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The first palladium catalyst system that allows the direct allylation of indoles with allylic alcohols as substrates with water being the only
byproduct is presented. The application of self-assembing ligands based on complementary hydrogen bonding was the key to success.

N-Heterocycles are important building blocks and pharma- would be the allylic alcohols themselves, with water being
cophores in natural products and synthetic drugs. As such,the only byproduct in this case. Only a few studies have
their synthesis and functionalization has been the subject ofaddressed this probletnHowever, in order to employ
numerous studiesHowever, catalytic processes which allow N-heterocycles as nucleophiles, an additional activator{|BEt
the construction of new C/C bonds between heterocycles andwas required which results in the formation of boron-
readily available bifunctional organic substrates which containing couple products.
minimize the formation of a byproduct (salt etc.) are rare. Recently, self-assembling ligand systems based on comple-
In this context, the transition-metal-catalyzed allylic alky- mentary hydrogen-bonding have been developed in our
lation could become an interesting alternative. Most fre- laboratory. This approach is intrinsically combinatorial and
quently, allyl acetates and carbonates have been used abas potential for high throughput screeningrom these
electrophiles in these reactions. However, use of thesestudies excellent catalysts have emerged for regioselective
substrates is associated with the disadvantage of generatindpydroformylation of terminal olefin asymmetric hydroge-
a stoichiometric amount of a couple product (carboxylate or nation with Rh catalyst,and Ru-catalyzed hydration of
alcohols/alcoholates and carbon dioxide). Furthermore, thesealkynes and nitrile&? The latter studies suggested that the
starting materials have to be prepared in an extra step fromhydrogen-bonding network of the self-assembling ligands
the corresponding allylic alcohol. Thus, ideal substrates Might have the propensity for activation of protic nucleo-
(3) (a) Ozawa, F.; Okamoto, H.; Kawagishi, S.; Yamamoto, S.; Minami,
(1) Joule, J. A.; Mills, K.Heterocyclic Chemistry4th ed.; Blackwell T.; Yoshifuji, M. R 2002 124, 10968. (b) Ozawa, F.;
Science: Oxford, U.K., 2000. Ishiyama, T.; Yamamoto, S.; Kawagishi, S.; Murakami, H.; Yoshifuji, M.

(2) (a) Kakiuchi, F.; Murai, Sjiaeiisssessie <2002 35, 826. (b) Aunsessesialilg <’ 004 23, 1698. (c) Kayaki, Y.; Koda, T.; Ikariya, Td.
Kakiuchi, F.; Chatani, Njimmnistissias 2003 345 1077. (c) Dyker, Eiamblan 2004 69, 2595. (d) Kinoshita, H.; Shinokubo, H.; Oshima, K.

G. Handbook of C-H actiation TransformationWiley-VCH: Weinheim, Sialatt. 2004 6, 4085. (e) Utsunomiya, M.; Miyamoto, Y.; Ipposhi, J.;
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philes through hydrogen bondid This let us speculate,
that the corresponding palladium catalysts of our self-
assembling ligand systems might also allow for activation
of unreactive allylic alcohols as substrates in the course of
the palladium-catalyzed allylic substitution. Herein, we report
on the application of self-assembling ligand-derived pal-
ladium catalysts for the allylic alkylation of indoles and
pyrroles with allylic alcohols omitting the need for additives.
In our first experiments, we explored whether the principle
of self-assembling of monodentate ligands through comple-
mentary hydrogen bonding is transferable to palladium
catalysts. Thus, [Pd(cod)gZIlwas reacted with 3-DPICon
(D) and 6-DPPAP2)tin CH,CI, containing residual water
to furnish the yellow crystalline palladium comple&
(Scheme 1). From the X-ray plot éfdepicted in Figure 1,

Scheme 1. Self-Assembling Ligands Employed in This Study

Figure 1. PLATON plot of [(3-DPIConH,0)(6-DPPAP)PdG]

(6) in the solid state. Selected interatomic distances (A) and angles
(deg): Pd-P1 2.2742(6), PeP2 2.2715(6), OXN22 2.863(3),
N1-03 2.805(3), PXPd-P2 98.72(2), O+H—N22 167(3), N+
H—03 161(2). Pd= green, P= orange, Ck yellow, O=red, N

= blue. H atoms bound to C atoms are omitted for clarity.
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it is obvious that cis-coordinated 3-DPICoh)/6-DPPAP

(2) ligands form the expected hydrogen-bonded hetero dimer
and act as a chelating ligand for the palladium metal center.
Interestingly, an additional molecule of water was incorpo-
rated in the NH-N hydrogen bond system. Thus, we

(5) For alternative approaches to self-assembling ligand/catalyst systems,

see: (a) Breit, Biiiiiimiaa 2005 117, 6976;Angew. Chem., Int. Ed.
2005 44, 6816. (b) Takacs, J. M.; Reddy, D. S.; Moteki, S. A.; Wu, D.;
Palencia, H“)QOOLL 126, 4494. (c) Slagt, V. F,; Roeder
M.; Kamer, P. C.; van Leeuwen, P. W. N. M.; Reek, J. N
Soc 2004 126, 4056 (d) Slagt, V. F.; van Leeuwen P. W. N.
Chem.2003 115 5777;Angew. Chem Int. EQ003 42, 5619. (e) Slagt
V. F.; van Leeuwen, P. W. N. 12003 2474. (f) Liu, Y.;
Sandoval, C. A.; Yamaguchi, Y.; Zhang, X.; Wang, Z.; Kato, K.; Ding, K.
@006 128 14212. (g) Sandee, A. J.; van der Burg, A.
M.; Reek, J. N. H iasutmiSsseaay P 007, 864. (h) Rivillo, D.; Gulyas, H.;
Benet-Buchholz, J.; Escudero-Adan, E. C.; Freixa, Z.; van Leeuwen, P. W.
N. M. 007 119 7385;Angew. Chem., Int. EQ007, 46,
7247. (i) Hattori, G.; Hori, T.; Miyake, Y.; Nishibayashi, {asiitaimad-
S0c.2007, 129, 12930.
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(8) Chevallier, F.; Breit, B piifitikanilam?006 118 1629; Angew.
Chem., Int. ED2006 45, 1599.
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speculated that water might be replaced in the course of a
catalytic cycle by an allylic alcohol (see Scheme 2). This
may allow for activation of the hydroxyl function to become

a better leaving group in the course of an allylic substitution
reaction.

Scheme 2. Proposed Reaction Mechanism
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Unfortunately, compleX was not effective as a catalyst
precursor to allylic substitution reaction (Table 1, entry 1).
Also, when usingr-allyl palladium chloride dimer as the
catalyst precursor, although traces of the desired 3-allylation
product9a could be observed, the result was unsatisfactory
(entry 2). However, promising observations were made with
[(#2-allyl)Pd(cod)|BR as the catalyst precursor in the pres-
ence of 5 mol % of each of the self-assembling ligatids
and?2 (entry 3). After some experimentation the conditions
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Table 1. Optimizing Reaction Conditions

m 5 mol% catalyst \_Ph NP
N
H ] A\ A\
7a solvent, temp, time
Ph.__~_-OH N N
8a 9a 1 \_\
yield®
entry® catalyst solvent T (°C) t(h) (%)
1 6 PhCl rt 65 0
2 [(373-ally)PdCl]2 PhCl rt 65 trace
3-DPICon(1)/6-DPPAP(2)
3 [(3-allyl)Pd(cod)|BFy4 PhCl rt 65 32(0)
3-DPICon(1)/6-DPPAP(2)
4¢ [(3-allyl)Pd(cod)|BFy toluene 50 20 84 (3)

3-DPICon(1)/6-DPPAP(2)

aPd/P (25/50umol), indole (0.50 mmol), and cinnamyl alcohol (0.55
mmol) were reacted in toluene (0.25 mE)Determined from'H NMR
employingt-Buybiphenyl (0.056 mmo# 2/18 mmol) as internal standard,;
yield of 10ain parentheses.Utilizing 3 mol % of catalyst and 0.50 mmol
of cinnamyl alcohol.

shown in entry 4 were identified as best. Thus, employing 3
mol % of the self-assembling catalyst in toluene at°80
84% of the desired 3-allylated indofa with only 3% of

the easily separable bis-allylation prod@@awere obtained.

The inherent advantage of the self-assembly approach is

its implemented combinatorial flexibility for optimization.
Thus, next we decided to identify the best self-assembly
platform in order to achieve optimal results in the title
transformation. Thus, replacing aminopyridieby the
thiazole 4, which has recently been shown to be an ideal
system for rhodium-catalyzed hydroformylati$hglid not
lead to a better catalyst (Table 2, entry 2), neither did the

Table 2. Identifying the Best Self-assembling Ligand System
m 3 mol% [(m-allyl)Pd(cod)|BF
X H 3 mol% each Ly, L NP
7a toluene, 50 °C, 20 h \
Ph. ~_-CH H
2a Qa
entry Li/Ly yield® (%) entry Li/Lo yield® (%)
1 1/2 84 (3) 7¢ 5a/5a 10 (0)
2 1/4 76 (4) 8¢ 5b/5b 22 (0)
3 3/2 0 9¢ 5¢/5¢ 41 (3)
4 5a/5a 79 (6) 10¢ 5d/5d 40 (0)
56 1/2 42 (0) 116 5d/5d 80
6° 5a/5a 60 (0)

aEstimated from!H NMR with use oft-Buybiphenyl (0.056 mmok=
2/18 mmol) as internal standard; yield b0ain parenthesed.Utilizing
allyl alcohol @8b) instead of cinnamyl alcohoBg). ¢ Utilizing allyl alcohol
(8b) instead of cinnammyl alcohoB#§) at rt.

replacement of the isoquinolorieby the azaindole ligand
3. However, the simplest self-complementary 6-DPPon
ligand5aprovided a rather active catalyst (entry 4). Notably,
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replacing cinnamyl alcohoBa by the less reactive parent
allyl alcohol 8b, the 6-DPPon derived catalyst performed
best (compare entries 5 and 6) although the overall yields
were still unsatisfactory. Hence, in a second stage we decided

Table 3. Scope of Allylic Alcohol

x mol% [(n-allyl)Pd(cod)]BF, R
@ 2x mal% 6-DPPon(CFy), B
N N
H -
7a toluene, temp, time H
S, 9
R OH
8
entry allylic alcohol x  ¢[°C] [h] yield [%]?
N
1 HO 3 50 22 N
8b N
H
9h (80)
N N
2 poF~ 5 50 24 N A
8c N
H N
9¢ (32) 9d (33)
3 HOJ\/ 5 50 24 9¢ (40) ad (50)
ad
A N
4 /\)\ 5 90 64 3 N
HO N N
8e H H
9¢ (0) 9f (58)
b
5 HOX/ 5 80 24 % (12) 9f (75)
8f N.Ph
6 HO"~F"“pn 3 50 20 b
8a N
H
Ph 9a (79)
7 Ho)\/ 3 5 20 9a (87)
8g
N
Bb’dHOY 3 90 20 X
N
8h \
S0.04)

alsolated yield P 3 equiv of allylic alcohol 8b) was utilized.c Employed
3 mol % of 1, 2 as ligandsd Utilizing N-methylindole ¢d) instead of
N-unsubstituted indole7@).

to optimize the most simple 6-DPPon system by variation
of the electronic properties of the phosphine donors. It has
previously been shown that the electrophilicity and hence
reactivity of a palladiumsz-allyl intermediate toward nu-
cleophiles can be increased on increasing shacceptor
strength of the ligands attached to palladitf.ccordingly,

we observed increased catalyst activity when increasing the
s-acceptor strength of the phosphine donors attached to the
pyridone platform (entries-711) with the bismtrifluorom-
ethyl-substituted phosphirted furnishing the best catalyst
(entries 7#10). Thus, good yield and excellent chemoselec-
tivity for the C3-allylation product were obtained (entry 11).

(12) Kuhn, O.; Meyr, H gttt 1999 111, 356;Angew. Chem.,
Int. Ed. 1999 38, 343.
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More substituted allylic alcohol8c—h can be applied as

substrates as well, and the corresponding 3-indole monoal-

lylation products9 were obtained selectively and in good
yields (Table 3, entries-17). The results obtained for the
unsymmetricalz-allyl systems (entries 27) suggest the
presence of a-allylpalladium intermediate. For the meth-
allylic alcohol substrate the bismethallylation product at C3
and N was isolated. On the other hand, when Me
methylindole was employed the C3-allylation prod@g
could be isolated in 94% yield.

Furthermore, several substituted indole derivativesf
as well as pyrrolel(1) were successfully allylated employing
the new self-assembly catalyst to give the corresponding
products in good to excellent yields (Table 4). We also briefly

Table 4. Scope ofN-Heterocycles

r ]|\/\> 3 mol% [(n2-allyl)Pd(cod)]BF, 4
-~ N 6 mol% 6-DPPon(CFs), T f>
- N
/\/OH toluene, 50 °C, 20 h - N
8b (x eq.)
N-heterocycle  x equiv product yield?
R N
N 1.0 R A 9h: (R = OH) 84%
N 9i: (R = OMe) 85%
N N
7b: R = OH H
7¢: R =0Me
N 9j: (R = Me) 90%"
@ 50 N\ 9k: (R = Bn) 96%
N ’ N 9l: (R = Boc) n.r.¢
R R
7d: (R = Me)
7e:(R=Bn)
7f: (R = Boc)
N N
H 7 H
414

alsolated yield? 36 h.cNo reactiond 85% conversion.

looked into nitrogen nucleophiles such as aniline derivatives,
which gave excellent yields of the monoallylation products
as well (Table 5).

Table 5. Nitrogen Nucleophiles

X Mol%% [(m°-allyl)Pd{cod)]BF4
AF_NH2 o DPP
13 2x mol% 6- on Ar\N/\/\Ph
Ph” Xx"0OH PhClI, temp H 14
2a
N-nucleophile X t[°C] ¢t [h] yield®
@NHZ 05 90 8 88% (5% dime
14a
13a
IMeOONHZ 0.5 90 21 95%
14b
13b
10 92%
FONHZ 10 80 327
13

a|solated yield.

II. Nucleophile attack and proton transfer lead to product
alkene complexil which undergoes ligand exchange with
the allylic alcohol substrate liberating the allylation product
and water as the only byproduct.

In conclusion, we have developed the first palladium
catalyst system that allows the direct allylation of indoles
with allylic alcohols as substrates with water being the only
byproduct. Key to success was the application of self-
assembling ligands based on complementary hydrogen-
bonding. We propose that the ligand hydrogen-bonding
network goes beyond its role in ligand structure determining
and suggest that the hydrogen-bonding system assists the
hydroxy group to become a better leaving group in the course
of this allylic substitution process. Hence, this is an example
of a dual transition metal/organocatalysis, which opens up
numerous possibilities for the application of these self-
assembling ligands to homogeneous catalysis including
asymmetric versions.
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Although the exact details of the reaction mechanism have Résearch Training Group “Catalysts and Catalytic Reactions
not been clarified yet, we propose the following rational for Organic Synthesis” (GRK 1038), and the Alfried Krupp
(Scheme 2). In agreement with the experimental observationAWward for young university teachers of the Krupp foundation
that water can be incorporated into the ligand hydrogen- (to B.B.).
bonding network (Figure 1), we suggest that the hydroxy
function of an allyl alcohols may be bound in a similar
manner to give alkene compléxAs a result, the hydroxy
substituent may become a better leaving group and thus
facilitates the formation of the-allylpalladium intermediate
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