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[6](1,4)Naphthalenophane (1a), [6](1,4)anthracenophane (2a), and their peri-substituted derivatives 1b, 1c, and 2b
were synthesized from 8-bromo[6]paracyclophane (4) by a benzoannelation method. The 'HNMR spectral properties
of 1b, 1c, and 2b as well as the X-ray crystallographic structure analysis of 1b indicate that their bridged aromatic
rings are more distorted than those of the corresponding parent systems, 1a and 2a. Thermally reversible photochemical
isomerization of 1b and 2b took place readily, giving the corresponding Dewar valence isomers, 10b and 11b.

While the chemistry of small [n]paracyclophanes has been
extensively explored during the last decade,” little has been
learned about the [n]cyclophanes of condensed benzenoid
aromatics.” We synthesized the smallest 1,4-bridged cyclo-
phanes having a naphthalene or anthracene core,” [6](1,4)-
naphthalenophane (1a) and [6](1,4)anthracenophane (2a),
and studied their structure and unusual reactivity.” Recently,
the lower homologue in the naphthalene series, a [5](1,4)-
naphthalenophane derivative, was characterized below room
temperature by Bickelhaupt.” We also succeeded in the syn-
thesis of the 1,4,5,8-tetraphenyl and tetramethyl derivatives
3b and 3c of the smallest [6](9,10)anthracenophane and the
spectroscopic characterization of the unstable parent hydro-
carbon 3a (Chart 1).9 We found that the introduction of peri
substituents remarkably enhanced the kinetic stability of this
system, which is otherwise extremely unstable. On the other
hand, the peri-substituted 3b and 3a are thermodynamically

R R
e (I ot (IO
R R
faR=H 2aR=H
1bR=Ph 2bR=Ph
ic R = Me

3aR=H
3bR=Ph
3cR=Me

Chart 1.

less stable than the parent 3¢, because the out-of-plane defor-
mation of the aromatic rings of 3b and 3¢ is more severe than
that of 3a, due to the steric repulsion. In this context, we re-
pori here on the syntheses of [6](1,4)naphthaleno- and anthra-
cenophanes 1b, 1c¢, and 2b, having phenyl or methyl groups
at the peri positions from 8-bromo[6]paracyclophane (4),”
by using the benzoannelation method.® This synthetic pro-
cedure was applied for the preparation of the parent systems,
1a and 2a, furnishing an alternative way for their synthesis.”
We also report on the spectral properties of 1b, 1¢, and 2b
and an X-ray crystallographic analysis of 1b, which reveal
that their bridged aromatic rings are more distorted than the
corresponding parent systems, 1a and 2a, and the thermally
reversible photochemical isomerization of 1b and 2b to the
corresponding Dewar isomers, 10b and 11b.

The treatment of bromocyclophane 4 with a mixed strong
base!'® comprising sodium amide and sodium #-butoxide in
THEF in the presence of furan afforded two isomeric [4 +2]
adducts, syn-5a and anti-6a, in a ratio of 6:1 (41% yield)
(Scheme 1). A similar reaction with 2,5-dimethylfuran gave
syn-5c and anti-6¢ (3 : 4, 28% yield). The reaction of 4 with 2,
5-diphenylfuran'V was undertaken in refluxing toluene using
potassium #-butoxide as the base, to yield syn-Sb (19%). The
corresponding anti isomer 6b was not detected. Similarly, the
treatment of 4 with NaNH,/NaO’Bu in the presence of in situ
prepared isobenzofuran'? yielded the [4+2] adducts syn-7a
and anti-8a in a ratio of 1:2 (66% yield). The major isomer
8a was also obtained by desilylation of 8¢ (88%), which
was prepared by the reaction of 4 with in situ generated 1,3-
bis(trimethylsilyl)isobenzofuran'® using lithium tetrameth-
ylpiperidide as the base in 50% yield. The reaction of 4
with 1,3-diphenylisobenzofuran was undertaken using the
mixed-base NaNH,/NaO'Bu to afford anti-8b in 30% yield.
A small amount of syn isomer 7b was also obtained in an
another run. The orientation of the oxygen atoms of the
epoxynaphthalenophanes and epoxyanthracenophanes was
deduced on the basis of the "HNMR chemical shifts of the
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bridge methylene protons (Hy) (Chart 2). Namely, Hy of
the anti isomers should suffer from a shielding effect of the
double bond of the oxanorbornadiene unit (for 6a and 6¢)
or the benzene ring of the benzoxanorbornadiene unit (for
8a—c). Accordingly, the isomers which exhibit the methyl-
ene signal for Hy (6a 6 =—1.05, 6¢ 6 =—0.92,8a 6 =—2.76,
8b 6 =-2.80, 8¢ 6 =—2.81) at a higher field than that of
the reference compound, [6]paracyclophane (9 6 =—0.62),'
are assigned to those having an anti oxygen bridge (Chart 3).
The assignment of syn-5b having phenyl groups at the peri
positions is more equivocal; it was deduced on the basis of
the absence of signals for the benzylic protons, H, and Hg,
at a low-field region (2.7 — 3.0 ppm), because these protons
should suffer from a shielding effect of the peri-attached
phenyl groups if the structure has a syn orientation of the
oxygen atom.

The reductive deoxygenation of syn-5a with a low-va-
lent titanium reagent prepared from titanium(IV) chloride,
lithium aluminum hydride, and triethylamine (7:2.5:1)'>
in THF gave naphthalenophane 1a in 52% isolated yield.

(CHa)s

The deoxygenation of 8a under similar conditions gave an-
thracenophane 2a in 51% yield. This provides an alternative
way for the synthesis of 1a and 2a. The present method is
as convenient as the previous method* with respect to the
total steps and yields from commercially available starting
materials. However, this route has an advantage in view of
the fact that: (i) both 1a and 2a are prepared from the com-
mon advanced intermediate 4, and (ii) the peri-substituted
derivatives, such as 1b, 1¢, and 2b, are prepared as described
below. Thus, the deoxygenation of a mixture of 5b and 6b or
5¢ with the titanium reducing agent yielded the 5,8-disubsti-
tuted naphthalenophanes 1b (87%) or 1¢ (60%). Moreover,
the reduction of 8b under similar conditions furnished 9,10-
diphenylanthracenophane 2b in 59% yield.

As in the case of the parent hydrocarbons, 1a and 2a,* the
peri-substituted derivatives 1b, 1c¢, and 2b exhibit a temper-
ature-dependent ' H NMR behavior due to the flipping of the
methylene bridge. The barriers of the flipping were deter-
mined by either a line-shape analysis or from the coalescence
temperature (Table 1). As shown in Table 1, the barriers for
1b, 1¢, and 2b are smaller than those of the corresponding
parent compound by about 1.5 kcalmol~!. The decrease in
the energy barrier implies that the out-of-plane distortion of
the bridged aromatic rings of the peri-substituted compounds

Table 1. Barriers for the Flipping of the Methylene Bridges
of Naphthalenophanes la—c and Anthracenophanes
2a—b

Compd AG#/kcal mol ! (temp/K)
1a 13.6 (273)*®
1b 12.2 (283)?
1c 12.1 (298)
2a 13.4 (268)*"
2b 12.0 (298)”

a) Determined from the coalescence temperature and Av. b)
Ref. 4a. ¢) Determined by the line shape analysis of the signals of
the methyl protons. d) Determined by the line shape analysis of the
signals of the aromatic protons HS and H8 which were decoupled
by irradiation of the signals of H6 and H7.
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Table 2. '"HNMR Chemical Shifts of Naphthalenophanes
1a—c and Anthracenophanes 2a—b?
Compd

Proton 1a® 1p° 1c? 2a" 2b>°
H. 2.86 1.68 2.54 3.00 1.69
H, 2.27 1.82 2.19 2.36 1.69
H. 3.01 2.48 297 3.08 2.25
Hq 3.49 2.09 3.50 3.58 1.69
He 174 1.33 1.56 1.77 1.36
H: 1.58 1.14 1.56 1.60 1.17
H, 0.71 0.53 066 080 0.61
Hy 034 —0.04 0.10 0.38 0.17
H; 0.79 0.53 0.66 0.71 0.61
H; 1.11 1.01 1.16 1.14 1.17
Hx —1.84 —-1.92 -1.87 —-1.81 —1.60
H —-047 -0.51 —0.36 -0.31 -0.29

a) Chemical shifts are in  ppm. b) Measured at —50 °C in CDCl3
(Ref. 3a). c) Measured in CD,Cl, at —80 °C. d) Measured in
CD,Cl; at —85 °C. e) The signals are still broader than those of the
other compounds measured at the same temperature presumably
because of the hindered rotation of the peri-substituted phenyl

groups.

is greater than that of the parent systems. A similar, but more
distinct, difference was observed for the 9,10-bridged anthra-
cenophanes 3a—c¢.5>%

At low temperatures (—50 to —85 °C) the conformation
of the methylenes is frozen on the NMR time scale. The sig-
nals of the methylene protons were assigned on the basis of
the H-H COSY experiment, as listed in Table 2 and Chart 3.
There is not much difference between the chemical shifts of
the methylene protons of 1a and those of 1¢, except for H,,
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Table 3.  Observed and AM1-Calculated Out-of-Plane De-
formation Angles of Naphthalenophanes 1a—b and An-
thracenophanes 2a—b

Compd o (deg)“) J/] (deg)® a+p (deg)
1a Calcd 24.5 16.7 412
b Calcd 25.8 16.0 41.8
Exptl® 20.8 20.3 41.1
2a Calcd 254 16.0 414
Exptl? 21.0 19.5 40.5
2b Calcd 272 14.8 42.0

a) Average out-of-plane bending angle of the para carbons. b)
Average out-of-plane bending angle of the benzylic carbons. c)
This work. d) Ref. 4a.

which exhibited an upfield shift of 0.32 ppm. On the other
hand, the benzylic protons (H,—H4) and homobenzylic pro-
tons (H.—Hy,) of 1b and 2b exhibit a remarkable upfield shift
relative to those of 1a and 2a, due to an anisotropic shielding
effect of the peri-substituted phenyl groups. In particular,
the proximate benzylic proton (H,) shows an upfield shift of
1.18 (for 1b) and 1.31 (for 2b) ppm and Hy exhibits a 1.40
(for 1b) and 1.89 (for 2b) ppm upfield shift.

In order to assess the effect of the phenyl groups on
the structure of the [6](1,4)naphthalenophane system, an X-

(CHo)s

(a)

Fig. 1. Molecular structure of naphthalenophane 1b. (a) Top view, (b) Side view.

(b)
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ray crystallographic structure analysis of 1b was undertaken
(Fig. 1). Table 3 lists the out-of-plane deformation angles
(o and B; Chart 4) of the bridged aromatic ring A of 1b
together with those of 2a, determined by an X-ray analy-
sis and those estimated from the calculated geometries for
1a—b and 2a—Db using the semiempirical AM1 method.!®
The calculated deformation angles are qualitatively in good
agreement with the observed values, though this semiempir-
ical method tends to overestimate the angle «. The bending
angles, particularly those of the para carbons (&), of the
peri-substituted derivatives, 1b and 2b, are slightly larger
than those of the corresponding parent systems, 1a and 2a.
However, the difference is smaller than those observed for
the 9,10-bridged anthracenophanes 3a~—c¢,* in accord with
observations in the dynamic NMR. Short nonbonded dis-
tances are observed between the benzylic hydrogens and the
phenyl carbons of 1b (H2---C23=2.48 A, H11---C17=2.47
A), indicating that the small increase in the distortion of the
ring A is due to a steric repulsion. The twist angles between
ring B and the peri-attached phenyl rings (C and D) are 45.3°
and 42.1°, respectively.

It has been well documented that [6]paracyclophane (9)
and its derivatives undergo a thermally reversible pho-
tochemical valence isomerization to their corresponding
Dewar isomers.'*!” Previously, we reported that the photo-
isomerization of naphthalenophane 1a to its Dewar isomer
10a and its thermal cycloreversion took place readily.*® It
is therefore not surprising that a similar photoisomerization
occurred upon the irradiation (4 > 350 nm) of the diphenyl
derivative 1b, giving the Dewar isomer 10b (quantitative by
THNMR spectrum) (Chart 5). On the other hand, we also
reported that the irradiation of anthracenophane 2a did not
lead to the Dewar isomer 11a, but, instead, to the cyclobu-
tane dimers resulting from a [2+2] cycloaddition at the 1,2-
bond of the anthracene core, presumably through its triplet
excited state.* Since it has been known that the introduction
of phenyl groups at the 9,10-positions of the anthracene core

Naphthalenophanes and Anthracenophanes
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Chart 5.

suppress the intersystem crossing efficiency from its singlet
excited state,'® it is reasonable to assume that 9,10-diphen-
ylanthracenophane 2b would undergo valence isomerization
from the singlet excited state rather than cycloaddtion from
the triplet state. Indeed, the irradiation (4 > 350 nm) of
2b resulted in the quantitative (by NMR) formation of the
Dewar isomer 11b. The structures of 10b and 11b were read-
ily assigned on the basis of the NMR spectra, particularly by
the presence of signals due to the quaternary carbons in the
I3C NMR spectra (10b 8 =65.1, 11b § =65.2).

The thermal cycloreversion of 10b and 11b took place
quantitatively to afford the corresponding cyclophanes, 1b
and 2b. The rates of cycloreversion of 10b (in toluene) and
11b (in cyclohexane) were measured; the kinetic parame-
ters are listed in Table 4 and Chart 5, together with those
of related Dewar naphthalenophanes, 10a and 10c, Dewar
anthracenophane 11¢, and Dewar isomers of [6]paracyclo-
phane, 12a and 12b. As can be seen from a comparison
of the kinetic data for the isomerizaton of 10a and those of

Table 4. Kinetic Data for the Thermal Valence Isomerization of Dewar Paracyclophanes 12a—b, Dewar Naphthalenophanes

10a—c, and Dewar Anthracenophanes 11b—c?

Compd  Temp/°C kis™! kel Eu/kcal mol ™! AH*/kcal mol ™" AS*/cal deg™" mol ™!
12a" 25.09 1.07x107¢ 1.0 21.7 21.1 —15.3
12b9 25.09 3.34x107° 3.1 24.9 243 —2.0
10a° 25.09 433x107° 41 19.5 18.9 —153
10b5® 25.09 7.48%x1077 0.69 25.24+0.2 24.740.2 —4.0+0.5
39.9 (5.6940.08)x 10~°
49.8 (2.00£0.01)x 1073
623 (8.63+£0.01)x 1073
10¢® 25.0 6.18x107° 58 23.8 23.2 0.0
11bP 25.09 227%x1073 21 234403 22.840.3 —3441.0
28.4 (3.54+0.10)x 10~
37.6 (1.14+0.01)x10~*
46.9 (3.4140.00)x10*
11c° 25.0 4.23x107* 400 21.8 21.2 2.8

a) Measured in cyclohexane unless otherwise stated. b) Ref. 19. ¢) Extrapolated from higher temperatures. d) Ref. 14c. e) Ref. 4b. f) This

work. g) Measured in toluene.
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10b, the introduction of peri-attached phenyl groups brings
about a considerable deceleration of the isomerization rate.
A substantial increase in the activation enthalpy for isomer-
ization of 10b relative to that of 10a (6 kcalmol™!) is as-
cribed to a steric repulsion in the transition state between
the methylene bridge and the phenyl groups. A similar,
but less distinct, effect of the substituent was observed in a
series of Dewar isomers bearing a methoxycarbonyl group
(12a vs. 12b and 10a vs. 10c).* As reported for esters 12b,
10c, and 11¢ previously,*™ the activation energy decreases by
1—2 kcal mol~! with increasing size of the aromatic rings
that are formed after cycloreversion, i.e., benzene, naph-
thalene, and anthracene. This trend was also observed not
only for the unsubstituted systems, 12a and 10a, but also
for the diphenyl derivatives, 10b and 11b. By extrapolating
this tendency, one can estimate the activation free energy of
isomerization of the unknown Dewar anthracenophane 11a
to be 12—13 kcalmol~! (AH* =17 kcalmol ™!, AS*=—15
caldeg™!mol™!) at room temperature. This implies that
11a would not be isolated (or hardly detected), even if it
were formed, because of the fast cycloreversion to 2b.

In summary, a new synthetic route to 1a, 2a, and their
peri-substituted derivatives 1b, 1c, and 2b was developed
based on the benzoannelation method. The 'HNMR spec-
tral properties, X-ray crystallographic structure analysis, and
semiempirical AM1 calculations indicate that the bridged
aromatic rings of the peri-substituted derivatives are more
distorted than those of the corresponding parent systems, 1a
and 2a. Thermally reversible photochemical isomerization
of 1b and 2b took plane readily, giving the corresponding
Dewar isomers, 10b and 11b.

Experimental

'H and *CNMR (270 and 67.5 MHz, respectively), IR, UV-
vis, and mass spectra were taken with JEOL JNM-MH-270, Hitachi
260-10, Hitachi 220A, and JEOL JMS-DX-303-HF spectrometers,
respectively. X-Ray diffraction data were collected on a Rigaku
AFC-7R diffractometer with graphite—monochromated Mo K« ra-
diation (A =0.71069 A). GLC was conducted with a Shimadzu GC-
14B gas chromatograph equipped with a CBP1 column. Analytical
HPLC was carried out with a Shimadzu LC-10AS chromatograph
equipped with a Inertsil ODS column, and preparative HPLC sepa-
rations were performed with a JAIL.C-908 chromatograph equipped
with JAIGEL 1H and 2H.

5,8-Dihydro-5,8-epoxy[6]1(1,4)naphthalenophanes (5a) and
(6a). To a suspension of 472 mg (12.1 mmol) of sodium amide
in 1.0 mL of THF was added dropwise 286 mg (3.86 mmol) of
t-butyl alcohol in 0.7 mL of THF under a nitrogen atmosphere; the
mixture was then heated at 40 °C for 2 h. After the mixture was
cooled in an ice bath, a solution of bromocyclophane 47 (128 mg,
0.536 mmol) in 0.96 mL (13 mmol) of furan and 0.5 mL of THF
was added dropwise. The mixture was allowed to warm to room
temperature and was then stirred for 1 h before being poured into
ice-water. The mixture was extracted with ether : dichloromethane
(2:1). The extract was washed with 10% HCl, dried (MgSOs), and
evaporated. The products were separated by flash chromatography
on silica gel to afford 42 mg (35%) of 5a and 7 mg (6%) of 6a.

syn-5a:  Colorless oil; 'HNMR (CD;Cl,, —50 °C) 6 =7.05
(1H, dd, /=5.6, 1.4 Hz), 7.01 (1H, dd, J=5.6, 1.4 Hz), 6.80 (1H,
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d, J=8.4 Hz), 6.75 (1H, d, J=8.4 Hz), 5.79 (1H, br s), 5.72 (1H,
br s), 3.03 (1H, dd, J=12.8, 5.8 Hz), 2.71 (1H, dd, J=12.6, 5.9
Hz),2.35(1H, dd, J=12.4, 5.5 Hz), 2.04 (1H, dd, J=12.4, 5.5 Hz),
1.5—1.8 (2H, m), 1.0—1.3 (2H, m), 0.81 (1H, tt, J=13.0, 6.5 Hz),
0.67 (1H, tt, J=12.9, 6.3 Hz), —04 to —0.1 2H, m); "CNMR
(CDyCly, —40 °C) 6 =153.4 (s), 149.3 (s), 142.7 (d), 142.3 (d),
137.1 (s), 136.7 (s), 132.6 (d), 127.7 (d), 80.8 (d), 80.6 (d), 35.1 (v),
33.5 (t), 33.4 (1), 33.3 (1), 26.5 (), 24.8 (t); IR (neat) 1290, 1050,
1010, 870, 830, 760, 720 cm™'; MS m/z (rel intensity) 226 (M*;
86), 141 (100). HRMS Calcd for CisHisO: M, 226.1358. Found:
mfz 226.1367.

anti-6a:  Colorless oil; 'HNMR (CD,Cl,, —50 °C) 6 =7.03
(14, dd, J=5.4, 1.7 Hz), 6.90 (1H, d, J=8.6 Hz), 6.87 (1H, dd,
J=5.4,1.7Hz), 6.81 (1H, d, J=8.2 Hz), 5.81 (1H, br s), 5.64 (1H,
brs), 2.79 (1H, dd, J=11.6, 6.0 Hz), 2.75 (1H, dd, J=12.1, 6.4
Hz), 2.16 (1H, ddd, J=12.0, 12.0, 6.4 Hz), 1.86 (1H, ddd, /=124,
12.4, 54 Hz), 0.6—1.6 (5H, m), 0.1—0.3 (1H, m), —0.03 (1H,
dt, J=14.6, 8.2 Hz), —1.05 (1H, m); *CNMR (CD,Cl,, —40 °C)
J=151.5 (s), 146.2 (s), 142.3 (d), 140.4 (d), 138.9 (s), 137.6 (s),
132.3 (d), 127.8 (d), 81.9 (d), 81.5 (d), 34.8 (1), 33.6 (t), 33.3 (),
33.1 (1), 26.4 (1), 22.2 (t); IR (neat) 1280, 1020, 870, 850, 830, 740,
720 cm™!; MS m/z (rel intensity) 226 (M*; 100). HRMS Caled for
Ci6HxO: M, 226.1358. Found: m/z 226.1373.

5, 8- Dihydro- 5, 8- diphenyl- 5, 8- epoxy[6](1, 4)naphthaleno-
phane (5b). To a suspension of 1.00 g (8.88 mmol) of potassium
t-butoxide in 2 mL of toluene was added a solution of 1.95 g (8.88
mmol) of 2,5-diphenylfuran'? in 5 mL of toluene followed by 354
mg (1.48 mmol) of bromocyclophane 4 in 3.5 mL of the same sol-
vent. The mixture was heated at 120 °C for 45 h. The mixture was
worked up as described above, except that the excess diphenylfu-
ran was removed by sublimation prior to chromatography on silica
gel to give 108 mg (19%) of 5b. The corresponding anti isomer
was not detected. Colorless solid, mp 214—219 °C (sealed tube);
'HNMR(CDCl,, —80 °C) 6 =7.6—7.9 (4H, m), 7.2—7.6 (8H,
m), 6.70 (1H, d, J=8.4 Hz), 6.64 (1H, d, J=8.4 Hz), 2.07 (1H, m),
1.83 (1H, m), 1.55 (1H, m), 1.11 (5H, m), 0.35 (2H, m), —0.41 (2H,
m); BCNMR (CD,Cl,, —80 °C) =154.5 (s), 149.6 (s), 147.4 (d),
146.0 (d), 137.1 (s), 137.0 (s), 136.3 (s), 136.0 (s), 133.0 (d), 128.6
(d), 128.5 (d), 128.1 (d), 127.9 (d), 127.8 (d), 127.3 (2C, d), 126.2
(d), 125.7 (d), 124.7 (d), 124.4 (d), 93.0 (5), 92.4 (s), 34.4 (1), 34.3

(1), 32.8 (), 30.1 (1), 27.2 (t), 24.1 (t); UV Amax(CHCI3) 316 (log &

2.87), 247 (4.22) nm; IR (KBr) 1310, 1020, 1010, 770, 760, 725,
695 cm™!; MS m/z (rel intensity) 378 (M*; 79), 105 (100). HRMS
Calcd for CogHy60: M, 378.1984. Found: m/z 378.1983.

5, 8- Dihydro- 5, 8- dimethyl- 5, 8- epoxy[6](1, 4)naphthale-
nophanes (5¢) and (6¢). The reaction of bromocyclophane 4
(160 mg, 0.669 mmol) and 0.712 mL (6.69 mmol) of 2,5-dimethyl-
furan was carried out as described for the reaction with furan using
390 mg (10.0 mmol) of sodium amide and 248 mg (3.35 mmol) of
t-butyl alcohol in 3.1 mL of THF. The flash chromatography on
silica gel afforded 48 mg (28%) of a mixture of 5S¢ and 6c (3: 4 by
GL.C), which were separated by preparative HPLC.

syn-5¢: Colorless solid, mp 92—94 °C; 'HNMR (CDCls,
~50 °C) 6 =6.86 (2H, s), 6.81 (1H, d, J=8.4 Hz), 6.75 (1H, d,
J=8.4Hz),3.18 (1H, dd, J=12.2, 5.1 Hz), 2.26 (2H, m), 2.07 (3H,
s), 2.02 (1H, m), 1.96 (3H, s), 1.71 (2H, m), 1.24 (2H, m), 0.84
(1H, m), 0.71 (1H, m), —0.15 (1H, m), —0.39 (1H, m); *CNMR
(CDCl3, —40 °C) 6 =154.3 (s), 150.0 (s), 148.0 (d), 147.4 (d),
135.7 (s), 135.2 (s), 133.1 (d), 128.4 (d), 90.3 (s), 89.4 (s), 35.0
(t), 34.8 (1), 33.9 (t), 31.4 (1), 27.7 (1), 24.7 (1), 18.5 (@), 17.2 (q);
UV Amax (CHCI3) 314 (log £ 2.46), 245 (4.11) nm; IR (KBr) 1300,
1155, 890, 865, 770, 740 cm™}; MS m/z (rel intensity) 254 (M*;
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99), 211 (100), 155 (75). HRMS Calcd for C13H2,0: M, 254.1671.
Found: m/z 254.1658.

anti-6¢: Colorless solid, mp 79—83 °C; 'HNMR (CDCl3,
—50°C) 6=6.92 (1H,d, J=8.1 Hz), 6.86 (1H, d, J=5.2 Hz), 6.83
(1H,d,J=8.1 Hz), 6.73 (1H, d, J=5.2 Hz), 2.93 (1H, dd, J=12.9,
5.9 Hz), 2.85 (1H, dd, /=12.8, 5.8 Hz), 2.14 (1H, ddd, J=11.8,
11.8, 5.9 Hz), 2.00 (3H, s), 1.96 (1H, m), 1.88 (3H, s), 1.54 (2H,
m), 1.17 (1H, m), 0.82 (1H, m), 0.69 (1H, m), 0.27 (1H, m), 0.04
(1H, m), —0.92 (1H, m); "CNMR (CDCl;, —40 °C) 8 =155.6
(s), 150.6 (s), 146.1 (d), 144.6 (d), 138.1 (s), 136.9 (s), 132.7 (d),
128.1 (d), 89.4 (s), 88.8 (s), 33.4 (1), 33.1 (), 33.0 (v), 32.9 (1), 26.7
(1), 22.3 (1), 18.0 (@), 17.4 (q); UV Amax (CHCI3) 314 (log € 2.32),
246 (3.80) nm; IR (KBr) 1280, 1130, 860, 770, 730 cm™'; MS m/z
(rel intensity) 254 (M*; 82), 211 (100), 155 (96). HRMS Calcd for
Ci3H»0: M, 254.1671. Found: m/z 254.1691.

9,10-Dihydro-9,10-epoxy[6](1,4)anthracenophanes (7a) and
(8a). To a suspension of the mixed base prepared from 835 mg
(21.4 mmol) of sodium amide and 507 mg (6.84 mmol) of #-butyl
alcohol in 3 mL of THF was added a solution of isobenzofuran'?
(ca. 4.8 mmol in ether-hexane), followed by a solution of 227 mg
of bromocyclophane 4 in 0.9 mL of THF. The mixture was stirred
at room temperature for 17 h and worked up as described for the
preparation of Sa and 5b to give 55 mg (21%) of 7a and 117 mg
(45%) of 8a.

syn-Ta:  Colorless solid, mp 142—145 °C; '"HNMR (CDCls,
—50°C) 6 =7.43 (2H, m), 7.10 (2H, m), 6.94 (1H, d, J=8.6 Hz),
6.88 (1H, d, J=8.2 Hz), 6.23 (1H, s), 6.15 (1H, s), 3.21 (1H, dd,
J=12.8, 5.2 Hz), 2.83 (1H, dd, J=12.7, 5.7 Hz), 2.51 (1H, ddd,
J=12.4,124,5.5Hz),2.14 (1H, ddd, J=12.5, 12.5, 5.6 Hz), 1.77
(2H, m), 1.32 (2H, m), 0.93 (1H, m), 0.73 (1H, m), —0.15 (2H,
m); "CNMR (CDCl;, —50 °C) & =152.8 (s), 148.4 (5), 147.6 (s),
147.4 (s), 136.2 (s), 135.9 (s), 133.5 (d), 128.8 (d), 125.9 (2C, d),
120.5 (d), 120.4 (d), 80.7 (d), 80.6 (d), 35.2 (1), 33.9 (1), 33.62 (1),
33.60 (1), 26.5 (t), 25.1 (t); UV Amax (CHCl3) 310 (log £ 2.53), 276
(3.77), 244 (4.30) nm; IR (KBr) 975, 830, 780, 760, 670 cm™';
MS mi/z (rel intensity) 276 (M*; 91), 69 (100). HRMS Calcd for
Cy0H200: M, 276.1514. Found: m/z 276.1537.

anti-8a:  Colorless solid, mp 109—112 °C; 'HNMR (CDCls,
—50 °C) 6 =7.3—17.5 (2H, m), 7.0—7.1 (2H, m), 6.99 (1H, d,
J=8.6 Hz), 6.89 (1H, d, J=8.2 Hz), 6.31 (1H, s), 6.17 (1H, s),
2.88 (1H, dd, J=12.8, 6.6 Hz), 2.83 (1H, dd, /=12.5, 6.1 Hz),
2.25(1H,ddd, J=12.1,12.1,7.0 Hz), 2.07 (1H, ddd, /=124, 12 4,
5.4 Hz), 1.43 (1H, m), 1.27 (1H, ddd, J=14.6, 7.3, 7.3 Hz), 0.78
(1H, m), 0.53 (1H, m), 0.17 (1H, m), —0.14 (2H, m), —2.76 (1H,
m); "CNMR (CDCl3, —50 °C) 8 =150.1 (s), 147.7 (s), 146.4 (s),
145.2 (s), 139.3 (s), 137.1 (s), 132.8 (d), 128.1 (d), 125.5 (2C, d),
121.0 (d), 120.5 (d), 82.0 (d), 81.9 (d), 34.5 (1), 33.0 (1), 32.5 (V),
30.2 (1), 25.4 (t), 21.2 (t); UV Amax (CHCl3) 310 (log € 2.56), 291
(2.94), 245 (4.32) nm; IR (KBr) 1195, 890, 845, 780, 750, 735, 680,
665 cm™!; MS m/z (rel intensity) 276 (M*; 54), 119 (100). HRMS
Calcd for CyoHa00: M, 276.1514. Found: m/fz 276.1523.

9, 10- Dihydro- 9, 10- diphenyl- 9, 10- epoxy[6](1, 4)anthra-
cenophanes (7b) and (8b). The reaction of bromocyclophane
4 (231 mg, 0.967 mmol) and 392 mg (1.45 mmol) of 1,3-diphen-
ylisobenzofuran was carried out as described for the reaction with
isobenzofuran using 855 mg (21.8 mmol) of sodium amide and 516
mg (6.96 mmol) of #-butyl alcohol in 4.7 mL of THF. The prod-
ucts were separated by flash chromatography on silica gel to afford
124 mg (30%) of anti isomer 8b. In another run, a small amount
(3%) of syn isomer 7b was obtained by careful chromatography
of the recovered isobenzofuran fraction and subsequent preparative
HPLC.

Naphthalenophanes and Anthracenophanes

syn-7b: Colorless solid, mp 277—279 °C (sealed tube);
'"HNMR (CD,Cl,, —80 °C) § =8.11 (1H, d, J=7.2 Hz), 7.97 (1H,
d,J=79Hz),7.92 (1H,d,J=6.2Hz),7.79 (1H, d, J=7.4 Hz), 7.59
(2H, m), 7.45 (6H, m), 7.00 (2H, m), 6.85 (1H, d, /=8.2 Hz), 6.74
(1H, d, J=8.2 Hz), 2.42 (1H, dd, J=12.9, 4.9 Hz), 2.24 (1H, dd,
J=13.0, 5.1 Hz), 1.59 (2H, m), 1.08 (2H, m), 0.85 (2H, m), 0.34
(1H, m), 0.15 (1H, m), —0.55 (2H, m); *CNMR (CD,Cl,, —80
°C) 6 =153.3 (s), 149.7 (s), 149.6 (s), 148.3 (s), 135.9 (s), 135.83
(s), 135.80 (s), 135.75 (s), 134.1 (d), 129.8 (d), 128.8 (d), 128.2 (d),
127.7 (d), 127.5 (d), 127.4 (d), 127.3 (2C, d), 127.0 (d), 125.4 (2C,
d), 124.7 (d), 124.2 (d), 119.6 (d), 119.4 (d), 90.1 (s), 90.0 (s), 35.0
(1), 34.3 (v), 34.2 (v), 31.2 (v), 27.3(t), 24.1 (t); UV Amax (CHCl3)
313 (log & 2.66), 277 (3.95), 269 (4.01), 246 (4.32) nm; IR (KBr)
1310, 1000, 790, 745, 700, 680 cm™!; FAB MS m/z 429 (MH").

anti-8b: Colorless solid, mp 254—256 °C (sealed tube);
'"HNMR (CD,Cl,, —50 °C) 6 =7.9—38.1 (4H, m), 7.0—7.6 (12H,
m), 2.74 (1H, dd, /=12.7, 5.7 Hz), 2.63 (1H, dd, /=12.7, 6.6 Hz),
2.21(1H,ddd, J=11.8,11.8,7.2 Hz), 1.89 (1H, ddd, J=12.4, 12.4,
5.4 Hz), 1.31 (1H, m), 1.13 (1H, m), 0.76 (1H, m), 0.56 (1H, m),
0.18 (1H, m), —0.11 (2H, m) —0.28 (1H, m); "CNMR (CD,CL,
—50 °C) 6 =152.1 (s), 151.8 (s), 150.0 (s), 147.5 (s), 141.4 (s),
138.7 (s), 134.0 (s), 133.4 (s), 133.3 (d), 129.8 (2C, d), 129.7 (2C,
d), 129.4 (d), 129.3 (d), 128.6 (d), 128.5 (2C, d), 128.4 (2C, d),
125.5 (d),-125.4 (d), 122.6 (d), 121.8 (d), 93.3 (s), 92.7 (s), 34.2
(1), 33.4 (1), 32.6 (1), 29.9 (1), 25.8 (t), 21.2 (t); UV Amax (CHCI3)
317 (log € 2.42), 251 (3.84) nm; IR (KBr) 1310, 1300, 990, 975,
770, 750, 700 cm™!; FAB MS m/z 429 (MH"). HRMS Calcd for
C3H20: M, 429.2218. Found: m/z 429.2214.

9,10-Dihydro-9,10-bis(trimethylsilyl)-9,10-epoxy[6](1,4)an-
thracenophane (8c). To an ice-cooled solution of 545 mg (3.81
mmol) of 2-methoxyphthalan and 82 mg (0.61 mmol) of tetrameth-
ylpiperidine in 3 mL of ether was added 7.3 mL (12.4 mmol) of a
hexane solution of butyllithium; the solution was stirred at 0 °C for
3 h. After the solution was cooled to —78 °C, 304 mg (8.50 mmol)
of chlorotrimethylsilane was added dropwise. The solution was
warmed to 0 °C, and 303 mg (1.27 mmol) of bromocyclophane 4
was added followed by a solution of lithium tetramethylpiperidide
(3.8 mmol) in ether—hexane. The mixture was stirred at room
temperature for 20 h and worked up as described above to give
268 mg (50%) of 8c. Colorless solid, mp 85—87 °C; "HNMR
(CDCl3, —50 °C) 6 =7.30 (2H, m), 6.90 (2H, m), 6.87 (1H, d,
J=8.9Hz), 6.76 (1H, d, J=8.2 Hz), 2.92 (1H, dd, J=12.5, 6.1 Hz),
2.74 (1H, dd, J=11.4, 5.1 Hz), 2.17 (1H, ddd, J=12.1, 12.1, 6.6
Hz),2.01 (1H, ddd, J=12.2,12.2,4.9 Hz), 1.36 (1H, m), 1.23 (1H,
m), 0.80 (1H, m), 0.41 (1H, m), 0.36 (9H, s), 0.27 (9H, s), 0.21
(1H, m), ~0.17 (2H, m), —2.81 (1H, m); *CNMR (CDCl;, —50
°C) 6 =155.6 (s), 153.2 (s), 152.2 (s), 150.2 (s), 138.7 (s), 136.1
(s), 131.9 (d), 127.3 (d), 124.4 (d), 124.2 (d), 121.1 (d), 120.3 (d),
85.4 (s), 85.1 (s), 34.8 (1), 33.9 (1), 33.6 (1), 30.5 (1), 25.9 (1), 21.0
(®), —1.7 (q), —2.2 (q); IR (KBr) 1240, 765, 750 cm™'; MS m/z (rel
intensity) 420 (M*; 37), 73 (100). HRMS Calcd for C26Hz60Sis:
M, 420.2305. Found: m/z 420.2297.

To a solution of 68 mg (1.2 mmol) of potassium hydroxide in
1.7 mL of DMSO was added 200 mg (0.476 mmol) of 8c in 1 mL
of THF. The solution was stirred at room temperature for 10 min
before saturated aqueous solution of sodium chloride was added.
The mixture was extracted with dichloromethane and the extract
was dried (K,CO3) and evaporated. The products were separated
by flash chromatography on silica gel to afford 116 mg (88%) of
8a.

Reductive
nophanes 5a and 5b.

Deoxygenation of Dihydroepoxynaphthale-
Titanium(IV) chloride (556 mg, 2.98



Y. Tobe et al.

mmol) was added to 4.5 mL of THF cooled in an ice bath followed
by addition of 43 mg (1.1 mmol) of lithium aluminum hydride in
two portions. To the resulting black suspension 46 mg (0.46 mmol)
of triethylamine was added dropwise and the mixture was heated at
65 °C for 5 min. After the mixture was allowed to cool to room tem-
perature, a solution of 83 mg (0.367 mmol) of a mixture of 5a and
5b in 2.3 mL of THF was added dropwise. After 2 h, the reaction
was quenched by the addition of 30 mL of a 20% potassium carbon-
ate solution. The mixture was filtered and the filtrate was extracted
with ether. The extract was washed with saturated sodium chloride
solution and dried (MgSO4). Removal of the solvent followed by
flash chromatography furnished 40 mg (52%) of 1a.

9,10-Dimethyl[6](1,4)naphthalenophane (1c). Deoxy-
genation of 100 mg (0.394 mmol) of a mixture of 5S¢ and 6¢ was
carried out as described above using 1.06 g (5.56 mmol) of titanium-
(IV) chloride, 83 mg (2.2 mmol) of lithium aluminum hydride, and
2.19 g (21.7 mmol) of triethylamine in 11 mL of THF to give 56 mg
(60%) of 1c. Colorless solid, mp 69—72 °C; 'HNMR (CD,Cl,
—85°C) 6=7.40 (1H, d, J=7.4 Hz), 7.27 (1H, d, J=7.4 Hz),
7.13 (1H, d, J=17.5 Hz), 7.09 (1H, d, J=7.4 Hz), 3.50 (1H, dd,
J=12.1,4.0 Hz),2.97 (1H, dd, 7=12.9, 6.2 Hz), 2.63 (3H, s), 2.57
(3H, s), 2.54 (1H, m), 2.19 (1H, ddd, J=12.8, 12.8, 4.9 Hz), 1.56
(2H, m), 1.16 (1H, m), 0.66 (2H, m), 0.10 (1H, m), —0.36 (1H, m),
—1.87 (1H, m); *CNMR (CD,Cl,, —85 °C) 6 =142.4 (s), 139.7
(s), 139.2 (s), 133.5 (s), 132.8 (d), 130.5 (s), 129.6 (s), 128.7 (d),
127.4 (d), 127.2 (d), 38.0 (1), 36.7 (1), 34.9 (1), 32.0 (1), 27.8(t), 23.8
(1), 23.8.(q), 23.7 (q); UV Amax (cyclohexane) 324 (log € 3.82), 252
(4.60) nm; IR (KBr) 930, 815, 795 cm™'; MS m/z (rel intensity)
238 (M*; 93), 223 (100). HRMS Calcd for CigHz: M, 238.1721.
Found: m/z 238.1708.

9,10-Diphenyl[6](1,4)naphthalenophane (1b). Deoxy-
genation of 77 mg (0.20 mmol) of 5b was carried out as described
above using 547 mg (2.88 mmol) of titanium(IV) chloride, 43 mg
(1.1 mmol) of lithium aluminum hydride, and 1.14 g (11.3 mmol)
of triethylamine in 5.6 mL of THF to give 64 mg (87%) of 1b.
Colorless solid, mp 176—177 °C; '"HNMR (CD,Cl,, —80 °C)
d=7.2—7.8 (14H, m), 2.50 (1H, dd, J=12.4,4.7 Hz), 2.11 (1H, br
d, /=9.6 Hz), 1.84 (1H, m), 1.71 (1H, m), 1.34 (1H, m), 1.20 (1H,
m), 1.06 (1H, m), 0.63 (2H, m), —0.02 (1H, m), —0.51 (1H, m),
—1.89 (1H, m); >*CNMR (CD,Cl,, —80 °C) 6 =143.4 (s), 143.2
(s), 142.9 (s), 139.6 (s), 139.3 (s), 138.1 (s), 137.0 (s), 134.2 (s),
133.8(d), 129.8 (d), 128.8 (d, 2C), 128.7 (d, 2C), 127.79 (d), 127.76
(d), 127.64 (d), 127.62 (d), 127.3 (d), 127.2 (d), 126.6 (d, 2C), 38.0
(1), 36.4 (t, 2C), 31.9 (1), 27.4 (1), 24.0 (t); UV Amax (cyclohexane)
342 (log £ 3.65), 256 (4.06), 220 (4.15), 210 (4.15) nm; IR (KBr)
845, 760, 710 cm™'; MS m/z (rel intensity) 362 (M*; 0.1), 220
(100). Found: C, 92.51; H, 7.23%. Calcd for CogHas: C, 92.77; H,
7.23%.

Reductive Deoxygenation of Dihydroepoxyanthrace-
nophanes 7a and 8a. Deoxygenation of 50 mg (0.18 mmol)
of a mixture of 7a and 8a was carried out as described above using
247 mg (1.30 mmol) of titanium(IV) chloride, 19 mg (0.50 mmol) of
lithium aluminum hydride, and 20 mg (0.20 mmol) of triethylamine
in 3mL of THF to give 64 mg (87%) of 2a.

9,10-Diphenyl[6](1,4)anthracenophane (2b). Deoxygenation
of 100 mg (0.234 mmol) of 8b was carried out as described above
using 623 mg (3.28 mmol) of titanium(IV) chloride, 50 mg (1.3
mmol) of lithium aluminum hydride, and 1.31 g (12.9 mmol) of
triethylamine in 6.6 mL of THF to give 57 mg (59%) of 2b. Yellow
solid, mp 194—196 °C; "HNMR (CD,Cl,, —80 °C) 6 =7.93 (1H,
d, J=6.5Hz), 7.77 (14, br d, J=8.2 Hz), 7.0—7.7 (12H, m), 7.23
(1H,d,J=7.3 Hz),7.10 (1H, d, J=7.3 Hz), 2.25 (1H, dd, J=12.6,
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7.8 Hz), 1.68 (3H, m), 1.36 (1H, m), 1.17 (2H, m), 0.61 (2H, m),
0.17 (1H, m), —0.29 (1H, m), —1.60 (1H, m); "CNMR (CD,Cl,,
—80 °C) 6 =143.5 (s), 141.3 (s), 141.0 (s), 139.4 (s), 139.0 (s),
134.4 (s), 133.4 (s), 133.5 (s), 132.8 (d), 131.2 (d), 131.0 (d), 130.1
(d), 129.8 (d), 129.4 (d), 129.0 (s), 128.85 (d), 128.83 (s), 128.7 (d),
127.6 (d), 127.2 (d), 126.8 (d), 126.6 (d), 126.1 (d), 125.6 (d), 124.8
(d), 124.6 (d), 37.8 (1), 36.7 (1), 34.8 (1), 31.4 (1), 28.0 (1), 23.7 (1);
UV-vis Amax (cyclohexane) 403 (log £ 4.05), 273 (4.93) 219 (4.76)
nm; IR (KBr) 765, 750, 700 cm™'; MS m/z (rel intensity) 412 (M*;
14), 109 (100). HRMS Calcd for CsHzs: M, 412.2191. Found:
miz 412.2198.

Photochemical Valence Isomerization of Naphthalenophane
1b and Anthracenophane 2b. A solution of 5 mg of 1b or 10
mg of 2b in benzene-ds and CD,Cl; (9:1) in an NMR tube was
irradiated through a uranium glass filter (A > 350 nm) with a 300 W
high-pressure mercury lamp at 0 °C until the NMR measurement
indicated the disappearance of the starting material.

10b: 'HNMR (CgDg: CD2Cl=9:1, —80 °C) & =7.60 (4H,
dt,J=6.9,1.2Hz), 740 (2H, s), 7.31 (4H, tt, J=7.4, 1.2 Hz), 7.2 (m,
concealed in the solvent peak), 6.78 (2H, s), 2.34 (2H, ddd, J=15.3,
4.7,3.5 Hz), 1.99 (2H, ddd, J=11.9, 11.9, 3.7 Hz), 1.25 (2H, m),
1.10 (4H, m), 0.92 (2H, m); "CNMR (C¢Ds : CD>CL=9:1,0°C)
S =148.8 (s), 146.1 (d), 139.1 (s), 135.8 (s), 129.0 (d), 128.3 (d),
127.5 (d), 125.9 (d), 65.1 (s), 26.9 (), 25.8 (1), 25.4 (1).

11b: 'HNMR (CsDs: CD2CL =9:1,0°C) 6 =8.17 (2H, m),
7.53 (2H, brd, J=7.0 Hz), 7.2—7.4 (10H, m), 6.69 (2H, 5), 1.9—
2.1 (4H, m), 1.1—1.6 (8H, br m); PCNMR (C¢Ds : CD,CL =9: 1,
0°C) 6 =146.4 (s), 145.9 (d), 138.2 (s), 133.5 (s), 132.7 (s), 130.4
(d), 128.6 (d), 127.5 (d), 126.4 (d), 125.4 (d), 65.2 (s), 26.5 (1), 26.0
(1), 25.5 (t). )

Thermal Cycloreversion of Dewar Naphthalenophane 10b
and Dewar Anthracenophane 11b. A solution of 10b and
9,10-dibromoanthracene (internal standard) in toluene was placed
in a thermocontrolled bath in the dark. Aliquots of the solution
were taken and analyzed by HPLC to determine the rate of cy-
cloreversion. A solution of 11b in cyclohexane was place in a
thermocontrolled cell holder. The progress of the cycloreversion
was followed by measuring the increase of absorption at 403 nm by
a spectrometer. The kinetic results are summarized in Table 4.

Crystal Data for X-Ray Crystallography of 1b. CasHas,
MW =362.51, monoclinic, space group P2,/a, a=11.991(1), b=
12.062(2), c=14.638(1) A, =106.012(7)°, V=2035.0(4) A%, Z=4,
deaica =1.183 gem ™, R=0.051 (R,, =0.035) and GOF =3.52 for
2619 observed reflection (I > 3.000(1)).2”
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