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A biphenanthryl ether with substituents in the bay regions was efficiently synthesized for the first time.
The unique stereostructure of 1 was clarified. Its twisted conformation and optical behavior as well as its
characteristic supramolecular helical structure, which is constructed through a C–H� � �F hydrogen bond-
ing network in the solid state, are discussed.

� 2008 Elsevier Ltd. All rights reserved.
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Scheme 1. Retrosynthetic analysis of biphenanthryl ether 1.
1. Introduction

Axially chiral compounds are promising resources for asymmet-
ric synthesis and chiral recognition studies in host–guest chemis-
try. Among such compounds, chiral biaryls such as BINAP and
BINOL are recognized as exceptionally powerful chiral inducers.1

For these atropisomeric compounds, the chirality is generated by
preventing bond rotation around the sp2 carbon–sp2 carbon single
bond, which connects both naphthyl rings. On the other hand, biar-
yl compounds, which have two aromatic rings connected via a het-
eroatom, have not been well documented as axially chiral
compounds. However, Fuji2 and Clayden3 have recently reported
chiral binaphthyl and biphenyl ethers, respectively, in which an
oxygen atom is present within the aryl rings. The restricted rota-
tion of the sp3 oxygen–sp2 carbon single bond induces axial chiral-
ity in both these molecules.

During the course of our continuing studies on axially chiral
molecules,4 we have focused on using biaryl ether-type atropisom-
ers to develop novel axially chiral compounds. For example, we
have designed biphenanthryl ether 1, a unique axially chiral mole-
cule, by considering the p-face of the phenanthrene ring, which
may construct a wide and relatively rigid chiral environment
(Scheme 1). Moreover, we envisioned that the substituents (R) in
the bay regions of both phenanthrene rings of 1 may enhance
the rotational barrier around the C–O single bond. Among these
derivatives,5 1 containing fluorine atoms gave crystals suitable
for X-ray analysis. The analysis clearly demonstrates the unique
ll rights reserved.
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chiral stereostructure, which includes both axial and helical chiral-
ities. Herein, we report the synthesis and characteristic stereo-
structure of novel biphenanthryl ethers, which are promising
candidates for unique axially chiral molecules.
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2. Results and discussion

Scheme 1 illustrates the heart of our synthetic plan. Because di-
rect coupling of phenanthrol derivatives is difficult, the phenan-
threne skeleton is constructed after preparing the bis-phenol
ether. Moreover, because a photocyclization reaction6 is a suitable
method for preparing the phenanthrene ring, stilbene derivative 2
is an ideal intermediate. The double bond of stilbene 2 could be
constructed by a Wittig reaction of 3 and 4. The advantage of this
method is that it easily provides diverse derivatives due to the
ready availability of substituted benzyl halides, precursors of phos-
phonium salt 3. Because the biphenyl ether 4 can be constructed
according to Buchwald’s protocol,7 3,4-disubstituted phenol 5 is a
suitable starting material.

Disubstituted phenol 5 was prepared using an intermolecular
Diels–Alder reaction (Scheme 2). Upon treatment of alkyne 6 and
Danishefsky’s diene 7, the cycloadditon reaction proceeded
smoothly in a regioselective manner. After an acidic work-up pro-
vided 3,4-disubstituted phenol 5 in good yield, the other coupling
partner triflate 8 was prepared by treatment of 5 with trifluoro-
methanesulfonic anhydride in pyridine.
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Scheme 3. Preparation of biphenanthryl ether 1.

Figure 1. Stereostructure of (P)-1.
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Scheme 2. Preparation of 2-substituted phenol 5 and triflate 8.
The coupling reaction of phenol 5 and aryl triflate 8 was accom-
plished by Buchwald’s protocol.7 Upon treatment of 5 and 8 in the
presence of a combination of Pd(OAc)2 and ligand 9 catalyst with
K2CO3 in toluene, the coupling reaction proceeded smoothly to pro-
vide desired symmetrical biphenyl ether 10 in 71% yield (Scheme 3).

After removing the Bn ether of 10 under hydrogenolysis condi-
tions, Swern oxidation of the corresponding diol gave aldehyde 4 in
good yield. A benzyl-type ylide was generated by treatment with
n-BuLi and phosphonium salt 3, and subsequent subjection to alde-
hyde 4. The Wittig reaction proceeded smoothly to provide stil-
bene derivative 2 as an E/Z mixture. The phenanthrene skeleton
was efficiently constructed by photoirradiation of 2 in the presence
of I2, and a double cyclization–aromatization reaction proceeded
smoothly to give desired biphenanthryl ether 1.8 To our surprise,
the crystals of 1 exhibited an optically active form and a detailed
analysis is discussed in the following paragraph.

The crystal structure clearly shows the positively twisted con-
formation of 19 where the dihedral angle of both phenanthrene
rings (C4,C8–C40,C80) is 64� (Fig. 1a and b). This observation indi-
cates that the biphenanthryl ether can be an atropisomer if the
C–O bond possesses a substantial rotational barrier. The bond an-
gle of C4–O–C40 in the biaryl ether moiety is 123� (Fig. 1a). More-
over, the phenanthrene rings themselves have helical chiralities
due to the repulsion between the oxygen atom of the ether linkage
and the substituent (F atom) in the bay positions (the torsion angle
of C40,C4a0–C4b0,C50: 25�) (Fig. 1c). Therefore, each molecule has
three chiral twists. These structural features might be promising
for further applications of 1 as a chiral source for chiral recognition
as well as in asymmetric synthesis.

The space group (C2) indicates that the crystals are themselves
chiral. Indeed, crystal packing clearly shows that the homo-chiral



Figure 2. Packing diagram of (P)-1.
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molecules are self-assembled into optically active crystals (Fig. 2a).
The hydrogen bonding network (red dotted line) between the
acidic C–H by virtue of the neighboring F functional groups and
the F atom in the bay region might play an important role in
homo-chiral crystallization (Fig. 2a). Interestingly, the molecules,
which are connected by C–H� � �F hydrogen bonding (H� � �F:
2.526 Å), form the supramolecular helical structure as shown in
Figure 2b.

To clarify the optical behavior of 1, CD was measured after dis-
solving the crystals in MeOH. However, the Cotton effect was not
detected even at �100 �C.

On the other hand, obvious Cotton effects were observed in the
solid state (Fig. 3).10 The relationship between the sign of the Cotton
effect and the stereostructure of 19 affords a correlation of a negative
Cotton effect (green color) and the positively twisted conformation
of (P)-1 as depicted in Figure 1.11 Interestingly, both positive (blue
Figure 3. Solid-state CD spectra of the crystals of 1.
color) and negative Cotton effects randomly appear with the crystals
obtained from distinct trials of crystallization. This suggests that 1
asymmetrically crystallizes to give optically active crystals.12

Next, we investigated the activation energy of racemization of
1. Due to the lack of apparent CD of 1 in solution, a dynamic
NMR study of benzyl protected derivative 11,13 which was pre-
pared by an ester exchange reaction of 1 with benzyl alcohol,
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was carried out as shown in Figure 4. The calculated racemization
barrier using a coalescence temperature of the prochiral benzyl
protons (HA and HB) of �55 �C was 11 kcal/mol (Fig. 4).14 This
means that the C–O bond of 1 almost rotates freely, and the helical
twist of the phenanthrene rings is rapidly inverting, which gives a
smooth racemization in solution at ambient temperature. On the
other hand, in solid state, the chirality is completely fixed to give
optically active crystals.

The stereostructure of 1 is quite informative for designing novel
stable atropisomeric derivatives. Moreover, 1 has appropriate func-
tional groups such as methyl ester moieties as well as fluorine
atoms for further chemical modifications. From these aspects, 1
should be a potential scaffold for developing chiral biphenanthryl
ether derivatives.

3. Conclusions

In conclusion, novel chiral biphenanthryl ether derivatives were
developed, and their unique stereostructure was clarified. The ste-
reostructure presented here may be a useful structural basis to fur-
ther develop chiral inducers and/or ligands using biphenanthryl
ether frameworks. Further chemical modifications of 1 toward sta-
ble atropisomers are currently underway.
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