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An investigation of the asymmetric synthesis of 3-phenyl-l- 
butene by the Grignard cross-coupling reaction is presented. 
The reaction is catalysed by nickel complexes of bisphos- 
phane and 3-diphenylphosphanylpyrrolidine-type ligands. A 
comparison of the results obtained with our P,N monophos- 
phane ligands with those obtained with the most effective 
known amino acid derived P,N ligands shows a similar enan- 
tioselectivity but an inverse sense of optical induction. An X- 
ray structural analysis of the 1 -phenylethyl Grignard com- 
pound is reported. Quantitative analysis and the detennina- 
tion of enantiomeric composition of the catalytic samples is 

accomplished using a novel enantioselective GLC separa- 
tion. Compared to the popular model reaction that uses a 
chloride-containing Grignard compound and vinyl bromide 
as starting compounds, we obtain improved enantioselectivi- 
ties of P,N monophosphane catalysts by substituting vinyl 
bromide with vinyl chloride. With two of the new P,N ligands 
we find a nonlinear dependence of enantioselectivity on the 
enantiomeric purity of the ligands (asymmetric amplifica- 
tion). Catalytic results subject to such nonlinear effects show 
a dependence on the ligand to nickel ratio. 

Introduction 

Carbon-carbon bond formation by cross-coupling of 
main group organometallics with carbon electrophiles cata- 
lysed by transition metal complexes is a valuable tool in 
organic chemistry[']. Among the transition metal com- 
pounds used for the eficient synthesis of substituted aryl-, 
vinyl-, and allylic compounds, copper reagents and nickel- 
and palladium phosphane complexes have proved to be 
most effective. When chiral phosphanes are used as ligands 
for nickel or palladium, chiral organic products can be pre- 
pared enantioselectively from racemic or prochiral reagents. 
This type of reaction has recently been reviewed by Haya- 
shiI21. The coupling of a racemic secondary organomagne- 
sium or organozinc reagent with an achiral aryl- or vinyl 
halide is called the Grignard cross-coupling reaction. Re- 
search in this field of catalysis has focused on two impor- 
tant reactions. 

The first reaction is the coupling of the Grignard com- 
pounds prepared from racemic 2-halobutanes with halo- 
benzenes. The main finding of work carried out by Consig- 
lioL3] was that the enantioselectivity of this reaction can be 
influenced by variation of the solvent, the halogens used, 
and the molar ratio of the two organic starting compounds. 
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Consiglio used nickel complexes with chelating phosphanes 
based on a 1,2-bis(diphenylphosphanyl)ethane skeleton. 
Such ligands reduce the amount of cross-coupling products 
that arc formcd by isomcrisation of the 2-butyl A 
catalyst prepared in situ from N i Q  and two galactose-de- 
rived monophosphane ligands has been shown to yield the 
desired 2-phenylbutane in even higher chemical and op- 
tical yields[5]. 

The coupling of vinyl halides l a  or l b  with the Grignard 
compounds 2a or 2b prepared from racemic l-halo-l-phen- 
ylethane yields 3-phenyl-I-butene (3) (Scheme I)[?]. This 
compound has synthetic utility as a starting mdterial for the 
synthesis of commercial chiral products, e.g. non-steroidal 
antiflammatory drugsL61. Consiglio and Indolese compared 
catalytic results obtained with a nickel complex of (1R,2R)- 
1,2-bis(diphenylphosphanyl)cyclopentane (DPCP) with 
those obtained using a nickel complex of a ferrocenyl bis- 
phosphane with an additional (dimethy1amino)alkyl ligat- 
ing site"]. By monitoring the change of enantiomeric excess 
(YO ee) as a function of extent of conversion by enantioselec- 
tive GLC, they showed that enantioselectivity in catalytic 
runs with a nickel complex of DPCP is strongly dependent 
on the extent of conversion. The nickel complex of the sec- 
ond ligand with an additional (diniethy1amino)alkyl ligating 
site was shown to be the more enantioselective catalyst and 
the enantioselectivity did not change during the course of 
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the reaction. Changes in enantioselectivity with extent of 
conversion are related to changes in the nature of the trans- 
metallating Grignard 

Complexes of P,N (type 4) monophosphanes with (di- 
methy1amino)alkyl ligating sites are the most enantioselec- 
tive catalysts in this nickel-catalysed reaction181. Here, we 
describe an investigation of this catalysis in which either 
isolated NiCI2 complexes of bisphosphane ligands (5a and 
5b) or in situ prepared nickel complexes of novel P,N mono- 
phosphanes have been employed. The preparation of 6 and 
6a-c has been reported recently191. We also report herein a 
novel, quantitative analytical method based on enantiose- 
lective GLC. 

Scheme 1. Catalytic asymmetric cross-coupling of Grignard com- 
pounds 2a or 2h with vinyl halidcs l a  or l b  yielding 
chiral 3-phenyl-1-butene (3): cliiral phosphanes relevant 
to this paper are shown bclow 

+= 
lMg 

2a: X Br; 2b: X = CI 
+-X 

NU, and chiral phosphane . 
la:  X = B r  
Ib: X = CI 3 

ph2pD Ph,P 

N-CH, 

P h , P T '  
R 

DPCP 4 ~ a ~  

Ph,P 
&I 

''1 ( 9 - 4 a  (R = iBu), (S)-4b (R = sBu), (S9-4~  (R = tBu), (S)-4d 
(R = Bzl). - Ib] 5a (R = Bzl), 5b (R = Boc). - ['I ( 9 - 6  (R = H), 
(S)-6a (R = Bzl), (S)-6b (R = 2-methoxybenzyl). (9 -6c  (R = Et). 

Results and Discussion 
Preparation and X-ray Structure of Grignard Compound 2b 

Since Brown and coworkers published an improved prep- 
aration of 2b and related benzylic Grignard compounds in 
1991['"1 the problems due to dimerisation of benzylic rad- 
ical anions (homo-coupling) during the synthesis have been 
overcome. In our preparations however, one difference be- 
tween the description of Brown and our expcrimcntal ob- 
servations was quite obvious. Working at -10°C to 0 ° C  
we observed extensive formation of MgC12, which could be 
separated by filtration through Celite. On removal of an 
aliquot from the clear filtrate and hydrolysis of the Grig- 
nard compound 2b, quantitative analysis of the phenyl- 
ethane content of the rcsulting ethereal solution by GLC 
(vide infra) revealed that 2b contained at least 0.35 mol/l 
(SS'Yn yield) of benzylic anions. The amount of MgCI2 151- 
tered off could not be attributed to the homo-coupling reac- 
tion alone. From stock sulutions stored at 4°C in a refriger- 

ator, additional MgC12 and a few small, pale-yellow crystals 
invariably separated. On one occasion, these crystals were 
large enough to allow an X-ray structure investigation. The 
results are presented in Figure 1. 

Figure 1. X-ray structure of 2b; the vector connecting both Mg 
atoms is a crystallographic C2 axis pointing in the same direction 

as the h axis; the Mg-Mg distance equals the h axis lengthIdl 

Id] Selected bond lengths 1.&1 and angles 1"l: Mg-OrlA) = 
Mg-O(IS) 2.0575(10): Mg-k(1A) = %g-qlB)  -2.1953(13), 
C(lA)-C(3A) = C(lB)-C(3B) 1.473(2), C(IA)-C(2A) = C(1B)- 
C(2B) 1.532(2); O(1A)-Mg-O(1B) 93.83(6), C(1A)-Mg-C(1B) 
122.18(7). C(3A)-C[lA)-COA) 115.10(11). C(2A)-C(lA)-Mg 

i I ,  ~ 

109.30(9), C(3A)-C(lA)-Mg 167.99 (8). 
I 

A halide-free bis( 1 -phenylethyl)magnesium compound 
coordinated by two additional diethyl ether molecules is 
shown. The observation of MgC12 precipitation from solu- 
tions of Grignard compound 2b can thus be explained; dis- 
proportionation leads to MgC12, which is only sparingly 
soluble in diethyl ether, and to the bis( I-phenylethy1)magne- 
sium compound, which remains in solution. This result has 
grcat relevance for the understanding of the cross-coupling 
reaction with Grignard compound 2b. In our experimental 
procedure, the Grignard solution is cooled to below -40 "C 
prior to the addition of the vinyl halide, and on doing so 
we always observed extensive precipitation of MgCI2. The 
his( 1 -phenylethyl)magnesium compound might therefore be 
the actual species involved in transmetallation to the nickel 
complex. In all recent mechanistic discussions such a pos- 
sibility has never been taken into consideration. The nature 
of the magnesium species which transfer their alkyl groups 
to the transition metal catalyst can change during course of 
the reaction, because reactions of Grignard compounds in 
solution["] are affected by, for example, dilution and the 
concentration of dissolved magnesium halides. 

of second- 
ary benzylic Grignard compounds such as 2b are slow com- 
pared to the rate of the cross-coupling reaction. It cannot 
be ruled out that the observed changes in enantioselectivity 
with extent of conversion in catalytic runs with bisphos- 
phane complexes are due to a kinetic resolution[13] of the 
Grignard compound 2b. A catalyst able to induce epimeri- 
sation of an alkyl group bound to the transition metal 
should not, however, be influenced by the enantiomeric 

It has been shown that racemisation 
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composition of the Grignard compound 2b. It is known 
that nickel complexes which are able to induce isomeri- 
sation of coordinated alkyl groups by a series of 0-n: in- 
terconversions can also induce epimerisation of these alkyl 
gro 

In Figure I ,  the stacking of two bis( 1 -phenylethyl)magne- 
sium molecules along the crystallographic C2 axis (space 
group C2lc) is shown. The first 1-phenylethyl group bound 
to Mg is transformed to the second (C, axis) indicating an 
R.R or S,S configuration of the asymmetric carbon centres. 
Each such stack of enantiomerically pure molecules (e.g. 
R,R) is accompanied by a second with S,S configuration, 
generated by a crystallographic inversion. Overall, the crys- 
tal is therefore of racemic composition. The bond lengths 
and angles given in Figure 1 are all in accord with published 
data of analogous dialkylmagnesium compounds[141. 

Experimental Set-Up Used for Catalytic Runs 

All catalytic runs were performed by adding the Grignard 
compound 2b at -78°C to a suspension of the nickel(I1) 
phosphane complex containing 50 pmol of Ni. Catalytic 
runs with bisphosphane ligands 5a, 5b were carried out 
with isolated NiCI2 as catalyst precursors. 
Catalytic runs with the P,N inonophosphane ligands 6,  
6a-c were carried out with nickel complexe\ prepared in 
situ. The NiC12 used was prepared from Ni(OAc), . 4 H,O 
and acetyl chloride['7]. The brown powder was dried in 
vacuo at 180°C for I8 hours and then several weighed 
amounts were dissolved in water. The nickel content was 
assayed by complexometric titrations with EDTA against 
murexide['*'. Based on this analysis, a sample of NiCI2 con- 
taining 50 pmol of Ni was reacted with a diethyl ether solu- 
tion containing 55 pmol of phosphane so as to obtain a 
catalyst of L/Ni = 1 composition. 

Reactions were terminated by hydrolysis. For quantitative 
analysis of the hydrolysed reaction mixtures by means of 
enantioselective GLC, a known amount of mesitylene was 
addcd as an internal ~tandard[ '~l .  The quantitative analysis 
of the samples containing the rather volatile products 3- 
phenyl-I-butene (31, phcnyletliane, and styrene was quite la- 
borious and difficult until a report of Brunner, KGnig, and 
coworkers demonstrated that by GLC on a 40 in LIPODEX 
C (perpentylated P-cyclodextnn) column, both the quanti- 
tative analysis and the enantiomeric composition could be 
determined simultaneously'16]. The main drawbacks of this 
method are the long analysis times ( t  = 80 min) and the 
analysis temperature of 28 "C, which is outside the range of 
reliable temperature control with commercial GC instru- 
ments["]. In 1991, Keim et al., published an enantiomer 
separation of 3 using a permethylated P-cyclodextrin/poly- 
siloxane We used a 60-m phase-I1 column, pur- 
chased from CS-Chromatogrdphy which allowed 
a reduction of the analysis time to 30 min and separations 
to be conducted at 70°C and 0.85 bar H2. The retention 
data (sclectivity factors a["]) of the compounds of interest 
are collected in Table 4. 'The elution order of enantiomers 
( ( 0 3  before (57-3) and of other compounds is similar to 
the separation on LIPODEX C. 

Table 1. Collection of GIG parameterdal 

Compound Selectivity factor Response factor 
a [bl f/molJ 1'1 

Phenylethane 2.28 1.137 
Styrene 2.78 1.125 

(R)-3 5.34 0.922 
( 9 - 3  5.45 0.922 

4-Phenvl- 1 -butene 6.94 0.922 

Mesitylene 3.49 1 

The separation conditions are discussed in the text.. - lb] 0: = 1 
for diethyl ether with retention time tR  = 3.8 * 0.3 min. - ''1 The 
relative molar response factor is given; ,fimoi, = 1 for mesitylene 
(internal standard). 

We used a gas chromatograph with split injection and 
FID detector. The conversion of the recorded FID peak 
areas of eluted compounds into quantities (in mmol) of the 
corresponding sample components could be effected via 
"relative molar response factors" jimolj 1l91. These . f )mol ,  fac- 
tors were determined from a series of calibration measure- 
ments using standard solutions containing mesitylene, 
phenylethane, styrene and 4-phenyl- 1 -butene at concen- 
trations in the ranges expected in our samples. 4-Phenyl-l- 
butene (Aldrich) was used as a substitute of a pure standard 
of isomeric compound 3. The response factors f imol1 of the 
compounds, with j;,,,o]j = 1 for mesitylene, are collected in 
Table 4. 

Varying amounts of cach sample were injected and ana- 
lysed in order to evaluate the of our ana- 
lytical method. A comparison of the results showed that the 
determinations of the quantities of sample components 
were reproducible to within less than 50.05 mniol, and that 
enantiomeric excess ('XI ee) values were reproducible to 
within less than 20.5% in the GLC aiialysis. 

Table 2. Catalytic results with isolated NiClz complcxes of 5a and 
5b (50 pmol Ni) in diethyl ether 

3 Number of 
Entry Ligand Vinyl Yield % ee In (RiS) catalytic 

halide (% La]) (confign.) runs 

1 5a l a  Lb] 50- 94 17(S) -0.33 3 [fl 

3 5b l a  Ib] 64 - 98 28 (S) -0.58 3 k] 
4 5b l b  Lb] 64 - 78 23 (5') -0.46 3 

6 5a l b  LC1 52, 70 3 (S) -0.06 2 rd1 

2 5a 1blb] 70 6 (S) -0.12 1 

5 5a la["] 90 5 (9 -0.10 1 

7 5b l a  rC] 78 23 (S, -0.46 I 
8 5b l b  46Lh] 31 (9 -0.64 1 

''1 The yield is based on the ainouiit of vinyl halide used. ~ Lh] 6 
mmol 2b and 5 mmol of vinyl halide used. - ['I 12 mmol 2b and 
5 inmol of vinyl halide used. - Ld] o[ln(RIS)] = 0.04. - LC] o[In(N q] = 0.05. - Lq o[ln(RIS3] = 0.07. - [ f l  a[ln(R/S)] = 0.09. - 
Lh 75% of 2b used was recovered as phenylethane in the hydrolysed 
reaction mixture. 

Catalysis with NiC12 Complexes of Bisphosphane Ligands 5a, 5b 

We investigated the influence of the halogen in vinyl hal- 
ides l a  and lb ,  and of the Grignard compound 2b to vinyl 
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halide ratio on enantioselectivity in the cross-coupling reac- 
tion with isolated nickel complexes of 5a and 5b (Table 2). 
In catalytic runs with different 2b to vinyl halide ratios, the 
starting concentration of 2b was maintained. We will use 
ln(RIS) which can be easily calculated from o/o ee 
values, as an enantioselectivity scale in our discussion. The 
absolute standard deviations 0 of repeated catalytic runs 
(Table 2) indicate that the reproducibility of a ln(RIS) value 
in GLC analysis is several times better compared to the 
reproducibility of a catalytic run. 

The small ln(RIS) values found are in the e~pec ted l~ . ’~]  
range for catalysis with bisphosphane complexes. 5a and 5b 
are interesting ligands because they are derivatives of 
DPCP bearing an additional p-amino group which might 
also participate in the catalytic cycleI2’l. However, compari- 
son of the ln(RIS) values for DPCP [ln(R/S) = -0.221 with 
entries 1 and 3 in Table 2 shows that the increase of enan- 
tioselectivity is too small to establish such a contribution. 

The differences A in In(R/S) values between catalytic runs 
with the same nickel complex but with different vinyl hal- 
ides [compare e.g. entries l with 2 (A = 30) or 3 with 4 
(A = 1.30)] or with different 2b to vinyl halide ratios [com- 
pare e.g. entries 1 with 5 (A  = 30) or 4 with 8 (A = 3.50)] 
are significant. These observations are consistent with re- 
sults presented by Consiglio and Indolese, which showed 
that enantioselectivity in catalytic runs with nickel com- 
plexes of bisphosphanes is strongly dependent on the nature 
of transmetallating 

Chemical yields of 3-phenyl-1 -butene (3) in catalytic runs 
starting with 5 mmol of vinyl halide and 6 nimol or 12 
mniol of Grignard compound 2b vary considerably (cf. 
Table 2). The amounts of phenylethane found in the hydro- 
lysed reaction mixtures indicate that approximately 5.5 
mmol of Grignard compound 2b is consumed by 5 mmol 
of vinyl halide. The formation of styrene and homo-coup- 
ling of the Grignard compound are known side reactions. 
Less than 0.2 mmol of styrene could be detected. 

Table 3. Enantioselectivity of nickel P,N monophosphane (6, 6a-c) 
catalysts i n  diethyl ether; conditions: 5 mmol of vinyl chloride ( l b )  
and 6 mmol of Grignard compound 2h; 50 pmol of Ni; ligand-to- 

nickel ratio 1 

Entry Ligand (% ee) Yield 
PL [bh 

1 (R)-6 (98+2) 52 
2 (R)-6a (9852) 64,68 

4 (S).6c(9452) 50,82 
5 La] (S)-6a (91*2) 58, 62 
6 (R)-6a (7212) 72,82; 

7 La] (R)-6b (72h2) 60,72; 

3 (S).6b(94*2) 4 8 - 6 4  

52 

44 

3 Number of 
YO ce In (R/S,  catalytic 

(confign.) runs 

9 (S) -0.17 1 
88.5 (S) -2.80 2 
75.0 (R) 1.95 3 
71.5 (R) 1.79 2 
88.0 (R) 2.75 2 
79.5 (S) -2.17 3 ldl 

70.5 (S) -1.75 3 [cl 

[*I Ligands with lower enantiomeric purities. - Lb1 The yield is based 
on the amount of l h  used. - [‘I 4 mmol of 2b used. - Ld] 3 niinol 
of 2b used. 

Catalysis with NiClz Complexes of P,N Monophosphane Ligands 

Catalytic results obtained with nickel complexes of the 
secondary amine ligand 6 and N-alkylated derivatives 6a-c 
are collected in Fables 3-5. We have included catalytic re- 
sults that were obtained with nickel complexes with ligands 
of different enantiomeric purities in the Tables (vide infra). 
The ln(RIS) values obtained in repeated catalytic runs with 
N-alkylated derivatives 6a-c with a constant set of param- 
eters are reproducible, with absolute standard deviations 0 

< 0.05. Exceptions found for catalytic runs with nickel 
complexes of (9-6c (94Yn ee) are indicated in the Tables. It 
is important to note that reproducibility of YO ee values in 
GLC analysis parallels the reproducibility of catalytic runs 
in the case of high optical yields (cf. entries 2 in Table 3 
and Table 4). 

Table 4. Enantiosclectivity of nickel P,N monophosphane (6, 6a-c) 
catalysts in dicthyl ether; ligand-to-nickel ratio 2 or 3 (entry 8) 

instead of 1 in Table 3; conditions: same as in Table 3 

Entry Ligand (% ee) Yield 
(% P I >  

1 (R)-6 (98*2) 46 
2 (R)-6a(98*2) 44 
3 (S)-6b(94*2) 67;44 
4 (S)-6c(94*2) 79,46 

5 la] (S)-6a (91i2) 72 
6 (Q6a  (72i2) 66 
7 la] (R)-6b (72*2) 74 

8 (s)-6c(94*2) 53 

3 

(confign.) 
%ec In(R/S) 

6 (S) -0.12 
88.0 (5‘) -2.75 
73.5 (R)  1.88 
62.0 (R) 1.45 

85.5 (R)  2.55 

67.5 (5‘) -1.64 
57.5 (R)  1.31 

7 5 . 0 Q  -1.95 

Number of 
catalytic 

runs 

1 
1 

3 [CI 

2 [dl 

I 
1 
1 

1 

La] Ligands with lower enantiomeric purities. - Lb1 The yield is based 
on the amount of I b  used. - Kc] 4 mmol of 2h used. ~ Ld] o[ln(RI 
s)] = 0.07. 

Chemical yields of 3-phenyl-1-butene (3) are collected in 
Tables 3-5. The highest yields (80- 100%) are obtained in 
catalytic runs employing 5 mmol of vinyl bromide (la) and 
6 mmol of Grignard compound 2b (cf. Table 5). The 
amounts of phenylcthane found in the hydrolysed reaction 
mixtures indicate that approximately 5.5 mmol of Grignard 
compound 2b is consumed by 5 mmol of vinyl bromide 
(1 a). The use of vinyl chloride (1 b) instead of vinyl bromide 
(la) (cf, Table 3) results in smaller yields of 3 (70-90%). 
We find that only 4-5 mmol of Grignard compound 2b is 
consumed under this set of reaction conditions. Yields of 3- 
phenyl-1-butene (3) are further decreased when a ligand to 
nickel ratio of 2 is used in catalytic runs with vinyl chloride 
( lb)  and Grignard compound 2b (cf. Table 4). Under such 
conditions. only 3-5 mmol of Grignard compound 2b is 
consumed. Catalytic runs starting with a smaller amount 
(3-5 mmol) of Grignard compound 2b and 5 mmol of vi- 
nyl halide give lower yields of 3-phenyl-1-butene (3). The 
amounts of phenylethane found in the hydrolysed reaction 
mixtures indicate that the reaction is terminated under all 
sets of reaction conditions when 90% of the Grignard com- 
pound 2b is consumed. Because there is no clear-cut trend 
to indicate that a small variation of the 2b to vinyl halide 
ratio has any influence on the enantioselectivity of the P,N 
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monophosphane catalysts, we have combined such catalytic 
runs as a single entry in Tables 3-5. This finding is consist- 
en t with the results presented by Consiglio and Indolese, 
that when nickel complexes with ligands bearing an ad- 
ditional tertiary amine ligating site (P,N ligands) are used, 
enantioselectivity does not change during the course of 
the 

Table 5.  Effect of ligand structure on the enantioselectivity of nickel 
P,N monophosphane (6, 6a-c) catalysts in diethyl ether'" bl 

3 Number of 
Entry Ligand ("A ee) Yield % ee In (Na catalytic 

(% [ C h  rconfien.) runs 

1 (R)-6 (98*2) 
2 (R).6a (98*2) 
3 (9-6b (9412) 
4 ( 9 . 6 ~  (9412) 

5 rb1 (S).6a (9112) 
6 Ibl (S)-6a (91i2) 
7 rb] (R)-6a (7212) 
8 rb] (R)-6b (72*2) 

42 
98 

99; 56 
82,99 

96 
72 
92 

78, 88; 
58: 42 

10 (8 
74.5 Q 
67.0 (R) 
68.0 (R) 
73.0 (R) 
54.0 (R) 
72.0 (5') 
62.5 (5') 

-0.19 1 
-1.92 1 
1.62 2 [d 
1.66 2 re] 
1.86 1 

-1.82 1 
-1.47 4 Lf,gl 

1.21 I [dl 

Conditions: ligand-to-nickel ratio 1; 5 mmol of l a  and 6 mmol 
of Grignard compound 2b; 50 pmol of Ni. - lb] Ligands with lower 
enantioineric purities. - ''1 The yicld is based on the amount of l a  
used. - rd] Carried out with 18 mmol of MgBr? added to the N U l /  
phosphane mixture. - [el ~[ ln(KlS)]  = 0.09. - [fl 5 mmol of 2b 
used. ~ kzl 4 mmol of 2b used. 

Comparing catalytic runs with Grignard compound 2b 
and either vinyl chloride ( l b )  (Table 3) or vinyl bromide 
(1 a) (Table 5) ,  enhanced cnantioselectivities are found in 
the absence of bromide anions. The magnitude or this salt 
effect on the ln(RIS) scale is comparable to that found by 
Consiglio in his investigation of the cross-coupling reaction 
leading to 2-phenylb~tane[~]. The use of Grignard coni- 
pound 2b  and vinyl chloride (lb) produces the most enan- 
tioselective catalyst system ever reported iii this catalysis 
with nickel complexes[2] (cf. entry 2 in Table 3). The influ- 
ence of high bromide concentrations in solution was investi- 
gated by a catalytic run using l a  and 2b together with an 
added excess of MgBrz (cf. entries 5 and 6 in Table 5 and 
cntry 5 in Table 3). On the In(NS) scale, the observed en- 
antioselectivity was only 43% of that obtained in the cross- 
coupling of Grignard compound 2b and vinyl chloride (lb). 
Consiglio and Indolese used (1 -phcnylethyl)magnesium 
bromide (2a) and vinyl chloride (lb) in their investigation. 
This choice of starting compounds gives a high bromide 
concentration in solution from the beginning of the cross- 
coupling reaction, like in our experiment with added 
MgBr?. On the basis of our results, we suppose that if the 
bromide concentration in solution depends on the extent of 
conversion, then so does the enantioselectivity of this cross- 
coupling reaction with P,N ligands. This is the case when 
(1 -phenylcthyl)magnesium chloride (2b) and vinyl bromide 
are used as starting compounds. This combination of start- 
ing compounds was not used by Consiglio and Ind0lese[~1. 

With nickel complexes of the secondary amine ligand 
(R)-6 (cf. entries 1 in Tables 3-5; 6 mmol of Grignard com- 

pound 2b used), only very low enantioselectivities and 
chemical yields can be attained. The amounts of phenyl- 
ethane found in the hydrolysed reaction mixtures indicate 
that 4-5 mmol of 2b is consumed. 

In all reactions in Tables 3-5, small amounts of styrene 
(<2% or Grignard compound 2b  used) can be detected. It 
is formed by p-elimination of 1 -phenylethyl groups coordi- 
nated Lo the nickel centre. It has been shown that NiCI2 
without added phosphane ligands can, in the presence of 
excess styrene, i~omerise[~] a primary 2-phenylethyl Grig- 
nard compound to a secondary 1 -phenylethyl Grignard 

We carried out several catalytic runs with 
nickel complexes or 6a, with 6alNi ratios equal to 1 or 2. 
In these experiments, (2-phenylethy1)magnesium bromide, 
vinyl halides 1 a, 1 b and excess styrene were used as starting 
materials. We could not detect any 3-phenyl-1-butene (3) 
formed by isomerisation of the primary 2-phenylethyl Grig- 
nard compound by GLC analysis of the products. The iso- 
merisation of coordinated phenylethyl groups in  catalylic 
runs wiith vinyl halides is a slow process compared to the 
cross-coupling reaction. 

The Influence of the Ligand Structure on Enantioselectivity in P,N 
Monophosphane Catalysis 

We compare here the catalytic results obtained with the 
ligands 6a-c (cf. entries 2-4 in Table 5 )  with published 
results[*] obtained with P,N monophosphanes of type 4. 
Both types of ligands have a 0-aminoalkylphosphane skel- 
eton. Complexes with the ligands (S)-4b [In(RIS) = -2.251 
and (57-4~ [In(RIS) = -2.37; optical purity of ligand: 88% 
eel, bearing bulky substituents R on (5')-configured carbon 
centres in the P-position (cf. Scheme l), are slightly more 
enantioselective than those with ligands (R)-6a, (R)-6b, or 
(R)-6c with (R)-configured carbon centres in the a-posi- 
tion, all the catalysts yielding (3 -3  as thc major enanti- 
omer. It is generally accepted that the catalytic cycle of 
Grignard cross-coupling (cf. Schcme 2) involves oxidative 
addition of a vinyl halide to a nickel(0) complex, transmet- 
allation from the Grignard compound and reductive elimi- 
nation of 3-phenyl-I-butene (3) regenerating the nickel(0) 

Scheme 2. Collection of mechanistic schemes, suggested by Ku- 
mada and Kell~gg['~I and in the lower part by Yama- 
m ~ t o l ~ ~ l :  details see tcxtLa] 

d e  

+ 2b; - MgCI, 
b 

I )  - 3 2) + Ib 

X = halogen; L = monophosphane ligand; R, R' = alkyl groups. 
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Figure 2. Nonlinear effects in catalytic runs with 6a; the partition of experimental results into expected and amplification components is 
discussed in the text; in Figure 2a results with 6alNi = I ,  use of vinyl chloride ( lb )  are presented (cf, Table 3); in Figure 2b results with 
6a/Ni 2, use of vinyl chloride ( lb)  are presented (cf. Table 4); in Figure 2c results with 6a/Ni = 1. use of vinyl bromide (la) are 

presented (cC Table 5) 

Figure 2b I Figure 2a 

Oexpected amplification I Oexpccted W amplification 

It is also generally assumed that 3-phenyl-1-butene (3) is 
eliminated from a complex in which a P,N phosphane acts 
as a chelating ligand[2x1. A reductive elimination from this 
complex could be one reason for the high enantioselectivi- 
ties observed in P,N monophosphane catalysis~’6,2i]. Noyori 
and coworkers have investigated the enantioselective ad- 
dition of dialkylzinc compounds to benzaldehyde, as cata- 
lysed by chiral P-dialkylamino alcohol ligands[’61. These li- 
gands also act as chelating N,O ligands for zinc in this ca- 
talysis. Ligands with either an (R)-configured carbon centre 
in the P-position or an (S)-configured carbon centre in the 
a-position yield the (8-alcohol as the major product, in 
this case with comparable enantioselectivity. 

Asymmetric Amplification 

We find a positivc, nonlinear relationship between the en- 
antiomeric purities of the phosphane ligands 6a or 6b used 
and the enantiomeric purity of the cross-coupling product 
3-phenyl-1-butene (3). The ln(RIS) values obtaincd with 6a 
of 91% ee and 72% ee can be viewed as being composed 
of the expected contribution from the linear relationship 
supplemented by an amplification contribution (Figure 2). 

Asymmetric amplification in catalytic runs with 2b and 
vinyl chloride (lb) is influenced by the 6a/Ni ratio (cf. Fig- 
ure 2a to Figure 2b). We find that the amplification contri- 
bution decreases when a 6a/Ni ratio of 2 is used. A similar 
comparison of the catalytic results obtained with 6b of 94% 
ee and 72% ee (cf. Tables 3 and 4, entries 3,  7) reveaels the 
same trend. Catalytic results with (S)-6c/Ni ratios equal to 
1, 2 or 3 (cf. entrj 4 in Table 3 and entries 4, 8 in Table 4) 
further prove the influence of this ratio. Asymmetric ampli- 
fication is also found to a similar extent in catalytic runs 
with 2b and vinyl bromide (la), (cf Figure 2a to Figure 2c). 
For 6a (91 ‘30 ee purity), the amplification contribution in 
Figure 2c is small. In this context, it is worth mentioning 
that the bromide anion effect on enantioselectivity dis- 
cussed earlier cannot be explained merely by a different ex- 
tent of asymmetric amplification. 

Asymmetric amplification is a novel, characteristic fea- 
ture of the Grignard cross-coupling catalysis. Analysis of 

540 

Figure 2c I 3 1  

Oexpected W amplification I 
experimental data showing asymmetric amplification has 
been a valuable tool in assigning Kagaii 
and coworkers have provided a theoretical treatment of 
asymmetric amplification[28]. They shon7 that asymmetric 
amplification can occur whenever diastereomeric catalysts 
of different reactivity are formed by coordination of at 
least two chiral ligands to transition metal centres or 
dinuclear associates. It is a general feature of catalysis 
with nickel monophosphane complexes[’9] that many in- 
termediate complexes with different NiL,, (n = 0-4) stoi- 
chiometries and free phosphanes (L) are present in solu- 
tion during a catalytic run. Asymmetric induction in 
cross-coupling catalysis can ai-isc either during reductive 
elimination or during transmetallation (cf. Scheme 2). Re- 
ductive elimination from Ni(I1) complexes in which the 
alkyl groups are cis-oriented either proceeds in an unas- 
sisted manner or is induced by a fifth coordinated li- 
gand[’O,’ll. Coordination of a second chiral phosphane 
ligand in this step. to yield diastereomeric intermediates 
or transition states? could be reason for the asymmetric 

It is known that monophosphane com- 
plexes with trans-coordinated alkyl groups have to be 
isomerised by associative mechanisms to the cis complexes 
before reductive elimination can This trans-to- 
cis isomerisation can be promoted by the coordination of 
further phosphane ligands or by transmetallation steps. 
Two nickel complexes, or a nickel complex and a Grig- 
nard compound can associate, thus forming alkyl-bridged 
dimers (cf. Scheme 2). Coordinated enantiomers of the 1- 
phenylethyl group may be exchanged in this process. We 
suggest that the enhanced selectivity of monophosphane 
nickel catalysts compared to bisphosphane catalysts might 
be due to this Imns-to-cis isomerisation step. This step is 
necessary in catalysis by monophosphane nickel catalysts 
because the thermodynamically more stable trans-coordi- 
nated nickel complexes are unable to undergo reductive 
elimination of the coupling products. 

We are gratel‘ul to the Vulksiwgen Stiftun4 and the Deutxhe Fur- 
sc~iun,grSSerneiiz.Fchaft for financial support. 
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Experimental Section 

GC: Chrompack, model 438 A; FID (250°C); split injector 
(2OOcC), 70°C isotherm, 0.85 bar H2 pressure. - FS-Cyclodex 
Beta-IIPB Phase TI (60 m. 0.25 mni id.. CS-Chromatography Ser- 
vice GnibH[2L]). - Integration software Kontron Data System 450- 
MT2, V1.02. 

Diethyl ether was dried and purified by distillation from LiAIHl 
and kept under argon. The new monophosphanes 6; 6a-c were 
prepared according to the procedure described in our recent 
paperL9]. The enantiomcric purity of ligands was assessed by polari- 
metry measurements, taking our published optical rotations as ref- 
erencc standards. All manipulations involving phosphanes and 
moisture-sensitive compounds were conducted under dry argon. 

Syiitlzesis of Griynnrd Coinpound 2b: Magnesium turnings 
[Merck Schuchardt, "according to Grignard" quality] (26 g, I .08 
mol) were stirred dry and were subsequently covered with 80 ml of 
diethyl ethcr according to the procedure of Brown and cowork- 
ers~")]. The dropwise addition o f  21.2 g (0.16 mol) of 1-phenylethyl 
chloride in 200 ml of diethyl ether at -10°C to 0°C often required 
up to eight hours due to problems in maintaining the stirring. The 
stirred mixture was stored at 0°C overnight and then filtered 
through Celite to remove precipitated MgC12. The resulting solu- 
tion was made up to 400 ml and was stored for at least 4 days in 
a refrigerator. Then, a 10-ml aliquot was removed by syringe and 
hydrolysed in 20 ml of water containing 3 minol of mesitylene. 
Further work-up was carried out as dcscribed for the work-up of 
catalytic runs (vide infra). GLC analysis was performed with a 1 
pl samplc of the resulting solution. From the relative integrals of 
mesitylene and phenylethane, the amount of stock solution used in 
catalytic runs could be calculated. On the basis of ten preparations 
of Grigilard compound Zb, we cm state that at least 0.13 mol of 
2h could be used in catalytic runs. 

Apparatus L!cedJbr Cutn[tjtic Rims; The glass reaction vessel was 
a Schlenk tube of 220 ml capacity equipped with a magnetic stir- 
ring bar (PTFE-coated). Instead of an NS 29 joint, the Schott 
screw cap systcm with a GL 32 (ISO) thread was used. Addition- 
ally, a PTFE valve (Winzer, 2.5 mm) was used instead of a stopcock 
system. In our experience, this system is more gas-tight than stand- 
ard Schlenk equipment and avoids any problems that might be con- 
nected with the use of grease. In 200 catalytic runs (vide infra) only 
three had to be repeated because of leakage. 

A 400-ml gas burette, filled with glycerol, was charged with vinyl 
chloride (lb) taken from a lecture bottle (Merck Schuchardt), fitted 
with a Monel needle valve. The glycerol was saturated with vinyl 
chloride for several weeks before the first catalysis was performed. 
A volume of 11 5 ml vinyl chloride (1 h) was shown (using the sec- 
ond virial coeffcient[321) to equal 5 mmol. All flexible parts of the 
apparatus were made of PVC (reinforced with textile) tubings. 

Catalytic: Runs Using Vi/ijd Chloride ( lb )  (in situ Cata1ysi.r): To 
a 50 pmol sample of NiCI2 was added a solution of 5 5  pmol (or 
multiples thereof', see Tables 3-5) of 6, 6a-c in 10 ml of diethyl 
ether and the mixture was stirred one hour. At -78"C, the Grig- 
nard solution (amount: see Tables) was added. The reactor was 
evacuated and sealed at the PTFE valvc. It was then connected to 
the gas burette and all connecting tubing was evacuated. The gas 
burette was charged with vinyl chloride and sealed, and the con- 
necting tubing was evacuated once more. Then, the vinyl chloride 
was completely condensed from the gas burette to the reactor. The 
reactor was again sealed and both reactor and the surrounding 
Dewar vessel, containing 100 ml of isopropanol and 50 g of dry- 
ice, were allowed to warm to room tcrnperature overnight. Thc dis- 
onnccted gas burette could be reused for further catalytic runs. 
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After 20 hours, the reactor was filled with Ar. An uptake o f  ca. 
200 ml of Ar was necessary; if this was not the case some leakage 
had occurred and the catalytic run had to be repeated. Mesitylene 
(6 mmol) was added to the reaction mixturc and then water (20 
ml) was added slowly. Subsequently, aqueous HC1 w 
all the solid components had dissolved and the aqueous phase be- 
came separated. It was extracted with scvcral portions of diethyl 
ethcr. Thc collected diethyl ether phases were treated with K2C03 
and then filtered through Celite. Thc filtrate obtained was made up 
to 100 ml and was stored in a sealed bottle prior to GLC analysis. 
For GLC analysis. a 0.5- 1-p1 sample of this solution was injected. 

CutalJlric Run C!cing Vinyl Chloride ( l b )  (Catalysis with Isolirled 
MCI, Complexes of5a, 5b): The synthesis of the known com- 
plexes['sl was performed according to the method of Brunner[I6]. 
A 50-pmol sample of the complex was suspcnded in 10 ml of di- 
ethyl ether and the catalysis was carried out as before. 

Cntaiytic Run Using Vinyl Bromide ( l a ) :  A reaction mixture con- 
taining the NiCI, phosphane mixture and thc Grignard compound 
2b was prepared as bcfore. The evacuated reactor was again filled 
with Ar, and 10 ml of diethyl ether containing 553 mg (5 mmol) of 
l a  (Janssen) was added via a syringe. The reactor was evacuated 
and sealed once more. The subsequent reaction and work-up was 
performed as described for catalytic runs using lh.  

X-ray Structure Determination o ~ ' C ~ ~ H ~ ~ M ~ O ~  (2h): M = 382.85 
g mol-'. dcZcalcd, = 1.114 g cm-3, n = 1415.9(5), b = 1016.6(3), c = 
1668.0(4) pin, p = 108.03(Z)0, space group C21c (No. 15), V =  
2.283(1) nm3. Z = 4. - Data collection: Sicmens P4 diffractometer, 
Mo-K, (A = 71.073 pm), graphite monochromator, measuring 
temp. T =  173 K, crystal dimensions 0.47 X 0.23 X 0.10 mm, (11 

scan, 2 0  = 4-50" [?{I.  +k, t l ) ,  6645 reflections measured, 2008 
independent, 1536 obscrved [I  > 2n(n], p = 0.09 mm-', absorp- 
tion correction with v-scan (ellipsoid model), transmission 0.718 
(min)/0.827 (max.). - Structure analysis and refinement: program 
SHELXTL V5.03[331. solution with Patterson method, full-matrix 
refinement, all non-hydrogen atoms were refined anisotropically, 
hydrogen atoms in calculated positions (riding model), 124 param- 
eters, FJparameter = 12.39, R1 = 0.0313, 1uR2 = 0.0788, Goof = 

1.435. Further details of the crystal structure investigation are 
available on request from the Fachinformationszentrum Karlsruhc, 
Gesellschaft fur wissenschaftlich-technische Information mbH, D- 
76344 Leopoldshafen-Eggenstcin, Germany, on quoting the de- 
pository number CSD-405967, file-ID Ned-17, formula 
C24H38ME02. 
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