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Starting from fur br 1dgc bi (4 4 -bipyridinium) dication 2 and the corresponding biq(bromomethy])arenes
furanophanes of 4,4'-bipyridine were obtained in moderate to high yields. In similar manner thiophenophane 9

was synthemcd in low yield using dication 8 as precursor. The spectroscopic properties of furanophane 4 and
thiophenophane 9 were compared. Cycloadditions on the furan ring failed, which is attributed to the decrease of
electron density of the furan ring caused by neighbouring electron-accepting bipyridinium groups. The
syntheses of the benzo[b]thiophene bridged phanes were performed starting from dibromide 10 and bis(4,4'-
bipyridinium) dications 12-14 since the instability of the required bis(4,4'-bipyridinium) dication 11 did not

g T

allow its use in aqueous solution. © 1999 Elsevier Science Lid. All rights reserved.
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Introduction

During the last decade macrocyclic compounds of paraquat type have intensively been
studied in view of their host-guest chemistry [2], redox behaviour [3], catalytic activity [4],
and incorporation into supramolecular architectures [5]. Separation of enantiomers by chiral
4.4'-bipyridine phanes has recently been achieved [6]. For use of this type of phanes as

stationary phase in chromatography reactive positions are required allowing selective

functionalizations. In this account we report syntheses of several novel heterophanes of 4,4'-

bhinvridine which are brideed by m-electron-rich aromatic units such as furan, thionhene and
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benzo[b]thiophene. We also present examples for the functionalization of furanophanes and
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Furano- and Thiophenophanes

Retrosynthetic analysis of furanophanes based on 4,4'-bipyridine reveals that bis(4,4'-
bipyridinium) dication 2 and dibromide 1 should be precursors. Although side-chain
brominated furan derivative 1 is occasionally mentioned in the literature, no detailed procedure
for its preparation was available [7] and no physical and chemical data were reported. We
prepared 1 according to the procedure by Bergmann et al. [8], by nucleophilic substitution of
the commercially available diol with phosphorous tribromide in benzene. Thus, 1 was obtained
as a colourless and unstable solid in low yield. Its subsequent reaction with an excess of 4,4'-
bipyridine afforded the desired dication 2 in excellent yield as an air- and thermostable solid.
Furanophanes 3-6 were then synthesized in moderate to good overall yields by simple
heterogeneous reaction of 2 with the corresponding bis(bromomethyl)arenes [9,12,13]
followed by chromatographic work-up and counterion exchange (Scheme 1).
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Reagents and conditions: i) PBry, CgHg, reflux, 14%; ii) 4,4"-bipyridine, CH3CN, reflux, 94%; iii) bis(bromomethyl)arene,
CH3;NO»/H>0, r.t., 30-60d; iv) NH4PFg, HyO.

For comparison thiophenophane 9 was prepared in the way depicted in Scheme 2. Synthesis
of 2,5-bis(bromomethyl)thiophene 7 has been reported [10,11], but we prepared 7 by
bis(bromomethylation) of thiophene which is easier to perform albeit the yield is very low.
Dication 8 was obtained by reaction of 7 with an excess of 4,4'-bipyridine in acetonitrile as
reported by Stoddart et al. [11], however, our yield was considerably higher. Thiophenophane
9 was synthesized by the method described above in low yield. The decreased efficiency of the
ring closure reaction is ascribed to geometric effects: the bulkier sulfur atom in 8 (compared
with the oxygen atom in 2) causes an expansion of the intramolecular CH,/CH; distance and
therefore makes ring closure less probable. In accordance with this assumption we failed to

cyclize 8 with 1 ’)-hm(hmmnmpth Dbenzene which had provided furanophane in high yield
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Reagents and conditions: i) 2 eq. (CH0),, HBr, HOAc, 4%; ii) 4,4-bipyridine, CH3CN, reflux, 79%; iii) 1,3-bis(bromo-
methyl)benzene, CH3NO-/H,0, r.t., 30d; iv) NH4PF¢, H,0, 11%.

Macrocycles 3, 4, and 6 were isolated in remarkably high yields. Hinig and coworkers [12]
observed a similar effect in their syntheses of related carbophanes: best results in the
macrocyclization were obtained by use of Aigh concentrations of the dications and the side-
chain brominated arenes. This effect was explained by the advantage of the principle of rigid
groups. In the series of heterophanes the furan moiety apparently offers optimal geometric
preconditions which will be discussed in detail with pyridinophane 6.

While structures of furanophanes 3-5 were unambiguously confirmed by spectroscopic
methods (1H, 13C, multidimensional NMR), pyridinophane 6 does not contain a suitable anchor
unit for unequivocal proof of its macrocyclic nature. Hence, its structure was determined by an
X-ray analysis (Figure 1).

Figure 1. X-ray crystal structure of 6-4PF, (supervision and side-view, counterions and hydrogen atoms were
omitted for clarity).

The solution of the crystal structure was entailed with some difficulties due to almost
identical geometric dimensions of the spacer groups (see Experimental Part). The intra-
molecular distances of the methylene units amount to 4.69 A at the furan side, and 4.92 A at
the pyridine part, respectively. Thus, the free pyridine rings of dication 2 are in optimal
distance for the ring closure reaction, which is also expressed in the remarkably high yield of
pyridinophane 6. Only lone pairs are located in the cavity of phane 6. The strain is transferred
to the bipyridinium groups exclusively as revealed by an unusually high torsion angle of 52.5°
between the pyridinium rings. This value is comparable to that obtained for the twofold
pyridine bridged phane where a torsion angle of 54° was recorded [13].
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Comparison of the spectroscopic properties of related phanes 4 and 9 delivered surprising
results. The intraannular proton H; can be chosen as an excellent indicator for the macrocyclic
structure: this proton appeared at 6 = 7.09 for furanophane 4 whereas a value of 6 = 7.93 was
observed for thiophenophane 9 (Figure 2). Apparently, the chemical shift of H; responds very
sensitively to the spacer dimension as implied by differing CH,/CH; distances. The formal
exchange of sulfur by an oxygen atom causes a difference in chemical shifts of A = 0.84!
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Figure 2. 'H NMR spectra (300 MHz, [D,]DMSO) of furanophane 4 and thiophenophane 9 (region of
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Diels-Alder reactions in aqueous solution are now well established in
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However, dication 2 underwent no cycloadditions at room temperature neither w1th m:
nor its anhydride in water. On reflux the starting material rapidly decomposed
bipyridine and undefined spacer fragments, which is attributed to the instability of

acidic conditions.
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JB 2

Benzo|bjthiophenophanes

Application of the general synthetic procedure of furano- or thiophenophanes to preparation
of benzo[b]thiophenophanes 15-17 was not successful. Although the required dication 11
could be obtained by alkylation of 4,4'-bipyridine with dibromide 10 [15] in low yield (see
Scheme 3), intermediate 11 is too unstable for further cyclization in aqueous solution [16].

Scheme 3
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Alternatively, macrocyclization could be executed by alkylation of bis(4,4-bipyridinium)
dications 12-14 [12,13] with dibromide 10 under the proven reaction conditions.
Benzo[b]thiophenophanes 15-17 were isolated as yellow solids in approximately 30% yield
after chromatographic work-up and counterion exchange (Scheme 4).
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In the case of phane 15 the mobiii‘ry of both bridges is frozen. The syn-anti ratio could not be
determined due to line broadening in the 1H NMR spectrum. This resuit is comparable to that
observed in and reported for the corresponding carbophane including ortho-xylene units as
spacer units [12].

In phanes 16 and 17 only the benzo[b]thiophene spacer is frozen, while the larger bridges
are flexible. This is indicated by singlets in the 'H NMR spectra for their methylene protons.
The intraannular proton H; of 16 is a significant indicator for successful macrocyclization. Its
chemical shift was determined to 6 = 6.27, whereas the related carbophane with an ortho-
xylene bridge instead of the bis(methylene)benzo[b]thiophene bridge shows this proton at
d = 6.26 [12,17]. The unusual yellow colour of compounds 15-17 is attributed to a weak
intermolecular charge transfer from the benzo[b]thiophene system to the electron-deficient
bipyridinium groups in the solid state. In aqueous solutions the compounds are transparent in
the UV-Vis spectra above 270 nm.

Conclusion

We could demonstrate that furanophanes of 4,4'-bipyridine are readily prepared by the
standard two-phase procedure starting from a furan bridged dication and qeveral bis(bromo-
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Experimentai Part

General techniques: Melting points were determined on a Kofler-Boé&tius apparatus and are
corrected. NMR spectra were. recorded on Bruker DRX-500 or AC-300 instruments with
CHD,SOCD; (in [Dg]DMSO; & = 2.50 (1H), & = 39.56 (13C)] and CHCl; [in CDCls; & = 7.25
('H)] as internal standards; signals are quoted as s (singlet), d (doublet), t (triplet), m
(multiplet), br (broad), vbr (very broad). UV-Vis spectra were recorded on a Cary-3 double-
beam spectrometer. Elemental analysis were carried out on a Carlo Erba CHN-S analyzer.

All reactions were monitored by thin-layer chromatography (TLC) carried out on Macherey-
Nagel silica gel precoated plates Polygram Sil G/UV,s, with UV light and iodine (iodine
chamber) as developing reagent. Merck silica gel (G60, particle size 0.063-0.200 mm) was
used for column chromatography, Merck silica gel precoated glass-plates KG 60/KIESELGUR

Fas4 (20 % 20 cm, thickness 0.25 mm) were used for PTLC; as eluent a mixture of methanol
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and 2M aqueous NH,C1 solution (3:2 v/v) was used. The non-aqueous alkylation reactions
were performed with exclusion of moisture. Yields refer to chromatographically homogeneous
materials. All reagents were obtained from Aldrich, Fluka and Acros and used as received. 2,6-
Bis(bromomethyi)pyridine was prepared as described in the literature [9].

2,5-Bis(bromomethyl)furan (1) [7]: To a vigorously stirred suspension of 1.28 g (10.0 mmol)
of 2,5-bis(hydroxymethyl)furan in dry benzene (20 mL) was slowly added 3.00 ml (8.55 g,
31.0 mmol) of phosphorous tribromide in benzene (10 mL) at -15 °C. The yellowish solution
was warmed to room temperature and then heated under reflux for 30 minutes. After
quenching with ice water (20 mL) and filtration over celite® the organic layer was separated,
and the aqueous phase was extracted twice with benzene (20 mL each). The combined organic
phases were dried over Na,SO, and the solvent was removed in vacuo. The residual solid was
recrystallized from n-hexane affording 346 mg (14%) of 1 as colourless needles. CAUTION!
Product 1 is a very strong lachrymator and an unstable solid, which can decompose
under explosion! Therefore it is not advisable to store 1 in a closed vessel! Characterization
of 1: M.p. 43 °C; UV-Vis (CH,Cl,): Apay (€) =267 nm (14100); 'H NMR (300 MHz, CDCl,):
=448 (s, 4 H, CH,), 6.35 (s, 2 H, Ar-H); C4H¢Br,0O (253.9): calcd C 28.38, H 2.38; found C
28.56, H 2.37.
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nitromethane (5 mL). Both solutions
exception of 5: 60 5). The aqueo

twice with water (0.5 mL The combined aqueous solutions were purified by column
chromatography (25 g of silica gel). From the fraction containing the phane the solvent was
removed in vacuo and the residual solid (ammonium chloride, tetrabromide of the phane) was
dissolved in a minimum of water. A saturated aqueous NH4PF¢ solution was added until no
further precipitation was observed. The precipitate was collected, washed thoroughly with
water and dried at 80 °C.
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(2,5)Furanophane (3): From 117 mg (0.20 mmol) of 2-2Br and 80 mg (0.30 mmot) of 1,2-bis-
(bromomethyl)benzene was obtained 137 mg (63%) of 3-4PF as colourless crystais. M.p. 261-
264 °C (decomp.); R¢ = 0.37 (silica gel); UV-Vis (H,O0): A (€) = 254 (60200), 214 nm
(36300); 'H NMR (500 MHz, [D¢]DMSO): 6 =5.97 (s, 4 H, CH,), 6.02,6.38 (2d,J=15.2 Hz,
2 H each, CH,, AB), 6.76 (s, 2 H, Ar-H), 7.91, 8.02 (2 m, 2 H each, Ar-H), 8.21, 8.50 (2 d,
J=16.8, 7.0 Hz, 4 H each, bipy-3-H), 8.80, 9.22 (2 d, /= 6.0, 6.8 Hz, 4 H each, bipy-2-H); 13C
NMR (125.7 MHz, [Dg]DMSO): & = 56.67 (t), 61.20 (1), 112.46 (d), 126.46 (d), 126.74 (d),
131.46 (s), 132.26 (d), 135.71 (d), 144.73 (d), 145.96 (d), 147.84 (s), 148.16 (s), 148.28 (s);

C34H3oF24N4OP, (1090.5): caled C 37.45,H 2.77, N 5.14; found C 37.32, H 2.73, N 4.95.

(2,5)Furanophane (4): From 117 mg (0.20 mmol) of 2-2Br and 80 mg (0.30 mmol) of 1,3-bis-
(bromomethyl)benzene was obtained 128 mg (59%) of 4-4PF4 as colourless crystals. M.p.
(46800); 'H NMR (500 MHz, [Ds]DMSO): & = 5.95, 5.99 (2 s, 4 H each, CH,), 6.81 (s, 2 H,
Ar-H), 7.09 (s br, 1 H, Ar-H), 7.64 (t,J = 7.7 Hz, 1 H, Ar-H), 7.76 (dd, J = 0.8, 7.7 Hz, 2 H,
Ar-H), 8.48, 8.53 (2 d, J = 6.8 Hz, 4 H each, bipy-3-H), 9.25,9.27 (2d,J= 6.8, 6.9 Hz, 4 H
each, bipy-2-H); 13C NMR (125.7 MHz, [D¢]DMSO): & = 56.39 (t), 63.27 (1), 113.00 (d),

LY

125.99 (d), 126.54 (d br), 130.19 (d), 130.25 (d), 135.76 (s), 145.78 (d), 145.84 (d), 148.02 (s),

148.63 (s), 148.78 (s); Ci4HsoF5N,OP, (1090.5): caled C 37.45, H 2.77, N 5.14; found
H ;

? YFurananhana (§) Fram 1158 mo (D 197 mmal) af 2-2Rr and R0 mo (0D 30 mmal) nf | 4.
\a,d,l w1 allUlJllull\« \~/Je L 1ULLL R 1o dkg Vel /s ARANARIL ] \TL dui hoe KT QLIG UV LI1E \VedV RIMMVI] Vi 1,
bis(bromomethyl)benzene was obtained 53 mg (25%) of 5-4PF¢ as colourless crystals. M.p
SV60 °C fdecomn y Re= 025 (qilica cel) 11V-Vig (H,O) ) (oY = 285 MONNMN N0 nm

PASLY) \ W \uCLUlup.}, l\t V.o \Dlll\aa 501], vy Y 10 \112\!,. ,\'max \C) LJO \LVUUVU S, 4V LI
F1L£LNMN. 1LY NIRAD 7/&NAN MMIT MY INMOMY. S — 800 Q7 (M o AL aanrl MITN £QA4A fc YT
\IDOUU), ‘1 INIVIIN (OUVU VIDZ, LL}6JL)JVIDU} O — 2.07, .77 (& d, ¢ 11 TaALil, “112), V.0 \D, & 11,
A TIN 7777 7o A XTI A_TIITN O A2 O AL N A T e ££ £ TT> A 1T anAle laies 2 LI 021 QO A D A
A=), /.70 (8, 4 1, Ar-rni), 0.43, 6.40 (£ U, v — 0.0 112, 4 11 Calll, DIPy-I-11), 7.01, 7.9 (< U,
J = 6.3 Hz, 4 H each, bipy-2-H); 13C NMR (125.7 MHz, [Ds]DMSO): & = 56.04 (t), 63.79 (1),
114 O~ 73N LYV 1 1N YA 1 TN NA 7N 1977 37 7.\ 1TAA O 71N VAL £ 72N 1A 1N 7N\
113.82 (d), 126.74 (d), 127.14 (d), 129.94 (d), 137.33 (s), 144.92 (d), 145.62 (d), 148.10 (s),
« A e~ ol a v N el rr ™ AT MATY VA VaYaYa N4 1 1 7\ "™ Ar TY ™~ AT £ 1 A N ai 1
148.78 (s), 148.96 (s); Ci4H30F4N4OP4 (1090.5): caled C 37.45, H 2.77, N 5.14; tound
C 37.25,H2.88, N5.16.

(2,5)Furanophane (6): From 117 mg (0.20 mmol) of 2-2Br and 81 mg (0.30 mmol) of 2,6-bis-
(bromomethyl)pyridine was obtained 151 mg (69%) of 6-4PF4 as colourless crystals. M.p.
>275 °C (decomp.); Ry = 0.34 (silica gel); UV-Vis (H,0): A, (€) = 253 (37200), 208 nm
(29500); 'H NMR (500 MHz, [Dg]DMSO): 8 = 6.00, 6.06 (2 s, 4 H each, CH,), 6.82 (s, 2 H,
Ar-H), 7.75 (d, J= 7.9 Hz, 2 H, Ar-H), 8.14 (t, /= 7.9 Hz, 1 H, Ar-H), 8.54,8.55(2d,J=6.6
Hz, 4 H each, bipy-3-H), 9.25, 9.27 (2 d, J = 7.0 Hz, 4 H each, bipy-2-H); 13C NMR (125.7
MHz, [D¢]DMSO): 8 = 56.62 (t), 63.25 (t), 112.73 (d), 123.61 (d), 125.91 (d), 126.54 (d),
139.32 (d), 145.96 (d), 146.89 (d), 148.08 (s), 148.45 (s), 148.77 (s), 152.05 (s);

C13HyoF,4NsOP, (1091.5): caled C 36.31, H 2.68, N 6.42; found C 36.61, H 2.67, N 6.11.

2,5-Bis(bromomethyl)thiophene (7) [10,11]: CAUTION! During the reaction the strongly
carcinogenic bis(bromomethyl)ether is generated [15b]. Skin contact with the reaction
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mixture has to be avoided strictly! After use all giass-wares have to be cieaned thoroughly
with ammonia solution. To a solution of 0.63 g (21.0 mmoi) of paraformaidehyde in
hydrobromic acid (5 mL, 5.7M in glacial acetic acid) was added 0.84 g (10.0 mmol) of freshly
distilled thiophene. The red solution was stirred at room temperature for 30 minutes, then
heated to 50 °C for 15 minutes. After cooling to room temperature a colourless solid
precipitated which was collected, washed with water, 2% sodium bicarbonate solution, again
with water and dried in vacuo thus affording 106 mg (4%) of 7 as colourless crystals.
CAUTION! (7) is a strong lachrymator and an unstable solid, which can decompose
under explosion! Characterization of 7: M.p. 70-75 °C (Lit.[10]: 78 °C); !H NMR (300 MHz,

CDCLy): & = 4.67 (s, 4 H, CH,), 6.94 (s, 2 H, Ar-H).

1,1''-[2,5-Bis(methylene)thiophene]bis-4,4'-bipyridinium Dibromide (8) [11]: To a boiling
solution of 241 mg (1.54 mmol) of 4,4"-bipyridine in dry acetonitrile (10 mL) was added
slowly 84 mg (0.31 mmol) of 7 in a mixture of acetonitrile and CH,Cl, (10 mL; 9:1 v/v). The
solution was refluxed for two hours, and cooled to room temperature. The precipitate was
collected, washed thoroughly with acetonitrile and dried at 70 °C affording 143 mg (79%,
Lit[11]: 16%) of 8-2Br as yellow crystals. A pure sample for the elemental analysis was
obtained by counterion exchange with aqueous NH,PF¢ solution. M.p. 223 °C (decomp.,

dibromide), 213-218 °C [decomp., bis(hexafluorophosphate), Lit.[11]: 198 °C (decomp.)]; Rr—-
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29 (silica gel); UV-Vis (Hy0): A, () = 261 nm (44700); 'H NMR (300 MHz, [Ds]DMSO):

O daainhad Y Ymax n TEER AT
d=16.21 (s, 4 H, CH,), 7.56 (s, 2 H, Ar-H), 8 02 (d, J = 5.8 Hz, 4 H, pyridine-3- H) 8.69 (d,
J=66Hz 4 H pyridintum-3-H). 8.74(d, J=59Hz 4 nvridine-2-HY 945(d J=6.7 Hz
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AHYH nurndinimum2.HN- 13 N\ (75 5 N 7 TD.IDMSONY: §=S57.00 (1) 12193 (d) 12586 (d)
T ii, PyliviiiniuiigToTid g, Mo LNIVIIN { /o IVRA L, |74 IV o U SV (\(Ufy LAl o7 \MJy Tl UU (M),
120 R0 Ay 12700 (Y 14071 () 14507 (A 180RR (AN 15207 (N C., H..F. . N .P.CS.2H.()
1OV, 07 (M), 1J/7.77 (D), LTV./ 1 \OJy LTI.VL (U], LIV.O0 \MJy, LUL 77 \(OJ, WPRLLFIL [FIN4E DO &BiJS
(748.5): caled C 41.72, H3.50, N 7.49, S 4.28; found C 41.83, H3.41, N 7.35, S 4.15
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a
bls(bromomethyl)benzene the aqueous solution was purified by preparative TLC affording

after counterion exchange 10 mg (11%) of 9-4PF, as colourless crystals. M.p. >270 °C
(decomp.); Ry = 0.28 (silica ge‘), UV-Vis (H,0): Ay, (€) = 255 (33100), 209 nm (20500); ‘H
NMR (500 MHz, [D¢]DMSO): 8 = 5.91, 6.13 (2 s, 4 H each, CH,), 7.46 (s, H, Ar-H), 7.58 (t,

4
J=77Hz, 1 H, Ar-H), 7.81 (d, J= 7.7 Hz, 2 H, Ar-H), 7.93 (s, lH

J = 6.3, 6.4 Hz, 4 H each, bipy-3-H), 9.28, 9.44 (2 d, J = 6.7 H acn blpyzﬂ),
13C NMR (125.7 MHz, [Dx]DMSO): 6 = 58.86 (t), 63.61 (t), 126.97 (d) 127.08 (d), 128.61 (d),
130.55 (d br), 130.98 (d), 135.81 (s), 140.99 (s), 145.23 (d), 145.36 (d), 148.78 (s), 148.95 (s);
C34H3F24N4P,S (1106.5): caled C 36.90, H 2.73, N 5.06, S 2.90; found C 37.21, H 2.77,

N 5.07, S 2.74.

=4
o~

he benzo[b]thiophenophanes 15-17
2,3-Bis(bromomethyl)benzo[b]thiophene 10 [15] was dissolved in nitromethane (5 mL), the
bis(4,4'-bipyridinium) dication (12 [12], 13 [12] or 14 [13]) was dissoived in water (5 mL).
The further procedure and work-up was performed as described above for the furanophanes.
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(2.3)Benzolblthiovhenovhane (15): From 144 me (0.25 mmol) of 12-2Br and 112 me (0.35
(4,D)DERZOjDitIIoOpnENnoOpnanc (1J5). rrom 144 mg (V.25 mmoti) oI 14-4Dr and 112 mg (V.30

mmol) of 10 was obtained 56.7 mg of a crude product, which contained open-chained
impurities. 38 mg of the crude product was stirred with 2N hydrochloric acid for one hour. The
residual solid was collected, washed with water and dried at 70 °C affording 31 mg (36%,
based on conversion and purification step) of pure 15-4PF; as yellow crystals. In a second
fraction 98 mg (56%) of 12 was recovered as bis(hexafluorophosphate). Characterization of
15-4PF4: M.p. 236-238 °C (decomp.); Ry = 0.45 (silica gel); UV-Vis (H,0): A (€) = 256
(66100), 203 nm (58900); 'H NMR (300 MHz, [Dg]DMSO): 6 = 6.02 (d, /= 15.3 Hz, 2 H,
CH,, part of AB), 6.3-6.7 (series of d + s, 6 H, CH,, parts of AB), 7.6-8.7 (series of m, 20 H,
Ar-H, bipy-3-H, bipy-2-H), 9.3-9.6 (s br, 4 H, bipy-2-H); 3C NMR (75.5 MHz, [Dc]DMSO):
d=153.38 (tbr), 55.65 (1), 61.17 (1), 61.42 (t), 122.65 (d br), 123.59 (d), 125.96 (d), 126.25 (d),
126.75 (d), 126.88 (d br), 127.02 (d), 128.00 (s), 131.11 (s br), 132.27 (d br), 135.80, 136.03
(2 d), 137.23 (s), 139.36 (s), 139.93 (s), 143.87, 144.49, 145.30, 145.72 (4 d), 147.92, 148.01,
148.19, 148.30 (4 s); C3gH3,F24N4P4S (1156.6): caled C 39.46, H 2.79, N 4.84, S 2.77; found
C 38.94, H3.01,N4.80, S 2.46.

(2,3)Benzo|b|thiophenophane (16): From 144 mg (0.25 mmol) of 13-2Br and 112 mg (0.35
mmol) of 10 was obtained 71 mg (31%, based on conversion) of 16-4PF as yellow crystals.
38 mg (22%) of 13 was recovered as bis(hexafluorophosphate). Characterization of 16-4PF:

M.p. 233-234 °C (de(‘nmn ); Ry=10.39 (mhca gel); UV- Vis (H,0): &, () = 259 (79400), 202

””””””” X N7/

nm (132000); 'H NMR (300 MHz, [DJDMSO): & = 5.96, 5.98 (2 s, 2 H cach, CH,), 6.27 (s,

| H, Ar-H), 6.3-6.8 (2 d br, 2 H, CH,, AB), 6.54 (s, 2 H, CH,), 7.67 (m, 5 H, Ar-H), 8.23, 8.34
Pd IT=6QH7 27H aach hinv-3.H)Y 20 83IRMD d =90 H7z 1 Heach  Ar-HY 8851 fm
\l—- Ny e/ LhLiy & 11 WOV, Ull_l.y STREJy Uik sy Usd ) (& My v 4o/ LAdiyg 3 L1 Wwliwily £33 R1jJy Va2 |11y
AT hinu.2. IV Q71 NG Q10 OIMNMAd JT=AA7 Hz 27 H aach hinv2-H) 13C NM (75 8§
AL, ULIPYTJITIL), O/ 1y Z.UUy J.1 7y J.&aVU T U, v Vol 114y & 11 vaull, ULIPYy=&TLE ], N LNIVRIN 7 J e
MHz, [D,]DMSO): & = 53.34, 55.52 (2 t), 63.11 (t br), 122.66 (d), 123.63 (d), 123.75 (d),
179NN A 10490 A 174 A1 1% 70 174 70 1K QA A AN 1727 97 o) 1270070 17Q DA
1 £40.UU \U}, | AN AV \U), 14071, 14\V.7/VU, 140V./7, 14U.0U0 \"t U), 1&/.a/l \D)y, 1&£7.£U, 147,40,
1790 0N 72 1 12£ 00 12£ 17 /Y 5y 127 12 /o) 120 70 (o) 1ANNO oY 144 &7 145 1Q 7 A\
127.7U (2 4), 130.07, 1230.1/7 (& D), 1I/7.10 D), LI7.47 D)}, 1FU.UT >}, 197.00, 190.10 (£ Uy,
1AL YL 71 1.0 1A77 £ 1TATOA Y N 1TAO0NT (. LA, /M IT T AN D C /11&£L £, ~xl 1 M 20 AL
140.50 (A4 OI'), 14/.00, 14/7.99 (£ 5}, 1940.L7 \d> UI), LaglliyplogNgIr40 (1100.0), Caltd L 57.940,
H 2.79,N 4.84, S 2.77; found C 39.87, H 3.00, N 4.83, S 2.56

s TR TR W 1 LN

(2,3)Benzo|bjthiophenophane (17): From 236 mg (0.39 mmol) of 14-2Br and 160 mg (0.50
mmol) of 10 was obtained 88 mg (29%, based on conversion) of 17-4PF¢ as yeliow crystals.
91 mg (33%) of 14 was recovered as bis(hexafluorophosphate). Characterization of 17-4PFg:
M.p. 222-224 °C (decomp.); Re= 0.42 (silica gel); UV-Vis (H,0): Ay, (€) = 258 (57500), 202
nm (102000); 'H NMR (500 MHz, [D¢]DMSO): 6 = 6.08, 6.09 (2 s, 2 H each, CH,), 6.40, 6.63
(2 d vbr, 1 H each, CH,, AB), 6.50 (s, 2 H, CH,), 7.70 (m, 4 H, Ar-H), 8.13 (dd, J = 7.9, 7.7
Hz, 1 H, Ar-H), 8.27, 8.34 (2d, J= 6.1, 6.8 Hz, 2 H each, bipy-3-H), 8.30, 8.38 (2 m, 1 H each,
Ar-H), 8.52 (m, 4 H, bipy-3-H), 8.70 (s br, 2 H, bipy-2-H), 9.01 (d br, J = 5.4 Hz, 2 H,
bipy-2-H), 9.15 (m, 4 H, bipy-2-H); 13C NMR (125.7 MHz, [Dg]DMSO): 6 = 53.48, 55.69
(2 1), 63.07 (t br), 122.65 (d), 122.75, 122.79 (2 d), 123.59 (d), 126.13 (d br), 126.18 (d),
126.45, 126.80 (2 d), 126.95 (d), 128.02 (s), 136.96 (s), 138.99 (d), 139.44 (s), 140.09 (s),

144.53, 145.38 (2 d), 147.08 (d br), 147.30, 147.54, 148.24, 148.37 (4 s), 152.00, 152.07 (2 s);
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3TLIJIE D41N51 4 s 11 s 1N 5 s tUULIG ’ Py
NSO €711

INJ.TU, D £.01

M e robnl cbmezzmdrznesn sBndnzizae Szeo bl Foze £y TT10OV:e T Almcislace crmala A otnla cormemn rbetetoad Lo
vrystal > LUIc ucuwcla lllllldllUl UL (V) [17]. LUOIODULICOSD dHIEIC Clystaid Wl ovainecyu vy
P I 1. . .S Y o 1.5 S u_ e bl cmliiel o L L ADE TN OO el Aoa
S1I0W vV4por Ul1iusion UllbUplUp_\/ CUICT 111 dCCLOMIIUTHIC S01ulion ol 0"11’1’5 vnracuon dadid

Fa'ad 4 s l | N

were COiieCtEd ona Nomus bAU‘-I' (.llIITdL[OIIlCIe I (MOKq I'd(lld[l()ll grapmle monocnromator) n
the w-scan mode. The structure was solved by direct methods (SHELXS97 [20]) and refined
by full-matrix ieast squares (SHELXL97 [20]) based on /2 with aii reflections. Non-hydrogen
atoms were refined anisotropically, and hydrogen atoms were geometrically placed and refined
in a riding model. The PF, counterions are disordered and were refined in 50:50 split positions.
The bridging bis(methylene)heterocycles are statistically distributed in the molecule and were
refined with an occupation factor of 0.5 each. Crystallographic data and details of the
refinement procedure: Empirical formula: C33H,0F,4NsOP,; M = 1091.5 g mol-1; crystal size:
0.36 x 0.29 x 0.11 mm; crystal system: monoclinic, space group: P2,/a (No. 14),
a = 11.354(1), b = 16.885(2), ¢ = 11.462(1) A; B = 102.08(1)°; ¥ = 2148.8(3) A%, D, = 1.687
gem3; Z=2; Fogg = 1092; T=293(2) K; w(Moky) = 0.317 mm-!; unique refl. measured: 2137,
refl. observed (I > 20ll]): 1987, refined parameters: 459; restraints: 132; R/ = 0.0535; wR, =
0.1512 (observed data); GooF = 0.890; (Ap)yax = 0.19(8) € A, (Ap)pyin = -0.25(5) e A-3.
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