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Abstract—A variety of [(NHC)Pd(n*-allyl)]Cl (NHC = N-heterocyclic carbene) involving different allyl groups and NHC ligands
were synthesized and employed for the cycloisomerization of 1,6-dienes to form cyclic compounds selectively.
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Since carbocycles and heterocycles are frequently found
to be a core structure of biologically active materials,’
enormous effort has been devoted to the construction
of carbocycles and heterocycles with the simple and easy
way. One of the convenient ways is the transition metal
catalyzed cyclization of enynes, diynes, or dienes.? In the
case of dienes among the other derivatives, their lower
complexation ability with the transition metal complex
induces the poor selectivity and yield in the cycloisomer-
ization. Therefore, many research groups have studied
to enhance the reactivity of the catalytic system and
expand the substrate scope. Electrophilic Sc,® Ti,* and
Zr> complexes were found to be good for the conversion
of dienes to cyclic compounds. However, the oxophilicity
of these metal complexes toward the substrates, water,
and air confines the substrate scope and demands vigor-
ously anhydrous and anaerobic reaction conditions. On
the other hand, late transition metal complexes (Rh,®
Ru,” Ni,® Pd,” and Pt'%) catalyze the diene cycloisomer-
ization under less vigorous conditions. As shown in
Scheme 1, late transition metal complexes can catalyze
the cycloisomerization of dienes to afford three prod-
ucts. The ratio of three cyclized products depends on
the reaction conditions as well as catalysts.

Since recent research focuses on improving the reaction

efficiency and controlling regioselectivity and stereoselec-
tivity, a range of palladium complexes have been used as
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Scheme 1. Cycloisomerization of 1,6-dienes.

a catalyst for the diene cycloisomerization due to the ease
of modifying palladium complexes and their good reac-
tivity toward this reaction.’ As for an attempt to improve
the regioselectivity and the reaction rate, Widenhoefer
presents that two different cationic Pd complexes [(n°-
C3H5)Pd(PCys3) (OEt)]'[BAry]™ [Ar = 3,5-C¢H;(CF3),]
and [(phen)Pd(Me)(CH;CN)]'[BAr4]™ [Ar = 3,5-C¢H;-
(CF3),], [phen = phenanthroline] catalyze the diene
cycloisomerization to afford corresponding cyclized
products b and ¢ in good yields with excellent selectivi-
ties, respectively. According to Widenhoefer’s report, it
is speculated that the key factors affecting the reaction
rate and the selectivity might be ligands around the metal
center as well as the cationic character of the palladium
complex.?%¢4-¢ Despite of recent results, the modifica-
tion of ligand in cationic palladium complexes is not well
established yet. In this account, we now report new cat-
alytic systems involving various [(NHC)Pd(n?*-allyl)]CI
(NHC = N-heterocyclic carbene) for the regioselective
formation of type a product (Scheme 1).

One of the noticeable properties of N-heterocyclic carb-
enes (NHCs) is the o-donating power rendering different
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Scheme 2. [(NHC)Pd(n>-allyl)]Cl complexes utilized in the cycloisomerization of dienes.

catalytic behavior of metal complexes in homogeneous
catalytlc transformations.!!"-!2 Accordingly, six (NHC)-
Pd(n’-allyl) A-F complexes possessing different allyl
groups and N-heterocyclic carbenes are synthesized
and used for the cycloisomerization. Complexes A,!?
B,'* and C,'* are known. The synthesis of complexes
D.!> E.'® and F'7 is described in Scheme 2. The reaction
of [Pd(n*-allyl)Cl], complex with the carbene ligand
generated in situ from the imidazolium salt and KO'Bu
was performed i in THF at ambient temperature. Result-
ing [(NHC)Pd(n-allyl)]C] complexes are exposed to the
suitable reaction conditions for the cycloisomerization.
To perform an efficient and selective cycloisomerizaiton
of 1,6-dienes, [(NHC)Pd(n’-allyl)]Cl complexes and sil-
ver additives (e.g., AgSbF¢ and AgClO4) were mixed
prior to the addition of the diene assuming that highly
reactive cationic NHC-Pd complexes were required for
this process. In the absence of silver additives, the cyc-
lized product was not detected.

Upon the addition of substrate 1 to the dichloromethane
(CH,Cl,) solution of cationic NHC-Pd complexes, only
cyclized product 1a was observed along with the small
amount of uncyclized product 1d (Table 1). Neither
product 1b nor 1c¢ was detected under our reaction con-
ditions.!® This result indicates that NHC and allyl
ligands on the palladium center might control the reac-
tivity of the catalyst to form product 1a, selectively. Dif-
ferent allyl moieties on the palladium center affect the

yield and the reaction time (Table 1, entries 1-5). To
examine the electronic effect of NHC ligands, complex
F possessing the bromine substituted NHC ligand was
used as a catalyst, rendering shorter reaction time but
slightly diminished yield (Table 1, entry 9).

Based on the results of entries 1-5, and 9 in Table 1, it is
noticed that complex B, C, and E catalyzed-cycloisomer-
izations show good conversion within 30 or 60 min. In
further studies, the complex E was chosen as a catalyst
for the cyclization. To increase the yield of this reaction,
different silver complexes and lithium complexes were
tested to form cationic NHC-Pd complexes. As indi-
cated in entry 6 of Table 1, the reaction involving
complex E and AgClO4 provides the product in
diminished yield (44%). In the case of the reaction using
Li[B(CgFs)s], no product was formed even with
extended reaction time (Table 1, entry 7). In this case,
changing solvents did not increase the yield (Table 1,
entry 8). Thus, entry 5 of Table 1 was chosen as stan-
dard reaction conditions, which were subjected to differ-
ent substrate systems.

Substrate 2 possessing a methyl substituted olefin under-
goes the cyclization to provide the desired product in
moderate yield.'"® Using naphthalene sulfonyl group
instead of p-toluene sulfonyl group in the diene sub-
strate, cyclized product 3a was obtained in good yield
(Table 2).2° In addition to nitrogen tethered substrates,
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Table 1. Cycloisomerization of substrate 1 catalyzed by cationic [(NHC)Pd(n>-allyl)]" complexes

~F PdLn (5 mol%) . N<:/( /\:[Me <:[Me e Me
TsN _ ] + TsN + TsN + TsN
solvent = NN
N r\./t. Me Me Me Me
1 1a 1b ic 1d
Entry PdLn Additives Time (min) Solvent Yield (1a) (%)
1 A AgSbF; (5 mol %) 180 CH,Cl, 56
2 B AgSbF (5 mol %) 30 CH,Cl, 74
3 C AgSbF; (5 mol %) 60 CH,Cl, 73
4 D AgSbFg (5 mol %) 180 CH,Cl, 66
5 E AgSbFg (5 mol %) 30 CH,Cl, 70
6 E AgClOy4 (5 mol %) 60 CH,Cl, 44
7 E Li[B(CgFs)4] (10 mol %) 60 CH,(Cl, -
8 E Li[B(CgFs)4] (10 mol %) 60 Chlorobenzene -
9 F AgSbF; (5 mol %) 15 CH,Cl, 64
#Product 1a was not observed.
Table 2. Cycloisomerization of diene substrates catalyzed by complex E/AgSbF¢

Entry Substrate Product Yield (%)
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The premixed solution of AgSbFg (5 mol %) and Pd complex E (5 mol %) in dichloromethane (0.1 M) was added to each substrate at room
temperature. The reaction was run at room temperature until the starting material was consumed.

carbon and oxygen tethered substrates were tested.
Unfortunately, under our reaction conditions carbon
tethered substrates did not react and were recovered at
the end of the reaction. In the case of oxygen tethered
substrate, starting materials were decomposed during
the reaction (Scheme 3). Based on the unsuccessful
results, one can speculate that the basicity of the hetero-
atom in the tether might be critical to perform the
efficient cycloisomerization catalyzed by cationic
(NHC)Pd(n*-allyl) complexes.
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As illustrated in Scheme 4, the proposed catalytic cycle
begins with the formation of a cationic palladium com-
plex A.°¢ Subsequently, the palladium hydride complex
can be formed through the coupling reaction of the allyl
moiety and dienes, followed by PB-hydride elimination
as reported by Keim.?! Once the palladium hydride
complex (LnPdH) is generated, substrate 1 reacts with
LnPdH through migratory insertion to afford the hydro-
metalated intermediate IA, followed by C-C bond
formation. Intermediate IIA undergoes B-hydride elimi-

BnO
BnO X

o

Bn= pp” ¥

Scheme 3. Unsuccessful substrates under the standard cycloisomerization conditions.
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Scheme 5. B-Hydride elimination involving substrate 2.

nation to provide the desired product 1a along with the
regeneration of LnPdH. In the case of substrate 2, com-
plex IVA undergoes B-hydride elimination with Hy, in
preference to H,, which was also observed in Rh-cata-
lyzed enyne cycloisomerization (Scheme 5).22

In summation, a range of [(NHC)Pd(n>-allyl)]Cl com-
plexes are synthesized and used as catalysts for the
cycloisomerization of dienes. To find good reaction
conditions, several different additives and solvents were
screened. Compared to other palladium catalyzed cyclo-
isomerization of 1,6-dienes, this protocol is highly
regioselective and efficient to form cyclic com-
pounds possessing an exo-methylene group. Further
mechanistic studies related to this reaction and asym-
metric cycloisomerization using chiral carbene ligands
are underway.
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