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Abstract—Two different ferrocenyldiketones 1 and 2 containing a biphenyl unit were prepared by Ni(0) promoted homocoupling of
suitable ferrocenyl-aryl halides. The atropisomeric stability of the corresponding diols and other related derivatives was investigated.
Chiral 2,2 0-bis-(ferrocenylhydroxymethyl)-1,1 0-biphenyl, (�)-5c, and 1(1,1 0)-ferrocena-2,5-dihydroxy-3,4(1,2)dibenzenacyclopenta-
phane, (+)-6a and (�)-6b, were prepared as single diastereoisomers with defined central and axial chiralities by CBS-catalyzed asym-
metric reduction of 1 and 2, respectively. During the reaction, that proceeded with high stereoselectivity affording the above
mentioned diols in satisfactory enantiomeric excess, we noticed the occurrence of an unusual reductive deoxygenation process.
Absolute configurations of the chiral diols were assigned by means of X-ray crystallographic and circular dichroism analyses.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Biaryl atropisomeric compounds have attracted con-
siderable interest due to their frequent occurrence in
nature,1 biological activity2 and wide application in
asymmetric catalysis,3 where the specific chiral environ-
ment created by a stereogenic axis plays a relevant role
in obtaining efficient asymmetric induction. Their con-
formational properties and the synthetic methodologies
for their preparation in optically active form4 have been
extensively studied.

Although for the most part stable atropisomers are
ortho–ortho 0 tetrasubstituted biaryls, a sufficiently high
rotational barrier about the biaryl linkage has been
shown in some sterically congested tri- or disubstituted
biphenyls;5 the twisting of the biphenyl skeleton can also
be induced by metal complexation of conformationally
flexible 2,2 0-disubstituted biphenyls giving rise to stable
axially chiral metal complexes.6 Due to a restriction in
the rotation around a single bond, other classes of com-
pounds such as 1-naphthylcarbinols and 1-naphthylam-
ines,7 naphthylaryl and pyrimidine derivatives,8 2,2 0-
0957-4166/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetasy.2005.08.016

* Corresponding author. Tel.: +39 0957212136; fax: +39 0957212141;
e-mail: angela.patti@icb.cnr.it
bridged-1,1-biaryls9 and hindered tertiary aromatic
amides10 can exist as atropisomers.

As a part of our research program on chiral ferrocenes,
we were interested in ferrocenyl compounds with axial
chirality, which have been investigated less than the
plethora of known ferrocenyl derivatives possessing
central and/or planar chirality.11 Axially chiral ferro-
cenes usually contain a binaphthyl moiety12 and more
recently, pseudobiarylic ligands with a functionalized
aryl group directly connected to a planar chiral ferro-
cene have been developed and found to be very active
as catalysts in different asymmetric reactions.13

With the aim of evaluating the influence, in terms of
sterical hindrance to the biaryl rotation, of a ferrocenyl
substituent on the biphenyl backbone we originally
prepared the 2,2 0-disubstituted biphenyl 1, which
was found conformationally flexible whereas the
corresponding diols 5a–c showed sufficient atropiso-
meric stability to be detected and isolated.14 Herein,
we also considered the ferrocenyl-aryl macrocyclic
diketone 2 and report the asymmetric reduction of both
1 and 2 to give the corresponding chiral and atropiso-
merically stable diols as valuable starting materials for
the preparation of a novel class of ferrocenyl derivatives
potentially useful in catalysis and host–guest recogni-
tion fields.
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2. Results and discussion

2.1. Homocoupling reactions

Diketones 1 and 2 were obtained by Ni(0) promoted
homocoupling of (2-bromobenzoyl)ferrocene, 3 and
1,1 0-bis(2-bromobenzoyl)ferrocene, 4, respectively, both
easily accessible in high yield by conventional Friedel–
Crafts acylation of ferrocene.15 The active Ni(0) com-
plex was generated in situ from Ni(PPh3)2Cl2 and zinc
in the presence of Bu4NI at 60 �C in THF16 and after
the addition of the substrate, the reaction proceeded
smoothly within a few hours. Different conditions for
the homocoupling of 3 were examined and the presence
of an excess of zinc was found to be essential to achieve
high conversion of the substrate, either with stoichiom-
etric or sub-stoichiometric amounts of the nickel com-
plex. Intramolecular homocoupling of 4 gave diketone
2 in about 45% yield, together with non-identified poly-
meric compounds (Table 1).
Figure 1. MM2-minimized model of 2.
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In order to have more direct access to target diols 5 and
6, the homocoupling of the alcohols deriving from 3 or
4, as well as their methoxy- and acetoxy derivatives,
was also tried, but the reactions almost exclusively gave
the hydrodehalogenation product of the starting ferro-
cene.
Table 1. Nickel-promoted homocoupling of ferrocenyl-aryl halides

Ketone Ketone–Ni(PPh3)2Cl2–Zn
molar ratioa

Time (h) Product (%)b

3 1:1:5 2 1 (85)
3 1:1:2.5 3 1 (85)
3 1:1:1 24 —
3 1:0.5:5 20 1 (55)
3 1:0.5:2.5 20 1 (40)
4 1:1:5 4 2 (45)

a Bu4NI in 1:1 ratio with Zn was always used.
b Isolated yield.
Chiral HPLC analysis of 1 in different chromatographic
systems always showed a single peak, whereas 2 in our
standard conditions (Chiralcel OD, n-hexane–EtOH
9:1, flow 0.5 mL/min) gave a very broad peak, which
evolved into two peaks separated by a large plateau-like
region when the eluent flow rate was increased up to
1.5 mL/min, indicative of column enantiomer-intercon-
version occurring at a rate similar to that of the separa-
tion process.17

1H and 13C NMR spectra of 1 and 2 showed a reduced
number of resonances, as expected for C2-symmetric
molecules; the two a- and the two b-positions on the
substituted cyclopentadienyl ring were found equivalent
in diketone 1, due to the freedom of the rotation about
the two carbonyl groups, but not in 2. As a consequence
of some degree of rigidity in the molecule, four distinct
ferrocenylic resonances were observed in the 1H NMR
spectrum of 2, one of them being largely differentiated
and at high chemical shift (d 5.18 ppm), may be because
it pointed into the deshielding region of the carbonyl
group. As reported for other carbonyl-containing
ferrocenophanes, in the most reasonable conformation
the two carbonyl groups of 2 should be in a trans-dispo-
sition and coplanar to the cyclopentadienyl rings
(Fig. 1).18
2.2. Conformational stability of diols deriving from
1 and 2

We have recently shown that chemical reduction (LAH)
of 1 gives diol 5, which exists in three diastereomeric
forms 5a–c with different combinations of central and
axial chirality and sufficient atropisomeric stability to
allow their detection and separation. However, diol 5a
suffers racemization and diol 5b, whose formation is
kinetically favoured, atropisomerizes to 5c, which is
thermodynamically more stable (Scheme 1).14 Since the
reverse process from 5c to 5b does not occur, it seems
evident that only 5c can be obtained in enantiomerically
and diastereoisomerically pure form.

In the same way, from the chemical reduction of di-
ketone 2, the three diastereoisomeric diols 6a–c can be
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obtained, namely the (R,S,aR)/(S,R,aS)-isomer (±)-6a
and the two C2-symmetrical (R,R,aR)/(S,S,aS)-(±)-6b
and (R,R,aS)/(S,S,aR)-(±)-6c diols (Scheme 2).
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Scheme 2. Possible diastereoisomeric diols deriving from 2.
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The reduction of 2 with NaBH4 proceeded stereoselec-
tively, as previously observed for 1, giving only diol
(±)-6a, easily identified from its NMR spectra showing
distinct resonances for each proton (and carbon) in the
molecule in agreement with the lack of symmetry. Eight
separate resonances were observed for the ferrocenylic
protons, two of which appearing at unusual high field
(d 3.55 and 3.87) and assignable to one of the a-protons
in each cyclopentadienyl ring, which lies over a distal
phenyl ring.19 The hydroxylic protons gave two doublets
at 1.43 and 1.94 ppm with quite different coupling con-
stant, 11.7 and 3.1 Hz, respectively, the chemical shifts
of which were not influenced by the dilution. The
absence of inter- or intramolecular hydrogen bonding
was evident from the IR spectrum, which showed two
sharp bands at 3611 and 3565 cm�1. Chiral HPLC anal-
ysis of (±)-6a showed two baseline well-resolved peaks
in a 1:1 ratio; single enantiomers of 6a were collected
and allowed to stand in hexane–EtOH solution at room
temperature or 45 �C for various lengths of time giving
no evidence of racemization.

LAH reduction of 2 afforded two diols, (±)-6a and a sin-
gle symmetrical one, (±)-6b, the other possible symmet-
rical diol (±)-6c never being observed. The ratio of 6a:6b
was found dependent upon the experimental conditions;
when the reaction was carried out in the presence of a
large excess of LAH, so that a complete reduction was
achieved nearly instantaneously, a ratio of 20:80 for
6a:6b was observed. This ratio was reversed when a con-
trolled reduction of 2 was performed by the portionwise
addition of LAH.

The conformational stability of (±)-6b was assessed by
heating the diol in different solvents at temperatures
up to 100 �C for 24 h; the formation of the atropiso-
meric diol (±)-6c was not observed in any case.

In the hypothesis that the presence of an hydroxyl group
is sufficient to lower the conformational flexibility of the
intermediate ketoalcohol with respect to the parent 2,
two possible ketoalcohols were expected, namely the
(aR,R/aS,S) and (aS,R/aR,S) diastereomers, each one
giving rise to (±)-6a in addition to a symmetric diol by
further reduction. The absence of (±)-6c could be due
to a marked difference in the energy formation or con-
formational stability of these ketoalcohols; the occur-
rence of an irreversible fast atropisomerization from 6c
to 6b seemed less probable taking into account the high-
er rigidity of the involved molecules compared to 5b and
5c, where the analogous isomerization process was
detected.

2.3. Asymmetric reduction of diketone 1

Among the available methodologies for the asymmetric
reduction of the carbonyl group, we resorted to the
CBS-catalyzed reaction20 (Scheme 3) that we have suc-
cessfully applied in the synthesis of other biphenyl
carbinols.21
However, using our standard conditions (30% equiv of
catalyst, THF, rt), after 6 h the conversion of diketone
was negligible. As a result the reaction was carried out
at 45 �C. At this temperature, 1 was reduced to the cor-
responding alcohol but a careful choice of the reaction
time was necessary, since other products, namely 7a
and 7b, could also form (Scheme 4).

In the NMR spectra of 7a and 7b, single resonances
were observed for each proton and carbon in the mole-
cules indicating the lack of symmetry; diagnostical AB
systems centred at 3.58 and 3.13 ppm related with
methylenic carbons indicated the structure of 2-ferro-
cenylhydroxymethyl-2 0-ferrocenylmethyl-1,1 0-biphenyl
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for both compounds. This assignment, confirmed by
ESI-MS analysis, implies that 7a and 7b are diastereo-
mers differing in their relative central and axial chirality.
Their (R)-configuration on the stereogenic carbons was
assigned from the stereochemical course of the reaction
(see infra), whereas the axial configuration was assigned
here arbitrarily.

During the chromatographic purification of 7a and 7b,
we noticed their mutual interconversion by rotation
around the biphenyl bond; in fact, starting from
enriched fractions of 7a or 7b the same final equilibrium
ratio 68:32 was reached in a hexane solution in 24 h.
This finding indicated a lower atropisomeric stability
with respect to the parent diols 5a–c,22 probably because
an intramolecular hydrogen bond, which has been
invoked as the origin of atropisomerism in some steri-
cally congested 2,2 0-substituted biphenyl carbinols,5d is
not possible in 7a,b. When the CBS-catalyzed reduction
of 1 was prolonged for 8 h, both diols 5a–c and mono-
alcohols 7a,b further reacted giving 8 as the final
product. Compound 8, possessing no more stereogenic
carbons, showed two peaks separated by a plateau-like
region in the chiral HPLC analysis as was expected for
two fast interconverting atropisomers.23

Although reductive deoxygenation of a-ferrocenyl car-
bonyls and alcohols to alkylferrocenes promoted by
borane-dimethyl sulfide in CH2Cl2 has been described,24

this reaction appeared to be minimized in the presence
of oxazaborolidine catalyst so that the reduction of ferro-
cenylketones was reported to afford the expected alco-
hols in high yield.15 In the case in hand, since 7a and
7b were obtained in optically active form, it seems rea-
sonable that their formation occurred after the stereose-
lective reduction of the carbonyl group(s) of 1. Blank
runs carried out in THF at 45 �C in the presence of
borane-dimethyl sulfide, but not the catalyst, showed
that neither 1 nor 5 reacted during 24 h. However, in
the reported conditions (CH2Cl2, room temperature,
24 h) diketone 1 gave 2-ferrocenylcarbonyl-2 0-ferroce-
nylethyl-1,1 0biphenyl as the main product; in the same
conditions, diol 5 reacted faster than 1 affording 8.

In a preparative run, two solutions in THF of borane
and 1 were simultaneously added at 0 �C to a solution
of (S)-CBS-Me over 20 min. The mixture was warmed
to 45 �C and left to react for 3 h, monitoring the reac-
tion course by HPLC for the disappearance of the start-
ing diketone. After quenching with MeOH and the usual
work-up, the mixture contained about 68% of 5a–c, 27%
of 7a,b and 5% of 8. After removal of the catalyst by fil-
tration over a short column of silica eluting with AcOEt,
the mixture was left in hexane at 45 �C overnight to
allow the complete atropisomerization of 5b into 5c.
The final diastereoisomeric ratio 5c:5a, measured as
97:3, confirmed the high diastereoselectivity previously
observed in the CBS-catalyzed reduction of other
biphenyl diketones. After chromatographic purification,
(�)-5c was obtained in 62% yield and 95% ee (Scheme
5).
In order to minimize the formation of monoalcohols
7a,b, a CBS-catalyzed reduction using 0.5 equiv of
borane was also tried, but the starting compound 1 was
recovered unchanged after 24 h. Carrying out the reac-
tion in toluene (1.1 equiv BH3ÆMe2S, 45 �C) did not give
substantial differences in the amount of formed 7a,b and
8, whereas (�)-5c was obtained in slightly lower enantio-
meric purity (91% ee). As an alternative procedure,
the asymmetric transfer hydrogenation of 1 using the
Noyori�s catalyst25 was also performed, without any
evidence of reaction.

Attempts to obtain suitable crystals of (�)-5c for X-ray
crystallographic analysis were unsuccessful, but when
the diol was left to stand in CH2Cl2/n-hexane solution
at room temperature for several days, slow spontaneous
intramolecular dehydratation occurred with crystals of
the cyclic ether (+)-9 separated from the solution.

X-ray crystallographic analysis allowed us to assign the
absolute configuration (R,R,aR) to (+)-9 (Fig. 2); since
the formation of (+)-9 from (�)-5c occurs with retention
of the configuration on the stereogenic carbons,14 the
same configuration (R,R,aR) was assigned to (�)-5c.
This configuration is in agreement with the known
stereochemical course of the CBS-catalyzed reduction20

and with the axial chirality, which we previously sug-
gested from Molecular Mechanics calculations.14

2.4. Asymmetric reduction of diketone 2

The asymmetric reduction of 2, which was carried out
by applying the same procedure as for 1, after 1 h at
45 �C afforded the expected diols 6a and 6b in a 3.2:1
ratio together with monoalcohol 10 as a side product
(22%) deriving from the above mentioned over-reduc-
tion process (Scheme 6). Both (+)-6a and (�)-6b were
obtained in high enantiomeric purity (92% and 95%
ee, respectively), whereas (+)-10 was obtained with



Figure 2. ORTEP plot of (+)-9 with atom numbering scheme.
Displacement ellipsoids at 50% probability level. Figure 3. ORTEP plot of (�)-6b with atom numbering scheme.

Displacement ellipsoids at 50% probability level.
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25% ee; prolonging the reaction time, (+)-10 was
isolated as the main product (60%) with 52% ee and
the ratio 6a:6b dropped to 1.5:1 so that a preferential
conversion of 6a into 10 could be deduced. Neither the
other possible diastereoisomeric monoalcohol nor the
product deriving from the deoxygenation of both stereo-
genic carbons were detected.

The predominance of the (+)-6a diol having an opposite
configuration on the stereogenic carbons should imply
the occurrence to some degree of an unselective hydride
transfer from borane (either as free-borane or –OBH2 in
the first formed ketoalcohol) to the carbonyl group,
such as has been invoked to explain the formation of
meso diastereoisomer in the CBS-catalyzed reduction
of some symmetrical diketones.26 However, in this case,
both (+)-6a and (�)-6b were obtained in high enantio-
meric purity and stereoselectivity. The reaction course
seemed to be driven towards the achievement of the
atropisomers with the matched configuration, since only
some of the possible products were formed. The abso-
lute configuration of (�)-6b was established by single
crystal X-ray analysis as (aR,R,R) as shown in Figure 3.

Since attempts to obtain suitable crystals of (+)-6a were
unsuccessful, we compared its CD spectrum with those
obtained for (�)-6b and (+)-10. All CD spectra
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Scheme 6. CBS-catalyzed reduction of 2. Reagents and conditions: (a) (S)-C
(Fig. 4) displayed two Cotton effects (CE�s) in the region
300–600 nm, centred at about 330 and 450 nm and usu-
ally ascribed to ferrocenylic d–d ligand field forbidden
transitions.27 At lower wavelengths, the CE�s related to
the absorption bands of the biphenylic chromophore
were observed. The CD spectra of (�)-6b and (+)-10
are in a mirror like relationship so that an (aS,S)-config-
uration could be assigned to the major enantiomer of
the monoalcohol 10.28 Diol (+)-6a showed a CD spec-
trum similar to that of (+)-10, with the exception of
the band centred at 218 nm, which appeared as a bisig-
nate exciton couplet with positive CE at 226 nm and
negative CE at 210 nm. Although the coupling of the
two 1Bb transitions located on the distinct phenyl rings
is in principle possible for all the three compounds in
hand, the suitable geometry in terms of the dihedral
angle between the aromatic molecular planes is probably
present only in (+)-6a; the observed couplet is indicative
of a positive chirality29 and the (aS,R,S)-configuration
was then assigned to (+)-6a.

2.5. Crystal structures of (+)-9 and (�)-6b

The biphenyl skeleton in (+)-9 (see Fig. 2) assumes a
quite reduced distortion, owing to the presence of the
ether bridge connecting its ortho–ortho 0 positions, simi-
lar to that observed in previously reported structures
)-(„ )-6b
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BS-Me (30% equiv), BH3ÆMe2S (1 equiv), THF, 45 �C, 1 h.
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of phosphorothioamidate biphenyls.30 The dihedral
angle s between the least-squares (l.s.) planes through
the biphenyl rings measures 41.4(1)�. On the other hand,
in (�)-6b (see Fig. 3) the biphenyl appears to be strongly
distorted, as indicated by both the dihedral s, 79.3(1)�,
and the deviation of the biphenyl rings from coaxiality.
In fact, atoms C4 and C10 are pushed outwards by
0.330(4) and 0.289(4) Å, respectively, with respect to
the line through C1 and C7. For comparison, atoms
C4 and C10 in (+)-9 are located at only 0.062(5) and
0.089(5) Å, respectively, from the same line.

The distortion of the biphenyl in (�)-6b is clearly due to
the large dimensions of the ferrocenyl unit bridging its
ortho–ortho 0 positions. Steric hindrance associated to
the latter group is also responsible for other observed
geometrical deviations. Bond angles of the bridge are
larger than the standard sp2 and sp3 values [C1–C2–
C13 and C7–C8–C14 measure 126.0(2)� and 126.1(2)�,
respectively; C2–C13–C15 and C8–C14–C20 measure
113.7(2)� and 114.0(2)�, respectively]. Moreover, the
ferrocenyl unit of (�)-6b is slightly distorted with respect
to the usual geometry, which is observed in (+)-9.
The mean distance between iron and the l.s. planes
through the cyclopentane rings (Cp) is 1.6586(3) Å
in (�)-6b, slightly longer than the corresponding value
1.6378(5) Å observed in (+)-9. In both molecules, the
l.s. planes through the Cp rings are roughly parallel.
However, the corresponding dihedral angle in (�)-6b,
4.9(1)�, is significantly larger than both the dihedral
angles measured for (+)-9, 1.0(1)� and 0.6(1)� for the
ferrocenyls with Fe1 and Fe2, respectively. The angle
between the geometrical centres (gc1 and gc2) of the
Cp rings and the iron atom in (�)-6b is 175.8�, while
in (+)-9 the two iron atoms are almost collinear to their
respective gc1 and gc2 centres (179.0� for Fe1 and 179.7�
for Fe2).
A further difference between the ferrocenyl units in the
two compounds concerns the conformation of their Cp
rings. An almost staggered conformation is found in
the ferrocenyl of (�)-6b, the pseudo-torsion angles Cx–
gc1–gc2–Cx 0 (Cx and Cx 0 are in turn, respectively, the
carbon atoms of the two Cp rings) measuring 30.2(2)�
on average. On the other hand, both ferrocenyls of
(+)-9 adopt a nearly eclipsed conformation, the pseudo-
torsion angles being 1.9(3)� and �4.6(3)� on average.

It is interesting to note that a survey of the Cambridge
Structural Database (November 2003, version 5.25)31

reveals that these are the first deposited structures con-
taining both biphenyl and ferrocenyl units. In the only
related structure, a binaphthyl-bridged ortho,ortho 0-
disubstituted ferrocene,19 the biaryl unit undergoes a
similar distortion as found in (�)-6b, the dihedral angle
between the halves of the binaphthyl moiety being
74.2(2)�. On the other hand, a larger distortion was
observed in the ferrocenyl moiety, whose Cp rings form
a dihedral angle equal to 12.3(3)�. This can be clearly
assigned to the reduced dimensions of the ferrocene
bridge, compared with those of (�)-6b.
3. Conclusions

In conclusion, three new chiral ferrocenyl diols possess-
ing a biphenyl unit, which exist as stable atropisomers,
were firstly prepared by asymmetric CBS-catalyzed
reduction of the corresponding biphenyldiketones. The
reduction proceeded with high stereoselectivity, with a
concomitant side-reaction leading to deoxygenated com-
pounds. Although the starting diketones were conform-
ationally flexible, high diastereomeric control of the
axial chirality was achieved in the corresponding diols.
The presence of the additional axial chirality in these
ferrocenyl diols could be useful in molecular recogni-
tion, while their applications as catalysts or stereoselec-
tive hosts are under investigation. Alternative
procedures to obtain the diols and the related deriva-
tives, in higher yields, are also currently in progress.
4. Experimental

4.1. General methods

1H and 13C NMR spectra were recorded in CDCl3 at
400.13 and 100.62 MHz, respectively. Chemical shifts
(d) are given as parts per million relative to the residual
solvent peak and coupling constants (J) are in Hertz.
Melting points are uncorrected. Optical rotations were
measured on a DIP 135 JASCO instrument. THF was
distilled under argon from sodium/benzophenone.
BH3ÆMe2S (2 M solution in THF) and (S)-CBS-Me
(1 M solution in toluene) were purchased from Aldrich.
Column chromatography was performed on silica gel 60
(70–230 mesh) using the specified eluants. Chiral HPLC
analyses were carried out on a Chiracel� OD column
(Daicel Chemical Industries) using n-hexane–EtOH mix-
tures as a mobile phase and detection by UV–vis detec-
tor at 225 nm. CD spectra were registered at room
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temperature (0.1 cell length) on a JASCO spectro-
polarimeter.

4.2. General procedure for the homocoupling

In a flame dried flask, under an argon atmosphere,
NiCl2(PPh3)2 (916 mg, 1.4 mmol), freshly activated Zn
dust (458 mg, 7 mmol) and Bu4NI (517 mg, 7 mmol)
were suspended with THF (30 mL). The resulting green-
ish suspension turned up to dark red upon warming at
60 �C. After 15 min of stirring, a THF solution (25
mL) of 3 (516 mg, 1.4 mmol) was added and the suspen-
sion left to react for 2 h at 60 �C. The solution was then
filtered on Celite and the filtrate taken to dryness. The
residue was chromatographed on Si gel column to give
114 in 85% yield.
4.3. 1(1,1 0)-Ferrocena-2,5-dione-3,4(1,2)dibenzenacyclo-
hexaphane 2

Compound 4 was reacted according to the above proce-
dure and the reaction mixture purified on Si gel column
(Rf 0.41, n-hexane–AcOEt 7:3) to afford 2 in 45% yield
as a deep red solid, mp 196–197 �C. HPLC: n-hexane–
EtOH 9:1 flow 1.5 mL/min, tR/min = 6.7 and 12.7. IR
(CCl4) m 1654, 1264 cm�1; 1H NMR: d 4.49 (br s, 2H),
4.51 (br s, 2H), 4.64 (br s, 2H), 5.18 (br s, 2H), 7.35–
7.41 (m, 4H), 7.58 (m, 4H); 13C NMR: d 72.2, 72.9,
73.9, 75.5, 80.4, 126.5, 127.1, 130.6, 131.4, 139.5,
139.9, 197.5. ESI-MS m/z 393 [MH+]. Anal. Calcd for
C24H16FeO2: C, 73.49; H, 4.11. Found: C, 73.35; H,
4.18.
4.4. Asymmetric reduction of 1

(S)-CBS-Me (0.22 mmol, 0.22 mL of 1 M solution in tol-
uene) was dissolved in THF (10 mL) under argon and
cooled to 0 �C. From a syringe charged with BH3ÆMe2S
(2 M in THF, 0.36 mL, 0.72 mmol) dissolved in 10 mL
of THF, 20% of the final amount was added to the cat-
alyst solution. After 10 min of stirring, the remaining
BH3ÆMe2S and a solution of 1 (200 mg, 0.36 mmol, in
10 mL of THF) were simultaneously added by syringe
pump within 20 min at 0 �C. The reaction mixture was
then warmed at 45 �C and the reaction course moni-
tored by HPLC and TLC. As soon as the quantitative
conversion of the substrate was observed, the reaction
was quenched by careful dropwise addition of MeOH
(2 mL), diluted with satd NH4Cl (50 mL) and extracted
with AcOEt (3 · 30 mL). The organic layer was washed
with brine, dried over Na2SO4 and taken to dryness
under vacuum to give a residue that was charged on a
short silica gel column, which was eluted with removal
of the solvent; the residue was dissolved in hexane and
the solution maintained at 45 �C overnight. The solution
was then taken to dryness and the residue purified by
column chromatography.

Elution with n-hexane–AcOEt 14:1 first gave compound
8 (8 mg, 4 % yield) and then compounds 7a,b (48 mg,
24% yield), whereas diol 5c was obtained by subsequent
elution with n-hexane–AcOEt 85:15.
4.4.1. (aR,R,R)-2,2 0-Bis-(hydroxymethylferrocenyl)-1,1 0-
biphenyl (�)-5c. (125 mg, 62% yield, 95% ee), Rf 0.24
(n-hexane–AcOEt 85:15); HPLC: n-hexane–EtOH 98:2,
flow 0.5 mL/min, tR/min = 42.4 and 46.8. [a]D = �22.5
(c 1.10, CHCl3); CD (n-hexane) kext 454 (De +0.2), 236
(De �1.9), 220 (De +20.4). 1H and 13C NMR as previ-
ously reported.14
4.4.2. (aS,R/aR,R)-2-Ferrocenylhydroxymethyl-2 0- ferro-
cenylmethyl-1,1 0-biphenyl 7a/7b. Major diastereoiso-
mer Rf 0.25 (n-hexane–AcOEt 14:1); HPLC: n-hexane–
EtOH 98:2, flow 0.5 mL/min, tR/min = 22.9 and 23.7.
Minor diastereoisomer Rf 0.16 (n-hexane–AcOEt 14:1);
HPLC: n-hexane–EtOH 98:2, flow 0.5 mL/min, tR/
min = 26.5 and 31.4. [a]D = �25.7 (c 0.3, n-hexane,
equilibrium mixture of the two diastereoisomers in
68:32 ratio, 87% ee). IR (CCl4) m 3552, 3097, 2924,
1106 cm�1. From the NMR spectra of the diastereoiso-
meric mixture, the resonances for the major and the
minor diastereoisomer could be extracted. Major diaste-
reoisomer, 1H NMR: d 2.16 (d, J = 2.5, 1H), 3.56 and
3.59 (AX system, d, J = 15.2, 1H each), 3.80 (br s,
1H), 3.87 (br s, 1H), 3.92 (m, 2H), 4.00–4.18 (overlapped
signals with the singlets for unsubstituted Cp at d 4.04
and 4.14), 5.02 (d, J = 2.5, 1H), 6.95 (d, J = 7.6, 1H),
7.06 (m, 1H), 7.15–7.23 (m, 1H), 7.24–7.32 (m, 3H),
7.40 (t, J = 7.4, 1H), 7.71 (d, J = 7.7, 1H). 13C NMR:
d 33.7, 65.8, 67.0–69.3 (overlapped signals), 87.6, 95.1,
125.4, 126.3, 126.9, 127.6, 127.7, 129.2, 129.7, 130.6,
139.1, 139.4, 139.7, 142.0. Minor diastereoisomer, 1H
NMR: d 2.43 (d, J = 2.3, 1H), 3.03 and 3.15 (AB system,
d, J = 15.9, 1H each), 3.67 (br s, 1H), 3.90 (br s, 1H),
3.96 (s, 5H), 4.00–4.18 (overlapped signals), 4.20 (s,
5H), 4.32 (br s, 1H), 5.25 (d, J = 2.3, 1H), 7.06 (m,
1H), 7.15–7.23 (m, 1H), 7.24–7.32 (m, 4H), 7.40
(t, J = 7.4, 1H), 7.77 (d, J = 7.8, 1H). 13C NMR: d
33.5, 65.6, 67.0–69.3 (overlapped signals), 87.1, 94.9,
125.6, 126.1, 126.8, 127.5, 127.7, 128.7, 129.5, 130.1,
139.4, 139.5, 140.3, 141.1.

ESI-MS (+): m/z 566.2 [M+]. Anal. Calcd for
C34H30Fe2O: C, 72.11; H, 5.34. Found: C, 71.99; H,
5.22.
4.4.3. 2,2 0-Ferrocenylethyl-1,1 0-biphenyl 8. Rf 0.29 (n-
hexane–CH2Cl2 4:1); yellow solid, mp 144 �C; HPLC:
n-hexane–EtOH 99:1 flow 0.3 mL/min, tR/min = 21.3
and 23.2. IR (CCl4) m 3097, 2962, 1261 cm�1. 1H
NMR: d 3.36 (s, 4H), 3.90 (br s, 2H), 3.94 (br s, 2H),
4.02 (br s, 14H), 7.08 (d, J = 7.2, 2H), 7.22–7.29 (6H,
m). 13C NMR: d 33.5, 67.3, 67.4, 68.8, 69.2, 87.7,
125.6, 127.4, 129.0, 128.3, 129.9, 139.9, 140.2. Anal.
Calcd for C34H30Fe2: C, 74.21; H, 5.49. Found: C,
74.08; H, 5.36.
4.5. (aR,R,R,)-3-Oxa-2,4-diferrocenyl-1,5(1,2)-dibenz-
enacyclopentaphane (+)-9

[a]D = +44.9 (c 0.15, CHCl3);
1H and 13C NMR as pre-

viously reported.14 CD (n-hexane) kext 464 (De +0.3),
304 (De �0.4), 241 (De +20.1), 218 (De +63.8).
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4.6. Asymmetric reduction of 2

According to the procedure described above, ketone 2
(200 mg, 0.51 mmol) was reduced with BH3ÆMe2S (2 M
in THF, 0.51 mL, 0.10 mmol) in the presence of
(S)-CBS-Me (0.31 mmol, 0.31 mL of 1 M solution in
toluene). Quantitative conversion of the substrate was
observed by TLC analysis after 1 h at 45 �C and the
reaction immediately quenched by the addition of
MeOH (5 mL). After the usual work-up, the residue
was purified on Silica gel column (n-hexane–AcOEt 8:2).

4.6.1. (aS,R,S)-1(1,1 0)-Ferrocena-2,5-dihydroxy-3,4(1,2)
dibenzenacyclopentaphane (+)-6a. Rf 0.19 (n-hexane–
AcOEt 8:2). Yellow solid (97 mg, 48% yield, 92% ee),
mp 180–182 �C; [a]D = +88.9 (c 0.68, CH3CN); HPLC:
n-hexane–EtOH 9:1, flow 0.5 mL/min, tR/min = 19.7
(aS,R,S) and 38.6 (aR,R,S); CD (CH3CN) kext 454 (De
+1.0), 335 (De �2.5), 275 (De +2.8), 226 (De +29.8),
213 (De �20.4), 201 (De +16.7). IR (CCl4) m 3611,
3565, 1186 cm�1; 1H NMR: d 1.43 (d, J = 11.7, 1H,
–OH), 1.94 (d, J = 3.1, 1H, –OH), 3.55 (br s, 1H), 3.87
(br s, 1H), 4.05 (br s, 1H), 4.07 (br s, 1H), 4.17 (br s,
1H), 4.20 (br s, 1H), 4.24 (br s, 1H), 4.32 (br s, 1H),
5.49 (m, 2H), 7.10 (m, 1H), 7.23 (m, 1H), 7.34–7.37
(m, 4H), 7.47 (m, 1H), 7.62 (d, J = 7.7); 13C NMR: d
65.3, 67.0, 68.0, 68.6, 69.0, 69.1, 69.2, 69.4, 70.7, 73.1,
91.0, 95.9, 126.6, 126.7, 126.9, 127.4, 127.6, 128.7,
130.6, 131.4, 138.0, 139.0, 139.3, 140.5. ESI-MS m/z
396 [M+], 418 [(M�H)ÆNa+]. Anal. Calcd for
C24H20FeO2: C, 72.74; H, 5.09. Found: C, 72.65; H,
4.99.

4.6.2. (aR,R,R)-1(1,10)-Ferrocena-2,5-dihydroxy-3,4(1,2)-
dibenzenacyclopentaphane (�)-6b. Rf 0.37 (n-hexane–
AcOEt 8:2). Yellow solid (30 mg, 15% yield, 95% ee)
mp 205–207 �C; [a]D = �56.8 (c 0.44, EtOH); HPLC:
n-hexane–EtOH 9:1, flow 0.5 mL/min, tR/min = 16.3
(aR,R,R) and 17.8 (aS,S,S). CD (CH3CN) kext 455 (De
�0.5), 272 (De �2.1), 220 (De �35.6), 202 (De �14.0);
IR (CCl4) m 3562, 1185 cm�1; 1H NMR: d 1.56 (d,
J = 11.6, 2H, –OH), 3.69 (br s, 2H), 4.11 (br s, 2H),
4.13 (br s, 2H), 4.32 (br s, 2H), 5.47 (d, J = 11.6, 1H),
7.06 (br t, 2H), 7.32–7.34 (m, 6H); 13C NMR: d 66.2,
68.1, 68.4, 70.2, 72.9, 97.0, 126.1, 126.6, 128.8, 133.5,
138.1, 139.3. ESI-MS m/z 396 [M+], 418 [(M�H)ÆNa+].
Anal. Calcd for C24H20FeO2: C, 72.74; H, 5.09. Found:
C, 72.61; H, 4.97.

4.6.3. (aS,S)-1(1,1 0)-Ferrocena-2,5-dihydroxy-3,4(1,2)-
dibenzenacyclopentaphane (+)-10. Rf 0.56 (n-hexane–
AcOEt 80:20). Yellow solid (38 mg, 20% yield, 52%
ee), mp 185–186 �C; [a]D = +57.3 (c 0.19, CH3CN);
HPLC: n-hexane–EtOH 98:2, flow 0.5 mL/min, tR/
min = 16.6 (aS,S) and 17.8 (aR,R). CD (CH3CN) kext
453 (De +0.2), 338 (De �0.08), 234 (De �3.0), 222 (De
+19.0), 200 (De +11.9). IR (CCl4) m 3563, 1480, 1437,
1185 cm�1; 1H NMR: d 1.65 (d, J = 11.8, 1H, –OH),
3.46 (s, 2H), 3.52 (br s, 1H), 3.81 (br s, 1H), 3.93 (br
s, 1H), 3.97 (br s, 1H), 3.98 (br s, 1H), 4.13 (br s, 1H),
4.15 (br s, 1H), 4.20 (br s, 1H), 5.53 (d, J = 11.8, 1H),
7.11 (m, 2H), 7.31–7.38 (m, 6H); 13C NMR: d 32.0,
64.8, 66.7, 67.8, 68.0, 68.9, 69.1, 69.5, 73.3, 89.6, 95.4,
125.6, 126.3, 126.4, 127.2, 128.9, 130.9, 131.3, 131.9,
135.9, 138.9, 139.2, 142.1. ESI-MS m/z 363 [M�OH+],
380 [M+], 403 [MÆNa+] Anal. Calcd for C24H20FeO: C,
75.81; H, 4.21. Found: C, 75.68; H, 4.19.

4.7. X-ray structural determination

The intensity data for (+)-9 and (�)-6b were collected
on a Bruker Smart Apex CCD area detector using
graphite-monochromated Mo-Ka radiation (k =
0.71073 Å). Data reduction was made using SAINT pro-
grams; absorption corrections based on multiscan were
obtained by SADABS.32 The structures were solved by
SIR-9233 and refined on F2 by full-matrix least-squares
using SHELXL-97.34 All the non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were included
as �riding� and not refined. The ORTEP-III program
was used for molecular diagrams.35

Crystal data and results of the refinement for (+)-9: yel-
low rhombic prism 0.22 · 0.16 · 0.08 mm, Mr = 564.26,
monoclinic, space group P21, a = 11.654(2) Å, b =
9.1218(18) Å, c = 12.899(3) Å, b = 110.10(3)�, V =
1287.7(4) Å3, Z = 2, T = 90(2) K, l = 1.153 mm�1.
12,528 measured reflections, 5228 independent reflec-
tions, 5026 reflections with I > 2r(I), 3.36 < 2h <
60.00�, Rint = 0.0186. Refinement on 5228 reflections,
334 parameters, 1 restraint (floating origin). Flack
parameter36 for determination of the absolute configura-
tion = 0.010(15). Final R = 0.0298, wR = 0.0814 for
data with F2 > 2r(F2), (D/r)max <0.001, Dqmax = 0.57,
Dqmin = �0.51 e Å�3.

Crystal data and results of the refinement for (�)-6b:
orange prism 0.22 · 0.17 · 0.12 mm, Mr = 396.25,
monoclinic, space group P21, a = 10.538(2) Å, b =
7.8106(16) Å, c = 10.780(2) Å, b = 101.56(3)�, V =
869.3(3) Å3, Z = 2, T = 293(2) K, l = 0.884 mm�1.
18,799 measured reflections, 6270 independent reflec-
tions, 5784 reflections with I > 2r(I), 3.86 < 2h <
65.00�, Rint = 0.0274. Refinement on 6270 reflections,
244 parameters, 1 restraint (floating origin). Flack
parameter36 = 0.033(12). Final R = 0.0457, wR =
0.1028 for data with F2 > 2r(F2), (D/r)max = 0.001,
Dqmax = 0.59, Dqmin = �0.33 e Å�3.

Tables of atomic coordinates, anisotropic thermal
parameters, bond lengths and angles of (+)-9 and
(�)-6b may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge CB2 1
EZ, UK, on quoting the deposition numbers CCDC
276985 and 276986, respectively, the names of the
authors and the journal citation (fax: +44-1223-336-
033; e-mail: deposit@ccdc.cam.ac.uk; web site: http://
www.ccdc.cam.ac. uk).
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