Perspective

Chemical synthesis gets a fillip from molecular
recognition and self-assembly processes
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By drawing on nature conceptually, the practice of chemical synthesis can now be broadened in scope to include the supramolecular
synthesis of supermolecules and their postassembly covalent modification to form mechanically interlocked molecules, which the chemist
can use to build functioning nanosystems after the style of those found in the living world.

here is absolutely no doubt, to quote

from the recent Classics in Total Syn-
thesis (1), that the “construction of na-
ture’s molecules in the laboratory from
atoms and/or simple molecules, a process
known as total synthesis, is one of the most
demanding human practices.” Although
the total synthesis of unnatural (2) as well
as natural products has taxed the minds
and tested the skills of chemists for more
than a century, the practice has remained,
until recently, a peculiarly artificial one
with only occasional concessions being
made to biomimetic approaches (3). The
emergence of chemistry beyond the mol-
ecule (4), however, has done much to
initiate a paradigm shift over the last 25
years where concepts like molecular rec-
ognition (5) and self assembly (6) are
transferred from biological processes into
chemical nanosystems through the me-
dium of synthesis. What supramolecular
chemistry (4) has done for synthetic chem-
ists is to alert them to the fact that chem-
ical synthesis does not begin and end with
the making and breaking of covalent
bonds. First, it has focused the attention of
these key players in materials science on
the importance of noncovalent and coor-
dinative bonds in the spontaneous self
organization of membranes (7) that could
be used to house working artificial cells.
Second, it has led to the development of
the mechanical bond in molecules, such as
catenanes and rotaxanes (8), providing
ready access to a whole new range of
actuators and switches that can be con-
trolled chemically, electronically, or opti-
cally, and some of which are capable of
receiving, storing, processing, and broad-
casting information at the nano- and
mesoscopic levels (9).

Transferring Concepts

There are two main areas of contempo-
rary synthesis that come under the spell of
supramolecular phenomena (10). One is
supramolecular assistance to the covalent
synthesis of molecular compounds, in
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(a) Template-directed synthesis of the tetracationic cyclophane 3-4PFs. (b) The x-ray crystal

structure and superstructure of 3%+ /4,. (c) Template-directed synthesis of the (2)catenane 5-4PFs. (d) The

x-ray crystal structure and superstructure of 54*.

which either (i) a temporary recyclable
template dictates the outcome of a reac-
tion to give a product that would not be
nearly so efficiently made without the
template; or (i) a permanent entrapped
template results in the formation of an
interlocked molecule, e.g., a catenane or
a rotaxane. The other is noncovalent or
supramolecular synthesis, which can lead
to either (/) small discrete supermolecules,
or (if) large supramolecular arrays. The
guiding principles for the development of
these new areas in synthesis have been
molecular recognition (5) and self assem-
bly (6), and the reaction control can be
either kinetic or thermodynamic or a mix-
ture thereof. Aside from the noncovalent
self assembly of chemical systems, there is
a rapidly growing interest in self assembly
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using dynamic covalent bonds and the
creation of virtual combinatorial libraries
under thermodynamic control—but that
is another story (11, 12).

Concepts Exemplified

One of the most intensively studied rec-
ognition motifs, which has been ex-
ploited in numerous supramolecularly
assisted covalent syntheses, is the m-do-
nor/m-acceptor one (6), wherein [7r]
stacking is invariably greatly augmented
by [C—H--0], and less so by [C—H--],
interactions (13). The template-directed
synthesis (Fig. 1a) of the ubiquitous tet-
racationic cyclophane, cyclobis(para-
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quat-p-phenylene) 3-4PF, from the di-
cationic precursor 1-:2PFs and the
dibromide 2 provides the example (14)
par excellence of a temporary recyclable
template at work. It took some time to
establish that the polyether chains on the
m-donating templates are so absolutely
crucial, if high yields are to be achieved
in the kinetically controlled syntheses.
Indeed, progressing outwards from the
m-electron-rich 1,5-dioxynaphthalene
ring system, it is the second and/or third
oxygen atoms along the polyether chains
that are essential for templating action to
be expressed. This fact is brought into
sharp focus by the x-ray diffraction anal-
ysis (Fig. 1b) carried out on the crystal-
line superstructure of the 2:1 complex
formed between the 1,5-dioxynaphtha-
lene-based polyether template 4 and the
tetracationic cyclophane 3-4PF,. The in-
teractions present in the superstructure
are reflected (15) in stability constant
(Ka.) measurements, performed in aceto-
nitrile solution for the 1:1 complexes
formed between 3-4PF and a selection
of 1,5-dioxynaphthalene-based sub-
strates, ranging from the simple dime-
thoxy derivative (K, < 100-M 1) to 4 (K,
> 5,000-M~1). This template was used to
synthesize the tetracationic cyclophane
3-4PF¢ in 81% yield when excess (3 molar
equivalents) of 4 was used, and the re-
action between the dicationic precursor
1-2PFs and the dibromide 2 was per-
formed under ultrahigh pressure (12
kbars) for 3 days. Although a 2:1 complex
is observed in the solid state, presumably
because of the formation of polar stacks
of alternating donors and acceptors
along the C, axis in the crystal, neither
this supermolecule nor the larger su-
pramolecular array can be detected in
acetonitrile solution. Indeed, continuous
variation (Job) plots indicated that a 1:1
complex, i.e., a (2)pseudorotaxane, is the
predominant species present in this so-
lution, at least when the concentration is
less than 1073 M.

Explaining Concepts

Whereas the synthesis of the tetracationic
cyclophane 3:4PFs uses a template that
can be reclaimed from the reaction mix-
ture and recycled, the synthesis (16) of
the (2)catenane 5-4PFs in acetonitrile at
room temperature from 1-4PF¢ and 2 in
the presence of 1 molar equivalent of the
macrocyclic polyether, 1,5-dinaphtho
(38)crown-10 (6), as a template, results
(Fig. 1c) in its stoichiometric consump-
tion, i.e., it becomes a permanent fixture
of the (2)catenane. The 51% yield iso-
lated, when all of the reactants are present
in equimolar quantities, can be raised to
well over 80% when the template 6 is
present in the reaction mixture in 3-fold
excess under ultrahigh pressures. The tem-
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Note the delicate interplay between covalent, noncovalent, and mechanical bonds in the

template-directed synthesis of the (2)catenane 5%*. For an explanation of the graphics, see Fig. 1c. (/)
Dication 12+ dose not recognize template 6 until the reaction with dibromide 2 ensues. (/) One covalent
bond is formed. (/ll) A recognition site is switched on in the trication. (/V) Threading is driven by
noncovalent bond formation. (V) Molecular recognition is switched on partially in the 1:1 complex. (VI)
Another covalent bond is formed. (VII) Yet more molecular recognition is switched on, and a mechanical
bond is also formed. (VIIl) The weak noncovalent bonding interactions that template the formation of 54+

live on inside the molecule afterward.

plate-directed synthesis of 5-4PFs; under
kinetic control constitutes a delicate in-
terplay (Fig. 2) between covalent, non-
covalent, and mechanical bonds. The for-
mation of the first covalent bond switches
on molecular recognition, such that the
intermediate trication recognizes the tem-
plate, inducing spontaneously the forma-
tion of a (2)pseudorotaxane. Subse-
quently, this 1:1 complex grasps the
opportunity to switch on even more mo-
lecular recognition by forming a second
covalent bond—and a mechanical bond in
the bargain. The noncovalent bonds that
template the formation of the (2)cat-
enane, following their dual priming by
successive covalent bond formations, live
on inside the (2)catenane afterward. This
important property can be revealed by, for
example, dynamic NMR spectroscopy in
solution and is one of the underlying fun-
damental reasons why such degenerate
molecules, with appropriate constitu-
tional modifications, can be transformed
into bistable redox-controllable molecular
switches. The other reason why suitably
asymmetric analogs of 5-4PF¢ can be
switched off and on reversibly, either (i)
by reducing the bipyridinium units, with
the supply of up to four electrons, in
the tetracationic cyclophane component;
or (if) by the oxidation of the dioxynaph-
thalene units, with the removal of up
to two electrons, in the 1,5-dinaphtho
(38)crown-10 component. In simpler
language, we have a means of turn-
ing the brakes off and on across the me-
chanical bond of a w-donor/m-acceptor
(2)catenane.

4798 | www.pnas.org/cgi/doi/10.1073/pnas.052708999

Concepts Broadened

The x-ray crystal structure (Fig. 1d) of
54* gives a wonderful snapshot of this
highly ordered molecule and the nonco-
valent bonding interactions that hold the
crown ether ring in place with respect to
the tetracationic cyclophane with which
it interlocks. Moreover, it comes as no
surprise that beyond the molecule in the
crystal, the (2)catenane forms continu-
ous m-donor/m-acceptor stacks. We
speculated that this superstructural or-
der, present in the solid state, might be
transferrable by using the Langmuir—
Blodgett (LB) technique to interfaces
and surfaces. And so it transpired that,
provided the hexafluorophosphate coun-
terions are exchanged for dimyris-
toylphosphatidyl (DMPA™) anions (2),
catenanes like 54* can be introduced into
Langmuir films and LB monolayers (17).
The (2)catenane tetracations in these
multilayers can be considered to reside in
a liquid-crystalline-like environment,
following what is essentially a simple act
of supramolecular synthesis! Now that
we know that superstructural order is
within our grasp in both two and three
dimensions with molecules that can be
made to switch chemically, electrochem-
ically, or photochemically, we have the
perfect match. The marriage of these two
phenomena—namely solid-state struc-
tural and superstructural order with so-
lution-state mechanical switching at the
molecular level—could constitute a sig-
nificant leap in the direction of fabricat-
ing materials that might act as informa-
tion storage devices.
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Fig. 3.

(a) Structural formula of the more stable translational isomer of the redox active, bistable

(2)catenane 7-4PF,. (b) Ball-and-stick representation of the solid structure of 74*. (c) Space-filling repre-
sentation of the superstructure of 74* in the crystal. (d) Schematic representation of the monolayer of 7-4
dimyristoylphosphatidyl, stabilized by extensive [-] interactions.

Applying Concepts

In the event, replacement of one of the
dioxynaphthalene (DNP) units in 54 with a
tetrathiafulvalene (TTF) unit gave (Fig. 3a)
a (2)catenane 7-4PFg, which fits the bill
completely. It is easy to make by template-
directed synthesis, and it constitutes the
desirable all-on/-off switch in solution (18).
In its native state in solution, the TTF unit
much prefers to reside inside the tetraca-
tionic cyclophane component until it is ox-
idized to the TTF** radical cation (at E1.
320 mV) or indeed to the TTF?* dication
(at E1p 720 mV), although the DNP unit
remains strictly neutral. In the solid state,
not only does the TTF unit reside (Fig. 3b)
inside the tetracationic cyclophane of
7-4PF¢, but the molecular mr-donor/m-
acceptor stack extends (Fig. 3c) beyond the
molecule into the supramolecular domain.
Hardly surprisingly, the redox-active switch-
able (2)catenane 7-4PF, forms (19) stable
monolayers when it is cospread onto
an aqueous substrate with 4 equivalents
of the sodium salt of dimyristoylphosphati-
dyl. We speculate that the two-dimensional
order, shown in Fig. 3d, is a result of the self
organization of the 7** tetracation to max-
imize [ stacking interactions after the

a) b)
~ &) 4PF
+ 9 (®) I+
X %
. e
1 +I 8 Ol
® gapr,

Fig. 4.

fashion observed in the solid-state super-
structure. It would appear that supramo-
lecular synthesis can often take its cue from
the way that molecules with mutual recog-
nition sites pack in the solid state.

Although most of the research on switch-
able catenanes and rotaxanes has been car-
ried out in the context (20) of solution-phase
mechanical processes, we have demon-
strated (refs. 9 and 21; Y. Luo, C. P. Collier,
J. O. Jeppesen, K. A. Nielsen, E. Delonno,
G. Ho, J. Perkins, H.-R.T., T. Yamamoto,
J.ES., and J. R. Heath, unpublished work)
that relative mechanical movements be-
tween the components in interlocked mol-
ecules can be stimulated electrically within
the setting of a solid-state device. Not only
has reversible electronically driven switch-
ing been observed (21, 22) in devices incor-
porating the bistable (2)catenane 7-4PF,
but a crosspoint random access memory
circuit and a simple logic circuit have been
fabricated (23) recently by using a related
amphiphilic (2)rotaxane. These demonstra-
tions amount to a proof of principle and may
be considered as positive evidence that
switchable catenanes and rotaxanes can
withstand simple device-processing steps al-
lowing them to perform mechanically in a
soft-matter environment.

(a) Structural formula of the self-complementary (2)catenane 8-4PF,. (b) Space-filling represen-

tation of the supramolecular dimer formed by 84* in the solid state. One of the (2)catenanes in made up
of the components colored green and yellow, and the other of the components is colored red and mauve.
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Concepts Extended

Many would argue that the existence of
polar stacks of w-donor/m-acceptor
(2)catenanes in the solid state does not
constitute a true supramolecular synthe-
sis. Although good circumstantial evi-
dence has been presented above for the
self organization of the same (2)catenanes
in an analogously intermolecular manner
at air—water interfaces in Langmuir
troughs before their being transferred to
different substrates, we have uncovered,
during a quest to synthesize a (3)rotacat-
enane (24), some clearcut examples (25)
of (2)catenanes, incorporating 1,5-
dinaphtho (38)crown-10 interlocked with
bipyridinium-based tetracationic cyclo-
phanes that form supramolecular ho-
modimers in solution as well as in the solid
state. The (2)catenane 8-4PFg, shown in
Fig. 4, dimerizes in hexadeuterioacetone
solution at 185 K with an association
constant of 20-M~!. Apart from being
enthalpically stabilizing, this kind of self
association is entropically desirable, i.e.,
many supermolecules are formed, while
the principle (26) of maximum site occu-
pancy is fulfilled. Indeed, the propensity
of self-complementary molecules to form
(27) supramolecular homodimers contin-
ues to plague many attempts to produce
supramolecular polymers.

Synthetic goals will forever be to re-
search chemists what virgin territories
have been to explorers, with the possible
exception that the objectives of synthesis,
being often of our own making, know
absolutely no boundaries other than the
limits imposed by our imaginations. It was
very much in this spirit that the synthetic
goals summarized in Fig. 5 were reached
(28). Both the (5)catenane 13-12PFs, also
known as olympiadane, and the doubly
branched (7)catenane 15-20PF, provided
good quality single crystals from which
x-rays have shed a unique light on the
exquisite order present in these molecules.
The template-directed synthesis of
13-12PF, and 15-20PF, together with the
intermediate (6)catenane 14-16PFs, pro-
ceeds to give roughly equal quantities of
these oligocatenanes so long as the reac-
tion of the key (3)catenane 11-4PFs with
1-2PF; and 2 is carried out under ultrahigh
pressure. For its part, 11:4PFs which
emerges in sparse amounts from the use of
1,5-trisnaphtho (57)crown-15 (12) as a
double template for the formation of a
cyclobis(paraquat-1,4-biphenylene) link
from 9-2PF, and 10 at room temperature
and pressure, provides the stepping stone
to olympiadane and beyond. It is worthy of
note that the 114+ tetracations manage to
attain considerable supramolecular order
when they crystallize in the presence of
hexafluorophosphate counterions.
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Fig. 5.
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(a) Template-directed synthesis of the (3)catenane 11-4PF¢. (b) The x-ray crystal structure and

superstructure of 114*. The space-filling representation of the superstructure uses yellow and green to
denote the same crown ether component and black to portray the tetracationic cyclophane component.
(c) Template-directed synthesis of the oligocatenanes 13-12PFg, 14-16PFg, and 15-20PFs. (d) The x-ray crystal
structures of the (5)catenane (olympiadene) 13'2* and the doubly branched (7)catenane 1520+,
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Harnessing Concepts

In the future, we can anticipate, (i) the
development of new (supra)molecular mo-
tors; (if) the design of methods to induce
them to operate coherently on surfaces and
within frameworks as machines (29) and
devices; (iii) the elaboration of integrated
power supplies to drive the machines (30)
and devices; (iv) an integration of bot-
tom-up and top-down procedures for the
nano- and microfabrication of molecularly
driven sensors, actuators, amplifiers, and
switches; and (v) an increased understand-
ing and appreciation of the science and
engineering that lie behind nanoscale pro-
cesses. All this and more is in the nature of
the mechanical bond as it impacts on chem-
istry and beyond. In the final analysis, how-
ever, it will be the practice of chemical
synthesis that relies on molecular recogni-
tion and self-assembly processes within a
very much more catholic framework than is
currently being contemplated by most
chemists that will dictate the pace of
progress in synthesis. One thing is certain: if
chemists do not jump into the driving seats,
then other scientists will surely hijack the
juggernaut.
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