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ABSTRACT
This Account details the application of [n]annulenes as functional
building blocks for electromechanical actuators, double-helical
ladder polymers, and protecting groups for supramolecular interac-
tions. Specifically, redox-induced conformational changes occurring
in [8]annulenes are utilized as the transducing element in polymeric
electromechanical actuators. Conversely, rigid [8]annulenes are
utilized as double-helical fragments for the synthesis of double-
helical octaaryl macromolecules. Last, Dewar benzenes are pre-
pared from [4 + 2] cycloadditions (where the 4π component is a
[4]annulene). The potential of using Dewar benzenes as protecting
groups for [6]annulne-[6]annulene supramolecular interactions is
exemplified by demonstration of photolithographic crystallization
(amorphous [4]annulene f crystalline [6]annulene) on a surface,
followed by subsequent X-ray analysis of the resulting [6]annulene
crystals.

Introduction
Annulenes may be defined as fully conjugated macro-
cycles,1 with common examples being cyclobutadiene,
benzene, and cyclooctatetraene ([4]-, [6]-, and [8]annu-
lenes, respectively). Herein we report our studies focused
on the design and synthesis of conjugated materials
incorporating nonplanar [n]annulenes. In each case, the
intrinsic properties of the annulene define the function
of the material. Specifically, the first two sections describe
the use of [4n]annulenes as redox-active shape-changing
monomers (“molecular muscles”) and as double-helical
scaffolds. The third and final section describes the syn-
thesis of [6]annulenes from [4]annulene(s) via Dewar
benzene intermediates. Furthermore, Dewar benzenes will
themselves be shown to function as a supramolecular
protecting group for [6]annulene π-π stacking interac-
tions.

Flexing [4n]Annulenes: Molecular Muscles2,3

The parent [8]annulene, cyclooctatetraene, is a nonplanar,
8π macrocycle. By application of Hückel’s rule, reduction
of this annulene by two electrons promotes a tub-to-
planar conformational change to yield an aromatic (4n + 2)

system (Figure 1).4 In principle, such a redox-induced
conformational change will occur in an [8]annulene upon
oxidation or reduction to any state, 2+, 1+, 1-, 2-. In all
cases, delocalization of charge is a major driving force,
augmented by gaining aromatic stabilization for the 2-
and 2+ states. Our interest in [8]annulene comes from
this inherent relationship between redox state and con-
formation.5 Simply stated, changes in the electron count
(an externally controllable parameter) force a displace-
ment of atoms (the consequential molecular response).
This intrinsic property allows [8]annulenes to be defined
as a functional synthon for electromechanical actuation.
By definition, an electromechanical actuator is capable
of transducing electrical energy into mechanical energy.

Redefining [8]annulenes as intrinsic electromechanical
actuators is not simply an issue of semantics. It is the first
step in harnessing function from intrinsic molecular
properties. It focuses on potential molecular utility and
establishes the molecule as a functional synthon. As with
traditional synthons in synthetic organic chemistry, func-
tional synthons can also be stitched together in a precise
manner to produce an operationally complex (multiple
processes, one end function) molecule-based device. Thus,
a molecule rich in intrinsic properties may continue to
find new application in novel materials. It is in this context
that we chose “classic” annulenes for nonclassical ap-
plications as our title.

Perhaps the first to utilize [8]annulene as a synthon for
actuation was Müllen and co-workers, who prepared
compound 1, a shape-changing cyclophane (Figure 2).6

Here, two dibenzo[8]annulenes are tethered together by
six atom linkers. In principle, the dimensions (and elec-
trostatic environment) of the internal cavity are controlled
by the redox state of the cyclophane. An obvious applica-
tion for this type of system would be the controlled uptake
and expulsion of guests within the shape-changing host.

In a somewhat analogous manner, our ultimate goal
was to produce a polymeric electromechanical actuator
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FIGURE 1. Reversible redox-induced conformational change in the
[8]annulene, cyclooctatetraene.

FIGURE 2. Reversible redox-induced shape-changing cyclophane
reported by Müllen.6
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by connecting in series (via polymerization) a number of
actuator synthons. The concerted redox-induced confor-
mational change of individual repeat units would be
summed across the entire polymer backbone, resulting
in an overall dimensional change within the individual
chain. Although many polymeric electromechanical ac-
tuators are known, the aforementioned mechanism would
be unique, as traditional polymeric electromechanical
actuators function via a bulk (not a molecular) mecha-
nism.

Before describing single-molecule actuation, the mech-
anism of bulk electromechanical actuation in redox-active
polymers (including conjugated polymers) should be
addressed.7 Maintaining electrical neutrality in redox-
active polymers mandates that counterions be either
included into or expelled from the bulk polymer, depend-
ing upon its redox state. Since counterions have a specific
volume, their presence or absence in the bulk polymer
will affect the overall volume of the composite, with
inclusion yielding expansion and expulsion yielding con-
traction (Figure 3). Because intrinsic dimensional change
within individual polymer chains is not mandated by this
bulk mechanism, single-molecule (single polymer chain)
actuation is not a prerequisite. In contrast, functional
polymers possessing bulk properties that mirror the
properties of their repeat units impose no boundaries on
the dimensions at which they can be used.

Our design of a polymeric electromechanical actuator
was subject to several prerequisites. First, the ideal
electromechanical actuator would need to exhibit stable
and reversible redox chemistry under ambient conditions.
Second, the actuator synthon must be a monomer suitable
for polymerization, preferably via electrochemical polym-
erization or well-established cross-coupling techniques.
Third, the polymer should be electrically conducting in
order to facilitate long-range redox communication be-
tween repeat units. Last, any ring fusion to the [8]annulene
periphery must not severely impede conformational flex-
ibility.

The first two requirements rule out cyclooctatetraene
itself: it is reduced only under an inert atmosphere and
may require significant synthetic effort to access the
corresponding regiospecific conjugated polymer. [8]An-
nulenes possessing ring fusion with six-membered rings,
such as tetraphenylene, are also ruled out. Although some

tetraphenylenes exhibit reversible electrochemistry,8 steric
hindrance of adjacent rings renders a relatively inflexible
tub conformation.4

If the first three aforementioned requirements were
applied to a non-annulene control polymer, polythiophenes
would meet almost all criteria.9 Luckily, a 1978 publication
by Kauffmann reported the synthesis of tetra[2,3-thie-
nylene], a thiophene-fused [8]annulene.10 In addition to
(potentially) integrating the redox stability and synthetic
handle of a thiophene with an [8]annulene, it should be
noted that thiophene fusion involves a five-membered
ring. Our hope was that one less carbon would buy back
some of the conformational freedom lost in the six-
membered-ring fused tetraphenylene series. Having found
such an attractive candidate already existing in the
literature (a classic system), we began assessing its use as
a synthon for actuation.

Regarding the history of this annulene, both tetra- and
hexa(2,3-thienylene) were first prepared by Kauffmann in
1978 (Figure 4). The former compound reappeared in a
limited number of subsequent publications by the same
group.11,12 Although the 1981 report of polythiophene as
conducting polymer fueled an interest in thiophene
derivatives,9 Kauffmann’s cyclic thienylenes were not
revisited for use as building blocks for π-functional
materials until very recently.2,13-15

For clarity, certain parameters should be defined prior
to a discussion of our actuator design strategy (refer to
Figure 5). The four thiophene rings of tetra(2,3-thienylene)
are denoted a-d. Poly(tetra[2,3-thienylene]) may possess
two points of backbone connectivity at the peripheral
R-positions of rings a-b, a-c, or b-c. Polymers of type
a-b and b-c are conjugated throughout the backbone,
while a-c type polymers are cross-conjugated. Optimized
actuation in a-c type polymers requires a linear polymer
backbone, yielding a bellows-type expansion-contraction
mechanism. In an effort to maintain a traditional poly-
thiophene backbone, we opted to first synthesize an a-b
type polymer.

FIGURE 3. Concept of the bulk mechanism for actuation in
traditional polymeric electromechanical actuators. Ribbons represent
polymer chains, and spheres represent counterions. Counterion
intercalation upon oxidation results in an expansion of the bulk; the
expulsion of counterions during subsequent reduction back to the
neutral state results in a contraction. Here, this is depicted by the
fact that dimension d′ > d. Note that the length of individual polymer
chains may be constant throughout this process.

FIGURE 4. Tetra- and hexa(2,3-thienylene). The former possesses
an [8]annulene core and is conformationally flexible; the latter
possesses a rigid [12]annulene core.

FIGURE 5. For clarity, the following notations are used. The four
thiophene rings are denoted as rings a-d. Distance d refers to the
distance between Ca and Cc. The S-C-C-S dihedral angle, φ, is
directly related to d.
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The S-C-C-S dihedral angle, denoted as φ, is used
as a measure of planarity, with φ ) 0° indicating a
completely planar system. As a point of reference, the
X-ray crystal structure of tetra(2,3-thienylene) yields two
distinct values of φ, φ1 ) 47.6° and φ2 ) 46.2°.2 The
distance between carbons Ca and Cc (R-carbons of rings
a and c, respectively) is denoted as d, and any reference
to electromechanical actuation implies a change in this
value as a function of redox state. Note the interplay
between φ and d: a decrease in φ mandates an increase
in d, and vice versa.

Synthesis of an a-b type poly[tetra(2,3-thienylene)]
requires halogens at the peripheral R-positions of the a
and b rings, and alkyl groups at the peripheral R-positions
of the c and d rings. The two halogens would act as the
aryl halide component of a cross-coupling polymerization
reaction, and the two alkyl groups would serve to enhance
solubility. Retrosynthetic analysis based on the original
Kauffmann protocol would require oxidative coupling of
either two different or two unsymmetrical bithiophenes.
Either way, statistical mixtures of products would result.
As such, we pursued an alternative synthesis,2 one that
proceeded via the intramolecular cyclization of a linear
tetrathiophene (compound 2; five steps from commer-
cially available 2-butyl thiophene; Scheme 1), thus avoid-
ing regioisomeric product mixtures. Halogenation of 3 to
4 and subsequent polymerization of 4 to poly(3) proceed
smoothly (Scheme 1).

Cyclic voltammetry of compound 3 reveals that revers-
ible oxidation to 3+ occurs. Oxidation to 32+ was not
observed, nor was any reduction. Unlike cyclooctatet-
raene, there is apparently no significant driving force for
compound 3 to comply with Hückel’s 4n + 2 rule. Mo-
lecular modeling offers one possible explanation. Geom-
etry optimization of 3+ and 32+ (PM3, butyl groups
omitted) reveals that oxidation does not result in a
completely planar system. Although to a lesser degree than
tetraphenylene, steric congestion resulting from the four

fused aromatic rings does restrict the conformational
dynamics of tetra(2,3-thienylene). In particular, neighbor-
ing â-H’s are found to be a major source of steric
congestion. Despite these results, a 6.7% change in
distance d is predicted to occur during a redox cycle (3 f

3+), implicating tetra(2,3-thienylene) as an intrinsic unit
of actuation. For comparative purposes, it should be noted
that bulk electrochemical actuators based on redox-active
polymers typically exhibit a 10% dimensional change,7 and
carbon nanotube-based actuators yield a ca. 1% dimen-
sional change.16

More recently, we synthesized compound 5 in an effort
to overcome â-substituent steric interactions by insertion
of two alkyne spacers, yielding an “expanded” tetrathie-
nylene.3 Specifically, compound 5 is classified as a
thiophene-fused didehydro[12]annulene. Given that a 4n
π-electron count is maintained within an elongated
octagonal framework, the analogous nonplanar to planar
redox-induced conformation change is anticipated. Given
that compound 5 is a regioisomer of the of the octaaryl
double helix, compound 11 (see Scheme 3), access via a
similar synthetic strategy was employed.

Density functional theory (B3LYP 6-31G[d])17 was used
to predict that compound 5 undergoes a large redox-
induced conformational change from twisted (φ ) 36.7°)
to planar (φ ) 0°) upon two-electron oxidation from a 4n
to a 4n + 2 π-electron count. The corresponding change
in distance, ∆d, corresponds to 18%. Note that this range
is more than double that predicted for tetra(2,3-thie-
nylene) itself, a difference credited, in part, to a reduction
in intramolecular sterics between adjacent â-thienyl posi-
tions. In further support, the barrier to inversion is
calculated to be 9.7 kcal/mol, a value 14.3 kcal/mol lower
in energy than that for the parent tetra(2,3-thienylene).
Interestingly, each oxidation state of compound 5, from
52+ to 52-, is associated with a unique value of φ and d,
thus yielding a range of actuation that may be attenuated
across five unique oxidation states (Table 1).

Is there any experimental evidence confirming calcula-
tions? Unfortunately, the analytical tools typically em-

Scheme 1a

a Reagents: (a) (i) BuLi, (ii) FeCl3; (b) 2 equiv of t-BuLi, MgBr2,
NiCl2(dppp).

Table 1. Charge (n), S-C-C-S Dihedral Angle (O),
and Percent Dimensional Change (versus n ) 0;

∆dCa-Cb) for Compound 5a

n φ (deg) ∆dCa-Cb (%)

2- 3.5 19
1- 15.9 16
0 36.7
1+ 19.7 12
2+ 0.0 18

a Both φ and ∆dCa-Cb were calculated using DFT methods at the
B3LYP 6-31G(d) level of theory.
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ployed to measure actuation in conjugated polymer-based
electromechanical actuators would fail to distinguish
between bulk (ion intercalation/expulsion) and single-
molecule actuation.18,19 Analytical methods to circumvent
these problems have been proposed,20 but none has
demonstrated single-molecule electromechanical actua-
tion to date. We eagerly await access to analytical methods
that would provide an indisputable measure of range and
strength of a single macromolecule expansion-contrac-
tion cycle.

Since our original publication, others have also re-
ported elegant designs of molecular actuators. Specifically,
Swager has designed a polymeric electromechanical ac-
tuator that utilizes a calix[4]arene pivot to dramatically
amplify dimensional changes,20,21 and Sauvage has de-
signed a chemomechanical actuator based on the me-
chanical bond.22 One advantage of the Sauvage system is
that it avoids the complications associated with analysis
of electromechanical actuation; thus, definitive evidence
for single-molecule actuation was readily available via
solution-state NMR studies. Similarly, the contraction of
a single macromolecule photomechanical actuator has
been detected by AFM studies.23 Given the differences in
the systems reported to date, it becomes evident that there
are many ways to approach the design of a molecular
actuator.16 Our work in this area continues on several
fronts, with the long-term goal of pursuing the ideal
molecular actuator: one that is modular, reversible, strong
(an issue not typically addressed in molecule-based
systems), and environmentally robust.

Screwing-Up [8]Annulenes: Double-Helical
Scaffolds13

As stated, molecules rich in intrinsic properties are highly
adaptable and will find utility in a number of new
applications. Tetra(2,3-thienylene) is a prime example. As
described above, the inherent function of redox-induced
conformational changes defines tetra(2,3-thienylene) as
a functional synthon for actuation.2 However, when the
four peripheral â-positions are considered from a topo-
logical perspective, tetra(2,3-thienylene) may be employed
as a scaffold for double-helical motifs (Figure 6).13

A covalent, single enantiomer double-helical ladder
polymer is a significant synthetic challenge. Assuming
each building block is a rigid, homochiral segment of a
double helix (such is the case for tetra[2,3-thienylene]),
four couplings per molecule must successfully occur.
Racemic substrates further complicate issues by the
statistical possibility of nonproductive couplings (cou-
plings between enantiomers). Ideally, high-molecular-
weight polymers of this type would require quantitative
coupling of homochiral building blocks. An alternative

strategy would be to circumvent issues of chirality by
(covalently) extending racemic double-helical fragments
with achiral units to produce larger (albeit racemic)
double-helical fragments. In the ideal case, these extended
fragments would be capable of chiral discrimination, self-
assembling into homochiral, supramolecular double-
helical polymers. In this section we describe our results
directed at both covalent and supramolecular syntheses
of extended double-helical systems from racemic and
achiral building blocks.

Our work was inspired by Rajca’s 1997 report establish-
ing tetra-o-phenylene as a fragment of a double helix.24

Rajca successfully applied this fact in the synthesis of a
tetra-o-phenylene homodimer (an octaaryl double-helical
oligomer). As described above, stereochemical issues
complicate the homocoupling of a racemic tetra-o-phe-
nylene, and this fact is reflected by the ca. 4% isolated
yield. Recognizing the topological similarities between
tetra-o-phenylene and tetra[2,3-thienylene], we pursued
an approach that would render racemic tetra[2,3-thie-
nylene] (7) as a versatile building block for the synthesis
of conjugated double-helical macromolecules (such as
compounds 8, 11, and 12).

Our synthetic strategy builds on the (typically!) predict-
able and reliable chemistry of thiophenes.9 For example,
the propensity of R-positions being much more chemically
reactive than â-positions is well documented, and we have
made extensive use of this rule of thumb in many of our
syntheses.2,3,13,14,25 In this present case, capitalizing on the
double-helical motif would require cross-coupling chem-
istry to occur exclusively at the four (less reactive)
peripheral â-positions. As such, we opted to mute chemi-
cal activity at the (more reactive) R-positions by substitut-
ing these sites with alkyl chains. Note that alkyl chains
would not only serve as protecting groups but also
enhance the solubility of products.

The synthesis of 7 is based on the original synthesis of
the parent (unsubstituted) tetra[2,3-thienylene]10 and is
shown in Scheme 2. With all four R-positions of 6
deactivated toward electrophillic attack, bromination oc-
curs exclusively at the four â-positions of 6. Subsequent
lithium-halogen exchange, followed by quenching with
iodide, yields tetraiodide 7. Compound 7 is the key

FIGURE 6. Concept of the double-helical directing ability of a tetra-
[2,3-thienylene] core.

Scheme 2
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scaffold for the preparation of double-helical oligomers
and polymers via cross-coupling. Extending the racemic
double-helical core with achiral moieties is illustrated by
the synthesis of 8.

The cross-coupling of TMS-deprotected 8 (denoted 8′)
and 7 allows, in theory, the production of double-helical
ladder polymer 9 (Scheme 3). However, this polymeriza-
tion is subject to the same stereochemical issues found
in the aforementioned synthesis of tetra-o-phenylene
homodimers: homochiral 8′ and 7 are required to yield
polymer 9. Given that 7 is, in fact, racemic, only achiral
units (with respect to helicity) could serve as an appropri-
ate coupling partner to extend the double-helical motif.
Such a model reaction can be established by cross-
coupling 2 equiv of compound 10, an achiral analogue of
one hemisphere of 8, with racemic 7 to yield the ladder-
type octaaryl oligomer, compound 11.

Free rotation about the thiophene-thiophene bond of
10 allows for the requisite tandem cross-coupling reaction
to occur between 10 and either enantiomer of 7. Unfor-
tunately, this same free rotation also makes available
nonproductive intermolecular polymerization pathways.
To minimize undesirable intermolecular reactions, Pd/
Cu cross-couplings were performed under pseudo-high-
dilution conditions.26 Remarkably, the desired tandem Pd/
Cu-catalyzed cross-coupling between 2 equiv of 10 and 1
equiv of 7 (four total couplings, two of which are intramo-
lecular cyclizations) provides 11 in 28% isolated yield. Thus,
the productive coupling reaction proceeds, on average, at
73% yield per reaction site (four sites per monomer 7).
However, since no starting materials are recovered in this
reaction, the aforementioned nonproductive coupling
pathways must also be considered when predicting the
reactivity of monomers 7 and 8′ (via 10). Thus, it can be
inferred from this control reaction that cross-coupling
polymerization of homochiral 8′ and 7 should occur with
efficiency much greater than 73% yield per reaction site
(noting that the rigidity of 8′ and 7 make unproductive
coupling pathways unlikely). Regardless, we would ideally
prefer a strategy that completely avoids these stereochem-
ical issues, with racemic and achiral starting materials
yielding homochiral macromolecules. Self-assembly ap-
peared to be a good option.

Given the ubiquitous nature of aryl-aryl interactions
(i.e., edge-to-face interactions),27,28 we targeted an ex-
tended double-helical motif terminally capped with four

phenyl groups (compound 12). The rationale for this target
was based on the fact that the maximum number of
intermolecular aryl-aryl interactions could occur only
when double-helical fragments of the same handedness
interacted. In theory, the self-assembly of racemic com-
pound 12 should exhibit chiral discrimination, driven by
maximizing weak aryl-aryl interactions.

As shown in Scheme 4, the desired self-assembly
occurred.13 Although crystals of compound 12 were overall
racemic, the individual supramolecular polymer chains
are homochiral. Closer examination of the X-ray crystal
structure clearly reveals edge-to-face aryl-aryl interactions
serving as a key directing entity (note arrows in Scheme
4). This result illustrates the successful preparation of a
homochiral, supramolecular double-helical polymer pre-
pared from racemic and achiral building blocks. The
importance of aryl-aryl interactions as supramolecular
directing groups, as exemplified by this supermolecule,
is a continuing theme in the following section.

Turning-On [6]Annulenes: Dewar Benzene
Revisited29

Keeping with the concept that molecules rich in intrinsic
properties will find utility in a number of new applications,
here we highlight Dewar benzene. Dewar benzene is the
nonaromatic, high-energy isomer of the prototypical [6]-
annulene, benzene. It is credited as a source for thermally
induced chemiluminescence30 and undergoes both di-
mensional and topological changes upon photoisomer-
ization to benzene (Scheme 5). From a materials stand-
point, few of these properties have been significantly
tapped until very recently.

In one example, Tsuji employed the aforementioned
photoinduced topological changes to complete an other-
wise improbable synthesis: construction of a (pseudo-)
rectangular cyclophane having 120° corners!31,32 In this
case, the bridgeheads of two Dewar benzenes served as
two of six vertices of a pseudohexagon (compound 13).

Scheme 3 Scheme 4

Scheme 5
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The remaining four vertices were formed from meta-
substituted benzenes. All six vertices were connected via
acetylene linkages. Photoisomerization of 13 eradicated
the two Dewar benzene vertices, leaving four, and hence
establishing a strained rectangle, compound 14 (Scheme
6). Conceptually, this shape-changing cyclophane is simi-
lar to Müllen’s aforementioned cyclooctatetraene-based
system, the former differing most significantly by being
irreversible. Although our long-term interests in Dewar
benzene as a functional synthon are multifold, herein we
will focus solely on our investigation of Dewar benzene
as a protecting group for supramolecular [6]annulene
interactions.

The previous section highlighted the power of aryl-
aryl interactions as directing groups in supramolecular
chemistry. Using the terminology of crystal engineering,
the ubiquitous nature of aryl-aryl interactions defines
them as a supramolecular synthon. For clarity, a su-
pramolecular synthon is defined as a structural unit within
a supramolecular assembly that yields a general and
predictable spatial arrangement of intermolecular, non-
covalent interactions.28 This structural predictability is key
to the rational design of self-assembling systems, such as
our double-helical motif, above, and has clear analogies
in traditional (covalent) synthetic organic chemistry.

In keeping with this traditional synthesis analogy, one
aspect of supramolecular chemistry that lags behind
traditional synthesis is the use of protecting groups. In
theory, supramolecular protecting groups would allow the
diminution of specific supramolecular synthons, thus
biasing other noncovalent intermolecular interactions. It
should be emphasized that protecting against such su-
pramolecular interactions is not intended to be limited
to self-assembly of exotic supermolecules. Indeed, it may
also profoundly affect fundamental molecular properties
such as solubility and physical state (i.e., liquid versus
solid). It is in the latter examples that supramolecular
protecting groups may find greatest application.

By definition, a supramolecular protecting group must
be capable of masking all intrinsic properties of the parent
synthon that would otherwise lead to noncovalent inter-
actions. In the case of a supramolecular protecting group
for aryl-aryl interactions, aromaticity itself must be
destroyed. Thus, Dewar benzene appears to be well suited
for such an application. Indeed, Dewar benzene is the
epitome of an atom-economical protecting group, as its
deprotection (photoisomerization) does not require or

produce any unwanted chemical species.33 Furthermore,
in an ideal case, deprotection is both quantitative and
irreversible. Can these facts be utilized? The first step
would require some clear demonstration of aryl-aryl
interactions being “turned on” by the photoisomerization
of Dewar benzene.

During the course of investigating a series of Dewar
benzenes (via cycloaddition between [4]annulene and
dimethylacetylenedicarboxylic acid), it became apparent
that neat Dewar benzene, compound 15,34 underwent a
photoisomerization and commensurate phase change,
converting from an oil (compound 15) to a crystalline solid
(compound 16) (Scheme 7). Although at first frustrated
by the decomposition of our target molecule, we ulti-
mately recognized that this observation might serve as the
key visual litmus test for our aforementioned concept,
Dewar benzene as a supramolecular protecting group.
However, substantiation of such a claim would require
meeting all of the aforementioned “ideal” requirements,
demonstration of aryl-aryl interactions in the X-ray crystal
structure of compound 16 being the most critical.

To avoid any potential misconceptions, it should be
stated that the thermal stability of compound 15 is quite
good. Although studies regarding the thermal stability of
Dewar benzenes exist, they typically point to sterics about
the ring as a major stabilizing factor.35 Alternatively,
stability is enforced by employing a tether across the 1-
and 4-positions of the bicyclic ring system.36 However,
thermal stability in untethered, sterically less-demanding
Dewar benzenes can be gleaned from reported experi-
mental data. For example, Gleiter reported the separation
of Dewar benzenes 17 and 18 by thermal conversion of
the untethered isomer, 17 to its parent benzene (Scheme
8).37 This thermal isomerization required heating for 2 h
at 120 °C. Compound 15 shows similar thermal properties,
with no apparent thermal degradation when handled for
weeks at room temperature. For our purposes, the thermal
stability of compound 15 is quite good. Clearly, this
stability is an important parameter defining the utility of
the protecting group. Given that all of our subsequent

Scheme 6 Scheme 7

Scheme 8
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studies were performed at ambient temperature, thermal
isomerization was never an issue of concern.

Quite spectacularly, when neat samples of 15 are
irradiated with 365 nm light, photoisomerization is fol-
lowed by rapid crystal formation. Monitoring this process
by 1H NMR confirmed that the photoisomerization was
indeed quantitative and gave no signs of byproducts such
as prismane.38 All things considered, Dewar benzene 15
is an ideal example of a supramolecular protecting group
for synthon 16. Specifically, the protecting group eradi-
cates the aryl moiety, thus inhibiting intermolecular aryl-
aryl interactions that would otherwise promote crystalli-
zation. Deprotection via photoisomerization is quantitative,
irreversible, and without byproduct, and subsequent
crystal formation takes place spontaneously. Furthermore,
the room temperature thermal stability of compound 15
is excellent. Last, the X-ray crystal structure of compound
16 reveals a face-to-face packing motif exhibiting a
neighboring aromatic ring C‚‚‚C spacing of 3.780 Å (Figure
7). Such a packing motif is characteristic of the aryl-aryl
supramolecular synthon.27,28,39

In an effort to provide a visual litmus test of this
concept, we wished to capitalize on the oil-to-crystal
phase change that occurred during the photoisomeriza-
tion of 15 to 16. Such a phase change would be readily
apparent when viewed under a cross-polarizing micro-
scope: amorphous (protected) regions would appear dark,
while crystalline (deprotected) regions would be readily
visible. Toward this goal, we focused on the application
of photolithographic patterning of crystal domains on a
surface. In theory, such an application would illustrate a
powerful macroscopic processing tool for toggling the
physical properties of targeted areas within bulk samples
of materials. Despite the emphasis on the macroscopic
bulk, keep in mind that it is a molecular process (of an
annulene!) serving as the main driving force.

In a typical experiment, a neat sample (ca. 10 µL) of
compound 15 (oil) is sandwiched between two 1 in. × 3
in. standard microscope slides. A shadow mask was
prepared by ink-jet printing a design onto a transparency
film and was subsequently affixed to the exterior surface
of the top microscope slide. The sample was irradiated
with 365 nm light until the formation of colorless crystals
within the unmasked area was detected by the naked eye.

As stated, the match between mask design and crystal
domain is best determined by viewing the (unmasked)
sample under a cross-polarizing microscope. As shown
in Figure 8, regions of amorphous 15 appear dark (denot-
ing the protected region), while crystals of 16 are readily
visible (denoting that deprotection has occurred). As a
litmus test for our proposed concept, it is visually apparent
from Figures 7 and 8 that aryl-aryl interactions are, as
expected, activated (deprotected) by photoisomerization.
Clearly, the generality of this concept will require further
examples, and we are currently pursuing this goal.

Summary
We have attempted to highlight our recent contributions
to annulene chemistry. Note that in all cases we attempt
to extract novel function from an intrinsic molecular
property. Such is the only option when materials are
constructed from a truly (molecularly) bottom-up ap-
proach. That said, the materials chemist’s toolbox should
be replete with intrinsically rich molecules. Ideally, many
applications could then emanate from a small library of
molecular scaffolds, thus reducing time consumed on
potential synthetic bottlenecks. Although such inherent
properties are certainly not exclusive to the annulenes,
the extensive history and diversity of annulenes warrants
their careful re-evaluation as functional synthons for
today’s materials challenges. With the synthesis and
properties of many parent annulenes already established
in the literature, this is a very attractive challenge.

I am indebted to group members, past and present, for their
dedication and effort. Many of their names can be found below
in our published work; those remaining will appear in future
publications. All have made significant individual contributions
to our research program as a whole. This work was generously
supported by the National Science Foundation (Grant CHE-
9974548), the donors of the Petroleum Research Fund, adminis-
tered by the American Chemical Society, Research Corporation
(Research Innovation Award to M.J.M.), DuPont (Young Professor
Grant to M.J.M.), the Department of Education (GAANN program),
and the University of California (start-up funds, intramural
programs, and CRCC).
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