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A new strategy for the construction of eight-membered carbocycles

A novel chiral scaffold

ABSTRACT: A palladium-catalyzed cross-coupling reaction of 2-alkylphenyl bromides with biphenylene has been developed. The
reactions formed eight-membered carbocycles through C(sp*)—H activation and the formation of two C—C bonds, and the chiral
products were obtained with excellent diastereoselectivity. The reaction provides a new strategy for the construction of eight-
membered carbocycles, and the products represent a novel type of chiral scaffold.

E ight-membered carbocycles are essential structural motifs
that are ubiquitous in natural products, and the majority
of these natural cyclooctanoid compounds exhibit important
biological and medicinal properties (Figure 1)." For instance,
taxol is one of the most potent anticancer drugs, and it is being
extensively used to treat a variety of human cancers.” Notably,
dibenzocyclooctadiene lignans, a main subclass of lignans, are
eight-membered carbocycles containing a chiral biaryl axis.®
This class of natural products has been found to exhibit a wide
variety of biological activities.” However, methods for the
construction of eight-membered carbocycles are still limited,
and most of the current methods involve intramolecular
cyclization from acyclic precursors.” These methods are usually
challenging due to the unfavorable entropy effect and
transannular interactions.'* Furthermore, the acyclic precursors
essentially have the same level of structural complexity as the
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Figure 1. Representative natural products containing eight-membered
carbocycles.
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Scheme 1. Reactions of Aryl Bromides with Biphenylene
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carbocycles to be synthesized; therefore, the syntheses of the
precursors typically require multisteps. This challenge can be
addressed by intermolecular reactions, which may start from
relatively simple starting materials. Although some intermo-
lecular cycloaddition reactions have been developed for the
synthesis of eight-membered carbocycles, they are primarily
limited to the reactions of alkenes and alkynes, which restricts
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Table 1. Optimization of Reaction Conditions”
Pd(OAc), (10 mol%)
O Ligand (20 mol%)

Base (3 equiv) .

Br * . — -
Additive (2 equiv)
O Solvent (0.5 mL)
N,, 130 °C, 8 h
1a (0.1mmol) 2 (2 equiv) 3a

entry base ligand additive solvent yield (%)
1 K,CO;, P(o-tol) n-BuNBr = DMA 70
2 K,CO; P(o-tol), DMA 56
3 K,CO;  P(otol);  nBu,NCI DMA s4
4 K,CO,4 nBu,NBr  DMA 48
5 K,CO;  PPhy nBuNBr  DMA 33
6 K,CO, P(p-tol); n-Bu,NBr DMA 47
7 K,CO;4 PCy3 n-Bu,NBr DMA 28
8 Na,CO; P(o-tol), n-Bu,NBr DMA 50
9 Cs,CO, P(o-tol), n-Bu,NBr DMA 53
10 KOAc P(o-tol), n-Bu,NBr DMA 60
11 K;PO, P(o-tol); n-Bu,NBr DMA 52
12 KCO,  P(otol); nBuNBr DMF 67
13 K,CO,4 P(o-tol), n-Bu,NBr NMP 51
14 K,CO;4 P(o-tol), n-Bu,NBr 1,4-dioxane NR
15  KCO,  P(otol);  nBuNBr  CH;CN 50

16" K,CO, P(o-tol);  n-Bu,NBr  DMF 64

“Yields were determined by "H NMR analysis of the crude reaction
mixture using CH,Br, as the internal standard. b mol % Pd(OAc),
and 10% P(o-tol),

Scheme 2. Substrate Scope”

()
gsﬁ ]
1.0
"t
=

Pd(OAc), (10 mol%) g2

P(o-tol); (20 mol%) g2 .O
K,CO3 (3 equiv)
Day

n-BuyNBr (2 equiv)

DMA (1mL)  gi"=
N, 130 °C, 8 h 3
1(0.2mmol) 2 (2 equiv)
Entry 1 3 Yield | Entry 1 Yield
B
1 igf’ gc 51% % /‘ 63%
1b 3b 11 3f
. O O
2 O O 72% Br 59%
1c 3c
O OMe OMe
MeO
Br
3 O O 13% 27%
Cl al
1d 3d
O« e
Br (0] o
CO,CHy do,CHs
1e 3e 1i 3i

“Isolated yield

1270

Scheme 3. Diastereoselective Synthesis of Chiral Eight-
Membered Carbocycles”
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“Isolated yield. “1 mmol of 1j was used. 0.1 mmol of 1j and 0.1
mmol of 2,3,6,7-tetramethylbiphenylene were used.

Scheme 4. Transformation of Cyano Groups
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O O THF, R.T., overnight

0.2 mmol
3

the scope of accessible products.'™ Therefore, it is stil highly
desirable to develop new synthetic strategies for eight-
membered carbocycles, in particular, those through intermo-
lecular reactions.

C-H functlonahzatlon represents an innovative tactic for
organic synthe51s Whereas C(sp) —H activation reactions
have been extensively exploited, C(sp*)—H functionalization is
still underdeveloped because it is more challenging.”

Directing groups are often used to achieve high
regioselectivity 1n transition-metal-catalyzed C—H functional-
ization reactions.® However, this strategy needs additional
steps to introduce and transform the directing groups.
Remarkably, halogens have been exploited as traceless
directing groups to assist the cleavage of C—H bonds. For
Pd-catalyzed halogen-assisted C—H activation reactions, C,C-
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Scheme 5. Mechanistic Studies
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Scheme 6. Kinetic Isotope Effect Studies
1. Intramolecular Reaction
Pd (OAc), (10 mol%)
P(o-tol)3 (20 mol%)
KZCO3 (3 equiv)
n-BuyNBr (2 equiv)
DMA (0.5 mL)
No, 130 °C,1h
0.1 mmol 0.2 mmol
1j- D3 2
D3C
KIE = 5.0
yield = 60%
3]'03

2. Parallel Reactiions

53

Pd(OAc),

(10 mol%)
P(o-tol)3 20 mol%)
KQCO3 (3 equiv)

n-BuyNBr (2 equiv)

e
0.0

DMA (0.5 mL)
0.1 mmol 0.2 mmol N, 130 °C 35
Pd(OAc (10 mol%)
D3C P(o-tol) 20 mol%)
KzCO3 (3 equiv)
n-BuyNBr (2 equiv)
DMA (0.5 mL)
0.1mmol  02mmol N2 130 °c
1j-Dg )

KIE = 0.0561/0.0162 = 3.45

palladacycles are formed.” Our group has a long-standing
interest in palladacycles because their unique structures and
novel reactivities can be utilized to develop innovative and
synthetically useful organic transformations.'’ Notably, Pd-
catalyzed C(sp®)—H activation can also be enabled by utilizing
halogens as traceless directing groups, which forms C(sp?),C-
(sp*)-palladacycles. The majority of the current C(sp*)—H
activation reactions of such type involve intramolecular
cyclization,'' and intermolecular functionalization is under-

exploited.' ">
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Scheme 7. Proposed Mechanism

. Pdo
1a
oxidative
3a addition
reductive
elimination F’d"
g *
Q P! O ;'H,
activation

D-2

reduck oxidative
elimination : addition B
dIV

Sav

D-1

o
Q.

N!

In 2006, the Gallagher group reported a very intriguing
cross-coupling reaction of 2-4-aryl-3-bromopyridines with
biphenylene (Scheme 1a)."* The reactions involved C(sp?),C-
(sp*)-palladacycles obtained from bromo-directed C(sp?)—H
activation and formed eight-membered heterocyclic tetraphe-
nylenes. Although only three examples were studied and the
yields were low in Gallagher’s reactions, the reactions provided
a strategy for the construction of eight-membered rings.
Inspired by this elegant reaction, we envisioned that C(sp?),C-
(sp*)-palladacycles derived by the C(sp*)—H activation of aryl
halides could also undergo a coupling reaction with
biphenylene. However, C(sp®)—H activation is more challeng-
ing, and it has also been reported that aryl halides tend to
underﬁo homocoupling via Pd-catalyzed C(sp®)—H activa-
tion."* To develop the cross-coupling of C(sp’)—H bonds of
aryl halides with biphenylene, these challenges have to be
addressed. Herein we report the cross-coupling reaction of aryl
bromides and biphenylene via C(sp®)—H activation. This
reaction represents an innovative method for the diaster-
eoslective construction of eight-membered carbocycles
(Scheme 1b).

We first investigated the reaction of 1-bromo-2-(tert-
butyl)benzene (1a) and biphenylene (2). After an extensive
conditions survey, we obtained the desired eight-membered
product 3a in 70% yield under the conditions shown in Table 1
(entry 1). Removing n-Bu,NBr or using n-Bu,NCl led to a
lower yield (entries 2 and 3). The yield also decreased in the
absence of P(o-tol); or in the presence of other phosphine
ligands (entries 4—7). The survey of other inorganic bases
revealed that K,CO; was the optimal base (entries 8—11).
Furthermore, the reaction proceeded less efficiently in DMF,
NMP, and CH;CN and failed to give 3a in 1,4-dioxane (entries
12—15). Notably, a yield of 64% was still obtained using S mol
% of Pd(OAc), and 10 mol % of P(o-tol); (entry 16).

Having identified the optimal conditions for the synthesis of
eight-membered carbocycles, we investigated the substrate
scope of the cross-coupling reaction. The reactions of 1-
bromo-2-(tert-butyl)benzene derivatives were first probed. As
shown in Scheme 2, the substrates bearing a methyl or tert-
butyl group at the five-position generated the corresponding
products in moderate yields (3b and 3c). A chloro group was
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tolerated, yet the yield was low (3d). The substrate bearing an
electron-withdrawing ester group was also suitable, but the
reaction was low-yielding (3e). Intriguingly, four- or six-
substituted substrates (1f and 1g) gave the same product 3f.
The formation of 3f in the reaction of 1g should be caused by
palladium migration. (For the detailed mechanism, see the
Supporting Information.) Whereas the activated C(sp®>)—H
bonds are from tert-butyl groups for the above substrates, the
reactivity of C(sp’)—H bonds from other groups was also
examined. Gratifyingly, bromobenzenes bearing a dimethoxy-
substituted tert-butyl group or a 1,3-dioxolanyl group also
successfully coupled to biphenylene, albeit in low yields (3h
and 3i).

It is noted that the previously mentioned eight-membered
carbocycle products are chiral. Actually, product 3a contains
two enantiomers, and they are separable by HPLC. (See the
Supporting Information.) The eight-membered carbocycle
represents a novel type of chiral skeleton and may find
applications in various fields such as asymmetric synthesis and
materials science. For example, dibenzocyclooctadiene lignans
are chiral eight-membered carbocycles.” Therefore, we set out
to study the stereoselectivity of the cross-coupling reaction. We
first examined the reaction of 1-bromo-2-(2-cyano-isopropyl)-
benzene (1j). Substrate 1j bears two methyl groups. When one
of the two methyl groups is functionalized, a new chiral centers
will be created. Remarkably, 1j reacted with 2 under the
standard conditions to form the eight-membered product 3j in
quantitative yield (Scheme 3). More intriguingly, the reaction
was highly diastereoselective, and only a pair of enantiomers
was obtained. The two enantiomers of 3j were also separable
by HPLC (see the Supporting Information), and the structure
of 3j was identified by single-crystal X-ray crystallography. The
molecule has a very intriguing structure. The two opposite
benzene rings are located above the average plane of the eight-
membered ring, and the other benzene ring is below the plane.
Next, the reactions of the derivatives of 1j were probed
(Scheme 3). The derivatives bearing an electron-donating
methyl or electron-withdrawing trifluoromethyl group at the
position meta to the bromo group were suitable (3k and 31).
Although the yields decreased, the diastereoselectivities were
still excellent. Both fluoro and chloro groups were tolerated,
yet the reactions were far lower yielding (3m and 3n). Para-
and disubstituted derivatives were also reactive, and the
corresponding products were formed in good or excellent
yields (30—3q). In these reactions, only enantiomers were
obtained. When chiral substrates were used, the reactions were
still highly diastereoselective, forming a pair of enantiomers in
almost quantitative yields (3r—3u). Notably, the yield of the
reaction of 1j and 2,3,6,7-tetramethylbiphenylene was
moderate, and only enantiomers were obtained (3v).

The cyano group could be transformed in multiple ways. For
instance, it could be reduced to an amino group (Scheme 4).
The amino group can be readily manipulated to allow for
further functionalization.

Mechanistically, it has been proposed that palladacycle
Pd(2,2'-biaryl)s could react with biphenylene to form
tetraphenylenes in the cross-coupling of 3-bromo-4-phenyl-
pyridines with biphenylene and the homocoupling of
biphenylene.'”'® However, the coupling of C(sp*),C(sp®)-
palladacycles with biphenylene has not been reported. To
obtain evidence to support the notion that palladacycles also
acted as the intermediates in the coupling reaction of C(sp®)—
H bonds with biphenylenes, we prepared palladacycle 1a-C.

1272

1la-C could react with biphenylene to form product 3a
(Scheme S, reaction 1). Furthermore, it has been reported that
Ni(2,2-biphenyl) tends to undergo homocoupling to form
tetraphenylene.'® To examine if the reactions involved the
cross-coupling of two palladacycles, we also prepared complex
2-C. When palladacycle 1a-C was allowed to react with 2-C,
product 3a was not observed (reaction 2). Complex 2-C also
failed to react with la (reaction 3). Although the cross-
coupling of two palladacycles could not be excluded, these
experimental results support the notion that C(sp?),C(sp’)-
palladacycles were the intermediates and they reacted with
biphenylene to generate eight-membered carbocycle products.

Kinetic isotope effects (KIEs) in the reaction were also
studied. Deuterated substrates 1j-D; and 1j-D¢ were prepared.
When 1j-D; was subjected to the standard conditions,
products 3j-D; and 3j-D, were obtained in a ratio of 5.0 to
1, which indicates that the intramolecular KIE is S$.0.
Furthermore, parallel reactions of 3j and 3j-D4 were
conducted. 3j and 3j-Dg were allowed to react with 2,
respectively, under standard conditions for different periods of
time, and the KIE value was obtained as 3.45 (Scheme 6).
These KIE values imply that C(sp*)—H activation should be
the rate-determining step.

Therefore, a mechanism was proposed for the formation of
3a (Scheme 7). The reaction is initiated by the oxidative
addition of 1a to Pd species, which yields Pd" species A. The
Pd" species activates the C(sp>)—H bond to form palladacycle
B. The oxidative addition of biphenylene 2 to palladacycle B
affords Pd" species C. The subsequent reductive elimination
of Pd"V species C gives two possible nine-membered
palladacycles D-1 and D-2. Finally, a second reductive
elimination generates product 3a and the Pd° species.

In conclusion, we have developed a palladium-catalyzed
cross-coupling reaction of 2-alkylphenyl bromides with
biphenylene through C(sp®)—H activation. The reaction
forms eight-membered carbocycles as the products with
excellent diastereoselectivity. Mechanistic studies revealed
that palladacycles formed by C(sp®)—H activation should act
as the key intermediates. The reaction provides an innovative
strategy for the synthesis of eight-membered carbocycles, and
the products represent a novel type of chiral scaffold.
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