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ABSTRACT: The first catalytic asymmetric intermolecular
alcohol conjugate addition to o-quinone methides (o-QMs) is
disclosed. Due to reversible C−O bond formation and low
nucleophilicity of alcohols, catalytic asymmetric oxa-Michael
additions with simple alcohol nucleophiles to establish acyclic
oxygenated carbon stereocenters remain scarce. The present
reaction represents a rare example of this type. With a suitable chiral acid catalyst, the in situ formation of o-QMs and subsequent
conjugate addition proceeded with high efficiency and enantioselectivity. The chiral ether products are versatile precursors to
other chiral molecules.

Since their first introduction by Fries and Kann in 1907,1 o-
quinone methides (o-QMs) have been well-recognized as

important intermediates in both organic synthesis and
biological processes.2 Their intriguing structural feature and
versatile reactivity have led to the development of a variety of
organic transformations of broad utility, such as Michael
additions, 6π electrocyclizations, and [4 + 2] cycloadditions.2

However, despite the long history of the studies on o-QMs, the
exploitation of o-QMs in catalytic asymmetric synthesis has
remained dormant until very recently.2−5 In the past few years,
a number of catalytic systems have been demonstrated to be
effective for these asymmetric reactions (Scheme 1).3−5 In

particular, the formation of C−C bonds at the benzylic position
with a carbon-centered nucleophile, in both conjugate addition
and cycloaddition reactions, has been the focus of extensive
investigations to date. In contrast, stereocontrolled carbon−
heteroatom bond formation employing a heteroatom-centered
nucleophile remains challenging and underdeveloped.5

In general, catalytic asymmetric conjugate addition reactions
using nucleophiles based on heteroatoms, such as P, S, and N,
have been well-established, but the use of alcohol nucleophiles
for stereocontrolled C−O bond formation has been much less
realized, particularly for intermolecular processes.6 It is not only

because of the relatively weak nucleophilicity of alcohols, but
also related to the good leaving ability of alkoxide, which makes
these reactions potentially reversible and thus difficult for
stereocontrol.6,7 As a result, currently known asymmetric oxa-
Michael reactions with alcohol nucleophiles are mostly
intramolecular or cascade processes to form cyclic products,
which diminishes the complications by reversibility. Sigman and
co-workers have systematically studied styrene alkoxylation
reactions,8 some of which involve diastereoselective conjugate
addition of alcohols to o-QMs to establish the benzylic
stereocenter.8d−g However, the stereoselectivity in the con-
jugate addition step proved to be controlled by the initially
formed homobenzylic stereocenter but not directly by the
chiral catalyst.8d Indeed, simple addition by alcohols in the
absence of the homobenzylic stereocenter resulted in essentially
racemic product formation, even with a chiral catalyst.8a,b

Herein, we disclose the first direct catalyst-controlled
intermolecular asymmetric conjugate addition of o-QMs by
alcohols, which overcomes the reversibility issue to establish the
acyclic benzylic stereocenter with high efficiency and
enantioselectivity.9

Inspired by the recent success of using o-hydroxybenzyl
alcohols for in situ generation of o-QMs and their subsequent
asymmetric bond formation with chiral phosphoric acid
catalysis,3,4,10 we employed alcohol 1a as the model substrate
and n-butanol as the nucleophile (Table 1). Initial evaluation of
some representative chiral phosphoric acids for the reaction in
DCM solvent at room temperature indicated that most of these
catalysts could catalyze the reaction to form the desired
product, albeit with moderate enantioselectivity (entries 1−6).
The spiroindane-based catalyst B1 did not show any catalytic
activity, probably due to the combination of low acidity and
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Scheme 1. Introduction to Catalytic Asymmetric Addition to
o-QMs
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bulky 3,3′-subsituents. Among them, catalyst B3 exhibited the
best performance (entry 6). Other solvents proved inferior. In
particular, the reaction in THF did not proceed, presumably
due to its competing binding to the acid catalyst (entry 8).
Further optimization indicated that the use of 3 Å molecular
sieves and a lower concentration could give both good
efficiency and enantioselectivity (entry 11).11 A lower catalyst
loading (5 mol %) did not affect the efficiency or
enantioselectivity (entry 12).
A range of o-hydroxybenzyl alcohols can smoothly participate

in the efficient intermolecular C−O bond formation processes
with good to excellent enantioselectivity (Scheme 2). The
reaction exhibits good compatibility with various substituents at
different positions. Heterocycles can also be incorporated into
the product. Furthermore, a wide range of alcohols, including
methanol and primary and secondary alcohols, are also
excellent nucleophiles for the asymmetric conjugate additions
(Table 2). The mild conditions can tolerate a wide range of
functional groups, such as halides, silyl-protected alcohols,
(thio)ethers, esters, phthalimides, alkenes, alkynes, etc. It is
worth noting that secondary alcohols are generally less reactive
and thus require longer reaction time than primary ones. In
addition, alcohols with additional Lewis basic site may have
competing binding with the catalyst and thus also require
longer reaction time. Nevertheless, they all reacted with good to
excellent yield and enantioselectivity.
To further understand the reaction mechanism, we carried

out a series of control experiments. First, in the presence of a
substoichiometric amount of n-butanol (0.6 equiv), the

remaining substrate 1a was found to be enantioenriched (eq
1). Moreover, during the reaction progress, the ee values of the

product and substrate were also carefully monitored over time,
which indicated that substrate kinetic resolution exists. Next,
the enantioenriched (R)-1a was separately synthesized and
subjected to the reaction with n-butanol (eq 2) in the presence
of catalyst B3 in different enantiomeric forms. The results
indicated that it is the absolute configuration of the catalyst,
rather than the substrate, that determines the product
stereochemistry. The observation is also consistent with the
intermediacy of achiral o-QM intermediates. It is worth noting
that the reaction catalyzed by (S)-B3 is much slower than that
by (R)-B3, indicating the former is a mismatched case, which is
in agreement with the kinetic resolution results obtained in eq
1.
We also examined the reversibility of this process. The

enantioenriched product (R)-2m was treated with a catalytic
amount of (S)-B3 and racemic A4, respectively (eq 3). Erosion
in enantiopurity of 2m was observed, with the latter being more
significant. The results indicated that, as alluded earlier, the
second step (conjugate addition to o-QM) is reversible. The
reversibility was further confirmed by the reaction between (R)-
2a and benzyl alcohol under the standard conditions (eq 4).
The formal substitution product (R)-2m was obtained. The R
configuration of the product further suggested that the process
proceeds via the reversely generated o-QM intermediate but

Table 1. Reaction Optimizationa

entry catalyst solvent yieldb (%) erc (%)

1 A1 DCM 30 40:60
2 A2 DCM 92 40:60
3 A3 DCM 93 37:63
4 B1 DCM <10
5 B2 DCM 93 80:20
6 B3 DCM 92 87:13
7 B3 toluene 50 82:18
8 B3 THF <10
9 B3 CHCl3 80 72:25
10d B3 DCM 93 91:9
11d,e B3 DCM 91 95:5
12d,e,f B3 DCM 90 95:5

a1a (0.05 mmol), n-butanol (0.06 mmol), catalyst (10 mol %),
solvent (1.0 mL). bEstimated by 1H NMR of the crude product with
trichloroethylene as internal standard. cDetermined by HPLC. dRun
with 3 Å molecular sieves (10 mg) as an additive. eRun at 0.025 M
concentration for 48 h. fRun with 5 mol % of B3.

Scheme 2. Reaction Scopea

a1 (0.3 mmol), n-butanol (0.36 mmol), B3 (5 mol %), 3 Å MS (60
mg), DCM (12 mL); isolated yield. bRun at −20 °C. cRun for 96 h.
dRun for 72 h. eRun with 10 mol % of B3.
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not an SN2 pathway.
12 Therefore, in view of the reversible C−O

bond formation involved, the observed excellent stereocontrol
in our standard protocol is remarkable.
The enantioenriched ethers obtained from our reaction can

be easily transformed to other useful chiral molecules (Scheme
3). For example, phenol 2d can be oxidized to cyclo-
hexadienone 3, which is poised for further functionalizations.
Phenol 2e can also be easily triflated for subsequent efficient
cross-coupling to form biaryl 4, with the benzylic stereocenter
remaining intact. Notably, no erosion in enantiopurity was
observed in these transformations. Furthermore, after simple
protection of the phenol group, the newly established chiral
ether 2y can be utilized as electrophile in an efficient cross-

coupling reaction to furnish the enantioenriched 1,1-diary-
lalkane 5 with high enantiospecificity.13,14

In summary, we have developed the first catalytic asymmetric
intermolecular alcohol addition to o-QMs. It is not only a rare
example of asymmetric heteroconjugate additions of o-QMs but
also a new example of the surprisingly small family of
asymmetric oxa-Michael additions with simple alcohol
nucleophiles to establish acyclic oxygenated carbon stereo-
centers. The efficient intermolecular C−O bond-forming
process, overcoming the unfavorable complications due to
reversibility and low alcohol nucleophilicity, proceeds with
generally high efficiency and enantioselectivity. The mild
conditions exhibit broad functional group compatibility.
Control experiments provided important insights into the
reaction mechanism. Substrate kinetic resolution is involved in
the process. The reversible C−O bond formation has been
confirmed, highlighting the observed remarkable stereocontrol.
The chiral ether products have also been demonstrated to be
versatile precursors to other useful chiral molecules.
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Table 2. Alcohol Scopea

a1a (0.3 mmol), alcohol (0.36 mmol), (R)-B3 (5 mol %), 3 Å MS (60
mg), DCM (12 mL). bIsolated yield. cDetermined by HPLC analysis.
dRun for 72 h. eRun for 96 h.

Scheme 3. Product Derivatizations
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Vlaar; patil, M.; Thiel, W.; List, B. Angew. Chem., Int. Ed. 2013, 52,
3490.
(13) Greene, M. A.; Yonova, I. M.; Williams, F. J.; Jarvo, E. R. Org.
Lett. 2012, 14, 4293.
(14) Utility of chiral 1,1-diarylalkanes: (a) Hills, C. J.; Winter, S. A.;
Balfour, J. A. Drugs 1998, 55, 813. (b) Silva, D. H. S.; Davino, S. C.; de
Moraes Barros, S. B.; Yoshida, M. J. Nat. Prod. 1999, 62, 1475.
(c) McRae, A. L.; Brady, K. T. Expert Opin. Pharmacother. 2001, 2,
883. (d) Kainuma, M.; Kasuga, J.-i.; Hosoda, S.; Wakabayashi, K.-i.;
Tanatani, A.; Nagasawa, K.; Miyachi, H.; Makishima, M.; Hashimoto,
Y. Bioorg. Med. Chem. Lett. 2006, 16, 3213. (e) Malhotra, B.;
Gandelman, K.; Sachse, R.; Wood, N.; Michel, M. C. Curr. Med. Chem.
2009, 16, 4481. (f) Hu, Q. Z.; Yin, L. N.; Jagusch, C.; Hille, U. E.;
Hartmann, R. W. J. Med. Chem. 2010, 53, 5049.

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b03072
Org. Lett. 2015, 17, 6058−6061

6061


