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Two new azobenzene crown ether calix|4]arenes. 10 and 11. were synthesized by two pathways. [n the first
pathway. two ethoxy nitrobenzene groups were attached to f-butyvlcalix|+|arenes in a 1.3 position. Subsequent
reduction of the nitrobenzene groups by metallic zinc in an alkaline solution afforded 10 and 11 in 8% and 12%.
respectivelv. In the second patlnvay. an azobenzene containing two glycolic units was prepared prior connect-
ing to s-butvlcalix|4|arenes. The vields from the second approach (5%. 8% for 10 and 11. respectively) were
lower than those from the former approach. Single crystals of 10 suitable for X-ray crvstallography was ob-
tained by recrystallization in methanol. Both the X-rav structure and the 'H-NMR spectrum of 10 indicated that
the stereoisomer of the azobenzene moiety was frans and the calixarene platform was in cone conformation.
"H NMR spectroscopy suggested that 10 underwent an observable cis-trans isomerization in CDCl; under
room light and npon UV irradiation with ¢is:trans ratios of 33:67 and 36:64. respectively. Compound 6 which
was the precursor of 11 showed fluxional behavior and was found to have mixed conformations of cone and
partial cone with a ratio of $7:33 at -30 °C. '"H NMR spectmm of 11 suggested that 11 was initially isolated as
cis azobenzene with calix|[4]arene in cone conformation and underwent conformational interconversion
through calix|4Jarene annulas in a similar fashion to 6 upon exposing to light. The complexation studies of 10
with picrate salts of Na™ and K* using 'H NMR spectroscopy snggested that Na* preferred to bind the ¢is form
of 10 while K™ preferred to bind the r+ans form. The stereoisomer of the azobenzene unit in 11 changed partially
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from c¢is to trans upon complexing with K™

Introduction

Large and complex molccular sysicms can be constructed
ulilizing various synthetic techniques. Attaching functional
moictics into specific molecular frameworks can result in
inferesting molccular or supramolecular devices.! Azoben-
sencs make up an interesting class of compounds that
exhibit photorcsponsive propettics. They have been incorpo-
rated into a number of supramolccular frameworks to pro-
duce ionophores for transporls and photo-swilchable recep-
tors.~ Calix|njarcncs have been of particular inlerest as
molccular platforms for svnthesizing sclective 1onophotes in
inclusion complexation.’ Yamada ct al. have shown that an
azobenzenc-capped calix|4]arene posscssed a higher bind-
ing ability (o mctal ions such as Na'. K'. Ni~'. Cu™'. Zn"'.
Cd*' and AI*" in the trans form than in cis isomer.’® Later.
Vicens and collcagucs have svnthesized a serics of frans and
cis asobenzenc crown calix|4]arencs.” From the crystal
structurc. an azobenzene calix|4jarcne containing onc gly-
colic unit cxisted in cis isomer.® Azobenzene crown calix[4]-
arcncs that containcd more than one glveolic unit exhibited
allosteric propertics. Changes have been observed in ¢is/
trans ratio from 70/30 for the free ligand to R0/20. 80/20. 75/
25 and 85/13 for K™ Rb". Cs” and NH; . respectively.”

We arc inlerested in constructing a switchable molcecular
svstem which can sclectively bind Na' or K™ 1o mimic the
biological Na'/K ™ ion pump.® According 1o a report by Swa-

ger and coworkers. it was found that bithiophene calix|4)-
arcncs containing 6 cthereal oxygen donors can bind Na ™ and
K' to dilTerent extents.” We therefore synthesized two azo-
benzene crown cther calix[4arenes (10 and 11) w which the
az0 benzenc unit was conneeted to the glycolic chains of the
calix[4]crown and studicd their isomerization and inclusion
propertics. [t is anticipated that azobenzene crown cther
calix[4|arencs will form complexes with both Na™ and K.
and the binding abilitics can then be switchable by exicral
stimuli.

Experimental Section

Materials. All matcrials and solvents were standard analy-
tical grade. purchascd from Fluka. J. T. Baker or Merck. and
uscd without further purification. Commercial grade sol-
vents such as acetone. dichloromethane and mcthanol were
distilled and storcd over 4 A molccular sicves. Acctonitrile
was dricd according to the standard tcchnique.” Chromato-
graphic scparations were performed on silica gel columns
(kicselgel 60. 0.063-0.200 mm. Mcrck). Thin laver chroma-
tography (TLC) were camed out using silica gel plaies (kic-
sclgel 60 Fazy. | mm. Merck). p-feri-Bulylcalix|4[arenc. 1.
and 26.28-dimcthoxy-p-feri-butylcalix[4]arene. 2. were
prepared according to methods described in the literature,
Unless otherwise noted. all reactions were carried out under
nitrogen.
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Analytical Instruments. Elemental analy scs were carried
out on a Perkin Elmer CHON/S analy zer (PE2400 serics [1).
Melting points were taken on an Electrothermal 9100 appa-
ratus. UV-visible spectra were recorded on a Spectronic
3000 array spectrophotometer. The 'H-NMR spectra were
recorded on a Bruker ACF 200 MHz or a Bruker AM 400
MHz nuclear magnetic resonance spectrometer. Variable
temperature NMR experiments were carried out on a JEOL
300 MHz NMR spectrometer. UV-visible spectra were
recorded on a Spectronic 3000 spectrophotometer. In all
cascs. samples were mixed in deutcrated chloroform and
chemical shifts were recorded using a residual chloroform
signal as intcrnal reference.

Synthesis,

Preparation of 2-(2”-bromocthoxy)nitrobenzene, 3. [n a
300 mL two-necked Mask cquipped with a magnetic bar and
a reflux condenser. e-nitrophenol (4.45 g. 32.0 mmol). 1.2-
dibromocthance (60.11 g. 320.0 mmol) and K.CO; (8.85 g.
64.0 mmol) were mixed in CH:CN (130 mL). The mixture
was refluxcd for 24 hours and then allowed to cool (o room
temperature, The solid was scparated by filtration and
washed with CH-CL:. The combined solution was then cva-
porated Lo dryncess 1o obtlain a vellow residuc, Mcthanol was
subscquently added to dissolve this residuc. and the solution
was chilled i an ice bath Lo precipitate white solid identilicd
as cthoxy dimitrobenzene. 4. The while precipitate was [il-
tered and washed with cold mcthanol (0.35 g. 7%). The
supcrnalant was cvaporaled (o dryness. The residuc was then
dissolved in dicthy] cther. Hexane was added and the mix-
turc was cooled in an ice bath. The desired product. 3. crys-
tallized as a bright vcllow solid (3.80 g. 74%). mp 164-163
L'}C‘

'H NMR (200 MHz. CDCL) &; 3.65 (2H. . ./ =06.0.
-OCH:CH-Br). 440 (2H. 1. J =6.0. -OCH-CH:Br). 7.02-
7.10 (2H. m. aromalic). 7.32 (1H. ../ =8.0. aromalic). 7.8]
(1H. d. J=8.0. aromatic). Anal. Calcd for CgHgBtNO;: C.
39.053: H. 3.28:. N. 3.69. Found: C. 39.07: H.3.21: N. 5.65.

Preparation of 25,27-di(2-cthoxy)nitrobenzene-p-tert-
calix[4Jarene, 5. In a 300 mL two-nccked flask cquipped
with a magnctic bar and a reflux condenser. 1 (6.48 g. 10.0
mmel) and K-COs (1.45 g. 10.5 mmol) were mixed in
CH:CN (230 mL) and refluxed [or 3 hours. The compound 3
(4.92 g. 20.0 mmol) was then added dropwisc (o the reaction
mixturc. and the mixture was further relluxed for 4 days.
The mixture was then allowed (o cool (o room temperature,
The solid was scparated by filtration. The solution was cva-
porated (o drvness. The residuc was subsequently dissolved
in walcr and cxtracted with 3 portions of CH-CL~ (50 mL).
Drving and rcmoval of the solvent afforded a yellow solid.
The solid was redissolved in CH-Cl- 1o get a clear yellow
solution n which a small quantity of acctonc was then
addced. Upon slow cvaporation of the solvent. sugar-like
crvslals of 5 were obtained (6.31 g. 66%). mp 205-207 °C.

"H NMR (200 MHz. CDCly) &; 0.94 and 1.28 (18H cach.
s. -Bu protons). 3.28 (4H. d../=13.0. ArCH-Ar). 4.26-4 33
(4H. m. ArCH-Ar and -OCH-CH~0-). 445-4.47 (4H. m.
-OCH-CH-0-). 3.19 (2H. s. HOA"). 6.75 (4H. 5. HOAtH).
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6.95 (2H. t. J = 8.0_ nitrobenzenc). 7.03 (4H. s. ROArH).
724 (2H. d. J=8.0. nitrobenzeng). 746 QH. 1. J=710.
nitrobenrzence). 7.7 (2H. d. /=8.0. nitrobcnzene). Anal.
Caled for CenHuN-O: C. 73.60: H. 7.21: N. 2.86. Found:
C.73.62: H. 727.-N.2.73.

Preparation of 25,27-|di(2-¢thoxy)nitrobenzenc|-26,28-
dimethoxy-p-fert-butylcalix|4]arene, 6. Compound 6 was
svithesized from the reaction between 2 (1.37 g, 2.03 mmol)
and 3 (1.0 g. 4.06 mmol) in the presence of K:CO5 (1.12 g,
8.11 mmol) as well as KOH (3 pellets) in a similar fashion to
the preparation of 5. The desired product can be scparated by
column chromatography using 10% cthyl acctate/hexanc as
cluent. Upon addition of methanol into the solution of 6
orangge ncedles precipitated (0.41 g. 20%). mp 189-191 °C.

"H NMR (200 MHz. CDCl3) &; 0.84 and 1.05 (YH cach. br
s. CH;OArt-Bu). 1.28 (18H cach. brs. ROAr~81). 3.00-3.40
(4H. br. AtCH-Ar). 3.47 (6H. 5. QCH5). 3.60-+.60 (12H. br.
ArCH-Ar and OCH-CH-O-). 6.40-6.69 (4H. br. CH;OArH).
6.92-7.30 (8H. br. nitrobenzene and ROArH). 7.531 2H. t..J
= 7.0.nitrobenzene). 781 (2H. d..J = 8.0. nmitrobenzene). Anal.
Caled for Co:HuN=Oy: C. 73.93: H. 7.40: N, 2.78. Found:
C.73.92: H. 7.46: N. 2.76.

Preparation of 2-(2-hydroxocthoxy)nitrobenzene, 7. [n
a similar [ashion to the synthesis of 3. the reaction between
o-nitrophenol (2.78 g. 20.0 mmol) and 2-bromocthanol (7.30
g. 60.0 mmol) in the presence of K2COs (2,90 g, 21.0 mmol)
gave 7 as a yellow liquid. (2.3 g. 63%).

'H NMR (200 MHz. CDCly) & 3.83 (QH. 1. J=45.
-OCH-CH-OH). 4.10 (2H. 1. J=4.5. -OCH-CH-OH). .41
(IH. s. -OH). 6.91 (IH. ../ =7.0. aromatic). 7.01 (IH. d.

J=18.0.aromatic). 740 (1H. t../ = 7.0. aromatic). 7.68 (1H.

d. .J=8.0. aromatic). MS (m/z); 183 (87). 139 (M". 100).
122 (67).

Preparation of 2,2-di(2-hvdroxocthoxy)azobenzene, 8.
A mixturc of 7 (2.01 g. 10.92 mmol) in methanol (10 mL).
sodium hyvdroxide (4.37g .109.3 mmol ) in H20 (6 mL) was
stirred in a 50 mL round bottom Mask. and zinc (2.86 g.
43.74 mmol) was then added. The mixture was refluxed
under nitrogen atmosphere for 48 hours and allovwed to cool
to room temperature. The solid was removed by filtration
and washed with CH-Cl.. The combined filtrate was cvapo-
rated to dryness, The residuc was dissolved in CH-Cl» and 1t
was then extracted with saturated ammonium chloride. The
combincd organic laver was scparated and dricd over
Na-SO;. After removal of Na-SO,. the filirate was ¢vapo-
rated 1o give a viscous orange residuc. The residuc was
redissolved in mimimum CH-Cl» and chromatographed on a
silica gel columm with 153% cthyl acetate/dichloromethane as
cluant. The product crystallized as an orange solid upon
addition of methanol and slow cvaporation of the solvent
(0.51 g. 30%).

"H NMR (200 MHz. CDCly) &; 3.28 (4H. br 1. -OCH.-
CH-OH). 4.25 (4H. br t. -OCH-CH-OH). 5.04 (2H. br. -OH).
7.12-7.65 (4H. m. aromatic). 7.38 (2 H. t../ = 8.0. aromalic).
7.70 (2H. d..J = 8.0. aromatic). Anal. Caled for CgH sN-Qy:
C. 63.56: H. 6.00: N. 9.27. Found: C. 63.56: H. 6.19; N,
9.29.
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Preparation of 2,2-di(2-mesylethoxy)azobenzene, 9.
Into a 100 mL two-nccked flask cquipped with a magnetic
bar. methane sulfonyvIchloride (0.67 g. 53.83 mmol) and tri-
cthylamine (1.07 g. 10.60 mmol) were dissolved in 20 mL of
dichloromethanc and stirred for 30 min at 0-3 °C. Compound
8 (1.21 g. 2.65 mmol) in 3 mL of CH:Cl; was then added
slowly into the mixture and it was stirred for 1 hr. Afier
warming 10 room (cmperature. the mixture was extraciced
with 2 portions of 1 M HCI (20 mL) and water. The organic
phasc was scparated and dried over Na:SO4. Removal of
Na:SO; yiclded an orange solution which was cvaporated to
give an orange-brown residuc. The residuc was chromato-
graphed on a silica gel column with 30% cthyl acctate/hex-
anc as cluant. The product was crystallized as orange
crvstals by adding dichloromethanc and cthy] acetate (0.440
2. 33%).

'H NMR (200 MHz. CDCls) &; 3.04 (6H. s. -SO-CH>).
444 (4H. 1./ =40, -OCH:CH-OMs). 4.69 (4H. (../ = 4.0,
-OCH-CH-OMs). 7.05-7.09 (4H. m. aromatic). 7.30 (2H. 1./
= 8.0. aromatic). 7.60 (2ZH. d../ = 8.0. aromatic). Anal. Calcd
for C)sH-:N:0S-: C. 4715, H. 4.84: N. 6,11, Found: C.
47.11: H. 4853 N.6.12,

Preparation of 25,27-di(2-cthoxy)azobenzene  p-tert-
butylcalix[4]arene, 10.

Mcthod A: In a 50 mL round bottom flask. a mixturc of 5
(0.70 g. 0.71 mmel) 1 isopropanol (8.0 mL). NaOH (0.28 g.
7.0 mmol) in H-O (¢ mL) and Zn (0.2 g. 3.06 mmol) was
stirred and refluxed under nitrogen (or 48 hours. 1t was then
allowed (o cool lo room temperature. The workup proce-
durcs were carricd out in the samc manner as the synthesis
of 8 The product was purificd by column chromatography
with 153% cthyl acctate/hexane as cluant. Compound 10 was
crvstallized from hot methanol (o obtain orange cryvstals
(0.05 g. 8%).

Mcthod B: In a 230 mL two-nccked flask. compound 1
(1.02 g. 1.34 mmol) and Na-COs (0.16 g. 1.35 mmol) were
dissolved in CHyCN (100 mL). The mixture was stirred (or
24 hours at 40 °C. Compound 9 (0.84 g. 1.8+ mmol) n
CHACN (20 mL) was then slowly added. The reaction mix-
ture was lurther refluxed for 1 day. Afler cooling to room
tcmperature. the solid was scparated by Oltration and wash-
¢d with CH-Cls. The combined solution was cvaporated 1o
dryness. The residuc was neutralized with 1 M HCI (50 mL)
and cxiracted with dichloromethane (2 x 30 mL), The organic
laver was scparated and dricd over Na~SOs. Afier filtration.
the solvent was removed by a rotary cvaporator 10 give an
orange oily residuc which was lurther purificd by column
chromatography (SiO-) with 10% cthy] acetate/hexane as
cluant. The product was cryvstallized from hot methanol to
give orange cryvslals (0.07 g. 3%). mp 193-197 °C (decomp.).

"H NMR (400 MHz. CDCly) & 1.03 and 1.20 (18H cach.
s. +Bu protons). 3.20 and 4.15 (4H cach. d. Jan 13.0.
ArCH-Ar). 4.38 and 4.84 (4H cach. br 1. OCH-CH-0-). 6.86
{(4H. s. ROATH). 6.92 (4H. s. HOATH). 708 (2 H. 1./ =6.0.
azobenzene). 7.16 (2H. d../ = 8.0, azobenzene). 7.34 (2H. .
J=6.0. azobenzenc). 7.61 (2H. s. HOAn. 7.70 2H. d. /=
8.0. azobenzene). Anal. Caled for CeHaoN-OgCiH:O-: C.
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76.62: H. 7.84. N. 2.79. Found: C. 77.21: H. 7.51: N. 2.72.
UVAis |4 (nm). & (dm® -mol™ -cm™)]: 344, 19233 446,
3167.

Preparation of 25.27-[di(2-cthoxy)azobenzene|-26,28-
dimethoxy-p-fert-butylcalix|4Jarene, 11.

Method A: A mixturc of 6 (0.31 g. 0.50 mmol) in isopro-
panol (10 mL). NaOH (0.2 g. 5.0 mmol) in H:O (2 mL) and
Zn (0.13 g. 2.0 mmol) was placed in a 30 mL round bottom
flask. The mixture was refluxced for under nitrogen for 2
days. The 1solation and purilication procedurcs were carricd
out in the same manner as compound 8. Compound 11 was
obtained as orange crystals in methanol and cthyl acctate
(0.06 g. 12%).

Mcthod B: [n a 230 mL two-nccked [lask. compound 2
(0.82 g. 1.18 mmol) and Na>COs (0.23 g. 2.36 mmol) were
dissolved in CH;CN (120 mL). The mixture was stirred lor
24 hours at 40°C. Compound 9 (0.63g. 142 mmol) in
CH;CN (20 mL) was then slowly added. The reaction mix-
turc was lurther refluxced for 2 days. The separation and puri-
fication procedurces were carricd out in the same manner as
compound 10, The product was crystallized as orange crys-
tals in mcthanol and cthy] acctate (0.09. 8%). mp 228-230
°C.

"H NMR (400 MHz. CDCl3) & 0.82 and 1.28 (18H cach.
s. -Bu protons). 3.10 and 4.23 (4H cach. d. Jap 12.0.
ArCH-Ar). 3.44 (6H. s. -OCH3). +.34 and 4.63 (8H. m.
-OCH-CH-0-). 6.42 (4H. s. CHiOArH). 6.94 (2H. m. azo-
benzene). 7.01 (4H. s. ROArH). 7.08 (4H. m. azobenzene).
7.41 (2H. m. azobenzene). Anal. Caled for CiHuN-Og: C.
7895 H. 791: N. 2.97. Found: C. 79.06: H. 791: N. 2.97.
UV/vis |4 (nm). & ([dm’mollem™)]: 334, 19383: 440, 7714,

Isomerization studics. 1somerization studics of 100and 11
have been carried out in NMR tubes, Tvpically. an NMR
tubc containing 10 or 11 (3.28 mmol) in CDClx (0.7 mL)
was placed in a photo-reactor (quartz) and irradiated with a
180 W mercury low-pressure lamp for at Icast 4 hours,
[somerization was followed by 'H NMR spectroscopy using
a Bruker AM400 MHz NMR spectrometer (every 30 minutc).
[somcrization of 10 or 11 was also studicd under room light,
All compounds were Ieft standing for at Icast 4 days. NMR
spectra were recorded every 2 hours. All experiments were
performed at 25 °C. and cach scl of experiments was
repeated at least twice,

Isomerization and complexation studies with Na* and
K" ions. Typically. an NMR (ube containing 10 or 11 (3.28
mmol) m CDCly (0.7 mL) was placed in a phto-reaclor
(quartz) and irradiated with a 180 W mcrcury low-pressure
lamp for at least 4 hours. Sodium or potassium picraic (9.84
mmol) was then added as solid into the tube. NMR specira
(400 MHz) of the mixture were recorded after 2 days. All
cxperinents were repeated at least twice.

X-ray crystallography. Diftraction data of 10 - CyHO-
were colleeted at 298 K on a crystal of dimension 0.6 mm x
0.3 mm x 0.3 mm with a Bruker SMART CCD arca detector
diffractomer using o rotation scans (scan width of 0.3°) and
graphitc-monochromated MoK radiation (A= 0.71073) ala
detector distance of 4.5 em. A hemisphere of the reciprocal
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Table 1. X-rav crystallographic data for 10 - C 4150

tormula CriH=gN20g
iy 1003.28

T K 293(2)

r A 0.71073
crvstal svstem monoclinic
space eroup (e

a (M) 15,1260 (3)
b)) 31347 (D)
(A 12.6692(3)
B(%) 984970 ( 1th
(A 5900.99 (19
Z 4

p (caled) (Mg/m*) 1.129

abs coett (u, mm ) 0073

RI=0.073]
wR2 =1011663
RI=0.1178
wR2 =1011982

Final R indices [T > 2(1))

R indices (all data)

space was covered by combination of three scts ol expo-
surcs. Each sct had a dilferent ¢ angle (0°. 88°. 180°) and
cach cxposure lasted 30 scconds. The collected data were
reduced using (he program SAINT.® Empirical absorption
correction was donc by the program SADABS™ with Ty
and Ty of 0.6302 and 1.0000. respectively. A lotal of
21.214 reflections were measured within 28,.c of 61.03°,
The structure was solved by direct methods and relined with
anisotropic (hermal paramelers for all non-hvdrogen atoms
by full matrix least squarc using SHELX-97 package.'® All
hydrogen atoms were found n difTerent Fouricr maps and
wetre included in the refinement. Duc o vibrational disorder
of the solvent of crystallization. refinement converged with
rather high R and wi valucs (0.731 and 0.1663. repectively).
Delailed crystallographic data arc described in Table 1.

Results and Discussion

Synthesis and characterization. The synthesis of com-
pounds 10 and 11 was conducted in two different pathways.
In pathway A. two cthoxy nitrobenzene groups were attach-
cd to the calix|4]arenc framework by a nuclcophilic substitu-
tien reaction between o-nitrophenol and 1.2-dibromocthane.,
A reductive coupling of mitrobenzene groups was then car-
ricd out (o afTord (he azobenzene crown cther calix|4arenes.
Alternatively. in pathway B the cthoxy mitrobenzene moi-
ctics were subjecled 1o reductive coupling prior attaching
them 1o the calix|4|arenc units. The synthesis of compounds
10 and 11 can be summarized in Scheme 1

Alkylation ol o-nitrophenol with 10.0 cquiv. of |.2-dibro-
mocthane in the presence of excess K-CO; in acctonitrile
gave yvellow needle-shaped crystals of 3 as a major product
(74%) and 4 as a minor product (7%). The reaction needed
excess 1.2-dibromogthane in order 10 produce the mono-sub-
stituied product. If the cquimolar amount of 1.2-dibromo-
cthane was uscd. the major product would be the disub-
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Scheme 1. Synthetic procedures of 10 and 11.

stituted compound. 4.

A nitrobenzene derivative of calix[4]arcue. 25.27-di(2-
cthoxy)nitrobenzenc-p-rerr-butylcalix|4arene. 5. was pre-
parcd by alkylation of p-fert-butylcalix[4[arcue. 1 with 2.0
cquiv.of compound 3 in acctonitrile in the prescnce of 1.03
cquiv. K:COs. Compound 5 was crystallized in dichloro-
mcthanc and acctone to give sugar-like cryvstals in 66%. The
samg rcaction also produced needle-like cryslals which were
characterized as the trisubstituted product. 12. The 'H NMR
spectrum of 5 showed the signals of nitroaromatic protons at
6.95-7.74 ppm. The product has intra-molecular hydrogen
bonds indicated by a singlet pcak of OH proton at 6.85 ppm.
The spectrum also consists of two doublet signals duc Lo the
micthylene bridge protons at 3.50 ppm and 4.23 ppm and two

NOZO:N
Q 03N
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signals duc to ferf-buty] groups at 1.28 ppm and 0.94 ppm
indicating that the calix|4]arcne unit is in conce conforma-
tion,

In carly aticmpts. we tricd to prepare compound 6 from
alkylation rcaction of the dimethy lated compound. 2. with 3
in various conditions. A preparation using potassium ferf-
butoxide as basc in THF gayve the climination product of 3,
compound 13. insicad. Another method. using NaH as base
gave 13 in 24% along with compound 6 in only 8%. Never-
theless. higher vield of 6 can be oblained from alkylating
compound 2 with 2.0 cquiv. of compound 3 in acctonitrile in
the presence of 4.0 cquiv. of K:CO; and KOH. The desired
product was scparated on a silica gel column with 10% cthyl
acclate/hexanc as cluent to alford compound 6 in 20%. The
vicld was quitc low duc to the steric congestion of the
mcthy1 group which may decclerate the rate of the substitu-
tion rcaction and the climination product. 13. was an incvila-
ble side rcaction under basic condition. The 'H NMR
spectrum of 11 showed broad signals duc to the absence ol
intramolccular hvdrogen bonding causing in various conlor-
mations of the calix|#]arene framework (0 ¢xist in the solu-
tion. vide infra.

Reductive coupling was carricd out with a modificd proce-
durc from the literature.'® Typically. the mixture of dinitro-
benzene calix|[4]arenc. 5. in isopropanol in the presence of
aquceus sodium hydroxide and zinc was stirred and relluxed
under nitrogen atmosphere for 48 hours, The product was
oblaincd as orange cryvstals i 8% vicld afier an extensive
punfication by chromatography and rceryvstallization. The
'H NMR spectrum of 10 shown in Figurc 3a contains two
doublets of the methylene bridged protons at 3.20 and 4,15
ppm and two singlets of ferf-butyl protons at 1.03 and 1.20
ppm suggesting (he cone conformation of the calix|4|arcne
ramework was retained.

A similar coupling rcaction ol compound 6 gave com-
pound 11 which was purificd by crystallization in methanol
and cthv] acclate/hexanc 1o give orange eryvstals ol 11 (12%).
The signal of aromatic protons of compound 11 (Figure 3¢)
appcarcd as a pair of sharp singlet peaks at 7.01 ppm and
6.42 ppm unlike the broad peaks of compound 6. The spec-
trum also showed two pairs of doublets duc (o the methylene
bridge protons. The results implicd that compound 11 became
morc rigid and the calix|4]arene framework resumed the
conc conformation,

Compound 7 was prepared from a nuclcophilic substitu-
tien reaction between o-nitrophenol with 3.0 cquiv, of 2-bro-
mocthanol 1 (he presence of 1.03 cquiv. of K-COy in
acclonitrile. Afer scparation and punification. a ycllow lig-
wid of 7 was obtained in 63%. A reductive coupling of com-
pound 7 with metallic zin¢ in /-PrOH in the presence of
sodium hydroxide solution and purification of the crude by
silica gel column chromatography with 13% cthy] acctate/
dichloromethanc as cluent gave 8 as an orange viscous lig-
wid which was then crvstallized as an orange solid upon
addition of methanol (30%).

Compound 8 was converted into a methane sulfonate cster.
9. lo facilitatc the nuclcophilic substitution rcaction. The
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mesylation of 8 with 2.2 equiv. mecthane sulfonvichloride
and cxcess triethylamine in dichloromethane gave 9 in 33%
after purification. The nucleophilic substitution of 9 with 1
or 2 in the presence of Na:COs in acctonitrile gave azoben-
zene calix|4]arenes 10 (3%) and 11 (8%). respectively. The
low vield of nuclcophilic substitution rcactions may sicm
from the competing polvimeric formation during the recac-
tions. It should be noted that the overall vields of the prod-
ucts in pathway A arc higher than those in pathway B.

The crystal structure of 10. We were able 1o obtain crys-
tals of both 10 and 11. However. only crystals ol 10 arc suit-
able for single crvstal X-rayv analysis. The X-rav structure of
10 illustrated in Figure 1 shows that a molecule of cthy 1 ace-
tate has included into the calix|4jarcne unit of 10 pointing
the -CH:>CH; moicty into the upper rim cavity. The aromatic
Cypa-Cypa distances in the molecule vary [rom 1.333 (15) to
1449 (10) A with an ¢verage value of 1.396 A while the
Cyp3-Cy distances vary form 1.462 (9) to 1.560 (8) A with a
mcan valuc of 1.3235 A The aromatic Cy); bond angles arc in
the range of 116.3 (3)°-123.7 (3)°. and Csp; bond angles of
103.9 (7)°-112.6 (H)° which ar¢ in linc with trigonal planar
and (ctrahedral gecometry. Bond angles involving bridging
mcthylenes vary from 110.6 (3)° to 111.9 (3)° which arc
slightly larger than the tetrahedral angle. The C-O distances
vary from 1377 () to 1443 () A with a mcan valuc of
1412 A. The distances of N(D)-C(54) and N(2)-C(48) arc
1515 (7yand 1431 (8) A. respectively. The azobenzene unit
is in rrans isomer with a N=N distance of 1.179 (6) A. The
rclative torsion angle of CEH8)-N(2)-N(1)-C(54) is 178.35°
indicating that the azobenzcne unit is almost flat. The dis-
tances between cthercal O atoms are O(1)-0O(6)=+.618 and
O3)-0(3)=3.813. and the distances between cthercal and
phenoxy oxygen atoms arc O(2)-0¢6)=3.338 and O(+H)-O(3)

Figure 1. The cryvstal structure of 10-CilzOs. Hydrogen atoms
were omitted for clarity.
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=5.073 A. The cthercal and hydroxy oxygen atoms arc.
therefore. preorganized for binding alkali cations.

Solution behavior of compound 6. Duc to the lack of
intramolccular hydrogen bonding compound 6 posscssed
conformational intcrconversion through the calixarene annu-
las. The 'H NMR spectrum of 6 in CDCl; at room iempera-
ture (Figurc 2a) shows complicated broad signals which
indicatc mixed conformations of the calix|4jarene frame-
work. Upon decreasing temperature, the broad signals became
sharper. However, signals duc to prolons on nitrobenzene
rings do not change significantly when compared to other
signals. This implics that the movement of the calix|4]arene
unit occurrcd on the aryl rings containing methoxy groups,
The 300 MHz 'H NMR spectrum of 6 at -30 °C (Figurc 2b)
reveals that in solution (CDCl;) 6 existed as a mixture of two
conformers: partial cone and conc conformations. The mixed
conformations of cone and partial cone were also found in
tetramcthoxycalix|4|arcnes bridged by a polvether chain al
the upper rim.'” The cone conformation posscsses (wo plancs
of svmmetry. The #-buly] protons appear as (wo singlcts al
0.78 and 1.29 ppm. and the methoxy protons appear as a sin-
glet at 3.81 ppm. On (he other hand. the partial cone conlor-
mation has only onc planc of symmetry. The 7-buty] protons
appear as (hree singlets at 1.0+ 1.18 and 1.28 ppm (ratio
2 1:1). The methoxy prolons appear as two singlets at 3.01
and 3.18 ppm (ratio 1: 1). The spectrum also consists ol 3
pcaks duc to the aromatic protons of the calix|4 [arenc unil at
7.09.7.04. 691, 6.58 and 6.43 ppm. There should be at lcast
3 pairs of signals duc to methylenc bridge protons in the
spectrum: however. some signals arc supcrimposcd on the
glvcolic proton signals which appcar as 4 scts of multiplets
between 4.0-4.3 ppm. The ratio of conc:partial cone can be
calculated from (he integration ratio of cither &~buty 1 protons
or methoxy protons ol cach conformation (o be 43:37,

Isomerization studies of compounds 10 and 11. Naka-
mura and collcagucs have demonstrated use of UV spectro-
photomctry to study photoisomcrization ol azobenzocrown
cthers.”® Unfortunalely. both trans and cis + mans forms of
10 and 11 gave almost the same UV spectra. This may stem
from the Mact that aficr isomerization the cis:frans ratio of 10
became 36 64 m which the amount of the ¢fs form was not
enough (o mfluence the alteration of absorption bands in the
UV speetra. NMR spectroscopy was then used in the investi-
gation of isomcrization,
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Figure 2. '11 NMR (500 MIIz, CDCl) spectra of compound 6 at
(a) 23 °C and (b} -30 "C. * and # denote signals of the solvent and
trace of water, respectively.
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Partial '"H NMR spectra of 10 before and after irradiation
depicted in Figurcs 3a and 3b show discrete [catures. The
signals belonging 1o the cis isomer. -Bu (1.21 and 1.19
ppm). ArCH:Ar (3.31 and 4.353). ROArH (6.97). HOArH
(7.06) and ArOH (8.41)." of 10 distinctively appear in the
spectrum after irradiation. Compound 140 reached the photo-
stationary state after 24 hours. and the ratio of cis and rrans
was then able to be ¢stimated [rom the mtegral arca of the
signals 10 be 36 : 64 Interestingly. we found that upon stand-
ing under room light for scveral davs. compounds 10 in
CDCl; also underwent isomerization to give the cis:trans
ratio of 33 : 67. This result corrclates with the observation of
Vicens er af. in which azobenzene calixcrowns containing
onc glyeolic unit were stable as cis isomers.” However. thus
far. we cannot isolate the cis isomer of 10, The zrans form is.
therefore. still thermodynamically more stable.

[nterestingly. when CH3;CN (10 gL) was added into the
CDCl; solution of 10 alter isomcrization, the signals duc to
tert-butyl. aromatic. cthercal and hydroxy protons shilted
dramatically. The signal duc to methyvl protons of included
CH;CN appeared at 2,05 and 2.10 ppm flor ¢is and zrans iso-
mers of compound 10. The results suggest that both ¢is and
trans Torms of 100 can include CH;CN into the cavity ol
calix|4|arcne,

"H NMR spectrum of 11 also changed remarkably after
irradiation and upon standing under room light for several
hours. However. we cannot conclusively say that the cis-
frans isomcrization has occurred since we do not have a
crystal structure of 11 to substantiatc the isomer of the
azobenzene moicty before irradiation. [t is found that the
aromatic protons in cis-azobenzene are more shiclded than
thosc in frans-azobenzene. ™! 'H NMR spectra of 8. 9. 10
and compounds containing zrans-azobenzene groups'-' con-
sist ol doublct signals at ~7.6-7.9 ppm whilc thosc of 11,
belore and afier irradiation. do not have signals in this
region. [n addition. the '"H NMR spectrum of 11 in Figure 3d
shows complicated signals of aromatic. methylene bridge
and rerr-buty] protons which could result from various con-
formations of the calix[4|arcne unit. The bithiophene ana-
loguc of compound 11 was also found to have a complicated

;LLM © LL
Ll -
_lal

® 4 b
(a) “ u
80 70 60 50 40 30

PPM
Figure 3. Partial '"H NMR (00 MHz, CDCl1) speetra of 10 (a)
before. (b) aller UV irradiation and 11, (¢) belore, (d) alter
uradiation. ¥ denotes signals ol the solvent.
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NMR spectrum duc to fluxional behayior” We suspect that
11 stayvs in the ¢fs form and just undergoes the conforma-
tional change of the calix|4jarcne framework in the same
mannger as its precursor. 6. rather than the cis-frans isomeri-
zation.

Effects of Complexation of Na® and K* ions. The picrate
salts of Na' and K' ions were emploved in complexation
studics. Normally. the picraic salts were not soluble in
CDCl; and were added as solid into NMR tubes containing
solutions of 10 and 11. The inclusion of cations into ligands
can be notificd by the appearing of a singlet signal of aro-
matic protons of the picrate anion around 8.6-8.9 ppm which
is well scparated from the signals of the ligands. The mctal
salts were added into the ligands belore and alier UV irradi-
ation.~ '"H NMR spectra of complexes of 10 aficr addition of
sodium and potassium picratcs possessed two doublet sig-
nals at 3.26 and 4.20 ppm (J~13 Hz) indicating that 14 mamn-
taincd the cone conformation of calix|4]arene alter com-
plexation with the metal ions.

'H NMR spectra (400 MHz. CDCLs) of 10 in Figure 4
shows significant changes [rom the spectrum of the free
ligand (Figurcs 2a and 2b). The spectrum in Figure 4a shows
a singlct signal ol picrate prolons al 8.64 ppm. The broad
peak of the glvcolic protons of frans isomer al .44 ppm scp-
aralcs [rom thosc of ¢is 1somer at +.40 ppm and the multiplet
signals appecar around 6.82-6.93 ppm. Furthcrmorc. doublct
pcaks of methyvlenc bridge protons of the frans lorm at 3.26
ppm and the ¢is form at 3.32 ppm slightly shift from thosc of
the frec ligand. 1t was found from the intcgration that the
amount of ¢is isomer increased (rom 36% to the range of 42-
47%.

Addition of potassium picraic into 14 resulls in an appear-
ance of a singlet signal of picrale protons at 8.92 ppm. The
intensity of (he signals corresponding to the cis isomer
decrcascs dramatically. The integration showed that the per-
centage of cfs isomer decreased from 36% (o the range of
10-16%. and the amount of 7rans 1somer increascd (o the
range of 84-90%. Howcver. upon standing under the room
light. the amount of the ¢is form gradually ncreased (o 25%
after standing lor 19 days. and rcached 42% in 30 days. We
do not have a definilc explanation for the increasing of cis
isomer. However. 1t 1s possible that K™ firstly formed a com-

(b)
J‘L ]
9.0 8.0 70 6.0 50 40 3.0
PPM

Figure 4. Partial 'H NMR (400 MHz, CDCl3) of 10 in the
presence of (a) Na* (b) K. * denotes signals of the solvent.
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Figure S Partial 'H NMR (400 MHz. CDCl) of 11 in the
presence ot (a) Na® (b)Y K™ * denotes signals ot the solvent.

plex with the frans form ol 10 and increased the peroentage
of the rrans form. Later. the thermal frans 10 ¢is isomcriza-
tion took place and incrcascd the amount of the cis form.
The result also implics that the stability of the rrans-10- K
complex 1s hot very strong,

"H NMR spectra of ligand 11 in the presence of Na' and
K' picralcs arc shown in Figurc 5. The singlet signals of
picralc aromatic protons arc obscrved at 8.78 ppm. Figure 3a
shows thal. upon addition ol Na'. the spectrum of 11 docs
nol change significantly from that of the free ligand and a
sighal duc to picratc protons has very low intensity. This
suggests that the presence of Na' has no cffect to isomeriza-
tion of the azobenzene unit. On the other hand. the presence
of K causcd significant changes in the 'H NMR spectrum
(Figure 5b). A doublet at 7.35 ppm and a singlct peak at 3.33
ppm arc obscrved in the spectrum upon addition of potas-
sium picralc into the solution of 11 for only 2 days. The dou-
blct around 7.55 ppm was gencrally found in various zrans
azobenzenes™~! and the singlet at 3.33 ppm was in the
region of mcthoxy protons. The result implics that ¢is to
trans isomerzation ol 11 occurs partially n the presence off
K*. and this is also in linc with the results obtained from
compound 1.

Conclusion

Two new azobenzene cahix[4]crowns (10 and 11) have
been synthesized by two difTerent pathways. Compound 10
was 1solated as r7ans 1somer and was found (o undergo trans
to cfs 1isomerization under room light and UV irradiation.
Compound 6. the precursor of compound 11. underwent
conformational nterconversion duc to the absence of
mtramolccular hydrogen bonding and was found Lo exist in
mixed conformations of conce and partial cone (47 : 33) at
-30 °C. Compound 11 was belicved Lo exist in the ¢is form
and undergo conformational interconyversion rather than cis-
frams isomerization upon cxposing to UV or room light. The
complexation studics showed that for 10. the percentage of
cis isomer mercased n the presence of Na™ while the amount
of rrams isomer increased in the presence of K*. [t also
implics that the cfs form 1s suitable for binding Na™ while the
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trans form is appropriate for K . In case of compound 11. it
was lound that ¢is to frans isomerization occurred somewhat
in the presence of K. Compared to the azobenzene crown
cther synthesized by Shinkai and coworkers which showed
the extractability of K° over Na™ in both cis and frans
forms.™ our compounds 10 and 11 which consisted of 6 oxy-
gen donor atoms from the cthoxy azobenzene unit attaching
1o the calix|4Jarenc frameworks showed sclectivity of the cis
and frans forms towards Na' and K'. respectively, Com-
pounds 10 and 11 can thus possibly be usced as switchable
receptors or sensors for Na' and K' ions.

Supplementary Material. The following arc available on
request from the correspondent author: tables of cryvstal data
and structure refingments. atomic coordinates and cquivalent
isotopic displaccment parameters. bond Iengths. bond angles.
anisotropic displacement parameters and hydrogen coordi-
nates and isotropic displacement parameters for 10 - CsHgOn,
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