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Abstract—Heteroaromatic zirconocene intermediates were generated by the reaction of ‘Cp,Zr’ with alkoxymethyl-(TMS-ethynyl)-
indole, -benzofuran or -benzothiophene derivatives under mild conditions in moderate to good yields. Copper-catalyzed C—C bond
formation of the zirconocene intermediate with allylic halides gave allylation products, which were transformed into heterocyclic
dienes through enyne metathesis. Preliminary Diels—Alder reaction of the dienes with DMAD showed notable site selectivity.

© 2007 Elsevier Ltd. All rights reserved.

Indole, benzofuran and benzothiophene are important
structural motifs that are found in many biologically
active molecules. Particularly, indole nucleus is found
embedded in natural compounds and/or pharmaceuti-
cals exhibiting a wide range of biological importance.
Therefore, the synthesis and/or functionalization of
indole molecules received much attention until today.?

Recently, we reported that benzylzirconocene inter-
mediates generated from o-(alkoxymethyl)styrene
or o-(alkoxymethyl)phenyl-acetylene derivatives with
zirconocene-butene complex (Negishi reagent, ‘Cp,Zr’)?
react with allylic halides to give allylation products in
good yields (Scheme 1).# In this report, we disclose the
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Scheme 1. Generation of benzylic zirconocene derivative.
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application of the procedure to alkynyl-indole, -benzo-
furan or -benzothiophene derivatives and subsequent
reactions for the preparation of polycyclic heterocycles.

The reaction of indole derivative 1a with 1.2 equiv of
‘Cp,Zr’ in THF at ambient temperature gave zircono-
cene intermediate 2a in a moderate yield (Scheme 2).
The yield was not improved either by increasing a quan-
tity of ‘Cp,Zr’ or by raising the reaction temperature.
Similar results were observed by the reaction of benzo-
furan 1b or benzothiophene derivatives 1¢ with ‘Cp,Zr’.
The formation of intermediates 2a—c¢ was analogously
considered as we reported* (Scheme 3); (i) the ligand
exchange of ‘Cp,Zr’ with the triple bond of 1a—c giving
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Scheme 2. Reaction of 1 and ‘Cp,Zr’. All reactions were carried out

using ‘CpZr’ (1.2equiv) in THF at room temperature for 10 h.
#Isolated yields of 3-methyl derivatives after hydrolytic work-up.
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Scheme 3. Generation of 2.

zirconacyclopropene intermediates 3a—c, (ii) the forma-
tion of intermediates 4a—c by the elimination of the
alkoxy group, and (iii) the transfer of Cp,Zr moiety to
afford zirconocene intermediates 2a—c.

While the generation of 2 from 1 was insufficient, the
reaction of regio-isomers 5a—c with ‘Cp,Zr’ gave zircono-
cene intermediates 6a—c in good yields (Scheme 4). The
poorer reactivities of 1la—c¢ than that of 5 might be the
result of the intervention of the extra coordination of
ring heteroatom X to the zirconium atom in the initial
intermediate 3 as shown in Scheme 3.

Carbon—carbon bond forming reaction of 6 turns out to
be efficient under copper-catalyzed conditions, and thus
the acylation and allylation (Table 1)**¢ of 6a—c are car-
ried out. Although the acylation of 6 was sluggish and
the reaction mixture was contaminated by prolonged
reaction time,> ketone derivatives 7a—c were obtained
in moderate yields (entries 1, 6 and 8).° Allylic halides
react with 6a—c to give allylation products 8-10 as well.
Although indole derivative 6a gave allylation products
8a-d in good yields (entries 2-5), the reaction of 6b or
6¢ with allyl bromide under identical conditions turned
out to give corresponding allylation products 9, 10 in
lower yields (entries 7 and 9).

The reaction of 6a with propargyl bromide gave an
allene derivative 11 as sole product. Diyne compound
12, which is expected to be a useful compound for the
construction of polycyclic indole derivatives, was
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Scheme 4. Reaction of 5 and ‘Cp,Zr’: All reactions were carried out
using ‘CpZr’ (1.2 equiv) in THF at room temperature for 10 h.
#Isolated yields of 3-methyl derivatives after hydrolytic work-up.

Table 1. Allylation of 6*

™S
= TMS Y-hal //
= Cu(l) catalyst | | O
X ZrCp2 THF, reflux X Me
OMe
6a-c 7-10
Entry 6 Y-hal Cu? 7-10  Yield® (%)
1 6a CH;COCl CuBr/SMe, 7a 54
2 B cua 8a 83
Me

Br
4 )\/Br 8¢ 73
COOMe
5 8d 85
Br
6 6b CH;COCl CuBr/SMe, 7b 49
7 P AL e 9 37
8 6¢c CH;COCl CuBr/SMe, 7c 42
9 ANB cua 10 60

# All reactions were carried out using Y-hal (3.0 equiv), Cu catalyst (0.3
equiv) in THF at reflux temperature for 10-12 h.
®Isolated yields.

obtained by the treatment of vinyl bromide 8¢ with
2 equiv of LDA in a good yield (Scheme 5).

Thus, as an overall process, it is possible for us to
substitute the C-2 alkoxy function of 5a with allyl, prop-
argyl or allenyl unit through the present ‘Cp,Zr’ chem-
istry. In order to examine the utility of the present
‘Cp,oZr’-mediated reaction and the subsequent Cu(I)-
catalyzed carbon—carbon bond formation for the con-
struction of biologically attractive molecules, we exam-
ined preliminary reactions of 8a, 9, 10 to obtain
polycyclic heterocyclic compounds.” Thus, the reaction®
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Scheme 5. Formation of allenyl and propargyl derivatives from 6a.
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Scheme 6. Enyne metathesis and subsequent Diels—Alder reaction.

of allylation product 8a through intramolecular enyne
metathesis’ using second generation of Grubbs cata-
lyst'® (ambient temperature for 15h) gave unstable
diene 14a in a good yield judged by crude 'H NMR
spectrum, and 14a was used directly for the following
reaction. Thus, the Diels—Alder reaction of 14a with
dimethyl acetylenedicarboxylate (DMAD) in CH,Cl,
at ambient temperature for 10 h gave compound 16a
as a major product (15a/16a = 1/24) (Scheme 6).!!-12

Other allylation products 9, 10 were also converted to
diene derivatives 14b,c as in the same procedure
described for 14a, and the Diels—Alder reaction was
examined as well. The Diels—Alder reactions of 14 did
not show notable solvent effect in yields, the ratio of
15/16 and reaction rate (monitored by reverse phase
HPLC) by the use of polar solvent such as, MeOH/
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DMF (10/1).!3 However, it is interesting to note that
the ratio of 15/16 is heavily dependent on the hetero-
atom X of 14. Thus, indole compound 14a showed a
preferable formation of 16a over 15a (24/1), and benzo-
thiophene derivatives 14¢, in contrast, gave 15¢ as the
sole product (Scheme 6). The ratio of 15/16 was unaf-
fected by the reaction period (1 or 96 h) at ambient tem-
perature or by the heating of the reaction mixture to
reflux in THF. Although we have to await a further
study to gain a clear explanation about the notable site
selectivity of the reactions of 14 with DMAD, the effect
of the atomic orbital coefficiency of the diene HOMO
orbital of 14 due to the each heteroatoms X in 14a.b
and 14c¢ might be responsible for the site selectivity. In
order to obtain rationalization about the site selectivity
in the Diels—Alder reactions of 14 with DMAD, density
functional theory (DFT) calculations for the transition
state were carried out by employment of B3LYP/6-
31G(d) level of theory.'* Energy profiles for the Diels—
Alder reactions of 14a and 14c¢ are shown in Figure 1.
The reaction coordinate for the Diels—Alder reactions
of 14a and DMAD indicates that 16a is a kinetic prod-
uct, and 15a is a thermodynamic product (E,.15a =
84.8 kJ/mol, E,.16a=62.9 kJ/mol; AH15a= —246.7
kJ/mol, AH16a = —140.3 kJ/mol). However, the same
calculation for the formations of 15¢ and 16¢ from 14c
showed very little difference between the activation
energies (E,e15¢ = 92.2 kJ/mol, E,. 16¢ = 95.4 kJ/mol;
AH15¢ = —240.5 kJ/mol, AH16¢ = —146.6 kJ/mol).
Thus, it is considered to be reasonable that the sole for-
mation of 15¢ from 14¢ was observed under the present
reaction conditions. These theoretical studies would
support the preferential formations of 16a and 15c,
respectively.

In conclusion, we demonstrated that the generation of
heteroaromatic zirconocene intermediates and their
acylation and allylation under copper catalyzed condi-
tions. The allylation products were converted to poly-
cyclic heteroaromatic compounds through enyne
metathesis and subsequent site selective Diels—Alder
reaction of the formed diene intermediate. Mechanistic
details for the peculiar site selectivity of the diene inter-
mediates with dienophile would be reported in due
course.
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Figure 1. Energy profiles for the Diels—Alder reactions of 14a and 14c.
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