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Preface

In 1942, triptycene was synthesized by Bartlett and his coworkers, which was
served as the first and simplest member of iptycene family. In the next 40 years,
iptycene family had not attracted much attention until Hart first formally proposed
the concept “iptycene” in 1981. Since then, iptycene chemistry has truly estab-
lished. Iptycenes are a class of aromatic compounds with arene units fused to
bicyclo[2.2.2]octatriene bridgehead system. These unique three-dimensional rigid
structures make them promising candidates for more and more applications in molec-
ular machines, supramolecular chemistry, material science, coordination chemistry,
sensor applications in the last decade. Iptycene chemistry is walking into its golden
age with great opportunities and challenges. However, during the 70 years of ip-
tycene chemistry, there were only some relevant reviews. Thus, a comprehensive
book, which reviews the retrospections and prospects of iptycenes chemistry, is not
only an urgent need but also of great significance. In addition, this year also marks
the 70th anniversary for the development of iptycene chemistry (1942-2012). This
current situation inspired us to prepare this comprehensive book Iptycene Chemistry:
From Synthesis to Applications.

Overall, this book contains three parts. Part I includes a brief introduction of the
basic naming rules and general properties of iptycenes and their derivatives. Part 11
details the various methods for synthesis and functionalized reactions of triptycenes,
pentiptycenes, other higher iptycenes, heterotriptycenes, and iptycene-based poly-
mers. Chapter 2 aims at the synthetic methods and the reactions of triptycene and
its derivatives, as well as the synthesis of the extended triptycenes containing fused
rings. In Chap. 3, the synthesis and reactions of pentiptycenes and their derivatives
are discussed in details. In addition, the method for the preparation of extended
pentiptycenes is also provided. The preparation of the other iptycenes, including
the heptipycene, noniptycene, and other iptycene members containing the more
complicated framework will be talked about in Chap. 4. According to the dif-
ferent positions of the hetero atom(s), Chap. 5 is divided into three subsections:
(1) the bridgehead-substituted heterotriptycenes, (2) heterotriptycenes with hetero-
cycles, and (3) miscellaneous heterotriptycenes and their derivatives. The last chapter
(Chap. 6) in this part mainly describes the methods for the preparation of various
iptycene-derived polymers. After that, the applications of iptycenes in different areas
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are discussed in Part III. First, the varied molecular machines capable of mimicking
the behaviors of macroscale objects, including gearings, brakes, ratchets, com-
passes, gyroscopes, wheelbarrows, and the rotaxane-based molecular machines are
described in Chap. 7. In Chap. 8, we talk about the iptycene-based materials, involv-
ing the long alkyl or alkoxy-substituted triptycenes and iptycenes (and iptycene-based
polymers) with the unusual internal free volumes (IFVs) on the applications of lig-
uid crystals. Then, the materials containing good optical and electrical properties,
and the porous materials based on iptycene moieties with adsorption and separation
capacities are also shown in this chapter. In Chap. 9, we mainly depict the design
and synthesis of various novel triptycene- and pentiptycene-derived hosts, and their
complexation behaviors with different kinds of guests. Three aspects of iptycenes in
self-assembly, including self-assembly in crystal with multiple supramolecular in-
teractions, the construction of self-assembled monolayers with iptycenes and surface
modification, and the self-assembly in solution based on the novel iptycene-derived
synthetic host, are discussed in Chap. 10. Chapter 11 describes the iptycene molecules
served as the building blocks for the metal complexes and the varied and novel com-
plexes with special properties. Then, the varied chemosensors and biosensors based
on the iptycene derivatives, especially, the iptycene-based conjugated polymers are
discussed in Chap. 12. The varied triptycene-based molecules served as molecular
balances to offer the attractive platforms for the study of noncovalent interactions
are depicted in details in Chap. 13. Finally, another four applications are shown in
Chap. 14, including the different drug activities, especially, antitumor activities of
the iptycenes and their derivatives; the iptycenes act as models for Jahn—Teller effect
systems and artificial photosynthesis, as well as the iptycenes applied in preparation
of carbene. We sincerely hope this book will not only be useful and helpful for the
researchers in iptycene chemistry, but can stimulate and facilitate future researches
also.

Finally, we would like to acknowledge June Tang, associate editor from Springer,
for her kind invitation, and her help and suggestions during the preparation of this
manuscript. We also thank Dr. Xiao-Zhang Zhu, Dr. Yi Jiang, Yun Shen, and Ying
Han from our research group for their review of the manuscript.

Chuan-Feng Chen
Ying-Xian Ma
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Chapter 1
Introduction and Background

1.1 Introduction

Iptycenes are a class of aromatic compounds with arene units fused to bicy-
clo[2.2.2]octatriene bridgehead system. The first and simplest member of this family,
triptycene was obtained by Bartlett et al. [1] in 1942. In the next 40 years, iptycene
chemistry had not attracted much attention, and the studies almost focused on the
synthesis and reactions of triptycene and its derivatives. In 1981, Hart et al. [2]
first proposed the concept “iptycene” based on triptycene, denoting the number of
arene planes separated by a bridgehead system. Since then, the door of iptycene
chemistry has truly been opened, and the potential applications of iptycenes and
their derivatives with unique three-dimensional rigid structures have been gradually
developed. In recent years, iptycenes and their derivatives, especially triptycenes [3—
10] and pentiptycenes [4, 5, 11, 12] have drawn much attention, and more and more
applications in molecular machines, supramolecular chemistry, material science, co-
ordination chemistry, sensor applications, and many other research areas have been
discovered. It can be believed that iptycene chemistry is winning more and more
chemists’ attentions, and walking into its golden age with great opportunities and
challenges. In addition, this year also marks the 70" anniversary for the development
of iptycene chemistry (1942-2012).

During the 70 years of iptycene chemistry, there were some relevant reviews
[3—18]. However, most of the reviews were focused on the limited area(s), and re-
ported in recent several years. Swager [4] reviewed his group’s work on synthesis
of iptycene-based conjugated polymers and their applications in materials science
in 2008. In the same year, Yang and Yan [11] reviewed the synthesis and applica-
tions of central-ring functionalized pentiptycenes. In 2009, Chong and MacLachlan
[5] briefly described the applications of iptycenes in supramolecular and materials
chemistry. Some mini-reviews on the applications of iptycene derivatives in medicine
chemistry [14], microporous polymers as potential hydrogen storage materials [16],
and physical organic chemistry [6, 17] have also been reported in the past several
years. Moreover, a recent feature article on the synthesis of novel triptycene-derived
hosts and their applications in molecular recognition and molecular assemblies [8]
has been published. More recently, Jiang and Chen [ 18] also highlighted the synthesis

C.-F. Chen, Y.-X. Ma, Iptycenes Chemistry, 3
DOI 10.1007/978-3-642-32888-6_1, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 1.1 a Structure of
triptycene 1. b Dimension of
1 with definition of “IFV”

and applications of triptycene and pentiptycene derivatives during last 10 years. In
this book, we will discuss in detail not only the synthesis but also the applications
of iptycenes and their derivatives. Firstly, we will introduce various methods for the
synthesis and functionalization reactions of triptycenes, pentiptycenes, other higher
iptycenes, heterotriptycenes, and homotriptycenes, as well as the methods for the
preparation of iptycene-based polymers. Then, the applications of iptycenes in dif-
ferent areas will be discussed, according to the different disciplines and molecular
behaviors.

1.2 Structure Properties

Triptycene has D3, symmetry with a unique Y-shaped rigid structure (Fig. 1.1a), like
“the triptych of antiquity, which was a book with three leaves hinged on a common
axis” [1]. In this molecule, the three phenyl ring “panels” are connected with the
bridgehead carbons. With dimensions calculated from the centroids of the hydrogen
atoms at the extremities, the length of triptycene molecule is 8.1 A, whereas the
height is 7.0 A (Fig. 1.1b) [19]. The [2.2.2] bridgehead system keeps the angle
between aromatic rings at 120°, due to the twisting or deformation caused by high
energy barrier. In this rigid three-dimensional molecular structure, this three-bladed
geometry can hinder efficient packing; the resulting free volumes in the clefts between
the aromatic faces were defined as the “IFV (Fig. 1.1b)” by Long and Swager [20].
In addition, triptycene with three benzene rings contains three open electron-rich
cavities with rich reactive positions to provide supramolecular interactions with other
molecules. These unique structural features with richer reaction positions make them
useful for a wide field of applications with good prospects.

As another most common member of iptycene family, pentiptycene with five
phenyl rings has two structural isomers: para-pentiptycene and ortho-pentiptycene
(2 and 3, Fig. 1.2). For para-pentiptycene, it is in D, symmetry with an H-shaped
structure, whereas ortho-pentiptycene has a quite different C,, symmetry. There is
a “sterically shielded” central benzene ring and four side ones in para-pentiptycene
scaffold. These unique structural features with richer reaction positions make them
a wide field of applications with good prospects.
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Fig. 1.2 Structures of

para-pentiptycene 2 and

ortho-pentiptycene 3 \ J

2 3

Compared with triptycene and pentiptycene, the higher iptycenes, like hep-
tiptycene, noniptycene, and nonadecaiptycene, contain more phenyl rings with
complicated and diversified rigid structure, along with more than one structural
isomers (Table 1.1) [21]. Likewise, the iptycenes with more phenyl rings are in a
rigid, nonplanar structure with m-electron-richness character.

1.3 Physical and Chemical Properties

Triptycene is a fine white rhomboid, which is crystallized from methanol-water sys-
tem. Itis very soluble in benzene, soluble in ethyl alcohol, ether, acetone, chloroform,
and slightly soluble in methanol. More detailed physical and chemical properties are
listed in Table 1.2.

In comparison with triptycene, pentiptycene and the higher iptycene have the
poorer solubility in common organic solvent, and face the comparatively difficult
situation in synthesis. Thus, comprehensive basic physical-chemical property data
are absent.

1.4 Spectral Properties

Triptycene is in a unique D3, symmetry rigid conformation, thus its spectral prop-
erties exhibit some special characteristics. In the *C NMR spectrum, there are only
four different peaks: 145.27 ppm for C;, 125.08 ppm for C,, 123.53 ppm for Cs,
and 54.11 ppm for C4 (Fig. 1.3). The mass spectrum of triptycene exhibits a parent
ion at m/z 254. There is a group of doubly charged ions spacing at half-mass units
between m/z 123 and 128 (Fig. 1.4).

There is no recession from aromatic properties in the absorption spectrum of
triptycene. It shows a group of strong bands at 211, 264,271, and 279 nm (Fig. 1.5). It
is noteworthy that the near ultraviolet spectrum of triptycene exhibits a differentiable
smaller (by a factor of 5) bathochromic shift than that of barrelene [23].

Triptycene can be served as a trimer of three o-xylene molecules with a D3,
symmetry, covalently bound by methine bridgehead carbons of the type found in



Table 1.1 The possible isomers of iptycenes

1 Introduction and Background

Entry Compounds Number of isomers Fusion bonds Point group
1 Triptycene 1 = D3,
2 Pentiptycene 2 a Cyy
b Doy,
3 Heptiptycene 5 ac D3,
aa’ Cy
ab’ C]
ac’ C,
bb’ Cyy
4 Noniptycene 8 aca’ C
acb’ Cy
aa’a” Csz,
aa’b” Cy
aa’c” Cy
ab’b” C;
ab’c” C,
bb'b” D3y,
5 Undecaiptycene 5 aca’c’ Cyy
aca’a” Cy
aca’b” C,
aca’c” Cy
acb’d” Cs,
6 Tridecaiptycene 2 aca'c’a” Cs
aca'c’b” Cs,
Iptycenes derived from triptycene by 9,10-anthradiyl fusions
:?lt)rlii) tly geriasm properties Empirical formula of triptycene CyoHis
CAS Number 477-75-8
Molecular weight (g/mol) 254.3252
Density (g/cm?) 1.197
Flash point (°C) 171.7
Boiling point (°C)? 371.8
Melting point (°C) 252-254

At 760 mmHg
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Fig. 1.4 Mass spectrum of triptycene. ([22])
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Fig. 1.5 UV/visible spectrum
of triptycene. ([24]) 45
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[2.2.2]bicyclooctane [25]. It is found that the ground-state vibrational spectrum
of triptycene is fit to the low frequency vibrational modes, which is revealed by
fluorescence emission, IR, and Raman spectroscopies (Table 1.3).

1.5 Nomenclature

In order to simplify the [IUPAC nomenclature, a nomenclature is introduced, which
regards triptycene compound as a derivative of dihydroanthracene, and the carbon
atoms numbered as shown in Fig. 1.6a or b. However, in some early publications,
they numbered the carbon atoms as in Fig. 1.6¢, in which triptycene molecules were
regarded as substituted bicyclo[2,2,2]octanes. We use the former one in this book.

Table 1.3 Experimental frequencies and intensities of triptycene in the 0—1,000 cm™! range

Entry Mode Sym Frequencies (cm™!) Intensities
Raman IR LIF Raman IR

1 Vi e/ 62 - 64 0.96 -

2 vy e’ 144 - - 0.35 -

3 V3 a2’ - - 211

4 Vg e 354 350 348 0.70 0.11

5 Vs a’ 364 - - 1.52 -

6 Ve e 478 485 486 0.26 0.55

7 vy e’ 495 — - 0.39 N

8 Vg e 628 626 - 1.00 1.00

9 Vo a’ 648 - 655 0.83 -

10 Vio a” - 687 - - 0.02

11 V11 e - 740 748 - 1.51

12 Vi2 a’ 803 - - 222 -

13 V13 e/ 796 797 - 0.91 0.38
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Fig. 1.6 Nomenclature of triptycene

Fig. 1.7 Nomenclature of
pentiptycenes 2 and 3 Q
N TRy 7 53 R
VANAN
b
c
2 3

In 1980s, Hart et al. [2] proposed the concept of “iptycene” originated from the
basic unit triptycene. The iptycene molecules are named after the number of arene
planes separated by a bridgehead system, for example, triptycene, pentiptycene, and
heptiptycene are the system with three, five, and seven phenyl rings, respectively,
in which the prefix indicates the number of independent arenes. However, for these
larger iptycenes, there is more than one structural isomer. In order to precisely define
the structure of iptycenes, Hart et al. had suggested a set of descriptors. The example
of pentiptycene illustrates this regulation, both compounds 2 and 3 are pentiptycene,
itis named 2 as [1.1.1°.1.1]pentiptycene and 3 as [1.1.1%.1.1]pentiptycene (Fig. 1.7),
respectively, where “the 1’s indicate that each ring is benzenoid and the superscripts
(a and b) refer to the bond to which the sp® carbons are attached” [11].
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Chapter 2
Synthesis and Reactions of Triptycenes
and Their Derivatives

2.1 Synthesis of Triptycenes and Their Derivatives

In order to verify if the triptycyl (the analog of triphenylmethyl in which the three
phenyl groups were united to a CH) free radical 1a (Fig. 2.1) should be more instable
than the triphenylmethyl radical itself, Bartlett et al. [1] first synthesized triptycene
1 in a low total yield by a multistep route starting from the Diels—Alder addition
reaction of anthracene and benzoquinone (Scheme 2.1) in 1942. Several years later,
Bartlett et al. [2] also reported the synthesis of 9-bromotriptycene (2) from the
9-bromoanthracene and benzoquinone according to the similar synthetic strategy.
However, it was noted that the target compound 2 could be immediately afforded by
the deamination of the diamine with NaNO; in the presence of 50 % H3;PO, at —3 °C
(Scheme 2.2).

Craig and Wilcox [3] provided a new route to the synthesis of triptycene 1 based
on the reduction of triptycene monoquinone, the adduct between anthracene and
p-benzoquinone, with LiAlH4 or NaBHy. The resulting reduction product was treated
with ethanolic hydrochloric acid, and then followed by the chromatography on acid
alumina to give the target product 1 in 15 % overall yield.

In 1956, Wittig and Ludwig [4] developed a convenient and one-pot method for the
synthesis of triptycene 1 by the addition reaction between benzyne and anthracene.
During the next few years, various routes to triptycene via benzyne had been re-
ported. For example, Wittig et al. [4—6] synthesized the triptycene in 30 % yield by
the addition reaction between anthracene and organomagnesium reagent generated
by the reaction of o-bromochloro benzene with magnesium in a THF or ether solu-
tion. Soon after, they also reported the synthesis of triptycene 1 by the reaction of
chlorobenzene with anthracene in the presence of butyl lithium [7] or LiSb(C¢Hs)g
[8], respectively. Similarly, Sharp and co-workers [9, 10] synthesized triptycene by
treating halogenated benzene with potassium z-butoxide, followed by the treatment
of anthracene [11].

By the addition reaction between tetrafluorobenzyne and anthracene, in 1968,
Heaney and co-workers [12, 13] reported the synthesis of tetrahalogenated triptycene
3in a yield of 42 % (X =F) or 54 % (X =Cl), along with the subsidiary product 4
(Scheme 2.3).

C.-F. Chen, Y.-X. Ma, Iptycenes Chemistry, 13
DOI 10.1007/978-3-642-32888-6_2, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 2.1 Structure of triptycyl
free radical 1a

CLNL

1a

In 1964, Cadogan and Hibbert [14] reported the synthesis of ¢-butyl-substituted
triptycene 5 by the reaction of anthracene with the corresponding aryne, which
was formed by the heterolytic cleavage of o-f-butyl-N-nitrosoacetanilide in benzene
(Scheme 2.4a). Followed by the similar synthetic route, Cadogan and co-workers
[15] further synthesized the di-z-butyl-substituted triptycene 6 in a 16 % yield by the
addition reaction of the corresponding di-z-butyl-substituted aryne with anthracene
in benzene (Scheme 2.4b).

Depending on the different processes of generating benzyne or arynes, triptycene
(Table 2.1) or substituted triptycenes could be obtained in different yields, which
might also be regarded as a standard for testing the reactivity of benzyne or arynes.

In 1960, Stiles and Miller [21] reported the synthesis of triptycene 1 in 30 % yield
by using the o-diazonium benzoate as the precursor of benzyne, which provided a
more convenient and efficient method for the synthesis of triptycene than the previous
ones. Soon after, Friedman and Logullo [25] described another type of precursor for

HBr, HOAc
90%

O
xylene, reflux, 2 h
o}

OH
KBrO;, HOAc

HO ‘ 93%
TN

Cl Pd-catalyst
deammatlon H;NNH; (trace)

36% ethanol, reflux, 1.5 h
~100%

Scheme 2.1 Synthesis of triptycene 1 from anthracene with benzoquinone

86%

SnCl,
NH,OH ‘ ethanol
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Scheme 2.3 Synthesis of tetrahalogenated triptycene 3

releasing benzyne in situ. As shown in Scheme 2.5, the diazotization of anthranilic
acid in nonprotonic solvent in the presence of amyl nitrite could form benzyne in
situ; then, the freshly prepared benzyne reacted with anthrancene and gave triptycene
in 50-60 % yield. Moreover, the yield could be further improved up to 70-80 % by
using a molar excess of anthracene or anthranilic acid.

To generate benzyne with high efficiency under mild conditions, Kitamura et al.
[26] described anovel type of hypervalent iodine benzyne precursor. This hypervalent
iodine precursor ((phenyl)[[2]-(trimethylsilyl)phenyl]iodo-niumtriflate) reacted with
anthracene to afford the Diels—Alder adduct 1 in 86 % yield at room temperature
(Scheme 2.6).



16 2 Synthesis and Reactions of Triptycenes and Their Derivatives

a -Bu -Bu -Bu
N(NO)Ac N:NOAc Ny*AcO
é |<5 ] anthracene t-Bu ‘
- — ‘ »
enzene g O

9%-19%

-Bu
NN l ‘ l anthracene
16%

t-Bu

Scheme 2.4 Synthesis of 7-butyl-substituted triptycene 5 and di-¢-butyl-substituted triptycene 6

On the basis of Logullo and Friedman’s methodology [25], Kornfeld et al.
[27] investigated the reactivity of benzyne toward 9-substituted anthracenes. As
shown in Table 2.2, it was found that the different substituents in the anthracene
markedly influenced the yields of the triptycene derivatives. According to these
results, it was obvious that the yields were relatively high for the anthracenes
with electron-donating substituents. By contrast, for the anthracene derivatives with
electron-withdrawing groups the yields were unsatisfactory. Particularly, for some
strong electron-withdrawing groups (such as R = CHO), there seemed to be no re-
actions between the 9-substituted anthracenes and benzyne. Although the acetals
(Table 2.2, entries 4 and 5) had closed electronic factors, the results were different
from their varied steric effect.

Similar to the method developed by Le Goff [24] (Table 2.1, entry 11), Wilcox and
Roberts [28] reported the synthesis of diphenyl-substituted triptycene (7) in 65 %
yield by the reaction between 1,4-diphenylanthracene and benzyne, which was gen-
erated in situ from diphenyliodonium-2-carboxylate (Scheme 2.7). According to
the procedure of Friedman and Logullo [25], the target compound 7 could be also
obtained in 57 % yield with anthranilic acid as a precursor. It was noted that the
crude product 7 could be crystallized from the CCly or cyclohexane solution to form
complexes, in which the former was more stable.

In 1965, Klanderman [29] investigated the reaction between benzyne and disub-
stituted anthracenes in detail. As shown in Scheme 2.8, benzyne tended to react in
Diels—Alder fashion with the B ring of anthracene 8 to form triptycene 9 or A ring to
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Table 2.1 Synthesis of
triptycene 1 by the reaction of
anthracene with benzyne

Entry Precursors Conditions Yield (%)
1 i " Mg, h 30
. g, heat (71
Br
F
2 ©/ BuLi, r.t. 10 [7]
F .
3 ©’ Lle(C6H5)6, 23 [8]
r.t.
2, Br
4 I -BuOK, reflux 211[9]
o
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5 ©/ 10 [16, 17]
©:N:N—H
6 COH heat 13 [18]
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No*
8 @: heat 30 [21]
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Scheme 2.5 Synthesis of triptycene 1 by using the o-diazonium benzoate as the precursor of
benzyne
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Scheme 2.6 Synthesis of triptycene 1 with hypervalent iodine benzyne precursor

form adduct 10. The regioselectivity could be controlled by changing the substituents
on the anthracene. For the reactions of anthracenes with electron-drawing groups,
like cyano group, the ratio of A-ring to B-ring adducts would obviously increase,
although, the total yield of the adducts decreased considerably.

Soon after, Klanderman and Criswell [30, 31] also studied the relative reactivity
of a number of anthracenes with end-ring substituents toward benzyne. The results
showed that benzyne would react in Diels—Alder fashion with all the A, B, and C rings
of anthracenes (Scheme 2.9). The characteristics and locations of substituents in the
anthracene system greatly influenced the rate of reactions. In general, the electron-
donating substituents enhanced the reactivity of the substituted rings to benzyne,
whereas the electron-withdrawing substituents lowered it. Furthermore, the steric
requirements of benzyne were also considered. However, it was found that except
9,10-diphenyl anthracene, substituents in one ring had no or little effects on the
reaction between the other ring and benzyne.

Afterward, Kadosaka and co-workers [32] reported the synthesis of a series
of chloro substituted triptycenes by the treatment of benzyne or chlorobenzyne
with various chloroanthracene. The mono chlorotriptycene (15, Scheme 2.10),
dichlorotriptycenes (16, 17, Scheme 2.11) and trichlorotriptycenes (18, 19, Scheme
2.12) could be obtained via the corresponding Diels—Alder reaction of benzyne with
chloroanthracene, or chlorobenzyne with anthracene, followed by the Logullo and
Friedman’s procedure [25].
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Table 2.2 Triptycenes

prepared from 9-substituted R |
anthracenes
Ll ——
ey,

Entry R Yield (%)
1 NO, 15
2 CH,CI 70
3 CH,OH 6
4 CH(OCH;), 4
5 He QCH 53
~OCH,
6 CHO -
7 CH,CH,CI 49

8 CH,CH,CO,CH; 50

Particularly, the addition of 3-chlorobenzyne to the 9-substituted anthracene
would give a mixture of two isomers: quasi-cis- and quasi-frans-isomer (20, Scheme
2.13). In this case, it was believed that the inductive effect of the substituents would
take the leading role in determining the ratios of the isomers, whereas the steric
effects had almost no or little contributions.

Ph @‘
(L : §
57%-65% a O

Ph

7 Ph

Scheme 2.7 Synthesis of compound 7
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Scheme 2.9 Reaction between benzyne and anthracenes 9 with end-ring substituents
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Scheme 2.10 Synthesis of monochlorotriptycene 15

Subsequently, Rogers and Averill [33] synthesized a series of 1,8,13- and 1,8,16-
trisubstituted triptycenes by the treatment of 1,8-disubstituted anthracenes with
monosubstituted benzynes, based on Kadosaka’s synthetic strategy [32]. As shown
in Table 2.3, the nature of the substituents on the anthracene and benzyne units had
obviously influenced the ratio of syn/anti isomers. However, it was further found
that this stereo selectivity mainly depended on the substituents of benzynes.

Following the route of Friedman and Logullo [25], Klanderman and Faber
[34] reported the synthesis of 9,10-bis(acetoxymethyl)triptycene (21) from
9,10-bis(acetoxymethyl)anthracene, which was generated by the reaction of 9,10-
bis(chloromethyl)anthracene with potassium acetate and acetic acid (Scheme 2.14a).
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Scheme 2.12 Synthesis of trichlorotriptycenes 18 and 19

According to the similar procedure, Hoffmeister et al. [35] also obtained
9,10-bis(acetoxymethyl)triptycene (21) and its hydrolysis product, 9,10-
bis(hydroxymethyl) triptycene (22) in high yield (Scheme 2.14b). Moreover,
they found that compound 22 was a key precursor for the preparation of other
bisubstituted triptycene. Consequently, the hydroxymethyl group in compound 22
could effectively convert into other groups by further reactions (Scheme 2.15).



22 2 Synthesis and Reactions of Triptycenes and Their Derivatives

(e]
GO o

Scheme 2.13 Synthesis of quasi-cis- and quasi-trans-isomers 20a and 20b

Table 2.3 Ratios of anti/syn
isomers of trisubstituted

triptycenes
R’
R'

CO,H R
seel Ay S

Vi - L

R R
R anti R R syn R

Entry R R’ Anti (%) Syn (%) Yield (%)
1 Cl Me 25 75 74
2 CN Me 28 72 57
3 CO,Me Me 31 69 58
4 Cl Cl 77 23 27
5 CO,Me Cl 73 27 20
6 Cl CO,Me 44 56 47
7 CN CO,Me 99 1 38
8 CO,Me CO,Me 76 24 62

Recently, Mitzel and co-workers [36] studied the influence of substituent of C-10
position in a series of 1,8-dichloroanthracene precursor molecules on the selectivity
of syn- and anti-trichlorotriptycenes in depth. As shown in Table 2.4, it was found that
in the case of no substituent (R = H, entry 1), the reaction of 1,8-dichloroanthracene
with 6-chloroanthranilic acid gave the trichlorotriptycenes in a mixture of 21 % syn
and 79 % anti form, which was similar to the result reported by Rogers and Averill
[33]. For a small C-10 substituent like methyl group at the 1,8-dichloroanthracene,
the reaction led the ratio of syn- to anti-forms to be 37:63 (entry 5). However, for
a large group (R=1-Bu, entry 3), the target product was unexpectedly obtained
in 100 % anti form, which might relate to the marked distortion of the planarity
of backbone. In contrast, the results of calculations showed that C-10 substituents
always changed the orbital coefficients in a way to favor the anti over the syn form,
and the experiments demonstrated that such electronic effects clearly override steric
repulsion effects during the reaction.
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Scheme 2.14 Synthesis of 9,10-bis-(acetoxymethyl)triptycene 21 and 9,10-bis(hydroxymethyl)
triptycene 22

Anthracene derivatives with substituents in the end-rings reacted with benzyne to
give a racemic mixture of optical enantiomers. Thus, stereo isomeric disubstituted
triptycenes (31a, b) were obtained from 1,5-disubstituted anthracenes [37] (Scheme
2.16a). Similarly, Kricka and Vernon [38] utilized the addition between benzyne
generated in situ and the 1,4,9,10-tetramethylanthrace to give the tetrasubstituted
triptycene 32 (Scheme 2.16b).

With more and more species of benzynes being discovered, various functionalized
triptycenes could be easily and efficiently formed via the widely used Diels—Alder
approach. In 2002, Marks et al. [39] reported the synthesis of compound 33 by the
addition of benzyne or 3,6-dimethylbenzyne to 1,2,3,4,5,6,7,8-octacthylanthracene
(Scheme 2.17). According to the data of low-temperature NMR spectra, crystal
structure, and MM3 calculation, the ethyl groups in both of the target compounds
might arrange in a perfectly alternated up-down mode to achieve a low energy con-
formation. Almost at the same time, Pascal and co-workers [40] obtained a highly
crowded triptycene derivative: 1,2,3,4,5,6,7,8,13,14,15,16-dodecaphenyltriptycene
(34) by the cycloaddition of tetraphenyl benzyne to octaphenyl anthracene (Scheme
2.18). The yield was only 11 %, due to the relatively large size of phenyl groups.

In 2005, Zhu and Chen [41] reported the synthesis of hexamethoxyltriptycene 35
in 65 % yield by the reaction of 2,3,6,7-tetramethoxy-9,10-dimethylanthracene and
4,5-dimethoxybenzenediazonium-2-carboxylate in 1,2-dichloroethane in the pres-
ence of 2-methyloxirane. Furthermore, the demethylation of 35 with boron bromide
in dichloromethane gave triptycene tri(catechol) 36 in 98 % yield, which could be
regarded as a new building block for the construction of supramolecular systems
(Scheme 2.19).

By modifying the reaction conditions described by Cadogan et al. [10], Anzen-
bacher and co-workers [42] synthesized di(thien-2-yl)triptycene 37 in 87 % yield
by the reaction between the corresponding 3-halo-1,4-bis(thien-2-yl)benzene and
anthracene in the presence of potassium z-butoxide (Scheme 2.20).



24 2 Synthesis and Reactions of Triptycenes and Their Derivatives

O c s H200001
7%

23

CIOCOHZC
lcroan-igso4

90%

COzH

HO.C 24

SOCl,
90%

ON3 NaNs O COCl ¢y oH

——

g O 96%
cloc

25

-

N,OC 25
hviheat
73% from 25

64%
OCN 23 HzNHNOC 30

KOH O
NCO CoHsOH/H,0_ ‘ CONHNHQ

Scheme 2.15 Synthesis of disubstituted triptycenes from compound 22

To avoid the isomeric forms in the Diels—Alder reaction, Zavada and co-workers
[43] developed a strategy for a stepwise formation of the third aromatic ring in the

Table 2.4 Ratio of syn- and
anti-triptycene isomers
depending on the C-10
substituent

Entry Ron C-10 Anti (%) Syn (%) Yield (%)

1 H 79 21 16
2 c-CgHyy 79 21 60
3 t-Bu 100 0 43
4 i-Pr 70 30 40
5
6
7

Me 63 37 42
n-Bu 60 40 22
Ph 75 25 28
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Scheme 2.20 Synthesis of di(thien-2-yl)triptycene 37

triptycene skeleton. As shown in Scheme 2.21, although the process was longer
than that of the direct aryne addition method, the target products 38a, b were in the
good overall yields. Moreover, the Diels—Alder addition of the resulting exo-diene
to dimethyl acetylenedicarboxylates and the subsequent aromatization were of the
utmost importance.

The Diels—Alder reactions between anthracene and benzyne or quinone are the
most important methods for the synthesis of triptycene and its derivatives, whereas the
strategy without the process of the Diels—Alder addition reaction provides another
opportunity to synthesize triptycene and its derivatives. In 1968, Walborsky and
Bohnert [44] discovered that treatment of the 9-phenyl-9-ethyl-10-methylene-9,10-
dihydroanthracene with polyphosphoric acid could give 9-ethyl-10-methy] triptycene
39 via the compound 41 in an excellent yield (Scheme 2.21). In addition, the precursor
41 of 40 was treated with polyphosphoric acid to give 39 in good yield as well.
Although the scope of this strategy was limited, it provided a new design idea to the
synthesis of triptycene which totally differed from that of the Diels—Alder type.

Almost at the same time, Taylor and Swager [45] investigated the synthesis
of 9,10-triptycenediols by metal-catalyzed [2 + 2 4 2] cyclotrimerization reaction’s
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Scheme 2.21 Synthesis of compounds 38a, b

cycloaddition. To identify the catalytic efficiency, a series of ruthenium- and rhodium-
based catalysts were evaluated by the reaction of 1-hexyne. The results showed that
the yields of products depended on the catalyst. This method could afford a wide
scope of multisubstituted triptycene derivatives in high yields via only two or three
steps from anthraquinones and alkynes (Table 2.5). To some extent, it could also
take the place of Diels—Alder fashion in the synthesis of multisubstituted triptycene
derivatives.

In 2008, Asao and co-workers [46] reported that the reaction between ortho-
alkynylbenzaldehydes and benzenediazonium 2-carboxylate could undergo in the
presence of AuCl catalyst via a zwitterionic intermediate at 80 °C for 0.5 h, which
gave triptycyl ketones 49a and 49b in 51 and 35 % yield, respectively (Scheme 2.23).

2.2 Synthesis of Triptycenequinones and Their Derivatives

Asearly as 1931, Clar [47] first reported triptycene monoquinone which was obtained
by the reaction between anthracene and p-benzoquinone. Later, Bartlett et al. [1, 48]
improved the Clar’s route, by the reaction between anthracene and p-benzoquinone in
xylene under reflux for 2 h which gave product 50 in 83 % yield after recrystallization
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Table 2.5 Synthesis of substituted 9,10-triptycenediols by rhodium-catalyzed [2 + 2 + 2] cycload-

dition
alkyne
catalyst
R
Entry Diyne Alkyne TP Yield (%)
H
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== _oH
P N
1 | J/ | ] H n-Bu 95
e
/'}/KO 3
w
H—=—CygHz h{3
H—==—Fh 73
Me
H—=—Me 95
OH
H.,
S
. OH
AP R
¥ o e H—=—n-Bu 81
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R = OCH,;
Ph.
\‘\%_\ OH
N
3 H——= 99
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Ph™
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Scheme 2.23 Synthesis of triptycyl ketones 49a, b

from xylene (Scheme 2.24). This method is simple and practical, even today the
preparation of triptycene monoquinone almost follows this route.

Sonoda et al. [49] tried the reaction between 2-carboxyanthracene 51 with
p-benzoquinone in several solvents, and found that the results were beyond their
expectations. The products were produced by the addition of 52 (the homologous
methyl ester of 51) with p-benzoquinone instead of compound 51. Moreover, there
were isomeric issues in forming the substituted triptycene quinone. By the reaction
between 52 and p-benzoquinone, the isomeric adducts (53a, b) in both exo- and
endo-configuration were obtained (Scheme 2.25). Furthermore, the isomers 53a, b
were all sensitive under the base conditions; thus, the matching carboxylic acids
could be obtained by the hydrolysis of 52 in aqueous NaOH solution. When these
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Scheme 2.24 Synthesis of triptycene quinone 50
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Scheme 2.25 Addition of 2-carboxyanthracene 51 and its homologous methyl ester 52 with

p-benzoquinone
OCOME
acetic anhydride
HBr HOAc HO NaOAc MeOCO
86 % 65%

Scheme 2.26 Synthesis of compound 55

isomers 53a, b were treated with HBr in an acetic acid solution, the corresponding
product 54 was afforded in a crude yield of 86 %. As the compound 54 was unstable
to oxygen, the following esterification of 54 gave 55 in 65 % yield (Scheme 2.26).
In 1978, Iwamura and Makino [50] reported that the Diels—Alder reaction of
1,4-dimethoxy anthracene with p-benzoquinone in acetonitrile under reflux tem-
perature for 10h gave a mixture of endo- and exo-9,10-adducts in 86 % yield.
Treatment of the stereoisomers with potassium hydroxide and silver oxide would
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Scheme 2.28 Synthesis of disubstituted triptycene quinone 57

produce 5,8-disubstituted triptycene monoquinones. Not long ago, Hua et al. [51]
described a one-pot synthesis of the triptycene monoquinone 56 (2,5,8-trimethoxy-
9,10-dihydro-9,10-[[1],[2]]benzeneanthracene-1,4-dione) by heating a mixture of
1,4-dimethoxyanthracene and methoxy-hydroquinone in toluene in the presence of
silver oxide and zinc iodide (Scheme 2.27).

One decade ago, Wiehe et al. [52, 53] reported a new synthetic strategy involv-
ing a classical Diels—Alder reaction between an anthracene derivative and excess
of quinone in acetic acid to give substituted triptycene quinone. In a depth anal-
ysis, they believed that the initial [4 4 2] cycloadduct was interconversed in situ
to a triptycene hydroquinone, then quickly oxidized to the simple disubstituted trip-
tycene quinone 57 in 81 % (R =Me) and 47 % (R = OMe) overall yield, respectively
(Scheme 2.28). According to the same approach, a series of alkyl- and aryl-substituted
triptycene quinones (58—64, Table 2.6) had been obtained in good yields by the
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Table 2.6 Synthesis of triptycene quinones
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Table 2.6 (continued)
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68 R, = H, R, = CO,Me
69 R, = CO,Me, R, = H

CHO

reaction of anthracenes and excess quinones in acetic acid. Similarly, the more com-
plex triptycene quinones 66—70 were obtained in 71-90 % yield by the reaction
between1,4-dimethoxyl substituted anthracene 65 and a variety of p-benzoquinone
derivatives.

Generally, the Diels—Alder reactions could easily occur with strong electron ac-
ceptors as dienophiles, whereas hardly take place with electron-rich ones [54-59].
However, Fukuzumi and Okamoto [60] found that the Diels—Alder reactions be-
tween anthracene derivatives and various inert or weak dienophiles (p-benzoquinone
derivatives) could proceed successfully in the presence of Mg(CIOy); in acetonitrile
(Scheme 2.29). By the comparison of a series of metal ion catalysts, it was fur-
ther found that scandium triflate [Sc(OTf)3;] was most effective to accelerate the
Diels—Alder reactions [54-59].
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Scheme 2.29 Synthesis of compound 71

2.3 Reactions of Triptycenes and Their Derivatives

2.3.1 Nitration and Amination

In 1969, Klanderman and Perkins [61] first reported the nitration of triptycene.
Treatment of triptycene with concentrated nitric acid in glacial acetic acid under
27-29 °C for 3 h could afford 2-nitro triptycene in a 44 % yield, whereas 2,6- and
2,7-dinitro, and trace of the 1-nitro triptycene (72, 2.3 %) were also produced. It was
noteworthy that the mononitration of triptycene occurred almost at the B-position
(97.7 %), the further reaction also preferred to occur at the S-position to form 8, 8’-
dinitro-triptycene. Klanderman and Perkins presumed the nitration to be first order
in the stoichiometric concentration of nitric acid. Unfortunately, the result of kinetic
analysis was not ideal on account of the purity of acetic anhydride, and it might be
third-order [62]. Nevertheless, Rees [63] pointed out that the bond fusing the aromatic
and aliphatic rings mainly determined the reactivity of the B-position. According to
the theory of the Mills—Nixon effect, Homes and co-workers [64] reported that the
transannular stabilization of the electron-deficient transition states for substitution
in triptycene was negligible on the basis of deuteration in triptycene.

Subsequently, Shigeru and Ryusei [65] reported the reaction between triptycene
and three equivalents of acetyl nitrate solution in glacial acetic acid with the pressure
of acetic anhydride at 0 °C for 2h, which gave a mixture of nitrated triptycenes
(73-77) including mononitro-, dinitro-, and a small amount of trinitro-(2,6,14- and
2,7,14-trinitro-) product (Scheme 2.30). As mentioned before, the S-positions were
the most reactive sites to electrophilic aromatic substitution in triptycene. In the case
of nitration, a nitro group was substituted in one ring of triptycene, the further nitro
substitution would occur on the B8-positions of the other two ring, which resulted in
a mixture of products rather than a sole one.

In 2006, Chong and MacLachlan [66, 67] attempted to improve the conditions
of nitrification to achieve a certain kind of nitrotriptycene as main product, along
with decreasing the side products as much as possible. They found that the reaction
time and the amount of nitrating agent were important to reach the optimization
conditions. In the case of the mononitration of triptycene, this reaction could quickly
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complete after 6 h with concentrated HNO;3 in acetic acid under heating to give
2-nitrotriptycene 73 as the principal product. Then, the mononitration product 73
could be reduced into 2-aminotriptycene 78, which could convert into an acetamide in
situ. Following the selective nitration with stoichiometric nitric acid generated in situ,
gave the compound 79 with an acetate protecting group. After deprotection, the target
compound 80 could be afforded by the followed reduction in a yield of 53 % (Scheme
2.31). Although, the triple nitration of triptycene with concentrated HNO3 gave a
pair of trinitrotriptycene isomers (81a, b) in a ratio of 3:1, this result revealed that the
electronic effects had negligible impact on the location of nitration. By purification,
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Scheme 2.32 Synthesis of triaminotriptycenes 87a, b

2,6,14-trinitrotriptycene 81a could be obtained as the sole isolated product with a
yield of 33 %. It was noted that both of these isomers could afford the 2,3,6,7,14,15-
hexa-aminotriptycene 85 by a sequence of double nitration/reduction route. They
tried to directly synthesize the target hexa-amino compound without intermediate
isomeric separation, followed by the route similar to 2,3-diaminotriptycene 80, but
failed due to the difficulty in the separation and purification of the final product 82.
Thus, the separation of the two amine isomers (82a, b) was important to ensure a
better yield of the target 2,3,6,7,14,15-hexa-aminotriptycene 85.

Soon after, Zhang and Chen [68] found that by increasing the temperature (75 °C)
and prolonging the time (24 h) of the reaction, not only 2,6,14-trinitrotriptycene (86a)
was obtained in 64 % yield, but also 2,7, 14-trinitrotriptycene (86b) could be isolated
in 21 % yield (Scheme 2.32). More importantly, the trinitrotriptycenes could be
easily reduced by Raney Ni in the presence of hydroazine to afford the corresponding
triaminotriptycenes (87a, b) in almost quantitative yields. The triaminotriptycenes
could be considered as useful precursors for the preparation of other trisubstituted
triptycene derivatives by Sandmeyer reaction.

Zhang and Chen [68] further found that by the treatment of the aminotriptycenes
with aqueous solution of sodium nitrite in concentrated sulfuric acid, the trihydrox-
ytriptycene 88a could be obtained in 75 % yield. Treatment of compound 87a with
a solution of sodium nitrite in concentrated hydrobromic acid and CuBr gave tribro-
motriptycene 89a in 68 % yield. Similarly, the reaction of the diazonium salt derived
from 87a with KI would give triiodotriptycene 90a in 71 % yield (Scheme 2.23a).
Under the same conditions as above, compounds 88-90b were synthesized in 81,
62, and 80 % yield, respectively (Scheme 2.23b).

According to the procedure described as above, Chen and Swager [69] synthesized
2,6-diaminotriptycene 91 by the reduction of the corresponding dinitrotriptycene
with hydrazine and Raney Ni with a yield of 95 %, which was then transformed into
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Scheme 2.33 Synthesis of 2,6,14- and 2,7,14-trisubstituted triptycene derivatives

dibromotriptycene 92 by the Sandmeyer reaction in an aqueous HBr solution in the
presence of NaNO, and CuBr. Under the similar conditions, diiodotritpycene 93 was
obtained in a satisfactory yield as well by the treatment of 91 with HCI, NaNO,, and

KI (Scheme 2.34).
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Scheme 2.34 Synthesis of dibromotriptycene 92 and diiodotritpycene 93

Recently, Oppel and co-workers [70] introduced a two-step synthesis of an
air-stable hexa-ammonium-triptycene 94. As shown in Scheme 2.35, the hexan-
itrotriptycene 95 was initially obtained in 18 % yield by a one-pot reaction of
triptycene with fuming nitric acid, which was then transformed into the compound
94 in almost quantitative yield by the reduction of 95 with tin(Il) chloride in a mix-
ture solution with aqueous hydrochloride and ethanol in place of Pd/C [71] and H,
or Raney Ni/hydrazine. It was noteworthy that the reaction could perform under air
without precaution.

2.3.2 Acylation

Compared with the nitration of triptycene, only a few reports on the acylation of
triptycene were known, although the acyl-substituted triptycenes are very important
precursors for the further derivatization of triptycene as well.

In 1965, Parget and Burger [72] reported the acetylation of triptycene, which
was also the first example of the direct electrophilic substitution of triptycene. The
reaction of triptycene with acetyl chloride in tetrachloroethane in the presence of
aluminum chloride yielded 2-acetyltriptycene 96 in 97 % yield (Scheme 2.36). In
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Scheme 2.36 Synthesis of 2-acetyltriptycene 96

common with the nitration of triptycene, the acetylation also preferred to occur at

B-position of the aromatic ring.

Similarly, the treatment of triptycene with benzoyl or fumaroyl chlorides in the
presence of nitromethane also gave the sole S-substituted product (Scheme 2.37),

which could further form the corresponding ketone 98 [73, 74].

The direct formylation of triptycene [74] with the excess of dichloromethyl methyl
ether at —20 °C in the presence of aluminum chloride could provide compound 99
in 51 % overall yield by a few steps [74, 75]. Moreover, the triptycene derivatives

100 [75] and 101 [74, 76] could be further obtained from 99 (Scheme 2.38).
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2.3.3 Halogenation

As mentioned before, halogenated triptycenes could easily be obtained by the
Diels—Alder reaction approach starting from halogenated anthracene or halogenated
benzyne. However, this addition reaction was sometimes accompanied with side re-
action to form isomers, which resulted in the difficulty of separation. Thus, the direct
halogenation of triptycene would provide another opportunity for the synthesis of
halogenated triptycenes.
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In 1970, Ballester et al. [77] reported the reaction of triptycene with sulfuryl
chloride in the presence of sulfur monochloride and aluminum chloride would give
dodecachlorotriptycene 102 in a good yield (Scheme 2.39)

A mixture of isomeric triacetamido-tribromo-triptycenes (103a, b, Fig. 2.2)
[74, 78] could be obtained by the bromination of isomeric triacetamidotriptycenes,
which were obtained by the reduction of trinitrotriptycenes in acetic acid. This re-
sult revealed that the B-positions on triptycene were also the most reactive sites to
bromination reaction.

2.3.4 Oxidation

As early as 1942, Bartlett et al. [1] found that triptycene could be easily oxidized
by strong oxidizing agents, such as chromium trioxide or potassium permanganate
in acetic acid to form anthraquinone (105) and carbon dioxide. Moreover, com-
pound 105 and 1,4-diphenylanthraquinone 104 could be obtained by oxidation of
diphenyltriptycene 7 [28] with CrOj3 at the same time, whereas the ratio was uncer-
tain (Scheme 2.40). Actually, the oxidation of substituted triptycene quinones with
ammonium persulfate even led to cleavage of the quinonoid ring to give substituted
9,10-dihydro-9,10-etheno-anthracenes [79].
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Scheme 2.40 Oxidation of diphenyltriptycene 7 with CrOs

To keep the skeleton of triptycene intact, mild oxidizing conditions should be
utilized. In fact, in the route of synthesis of triptycene, Bartlett et al. [1] carried
out the oxidation of triptycenequinol to triptycene quinone in a reasonable yield
by adding hot potassium bromate in a minimum amount of glacial acetic acid. As
mentioned earlier, Hoffmeister et al. [35] obtained triptycene-9,10-dicarboxylic acid
(24) by the oxidation of 9,10-bis(hydroxyl-methyl) triptycene (22) with chromium
trioxide in the pressure of concentrated sulfuric acid in a yield of 90 %. Moreover,
triptycene-2-carboxylic acid [73, 74] and triptycen-2-al [74, 75] could be obtained
by the oxidation of 2-acetyl-triptycene and triptycen-2-ylmethanol, respectively.

In 2006, Z4vada and co-workers [80] reported the synthetic route to triptycene
carboxylic acids. The reaction between appropriate aryne and dimethylanthracene in
a mixture of 1,2-dichloroethane and THF (or diglyme) could conveniently generate a
series of di- or tetra-methyltriptycenes (106) in 41-69 % yields. Then, the oxidation
of 106 by potassium permanganate gave triptycene di- and tetra-carboxylic acids
(107) in 86-96 % yields.

According to the similar approach, the highly symmetrical triptycene tetra- and
hexacarboxylates (108, 109) could be synthesized as well [43]. Consequently, the
Diels—Alder reaction between tetramethylanthracenes and aryne formed in situ, then
followed oxidation by potassium permanganate in pyridine and water, the targets 108
(Scheme 2.41), 38a, and 109 (Scheme 2.42) could be obtained in 94 and 53 % yield,
respectively. However, this procedure for synthesis of 38a and 109 would be
accompanied by the side reaction to form naphthabenzobarrelene isomers 109’
(Scheme 2.42).

Under the similar conditions, Zonta et al. [81] attempted to synthesize the de-
sired hexacarboxylic acid 109 from hexamethyl-triptycene 110. When potassium
permanganate was only used as oxidant, the compound 110 would be partially ox-
idized. However, 109 and a certain amount of over-oxidation side-products were
produced with strongly basic potassium permanganate as oxidant. Finally, they
found that by the oxidation of 110 by potassium permanganate in pyridine and a
water solution of NaOH, the target product 109 could be obtained in 78 % yield
(Scheme 2.43).
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2.3.5 Reduction

In common with the oxidation reaction, the skeleton of triptycene could be damaged
under the extreme reduction conditions. Thus, Clar [47] found that when triptycene-
1,4-quinol and triptycene quinone underwent distillation in the presence of zinc dust,
the skeleton of triptycene destroyed to form 9,10-dihydroanthracene.

In 1962, Theilacker and Mollhoff [82] reported that triptycene could undergo an
interesting cleavage reaction with K (in K/Na alloy) in ether to produce compound
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Table 2.7 Synthesis of methyltriptycene derivatives (106) and triptycene carboxylic acids (107)

R Me isoamyl nitrite
R 1,2-dichloroethane
2 THF (diglyme)

+

Rs
R4 COzH
106 R4, Ry, R3, R4 =Hor Me 1. KMI’]O4
R4 NH, pyridine/H,0O
Rs 107 Ry, Ry, R3, Ry = H or CO,H 2. HCIH;0
106 107
Dimethyl
Entry anthracene Aryne R Yield R Yield
(%0)* (%)
1 R;=H, R, R; =Ry R;=R;=Ry 51 =R;=R;=H, 87
=Me =H :H, R2=Me R2:C02H
2 R, =Me, R;=R4 R,=R;=Ry 53 Rz—R3 Rs~=H, 95
R,=H =H =H, R;=Me =CO,H
3 R1 H R2 R3 Me 7R47H 69 R1:R4:H, 97
=Me R4 H RZ - R3 Me Rz = R3 = COzH
4 R1:Me, R3:Me, R2:R4_H 61 R2:R4:H, 94
R2 =H R4 =H Rl = R3 Me R1:R3:COZH
s Ri=H.R, Ry=H,  R;=R;=H, 23; R;=R;=H,R, o4
= Me R4=Me Rz R4—Me 41%* :R4: COQH
6 R] = Me, R3 = H, R2 = R3 = H, 5% Rz R3 H R] 86
R,=H Ry=Me R;=R4;=Me =R,;=CO,H

*Solvent: THF; ** diglyme.
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112 (Scheme 2.44), whereas Na in the same alloy had no effect on the cleavage of
triptycene 1.

Similarly, Walsh and Ross [74, 83] described the cleavage of triptycene with
potassium in oxolan. They considered that the reaction could occur via a radical-
anion intermediate, and thus, suggested a possible mechanism as shown in Scheme
2.45. In this mechanism, the degree of stability for the intermediate radical-anion
with the different group was the key factor considered. Apart from this, the leaving
rate of group had to be considered. Among the common substituent, the phenyl
group showed the lower leaving rate than methyl, H, and benzyl group. In addition,
the metal agent itself could influence the cleavage. For example, there was little or
almost no cleavage of 9-phenyltriptycene with sodium.

To avoid the destruction of the triptycene skeleton, the reduction could occur under
mild conditions. Bartlett and Lewis [84] reported the reaction of 9-bromotriptycene
with magnesium in ether, and found that the triptycen-9-yl magnesium bro-
mide could be unexpectedly hydrolyzed to form triptycene. No reaction between
9-bromotriptycene and sodium occurred in boiling toluene; whereas, the reaction of
9-bromotriptycene with metal in mineral oil gave triptycene in approximately 100 %
yield when it was heated to 140 °C or in boiling isooctane. Ginsburg and co-workers
[85] also investigated the reaction of 9,10-dibromotriptycene with metals, and they
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Scheme 2.46 Synthesis of 9-ethynyltriptycene 113

found that the treatment of dibromotriptycene with Na—K alloy in reflux n-octane
produced 9-bromotriptycene. Moreover, treatment of 9-bromotriptycene with NaH
in HMPA could further give triptycene 1 in 92 % yield.

By the reduction of the diethyl ester of 9,10-triptycenediacetic acid with lithium
aluminum hydride in THF equipped with a Soxhlet extractor, Hoffmeister et al. [35]
obtained 9,10-bis(B-hydroxyethyl)triptycene. In 1971, Akiyama et al. [86] reported
the synthesis of 9-ethynyltriptycene 113 starting from 9-triptycene carboxaldehyde
114. As shown in Scheme 2.46, the reaction of 114 with chloromethylene triph-
enylphosphorane in THF could yield the chlorovinyl triptycene 115, which then
proceeded the dehydrochlorination by the sodium amide in liquid ammonia to give
the target compound 113.

Afterward, Skvarchenko and co-workers [74, 87, 88] reported that 2-acetyl trip-
tycene was treated with PCls to give the intermediate compounds (117 and 118),
which was then followed by the reduction with NaBH, to afford another unsaturated
hydrocarbons substituted triptycene 116a (Scheme 2.47a). In contrast, the reduction
of 2-acetyltriptycene by LiAlH, via two steps to obtain unsaturated hydrocarbons
substituted triptycene 116b (Scheme 2.47b).

In 1979, Rabideau et al. [89] reported the reduction of triptycene by metal—
ammonia. The reduction of triptycene could be conveniently accomplished with
metal in the presence of NH3 in a THF solution at —33 °C, and form the products
119a, b without ring opening. They further studied this reduction with several metals
in various alcohols, and the results are shown in Table 2.8. On the basis of the results,
it was found that the yields might be controlled by the acidity of the protonating
agent (alcohol) to a great extent. The more acidic alcohols the metal consumed,
the lower the yields were. It was noteworthy that the reaction of triptycene showed
considerably unusual regioselectivity. In most of the cases the major product was the
isomer 119b. In addition, it was also found that metal would influence the yield of
reduction product, and the reduction with Li afforded product 119b in a higher yield
than that with metal Na.

2.3.6 Photochemical Reactions

In 1969, Walsh [90] investigated the direct irradiation of triptycene in dilute ether or
acetone solution, and obtained a single certain isomer. The further analyses confirmed
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Scheme 2.47 Synthesis of unsaturated hydrocarbon-substituted triptycenes 116a, b

Table 2.8 Metal-ammonia
reduction of triptycene

119a 119b
Entry Metal Alcohol® Yield of
119a (%) 119b (%)

1 Li (CH3);COH 27 55
2 Li (CH;3),CHOH 23 53
3 Li CH;CH,OH 18 33
4 Li CF;CH,OH 16 22
5 Li (CF;3),CHOH 10 9
6 Na (CH3);COH 6 11

Conditions: THF
#Temperature: —35 °C
"Temperature: —75 °C
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Scheme 2.48 Irradiation of triptycene 1

that compound 121 (Fig. 2.3) was the correct structure of the isomer. This result was
verified by three aspects: (1) the photoproduct further could convert to form the ther-
mal isomerization product, 8,12b-dihydrobenz[a]-fluoranthene 122 in a quantitative
yield under the melting temperature; (2) the cleavage of the cyclopropane and hydro-
gen migration were necessary for the formation of the ring skeleton, whereas only
121 might fit this requirement; and (3) in contrast to the photochemical behavior
of the related barrelene and benzobarrelene, the anticipated semibullvalene 120 had
already been confirmed instead of the product, but 121 could be obtained by the
Cope rearrangement from 120. In other words, 120 might be the initial photoproduct
which finally rearranged to the more stable 121. Moreover, molecule 121 was the
most strain-free of all the possibilities based on the molecular models.

At the same time, Turro et al. [91] also reported the irradiation of triptycene 1 to
give the product 121 (Scheme 2.48). They considered that 121 was yielded by the
o -tropic rearrangement of 120 as well. Furthermore, they obtained the compound
122 by heating 121, and 123 (ketoaldehyde) which could be converted to a diol with
LiAlH4 by the ozonolysis of 121. In addition, they deduced that the conversion of
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1-121 might be a very fast triplet rearrangement. The formation of 121 could not be
quenched by 1,3-pentadiene, and the conversion occurred smoothly in benzene and
acetone which are photosensitive solvents.

Soon after, Iwamura and co-workers [92-94] studied a series of photochem-
ical reactions of triptycene and its derivatives. At first, they obtained a kind
of yellow crystalline solid from the irradiation of triptycene with Pyrex-filtered
UV light in methanol, and the yield was about 75 %, which was based on the
consumed starting material [92]. However, it was found that the product was
9-(2-methoxymethylphenyl)-fluorene instead of the product 121 [90, 91] reported
before. Moreover, they deemed that the product was generated probably by the
attack of solvent molecules to carbine 124 (Scheme 2.49). The compound 124
underwent the intramolecular addition to form photoproduct 122. At the same
time, they further expounded the carbene mechanism for the photolytic rearrange-
ment of 1 in another literature [94]. The photoproduct, which was identified as
9-(2-methoxymethylphenyl)fluorene not the compound 121 reported before [90, 91],
was obtained in 75 % isolated yield after TLC on silica gel by the irradiation of a
0.003 M solution of 1 in methanol with Vycor-filtered UV light for 2 h. Under the
similar conditions, the irradiation of 9-acetyl-triptycene 125 gave the photoproduct
126 (Scheme 2.50), and there was no trace of the normal isomerization products
(127) in this process. It was noteworthy that two conformers of 126 were in a ratio
of 2.2:1 discriminated by the NMR spectrum, and the results might to some extent
support the carbene mechanism. Thus, as mentioned before, they inferred that the
capture of 124 with reactive solvent gave 129 in a reasonable yield. At the other
side, the normal photoisomer 128 could be obtained by the intramolecular addition
of 124.
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Scheme 2.51 Photolysis of 1,4-dimethyltriptycene 129

The photolysis of 1,4-dimethyltriptycene 129 was investigated as well [93]. Con-
sequently, it was found that two products 130a and 130b were obtained by the
irradiation of 129 with Vycor-filtered UV light in methanol. Iwamura and co-workers
presumed that the O—H bond of the solvent inserted by carbene 131 gave the main
product 130a in 89 % yield; simultaneously the minor product 130b was obtained
in about 5 % yield by the hydrogen abstraction of 131 (Scheme 2.51).
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Scheme 2.52 Irradiation of dimethoxytriptycene 134a

Wheeler and co-workers [95] soon questioned the carbene mechanism, because
they found that 5-methoxybenz[a]aceanthrylene 132 rather than 133 was obtained
by the irradiation with UV light of the dimethoxytriptycene 134a in benzene or
methanol (Scheme 2.52). They deemed that the reaction preferred the pathway via
the intermediate 135 which was suggested by Turro et al. [90, 91], but they failed to
reconcile the results of Iwamura as well.

Iwamura and Tukada [96] also reported the Pyrex-filtered irradiation of 1,4-
dihydroxytriptycene (134b) in methanol, which gave the photoproduct 135. By the
reduction with LiAlH, and dehydration over P,Os, it was found that the epoxy ke-
tone in 135 could be converted to the triptycene-like ketone 137 (Scheme 2.53).
This process for the formation of compound 137 could be expounded by the carbene
mechanism. Although, the photoproduct 132 reported by Wheeler et al. [95] was
actually inconsistent with this carbene mechanism, the intermediate 136 could be
trapped either by the aromatic double bond to give 138 (Fig. 2.4), as the result of
the epoxide ring formation, or by the carbonyl group of the photoketonized hydro-
quinone chromophore. Thus, they guessed that the double bond of the triptycene
with methoxyl substituent might be activated to undergo the intermolecular addition
to give 138b rather than being trapped by the solvent molecule such as methanol.

Afterward, Wheeler and co-workers [97] investigated the same irradiation of
1,4-dihydroxytriptycene in methanol with UV light. However, they found that the
reaction did not give 136 (reported by Iwamura) but 139 in about 70 % yield based
on the recovered starting material. Besides 139, they also isolated the second product
based on the spectroscopic data, especially, the strong M-84 peak in the mass spec-
trum: m/z 286 (58 %, M) and 202 (100 %), which suggested that the structure of this
second product was 140 (Fig. 2.5). Therefore, they considered that the existence of
photoproduct 140 confirmed the rearrangement of 134a to 139 via the intermediate
140, which was obtained by the di-t-methane rearrangement of 134a.

In 1978, Iwamura and Tukada [96] studied the Vycor-filtered irradiation of a
series of 9-alkoxytriptycenes (141) in alcohol, and obtained the corresponding acetals
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Table 2.9 The photoreaction of 9-alkoxytriptycenes
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141
|n insert solutions
1 44 145 1 46
Entry Rin 141 Solvent and/or additive Product Yield (%)
1 Me CH;0H 142 (R =R; =Me) 62
2 Me t-C4HoOH 142 R=Me, R, =1t-C4Hy) 43
3 Me Cyclohexane 144 (R =H) 73
145 <5
4 Me Cyclohexane® 144 (R =H) 98
5 CH,CH =CH, n-Pentane 144 (R =CH,CH=CH,) 62
144 R =H) 4
6 CH,CH = n-Pentane 144 (R =CH,CH=C(CH;),) 78
C(CH3),
144 (R=H) 15
7  CH,Ph CH;0H 142 (R=CH,Ph,R; =Me) 29
8 CH,Ph n-Pentane 144 (R = CH,Ph) 66
9 Ph Cyclohexane 146 31
142 (R=R; =Ph) 29
144 R =H) ~1

4with 35 mM dimethyl fumarate

(142) via the intermediary formation of alkoxycarbenes (143). Moreover, the similar
photoreactions occurred well in inert solvents. The detailed results are shown in
Table 2.9. According to the results, they deemed that the reactions in inert solvents
could be rationalized as the homolysis and rearrangement of «-alkoxycarbenes 143
which was similar to the Wittig rearrangement. Furthermore, they [98] also found
that the ability to donate or accept electrons was not much related to the tendency of
bridging on the site near to the substituent.

Soon after, Hemetsberger and Neustern [99] investigated the irradiation of tripty-
cene monodeuterated at the bridgehead position. The result showed that the deuterium
effect could cause the difference in the reaction rate; however, the radiationless proc-
esses in the rearrangement were unaffected.
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Scheme 2.54 Irradiation of triptycene derivatives 147a, b

Iwamura et al. [100] further discovered that triptycenes (147a—c) with different
leaving groups on the bridgehead position underwent photochemical reactions under
the irradiation of the low-pressure mercury lamp to give the compound 148 in good-
to-moderate yields (Scheme 2.54). For triptycene derivative 147a, most (> 90 %)
of the substrate could be consumed in 2 h to give the compound 148 with a yield of
70 %. Although, the photolysis of triptycene 147b only gave the compound 148 in
an approximate yield of 28 %, along with the side-products 146 and 149 in 15 and
8 % yield, respectively. In addition, the compound 148 could convert to a cation 150
under the acidic condition, like trifluoromethanesulfonic acid.

In 1989, Kitaguchi [101] reported the photoinduced reduction of triptycene
quinone and its analogs with xanthene as a hydrogen atom donor to give the
corresponding hydroquinones and the adducts with two xanthenyl radicals. Several
years later, Scheffer and co-workers [102] further investigated the photochemical
reaction of triptycene-l,4-quinone 50 in non-hydrogen atom-donating solvents.
They found that in carefully deoxygenated acetone, ethanol or acetonitrile, the
Pyrex-filtered irradiation of 50 gave the di-m-methane structure 151 as the sole
product (Scheme 2.55a). However, a novel photoproduct 152 could be obtained
in about 20 % yield by the irradiation of 50 in an air-saturated acetone (Scheme
2.55b). If the solvent was turned to deoxygenated carbon tetrachloride, another
photoproduct, 6-chlorotriptycene-1,4-quinone 153, would be produced by the
photolysis (350 nm, Rayonet photo reactor) of 50 (Scheme 2.55c). They considered
that all three photoproducts were obtained via the same intermediate compound
154, and the cyclopropyldicarbinyl diradical 154 was “the more stable diradical
in which aromaticity had been lost in only one of the two benzenoid rings and
the second odd electron was stabilized by being next to a carbonyl group” [102].
However, irradiation of 50 in the solid state showed no photoreaction, which was
probably attributed to the effect of intermolecular interactions [103].

Soon after, Borecka et al. [104] extended the work to the photolysis of the 9,10-
dialkyl-substituted triptycene quinones. Compared with the photoproducts obtained
from 50, the photoproducts of 155a, b showed the unusual structure and color,
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Scheme 2.55 Photochemical reaction of triptycene-1,4-quinone 50 in non-hydrogen atom-donating
solvents

and these features made them favorable to be observed. The irradiation of 155a in
deoxygenated acetonitrile for 3 h gave the yellow di-w-methane photoproduct 157
(needles) and the blue—black norcaradiene-containing derivative 156a (prisms) in 28
and 26 % isolated yield, respectively. However, the photolysis of 155b afforded the
significantly different products. Besides a small amount of the dark-blue norcaradi-
ene compound 156b and the dihydrobenzofuran derivative 158, another dark orange
unidentified photoproduct 159 was also isolated in 18 % yield which might be a
phenolic aldehyde with the benz[a]aceanthrylene carbon skeleton (Scheme 2.56a).
The carbene mechanism established by Iwamura and co-workers [94, 98] could well
expound the formation of 156a, b. Nevertheless, for quinone 155a, both norcaradi-
ene 156a and di-w-methane photoproduct 157 might be formed from the plausible
common intermediate biradical 160 via the di-w-methane rearrangement (Scheme
2.56b).

2.3.7 Other Reactions

As mentioned in the early works, the halogen at the bridgehead in 9-halogenated
triptycenes showed to be unreactive with nucleophile. For example, Bartlett and co-
workers [2, 48, 84] reported that the 9-bromotriptycene or 9-iodotriptycene failed
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Scheme 2.56 Photolysis of the 9,10-dialkyl-substituted triptycene quinones

to react with sodium ethoxide, tin(II) chloride, sodium sulfide, or silver nitrite even
under extreme conditions. Skvarchenko et al. [74] revealed that the structural reasons
led the bridging carbon atom to be inert. Firstly, the intermediate formation of a
carbonium cation required the transition of the bridging carbon to a sp?>-hybridized
state and a coplanar arrangement of the aliphatic carbon—carbon bonds in the already
strained bicyclic fragment of triptycene. Secondly, the carbonium cation could not be
stabilized by conjugation with the aromatic rings but, on the contrary, be destabilized
by the negative inductive effect of the three o-phenylene substituents [84, 105].
Thus, the Sy 1 reactions would not occur. Moreover, the Sy 2 reactions occurred with
difficulty as well, as the carbon atoms at a bridgehead were also shielded from the
attack by nucleophilic reagents [84, 105].

Moreover, Skvarchenko and co-workers [74, 75] described that in the ex-
treme conditions, triptycene could be chloromethylated to give a mixture of
2-chloromethyl-substituted triptycene 161 in 15 % yield, along with 52 % yield of
2,6-bichloromethyltriptycene 162a, and 16 % yield of 2,7-bichloromethyl-triptycene
162b (Scheme 2.57).

Nevertheless, Wittig and coworkers [106, 107] reported that 9-bromotriptycene
could react with n-butyl-lithium to give triptycen-9-yl-lithium 163, which actually
could serve as the precursor for other triptycene derivatives (Scheme 2.58). As shown
in Scheme 2.59, it was also found that the reaction between 163 and mercury(I)
chloride could give di-triptycen-9-yl-mercury in 76 % yield. Similarly, di-triptycen-
9-yl-selenium and di-triptycen-9-yl-diselenium were obtained by the reaction of 163
and selenium chloride in 15 and 37 % yield, respectively.

In 1981, Oki and co-workers [108] reported the facile ring formation of trip-
tycene derivatives in the presence of a cationoid center at the 2-position of a
9-substituent. Consequently, a cyclic ether 164 was obtained by the reaction of
9-(2-hydroxypropyl)-1,4-dimethoxytriptycene 165 with sulfuric acid. If 9-allyl-1,4-
dimethoxytriptycene 166 was used, the same product 164 was obtained in the
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Scheme 2.58 Reaction of 9-bromotriptycene with n-butyl-lithium

presence of trifluoroacetic acid (Scheme 2.60). Moreover, the treatment of 166 with
bromine, and 9-(2-hydroxyethyl)-1,4-dimethoxytriptycene 167 with thionyl chloride
also gave the corresponding cyclic ether 168 and 169, respectively (Scheme 2.61).
Thus, they deduced that the reaction occurred via both the Sy1 and Sny2 processes
with two steps: the formation of the cationoid 170 at the 2-position by an elec-
trophilic addition to the olefin, then it cyclized to an oxonium ion 171 which would
be attacked by an anion at the least hindered methyl to give the cyclic ether 172
(Scheme 2.62).
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2.4 Synthesis of Extended Triptycene Derivatives

In the early works, a lot of benzotriptycenes were obtained by the Diels—Alder
addition between anthracene and arynes. For example, benzotriptycene 173 could
be obtained by the reaction of anthracene with aryne from 1-nitro-naphthalene
[109]. Similarly, by the use of the arynes obtained from 9-nitrophenanthrene or
9-bromophenanthrene in situ, extended triptycene 174 containing phenanthrene
could be obtained. Moreover, the pyrolysis of benzil with naphthacene gave the
benzotriptycene 175 (Scheme 2.63) [74, 110].

Analogously, Sugihash et al. [111] also synthesized the monobenzo-derivatives
of extended triptycene 175 with a yield of 11 % by the Diels—Alder reaction between
anthracene and aryne, which was generated from 3-amino-2-naphthoic acid and
isoamyl nitrite in situ through the method of Friedman and Logullo [25] (Scheme
2.64a). Under the same conditions, the addition gave dibenzotriptycene 176 in a yield
of 38 % when tetracene took place of the anthracene (Scheme 2.64b). Similarly,
naphthotriptycenes 177 and 178 could also be synthesized by the addition of the
aryne from 3-aminoanthraquinone-2-carboxylic acid with anthracene and tetracene,
respectively (Scheme 2.65).
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In 1974, Skvarchenko et al. [74] reported the synthesis of the extended triptycene
derivatives (179). As shown in Scheme 2.66, the reaction between triptycene quinone
and the substituted butadiene, followed by the reduction of the carbonyl groups, gave
the target products (179).

In 1967, Regan and Miller [112] synthesized 2,3-benzotriptycene derivative 180
with substituents by the addition of the corresponding anthracene to 1,4-epoxy-
1,4-dihydronaphthalene in the refluxing xylene, as shown in Scheme 2.67a. It was
noteworthy that this route was originally suggested by Wittig et al. [113]. According
to this strategy, tribenzotriptycene 181 [113] could also be synthesized by the reaction
of pentaphene with 1,4-epoxy-1,4-dihydronaphthalene in xylene (Scheme 2.67b).
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Scheme 2.65 Synthesis of naphthotriptycenes 177 and 178

Although the triptycenes with fused ring could be generated by various routes as
mentioned previously, the low yield and long process was the obstacle. In 1991, Pat-
ney [114] reported a general and facile route to the synthesis of fused ring derivatives
of triptycene. As shown in Scheme 2.68, the addition of the quinone derivatives and
anthracene, followed by the reduction of the carbonyl groups with lithium aluminum
hydride and the further dehydration with p-toluenesulfonyl chloride in pyridine, gave
the target extended triptycenes. However, the reaction time in this route was quite
long; especially the last step reaction usually needed 3—7 days. Moreover, the target
product was given in an instable yield (23—71 % based on the anthracene).
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Recently, Holy and co-workers [115] reported the synthesis of extended bifunc-
tional triptycenes 182a, b by two different methods. As shown in Scheme 2.69, the
target products 182a, b could be obtained by a one-pot reaction of aromatization
with the primary adduct from dibromoanthracene with the dienophilic counterpart
in xylene at 160 °C, and then followed by the acid hydrolysis. In contrast, the reac-
tion of the dibromoanthracene and the aryne generated in situ from the amino acid
gave the quinoid adduct 183 in a yield of 31 %, and the adduct 183 then proceeded
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through a one-pot rearomatization to give the extended bifunctional triptycene 182a
in a yield of 34 % (Scheme 2.70).

For another extended bifunctional triptycenes 184a, b, they could be achieved
easily by the zinc-mediated reduction of the quinone carbonyl groups in 185, and
the conversion of the resulting air-unstable hydroquinone. As shown in Scheme
2.71a, treatment of the quinone 67 with NaOAc in the pressure of Zn in Ac,O gave
the product 184a in a yield of 66 %. Although, the product 184b could also be
obtained by the similar zinc-mediated reduction of compound 67 with -BuPh,SiCl
in a mixture solution of THF and DMF (Scheme 2.71b). Moreover, the reaction of 67
with methyl lithium in a toluene solution at room temperature gave the intermediate
compound 185, which was then followed by the aromatization to give the extended
bifunctional triptycene 184c in a yield of 64 % (Scheme 2.72).
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In 2010, Lee and co-workers [116] reported the synthesis of oxadisilole fused trip-
tycene 187 and the extended oxadisilole fused triptycene 188. As shown in Scheme
2.73, by the optimization of the reaction conditions, the triptycene 187 could be
obtained in 82 % yield by the treatment of benzobisoxadisilole 189 with PhI(OAc),
in the presence of triflic acid, then with KF and a catalytic amount of TBAF, and
further reaction with anthracene. Similarly, the extended triptycene derivative 188
was obtained by the addition of the aryne generated in situ with furan.

Oxadisilole fused triptycenes 187 and 188 could also be served as the precursors
for the synthesis of other extended triptycene derivatives. Consequently, the reaction
of 187 with phenyliodonium diacetate and triflic acid in CH,Cl,, followed by the
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Scheme 2.73 Synthesis of oxadisilole fused triptycenes 187 and 188

treatment with KF in the presence of TBAF gave the corresponding triptycynes (190,
191), which further reacted with various dienes to give a series of extended triptycene
derivatives (192-196, Scheme 2.74). Similarly, starting from the oxadisilole fused
triptycene 188, the extended triptycenes 197 and 198 could be synthesized via the
aryne intermediate 191 as well (Scheme 2.75).

Soon after, Pei and Lee [117] further developed a highly efficient microwave-
mediated Diels—Alder reaction between anthracene and various endoxides in water,
which was then followed the dehydration in AcOH and Ac,O to give the correspond-
ing extended triptycenes (175, 177, 188, and 199a, b) in 72-83 % yields (Scheme
2.76).
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Scheme 2.75 Synthesis of extended triptycenes 197 and 198

More recently, they [118] also synthesized a new synthon 200, 5,6-(9,10-
dihydroanthracen-9,10-yl)isobenzofuran for the preparation of extended triptycenes
(201). The target extended triptycenes could be obtained in high yields (81-88 %)
by the deoxygenation of the corresponding endoxide intermediates (202) with
TiCly/LiAIH4/EtsN (Scheme 2.77). Thus, the formation of endoxide intermediates
(202) was the key to the preparation of extended triptycenes (201). As shown in Ta-
ble 2.10, the endoxide intermediates (202) could be obtained in good isolated yields
by the reaction of various dienophiles (203) with the freshly generated synthon 200.
In addition, they attempted to further obtain the extended triptycene quinones (204)
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by the conversion of endoxides 202. However, according to the method in literature
[119], the endoxides 202 underwent the oxidation by O,/K,CO3 only to give the trace
amounts of the desired product (204). Finally, they found that the triptycene quinones
could directly be converted from the corresponding endoxides in satisfactory yields
(71-74 %) under PhI(OAc),/TfOH condition (Scheme 2.78).
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Additionally, Kurata and co-workers [120] reported the synthesis of a new
anthracene-containing triptycene derivative 205 by the dehydration of the photo-
chemical [4 4 2] cycloadduct 206 of di(9-anthryl)methanone in a yield of 92 %
(Scheme 2.79).

2.5 Synthesis and Reactions of Homotriptycenes

In 1970, Cristol and Pennelle [121] first synthesized the compound 207 called ho-
motriptycene for the next higher homolog of triptycene. Compound 207 could be
obtained by the ring expansion of 1-aminomethyltriptycene, or by the reduction
of the chloride 208 with sodium in #-butyl alcohol. However, it was noteworthy
that the generation of the isomer 209 as a side-product increased the difficulty of
separation for compound 208 (Scheme 2.80). In 1985, Szeimies and co-workers
[122] reported a new strategy for the synthesis of homotriptycene via the thermal
dehydrogenation of anellated dibenzohomobarrelene, but the tedious preparation of
the precursor propellane limited its general applicability as well. Soon after, Saito
et al. [123] also synthesized the homotriptycene through the cycloaddition between
strained benzocyclopropene and anthracenes.

Recently, Cao and co-workers [124, 125] reported a novel and facile route
to synthesize homotriptycene 210 based on the acid-catalyzed cyclization of
anthracenol derivatives. As shown in Scheme 2.81, starting from 10-benzyl-9,10-
dihydroanthracen-9-ol 211 containing high electron density, the corresponding
homotriptycenes could be quantitatively obtained by the transannular ring closure
in the presence of acid. Furthermore, Cao and co-workers [126] obtained a series
of new homotriptycenes (212a, b) containing heterocycles, like furan, thiophene,
and pyridine rings in reasonable yields via the similar intramolecular electrophilic
dehydration of the 10,10-dihetarylmethyl-9,10-di-hydroanthrancen-9-ols (213a, b).
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Chapter 3
Synthesis and Reactions of Pentiptycenes
and Their Derivatives

3.1 Synthesis of Pentiptycenes and Their Derivatives

Compared with the first synthesis of triptycene in 1942 [1], it was not until 32 years
later that Skvarche and Shalaev [2] first accomplished the synthesis of pentiptycene
(2). As shown in Scheme 3.1, pentiptycene 2 was synthesized in about 10 % total
yield by a three-step route starting from 2-aminotriptycene 1. Similar to the way
for the synthesis of triptycene, the Diels—Alder reaction between anthracene and
benzyne was also the key process to pentiptycene.

In 1981, on the basis of the strategy that tetra-halobenzenes were served as diaryne
equivalents [3], Hart et al. [4] reported a one-pot synthesis of pentiptycene 2 in
94 % yield by the Diels—Alder addition reaction between anthracene and 1,2,4,5-
tetrabromobenzene (3) in toluene at room temperature in the presence of n-butyl
lithium in hexane solution (Scheme 3.2). Synthesis of the ortho-pentiptycene (4) took
the similar approach. As shown in Scheme 3.3, 4,5-dibromo-3,6-diiodo-o-xylene
5 was first prepared from the corresponding dibromo compound (6) in a yield of
81 %. Then, the similar Diels—Alder reaction between compound 5 and anthracene
at —23 °C in a toluene solution in the presence of n-butyl lithium gave pentiptycene
5 in 14 % yield. The ortho-pentiptycene 4 has a C;, symmetry, thus there are only
12 kinds of “different” carbons shown in its'*C NMR spectrum.

Afterward, Hart et al. [S] further developed a new route for the synthesis of
pentiptycene 2 by using 2,3-naphtho[b]triptycene 7, which could be considered as a
triptycene containing one anthracene moiety, as a synthon (Scheme 3.4). This route
was complicated, but still provided a new strategy for the synthesis of pentiptycene
and even other higher iptycenes. It was apparent that 2,3-naphtho[b]triptycene 7 was
an important intermediate in this process.

In 2010, Lee and co-workers [6] reported another route to the synthesis of pen-
tiptycene 2 by the addition reaction between triptycyne, which was generated from
oxadisilole-fused triptycene (8) and anthracene. As shown in Scheme 3.5, the treat-
ment of 8 with phenyliodonium diacetate and trifluoromethanesulfonic acid (TfOH)
in a CH;,Cl, solution at room temperature gave the precursor (9) for triptycyne.
Then without separation, the whole system was treated with KF in the presence of a
catalytic amount of TBAF for 10 h to obtain the intermediate triptycyne, which was
further directly reacted with anthracene to produce pentiptycene 2 in a moderate yield.

C.-F. Chen, Y.-X. Ma, Iptycenes Chemistry, 79
DOI 10.1007/978-3-642-32888-6_3, © Springer-Verlag Berlin Heidelberg 2013
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As pentiptycene contains one central benzene ring and four-phenyl side-chains, it
has much more derivatives compared with triptycene. Such a structural feature also
makes the pentiptycene to catch much attention to the synthesis of its derivatives.
Generally, there are two strategies for the synthesis: (1) the Diels—Alder reaction
between anthracene and arynes formed in situ from various halogenated benzenes,
and (2) the similar addition reaction between anthracene and quinone afforded the
pentiptycene quinones, which were then followed by the reduction of carbonyl groups
to give the corresponding pentiptycene derivatives.

In 1971, Cadogan et al. [7] synthesized di-z-butyl pentiptycene (10) in very low
yield (about 2 % after purification) by the reaction between aryne formed from 11
and anthracene in the presence of strong base (Scheme 3.6).

Ten years later, Hart et al. [4] reported the synthesis of substituted pentip-
tycenes by a one-pot reaction of anthracene and tetrabromo-p-xylene (12, R = Me)
and tetrabromo-hydroquinone dimethyl ether (12, R = OMe), respectively, in the
presence of n-butyl lithium (Scheme 3.7a). Moreover, the treatment of tetrabromo-
benzene (12, R =H) with 9,10-dimethoxyanthracene and n-butyl lithium gave the
firstexample of a bridgehead substituted pentiptycene 14 (Scheme 3.7b). This method
was straightforward, but the scope of application was limited to the poor solubility
of substituted anthracenes and the too low yield of the reaction.
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After that, Luo and Hart [8] successfully synthesized the diene (15) in about
56 % yield by the cycloaddition reaction of 1,4-dichloro-2-butene with the extended
triptycene containing one anthracene moiety (7) under 195 °C for 3 days, and then
followed by the treatment with potassium zerz-butoxide (-BuOK) in DMSO. Diene
15 reacted with dimethyl acetylenedicarboxylate in xylene under refluxing condition
for 56 h to produce the adduct 16 in 87 % yield, which finally proceeded the isomer-
ization to give the pentiptycene diester 17 (Scheme 3.8). However, this route had
little practicability due to its too long reaction time and harsh reaction conditions.
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In 2008, Anzenbacher and co-workers [9] reported that the -BuOK promoted
the dehydrohalogenation/cycloaddition of 1,4-diaryl-2,5-dichlorobenzenes with an
excess amount of anthracene to give the corresponding pentiptycenes 18a—e in mod-
erate yields (Scheme 3.9). Although this method could easily afford a series of
1,4-diarylpentiptycenes, approximately five equivalents consumption of anthracene
and the mediocre yield led to the scope of the applications within certain limits.

Compared with the complicated synthesis of pentiptycenes, the pentiptycene
quinone 19 [10, 11] seemed to be prepared easily from the inexpensive precur-
sors (benzoquinone and anthracene). As shown in Scheme 3.10a, Clar [10] initially
reported the synthesis of pentiptycene quinone 19 via a multistep method in 1931.
Thirty years later, Theilacker et al. [11] modified the reaction conditions to synthe-
size the quinone 19 in 34 % yield by a two-step route starting from the addition of
benzoquinone and anthracene (Scheme 3.10b).

With the development of pentiptycene chemistry, quinone 19 was gradually de-
veloped into a potential precursor for the synthesis of pentiptycene derivatives. Thus,
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the method and reaction conditions for the synthesis of 19 began to draw much atten-
tion on the improvement and optimization. In 1981, Hart et al. [4, 5, 12] obtained the
pentiptycene quinone 19 via a two-step route from dimethoxy pentiptycene (13b).
As shown in Scheme 3.11, compound 13b was treated with hydrogen iodide in acetic
acid to give the hydroquinone 20, as a result of the departure of the methoxyl group;
and then compound 20 was oxidized by ceric ammonium nitrate (CAN) in situ to
give the target quinone 19 in an 83 % overall yield.

In 1997, Senge and co-workers [13] reported the synthesis of monoquinone 22 in
a reasonable yield by the reaction of anthracene containing an aldehyde group (21)
with excessive triptycene monoquinone 23 in acetic acid under reflux temperature
(Scheme 3.12). In this process, the excess 23 served as an oxidation agent to oxidize
in situ, thus, the large consumption of 23 limited its practicability.

Afterward, Yang and Swager [14, 15] obtained the quinone 19 through a two-step
synthesis route starting from anthracene. Thus, two equivalents of anthracene reacted
with benzoquinone, then followed by the oxidization of potassium bromate in acetic
acid to give the target 19 in a 39 % overall yield (Scheme 3.13). Later, Williams and
Swager [16] optimized the reaction conditions, and greatly improved the yield up to
84 %. This method was suitable for the large dose synthesis with an acceptable yield;
although in the process, a mixture of triptycene quinone and pentiptycene quinone
would actually be obtained, which needed to be purified by the silica—gel column
chromatography.
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In 2003, Spyroudis and Xanthopoulou [17] unexpectedly isolated pentiptycene
quinone 19 via the reaction of triptycene haloquinones 24 with sodium alkoxides in
the refluxing alcohol solution (Scheme 3.14). The reaction associated with a certain
amount of subsidiary triptycene derivatives (23; 25a, b) as by-products, the yields of
alkoxyquinones 25a and 25b even could reach up to 13-20 %. It was apparent that
the existence of subsidiary products increased the separation difficulty, which also
limited the practicability of this approach.

Inspired by the synthesis of iptycene quinones described by Senge and co-workers
[13], Zhu and Chen [18] reported a new practical and efficient method for the syn-
thesis of pentiptycene quinone 19 with a yield of 78 % in 2005. The quinone could
be prepared by the reaction of anthracene with one equivalent of triptycene quinone
in an acetic acid solution with the presence of p-chloranil (Scheme 3.15a). In this
process, p-chloranil, a commercially available chemical, was served as an oxidant
instead of the excess of triptycene quinone, thus, the practicability of this method
immensely heightened. Similarly, one-pot reaction of triptycene quinone with 1,4-
dimethoxyanthracene 26 gave pentiptycene quinone 27 in 82 % yield, which was then
demethylated by CAN to give the diquinone 28 in a quantitative yield (Scheme 3.15b).
When dimethoxytriptycene monoquinone 29 reacted with dimethoxyanthracene in
refluxing acetic acid in the presence of p-chloranil, a mixture of two regioisomers
30a and 30b was obtained in an 82 % overall yield. It was hard to separate the isomers
31a and 31b by column chromatography but the separation of their CAN oxidation
products of pentiptycene triquinones 31a and 31b by column chromatography could
be easily achieved. Thus, after the oxidation, the pentiptycene triquinones 31a and
31b could be obtained in 45 and 28 % yield, respectively, by column chromatogra-
phy (Scheme 3.16). According to the similar method, a series of other pentiptycene
quinones (such as 32, 33, Fig. 3.1), even heptiptycene quinones, and noniptycene
quinones could be easily synthesized in good yields. These iptycene quinones could
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further serve as the principal precursors for the preparation of other higher iptycene
quinones.

Following the similar reaction conditions as above, Chen and co workers [19]
further synthesized a series of peripheral o-dimethoxy-substituted pentiptycene
quinones. Consequently, treatment of the quinone 23 with 2,3-dimethoxyanthracene
or treatment of anthracene with the triptycene quinone 34 in acetic acid in the pres-
ence of p-chloranil gave pentiptycene quinone 35 containing a o-dimethoxy-benzene
unit in 75 and 70 % yield, respectively (Scheme 3.17). Similarly, a series of periph-
erally o-dimethoxy-substituted pentiptycene quinones (36-40) had been prepared in
good yields (Fig. 3.2).

Furthermore, by the treatment of pentiptycene quinones with CAN in aqueous
acetonitrile, their o-quinone derivatives could be easily prepared in high yields.
Especially, it was found that if two o-dimethoxybenzene moieties were situated
at the same side of the pentiptycene quinone, such as 36, one of them was only
oxidized by excess CAN in aqueous acetonitrile to give compound 41 (Scheme 3.18).
According to a similar method, a series of pentiptycene o-quinone derivatives 4247
were prepared in good yields (Fig. 3.3).
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3.2 Reactions of Pentiptycenes and Their Derivatives

As mentioned in the previous section, pentiptycene quinones could easily undergo
the reduction of carbonyl groups to give the corresponding pentiptycene deriva-
tives. This feature makes the pentiptycene quinones potential precursors for the other
central-ring substituted pentiptycene derivatives. In 1998, Yang and Swager [14, 15]
reported the synthesis of the diethynyl-pentiptycene (50). As shown in Scheme 3.19,
compound 48 could be prepared by the nucleophilic addition reaction of lithium
(trimethylsilyl)acetylide to the quinone carbonyl groups of 19 under an atmosphere
of argon in a THF solution. After overnight, the resulting compound 48 reacted with
tin chloride in a 50 % acetic acid solution for 24 h at room temperature to give the
TMS-protected diethynyl-pentiptycene 49 in a yield of 85 %, as the result of reduction
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and aromatization of compound 48. Then, the departure of the protected groups in 48
with sodium hydroxide in a mixture solution of KOH, THF, and methanol (MeOH)
at room temperature for another 5h gave the pentiptycene derivative 50. The com-
pound 50 showed a poor solubility in common organic solvent. It was noteworthy
that the pentiptycene derivative 51 with one alkynyl group could be obtained, if only
one equivalent of lithium (trimethylsilyl)acetylide was added. In other words, the
protecting group was crucially important for the synthesis of pentiptycene derivatives
with one or two central-ring ethynyl groups. Thus, in this process for the incorpo-
ration of TMS protected groups, the amount of lithium (trimethylsilyl)acetylide was
carefully concerned.
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In 2000, Williams and Swager [16] synthesized diiodotriptycene 52 from trip-
tycene quinone 23 via the intermediate 53, as shown in Scheme 3.20. They further
attempted to extend this approach for triptycene to pentiptycene quinone 19. Unfor-
tunately, they failed to obtain diiodopentiptycene. They considered that the reason
of the failure reaction was the lower reactivity of pentiptycene. In 2006, Yang and
Ko [20] retried this directed iodination reaction of pentiptycene quinone 19. They
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deemed that the poorer solubility of monoquinone 19 rather than its lower reactivity
might result in the failure of the reaction. Thus, they carried out the reaction between
19 and hydroxylamines to occur in THF instead of alcohol in the presence of about
two equivalents of hydrochloric acid. As a result, they found that the monooxime 54
rather than the dioxime could be prepared in high yield (Scheme 3.21). Even though
with a large excess of hydroxylamine and a prolonged reaction time, the product was
still monooxime. It could not detect the presence of the corresponding dioxime, as the
second carbonyl group was too inert to convert into oxime. Then, by the treatment of
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monooxime 54 with stannous chloride in dichloromethane, the reduction product 55
was obtained (Scheme 3.21). Furthermore, the amino group in 55 could be removed
to form the pentiptycene derivative 56 with phenolic hydroxyl group by the simple
treatment with z-butyl nitrite and H3PO,. According to the similar method, the amino
group could also convert into a nitro group, and compound 57 could be obtained in
almost quantitative yield (Scheme 3.21). Actually, it was interesting that only by
changing the concentration and the order of reagents added to the THF solution of
55, different products 56 or 57 could be obtained, respectively. It was noteworthy
that both pentiptycene derivatives 56 and 57, even triptycene monoquinone 19 could
be obtained in a varied and instable yield of 40-96 % at the same time, if the above
two reactions took place in air. Thus, keeping the reactions in a deaerated condition
was very important for selectively producing the target product in a satisfactory and
stable yield, along without the problem of separation.

As mentioned before, pentiptycenes 55-57 are all the important precursors for the
synthesis of asymmetric substituted pentiptycene derivatives. Consequently, Yang
et al. [20] attempted to directly synthesize the iodopentiptycene under the iodi-
nation conditions of I,/Ag,SOy starting from 56. Unfortunately, the reaction did
not occur smoothly as expected; the directed iodination seemed not to give the
iodopentiptycene (59, R = OH). However, they found that the iodopentiptycene (59,
R = 0OCgHj7) could be readily prepared with a yield of 94 % from the alkoxy deriva-
tive 58 under the iodination conditions of I,/Ag, SOy in EtOH solution (Scheme 3.22).
Similarly, the treatment of 58 with NBS in DMF at 80 °C could immediately give
bromopentiptycene (60) in 90 % yield (Scheme 3.22). In addition, followed by the
process in the literatures [21, 22], this bromopentiptycene (60) could convert to the
pentiptycene derivatives 61 and 62 with the cyano, and formyl group, which was lo-
cated at the para-position of the alkoxy group (Scheme 3.23). Moreover, they further
synthesized a series of pentiptycene derivatives 63—65 with extended mt-conjugated
backbones in good-to-excellent yields (72-90 %) from 59 under the standard con-
ditions of the Sonogashira, Heck, and Suzuki reactions, respectively (Scheme 3.24)
[23].

On the basis of the previous work, Yang et al. [24] successfully prepared the
center-ring halogenated pentiptycene phenols 66 in good yields, either in one-pot
fashion (Scheme 3.25, route a) or by a two-step method (Scheme 3.25, route b)
starting from the pentiptycene derivative 55. The reactions all processed via the for-
mation of the diazonium salt. Then, the treatment of the pentiptycene bromide under
the Heck, Suzuki, and Sonogashira reaction conditions could give the pentiptycene
derivatives 67—-69, which incorporated mt-conjugated systems in the yields of 68—-84 %
(Scheme 3.26). In general, many other aryl triflates could be used as alternative sub-
strates for these Pd-catalyzed coupling reactions. However, these coupling reactions
for either pentiptycene monotriflates or ditriflates could not occur smoothly under
the Heck, Suzuki, and Sonogashira reaction conditions. The reduction of 19 with
sodium thiosulfate, followed by the reaction with triflic anhydride in pyridine at
0 °C gave 1,4-triflate, which then underwent the Pdo—catalyzed Sonogashira, Heck,
and Suzuki reactions to produce the target compounds 70 in a low yield (<9 %,
Scheme 3.27), due to the little reactivity of pentiptycene triflates.
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Soon afterward, Yang et al. [24] successfully synthesized the dihalopentiptycenes
74-76 (Scheme 3.28 and Scheme 3.29) as well. As shown in Scheme 3.28, the
key step for the synthesis of the dihalopentiptycenes was the Pd-catalyzed reduc-
tion of the triflate group in 71 to give the nitropentiptycene 72, which could be
efficiently achieved by triethylsilane in the presence of the more reactive Pd catalyst
Pd(PPh3 )4, and this reaction appeared to be more efficient for aryl triflates containing
electron-withdrawing substituents. Based on the dibromo-pentiptycenes, a variety of
1,4-diaryl-pentiptycenes 77-79 could be further synthesized by the Heck, Suzuki,
and Sonogashira reactions in the presence of palladium catalysts (Scheme 3.30).
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Scheme 3.25 Synthesis of center-ring halogenated pentiptycene phenols 66
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Scheme 3.27 Synthesis of pentiptycene derivative 70 via Sonogashira, Heck, and Suzuki reactions
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In 2010, Yang and co-workers [25] also reported an efficient route to the
synthesis of pentiptycene halides and other new pentiptycene building blocks via
the nucleophilic aromatic substitution (SyAr) reactions of the nitrosubstituted
pentiptycene triflate 81 with LiBr and Lil and the resulting halides with N3~, CN—,
and ArS™ in DMF. As shown in Scheme 3.31, the halopentiptycenes 80a, b were
obtained through the C-O bond cleavage of route a from the reaction of 81 with
LiBr and Lil in DMF, respectively. If the reaction processed via the S—O bond
cleavage (route b), compound 57 would be obtained.

The halides 80a, b could serve as key precursors for the synthesis of other pen-
tiptycene derivatives. Consequently, it was found that the nucleophilic aromatic
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Scheme 3.29 Synthesis of dihalopentiptycenes 75 and 76
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Scheme 3.31 Nucleophilic aromatic substitution of nitrosubstituted pentiptycene triflate 81
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Scheme 3.32 Nucleophilic aromatic substitution reactions of halide 80

substitution reactions of compound 80 with N3~, CN~, and ArS~ in DMF gave pen-
tiptycenes 8284, respectively. Then, the reduction of compounds 82 and 83 by tin
chloride in a THF solution could produce the corresponding aminopentiptycenes 85
and 86, respectively, in excellent yields (Scheme 3.32). It was noteworthy that the
pentiptycene dibromide 76 and diiodide 74 could also be obtained in higher yields
via the halide 80 rather than that with compound 72 as intermediate. In addition, the
Pd-catalyzed Buchwald—Hartwig C-N coupling reaction of aminopentiptycene 85
with bromobenzene 87 could afford the pentiptycene 88 in 87 % yield (Scheme 3.33).

3.3 Synthesis of Extended Pentiptycenes Derivatives

In 1983, Hart et al. [26] prepared the synthons 89a and 89b by the addition re-
action between tetrabromobenzene and furan, followed by the method depicted by
Takehira [4] in 1981. This biadduct served as the useful synthon for the synthesis
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Scheme 3.33 Pd-catalyzed Buchwald—Hartwig C-N coupling reaction of aminopentiptycene 85
with bromobenzene 87
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Scheme 3.34 Synthesis of synthons 89a, b

of extended pentiptycene derivatives. As shown in Scheme 3.34, the treatment of
1,2,4,5-tetrabromobenzene and its derivative with n-butyl lithium at —23 °C with an
argon atmosphere gave the isomers 89 (syn/anti), which could be separated by the
different solubility in MeOH. With this synthon in hand, the biadduct 90 was further
synthesized easily. Thus, the reaction of 89a, b with two equivalents of anthracene
in refluxing xylene for 48 h gave the biadduct 90, which was then concentrated by
hydrochloric acid in acetic anhydride to give the final target fused-ring pentiptycenes
(91a, b) containing a central anthracene moiety in a yield of 33—41 % (Scheme 3.35).
It was noteworthy that both syn-89 and anti-89 could afford the same product 91a, b
via the corresponding stereoisomers 90.

Soon afterward, Hart et al. [5] found that the bis-methylene 92 could serve as
the useful synthon for the synthesis of extended pentiptycene as well. Thus, they
easily synthesized the extended pentiptycene 91a from 1,2,4,5-tetrabromobenzene.
As shown in Scheme 3.36, by the reaction of the tetrabromobenzene with two equiv-
alents of the bis-methylene (92) in a toluene solution in the presence of butyl lithium,
then followed the dehydrogenation of the resulting compound 93 by Pd/C, the target
compound 91a was obtained in about 84 % overall yield, which was much higher
than the above described approach.

After that, they further synthesized the extended pentiptycene 94 (the region-
isomer of extended pentiptycene 91a) containing one “outer” anthracene moiety at
side-chain ring. As shown in Scheme 3.37, the addition reaction of synthon 95 and
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Scheme 3.35 Synthesis of fused-ring pentiptycenes 91 from synthons 89a, b
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Scheme 3.36 Synthesis of fused-ring pentiptycene 91a from bis-methylene 92

NG\

extended triptycene 7 in reflux xylene gave a pair of region-isomeric adducts 96a
and 96b in 91 % overall yield. Among them, 96a with the less crowded structure
accounted for 59 % of the total yield. Furthermore, after the mixture of compounds
96a, b without separation directly treated with perchloric acid in ethanol (EtOH),
the target 94 as the result of the dehydrogenation could be obtained in 41 % yield.
It was also desirable to synthesize more extended pentiptycenes with different
fused ring moieties. Thus, they attempted to synthesize extended pentiptycenes 97
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Scheme 3.37 Synthesis of extended pentiptycene 94
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Scheme 3.38 Synthesis of extended pentiptycene 97 from synthon 99

and 98 from the synthons 99 and 103, respectively. As shown in Scheme 3.38, for
pentiptycene 97 with central naphthalene moiety, it could be obtained from synthon
99 via two different methods. For route a, the treatment of tripytcene derivative
99 and furan in a toluene solution with butyl lithium gave the adduct 100 in 75 %
yield. Then, compound 100 underwent the cycloaddition with anthracene in a reflux
xylene for 48 h to produce the adduct 101, which was dehydrated by perchloric acid
in a reflux EtOH for another 3 h to afford the pentiptycene 97. For another route,
the reaction between 99 and 92 in the presence of butyl lithium gave the adduct
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Scheme 3.39 Synthesis of extended pentiptycene 98 from synthon 103
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Scheme 3.40 Synthesis of extended pentiptycene 97 from oxadisilole fused extended triptycene 105

102, which then underwent the dehydrogenation to give the target 97 in 70 % yield
(Scheme 3.38, route b). For pentiptycene 98 with a tetracene moiety, it could be
obtained in 52 % overall yield via a four-step route starting from synthons 103 and
92, which was similar to the route b in Scheme 3.38 (Scheme 3.39).

In 2010, Lee and co-workers [6] synthesized extended pentiptycyne 97 in
27 % yield by the addition between anthracene and the extended triptycyne 104
(Scheme 3.40). It was noteworthy that the key intermediate 104 was generated from
oxadisilole fused extended triptycene 105 in situ under the similar procedure for trip-
tycyne generation, which is depicted in Chap. 2. Moreover, similar to the extended
triptycene depicted in Chap. 2, extended pentiptycenes 91a and 97 could also be
obtained via the Diels—Alder cycloaddition in water under microwave radiation [27]
as well (Scheme 3.41).
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Scheme 3.41 Synthesis of extended pentiptycenes 91a and 97 by highly efficient microwave-
mediated Diels—Alder reaction

CHCl5 or
CH,Cl,
CN)_<N rt 30 min
N\ / \N T 100% ‘C
-0
106
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The H-shaped extended pentiptycenes 91a and 98 could also be synthesized
by the use of the extended triptycene 106 containing an isobenzofuran moiety as
the precursor. As shown in Scheme 3.42, the extended triptycene 106 was pre-
pared according to the Warrener’s protocol [28, 29]. Consequently, the reaction of
endoxide 100 with 2,6-bis-2-pyridyl-1,2,4,5-tetrazine in a mixture solution of chlo-
roform/dichloromethane at room temperature under nitrogen atmosphere for 30 min
gave compound 106 in a quantitative yield. Then, the freshly generated extended
triptycene 106 immediately reacted with the dienophiles (104, 107) under a nitrogen
atmosphere to afford the corresponding iptycene cycloadducts (108, 109) in good
yields, which further underwent the deoxygenation with TiCl4/LiAlHy4 in the pres-
ence of EzN to give the target extended pentiptycenes 91a and 98 in high yield
(Scheme 3.43). In addition, the endoxides 108, 109 could also easily convert to
the quinones 110, 111 by PhI(OAc), and TfOH in CH,Cl, at room temperature for
10min in 78 and 81 % yield, respectively (Scheme 3.44).
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Lee and co-workers [30] also reported that the reaction of the dialdehyde, which
was prepared from the oxidation of 106 by PhI(OAc), in dichloromethane in the
presence of TfOH, with 1,4-cyclohexane-dione in hot EtOH gave the H-shaped cen-
trally extended pentiptycene quinone 112 (bianthracene capped pentacene quinone)
in 95 % yield (Scheme 3.45). It was noteworthy that this pentiptycene quinone 112
could not be directly afforded by the reaction of 106 with cyclohexanedione. In ad-
dition, it was found that the reduction of the diester 113 with LiAlH,, then followed
by the Swern oxidation of the resulting diol 114 successfully gave the dialdehyde
115 in 93 % yield, which then treated with the 1,4-cyclohexanedione to give the
extended heptaiptycene quinone 116 in 78 % yield (Scheme 3.46).
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Chapter 4
Synthesis and Reactions of Other Iptycenes
and Their Derivatives

4.1 Heptiptycene and Noniptycene

In contrast to triptycene or pentiptycene, the researches on heptiptycene and nonip-
tycene are very few, probably due to the difficulties of synthesis. In the early 1970s,
Huebner et al. [1] synthesized the first heptiptycene 1 with very low and insta-
ble yields by the reaction of 11-chloro-9,10-di-hydro-9,10-etheno anthrace [2] with
n-butyl lithium at 25 °C. With the help of high-resolution mass spectrum, ultravi-
olet spectrum, and the space group of crystalline 1:1 chlorobenzene complex, the
structure of compound 1 could be determined. Moreover, molecule 1 showed a re-
markable thermal stability with high melting point. Even when melted to 580 °C in
a sealed tube, it would not decompose with some minor sublimation.

A decade later, Hart et al. [2] modified the Huebner’s method to obtain heptip-
tycene 1 with a reasonable yield. The reaction of compound 2 with n-butyl lithium
first at —23 °C in THF gave the «-lithio derivative 3, which was then refluxed in THF
for 2 h to give the heptiptycene 1 in 20 % yield (Scheme 4.1). Besides compound 1,
the reaction also gave the coupling product 4 in 39 % yield. Under similar conditions,
the methyl-substituted heptiptycene S could be obtained in 23 % yield along with
the coupling product &', by the reaction of compound 6 with 1.1 equivalents of butyl
lithium in THF, and then quenching with methanol (Scheme 4.2) [3].

In 1988, Shahlai and Hart [4] investigated the formation mechanism of heptip-
tycene 1 in details. As shown in Scheme 4.3, it was found that the losing of one
LiCl molecule from the a-lithio derivative 3 gave the intermediate of bicycloalkyne
7, which was then reacted with compound 3 to give the “dimeric” organolithium 8.
Compound 8 was further reacted with another equivalent of bicycloalkyne 7 to afford
hexatriene derivative 9, which could produce cyclohexadiene 10 via the cyclization.
The aromatic “cyclotrimer” 1 was finally obtained by the losing of one LiCl molecule
from 10. To verify the reliability of this mechanism scheme, they needed to prove the
existence of bicycloalkyne intermediate 7, “dimeric” and “trimeric” vinyllithiums
8 and 9, respectively. They found that the adduct 11 could be first prepared in a
good yield from the treatment of either 12 or 13 with BuLi under —78 °C in THF,
and then followed by the Diels—Alder addition with 1,3-diphenylisobenzofuran in
refluxed condition (Scheme 4.4). This result provided an evidence for the formation

C.-F. Chen, Y.-X. Ma, Iptycenes Chemistry, 109
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Scheme 4.3 Synthesis of heptiptycene 1 from «-lithio derivative 3

of bicycloalkyne intermediate 7. Similarly, the formation of “dimer” 14 and the
Cj3p, “trimer” 15 from the vinyl chloride 12 and butyl lithium could also give the
proof for the formation of molecule 1 followed by the Scheme 4.3 via the type
intermediate of 8. Likewise, the formation of “dimer” 16 and the C “trimer” 17
could be obtained from compound 13 through the same type of intermediate. The
formation of the butadiene 18 and hexatriene 19 could seemingly prove the existence
of type intermediate 9 as well. Compared to compound 9, the hexatriene derivative
19 had a larger steric hindrance, thus, it would not finally achieve cyclization to form
a closed ring molecule (Fig. 4.1).

In 1986, Hart et al. [5] reported the synthesis of the extended heptiptycene 20 con-
taining an anthracene moiety in a two-step route. First, the reaction of the extended
triptycene 21 with one anthracene moiety and compound 22 in refluxed xylene gave
the intermediate 23 in 70 % yield, which then dehydrogenated in ethanol in the
presence of perchloric acid to afford the target product 20 in 88 % yield (Scheme 4.5).
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Scheme 4.4 Synthesis of compound 11
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Fig. 4.1 Structures of the compounds 14-19

By the Diels—Alder addition between the H-type pentiptycene 24 containing an
anthracene moiety and benzyne in a 1,2-dichloroethane solution under reflux for
6 h, Hart et al. [6] successfully synthesized heptiptycene 25 in a U-shaped structure
(Scheme 4.6), and also provided an efficient route for the synthesis of high order
iptycenes from the extended triptycenes and/or pentiptycenes.



4.1 Heptiptycene and Noniptycene 113

50% for R=H
76% for R=OMe

)
e \,‘

24aR=H;b=0Me
25 R =H, OMe

Scheme 4.6 Synthesis of heptiptycene 25 in a U-shaped structure

According to the similar strategy, Hart et al. [7, 8] succeeded in the synthesis of
noniptycene 26 (also called tritriptycene) starting from the extended pentiptycene 24a
with one anthracene moiety via a multistep process, which is shown in Scheme 4.7.
The key step in this process was the [4 4 2] addition between the diene moiety of
27 and 1,4-dihydronaphthalene 1,4-endoxide in a refluxed xylene solution, which
gave the adduct 28 in 71 % yield. It was noteworthy that noniptycene 26 had an
extraordinary thermal stability, and could not melt or decompose rapidly below
550°C. Moreover, it showed a moderate solubility in chlorinated hydrocarbons. In
addition, noniptycene 26 with three equivalent U-shaped cavities could also make it
to be the inclusion-forming substance with small guest molecules.

In 1998, Yang and Swager [9] reported the synthesis of noniptycene quinone 33
with a tweezer-like structure. As shown in Scheme 4.8, the Diels—Alder reaction
between the triptycene quinone 29 and pentacene 30 in a refluxed toluene solution
for 3 days gave a mixture of three semiquinone adducts. The mixture was then treated
with glacial acetic acid in the presence of HBr till the color of the solution faded,
which was further treated with potassium bromate under reflux condition for several
minutes, and then followed by tautomerization and oxidation to give noniptycene
diquinone 33 in 13 % yield, along with another two extended pentiptycenes 31 and 32.

Several years later, Zhu and Chen [10] reported a practical and efficient method for
the synthesis of iptycene quinones. Consequently, a series of heptiptycene quinones
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Scheme 4.7 Synthesis of noniptycene 26 from extended pentiptycene 24a

with U-shaped cavities could be conveniently synthesized. As shown in Scheme 4.9,
heptiptycene diquinone 35 was synthesized either by one-pot reaction of pentiptycene
quinone 34 with anthracene in refluxing acetic acid with the presence of p-chloranil
or by the reaction of triptycene diquinone 36 with two equivalents of anthracenes
at the same conditions. In the latter case, heptiptycene semiquinone 35’ as an endo-
adduct was also obtained, and the yield of 35 could be improved by prolonging the
reaction time. When pentiptycene quinone 34 reacted with 1,4-dimethoxyanthracene
in acetic acid in the presence of p-chloranil, a mixture of three adducts 37a and 37b
were obtained. They could not be separated by conventional column chromatography
method, but their CAN oxidative products 38a and 38b could be separated with
column chromatography (Scheme 4.10). The structures of the two isomers were
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Scheme 4.9 Synthesis of heptiptycene diquinone 35
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Scheme 4.11 Synthesis of heptiptycene triquinones 38a, 38b from pentiptycene triquinones 39
and 40 with anthracene

determined by the comparative reactions between the pentiptycene triquinones 39
and 40 with one equivalent of anthracene in acetic acid in the presence of p-chloranil,
respectively (Scheme 4.11).

Similarly, by the reaction of pentiptycene quinones or triptycene quinones with
anthracene or substituted anthracenes in acetic acid in the presence of p-chloranil,
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Fig. 4.3 Structures of noniptycene triquinones 44 and 45

followed by oxidation with CAN, a series of other heptiptycene quinones 41-43
could be conveniently obtained as well (Fig. 4.2).

According to the similar method, Zhu and Chen further synthesized noniptycene
triquinone 44 (Fig. 4.3) with a tweezer-shaped molecular cavity in 70 % yield by a
one-pot reaction of pentiptycene triquinone 39 with two equivalents of anthracene
in acetic acid with the presence of p-chloranil. Under the same conditions, the
reaction of 40 with two equivalents of anthracene gave noniptycene triquinone 45
with two equivalent U-shaped cavities of heptiptycene triquinone. By the reaction
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Scheme 4.12 Synthesis of heptiptycene triquinone 47

of pentiptycene triquinone 46 with two equivalents of anthracene in refluxing acetic
acid in the presence of p-chloranil, heptiptycene triquinone 47 with three equivalent
U-shaped cavities was produced in 17.2 % yield. Similarly, it was found that the
one-pot reaction of triptycene triquinone 48 with excess anthracene also gave 47
along with a semiquinone derivative 47’ (Scheme 4.12).

In the same year as the synthesis of iptycene quinones reported by Chen and
co-workers, Zhao and Swager [11] also reported the synthesis of the noniptycene
derivatives 49a and 49b containing both alkoxy and ethynyl substituents via the
multistep reactions starting from 6,13-bis-(triisopropylsilylethynyl)pentacene 50 and
triptycene quinone 29 (Scheme 4.13). The target iptycenes 49a and 49b with large
and extended scaffolds showed high solubility in common solvents, which could
also be the precursors for the further synthesis of soluble conjugated polymers with
specific structures and properties.

4.2 Miscellaneous

In 1990, Hart and Singh [3] reported synthesis of a nonadecaiptycene 52 with a
D3, symmetric structure starting from compound 53. As shown in Scheme 4.14, the
treatment of compound 53 with butyl lithium in THF gave four products, including
the C;, symmetric molecule 54 in 14 % yield, “dimer” 55 in 25 % yield, and the
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Scheme 4.13 Synthesis of noniptycene derivatives 49a, 49b

target “trimer” 52 in only 2 % yield, along with the trace amount of pentiptycene
24a. The nonadecaiptycene 52 (Fig. 4.4) contains six added triptycene moieties,
compared with the heptiptycene 1. In addition, there are two nearly enclosed sphere-
like cavities, which are located at the top and bottom plane of the central benzene ring.

Soon after, Hart and co-workers [12] further synthesized more iptycenes (56—
58, Fig. 4.5) with complicated helically chiral structure. The extended pentiptycene
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Scheme 4.14 Synthesis of nonadecaiptycene 52

59 could serve as the key precursor for the formation of these three helically chiral
iptycenes 56-58. As shown in Scheme 4.15, the simply addition reaction of benzyne
to the precursor 59 in 1,2-dichloroethane under reflux for 12 h afforded the target
iptycene 56 with C, symmetry in 60 % yield. Although, precursor 59 reacted with
trans-1,2-dichloroethene under 195-200 °C for 48 h to give the Diels—Alder adduct
60 in 79 % yield, which was eliminated a molecule of Cl, with lithium in THF,
was treated with excess diene 62 in refluxing decalin, and then aromatized with
DDQ in refluxing benzene to give the target iptycene 57 (Scheme 4.16). When the
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Fig. 4.4 CPK model of nonadecaiptycene 52. (Reprinted with the permission from [3]. Copyright
1990 American Chemical Society)

Scheme 4.15 Synthesis of helically chiral iptycene 56

alkene 61 was treated with diene 64 instead of 62 in refluxing decalin, the adduct
65 could be obtained in 66 % yield, which could convert to the iptycene 58 by the
dehydrogenation (Scheme 4.17).

On the basis of the similar route, Vinod and Hart [13, 14] further synthesized the
iptycene (70) with the ultimate structure, which was also called supertriptycene in
33 % overall yield by the eight-step process starting from the reaction of diene 64
and benzoquinone. As shown in Scheme 4.18, the reaction of diene 64 and benzo-
quinone, followed by several steps of the tautomerization and reduction provided
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Scheme 4.17 Synthesis of helically chiral iptycene 58

the alkene 68, which could be considered as the key precursor for the synthesis of
supertriptycene. Thus, the [2 4 4] addition of alkene 68 and diene 64 in refluxing
decalin, and then followed by the dehydrogenation of compound 69 with Br, in
a 1,1,2,2 -tetra-chloroethane gave the target supertriptycene 70. Compared to trip-
tycene, supertriptycene 70 has six added triptycene moieties, and contains three
large cavities. In addition, it was found that 70 showed solubility in hot decalin,
tetrachloroethene, and benzonitrile.



4.2 Miscellaneous 123

3 steps
81%

Scheme 4.18 Synthesis of supertriptycene 70

On the basis of the synthesis of heptiptycene tetraquinone 43¢ reported by Zhu and
Chen [10], Hua and co-workers [15] recently achieved the syntheses of two cyclodo-
deciptycene tetraquinones by a sequence of intermolecular and intramolecular Diels—
Alder reactions. As shown in Scheme 4.19, the Diels—Alder reaction of heptiptycene
tetraquinone 43¢ and heptiptycene 71 in a refluxed 1,2-dichlorobenzene solution af-
forded the adduct 72 as major product, along with a small amount of other adducts.
The mixture of these adducts was immediately reheated to reflux in an acetic acid
solution, and the resulting product of enolization and cyclization was then followed
by the addition of diacetoxyiodobenzene to give cyclododeciptycene 73 in 12 %
overall yield. There were four methoxy and eight quinone groups in compound 73,
and its inner ring diameter was about 8.9 A. The X-ray crystal structure of 73 further
revealed that there were 16 cyclododeciptycene molecules in one unit cell, in which
two molecules were parallel to each other and the other two intercalated between them
with large void volume (Fig. 4.6). Moreover, it was found that cyclododeciptycene
tetraquinone 73 (R =Me) could also self-assemble into a tube-like structure, and
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1,2-dichloroethane
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120 °C, 24h

73 (R = Me, COMe)

Scheme 4.19 Synthesis of cyclododeciptycene 73

Fig. 4.6 Crystal packing of cyclododeciptycene 73 (R = Me). (Reprinted with the permission from
[15]. Copyright 2010 American Chemical Society)



4.2 Miscellaneous 125

Fig. 4.7 Structures of iptycenes 74-78

this feature made it a potential candidate as electrical conducting materials and ion
channels.

In addition to the hydrocarbon iptycenes mentioned before, there are several
kinds of higher iptycenes which contain hetero atoms, like N in their skeleton. For
example, in 2006 Chong and MacLachlan [16] synthesized a new class of iptycene
quinoxalines (74 and 75, Fig. 4.7) by the condensation of polyamino-triptycenes
with 2,3-dihydroxy-1,4-dioxane. Furthermore, Chong and MacLachlan [17] also
obtained a series of iptycenes (73 and 74, Fig. 4.7) containing pyrazine groups
from the triptycene o-quinone in ethanol with the yields of 61 and 68 %. Although,
the iptycene 75 was obtained in 35 % yield in the presence of a catalytic amount
of piperidine, these iptycenes with the rigid “wings” were good building blocks for
further generating the porous structures. The synthesis of these iptycene quinoxalines
will be depicted with details in Chap. 5.

In2010, Chen and co-workers [ 18] efficiently synthesized a series of pentiptycene-
derived rigid tweezer-like molecules (79-84, Fig. 4.8) containing one or two pyrazine
groups. The target molecules (79-84) were prepared conveniently in the reason-
able yields by the condensation of o-diaminobenzene (or o-diaminotri-ptycene) with
the corresponding o-quinones in refluxing ethanol for 3—-6h (or overnight). The
single-crystal structure of 80 suggested that the molecule showed a little distortion
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79R = Ac

81

82R = Ac
83 R = CH,CH,0CH;

Fig. 4.8 Structures of pentiptycene-derived rigid tweezer-like molecules 79-84

in the pyrazine rings, and the adjacent molecules could form a 1D structure with
the alternate arrangement, and further assemble into a 2D-layered structure, and 3D
open-framework in the solid state. The particular tweezer-like structures of these
pentiptycene derivatives also made them potential applications in host—guest chem-
istry. For example, it was found that molecular tweezer 82 showed efficient binding
ability toward Cg due to the suitable cavity size. The route to the synthesis of these
iptycene tweezers, and their more structural characteristics will be depicted with
details in Chap. 5 as well.
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Chapter 5
Synthesis and Reactions of Heterotriptycenes
and Their Derivatives

5.1 The Bridgehead-Substituted Heterotriptycenes

5.1.1 Derivatives of Nitrogen Group Elements

As early as 1895, von Dechend and Wichelhaus [1] reported probably the oldest
known member in iptycene family, but they only provided the molecular formula
(CigH,N,) rather than the constitutional formula, thus it could not eliminate that
the molecule was in other conformation instead of the D3, Y-shaped rigid structure.
In 1927, McCleland and Whitworth [2] reported a new member of iptycene family,
arsatriptycene 1, in which the carbon atoms of triptycene at bridgehead position were
replaced by two arsenic atoms. This target molecule 1 was afforded by the coupling
reaction of diazotized o-aminodiphenyl-arsinic acid with phenylarsine oxide, and
then followed by the reduction with phosphorus trichloride. Later, Bickelhaupt [3]
also reported that the reaction of o-phenylenemagnesium with arsenic trichloride
easily took place to form 1, but the reaction could not stay at the tri-Grignard stage
for its strain-free structure (Scheme 5.1).

In the early 1960s, Wittig and Steinhoff [4—6] succeeded in the synthesis of
benzoazatriptycene (2) and azatriptycene (4). As shown in Scheme 5.2, the Diels—
Alder reaction between acridine N-oxide and 1,4-epoxy-1,4-dihydro-naphthalene,
followed by the departure of oxygen, gave the adduct 3, which then went through
a dehydration process to afford the final product 2. Soon after, they [5, 6] provided
another route for the synthesis of azatriptycene (4) in 54 % yield by the treatment of
acridine § with KNH; in liquid NHj; via the ring-closing process (Scheme 5.3).

In 1976, Kreil and Sandel [7] reported the pK, value of azatriptycene 4 to be 2.1,
which was determined by the potentiometric titration with HC1O,4 in anhydrous acetic
acid at 25 °C. This method was established by Wegmann and Simon [8], and they
utilized the relationship between half-neutralization data and aqueous pK, values to
get the pK, value at 25 °C in anhydrous acetic acid. Several years later, Wepster and
co-workers [9] obtained the pK, value of 4, which was 1.12 based on spectroscopic
and potentiometric measurements in highly aqueous solution. This method needed
only small and reliable corrections and a short extrapolation, which was different

C.-F. Chen, Y.-X. Ma, Iptycenes Chemistry, 129
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Scheme 5.3 Synthesis of azatriptycene 4

from that of Wegmann and Simon. In addition, they also pointed out that the average
value for the inductive effect of a phenyl group was 3.3 pK, units, which was larger
than the value (2.8 pK, units) reported by Kreil and Sandel [7] because in the case
of Kreil and Sandel a considerably lower pK, value for quinuclidine was used [8].
The photochemical behavior of azatriptycene 4 was also investigated by Sug-
awara and Iwamura [10] in 1980. As shown in Scheme 5.4, the photoreaction of
azatriptycene 4 via the nitrene intermediate gave the indenacridine 6 in 15 % yield.
In 1969, Hellwinkel and Schenk [11] first succeeded in the synthesis of azaphos-
phatriptycene 7 in 30 % yield by the treatment of tris(o-bromopheny)amine 8a with
n-butyl lithium to give the intermediate of tris(o-lithiopheny)amine 8b, and then
followed the reaction of 8b with triphenyl phosphite in THF/ether (Scheme 5.5a).
Several years later, they [12] also reported the synthesis of the trimethyl-substituted
azaphosphatriptycene 12. As shown in Scheme 5.5b, the reaction of phosphorus het-
erocycle 9 with the excess Grignard reagent 10 gave the intermediate 11, which was
then treated with potassium z-butoxide to afford the target azaphosphatriptycene 12
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in 25 % yield. The further characterization of compound 7 revealed that its mass spec-
trum was similar to that of triptycene, and there was a particularly high proportion of
doubly and triply charged ions in both the mass spectra of 7 and triptycene. Moreover,
the UV spectrum of compound 7 had little resemblance to that of azatriptycene.
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Scheme 5.5 Synthesis of a phosphatriptycene 7 and b trimethyl-substituted azaphosphatrip-
tycene 12



132 5 Synthesis and Reactions of Heterotriptycenes and Their Derivatives

Me e
R2 \ . —N N
Ry 0 /L
D =P
0 7\ I/n(ne e
RaAC
[ 13R; =R, =Cl
BN R, Ry =t-Bu, R, =H
R, R4Rz = (CH)4
Scheme 5.6 Synthesis of spirophosphoranes 13
Scheme 5.7 Synthesis of
azarsatriptycene 14 from Li
2-chlorophenylarsine 15
e N\/

15

Furthermore, by the ring-closure reaction of trimethyl azaphosphatriptycene 12
with o-quinones at 170 °C without solvent, Hellwinkel et al. [13] and Osman and
Samahy [14] obtained a series of spirophosphoranes (13, Scheme 5.6).

Similar to the Hellwinkel and Schenk’s method for the synthesis of azaphos-
phatriptycene [13], Earley and Gallaghe [15] succeeded in the synthesis of the
azarsatriptycene 14 in 48 % yield by the treatment of the 2-chlorophenylarsine 15
with lithium diethylamide in ether (Scheme 5.7). The UV spectrum of 14 was similar
to that of azatriptycene and showed only weak absorption at above 220 nm; however,
its nonresolved fine structure in the 265-280 nm region was differed from the weak
band of azatriptycene 4 and triptycene.

Inspired by the work of azaphosphatriptycene, Weinberg and Whipple [16]
reported a novel heterotriptycene system (16) containing two phosphorus atoms
on the bridgehead positions, which was prepared by a one-step synthesis of
o-dichlorobenzene with white phosphorus in a sealed glass tube at 280 °C in the
presence of catalytic amount of ferric chloride (Scheme 5.8). After recrystallizing
from tetrachloroethylene, the product 16 was obtained in 20 % yield. Furthermore, by
treatment of diphosphatriptycene 16 with peracetic acid in ethyl acetate, the corres-
ponding dioxide 17 was also obtained.

In 1972, Bickelha and co-workers [17] synthesized the oxide 18 in 68.7 % yield
by heating compound 19 in poly-phosphoric acid up to 110 °C. The oxide 18 was
further treated by SO,/HCI to give arsatriptycene 20 with an arsenic atom at the
bridgehead position (Scheme 5.9).
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Scheme 5.10 Synthesis of phosphatriptycene 21 and its quaternary salts 24a, b

After that, Jongsma et al. [18] obtained phosphatriptycene 21 in 35 % yield
by the reaction of 9-(o-chlorophenyl)-9,10-dihydrophosphaanthracene (22) with the
excess of lithium diisopropylamide in ether. In this progress, the intermediate 23
was probably involved (Scheme 5.10). Moreover, the reaction of compound 21 with
an excess of methyl iodide or benzyl bromide gave the quaternary salts 24a and
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24b, respectively. It was noted that phosphatriptycene 21 could be oxidized by air in
chloroform after 2 weeks, but its solid state was relatively stable under air.

To check the applicability of the above method for the synthesis of phos-
phatriptycene 21, Jongsma et al. [19] further synthesized arsatriptycene 20 and
stibatriptycene 25. As shown in Scheme 5.11, the reaction of the corresponding
arsenic compound 26 (M = As) with o-chlorophenyl magnesium bromide actually
gave the product arsatriptycene (20). They deduced that the formation of the target
compound 20 was the result of the attack of base to the carbanionic center in 27 on
the benzyne. Thus, the treatment of compound 26 (M = As) with lithium piperidide
instead of lithium diisopropylamide probably had higher tendency to form benzyne.
As expected, the yield of 20 was up to 27 % with lithium piperidide as base. Similarly,
stibatriptycene (25, M = Sb) could be prepared in 15 and 28 % yield, respectively,
by the reaction of o-chloro-phenyl magnesium bromide or chlorophenyl trimethyltin
with an excess of lithium piperidide. If lithium diisopropylamide was served as base,
the yield of 25 (M =Sb) was only 8 %. These results confirmed that the rate of
benzyne formation influenced the yield of the heterotriptycene to a certain extent.

Compared with stibatriptycene 25, 9,10-distibatriptycene (28) had not been re-
ported until 1985. Al-Jabar et al. [20] obtained the heterotriptycene 28 (Fig. 5.1)
in 5 % yield by heating the mixture of ortho-phenylenemercury trimer and anti-
mony powder. Actually, before compound 28 was reported, Massey and co-workers
[21-23] had found that by simply heating the mixture of either arsenic or anti-
mony powder and the corresponding 1,2-diiodotetra-halobenzene in sealed tubes,
the perhalogenated diarsatriptycene and distibatriptycenes (29, Scheme 5.12) could
be obtained, respectively.

In 1985, Al-Jabar and Massey [24] further reported a convenient and general
method for synthesis of a series of fully fluorinated 9,10-disubstituted triptycenes
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(30) containing the nitrogen family elements. Taking diarsatriptycene 30b as an
example, the reaction of tris(2-lithiotetrafluorophenyl)arsenic with arsenic trichlo-
ride gave the target product 30b in only 4 % yield (Scheme 5.13). The authors
considered that the low yield apparently arose from the formation of polymers via
the reaction of tris(2—1lithiotetrafluorophenyl)arsenic with two, or three separated
molecules of arsenic trichloride, instead of the single molecule required if the triple
ring closure occurred [24]. Moreover, it was found that treatment of the tris(2-
lithiotetrafluorophenyl)arsenic with antimony trichloride (SbCls) instead of AsCl;
gave the mixed species of arsastibatriptycene 30g. It was noteworthy that the in-
termediate Bi(CgF4Br); was absolutely water-sensitive, it would readily lose all of
the CqF4Br groups when it was exposed to air for a few hours. Thus, the product
30d could be achieved in one-pot method by direct addition reaction of BiCl; to
Bi(CgF4Br); without prior isolation. In principle, this method was convenient and
general, but the too low yield limited its practical applications.

Soon afterward, Al-Jabar and co-workers [25] also found that the treatment of
ortho-phenylenemercury 31 with antimony powder gave the heat-sensitive com-
pound 29 (M=Bi, X=Cl) in a very low yield. Similarly, the reaction of
ortho-phenylene mercury with refined bismuth powder under 250 °C afforded 9,10-
dibismutha-triptycene 32 and mercury. As triptycene would slowly decompose to
tri- and hexa-phenylene at this temperature, the yield would reduce by prolonging
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Scheme 5.13 Synthesis of fully fluorinated 9,10-disubstituted triptycenes 30a—g
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Scheme 5.15 Synthesis of phosphatriptycene oxide 36 via lithiation of compound 34

the heating time. Heating arsenic instead, a bit of diarsatriptycene 1 could be de-
tected. Both of these dimetallotriptycenes obtained by this method were rather
unstable when associated with the decomposition, thus the yields were quite low
for the synthesis themselves. However, the chloro-substituted dimetallotriptycenes
(33, Scheme 5.14), which could be obtained by heating the mixture of metal and
tetrachlorophenylenemercury trimer, seemed to be much more stable.

In 2004, Kobayashi et al. [26, 27] directly synthesized phosphatriptycene oxide 36
by the intramolecular cyclization of 35, which was obtained by the reaction between
the product of lithiation of 34 with diphenyl carbonate, as shown in Scheme 5.15.

In almost the same year, Agou et al. [28] reported a similar route to synthesize
the 9-phosphatriptycene oxide 36 in an overall yield of 33 % via ortho-lithiation of
a triaryl phosphine oxide, then followed by the introduction of an ester group and
intramolecular ring-closing reaction in the presence of LDA (Scheme 5.16a). Simi-
larly, the treatment of the lithio-derivative of 34 with (PhO);P gave the compound
37, which was then not isolated but directly reacted with an excess amount of LDA
to give the heterotriptycene 38 in 6 % overall yield (Scheme 5.16b). The relatively
low yield was probably caused by the side reaction from the nucleophilic attack of
LDA to the phosphonite. Moreover, it was also found that treatment of compound 36
with a powerful methylation reagent, like Me,SO,4, would afford the corresponding
methyl derivative 39 in 94 % yield (Scheme 5.16c).
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Recently, Mazaki and co-workers [29] attempted to introduce the alkyl groups
into the skeleton of 9,10-diheteratriptycenes to enhance their solubility in common
organic solvents. As a result, the intermediate tris(2-bromo-4,5-dimethyl-phenyl)
phosphine 40 or tris(2-bromo-4,5-dimethylphenyl)-stibine 41 could be prepared in
38 and 59 % yield, respectively, by the reaction of 4,5-di-bromo-o-xylene with
n-BuLi in a mixed solvent of THF/Et,O under —110 °C, followed by the addition
reaction with PCl; or SbCl; (Scheme 5.17a). Treatment of the intermediate 40 with
t-BuLi and PCl;3 gave the product 9,10-diphosphatriptycene 42 in 7 % yield; whereas
9-phospha-10-stibatriptycene 43 was achieved in 13 % yield by the reaction of 41
with SbCls in the presence of #-BuLi. Similarly, compound 41 reacted with 7-BuLi
and PClj; to give 43 in 10 % yield, whereas 9,10-distibatriptycene 44 were obtained
in 9 % yield by the reaction of 41 and SbBr3 in the presence of -BuLi, which was
shown in Scheme 5.17b.

In addition, the reaction of 9,10-diphosphatriptycene 42 with excess bromine in
CHCI; gave the mono-(bromophosphonium) P-oxide salt 45, which would easily
be hydrolyzed by atmospheric moisture, and quantitatively converted to the quite
stable compound P, P’-dioxide 46 (Scheme 5.18a) [29]. Similarly, the treatment of
compounds 43 and 44 with bromine in CH,Cl, or CHCI; gave the bromine adducts
47 and 48 [30], which were also very stable in the presence of air and moisture
(Scheme 5.18b).
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5.1.2 Derivatives of Carbon Group Elements

In the early stages, there were rare examples for the synthesis of the heterotriptycene
with carbon group elements. Until 1985, Al-Jabar and Massey [24] reported the
synthesis of disilatriptycene derivative 49 (Fig. 5.2) starting from tetrafluorinated
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Scheme 5.19 Synthesis of 9,10-disilatriptycenes. a 50, 51 and b 53

o-phenylene. In the same year, Takahashi et al. [31] also synthesized disilatrip-
tycene 50 (Fig. 5.2) by the co-pyrolysis of 5,10-dihydro-5,10-silaanthrene and
o-dichlorobenzene.

In 1993, Takahashi et al. [31] reported a general and efficient route to synthesize
9,10-disilatriptycene 50 through the intermediate o-trimethylsilyl-phenyllithium 52
(Scheme 5.19a). This route successfully overcame the previous difficulty in preparing
the suitable precursors. Moreover, the hydrolysis of the intermediate from 51 and
ICI would afford compound 53 (Scheme 5.19b).

In 1996, Bickelhaupt and co-workers [32] reported a simple synthesis for a
series of 9,10-dimetallotriptycenes of carbon group (like, M = Si, Ge, Sn) in rea-
sonable yields. The one-pot reaction between ortho-phenylenemagnesium 54 and
methylmetal trichlorides (55, MeMCls) in THF gave digermatriptycene 56 and
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Scheme 5.21 Synthesis of digermatriptycene 63

distannatriptycene 57 in 68 and 42 % yield, respectively; however, the yield of disi-
latriptycene 58 was only 2 % under the reaction conditions (Scheme 5.20). Followed
by the similar synthetic strategy, they also attempted to obtain diphenyl-substituted
dimetallotriptycenes (59 and 60) from the reaction of 54 with the phenyl-substituted
metal trihalides (61, PhMCl3). In consequence, the tri-Grignard reagent (62) could be
easily obtained from 61, but the subsequent reaction with another equivalent of 61 did
not occur as expected (Scheme 5.21a). However, it was interestingly found that the
subsequent reaction of tri-Grignard reagent (62, M = Ge) with methyl-substituted 55
(M = Ge) instead of phenyl-substituted 61 could give digermatriptycene 63 in 83 %
yield (Scheme 5.21b).

On the basis of the results, it was further revealed that the process for formation
of 9,10-dimetallotriptycenes was divided in two stages: firstly, the treatment of 54
with one equivalent of 55 (M = Ge, Sn) gave the corresponding tri-Grignard reagent;
secondly, the dimetallotriptycene was obtained by the addition of another equivalent
of 55 (M =Ge, Sn). Thus, a 1:1 mixture of MeGeCl; and MeSnCl; was treated with
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three equivalents of 54 to provide the products 56, 57, and 64 in a ratio of 5:25:70,
as expected (Scheme 5.22).

Clearly, this way could extend to the synthesis of more mixed dimetallotrip-
tycenes. In 1998, Bickelhaupt and co-workers [33] reported the synthesis of 9-
phenyl-9-germa-10-silatriptycene 65 in 76 % yield by the stepwise one-pot approach
from the reaction of trichlorophenylgermane with ortho-phenylenemagnesium (54)
in THF under —15 °C, and then immediately treated with trichlorosilane without
separation and purification, which is shown in Scheme 5.23.

In addition, various mixed dimetallotriptycenes (66) shown in Table 5.1 were also
synthesized. For the diversity of yields, Bickelhaupt [3] deemed that metal and the
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Table 5.1 Synthesis of mixed dimetallotriptycenes 66

MgCl
M.
R RMCl, R
—b— 4
3 M
I
/
RI’
66
Entry M R M’ R’ Yield (%)
1 Si H Si H 20-30
2 Si Me Si H 73
3 Si Me Si Me 2
4 Ge Me Ge Me 68
5 Ge Ph Ge Me 83
6 Ge Ph Ge Ph 0
7 Ge Ph Si H 76
8 Ge Ph Si Me 0
9 Sn Me Sn Me 42
10 Sn Ph Sn Ph 0

substituents in the dimetallotriptycenes had no influence on the formation of the tri-
Grignard reagent at the first stage, but the steric factors were apparently decisive at the
second stage to a great extent. Thus, the smaller silicon had only one methyl group,
whereas, the larger germanium allowed ring closure with up to one methyl and one
phenyl group, and two phenyl groups could not exist simultaneously. In the case of
tin, it had the similar behavior to germanium. These results indicated that the second
phenyl group in diphenyl-substituted dimetallotriptycenes (66, R =R’ =Ph) could
not be introduced by this approach, which is not a consequence of these compounds
being incapable of existence [3].

In addition, it was found that diphenyl-substituted silatriptycene 67 could be
obtained by the reaction of disilatriptycene 50 with PhLi (Scheme 5.24a). Similarly,
the mixed dimetallotriptycene 68 could also be achieved in 70 % yield by the reaction
of 69 with an excess of phenyllithium in diethyl ether at room temperature via the
intermediate 70 (Scheme 5.24b).

5.1.3 Other Bridging Atoms

The different elements from different groups could form the mixed dimetallotrip-
tycenes via the route of the tri-Grignard stage as well [32]. Consequently, the mixed
triptycenes 71a—c containing one germanium atom and another atom of nitrogen
group were obtained by the reaction of 72 with the corresponding trichloride [3],
which is shown in Scheme 5.25.
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Scheme 5.25 Synthesis of
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Compared with the phosphatriptycene and phosphagermatriptycene, the synthesis
of the phosphasilatriptycene seemed to face more problems. Until 2006, Tsuji et al.
[34] reported the first synthesis of 9-phospha-10-sila-triptycenes 73 and their deriva-
tives. The target products 73a, b as moisture- and air-stable solids could be obtained in
the reasonable yields by a three-step route starting from o-dibromobenzene. As shown
in Scheme 5.26, the designed intermediate compound chloro-substituted phosphasi-
latriptycene 75a was first achieved by the reaction of tris(2-bromo-phenyl) phosphine
with 7-butyl-lithium and then silicon tetrachloride, and then converted to fluorosi-
lane 75b. Compound 75b was further treated with methylmagnesium bromide or
n-dodecyl-magnesium bromide to give the corresponding 73a and 73b in 54 and 32 %
yield, respectively. According to the similar route, a series of the phosphasilatrip-
tycenes 76a—f with various substituents on the bridgehead silicon atom could also be
synthesized in 28—68 % yield starting from 1,2-dibromo-4,5-diisopropoxy-benzene
(Scheme 5.27). In this process, the introduction of two isopropoxy groups into the
benzene rings could enhance the solubility of the target phosphasilatriptycenes.

To clarify the structures and properties of the framework of phosphasilatrip-
tycenes, a series of phosphine selenides (77, 78) were also synthesized in good
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yields by the reaction of the corresponding phosphasilatriptycenes (79, 80) with se-
lenium powder in CHCl; under reflux condition or in C¢Dg at room temperature
(Scheme 5.28).

A successful example of heterotriptycenes containing transition metals in the
bridgehead positions was rarely reported. In 1999, Bickelhaupt [3] reported the
synthesis of 81 in up to 50 % yield by the reaction of 54 with CpTiCl; (Scheme
5.29), which was determined with 'H NMR spectroscopy. However, he failed to
isolate compound 81 as pure form since the compound would decompose above
—5°C.
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5.2 The Heterotriptycenes with Heterocycles

5.2.1 Derivatives of Nitrogen-Containing Heterocycles

In 1980s, Skvarchenko et al. [35, 36] first reported the synthesis of 2-azatriptycene.
Afterward, Quast and Schon [37] extended this route to the synthesis of
1-azatriptycene from 9,10-bridged anthracene via the intermediate 83, which was
obtained in 55 % yield by the reaction between the enamine 84 and phenyl vinyl
ketone (Scheme 5.30a). It was found that treatment of the intermediate 83 with
NH,OH in n-butanol could produce the oximes 86 and 87, which then led to the
1-azatriptycene derivative 82 and the by-product 85, respectively (Scheme 5.30b).
Moreover, two derivatives of 1,8-diazatriptycene (88, R = -Bu; R =Ph) were also
synthesized by the reaction of diazanthracene and benzyne generated in situ (Scheme
5.30c¢). For 1,8-diazatriptycene (88, R = H), they failed to synthesize it. But it was
noteworthy that the benzoazatriptycene derivative 89 could be obtained by the re-
action of 9,10-bridged anthracene and o-aminoacetophenone as shown in Scheme
5.30d [37, 38].

In 1991, Markgraf et al. [39] synthesized the cycloadduct 90 from the
1-azaanthracene 91 which was obtained by the Skraup cyclization reaction of
1-chloro-2-aminonaphthalene. However, the reduction of the adduct 90 with neither
magnesium nor chemically activated magnesium failed to obtain 1-azatriptycene 92.
Finally, it was found that 1-azatriptycene 92 could be achieved in 47 % yield only
by the treatment of 90 with tri-n-butyl tin hydride (Scheme 5.31).
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Scheme 5.30 Synthesis of 1-azatriptycene from 9,10-bridged anthracene via the intermediate 83

Besides iptycene-derived pyridines, Gorgues and Le Coq [40] obtained the
iptycene-derived pyridazine 94 in 1979 based on the common route to the synthesis
of pyridazine rings. As shown in Scheme 5.32, the treatment of the starting materials
93 in hot ethanol with an alcoholic solution of hydrazine hydrate in few seconds gave
the product 94 in 75 % yield.

In 2007, Swager and co-workers [41] reported a new route for the preparation of
iptycene-derived pyridazines. As shown in Scheme 5.33, the saponification and de-
hydration of the adduct 95 (a, R; =R, = H) produced the bicyclic maleic anhydride
96 (a, R =R, =H), which was then reacted with hydrazine monohydrochloride of
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acetic acid under reflux condition to give the hydrazide in a high yield. The further
treatment of the hydrazide with neat phosphorus oxychloride or molten phosphorus
oxybromide gave the dihalides 97a and 97d. Finally, the selective SyAr reaction
of 97 with sodium methoxide afforded compound 98 in an excellent yield without
chromatographic purification.

Following the synthetic route of iptycene-derived pyridazines, Swager and co-
workers [41] further synthesized iptycene-derived phthalazines. Consequently, the
addition of exocyclic diene 99 to DMAD, and then followed by the oxidative re-
aromatization with potassium permanganate in the presence of a phase-transfer
catalyst afforded the dimethyl phthalate 100. It was noteworthy that 100 could di-
rectly react with hydrazine to give the target phthalhydrazide 101, which was then
treated with sodium methoxide to produce the methoxy chloride 102 (Scheme 5.34).

Interestingly, it was found that the pyridazine ring showed sufficiently electron
deficiency, and was activated for the oxidative addition with standard palladium
catalysts even for the nominally less reactive chlorides [41]. Thus, they further
synthesized a series of the symmetrically and unsymmetrically 3,6-disubstituted
iptycene-derived pyridazines (104a—d, 105a—d) from the newly synthesized halopy-
ridazines (103) by the cross-coupling reactions (Table 5.2).

Furthermore, it was found that the cross-coupling intermediate 106 of the
3-chloropyridazines 103 (X; = OMe, X; = Cl), which beared an electron-donating
methoxy group could easily convert to the corresponding chloropyrizadine 107
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Scheme 5.34 Synthesis of methoxy chloride 102

(Scheme 5.35a). In contrast, the hydrodechlorination of compound 103, followed by
the deprotection and chlorination could afford the monosubstituted pyridazine 108
(Scheme 5.35b).

Actually, as early as 1971, Fields et al. [42] reported the efficient addition of
benzyne, which was generated from anthranilic acid, diazotized in situ, to azoni-
anthracene 109 gave a series of azoniatriptycene-type adducts (110) in reasonable
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Table 5.2 Synthesis of 3,6-disubstituted iptycene-derived pyridazines by the cross-coupling

reaction
R
Ar-M
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i \
R )
z
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Entry X, X5(103) Ar-M Y. Z Yield (%)
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Scheme 5.35 Synthesis of a chloropyrizadine 107 and b monosubstituted pyridazine 108

yields, and the results are summarized in Table 5.3. It was noteworthy that the pure
target azoniatriptycene salt could be simply precipitated in ether without column
chromatography and recrystallization.

Besides the six-membered nitrogen heterocyclic ring, Scheffer and IThmels [43]
reported the synthesis of the triptycene containing the pyrrole ring in 1997. As shown
in Scheme 5.36, the pyrrole derivative 111 was unexpectedly obtained in 50 % yield
by the irradiation of ground crystals of ethenoanthracene 112, which might be the
resulting compound of the oxidization of the pyrroline 113 in air.

In 2006, Chong and MacLachlan [44] synthesized a new class of triptycene
derivatives 114 and 115 containing a quinoxaline moiety by the condensation of
polyamino-triptycenes 116 and 117 with 2,3-dihydroxy-1,4-dioxane (Scheme 5.37).
The compounds 114 and 115 with the rigid “wings” were good precursors for
generating the porous structures.

Soon afterward, they [45] further made the use of triptycene to build a series of
ligands containing pyrazine groups 118 and 119 from quinone 120 (Scheme 5.38).
By the optimization study, the targets 118 and 119 could be obtained in ethanol
instead of THF in 61 and 68 % yield, respectively. However, the yield of 121 could
be improved to be 35 % in the presence of a catalytic amount of piperidine.

Recently, Chen and co-workers [46] reported a convenient and efficient method
for the synthesis of a series of pentiptycene-derived rigid tweezer-like molecules in-
corporating nitrogen-containing heterocycles. As shown in Schemes 5.39 and 5.40,
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Table 5.3 Synthesis of
azoniatriptycene-type adducts
110

Entry  Substrate (109)  Yield (%)

78

67
Ac

75

S 3
Ph
T
OAc
-Bu
= ~
OAc
N
4 m 75
Me
Me S
Ph
CCO
=N~
e -
NO,

72

39
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Scheme 5.36 Synthesis of
pyrroline 113 O
hv or heat
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112 —NH,

the condensation of o-diaminobenzene or o-diaminotriptycene with the correspond-
ing o-quinones 122-125 in refluxing ethanol afforded the target molecules 128-139
in the reasonable yields (58—64 %). The particular topology structures made these
tweezer-like molecules promising candidates for the applications in host—guest
chemistry.

According to the similar approach, Jiang and Chen [47] also reported the synthe-
sis of a series of 1,10-phenanthroline-based extended triptycene derivatives, which

117 N, 115 NJ

Scheme 5.37 Synthesis of triptycene derivatives 114 and 115 containing a quinoxaline moiety
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o-diaminobenzene
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o-diaminotriptycene
CzHs0H, reflux

128 R = Ac
129 R = CH,CH,0CH,

131 R = CH,CH,0CH;

Scheme 5.39 Synthesis of pentiptycene-derived rigid tweezer-like molecules 128-131

formed a new rigid scaffold geometry and generated large IFVs. As shown in Scheme
5.41, the extended triptycene derivatives (140a—d) with good solubility in chloro-
form and dichloromethane were obtained in good yields by the condensation of 141
and 2,3-diaminotriptycene 116 in methanol under refluxing. When compound 141c
or 141d was reacted with 2,3,6,7,14,15-hexaaminotriptycene 117, the corresponding
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o-diaminobenzene
C;Hs0OH, reflux

o-diaminotriptycene
C;Hs0H, reflux

125 R = CH,CH,OCH;

132R=Ac
133 R = CH,CH,0CH;
134 R = Ac

135 R = GH,CH,0CH;

o-diaminobenzene
C3Hs0OH, reflux

o-diaminotriptycene
CHs0OH, reflux

o-diaminobenzene
CyHs0OH, reflux

o-diaminotriptycene
C5HsOH, reflux

138 =

139

Scheme 5.40 Synthesis of iptycenes incorporating nitrogen-containing heterocycles
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MeOH
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-

NH,
R
141aR=H NH;
bR = Me 140
¢ R =n-Bu
dR=tBu

142a R =H; 142b R = Me
142¢ R = n-Bu; 142d R = {-Bu

Scheme 5.41 Synthesis of extended triptycene derivatives. a 140 and b 142

extended triptycene derivatives 142¢ and 142d were afforded in 28 and 32 % yield,
respectively. However, the extended triptycene derivatives 142a and 142b showed
poor solubility in common organic solvents; thus, it was difficult to confirm them
by "H NMR and '*C NMR spectra, but they could be detected by the MALDI-TOF
MS spectra, which was different from those of 142¢ and 142d.

Recently, Mastalerz et al. [48] reported a facile method for the synthesis of an air-
stable hexaammoniumtriptycene 143. By the various condensation reactions based
on molecule 143, the corresponding benzimidazole, benzotriazole, and quinoxaline
derivatives could be obtained in high yield, which is shown in Scheme 5.42.

5.2.2 Derivatives of Sulfur-Containing Heterocycles

To make the triptycene analogues with particular heterocyclic system’s character,
McKinnon and Wong [49] first introduced the thiophene ring to triptycene in 1971,
and the results are summarized in Table 5.4. The Diels—Alder reaction of the
trans-dibenzoylethylene with a variety of substituted anthracenes afforded the corre-
sponding dibenzodibenzoylbicyclooctadienes (148), which could then be converted
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CH(OEW);
DMF/CH,Cly, r.t.
-

98%

KOAc/NaNO,
H,0, r.t.

61%

diethyl oxalate,

H,0, 100°C
95%
HO
HO
KOAc
2,3-dihydroxydioxane
THF, r.t.

75% ‘

R
R
\
J|' N
anisil/KOAc N
EtOH, 100°C
95%

R= p-CﬁH4OMe

Scheme 5.42 Synthesis of iptycene-based benzimidazole, benzotriazole, and quinoxaline deriva-
tives
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Table 5.4 Synthesis of thiophene derivatives (149)

R4 R3

| + —
RO
= R, 6

Rs
El’l[I'y Yields (%) R] R2 R3 R4 R5 R()
1 56 Ph Ph Ph Ph  Ph Ph
2 88 H H H H Me Ph
3 98 H H H Me Me Ph
4 70 H Me H H H Ph
5 43 H H H H OMe Ph
6 12 H H H H Br Ph
7 19 H (-(CH=CH-), (-CH=CH-), H H Ph
8 67 (.CH=CH-), (-CH=CH-), H H H Ph
9 41 H H H H H Me
10 55 H H H H Me Me

to the target thiophene derivatives (149) in reasonable yields by its reaction with
phosphorus pentasulfide in pyridine.

In 1973, De Wit and Wynberg [50] failed to synthesize the thiophene 150 directly
by the reaction of disodium salt with P,Ss. But they developed another route to
prepare the desired product 150. As shown in Scheme 5.43, the adducts 151 and
152 were firstly prepared by the reaction of anthracene with diacetylethylene. It was
found that the reaction of anthracene and the cis-diacetylethylene gave a mixture
of cis-adduct 152 and trans-adduct 151 in 82 % overall yield; whereas, the com-
pound 151 could be obtained in 78 % yield from the trans-diacetylethylene. The
dimethyl-substituted heterotriptycene 153 was then produced by the ring-closure
reaction between 151 or the mixture of 150 and 151 with H,S/HCI. Finally, fol-
lowing several steps of reactions, compound 153 could covert to the unsubstituted
thiophene derivative 149. According to the similar method, the extended triptycenes
containing one naphthalene moiety and one thiophene ring, 154 and 155, could also
be synthesized in reasonable yields (Fig. 5.3).

Atthe same time, De Wit and Wynberg [50] pointed out that the triptycene contain-
ing a thiophene ring might also be obtained by the reaction of 3,4-didehydrothiophene
and anthracene. Till 1996, Wong and co-workers [51] made that idea come true.
Consequently, the reaction of 3,4-didehydrothiophene and anthracene provided the
mixture of the 9,10-adduct 150 and the 1,4-adduct 156, but the total yield was only
10 % (Scheme 5.44). It was noted that compounds 150 and 156 were chromatograph-
ically inseparable; however, through careful partial recrystallization of the mixture
from methanol, the pure product 150 could be obtained.
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1. NaOEt CuO
2. KMnQ, quinoline
= NS
ACOH,C 150
Scheme 5.43 Synthesis of thiophene 150
Fig. 5.3 Structures of the
compounds 154 and 155
Me
AN AL
154 Me 155

In 1970, Wynberg et al. [52] depicted the synthesis of the unsubstituted hetero-
cyclic asymmetric triptycene 155 containing a 2,3-thiophene moiety by the reaction
of naphtho[[2],[3]-b]thiophene 157 and 1,4-epoxy-1,4-dihydro-naphthalene 158,
then following the isomerization in the presence of hydrochloric acid and acetic
acid (Scheme 5.45).

In 1986, Meth-Cohn and van Vuuren [53] reported a new versatile class of sul-
phimides: thiophene S,N-ylides. These S,N-ylides could be used as dienophiles to
react with anthracene or 9,10-dimethylanthracene in benzene solution under reflux
condition, which afforded the adducts 159a, b in reasonable yields (Scheme 5.46).
Under the similar reaction conditions, the adduct 159¢ would be obtained by the
addition of §,C-ylide with the corresponding anthracene derivative. In addition,
the reduction of adducts 159a, b with zinc dust in hot methanol would give the
corresponding triptycene analogues (160) in essentially quantitative yields.
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Scheme 5.44 Synthesis of thiophene 150 and its analogue 156
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Scheme 5.45 Synthesis of unsubstituted heterocyclic asymmetric triptycene 155

In 1991, Nakayama and co-workers [54] synthesized the hydroxyl tetramethyl-
substituted heterotriptycene 161 containing three 2,3-thiophene rings orientated
in the same direction via several steps of reactions starting from 4-bromo-2-
methylthiophene. As outlined in Scheme 5.47, the 4-bromo-2-methylthiophene was
treated by the lithiation with n-butyl lithium, and then reacted with diethyl carbonate
to afford the alcohol 162 as an intermediate compound. The crude alcohol 162 with-
out purification immediately reacted with 60 % perchloric acid in acetic anhydride,
and then followed by the reaction of MeMglI to give compound 163 in 16 % yield
from the alcohol intermediate compound 162. The compound 163 was then bromi-
nated with bromine in a mixture of acetic acid and carbon tetrachloride solution
to obtain the tribromide 164 in 96 % yield. Furthermore, after tribromide 164 was
lithiated with fert-butyllithium in THF at —78 °C, and then followed by the reaction
with diethyl carbonate, the target heterotriptycene 161 was afforded in 14 % yield



160 5 Synthesis and Reactions of Heterotriptycenes and Their Derivatives

Cl
Cl\__ Cl
s
__S-NR CI\ A, COMe
cl 8
Cl Cl CO;Me
R = NCO,Et benzene, reflux Cl
2 Slootoab ol
R for a: 68h
for b: 24h
for ¢: 96h
Zn, MeOH (hot) '
gl——————————= Cl
= . /4 |
R'=H, Me R160 s ¢l
159a 65% R = NCO,Et, R' = H R=HMe
b 72% R = NCO;Et, R' = Me
¢ 56% R = C(CO,Me)s, R' = Me
Scheme 5.46 Synthesis of compound 160
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Scheme 5.47 Synthesis of hydroxyl tetramethyl substituted heterotriptycene 161

after chromatographic purification along with the side product ketone 165 in 13 %
yield.

Soon after, Nakayama and co-workers [55] further studied the synthesis of
thiophene-containing triptycene derivatives. Consequently, under the similar con-
ditions as above, they obtained 8-hydroxy-4-ethylthiophenetriptycene 166 with
the yield of 19 %, accompanied with the by-product 165 in 23 % yield, from
the tribromide 167 (Scheme 5.48a). In addition, the lithiation of 2,3-dibromo-5-
methylthiophene 168, followed by the treatment with diethyl carbonate, afforded the
alcohol 169 in 90 % yield. The treatment of 170 with 60 % HClOy in Ac,O gave the
corresponding perchlorate, which then reacted with MeMglI to give the desired com-
pound 170 in 65 % yield (based on alcohol 169). Finally, the tribromide 170 reacted
with z-BuLi and the trilithium salt in the presence of dimethyl carbonate to provide the
target 4-hydroxy-8-methyl-thiophenetriptycene 171 in a 42 % yield (Scheme 5.48b).
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Scheme 5.48 Synthesis of a 8-hydroxy-4-ethylthiophenetriptycene 166 and b 4-hydroxy-8-
methyl-thiophenetriptycene 171

Furthermore, it was found that the thiophenetriptycene 161 would be directly
deuterated in D,SOy4 at room temperature to give the deuteriated ketone 172 (Scheme
5.49a). Moreover, the decomposition of compound 161 under the temperature near
its melting point could provide the ketone 165. Reaction of compound 161 with butyl
lithium either at room temperature for 1.5 h or in refluxing o-dichlorobenzene gave
the ketone 165 (Scheme 5.49b). This ring-opening of compound 161 to form ketone
165 would be mainly dependent on the large inherent ring strain. In addition, the treat-
ment of the compound 161 with methane sulfonyl chloride in pyridine afforded the
8-methanesulfonate 173 (Scheme 5.49c), and reaction of 161 with acetic anhy-
dride in the presence of triethylamine and DMAP gave the corresponding 8-acetoxy
derivative 174 (Scheme 5.49d).

In 1996, Nakayama and co-workers [56] reported the synthesis of
thiophenetriptycene-8-thiol 175. As shown in Scheme 5.50, by the lithiation of 1,1,1-
tris(2-bromo-5-methyl-3-thienyl)ethane 164 with t-BuLi, followed by the reaction
with S = (OEt),, and quenched with aqueous ammonium chloride, the desired thiol
175 was afforded in 42 % yield. If the reaction was quenched by Mel or BuBr, the
corresponding sulfides 176 (R =Me) and 177 (R = Bu) could be obtained in 51 and
40 % yield, respectively.
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Scheme 5.49 Reactions of thiophenetriptycene 161

Furthermore, the oxidization of sulfide 176 with MCPBA in CH,Cl, gave the
corresponding sulfoxide 178 in 91 % yield (Scheme 5.51a). And the isolable sulfenic
acid 179 could be afforded by the oxidation of with a 1.3 molar amount of MCPBA.
The intermediate product sodium salt was achieved by the treatment of the thiol 175
with 1.5 molar amount of NaH in THF at room temperature (Scheme 5.51b).
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Scheme 5.51 Synthesis of a sulfoxide 178 and b sulfenic acid 179

5.3 Miscellaneous Heterotriptycenes and Their Derivatives

In 1962, Wilcox and Stevens [57] reported the preparation of a new kind of triptycene
analogs, in which the other aromatic nucleus took place of the benzene rings. As
shown in Scheme 5.52, the unsaturated 1,4-diketone 180 was halogenated by the PBrs
under 200 °C to give the furan 181 in 67 % yield. However, heating 180 to 140 °C
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Scheme 5.52 Synthesis of unhalogenated furan 182

184 R
Scheme 5.53 Synthesis of 2,5-dihydrofuran 183

in the presence of PBr; gave the unhalogenated furan 182 in 63 % yield. Afterward,
Scheffer and co-workers [58] reported the synthesis of 2,5-dihydrofuran 183 by the
solid state photolysis of 11,12-bis(thydroxyl-methyl)-substituted ethenoanthracene
184 (Scheme 5.53).

In 1993, Nakayama and co-workers [59-61] synthesized a series of novel
heterotriptycenes containing three five-membered thiophene rings and one or
two heteroatom bridgeheads. As shown in Scheme 5.54, the silane 185 and its
brominated product (186) could serve as the precursors for the preparation of
4-silathiophenetriptycenes 161 and 8-phospha-4-silathiophenetriptycene 187. It was
noteworthy that the direct lithiation of the silane 185 with n-BuLi in a mixed solvent
of ether and THF at 0 °C could give the compound 161 in only 6 % yield. In contrast,
the target 161 could also be afforded in 5 % yield from the compound 186 by the
treatment with #-BuLi and (EtO),C = O. However, the desired product 187 could
be obtained by the reaction of 188 and P(OPh); or directly from the silane (185).
Moreover, it was also found that the reaction of compound 187 with MCPBA or
the excess of cyclohexene sulfide in refluxing benzene could give the corresponding
phosphineoxide 188a and sulfide 188b in 97 and 79 % yield, respectively.

Following the similar method, the 8-phospha-thiophenetriptycene 189 could be
synthesized in 18 % yield by the treatment of the 1,1,1-tris(2-bromo-5-methyl-3-
thienyl)ethane with #-BuLi in Et,O, and followed by the reaction with an excess
amount of P(OPh); (Scheme 5.55a). Similarly, the reaction of compound 190 with
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Scheme 5.56 Synthesis of 4,8-diphosphathiophenetriptycenes 194

t-BuLi and then P(OPh); afforded 4-phosphathiophenetptycene 191 in 17 % yield
after recrystallization (Scheme 5.55b). Under the same conditions, the treatment of
both compounds 189 and 191 with MCPBA gave the corresponding phosphine oxides
192a and 193a. Similarly, the compounds 189 and 191 could also be sulfurized and
selenized with elemental sulfur and selenium to give 192b and 193b, and 192¢ and
193c (Fig. 5.4), respectively. On the whole, 191 seemed to be more reactive than



5.3 Miscellaneous Heterotriptycenes and Their Derivatives 167

Scheme 5.57 Synthesis of
B-N analogues of triptycene
197 H SMe,
4 C4HoNLR,

B
\

198 197aR =H
b R,R = -(CH)s

189, which could be considered due to the larger steric hindrance of the three sulfur
atoms and the decreased nucleophilicity by higher s-orbital character of the lone pair
electrons [59].

As shown in Scheme 5.56a, 4,8-diphosphathiophenetriptycenes 194a could be
synthesized by the reduction of 195b with trichlorosilane in refluxing benzene. Un-
der the same reaction condition, the reduction of 195a with the excess tri-chlorosilane
gave 4,8-diphosphathiophenetriptycenes 194b. However, it was found that the mix-
ture of 194a, b could be obtained in very low yields by the direct cyclization of the
trilithium salts from tris(3-bromo-2-thienyl)phosphines 196 (Scheme 5.56b).

In 2010, Wagner and co-workers [62] reported that 9,10-dihydro-9,10-dibora-
anthracene could serve as the potential hydroboration reagent for terminal alkynes.
Thus, the B-N analogues of triptycene 197 could be afforded by the reaction between
the DMS adduct 198 and pyridazine, which is shown in Scheme 5.57.

In 1994, Kréutler and co-workers [63] reported a convenient and practical method
for the synthesis of novel porphyrin 199 with 3D and D4-symmetric biconcave struc-
ture. As shown in Scheme 5.58, the porphyrin 199 was synthesized by the reduction

30% formaldehyde solution
acetic acid, r. t., 7d

DDQ, rt, 2h
72%

201

Scheme 5.58 Synthesis of porphyrin 201 from the pyrrole
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Scheme 5.59 Synthesis of biconcave porphyrin 202

of the dinitrile 200 with DIBAH at —20 °C, and then followed by the common method
for the generation of porphyrin from the pyrrole 201.

Finally, they [64] further synthesized the enantiopure biconcave porphyrin 202
from the chiral pyrrole 203 via a sequence of reactions. As shown in Scheme 5.59,
the acid-catalyzed condensation of the chiral pyrrole 203 with formaldehyde at room
temperature for 7 days, then the resulting mixture further reacted with DDQ at room
temperature for another 2 h to afford the chiral porphyrin 202 in 70 % yield after
separation and purification. Taking advantage of this method, the enantiomeric purity
of the chiral biconcave porphyrin 202 could be about 10°:1 with an unambiguously
assigned absolute configuration. Moreover, this biconcave porphyrin 202 could form
the the D4-symmetric biconcave Co'! porphyrinate with cobalt ion, which could be
served as a potentially promising chiral shift reagent.
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Chapter 6
Preparation of Iptycene-Containing Polymers
and Oligomers

In this chapter, the methods for the preparation of various iptycene-containing poly-
mers and oligomers will be discussed in details. The structural features and the
properties of these polymers and oligomers will also be described in the following
corresponding sections.

6.1 Triptycene-Containing Polymers

6.1.1 Triptycene-Containing Non-conjugated Polymers

When a 3D structural unit, especially, a rigid 3D skeleton was introduced into
a polymer, some special physical properties could be shown. As early as 1968,
Klanderm and Faber [1] attempted to prepare the polymers containing 9,10-
bis(hydroxylmethyl)triptycene unit, which was expected to enhance the glass
transition temperature (7). Consequently, they obtained the modified polyesters
with 9,10-bis(hydroxylmethyl)triptycene instead of the common glycol components,
and found that the target poly(ethylene terephthalate)s expectedly showed the high
heat-distortion temperatures and high glass transition temperatures, but the crystal-
lizability was simultaneously declining. Obviously, the rigid bulky triptycene moiety
seemed to interfere with the segmental rotation of the polymer chain, leading to an
influence on the thermal properties of the polyesters.

Soon after, Hoffmeister et al. [2] synthesized a series of bridgehead-substituted
triptycene monomers 1 (Fig. 6.1), and then introduced them into the polymer seg-
ments to form various kinds of triptycene-containing polymers, including polyesters,
polyamides, polyurethanes, and polyoxadiazoles. Moreover, it was also found that
the polyesters and polyurethanes of 9,10-bis(hydroxylmethyl)-triptycene 1a and the
polyamides based on 9,10-triptycenedicarbonyl chloride 1d could be obtained in
the moderate-to-high molecular weights, and the polyesters and polyamides were
thermally stable and colorless. As the limit of the thermal stability for preparation
of thin films existed, only some of the colorless polymers with high melting points
were suitable to be solution-cast into thin films; although, the films were generally
weak or brittle for their high crystallinity.

C.-F. Chen, Y.-X. Ma, Iptycenes Chemistry, 173
DOI 10.1007/978-3-642-32888-6_6, © Springer-Verlag Berlin Heidelberg 2013



174 6 Preparation of Iptycene-Containing Polymers and Oligomers

1a R =CH,OH 1f R = CONHNH,
1b R=CH,CH,0H 1g R=CO,H
R 1¢ R=CH,0COCI 1h R=NH,
CZ O 1d R =COCI 1i R=NCO
R 1e R=CO,CH;  1j R=CH,CO,CH,CH;

Fig. 6.1 Structures of bridgehead-substituted triptycene monomers

In the early works on the preparation of polymers, the main focus was on the
triptycene monomers with highly symmetrical structures. However, Akutsu and co-
workers [3] attempted to introduce the unsymmetrical triptycenediamine 2 into the
main chain of aromatic polyamide to enhance the solubility, along with keeping the
high thermal stability. Consequently, in 1994 they reported the preparation of a series
of aromatic polyamides 3 (Scheme 6.1a) via the low-temperature polycondensation
of the diamine 2 and several aromatic diacyl dichlorides in NMP. They found that
the desired polymers expectedly exhibited both satisfactory solubilities and high
thermal stabilities. Soon after, Akutsu et al. [4] also incorporated the triptycenediol
4 into the backbone of polyarylates, and found that the polymers 5a, b (Scheme
6.1b) showed good solubilities as well as high thermal stabilities. Moreover, it was
found that introduction of the diol 4 into the poly(ether ether ketone)s could afford
the increased solubilities of the polymers Se¢, d (Scheme 6.1c) without sacrificing
their high thermal stabilities, except that the polymers S5d showed semicrystalline
property and low solubility.

In 2006, Swager and co-workers [5] realized that the triptycene with unique struc-
ture might not only serve as the interlocking subunit to weave the chains of polymer
to enhance its strength, but also allow the polymeric chains to have some degree
of freedom to slide by each other and thus show high ductility. Consequently, the
authors designed and successfully prepared the polyester 6 (Scheme 6.2), and found
that the triptycene units could simultaneously improve both stiffness and ductility of
the polymer. Incorporation of triptycene units into the polymers enhanced not only
the values for Young’s modulus (about 3 times), but also the strength (about 3 times)
and strain to failure (over 20 times) compared with the reference polyester 7, which
indicated that the rigid and pendant units might indeed enhance the mechanical prop-
erties of the polymers due to the steric effect. Concretely speaking, the molecular
threading and molecular interlocking steric interactions could minimize the “internal
molecular free volumes” (IMFVs) of the system (Fig. 6.2).

Soon after, Swager’s and co-workers [6] reported a series of polyesters 8-10
(Fig. 6.3) with different compositions (x and y varied) based on different pendant trip-
tycene units via the similar strategy. The presence of triptycene units actually brought
less crystalline, lower melting points, and higher 7, compared with the common
polyester without iptycene moiety. More importantly, the introduction of triptycene
moiety could also enhance the Young’s modulus and strength (about 2 times),



6.1 Triptycene-Containing Polymers 175

1. LICl, NMP, cooled to -18 °C 0o

2. CIOCArCOCI, propylene oxide I
‘ NH, 18°Ctort. ‘ NHGAC )

HzN 2 +NH 3

0 CIOCArCOCI ?
‘ OH  NaOHag, rt. 40 min ‘ OCArC—
C I > C LN °
HO 4 0 s

b \,@/
SaAr:4< >~ 5b Ar =

F=Ar—F, K;,CO3 ag
toluene, 135 °C, 4h
‘ OH  then 155°C, 15h ‘ o—Ar—}—n
A SN
HE 4 _(_0 5¢,d

N b W U Ve U Ve

Scheme 6.1 Synthesis of polymers from triptycene monomers

along with an increase of 14-21 times in the stress required to induce mechani-
cal failure compared with the reference polyester 7. Additionally, the stress strain
curves for the polymer 8 exhibited that the threading and interlocking of the poly-
mer chains through molecular-level steric interactions could actually simultaneously
improve all aspects of the properties of the polymers.

Furthermore, Swager’s and co-workers [7] also synthesized the triptycene-based
polymer 11 containing bisphenol-A PC fragment. As shown in Scheme 6.3, the mix-
ture of triptycene hydroquinone and bisphenol-A was added into a diphenyl carbonate
solution, and then the mixture was heated to 190 °C for 30 min under a slow flow of
argon, which provided the target polymer 11. Upon the addition of tetramethylam-
monium hydroxide and sodium hydroxide, the temperature and pressure were then
changed in a gradient (Table 6.1) to ensure the polymerization to occur well. To study
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Fig. 6.2 Schematic of the steric interactions induced by the triptycene unit and the minimization
of IMFVs. (Reprinted with the permission from [5]. Copyright 2006 American Chemical Society)

the mechanical behavior of the triptycene units incorporated with PC, the authors
further prepared the polymer with low molecular weight and low triptycene content
by blending triptycene-PC with a bisphenol-A PC to extend the scope of triptycene
contents from 0 to 26 wt%. As a result, they found that the triptycene-containing PCs
actually exhibited great improvements in various mechanical properties, including
modulus, compressive yield stress, and tensile strength at all temperatures, com-
pared with the Tupilon® PC. The results also showed that the mechanical properties
increased obviously with the increase of amount of triptycene.

Recently, Turner and co-workers [8] reported a melt polycondensation method
for the synthesis of triptycene-containing copolyesters. As shown in Scheme 6.4,
by the copolymerization of the monomer triptycene diol 12, comonomers ethylene
glycol, 1,4-butanediol, and 1,6-hexanediol with cyclohexanedicarboxylate via the
melt polycondensation reaction, a series of copolyesters 13 were afforded. The
copolyesters showed good thermal stabilities and relatively high glass transition
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Scheme 6.3 Synthesis of triptycene-based polymer 11

temperatures (7). Moreover, it was also found that the 1,4-butanediol-based trip-
tycene copolyester exhibited the enhancement of modulus along with maintaining
the high elongation at 23 °C.

In 2007, Zhang et al. [9] designed and synthesized a series of new polyimides
14a—f by incorporating the triptycene moieties into the backbone of the polymers. As
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Table 6.1 The temperature

and pressure in reaction step Rteaction Temperature (°C) f;ess;re Time (h)

step orr

1 190 760 0.5
2 220 200 1

3 250 200 0.5
4 250 150 0.5
5 250 100 0.5
6 250 15 0.5
7 280 2 0.5
8 280 ~0.8 -

tor.t. (full vacuum)

1 Torr (mmHg) = 0.01934 psi (Ib/in?) = 1.316 x 1073 atm

shown in Scheme 6.5, the desired polyimides 14a—f were obtained by the one-step
polycondensation between the triptycene-derived dianhydride monomer and various
aromatic diamines in m-cresol in the presence of a catalytic amount of isoquino-
line under high temperature. As expected, the polyimides 14a—f exhibited good
solubilities in common organic solvents, along with high 7, and thermal stabilities.
Moreover, the rigid triptycene moieties created the large free volumes, which made
the polymers potential for membrane applications.

Recently, Hsiao et al. [10] also synthesized two kinds of new polyimides contain-
ing triptycene units 15a—f and 16a—f by a two-step thermal or chemical imidization
method from the reaction of the triptycene-based bis(ether amine)s 17 or 18 and var-
ious aromatic tetracarboxylic dianhydrides (Scheme 6.6). It was noteworthy that the
viscosities of the reaction system would become very high, resulted in the formation
of high molecular weight poly(amic acid) precursors. Then, the poly(amic acid) pre-
cursors could be converted to the polyimides by the chemical dehydration with acetic

O OH
H Titanium n-butoxide, 100 ppm

8]

190-275 °C, 4-5h
gl O + HO(CH,),OH + Meoch—COZMe
High vacuum, 0.1 mmHg
o 275-280 °C, 2-3h

HOIQ O[CHE),‘O%
m
8] (9]

Scheme 6.4 Synthesis of triptycene-containing copolyesters 13
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anhydride and pyridine or the thermal conversion at 250 °C. As a consequence, these
desired polymers with high enough molecular weights could be suitable for casting
of flexible and strong films due to their good mechanical properties. In particular,
the fluorinated polyimides 16a—f exhibited the good solubility in common organic
solvents. Moreover, because of the decreased interchain interactions, the thin films
made from these fluorinated polyimides also showed the light color. The combina-
tion of colorless, low dielectric constants, and good mechanical properties made the
polyimides good candidates for micro-electronics and optoelectronics applications.

Soon after, Swager and co-workers [11] also reported the polymerization between
the 2,6-diaminotriptycene derivatives and various five- and six-membered ring anhy-
drides to give the aromatic polyimides 19a-h via two different routes (Scheme 6.7).
For the five-membered ring imides, it was found that the ring-opening polyaddition
reaction and then ring-closing dehydration provided the polyimide 19f in the yields
of 78-93 %. In contrast, for the polymer with hexatomic ring, the initial polymer-
ization between the m-cresol and benzoic acid in the presence of an acid catalyst
occurred, which then afforded the polymers 19g, h by the addition of isoquinoline as
the base to cease the reaction, after the end of imidization (Scheme 6.7a). Moreover,
the five-membered ring polymers 19¢, 19d, and 19f with high molecular weights
could be obtained by the similar route to six-membered ring, which is shown in
Scheme 6.7b.

To afford good solubility and high mass exchange properties, Cho and Park [12]
also synthesized a kind of polyimides based on 2,6-diamino-triptycene in 2011. As
shown in Scheme 6.8, the target 6FDA-DATRI polyimide 20 was obtained by the
ester—acid chemical imidization method. As expected, the target polyimide showed
good solubility in common organic solvents, and high gas permeability due to the
high internal free volumes, which could make it potential material for gas separation.

In the same year, Zhang and co-workers [13] reported the synthesis of novel
poly(aryl ether sulfone) 21 containing triptycene groups with high molecular
weight. As shown in Scheme 6.9, the polymers could be obtained by the nucle-
ophilic aromatic substitution polycondensation between 2,5-dihydroxytriptycene,
bis(4-hydroxyphenyl) sulfone, and 4,4'-difluorodiphenyl sulfone, followed by the
sulfonation reaction. The degree of sulfonation could be controlled by changing the
ratios of momomers. The target polymer 21 exhibited good thermal stability, good
mechanical strength, and excellent water swelling resistance. These features made
this polymer potential for proton exchange membranes in low humidity conditions.

Long and Swager [14, 15] considered that introducing the iptycene structure into
polymers might have potential applications in electronics, as the rigid skeleton of
iptycene created the molecular-scale pores. The increasing IFVs may be beneficial
for lowering the dielectric constant of polymers. Therefore, Long and Swager [14]
synthesized two different copolymers 22 and 23 from the strained cyclic olefinic
monomers and iptycene-derived monomers by ROMP with a “second generation”
Grubbs catalyst in CH,Cl,, which is shown in Scheme 6.10. For polymer 22, the
triptycene units could not freely rotate owing to the fixed orientation polymer back-
bone. On the contrary, the pendant triptycene units in the polymer 23 were attached
to the backbone of polymer through a single bond, thus, these triptycene moieties
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Scheme 6.7 Synthesis of aromatic polyimides 19a-h

in polymer 23 could rotate freely. At the same time, Swager et al. also synthesized
poly(aryl ether) 24 by the reaction of triptycene-1,4-hydroquinone and decafluoro
biphenyl in the presence of K,COj3 (Scheme 6.11), and proved that the introduction
of triptycenes into the polymer backbones increased thermal stability and resulted in
lower dielectric constants.

Recently, McKeown and co-workers [16] reported a kind of insoluble tape-
like polymers containing triptycene moieties. As shown in Scheme 6.12, the
target polymer 26 (R=Et) could be synthesized by the condensation of 9,10-
diethyl-2,3,6,7,12,13-hexahydroxytriptycene derivative 25 (R =Et) with 2,3,5,6-
tetrafluoroterephthalonitrile at 80 °C in DMF in the presence of K,COj3. This new
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Scheme 6.9 Synthesis of poly(aryl ether sulfone) 21

kind of triptycene-based polymers showed the enhanced surface area for the intrinsic
microporosities, and thus had great potential applications in gas adsorption. Further-
more, they [17] obtained a series of network polymers 26 with intrinsic microporosity
from the triptycene derivatives with different alkyl groups at 9,10-bridgehead posi-
tions. They also found that the shorter (e.g., methyl) or branched (e.g., isopropyl)
alkyl chains were beneficial to the greatest microporosity, whereas the rigid organic
framework of the longer alkyl chains seemed to hinder the formation of microp-
orosity. These porous polymers could be regarded as the potential gas adsorption
materials.

6.1.2 Triptycene-Containing Conjugated Polymers

In 2001, Zhu and Swager [18] first introduced the triptycene structure into the PPVs.
As shown in Scheme 6.13a, starting from 1,4-dihydroxyl substituted triptycene, the
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triptycene derivative 27 was prepared by four-step reactions. Compound 27 could
serve as a key precursor for the synthesis of triptycene-derived PPVs. Consequently,
the target triptycene-derived PPVs 28a could be obtained in 71 % yield by the Suzuki-
type palladium-catalyzed cross-coupling reaction of 27 with 1,4-di(dodecyloxy)-2,5-
diiodobenzene in dioxane in the presence of cesium carbonate. Similarly, the reaction
of 27 with the 1,4-diiodo-2,3-di-(dodecyloxy)benzene could give the corresponding
triptycene-containing PPVs 28b in 79 % yield (Scheme 6.13b).

According to the similar approach as above, Zhu and Swager [19] further
synthesized a series of triptycene-containing conjugated polymers 29a—d by the
Suzuki cross-coupling reaction of bisborolane 27 and 1,4-diiodobenzene derivatives
(Scheme 6.14a). Moreover, they also synthesized two kinds of triptycene-based
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PPEs 30a, b via the Sonogashira protocols starting from the diethynyltriptycene
31 (Scheme 6.14b). Furthermore, they found that these conjugated copolymers 29
and 30 with high molecular weights exhibited high solubility and the controlled
anisotropy in LC solutions.

Soon after, in order to achieve the improvements of alignment of polymers with
high molecular weight, Hoogboom and Swager [20] further designed and synthesized
the triptycene-containing polymer 32 with the hydrogen bonding end groups, Upy.
As shown in Scheme 6.15, the polymer with hydrogen bonding donors of Upy end-
capped groups was obtained by the Sonogashira cross-coupling reaction between
diethynyltriptycene and di-2,5-(2-ethylhexyl)-1,6-diiodo-benzene, followed by the
addition reaction of the end capping hydrogen bonding unit 33. It was noteworthy that
the reaction time for the polymer growth in this process could determine the properties
of the target polymer 32. Due to the Upy end-capped group as the source of hydrogen
bonding, there were hydrogen bonding interactions between the polymer chains,
which dramatically increased the dichroic ratio of this polymer system. Interestingly,
the polymer 32 could self-assemble into ultrahigh molecular weight materials and
gels via the hydrogen bonding interactions between the polymer chains.

In 2008, Swager and co-workers [21] synthesized a series of iptycene-derived
conjugated copolymers containing fluorene subunit via the palladium-catalyzed cou-
pling reaction. Consequently, the target copolymers 38—-40 were obtained in high
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yields by the palladium-catalyzed Suzuki reactions of triptycene-type monomers
34-36 with 9,9-dioctylfluorene-2,7-bis(trimethyleneboronate) 37 in the presence of
Cs,CO3 (Scheme 6.16). The copolymers all exhibited good solubilities in appropri-
ate organic solvents, and also emitted blue, greenish-blue, or red color in solution
and the solid state for different repeating units. Moreover, the insulation effect of
iptycene units clearly displayed in their spectroscopic data, because the rigid trip-
tycene units blocked the intermolecular interactions between the chromophores, and
prevented from the formation of the excimers of solid state.
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6.2 Pentiptycene-Containing Polymers

As early as 1998, Yang and Swager [22, 23] first introduced the rigid 3D pentiptycene
moieties, which are larger than the rigid triptycene ones, into the backbone of PPEs.
As shown in Scheme 6.17a and b, the pentiptycene diacetylenes 44 and 45 reacted
with disubstituted diiodobenzenes under the palladium-catalyzed cross-coupling re-
action conditions to give the corresponding PPEs 41-43. As the t—m stacking and
the formation of excimer at the solid state of PPEs were prevented by the rigid pen-
tiptycene structure, the pentiptycene-based polymers 41-43 could form the films
from solutions without any significant red shifts in their absorption spectra. More-
over, the introduction of rigid frameworks of pentiptycene moieties also enhanced
the solubility and the fluorescence quantum yields of the polymers 41-43. It was
also noteworthy that the pentiptycene-derived conjugated polymers 41-43 showed
unprecedented high sensitivity for the recognition of electron-deficient unsaturated
species including TNT, DNT, and BQ, which could be used as excellent fluorescent
chemosensors for these species. These features for the sensor applications will be
depicted in Chap. 12 in detail. According to the similar method, Zhu and Swager
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[18] also synthesized another pentiptycene-based polymer 46 with high molecular
weight by the palladium-catalyzed cross-coupling reaction between pentiptycene di-
acetylene and diiodidetriptycene under the modified Sonogashira conditions (Scheme
6.17c).

In a certain sense, the work of Swager and co-workers about the pentiptycene-
based polymers broke the limitation of the previous work, and brought more
possibilities to create iptycene-derived polymers via the palladium-catalyzed cou-
pling reactions. In 2000, Williams and Swager [24] synthesized a broad range of
iptycene-based conducting polymers via the cross-coupling reaction from the di-
iodo pentiptycene monomer 47. With the diiodo monomer in hand, the random
terpolymers 48 (Fig. 6.4) were easily obtained by the copolymerization between
monomer 47, 1,4-diiodotriptycene, and a number of diethynylphenyl monomers
under a standard Sonogashira—Hagihara coupling reaction conditions. Due to the
decreased number of chromophores associated with dialkoxybenzene groups, the
principal absorption band of the terpolymers 48 in solid state showed a hypsochromic
shift compared with the polymer 41. Moreover, the absorption spectra of terpolymers
48 displayed only a small (< 2 nm) shift between the solution and thin film maxima;
however, this shift was up to 14 nm for the reference triptycene polymer 49. It was
probably because the pentiptycene moiety could prevent the interactions between the
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polymer chains, which resulted in the slight perturbation from solution to the solid
state. Moreover, the varying degrees of chromophore interactions in the solid state
also influenced the thin-film fluorescence quantum yields of these polymers. As a
result, the fluorescence quantum yields of terpolymers 48a and 48b were 0.22 £ 0.05
and 0.30 £ 0.04, respectively; whereas the thin-film fluorescence quantum yield was
0.09 % 0.3 for the reference triptycene polymer 49.

Amara and Swager [25] further obtained a series of pentiptycene-derived PPEs
50 in the yields of 75-87 % by the palladium-catalyzed Sonogashira—Hagihara
cross-coupling polymerization of dialkynyl-substituted pentiptycene monomer 44
and different monomers with varying pendant HFIP groups (Scheme 6.18).

It was proved that w-conjugated frameworks with ring expansion reaction could
effectively eliminate the conformational disorder. Therefore, Yamaguchi and Swager
[26] attempted to introduce the dibenzochrysene into m-conjugated pentiptycene
copolymer chain to afford the copolymers with excellent fluorescence properties,
which would probably be suited for sensory applications. As shown in Scheme 6.19,
the Pd/Cu-catalyzed cross-coupling reaction between dibenzochrysene monomer 51
and the monomer 44 gave the pentiptycene-based polymer 52 in 91 % yield, which
exhibited a high quantum yield, small Stokes shift, and long excited-state lifetime.

In addition, Zahn and Swager [27] also introduced the chiral side chains into the
pentiptycene framework to afford the chiral polymer 53 (Fig. 6.5a), which showed
an excellent quantum yield for its 3D chiral grid-like aggregated structure. The fur-
ther study discovered that this chiral polymer 53 could aggregate into a helical grid
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structure with a high quantum yield. This probably was the first example of chiral
polymer with strong and systematical electronic coupling while maintaining high flu-
orescence efficiency. Soon after, Schanze and co-workers [28] reported the synthesis
of Pt—acetylide-based polymer 54 (Fig. 6.5b) containing the bulky pentiptycene moi-
ety by the reaction between cis-dichlorobis(tri-n-butyl-phosphine)-platinum(II) and
diethynyl pentiptycene.

In 2006, Bailey and Swager [29] reported the synthesis of the PPEs con-
taining masked maleimide groups which could participate in the thiol addition
reactions or Diels—Alder additions. However, it was found that in the process of
palladium-catalyzed cross-coupling polymerization, these maleimide groups were
left unmasked, which resulted in the formation of short chain oligomers with
number-average molecular weights less than 3,000. In order to overcome the prob-
lem of the incompatibility of maleimide functionality under cross-coupling-based
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polymerization conditions, the blocking furan group was introduced to ensure the
polymerization. As furan could be removed quantitatively under relatively mild
thermal conditions via cycloreversion, the maleimide-functionalized PPEs with
number-average molecular weights of 8,000—-11,000 could be favorably obtained.
As shown in Scheme 6.20, treatment of monomer 44 with suitable aryl diiodide
monomers in a step-growth polymerization under the Sonogashira—Hagihara cross-
coupling reaction conditions afforded the protected maleimide-containing polymers
55 and 56 with the number-average molecular weights of 11,000 and 8,000, respec-
tively. The protected maleimide-containing polymers 55 and 56 then reacted with
the ROX dye containing sulfhydryl group and DTT in refluxed THF solution to give
the corresponding rhodamine-tethered conjugated polymers 57 and 58, respectively
(Scheme 6.21). The thiol-based biomolecule conjugation polymers 57 and 58 could
be promising candidates for biosensory or chemosensory applications.
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In 2005, Swager and co-workers [30] designed and synthesized a special iptycene-
containing PPEs 59, which was end-capped with 10-(phenyl-ethynyl)-anthracenyl
groups. As shown in Scheme 6.22, the copolymerization between the pentiptycene-
based monomer 60 and 10 % excess of diiodo monomer 61 via a Sonogashira
coupling protocol afforded the copolymer with the chain ended with iodine groups,
which was then treated with an excess of the acetylene reagent to give the target
end-capped polymer 59. As expected, the polymer 59 could dissolve in a nematic
LC phase, enhance the quantum yields, and reduce Stokes shift probably because of
its more rigid and planar conformation.

Furthermore, Ohira and Swager [31] prepared several novel PPEs 62-64 (Fig. 6.6)
by the palladium-catalyzed cross-coupling reaction to introduce the larger and more
complex iptycene skeleton into the chains. As expected, the more steric crowding
iptycene moieties inhibited the anisotropic ordering and prevented the interactions
between the polymer chains, and these molecules could control the orientation of
the liquid crystalline. Thus, these polymers with high molecular weights (> 10> Da)
could still be completely soluble in nematic LC solvents.
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Fig. 6.5 Structures of polymers 53 and 54

Besides the pentiptycene-containing conjugated polymers, Long and Swager
[14] also synthesized a series of poly(aryl ether)s 65—-67 with iptycene moieties
incorporated into the polymer skeleton by the condensation of iptycene diols with
decafluorobiphenyl in DMA in the presence of potassium carbonate (Scheme 6.23).
These poly(aryl ether)s were proved to show increased thermal stabilities and lower
dielectric constants.

In 1980s, Meador et al. [32, 33] reported the synthesis of the copolymers 68a, b
with anthracene end-capped polyimide oligomers. By the Diels—Alder addition be-
tween the bi-epoxide 69 and the anthracene end-capped oligomer 70 in the minimum
amount of solvent under 155 °C and a 300-400 psi nitrogen environment, the tar-
get copolymers with the molecular weights approximately achievable from 21,000
(68a) to 32,000 dalton (68b) were obtained (Scheme 6.24). The molecular weights
of these polymers could be controlled by the reaction time. Moreover, the copoly-
mers exhibited thermal stability and solubility in common organic solvents, like
CHCl3, CH;,Cl,, and DMF, and the solubility of copolymers 68c was lower than the
other two copolymers. However, the polymers would be at the cross-linked state,
which was insoluble above 500 °C. In addition, by the dehydration, the backbone
of polymer 71 containing the extended pentiptycene units could be obtained via
the retro-Diels—Alder reaction. The target polymers were very stable and without
degradation.

6.3 Other Iptycene-Containing Polymers

Compared with other conjugated polymers without the rigid bulk moiety, the steric
bulk of pentiptycene skeleton prevented the strong m—m associations of conjugated
polymers, which could result in excellent solubility. It was considered that the larger
size of iptycene could be more effective to isolate the polymer backbone. Thus,
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Zhao and Swager [34] further attempted to introduce the more complex iptycene
moieties into the PPEs. Consequently, a series of iptycene-based copolymers 72a—c
(Fig. 6.7) could be obtained by the Sonogashira coupling reaction between the
iptycene-based diacetylenes and 2,5-di-iodopyridine, 5,5'-diiodo-2,2'-bipyridine, or
1,4-diiodo tetrafluorobenzene, respectively. Moreover, they found that the polymers
72a—c all expectedly exhibited no evident excimer interactions or self-quenching in
the thin films or in solution.
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In 2005, Zao and Swager [34] further synthesized a series of PPDs 73a—c with the
iptycene structure as the core unit of backbones. As shown in Scheme 6.25, the target
polymers 73a—c could be obtained easily by the Pd-catalyzed homocoupling reaction
from the iptycene monomers 74a—c. Likewise, the iptycene moieties incorporated
in the PPDs prevented the interchain interactions of solid state, and thus enhanced
their solubility in common organic solvents; although, the gel-like substance (the
gel could be almost dissolved in CHCI3) would form at the end of polymerization
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of 73a. It was noted that the PPDs in solution showed good sensitivity, even better
than PPEs towards explosives detection.

6.4 Poly(iptycenes)

In 2003, Wudl and co-workers [35] reported a novel aromatic ladder polymer,
poly(iptycene) 75, which was completely composed of iptycene units. As shown
in Scheme 6.26, 2,3,9,10-tetrachloropentacene (Cl4Pn) was heated up to 350 °C in
nitrogen to give the insoluble, hyperbranched ladder polymer 75 through a clean
Diels—Alder self-coupling reaction. This reaction process could be monitored by the
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thermal gravimetric analysis of the thermal decomposition of Cl4P. Thus, the emer-
gence of a plateau in the thermogravimetric curve could be seen as the formation of
polymer 75. Although both the reactant and target polymers were in a high symmetry,
the reaction process probably was in a biradical asymmetric mechanism, which was
revealed by the theoretical calculations of this reaction.

In 2005, Swager and co-workers [36] reported the synthesis of a soluble, shape-
persistent, 2D ladder-type poly(iptycene). At first, they attempted to synthesize the
desired polymer via the traditional Diels—Alder reaction, and found that when the
mixture of reactants was in a refluxing solution for 1 week without pressurizing,
the result was not fully up to expectations. Thus, they modified the conditions and
found when the polymerization of 78 occurred under the hyperbaric conditions in
the presence of small amounts of hyperbranching agents 76 and 77 (Fig. 6.8), the
higher overall degree of polymerization product 79 could be obtained, along with
fewer degradation products (Scheme 6.27). It was interesting that the polymer 79
was probably the first example of two different polymers aligning perpendicular to
each other.

Soon after, Swager et al. [37] further synthesized a novel aromatic ladder polymer,
poly(iptycene) 80, by the Diels—Alder reaction of the bifunctional AB-type monomer
81 (1,4-epoxy-5,12-di-hexyloxy-1,4-dihydrotetracene) in the melt phase under the
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high pressure in solution to reach the high degree of polymerization. And then, the
dehydration of 80 by the treatment with pyridinium p-toluenesulfonate and acetic
anhydride could give the all-iptycene polymer 82 in almost constant molecular weight
(Scheme 6.28). As aresult, both the side-chain and 3D iptycene units resulted in good
solubility of polymer 82 in organic solvents including CH,Cl,, CHCls, and THF.

Recently, Chen and Swager [38] reported the synthesis of a new aromatic polymer,
poly(2,6-triptycene) 83. At first, they found that the target polymer 83 could not be ob-
tained by the palladium(0)-catalyzed Stille coupling polymerization. Thus, they then
modified the route to synthesize the polymer by a nickel(0)-mediated Yamamoto-
type polycondensation. As shown in Scheme 6.29, the desired polymers could be
obtained in a reasonable yield and a good polymerization degree by the homopoly-
merization of the two monomers of 2,6-dibromotriptycene and 2,6-diiodotriptycene.
Likewise, the high content of triptycene units in poly(2,6-triptycene) resulted in the
good solubility in common organic solvents. The properties of highly transparent
and good thermal stability for the thin film of 83 made it a promising candidate for
further applications.

In 2000, Williams and Swager [24] synthesized another novel soluble “all-
iptycene,” poly(aryleneethynylene) 85 (Fig. 6.9), by the Sonogashira—Hagihara
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coupling of the diiodothiophene monomer 84 and pentitypcene-based monomer 46
in a CH,Cl, solution. This all-iptycene polymer 85 displayed the excellent solubility
in CH,Cl,, whereas it also showed to be slightly soluble in other common solvents
including chloroform, toluene, and THF.

By the self-initiated free radical polymerization of butadienes bearing iptycene
structures at the heating condition, Amara and Swager [39] also reported the synthesis
of a series of all-iptycene polymers 86-88 with high molecular weights in 2004,
which is shown in Scheme 6.30. The poly(butadiene)s, especially polymer 86 with
large internal free volume, could lead to the low dielectric constants, the enhancement
of miscibility, and the reduction of phase separation in polymer blends. However,
the w—m interactions between the naphthalene rings on adjacent chains brought an
adverse effect on the solubility and porosity of polymer 87.
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Scheme 6.26 Synthesis of aromatic ladder polymer, poly(iptycene) 75

Fig. 6.8 Structures of hyperbranching agents

6.5 Iptycene-Based Oligomers

0In 2006, Yang and co-workers [40] reported the first example of iptycene-based
oligomers, pentiptycene-derived oligo(p-phenyleneethynylene)s 89-91, which could
be synthesized by an iterative addition-aromatization method. In the case of the dimer
89, the dimerization of the compound 93 gave the intermediate 92, which was then
followed by a sequence of reactions, including nucleophilic carbonyl addition, re-
ductive aromatization, and o-alkylation to give the target dimer 89 (Scheme 6.31).
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For the trimer 90, it was obtained by the repeated reaction between the pentiptycene
acetylide 93 and the pentiptycene quinone 94. Similarly, the tetramer 91 could be
synthesized by the coupling reaction of dimer 95 (Fig. 6.10). These oligomers could
be served as good models to study the intrachain conformation of PPEs and in-
terchain exciton coupling effects with their unique fluorescence behaviors. It was



202 6 Preparation of Iptycene-Containing Polymers and Oligomers

Ni(COD),/COD

2,2'-bipyridyl
‘ DMF /toluene ‘
850r65°C
I TN+
X =Br, | 83

Scheme 6.29 Synthesis of poly(2,6-triptycene) 83

Fig. 6.9 Structures of the compounds 84 and 85

found that the twisting of the m-conjugated backbones brought blue-shifted absorp-
tion, and higher fluorescence quantum yields and longer lifetimes, compared with
the phenylene—pentiptycene—phenylene three-ring system.

Soon after, Godt and co-workers [41] reported a kind of longer, monodisperse
oligo-PPEs 96a—d (n = 1-4) containing triptycene moieties. These oligomers could
be obtained by the repetitive selective alkyne deprotection, followed by the Pd/Cu-
catalyzed alkynyl-aryl coupling from the alkyne 97. The synthesis of the first two
members 96a (n=1) and 96b (n =2) was depicted in Scheme 6.32. Although the
triptycene-based oligomers showed the similar optical properties with the oligo(2,5-
di-hexyl-1,4-phenylene-ethynylene)s in dilute solution, markedly difference between
the oligomers and the reference in the solid or undiluted state was also observed.
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Fig. 6.10 Structures of iptycene-based oligomers 90, 91, and 95
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Chapter 7
Iptycenes and Their Derivatives
in Molecular Machines

Triptycene with three arene units fused to the [2.2.2]bicyclooctatriene bridgehead
system has a D3z, symmetric structure, and thus resembles a macroscale gear-
wheel. This structural feature makes the triptycene a potential component for the
construction of molecular machines.

7.1 Molecular Gearings

Between the 1960s and 1970s, the highly hindered compounds with appreciable
rotation barriers between sp>-hybridized carbon atoms won a considerable attention.
Especially, triptycene and its derivatives, in which the rotation around the sp’—
sp? single bond between the bridgehead carbon atom and the attached substituent
was restricted to give long-lived conformational isomers, became the subject of
several reports. In the early work, Iwamura [1] synthesized a triptycene derivative,
9,10-bis(1-cyano-1-methylethyl)triptycene (1, Fig. 7.1) and found that the triptycene
1 contained arotational barrier of 37.7 kcal/mol which was a considerably high barrier
for rotation around the sp>—sp? single bond.

At almost the same time, Koukotas et al. [2] and Schwartz et al. [3] synthesized
9,9'-bitriptycyl 2 and 2,2'-di-methyl-9,9’-bitriptycyl 3 (Fig. 7.2). They found that
these systems with bulky triptycene groups also showed a high rotational barrier
between the central 9 and 9’ sp3 -hybridized carbon atoms, and the barrier value of
system 3 could be more than 54 kcal/mol.

In 1980s, Mislow’s group [4] and Iwamura’s group [5—8] independently designed
and synthesized several bis(9-triptycyl)methanes 4a—d and bis(9-triptycyl)ethers
Sa—-d by the addition of excess benzynes to bis(9-anthryl)methane and the ther-
molysis of 9-triptycyl 9-triptycene-peroxy-carboxylates, respectively (Scheme 7.1).
It was found that these bevel-gear-shaped molecules showed a rapid fully coupled
rotation around the two C—X bonds (X = CH,, O) in solution on the nuclear mag-
netic resonance (NMR) time scale. Moreover, the molecules rotated in solution as
the frictionless bevel gears, which only needed a few kilocalorie per mole barriers
to gearing. It was noteworthy that the energy barrier for gear slipping was measured
by the interconversion of the isomers, and for the two 9-triptycyl (Tp) rotors in 4, §
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Fig. 7.1 Structure of
9,10-bis(1-cyano-1-
methylethyl)triptycene 1

Fig. 7.2 Structures of
9,9 -bitriptycyl 2 and 2,2'-di-
methyl-9,9'-bitriptycyl 3

4R = Br, CHO
aR;=R,=H
bRy=Cl,R;=H
¢R;=H,R;=Cl

a dR;=R;=Me

5R = Br, Li, CO,H, COCI
aR1=R2=R3=H
bR, =R, =H,Rs=Me
CR1=C|.R2=R3=H
b dRy=H R,=ClL,Rs=H

Scheme 7.1 Synthesis of bis(9-triptycyl)methanes 4a—d and bis(9-triptycyl)ethers Sa—d
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and related molecules, activation energies of 30—40 kcal/mol were generally re-
quired [9]. Along with the further studies [6, 8, 10], it was found that there were
a pair of stereoisomers of the molecular bevel gear of bis(9-triptycyl)methanes and
ethers due to the different phase relationships between the labeled cogs. Also for
some systems, the stereoisomers could be separated and characterized by the chiral
high-performance liquid chromatography (HPLC).

Furthermore, Koga et al. [7] utilized the similar route to prepare the triptycene-
based diether 6 (Fig. 7.3), which had three triptycene fragments. They found that in
this system, when the two-sided triptycene substituents rotated rapidly in the geared
motion, the rotating information could transfer from one end of the molecule to the
other end with the torsional motions of the mid-triptycyl. This rotation mode could
achieve the transfer of rotation information in a gear system.

Afterward, Kawada et al. [11-14] further prepared a series of bis(9-triptycy1)X
compounds 7 (X=NH [11], S [12], SiH, [14], PH [13], Fig. 7.4). Moreover, it
was found that the barrier for gear slipping was dependent on the linked group
X (X=CH,, NH, O, SiH,, PH, S). Among them, the lowest one was 20.4 kcal/mol
of the silane, while the highest one was 42.0 kcal/mol of the ether. These results
could be attributed to the different angle and/or distance between the two 9-triptycyl
groups. Likewise, there was phase isomerism for them, which could be also separated
and characterized by the chiral HPLC.

During the same period, Yamamoto [15-21], Mislow [22] and their coworkers in-
vestigated the rotational behaviors of the bridgehead-substituted triptycene systems,
including benzyl [15, 18, 20]-, phenyl [15, 22]-, and phenoxyl [16—18]-substituted



214 7 Iptycenes and Their Derivatives in Molecular Machines

Fig. 7.5 Structures of the R, Ry
molecules 8-10
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Fig. 7.6 Structure of tris(9-
triptycyl)cyclopropenylium
perchlorate 11

triptycene at the bridgehead. As a result, it was found that these peri-substituted
benzylic triptycenes (8, Fig. 7.5) preferred to the isolated rotation with gear slippage
barriers (~ 10 kcal/mol) rather than the correlated rotation. While for the systems of
9 (Fig. 7.5), the peri-substituents seemed to contain the enhanced barrier to gear slip-
page. This slippage mode would lead to frictionless correlated disrotation (dynamic
gearing) with 12—17 kcal/mol barriers. In the case of systems 10 (Fig. 7.5), the size of
the peri-substituent (Y and Z group) played the key role in the barrier process. When
the peri-substituent was fluoro or methoxy group, the barrier to gear rotation was
10-12 kcal/mol; while methyl, bromine, or ¢-butyl group acted as peri-substituent,
the barrier was up to 15—17 kcal/mol in an isolated aryl rotation.

In 1990, Chance et al. [23] reported the first triply correlated system, tris(9-
triptycyl)cyclopropenylium perchlorate (11, Fig. 7.6), in which three triptycene units
were connected by a cyclopropenium ring. The C—C bond length in this cycloprope-
nium ring was 1.379(7) A. It also revealed that the torsional motion of the triptycyl
rotors was frozen on the NMR time scale. This system matched their mechanical
counterparts in both static and dynamic properties, which at the molecular level
followed the corollary of the mechanical selection rules of macro-world, according
to which all motions were disallowed in a closed cyclic array consisting of an odd
number of securely meshed macroscopic gears [23].

Soon later, Kawada et al. [13, 14] designed and synthesized cis-1,2-bis(9-
triptycyl)ethylene (12, Scheme 7.2), which contained a deeper meshing of the
two triptycyl moiety. It was noteworthy that system 12 could not be directly pre-
pared by the addition reaction of cis-1,2-bis(9-anthryl)ethylene (13) with benzyne.
The resulting compound of the addition reaction of reactant 13 was 1,2-bis(9-
triptycyl)acetylene (14) instead of the designed compound 12. However, the
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Pd—CaCO3EK2CO3
AcOEt

15R=F, Cl, Br, |
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a

Fig. 7.7 Structures of bis(9-triptycyl) ethynes 15 (a) and triptycene-based molecular spur gears
16 (b)

palladium-catalyzed hydrogenation of 14 could give the ethylene system 12. As
a gearing model, the system 12 displayed less freedom around the bond, compared
with the corresponding methane system (7, X = CH;), which did not conform to
the desired results that ethylene was structurally more flexible and relaxed the steric
congestion more effectively. This unsatisfactory result was probably caused by the
more severe overcrowding structure of the ethylene system 12.

Ten years ago, Toyota et al. [24-26] reported the new series of system, bis(9-
triptycyl) ethynes (15, Fig. 7.7a) with rotation around C(sp)—C(sp*®) bonds. For these
systems, the barriers to rotation were varied with different substituents from 11.6
(R=F)to 17.3 kcal/mol (R =I); when the halogen groups were replaced by phenyl or
benzyl groups, the barrier to rotation would increase up to 15.8—18.8 kcal/mol. These
results revealed that the size, shape, and flexibility of the substituents could determine
the rotational barriers. In 2009, Frantz et al. [27] investigated the mechanistic aspects
of triptycene-based molecular gears with the parallel axes via the computational
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methods. Soon after, Frantz et al. [28] designed the derivatives of 4,4-bis(triptycen-
9-ylethynyl)bibenzimidazole, which were suitable to molecular spur gears with a
gearing behavior of collateral triptycene groups. The results of density functional
theory (DFT) calculations suggested that these molecules preferred geared rotation
to slippage. Moreover, they successfully synthesized the triptycene-based molecular
spur gears (16), which are shown in Fig. 7.7b.

In2004, Harrington et al. [29] attempted to take advantage of the metal-based com-
ponents’ migration as the foot pedal to block the rotation of the triptycene moieties.
Thereby, they designed and synthesized compound 9-(1H-inden-3-yl)triptycene 17
by the treatment of 9-(1H-inden-3-yl)anthracene with benzyne. However, it was
found that a chromium tricarbonyl unit preferred to coordinate to one of the aro-
matic blades of triptycene rather than the six-membered ring of the indenyl group
(Scheme 7.3). It was probably because the position for the indenyl group was too
crowded to directly incorporate a metal carbonyl substituent. According to the X-ray
crystallography and variable-temperature NMR spectroscopy, they found that there
existed a 2:1 mixture of two rotamers for complex 18 at low temperature, and the
rotation barriers for 17 and 18 were 12 and 13 kcal mol~!, respectively.

Subsequently, Nikitin et al. [30, 31] further synthesized the indenyl-triptycenes
19 (Scheme 7.4), in which the 2-indenyl group connected to the 9-position of the
triptycene. In this route to the target molecule, the palladium-catalyzed coupling
reaction was the key step.
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Scheme 7.5 Representation of the molecular brake

With two indenyl-triptycenes (17 and 19) in hand, Nikitin et al. also studied their
structures and dynamic behaviors. On the NMR time scale, system 17 displayed
that the barrier to rotation about the indenyl-triptycene linkage was 12 kcal/mol;
while system 19 was almost in an essentially free rotation at ambient temperature.
Obviously, the system 19 was fitter as the attractive molecular machinery prototype
system. Treatment of compound 19 with the complex [Cr(CO)¢] would give the
chromium complex 20a in a n%-mode. Further X-ray crystallography study revealed
that its continued free rotation could be maintained without adverse effects of the
tripodal Cr(CO); fragment, which was concordant with the result from 'H and 1*C
NMR spectral analyses. However, when 19 was treated with M(CO);9 (M =Cr,
Mn, Re), the resulting complexes 20b, ¢, and d would be in the ns-mode. As the
result of a shorter distance between the triptycyl paddlewheel and tripodal M(CO);
fragment, molecular rotation was blocked with steric hindrance. On the basis of
those results, they further prepared a short-stroke molecular mechanical shuttle or
latch with complexes of 19, which was controlled by a strong base. In this system,
complex 20a played as the “ON” state, while the chromium complex 20b, manganese
complex 20¢, and rhenium complexes 20d, which were all in a n°-fashion, played
as “OFF” states. In these “ON-OFF” processes, the ML3 moiety in complex 20a
would slide toward the five-membered ring driven by the charge effect, along with
the participation of strong base. After an approximately 2 A movement, the ML
moiety finally attached to the five-membered aromatic ring of indene as a °-fashion
complex, and this molecular mechanical shuttle was at “OFF” state with blocked
rotation (Scheme 7.5).

In 1995, Gakh et al. [32] synthesized the first triptycene-based crown ethers
(21, Scheme 7.6) via the facile two-step procedure, in which the condensation of
9,10-bis(chloromelhyl)anthracene with polyethylene glycols was the key reaction
step. Moreover, it was found that the triptycene moiety in this molecule tended to
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Fig. 7.8 Structures of the
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rotate relating to the crown ether ring. Soon afterward, Bryan et al. [33] further
obtained bis(9,10-triptyceno)-26-crown-6 (22) and bis(9,10-triptyceno)-32-crown-8
(23, Fig. 7.8) by the reaction of the substituted anthracene with diethylene glycol
or triethylene glycol, followed by the similar synthetic strategy. With the X-ray
crystallography analysis, both of the crown rings in the two molecules were forced
open by the bulky triptycene groups. Also, molecule 22 seemed to have a crowed
space structure, and the whole crown cavity was occupied by the mt-electron clouds
of two arene rings; while for molecule 23 with the longer linkages, the structure
appeared much free. In addition, the triptycene “gears” in these two systems could
be in a fast rotation above 60°C, which could be demonstrated by the variable
temperature 'H NMR. The two molecules were the first systems containing two
triptycene groups simultaneously linked through their two aliphatic carbon atoms,
as a simple molecular paddlewheel mechanism.

In 2008, Tsutsumi et al. [34] prepared a kind of triptycene-based molecular rotors
(24a, b, Fig. 7.9) bearing a pair of ionophores at both bridgeheads, in which 24a
contained two linear oxyethylene chains, while there were two cyclic oxyethylene
units (aza-15-crown-5 ether) with flexible alkyl spacers in molecule 24b. The result
of DFT calculations revealed that the introduction of the flexible ionophores never
increased, but generally decreased the rotational barrier. Since these two flexible
ionophores could serve as the receptors of the external stimulus. Thus, they attempted
to take use of s-block metal cations as an external stimulus to control the rotational
behaviors of these 24a, b systems. Using the dynamic NMR spectroscopy, it was
found that systems 24a, b could rotate freely without the pressure of s-block metal
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Fig. 7.9 Structures of the
molecules 24a, b

Fig. 7.10 Structure of
four-toothed molecular bevel
gear S, S-25

cations; while the aid of both ionophores with cations resulted in the restricted
rotation. The restricted degrees of the systems were related to the stability of the
complexes of ionophores with cations. Thus, the addition of the Ba>* cation could
effectively control the rate (activation energy) of the internal rotation, due to the
higher stability of the complexes.

More recently, Yang, Chao and their co-workers [35] firstly reported the design
and synthesis of the pentiptycene-based molecular gears (S, S-25, Pp,X, Fig. 7.10).
As shown in Scheme 7.7, the nucleophilic addition of lithium trimethylsilylacetylide
to the pentiptycene quinone gave the quinone 26, then followed by trapping of
the phenoxide intermediate with trimethylsilyl (TMS) chloride and the reductive
aromatization of the central ring afforded a pair of racemic isomers 27'a, b (R/S)
with TMS-protected groups. The mixture of protected isomers without separation
was directly deprotected at a basic condition to give a mixture of 27a, b in 33 % yield.
Subsequently, the mixture of 27a, b underwent the O-alkylation, and the resulting
product 28 finally gave the targets 25 as the racemic isomers in a yield of 74 % by
Sonogashira reaction with 1,2-diiodobenzene. With the interrotor rotation modes in
the teeth-unlabeled (R = H) and teeth-labeled (R = OMe) states, they evaluated the
potential utility of the pentiptycene in a four-toothed molecular bevel gear (S, S-25)
to be acted as a four-toothed rotor in details. Although the mismatch in teeth number
and molecular symmetry seemed to bring about some bafflement, their NMR spectra
revealed a fast-gear slippage in these Pp,X systems, which was also in agreement
with the results of DFT and Austin model 1 (AM1) calculations.
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Scheme 7.7 Synthesis of pentiptycene-based molecular gears 25

7.2 Molecular Brakes and Ratchets

In 1994, Kelly et al. [36] designed and constructed the first example of molecular
brake containing a triptycene moiety, which was connected to a 2,2’-bipyridyl group.
This system was operated by adding the metal ions, and the conformational change
led to the reversibly halt rotation of the gear via the coordination of metal ion at the
remote site (Fig. 7.11a). As the continuation of this work, Kelly et al. [37] further
attempted to design a novel ratchet (29) by employing a triptycene as the toothed
ratchet wheel, while a [4]helicene instead of bipyridyl was applied as the pawl and
the spring (Fig. 7.11b). Although model 29 had all essential components of simple
ratchet in a single molecule, the spin polarization transfer NMR results revealed that
its rotation was bidirectional at 160 °C. Moreover, the further theoretical and thermo-
dynamic analyses [38, 39] also revealed that this ratchet model showed a bidirectional
rotation to some extent, since the helicene moiety just acted as a friction brake,
which partly inhibited the anticlockwise rotation of the triptycene rotor. As a result
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Scheme 7.8 Representation of molecular ratchet system

of the second law of thermodynamics and the principle of microscopic reversibility,
model 29 could not be a unidirectional ratchet under an isothermal environment.
The essential thing in a real unidirectional rotation ratchet is blocking one certain-
direction rotation (such as anticlockwise rotation) to the utmost extent, simultane-
ously lowering the energy barrier against rotation of the other direction (such as clock-
wise rotation), which resulted in the unidirectional rotation of the rotor. Thus, Kelly’s
group [40, 41] improved their system by introducing a tether into the helicene unit and
using carbonyl dichloride (phosgene) as a chemical energy provider. Consequently,
they achieved a 120° unidirectional rotation, which was driven by chemical energy in
a molecular ratchet system (Scheme 7.8). However, this molecule could not achieve
continuous and fast 360° rotation. So, Kelly et al. [41-45] attempted to design and
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Fig. 7.12 Structures of the molecules 30-33

prepare the repeated rotations with a continuous unidirectional rotation based on the
triptycenyl-helicene system. To achieve synthetic molecular motors with a unidirec-
tional rotary motion, several aspects should be considered: (1) three blades of the trip-
tycene unit were required to be selectively bonded, including proper spacial location
and timing, (2) there should be a transporter to capture the phosgene and then deliver
to a certain blade, (3) the urethane should be readily formed and cleaved, and last but
not least (4) all the modifications should not inhibit the procedure, even if they might
not facilitating the rotation. On the basis of these requirements, Kelly et al. [41-45]
further attempted to build a unimolecular motor with repeated rotations by modify-
ing the triptycenyl-helicene system. It was found that N, N-4-dimethylaminopyridine
(DMAP) was a good delivery agent, which directed the phosgene molecule exclu-
sively to the nearest amino group. Systems 30 and 31 (Fig. 7.12) were rationally
designed, which could be promising candidates as chemically powered, molecular-
scale motor. However, due to the unexpected Biirgi—Dunitz or similar interactions,
the designed motors 32 and 33 still failed to achieve 360° unidirectional rotations.
Recently, Sunetal. [46], Chenetal. [47], and Yang et al. [48] designed and synthe-
sized a series of pentiptycene-derived molecular brake systems. Pentiptycene-derived
stilbene brake systems [46] with different-sized brake components could achieve the
switching of “ON-OFF” states via the cis/trans (Z-E) photoisomerization. Another
pentiptycene-derived molecular brake [47] with 2-methyl-eneindanone showed a
highly efficient control of “ON—-OFF” states, as the result of the combined action of
light-driven E-Z and electrically driven Z—FE isomerization. In addition, Yang et al.
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Scheme 7.9 Synthesis of wheelbarrow 34

[48] further utilized redox processes to achieve acceleration stop of pentiptycene
rotor in pentiptycene-derived p-phenylenediamine.

7.3 Molecular Wheelbarrows

In 2003, Jimenez-Bueno and Rapenne [49] designed and synthesized molecular
analog of a wheelbarrow 34, which contained 3,5-di-#-butyl phenyl groups as legs
and ethynyl-tripycene groups as wheels connected to a polycyclic aromatic hydro-
carbon platform. As shown in Scheme 7.9, the double Knoevenagel reaction of
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I

b 38

Fig. 7.13 Structures of a molecular wheelbarrow 37 and b molecular wheelbarrow 38

1,3-bis(3,5-di-t-butyl phenyl) propan-2-one with diketopyracene in EtOH at 20 °C
for 20 h gave the cyclopentadienone 35 in 90 % yield. Molecule 35 reacted with
di-(4-z-butyl phenyl)acetylene in the reflux diphenylether solution for 16 h, and then
followed by the oxidation with benzeneseleninic anhydride to afford the key diketo
fragment 36, which further experienced a sequence of reactions to give the target
molecule 34. It was noteworthy that 34 would simultaneously undergo translation
and rotation motions, and the whole process had to be worked in argon.

In 2007, Grill et al. [S0] reported a new molecular wheelbarrow 37 (Fig. 7.13a) in
which two triptycene wheels were connected by an axle, and achieved the rotation
of the triptycene wheels in 37 by lateral scanning tunneling microscopy (STM)
manipulation at low temperatures. Inspired by this result, Rapenne and Jimenez-
Bueno [51] also attempted to design more molecular wheelbarrows with the complex
functionalities at the atomic scale by the similar modular strategy. Consequently, the
molecular wheelbarrow 38 (Fig. 7.13b) with different prototype was thus obtained.

7.4 Molecular Compasses and Gyroscopes

To develop new molecular architectures with certain functions such as the macro-
scopic compass and gyroscope, Godinez et al. [52] designed and synthesized
four-model molecules 39a—d with benzene, 1,1’-biphenyl, anthracene, and pyrene
rotors, respectively, by a simple synthetic approach (Table 7.1). Both of the four-
model molecules (39a—d) were consisted of a central aromatic group coupled with
two axially positioned ethynyl—triptycene units. According to the results of semiem-
pirical calculations with the AM 1 method, the rotation about the single bonds between
triptycene alkyne and aryl alkyne should be essentially frictionless in the gas phase.
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Table 7.1 Synthesis of model molecules 39a-d

Entry X}( Product Yield (%)

| 392" 10
2 39b 17
3 39¢ 12
4 39d 36

Conditions: *2% Pd(PPh;),Cl, in the presence of Cul, Et;N, and PPh;, KON,
BuNI, benzene, reflux; "10% Pd(PPh;),Cl, in the presence of Cul, Et;N, and PPhs,
benzene, reflux.

As a matter of fact, the dynamically averaged 'H and '*C NMR spectra revealed that
the rapid rotation occurred in solution. However, the rotation of the phenylene group
of 39a in the solid state was prevented by interdigitation of adjacent molecules
and the close-packing interactions, which was evidenced by the crystal structure
of 39a.

To solve the problem of interdigitation of adjacent molecules observed in the
packing structure of 39a, Godinez et al. [53] also synthesized the compounds 39e
and f (Fig. 7.14) from 2,3-dimethylbuta-1,3-diene by the Diels—Alder cycloaddi-
tions and Pd’-catalyzed coupling reactions. As expected, due to the presence of
the peripheral groups, the adjacent molecular gyroscopes 39e and f were separated
in crystal. In addition, the bulky triptycyl groups were beneficial to crystallization
motifs with more free volumes around the phenylene rotor, which were beneficial
for fast gyroscopic motion in the solid state. However, Garcia-Garibay and Godinez
[54] further found that the free volumes generated around the central phenylene
unit were filled by solvent molecules in the solid state. According to the line-shape



226 7 Iptycenes and Their Derivatives in Molecular Machines

Fig. 7.14 Structures of
models 39e,

3% R, = Me, R, = Me
f Ry=Pr, Ry =Me

analysis of quadrupolar echo ?H NMR, the gyroscopic rotation in crystals of 39e oc-
curred through a 180° site exchange (two-fold flip) with a very low rotational barrier
of 4.4 kcal/mol, which was slightly higher than the internal barrier for ethane (3.0
kcal/mol) in the gas phase.

7.5 Miscellaneous

In 2010, Nikitin et al. [55] developed a novel triptycene-based molecular machine
(40) with two ferrocenyl groups attached to the 9- and 10-positions of triptycene
(Fig. 7.15), which was named “molecular dial”. The 'H and '*C NMR spectra of
40 showed that there was a mixture (1:2) of meso- and rac-emic rotamers over the
—20-50°C range. Moreover, these interconversions proceed in a stepwise manner
such as rac-meso-rac, as a set of molecular dials, which was confirmed by the
two-dimensional-EXSY NMR spectroscopic data recorded with different mixing
time.

At the same year, Jiang et al. [56] designed and synthesized a bifunctional-
ized [3]rotaxane based on the triptycene-derived macrotricyclic host (41) and found
that the shuttle process between two different stations of this [3]rotaxane molec-
ular machine could be reversibly achieved by acid (trifluoroacetic acid (TFA))
and base (1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)) control (Fig. 7.16). To the

{ (e (. e

rac-40 meso-40 rac-40

Fig. 7.15 Dynamic behavior of 9, 10-diferrocenyltriptycne 40
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Fig. 7.16 [3]Rotaxane-based molecular machine controlled by acid and base

best of our knowledge, this was the first example of [3]rotaxane-based molecu-
lar machine with two threads passing through one host. This work also provided
a novel route to construct molecular machine based on the various host—guest
systems.
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Chapter 8
Iptycenes and Their Derivatives
in Material Science

8.1 Liquid Crystals

In general, all compounds with liquid crystalline properties would be consisted of
a rigid core and long flexible chains, which blocked the formation of completely
ordered system. Thus, the systems containing the rigid iptycene core and the flexible
long alkyl or alkoxy chains seemed to be potential candidates as liquid crystalline
materials [1, 2]. In the early 1990s, Simon and Norvez [3, 4] synthesized triptycene
derivative 1 containing five long paraffinic chains (Fig. 8.1) and found that it showed
the mesomorphic behavior at room temperature. The rigid triptycene core of this pen-
tasubstituted derivative (1) regularly arrayed in a hexagonal lamellar structure, along
with the long chains extending above and below the layer, which was indicated by
its X-ray diffraction patterns. The triptycene derivative 1 exhibited the mesomorphic
property at room temperature, probably because the cell areas were big enough to
hold the chains at disordered state. On the other hand, it was found that the triptycene
derivative 2 (Fig. 8.1) with six alkoxy chains and an aromatic core would form the
symmetric compatible lamellar lattices. However, the cell areas in these lamellar
lattices were too small to be available for all chains in a disordered state, which led
to the crystalline state instead of the mesomorphic state.

Afterwards, Long and Swager [5] reported two series of triptycene-based com-
pounds 3 and 4 with liquid crystal (LC) properties. The synthetic pathways for the
two triptycene derivatives with two alkynyl groups were outlined in Scheme 8.1a
and b, respectively. Compound 3 was a symmetric mesogen, in which the triptycene
moiety positioned at the center ring of a p-bis(phenylethynyl)benzene core; while
for 4, it had the relatively asymmetric structure with the triptycene core linking at
the outer aromatic ring. The structure of these molecules (3a—g) with the triptycene
rigid core and the flexible side chains of alkynyl moieties made them prefer to display
monotropic nematic phases with a head-to-tail manner package at room temperature.
Results from the further experiments showed that phase-transition temperatures de-
creased as the length of the alkoxy chains increased. For the LCs of molecule 4, the
monotropic nematic phases could be observed as well. Moreover, there were no ap-
parent crystallization peaks on cooling for 4, which was favorable toward capturing

C.-F. Chen, Y.-X. Ma, Iptycenes Chemistry, 231
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232 8 Iptycenes and Their Derivatives in Material Science

OR

R%R OR
TNy

RO RO

R = CyzHzs 2

Fig. 8.1 Structures of the compounds 1 and 2

the intermediate state via rapid cooling. However, the molecule with chiral side chains
was crystalline, only doping into another LC could exhibit a chiral nematic phase.

It was usually regarded that LCs with high optical anisotropic properties were
based on the structures with high aspect ratios (AR = length/width) [6]. Likewise,
the dye solutes in LCs only containing this sort of higher or larger aspect ratio
alignment could display a higher optical anisotropy. Thus, Long and Swager [7]
considered to control the order and alignment of dye solutes with lower aspect ra-
tio by introducing the unique iptycene (5) with rigid three-dimensional structures.
As expected, the rigid skeleton of iptycene was doped into the LCs, which created
a unique solute orientation. Consequently, the threading of LCs through the inter-
nal free volumes (IFVs) between the three aromatic triptycene faces avoided the
formation of a vacuum. The alignment with iptycene stretched the direction of the
polymer host to create the solute orientations, and thus most effectively filled the
voids (Fig. 8.2).

Soon afterward, Long and Swager [8] further investigated the behaviors of several
fluorescent and dichroic dye models (69, Fig. 8.3) doped in LC hosts and extended
the model dye to the aminoanthraquinone to afford the dichroic dye 10. Typically,
the ordered alignment of LCs would increase the number of triptycene moieties to
create the larger IFVs. Nevertheless, the pentiptycene-derived dye 8 with greater
IFVs surprisingly seemed to fail to create a new order, but decrease the alignment of
LCs. It was probably caused by the huge IFVs those pentiptycene moieties created,
which would block the clefts inserting and filling the void spaces of LC hosts. Both
of the models (5-7 and 9) would show that the increase of switch times of order in
LCs. Also, the position of iptycene group seemed to influence the respond time to
certain extent. When the triptycene served as the end fragment of the guest molecule
similar to the dye models 7 and 8, they could disrupt the local order to create the
new cylindrical shape in a relatively short time.

In 2002, Zhu and Swager [9] reported a class of highly soluble triptycene-based
conjugated polymers (11a and 11b, Fig. 8.4) with the extended conjugation length,
which could form the well-aligned structures in nematic LCs. Interestingly, they
further discovered that the LCs may be redirected with electric fields; this feature
made it a potential candidate for molecular electronic devices.
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Scheme 8.1 Synthesis of triptycene derivatives 3 and 4

In addition, Araoka et al. [10] also reported that the cholesteric LCs doped with
the triptycene-derived polymeric dye 12 (Fig. 8.5a) could produce laser at the lower
energy edge of the photonic gap. The low threshold lasing with well-defined las-
ing conditions was attributed to the unique property of dye. Moreover, the doping
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%

Fig. 8.2 Iptycene 5 aligns in LCs and stretched polymers in an orientation that most effectively
fills space. (Reprinted with the permission from [6]. Copyright 2008 American Chemical Society)

Fig. 8.3 Structures of the compounds 6-10

triptycene-derived polymeric dye could enhance the degree of the host LC molecules’
order, which aligned along the local director with the transition moment of the
emission parallel to the conjugation direction (Fig. 8.5b).

In order to verify that increasing the electronic conjugation length of polymers
could enhance the intrachain energy transfer that resulted in a higher intrachain
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Fig. 8.4 Structures of tripytcene-based conjugated polymers 11a, b

Fig. 8.5 a Structure of polymer 12. b Schematic diagram of the doped LCs. (Reprinted with the
permission from [6] Copyright 2008 American Chemical Society)

exciton migration rate in the nematic LC solutions, Nesterov et al. [11] designed
and synthesized the pentiptycene-containing poly(phenyleneethynylene) (PPE) 13
(Fig. 8.6), which has the low-energy emissive traps due to the anthracenyl end groups.
Consequently, the polymer (13) dissolved in a nematic LC phase showed a chain-
extended, highly conjugated planarized conformation, as a result of the pentiptycene
moieties. Moreover, the higher fluorescence quantum yield and reduced Stokes shift
could be interpreted as the more rigid and planar conformation of 13 in LCs. The use
of this sort of incorporating polymers, which improved the chemosensory perfor-
mance without sacrificing the fluorescence efficiency, provided a new possibility for
the novel materials of electronics, photovoltaics, and even the sensor applications.

As stated above, the incorporation of rigid iptycene group not only effectively
prevented the aggregation of chains and improved the solubility, but also extended
the alignment and enhanced the order in LCs. Thus, Hoogboom and Swager [12]
attempted to enhance the dichroic ratio (DR) and the ordering of PPEs in a nematic LC
through the introduction of hydrogen-bonding end groups. As expected, they found
that by capping with the ureidopyrimidinone (Upy) end groups, polymer chains 14
(Fig. 8.7) actually exhibited higher DR in LCs system, due to the hydrogen-bonding
interactions.
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Fig. 8.7 Structure of polymer 14
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Fig. 8.8 Structures of extended iptycene-containing polymers 15-17

In2007, Ohira and Swager [ 13] further reported a class of more elaborate iptycene-
containing polymers with anthracyl group (15-17, Fig. 8.8), which had molecular
weights (gel permeation chromatography (GPC), relative to polystyrene (PS)) of
more than 100,000. As expected, it was found that the novel PPEs with elaborate
iptycene scaffold, which was dissolved in LCs, obviously exhibited the greater align-
ment with a higher unidirectional order. The data of optical spectroscopy showed that
these polymers (15-17) were in a chain-extended rod conformation, and the orien-
tation of the polymer chains maintained a high degree of unity with the LC director,
along with an enhanced conjugation length. Moreover, the increasing molecular
weight made the global and local chain conformation extend and align uniaxially
well. The different results of these three PPEs (13—15) revealed that the steric con-
gestion about the polymer main chain seemed to be favorable to the high-order
parameter to reach the optimal properties of LCs. Thus, it reflected that the real-
ization of facile and precise alignment control of high molecular weight conjugated
polymers was crucial to achieve optimal properties [13].

8.2 Optical and Electronic Materials

The use of materials with low dielectric constant as the interlayer dielectrics could
enhance the speed of integrated circuits viareducing the capacitive cross talk. In order
to afford the best insulating materials, two key aspects should be considered: (1) the
materials can create empty space and effectively vacuum in their structures, and (2)
the dielectric can maintain the structural integrity necessary to hold multiple layers
of interconnecting wires in place over a broad temperature range [6]. Consequently,
Long and Swager [14] investigated that the incorporation of rigid iptycene moieties
into polymers 18 and 19 had lower dielectric constants than the nontriptycene refer-
ence polymers 20 and 21, which might be due to the formation of nanometer-sized
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Table 8.1 The polymers with low dielectric constants

: @%

n ' MeO » Meo
Entry  Polymer Dielectric constant (e, at 10 kHz)?
1 18 R=H;x=0,y=1 2.78 (0.09)
2 18b R=¢Bu;x=0,y=1 2.59 (0.08)
3 18c R=H;x=1,y=1 2.82 (0.06)
4 18d R=tBu;x=1,y=1 2.69 (0.06)
5 20 (refer polymer) x=1,y=0 3.35(0.15)
6 19 2.98 (0.13)
7 21 (refer polymer) 3.00 (0.11)

2Error limits in parentheses

pores. As shown in Table 8.1, it revealed that the restraint rotation of triptycene moi-
eties in 18 seemed to be favored to afford the lower dielectric constants compared
with the polymer 19, which attached to triptycene group with a single bond. Thus,
the rigid triptycene groups in 18 were restricted by a two-point connection, which
subsequently made the polymer maintain not only the high thermal stability, low
water absorption, and high modulus, but also show lower dielectric constants.

Based on the method of introducing the free volumes to achieve the lower dielec-
tric constants, Amara and Swager [15] further synthesized a series of high molecular
weight iptycene-containing polymers (22-24, Fig. 8.9) via the self-initiated free radi-
cal polymerization by heating butadienes-bearing iptycenes. These poly-(butadiene)s
with large IFVs, especially polymer 24, showed low dielectric constants with
excellent mechanical characters, high thermal stability, and a high 7, (= 500 °C).

In addition, Sydlik et al. [16] also synthesized the aromatic polyimides (25 and
26, Table 8.2) by the polymerization of the 2,6-diaminotriptycene derivatives with
various five- and six-membered ring anhydrides. According to Table 8.2, it was found
that the incorporation of triptycene units into the polyimide chains resulted in the
lower refractive index. Especially, the refractive indexes for 25e, 26a, and 25b were
found to be 1.31, 1.27, and 1.19, respectively, which showed even better results than
the commercial materials (e.g. Kapton(R)HN with a refractive index of 1.70). Apart
from that, the polyimides based on iptycenes showed good solubility and thermal
stability along with no glass transition temperatures below 450 °C, which thus made
them potential as good spin-on dielectric materials.
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Fig. 8.9 Structures of iptycene-containing polymers 22-24

Likewise, Hsiao et al. [17] synthesized a class of fluorinated iptycene-based poly-
imides (27 and 28, Fig. 8.10). These polyimides could also serve as the promising
candidates for the applications in microelectronics and optoelectronics. Moreover,
the polyimides with low dielectric constants (2.05-2.89 at 1 MHz) could be easily
utilized for preparing the pale yellow to nearly colorless films via the solution casting,
and the films also kept the local excellent thermal stability, flexibility, or mechanical
properties of the polyimides.

In 2008, Chen et al. [18] reported a series of the donor—acceptor copolymers
(29 and 30, Fig. 8.11) from two triptycene-type quinoxaline and thienopyrazine
acceptor monomers and found that the copolymers showed the interesting electronic
properties. The diverse donor—acceptor charge transfer interactions and conformation
change of the chains’ backbone led to the different absorption/emission natures of the
copolymers with blue, greenish-blue, and red color in solution and in the solid state,
respectively. In addition, the rigid iptycene moieties also prevented the intermolecular
interactions and the formation of excimers in the solid state, due to the insulation
effect. Thus, these copolymers could be promising materials for electroluminescent
devices.

Furthermore, Chou et al. [19] synthesized compounds 31-33 (Fig. 8.12) with a
triptycene core, which exhibited hole and electron-transporting characteristics. For
31, it also exhibited high brightness, good current, and power efficiency, which made
it a promising host material for blue, green, and red electrophosphorescence devices.
Likewise, triptycene derivatives 32 and 33 showed the 10.1 and 16.9 % external
quantum efficiency as the host for the blue phosphorescence emitter Flrpic (Ir'™!
bis(4,6-difluorophenyl-pyridinato)-picolinate). The normal operation brightness of
the device would be greatly enhanced to 500-1,000 cd m~2 with the cohost system
of 32 and 33, due to the lower driving voltage and the balance of hole and electron
transport.

In 2011, Polishak et al. [20] reported that through doping the triptycene-modified
chromophore 34 (Fig. 8.13) into poly(bisphenol A carbonate) (BPAPC), the material
performance of the systems could be improved. By comparison with the chromophore
35, the absorption spectrum of 34 showed blue shift in both the solution state and
the solid state; this was probably because the triptycene groups created a relatively
nonpolar nanoenvironment for the donor. Due to the threading and IFVs effect of
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Table 8.2 Refractive indexes of the aromatic polyimides 25 and 26
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Fig. 8.10 Structures of the iptycene-based polyimides 27 and 28

Fig. 8.11 Structures of donor—acceptor copolymers 29 and 30

triptycene moiety, the system showed the excellent properties such as high thermal
stability and good compatibility, which made it potential candidate for device ap-
plications. Moreover, they also put forward a new possible poling mechanism for
triptycene-containing polymeric materials. There were two processes during poling,
including the orientational rotation of the chromophores and the local reorganization
of segments.
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Fig. 8.13 Structures of compounds 34 and 35

8.3 Porous Materials for Adsorption and Separation

The polymers of intrinsic microporosity (PIMs) with larger surface areas and pore
volumes along with ultramicroporous structure seemed to be promising candidates
for gas storage. Thus, Ghanem et al. [21] investigated the hydrogen adsorption of the
novel triptycene-based polymer (36, R =Et, Fig. 8.14), which contained intrinsic
microporosity and great surface area. The Brunauer—Emmett—Teller (BET) surface
area of 36 would reach to 1,064 m? g~! and 1,930 m? g~! displayed by the nitrogen
and hydrogen adsorption measurements at 77 K, respectively. Although a gap still
existed when it was compared with the best carbons or metal-organic frameworks
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Fig. 8.14 Structure of
triptycene-based polymer 36

OJ\"‘"
O.r\-f""

CN

36

(MOFs) adsorption materials, the PIMs 36 showed the better ability of adsorption
(1.65 % by mass at 1 bar) at low pressures than a common hypercross-linked poly-
mer, even any microporous material with the similar surface area. It was noteworthy
that the size of pores of PIMs 36 was strongly biased toward subnanometer pores,
which was revealed by the analysis about the low-pressure nitrogen adsorption data
via the Horvath—-Kawazoe method [22]. Furthermore, Horvath and Kawazoe [23]
also studied the adsorption capacity of other PIMs, which had different alkyl groups
at the bridgehead positions. As a result, the PIMs (36) with the shorter groups such
as methyl, or the branched groups such as isopropyl substituents, showed highest
hydrogen-adsorption capacities at low or moderate pressures (1.83 % by mass at
1 bar/77 K; 3.4 % by mass at 18 bar/77 K) compared with another purely organic
materials. Further analysis of data revealed that the high capacities of gas adsorption
related to a high concentration of subnanometer micropores, which could be con-
trolled by the varied length and the degree of grafting of the two side-moieties at the
bridgehead positions of the triptycene subunits.

Besides the triptycene-based polymers, Chong et al. [24] also designed a novel
kind of porous solid-state materials, triptycene-based nickel salphen complexes
3745 with different IMFVs (Fig. 8.15 and Fig. 8.16). With the comparison of the
varied salphen complexes for nitrogen adsorption studies, there were several aspects
which should be considered: (1) the requirement of triptycene moiety to form the
porosity in salphens, (2) the increasing number of salphen moieties, (3) the extended
triptycene to further create porosity and enhance the IMFV, and (4) the end-capped
bulky salicylaldehyde to enhance the porosity. Thus, only the complexes 39 and
41-45 with accessible IMVFs exhibited the discernible adsorption ability, and the
majority of their pores were microporous, which were obtained by the pore size
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Fig. 8.15 Structures of triptycene-based nickel salphen complexes 37-41

0 .

Fig. 8.16 Structures of triptycene-based nickel salphen complexes 42—45
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Table 8.3 H, adsorption properties of complexes 39—-45

Entry Complexes H, adsorption [cm?® g~ 112 Weight H, adsorbed [%]
1 39 6.7 0.1
2 41 21.2 0.2
3 42 52.4 0.5
4 43 49.8 0.4
5 44 84.3 0.8
6 45 121.0 1.1

®Measured at 1 atm. and 77 K

46

Fig. 8.17 Structure of fluorinated triptycene-based polyimide 46

distributions via the Horvath—-Kawazoe analyses. However, the case of H, differed
from that of the N, which related to surface area, the effect of aromatic rings also
determined the ability of H, adsorption. Thus, 45 with higher density of aromatic
rings showed greater capacity of H, (1.1 % by mass at 1 bar/77 K) than that of 44,
even though 44 with the larger surface area (Table 8.3).

In 2011, Cho and Park [25] reported that the fluorinated triptycene-based poly-
imide 46 (Fig. 8.17) showed the higher gas permeability, which was attributed to the
bulky 6 F~ groups to lead to the less packing efficiency and irregular free spaces.
With the studies of gas separation, it was found that 46 showed a high permeation
and excellent air-separation performance in the case of CO,/N; and CO,/CHy, even
beyond the upper bound of permeability—selectivity relations in polymeric thin films
which was established by Robeson [26]. In addition, 46 also showed strong tolerance
to CO, plasticization without significantly reduced selectivity, when the CO, fugac-
ity increased. The superior properties of gas separation along with the maintenance
of the local good mechanical characters made it a promising material for specific gas
separation.

Recently, Gong et al. [27] reported that the triptycene-based poly(aryl ether sul-
fone)s (47, Fig. 8.18) showed good water-swelling resistance with high thermal
stability and good mechanical strength. Moreover, the membranes of 47 maintained
high proton conductivity in a wide range of humidity (34-94 % relative humidity
(RH)) at 80°C. It was notable that the conductivity of membrane with low ion-
exchange capacity (IEC < 2.09) displayed more dependence on humidity than the
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47
Fig. 8.18 Structure of triptycene-based poly(aryl ether sulfone)s 47
Fig. 8.19 Structures of the

star-like triptycene-based
microporous polymers 48a, b

48a from 2,6,14-triiodotriptycene
48b from 2,6, 14-tribromotriptycene

high IEC one. The stable conductivity of high IEC membrane in a wide range of
humidity probably resulted in their good connectivity of proton paths and excel-
lent water-holding capability. They also tested the performance of the material 47
in Hy/O; fuel cell. As expected, the high proton conductivity at low humidity led
to good cell performance, the current density of membrane could reach to 222 mA
cm~2, under the 0.6 V cell voltages in 40°C, with 30 % RH. The performance made
it a promising material for the proton-exchange membrane fuel cell.

More recently, Zhang et al. [28] designed and synthesized a novel kind of
star-like triptycene-based microporous polymers (48a and 48b, Fig. 8.19) via the
nickel’-catalyzed Ullmann cross-coupling reactions from 2,6,14-triiodotriptycene
or 2,6,14-tribromotriptycene, respectively. These polymers with high BET surface
areas displayed the reversibly absorbable ability for H, and CO,, and the detail
data are shown in Table 8.4. Moreover, these gas-absorbing porous polymers also
showed good thermal stability. Thus, they could serve as the promising gas-adsorbent
candidates.
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Table 8.4 Gas adsorption properties of polymers 48a, b
Entry  Polymer  Sggr (m?g~!)  Weight H, adsorbed [%]*°  Weight CO, adsorbed [%]°

1 48a 1,305 1.60 16.15
2 48b 1,990 1.92 18.20

#Measured at 1 atm. and 77 K
"Measured at 1 atm. and 273 K

Fig. 8.20 Structure of
triptycene-based adamantoid
cage 49. (Reproduced from
[29], with the permission of
John Wiley and Sons)

49

Apart from PIMs based on iptycene moieties, the functionalized triptycene-based
adamantoid cage compound (49, Fig. 8.20), which was synthesized by Mastalerz
et al. [29] showed the CO,/CH4 adsorption ability as well. This purely organic
compound could selectively take up 9.4 wt% CO, and 0.94 wt% methane at 1 atm.
and 273 K. According to the further study, it was found that the selectivity probably
caused by the polar functional groups inside the cavity. Moreover, it was found that
the molecular cage also absorbed 5.6 mmol/g H, at 1 atm. and 77 K. In addition,
molecular cage 49 had a 1,566 m?/g BET surface area, which was the highest one
for a discrete purely organic compound material reported till date.

More recently, Zhao et al. [30] reported the first triptycene-based microporous
poly(benzimidazole) networks (50a, b), which was prepared by a one-pot reaction of
triptycene—hexaone derivative and dialdehyde in glacial acetic acid in the presence of
ammonium acetate (Scheme 8.2). It was noteworthy that the process of condensation
occurred smoothly without catalyst or template. Both of the polymers 50a and 50b
showed good hydrogen storage (1.57 wt% at 77 K and 1.0 bar) and carbon dioxide
affinity (14.0 wt% at 273 K and 1.0 bar) properties with the high BET-specific surface
area (600 m?>/g).
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Scheme 8.2 Synthesis of triptycene-based microporous poly(benzimidazole) networks 50
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Chapter 9
Iptycenes and Their Derivatives in Host—Guest
Chemistry

At the outset, the studies on iptycenes in host—guest chemistry were only confined to
the interactions between the phenyl rings of iptycene and guest molecule, and such
examples were also very limited. In 1998, Rathore and Kochi [1] reported the re-
versibly binding of triptycene-based radicals toward nitric oxide (NO), and found that
the process could be controlled by a simple temperature modulation. Moreover, the
process for the uptake of NO molecule went along with a distinct color change from
yellow to green or purple. However, it was also found that the NO was tightly bound
only at —30 °C due to the weak interactions between cofacial phenylene units of the
triptycene derivatives and NO. Soon after, Konarev et al. [2] investigated the com-
plexation of triptycene toward fullerene Cg, and found that the Cgy molecule in the
complex showed the freezing of free rotation even at 87 °C, which was revealed by the
infrared (IR) spectrum. The optical absorption spectrum also showed the low intensity
of the Cg transitions in the 420-500 nm range, probably as a result of the separation
of Cgyp molecules by the triptycenes along with the increasing Cgy—Cg( distances.
Actually, iptycene molecules have the three-dimensional rigid structures and rich
reactive positions, and it is believed that these features could make them promising
useful building blocks for the design and synthesis of novel hosts. Thus, Chen and
coworkers paid much attention to the synthesis and applications of novel triptycene-
derived hosts several years ago. Consequently, Chen’s group [3, 4] have succeeded to
develop several kinds of novel iptycene-derived hosts including triptycene-derived
crown ethers, calixarenes, heterocalixarenes, pentiptycene-derived hosts, and other
iptycene-derived macrocyclic hosts, which not only greatly enrich the research of the
iptycene chemistry, but also open the door for iptycene-based host—guest chemistry.

9.1 Triptycene-Derived Crown Ethers

9.1.1 Triptycene-Derived Cylindrical Macrotricyclic Polyethers

Cylindrical macrotricyclic polyethers [5] with one central cavity and two lateral cir-
cular cavities have attracted much attention in host—guest chemistry for their specific

C.-F. Chen, Y.-X. Ma, Iptycenes Chemistry, 251
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Scheme 9.1 Synthesis of triptycene-derived macrotricyclic polyether 1

topological features. However, the previously reported macrotricyclic polyethers are
all composed of two macrocycles linked by two bridges, which make their structures
be so flexible that their complexation with guests may be influenced. It is considered
that by the combination of four crown chains with the triptycene with three-
dimensional rigid structure, a new kind of macrotricyclic polyethers with specific
structures and properties could be developed. Thus, Zong and Chen [6] first designed
and synthesized a novel triptycene-derived macrotricyclic polyether 1 containing
two dibenzo-[24]crown-8 (DB24C8) moieties. As shown in Scheme 9.1, reac-
tion of 2,3,6,7-tetramethoxyl-9,10-dimethyl-anthracene and benzenediazonium-2-
carboxylate in the presence of propylene oxide gave the triptycene derivative 2 in 85 %
yield. The demethylation of 2 with boron bromide produced triptycene bis(catechol)
31in 94 % yield, which was then reacted with 8-tosyloxy-3,6-dioxaoctanol in the pres-
ence of K,COj3, and followed by a reaction with p-toluenesufonyl chloride to give
compound 4. The target molecule 1 was obtained in a 20 % yield by the further reac-
tion of 4 and 3 under a high dilution condition in the presence of cesium carbonate.
The X-ray crystal structure of compound 1 exhibited not only two lateral crown ether
cavities but also one rich-electron central cavity with a size of ca. 10.2 x 13.9 A2,
which could thus show specific complexation with different guests.

Zong and Chen [6] first tested the complexation between macrocycle 1 and
paraquat derivatives 5-7 (Fig. 9.1), and found that they could all form 1:1 complexes
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Fig. 9.2 Crystal structures of the complexes a 15 and b 1+7

in solution, which were determined by the molecular ratio plot based on nuclear
magnetic resonance (NMR) data. For the complex 15, the rates of complexation
and decomplexation were both slow at room temperature, and the association con-
stant (K,) was determined to be 4 x 10> M~!. Its single crystal structure (Fig. 9.2)
further showed that paraquat 5§ was included in the center of host 1, while the two
N-methyl groups were positioned in the two DB24C8 cavities, which led to a sym-
metrical pseudorotaxane-like structure. Moreover, the complex was stabilized by
multiple hydrogen (H) bonds and the m—x stacking interactions, which was con-
sistent with the result in solution. For the guests 6 and 7, it was found that their
complexation with host 1 all belonged to the fast-exchange system, which was dif-
ferent from that of complex 15, and showed relatively low association constants.
However, the X-ray crystal structure of complex 17 showed that the two N-octyl
groups of guest 7 threaded the two lateral DB24C8 cavities of host 1 to form a new
[2]pseudorotaxane-like complex, which was similar to that of complex 15 (Fig. 9.2).

Furthermore, Zhao et al. [7] found that the macrotricyclic host 1 could form sta-
ble 1:1 or 1:2 complexes with different functional paraquat derivatives 8-16 (Fig. 9.1)
via the different complexation modes in both solution and solid state. Firstly, it was
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Fig. 9.3 Crystal structures of the complexes a 1¢9, b 1+12, ¢ 114, and d 1-16

found that host 1 and the paraquat derivative 9 with two B-hydroxyethyl groups
formed a 1:2 complexes 19, in 1:1 chloroform/acetonitrile solution, along with
the charge transfer between the electron-rich aromatic rings of the host and the
electron-poor pyridinium rings of the guest, which resulted in a deep orange solution
immediately. The X-ray crystal structure of complex 19, showed that the two guest
molecules were included in the central cavity of the host to form a 1:2 complex,
and the two N-B-hydroxyethyl groups were located outside the cavity of the host
(Fig. 9.3), which was consistent with the result in solution. It was noteworthy that



9.1 Triptycene-Derived Crown Ethers 255

O~ Q

Hz  PFg

5/;\> \ e i PFg
o Q_/O \- /
Q_\;f_@ I
J Hz PF d
19
O~ :<< ¥
g} (O~
Q PFg

Fig. 9.4 Structures of secondary ammonium salts 17-21

N Iz

there existed not only C—H- - -O hydrogen-bonding interaction and w—m stacking
interaction between the host and the guest, but also C—H- - -O hydrogen-bonding
interactions between the two guests, which played an important role in the forma-
tion of the 1:2 stable complex. Likewise, host 1 and the guest 10 containing two
N-y-hydroxypropyl groups also formed a 1:2 complex under the same condition.
However, the guest 11 containing two N-w-hydroxyhexyl groups did not form 1:2
but 1:1 complex with host 1; meanwhile the guest 12 with one methoxy group
and guest 13 with two terminal methoxy groups could all form 1:1 complexes with
host 1. Moreover, other paraquat derivatives 14-16 containing terminal amide and
9-anthracyl-methyl group also formed the 1:1 complexes with host 1, in which the
guest molecule was included in the cavity of the host. Interestingly, the crystal struc-
tures of the complexes 1°12 and 116 also showed that the guest molecules were
only positioned at one side of the cavity of the host (Fig. 9.3).

Due to the macrotricyclic host 1 containing two DB24C8 moieties, Chen et al.
interestingly found that the host could also form 1:2 complexes with secondary am-
monium salts 17-21 (Fig. 9.4) in both solution and solid state. At first, Zong et al. [8]
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investigated the complexation between host 1 and the dibenzylammonium salt 17
and found that they could form a novel [3]pseudorotaxane-type stable complex 117,
in solution. The X-ray crystal structure showed that two guest molecules of 17 were
threaded symmetrically through the center of the DB24CS8 cavities of host 1, which
led to a “gull-wing” structure. There existed not only multiple noncovalent interac-
tions between the host and the guests, but also the m—m stacking interactions between
the two guests, which played important roles in the stability of the complex. Simi-
larly, they also obtained a series of new dendritic [3]pseudorotaxane-type complexes
from host 1 and the dendritic ammonium salts 18-20, which were evidenced by their
NMR spectra and mass spectra results. Moreover, it was interestingly found that host
1 could also form a 1:2 complex with (9-anthracylmethyl)benzylammonium salt 21,
in which the 9-anthracyl groups were selectively positioned outside the lateral crown
ether cavities [7].

It was known that the association and disassociation of the complex between
DB24C8 and secondary ammonium salt could be chemically controlled by pH [9],
which inspired Chen and coworkers to further study the competitive binding abilities
of host 1 toward propyl-substituted paraquat derivative 8 and dibenzylammonium
salt 17. Consequently, it was found that there existed a guest-exchange complexation
process between host 1 and the two different guests, which could be chemically
controlled by the simple addition of trifluoroacetic acid (TFA) and tributylamine
(TBA) [7].

To take advantage of electron-rich cavity of host 1, the complexation between
1 and the diquat 22 or the diquaternary salt of phenanthroline 23 (Fig. 9.5) were
also investigated. Consequently, it was found that both 22 and 23 could efficiently
form the 1:1 complexes with host 1 in solution and in the solid state. Since host
1 containing two DB24C8 moieties could form a complex with K* ions, and the
consequent complexation of the cations would introduce extraelectrostatic repellent
force to the cationic diquaternary guest molecules and dissociate the previously
formed host—guest complex. Moreover, it was also known that 18-crown-6 was a
very strong sequestering agent for K* ion. Thus, Han et al. [10] further investigated
the potassium (K) ion-controlled binding and release of the guest molecules in the
above complexes by the 'H NMR experiments. Consequently, the authors found that
the binding and release of the guests in the complexes could be easily controlled by
adding and removing the K ions (Fig. 9.6).

The X-ray crystal structure of complex 1422 showed that the diquat molecule
threaded from the central cavity of host 1 and occupied only half of the cavity, which
implied that there was still free volume available in the complex for the further inclu-



9.1 Triptycene-Derived Crown Ethers 257

18-Crown-

0 2) J h Eo oj CO Oj" E
INY ﬁﬂt@ é PONN!

0.0

1422 or 123 1+(K)2

Fig. 9.6 Process of ion-controlled binding and release of the guest in complex

(o] - o 0 0
H

(o] o O

‘\\...JE)N\.\;‘! A 22
WM\ CFyco/

R (n-CyHg)N
N\ \,|\‘|-\ ,_\ Y/ 22

O Q& O o,

[0 s} (0]

—/ uo\J

Fig. 9.7 Acid-base controlled selective complexation process between the ternary complex
containing benzidine and a binary complex

sion of another guest within the cavity of host 1. Consequently, Han and Chen [11]
investigated the complexation between host 1 and two different kinds of guests. As
expected, the authors found that host 1 could simultaneously bind diquat and electron-
rich aromatic molecules (benzidine, biphenyl-4,4'-diol, or 4,4’-dibutoxybiphenyl) to
form stable ternary complexes in both solution and solid state. The crystal structure
of the ternary complex revealed that both the charge-transfer interaction between the
electron-rich and electron-deficient guests, and the face-to-face m-stacking interac-
tions between the host and the two guests played an important role in stabilizing the
complex. Moreover, it was also found that the selective complexation process be-
tween the ternary complex containing benzidine and a binary complex between host
1 and biphenyl-4,4’-diaminium salt could be effectively controlled by the addition
of TFA and TBA (Fig. 9.7).

In 2007, Han and Chen [12] designed and synthesized a new triptycene-based
cylindrical macrotricyclic host 24 (Scheme 9.2) containing an anthracene unit and
two DB24C8 moieties. Similar to the synthetic method for macrocycle 1, host 24
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was easily synthesized in 24 % yield by the reaction between 9,10-dimethyl-2,3,6,7-
tetrahydroxy-anthracene and the compound 25 under a high dilution condition in the
presence of cesium carbonate. First, they tested the complexation between host 24
and pyromellitic diimide 26 (Fig. 9.8) in solution by the 'H NMR spectral method
and found that there was no obvious complexation between the host and the guest.
However, when lithium (Li) salt was added to the above system, the result showed that
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a novel complex formed, along with the color change of the solution from yellow to
blue. The crystal structures showed that in the absence of the Li ions, guest 26 lied out
of the cavity of host 24 to form an interesting sandwich structure with two molecules
of host 24; but in the presence of the Li ions, a novel cascade complex 24¢26+2Li*
was formed in the solid state (Fig. 9.9). Similarly, the authors proved that host 24 and
anthraquinone 27 could also form a stable cascade complex in the presence of K ions
in both solution and solid state. Similar to the complexation of host 1, macrocycle
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Fig. 9.10 Scheme
representation of switch
processes between host 24
and the guests 6, 26, and 27
controlled by adding and
removing cations

26 12-crown-4

24 could also form a stable 1:1 complex with paraquat derivative 6, and due to the
strong -7t stacking interactions between the anthracene ring of host 24 and the
aromatic rings of guest 6, the association constant (K, = (4.4 £0.7) x 10° M~
of the 1:1 complex between host 24 and guest 6 was almost twice as much as the
K, of the complex between host 1 and guest 6. Based on the fact that host 24 could
selectively complex with three different kinds of guests 26, 27, and 6 in different
modes, Chen et al. further investigated the switchable processes between different
complexation systems by 'H NMR-titration experiments. Consequently, they found
that the three switch processes could be efficiently performed by the addition and
removal of the cations, which is shown in Fig. 9.10.

Similarly, Han and Chen [12] found that macrotricyclic host 1 could also form the
pseudorotaxane-type cascade complexes with both anthraquinone 27 and its tetra-
azide terminal functionalized derivative 28 in the presence of K ions in solution and
in the solid state (Fig. 9.9).

According to the same method for the synthesis of host 1, Zhao et al. [14] con-
veniently synthesized a new triptycene-derived macrotricyclic host 29 (Fig. 9.11a)
containing two dibenzo-30-crown-10 (DB30C10) moieties. As expected, host 29 and
guest 17 could form a 1:2 stable complex in both solution and solid state. Interest-
ingly, it was also noteworthy that host 29 could selectively form a 1:2 stable complex
29+21, with two guests of 21 in solution and in the solid state, and the 9-anthracyl
groups of both of the molecules 21 in complex 29+21, were all selectively positioned
inside the lateral crown ether cavities (Fig. 9.11). It was further found that the com-
plexation and disassociation of complex 29+21, could be chemically controlled by
the addition of base and acid. Moreover, the complex 29+21, could serve as a selec-
tive supramolecular fluorescence probe for Ba?* ion, because two Ba>* ions could
form a 1:2 stable complex with the macrocyclic host 29, and the presence of Ba**
ion could subsequently induce the considerable fluorescence enhancement of the
complex 29+21, [13].



9.1 Triptycene-Derived Crown Ethers 261

a b
O 0 o © _//'. S N
J [ \) - _,f L
i L5 2 -
(0 Oj (0 oj A L
00 C..) L4 A

\ TN —
i ~ -

Fig. 9.11 Chemical structure of a macrotricyclic host 29, the crystal structures of complexes
b 29215, ¢ 29+17,, and d 29-2Ba?**2CH;CN

Afterward, Guo et al. [13] further found that the host 29 could form the stable 1:2
complexes with the paraquat derivatives 5, 6, 9, or 13 in solution and in the solid
state, which were obviously different from the 1:1 complexation mode of host 1
containing two DB24C8 moieties with the same paraquat derivatives. According to
the analyses of 'H NMR spectra, electrospray ionization mass spectra (ESI-MS) and
the X-ray crystal structures (Fig. 9.12), it was interestingly found that not only the
multiple intermolecular noncovalent interactions but also the anion— interactions
between PFg¢~ and the bipyridinium rings of the guests played important roles in
the formation of the complexes. This might represent the first examples of the host—
guest complexes which were stabilized by the anion—t interactions. Moreover, it was
further found that the binding and release of the guest molecules in the complexes
could be easily controlled by the addition and removal of K ions.



262 9 Iptycenes and Their Derivatives in Host—-Guest Chemistry

30-2Li*

Fig. 9.13 Graphic representation of Li* ion-controlled binding and releasing of guest 6 in complex
3046

Recently, Han et al. [16] also synthesized a new triptycene-derived macrotricyclic
host 30 containing two dibenzo-[18]-crown-6 moieties and found that host 30 could
form 1:1 complexes with different functional paraquat derivatives in solution, and the
association constants of the complexes were determined to be from (2.0 4 0.1) x 10?
to (1.440.1) x 103. However, it was interestingly found that depending on the
paraquat derivatives with different functional groups, the host could form stable 1:1
or 1:2 complexes with different complexation modes in the solid state, which was
significantly different from those macrotricyclic hosts containing two dibenzo-[24]-
crown-8 moieties [7] and two dibenzo-[30]-crown-10 moieties [15]. The formation
of the complexes was also proved by the ESI-MS and electrochemical experiments.
Moreover, it was found that the binding and release of the guests in the complexes
could be easily controlled by the addition and removal of Li ions (Fig. 9.13).
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In 2010, Guo et al. [17] also synthesized a novel triptycene-derived bis-
macrotricyclic host 31 containing two symmetrical macrotricyclic moieties. As
shown in Scheme 9.3, the macrocyclic compound 24 reacted with dimethyl
acetylenedicarboxylate, followed by dehydrolysis in acetic anhydride to give the
corresponding anhydride in 83 % yield for the two steps, which further reacted with
p-phenylenediamine to afford 31 in 59 % yield. As expected, host 31 could form a
stable 1:4 complex with 4 equivalents of the dibenzylammonium salt 17 in both solu-
tion and solid state. The single crystal structure of complex 31174 showed that two
dibenzylammonium ions were threaded through the centers of the DB24C8 cavities
of each macrotricyclic moiety in 31.

9.1.2 Tweezer-Like Triptycene-Derived Crown Ethers

In view of the fact that molecular tweezers [ 18—20] with a specific structure containing
a tether and two flat could exhibit a wide range of potential applications in biological
and supramolecular chemistry, Peng et al. [21] designed and synthesized a tweezer-
like host 32, which was composed of two triptycene units linked by two crown
ether chains. The synthetic route to host 32 was outlined in Scheme 9.4. Starting
from the triptycene derivative 33, the ester product 34 was obtained by the reaction
of 33 with 8-tosyloxy-3,6-dioxaoctanol in CH3CN in the presence of K,COj3, then
followed by the treatment with TsCl in CH,Cl, in the presence of Ag,O and KI.
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Fig. 9.14 The crystal structure of complex 32¢5

Finally, the target host 32 was obtained in 31 % yield by the reaction of 34 and 33
in N,N-dimethylformamide (DMF) in the presence of Cs,COj.

They first investigated the complexation ability of host 32 toward paraquat deriva-
tives with different functional groups in solution. Consequently, it was found that
host 32 could form a 1:1 stable complex with the paraquat 5, along with a swift
color change from pale yellow to a light red-brown probably as a result of the charge
transfer between the electron-rich aromatic rings of 32 and the bipyridinium rings
of guest 5. Similar to the complex 32¢5, the alkyl substituted paraquat derivatives 6
and 8 could also form 1:1 complexes with host 32, while for the paraquat derivatives
containing terminal vinyl group, hydroxyl, and anthracyl group, a similar but slightly
weak complexation with host 32 was observed. The single crystal of complex 32¢5
was also obtained, and the X-ray crystal structure (Fig. 9.14) showed that in one
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Scheme 9.5 Synthesis of triptycene-derived host 35

crystal cell, there were two tweezer-like hosts with different orientation, and each
host tweezered a bipyridinium guest by different complexation modes. Moreover, the
interactions between the bipyridinium rings and phenyl rings of triptycene units led
to a waveform structure, which could further form the two-dimensional layer viewed
along the c-axis and three-dimensional microporous network. Due to the guests con-
taining the well-known 4,4’-bipyridinium electro-active unit, their electro-chemical
behaviors in the absence and presence of the host were also studied. As a result, it
was found that the formation of the complexes could be caused by a charge-transfer
interaction, and the complexes could dissociate upon two one-electron reduction of
the bipyridinium salt.

In 2010, Jiang et al. [22] also synthesized a new triptycene-derived host 35 con-
taining a bisparaphenylene-34-crown-10 moiety by a sequence of reactions from
triptycene derivative 36 (Scheme 9.5). Studies on the binding properties of host 35
showed that it could form the corresponding 1:1 stable complexes with both the
paraquat 5 and the cyclo-bis(paraquat-p-phenylene) 39 via the different complex-
ation modes in solution and in the solid state. For guest 5, it was found that the
paraquat ring was located in about a crystallographic center of symmetry to form a
pseudosandwiched structure with the two triptycene moieties. However, in the case
of guest 39, the two triptycene moieties in host 35 were positioned in the same side
of the crown ether to form a tweezer-like cavity, and the two molecules (35 and
39) mutually acted as not only the host but also the guest to form a pseudoternary
complex (Fig. 9.15). Moreover, it was further revealed that both complexes 355 and
3539 were formed by charge-transfer interactions, without the dissociation upon the
first one-electron reduction process of the bipyridinium ring by their electrochemical
behaviors.

Based on the triptycene building block, Han and Chen [23] also reported a new
tweezer-like host 40 containing two DB24C8 moieties, which could be conveniently
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Fig. 9.15 a Chemical structure of cyclo-bis(paraquat-p-phenylene) 39, the crystal structures of
complexes b 355, and ¢ 3539

synthesized by the reaction of the triptycene derivative 41 and 2 equivalents of 1,2-
bis[2-[2-(2-tosyloxyethoxy)ethoxy]ethoxy]benzene under a high dilution condition
(Scheme 9.6). The host 40 exhibited the complexation toward both dibenzylammo-
nium salts and paraquat derivatives to form a bis[2]pseudorotaxane complex and a
stable clip-shaped complex in solution and in the solid state, respectively. Moreover,
the competitive binding ability of host 40 toward the two different kinds of guests
was also examined, and the result showed that the complexation process between
host 40 and guests 5 and 17 could be chemically controlled by simply changing the
solution pH with TBA and TFA (Fig. 9.16).

9.2 Triptycene-Derived Calixarenes

Due to the unique structural properties, convenient preparation, easy chemical
modification, and versatile platform in developing complexing agents for ions and
molecules, calixarenes [24] are also called as “the third generation of host molecules”
after crown ethers and cyclodextrins by Gutsche [25]. However, the calix[4]arene
has too small cavity to complex with ordinary organic molecules except for some
solvents, while calix[6]arene and larger calixarenes have so many conformations that
their cavities are actually difficult to be utilized as well. Thus, Chen and coworkers
envisioned that taking the place of one or more phenol groups in the calix[4]arene
by the triptycene moiety with the three-dimensional rigid structure could thus result
in a class of novel calixarenes with specific structures and properties.
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Fig. 9.16 The competitive complexation process between host 40 and guests 5 and 17 controlled
by the addition of TBA and TFA

Firstly, Chen and coworkers [26, 27] reported the synthesis of a series of
triptycene-derived calix[6]arene derivatives 42 and 43. As shown in Scheme 9.7, by
the one-pot reaction of the triptycene derivative 44 and p-¢-butylphenol in o-dichloro
benzene in the presence of 4-methylbenzenesulfonic acid, a pair of triptycene-derived
calix[6]arenes 42a and 43a could be obtained. 'H NMR spectra of macrocycles 42a
and 43a showed a big difference from each other, suggesting that they are a pair of
diastereomers. The crystal structures (Fig. 9.17) further proved that 42a was a cis
isomer with cone or boat conformation, and 43a was a trans isomer with partial cone
or chair conformation. Similarly, a pair of the triptycene-derived calix[6]arenes 42b
and 43b were also obtained in 17 and 11 % yield, respectively, by the one-pot reaction
of 44 and p-phenyl-phenol. On the other hand, the macrocycles 42 and 43 could also
be synthesized by a two-step fragment-coupling approach via the compounds 45a
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Scheme 9.7 Synthesis of triptycene-derived calix[6]arene derivatives 42 and 43

Fig. 9.17 Crystal structures of a 42a@2CH3;0H and b 43a@2H,0

and 45b, respectively. Compared with the one-pot reaction, the ready accessibility
of the [1 4 2] product 45, and the subsequent higher yields of cyclization reactions
displayed more practicality for the synthesis of the macrocycles.

The triptycene-derived calix[6]arenes not only have large enough cavities to
serve as hosts, but also have specific fixed conformations, thus they might easily
encapsulate small neutral guest molecules within their cavities in the solid state.
Consequently, it was found that 42a could encapsulate two CH3OH molecules in
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its cavity, while two H,O molecules were found in the cavity of 43a (Fig. 9.17).
These results had not been found in their corresponding classical calix[6]arene ana-
logues. Similarly, the other triptycene-derived calix[6]arenes could all accommodate
different small neutral molecules in their cavities in the solid state by the multiple
noncovalent interactions between the solvents and the macrocycle. Moreover, due
to their well-defined fixed conformations and sufficiently large electron-rich cav-
ities, the macrocycles 42b and 43b displayed the complexation properties toward
fullerenes Cgp and Cy9, which were revealed by the fluorescence method. The
results showed that 42b could form a 1:1 complex with Cgp, and the association
constant K, was determined to be (6.90 4 0.17) x 10* M~'. Under the same condi-
tions, macrocycle 42b and C, formed a 1:1 complex with the association constant of
(5.2240.20) x 10* M~!. Similar to the case of 42b, macrocycle 43b could also form
1:1 complexes with both Cgp and C7g, with the corresponding association constants
of (8.68 £0.30) x 10* M~! and (5.90 & 0.38) x 10* M~ respectively.

In addition, when the macrocycles 42a, b and 43a, b were treated with BBr3 in
dry CH,Cl,, the demethylated compounds 46 and 47 could be obtained with the high
yields, respectively. Moreover, the treatment of 46a and 47a with AICl; in toluene
at room temperature resulted in the debutylated products 48 (Scheme 9.8a) and 49
(Scheme 9.8b) in 61 and 54 % yield, respectively. Under the same conditions, it was
further found that the macrocycles 42a and 43a could be simultaneously debutylated
and demethylated to directly afford 48 (Scheme 9.8a) and 49 (Scheme 9.8b) in
moderate yields. Furthermore, the X-ray crystal structures (Fig. 9.18) showed that
a CHCI; molecule was accommodated in the cavity of 43b by virtue of a pair of
C-H: - -7 interactions between the proton of CHCl; and the phenyl rings of the
triptycene moiety. One water molecule could also be encapsulated within the cavity
of macrocycle 48 by the multiple H-bonding interactions.

Soon afterward, Tian and Chen [28] further synthesized a series of novel
calix[5]arenes 50a—c containing one 1,8-dimethoxytriptycene moiety by the heat-
induced fragment-coupling reactions (Scheme 9.9). Moreover, it was found that
when macrocycles S0a—c were treated with BBr; in CH,Cl,, the demethylated com-
pounds S1a—c were obtained in high yields. Then, the debutylated products 52a, b
could be further obtained in 82 and 75 % yields from S1a, b, respectively. Treatment
of macrocycles 50a, b with AICl; in toluene at room temperature straight produced
the debutylated and demethylated products 52a, b in high yields, respectively. Sim-
ilarly, it was also found that the triptycene-derived calix[5]arenes with fixed cone
conformations and large enough cavities could encapsulate the solvent molecules of
dichloromethane and methanol inside their cavities in solid state (Fig. 9.19).

Recently, Li and Chen [29] designed and synthesized a class of novel
triptycene-derived calix[6]resorcinarene-like macrocycles containing two triptycene
moieties and two p-substituted phenol moieties. As shown in Scheme 9.10, 2,7-
dimethoxyltriptycene reacted with hexamethylenamine in refluxed trifluoroacetic
acid, followed by the reduction of the aldehyde with sodium borohydride in the mix-
ture solution of MeOH and tetrahydrofuran (THF) to afford compound 56, which
was then reacted with the excess of p-substituted-phenols in toluene in the presence
of p-toluenesulfonic acid to give the compounds 55a—c in the yields of 54-78 %.



270 9 Iptycenes and Their Derivatives in Host—-Guest Chemistry

AlCly AICI3

OH toluene toluene OH
42a R=t-Bu R =t-Bu R=t-Bu 46a R ={-Bu 73%
42b R=Ph 46b R=Ph 78%

AICl

toluene toluene
R R =t{-Bu R=1t-Bu
43a R=1t-Bu

43b R=Ph

47a R =t-Bu74%
47b R=Ph 71%

Scheme 9.8 Demethylation and debutylation of macrocycles 42 and 43

Finally, the target calix[6]resorcinarene-like macrocycles 53a—c could be obtained
in 20-22 % yields by the reaction of compound 55a—c and 2,7-dimethoxyltriptycene
derivative 56, respectively. Moreover, the demethylated compounds S6a—c could be
afforded by the treatment of 55a—c with BBr3 in CH,Cl,. Based on the 'H NMR
spectra and crystal structures, it was also found that all of the macrocycles 55a—c
and the corresponding demethylated macrocycles S6a—c were the cis isomers with
the fixed cone conformation in solution and in the solid states. Furthermore, the
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Fig. 9.20 a Top view and b side view of the head-to-head dimer of 55a with CH,Cl, molecules
situated in the cavity

X-ray crystal structure showed that compound 55a could form a head-to-head dimeric
capsule with two CH,Cl, molecules inside the dimeric cavity, suggesting that the
C-H- - -O hydrogen-bonding interactions between the macrocycles and the C-H- - -C1
interactions between the macrocycles and solvent molecules played important roles
in the formation of the dimeric structure (Fig. 9.20).
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9.3 Triptycene-Derived Oxacalixarenes and Azacalixarenes

Heterocalixarenes [30-33], in which the carbon linkages between the aromatic units
are replaced by the heteroatoms, have attracted much attention in recent years for their
readily availability, structural diversities, tunable cavities, and potential applications
in supramolecular chemistry. However, most of the known heterocalixarenes have the
small cavities or flexible conformations, which subsequently limit their applications
in supramolecular chemistry. In recent years, Chen and coworkers revealed that
when a proper functionalized triptycene was used as the nucleophilic reagent to
react with proper electrophilic reagents, a new kind of novel heterocalixarenes with
large cavities and fixed conformations could be achieved, and they would also show
specific properties in supramolecular chemistry.

In 2007, Zhang and Chen [34] reported the synthesis of a series of extended
oxacalixarenes 59-61 with large cavities by the nucleophilic aromatic substitution
reactions of 2,7-dihydroxytriptycene 62 with proper electrophilic reagents in DMSO
or acetone in the presence of Cs,CO3 or K,COj3; (Scheme 9.11). The expanded ox-
acalixarenes could be obtained by a two-step method as well. As a result, when
compound 62 reacted with 2 equivalents of cyanuric chloride in THF in the presence
of diisopropylethylamine (DIPEA), and then followed by the further reaction with
62 in acetone at room temperature with DIPEA as a base, the target expanded oxa-
calixarenes 61a and 61b could be obtained in 12 and 15 % yield, respectively. The
further structural studies showed that the macrocyclic compounds 61a and 61b were
a pair of diastereomers, in which 61a was a cis isomer with boat conformation, and
61b was a trans isomer in chair conformation.

Recently, Hu and Chen [35] reported a new triptycene-derived oxacalixarene
63a (Fig. 9.21) containing two triptycene subunits and two naphthyridine sub-
units, which was conveniently synthesized by a one-pot coupling reaction of 2,7-
dihydroxytriptycene and 2,7-dichloro-1,8-naphthyridine in a refluxed 1,4-dioxane
solution in the presence of Cs,CO3. The structural studies indicated that the macro-
cycle adopted a fixed boat conformation even up to 380 K in solution, although
its cavity was expanded compared with those previously reported oxacalixarenes.
Moreover, the crystal structure (Fig. 9.21) showed that macrocycle 63a was a cis
isomer with a boat conformation and a cavity of 13.29 x 10.99 A% (wider rim) and
8.56 x 8.84 A? (narrower rim), and the nitrogen atoms of the 1,8-naphthyridine were
all positioned inside the cavity. These structural features indicated that the macro-
cycle could be a suitable host for encapsulating organic guests such as Cgp and Crp.
Consequently, it was found that 63a could form 1:1 complexes with both Cg and C7g
with the association constant K, of (7.5 £ 0.3) x 10* M~ and (9.0 £ 0.3) x 10*M~',
respectively. The stronger binding of 63a with C7y was most probably due to the
giant boat-like cavity of the host that complements the oval-shaped C7¢. This high-
efficient complexation ability toward Cgp and Cy also represented the first example
of the complexation of the oxacalixarene with the fullerenes.

The reaction conditions were important to the macrocyclization; therefore, Hu
and Chen [36] further found that when the reaction was carried out in a dimethyl-
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Fig. 9.21 a Chemical structure and b crystal structure of triptycene-derived oxacalixarene 63a
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Scheme 9.12 Synthesis of triptycene-derived oxacalixarenes 63a, b

sulfoxide (DMSO) solution at 105 °C, a pair of triptycene-derived oxacalixarenes
63a and 63b (Scheme 9.12) could be isolated in 17 and 9 % yield, respectively. The
structural studies of the macrocycles showed that they were a pair of diastereomers,
in which 63a was a cis isomer with a boat-like 1,3-alternate conformation, and 63b
was a trans isomer with a curved boat-like conformation in the solid state. Moreover,
both 63a and 63b had the fixed conformation in solution at room temperature, which
was revealed by the variable-temperature 'H NMR experiments. Due to the unique
structural features of the macrocycles, both of the oxacalixarenes exhibited the abil-
ities to form 1:1 complexes with paraquat derivatives containing different terminal
functional groups in solution and in the solid states, which resulted in formation of a
series of [2]pseudorotaxane-type complexes. Interestingly, it was further found that
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association/dissociation

the controlled dethreading/rethreading processes of the resulting [2]pseudorotaxanes
could be easily achieved by the acid-base stimuli or Hg>* association/dissociation
(Fig. 9.22).

Azacalixarenes, another important class of heterocalixarenes with the unique fea-
ture of bridging nitrogen atoms are potential candidates for molecular recognition
and assembly. However, the properties of small cavities or nonfixed conformations
limit their further applications as well. Therefore, based on the building blocks of
2,7-diaminotriptycene 64a and its analogue 64b containing an o-dimethoxybenzene
subunit, Xue and Chen [37] designed and synthesized several pairs of novel
triptycene-derived N(H)-bridged azacalixarenes 65—-68 by both the one-pot (Scheme
9.13) and two-step fragment-coupling (Scheme 9.14) approaches. Due to the three-
dimensional rigid structure of triptycene, the macrocyclic compounds all adopted
fixed conformations in solution and in the solid state. Moreover, the X-ray crys-
tallographic analyses further revealed that the cis isomers with boat conformations
and large enough cavities all exhibited the capability of encapsulating methanol or
acetone molecules inside their cavities. Interestingly, it was also found that two
molecules of 66a could form a dimer through the 0%~ - -N** and O®~- - -C** interac-
tions, and two acetone molecules and two dichloromethane molecules were situated
in its cavity (Fig. 9.23).

9.4 Other Triptycene-Derived Macrocyclic Hosts

In 2008, Xue and Chen [37] reported the synthesis of two novel triptycene-derived
tetralactam macrocycles 69a, b (Fig. 9.24) by a one-pot [2 + 2] cyclization reaction
of pyridine-2,6-dicarbonyl dichloride and 2,7-diamino-triptycene in dry THF in the
presence of Et;N. Macrocycles 69a, b were a pair of diastereomers with highly
symmetric structures, in which 69a was a cis isomer with cone conformation, and
69b was a trans isomer with chair conformation. With these macrocycles 69a, b
in hand, Chen et al. first tested their complexation with squaraine 70 (Fig. 9.24),
which was a kind of fluorescent near-IR dyes with specific photophysical properties
for wide potential applications. Consequently, it was found that both of macrocycles
69a, b were highly efficient hosts for complexation toward squaraine to form a new



9.4 Other Triptycene-Derived Macrocyclic Hosts 277

1 £
N N
HNANJ\NH =] HN N/’L“NH
i Q R |/
R ” 0 R Q ~-R
+
R B g I B R B |~ R
fn 7|
AN__N< N HN—zN~ N =
\IFJH T TH
Ny N Ny N
Cl of
65a R =H, 27%; 67a R = OMe, 20% 65b R =H,16%; 67b R = OMe, 18%
cyanuric chloride
DIPEA
THF, r.t.

o
TR

R N

=
NH,
64a R = H; 64b R = OMe
1,5-difluoro-2 4-dinitrobenzene

DIPEA
THF, reflux

0N NO, OZN:I@NOZ
’ HNJ@NH ’ HN NH
R
R R q —~ R
m‘ 4’0 R + o ‘ | ‘}I | A~r

7|
HN N =
wos, o
66a R =H, 19%; 68a R = OMe, 16% 66b R = H, 8%; 68b R = OMe, 9%
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approach

kind of stable pseudorotaxane-type complex in both solution and solid state, which
could subsequently protect the dye from polar solvents as well. The association con-
stants between the hosts and the squaraine in chloroform were determined to be
(6.84+0.3) x 10° M~! for host 69a and (1.3 +0.3) x 10° M~! for host 69b. Inter-
estingly, it was further found that in the complex 69a*70a the guest protons showed
two sets of signals, which implied that half of the guest molecule was positioned at
the wide rim of the macrocycle, whereas the other half was at the narrow rim. Thus,
the guest could display environment-induced asymmetry upon complexation with
the host 69a, due to the cone conformation of 69a.
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Furthermore, Xue et al. [39] studied the complexation between the two macro-
cycles and more squaraine dyes containing different terminal groups in details, and
then designed and constructed a series of squaraine-based [2]pseudo-rotaxanes and
[2]rotaxanes. Consequently, it was found that squaraine 70b containing smaller ter-
minal groups could thread the wheels 69a, b to form [2]pseudorotaxane complexes.



9.4 Other Triptycene-Derived Macrocyclic Hosts 279

= =
ol I o o l_ Il o

N P P

NO n, N NH N HN
o o] o T o
Z =
69a 69b
& i o T0aR=R'=H; 70bR=R'=CH;,
TN O 0 C _N{_ 70cR=R'=CyHs; 70d R=R'=CyH;
R—/ ! \_g  T70eR=R=CgHs  70f R=CeHs R'=H
o 70g R = CgHs, R' = C3H;
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For 70c, it could penetrate through macrocycle 69b to afford a [2]pseudorotaxane-
type complex 69b*70c, while no insertion process between 69a and 70c was found
unless the mixture of 69a and 70c in CDCl; was heated at 60 °C for more than
6 days. However, there were no complextion behaviors between hosts 69a, b and
squaraines 70d and e even after the mixtures were heat to 60 °C for several days,
which suggested that the N, N-bis(n-butyl) and N, N-bis(benzyl) groups were large
enough to prevent the squaraines to form [2]rotaxanes with the macrocycles 69a, b
via the slippage method. Similarly, the squaraine 70g with two different bulky
stoppers could not form [2]pseudorotaxane complexes with hosts 69a, b as well.
Moreover, for the mixed system of host 69a and guest 70f, it was found that there
were two new sets of resonances in the 'H NMR spectrum, and the intensity of one
set was higher than the other one, suggesting that two isomeric [2]pseudorotaxane
complexes based on 69a and 70f were obtained, and the complexation showed a
slight selectivity.

According to the above results, squaraines 70d, 70e, and 70g containing bulky
stopper groups were further chosen as the templates to synthesize [2]rotaxanes via
the clipping reactions. Consequently, it was found that when 70d was used as the
template, two [2]rotaxanes 71a, b as a pair of diastereomers could be formed by
the condensation reaction of pyridine-2,6-dicarbonyl dichloride and 2,7-diamino-
triptycene (Scheme 9.15). Similarly, a pair of isomeric [2]rotaxanes 72a and b were
obtained with squaraine 70e as the template. In the case of the nonsymmetrical
squaraine 70g, three isomers 73a—c (Scheme 9.16) were simultaneously obtained by
the templated synthetic approach. Moreover, it was found that the chemical stabilities
of [2]rotaxanes 71-73 were all increased relative to the free squaraines, and they
could further self-assemble into a secondary arrangement, which will be depicted
in the following section about self-assembly with details. It was also found that
the macrocyclic compounds could efficiently protect the squaraine dyes from polar
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solvents, and the attack by the nucleophilic species. Furthermore, the frans isomers
seemed to be protected more efficiently than those of the cis isomers, partially due
to the location of macrocycle 69b on both sides of the cyclobutene core of squaraine
dyes [39].

In 2007, Zhang and Chen [40] designed and synthesized a novel nanosized
cage 74 by the copper-mediated modified Eglington—Glaser oxidative-coupling
method. As shown in Scheme 9.17, by the palladium-catalyzed coupling reaction
of 2,7,14-triiodotriptycene with the singly protected 1,3-diethynlbenzene, and then
deprotection with tetrabutylammonium fluoride (TBAF) in THF, the molecular cage
74 was finally obtained by the oxidative coupling of 75 in pyridine in the presence
of CuCl/Cu(OAc),. The structure of the molecular cage was determined by NMR,
mass spectrometry (MS), and X-ray analysis. Moreover, the crystal structure of 74
showed that the cage molecules with a helical chiral feature could complex with
1,3,5-trimethylbenzene in the solid state.
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9.5 Pentiptycene-Derived Hosts

Compared with triptycene, the synthesis of pentiptycene-derived hosts and their
applications in host—-guest chemistry are still much less explored. However, the
pentiptycene has the unique H-shaped structure, which is inherently different from
the Y-shaped scaffold of triptycene. Thus, pentiptycene derivatives can be used as a
new class of useful building blocks for construction of novel hosts as well. As aresult,
a series of novel pentiptycene-derived hosts have been designed and synthesized by
the use of peripherally substituted pentiptycene derivatives as building blocks.

In 2009, Cao et al. [41] first reported the design and synthesis of a novel
pentiptycene-derived bis(crown ether) 76 with two DB24C8 moieties in cis posi-
tion by the reaction between the pentiptycene bis(catechol) 77 and bistosylate 78
under high dilution conditions in the presence of cesium carbonate (Scheme 9.18).
It was interestingly found that host 76 exhibited high ability to bind tetracationic
cyclobis(paraquat-p-phenylene) (CBPQT) 39 to form a 1:1 stable complex 76+39 in
both solution and solid state, which represented the first example of a synthetic host
that had the cavity to accommodate the CBPQT** ring. The single crystal structure
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of the complex revealed that the CBPQT** ring could act as both a guest toward
the pentiptycene-based bis(crown ether) and a host toward one aromatic ring of the
DB24C8 moieties, which resulted in the formation of a pseudoternary complex in
the solid state. Moreover, it was also found that formation of complex 7639 was
caused by charge-transfer interactions, which revealed by the electrochemical be-
havior of CBPQT** in the absence and in the presence of the pentiptycene-derived
crown ether.

According to the similar synthetic approach to that of 76, Cao et al. [42] also
synthesized the pentiptycene-derived mono(crown ether)s 79 and 80 (Fig. 9.25), and
studied their complexation with CBPQT** 39. Similar to the pentiptycene-derived
bis(crown ether) 76, it was found that both the mono(crown ether)s 79 and 80 could
bind CBPQT** to form the 1:1 complexes in solution with the association constants
of (2.5240.04) x 10> M~! and (1.07 £ 0.06) x 103> M~!, respectively. Especially,
the crystal structures showed that in the complexes 7939 and 8039 (Fig. 9.26), half
of the CBPQT** ring was included in the cavity of 79 or 80, while one benzene ring
of the pentiptycene framework was positioned inside the cavity of the CBPQT**
ring, which resulted in not only the pentiptycene-derived mono(crown ether), but
also the CBPQT** moiety in the complexes to be acted as both hosts as well as the
guests. Likewise, the electrochemical experiments suggested that both complexes
were stabilized by the charge-transfer interactions.



9.5 Pentiptycene-Derived Hosts 283

PdIC, H,
CH3OH/CH,Cl, _ LS 0\/f’\0/\}E/OT5
98% = O/\f/O\A/\OTs
78

T6R = CHQCHzOMe
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Besides the CBPQT, Cao et al. [43] also found that the tweezer-like pentiptycene-
derived mono(crown ether) 79 could bind paraquat derivatives with different
functional groups to form the 1:1 stable complexes in solution and in the solid state.
The X-ray crystal structure of complex 7916 (Fig. 9.27) showed that the guest po-
sitioned in the cavity of the tweezer-like pentiptycene-derived mono (crown ether),
and was adjacent to the DB24C8 moiety. The bipyridinium unit in the complex was
distorted by an 18.76° dihedral angle between the bipyridinium rings. The elec-
trochemical experiments further suggested that the complexes between 79 and the
paraquat derivatives were formed by the charge-transfer interactions, and the com-
plexes were dissociated upon two one-electron reduction of the bipyridinium ring.
Moreover, it was also found that the binding and release of the paraquat could be
easily controlled by addition and removal of K ion (Fig. 9.28).

Similar to the synthetic method to 76, Cao et al. [44] recently also synthesized
the pentiptycene-derived bis(crown ether)s 81 and 82 (Fig. 9.29) containing two
24-crown-8 moieties in the cis or trans position, respectively. At first, the authors
found that the bis(crown ethers) 81 could bind CBPQT** salt to form a 1:1 complex
8139 in solution with the association constant of (1.4 +0.1) x 10> M~!. However,
a 1:2 complex 82+39, between the bis(crown ethers) 82 and CBPQT** salts was
formed, with an average association constant of (7.4 £ 0.2) x 10°> M~ in a different
complexation mode. The single crystal structure of complex 82¢39, showed that the
triptycene-like crown ether moiety of one side of 82 and the pentriptycene scaf-
fold of its adjacent molecule formed an open cavity, in which one CBPQT** ring
was included. Meanwhile, the terminal benzene ring of each DB24C8 moiety of 82
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Fig. 9.26 Crystal structures of complexes a 7939 and b 8039

was positioned inside the cavity of the CBPQT** ring. Moreover, it was also found
that the binding and release of the CBPQT** ring in the complexes based on the
pentiptycene-derived bis(crown ether)s could be efficiently controlled by adding and
removing K ions, and this complexation behavior with metal ions played important
roles in carrying out this process. Interestingly, it was further found that this switch-
able process between two different complexes 81239 and 39+83 could be efficiently
performed by adding and releasing the K ions, and the role of the CBPQT** ring
acting as a host or a guest could thus be changeable in the supramolecular system
(Fig. 9.30).
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Fig. 9.29 Structures of pentiptycene-derived bis(crown ether)s 81 and 82

As mentioned in the previous chapter, Cao et al. [45] synthesized a series
of pentiptycene-derived rigid tweezer-like molecules incorporating the nitrogen-
containing heterocyclic rings. Especially, molecular tweezer 84 (Fig. 9.31) was found
to show the complexation ability toward Cg in solution with an association constant
of 3.5 x 10° M~! for the 1:1 complex 84@Cgy. The —m interactions and the van
der Waals forces between the sterically fitted concave and convex w surfaces of the
pentiptycene and triptycene moieties and Cgp probably played important roles in the
formation of complex 84@Cg.
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Chapter 10

Iptycenes and Their Derivatives in Molecular
Self-Assembly

10.1 Self-Assembly in Crystal

The unique three-dimensional rigid structural features of iptycenes and their deriva-
tives make them promising candidates as the building blocks for the formation of a
variety of supramolecular structures in the solid states via self-assembly.

In 1986, Bashir-Hashemi et al. [1] found that the tritriptycene 1 could pack
into a channel-shaped three-dimensional structure filled by the disordered acetone
molecules, in which the w— interactions between the phenyl rings of molecule 1
played the key roles. Similarly, Venugopalan et al. [2] reported the crystallographic
investigation of heptiptycene 2, which was crystallized from its chlorobenzene solu-
tion. The authors found that molecule 2 could pack into the zigzag ribbons in the solid
state, which further self-assembled into the channels separated by the chloroben-
zene molecules via the T-shaped fashion interactions between the hydrogen atoms of
chlorobenzene and the aromatic rings of 2. In addition, Lu et al. [3] found that the do-
decaphenyltriptycene 3 with the enhanced size of the clefts could also self-assemble
into the well-ordered extended structure in the solid state. The channel-shaped void
spaces were almost filled with the benzene molecules, and the 7—7 interactions be-
tween the solvent molecules and the phenyl rings of 3 stabilized this crystal packing
(Fig. 10.1).

In 1999, Hashimoto et al. [4] investigated the crystal structures of triptycene
quinone 4a (TPQ) and its 6,7-dimethyl derivative 4b. They found that there existed
weak intermolecular m—m interactions between the quinone and benzene moieties
in 4b, which resulted in its ribbon-like self-assembled structure. Meanwhile in the
crystal of 4a, there were also the similar 7—s interactions and the similar ribbon-
like arrangement as those of 4b. However, the donor part of 4b containing higher
electron density resulted in the shorter interplanar distance, which might be caused
by the enhanced donor—acceptor interactions. Both the ribbon-like self-assembled
layer structures of 4a and 4b could further form the three-dimensional structures
by the connection of C—H- - - O hydrogen bonds between the adjacent triptycenes
(Fig. 10.2).

Soon later, Hashimoto et al. [5] further studied the self-assembling of two
TPQ’s derivatives 5a and Sb (Fig. 10.3), and found that both compounds exhibited
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Fig. 10.1 Structures of a tritriptycene 1, b heptiptycene 2, ¢ dodecaphenyltriptycene 3, and
d packing diagrams of 3
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Fig. 10.2 Solid-state extended structures of a 4a and b 4b
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Fig. 10.3 Structures of

compounds 5 and 6 R
R NC
/ CN
/
NC
5aR=Me, R'=H 6aR=H
5bR=R'=Me 6b R = OMe

the ribbon-like structures formed by the weak face-to-face m—m interactions
between the electron donor (D, substituted benzene) and electron acceptor
(A, quinone). However, it was found that 9,10-dihydro-9,10-o0-benzeno-1,4-bis
(dicyanomethylene)anthracene 6 (TP-TCNQ, Fig. 10.3) showed the weak inter-
molecular charge-transfer (CT) interaction in the crystals along with the significant
color change (wine red in solution, whereas dark blue in the solid state). In the case
of the clathrates of 5,8-dimethyl-TPQ Sa and 5,8-dimethoxy-TP-TCNQ 6b, it was
also found that there were D—A interactions which led to the ribbon-like stacks in
the solid state. Moreover, all of the ribbon-like structures could further be connected
by the hydrogen-bonding interactions between the adjacent molecules to afford the
three-dimensional extended supramolecular structures.

In addition, Yamamura et al. [6] also studied the binary crystal of TPQ 4a (R = H)
and TPHQ 7, which were found to be a substitutional solid solution of 4a doped by
compound 7. It was further found that there was an intermolecular CT interaction be-
tween p-benzoquinone and hydroquinone moieties in the binary crystal of 4ag 37,
which was revealed by the bathochromic changes of color (from yellow to brown,
Fig. 10.4) of the crystal.

Besides the weak D—A stacking, Veen et al. [7] took advantage of the m—m in-
teractions between the three concave faces of triptycene and the convex surface of
Ceo to produce a specific self-assembled structure as well. There were different self-
assembled modes in the mixture systems of triptyceneeCg and azatriptyceneeCg. In
the crystal of the triptyceneeCgy, it was found that the two triptycene molecules en-
capsulated one Cgp molecule. The triptycene molecules could arrange in a sheet-like
layer structure with the antiparallelism, and the o-xylene molecules filled the voids
of this double layer between the triptycene molecules (Fig. 10.5a). For the latter,
there were no solvents included in the crystal structure, but it was found that three
azatriptycenes surrounded one Cgyp molecule; meanwhile three Cg surrounded one
azatriptycene, which resulted in the hexagonal close-packing pattern of a particular
layer. Moreover, the layers further arrayed in an ab-repeating arrangement to form a
supramolecular structure as shown in Fig. 10.5b.

In 2007, Chong and MacLachlan [8] reported the well-ordered solid-state ex-
tended structures of a series of iptycene derivatives 8a—e (Fig. 10.6) containing
pyrazine groups with different sizes. They found that these compounds 8a—d could
pack into the layered structures by the intermolecular w—m stacking in the solid state.
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Fig. 10.4 Photographs of crystals of pure TPQ, solid solution, and pure TPHQ. (Reprinted from
[6], with permission from Elsevier)

Fig. 10.5 Packing arrangements for (left) triptyceneeCgpe0-xylene viewed along the b-axis and
(right) azatriptyceneeCg viewed along the c-axis

Also, the increased pyrazine groups or triptycenyl moieties could lead to the com-
parative orderless package, while the enhanced length of the wings was beneficial to
the effective packing. Furthermore, the voids between the iptycenes in the solid state
were filled with solvent molecules, especially for compound 8d. However, for the
compound 8b, the filled package of solvent molecules displayed the dependency on
the varied solvents. When it was crystallized from acetonitrile solution, the crystal
would contain the guest solvent molecules; while the compound 8b crystallized from
tetrahydrofuran (THF) was solvent free.

In 2000, Yang et al. [9] designed and synthesized the triptycene-derived and
pentiptycene-derived secondary diamides 9a and 9b (Fig. 10.7), and also studied
their self-assemblies in the solid state. For the triptycene-derived secondary diamide
9a, the intermolecular edge-to-face arene—arene interactions led to the folded con-
formation, meanwhile the amide—amide hydrogen-bonding interactions between the
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Fig. 10.7 Structures of iptycene-based secondary diamides 9a and 9b

adjacent molecules resulted in a chain-like extended structure. Furthermore, it was
found that the packing arrangement was different in varied solvents, such as in
methanol-toluene, the toluene molecule could fill in the channels of the crystal;
whereas in pure methanol system, the crystals were found to be solvent-free. On
the other hand, for pentiptycene-derived secondary diamide 9b, it had not shown the
similar hydrogen-bonding networks to that of 9a. The self-assembled structure of 9b
in the solid state seemed to be almost dominated by the molecular stacking interac-
tions: firstly, the upright stacking of the pentiptycene groups led to one-dimensional
pillars, then the pillars further assembled to form the zigzag pentiptycene walls and
channels by the stacking of N-acetylsulfanilyl substituents. The void spaces in this
novel grid-like channel network of 9b were filled by the guest solvent molecules
(methanol) as well.

Soon afterward, Yang’s group [10] further investigated the self-assemblies of
a series of triptycene-derived or extended triptycene-derived secondary dicarbox-
amides 10-14 (Fig. 10.8). The triptycene derivatives 10, 11, and 17-18 were
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14 Y 15 16

Fig. 10.8 Structures of triptycene-derived or extended triptycene-derived secondary dicarboxam-
ides 10-14

synthesized by the reaction of precursor 7 with the corresponding 4-acetamido-
benzoic acid in the presence of dicyclohexylcarbodiimide (DCC) and the catalytic
amount of N,N-4-dimethylaminopyridine (DMAP) or the reaction of 7 with sub-
stituted benzenesulfonyl chlorides in the presence of K,COs, respectively (Scheme
10.1). Compound 19 was obtained by the reduction of nitro group in 18 with tin"!
chloride, and then the resulting compound 19 underwent the reaction with benzoyl
chloride to afford the target compound 12 (Scheme 10.2). The extended triptycene
derivatives 13 and 14 were prepared starting from the corresponding extended trip-
tycene quinones. The single crystals of compounds 12—-14 were obtained by the slow
evaporation of the solvent at room temperature, and the crystal structures displayed
that both of the compounds 12—14 could self-assemble into the folded and compact
structures. Compared with the reference compounds 15-16 (Fig. 10.8), it was found
that both the amide—amide hydrogen bonding, edge-to-face arene—arene interactions
between the triptycene and the N-acetylsulfanilyl groups, and the sulfonyl ester turn
units played the essential roles in the formation of folded packings in the solid state.
Moreover, the solvent molecules could serve as guests to fill in the voids of the
lattices of 10-12.

Recently, Zhang and Chen [11] reported the selective synthesis of a series of
adducts 23-24 between 2,7-dihydroxytriptycene 20 and 2,7, 14-trihydroxytriptycene
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Scheme 10.2 Synthesis of triptycene-derived secondary dicarboxamide 12

21 with acetone and/or 4,4-bipyridine 22 (Fig. 10.9), and their self-assembling
into high-order supramolecular structures in the solid state. It was found that the
components of the adduct 23b including two molecules of 20, two molecules
of 22, and one molecule of acetone were independent on the stoichiometries be-
tween 20 and 22 to a certain extent, meanwhile different stoichiometries between
2,7,14-trihydroxytriptycene 21 and 4,4’-bipyridine 22 in acetone resulted in dif-
ferent adducts 24b and 24c, respectively. Moreover, the crystal structures showed
that all of the adducts could self-assemble into ladder-like and/or three-dimensional
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Fig. 10.9 Top: chemical structures of 20-22. Bottom: representation of selective synthesis of
adducts 23a, b and 24a—c

network supramolecular structures (Fig. 10.10), and the multiple noncovalent inter-
actions including the competitive O—H- - - O and O-H- - - N hydrogen bonds between
the hydroxyl-substituted triptycenes with 4, 4'-bipyridine and the solvent molecules
play important roles in controlling the formation of superstructures.

In 2007, Zhang and Chen [12] synthesized a series of expanded oxacalixarenes
25-27 (Fig. 10.11) by utilizing 2,7-dihydroxytriptycene as the nucleophilic reagent
instead of m-diphenol for the SNAr reaction in dimethyl sulfoxide (DMSO) in the
presence of Cs,CO3 or K,COs3. The SyAr reaction of 2,7-dihydroxy-triptycene with
a proper electrophilic component gave a pair of diastereomers a and b (Fig. 10.11),
in which a was a cis isomer with boat conformation, and b was a trans isomer with
chair conformation. In the case of 26b, a dynamic interconversion between boat
and chair conformations could be proposed based on the studies of the variable-
temperature NMR spectra and X-ray crystal structure. Moreover, it was also found
that the expanded oxacalixarenes 25a, 25b, and 27a could all form tubular assemblies
and further porous architectures (Fig. 10.12). In the case of 25a, it could assemble into
organic tubular structure with the aromatic rings as the wall, and the nitrogen atoms
of the pyridine rings all point inward the tube, and the multiple chlorine bonding
including C-Cl- - - Cl, C-Cl- - - O, and C—Cl. - - 7r interactions played important roles
in formation of the assembly. Likewise, the macrocyclic molecules 25b and 27a
could also assemble into organic tubular structures and further porous architectures
via multiple intermolecular chlorine-bonding interactions.

Actually, Zong et al. [13] also found the similar self-assembled tubular structure in
the crystal of complex 28 (Fig. 10.13a) formed by the triptycene-derived macrotri-
cyclic host and the dibenzylammonium salts in 2006. As shown in Fig. 10.13b,
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Fig. 10.10 Crystal packings of a 23a and b 23b

the macrocyclic molecules could pack into tubular channels with the four aromatic
rings as the wall, which further extended in the crystallographic a direction with
the ammonium ions threaded inside. Similarly, Guo et al. [14] also found that the
macrotricyclic host 29 could pack into a tubular channel, which further extended in
the crystallographic b direction with two guests of the paraquat derivative 30 threaded
inside the central cavity of the host (Fig. 10.13c).

In 2009, Tian et al. [ 15] reported a class of novel triptycene-derived calix[6]arenes
31 and 32 (Fig. 10.14) containing two 1,8-dimethoxytriptycene moieties and two
p-t-butylphenol moieties, and also investigated their self-assembled behaviors in the
solid state. As shown in Fig. 10.15, both the cis isomer 31 with cone conformation
and the frans isomer 32 with a chair conformation could self-assemble into tubular
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Fig. 10.12 Porous architectures self-assembled by a 25a and b 27a

structures with the aromatic rings as the walls and phenolic oxygen atoms situated
in their cavities. Moreover, the tubular assemblies could stack into two-dimensional
superstructure, and further three-dimensional microporous architecture. In addition,
it was also found that there were solvent molecules situated in the channels, and the
multiple noncovalent interactions between the solvent molecules and the macrocyclic
molecules played important roles in formation of the tubular assemblies, and the
further high-order self-assembled architecture.

Furthermore, Chen and Tian [16] also investigated the self-assembled behaviors of
triptycene-derived calix[6]arene 33a, and the demethylated calix[6]arenes 33b and
33c (Fig. 10.16) in the solid state. It was found that trans-isomeric macrocycle 33a
could not form a self-assembled tubular structure similar to that of 32. However, by
virtue of a pair of C—H- - - O hydrogen bondings between the aromatic proton of the
phenol ring in one macrocycle and the phenolic oxygen of its adjacent macrocycle,
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Fig. 10.13 a Chemical structures of complexes 28, host 29 and guest 30. b Tubular channel-
like assemblies of complex 28 viewed along the a-axis. ¢ The self-assembled tubular structure of
macrocyclic host 29 with guest 30 situating inside the channels viewed along the b-axis

Fig. 10.14 Structures of triptycene-derived calix[6]arenes 31 and 32
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Fig. 10.15 Top views of tubular self-assemblies of 31 a without and b with the solvents situated
inside the channel and 32 ¢

33bR =t-Bu
33cR=H

Fig. 10.16 Structures of triptycene-derived calix[6]arenes 33a—c

and the w—m interaction between the phenyl rings of the adjacent triptycene moieties,
the molecule 33a could self-assemble into a one-dimensional supramolecular struc-
ture, and further microporous architecture (Fig. 10.17a). Similarly, cis-isomeric
calix[6]arenes 33b and 33c could also self-assemble into the tubular structure similar
to that of 32a. However, it was found that 33b with a typical cone conformation and
a highly symmetrical C,, space group could form three-dimensional microporous
architecture (Fig. 10.17b) via the multiple noncovalent interactions between the
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Fig. 10.17 The three-dimensional microporous structures of a 33a viewed along the b axis and b
33b viewed along the a axis
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Fig. 10.18 Structures of NH-bridged azacalix[2]triptycene[2]pyridines 34a and 34b

adjacent macrocyclic molecules, and the self-assembled structure was different
from that of the frans-isomeric macrocycle 33a with a chair conformation.
Recently, Xue and Chen [17] designed and synthesized a pair of novel triptycene-
derived azacalixarenes, NH-bridged azacalix[2]triptycene[2]pyridines 34a and 34b
(Fig. 10.18) by a one-pot reaction between 3,5-dicyano-2,6-dichloro-pyridine and
2,7-diaminotriptycene in dry acetonitrile in the presence of diisopropylethylamine
(DIPEA). They also obtained the crystals of 34a suitable for X-ray crystallographic
analysis by slow evaporation of a mixture solution of 34a in THF and CH3;OH. The
crystal structure of 34a showed that the azacalixarene molecule could self-assemble
into a novel aromatic single-walled organic nanotube. As shown in Fig. 10.19a, there
existed two molecules of 34 (denoted as 34a and 34b) in the boat-like conformation
with a similar cavity in the unit cell. Symmetric expansion around the pyridine
rings of the macrocycle revealed that two molecules of 34a were located in opposite
positions and generated a rectangular geometry with the four cyano groups and four
NH sites in the same direction. Meanwhile, two molecules of 34b were also located
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Fig. 10.19 a Crystal structure with the asymmetric unit of 34a. b Top view of the tetramer. ¢
Molecular structure representation of a one-dimensional H-bond chain. d Self-assembled square
organic nanotube of 34a

face-to-face and generated a rectangular geometry rotated with respect to the former
one by 90°, due to the multiple H-bonds of cyano groups and NH sites between
34a and 34b (Fig. 10.19b). Furthermore, the two pyridine rings in one molecule of
34a could provide four pairs of hydrogen bonds to participate in two zigzag H-bond
chains with other molecules (Fig. 10.19¢). Then, the four infinite one-dimensional
hydrogen bond chains further self-assembled into an aromatic single-walled square
organic nanotube with diameters in excess of 15 A (Fig. 10.19d), which represented
the first example that azacalixarene was used as the building block to form an aromatic
single-walled organic nanotube. Moreover, the nanotubes could further assemble into
a three-dimensional honeycombed architecture, and THF molecules were found to
be located in each corner of the square channels (Fig. 10.20). In addition, it was
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Fig. 10.20 Honeycombed architecture of 34a without solvents (a), and with THF and methanol
molecules positioned in the channel (b) viewed along the a axis

35a

Fig. 10.21 Structures of triptycene-derived calix[6]resorcinarene-like hosts 35a and b

also found that the self-assembly could retain its tubular structure and further three-
dimensional honeycombed architecture upon the exchange of THF-methanol guests
with acetone-methanol, which suggested that the organic nanotube assembled by 34a
through four one-dimensional H-bond chains is very stable, and the role of solvents
in the formation of this nanotubular structure might be less efficient.

More recently, Li and Chen [18] reported a class of novel triptycene-derived
calix[6]resorcinarene-like hosts 35 (Fig. 10.21), which contained two triptycene
moieties and two p-substituted phenol moieties. Based on the'H NMR spectra and
crystal structures, it was found that both of the macrocycle 35a and the corresponding
demethylated macrocycle 35b were the cis isomers in the fixed cone conformation
in solution and in the solid state. Moreover, it was found that compound 35a could
form a head-to-head dimeric-capsule with two CH,Cl, molecules inside the dimeric
cavity, suggesting that the C—H- - - O hydrogen-bonding interactions between the
macrocycles, and the C—H- - - Cl interactions between the macrocycles and solvent
molecules played important roles in the formation of this dimeric structure. Fur-
thermore, the dimers could stack in pillars to form a tubular structure with aromatic
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b

Fig. 10.22 Self-assembled microporous architectures of a 35a viewed along the c-axis, and b 35b
viewed along the b-axis

Fig. 10.23 a Chemical structure of [2]rotaxane 36. b The oriented nonsymmetrical channel-like
structure of 36

rings as the wall, and then assemble into three-dimensional microporous architecture
with the CH,Cl, molecules included in each channel. Similarly, the demethylated
molecule 35b could also self-assemble into the head-to-head dimer, and further
three-dimensional microporous architectures by the multiple noncovalent interac-
tions between the macrocycle and its adjacent molecules and solvents, along with
solvent molecules were situated in the channels (Fig. 10.22b).

In addition, Chen’s group [19] also found that the [2]rotaxane molecule
36 (Fig. 10.23a) based on triptycene-derived tetralactam macrocycle could self-
assemble into a tubular structure in the solid state through the multiple noncovalent
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interactions, including the typical hydrogen bonds between the amide protons of the
hosts and the carbonyl oxygen atoms of the guests, and the multiple 7—7 stacking
interaction and C-H- - - 7 interactions between triptycene subunits and the aromatic
rings of the guests. It was noteworthy that the squaraine dyes were positioned in-
side of the channels. Since the honeycombed suprastructures could not be seen in
the free macrocycles, the noncovalent interactions between the host and the guest,
as well as the solvent interactions played important roles in the arrangement of ex-
tended channels. Moreover, it was interestingly found that the [2]rotaxane 36 with
nonsymmetrical macrocycles could self-assemble into an oriented nonsymmetrical
channel-like structure (Fig. 10.23b).

In 2007, Zhang and Chen [20] also reported a molecular cage 37, and found that
it could self-assemble into an interlaced one-dimensional structure by the C-H- - - &
interactions between the homochiral cage molecules, and the similar C-H: - - 7 in-
teractions between the heterochiral molecules. Then, the adjacent one-dimensional
supramolecular assemblies could be connected with each other by the C-H- - - 7 in-
teractions between the adjacent molecules to form a two-dimensional-layer structure
and a further microporous architecture (Fig. 10.24). Moreover, it was further found
that the 1,3,5-trimethyl benzene molecules were located in the channels, and there
existed multiple C-H- - - 7 interactions between the trimethylbenzene molecules and
the molecular cage.

10.2 Self-Assembly on Surface

It is known that self-assembled monolayers (SAMs) with functionality molecules
have wide potential applications. In 2000, Yang et al. [21] designed and synthesized
the pentiptycene-incorporated o, w-alkanedithiol 39 from the precursor of pentip-
tycene hydroquinone 38. As shown in Scheme 10.3, the reaction of compound 38
with 10-undecenyl tosylate, and then followed by the reaction with ethanethioic
S-acid in THF/MeOH in the presence of AIBN gave the dithioester. Finally, the
acid-catalyzed hydrolysis of the dithioester afforded the target 39 in an excellent
yield. According to the studies of the «, w-alkanedithiol 37 system on the metal
surface, it was found that compound 37 could array into a looped conformation with
two thiol chains bound to the Pt™ or Au' surface, which was totally different from
the rod-shaped «, w-dithiol system with a stand-up conformation (Fig. 10.25). This
folded conformation could be revealed by the results of MM2 modeling, the scan-
ning tunneling microscopy (STM), and the surface plasmon resonance (SPR). The
authors further considered that the bulky pentiptycene groups blocked the close con-
tact of the aliphatic chains, and the folding conformation seemed to be stabilized by
the intramolecular chain—chain (dispersion) interactions, which resulted in a looped
structure with 5 A chain-to-chain separation.

In 2003, Wolpaw et al. [22] designed and synthesized 1,5-bis-hexadecyltriptycene
and triptycene dithiols containing the pendant groups, which could provide the “sur-
face adsorbing element” for triptycene to orient adsorption on the graphite or gold
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Fig. 10.24 a Chemical
structure of molecular cage
37. b View of an interlaced
one-dimensional
supramolecular structure
along the b-axis. ¢ A
self-assembled microporous
architecture of cage 37

surface. With the rough STM studies, they found that there were a 2 nm spatial repeat
and the triangular ridges. However, there were no intermolecular chain—chain van
der Waals interactions between the isolated molecules on highly oriented pyrolytic
graphite (HOPG), the weak interactions between the alkyl chains and HOPG seemed
to limit the adsorption to form a stable orientation. In 2006, Fernandez-Torrente et al.
[23] also reported a particularly stable structure formed from the three-dimensional
triptycene clusters. Since the noncovalent interactions among triptycene molecules
were much stronger than those ones between triptycene and the Au'"" surface, the
triptycene molecules preferred to spontaneously form the stable three-dimensional
supramolecular structures. Then the three-dimensional supramolecule could be used
as basic building blocks for the further molecular thin-film growth. According to the
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Fig. 10.25 Schematic representations of 39 in folded conformation

high-resolution STM images and computer modeling, it was found that there existed
the C-H- - -  intermolecular forces instead of the similar face-to-edge packing as
shown in bulk, in addition of the three-dimensional structure of triptycene resulted
in the stable three-dimensional structure at the gold surface (Fig. 10.26).
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Fig. 10.26 a STM image of an ordered island with a rectangular unit cell. b View of the
proposed cluster structure based on the STM image and on force-field molecular dynamics
(MM3) calculations. (Reprinted with permission from [23]. Copyright 2006 American Chemical
Society)
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Fig. 10.27 Structure of chiral poly-(p-phenylenevinylene) 40

In 2005, Satrijo and Swager [24] reported that the use of bulky triptycene as
interlocking side groups incorporated into the chiral w-conjugated polymer, like
chiral poly-(p-phenylenevinylene) 40 (Fig. 10.27), could obtain the well-ordered,
chiral architectures in the thin-films via spin-coating process. It was reasoned that
the iptycene moieties self-assembled into the interlocking structures, which were
good for the formation of an ordered, chiral assembly by the spin-cast from the
nonpolar chloroform solutions.
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Fig. 10.28 Structure of
shape-fitted triptycene moiety
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In 2009, Zu et al. [25] reported a new approach to increase the water-solubility of
SWCNTs via supramolecular surface modification. This method utilized the shape-
fitted triptycene moiety, which linked with two adamantane: the triptycene moiety
as the binding group attached to the sidewalls of SWCNTs, and the adamantine
moieties in this molecule could be included in water-soluble cyclodextrin. Due to
the formation of this supramolecular complex, the SWCNTSs with supramolecular
surface modification could dissolve in the aqueous phase, which could be charac-
terized by absorbance, static and time-resolved fluorescence spectroscopy, Raman
spectroscopy, and TEM. Moreover, it was also found that triptycene moiety seemed
to favor the 1.0 nm cylindrical SWCNTs (Fig. 10.28).

10.3 Self-Assembly in Solution

In 2008, Han and Chen [26] found that macrotricyclic host 41 could form the
pseudorotaxane type cascade complexes with both anthraquinone and its tetra-azide
terminal functionalized derivative in the presence of potassium ions. On the basis
of the previous work, the authors further synthesized a series of novel potassium
ion templated [2]rotaxanes 42a—c in the middle or good yields by the “slippage”
and/or “threading followed by stoppering” approaches (Scheme 10.4). Moreover,
the authors also studied the corresponding deslipping behaviors of the [2]rotaxanes
with different triazole stoppers by peeling off the potassium ions with 18-crown-6,
since the K™ acted as both the templates during the stoppering reactions and the non-
slipping chocks to shrink the inner diameter of the wheel cavity. As a result, it was
found that both rotaxanes 42a and 42b could be destructed easily through deslippage
of the wheel over one stopper by peeling off the alkali-metal ions with 18-crown-6;
however, under the same conditions the dumbbell and ring components of rotaxane
42c still remain interlocked (Scheme 10.5).

The high-order [n]rotaxanes with aesthetic structures have attracted much atten-
tion during the last decade for their potential applications in nanotechnology and
molecular machines. In 2010, Jiang et al. [27] designed and synthesized a bifunc-
tionalized [3]rotaxane based on the triptycene-derived macrotricyclic host 41 and the
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Scheme 10.4 Synthesis of K™ templated [2]rotaxanes 42a—c by the “slippage” and/or “threading
followed by stoppering” approaches

functionalized dibenzylammonium salt. With the [3]rotaxane 43a in hand, the authors
further obtained the mechanically interlocked linear main-chain poly[3]rotaxane 43b
in high yield by the highly efficient Huisgen 1,3-dipolar cycloaddition (Scheme 10.6).
Furthermore, Jiang et al. [28] reported a novel acid-base controllable [3]rotaxane
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Scheme 10.5 TIllustration of the controlled dethreading and threading of the rotaxanes 42a—c

molecular machine based on the macrotricyclic host 41 by the Huisgen 1,3-dipolar
cycloaddition, and the subsequent alkylation of the 1,2,3-triazole group. Conse-
quently, the target [3]rotaxane 44 (Fig. 10.29) had a dibenzylammonium ion and a
N-methyltriazolium station with different affinity for the DB24C8 subunits of host
41, and the shuttle process between the two different stations could be efficiently
and reversibly controlled by the use of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU)
and trifluoroacetic acid (TFA). This represented the first example of [3]rotaxane
molecular machines with two threads passing through one host.
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Fig. 10.29 Schematic drawing of [3]rotaxane 44

At the same year, Chen’s group [29] also designed and synthesized a novel
triptycene-derived bis-macrotricyclic host 45 (Fig. 10.30) containing two symmet-
rical macrotricyclic moieties, and found that the host 45 could expectedly form a
stable 1:4 complex with 4 equivalents of the dibenzylammonium salts. The sin-
gle crystal structure of the complex showed that two dibenzylammonium ions were
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Fig. 10.30 Structure of triptycene-derived bis-macrotricyclic host 45
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Fig. 10.31 Structure of bis-secondary ammonium salt 46, and schematic representation of the
acid-base switchable molecular handcuft 47

£

threaded through the centers of the DB24C8 cavities of each macrotricycle in 45. In-
spired by this result, the authors further synthesized a bis-dibenzylammonium salt 46,
and found that host 45 with multicavities could self-assemble with two equivalents
of bis-secondary ammonium salt 46 to form a handcuff-like complex 47. Interest-
ingly, the complexation and decomplexation of the handcuff-like assembly could be
chemically controlled by the stimuli of acid and base (Fig. 10.31).

In 2010, Guo et al. [30] attempted to prepare the interwoven cages based on the
triptycene-derived bis-macrotricyclic host 45 and the branched paraquat derivatives
via self-assembly in solution. Consequently, they found that the host 45 could assem-
ble with the branched paraquat derivatives 48 and 49 to form the novel supramolecular
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Fig. 10.32 Schematic representations of novel supramolecular cages 453048, and 454049,

cages 453048, and 45449, by the [3 + 2] and [4 + 2] self-assembly, respectively
(Fig. 10.32). The formation of these supramolecular cages could be confirmed by the
results of'H NMR and two-dimensional NMR spectroscopy, and electrospray ion-
ization mass spectra (ESI-MS). Moreover, the hydrodynamic radii (or Stokes radii)
of the two supramolecular cages and the uniparted building block were also in agree-
ment with the calculated results. It was believed that these current studies could offer
opportunities for the further design and construction of novel self-assembled organic
containers and molecular machines for potential applications in nano-materials and
supramolecular chemistry.

Inspired by the formation of a [2]pseudorotaxane via a dibenzylammonium
ion threading the cavity of the dibenzo-24-crown-8 [31], Zhu and Chen [32]
designed and synthesized a novel triptycene-derived tris(crown ether) host 50
(Fig. 10.33) by the reaction between triptycene tri(catechol) (51) and the bistosylate
in N,N-dimethylformamide (DMF) in the presence of Cs,COj; under a high-dilution
condition. As expectedly, this D3, symmetrical homotritopic host 50 could form
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Fig. 10.33 Structures of triptycene-derived tris(crown ether) host 50, and the assemblies 52—-54

a 1:3 stable tris[2]pseudo-rotaxane-type complex 52 with 3 equivalents of the sec-
ondary ammonium salts, which was revealed by the 'H NMR spectroscopy and
ESI mass spectrometry. Due to the ammonium ions containing two terminal vinyl
groups, the authors further performed the olefin metathesis reaction by the sec-
ond generation Grubbs’ catalyst. The reaction was found to proceed smoothly, and
exclusively give the triple metathesis product 53 in 82 % yield. Furthermore, hydro-
genation of the metathesis product with Adam’s catalyst afforded a novel interlocked
molecule 54, which was called as [2](3)catenane or [4]pseudocatenane, in quanti-
tative yield. Structure of assembly 54 was further confirmed by its X-ray crystal
structure.
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Fig. 10.34 Structures of tri-dibenzylammonium salt 55 and the assemblies 56-58

Recently, Chen’s group [33] also found that the macrocycle 50 and the tri-
dibenzyl-ammonium salt 55 could form a 1:1 multivalency-directed complex 56 (or
50e55), which then afforded the [2](3)catenane 57 through an olefin metathesis re-
action in high yield. Likewise, the hydrogenation of 57 with the Adam’s catalyst
afforded [2](3)catenane 58 in quantitative yield (Fig. 10.34). Furthermore, the au-
thors designed and synthesized a trisdialkyl-ammonium macrocycle ion 59 with one
terminal vinyl group and found that an interesting magic-ring [2](3)catenane could be
obtained by the reversible olefin metathesis of the macrocycle ion 59 (Scheme 10.7).
This result suggested that the combination of multivalence and olefin metathesis
could provide a powerful tool for the synthesis of complex-interlocked molecules.

Followed the similar synthetic strategy of host 50, Zhu and Chen [34] also syn-
thesized a chiral triptycene-derived tri(crown ether) host 60 (Fig. 10.35). And then,
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Scheme 10.7 Synthesis of magic-ring [2](3)catenane 57

the authors obtained a chiral [2](3)catenane 61 based on the chiral host 60. Although
it was difficult to neutralize the ammonium groups in 60 with triethyl-amine, trib-
utylamine, or diisopropylethylamine, the authors found that it could be deprotonated
to the neutral interlocked molecule by DBU in DMSO, which was an important pre-
cursor for the further functionalization to a new class of neutral chiral-interlocked
molecules. As a result, the authors further synthesized a series of new [2](3)catenane
derivatives 62—65 by the sequence of reactions as shown in Scheme 10.8. The CD
spectral investigations for host 60 and complexes 61-65 showed that the Cotton ef-
fect of the (R)-1,1’-binaphthyl chromophore at 241 nm was greatly reduced in these
complexes through a comparison with host 60, whereas a new positive Cotton effect
at 248 nm was found in these [4]pseudocatenanes, which was probably attributed to
the chirality transfer from the binaphthyl units to the macrocycle lying in the cavities
of host 60.
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Fig. 10.36 Structures of self-complementary monomer 69 and model molecule 70

In 2011, Hu and Chen [35] reported a couple of novel oxacalixarene-based iso-
meric [2]rotaxanes 68a and 68b, which were synthesized in 56 and 25 % yield,
respectively, by the reaction of the mixture of macrocycles 66a, b and the paraquat
derivative 67 with 3,5-di-t-butylbenzoic anhydride in the presence of a catalytic
amount of tri(n-butyl) phosphane. This was the first example of oxacalixarenes
used as useful wheels for the synthesis of a new family of mechanically interlocked
molecules (Scheme 10.9).

More recently, Su et al. [36] also designed and synthesized a novel kind of self-
complementary monomer 69 (Fig. 10.36), which combined both a macrotricyclic
polyether and two dibenzylammonium ions. It was found that this monomer 69 could
self-assemble into a supramolecular polymer network by the host—guest interactions,
which was revealed by the '"H NMR spectrum, the MALDI-TOF MS spectrum, vis-
cometry, and dynamic light-scattering (DLS) experiments. As a comparative study,
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Fig.
gel formed from 69 a in
CH3CN and its
thermo-induced gel-sol
transitions and b in
CDCI3/CD5;CN (1:1, v/v) and
its pH-induced gel-sol
transitions. (Reproduced from
[36], with the permission of
John Wiley and Sons)
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model molecule 70 was also prepared. As expectedly, molecule 70 could not form
the self-assembly similar to that of 69, because the sterically hindered end groups in

the

“guest moieties” of 70 would prevent the complexation. Moreover, it was also

found that the decomposition and reformation of the supramolecular polymer of 69
could be chemically controlled by the use of triethylamine and trifluoroacetic acid.
Interestingly, it was further found that the supramolecular polymer of monomer 69
could form a responsive organogel both in acetonitrile or acetonitrile/chloroform
solution, which could achieve the reversible gel-sol transitions under the thermo-
and pH-induced stimuli (Fig. 10.37).
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Chapter 11
Iptycenes and Their Derivatives in Coordination
Chemistry

11.1 Triptycene-Based Ligands

Itis the rigid structures that make the triptycenes promising candidates as the building
blocks for the construction of metal carbonyl complexes. Pohl and Willeford [1]
prepared the first triptycene w complex, tricarbonyl(n®-triptycene) chromium, via
the reaction between triptycene and hexacarbonyl-chromium in the refluxing n-butyl
ether (1, Fig. 11.1) in 1970. This complex could be soluble in most organic solvents,
but decomposed quickly under sunlight.

In 1985, Gancarz et al. [2] firstly determined the crystal and molecular structures of
tricarbonyl(n®-triptycene)chromium 1 and nonacarbonyl(n®-triptycene)tetracobalt
2. As shown in Fig. 11.1, the deformation of the triptycene skeletons was observed
in both molecular structures due to the effect of nonbonded repulsions between one
of the triptycene rings and the Cr(CO); or Cos(CO)q tripods, and complex 2 dis-
played greater deformation since the much more bulky tripod. Moreover, they [3]
further found that the relative rates of the bridging—equatorial, bridging—axial, and
axial-equatorial transposition processes for complex 2 showed obvious temperature
dependence, according to the variable-temperature '*C nuclear magnetic resonance
(NMR) studies.

Besides the formation of the complexes between the triptycene and carbonyl
chromium, Moser and Rausch [4] obtained the triptycene-based complex with
(NH3)3Co(CO)s in 1974. Several years later, Fung et al. [5] reported that the trip-
tycene could react with mercury™ trifluoroacetate in trifluoroacetic acid to form the
corresponding complex, while they also found that 9-methoxy and 9,10-dimethoxy
substituted triptycene derivatives could not form the corresponding complexes under
the same conditions. In 1989, Fagan et al. [6] reported the synthesis of the mono-
substituted complex [Cp*Ru(5°-triptycene)]t(OTf)~ (3) by the reaction of complex
Cp*Ru(CH3CN); T(OTf)~ with triptycene in CH,Cl,. As shown in Scheme 11.1,
when the triptycene was excess, the dications syn-4 and anti-4 could be obtained.
Moreover, due to the steric effect, it was found that only the reaction between anti-
4 and another equivalent of Cp*Ru(CH3CN);*(OTf)~ could form the triangular
trication [Cp*Ru(n®, n°, n®-triptycene)]>*(OTf)>~, which was in an approximate
triangular prism shape.

C.-F. Chen, Y.-X. Ma, Iptycenes Chemistry, 323
DOI 10.1007/978-3-642-32888-6_11, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 11.1 The crystal structures of 1 (left) and 2 (right). (Reprinted with permission from [2].
Copyright 1985 American Chemical Society)

Cp'RU(CHSCN)3+(OTf)_ Cp\
‘ - Ru* ‘
CHELD X on
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CP'RUCHCN)"(OTR)  \_ / “Rut '
o M b . Ru 20Tf
20TfF

sy n-4 anti-4

Cp*Ru(CHacN)g”(OTf)'J

Scheme 11.1 Reaction of complex Cp*Ru(CH3;CN); T (OTf)™ with triptycene
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Scheme11.2 Synthesis of triptycene-based mono-, bis-, and tris-(tricarbonylchromium) complexes

The unique structure of triptycene was also suitable for the bis(arene) coordination
with the large dications such as Sn(II) and Pb(II). Thus, Schmidbaur et al. [7] obtained
the crystalline complex S5, [(triptycene)SnCl(AICly)],e2benzene by the reaction of
triptycene with the equivalent anhydrous SnCl, and AICl; in benzene. The resulting
complex 5 showed the discrete centrosymmetrical dinuclear features, which was
revealed by the X-ray crystal structure.

In 1997, Toyota et al. [8] reported the synthesis of a series of triptycene-based
mono-, bis-, and tris-(tricarbonylchromium) complexes via the reaction of triptycene
with Cr(CO)g, which was outlined in Scheme 11.2. Similarly, there was a little defor-
mation to compensate the narrow notch in the mono- and bis(tricarbonyl-chromium)
complexes, when the Cr(CO); groups lied in all notches of the triptycene.

In 1999, Munakata et al. [9] took advantage of the reaction between triptycene
and silver(I) perchlorate, and synthesized the novel hydrocarbon-bridged polymeric
complexes 6 ([Ags(triptycene); (ClO4)3](toluene),). Firstly, it was found that the
triptycene preferred to interact with the smaller metal atom such as Co, by one
arene ring (Fig. 11.2), meanwhile for the larger metal atom such as Sn, the mode
of bis(arene) coordination (Fig. 11.2b) seemed to be taken. In the case of the com-
plex with Ag, an unprecedented p—n>—n? or p—n>~n>—n' coordination mode could
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Fig. 11.2 The complexation

. a b
modes of metal centers with
triptycene

be found in the solid state of complex 6 containing a three-dimensional architec-
ture with the less deformation (Fig. 11.3a). Subsequently, Wen et al. [10] further
found this porous three-dimensional structure of complex 6 displayed the desorp-
tion and adsorption behavior of guest molecules, and the structure of 6 seemed to
be unstable along with the structure changes. In spite of this deficiency, the fea-
tures of desorption and absorption made it a potential inorganic functional material
for wide applications. Afterward, they [11] further reported the synthesis of two
novel silver(I) coordination complexes 7 and 8 based on triptycene-derived ligands
with different anions and solvents. Unlike the complex 6 (Fig. 11.3a), the complex
7 [Ag(triptycene)(THF),](ClO,4) displayed a one-dimensional chain structure in a
w—n'-n' mode. While the other complex 8 [Ags(triptycene); (CF3S03),(H>0)s]
bearing the larger size anion showed a two-dimensional sheet structure with six
metal ions bridged by ligands and oxygen atoms (Fig. 11.3b). Consequently, both
the anion and solvent molecule could affect the structure of triptycene-based complex
to a certain extent.

In 2008, Vagin et al. [12] prepared the first two-dimensional and three-dimensional
metal-organic frameworks (MOFs) of 9,10-triptycenedicarboxylic acid with zinc
nitrate under solvothermal reaction conditions. The reaction conditions, including
the reactant ratios, reaction temperature, and time could affect the sizes and mor-
phologies of MOFs. Only in a few cases could the smaller regular crystals with
hexagonal column modes be prepared. Moreover, it was found that with the increased
van der Waals interactions between triptycene units as well as coordinated solvent
molecules, the two-dimensional framework further possessed the three-dimensional
MOFs containing the hexagonal channels, which were filled with guest molecules
(Fig. 11.4).

11.2 Substituted Triptycene-Based Ligands

11.2.1 Selenium Substitution

In 1999, Ishii et al. [13] designed and synthesized a series of the triptycene-derived
selenenic acids (Fig. 11.5). As shown in Scheme 11.3, the reduction of the sulfide 9
by lithium 4,4'-di-tert-butylbiphenilide (LiDBB) gave the thiophenetriptycyllithium
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Fig. 11.4 Two views of the structural fragment of MOFs. (Reproduced from [12], with the
permission of John Wiley and Sons)

Thtrlp = e Tr|p =

Me— ZIZ U‘Q

S Me

Fig. 11.5 Structures of triptycene ligands in selenenic acids

10, which then reacted with dibutyl diselenide to afford the target compound 11,
butyl thiophenetriptycyl selenide. With compound 11 as the precursor, the selenose-
leninate 12 could be further synthesized via the intermediate 13. Starting from the
di-9-triptycyl triselenide 14, the 9-triptyceneselenol 15 and butyl 9-triptycyl selenide
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Scheme 11.3 Synthesis of triptycene-derived selenenic acids
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Scheme 11.4 Synthesis of selenoseleninate 17

16 could be synthesized (Scheme 11.4). Moreover, according to the similar method
as the synthesis of 12, the selenoseleninate 17 was also obtained from the precur-
sor of 16 (Scheme 11.4). It was noteworthy that both compounds 12 and 17 were
the first examples of isolable selenoseleninates, and they displayed the s-trans con-
formation about the Se—Se single bond with the central symmetry revealed by the
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Scheme 11.6 Synthesis of triptycene-9-selenic derivatives

single-crystal structures. Moreover, it was found that treatment of the selenose-
leninate 17 with 2M HClOy in 1,4-dioxane gave the acid-catalyzed hydrolyzation
product, selenenic acid (TripSeOH), while the alkaline hydrolysis products were the
diselenide (TripSeSeTrip) and the seleninic acid (TripSeO,H) [14].

Furthermore, Ishii et al. [15] reported the synthesis of the triptycene-9-
thioselenenic acid 20 by the hydrolyzation of the acetyl thioselenenate 21 (Scheme
11.5a), which was stable under acidic conditions. However, when compound 20
was treated with the different reagents in different conditions, it would decompose
or convert to the series of triptycene-9-selenic derivatives (Scheme 11.6). Moreover,
the diselenides 22 and 23 [16] could be afforded from Se-9-triptycyl triptycene-9-
selenoseleninate 24 and triptycene-9-selenenoselenolate salt, respectively (Scheme
11.5b and c).

In 2008, Ishii et al. [17] reported that these triptycene-derived selenium com-
pounds could react with the platinum® complex (28, [Pt(PPhs),(n>-C2H,4)]) via the
intramolecular C—H bond activation to afford a five-membered selenaplatinacycle,
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Scheme 11.7 Synthesis of selenaplatinacycle 29

which is shown in Scheme 11.7a. It was suggested that the bulky substituent groups
played an important role in the formation of selenaplatinacycle 29. Moreover, the
reaction between selenol and complex 28 could afford the hydrido Pt complex 30,
which was stable in the air at room temperature. The successful preparation of sele-
naplatinacycle and (hydrido) (selenolato) platinum™ complex 30 obviously provided
a novel strategy to the low-valent transition-metal complexes with selenium com-
pounds. However, complex 30 treated with strong acid such as HBF; would form
the complex 29 via the cationic intermediate (Scheme 11.7b).

Afterward, Ishii et al. [18] further investigated the addition reaction of the (hy-
drido)(selenolato)platinum(IT) complexes with electron-deficient alkynes as well as
the carboselenation reactions. The reaction between PtH(SeTrip)-(PPhs), (30) with
dimethyl acetylenedicarboxylate (DMAD) or methyl propiolate (MP) provided the
hydroselenation syn-adducts 31 and 32 (Scheme 11.8a); while for the [PtH(SeTrip)
(dppe)] containing the stronger phosphane o-donor ligand dppe, 1,2-bis(diphenyl
phosphanyl)ethane, both syn- and anti-adducts (33a and b) could be produced
(Scheme 11.8b). In addition, these addition reactions did not occur in the pres-
ence of PPhjs, which suggested that the dissociation of ligand PPh; played a key
role in the hydroselenation. This result also offered an insight into the Pt-catalyzed
hydroselenation reaction mechanism (Scheme 11.9).
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Scheme 11.9 9 Synthesis of compound 28

Recently, Nakata et al. [19] further synthesized a series of novel Pd° complexes
by the reactions of the selenol 15 with Pd° complexes [Pd(PPhs)s]. Unexpect-
edly, the novel selenolato-bridged dinuclear Pd' complex (Pd(PPhs),(u-SeTrip),
34, Fig. 11.6a) rather than Pd° complex was obtained in 47 % yield by the reac-
tions of the selenol 15 with [Pd(PPh3)4] in toluene (Scheme 11.10a). Similarly, the
five-membered selenapalladacycle, Pd(n%-(C, Se)-Trip)(dppe) 35 (Fig. 11.6b) was
obtained in 88 % yield in toluene by the reaction of 15 with [Pd(dppe),] (Scheme
11.10b).

11.2.2 Germanium and Silicon Substitution

In general, the primary germanes are air-sensitive liquid (or gaseous) compounds
at room temperature with relatively high activity. In 1999, Brynda et al. [20] took
advantage of the surrounding phenylene hydrogen atoms of the triptycyl moiety to
stabilize the high-reactivity bond, and obtained the air-stable hydride complex 36
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Scheme 11.10 Synthesis of Pd° complexes

[(Trip)GeHs] by the reduction of the corresponding triptycenyl complexes of germa-
nium halides, [(Trip)GeCls], which was prepared by the reaction of 9-lithiotriptycene
with GeCly. Also, the “user-friendly” derivatives of triptycene-containing SiH; frag-
ments, [(Trip)SiH3] could be obtained in 82 % yield by the in situ reaction of the
corresponding SiCls with the lithium derivative of triptycene in tetrahydrofuran
(THF) following the reduction with LiAlH4 [21].

In addition, Nakata et al. [22] found that by the reaction of the triptycene-derived
germanium compound 36 instead of selenium compounds with [Pt(PPh3),(n>-
C,Hy)] in toluene at room temperature, the stable dihydrogermyl (hydrido) plat-
inum(IT) complex 37 as colorless crystals could also be obtained in 99 % yield
(Scheme 11.11). In the case of bidentate phosphine ligands dppe, the corresponding
dihydrogermyl(hydrido) complex [(dppe)Pt(H)-(GeH,Trip)] and bis(germyl) com-
plex [(dppe)Pt(GeH,Trip),] could be obtained by the reaction of 36 with varying
amounts of [(dppe)Pt]. While the complex [(dcpe)Pt(H)-(GeH,Trip)] with another
bidentate phosphine ligands dcpe was obtained via the ligand-exchange reaction of
complex 37 with free dcpe in toluene at room temperature. Moreover, the complex
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Scheme 11.11 Synthesis of dihydrogermyl(hydrido) platinum(II) complex 37

38 would convert to the corresponding complex (dppe)Pt(H)[Ge(HTrip)GeH,Trip]
39 in 88 % yield by heating to 60 °C for 1 day, and the possible formation mechanism
is shown in Scheme 11.12. These results obviously provided an effective strategy to
prepare the novel classes of germyl(hydrido) complexes.

Based on the above work, Ishii’s group [23] further designed and prepared
the palladium(II) hydrido complexes containing the dihydrosilyl or dihydrogermyl
ligands, which had not been reported before. In consequence, the complex 40
[PdH(SiH,Trip)(dcpe)] and [PdH(GeH,Trip)(dcpe)] 41 with a distorted-square-
planar geometry around the palladium centers could be efficiently produced in good
yields by the oxidative-addition reactions of an overcrowded primary silane or ger-
mane with the complex [(jv-dcpe)Pd]; in toluene (Scheme 11.13). It was noteworthy
that the Si—H o -complex intermediate could be observed by the variable-temperature
NMR experiments, which revealed the intramolecular interchange of coordination
environments between the silyl and hydrido ligands for complex 40, as shown in
Scheme 11.14.

11.2.3 Phosphorus Substitution

Since the first stable phosphaalkyne, P = Ct-Bu, was prepared in 1981 [24], this
type of compounds showed the potentialities for the versatile and widely applica-
tions in the field of coordination chemistry. Thus, Brym and Jones [25] designed
and synthesized the first triptycene-based diphosphaalkyne 42 in a good yield
by the reaction of the diphosphaalkene with a catalytic amount of KOH in 1,2-
dimethoxyethane (DME). The diphosphaalkyne 42 showed the similar behavior to the
monophosphaalkyne, and it could react with two equivalents of [Pt(C,Hy4)-(PPhs),]
or [RuHCI(CO)(PPhj3);3] to afford the bis-platinum(0) coordination complex 43 and
bis-ruthenium phosphaalkenyl complex 44, respectively (Fig. 11.7).

Inspired by the synthesis of the diphosphaalkyne, Baker et al. [26] further at-
tempted to prepare the more 9-triptycenyl ligands with the more group 13 and 15
elements. In fact, the primary phosphane [(Trip)PH;] [27] and arsane [(Trip)AsH;]
[21] had been obtained by the reaction of 9-lithiotriptycene with either PCl; or AsCls,
followed by the reduction with LiAlH, in situ before. Both of the compounds were
air stable, because the triptycene framework could protect the highly reactive P-H
or As—H bonds. However, the triptycenyl complexes of Sb could not be prepared in
the same way. Based on this method, the reactions between 9-lithiotriptycene and
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AICl;, GaCls, or InBr; could produce the air-stable triptycenyl complexes of group
13 halides in either diethyl ether or THF in good yields. Similarly, the 9-triptycenyl
complexes of group 15 halides could also be afforded from the 9-lithiotriptycene.
Moreover, the primary pnictanes [(Trip)AsH;] and [(Trip)SbH;] could be obtained
by the reduction of the corresponding halide complexes with LiAlH4 (Scheme 11.15).

In view of the unique rigid structural properties of triptycenes making them
promising building blocks for the “wide bite angle” and “trans-chelating” diphos-
phines ligands, Grossman et al. [28] designed and synthesized a series of the chelating
diphosphine ligands containing the triptycene subunit. The synthetic route to the lig-
ands 45 and 46 with the readily accessible 1,8-dibromotriptycene 47 as starting
material was outlined in Scheme 11.16. With these strongly bent triptycene-based
diphosphines ligands, the frans-spanned complexes 48 and 49 could be obtained
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Fig. 11.8 Molecular structures, and ORTEP drawing of the crystal structures of complexes 48 (a)
and 49 (b)

in good yields. The crystal structures showed a strong distortion of the palladium
centers to a butterfly-like environment instead of the local square-planar geometry
(Fig. 11.8). The novel ligands and the corresponding complexes displayed the po-
tential in the catalysis of Suzuki—Miyaura cross-coupling reactions with excellent
catalytic activity. Moreover, Grossman and Gelman [29] also synthesized the sim-
ilar trans-spanned palladium complex 50, which showed the efficient and selective
catalytic activity in the mild palladium-catalyzed cyanation of aryl bromides in the
mild conditions under the noninert atmosphere. Also, it was further found that the
catalyst 50 could be applied for a large range of substrates without the assistance of
the amine coligands (Table 11.1).

To reveal the coordination diversity of triptycene-based bidentate ligands, Azerraf
etal. [30] synthesized and characterized a series of complexes between the triptycene-
based ligands and varied d 8 transition metals (Ni, Rh, Pt; Fig. 11.9). According to
the structural analysis of these complexes, the ligand 45 exhibited the high degree
of flexibility with the varietal bite angles and geometries to achieve the most stable
structure. For example, in the solid-state structure of complex 51, it was revealed
that the nickel center in 51 was in a heavy distorted square planar geometry with
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Table 11.1 Suzuki—Miyaura cross-coupling reactions catalyzed by complex 50

K4Fe(CN)g 0

x  catalyst (0.5-1 mol%) CN ‘
| = KsPOy, DMF, 8590°C _ = catalyst= [~ Z O
S F SoF OAc
R R PhZPHPéfP(i—Pr)z
ACC; 50
Entry Ar-X Ar-CN Conversion (%) Isolated yield (%)
Br CN
I /@’ /O/ >99 96
MeO,C MeO,C
Br CN
2 =99 98
Br CN
Br CN
4 /@' /J@/ 99 94
t-Bu t-Bu
Br CN
5 /@' /O/ >99 93
Ph Ph
Br CN
6 /©/ /G/ ~99 96
Me' Me
Br CN
7 @: @: =99 88
Me Me
Me Br Me CN
8 Q/ U =99 91
Me Me
B ~CN
9 | | >99 81
MeO” N MeO” N

=99

=]
m
:Q
m
.
Q
Z
o
wn

NC

Me Me
Br CN
11 D/ /©/ 71 69
MeO MeO
Cl CN
12 /©/ /©/ 34 21

MeO,C MeO,C

Reaction conditions: 1 equiv. of aryl halide (1 mmol), 0.3 equiv. of K ;Fe(CN), 2
equiv. of KsPOy, 1 mol % of Pd(OAc),, 1.5 mol % of 50, 3 mL of DMF, 85 or
90 °C, 24 h.
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Fig. 11.9 Molecular structures of 51-52 (a), ORTEP drawing of the structures of complexes 51
(b), and 52 (¢)

a 152.51(5)° P(1)-Ni—P(2) angle, and the angle of CI(1)-Ni—CI(2) was 162.60(2)°
(Fig. 11.9b); while for complex 52, the rhodium center in 52 was in butterfly-type
geometry with P(1)-Rh-P(10) and C(25)-Rh—CI(1) angles of 149.79° and 170.77°,
respectively (Fig. 11.9¢).

Moreover, the extraordinary quasi-closed halogen-bridged dipalladium complex
53 could be also synthesized by the ligand 45 as a bidentate ligand, which led to
a nonplanar Pd,Cly site with a very short intermetallic distance (Fig. 11.10). With
the further studies of the bi-nucleating behavior of rigid triptycene-based ligands,
Azerraf et al. [31] demonstrated that the formation of the rare bimetallic quasi-
closed chloride-bridged complexes was achieved from the trans-spanned transition-
metal mononuclear complexes bearing the triptycene-based ligands via the ring-
expansion progress. Based on this mechanism, the di-rhodium quasi-closed chloride-
bridged complex 54 (Scheme 11.17) and the dissymmetric di-palladium complex 55
(Scheme 11.18) containing the M, (u-Cl,) cores were successfully obtained from the
corresponding monometallic complexes 56 and 57 by the ring-expansion reaction.
In addition, these halogen-bridged compounds were stable in both solution and solid
state, and they could not be dissociated even in the presence of the limited quantities
of Lewis base such as pyridine.

Based on the robust triptycene scaffold, more and more of the PC(sp?)
P-based cyclo-metalated complexes have been subsequently synthesized. For ex-
ample, Azerraf and Gelman [32] synthesized and characterized a novel robust
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Fig. 11.10 Molecular structure and ORTEP drawing of crystal structure of 53
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Scheme 11.18 Synthesis of dissymmetric di-palladium complex 55

I'""PC(sp*)P complex 58 by the reaction of the triptycene-based ligand 46, 1,8-
bis(diisopropylphosphino)triptycene, with IrCl3(H,0O), in N,N-dimethylformamide
(DMF). Complex 58 also displayed good thermal and conformational stability, and
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had no labile «- or B-hydrogen. Moreover, it was found that complex 58 showed the
high catalytic activity in transfer dehydrogenation of ketones in acetone under air
(Table 11.2) [33].

Additionally, Azerraf and Gelman [34] also reported the synthesis of the
C(sp®)-metalated pincer complexes containing platinum(II), ruthenium(II), and
iridium(IIT) via the C-H activation, in which the trans-chelating bis(diisopropyl
phosphino)triptycene 59 was used as the platform. However, the pathway to the
complexes (60—63) varied slightly depending on the different transition metal or the
precursor of the complexes, which are shown in Scheme 11.19 and Scheme 11.20,
respectively. As mentioned before, both of these pincer complexes have not the labile
a- or B-hydrogen, thus, there was little chance to occur elimination of H. As a re-
sult, they all displayed an excellent thermal and conformational stability even under
very harsh condition. Moreover, all of them showed an unusual three-dimensional
roof-shaped bent structures (Fig. 11.11), and these features made them promising
scaffold for designing the PC(sp*)P-based compounds.

In 2007, Bini et al. [35] synthesized a triptycene-based diphosphine ligand 64
in 20 % overall yield by an improved route from the difluorotriptycene moiety
65 (Scheme 11.21). Then, the new complexes could be obtained by the reactions
between 64 and PtCl, and Ni(cod),. Also, the complex 64eNi(cod) was found to
display the excellent conversion and high selectivity (98 %) toward 3-pentenenitrile
in the hydrocyanation of butadiene.

Grossman et al. [36] also found that the bidentate ligand 45 (1,8-bisdi-i-propyl-
phosphinotriptycene) could be used in a new protocol for the palladium-catalyzed
Buchwald—Hartwig aminations of the aryl halides with benzophenone imines as
ammonia surrogate in the mild conditions, which may be applied for the relatively
sensitive such as base-sensitive substrates (Table 11.3).

11.2.4 Miscellaneous Substitutions

Besides the diphosphine ligands, Kodanko et al. [37] developed a new family of
dinucleating ligands, the syn N-donor diethynyltriptycene ligands 66. As shown
in Table 11.4, the resulting triptycene-based ligands could be efficiently obtained
by the dual Sonogashira cross-coupling of 2,3-diethynyl triptycene with a variety
of functionally diverse 5-bromopyridines as well as an imidazole and a quinoline
derivative. They [38] further prepared the heterodinuclear iron—sodium complex 67
starting from the ligand 66a (Scheme 11.22). They also studied the metal-for-metal
substitution of sodium by iron in complex 67, and the kinetic experiments revealed
the metal-for-metal exchange might be in a dissociative mechanism.

As mentioned before, Chong and MacLachlan [39] synthesized the shape-
persistent ligands 68 and 69 (Fig. 11.12a) based on triptycene quinoxalines, and
then constructed the noninterpenetrating coordination frameworks from the ligands
and Cul (Fig. 11.12b). According to further analysis, these coordination frameworks
containing the hydrophobic void spaces showed good thermal stability and water
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Table 11.2 The catalyzed dehydrogenation of ketones
0 OH

o] (o]
@)k 2 )i catalyst{0.01 mol%) g\ J'A

catalyst= =7 ‘O

oc
PhgP- Fl‘;'ﬂ'r,,— Bli-Pr);

o % 58
Entry Ketone Time  Conversion (%) Isolated yield" (%)
o]
1 ©fk 5 sec 99 98
Cl
(o]
d\ 5 min” 99 99
Cl
o]
2 d 5 sec 99 98
Br
(o]
B 5 min” 99 99
"
[s]
3 O)\ 5 sec 96 95
Br
o
/@* 5 min® 96 95
Br
o
=
4 L) 30 min 99 98
Br
o
5 ©)K 30 min 94 93
i
©)\ 12h° 96 95
(o]
©/U\ 48 b 96 93
o
©)J\ 12 1 45 -
o
6 | = 30 min 95 94
=
[+]
7 30 min 97 96
[s]
8 30 min 98 98

* Isolated yields of at least 95% pure compounds.

Reaction conditions: Ratio of catalyst/substrate/base = 1:2000:100, i-PrOH (1 M),
82 °C under air; " Ratio of catalyst/substrate/base = 1:10000:500, i-PrOH (4 M),
8 °C under air; * Ratio of catalyst/substrate/base = 1:100000:5,000, i-PrOH (4 M),
8 °C under air; ° Ratio of catalyst/substrate/HCO:Na = 1:100:500, CH;CN/ H-0
(2:1), 82 °C.
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solubility. Moreover, the frameworks displayed the ability of reversible solvent ad-
sorption, and the Cu-68 and its frameworks with the good sorption capacity could be
used to remove organic pollutants such as benzene from contaminated water. Simi-
larly, they [40] also found that there was a dimer with two molecules of 70, which
was bridged by Cu,I,. In addition, the extended framework in the dark red crystals
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planar twisted

Fig. 11.11 Schematic diagrams of the three-dimensional structures of complexes
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Scheme 11.21 Synthesis of triptycene-based diphosphine ligand 64

of Cu-70, and the dimers further formed the herringbone-layered structure with w—m
stacking, which contained the large solvent-filled voids as well (Fig. 11.12c).

In 2011, MacLachlan’s group [41] further investigated the coordination complex
of triptycenyl phenanthroline 71 with Cu' ion, and found that the complex of 71
could be converted into a triptycene-scaffolded Cu' Prussian blue analogues with
K3[Fe(CN)g] in methanol under solvothermal conditions, and the different coordi-
nation geometries with Cu' centers in an unusual T-shaped complexation could be
obtained (Fig. 11.13).

Additionally, the metal complexes based on triptycene bridging ligands could act
as a rigid platform for the investigation of photo-physical properties. Thus, Beyeler
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Table 11.3 The palladium-catalyzed Buchwald—Hartwig aminations of the aryl halides
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Table 11.4 The synthesis of triptycene-based dinucleating ligands

( (

O‘O @‘O =Ar

e
. Ar
Entry Product Yield (%)
I 60a’" 93
2 60b* 79
3 60¢” 97
4 60d" 93
5 60¢” 80
6 60f*" 99
7 60g" 87

8 | COOEt 60h" 67

N
IO

N
N\
9 /[N> 60i 63
: Me

Reaction conditions: 10 mol % of Pd(PPh;),, Et;N, THF, 55 °C; " 10 mol % of
PdCI15(PPhs),, 5 mol % of Cul, Et;:N, THF, r.t.; 10 mol % of PdCly,(PPh;),,
piperidine, 65 °C.
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Fig. 11.12 a Structures of 68-70. The viewed coordination frameworks of b Cu-68 along the c-axis,
¢ Cu-69 along the b-axis, and d Cu-70 along the b-axis.

and Belser [42] synthesized a series of rigid triptycene spacer connected to two bipyri-
dine ligands by the Horner—-Emmons-type reaction. With the new triptycene bridging
ligands in hand, the corresponding dinuclear metal complexes 72-74 (Fig. 11.14)
could be obtained. According to the metal-to-ligand charge-transfer bands in UV
spectra of these complexes, they found that the donor effects of methoxy substituents
on the triptycene led to the stronger emission than the unsubstituted triptycene ligand,
whereas the ligand with quinone moiety strongly quenched the emission.
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Fig. 11.13 a Structure of triptycenyl phenanthroline 71 and b, ¢ the ORTEP structures of the two
different complexes of 71 with CuCl,, and K3[Fe(CN)g]

Fig. 11.14 Structures of compounds 72-74
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Scheme 11.23 Synthesis of bis-furan-fused triptycene backbone 75

More recently, Li et al. [43] designed and synthesized a novel triptycene-based
ligand with a preorganized framework. As shown in (Scheme 11.23), through a mul-
tistep synthesis, the target ligand with a bis-furan-fused triptycene backbone (75)
along with the well-chosen benzoxazole N, O-donor arms could be efficiently syn-
thesized. Firstly, 1,8-dihydroxytriptycene (76) was treated with propargyl bromide
in an acetone solution in the pressure of K,COj to give the alkylation product 77
in 93 % yield. Then, the treatment of compound 77 with CsF in PhNEt, afforded
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the 2-methyl benzofuran 79 in 23-25 % yield via the highly reactive allene species
(78). This step was one of the key steps in the process for the synthesis of target
75. Another key step was the introduction of benzoxazole N, O-donor arms into the
triptycene backbone. Thus, the diacid 80 was treated with excess amounts of pyri-
dine (40 equivalents) and thionyl chloride (40 equivalents) in anhydrous methylene
dichloride (DCM) to give the key benzoyl chloride intermediate 81, which further
reacted with methyl (3-hydroxy)anthranilate, and finally followed by the treatment
with acetic acid and toluene sulfonic acid to afford the target ligand 75 in a reasonable
overall yield.
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Chapter 12
Iptycenes and Their Derivatives in Sensors

12.1 Sensors Based on Iptycene-Containing Polymers

Generally speaking, the higher performance fluorescent chemosensors based on the
conjugated polymers could be achieved through the amplification of the inherent
sensitivity of the fluorescent material [1, 2]. In the iptycene-incorporated conju-
gated polymers, the rigid structure of iptycene can block the m—m stacking and
the excimer formation in the solid state and these features make them potential
candidates for fluorescent chemosensors. In 1998, Yang and Swager [3] took ad-
vantage of the films of pentiptycene-based conjugated polymers 1-3 (Fig. 12.1)
with high fluorescence quantum yields and stabilities to act as the sensing materials
for fluorescent chemosensors. These fluorescent chemosensors displayed wonder-
ful abilities for the trace detection of the electron-deficient unsaturated species such
as 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene (DNT), and benzoquinone (BQ).
Especially, the polymer 1 exhibited high sensitivity to high explosive vapors (TNT,
DNT), and repetitively great spectroscopic stability along with a fast response time.
All of the excellent performances made it a commercially available device called
“Fido”, which had been applied for the detection technology of robotic and hand-
held explosive sniffers. The electron transfer from the excited polymer to the electron
acceptors leading to the fluorescence quenching seemed to be regarded as the de-
tection mechanism (Fig. 12.2). Further studies [4] suggested that the electron-rich
environment, good balance of the electrostatic interactions, and the porous structures
in the films played the key roles in the high sensitivity. Moreover, there were also
varied factors that could determine the degree of fluorescence quenching, including
the porosity and thickness of the film itself, the vapor pressure and the diffusion
ability of analytes, and the exergonicity of electron transfer, the strength of binding
between the polymer and the analytes.

In 2001, Yamaguchi and Swager [5] also synthesized a novel pentiptycene-based
m-conjugated polymer 4 (Fig. 12.3) containing dibenzochrysene moieties. It was
found that the polymer 4 exhibited a longer fluorescence lifetime (2.5 ns) than the
corresponding phenylene-based 7-conjugated polymers with a subnanosecond life-
time. Also, this polymer even displayed higher sensitivity than the polymer 1 in the
sensing experiments of TNT.

C.-F. Chen, Y.-X. Ma, Iptycenes Chemistry, 353
DOI 10.1007/978-3-642-32888-6_12, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 12.1 Structures of pentiptycene-based conjugated polymers 1-3

Fig. 12.2 Schematic
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Fig. 12.3 Structure of
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Soon afterwards, Zahn and Swager [6] further introduced the chiral alkyloxy
side chains into the pentiptycene-based polymer 5 (Fig. 12.4). As a result, a helical
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Fig. 12.4 Structure of
pentiptycene-based
conjugated polymer S

Fig. 12.5 Structure of
triptycene-based PPVs 6

grid structure could be obtained by the aggregation of polymer 5 with the longer
exciton diffusion length and conjugation length. The rigid pentiptycene moieties
blocked the collinear aggregation of chains, and the chirality of the side chains could
systematically create a strong electronic coupling without decreasing of fluorescence
efficiency. This unique chiral structure and chiral, three-dimensional interactions
resulted in the enhancements of sensitivity toward nitroaromatics with high quantum
yields.

Recently, Malval and Leray [7] reported the photo-physical properties of the
triptycene-based poly(phenylene vinylene)s (PPVs) 6 (Fig. 12.5) and its sensing
ability for DNT. According to the studies, the strong fluorescent quenching seemed to
be reasoned by a dynamic electron-transfer process from the polymer to the quencher.
Moreover, it was found that there was a threshold value of film thickness for polymer
6, and the fluorescence quenching rate of 6 displayed the thickness dependence when
the films were thinner than 55 A.

In 2005, Zhao and Swager [8] also reported a class of novel poly(iptycene-
butadiynylene)s, which displayed excellent static quenching constants. Especially,
for 7 (Fig. 12.6), the value could be up to 185 M~! with TNT. It was suggested that
there existed the ground-state associations, which was derived from the electrostatic
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Fig. 12.6 Structure
of poly(iptycene-
butadiynylene)s 7

7R =CyHzs

and w— interactions between the electron-rich polymer and the electron-deficient
analytes. However, the unique quencher-sequestering properties of these poly(p-
phenylenebuta diynylene)s (PPDs) could lead to a relatively longer restoring time
after the removal of TNT or DNT vapor.

In 2005, Amara and Swager [9] reported that the conjugated polymers 9a and 9b
(Fig. 12.7) containing the strongly hydrogen bond-donating hexafluoro-2-propanol
(HFIP) groups displayed higher fluorescence response than the control 8 to the hy-
drogen bond-accepting analytes, such as pyridine and 2,4-dichloropyrimidine. The
incorporation of HFIP moieties not only increased the binding interactions between
the analytes and the polymer, but also facilely activated the charge-transfer reac-
tions with the analytes. A combination of these features resulted in the stronger
fluorescence-quenching responses.

In2006, Thomas and Swager [10] also reported a new kind of conjugated PPEs that
could be used for the detection of trace hydrazine vapor in a turn-on typed method
with a sensitivity below the permissible exposure limit of hydrazine (1 ppm). In
addition, it was found that the highly electron-rich polymers such as the polymer
10 (Fig. 12.8) showed the better fluorescence response to the hydrazine vapor. In
a certain sense, the greater magnificance fluorescence quenching of polymers in
essence was, the higher selectivity levels of this type sensor had.

8R=R'= 015H33

9a R= C10H21, R'= ‘1‘7_ = CF3
P = Wﬂqﬁj}(HCFs
9BR=R= 5 _ oF.

Fig. 12.7 Structures of polymers 8 and 9
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Fig. 12.8 Structure of highly
electron-rich polymer 10

Interestingly, in 2004, Kwan et al. [11] reported a kind of rotaxane-type conju-
gated polymers, and found that they had the sensing capability for alcohol vapor. As
shown in Scheme 12.1, the reaction of rotaxane 11 with the aryl diacetylene gave
the corresponding PPEs (12a, b) by the microwave-assisted Sonogashira—Hagihara-
coupling method. In the presence of acidic alcohol vapor, the emission of thin films
of 12 showed conspicuous quenching, which suggested to be the contribution of the
hydrogen bonding between the rotaxane groups with acidic alcohols moieties, ac-
cording to the nuclear magnetic resonance (NMR) experiments. In addition, the thin
films of polymers 12a, b doped with Zn?* also displayed the sensitivity to alcohol
vapor such as methanol, ethanol, 2-ethylhexanol, or cyclohexanol.

It was considered that the two-dimensional thin film with less chances of revisiting
the same polymer segment probably resulted in the greater degree of migrational
freedom of excitons. Therefore, Wosnick et al. [12] prepared the silica microspheres
coating with the thin films of weakly anionic, nonaggregating PPE 13 (Fig. 12.9)
as the polyanion, while the quaternary ammonium poly(diallyldimethylammonium
chloride) (PDAC) as the polycation by the “layer-by-layer” (LbL) deposition method.
Consequently, the resulting microspheres with fluorescence coat showed the similar
fluorescence properties to the corresponding polymers in solution, and the higher
sensitivity to nitro-aromatic quenchers with enhanced quenching behavior, due to
both surface and electronic effects.

In addition, Joly et al. [13] also used the host—guest system to construct the sens-
ing polymers. The hydrophobic interactions and the host—guest complexation of the
crown ether-functionalized PPE 14 (Fig. 12.10), which introduced the pentiptycene-
based monomer, made the system high sensitivity toward detecting viologens under
the aqueous environments. Both the combination of hydrophobic interactions and
the host—guest complexation between the crown ether moiety and cationic viologens
made contributions to the high sensitivity of this pentiptycene-based PPE 14 with in-
creased porosity. It was suggested that this hydrophobic, water-insoluble, conjugated
polymer could form thin film with the rigid iptycene skeleton, which had potential



358 12 Iptycenes and Their Derivatives in Sensors

t-Bu

HC=C-R-C=CH
Pd(PPh3), Cul
toluene/HNi-Pr,, 65 °C
KCN

0
-Bu \ ot -Bu
J——

Scheme 12.1 Synthesis of rotaxane-type conjugated polymers

applications in the solid-state sensory devices in aqueous environments, rather than
being confined to the solution-based sensors.

It was considered that when the iptycene-based amplifying fluorescent polymers
(AFPs) were introduced with the biomolecules, the resulting polymers probably
exhibited the biosensing. Thus, Zheng and Swager [14] designed and synthesized
the organic solvent-soluble biotinylated PPE 15 (Fig. 12.11), which contained the
pentiptycene moieties and showed greater thin-film quantum yield. According to the
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Fig. 12.12 Structure of
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data of fluorescence spectra, it was suggested that the RhB dye had greater energy—
transfer (ET) interactions than that of T-red-strept, which was probably caused by
the more intimate interactions between the smaller molecule and the polymer chains.
Further fluorescence spectral results revealed that the ET between the biotinylated
polymer and the dye-labeled streptavidin played the important role in the biosensing
application of the PPE 15.

12.2 Other Iptycene-Based Sensors

In 2001, Yang et al. [15] designed and synthesized a pentiptycene-bispyrenyl system
16 (Fig. 12.12) starting from pentiptycene hydroquinone. They found that in the
presence of Cu* ion, the compound 16 displayed a blue shift along with an intensity
enhancement of the pyrene excimer emission. With further analysis, it was found
that dynamic excimer of this system was in a sandwich-like shape, while the static
one contained partially overlapping. The conversion between the different excimers
led to this fluorescence responses.

In 2005, Gong et al. [16] reported a novel electrochemical method for the
sensitive determination of biological thiols including homocysteine, cysteine, and
glutathione. This method was based on the rational attachment of synthetic trip-
tycene orthoquinone onto the single-walled carbon nanotubes (SWNTs; Fig. 12.13).
Consequently, the system not only totally mimicked the redox properties inherent
in the SWNTs themselves, but also increased the catalytic sites onto the SWNTs,
which thus made this new electrochemical method promising as a highly sensitive
and stable detector for biological thiols.

Recently, Zyryanov et al. [17] designed and synthesized a series of 1,4-
diarylpentiptycenes and then tested their sensing abilities toward TNT and DNT.
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Fig. 12.13 Schematic illustration of attachment of triptycene orthoquinone onto SWNTs.
(Reprinted with permission from [16]. Copyright 2005 American Chemical Society)

Fig. 12.14 Structure of

1,4-diarylpentiptycenes 17 Q"i

Consequently, it was found that the 1,4-diarylpentiptycenes (17, Fig. 12.14) dis-
played high sensing ability with the considerably fluorescence quenching for TNT
in both solution-cast films and solid states.

In 2010, Zhao et al. [18] reported a new kind of selective supramolecular fluores-
cence Ba’* probe based on the triptycene-derived macrotricyclic host (18). First, it
was found that the host 18 could selectively form a 1:2 stable complex (19) with two
(9-anthracylmethyl) benzyl-ammonium salts (20), and in the complex the 9-anthracyl
groups of the two guests were all selectively positioned inside the lateral crown ether
cavities of 18. Then, the study revealed that the presence of Ba>* would consider-
ably induce the fluorescence enhancement of complex 19 in CHCIl3/CH3CN (1:1,
v/v), but under the same tested conditions, no obvious spectral changes of 19 upon
the addition of the other tested metal ions were observed (Fig. 12.15). These results
suggested that Ba>* ions might bind much stronger with host 18 than those of other
tested metal ions. This feature made this complex potential in the supramolecular
fluorescence probe for Ba>*.

The further fluorescence and 'H NMR spectroscopic titration experiments showed
that the respond behavior of probe 19 toward Ba’>* was in a two-step process. As
shown in Scheme 12.2, upon the addition of Ba?* ion to complex 19 system, one
of the guest molecules, (9-anthracylmethyl)benzylammonium ions (20), would be
displaced to form the complex 21, then as more and more amount of Ba>* ions were
added into the system, the remaining guest molecule was replaced by Ba’>* ion to
give the complex 22, which showed a higher fluorescence intensity than the local
complex 19.

More recently, Hu and Chen [19] also synthesized two pairs of triptycene-derived
heterocalixarenes (23-26, Fig. 12.16) and investigated their binding properties
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Fig. 12.15 a Structure of host 18. b Fluorescence enhancement ratio of a solution of complex 19
in CHCI3/CH3CN (1:1, v/v) in the presence of equimolar metal ions. (Reprinted with permission
from [18]. Copyright 2010 American Chemical Society)
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Scheme 12.2 Graphic representation of the displacement of guest in complex by Ba>* ions
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Fig. 12.16 Chemical structures of triptycene-derived heterocalixarenes 23-26
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toward various metal ions in detail by spectroscopic methods. They found that among
the four macrocycles only oxacalixarene 23, a cis isomer with a boat-like 7,3-
alternate conformation and a symmetrical cavity structure, showed high selective
response toward Hg>*+ (Fig. 12.17). Moreover, it was further found that such selectiv-
ity was controlled by the bridging heteroatoms and cavity structures of macrocycles.
This feature made the macrocycle 23 potential as a fluorescent probe for Hg?* ion.
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Chapter 13
Iptycenes and Their Derivatives in Molecular
Balances

The molecular interactions play a great role in both chemistry and biology. To design
better supramolecular systems and biologically active agents, it is indispensable to
understand the mechanism involved in noncovalent interactions. In general, non-
covalent interactions in natural complexes are overly complicated, and the precise
geometry of an interaction in a conformationally dynamic biomolecule is hard to
determine. Thus, the molecules, like the folding molecules, in which the small al-
terations in geometry lead to a considerable strength change of interaction, could
be served as “molecular balances” to offer an attractive platform for the study of
noncovalent interactions.

In the 1970s, Oki [1] first investigated the restricted bond rotation in a series of
triptycene derivatives. They found that the distance between the two substituents of
1,9-disubstituted triptycene (1) was unusually short, only about 2.7 A between X and
Y [2—4]. It was noteworthy that the characteristic of the substituent had an impact on
the distance between X and Y. When the a-position of 9-substituent was a nonhydro-
gen atom, the distance between the §-atom of the 9-substituent was about 3.0 Ainthe
syn-configuration. In addition, the overlap of the substituents’ orbitals, contributed
effectively to the charge-transfer interactions between the electron donor and ac-
ceptor, which contributed effectively to the charge-transfer interactions between the
electron donor and acceptor. These two structural features made it possible to detect
a weak molecular interaction. In these systems, the small difference in the repulsive
forces between the two rotameric positions could result in the change of configura-
tion. Thus, 1,9-disubstituted triptycene 1 with typical structural characteristics could
potentially act as the sensitive and convenient probes for the weak, yet attractive
molecular interactions. Additionally, the substituents in the 9-(bridge-head) position
brought an unusually high rotational barrier about the C—C bond [5]. Subsequently,
Oki [1] and Nakamura et al. [6] illustrated the conformational equilibrium in the
1,9-disubstituted triptycenes, as shown in Fig. 13.1. In the folded =+ syn-
conformation, the substituents at the 1- and 9-position could interact with each other;
whereas, in the unfolded anti-conformation, they were diverged. Therefore, it could
well determine the configuration simply via the evaluation of the intramolecular
interaction between the two substituents. When the system has large enough sub-
stituents in 1- and 9-position, the distinct conformers with the increased rotation

C.-F. Chen, Y.-X. Ma, Iptycenes Chemistry, 365
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Fig. 13.2 Structures of 1,9-disubstituted triptycene derivatives

barrier could be simply distinguished through the 'H NMR spectra at low temper-
atures [5]. On the basis of these pioneering studies, Oki et al. developed a series
of 1,9-disubstituted triptycene systems as molecule balances, as shown in Fig. 13.2.
These systems with methoxyl or methyl group could detect many types of non-
covalent interactions, including weak n—o* [7-9], n—n* [10-12] charge-transfer
interactions, and interactions involving a methyl group, like CHj - - - O hydrogen
bond [7, 12-16] and CH3 - - - arene interactions [17, 18]. It was noteworthy that the
CHj3; - - - arene interactions had not been found in other systems before. For example,
when the R-groups were electron-withdrawing, these systems preferred to adopt the
folded syn-conformers. Thus, the large size and decreased electron density of chlo-
rine instead of methoxyl group would result in the decreased syn/anti-ratios. Taking
advantage of this behavior, the torsion balances for the CHj - - - O hydrogen bond
could be prepared.
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Fig. 13.4 Structures of triptycene—derived molecule balances 4, 5, and 6a, b

As mentioned before, Oki’s molecule balances based on 9-benzyl triptycene
derivatives could investigate the CHj - - - 7 interactions. Thus, Oki [1] synthesized a
series of 9-benzyl triptycene derivatives 2 and 3, in which the substituents con-
tained oxygen/halogen atoms (Fig. 13.3). These 9-benzyl triptycene derivatives
could also be acted as molecule balances for studying the oxygen/halogen - - - arene
interactions.

In 2005, Gung et al. [19, 20] designed and synthesized a series of 9-benzy] trip-
tycene derivatives 4 and 5 containing the ester or methoxymethyl ether groups at
1-position (Fig. 13.4). For almost all cases, these unimolecule systems, especially
for the methoxymethyl ether ones, preferred to be in folded syn-configuration. More-
over, it was noteworthy that the methoxymethyl ether triptycene system containing
the electron-withdrawing Z-substituents of the arene showed the increased strength
of the attractive interactions. These results revealed that both the dispersion forces
and local dipole interaction in this system should be also considered, instead of be-
ing only treated the aromatic rings in the system as a simple quadrupolar functional
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Fig. 13.5 The conformational equilibrium in the modified triptycene derivatives 7a—d

group at Van der Waals’ distance. Subsequently, Gung et al. [21] further introduced
a-substituted acetates into the 1-position of triptycene, and obtained the new
triptycene-derived molecule balances 6a, b to quantify the CH - - - 7w interactions.
Moreover, according to the results of the low-temperature '"H NMR spectra, the free
energies of the interactions and the equilibrium constants were also obtained from the
ratios of the syn/anti-rotamers. In addition, it was found that the attractive interaction
in these systems (6) were correlative with Hammett constants oy, : the Hammett plot
of these systems displayed the straight line for the substituent effect. However, these
systems were not ideal probes to study X - - - interactions, as the CH - - - type
interactions played the predominant role in these systems, and it was hard to exclude
the CH - - - 7 interactions from X - - - 77 interactions.

Furthermore, Gung et al. [22] synthesized a series of modified triptycene deriva-
tives 7a, d as molecular balances for direct measurements of & —m interactions in
the offset-stacked orientation. These triptycene models allowed a stacking interac-
tion between the two arene groups in the syn-conformation, whereas the interaction
was absent in the anti-conformation (Fig. 13.5). Thus, the ratiosfor the syn- and anti-
conformers could be determined by variable-temperature NMR spectroscopy, and the
free energies could be calculated from the syn/anti-ratios, which ranged from slightly
positive (0.2 kcal/mol) to considerably negative (0.98 kcal/mol) values in chloroform.
Moreover, the interactions between the arenes bearing electron-donating groups or
electron-withdrawing groups were fairly different: for the electron-donating groups,
the interactions were either negligible or slightly repulsive; whereas, for electron-
withdrawing groups, the interactions were attractive. For the majority of these
systems, the temperature had a negligible influence on the syn/anti-ratios. In the
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Fig. 13.6 Structures of triptycene model compounds 8-12

same year, Gung et al. [23] also reported a series of triptycene model compounds
8-12 (Fig. 13.6) containing some strong donors and accepters. In consequence, the
authors found that the two groups in the model compounds showed different aro-
matic interaction behaviors from the parallel stacked configuration. Among them,
compounds 10-12 with monocyclic arenes showed a good correlation between the
free energy attractions and Hammett parameters; however, in the models 8 and 9,
the multiple substituents strongly perturbed the aromatic rings which led to the
exceptions to this correlation. These results revealed that the charge-transfer in-
teractions might play a dominant role in the “abnormally behaved” compounds.
Afterward, Gung et al. [24] found that the relative position of the arene substituents
also influenced the w —rm stacking interactions in the 9-benzyl-substituted triptycene
system. Moreover, the system with the methyl group in the ortho position showed
more than 50 % increase in the strength of & —x stacking interactions compared with
the one in the para position.

In2007, Gungetal. [25] further developed a series of triptycene-derived molecular
models 13 (Fig. 13.7) and inserted an oxygen atom, which adopted a near-sandwich
configuration. This system could be used to quantitatively study the near-perfect
face-to-face x -stacking interactions between two aromatic rings. Compared with the
models with arenes in the parallel-displaced configuration, the r-stacking interaction
in 13 also preferred the syn-conformation in the sandwich configurations. However,
the attractive interactions in the sandwich configurations seemed to be smaller than
the parallel-displaced configuration. It was noteworthy that when one of the two
arene rings was electron deficient enough, like pentafluorobenzoate, the attractive
interactions could be observed; whereas, the character of the other arene ring almost
had no influence on the interactions.

Recently, Gung et al. [26] also reported a series of triptycene-derived scaffolds 14
(Fig. 13.8) containing aromatic rings, pyridine or pyrimidine rings, which were used
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as molecular balances to estimate the stacking interactions between aromatic rings
and pyridine or pyrimidine rings. Consequently, the authors found that there were
stronger attractive interactions between the pyridine or pyrimidine and benzene ring
than the corresponding arene—arene interactions, as a result of the dominance of the
syn-conformation. Additionally, the attractive interactions in the system of pyridine
and pyrimidine were much less susceptible to the substituent effects compared with
the ones in the corresponding carbocycles. Overall, when the two substituents were
consistent with a predominant donor—acceptor interaction, like a pyrimidine ring
and an N, N-dimethylaminobenzene, there were considerably attractive interactions
between them.
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Chapter 14
Miscellaneous Applications of Iptycenes
and Their Derivatives

14.1 Medicinal Chemistry

In 1999, Perchellet et al. [1] reported a class of triptycene bisquinones containing
the para-quinone moieties, and found that they could be used as the bi-functional
anticancer drugs. These drugs could not only block the synthesis of nucleic acid
and protein but also inhibit the proliferation of cancer cells in vitro. Especially, the
bisquinone 1 and its C-2 brominated derivative 2 (Fig. 14.1) exhibited the strong anti-
proliferative activities, which were at the same level as the anti-proliferative ability
of daunomycin (DAU). In 2002, Wang et al. [2] further designed and synthesized
the amino-functionalized triptycene bisquinones 3a-b (Fig. 14.1), which had the
potent anticancer activities. It is noteworthy that these triptycene-based anticancer
drugs could maintain their activity in multidrug-resistant tumour cells (daunorubicin-
resistant HL-60 cell lines) with the ability to induce poly(ADP-ribose) polymerase-1
(PARP-1) cleavage. On the basis of further investigations, Wang et al. [3] found that
these synthetic triptycene analogs could inhibit both DNA topoisomerase (topo) I
and II activities, which could be used as dual inhibitors. In particular, the amino-
functionalized triptycene showed the same level of power to the existing topo I
inhibitor, such as camptothecin. Simultaneously, the triptycene derivative also ex-
hibited the stronger inhibited effect on topo II than amsacrine. It was noteworthy
that these synthetic triptycene analogs were cytostatic and cytotoxic, which could
inhibit the L.1210 leukemic cell growth and mitochondrial metabolism. Moreover,
they could also block the cellular transport of purine and pyrimidine nucleosides,
which was superior to that of DAU [1, 4, 5]. The potency and unusual mechanism of
action made the triptycene bisquinones retaining their abilities to induce apoptosis in
the multidrug-resistant (MDR) HL-60-RV and HL-60-R8 sublines [4]. Furthermore,
Perchellet et al. [6] found that these bisquinones and their derivatives could trigger
a caspase-independent release of cytochrome c and a caspase-2-mediated activation
of caspase-9 and caspase-8, and keep their efficacy in DAU-resistant HL-60 cells
without Fas signaling.

In 2006, Wang et al. [7] investigated whether these anti-tumour triptycene
bisquinones might directly target mitochondria in cell and cell-free systems to
cause the collapse of mitochondrial membrane potential, which was linked to
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Fig. 14.1 Structures of
triptycene bisquinones 1-3

1R=H 3R;=NHMe, R, =H
2R=Br R1=H, Ry = NHMe

permeability transition pore (PTP) opening with the fluorescent probes of trans-
membrane potential. It turned out that anti-tumour triptycene analogs could directly
target mitochondria to trigger the Ca’>"-dependent and cyclosporin A-sensitive
mitochondrial membrane potential, which probably induced the PTP opening and
the apoptosis via mitochondrial pathway without nuclear signals.

Besides anti-cancer activities, Hua et al. [8] reported the unusual addition reactions
among aliphatic primary, secondary amines and a substituted triptycene bisquinone
2, and tested the biological activities of the triptycene bisquinone. According to the
valuation of biological activities, these triptycene bisquinones showed not only the
inhibition of L1210 leukemia cell viability, but also Plasmodium falciparum 3D7
with the IC50 values in the 0.11-0.27 uM and 4.7-8.0 uM range, respectively.

In 2003, Kourounakis [9] synthesized the triptycene quinones 4-6 (Fig. 14.2)
by the improved synthetic pathways, and evaluated their anti-oxidant and anti-
inflammatory activity with the standard and known protocols. In consequence, both of
these triptycene quinones showed anti-oxidant activity, which could protect rat hep-
atic microsomal fraction against the lipid peroxidation; and they also could reduce the
mouse paw edema induced by the Freund’s complete adjuvant with anti-inflammatory
activity.

14.2 Model for Jahn-Teller Systems

More than 50 years ago, the theory of the Jahn—Teller effect [10—13] had been worked
out. In the early work, most manifestations of the Jahn—Teller effect were well known
in metal trimer molecules, while the models in large molecules were comparatively

0 ‘ OMe i 0 ‘ OMe e 0 ‘ OMe
e
&V LN LI
o MeO o MeO O/ MeO

4 5 6

Fig. 14.2 Structures of triptycene quinones 4—6
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Fig. 14.3 A schematic view
of (adiabatic) potential energy
surfaces of uncomplexed
triptycene (T, left) and T Ne
(right) in the Sp(A}) ground
state, S| (E’) first excited
state, and S>(A)) second
excited state as a function of
displacement along the
components Q, and Q, of the
JT-active butterfly vibrational
mode. (Reprinted with
permission from ref. [17],
Copyright 1994, American
Institute of Physics)

rare. Until 1992, Furlan et al. [14] pointed out that the excited E’ state of triptycene,
which was measured by resonant two-photon ionization (R2PI), was a textbook
example for the study of the Jahn—Teller effect. In fact, benzene wagging framework
mode with low frequency vibronic levels and relatively large linear and quadratic
coupling terms was the typical Jahn—Teller active vibrational mode. The first singlet
excited state of triptycene showed the low vibronic level yields (v, = 47.83cm™),
and the linear and quadratic terms were k = 1.65 and g = 0.426, which was precisely
fitted to a strong E’ ® ¢’ type Jahn-Teller effect.

Subsequently, Furlan et al. [14—17] further investigated a trimer vibronic coupling
model for triptycene. The E’ ® ¢’ Jahn-Teller effect, especially the higher order
effects could be well applied to the interpretation of its highly resolved vibronic
spectrum. The generalizations of the E’ ® ¢’ model: (A| @ E')®@ ¢’ and (A| B E") ®
(a) @ ¢') trimer models could further be used for interpretation of the spectrum of
triptycene. It was found that the E’ ® ¢’ model was essentially correct, but the small
details of this spectrum still gave an expression of momentum coupling with an a;
vibration, which was confirmed by the data of the emission pattern of the laser induced
fluorescence of the vibronic levels [15, 16]. This result was probably important to
study and interpret the “molecular Barnett effect”. According to the studies based
on triptycene model, Furlan et al. [18] deemed that the wagging motions of the
three benzene rings, which strongly coupled to the excited electronic state, led to the
observed Jahn-Teller and Barnett effects in the ¢’ and a} vibrations modes.

In addition, the triptycenceNe, (n=1-3) van der Waals clusters with unique
possibilities could be applied to investigate the intermolecular perturbation of a
Jahn-Teller system through the supersonically cooled two-colour R2PI spectroscopy
(Fig. 14.3) [17]. The complexes of triptycene with one to three Ne atoms exhibited
a static distortion of the triptycene S; state Jahn—Teller potential energy surface and
the weak intermolecular interactions on the intramolecular Jahn—Teller coupling.
The (A; @ E) ® e model with a uniaxial external strain component was suitable to
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Fig. 14.4 Structures of
donor—acceptor molecules
with fixed distances 7a-b

/

calculate the §; state levels and §; < S electronic spectra of all these complexes.
It was found that the spectra of TeNe and TeNe, showed splitting of the E vibronic
levels in C,, symmetry and the additional transitions to levels, which was entirely
different to the spectra of bare triptycene. However, there was a highly symmetric
D3y, structure without inclusion of strain in the spectrum of TeNes, since each of the
three V-shaped compartments of triptycene were occupied by a single Ne atom. The
9-hydroxytriptycene, which was an isolated molecule, its S; <— Sp R2PI spectrum
and the fluorescence from various excited state vibronic levels showed the pseu-
dorotation of the Jahn—Teller vibration with strong coupling to the torsional motion
of the hydroxyl group [19]. The tunneling splitting both in the ground and excited
states resulted in this special torsional motion. The spectra of 9-hydroxytriptycene
exhibited a full C3, vibronic point group, which was symmetry forbidden in the bare
triptycene molecule.

14.3 Artificial Photosynthesis Models

In 1980s, Wasielewski [20] synthesized a series of donor—acceptor molecules with
fixed distances (7a-b, Fig. 14.4), which were composed of methyl pyropheo-
phorbide-a or methyl pyrochlorophyllide-a and triptycene quinone moiety. In these
systems, electron transfer from the lowest excited singlet state of the donor to the
acceptor was in a mechanism of fluorescence quenching, which was revealed by the
picosecond transient absorption.

Soon after, Wasielewski et al. [21-23] further designed and synthesized a series
of fixed-distance porphyrin—pentiptycene quinone molecules (8 and 9, Fig. 14.5).
The unique structure of pentiptycene moiety gave a special polycyclic hydrocarbon
spacer, which resulted in the porphyrin donor and the quinone acceptor to keep a fixed
distance and orientation, and without the generation of electronically excited states
of the donor or acceptor. In these systems, the presence of two positional isomers
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Fig. 14.5 Structures of
porphyrin—pentiptycene
quinone molecules 8 and 9

syn
8 R=H, OMe

provided a platform for studying the photo-induced electron transfer reactions at
a fixed distance with different orientation (syn/anti). Moreover, the presence of a
central benzene ring of pentiptycene also allowed the modulation orbital energies
of the spacer without conformational alteration, which finally resulted in a super-
exchange mechanism of electron transfer.

Additionally, Wasielewski et al. [22] also designed a new kind of donor—
acceptor molecules (10a-b, Fig. 14.6) with fixed distances, which involved Zn
meso-triphenylporphine or Zn meso-tripentylporphine as donor, and a part of trip-
tycene derivatives as high electron affinity acceptor. Likewise, the unique structure of
triptycene afforded a rigid spacer. They attempted to use these systems to investigate
the rates and energetics of these electron-transfer reactions at very low temperatures
by the picosecond transient absorption spectra and EPR spectroscopy at 10 K. On
the basis of the experimental results, they deemed that for the radical ion pairs of
10a-b in the solid matrix at 10 K, the enthalpy was only about 0.9 eV, if its energy
in fluid polar solvent at 294 K served as the standard value.
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Fig. 14.6 Structures of
donor—acceptor molecules
10a-b with the fixed distance

10a R = phenyl
10b R = n-pentyl

Furthermore, Wasielewski et al. [24, 25] utilized the electron transfer rate data
of 14 porphyrin—triptycene acceptor molecules to build a complete and quantitative
picture of the dependence of the charge separation rate on free energy of reaction
in a rigid glass [24]. These results showed that the porphyrin—triptycene molecules
possessed ion-pair states that fluctuated with a range of 0.8 eV in rigid glasses,
in contrast with their energies determined from electro-chemical measurements in
polar liquids. This number displayed the dependence on the spacer structure of the
porphyrin—triptycene acceptor molecules. On the basis of these results, they [25]
subsequently designed the supramolecular systems as shown in Fig. 14.7, and aimed
to separate charge efficiently in the solid state.

In 1999, Roder et al. [26] reported a class of porphyrin—triptycene—bisquinone
systems. However, due to the electronic coupling, the porphyrin linked with trip-
tycene and bis-quinone moieties could be conscribed as one acceptor unit as an
integral whole in these systems. Thus, the bridge between the donor and the acceptor
could be determined by the free enthalpy of the ET to a certain extent.

14.4 Preparation of Carbene

In 1995, Tomioka et al. [27] reported a kind of stable triplet carbene by utiliz-
ing the triptycene group as blocking group. Consequently, it was found that the
presence of triptycyl group effectively enhanced the lifetime of some arylcarbenes.
For the purpose of investigating the influence of electronic and steric effects on
the structure and reactivity of triplet carbenes, they prepared a series of triplet 9-
triptycyl(aryl)carbenes by photolysis of the corresponding diazomethanes, which
was shown in Scheme 14.1. By the matrix isolation techniques at low temperature
and time-resolved spectroscopies in solution at room temperature, they demonstrated
that w-delocalization of the spin to aromatic rings led to the thermodynamic struc-
ture in the corresponding singlet state; however, extensive delocalization tended to
a triplet arylcarbene. Moreover, it was also found that the steric factors affected the
lifetime of triplet carbenes much more, rather than their structures.

In 2002, liba et al. [28] further designed and prepared a di(triptycyl)carbene by the
similar route as above from the precursor di(triptycyl)diazomethane (Scheme 14.2).
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Fig. 14.7 Structures of donors and acceptors in supramolecular systems

The spectroscopical analysis and theoretical calculations indicated that this triplet
bis(triptycyl)carbene was likely to be the most stable triplet dialkylcarbenes among
the reported ones.
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Scheme 14.1 Synthesis of triplet carbenes by utilizing the triptycene group as blocking group

Scheme 14.2 Synthesis of
di(triptycyl)carbene from
di(triptycyl)diazomethane
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