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Introduction

Axial chirality is a fundamental basis for useful reagents and
catalysts in asymmetric synthesis, so axially chiral biaryl
units are of steadily growing interest and importance in both
academic and pharmaceutical drug research. In an excellent
and very recent review, Bringmann, Breuning, and co-work-
ers classified the strategies for the atroposelective synthesis
of axially chiral biaryl compounds by their underlying con-
cepts and critically evaluated their scopes and limitations
with reference to selected model reactions and applica-
tions.[1]

Apart from diastereoselective methods and those involv-
ing optical resolution stages, there are only a few direct cat-
alytic asymmetric approaches to nonracemic, axially chiral
biaryls, the most popular examples being cross-couplings[2]

between aryl Grignard reagents,[3] organolithiums,[4] or aryl-

boronic acids[5] and aryl halides. Another strategy involves
enantioposition-selective cross-couplings of achiral biaryl
bistriflates,[6] while the asymmetric cleavage of dinaph-
tho[2,1-b :1’,2’-d]thiophene with Grignard reagents has also
recently been demonstrated.[7] Oxidative coupling of activat-
ed aromatics constitutes a special group of catalytic meth-
ods,[8] while the possibility of using cycloadditions of aryl-
propiolates with gaseous acetylene in the presence of a
nickel(0)/triphenylphosphine catalyst for the preparation of
compounds with axially chiral biaryl backbones was first ac-
complished by Mori and co-workers, who synthesized a rac-
emic biaryl in one elegant step.[9]

Asymmetric cross-cyclotrimerizations of alkynes in the
presence of Ir or Rh complexes as catalysts have been dem-
onstrated to be powerful tools for the construction of axially
chiral biaryl derivatives.[10] Very recently we discovered that
application of our chiral cobalt(I) catalysts[11] (Scheme 1)
under photochemical conditions, as previously applied in the
synthesis of different pyridines,[12] could be used particularly
successfully for the preparation of axially chiral 2-arylpyri-
dines.[13]

Here we report the first use of [2+2+2] cross-cycloaddi-
tion reactions for the preparation of axially chiral biaryls
bearing phosphorus functionalities. These compounds offer
huge potential as ligands in asymmetric catalysis, so a first
application in the asymmetric hydrosilylation of alkenes is
also described.
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Results and Discussion

Racemic axially chiral biphenyls : We had previously found
cobalt(I) complexes to be useful for the synthesis of biaryls
under irradiation with visible light (350–500 nm) at ambient
temperature and pressure: ethyl phenylpropynoate and gas-
eous acetylene in the presence of [cpCo ACHTUNGTRENNUNG(cod)] (h5-cyclopen-
tadienyl-h4-cycloocta-1,5-diene-cobalt(I)), for example, gave
ethyl biphenyl-2-carboxylate in 87% yield. (Scheme 2).

In view of these results, a number of new naphthyl-de-
rived alkynes 1–9 (see Experimental Section) bearing phos-
phoryl moieties were prepared and used as templates for cy-
cloadditions with acetylene, with self-trimerization being
prevented by the steric bulkiness of the system. Upon cross-
coupling with acetylene (R3 = H), or alternatively with in-
ternal alkynes (R3 = CH3, C2H5), these compounds 1–9
gave the racemic axially chiral biaryls 10–20 in good yields,
as summarized in Table 1.

With unsubstituted acetylene, benzene was observed as
the single side product resulting from the homocoupling re-
action. Nevertheless, the low chemoselectivity in the case of
the biphenyls with R3 = H resulted in a biphenyls/benzene
ratio in the range of 1:15–25, but causing practically no trou-
ble, as C6H6 was easily removed by evaporation. The reac-
tions with but-2-yne and hex-3-yne resulted in the corre-
sponding biphenyls 12, 13, and 19, with minimal formation
of the undesired hexamethyl- and hexaethylbenzenes
(< 5%, GC).

Dynamic HPLC (see Experimental Section) on a chiral
stationary phase clearly showed that each of the biphenyl
derivatives 10–20 exists in the form of two stable atropisom-
ers, with no interconversion being observed at temperatures
up to +60 8C.

Chiral induction : For the induction of the chiral informa-
tion, enantiomerically pure half-sandwich CoI complexes I
and II (see Scheme 1), (�)-(Sp)- and (+)-(Rp)-(h

4-cycloocta-
1,5-diene)(h5-1-neomenthyl-indenyl)-cobalt, were most ef-
fective. In many cases reasonable yields and ee values were
achieved under optimized conditions (see Table 2).

The corresponding S enantiomers of biaryls were found in
all cases in which the (-)-(Sp)-catalyst I was employed; how-
ever, as expected with use of the (+ )-(Rp)-complex II as cat-
alyst, we found that products enriched in the opposite enan-
tiomers were obtained. Thus, after 24 h at 258C in THF we
synthesized (+ )-(R)-1-[2-(diphenylphosphinoyl)-phenyl]-2-
methoxynaphthalene with 63 and 45% ee by the reaction of
1-(diphenylphosphinoylethynyl)-2-methoxynaphthalene 2
and acetylene by using (+ )-(Rp)-complex II as catalyst (see
Table 2).

The relatively high enantiomeric excesses in the products
11, 14, 16, and 17 allowed further enrichment by recrystalli-
zation. Homochiral crystals of compounds 11, 14, and 16
were grown, and both their structures and their absolute
configurations have been unambiguously determined. One
example is shown in Figure 1.

Influence of temperature and solvent : An interesting feature
of this reaction is the influence of temperature on the enan-
tiomeric excesses in the products: the ee values each in-
crease towards a certain maximum with temperature but
then decrease again. Figure 2 shows the observed ee values
against the reaction temperature in the case of derivative 11
as an example. Each investigated reaction showed an indi-
vidual point of inflexion, and required some optimization in
order to find the best conditions. THF is the solvent of
choice in the case of the catalysts I and II ; reactions in

Scheme 1. Chiral cobalt(I) complexes.

Scheme 2. Cobalt-catalyzed [2+2+2] cross-cycloaddition.

Table 1. Synthesis of racemic axially chiral biphenyls.

Compd R1 R2 R3 [cpCo(cod)]/
mol%[a]

t/
h

Yield/
%[b]

10 COC6H5 OCH3 H 2 24 69[c]

11 PO(C6H5)2 OCH3 H 2 24 52
12 PO(C6H5)2 OCH3 C2H5 5 24 76
13 PO(C6H5)2 OCH3 CH3 5 24 26
14 PO(p-

CH3OC6H4)2

OCH3 H 5 24 68

15 PO[3,5-
(CF3)2C6H3)]2

OCH3 H 1 12 81

16 PO(tC4H9)2 OCH3 H 5 24 74
17 PO(1-adaman-

tyl)2

OCH3 H 5 24 55

18 PO[(CH3)2N]2 OCH3 H 1 12 80
19 PO(C6H5)2 H CH3 5 24 79
20 PO(C6H5)2 CH3 H 2 12 81

[a] Amount of catalyst used in THF at 25 8C. [b] Isolated yield. [c] Yield
after chromatography.
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DME, dioxane, or toluene showed slightly lower enantiose-
lectivities and chemical yields. Other factors such as the du-
ration of irradiation, the extent of conversion, and the
amount of the catalyst were of little importance for the ach-
ieved ee values.

Reaction mechanism : Consistently with generally accepted
mechanistic suggestions for the formation of pyridines and

the corresponding benzenes (as shown in Scheme 3), an
identical metallacyclopentadiene is generated in both cases,
and in the subsequent rate-determining step this reacts

either with the nitrile or with an additional alkyne com-
pound.[15] Since CoI will not readily coordinate with a ni-
trileLs lone-electron pair, only after metallacycle formation,
when the metal exists as CoIII, will the nitrile coordinate and
insert. An interesting challenge concerning the formation of
biaryls is to identify which alkyne components are involved
in the formation of the intermediate cobaltacyclopenta-
diene.

In order to clarify the origin of the stereochemical induc-
tion and the natures of the intermediates, we introduced dif-
ferent starting materials including hex-3-yne and benzoni-
trile, which were added to 1-(diphenylphosphinoylethynyl)-
2-methoxynaphthalene (2) in a 1:1:1 ratio in the presence of
[cpCo ACHTUNGTRENNUNG(cod)] as catalyst (Scheme 4).

Our experiment once more impressively demonstrated
that the formation of cobaltacyclopentadiene from two al-
kynes is necessary for the formation of the pyridine product,
to answer the question of whether only two hexyne mole-
cules react at first, or whether the sterically more demand-
ing alkyne 2 is involved in the formation of the metallacycle.

The finding of pyridine 21 as the major product is only
possible if substrate 2 takes part in the formation of the co-
baltacyclopentadiene intermediate.

As shown in Scheme 4, at 44% conversion of the used ni-
trile the pyridine 21 was isolated in 38% yield as a single re-
gioisomer and also as the main product. The structure was
confirmed by X-ray crystallography.[14] Only a 5% yield of
the benzene derivative 12 was determined by GC, and yields

Table 2. Synthesis of axially chiral biaryls.

Compd R Cat.[a] Reaction
conditions

Yield/
%[b]

Solvent Sel./
% ee[c]

(S)-11 C6H5 IV 25 8C, 12 h 8 THF 12[d]

(S)-11 C6H5 III 25 8C, 48 h 37 THF 12
(R)-11 C6H5 II 25 8C, 24 h 45 THF 63
(S)-11 C6H5 I 45 8C, 48 h 49 THF 79[d]

(>99[e])
(S)-14 p-CH3OC6H4 I 45 8C, 24 h 51 THF 72[d]

(>99[e])
(S)-15 3,5-(CF3)2C6H3 I 45 8C, 24 h 24 THF 56
(S)-16 t-C4H9 I 25 8C, 48 h 61 THF 82[d]

(>99[e])
(S)-17 1-adamantyl I 25 8C, 24 h 44 toluene 83[d]

(>99[e])
(S)-18 (CH3)2N I[f] 55 8C, 12 h 80 toluene 68

[a] 5 mol% cat. (see Scheme 1). [b] Isolated yield. [c] Determined by
HPLC. [d] Measured in reaction mixture. [e] Determined after recrystal-
lization. [f] 1 mol% cat.

Figure 1. Crystal structure of [(�)-(S)-1-[2-(diphenylphosphinoyl)-
phenyl]-2-methoxynaphthalene] (11; crystallographic data are given in
the Experimental Section).[14]

Figure 2. ee value against reaction temperature.

Scheme 3. Generally accepted mechanistic suggestion.

Chem. Eur. J. 2007, 13, 1117 – 1128 F 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1119

FULL PAPERPhosphorus-Bearing Axially Chiral Biaryls

www.chemeurj.org


of other side products such as hexaethylbenzene and 2,3,4,5-
tetraethyl-6-phenylpyridine do not exceed 1% each.

The observed ratio between pyridine 21 and carbocycle 12
supports the proposed mechanism,[15c] according to which
one single metallacyclopentadiene intermediate reacts more
rapidly with the nitrile than with the additional alkyne. This
high selectivity allows us to rule out the tetraethyl-cobalta-
cyclopentadiene as an intermediate for the formation of the
compounds 21 and 12. As illustrated in Scheme 5, we can
also rule out a cobaltacyclopentadiene intermediate in
which the POPh2 group is located in the b-position to the
cobalt because the anticipated products are not formed.

Pursuing the idea of a single cobaltacyclopentadiene inter-
mediate in the formation of pyridines and the corresponding
benzenes, as a result of our three-component experiment we
suppose that, with the employment of the optically active
catalyst I, the cobaltacyclopentadiene I-2 (Figure 3) is the
major diastereomeric intermediate and reacts with the steri-
cally less hindered alkyne molecule to give axially chiral
biaryls.

A possible origin of the asymmetric induction in this reac-
tion may be chirality transfer from the planar chiral neo-
menthylindenyl part of I-2 to the 2-methoxynaphthyl group,
mediated by the chiral array of diastereotopic aryl groups at
the phosphoryl moiety.

Reduction to phosphines : We had so far demonstrated a
novel and effective route to axially chiral biaryls bearing

phosphoryl moieties, but chiral
phosphines accessible by this
route are even more interest-
ing and potentially precious
molecules in themselves as, for
example, ligands for asymmet-
ric catalysis. The conversion of
the chiral phosphine oxides
prepared by [2+2+2] cross-cy-
clotrimerization into the corre-
sponding phosphines is quite
simple and convenient. To
demonstrate this and to syn-
thesize axially chiral P-ligands
we reduced the phosphine

oxides 11 and 14 to the corresponding phosphines 22 and 23
by treatment with AlH3 in THF (Scheme 6).[16,17] In contrast
with the use of LiAlH4,

[18] the reaction with AlH3 proceeded
smoothly and furnished the corresponding phosphine in
96% yield and without atrop ACHTUNGTRENNUNGisomerization.

Scheme 4. Three-component cycloaddition.

Scheme 5. Possible intermediates and the corresponding products.

Figure 3. Suggested cobaltacyclopentadiene intermediate I-2.

Scheme 6. Reduction to the corresponding chiral phosphines.
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Application in asymmetric synthesis : In order to investigate
whether our new compounds might be suited as ligands for
asymmetric catalysis we compared compound 22, our
“NAPHEP” ligand, with the well studied MeO-MOP ligand
of Hayashi et al.[19] The use of MOP/palladium catalytic sys-
tems was the first practical route for asymmetric hydrosilyla-
tion of alkenes.

The incorporation of phenyl/naphthyl moieties in the
framework in our NAPHEP might offer it some advantages
over its binaphthyl counterpart: the dihedral angles of our
less rigid biaryls can be more easily self-tuned, thus allowing
better adapted chiral geometry in the catalytically active
palladium complex, while the diminished electron-donating
properties of a phenyl ring may also strongly influence the
outcome of a catalytic reaction. The results (Table 3) ob-

tained with our NAPHEP as ligand in the hydrosilylation of
alkenes are very similar to those obtained with MeO-
MOP.[20] Overall, the first application of the new axially
chiral compound, NAPHEP, as a ligand in an asymmetric
catalysis could be demonstrated to proceed with good chem-
ical yields and optical purities (up to 93% ee).

In principle, NAPHEP could act either as a monodentate
P- or as a bidentate P,O-ligand. In the single-crystal X-ray
structure of the complex trans-[PdCl2{(S)-NAPHEP}2]
(Figure 4), NAPHEP is coordinated as a monodentate
ligand, the phosphorus atoms and the chlorine atoms at pal-
ladium adopting trans relationships to one another in the
square-planar geometry of the complex. At the same time,
the benzannelated part of the naphthyl ring points towards
the palladium atom while the methoxy group is on the
remote side. This creates a chiral environment for the palla-
dium for the origin of the outstanding observed enantiose-
lectivity, similarly to the situation proposed by Hayashi.[21]

Conclusion

In summary, we have developed a novel and effective, two-
step route to axially chiral biaryl ligands.

In direct asymmetric cross-cyclotrimerizations using chiral
cobalt(I) catalysts we created axially chiral biaryls bearing
phosphoryl moieties. Mechanistic investigations detailing
this [2+2+2] cycloaddition are presented.

Through subsequent reduction of the phosphoryl moieties
to the corresponding phosphines we succeeded in develop-
ing a very efficient approach to chiral monodentate P- or bi-
dentate P,O-ligands.

This has been demonstrated through the employment of
the novel NAPHEP as a new, monodentate acting ligand in
an asymmetric hydrosilylation reaction. Tests with our new
axially chiral biaryl compounds in different catalytic reac-
tions are underway in our laboratory.

Experimental Section

General methods : NMR spectra were recorded on a Bruker ARX 400
(1H, 400 MHz; 13C, 100 MHz; 31P, 162 MHz) spectrometer at 298 K.
Chemical shifts are reported in ppm relative to the 1H and 13C residues
of the deuteriated solvent (deuteriochloroform: d = 7.27 ppm for 1H and
d = 77.36 ppm for 13C). Mass spectra were obtained with a MAT 95 XP
instrument at an ionizing voltage of 70 eV. Only characteristic fragments
containing the isotopes of highest abundance are listed; relative intensi-
ties in percentages are given in parentheses. Melting points were mea-
sured with a B@chi 540 melting point determination apparatus. Optical
rotations were determined on a Gyromat-HP polarimeter. In all cases
the enantiomeric excesses of products were analyzed by HPLC with a
Liquid Chromatograph 1090 fitted with diode-array detector (DAD)
(Hewlett–Packard) and Chiralyser (IBZ Messtechnik GmbH, Hannover).
All reactions involving sensitive materials were carried out under argon,
with use of standard techniques in dry, oxygen-free solvents. All liquid re-
agents were distilled under argon prior to use. All solid compounds were
recrystallized from degassed solvents. Chromatographic purifications
were carried out with 240–400 mesh silica gel.

Diphenylchlorophosphine, di(tert-butyl)chlorophosphine, methyl chloro-
formate, 1-ethynyl-naphthalene, nBuLi, hex-3-yne, and but-2-yne were
purchased from Aldrich. Bis(dimethylamino)phosphoryl chloride was
purchased from Strem.

Table 3. Asymmetric hydrosilylation with Pd/(S)-NAPHEP.[a]

Alkene T/
8C

Pd-cat./
mol%

NAPHEP/
mol%

Yield/
%[b]

2-/1-Iso-
mers Ratio

Sel.
[% ee][c]

hex-1-ene 40 0.1 0.2 61 76:24 91 (R)
oct-1-ene 40 0.1 0.2 59 77:23 93 (R)
1-phenyl-
but-4-ene

40 0.1 0.2 53 65:35 93 (R)

norbornene 0 0.01 0.02 96 –[d] 83
(1S,2S,4R)

[a] Without solvent, 24 h. [b] Isolated yields of secondary alcohol. [c] ee
of the major enantiomer. [d] Only exo-2-silylated product.

Figure 4. Crystal structure and numbering scheme of trans-[PdCl2{(S)-
NAPHEP}2. All hydrogens have been omitted for clarity (ellipsoids set at
30% probability level).[14]
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1-Acetyl-2-methoxynaphthalene,[22] 1-ethynyl-2-methylnaphthalene,[23]

bis-[3,5-bis(trifluoromethyl)phenyl]-chlorophosphine,[24] bis(4-methoxy-
phenyl)chlorophosphine,[24] bis(1-adamantyl)phosphinic chloride,[25] and
[CpCo ACHTUNGTRENNUNG(cod)][26] were synthesized by known procedures.

I) Preparation of different naphthalenes

1-(1-Chlorovinyl)-2-methoxynaphthalene : PCl5 (8.8 g, 41.7 mmol) was
added at RT to a solution of 1-acetyl-2-methoxynaphthalene (7.7 g,

38.45 mmol) and PCl3 (18.5 mL, 0.21 mol) in dry benzene (60 mL). The
reaction mixture was magnetically stirred for 24 h at RT and was then
carefully poured onto ice (300 g). The organic fraction was extracted with
ether (100 mL), washed with saturated NaHCO3 solution, separated, and
dried over Na2SO4, the solution was filtered through a pad of silica gel,
and the solvent was removed in vacuo to give the crude product (8.24 g,
98%) as a pale yellow oil. The compound was pure enough to be used
for the next step, but could be recrystallized from hexane to afford a col-
orless solid. M.p. 47–48 8C; 1H NMR (CDCl3): d = 8.35 (d, J = 8.5 Hz,
1H), 8.17 (d, J = 9.1 Hz, 1H), 8.11 (d, J = 8.1 Hz, 1H), 7.84 (m, 1H),
7.7 (m, 1H), 7.58 (d, J = 9.1 Hz, 1H), 6.05 (dd, J = 0.99 and 197.4 Hz,
2H), 4.3 ppm (s, 3H); 13C NMR (CDCl3): d = 154.4, 134.6, 132.4, 131.3,
129.2, 128.5, 127.7, 124.7, 124.4, 122.4, 119.7, 113.7, 57.2 ppm; HRMS:
m/z : calcd for C13H11OCl: 218.0493; found: 218.0489 (d = �1.7).

1-Ethynyl-2-methoxynaphthalene : n-BuLi (1.6m solution in hexanes,
23 mL, 36.7 mmol) was added dropwise with stirring at �78 8C to a solu-

tion of diisopropylamine (4.45 g, 6.2 mL, 44 mmol) in THF (10 mL). The
temperature was raised to 0 8C for 20 min, and the mixture was then
again cooled to �78 8C. A solution of 1-(1-chlorovinyl)-2-methoxynaph-
thalene (3.1 g, 14.18 mmol) in THF (20 mL) was added slowly to the lithi-
um diisopropylamide solution, the cooling bath was removed, and the
mixture was stirred for 5 h at RT. The reaction vessel was placed in an
ice bath, and water (2 mL) was carefully added to the thick slurry. After
deposition of the resulting solids, the organic layer was decanted, dried
with Na2SO4, and filtered through a pad of silica gel, being eluted with
Et2O. The mother liquor was evaporated to dryness, and the solid residue
was recrystallized from ethyl acetate/hexane to give the acetylene (2.5 g,
97%) as white plates. M.p. 111–112 8C; 1H NMR (CDCl3): d = 8.49 (dd,
J = 0.6, 8.5 Hz, 1H), 8.01–7.95 (m, 2H), 7.75 (m, 1H), 7.57 (m, 1H),
7.40 (d, J = 9.1 Hz, 1H), 4.2 (s, 3H), 3.97 ppm (s, 1H); 13C NMR
(CDCl3): d = 160.3, 135.3, 131.1, 128.8, 128.6, 128.0, 125.5, 124.7, 112.8,
105.3, 87.0, 78.7, 57.0 ppm; HRMS: m/z : calcd for C13H10O: 182.0726;
found: 182.0720 (d = �2.9).

II) General procedure for preparation of acetylenes 1–9

n-BuLi (1.6m solution in hexanes, 6.5 mL, 10.4 mmol) was added drop-
wise with stirring at �78 8C to a solution of 1-ethynylnaphthalene
(10 mmol) in THF (30 mL). The temperature was raised to 0 8C for
20 min, and the system was then again cooled to �78 8C, whereupon the
appropriate electrophile (10 mmol) was added dropwise. The tempera-
ture was raised to 25 8C for 30 min, and the reaction mixture was addi-
tionally stirred for 2 h. To obtain the derivatives 2–5, 8, and 9 the Schlenk
flask was then placed in an ice bath, and hydrogen peroxide (30% in
water, 1.5 mL) was added carefully with vigorous stirring. The mixture
was then stirred for a further 30 min at RT and finally dried with Na2SO4.
The general workup procedure was as follows: the resulting solution was
filtered through a short pad of silica gel, the solvent was evaporated in
vacuo, and the residue was purified by chromatography.

3-(2-Methoxynaphthalen-1-yl)-1-phenylprop-2-yn-
1-one (1): Electrophile: C6H5COCl; 64% yield;
m.p. 137–138 8C (ethyl acetate); 1H NMR (CDCl3):
d = 8.46 (m, 2H), 8.40 (d, J = 8.5 Hz, 1H), 8.01–
7.32 (m, 8H), 4.16 ppm (s, 3H); 13C NMR (CDCl3):
d = 187.5, 162.5, 137.8, 135.4, 134.2, 133.8, 130.2,
128.9, 128.8, 128.8, 128.7, 125.4, 125.1, 112.5, 103.5,
97.3, 89.6, 57.0 ppm; HRMS: m/z : calcd for C20H14O2: 286.0988; found:
286.0982 (d = �2.2).

1-(Diphenylphosphinoylethynyl)-2-methoxynaph-
thalene (2): Electrophile: (C6H5)2PCl; 89% yield;
m.p. 116–117 8C (ethyl acetate/hexane); 1H NMR
(CDCl3): d = 8.07 (dd, J = 0.6 and 8.5 Hz, 1H),
7.98–7.93 (m, 4H), 7.84 (d, J = 9.1 Hz, 1H), 7.71
(d, J = 8.1 Hz, 1H), 7.49–7.40 (m, 7H), 7.32–7.28
(m, 1H), 7.17 (d, J = 9.5 Hz, 1H), 3.96 ppm (s,
3H); 13C NMR (CDCl3): d = 162.1, 162.1, 136.1,
134.9, 134.7, 133.5, 133.3, 132.4, 132.4, 131.6, 131.5,
129.0, 128.9, 128.7, 128.5, 125.2, 125.0, 112.6, 103.4 (d, J = 3.8 Hz), 103.4
(d, J = 30.5 Hz), 92.2 (d, J = 172.6 Hz), 56.9 ppm; 31P NMR (CDCl3):
d = 8.9 ppm; HRMS: m/z : calcd for C25H18O2P: 381.1039; found:
381.1034 (d = �1.2).

1-[Bis-(4-methoxyphenyl)phosphinoylethynyl]-2-methoxynaphthalene
(3): Electrophile: (p-CH3OC6H5)2PCl; 87% yield; m.p. 124–125 8C (ethyl
acetate/hexane); 1H NMR (CDCl3): d =

8.37 (d, J = 8.3 Hz, 1H), 8.2–8.11 (m, 5H),
7.99 (d, J = 8.1 Hz, 1H), 7.76–7.72 (m,
1H), 7.46 (d, J = 9.3 Hz, 1H), 7.24–7.20
(m, 4H), 4.25 (s, 3H), 4.07 ppm (s, 6H);
13C NMR (CDCl3): d = 162.9, 162.9, 134.9,
133.5, 133.3, 133.1, 128.6, 128.6, 126.4, 125.3,
125.1, 124.9, 114.5, 114.4, 112.7, 103.6, 101.1,
100.8, 93.9, 92.2, 56.9, 55.7 ppm; 31P NMR
(CDCl3): d = 8.6 ppm; HRMS: m/z : calcd
for C27H23O4P: 442.1328; found: 442.1316 (d
= �2.9).

1-{Bis-[3,5-bis-(trifluoromethyl)phenyl]phos-
phinoylethynyl}-2-methoxynaphthalene (4):
Electrophile: [3,5-(CF3)2C6H5]2PCl; 90%
yield; m.p. 162–163 8C (ethyl acetate/hexane);
1H NMR (CDCl3): d = 8.72 (d, J = 13.7 Hz,
4H), 8.28–8.25 (m, 3H), 8.2 (d, J = 9.1 Hz,
1H), 8.01 (d, J = 8.1 Hz, 1H), 7.77–7.73 (m,
1H), 7.63–7.59 (m, 1H), 7.5 (d, J = 9.1 Hz,
1H), 3.29 (s, 3H) ppm; 13C NMR (CDCl3): d
= 163.3, 163.3, 137.0, 135.8, 134.9, 134.6,
133.6, 133.5, 133.3, 133.2, 133.0, 132.8, 132.6,
132.5, 131.6, 131.5, 129.3, 129.0, 128.5, 127.2, 126.9, 126.9, 125.4, 124.6,
124.5, 121.7, 119.0, 116.7, 112.2, 106.7, 106.3, 101.4, 89.8, 87.9, 56.8 ppm;
31P NMR (CDCl3): d = 2.2 ppm; HRMS: m/z : calcd for C29H15O2F12P:
654.0613; found: 654.0604 (d = �1.3).

1-(Di-tert-butylphosphinoylethynyl)-2-methoxynaphthalene (5): Electro-
phile: (tBu)2PCl; 86% yield; m.p. 137–138 8C (ethyl acetate/hexane);
1H NMR (CDCl3): d = 8.47 (d, J = 8.5 Hz, 1H), 8.14 (d, J = 9.1 Hz,
1H), 8.04 (d, J = 8.1 Hz, 1H), 7.82 (m, 1H), 7.65 (m, 1H), 7.48 (d, J =
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9.1 Hz, 1H), 4.25 (s, 3H), 1.73 ppm (d, J = 15.1 Hz,
18H); 13C NMR (CDCl3): d = 161.7, 134.8, 132.5,
128.6, 128.5, 128.4, 125.2, 124.8, 112.7, 104.2 (d,
J = 3.8 Hz), 98.6 (d, J = 20 Hz), 91.4 (d, J =

130.6 Hz), 56.8, 36.6 (d, J = 72.5 Hz), 26.9 ppm;
31P NMR (CDCl3): d = 49.2 ppm; HRMS: m/z : calcd
for C21H27O2P: 342.1743; found: 342.1733 (d =

�3.0).

1-(Di-1-adamantylphosphinoylethynyl)-2-methoxynaphthalene (6): Elec-
trophile: (Ad)2POCl; 21% yield; m.p. 234–235 8C (ethyl acetate);

1H NMR (CDCl3): d = 8.47 (dd, J = 0.6 Hz and
8.5 Hz, 1H), 8.9 (d, J = 9.1 Hz, 1H), 8.0 (d, J =

8.1 Hz, 1H), 7.77 (m, 1H), 7.6 (m, 1H), 7.45 (d, J =

9.1 Hz, 1H), 4.21 (s, 3H), 2.89 (m, 12H), 2.28 (m,
6H), 2.01 ppm (m, 12H); 13C NMR (CDCl3): d =

161.7, 135.0, 132.3, 128.6, 128.4, 125.4, 124.8, 112.7,
104.5 (d, J = 2.9 Hz), 98.6 (d, J = 18.1 Hz), 91.6,
90.3, 56.8, 40.9, 40.1, 37.1, 37.1, 28.3, 28.2 ppm;
31P NMR (CDCl3): d = 41.5 ppm; HRMS: m/z : calcd
for C33H39O2P: 498.2682; found: 498.2676 (d = �1.2).

1-(Bis-dimethylaminophosphinoylethynyl)-2-methoxynaphthalene (7):
Electrophile: [(CH3)2N)2PCl; 82% yield; m.p. 105–106 8C (ethyl acetate/

hexane); 1H NMR (CDCl3): d = 8.46 (dd, J =

0.8 Hz, 8.3 Hz, 1H), 8.13 (d, J = 9.1 Hz, 1H), 8.03
(d, J = 8.3 Hz, 1H), 7.82–7.78 (m, 1H), 7.66–7.62
(m, 1H), 7.48 (d, J = 9.1 Hz, 1H), 4.25 (s, 3H),
3.05 ppm (d, J = 11.3 Hz, 12H); 13C NMR
(CDCl3): d = 161.3, 134.8, 132.5, 128.6, 128.6,
128.4, 125.9, 125.2, 124.8, 112.7, 104.0 (d, J =

4.8 Hz), 96.0 (d, J = 41.0 Hz), 90.9, 88.5 ppm;
31P NMR (CDCl3): d = 11.5 ppm; HRMS: m/z :

calcd for C17H21O2N2P: 316.1335; found: 316.1333 (d = �0.8).

1-(Diphenylphosphinoylethynyl)-naphthalene (8): Electrophile:
(C6H5)2PCl; 87% yield; m.p. 99–100 8C (diethyl
ether); 1H NMR (CDCl3): d = 8.52–8.50 (m, 1H),
8.28–8.19 (m, 5H), 8.14–8.11 (m, 2H), 7.85–7.7 ppm
(m, 9H); 13C NMR (CDCl3): d = 134.2, 133.7,
133.3, 133.0, 133.0, 132.7, 132.7, 131.8, 131.5, 131.4,
129.2, 129.1, 129.0, 128.1, 127.3, 126.0, 125.4, 117.8
(d, J = 4.8 Hz), 104.4 (d, J = 29.6 Hz), 88.9,
87.2 ppm; 31P NMR (CDCl3): d = 8.8 ppm; HRMS:
m/z : calcd for C24H16OP: 351.0933; found: 351.0925
(d = �2.4).

1-(Diphenylphosphinoylethynyl)-2-methylnaphthalene (9): Electrophile:
(C6H5)2PCl; 94% yield; m.p. 92–93 8C (ethyl acetate/hexane); 1H NMR

(CDCl3): d = 8.46 (d, J = 8.3 Hz, 1H), 8.27–8.22
(m, 4H), 8.08–8.05 (m, 2H), 7.84–7.69 (m, 8H),
7.60 (d, J = 8.3 Hz, 1H), 2.91 ppm (s, 3H);
13C NMR (CDCl3): d = 142.8, 134.4, 134.1, 133.2,
132.6, 132.6, 131.7, 131.5, 131.4, 131.1, 129.1, 129.0,
128.7, 128.3, 128.1, 126.4, 125.8, 116.4 (d, J =

3.8 Hz), 103.6 (d, J = 30.5 Hz), 93.2, 91.5,
21.9 ppm; 31P NMR (CDCl3): d = 8.7 ppm; HRMS:
m/z : calcd for C25H18OP: 365.1090; found: 365.1094
(d = 1.3).

III) [2+2+2] Cross-cyclotrimerization

General procedure for the preparation of racemic biphenyls 10–20 : A
thermostated (e.g., 25 8C) reaction vessel was loaded with a substituted

acetylene—such as 1-(diphenylphosphinoylethynyl)-2-methoxynaphtha-
lene (0.383 g, 1 mmol)—and [cpCo ACHTUNGTRENNUNG(cod)] (11.6 mg, 0.05 mmol). THF
(10 mL) was added, and the vessel was connected to an acetylene meas-
uring and delivering device providing a constant pressure of acetylene.
(Alternatively, acetylene may simply be bubbled through the solution.) If
but-2-yne or hex-3-yne were used as a second component, the com-
pounds (3 mmol) were injected under argon. The mixture was stirred and
irradiated with two 460 W Phillips HPM 12 lamps (l�420 nm). The reac-
tion was quenched by switching off the lamps and simultaneously open-
ing the vessel to the air. The progress of reaction—that is, conversion of
the initial substituted acetylene—was determined by GC. The solvent
was evaporated, and the residue was purified on silica gel.

[2-(2-Methoxynaphthalen-1-yl)phenyl]phenyl-
methanone (10): M.p. 154–155 8C (ethyl ace-
tate/hexane); Rf = 0.4 (Et2O/hexane 1:1);
1H NMR (CDCl3): d = 8.0–7.41 (m, 14H), 7.34
(d, J = 8.9 Hz, 1H), 3.89 ppm (s, 3H);
13C NMR (CDCl3): d = 197.9, 153.3, 140.9,
138.0, 136.1, 133.8, 132.8, 132.5, 130.7, 129.9,
129.9, 129.4, 129.2, 128.2, 127.9, 127.4, 126.9,
125.5, 123.7, 123.1, 112.7, 56.0 ppm; HRMS: m/
z : calcd for C24H18O2: 338.1301; found: 338.1296 (d = �1.6).

1-[2-(Diphenylphosphinoyl)phenyl]-2-methoxynaphthalene (11): M.p.
149–150 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.86–7.80 (m, 1H),
7.57–7.41 (m, 4H), 7.38–7.33 (m, 2H), 7.26–
7.16 (m, 4H), 7.13–7.04 (m, 5H), 6.97–6.93 (m,
3H), 6.86 (d, J = 9.1 Hz, 1H), 3.54 ppm (s,
3H); 13C NMR (100 MHz, CDCl3, 25 8C): d =

135.0, 134.9, 133.4, 133.3, 132.3, 132.3, 132.2,
132.1, 131.9, 131.8, 131.3, 131.3, 131.1, 131.1,
130.3, 128.1, 128.0, 127.8, 127.7, 127.6, 127.6,
126.4, 125.8, 123.5, 112.3, 55.9 ppm; 31P NMR
(162 MHz, CDCl3, 25 8C): d : 27.9 ppm; HRMS:
m/z : calcd for C29H23O2P: 434.1430; found:
434.1422 (d = �1.9).

1-[2-(Diphenylphosphinoyl)-3,4,5,6-tetraethylphenyl]-2-methoxynaphtha-
lene (12): M.p. 157–158 8C (ethyl acetate/hexane); Rf = 0.59 (ethyl ace-
tate); 1H NMR (CDCl3): d = 7.72 (d, J =

8.1 Hz, 1H), 7.68–7.63 (m, 2H), 7.56–7.39 (m,
7H), 7.16–7.09 (m, 3H), 6.98–6.93 (m, 2H), 6.9
(d, J = 9.1 Hz, 1H), 3.94 (s, 3H), 3.34–3.18 (m,
2H), 3.12–2.96 (m, 4H), 2.4–2.31 (m, 1H), 2.1–
1.99 (m, 1H), 1.51–1.45 (m, 6H), 1.25 (t, J =

7.3 Hz, 3H), 0.83 ppm (t, J = 7.4 Hz, 3H);
13C NMR (CDCl3): d = 154.2, 146.7, 146.7,
145.8, 145.8, 142.6, 142.5, 140.2, 140.1, 138.5,
137.6, 137.5, 137.4, 136.5, 135.2, 131.8, 131.8,
131.3, 131.2, 130.8, 130.7, 130.6, 130.5, 129.8, 129.8, 128.8, 127.8, 127.8,
127.6, 126.8, 126.7, 126.6, 125.8, 123.5, 123.0, 122.9, 111.8, 55.0, 26.2 (d, J
= 5.7 Hz), 23.7, 23.2, 22.1, 16.4, 16.3, 16.2, 14.9 ppm; 31P NMR (CDCl3):
d = 31.2 ppm; HRMS: m/z : calcd for C37H39O2P: 546.2682; found:
546.2678 (d = �0.8).

1-[2-(Diphenylphosphinoyl)-3,4,5,6-tetramethylphenyl]-2-methoxynaph-
thalene (13): M.p. 233–234 8C (ethyl acetate/hexane); Rf = 0.36 (ethyl
acetate); 1H NMR (CDCl3): d = 7.81–7.72 (m,
3H), 7.64–7.45 (m, 7H), 7.25–7.18 (m, 3H),
7.07–7.00 (m, 3H), 4.03 (s, 3H), 2.72 (s, 3H),
2.63 (s, 3H), 2.6 (s, 3H), 1.87 ppm (s, 3H);
13C NMR (CDCl3): d = 153.9, 140.2, 140.1,
140.0, 137.6, 137.2, 137.1, 137.1, 137.0, 136.6,
136.6, 135.6, 134.5, 134.5, 134.3, 131.6, 131.4,
131.2, 131.1, 130.7, 130.7, 130.4, 130.0, 130.0,
128.9, 128.0, 127.9, 126.9, 126.8, 126.8, 125.7,
123.6, 112.1, 55.6, 21.9 (d, J = 6.7 Hz), 18.1,
17.4, 17.2 ppm; 31P NMR (CDCl3): d = 31.4 ppm; HRMS: m/z : calcd for
C33H31O2P: 490.2056; found: 490.2048 (d = �1.6).

1-{2-[Bis-(4-methoxyphenyl)phosphinoyl]phenyl}-2-methoxynaphthalene
(14): M.p. 162–163 8C (ethyl acetate/hexane); Rf = 0.41 (THF/ethyl ace-
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tate 1:1); 1H NMR (CDCl3): d = 7.97–7.92
(m, 1H), 7.53–7.41 (m, 4H), 7.28–7.23 (m,
2H), 7.1–7.0 (m, 5H), 6.9–6.87 (m, 2H),
6.58–6.55 (m, 2H), 6.32–6.29 ppm (m, 2H);
13C NMR (CDCl3): d = 162.0 (d, J =

2.9 Hz), 161.5 (d, J = 2.9 Hz), 154.1, 140.9,
140.8, 134.9, 134.87, 134.0, 133.9, 133.8,
133.6, 133.4, 133.2, 133.1, 132.0, 132.0,
129.9, 128.7, 127.7, 127.6, 126.3, 125.9,
125.8, 125.0, 124.7, 123.9, 123.4, 123.3,
123.2, 113.6, 113.5, 113.1, 113.0, 112.5, 56.0,

55.6, 55.4 ppm; 31P NMR (CDCl3): d = 28.3 ppm; MS (70 eV): m/z : 494
(100) [M]+ , 463 (89), 357 (67), 337 (50), 263 (64), 247 (24), 232 (56), 214
(41), 189 (27), 155 (17), 108 (16), 77 (13).

1-(2-{Bis-[3,5-bis-(trifluoromethyl)phenyl]phosphinoyl}phenyl)-2-methox-
ynaphthalene (15): M.p. 154–155 8C (ethyl acetate/hexane); Rf = 0.79

(hexane/ethyl acetate 4:1); 1H NMR
(CDCl3): d = 7.84–7.78 (m, 3H), 7.72–7.65
(m, 4H), 7.59–7.52 (m, 2H), 7.5 (d, J =

8.9 Hz, 1H), 7.43–7.40 (m, 1H), 7.28–7.25 (m,
1H), 7.19–7.11 (m, 2H), 6.96 (d, J = 9.1 Hz,
1H), 6.92–6.90 (m, 1H), 3.73 ppm (s, 3H);
13C NMR (CDCl3): d = 154.9, 141.4, 141.3,
136.4, 135.6, 135.3, 134.6, 134.4, 134.3, 134.1,
134.0, 133.8, 133.6, 133.3, 132.1, 132.0, 131.8,
131.6, 131.5, 131.4, 131.3, 131.2, 130.5, 128.6,
128.5, 128.1, 127.9, 127.6, 125.7, 124.7, 124.3,

124.3, 122.0, 121.9, 121.6, 121.6, 112.6, 56.4 ppm; 31P NMR (CDCl3): d =

23.1 ppm; HRMS: m/z : calcd for C33H19O2F12P: 706.0926; found:
706.0941 (d = 2.1).

1-[2-(Di-tert-butylphosphinoyl)phenyl]-2-methoxynaphthalene (16): M.p.
215–216 8C (ethyl acetate/hexane); Rf = 0.51 (THF); 1H NMR (CDCl3):

d = 7.76 (d, J = 9.1 Hz, 1H), 7.69–7.64 (m,
2H), 7.52–7.47 (m, 1H), 7.39–7.34 (m, 1H),
7.26–7.03 (m, 5H), 3.72 (s, 3H), 1.22 (d, J =

13.1 Hz, 1H), 0.99 ppm (d, J = 13.5 Hz, 1H);
13C NMR (CDCl3): d = 154.0, 144.3, 144.2,
136.1, 134.7, 134.6, 134.1, 132.3, 132.3, 132.2,
131.6, 130.8, 130.8, 129.4, 128.8, 128.3, 126.2,
125.8, 125.7, 125.2, 124.9, 124.8, 122.8, 116.7,
112.5, 55.8, 38.2 (d, J = 6.7 Hz), 37.7 (d, J =

5.7 Hz), 28.7 ppm (d, J = 40 Hz); 31P NMR (CDCl3): d = 52.9 ppm;
HRMS: m/z : calcd for C25H31O2P: 394.2056; found: 394.2053 (d = �0.9).

1-[2-(Di-1-adamantylphosphinoyl)phenyl]-2-methoxynaphthalene (17):
M.p. >300 8C (ethyl acetate/hexane); Rf = 0.69 (ethyl acetate); 1H NMR

(CDCl3): d = 8.06 (d, J = 9.1 Hz, 1H), 7.99–
7.92 (m, 2H), 7.84–7.80 (m, 1H), 7.72–7.67 (m,
1H), 7.56–7.45 (m, 2H), 7.41–7.33 ppm (m,
3H); 13C NMR (CDCl3): d = 153.9, 144.7 (d, J
= 3.8 Hz), 134.7, 134.6, 134.1, 132.2, 132.1,
131.0, 130.6, 130.6, 130.2, 129.3, 128.8, 128.2,
126.3, 125.5, 125.4, 124.9, 124.9, 124.9, 122.7,
112.4, 55.8, 42.5, 42.3, 41.9, 41.7, 38.1, 38.1, 37.7,
37.6, 37.2, 37.0, 28.7, 28.6, 28.3, 28.2 ppm;
31P NMR (CDCl3): d = 44.6 ppm; HRMS: m/z :
calcd for C37H43O2P: 550.2995; found: 550.2985

(d = �1.8).

1-[2-(Bis-dimethylaminophosphinoyl)phenyl]-2-methoxynaphthalene
(18): Rf = 0.43 (THF); 1H NMR (CDCl3): d = 8.35–8.30 (m, 1H), 8.11
(d, J = 8.9 Hz, 1H), 8.06–8.04 (m, 1H), 7.83–7.72 (m, 2H), 7.6 (d, J =

9.1 Hz, 1H), 7.55–7.45 (m, 3H), 7.37–7.35 (m, 1H), 4.09 (s, 3H), 2.49 (d,
J = 9.5 Hz, 6H), 2.33 ppm (d, J = 9.7 Hz, 6H); 13C NMR (CDCl3): d =

154.3, 141.1 (d, J = 8.6 Hz), 135.3, 135.2,
134.4, 133.7, 133.0, 132.9, 132.2, 131.3, 131.3,
129.3, 129.0, 128.1, 127.4, 127.3, 126.2, 125.9,
125.8, 125.4, 125.4, 123.5, 113.6, 56.6, 36.5 ppm
(q, J = 3.81 Hz); 31P NMR (CDCl3): d =

29.6 ppm; MS (70 eV): m/z : calcd for

C21H25N2O2P: 368.41; found: 368 (100) [M]+ , 337 (74), 324 (57), 309 (16),
294 (70), 279 (88), 266 (62), 249 (52), 232 (15), 215 (35), 202 (31), 189
(32), 169 (14).

1-[2-(Diphenylphosphinoyl)-3,4,5,6-tetramethylphenyl]naphthalene (19):
M.p. 194–195 8C (ethyl acetate/hexane); Rf = 0.45 (ethyl acetate);
1H NMR (CDCl3): d = 7.7–7.68 (m, 1H), 7.62–
7.58 (m, 2H), 7.52–7.49 (m, 2H), 7.45–7.39 (m,
6H), 7.29–7.25 (m, 1H), 7.19–7.14 (m, 3H),
7.07–7.03 (m, 2H), 2.63 (s, 3H), 2.57 (s, 3H),
2.54 (s, 3H), 1.84 ppm (s, 3H); 13C NMR
(CDCl3): d = 141.3, 141.2, 140.6, 140.5, 139.8,
139.8, 139.4, 139.4, 137.8, 137.1, 137.0, 136.8,
135.4, 134.4, 134.3, 134.2, 133.2, 132.7, 131.3,
131.2, 130.8, 130.7, 130.5, 129.9, 129.8, 129.7,
129.7, 129.4, 129.4, 128.9, 128.3, 127.5, 127.4, 127.3, 127.2, 127.1, 126.0,
125.7, 125.4, 22.4 (d, J = 6.7 Hz), 18.2 (d, J = 1.9 Hz), 17.8, 17.0 ppm;
31P NMR (CDCl3): d = 30.6 ppm; HRMS: m/z : calcd for C32H28OP:
459.1872; found: 459.1861 (d = �2.5).

1-[2-(Diphenylphosphinoyl)phenyl]-2-methylnaphthalene (20): M.p. 163–
164 8C (ethyl acetate/hexane); Rf = 0.56 (ethyl acetate); 1H NMR
(CDCl3): d = 8.07–8.01 (m, 1H), 7.93–7.87 (m,
3H), 7.83–7.74 (m, 3H), 7.67–7.63 (m, 1H),
7.59–7.43 (m, 7H), 7.39–7.35 (m, 1H), 7.3–7.26
(m, 2H), 7.16–7.11 (m, 2H), 2.48 ppm (s, 3H);
13C NMR (CDCl3): d = 144.7, 144.6, 136.0,
136.0, 135.5, 134.8, 134.7, 134.0, 133.9, 133.0,
132.9, 132.7, 132.5, 132.4, 132.4, 132.2, 132.1,
131.7, 131.6, 131.6, 131.2, 131.1, 130.7, 130.7,
128.5, 128.4, 128.3, 128.2, 127.8, 127.6, 127.6,
127.5, 127.4, 126.5, 125.6, 124.6, 21.8 ppm;
31P NMR (CDCl3): d = 26.1 ppm; HRMS: m/z : calcd for C29H23OP:
418.1481; found: 418.1472 (d = �2.2).

IV) Three-compound [2+2+2] cycloaddition

4,5-Diethyl-3-(2-methoxy-1-naphthyl)-6-phenyl-2-pyridyl-
ACHTUNGTRENNUNG(diphenyl)phosphane oxide (21): A thermostated (25 8C) reaction vessel
was loaded under argon with 1-(diphenylphosphinoylethynyl)-2-methoxy-

naphthalene (382 mg, 1 mmol) and [cpCo ACHTUNGTRENNUNG(cod)] (11.6 mg, 0.05 mmol).
THF (10 mL) was added, followed by hex-3-yne (115 mL, 1 mmol) and
benzonitrile (103 mL, 1 mmol), and the mixture was stirred and irradiated
with two 460 W lamps (l�420 nm) for 24 h. The reaction was quenched
by switching off the lamps and simultaneously opening the vessel to the
air, the sample was analyzed by GC, the solvent was evaporated, and the
residue was purified on silica gel (THF/hexane 1:1) to give compound 21
(217 mg, 38%).

Compound 21: M.p. 208–209 8C (ethyl acetate/hexane); 1H NMR
(CDCl3): d = 8.1 (d, J = 8.9 Hz, 1H), 8.0–7.93 (m, 3H), 7.8–7.55 (m,
8H), 7.51–7.44 (m, 5H), 7.38–7.33 (m, 3H), 7.2 (d, J = 8.3 Hz, 1H),
3.11–3.01 (m, 2H), 2.74–2.65 (m, 1H), 2.57–2.49 (m, 1H), 1.31 (t, J =

7.5 Hz, 3H), 1.07 ppm (t, J = 7.5 Hz, 3H); 13C NMR (CDCl3): d =

158.3, 158.1, 155.3, 153.2, 153.1, 152.1, 150.8, 141.6, 137.5, 137.5, 137.2,
137.0, 135.7, 134.9, 134.7, 134.3, 133.9, 132.7, 132.6, 132.5, 132.4, 130.9,
130.9, 130.8, 130.8, 130.5, 129.6, 128.9, 128.4, 128.2, 128.0, 127.8, 127.7,
127.7, 127.6, 126.5, 124.9, 123.4, 119.2, 113.0, 56.1, 23.4, 22.6, 15.7,
14.6 ppm; 31P NMR (CDCl3): d = 20.7 ppm; HRMS: m/z : calcd for
C38H34O2NP: 567.2322; found: 567.2330 (d = 1.4).
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V) Asymmetric cross-trimerization to give biphenyls 11–18

Chiral CoI complexes I, II, III, or IV (see Scheme 1) were used to carry
out the reaction. Products were purified chromatographically, and enan-
tiomeric excesses were analyzed by HPLC. Nonracemic samples of bi-
phenyls 11, 14, 16, and 17 were enriched to optical purities of >99% ee
by one or two recrystallizations.

When the (�)-(Sp)-catalyst I was employed, S enantiomers of biaryls 11,
14, 16, and 17 were found in all cases. We demonstrated that products en-
riched in the opposite enantiomer were obtained with the use of (+)-
(Rp)-complex II—from 1-(diphenylphosphinoylethynyl)-2-methoxy-naph-
thalene (2) and acetylene—as the catalyst. As expected, we obtained
(+)-(R)-1-[2-(diphenylphosphinoyl)-phenyl]-2-methoxynaphthalene after
24 h at 25 8C in THF with an enantiomeric excess of 63% ee and in 45%
yield (see Table 1).

Dynamic HPLC on a chiral stationary phase has shown that the biarylic
derivatives 11–18 each exist in the form of two stable atropisomers, and
no atropisomerization was observed at temperatures up to +60 8C.

General procedure

(�)-(S)-1-[2-(Diphenylphosphinoyl)phenyl]-2-methoxynaphthalene [(S)-
11]: A thermostated (45 8C) reaction vessel was loaded with 1-(diphenyl-
phosphinoylethynyl)-2-methoxynaphthalene (1.15 g, 3 mmol), catalyst I
(63 mg, 0.15 mmol), and THF (30 mL) under acetylene. The mixture was
stirred and irradiated with two 460 W lamps (l�420 nm) for 48 h. The
reaction was quenched by switching off the lamps and simultaneously
opening the vessel to the air, the degree of conversion of the starting
acetylene was determined by GC, the solvent was evaporated, and the
oily residue was purified on silica gel (ethyl acetate) to give (�)-(S)-1-[2-
(diphenyl-phosphinoyl)-phenyl]-2-methoxynaphthalene (2, 639 mg, 49%)
as a colorless solid. The optical purity was determined to be 79% ee
(HPLC). A recrystallization from ethyl acetate/hexane gave the product
in enantiomerically pure form (391 mg, 30%, >99% ee). HPLC: Chiral-
pack AD-H, hexane/ethanol 98:2, 2 mLmin�1, t1 = 28.81 min, t2 =

38.68 min; [a]25
D = �80.7 (c = 0.56, CHCl3).

1-{2-[Bis-(4-methoxyphenyl)phosphinoyl]phenyl}-2-methoxynaphthalene
(14): [a]25

D = �123.4 (c = 0.36, CHCl3), >99% ee ; HPLC: Whelk 01
(S,S), hexane/ethanol 95:5, 2 mLmin�1, t1 = 32.76 min, t2 = 42.55 min.

1-(2-{Bis-[3,5-bis-(trifluoromethyl)phenyl]phosphinoyl}phenyl)-2-methoxy-
naphthalene (15): HPLC: Chiralpack OD, hexane/ethanol 99.5:0.5,
1 mLmin�1, t1 = 6.16 min, t2 = 6.89 min.

1-[2-(Di-tert-butylphosphinoyl)phenyl]-2-methoxynaphthalene (16): [a]25
D

= ++64.1 (c = 1, CHCl3), >99% ee, HPLC: Chiralcel AD, hexane/isopro-
panol 98:2, 1 mLmin�1, t1 = 5.12 min, t2 = 6.16 min.

1-[2-(Di-1-adamantylphosphinoyl)phenyl]-2-methoxynaphthalene (17):
[a]25

D = ++19.3 (c = 1, CHCl3), >99% ee, HPLC: Chiralpack AD,
hexane/ethanol 98:2, 0.8 mLmin�1, T1 = 6.22 min, T2 = 8.06 min.

1-[2-(Bis-dimethylaminophosphinoyl)phenyl]-2-methoxynaphthalene
(18): HPLC: Chiralpack AD, hexane/ethanol 98:2, 1 mLmin�1, t1 =

10.17 min, t2 = 13.38 min.

VI) Reduction of the phosphine oxides to the corresponding phosphines

(�)-(S)-[2-(2-Methoxynaphthalen-1-yl)phenyl]diphenylphosphine
(NAPHEP, 22): Phosphine oxide 11 (266 mg, 0.612 mmol, >99% ee) was
dissolved in THF (5 mL), and AlH3 (1.32 mL of a 0.5m solution in THF,
0.652 mmol) was added dropwise. The mixture was stirred at 50 8C for

30 min and cooled, and dry methanol (0.1 mL)
was added. The mixture was filtered through a
pad of silica gel, which was washed with THF
(3U5 mL), and the organic extract was evapo-
rated and purified by flash chromatography,
with hexane/ethyl acetate (9:1) as eluent, to
yield (�)-(S)-[2-(2-methoxynaphthalen-1-yl)-
phenyl]-diphenylphosphine (NAPHEP, 22,
246 mg, 96%) as a colorless solid. The optical
purity of the sample was determined to be

>99% ee (HPLC). HPLC: Chiralpack AD-H, hexane/ethanol 95:5,
1 mLmin�1, t1 = 17.32 min, t2 = 21.27 min; m.p. 142–143 8C (ethyl ace-
tate); [a]25

D = �40.9 (c = 0.47, CHCl3);
1H NMR (400 MHz, CDCl3,

25 8C): d = 7.77–7.74 (m, 1H), 7.69–7.67 (m, 1H), 7.38–7.34 (m, 1H),
7.28–6.93 (m, 17H), 3.27 ppm (s, 3H); 13C NMR (100 MHz, CDCl3,
25 8C): d = 154.6, 143.9, 143.5, 139.1, 139.0, 138.8, 138.6, 138.0, 137.9,
135.0, 134.3, 134.2, 134.1, 134.0, 133.8, 131.7, 131.7, 130.0, 129.6, 129.1,
128.6, 128.6, 128.5, 128.5, 128.4, 128.3, 128.1, 126.7, 125.7, 124.7, 124.6,
123.7, 113.0, 55.9 ppm; 31P NMR (162 MHz, CDCl3, 25 8C): = d

�13.5 ppm; HRMS: m/z : calcd for C29H23OP: 418.1481; found: 418.1473
(d = �1.8).

(�)-(S)-[2-(Methoxynaphthalen-1-yl)phenyl]bis(4-methoxyphenyl)phos-
phine (23): Phosphine oxide 14 (93 mg, 0.2 mmol, >99% ee) was dis-
solved in THF (3 mL), and AlH3 (0.43 mL
of an 0.5m solution in THF, 0.21 mmol) was
added dropwise. The mixture was stirred at
50 8C for 30 min and cooled, and dry metha-
nol (0.1 mL) was added. The mixture was
filtered through a pad of silica gel, which
was washed through with THF (3U5 mL),
and the organic extract was evaporated and
purified by flash chromatography with
hexane/ethyl acetate (2:1) as eluent to yield
phosphine 23 (MeO-NAPHEP, 89 mg, 96%)
as a colorless solid. M.p. 153–154 8C (ethyl
acetate); [a]25

D = �401 (c = 0.33, CHCl3);
1H NMR (400 MHz, CDCl3,

25 8C): d = 8.04–8.02 (m, 1H), 7.95–7.94 (m, 1H), 7.64–7.60 (m, 1H),
7.55–7.51 (m, 1H), 7.46–7.28 (m, 8H), 7.15–7.11 (m, 2H), 7.02–6.99 (m,
2H), 6.87–6.85 (m, 2H), 3.96 (s, 3H), 3.9 (s, 3H), 3.63 ppm (s, 3H);
13C NMR (100 MHz, CDCl3, 25 8C): d = 154.5, 143.1, 142.8, 135.6, 135.5,
135.4, 135.3, 134.2, 134.1, 131.6, 131.5, 129.8, 129.4, 129.1, 129.1, 129.0,
128.1, 127.9, 126.4, 125.6, 123.5, 117.2, 114.2, 114.1, 114.1, 114.1, 113.2,
56.0, 55.5, 55.5 ppm; 31P NMR (162 MHz, CDCl3, 25 8C): d = �16.4 ppm;
MS (70 eV): m/z : 478 (2) [M]+ , 447 (100), 185 (9).

A sample of the substance was oxidized with H2O2 in THF solution, and
the phosphine oxide was analyzed by HPLC to show an optical purity of
>99% ee.

VII) NAPHEP as a ligand—catalytic asymmetric hydrosilylation

A mixture of thoroughly dried and degassed alkene (50 mmol), trichloro-
silane (60 mmol), [PdCl ACHTUNGTRENNUNG(p-C3H5)]2 (0.1–0.01 mol%), and (S)-(�)-
NAPHEP (0.2–0.02 mol%) was stirred at 0–40 8C for 24 h, and the reac-
tion mixture was distilled bulb-to-bulb under reduced pressure to give tri-
chlorosilylalkanes. These were converted quantitatively into the corre-
sponding trimethoxysilyl alkanes by dropwise addition to a suspension of
KF (14.4 g, 0.25 mol) and KHCO3 (50 g, 0.5 mol) in MeOH/THF
(500 mL, 1:1) at 20 8C. A liquid sample was taken after 20 min to analyze
the degree of conversion and the regioselectivity of the reaction (GC/
MS). The mixture was then treated with H2O2 (30%) and stirred for 12 h
at RT. After filtration, the solvent was evaporated, and crude alcohols
were purified by distillation (1-phenylethanol, exo-2-norborneol), flash
chromatography (1-phenylbutan-2-ol), or by their preferential complexa-
tion with CaCl2 (hexan-2-ol, octan-2-ol) to remove primary alcohols. The
enantiomeric excess was analyzed by chiral HPLC or GC (in the forms
of trifluoroacetic esters).

trans-[PdCl2{(S)-naphep}2]: PdCl2 (8.9 mg, 0.05 mmol) and (S)-NAPHEP
(42 mg, 0.1 mmol) were dissolved in acetonitrile (2 mL) under argon, and
the mixture was stirred for 2 h. A single crystal suitable for X-ray investi-
gation was grown by slow diffusion of diethyl ether into the acetonitrile
solution.

VIII) Crystallographic experimental section :[14]

See Figures 5–7

Crystal structure determinations : Crystals of compounds 11, 14, 16, 21,
and trans-[PdCl2{(S)-naphep}2] for X-ray analyses were obtained either
by slow diffusion of pentane into a concentrated THF solution or by slow
evaporation of a concentrated ethyl acetate solution of phosphine oxides.
Crystal data and details of the structure solution are summarized in
Table 4.

Data for all compounds were collected on a STOE-IPDS diffractometer
with use of graphite monochromated MoKa radiation. The structures
were solved by direct methods (SHELXS-97)[27] and refined by full-
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matrix, least-squares techniques against F 2 (SHELXL-97).[28] XP
(Bruker-AXS) was used for structure representations.

Non-hydrogen atoms were refined anisotropically. The hydrogen atoms
were placed into theoretical positions and were refined with the aid of

the riding model. The weighting schemes are:
w = 1/[s2(F 2

o)+(0.0808P)2+0.0000P] for 11,
w = 1/[s2(F 2

o)+(0.0000P)2+0.0000P] for 14,
w = 1/[s2(F 2

o)+(0.0745P)2+0.0000P] for 16, and
w = 1/[s2(F 2

o)+(0.0061P)2+0.0000P] for 21, with P = (F 2
o+2F 2

c )/3 for
[PdCl2{(S)-naphep}2].

CCDC-275232 (11), -275233 (14), -275234 (16), -275235 (21), and
-287928 [PdCl2{(S)-naphep}2] contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Figure 6. Crystal structure and numbering scheme of 1-[2-(di-tert-butyl-
phosphinoyl)phenyl]-2-methoxynaphthalene (16 ; ellipsoids set at 30%
probability level).

Figure 7. Crystal structure and numbering scheme of 4,5-diethyl-3-(2-me-
thoxy-1-naphthyl)-6-phenyl-2-pyridyl(diphenyl)phosphane oxide (21; el-
lipsoids set at 50% probability level).

Figure 5. Crystal structure and numbering scheme of 1-{2-[bis-(4-methox-
yphenyl)phosphinoyl]-phenyl}-2-methoxynaphthalene (14 ; ellipsoids set
at 50% probability level).
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