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Monodentate quinaphos phosphoramidites bearing different
substituents in the 2-position of the 1,2-dihydroquinoline
backbone were synthesised and characterised. Computa-
tional, NMR spectroscopic and X-ray crystallographic meth-
ods were used for the elucidation of the structure in solution
and in the solid state. Diastereomerically pure ligands were
used in the nickel-catalysed asymmetric hydrovinylation of

Introduction

The development of highly selective carbon–carbon bond
forming reactions is still one of the major challenges in or-
ganic synthesis.[1] Especially, atom-economical coupling re-
actions are highly desirable as they avoid the formation of
undesired byproducts, which leads to waste minimisation.[2]

The hydrovinylation of olefins and the cycloisomerisation
of 1,6-dienes are processes of this type with a still widely
unexplored potential for organic synthesis. The transition-
metal-catalysed hydrovinylation reaction is the formal ad-
dition of ethylene to an olefin and leads to the formation
of high-value products containing – in the case of a prochi-
ral olefin – a new stereogenic centre. A number of promis-
ing catalysts, especially nickel-based, have been found to ca-
talyse efficiently the asymmetric hydrovinylation of styrene
and other substrates.[3,4] Nevertheless, there is still a need
for robust and easily accessible catalysts that provide high
activities and selectivities. The transition-metal-catalysed
cycloisomerisation of 1,6-dienes is formally an intramolecu-
lar olefin dimerisation reaction and leads mainly to five-
membered carbo- or heterocyclic compounds, which also
can contain a new stereogenic centre. Although a number
of successful achiral systems catalysing the selective forma-
tion of the different 5-ring products have been reported,[5,6]

asymmetric cycloisomerisation of dienes has been achieved
very rarely (Scheme 1).[7]
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styrene as well as in the cycloisomerisation of diethyl dial-
lylmalonate. Enantiomeric excesses up to 91% for the hydro-
vinylation reaction and up to 46% for the cycloisomerisation
reaction were obtained, accompanied with unprecedented
high activities and regioselectivities.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Scheme 1. (a) Hydrovinylation of olefins (R = Ar, for example) and
(b) cycloisomerisation of 1,6-dienes [X = C(CO2R)2, N–R, O, for
example].

After their first successful applications by Feringa and
coworkers in 1996,[8] phosphoramidites proved their poten-
tial as ligands in many different catalytic asymmetric trans-
formations,[9,10] and they acquired a place in the set of so-
called “privileged” ligands.[11] In 1999, Faraone and co-
workers introduced a new family of phosphoramidites
based on 1,2-dihydroquinoline as a readily accessible back-
bone for phosphoramidite ligands,[12] which formed the ba-
sis for the development of the quinaphos family in our
group.[13,14] The quinaphos ligands offer the advantage of a
modular synthesis with a high level of versatility. The
groups at C-2 and C-8 as well as the diol functionality can
be easily modified. In particular, the variation of the group
at the C-2 stereogenic centre is straightforward as it is intro-
duced during synthesis of the ligand. Furthermore, the co-
existence of the central chirality in the 1,2-dihydroquinoline
backbone with the axially chiral β-binaphthol moiety al-
lows exploitation of cooperative effects in diastereomeric
forms. Up to now, however, only quinaphos ligands with R
= nBu have been studied in detail in catalysis (Scheme 2).
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Scheme 2. The quinaphos ligand family with β-binaphthol as the
diol moiety (D = Cl, OMe, PPh2; R = alkyl or aryl, for example).

The quinaphos-type ligands already showed impressive
results in different asymmetric catalytic reactions, such as
the rhodium-catalysed hydroformylation of styrene,[15] the
rhodium-[15] and ruthenium-catalysed[16] hydrogenation of
alkenes and ketones, respectively, and the copper-catalysed
conjugate addition of diethylzinc to enones.[17] Further-
more, monodentate derivatives are very promising candi-
dates for challenging asymmetric nickel-catalysed olefin di-
merisation reactions. We reported that Cl-quinaphos ligand
4 (D = Cl) bearing a n-butyl group in the 2-position can
serve as an active and enantioselective catalyst for the hy-
drovinylation of styrene.[18] After this initial report, mono-
dentate phosphoramidite ligands became widely used and
successful ligands for the asymmetric hydrovinylation of
olefins.[3,4a–4c] Motivated by the mechanistic analogy be-
tween the nickel-catalysed hydrovinylation and the cyclo-
isomerisation of 1,6-dienes,[19,20] we also evaluated Cl-
quinaphos phosphoramidites in the nickel-catalysed cycli-
sation of diethyl diallylmalonate as well as N,N-diallyl tosyl-
amide and obtained high activities and regioselectivities
accompanied with encouraging ee values.[7a,7b]

In this work, we report the synthesis and the characteri-
sation of Cl-quinaphos derivatives bearing different substit-
uents at the C-2 position and their applications in nickel-
catalysed asymmetric C–C bond forming reactions. The aim
of this study was to investigate the extent to which the cata-
lytic performance of the ligand is affected by variation of
the group in the 2-position. In particular, we were interested
in the effect of cooperativity between the two elements of
chirality of the ligand in these processes.

Scheme 3. Synthesis of monodentate quinaphos phosphoramidites.
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Results and Discussion

Ligand Synthesis

Cl-quinaphos phosphoramidites can be prepared by fol-
lowing the straightforward one-pot two-step procedure
shown in Scheme 3.[12] 8-Chloroquinoline (1) was converted
into the corresponding 1,2-dihydroquinoline amide 2 by
addition of 1 equiv. of a lithium organic reagent to the C=N
bond. The resulting lithium amide was then reacted with
phosphorochloridite (R)-3, which was derived from enan-
tiomerically pure (R)-β-binaphthol and PCl3. After remov-
ing the lithium chloride byproduct, the quinaphos ligand
was obtained as a 1:1 mixture of the two possible diastereo-
isomers. It is important to note that owing to the change in
priority of the Cahn–Ingold–Prelog rules, the stereochemi-
cal descriptor for the central chirality is inverted for the
same spatial arrangement of the diastereomers A and B.
Separation of the diastereoisomers can be achieved either
by crystallisation, extraction or column chromatography.
The separation method needs to be optimised for each dia-
stereomeric pair; thus, the purification step is currently
the bottleneck that prevents the rapid preparation of a
quinaphos library.

Besides the earlier described monodentate Cl-quinaphos
4 with an n-butyl group in the 2-position of the dihydro-
quinoline backbone,[12] we synthesised ligands 5, 6 and 7
with R = methyl, phenyl and 1-naphthyl, respectively. Fol-
lowing the general procedure described above, methyl-sub-
stituted derivative 5 could be obtained in 59% yield as a
1:1 diastereomeric mixture. The (Ra,Sc)-isomer could be
isolated from this mixture in a pure form as a white micro-
crystalline solid by recrystallisation from dichloromethane
and ethanol at –20 °C in 32% yield.[21] The remaining
mother liquor mainly contained the corresponding (Ra,Rc)
isomer still contaminated with 10% of the (Ra,Sc)-config-
ured ligand. Despite applying a number of possible purifi-
cation methods, we were not able to obtain pure (Ra,Rc)-5.
The diastereomeric mixture of corresponding phenyl-substi-
tuted ligand 6 was formed very smoothly in 91% yield. The
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separation of the diastereoisomers was achieved by column
chromatography (n-pentane/THF) under inert gas condi-
tions and led to the isolation of the (Ra,Sc) and the (Ra,Rc)
isomer of 6 in 27 and 21% yield, respectively. Both dia-
stereomers were obtained as white powders. The 1:1 diaste-
reoisomeric mixture of 1-naphthyl derivative 7 could be iso-
lated in 82% yield. The separation of the diastereoisomers
was straightforward and (Ra,Sc)-7 could be obtained in a
pure form as a colourless solid in 37% yield after simple
extraction of the mixture with dichloromethane. The
mother liquor contained mainly (Ra,Rc)-7, which was puri-
fied by column chromatography (n-pentane/dichlorometh-
ane) and isolated in 33% yield.

Structural Analysis

Single crystals of the diastereomer of ligand 7, which are
poorly soluble in dichloromethane, were obtained from
CDCl3/n-pentane.[22] The resulting structure is shown in
Figure 1. Selected bond lengths and angles are presented in
Tables 1 and 2, respectively.

Figure 1. ORTEP of (Ra,Sc)-7.

Table 1. Selected bond lengths [Å] in (Ra,Sc)-7.

P1–O1 1.657(5) N1–C14 1.473(9)
P1–O2 1.655(5) N1–C40 1.414(9)
O1–C24 1.398(8) C9–C10 1.512(10)
O2–C12 1.383(9) C9–C12 1.378(9)
N1–P1 1.701(6) C10–C24 1.362(10)

Table 2. Selected bond angles [°] in (Ra,Sc)-7.

N1–P1–O1 93.4(3) N1–C14–C8 113.9(6)
N1–P1–O2 108.4(3) N1–C14–C39 110.5(6)
O1–P1–O2 98.6(2) N1–C40–C13 123.4(6)
C40–N1–C14 116.8(5) N1–C40–C20 119.5(6)
C40–N1–P1 119.0(4) O1–C24–C10 118.6(6)
C14–N1–P1 122.6(4) O1–C24–C18 118.6(6)
P1–O1–C24 118.2(4) O2–C12–C9 120.4(6)
P1–O2–C12 125.0(4) O2–C12–C32 117.9(6)
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The absolute configuration of the ligand could be as-
signed as (Ra,Sc), which corresponds to structure B in
Scheme 3. This represents the same stereochemical arrange-
ment as in ligand (Ra,Rc)-4 which was characterised by X-
ray diffraction previously.[12] The binaphthol moiety resides
approximately on the opposite side with respect to the chlo-
rine substituents to minimise possible steric repulsions. The
torsion angle determining the axial chirality of the binaph-
thol backbone [τ(C12–C9–C10–C24)] has a value of –50.2°
and is within the expected range. The nitrogen in (Ra,Sc)-7
is almost trigonal planar, whereas nearly pyramidal nitro-
gen atoms were observed in cis-[Pt{(Ra,Rc)-4}2I2].[12]

A full stereochemical assignment of the diastereomers in
solution was achieved by computational conformation
analysis combined with a detailed NMR spectroscopic in-
vestigation that was carried out exemplary for (Ra,Sc)-5 and
(Ra,Rc)-5. The conformational minima for both ligands
were calculated by using a combination of systematic and
Monte-Carlo[23] conformational searches at the PM3 level
followed by geometry optimisation by DFT calculations at
the B3LYP/6-31G(d) level.[24] The resulting conformation
with the lowest energy content of each diastereoisomer
(Figure 2) was then compared with the results of 2D NOE
NMR spectroscopic measurements. The calculated struc-
tures predicted NOE interactions between the protons at C-
1/C-B and C-1/C-C for (Ra,Sc)-5 and between the protons
at C-3/C-B and C-3/C-C for (Ra,Rc)-5. Indeed, all these pre-
dicted NOE interactions were observed in the NMR spec-
troscopic experiments; this data clearly validates the stereo-
chemical assignments and the calculated conformational
minima in solution.

Figure 2. Calculated conformational minima of (Ra,Sc)-5 (top) and
(Ra,Rc)-5 (bottom). The arrows show selected NOE interactions.
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Gratifyingly, it was possible to identify the 31P NMR

chemical shift as a diagnostic tool for a reliable assignment
of the stereochemical arrangement. All ligands show 31P
NMR spectroscopic signals in the range between 134 ppm
and 145 ppm; the signals for the diastereomer correspond-
ing to structure A is always found above, and those to B
below, 140 ppm (Table 3). In contrast, the chemical shifts
of the proton at C-2 cannot be used for the reliable assign-
ment of the two diastereomeric structures.

Table 3. Comparison of selected NMR spectroscopic data.

Entry Ligand δ (31P) δ [1H(C-2)] Structure[a]

[ppm] [ppm]

1 (Ra,Sc)-4 (R = nBu) 145.1 3.72 A
2 (Ra,Rc)-4 (R = nBu) 137.6 4.35 B
3 (Ra,Sc)-5 (R = Me) 144.6 3.94 A
4 (Ra,Rc)-5 (R = Me) 136.7 3.94 B
5 (Ra,Rc)-6 (R = Ph) 143.2 5.23 A
6 (Ra,Sc)-6 (R = Ph) 133.9 5.01 B
7 (Ra,Rc)-7 (R = 1-Naph) 143.8 6.08 A
8 (Ra,Sc)-7 (R = 1-Naph) 139.1 5.82 B

[a] As defined in Scheme 3.

Application in Asymmetric Catalysis

Ligands 5–7 were used in the nickel-catalysed asymmet-
ric hydrovinylation of styrene and cycloisomerisation of di-
ethyl diallylmalonate. For the hydrovinylation reaction, the
catalyst was prepared in situ from [{Ni(allyl)Br}2] and the
phosphoramidite ligand with a nickel/phosphorus ratio of
1:1. Activation of the catalyst was achieved by adding a
slight excess of NaBARF (BARF = [(B{[3,5-(CF3)2-
C6H3]}4)]) in the presence of styrene. Key results are shown
in Table 4. For comparison, ligand 4 was included in this
study and tested under the same benchmark conditions.
With (Ra,Rc)-4 at –35 °C and a styrene/nickel ratio of 300,
full conversion and an ee value of 87% for the (S)-enantio-
mer was reached after 4 h (Table 4, Entry 1). However,

Table 4. Hydrovinylation of styrene (8).[a]

Entry Ligand T 8/Ni Conversion Selectivity[b] ee[c]

[°C] [%] [%] [%]

1 (Ra,Rc)-4 (R = nBu) –35 300 �99 53 87 (S)
2 (Ra,Rc)-4 (R = nBu) –78 400 99 99 91 (S)
3 (Ra,Rc)-4 (R = nBu) –78 1000 42 97 90 (S)
4 (Ra,Sc)-6 (R = Ph) –35 300 �99 75 85 (S)
5 (Ra,Sc)-6 (R = Ph) –78 400 99 99 90 (S)
6 (Ra,Sc)-6 (R = Ph) –78 1000 50 96 86 (S)
7 (Ra,Sc)-7 (R = 1-Naph) –35 300 �99 29 49 (S)
8 (Ra,Sc)-7 (R = 1-Naph) –78 400 71 99 63 (S)
9 (Ra,Sc)-7 (R = 1-Naph) –78 1000 32 94 54 (S)

[a] p(C2H4) = 1 bar; t = 4 h, Ni/L = 1. [b] Selectivity towards 9. [c] Determined by chiral GC (Ivadex 7, 25 m, 60 °C, 1 °Cmin–1 up to
85 °C, 20 °Cmin–1 up to 180 °C).
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owing to double bond isomerisation and oligomerisation of
the primary product, the selectivity to the desired 3-phenyl-
1-butene was only 53%. By lowering the reaction tempera-
ture to –78 °C, these side reactions could be effectively sup-
pressed and 9 was obtained with a perfect selectivity and
an ee value of 91% (Table 4, Entry 2). The simultaneous
achievement of both excellent chemoselectivity and
enantioselectivity under full conversion places this system
among the best known catalysts for this transformation. To
evaluate the catalyst activity, we ran a reaction with a re-
duced catalyst loading (8/Ni = 1000). A conversion of 42%
after 4 h was observed, which corresponds to an average
turnover frequency of 105 h–1 (Table 4, Entry 3), whereby
only negligible loss in selectivity and ee was found. A strong
miss-matched effect was observed as the corresponding
(Ra,Sc) isomer led exclusively to styrene oligomerisation.
Hence, only the diastereomers of 5–7 with identical spatial
arrangement as (Ra,Rc)-4 were tested in the hydrovinylation
reaction.

Phenyl-substituted ligand 6 gave similar results as
(Ra,Rc)-4. Full conversion was achieved within 4 h by using
the (Ra,Sc)-isomer at –35 °C with 8/Ni = 300 (Table 4, En-
try 4). The selectivity with a value of 75% was somewhat
higher with respect to that obtained with (Ra,Rc)-4 under
the same conditions, whereas the ee value was almost the
same. The use of (Ra,Sc)-6 as the ligand at lower reaction
temperature provided perfect selectivity towards 3-phenyl-
1-butene with an ee value of 90% (Table 4, Entry 5). Again,
only a small reduction in the selectivity was observed by
diminishing the catalyst loading to 0.1 mol-%. A conversion
of 50% was observed, which corresponds to TOF = 125 h–1

(Table 4, Entry 6). A somewhat lower activity was observed
with the catalyst based on (Ra,Sc)-7 bearing a 1-naphthyl
group in the 2-position (Table 4, Entry 7). At a reaction
temperature of –78 °C and 8/Ni = 400, 71% conversion was
reached after 4 h (Table 4, Entry 8). The enantioselectivity
was significantly lower (63%) relative to the values obtained
with (Ra,Rc)-4 and (Ra,Sc)-6, whereas the selectivity
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towards 9 was at the same outstanding level (99%). In the
presence of (Ra,Sc)-7 at 0.1 mol-% catalyst loading, a TOF
of 80 h–1 was obtained with 94% and 54% chemo- and
enantioselectivity, respectively (Table 4, Entry 9).

For the cycloisomerisation of diethyl diallylmalonate
(10), the catalyst was generated in situ by mixing equimolar
amounts of the phosphoramidite ligand with [Ni(allyl)-
(cod)][SbF6] at a catalyst loading of 5 mol-% with respect
to the substrate. Subsequently, the substrate was added, and
the reaction mixture was stirred at room temperature for
the desired time. Table 5 shows representative results of this
study. Preliminary observations[7b] showed that the relative
configuration of the quinaphos ligand is again of crucial
importance because, similar to the hydrovinylation reaction,
only one diastereomer is able to impart high catalytic ac-
tivity. Most intriguingly, the opposite spatial arrangement
(structure A vs. B) is required for the intra- as compared
with the intermolecular process. For instance, n-butyl-deriv-
ative (Ra,Sc)-4 generated a highly active catalyst, which al-
lowed the reaction to proceed with a lower limit of the turn-
over frequency (37 h–1) and almost perfect regioselectivity
(97%). The observed ee value was 46% (Table 5, Entry 1).
The corresponding (Ra,Rc) diastereoisomer showed no ac-
tivity at all. Ligand (Ra,Rc)-6 resulted in a similar activity
(TOF 36 h–1) and selectivity (Table 5, Entry 3). Methyl de-
rivative (Ra,Sc)-5 afforded a very active catalytic system and
full conversion was reached within 30 min, which corre-
sponds to a lower limit for the turnover frequency of 40 h–1.
Product 11 was formed with 92% regioselectivity and 43%
enantioselectivity (Table 5, Entry 2). Ligand (Ra,Rc)-7 with
a 1-naphthyl group in the 2-position provided slightly lower
activity. A conversion of 89% was reached after one hour
(TOF = 15 h–1), whereas the resulting regioselectivity was a
little bit higher (97%) and the enantioselectivity a little bit
lower (39%) than that obtained with (Ra,Sc)-5 (Table 5, En-
try 4). As expected, diastereoisomer (Ra,Sc)-7 showed no
activity in the cycloisomerisation reaction. In summary, all
four monodentate quinaphos ligands showed very good ac-
tivities, excellent regioselectivities and comparably good
enantioselectivities in the cycloisomerisation of 10. These
results compare well with the best catalytic systems known
to date.[7]

Table 5. Cycloisomerisation of diethyl diallylmalonate (10).[a]

Entry Ligand t Conv. Sel.[b] ee[c]

[h] [%] [%] [%]

1 (Ra,Sc)-4 (R = nBu) 0.5 94 97 46 (–)
2 (Ra,Sc)-5 (R = Me) 0.5 �99 92 43 (–)
3 (Ra,Rc)-6 (R = Ph) 0.5 90 93 40 (–)
4 (Ra,Rc)-7 (R = 1-Naph) 1 78 97 39 (–)

[a] T = 20 °C, 10/Ni = 20, Ni/L = 1. [b] Regioselectivity towards
11. [c] Determined by chiral HPLC (Chiracel OJ-H, T = 20 °C, n-
heptane/2-propanol, 99.975:0.025, 0.5 mLmin–1, 203 nm).
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Conclusions

The generality of the modular synthesis of quinaphos-
type ligands was demonstrated by new monodentate Cl-qui-
naphos phosphoramidites 5–7 bearing a methyl, phenyl or
1-naphthyl group in the 2-position of the 1,2-dihydroquino-
line backbone. The compounds were formed as 1:1 dia-
stereomeric mixtures and could be separated into their indi-
vidual diastereoisomers [except (Ra,Rc)-5, which still con-
tained up to 10% of impurities] by crystallisation/extraction
or column chromatography. X-ray diffraction allowed the
elucidation of the absolute configuration of (Ra,Sc)-7 and
the structure in solution could be assigned by a combina-
tion of multinuclear NMR and computational methods.

The new ligands were used in two nickel-catalysed asym-
metric C–C bond forming reactions: the hydrovinylation of
styrene and the cycloisomerisation of diethyl diallylmalon-
ate. In the hydrovinylation reaction, excellent results were
obtained with phenyl and n-butyl derivatives (Ra,Sc)-6 and
(Ra,Rc)-4, respectively. TOFs between 105–125 h–1, perfect
selectivity towards the desired 3-phenyl-1-butene and very
high ee values up to 91% were achieved. Ligand (Ra,Sc)-
7 bearing a 1-naphthyl group in the 2-position showed a
somewhat reduced catalytic performance, probably because
of steric reasons. Nickel catalysts based on (Ra,Sc)-4,
(Ra,Sc)-5, (Ra,Rc)-6 and (Ra,Rc)-7 provided very promising
and similar results in the cycloisomerisation of diethyl dial-
lylmalonate. At 5 mol-% catalyst loading, these systems re-
sulted in TOFs from 15 h–1 to �40 h–1, selectivities towards
exo methylenecyclopentane 11 between 92–97% and ee’s be-
tween 39–43%.

These results suggest that the substituent at C-2 of the
monodentate quinaphos ligands is required to lock the con-
formation of the ligand, and hence, it controls the basic
reactivity of the corresponding ligands. This is evident from
the remarkable matched/mismatched effects observed with
ligands 5–7, where only diastereomers corresponding to
structure B are suitable for intermolecular hydrovinylation,
but structure A is the effective arrangement for the intramo-
lecular cycloisomerisation reaction. For instance, dia-
stereomer (Ra,Sc)-4 forms a potent catalyst for styrene
oligomerisation but is completely ineffective for styrene hy-
drovinylation. Interestingly, this is the diastereomer re-
quired for accomplishing efficiently the cycloisomerisation
reaction. Conversely, (Ra,Rc)-4 generates an active and ex-
tremely selective Ni-catalyst for the hydrovinylation of sty-
rene, whereas it is not suitable for the cycloisomerisation.

The exact structure of the substituent has only a minor
influence, which is understandable from the crystal struc-
ture of (Ra,Sc)-7 and the calculated NMR spectroscopic
structures of 5. Both reveal that the substituent in the 2-
position points away from the phosphorus lone pair of elec-
trons and hence also from the expected position of the
metal. The structural analysis further leads us to the con-
clusion that the group in the 8-position should have an in-
fluence on the catalytic performance as it should be rather
close to the catalytic centre. A variation at this position is
currently under investigation in our laboratories.
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Experimental Section
General: All reactions were carried out under an atmosphere of dry
and oxygen-free argon with the use of standard Schlenk techniques.
All solvents were dried and distilled prior to use. NMR spectra
were measured at room temperature with a Bruker AV-600 spec-
trometer. Chemical shifts are given relative to TMS by using the
solvent signals as internal reference for 1H NMR as well as 13C
NMR and H3PO4 (85%) as external reference for 31P NMR spec-
troscopy. 1H NOESY measurements were carried out by using a
mixing time of 500 ms. 1-Naphthyllithium,[25] (R)-3,5-dioxa-4-
phosphacyclohepta[2,1-a;3,4-a�]dinaphthalene [(R)-3],[12] [{Ni-
(allyl)Br}2][26] and [Ni(allyl)(cod)][SbF6][27] were prepared accord-
ing literature procedures. 8-Chloroquinoline was purchased from
TCI and distilled prior to use. All other reagents were ordered from
Sigma–Aldrich. Styrene was distilled and diethyl diallylmalonate
degassed by three freeze–pump–thaw cycles prior to use. Alkyllith-
ium reagents were titrated with N-benzylbenzamide.[28] All other
reagents were used as purchased.

2-Methyl-8-chloro-1-(3,5-dioxa-4-phosphacyclohepta[2,1-a;3,4-a�]-
dinaphthalen-4-yl)-1,2-dihydroquinoline (5): Methyllithium (1.48 

in diethyl ether, 2.9 mL, 4.2 mmol) was added dropwise at –78 °C
to a solution of 8-chloroquinoline (0.5 mL, 3.9 mmol) in THF
(10 mL). The reaction mixture was then warmed to –50 °C, stirred
for 1 h and cooled down again to –78 °C. The resulting orange
solution was added at –78 °C to a solution of (R)-3,5-dioxa-4-phos-
phacyclohepta[2,1-a;3,4-a�]dinaphthalene [(R)-3, 1.36 g, 3.9 mmol]
in THF (3.0 mL). The reaction mixture was slowly warmed to
room temp. and stirred for an additional 2 h. The solvent was evap-
orated, and the crude brown residue was suspended in toluene
(12 mL) and filtered through a pad of celite. After evaporation of
the solvent, the title compound was obtained as a yellow solid as
a 1:1 diastereomeric mixture. This mixture was recrystallised from
dichloromethane/EtOH. A white solid consisting of pure (Ra,Sc)-5
(370 mg, 0.75 mmol, 32%) was obtained. The filtrate was evapo-
rated to dryness, which resulted in a yellow solid (718 mg) that
contained (Ra,Rc)-5 contaminated with 10% of (Ra,Sc)-5. (Ra,Sc)-
5: 1H NMR (600 MHz, CDCl3): δ = 0.82 (d, 3J = 6. 8 Hz, 3 H),
3.94 (m, 1 H), 5.85 (dd, 3J = 9.4 Hz, 3J = 5.9 Hz, 1 H), 6.35 (d, 3J
= 9.4 Hz, 1 H), 7.00 (m, 1 H), 7.02 (m, 1 H), 7.25 (m, 1 H), 7.33
(m, 3 H), 7.44 (m, 4 H), 7.68 (d, 3J = 8.8 Hz, 1 H), 7.90 (d, 3J =
8.2 Hz, 1 H), 7.93 (d, 3J = 8.8 Hz, 1 H), 7.96 (d, 3J = 8.2 Hz, 1 H),
7.99 (d, 3J = 8.7 Hz, 1 H) ppm. 13C{1H} NMR (150 MHz, CDCl3):
δ = 18.9, 46.3, 122.2, 122.5, 122.8, 123.4, 124.0, 124.1, 124.8, 125.0,
125.1, 126.3, 126.4, 127.2, 127.3, 128.1, 128.2, 128.6, 128.7, 129.4,
130.0, 130.7, 131.2, 131.4, 131.7, 132.8, 133.0, 134.5, 135.2,
149.5 ppm. 31P{1H} NMR (242 MHz, CDCl3): δ = 144.6 ppm. MS
(CI): m/z (%) = 496 (9), 495 (8) [M]+, 460 (5), 361 (16), 344 (10),
343 (38), 333 (7), 329 (8), 288 (20), 287 (100), 286 (13), 182 (12),
181 (5), 180 (27), 178 (20), 139 (5). HRMS (EI): calcd. for
C30H21ClNO2P 493.09985; found 493.10020.

2-Phenyl-8-chloro-1-(3,5-dioxa-4-phosphacyclohepta[2,1-a;3,4-a�]-
dinaphthalen-4-yl)-1,2-dihydroquinoline (6): Phenyllithium (1.5  in
diethyl ether, 5.3 mL, 8.0 mmol) was added dropwise at –78 °C to
a solution of 8-chloroquinoline (1.02 mL, 8.00 mmol) in THF
(30.0 mL). The resulting solution was added at –78 °C to a solution
of (R)-3,5-dioxa-4-phosphacyclohepta[2,1-a;3,4-a�]dinaphthalene
[(R)-3, 2.79 g, 8.00 mmol] in THF (20 mL). The reaction mixture
was stirred for 1 h at –78 °C and for 1 h at room temp. The solvent
was evaporated, and the crude brown residue was suspended in
toluene (20 mL) and filtered through a pad of celite. After evapora-
tion of the solvent, the title compound was obtained as a yellow
solid as a 1:1 diastereomeric mixture. The diastereomeric mixture
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(1.76 g, 3.17 mmol) was separated by column chromatography un-
der inert gas conditions (Silicagel 60, 0.040–0.063 µm, THF/n-pen-
tane, 1:10) and led to the isolation of (Ra,Rc)-6 (476 mg, 0.86 mmol,
27%) and (Ra,Sc)-6 (370 mg, 0.67 mmol, 21%). (Ra,Rc)-6: 1H NMR
(600 MHz, CDCl3): δ = 5.23 (dd, 3J = 6.4, 4J = 2.5 Hz, 1 H), 6.23
(dd, 3J = 9.3 Hz, 3J = 6.4 Hz, 1 H), 6.46 (d, 3J = 9.3 Hz, 1 H),
7.01–7.06 (m, 3 H), 7.08 (t, 3J = 7.5 Hz, 1 H), 7.11 (d, 3J = 8.7 Hz,
1 H), 7.24–7.29 (m, 3 H), 7.30–7.41 (m, 4 H), 7.44 (d, 3J = 8.1 Hz,
1 H), 7.48–7.52 (m, 3 H), 7.57 (d, 3J = 8.7 Hz, 1 H), 7.84 (d, 3J =
8.1 Hz, 1 H), 7.99 (d, 3J = 8.1 Hz, 1 H), 8.04 (d, 3J = 8.7 Hz, 1 H)
ppm. 13C{1H} NMR (150 MHz, CDCl3): δ = 52.6, 122.1, 122.2,
122.3, 123.8, 124.3, 124.8, 124.9, 125.2, 125.6, 125.8, 126.1, 126.4,
126.9, 127.2, 127.3, 128.3, 128.5, 129.6, 130.7, 131.0, 131.2, 131.2,
131.7, 131.8, 132.5, 133.0, 136.1, 136.2, 141.8, 149.0, 149.1 ppm.
31P{1H} NMR (242 MHz, CDCl3): δ = 143.2 ppm. (Ra,Sc)-6: 1H
NMR (600 MHz, CDCl3): δ = 5.01 (dd, 3J = 5.8 Hz, 4J = 2.5 Hz,
1 H), 6.08 (dd, 3J = 9.5 Hz, 3J = 5.8 Hz, 1 H), 6.81 (d, 3J = 9.5 Hz,
1 H), 6.99 (d, 3J = 7.7 Hz, 1 H), 7.05–7.08 (m, 2 H), 7.12 (t, 3J =
7.6 Hz, 1 H), 7.22–7.31 (m, 2 H), 7.39–7.46 (m, 4 H), 7.48 (d, 3J =
8.7 Hz, 1 H), 7.73 (d, 3J = 8.8 Hz, 1 H), 7.92–7.98 (m, 4 H), 8.05
(d, 3J = 8.8 Hz, 1 H) ppm. 13C{1H} NMR (150 MHz, CDCl3): δ
= 52.2, 122.4, 122.5, 123.6, 125.0, 125.1, 125.2, 125.3, 125.6, 126.3,
126.4, 127.3, 127.3, 127.4, 127.4, 127.9, 128.1, 128.4, 128.6, 129.2,
129.6, 129.9, 130.9, 131.0, 131.1, 131.5, 131.9, 132.0, 132.1, 135.9,
139.8, 148.6, 149.2 ppm. 31P{1H} NMR (242 MHz, CDCl3): δ =
133.9 ppm. HRMS (ESI+): calcd. for C3 5H2 3ClNNaO 2P
578.105079; found 578.104713.

2-(1-Naphthalene)-8-chloro-1-(3,5-dioxa-4-phosphacyclohepta[2,1-
a;3,4-a�]dinaphthalen-4-yl)-1,2-dihydroquinoline (7): 8-Chloroquino-
line (0.8 mL, 6.2 mmol) was rapidly added at room temp. to a solu-
tion of 1-naphthyllithium (0.33  in THF, 19.6 mL, 6.2 mmol). The
resulting dark brown solution was stirred for 1 h before it was
added to a solution of (R)-3,5-dioxa-4-phosphacyclohepta[2,1-
a;3,4-a�]dinaphthalene [(R)-3, 2.17 g, 6.2 mmol] in THF (7.0 mL).
After 2 h, the solvent was evaporated and the crude brown residue
was suspended in toluene (15.0 mL) and filtered through a pad of
celite. After evaporation of the solvent, the title compound was
obtained as a yellow solid as a 1:1 diastereomeric mixture. The two
diastereoisomers were separated by extraction with dichlorometh-
ane (15.0 mL). The compound insoluble in dichloromethane
proved to be the (Ra,Sc) diastereoisomer and was obtained as a
white solid (638 mg, 1.00 mmol, 37%). The filtrate was evaporated
to dryness and a portion of the resulting solid (1.20 g, ≈70% de-
sired product) was purified by column chromatography under inert
gas conditions (Silicagel 60, 0.040–0.063 µm, dichloromethane/n-
pentane, 1:5) to afford (Ra,Rc)-7 as a white solid (175 mg,
0.29 mmol, 33%). (Ra,Sc)-7: 1H NMR (600 MHz, CDCl3): δ = 5.82
(t, 3J = 4.5 Hz, 1 H), 5.94 (dd, 3J = 9.6 Hz, 3J = 5.6 Hz, 1 H), 6.37
(d, 3J = 8.6 Hz, 1 H), 6.45 (m, 1 H), 6.53 (d, 3J = 9.6 Hz, 1 H),
7.06 (m, 2 H), 7.12 (t, 3J = 7.4 Hz, 1 H), 7.20 (m, 2 H), 7.25 (m, 1
H), 7.33 (m, 2 H), 7.41 (m, 3 H), 7.49 (d, 3J = 8.9 Hz, 1 H), 7.57
(m, 3 H), 7.66 (d, 3J = 8.7 Hz, 1 H), 7.89 (d, 3J = 8.2 Hz, 1 H),
7.93 (d, 3J = 8.8 Hz, 1 H), 8.10 (d, 3J = 8.1 Hz, 1 H), 8.16 (d, 3J =
8.7 Hz, 1 H) ppm. 13C{1H} NMR (150 MHz, CDCl3): δ = 50.9,
53.5, 122.0, 122.1, 122.2, 122.7, 123.3, 123.4, 123.8, 124.9, 125.0,
125.1, 125.5, 125.7, 125.8, 126.3, 126.5, 126.9, 127.3, 127.7, 127.9,
128.2, 128.4, 128.5, 129.4, 130.3, 130.6, 130.8, 130.9, 131.6, 131.7,
132.7, 133.1, 133.4, 134.8, 134.9, 137.6, 148.9, 149.9 ppm. 31P{1H}
NMR (242 MHz, CDCl3): δ = 139.1 ppm. MS (CI): m/z (%) = 607
(1) [M]+, 334 (6), 332 (12), 330 (7), 297 (5), 294 (14), 293 (36), 292
(94), 291 (82), 290 (100), 289 (27), 288 (11), 257 (14), 256 (77), 255
(49), 254 (15), 185 (24), 184 (6), 168 (17), 157 (29), 145 (12), 129
(16), 128 (8). (Ra,Rc)-7: 1H NMR (600 MHz, CDCl3): δ = 6.08 (dd,
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3J = 6.6 Hz, 4J = 2.7 Hz, 1 H), 6.16 (dd, 3J = 9.5 Hz, 3J = 6.6 Hz,
1 H), 6.32 (t, 3J = 9.0 Hz, 2 H), 6.51 (d, 3J = 9.0 Hz, 1 H), 6.62
(m, 1 H), 6.76 (d, 3J = 8.5 Hz, 1 H), 6.96 (d, 3J = 7.4 Hz, 1 H),
7.06 (m, 2 H), 7.17–7.27 (m, 5 H), 7.37 (m, 2 H), 7.40–7.42 (m, 2
H), 7.47 (dd, 3J = 8.3 Hz, 4J = 1. 6 Hz, 1 H), 7.56 (d, 3J = 8.9 Hz,
1 H), 7.75 (d, 3J = 8.2 Hz, 1 H), 7.80 (d, 3J = 8.3 Hz, 1 H), 7.92
(d, 3J = 8.3 Hz, 1 H), 7.98 (d, 3J = 9.2 Hz, 1 H) ppm. 13C{1H}
NMR (150 MHz, CDCl3): δ = 50.5, 121.3, 121.8, 121.9, 121.9,
122.5, 123.3, 124.1, 124.2, 124.7, 125.0, 125.4, 125.5, 125.6, 125.7,
125.8, 126.2, 126.3, 127.0, 127.5, 128.2, 128.3, 128.4, 128.8, 128.9,
130.0, 130.1, 130.4, 130.4, 130.6, 131.6, 131.9, 132.8, 133.4, 136.9,
137.1, 138.7, 148.3, 148.9 ppm. 31P{1H} NMR (242 MHz, CDCl3):
δ = 142.6 ppm. HRMS (ESI+): calcd. for C3 9H26ClNO2P
606.137569; found 606.138423.

General Procedure for a Typical Hydrovinylation Reaction: A solu-
tion of the ligand (0.012 mmol) in CH2Cl2 (2 mL) was added to a
solution of [Ni(allyl)Br]2 (0.006 mmol) in CH2Cl2 (1 mL) at room
temp. under inert gas conditions. After 15 min, the solution was
cooled to the desired reaction temperature and saturated with
ethylene. Subsequently, styrene (8) and NaBARF (12.4 mg,
0.014 mmol) were added. The reaction mixture was stirred for 4 h
and then quenched by the addition of aqueous ammonia (1 mL).
The organic phase was washed with water (3�2 mL), dried with
sodium sulfate and analysed by GC and chiral GC. Further details
and modifications of the conditions are given in Table 4.

General Procedure for a Typical Cycloisomerisation Reaction: A
solution of the ligand (0.03 mmol) in CH2Cl2 (5 mL) was added at
room temp. to a solution of [Ni(allyl)(cod)][SbF6] (0.03 mmol) in
CH2Cl2 (5 mL) under inert gas conditions. After 15 min, diethyl
diallylmalonate (10, 0.6 mmol) was added by syringe to the yellow
catalyst solution. The reaction mixture was stirred for the desired
reaction time. The reaction was quenched by the addition of aque-
ous ammonia (1 mL). The organic phase was washed with water
(3 � 2 mL), dried with sodium sulfate and analysed by GC and
GC–MS. Further details and modifications of the conditions are
given in Table 5.

For analysis by chiral HPLC the chlorinated solvent was replaced
by n-heptane/2-propanol and the solution filtered through a pad of
silica gel.
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