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The synthesis of a rare example of a calix[2]pyrrole[2]thiophene derivative incorporating two tetrathiafulvalene units is described along with

its X-ray crystal structure. Complexation studies between the bis(tetrathiafulvalene)-calix[2]pyrrole[2]thiophene and 7,7,8,8-tetracyano- p-
quinodimethane (TCNQ) were carried out in solution using absorption and ESR spectroscopies as well as in the solid state using X-ray
crystallography and IR spectroscopy.

The discovery of the first metallic charge transfer (CT) systems, such as shuttfeswitches3 muscles, springs®
complex between tetrathiafulvaleénéTTF) and 7,7,8,8- charge-separating ligan@snd chemical sensotg.
tetracyano-p-quinodimethane (TCNQ) in 1973 prompted a  Calix[4]pyrrolest! first synthesized in 1886 by Baeyér,
huge interest in TTF and its derivatives in the search for have been studied extensively in the past decade for possible
new and improved superconducting CT complexes and use as receptors for anionic and neutral substtai®® have
radlca}l cation salt3. The emergence of supramolecular (5) (a) Kang, S.: Vignon, S. A Tseng, H.-R.. Stoddart, JCRem —
chemistry and the fact that TTF is a good electron donor gur. J.2004,10, 2555—2564. (b) Laursen, B. W.; Nygaard, S.; Jeppesen,
that can exist in three stable redox states (FTHF*, and J. O.; Stoddart, J. FOrg. Lett.2004,6, 4167—4170. (c) Jeppesen, J. O.;
TTE2Y h rompted chemists from a variety of backaround Nygaard, S.; Vignon, S. A.; Stoddart, J.Eur. J. Org. Chem2005, 196—

) as prompted chemists from a variety or backgrounas 34, (d) Nygaard, S.; Laursen, B. W.; Flood, A. H.; Hansen, C. N.; Jeppesen,

to develop elaborate molecular and supramolecular TTF J. O.; Stoddart, J. -Chem. Commur2006, 144—146. (e) Nygaard, S.;
Leung, K. C.-F.; Aprahamian, I.; Ikeda, T.; Saha, S.; Laursen, B. W.; Kim,

(1) Ferrris, J. P.; Cowan, D. O.; Walatka, V.; Perlsyein, JJHAm. S.-Y.; Hansen, S. W.; Stein, P. C.; Flood, A. H.; Stoddart, J. F.; Jeppesen,
Chem. So0c1973,95, 948—949. J. 0.J. Am. Chem. So@007,129, 960—970.
(2) (a) Bryce, M. RJ. Mater. Chem2000,10, 589—598. (b) Segura, J. (6) (a) Farren, C.; Christensen, C. A.; FitzGerald, S.; Bryce, M. R.; Beeby,

L.; Martin, N. Angew. Chem., Int. EQ2001,40, 1372—1409. (c) Schukat, A. J. Org. Chem2002 67, 9130-9139. (b) Li, H.; Jeppesen, J. O.; Levillain,
G.; Fanghénel, ESulfur Rep2003,24, 1-190. (d) Becher, J.; Jeppesen, J.  E.; Becher, JChem. Commur2003, 846—847. (c) Zhang, G.; Zhang, D.;
O.; Nielsen, K.Synth. Met.2003, 133—134, 309—315. (e) Otsubo, T.; Guo. X.; Zhu, D.Org. Lett.2004,6, 1209—1212. (d) Choi, J. W.; Flood,
Takimiya, K.Bull. Chem. Soc. Jpr2004,77, 43-58. (f) Jeppesen, J. O.; A. H.; Steuerman, D. W.; Nygaard, S.; Braunschweig, A. B.; Moonen, N.
Nielsen, M. B.; Becher, Zhem. Re. 2004 104, 5115-5132. (g) Gorgues, N. P.; Laursen, B. W.; Luo, Y.; Delonno, E.; Peters, A. J.; Jeppesen, J. O;
A.; Hudhomme, P.; SalleM. Chem. Re»2004,104, 5151-5184. Xu, K.; Stoddart, J. F.; Heath, J. Rhem.—Eur. J2006,12, 261—-279.

(3) Williams, J. M.; Ferraro, J. R.; Thorn, R. J.; Carlson, K. D.; Geiser, (7) Liu, Y.; Flood, A. H.; Bonvallet, P. A.; Vignon, S. A.; Northrop, B.
U.; Wang, H. H.; Kini, A. M.; Whangbo, M.-HOrganic Superconductors H.; Tseng, H.-R.; Jeppesen, J. O.; Huang, T. J.; Brough, B.; Baller, M;
(Including Fullerenes): Synthesis, Structure, Properties, and Theory; Magonov, S.; Solares, S. D.; Goddard, W. A, lll; Ho, C.-M.; Stoddart, J.

Prentice Hall: Englewood Cliffs, NJ, 1992. F.J. Am. Chem. So@005,127, 9745—9759.

(4) (@) Lehn, J.-M. Supramolecular ChemistryVCH: Weinheim, (8) Nygaard, S.; Liu, Y.; Stein, P. C.; Flood, A. H.; Jeppesen, AdD.
Germany, 1995. (b) Atwood, J. L., Davies, J. E. D., MacNicol, D. D., Vogtle, Funct. Mater.2007,17, 751—762.
F., Reinhoudt, D., EdsComprehensive Supramolecular ChemistPer- (9) Martin, N.; Sanchez L.; Guldi, D. MChem. CommurR000, 113—
gamon: Oxford, 1996; Vols.-111. 114.
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recently described the synthesis of a tetra-TTF-calix[4]pyrrole sandwich-like complex with electron-deficient guests. In the
derivative* which can function as a receptor for both neutral 1,3-alternating conformation, the two thiophene moieties act
electron-deficient guests, such as 1,3,5-trinitrobenZene as spacers that serve to keep the two TTF units apart with

(TNB) and G,*® and different anion& Although a large
number of calix[4]pyrroles have been reportédhere are
very few examples in which one or more of the pyrrole units
in the calixpyrrole ring system has been substituted with
thiophene moietie®

In this letter, we describe the synthesis of a bis-TTF-calix-
[2]pyrrole[2]thiophene derivativd incorporating two thiophene
moieties and two monopyrrolotetrathiafulvaléh@MPTTF)
units within the calix ring system, together with preliminary
complexation studies between the rece@aand TCNQ,
carried out in solution employing absorption and ESR
spectroscopies, as well as in the solid state using X-ray
crystallography and IR spectroscopy.

The bis-TTF-calix[2]pyrrole[2]thiophene recept®rcon-
taining two TTF electron donor units, was designed to act
as a host for electron-deficient guests, such as TENgY.
attaching two TTF units directly to the flexible calix[2]-
pyrrole[2]thiophene scaffoléf? it was believed that the bis-
TTF-calix[2]pyrrole[2]thiophene receptoB, in its 1,3-
alternating conformation, would be capable of forming a

(10) (a) Le Derf, F.; Levillain, E.; Trippé, G.; Gorgues, A.; Sallé, M;
Sebastian, R.-M.; Caminade, A.-M.; Majoral, J.Angew. Chem., Int. Ed.
2001,40, 224—227. (b) Trippé, G.; Levillain, E.; Le Derf, F.; Gorgues, A.;
Sallé, M.; Jeppesen, J. O.; Nielsen, K.; Beche@rd. Lett.2002 4, 2461
2464. (c) Nielsen, K. A.; Jeppesen, J. O.; Levillain, E.; BecheAngiew.
Chem., Int. Ed2003,42, 187—191. (d) Lu, H.; Xu, W.; Zhang, D.; Chen,
C.; Zhu, D.Org. Lett.2005,7, 4629—4632.

(11) Sessler, J. L.; Gale P. A. Trhe Porphyrin Handbook; Kadish, K.
M., Smith, K. M., Guilard, R., Eds.; Academic Press: San Diego, CA, 2000;
Vol. 6, pp 257278.

(12) Baeyer, ABer. Dtsch. Chem. Ge4886,19, 2184—2185.

(13) (a) Gale, P. A.; Sessler, J. L.; Kral, V.; Lynch, ¥. Am. Chem.
S0c.1996,118, 5140—5141. (b) Anzenbacher, P., Jr.; Try, A. C.; Miyaji,
H.; Jursykova, K.; Lynch, V. M.; Marquez, M.; Sessler, JJLAm. Chem.
S0c.2000,122, 10268—10272. (c) Schmidtchen, F.Gtg. Lett.2002,4,
431—434. (d) Yoon, D.-W.; Hwang, H.; Lee, C.-iAngew. Chem., Int.
Ed. 2002,41, 1757—1759.

(14) Nielsen, K. A.; Cho, W.-S.; Jeppesen, J. O.; Lynch, V. M.; Becher,
J.; Sessler, J. LJ. Am. Chem. So@004,126, 16296—16297.

(15) Nielsen, K. A.; Cho, W.-S.; Sarova, G. H.; Petersen, B. M.; Bond,
A. D.; Becher, J.; Jensen, F.; Guldi, D. M.; Sessler, J. L.; Jeppesen, J. O.
Angew. Chem., Int. E®006,45, 6848—6853.

(16) Nielsen, K. A.; Cho, W.-S.; Lyskawa, J.; Levillain, E.; Lynch, V.
M.; Sessler, J. L.; Jeppesen, J. D.Am. Chem. SoQ006, 128, 2444—
2451.

(17) (a) Bonomo, L.; Solari, E.; Toraman, G.; Scopelliti, R.; Floriani,
C.; Latronico, M.Chem. Communl999, 2413—-2414. (b) Anzenbacher,
P., Jr.; Jursikov4, K.; Lynch, V. M.; Gale, P. A.; Sessler, J.lAm. Chem.
S0c.1999,121, 11020—11021. (c) Bucher, C.; Zimmerman, R. S.; Lynch,
V.; Sessler, J. LJ. Am. Chem. So2001,123, 9716—9717. (d) Woods, C.
J.; Camiolo, S.; Light, M. E.; Coles, S. J.; Hursthouse, M. B.; King, M. A;
Gale, P. A.; Essex, J. Wl. Am. Chem. So002,124, 8644—8652. (e)
Yoon, D.-W.; Hwang, H.; Lee, C.-HAngew. Chem., Int. E®2002, 41,
1757—-1759. (f) Bucher, C.; Zimmerman, R. S.; Lynch, V.; Sessler, J. L.
Chem. CommurR003, 1646—1647.

(18) (a) Jang, Y.-S.; Kim, H. J.; Lee, P.-H.; Lee, C.F¢trahedron Lett.
200Q 41, 2919-2923. (b) Nagarajan, A.; Ka, J.-W.; Lee, C.-Fetrahedron
2001,57, 7323—7330. (c) Danil de Namor, A. F.; Abbas, |.; Hammud, H.
H. J. Phys. Chem. B006,110, 2142—2149.

(19) (a) Jeppesen, J. O.; Takimiya, K.; Jensen, F.; Bechéngl.Lett.
1999,1, 1291-1294. (b) Jeppesen, J. O.; Takimiya, K.; Jensen, F.; Brimert,
T.; Nielsen, K.; Thorup, N.; Becher, J. Org. Chem2000, 65, 5794—
5805. (c) Jeppesen, J. O.; Bechekur. J. Org. Chem2003, 3245—3266.

(20) For examples of TTHCNQ complexes, see: (a) Batsanov, A. S.;
Bryce, M. R.; Chesney, A.; Howard, J. A. K.; John, D. E.; Moore, A. J.;
Wood, C. L.; Gershtenman, H.; Becker, J. Y.; Khodorkovsky, V. Y.; Ellern,
A.; Bernstein, J.; Perepichka, I. F.; Rotello, V.; Gray, M.; Cuello, AJO.
Mater. Chem2001,11, 2181—-2191. (b) Legros, J.-P.; Dahan, F.; Binet,
L.; Carcel, C.; Fabre, J.-Ml. Mater. Chem2000, 10, 2685—2691.
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an approximate interplanar distance of 7 A, thus optim#&ing
the possibility for CT ancr—z interactions between the two
electron-donating TTF units in the recep®and electron-
deficient guests.

The bis-TTF-calix[2]pyrrole[2]thiophen8 was synthe-
sized as illustrated in Scheme 1. A dilute mixture of 2,5-

Scheme 1. Synthesis of Bis-TTF-Calix[2]pyrrole[2]thiophene
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bis(1-hydroxymethylethyl)thiopheffe (1), the MPTTE
derivative2, and a catalytic amount of feBF; in MeCN/
CH.CI, was stirred for 5 h, affording the recept8ras a
yellow solid in 18% vyield* after column chromatography.
The high-resolution matrix-associated laser desorption
ionization mass spectrum (HiRes-MALDI-MS) recorded of
3 showed a peak ah/z= 1133.0599 corresponding to the
[M + NaJ* ion (calculated for GzHssN.SiNa™ = 1133.0582).
The *H NMR spectrum of3 (see Supporting Information)
recorded in CDGl at 298 K showed one broad singlet
resonating ad = 6.70 ppm that can be assigned to the two
chemically equivalent NH protons. The thiophghprotons

(21) Hunter, C. A.; Sanders, J. K. M. Am. Chem. Socd 990,112,
5525—5534.

(22) Chadwick, D. J.; Willbe, CJ. Chem. Soc., Perkin Trans.1B77,
887—-893.

(23) Hansen, J. A.; Becher, J.; Jeppesen, J. O.; Levillain, E.; Nielsen,
M. B.; Petersen, B. M.; Petersen, J. C.; SahinJYMater. Chem2004,

14, 179-184.

(24) It has been reported (see: Sessler, J. L.; Cho, W.-S.; Gross, D. E.;
Shriver, J. A.; Lynch, V. M.; Marquez, Ml. Org. Chem2005,70, 5982—
5986) that the yield of fluorinated calix]pyrroles can be increased by
addition of tetrabutylammonium chloride (TBACI) to the reaction mixtures
during their synthesis. It is expected that the chloride anion acts as a template
for the formation of the calixf]pyrrole ring system. However, addition of
TBACI to a mixture ofl, 2, and a catalytic amount of F2eBF; did not
result in an increased yield, and the recef@evas obtained in 16% vyield.
This observation is most likely because of the fact that two of the pyrrole
units in the calix[4]pyrrole ring system have been substituted by two
thiophene moieties that are not capable of forming hydrogen bonds to the
templating chloride anion (see ref 18a). Binding studies between the receptor
3 and TBACI carried out in a CDGlsingH NMR spectroscopy supported
this hypothesis since th#H NMR spectra (see Supporting Information)
recorded of3 and a mixture of3 and TBACI were essentially identical,
indicating that no binding between the recepsoand the chloride anion
takes place in solution.
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appear as a singlet resonatingdat 6.73 ppm. Also seen

in the aliphatic region of the spectrum are the expected
signals associated with thepropyl chains and theneso-
methyl groups. The electrochemical properties3aind 2
were studied in solution using cyclic voltammetry (CV). The
CV of 3 recorded in CHCI, revealed two well-defined
reversible bielectronic redox processeg&at' = 0.24 V and
E1»” = 0.65 V (vs Ag/AgNQ),?® which can be assigned to
the simultaneous first and second reversible oxidations of
the two TTF units ir3. For comparison, the CV recorded of
compound?2 under similar conditions showed two well-
defined reversible monoelectronic redox processes; gt

= 0.20 V andEy? = 0.65 V (vs Ag/AgNQ).

Diffraction quality single crystals o8 were obtained as
yellow laths by slow diffusion of MgCO into a CHCI,
solution containin@. The resulting X-ray structure (Figure
1) revealed thaB does not adopt a 1,3-alternating conforma-

"
{

By caasd,
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Figure 1. Solid-state conformation of the bis-TTF-calix[2]pyrrole-
[2]thiophene3 obtained by X-ray crystallography. H atoms bound
to C atoms are omitted for clarity.

tion in the solid state, but instead a centrosymmetric 1,2-
alternating conformation in which the S atoms of the
thiophene moieties point in opposite directions with respect
to the plane of the central calix ring, and the two TTF units
extend in opposite directions along the longer axis of the
receptor.

The complexation between recept®and the electron-
deficient guest TCNQ was investigated in a solution of
CH_Cl, using UV-vis—NIR and ESR spectroscopies. TCNQ
does not give (Figure 2) any notable absorption at 500
nm, while receptoB does not give any notable absorption
at1 = 700 nm. Addition of 1 equiv of TCNQ to a Gigl,
solution of 3 resulted in the appearance (Figure 2) of two
new CT absorption bands centerediaty = 749 and 851
nm (€ = 10 and 14 M cm™%, respectively) in the absorption
spectrum. An ESR spectrum recorded inCH on a 1:1
mixture of 3 and TCNQ showed a weak radical signal
centered around = 2.010, which is in the region charac-
teristic®® for both a TTF radical cation and a TCNQ radical
anion. These results show that in solution some CT takes
place between the TTF unit(s) and TCNQ.

Complexation studies in the solid state were carried out
using X-ray diffraction analysis and IR spectroscopy. Black

(25) CV was carried out using a 0.5 mM solution3®fn CH,Cl, with
n-BwNPFs (0.10 M) as the supporting electrolyte and Ag/AgiNés the
reference electrode at a scan rate of 100 m¥ s
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Figure 2. Absorption spectra (C¥l,, 25 °C) of the receptaB, a
1:1 mixture of3 and TCNQ, and TCNQ.

single crystals of the complex betwe8rand TCNQ were
grown by evaporation of a Gi€l, solution containin@® and
TCNQ in a 1:1 ratio. Synchrotron single-crystal X-ray dif-
fraction revealed an overall stoichiometry 8§(TCNQ)e
CH,CI; in the solid state.

The receptor3 adopts (Figure 3) the anticipated 1,3-
alternating conformation, with one TCNQ molecule posi-

Figure 3. Asymmetric unit of the comple8e(TCNQ)eCH,Cl,
obtained by X-ray crystallography. H atoms, except those of the
CH,CI, molecule, are omitted for clarity.

tioned inside the cavity of the receptor, oriented so that its
long axis lies orthogonal to the long axes of the two TTF
units. A second TCNQ moiety is complexed between two
adjacent molecules d, aligned so that its long axis lies
parallel to the long axes of the two adjacent TTF units. The
structure also contains one @&, solvent molecule for each

(26) The ESR signal aj = 2.010 is likely to be composed of both a
contribution from the TTF radical cation (i.e., TT§ which normally
appears ag values around 2.009 (see: Wudl, F.; Smith, G. M.; Hufnagel,
E. J.J. Chem. Soc., Chem. Commu®70, 1453—1454 and Nielsen, K.;
Jeppesen, J. O.; Thorup, N.; BecheD®ig. Lett.2002,4, 1327—1330) and
the TCNQ radical anion (i.e., TCNQ which normally appears atvalues
around 2.003 (see: Bryce, M. R.; Moore, A. J.; Tanner, B. K.; Whitehead,
R.; Clegg, W.; Gerson, F.; Lamprecht, A.; PfenningerCéem. Mater.
1996,8, 1182—1188).
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receptor3 which is involved in C-H---sr interactions with absorption bands f@e(TCNQ),»CH,Cl, with the absorption
the two thiophene rings. Complexation of the TCNQ band for uncomplexed TCNQ (2225 cHhindicates that CT
molecules both internal and external to the receptor cavity is taking place in the solid state between the TTF donors
results in a continuous donor—acceptor stack in the solid and the TCNQ acceptof8.Although it is possible in prin-
state (Figure 4). The interplanar distances between the TCNQciple?® to quantify the negative charge accommodated on the
TCNQ molecules using differences in bond lengths between
neutral TCNQ@® and the TCNQ radical anio#, limited
precision of the synchrotron single-crystal X-ray analysis
prohibits any such assessment in this case.

In summary, the synthesis of a bis-TTF-calix[2]pyrrole-
[2]thiophene derivativ® has been achieved, and its ability
to function as a receptor for TCNQ was established. The
resulting complex was characterized both in solution and in
the solid state. Further hoestjuest studies will be carried
out with guests such as TCNE (tetracyanoethylene) and
2,3,5,6-tetrafluoro-7,7,8,8-tetracyapeguinodimethane to
explore fully the ability of receptoB to function as a host
for polynitrile guests.
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