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Figure 1. Representative thermal-optical polarized microscopy pictures
showing the textures of the hexagonal columnar (®,) mesophases of
a) (3,4-3,5)12G2-CH,OH upon cooling from 76 °C to 54.9°C at 1 Kmin ~;
and b) (3,4-(3,5)))12G3-CO,CH; obtained upon cooling from 50°C to
45.1°C at 1 Kmin "

as the disclike molecule (3,4-(3,5)*)12G4-X can adopt a
globular shape in solution. The extent of site isolation will
increase from the fourth to the fifth and higher generations.

These results suggest synthetic methods that place X in the
center of a single spherical monodendron. Such a molecule
would generate an ideal site-isolation mechanism both in the

bulk and in solution.
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building blocks of natural products, liquid crystals, polymers,
and ligands.”®! Although sterically demanding phosphanes and
imidazolin-2-ylidenes assist palladium(o) to activate aryl
chlorides in catalytic cross-coupling reactions, these systems
are less effective in the Grignard cross-coupling of aryl
chlorides with arylmagnesium halides. Their drawback is the
necessity for elevated reaction temperatures, which can lead
to problems with regard to selectivity.’! The same drawback
exists with the use of the heterogeneous catalyst Ni/C.[°

Herein, we report on a first economical catalyst system
based on nickel for the coupling of aryl chlorides with
aromatic Grignard reagents in high yields even at ambient
temperature. The air-stable, conveniently available imidazo-
lium salts 1 and 2 as well as tris(fert-butyl)phosphane 3 were
identified as the most efficient ligands for this general
methodology with nickel(1) diacetylacetonate.

k)

= [T, [BF4] 2 3

To speed up the optimization process,”! we employed a °F
NMR spectroscopic screening of a large variety of phos-
phanes, arsanes, and N-heterocyclic carbenes as ligands in
combination with various metal precursors®! to get a mean-
ingful semiquantitative time/conversion correlation even in
the primary screen. YF{'H} NMR spectroscopy was chosen to
analyze the reactions for various reasons” including the
inertness of C—F bonds under the reaction conditions.!'"!
Phenylmagnesium chloride and 1-chloro-2-fluorobenzene
proved suitable substrates for this assay [Eq.(1)]. As the

F 3 mol% [Ni(acac),] F
\_/ THF, r.t. \_/

screening results at this stage did not require exact yield
determination, we assumed integration faults due to proton
decoupling and deviations due to defluorination to be
small.l"!

Generally, imidazolium salts as precursors to N-heterocy-
clic carbenes!'? are especially suitable for high-throughput
approaches since their synthesis by a multicomponent one-pot
reaction under mild conditions in the presence of air and
moisture’¥l can be parallelized more easily than, for example,
that for phosphanes. Appropriate counterions such as [BF,]~
or [PF4]~ allow the isolation of the pure product salt by simple
filtration or phase separation [Eq. (2)]."" 14

H, H
c—C
4 W\
¢.° L)Y
RNH, +  HpN R-NINR 2
tol t _
9 ouer;’e'_/| V\(/)a er BF,
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The primary screen at ambient temperature provided the
following findings: 1) [Ni(acac),] (acac = acetylacetonate) is
much more active than [Pd,(dba);] (dba=dibenzylidene-
acetonate) or Pd(OAc),, 2) the imidazolium salts 1 and 2 as
well as the phosphane 3 are the best ligands and induce
highest selectivity, 3) only an equimolar amount of the
activating ligands with regard to the metal is necessary, and
4) the anions of the imidazolium salts do not exhibit activity
and selectivity effects.

The most active systems were then subjected to prepara-
tive-scale experiments with different aryl chlorides and
arylmagnesium compounds (Table 1). The electronic proper-
ties of the aryl chlorides display the expected consequences,

Table 1. Nickel-catalyzed Grignard cross coupling at ambient temper-
ature.?

3 mol% [Ni(acac)]

/:>7CI . X AC\ 3 mol% ligand — —
RlyLE/ I\ ge THF,r.t,18h RlyLE/ \ g2
4 5 — MgXCl 6
4 5 6 [%]]

Entry R! E R? X 1 2 3

1 H N H Cl >99 >99 92

2 4-CF,ll C H Cl 90 96 47

3 4-CH, C H Cl 72 81 89

4 4-OCH; C H Cl 67 71 71

5 2-CH;, C H Cl 70 73 72

6 26-(CH;), C H Cl 4 13 12

7 H N  4-OCH; Br >99 >99 >99

8 4-CF,ll C  4-OCH; Br >99 >99 38

9 H C  4-OCH; Br 95 93 >99
10 4-CH, C  4-OCH; Br 85 88 87
11 2-CH, C  4-OCH; Br 71 77 77
12 2,6-(CH;), C 4-OCH, Br 8 5 28
13 H N 246-(CH;); Br >99 >99 94
14 4-CF,ll C  24,6-(CH;); Br 78 91 52
15 H C 24,6-(CH;); Br 99 >99 99
16 4-CH, C  24,6-(CH;); Br 96 95 >99
17 4-OCH; C  24,6-(CH;); Br 98 98 87
18 2-CH, C 246-(CH;); Br 78 77 75
19 2,6-(CH;), C 246-(CH;); Br 3 2 5

[a] Aryl chloride (1.0 equiv), Grignard reagent (1.5 equiv), [Ni(acac),]
(3 mol %), ligand (3 mol % ), THF, room temperature, t = 18 h. [b] GCyield
of desired product 6 using diethyleneglycol-di-n-butyl ether as internal
standard. For full details on product distribution see the Supporting
Information. [c] Reagents were used as received.

that is electron-poor arenes are most reactive. Steric con-
gestion is partially tolerated by the system as demonstrated by
2-chlorotoluene, but two ortho-substituents as in 2-chloro-m-
xylene hamper useful conversions. Generally, the catalysts are
less sensitive to steric bulk on the organometallic reagent than
on the aryl halide (entries 13-19, Table 1).['!

The time/conversion diagram in Figure 1for the coupling of
2-chlorotoluene with 4-anisylmagnesium bromide [Eq. (3)]
reveals that the catalysts with ligands 1-3 differ only in their
turnover frequencies (TOF) at the beginning of the reaction,
but result in roughly the same turnover numbers (TON). The
analogous palladium systems do not catalyze the reaction
under these mild conditions efficiently. Neither of the nickel
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Figure 1. Comparison of the time/conversion characteristics of ligands 1-3
in the nickel-catalyzed Grignard cross-coupling reaction. The most active
palladium catalyst is included for comparison. (y =yield of 4-methoxy-2'-
methylbiphenyl; 2-chlorotoluene (2.00 mmol), 4-anisylmagnesium bro-
mide (3.00mmol) in THF (3mL), [Ni(acac),] (0.06 mmol), ligand
(0.06 mmol), diethyleneglycol-di-n-butyl ether (50 mg), THF (10 mL)).
systems has an induction period. Homocoupling products of the Grignard
reagents were observed in all reactions and are formed only at the
beginning of the reaction.'!]

In some reactions minor amounts (<1%) of by-products
such as terphenyls occur, suggesting radical side reactions as
observed in other nickel-catalyzed cross-coupling reactions.['”]
Nevertheless, the electronic influence of the aryl chloride on
the reaction rate and the product distributions indicate that
the bulk of the reaction follows a polar pathway. Further by-
products derived from activation of C,,—OCH; or C,—F
bonds were formed in amounts of 3% and below, and only
after the C—Cl bond had been converted completely as no
chlorine containing biphenyls were detectable.

Regarding the coordination mode of the ligand derived
from 1 and 2 under the reaction conditions, the formation of
an imidazolin-2-ylidene complex of nickel(o) was identified by
characteristic *C NMR signals.['®]

In summary, highly active catalysts based on nickel as the
catalytically active metal were developed for the Grignard
cross-coupling reaction of aryl chlorides at ambient temper-
ature and at low catalyst loading. Furthermore, a modified
high-yield, facile work-up procedure for the synthesis of
imidazolium salts allows the efficient high-throughput screen-
ing of N-heterocyclic carbene ligands.

Experimental Section

A Schlenk tube was charged with [Ni(acac),] (7.7 mg, 0.03 mmol), ligand 1,
2, or 3 (0.03 mmol), and the aryl chloride (1 mmol) under an atmosphere of
dry nitrogen. After addition of THF (1 mL) and the internal standard
diethyleneglycol-di-n-butyl ether (50 mg), the mixture was stirred for 5 min
until the catalytic reaction was initiated by dropwise addition of the
Grignard reagent (1.5 mmol, ca. 1M in THF) by syringe at ambient
temperature. The reaction was ceased by addition of methanol (1 mL).
Yield was determined by GC/MS analysis.

Received: December 21, 1999 [Z14437]

1604 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0570-0833/00/3909-1604 $ 17.50+.50/0

[1] a) K. Tamao, K. Sumitani, M. Kumada, J. Am. Chem. Soc. 1972, 94,
4374-4376; b) R.J.P. Corriu, J.P. Masse, J. Chem. Soc. Chem.
Commun. 1972, 144.

[2] Reviews: a) W. A. Herrmann in Applied Homogeneous Catalysis with

Organometallic Compounds (Eds.: B. Cornils, W. A. Herrmann),

WILEY-VCH, Weinheim, 1996, pp. 764-765; b) M. Kumada, Pure

Appl. Chem. 1980, 52, 669 —679.

Reviews: a) L. Pu, Chem. Rev. 1998, 98, 2405 -2494; b) E.-i. Negishi,

F. Liu in Metal-catalyzed Cross-coupling Reactions (Eds.: F. Diederich,

P.J. Stang), WILEY-VCH, Weinheim, 1998, pp. 1-48.

Reviews: R. Stiirmer, Angew. Chem. 1999, 111, 3509-3510; Angew.

Chem. Int. Ed. 1999, 38, 3307 -3308.

[5] J. Huang, S. P. Nolan, J. Am. Chem. Soc. 1999, 121, 9889 —9892.

[6] B.H. Lipshutz, T. Tomiolka, P. A. Blomgren, J. A. Sclafani, Inorg.

Chim. Acta 1999, 296, 164 —-169.

Reviews: a) B. Jandeleit, D. J. Schaefer, T. S. Powers, H. W. Turner,

W. H. Weinberg, Angew. Chem. 1999, 111, 2648 -2689; Angew. Chem.

Int. Ed. 1999, 38, 2476-2514; b) R. H. Crabtree, Chem. Commun.

1999, 1611-1616; c) K. D. Shimizu, M. L. Snapper, A. H. Hoveyda,

Chem. Eur. J. 1998, 4, 1885 -1889.

[8] In total more than 350 metal/ligand combinations were tested.

[9] Advantageous aspects of '’F NMR spectroscopy are, for example,
high sensitivity, a large resonance area, no need for deuterated
solvents, commercial availability of fluorinated substrates, and the
inertness of C—F bonds.

[10] Reviews: a)J. Burdeniuc, B. Jedlicka, R. H. Crabtree, Chem. Ber.
1997, 130, 145-154; b) J. L. Kiplinger, T. G. Richmond, C. E. Oster-
berg, Chem. Rev. 1994, 94, 373 -431.

[11] For details on ligand synthesis, reaction conditions, screening results,
ligands employed, and product distributions, see Supporting Informa-
tion.

[12] Review: W. A. Herrmann, C. Kécher, Angew. Chem. 1997, 109, 2256 —
2282; Angew. Chem. Int. Ed. Engl. 1997, 36, 2162 -2187.

[13] a) A.J. Arduengo III (Du Pont), US-A 5077414, 1991 [Chem. Abstr.
1992, 116, P106289¢]; b) W. A. Herrmann, C. Kécher, L. J. GooBen,
G. R.J. Artus, Chem. Eur. J. 1996, 2, 1627 —1636.

[14] Review on imidazolium salts as ionic liquids: a) P. Wasserscheid,
Angew. Chem. 2000, 112, in press; Angew. Chem. Int. Ed. 2000, 39, in
press; b) T. Welton, Chem. Rev. 1999, 99, 2071 —2083.

[15] G. Smith, J. K. Kochi, J. Organomet. Chem. 1980, 198, 199 -214.

[16] a) P.L. Arnold, F. G. N. Cloke, T. Geldbach, P. B. Hitchcock, Organo-
metallics 1999, 18, 3228-3233; b) A.J. Arduengo III, S. F. Gamper,
J. C. Calabrese, F. Davidson, J. Am. Chem. Soc. 1994, 116, 4391 —4394.

3

[t

4

=

7

[

Angew. Chem. Int. Ed. 2000, 39, No. 9



