4074 J. Org. Chem. 1992, 57, 4074-4079

206.1329.
2-(3-Chloropropyl)-1-phenyl-2,3-butadien-1-ol (3k): yield
840 mg (93%) from 1d (1.17 g, 6 mmol) and benzaldehyde (0.42
g, 4 mmol) using procedure B; purified by flash chromatography
(hexane-EtOAc (98.2)); 3k:4k = 97.3; IR (neat) 3390 (br), 3062
(s), 3029 (s), 2956 (s), 2916 (s), 1956 (s), 1494 (s), 1452 (s) cm™!;
!H NMR & 7.32 (m, 5 H), 5.13 (br s, 1 H), 5.01 (m, 2 H), 3.48 (m,
2 H), 2.18 (br s, 1 H), 2.05-1.82 (m, 4 H); *C NMR 4 204.6, 142.0,
128.3, 127.8, 126.5, 106.9, 79.7, 74.4, 44.3, 30.6, 24.9; mass (CI, NH,)
240 (MNH,*, 3), 222 (9), 205 (8), 136 (100); HRMS calcd for
ClngscloNH4+ 240.1155, found 240.1136.
1-(1-(3-Chloropropyl)-1,2-propadienyl)cyclohexan-1-ol (31):
yield 630 mg (72%) from 1d (1.17 g, 6 mmol) and cyclohexanone
(0.39 g, 4 mmol) using procedure B; purified by flash chroma-
tography (hexane-EtOAc (98:2)); 3L:41 = 97:3; IR (neat) 3425 (br),
2935 (s), 2856 (8), 1951 (8), 1447 (s) cm™!; 'H NMR 5 4.88 (m, 2
H), 3.59 (m, 2 H), 2.19 (m, 2 H), 1.93 (m, 2 H), 1.73-1.42 (m, 10
H), 1.36 (s, 1 H); 13C NMR 6 204.5, 110.2, 79.0, 71.8, 44.6, 36.9,
31.1, 25.6, 23.3, 22.4; mass (EI, 70 eV) 214 (M*, 5), 99 (100), 81
(44); HRMS caled for C;,H;4ClO 214.1124, found 214.1120.
1-(Hydroxybenzyl)-5,6-heptadienenitrile (3m): yield, 750
mg (82%) from le (1.12 g, 6 mmol) and benzaldehyde (0.42 g, 4
mmol) using procedure B; purified by flash chromatography
(hexane-EtOAc (85:15)); 3m:4m 96.5:3.5; IR (neat) 3454 (br), 3062
(s), 3029 (s), 2938 (s), 2247 (s), 1956 (s), 1452 (s) cm™!; 'H NMR
6 7.34 (m, 5 H), 5.16 (s, 1 H), 5.02 (m, 2 H), 2.01 (m, 3 H), 1.98
(m, 2 H), 1.76 (m, 2 H); 3C NMR 5 204.8, 141.9, 128.4, 127.9, 126 4,
119.3, 106.3, 79.8, 74.4, 26.5, 23.5, 16.4; mass (EI, 70 eV) 213 (M*,
3), 195 (4), 184 (3), 107 (100); HRMS calcd for C, H;;NO 213.1154,
found 213.1146.
1-[(1-Hydroxycyclohexyl)methyl]-5,6-heptadienenitrile
(3n): yield 760 mg (86%) from le (1.12 g, 6 mmol) and cyclo-
hexanecarboxaldehyde (0.45 g, 4 mmol) using procedure B; pu-
rified by flash chromatography (hexane-EtOAc (85:15)); 3n:4n
= 94.6; IR (neat) 3446 (br), 2920 (m), 2248 (s), 1955 (s), 1676 (s),
1450 (8) em™!; TH NMR 6 4.88 (m, 2 H), 3.78 (m, 1 H), 2.40 (m,
2 H), 2.11 (m, 2 H), 1.95-0.88 (m, 14 H); 1*C NMR 4 204.9, 119.2,
104.4, 78.2, 76.9, 41.6, 29.7, 27.9, 26.3, 26.0, 25.8, 25.6, 23.5, 16.5;

mass (CI, NH;) 237 (MNH,*, 100), 219 (46), 202 (63), 136 (61);
HRMS caled for C;,Hy, NONH, 237.1967, found 237.1975.
1-Phenyl-2-propyl-3-butyn-1-o0l (11): yield 340 mg (90%)
from benzaldehyde (0.21 g, 2 mmol) and 3-bromo-1-hexyne 10
(0.48 g, 3 mmol) using procedure B; purified by flash chroma-
tography (hexane-EtOAc (98:2)); mixture of diastereoisomers,
60:40; IR (neat) 3412 (br), 3300 (s), 3064 (s), 3031 (s), 2959 (s),
2932 (s), 2113 (s), 1604 (s), 1495 (s), cm™; tH NMR 4§ 7.44-7.21
(m, 10 H), 4.74 (m, 1 H), 4.57 (m, 1 H), 2.87-2.67 (m, 2 H), 2.56
(brs, 1 H), 2.31 (br s, 1 H), 2.21 (m, 1 H), 2.11 (m, 1 H), 1.70-1.24
(m, 8 H), 0.97-0.79 (m, 6 H); 1*C NMR § 141.7, 128.3, 1281, 127.9,
127.8,126.7, 84.7, 84.2, 76.1, 75.8, 72.3, 71.8, 40.9, 39.9, 33.4, 31.8,
20.4, 13.7, 13.6; mass (EI, 70 eV) 188 (M*, 2), 146 (6), 107 (100),
79 (37); HRMS caled for C,3H;cO 188.1201, found 188.1199.
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[1,]- and [15]orthocyclophanes have been designed, synthesized and characterized. Dimetalation of bis(2-
bromophenyl)methane (14) to the corresponding dilithio reagent 21, followed by reaction with aromatic dialdehydes
bis(2-formylphenyl)methane (20) and 1,2-bis(2-formylbenzyl)benzene (27), gave cyclic diols 22 and 28, respectively.
Oxidation of the diols with PCC to the corresponding cyclic diketones 23 and 29, followed by palladium-catalyzed
reduction, afforded [1,]- and [1;]orthocyclophanes, 4 and 5. Bicyclic biscyclophanes were also prepared from
the cyclic diketones giving rise to a new family of cyclophanes. Treatment of 23 and 29, respectively, with McMurry
or Clemmensen reagents gave rise to intramolecular olefination to provide bicyclic biscyclophanes 24 and 30.
Pd-catalyzed hydrogenation of 24 and 30 also gave 4 and 5. The benzylic positions of the cycloheptatriene moieties
in 24 and 30 were very susceptible to oxidation to give ketones 26 and 32.

Introduction
Since the first report on the synthesis and properties of
[2.2]paracyclophane,’? there has been tremendous interest
in the synthesis®® and inclusion behavior®® of cyclophanes.

(1) Brown, C. G.; Farthing, A. C. Nature 1945, 164, 915.

(2) Cram, D. J.; Steinberg, A. C. J. Am. Chem. Soc. 1951, 73, 5691.

(3) Sato, T. J. Chem. Soc. Jpn. 1971, 92(4), 277.

(4) Vogtle, F.; Neumann, P. Synthesis 1973, 85.

(5) Vogtle, F. Cyclophanes I. Topics in Current Chemistry; Spring-
er-Verlag; Berlin—Heidelberg-New York-Tokyo, 1983; Vol. 113.

(6) Tabushi, I.; Yamamura, K. Cyclophanes I. In Topics in Current
Chemistry; Vogtle, F., Ed.; Springer-Verlag: Berlin-Heidelberg-New
York-Tokyo, 1983; Vol. 113, p 145.
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In spite of the extensive studies on cyclophanes, only a few
[1,]orthocyclophanes that contain more than three aro-
matic rings have been reported. In 1915, Robinson? first
prepared an orthocyclophane, 1, cyclotriveratrylene (CTV),
by the acid-catalyzed condensation of veratrol and form-
aldehyde to produce a crystalline solid (mp 227 °C), and
the structure was assigned later as a rigid crown confor-

(7) Murakami, Y. Cyclophanes II. In Topics in Current Chemistry;
Végtle, F., Ed.; Springer-Verlag: Berlin-Heidelberg-New York-Tokyo,
1983; Vol. 115, p 107.

(8) Diederich, F. Angew. Chem., Int. Ed. Engl. 1988, 27, 362.

(9) Robinson, G. M. J. Chem. Soc. 1915, 267.
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[1,]- and [15]Orthocyclophanes and Biscyclophanes

mation.'>2 In this reaction, the formation of 1 is always
accompanied by the tetrameric homolog 2, cyclotetra-
veratrylene (CTTYV, mp 319-321 °C), which was separated
and characterized by White and Gesner.l*> However,
[1.1.1]Jorthocyclophane (3), the parent hydrocarbon of 1,
was synthesized by Sato et al.l4 by the acid-catalyzed re-
action of bis[2-(hydroxymethyl)phenyljmethane (19) with
benzene. However, [1,Jorthocyclophane 4, the parent
hydrocarbon of 2, has not been reported to date.
CH,O  OCH,

CH,0 O O OCH,
CH,0 OCHs

CHO  OCH,

&
Q.Q

CHZO OCH, CHO  OCHs
1

Following the work of Robinson, derivatives of 3 and 4
have been extensively investigated by Collet and others.}516
In spite of extensive work on orthocyclophanes, investi-
gations focused on the parent hydrocarbons of [1,]ortho-
cyclophanes have thus far been overlooked. It is of interest
to synthesize the lugher homologs, such as [1,]-, [1;}-, and
[16]orthocyclophanes, in which more than four aromatic
rings are incorporated in the macroring. Since the benzylic
methylenes between the aromatic rings are expected to be
prone to oxidation, these higher homologs are of interest
for the preparation of novel ketonic cyclophanes as a new
family of host molecules. The present paper reports the
synthesis of [1,]orthocyclophane 4 and [1;]jorthocyclophane
5. Dimetalation of bis(2-bromophenyl)methane (14) with
butyllithium, followed by condensation with aromatic
dialdehydes bis(2-formylphenyl)methane (20) and 1,2-
bis(2-formylbenzyl)benzene (27), gave rise to cyclic diols
22 and 28, respectively. Oxidation of the diols to the
corresponding cyclic diketones 23 and 29, followed by
palladium-catalyzed hydrogenation, furnished 4 and 5.
Herein we also report a novel intramolecular reductive
coupling of cyclophanyl diketones, such as 23 and 29, which
yielded bicyclic cyclophanes 24 and 30, respectively.

OO0 AN
70
db &5 38

Results and Discussion

Recently, we reported!” a new synthesis of [1.1.1]-
orthocyclophane (3) by treatment of 2-(2-benzylbenzyl)-

(10) (a) Lindsey, A. S. Chem. Ind. (London) 1963, 823. (b) Lindsey,
A. 8. J. Chem. Soc. 1965, 1685.
(11) Erdman, H.; Haglid, F.; Ryhage, R. Acta Chem. Scand. 1964, 18,

124
(12) Goldup, A.; Morrison, A. B.; Smith, G. W. J. Chem. Soc. 1965,

(13) (a) White, J. D.; Gesner, B. D. Tetrahedron Lett. 1968, 1591. (b)
White, J. D.; Gesner, B D. Tetrahedron 1974, 30, 2273.

(14) (a) Sato, T.; Uno, K. J. Chem. Soc., Chem. Commun. 1972, 579.
(b) Sato, T.; Uno, K. J. Chem. Soc., Perkin Trans. 1 1973, 895,

(15) Collet, A, Tetrahedron 1987, 43, 5725.

(16) Miliniak, A.; Luz, Z.; Poupko, R.; Krieger, C.; Zimmermann, H.
J. Am. Chem. Soc. 1990, 112, 4277.

(17) Lee, W. Y,; Sim, W.; Choi, K. D. Biscyclophanes, Part I: Syn-
thesis of a common-nuclear Bis{1.1.1]orthocyclophane, First Member of
a New Family of Cyclophanes. J. Chem. Soc., Perkin Trans. 1 1992, 881.
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benzyl alcohol (6) with sulfuric acid to give an intramo-
lecular Friedel-Crafts cycloalkylation product. However,
it was known that treatment of 2-[2-(2-benzylbenzyl)-
benzyl]benzyl alcohol (7) with sulfuric acid did not effect
conversion to [1,]orthocyclophane (4), but gave a cyclic
product [1.1.1.1](1,2)(1,2)(1,2)(1,3)cyclophane 8.18 Thus,
we were unable to prepare 4 by use of the acid-catalyzed
cyclization reaction of a benzylic alcohol.

S o
~ c o‘@
- o6 &

The synthesis of [1,]orthocyclophane (4) has been car-
ried out by a series of procedures as illustrated in Schemes
I-ITI.  One of the starting materials, bis(2-bromo-
phenyl)methane (14), was prepared by modifying literature
procedures,’® as shown in Scheme 1. Treatment of 2-
bromobenzaldehyde (9) with potassium cyanide in di-
methylformamide (DMF) gave rise to a benzoin conden-
sation product, dibromobenzoin 10. Treatment of 10 with
potassium bromate (KBrO,) by refluxing in aqueous po-
tassium hydroxide solution afforded dibromobenzhydrol
12 and subsequent oxidation of 12 with PCC gave the
corresponding ketone, dibromobenzophenone 13. Clem-
mensen reduction of 13 was not a clean reaction. The best
method for the reduction was treatment of the ketone 13
with I,/P in refluxing hydriodic acid (HI), which afforded
bis(2-bromophenyl)methane (14) as an oil.

The other starting material, bis(2-formylphenyl)methane
(20), was prepared as illustrated in Scheme II. 1,2-Bis-
(hydroxymethyl)benzene (15), which was prepared by the
LiAlH, reduction of phthalic anhydride, was mono-
chlorinated with 1 molar equiv of thionyl chloride, and the
resulting 2-(chloromethyl)benzyl alcohol (16) was protected
with dihydropyran to give THP ether 17. The reaction
of 17 with Grignard reagent 18 in the presence of Cul,
followed by removal of the THP protecting group of the
coupling product by treatment with TsOH in methanol,
gave the benzylic diol 19.14 Oxidation of 19 with PDC in
DMTF furnished aromatic dialdehyde 20.

Finally, completion of the synthesis of 4 involved the
synthetic procedure illustrated in Scheme III. The di-
bromide 14 was lithiated with 2 molar equiv of n-butyl-
lithium (n-BuLi) first at —=30 °C and then at room tem-
perature for 60 min. During the lithiation, the reaction
mixture became a dark red-brown color, which gradually
lightened as the base was added to give a clear, brown-
yellow solution, indicating the formation of dilithio reagent
21, Coupling of 21 with the dialdehyde 20 gave the cyclic
diol 22, which was oxidized with pyridinium dichromate
(PDC) to afford the corresponding diketone 23 as a col-

(18) Lee, W. Y,; Sim, W. Unpublished results. The regioselectivity in
the acid- cat.alyzed cycloalkylation of benzylbenzylic alcohols will be re-
ported in the near future.

(19) (a) Haller, H. L.; Bartlett, D.; Drake, N. L.; Newman, M. S,;
Cristol, S. J.; Eaker, C. M Hayes, R. A Kilmer, G. W Magerlein, B.,
Mueller, G. P.; Schneider, A.; Wheatley, W. J. Am. Chem. Soc. 1945, 67,
1591. (b) Jutzi, P. Chem. Ber. 1971, 104, 1455. (c) Corey, J. Y.; John,
C. S.; Ohmsted, M. C.; Chang, L. 8. J. Organomet. Chem. 1986, 304, 93.
(d) Hakimelahi, G. H.; Boyce, C. B.; Kasmai, H. S. Helv. Chim. Acta 1977,
60, 342. (e) Ballard, D. A.; Dehen, W. M. Organic Syntheses; John Wiley
and Sons: New York, 1941; Collect. Vol. I, p 89.

(20) Nystromn, R. F.; Brown, W. G. J. Chem. Soc. 1947, 1197.
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orless crystalline solid, mp 349-351 °C dec. The 1H NMR
spectrum of 23 disclosed an AB quartet for the resonances
of the benzylic protons at 6 4.11 and é 3.76 (J,5 = 17 Hz),
indicating a rigid conformation of the cyclic diketone 23
on the NMR time scale.

Attempted reduction of 23 using a variety of methods
gave rise to two different products depending on the re-
ducing agent used: Pd(C)-catalyzed reduction of 23 in
EtOH-HCI?! furnished a normal deoxygenated product 4,
mp 345-346 °C dec, in 80% yield. The new cyclophane
4 was barely soluble in organic solvents. The benzylic
protons of 4 give rise to a broadened singlet at 6 3.72,
whereas the corresponding protons in 3 appear as an AB
quartet at & 3.45 and 4.70.1 The NMR pattern of 4 is
similar to that of the octamethoxy derivative 2, wherein
the benzylic protons appear as a broadened singlet at ¢
3.59.1% It should be noted that Luz et al. observed four AB
quartets corresponding to the benzylic protons of dode-
camethoxy(1,Jorthocyclophane (DCP), which indicated the
existence of sofa and boat conformations in solution.!8
Thus, the room-temperature NMR spectrum shows that
4 has a greater degree of flexibility with the possibility of
fast sofa—sofa pseudorotation and sofa-boat interconver-
sion. The mass spectrum of 4 reveals a molecular ion at
m/z 360 and, as noted by Erdman,!! progressive degra-
dation to trimer, dimer, and monomer units (m/z 270, 180,
and 90).

Oddly enough, however, the Clemmensen reduction of
23 did not afford 4, but rather gave a reductive coupling
product 24, exclusively, mp 337-338 °C dec, in 91% yield.
To explain these results, we need to recognize that similar
behavior has already been observed by previous workers
in the Clemmensen reduction of ketones, especially aryl
ketones, which gave intermolecular dimeric olefins as side
products.?? In the Clemmensen reduction of 23, the bi-
cyclic biscyclophane 24 was not a side product, but rather

Lee et al.

Scheme III
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the only product. This result can probably be interpreted
as arising from the structural advantage of the cyclic di-
ketone 23, in which two carbonyl groups are close to each
other, forcing the intramolecular reductive olefination to
give the relatively stable 24 as the main product. The
formation of 24 could also be accomplished by treating 23
with McMurry’s reagent,?® TiCly/LiAlH,, to give the in-
tramolecular olefination product 24 in 81% yield. Re-
duction of 28 with I,/P/HI also gave the identical re-
duction product 24. The benzylic proton resonances of 24
appear as an AB quartet at 4 4.07 and § 3.90 (J,5 = 12 Hz),
indicating that 24 exists in solution in a rgid conformation
in which the methylene protons are symmetry nonequiv-
alent. Pd(C)-catalyzed hydrogenation of 24 did not give
the anticipated bicyclic biscyclophane 25 of cis confor-
mation, but rather the orthocyclophane 4, exclusively. This
may be interpreted by cleavage of the olefinic double bond
during the formation of the unstable cis form, 25. A mo-
lecular model of 25 shows severe steric strain due to syn
addition of hydrogen to the olefinic double bond of 24
followed by simultaneous sp*to-sp® rehybridization.
Furthermore, in spite of many attempts, reduction of 24
to an anti addition product, the trans isomer of 25, could
not be achieved; reduction of 24 with Na/t-BuOH in
HMPA? or with LiAlH,—CoCl, in THF? failed to give the
trans isomer of 25 and gave only the starting material. On
the other hand, the fused biscyclophane 24 was found to
be very susceptible to oxidation, and the benzylic methy-
lenes were converted to carbonyls by treatment with py-
ridinium chlorochromate (PCC), yielding the correspond-

(21) Rama Rao, A, V.; Chanda, B.; Borate, H. B. Tetrahedron 1982,
3555.

(22) Staschewski, D. Angew. Chem. 1959, 71, 726.

(23) (a) McMurry, J. E.; Kees, K. R. J. Org. Chem. 1977, 42, 2655. (b)
Baumstark, A. L.; Bechara, E. J. H.; Semigran, M. J. Tetrahedron Lett.
1976, 3265.

(24) Whitesides, G. M.; Ehmann, W. J. J. Org. Chem. 1970, 35, 3565.

(25) Ashby, E. C.; Lin, J. J. Tetrahedron Lett. 1977, 4481.
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ing diketone 26 of cycloheptatrienone structure.

The first synthesis of [1;]orthocyclophane (5) was
achieved by a synthetic procedure outlined in Scheme IV.
Treatment of 1,2-bis(2-formylbenzyl)benzene (27), pre-
pared by the literature procedure,? with 1 molar equiv of
dilithio reagent 21 gave rise to a condensation product,
cyclic diol 28. Oxidation of 28, without purification, with
PCC afforded the corresponding diketone 29 in 30%
overall yield as a colorless crystalline solid, mp 224-237
°C dec. The benzylic protons of 29 appear as two singlets,
at 6 3.85 (2 H) and ¢ 3.64 (4 H), which reveal a more
flexible structure this cycle than that of the lower homolog
23, which shows an AB quartet for its benzylic protons.

Reduction of 29, as was observed in the reduction of the
cyclic diketone 23, gave different products depending on
the reducing agent used: Pd-catalyzed hydrogenation of
29 in EtOH-HCI gave the normal deoxygenated product,
[15]orthocyclophane (5), in 93% yield as a colorless crys-
talline solid, mp 257-258 °C. In contrast with the insol-
ubility of the lower homolog 4, the orthocyclophane 5,
despite its higher molecular weight, showed a modest
solubility in organic solvents, such as dichloromethane and
chloroform. The benzylic protons of 5 give a sharp singlet
at & 3.75, which reveals the much more flexible structure
of the cycle than the lower homolog 4 in which the cor-
responding protons give a broadened singlet. The Clem-
mensen reduction of 29, unlike that of the lower homolog
23, effected both reductive olefination?? and normal re-
duction to give a mixture of a fused biscyclophane 30 (ca.
75%) and orthocyclophane § (ca. 10%). This may be
interpreted to mean that in the rather flexible conforma-
tion of 29 the two carbonyl groups are further apart from
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each other, making this reductive coupling less effective.
McMurry’s reagent,?® however, converted 29 completely
into 30.

Pd-catalyzed hydrogenation of 30 did not give the an-
ticipated bicycle 31 of cis conformation, but rather the
orthocyclophane 5 as the sole product. This result can also
be rationalized by the instability of 31, due to steric strain,
which hastens bond cleavage. The attempted anti re-
duction of 30 failed, and the trans isomer of 31 could not
be obtained. As was observed in 24, it was found that the
fused biscyclophane 30 was very susceptible to oxidation,
and thus the methylene function of the cycloheptatriene
unit was easily converted to a carbonyl by the action of
PCC in benzene to give the corresponding ketone 32,
containing a cycloheptatrienone moiety. :

In summary, the first total syntheses of [1,]- and [1;]-
orthocyclophane have been achieved, confirming the as-
signed structures. Their relatively flexible conformations,
compared with the rigid [1;]orthocyclophane (3), were
revealed by 'H NMR spectra. Whereas the benzylic proton
resonances of 3 exhibit a sharp AB quartet, those of 4
display a broadened singlet, and as was expected, 5 shows
a sharp singlet, indicating a high degree of flexibility. The
[1,]orthocyclophanes synthesized thus far are found to
possess very low solubility in organic solvents. However,
whereas [15]- and [1;]orthocyclophane are slightly soluble
in organic solvents such as dichloromethane and chloro-
form, [1,jorthocyclophane is so insoluble that the 13C NMR
spectrum could not be obtained. The conformation of the
cycle is likely to be responsible for its degree of solubility,
depending on the number, odd or even, of n in [1,]-
orthocyclophanes. Thus, it might be suggested that
[1g]orthocyclophane will be much more insoluble in organic
solvents than [1,]orthocyclophane (4), since [1g]ortho-
cyclophane has an even number of benzene rings and a
higher molecular weight than 4. It is also noted that
Clemmensen reduction of rigid cyclophanyl diketones, such
as 23 and 29, always gave rise to reductive coupling to give
McMurry-type intramolecular olefination products. The
actions of the newly synthesized cyclophanes 4, 5, 24, 26,
30, and 32 as hosts toward organic molecules have not yet
been examined. Further investigations with [1g]ortho-
cyclophane are currently underway and will be reported
in the near future.

Experimental Section

General. All anhydrous reactions were conducted with pre-
cautions for rigorous exclusion of air and moisture. Diethyl ether
and THF were purified by refluxing with sodium benzophenone
ketyl under nitrogen, followed by distilling prior to use. CH,Cl,
was dried by distilling over CaH,. Flash chromatography was
carried out on silica gel 60 (E. M. Merck, particle size 0.040-0.063
mm, 230-400 mesh ASTM). Melting points are uncorrected.
Chemicals were purified, when necessary, according to the reported
procedures.?’

Bis(2-bromophenyl) Ketone (13). A solution of 2-bromo-
benzaldehyde (9) (25 g, 135 mmol) and KCN (4 g, 60 mmol) in
DMF (120 mL) was stirred at rt for 2 days. The reaction mixture
was diluted with water, extracted with CH,Cl,, washed with water,
and dried (MgSQO,). Evaporation of the solvent gave a crude
benzoin condensation product 10, which was used for the next
reaction without purification. To a solution of NaOH (13 g, 325
mmol) and KBrOj; (3.5 g, 20 mmol) in water (50 mL) was added
the crude benzoin 10, and the mixture was refluxed for 20 h. The
reaction mixture was acidified with 4 N aqueous H,SO,, extracted
with CH,Cl,, washed with brine, and dried (MgS0O,), and the
solvent was removed in vacuo to give crude benzhydrol 12 as a
dark red solid. A mixture of the crude 12, PCC (20 g), and Celite

(26) Lee, W. Y.; Park, C. H.; Lee, J. H.; Choi, K. D.; Sim, W. Bull.
Korean Chem. Soc. 1989, 10(4), 397.

(27) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R., Purification of
Laboratory Chemicals, 2nd ed.; Pergamon Press: New York, 1980.
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(15 g) in dry CH,Cl; was stirred at rt for 6 h. The reaction mixture
was filtered through silica gel, and the filtrate was evaporated
under reduced pressure to give an oxidation product. The crude
product was purified by chromatography on silica gel eluting with
n-hexane/CH,Cl, (2:1) and then recrystallized from ether/n-
hezane to give 9.3 g (40.4% overall) of 13 as a crystalline solid:
mp 87-88 °C; IR (KBr) 3080, 3050, 1665, 1580, 1460, 770, 750,
630 cm™!; 'H NMR (CDCl,, 80 MHz) § 7.71-7.55 (m, 2 H, ArH),
7.49-7.28 (m, 6 H, ArH); 1*C NMR (CDCl;, 50.29 MHz) § 195.08
(C=0), 139.21, 133.96, 132.39, 131.18, 127.19, 121.04; EIMS m /2
(relative intensity) 342 (M, 49.6), 340 (M*, 99.8), 338 (M*, 50.6),
259 (9.2), 185 (98.3), 183 (100), 155 (25.4).

Bis(2-bromophenyl)methane (14). A mixture of red phos-
phorus (15 g, 480 mmol), iodine (3 g, 12 mmol), and 13 (6.8 g, 20
mmol) in 47% HI (80 mL) was heated with stirring at 140 °C for
24 h. The reaction mixture was cooled to rt, poured into ice—water,
extracted with CH,Cl,, washed successively with aqueous NaHCO;
and water, dried (MgSO,), and concentrated. The crude product
was chromatographed on silica gel eluting with n-hexane to give
6.0 g (92%) of 14 as an oil: IR (KBr) 3050, 3020, 1585, 1565, 1465,
1440, 1025, 745 cm™}; 'H NMR (CDCl;, 80 MHz) § 7.62-7.01 (m,
8 H, ArH), 4.49 (s, 2 H, ArCH,Ar); 3C NMR (CDCl,, 20.15 MHz)
5 138.83, 132.78, 130.64, 128.01, 127.44, 125.03, 42.01; EIMS (m/z2)
328 (M, 6.5), 326 (M, 12.6), 324 (M*, 6.5), 248 (31), 246 (31),
167 (100), 166 (57), 165 (69), 152 (17).

2-(Chloromethyl)benzyl Alcohol (16). To a solution of
phthalyl alcohol 152 (6.20 g, 44.9 mmol) and pyridine (5.40 g, 45.4
mmol) in benzene (50 mL) was added dropwise with stirring a
solution of SOCI, (5.40 g, 45.5 mmol) in benzene (5 mL) at 10-15
°C. The mixture was stirred overnight at rt and then poured into
ice-water (100 mL), extracted with ether, washed successively
with aqueous NaHCO, and water, dried (MgSO,), and concen-
trated. The crude product was chromatographed on a silica gel
column eluting with CH,Cl, to give 4.18 g (59.5%) of 16 as colorless
crystals: mp 51-51.5 °C; IR (KBr) 3320 (broad), 3060, 3020, 2960,
2870, 1600, 1450, 1180, 1095, 1040, 1005, 765 cm™; 'H NMR
(CDCl,, 80 MHz) 6 7.36-7.28 (m, 4 H, ArH), 4.78 (s, 2 H, ArCH,0),
4.68 (s, 2 H, ArCH,CI), 2.07 (s, 1 H, OH); 13C NMR (CDCl,, 20.15
MHz) § 138.94, 135.08, 130.03, 128.86, 128.44 and 127.98, 61.96
(CH,CI), 43.51 (CH,0H); EIMS (m/z) 156 (M*, 4.3), 140 (34),
138 (100), 120 (10), 119 (14), 91 (28); HRMS caled for CsHgC10
156.0341, found 156.0353.

Bis[2-(hydroxymethyl)phenylJmethane (19). The benzylic
alcohol 16 was protected in the routine way by reaction with
dihydropyran and p-toluenesulfonic acid (TsOH) in CH,Cl, to
give the corresponding THP ether 17 in 93% yield. To a solution
of 17 (6.37 g, 26.5 mmol) containing a catalytic amount of Cul
(0.5 g) in THF (40 mL) was added at 0 °C, by cannulation under
nitrogen, the Grignard reagent 18 that was prepared from 2-
bromobenzyl THP ether (9.0 g, 33 mmol). The mixture was stirred
overnight at 50 °C and then treated with aqueous NH,Cl solution,
extracted with CH,Cl,, dried (MgSO,), and concentrated to give
the coupling product, a di-THP ether. The THP protecting groups
were removed from the crude product by heating with TsOH in
methanol. Usual workup and purification by chromatography
(silica gel/CH,C),) afforded 3.95 g (66.6%) of an aromatic diol
19 as a colorless crystalline solid: mp 160.9-161.5 °C (lit.4 mp
157.5-158.5 °C); IR (KBr) 3250 (broad), 2900, 1600, 1480, 1450,
1100, 740 cm™; 'H NMR (CDCl;, 80 MHz) § 7.46-6.84 (m, 8 H,
ArH), 5.08 (m, 2 H, OH), 4.48 (d, 4 H, ArCH,0), 3.99 (s, 2 H,
ArCH,Ar); 5C NMR (CDCl,, 50.29 MHz) 5 140.24, 137.34, 128.92,
126.99, 126.80, 126.00, 60.83 (CH,OH), 33.59 (ArCH,Ar); EIMS
(m/z) 210 (M* - H,0, 100), 192 (19), 179 (80), 165 (47), 152 (12),
141 (3.0).

Bis(2-formylphenyl)methane (20). A solution of 19 (4.02
g, 17.6 mmol) and PDC (20 g) in DMF (40 mL) was stirred for
6 h at rt. This reaction mixture was diluted with water (200 mL),
extracted with CH,C),, washed with water, dried (MgSO,), and
concentrated. The crude product was chromatographed on a silica
gel column eluting with dichloromethane/n-hexane (1:1, v/v) to
give 3.1 g (78.7%) of 20 as a colorless crystalline solid: mp 38-39
°C; IR (KBr) 3060, 2840, 2740, 1690, 1600, 1570, 1480, 760 cm™;
'H NMR (CDCl;, 80 MHz) 4 10.14 (s, 2 H, CHO), 7.87-6.93 (m,
8 H, ArH), 4.88 (s, 2 H, ArCH,Ar); *C NMR (CDCl,, 50.29 MHz)
6 192.33 (C=0), 141.89, 133.74, 133.66, 132.78, 130.84, 126.82, 34.56
(ArCH,Ar); EIMS (m/z) 224 (M*, 5.7), 209 (5.9), 196 (33), 195
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(100), 179 (34), 178 (68), 165 (41), 152 (13); HRMS calcd for
CsH,,0, 224.0837, found 224.0828.
Pentacyclo[22.4.0.028,01%15,017#2]octacosa-1(24),3(8),4,6,10-
(15),11,18,17(22),18,20,25,27-dodecaene-2,16-dione (23). The
dilithio reagent 21 was prepared by dropwise addition of n-BuLi
(2.5 M, 4 mL, 10 mmol) to a solution of 14 (1.63 g, 5 mmol) in
THF (300 mL) at —30 °C. After completion of the addition, the
yellow solution was allowed to warm to rt and then stirred for
2 h. To this dilithio reagent 21 was added a solution of dialdehyde
20 (1.12 g, 5 mmol) in THF (100 mL). The mixture was stirred
at rt for 2 h, heated under reflux for 20 h, and treated with aqueous
NH,CL After evaporation of the solvent in vacuo, the reaction
mixture was extracted with CH,Cl,, dried (MgSO,), and con-
centrated to give the coupling product, a cyclic diol 22. The crude
22 was so difficult to purify that is was oxidized directly, without
purification, by stirring with PCC (4 g) and Celite (3 g) in CHCl,
(70 mL) for 4 h. The reaction mixture was filtered, and the solvent
was removed from the filtrate at reduced pressure to give the
corresponding diketone 23. Column chromatography of the crude
23 on silica gel eluting with CH,Cl, followed by recrystallization
from n-hexane/CH,Cl, gave 452 mg (23%) of 23 as colorless
crystalline solid: mp 349-351 °C dec; IR (KBr) 3050, 3020, 2900,
1655, 1595, 1440, 930, 730 cm™!; 'H NMR (CD,Cl,) 6 7.58-6.73
(m, 16 H, ArH), 4.11 (d, Jag = 17 Hz, 2 H, ArCH,Ar, quasi
equatorial), 3.76 (d, Jag = 17 Hz, 2 H, ArCH,Ar, quasi axial);
EIMS (m/2) 388 (M*, 100), 370 (16), 352 (4.9), 296 (11), 252 (6.7),
194 (31), 178 (5.6); HRMS caled for CysH,,0, 388.1458, found
388.1433. The compound 23 was so insoluble in organic solvents
that the 1*C NMR spectrum could not be obtained.
Pentacyclo{22.4.0.0°5,01015,0172]octacosa-1(24),3(8),4,6,10-
(15),11,13,17(22),18,20,25,27-dodecaene (4) ([1,]Ortho-
cyclophane). Pd-Catalyzed Reduction of 23. In a reaction
bottle diketone 23 (50 mg, 0.13 mmol) was dissolved in ethanol
(50 mL), and coned HCI (2 mL), water (5 mL), and 10% Pd/C
(20 mg) were added. The reaction bottle was connected to a
hydrogen reservior at an initial pressure of 35 psi. After vigorous
stirring at rt for 3 days, the reaction mixture was diluted with
water and extracted with CH,Cl,. The extract was washed with
water, dried (MgS0O,), and concentrated. The crude product was
purified on a silica gel column eluting with CH,Cl, and then
recrystallized from CH,Cl,/ether to give 37 mg (80%) of 4 as
colorless crystals: mp 345-346 °C dec; IR (KBr) 3055, 3020, 2960,
1595, 1485, 1450, 800, 750, 740, 625 cm™; 'H NMR (CD,Cl,) 6 7.17
(m, 16 H, ArH), 3.72 (broad s, 8 H, ArCH,Ar); EIMS (m/z) 360
(M*, 100), 270 (11), 269 (52), 255 (20), 192 (34), 180 (23), 179 (97),
178 (47), 91 (19); HRMS caled for CogH,, 360.1878, found 360.1883.
Anal. Caled for CoHyy: C, 93.28; H, 6.72. Found: C, 93.21; H,
6.69. The compound 4 was so insoluble in organic solvents that
the 3C NMR spectrum could not be obtained.
Hexacyclo[22.4.0.0%16,038,010.15 01722]gctacosa-1(24),2(16),3-
(8),4,6,10(15),11,13,17(22),18,20,25,27-tridecaene (24). Clem-
mensen Reduction of 23. A mixture of zinc (9 g) and HgCl, (0.9
g) was treated with a solution of concd HCI (3 mL) in water (10
mL) for 60 min. To the resulting amalgamated zinc was added
a solution of the cyclic diketone 23 (76 mg, 0.2 mmol) in toluene
(10 mL), followed by addition of concd HCl (20 mL) that was
diluted with water (10 mL). The mixture was refluxed for 1-2
days, during which time additional HCl was added in small
portions, 3 mL every 4 h, After being cooled, the organic layer
was separated, washed with water, dried (MgSO,), and concen-
trated. The crude product was chromatographed on a silica gel
column eluting with CH,Cl,/n-hexane (1:1, v/v) to give 65 mg
(91%) of 24 as a colorless crystalline solid: mp 337-338 °C dec;
IR (KBr) 3050, 2950, 2830, 1580, 1440, 765, 745 cm™'; 'TH NMR
(CDCl,, 200 MH2z) 6 7.37-6.88 (m, 16 H, ArH), 4.07 (d, J,g = 12
Hz, 2 H, ArCH,Ar, quasi equatorial), 3.90 (d, Jsg = 12 Hz, 2 H,
ArCH,Ar, quasi axial); 13C NMR (CD,Cl,, 75.47 MHz) é 131.61,
131.27, 130.10, 129.44, 128.64, 126.60, 125.55, 36.09 (ArCH,Ar);
EIMS (m/2) 356 (M*, 100), 340 (4.2), 339 (9.0), 314 (2.1), 313 (4.4),
278 (1.0), 265 (8.0), 179 (25), 178 (48); HRMS calcd for CyH,,
356.1565, found 356.1570.
McMurry Olefination of 23. A mixture of LiAlH, (40 mg,
1 mmol) and TiCl; (460 mg, 3 mmol) in dry THF (100 mL) was
refluxed under nitrogen for 20 min. Following the addition of
23 (150 mg, 0.39 mmol), the resultant mixture was refluxed for
3 days. After the solvent was evaporated in vacuo, the reaction
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mixture was diluted with water and taken up with CH,Cl,. The
organic layer was washed successively with aqueous NaHCO; and
water, dried (MgS0Q,), and concentrated. The crude product was
purified by chromatography (silica gel/CH,Cly) and then re-
crystallized from ether/CH,C), to give 112 mg (81%) of a bicyclic
compound 24. Reduction of 23 with P/I, in HI also afforded
the fused cycloheptatriene 24 in 85% yield.
Hexacyclo[22.4.0.0%16,034,010.15,0172]gctacosa-1(24),2(16),3-
(8),4,6,10(15),11,13,17(22),18,20,25,27-t ridecaene-9,23-dione (26).
A suspension of 24 (90 mg, 0.253 mmol), PCC (1 g), and Celite
(1 g) in benzene (50 mL) was refluxed for 16 h. The reaction
mixture was filtered off to remove the solid materials, followed
by washing the precipitate several times with CH,Cl, and con-
centration in vacuo. The crude product was crystallized from
CH,Cl,/ether to give 75 mg (77%) of 26 as colorless crystals: mp
>350 °C; IR (KBr) 3060, 1685, 1590, 1310, 1260, 935, 775, 730 cm™;
'H NMR (CDCl,, 80 MHz) & 7.61-6.86 (m, 16 H, ArH); EIMS
(m/z) 384 (M*, 100), 355 (25), 329 (13), 326 (40), 300 (6.0), 192
(4.8), 162 (18); HRMS caled for Cy3H g0, 384.1150, found
384.1152. The compound 26 was so insoluble in organic solvents
that the 13C NMR spectrum could not be obtained.
Hexacyclo[29.4.0.0%8,010.15 017,22 02429]pentatriaconta-1-
(31),3(8),4,6,10(15),11,13,17(22),18,20,24(29),25,27,32,34-pen-
tadecaene-2,16-dione (29). The dilithio reagent 21, which was
prepared from the dibromide 14 (1.63 g, 5 mmol) and n-BuLi (2.5
M, 4 mL, 10 mmol) in THF, was treated with a solution of 1,2-
bis(2-formylbenzyl)benzene (27)% (1.63 g, 5 mmol) in THF (100
mL) by the same procedure as that used for 23. Hydrolytic
workup gave a cyclic diol 28, which was oxidized by stirring with
PCC (4 g) and Celite (3 g) in CH,Cl, (100 mL) to give the cor-
responding diketone. The crude product was chromatographed
on silica gel eluting with n-hexane/CH,Cl, (2:1, v/v) and then
recrystallized from n-hexane/CH,Cl, to give 752 mg (31%) of 29
as a colorless crystalline solid: mp 224-237 °C dec; IR (KBr) 3060,
2920, 1660, 1590, 730 ecm™; 'H NMR (CDCl;, 200 MHz) § 7.42-6.71
(m, 20 H, ArH), 3.85 (s, 2 H, ArCH,Ar), 3.64 (s, 4 H, ArCH,Ar);
13C NMR (CDCl,, 50.29 MHz) 5 201.32 (C=0), 140.53, 139.17,
138.53, 137.81, 136.85, 131.28, 131.22, 130.91, 130.69, 129.9, 129.77,
128.98, 126.88, 126.57, 126.14, 37.10, 36.55; EIMS (m/z) 478 (M*,
100), 460 (11), 284 (13), 281 (24), 265 (18), 252 (14); HRMS caled
for C35H2602 478.1926, found 478.1931.
Hexacyclo[29.4.0.0%8,010.15 01722 02429 pentatriaconta-1-
(31),3(8),4,6,10(15),11,13,17(22),18,20,24(29),25,27,32,34-pen-
tadecaene (5) ([1;]Orthocyclophane). Pd-Catalyzed Re-
duction of 29. The cyclic diketone 29 (96 mg, 0.2 mmol) was
hydrogenated by stirring with 10% Pd/C (20 mg) in a mixture
of EtOH (10 mL), coned HCI (0.4 mL), and water (1 mL) for 2
days under hydrogen (35 psi). The crude product was purified
by chromatography (silica gel, CH,Cl,) and then recrystallized
from ether/CH,Cl, to give 84 mg (93%) of 5 as colorless crystals:
mp 257-258 °C; IR (KBr) 3050, 2900, 1600, 1480, 1450, 1425, 750,
740, 730 em™; 'H NMR (CDCl;, 200 MHz) § 6.99 (m, 20 H, ArH),
3.75 (s, 10 H, ArCH,Ar); 3C NMR (CDCl,, 50.29 MHz) 5 138.27,
130.24, 126.26, 37.70 (ArCH,Ar); EIMS (m/z) 450 (M, 62), 359
(12), 345 (6.9), 270 (22), 269 (90), 255 (30), 180 (19), 179 (100),
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91 (20); HRMS calcd for CasHgy 450.2348, found 450.2334. Anal.
Caled for CyHgy C, 93.28; H, 6.72. Found: C, 93.01; H, 6.95.

Heptacyclo[29.4.0.0%16,038,010.15,01722 024 ¥ pentatriaconta-
1(31),2(16),3(8),4,6,10(15),11,13,17(22),18,20,24(29),25,27,32,34-
hexadecaene (30). McMurry Olefination of 29. The reduction
was carried out by the same procedure as described in the ole-
fination of 28. A mixture of LiAlH, (77 mg, 2 mmol), TiCl; (770
mg, 5 mmol), and 29 (480 mg, 1 mmol) in THF (100 mL) was
refluxed for 2 days under nitrogen. After aqueous workup, the
crude product was purified by column chromatography (silica
gel/CH,Cly) and then recrystallized from CH,Cly/hexane to afford
421 mg (94%) of 30 as colorless crystals: mp 318 °C dec; IR (KBr)
3050, 2950, 2880, 1475, 1445, 805, 765, 755, 740, 630 cm™!; 'H NMR
(CDCl;, 200 MHz) 7.44-6.85 (m, 20 H, ArH), 4.75-3.44 (m, 6 H,
ArCH,Ar); EIMS (m/z) 446 (M*, 100), 342 (26), 282 (9.1), 268
(18), 266 (9.2), 252 (9.2), 179 (60), 178 (24). HRMS caled for CysHyg
446.2028, found 446.2007. The compound 30 was so insoluble in
organic solvents that the 3C NMR spectrum could not be ob-
tained.

Clemmensen reduction of 29 gave a mixture of 5 (10%) and
30 (75%) which could be separated by column chromatography.

Heptacyclo[29.4.0.0%18,038,01015 91722 04.9]pentatriaconta-
1(31),2(16),3(8),4,6,10(15),11,13,17(22),18,20,24(29),25,27,32,34-
hexadecaen-9-one (32). A suspension of 30 (110 mg, 0.25 mmol),
PCC (1 g), and Celite (1 g) in benzene (50 mL) was refluxed for
16 h. The solid materials were filtered off from the reaction
mixture, the precipitate was washed several times with di-
chloromethane, and the filtrate was concentrated in vacuo. The
crude product was chromatographed on silica gel eluting with
CH,Cl,/n-hexane (2:1, v/v) and then recrystallized from
CH,Cl,/n-hexane to give 83 mg (73%) of 32 as colorless crystals:
mp 292-293 °C; IR (KBr) 3055, 3020, 2900, 1670, 1595, 1485, 1310,
945, 745, 630 cm™'; 'TH NMR (CDCl,, 200 MHz) 6 7.97-6.859 (m,
20 H, ArH), 4.28 (d, J,g = 14 Hz, 2 H, ArCH,Ar, quasi equatorial),
3.62 (d, Jup = 14 Hz, 2 H, ArCH,Ar, quasi axial); °C NMR (CDCl,,
50.29 MHz) 6 197.23 (C==0), 140.97, 140.23, 139.66, 136.43, 136.41,
135.44, 131.22, 130.99, 130.59, 130.01, 128.99, 128.52, 127.76, 126.78,
126.74, 125.29, 37.26; EIMS (m/z) 460 (M, 100), 442 (2.5), 369
(5.3), 356 (14), 281 (20), 265 (16), 252 (6.8), 179 (5.7); HRMS calced
for CgsH,,0 460.1827, found 460.1829.
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