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Abstract A simple and an efficient method for the synthesis of 7-aryl-
fluorenes by intramolecular cyclization of the corresponding triarylcar-
binols in the presence of the solid-acid catalyst NaHSO4/SiO2 has been
developed. By using this method, a new chiral diol with a C2-symmetric
bisfluorenyl unit, 7,7′-diphenyl-7H,7′H-5,5′-bibenzo[c]fluorene-6,6′-
diol (BIFOL), having central chirality was synthesized in an optically ac-
tive form from (S)-(–)-BINOL-3,3′-dicarboxylic acid. The absolute con-
figuration of the chiral bisfluorene derivative BIFOL was ascertained by
single-crystal X-ray analysis. Furthermore, a new chiral phosphoric acid
was synthesized from BIFOL and evaluated for enantioselective transfer
hydrogenation.

Key words benzofluorenes, ligands, asymmetric synthesis, triarylcar-
binols, cyclization, transfer hydrogenation

In asymmetric synthesis, effective and selective cata-
lysts are always in demand. By modulating the steric and
electronic factors that are used to fine-tune a catalyst, the
optimal rate and selectivity can be achieved in a particular
reaction.1 The perfect situation of rationally designed chiral
catalysts with predictable chemical reactivities and enantio-
selectivities is an unachieved goal because of our inability
to understand and control the way in which catalysts work.
Consequently, continuous efforts have been made to devel-
op new chiral molecules of potential use as chiral discrimi-
nators in stereoselective transformations. For example, C2-
symmetric diols have been successfully used as backbones
for the preparation of various chiral molecules, such as di-
amines or diphosphines, that are widely used as ligands for
transition metals. Importantly, chiral diols have also been
employed as synthetic precursors for the preparation of or-
ganocatalysts such as phosphoric acids2 or phosphoramid-
ites.3 A tunable dihedral angle capable of satisfying coordi-
nation requirements and a rigid C2-symmetric structure to-

gether play a fundamental role in the stereochemical
control of chemical transformations, as well as in avoiding
the involvement of multiple transition states in stereoselec-
tive transformations, permitting reactions to deliver good
to excellent stereoselectivities.4–10,11d The privileged chiral
diols used in asymmetric organic transformations are
mainly based on chiral hydrobenzoin 1,4 TADDOL 2,5 BIPHE-
NOL 3,6 BINOL 4,7 VAPOL 5,9 VANOL 6,9 SPINOL 7,10 other de-
rivatives (Figure 1).8,11a–c Most of these chiral diols possess
C2-symmetry with chiral elements such as axial chirality,
central chirality or planar chirality. Chiral diols possessing
both axial and central chirality have scarcely been investi-
gated for their use as analogues. Hence, the development of
new C2-symmetric chiral diols is always in demand to real-
ize good selectivity in enantioselective or diastereoselective

Figure 1  Representative examples of chiral diols
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reactions. This prompted us to design and develop a new
class of chiral diols having a C2-symmetric bisfluorenyl unit
with integral central chirality.

The design and production of synthetic chiral molecules
is an interesting and active field in asymmetric catalysis.
Owing to the possibility of preparing both isomers of the
catalyst in enantiomerically pure forms, new synthetic chi-
ral diols with the necessary stereochemistry are always at-
tractive. Hence, we conceptually designed a novel chiral
molecule BIFOL (12a) possessing both axial and central chi-
rality. A retrosynthetic analysis of BIFOL (12a) is shown in
Scheme 1.

Precursor (S)-11 for the preparation of BIFOL (12a)
might be generated from diol (S)-10 through addition of
PhMgBr. Diol (S)-10 might, in turn, be synthesized from the
simple key starting material (S)-BINOL-3,3′-dicarboxylic
acid [(S)-9].

Because BIFOL (12a) is a dimeric form of the benzofluo-
renol 14 (Scheme 2), we made a systematic effort to devel-
op a method for assembling the monomeric fluorene skele-
ton 14 from 3-hydroxy-2-naphthoic acid. There are many
reported methods for the synthesis of aryl-substituted fluo-
rene derivatives.12–19 However, most of these protocols give
poor yields and some of them involve multiple steps or
have narrow substrate scopes; in some cases, the required
9-arylfluorenes are not even generated. There are few re-
ports in the literature on the preparation of aryl-substitut-
ed fluorenes from triarylcarbinols. Because triarylcarbinols
are easily accessible from arylcarboxylic acids by Grignard
reactions, we intended to develop a method for preparing
7-arylfluorene derivatives by this route.

The symmetrical triarylcarbinol 17a, required for the
synthesis of the 7-arylfluorene 14, was easily prepared in

Scheme 1  Retrosynthetic analysis of BIFOL (12a)
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two steps from commercially available 2-hydroxy-3-naph-

thoic acid (15) through esterification followed by a
Grignard reaction (Scheme 3).

Attempts were made to synthesize fluorene 14 by
various reported methods, but none of them gave the re-
quired compound. Recently, the heterogeneous catalyst

Scheme 3  Synthesis of triarylcarbinol 17a
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NaHSO4/SiO2 has been used in Friedel–Crafts-type reactions
to facilitate C–C bond formation to produce tetraaryl meth-
ane derivatives.20 This report encouraged us to attempt the
reaction of triarylcarbinol 17a with NaHSO4/SiO2 in reflux-
ing 1,2-dichloroethane. After 24 hours, this reaction failed
to give the required fluorene moiety; instead, xanthene 18
was isolated in 32% yield, indicating the formation of a car-
bocation followed by cyclic ether formation from the avail-
able free phenolic hydroxy group (Scheme 4).

To avoid the formation of xanthene 18 and to facilitate
the formation of the required fluorene derivative, the phe-
nolic hydroxy group was selectively protected as its methyl
ether. To our delight, the methyl ether derivative 13a
smoothly delivered the expected stereogenic center-con-
taining fluorene derivative 19a in 71% yield through de-
symmetrization in the presence of NaHSO4/SiO2 in refluxing
1,2-dichloroethane after 24 hours (Scheme 5).

Our successful synthesis of 6-methoxy-7-phenyl-7H-
benzo[c]fluorene (19a) from triarylmethanol 13a by using
NaHSO4/SiO2 encouraged us to try this method for the
preparation of various aryl-substituted fluorene deriva-
tives. The required methoxy-protected derivatives of tri-
arylcarbinols 13a–g were each synthesized in two steps by
treatment of methyl 3-hydroxy-2-naphthoate (16) with
various Grignard reagents. The first step involved the addi-
tion of the aryl Grignard reagent; this was followed by se-
lective etherification with iodomethane, and the results are
summarized in Scheme 6.

The resulting triarylcarbinols 13a–g were subjected to
cyclization in the presence of NaHSO4/SiO2. This method
was found to be general, as demonstrated by the successful
conversion of triarylcarbinols 13a–g into the corresponding
fluorene derivatives 19a–g in 62–71% yield (Scheme 7). For
example, the phenyl- and naphthyl-substituted carbinols
13a and 13b, respectively, furnished the corresponding flu-
orenes 19a and 19b in 71% and 66% yield. The position of an
electron-donating functional group, for example methoxy,
on the phenyl ring did not have any predictable effect on
the product yield. For example, the 2-methoxyphenyl- and
4-methoxyphenyl-substituted carbinols 13d and 13e gave
the corresponding fluorenes 19d and 19e in 65% and 70%
yield, respectively. Carbinols 13c and 13f containing phenyl
groups with moderately electron-donating substituents
also gave the corresponding fluorenes 19c and 19f in 62%
and 65% yield, respectively. The m-anisyl-group-containing
carbinol 13g gave the corresponding fluorene 19g in 69%
yield.21

Scheme 7  Synthesis of aryl-substituted fluorenes 19a–g. Reaction conditions: 13a–g (1 mmol), NaHSO4/SiO2 (500 mg), anhyd DCE (10 mL), reflux, 24 
h. Isolated yields of products are reported.
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Moreover, in this cyclization process, racemic mixtures
of the 7-arylfluorenes 13a–g were generated by desymme-
trization through interaction of the methoxynaphthalene
with one of the two other identical aryl groups. The struc-
ture of the cyclized compound 19f was confirmed by single-
crystal X-ray diffraction analysis (Figure 2).22

Having successfully synthesized fluorene derivatives
19a–g, we decided to employ this cyclization strategy to
prepare diol (S)-20 from (S)-BINOL-3,3′-dicarboxylic acid
[(S)-9]. Accordingly, the starting material (S)-10 and (S)-11
were prepared in optically active form from (S)-9 by follow-
ing the reported two-step protocol.23 Esterification of (S)-
BINOL-3,3′-dicarboxylic acid (S)-9 in presence of SOCl2 in
MeOH furnished dimethyl (S)-2,2′-dihydroxy-1,1′-binaph-
thalene-3,3′-dicarboxylate [(S)-10] in 90% yield (Scheme
8).24a Addition of PhMgBr to (S)-10 gave (S)-3,3′-bis[hy-
droxy(diphenyl)methyl]-1,1′-binaphthalene-2,2′-diol [(S)-
BIMBOL; (S)-11]24b in 94% yield (Scheme 8).

To avoid any side reaction in the cyclization process, the
phenolic hydroxy group in the bistriarylcarbinol (S)-11 was
selectively protected as the methyl ether. Treatment of (S)-
BIMBOL [(S)-11] with MeI in the presence of K2CO3 in re-
fluxing dry acetone for 24 hours gave the corresponding di-
methyl ether (S)-20 in 96% yield (Scheme 9). As in the case
of the monomer, the reaction of (S)-20 in the presence of
NaHSO4/SiO2 catalyst in refluxing 1,2-dichloroethane for
24 hours gave the dimethyl ether derivative of chiral BIFOL
[(–)-21] as a mixture of diastereomers in 78% yield (Scheme
9).

A plausible mechanism for the formation of diastereo-
meric mixture (–)-21 is shown in Scheme 10. The first step
in the reaction might be the generation of the bistriarylcar-
bocation I from bistriarylcarbinol (S)-20 in the presence of
NaHSO4/SiO2. In the second step, the bistriaryl carbocation
intermediate I might undergo either a Nazarov-type cy-
clization or a Friedel–Crafts-type reaction to generate inter-
mediate II. Loss of a proton from intermediate II generates
intermediate III, which undergoes two successive [1,5]-hy-
dride shifts to give the chiral BIFOL derivative (–)-21. The
formation of a diastereomeric mixture of (–)-21 from (S)-20
indicates the involvement of carbocation generation and a
Nazarov-type cyclization or a Friedel–Crafts-type reaction,
followed by two successive [1,5]-hydride shifts.

The structure of (–)-21 clearly indicates the presence of
two chiral elements: central chirality at the 7 and 7′ posi-
tions and axial chirality of the binaphthyl unit. The pres-
ence of two chiral centers and one axial chirality can gener-
ate four possible diastereomers for molecule (–)-21 (Figure
3). The 1H NMR of (–)-21 revealed that the reaction mixture
contained four diastereomers in a 0.65:1:1:1 ratio. Unfortu-
nately, these isomers were not separable by column chro-
matography.

We surmised that the generation of free phenolic hy-
droxy groups in the diastereomeric mixture by ether cleav-
age might increase the polarity of mixture, thereby permit-
ting the separation of the isomers through column chroma-
tography. Accordingly, demethylation in (–)-21 was effected

Scheme 8  Synthesis of (S)-10 and (S)-11
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by using excess BBr3 in dry dichloromethane at 0 °C for 24
hours to furnish the derivatives containing the free hydroxy
groups (Scheme 11).

The proton NMR spectrum of the crude mixture of diols
12 displayed eight singlets in the range δH = 4.97–5.32 ppm;
these were assigned to four benzylic CH protons and four
phenolic OH protons indicating the presence of four diaste-
reomers. The crude mixture was purified by silica gel col-
umn chromatography to give one trans-isomer 12a with a
positive optical rotation in 22% yield. The remaining trans-
isomer and two cis-isomers were not separable (Figure 4).

Scheme 10  Plausible mechanism for the formation of (–)-21
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The structure of the C2-symmetric trans-isomer (+)-12a
was confirmed by 1H NMR. In the 1H NMR spectrum of (+)-
12a, the two singlets at δH = 5.28 and 5.02 ppm might be
due to either the benzylic CH protons at the 7- and 7′-posi-
tions or to the phenolic OH protons at the 6- and 6′-posi-
tions. The phenolic OH protons in the 6,6′-positions and the
benzylic CH protons at the 7,7′-positions were distin-
guished by deuterium-exchange studies with (+)-12a. The
addition of D2O to the NMR sample of (+)-12a caused the
disappearance of the singlet at δH = 5.02 ppm, indicating
that the phenolic OH protons appear at δH = 5.02 ppm and
that the benzylic CH protons appear at δH = 5.28 ppm for
isomer (+)-12a (Figure 4).

Large crystals of the chiral C2-symmetric trans-isomer
(+)-12a (BIFOL) were easily obtained by dissolving the com-
pound in hot hexane and freely cooling to room tempera-
ture. The relative configurations at the 7- and 7′-positions
were assigned on basis of the known axial chirality of the
starting (S)-(–)-BINOL-3,3′-dicarboxylic acid in the crystal
structure of BIFOL [(+)-12a], and were found to be R and R,
respectively. Therefore, the absolute configuration of the
chiral compound in BIFOL, (+)-12a is Sa,R,R (Figure 5).22

To examine the stability of BIFOL [(+)-12a] under basic
and acidic conditions, (+)-12a was first treated with five
equivalents of NaOH in methanol or in toluene for 24 hours.
No racemization was observed in either solvent. A similar
result was observed with 6 N HCl (see Supporting Informa-
tion). Furthermore, BIFOL [(+)-12a] isolated after acid or
base treatment was converted into the corresponding
methyl ether (+)-21a through etherification with K2CO3/MeI
in dry acetone (Scheme 12).

The 1H NMR of (+)-21a revealed that the resulting sam-
ple of BIFOL [(+)-12a] was formed from a 0.65 ratio of iso-
mers in the diastereomeric mixture.

To examine the possibility of using chiral BIFOL in an
asymmetric organic transformation, (+)-12a was converted
into the corresponding phosphoric acid, (+)-22 by treat-
ment with POCl3/pyridine and subsequent hydrolysis
(Scheme 13).

Scheme 11  Demethylation of (–)-21
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Scheme 12  Methylation of (+)-12a
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Scheme 13  Synthesis of chiral BIFOL phosphoric acid (+)-22

The introduction of new catalyst into the toolbox for
chiral organocatalysis requires a preliminary evaluation of
the new catalyst with standard reactions. We therefore
screened the catalyst BIFOL phosphoric acid (+)-22 for the
enantioselective transfer hydrogenation of 2-phenylquino-
line (23).25 The preliminary experiments were carried out
by treating 2-phenylquinoline (23) with Hantzsch ester 24
as a hydride source in the presence of 20 mol% of catalyst
(+)-22 in various solvents at room temperature (Table 1, en-
tries 1–9). The BIFOL-derived phosphoric acid catalyst (+)-
22 displayed a maximum conversion after 24 hours with
low enantioselectivity in various solvents. (2R)-2-Phenyl-
1,2,3,4-tetrahydroquinoline (25) was obtained in 22% ee
when toluene was used as a solvent (Table 1, entry 5).

Although our new chiral BIFOL phosphoric acid (+)-22a
did catalyze the transfer hydrogenation effectively, the se-
lectivity was not promising. Hence, either the isolation of
other stereoisomers of BIFOL from the diastereomeric mix-
ture, followed by their conversion into phosphoric acids
and evaluation in transfer hydrogenation reactions, and\or
the modification of the BIFOL structure is essential to
achieve stereoselectivity in transfer hydrogenation reac-
tions.

In conclusion, we have developed a new method for the
synthesis of racemic arylfluorenes from the corresponding
triarylcarbinols in the presence of NaHSO4/SiO2. This strate-
gy was successfully employed with the bistriarylcarbinol
derived from (S)-BINOL-3,3′-dicarboxylic acid to synthesize
a new class of biaryl system containing bisfluorenediol moi-
eties. The reaction of the dimethyl derivative of (S)-BIMBOL
with NaHSO4/SiO2 generated the corresponding bisfluorene
derivative as a diastereomeric mixture in a 0.65:1:1:1 ratio.
From the diastereomeric mixture of BIFOL obtained from
(S)-BINOL-3,3′-dicarboxylic acid, optically active (Sa,R,R)-
12a was isolated through simple column chromatography.
(Sa,R,R)-12a was converted into the corresponding chiral BI-
FOL phosphoric acid, (+)-22 and examined as a catalyst for
enantioselective transfer hydrogenation.
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