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Abstract: The preparation of a new heterogeneous palladium(ll)-based catalyst and its homogeneous analogue
and their use for Heck-type, alkyne and amine couplings are described. The heterogeneous catalytic system is
based on a polymer-bound dichloropalladium di(pyrid-2-yl)amide and was prepared via ring-opening metathesis
copolymerization of norborn-2-ene-BL(-di(pyrid-2-yl))carbamide with 1,4,4a,5,8,8a-hexahydro-1,4¢%8-
endedimethanonaphthalene and subsequent loading of the resulting resin with palladium(ll) chloride. The
heterogeneous catalyst is air, moisture, and temperature stable up°@ 450 highly active (9499% yields)

in the vinylation of aryl iodides and aryl bromides (Heck-type couplings) with turn-over numbers (TONSs) of

up to 210000. Even higher TON’s (up to 350000) may be achieved in the arylation of alkynes. High yields
(=95%) and TONs£24000) may additionally be achieved in the tetrabutylammonium bromide (TBAB) assisted
vinylation of aryl chlorides. Moderate yields<65%) and TONs €4000) are observed in the amination of

aryl bromides. A soluble analogue of the heterogeneous systeNidi(pyrid-2-yl)acetamide palladium
dichloride @), was prepared from palladium(ll) chloride aNdN-di(pyrid-2-yl)acetamidel) and characterized

by X-ray analysis2 crystallizes in the monoclinic space groBg:/n, a = 835.0(1) pmb = 1494.3(4) pm,
c=1199.3(2) pmo. = 90°, B = 109.05(2}, vy = 90°, Z = 4. It served as a model compound for the elucidation

of the actual geometry of the catalytic species. The unstrained geomeZrwithi almost ideal angles and

bond lengths explaines the high stability of the catalytic center. The significantly higher catalytic activity of
the heterogeneous system compared to the homogeneous one suggests well-defined ligand-bound catalytic
sites rather than polymer-supported palladium colloids.

Introduction made so fatl™1* the demand for highly active and stable
) . o ) heterogeneous systems is still high'8 Only a few reports exist
Palladium-mediated polymerizatidifsand coupling® have on the synthesis of heterogeneous palladium catalysig.,
attracted significant interest during the last years as they pased on palladium-loaded porous gissalladium-loaded
represent versatile tools in synthetic chemistry. Besides moderncarhon, or aluming! palladium colloid2-24 zeolite (NaY-
applications, e.g., the catalytic formation of hydrogen peroXide, type)-entrapped Pd complex&sor Pd-grafted MCM-428

commonly callegl the Heck reaction, as well as cro;s-coupllng (11) Guram, A. S.- Rennels, R. A- Buchwald, S Angew. Chent.995
reactions involving alkynésor the arylation of arylaminésre 107, 1456-1459.
still in the center of interest, in particular when these reactions  (12) Wolfe, J. P.; Buchwald, S. 0. Am. Chem. S0d997, 199, 66054-
are carried out in an enantioselective way® Despite the 6058

L . &D .p (13) Wagaw, S.; Rennels, R. A.; Buchwald, S.1.Am. Chem. Soc.
significant progress in homogeneous catalysis which has been;gg7 119 8451-8458.

(14) Marcoux, J.-F.; Wagaw, S.; Buchwald, S.1..Org. Chem1997,
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(6) Beller, M. Angew. Chem1995 107, 1436-1437. (21) Jayasree, S.; Seayad, A.; Chaudhari, RCklem. CommuriL999
(7) Loiseleur, O.; Hayashi, M.; Keenan, M.; Schmees, N.; Pfaltz].A. 1067-1068.
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on a Merrifield polymer using a permanently “renewable” as they form stable complexes with a large variety of metal

triazene-linker. Generally speaking, the most striking advantagesions. Nevertheless, due to the nonselectivity of binding, the

of heterogeneous catalytic systems is their easy removal fromcatalytically active metal ion is often replaced by traces of other

the reaction mixture which, in case of sufficient stability, allows matel ions present in technical grade chemicals such as iron,
their reuse as well as the formation of catalyst and ligand-free copper, nickel, etc., leading to a fast deterioration of the catalyst.
products. Besides a lack of knowledge about the exact chemicalln this contribution, the use of a palladium-selective ligand, its

structure of a heterogeneous catalytic system, a major drawbackheterogenization by ring-opening metathesis polymerization
in the synthesis of stable heterogeneous palladium(ll) systems(ROMP), and the synthesis of the catalysts as well as some
is often related to the rather low durability of the corresponding applications are presentéd.

complexes. Generally, the high temperatures which are required

to promote the coupling reaction lead to the fast formation of Results and Discussion

palladium black. In general, such heterogeneous coupling

reactions are characterized by low to moderate TONs0Q0)

and low to moderate yields in the case where aryl chlorides are
used??2426Consequently, to obtain acceptable yields, compa-

rably large amounts of palladium(ll) (usually 6:3 mol %)

are required. The problem of temperature-induced catalyst

degradadion may somehow be reduced if microawe high

pressuré® are used to promote the corresponding coupling
reaction. While phosphine-based ligands possess excellen
bindung properties for palladium(ll) and allow the preparation
of highly active system%} they are easily transformed into the
corresponding phosphine oxides. This reaction results in a slow
but permanent release of palladium (catalyst bleeding) which
significantly aggrevates their industrial use. To circumvent this
problem, more stable catalytic systems have been elaborate

for homogeneous catalysis.33 Phosphapalladacylé$;*° which
may also be used in nonaqueous ionic solvéhind more
recently an aza-analogue were repottad be a highly active

Heck-type catalysts. Finally, homoleptic chelating N-hetero-
cyclic carbene complex&s*2-4> have to be mentioned. Other

cyclic, chelating N- and P-based ligad84 such as dipyridyl,
phenantroline, etc. are well-known in homogeneous catalysis

(25) Djakovitch, L.; Heise, H.; Kbler, K. J. Organomet. Chen1999
584, 16—-26.

(26) Mehnert, C. P.; Ying, J. YChem. Commuril997, 2215-2216.

(27) Brése, S.; Enders, D.; Kaberling, J.; Avemaria, FAngew. Chem.
1998 110, 3614-3616.

(28) Larhed, M.; Hallberg, AJ. Org. Chem1996 61, 9582-9584.

(29) Voigt, K.; Schick, U.; Meyer, F. E.; de Meijere, Aynlett1994
189-190.

(30) van Strijdonck, G. P. F.; Boele, M. D. K.; Kamer, P. C. J.; de Vries,

J. G.; van Leeuwen, P. W. N. MEur. J. Inorg. Chem1999 1073-1096.
(31) Shaw, B. L.; Perera, S. @hem. Commuril998 1863-1864.
(32) Ohff, M.; Ohff, A.; Milstein, D.Chem. Commuri999 357—358.
(33) Crisp, G. T.; Gebauer, M. Getrahedrorl996 52, 12465-12474.
(34) Herrmann, W. A.; Reisinger, C. P.f&e, K.; Brg8mer, C.; Beller,

M.; Fischer, H.J. Mol. Catal. A Chem1996 108, 51—56.

(35) Beller, M.; Fischer, H.; Herrmann, W. A.;f€e, K.; BrgSmer, C.

Angew. Chem1995 107, 1992-1993.

(36) Beller, M.; Riermeier, T. HTetrahedron Lett1996 37, 6535

6538.

(87) Herrmann, W. A.; Br@mer, C.; Gele, K.; Reisinger, C.-P.;

Priermeier, T.; Beller, M.; Fischer, HAngew. Chem1995 107, 1989~

1992.

(38) Herrmann, W. A.; Br@mer, C.; Reisinger, C.-P.; Riermeier, T. H.;

Ofele, K.; Beller, M.Chem. Eur. J1997, 3, 1357-1364.

(39) Islam, S. M.; Palti, B. K.; Mukherjee, D. K. Mol. Catal. A1997,
124, 5-20.

(40) Herrmann, W. A.; Bbm, V. P. W.; Reisinger, C.-B. Organomet.
Chem.1999 576, 23—41.
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Chem.1998 557, 93—96.

(46) Rau, T.; Shoukry, M.; van Eldik, Rnorg. Chem1997, 36, 1454~
1463.

Preparation of the Heterogeneous Catalyst.Standard
procedures for the preparation of polymer-supported ligands
usually entail the surface modification of commercially available
polymer supports, e.g. polystyrene-divinylbenzene (PS-DVB)
or chloromethylated PS-DVB (Merrifield polymer). Neverthe-
less, this synthetic route is characterized by some disadvantages.
To achieve a maximum derivatization capacity (usually ex-

ressed in mmol of functional group/g of resin) porous materials

ith high surface areas have to be chosen. As a major part of
the specific surface area)(results from internal pores, large
amounts of the desired ligand are located at the interior of the
particle. This leads to a diffusion-controlled reaction during
catalysis which usually significantly reduces the overall reaction
ate constant®> Another critical point lies in the usually
mployed divergent synthetic approach for surface derivatiza-
tions. The synthetic protocol often consists of at least two to
three steps. Due to the heterogeneous character of such
transformations, each step may not be accomplished in a
guantitative way. In contrast to homogeneous reactions, the
resulting “byproducts” are not removed. This leads to a situation,
where a significant amount of the initial functionality is not
transformed into the desired ligand. Poor definitions in terms
of chemical structure and problems of catalyst poisoning are
often the consequence.

Ring-opening metathesis polymerization (ROMP) has been
demonstrated to present a powerful tool in the preparation of
functionalized polymer support8:64 Even complex function-
alities may be introduced with high reproducibility and without

(47) Togni, A.; Venanzi, L. MAngew. Chem., Int. Ed. Endl994 33,
497-526.
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Chromatogr. A1998 809, 121-129.

(57) Buchmeiser, M. R.; Tessadri, R.; Seeber, G.; Bonn, GAial.
Chem.1998 70, 2130-2136.

(58) Buchmeiser, M. R.; Bonn, G. KAm. Lab.1998 11, 16-19.
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5295.
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Figure 1. Heterogenization of the ligand and preparation of the catalystA2,6--Pr,-CsHs, R = C(CHs)(CF)y).

any change in the chemical nature, geometry, and even chirality </O>

of the corresponding functional group. Previously, we reported o} HNPys °>\.N© HaPdCly S AN pa2+
on the synthesis of a new material for the selective enrichment , .~ —>  He N T HC N

of palladium and mercury via ROMP using Schrock-type O @
initators2:60 For the present investigation, a beaded ROMP-

based polymer containing the palladium-selective ligand was 1 2

loaded with the transition metal and used for Heck-type Figure 2. Preparation of.
couplings and the amination of aryl halogenides. The synthesis
of the support and loading of the resin is summarized in Figure
1. The norborn-2-ene-bound palladium-selective lighhN-
di(pyrid-2-yl)carbamide was polymerized in a living way by
the Schrock catalyst Mo(N-2,i6Pr,-CgH3)(CHCMe,Ph(OCMe-
(CF3)2)2). The living polymer chains were cross-linked using
1,4,4a,5,8,8a-hexahydro-1,4,%80-endedimethanonaphtha-
lene. As a consequence of the polymerization order, the linear
polymer chains bearing the functional groups form tentacles
which are attached to the surface of the cross-linked carrier.
The resulting material represents a typical small particle
catalystl® The carrier particles have a mean diameter of 20
40 um, possess only macroporesi000 A), and are therefore
characterized by a low specific surface area§4m?/g) both

in the dry as well as in the wetted state. Consequently, swelling
is a minor problem. As the palladium-loaded chelating groups
are located exclusively at the surface of the parfiéfe they

are easily accessible; diffusion plays a minor role and coupling
reactions proceed within the interph&8€&% As a consequence

of the high selectivity of the ligand for palladium, no substitution
by other metal ions which might be present in technical grade
chemicals occurs. The high affinity of the ligand for palladium
also leads to a high-temperature stability of up to $60and

to an extraordinary pH stability of the resulting complex. Thus,
palladium may not be removed from the ligand within a pH
range of 6-12.

Preparation of the Homogeneous CatalystTro obtain more
information about the actual geometry of the catalytic center,
to estimate any potential loss of activity that results from
heterogenization, and to make a statement about the actua
catalytically active species, a homogeneous analogueias
prepared (Figure 2). Reaction of acetyl chloride with dipyridyl-

Figure 3. X-ray structure of2.

amine leads to the formation bEN-di(pyrid-2-yl)acetamidel).
Reaction ofl with H,PdCl, in methanol yields the corresponding
complex2. It was characterized by X-ray analysis and shows
the expected square-planar conformation of the palladium center
(Figure 3). The carbonyl group shows no additional interaction
with the metal center. A comparison between the palladium-
containing ligand2 and the similar free ligand norborn-2-ene-
5-(N,N-dipyrid-2-yl)carabamid® reveals no significant differ-
ences in the relevant bond distances and angles. The surrounding
of the sB-hybridized amide-nitrogen atom N(3) is virtually the
same within standard deviations, consequently the angte C3
’\I3—C8 (116.5(3)) is nearly identical with the corresponding
one in the free ligand (116.1(3)(Table 2). The two angles of
C3—-N1-C7 and C8N2-C12 (118.3(4) and 118.8(%),
respectively) are only slightly increased compared to the
31(()%4&1))98uchmeiser, M. R.; Sinner, F. Austrian Patent Application (AT), corresponding angles in the free ligand (116.9é3)d 115.6(3),
- ) . . respectively). The reason for this increase in theNCbond

19_5,%5)1&']?%%2}'52&%@“8'Ier' T.; Auer, F.; Mayer, H. Angew. Chem. lengths in the range of 1 pm is the movement of the N1 (N2)

(66) Marqusee, J. A.; Dill, K. AJ. Chem. Phys1986 85, 434—444. atoms in direction of C5 (C10) of about the same range. This




Table 1. Selected X-ray Data fo?

11104 J. Am. Chem. Soc., Vol. 121, No. 48, 1999

2
mol formula G-H11CIo:N3OPd
fw 390.54
cryst syst monoclinic
space group P2:/n
a(pm) 835.0(1)

b (pm) 1494.3(4)
¢ (pm) 1199.3(2)
o (deg) 90

p (deg) 109.05(2)
v (deg) 90

vol (nm? 1.4145(5)
z 4

temp (K) 218.(2)
density (calcd) (Mg/r®) 1.834

abs coeff (mm?) 1.683
color, habit yellow plate
no. of rfins withl > 24(1) 1779
goodness-of-fit o2 1.068

Rindicesl > 20(l) R1 = 0.0305wR2 = 0.0702

Table 2. Selected Bond Lengths [pm] and Angles [deg] for

Pd(1)-N(2) 203.9(3) Pd(1yCI(1) 228.77(12)
Pd(1)-N(1) 204.1(3) Pd(1)yCI(2) 229.26(12)
N(2)-Pd(1)-N(1) 87.80(14)  N(L}Pd(1)-Cl(2) 177.96(10)

Cl(1)-Pd(1)-Cl(2) 91.17(5)
N(1)—Pd(1)-CI(1) 90.70(10)
N(2)—Pd(1)-CI(2) 90.37(10)

N(2)-Pd(1)-CI(1) 176.93(10)
C(8YN(2)-Pd(1) 118.6(3)
C(8YN(3)-C(3) 116.5(3)

Figure 4. Geometry of the relevant binding sites &f

distortion may be explained by the Gillespidyholm rules®”

The high selectivity of this ligand for palladium results from
its geometry (Figure 4). As the distance of the-N31 axis to

the palladium atom is in the range of 260 pm, this leads to a

Buchmeiser and Wurst

and alkyne compounds. An overview is given in Table 3. Each
coupling sequence was carried out with different amounts of
both the homogeneous and the heterogeneous palladium catalyst
using different solvents and bases.

(a) Aryl lodides. Aryl iodides are known to be the most
reactive compounds in Heck-type couplings. As shown in Table
3 (entries +12), coupling yields of up to 99% (entry 5) may
easily be obtained with extremely low amounts (@rol) of
the heterogeneous catalyst. Generally speaking, the system
dimethylacetamide (DMAC)/BCOs/NaxCO; was found to work
best. Reactions were additionally carried out with extremely
low amounts of catalyst (0.00038 mol %, entry 3) to characterize
the new system in terms of the maximum achievable TONs. It
is worth noting that TONs of up to 210000 may be achieved in
these systems. Tetrabutylammonium bromide (TBAB), which
is know to promote Heck-type couplings38.68.69vas used for
comparative studies in the coupling reaction of styrene with
iodobenzene (entry 6). Addition of 20 mol % of NfBr with
respect to iodobenzene led to a significant increase in the overall
reaction rate constant (Figure 5, graph B). Additionally, a
significant increase in yield (98%) was observed. The elevated
overall coupling rate constant and the high stability of the
catalytic system may give access to a permanent system. As a
consequence of the high stability of the heterogeneous system
(Figure 5, graph A), the catalytic system ftansstilbene
employing 3x 1073 mol % palladium may be refed with educts
without any further addition of catalyst (Figure 5, graphs, B,
C, and D). The combination of the present heterogeneous system
with such promotors therefore offers an attractive access to fast
and efficient Heck-type couplings which may be of certain
interest in industry.

Another demonstration of the versatility and applicability of
the new heterogeneous system is given by the effective coupling
of iodobenzene with vinylferrocene (Table 3, entry 11). While
these reactions have been reported previdlisty require 11
mol % of the catalyst to obtain yields larger than 85%, the
present coupling system leads to similar yields with only»4.4
1072 mol % palladium(ll) (Table 3, entry 11). An interesting
approach to ethynyl-based systems represents the use of
trimethylsilylacetylene (TMS-acetylene). If the reaction is
carried out in an autoclave under basic conditions Ntri-
butylamine, NBy) and in the presence of traces of water, the
TMS groups are cleaved off during coupling with iodobenzene
to form a mixture of tolan (diphenylacetylene) and (partially
TMS-protected) ethynylbenzene (Table 3, entry 12).

(b) Aryl Bromides. Coupling of activated bromoaryls such
as 4-cyanobromobenzene with styrene leads to yields and TONs
(170000) similar to those observed in the corresponding coupling
reactions with iodoarenes (Table 3, entries-1%). The system

repulsion between the amide group and any other ligand that ok ri-N-butylamine allows yields of up to 94%. Nonactivated

would approach to form an octahedraly coordinated system.
Consequently, the ligand prefers to form square-planar com-
plexes and discriminates the building of octahedral complexes.

The selectivity of the ligand for palladium versus other transition

metal ions which preferrably form square-planar complexes may

lie in the thermodynamic or kinetical stability of the corre-
sponding starting compounds. Thus, platinum is known to form
extraordinarily stable chloro complexes, which may prevent
recomplexation by this ligand.

Coupling Reactions.Both the heterogeneous as well as the
homogeneous cataly& were used for Heck-type reactions,

systems, e.g. bromobenzene/styrene, work best with DMAC/
K2COs/NaxCO;3 (entry 13). p-Fluorobromobenzene- ang-
methoxybromobenzene-based systems may be coupled with
moderate yields of up to 70%.

(c) Aryl Chlorides. The use of the easily accessible and cheap
aryl chlorides in coupling reactions represents a major point of
interest in industries. Unfortunately, coupling yields of vinyl
compounds with aryl chlorides are often low. The same applies
to the current system if it remains unmodified. Thus, no or little

(68) Lavenot, L.; Gozzi, C.; llg, K.; Orlova, |.; Penalva, V.; Lemaire,

alkyne couplings, polymerizations, and aminations of a series M- J. Organomet. Cheni99§ 567, 49-55.

of differently substituted aryl halogenides with various vinyl

(67) Gillespie, R. JChem. Soc. Re 1992 59-69.

(69) Gozzi, C.; Lavenot, L.; llg, K.; Penalva, V.; Lemaire, Vetrahe-
dron Lett.1997 38, 88678870.

(70) Konig, B.; Zieg, H.; Bubenitschek, B.; Jones, P.@hem. Ber1994
127, 1811-1813.
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Table 3. Summary of Heck-Couplings, Polymerizations, and Pd-Mediated Aminations

resirf Pd yield®
no. Ar—| g H,C=CHR g product [mg] [umol] [%] solvent  1GTON
1 iodobenzene 5.0 styrene 2.8 trans-stilbene 100 210 86.6 DMF 1.0
2 iodobenzene 34.8 styrene 16.8 transstilbene 1.6 693 DMP 73.9
3 iodobenzene 11.3 styrene 5.7 transstilbene 1 0.2 783 DMF 206.5
4 iodobenzene 9.0 styrene 4.6 trans-stilbene 3 1 90.0 DMAE 40.2
5 iodobenzene 9.0 styrene 4.6 transstilbene 1.2 0.4 99.0 DMAE 111.0
6 iodobenzene/TBAB 3 x 1.5/0.5 styrene % 0.77 transstilbene 1 0.2 98 DME 93.2
7 iodobenzene 5.5 ethylacrylate 2.7 ethyl cinnamate 20 42 793 PDMF 5.1
8 iodobenzene 9.1 ethylacrylate 4.5 ethyl cinnamate 20 6710 DMACK
9 iodobenzene 20.0 ethylacrylate 9.8 ethyl cinnamate 2 0.4 75.0 PDMF 175.1
10 iodobenzene 17.0 ethylacrylate 8.1 ethyl cinnamate f1.270 DMP 14.1
11 iodobenzene 0.92 vinylferrocene  0.94 1-ferrocenyl-2-phenylethene 1 0.2 811 ©bPDMF17.4
12 iodobenzene 14.8 TMS-acetylene  3.55 tolan/TMS-ethynylbenzene 1 0.2 75(2:1) DMF 432
resirf! Pd yield®
no. Ar—Br g H.C=CHR g product [mg]  [umol] [%] solvent  1GTON
13  bromobenzene 7.0 styrene 4.7 transstilbene 11 3.9 72.0 DMF 9.4
14 bromobenzene 7.0 styrene 4.6 transstilbene 3 1 90.0 DMAE 40.0
15  4-bromobenzonitrile 4.5 styrene 2.55 A4-cyaramsstilbene 18 3.8 94.0 DMF 6.1
16  4-bromobenzonitrile 6.7 styrene 3.8 4-cydrans-stilbene 5 11 62.1 DMF 20.6
17  4-bromobenzonitrile 6.7 styrene 3.8 4-cydrams-stilbene 1.6 51.2 DMP 11.7
18  4-bromobenzonitrile 12.3 styrene 8.5  4-cyaramsstilbene ki 0.35 83.0 DMmE 157.7
19  4-bromo-1-fluorobenzene 15.3 styrene 9.1 4-flumams-stilbene 2 0.4 26.0 DMF 54.1
20  4-bromo-1-fluorobenzene 7.8 styrene 4.6 4-fluvems-stilbene 2 0.7 58.5 DMAE 34.4
21  4-methoxybromobenzene 8.3 styrene 4.6 4-meth@sstilbene 105 36 70.0 DMAC 0.9
resirf! Pd yield®
no. Ar—ClI g H.C=CHR ¢ product [mg] [umol]  [%] solvent 16TON
22 chlorobenzene 5.0 styrene 4. Transstilbene 10 3.5 0.0 DMF 0.0
23 chlorobenzene/TBAB 5.0/3.0 styrene 4. Transstilbene 10 3.5 60.0 DMF 8.2
24  chlorobenzene/TBAB 5.0/3.0 styrene 4.@rans-stilbene 10 15 89.0 DMAC 23.6
25 chlorobenzene/TBAB 5.0/3.0 styrene 4.6ransstilbene 5 1.7 16.0 DMF, 7C¢ 4.1
26  4-chloroacetophenone 135 styrene 9.1 4-admylsstilbene 10 0.2 <10 DMF -
27 4-chloroacetophenone/TBAB  7.5/3.0 styrene 5.0 4-atetplsstibene 20 6.9 19.0 DMEF 1.4
28 4-chloroacetophenone/TBAB  6.9/3.0 styrene 4.6 4-atsybkstilbene 20 6.9 95.0 DMAE 6.1
resirf! Pd yield®
no. Ar—Br g H,C=CHR g product [mg] [umol] [%0] solvent  1GTON
29 dibromobenzene 2.0 divinylbenzene 1.14  polyphenylenevinylene 2 0.7 >99 DMACK 18
(My, = 1970, PDI= 1.63)
resirf Pd yield
no. ArBr g amine g product [mg]l [umol] [%] solvent 16TON
30 bromobenzene/K®Bu  4.2/3.5 N-methylaniline 2.8 N-methyldiphenylamine 15 3.2 452  THF 3.8
31 bromobenzene/KBBu 4.2/3.5 N-methylaniine 2.8 N-methyldiphenylamine 2 5.5 63.0 toluene 3.7
32 bromobenzene/K®BU" 5.0/4.0 piperidine 2.7 N-phenylpiperidine 22 7.7 18.0 toluene 0.8
33  bromoanisole/KQ-Bu 2.2/3.0 diphenylamine 2.0 4-methoxytriphenylamine 15 3.2 10.0 9THF 0.4

3 TBAB = tetrabutylammonium bromidé&.30 mL tri-n-butylamine.¢ 50 mL tri-n-butylamine. Containing 0.21 mmol/g immobilized Pd(+0.4
mmol free ligand)¢ Isolated yields 'Soluble, homogeneous analogue;Rell, 965°C."2 h at 110°C. by NMR.! Containing 0.35 mmol/g of
immobilized Pd(0) 4-0.65 mmol free ligand)t K,CO:/Na,COs. ' Unless stated otherwise, Heck-couplings were carried olit=atl40°C, t = 90
h.

reaction 10%) is observed between styrene and chlorobenzeneentailed the use of organotin compoufd&or aryltriflates!374
or the more activated 4-chloroacetophenone usirglD2 mol coupling reactions of aryl iodides and bromides may now be
% of the heterogeneous catalyst (entries 21 and 25). Neverthe-accomplished by phosphine-based palladium cataR/&tgdin
less, upon addition of TBAB, conversions of up to 89% and the presence of a sterically hindered base such as sodium or
96%, respectively, may be achieved (entries 22, 23, 24, andpotassiuntert-butylate!! Nickel-based systems or the use of
27—28). As for the aryl iodides and bromides, the system particular phosphines (e.g. thrt-butylbiphen-2-ylphosphine)
DMAC/K ,CO3/NaxCO3 works best. even allow the use of aryl chloridé3?6-78 More recently, highly

Polymerizations. The use of the heterogeneous catalyst in = (71) Guram, A. S.; Buchwald, S. U. Am. Chem. S0994 116, 7901
combination with the system DMACHACOs/NaCO;s allows the 7902.
quantititative polymerization of dibromobenzene/divinylbenzene __(72) Paul, F.; Patt, J.; Hartwig, J. F.Am. Chem. S02994 116 5969~
(containing 20% of ethylvinylbenzene, which serve as chain
terminating substrates) to form yellow pgbyphenylenevinyl-
ene) (PPV). Molecular weights as determined by GRIg £ 1268 _ o o _
1200) fit well the calculated valuedlq = 2000) which may be (SY.Sg)?ge;’n)é'r’nlétna(l)I’i(-:rs']'.E’)\l90E;nféJ£L'23-EllngEr§’5|-3L W.; Weinberg, W. H.; Guram,
deduced from the average chain length of PPV in the presence (76) wolfe, J. P.; Buchwala, S. LAnger_ Chem1999 111, 2570~
of 20% of ethylvinylbenzene. Polydispersities (PDIs) are as low 2573.
as 1.6 (entry 29). (77) Yang, B. H.; Buchwald, S. L1. Organomet. Cheni999 576, 125

L\ . . 146.

Amination of Aryl Bromides. There exist several methods (78) Bei, X.: Guram, A. S.; Turner, H. W.; Weinberg, W. Fetrahedron

for the amination of aryl compounds. While standard procedures Lett. 1999 40, 1237-1240.

(73) Wolfe, J. P.; Buchwald, S. LJ. Org. Chem1997, 62, 1264-1267.
(74) Louie, J.; Driver, M. S.; Hamann, B. C.; Hartwig, JJ-Org. Chem.
1997, 62, 1268-1273.
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15 oo o8 (dipyridylamide) of the homogeneous catalyst would result in
094 o~ ac the formation of a nonstabilized palladium(0) colloid, which
0’8_§ og may further aggregate and become inactive. This assumption

o . 1 of the existence of a heterogeneous ligand-stabilized species
E 0’7_5 was supported by the following experiments. The palladium(ll)-

S 0,63 o OA loaded resin was treated with an aqueous solution of ascorbic
g 0,5 o ¢ ° acid, leading to a palladium(0)-loaded resin. If, as proposed,
§0,4_§ ° palladium(0) is still complexed by the dipyridyl ligand, no
Sosp & formation of palladium colloids will occur. Consequently, the

° 022 @ ° palladium(0) system will still exhibit similar activities in the

E o © Heck-coupling of bromo- and chloroarenes which are known
014 o to preferrably proceed with ligand-stabilized palladium systems.

e A coupling sequence using 4-cyanobromobenzene and styrene

0 50 100 150 200 250

was carried out under similar conditions which were chosen
for the heterogeneous palladium(ll) system. Thus, 4-cyears-
Figure 5. (A) Time profile for the formation otransstilbene from stilbene was formed in 62% yield using 1mol of the
iodobenzene (1.5 g) and styrene (0.77 g) using 1 mg of immobilized iar0geneous Pd(ll) system (entry 16), while even higher yields
Pd catalyst corresponding to 0.0027 mol % (2} palladium(ll) based (83%) ?Nere obtaingeg V\)I/ith O.SL(EmOIyof tz{e reduced spgcies.slln

on styrene. (B-D) Time profile for the “refeeding” of the coupling trast th " ed t with
system iodobenzene (1.5 g), styrene (0.77 g), tetrabutylammonium contrast, the same reaclion sequence carried out with a

bromide (0.5 g), and immobilized Pd catalyst (1 mg): (B) first run, homogeneous Pd(Il) catalyst resulted in the formation of

(C) second run, (D) third run. (All experiments were performed in DMF 4-Cyanotransstilbene in only 51% yield (entry 17). Finally,
at 140°C, NBw.) the constant catalytic activity of the heterogeneous system which

must be expected in the case of a ligand-stabilized system was
active homogeneous systems, which allow the amination of aryl demonstrated by the recording of a time profile for the reaction
halogenides at room temperature, have been rep&tédn of styrene with iodobenzene (Figure 5, graph A). An almost
general, transition metal-catalyzed aminations of aryl halo- constant rate of reaction was observed within the investigated
genides are still characterized by low to moderate TONs reaction time (250 h).
(<5000)8° To demonstrate the applicability of the heterogeneous
system to the field of aminations, coupling reactions were carried Summary

out withN-methylaniline, diphenylamine, and piperidine (Table A new heterogeneous catalytic system has been prepared by
3, entries 36-33). As expected, these aminations require larger polymerization and subsequent cross-linking of a polymerizable
amounts of catalyst compared to Heck-type reactions. Especially chelating ligand using ROMP. Subsequent loading with palla-
in the case of sterically hindered amines such as diphenylamine gjum(II) results in a polymer-immobilized palladium catalyst.
TONs and yields are significantly lowered. Nevertheless, The entire system is characterized by a straightforward synthesis
coupling yields may be improved by performing the reaction a5 well as by a high temperature, pH and chemical stability. It
atT = 110°C in toluene. may be used effectively for Heck-type reactions and for the
Reactivity and Stability. A comparison of the heterogeneous amination of aryl bromides. As a direct consequence of the
system with the homogeneous analogue in terms of TONSs palladium-loaded ligand:free ligand ratio, the heterogeneous
reveals some interesting aspects (Table 3, e.g. entries 2, 5, 6system exceeds the homogeneous one in catalytic activity due
9, and 10). Surprisingly, yields and TONs obtained with the to enhanced stability.
homogeneous catalyst are generally lower than those obtained
with the heterogeneous system. An additional observation wasExperimental Section
that Coupllngs Cameq out Wl.th the homogeneous analogue General Details.NMR data were obtained in the indicated solvent
resulted in the formation of minor, yet detectable amounts of i 35°c on a Bruker AM 300 and Varian EM 360L unless stated
palladium(0). One explanation for these findings may be that stherwise and are listed in parts per million downfield from tetra-
the palladium(0) intermediate, which is now commonly accepted methylsilane for proton and carbon. Coupling constants are given in
as the active species both in homogenédtis® and hetero- hertz. IR spectra were recorded on a Midac FT-IR. Further instrumenta-
geneous Heck-type couplingsstays immobilized at the surface  tion for the determination of the specific surface arephly means of
of the particle. This may either occur in form of a Pd(0) colloid the BET method and GPC, respectively, and for ICP-OES experiments
or as a ligated Pd(0) species. Formation of the former one would is de_scribed elsewhef@The .GPC equ_ipment has also_been described
result in a significant loss of activity. As roughly only 35% of previously®® Purchased starting materials were used without any further

. : purification. Reagent grade tetrahydrofuran and toluene were distilled
the ligands present at the surface form a palladium(ll) complex, from sodium benzophenone ketyl under nitrogen. Mo(N42.6-

the large excess of uncomplexed _dlpyr_ldyl aml.de Ilgan_d_s may Pr,.CsHz)(CHCMe,Ph)(OCMe(CE),). was synthesized as described in
serve as complementary complexing sites, which significantly q jiterature

reduce the formation and/or release of uncomplexed palladium  preparation of the Resin The preparation of the resin (0.6 mmol
black. In contrast, any release of palladium from the ligand of dipyridylamide,o = 4 n?/g, 40+ 10 um) was performed under an

. argon atmosphere by standard Schlenk techniques according to a
(79) Hartwig, J. F.; Kawatsura, M.; Hauck, S. I.; Shaughnessy, K. H.; previously published proceduf.Loading with palladium(ll) was

Aliagz()?r\-,m?;nbl_; ?;égrgH?QZ?#sﬁge?; 257523332” F. Boche. G. achieved by stirring the resin (1.045 g) in an aqueous solutioryof H

time (hours)

Chem. Commuril998 1509-1510. PdCl, (1000ug/mL in 5% HCI, 83.3 mL) (pH 0) at room temperature
(81) Amatore, C.; Azzabi, M.; Jutand, A. Am. Chem. S0d.991, 113 for 20 h. The actual amounts of palladium(ll) sorbed onto the resin as

8375-8384. determined by ICP-OES were 0.21 and 0.34 mmol/g, respectively.
(82) Amatore, C.; Jutand, A.; M'Barki, M. AOrganometallics1992

11, 3009-3013. (84) Oskam, J. H.; Fox, H. H.; Yap, K. B.; McConville, D. H.; O'Dell,

(83) Amatore, C.; CafreE.; Jutand, A.; M'Barki, M. AOrganometallics R.; Lichtenstein, B. J.; Schrock, R. R. Organomet. Cheml993 459,
1995 14, 1818-1826. 185.
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Reduction of Palladium. The resin (0.5 g) was stirred overnightin 3 H, CHs). 3C NMR (CDCk): ¢ 170.8 (CO), 154.7, 149.0, 138.1,
an aqueous solution of ascorbic acid (10%) containing 20% of methanol. 122.1, 24.6 (Ch). Elemental analysis calcd fori&11:NsO (My, =
The resin was then filtered off, extensively washed with water, and 213.239 g/mol): C 67.59; H5.20 N19.71. Found: C 67.17; H 4.91; N
dried in vacuo. Subsequent chlorine analysis revealed the absence 0fl9.73.
any halogen. N-Acetyl-N,N-dipyrid-2-yl Palladium Dichloride (2) . To a solution

Heck-Couplings. Unless stated otherwise, couplings were carried of anhydrous palladium(ll) chloride (203 mg, 1.14 mmol) in 5 mL of
out atT = 140 °C in the solvent indicated in Table 3. Solvents and 32% hydrochloric acid is added a solution of sodium hydroxide (15%)
reagents were used as purchased. The educts were dissolved in 70 just before palladium hydoxide starts to precipitate. A solutiori of
100 mL of solvent and the base (tributylamine, KCOs;, N&CO;) as (285 mg, 1.44 mmol) in methanol (10 mL) was added. A red precipitate
well as the catalyst were added. Reaction times as well as a summaryformed that dissolved upon addition of a few drops of hydrochloric
of the experiments including the corresponding scales and molar ratiosacid. A yellow crystalline solid formed which was filtered off, washed
are given in Table 3. For workup, the reaction mixture was poured on with water and methanol, and dried in vacuo. Yield: 314 mg (70.7%).
water, acidified with hydrochloric acid (2 N), and extracted with diethyl IR (KBr): 1713 s {c—o), 1602 m, 1480 s, 1466 s, 1439 s, 1366 s,
ether (3-5 x 50 mL). The combined organic phases were dried over 1312 s, 1268 vsit.—o), 1225 s, 791 m, 780 m, 760 s, 741 s, 581+.
sodium sulfate. Finally, the solvent and (where applicable) the reactantsNMR (DMSO-dg): ¢ 8.80 (d, 2 H,J = 4.9), 8.28 (m, 2 H), 8.02 (bs,
were evaporated in vacuo. The coupling products were isolated by flash2 H), 7.67 (m, 2 H), 2.28 (s, 3 H, G} *C NMR (DMSO-d): o

chromatography (silica G-60, 4 30 cm, pentane:diethyl ether 90: 168.5, 152.6, 148.2, 142.4, 125.4, 22.6 ¢LHElemental analysis calcd
10) and repeated crystallization. Purity of the corresponding crops was for C;2H1:NsOPdC} (M, = 390.565 g/mol): C 36.90; H 2.84; N 10.76.
determined by'H NMR. Found: C 36.88; H 2.77; N 10.59. Single crystals suitable for X-ray

Time Profiles. Time profiles of the reaction of iodobenzene with  analysis may be obtained by recrystallization from methylene chloride/
styrene were determined by withdrawing 1 mL aliquots from the THF/diethyl ether (CCDC No. 136902, Cambridge Crystallographic
reaction mixture. The time-dependent yield was calculated from the Data Centre).

educts:product ratio which was determined'byNMR spectroscopy trans-1-Ferrocenyl-2-phenylethene [Registry No. 12094-24-5The
via integration of theo-H signals oftransstilbene and iodobenzene, = compound was prepared according to the general coupling procedure
respectively. described above. Analytical data (IRf NMR) were identical with

Polymerization. 1,4-Dibromobenzene, divinylbenzene (DVB, con- those described in the literatufe?” Additional data are as follows:
taining 20% of ethylvinylbenzene), the catalyst, and the base were *C NMR (CDCk) 6 67.1, 69.2, 69.4, 83.5, 126.0, 126.2, 127.0, 128.2,
placed in a round-bottomed flask. For the corresponding amounts of 128.8, 138.1.
educts refer to Table 3. DMAC (60 mL) was added and the mixture  X-ray Measurement and Structure Determination of 2. A
was heated to 140C for 90 h. The polymer formed was extracted Siemens P4 diffractometer with graphite-monochromatized Mo K
with THF, and the solution was filtered to remove catalyst and inorganic radiation ¢ = 71.073 pm) was used for data collection. Intensities were
salts and precipitated by adding pentane. measured via-scans and corrected for Lorentz and polarization effects.

Aminations. In a 150 mL Schlenk tube, the aryl halide and the amine The structure was solved by direct methods (SHELXS%6)d refined
were dissolved in dry toluene and the base as well as the catalyst wereby full-matrix least-squares against (SHELXL-93)8° The function
added. Reactions were carried out at°€5in THF and at 110C in minimized wasZ[w(F.2 — F?)?3 with the weight defined asv =
toluene, respectively. The reaction time was 24 h throughout. For [0%(Fs?) + (xP)? + yP] and P = (Fs? + 2F?)/3. All non-hydrogen
workup, the reaction mixture was poured on water and extracted with atoms were refined with anisotropic displacement parameters. All
diethyl ether (3-5 x 50 mL). The combined organic phases were dried hydrogen atoms were located by difference Fourier methods, but in
over sodium sulfate and the amine was isolated by flash chromatographythe refinement they were generated geometrically and refined with
(silica G-60, 4x 30 cm, pentane:diethyl ether 70:30). Purity of the isotropic displacement parameters 1.2 and 1.5 (for the methyl-group)
corresponding fractions was determined‘byNMR. times higher tharlJ(eq) of the attached C atoms. Further relevant

N,N-Dipyrid-2-ylacetamide (1). A solution of acetyl chloride (5.04 crystallographic data are summarized in Tables 1 and 2.

g, 4.56 mL, 64.2 mmol) in methylene chloride was added dropwise to

a well-stirred solution of dipyrid-2-ylamine (10.0 g, 58.5 mmol) in 20 JA991501R

mL of the same solvent & = —20 °C. The reaction mixture was (85) Drefahl, G.; Pltmer, G.; Winnefeld, IChem. Ber1962 95, 2788-

warmed to room temperature and extracted twice with saturated aqueou791.

sodium bicarbonate solution. Finally the solvent was removed in vacuo. ~ (86) Pauson, P. L.; Watts, W. H. Chem. Soc1963 2990-2996.

The residue was recrystallized from diethyl ether to yield 4.34 g (34.7%) _ (87) Cardin, C. J.; Crawford, W.; Watts, W. E.; Hathaway, Bl..Chem.

of purel. IR (KBr): 1688 s fc—0), 1586 s, 1571 s, 1468 vs, 1364 5, >0C. Dalton Trans1979 970-973.

1314 s, 1279 vsife_o), 1148 s, 985 s, 783 s, 743 m, 513 m, 415 m (88) She_]dnck, G. M.SHELXS-86: Program for Crystal Structure
J ’ ' ’ ' ' ’ ' SolutionsGéttingen, 1986.

409m.*H NMR (CDCl): ¢ 8.43 (m, 2 H), 7.74 (dk d x d, 2 H,J (89) Sheldrick, G. M.SHELXL-93: Program for the Refinement of
=79J3=23,J=0.1),748 (d, 2 H)=7.9), 7.17 (m, 2 H), (s, Crystal StructuresGattingen, 1993.




