
DOI: 10.1002/adsc.200505176

Cationic Nickel Complexes with Weakly Coordinating
Counterions and Their Application in the Asymmetric
Cycloisomerisation of 1,6-Dienes

Christian Bçing,a Giancarlo Franciò,a Walter Leitnera, b,*
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Abstract: The influence of the counterion on cationic
nickel catalysts for asymmetric cycloisomerisation of
diethyl diallylmalonate (1a) and N,N-diallyltosyl-
amide (1b) is investigated. The activity of the cata-
lysts formed from [Ni(h3-allyl)(h4-cod)]þ salts of
weakly coordinating anions in combination with
Wilke@s
azaphospholene ligand decreases in the order
[Al{OC(CF3)3}4]

� > [B{3,5-(CF3)2-C6H3}4]
� >

[Al{OC(CF3)2Ph}4]
� for 1a and

[B{3,5-(CF3)2-C6H3}4]
�> [Al{OC(CF3)2Ph}4]

�>
[Al{OC(CF3)3}4]

� for 1b, respectively. No significant
influence on the enantioselectivity is observed for 1a
whereas a marked increase in ee parallel to a decreas-
ing activity is found for the cyclisation of 1b.
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Chiral carbo- and heterocycles are widespread structur-
al motifs in biologically active compounds. Hence, the
development of efficient stereoselective methods for
the synthesis of these frameworks is of continuing inter-
est in catalysis research. The cycloisomerisation of 1,6-
dienes (A) offers an elegant and atom economic[1] ap-
proach to 5- or 6-membered carbo- or heterocycles.[2]

Metal complexes based on Pd,[3] Ni,[4] Rh,[5] Ru[6], and
Ti,[7] have been identified as promising lead structures
for catalyst development. Some of the reported systems
are highly chemo- and regioselective towards the forma-
tion of the individual 5-membered ring compounds
B–D (Scheme 1). Enantioselective cycloisomerisation,
however, has been assessed only sparely so far and re-
mains a challenging task.[8–10]

Recently,[10] we reported for the first time a highly re-
gio- and steroselective catalytic system for the asymmet-
ric cycloisomerisation of diethyl diallylmalonate (1a) to

diethyl 3-methylene-4-methylcyclopentane-1,1-dicar-
boxylate (2a) based on cationic nickel complexes of
the type [Ni(h3-allyl)(h4-cod)][Y] (3) [cod¼1,5-cyclooc-
tadiene; Y¼PF6, AsF6, SbF6, barf (barf¼B{3,5-(CF3)2-
C6H3}4)] with BINAPHOSQUIN phosphoramidites
(Ra,Rc)-4 and (Ra,Sc)-5

[11] or Wilke@s azaphospholene
all-(R)-6[12] as chiral ligands.Up to 80%ee at almost per-
fect regioselectivity and turnover frequencies of 148 h�1

were achieved in an initial screening.
It is well known that the nature of the counterion can

have pronounced effects on activity and selectivity of
cationic nickel catalysts in olefin dimerisation reac-
tions.[12–14] In the cycloisomerisationof 1a, which formal-
ly corresponds to an intramolecular olefin dimerisation,
increasing catalyst activities were found in the order
PF6 <AsF6<SbF6<barf corroborating the common
notion that weakly coordinating anions[15] are beneficial
for the performance of the nickel catalysts. This has
prompted us to investigate the influence of weakly coor-
dinating anions of type [BAr4]

� and [Al(OR)4]
� for cy-

cloisomerisation in more detail.
The aluminate salts Li[Al(pftb)4]

� [pftb¼OC(CF3)3]
and Na[Al(hfpp)4]

� [hfpp¼OC(CF3)2Ph] were pre-
pared by reacting the corresponding alcohols with
LiAlH4 or NaAlEt4, respectively.

[16–18] Ag[Al(pftb)4]
[18]

was included in the study for comparison. The new nick-
el complexes [Ni(h3-allyl)(h4-cod)][Al(pftb)4] (3a) and
[Ni(h3-allyl)(h4-cod)][Al(hfpp)4] (3b) were synthesised
by adding the corresponding lithium or sodium alumi-
nate salts to solutions of allylnickel bromide dimer (7)
in dichloromethane in the presence of an excess of 1,5-

Scheme 1. Cycloisomerisation of 1,6-dienes
[X¼CH2, C(CO2R)2, O, N-R, etc.].
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cyclooctadiene (Scheme 3).[19] During reaction, the sol-
ution turned from dark red to yellow and precipitation
of NaBr or LiBr, respectively, took place. After work-
up and recrystallisation, the desired complexes were ob-
tained as yellow powders in yields between 70% and
80% under optimised conditions. Complexes 3 decom-
pose rapidly upon contact with air, but they are fairly
stable towards water. Representative catalytic results

with these complexes and related systems are summar-
ised in Table 1.
In a first set of experiments, the cycloisomerisation of

1a was used to evaluate the efficacy of the isolated cati-
onic complexes as compared to the use of aluminate
salts as activators for in situ generation of cationic nickel
catalysts starting from allylnickel bromide dimer (7).
The use of the in situ system Li[Al(pftb)4]/7/all-(R)-6
did not generate an active catalyst and no conversion
was observed after 60 minutes (entry 1). However, by
replacing Li[Al(pftb)4] with Ag[Al(pftb)4] a produc-
tive catalyst systemwas obtained (entry 2) and a conver-
sion of 62%was achieved within 60 minutes. Even high-
er activity was achieved using [Ni(h3-allyl)(h4-cod)]
[Al(pftb)4] (3a) in combination with all-(R)-6 and a con-
version of 79%was reached after one hour, correspond-
ing to an average turnover frequency (TOFav) of 158 h

�1

(entry 3). Moreover, the regioselectivity of 89% ob-
tained with the in situ activated catalyst could be sub-
stantially enhanced to 97%using the halide-free precur-
sor 3a (cf. entry 2 and 3). This observation emphasises
again that the generation of catalytically active cationic
allylnickel species is not quantitativewith the in situ pro-
tocol. Halide abstraction from [{Ni(h3-allyl)Br}2] with
M[Al(pftb)4] and/or removal of the halide anion as
MBr from the reaction mixture is incomplete when
M¼Ag and does not occur at all when M¼Li. Hence,
the comparison of intrinsic anion effects should be car-
ried out with the isolated salts only.
With [Ni(h3-allyl)(h4-cod)][Al(hfpp)4] (3b) the aver-

age turnover frequency was significantly lower than
with 3a reaching 110 h�1 (entry 4). The benchmark sys-
tem [Ni(h3-allyl)(h4-cod)][barf](3c)/all-(R)-6 showed an
intermediate activity under the standard set of reaction

Scheme 2. Chemo-, regio-, and enantioselective cycloisomer-
isation of diethyl diallylmalonate (1a) and N,N-diallyl tosyl-
amide (1b) and chiral ligands effective in this transformation.

Table 1. Cycloisomerisation of diethyl diallylmalonate (1a) and N,N-diallyl tosylamide (1b).[a]

Entry Precursor/Activator Ligand Sub. t [min] Cv. [%] TOF [h�1] Sel.[b] [%] ee[c] [%]

1 7/Li[Al(pftb)4] all-(R)-6 1a 60 0 – – –
2 7/Ag[Al(pftb)4] all-(R)-6 1a 60 62 124 89 74 (þ)
3 3a/ – all-(R)-6 1a 60 79 158 97 73 (þ)
4 3b/ – all-(R)-6 1a 60 55 110 91 73 (þ)
5 3c/ – all-(R)-6 1a 60 72 144 91 72 (þ)
6[d] 3d/ – (Ra,Rc)-4 1b 30 89 36 88 40 (�)
7[d] 3d/ – (Ra,Sc)-5 1b 30 42 17 95 50 (�)
8[d] 3d/ – all-(R)-6 1b 30 74 30 92 46 (þ)
9[e] 3b/ – all-(R)-6 1b 60 >99 90 91 47 (þ)
10 3b/ – all-(R)-6 1b 60 34 68 99 48 (þ)
11 3a/ – all-(R)-6 1b 60 11 22 99 54 (þ)
12 3c/ – all-(R)-6 1b 60 64 128 95 33 (þ)
[a] T¼20 8C, CH2Cl2, substrate/Ni¼200, P(Ligand)/Ni¼1, pftb¼Al{OC(CF3)3}4, hfpp¼Al{OC(CF3)2Ph}4, 3c¼ [Ni(h3-al-
lyl)(h4-cod)][barf], 3d¼ [Ni(h3-allyl)(h4-cod)][SbF6].

[b] Regioselectivity towards 2.
[c] The ee values were determined by chiral HPLC (2a : Chiracel OJ-H, 20 8C, n-heptane/2-propanol: 99.975/0.025, 0.5 mL/min,
203 nm; 2b : Chiracel AD-H, 20 8C, n-heptane/2-propanol: 95.0/5.0, 0.5 mL/min, 230 nm).

[d] Substrate/Ni¼20.
[e] Substrate/Ni¼90.
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conditions used here, corresponding to TOFav of 144 h
�1

(entry 5). Thus, the catalyst activity for the cyclisation
of 1a decreases in the order [Al(pftb)4]

� > [barf]� >
[Al(hfpp)4]

� which is in line with the increasing coordi-
nation strength of the anions.[15,16]

In order to evaluate the influence of the anion on re-
gio- and enantioselectivities at different conversions, it
is again important to ensure that intrinsic effects are ob-
served and selectivities are not affected by secondary
isomerisation and/or kinetic resolution of the primary
product as occasionally observed in hydrovinylation re-
actions.[20] Comparing the selectivities obtained with
catalyst 3c at different conversions in the present and
previous studies[10] show that no variation occurs within
experimental error (cv¼37%: 2a¼89%, ee¼71%;
cv¼72%: 2a¼91%, ee¼72%; cv¼96%: 2a¼91%,
ee¼71%). Interestingly, the selectivity of the cationic
nickel catalyst seems not to be affected by the nature
of the counterion in the case of the cyclisation of 1a in
general. Independent of their activity, catalysts 3a–c
show largely identical levels of regio- and enantio-selec-
tivity (cf. entry 3–5).
In a second set of experiments, the cycloisomerisation

of N,N-diallyltosylamide (1b) was investigated as a
route to chiral five-membered N-heterocycles. To the
best of our knowledge, no enantioselective variant of
this cyclisation has yet been achieved. Thus, a brief li-
gand screening was carried out including (Ra,Rc)-4,
(Ra,Sc)-5 and all-(R)-6 in combination with [Ni(h3-al-
lyl)(h4-cod)][SbF6] (3d) using a catalyst loading of
5 mol % and 30 min reaction time. The formation of
the five-membered ring with an exocyclic double
bond, 3-methyl-4-methylene-1-tosylpyrrolidine (2b),
was favoured with all catalyst systems used. In general,
the reaction with the nitrogen-containing substrate 1b
tended to be slightly slower thanwith diethyl diallylmal-
onate 1a. In the presence of (Ra,Rc)-4 high conversion
(89%), good regioselectivity (88%) and an ee of 40%
were obtained (entry 6). The use of the ligand (Ra,Sc)-5
led to a more selective (regioselectivity 95%, ee 50%)
but a less active (conversion 42%) catalyst (entry 7). A
good compromise between activity (conversion 74%)
and selectivity (regioselectivity 92%, ee 46%) could be
found by using all-(R)-6 as the ligand (entry 8).

The counterion variation for substrate 1b was studied
with the cationic complexes 3a–c and all-(R)-6 as the li-
gand. Using 3b as precursor, full conversion was ob-
tained after 1 hour with a catalyst loading of 1.1 mol %
(entry 9), corresponding to a lower limit of the activity
of TOF¼90 h�1. By reducing further the catalyst loading
to 0.5 mol %, 34% conversion was reached within the
same reaction time (entry 10). Unexpectedly, a conver-
sion of only 11% after one hour was obtained with
[Ni(h3-allyl)(h4-cod)][Al(pftb)4] (3a) under identical con-
ditions (entry 11). In sharp contrast, this precursor led to
the highest turnover rate in the cycloisomerisation of 1a
(entry 3). Themost active catalyst for the cycloisomerisa-
tionof1bwasgeneratedusing thebarf-containingprecur-
sor 3c. After 60 minutes, 64% of the substrate was con-
sumed, corresponding to an average turnover frequency
of 128 h�1 (entry 12). The resulting order of activity
for the cyclisation of 1b is [B{3,5-(CF3)2-C6H3}4]

� >
[Al{OC(CF3)2Ph}4]

� > [Al{OC(CF3)3}4]
� and differs

significantly from the one observed with 1a as the sub-
strate.
Similarly, a remarkable difference in the sensitivity of

the two substrates 1a and 1b in terms of selectivity was
noted. For substrate 1b, almost perfect regioselectivity
was obtained with all cationic nickel precursors 3a–c.
The level of enantioselectivity achieved for 1b was gen-
erally lower than with 1a. Most intriguingly, however,
the choice of the counterion in complexes 3a–c has a
marked effect on the enantioselectivity in the cycloiso-
merisation of 1b. The enantioselectivity increased
from 33% to 54% in the opposite order as observed
for the activity (entries 10–12). This is again in marked
contrast to the insensitivity of the enantioselectivity in
the cyclisation of 1a.
In summary, the synthesis of the cationic allylnickel

complexes [Ni(h3-allyl)(h4-cod)][Al(pftb)4] (3a) and
[Ni(h3-allyl)(h4-cod)][Al(hfpp)4] (3b) has been realised.
In combination with the ligand all-(R)-6, they lead to
highly active catalysts in the chemo-, regio-, and enan-
tioselective cycloisomerisation of diethyl diallylmalo-
nate (1a) and N,N-diallyltosylamide (1b). Turnover
rates up to 158 h�1 and 128 h�1 for substrates 1a and
1b, respectively, were reached at room temperature
with a catalyst loading of 0.5 mol %. These turnover
rates compare favourably even with those of the most
active achiral catalysts for the cycloisomerisation of dia-
llyl malonates,[3–5] whereas much lower activities are re-
ported for 1b.[4b,6] At almost perfect regioselectivity,
enantioselectivities of 73% and 54% were achieved for
the (þ)-enantiomers of 2a and 2b, respectively. A com-
parison of the activities and selectivities including the
barf-containing benchmark catalyst 3c revealed that
the counterionplays a significant role in defining the cat-
alyst performance, whereby the exact nature andmagni-
tude of the effect depends critically on the structure of
the substrate.

Scheme 3. Synthesis of the cationic nickel complexes.
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Experimental Section

General Remarks

All reactions were carried out under an atmosphere of dry and
oxygen-free argon using standard Schlenk techniques. All sol-
vents were dried and distilled prior to use. NMR spectra were
measured at room temperature on a Bruker AV-600 (1H, 13C)
and on a Bruker DPX-300 (19F) spectrometer. Chemical shifts
are given relative toTMSusing the solvent signals as internal ref-
erence for 1Hand 13CandBF3 · OEt2 asexternal reference for

19F.

[Ni(h3-allyl)(h4-cod)][Al{OC(CF3)3}4] (3a)

[{Ni(h3-allyl)Br}2] (201 mg, 0.56 mmol) was dissolved in
CH2Cl2 (10 mL) and 1,5-cyclooctadiene (484 mg, 0.32 mL,
4.48 mmol) was added at �20 8C. To this solution
Li[Al{OC(CF3)3}4] (1.20 g, 1.23 mmol) dissolved in CH2Cl2
(15 mL) was added dropwise. The reaction mixture was stirred
for 2 h at �20 8C and for 1 h at room temperature. After filtra-
tion through a pad of Celite, the volatile compounds were
removed under reduced pressure. Recrystallisation from CH2
Cl2/n-pentane afforded the desired product as a yellowpowder.
Yield: 1.08 g (82%); 1HNMR(600 MHz,CD2Cl2):d¼2.54 (4H,
bd, CHHcod), 2.82 (4H, bd, CHHcod), 3.13 (2H, d,

3J¼14.5 Hz,
CHtrans,allyl), 4.58 (2H, d,

3J¼7.4 Hz, CHcis,allyl), 5.85 (2H, bs,
CHcod), 6.05 (3H, m, CHcodþCHcentral, allyl); 13C{1H}-NMR
(150 MHz, CD2Cl2): d¼29.3 (Ccod), 30.1 (Ccod), 74.4 (Callyl),
114.2 (Ccod), 114.3 (Ccod), 121.6 (q,

1JC,F¼292.5 Hz, CF3),
124.7 (Ccentral, allyl);

19F{1H}-NMR (282 MHz, CD2Cl2): d¼
�77.4 ppm.

[Ni(h3-allyl)(h4-cod)][Al{OC(CF3)2Ph}4] (3b)

[{Ni(h3-allyl)Br}2] (235 mg, 0.65 mmol) was dissolved in
CH2Cl2 (10 mL) and 1,5-cyclooctadiene (519 mg, 0.35 mL,
4.80 mmol) was added at �20 8C. To this solution
Na[Al{OC(CF3)2Ph}4] (1.34 g, 1.31 mmol) dissolved in
CH2Cl2 (15 mL) was added dropwise. The reaction mixture
was stirred for 2 h at �20 8C and for 1 h at room temperature.
After filtration through a pad ofCelite, the volatile compounds
were removed under reduced pressure. The residue was wash-
edwithEt2O (2�5 mL) and recrystallised fromCH2Cl2/n-pen-
tane affording the desired product as a yellow powder. Yield:
1.25 mg (79%); 1H-NMR (600 MHz, CD2Cl2): d¼2.45 (4H,
bd, CHHcod), 2.75 (4H, bd, CHHcod), 3.00 (2H, d,

3J¼14.5 Hz,
CHtrans,allyl), 4.45 (2H, d,

3J¼6.9 Hz, CHcis,allyl), 5.75 (2H, bs,
CHcod), 5.94 (3H, m, CHcodþCHcentral, allyl), 7.20 (8H, bs,
CHarom), 7.31 (4H, bs, CHarom), 7.88 (8H, bs, CHarom);

13C{1H}-
NMR (150 MHz, CD2Cl2): d¼29.2 (Ccod), 30.0 (Ccod), 74.5
(Callyl), 114.0 (Ccod), 114.2 (Ccod), 124.0 (q,

1JC,F¼291.0 Hz,
CF3), 124.4 (Ccentral, allyl), 127.5 (Carom), 128.1 (Carom), 128.6
(Carom), 135.4 (Carom,ipso);

19F{1H}-NMR (282 MHz, CD2Cl2):
d¼ �74.8 ppm.

Typical Procedure for a Catalytic Reaction

A solution of the ligand (0.03 mmol P) in CH2Cl2 (5 mL) was
added at room temperature to a solution of the nickel precur-

sor (0.03 mmol Ni) in CH2Cl2 (5 mL) under inert gas condi-
tions. After 15 minutes of stirring, the substrate (6.0 mmol)
was added via syringe to the yellow catalyst solution. If re-
quired, the activator (ca. 0.1 mmol) was added at this stage.
The mixture was stirred for the desired reaction time and the
reaction was then stopped by adding aqueous ammonia
(1 mL). The organic phase was washed with water (3�
2 mL), dried over NaSO4, and analysed by GC and GC-MS.
For analysis by chiral HPLC the chlorinated solvent was re-
placed by n-heptane/2-propanol and the solution filtered
through a pad of silica. Further details and modifications of
the conditions are given in Table 1.
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