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Introduction

Three-bladed molecular propellers have attracted considera-
ble attention[1] since Mislow described their fascinating ster-
eodynamics, discovering a novel type of stereoisomerism

that he named residual.[2] Differentiation of the edges of the
blades and strict correlation of the rings motions are the
conditions for the existence of residual stereoisomers in
these systems. If satisfied, the fastest stereoisomerisation
mechanism, the so called M1 (or two-ring flip) mechanism,
does not interconvert all possible stereoisomers generated
by helicity and the three simple blade-hub rotors. In the
case of C3-symmetric systems bearing three identical blades,
two non-interconverting subgroups (the residual enantio-
mers), each one constituted by four quickly interconverting
stereoisomers, are generated. Elguero first isolated the con-
figurationally stable (DG� =28.5 kcal mol�1 at 70 8C) residual
antipodes of tris-[1-(2-methyl)benzimidazolyl]methane (1).[3]

We have substantially enlarged the family of the resolvable
C3-symmetric propellers devoid of any rigid stereogenic ele-
ment by investigating compounds 2 and 3 a–d and shedding
some light on the electronic and steric parameters control-
ling their configurational stability.[4] We focused our atten-
tion onto phosphorus-centred systems, since the possibility
of acceding to a class of nonconventional chiral tris-ACHTUNGTRENNUNG(aryl)phosphanes seemed to us a very exciting challenge
considering that hindered trisACHTUNGTRENNUNG(aryl)phosphanes are the pro-
moters of choice in several specific reactions.[5]

The use of a phosphorus atom as the hub makes the at-
tainment of the configurational stability difficult, since C�P

Abstract: Two new tris ACHTUNGTRENNUNG(aryl)phosphane
oxides existing as configurationally
stable residual enantiomers have been
synthesised and their racemates re-
solved by semipreparative HPLC on a
chiral stationary phase (CSP HPLC).
One of them, recognised as a conglom-
erate, could be resolved by fractional
crystallisation at a preparative scale
level. In this case, the absolute configu-
ration of the propeller-shaped molecule
was determined by anomalous X-ray
scattering. The problem of the correla-

tive assignment of the absolute config-
uration to all known C3-symmetric
three-bladed propeller-shaped mole-
cules existing as stable residual enan-
tiomers is discussed. The configuration-
al stability of the new chiral phosphane
oxides and of the corresponding phos-
phanes was evaluated by CD signal

decay kinetics and dynamic 1H NMR
spectroscopy. The racemisation barriers
in phosphanes were found about
10 kcal mol�1 lower than those found
for the corresponding oxides, though
geometry and inter-ring gearing would
be very similar in the two series. Con-
figurational stability of residual tris-ACHTUNGTRENNUNG(aryl)phosphanes was found to be in-
fluenced by the electronic availability
of the phosphorus centre, as evaluated
by electrochemical CV experiments.

Keywords: chirality · phosphane
oxides · phosphanes · residual enan-
tiomers

[a] Prof. T. Benincori
Dipartimento di Scienze Chimiche ed Ambientali
Universit� dell�Insubria, via Valleggio 11
22100 Como (Italy)

[b] Dr. A. Marchesi
Laboratori Alchemia s.r.l. , via S. Faustino 68
20134 Milano (Italy)

[c] Prof. P. R. Mussini
Dipartimento di Chimica Fisica ed Elettrochimica
Universit� di Milano, via Venezian 21
20133 Milano (Italy)

[d] Dr. T. Pilati, Dr. A. Ponti, Dr. S. Rizzo, Prof. F. Sannicol�
Istituto di Scienze e Tecnologie Molecolari (ISTM) CNR
via Golgi 19, 20133 Milano (Italy)
E-mail : francesco.sannicolo@unimi.it

[e] Prof. F. Sannicol�
Dipartimento di Chimica Organica e Industriale
C.I.MA.I.NA., Universit� di Milano, ISTM, CNR
via Venezian 21, 20133 Milano (Italy)
Fax: (+39) 02-5031-4139

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801489.

� 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2009, 15, 86 – 9386



bonds are much longer (1.78 �) than C�C (1.54 �) and C�
N bonds (1.45 �) and the P atom in phosphanes can under-
go pyramidal inversion. In any case, an accurate design of
the blades and of their substituents is mandatory to stabilise
the residual enantiomers by improving the efficacy of the
correlated rotation of the rings. Indeed, we found that in
phosphane oxides (3 a–c) configurational stability is en-
hanced by increasing the size of the ortho groups.[6] Unfortu-
nately the P atom is so hindered in the most stable system
3 c that its reduction to phosphane is extremely difficult. We
felt forced to revise the design of the blades resorting to
phosphane oxides 4 a and 5 a and to the corresponding phos-
phanes 4 b and 5 b.

The naphthalene ring offers a wider contact surface and a
more favourable arrangement of the ortho substituents than
benzocondensed five-membered systems to produce an effi-
cient engagement of the blades. Thus, ortho substituents less
sterically demanding than the isopropyl group could be se-
lected. A further advantage is that a direct, simple access to
phosphanes could be envisaged not involving the phosphane
oxides as intermediates.

This paper reports the synthesis of 4 and 5, the resolution
of 4 a and 5 a, performed on a preparative scale in the latter
case, the structural characterisation of all compounds, and
the evaluation of their configurational stability. However,
the key item of the paper is that we found a solution to a
problem that, even though considered in the past,[3] has not

been solved so far, namely, the assignment of the absolute
configuration to propeller-shaped residual enantiomers.

Results and Discussion

Synthesis of phosphanes and phosphane oxides 4 and 5 : The
synthesis of racemic 4 b and 5 b was achieved by heating to
reflux a solution of 1-(2-ethoxynaphthyl)- or 1-(2,3-ethylene-
dioxynaphthyl)magnesium bromide in THF with PCl3. 1-
Bromo-2,3-ethylenedioxynaphthalene was prepared by reac-
tion of known 2,3-ethylenedioxynaphthalene[7] with N-bro-
mosuccinimide (NBS) in DMF and separated from some
1,4-dibromo-2,3-ethylenedioxynaphthalene, formed as by-
product, by fractional crystallisation. Oxidation of 4 b and
5 b with hydrogen peroxide gave phosphane oxides 4 a and
5 a. All compounds were fully characterised on the basis of
their analytical and spectral data. The 1H NMR spectra of
all compounds revealed the presence of a single C3-symmet-
ric enantiomeric pair in solution at room temperature.

X-ray diffraction (XRD) analysis : In agreement with the
1H NMR spectra, XRD data collected on the racemates
showed that the C3-symmetric Maaa and Paaa conformers[8]

are present in all the cases. (Figure 1a–d) Interestingly, bond
lengths and angles in phosphanes and phosphane oxides are
comparable: the phosphorus atom displays a nearly perfect
tetrahedral arrangement, suggesting that the three bulky
substituents do not force the molecule to flatten, unlike

Figure 1. ORTEP projections from XRD data: atomic displacement pa-
rameters at 50% probability level. a) (� )-4 b, 123 K; b) (� )-4 a, 123 K;
c) (� )-5 b, room temperature; d) (� )-5a, room temperature; e) enantio-
pure (�)-5a, 90 K. The dioxene rings are partially [(�)-5 a and (� )-5 a]
or totally [(� )-5 b] disordered: only one model is presented. A solvating,
disordered CHCl3 molecule is present in the (� )-5b structure, while (� )-
4a contains ordered CH2Cl2 and CHCl3 molecules (omitted along with H
atoms).
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some hindered tris ACHTUNGTRENNUNG(aryl)phosphanes in which the cone angle
exceeds 1108.[9] The mean P�C bond length is 1.822 � in 4 a,
1.826 � in 4 b, 1.818 � in 5 a and 1.839 � in 5 b. The mean
C-P-C angle is 109.988 in 4 a, 108.738 in 4 b, 108.818 in 5 a
and 106.088 in 5 b.

Resolution of the residual racemates : Analytical and semi-
preparative resolution of 4 a and of 5 a was achieved by CSP
HPLC (Figure 2), while attempts to resolve phosphanes
were unsuccessful. The dextrorotatory enantiomers were
eluted first, as already observed in the case of 1, 2, 3 b and
3 c.[4] The CD spectra of the resolved antipodes are reported
below.

Crystallisation of 5 a from CH2Cl2 at 4 8C in the presence
of optically active quartz powder gave a crop of chiral nee-
dlelike crystals (space group P212121) enriched in the (+)-en-
antiomer, while a solid enriched in the (�)-enantiomer was
recovered from the mother liquor. Several seed-induced
crystallisations of the enriched solids gave (+)- and (�)-5 a
in 98.0 and 96.5 % ee ([a]25

D =++4448 and �4328, c=1 % in
CH2Cl2). This resolution process could be extended to a

preparative scale and several hundreds of milligrams of both
the antipodes were made available.

Anomalous XRD scattering experiments[10] carried out on
(�)-5 a allowed us to assign for the first time the absolute
configuration to the residual enantiomers of propeller-
shaped molecules. In this case, (�)-5 a assumes a distorted
C1 Paaa conformation, with one naphthodioxene ring nearly
orthogonal to the reference plane. (Figure 1e)

Evaluation of the configurational stability of the residual en-
antiomers : The racemisation kinetics of 4 a (MeCN/H2O
35:65) and 5 a (MeCN) was followed by CD decay kinetic
measurements at temperatures ranging from 60 to 82 8C.
The racemisation barrier DG� (25 8C) was found to be
28.1�0.2 kcal mol�1 for 4 a and 26.7�0.6 kcal mol�1 for 5 a ;
these values are quite high for three-bladed phosphorus-cen-
tred residual enantiomers.

The configurational stability of phosphanes 4 b and 5 b
was assessed by dynamic NMR spectroscopy, the sole tech-
nique available in these cases. In the 1H NMR spectrum the
methylene multiplet of the ethoxy group of 4 b starts coa-
lescing at 50 8C and a sharp quartet is observed at 100 8C.
The methylene signals in the 1H NMR spectrum between
27 8C and 100 8C were simultaneously fitted to a dynamic
model.[11] The procedure gave very good agreement between
experimental data and the theoretical model and provided
an enantiomerisation barrier of 18.1�0.1 kcal mol�1 at 25 8C,
about 10 kcal mol�1 lower than that exhibited by the corre-
sponding phosphane oxide 4 a. (Figure 3a)

A quite similar behaviour was shown by the dioxene ring
signals of 5 b, which start coalescing at 70 8C to give two trip-

Figure 2. Top: CSP HPLC chromatograms of (� )-4a (black curve) and
of resolved antipodes (red and green curves). Bottom: CSP HPLC chro-
matograms of (� )-5 a (black curve) and of resolved antipodes (red and
green curves).

Figure 3. a) Variable-temperature 1H NMR ([D6]DMSO) of the methyl-
ene protons of 4 b, left: experimental, right: best-fit. b) Variable-tempera-
ture 1H NMR ([D6]DMSO) of the ethylenedioxy protons of 5 b.
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lets at about 130 8C, indicating that dioxene ring flipping
and enantiomerisation are quite fast processes at this tem-
perature (Figure 3b). In this case the signal pattern was too
complex to be fitted to a dynamic line-shape model, but a
barrier of about 20 kcal mol�1, slightly higher than that ex-
hibited by 4 b, looks reasonable for this compound.

The much lower configurational stability of phosphanes
4 b and 5 b in comparison with the phosphane oxides 4 a and
5 a is in agreement with the observations previously reported
in the case of the indole-based phosphane oxide 3 b and the
corresponding phosphane.[4]

On the basis of the XRD data, showing that the engage-
ment of the blades is very similar in the couples 4 a/4 b and
5 a/5 b, one could suggest that such a large difference in con-
figurational stability is due to phosphorus inversion, even
though theoretical calculations at the DFT-B3 LYP/cc-
pVDZ level carried out for the tris[3-(2-ethyl-1-methyl)in-
dolyl]phosphane[4] (the phosphane corresponding to phos-
phane oxide 3 b) showed that the barrier of the M0 mecha-
nism is about 13 kcal mol�1 lower than in 3 b.

In any case, we are forced to consider the possibility that
the phosphorus inversion process is responsible for the
modest configurational stability of phosphanes in view of
the fact that, to the best of our knowledge, no data on the
inversion barrier is available in the literature for tris-ACHTUNGTRENNUNG(aryl)phosphanes, even though a 20 kcal mol�1 barrier looks
quite low in comparison with the free energy barriers of
about 30 kcal mol�1 (at 130 8C) found for bis-ACHTUNGTRENNUNG(aryl)phosphanes.[12] However, the completely different
steric and electronic characteristics of tris ACHTUNGTRENNUNG(aryl)phosphanes
could play an important and unexpected role on phosphorus
inversion attitude. The ortho substitution of tris-ACHTUNGTRENNUNG(aryl)phosphanes is known to produce peculiar effects on
the phosphorus electronic density,[13] which in turn affects
the energy barrier for the inversion process.[12,14] In this
light, preliminary CV experiments were carried out in the
case of 4 b, 5 b and trisACHTUNGTRENNUNG(indolyl)phosphane corresponding to
3 b.[4]

The results of these experiments confirmed that there is a
relationship between the configurational stability of tris-ACHTUNGTRENNUNG(aryl)phosphanes and their electrochemical oxidation peak
potential (Ep/V), which is one of the most convenient and
reliable parameters to quantitatively evaluate the electronic
properties of a donor phosphorus ligand (the higher the Ep

value, the lower its electronic availability).[15] We found that
the enantiomerisation barrier progressively decreases from
5 b (DG��20 kcal mol�1) to 4 b (DG� =18 kcal mol�1) and to
the tris[3-(2-ethyl-1-methyl)indolyl]phosphane (DG�

�10 kcal mol�1) with a parallel decrease in the Ep (0.81 V
for 5 b, 0.69 V for 4 b and 0.41 V for the indolic phosphane,
vs. SCE). This trend is opposite to that described for bis-ACHTUNGTRENNUNG(aryl)phosphanes,[12] suggesting that phosphorus electronic
density could play a bivalent role on the racemisation of the
residual enantiomers of tris ACHTUNGTRENNUNG(aryl)phosphanes by affecting
both phosphorus inversion and M0 mechanism barriers.

Proposal for stereogenicity descriptors for propeller-shaped
residual enantiomers : The problem of assigning stereogenic-
ity descriptors to propeller-shaped residual enantiomers has
never been considered. In our opinion, this is mainly be-
cause only one example was known until very recently and
the anomalous X-ray diffraction analysis was not successful
in that case.[3] As a consequence, the need for differentiating
two residual enantiomers through abbreviations was not felt
as a necessity. The problem is not trivial since it refers to
systems devoid of rigid stereogenic elements, while the clas-
sical descriptors of the Cahn–-Ingold–-Prelog (CIP) rules
apply to molecules for which a stiff model of the stereogenic
core can be created (centre, axis, plane, helix or a suitably
substituted double bond).

In the case of C3-symmetric three-bladed propellers each
residual enantiomer is not constituted by a single stereoiso-
mer, but by a group of conformers displaying both P and M
helicity [Eqs. (1) and (2)] even though only one of them is
generally found in crystals of a single enantiomer.

PsssÐMssaÐ PsaaÐMaaa ð1Þ

MsssÐ PssaÐMsaaÐ Paaa ð2Þ

Thus, it is evident that simple P and M labels cannot
define the absolute configuration of residual antipodes even
though they must contribute to coining the appropriate de-
scriptors.

A sub-rule is needed, which should establish a relation-
ship between the helicity and the orientation of all the la-
belled edges above or below the reference plane in a specif-
ic enantiomer.

We suggest to assign to a residual enantiomer the descrip-
tor Pres or Mres, in which res as subscript means residual, cor-
responding to the helicity shown by the sss stereoisomer (ac-
cording to the sequence rules syn precedes anti),[16] inde-
pendently on which stereoisomer is present in the crystalline
structure. This rule works even in the cases where more
than one stereoisomer is present in the single crystal of a
pure residual enantiomer, like in the case of 1, in which two
diastereoisomers (sss and ssa) displaying opposite helicity
are present in the crystal lattice.

In the case of (�)-5 a, XRD data showed that only the
Paaa conformer is present in the crystal. The Paaa confor-
mer belongs to the group of conformers in which the sss dia-
stereoisomer displays M helicity [Eq. (2)]. Then, the abso-
lute configuration of (�)-5 a is Mres.

According to this rule, all the stereoisomers 1, 2 and 3 as
are the Pres enantiomers, since they display P helicity and
the sss conformation of the blades [Eq. (1)]. The rule works
also in the case of maximally labelled C1-symmetric propel-
lers.

Correlative assignment of the absolute configuration to con-
figurationally stable residual enantiomers of C3 propellers :
Since we succeeded in determining the absolute configura-
tion of (�)-5 a and (+)-5 a, we now set out to correlatively
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assign the absolute configuration to all known residual enan-
tiomers of C3 propellers.

Indeed, in the absence of X-ray anomalous scattering
data, the analogy of the CD curves and the chromatographic
elution order under the same experimental conditions are
considered as reliable correlative methods for assigning the
absolute configuration to the antipodes belonging to a series
of structurally similar substrates.[17] We will also consider the
relationship between the sign of the optical rotation and the
elution order. We assume that this correlative method,
which is successfully employed in the case of chiral systems
endowed with rigid stereogenic elements, can be applied
also to residual enantiomers stable enough to be subjected
to CD and aD measurements in solution at room tempera-
ture (1, 2, 3 b, 3 c, 4 a and 5 a). The CD curves, the sign of
the optical rotation at 589 nm and the CSP HPLC elution
order from the same column under very similar experimen-
tal conditions are reported in Figure 4.

As reported above, the dextrorotatory residual enantio-
mer of 5 a has absolute configuration Pres. It is the first
eluted one and its CD spectrum shows two ellipticity
minima at 210 and 225 nm and a maximum at 245 nm.

The enantiomers of 4 a, which are structurally very similar
to and share the same preferred blade conformation (aaa)
with the enantiomers of 5 a, show a convincing parallelism
between elution order, shape of the CD curves, and optical
rotation sign. Indeed, the first eluted antipode of 4 a is dex-
trorotatory and its CD spectrum features an ellipticity mini-
mum at 225 nm and a maximum at 240 nm. Thus, we can re-
liably assign the absolute configuration Pres to the dextroro-
tatory enantiomer of 4 a.

Also for the two indole-based systems 3 b and 3 c, the first
eluted enantiomers are dextrorotatory, as for 4 a and 5 a.
The CD spectra of the two indole-based systems 3 b and 3 c
are expectedly very similar to each other, suggesting that
(+)-3 b and (+)-3 c possess the same absolute configuration.
At variance with (+)-4 a and (+)-5 a, (+)-3 b and (+)-3 c
show ellipticity maxima at 215 and 275 nm (the latter of
modest intensity) and a minimum at 230 nm. This different
behaviour could be interpreted on the basis of the observa-
tion that the preferred conformation of phosphane oxides
4 a and 5 a is aaa, whereas in the case of the three indole
bladed systems 3 a–c, the preferred conformation is sss.
Total edge exchange through three subsequent M1 stereo-
merisation steps inside a single residual enantiomer involves
the reversal of the helicity [Eqs. (1) and (2)] and, by conse-
quence, also of the CD behaviour. Thus, it is not surprising
that first-eluted (+)-3 b and (+)-3 c, with the preferred sss
blade conformation, show a CD spectrum opposite to that
exhibited by (+)-4 a (aaa). On account of this reasoning, we
assign the absolute configuration Pres to the first-eluted (+)-
3 b and (+)-3 c. As for 3 a, we only know the ellipticity sign
at 230 and 280 nm, which agree with those of 3 b and 3 c.
Then, also in this case, we can assign the Pres absolute con-
figuration to the first-eluted antipode of 3 a.

By comparing the CD spectra of compounds 1 and 2 it ap-
pears that the nature of the central atom does not substan-

Figure 4. CD spectra of all known resolvable three-bladed propeller-
shaped molecules, with the corresponding elution order under similar
CSP HPLC conditions [column: ChromTech CHIRAL-AGP; eluant: ace-
tonitrile:water 15:85 for 1, 2 ; 28:72 for 3b ; 30:70 for 3c ; 35:65 for 4 a ;
acetonitrile for 5 a] and the optical rotation sign at 589 nm.
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tially influence the CD behaviour, since carbon- and phos-
phorus-centred propellers display very similar spectra, both
showing maxima at 210 and 250 nm, with a lower intensity
peak at 275 nm.

The main difference between the spectra of 1 and 2 is a
low intensity peak, flanked by Cotton effects at both sides,
at 230 nm, visible in the spectra of the phosphane oxide 2
only. This peak is present in the spectra of all the other
phosphane oxides, even though characterised by a much
higher intensity.

There is agreement between the elution order of the anti-
podes, the optical rotation sign and the sign of their CD
curves, in the sense that both the first eluted enantiomers
display positive sign of the ellipticity at 210 and 250 nm and
negative sign at 275. Taking into account that the preferred
conformation for both 1 and 2 is sss, just as for 3 b and 3 c,
we assign to both first-eluted (+)-1 and (+)-2 antipodes the
absolute configuration Pres.

On the basis of the arguments discussed before, all first
eluted isomers, all dextrorotatory, should have Pres absolute
configuration, even if the preferred blade conformation is
not constant.

Conclusion

The possibility of producing C3-symmetric phosphorus-cen-
tred propellers existing as configurationally stable residual
enantiomers was investigated. Two new phosphanes 4 b and
5 b and the corresponding phosphane oxides 4 a and 5 a,
were synthesised and fully characterised by XRD analysis.

Racemic phosphane oxides were resolved by semiprepara-
tive HPLC on a chiral stationary phase and the antipodes
were found quite stable at room temperature with an enan-
tiomerisation barrier of 27–28 kcal mol�1, evaluated by CD
decay kinetics.

The racemisation barrier for phosphanes was found about
18–20 kcal mol�1, at the lower limit for configurational sta-
bility at room temperature, and about 10 kcal mol�1 lower
than that exhibited by the corresponding oxides. Previous
theoretical calculations showed that the M0 mechanism race-
misation barrier is significantly lowered on passing from
phosphane oxide 3 b to the corresponding phosphane.[4]

However, since the XRD data show that blade gearing is
very similar in phosphanes and phosphane oxides, we
cannot exclude that phosphorus inversion, a racemisation
mechanism only possible in the case of phosphanes, could
contribute to such a fast racemisation. We found that there
is a relationship between the electronic availability at the
phosphorus atom of phosphanes, measured by CV experi-
ments, and their configurational stability, that is, the more
electron-poor the phosphorus atom, the higher the racemisa-
tion barrier.

The residual racemate of 5 a was found to crystallise as a
conglomerate from dichloromethane. In this case the resolu-
tion could be efficiently performed at a preparative scale
level by seed-induced crystallisation and, for the first time,

we were able to assign the absolute configuration to the re-
sidual antipodes by anomalous X-ray scattering.

This assignment allowed us to perform the correlative,
CD- and CSP HPLC-based configurational assignment to all
C3-symmetric carbon- and phosphorus-centred propellers
known so far and displaying a configurational stability high
enough to allow their survival during the CSP HPLC resolu-
tion process.

The last problem faced in this work was coining configu-
rational descriptors for the residual enantiomers of three-
bladed propellers. The matter is not trivial since residual en-
antiomers are devoid of rigid stereogenic elements and a
single antipode is constituted by groups of stereoisomers dis-
playing both P and M helicity. The general rule we suggest
is to assign to a residual enantiomer the configurational de-
scriptor Pres or Mres (in which the subscript res means residu-
al) according to the helix exhibited by the sss stereoisomer,
displaying all the priority edges above the reference plane.

Current research is directed toward the modification of
phosphanes 4 b and 5 b that display a very efficient blade
gearing, but are not stable enough at room temperature to
guarantee a successful resolution. According to the results
of the electrochemical experiments, a possible strategy is to
regioselectively introduce tailored electron-withdrawing sub-
stituents on the blades, in order to increase the enantiomeri-
sation barrier of the few kcal mol�1 necessary to accede to
configurationally stable residual C3-tris ACHTUNGTRENNUNG(aryl)phosphanes to
test in stereoselective synthesis.

Experimental Section

Organic Synthesis : [a]D were determined with a Jasco P-1030 polarime-
ter. CD spectra and dichroism decay experiments were recorded with a
Jasco P-810 spectropolarimeter provided with a temperature-controlled
probe Peltier Jasco PFD 425S. HPLC analyses and semipreparative sepa-
rations were performed on a Waters 600E instrument equipped with a
UV detector Waters 486 and recorded at 220 nm. Analytical column:
ChromTech CHIRAL-AGP column (a1-acid glycoprotein immobilised on
silica, 100 � 4.0 mm, 5 mm); loop: 20 mL; substrate concentration:
1 mg mL�1. Semipreparative column: CromTech CHIRAL-AGP column
(150 � 10.0 mm, 5 mm); loop: 500 mL. NMR spectra were recorded on
Bruker AV400 and Bruker AC 300 spectrometers. Chemical shifts are
given in ppm and the coupling constants in Hz. Mass spectra were re-
corded on Bruker Daltonics high-resolution FT-ICR (Fourier Transform
ion cyclotron resonance) model APEXTM II (4.7 Tesla Magnex cryo-
magnet supplied with ESI source) and Thermofiningan LCQ Advance
(APCI). Purifications by column chromatography were performed using
Merck silica gel 60 (230–400 mesh for flash-chromatography and 70–230
mesh for gravimetric chromatography).

1-Bromo-2,3-ethylenedioxynaphthalene : A solution of 2,3-ethylenedioxy
naphthalene[7] (4.03 g, 21.7 mmol) in DMF (25 mL) was added dropwise
to a solution of NBS (3.87 g, 23.6 mmol) in DMF (25 mL) over a period
of 1 h; the reaction mixture was stirred at room temperature for 48 h.
The solvent was removed under reduced pressure, and the residue dis-
solved in CH2Cl2 and washed with a NaCl saturated solution. The organic
layer was separated and dried (Na2SO4) and the solvent removed under
reduced pressure to give a residue which was subjected to chromatogra-
phy (silica gel, n-hexane/AcOEt 95:5). The first fractions eluted provided
some unreacted material; the intermediate fractions were collected, con-
centrated under reduced pressure to give a mixture of 1-bromo-2,3-ethyl-
enedioxynaphthalene and 1,4-dibromo-2,3-ethylenedioxynaphthalene
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(4.30 g). The solid was triturated with warm n-hexane (2 � 20 mL) and the
insoluble dibromoderivative was removed by filtration (0.67 g). M.p. 195–
198 8C; 1H NMR (300 MHz, CDCl3): d =8.15 (dd, 3J ACHTUNGTRENNUNG(H,H) =6.51 Hz, 4J-ACHTUNGTRENNUNG(H,H) =3.30 Hz, 2H), 7.47 (dd, 3J ACHTUNGTRENNUNG(H,H) =6.51 Hz, 4J ACHTUNGTRENNUNG(H,H) =2.74 Hz,
2H), 4.48 ppm (s, 4H); 13C NMR (400 MHz, CDCl3): d=141.79 (s),
128.63 (s), 126.64 (s), 126.59 (s), 108.07 (s), 65.35 ppm (s). 1-Bromo-2,3-
ethylenedioxynaphthalene crystallised from the filtrate in a pure state as
a white solid (3.63 g, 63%). M.p. 44–45 8C, 1H NMR (300 MHz, CDCl3):
d=8.09 (d, 3J ACHTUNGTRENNUNG(H,H) = 8.52 Hz, 1 H), 7.64 (d, 3J ACHTUNGTRENNUNG(H,H) =8.03 Hz, 1H), 7.42
(td, 3J ACHTUNGTRENNUNG(H,H) =6.95 Hz, 4J ACHTUNGTRENNUNG(H,H) =2.68 Hz, 1H), 7.34 (td, 3J ACHTUNGTRENNUNG(H,H) =8.2 Hz,
4J ACHTUNGTRENNUNG(H,H) =1.36 Hz, 1H), 7.26 (s, 1H), 4.46 (m, 2 H), 4.34 ppm (m, 2 H);
13C NMR (400 MHz, CDCl3): d=141.87 (s), 141.79 (s), 127.24 (s), 126.13
(s), 125.86 (s), 125.32 (s), 112.71 (s), 108.09 (s), 65.62 (s), 64.56 ppm (s);
elemental analysis calcd (%) for C12H9O2Br: C 54.37, H 3.42; found: C
54.31, H 3.31.

Tris[1-(2-ethoxynaphthyl)]phosphane (4 b): All the manipulations were
carried out under inert atmosphere and the solvents were previously de-
gassed. A solution of 1-bromo-2-ethoxynaphthalene (7.26 g,
28.8 mmol)[18] in dry THF (16 mL) was added dropwise under nitrogen to
a suspension of magnesium (735 mg) in THF (5 mL), previously activated
with iodine. The addition was completed over a period of 30 min and the
mixture was heated to reflux for 6 h; a solution of PCl3 (0.42 mL,
4.8 mmol) in dry THF (5 mL) was added at room temperature. The reac-
tion mixture was heated to refluxed under nitrogen for 1 h and stirred at
room temperature for further 12 h. The solvent was removed under re-
duced pressure and the residue treated with water (50 mL) and extracted
with CH2Cl2 (3 � 50 mL). The organic layer was dried and the solvent
evaporated under reduced pressure to give a residue that was triturated
with CH2Cl2 (16 mL). The solid was recovered by filtration to give a first
amount of 4b (1.06 g); the filtrate was concentrated to give a solid which
was triturated with ethyl acetate to give a second sample of 4b (0.74 g).
The combined crops (1.8 g, 72.4 %) were crystallised from CH2Cl2/
AcOEt 1:1 (100 mL). M.p. 225–228 8C; 1H NMR (300 MHz, CDCl3): d=

8.49 (dd, 3J ACHTUNGTRENNUNG(H,H) =6.31 Hz, 4J ACHTUNGTRENNUNG(H,H) =4.4 Hz, 1H), 7.78 (d, 3J ACHTUNGTRENNUNG(H,H) =

8.81 Hz, 1H), 7.74 (d, 3J ACHTUNGTRENNUNG(H,H) =8.81 Hz, 1H), 7.23 (m, 2H,), 7.12 (dd, 3J-ACHTUNGTRENNUNG(H,H) =8.8 Hz, 4J ACHTUNGTRENNUNG(H,H) = 2.35 Hz, 1H), 3.74 (m, 1 H), 3.61 (m, 1H),
0.53 ppm (t, 3J ACHTUNGTRENNUNG(H,H) =7.05 Hz, 3H); 13C NMR (300 MHz, CDCl3): d=

158.98 (d, 2J ACHTUNGTRENNUNG(C,P)= 4.69 Hz), 137.53 (d, 2J ACHTUNGTRENNUNG(C,P)=21.13 Hz), 130.55 (s),
129.62 (d, 3J ACHTUNGTRENNUNG(C,P)= 4.69 Hz), 128.40 (s), 127.18 (d, 3J ACHTUNGTRENNUNG(C,P)=25.82 Hz),
126.01 (s), 123.30 (s), 120.11 (d, 1J ACHTUNGTRENNUNG(C,P)=21.13 Hz), 115.15 (s), 64.70 (s),
14.21 ppm (s); 31P NMR (300 MHz, CDCl3): d=�57.67 ppm (s); HR-MS
(APCI): m/z calcd for C36H33PO3: 544.6; found: 545.3 [M+].

Tris[1-(2,3-ethylenedioxynaphthyl)]phosphane (5 b): All the manipula-
tions were carried out under inert atmosphere and the solvents were pre-
viously degassed. A solution of 1-bromo-2,3-ethylenedioxynaphthalene
(1.91 g, 7.2 mmol) in dry THF (10 mL) was added dropwise under nitro-
gen into a suspension of magnesium turnings (175 mg) previously activat-
ed with iodine in THF (2 mL). The addition was completed over a period
of 30 min and the reaction mixture was heated to reflux until the magne-
sium completely reacted. A solution of PCl3 (0.14 mL, 1.6 mmol) in dry
THF (5 mL) was added at room temperature to the Grignard solution
and the reaction mixture was heated to reflux under nitrogen for a fur-
ther 16 h. The solvent was removed under reduced pressure and the resi-
due dissolved into CH2Cl2 (15 mL) and washed with water (15 mL). The
organic layer was dried (Na2SO4) and concentrated under reduced pres-
sure to give a yellow oil which, triturated with AcOEt, provided 5b as a
whitish solid (0.51 g, 55%). M.p. 247 8C; 1H NMR (300 MHz, CDCl3):
d=8.28 (dd, 3J ACHTUNGTRENNUNG(H,H) =8.52 Hz, 4J ACHTUNGTRENNUNG(H,H) = 3.88 Hz, 1 H), 7.60 (d, 3J-ACHTUNGTRENNUNG(H,H) =8.07 Hz, 1 H), 7.22 (d, 3J ACHTUNGTRENNUNG(H,H) =7.52 Hz, 1H), 7.20 (s, 1 H), 7.10
(td, 3J ACHTUNGTRENNUNG(H,H) =6.84 Hz, 4J ACHTUNGTRENNUNG(H,H) =1.19 Hz, 1H), 4.17 (m, 1H,), 4.01 (m,
1H), 3.63 (m, 1 H), 3.44 ppm (m, 1H); 13C NMR (400 MHz, CDCl3): d=

145.99 (d, 2J ACHTUNGTRENNUNG(C,P)= 3.70 Hz), 143.00 (s), 131.71 (d, 2J ACHTUNGTRENNUNG(C,P)=20.35 Hz),
129.53 (d, 3J ACHTUNGTRENNUNG(C,P)=5.55 Hz), 126.83 (s), 126.05 (s), 125.70 (s), 123.64 (s),
118.58 (d, 1J ACHTUNGTRENNUNG(C,P) =20.35 Hz), 113.42 (s), 63.84 (s), 63.40 ppm (s);
31P NMR (300 MHz, CDCl3): d=�55.24 ppm (s); HR-MS (EI): m/z calcd
for C36H27O6P: 586.54; found: 586.3 [M+].

Tris[1-(2-ethoxynaphthyl)]phosphane oxide (4 a): A solution of phos-
phane 4 b (2.55 g, 4.7 mmol) in CH2Cl2 (30 mL) and a 30% aqueous solu-

tion of H2O2 (3 mL) were stirred for 12 h at room temperature. The or-
ganic layer was separated, dried and concentrated under reduced pres-
sure to give a solid which was subjected to chromatography (silica gel,
CH2Cl2/AcOEt 7:3) to give 4a as a white solid (2.28 g, 89%). M.p. 330–
333 8C; 1H NMR (300 MHz, CDCl3): d =8.99 (m, 1H), 7.84 (d, 3J ACHTUNGTRENNUNG(H,H) =

9.05 Hz, 1H), 7.72 (m, 1 H), 7.26 (m, 2H), 7.01 (m, 1 H), 3.68 (m, 1 H),
3.28 (m, 1 H), 0.35 ppm (t, 3J ACHTUNGTRENNUNG(H,H) = 7.03 Hz, 3H); 13C NMR (300 MHz,
CDCl3): d= 157.80 (s), 136.02 (d, 2J ACHTUNGTRENNUNG(C,P)=6.79 Hz), 133.18 (s), 129.44 (d,
3J ACHTUNGTRENNUNG(C,P)=9.06 Hz), 127.96 (s), 127.34 (d, 3J ACHTUNGTRENNUNG(C,P)=5.28 Hz), 126. 60 (s),
123.34 (s), 119.10 (d, 1J ACHTUNGTRENNUNG(C,P) =107.93 Hz), 113.66 (d, 4J ACHTUNGTRENNUNG(C,P)=7.55 Hz),
63.86 (s), 13.38 ppm (s); 31P NMR (300 MHz, CDCl3): d =21.55 ppm (s);
HR-MS (APCI): m/z calcd for C36H33O4P: 560; found: 561.2 [M++1]; an-
alytical CSP HPLC: (+)-4 a, 99% ee, retention time 3.1 min; (�)-4 a,
98% ee, retention time 5.8 min; eluent MeCN/H2O 35:65; flow rate
0.7 mL min�1; Semi-preparative CSP HPLC: (+)-4 a, retention time
4.0 min; (�)-4a, retention time 8.2 min; eluant MeCN/H2O 35:65; flow
rate 4.0 mL min�1.

Tris[1-(2,3-ethylenedioxynaphthyl)]phosphane oxide (5 a): A solution of
phosphane 5b (3.37 g, 5.7 mmol) in CH2Cl2 (50 mL) and a 30 % aqueous
H2O2 solution (10 mL) were stirred for 12 h at room temperature. The or-
ganic layer was dried and concentrated under reduced pressure to give a
solid that was triturated with AcOEt and subjected to chromatography
(silica gel, CH2Cl2/AcOEt 7:3) to give 5 a as a white solid (2.80 g, 81%).
M.p. >370 8C; 1H NMR (300 MHz, CDCl3): d=8.93 (d, 3J ACHTUNGTRENNUNG(H,H) =

8.52 Hz, 1 H), 7.63 (d, 3J ACHTUNGTRENNUNG(H,H) =8.01 Hz, 1 H), 7.25 (m, 3 H), 4.12 (m,
1H), 3.94 (m, 1 H), 3.51 (m, 1 H), 3.12 ppm (m, 1 H); 13C NMR
(400 MHz, CDCl3): d=146.01 (d, 2J ACHTUNGTRENNUNG(C,P)=3.82 Hz), 142.85 (d, 3J ACHTUNGTRENNUNG(C,P)=

10.87 Hz), 131.13 (d, 2J ACHTUNGTRENNUNG(C,P)= 6.14 Hz), 130.40 (d, 3J ACHTUNGTRENNUNG(C,P)=11.27 Hz),
127.39 (s), 126.86 (d, 3J ACHTUNGTRENNUNG(C,P) =5.43 Hz), 125.33 (s), 124.79 (s), 118.97 (d,
1J ACHTUNGTRENNUNG(C,P)=106.77 Hz), 116.59 (d, 4J ACHTUNGTRENNUNG(C,P)=2.51 Hz), 64.11 (s), 63.78 ppm
(s); 31P NMR (300 MHz, CDCl3): d =19.52 ppm (s); HR-MS (APCI): m/z
calcd for C36H27O7P: 602.53; found: 603.3 [M++1]; elemental analysis
(%) calcd for C36H27O7P: C 71.76, H 4.52; found: C 71.64, H 4.42.

Resolution of the tris[1-(2,3-ethylenedioxynaphthyl)]phosphane oxide
(5 a): A solution of (� )-5a (2.05 g) in CH2Cl2 (31 mL) was allowed to
stand at 4 8C overnight in the presence of a ground optically active
quartz fragment. The needle-shaped crystals [a]25

D =++3.68 (c=1 % in
CH2Cl2) were collected by filtration and the filtrate evaporated to dry-
ness to give a residue [a]D =�1.22 (c =1% in CH2Cl2). The two solids
enantiomerically enriched were resolved according to the following pro-
cedure. The solid was dissolved at room temperature into a suitable
amount of CH2Cl2 (solubility of (� )-5 a in CH2Cl2: 1 g in 15.5 mL) and
the solution, after seeding with small crystals of optically enriched 5 a,
was stirred vigorously at 0 8C overnight. The solid precipitate was collect-
ed by filtration and submitted to the same procedure until 90% enantio-
meric excess was reached: [a]D>400 (c =1% in CH2Cl2). Final enantio-
meric enrichment was obtained by a treatment at room temperature with
AcOEt (50 mL g�1). (+)-5a and (�)-5 a were obtained in 98.0 and
96.5 % ee [a]25

D =++444 and �432, respectively (c =1% in CH2Cl2); analyt-
ical CSP HPLC: (+)-5 a, 98% ee, retention time 3.1 min; (�)-5a, 96% ee,
retention time 6.9 min; eluant MeCN/H2O 28:72; flow rate 0.8 mL min�1.

Electrochemical measurements : The cyclovoltammetric study was per-
formed at scan rates typically ranging 0.05 to 5 Vs�1, in HPLC-grade ace-
tonitrile at a concentration of 0.00025–0.00075m for each substrate, de-ACHTUNGTRENNUNGaerated by N2 bubbling, with 0.1m tetrabutylammonium perchlorate
(TBAP, Fluka) as the supporting electrolyte, at 298 K. The ohmic drop
was compensated by the positive feedback technique.[19] The experiments
were carried out by using an AUTOLAB PGSTAT 12 potentiostat (Eco-
Chemie, The Netherlands), run by a PC with GPES software. The work-
ing electrode was a glassy carbon one (AMEL, diameter=1.5 mm)
cleaned by diamond powder (Aldrich, diameter=1 micron) on a wet
cloth (STRUERS DP-NAP); the counter electrode was a platinum wire;
the reference electrode was an aqueous saturated calomel electrode, with
a difference of �0.385 V vs. the Fc+/Fc couple (the intersolvental redox
potential reference currently recommended by IUPAC)[20] in our working
medium.

X-ray crystallography : CCDC-654561 ((� )-4 a), CCDC-654562 ((� )-4b),
CCDC-654563 ((� )-5 a), CCDC-654564 ((�)-5 a) and CCDC-654561
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((� )-5a), contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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