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Abstract 
 
Project Code :  RMU4980024 
Project Title :  Synthesis and study of calix[4]arene-based selective ionophores 
Investigator :   Mongkol Sukwattanasinitt, Department of Chemistry, Faculty of Science, 
Chulalongkorn University, Bangkok 10330. 
E-mail Address : smongkol@chula.ac.th 
Project Period :   20 July 2006-19 July 2009 (3 years) 
 
  This project aims to synthesize ligands from calix[4]arene which can bind with metal ions 
effectively and selectively. The calix[4]arene derivatives containing stilbene bridge was obtained in 
high yield through McMurry coupling reaction using excess TiCl4 in high dilution condition.               
The shape of a calix[4]arene cavity is largely depended on the length of the stilbene bridge. A long 
bridge length squeezes the calix[4]arene basket into pinched cone conformation. On the other 
hand, a short bridge length leads to normal cone shape basket. The stilbene-bridged 1,3-alternate 
calix[4]arene crown 5 and 6 can selectively extract potassium and cesium ions, repectively.               
These  calix[4]arene crown have higher extractability and selectivity compring to normal crown 
ethers. Another series of calix[4]arene derivatives containing multiple diacetylene units were 
synthesized in good yield through a modified Cadiot-Chodkiewicz coupling reaction of                  
tetra(2-propynyl)-tert-butylcalix[4]arene with iodo-pentynol using CuI catalyst in pyrrolidine.                 
The solid-state photopolymerization study revealed that only the calix[4]arene derivatives containing 
four diyne units with alkyl urethane groups were substantially polymerized upon exposure to UV 
and gamma irradiation to give polydiacetylenes containing calix[4]arene. The ene-yne conjugation 
formed through the topological 1,4-addition polymerization of the diyne units.  Unfortunately,                  
these new polymers have not showed binding property with any metal ions. Modified series of 
calix[4]arene derivatizatives with expected selective binding property are currently being pursued. 
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โครงการวิจัยนี้มีเปาหมายในการสังเคราะหลิแกนดจากคาลิกซ[4]เอรีนที่เลือกจับไอออนโลหะได

อยางมีประสิทธิภาพและจําเพาะเจาะจง ซึ่งไดอนุพันธของคาลิกซ[4]เอรีนที่มีสติลบีนเปนสะพานเชื่อม              

ดวยเปอรเซ็นตผลผลิตที่สูงโดยผานปฏิกิริยารีดักชันคูควบแมคเมอรี่ ภายในโมเลกุลของบิสเบนซาลดีไฮด             

คาลิกซ[4]เอรีน โดยใชไทเทเนียมเตตระคลอไรดมากเกินพอ ภายใตสภาวะที่เจือจาง โดยลิแกนดที่

สังเคราะหขึ้นมีคอนฟอรเมชันของคาลิกซ[4]เอรีนอยูในรูปของโคน และพินชโคน ขึ้นอยูกับความยาวของ

สะพานสติลบีน ถาสะพานสติลบีนยาวจะทําใหโครงสรางของคาลิกซ[4]เอรีน อยูในรูปของพินชโคน แตถา

สะพานสติลบีนสั้นจะทําใหโครงสรางของคาลิกซ[4]เอรีน อยูในรูปของโคน อนุพันธคาลิกซ[4]เอรีนที่มี

สะพานสติลบีนและสลับ 1,3 กับคราวนอีเทอร 5 และ 6 สามารถเลือกจับกับโพแทสเซียมไอออนและซีเซียม

ไอออนไดตามลําดับ โดยอนุพันธดังกลาวแสดงความสามารถในการสกัดและมีความเลือกจําเพาะที่ดีกวา

คราวนอีเทอรทั่วไป นอกจากนี้ยังไดสังเคราะหอนุพันธคาลิกซ[4]เอรีนที่มีหมูไดแอเซทิลีนหลายหมูตออยู 

โดยอาศัยปฏิกิริยาคูควบระหวางเตตระโพรพาจิลคาลิกซ[4]เอรีนและไอโอโดแอลไคลในไพโรลิดีน โดยมี 

คอปเปอร(I)ไอโอไดดเปนตัวเรงปฏิกิริยา จะไดเตตระไดอะเซทิลีนคาลิกซ[4]เอรีนดวยเปอรเซนตผลผลิตที่ดี 

ซึ่งพบวามีเพียงอนุพันธคาลิกซ[4]เอรีนที่มีหมูไดอะเซทิลีนสี่หมูและมีสายแอลคิลยูรีเทนสามารถเกิด              

พอลิเมอรไรเซซันภายใตแสงยูวีหรือรังสีแกมมา อยางไรก็ตามพอลิเมอรที่ไดยังไมสามารถจับไอออนของ

โลหะใดๆ ได การสังเคราะหอนุพันธจากคาลิกซ[4]เอรีนอ่ืนๆ ที่สามารถทําหนาที่เปนไอโอโนฟอรที่เลือก

จําเพาะจึงยังคงดําเนินตอไป  
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บทนํา  

เคมีซูปราโมเลคิวลาร (supramolecular chemistry) เปนการศึกษาเกี่ยวกับแรงกระทําระหวาง

โมเลกุลโดยแรงยึดเหนี่ยวที่ไมใชพันธะโคเวเลนต นักเคมีอินทรียไดสังเคราะหสารที่สนใจขึ้นเพ่ือศึกษา

ทางดานเคมีซูปราโมเลคิวลาร เพ่ือทําความเขาใจกลไกทางธรรมชาติ หรือสรางโมเลกุลที่สามารถทําหนาที่

ตางๆ ไดตามที่ตองการ อันเปนพ้ืนฐานสําหรับการพัฒนาศาสตรทางดานนาโนเทคโนโลยีแบบ “bottom up” 

เน่ืองจากแรงกระทําแบบซุปราโมเลคิวลารนี้ทําใหโมเลกุลหรือไอออนสามารถจัดเรียงตัวกันเองเกิดเปน

ระบบที่นาสนใจ และมีสวนสําคัญตอกลไกการทํางานของสารเคมีตางๆ ในธรรมชาติ ระบบซูปราโมเลคิวลาร

ที่เกี่ยวของกับแรงกระทําระหวางไอออนหรือโมเลกลุลขนาดเล็กกับโมเลกุลขนาดใหญที่เรียกวา “host-guest 

complex” เปนระบบที่ไดรับความสนใจเปนอยางมากเนื่องจากเปนระบบที่อธิบายกลไกบางอยางที่เกิดขึ้นใน

สิ่งมีชีวิต เชน การเกิดกระบวนการโซเดียม/โพแทสเซียมปม และกระบวนการขนสงและลําเลียงสารเคมี             

ในรางกายสิ่งมีชีวิต นอกจากนี้ระบบดังกลาวยังมีประโยชนตอการนําไปประยุตใชในงานตรวจวิเคราะหและ

การแยกสารพิษจากอุตสาหกรรม1 

คาลิกซ[4]เอรีนไดรับความสนใจอยางแพรหลายในการนํามาใชเปนโครงสรางพื้นฐานสําหรับ             

การสังเคราะหลิแกนดที่สามารถจับกับไอออนหลากหลายชนิด2  เนื่องจากโครงสรางของคาลิกซ[4]เอรีนมี

ชองวางในสามมิติและมีหมูฟนอล 4 หมู ที่วางตัวในตําแหนงที่เหมาะสมสําหรับการปรับเปลี่ยนเปน             

หมูฟงกชันอ่ืนที่ทําใหเกิดโพรงที่มีขนาดตางๆกันและมีสมบัติทางอิเล็กตรอนที่เหมาะสมสําหรับการเลือกจับ

ไอออนโลหะชนิดตางๆ3 คาลิกซ[4]เอรีนคราวนอีเธอรเปนอนุพันธของคาลิกซ[4]เอรีนที่มีสายโซพอลิอีเธอร

เชื่อมระหวางวงแหวนฟนอลที่อยูดานตรงขามกัน มีรายงานวาคาลิกซ[4]เอรีนคราวนอีเธอรมีสมบัติใน          

การเลือกจับอัลคาไลไออออนที่ดีกวาอนุพันธของคราวนอีเธอรทั่วไป4 ความเลือกจําเพาะในการจับไอออน

โลหะของ คาลิกซ[4]เอรีนคราวนอีเธอรสามารถควบคุมไดโดยการปรับความยาวของสายโซพอลิอีเธอรและ

คอนฟอรเมชันของ คาลิกซ[4]เอรีน5 ไดมีการนําคาลิกซ[4]เอรีนคราวนอีเธอรมาประยุกตใชสําหรับเปนระบบ

จําลองการเกิดโซเดียม/โพแทสเซียมปม6 การนําสงรูบิเดียมในการรักษาโดยการฉายรังสี7 และการแยก

ซีเซียม-137 ไอออน ซึ่งเปนสารกัมมันตรังสีจากกากนิวเคลียร8 นอกจากนี้ยังมีรายงานวิจัยวาโครงสรางของ

คาลิกซ[4]เอรีนที่อยูในรูปของ 1,3-alternate conformation สามารถจับกับ soft ion เชน ซีเซียมไอออนได

ดีกวา hard  ion เชน โซเดียมและโพแทสเซียมไออออน เน่ืองจากการเกิด ion-π interaction9 

ไดมีรายงานการสังเคราะหคาลิกซ[4]เอรีนที่มีลักษณะเปนทอเพ่ือใชเปนลิแกนดที่มีสมบัติในการ

เลือกจับโพแทสเซียมไอออนเพ่ือเปนแบบจําลองสําหรับ potassium channel  โครงสรางแบบทอที่มีรายงาน



นั้นอาศัยอะตอมออกซิเจนและไนโตรเจนเปนโดเนอรอะตอมเพื่อจับกับไอออนของโลหะ10 แตยังไมมีการ

สังเคราะหทอคาลิกซ[4]เอรีนที่มีระบบ π-conjugate เปนสวนประกอบของสวนทอ ซึ่งเราเชื่อวาการใสระบบ                    

π-conjugate เขาไปเปนสวนประกอบของทอนาจะมีผลตอการเลือกจับไอออนขนาดใหญซึ่งเปน soft ion ได

ดียิ่งขึ้น 

ตั้งแตป พ.ศ. 2544 เปนตนมา กลุมวิจัยของเราไดทําการสังเคราะหและศึกษาอนุพันธของคาลิกซ[4]

เอรีน ที่มีหมูเอโซเบนซีน และ สติลบีน เปนสะพานเชื่อมระหวางหมูฟนอลดานตรงขามกันของวงคาลิกซ[4]

เอรีน สําหรับใชเปนลิแกนดจับไอออน11 และโมเลกุล12 แบบสวิทชไดดวยแสง ซึ่งเราพบวาการใชรีจิโอไอโซ

เมอร (regioisomer) ตางๆ กัน ของเอโซเบนซีน และ สติลบีนมีผลในการควบคุมรูปรางของโพรงคาลิกซ[4]

เอรีน ซึ่งนาจะนํามาใชประโยชนในการออกแบบโครงสรางลิแกนดจากคาลิกซ[4]เอรีน ใหมีสมบัติในการ

เลือกจับไอออนได 

ในโครงการวจิัยนี้เราไดตั้งเปาหมายที่จะสังเคราะหลิแกนดจากคาลิกซ[4]เอรีนใน 2 รูปแบบ คือ

รูปแบบแรกเปนการใชเทคนิคการสังเคราะหที่พัฒนาขึน้ในกลุมวิจัยของเราในการสรางสะพานสติลบีนเชื่อม

ระหวางหมูฟนอลดานตรงขามกันของวงคาลิกซ[4]เอรีน (โครงสราง 1 และ 2) โดยมีสมมติฐานวาสะพาน

สติลบีนจะทําใหเกิด 1,3 alternate conformation ในขั้นตอนการทําใหเปนคราวนอีเธอร และลิแกนดที่

สังเคราะหไดจะมีความจําเพาะเจาะจงตอซีเซียมไอออนสูง รูปแบบที่ 2 เปนคาลิกซ[4]เอรีน คราวนอีเธอร    

ที่มีโครงสรางลักษณะเปนทอโดยมีหมูไดแอเซทิลีนซึ่งเปนระบบ π-conjugate เปนสวนประกอบของทอ 

(โครงสราง 3) โดยมีสมมติฐานวาระบบ π-conjugate นี้จะสามารถทําใหลแิกนดสามารถเลือกจับกับ       

soft metal ion ไดอยางจําเพาะเจาะจง 
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วิธีการทดลอง 

1. ทําการสังเคราะหสารขั้นกลางของลิแกนดแบบที ่1,2 และ 3 โดยไดสังเคราะหลิแกนดตามวิธตีอไปน้ี 

แนวทางการสงัเคราะห (synthetic pathway) สําหรับลิแกนดแบบที ่1 และ 2 
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แนวทางการสงัเคราะหแบบยอนกลับ (retro-synthetic pathway) สําหรับลิแกนดแบบที่ 3 

 
 

 

 

 

 

 

 

 

 

 

 

 

2. พิสูจนทราบโครงสรางของสารที่สังเคราะหดวยวธิีทางสเปกโทรสโกป 

3. ศึกษาการจับไอออนโลหะดวยวธิีทางสเปกโทรสโกป 

4. เขียนผลงานวจัิยเพ่ือตีพิมพ 

 
ผลการทดลองและบทวิจารณ 

สามารถสังเคราะหลิแกนดที่ 1 ไดสําเร็จโดยพบวา โครงสรางของสารขั้นกลางลิแกนดแบบที่ 1                

o-cis, o-trans, m-cis มีคอนฟอรเมชันของคาลิกซ[4]เอรีนอยูในรูปของโคน สวน m-trans, p-cis อยูใน

รูปของพินชโคน จากการทดลองนี้ทําใหสามารถสรุปไดวา ถาความยาวโมเลกุลของสติลบีนที่ใชเปน
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สะพานเชื่อมยาวจะทําใหโครงสรางของคาลิกซ[4]เอรีน อยูในรูปของพินชโคนเนื่องจากความแข็งเกร็ง

ของโครงสราง นอกจากนี้โครงสรางของสารขั้นกลางของลิแกนดแบบที่1 ยังสงผลในการสังเคราะห             

ลิแกนดแบบที่ 1 โดยพบวา สามารถสังเคราะหลิแกนดแบบที่ 1 ไดจากทุกไอโซเมอรยกเวน m-trans             

ที่ไมสามารถสังเคราะหเปนลิแกนดแบบที่ 1 ได ซึ่งมาจากที่สารขั้นกลางของลิแกนดแบบที่ 1 ของ               

m-trans ไอโซเมอรอยูในรูปของพินชโคนที่มีริมไฮดรอกซีที่แคบเกินไปทําใหไมสามารถพลิกเปน            

1,3 อัลเทอเนตคอนฟอรเมชันได  สวนความสามารถในการสกัดไอออนโลหะของลิแกนดแบบที่ 1 พบวา

สามารถสกัดโพแทสเซียมไอออนและซีเซียมไอออนไดดีกวาคราวนอีเทอรโดยทั่วไป 

ลิแกนดแบบที่ 2 ไมสามารถสังเคราะหไดจึงไมสามารถศึกษาความสามารถในการจับไอออนโลหะ

ชนิดตางๆได 

สามารถสังเคราะหลิแกนดแบบที่ 3 ไดสําเร็จ และจากการศึกษาสมบัติการเกิดโฟโตพอลิเมอไร-           

เซชันของลิแกนด พบวาความสามารถในการเกิดพอลิเมอไรเซชันขึ้นกับจํานวนหมูไดแอเซทิลีนที่ติดอยู

บนคาลิกซ[4]เอรีน และชนิดของหมูฟงกชันที่ปลายสายของไดแอเซทิลีน โดยเกิดปฏิกิริยาการเติมที่

ตําแหนง 1 และ 4 ขึ้นภายในโมเลกุลของหมูไดแอเซทีลีนที่ติดอยูบนคาลิกซ[4]เอรีน แตเม่ือศึกษา

ความสามารถในการจับไอออนโลหะชนิดตางๆ พบวาพอลิเมอรยังไมสามารถจับไอออนของโลหะใดๆ 

ได 

การทดลองและผลการทดลองไดนํามาเขียนในรูปแบบของบทความวิจัยตีพิมพไปแลว 2 บทความ

และอยูระหวางการแกไขตนฉบับเพ่ือสงตีพิมพอีก 1 บทความ ตามรายละเอียดแสดงในเอกสารแนบ 
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Abstract—A series of stilbene-bridged calix[4]arenes was synthesized through an intramolecular reductive McMurry coupling of bis-
benzaldehyde calix[4]arene in high yields. Tetra- and pentaethylene glycol chains were tethered to the phenolic groups of calix[4]-
arene to form stilbene-bridged calix[4]arene crown-5 and crown-6, respectively. The presence of stilbene bridge over the
calix[4]arene rim effectively prevented the connection of the polyether chains in the cone conformation resulting in the exclusive for-
mation of 1,3-alternate stilbene-bridged calix[4]arene crown product. Compared to the cone analogues, the 1,3-alternate calix[4]-
arene crown ethers showed a greater extraction ability and selectivity toward Cs+.
� 2007 Published by Elsevier Ltd.
1. Introduction

Since its discovery, calix[4]arene has been extensively
used as a molecular platform to construct artificial iono-
phores.1 Thanks to its preorganized basket structure
and readily functionalizable phenolic groups, calix[4]-
arene-based ionophores with variety of cavity shapes
and sizes were readily synthesized.2 Calix[4]arene crown
ethers, a class of calix[4]arene derivatives containing
polyether chain tethered across opposite phenolic rings,
are known to be more selective alkali ionophores than
their crown ethers counterparts.3 Both crown ether
chain length and calixarene conformation play impor-
tant roles in regulating the complextion with metal
ions.4 The applications of calix[4]arene crown ethers
for Na+/K+ pump mimicking,5 Rb+ transportation in
radiopharmaceutical treatments,6 and the removal of
Cs+ radioactive wastes were reported.7

We have recently synthesized and studied a series of
azobenzene-bridged and stilbene-bridged tert-butylcalix-
[4]arenes as photoswitchable ionophores8 and molecular
receptors.9 We found that the incorporation of different
isomers of rigid azobenzene or stilbene bridge on the
narrow phenolic rim can regulate the calix[4]arene cavity
shape. In this work, we would like to report the use of
0040-4039/$ - see front matter � 2007 Published by Elsevier Ltd.
doi:10.1016/j.tetlet.2007.01.026
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stilbene bridge to direct the synthesis of calix[4]arene
crown ethers in a 1,3-alternate conformation for
selective alkali ion extraction.
2. Results and discussion

Using reductive McMurry intramolecular coupling of
bis-benzaldehyde calix[4]arenes 1 followed by condensa-
tion with the ditosylate ester of tetra- and pentaethylene
glycol, stilbene-bridged calix[4]arene crown-5 and
crown-6 were synthesized (Scheme 1). The reductive
coupling yielded stereoisomeric mixtures of cis and trans
stilbene 2 of which the cis isomer was predominant. By
using a high dilution condition (7 mM of bisbenzalde-
hydes) and a large excess of TiCl4 and Zn (20 equiv),
the yields of stilbene products were markedly improved
from our previous work.9 The mixtures of cis and trans
stilbene-bridged calix[4]arene were separated by column
chromatography and used in the next condensation step.
Only cis form of the final products from the condensa-
tion were successfully synthesized except for o-3 that
the trans isomer was also obtained. The characteristic
singlet NMR signal of the calix[4]arene methylene pro-
tons observed in the spectra of 3 and 4 indicated that
the stilbene-bridged calix[4]arene crowns were formed
in the 1,3-alternate conformation.10

To our surprise, the attempts to prepare m-trans-3 and
m-trans-4 from m-trans-2 by the same approach have

mailto:smongkol@chula.ac.th


1 o-2   cis 62% trans 15% o-cis-3       80% 
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             n=2  
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Scheme 1. Synthesis of stilbene calix[4]arene crown ether 3, 4.11 Reagents: (a) TiCl4, Zn, THF; (b) TsO(CH2CH2O)(3+n)Ts, Cs2CO3, Bu4NBr,
CH3CN.
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been so far fruitless, yielding only intractable materials.
To clarify these puzzling results, both cis- and trans-m-2
were condensed with 2 equiv of p-toluenesulfonate ester
of diethyleneglycol monoethylether (Scheme 2). The
products from m-cis-2 was the expected 1,3-alternate
m-cis-5 but the reaction of m-trans-2 gave only a poor
yield of the unexpected cone m-trans-6. The cone con-
formation was assigned according to the characteristic
NMR signals of the doublet pairs of the calix[4]arene
methylene protons. The results suggested that the phe-
nol ring flipping process required for the conversion of
the conformation from cone to 1,3-alternate was some-
how disallowed in m-trans-2. Although our previous
work has predicted that the calix[4]arene rims in m-
trans-2 were distorted from the normal circular shape
into an oval shape9 we have never thought that this dis-
tortion would totally prevent the ring flipping process.
O O

O O

OHOH

Cs2CO3, B

CH3C

OOR  =

OO

OO OHOH

Cs2CO3, B

CH3C

Scheme 2. Synthesis of stilbene calix[4]arene crown ether 5, 6.
For comparison in the extraction study, calix[4]arene
crowns without the stilbene bridge (7 and 8) containing
the same crown sizes as 3 and 4 were also synthesized
(Scheme 3). Without the stilbene bridge, calix[4]arene
crowns were obtained in the cone conformation
exclusively.

The alkali metal ion extraction at the aqueous CHCl3
interface by stilbene-bridged calix[4]arene crowns 3
and 4 were investigated in comparison with compounds
5, 7, 8, and 18-crown-6. The extraction was carried out
by thorough mixing a chloroform solution (5 mM,
1 mL) of the ligand with an aqueous solution of the
metal picrate (5 mM, 1 mL) for 24 h. After centrifuga-
tion, the aqueous phase (35 lL) was pipetted out and
diluted to 5 mL. The concentration of the remaining
metal ion in the aqueous phase was determined from
5     67%

R R

O O

O O
u4NBr

N

OEt

6    20%

OO

OO R R

u4NBr

N



n=1; 7     74% 
        n=2; 8     52% 

O OOHOH

CH3CN
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O
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Scheme 3. Synthesis of calix[4]arene crown ether 7, 8.
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the UV absorbance of picrate ion at 354 nm in the
diluted solution. The % extraction was calculated from
([A0 � A]/[A0]) · 100, whereas A0 and A were the absor-
bance of the aqueous metal picrate solutions before and
after extraction, respectively.

Calix[4]arene crowns (3, 4, and 7) and 18-crown-6 gener-
ally showed a good extractability toward alkali ions lar-
ger than Na+ (Fig. 1). While the calix[4]arene crown-5
such as 3 and 7 showed a significantly greater K+/Cs+

selectivity than that of 18-crown-6, the calix[4]arene
crown-6 (compound 4) displayed impressively high
Cs+/K+ selectivity. Stilbene-bridged calix[4]arene 5 in
which structure contains two linear diethylene glycol
chains has poor extractability toward all alkali ions.
Figure 1. Extraction percentage of alkali metal picrates from water to
chloroform by calix[4]arene derivatives and 18-crown-6 at room
temperature.

gbacefd

gbac,efd

7.40         7.20          7.00           6.80         6.60    6.40 

Figure 2. The 1H NMR spectra of (a) p-cis-3, (b) partial complexation betwe
cis-3 and potassium picrate.
The result indicated that neither the six oxygen atoms
present in the diethylene glycol chains nor in the crown
oxygens on the same side with the stilbene bridge are
suitable for hosting the alkali ions. The cone calix[4]-
arene crown 8 has relatively much lower Cs+ extractability
compared to the 1,3-alternate stilbene-bridged calix[4]-
arene crown 4. The 1,3-alternate calix[4]arene crown
was reported to have a suitable orientation of aromatic
rings for cation/p interaction participating in the bind-
ing of Cs+.11

Having a high extracting ability, ligands 3 and 4 were
also tested for solid–liquid extraction. An excess amount
of potassium picrate was added into a solution of 3 or 4
in CDCl3 and the mixture was sonicated. The color of
the solution gradually changed from colorless to yellow
indicating the dissolution of metal picrate into CDCl3,
which is normally nonsolvent for picrate salts. The
changes in 1H NMR spectra were used to justify the nat-
ure of complexation. For example, a new set of proton
signals was clearly observed after 1 h of sonication p-
cis-3 with potassium picrate salt (compare Fig. 2a and
b) suggesting a partial association of the ligand to K+,
to form the expecting host–guest complex, in the slow
exchange process. This new set of signals became stron-
ger with the expenses of the original set of signals as the
sonication prolonged. The original signals p-cis-3 were
completely replaced by the signals of the complex after
3 h of sonication (Fig. 2c) signifying a full complexation
of the host molecules to K+ in the solid–liquid
extraction.

Upon complexation with K+, the signals of the methyl-
ene protons in the crown ether moiety of p-cis-3 were
shifted significantly downfield while the other signals
were shifted only slightly (Fig. 3a) indicating that K+

situated mostly within the crown ether loop. For the
complexation between p-cis-4 and Cs+, significant shifts
of various signals including the calixarene aromatic pro-
tons were observed (Fig. 3b) suggesting the possibility of
cation–p interaction involving in the complexation.

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

selectivity while the stilbene-bridged calix[4]arene
n i,h j,k ml

j k l m n,i,h
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Figure 3. (a) Dd of p-cis-3 complexed with potassium picrate and (b) Dd of p-cis-4 complexed with cesium picrate.
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crown-6 has an excellent Cs+/K+ selectivity in the
aqueous chloroform extraction. The metal selectivities
of 1,3-alternate calix[4]arene crowns also significantly
outperform 18-crown-6.
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2H), 6.82 (m, stilbene-ArH, 2H), 7.20 (d, stilbene-ArH,
2H); mp = 116–118 �C; Anal. Calcd for C56H58O10: C,
75.53; H, 6.51. Found: C, 75.54; H, 6.56; compound m-cis-
4: 1H NMR (400 MHz, CDCl3) d 3.35 (t, OCH2, 8H), 3.46
(t, OCH2, 4H), 3.53 (t, OCH2, 4H), 3.61 (t, OCH2, 4H),
3.64 (t, OCH2, 4H), 3.67 (t, OCH2, 4H), 3.71 (t, OCH2,
4H), 3.85 (s, ArCH2Ar, 8) 6.63, 7.27 (t, calix-ArH, 4H),
7.07, 7.12 (d, calix-ArH, 8H), 6.82, 6.91 (d, stilben-ArH,
4H), 6.90 (t, stilben-ArH, 2H), 6.64 (s, stilben-ArH, 2H)
6.78 (s, CH@CH, 2H); 13C NMR (400 MHz, CDCl3) d
38.0 (ArCH2Ar), 61.7 (OCH2), 66.9 (OCH2), 68.3
(OCH2), 68.9 (OCH2), 69.4 (OCH2), 72.7 (OCH2),
1129.9 (calix-ArC), 130.1 (calix-ArC), 130.3 (calix-ArC),
134.0 (calix-ArC), 134.3 (calix-ArC), 138.5 (calix-ArC),
156.3 (calix-ArC), 158.4 (calix-ArC), 111.3 (stilbene-ArC),
116.4 (stilbene-ArC), 112.4 (stilbene-ArC), 122.6 (stilbene-
ArC), 122.6 (stilbene-ArC), 156.0 (stilbene-ArC), 122.2
(CH@CH) FTMS calcd for C56H58O10 [ESI, M+ NH4]:
908.4368, found: 908.4352; compound p-cis-4: 1H NMR
(400 MHz, CDCl3) d 3.54 (t, OCH2, 4H), 3.81 (t, OCH2,
4H), 3.87 (t, OCH2, 4H), 3.91 (t, OCH2, 8H), 3.97 (t,
OCH2, 4H), 4.46 (t, OCH2, 4H), 3.87 (s, ArCH2Ar, 8H),
6.19, 6.78 (t, calix-ArH, 4H), 7.02, 7.19 (d, calix-ArH, 8H),
7.07, 7.14 (d, stilbene-ArH, 8H), 6.70 (s, CH@CH, 2H)
mp = 256–257 �C; FTMS calcd for C56H58O10 [ESI, M+

NH4]: 908.4368, found: 908.4375. The experimental details
are available in Supplementary data.

11. (a) Lamare, V.; Dozol, J. F.; Ugozzoli, F.; Casnati, A.;
Ungaro, R. Eur. J. Org. Chem. 1998, 8, 1559–1568; (b)
Kim, J. S.; Ohki, A.; Ueki, R.; Ishizuka, T.; Shimotashiro,
T.; Maeda, S. Talanta 1999, 48, 705–710.
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ABSTRACT: The new 25,26,27,28-tetra(8-hydroxylocta-2,4-diynyl)-tert-butylcalix[4]arene was synthesized in
good yield from copper-catalyzed coupling reaction of 25,26,27,28-tetra(2-propynyl)-tert-butylcalix[4]arene with
5-iodo-4-pentynol in pyrrolidine. The hydroxyl end groups were converted to urethane groups through addition
to alkyl or phenyl isocyanate. Di- and trisubstitutedtert-butylcalix[4]arene analogs were also synthesized through
the same approach. The solid-state photopolymerization study revealed that only the calix[4]arene derivatives
containing four diyne units with alkyl urethane groups were substantially polymerized upon exposure to UV or
gamma irradiation to give polydiacetylenes containing calix[4]arene. The visible absorption band at 350-600
nm and the Raman signals around 1500 and 2100 cm-1 characterized the ene-yne conjugation formed through
the topological 1,4-addition polymerization of the diyne units.

Introduction

Topological polymerization of preorganized monomers can
be used to control the structures of polymers at both the
molecular and the supramolecular levels, which is vital for the
preparation of unique materials with interesting properties that
cannot be achieved by conventional polymerization.1 Along this
line, the favorable packing of diacetylene compounds has
attracted much attention because their noncovalently organized
structures can be topologically polymerized to form the corre-
sponding polydiacetylenes. Closely-packed suprastructures of
properly designed diacetylenes undergo 1,4-addition polymer-
ization upon UV or gamma irradiation.2 Tremendous interest
in polydiacetylenes (PDAs) arises from the extensive ene-yne
conjugation in the polymer backbone, leading to unique optical
and electronic properties that are promising in a variety of
applications such as chemical sensors,3 biosensors,4 nonlinear
optical materials,5 photoresists,6 thermal,7 and mechanical
sensors.8

To make a polydiacetylene via topochemical polymerization,
it is required that the monomer diyne units be arranged with a
repeat distance (r) of ∼5 Å and an orientation angle (θ) of ∼45°
relative to the translation axis, as shown in Figure 1.9 These
packing requirements limit the shape and size of the substituents
(R) on diynes in that the sterically bulky substituents usually
preclude the topopolymerization.10 Due to this limitation, the
design of molecules that can undergo intramolecular 1,4-addition
reaction of diyne units is challenging and, to our knowledge,
has not been reported.

Bisdiyne incorporated within an alkyl chain had been studied
for topological polymerization in Langmuir-Blodgett films.11

However, the mode of topological polymerization was purely
intermolecular as the diyne units were not restricted to the
parallel alignment. A molecule containing multiple diyne units
aligned in an appropriate direction is required to demonstrate
an intramolecular 1,4-addition reaction between the diyne
groups.

Calix[4]arene has a unique three-dimensional cavity-shaped
architecture that its derivatives exhibit interesting supramolecular
binding behaviors in solution12 and in the solid state.13 The self-
assembled PDA/tert-butylcalix[4]arene bilayer on gold surface
acts as a chemically sensitive interface for surface acoustic wave
mass balances in vapor-phase sensing applications.14 With the
knowledge thattert-butylcalix[4]arene having four squarely
arranged hydroxyl groups has a preorganized basket like
structure and the distance between the neighboring hydroxyl
groups is 4.5-5.0 Å (Figure 2),15 we contemplated that its
derivatives containing multiple diyne units may undergo topo-
logical polymerization to form PDA-containingtert-butylcalix-
[4]arene. Study of topological polymerization oftert-butylcalix-
[4]arene mounted with multiple diyne chains will not

* E-mail: smongkol@chula.ac.th.
† Chulalongkorn University.
‡ University of Massachusetts.

Figure 1. Packing parameters,r ) ∼5 Å andθ ) ∼45°, required for
the topological polymerization of a diacetylene monomer.

Figure 2. The structures oftert-butylcalix[4]arene and its tetradiyne
derivative.
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only be mechanistically interesting but may also give novel
interesting sensing materials.

Results and Discussion

Synthesis of Calix[4]arenes Containing Multiple Diyne
Units. Calix[4]arenes mounted with two, three, and four diyne
units (Figure 3) were synthesized and studied for their possibility
to undergo topological 1,4-addition polymerization. The syn-
thesis was started from multipleO-alkylation oftert-butylcalix-
[4]arene with appropriate equivalents of propargyl bromide in
the presence of a suitable inorganic base at reflux temperature.16-18

Di-, tri-, and tetrapropargyl-tert-butylcalix[4]arenes were ob-
tained in 65-85% yields (Scheme 1). The remaining phenolic
hydroxyl groups of di- and tripropargyl-tert-butylcalix[4]arene
were protected with propyl group prior to the subsequent
coupling to form the diynes. The Cadiot-Chodkiewicz cou-
pling19 of the propargyl substitutedtert-butylcalix[4]arenes with
5-iodo-4-pentynol afforded the desired calix[4]arenes containing
multiple diyne units in good yields. The iodine-terminated
alkyne used in the coupling step was generated from the
iodination of 4-pentyn-1-ol with iodine in the presence of
morpholine base.20 Further modification of the hydroxyl end
of the diyne chains to carbamate (urethane) was accomplished
by the addition of hydroxyl group to an isocyanate. Unless
commercially available, the isocyanates were generated in situ
from the corresponding amine by reacting with triphosgene using
triethylamine as a base in dry chloroform in the presence of
dibutyltindilaurate as a catalyst.21 All diacetylene products were
purified by column chromatography until their1H NMR and
13C NMR spectra were clean. The elemental analysis was used
to confirm their purity prior to the study of their photopolym-
erization.

Solid-State Photopolymerization oftert-Butylcalix[4]arene
Containing Four Diyne Units. UV irradiation (TUV 15W/G15
T18 lamp, Philips, Holland) at a distance of 30 cm of C4A,
C4BU, C4HU, and C4PU powders showed that the white color

of C4BU and C4HU rapidly turned into intense red color (within
5 min) while the white color of C4A and C4PU solids were
virtually unchanged upon long exposure to UV irradiation (30
min) (Table 1). The intense color change of a diacetylene solid
after UV irradiation typically signifies the formation of extensive
ene-yne conjugation resulting from the topological 1,4-addition
polymerization of the diyne units. Dissolution of the irradiated
C4BU and C4HU in chloroform gave solutions of C4BU and
C4HU (confirmed by TLC and NMR) and insoluble red
powders. No significant insoluble solid was observed in the
dissolution of irradiated C4A and C4PU in chloroform, and the
soluble materials were identified as the starting C4A and C4PU.
The red insoluble solids obtained from the irradiation of C4BU
and C4HU are thus likely to be polydiacetylenes of the
corresponding monomers which will be denoted as PC4BU and
PC4HU, respectively, for later discussion.

Due to its low penetration power, UV irradiation is known
to lead to only surface reaction on the solid. To obtain higher

Figure 3. The structures of calix[4]arenes containing multiple diyne
units synthesized in this work. The letters B, H, and P denote R)
butyl, hexyl, and phenyl, respectively.

Scheme 1. Reagents and Conditionsa

a Key: (i) Propargyl bromide, K2CO3, CH3CN, reflux forn ) 2 and
4; Ba(OH)2·8H2O, BaO, THF, reflux forn ) 3; (ii) NaH, propyl
bromide, THF, Reflux; (iii) I2, morpholine, toluene; (iv) CuI, pyrroli-
dine; (v) RsNdCdO, dibutyltindilaurate, THF.

Figure 4. FT-Raman spectra of C4BU and PC4BU (in KBr).
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yields of PC4BU and PC4HU for a more definitive character-
ization, the polymerization was conducted by exposing C4BU
and C4HU to 50 Mrad ofγ radiation from60Co. The resulting
deep red polymerized solid was dissolved in tetrahydrofuran
with the assistance of ultrasonication. The red solution was
filtered through a 0.45µm cellulose acetate filter and concen-
trated under reduced pressure. The concentrated crude was
dropped into methanol at room temperature to give a red
insoluble precipitate. The precipitate was collected by filtration
and dried under vacuum to afford pure red polydiacetylene (45%
yield for PC4BU).

Raman scattering spectroscopy has been one of the most
effective techniques to unambiguously characterize the ene-
yne conjugation of polydiacetylenes especially for the insoluble
polymers. The FT-Raman spectra of C4BU and PC4BU powders
are shown in Figure 4. The spectrum of C4BU has a single
CtC stretching peak at 2250 cm-1 associated with the internal
diyne groups. The CtC stretching peak shifts to lower energy
at 2090 cm-1 in the spectrum of PC4BU and a new CdC
stretching peak appears at 1486 cm-1, confirming the presence
of ene-yne conjugation in the red PC4BU powder.

Initially, PC4BU appeared to be insoluble in all solvents
tested. The polymer however formed clear red solution when
sonicated in dimethylformamide or tetrahydrofuran for 5 min.
The solution (5% w/w) was stable upon standing in refrigerator
for months without noticeable precipitation as shown in Table
2. The electronic spectra of C4BU and PC4BU in tetrahydro-
furan are shown in Figure 5 (For clarity sake, the similar spectra
of C4HU and PC4HU are not included in the figure.) The
spectrum of C4BU has no visible absorption, while that of
PC4BU shows a broad absorption band in the range of 350-
620 nm with maximum absorption peaks at 440 and 560 nm.

Due to the rigidity of the preorganizedtert-butylcalix[4]arene
platform, the topological 1,4-addition polymerization of the four
diyne units of C4BU is most likely to proceed through a parallel
intramolecular 1,4-addition (Scheme 2). The observation of
polydiacetylene from C4BU thus provided us the first evidence

of the intramolecular 1,4-addition of diynes. The resulting
polydiacetylene also possesses intriguing molecular architecture
containing a parallel conjugated ene-yne backbone withtert-
butylcalix[4]arene as hollow side chains.

The good solubility of PC4BU and PC4HU in tetrahydrofuran
indicated that the polymers were not crosslinked and allowed
the molecular weight determination by gel permeation chro-
matography (GPC). The molecular weights of PC4BU and
PC4HU were determined from the tetrahydrofuran eluted GPC
chromatograms calculated against polystyrene standards using
a universal calibration method. The GPC chromatograms of the
purified PC4BU and the crude PC4HU have common bimodal
features (Figure 6). The monomer peak appearing in the
chromatogram of crude PC4HU but not in the chromatogram
of purified PC4BU indicates that the purification of the polymers
by precipitation is effective. The number average molecular
weights of PC4BU are 3.62× 105 Da (Mw/Mn ) 1.08) and
5.31× 104 Da (Mw/Mn ) 1.13), and those of PC4HU are 7.39
× 105 Da (Mw/Mn ) 1.03), 1.58× 105 Da (Mw/Mn ) 1.03),
and 1.01× 105 Da (Mw/Mn ) 1.15).

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

Solid-State Polymerization oftert-Butylcalix[4]arene Con-
taining Two and Three Diyne Units. The C2BU powder did
not change its color while the color of C3BU powder changed
to orange upon exposure to UV light. These results suggested
that C2BU is photoinactive while C3BU can topologically
polymerize somewhat but not as extensive as C4BU does. The
difference in topological polymerizability oftert-butylcalix[4]-
arene containing different number of diyne units maybe
explained by the molecular packing in the solid state of the
monomers. For C4BU to be effectively polymerized topologi-
cally, the calix[4]arene cones must arrange themselves in the
same direction that will allow the diyne units to align side by
side. This arrangement can be continued for at least in each
row of C4BU molecules and can be attributed to inter- and
intramolecular hydrogen bonding among the carbarmate groups
(Scheme 3). For C3BU, the same molecular arrangement is
subjected to the possibility of some defects because of one
missing diyne unit per each monomeric molecule. The topologi-
cal polymerization of C3BU thus cannot proceed very far. With
two diyne units missing, C2BU will not have any continuous
alignment of the diyne units beyond two consecutive units, and
thus its topological polymerization is totally forbidden. This
packing analysis confirms that the topological polymerization
of C4BU operates through parallel or antiparallel 1,4-addition
involving both inter- and intramolecular reactions.

Conclusion

The derivatives oftert-butylcalix[4]arene containing two,
three, and four diyne units were successfully synthesized. Only
the derivatives that contain four diyne withN-alkyl carbamate
moieties readily undergo solid-state topological photopolym-
erization to give ene-yne conjugated polydiacetylenes. The
presence of carbamate groups is necessary for aligning the
diynes through their continuous hydrogen bonding. The replace-
ment one or two diyne units with a simple alkyl chain results

Table 1. Color Change oftert-Butylcalix[4]arene Derivatives
Containing Four Diyne Units upon Exposure to UV Irradiation for

30 min

Table 2. Dispersion of PC4BU in Tetrahydrofuran and
N,N-Dimethylformamide under Sonication and the Storage Stability

of the Dispersion
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in the reduction of the molecular symmetry and hence the
topological polymerizability of the compound. The polymeriz-
ability of the tetradiyne derivatives provides not only the first
evidence of the intramolecular 1,4-addition of diynes but also
a route to synthesize some novel polydiacetylenes with interest-
ing molecular architecture.

Experimental Section

Materials. Propargyl bromide, iodine, morpholine, copper(I)
iodide, pyrrolidine, propyl bromide, sodium hydride, potassium
carbonate, barium oxide, barium hydroxide octahydrate, triethy-
lamine, and butylamine were purchased from Fluka (Switzerland).
Dibutyltindilaurate, 4-pentyn-1-ol, butylamine, hexyl isocyanate,
phenyl isocyanate, and triphosgene were purchased from Aldrich
(USA). Butyl isocyanate was purchased from Merck (Germany)
and used without further purification.tert-butylcalix[4]arene was
prepared according to the literature.22 Tetrahydrofuran was distilled

over sodium and benzophenone, and acetonitrile was distilled over
calcium hydride and stored over molecular sieves. Other analytical
grade solvents were used as received without further distillation.
Unless otherwise noted, all reactions were carried out under nitrogen
atmosphere. Column chromatography was performed using Merck
silica gel 60 (70-230 mesh).

Analytical Instruments. 1H spectra were recorded on Varian
Mercury 400 MHz NMR spectrometer (Varian, USA) and AC
Bruker 200, 250, and 500 MHz NMR spectrometer (Bruker, USA)
using the residual solvent proton resonance of CDCl3 at 7.26 ppm
as the reference.13C NMR spectra were recorded on the same
instruments as1H NMR and the data are provided in Supporting
Information. Elemental analysis was performed on PE 2400 Series
II (Perkin-Elmer, USA). Infrared spectra (data provided in Sup-
porting Information) were measured from KBr pellets on a Nicolet
Impact 410 FT-IR spectrophotometer (Thermo Nicolet, USA). UV-
vis spectra were recorded on Varian Cary 100 Bio UV-vis
spectrophotometer (Varian, USA). The melting points were recorded
on a Mettler Toledo DSC 823e (Mettler Toledo, USA) instrument
with an aluminum standard cell (40µL) as a holder at a heating
rate of 10°C/min. The FT-Raman experiments were performed by
exciting neat solid samples with a cw Nd:YAG laser at 1.064µm,
and the Raman spectra were recorded on the same IR spectrometer
with Raman accessories using 180° optical collection geometry.
GPC analysis was measured on a Water system (Waters, USA)
with a Water 600 pump, a Water 2414 refractive index detector,
and a set of Styragel columns (HR1, HR3, and HR4) at 35°C using
tetrahydrofuran as an eluent at a flow rate of 1.00 mL/min.

Synthesis Procedures.25,27-Dipropagyloxy-26,28-dihydroxy-
tert-butylcalix[4]arene (1). A mixture of potassium carbonate (1.71
g, 12.34 mmol) andtert-butylcalix[4]arene (4.01 g, 6.18 mmol) in
acetonitrile (200 mL) was stirred at room temperature for 1 h. A
solution of propargyl bromide (1.24 g, 12.98 mmol) in acetonitrile
(50 mL) was added dropwise into the stirred mixture over 30 min.
The reaction mixture was refluxed for 48 h and was then allowed
to cool to room temperature. The reaction mixture was filtered to
remove insoluble particles, and the filtrate was concentrated in a
rotating evaporator. To the concentrated reaction mixture was added
2 M HCl (100 mL) and then extracted with dichloromethane (3×
100 mL). The combined organic extracts were washed with brine
(100 mL), dried over anhydrous Na2SO4, filtered, and evaporated
to dryness in vacuo. The crude mixture was crystallized from CH2-
Cl2/CH3OH to afford1 as a white solid (3.72 g, 83% yield). Mp:
232 °C (decomposed).1H NMR (200 MHz, CDCl3): δ 7.13 (s,
4H, Ar-H), 6.78 (s, 4H, Ar-H), 6.55 (s, 2H, OH), 4.80 (d,J ) 4.0
Hz, 4H, OCH2), 4.42 (d,J ) 14.0 Hz, 4H, ArCH2Ar), 3.38 (d,J )
14.0 Hz, 4H, ArCH2Ar), 2.58 (t,J ) 4.0 Hz, 2H, CtCH), 1.35 (s,
18H, (CH3)3), 0.94 (s, 18H, (CH3)3).

25,26,27-Tripropargyloxy-28-hydroxy-tert-butylcalix[4]arene (2).
A mixture of Ba(OH)2‚8H2O (3.66 g, 11.60 mmol), BaO (1.02 g,
6.63 mmol), andtert-butylcalix[4]arene (2.15 g, 3.31 mmol) were
dissolved in tetrahydrofuran (50.0 mL), and the solution was stirred
at room temperature for 1 h. A solution of propargyl bromide (4.93
g, 33.0 mmol) in tetrahydrofuran (30 mL) was added dropwise into

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

Scheme 3. Top View of the Proposed Molecular Packing
Patterns in the Solid State of C4BU, C3BU, and C2BUa

a The arrow indicates the direction of the topological polymerization
and X indicates the mismatched pair of the substituents to undergo the
topological polymerization.

Figure 5. UV-vis spectra of 2.5 mM C4BU and 0.05 mM PC4BU in
tetrahydrofuran.
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the stirred mixture over 30 min. The reaction mixture was refluxed
for 48 h and was then allowed to cool to room temperature. The
reaction mixture was filtered to remove insoluble particles, and the
filtrate was concentrated in a rotating evaporator. To the concen-
trated reaction mixture was added 2 M HCl (50 mL) and then
extracted with dichloromethane (3× 60 mL). The combined organic
extracts were dried over anhydrous Na2SO4 and filtered, and the
solvent was removed to give a brown oily residue. The residue
was purified by column chromatography with dichloromethane/
hexane (15/85) to give2 as a white solid (67% yield, 1.69 g). Mp:
157 °C. 1H NMR (200 MHz, CDCl3): δ 7.18 (s, 2H, Ar-H), 7.13
(s, 2H, Ar-H), 6.63 (s, 2H, Ar-H), 6.59 (s, 2H, Ar-H), 5.83 (s, 1H,
OH), 5.08 (d,J ) 2.5 Hz, 2H, OCH2), 4.70 (d,J ) 3.0 Hz, 4H,
OCH2), 4.66 (d,J ) 14.0 Hz, 2H, ArCH2Ar), 4.43 (d,J ) 14.0
Hz, 2H, ArCH2Ar), 3.36 (d,J ) 14.0 Hz, 2H, ArCH2Ar), 3.27 (d,
J ) 14.0 Hz, 2H, ArCH2Ar), 2.56 (t, J ) 3.0 Hz, 2H, CtCH),
2.50 (t,J ) 2.5 Hz, 1H, CtCH), 1.37 (s, 18H, (CH3)3), 0.90 (s,
9H, (CH3)3), 0.89 (s, 9H, (CH3)3).

25,26,27,28-Tetra(propargyloxy)-tert-butylcalix[4]arene (3). A
mixture of potassium carbonate (43.37 g, 313.76 mmol) andtert-
butylcalix[4]arene(10.18 g, 15.68 mmol) in acetonitrile (200 mL)
was stirred at room temperature for 1 h. A solution of propargyl
bromide (23.33 g, 156.88 mmol) in acetonitrile (50 mL) was added
dropwise into the stirred mixture over 30 min. The reaction mixture
was allowed to reflux for 48 h and then allowed to cool to room
temperature. The reaction mixture was filtered to remove insoluble
particles, and the filtrate was concentrated in a rotating evaporator.
To the concentrated reaction mixture was added 2 M HCl (100
mL) and then extracted with dichloromethane (3× 100 mL). The
combined organic extracts were washed with brine (100 mL), dried
over anhydrous Na2SO4, filtered, and evaporated to dryness in
vacuo. The crude mixture was crystallized from CH2Cl2/CH3OH
to afford3 as a white solid (10.68 g, 85% yield). Mp: 107°C. 1H
NMR (400 MHz, CDCl3): δ 6.78 (s, 8H, Ar-H), 4.80 (d,J ) 2.4
Hz, 8H, OCH2), 4.60 (d,J ) 13.2 Hz, 4H, ArCH2Ar), 3.16 (d,J )
13.2 Hz, 4H, ArCH2Ar), 2.48 (t,J ) 2.4 Hz, 3H, CtCH), 1.07 (s,
36H, (CH3)3).

25,27-Dipropargyloxy-26,28-dipropyl-tert-butylcalix[4]arene (4).
1 (1.03 g, 1.42 mmol) and NaH (0.40 g, 14.16 mmol), which was
washed with hexane (3× 10 mL), were dissolved in tetrahydrofuran
(20 mL), and the solution was stirred at room temperature for 1 h.
Then a solution of propyl bromide (1.74 g, 14.16 mmol) in
tetrahydrofuran (20 mL) was added dropwise to the above mixture.
After the addition was complete, the reaction mixture was allowed
to reflux for 24 h. The reaction mixture was then allowed to cool
to room temperature and quenched with ethanol (20 mL). The
solvent was removed in vacuo to obtain a yellow residue, and then
the residue was extracted with dichloromethane (3× 30 mL). The
combined organic layers were washed with brine (50 mL), dried
over anhydrous Na2SO4, and filtered, and the solvent was removed
in vacuo to give a brown oily residue. The residue was isolated by
column chromatography with dichloromethane as an eluent to afford
4 as a white solid (0.35 g, 31% yield). Mp: 190°C. 1H NMR (400
MHz, CDCl3): δ 7.09 (s, 4H, Ar-H), 6.45 (s, 4H, Ar-H), 5.02 (s,
J ) 2.4 Hz, 4H, OCH2Ar), 4.52 (d,J ) 12.0 Hz, 4H, ArCH2Ar),

3.71 (t,J ) 6.0 Hz, 4H, CH2CH2CH3), 3.14 (d,J ) 12.0 Hz, 4H,
ArCH2Ar), 2.39 (t,J ) 2.4 Hz, 3H, CtCH), 2.00 (m, 4H, CH2CH2-
CH3), 1.33 (s, 18H, (CH3)3), 1.05 (t,J ) 6.0 Hz, 6H, CH2CH2CH3),
0.83 (s, 18H, (CH3)3).

25,26,27-Tripropargyloxy-28-propyl-tert-butylcalix[4]arene (5).
2 (0.93 g, 1.22 mmol) and NaH (0.15 g, 6.08 mmol), which was
washed with hexane (3× 10 mL), were dissolved in tetrahydrofuran
(20 mL), and the solution was stirred at room temperature for 1 h.
Then a solution of propyl bromide (0.75 g, 6.08 mmol) in
tetrahydrofuran (20 mL) was added by dropwise to the above
mixture. After the addition was complete, the reaction mixture was
allowed to reflux for 24 h. The reaction mixture was then allowed
to cool to room temperature and quenched with ethanol (20 mL).
The solvent was removed in vacuo to obtain a yellow residue, and
then the residue was extracted with dichloromethane (3× 30 mL).
The combined organic layers were washed with brine (50 mL),
dried over anhydrous Na2SO4, and filtered, and the solvent was
removed in vacuo to give a brown oily residue. The residue was
isolated by column chromatography with dichloromethane as an
eluent to afford5 as a white solid (0.80 g, 82% yield). Mp: 140°C.
1H NMR (400 MHz, CDCl3): δ 7.00 (s, 2H, Ar-H), 6.98 (s, 2H,
Ar-H), 6.60 (s, 2H, Ar-H), 6.54 (s, 2H, Ar-H), 4.98 (d,J ) 2.4
Hz, 2H, CH2CtC), 4.89 (d,J ) 2.4 Hz, 2H, CH2CtC), 4.63 (d,
J ) 2.0 Hz, 2H, CH2CtC), 4.59 (d,J ) 12.5 Hz, 2H, ArCH2Ar),
4.51 (d,J ) 12.5 Hz, 2H, ArCH2Ar), 3.76 (t, J ) 7.4 Hz, 2H,
CH2CH2CH3), 3.17 (d,J ) 5.6 Hz, 2H, ArCH2Ar), 3.13 (d,J )
5.6 Hz, 2H, ArCH2Ar), 2.4 (t, J ) 2.0 Hz, 1H, CtCH), 2.44 (t,J
) 2.4 Hz, 2H, CtCH), 2.00 (m, 2H, CH2CH2CH3), 1.28 (s, 18H,
(CH3)3), 1.07 (t,J ) 7.4 Hz, 3H, CH2CH2CH3), 0.96 (s, 9H, (CH3)3),
0.94 (s, 9H, (CH3)3).

5-Iodo-4-pentynol.A solution of morpholine (33.25 mL, 381.60
mmol) in toluene (350 mL) at 45°C was treated with iodine (13.56
g, 53.42 mmol) shielded from light and stirred for 1 h. A solution
of 4-pentyn-1-ol (3.21 g, 38.16 mmol) in toluene (30 mL) was added
and the reaction mixture was stirred at 45°C for 1 h. The reaction
mixture was cooled to room temperature and filtered to remove
the salt. The filtrate was poured over a mixture of diethylether (200
mL) and a saturated aqueous solution of Na2S2O3 (100 mL) and
shaken vigorously until the organic layer was colorless. The organic
layer was separated, washed with Na2S2O3 (100 mL), dried over
anhydrous Na2SO4, filtered, concentrated, and purified by column
chromatography (ethyl acetate/hexane) 7/93) to afford 5-iodo-4-
pentynol as a light yellow oil (6.97 g, 87% yield).1H NMR (400
MHz, CDCl3): δ 3.78 (t,J ) 6.0 Hz, 2H, CH2OH), 2.53 (t,J )
6.0 Hz, 2H, CtCCH2), 1.80 (quintet,J ) 6.0 Hz, 2H, CH2CH2-
CH2OH), 1.61 (br s, 1H, OH).

25,27-Di(octa-4,6-diyn-1-ol)oxy-26,28-dipropyl-tert-butylcalix-
[4]arene (C2A).To a stirred solution of4 (0.22 g, 0.27 mmol) and
5-iodo-4-pentynol (0.28 g, 1.34 mmol) in pyrrolidine (1.0 mL) was
added copper(I) iodide (0.01 g, 0.05 mmol). After the reaction
mixture was stirred at room temperature for 2 h, it was hydrolyzed
with a saturated aqueous solution of ammonium chloride (30 mL)
and extracted with diethyl ether (3× 50 mL). The combined organic
layers were dried over anhydrous Na2SO4 and filtered, and the
solvent was removed in vacuo. The crude product was purified by

Figure 6. GPC traces of purified PC4BU (solid line) and crude PC4HU (dash line) using tetrahydrofuran as an eluent.
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column chromatography (dichloromethane/ethyl acetate) 10/90)
to obtain C2A as a light yellow solid (0.10 g, 38% yield). Mp:
168 °C. 1H NMR (400 MHz, CDCl3): δ 7.09 (s, 4H, Ar-H), 6.43
(s, 4H, Ar-H), 5.01 (s, 4H, OCH2CtC), 4.48 (d,J ) 13.6 Hz, 4H,
ArCH2Ar), 3.76 (t,J ) 6.0 Hz, 4H, CH2CH2CH3), 3.71 (t,J ) 7.5
Hz, 4H, CH2OH), 3.14 (d,J ) 13.6 Hz, 4H, ArCH2Ar), 2.43 (t,J
) 7.5 Hz, 4H, CH2CH2CH2OH), 2.00 (m, 4H, CH2CH2CH3), 1.81
(quintet,J ) 7.5 Hz, 4H, CH2CH2OH), 1.33 (s, 18H, (CH3)3), 1.05
(t, J ) 6.0 Hz, 6H, CH2CH2CH3), 0.82 (s, 18H, (CH3)3).

25,26,27-Tri(octa-4,6-diyn-1-ol)oxy-28-propyl-tert-butylcalix[4]-
arene (C3A).To a stirred solution of5 (0.24 g, 0.30 mmol) and
5-iodo-4-pentynol (0.36 g, 1.79 mmol) in pyrrolidine (2.00 mL)
was added copper(I) iodide (0.02 g, 0.08 mmol). After the reaction
mixture was stirred at room temperature for 2 h, it was hydrolyzed
with a saturated aqueous solution of ammonium chloride (30 mL)
and extracted with diethyl ether (3× 50 mL). The combined organic
layers were dried over anhydrous Na2SO4 and filtered, and the
solvent was removed in vacuo. The crude product was purified by
column chromatography (dichloromethane/ethyl acetate) 50/50)
to give C3A as a light yellow solid (0.18 g, 58% yield). Mp: 145°C.
1H NMR (400 MHz, CDCl3): δ 7.00 (s, 4H, Ar-H), 6.58 (s, 2H,
Ar-H), 6.51 (s, 2H, Ar-H), 5.01 (s, 2H, CH2CtC), 4.87 (s, 2H,
CH2CtC), 4.71 (s, 2H, CH2CtC), 4.55 (d,J ) 12.5 Hz, 2H,
ArCH2Ar), 4.46 (d, J ) 12.5 Hz, 2H, ArCH2Ar), 3.76 (m, 8H,
CH2CH2CH3 and CH2OH), 3.17 (d,J ) 6.4 Hz, 2H, ArCH2Ar),
3.14 (d,J ) 6.4 Hz, 2H, ArCH2Ar), 2.44 (t,J ) 6.6 Hz, 6H, CH2-
CH2CH2OH), 2.00 (m, 4H, CH2CH2CH3), 1.81 (m, 6H, CH2CH2-
OH), 1.25 (s, 18H, (CH3)3), 1.08 (t,J ) 7.4 Hz, 3H, CH2CH2CH3),
0.92 (s, 9H, (CH3)3), 0.87 (s, 9H, (CH3)3).

25,26,27,28-Tetra(octa-4,6-diyn-1-ol)oxy-tert-butylcalix[4]-
arene (C4A).To a stirred solution of3 (4.18 g, 5.22 mmol), and
5-iodo-4-pentynol (10.96 g, 52.18 mmol) in pyrrolidine (40.00 mL)
was added copper(I) iodide (0.40 g, 2.09 mmol). After the reaction
mixture was stirred at room temperature for 2 h, it was hydrolyzed
with a saturated aqueous solution of ammonium chloride (200 mL)
and extracted with diethyl ether (3× 150 mL). The combined
organic layers were dried over anhydrous Na2SO4 and filtered, and
the solvent was removed in vacuo. The crude product was purified
by column chromatography (ethyl acetate) to afford C4A as a light
yellow solid (2.73 g, 51% yield). Mp: 212°C (decomposed).1H
NMR (400 MHz, CDCl3): δ 6.77 (s, 8H, Ar-H), 4.82 (s, 8H,
OCH2), 4.53 (d,J ) 13.2 Hz, 4H, ArCH2Ar), 3.77 (t,J ) 7.0 Hz,
8H, CH2OH), 3.17 (d,J ) 13.2 Hz, 4H, ArCH2Ar), 2.45 (t, J )
7.0 Hz, 8H, CtCCH2), 1.90 (bs, 1H, OH), 1.81 (quintet,J ) 7.0
Hz, 8H, CH2CH2CH2), 1.07 (s, 36H, (CH3)3).

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

Butylamine was dissolved in chloroform. Triphosgene was
gradually added to this solution with stirring. Triethylamine was
added dropwise to this stirred mixture (a water bath may be needed
to keep the temperature below 30°C). The reaction mixture was
refluxed for 2 h before diacetylenic alcohol-tert-butylcalix[4]arene
derivatives [C2A or C3A] and dibutyltindilaurate were added. The
stirring was continued for 10 h at room temperature. The solvent
was evaporated, and the residue was redissolved in hexane. The
resulting solution was filtered, and the solid was washed several
times with hexane. The filtrate was collected, and the solvent was
evaporated. The residue was eluted through a silica gel column.

25,27-Di[octa-4,6-diyn-1-ol-(carboxy-butyl-urethane)]oxy-26,28-
dipropyl-tert-butylcalix-[4]arene (C2BU).C2BU was synthesized
according to the above urethane formation procedure from C2A
(0.07 g, 0.07 mmol), butylamine (0.32 g, 4.32 mmol), triphosgene
(0.43 g, 1.44 mmol), triethylamine (1.20 mL, 8.63 mmol), and
dibutyltindilaurate (0.18 g, 0.29 mmol) in chloroform (10 mL) and
purified by column chromatography (ethyl acetate/dichloromethane
) 1/99). A light yellow solid (0.05 g, 55% yield) was obtained.
Mp: 100 °C. 1H NMR (400 MHz, CDCl3): δ 7.09 (s, 4H, Ar-H),
6.42 (s, 4H, Ar-H), 5.01 (s, 4H, OCH2CtC), 4.69 (br s, 2H, NH),
4.48 (d,J ) 13.6 Hz, 4H, ArCH2Ar), 4.12 (t, J ) 5.8 Hz, 4H,
OCOCH2), 3.70 (t,J ) 6.0 Hz, 4H, CH2CH2CH3), 3.14 (m,J )
13.6 Hz, 8H, ArCH2Ar and NCH2), 2.38 (t,J ) 6.6 Hz, 4H, Ct

CCH2), 2.00 (m, 4H, CH2CH2CH3), 1.84 (quintet,J ) 5.8 Hz, 4H,
CtCCH2CH2), 1.47 (m, 4H, CH2CH2CH2CH3), 1.32 (s, 18H,
(CH3)3), 1.05 (t,J ) 6.0 Hz, 6H, CH2CH2CH3), 0.92 (m, 6H, CH2-
CH2CH2CH3), 0.81 (s, 18H, (CH3)3). Anal. Calcd for
C76H102N2O8: C, 77.91; H, 8.77; N, 2.89. Found: C, 76.28; H,
8.43; N, 3.19.

25,26,27-Tri[octa-4,6-diyn-1-ol-(carboxy-butyl-urethane)]oxy-28-
propyl-tert-butylcalix[4]arene (C3BU).C3BU was synthesized
according to the above urethane formation procedure from C3A
(0.07 g, 0.07 mmol), butylamine (0.07 g, 1.00 mmol), triphosgene
(0.10 g, 0.30 mmol), triethylamine (0.28 mL, 2.00 mmol), and
dibutyltindilaurate (0.13 g, 0.21 mmol) in chloroform (10 mL) and
purified by column chromatography (ethyl acetate/hexane) 15/
85). A light yellow solid (0.03 g, 32% yield) was obtained. Mp:
117 °C. 1H NMR (400 MHz, CDCl3): δ 7.00 (s, 4H, Ar-H), 6.56
(s, 2H, Ar-H), 6.50 (s, 2H, Ar-H), 4.99 (s, 2H, OCH2CtC), 4.88
(s, 2H, OCH2CtC), 4.80 (br s, 3H, NH), 4.70 (s, 2H, OCH2Ct
C), 4.54 (d,J ) 13.0 Hz, 2H, ArCH2Ar), 4.47 (d,J ) 13.0 Hz,
2H, ArCH2Ar), 4.12 (t, J ) 5.6 Hz, 6H, CH2OCO), 3.74 (t, 2H,
CH2CH2CH3), 3.15 (m, 10H, ArCH2Ar and NHCH2), 2.39 (t,J )
6.4 Hz, 6H, CH2CH2CH2OCO), 2.03 (m, 4H, CH2CH2CH3), 1.86
(m, 6H, CH2CH2OCO), 1.47 (m, 6H, CH2CH2CH2CH3), 1.34 (m,
6H, CH2CH2CH2CH3), 1.25 (s, 18H, (CH3)3), 1.07 (m, 9H, CH2-
CH2CH2CH3), 0.91 (s, 9H, (CH3)3), 0.86 (s, 9H, (CH3)3). Anal.
Calcd for C86H113N3O10: C, 76.58; H, 8.44; N, 3.12. Found: C,
74.40; H, 7.71; N 3.21.

Urethane Formation of C4BU, C4HU, and C4PU.General
Procedure for Synthesis.Diacetylenic alcohol-tert-butylcalix[4]arene
derivatives and dibutyltindilaurate were dissolved in tetrahydrofuran,
and RsNdCdO (commercially available) was added dropwise
to this solution with stirring at 0°C. The mixture was allowed to
warm up to room temperature and the stirring was continued for
another 2 h before ice/water was added. Tetrahydrofuran was
evaporated, and the aqueous residue was extracted several times
with CH2Cl2 and brine. The combined organic layers were dried
over anhydrous Na2SO4 and filtered, and the solvent was removed
in vacuo. The crude product was eluted through a silica gel column.

25,26,27,28-Tetra[octa-4,6-diyn-1-ol-(carboxy-butyl-urethane)]-
oxy-tert-butylcalix[4]arene (C4BU).C4BU was synthesized ac-
cording to the above urethane formation procedure from C4A (0.85
g, 0.75 mmol), butyl isocyanate (0.75 g, 7.53 mmol), and dibu-
tyltindilaurate (1.90 g, 3.01 mmol) in tetrahydrofuran (20 mL) and
purified by column chromatography (ethyl acetate/hexane) 45/
55). A white solid (0.96 g, 84% yield) was obtained. Mp: 119°C.
1H NMR (400 MHz, CDCl3): δ 6.77 (s, 8H, Ar-H), 4.82 (s, 8H,
OCH2 and NH), 4.53 (d,J ) 13.2 Hz, 4H, ArCH2Ar), 4.13 (t,J )
5.8 Hz, 8H, OCOCH2), 3.17 (m, 12H, ArCH2Ar and NCH2), 2.39
(t, J ) 6.8 Hz, 8H, CtCCH2CH2), 1.87 (quintet,J ) 6.0 Hz, 8H,
CtCCH2CH2), 1.47 (quintet,J ) 6.6 Hz, 8H, CH2CH2CH2CH3),
1.33 (m, 8H, CH2CH3), 1.06 (s, 36H (CH3)3), 0.95 (t,J ) 7.4 Hz,
12H, CH3). Anal. Calcd for C96H124N4O12: C, 75.56; H, 8.19;
N, 3.67. Found: C, 75.58; H, 8.39; N 3.65. Raman: 2250 cm-1

(sCtC-CtCs).
25,26,27,28-Tetra[octa-4,6-diyn-1-ol-(carboxy-hexyl-urethane)]-

oxy-tert-butylcalix[4]arene (C4HU). C4HU was prepared as de-
scribed above from C4A (0.54 g, 0.48 mmol), butyl isocyanate (0.61
g, 4.78 mmol), and dibutyltindilaurate (1.21 g, 1.91 mmol) in
tetrahydrofuran (15 mL) and purified by column chromatography
(ethyl acetate/hexane) 27/73). A white solid (0.35 g, 45% yield)
was obtained. Mp: 103°C. 1H NMR (400 MHz, CDCl3): δ 6.76
(s, 8H, Ar-H), 4.91 (br s, NH), 4.80 (s, 8H, OCH2), 4.53 (d,J )
12.8 Hz, 4H, ArCH2Ar), 4.12 (t,J ) 6.0 Hz, 8H, CH2OCO), 3.16
(d, J ) 12.8 Hz, 4H, ArCH2Ar), 3.12 (t,J ) 6.0 Hz, 8H, NHCH2),
2.38 (t,J ) 6.4 Hz, 8H, CtCCH2), 1.85 (quintet,J ) 6.4 Hz, 8H,
CtCCH2CH2),1.47(m,8H,NHCH2CH2),1.27(m,24H,CH2CH2CH2-
CH3), 1.05 (s, 36H, (CH3)3), 0.87 (t,J ) 6.2 Hz, 12H, CH3). Anal.
Calcd for C104H140N4O12: C, 76.25; H, 8.61; N, 3.42. Found: C,
76.24; H, 8.64; N 3.76.

25,26,27,28-Tetra[octa-4,6-diyn-1-ol-(carboxy-phenyl-urethane)]-
oxy-tert-butylcalix[4]arene (C4PU).C4PU was prepared as de-
scribed above from C4A (0.36 g, 0.32 mmol), phenyl isocyanate
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(0.38 g, 3.19 mmol), and dibutyltindilaurate (0.81 g, 1.27 mmol)
in tetrahydrofuran (15 mL) and purified by column chromatography
(ethyl acetate/hexane) 22/78). A light yellow solid (0.33 g, 65%
yield) was obtained. Mp: 107°C. 1H NMR (400 MHz, CDCl3): δ
7.37 (d,J ) 8.0 Hz, 8H,Hortho-Ar), 7.28 (t,J ) 8.0 Hz, 8H,Hmeta-
Ar), 7.04 (t, J ) 8.0 Hz, 4H,Hpara-Ar), 6.90 (br s, NH), 6.78 (s,
8H, H-Arcalix), 4.82 (s, 8H, OCH2), 4.54 (d,J ) 12.8 Hz, 4H,
ArCH2Ar), 4.27 (t,J ) 6.0 Hz, 8H, OCOCH2), 3.18 (d,J ) 12.8
Hz, 4H, ArCH2Ar), 2.44 (t,J ) 7.0 Hz, 8H, CtCCH2), 1.96 (m,
8H, CH2CH2CH2), 1.06 (s, 36H, (CH3)3). Anal. Calcd for
C104H108N4O12: C, 77.78; H, 6.78; N, 3.49. Found: C, 77.39; H,
6.78; N 3.24.

Poly(25,26,27,28-Tetra[octa-4,6-diyn-1-ol-(carboxy-butyl-ure-
thane)]oxy-tert-butylcalix[4]arene) (PC4BU). The monomer C4BU
(50 mg) was exposed to 50 Mrad ofγ radiation from60Co. The
resulting deep red polymerized solid was dissolved in 20 mL
tetrahydrofuran with the assistance of ultrasonication. The red
solution was filtered through a 0.45µm cellulose acetate filter and
concentrated to 2 mL under reduced pressure. The concentrated
crude was dropped into methanol (100 mL) and stirred for 2 h at
room temperature to give a red precipitate. The precipitate was
collected by filtration and dried under vacuum to afford pure red
polydiacetylene (23 mg, 45% yield).1H NMR (400 MHz, CDCl3):
δ 7.05 (br, 8H), 6.77 (br, 8H), 4.97 (br, 8H), 4.82 (br, 8H), 4.54
(br, 8H), 4.15 (br), 4.00 (br), 3.12 (br), 2.39 (br, 8H), 1.66-0.90
(br). Raman: 2090 cm-1 (sCtCs), 1486 cm-1 (sCdCs).
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Synopsis Structural analyses of bridged calix[4]arenes by X-ray and AM1 calculation 

revealed that bridges longer than 7.0 Å considerably distort the conformation of calix[4]arene 

from the perfect cone to pinched cone with the average O-O distance greater than 3.0 Å. The 

distortion is well correlated with the significant upfield shift of 1H NMR signals of the 

phenoxyl protons which can be used for quick identification of pinched cone conformation of 

new calix[4]arene compounds. 

Abstract The analysis of structural parameters of azobenzene- and stilbene-bridged 

calix[4]arene obtained from AM1 calculation are in good agreement with those obtained from 

X-ray crystallography. The bridge longer than 9.0 Å such as p,p-trans-azobenzene and p,p-

trans-stilbene cannot be constructed over the narrow rim of calix[4]arene through two 

ethylenoxide linkers. The m,m-stilbene bridge is the most promising photoswitch because its 

shorter cis stereoisomer (5.85 Å) allows calix[4]arene to assume the perfect cone 

conformation, whilst its longer trans stereoisomer (8.00 Å) forces calix[4]arene to adapt a 

pinched cone conformation. The pinched cone conformation has longer distances between the 

neighbouring phenoxyl groups causing the weaker intramolecular hydrogen bonding and the 

upfield shifts of the phenolic proton signals to below 7.00 ppm. This upfield shift is useful for 

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

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

 

Supramolecular interaction is the vital initial process triggering biological and chemical 

events. Studies on binding between converging sites of synthetic hosts with diverging sites of 

guest molecules or ions have progressively provided valuable information towards 

understanding of the supramolecular interaction of complicated natural molecules.1 Much 

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



guest molecules by controlling the size and shape of the binding cleft of the host molecule.2 A 

host molecule that can controllably switch its binding selectivity as desired is rare3 but 

extremely desirable for various applications including imitating biological events. 

Owing to its pre-organized structure, calix[4]arene is one of the most established 

molecular platforms for constructing three-dimensional hosts for molecules or ions.4 The 

structure of calix[4]arene consists of four phenol rings linked together with four methylene 

units in a circular fashion producing a basket like architecture.5 Flipping one or more phenyl 

rings around the flexible methylene linkages allows calix[4]arene to exist in one or more of 

the four main conformers viz. cone, partial cone, 1,2−alternate and 1,3−alternate.6 The cone 

conformer, which is the most stable conformation for unmodified calix[4]arene, has all four 

hydroxyl groups oriented along the same rim of the basket to maximize the intramolecular 

hydrogen bonding among them. If two of the four phenol rings are tilted over from the perfect 

circular alignment to adopt an oval−shaped basket, the resulting conformer is called a pinched 

cone.7 The difference in the cavity shapes between cone and pinched cone provides an 

opportunity to regulate the selectivity of calix[4]arene hosts towards ionic or molecular 

guests. The guidelines for synthesis and analysis by 1H-NMR of calix[4]arene derivatives for 

cone and 1,3-alternate conformers using alkali metal templates have been well established.8 

The use of aromatic proton signals in 1H NMR have been proposed for discrimination 

between cone and pinched cone conformation of calix[4]arene.9 Unfortunately, the 

unambiguous assignment of aromotic proton signals of calix[4]arenes are not viable for many 

derivatives, especially when the calix[4]arenes possess aromatic substituents. 

We have previously reported the synthesis of calix[4]arene derivatives (1-3) containing a 

geometrically photoisomerizable bridge, azobenzene or stilbene, over its narrow rim.10 The 

meta stilbene bridge is particularly of interest as the photo-switching between a binding and 

non-binding states of cis-m-2 and trans-m-2.11 The switching of the binding properties have 

been hypothesized as a result of the switching between a cone and pinched cone conformation 

of the calix[4]arene upon cis/trans photoizomerization of the stilbene bridge. The inability of 

m-trans-3 to form 1,3-altermate conformation in the Cs+
 templated synthesis also implied its 

pinched conformation.12 To reallize if a calix[4]arene derivative is in a pinched cone 

conformer, a single crystal of the compound was required for X-ray crystallography. We have 

re-examined the X-ray and AM1 geometry optimized structurres of these compounds that 

leads to guidelines for quick identification of pinched cone conformation by using NMR 

signals of phenolic protons of calix[4]arene as reported herein. Unlike the aromatic proton 

signals, the hydroxyl proton signals of calix[4]arenes can be readily assigned and confirmed 

by deuterium exchange with D2O that is attractive to be used for quick discrimination of cone 

and pinched cone conformation of new calix[4]arene derivatives. 



 

Figure 1 Structures of azobenzene bridged calix[4]arene and stilbene bridged calix[4]arenes. 

Results and Discussion 

The length of relatively rigid azobenzene and stilbene units can be calculated using simple 

computational routines for geometry optimization, such as AM1.13 The calculated bridge 

length is dependent not only on the cis/trans geometrical isomers but also on the regio-

positions where the bridge is connected (Table 1). The calculated unit length strongly 

supports the previous synthesis results. For azobenzene-bridged calix[4]arenes, only trans 

stereoisomer of the ortho and meta isomers  (o-1 and m-1) were obtained.10a The 

stereospecificity was attributed to the instability of cis-azobenzenes, whilst the unsuccessful 

isolation of the coupling product from the p-isomer is well supported by the meticulously 

long length of the trans isomer (9.21 Å). For the the stilbene bridged calix[4]arene, five 

isomers of 2 (o-cis-2, o-trans-2, m-cis-2, m-trans-2 and p-cis-2) and five isomers of 3 (o-cis-

3, o-trans-3, m-cis-3, m-trans-3 and p-cis-3) were all successfully isolated.10b,c The isolated 

products showed the preference of cis stereoisomers for all regioisomers that are well 

substantiated by the short distance between the opposite hydroxyl groups of calix[4]arene (at 

only 4.0 Å)14 in comparison to the bridge length. The results clearly demonstrate that the 

calculated lengths of the bridging units can be used as a quantitative specification of the 

bridge length (< 9.0 Å) which may be constructed over the narrow rim of calix[4]arene. 
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Table 1 The AM1 calculated distance between various symmetrical positions on phenyl rings of 

stilbene. 
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Molecular lengths of Isomer 

Azobenzene (Å) Stilbene (Å) 

 cis trans cis trans 

o-o 3.48 5.05 3.51 5.24 

m-m 5.90 7.81 5.85 8.00 

p-p 8.32 9.21 8.35 9.39 

 
 

Two new X-ray structures (m-cis-2 and m-cis-3) in combination with three previously 

reported structures (o-trans-1, m-trans-1, o-cis-2) are shown Figure 2. The X-ray structures 

reveal that these bridged calix[4]arenes assume a cone conformation. To obtain adequate 

structural parameters for conformation analysis, the structures of all synthesized compounds 

were computationally calculated with AM1 geometry optimization. The distances between 

neighbouring phenolic oxygen atoms on the calix[4]arene rim obtained from the AM1 

geometrically optimized structures agree very well (< 5% difference) with those obtained 

from the X-ray structures (Table 2) justifying that the structural parameters obtained from 

AM1 structures are suitable for further conformation analysis. 

 
     o-trans-1                  m-trans-1           o-cis-2 

 
     m-cis-2                            m-cis-3 

 

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

Table 2 The distances between two neighboring phenoxyl oxygen (O-O distance) on the narrow 

rim of azobenzene and stilbene bridged calix[4]arenes obtained from AM1 optimized (and X-ray)  

structures. 

Compounds O-O distance in Å* 

o-trans-1 

2.86 

(2.76) 

2.95 

(2.80) 

2.95 

(3.03) 

3.03  

(3.04) 

m-trans-1 2.85 3.05 3.31 3.41 



(2.75) (2.92) (3.32) (3.47) 

o-cis-2 

2.73 

(2.70) 

2.76 

(2.70) 

2.92 

(2.90) 

2.95 

(2.96) 

o-trans-2 2.71 2.84 2.91 2.96 

m-cis-2 

2.78 

(2.76) 

2.83 

(2.80) 

2.88 

(2.82) 

2.90 

(3.02) 

m-trans-2 2.86 3.05 3.29 3.47 

p-cis-2 3.04 3.23 3.37 3.61 

o-cis-3 2.74 2.76 2.92 2.95 

o-trans-3 2.77 2.84 2.89 2.99 

m-cis-3 

2.78 

(2.74) 

2.83 

(2.82) 

2.88 

(2.83) 

2.90 

(2.84) 

m-trans-3 2.86 3.05 3.28 3.54 

p-cis-3 2.80 3.15 3.26 3.52 

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

 

Re-examining the 1H NMR spectra of all synthesized compounds, we found that the 

phenolic protons display conspicuous chemical shifts. The signals of phenolic protons in m-

trans and p-cis isomers appeared significantly upfield comparing to those of the rests 

(representatively shown in Figure 3). The upfield shifts in the chemical shifts suggest that the 

intramolecular hydrogen bonding between the phenoxyl groups in the m-trans and p-cis 

isomers is relatively weaker than those of the other isomers. 

a) m-cis-3

b) m-trans-3

*

*

a) m-cis-3

b) m-trans-3

*

*
 

Figure 3 1H NMR spectra of a) m-cis-3 b) m-trans-3. The asterisk (*) designated for phenolic 

proton signal verified by D exchange with D2O. 

 

To relate the chemical shifts of the phenolic protons to the molecular structures, the 

distances of the four pairs of neighbouring phenoxyl oxygen atoms around the calix[4]arene 

were averaged and presented along with the chemical shifts of the corresponding 

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



3.0 Å show the signals of phenolic protons below 7.0 ppm whilst the compounds with an 

average O-O distance shorter than 3.0 Å show the signals above 7.0 ppm (Table 3). This 

correlation of the average O-O distances with the chemical shifts is a strong evidence to 

support that the upfield chemical shifts are the result of weaker hydrogen bonding between 

the neighboring phenoxyl groups due to the distortion of the calix[4]arene rim caused by the 

longer azobenzene and stilbene bridges i.e. m-trans and p-cis isomers (bridge length > 7.0 Å, 

Table 1) 

Table 3 The 1H NMR chemical shifts of the phenolic protons and the average O-O distances of 

azobenzene and stilbene bridged calix[4]arenes from AM1optimized structures (and X-ray structures). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The plot between the average O-O distances and the chemical shifts shows a striking 

division of the compounds into two groups (Figure 4) suggesting the possibility to use the 

phenolic 1H NMR signals for identifying the highly distorted or pinched cone conformer of 

calix[4]arene derivatives. It is important to point out here that the distances between the 

neighbouring phenoxyl protons observed by X-ray crystallography and AM1 calculation are 

so varied that the classification between cone and pinched cone conformation cannot be well 

justified by using just individual or a pair of distances. This variation in the distances is 

attributed to the fact that the structures derived from both X-ray crystallography and AM1 

calculation are static. On the other hand, the chemical shifts observed by 1H NMR in solution 

are the average values resulting from the dynamic exchange process of the intramolecular 

hydrogen bonding. It is thus reasonable that the chemical shifts are more correlated with the 

average distances and they can be very useful for conformation analysis of new calix[4]arene 

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

Compounds 
1H NMR 

δ (ppm) 

Average O-O 

distance (Å) 

o-trans-1 7.61 2.95 (2.91) 

m-trans-1 6.07 3.15 (3.12) 

o-cis-2 7.70 2.84 (2.82) 

o-trans-2 8.43 2.85 

m-cis-2 8.08 2.85 (2.85) 

m-trans-2 6.60 3.17 

p-cis-2 6.29 3.31 

o-cis-3 8.10 2.84 

o-trans-3 8.44 2.87 

m-cis-3 8.30 2.85 (2.81) 

m-trans-3 5.62 3.18 

p-cis-3 6.65 3.18 



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

chemistry. 

 

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

protons. 

To apply our method for classification of cone and pinched cone conformation by 1H 

NMR spectrum can be applied to previously reported calix[4]arene derivatives, we retrieved 

the crystal structures of all calix[4]arene derivatives from the Cambridge Structural Database 

(CSD). The data set of over a thousand structures was refined to 176 structures containing two 

narrow rim substituents that adopt the cone conformation. Those structures having 1,2- or 1,3-

alternate conformation were disregarded. The average O-O distances were calculated from the 

structural parameters retrieved from the database and plot them in an ascending order (Figure 

5). It is clear that the majority of structures have the average O-O distances between 2.6 to 3.0 

Å. There are only seven out of 176 structures10C, 15 with the average O-O distance greater than 

3.0 Å, which maybe considered as a highly pinched cone conformation. Indeed, the phenolic 

OH signal of all these pinched cone compounds, with one exception,15b were observed at the 

chemical shift below 7.0 ppm.  

2.4

2.5

2.6

2.7

2.8

2.9

3

3.1

3.2

3.3

3.4

 

Figure 5 Average O-O distance of related calix[4]arene derivatives calculated based on the 

structural parameters retrieved from CSD. 



Conclusion 

Detailed structural analyses of azobenzene- and stilbene-bridged calix[4]arenes by X-ray 

and AM1 calculation revealed that bridges with a unit length longer than 7.0 Å could 

considerably distort the conformation of calix[4]arene from the perfect cone shape. The 

highly distorted (or pinched) cone calix[4]arene has the average O-O distance around the 

narrow rim greater than 3.0 Å. This distortion is well correlated with the significant upfield 

shift of 1H NMR signals of the phenoxyl protons which can be used for quick identification of 

pinched cone conformation of new calix[4]arene compounds. The ability to identify the cone 

or pinched cone conformation of calix[4]arene in solution is useful for predicting controlling 

and explaining previously unforeseeable supramolecular binding activity of new calix[4]arene 

derivatives. 
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ABSTRACT

A series of water-soluble fluorescent dendritic compounds composed of phenylene-ethynylene repeating units and anionic carboxylate or
cationic ammonium peripheral groups were synthesized. The first generation fluorescent dendrimer containing nine phenylene-ethynylene
units and six carboxylate peripheral groups exhibited a highly selective fluorescence quenching by Hg2+ ions. The Stern-Volmer constant
(Ksv) was 33,700 M-1 in aqueous media in the presence of Triton X-100 surfactant.

Mercury is one of the most toxic environmental pollutants
generated from industrial sources. The most abundant ionic
form of this element is the mercuric ion (Hg2+), which can
be accumulated in the organs of human or animal bodies
through the food chain.1 Inorganic mercury has been reported
to produce harmful effects at a concentration of 5 ppb.2

Development of highly sensitive and selective Hg2+ sensors
that can provide direct determinations of the amount of Hg2+

in aqueous media is therefore of great interest.3 Chemosen-
sors for Hg2+ have been progressively improved using

redox,4 chromogenic,5 or fluorogenic6 changes as the means
of detection.

Fluorescence-based methodologies have attracted much
interest due to their intrinsic sensitivity and selectivity.7

Considerable efforts have been devoted to the design of
fluorescent compounds to be used as sensors for mercury.
However, their poor solubility in water and low fluorescence
quantum yield due to aggregation have limited the satisfac-
tory application of these compounds in aqueous media.8
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Several methods have been used to prevent aggregation and
increase quantum efficiencies, for example, the use of
polyelectrolytes or surfactants.

Conjugated polyelectrolytes have been applied to the
detection of metals due to their efficient static quenching
properties with quenchers.9 In some recent studies, surfac-
tants were also used to enhance the fluorescence quantum
yields of hydrophobic conjugated polymers containing hy-
drophilic side chains.10 The dominant hydrophobic interac-
tions between surfactants and fluorophores can significantly
reduce the aggregation. An application of surfactants for
amplification of the quenching effect between the fluorescent
polymers and quenchers has also been reported.11

The fluorescent linear polymers poly(phenylene-ethy-
nylenes) substituted by carboxylate groups have been
reported to exhibit a quenching effect by Hg2+ in aqueous
mediaintheabsenceandpresenceofavidin,withStern-Volmer
constant (Ksv) values of 104 and 105 M-1, respectively.12

Despite offering high sensivity, the unpredictable secondary
and tertiary structures in solution, due to a wide number of
repeating fluorophores and random molecular conformations
in linear conjugated polymers, can lead to inconsistent
quenching effects and inexplicable behaviors.

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

of dendritic molecules. We thus decided to synthesize
dendritic compounds 1-3 (Figure 1) and study their fluo-
rescent sensing applications.

Diphenylacetylene is selected as the repeating fluorescent
unit for its known high fluoresence quantum yield and
structural rigidity. To make the dendritic compounds water-
soluble, carboxyl or quaternary ammonium groups have been
installed as the peripheral groups. The compounds were
synthesized by a convergent approach as outlined in Scheme
1. The reactive core, 4,4′,4′′-triiodotriphenylamine 4, was
prepared from the iodination of triphenylamine using ben-
zyltrimethylammonium iododichloride (BnMe3-ICl2).

13 The
peripheral building blocks, methyl 4-ethynyl benzoate 5 and
N,N-dimethyl-4-ethynylaniline 6, were obtained through the
Sonogashira coupling14 of trimethylsilylacetylene with the
corresponding aryl iodide and a subsequent base-catalyzed
desilylation. With the required building blocks in hands, we
proceeded with the Sonogashira coupling between 4 and 5
followed by the hydrolysis of triester 7 to afford ionizable
fluorophore 1. Similarly, the reaction between 4 and 6 gave
rise to the triamine 8, which was treated with an excess of
MeI to provide the polycationic fluorescent compound 2. In
order to obtain the first generation fluorescent dendrimer 3,
we carried out a reaction of the core 4 with 1 molar equiv
of trimethylsilylacetylene to obtain the branch building blocks
9. The Sonogashira coupling of 9 with 5 followed by
desilylation gave the dendron 10, which was coupled with 4
to afford hexaester 11. The hydrolysis of 11 eventually
afforded first generation fluorescent dendrimer 3 in moderate
yield.15

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

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

(9) McQuade, D. T.; Pullen, A. E.; Swager, T. M. Chem. ReV 2000,
100, 2537. Thomas, S. W.; Joly, G. D.; Swager, T. M. Chem. ReV 2007,
107, 1339–1386.

(10) (a) Chen, L. H.; Xu, S.; McBranch, D.; Whitten, D. J. Am. Chem.
Soc. 2000, 122, 9302–9303. (b) Gaylord, B. S.; Heeger, A. J.; Bazan, G. C.
J. Am. Chem. Soc. 2003, 125, 896–900. (c) Burrows, H. D.; Lobo, V. M. M.;
Pina, J.; Ramos, M. L.; Seixas de Melo, J.; Valente, A. J. M.; Tapia, M. J.;
Pradhan, S.; Scherf, U. Macromolecules 2004, 37, 7425–7427. (d) Kaur,
P.; Yue, H; Wu, M.; Liu, M.; Treece, J.; Waldeck, D. H.; Xue, C.; Liu, H.
J. Phys. Chem. B 2007, 111, 8589–8596. (e) Pu, K.-Y.; Pan, S. Y.-H.; Liu,
B. J. Phys. Chem. B 2008, 112, 9295–9300.

(11) Dalvi-Malhotra, J.; Chen, L. J. Phys. Chem. B 2005, 109, 3873–
3878.

(12) (a) Kim, I.-B.; Dunkhorst, A.; Gilbert, J.; Bunz, U. H. F.
Macromolecules 2005, 38, 4560–4562. (b) Kim, I.-B.; Bunz, U. H. F. J. Am.
Chem. Soc. 2006, 128, 2818–2819. (c) Kim, I.-B.; Phillips, R.; Bunz,
U. H. F. Macromolecules 2007, 40, 814–817.

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

(14) (a) Devadoss, C.; Bharathi, P.; Moore, J. S. J. Am. Chem. Soc.
1996, 118, 9635–9644. (b) Pesak, D.; Moore, J. S. Macromolecules 1997,
30, 6467–6482. (c) Nantalaksakul, A.; Dasari, R. R.; Ahn, T.-S.; Al-Kaysi,
R.; Bardeen, C. J.; Thayumanavan, S. Org. Lett. 2006, 8, 2981–2984. (d)
Zhang, X.; Ren, X.; Xu, Q. H.; Loh, K. P.; Chen, Z. K. Org. Lett. 2009,
11, 1257–1260.

Figure 1. Structures of dendritic molecules 1, 2, and 3.
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observed in the emission spectra were in the opposite
direction and of more significance. The emission peaks of
1, 2, and 3 were at 454, 485, and 489 nm in the absence of
Triton X-100. The surfactant caused the emission bands to
blue-shift by 20, 47, and 68 nm, respectively (Table 1).

The blue shift and increase in fluorescence quantum yields
(ΦF) suggested that the deaggregation of 1-3 was caused
by the addition of the surfactants. The enhancement of ΦF

of 3 was greater than that of 1 implied that compound 1, a
smaller molecule, was only partially deaggregated.

We also investigated the fluorogenic behaviors of 1-3 in
the presence of metal ions in the +2 oxidation state, such as
Cr2+, Fe2+, Co2+, Ni2+, Cu2+, Cd2+, Hg2+, and Pb2+. Without
the surfactant, the fluorescence signal of 3 can be quenched

by Hg2+ ions (Figure 2a), whereas there are no significant
effects on the signals of 1 and 2. With Triton X-100, the
fluorescence signal of 1 was quenched by all metal ions listed
above, but the signal of 2 was not affected. On the other
hand, the fluorophore 3 still exhibited a selective quenching
by Hg2+ ions.

A Stern-Volmer plot was made in order to access a
quantitative measurement of fluorescence quenching. Ksv for
the system with Triton X-100 was 33,700 M-1, whereas it
was only 5,800 M-1 for the system without Triton X-100
(Figure 3). It is clear that Triton X-100 could amplify this
selective quenching effect.

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

(15) The spectroscopic data (1H and 13C NMR, MALDI-TOF MS, and
ESI-MS spectra) of every compound are available in Supporting Informa-
tion.

Scheme 1. Synthesis of 1, 2, and 3 Table 1. Photophysical Properties of 1-3 in 50 mM Phosphate
Buffer (pH 8.0) without and with Triton X-100

absorption fluorescence

compd λmax (nm) ε (M-1 cm-1) λmax (nm) ΦF
a

Without Triton X-100
1 374 5900 454 0.097
2 370 26823 485 0.14
3 375 63500 489 0.037

With Triton X-100
1 383 9592 434 0.47
2 382 21310 438 0.46
3 379 49820 421 0.65

a Quinine sulfate in 0.1 M H2SO4 (ΦF ) 0.45) was the reference.

Figure 2. Emission spectra of the solutions of 1-3 (10 µM) upon
the addition of metal ions (40 µM): without Triton X-100 for (a)
1, (b) 2, and (c) 3; with 0.1 mM Triton X-100 for (d) 1 (1 µM), (e)
2 (0.1 µM), and (f) 3 (0.1 µM).
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the partially deaggregated negatively charged fluorophores
1, resulting in the enhancement of self-quenching. Con-
versely, the charge repulsion among positively charged
fluorophore 2, having a comparable molecular size to 1,
cannot be reduced by the metal ions and therefore exhibits
no enhancement of the self-quenching effect.

The selective fluorescence quenching of 3 by Hg2+ is more
complicated and difficult to rationalize. With the high
selectivity for Hg2+, the common metal ion enhanced self-
quenching mechanism is unlikely to play the key role. The
quenching effect may involve selective formation of 3·Hg2+

complex and efficient energy transfer between the fluorescent
units in 3 to this complex at the periphery.16 To test if the
proposed complex could be reversed, a strong chelator,
EDTA, was added. The addition of 2.5 molar equiv of EDTA
could restore the fluorescent signal of 3 to its original level
(Figure 4). The result supports the above hypothesis to some
extent.

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

convergent approach. We have demonstrated that these
diphenylacetylene based dendritic molecules with a charge
decorated periphery constitute a new intriguing class of
fluorophores useful for sensing applications in aqueous
media. The quantum efficiencies of the fluorophores in water
were considerably enhanced by the nonionic sufactant Triton
X-100. In the presence of Triton X-100, the fluorescent signal
of the first generation dendrimer containing a carboxylate
periphery could be selectively quenched by Hg2+. A wide
linear fluorescence quenching response to Hg2+ concentration
was observed in the range of 2-80 µM (0.4-16 ppm). Other
applications along this line are currently under investigation,
and the results will be disclosed in due course.
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Figure 3. Stern-Volmer plots for fluorescence quenching of 3 (0.1
µM) with and without of Triton X-100 (0.1 mM).

Figure 4. Emission spectra of 3 (0.1 µM) upon the addition of
Hg2+ (40 µM) and EDTA (100 µM).
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