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derivatives has been successfully achieved with enantiomeric excess up to

ABSTRACT: Kinetic resolution of a series of cyclopentene-1,4-diol OR OR OR
+
99.4% and a ky/k; ratio of SS by a rhodium-catalyzed redox-isomerization /E}

reaction in a noncoordinating solvent.

B INTRODUCTION

Optically active cyclopentene-1,4-diol derivatives represent
compounds of fundamental biological importance found at
the core of many natural products and pharmaceutically active
molecules,” such as Noraristeromvecin,' Prostacyclins,2 and the
HIV protease inhibitor GRL-06579° (Figure 1).
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Figure 1. Examples of chiral 2-cyclopentene-1,4-diols in drugs.

Therefore, it is of considerable interest to develop efficient
routes to such relevant building blocks, minimizing the number
of synthetic steps while maximizing the overall chemical and
optical yields. Among a number of asymmetric approaches to
cyclopentene-1,4-diols, utilization of the chiral pool and chiral
reagents or catalysts has been reported.® To date, the most
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commonly employed synthetic routes for the preparation of
enantiomerically pure cis-cyclopentene-1,4-diol derivatives rely
on desymmetrization of meso-2-cyclopentene-l,4-diol® or meso-
cyclopentene-1,4-diacetates® and enzymatic resolution of 4-
acetoxy-cyclopentenone.” Although these protocols have been
proven straightforward, there are some drawbacks, including
the need for expensive reagents, the use of complicated reaction
apparatus, and/or the challenge of scaling up.

The transition metal-catalyzed isomerization of allylic
alcohols is an efficient way of generating saturated carbonyl
compounds and therefore represents an atom-economical and
elegant shortcut to valuable carbonyl compounds.” Various
transition metals, such as Rh,'"® Ru,"" Ir,'* Ni,'® and Fe,'* have
been employed for this transformation. Among them, the
asymmetric isomerization of allylic alcohols has attracted much
attention in recent years. Such transformations can be divided
into two categories: (1) a primary allylic alcohol possessing two
different substituents at the 3-position that can be converted
into an enantioenriched aldehyde with a newly created
stereogenic center at the f-position,'” and (2) one enantiomer
of the racemic allylic alcohol that is selectively converted to a
saturated ketone, leaving the other isomer enantiomerically
enriched by way of a kinetic resolution,'® which is an alternative
synthetic method of enantiomerically allylic alcohol. Herein, we
describe an efficient procedure for the kinetic resolution of
cyclic secondary allylic alcohols through an isomerization
reaction.
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B RESULTS AND DISCUSSION

Recently, we studied the kinetic resolution of allylic alcohols
catalyzed by the Rh/BINAP system in a noncoordinating
solvent.' A series of enantiomerically pure aromatic and
aliphatic allylic alcohols were effectively resolved with k/k,
ratios up to 24 at 20 °C. The tremendous importance of chiral
cyclopentene-1,4-diol derivatives prompted us to explore the
kinetic resolution method to obtain the enantiomerically pure
compounds. However, when cis-cyclopentene-1,4-diol was
treated under our standard reaction conditions, no conversion
was observed even after 24 h. We hypothesized that
intramolecular hydrogen bonding in the cis-cyclopentene-1,4-
diol led to the inactivation of the substrate. In this context, we
envisioned that if the kinetic resolution of cis-cyclopentene-1,4-
diol through redox-isomerization could be successfully
performed using a protected OH group it would provide
complementary access to the chiral cis-cyclopentene-1,4-diol
derivatives. cis-4-t-Butyldimethylsilyloxy-2-cyclopentenol 1a was
chosen as a model substrate to determine the optimal reaction
conditions. To our delight, when the noncoordinating solvent
CH,Cl, was used, 55% conversion and 98.7% ee of the
remaining enantiomer were obtained with a ky/k, {k;/k, = In[(1
—C)(1 —ee)]/In[(1 = C)(1 + ee)]}” ratio of 46 after 4 h at
room temperature (Table 1, entry 1). On the basis of this

Table 1. Optimization of the Solvents and Counterions for
the Resolution of cis-4-t-Butyldimethylsilyloxy-2-
cyclopentenol”

OH 1 mol% [Rh(cod)Cl],
Q 2.2 mol% (R)-Binap, 2 mol% Additive

solvent, 25 °C

OH e}

Q +

TBSO TBSO TBSO
1a 1'a 2a
T  conv. ee (1'a)
entry solvent additive [h]  [%]° [%]¢ ky/ k7
1 CH,Cl, CF;CO,Ag 4 55 98.7 (43) 46
2 toluene CF;CO,Ag 6 50 79.1 (49) 21
3 CH,CICH,Cl ~ CF,CO,Ag 4 51 88.8 (46) 38
4 CHCl, CF;CO,Ag 4 54 97.0 (45) 44
5 THF CF,CO,Ag 33 50 49.4 (47) 5
6 EtOH CF,COAg 12 0 0 0
7 CF,CH,0H CF,COAg 12 0 0 0
8 i-PrOH CF,COAg 12 0 0 0
9 CH,CI, AgClO, 3 S1 87.4 (47) 33
10  CH,CL AgBE, 3 50 842 (48) 31
11 CH,Cl, Na[BArF] 2 52 892 (45) 31
12 CH.ClL CH,CO,Ag 24 S3 93.8 (45) 38

“All reactions were carried out with cis-4-t-butyldimethylsilyloxy-2-
cyclopentenol (1a) (134 mg, 1.0 mmol) in 4 mL of solvent at 25 °C
with 100:1:2.2:2 of 1a/[Rh(cod)Cl],/(R)-Binap/additive. “Measured
by GC with durene as the internal standard. “Values of ee were
determined by GC on a Gamma Dex 120 column. In parentheses is
the isolated yield of the corresponding alcohol (1a’). dkf/ks =In[(1 -
C)(1 — ee)]/In[(1 — C)(1 + ee)].

result, additional noncoordinating solvents, such as CHCI;,
DCE, and toluene, were investigated with kf/ k ratios of 21—44
(Table 1, entries 2—4). Moreover, when the coordinating
solvent THF was used instead of noncoordinating solvents, the
reactivity and enantioselectivity decreased significantly (50%
conversion in 33 h, 49.4% ee of the remaining isomer; Table 1,
entry S). No conversion of the starting material was detected

when the reaction was carried out in EtOH, i-PrOH, or in
CF,CH,OH (Table 1, entries 6—8).

Next, several counterions were investigated for the isomer-
ization reaction. Counterions such as BF,”, ClO,”, and
[BArF]~ [tetrakis(3,5-bis(trifluoromethyl)phenyl borate] were
examined, leading to a slight improvement of the reaction rate
with an obvious decrease in the ky/k; ratios (Table 1, entries 9—
11). Changing the counterion to the weakly coordinating OAc™
ion, the reaction rate decreased remarkably (Table 1, entry 12).
When no additive was added, no conversion was observed.

Subsequently, a series of atropisomeric biaryl diphosphine
ligands was screened for the kinetic resolution. The results are
summarized in Table 2. When (S)-SunPhos, (S)-SegPhos, and

Table 2. Optimization of the Ligands and Temperature for
the Resolution of cis-4-t-Butyldimethylsilyloxy-2-
cyclopentenol”

OH OH o

1 mol% [Rh(cod)Cll, E

2.2 mol% Ligand, 2 mol% CF3;CO,Ag

TBSO CHaCly, 25 °C TBSO TBSO
1a 1'a 2a
entry ligand T [h] conv. [%]° ee (1'a) [%]° kf/ksd
1 L2 3 62 —59.8 (35) 4
2 L3 3 65 —52.6 (32) 3
3 L4 2 50 49.5 (47) S
4 LS 12 0 0 0
7¢ L1 2 53 93.2 (45) 45
8 L1 12 0 0 0
9% L1 2 50 83.0 (48) 28
10" L1 5 54 97.5 (44) 47

“All reactions were carried out with cis-4-t-butyldimethylsilyloxy-2-
cyclopentenol (1a) (134 mg, 1.0 mmol) in 4 mL of solvent at 25 °C
with 100:1:2.2:2 of 1a/[Rh(cod)Cl],/Ligand/CF,CO,Ag. "Measured
by GC with durene as the internal standard. “Values of ee were
determined by GC on a Gamma Dex 120 column. In parentheses is
the isolated yield of the corresponding alcohol (1a’). dkf/ks =In[(1 -
C)(1 — ee)]/In[(1 — C)(1 + ee)]. “Reaction temperature of 45 °C.
Reaction temperature of 0 °C. #Substrate concentration = 0.5 M.
hSubstrate concentration = 0.125 M.

Pph2 ><:Pth <prh2 [ZPArZ
OO X2 0 Qo

(R)-SynPhos L4
(R)-p-CF3-SynPhos L5

(R)-Binap L1 (S)-SunPhos L2 (S)-SegPhos L3

(R)-SynPhos (L2—L4) were used for the transformation, the
selectivity factors (kf/ k,) decreased remarkably to as low as 3—5
(Table 2, entries 1—3). However, no reaction occurred after 12
h, when ligand LS, possessing an electron-withdrawing
substituent on the aryl moiety of the phosphorus atom, was
used (Table 2, entry 4). The enantioselectivity was not
remarkably affected, but the reaction time could be shortened
from 4 to 2 h when the reaction was conducted at 45 °C (Table
2, entry 7). No reaction occurred when the reaction was carried
out at 0 °C (Table 2, entry 8). Furthermore, the effects of
substrate concentration and reaction temperature were also
investigated. A higher concentration (0.5 M) led to a significant
decrease of the ky/k, ratio to 28 (Table 2, entry 9).
Nevertheless, no conspicuous improvement of the ky/k value
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was observed when the substrate concentration was decreased
from 0.25 to 0.125 M (Table 2, entry 10).

On the basis of these results, the optimized reaction
conditions were therefore set as the following: 1 mol % of
[Rh(cod)Cl],/(R)-Binap/CF;CO,Ag as the catalyst, CH,Cl, as
the solvent with a substrate concentration of 0.25 M, and room
temperature (25 °C).

For the flexibility of the method to be demonstrated, the
kinetic resolution of a series of 4-substituted-2-cyclopentenol
derivatives was studied under the optimized reaction
conditions. A wide range of silyl-substituted derivatives was
tested for the kinetic resolution, providing excellent enantio-
selectivities of 97.0—99.4% ee (ky/k, = 44—55) with 54—55% of
conversion in a short reaction time (Table 3, entries 1—3). For

Table 3. Kinetic Resolution of 4-O-Protected-2-
cyclopentene-1,4-diols”
OH 1 mol% [Rh(cod)Cll, o o
J:} 2.2 mol% (R)-Binap, 2 mol% CF3;CO,Ag /E} + /é
RO CH,Cl,, 25 °C RO

RO

1 1" 2
entry R T[h] conv. [%]” ee (1) [%]° kf/ksd
1 TBS (1a) 4 S5 98.7 (43) 46
2 TIPS (1b) 4 s4 97.0 (43) 44
3 TBDPS (1c) 4 ss 99.4 (43) s5
4 Bn (1d) 3 AN 94.6 (43) 28
5 CPh, (1e) 6 52 93.0 (47) 44
6 Ac (1f) 12 0 0 0
7 Bz (1g) 12 s3 85.6 (46) 20
8  TBS (1a) 4 55 992 (44) 52
9 TBS (1h) 24 51 811 (47) 20

“All reactions were carried out with a substrate (2.0 mmol)
concentration of 0.25 M in CH,Cl, at 25 °C, [Rh(cod)Cl], (9.9
mg, 0.02 mmol), (R)- Blnap (27.4 mg, 0.044 mmol), and CF;CO,Ag
(8.8 mg, 0.04 mmol). YConversions were measured by GC using
durene as an internal standard. “Values of ee were determined by chiral
HPLC or GC. Isolated yield of the corresponding alcohol (1'). kf/k
=In[(1 — C)(1 — ee)]/In[(1 — C)(1 + ee)]. “Run at SO mmol scale.
Jtrans-4-t-Butyldimethylsilyloxy-2-cyclopentenol was used.

the alkyl-substituted derivatives, the steric hindrance showed an
obvious influence on both the reactivity and enantioselectivity.
For instance, the chiral alcohol 1'd was recovered in 45% yield
and 94.6% ee with a k/k, ratio of 28 after 3 h, whereas substrate
le (R = CPh;) reacted very slowly to give a ky/k; ratio of 44
(Table 3, entries 4 and S). Meanwhile, O- acyl-substltuted
derivatives were also investigated (Table 3, entries 6 and 7).
When the O-benzoyl-substituted derivative (1g) was employed,
the desired product (1'g) was recovered in 47% yield with
85.6% ee after 12 h (Table 3, entry 7). However, no trace of the
corresponding ketone 1f was isolated, and the starting material
was recovered quantitatively (Table 3, entry 6). When 1a and
1f (1:1) were mixed under the same conditions, a rapid
isomerization of 1a was detected, whereas 1f was inert toward
isomerization. The result showed that the purity of 1f had no
effect and was inert toward isomerization. Pleasingly, the
reaction could be successfully scaled up to 50 mmol scale with
slightly improved results (Table 3, entry 8). However, the
catalytic system was sensitive toward steric hindrance of the
double bond; 2-bromo-4-[(t-butyldimethylsilyl)oxy]cyclopent-
2-enol was essentially inert under the reaction conditions.
Furthermore, when the kinetic resolution of 1a was reacted for

3 h at the optimized conditions, the corresponding ketone (2a)
was obtained in 45% yield and 98.0% ee.

Additionally, for trans-O-protected-cyclopentene-1,4-diol
(1h), the reactivity and enantioselectivity significantly de-
creased in the redox-isomerization. As a result, enantiomerically
enriched 1'h with a ee of 81.1% was recovered in 49% yield
after 24 h, and the ky/k, value dropped to 20 (Table 3, entry 9).
When a mixture of cis-(1a) and trans-(1h) were used with
(rac)-Binap as ligand, 1a was rapidly isomerized, and 1h was
recovered (95%) after 8 h (Scheme 1).

Scheme 1. Redox Isomerization of 1a in the Presence of 1h

OH OH
,E} Q Rhi(rac)-Binap/CF,CO,AQ b Q
* 0
Bso CH,Cly, 25°C, 8 h
1h

TBSO TBSO
1a

TBSO

95% recovered

Optically active 4-hydroxy-2-cyclopentenone (4a) is the key
framework for the synthesis of biorelevant targets, such as
prostaglandins, pentenomycin antibiotics, and ophiobolins.'®
However, when 4-hydroxy-2-cyclopentenone was treated under
the optimized reaction conditions, the starting material
remained essentially intact even after 24 h, and only traces of
cyclopent-4-ene-1,3-dione, resulting from f-hydride elimination
of the allylic alcohol, were detected. We have demonstrated in
our previous report that the isomerization intermediate of
cyclopent-4-ene-1,3-dione strongly coordinated Rh', forming a
stable complex that inhibited the activity of the Rh catalyst.'®*
For this issue to be circumvented, the generation of cyclopent-
4-ene-1,3-dione must be avoided. Consequently, we tried to
perform the kinetic resolution of 4-hydroxy-2-cyclopentenone
through redox-isomerization by protecting the carbonyl group
with ethylene glycol. Gratifyingly, using the ketal derivative 3a
as the starting material, the desired product (R)-3'a was
recovered in 46% yield and 86.8% ee with a ky/k; ratio of 22
after 16 h and (R)-3'a in 39% yield and 99.2% ee after
prolonging the reaction time to 24 h (Scheme 2, eq 1). A

Scheme 2. Kinetic Resolution of 3a and 3b

1 1 mol% Rh(cod)Cll,

J o}
O _22mol% (R)-Binap _ o _H80, (5% aq)
T2 mol% CFaCOAg CFyCOAg £4,0, 92% (ea
HO' CH.Cly, HO®
3a 4a
Conv 54% ee = 86.8%

16 h, ke/ks =22

Y o [Rh(cod)Cl], o™y 0
O 22mol% (R)-Binap O _HyS0,4 (5% aq) (eq2)
2 mol% CF3CO,Ag Et,0, 94%
G CH,Cly, 25 °C "
3b 3b
Conv.=53%, ee = 93.1%
12 h, ki/ks = 35

further investigation of the kinetic resolution of 1,4-
dioxaspiro[4.5]dec-6-en-8-0l (3b) was also pursued. Although
the reaction proceeded at a slightly lower rate, (R)-3'b was
recovered after 12 h with 53% yield and 93.1% ee and a ky/k,
value of 35, providing straightforward access to the optically
active 4-hydroxycyclohex-2-en-1-one (4b) (Scheme 2, eq 2),
which is a useful structural unit in many pharmaceutically active
compounds and important bulldmg blocks for the asymmetric
synthesis of natural products."
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B CONCLUSIONS

In summary, we have demonstrated a successful kinetic
resolution of mono-O-protected-cyclopentene-1,4-diol deriva-
tives via rhodium-catalyzed redox-isomerization in a non-
coordinating solvent. A series of 4-substituted-cyclopentene-
1,4-diol derivatives, which are employed as key intermediates
for the synthesis of prostaglandins and natural products, were
efficiently recovered with up to 99.4% ee in short reaction times
and mild conditions, allowing the efficient multigram scale
production of 4-substituted-cyclopentene-1,4-diol derivatives.

B EXPERIMENTAL SECTION

General Information. All reactions were carried out under an
atmosphere of nitrogen using standard Schlenk techniques or in a
nitrogen-filled glovebox unless otherwise noted. Commercially
available reagents were used throughout without further purification
other than those detailed below. Anhydrous EtOH and CF;CH,OH
were freshly distilled from Mg. Anhydrous CH,CICH,Cl, CHCl;, and
CH,CIl, were freshly distilled from CaH,. Anhydrous toluene and THF
were freshly distilled from Na/benzophenone. Anhydrous acetone was
freshly distilled from CaSO,. "H NMR spectra were recorded at 400
MHz with TMS as the internal standard. *C {"H} NMR spectra were
recorded at 100 MHz and referenced to the central peak of 77.00 ppm
for CDCI,. Coupling constants (J) are reported in Hz and refer to
apparent peak multiplications. Analytical GC was performed on an
FID detector. HRMS were obtained on an ESI-TOF mass
spectrometer. Flash column chromatography was performed on silica
gel (300—400 mesh). The [a]y, values are given in deg cm® g and
were recorded at the p, line of sodium (589 nm) in a 0.5 dm cell.

General Procedure for the Synthesis of Compounds 1a, 1b,
1¢, and 1h.*°

o o OH
@\ PH = 4.1, reflux imidazole CeCly*7H,0
o~ ~CH,0H R3SiCl NaBH,, CH;0H
OH OSiR OSiR;
A 1a-c

Furfuryl alcohol (30.0 g, 306.0 mmol) was dissolved in water (1000
mL), and the solution was degassed prior to the addition of
hydroquinone (0.4 g, 3.7 mmol) and sodium dihydrogen orthophos-
phate (1.6 g, 10.5 mmol). The pH of the solution was adjusted to 4.1
using orthophosphoric acid before the reaction mixture was heated
under reflux under N, for 48 h. The formed brown oil was dispersed
with 1,4-dioxane (200 mL). After a further 24 h, the reaction mixture
was allowed to cool to room temperature and extracted with toluene
(3 X 100 mL). The remaining aqueous phase was concentrated to 150
mL and extracted with ethyl acetate (6 X 100 mL), dried (NaSO,),
and concentrated to give crude brown oil A (10.5 g, 35% yield), which
is also commercially available. 'H NMR (400 MHz, CDCL;) § 7.52
(dd, J = 5.6, 2.4 Hz, 1H), 6.10 (dd, J = 5.6, 0.8 Hz, 1H), 4.94—4.88 (m,
1H), 4.13 (br, 1H), 2.64 (dd, J = 18.4, 6.0 Hz, 1H), 2.15 (dd, ] = 184,
6.4 Hz, 1H). *C{'"H} NMR (100 MHz, CDCl;) § 207.4, 164.0, 134.7,
70.1, 44.1.

To a solution of A (980.0 mg, 10.0 mmol) in CH,Cl, (20 mL) were
added imidazole (817.0 mg, 12.0 mmol) and TBSCl, TIPSC], or
TBDPSCI (10.0 mmol), and the reaction mixture was stirred at room
temperature overnight. Saturated NaHCO; was added to the solution,
and the resulting mixture was extracted with EtOAc three times. The
combined extracts were dried over Na,SO, and concentrated to afford
the corresponding ether. CeCly-7H,O (3.0 g, 8.0 mmol) was dissolved
in 20 mL of methanol. Then, the corresponding ether (8.0 mmol) was
introduced. After S min of vigorous stirring, 0.31 g (8.0 mmol) of
sodium borohydride was carefully added portionwise at —15 °C, and
the resulting heterogeneous mixture was stirred for 15 min at room
temperature. Saturated aqueous NH,Cl was added dropwise until a
clear solution was obtained, and then the mixture was extracted with
diethyl ether (3 X 20 mL). The organic layers were combined and
dried over Na,SO,, and the solvents were removed under vacuum.
The residue (cis-1a:trans-1h = 85:15 detected by GC) was purified by

flash chromatography on silica gel to afford the corresponding alcohols
la (1.1 g 61%), 1h (0.2 g, 10%), 1b (1.3 g, 65%), and 1c (1.9 g, 70%).

cis-4-(t-Butyldimethylsilanyloxy)-cyclopent-2-en-1-ol (1a).?° 'H
NMR (400 MHz, CDCl;) § 5.95-5.93 (m, 1H), 5.90—5.86 (m,
1H), 4.67—4.64 (m, 1H), 4.60—4.53 (m, 1H), 2.72—2.65 (m, 1H),
1.51 (dd, J = 13.6, 4.4 Hz, 1H), 0.89 (s, 9H), 0.08 (s, 6H). *C {'H}
NMR (100 MHz, CDCL,) 6 136.4, 135.7, 75.2, 74.8, 44.4, 25.8, 18.1,
—4.7, —4.8.

cis-4-Triisopropylsilyloxy-1-hydroxycyclopent-2-ene (1b).>> 'H
NMR (400 MHz, CDCly) & 5.95-5.93 (m, 2H), 4.75—4.72 (m,
1H), 4.59—4.57 (m, 1H), 2.71 (dt, ] = 14.0, 7.2 Hz, 1H), 1.77 (br,
1H), 1.57 (dt, J = 13.6, 44 Hz, 1H), 1.09—1.05 (m, 21H). C {'H}
NMR (100 MHz, CDCl,) § 136.7, 135.6, 75.1, 74.8, 44.8, 17.9, 12.0.

cis-4-((t-Butyldiphenylisilanyloxy)cyclopent-2-enol (1¢).** 'H
NMR (400 MHz, CDCly) § 7.71-7.65 (m, 4H), 7.45—7.37 (m,
6H), 591-5.87 (m, 1H), 5.84—5.81 (m, 1H), 4.66—4.61 (m, 1H),
4.54—4.51 (m, 1H), 2.54 (dt, J = 13.8, 6.8, 1H), 1.66 (dt, ] = 14.0, 4.8
Hz, 1H), 1.55 (br, 1H), 1.06 (s, 9H). C {*H} NMR (100 MHz,
CDCly) § 136.7, 135.7, 135.6, 134.0, 129.7, 127.6, 76.0, 74.9, 444,
269, 19.0.

trans-4-(t-Butyldimethylsilanyloxy)cyclopent-2-en-1-ol (1h).”° '"H
NMR (400 MHz, CDCl;) § 5.97—5.91 (m, 2H), 5.10—4.98 (m, 2H),
2.09—1.98 (m, 2H), 1.65 (br, 1H), 0.88 (s, 9H), 0.07 (s, 6H). °C
{*H} NMR (100 MHz, CDCl,) & 138.0, 135.5, 76.6, 75.9, 44.2, 25.8,
182, —4.7.

General Procedure for the Synthesis of Compounds 1d and
Te.

OH OR OR
Q RCOCI Q TBAF Q

OTBS 0TBS OH

1a 1d-1e

In a 25-ml flask was dissolved cis-4-(t-butyldimethylsilanyloxy)-
cyclopent-2-en-1-ol (2.1 g, 10.0 mmol) in 1S mL of THF, and then
sodium hydride (0.4 g, 10 mmol, 1.0 equiv) (60% dispersion in
mineral oil) was added under N, at 0 °C. The reaction mixture was
allowed to warm to rt and stirred for 30 min. Next, benzyl bromide or
triphenylmethyl chloride (11.0 mmol) was added and stirring was
continued for 90 min. The reaction mixture was cooled back to —10
°C and quenched with saturated aqueous NH,Cl (40.0 mL) followed
by the addition of ether (60.0 mL). The organic phase was washed
with saline, dried over anhydrous sodium sulfate, and removed the
solvent under reduced pressure. The crude product was dissolved in
THEF, and then triethylamine was added at rt followed by dropwise
addition of TBAF solution. The reaction mixture was stirred until the
reaction had been completed. The solvent was removed in vacuo to
give a brown oil, which was purified by silica-gel column
chromatography, giving 1d (1.5 g, 80%) and 1f (2.9 g, 85%).

cis-4-(Benzyloxy)cyclopent-2-enol (1d).?° '"H NMR (400 MHz,
CDCl,) 6 7.37—7.26 (m, SH), 6.04 (s, 2H), 4.63 (br, 1H), 4.56 (q, ] =
11.6 Hz, 2H), 4.44 (dd, ] = 6.8, 4.0 Hz, 1H), 2.66 (dt, ] = 10.4, 3.6 Hz,
1H), 1.67 (dt, J = 14.0, 40 Hz, 1H). *C {'H} NMR (100 MHz,
CDCly) § 138.0, 137.2, 133.4, 128.2, 127.7, 127.5, 814, 74.4, 70.8,
40.5.

cis-4-(Trityloxy)cyclopent-2-enol (1e).”> 'H NMR (400 MHz,
CDCly) 6 7.53—7.53 (m, 6H), 7.34—7.22 (m, 9H), 5.79 (d, ] = 5.6 Hz,
1H), 5.15 (d, J = 5.6 Hz, 1H), 449—4.46 (m, 1H), 4.39—4.36 (m,
1H), 2.27-2.20 (m, 1H), 1.68 (br, 1H), 1.46—1.40 (m, 1H). °C {'H}
NMR (100 MHz, CDCL,) 5 144.7, 136.0, 135.2, 128.7, 127.8, 127.0,
87.4,77.1, 74.4, 42.7.

General Procedure for the Synthesis of Compounds 1f and

1g.
o)
OH
OH
oA
Et;N, DMAP R|_ TtBAF

o
oTBS 04R
1a OTBS 1f-1g

In a 25-ml flask was dissolved cis-4-(t-butyldimethylsilanyloxy)-
cyclopent-2-en-1-ol (2.1 g, 10.0 mmol) in 15 mL of CH,CL, and
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then triethylamine (1.2 g, 12.0 mol, 1.2 equiv) and DMAP (0.06 g, 0.5
mmol, 0.05 equiv) were added under N, at rt. Then, acyl chloride
(11.0 mmol) was added and stirred overnight. The reaction mixture
was quenched with saturated aqueous NaHCO; (40.0 mL) followed
by the addition of ether (60.0 mL). The organic phase was washed
with brine and dried over anhydrous sodium sulfate, and the solvent
was removed under reduced pressure. The crude product was
dissolved in THF, and triethylamine was added at rt followed by
dropwise addition of TBAF solution. The reaction mixture was stirred
until the reaction had been completed. The solvent was removed in
vacuo to give a brown oil, which was purified by silica-gel column
chromatography, giving 1f (1.0 g, 70%) and 1g (1.5 g, 75%).

cis-4-Hydroxycyclopent-2-en-1-yl Acetate (1f).>> '"H NMR (400
MHz, CDCl;) § 6.13—6.09 (m, 1H), 5.99—5.97 (m, 1H), 5.52—5.47
(m, 1H), 4.76—4.71 (m, 1H), 2.80 (dt, ] = 14.6, 7.4 Hz, 1H), 2.05 (s,
3H), 1.80 (br, 1H), 1.71-1.59 (m, 1H). *C {*H} NMR (100 MHz,
CDCly) 6 171.2, 138.8, 132.3, 74.5, 40.5, 21.3.

cis-4-Hydroxycyclopent-2-en-1-yl Benzoate (1g).* 'H NMR (400
MHz, CDCl,) & 8.03—8.00 (m, 2H), 7.56=7.51 (m, 1H), 7.44—7.38
(m, 2H), 6.14—6.13 (m, 1H), 6.09—6.07 (m, 1H), 5.75—5.70 (m, 1H),
4.77 (s, 1H), 2.92 (dt, ] = 14.8, 7.6 Hz, 1H), 2.40 (br, 1H), 1.80 (dt, J
= 14.8, 40 Hz, 1H). *C {"H} NMR (100 MHz, CDCl;) § 166.3,
138.6, 133.0, 132.4, 130.0, 129.5, 128.3, 77.6, 74.8, 40.6.

Preparation of cis-2-Bromo-4-((t-butyldimethylsilyl)oxy)-
cyclopent-2-enol (1i).2

O OH
o Br Br.
1) Brz, CHZC|2, 0°C CeCI§-7H20
2) EtsN NaBH,4, CH3;0H
OTBS OTBS OTBS
C 1i

Bromine (1.4 mL, 27.1 mmol) was added dropwise at 0 °C to a
solution of 4-((t-butyldimethylsilyl)oxy)cyclopent-2-enone (5.3 g, 25.0
mmol) in CH,Cl, (250.0 mL). After 30 min, triethylamine (5.2 mL,
37.4 mmol) was added, and the reaction was stirred for 1 h at 0 °C.
The reaction mixture was washed with water (100.0 mL) and brine
(100.0 mL), dried, and concentrated. C was obtained as a colorless oil
(4.8 g, 66% yield). 'H NMR (400 MHz, CDCL,) & 7.55 (dd, J = 2.4
Hz, 1H), 4.94—4.92 (m, 1H), 2.87 (dd, ] = 184, 6.0 Hz, 1H), 2.42—
2.33 (m, 1H), 0.93(s, 9H), 0.12 (s, 6H). *C {'H} NMR (100 MHz,
CDCl,) § 198.0, 161.1, 127.6, 69.5, 43.6, 25.6, 18.0, —4.8.

CeCl;-7H,0 (6.0 g 16.5 mmol) was dissolved in 20 mL of
methanol. Then, the above product (4.4 g 15.0 mmol) was
introduced. After S min of vigorous stirring, sodium borohydride
(0.76 g, 20.0 mmol) was carefully added portionwise at —15 °C, and
the resulting heterogeneous mixture was stirred for 15 min at room
temperature. Saturated aqueous NH,Cl was added dropwise until a
clear solution was obtained, and then the mixture was extracted with
diethyl ether (3 X 20 mL). The organic layers were collected and dried
over Na,SO,, and the solvents were removed under vacuum.
Purification of the residue by flash chromatography on silica gel
provided 1i as a yellow oil (2.9 g, 67% yield). 'H NMR (400 MHz,
CDCly) § 6.03 (d, ] = 1.2 Hz, 1H), 4.61 (m, 1H), 4.46 (m, 1H), 2.82—
274 (m, 1H), 222 (d, J = 7.2 Hz, 1H), 1.75—1.67 (m, 1H), 0.88 (s,
9H), 0.08 (s, 6H). '*C {'"H} NMR (100 MHz, CDCl;) § 136.1, 130.3,
76.7, 73.3, 42.6, 25.6, 18.0, —3.6.

Preparation of Substrate (3a).

o
TSOH (5 mol%) 0
PhMe
OH
OH
A 3a

A mixture of 4-hydroxyl-cyclopentenone (A) (2.0 g, 20.0 mmol),
ethylene glycol (2.5 g, 40.0 mmol), and p-toluenesolfonic acid (182.0
mg, 1.0 mmol) in toluene (50.0 mL) was heated under reflux with a
Dean—Stark apparatus for S h. After A was completely consumed,
toluene was evaporated under vacum followed by the addition of
saturated aqueous NaHCO; solution (20.0 mL), and then the reaction
mixture was extracted with ethyl acetate (50.0 mL X 2). The ethyl

acetate layer was washed with brine (30.0 mL), dried over anhydrous
Na,SO,, and concentrated in a vacuum to give crude 3a. Purification
of the residue by flash chromatography on silica gel provided 3a as a
yellow oil (2.1 g, 75% yield).

1,4-Dioxaspiro[4.4]Jnon-8-en-7-0l (3a). '"H NMR (400 MHz,
CDCly) 6 6.10 (dd, J = S.6, 2.0 Hz, 1H), 5.83 (dd, J = 5.6, 0.8 Hz,
1H), 4.78 (br, 1H), 3.97-3.92 (m, 4H), 2.49 (dd, ] = 14.4, 5.6 Hz,
1H), 1.89 (dd, J = 144, 3.6 Hz, 1H). *C {"H} NMR (100 MHz,
CDCLy) & 139.4, 1322, 117.3, 72.7, 64.6, 64.3, 44.8. HRMS-ESI (m/
z): caled for [C,H;(05Na], 165.0528; found, 165.0547.

Preparation of Substrate (3b).>°

[\
0 o/_\O O/_\O 3 b o/_\O
éﬁéaé*ﬁ 0
Br OH
D E F 3b

Bromine (64.0 g, 400.5 mmol) was added dropwise at 15—20 °C to a
solution of cyclohexanone (39.2 g, 400.0 mmol) in ethylene glycol
(500.0 mL). Then, the reaction mixture was poured into a stirred
mixture of Na,CO; (100.0 g) and 400.0 mL of petroleum ether. After
stirring for several minutes, approximately 500 mL of water was added;
the organic phase was separated and dried, and the solvent was
removed under reduce pressure to give D.

Crude product D was dissolved in DMSO (200.0 mL), and sodium
methoxide (64.8 g, 1.2 mol) was added. Then, the reaction mixture
was stirred at 50 °C for 5 h. The reaction mixture was poured into
400.0 mL brine, and the residue was extracted with petroleum ether (3
X 400.0 mL). The extracts were combined and dried, and the solvent
was evaporated under atmospheric pressure to give crude product E.

Crude product E (10.0 g, 80.0 mmol) was dissolved in CCl, (100.0
mL), and N-bromosuccinimide (14.2 g 80.0 mmol), azobis-
(isobutyronitrile) (0.4 g 3.2 mmol), and 2,6-lutidine (0.8 g, 8.0
mmol) were added. Next, the mixture was stirred at reflux for 30 min
under the irradiation of a high pressure mercury lamp. After the
solution was cooled, the solid was filtered with suction, and the filtrate
was concentrated under a vacuum. Purification of the residue by flash
chromatography on silica gel provided F (15.3 g, 94%) as a yellow oil.

F was dissolved in the mixture of dioxane and water (200.0 mL, V/
V (1:1), and then K,CO; (19.3 g 140.0 mmol) was added. The
reaction mixture was stirred at 90 °C for 12 h. The reaction mixture
was poured into 100 mL of saline, and the product was extracted with
EtOAc (3 X 400.0 mL). The organic layers were combined and dried
over anhydrous Na,SO, and the solvents were removed under
vacuum. Purification of the residue by flash chromatography on silica
gel provided yellow oil 3b (11.4 g, 97% yield).

1,4-Dioxaspiro[4.5]dec-6-en-8-ol (3b)>° 'H NMR (400 MHz,
CDCL,) & 5.94—5.92 (m, 1H), 5.62 (dt, ] = 12.0, 4.0 Hz, 1H), 4.20 (br,
1H), 4.01-3.90 (m, 4H), 2.14—2.06 (m, 1H), 1.97—-1.93 (m, 1H),
1.79—1.64 (m, 4H). BC {"H} NMR (100 MHz, CDCl,;) § 135.3,
128.6, 105.0, 65.6, 64.5, 64.4, 30.9, 30.4.

A Typical Procedure for Redox Isomerization Kinetic
Resolution of Allylic Alcohols. In a dried Schlenk tube,
[Rh(cod)Cl], (9.9 mg, 20.0 umol), (R)-Binap (27.4 mg, 44.0
umol), and durene (20.0 mg, an internal standard) were dissolved
in CH,Cl, (8.0 mL); then, 2 mmol of substrate was added to the
solution at room temperature under nitrogen. After stirring for 1 min,
CF;CO,Ag (8.8 mg, 40.0 ymol) was added to the mixture. The
solution was stirred at 25 °C under nitrogen and monitored by gas
chromatography or HPLC to determine the conversion and ee values.
After the solvent was evaporated, the residue was purified by
chromatography, using EtOAc/hexane (20/80) as the eluent to afford
the product.

(1R,4S)-4-(t-Butyldimethylsilanyloxy)cyclopent-2-en-1-ol (1’a).
Colorless oil, 43% yield (184 mg), 98.7% ee; 'H and “C {'H}
NMR are identical to those of 1a. The enantiomeric excess (1’a) was
determined by GC analysis: Gamma Dex 120 capillary column, 0.25
mm X 30 m. Column temperature = 105 °C (isothermal); inject
temperature = 220 °C; detector temperature = 220 °C. Flow = 1.5
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mL/min; t; = 32.1 min (major), 34.0 min (minor). [a]f —24.4 (c
1.53, CHCL); lit*' [a]® —24.5 (¢ 1.52, CHCL,) for the (1R4S)
isomer.

3-((t-Butyldimethylsilyl)oxy)cyclopentanone (2a).??> Colorless oil,
53% yield (226 mg); 'H NMR (400 MHz, CDCl;) & 4.52—4.49 (m,
1H), 2.45—2.28 (m, 2H), 2.20—1.83 (m,SH), 0.84 (s, 9H), 0.04 (s,
3H), 0.03 (s, 3H). **C {'"H} NMR (100 MHz, CDCl;) § 217.4, 70.0,
48.1, 35.4, 32.6, 25.5, 17.8, =5.0, =5.1.

(1R,4S)-4-Triisopropylsilyloxy-1-hydroxycyclopent-2-ene (1'b).
Colorless oil, 43% yield (220 mg), 97.0% ee; 'H and “C {'H}
NMR are identical to those of 1b. The enantiomeric excess (1’b) was
determined by GC analysis: Alpha Dex 120 capillary column, 0.25 mm
X 30 m; column temperature = 135 °C (isothermal); inject
temperature = 220 °C; detector temperature = 220 °C. Flow = 1.0
mL/min; t; = 48.3 min (minor), 50.0 min (major). [a]f —18.0 (c
0.71, MeOH); lit.* [a]® —19.4 ( ¢ 0.50, MeOH) for the (1R4S)
isomer.

3-((Triisopropylsilyl)oxy)cyclopentanone (2b). Colorless oil, 52%
yield (267 mg); 'H NMR (400 MHz, CDCl,) § 4.62 (dt, ] = 8.0, 3.6
Hz, 1H), 2.48—2.34 (m, 2H), 2.27-2.02 (m, 4H), 1.10-0.95 (m,
21H). C {’"H} NMR (100 MHz, CDCL,) § 217.8, 70.3, 48.5, 35.5,
329, 17.8, 17.8, 12.2, 11.9. HRMS-ESI (m/z): caled for
[C,4H,50,SiNa]*, 279.1756; found, 279.1762.

(1R,45)-4-((t-Butyldiphenylsilanyloxy)cyclopent-2-enol (1'c). Col-
orless oil, 43% yield (290 mg), 99.4% ee; 'H and "*C {'"H} NMR are
identical to those lc. The enantiomeric excess (1'c) was determined
by HPLC on Chiralcel OJ-H column, hexane/i-PrOH = 99:1. Flow
rate = 0.5 mL/min; UV detection = 220 nm; t; = 25.0 min (minor),
35.3 min (major). [a]} —2.4 (¢ 1.70, CHCL,).

3-((t-Butyldiphenylsilyl)oxy)cyclopentanone (2c).?* Colorless oil,
53% yield (358 mg); 'H NMR (400 MHz, CDCl;) 6 7.70—7.61 (m,
4H), 7.48-7.36 (m, 6H), 4.55—4.51 (m, 1H), 2.54—2.45 (m, 1H),
2.26-2.23 (m, 2H), 2.16—1.96 (m, 3H), 1.06 (s, 9H). *°C {'"H} NMR
(100 MHz, CDCl,) 6 217.3, 135.4, 133.5, 133.4, 129.7, 127.6, 71.1,
479, 35.6, 32.3, 26.7, 26.5, 19.0.

(1R,45)-4-(Benzyloxy)cyclopent-2-enol (1'd). Colorless oil, 43%
yield (163 mg), 94.6% ee; 'H and C {'H} NMR are identical to
those of 1d. The enantiomeric excess (1'd) was determined by HPLC
on Chiralcel OJ-H column, hexane/i-PrOH = 95:5. Flow rate = 0.8
mL/min; UV detection = 220 nm; t; = 29.4 min (major), 31.5 min
(minor). [a]® —15.8 (¢ 1.20, CHCL); lit.”* [a]¥ —162 (¢ 0.72 g,
CHCL,) for the (1R4 S) isomer.

3-(Benzyloxy)cyclopentanone (2d).?” Colotless oil, 53% yield (201
mg); 'H NMR (400 MHz, CDCl,) & 7.38—7.26 (m, SH), 4.53 (s,
2H), 4.30—4.24 (m, 1H), 2.46—2.42 (m, 3H), 2.22—2.10 (m, 3H). °C
{*H} NMR (100 MHz, CDCl,) § 216.8, 137.8, 128.1, 127.4, 127.3,
76.0, 70.3, 44.7, 35.5, 28.7.

(1R,4S)-4-(Trityloxy)cyclopent-2-enol (1’e). Colorless oil, 47%
yield (321 mg), 93.0% ee; ''H and "*C {'H} NMR are identical to
those of le. The enantiomeric excess (1’e) was determined by HPLC
on Chiralcel OJ-H column, hexane/i-PrOH = 95:5. Flow rate = 0.8
mL/min; UV detection = 220 nm; t; = 22.7 min (minor), 39.0 min
(major). [a]¥ —11.0 (¢ 1.10, CHCL,).

3-(Trityloxy)cyclopentanone (2e). Colorless oil, 51% yield (349
mg); '"H NMR (400 MHz, CDCL;) § 7.57—7.45 (m, 6H), 7.34—7.24
(m, 9H), 4.35—4.29 (m, 1H), 2.41-2.33 (m, 1H), 2.06—1.83 (m, 4H),
1.77-1.67 (m, 1H). BC {"H} NMR (100 MHz, CDCl,;) § 217.0,
144.4, 128.5, 127.8, 127.1, 87.2, 71.9, 46.0, 36.6, 30.6. HRMS-ESI (m/
2): caled for [C,,H,,0,Nal*, 365.1517; found, 365.1532.

(1R,4S)-4-Hydroxycyclopent-2-en-1-yl Benzoate (1'g). Colorless
oil, 46% yield (187 mg), 85.6% ee; 'H and C {'H} NMR are
identical to those of 1g. The enantiomeric excess (1'g) was
determined by HPLC on Chiralcel OJ-H column, hexane/i-PrOH =
95:5. Flow rate = 0.8 mL/min; UV detection at 220 nm; t; = 17.7 min
(minor), 19.9 min (major). [a]3 —100.1 (¢ 1.81, CHCL); lit.”® [a]%
—105.7 ( ¢ 1.00, CHCl,) for the (1R4 S) isomer.

3-Oxocyclopentyl Benzoate (2g). Colorless oil, 50% yield (204
mg); '"H NMR (400 MHz, CDCl;) 6 8.03—7.94 (m, 2H), 7.58—7.52
(m, 1H), 7.45—7.39 (m, 2H), 5.70—5.64 (m, 1H), 2.67—2.60 (m, 1H),
2.52—2.43 (m, 2H), 2.38—2.31 (m, 3H). *C {’H} NMR (100 MHz,

CDCly) 6 215.8, 165.8, 133.2, 129.8, 1284, 72.9, 44.6, 35.7, 29.2.
HRMS-ESI (m/z): caled for [Cy,H;,0;Na]*, 227.0687; found,
227.0699.

(1R,4R)-4-(t-Butyldimethylsilanyloxy)cyclopent-2-en-1-ol (1’h).
Colorless oil, 47% yield (200 mg), 81.1% ee; 'H and “C {'H}
NMR are identical to those of 1h. The enantiomeric excess (1'h) was
determined by GC analysis: Beta Dex 120 capillary column, 0.25 mm
X 30 m; column temperature = 105 °C (isothermal); inject
temperature = 220 °C; detector temperature = 220 °C. Flow = 1.5
mL/min; t = 39.2 min (minor), 40.4 min (major). [a]F 88.4 (c 2.15,
CHCL); Lit.*" [a]® —65.0 ( ¢ 1.00, CHCI,) for the (15,4 S) isomer.

3-((t-Butyldimethylsilyl)oxy)cyclopentanone (2h).?? Colotless oil,
51% yield (220 mg); 'H NMR (400 MHz, CDCl;) & 4.52—4.49 (m,
1H), 2.45—2.28 (m, 2H), 2.20—1.83 (m, SH), 0.84 (s, 9H), 0.04 (s,
3H), 0.03 (s, 3H). C {"H}NMR (100 MHz, CDCl,) & 217.4, 70.0,
48.1, 35.4, 32.6, 25.5, 17.8, =5.0, —5.1.

(R)-1,4-Dioxaspiro[4.4Jnon-8-en-7-ol (3’a). Colorless oil, 45%
yield (133 mg), 86.8% ee; 'H and C {'"H} NMR are identical to
those of 3a. The enantiomeric excess (3'a) was determined by GC
analysis: Beta Dex 110 capillary column, 0.25 mm X 30 m; column
temperature = 110 °C (isothermal); inject temperature = 220 °C;
detector temperature = 220 °C. Flow = 0.5 mL/min; t; = 43.2
min(minor), 45.2 min(major). [a]¥ —17.1 (¢ 1.91, CHCL). [a]}
+55.2 (c 1.11, CHCI;) for 4-hydroxycyclopent-2-enone was obtained
by deprotection of 3'a; lit.* [@]%X +56.0 (¢ 1.0, CHCL,) for the (R)
isomer.

(R)-4-Hydroxycyclopent-2-enone (4a).>* A mixture of 3'a (133
mg, 0.94 mmol) and 5% H,SO, (1.0 mL) in Et,O (2.0 mL) was stirred
at room temperature (25 °C). After 3'a was completely consumed,
saturated aqueous NaHCO; solution (5.0 mL) was added, and then
the reaction mixture was extracted with Et,0 (5.0 mL X 2). The Et,0
layer was washed with saturated aqueous brine (30.0 mL), dried over
anhydrous Na,SO,, and concentrated in vacuum to give colorless oil
4a (84.7 mg, 92% yield). "H NMR (400 MHz, CDCl;) § 7.66—7.61
(m, 1H), 6.23—6.20 (m, 1H), S.11(s, 1H), 3.01—2.93 (m, 1H) 2.70—
2.62 (m, 1H). *C {'"H} NMR (100 MHz, CDCl;) § 207.4, 164.0
134.7, 70.8, 44.1. The enantiomeric excess (4a) was determined by
GC analysis: Alpha Dex 120 capillary column, 0.25 mm X 30 mj;
column temperature = 90 °C (isothermal); inject temperature = 220
°C; detector temperature = 220 °C. Flow = 1.19 mL/min; t; = 26.8
min (major), 27.8 min (minor).

(R)-1,4-Dioxaspiro[4.5]dec-6-en-8-ol (3'b). Colorless oil, 48% yield
(136 mg), 93.1% ee; 'H and "*C {'"H} NMR are identical to those of
3b. The enantiomeric excess (3'b) was determined by GC analysis:
Alpha Dex 120 capillary column, 0.25 mm X 30 m; column
temperature = 130 °C (isothermal); inject temperature = 220 °C;
detector temperature = 220 °C. Flow = 0.8 mL/min; t; = 30.4 min
(minor), 31.5 min (major). [@]¥ 39.8 (¢ 1.21, CHCL); lit.** [a]¥
—40.5 ( ¢ 1.24, CHCL,) for the (S) isomer.

(R)-4-Hydroxycyclohex-2-enone (4b).>* A mixture of 3'b (136 mg,
0.87 mmol) and 5% H,SO, (1.0 mL) in Et,O (2.0 mL) was stirred at
room temperature (25 °C). After 3'b was completely consumed,
saturated aqueous NaHCO; solution (5.0 mL) was added, and then
the reaction mixture was extracted with Et,0 (5.0 mL X 2). The Et,O
layer was washed with saturated aqueous brine (30.0 mL), dried over
anhydrous Na,SO,, and concentrated in a vacuum to give colorless oil
4b (98.5 mg, 94% yield). "H NMR (400 MHz, CDCL;) 6 6.96 (d, ] =
10.0 Hz, 1H), 5.98 (d, J = 10.0 Hz, 1H), 4.59—4.54 (m, 1H), 3.01(br,
1H), 2.58—2.52 (m, 1H), 2.40—2.33 (m, 2H), 2.02—1.96 (m, 1H). *C
{'H} NMR (100 MHz, CDCl,) & 199.3, 153.4, 128.8, 66.0, 35.3, 32.2.
The enantiomeric excess (4b) was determined by GC analysis: Alpha
Dex 110 capillary column, 0.25 mm X 30 m; column temperature =
125 °C (isothermal); inject temperature = 220 °C; detector
temperature = 220 °C. Flow = 1.5 mL/min; t; = 32.1 min (minor),
34.1 min (major).

1,4-Dioxaspiro[4.5]decan-8-one.’” Colorless oil, 50% yield (156
mg); '"H NMR (400 MHz, CDCL;) § 4.06 (s, 4H), 2.54 (t, ] = 6.8 Hg,
4H), 2.04 (t, J = 7.2 Hz, 4H). C {"H} NMR (100 MHz, CDCl,) §
199.3, 153.4, 128.8, 66.0, 35.3, 32.2.

DOI: 10.1021/acs.joc.5b02519
J. Org. Chem. 2015, 80, 12572—12579


http://dx.doi.org/10.1021/acs.joc.5b02519

The Journal of Organic Chemistry

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.joc.5b02519.

Copies of 'H and “C {'H} NMR spectra for all
compounds and HPLC/GC chromatograms of chiral
products (PDF)

H AUTHOR INFORMATION

Corresponding Authors

*Fax: (+86) 21-5474-892S; E-mail: zhaoguo@sjtu.edu.cn
(Z2.Z.).

*Fax: (+33) 144-071-062; E-mail: virginie.vidal@chimie-
paristech.fr (V.R.).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by National Natural
Science Foundation of China and Science and Technology
Commission of Shanghai Municipality.

B REFERENCES

(1) (a) Dyatkina, N.; Costisella, B.; Theil, F.; von Janta-Lipinski, M.
Tetrahedron Lett. 1994, 35, 1961—1964. (b) Borthwick, A. D,
Biggadike, k. Tetrahedron 1992, 48, 571—623. (c) Boutureira, O.;
Matheu, M. L; Diaz, Y.; Castillon, S. Chem. Soc. Rev. 2013, 42, 5056—
5072.

(2) (a) Collins, P. W.; Djuric, S. W. Chem. Rev. 1993, 93, 1533—1564.
(b) Harre, M.; Raddatz, P.; Walenta, R.; Winterfeldt, E. Angew. Chem,
Int. Ed. Engl. 1982, 21, 480—492. (c) Das, S; Chandrasekhar, S.;
Yadav, J. S.; Grée, R. Chem. Rev. 2007, 107, 3286—3337.

(3) Mihara, H.; Sohtome, Y.; Matsunaga, S.; Shibasaki, M. Chem. -
Asian J. 2008, 3, 359—366.

(4) (a) Ichikawa, M.; Takahashi, M.; Aoyagi, S.; Kibayashi, C. J. Am.
Chem. Soc. 2004, 126, 16553—16558. (b) Li, F.; Castle, S. L. Org. Lett.
2007, 9, 4033—4036. (c) Kalidindi, S.; Jeong, W. B, Schall, A;
Bandichhor, R.; Nosse, B.; Reiser, O. Angew. Chem., Int. Ed. 2007, 46,
6361—6363. (d) Li, F.; Tartakoff, S. S.; Castle, S. L. J. Org. Chem.
2009, 74, 9082—9093. (e) Stanislawski, P. C.; Willis, A. C.; Banwell,
M. G. Chem. - Asian J. 2007, 2, 1127—1136. (f) Lu, P.; Herdtweck, E.;
Bach, T. Chem. - Asian J. 2012, 7, 1947—1958. (g) Murai, K; Katoh, S.
-i.; Urabe, D.; Inoue, M. Chem. Sci. 2013, 4, 2364—2368.

(5) (a) Theil, F,; Schick, H.; Winter, G.; Reck, G. Tetrahedron 1991,
47, 7569—7582. (b) Theil, F.; Ballschuh, S.; Schick, H.; Haupt, M,;
Hifner, B.; Schwarz, S. Synthesis 1988, 1988, 540—541. (c) Johnson, C.
R.; Bis, S. J. Tetrahedron Lett. 1992, 33, 7287—7290. (d) Johnson, C.
R; Nerurkar, B. M.; Golebiowski, A.; Sundram, H.; Esker, J. L. J. Chem.
Soc,, Chem. Commun. 1995, 1139—1140.

(6) (a) Laumen, K; Schneider, M. Tetrahedron Lett. 1984, 25, 5875—
5878. (b) Nara, M.; Terashima, S.; Yamada, S. Tetrahedron 1980, 36,
3161-3170. (c) Gais, H.-J.; Bondarev, O.; Hetzer, R. Tetrahedron Lett.
2008, 46, 6279—6283. (d) Paquette, L. A; Earle, M. J.; Smith, G. F.
Org. Synth. 1996, 73, 36—43. (e) Paquette, L. A.; Heidelbaugh, T. M.
Org. Synth. 1996, 73, 44—50. (f) Sugai, T.; Mori, K. Synthesis 1988,
1988, 19—22. (g) Wang, Y. F.; Chen, C. S.; Girdaukas, G.; Sih, C. J. J.
Am. Chem. Soc. 1984, 106, 3695—3696. (h) Kalkote, U. R.; Ghorpade,
S. R;; Joshi, R R;; Ravindranathan, T.; Bastawade, K. B.; Gokhale, D.
V. Tetrahedron: Asymmetry 2000, 11, 2965—2970. (i) Deardorff, D. R;
Amador, R. B.; Morton, J. W.; Kim, H. Y.; Taniguchi, C. M.; Balbuena,
A. A; Warren, S. A; Fanous, V,; Choe, S. W. T. Tetrahedron:
Asymmetry 1999, 10, 2139—2152. (j) Deardorff, D. R.; Windham, C.
Q.; Craney, C. L. Org. Synth., Coll. Vol. IX 1998, 487—492.

(7) (2) Myers, A. G.; Hammond, M.; Wu, Y. Tetrahedron Lett. 1996,
37, 3083—3086. (b) Schoffers, E.; Golebiowski, A.; Johnson, C. R.

Tetrahedron 1996, 52, 3769—3826. (c) O’Byrne, A.; Murray, C,;
Keegan, D.; Palacio, C.; Evans, P.; Morgan, B. S. Org. Biomol. Chem.
2010, 8, 539—545. (d) Kumaraguru, T.; Fadnavis, N. W. Tetrahedron:
Asymmetry 2012, 23, 775-779.

(8) (a) Duhamel, L.; Herman, T. Tetrahedron Lett. 1985, 26, 3099—
3102. (b) Khanapure, S. P.; Najafi, N.; Manna, S.; Yang, J.-J.; Rokach,
J. J. Org. Chem. 1995, 60, 7548—7551. (c) Ogura, K.; Yamashita, M.;
Tscuhihashi, G. -i. Tetrahedron Lett. 1976, 17, 759—762. (d) Paul, K.
G.; Johnson, F.; Favara, D. J. Am. Chem. Soc. 1976, 98, 1285—1286.
(e) Singh, G.; Meyer, A; Aubé, J. J. Org. Chem. 2014, 79, 452—458.
(f) Ulbrich, K.; Kreitmeier, P.; Vilaivan, T.; Reiser, O. J. Org. Chem.
2013, 78, 4202—4206. (g) Leighton, J. L.; Jacobsen, E. N. J. Org. Chem.
1996, 61, 389—390. (h) Uttaro, J.-P.; Broussous, S.; Mathé, C.;
Périgaud, C. Tetrahedron 2013, 69, 2131-2136.

(9) (a) Ahlsten, N.; Bartoszewicz, A.; Martin-Matute, B. Dalton Trans
2012, 41, 1660—1670. (b) Uma, R.; Crévisy, C.; Grée, R. Chem. Rev.
2003, 103, 27—51. (c) Cadierno, V.; Crochet, P.; Gimeno, J. Synlett
2008, 2008, 1105—1124. (d) van der Drift, R. C.; Bouwman, E.; Drent,
E. J. Organomet. Chem. 2002, 650, 1—24. (e) Mantilli, L.; Mazet, C.
Chem. Lett. 2011, 40, 341—344. (f) Yanovskaya, L. A.; Shakhidayatov,
K. Russ. Chem. Rev. 1970, 39, 859—874. (g) Ruthenium in Organic
Synthesis; MurahashiS.-I., Ed.; Wiley-VCH: Weinheim, 2004; pp 309—
31S.

(10) For examples with Rh catalysts, see: (a) Reetz, M. T.; Guo, H.
Synlett 2006, 2006, 2127—2129. (b) Leung, D. H.; Bergman, R. G;
Raymond, K. N. J. Am. Chem. Soc. 2007, 129, 2746—2747. (c) Tanaka,
K; Shoji, T.; Hirano, M. Eur. J. Org. Chem. 2007, 2007, 2687—2699.
(d) Sumida, Y.; Takada, Y.; Hayashi, S.; Hirano, K; Yorimitsu, H.;
Oshima, K. Chem. - Asian J. 2008, 3, 119—125. (e) Corkum, E. G;
Kalapugama, S.; Hass, M. J.; Bergens, S. H. RSC Adv. 2012, 2, 3473—
3476.

(11) For examples with Ru catalysts, see: (a) Martin-Matute, B.;
Bogar, K;; Edin, M.; Kaynak, F. B.; Bickvall, J.-E. Chem. - Eur. J. 2005,
11, 5832—5842. (b) Ito, M.; Kitahara, S.; Ikariya, T. J. Am. Chem. Soc.
2005, 127, 6172—6173. (c) Cadierno, V.; Francos, J.; Gimeno, J.;
Nebra, N. Chem. Commun. 2007, 2536—2538. (d) van Rijn, J. A; Lutz,
M.; von Chrzanowski, L. S.; Spek, A. L.; Bouwman, E.; Drent, E. Adv.
Synth. Catal. 2009, 351, 1637—1647. (e) Azua, A.; Sanz, S.; Peris, E.
Organometallics 2010, 29, 3661—3664. (f) Garcia-Alvarez, J.; Gimeno,
J.; Suarez, F. J. Organometallics 2011, 30, 2893—2896. (g) Sahli, Z.;
Sundararaju, B.; Achard, M,; Bruneau, C. Org. Lett. 2011, 13, 3964—
3967. (h) Bizet, V.; Pannecoucke, X.; Renaud, J.-L.; Cahard, D. Adv.
Synth. Catal. 2013, 35S, 1394—1402. (i) Manzini, S; Poater, A;
Nelson, D. J.; Cavallo, L.; Nolan, S. P. Chem. Sci. 2014, S, 180—188.
(j) Nakamura, Y.; Ohta, T.; Oe, Y. Chem. Commun. 2018, S1, 7459—
7462.

(12) For examples with Ir catalysts, see: (a) Mantilli, L.; Mazet, C.
Chimia 2009, 63, 35—37. (b) Vazquez-Romero, A.; Gémez, A. B;
Martin-Matute, B. ACS Catal. 2015, S, 708—714. (c) Nelson, D. J;
Fernandez-Salas, J. A.; Truscott, B. J.; Nolan, S. P. Org. Biomol. Chem.
2014, 12, 6672—6676. (d) Ahlsten, N.; Bermejo Gomez, A.; Martin-
Matute, B. Angew. Chem,, Int. Ed. 2013, 52, 6273—6276. (e) Li, H;
Achard, M.; Bruneau, C.; Sortais, J.-B.; Darcel, C. RSC Adv. 2014, 4,
25892-25897. (f) Li, H,; Mazet, C. J. Am. Chem. Soc. 2015, 137,
10720—-10727.

(13) For examples with Ni catalysts, see: (a) Bricout, H.; Monflier,
E.; Carpentier, J.-F.; Mortreux, A. Eur. J. Inorg. Chem. 1998, 1998,
1739—1744. (b) Cuperly, D.; Petrignet, J.; Crévisy, C.; Grée, R. Chem.
- Eur. J. 2006, 12, 3261—3274.

(14) For examples with Fe catalysts, see: (a) Cherkaoui, H,;
Soufiaoui, M.; Grée, R. Tetrahedron 2001, 57, 2379—2383. (b) Crévisy,
C.; Wietrich, M.; Le Boulaire, V.; Uma, R.; Grée, R. Tetrahedron Lett.
2001, 42, 395—398. (c) Branchadell, V.; Crévisy, C.; Grée, R. Chem. -
Eur. J. 2003, 9, 2062—2067.

(15) (a) Tanaka, K; Qiao, S.; Tobisu, M; Lo, M. M. -C.; Fu, G. C. J.
Am. Chem. Soc. 2000, 122, 9870—9871. (b) Li, J.-Q.; Peters, B.;
Andersson, P. G. Chem. - Eur. . 2011, 17, 11143—11145. (c) Wy, R;
Beauchamps, M. G.; Laquidara, J. M.; Sowa, J. R, Jr Angew. Chem., Int.
Ed. 2012, 51, 2106—2110. (d) Mantilli L.; Gérard, D.; Torche, S,;

DOI: 10.1021/acs.joc.5b02519
J. Org. Chem. 2015, 80, 12572—12579


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.5b02519
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02519/suppl_file/jo5b02519_si_001.pdf
mailto:zhaoguo@sjtu.edu.cn
mailto:virginie.vidal@chimie-paristech.fr
mailto:virginie.vidal@chimie-paristech.fr
http://dx.doi.org/10.1021/acs.joc.5b02519

The Journal of Organic Chemistry

Besnard, C.; Mazet, C. Angew. Chem., Int. Ed. 2009, 48, 5143—5147.
(e) Arai, N.; Sato, K; Azuma, K; Ohkuma, T. Angew. Chem., Int. Ed.
2013, 52, 7500—7504. (f) Quintard, A.; Alexakis, A.; Mazet, C. Angew.
Chem, Int. Ed. 2011, 50, 2354—2358.

(16) (a) Ren, K; Zhang, L.; Hu, B.; Zhao, M.; Tu, Y.; Xie, X.; Zhang,
T.Y.,; Zhang, Z. ChemCatChem 2013, S, 1317—1320. (b) Fernandez-
Zamel, M. A.; Lastra-Barreira, B.; Scheele, M.; Diez, J.; Crochet, P.;
Gimeno, J. Dalton Trans. 2010, 39, 7780—7785. (c) Ohkubo, K;
Ohgushi, T.; Kusaga, T.; Yoshinaga, K. Inorg. Nucl. Chem. Lett. 1977,
13, 631—636. (d) Kitamura, M.; Manabe, K.; Noyori, R.; Takaya, H.
Tetrahedron Lett. 1987, 28, 4719—4720. (e) Corkum, E. G,
Kalapugama, S.; Hass, M. J; Bergens, S. H. RSC Adv. 2012, 2,
3473—-3476. (f) Hiroya, K; Ogasawara, K. J. Chem. Soc, Chem.
Commun. 1995, 2205—2206. (g) Hiroya, K; Kurihara, Y.; Ogasawara,
K. Angew. Chem,, Int. Ed. Engl. 1995, 34, 2287—2289. (h) Trost, B. M.;
van Vranken, D. L.; Bingel, C. J. Am. Chem. Soc. 1992, 114, 9327—
9343.

(17) (a) Martin, V. S.; Woodard, S. S.; Katsuki, T.; Yamada, Y.; Ikeda,
M,; Sharpless, K. B. J. Am. Chem. Soc. 1981, 103, 6237—6240.
(b) Keith, J. M.; Larrow, J. F.; Jacobsen, E. N. Adv. Synth. Catal. 2001,
343, 5-26.

(18) Roche, S. P; Aitken, D. J. Eur. J. Org. Chem. 2010, 2010, 5339—
5358.

(19) (a) Hashiyama, T.; Morikawa, K.; Sharpless, K. B. J. Org. Chem.
1992, 57, 5067—5068. (b) Danishefsky, S. J.; Simoneau, B. J. Am.
Chem. Soc. 1989, 111, 2599—2604. (c) de March, P.; Escoda, M,;
Figueredo, M.; Font, J.; Garcia-Garcia, E.; Rodriguez, S. Tetrahedron:
Asymmetry 2000, 11, 4473—4483.

(20) Lysenko, L L,; Kim, K; Lee, H. G.; Cha, J. K. J. Am. Chem. Soc.
2008, 130, 15997—16002.

(21) Basra, S. K;; Drew, M. G. B.; Mann, J.; Kane, P. D. J. Chem. Soc,
Perkin Trans. 1 2000, 3592—3598.

(22) Curran, T. T; Hay, D. A; Koegel, C. P,; Evans, J. C.
Tetrahedron 1997, 53, 1983—2004.

(23) Gracias, V.; Zeng, Y.; Desai, P.; Aubg, J. J. Org. Lett. 2003, S,
4999—-5001.

(24) Oxenford, S. J.; O’Brien, P.; Shipton, M. R. Tetrahedron Lett.
2004, 45, 9053—905S.

(25) Bertus, P; Zhang, J-H.; Sir, G.; Weibel, J.-M,; Pale, P.
Tetrahedron Lett. 2003, 44, 3391—3395.

(26) Brookes, P. C; Milne, D. J; Murphy, P. J; Spolaore, B.
Tetrahedron 2002, 58, 4675—4680.

(27) Eberlein, T. H.; West, F. G.; Tester, R. W. J. Org. Chem. 1992,
57, 3479—3482.

(28) Mizuta, S.; Tsuzuki, T.; Fujimoto, T.; Yamamoto, 1. Org. Lett.
2005, 7, 3633—363S.

(29) Oxenford, S. J.; Wright, J. M.; O’Brien, P.; Panday, N.; Shipton,
M. R. Tetrahedron Lett. 2005, 46, 8315—8318.

(30) Tachihara, T.; Kitahara, T. Tetrahedron 2003, 59, 1773—1780.

(31) Zimmerman, H. E.; Lapin, Y. A.; Nesterov, E. E.; Sereda, G. A. J.
Org. Chem. 2000, 65, 7740—7746.

(32) Rahaim, R. J,; Maleczka, R. E. Org. Lett. 2011, 13, 584—587.

(33) Dickmeiss, G.; DeSio, V.; Udmark, J.; Poulsen, T. B.; Marcos,
V.; Jorgensen, K. A. Angew. Chem., Int. Ed. 2009, 48, 6650—6653.

(34) O’Byrne, A.; Murray, C.; Keegan, D.; Palacio, C.; Evans, P,;
Morgan, B. S. Org. Biomol. Chem. 2010, 8, 539—54S.

(35) Dickmeiss, G.; Desio, V.; Udmark, J.; Poulsen, T. B.; Marcos, V.;
Jorgensen, K. A. Angew. Chem., Int. Ed. 2009, 48, 6650—6653.

(36) Paquette, L. A; Kuo, L. H; Hamme, A. T.; Kreuzholz, R;
Doyon, J. J. Org. Chem. 1997, 62, 1730—1736.

12579

DOI: 10.1021/acs.joc.5b02519
J. Org. Chem. 2015, 80, 12572—12579


http://dx.doi.org/10.1021/acs.joc.5b02519

