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ABSTRACT: The development and characterization of enantioselective catalytic kinetic resolution of allylic alcohols
through asymmetric isomerization with chiral BINOL derivatives-based alkoxides as bifunctional Brensted base catalyst
were described in the study. A number of chiral BINOL derivatives-based alkoxides were synthesized and their structure-
enantioselectivity correlation study in asymmetric isomerization identified a promising chiral Brensted base catalyst,
which afforded various chiral secondary allylic alcohols (ee up to 99%, s factor up to >200). In the mechanistic study,
alkoxide species were identified as active species and the phenol group of BINOL largely affected the high reactivity and
enantioselectivity via hydrogen bonding between the chiral Brgnsted base catalyst and substrates. The strategy is the first
successful synthesis strategy of various chiral secondary allylic alcohols through enantioselective transition-metal-free
base catalyzed isomerization. The applicability of the strategy had been demonstrated by the synthesis of bioactive

natural product (+)-veraguensin.

INTRODUCTION

Catalysis is one of the central themes in science.
Therefore, the design and application of new, efficient
types of catalysts are of fundamental importance.!
Recently, the development of a new type of chiral
Bronsted base catalyst has received considerable attention
since a range of important classes of organic reactions can
be promoted with a Brensted base>. Brensted bases can
accept a hydrogen (or proton) from an acidic source or
equivalent activated species. This proton transfer forms
the basis of the key activation component in the
formations of new chemical bonds. However, the intrinsic
nature of the ion pairing complex of Brensted bases can
become a challenge in stereoinduction, especially when
the starting reagents are achiral. The catalyst with a
Brensted base moiety and another site with hydrogen-
donating characteristics becomes a bifunctional Brensted
base catalyst3 that can overcome the stereoinduction
problems. In such a way, the Brensted base catalyst has
gained the ability to stabilize both nucleophile and
electrophile in the transition state. In the past two
decades, new bifunctional Brensted base catalysts,
especially the catalysts containing nitrogen as a Bronsted
base moiety and hydrogen bonding moieties (XH group),
have been significantly improved due to mechanism
studies and insightful observations about Bregnsted base
and hydrogen bond donor activation of substrates
(Scheme 1a).

Scheme 1. Design of a Brensted Basic Bifunctional
Catalyst Containing Phenolate Anion as a Brensted
Base Moiety
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1,I’-Bi-2-naphthol (BINOL)4 is the common core
skeleton of the catalyst in asymmetric synthesis. Due to
the acidity of phenolic protons, BINOLs are often used as
Bronsted acid and/or hydrogen bond donor in
asymmetric catalysis. However, according to the
Bronsted-Lowry theory,5 the deprotonation of BINOLs
will occur at high pHs and give the phenolate anion (also
called phenoxide), which can act as the Bransted base in
many reactions theoretically. In addition, the availability
of an additional phenol group of BINOL moiety offers the
stronger stereogenic-tuning to the activated and
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stabilized transition state through the hydrogen bonding.
However, due to the lack of the strategy to stabilize the
phenolate anion, a bifunctional binaphtholate catalyst
was seldom reported. Furthermore, all the reported
binaphtholate catalysts were in-situ generated with
strong alkali metal bases.® Thus, it is necessary to develop
a stable and storable bifunctional binaphtholate catalyst
for both enriching the classes of catalysts and exploiting
new synthetic strategies (Scheme 1b).

Scheme 2. Preparation of Chiral BINOL Derivatives-
based Alkoxides
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Recently, we reported an easily accessible 1,1'-bi-2-
naphthol (BINOL)-based bis(hydroxy) polyethers bearing
phenols and polyether units for asymmetric cation-
binding catalysis.” The ether oxygens act as a Lewis base
to coordinate metal ions such as K*, thus generating a
soluble chiral anion, which can be used as the base or
nucleophile in a confined chiral space. This new type of
cooperative cation-binding catalysis had been successfully
applied in various asymmetric reactions (Scheme 1c).
Inspired by these advancements, we envisioned a
complementary strategy, which represented a different
approach to expand the scope of this novel catalyst. In
principle, if we treated our catalyst with alkali metal salts
such as KOH, and K,CO,, a chiral BINOL derivatives-
based alkoxide would be generated. In the reaction, K*
might play a crucial role in stabilizing the phenolate
anion. A family of robust 1,1'-bi-2-naphthol (BINOL)-
based alkoxides were prepared. Especially, catalyst F with
the substituents at the C, position of the chain was
prepared for the first time (Scheme 1d, 2). The prepared
chiral alkoxides had the high solubility in organic solvents
and were insensitive to water and air. The study aims to
evaluate this novel strategy and present a new chiral

Scheme 3. Asymmetric Isomerization of Allylic
Alcohols Using Chiral BINOL Derivatives-based
Alkoxides
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alkoxide catalyst for the kinetic resolution of range of
racemic allylic alcohol via enantioselective isomerization®
(Scheme 3). Notably, the catalyst’s Brensted base
component (phenolate anion) is identified as a basic unit
required for the catalytic activity, involving a base-
promoted proton abstraction as the activation step. The
chemistry to be detailed was enabled by a seemingly
trivial, yet ultimately crucial deviation from established
art in asymmetric catalysis.

The catalytic isomerization of allylic alcohols
represents a useful synthetic process to generate
aldehydes or ketones. In the development of the catalytic
enantioselective  variant of this process, great
advancements had been achieved in the isomerization of
[B-substituted primary allylic alcohols since the pioneering
reports by the Fu group,® the Mazet group™ and others."
As for the corresponding secondary allylic alcohols, only a
few kinetic resolution® of racemic alcohols® or
stereospecific isomerization  of  enantioenriched
substrates to B-substituted ketones had been reported.
Recently, Zhao> made a landmark achievement in Rh-
catalyzed enantioselective isomerization of secondary
allylic alcohols. In particular, this work represents the
first enantioselective redox-neutral synthesis of ketones
with an o-tertiary stereocenter. In addition, enantiopure
allylic alcohols are versatile building blocks for
asymmetric synthesis and widely exist in complex natural
products.’® Their utility has been largely demonstrated in
a variety of organic transformations. Due to the
importance of allyl alcohol in organic synthesis, in our
preliminary study, we chose racemic (E)-4-hydroxy-1,4-
diphenylbut-2-en-1-one (+)-2a as the model substrate.
The deprotonation of allylic C-H easily occurred under
mild basic conditions and then the isomerization
proceeded logically.

RESULTS AND DISCUSSION

To verify the feasibility of the proposed process, a range of
potential catalysts, including chiral bifunctional catalysts
A-D% and chiral BINOL derivatives-based alkoxides E-G,
were tested in the resolution of (+)-2a (Table 1). In order
to amplify potentially subtle differences among the
catalysts, the reactions were performed under a catalyst
load of 10 mol% at room temperature in o-xylene and
then quenched after 3 h. Under the above conditions,
chiral thiourea catalysts A-C showed the poor selectivity
(Table 1, entries 1-3). Surprisingly, quinine-derived
squaramide D provided a satisfactory s factor of 13 (31%
conversion), but the reaction proceeded sluggishly (Table
1, entry 4).

Next, we screened the catalytic efficiency of a variety of
chiral BINOL derivatives-based alkoxide catalysts to shed
light on the relationship between the structures of
catalysts E-G and reaction outcomes. As shown in Table 1,
entry 5, when catalyst E1 having no substituent at the 3,3"-
position on the BINOL group was employed, a very low
level of conversion and enantioselectivity were observed.
However, the introduction of the substituents such as
CH; (E2), CF; (E3) and I (E4) on the 3,3"-positions of
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Table 1. Catalyst Screening and Optimization of Reaction Conditions®

)W Ph catalyst
— >
Ph solvent, RT
OH

NHR

0 Q
o )K/\rPh . Ph)WPh
OH o
(S)-2a 3a

Al
§7 NH .
N N H H
X
N A H - \ 5
R = 3,5-(CF3),CeHs N N
RHN
B o

bifunctional
binaphtholate
catalyst
n=1:E1(R=H), E2 (R = CHa)
E3 (R =CF;), E4 (R=1)
n=2:E5(R=1)

entry catalyst solvent ee (%)P conv. (%)¢ sd
1¢ A o-xylene 68 54 7
2¢ B o-xylene -5 u 2
3¢ C o-xylene 12 33
4° D o-xylene 36 31 13
5 Ex o-xylene 2 13 1
6 E2 o-xylene 98 57 30
7 E3 o-xylene 95 54 35
8 E4 o-xylene 90 52 32
9 Es o-xylene - <5 -
10 F o-xylene 98 54 50
u G o-xylene 57 49 7
12 F DCM 98 57 30
13 F EA 23 47 2
14 F Et,O 97 52 76
15 F 1,4-dioxane - <5 -
16 F THF - <5 -
17 F anisole 96 57 24
18 F cyclopentyl methyl ether 76 52 13
19 F di-n-butyl ether 98 52 91
20 F MTBE 82 51 21
21 F di-n-butyl ether 95 50 146

229 F di-n-butyl ether 95 49 263

23h F di-n-butyl ether 12 11 97

@Reaction conditions: (+)-2a (0.1 mmol), catalyst (0.01 mmol) in the solvent (1.0 mL) at RT for 3 h, unless otherwise specified.
bEnantiomeric excesses were determined by HPLC analysis. “Conversion ratio was determined by 'H NMR spectroscopy. 9The
selectivity factors were calculated by the methods of Fiaud: s = In[(1-Conv.)(1-ee)]/In[(1-Conv.)(1+ee)]. All the reported s factors
were an average of 3 repeats. 12 h reaction time. 1.5 mL of di-n-butyl ether. 95 mol% catalyst loading. "1 mol% catalyst loading.

catalysts resulted in significantly higher catalytic activity
and enantioselectivity (entries 6, 7 and 8). The ether
chain length was also shown to play a crucial role in the
performance of the catalyst, which, as would be expected,
is responsible for the formation of a suitable chiral
coordination cage with potassium cation. The catalyst
bearing longer (n = 2) ether units showed almost no
activity (Table 1, entry 9). Finally, catalysts F and G with
the substituents at the C, position of the chain were tested
(Table 1, entries 10 and 11). A comparison of catalysts E-G
illustrated that the presence of substituents at the C,
position of the chain affected the catalytic performance.
Gratifyingly, catalyst F with the phenyl rings at the C,
position of the chain showed the highest s factor (s factor
= 50 at 54% conversion) and was selected for further

optimization. Afterward, changing the solvent from o-
xylene to ether gave an improved enantioselectivity,
whereas 1,4-dioxane and THF resulted in the poor
conversion and the non-measurable degree of selectivity.
Finally, di-n-butyl ether was confirmed as the ideal
solvent for recovering (S)-2a with the excellent selectivity
and enantioselectivity (Table 1, entry 21). This high level
of selectivity could be maintained with lower catalyst
loading (Table 1, entries 22 and 23). Even with catalyst
loading of 1 mol%, excellent s-factor was obtained (s = 97
in Table 1, entry 23).

Next, the scope of the reaction was examined among a
range of racemic allylic alcohols under the optimized
conditions (Table 2). Generally, most of the recovered
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Table 2. Substrate Scope?

RAVY R2 5mol% F
OH di-n-butyl ether, RT

(S)-2a (S)-2b
95% ee, 49% conv. 94% ee, 50% conv.
48% yield, s = 263 46% yield, s = 108

(S)-2f (S)2g

98% ee, 51% conv.
46% vyield, s = 153

99% ee, 52% conv.
43% yield, s = 120

(S)-2j (S)-2k
93% ee, 51% conv. 99% ee, 55% conv.
47% yield, s = 63 42% yield, s = 51

0]
=
OH

(S)-20
90% ee, 48% conv.
46% yield, s = 154

o
=
OH OH
(S)-2t (S)-2u
91% ee, 48% conv. 92% ee, 49% conv.

50% vyield, s = 181 48% yield, s = 122

I e

(S)-2x (R)-2y
98% ee, 54% conv. 93% ee, 50% conv.
42% yield, s = 46 48% yield, s = 91

91% ee 50% conv.
48% yield, s = 83

96% ee, 50% conv.
47% yield, s = 194

o O Br o o
= o = s =
O OH \ ! OH \ ! OH

96% ee, 51% conv.
42% yield, s = 124

e S cng'

(S)y2q
91% ee, 49% conv.
47% yield, s = 117

S e
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5 SO

(S)-2d (S)-2e
96% ee, 51% conv.
44% yield, s = 90

95% ee, 49% conv.
45% vyield, s = 306

OH F

(S)-2h (S)-2i
93% ee, 50% conv. 97% ee, 53% conv.
48% yield, s =118 41% yield, s = 49

o
=
OH

(S)-2m (S)-2n
94% ee, 50% conv. 99% ee, 52% conv.
48% yield, s = 160 42% yield, s = 124

(S)-2r (S)-2s

99% ee, 51% conv.
43% yield, s = 203

92% ee, 51% conv.
45% yield, s = 50

i /M/Y©
=
oH <\ A OH

(S)-2v (S)-2wP
98% ee, 51% conv. 93% ee, 49% conv.
45% yield, s = 162 43% yield, s = 227

WM\N\

(R)-2z (R)-2aa°
95% ee, 53% conv. 93% ee, 52% conv.
41% yield, s = 41 45% yield, s = 44

@Unless otherwise indicated, the reactions were carried out with (£)-2 (0.1 mmol), F (5 mol%) in di-n-butyl ether (1.5 mL) at
RT, please see Supporting Information for reaction time. Enantiomeric excesses were determined by HPLC analysis; conversion
ratio was determined by '"H NMR spectroscopy; isolated yield; the selectivity factors were calculated by the methods of Fiaud: s =
In[(1-Conv.)(1-ee)]/In[(1-Conv.)(1+ee)], all the reported s factors were an average of 3 repeats. ?Di-n-butyl ether/DCM (0.75

mL/o.75 mL) as solvent. ‘Performed at 55 °C.

allylic alcohols were obtained with excellent ee values and
high s factors. The functional groups on the phenyl ring at
R' and/or R> position, such as methyl, isopropyl,
methoxyl, and halogen groups, were well tolerant to
current reaction systems, thus giving the corresponding
products (S)-2a-2k in excellent enantioselectivities and
good yields. The substrates bearing heterocyclic and alkyl
substituents at R' position also led to the excellent
selectivity ((S)-2l-2w). Our protocol was also found to be
general with diverse R* moieties. The substrates having
heteroaromatic as well as alkyl moiety at R? afforded the
desired products, (S)-2x and (R)-2y-2aa, respectively, with
excellent enantioselectivity. The relative and absolute
configurations of (S)-2g were unambiguously established
by X-ray crystallographic analysis.*®

Based on our experimental findings, a postulated
reaction pathway for this kinetic resolution is depicted in
Scheme 4. The chiral Bronsted base catalyst F might be
associated with substrates (R)-za (R* = R> = Ph) to
generate intermediate G by hydrogen bonding. The
subsequent sp3 C-H bond cleavage of intermediate G
afforded bis-enol intermediate H. The isomerization of
bis-enol intermediate H gave the kinetic product 3a
together with the regeneration of the chiral Brensted base
catalyst F, whereas the isomerization of (S)-za (R' = R* =
Ph) occurred at a relatively low rate due to the higher
activation energy of the cleavage of the sp3 C-H bond
between the chiral Bronsted base catalyst F and (S)-2a,
thus leaving the unreactive (S)-2a.
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Scheme 4. Proposed Reaction Pathway
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sp® C-H cleavage

To confirm our proposed mechanism, a series of
control experiments were performed. Firstly, the
background reaction was tested. In the presence of
catalyst 1, the reaction did not proceed at all under the
optimized reaction conditions, demonstrating that F
played a crucial role in this reaction. Next, we performed
the reaction with optically pure 2d as the substrate. As
shown in Scheme 5, the reaction of (R)-2d (99% ee) gave
3d in the excellent yield under the optimized reaction
conditions (see Supporting Information, Figure S2).
However, the isomerization of (S)-2d (99% ee) proceeded
sluggishly (see Supporting Information, Figure S3). These
control experiments further confirmed that (R)-2d had a
faster reaction rate than (S)-2d.

(@)
AG(m11)

Ph = Ph
(S)-2a OH

0.0

Journal of the American Chemical Society

Scheme 5. Control Experiments

A~ Ph 10 mol% 1 Ph
_
O 7 % e I 7Y
(+)-2d 3d
no reaction
(o} (o}
A~Ph 10mol% F Ph
_—
T 7 5 —wer LI 7
(R)-2d 3d
>95% conversion
o [0}
A~ Ph 10moi% F Ph
_
OH CDCl3, RT 0]
(S)-2d 3d

<10% conversion

To gain further insights into the mechanism of this
transformation, we measured the independent initial
rates on parallel reactions with substrates (+)-2d and (+)-
2d-D under the optimized reaction conditions (Scheme
6), which resulted in a strong primary intermolecular
KIE® (51 + o0.2), strongly suggesting that the
deprotonation of allylic C-H was involved in the rate-
determining step.

Scheme 6. Kinetic Isotopic Effect

‘ Intermolecular KIE =5.1 £ 0.2 ‘

(0]
5mol% F Ph
- .
di-n-butyl ether, 25 °C OO e}
t 20 min 3d
Independent Reactions
(0]
5mol% F Ph
- .
OO di-n-butyl ether, 25 °C OO e}
(#)-2d-D 20 min 3d
(6)
AGm11)
kcal/mol /—\ Yo
@e e P
g@ TR ' o g QQ
/x\ Ph
h/ OH
o TS2
pr PN 68
0o (Rr2aow

Figure 1. (a) Free energy profile and structural information of the reaction pathway with (S)-2a as the substrate. (b) Calculated
free energy profiles of the reaction pathway with (R)-2a as the substrate. The values of bond lengths are given in angstroms.
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To elucidate the mechanism, density functional theory
(DFT) method Mn was employed to study the mechanism
of the chiral BINOL-based alkoxides catalyzed kinetic
resolution of allylic alcohol.>° The calculated free energy
profile for the reaction pathway with (S)-2a as the
substrate is shown in Figure 1a. The coordination of (S)-2a
to the active catalyst F with hydrogen bond interaction
formed intermediate CP1 with 1.6 kcal/mol exothermic.
The subsequent intramolecular deprotonation, which
gave the bis-enol intermediate CP2, occurred via the
transition state TS1 with an overall barrier of 23.0
kcal/mol. The structural information of the transition
state TS1 showed that the bond lengths of the breaking C-
H bond and the forming O-H bond were 1.44 and 1.22 A,
respectively. The isomerization of the bis-enol
intermediate CP2 gave the 1,4-diketone intermediate CP3.
The subsequent ligand exchange between CP3 and (S)-2a
generated the final product 3a and CP1 to complete the
catalytic cycle.

The calculated free energy profile of the reaction
pathway with (R)-2a as the substrate is shown in Figure
1b. The overall activation barrier for the intramolecular
deprotonation transition state TS2 is 19.1 kcal/mol, which
is 3.9 kcal/mol lower than that of TS1. In transition state
TSz, the bond lengths of the breaking C-H bond and the
forming O-H bond are 1.46 and 1.22 A, respectively. The
calculated results indicated that the chiral active catalyst
F reacted with (R)-2a to give the 1,4-diketone product 3a,
whereas (S)-2a would not be transformed into 1,4-
diketone product due to the high activation energy of the
transition state TS1.

20.0 kcal/mol

-20.0 kcal/mol

Figure 2. Electrostatic potential maps and the total natural
population analysis charges of certain atoms in catalyst F.

To obtain more information for the active catalyst,
natural population analysis (NPA) towards catalyst F was
performed. The NPA charge value of certain atoms shown
in Figure 2 suggested that the negative charges of the
catalyst F were mainly located at the naphthalen-2-olate.
The charge of the oxygen atom (O,) in naphthalen-2-olate
was -0.815, whereas the charge of the potassium atom was

0.648. The natural population analysis indicated that the
active site for F was the oxygen atom (O,) in naphthalen-
2-olate, which underwent the deprotonation of C-H bond
in (R)-2a.

Table 3. Distortion Energies and Interaction Energies
of the Transition States TS1 and TSz Calculated by the
B3LYP/6-31G(d) Method

AE*dist(za) AE$dist(F) AE*dist AE=int AE*
TS1 413 1.6 52.9 -49.7 3.2
TS2 32.9 1.1 44.0 -46.1 -2.0

The distortion-interaction energy analysis® was
employed to explain the reactivity trends of the kinetic
resolution. As shown in Table 3, the total activation
energy (AEY) is devolved into the sum of distortion energy
(AEt4) and interaction energy (AE?#;,) between distorted
reactants. According to B3LYP calculations of TSi, the
distortion energy was 52.9 kcal/mol and the interaction
energy was -49.7 kcal/mol. The distortion energy for TS2
was 44.0 kcal/mol, which was 8.9 kcal/mol lower than
that of TSi1. The interaction energies of those two
transition states were close. Distortion-interaction energy
analysis indicated that the reactivity of the deprotonation
of (S)-2a and (R)-2a was controlled by the distortion
energy resulting from the difference in the distortion
energy between (S)-2a and (R)-2a.

Scheme 7. Asymmetric Synthesis of (+)-Veraguensin®

M M
o ! OMe o O OMe

O - OMe  5mol% F O Z OMe
- - .
OH di-n-butyl ether : DCM MeO OH

MeO

OMe (4)-2ab (3:1),48h, RT OMe (s)-2ab
1.463 g 99% ee, 44% recovered
a) imidazole,
TBS-CI (52%)
b) Me,Culi (77%)

OMe o _ OMe
O c) KHMDS, HMPA : O
CHjsl (96%)
-—

Me OMe
OTBS

OMe

o

MeO

d) TBAF

e %

e) BF3E,0
f) Hp, Pd(OH),/C

__(43%, 3steps) /@ Q\

(+) veraguensm
17%, 6 steps

[0p?® = +34.5° (¢ 1.10, CHCl3)
lit. []p?® = +34.2° (¢ 1.10, CHCly)

?Reagents and conditions: (a) imidazole, TBS-Cl, DMF, 40
°C, 1 h, 52%; (b) Me,CuLi, THF, -40 °C, 1 h, 77%; (c)
KHMDS, HMPA, CH,l, THF, -78 °C, 40 min, 96%; (d)
TBAF, THF, RT, 15 h; (e) BF,Et,0, toluene, RT, 10 min; (f)
H,, Pd(OH),/C, EtOAc, RT, 12 h, 43% for three steps.

Optically active allylic alcohols are versatile building
blocks for the synthesis of natural products and
pharmaceuticals. For example, they are key intermediates
for the synthesis of natural products such as (+)-
veraguensin, (+)-verrucosin, (+)-calopiptin, and (-)-
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virgatusin.>> To further illustrate the generality and
synthetic utility of this methodology, we synthesized the
natural product (+)-veraguensin with this transformation
as a key step. (+)-Veraguensin was first isolated from the
Mexican tree Ocotea veragzlensis Mez. and exhibited the
significant neurite outgrowth promoting effect in
primary-cultured rat cortical neurons and NGF-
differentiated PCi2 cells and protective effects against cell
death induced by several insults. Starting from (S)-2ab,
we synthesized (+)-veraguensin in 17% overall yield in six
steps, including the following key reactions. Firstly, after
anti-selective Michael addition to y-oxyenone, syn-
selective a-methylation of the resulting ketone generated
the intermediate 5. Secondly, upon the treatment with
TBAF, the resulting ketol was immediately cyclized to
give hemiacetal 6 as a single isomer, which was
hydrogenated on Pd(OH), in EtOAc to give (+)-
veraguensin.

CONCLUSIONS

In conclusion, we developed an efficient chiral BINOL
derivatives-based alkoxide, which was used as the
Breonsted base catalyst for kinetic resolution of racemic
allylic alcohols through asymmetric isomerization. This
method represented a new approach for the preparation
of optically active allylic alcohols in excellent
enantioselectivities. An exhaustive 'H NMR mechanistic
study, deuterium incorporation experiments and DFT
calculation indicated that the deprotonation of allylic C-H
was probably involved in the rate-determining step. With
this transformation as a key step, we achieved the
asymmetric synthesis of bioactive natural product (+)-
veraguensin.
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