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ABSTRACT

A single-step chirality transfer method for the synthesis of axially chiral biaryl compounds by construction of the second aromatic ring via
a Diels −Alder/retro-Diels −Alder cascade reaction is reported. This methodology should find broad application in the synthesis of natural
products and asymmetric catalysts.

Axially chiral compounds are of great importance because
of their decisive roles in governing the pharmacological
properties of bioactive molecules1 and controlling the cata-
lytic outcomes in ligand-mediated asymmetric synthesis.2

Various synthetic methods have been exploited to make
chiral biaryls,3 which can be strategically divided into three
categories: (a) resolution or desymmetrization of stereochem-
icially undefined biaryls,4 (b) direct atroposelective biaryl

coupling,5 and (c) atroposelective biaryl synthesis by con-
struction of the second aromatic ring.6

† Current address: Department of Chemistry, Columbia University, New
York, NY.

(1) (a) Nicolaou, K. C.; Boddy, C. N. C.; Bráse, S.; Winssinger, N.
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The third category has emerged recently and generally
needs multiple steps to achieve chirality transfer. Recently,
syntheses of biaryl skeleton-based natural products and
ligands via Diels-Alder reaction have grown rapidly.7

However, no asymmetric version has been reported so far.
Herein, we wish to communicatea single-step chirality
transfer method for the synthesis of axially chiral biaryl
compounds by construction of the second aromatic ringVia
Diels-Alder/retro-Diels-Alder cascade reactions,8 which
should find broad application in the synthesis of natural
products and asymmetric catalysts.

As shown in Scheme 1, the bicyclic intermediatesC and
D could be derived from cycloaddition of chiral dieneA

and dienophileB. With regard to the regiochemistry being
controlled largely by the nature of electron-rich oxygenated
diene9 A and electron-deficient dienophileB, we envisioned
that intermediateC would be formed predominately, in light
of there being less steric interactions betweenHa andHb,
Hc than those betweenR1 andHb, Hc in intermediateD.

We also envisaged that, once formed, intermediateC
would undergo a facile retro-Diels-Alder reaction, consider-
ing its congested nature, to give the axially chiral biarylE
and 2-methyl-1,3-butadieneG, realizing the chirality transfer

from the chiral dieneA to axial biaryl compoundE. The
key point in driving the conversion ofC/D to E/F is the
aromatization by fragmentation to give conjugated dieneG
instead of an alkyne (see later computational discussions).

It is worthwhile to mention that, in addition to the facile
aromatization, the existing isopropenyl group at C3 of
substrateA might provide an intrinsic instability in the
bicyclic intermediateC, which would drive the retro-Diels-
Alder reaction to the formation ofG, rather than the reverse
Diels-Alder reaction to starting materialsA andB.

With the above in mind, we synthesized electron-rich
dienes9 1a-i from (R)-(-)-carvone (see the Supporting Infor-
mation) and reacted them with dimethyl diacetylenedicar-
boxylate (DMAD) under microwave (MW) conditions to get
the corresponding biaryl compounds listed in Table 1.

Accordingly, all reactions went to completion within 5 min
under MW irradiation at 140°C to give products2a-2i in a
range of 65-84% yields with modest ee values (64-74%),
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Scheme 1. Formation of Axially Chiral Biaryl Molecules via
the Diels-Alder/retro-Diels-Alder Cascade Reactions

Table 1. Asymmetric Synthesis of Biaryl Compoundsa

a Reagents and conditions: Reactions were run in a sealed tube with
diene (1.0 mmol) and DMAD (2.0 mL) using a Biotage initiator microwave
synthesizer under the conditions described in the Supporting Information.
b Isolated yield.c Chiral HPLC.d Recrystallized yield in parentheses.
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except entry 9, in which only 16% ee was obtained.
Prolonged reaction times did not improve the yields in all
cases.

We then carried out the reactions at 80°C, for 1 h, which
gave relatively lower yields (56-80%) as compared with
those obtained at 140°C. However, the atroposelectivity
improved (64-80% ee) at the lower temperature, especially
in the case of entry 9, for which the ee value increased from
16% to 71%. We speculated that the lower atroposelectivity
at the higher temperature might be caused by biaryl rotation.

In order to clarify the observation, product2i with 71%
ee was heated at 140°C for 10 min under MW irraditation;
as expected, the ee value of2i dropped to ca. 3%, indicating
that biaryl compound2i, with a methoxy group at its ortho
position, easily rotated to cause the racemization.

To understand the outcome of enantioselectivity in the
present cascade reactions, DFT calculations (B3LYP/
6-31G)10 were performed to elucidate the mechanistic details
of reactions in entries 4 and 9 (Figure 1).

We speculated that each reaction in Figure 1 has two
competitive pathways, labeled as Ra and Sa pathways, leading

to formation of biaryls with Ra and Sa configurations,
respectively. The computed free energy of activation for the
Diels-Alder cycloaddition (TS1) is about 10 kcal/mol higher
than TS2 for the retro-Diels-Alder reaction which re-
leases the 2-methyl-1,3-butadiene, indicating that the first
step is rate-determining. Calculations indicate that, in both
reactions of entries 4 and 9,TS1 (Ra) is ca. 2 kcal/mol
higher thanTS1 (Sa), suggesting that formation of intermedi-
ate with Sa configuration is favored in the first step. How-
ever, before going forward to the final product, the Sa

configuration intermediate would shift to more stable Ra

configuration due to relatively lower transition barrier. This
is consistent with our early analysis. Therefore, formation
of biaryls with Ra configuration is dominant. This preference
of TS1 (Sa) over TS1 (Ra) is due to the steric repulsion
between R1 and the dienophile inTS1 for the Ra pathway,
as shown in Figure 2. The fact thatInt (Ra) is more stable
than Int(Sa) can be understood by the early analysis of
Scheme 1.

Rotation of biaryls leads to racemization, which would
reduce enantioselectivity. Therefore, it is critical to know
the rotation barrier for the products. For the small substituent,
R1 ) MeO, the calculated barrier between Ra and Sa products
is 32.8 kcal/mol, which is close to that of TS1; therefore,
the rotation/racemization would occur at high temperature,
as observed in our experiment. For the large substituent, R1

) Cl, the calculated rotation barrier between Ra and Sa
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Figure 1. Mechanistic elucidation. The schematic free energy
profile and the transition state structures and intermediates for the
Diels-Alder/retro-Diels-Alder cascade reactions of entries 4 and
9. The inset is the transition barrier for the interconversion between
the intermediates.

Figure 2. Computed transition-state structures of Ra and Sa

pathways for the Diels-Alder cycloaddition step of entry 9
(distances in Å). The steric interaction between the substituent R1

and the dienophile is indicated by the double arrows.
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products is 39.4 kcal/mol, about 7 kcal/mol higher thanTS1,
so the final product is stable, even at 140°C. Therefore, the
substituent R1 not only exerts its influence on the pathway
for the Diels-Alder/retro-Diels-Alder cascade reactions, but
also on the stability of the final product.

In conclusion, we have demonstrated a direct and atro-
poisomer-selective synthesis of axially chiral birayl com-
pounds based on the MW-assisted Diels-Alder/retro-Diels-
Alder reactions, and applied it to synthesize a series of biaryl
compounds with good yields and moderate ee. Currently,
we are working on growing crystals for X-ray studies of their
absolute stereochemistry and on improving efficiency and
the asymmetric induction of the reactions by evaluating the
steric and electronic effects of substituents of our dienes.
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