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Combinatorial Libraries with P-Functionalized
Aminopyridines: Ligands for the Preparation of
Efficient C(Aryl)—Cl Activation Catalysts**

Thomas Schareina and Rhett Kempe*

Today the principles of combinatorial chemistry are used
routinely by pharmaceutical companies for the discovery of
lead structures.l'l Recently, these methods have started to find
use in such areas as materials science and catalysis
research.’] Both in biochemistry and in materials science
the methods used have led to an increase in efficiency: by
combination of amino acids or nucleotides a plethora of
compounds has been generated!!] with the help of a diverse
method repertoire,[! and the parallelization or miniaturiza-
tion of materials-science libraries has resulting in considerable
time-saving.’) However, in catalyst research the preparation
of homogeneous-catalyst libraries with the synthetic strategies
of organometallic chemistry gives rise to problems. We report
here on a new class of ligands, the P-functionalized amino-
pyridines, which can be prepared efficiently and in great
diversity by use of parallel synthesis under the exclusion of air.
These ligands form C(aryl)—Cl activation catalysts for the
Suzuki reaction with Group 10 metals.

Di(2-pyridyl)amine reacts with BuLi and chlorodiphenyl-
phosphane to form 1 in high yields (Scheme 1). According to
the NMR spectrum, the reaction of 1 with [PdCl,(cod)]
(cod = cyclooctadiene) occurs almost quantitatively to form
the complex 2, the molecular structure of which was
determined by X-ray crystallography (Figure 1). Compound
1 coordinates with the palladium atom to form a five-
membered ring. The bond lengths and angles determined
for 2 are in agreement with those of other PN-ligand—di-
chloropalladium complexes.”l Ligands, such as 1 and com-
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Scheme 1. Synthesis of 1 and 2.
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Figure 1. Molecular structure of 2. Selected bond lengths [A] and an-
gles [°]: N1-P1 1.702(5), N2-Pd1 2.053(5), P1-Pdl 2.1951(15), Cl1-Pdl
2.3731(14), CI2-Pd1 2.303(2); N2-Pd1-P1 83.15(14), P1-Pd1-CI2 89.52(6),
N2-Pd1-Cl1 95.00(14), C12-Pd1-Cl1 92.36(6).

plexes or precatalysts, such as 2 should be accessible simply
and in large diversity by parallel synthesis.[! Many bipyridyl-
amines, 2-aminopyridines,”! or similar N-heterocyclic amines
can be prepared from primary amines by palladium-catalyzed
arylamination.'”) These may be P-functionalized in parallel in
simple synthetic steps and treated with metal salts to form
complexes (such as, 1 in Scheme 1). In this way 60 different
catalyst systems were synthesized!!!] and tested in parallel in
the preparation of 4-cyanobiphenyl from 4-chlorobenzonitrile
and phenylboronic acid by the Suzuki coupling.'?l Selected
results are summarized in Table 1. The abbreviations for the

Table 1. Conversions of selected catalyst systems (Suzuki reaction, syn-
thesis of 4-cyanobiphenyl). In total 60 systems were tested.

Entry  Base Ligand Catalyst precursorl®l  Yield [%]
1 K,CO; B4MPm [Pd,(dba)] quant

2 NaOrBu  BPyPy [Pd,(dba)] quant

3 NaOBu  B4MPm [Pd,(dba)] quant

4 K,CO,  BPyPy [Pd,(dba)] 83

5 K,CO,  TtBP [Pd,(dba),] 80

6 K+PO, BPy,(0-P)Py  Pd(OAc), 78

7 NaOBu  DtBPCl [Pd,(dba)y] 76

8 K;PO, PPmPm [Ni(cod),] 65

[a] dba = dibenzylidenacetone.

ligands used are explained in the box below. One of the best
ligands in the palladium-complex-catalyzed Suzuki cou-
pling!®l is TtBP[ which is reproducibly surpassed by
B4MPm.["]

\

Nomenclature of the compounds R,PNR'R”

R =phenyl (P), cyclohexyl (C), tert-butyl (B)

R’, R”=2-pyridyl (Py), 3-methyl-2-pyridyl (3M), 4-methylpyridyl
(4M), 6-methyl-2-pyridyl (6M), 4,6-dimethyl-2-pyridyl (4,6M), 6-me-
thoxypyridinyl (Mx), 2-pyrimidyl (Pm), pyrazinyl (Pa), trimeth-
ylsilyl (Si), 4-methylquinolin-2-yl (L), 2-(N,N-di-2-pyridyl)phenyl
(Pyx(0-P))

Further ligands: tri(fert-butyl)phosphane (TtBP), rac-2,2’-bis(diphe-
nylphosphanyl)-1,1"-binaphthyl (binap),  1,3-bis(diphenylphospha-
nyl)propane (bdpp), di(tert-butyl)chlorophosphane (DtBPCl), triphe-
nylphosphane (PPh;)
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In addition to palladium, other metals are also attracting
increasing interest for use in C—C coupling, for example,
nickel, which is relatively reduction-stable and less expen-
sive.'®! Thus, the activity of the novel catalysts was also
investigated in the nickel-complex-catalyzed coupling of non-
activated p-chloroanisole with phenylboronic acid to form
4-methoxybiphenyl. Selected results of the 84 screening
experiments are summarized in Table 2.''l Here too the
P-functionalized aminopyridines in combination with nickel
and palladium are, under screening conditions, superior to the
known catalyst systems.['!”) Remarkably, ligands which in
combination with nickel salts act as catalysts show almost no
catalyst activity or selectivity with palladium salts and vice
versa.['s]

Table 2. Conversions of selected catalyst systems (Suzuki reaction, syn-
thesis of 4-methoxybiphenyl).

Entry Base Ligand Yield [% ] Yield [% ]
1 K:PO,  C46MMsx 14 53
2 K,CO; BPmPm (1 equiv) 53 0
3 K;PO, BPmSi 19 31
4 K,PO,  TtBP 4 6
5 K;PO,  PPh, 1 38

[a] With [Pd,(dba),]. [b] With [Ni(cod),].

The following may be concluded from these investigations:
palladium or nickel complexes which are stabilized by
P-functionalized aminopyridines can activate C(aryl)—Cl
bonds efficiently and possess a stable metal-ligand bond
(formation of a five-membered ring chelate, see Figure 1).
This property allows such catalyst systems to couple non-
activated chloroarenes with problematic functional groups,
that is those which can poison the catalyst. A summary of the
48 screening experiments!'!l on the coupling of 3-chloropyr-
idine to 3-phenylpyridine with phenylboronic acid is shown in
Table 3. Complexes with ligands which have established

Table 3. Activation of 3-chlorpyridine (Suzuki reaction, synthesis of
3-phenylpyridine). In total 48 systems were tested.

Entry Base Ligand Catalyst precursor Yield [%]
1 K,PO, B4MPm Pd(OAc), 90
2 K,PO, B4MPm [Pd,(dba),] 89
3 K:PO, BPyPy [Pd,(dba),] 86
4 K,PO, BPaPa [Pd,(dba),] 79
5 K:PO, BAMPm (0.5%)  [Pdy(dba),] (0.5%) 76
6 K:PO, BAMPm (0.25%) [Pdy(dba)] (025%) 69
7 K,CO; BPyPy [Pd,(dba),] 58
8 K,PO, T{BP [Pd,(dba),] 5
9 K;PO,  rac-binap [Pd,(dba);] 1

10 KiPO, bdpp [Pd,(dba),] 0

themselves with non-activate chloroarenes (TtBP) or with
activated pyridines (2- or 4-chloropyridine; binap, bdpp)!'®
exhibit lower activity than BAMPm or, in some cases, even
none. A similar situation occurs in the reaction of 2-chloro-
4,6-dimethoxytriazine to 2,4-dimethoxy-6-phenyltriazine with
phenylboronic acid (Table 4).
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Table 4. Activation of 2-chloro-4,6-dimethoxytriazine (Suzuki reaction,

synthesis of  2,4-dimethoxy-6-phenyltriazine, catalyst precursor:
[Pd,(dba);]). In total 19 systems were tested.

Entry Base Ligand Yield [%]
1 K;PO, CPmPm 89

2 K;PO, BPaPa 79

3 K;PO, BPmPm 77

4 K;PO, TtBP 72

5 K,;PO, rac-binap 47

6 K;PO, bdpp 31

We have thus demonstrated that combinatorial libraries
with efficient catalyst systems can be developed for scientifi-
cally and industrially important reactions['l by using simple
synthetic strategies from organometallic chemistry. A broad
application of the P-functionalized ligand class may be
expected since many homogeneous catalysts with late tran-
sition metals contain pyridine and/or phosphane ligands."!
The time-saving and simple preparation of the ligands is
especially advantageous.

Experimental Section

All reagents are commercially available and were used without further
purification. Air- and water-sensitive materials were handled with the
exclusion of air and moisture in Schlenk flasks or in a glove box (Braun,
Labmaster 130). Solvents (Aldrich and Cambridge Isotope Laboratories)
were dried with sodium tetraethylaluminate or molecular sieve (CH,Cl,,
CD,CL).

1: Under argon, nBuLi (2.5M, 1.6 mL, 4 mmol) in hexane was added to
di(2-pyridyl)amine (0.68 g, 4 mmol) in diethyl ether (10 mL) at —77°C.
After 1 h chlorodiphenylphosphane (0.72 mL, 0.882 g, 4 mmol) in diethyl
ether (4 mL) was added dropwise. During the addition the reaction mixture
became brilliant yellow. After stirring for 48 h at room temperature the
solution was transferred into another Schlenk flask by filtration and
evaporated to dryness, the residue extracted twice each time with a mixture
of diethyl ether (10 mL) and THF (10 mL). The solvents were distilled off
in vacuum into a flask cooled with dry ice and the residue was dried at
1 mbar and room temperature. Yield: 1.42 g (quantitative). Elemental
analysis (%) calcd for C,,H;sN;P: C 74.35, H 5.11, N 11.82; found: C 74.50,
H 5.31, N 11.68; '"H NMR (C¢Dy): 6 =8.16 (m, 2H), 7.73 (m, 4H), 6.97 (m,
6H), 6.57 (d, 2H), 6.33 (ddd, 2H); BC NMR (C¢Dy): 6 =158.35, 158.29,
148.81, 138.74, 138.54, 136.97, 136.07, 136.06, 133.76, 133.55, 132.04, 128.77,
128.53, 128.11, 118.37, 118.26; 3'P NMR (C4Dg): 6 =69.37.

2: Under argon, dichloromethane (4 ml) was added to [PdCl,(cod)]
(0.071 g, 0.25 mmol) and 1 (0.089 g) in a Schlenk flask. After layering with
diethyl ether (6 mL) pale yellow crystals were obtained after about 1 week.
These were collected by filtration, washed with diethyl ether (4 mL), and
dried in vacuum. Yield: 0.10 g (75%). Elemental analysis (%) calcd for
C,H3sCLN;PPd: C 49.60, H 3.41, N 7.89; found: C 49.29, H 3.51, N 7.81;
IH NMR (CD,CL): 6 =9.43 (m, 1H), 8.24 (m, 1H), 788 (m, SH), 7.66 (m,
1H), 7.50 (m, 4H), 737 (m, 5H), 7.08 (m, 1H), 7.02 (m, 1 H), 6.70 (m, 1H),
6.54 (m, 1H); 3CNMR (CD,CL): 6=150.4, 150.1, 149.1, 140.2, 138.5,
133.4,133.3,132.2, 127.8, 127.7,125.9, 125.3, 122.8, 121.7, 121.7, 120.8, 118.0;
3P NMR (CD,Cl,): 6=99.2.

Received: 10 January, 2002 [Z18507]

[1] a) Combinatorial peptide and nonpeptide libraries: a handbook (Ed.:
G. Jung), VCH, Weinheim, 1996; b) D. R. Liu, P. G. Schultz, Angew.
Chem. 1999, 111, 36-56; Angew. Chem. Int. Ed. 1999, 38, 36—-54; L.
Weber, K. Illgen, M. Almstetter, Synlett 1999, 3, 366 —374.

[2] 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, 2495-2532; b) C. H. Reynolds, J. Comb. Chem. 1999, 1,
297-306; c) J. Klein, C. W. Lehmann, H.-W. Schmidt, W. F. Maier,

1433-7851/02/4109-1522 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 9



COMMUNICATIONS

[10

[11

Angew. Chem. Int. Ed. 2002, 41, No. 9

]

]

Angew. Chem. 1998, 110, 3557 -3561; Angew. Chem. Int. Ed. 1998, 37,
3369-3372; d) D. E. Akporiaye, I. M. Dahl, A. Karlsson, R. Wendel-
bo, Angew. Chem. 1998, 110, 629 —631; Angew. Chem. Int. Ed. 1998, 37,
609-611.

a) T. Bein, Angew. Chem. 1999, 111, 335-338; Angew. Chem. Int. Ed.
1999, 38, 323-326; b) R. H. Crabtree, Chem. Commun. 1999, 1611 -
1616; ¢) W. F. Maier, Angew. Chem. 1999, 111, 1294-1296; Angew.
Chem. Int. Ed. 1999, 38, 1216-1218; d) A. H. Hoveyda, K. W. Kuntz,
M. L. Snapper, Curr. Opin. Chem. Biol. 1999, 3, 313-319; ¢) B.
Jandeleit, H. W. Turner, T. Uno, J. A. M. van Beek, H. W. Weinberg,
CATTECH 1998, 2, 101; f) R. Dagani, Chem. Eng. News 1998, 76(24),
6-7; g) M. B. Francis, T.F. Jamison, E. N. Jacobsen, Curr. Opin.
Chem. Biol. 1998, 2, 422 - 428; h) C. Gennari, H. P. Nestler, U. Piarulli,
B. Salom, Liebigs Ann./Recl. 1997, 637 —647.

F. Balkenhohl, C. von dem Bussche-Hiinnefeld, A. Lansky, C. Zechel,
Angew. Chem. 1996, 108, 2436-2488; Angew. Chem. Int. Ed. Engl.
1996, 35, 2288 -2337.

a) J. Wang, Y. Yoo, C. Gao, I. Takeuchi, X. Sun, C. Hauyee, X.-D.
Xiang, P. G. Schultz, Science 1998, 279, 1712—-1714; b) E. Danielson,
M. Devenney, D. M. Giaquinta, J. H. Golden, R. C. Haushalter, E. W.
McFarland, D. M. Poojary, C. M. Reaves, W. H. Weinberg, X. D. Wu,
Science 1998, 279, 837-839; c) D.J. Gravert, A. Datta, P. Went-
worth, Jr., K. D. Janda, J. Am. Chem. Soc. 1998, 120, 9481 -9495; d) E.
Danielson, J. H. Golden, E. W. McFarland, C. M. Reaves, W. H.
Weinberg, X. D. Wu, Nature 1997, 389, 944 -948; ¢) B. E. Baker, N. J.
Kline, P. J. Treado, M. J. Natan, J. Am. Chem. Soc. 1996, 118, 8721 —
8722; f) G. Briceno, H. Chang, X. Sun, P. G. Schultz, X.-D. Diang,
Science 1995, 270, 273 -275; g) S. Brocchini, K. James, V. Tangpasu-
thadol, J. Kohn, J. Am. Chem. Soc. 1997, 119, 4553 —4554.

Crystal structure analysis of 2: STOE-IPDS diffractometer, graphite
monochromatic Moy, radiation, 2=0.71069 A, the structure was
solved by direct methods (SHELXS-86: G.M. Sheldrick, Acta
Crystallogr. Sect. A 1990, 46, 467) full-matrix least-squares refinement
on F? (SHELXL-93), structural presentation: Schakal-92, crystal
dimensions 0.3 x 0.2 x 0.2 mm, yellow prisms, space group Cc, mono-
clinic, a =11.848(2), b =11.983(2), c = 14.845(3) A, f=92.45(3)°, V=
2105.7(18) A3, Z=4, pea=1.680 gcm~3, 3039 measured, 1640 sym-
metry independent reflections of which 1612 observed (I >20l), R=
0.019, wR? (all data) = 0.067, 262 parameters. CCDC-176950 contains
the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre,
12, Union Road, Cambridge CB21EZ, UK fax: (+44)1223-336-033;
or deposit@ccdc.cam.ac.uk)..

A search in the CSD data bank for PN-ligand dichloropalladium
complexes with a five-membered ring gave the following bond
lengths [A] and angles [°] (mean values): Pd-N 2.074(12), Pd-P
2.206(5), Pd-C12.33(1); N-Pd-P 84.7(5).

An apparatus in which a maximum of 60 reactions can be carried out
simultaneously under anaerobic conditions within a temperature
range of room temperature to 70°C was developed for the parallel
synthesis and screening procedure.
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Conditions: all reactions were carried out in the parallel apparatus
(see ref. [8]) under argon. In the case of the diphenyl- and
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dicyclohexyl-substituted phosphanyl residues the ligands were pre-
pared in parallel by the metalation of the amines with nBuLi at —77°C
and the addition of an equivalent of chlorodiphenylphosphane or
chlorodicyclohexylphosphane. The preparation of the catalyst systems
with di(zert-butyl)phosphane substituents was carried out in situ when
one equivalent of each of amine, chlorodi(fert-butyl)phosphane, and
the catalyst precursor were heated together with the base (K;PO,,
K,COs;, Na,COs;, or NaOrBu) in a Schlenk flask for 1 h at 60°C. The
substrates were then added at room temperature. The screening
reactions were carried out as follows: the base was dried in vacuum at
130°C for 24 h and transferred into the flask in a vacuum box. The
stock solutions of the substrates (haloarenes and phenylboronic acid,
concentration c=1molL"!, 1 mL, or 1.2 mL) and reagents (ligands
and catalyst precursors, ¢ =0.025 molL™') were then added and the
stirred mixture heated to the reaction temperature. The evaluation of
the reaction products was carried out by gas chromatography at the
end of the reaction. 1st Library: THF, 1.2 mmol base, 1 mmol
4-chlorobenzonitrile, 1.2 mmol phenylboronic acid, 1% catalyst
precursor, 1equiv ligand, 60°C, 24 h; 2nd library: THF, 1.2 mmol
base, 1 mmol 4-chloroanisole, 1.2 mmol phenylboronic acid, 1%
catalyst precursor, 1 equiv ligand, 60°C, 24 h; 3rd library: 1,4-dioxan,
1.2 mmol base, 1 mmol 3-chloropyridine, 1.2 mmol phenylboronic
acid, 1% catalyst precursor, 1 equiv ligand, 60°C, 24 h; 4th library:
1,4-dioxan, 1.2 mmol base, 1 mmol 2-chloro-4,6-dimethoxytriazine,
1.2 mmol phenylboronic acid, 1% catalyst precursor, 1 equiv ligand,
60°C, 24 h. A full description of the experiments can be found in the
Supporting Information.
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The increased activity of nickel catalysts compared to palladium
catalysts could be explained by the action of the free heteroaryl
residue as a ”secondary base”: the protons released in the cleavage
step could be more rapidly abstracted and transferred to the auxiliary
base (e.g. K;PO,) outside of the actual reaction sphere. Further
experiments on this are planned.

Academically: the dissociation energy of the C(aryl)—halogen bond is
considerably higher in chloroarenes than in bromo- or iodoarenes
(C-C1402, C-Br 339, C-1272 kImol!), V. V. Grushin, H. Alper, Chem.
Rev. 1994, 94, 1047 -1062. Industrially: many cost-effective chloroar-
enes are available for C(aryl)—chloro activation reactions.
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