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The progress of pentiptycene chemistry is reviewed. Pentiptycene belongs to the iptycene family
and possesses a rigid, aromatic, and H-shaped scaffold. An important feature for pentiptycene vs.
triptycene is the presence of a ‘sterically shielded’ central benzene ring. Such a feature has led to
the use of pentiptycene as a conformational regulator and in the formation of functional
molecules, including fluorescent chemosensors, molecular machines, low dielectric constant
materials, and porous solids. The synthesis of these materials relies on central-ring
prefunctionalized pentiptycene building blocks. A useful approach toward the preparation of
these building blocks is the derivatization of pentiptycene quinone.

Introduction 2 and 3 are named as [l.l.lb.l.l]pentiptycene and
[1.1.1%.1.1]pentiptycene, 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. In this
article, the pentiptycene scaffold under discussion refers to the
para-pentiptycene 2.

Iptycenes are a class of structurally unique compounds con-
sisting of arenes that are fused together through the bicy-
clo[2.2.2]octane framework. The name iptycene originated
from the basic unit triptycene (1), which was first synthesized
and named by Bartlett in 1942.' To describe the extended
iptycene structure, a prefix is added to indicate the number of

independent arenes.” For example, iptycenes of five and seven Q Q @ O O

arenes are called pentiptycenes and heptiptycenes, respec- & & J '

tively. Since the parent name triptycene refers to compound O O ‘ '

1, where the arenes are all benzenoid, all the parent names of ’ ’ Q 1 Q \§
1 2 3

larger iptycenes such as pentiptycene and heptiptycene have
been referred to the all-benzene species. However, it should be
noted that there is more than one structural isomer for
pentiptycene and larger iptycenes. For example, both com-

pounds 2 (para-pentiptycene) and 3 (ortho-pentiptycene) are @
pentiptycenes and both compounds 4 and 5 are heptiptycenes.®
Hart et al. have suggested a set of descriptors for precisely ‘ ; \ }
defining the structure of iptycenes.> For example, compounds l O \ “O \\ ’
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The structural rigidity, nonplanarity, bulkiness, and n-electron
richness of iptycenes, particularly the basic triptycene scaffold,
have found versatile usages in constructing molecules of both
fundamental and practical importance. For example, it has long
been recognized that the torsional barrier for a bridgehead
substituent is generally high and in some cases the atropisomers
could be isolated (e.g., 6a and 6b).* Such a behavior has recently
been employed for the investigation of intramolecular arene-arene
interactions® and for the design of molecular rotors (7). In
addition, functionalization of the peripheral phenyl rings can
lead to liquid crystalline materials (8),” ligands for catalysis
(9),% and a variety of solid-state supramolecular architectures.’
Furthermore, end-capping of the functional moiety with bulky
iptycene groups can spatially reduce its interactions with the
surroundings and thus enhances the desired chemical or
optoelectronic properties. Examples include kinetic stabiliza-
tion of a reactive center such as carbon radical or carbene
(10),'° creation of free volumes in aggregates or the solid state
for skeletal movements (11),'" and prevention of n-stacking of
luminophores (12 and 13) in thin solid films in order to
improve the light-emitting efficiency.'”
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Although larger iptycenes possess their own structural
uniqueness, particularly in the presence of ‘sterically shielded’

N ) N
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central arene(s), the application of pentiptycene and larger
iptycenes is much less explored than that of triptycene. An
obvious obstacle is the synthetic concerns, since the use of
larger iptycenes requires more synthetic effort.!* The synthetic
difficulties in extending the iptycene framework are in part
reflected by the fact that the first synthesis of pentiptycene 2 is
32 years later than the case of triptycene.'* In addition,
presumably due to the steric hindrance and poorer solubility,
the chemical reactivity of the central ring has been shown to be
much lower than that of the peripheral rings. For instance, an
attempt to prepare the diiodopentiptycene 14 from pentipty-
cene quinone 15 by following the method for the conversion of
the triptycene quinone 16 to the diiodotriptycene 17 via the
intermediates 18 and 19 (Scheme 1) was unsuccessful.'®

To expedite the chemistry of pentiptycene and larger ipty-
cenes, facile synthetic methods for the central-ring functionaliza-
tion are an important requirement. In addition, more examples
of unique application of the central rings should be demon-
strated. In this context, our research group has been exploring
the chemistry of pentiptycene 2, since it is the smallest iptycene
member that possesses a sterically shielded central benzene ring.
This article will describe our previous efforts as well as the recent
progress of pentiptycene chemistry in the literature.

Synthesis of the pentiptycene building blocks

The first synthesis of pentiptycene 2 was reported by Skvarch-
enko in 1974 through a three-step route starting with
2-aminotriptycene (Scheme 2)."* The pentiptycene scaffold
was created in the last step through the Diels—Alder reaction
of triptycene benzyne (2,3-didehydrotriptycene) and anthra-
cene, but the yield was only 10%. In 1981, Hart et al. reported
a one-step synthesis of pentiptycene with improved yield (26%
based on the product, but 94% based on consumed anthra-
cene).> The reaction also followed the benzyne-anthracene
Diels—Alder reaction strategy with the starting materials
1,2,4,5-tetrabromobenzene and anthracene (Scheme 3).
According to the above methods, functionalized pentipty-
cene can be prepared from prefunctionalized benzyne and/or
anthracene or from the functionalization of the parent pen-
tiptycene 2. The former has been demonstrated by Hart ef al.
for the synthesis of compounds 20 and 21 with starting
materials 1,2,4,5-tetrabromo-3,6-dimethylbenzene and

‘ NHz NaNO,/HOAc

19 17

Scheme 1

1502 | Chem. Commun., 2008, 1501-1512

This journal is © The Royal Society of Chemistry 2008



N Y

‘- NH, Br, NHz 1. 1. NaNOyHCI
Q ACOH O EXC ' o 2
28% & 10%

% '
a o5t g

‘ F 1. Mg/THF
.O 2. anthracene [z]

Scheme 2

ey

Scheme 3

n -BuLi E]
toluene

26%

1,2,4,5-tetrabromo-3,6-dimethoxybenzene, respectively.2
However, the latter strategy has not been explored, presum-
ably due to the difficulty in controlling the regio-, stereo-, and
stoichiometric chemistry of the aromatic substitution reactions
in such a symmetric polyarene system.

Regarding the central-ring functionalization of pentipty-
cene, a more effective and versatile method is the derivatiza-
tion of the pentiptycene quinone (15) precursor, which in turn
can be readily prepared from benzoquinone and anthracene
through Diels—Alder reactions. Indeed, the first synthesis of 15
was reported along with that of 16 in 1931,'® which is more
than 40 years earlier than that of 2."* However, the four-step
synthesis of 15 did not lead to a satisfactory yield (Scheme 4,
route a). A more efficient two-step synthesis of 15 (34%,
crude) with the same starting materials by changing the
reaction conditions was reported by Theilacker et al. in 1960
(Scheme 4, route b).!” The uncharacterized intermediate pro-
ducts of the first-step reaction were shown later (in 1998) by
Yang and Swager to be a mixture of triptycene hydroquinone
(22) and pentiptycene hydroquinone (23) with a poor solubi-
lity in both polar and nonpolar solvents.'® Conversion of 23 to
15 can be readily achieved with potassium bromate in acetic
acid and the overall yield was slightly larger (39% in route ¢ of
Scheme 4). More recently, Chen et al. adopted another two-
step route via the intermediate 16 to prepare 15 by adding
p-chloranil, and the overall yield can be improved to 68%
(Scheme 4, route d).'" Compound 15 can also be prepared
from 21 through the intermediate 23, but the overall yield
starting from anthracene is only 18%.2

22

Although pentiptycene quinone 15 is a potential precursor
for many other central-ring disubstituted pentiptycenes in
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Scheme 4

addition to the reduced form 23, the real demonstration of
such a utility was not reported until 1998, when Yang and
Swager reported the synthesis of pentiptycene diacetylene 24
(Scheme 5).'® The reaction started with a nucleophilic addition
of lithium trimethylsilylacetylide to 15 followed by reductive
aromatization of the central ring, which produced the tri-
methylsilyl-protected diethynylpentiptycene 25. Deprotection
of the TMS group provided compound 24. When one equiva-
lent of lithium trimethylsilylacetylide is used, the monoacety-
lene adduct 26 can be prepared.””

It took another eight years to uncover more new chemistry
of 15, which leads to several central-ring unsymmetrically
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Scheme 5
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disubstituted pentiptycenes, where iodo, bromo, amino, nitro,
cyano, and formyl groups are introduced.?! The key reaction is
the conversion of one of the carbonyl groups of 15 to
oxime (27), which in turn can be reduced to form the
aminophenol 28, an important precursor for Sandmeyer
reactions (Scheme 6). As mentioned in the Introduction, an
attempt to convert 15 to pentiptycene dioxime 29 by following
the same reaction conditions as in Scheme 1 has failed.'
However, the monooxime product 27 can be obtained in high
yields when the ethanol solvent in the first-step reaction is
replaced with THF. The amino group in 28 can be either
removed to form the pentiptycene phenol 30 or converted to a
nitro group (i.e., compound 31) under slightly different
reaction conditions (Scheme 7). The conversion of amino to
nitro group by rert-butyl nitrite in the case of 28 is particularly
interesting, since similar reactions have not been reported in the
literature. Control experiments have shown that the presence of
H;PO, is critical. However, application of this method to simple
arylamines only leads to moderate or poor yields of nitroarenes.
Apparently, the pentiptycene scaffold plays an important role in
accounting for the high efficiency of amino — nitro transforma-
tion. Since a phenyl radical is more likely involved in the
reaction,?” this might indicate a greater stability of the pentipty-
cene radical vs. simple planar phenyl radicals. Upon O-alkyla-
tion of 30, the resulting product can be further functionalized
with a bromo, iodo, cyano, or formyl group at the position para
to the alkoxy group (e.g., compounds 32-35).%!
(2) 1.5 equiv (CH3)3CONO

o
= O

.’
75

(1) 3 equiv HzPOy(aq) / THF

(1) 5 equiv (CHg)CONO / THE
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93%

Scheme 7

Having these pentiptycene building blocks in hand, further
derivatization of the central ring becomes straightforward.
For example, pentiptycene hydroquinone 23 can react with
alkyl halides, acid chlorides, and sulfonyl chlorides to form
O-alkylated products, esters, and sulfonates, respectively. In
addition, pentiptycene diacetylene 24 can react with dihalo-
arenes via the Sonogashira reaction to form pentiptycene-
derived poly(phenyleneethynylene)s. Moreover, the Heck
and Suzuki as well as the Sonogashira coupling reactions
can be carried out on the halogenated pentiptycene (e.g.,
compound 33), as demonstrated by the formation of the
pentiptycene-derived stilbene 36, biphenyl 37, and phenylace-
tylene 38 from reactions with styrene, phenylboronic acid, and
trimethylsilylacetylene, respectively.?! It should be noted that,
unlike the planar aryl triflates,?® attempts to carry out these
coupling reactions with pentiptycene monotriflate (39) or
pentiptycene bistriflate (40) have failed, and the product ob-
tained from the reaction of the latter is generally the pentipty-
cene quinone 15 due to triflate hydrolysis and the oxidation of
the resulting hydroquinone.** We have also adopted an itera-
tive synthetic method resembling the strategy for the prepara-
tion of pentiptycene diacetylene 24 (Scheme 5) to prepare a
series of acetylene-bridged pentiptycene dimer (41), trimer (42),
and tetramer (43) from the building blocks 15, 26, and 33.%°
The unique properties associated with some of these pentipty-
cene derivatives are discussed in the following section.
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Application of the pentiptycene scaffold

Since the most prominent difference between pentiptycene and
triptycene is the presence of a sterically shielded central ring in
the former, the major reason for choosing the pentiptycene
rather than the triptycene scaffold would be associated with
the central ring. In the following, a few typical applications of
central-ring functionalized pentiptycenes are illustrated.

(a) Creation of porous films with bright luminescence
for m-conjugated polymers

The introduction of the bulky pentiptycene framework to
n-conjugated polymers was first carried out by Yang and
Swager (i.e., 44) in order to prepare stable fluorescent polymer
films by preventing n-stacking or excimer formation between
the polymer backbones.'® Indeed, polymer 44 (M,, = 56 000)
displays 3.5 times larger fluorescence quantum yield than the
planar model polymer 45 (M, = 33 000) in thin solid films. In
addition, films of 44 display great spectroscopic stability and
reproducibility, but different films of 45 show different fluor-
escence profiles, presumably due to different degrees of inter-
chain interactions. It should also be noted that the solubility of
polymer 44 in organic solvents is 100-fold larger than that of
45, even though the latter has more than double the density of
the solubilizing side chains. More importantly, the fluores-
cence of films of 44 undergoes fast response to the vapor of
benzoquinones and nitroarenes, including the highly explosive
2,4,6-trinitrotoluene (TNT) (Fig. 1), which possesses a satura-
tion vapor pressure of only 8.02 x 107® mmHg or about
10 ppb at 22 °C.% Since benzoquinones and nitroarenes are
good electron acceptors,”® the mechanism of fluorescence
quenching can be attributed to the occurrence of electron
transfer from the excited polymer to the electron acceptors.
The amount of fluorescence quenching depends on the
quenchers, the exposure times, and the film thickness. With
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Fig. 1 Time-dependent fluorescence intensity of 44 in a 25-A film
upon exposure to TNT vapor (room temperature) at 0-600 s (top to
bottom), and the fluorescence quenching (%) as a function of time
(inset). Reproduced with permission from J. Am. Chem. Soc., 1998,
120, 5321." © 1998, American Chemical Society.

the same exposure time, stronger fluorescence quenching was
observed for TNT in thinner films, but the opposite is true for
benzoquinone (BQ). These phenomena indicate that the poly-
mer films have a porous nature and BQ diffuses more readily
than TNT toward the interior cavities of the films due to
weaker BQ-polymer vs. TNT-polymer interactions. The
origin of the porosity of films of 44 can be mainly attributed
to the nonplanar H-shaped scaffolds of pentiptycene. An
idealized model is shown schematically in Fig. 2.

The success of TNT detection with films of 44 has led to a
commercially available device, called ‘FIDO’, which allows for
real-time monitoring of the fluorescence intensity of the

cavities - L_]A ‘—|

pentiptycene group  conjugated polymer backbone

Fig. 2 A conceptual and idealized model showing the porous struc-
ture of 44 in thin solid films. Reproduced with permission from J. Am.
Chem. Soc., 1998, 120, 5321.'% © 1998, American Chemical Society.
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polymer films with femtogram detection limits.?’ In field tests
with buried land mines, the sensitivity and selectivity of FIDO
are comparable to those of trained canines and it is currently
one of the best real-time land mine-detecting technologies.
Many other pentiptycene-derived poly(phenyleneethyny-
lene)s (PPEs, 46) were later prepared by the Swager group
through changing the arene moiety in 46 and investigated as
fluorescent chemosensors for not only nitroarenes but also
other analytes.”® 2 For example, introduction of the strong
hydrogen bond-donating hexafluoro-2-propanol groups to the
terminal of the solubilizing side chains leads to conjugated
polymers (e.g., polymer 47) with fluorescence-quenching re-
sponses to the vapors of pyridine and 2.4-dichloropyrimi-
dine.”® In addition, replacement of the alkoxy side chains
with dioctylamino groups results in conjugated polymers
(e.g., polymer 48) that display an ‘off—on’ fluorescence sensing
mode to hydrazine vapor.’® The hydrazine-induced fluores-
cence enhancement has been attributed to the removal of some
oxidized traps along the polymer backbone by reduction with
hydrazine. The number of oxidized trap sites is expected to be
larger for thin films of 48 vs. 44 due to the more strongly
electron-donating amino substituents. For the purpose of
TNT sensing, thin films of both the dibenzochrysene—pentip-
tycene copolymer 49 and the chiral side chain derivative 50
display higher sensitivity to TNT than those of 44.3'3 The
improved TNT sensitivity of 49 vs. 44 can be attributed to its

47 Arene =

48 Arene =

49 Arene =

50 Arene =

longer excited-state lifetime (zy = 2.5 vs. 0.5 ns in dichloro-
methane), which allows for longer-range through-bond exciton
migration.®! In contrast, the superior TNT sensitivity of 50 vs.
44 is a consequence of the formation of aggregates with a three-
dimensional chiral gridlike structure.*> The films of such
aggregates possess both higher fluorescence quantum efficiency
(@ = 0.61) and better interchain exciton transport than those
of polymer 44. As evidenced by the much lower fluorescence
quantum yield (¢ = 0.3) for the aggregates consisting of 50%
(R)-50 and 50% (.S)-50, the performance of the films is critically
associated with the chirality of the films.

In addition to PPEs, several all-iptycene-based conjugated
polymers such as poly(iptycenebutadiynylene)s (PPDs) 51-53
have been investigated as TNT sensors.*> Compared to 44,
these polymers display higher affinity to TNT in solutions, but
they display slower fluorescence quenching and recovery rates
in thin films in the presence and upon removal of TNT vapors,
respectively. Inhomogeneous distribution of TNT molecules
on the surface of the films due to tight binding might account
for the results. The results also show that it is not always a
merit to have strong TNT—polymer interactions in the design
of thin film-based TNT sensors.

The pentiptycene scaffold has also been employed to form a
platinum acetylide polymer (54) for investigating the effect of the
interchain interactions on the triplet excited state.>* As com-
pared with the parent polymer 55, which shows aggregate
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formation in both THF solutions and thin solid films, polymer
54 is free of noticeable interchain interactions even in the solid
films. The presence of significant interchain interactions in 55
imposes a significant effect on the photophysical properties. For
example, the triplet lifetime is much shorter for 55 vs. 54 (0.9 vs.
63 ps) in THF. In addition, the solid-state phosphorescence is
dramatically reduced for 55 on going from THF solutions to
thin films due to stronger interchain interactions. The aggrega-
tion effect might result from interchain m—m interactions that
affect the T1—S, energy gap or from metal-metal d—p interac-
tions that lead to a low-energy excited state.

BU3P_Pt_PBU3

54 55

(b) Creation of porous networks or free volume in the solid state

Organic porous materials with tubular channels have long
been the subject of research interest.*>>” For one reason, the
self-assembly of molecules toward porous networks is dictated by
the weak noncovalent bonding interactions, understanding of

(a)

which is crucial in the progress of supramolecular chemistry. In
addition, they have potential applications in chemical adsorption
and catalysis, resembling the inorganic zeolites.*® However, the
formation of a large free volume in crystals is against the inherent
close-packing propensity of molecules in crystals. Thus, a popular
approach is to adopt macrocyclic molecules,*®*” because stacking
of these types of molecules can directly lead to tubular channels
created by the pre-formed molecular cavity. Recent examples
included the triptycene-derived macrocycles 56.%

Pentiptycene-derived macrocycles have not yet been
reported. However, the cavity-forming propensity of pentipty-
cene derivatives has been demonstrated.'® A particularly intri-
guing case is the pentiptycene diamide 57, which forms
rectangular channels in the crystals (Fig. 3).* The secondary
amide group was originally introduced to create hydrogen-
bonding networks, but it turned out to be silent in the final
crystal structure. Instead, n—m stacking interactions dominate
the non-covalent interactions in determining the porous

Fig.3 Crystal packing diagrams of 57 showing (a) the extended conformation and the stacking of N-acetylsulfanilyl substituents; (b) pentiptycene
pillars; (c) the top view of zigzag pentiptycene walls and channels (methanol solvent molecules included), and (d) the effective sizes of channels by a

space-filling model. Adapted from Tetrahedron Lett., 2000, 41, 7911.%°
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packing mode. For comparison, the corresponding crystal
packing in the triptycene diamide 58 is dictated by the intra-
molecular and intermolecular amide—amide hydrogen bonding

as well as the intramolecular edge-to-face n—m interactions.”*>
HsC. HsC,
=0 )=0
H-N H-N

N-H N-H
O=< O_ﬂ'/

CHs CHs
57 58

Long and Swager have applied the pore-forming propensity
of triptycenes and pentiptycenes to design low dielectric con-
stant (low-x) materials, which might be used to manufacture
denser and thus faster integrated circuits.** The dielectric
constant of porous materials can be predicted by the Brugge-
man effective medium approximation:*!

Sl = we)/(ry + 2] + fol(r2 — 1e)/(i2 + 2ie)] = 0

where f, are the percentages of each component, K, are the
dielectric constants for each compound, and «. is the dielectric
constant of the composite. For example, to create low-x materi-
als with a dielectric constant (¢) less than 2.0 requires 70%
porosity with the silica (¢ = 3.9-4.5) matrix. Among several
investigated polymers, the two most promising iptycene-derived
polymers are the poly(aryl ether)s 59 (¢ = 2.41) and 60 (¢ =
2.42).%° Both polymers have high thermostability with a thermal
decomposition temperature above 500 °C. The high thermal
stability can be attributed to reduced interactions between the
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= 60 Ar=
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e

backbones of the neighboring chains and a rigidified solid-state
structure. Another promising feature of these polymers is the
low water absorption behavior, which is an important feature
for maintaining a low dielectric constant in the devices.

(c) Creation of ionophores for metal ion sensors

In addition to the nonspecific recognition sites created in pentip-
tycene-derived polymer films (e.g., the TNT sensor 44),'% the
nonplanar scaffold of pentiptycene can also be functionalized to
form a more specific receptor. One such example is the metal ion
sensor 61, where both the polyether and pentiptycene groups can
interact with metal ions through ion—dipole and cation—r interac-
tions, respectively.* The pyrene fluorophores are the fluorescence
signal reporter, and the presence of both monomer and excimer
emission in dichloromethane allows ratiometric measurements of
the sensing behavior. Among 15 selected metal ions, Ca>* and
Cd** can selectively induce an enhancement of the monomer
fluorescence at the expense of the excimer fluorescence (Fig. 4a).
Whereas this follows the common monomer-excimer scenario for
pyrene-derived fluorescent sensors,*® a new fluorescence sensing
behavior was also observed for compound 61 in response to Cu>*:
namely, a cation-induced blue shift of the pyrene excimer emission
(Fig. 4b). In conjunction with the excitation spectra and fluores-
cence lifetime data, the formation of static excimers with partially
overlapped structure was proposed. Similar behavior was also
observed later in other pyrene-derived fluorescent chemosensors.**
A schematic drawing accounting for the fluoroionophoric behavior
of 61 is depicted in Fig. 5.
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Fig. 4 (a) Fluorescence spectra of 61 in CH,Cl, in the presence of
0-2.0 equiv. of Ca(ClOy),-4H,0 predissolved in MeCN (0.005 M) and
the corresponding change in the intensity ratio of the excimer (475 nm)
vs. monomer (375 nm) emission (inset). (b) Fluorescence spectra of 61
in CH,Cl, in the presence of (a) 0, (b) 1.0, (c) 5.0, (d) 7.0, (e) 9.0, (f)
11.0, and (g) 15 equiv. of Cu(ClOy4),-6H,0 predissolved in MeCN
(0.005 M) and the corresponding change in the excitation spectra
(normalized) monitored at 375 (dashed line) and 440 (full line) nm
(inset). Reproduced with permission from Org. Lett., 2001, 3, 889.4* ©
2001, American Chemical Society.

(d) Function as a conformation regulator

As mentioned in the Introduction, the three-dimensional
scaffold of triptycene can interact with the subunits of its
derivatives and then lead to specific molecular conformations.

O =Cd?* or Ca®*

Fig. 5 Schematic representation of the interactions between 61 and
metal ions. Reproduced with permission from Org. Lett., 2001, 3,
889.42 © 2001, American Chemical Society.

Fig. 6 Schematic representations of three distinct orientations of o,m-
dithiols on a metal surface corresponding to the (a) stand-up, (b) lie-
down, and (c) looped monolayer assembly structures.

The conformational control in these examples results from
steric repulsions or certain specific non-covalent interactions.
We have adopted the bulky pentiptycene scaffold to affect the
conformational preference of two types of target molecules:
alkanedithiols and oligo(p-phenyleneethynylene)s.

Control of the conformation and monolayer structure of
a,w-dithiols on metal surfaces has been the subject of current
interest in surface chemistry and supramolecular chemis-
try.*?# As schematically shown in Fig. 6, a,o-dithiols can
adopt at least three distinct monolayer structures on a metal
surface. The stand-up structure enables a,®-dithiols to serve as
molecular wires connecting to two metal substrates. In con-
trast, both of the thiol groups can chemisorb on the same
substrate to form a lie-down or a looped structure. While
alkanedithiols generally adopt the stand-up structure,*® the
incorporation of the pentiptycene group in the middle of the
alkyl chain (i.e., compound 62) leads to the choice of a looped
structure, as schematically shown in Fig. 7a.*” We reasoned

Fig. 7 Schematic representations of two proposed monolayer assem-
bly structures of o,w-dithiol 62 on a metal surface: (a) a folded
conformation and the corresponding looped structure and (b) an
extended conformation and the corresponding stand-up structure.
Reproduced with permission from J. Org. Chem., 2000, 65, 871.47 ©
2000, American Chemical Society.
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that the bulky pentiptycene groups prevent close contact of the
aliphatic chains in a stand-up monolayer structure (Fig. 7b).
Instead, the pentiptycene group functions as a turn unit to
allow folding of the aliphatic chains, which is stabilized by
intramolecular chain—chain (dispersion) interactions, and fi-
nally leads to a looped structure with the optimum 5 A chain-
to-chain separation. Since such a structure exposes the pen-
tiptycene group at the monolayer—air or monolayer—liquid
interface, tailoring of the pentiptycene functionality might
lead to interesting surface properties.

Another unique application of the bulky pentiptycene
group in conformational control is to provide the first
experimental evidence about the intrinsic conformation effect
on the fluorescence properties of phenyleneethylene (PE)
oligomers. An interesting feature associated with the
conformations of PE oligomer and polymers is the rather
low barrier (<1 kcal mol™') for the rotation of the
phenyl rings in the electronic ground state (Sp).*® For example,
the coplanar form of 1.4-bis(phenylethynyl)benzene
(63-coplanar) was calculated to be only ca. 0.2 kcal mol™!
lower in energy than the twisted form (63-twisted).*’
For comparison, the rotational barrier for a simple molecule
such as ethane is more than 10-fold larger (ca. 3.0
kcal mol™").%° Such a behavior is apparently associated with
the cylindrical symmetry of the ethynyl groups, which main-
tain considerable conjugation interactions between the adja-
cent phenyl groups upon their rotations. In contrast, the
corresponding calculations predict a deep potential energy
surface for the lowest excited state (S;) of 63 with a minimum
at the coplanar conformation.*® This in turn suggests that the
fluorescence of a coplanar form would be red-shifted with
respect to that of a twisted form. However, previous attempts
to obtain the corresponding experimental information had
been unsuccessful due to the barrierless conformational re-
laxation in S;, which results in fluorescence only from the
coplanar form. The appearance of both the Sy and S; rota-
tional potential energy surfaces is nearly unaffected by sub-
stitution of the phenyl groups, unless the substituents are
bulky enough to cause substantial interactions.”®>' This is
demonstrated by the facts that both compounds 64 and 65 still
keep the features of rotational profiles of 63 (i.e., Fig. 8b), but
the energy surfaces for the all-pentiptycene derivative 42 have

multiple minima in both Sy and S; (Fig. 8a).%% As a result, the
excited-state conformational relaxation from the twisted to the
coplanar conformation is inhibited for 42 at low temperatures
and the conformation effects can be thus evaluated. The results
showed that twisting of the phenyl rings leads to blue-shifted
absorption and fluorescence spectra, consistent with the the-
oretical prediction, and increased fluorescence quantum yield
and lifetimes. Similar behavior was also observed for the four-
ring system 43.

O—0—0 O—===)

63-coplanar 63-twisted

Coto—( )= p——+)

65

Although the conjugated backbone of PE systems is rather
rigid, the backbone of a long PE polymer (i.e., PPEs) in
isotropic solutions might be disordered (e.g., bent or coiled),
which might reduce the efficiency of exciton movement within
the conjugated backbone. In this context, Swager et al. have
combined the structural features of pentiptycene and nematic
liquid crystals (LCs) to enhance the conformational order of
PPEs.* This relies on the concept of ‘minimization of free
volume’,> corresponding to the occupation of the convex
space defined by the pentiptycene groups by the highly orga-
nized LC molecules. As evidenced by a substantial increase of
intrachain energy transfer from the polymer chain to the
terminal energy acceptors for polymer 66 in nematic LC vs.
isotropic solution, the effective conjugation length is larger in
the former solution.

(e) Function as a rotary component in molecular machines

A molecular machine is a molecule designed to perform a
computation, a motion, or a measurement in response to some
data inputs or orders provided by an operator. Therefore, the
ability to control molecular motion is the first step toward the

1510 | Chem. Commun., 2008, 1501-1512
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Fig. 8 Rotational potential of (a) 42 and (b) 65 in the ground (S,) and
the lowest excited (S;) state derived from AM1 and ZINDO algorithm. To
expedite the calculations, the octyl groups were replaced by methyl groups.
Wavelengths for vertical transitions at selected dihedral angles are in-
dicated with labeled arrows. Reproduced with permission from J. Am.
Chem. Soc., 2006, 128, 14109.%° © 2006, American Chemical Society.

development of molecular machines or molecular computers.
Although many prototype examples have shown significant
progress in controlling the motion of molecules, building
molecular machines mimicking the molecular motors present
in biological systems (e.g., the kinase linear motor and the
ATP-ase rotary motor)** remains a challenging task. Several
of the prototype artificial molecular rotors reported in the
literature® adopted triptycene as the rotary component (e.g.,
7).5%¢ If triptycene is considered as a three-bladed molecular
rotor around the axis connecting the two bridgehead carbons,
pentiptycene represents a four-bladed molecular rotor around
the axis along the central ring. Cozzi et al. have reported one
such example, called a molecular ‘gate’ (compound 67), where
the internal rotation of the pentiptycene group can be gated by
external chemical stimuli.’’ As schematically depicted in
Fig. 9, the pentiptycene group in 67 can undergo free internal

free rotation

rotation blocked

Fig. 9 Schematic representation of the function of the metal ion-
controlled molecular gate 67.

rotation in the absence of Cu™, but the rotation was restricted
upon complexation with Cu™. The free rotation of the pen-
tiptycene group can be restored by decomplexation with
cyanide ions.

Conclusions and outlook

The pentiptycene scaffold differs from triptycene in having a
central ring that is ‘shielded’ by the protruding peripheral
phenyl rings. While such a feature continues to find unique
applications in contemporary chemistry, the progress of pen-
tiptycene chemistry depends on the availability of the central-
ring functionalized pentiptycene building blocks. Our experi-
ence has shown that the outcome of functional-group trans-
formations for the central ring is very sensitive to the reaction
conditions. In other words, a small variation of the reaction
conditions such as solvent, temperature, or reaction time could
lead to the complete failure or success of the reaction.
Although several central-ring functionalized building blocks
are currently available, more new pentiptycene building blocks
are desired. For example, pentiptycene dihalides would be
useful for preparing all-pentiptycene PE polymer and other
n-conjugated derivatives, but they have not yet been success-
fully prepared. Certainly, application of the pentiptycene
scaffold should not be limited to the central-ring substituted
species, since the H-shaped scaffold is inherently different from
the Y-shaped scaffold of triptycene. We can envision that as
the synthetic barrier is overcome, more diversified applications
of the pentiptycene scaffold will be demonstrated. Regarding
the close structural relationship between pentiptycene and
larger iptycenes, the synthetic methods and application con-
cepts developed for pentiptycene might also inspire more new
chemistry for larger iptycenes.
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