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Abstract. This account highlights recent developments in the field of supramolecular
tetrathiafulvalene (TTF) chemistry. Progressesin synthetic TTF chemistry have enabled
the preparation of a number of elaborate molecular systems. Some of these systems can
act aseither sensorsor molecul ar switches. Among these systemsinterlocked architectures
such as rotaxanes and catenanes make a significant contribution.

1. Preamble

The construction of molecular devices which can operate as machines upon external
energy transfer has been of highinterest recently, as such systems may be ableto store and
process information at the molecular level (BALzANI et al., 1998 and LEHN et al. 1988,
1990). Using non-covalent interactions between aromatic r=donors of the hydroquinone
type and rracceptors based on derivatives of paraquat, Stoddart et al. have prepared a
number of molecular shuttles and switches controllable by external stimuli (BALLARDINI
et al., 1996). An elegant example is provided by a‘self-complexing’ compound in which
anaphthal ene or hydroquinone r=donor and the rracceptor cyclobis(paraquat-p-phenylene)
(2) are covalently linked (ASHTON et al., 1997).

2. Introduction to Tetrathiafulvalenes

Tetrathiafulvalene (TTF, 1) isareversible, stable two-electron donor (Scheme 1) and
has as such found widespread usein supramol ecul ar chemistry. Sincethe discovery of high
electrical conductivity inachloridesalt of TTF (WubDL et al., 1972) and metallic behaviour
in the charge-transfer complex with 7, 7, 8, 8-tetracyano-p-quinodimethane (TCNQ)
(FERRARISEt al., 1973) ahuge number of TTF derivativeshavebeen synthesized (SCHUKAT
and FANGHANEL, 1995). The developmentsin synthetic TTF chemistry have allowed the
ready preparation of large quantitiesof derivatised TTF building blocks. It hasthusbecome
possible to incorporate TTF into macrocyclic (NIELSEN and BECHER, 1997a) and
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supramolecular systems (JBGRGENSEN et al., 1994a), with the ultimate goal to construct
systems capabl e to act as for example sensors, catalysts or switches at the molecular level.

The discovery of the cyanoethyl protecting group for TTF-thiolates (Scheme 2) was
abreak-throughinsynthetic TTF chemistry (SIMONSEN et al., 1996). Stepwi se deprotection/
alkylation protocols have been developed and used for the synthesis of a number of
macrocyclic systems (Fig. 1), very often in high yields on account of the effective
alkylation of TTF-thiolates. However, the four attachment sites of TTF usually result in
mixtures of two inseparable isomers, a cis and a trans isomer (Fig. 2). This isomeric
problem isavoided when the pyrrolo-annelated TTFs 3 and 4 are used. Efficient syntheses
of these strong r=donors have recently been developed (ZONG et al., 1996; JEPPESEN et al .,
1999)

3. Macrocyclic TTFs as Cation Sensors

In previous reviews (JORGENSEN et al., 1994a; NIELSEN et al., 1997a) we have
described the ability of the crown-ether annelated TTFs 9-11 (Fig. 3) to complex alkali
metal cations (Li*, Na" and K*) resulting in an increase of thefirst oxidation potential. The
second potential remai ned unchanged, which wasexplained by expulsion of the cation after
the first oxidation (Route 1 in Scheme 3). However, more than 250 equiv. of cations were
necessary to observe any shifts for these ligands.

The cyclic voltammogram of the thiacrown 12 showed an anodic increase of both
oxidationwavesupon addition of Ag*ions(AE, = +170mV, and AE 2= 70mV), whereas
the reduction waves remai ned unchanged. Thisobservationindicatesthat exchangeisslow
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Scheme 1. Reversible oxidations of TTF.
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Scheme 2. Reactive TTF-nucleophiles.
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Fig. 2. Definition of cis and trans isomeri for substituted TTFs.

Fig. 3. Crown-ether annelated TTFs.
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Scheme 3. Schematic illustration of a TTF sensor. After the first oxidation, the guest may be expelled (route
1) or kept hosted (route 2). E,, E;', E,, and E," denote the redox potentials for the shown processes.

and route 2 is operating for oxidation of the system.

It was concluded that the relative weak responses result from the weak coupling
between the metal cation and the redox active fulvene center. However, an enhanced
sensitivity for cations exerted by TTF-thiacrowns cyclized in the 2, 7(6)-positions has
recently been reported (DERF et al., 1999). The 2, 7(6)-cyclized thiacrowns presented in
Fig. 4 were synthesized and investigated by LSIMS (Liquid Secondary lonisation Mass
Spectrometry), *H NMR and cyclic voltammetry with respect to their inclusion of Ag*ions.
According to *H NMR titration studies only complexation of the terminal SC = CSCH,
fragments in macrocycles 13 and 14 was observed. In contrast, for 15 the complexation
preferentially involved thethiacrown cavity, which may be explained by abetter orientation
of the coordinating S atoms. The X-ray crystal structure of cis-13 confirms that the
propylene fragments cannot ensure acorrect structural environment for complexation. The
titration curves of the complex between 15 and Ag* show aplateau for 0.6 equiv. of added
Ag*. The ratio between cis and trans isomers is 60/40 suggesting that only the cis isomer
binds Ag*. A stability constant of K, = 10326 (CDCl,-CD,CN 1:1) for the cis-15-Ag*
complex was determined from these data. Adding Ag* ionsto 13 and 14 did not result in
any changes of the cyclic voltammograms, whereas the first oxidation wave of 15 was
significantly anodically shifted upon addition of up to 1 equiv. of Ag* (Route 1).

Thetemplating abilitiesof Cu* to coordinatetwo phenanthrolineligandsin atetrahedral
complex has been employed to prepare a TTF-containing Cu(l)-catenate (JORGENSEN et
al., 1994b). Using the same strategy, we have used TTF as a sensor unit for the metal ions
Cu*, Ag* and Li* in precatenate complexes 16 (Fig. 5) (BANG et al., 2000). The central
metal altersthe chemical shiftsof the macrocyclic protons, in particular H,,and H,, aswell
asthe redox potentials of the TTF unit. Interestingly, both the first and second TTF redox
potential s were significantly increased for the Cu*™ and Ag* complexes, signalling that the
metal ion is not expelled after the first oxidation (Route 2, Scheme 3).



Tetrathiafulvalene-Based Supramolecular Chemistry; Recent Developments 237

oI elle

Hcs” S SCH;  HsCS , SCHy
cis/trans cis/trans
n=1:13 15
n=2:14

Fig. 4. TTF-thiacrowns.
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Fig. 5. Precatenate complex.

4. Interlocked Molecules

The developments in supramolecular chemistry in the past twenty years have
demonstrated many elegant self-assembled interlocked molecules prepared in high yields
such as catenanes and rotaxanes (AMABILINO and STODDART, 1995). Because of the
specific redox properties of the TTF group, a special interest has emerged to incorporate
TTF into such systems in order to construct molecular systems for example switches,
taking advantage of the three possibleredox statesof TTF and their reversible conversions.

4.1. Complexation Studies

The cyclic acceptor cyclobis(paraguat-p-phenylene) (17) is able to act as a host for
TTF (PHILP et al., 1991). The X-ray crystal structure of the green 1:1 complex formed
between TTF and 17 revealed a channel-type structure formed by the cyclic acceptor
occupying TTF in its central cavity. In acetonitrile solution a CT absorption band is
observed at A, 855 nm. The association constant of the complex was determined to K, =
10000 M~ in acetonitrile (ASHTON et al., 1999) and 2600 M~ in acetone (DEVONPORT et



238 M. B. NIELSEN et al.

al., 1997) (Scheme 5, Fig. 6). However, functionalisation of the TTF nucleus results in
different donor properties (measured by the first redox potential E,,') and has a profound
influence on the inclusion ability (LAuU et al., 1999). Thus, the weak donor
tetramethylthiotetrathiafulvalene (TMT-TTF, 18) associates in a very weak complex.
Association constants of K, = 170 M~ in acetonitrile and 40 M~ in acetone have been
determined from the ratio of complexed and uncomplexed cyclophane proton resonances
(slow-exchangeonthe250 MHz NM R time-scale, Fig. 7). Incontrast, thebis(pyrrolo) TTF
4 forms a strong complex (K, = 7900 M~ in acetone) as a combination of its low redox
potential and its extended rrsurface. When a tetramercapto-TTF is substituted with
polyether linkers (19), the association constant is increased dramatically as compared to
TMT-TTF (ASAKAWA et al., 1999), since the formation of hydrogen bonds between the
oxygens and the bipyridinium a-H's (relative to nitrogen) can add to the stability of the
complex. Recent cal culations show that the ethyleneoxy groups areindeed very important
in the complexation process (HOUK et al., 1999).

Solvent E.(V) K.(M™)

H3CS SCHs

MeCN 0.51 170
> < Me,CO 40

[: :j MeCN  0.34 10000
Me,CO 2600

ﬁ >:< ﬁ Me,CO  0.33 7900

T T S\—S
HO | O | o{ I MeCN 10000
19 S 5 2

Fig. 6. Association constants for the inclusion of TTF derivativesin the cyclic acceptor 17 correlated with the
first redox potential of the free, uncomplexed TTFs.
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Fig. 7. Selected region of the 'H NMR spectrum of the equilibrium solution between 17, 18 (ca. 1:2) and the
complex 1718 at 303 K. Employing the exact initial concentrationsc(17) and c(18) the association constant
K, can be calculated from the integrals I, and I, of complexed (c) and uncomplexed (u) cyclophane
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Scheme 5. Inclusion of paraguat in a TTF-macrocycle.
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Fig. 8. (&) X-ray crystal structure (centrosymmetric) of the 2:1 complex between 20 and 21. The solvent

molecules and counter ions are omitted for clarity. (b) Schematic drawing of the solid state (20),021
complex.
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Macrocycles containing two electron donors can act as host molecules for electron
acceptors, such as paraquat (21). Such complex formation was studied for the macrocycle
20inthesolid and in the solution state (Scheme 5), by X-ray crystal structure analysisand
'H NMR spectroscopy (LAU et al., 1999). In solution (CDCIl3-CD,CN 1:1) acomplex with
1:1 stoichiometry was identified from a Job plot with an association constant of 250 M.
However, in the solid state a complex consisting of two molecules of 20 per one molecule
of 21 was observed (Fig. 8). Each macrocycle adopts aconformation with an angle between
the hydroquinone and the tetrathiaf ulvalene moiety of 70.1°. Two macrocyclesdimeriseto
form a box-like structure encapsulating one completely planar paraquat molecule. The
distance between the two tetrathiafulvalene moieties is 7.08 A, which is optimal for CT
and/or re=rrinteractions to stabilize inclusion of paragquat, although paraquat in thiscaseis
tilted 15.9° away from co-planarity with the TTFs.

4.2. Donor-acceptor catenanes based on TTF

A number of catenanes between polyether-bridged tetramercapto-TTFsand thecyclic
acceptor have been reported. Treating the macrocycle 22 with the dication 23 and the
dibromide 24 under ultra-high pressure resulted in formation of the catenane 25 (Scheme
6) (NIELSEN et al., 1997hb).

Two similar catenanes (26 and 27) areshownin Fig. 9 (L1 and BECHER, 1996; NIELSEN
etal., 1997b). The catenanes 25 and 26 were both obtained asamixture of cis/transisomers
starting from a cis/trans isomeric mixture of the free macrocycle. However, only the cis
configuration of the central TTF in 27 was obtained from the cis/trans mixture of the
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Scheme 6. Catenane formation.
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macrocycle. In order to shed light on the factors responsible for this isomeric selectivity
during the catenation process (Scheme 7), we designed a quadruple-bridged criss-cross

overlapped cyclophane (6) (NIELSEN et al.,

1998a). Only the arrangement in which both

TTFsarein the cis configuration seemed able to generate a catenane according to a CPK
model. Indeed, only the cis, cis catenane 28 was isolated as evidensed by 'H NMR

spectroscopy (Fig. 10).

26 (cis/trans)
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O
et \No/ 4PF;
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Fig. 9. Catenane 26 was isolated as a mixture of cis/
transisomers, whereasonly the cis catenane of 27

was obtained from catenation of an isomeric
mixture of the corresponding macrocycle.
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28 (cis, cis)

Fig. 10. Only the cis, cis catenane 28 is sterically
allowed.

Scheme7. Schematicillustration of the selection
of a single isomer in the encirclement of
TTF.
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Based on the compl exation studies we hoped to be abl e to predict which donor unit to
be catenated, when two different donor entities are present in the same macrocycle.
However, such a prediction turned out to be rather complicated. Thus, Stoddart and
coworkers (ASAKAWA et al., 1999) isolated the catenanes 29ab in which the benzyl unitis
encircled both in solution and in the solid state, even though benzyl isapoorer donor than
TTF (Fig. 11). We observed a preference for the hydroquinone donor relative to the strong
bis(pyrrolo) TTF donor in the catenanes 31 and 32 (LAU et al., 1999) whereas the bis
(pyrrozlo) TTFexclusively wasencircledin catenane 30 (Scheme 8). Thesefindingsreflect
the complicated and subtle balance between all the individual noncovalent forcesactingin
cooperation. A major factor isthe ability of the polyether oxygensto form hydrogen bonds
to the bipyridinium hydrogen atoms positioned in the a-position with respect to the
nitrogen atoms. Occupation of the extended bis(pyrrolo) TTF moiety by 17 makes these
interactions more difficult as compared to a situation where 27 occupies the smaller
hydroquinone moiety.
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Fig. 11. The cyclic acceptor encircles the benzyl unit and not the TTF in these two catenanes.

n=1: 30 (only)
n=2: 31a (minor) n=2: 31b (major)
n=3: 32a (minor) n=23: 32b (major)

Scheme 8. Translational isomeri ain catenane containing both a bis(pyrrolo) TTF and a hydroquinone donor.
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5. Molecular Switches

Catenanes and rotaxanes are good candidates for the preparation of molecular
switches, since the population of different translational isomers may be determined by
external stimuli (BALZANI et al., 1998). Stoddart and coworkers (ANELLI et al., 1997)
prepared the two-station prototype shuttle 33ab containing one TTF and two hydroquinone
donor stations (Scheme 9). Depending on which donor isencircled by the cyclophane, two
possible translational isomers exist. The ratio between the two translational isomers was
observed to be very solvent dependent, with a preference however for the hydroquinones
(33b). Electrochemical studies (cyclic voltammetry in acetonitrile) revealed an anodic
increase of the first oxidation wave by +35 mV relative to the free dumbbell, whilst the
second wave showed a shift of +5mV. Thisobservation isexplained by ahampering of the
shuttling movement of the cyclophane along the dumbbell by oxidation of the TTF nucleus.
Hence, the first oxidation of TTF results in an increased energy barrier to the passage of
the cyclophane along the thread causing the cyclophane to be effectively tethered at a
hydroquinone site. Accordingly, the second oxidation of TTFis pertubed to alesser extent
than the first.

Takingadvantageof TTF' sreversibleredox chemistry, the catenane 34awasobserved
to act as a molecular switch (Scheme 10) (ASAKAWA et al., 1998). Thus, upon oxidation
of the TTF unit (either chemically or electrochemically) the cyclic acceptor was moved
from the TTF unit to the 1, 5-dioxynaphthalene donor unit, affording the isomer 34b.
Subsequent reduction regenerates the original isomer 34a.

The ability of the dication TTF?* to act as an electron acceptor has been exploited in
the construction of the three-pole switch presented in Scheme 12 (ASHTON et al., 1999).
When the three components, TTF, the cyclic acceptor 17, and the macrocycle 1, 5-
dinaphtho[38]crown-10 (35), are mixed together, the first redox potential of the TTF is
increased by 70 mV according to cyclic voltammetry in acetonitrile. This observation
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Translational Isomer 33a C

P
+

Solvent Isomerb Isomer a

CD4S0CD, 67 33
[D;IDMF 7 29
CDLCN 88 12
1 l CD4NO, 93 7
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I (3 0010
§ ; : ®

O

N N,

Y ;
4P <:> Translational Isomer 33b

Scheme 9. Translational isomeri in arotaxane containing TTF and hydroquinone donor stations.
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indicates that the TTF is complexed inside the cyclic acceptor making the oxidation more
difficult. However, the second oxidation now occurseasier, by 14 mV, relativetoasolution
of TTF alone. Thisresult indicates that the radical cation has left the cyclic acceptor, but
entersthe naphthocrown host when oxidised to the dication. These processesarereversible
and the system can be characterised asathree-pole switch. The association constant for the
35¢TTF?* complex was determined by absorption and emission spectral titrations in
acetonitrile to K, = 4.1 x 10° M1 (298 K), confirming the strong association between the
naphtocrown and the TTF dication.

A thermally controlled TTF-based molecular switch was obtained by tethering the
cyclic acceptor and the TTF unit together (Scheme 12), affording the ‘ self-complexing’
compound 35a—wedescribethisintramol ecul ar interaction asan anchimeric complexation
(NIELSEN et al., 1998b). A solution of the open “uncomplexed” form 36b (obtained by
fractional crystallisation) was according to UV-Vis observed to slowly equilibrate during
about 19 hto amixture of 36a(CT band at A,,,,, 785 nm) and 36b (Fig. 12). However, when
thisequilibrium solutionwasrefluxed, almost total “ decomplexation” occured asevidensed
by disappearance of the CT absorption band, but upon storage of the solution for one day
at room temperature the equilibrium was reestablished-with a small decrease, however, in
the equilibrium CT absorption.

Together with Prof. Stoddart and his group, we are currently trying to develop a
“chemical muscle” based upon arelated molecul ar donor-acceptor system. Such arotaxane
system is designed to change size in the lateral directions upon when adressed
electrochemically (oxidation/reduction).

6. Donor-Acceptor Macrocycles

Intramolecular CT interactions were investigated for a number of donor-acceptor
macrocycles, containing bothaTTFand abipyridiniumunit (Fig. 13). Thus, themacrocycles
37a—c show broad CT absorption bands with A, in the region 620-670 nm (SIMONSEN et

al., 1997). The conformational flexibility inthe R group of 37b and 37c resultsin asmaller
intensity of the CT-band compared to that of 37a. According to both *H NMR and X-ray

(0]
O-5,
J AT

7
® \=L\/I
N

34a (cis/trans)

(7]

Scheme 10. Chemically and electrochemically triggered redox-switching of a catenane.
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10 M in acetonitrile).
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Fig. 13. Donor-acceptor mono- and bicycles.

crystal structure analysis, only the trans configuration 37a was isolated upon reacting a
TTF-diiodide (cis/trans mixture) with bipyridine. In contrast, cis/trans mixtures were
obtained of the less constrained 37b and 37c. Also, the bicycle 38 (trans) containing two
bipyridinium unitshasbeen prepared (SIMONSEN et al., 1998). Conformational restrictions
unable the TTF to interact with both acceptors at the same time, resulting in asimilar CT-
absorption as obtained for 37a. However, the two bipyridinium units present in 38 induce
very large anodic shiftsin both TTF oxidation potentials (70-90 mV). These shifts can be
ascribed to a combination of CT interactions and el ectrostatic repulsion between the four
pyridinium cationic centers and the oxidized TTF system.

7. Dendritic Macromolecules Incorporating TTFs

M. R. Bryce and coworkers have reported a number of interesting dendritic
macromol ecules (also termed “ starburst polymers” or “ cascade molecules’) based on TTF
(BRYCE et al., 1996). Such molecules comprise a polyfunctional core surrounded by
covalently linked layers of monomers, with abranch occuring at each monomer unit. One
such dendrimer (39) containing atotal of 21 TTF unitsisshownin Fig. 14 (CHRISTENSEN
et al., 1998). The close spatial contact between TTFs in the dendrimer resulted in
intramolecular rrdimerisations of the generated radical cations upon electrochemical
oxidation. As aresult of the many redox active units present, a great challenge exists in
employing macromolecules of thiskind as catalysts or in molecular recognition processes.

8. Conclusions

The electron donating abilities of TTF have been exploited in a number of
supramolecular host-guest systemsin order for these to act as either sensors or molecul ar
switches. Thedevel opmentsinboth synthetic TTF chemistry and supramol ecul ar chemistry
have made possible the construction of many elaborate systems, with applicationsin both
the chemical, physical and biological world. Much synthetic TTF-work has been focusing
onthe TTF-tetrathiol ate on account of itsready preparation and strong nucleophilicity. The
recent access to pyrrolo-annelated TTFs possessing strong 7-donor properties offers great
opportunities in the design and construction of future supramolecular systems.



Tetrathiafulvalene-Based Supramolecular Chemistry; Recent Developments 247

M} sjs Mes
Vi S &SMe
MeS S/S/s Mes)\( s
SMe
Ya ?
5 ¥
MeS S

Mesj\
S/S/ —R—s ‘2\ . S
\2, /S/xsnne j

SMe

I >:< j: MESISHEISMG

.
,H \s R

s 5
S{i"e SWZS\§SM€ MEMES BSISHSI Rss SM
Mesﬁ\s%s S-R—S§/S \(k ISHSI e

/
MeS R
C Y\
S
/
R
!/
S

S/\g' S‘R~s / MeS
SMe S/S/ ’2/\
s —A—
Mes~$\/\sl)\3 \/2’ S—h-s /S/s
MeS, s Ly swe
MeS >_< \R -
s_S ‘s ¢

= Mes{lrs
= (CHaCHz0),CHCHa d N\ s\/f She

R R SMe
MeS s S, SMe
39 SIS SIS
= =~

Fig. 14. Tetrathiafulvalene [TTF],;-glycol dendrimer.
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