 734) O(3) B(3) 6(3)
C(53) 69(4) 43(3) T0(4) -13(3) 14(3) -9(3)
C(54) 754)  76(4) 60(4) 15 43 -9(3)
C(55) BO(4)  T73(4) 61(4) -0(3) 16(3)  -4(3)
C(56) 60(d)  T5(4) 56(3) -8(3) 10(3) 11(3)
C(57) 64(4)  TIH4) 65(4) 0(3) 19(3) 11(3)
C(58) 54(3) 67(4) 39(3) 3(3) 4(3) 0(3)
C(59) 42(3) 3T3) T9(4) -2(2) 6(3) 42)
C(60) 60(d)  S57(4) 87(4) 2(3) 103 83
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Table 58. (continued) Anisotropic displacement parameters (A* x 10”) for Sa.

ull U2 U33 U23 U3 U2
C(61) 54(4) 66(4) 125(7) -16(4) -2(4) 19(3)
C(62) 36(4) 35(4) 142(7) -20(4) 32(4) 10(3)
C(63) 49(3) 58(4) 1I0Ns  -10(3) 23(3) 43)
C(64) 42(3) 41(3) T2(4) 2(2) 15(3) T(2)
C(65) 46(3) 67(4) 64(4) -7(3) 19{3) -5(3)
C(66) 53(3) 65(4) 51(3) 8(3) 11(3) -16(3)
C(6T) T4(4) T0(4) 66(4) 3(3) 27(3) 14(3)
C{68) T3(4) 102(5) 56(4) -15(3) 22(3) 14(4)
C(69) 63(4) 123(6) B6(5) -5(4) 18(4) 15(4)
C(70) 39(4) 95(5) G1{4) -33(4) 8(3) 22(3)
C(71) 95(6) B5(6) 95(5) -32(5) 10(4) 12(5)
C(72) 9%(6) 97(7) 114(7)  -53(%) -1(5) 11(5)
C(73) 21(6) 76(5) 147(8)  -33(5) 17(5) 12(4)
C(74) 87(5) 57(4) 89(5)  -19(3) 13(4) 10(3)
C(7%) 59(4) 66(4) T6(4) -30(3) 6(3) 12(3)
C(76) 91(5) 52(4) T24)  -17(3) -7(3) 28(3)
7 76(4) 42(3) B1{4) -17(3) -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™*U11 + ... +

2hka*h*U12].







