OCArticle

Synthesis of Upper-Rim Allyl- and
p-Methoxyphenylazocalix[4]arenes and Their Efficiencies in
Chromogenic Sensing of Hg" lon

I-Ting Ho," Gene-Hsiang Le&and Wen-Sheng Chung*

Department of Applied Chemistry, National Chiao Tung dénsity, Hsinchu, Taiwan 30050, Republic of
China and Instrument Center, National Taiwan Weisity, Taipei, Taiwan 106, Republic of China

wschung@cc.nctu.edu.tw
Receied Naember 4, 2006

OCH3 485 nm
03 W«l
3B3nm o L3
N HN@ NH g“ Il — e
N: Em ;

g s |I

e |

il oo ‘
0.0 0 g

N B ” 0 O

H
Possible binding mode of 6+Hg""

A series of upper-rimp-allyl and p-methoxyphenylazocalix[4]arene$, (8, 9ab, and 10ab) were
synthesized and shown to exhibit substantial color changes upon complexation WitioklgBoth the
upper-rimp-allyl- and p-methoxyphenylazo groups on calix[4]arenes are proven to be key components
in the recognition of Hg ion. Job’s plots revealed 1:1 binding stoichiometry for all thpsslyl- and
p-arylazo-coupled calix[4]arenes with Hgons and BenesiHilderbrand plots were used for determination

of their association constants. Our results also demonstrated thativethoxyphenylazo groups prefer

to bind Hgt in adistal orientation rather thanroximalone, and if there are thrgemethoxyphenylazo
groups, the third flanking-methoxyphenylazo group plays a role in disturbing the binding of the two
distal diazo groups. Furthermore, it should be noted that triazocalix[4]arén@a, (@nd9b) responded

to all 14 metal ions without showing much preference among the eight transition-metal ions screened in
this work (Ce*, Ni?*, Cu#*, Agt, Cc?*, Hg', Hg?", and PB").

Introduction cases exhibited large bathochromic shifts in the-tié spectra
upon complexation with ions.

One of the keys in designing a useful chemosensor is to  |n spite of the 4-(4-nitrophenyl)azo group being frequently
effectively convert molecular recognitions into optical or been used in calixarene-based chromoionophores, it is usually
electrochemical signals. In this aspect, azo compounds areconsidered to be only a chromogenic center and not a metal-
widely used in chromoionophores because they have been shown
to exhibit substantial color changes upon complexation with (1) For 4-(4-nitrophenyl)azo coupled chemosensors, see: “(ay), ltb
metal fons! Vagtle and co-workers were one of the first to gun\éfgj'gss'zn’ S J_SLFg,f5Mt?r£f Na”d referenzcg&tgfg&_(b)
couple the 4-(4-nitrophenyl)azo group with a crown ether and (¢) Gordon, J. L. M.; Bamer, V.; Vogt, W, jiiniassesssis (11995 36,

found that it exhibited a large hypsochromic shift when bound 2445. (d) van der Veen, N. J.; Egberink, R. J. M.; Engbersen, J. F. J.; van

i +ion la _(A-ni _ Veggel, F. J. C. M.; Reinhoudt, D. \isasesisaaeses 1999 681. (e) van
with Bz" ion. Rec.ently‘ ad-(4 nltmphenyl)aZOben_zene. based der Veen, N. J.; Rozniecka, E.; Woldering, L. A.; Chudy, M.; Huskens, J.;
chemosensor, which can be used under physiological pH yan veggel, F. J. C. M.; Reinhoudt, D. | ) 2001, 7, 4878. (f)

conditions, was reported for colorimetric detection of Cion 1P L%e, D. H.; Lee, K. H.; Hong, J.-|Qugedelf- 2001, 3,k5- (9) Kim, J. S;

P (A-ni . i _ Shon, 0. J; Lee, J. K;; Lee, S. H.; Kim, J. Y,; Park, K.-M.; Lee, SZS.
Moreover, a series of 4-(4-nitrophenyl)azo-coupled calix[4] _ 12002 67, 1372, (h) Kim. J. Y. Kim. G.. Kim, C. R.: Lee, S.
arenes and calix[4]crowns were found to be useful chromogenicH; Lee, J. H.; Kim, J. S jaiatmiaiain 2003 68, 1933. () Lee, S. H.;
sensors for various catio$ 9« and aniong!! which in most Kim, J. Y.; Ko, J.; Lee, J. Y.; Kim, J. Sininitisiagin 2004 69, 2902. (j)
Kim, S. K.; Kim, S. H.; Kim, H. J.; Lee, S. H.; Lee, S. W.; Ko, J.; Bartsch,
R. A.; Kim, J. S. iaakteimiaaen 2005 44, 7866. (k) Liu, C. J.; Lin, J. T.;
T National Chiao Tung University. Wang, S. H.; Jiang, J. C.; Lin, L.-(hxiS, 2005 108 521. (I)
* National Taiwan University. Chen, C.-F.; Chen, Q.-YaiSiilmini@in2006 30, 143.
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SCHEME 1. Azophenol to Quinone-Hydrazone CHART 1
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chelating site; therefore, lower-rim modification of calix[4]arene

is usually required to endow it with metal-chelating ability. The
perception changed completely when Noni&Pand Shinkai®
independently disclosed that(phenylazo)calix[4]- and -[6]-
arenes, without any lower-rim substituent, were able to bind
heavy metal ions such as AgHg*, and Hg". More experi-
mental results accumulated and supported that upper-rim
azocalix[4]arenes can bind transition-metal ions effectigely.
Recently, we also reported that 5,17-bisallyl-11,23-pis-(

methoxyphenyl)azocalix[4]arengd, vide infra), without lower- . . . . .
rim modification, is a highly sensitive chromogenic sensor for 9roups are still effective (better or worse?) in metal-ion sensing.

mercury ion (H§").2 Why two distal (face-to-face)p-methox- Furthermore, we Wisr_led to evaluate which of. the tw4di-
yphenylazo groups bind Hg ion so well may be because the Methoxyphenylazocalix[4]arenes, namely, proximal (17,23) or
methoxy groups help to donate electrons toward the azo groupdistal (11,23), is more effective toward metal-ion binding.
through resonance, which reinforces formation of hydrazone Moreover, the binding efficiencies of the juxtaposed allyl- or
through azophenol to quinordéydrazone tautomerization. Such  thioacetoxypropyl group(s) in these upper-frimethoxyphe-
a tautomerism (Scheme 1) has been kribtwibe highly favored nylazo-modified calix[4]arenes was also examined.
in polar solvents. ] )

Even if one finds an efficient way to convert molecular Results and Discussion

recognitions into optical signals, a very difficult task remains  ysing a radical elongation method on the double bond
in designing a useful ion sensor, namebchieing high — (thioacetic acid in the presence of AIBN at 7&)5 the
selectiity. To achieve high selectivity in a chemosensor relies 5_g|lyl- and 5,17-diallylcalix[4]arenesl? and 26%) were con-
on how one assembles all these ligands in a stereofashion sq.erted to the corresponding 5-thioacetoxypropyl- and 5,17-
that they may function cooperatively and selectively. In this githioacetoxypropylcalix[4]arene4 and 5 in 49% and 75%
context, using calix[4]arene as the framework for metal-ion yie|d, respectively. The 5,11-diallycalix[4]areBavas prepared
sensors has at least two advantages: (1) one can attach metg|ccording to a literatuf procedure. Compounds 3, 4, and5
binding ligands on the upper rim of the calix[4]arene in various were then followed by diazo coupling reactions to furnish the
combinations such as mono-, bis- (includifigtal andproximal corresponding 5-allyl-11,17,23-triazocalix[4]arefe5,11-di-
orientations), tri-_, and tetra _substitutioqs and_ (2) even in the 3)1y1-17,23-diazocalix[4]aren8, 5-thioacetoxypropyl-11,17,23-
cone conformation the calix[4]arene is flexible enough to trjazocalix[4]areneab, and 5,17-dithioacetoxypropyl-11,23-
accomplish better binding with guest ion. Since “two distal” giazocalix[4]areneslOab in 67—93% vyields (Chart 1 and
p-methoxyphenylazo groups on the upper rims of calix[4]arenes scheme 2)!H NMR spectra of these azocalix[4]arer@snd
form strong complexes with Hg ion, we were curious to find  g—10 exhibit two broad peaks arourid4.4—4.2 and 3.9-3.4
out whether “two proximal” or “three’p-methoxyphenylazo  which are the signals of the methylene bridge protons of these
calix[4]arenes and imply that they are more stable in cone
(2) For some of the early examples reporting complexation between conformations. **C NMR signals of the methylene bridges of
;"‘(legg’géogz %‘%%zf?gI)N,\?g"nﬂL?é"EéI"’.‘Pa'l%‘fgcggh'i'f",ﬁts““’ these azocalix[4]arene8 and 810 appeared around 32,
Tamura, SChem. Lett1989 1125. (c) Shimizu, H.; Iwamoto, K.; Fujimoto, ~ Pproviding additional evidence to support that they are in cone
K.; Shinkai, S (ailitle{t1991 2147. (d) Deliga, H.; Erdem, EQgkgnt conformationd. The structures of all these calix[4]arenes were
1993 63 2362.fl?f€))7l’\ll:;5’ S?lm(:) e G vcvg?nggzsr\m 5. fully characterized by NMR'H and™C), MS, and HRMS (see
o 001 439, 73. (g) Roundhill, D. M.; Shen, J. Y. In  EXperimental Section), where compourida was further

Calixarenes 2001Asfari, Z., Bthmer, V., Harrofield, J., Vicens, J., Eds.;  confirmed by a single-crystal X-ray analysis to be in the cone
Kluwer: Dordrecht, 2001; Chapter 22, pp 46420. (h) Oueslati, F.; conformation (Figure 1).

Dumazet-Bonnamour, |.; Lamartine, Rfaisiagm?2003 27, 644. (i) . : —
Dumazet-Bonnamour, |.; Halouani, H.; Oueslati, F.; LamartineCRR. . The absorption max'ma'l'@aX) and molar extinction (_:oef- .
Chim.2005 8, 881. (j) Rouis, A.; Mlika, R.; Dridi, C.; Davenas, J.; Ouada, ficients of the chromogenic calix[4]arenes synthesized in

H. B.; Halouani, H.; Bonnamour, |.; Jaffrezic, il 2006 this work are summarized in Table 1. As can be seen,

26'(:5)4 ;éo T.-L; Wang, C.-C.: Pan, Y.-T.: Shiao, Y.-J.; Yen, J-Y.; shu, LN€S€ p-methoxyphenylazocalix[4]arenes have similéfax

C.-M,; Lee, G.-H.; Peng, S.-M.; Chung, W.-initaisiain 2005 70,

2912. (5) Buskas, T.; Sderberg, E.; Konradsson, P.; Fraser-Reid JBQrg
(4) For references of azophenol to quinetydrazone tautomerism, Chem.200Q 65, 958.
see: (a) Kishimoto, S.; Kitahara, S.; Manabe, O.; Hiyam izt (6) (a) Gutsche, C. D.; Lin, L. Ghaiaaagsa 986 42, 1633. (b) Shu,

1978 43, 3882. (b) Shinkai, S.; Araki, K.; Shibata, J.; Tsugawa, D.; Manabe, C.-M.; Yuan, T.-S.; Ku, M.-C.; Ho, Z.-C.; Liu, W.-C.; Tang, F.-S.; Lin,
O. Ehaialf{t1989 931. (c) Zazulak, W.; Chapoteau, E.; Czech, B. P.; L.-G. halkaiagsan1 996 52, 9805.

Kumar, A. ginifisligin 1992 57, 6720. (d) Karci, F.; Sener,;IDeligtz, (7) (a) Jaime, C.; De Mendoza, J.; Prados, P.; Nieto, P. M.; Sanchez,
H. DttaiaiaRi2003 59, 53. (e) Chawla, H. M.; Singh, S. P.; Sahu, S.  C.; jinifisiagin 1991 56, 3372-3376. (b) Magrans, J. O.; De Mendoza,
N.; Upreti, S. aakaaagan?006 62, 7854. J.; Pons, M.; Prados, iiinifeisiain 1997 62, 4518-4520.
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SCHEME 2. Synthetic Pathways for Chromoionophores
4—7 and 9-1(®
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aReagents and conditions: (i) thioacetic acid, AIBN, 1,4-dioxane, reflux
24 h. (ii) p-OMe-aniline/acetone, NaNg@2t N HCI, pyridine, 0°C, 3 h.

TABLE 1. ZAmax and Corresponding Extinction Coefficient of
Azocalix[4]arenes 6, 8, 9a,b, and 10a,b in a MethaneiChloroform
(v/v = 1/399) Cosolvent at 25C

compound Amax (Nm) e(M~tecm™?)
6 353 66 000
7 359 51 000
8 355 51 000
9a 355 68 000
9b 338 54 000
10a 358 42 000
10b 348 43 000

aData from ref 3.

(356+ 2 nm) and those withoyt-substituted phenylazo groups
have shorteimax (9b, 338 nm andLOb, 348 nm). Although the
molar extinction coefficients for tn{-methoxyphenyl)azocalix-
[4]arenes and9a are higher than those for gignethoxyphenyl)-
azocalix[4]arene8 and10a, they are not linearly proportional

Ho et al.

much preference among the eight transition-metal ions screened.
Using 5-allyl-11,17,23-trig-methoxyphenyl)azocalix[4]areré

as an example, we found that it complexed with not only the
Groups 1A and 2A ions (Figure 2a) but also the eight transition-
metal ions without showing much difference in their sensitivity
(Figure 2b). By contrast, thEoximaldi-p-methoxyphenylazocalix-
[4]arene 8 was more selective toward transition-metal ions,
especially H§"™ and Hg" ions (Figure 3a and B The latter
observation is reminiscent of our previous repamtwhich the
distal di(p-methoxyphenyl)azocalix[4]arerf&a was found to be
most sensitive toward Hg ion among the 14 metal ions
screened. HY is known to prefer a linear coordinatidh;
therefore, it forms a very strong complex with compoutal
which contains two sets of distal diazo and diallyl groups.
Compounds, which contains three azo groups and an allyl, not
only engages in a linear coordination by two azo groups, but
also adopts different types of coordination, such as trigonal
planar and pyramidal, by the three azo groups to bind various
other metal iong° In order to have a direct comparison of the
relative binding efficiencies of the newly synthesized azocalix-
[4]larenes 6§ and 8—10) with 7a, we used Hg" for detailed

UV —vis titration studies.

Upon interacting with Hg(CIg), all these azocalix[4]arene
compounds@ and8—10) experienced a marked bathochromic
shift in their Amax Taking 6 as an example, the absorption
maximum at 353 nm gradually decreased in intensity with
formation of a new absorption band near 4850 nm (Figure
4a). Three isosbestic points at 264, 294, and 410 nm can be
easily identified when difference absorption spectral andysis
was used for the titration (Figure 4b). The spectral features in
Figure 4 are consistent with a 1:1 binding ratio between calix-
[4]larene6 and HG™' ion. Further support of the 1:1 binding
ratio comes from a Job’s plot experiméhtywhere absorption
of the complex at 485 nm was plotted against the molar fraction
of 6 under the condition of an invariant total concentration. As
a result, the concentration of compléxHg?" approached a
maximum when the molar fraction o6JJ([6] + [Hg?"]) was
about 0.5 (Figure 4c). The 1:1 association constants for all these
azo-coupled calix[4]arenes with Aigwere determined on the
basis of BenesiHilderbrand plot¥ (see Figures 4d and S1
S3). Finally, the bathochromic shifts and isosbestic points of
all these azocalix[4]arenes in the presence of 5 equiv of Hg-
(ClO4); and their association constaritss (M™1) are sum-
marized in Table 2. It is interesting to note thiatax for the
distal diazocalix[4]arenes (e.gZa and 10a) are further red
shifted when compared with those obtained for triazocalix[4]-
arenes (e.g6 and9a). When bonding with Hg" ion, the tri-
p-methoxyphenylazocalix[4]arenes showed @y around 485
nm and a shoulder around 510 nm, which may come from the

(8) (a) Theproximal di-p-methoxyphenylazocalix[4]arer@ was also
showing chromogenic response toward*Aign, however, with complex
UV —vis absorption changes which did not allow accurate estimation of
the binding constant. Furthermoré] NMR titration of compound with
Ag* ion showed very little complexation-induced chemical shift changes
(see Figures S13 and S14). (b) For a concise table that quantitatively
expresses the frequency of occurrence of the various coordination numbers

to the numbers of the azo groups. Next, we then investigated and geometries for thellock elements and their ions, see: Venkartaraman,

the affinities of these upper-rim allyl-, thioacetoxypropyl-, and
p-methoxyphenylazo-coupled calix[4]arer@and8—10 for a
series of groups 1A (L, Na©, K*), 2A (Mg?", C&", Ba&"),
and transition-metal ions (€F, Ni2*, Cl#", Ag*, C#™, Hg™,
Hg?", and PB") in a methanctchloroform (v/iv = 1/399)
cosolvent. It was interesting to find that triazocalix[4]arer&gs (
9a, and 9b) responded to all 14 metal ions without showing

2436 J. Org. Chem.Vol. 72, No. 7, 2007

D.; Du, Y.; Wilson, S. R.; Hirsch, K. A.; Zhang, P.; Moore, J. .
Educ.1997 74, 915. (c) We thank one of the reviewers for suggesting this
experiment which helps to explain the WVis changes of the triazocalix-
[4]areneé6.

(9) (a) Difference absorption spectra analysis is a popular method used
in biophysical and biochemical fields, see: Lyles, M. B.; Cameron, I. L.

i 2002 96, 53. (b) Connors, K. ABinding Constants

Wiley: New York, 1987.

(10) Benesi, H. A.; Hilderbrand, J. jsiniisssesiiod 949 71, 2703.
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FIGURE 1. X-ray single-crystal structure of 5,17-dithioacetoxypropyl-11,2®-diethoxy-phenyl)azocalix[4]arera
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FIGURE 2. UV-vis spectra of 5-allyl-11,17,23-tpémethoxyphenyl)azocalix[4]arer&(7 uM) before (free) and after adding 9 equiv of various
metal perchlorates in a metharahloroform (v/iv= 1/399) cosolvent at 25C.
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FIGURE 3. UV-—uvis spectra of 5,11-diallyl-17,23-gifmethoxyphenyl)azocalix[4]arer (10 uM) before and after adding 9 equiv of various
metal perchlorates in a metharahloroform (v/v= 1/399) cosolvent at 2%C: (a) Li", Na", K, Mg?", C&", and B&" and (b) Ag’, P, Hg?",

CPt, CUt, CrP*, Hg', and NPt ions.

overlap of two absorption bands due to tautomerization of the base when compared with the marked bathochromic shift with

distaP and theproximal diazo groups.

Since it is well known that these-methoxyphenylazocalix-
[4]arenes §—10) may behave like an acitbase indicator, we
also inspected their UVvis response with added adiel.
Previously we reportédhat the U\V-vis spectra of the “distal”
diazocalix[4]arenes (e.g7a) did not change much with added

1 equiv of added Hg(CIg).. Here we also found that the “distal”

or “proximal” diazocalix[4]arenes (e.g7a, 10a,b and 8) did

not show significant response with 10 equivpatoluenesulfonic
acid pTSA), whereas large bathochromic shifts were observed
with just 1 equiv of Hg(CIQ), (see Figures S17 and S18,
Supporting Information). Interestingly, the U\Wis spectra of

J. Org. ChemVol. 72, No. 7, 2007 2437


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jo062280s&iName=master.img-004.jpg&w=345&h=206
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jo062280s&iName=master.img-005.jpg&w=394&h=141
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jo062280s&iName=master.img-006.jpg&w=391&h=135

]OCAT’tiCle Ho et al.

1.0 0.12
I(a) T435 nm 4.31 eq (C) d
—1 15 0.104
0.8 s —151 ®
——1.08 = i
8 —086 .
c 061 —— 065 £
8 —054 g 0.06-
S —043 us
2 04 —032 © .04
< —027 4
02 < 0024
0.004
0.0 T T T T T T - v T T ¥ T T T T T T T v T
300 400 500 600 700 0.0 0.2 0.4 0-62 0.8 1.0
Wavelength (nm) [61/(8]+[Hg™])
(b)
- .
2 Intercept = 0.66
< Slope = 7.90 X 10°
b K, =835 X 10'M"
R’ = 0.9969
. ; : . 400000 800000 1200000
300 400 500 600 700 N
Wavelength (nm) 1/[Hg" M

FIGURE 4. (a) UV—vis spectra of6 (8 uM) upon titration with Hg(CIlQ), in a methanot-chloroform (v/v= 1/399) cosolvent at 28C. (b)
Difference absorption spectra of a. (c) Job’s plot of a 1:1 complekarfd Hg* ion, where the absorption at 485 nm was plotted against the mole
fraction of 6 at an invariant total concentration of 1. (d) Benesi-Hilderbrand plot of6 with Hg(ClOs), in the same cosolvent system.

TABLE 2. Association Constants (MY of lonophores 6, 7a,b, 6 toward Hg+ binding. We further noted thadistal di-p-
8a,b, and 9a,b with Hg(CIQy), in a Methanol—Chloroform (viv = methoxyphenylazocalix[4]arerfawas better thaproximaldi-
1/399) Cosolvent at 25C ) h h | l d + bindi I
- _ — p-methoxyphenylazocalix[4]arer@&toward Hg" binding. A
compound  Amax(NMP  Ka(10*M7Y)°  isosbestic point (nm) these results seem to imply thgdmethoxyphenylazo groups
78 359— 520 235 263 285 410 prefer to bind H§" in a linear fashion (namely, distal) and the
Zba 3‘5‘2: 332 13'35 '264 22%;;, :’;8150 third flanking p-methoxyphenylazo group plays a role in
8 355— 490 6.00 258 204 402 disturbing the strong binding of_ the distal di_azo groups.
9a 355— 489 3.05 265 294 410 Alternatively, the relatively poor binding of the tpH-methox-
1gb ggg—’ ‘5‘% g-gg ggg ggg 228 yphenyl-azocalix[4]arenes with iy may be because there is
a g . . . .
10b 348— 477 103 : i 384 a mismatch of the Iower-rllm hydrogen bondings wheq the hosts
o o undergo azophenol to quinonrBydrazone tautomerization (see
aData from ref 3.2 The arrows indicates a bathochromic shiftigfas. Scheme 1 and Chart 2)
¢The error bar in the determination of association constant is estimated to ' ) )
be £15% based on three independent experimental series. One should be aware that the above discussion had an

: ) . ) assumption that none of the allyl groups participated if*Hg
triazocalix[4]arenesgand9a,b) showed a similar response with binding. This assumption came from a previous observétion

1 equiv .Of Hg(ClQ), or 10 equiv of pTSA. The latter that no chemical shift change was found for the juxtaposed allyl
observation seems to correlate with the nonselective responses roups when Hij- was added to the upper-ripmethoxyphenyl-
of triazocalix[4]arenesq and 9a,b) with various other metal group PPEr-np ypheny

ions (see Figure 2). azocalix[4]arene§a and 7b, despite that the signal intensities
Scrutiny of the association constants of these upper-rim allyl-, of the allyl pio.tons decreased dramatically in the presence of 1
thioacetoxypropyl-, ang-substituted phenylazocalix[4]arenes €dulV Of Hg'™ ion. However, one should be able to assess the
6—10 (see Table 2) with H ion allows us to rank the relative  Pinding ability of thep-allyl group(s) toward Hg' ion if they
binding affinities of the metal coordinating ligands as well as aré modified to other functional group(s) while keeping the
realize their exquisite stereoarrangements in space. On the basib/Xtaposed>-methoxyphenylazo groups intact. Comparing the
of the fact that theK, of 6-Hg2+ (8.35 x 10 M~Y) is larger association constants in Table 2, we can see that both di- and
than that oB-Hg?" (6.00 x 10* M~1), we concluded that ‘three’ tri-p-methoxyphenylazocalix[4]arenes became worse in their
p-methoxyphenylazo groups are better tipgaximal (namely, binding toward Hg* when the juxtaposep-allyl group(s) was/
17,23) dip-methoxyphenylazo groups in their binding toward were replaced by thioacetoxypropyl group(s) (etG: (7a) >
Hg?" ion. However, it was puzzling to find thaistal (namely, Ka (108), Ka (7b) > Ka (10b) andK, (6) > Ka (9a)). The latter
11,23) dip-methoxyphenyl-azocalix[4]arenta (K, = 23.5 x results imply that both thp-allyl and the azo groups must have
10* M1 was better than tip-methoxyphenylazocalix[4]arene  assisted each other in their binding toward?Hgpn and the

2438 J. Org. Chem.Vol. 72, No. 7, 2007
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HaCO

OCHs

6 eHg?*

8eHg?*

binding ability of the allyl group is stronger than that of
thioacetoxypropy! group.
Association constants in Table 2 also revealedhaethoxy-

of 6 (5 mM) in methanold,/CDClz (v/v = 1:3) solution in the
presence of different amounts of Hgion. A few important
features were observed from thld NMR spectra: (1) some

phenylazocalix[4]arenes are better than phenylazocalix[4]arenesvariation in chemical shifts is experienced by protons on the

in their binding toward Hg", e.g.K, (98) > K, (9b) andK,
(108 > K4 (10b). This is also consistent with a previous report
thatK, (7a) > K, (7b) (cf. entries 1 and 2, Table 2). Finally,
when thep-allyl group(s) is/are replaced by thioacetoxypropyl
group(s), the triazocalix[4]arenes have stronigss than those
of diazocalix[4]arenes, for exampl&, (9a,b) > K, (10ab).
The latter results seem to imply that in the absencp-alflyl
groups the binding toward Hgy is dominated by thep-

methoxyphenylazo groups in the calix[4]arenes; therefore,

“three” azo groups are better than “two” in their binding toward
metalions. By the sametoken, the “thrpehethoxyphenylazocalix-
[4]arenes lost their specificity toward Figsensing and became
sensitive to many metal ions (see Figure 2b).

In order to gain insight into the structures of complex
formation of these chromogenic ionophores, we carriedidut
NMR titration experiments. Figure 5 shows th¢ NMR spectra

p-methoxyphenyl azophenol groups, that is, protons Hsg,

Ha1, Has, Has, and Hyo on the p-methoxyphenyl ends move
0.05 ppm downfield upon complexation with Hgon (see inset

of Figure 5,0 7.1-7.2 where a new signal appeared); (2) signal
intensities of the protons on allyl groups (namelyggHH3o, and

Hs1) almost disappeared in the presence of 0.9 equiv &f'Hg
ion; (3) the vaguely seen broad singlets of the methylene bridges
aroundd 3.5-4.5 in free ligand6 were upfield shifted tad

2—4 upon complexation with Hg and became sharp and
complicated.

Previously, it was thought that the allyl groups were not
involved in the binding of metal ionshowever, the new results
described above support its involvement in binding. Direct
evidence to support the allyl group’s participation in%Hg
binding came from théH NMR titration of 5,17-diallylcalix-
[4]arene2 with Hg(ClOy), (see Figure 6). One can see that the
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FIGURE 5. (a)'H NMR spectra of compouné (5 mM) in a methano,/CDCl; (v/v = 1:3) cosolvent in the presence of different amounts of

Hg(ClOs),. (b) The inset of spectra a in the7.0—8.2 region.
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FIGURE 6. (a) H NMR spectra of compound (5 mM) in a methanoB,/CDCl; (v/v = 1:3) cosolvent in the presence of different amounts of

Hg(CIOy)2: (b) 5.0 and (c) 10 mM.

effects of Hg" ion on the proton signals of the 5,17-diallylcalix-
[4]arene2 are very similar to those with 5,17-diallyl-11,23-di-
(p-methoxyphenyl)azocalix[4]arenga® and 6 (cf. Figure 5).
More strong evidence for Hlj complexation with6 and8 came
from their FAB-MS or ESI-MS, which showed mass peaks
(M + Hg?" + CH30) of the alkoxymercuration complexes
(see Figures S19 and S20). This is reminiscent of the fact that
oxymercuraton and aminomercuration reactions on olefins are
well documented in the literatuté Furthermore, there are many
ion-selective electrodes for soft metal ions which involve
cation—z interactions from the alkenyl or alkynyl bon¢&sThus,

it is believed that changes in the chemical shifts and signal
intensities ofé and 7a with Hg?" ion are due to coordination

of the Hg" ion by the upper-rim juxtaposed allyl and azo
groups.

One issue remains to be explained: is there any evidence

that the thioacetoxypropyl groups do not interact with thé'Hg
ion? In synthesizing the thioacetoxypropyl groups on the upper
rim of calix[4]arenes we actually expected that S of the carbonyl
group in thioacetoxypropyl should coordinate to?Hghowever,

we were surprised to find that the association constan®s,of
and10ab toward Hg" were smaller than those of correspond-
ing allyl-calix[4]arenes (such & 7, and8). 'H NMR titration
spectra of compoundOa with various amounts of Hg(CI&»
showed that there was no chemical shift change in the spectra
however, the moment we added Hg(GJ&into the NMR tube,

FIGURE 7. Colors of (a)6 (10 uM) in a methanot-chloroform
(v/iv = 1/399) cosolvent at 28C and (b)6 after adding 5 equiv of
Hg(CIOy)z.

were taken after the precipitate was filtered out; otherwise, it
would disturb the sharpness and quality of the spectra. It should
also be noted that we did not “observe” such a precipitabipn
the naked ey the UV—vis titration experiments dda,b and

10ab by Hg?*. The precipitation explains why there is an

abnormal behavior of the binding constant®afbtoward Hg "

some precipitates formed (see Figure S12). Note that the spectr@S compared witt10ab.
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Summary and Conclusions

The series of upper-rip-allyl- and p-methoxyphenylazocalix-
[4]arenes studied here (compoungigind 8—10) was readily
synthesized and shown to exhibit substantial color changes upon
complexation with Hg" ion (see Figure 7). Both the upper-
rim p-allyl- and p-methoxyphenylazo groups on calix[4]arenes
are key components in the recognition of#gon. Our results
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show that the binding ability of varioysmethoxyphenylazocalix-
[4]arenes toward Hg ion follow the order 5,17-diallyl-11,23-
di-p-methoxyphenylazofa > mono-allyl-trip-methoxypheny-
lazo- 6 > 5,11-diallyl-17,23-dip-methoxyphenylazo-8 >
5-thioacetylpropyl-11,17,23-tp-methoxyphenylazoda > 5,-
17-dithioacetylpropyl-11,23-di-methoxyphenylazotOa~ tri-
allyl-mono-p-methoxyphenylazocalix[4]arefd 1. The results
imply that p-methoxyphenylazo groups prefer to bind#gn
a distal orientation rather than proximal one and the third
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mono-acetylsulfanyl-, or mono-acetylsulfanylcalix[4]arenes (1, 3,
4, or 5) in 10 mL of pyridine to produce a colored solution. The
reaction mixture was stirred at® for 3 h and then treated with
50 mL of 4 N HCI to give a colored precipitate. The solid residue
was purified by column chromatography with hexane and ethylac-
etate as eluent and gave the corresponding bisarylazo or triarylazo
products in 6793% yields.

Data for 5-Allyl-11,17,23-tri(p-methoxyphenyl)azo-tetrahy-
droxycalix[4]arene, 6. The solid product was eluted with hexane/
ethyl acetate (v/v= 2/1) and gave 0.25 g (67%) of a yellow powder,

flanking p-methoxyphenylazo group plays a role in disturbing mp 252-254°C; 1H NMR (300 MHz, CDC}) 6 10.27 (bs, 4H),
the binding of the twalistal diazo groups (see Chart 2), which  7.90-7.80 (m, 6H), 7.867.70 (m, 4H), 7.66 (d,J =
is due in part to the mismatch of lower-rim hydrogen bonds. 2.2 Hz, 2H), 7.05-6.90 (m, 8H), 5.955.75 (m, 1H), 5.16-5.00
Thus, “three” metal chelating groups do not warrant a better (m, 2H), 4.45-4.20 (bm, 4H), 3.85 (s, 9H), 3.968.55 (m, 4H),

binding efficiency than “two” toward a linear coordinating metal
ion (such as HY"); furthermore, they may lose the metal-ion
specificity due to various coordination modes.

Experimental Section

The syntheses of 5-monoallylcalix[4]areh*5,17-bisallylcalix-
[4]arene2,5b and 5,11-bisallylcalix[4]aren&®® have been reported

by Lin et al., and we followed their procedures for the preparation.
General Procedures for the Upper-Rim Sulfanylacetylation of

the Allylcalix[4]arenesl and 3 To Give Compoundst and 5.
Compoundl or 3 (0.50 g, 1.08 or 0.99 mmol) was dissolved in

3.19 (d,J = 6.6 Hz, 2H);13C NMR (75 MHz, CDC}) 6 161.6
(Cy), 161.6 (@), 151.0 (G), 150.9 (G), 147.7 (@), 147.6 (Q),
147.0 (G), 146.9 (G), 146.7 (G), 137.4 (CH), 134.1 (¢}, 129.5
(CH), 128.7 (G), 128.3 (@), 128.1 (), 127.5 (G), 124.4 (CH),
124.3 (CH), 124.2 (CH), 123.9 (CH), 123.4 (CH),115.7 &&H
114.1 (CH), 55.5 (Ch), 39.2 (CH), 31.9 (CH), 31.8 (CH); IR
(KBr pellet, cn?) 3181, 2929, 1600, 1583, 1502, 1454, 1252, 1146,
836; FAB-MSn/z867 (M + H*); HRMS m/z calcd for GoHseNgO;
866.3428, found 866.3415.

Data for 5,11-Diallyl-17,23-di({p-methoxyphenyl)azo-tetrahy-
droxycalix[4]arene, 8. The solid product was eluted with hexane/
ethyl acetate (v/v= 2/1) and gave 0.20 g (73%) of a yellow powder,

dry 1,4-dioxane (10 mL), and then thioacetic acid (2 and 4 equiv MP 245-246 °C; *H NMR (300 MHz, CDC}) ¢ 10.24 (bs, 4H),

for 1 and 3, respectively) and AIBN (2,2azobisisobutyronitrile,
0.1 equiv) were added under nitrogen. Before reacting at(75
the solution was thoroughly purged with, Nor 20 min. After

7.84 (d,J = 8.8 Hz, 4H), 7.73 (dJ = 2.2 Hz, 2H), 7.65 (dJ =
2.2 Hz, 2H), 7.16-6.92 (m, 6H), 6.96-6.85 (bd, 2H), 5.945.80
(m, 2H), 5.06-5.01 (M, 4H), 4.46-4.15 (br m, 4H), 3.86 (s, 6H),

refluxing for 24 h, the reaction was quenched with cyclohexene, 3:90-3.40 (br m, 4H), 3.19 (dJ = 6.5 Hz, 4H);*3C NMR (75
and then the solvent was removed under vacuum to give the crudeMHz, CDCk) 0 161.6 (G), 151.1 (&), 147.6 (G), 147.0 (),
product. Column chromatography on silica gel eluting with hexane 146-8 (&), 137.5 (CH), 133.8 (g), 129.2 (CH), 128.9 (¢), 128.2

and ethyl acetate gave white solid compoufdsd8in 49% and
75% vyield, respectively.

Data for 5-[3-(Acetylsulfanyl)propyl]-25,26,27,28-tetrahy-
droxycalix[4]arene 4. The solid was eluted with hexane/ethyl
acetate (v/v=10/1) and gave 0.32 g (49%) of a white powder, mp
244-246°C; IH NMR (300 MHz, CDC}) 6 10.18 (s, 4H), 7.04
(d,J=7.6 Hz, 6H), 6.84 (s, 2H), 6.786.65 (m, 3H), 4.46-4.10
(bs, 4H), 3.76-3.40 (bs, 4H), 2.83 (] = 7.2 Hz, 2H), 2.46(t) =
7.6 Hz, 2H), 2.29 (s, 3H), 1.871.70 (m, 2H);13C NMR (75 MHz,
CDCl) 0 195.8 (G), 148.7 (GQ), 146.8 (G), 134.7 (G), 128.9 (CH),
128.9 (CH), 128.8 (CH), 128.2 (£ 128.2 (G), 128.1 (G), 122.2
(CH), 33.9 (CH), 31.7 (CH), 31.7 (CH), 31.0 (CH), 30.6 (CH),
28.6 (CHy); IR (KBr pellet, cnt1) 3192, 2943, 1691, 1467, 1452,
753; FAB-MSm/z541 (M + H*); HRMS m/z calcd for GgH4006S,
656.2266, found 656.2279.

Data for 5,17-Bis[3-(acetylsulfanyl)propyl]-25,26,27,28-tetra-
hydroxycalix[4]arene 5. The solid was eluted with hexane/ethyl
acetate (v/\= 6/1) and gave 0.49 g (75%) of a white powder, mp
141-143°C; 'H NMR (300 MHz, CDC}) 6 10.17 (s, 4H), 7.04
(d,J=7.6 Hz, 4H), 6.84 (s, 4H), 6.72 (,= 7.6 Hz, 2H), 4.46-
4.10 (bd, 4H), 3.653.35 (bd, 4H), 2.83 (t) = 7.2 Hz, 4H), 2.46-
(t, 3= 7.2 Hz, 4H), 2.30 (s, 6H), 1.901.70 (m, 4H);3C NMR
(75 MHz, CDCk) 6 195.8 (), 148.8 (G), 146.9 (G), 134.7 (Q),
128.9 (CH), 128.8 (CH), 128.2 ({7 128.1 (G), 122.2 (CH), 33.9
(CHy), 31.7 (CH), 31.0 (CH), 30.6 (CH), 28.6 (CH); IR (KBr
pellet, cn1) 3189, 2936, 1689, 1480, 1455, 1132, 753; FAB-MS
m/z 657 (M + H'); HRMS nvz calcd for G3H3,0sS 540.1970,
found 540.1970.

General Procedures for the Synthesis of Allyl- and Acetyl-
sulfanyl- arylazo-25,26,27,28-tetrahydroxycalix[4]arenes 6, 8,
9a,b, and 10a,b.To an ice cold solution of 2.6 mmol of

(Cy), 128.1 (G), 127.4 (G), 124.3 (CH), 124.0 (CH), 123.4 (CH),
115.7 (CH), 114.1 (CH), 55.5 (CH), 39.2 (CH), 31.9 (CH), 31.8
(CH,), 31.7 (CH); IR (KBr pellet, cntl) 3185, 2929, 1601, 1583,
1502, 1457, 1253, 1147, 837; FAB-M8z 773 (M+ H'); HRMS
m/z calcd for GgH4sN4Og 772.3261, found 772.3271.

Data for 5-[3-(Acetylsulfanyl)propyl]-11,17,23-tri(p-methox-
yphenyl)azo-tetrahydroxycalix[4]arene, 9aThe solid product was
eluted with hexane/ethyl acetate (¥A/2/1) and gave 0.25 g (71%)
of a yellow powder, mp 266268°C; *H NMR (300 MHz, CDC})

0 10.27 (bs, 4H), 8.067.80 (m, 6H), 7.86-7.76 (m, 4H), 7.76-
7.65 (m, 2H), 7.16-6.90 (m, 8H), 4.56-4.20 (m, 4H), 3.87 (s,
9H), 4.00-3.60 (m, 4H), 2.84 (1) = 7.2 Hz, 2H), 2.50 (t) = 7.4
Hz, 2H), 2.31 (s, 3H), 1.861.76 (m, 2H);3C NMR (75 MHz,
CDCl) 6 195.8 (G), 161.7 (G), 161.6 (G), 151.0 (G), 150.9 (G),
147.7 (Q), 147.7 (GQ), 147.0 (Q), 146.6 (G), 135.3 (G), 129.3
(CH), 128.8 (GQ), 128.4 (@), 128.1 (@), 127.5 (G), 124.4 (CH),
124.4 (CH), 124.2 (CH), 123.9 (CH), 123.4 (CH), 114.1 (CH), 55.5
(CHs), 33.8 (CH), 31.9 (CH), 31.8 (CH), 31.0 (CH), 30.6 (CH),
28.5 (CHy); IR (KBr pellet, cnr?t) 3176, 2929, 1688, 1600, 1583,
1502, 1453, 1252, 1146, 837; FAB-M8z 943 (M+ H*); HRMS
m/z calcd for GaHsoNeOsS 942.3411, found 942.3389.

Data for 5-[3-(Acetylsulfanyl)propyl]-11,17,23-tri(p-phenyl)-
azo-tetrahydroxycalix[4]arene 9b.The solid product was eluted
with hexane/ethyl acetate (v 1/1) and gave 0.25 g (79%) of a
yellow powder, mp 276271 °C; 'H NMR (300 MHz, CDC}) 6
10.26 (s, 4H), 7.987.75 (m, 10H), 7.71 (s, 2H), 7.667.35 (m,
9H), 6.97 (s, 2H), 4.564.20 (m, 4H), 3.953.50 (m, 4H), 2.82 (t,
J=7.2 Hz, 2H), 2.48 (t) = 7.7 Hz, 2H), 2.27 (s, 3H), 1.961.70
(m, 2H);3C NMR (75 MHz, CDC}) 6195.8 (G), 152.7 (G), 152.6
(Cy), 151.6 (@), 151.5 (G), 147.6 (Q), 147.6 (G), 146.6 (GQ),
135.4 (G), 130.5 (CH), 130.4 (CH), 129.3 (CH), 129.0 (CH), 128.9

p-substituted aniline in 5 mL of acetone was added a solution of (Cg), 128.4 (G), 128.1 (G), 127.5 (@), 124.5 (CH), 124.3 (CH),

0.27 g (3.88 mmol) of NaN@in 5 mL of 4 N HCI, and this was

123.8 (CH), 122.6 (CH), 122.5 (CH), 33.8 (§}31.8 (CH), 31.7

stirred for 30 s. The combined solution was then added to another (CHy), 31.0 (CH), 30.6 (CHy), 28.5 (CH); IR (KBr pellet, cnr?)

ice cold solution of 0.20 g (0.43 mmol) of monoallyl-, 1,2-diallyl-,

3181, 2925, 1688, 1592, 1472, 1455, 1274, 766, 689; FAB-MS
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m/z 853 (M + H*); HRMS m/z calcd for GiH44NgOsS 852.3094,
found 852.3106.

Data for 5,17-Di[3-(acetylsulfanyl)propyl]-11,23-dip-meth-
oxyphenyl)azo-tetrahydroxycalix[4]arene 10aThe solid product
was eluted with hexane/ethyl acetate (vA2/1) and gave 0.25 g
(90%) of a yellow powder, mp 246242 °C; 'H NMR (300 MHz,
CDCl) 6 10.22 (s, 4H), 7.83 (d] = 8.9 Hz, 4H), 7.64 (s, 4H),
7.00-6.90 (m, 8H), 4.29 (dJ = 13.6 Hz, 4H), 3.63 (dJ =
13.6 Hz, 4H), 3.87 (s, 6H), 2.84 @,= 7.2 Hz, 4H), 2.50 (tJ =
7.6 Hz, 4H), 2.30 (s, 6H), 1.961.70 (m, 4H);33C NMR (75 MHz,
CDCl) 6 195.9 (G), 161.6 (G), 151.2 (Q), 147.6 (G), 147.1 (G),
146.7 (GQ), 135.2 (GQ), 129.2 (CH), 128.6 (§), 127.7 (G), 124.3
(CH), 123.6 (CH), 114.1 (CH), 55.5 (GH 33.9 (CH), 31.8 (CH),

31.1 (CH), 30.6 (CH), 28.5 (CH); IR (KBr pellet, cnT?l) 3186,
2931, 1689, 1600, 1583, 1502, 1455, 1251, 1147, 837; FAB-MS
m/z 925 (M + H*); HRMS mvz calcd for G Hs:N4OsS, 924.3227,
found 924.3232.

X-ray Crystal Data for Compounti0a Cs;Hs,Cl3N4OsS,, M =
1031.45, triclinic,a = 12.7090(5) A,b = 13.4048(5) A,c =
16.4736(6) Ao = 67.770(1), p = 70.213(1), y = 74.126(1), V
= 2410.16(16) A space groupP-1, Z = 2, calcd density
1.421 Mg nt3, crystal dimensions (m#10.36 x 0.27 x 0.10,T
= 150(1) K, 4 (Mo Ka) = 0.71073 A,u = 0.337 mn1?, 31 834
reflections collected, 11 046 independei®,( = 0.0387), 632
parameter refined oR?, R; = 0.1059 WR2[F?] = 0.2048 (all data),
GOF 0nF2 1.126,Apmax = 0.701 e A3, Crystallographic data for
the structure have been deposited with the Cambridge Crystal-
lographic Data Centre as supplementary publication number CCDC

625918. Copies of the data can be obtained, free of charge, on

application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
[e-mail: data_request@ccdc.cam.ac.uk, or fakx44—1223-
336033].

Data for 5,17-Di[3-(acetylsulfanyl)propyl]-11,23-dif-meth-
oxyphenyl)azo-tetrahydroxycalix[4]arene 10bThe solid product
was eluted with hexane/ethyl acetate (vA\2/1) and gave 0.25 g
(93%) of a yellow powder, mp 276278°C; 'H NMR (300 MHz,
CDCl) 6 10.22 (s, 4H), 7.81 (d) = 7.2 Hz, 4H), 7.68 (s, 4H),
7.55-7.35 (m, 6H), 6.97 (s, 4H), 4.30 (d,= 13.1 Hz, 4H), 3.64
(d,J=13.1 Hz, 4H), 2.83 (t) = 7.2 Hz, 4H), 2.51 (t) = 7.6 Hz,
4H), 2.29 (s, 6H), 1.861.70 (m, 4H);33C NMR (75 MHz, CDC})
0195.9 (GQ), 152.8 (Q), 151.7 (), 147.5 (G), 146.7 (G), 135.3
(Cy), 130.4 (CH), 129.3 (CH), 129.0 (CH), 128.7§C127.6 (G),
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124.0 (CH), 122.5 (CH), 33.8 (G# 31.8 (CH), 31.1 (CH), 30.6
(CHy), 28.5 (CH); IR (KBr pellet, cnrt) 3187, 2932, 1688, 1590,
1472, 1456, 1275, 1135, 693; FAB-M8z 865 (M + Ht); HRMS
m/z calcd for GoHagN4OsS, 864.3015, found 864.3019.

General Procedures for the UV-vis Experiments. Because
of the poor solubility of metal perchlorates in chloroform, all BV
vis experiments reported in this work were carried out in methanol
chloroform (v/iv=1/399) cosolvent unless otherwise specified.-tJV
vis spectra were recorded on a HP-8453 spectrophotometer with a
diode array detector, and the resolution was set at 1 nm. The
complexes were mixed and kept stirring for at least 20 min before
measurements. During the measurements the temperature of the
quartz sample cell and chamber was kept af@5

Stability Constants of Metal ComplexesThe stability constants
Kaof a 1:1 complex 0B, 8, 9a, 9b, 103 and10b with Hg?" were
determined from the following BenesHilderbrand equatiofd

UAA = UAA+ LIAAKHG™]) (1)

whereAA is the absorption difference between the apparent metal
complex and the free ionophores andAs, is the absorption
difference at saturation. The association conskantalues were
evaluated graphically by plotting AA against 1/[H§"]. In this
study the concentration of the ionophores was kept constaiit|(8
for 6 and9ab and 10uM for 8 and10ab) and the concentration

of Hg?" ions was kept in the range [Fg/[ionophores]= 0.1—

4.0. All plots gave a straight line, and tKg values were obtained
from the slopes and intercepts of this line (see Supporting
Information).

Acknowledgment. We thank the ATU program of the
Ministry of Education and National Science Council of the
Republic of China for financial support.

Supporting Information Available: UV —uvis titration spectra,
Job’s plots, and BenesHilderbrand plots o8B, 9a, and10awith
various transition-metal ions apd SA (acid);*H NMR spectra of
compoundsA—6, 8, 9ab, and 10ab and the titration spectra of
10a with Hg(ClO,), and 8 with AgCIO,; IR and MS spectra
of 6:-Hg(ClOy), and8-Hg(ClOy),. This material is available free of
charge via the Internet at http://pubs.acs.org.

JO062280S



