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Synthesis of Cyclooctatetraenes through a Palladium-Catalyzed

Cascade Reaction

Sarah Blouin, Vincent Gandon,* Gaélle Blond,* and Jean Suffert*

Abstract: Reported is a cascade reaction leading to fully
substituted cyclooctatetraenes. This unexpected transformation
likely proceeds through a unique 87 electrocyclization reaction
of a ene triyne. DFT computations provide the mechanistic
basis of this surprizing reaction.

As a result of its unique structure, the cyclooctatetraene
(COT) framework is particularly intriguing. This motif seems
very rare in nature and only one natural product including
a COT has been reported so far: caulerpin.!! Nevertheless,
COTs display very interesting properties and can be used to
form new materials,”! as new ligands in metal-catalyzed
processes®) or to construct molecules of structural or func-
tional interest.” Different groups have examined, from
a theoretical and synthetic perspective, these eight-membered
ring derivatives containing four nonconjugated double
bonds.’! A one-step synthesis of COT consisting of the
tetramerization of acetylene using the [Ni(CN),]/CaC catalyst
was reported by Reppe in 1948.1 Interest in the development
of metal-mediated procedures to access highly substituted
COTs has continually increased ever since.”!

Our group and those of several others elegantly accom-
plished the construction of structurally complex scaffolds
using cascade reactions.”) We now report a cyclocarbopalla-
dation cascade sequence which provides facile access to fully
substituted COTs of type 2 directly from the alkenyl bromides
1 and a stannane as a coupling partner (Scheme 1). This
reaction was discovered by serendipity since the polyunsatu-
rated derivative 1 was initially designed to produce the
polycyclic scaffold 4 which includes a seven-membered ring.
In a preliminary experiment, classical conditions for palla-
dium catalysis were applied simply using Pd(OAc),, PPhs, and
vinyltributylstannane as the trapping reagent of the final
organopalladium species. The reaction was conducted under
microwave irradiation at 100°C in benzene. After full
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Scheme 1. A one-pot access to fully substituted COTs.

conversion of the starting compound 1a (R'=SiMe,;, R*=
CsH,)), the COT 2aa (R?=CH=CH,) was isolated in 44 %
yield. During this process, the side product 3a (R'=SiMe,)
was also formed. It arises from a surprising elimination of the
side chain, bearing the alkyl group, on the triple bond.”) A 2:1
ratio (as determined by '"H NMR spectroscopy) between 2aa
and 4a was observed in the crude reaction mixture, thus
indicating a possible competitive pathway during the reaction.

Considering the inherent interest in highly substituted
COTs and the ease by which we could obtain this framework
from simple precursors, we decided to optimize the reaction
conditions to increase the selectivity for 2aa (see Table S1 in
the Supporting Information). Eventually, the use of Pd(OAc),
with DavePhos in acetonitrile under microwave irradiation
proved to be the reaction conditions of choice to obtain 2aa
(Table 1, entry 1) in a 8:1 ratio relative to 3a.

The scope and limitations of this reaction were next
investigated. The starting compounds la—c¢ were prepared
and tested under the optimized reaction conditions with
various vinyl, allyl, alkenyl, and heteroaromatic stannanes
[R*SnBu;, Pd(OAc), (5mol%), DavePhos (10mol%),
MeCN, MW, 100°C]. Type 3 compounds were actually
found in almost all reaction mixtures, yet they proved
separable and their yield did not exceed 15%. Yields of the
desired type 2 compounds range from 18 to 53% (Table 1),
and can be considered good given the five-steps reaction and
formation of four new C—C bonds.

NMR data and other analytical analyses were consistent
with the presence of the COT core in these products, and
a structural confirmation was obtained by X-ray crystallo-
graphic analysis of 2ba (Figure 1). The COT framework
adopts a boatlike geometry, which minimizes the steric
congestion between the dimethyldioxolane, dihydrofuran
moiety, and trimethylsilyl groups, and avoids the antiaroma-
ticity which would result from planarity. The rigidity con-
ferred by the cyclobutene ring actually precludes the inver-
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Table 1: Scope of the reaction

o
%O = W R®SnBug (1.3 equiv) \}’O -

1a:R'= SiMes, R2 = nCgHqq O. Pd(OAc); (5 mol%) O.

1b: R' = SiMe, R? = Ph Br DavePhos (10 mol%) ‘O
R1
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1c:R!=Ph, R? = nCsHyy R! MeCN_
X R2 M(¥Y5-119(5)hc 2ax-2cx R® R2?
Entry R R? R} 2 Yield %]
1 SiMe;  nCiH,; CH=CH, 2aa 53
2 SiMe; nCH,, CH=CHCH,OH 2ab 25
3 SiMe; nGCHy, CH=CHSiMe, 2ac 20
4 SiMe, nCiHy  CH,CH=CH, 2ad 23
5 SiMe;  nCsH,,  2-furanyl 2ae 34
6 SiMe;  nCgH,,  2-thienyl 2af 22
7 SiMe, nCyH,, C=CPh 2ag 180!
8 SiMe;  Ph CH=CH, 2ba 47
9 SiMe;  Ph CH=CHCH,OH 2bb 35
10 SiMe;  Ph CH=CHSiMe, 2bc 25
11 SiMe;  Ph CH=CHPh 2bh 30
12 SiMe, Ph CH=CH(p-MeOC,H,)  2bi 30
13 SiMe;  Ph CH,CH=CH, 2bd 33
14 SiMe;  Ph 2-furanyl 2be 40
15 SiMe;  Ph 2-thienyl 2bf 36
16 Ph nCsHy  CH=CH, 2ca 42

[a] Yield of the isolated product. [b] 39% of Ta was recovered.
DavePhos = 2-dicyclohexylphosphino-2'-(N,N-dimethylamino) biphenyl.

Figure 1. X-ray crystal analysis of the COT derivative 2ba and COT
bonds length. Hydrogen atoms are omitted for clarity.

sion of the COT. Moreover, this X-ray crystal analysis allowed
determination of the location of the four double bonds. It
indicates a complete shift of all unsaturations of the starting
material during the reaction. The lengths of the single bonds
are around 1.47 A, whereas the double bonds are around
1.34 A (Figure 1). By comparison, in a nonsubstituted COT,
the single bonds are longer (1.54 A) while the double bonds
are identical in length (1.34 A).l""

We propose the following mechanism to account for the
experimental results (Scheme 2). After oxidative addition of
the active palladium species into the C—Br bond of 1, a 4-exo-
dig cyclocarbopalladation gives rise to the intermediate 6
which undergoes a 5-exo-dig cyclocarbopalladation giving 7.
A 8m electrocyclization pathway then gives 8. A 1,3 m-allyl
palladium shift takes place to provide 9 followed by a Stille
cross coupling leading to the final COT 2. The complex 7 is
supposed to be a common intermediate on the way to 2 and
the side product 3. To generate 3, it undergoes a 67 electro-
cyclization to give the intermediate 10. This complex finally
undergoes a B-carbon atom elimination. As mentioned above,
no traces of the syn addition of the palladium to the remaining
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Scheme 2. Proposed catalytic cycle for the formation of COTs.

triple bond through a 7-exo-dig cyclocarbopalladation to form
4 were observed. If valid, the transformation of 7 into 8 would
be unique so DFT computations were carried out to
corroborate this hypothesis. Only the most important features
are presented in Figure 2, and the full mechanism can be
found in the Supporting Information. To limit the number of
atoms in the system, the calculated complexes are unsubsti-
tuted at the alkyne termini and lack two methyl groups at the
dioxolane ring. The phosphine ligand L has been used as
a simplified model for DavePhos. The chosen computational
method™" was recently used by Wang et al. to investigate the
palladium-catalyzed cyclization of polyunsaturated sub-
strates.”” The complex A has been taken as reference for
the Gibbs free energies. Two complexes, C',,,,s and C',;;, were
actually found to be precursors to the eight-membered ring.
The descriptors trans and cis are used here to highlight the
relative disposition of the dioxolane ring and the metal
fragment. A transition state connecting C',,,, to the bent
allene complex™ E,,,,, was located only 8.3 kcalmol ™! above
the former. The transformation is appreciably exergonic by
28.6 kcalmol™!. The main geometrical change to reach the
transition state concerns the terminal carbon atoms of the ene
triyne system, and they move closer together (from 3.00 A to
220 A; see Figure 3 for the geometry of TS¢g.ians). HOMOs
of €4 and TSc¢g.ans have the ideal symmetry for a con-
rotatory ring closure (see Figure S3).
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see the Supporting Information for all intermediates
— / and TSs between A and C'y,ps or C'gjs
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~
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Figure 2. Selected part of the computed reaction profile (AG,qg,
kcalmol™).

TScu-cis (-48.2)

TSui-cis (-60.9)

Figure 3. Geometries of selected transition states (selected distances
in A, the free energy relative to A is indicated within parentheses in
kcalmol™).

Thus, the cyclization of ', to E,,,s can be referred to as
a 8melectrocyclization of a polyunsaturated open chain
containing three conjugated double bonds, a triple bond,
and bearing a palladium on the terminal position of one
double bond. This cyclization has no precedent. The result of
this reaction is the formation of an eight-membered ring
including two conjugated double bonds and an allenyl
palladium species.

Having deciphered the formation of the eight-membered
ring products, we next aimed at finding a rationale for the type
I benzene derivatives (Figure 2). Scanning the potential
energy surface (PES) from C,,,, or C',,, did not lead to
any transition state. Thus, we decided to turn our attention to
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the cis series. Apart from the absolute configuration of the
helix, C',;, displays bond lengths very similar to those found in
C',,.us The 8 electrocyclization is also possible from C',;. The
corresponding transition state TScg.. lies virtually at the
same free energy as TScp.ems (AAG 5 =0.6 kcalmol™).
However, E is markedly less stable than E,,,, (AAG,ys=
14.3 kcalmol ™). This time, it was possible to rationalize the
formation of the benzene type of products I. A transition state
connecting C',;, with the cyclohexadiene complex H,; could
be located, and it lies 29.4 kcalmol ! above C’;,. Interestingly,
in TS¢ep.qi Which corresponds to the formation of the central
six-membered ring, the metal center remains coordinated to
the alkyne terminus. This arrangement means that the
rotations around the C3—C4 and C7—CS8 bonds both occurred
in an outward fashion. Thus, this process can be described as
a disrotatory 6m electrocyclization. Complex H, is more
stable than C'; by 2.3 kcalmol'. The formation of the
aromatic system could be achieved through TSy;..;,, Which lies
19.0 kcalmol ! above H,;, Its geometry and transition vector
show the rotation of the H-CI=C2 fragment around C1. The
breaking C—C bond and the forming C—Pd bond are close in
length (1.95 A vs. 2.06 A respectively). This step can be
referred to as a f-carbon atom elimination, a process which
remains relatively rare in organometallic chemistry, especially
if the a-atom is a carbon atom and not an oxygen atom.¥ We
are not aware of any example of -alkyne elimination when
the a-atom is a carbon atom.!™ The benzene n'-complex I, is
more stable than H,; by only 0.7 kcalmol . Since TScy..;s lies
at 17.8 kcalmol™" above TScg..i,» this cyclization pathway is
unlikely to occur at room temperature. However, the reaction
is carried out at 100°C under microwave irradiation. There-
fore, the formation of side products through H,, and I is
conceivable. That the reactivity can be funnelled towards I
could also be due to a relatively slow cross coupling of E with
the stannane, which would allow reversibility of E; to C',,
and rapid consumption of I;, presumably by cross-coupling as
well. Overall, the 8 electrocyclization pathway remains the
most favorable and is likely to take place in both cis and trans
series.

The 6m electrocyclization/B-carbon atom elimination
route could only be modelled in the cis series. The 6z elec-
trocyclization in the trans series would lead to a complex in
which the alkyne and the dioxolane moiety would display
a trans relationship, which seems geometrically impossible. It
is also worthy of note that the 7-exo-dig pathway, which was
the original target of this work, could not be modelled from
either C',,,s or C' ;.

In summary, we have discovered a remarkable route for
the expedient preparation of fully substituted COTs through
a new mechanistic pathway. This transformation is unique in
several points: 1) the formation of a COT scaffold in a one-
pot cascade reaction; 2) a 8w electrocyclization of an ene
triyne; 3) a 1,3 m-allyl palladium shift on a cyclooctadienal-
lene; and 4) an unprecedented 3-carbon atom elimination of
a triple bond leading to a very strained aromatic polycycle.
DFT calculations nicely corroborate the results observed for
this transformation. These results open the route for a series
of polysubstituted COTs potentially useful in the develop-
ment of new materials or the design of original ligands.
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