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Derivatives of 9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene (ex-TTF) have been synthesized
by a new synthetic methodology, viz., direct phosphite-mediated cross-couplings of anthraquinone with
1,3-dithiole-2-thione derivatives. These ex-TTFs bear one, two, or four cyanoethyl-protected thiol groups
on the dithiole rings. Deprotection (NaOMe, MeOH, DMF, Z0) and trapping of the transient thiolates

with electrophiles have afforded the new ex-TTF trirh®y dimeric cyclophane22 and25, the tetrakis-
(hydroxyethylthio) derivative23, and the strained cyclopha@d. Solution redox properties have been
studied by cyclic voltammetry. For compourty 22, and25 each ex-TTF unit behaves as an independent
2-electron redox system giving rise to a single, quasi-reversible 6-, 4-, and 4-electron wave, respectively.
The Eqx value for24 (0 — 2+ wave) is positively shifted by 290 mV compared to that of its precursor

15 due to the short bridge i84 obstructing the conformational change which accompanies oxidation.
X-ray crystal structures d3-2.5MeOH,23-1.5MeCN,24-CH,Cl,, and24-1.5CHCl, show the saddle-
shape folding (typical of ex-TTF derivatives), which 24 is enhanced by the pentamethylene chain
bridging the dithiole units. Both solvates @B show an unprecedented crystal packing motif due to
hydrogen bonding.

Introduction solution electrochemical experiments, the ex-TTF system
) o ) (Chart 1) displays inverted potentials;f* > E%%)* manifested
Tetrathiafulvalene (TTF) derivatives which possess extended 54 5 single, 2-electron oxidation procé® — D2+, with Eo
m-electron conjugation between the two dithiole rings are — §30-0.60 V vs Ag/AgCl, depending upon the solvent and
important as building blocks for supramolecular and organic he substituent R This redox process, which is electrochemi-
materials chemistry The incorporation of a central vinylogdus cally quasi-reversible and chemically reversible, triggers a
or p-quinodimethane spacdeads to reduced on-site Coulombic  §ramatic conformational change in the molecueray crystal-
repulsion and stabilization of the oxidized states, compared to lographic studies established that the neutral moletblés
those of the parent TTF. As an example of the latter family,
9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracet®) (herein ) (a) Sugimoto, T.. Awaji, H.. Misaki, Y. Kawase, T.. Yoneda, S.:
abbreviated as “ex-TTF”) provides a unique combination of Yoshida, z.(?hem. ivla't’erlgéé 1, 535-547. (b) Hansen, T. K.; Laksh-
redox, charge delocalization, and structural properties. Whereasmikantham, M. V.; Cava, M. P.; Metzger, R. M.; BecherJJOrg. Chem.

TTF undergoes two, reversible, 1-electron oxidation waves in 1991 56, 2720-2722. (c) Bryce, M. R.; Moore, A. J.; Tanner, B. K
Whitehead, R.; Clegg, W.; Gerson, F.; Lambrecht, A.; PfenningeZh8m.
Mater.1996 8, 1182-1188. (d) Yamashita, Y.; Tomura, M.; Braduz Zaman,

(1) Reviews: (a) Free, P.; Skabara, P. £hem. Soc. Re 2005 34, M.; Imaeda, K.J. Chem. Soc., Chem. Commur998 1657-1658. (e)
69—-98. (b) Bendikov, M.; Wudl, F.; Perepichka, D. Ehem. Re. 2004 Bryce, M. R.; Coffin, M. A.; Skabara, P. J.; Moore, A. J.; Batsanov, A. S.;
104, 4891-4945. (c) Bryce, M. RJ. Mater. Chem200Q 10, 589-598. Howard, J. A. K.Chem—Eur. J. 200Q 6, 1955-1962. (f) Bellec, N.;
(d) Segura, J. L.; Mant, N. Angew. Chen001, 113 1416-1455;Angew. Boubekeur, K.; Carlier, R.; Hapiot, P.; Lorcy, D.; Tallec, A.Phys. Chem.
Chem., Int. Ed2001, 40, 1372-1409. (e) Nielsen, M. B.; Lomholt, C.; A 200Q 104, 9750-9759. (g) Guerro, M.; Lorcy, Dletrahedron Lett2005
Becher, JJ. Chem. Soc. Re200Q 29, 153-164. 46, 5499-5502.
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butterfly shaped with the anthracenediylidene unit strongly  ageagents and conditions: @) LDA or BuLi, THF, —78 °C.
folded as a result gberi-interactions between the sulfur atoms

and the hydrogen atoms on the benzoannulated quinoid moiety yhaned? cation sensor¥ self-assembled monolayefsand

In contrast, the dicatiorlp**) possesses a planar and aromatic gonoracceptor arrays, some of which possess long-lived
anthracene unit, with the heteroaromatic 1,3-dithiolium cations ¢arge-separated excited stes.

almost orthogonal to this plafeThese unusual redox and

structural properties have been explained by theoretical studiesmgr']\(/)edrélghls lg;%?nratr;gﬁe\?vf dag;f)vl ;?Jé%rgé Erl]:aﬁe\iﬁlocﬁ)rrtg?\?t of
of the minimum energy conformations and charge distribution ay 9 yimp )

in the neutral, radical cation, and dication statesldfThe 'I_'o da_lte two com_plgmenta}ry routes to denvatwgslo‘hnc-
transient radical cation of systeinhas been detected in flash tionalized at the dithiole un!ts have been reportgd. (1) H.efner
photolysid® and pulse radiolysi$ experiments. This remarkable Wadsworth-Emmons olefination of anthraquinon2 with
interplay of electron donor properties and conformational change prefunctionalized (1,3-d.|th.|o|-2-yl)phosphongte .ester rquents
has led to derivatives of being used as building blocks for 3 (Scheme ¥ or (2) lithiation of ex-TTF derivatives bearing

charge-transfer sali&nonlinear optical materiaké multistage & Nydrogen on one, or both, of the dithiole rings and tragping
redox assemblie¥, dimeric ex-TTFs5 dendrimerd$ cyclo- with electrophiles, e.g., reactions dfo yield 8 (Scheme 2¥:

(3) (@) Martn, N.; Orty, E. InHandbook of Adanced Electronic Photonic (13) (a) Otero, M.; Herranz, M. A.; Seoane, C.; MartN.; Gafn, J.;
Materials and Deices Nalwa, H. S., Ed.; Academic Press: San Diego, Orduna, J.; AlacaleR.; Villacampa, BTetrahedror2002 58, 7463-7475.
2001; Vol. 3, Chapter 6, pp 243265. (b) Yamashita, Y. ITetrathiaful- (b) Insuasti, B.; Atienza, C.; Seoane, C.; MartN.; Gafn, J.; Orduna, J.;
valene ChemistryFundamentals and Applications of Tetrathiafallene Alacalg R.; Villacampa, B.J. Org. Chem2004 69, 6986-6995.

Yamada, J., Sugimoto, T., Eds.; Springer-Verlag: Berlin, 2004; Chapter  (14) (a) Cerrada, E.; Bryce, M. R.; Moore, A.Jl.Chem. Soc., Perkin
12, pp 287310. (c) Yamashita, Y.; Tomura, M. Mater. Chem1998 8, Trans. 11993 537-538. (b) Marshallsay, G. J.; Bryce, M. R.Org. Chem.
1933-1944. (d) Yamashita, Y.; Tanaka, S.; Imaeda, K.; Inokuchi, H.; Sano, 1994 59, 6847-6850. (c) Boulle, C.; Desmars, O.; Gautier, N.; Hudhomme,
M. J. Chem. Soc., Chem. Commu®91, 1132-1133. P.; Cariou, M.; Gorgues, AChem. Commuri998 2197-2198. (d) Gautier,

(4) (&) Hu, K.; Evans, D. HJ. Phys. Chen1996 100, 3030-3036. (b) N.; Mercier, N.; Riou, A.; Gorgues, A.; Hudhomme, Retrahedron Lett.
Evans, D. H.; Hu, KJ. Chem. Soc., Faraday Tran$996 92, 3983~ 1999 40, 5997-6000. (e) Gautier, N.; Gallego-Planas, N.; Mercier, N.;
3990. (c) Kraiya, C.; Evans, D. H. Electroanal. Chen2004 565, 29— Levillain, E.; Hudhomme, POrg. Lett.2002 4, 961—963.

35. (d) Gruhn, N. E.; Mdas-Ruvalcaba, N. A.; Evans, D. Bl.Phys. Chem. (15) (a) Martn, N.; Peez, |.; Sachez, L.; Seoane, @. Org. Chem.
A 2006 110 5650-5655. (e) Ma@s-Ruvalcaba, N. A.; Evans, D. H. 1997 62, 870-877. (b) Christensen, C. A.; Bryce, M. R.; Batsanov, A. S.;

Phys. Chem. B006 110 5155-5160. References 4@ concern 9,10- Becher, JOrg. Biomol. Chem2003 1, 511-522. (c) Daz, M. C.; lllescas,

disubstituted anthracenes and emphasize that the changes in geometry whicB. M.; Seoane, C.; Mant, N.J. Org. Chem2004 69, 4492-4499. (d)

accompany the redox process are crucial in causing inverted potentials. Diaz, M. C.; lllescas, B. M.; Mam, N.; Perepichka, I. F.; Bryce, M. R.;
(5) For pioneering work on the electrochemistry of 2-electron redox Levillain, E.; Viruela, R.; Ort) E. Chem—Eur. J. 2006 12, 2709-2721.

systems see: (a) Fritsch, J. M.; Weingarten, H.; Wilson, J. Bm. Chem. (16) Godbert, N.; Bryce, M. RJ. Mater. Chem2002 12, 27—36.

Soc 197Q 92, 4038-4046. (b) Deuchert, K.; Fhg, S. Angew. Chem., (17) (a) Finn, T.; Bryce, M. R.; Batsanov, A. S.; Howard, J. AGhem.
Int. Ed. Engl.1978 17, 875-886. Commun 1999 1835-1836. (b) Godbert, N.; Batsanov, A. S.; Bryce, M.
(6) (@) Yamashita, Y.; Kobayashi, Y.; Miyashi, Angew. Chem., Int. R.; Howard, J. A. KJ. Org. Chem2001 66, 713-719. (c) Christensen,
Ed. Engl.1989 28, 1052-1053. (b) Moore, A. J.; Bryce, M. Rl. Chem. C. A,; Batsanov, A. S.; Bryce, M. R.; Howard, J. A. K. Org. Chem.
Soc., Perkin Trans. 1991 157-168. (c) Bryce, M. R.; Coffin, M. A.; 2001, 66, 3313-3320. (d) Daz, M. C.; lllescas, B. M.; Ma, N.; Stoddart,

Hursthouse, M. B.; Karaulov, A. I.; Mlen, K.; Scheich, HTetrahedron J. F.; Canales, M. A.; Jinmez-Barbero, J.; Sarova, G.; Guldi, D. M.
Lett. 1991, 32, 6029-6032. (d) Liu, S.-G.; Pez, |.; Martn, N.; Echegoyen, Tetrahedron2006 62, 1998-2002. (e) Christensen, C. A.; Batsanov, A.
L. J. Org. Chem200Q 65, 9092-9102. S.; Bryce, M. RJ. Am. Chem. So2006 128 10484-10490.

(7) For other molecular systems where significant conformational changes  (18) (a) Bryce, M. R.; Batsanov, A. S.; Finn, T.; Hansen, T. K.; Howard,
are triggered by electron transfer see: (a) Guerro, M.; Carlier, R.; Boubekeur, J. A. K.; Kamenjicki, M.; Lednev, I. K.; Asher, S. AChem. Commun
K.; Lorcy, D.; Hapiot, P.J. Am. Chem. SoQ003 125 3159-3167 and 200Q 295-296. (b) Bryce, M. R.; Batsanov, A. S.; Finn, T.; Hansen, T.
references therein. (b) Nygaard, S.; Laursen, B. W.; Flood, A. H.; Hansen, K.; Moore, A. J.; Howard, J. A. K.; Kamenjicki, M.; Lednev, I. K.; Asher,
C. N.; Jeppesen, J. O.; Stoddart, JORem. Commur2006 144—146. (c) S. A. Eur. J. Org. Chem2001, 933-940.

Amriou, S.; Perepichka, I. F.; Batsanov, A. S.; Bryce, M. R.; Rovira, C; (19) Herranz, M. A;; Yu, L.; Mafn, N.; Echegoyen, LJ. Org. Chem.
Vidal-Gancedo, JChem—Eur. J. 2006 12, 5481-5494. 2003 68, 8379-8385.

(8) Bryce, M. R.; Moore, A. J.; Hasan, M.; Ashwell, G. J.; Fraser, A. (20) (a) Herranz, M. A.; Mafh, N.; Ramey, J.; Guldi, D. MChem.

T.; Clegg, W.; Hursthouse, M. B.; Karaulov, A.Angew. Chem., Int. Ed. Commun2002 2968-2968. (b) Kodis, G.; Liddell, P. A.; de la Garza, L.;

Engl. 1990 29, 1450-1452. Moore, A. L.; Moore, T. A.; Gust, DJ. Mater. Chem2002 12, 2100~
(9) (@) Martn, N.; Sachez, L.; Seoane, C.; Ortk.; Viruela, P. M.; 2108. (b) Gonziez, S.; Martn, N.; Swartz, A.; Guldi, D. M.Org. Lett.
Viruela, R.J. Org. Chem1998 63, 1268-1279. (b) Martm, N.; Orfi, E; 2003 5, 557-560. (c) Daz, M. C.; Herranz, M. A,; lllescas, B. M.; Mant|
Sanchez, L.; Viruela, P. M.; Viruela, REur. J. Org. Chem1999 1239~ N.; Godbert, N.; Bryce, M. R.; Luo, Ch.; Swartz, A.; Anderson, G.; Guldi,
1247. D. M. J. Org. Chem2003 68, 7711-7721. (d) Perepichka, D. F.; Bryce,
(10) Jones, A. E.; Christensen, C. A.; Perepichka, D. F.; Batsanov, A. M. R.; Perepichka, I. F.; Lyubchik, S. B.; Christensen, C. A.; Godbert, N.;
S.; Beeby, A.; Low, P. J.; Bryce, M. R.; Parker, A. \@hem—Eur. J. Batsanov, A. S.; Levillain, E.; Mclnnes, E. J. L.; Zhao, JJPAm. Chem.
2001, 7, 973-978. S0c.2002 124, 1422714238. (e) Burley, G. A.; Avent, A. G.; Boltalina,
(11) (a) Martn, N.; Sachez, L.; Guldi, D. M.Chem. Commur00Q I. V.; Gol'dt, I. V.; Guldi, D. M.; Marcaccio, M.; Paolucci, F.; Paolucci,
113-114. (b) Guldi, D. M.; Sachez, L.; Mart, N.J. Phys. Chem. B001, D.; Taylor, R.Chem. Commur2003 148-149. (f) Giacalone, F.; Segura,
105 7139-7144. J. L.; Martn, N.; Guldi, D. M.J. Am. Chem. So@004 126, 5340-5341.
(12) (a) Triki, S.; Ouahab, L.; Lorcy, D.; Robert, Acta Crystallogr. (9) Giacalone, F.; Segura, J. L.; MartN. Ramey, J.; Guldi, D. MChem—
1993 C49 1189-1192. (b) Bryce, M. R.; Finn, T.; Batsanov, A. S.; Kataky,  Eur. J.2005 11, 4819-4834.
R.; Howard, J. A. K.; Lyubchik, S. BEur. J. Org. Chem200Q 1199 (21) (a) Bryce, M. R.; Moore, A. J.; Lorcy, D.; Dhindsa, A. S.; Robert,
1205. (c) Batsanov, A. S.; Bryce, M. R.; Lyubchik, S. B.; Perepichka, I. F. A.J. Chem. Soc., Chem. Commu@9Q 470-472. (b) Bryce, M. R.; Moore,
Acta Crystallogr.2002 E58 01106-01110. A. J. Synthesig 991, 26—28.
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Thiolatedz-Extended Tetrathiafublenes

SCHEME 22
Me S X"
0y o e 0
Me” S 5 Me s s_R
e T =T
9 " Me” S ST Me
S Y,
4 H s Me
6 (iii)
8 R= COMe,
C(S)NHMe,
SC(O)Me

aReagents and conditions: 6) pyridine, MeCQH, reflux; (ii) 6, LDA
or BuLi, THF, —78 °C; (iii) LDA, THF, —78 °C, then electrophife

(Note that the preparation of compouridequired a phospho-
nate reagent, for the second step, like route 1.)

JOC Article

comparable to the literature yield @D from anthrone and the
corresponding dithiolium satf In the second cross-coupling
reaction 3.3 equiv of Becher’s reageri?® was slowly added

to 10in neat P(OEf at 130°C. The slow addition minimized

self-coupling ofl1, and the ex-TTF systeri? was obtained in

73% vyield (Scheme 3).

Following this protocol, 2-fold reactions of anthraquino8g (
and the thione reagenid and 14 gave the protected tetrathi-
olated and dithiolated ex-TTF derivativd8 and 15 in 60%
and 47% vyields, respectively (Scheme 4). The lower yield for
the latter compound was due to a recrystallization needed to
separatd 5 from the self-coupled TTF derivative. The synthetic
versatility of these protected thiolate derivatiies 13, and15

has been established in the series of reactions shown in Schemes

5-7.
Following the precedents of TTF chemistfythe mono-

We now report alternative methodology which is both labor- deprotection ofl2 was readily achieved by using 1 equiv of
and cost-effective, avoiding the multistep syntheses of the sodium methoxide: trapping of the intermediate thiolate anion

phosphonate ester reagedtand 6. We have found that the

16 with methyl iodide gave compount7 in 96% yield. The

direct phosphite-mediated cross-coupling of readily available analogous deprotection &7 and trapping with the trifunctional
1,3-dithiole-2-thione units with anthraquinone is an efficient alkylating reageni8 gave the ex-TTF trimet9in 97% yield.

route to symmetrical ex-TTF derivatives (i.e., 2-fold reaction

Compoundl?2 served as the precursor to a new dimeric ex-

with both dithiole units the same) and unsymmetrical systems TTF cyclophane?2, by using the difunctional alkylating reagent
(stepwise attachment of different dithiole units). Moreover, this 20, which was chosen because of its very reactive iodides and
new protocol allows the formation of products bearing protected the tert-butyl groups, which should enhance the solubility of

thiol functionality, which will not survive the basic conditions

the products (Scheme 5). (The dibromo analogug0dfas been

of either route 1 or 2 above. The value of these thiolated ex- used previously in the synthesis of TTF cyclophafigg.wo,
TTF derivatives has been established in a series of further stepwise deprotections and alkylations affor@gdh 77% yield

transformations.

Results and Discussion

Synthesis. The self-coupling and cross-coupling of 1,3-

from 12 the probable intermedia®l was neither isolated nor
characterized. Although cyclopha@2 contains foutert-butyl
groups, it was only sparingly soluble in many solvents.
Elemental analysis and mass spectroscopy were consistent with
structure22, but the'H NMR spectrum was hard to assign as

dithiole-2-one/thione/selenone units in refluxing triethyl phos- ¢ signals were weak and were broadened or split due to two
phite is a well-established route to symmetrical and Unsym- giterent conformations 022 in which the ex-TTF moieties
metrical TTF derivatives, respectively, and a good alternative \yqre flipped up or down [i.e., conformation 1, (up, up)down

to the functionalization of TTF by lithiation and trapping with

down); conformation 2, (up, dowr (down, up)]. To circum-

electrophiles® Generally the phosphite coupling proceeds \ant this problem22 was oxidized with iodine to give the

efficiently with dithioles bearing electron-withdrawing groups,

tetracatior22**, which was soluble in DMS@k. ThelH NMR

and oxones and selenones tend to give higher yields than thegpecirum (Figure S1 in the Supporting Information) reflected

corresponding thione®.To extend this methodology to cross-

the high symmetry 022*", which comprises planar symmetric

couplings with the less reactive anthraquinone, it was necessarymojeties: none of the peaks are broadened or split. These data

to limit the formation of the self-coupled TTF derivative. An

initial experiment established that heating a mixture of an-

thraquinone and 4,5-bis(methylthio)-1,3-dithiol-2-thio®¢ @
equiv) in neat triethyl phosphite at 12& for 3 h gave only

tetrakis(methylthio)-TTF (56% yield), unreacted anthraquinone,

further secured the structure 22.
There is continued interest in supramolecular assemblies
which are ordered by hydrogen bond#fgzor example, in the

(25) Batsanov, A. S.; Bryce, M. R.; Coffin, M. A.; Green, A.; Hester,

and decomposed starting material. No cross-coupled producty ="’ Howard. J. A K. Lednev. 1. K. Mari; N.: Moore, A. J.: Moore
was detected (TLC evidence). However, slow addition of thione J. N.: Orfy E.; Sachez, L.: Savon, M.: Viruela, P. M.; Viruela, R.: Ye,

9 to an excess of anthraquinong) (in triethyl phosphite-
chlorobenzene afforded the keto@® in 52% vyield. This is

(22) (a) Bryce, M. R.; Finn, T.; Moore, A. Jetrahedron Lett1999
40, 3271-3274. (b) Bryce, M. R.; Finn, T.; Moore, A. J.; Batsanov, A. S.;
Howard, J. A. K.Eur. J. Org. Chem200Q 51-60.

(23) (a) Bryce, M. R.; Cooke, G.; Dhindsa, A. S.; Lorcy, D.; Moore, A.
J.; Petty, M. C.; Hursthouse, M. B.; Karaulov, A.J.. Chem. Soc., Chem.
Commun199Q 816-818. (b) Gam, J.; Orduna, J.; Uriel, S.; Moore, A.
J.; Bryce, M. R.; Wegener, S.; Yufit, D. S.; Howard, J. A. 8ynthesis
1994 489-493.

(24) (a) Fabre, J.-M. ITetrathiafubalene ChemistryFrundamentals and
Applications of Tetrathiafulalene Yamada, J., Sugimoto, T., Eds.; Springer-
Verlag: Berlin, 2004; Chapter 1, pp-33. (b) Schukat, G.; Fanghel, E.
Sulfur Rep.1996 18, 1-278. (c) Gautier, N.; Cariou, M.; Gorgues, A.;
Hudhomme, PTetrahedron Lett200Q 41, 2091-2095. (d) Parg, R. P.;
Kilburn, J. D.; Ryan, T. GSynthesis1994 195-198.

T.-Q. Chem—Eur. J. 1998 4, 2580-2592.

(26) (a) Becher, J.; Lau, J.; Leriche, P.; Mgrk, P.; Svenstrugd, Bhem.
Soc., Chem. Commuti994 2715-2716. (b) Svenstrup, N.; Rasmussen,
K. M.; Hansen, T. K.; Becher, Bynthesi€994 809-812. (c) Simonsen,

K. B.; Svenstrup, N.; Lau, J.; Simonsen, O.; Mark, P.; Kristensen, G. J,;
Becher, JSynthesid 996 407—-418. (d) For a review of the synthesis and
reactivity of cyanoethyl-protected TTF thiolates see: Simomsen, K. B.;
Becher, JSynlett1997 1211-1220.

(27) (a) Spanggaard, H.; Prehn, J.; Nielsen, M. B.; Levillain, E.; Allain,
M.; Becher, JJ. Am. Chem. SoQ00Q 122 9486-9494. (b) Simonsen,

K. B.; Svenstrup, N.; Lau, J.; Thorup, N.; Becher Ahgew. Chem., Int.
Ed. 1999 38, 1417-1420.

(28) (a) Bernstein, J.; Etter, M. C.; Leiserowitz, L. I8tructure
Correlatiory Burgi, H.-B., Dunitz, J. D., Eds.; VCH: Weinheim, Germany,
1994; Vol. 2, Chapter 11, pp 43B07. (b) Sherrington, D. C.; Taskinen,
K. A. Chem. Soc. Re2001, 30, 83—93. (c) Desiraju, G. RChem. Commun
2005 2995-3001. (d) Desiraju, G. R.; Steiner, The weak hydrogen bond
in structural chemistry and biologyoxford University Press: Oxford, 1999.

J. Org. ChemVol. 72, No. 4, 2007 1303



]OCAT’tiCle Christensen et al.
SCHEME 32
nd s
5__SMe ) S
O g SZ<SEESMe ° O 5. SMe ! NC\_/SIS/ES " ¢ S_g O 5. SMe
° . ° ° ._ sIsMe NC\_/S:[S _._ SISMe
7 &2 w0 &0 v

aReagents and conditions: @) P(OEt}, PhCI, 135°C, 3 h (52% yield); (ii)11, P(OEt}, 130°C, 3.5 h (73% yield).

N

SCHEME 42 and the cyclic voltammogram was consistent with a nonstrained
ex-TTF derivative (see below). The structure is confidently
\ Y ; :
NG S__g s._S CN assigned as the macrocyc®®, presumably as a mixture of
NG sIs —.— SIS o isomers.
Q yf ~ O —/ X-ray Crystal Structures of 23 and 24. Compound23

13 crystallized from methanol and acetonitrile as two different

o . o solvates (pseudopolymorphs). Both contain one molecu®s of
o

\ per asymmetric unit together with nonstoichiometric amounts
2 MeS_ g MeS_ g Q S ¢ N of solvent, tentatively23-2.5MeOH @38 and 23-1.5MeCN
I )=s I —( T (23b). The ex-TTF core of23 adopts the usual saddle
N S e ST swe conformatiof-22025 (Table 1 and Figure 1). The dihydroan-
thracene system is folded along the C{9J(10) vector, as
shown by the angley) between the planar benzene rings. Both
aReagents and conditions: ()1, P(OEt}, 125°C, 3 h (60% yield); dithiole rings are folded inward along the S(1$(2) and
(i) 14, P(OEt}, 125°C, 3 h (47% vyield). S(5)--S(6) vectors (folding angle$; andd,, respectively), so
that the planar S(1)C(16)C(17)S(2) and S(5)C(19)C(20)S(6)
TTF series the crystal structure of tetrakis[(2-hydroxyethyl)- moieties are tilted inward, toward one another. The an@)e (
thio]-TTF shows the coexistence of uniform-sr stacking and between these two planes and the transannular distances between
hydrogen-bonded @H-:-O networks?® There are, however,  exocyclic sulfur atoms, S(3)S(7) and S(4):S(8), or the
very few examples of ex-TTF derivatives bearing hydroxyalkyl adjacent dithiole carbons, C(26)C(19) and C(17)-C(20), give
substituent$? As stated by Marh et al.3%this is due to alack  a measure of the overall U-bending of the ex-TTF. The bending
of available procedures for their synthesis. We recognized the of 23 is comparable with that of other nonbridged ex-TTFs
potential of compound.3 in this regard. Deprotection df3 (where 6 varies from 73 to 101° and ¢ from 139 to 145)
using sodium methoxide (5 equiv), followed by addition of and somewhat weaker than in compoud® (see Table 1).
bromoethanol (5 equiv), gave the tetrakis[(hydroxyethyl)thio]  The usual packing motif of ex-TTFs is a pair of “mutually
derivative23in 65% yield (Scheme 6), characterized by X-ray - engulfing” molecules, so that one dithiole end of each molecule
crystallography (vide infra). The structure is organized by a fij|s the intramolecular cavity of the oth&?2°Neither pseudopoly-
system of intra- and intermolecular hydrogen bonds in the morph of 23 shows such packing: i23a the intramolecular
absence of effective—z stacking. cavity is occupied by a guest methanol molecule (Figure 2), in
To develop further the reactivity of these thiolated ex-TTF 23b by a benzene ring of an adjacent (host) molecule. The
reagents, the diprotected derivati¥® was used to synthesize  remaining methanol ir23a and (all) acetonitrile in23b are
the ex-TTF cyclophane®4 and25. A solution of15and 1,5- chaotically disordered along the infinite channels, which run
diiodopentane (1 equiv) was mixed with sodium methoxide (3 between the host molecules (see ESI). In both phases the host
equiv) under high-dilution conditions to afford compour#s  molecule is also disordered. BBathe entire bis[(2-hydroxy-
and25in 47% and 16% vyield, respectively (Scheme 7). ethyl)thio]dithiolylidene substituent at C(10) is distributed
The major compound was very soluble and analyzed correctly between two positions in a 84:16 ratio. This can be interpreted
for the bridged cyclophané'lf NMR spectra showed that it as a libration of the entire molecul3 around the opposite
was not acis/trans mixture). An X-ray crystal structure (vide  dithiole end, the alternative positions of other atoms being too
infra) established that the structure was tisisomer24. This close to resolve. 1123b, the ex-TTF core is ordered, but all
route to24 is considerably more efficient than the previous four (hydroxyethyl)thio chains are intensely disordered. Nev-
synthesis of the dimethyl analog@s (Chart 2), which was ertheless, the major conformation in each case suggests the

15 (cis/trans mixture)

obtained in 10% vyield by a 2-fold HorneWadsworth- existence of intramolecular hydrogen bonds betwadjacent
Emmons reaction of the corresponding bis[(1,3-dithiol-2-yl)- (hydroxyethyl)thio substituents.
phosphonate ester] reagent with anthraquindh@he minor Different crystallizations of24 from DCM/hexane also

product (Scheme 7) was only sparingly soluble in a range of yie|ded two pseudopolymorph24-CH,Cl, (248 and 24-
solvents, including carbon disulfide, toluene, chlorofom, and 1 5cH,Cl, (24b). The asymmetric unit o4a comprises one
dimethyl sulfoxide. DetailedH NMR analysis was, therefore,  mojecule of24with a partially disordered DCM molecule inside
very difficult. Mass spectra showed that it was & 2 product, the cavity (Figure 3). Ir24b there are two independent host
molecules, each with a similarly disordered DCM in the cavity,
(29) Batsanov, A. S.; Svenstrup, N.; Lau, J.; Becher, J.; Bryce, M. R.; and two symmetrically nonequivalent extraannular DCM mol-

Howard, J. A. K.J. Chem. Soc., Chem. Commu9895 1201-1202. ; ;
(30) (a) Godbert, N.: Bryce, M. R.: Dahaoui, S.: Batsanov, A. S.: Howard ecules, each of them disordered between two overlapping

J. A. K. Hazendonk, PEur. J. Org. Chem2001, 749-757. (b) Daz, M. positions related by an inversion center (which gives two
C.; lllescas, B.; Mafh, N. Tetrahedron Lett2003 44, 945-948. additional half-molecules per asymmetric unit and one per
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SCHEME 52

JOC Article

—_—
S CN
(iii)
Me, Br
Br,
Me
Me 18
Br
MeS

a Reagents and conditions: (i) MeONMeOH (1 equiv), DMF, 20C, 1.5 h; (ii) Mel (excess), 26C, 30 min (96% yield fronl2); (ii) MeONa—MeOH
(1 equiv), DMF, 20°C, 30 min, thenl8 (0.3 equiv), DMF, 20°C, 18 h (97% yield froml8); (iv) 20 (0.5 equiv), DMF, 20°C, 12 h; (v)20 (1 equiv),
MeONa-MeOH (2.7 equiv), DMF, 20C, 20 h, high dilution (77% yield froni2); (vi) |2, DMSO-ds, 20 °C, 1 h (100% yield by NMR).

SCHEME 62

nd s ‘ s S | ¢ on
L= =X
O Y
nd s s O s ¢ on
HO\_/SIS _8_ SIS\_/OH
23

a Reagents and conditions: (i) MeONMeOH (5 equiv), DMF, 20°C,
5 min, then BrCHCH,OH (5 equiv), DMF, 20°C, 16 h (65% yield).

formula unit). The pentamethylenedithia bridge2dfadopts a
nearly planarall-trans conformation, with SC—C—C and
C—C—C—C torsion angles in the range 1608, and drasti-

cally enhances the U-bend of the ex-TTF core, as indicated by
the increase of botld angles and a decrease of theangle
(Table 1 and Figure 1), whereas tleangle is little affected.
Interestingly, thed angle in24is ca. 10 wider than in molecule

26 containing the same bridge. The difference is probably due
to a wedging effect of the intraannular solvent molecule (not
present in the crystal &f6). Note that the transannular distances
in 26 are symmetrical, whereas v they are longer on the
solvent side than on the bridge side.

Solution Electrochemical and Optical Absorption Proper-
ties. Solution electrochemical data, obtained by cyclic voltam-
metry (CV), are collated in Table 2. Data for compourwhre
included for comparison.

With the exception of the strained cyclopha2# which is
discussed below, all the oxidation potentials fall in the range
expected for tetrakis(alkylthio)-substituted ex-TTF derivatives.
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SCHEME 72

Christensen et al.

0(6)

C(30)

25 (cisltrans mixture)

aReagents and conditions: (i) MeONMeOH (3 equiv), DMF, 20°C,
16 h, 1,5-diiodopentane, high dilutio24, 47% vyield;25, 16% yield).

CHART 2
FIGURE 2. X-ray structure 0f23-2.5MeOH @33, showing 30%

7 N\
S/S\(/_\\/SES thermal ellipsoids and probable hydrogen bonds. Minor positions of
\ >=: i:< |
MeIS S Me
26

disordered atoms are omitted, and inversion-related atoms are primed.

TABLE 1. Transannular Distances (A) and Interplanar Angles
(deg) in ex-TTF Derivatives

23a 23b  24a 24b 247 26° 1ct

C(16y--C(19)/A 881 883 727 727 732 7.06 845
C(17y--C(20)A 8583 876 7.60 7.59 7.63 7.01 859
S(3)y-S(7yA 1099 1092 813 813 816 8.09 10.24

S(4y-S(8yA  11.08 10.86 9.24 9.33 9.32 10.60
d1/deg 114 160 233 220 262 294 174
daldeg 143 111 286 272 238 226 8.0

0ldeg 860 838 441 454 452 347 774
180-p/deg 388 382 417 403 398 434 3758

aTwo independent moleculegReference 17a (the ordered molecule).
¢ Reference 25.

FIGURE 3. X-ray molecular structure d24-CH,Cl, (243a), showing
50% thermal ellipsoids and the major (89%) orientation of the
disordered DCM molecule.

increased reversibility of the oxidation process is consistent with
the dication24?* adopting a conformation closer to the neutral
FIGURE 1. Diagram of the ex-TTF framework, defining the angles saddle shape than is the case for nonbridged dications.
used in Table 1. The CV of the dimeric cyclophan25 was similar to those
of nonbridged tetrakis(alkylthio)-ex-TTFs, e.g., its precutk®r

Each cyanoethyl group rais&8* by ca. 30 mV, and this effect  as expected for a system where the bridges are too long to
is additive. Thus, there is an incremental increase along the seriesmpose any strain on the-system. The dime22 and the trimer
1c— 17— 12/15 — 13, with the value forl3 raised by 110 19 also showed a single, quasi-reversible, oxidation wave at
mV compared to that folc. typical oxidation potentials. No intramolecular electronic in-

The CV of 24 showed the 2-electron oxidation wave to be teraction was observed in the CVs of the multi-exTTBs22,
positively shifted by 290 mV compared to that of its precursor and 25. each ex-TTF unit behaves independently, and the
15 (Figure 4). This is a shift similar to that observed for other oxidation waves represent 6-, 4-, and 4-electron processes,
ex-TTF cyclophanes which possess a single short bridge respectively.
between the two dithiole ringg2? An explanation is that the With the exception of cyclophari4, the solution U\~vis
bridge obstructs the marked conformational change which absorption spectra of the new ex-TTF derivatives displayed
accompanies oxidation, and thereby the dication is destabilized.strong bands atmax ca. 435 and 365 nm which are characteristic
Consistent with thisAE for 24is reduced from the typical value  of the tetrakis(alkylthio)-substituted ex-TTF framewdfk-or
for nonbridged derivatives of 100 mV to only 60 mV. This 24 there is a blue shift of the longer wavelength band tax
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TABLE 2. Cyclic Voltammetric Data? both solvates o3 the usual packing motif of ex-TTFs was
compd oV o gV AEDV overruled by an unprecedented hydrogen-bonded self-assembly.
1c 055 043 0.12 T_his_ methodplogy opens the way to a _wide range of
12 0.60 0.50 0.10 derivatives of this fascinating redox system, with chemical and
13 0.66 0.54 0.12 physical functionality tailored for new applications in supramo-
i? 8-2% 8'2451 8-12 lecular and materials chemistry, especially processes involving

19 055 045 010 inter- and intramolecular electron transfer.

22 0.60 0.42 0.18

23 0.54 0.43 0.11 Experimental Section

24 0.90 0.84 0.06

25 0.59 0.41 0.18 10-[4,5-Bis(methylthio)-1,3-dithiol-2-ylidene]anthracene-9(18)-

2 Data were obtained using a one-compartment cell with a Pt disk working 0ne (10).A degassed mixture of triethyl phosphite (50 mL) and
electrode and a Pt counter electrode vs Ag/AgCl. Conditions: compound chlorobenzene (150 mL) was stirred under argon and heated to 135
ca. 1x 1078 M, electrolyte 0.1 M BuNPF; in dichloromethane, 20C, °C whereupon anthraquinong)((8.00 g, 38.4 mmol) was added
scan rate 100 mV'8. P AE = E®a — E%c (E%pa is the oxidation peak  in one portion. Over the next 1.5 h thio8&c (4.53 g, 20.0 mmol)
potential on the first anodic scai™yc is the coupled reduction peak  was added as a solid in small portions, against a positive pressure
potential on the cathodic scan). of argon, affording a dark red solution. A second batct2 (4.00
g, 19.2 mmol) was added in one portion, and addition of more thione
9 (4.53 g, 20.0 mmol) in small portions was continued over the
next 1.5 h. The reaction mixture was cooled to room temperature.
The excess anthraquinone which crystallized was removed by
filtration, and the remaining reaction mixture was concentrated
under reduced pressure to a volume of 50 mL, whereupon methanol
(300 mL) was added to give a red precipitate. The precipitate was
filtered, washed with methanol (8 15 mL), dried in vacuo, and
column chromatographed (silica gel, dichloromethane) to give
as an orange powder (7.97 g, 52%). Mp: 2@05 °C (lit.?°
185°C).*H NMR (CDCly): 0 8.27 (2H, dJ = 7.8 Hz), 7.76 (2H,
d,J=7.8Hz), 7.66 (2H, tJ = 7.8 Hz), 7.44 (2H, tJ = 7.8 Hz),

= Precursor 15

= Cyclophane 24

1 pA:l

] 0.2 0.4 06 08 1.0 1.2 2.42 (6H, s).
EIV 9-[4,5-Bis[(2-cyanoethyl)thio]-1,3-dithiol-2-ylidene]-10-[4,5-
bis(methylthio)-1,3-dithiol-2-ylidene]-9,10-dihydroanthracene (12)
FIGURE 4. Cyclic voltammograms of24 and its precursorl5. Triethyl phosphite (10 mL) was degassed, heated to°C30and
Experimental conditions are given in Table 2. stirred under argon, and théi® (0.317 g, 0.82 mmol) was added

in one portion. Over the né® h thionel11260 (0.830 g, 2.73 mmol)

N - ... .. was added as a solid in small portions against a positive pressure
421 nm and a decrease of the extinction coefficient, indicating ¢ argon. The reaction mixture turned dark red-brown, and the

loss ofz-conjugation. We have noted recently that this trend is formation of12 was monitored using TLC (silica, dichloromethane
consistent with increased folding of the ex-TTF moieti®s.  as eluent). After addition of one-third dfl a yellow solid began
Qualitatively similar behavior is observed for strained TTF to precipitate. The mixture was stirred for another 30 min at130
cyclophanes! and then cooled to 0C, and methanol (70 mL) was added. The
precipitate was filtered, washed with methanol{3® mL), dried

in vacuo, and column chromatographed (silica gel, dichloromethane)
to give 12 as a yellow foam (0.386 g, 73%). Yellow prisms grew

I o . . by slow diffusion of hexane into a solution of 12 in dichlo-
The availability of ex-TTF derivatives with protected thiolate romethane. Mp: 236237 °C. 'H NMR (CDCl): o 7.62-7.60

functiqnality (comp(.)undsiz,.13, and1'5) is a significant mile- (2H, m), 7.52-7.49 (2H, m), 7.377.31 (4H, m), 3.143.07 (2H,
stone in the synthetic chemistry of this redox system. The phos-m) 3.03-2.95 (2H, m), 2.72-2.68 (4H, m), 2.40 (6H, s}*C NMR
phite-mediated cross-coupling methodology by which they have (CDCl,): ¢ 134.6, 134.1, 131.7, 128.3, 126.8, 126.4, 126.2, 125.5,
been obtained avoids the multistep synthesis of (1,3-dithiol-2- 125.4, 125.2, 124.9, 122.9, 117.4, 31.1, 18.92, 18.90-U¥ (CH,-
yl)phosphonate ester reagents. The versatility of these new ex-Cly): Amax (l0g €) 362 (4.21), 431 (4.44) nm. MS (Em/z (rel
TTF building blocks has been demonstrated in the efficient intens) 642 (93, M), 264 (100). Anal. Calcd for §H»oN2Sg (MW
syntheses of a trimer, two dimeric cyclophanes, a hydrogen- 643.02): C,52.30; H, 3.45; N, 4.36. Found: C,52.24; H, 3.42; N,
bonded self-assembly, and a strained cyclophane. In the trimer#-39- . ) . )
19 and the dimerg2 and25, each ex-TTF unit behaves inde- 9-[4-[(2-Cyanoethyl)thio]-5-(methylthio)-1,3-dithiol-2-ylidene]-
pendently and the oxidation waves represent 6-, 4-, and 4-elec-L0[4.5-bis(methylthio)-1,3-dithiol-2-ylidene]-9,10-dihydroan-

. thracene (17) To a stirred solution o2 (1.00 g, 1.56 mmol) in
tron processes, respectively. For the cycloph2dthe confor-

. L -~ . . dry degassed\,N-dimethylformamide (100 mL) under argon at
mational changes and gain in aromaticity which drive the second .5, temperature was added dropwise a solution of sodium

oxidation process in ex-TTFs have been restricted by the methoxide (3.11 mL of a 0.5 M solution in methanol, 1.56 mmol)
conformational constraints of the pentamethylene chain bridging over 30 min. The color changed from yellow to red. The solution
the dithiole units. This results in a positive shift of the oxidation was stirred for a further 1 h, and then methyl iodide (1.0 mL, 2.28
potential and increased reversibility of this 2-electron wave. In g, 16.1 mmol) was added in one portion. The yellow reaction
mixture was stirred for 30 min and concentrated in vacuo and the

(31) (a) Lau, J.; Blanchard, P.: Riou, A.; Jubault, M. Cava, M. P.: Becher, residue purified by column chromatography (silica gel, dichlo-
J.J. Org. Chem.1997, 62, 4936-4942. (b) Wang, C.; Bryce, M. R.; romethane) to afford7 as ayellow foam (0:907 g, 960/_0). Ye]low
Batsanov, A. S.: Howard, J. A. KChem—Eur. J. 1997 3, 1679-1690. crystals grew by slow diffusion of hexane into a solutionl@fin
(c) Otsubo, T.; Aso, Y.; Takimiya, KAdv. Mater. 1996 8, 203-211. dichloromethane. Mp: 267208°C. 'H NMR (CDCl): ¢ 7.60—

Conclusions
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7.51 (4H, m), 7.347.31 (4H, m), 3.08-3.01 (1H, m), 2.962.88 by column chromatography (silica gel, dichloromethanarbon
(1H, m), 2.76-2.66 (2H, m), 2.43 (3H, s), 2.40 (3H, s), 2.39 (3H, disulfide, 1:9, v/v) to givel9 as a yellow powder (0.175 g, 97%).
s).13C NMR (CDCh): ¢ 134.6, 134.5, 134.4, 134.3, 133.0, 131.3, Mp: 225°C dec.'H NMR (CDCL): 6 7.59-7.55 (12H, m), 7.34
129.7, 126.5 (2C), 126.34, 126.33, 125.7, 125.5, 125.41, 125.36,7.30 (12H, m), 4.194.16 (3H, m), 4.03-3.99 (3H, m), 2.53 (9H,
125.32, 125.28, 124.2, 123.2, 118.4, 117.6, 31.1, 19.00, 18.96,s) 2.39-2.36 (27H, m). U\V-vis (CH,Cl,): Amax(log €) 367 (4.68),
18.93, 18.8. UV-vis (CHCly): Amax(log €) 272 (4.34), 365 (4.20), 436 (4.91) nm. MS (MALDI): m/z 1808.8 (calcd 1809.0). Anal.
434 (4.44) nm. MS (El):m/z (rel intens) 603 (100, M). Anal. Calcd for GiHgeS24 (MW 1808.97): C, 53.78; H, 3.68. Found: C,
Calcd for GgH21NSs (MW 603.98): C, 51.70; H, 3.50; N, 2.32.  53.90; H, 3.79.
Found: C, 51.63; H, 3.45; N, 2.34.

Trimer 19. To a stirred solution 017 (0.199 g, 0.33 mmol) in Acknowledgment. We thank EPSRC and The Danish
dry degassedll,N-dimethylformamide (10 mL) under argon at room  Research Academy for funding to C.A.C. We thank Professor
temperature was added a solution of sodium methoxide (0.66 mL 3. A_ K. Howard for the use of X-ray faciliies and EPSRC for

of a 0.5 M solution in methanol, 0.33 mmol) in one portion. The funding the improvement to the X-ray instrumentation.
color changed from yellow to red. The solution was stirred for 30

min, and then a solution of tris(oromomethyl)mesitylerd®)?
(0.040 g, 0.10 mmol) n dry degasgem-dlmethylform'amlde (@ characterization data for compourt3; 15, 20, 22, 22*", and23—
mL) was added dropwse over 15 min. A yellow precipitate for_me_d. 25, 1H NMR spectrum oR2*+, X-ray crystallographic file fo23-
The mixture was stirred overnight, and then excess methyl iodide 2 éMeOH 231 5MeCN 24~éH2CI2 and 24-1.5CHCl, in CIF

(0.1 r_nL, 1:6 mmol) was added to quench the excess t_h|olate. .T.heformat, and diagrams of the crystal structure28®and24b. This
reaction mixture was concentrated in vacuo and the residue pu”f'edmaterial is available free of charge via the Internet at http://

pubs.acs.org.
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