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Highly Selective Construction of Seven-Membered Carbocycles by
Olefin-Assisted Palladium-Catalyzed Oxidative Carbocyclization—

Alkoxycarbonylation of Bisallenes

Can Zhu',* Bin Yang®, Youai Qiu, and Jan-E. Bdckvall*

Abstract: An olefin-assisted palladium-catalyzed oxidative
carbocyclization—alkoxycarbonylation of bisallenes to afford
seven-membered carbocycles has been established. This dehy-
drogenative coupling reaction showed excellent substrate scope
and functional group compatibility. The reaction exhibited
high chemo- and regioselectivity, and ester 3 was the only
product obtained. The olefin unit has been proven to be
indispensable during the reaction. Moreover, intramolecular
oxidative coupling suggests that the reaction proceeds via a (7-
allyl)palladium intermediate.

The construction of medium-sized (seven- and eight-mem-
bered) carbocycles has been an attractive area of research,
owing to their broad occurrence as the core structure in
various natural products as well as pharmacologically active
substances.!"?! Such units have been widely found in hydro-
azulene, guaiane, and pseudoguaiane sesquiterpenes.”) How-
ever, to date, the efficient and selective annulation for
medium-sized rings is still highly challenging, due to their
unfavorable transannular interactions and entropic factors.!
In this regard, only few methods focusing on the formation of
seven-membered rings have been developed. Therefore, the
development of novel approaches for the efficient catalytic
construction of medium-sized carbocyclic compounds is
highly desirable.

Bisallenes have been demonstrated as powerful building
blocks in synthetic chemistry,”’ and transition metal-catalyzed
cyclizations of bisallenes have emerged as effective strategies
for preparing complicated skeletons.”! In 2005, Ma and co-
workers developed an efficient Rh'-catalyzed route to steroid
scaffolds from bisallenes, which showed the unique advan-
tages of bisallenes."” However, the challenge will be the
control of selectivity during the reaction, considering the fact
that skeletons of bisallenes are highly unsaturated structures
(UN >4, UN = unsaturated number). Recently, we reported
an efficient cascade reaction of enallenes via carbonylation—
carbocyclization—carbonylation—alkynylation, in which four
new carbon-carbon (C—C) bonds were formed (Sche-
me 1a).®) The additional coordination of the olefin unit to
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Scheme 1. Previous work and proposal for this work. Nu= nucleophilic
unit, R.E.=reductive elimination.

Pd" was an essential element for the subsequent allene”!
attack to afford Int-1,""! which on sequential insertion of
carbon monoxide (CO) and olefin would give Int-2. On the
basis of these results, we envisioned that, when an additional
allene unit was introduced, Int-A would be formed (Sche-
me 1b). Therefore, the further insertion of an allene moiety
and nucleophilic quenching might produce spiro-type product
A.

Based on this concept, we initially chose bisallene 1a as
the standard substrate. When bisallene 1a was treated with
bis-sulfoxide-Pd(OAc), (White catalyst, 5 mol %), MeOH
(5 equiv), and BQ (1.5 equiv) in the presence of CO (balloon,
approx. 1 atm) in toluene at rt (room temperature) for 6 h, the
envisioned spiro-type product A was not observed
(Scheme 2). Surprisingly, seven-membered carbocycle 3aa
was obtained in 64 % yield instead, along with 4ain 8 % yield.
Obviously, vinylpalladium complex Int-3 reacts via ligand
exchange and allene insertion to form Int-5 via Int-4, instead
of a sequential CO and olefin insertion to give Int-A
(Scheme 1b and c). As a result, seven-membered carbocycle
3aa was produced by quenching Int-5 with MeOH in the
presence of CO, while 4a was formed via direct B-H
elimination from Int-5. To the best of our knowledge, this

nPr

+ CO + MeOH  Ph- 3 . S Ph COOMe
5mol% Pd(OAc),
1atm 5equiv
balloon 1.5 equiv BQ
E
COREt toluene, rt, 6 h Et0,C7, EtO,C” ,
1a 2a
64% a%

Scheme 2. Initial attempt using bisallene 1a. BQ =1,4-benzoquinone.
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reaction is the first example for the construction of seven-
membered carbocycles from bisallenes in a dehydrogenative
manner."?

With these results in hand, we set out to optimize the
reaction conditions (see Table S1 in the Supporting Informa-
tion). Catalyst screening showed that Pd(OOCCF;), gave
a higher yield of 3aa compared to the White catalyst, while
Pd(OAc), increased the yield to 71 % with the best selectivity.
[Pd(PPh;),CL] and [Pd(MeCN),ClL,] failed to realize such
a transformation. To our delight, the addition of DMSO
(20 mol %) as the ligand improved the yield of 3aa further to
77 % without formation of side-product 4a. Solvent screening
revealed that DCE (1,2-dichloroethane) was the best solvent,
in which carbocycle 3aa was produced in 84 % yield as the
only product.™ Tt is noteworthy that the reaction could also
proceed well with MeOH as the solvent, although the yield is
slightly lower (80% ). Therefore, the use of CO, Pd(OAc),
(5 mol %), DMSO (20 mol %), and BQ (1.5 equiv) in DCE at
rt defined the optimized reaction conditions for additional
studies.

Under the optimal reaction conditions, we next studied
the scope of alcohols 2 in the reacton with bisallene 1a
(Table 1). Both benzyl alcohol and p-bromobenzyl alcohol
worked well and afforded the corresponding products 3ab
and 3ac in 80 and 70 % yield, respectively (Table 1, entries 2
and 3). A range of secondary alcohols were examined as well:
along with iPrOH, alcohols with cyclic substituents, such as c-
butyl, c-pentyl, and c-hexyl groups all reacted smoothly and
produced the corresponding products 3ad-3ag in good yields
(Table 1, entries 4-7). Moreover, this dehydrogenative cou-
pling reaction worked equally well using allyl alcohol
(Table 1, entry 8). It is noteworthy that both olefinic and
acetylenic alcohols were compatible with the standard
reaction conditions (Table 1, entries 8-10). Finally, functional
groups, such as TMS (trimethylsilyl), could be introduced on
the terminal alkyne position of the acetylenic alcohols, thus

Table 1: Scope of alcohols.”!

P
e 5 mol% Pd(OAC), nPr

20 mol% DMSO

* CO +  ROH 45 equivBQ

COOR

1 atm 5 equiv

balloon DCE. 1,6 h

CO,Et

1a 2 EtO,C” 3
Entry R (2) Yield of 3 [%]®!
1 Me 75 (3aa)
2 Bn 80 (3ab)
3 p-BrCsH,CH, 70 (3ac)
4 iPr 68 (3ad)
5 c-butyl 65 (3ae)
6 c-pentyl 75 (3af)
7 Cy 68 (3ag)
8 allyl 74 (3ah)
9 CH,CH,CH=CH, 71 (3ai)
10 CH,C=CCH;, 71 (34j)
11 CH,C=CSiMe, 75 (3ak)
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leading to the corresponding product 3ak in 75% yield
(Table 1, entry 11).

The reactivity of substrates with different substituents on
the bisallene moiety was next investigated (Scheme 3). When
R' is Bn, Me, or nBu, the reaction gave moderate to good
yields. Cy-substituted bisallene could also be employed to
afford product 3e in 80 % yield. Under the optimal reaction
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Scheme 3. Scope of bisallenes for the olefin-assisted palladium-cata-
lyzed oxidative carbonylative carbocyclization.

conditions, cyclopentylidene bisallene afforded 3f in 71%
yield, while cyclohexylidene bisallene gave the corresponding
product 3g in 78% yield. To investigate the scope of
bisallenes in this carbocyclization reaction, we chose bisal-
lenes with different functional groups: To our delight, the
reaction of bisallene 1h (R' = CH,CH,OH), containing a free
OH group, produced seven-membered carbocycle 3h instead
of proceeding via oxypalladation as observed in many other
cases.'**] Moreover, a functional group such as the imide
group also worked as shown by the formation of 3i in 65%
yield. Finally, it is worth noting that phenyl acetylene
(1.5 equiv) could also be employed instead of alcohol to
quench the reaction, thus producing ynone 6 in 80% yield
[Eq. (1)].®! Three new C—C bonds were formed during the
latter cascade reaction.

To demonstrate the necessity of the olefin unit in this
chemistry, we examined the reactivity of bisallenes with
different linkers: bisallenes 1a’, 1a”, and 1a’’, in which

[a] The reaction was conducted at rt in DCE (1 mL) with 1a (0.2 mmol),
alcohol 2 (5 equiv), and BQ (1.5 equiv) in the presence of Pd(OAc),

(5 mol%) and DMSO (20 mol %). [b] Yield of isolated product after
column chromatography.
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oxygen, nitrogen, or carbon was introduced in place of the
olefin unit in la, respectively, failed to undergo such
dehydrogenative carbocyclization, indicating the indispens-
ability of the olefin group (Scheme 4).

Further studies showed that the intramolecular dehydro-
genative coupling could be realized in the absence of CO and
alcohol (Scheme 5): The direct intramolecular oxidative
coupling of 1a produced seven-membered ring 4a in 72 %
yield (Scheme 5a), which we observed as the side product in
initial attempt (see Scheme 2). When two methyl groups were
introduced as substituents on the terminal position, the
symmetric carbocycle 4j was obtained in 85 % yield from 1j
(Scheme 5b).

nPr nPr

:<j=: 5 mol% Pd(OAc),

20 mol% DMSO

1.5 equiv BQ (@)
DCE, rt,6 h
CO,Et EtO,C
1a 4a: 72%
R R
5 mol% Pd(OAc),
20 mol% DMSO
1.5 equiv BQ
A ()
R DCE, 1, 6 h
R = CH,CO,Et R
1j 4j: 85%

Scheme 5. Intramolecular dehydrogenative coupling using Ta and 1j.

To gain a deeper insight into this dehydrogenative
coupling reaction, the deuterium kinetic isotope effects
(KIE) were studied. An intermolecular competition experi-
ment was conducted using a 1:1 mixture of bisallene 1a and
[D¢]-1a at room temperature for 50 min [Eq. (2)]. The
product ratio 3aa/[Ds]-3aa (ca. 35% conv.) was measured
as 4:1. From this ratio, the competitive KIE was determined
to kylkp=5.5"" Moreover, two parallel experiments gave
a KIE (ky/kp from initial rate) value of 2.5 [Egs. (3) and
(4)].") These observed kinetic isotope effects indicate that
the allenic C—H bond cleavage is the first irreversible step and
occurs during the rate-limiting step. However, the difference
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observed from these two KIE experiments suggests that this
step is not fully, but only partially rate-limiting during the
overall steps. The large competitive isotope effect in the
allenic C—H bond cleavage (ky/kp=>5.5) requires that this
step has to occur before any irreversible steps.!"”!

Based on the observations of KIE studies and the reaction
outcome, a possible mechanism for this dehydrogenative
coupling reaction is proposed in Scheme 6. Simultaneous
coordination of the allene and olefin units to the Pd™ center
would give a chelate palladium complex.'"s! The additional
coordination of the olefin to Pd" is essential for the allene
attack involving allenic C—H bond cleavage to occur, which
also was previously demonstrated.'” Instead of a sequential
insertion of CO into the C—Pd bond of Int-3 (see Sche-
me 1b)," the ligand exchange of olefin with the second allene
moiety would promote the formation of Int-4. Carbocycliza-
tion of Int-4 would close the ring to give cyclic m-allyl
palladium intermediate Int-5.""! Finally, in the presence of
CO and ROH, Int-6 would be generated from Int-5, which on
a selective reductive elimination would lead to ester 3 as the
single regioisomer.”” The transformation from Int-5 to 4

BQ + HOAc

P;?,/\"

HQ
R? ﬁ R2

Pd(OAC),

&

.COOR
Pd CO,R
allenic C-H |-HOAc
w2 R Int-6 R 3 cleavage
CO R’ R?
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R2 | &
& "
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Scheme 6. Proposed mechanism.
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could also be realized in the absence of CO and ROH, which
provides supporting evidence for n’*-allyl complex Int-5. The
released Pd’ is reoxidized to Pd" by p-benzoquinone closing
the catalytic cycle.

In conclusion, we have developed a one-pot olefin-
assisted palladium-catalyzed oxidative carbocyclization—
alkoxycarbonylation reaction of bisallenes to afford seven-
membered carbocycles. This cascade reaction showed high
efficiency and selectivity, and ester 3 was the only regioisomer
obtained. The olefin group has been demonstrated to be
indispensable to promote this transformation. The ligand
exchange of olefin with the second allene moiety was
proposed as the key for the formation of the 7-membered
ring. The n’-allyl coordination to palladium in Int-5 could be
deduced from the formation of 4a and 4j (see Scheme 5). The
transformation towards ester 3 exhibited high chemo- and
regioselectivity in the presence of CO and alcohol. Further-
more, mechanistic studies have shown that the allenic C—H
bond cleavage occurred during a rate-limiting step. Finally,
because of the highly efficient and selective construction of
medium-sized carbocycle skeletons, this method will be useful
in synthetic chemistry. Further mechanistic studies and
synthetic application are currently under way in our labo-
ratory.
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