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para-Quinone methides [p-QMs; Eq. (1)],[1] which are struc-
turally characterized by the unique assembly of carbonyl and
olefinic moieties, and chemically defined as neutral and
zwitterionic resonance entities, have been already known for

more than one century in organic chemistry.[2] In nature, p-
QM units exist in a variety of natural products such as fungal
metabolites, terpenes, and plant pigments.[3] As a result of the
intrinsic electrophilic reactivity of p-QMs, highly reactive
transient p-QM species generated in situ are implicated in
many chemical, medicinal, and biological processes such as
lignin biosynthesis, enzyme inhibition, and DNA alkylation
and cross-linking.[1, 4] Synthetically, ortho-quinone methides
(o-QMs), a structural isomer of p-QMs, have been extensively
studied for the development of asymmetric methodologies
such as 1,4-conjugate addition, [4+2]-cycloaddition, and
6p electrocyclization.[5] But surprisingly, few enantioselective
additions of p-QMs have been documented, especially in
a catalytic asymmetric fashion.[1,6–8] Therefore, the develop-
ment of an effective catalytic enantioselective addition of p-
QMs remains an important challenge in modern organic
synthesis.

To address this topic, and stimulated by the alternative
design for the construction of synthetically important diaryl-
methine stereogenic centers, which are ubiquitous in many
biological natural products and drugs (Figure 1), a novel

asymmetric catalytic 1,6-conjugate addition[9] of p-QMs with
C nucleophiles was envisaged (Scheme 1). The additional
driving force of aromatization would thermodynamically

allow such a nucleophilic addition to be more reactive than
the addition to the classic conjugated enone system, but it
would also be elusive in its stereoselectivity. Regarding the
catalytic enantioselective synthesis of diarylmethine stereo-
genic centers, great effort has been made during the past
decades, and mainly includes: 1) conjugate addition of aryl
anion equivalents to electron-deficient olefins,[10] 2) Friedel–
Crafts alkylation of electron-rich arenes with electron-defi-
cient olefins,[11] 3) hydrogenation of gem-diaryl alkenes,[12]

4) allylic arylation of cinnamyl-type phosphates,[13a] 5) hydro-

Figure 1. Diarylmethine stereocenters in selected bioactive molecules.

Scheme 1. Asymmetric catalytic 1,6-conjugate addition of p-QMs.
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arylation of styrenes,[13b] and 6) 1,4-conjugate addition of
boronates to ortho-quinone methides.[13c] Given the appeal for
the exploration of new asymmetric methodologies using the
p-QM chemistry, we report herein an alternative approach for
the asymmetric synthesis of functionalized diarylalkanes
featuring a novel catalytic enantioselective 1,6-conjugate
addition/aromatization of p-QMs with malonates under
phase-transfer catalysis.[14]

Initially, the asymmetric 1,6-conjugate addition of p-QMs
was evaluated by the screening of chiral catalysts in the model
system (Table 1).[15] Among the examined phase-transfer
catalysts, the related N-bridged cinchona ammonium salts
4a and 4b[16a,b] (entries 1–2) could promote the given trans-
formation, but with lower efficiencies in both reactivity and
enantioselectivity. Surprisingly, the tartrate-derived bis(am-
monium tetrafluoroborate) 4c[16c] was ineffective in the
current addition reaction (entry 3). In addition to these
center-chiral catalysts, three binaphthyl-modified ammonium

halides (4d–f) with axial chirality, compounds first discovered
by Maruoka and co-workers,[16d–f] were then investigated.
Significantly, the homochiral N-spiroquaternary ammonium
bromide 4 d gave a higher yield and ee value (entry 4). Both
the catalyst 4e (entry 5), with substituent modification at the
3,3’-chiral-binaphthyl moiety, and the catalyst 4 f (entry 6),
with simplified substituents at the nitrogen center, had
a negative influence on the enantioselectivity. Subsequently,
the catalyst and base loadings were also examined (entries 7
and 8), and it should be noted that the catalytic amounts of 4d
can be reduced to 0.01 equivalents in the presence of three
equivalents of K2CO3 without loss of yield and stereocontrol.

After the above preliminary optimization, we then
surveyed the structural influence of nucleophilic active
methylene donors on the reactivity and stereoselectivity of
asymmetric 1,6-conjugate addition to p-QMs (Table 2). A
series of malonic esters (2 a–g) were investigated from a steric

and electronic standpoint. Compared with the result using
diphenyl malonate (2a ; entry 1), the dialkyl malonates 2b
(entry 2) and 2c (entry 3) showed the same efficiency in
reactivity, but resulted in a considerable decrease in enantio-
selectivity. The sterically more hindered di-tert-butyl malo-
nate (2d ; entry 4) gave both a low yield and a low ee value.
Interestingly, the reaction using the electron-donating diaryl
ester 2 e (entry 5) proceeded with excellent yield and
enantioselectivity. Surprisingly, the 1,6-conjugate addition
took place slowly to give a very poor asymmetric induction
when the electron-withdrawing diaryl etser 2 f (entry 6) or 2g
(entry 7) was employed, thus revealing an interesting donor
electronic effect in the nucleophilic addition. To further
improve the enantioselectivity, this reaction was performed at
a decreased temperature in the presence of the readily
available 2a (entries 8 and 9), and gratifyingly the optimal

Table 1: Asymmetric 1,6-conjugate addition of p-QMs catalyzed by
phase-transfer catalysts[a]

Entry Cat. (Equiv) t [h] Yield [%][b] ee [%][c]

1 4a (0.1) 44.5 80 8
2 4b (0.1) 44.5 65 �32
3 4c (0.1) 73.5 trace –
4 4d (0.1) 2.5 96 93
5 4e (0.1) 3 96 40
6 4 f (0.1) 48 81 63
7 4d (0.01) 4 96 93
8 4d (0.01) 2[d] 96 93

[a] Performed with 1a (0.05 mmol) and 2a (0.055 mmol) in the presence
of K2CO3 (0.05 mmol) and the catalyst 4 (0.005 mmol or 0.0005 mmol)
in toluene (0.5 mL). [b] Yield of isolated product. [c] Determined by
HPLC analysis using a chiral stationary phase. [d] Three equivalents of
K2CO3 were used.

Table 2: Effect of malonates in asymmetric addition.[a]

Entry Donor Product T [8C] t [h] Yield [%][b] ee [%][c]

1 2a 3aa 15 2 96 93
2 2b 3ab 15 2 95 58
3 2c 3ac 15 2 96 37
4 2d 3ad 15 48 29 44
5 2e 3ae 15 2 96 92
6 2 f 3af 15 48 81 10
7 2g 3ag 15 48 69 9
8 2a 3aa 0 21 96 96
9 2a 3aa �40 33 96 98

[a] Performed with 1a (0.05 mmol) and 2a–g (0.055 mmol) in the
presence of K2CO3 (0.15 mmol) and the catalyst 4d (0.0005 mmol) in
toluene (0.5 mL) at the indicated temperature. [b] Yield of isolated
product. [c] Determined by HPLC analysis using a chiral stationary
phase.
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enantioselectivity of 98% ee with 96 % yield was attainable in
the current model, despite a prolonged reaction time.

To evaluate the scope and limitations of this asymmetric
methodology, various chemically stable p-QMs (1a–p) in the
presence of the matching donor 2a were subsequently
subjected to the above optimized reaction conditions
(Table 3). In most cases, this reaction proceeded smoothly
with excellent enantioselectivity and in high yield. For

example, while using the p-QMs 1a–i (R1 = R2 = tBu, R1’’ =

H, R3 = aryl) with a series of electron-neutral, electron-
deficient, or electron-rich aryls at C7, the diarylalkanes 3aa–
ia could be obtained in 97–99% ee and 80–96% yield, and the
absolute configuration of 3da was determined unambiguously
by X-ray crystallographic analysis.[17] Notably, as exemplified
for the formation of 3aa, the present asymmetric 1,6-
conjugate addition/aromatization of p-QMs can be carried
out on gram scale (90 % yield, 98 % ee). In such examples, the
bulky tert-butyl group, which is often used as a positional
protective group for access to many aromatic compounds in
organic synthesis,[18] was preinstalled in the starting p-QMs
because of the requirement of their chemical stabilization.
Notably, a three-step protocol consisting of the transesterifi-

cation, Krapcho dealkoxycarbonylation, and AlCl3-mediated
trans-tert-butylation has been illustrated for de-tert-butyla-
tion[18] of the addition product 3aa (Scheme 2), thus affording
the de-tert-butylated phenol 5 in 58 % yield over three steps

without erosion of optical purity. To expand the generality of
this method, the C7-alkyl-substituted p-QMs 1 j (R1 = R2 =

tBu, R1’’ = H, R3 = Me) and 1k (R1 = R2 = R3 = tBu, R1’’ = H)
were also examined (Table 3). Compared with the result for
the product 3 ja (2 h, 95 % yield and 89 % ee), the steric bulk
of the tert-butyl group on C7 of 1k obviously slowed this 1,6-
conjugate addition (72 h, 33% yield) despite the excellent
stereocontrol for 3 ka (98 % ee).

In addition to the above investigation on the influence of
the substituents at C7, the p-QMs 1 l–p (R3 = Ph; R1,R2 =

alkyl, aryl, silyl; Table 3) bearing non-tert-butyl substituents
at C2 and C6 were also probed for this asymmetric catalytic
1,6-conjugate addition. In comparison with the aforemen-
tioned ee value and yield of 3aa obtained from 1a, the less
bulky substituents at C2 and C6 of 1 l (R1 = R2 = Me, R1’’ = H,
R3 = Ph) and 1m (R1 = R2 = iPr, R1’’ = H, R3 = Ph) may
account for an increased reaction rate, thus giving the
analogous enantioselectivities and yields for 3 la and 3ma.
When using the p-QM 1 n (R1 = R2 = R3 = Ph, R1’’ = H) with
the sp2-hybridized phenyl substituent located at C2 and C6,
the reactivity was maintained, but a decrease in enantiose-
lectivity was observed for the formation of 3na at �60 8C.
Importantly, because of the potential application in function-
alization and transformation reactions of the C(sp2)�Si bond
in organic synthesis,[19] the bis(silyl)-substituted p-QM 1o
(R1 = R2 = Me3Si, R1’’ = H, R3 = Ph) was designed and exam-
ined in this reaction. Interestingly this addition proceeded
quickly, and the desired product 3oa was afforded with 98%
ee in 94% yield. Further treatment of 3oa with CF3CO2H and
ICl gave the ipso-protodesilylated phenol 6 and ipso-iodode-
silylated phenol 7, respectively, in good yields without
noticeable loss of the ee value (Scheme 2). Moreover, 1p
(R1 + R1’’ = 1,3-butadiene-1,4-diyl, R2 = H, R3 = Ph) with sub-
stituents at C2 and C3 was also considered in this case, but
disappointingly a modest enantioselectivity of 40 % ee for 3pa
was achieved (Table 3).

To further understand the influence of the stereochemis-
try of exocyclic methylene substituents of p-QMs on the

Table 3: Generality of asymmetric 1,6-conjugate addition/aromatization
of p-QMs.[a,b]

[a] Performed with 1a–p (0.05 mmol) and 2a (0.055 mmol) in the
presence of K2CO3 (0.15 mmol) and the catalyst 4d (0.0005 mmol) in
toluene (0.5 mL) at�40 8C. The yields refer to the isolated products, and
the ee values were determined by HPLC analysis using a chiral stationary
phase. [b] The absolute configuration of 3da was established by X-ray
crystallographic analysis, and accordingly the reaction enantioselectivity
in other cases was assigned by analogy. [c] Performed at �60 8C.

Scheme 2. De-tert-butylation and desilylation of diarylalkanes. a) KOH/
MeOH (0.1m), THF, RT, 99% yield; b) NaI, H2O, DMSO, 160 8C, 70 %
yield; c) AlCl3, benzene, 60 8C, 85% yield, 98 % ee ; d) CF3CO2H, CCl4,
RT, 86% yield, 98% ee ; e) ICl, CH2Cl2, RT, 80% yield, 97 % ee.
DMSO= dimethylsulfoxide, THF = tetrahydrofuran.
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asymmetric control of 1,6-conjugate addition/aromatization,
a stereoisomeric mixture of either the prochiral p-QM 1q
(1.5:1 d.r.) or 1r (1.4:1 d.r.) was subjected to control
experiments (Scheme 3). Remarkably, this reaction pro-
ceeded smoothly with an excellent ee value and yield, and
the absolute configuration of 3qa was also unambiguously

established by X-ray crystallographic analysis.[17] Importantly,
the observed unique enantioselectivity implied that the
stereodiscrimination to the prochiral Re face of either 1q or
1r was independent of the configuration of exocyclic meth-
ylene substituents of p-QMs.

Based on these facts, a rationale for the enantioselectivity
under the catalysis of 4d in the presence of the matching
donor 2 a is tentatively proposed (Figure 2). The homochiral
N-spirobinaphthyl-derived catalyst 4d, graphically simplified
as the model A, provides a unique chiral quaternary
ammonium center in a regular tetrahedron (orange yellow).
As shown in I, the bidentate property of the enolate anion of
the malonate 2a, which is simplified as the model B, resulted
in a complexation through Coulombic interactions with the
chiral ammonium cation from the more accessible C1-C4
edge defined by the intersection of two triangular faces C1-
C2-C4 and C1-C3-C4. Alternatively, the same ionic complex-
ation of the enolate anion with the chiral ammonium cation

could be also accessed in a bidentate fashion from the equally
accessible C2-C3 edge defined by the intersection of two faces
C1-C2-C3 and C2-C3-C4. According to the aforementioned
donor effects (Table 2, entries 1 and 5), the p-stacking
interactions between the phenyl group and 3,5-bis(trifluoro-
methyl)phenyl moiety might be involved in I, thus leading to
additional strengthening of the noncovalent complexation
between the enolate anion and ammonium cation. Compared
with the unfavorable orientation of the p-QM plane in II, the
planar prochiral p-QMs oriented as depicted in I would then
approach the enolate anion mainly from the less steric convex
side to deliver the observed enantioselectivity, and the
additional p-stacking interactions between the electron-
deficient p-QMs and the naphthyl moiety of catalyst might
also be involved.

In summary, a novel catalytic asymmetric 1,6-conjugate
addition/aromatization of p-QMs with malonates under
phase-transfer catalysis was developed for p-QM chemistry.
A series of synthetically interesting, functionalized diaryl-
alkanes were achieved with good to high yields (up to 96%)
and enantioselectivities (up to 99 % ee) in most of cases, thus
providing an alternative approach to the catalytic enantiose-
lective construction of functionalized diarylmethine stereo-
genic centers. Presently, further synthetic applications as well
as the enantiodiscrimination rationale for this reaction are
under investigation in our laboratory.
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