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Abstract: To develop an improved synthetic route to [36](1,2,3,4,5,6)cyclophane (CP) 2, a more practical
synthetic route to [3s](1,2,3,4,5)CP 3 than the original one was developed, which started from [3;](1,3)CP
7 via [34](1,2,4,5)CP 5. The fundamental structural parameters of [3,]CPs (n = 3—6) in the solid state were
elucidated, and the observed structures were in good agreement with the most stable conformers in solution
and those predicted by the theoretical calculations. In the case of [3g]CP 2, the most stable Csp structure
was observed in the crystal structure of the 2-TCNQ-F,4 (1:1) complex, whereas the highly strained structure
with a Dsp, symmetry was observed in the crystal structure of 2 and the 2: TCNQ:benzene (1:1:1) complex
because of a severe disorder problem. [3,]CPs (n > 3) showed reversible redox processes, and 2 (+0.39
V vs F/F:*, Cl,CHCHCI,) showed the lowest first half-wave oxidation potential [Ey, (1)] in [3,]CPs. The Ey,
() data support the strong donating ability of 2 and its lower homologues. This is attributed to their molecular
structures where effective hyperconjugation between the benzyl hydrogens and benzene ring is possible.
By taking advantage of the strong electron-donating ability of [3,]JCPs, their CT complexes with TCNE,
TCNQ, and TCNQ-F, were prepared, and their crystal structural properties were examined. The single-
crystal conductivity data of the CT complexes indicated that the TCNQ-F, complexes showed higher
conductivities than the corresponding TCNQ complexes mainly due to a larger charge separation. Among
the [3,]CP-TCNQ complexes, the [35](1,3,5)CP 6-TCNQ-F, (1:1) complex showed the highest conductivity
(1074 S cm™1), and this was ascribed to the formation of an infinite column of partially overlapped acceptors
with a short acceptor—acceptor distance, while the formation of such a column was not observed in the
2-TCNQ-F4 complex. Although the conductivities of the cyclophane-CT complexes are much lower than
those of the TTF related complexes, this study successfully provides the basic knowledge for understanding
the CT interactions in the solid state.

1. Introduction heide et af. and Hopf et al3 and the chemistry of multibridged
[2r]CPs has been studied in detail by theéhiThe next higher

denote those with more than two bridges. The first ones are thenmologues, multibridged §gCPs, are also available because
[2-]cyclophanes ([JCPs), which contain three to six ethano ©f our efforts aimed at the synthesis ok]d,2,3,4,5,6)CF2,
bridges and two benzene rings. The synthesis@fl2,3,4,5,6)- which looks like a pinwheel with six bladé€longation of the
CP1 (superphane) was independently accomplished by Boekel-Pridges produced the cyclophane structure more strain-free and

The term multiple-bridged cyclophahés understood to

*To whom correspondence should be addressed. E-mail: shinmyo@ (4) (a) Sekine, Y.; Brown, M.; Boekelheide, . Am. Chem. S0d 979 101,

ms.ifoc.kyushu-u.ac.jp. 3126-3127. (b) Sekine, Y.; Boekelheide, ¥. Am. Chem. Sod981, 103
TInstitute for Fundamental Research of Organic Chemistry (IFOC), 1777-1785.
Kyushu University. (5) El-tamany, S.; Hopf, HChem. Ber1983 116, 1682-1685.

(6) For reviews, see: (a) Boekelheide, Atc. Chem. Red.98Q 13, 65—-70.
(b) Boekelheide, V. InCyclophanes;IVogtle, F., Ed.; Springer-Verlag:
Berlin, 1983; pp 87139. (c) Kleinschroth, J.; Hopf, HAngew. Chem.
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e Ph.D. Dissertationof M. Yasutake of Kyushu University. Acc. Chem. Red.993 26, 311—-318.
(2) Yasutake M. Ph.D. Dissertation, Kyushu University, 2001. (7) For a comprehensive review, see:"gile, F. Cyclophan-ChemieB. G.
(3) Vogtle, F.Chem:Ztg. 1971, 95, 668—669. Teubner: Stuttgart, Germany, 1990.
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NCu.... .CN Scheme 1. Two Synthetic Routes to [3]CP 2 Starting from
[33](1,3,5)CP 6 or [32](1,3)CP 7 via [34](1,2,4,5)CP 5
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Figure 1. Charge-transfer complex between.fijparacyclophaneni = n synthetic routes to EJCP 2, and (4) synthesis of propella]3
= 2-6) and TCNE. prismanes via photochemical reactions 6i{3s516First, we

studied an improved synthetic route ogJ3P 3 as a synthetic
precursor to2. We then examined the solid-state structural
properties of [3]CPs and their CT complexes with TCNQ and
TCNQ-F4. [36]CP 2 is a very strong donor as is shown by its
oxidation potential £y (1), +0.39 V (vsFJ/Fct)); therefore,
the [3]CPs may be promising candidates for new electron
donors for the development of new electron-conducting materi-
als. We describe here an improved synthetic routs,athe
structural properties of [JCPs in the solid state, and the
electrical and structural properties of the CT complexes gf [3
CPs with acceptors such as TCNE, TCNQ, and TCNQ-F
The CT interactions betweenjZPs and TCNQ or TCNE

<2 < -
S Z S % <
1 2 3
<> = -
B Yy (S
4 5 6 in solution were studied by Mourad et @IHowever, only a
limited number of papers on the solid-state structural study of

Cram et al. first revealed that cyclophane serves as a goodthe CT complexes of the cyclophanes have been reported.
electron donor and forms CT complexes with electron acceptorsTrueb|00d etal. r_eported the crystal structure of t_he 1:1 complex
as represented by tetracyanoethylene (TCNE) and the cTOf [32(1,4)CP with TCNE® Renault et al. studied the—x
interaction is dependent on the chain length, and the [3.3]systemstacking geometries of the TCNE-cyclophane complexe$-([2
shows the strongest interaction for a series of TCNEjpara- ~ and [2](1,4)CPs}9° [2;](1,4)CP}% and [2](1,3)(1,4)CP)
cyclophane complexesn(= n = 2—6) (Figure 1)3Since then, ~ USing an X-ray structural analysis and theoretical calculafitis.
cyclophanes_ have s_erved as excellent quel compounds for the) Results and Discussion
study of CT interaction$ln the CT absorption bands of TCNE- ] ]

[2]-%b14 and [3]CPsg the band gradually shifts to a longer 2.1. An Alternative Synthetlc. Route of [35](_1,2,3,4,5)-
wavelength region with an increase in the number of bridges Cyclophane. [3¢]CP 2 was previously synthesized via the
ranging from 594 nm for [§(1,3,5)CP6 to 728 nm for2, stepwise introduction of an additional trimethylene bridge into
whereas the band shifts very slightly to the longer wavelength @ cyclophane starting from {§1,3,5)CP6 (Scheme 1. The
region from 559 nm for [3(1,3,5)CP to 572 nm for [CP 1 intramolecular aldol condensation between an acetyl group and
with an increase in the number of bridges. The value of 728 @ pseudogeminally substituted formyl group is a key reaction.
nm for the TCNE2 complex is the longest wavelength among 1his reaction proceeds in very high yield, and the resulting
those of the TCNEf.n]CPs and other cyclophan8sThus, enones can be readily reduced to give trimethylene bridges. Part
the [3]JCPs have a much stronger donating ability than the Of the original route o is shown in Scheme 2 as a reference.
corresponding [4CPs. According to this route2 was synthesized in 16 steps frd@n

We have already studied the synthesis of thggBs and with an overall yield of 3.8%62b The crystal structure of an
their structural properties in solution, but several important important synthetic intermediate of the aldol reactipseudo-
subjects still remain to be examined: (1) solid-state structural
properties of [3|CPs, (2) a study on the electrical and structural
properties of the CT complexes of J&Ps as electron donors 2000 41, 83036807
with electron acceptors such as TCNQ for the development of (16) (a) Lim, C.; Yasupaké, M.; Shinmyozu, Angew. Chem., Int. E®00Q
new electron-conducting materials, (3) development of improved ig’95974%539é§9)6|??4_c'; Yasutake, M.; Shinmyozu, Tetrahedron Lett.
17) (a) Mou’rad, A.-F. EZ. Phys. Chem. (Leipzid)986 267, 187—192. (b)

Mourad, A.-F. E.; Nour- el-Din, A. M.; Abdel-Nabi, H. AGazz. Chim.
Ital. 1986 116, 381-384. (c) Mourad, A.-F. ESpectrochim. Acta, Part A
1987 43, 11—-15. (d) Mourad, A.-F. ESpectrochim. Acta, Part A987,

43, 11-15. (e) Mourad, A.-F. E.; Lai, VZ. Naturforsch., B: Chem. Sci.

1987 42, 1147-1152. (f) Mourad, A.-F. E.; Hucker, J.; Hopf, H.
Naturforsch., B: Chem. Scl987 42, 1142-1146. (g) Mourad, A.-F. E;

flexible than the corresponding JZPs. As a result, the [B

CPs show a much stronger electron-donating ability than the
corresponding [CPs and interesting conformational isomerism
in solution8-12

(15) (a) Sakamoto, Y.; Kumagai, T.; Matohara, K.; Lim, C.; Shinmyozu, T.
Tetrahedron Lett1999 40, 919-922. (b) Matohara, K.; Lim, C.; Yasutake,
M.; Nogita, R.; Koga, T.; Sakamoto, Y.; Shinmyozu,Tetrahedron Lett.

(8) (a) Sakamoto, Y.; Miyoshi, N.; Shinmyozu, Angew. Chem., Int. Ed. Engl.
1996 35, 549-550. (b) Sakamoto, Y.; Miyoshi, N.; Hirakida, M.;
Kusumoto, S.; Kawase, H.; Rudzinski, J. M.; Shinmyozu).TAm. Chem.
So0c.1996 118 12267-12275. (c) Sakamoto, Y.; Shinmyozu, Recent
Res. De. Pure Appl. Chem1998 2, 371-399.

(9) (a) Meno, T.; Sako, K.; Suenaga, M.; Mouri, M.; Shinmyozu, T.; Inazu,

T.; Takemura, HCan. J. Chem199Q 68, 440-445. (b) Shinmyozu, T.;
Hirakida, M.; Kusumoto, S.; Tomonou, M.; Inazu, T.; Rudzinski, J. M.
Chem. Lett.1994 669-672. (c) Hori, K.; Sentou, W.; Shinmyozu, T.

Akkermann-Kubillus, A.; Hucker, JJ. Prakt. Chem1988 330, 15-21.
(h) Mourad, A.-F. E.; Hassan, A. E.-D.; DannheiBull. Chem. Soc. Jpn.
1989 62, 1379-1381.

Tetrahedron Lett1997 38, 8955-8958. (18) Bernstein, J.; Trueblood, K. Mcta Crystallogr.1971, B27, 2078-2089.
(10) Bettinger, H. F.; Schleyer, P. v. R.; Schaefer, H. F.,JIIAm. Chem. Soc. (19) (a) Cohen-Addad, C.; Lebars, M.; Renault, A.; Bareta&a Crystallogr.
1998 120, 1074-1075. 1984 C40, 1927-1931. (b) Renault, A.; Cohen-Addad, &cta Crystallogr.
(11) For a very recent review: Ernst, Brog. Nucl. Magn. Reson. Spectrosc. 1986 C42 1529-1533. (c) Renault, A.; Cohen-Addad, C.; Lajzerowicz-
200Q 37, 47-190. Bonneteau, J.; Dutasta, J.-P.; Crisp, MAgta Crystallogr.1987 B43
(12) Mitchell, R. H. InCyclophanesKeehn, P. M., Rosenfeld, S. M., Eds.; 480-488. (d) Renault, A.; Cohen-Addad, C.; Baret,S2ud. Phys. Theor.
Academic: New York, 1983; Part 1, pp 23810. Chem.1987, 46, 611-612. (e) Renault, A.; Cohen-Addad, C.; Lajzerowicz,

(13) Cram, D. J.; Bauer, R. H. Am. Chem. Sod 959 81, 5971-5977.
(14) Cram, D. J.; Reeves, R. A. Am. Chem. S0d.958 80, 3094-310.

J.; Canadell, E.; Eisenstein, ®ol. Cryst. Lig. Cryst.1988 164 179—
195.
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Scheme 2. Original Synthetic Route to [36]CP 2 from [3.](1,2,3,5)CP 4
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Scheme 3. Improved Synthetic Route to [36]CP 2 from [3,](1,3)CP 7 via [34](1,2,4,5)CP 52
CN NC COCHg COCHg
AP e Sy é@i —a X YR
COCH
12a; X = CI 3
% (12b} X = Br 14(52%) 15 (15%)
COCH
b) Q c) d) e)
14 — — — Y 53— 2
Z 85% _ 80% 75%
from 14
16 17 18

a(a) (CHCO)X0, AICl3, CS; (b) CHsOCHCH, AICl3, CH.Cly; (c) 3 N aqueous NaOH, THF, GBH; (d) H, 10% Pd/C, THFCH3;OH; (e) AICI;,

LiAIH 4, THF.

gemacetylformyl[3](1,2,3,5)CP9, was determined. The acetyl

important synthetic intermediate, the bromidgb,?32* was

group is perpendicular to the attached benzene ring, and theprepared by the chloromethylation 8f(92%) and subsequent
carbonyl oxygen is directed toward the inside of the molecule, halogen exchange of the resultant tetrakis(chlorometh)[3
whereas the formyl group is located in the plane of the attached (1,3)CP12awith NaBr—EtBr in DMF (86%)?2

benzene ring. These structural properties clearly explain the Acetylation of5 with Ac,0 in refluxing CS in the presence

chemical reactivity oB. The acetyl group does not deactivate

of AICI3 provided the monoacetyl compourid (45%, 52%

the attached benzene ring, and this allows the introduction of abased on recovere®) along with the diacetyl compount5

formyl group. The acetyl group should rotate 180 as to locate

(15%, Scheme 3). The structureslgfand 15 were confirmed

the methyl group inside the molecule when the aldol reaction by the X-ray structural analyses. Similar to the structur®,of
occurs. The transannular distance between the benzene carbortbe acetyl group is perpendicular to the plane of the attached
bearing acetyl and formyl groups (3.27 A) is longer than the benzene ring in both cases, and all of the carbonyl oxygen atoms
average transannular distance between the two benzene ringare directed toward the inside of the molecules. It is worth noting

(3.10 A).

In the original route, however, the startifigs tedious to get
10-g quantities of the sample because the TosMIC coufiling
between 1,3,5-tris(bromomethyl)benzene and TosWi&sulted
in low yield (15-20%)22Therefore, we examined an improved
route starting from [g(1,3)CP7,22which is much more readily
available tharb. We previously reported the high yield synthesis
of [34)(1,2,4,5)CP5 by the TosMIC coupling between tetrakis-
(bromomethyl)[3](1,3)CP 12?2 and TosMIC in the presence
of NaH in DMF at room temperature (74%), followed by
treatment of the resultant cyclic TosMIC addd&with Li in
liguid NH3 in the presence of EtOH (85%) (Scheme?BY.he

(20) (a) Kurosawa, K.; Suenaga, M.; Inazu, T.; YoshinoT&trahedron Lett.
1982 23, 5335-5338. (b) Shinmyozu, T.; Hirai, Y.; Inazu, J. Org. Chem.
1986 51, 1551-1555. (c) Sasaki, H.; Kitagawa, Them. Pharm. Bull.
1983 31, 2868-2878. (d) Breitenbach, J.; \gtle, F.Synthesid992 41—
42,

(21) (a) Hoogenboom, B. E.; Oldenziel, O. H.; van Leusen, AQ¥y. Synth.
1977 57, 102-106. (b) Possel, O.; van Leusen, A. Metrahedron Lett.
1977, 4229-4232.

(22) Sentou, W.; Satou, T.; Yasutake, M.; Lim, C.; Sakamoto, Y.;
Shinmyozu, TEur. J. Org. Chem1999 1223-1231.

Itoh, T.;

10138 J. AM. CHEM. SOC. = VOL. 124, NO. 34, 2002

that the two acetyl groups oil5 are not located at the
pseudogeminal position but in the pseudopara position. Exclu-
sive formation of the pseudopara isomer is ascribed to the steric
reason when two acetyl groups are introduced in the pseudogem-
inal position. The two benzene rings d# do not lie directly
above one another, being slightly displaced from such an
arrangement, and the magnitude (1.0 A) is more significant in
the diacetyll5than in14. This is because of the severe repulsive
steric interaction between carbonyl groups and neighboring
trimethylene bridges.

The formylation of14 with CHzOCHCL in CH,CI; in the
presence of AIG provided thepseudogeracetylformyl[3;]-
(1,2,4,5)PC16 (90%) (Scheme 3). Intramolecular aldol con-
densation ofl6 under alkaline conditions (3 N NaOH) in a
mixture of MeOH and THF at reflux afforded the enoh@
(94%), which was readily hydrogenated in the presence of 10%

(23) Shinmyozu, T.; Kusumoto, S.; Nomura, S.; Kawase, H.; Inaz&hem.
Ber. 1993 126, 1815-1818.

(24) Breidenbach, S.; Harren, J.; Neumann, M.; Nieger, K.; Rissanen, i§tlé/o
F.J. Chem. Soc., Perkin Trans.1D96 2061-2067.
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Scheme 4. Synthesis and Attempted Double Aldol Condensation of Diacetyl—Diformyl Compound 202
COCHg

O,
L 7
5 a) b) or bl) N N C) or d) N
= . +
68% 15 — _ _ 20 —~— ) I
I
=z
COCHg ot 0
19 20 21

a(a) (CHCO)X0, AICI3, CHyCly; (b) CHsOCHCL, AICI3, room temperature; (pCH3OCHCL, AICls3, reflux; (c) 3 N aqueous NaOH, THF, G@H; (d)
NaH, DMF.

Pd/C to give the keton&8 (80%). ThelH NMR spectrum of
the enonel7 shows the aromatic and olefinic proton signals at I/\\ N k« @ N
6.98 (s) and 7.12 ppm (s) as well as 6.78Je5 12.1 Hz) and NS Z % / M A

7.77 ppm (d,J = 12.1 Hz), respectively. Reduction of the

carbonyl group of18 by the mixture of AIC} and LiAlH,4 6 (Cs) 5 (D2n) 4(Cy) 3(Cy) 2(Cen)
afforded [3]CP 3 (75%)89 The synthesis of [§CP 2 from 3 Figure 2. The most stable conformers of multibridge¢]{3Ps 6 = 3—6)
was attained according to similar procedures reported by usin solution.

(Scheme 2§°

The crystal structural properties p$eudogeracetylformyl- N
[34](1,2,4,5)CP 16 are almost the same as those of the
pseudogeracetylformyl[3](1,2,3,5)CP9. In sharp contrast to S -
the molecular structures of the monoacetyl- and diacetyl

compoundsl4 and 15, the two benzene rings are completely 6(C 6C
stacked inl6. The enone bridge df7 takes a planar structure, (Can) &(TS) ()
and the two neighboring trimethylene bridges are away from Figure 3. Flipping process of a trimethylene bridge o§Jd.3,5)CP6.

thel enhone i)ridg&eé The %rlystarI] strl;cturg 3°ﬂ£3'2’3’4'5)' conformational isomerism is ascribed to the flipping process
cyclophane-1-ond8 resembles that of FJCP 3. The transan- ¢ 4, trimethylene bridges. In our continuing efforts, we have

nglar distance (2.93 A) be@wleen the benzene carbqns bridgeclstudied their conformational behavior in solution by the VT
with the —COCH,CH,— unit is shorter than other distances

(3.05 and 3.22 A). NMR method and theoretical calculatio?$:°1°The most stable

. ) conformers are summarized in Figure 2. However, their
Furthermore, we studied an alternative approach for the g \cqyral properties in the solid state have not yet been
synthesis of2 via pseudoparadiacetyl-[3](1,2,4,5)CP 15 determined except for that of J§1,2,4,5)CP5.22 We describe
(Scheme 4). If two formyl groups are introduced ififin one here the fundamental structural parameters gfdBs in the
step, double aldol condensations should occur. The formylation ¢4 state.
of 15 with CH3OCHCL, as both a reagent and a solvent in the

) ) [33](1,3,5)Cyclophane.Two conformers withCs, and Cs
presence of AlGlat room temperature exclusively provided the

o . . symmetries are conceivable@r(Figure 3)?2and theCsisomer
mono-formyl 19 (95%), whereas the desired diform30 was is more stable than th€s, isomer by 0.4 kcal/mol based on

obtained (32%) when the reaction was performed at reflux. The o \/1 14 NMR study in CDCl,. The energy barrierAG?)

1 i .

H NMR spectra ofl9 and 20 Sh(_)W the formyl proton signals = ¢4 the bridge flipping process involving (TS) as a transition

at 10.5 and 10.6 ppm, respectively. The intramolecular aldol ;.. is12.4 kcal/mollg, = —70°C) %2and the value is slightly
condensation of thpseudogeracetylformyl20 under alkaline higher than those of FX(1,3)2526 and [3](L,4)CPs"28
conditions (3 N NaOH) _d'd not give the desired en@ebut The structure of the preferred isomén(Cs) in solution is
the recovery of the starting material. The use of a stronger basefouncl in the crystalline state at180°C. The disorder of the
such as NaH in DMF resulted in polymerization. When the aldol C7—C8 or C9-C10 bridges may result from the presence of
reaction.oc.curs, the carbonyl oxygen atom of the acetyl group o C. andC¢ conformers in a 1:1 ratio in the crystal packing
located inside the molecule must rotate, and the methyl 9rouP (kigure 4). The neighboring two cyclophane molecules are in

shou_ld be d|recte(_j tqward the formyl carbony_l. Howeve_r, thl_s an orthogonal position, and this arrangement is generally
rotation must be inhibited by the strong steric constraints in

20. Therefore, this approach is not promising at this stage.  (25) Semmelhack, M. F.; Harrison, J. J.; Young, D. C.; Gutig, A.; Rafii, S.;

. : Clardy, J. JJ. Am. Chem. Sod.985 107, 7508-7514.
Thus, we developed an alternative route3tstarting from (26) (a) Sako, K.. Hirakawa, T.. Fujimoto. N.. Shinmyozu, T.: Inazu, T.:

[32](1,3)CP7 via [34](1,2,4,5)CP5. In this route 5 was obtained gﬁrimoto, H.TTt?trallhedron |—|Tet§1988 29,M62|7HL‘>1]228. (bC)hSaklcgglé.;
; . . . L inmyozu, T.; Takemura, H.; Suenaga, M.; Inazu].™Org. Chem
from 7 in nine steps in 14% overall yield, wheregs the original 57, 6536-6541. (c) Shinmyozu, T.; Hirakawa, T.; Wen, G.; Osada, S.;
route (Scheme 2) afforde8i from [33](1,3,5)CP6 in 10 steps (Tda)kgmkura,K HT Stakol,t K; SudCZ)mslI;l. JS- Nﬂ+et|1<lgs Ann-i'%g ZOdS—ZéO-W
. . . . ako, K.; latemitsu, H.; Onaka, S>.; lakemura, n.; Osada, S.; en,
in 20% ovgrall yield. Th.e. fact that the starti@gan be readily G.; Rudzinski, J. M.; Shinmyozu, Liebigs Ann.1996 1645-1649. (¢)
prepared in 10_g quantmes as Compare(ﬁmakes the route Takemura, H.; Kariyazono, H.; Kon, N.; Tani, K.; Sako, K.; Shinmyozu,
. . . . T.; Inazu, T.J. Org. Chem1999 64, 9077-9079. (f) Wen, G.; Matsuda-
more practical. The construction of two bridges in one step Sentou, W.; Sameshima, K.; Yasutake, M.; Noda, D.; Lim, C.; Satou, T.;
— i ine- Takemura, H.; Sako, K.; Tatemitsu, H.; Inazu, T.; Shinmyozu).TAm.
(20 21) yvas unsucce.ssml.' Crystallographm data anq refine Chem. So¢submitted. (g) Satou, T.; Shinmyozu,J..Chem. Soc., Perkin
ment details are described in the Supporting Information. Trans. 22002 393-397.
: i (27) Anet, F. A. L.; Brown, M. A.J. Am. Chem. Sod.969 91, 2389-2391.
. 2.2. Str!JCtural Propertles of Mum_bnqged [Bf‘]cydOphan? (28) Sako, K.; Meno, T.; Takemura, H.; Shinmyozu, T.; InazuChem. Ber.
in the Solid State.[3,]CPs are mobile in solutiof?,¢and their 199Q 123 639-642.
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Table 1.

Structural Parameters of [3;]Cyclophanes (n = 3—6)

[3:CP 6
Cs

[34](1,2,3,5/CP 4
Cs

[3:CP 3
Cs

[36]CP 2-
TCNO-F, (1:1)* Cgy

transannular
distances (A)
between
benzene rings

bond lengths (&)
Caromatic_ Caromatic
Ce\roma\tic_Ca\liphatic
Caliphatic_caliphatic

C1-C16 3.127(8)
C2-C11 3.089(6)
C3-C123.125(8)
C4-C13 3.093(8)
C5-C14 3.139(8)
C6-C153.082()

1.383(6)-1.407(6)
1.515(6)-1.549(8)
1.524(8)-1.536(9)

C1-C153.198(2)

C2C10 3.125(2)
C3-C113.190(2)
C4-C123.076(2)
C5-C133.978(2)
C6-C143.049(2)

1.393(2)1.415(3)
1.515(21.535(2)
1.541(2)1.554(2)

C1C15 3.245(5)
C2C10 3.069(4)
C3C11 3.953(4)
C4C12 3.933(4)
C5C133.937(4)
C6C14 3.053(4)

1.381(5Y1.420(4)
1.518(4y1.541(4)
1.537(5Y1.553(5)

C1C4* 2.934(2)
C2C5*2.931(2)
C3C6*2.929(2)

1.406(2y1.415(2)
1.520(2)1.523(2)
1.543(3)1.552(3)

dihedral angles (deg) 122,126 123, 124,129, 136 127,124, 143, 142, 139 140, 142, 142

aReference 29 Estimated standard deviations in the least significant figure are given in parentheses.

B

3a (Cy) 3b (Cy) 3¢ (Cs)
Figure 5. Stable conformers of ¥1,2,3,4,5)CP3.

Figure 4. Atom numbering structures of §§1,3,5)-, [3](1,2,3,5)-, and spectrum in CRCl,. The energy barrierXG¥) for the flipping
[35](1,2,3,4,5)CPs, 4, 3 for X-ray structural data. process was 9.6 kcal/mol{= —70 °C).°* MM3 calculations

observed in the crystal structures of allJ@Ps. The transannular ~ SuPported the experimental resul@b is the most stable among
distances between the two benzene rings are 3.083(189- the possible three conformers, afd and 3c are I_ess stable
(7) A. The bond lengths of the benzene rings (1.383(6%07- than3b by 0.69 and 1.31 k_cal_/mol, respec_tlvely (Figure 5). The
(6) A) are comparable to those estimated by the ab initio MO AG' corresponds to the flipping of the bridges at C-1 and C-5
calculations (1.4021.402 A, RHF/6-31G§¢ Similarly, the becausg thg MM3 calgulatlo?‘?sndlcayed that the energy barrier
observed Gomatic-Caiphatic[1.515(6)-1.549(8) A] and Giphatic— for the flipping of the trimethylene bridges at C-? and CT4 5.4
Caiphatic bond lengths [1.524(8)1.536(9) A] agree well with 6.7 kcal/mol) as well as C-3 (5.5 kcal/mol) is considerably
those predicted by the MO calculations for the former [1.522 reduced as compared to those at C-1 and C-5-(8064 kcal/
(B3LYP) and 1.518 (RHF/6-31G)] and for the latter [1.550 MOl).
(RHF/6-31G)]% The distances of G7C8, C7-C9, C8-C10, [35](1,2,3,4,5)CPB (—160°C) is observed as the most stable
C9-C10, etc., are unusual because of the large thermal factorsCs structure3b in the crystals. The neighboring two cyclophane
due to disorder of the bridge. The dihedral angles of the bridges molecules face an orthogonal position as usual. The transannular
(C4—C19-C17-C13 and C19-C18-C17 or C6-C20-C22— distances between the two benzene ring3 [@5—C13 (2.937
C15 and C26-C21-C22) are 126 and 122respectively, and ~ A), C4—C12 (2.933 A), and C3C11 (2.953 A)] are shorter
these values are in good agreement with those expected by théhan the corresponding distancessdfFigure 4). The C4C12
MO calculations (123 RHF/6-31G) for theCs structure® distance is the shortest, while that of the unbridged-C15
[34](1,2,3,5)Cyclophane[3.](1,2,3,5)CP4 is observed as the ~ (3.245 A) is the longest among them. The bond lengths of the
Cs structure in the crystals at150°C, which is the most stable ~ benzene rings and theaematic= Caiiphatic and Guiiphatic—Caliphatic
conformer estimated by the MO calculations. The neighboring bond lengths are normal (Table 1). The dihedral angles of the
two cyclophane molecules also face in an orthogonal position, outer bridges are normal (EL7-C9-C10 and C#C8-C9
similar to the crystal packing diagram 6f The transannular ~ as well as C6-C25-C27-C14 and C25C26-C27 planes are
distances between the two benzene rings of the cyclophane ard27 and 12, respectively), while the dihedral angles of the
2.978(2)-3.198(2) A; the C5C13 distance (2.978 A) is the  inner bridges are greater than those of the outer bridges (C3
shortest among them, whereas the unbridgedC15 distance =~ C18-C16-C11 and C16C17-C18, C4-C19-C21-Cl12 and
(3.198 A) is much longer than the corresponding distandg of C19-C20-C21, C5-C24-C22-C13 and C22C23-C24
(Figure 4). These data reflect the specific deformation of the planes are 143, 142, 13%espectively), probably because of
benzene rings of. The bond lengths of the benzene rings and the steric repulsion of the neighboring bridges.
the Guromatic—Caliphatic @aNd Guiphatic— Caiiphatic bond lengths are [36](1,2,3,4,5,6)CPIn theH NMR spectrum of in toluene-
listed in Table 1. The dihedral angle between the-CZ— ds, rapid flipping of the six trimethylene bridges is observed.
C9-C10 and C#+C8—C9 planes is 123 and other dihedral ~ The spectrum exhibits strong temperature-dependent phenom-
angles (C4C18-C16-C12 and C18C17—-C16, C5-C19— ena, and the molecule is frozen as a single conformer with a
C21-C13 and C19C20-C21, or C6-C24—C22—C14 and high symmetry at-70 °C. The energy barrierAG¥) for this
C24—C23-C22) are 129, 136, and 124respectively. The process is 10.9 kcal/mol{ = —40 °C) based on the VT NMR
dihedral angle (139 of the interposed bridge is greater than spectrunf® The ab initioc MO calculations supported the
the other dihedral angles. stepwise mechanism where the bridges change their conforma-
[35](1,2,3,4,5)Cyclophane.Two conformers of3a and 3b tion step by step via the TS structure2sf, and2cis nota TS
were observed in a ratio of 1.0:1.2-a70 °C in the’H NMR structure but a local minimum on the potential surface at the

10140 J. AM. CHEM. SOC. = VOL. 124, NO. 34, 2002



Properties of Multibridged [3,]Cyclophanes ARTICLES

Scheme 5. Expected Trimethylene Bridge Flipping Process: Stepwise Mechanism

other similar stable
and TS structures
2a (Cen) 2d (TS) 2a’' (Cep)
50
0.0 - A s sy F'_'-:_._
e
sol !
! i
10k ( f — [35](1,3,5)CP
SN ; — [Bd(1235CP
2 (Den) (A) 2 (Cen) ® L [3,1(1,2,4,5)CP
z 20F 4/ - - [351(1,2,34,5)CP
2 L1 [36](1,2,3,4,5,6)CP
€ sl
20° (% 5.0

(B) 0.0

Figure 6. The crystal structures of the cyclophane moieties of the CT
complexes of the cyclophar2eTCNQ:benzene (1:1:1r) and2:TCNQ-

Fa (1:1) (Cen) at —180°C (A), and the bending of the benzylic methylene -5.0L
groups out of the plane of the attached benzene ring (B).

RHF/6-31G level of theory (Scheme %)'°The flipping of the

first bridge induces the flipping of the second bridge adjacent

to the first bridge due to the steric repulsion, and the second
induces the third, and so on. Thus, the interconversion between
2aand2d occurs in a stepwise manner.

We briefly describe here the X-ray structural study 2f
because we already reported their result as a communicdtion.

-10L 1 I 1 0
1.50 1.00 0.50 0.00 -0.50

Potential (V)

Figure 7. Cyclic voltammograms of [3CPs i = 3—6) in CLCHCHCL/
0.1 M BwNPF; observed at a potential scan rate of 20 m\.s

The crystal structural analyses of,JBPs have been suc-
The first crystal structure & was examined by using TCNQ- ce_ssf_ully _accompllshed, and the observed structures are, in
principle, in good agreement with the most stable conformers

benzene (1:1:1) complex at190 °C. In the crystal, a cyclo- : . X X .
phane (donor) and a TCNQ (acceptor) are stacked, and thefound in solution and predicted by the theoretical calculations.

1
benzene ring of the cyclophane and the six-membered ring ofAlthom-?’h the *H NMR speptrum at low temperatures and
the TCNQ partially overlap each other. In the crystal packing theoretical calculations predicted that the most stable conforma-
diagram, an alternate-BA stacking is observed, and these-B tion of [36]CP 2 was aCen structure, the highly straineD
columns are bound to each other by benzene molecules vigStructure was observed both in the crystal @belf and in the
CH—x interactions (2.64 A) between an olefinic proton of the 2 'CNQ:benzene (1:1:1) complex. However, B structure

TCNQ and a benzene ring. However, the cyclophane moiety is WaS observed in the crystal structure of & CNQ-F; (1:1)
observed as &g, conformation due to severe disorder of the COMPIEX, which suggests that the most stable conform@s

molecule withCs, symmetry (Figure 6). The fre2 (—180°C) in the crystals. Thég, structure in the crystals d@ and its
also takes the sant&, structure in the crystals due to a disorder T,CNQ complex may resullt from the bresence Ofméf“‘) and
problem. No structural differences are observed in the cyclo- 2'(Cen) conformers in a 1:1 ratio in the crystal packing.

phane moieties d and its TCNQ complex. In contrast to this, 2.3. Electric and Structural Properties of.the Charge-

the cyclophane moiety of 2 TCNQ-F, (1:1) complex shows Transfer _Complexes of the [3]Cyc|ophanes W|t_h_ Acceptor_s.

the Cgh structure in the crystals. The bending of the benzylic AS descnbec_i abov_e, the ele_ctron-donatmg ability QICE:PS IS
methylene groups out of the plane of the attached benzene ring"creased with an increase in the number of the bridges2and
of the free2 is 4.5, and the value is much smaller than that of SnoWs the strongest donating ability. This tendency is also
[26]CP 1 (20°).%° This reflects the much lower molecular strain clearly observed in the cyclic voltammograms (CVs) al(®s

of 2 than that ofL. The dihedral angles of the bridges are 1,40 in Cl2CHCHCL (Figure 7). Quite interestingly, £K1’2’3’.5)'
142, and 142, and these values are in good agreement with CP4, [34(1,2,4,5)CP5, [35]CP 3, and [3]CP 2 show reversible

those expected by the MO calculations (148 RHF/6-31G) redox processes. The first half-wave oxidation potental,|
for the Cgn Structure®e.10 ()] decreased as the number of the bridge increased (Table 2):

+0.69 @), +0.66 ©), +0.51 @), and+0.39 Q) V (vs FJ/Fc").
(29) Yasutake, M.; Sakamoto, Y.; Onaka, S.; Sako, K.; Tatemitsu, H.; Shin- The ,CV of 6, however’ does not show reverSIblhty’ and the
myozu, T.Tetrahedron Lett200Q 41, 79337938 [[3]CP CCDC-138302; anodic peakEya appears at-1.01 V (vsFJ/Fct, 1.31 V vs Ag/

[133918%86{?'\'(3‘@“6 (1:1:1) CCDC-138301; CP-TCNQ-R CCDC- AgCl). This suggests a much lower electron-donating ability
(30) Hanson, W.; Cameron, T. 3. Chem. Res., Synop98Q 336-337. of 6 than the higher homologues. Thg), () data correspond
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Table 2. Oxidation Potentials of [3,]Cyclophanes (n = 3—6)? complex was obtained as plates from £&H—MeOH. In the
compound Exa (1) (V vs FlFeY) Exa (1) (V vs Ag/AGC)) crystal structure of thé-TCNQ (2:1) complex at-180°C, a
[35(1,3,5)CP 131 cyclophane and a TCNQ are stacked with the Adistance
[34](1,2,3,5)CP +0.69 1.04 being 3.26 A, and the benzene ring of the cyclophane and the
[34](1,2,4,5)CP +0.66 1.02 TCNQ partially overlap each other, similar to the crystal
{gﬂ&ggj?;‘ép Ig:gé 8:% structure of the2-TCNQ-F, (1:1) complext® The average

transannular distance between the two benzene rings is 3.12 A.
aln 1,1,2,2-tetrachloroethane containing 0.1 MsBRF; scan rate 20 The cyclophane is observed &@s and Csz, conformations due

mv/s. to the disorder of the molecule. Each cyclophane interacts with

) ] ) TCNQ on only one face of the molecule. As a result, two

to_the increase in the first HOMO level as the number of the cyclophane molecules coordinate with a TCNQ, and this leads

bridges increases, and, hence, the HOM@MO gaps de- {5 3 2:1 complex. In the crystal structure of BFCNQ (4:1)

crease. Therefore, [CPs may be promising candidates for new complex at—180°C, a similar D-A overlap is observed for a

donor molecules for the development of new electron-conduct- cyclophane and a TCNQ with the-BA distance of 3.39 A.

ing materials. The other cyclophane interacts with an olefinic proton of the
By taking advantage of the strong electron-donating ability TcNQ through the CH interaction (2.90 A), and the 4:1 unit

of [3,]CPs, we prepared their CT complexes with relatively s formed. Thus, the donor and acceptor are bound with CT

strong electron acceptors, such as TCNQ and TCRd and CH-x interactions.

examined their electric and structural properties. WhegjC[B In the crystal structure of the §ECP 3-TCNQ (1:1) complex

is mixed with TCNQ in CHG, the color of the solution changes 5 _1g0 °C, a D-A overlap (3.25 A) similar to those of the

to black or dark blue, the CT bands of the TCNQ complexes 6-TCNQ (2:1) and2-TCNQ-F4 (1:1) complexe® is observed.

appear in a longer wavelength region than the correspondir.1g|n the crystal packing diagram, an alternate-® stacking is

complexes of TCNE, and the CT bands show a bathochromic opseryed. The cyclophane structure takes@heonformation,

shift (62—70 nm) as the number of the bridge increass,| and disorder of a bridge is observed, which may be ascribed to
(CH-C|3) [33](1.,3,5)CP6 658; [](1,2,3,5)CP4 724; [Z]CP 3 the similar stabilities of th8a and3b conformers as described
854; [F|CP 2, 916 nm]. above (Figure 5). The crystal structural properties of the

The single-crystal conductivity data of the CT complexes of 2. TcNQ-benzene (1:1:1) complex at190 °C were already
[3n]CPs with TCNQ and TCNQ-Fare summarized in Table  gescribed in a communicatighand, therefore, will not be
331 The data of thé& and4 complexes are missing because the §escribed here.
cyclophane reacted with acceptors in the former or suitable |, general, it is believed that electrons move through the
crystals were not obtained in the latter. The conductivities of ¢olumn of acceptors. Therefore, the distance of the partially
the TCNQ complexes are in the range 0k410°—5 x 10° 4 erlapped acceptors in the column may be an important factor
Scm, and th_ey are insulators. Relatively high conduct_|V|t|es for high conductivity. In solution, a strong association afi{3
are observed in the TCNQs;omplexes. Although the direct  cps with TCNQ was observed, but only a weak electronic
comparison of the data is difficult because of different stoichi- carge separation due to the CT interaction was detected in the

ometries of the components, the TCNQéémplexes are much i state. The charge separation of the crystals GRENQ-
more conductive than the corresponding TCNQ complexes penzene (1:1:1) is ca. 6-D.2 according to the method reported
mainly due to larger charge separation as is shown by¢ke by Bloch et aP2

(cm™) data; the2-TCNQ-F, (1:1) complex shows a conductivity
of the order of 10% S cn1l, while that of the corresponding
TCNQ complex is on the 10 S cnT® order. The conductivity
does not depend on the electron-donating ability of the cyclo-
phang; thes-TCNQ-F, (1:1) complex IS more condu.ct|ve'by stacked with a distance of 2.93 A and form an infinite column
100 times than the correspondlﬁgcomplex. To clarify this (Figure 8A). The acceptors in the unit cell are arranged parallel
anomalous phenomenon and to examine the dependence of the, - plane with an A-A distance of 3.14 A (Figure 8B).
conductivity on the structural properties, we have studied the The cyclophane moiety of thd-TCNQ-F; (1:1) complex

X-ray crystal structures for a series of CT complexes. shows aCs structure in the crystals. The overlapping mode of
In the crystal strgcture of the TCNE (1:1) complex at- 180, the donor and acceptor is similar to that of @& CNQ-F, (1:
C, each TCNE lies on or near a center of symmetry in @ 1) complex. An alternating BA stacking similar to that of
sgndwmh arrangement betwe(_an two cyclophane m_olecules, andz-TCNQ-F4 (1:1) is observed in the crystal packing diagram.
this leads to a 1:1 complex with alternate-B stacking. The ¢ gistance between acceptors in the unit cell is 3.25 A. The

TCNE molecules are almost parallel to the associated phenyl cyclophane moiety of th& TCNQ-F: (1:1) complex shows the
rings. The plane-to-plane average distance is 3.22 A, similar to two Cs structures in the crystals. An alternating-B stacking

those found in [3(1’4)CP'9-I—CNE (3.3 Ay and other cyclo-  gimilar to that of3-TCNQ is observed in the crystal packing
phane-TCNE complexé8:*The average transannular distance - jiaqram. The distance between the acceptors in the unit cell is
between the two benzene rings is 3.11 A. 3.42 A

The 6-TCNQ complexes were obtained as two crystalline
modifications. The6-TCNQ (2:1) complex was obtained as
prisms from CHCIl,—CH3;CN, whereas thes-TCNQ (4:1)

The cyclophane moiety of th6-TCNQ-F; (1:1) complex
shows &Cs structure in the crystals. The-BA overlapping mode
is similar to that 06-TCNQ, and the transannularBA distance
is 3.32 A. The partially overlapped acceptors are regularly

The cyclophane moiety of the-TCNQ-F,; (1:1) complex
shows theCg, structure in the crystals (Figure &).The

(32) Chappell, J. S.; Bloch, A. N.; Bryden, W. A.; Maxfield, M.; Poehler, T.
(31) Electrical conductivities were measured with a two probe method. O.; Cowan, D. OJ. Am. Chem. Sod 981, 103 2442-2443.
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Table 3. Conductivities of the [3,]Cyclophane-TCNQ or TCNQ-F4 Complexes in the Single Crystals, and the Transannular Donor—Acceptor
Distance, Average Transannular Distance between Two Benzene Rings, and Acceptor—Acceptor Distance of the Charge-Transfer
Complexes in the Solid State

D-A distance between
Ven distance two benzene acceptor—acceptor
charge-transfer complexes o(Scm™Y (cm™1, KBr) A rings (A) distance (A)

[33]CP6—TCNE (1:1) 3.22 3.11 (3.083.14}% 4.11
[33]CP6—TCNQ (2:1) 3.26 3.12
[33]CP6—TCNQ (4:1) 5.0x 1078 2218 3.48 3.11,3.12
[33]CP6—TCNQ-F (1:1) 2.1x 104 2219 3.32 3.11 2.93,3.14
[34]CP4—TCNQ-F (1:1) 2.3x 107° 2217 3.20 3.05 (2.983.20) 3.25
[35]CP3—TCNQ (1:1) 2214 3.25 2.94 (2.938.25)
[35]CP 3—TCNQ-F (1:1) <8.0x 107°° 2219 3.19 3.02 3.42
[36]CP2—TCNQ—CgHg (1:1:1} 4.4x10°° 2216 3.34 2.94 (2.93)
[36]CP 2—TCNQ-F (1:1) 6.1x 10°© 2217 3.22 2.94 3.22

aTCNQ 2220 cm?, TCNQ-F, 2237 cn1?; transannular distances between two benzene rings of the cyclophane (A).

contact of the acceptors arranged parallel in a plane of the unit
cell (Figure 8).

3. Conclusions

The fact that the starting §g1,3)CP7 is much more readily
prepared in 10-g quantities thans]@,3,5)CP 6 makes the
improved route more practical than the original one. The crystal
structural analyses of [BCPs were successfully accomplished,
and the observed structures were in good agreement with the
most stable conformers in solution and predicted by the
theoretical calculations. The highly strained structure wihga
symmetry was observed in the crystal structur€aind the
2:TCNQ:benzene (1:1:1) complex, and this is ascribed to the

A B presence of th&(Cen) and2'(Cen) conformers in a 1:1 ratio in
Figure 8. ORTEP drawings (CPK model) of the crystal packing diagram the crystal packing. Th€g, structure was observed in the crystal
of [33](1,3,5)CP6-TCNQ-F (1:1) complex at-180°C (side views). structure of the-TCNQ-F; (1:1) complex. This study revealed

the fundamental structural parameters off s in the solid
state. The first half-wave oxidation potentidti[, (1)] of 2
[+0.39 V vsF/F.", CL,CHCHCL] supports its strong donating
ability. This is attributed to the molecular structure where
effective hyperconjugation between the benzyl hydrogens and
benzene ring is possible.

Among the [3]CP-TCNQ complexes, the {R1,3,5)CP
6-TCNQ-F4 (1:1) complex showed the highest conductivity, and
this may be ascribed to the formation of an infinite column of
partially overlapped acceptors with a short-A distance and
the close contact of the acceptors arranged parallel in a plane
of the unit cell. Although the conductivities of our CT complexes
are much lower than those of the TTF relafedr non-TTF
related complexe¥;35our study successfully provides the basic

knowledge for the understanding of the CT interactions in the
Figure 9. ORTEP drawings (CPK model) of the crystal packing diagram gqid state
of [36]CP 2-TCNQ-F4 (1:1) complex at-180 °C (side views). }

For the development of electron conductors and superconduc-
tors, structural studies in the solid state are indispensable. For
example, the first organic metal complex, TTF-TCNQ, was
shown to have segregated columns of donor and acceptor
molecules’® We expect that the overlapping modes and crystal
packing of a donor and an acceptor might be controlled by the

transannular BA distance is 3.22 A, and the average trans-
annular distance between the two benzene rings is 2.94 A.
Partially overlapped acceptors are stacked with a distance of
3.22 A (Figure 9A), and the acceptors in the unit cell are
arranged parallel in a plane with the-A distance being 3.17

A (Figure 9B).

(33) Ward, M. D.; Fagan, P. J.; Calabrese, J. C.; Johnson, D. @n. Chem.

We found that theés-TCNQ-F; (1:1) complex is much more Soc.1989 111, 1719-1732. .
. . . (34) Novel electron donors of a non-TTF type. For reviews: (a) Otsubo, T.;
conductive than the correspondi®gTCNQ-F, complex, ir- Takimita, K. Rev. Heteroat. Cheml997, 16, 69-84. (b) Ogura, F.; Otubo,
respective of the much higher electron—donating abilit)pr T. In Handbook of Organic Condueg Molecules and Polymergalwa,

. . . R H. S., Ed.; Vol. 1.
and this may be ascribed to the formation of an infinite column (35) (a) Nakasuiji, K.; Sasaki, M.; Kotani, I.; Murata, |.; Enoki, T.; Imaeda, K.;
of partially overlapped acceptors with a much shorterAA O 7e () e A A Ko LA, Chnn,
distance than that of the-TCNQ-F, complex and the close S0c.1997, 119, 9393-9405.
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modification of the donating ability of a donor. Control of the
D—A overlapping modes, transannular—B distances, and
crystal packingd may be possible by the modification of the
benzene rings of PCPs. Our synthetic and solid-state structural
studies of the heteroanalogues of]{3Ps are now in progress,
and the results will be reported elsewhere.

4. Experimental Section

4.1. General Procedures.Melting points were measured on a
Yanako MP-S3 micro melting point apparattid.and**C NMR spectra
were measured on JEOL JNM-GX 270 and AL-300 spectrometers.
Chemical shifts were reported asvalues (ppm) relative to internal
tetramethylsilane (TMS) in CDglnless otherwise noted. Mass spectra
(EIMS ionization voltage 70 eV) and fast atom bombardment mass
spectra (FAB-MASm-nitrobenzyl alcohol) were obtained with a JEOL

isotopically. All computations were performed using the teXsan
package?

4.2. Improved Synthetic Route. 5-Acetyl[3](1,2,4,5)cyclophane
14. To a stirred mixture of [4(1,2,4,5)cyclophan& (400 mg, 1.26
mmol), AICl; (4.00 g, 3.00 mmol), and GS50 mL) was added a
mixture of (CHCO)0 (0.15 g, 1.47 mmol) and G§5 mL) in one
portion at room temperature. After the addition, the mixture was
refluxed for 12 h with stirring. The reaction mixture was poured into
ice water and extracted with CHLCIThe combined extracts were
successively washed with water and brine, dried withS@, and
filtered. After the solvent was removed, the residue was chromato-
graphed on silica gel with CHghexane (3:1) to give recover&d52
mg, 13%), the desired acetyl compoutti(205 mg, 45%, 52% based
on recovered), and thepseudoparadiacetyl compound5 (76 mg,
15%). 14: colorless prisms (CHG), mp 206-208 °C. *H NMR: o6
2.08-2.72 (m, 16H,CH,CH,CH,), 2.17 (s, 3H, COCh), 3.03-3.11

JMS-SX/SX 102A mass spectrometer. Electronic spectra were recorded(M: 8H, CH:CH.CH,), 6.84 (s, 1H, ArH), 6.93 (s, 1H, ArH), 7.09 (s,

on a Hitachi U-3500 spectrometer. Infared data were obtained on a

Hitachi Nicolet 1-5040 FT-IR spectrometer. Elemental analyses were
performed by the Service Centre of the Elemental Analysis of Organic
Compound affiliated with the Faculty of Science, Kyushu University.
Analytical thin-layer chromatography (TLC) was performed on Silica
gel 60 kss Merck. Column chromatography was performed on Merck
Silica gel 60 (46-63 um). All solvents and reagents were of reagent
quality, purchased commercially, and used without further purification,
except as noted below. Tetrahydrofuran (THF) was distilled from

1H, ArH). IR (KBr): v 1692 (G=0) cm®. FAB-MS m/z M* 358.
Anal. Calcd for GeHsO: C, 87.10; H, 8.43. Found: C, 87.23; H, 8.45.
5-Acetyl-14-formyl[34](1,2,4,5)cyclophane 16To a mixture of
AICl3 (0.93 g, 6.98 mmol) and4 (1.00 g, 2.79 mmol) in CkCl; (3
mL) was dropwise added a mixture of CHOCH; (500 mg, 4.35
mmol) in CH,CI; (3 mL) over a period of 5 min in an ice bath with
stirring. After the mixture had been stirred in an ice bath for 1.5 h, it
was poured into ice water and extracted with CH. The combined
extracts were successively washed with water and brine, dried with

sodium and benzophenone. DMF was dried with molecular sieves 4 N&SQs, and filtered. Removal of the solvent providei(0.97 g, 90%),

A. 1,1,2,2-Tetrachloroethane was dried with Gaéid distilled just
before use.

[32](1,3)CP 7?2 and [3](1,3,5)CP6° were prepared according to
the reported procedures.4J@.,2,4,5)CP5 was synthesized fron7
according to the reported procedufég-Toluenesulfonylmethyl iso-
cyanide (TosMIC) was prepared by the dehydration jptoluene-
sulfonylmethyl formamide with POgIin dioxane-Et,O at —10 °C.

Cyclic voltammograms were recorded by a BAS-100 B/W electron
chemical analyzer. A Pt wire counter electrode and a Ag/0.01 M AgNO

reference electrode were used. The measurements were carried out i

0.1 M 1,1,2,2-tetrachloroethane solution of a substrate usinbl B
as supporting electrolyte, and the oxidation potential values were
calibrated with ferrocene.

X-ray Crystallographic Study. The X-ray structural analyses were
obtained with Rigaku RAXIS-IV3, 4, 9, 15, [35]CP-TCNQ (1:1)] and
RAXIS-RAPID [6, 14, 16, 17, 18, [33](1,3,5)CP-TCNE (1:1), [§-
(1,3,5)CP-TCNQ (2:1), [4(1,3,5)CP-TCNQ (4:1), [d(1,3,5)CP-
TCNQ-F (1:1), [3](1,2,3,5)CP-TCNQ-F(1:1), [3]CP-TCNQ-R (1:

1)] imaging plate diffractometers with graphite monochromated Mo
Ka radiation. The crystal structure was solved by the direct method
[SIR88® (16, [33](1,3,5)CP-TCNQ (4:1), [4(1,2,3,5)CP-TCNQ-F(1:

1)), SIR92° (3, 4, 9, 15, 17, 18, [34](1,3,5)CP-TCNE (1:1), [dCP-
TCNQ (1:1), [3]CP-TCNQ-R (1:1)), SCHELEX97° (6, 14, [33](1,3,5)-
CP-TCNQ (2:1)), and MITHRIL9# ([35](1,3,5)CP-TCNQ-F (1:1))]
refined by the full-matrix least-squares methdti$he non-hydrogen

which was used in the next reaction without further purification. A
sample was recrystallized from GEl; to give pale yellow prisms.
16: mp > 300°C. 'H NMR: 9 2.01-2.74 (m, 14H,CH,CH,CHj),
2.10 (s, 3H, COCH), 3.06-3.50 (m, 10H,CH,CH,CH,), 7.05 (s, 1H,
ArH), 7.12 (s, 1H, ArH), 10.51 (s, 1H, CHO). IR (KBr)r 1667 (C=
0), 1696 (G=0) cmr®. FAB-MS m/z M* 386. Anal. Calcd for
CoH3002: C, 83.90; H, 7.82. Found: C, 83.56; H, 7.78.

[35](1,2,3,4,5)Cyclophane-1-ene-3-one 170 the crudel6 (900
mg, 2.33 mmol) dissolved in a mixture of MeOH (80 mL) and THF
80 mL) was adde 3 N aqueous NaOH (80 mL) in one portion, and

e mixture was stirred for 24 h at reflux. After the solvent was
removed, the aqueous portion was neutralized with diluted HCI, and
extracted with CHGl The combined extracts were washed successively
with brine and water, dried with MgSQand filtered. The filtrate was
concentrated in vacuo, and the concentrate was chromatographed on
silica gel with CHC} to give the enond7 (812 mg, 94%, 85% from
14). 17: colorless prisms (CKCly), mp 272-273 °C. 'H NMR: &
1.88-1.93 (m, 2H, CHCH,CHy), 2.24-2.40 (m, 4H, CHCH,CHy),
2.62-2.91 (m, 12H,CH,CH,CH,), 3.01-3.17 (m, 6H,CH,CH,CHy),
6.98 (s, 1H, ArH), 7.12 (s, 1H, ArH), 6.78 (d,= 12.1 Hz, 1H, CH=
CH), 7.77 (d,J = 12.1 Hz, 1H, CH=CH). IR (KBr): v 1646 (G=0)
cm . FAB-MS m/z M* 368. Anal. Calcd for GH,sO: C, 88.00; H,
7.66. Found: C, 88.23; H, 7.64.

[35](1,2,3,4,5)Cyclophane-1-one 1& mixture of 17 (500 mg, 1.35
mmol), 10% Pd/C (300 mg), MeOH (25 mL), and THF (50 mL) was
stirred under an atmosphere of gas for 3 d atoom temperature.

atoms were refined anisotropically, and the hydrogen atoms were refinedthe pd/C was removed by filtration, and the filtrate was concentrated

(36) In the crystal structure of the TTF-TCNQ (1:1) complex, donors and

acceptors form segregated columnar stacks, and the TCNQ interplanar

distance is 3.17 A. Phillips, T. E.; Kistenmacher, T. J.; Ferraris, J. P.;
Cowan, D. O.J. Chem. Soc., Chem. Commutd73 471-472. (b)
Kistenmacher, T. J.; Phillips, T. E.; Cowan, D. &cta Crystallogr.1974
B30, 763-768.

(37) Koga, T.; Yasutake, M.; Shinmyozu, Drg. Lett.2001, 3, 1419-1422.

(38) Burla, M. C.; Camalli, M.; Cascarano, G.; Giacovazzo, C.; Polidori, G.;
Spagna, R.; Viterbo, DJ. Appl. Crystallogr.1989 22, 389-403.

(39) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, M.; Giacovazzo, C.;
Guagliardi, A.; Polidori, GJ. Appl. Crystallogr.1994 27, 435.

(40) Sheldrick, G. MProgram for the Solution of Crystal Structurésniversity
of Goettingen, Germany, 1997.

(41) Gilmore, C. JMITHRIL-An Integrated Direct Method Computer Program
University of Glasgow, Scotland, 1990.
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in vacuo to give the keton#8 (403 mg, 80%).18: colorless prisms
(CH,Clp), mp > 300°C. *H NMR: ¢ 2.07-2.39 (m, 8H,—CH,CH,-
CH;—), 2.67-2.79 (m, 6H,—CH,CH,CH,—), 2.95-3.17 (m, 10HCH,-
CH,CH,), 3.28-3.50 (m, 4H,CH.CH,CO), 6.91 (s, 1H, ArH), 6.95
(s, 1H, ArH). IR (KBr): 1676 (G=0) cmt. FAB-MS m/z M+ 370.
Anal. Calcd for GHs0O: C, 87.52; H, 8.16. Found: C, 87.41; H, 8.24.
[35](1,2,3,4,5)Cyclophane 3To a mixture of AICk (864 mg, 6.48
mmol) and18 (400 mg, 1.08 mmol) in dry THF (50 mL) was added
dropwise a mixture of LiAIH (62 mg, 1.62 mmol) and dry THF (30

(42) Crystal Structure Analysis Package, Molecular Structure Corporation (1985
and 1999).
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mL) over a period of 15 min in an ice-salt bath under argon with stirring. and filtered. After the solvent was removed, the residue was chromato-
The mixture was allowed to warm to room temperature and then graphed on silica gel with AcOEt to giz0 (18 mg, 0.04 mmol, 32%).
refluxed for 16 h with stirring. The reaction mixture was poured into 20: faint orange prisms (C¥l,), mp > 300°C.*H NMR: ¢ 2.08 (s,

6 N aqueous kB0, and extracted with CHGIThe combined extracts
were successively washed with water and brine, dried witsSRa
and filtered. Removal of the solvent provided white powder, which
was purified by silica gel column chromatography with Ckiiéxane

(1:3) to give3 (289 mg, 0.81 mmol, 75%), whose spectroscopic and

6H, COCH), 2.12-2.43 (m, 12H, CHCH,CH,), 3.19-3.50 (m, 12H,
CH,CH.CH), 10.57 (s, 2H, CHO). IR (KBr): 1673 (€0), 1688 (C=
O) cmrt. FAB-MS M* + 1, 457. Anal. Calcd for gHs,03: C, 78.92;
H, 7.66. Found: C, 78.64; H, 7.45.

Preparation of the Charge-Transfer ComplexesGeneral proce-

physical properties were in complete agreement with those of the dure for the preparation of TCNQ and TCNQ-Eomplexes: TCNQ-

reported value®:® 3: colorless prism (hexane), mp 26267 °C
(Iit.829% 265.0-266.6°C). '"H NMR: 6 2.10-2.24 (m, 2H, CHCH,-
CHy), 2.33-2.57 (m, 8H, CHCH,CH,), 2.65-2.73 (m, 4H,CH,-
CH,CHy), 3.05-3.20 (m, 16HCH,CH,CH;), 6.73 (s, 2H, ArH). FAB-
MS m/z M+ 356.

5,18-Diacetyl[3](1,2,4,5)cyclophane 15To a mixture of [3]-
(1,2,4,5)cyclophané (100 mg, 0.51 mmol) and AlGI(168 mg, 1.26
mmol) in CS (5 mL) and CHCI, (20 mL) was added a solution of
(CH3CO)0 (153 mg, 1.5 mmol) in CECl; (5 mL) in one portion at
room temperature with stirring. After the addition, the mixture was
refluxed fa 2 d with stirring. The reaction mixture was poured into
ice water and extracted with CHCIThe combined extracts were
successively washed with water and brine, dried with9@, and

Fs (10 mg, 0.36 mmol) was dissolved in CHQ10 mL) at room
temperature in a 100-mL glass vial, and this solution was added to
[35](2,3,5)CP6 (10 mg, 0.36 mmol) in CHGI(5 mL). The resultant
mixture was allowed to stand for-% d until dark blue crystals were
formed. The resultant crystals were collected by decantation from the
solvent, dark blue prism; IR (KBr)» 2219 (CN) cni.

TCNQ Complexes.The [3](1,3,5)CP-TCNQ (2:1) complex was
obtained by recrystallization from a mixture of @&, and CHCN,
dark blue prisms; IR (KBr):v» 2218 (CN) cm®. Anal. Calcd for
CueHaeN4: C, 85.68; H, 6.92; N, 7.40. Found: C, 85.64; H, 6.90; N,
7.38. The [3](1.3.5)CP-TCNQ (4:1) complex was obtained by the
recrystallization from a mixture of Ci€l, and MeOH as dark blue
plates; IR (KBr): » 2218 (CN) cm. The [3]CP-TCNQ (1:1) complex

filtered. After the solvent was removed, the residue was chromato- was obtained by the recrystallization from &, as dark blue prisms;

graphed on silica gel with CHgIto give the pseudoparadiacetyl
compoundl5 (86 mg, 68%).15: faint orange prisms (C¥Cl,), mp
280-281°C. *H NMR: 6 2.32-2.37 (m, 2H, CHCH,CH,), 2.54—
2.70 (m, 12H,CH,CH,CH), 3.02-3.15 (m, 10H,CH,CH.CH,), 2.06
(s, 6H, COCH), 6.98 (s, 2H, ArH). IR (KBr): v 1687 (G=0) cnr.
FAB-MS nm/z M* + 1, 401. Anal. Calcd for gH3,0,: C, 83.96; H,
8.05. Found: C, 84.05; H, 8.33.
5,18-Diacetyl-15-formyl[3](1,2,4,5)cyclophane 19To a mixture
of 15(50 mg, 0.125 mmol) and GIOCHCL (20 mL) was added AlGI

IR (KBr): v 2214 (CN) cn™. The [3]CP-TCNQ (1:1) complex was
obtained by the recrystallization fromels as dark red prisms; IR
(KBr): v 2216 (CN) cnit. Anal. Calcd for GgHieN4: C, 84.92; H,
6.83; N, 8.25. Found: C, 84.91; H, 6.83; N, 8.26.

TCNQ-F4 Complexes.The [3](1,2,3,5)CP-TCNQ-k(1:1) complex
was obtained by the recrystallization from CH@$ dark blue prisms;
IR (KBr): v 2217 (CN) cm®. The [3]CP-TCNQ-F (1:1) complex
was obtained by the recrystallization from CH@k dark red prisms;
IR (KBr): v 2219 (CN) cm. The [3]CP-TCNQ-F (1:1) complex

(68 mg, 0.50 mmol) portionwise over a period of 2 min in an ice bath was obtained by the recrystallization from CH@k dark red prisms;
with stirring. After the mixture had been stirred at room temperature |R (KBr): » 2217 (CN) cnmt.

overnight, it was poured into ice water and extracted withCliH The

TCNE Complex. The [3](1,3,5)CP-TCNE (1:1) complex was

combined organic layer was successively washed with water and brine, gptained by the crystallization from GEI, as dark purple plates; IR

dried with NaSQ,, and filtered. After the solvent was removed, the
residue was chromatographed on silica gel with AcCOEt to §&é1
mg, 95%).19: faint orange prisms (C¥Ll;), mp > 300°C. *H NMR:
8 2.12 (s, 6H, COCH), 2.03-2.50 (m, 12H, CHCH,CHy), 2.68-2.77
(m, 2H,CH,CH,CH;), 3.08-3.38 (m, 10HCH,CH,CH,), 7.29 (s, 1H,
ArH), 10.53 (s, 1H, CHO). IR (KBr): 1680 (€0), 1688 (G=0) cnT .
FAB-MS mVz M* 429. Anal. Calcd for gH3,0s: C, 81.27; H, 7.53.
Found: C, 81.35; H, 7.54.
5,18-Diacetyl-8,15-diformyl[3](1,2,4,5)cyclophane 20To a mix-
ture of 15 (50 mg, 0.125 mmol) in CEDCHCL (20 mL) was added
AICl; (68 mg, 0.50 mmol) portionwise over a period of 2 min in an
ice bath with stirring. After the mixture had been stirred at reflux
overnight, it was poured into ice water and extracted withClk The
organic layer was washed with water and brine, dried withSTa,

(KBr): 2134 (CN) cn1.
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