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Abstract: Herein we describe new accesses to dien-
ynes and trienynes using new cascade reactions: 4-
exo-dig cyclocarbopalladation followed by a
Suzuki-Miyaura or Sonogashira cross-coupling.

Keywords: cascade reactions; cyclocarbopallada-
tion; Sonogashira reaction; step economy; Suzuki—
Miyaura reaction

The preparation of complex molecules starting from
simple compounds in a minimum number of steps is a
challenging goal in organic synthesis."! Many efforts
have been focused on the design and discovery of re-
actions that provide fundamentally new ways of ac-
cessing ring systems, commonly encountered in natu-
ral and designed polycyclic targets. The synthesis of
highly functionalized polycyclic compounds has been
greatly advanced by the development of cascade reac-
tions catalyzed by transition metals.” By triggering
such cascade events with well-defined functionalities
in the structure of the starting material, they have
become a major tool for organic chemists to form
multiple carbon-carbon bonds in a one-pot operation.
Working in this direction, one of the major research
goals in our group is the design and development of
new palladium-catalyzed cascades. We previously de-
scribed the 4-exo-dig cascade cyclocarbopalladation
followed by a Stille cross-coupling giving dienyne de-
rivatives of type 2 starting from the 6-membered ring
1 (Scheme 1).”! These kind of compounds are, for ex-
ample, useful intermediates in the synthesis of fenes-
tradienes 4 and cyclooctatrienes, new compounds that
were recently described in previous articles.”! Fenes-
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tradienes are of great interest due to their structural
features and their potential bioactivity.>!

In spite of the high yield reached for the synthesis
of dienynes 2, the toxicity of the stannane compounds
used in this approach remains a major problem. An-
other issue brought up by this type of cascade is the
difficulty to completely eliminate the stannane resi-
dues from the isolated product.

We were looking for a greener and faster route to
form 2 with different functionalities, by means of a
cascade 4-exo-dig cyclocarbopalladation followed by
another type of cross-coupling reaction. Moreover, by
using enynes in this cascade, it could also be possible
to directly access trienynes 3 from 1, which would be
even better in terms of step economy. In this commu-
nication we report our results using either a Suzuki-
Miyaura or a Sonogashira cross-coupling. These new
approaches present major advantages: (i) the boronic
derivatives and alkynes used are not toxic; (ii) they
are commercially available, that means an easier
access to a large variety of alkynyl derivatives; (iii) it
represents a rapid access to trienynes 3.

Our first objective was to determine the optimum
conditions to carry out the sequence 4-exo-dig cy-
clocarbopalladation/Suzuki-Miyaura cross-coupling.!”!
Soderquist et al., Fiirstner et al. and Colobert et al.
described the addition of a borane to alkynyllithium
reagents which gives access to stable borate com-
plexes to undergo effective Suzuki cross-coupling.®!
This pathway was thus considered. Palladium acetate
with triphenylphosphine in THF appeared to be the
best conditions. We focused on the most effective
base to deprotonate the alkyne under microwave con-
ditions (Table 1). The starting material was also re-
viewed: substrate la appeared to be unreactive in this
cascade reaction, whereas 1b and 1c¢ led to the desired
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Scheme 1. Synthesis of fenestradiene 4.
Table 1. 4-exo-dig/Suzuki cascade with aromatic alkynes.
R1
o) // 0 R
H— R2
o Br - 0 .
(1.3 equiv.) ‘
Pd(OACc); (3 mol%), PPh (68 mol%)

1b:R"=CH,0OMe base (1.4 equiv.), B(Oi-Pr); (1.3equiv.) 5:R%=H
1c:R'=TMS THF, microwave 6:R2=Cl R2
7:R2=OMe

Entry 1 R? Base/microwave conditions 5,6o0r7 Yield [%] 5,6 or 7 (1)
1 1b H EtMgB1/15 min/110°C Sb 90
2 1b H n-BuLi/15 min/110°C 5b 4 (13)
3 1c H EtMgBr/15 min/110°C 5c 77
4 1b Cl EtMgB1/15 min/110°C 6b 44 (29)
5 1b Cl n-BuLi/15 min/110°C 6b 25
6 1c Cl EtMgB1/15 min/130°C 6¢ 52 (39)
7 1c Cl EtMgB1/60 min/130°C 6¢ 42 (40)
8 1b MeO EtMgB1/60 min/110°C 7b 28 (54)
9 1b MeO n-BuLi/15 min/110°C 7b 26
10 1c MeO EtMgB1/60 min/130°C Tc 69 (28)
11 1c MeO n-BuLi/60 min/130°C Te 29

products. Usually, the Grignard reagent (ethylmagne-
sium bromide) appears to be a more efficient base
than n-butyllithium (entries 1 vs. 2, 4 vs. 5, and 10 vs.
11). Moreover, with the Grignard reagent, the reac-
tion proceeds cleanly, whereas several by-products are
formed using n-butyllithium. With phenylacetylene,
the silylated starting material 1¢ was a bit less effec-
tive than the methoxy-protected substrate 1b (en-
tries 1 and 3). Indeed, 90% yields of the desired prod-
uct were obtained with the Grignard reagent as a
base, after 15 min under microwave irradiation at
110°C (entry 1). With p-chlorophenylacetylene and p-
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methoxyphenylacetylene, some starting material 1b or
1c still remains in the reaction mixture and longer re-
action times or higher temperatures result only in
degradation (entries 4-11).

Therefore, the best experimental conditions were as
follows: palladium acetate with triphenylphosphine in
THEF, in the presence of ethylmagnesium bromide and
triisopropoxyborane.

Then, these reaction conditions were tested with
enynes in order to obtain trienynes in one step in-
stead of three (Scheme 2).
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Ao =L,
o (1.3 equiv.) i ©
Br
Pd(OAc); (3 mol%), PPhz (6 mol%)
base (1.4 equiv.), B(Oi-Pr); (1.3 equiv.)
1c THF, 60 min, 110 °C, microwave 8¢ R =CH0TBS = Ny

Scheme 2. Synthesis of trienyne 9.

It appears from this study that up to 72% of the tri-
enyne 9c is formed from lec. As previously noted, the
use of n-butyllithium is not as efficient as the
Grignard reagent. It seems difficult to extend this
method to other enynes, 8¢ was never observed with
the usual conditions (EtMgBr or n-BuLi). With 1b,
the desired product 8b or 9b was not obtained, what-
ever the conditions.

In order to assure a greater variety, the scope of a
4-exo-dig cascade cyclocarbopalladation/Sonogashira
cross-coupling was explored.'”’ The alkyne used in the
optimization study was trimethylsilylacetylene, and
the variation parameters were the palladium catalyst,
the base and solvent (Table 2).

The use of 1b, which requires one more step, was
not necessary since la was effective enough to be
used as model. The highest yield obtained with
Pd(PPh;), as catalyst and Et;N as solvent was 66%
(entry 3). With such a system, the conversion could
not be improved even when the temperature was in-
creased to 130°C. Other catalysts were screened:

9c : R" = H,EtMgBr : 72%, n-BuLi : 41%

Pd(PPh;),Cl, never allowed a complete conversion
(entries 5 to 11) whereas Pd(OAc), did. With the
combination of triphenylphosphine, palladium acetate
in diisopropylamine as a solvent and starting material
la, 91% of the desired product were isolated
(entry 13). These optimized conditions were used to
extend the method through different examples
(Table 3). The cascade reaction with aromatic and ali-
phatic alkynes afforded the corresponding dienynes
10-22 in high yields.

One hour is required for the total reaction to give
10 (entry 1), since 20% of the starting material la
were isolated after only 20 min. For the synthesis of
15, 16 and 20, we observed the same reactivity (en-
tries 6, 7 and 11). However, the reaction seems to be
faster when the alcohol is protected and the purifica-
tions are easier (entries 2 to 5). It is also possible to
use propargylamine with good yields (entries 6 and

After demonstrating the scope offered by the start-
ing material with a free propargylic alcohol 1a, the re-

Table 2. 4-exo-dig/Sonogashira cascade with trimethylsilylacetylene.

OH

%/o = \ o OH
H——TMS 5
O i —
Br (1.5 equiv.) \\\
[Pd] (5 mol%), Cul (10 mol%)
solvent/base ™S
1a 100 °C, 20 min, microwave 2a
Entry [Pd] Base/Solvent Yield [%] 2a (1a)
1 Pd(PPh,), (i-Pr),NH/PhH: 1/2 34 (56)
2 Pd(PPh,), EGN/PhH: 1/2 49 (27)
3 Pd(PPh;), Et,N[ 66 (13)
4 Pd(PPh;), (i-Pr),NEt® 13 (49)
5 Pd(PPh,),Cl, (i-Pr),NH/PhH: 1/2 45 (36)
6 Pd(PPh,),Cl, Et;N/PhH: 1/2 42 (35)
7 Pd(PPh;),Cl, (i-Pr),NH/THF: 1/2 32 (28)
8 Pd(PPh,),Cl, (i-Pr),NH/PhH: 1/2 13 (68)
9 Pd(PPh;),Cl, (i-Pr),NH 71 (14)
10 Pd(PPh;),Cl, Et,N[ 20 (56)
11 Pd(PPh;),Cl, pyrrolidine® degradation
12 Pd(OAc),/PPh;: 112 E;N® 32 (58)
13 Pd(OAc),/PPh,: 1/2 (i-Pr),NHH 91

[( The base was used as solvent.
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Table 3. 4-exo-dig/Sonogashira cascade with different alkynes.

OH

\_Q = H——R \ 0 OH
o B (1.5 equiv.) 0 _
Pd(OAc), (5 mol%), PPh3(10 mol%) \\
Cul (10 mol%), i-PryNH (0.05 M) R
1a 100 °C, 20 min, microwave 10-22

Entry R Product: Yield [% ]
1 CH,OH 10: 741
2 CH,OMe 11: 70
3 CH,OTBDPS 12: 80
4 CH,CH,OTBS 13: 91
5 CH,CH,CH,OTBS 14: 94
6 CH,NHBoc 15: 93
7 CH,NEt, 16: 691
8 CH,Cy 17: 85
9 CH,CH,Ph 18: 81
10 Ph 19: 84
11 Cy 20: 68
12 CH(OEt), 21: 840!
13 p-MeOCH, 22: 88

(2} 60 min at 100°C.

] The desired product can not be separated from the starting material. The yield is calculated from the '"H NMR spectra,

7% of 1a were recovered.

Table 4. 4-exo-dig/Sonogashira cascade starting from a propargylic amine.

H

1R2
\ o =~ "NRR

(1.5 equiv.)

TMS

o}

Br Pd(OAc), (5 mol%), PPh3(10 mol%)
Cul (10 mol%), i-Pr,NH (0.05 M)
1d-1i 100 °C, 20 min, microwave
Entry NR'R? Product: Yield [%]
1 NH, 2d: 55
2 NHBn 2e: 92
3 NHPh 2f: 83
4 NHBoc 2g: 941!
OH
5 W 2h: 81
-
0OTBS
6 W 2i: 62

(2} 30 min at 110°C.

activity of a starting material possessing a propargylic
amine 1d-1i was next examined (Table 4). The pro-
tected amines on the substrate afforded higher yields
than the primary amine (entries 1 to 4). The reaction
is also effective with triazoles in good yields (entries 5
and 6).

Finally the 4-exo-dig/Sonogashira cascade was stud-
ied on enynes, an alkynylimine and oxime (Table 5).
Trienynes 23-26 were available with this process in
good yields (64-83%). This represents a faster access
to fenestradienes. Only a one-pot operation is re-
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quired instead of three steps and the use of stannanes
is no longer necessary. Some new azatrienynes were
also obtained from an alkynylimine and oxime with
good yields (64 and 70%, entries 3 and 4).

We have demonstrated the scope offered by two
new cascades 4-exo-dig cyclocarbopalladation fol-
lowed by a cross-coupling. Concerning the Suzuki-
Miyaura reaction, it is necessary to form the alkynyl-
borate complex in situ for the conversion to proceed.
For several alkynes, this cascade appears to be very
effective. For the cases in which this cascade reaction
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Table 5. 4-exo-dig/Sonogashira cascade with enynes.
R1
= \<X \ O OH
\Q, // Qk (1.5 equiv.) R-zé Io) -
0 Br \\\ R
Pd(OAC), (5 mol%), PPhs(10 mol%) /
Cul (10 mol%), i-ProNH (0.05 M) g X
1a 100 °C, 20 min, microwave 23-26
Entry R! R? X Yield [%)]
1 CH; (Z)-CH,0TBS CH 23:79
2 H (E)-C(i-Bu),(OH) CH 24: 83l
3 CH, (E)-OH N 25: 641!
4 p-MeOCOC¢H, (E)-t-Bu N 26: 701!

[ 14% of 1a was recovered.
1 40 min at 130°C. 10% of 1a were recovered.

[l The desired product cannot be separated from the starting material. The yield is calculated from the '"H NMR spectra,

28% of 1a were recovered.

is not satisfactory, a terminal Sonogashira cross-cou-
pling instead of Suzuki-Miyaura cross-coupling has
been developped. Optimized conditions appear to be
applicable to many other alkynes: propargylic alco-
hols, ethers, and amines, as well as aliphatic and aro-
matic alkynes. The same starting material readily un-
dergoes the cascade reaction as well with enynes, al-
kynylimines and oximes. Studies concerning the trans-
formations of these azatrienynes to azafenestradienes
are still in progress. Finally, when the hydroxy group
in the starting material is replaced with a nitrogen,
the cascade proceeds also in good yields affording the
desired products.

The tricyclic product including a cyclobutane is ob-
tained in high yields and in a one-pot operation. This
method is also quite versatile from the point of view
of the introduction of new functionalities, since the
triple bond, for example, can then be selectively ma-
nipulated. Further studies on this point and related
aspects of this chemistry are in progress.

Experimental Section

General Procedure for the Cyclocarbopalladtion 4-
exo-dig/Sonogashira Cascade

In a 2-5 mL microwave vial were added the compound 1a
or 1d-1i (1 equiv.), Pd(OAc), (0.05 equiv.), copper iodide
(0.1 equiv.), and PPh; (0.1 equiv.). The vial was sealed with a
teflon cap and the reaction mixture was then dissolved in
distilled diisopropylamine (3 mL). The reaction mixture was
placed under argon, frozen in liquid nitrogen and put under
vacuum. The O, liberation proceeds when the temperature
rises back to ambient temperature. The operation was re-
peated two times. Then, the terminal alkyne (1.5 equiv.) was
added to the reaction mixture. The vial was irradiated in the

Adpv. Synth. Catal. 2011, 353, 3151 -3156
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microwave. The reaction mixture was then filtered through
celite to eliminate the metal traces and then concentrated
under reduced pressure. The crude product was purified by
flash column chromatography.
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