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Abstract: A supramolecular system that switches reversibly, via three different states, through electrochemical
adjustment of the guest properties of tetrathiafulvalene (TTF) has been develdpd¥IR, luminescence,

and absorption spectroscopies, in conjunction with LSI mass spectrometry, X-ray crystallography, and cyclic/
differential pulse voltammetries, established thatthelectron-accepting (EA) tetrathiafulvalenium dication
(TTF?") binds strongly within the cavity of ther-electron-donating (ED) macrocyclic polyether 1,5-
dinaphtho[38]crown-10 (1/5DN38C10), generating a hagtest complex that is stabilized by, inter alia;
stacking interactions. Comparable techniques have also demonstrated that neutral tetrathiafulvalene (TTF(0))
acts as an ED guest when it complexes with the EA tetracationic cyclophane cyclobis(paraheatylene)
(CBPQT). On the other hand, the tetrathiafulvalenium radical cation (F)'i§ not bound by either of the

hosts CBPQT" or 1/5DN38C10. Electrochemical experiments revealed that the three-component mixture
CBPQT*"—1/5DN38C10-TTF behaves as a reversible three-pole supramolecular switch, since, depending
on the potential range, TTF can be (1) free (in the TT#tate), (2) included within the cavity of CBPOT

(as TTF(0)), or (3) complexed with 1/5DN38C10 (in the Fffstate). The system’s three-pole behavior has
interesting implications in relation to the design of electrochromic displays and devices capable of controlling
energy- or electron-transfer processes between selected components.

Introduction two hosts with differingr-donorfr-acceptor capabilities. The
new system we report here is comprised (Figure 1) of two
hosts—namely?’® the z-electron-accepting (EA) tetracationic
cyclophane cyclobis(paraquagphenylene) (CBPQT) and the
m-electron-donating (ED) macrocyclic polyether 1,5-dinaphtho-
[38]crown-10 (1/5DN38C16)yand tetrathiafulvalene (TTF), a
guest knowfto exist in three stable forms, specifically, TTF(0),

Many examples exist already of supramolecudgstems that
exhibit two-pole electrochemical switchidg-hese systems rely,
for instance, upon (1) hydrogen bond-driven recognition pro-
cessed,(2) guest encapsulation by cyclodextri(8) threading/
dethreading of pseudorotaxartesnd (4) translational isomer-
izations in suitably designed [2]rotaxafes [2]catenane$.n . —
this article, we describe a supramolecular system that can bezo(()55)—(2680%?lyg)' /‘i's_ﬁt.(;)r?al:\’/.lﬂly?.l;a.;Bil?al‘:'\(/j?r%,e’RJ.;E;ﬁglhi,C:\(;ng%,ggse? £
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Figure 1. Structural formulas and schematic representations of the

components of the three-pole supramolecular switch described here.

TTF*, and TTE". Previous studi€§® have demonstrated that
TTF(0), in its role as an ED guest, gives a 1:1 charge-transfer
complex with CBPQ¥", as evidenced by NMR and UWis

absorption spectroscopies, X-ray crystallography, and electro-
chemical experiments. In addition, these investigations estab-

Ashton et al.

Figure 2. Thermal ellipsoid plot (50% probability ellipsoids) illustrat-
ing the structure of TTF in the solid state.

indicated from the!H NMR spectrum (400 MHz, CECN—
CD3NO; (5:3), 191 K) of an equimolar mixture of both
components. The two signals detected for the protons of
complexed TTF, located at 8.89 and 9.37 (relative intensities
1:3), are shifted upfield with respect to the proton resonances
found for free TTE" (0 9.50) under identical conditions. These
shifts can be attributed to the creation of ##adistinct
1/5DN38C10TTF* complexes that are both stabilized oy 7
stacking interactions, the resonances with the larger and smaller
shifts being correlated, respectively, to inclusion and alongside
face-to-face complexes. The formation of 1/5DN38CI0-2"

was also demonstrated in the gas phase by mass spectrometry;
the LSI mass spectrum of an equimolar 1/5DN38ETTF"-
2ClO,~ mixture displays a peak at/'z 840, which corresponds

to the complex 1/5DN38CUTF', i.e., a 1:1 species with an
additional electron.

X-ray Crystallography. The solid-state structut&of TTF2"
(2CIO,4~ salt) shows (Figure 2) it to have a twisted gauche-like
conformation (mean torsional angle®®@ssociated with its two
five-membered rings. The-&C bond lengths are in the range
1.660(4)%-1.695(5) A, while the interconnecting-€C bond is
1.467(5) A in length. The cations and anions are cross-linked
by a combination of [EH---O] hydrogen bonds (ranging from

lished that the components could be reversibly de-/recomplexed? 42 to 2.56 A), involving all four methine hydrogen atoms,

by cyclic oxidation/reduction of the TTF moiety. Following

and electrostatic interactions between all four sulfur atoms and

these observations, we decided to reverse the role of the TTFthe oxygen atoms of the ClOQions ([9*---0°~] distances lie

component; i.e., we considered that FT+generated from the
ED guest TTF(0) via oxidatioficould play the role of an EA
guest in complexes with ED hosts. If this proposal is valid, then
it should be possible to use TTF as a switchable ED/EA guest,
so that its association with EA/ED hosts can be controlled
electrochemically. This article reports that TTFoes, indeed,
associate with ED 1/5DN38C10, thereby making it possible to
exploit the properties of TTF for the construction of a three-
pole supramolecular switch in which electrochemical stimuli
can be utilized to shift the system between three states.

Results and Discussion

NMR Spectroscopy/Mass SpectrometryThe IH and13C
NMR resonances of the uncomplexed FfHEication (2CIQ~
salt9 are shifted downfield substantiaywith respect to those
of its neutral congener TTF(0), by virtue of the deshielding
arising from the two sets of cationicréelectron aromatic rings.
Complex formation between 1/5DN38C10 and the dication was

(8) (a) Hinig, S.; Kiesslich, G.; Quast, H.; Scheutzow, lDebigs Ann.
Chem.1973 310-323. (b) Schukat, G.; Fanghel, E.J. Prakt. Chem1985
327, 767-774. (c) Jgrgensen, T.; Hansen, T. K.; BecheiClem. Soc.
Rev. 1994 23, 41-51. (d) Bryce, M. R.; Devonport, W.; Moore, A. J.
Angew. Chem., Int. Ed. Engl994 33, 1761-1763.

(9) (a) Philp, D.; Slawin, A. M. Z.; Spencer, N.; Stoddart, J. F.; Williams,
D. J.J. Chem. Soc., Chem. CommdQ91 1584-1586. (b) Anelli, P.-L.;
Asakawa, M.; Ashton, P. R.; Bissell, R. A.; Clavier, G.:1Gki, R.; Kaifer,

A. E.; Langford, S. J.; Mattersteig, G.; Menzer, S.; Philp, D.; Slawin, A.
M. Z.; Spencer, N.; Stoddart, J. F.; Tolley, M. S.; Williams, DChem.
Eur. J.1997 3, 1113-1135.

(10) Schukat, G.; van Hinh, L.; Fanghel, E.Z. Chem1976 16, 360—

361.

in the range 2.973.29 A). We believe that, in all probability,
the conformation of TTF is determined (vide infra) by the
multiple interactions that define its supramolecular order.

The X-ray analysis of the 1:1 complex [1/5DN38CTUF]-
[ClO47 ]2 reveals a superstructure with crystallographic inversion
symmetry, the essentially planar dication being sandwiched
symmetrically between the two 1,5-dioxynaphthalene ring
systems (mean interplanar separation 3.52 A) of the macrocyclic
polyether (Figure 3a). The centraHC axis of the dication
TTF2" is inclined by 47 to the central G-C bond of each of
these ring systems, while the central oxygen atom of each
polyether loop is folded back so as to lie only 3.25 A from
diametrically opposite sulfur atoms of the dication (Figure 3b).

(11) Indeed, the chemical shift values found for the-KC unit of
TTF2+-2CIO,4~ are similar to those of Paraqe@PFs, another dication that
is bound strongly by 1/5DN38C10. See: Ashton, P. R.; Chrystal, E. J. T;
Mathias, J. P.; Parry, K. P.; Slawin, A. M. Z.; Spencer, N.; Stoddart, J. F.;
Williams, D. J.Tetrahedron Lett1987 28, 63676370.

(12) Presaturation experiments demonstrate that theéTdlieations of
each of the complexes undergo site exchange with one another. It should
be noted, however, that this exchange process is slow ofHth#VR time
scale (400 MHz) at 191 K, as evidenced by the presence of the two signals
for complexed TTFE*.

(13) Other crystallographic analyses of tetrathiafulvalenium dications
have been reported hitherto. See: (a) Scott, B. A.; La Placa, S. J.; Torrance,
J. B.; Silverman, B. D.; Welber, Bl. Am. Chem. Sod.977, 99, 6631~
6639. (b) Zhilyaeva, E. I.; Lyubovskaya, R. N.; Rozenberg, L. P.; Shibaeva,
R. P.; Khidekel, M. LBull. Acad. Sci. USSR, RiChem. Sci. (Engl. Transl.)
1984 33, 632-634. (c) Brunn, K.; Endres, H.; Weiss, 4. Naturforsch.
1988 43b 224-230. (d) Jones, P. &Z. Naturforsch.1989 44h, 243—

244. (e) Abboud, K. A.; Clevenger, M. B.; de Oliveira, G. F.; Talham, D.
R. J. Chem. Soc., Chem. Commad®893 1560-1562.



A Three-Pole Supramolecular Switch J. Am. Chem. Soc., Vol. 121, No. 16, 3999

@ 1.677(4) 1.669(4)
1.695(5) X ( 1.689(5)

S S
1.467(5)
1.345(7) 1.339(7)
1602(4) O KS 1687(5)
1.660(4) 1.667(4)
Free TTF2*
1.709(5) 1.713(4)
1.720(4) SB / g 17156)
1.387(8)
1.333(7) 1.333(7)
1.715(5) O KS 1.720(4)
1.713(4) 1.709(5)
Figure 3. Views showing the 1/5DN38C1UTF" complex in the solid . 2+
state. (a) Thermal ellipsoid plot (50% probability ellipsoids) highlighting L__I" SDN38C10.TTF _Complex

the 7—x stacking interactions between the crown ether host's 1,5-
dioxynaphthalenes and the TAFguest. (b) Ball-and-stick representa- 1677 1677
tion emphasizing the P3+:-O°] interactions that contribute additional @ ' )
1.709 Sx {S 1.709
1.478

stabilization to the complex.
1.345[ >—< j 1.345
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Figure 5. Diagram comparing the covalent bond lengths (A) within
the TTP* unit in its (a) free state, (b) complex with 1/5DN38C10,
and (c) optimized (HF/6-3tG*) geometry. The data for (a) and (b)
were obtained from the X-ray analyses, while those for (c) were
calculated computationally.

about the G-C bond linking them (Figure 5a). The bonds from
each sulfur atom are, in all cases, asymmetric, with those to
the terminal olefinic carbon atoms noticeably longer than those
to the carbon atoms linking the two ring systems. Overall, there
appears to be substantial delocalization within each five-
Figure 4. Stacking motifs encountered for the 1,5-dioxynaphthalene Membered ring. The interlinking -€C bond length is typical
ring systems in the solid-state structures of (a) 1/5DN38TIB?" of a Gy—Csy single bond; i.e., the twisting of the two five-
(intermolecular interaction) and (b) 1/5DN38C10 (intramolecular membered ring systems with respect to one another inhibits any
interaction). (c) Electrostatic potential values (HF/3-21G, kcal ol significant interannular delocalization. Upon complexation, and
calculated on the van der Waals surfaces of the hydrogen atoms andthe adoption of an essentially planar geometry with ovédall

the aromatic rings. symmetry, the terminal olefinic bond length is essentially

An inspection of the packing of the complexes reveals (Figure Unchanged, but all the €S bonds equalize and show (Figure
4a) a parallel offset stacking of the 1,5-dioxynaphthalenes 5b)anot|peable increase in t_hew_lengths. Accompanying these
(interplanar separation 3.39 A). Although thesystems canbe ~ changes is a marked reduction in thgz€Cqsy bond length,
considered to include the phenolic oxygen atoms, this arrange-Which is now comparable to that expected for a delocalized
ment would not normally be adjudged to be (vide infra) a C=C bond. Indeed, it is fair to say that, upon complexation,
“conventional’z— stacking interaction. However, an exami- 1 1F-. adopts bond lengths and angles which resemble those
nation of the solid-state structure of uncomplexed 1/5DN38C10, of TTF(0)4
which also has &-symmetric geometry, reveals (Figure 4b) a ~ Molecular Modeling. Single-point calculatior8 (MP2/6-
very similar intramolecular stacking motif for the 1,5-dioxy- 31+G*) of the energies associated with the solid-state geom-
naphthalenes (interplanar separation 3.46 A). etries of free and complexed T¥Frevealed that the “twisted”
Two particularly interesting features of note emerge with conformation illustrated in Figure 2 is ca. 5.2 kcal miainore
respect to the attributes of the dication PTFs a function of ~ stable than the “flat” conformation displayed in Figure 3. This
its complexation by 1/5SDN38C10. First, it changes its confor- energy difference is compensated for by the intracomplex
mation facilely from a twisted to a planar geometry, suggesting noncovalent bonding interactions presérin 1/5DN38C10
(vide infra) minimal energy demands. Second, and perhaps more C TR T Edmoas W Nana A W
S|gn|f_|cantly, there_ are pror_loupced chang(_as in the covalent F_;(Co)ppggg%_ (':he'}n.esnonc)f,' Cher Co”;ma;]l- 88.9’)—8%%?’ - Wudl,
bonding patterns within the dication. In the twisted uncomplexed ~ ”(15) For ab initio calculations of TTF(0), TTFand TTR*, see: Trsic,
state, the two five-membered rings have lo€a) symmetry M.; Laidlaw, W. G.Int. J. Quantum Cheni982 21, 557—563.
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10 Table 1. Electrochemical Data for the Redox Processes Involving
J / TTF

1.5 f \ =
~ 1 o ’l ‘\ 8 systerf E}, (V vs SCE) Ej,(V vs SCE)
€ o4 o4 free TTF +0.321 +0.714
- S T 0 CBPQT-TTF +0.391 +0.714
s Lo ! 1/5DN38C16-TTF +0.321 +0.700
N 05 . CBPQT*—1/5DN38C16-TTF +0.391 +0.700
5 054
* aAr-purged MeCN solutions, all processes are reversible and
v monoelectronic, experimental erra® mV.  The descriptor TTF stands

0.0 L - : . for either TTF(0) or TTF.

300 500 700
A {nm)

Figure 6. Absorption spectra (MeCN, 298 K) of TFF, TTF', and
TTF(0), represented by full, dashed, and dotted lines, respectively.
Inset: Emission spectrum (MeCN, 298 Kux. = 352 nm) of TTRE.

TTF2*. The optimized (HF/6-3£G*) geometry of TTET is

“twisted”, with a torsion angle of 47about the bond linking

the two five-membered rings. Remarkable similarities were

noted between the bond lengths found (Figure 5) for this

optimized geometry and free T¥Fin the solid state. Neverthe-

less, the optimized geometry is more stable than the observed

crystal structure geometry by ca. 59.8 kcal mo(MP2/6-

31+G*); i.e., subtle geometrical changes strongly destabilize +0.8 +0.6 0.4 402

the TTE" unit. This destabilization is offset by the intermo- Vvs SCE

lecular bonding interactions present in the crystalline state.  Figure 7. Cyclic voltammograms (MeCN, 298 K, scan rate 50 mV
An examination of the HF/3-21G electrostatic potential s of TTF2* (1) by itself (dashed line) and (2) in the presence of

surface of twosr-stacked 1,5-dioxynaphthalene ring systems excesses of CBPQT and 1/5DN38C10 (full line).

reveals that the parallel offset co-conformation seen in the X-ray

analyses is dictated by electrostatic interactions. Indeed, theobserved (1) the appearance of a broad, weak absorption band

electron-deficient hydrogen atoms of one ring system can in the near-IR spectral regioa*(= 1700 M~* cm~* at 840 nm)

maximize attractive electrostatic interactions with the electron- and (2) the quenching of both components’ fluorescence. These

rich z-surface of the other only when the two ring systems are results are consistent with the formation of a 1:1 charge-transfer

slightly offset and parallel with respect to one another, i.e., when complex, wherein TTF plays an EA role, and are in agreement

the hydrogen atoms with positive electrostatic potentials (Figure with the evidence obtained by NMR spectroscopy, mass

4c) from one ring overlay their negative counterpart on the other. spectrometry, X-ray crystallography, and electrochemical ex-
Absorption Spectra, Luminescence Properties, and Stabil- periments (vide infra}® The K, value associated with the

ity Constants. The absorption spectra (MeCN, 298 K) of 1/5DN38C1OTTF?" complex, measured by absorption and

TTF(0), TTF™, and TTE" are shown in Figure & While emission spectral titratiorf8,is (4.1+ 0.4) x 10° ML, Mixing

TTF(0) and TTE* do not exhibit any luminescence at all, TTF either TTF(0) or TTE* with 1/5DN38C10 does not produce

displays a fluorescence band with a maximum at 488 @m~( any spectral changes, in accord with the absence of association,
0.04;7 < 1 ns). CBPQT" showgP an absorption band whose as also deduced from electrochemical experiments (vide infra).
maximum is located at 260 nra*(= 40 000 M"* cm™?), while Electrochemical Properties.We have performed systematic

it does not give rise to an emission band. On the other hand, electrochemical investigations on (1) the isolated components
1/5DN38C10 give® an absorption band whose maximum is CBPQT*, 1/5DN38C10, and TTF, (2) the two-component
observed at 295 nme{ = 17 600 M cm™), as well as a  systems CBPQT —TTF and 1/5DN38C18TTF, and (3) the
fluorescence band at 345 n (= 0.26;7 = 8.5 ns). INMeCN  three-component system CBP{T1/5DN38C10-TTF, where,

at 298 K, CBPQ** and TTF(0) associate with one another to  in each case, TTF stands for either TTF(0) or ¥TF he results
produce a strong 1:1 complex, with a stability constafis) are cataloged in Table 1.

of (1.0+ 0.1) x 10* M™%, that exhibits a broad charge-transfer  proq TTF exhibits (Figure 7, dashed line) two reversible one-
ab_slorptl?nltgand with a maximum Iocatrid at 855 mm= 3000 electron procességzor a 1x 104 M TTF(0) solution (MeCN)
M="cm +)' Conversely, TTF=and TTF* do notinteractwith  ¢ontaining a 20-fold excess of CBP@T(in order that more
CBPQT*" under otherwise indistinguishable conditions, as han 90 of the TTF(0) guest may be obtained as its complex
indicated by the absence of any changes to either spectroscopic

or electrochemical (vide infra) properties. When PTE2CIO;~ (19) Additional proof that TTE" can be included within the cavity of

salt) was mixed with 1/5DN38C10 in MeCN at 298 K, we 1/5DN38C10 was provided from an extraction experiment in Clh3.
Although TTR*-2CIO,~ is completely insoluble in this solvent alone, it
(16) The binding energy, determined experimentally from the stability can be dissolved in (Ci€l), in 1/5DN38C10’s presence, as shown by the

constant (vide infra), is ca. 4.9 kcal mélin MeCN at 298 K. appearance of the typical T¥Fband at 352 nm, together with the broad
(17) In addition, theK, value for the CBPQT"-TTF(0) complex was band in the near-IR spectral region that is attributable to a?TEharge-
determined to be 1.& 10* M~* (CDsCN, 300 K) by alH NMR titration transfer complex. Likewise, electrochemical experiments demonstrated that

experiment that exploited the correlation between the chemical shift of the the first reduction process of TFF is reversible in the macrocyclic
tetracation’sp-bipyridinium protons and the TTF(0) concentration in a  polyether’s presence and irreversible in its absence.

nonlinear curve-fitting program. Previousi,on the basis ofH NMR (20) In addition, theK, for the 1/5DN38C16T TR+ complex was found
dilution and spectrophotometric titration experimentaof ca. 8.0 x to be 2.6x 10° M1 through the use ofH NMR titration experiments that
10°M~1(MeCN, 298 K) was established for the CBPQTTTF(0) complex. employed the correlation between the chemical shift of the proton on the

(18) Credi, A.; Montalti, M.; Balzani, V.; Langford, S. J.; Raymo, F.  macrocyclic polyether’s 4-naphthyl position and the ¥TRCIO,~ con-
M.; Stoddart, J. FNew J. Chem1998 1061-1065. centration.
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with the tetracationic host), the first oxidation process is Vvs SCE

displaced by 70 mV to more positive potentials, while the second +0.8 +0.6 +0.4 +0.2

is unaffected® The current intensity of both processes is about S e
40% less than that for free TTF(0) as a result of the smaller -
diffusion coefficient for the electroactive CBP&TTTF(0)

complex. As expected for reversible electrochemical processes, QNO @

the same potential values are obtained by replacing TTF(0) with
TTF2*. Under such conditions, the current intensities of the
processes involving TTF are unaffected by the presence of
CBPQT, as the electroactive species is FTHn both this
cyclophane’s absence and presence. To summarize, these results
indicate that TTF(0) is engaged as an ED guest in the CBPQT
TTF(0) complex and that this complex rapidly and reversibly
decomplexes when the TTF(0) guest experiences its first electron e — — -
loss. +0.8 +0.6 +0.4 +0.2

Foralx 104 M TTF?* solution containing a 50-fold excess Vvs SCE
of 1/5DN38C10 (to ensure that more than 90% of this dication Figure 8. Fields of electrochemical stability of the states that are
is complexed by the macrocyclic polyether), the first reduction available to the various systems described here.
process is moved to less positive potentials by 14 mV, while
the second remains the same. For both processes, the curremeduction (from—0.2 to —0.8 V vs SCE) of the CBPQ'T
intensity is about 15% less than that for free FTBecause of cyclophane. Exploitation of these properties for the construction
the smaller diffusion coefficient of the electroactive 1/5DN38C10 of electrochromic display systems is being explored currently.
TTF2" complex. As expected for reversible electrochemical  Supramolecular Switching AspectsQuite a number of two-
processes, the same potential values are obtained by replacingtate supramolecular switches have been described reééntly.
TTF?* with TTF(0). Under these circumstances, the current Although supramolecular systems that are capable of existing
intensities associated with the processes involving TTF arein more than two states are less comm®f, they may be
unaffected by 1/5DN38C10’'s presence, as the electroactive expected to handle the processing of molecular-level information
species is TTF(0). In short, these results indicate that?TTF  more effectively. From the standpoint of molecular association,
acts as an EA guest in the 1/5DN38CTUF?* complex and the three-component mixture CBP&TF1/5DN38C16-TTF
that the complex undergoes a fast, reversible decomplexationpbehaves aa three-pole systesince, depending on the potential
when the TTE' guest is first reducett- range, TTF can be (1) uncomplexed, in its TTKtate, (2)

When respective 20- and 50-fold excesses of CBPQIRd complexed with the EA host, in its TTF(0) state, or (3)
1/5DN38C10 were bo#i added to a 1x 104 M MeCN complexed with the ED host, in its TFFstate. The reversibility
solution of TTF (regardless of its oxidation state), we discovered of the electrochemical processes shows that the complexations/
that the potential of the TTE/TTF(0) couple moves (Figure  decomplexations and, consequently, guest exchanges between
7, full line) to more positive values (70 mV), whereas that of both hosts are occurring rapidly compared to the time scale of
the TTRT/TTF couple moves ttesspositive values (14 mV). the electrochemical experiments.
This behavior corresponds exactly to that observed for the  Figure 8 portrays schematically the fields of electrochemical
CBPQT*-TTF(0) and 1/5SDN38C1U TF** complexes, respec-  stability associated with the states available to the supramo-
tively. These results sho(l) that the TTF guest interchanges |ecular system CBPQT—1/5DN38C16-TTF. This system’s
between the two hosts upon altering its oxidation state from 0 three-pole nature is clearly apparent when compared to the two-
to +2, and (2) that the TTF species does not interact with  pole nature (free/complexed guest) of the two-component
either host.The current intensities for the processes observed (CBPQT"—TTF and 1/5DN38C16TTF?") systems and of
are those anticipated on the basis of the electroactive speciessome other recently reportet-26three-component systems.
which depend (vide supra) on the starting oxidation state of e would also like to draw attention to the fact that the
TTF. mechanical movements taking place in the present supramo-

It is also worth noting that the CBP@T—1/5DN38C16- lecular system, wherein a “free” molecule can be driven to
TTF mixture exhibits electrochromic behavior, since its three associate with either one of two different receptors by electro-
stable states (free TTF, TTF complexed with the EA host, and chemical means, might pave the way to applications of a
TTF complexed with the ED host) have different colors and fyturistic nature in the field of molecular-level signal proces-
can be interconverted by changing the potential in an easily sors2” One can envision second-generation three-pole systems

accessible range (from0.3 to+0.8 V vs SCE). An additional  in which the electrochemically driven movements can control
two differently colored states can be obtaifieby reversible

reduction

(24) (a) Fabbrizzi, L.; Poggi, AChem. Soc. Re 1995 24, 197-202.
(21) The electrochemical behavior of 1/5DN38C10 in the presence of (b) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. J.
TTF?* or TTF(0) leads to the same conclusion (Table 1). Whereas the free M.; McCoy, C. P.; Rademacher, J. T.; Rice, T.Ghem. Re. 1997, 97,
macrocyclic polyether shows two, not fully reversible, one-electron oxidation 1515-1566. (c) Ward, M. D.Chem. Ind. (London}1997 640-645. (d)
processes at-1.050 and+1.150 V, a not fully reversible two-electron Balzani, V.; Gonez-Lgpez, M.; Stoddart, J. FAcc. Chem. Red.998 31,
oxidation process is observed &.120 V in the presence of TF¥F or 405-414. (e) Sauvage, J.-Rcc. Chem. Red4998 31, 611-619. (f) Kaifer,
TTF(0). This observation is consistent with the displacement of the A. E. Acc. Chem. Red.999 32, 62—71.
macrocyclic polyether’'s first oxidation process toward more positive (25) (a) de Silva, A. P.; Gunaratne, H. Q. N.; McCoy, C.Ghem.
potentials when it hosts TPE within its cavity; after the first oxidation Commun.1996 2399-2400. (b) Credi, A.; Balzani, V.; Langford, S. J,;
process, dissociation of the complex takes place so that the second oxidatiorStoddart, J. FJ. Am. Chem. S0d997, 119, 2679-2681. (c) Fabbrizzi, L.;

process occurs on the free macrocyclic polyether. Licchelli, M.; Pallavicini, P.; Parodi, LAngew. Chem., Int. EA.998 37,
(22) The interaction between CBP®Tand 1/5DN38C10K, < 400 800-802.
M~1) can be neglected under the experimental conditions employed. (26) Balzani, V.; Credi, A.; Venturi, MCoord. Chem. Re 1998 171,

(23) A further state, originating from the oxidation of 1/5DN38C10, is 3—16.
less important, because such a process is not totally reversible. (27) Rouvray, D.Chem. Br.1998 34 (2), 26-29.
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Figure 10. Cartoon displaying the electrochemically reversible three-
pole supramolecular switch based on the three-component mixture
CBPQT*—1/5DN38C1G6-TTF. The three poles of the switch are
characterized by the three different states that the TTF unit may be in,
i.e., (1) free (TTFE*), (2) bound with CBPQT" (TTF(0)), or (3)
complexed with 1/5DN38C10 (TPE).

(1) be free, when present as the radical cation TTR) form

driven motions of a three-pole supramolecular switch may be used to 4 complex with CBPQT", in its TTF(0) state, or (3) be

influence energy transfer (ET) processes.

the occurrence ofand the selection of the partner in, energy-

complexed by 1/5DN38C10, when it exists as FTFThe fact
that the three states have different colors, coupled with the ease
of their electrochemical interconversion, suggests that the three-

or electron-transfer processes. Consider, for instance, a SyStenéomponent mixture CBPQT—1/5DN38C16-TTF could form

(Figure 9) in which the potential guest is appended to a
chromophoric groug@\, while the potential hosts are appended,
respectively, to the chromophoric gropsndC, whose lowest
excited states are lower than that Af Depending on the

potential value selected by the operator in such a system, light

excitation ofA could lead to one of three possibilities, viz., no
energy transfer (OFF), energy transfe®B¢ON 1), or energy
transfer toC (ON 2). Admittedly, the donoracceptor-based

molecular-level connection poses severe limitations with respect

the basis of an electrochromic display system. Finally, the
proposal that second-generation three-pole systems can be
conceivee-wherein the occurrence of, in addition to the choice
of the partner in, energy- or electron-transfer processes can be
coordinated by electrochemically driven molecular motions
may lead to applications pertaining to molecular-level signal
processors. Experiments are underway currently in our labora-
tories to establish the viability of this proposal.

to the choice of the chromophoric groups that can be used if Experimental Section

energy transfer has to proceed through the charge-transfer
connections. Nevertheless, it does not seem unlikely that systems
can be designed wherein molecular association (1) only plays

the role of holding the two chromophoric groups together at a

Tetrathiafulvalenium Bis(perchlorate) (TTF2-2ClO47). This
compound was prepared using a previously repétteacedure from
the literature: 'H NMR (400 MHz, CQCN, 300 K) é 9.51 (4H, s);
13C NMR (100 MHz, CRCN, 300 K)§ 151.1 C—H), 175.6 (SC—

suitable distance for through-space energy transfer or (2) reliescs,). x-ray quality single crystals of TT=-2CIO,~ were obtained

on a different kind of interaction, e.g., hydrogen bondifg.

wheni-Pr,O vapor was allowed to diffuse into an MeCN solution of

Similar switching processes relating to electron transfers could the compound.

also be performed. More complex energy- and/or electron-
transfer patterns are also conceivable.

Conclusions

Augmenting our earlier discovel§? that TTF(0) acts as an
ED guest when it complexes with the EA host CBPQTwe
have ascertained that tl2A dicationic guest TTF forms a
host-guest complex with the ED host 1/5DN38C10 (1) in the
solid state (by X-ray crystallography), (2) in solution (B

1,5-Dinaphtho[38]crown-10 (1/5DN38C10)We have described the
synthesis of this macrocyclic polyether previouSiySingle crystals,
suitable for X-ray analysis, were acquired from liquid diffusion-8f,0
into a MeNQ—CHCl; (1:1) solution of 1/5DN38C10.

1,5-Dinaphtho[38]crown-10-tetrathiafulvalenium Bis(perchlo-
rate) Complex ([1/5DN38C1GTTF2*][CIO 4],). 1/5DN38C10 (6.4
mg, 10umol) and TTE™2CIO,~ (4.0 mg, 10umol) were mixed in
anhydrous, degassed MeCN (3 mL) to furnish a dark orange solution
of the title 1:1 complex. Single crystals of the complex were obtained
by vapor diffusion ofi-P,O—PhH into this solution:*H NMR (400

NMR, luminescence, and absorption spectroscopies, togethefMHz, CDCN—CDsNO; (5:3), 191 K)o 3.59-4.07 (32H, br m), 6.42

with cyclic/differential pulse voltammetries), and (3) in the gas

7.38 (12H, br m), 8.89 (1H, br), 9.37 (3H, br); MS (LStyz 840 M
— 2CIO;]**. Anal. Calcd for GoHsCl.01sSs: C, 48.5; H, 4.7; S, 12.3.

pha;e (by LSI mass spectrometr_y). Thus, we have shown Fhat’Found: C. 485 H. 45: S, 12.5.

by virtue c_)f the facile ele_ctrqchemlcally promoted transformatlon X-ray Crystallography. Table 2 provides a summary of the crystal
between its 0 ane-2 oxidation states, TTF is a versatile guest gata data collection, and refinement parameters for compounds
for the construction of complexes with either EA or ED TTR+2CIO, and 1/5DN38C10, as well as for complex [1/5DN38€10
macrocyclic hosts. This unique supramolecular Umpalling  TTF*|[ClO4].. The structures were solved by direct methods and were
(polarity reversal) process almost certainly has important refined by full-matrix least-squares based BA. One of the CIQ
implications for synthetic supramolecular chemidfriiowever, ions in both TTE*-2CIO,~ and [1/5DN38C16I TF**][CIO47],, along

for the present, we have utilized it, along with the fact that #TF  with part of one of the polyether arms in 1/5DN38C10, were found to
is not bound by either CBPGT or 1/5DN38C10, for the be disordered_. In e_ach case, this disorder was resolved into two par_tial
development of the reversible three-pole supramolecular switch °ccupancy orientations, with only the non-hydrogen atoms of the major
constituted by the CBPQT—1/5DN38C16-TTF trio. This occupancy orientation being refined anisotropically. The remaining non-

th t mixt functi Ei 10 th | hydrogen atoms in all three structures were refined anisotropically. In
ree-component mixture functions (Figure 10) as a three-po € each structure, the €H hydrogen atoms were placed in calculated

system inasmuch as, depending on the potential range, TTF Camyositions, assigned isotropic thermal parametei($]) = 1.2U.C),
(28) (@) Montalti, M.; Ballardini, R.; Prodi, L.; Balzani, VChem. and allowed to ride on their parent atoms. Thel®hydrogen atoms

Commun1996 2011-2012. (b) Ashton, P. R.; Ballardini, R.; Balzani, v.;  Of the included HO molecules in [1/5DN38CtUTF**][CIO4 ], could
Gomez-Lgpez, M.; Lawrence, S. E.; Martez-Daz, M.-V.; Montalti, M.; not be located. Computations were carried out using the SHELXTL
Piersanti, A.; Prodi, L.; Stoddart, J. F.; Williams, D.JJ.Am. Chem. Soc PC program systerf.
1997 119 10641-10651. (c) Ishow, E.; Credi, A.; Balzani, V.; Spadola,
F.; Mandolini, L. Chem. Eur. J1999 5, 984-9809.

(29) Seebach, DAngew. Chem., Int. Ed. Engl979 18, 239-258.

(30) SHELXTL PC, V. 5.03, Siemens Analytical X-ray Instruments, Inc.,
Madison, WI, 1994.
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Table 2. Crystal Data, Data Collection and Refinement Paramgters

TTF?™-2CIOs~ [1/5DN38C10TTF?][CIO4 ]2 1/5DN38C10
formula C5H4S4'2C|O4 C42H4gO]_oS4'2C|O4 C35H44010
solvent PhH2H,O
formula weight 403.2 1154.1 636.7
color, habit pale yellow rhombs orange rhombs clear blocks
crystal size (mm) 0.2% 0.27 x 0.08 0.83x 0.60x 0.60 0.50x 0.47x 0.43
crystal system monoclinic triclinic monoclinic

space group P2i/c (no. 14) P1(no. 2) P2;/c (no. 14)
cell dimensions
a(h) 9.694(2) 10.565(3) 8.197(1)
b (A) 13.753(2) 11.245(3) 17.451(1)
c(A) 10.581(1) 12.669(3) 11.980(1)
o (deg) 102.14(2)
f (deg) 104.64(1) 90.75(2) 108.30(1)
y (deg) 113.33(2)
V (A9 1364.9(3) 1343.5(6) 1627.1(3)
VA 4 1» 20
D¢ (g cnT?) 1.962 1.426 1.300
F(000) 808 604 680
radiation used Mo & Mo Ka Cu Ka
w (mm™2) 1.12 0.35 0.78
0 range (deg) 2.225.0 1.725.0 4.6-63.0
scan type w w 20— 0
no. of unique reflections
measured 2408 4611 2635
observed|Fo| > 40(|F,|) 1898 3200 2301
absorption correction semiempirical
max, min transmission 0.97,0.86
no. of variables 194 370 213
Rq¢ 0.043 0.067 0.046
WR 0.103 0.179 0.122
weighting factorsa, b® 0.054, 1.274 0.113, 0.602 0.058, 0.439
largest diff peak, hole (e %) 0.48,—-0.34 0.84,-0.36 0.22,-0.15

a Details in common: graphite-monochromated radiation, Siemens P4/PC diffractometer, 293 K, refinement Fdsedtoa (super)molecule
has crystallographi€; symmetry.c Ry = 3 ||Fo| — |Fe/l/3|Fol. ¢ WR = [SW(F2 — FAHIW(Fo?)FY2 ewt = 0%(Fs?) + (aP)? + bP.

Molecular Modeling. Single-point calculations (MP2/6-315*) and 200, 500, and 1000 mV§, while differential pulse voltammograms
geometry optimizations (HF/6-33G*) for TTF2" were performed using (DPV) were performed with scan rates of 20 or 4 m\,sa pulse
Gaussian 94t A model complex, derived from the solid-state geometry height of 75 or 10 mV, and a duration of 40 ms. For reversible
of 1/5DN38C10 by replacing the two polyether chains with MeO processes, the same half-wave potential values were obtained from the
substituents, was employed to calculate the electrostatic potential surfaceDPV peaks and from an average of the cathodic and anodic CV peaks.
using Spartan 4.32 The potential values for not fully reversible processes were estimated

Photophysical and Electrochemical ExperimentsThe equipment from the DPV peaks. The experimental errors on the potential values
and procedures used for absorption, luminescence, and electrochemicafor reversible and not fully reversible processes were estimated to be
measurements have been reported previotidiie standards used for 42 and+5 mV, respectively.
luminescence quantum yield measurements were quinine sulfate in 1
N H,SQ, (® = 0.546%* and anthracene in degassed Et@+= 0.27)%°

For the electrochemical experiments described here, it is worth noting Deutsche Forschungsgemeinschaft, The Royal Society, The
that the concentration of the electroactive species was in the order of ’ ’

. - Engineering and Physical Sciences Research Council, The
10“ M; EuN-PFR; (0.05 M) was added as supporting electrolyte, . ’
ferrocene and phenothiazine being used as internal refer&ncgslic Wolfson Foundation, The EU '(Contra'ct FMRX'CTQG'OC,’?G)'
voltammograms (CV) were obtained at sweep rates of 10, 20, 50, 100, MURST (Supramolecular DeV|Ce§ Project), The U_mVerS'ty of
Bologna (Funds for Selected Topics), Odense University, and
* The University of California, Los Angeles.
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