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ABSTRACT: An organocatalytic enantioselective epoxidation of
2,3-disubstituted naphthoquinones with tert-butyl hydroperoxide as
an oxidant was developed using a guanidine—urea bifunctional
catalyst lacking C, symmetry, which was designed based upon the
insights obtained from the DFT calculation model for our previous
C, symmetric catalyst. The present organocatalytic reaction
provides access to a variety of optically active naphthoquinone
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epoxides bearing aryl and methyl substituents at C2 and C3 in high yields with high enantioselectivities (up to 97:3 er).

Bl INTRODUCTION

Naphthoquinone epoxide is a common structure in diverse
natural products, such as phosphatoquinone (1), A80915G
(2), and diospyrin derivative 3 (Figure 1. A promising
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Figure 1. Structures of representative bioactive naphthoquinone
epoxides.

approach for the synthesis of the common motif in 1-3
(colored blue) would be nucleophilic epoxidation of the
corresponding naphthoquinone precursors. So far, various
enantioselective epoxidation strategies have been reported,
using combinations of oxidants and metal catalysts and/or
organocatalysts.” ® Asymmetric epoxidation with monosub-
stituted naphthoquinones has been well explored, but so far,
there have been no examples of epoxidation with disubstituted
naphthoquinones,*™® probably because of the difficulty in
differentiating two substituents at highly symmetrical positions
in the context of the planar naphthoquinone motif.

Recently, we have reported an enantioselective epoxidation
of monosubstituted naphthoquinone $ by using tert-butyl
peroxide (TBHP) as an oxidant in the presence of guanidine—
bisurea bifunctional organocatalyst 4.”° Under biphasic
conditions (BuOMe/H,O = 10:1) at 0 °C, the corresponding
epoxide 6 was obtained in a 98% yield with a 95:5 er (Figure
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2A). Under the same conditions, however, the enantioselec-
tivity decreased to a 87:13 er in the case of disubstituted
naphthoquinone 7a (Figure 2A). In addition, a longer reaction
time (8 h) was required to complete the epoxidation. To gain
insight into the reason for those differences in reactivity and
selectivity of disubstituted naphthoquinone 7a, transition state
(TS) modeling of the epoxidation of 7a with organocatalyst 4
was conducted at the B3LYP/6-31G* level (Figure 2B, Figure
Sl).9’10

The TS model also suggests that one of the two urea groups
in the catalyst has no significant interaction contributing to
stabilization of the TS. In addition, the aromatic groups at the
chiral center in the urea side chain are orientated in the
opposite direction to the reaction pocket for the substrates and
should have little impact on the stereocontrol. Those
computational insights motivated us to design a more eflicient
guanidine—urea bifunctional catalyst 9 for the disubstituted
naphthoquinone 7a, in which one urea side chain is truncated,
compared with catalyst 4. Here, we report the first examples of
highly enantioselective epoxidation of 2,3-disubstituted naph-
thoquinones in the presence of catalyst 9 (Figure 2C).

B RESULTS AND DISCUSSION

At the outset, we prepared guanidine—urea bifunctional
organocatalysts 9a—g by varying the R', R? and Ar groups,
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Figure 2. (A) Previous work and preliminary results of asymmetric epoxidation of naphthoquinones § and 7a. (B) Rate-limiting TS model in

epoxidation of 7a with 4. (C) This work.

and we examined the epoxidation reaction of disubstituted
naphthoquinone 7a bearing a methyl group and a phenyl
group under biphasic conditions (fBuOMe/H,0 = 10:1) with
TBHP as an oxidant and potassium hydroxide in the presence
of 5 mol % of catalyst."" In all cases, except for 9d (entry 4),
the reactivity of the catalysis was drastically improved
compared to the C,-symmetric catalyst 4, and epoxide 8a
was obtained in high yields (91—98%) within 2 h (Table 1,
entries 1—3, 5—7). In addition, the enantiomeric ratios were
improved compared to those obtained with catalyst 4. Among
the catalysts investigated, a high enantiomeric ratio of 94:6 was
obtained with 9g, which has ethyl and benzyl groups on the
guanidine, and a 2,6-dichlorophenyl group as the Ar moiety
(entry 7). The enantiomeric ratio was improved by lowering
the reaction temperature from 0 to —20 °C, and the epoxide 8a
was obtained in a 94% yield with a 97:3 er (entry 8)." To
demonstrate the practical utility of this reaction, a 5 mmol
scale reaction was carried out (entry 9).

The substrate scope of disubstituted naphthoquinones 7 was
investigated in the presence of 9g under the optimized
conditions (Table 1, entry 8)."* The results are summarized in
Scheme 1. The electronic nature of the aromatic R group in 7
was not critical, and high enantiomeric ratios of the
corresponding epoxides 8b—j were obtained (93:7 to 97:3
er) with high yields (86—95%). Various substituents (X) at C6
and C7 in 7a were tolerated, regardless of their electron-
donating or withdrawing nature, and the corresponding
epoxides 8k—m were obtained in high yields (87—93%) with
high enantioselectivities (92:8 to 95:S er). Furthermore, the
substrate with an n-hexyl group at C3 in naphthoquinone was
tolerated, and the corresponding epoxide 8p was obtained in
86% with a 95:5 er. On the other hand, the enantioselectivity
was decreased when an alkyl substituent was present at C2, and
the epoxides 8n and 80 were obtained in 84:16 and 59:41 er,
respectively. These results suggest that direct conjugation of
the aromatic group at C2 in the substrate is critical for the
enantioselective epoxidation in the presence of 9g.

Table 1. Enantioselective Epoxidation of 2,3-Disubstituted

Naphthoquinone 7a in the Presence of Side Chain

Truncated Organocatalyst g@biede

_ + R?
H H © HJ]I\ Ar=
N N .R1 i
L S I 7
0 R? H H 6 4
R
o) 9 (5 mol%) o

TBHP (5.0 equiv.)

O‘ Me KOH (0.5 equiv.) Me
o)
Ph  fBuOMe/H,0 (0.1 M), 0 °C Ph

7a O 8a O
catalyst 9 time 8a
yield
entry 9a—g R, R?, Ar” (h) (%)b er”
1 9a  (CH,),,CH,, Ph, 2,4,6-Cl;- 2 92 87:13
oH,

2 9b  Et, Ph, 2,4,6-Cl;-C4H, 1 97 91:9
3 9c  Cy, Ph, 2,4,6-Cl;-C¢H, 2 97 87:13
4 9d  Bn, Ph, 2,4,6-CL;-C¢H, 7 96 89:11
3 9e  Et, Bn, 2,4,6-Cl,-C4H, 1 93 93:7
6 9f  Et, Me, 2,4,6-CL;-C¢H, 1 98 90.5:9.5
7 9g  Et, Bn, 2,6-CL,-C4H, 1 91 94:6
8¢ 9g  Et, Bn, 2,6-CL,-C¢H, 3 94 97:3
9%¢  9g  Et, Bn, 2,6-Cl,-C4H, 6 93 96.5:3.5

“Reactions were performed with 0.1 mmol scale of 7a in tBuOMe/

H,0 = 10:1. “Yield of the isolated product. “The ee value was
determmed by HPLC analysis using a chiral stationary phase.
9Reaction was performed at —20 °C. “Reactions were performed
with 5.0 mmol scale of 7a.

To elucidate the origin of the high enantiomeric ratio
obtained with the guanidine—urea catalyst 9, the epoxidation
reaction was computationally revisited. In the epoxidation
catalyzed by 9, the epoxide-forming step, i.e,, cyclization step,
is the reaction rate- and stereochemlstry determlmng step,
based upon our preliminary calculation.” Thus, we explored
two diastereomeric TS structures for the cyclization step (Si-
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Scheme 1. Substrate Scope of the Enantioselective
Epoxidation of Disubstituted Naphthoquinones 7 in the
Presence of Catalyst 9g
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face (TSmalor) and Re-face (TS,no) modes leading to the
major and minor enantiomers of 8a, respectively) at the
B3LYP/6-31G* level in the presence of a simplified catalyst
model of 9. To estimate dispersion interactions, single-point
energy calculations of the B3LYP-optimized structures were
conducted at the M06-2X/6—311 + G** level. TS, is 2.2
kcal/mol more stable than TS,,;,,,, which is consistent with the
experimental results. In both TS, o and TS,on the
intramolecular hydrogen bond between the NH group of the
guanidinium moiety and the carbonyl group of urea constructs
the U-shaped catalyst structure. As in the case of the C,-
symmetric catalyst 4, there are two sets of attractive
interactions between the catalyst and the substrates:
guanidinium/oxidant and urea/naphthoqulnone (Figure 3).
An NCI (noncovalent bond interaction)'* plot indicates that
the interacting modes with the naphthoquinone enolate
derived from 7a are significantly different between TS,
and T8y (Figure 4). In the case of TS0, two NH groups
in the urea form a hydrogen bond with the enolate and NH—7
interaction with the aromatic substituent at C2 in the
naphthoquinone, respectively. On the other hand, in the case
of TS inow @ two-point hydrogen bonding interaction is formed

at176A i

i /A B i at173A
b2.16A ; I B J\ i b216A
c1.88A | LN NN i c181A
d205A; ey L M d1.86A

©1.88A |
1205A |

i g1.89A; T

TSmajor (0.0 kcal mol-)

TSminor (+2.2 keal mol-1)

Figure 3. Three-dimensional (3D) structures and relative energies of
TS ajor a0d TS i, in the reaction with 7a (M06-2X/6-311 + G**//
B3LYP/6-31G*).

between the two NH groups in the urea and the oxygen atom
in the enolate. In addition, there is a 7—x interaction between
the aromatic group in the catalyst and the aromatic
substituents in 7a.

The difference in the attractive interaction between TS,
and TS, significantly affects the relative stability of the TS
models. The NH—7 interaction plays one of key roles in
stabilizing TS, If the phenyl substituent at C2 in 7a is
replaced with hydrogen, the relative energy difference between
TSumajor and TS0, decreases to only 0.3 keal/mol from 2.2
kcal/mol. Indeed, the interaction energy between the catalyst
and the substrates decreases more significantly in TS, (3.2
kcal/mol) than in TS0, (1.0 keal/mol) (see the Supporting
Information Figure $2).'*'S This calculation results also
support the low enantioselectivity of the substrates (8n and
80) with C2-alkyl substituents, which may shift the Ar group
from the interacting network with the catalyst 9g.

To confirm the contribution of the NH—x interactions
experimentally, we next examined the epoxidation reaction of
monosubstituted naphthoquinone 5 in the presence of
guanidine—mono-urea bifunctional catalyst 9g under the
optimized conditions (Scheme 2). In this reaction, epoxide 6
was obtained in an 89% yield with an 88:12 er; i.e., the
selectivity was reduced compared to the reaction with catalyst
4 (95:S er, Figure 2A). This provides experimental support for
the significance of the NH—x interaction in the asymmetric
epoxidation of disubstituted naphthoquinone 7.

In conclusion, we have achieved highly enantioselective
epoxidation of 2,3-disubstituted naphthoquinones with tert-
butyl hydroperoxide as an oxidant by using a bifunctional
guanidine—urea lacking C, symmetry. This catalyst was
designed based upon the insights obtained from the DFT
calculation model for epoxidation between 2,3-disubstituted
naphthoquinone and our previous C, symmetric catalyst.
Computational studies indicated that the enantiodiscrimina-
tion in this reaction depends crucially upon stabilization of the
transition state by NH—x interaction between the urea moiety
in the catalyst and the aromatic substituent in naphthoquinone.

B EXPERIMENTAL SECTION

General Information. Flash chromatography and preparative-
TLC (PLC) were performed using a Silica Gel 60 (spherical, particle
size 0.040—0.100 mm; Kanto Chemical Co., Inc., Japan),
Chromatorex-NH DM1020 (spherical, particle size 0.007—0.100
mm; Fuji Silysia Chemical Ltd., Japan), and Chromatorex-NH PLC
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Scheme 2. Asymmetric Epoxidation of Monosubstituted
Naphthoquinone $ in the Presence of Catalyst 9g
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05 (0.5 mm; Fuji Silysia Chemical Ltd., Japan). Optical rotations were
measured on a JASCO P-2200 polarimeter. 'H and *C NMR spectra
were recorded on JEOL ECX-300 instruments. A chemical shift in
chloroform-d was reported in the scale relative to chloroform-d (7.26
ppm) 'H NMR. For C NMR, a chemical shift was reported in the
scale relative to chloroform-d (77.0 ppm) as an internal reference.
Mass spectra were recorded on a JEOL JMS-700 spectrometer. HPLC
analysis on the chiral stationary phase was performed on JASCO 800-
series instruments. Daicel Chiralpak IA, IB, and Chiralcel OD—H
columns with n-hexane/2-propanol and n-hexane/CHCl; as the
eluent were used. X-ray data was obtained from the X-ray single
crystal structure analysis system "R-AXIS RAPID” (Rigaku Co.).

Synthesis of 2,3-Disubstituted 1,4-Naphthoquinone Deriv-
atives. 2-Methyl-3-(4-methylbenzyl)-1,4-naphthoquinone (7n) and
2-methyl-3-phenethyl-1,4-naphthoquinone (70) was prepared accord-
ing to literature procedures.'®'” 2-Methyl-3-aryl-1,4-naphthoquinone
derivatives (7a,d—j) were prepared according to Method A, and
(7b,c) were prepared according to Method B. Six or 7-substituted 2-
methyl-3-phenyl-1,4-naphthoquinone derivatives (7k—m) were pre-
pared according to Method C.

Method A. To a mixture of 3-methyl-4H-spiro[naphthalene-1,2'-
[1,3]dioxolan]-4-one'® (1.40 g, 6.47 mmol) and Cul (123 mg, 0.65
mmol) in THF (5SS mL) was added dropwise ArMgBr (1.0 M) in
THF (9.75 mL, 9.75 mmol) over 30 min at rt, and the resulting
mixture was stirred at reflux. After stirred for 3 h, the reaction mixture
was quenched by addition of saturated NH,CI solution at rt and
extracted with ethyl acetate. The organic layer was dried over MgSO,,
and then concentrated in vacuo. The residue was used in the
subsequent step without purification.

To a solution of the crude residue in 1,4-dioxane (10 mL) was
added dropwise HCI (6.0 M) in H,O (10 mL, 60.0 mmol) over 10
min at rt, and the resulting mixture was vigorously stirred. After
stirred for 1.5 h, the reaction mixture was extracted with CH,Cl,. The
organic layer was dried over MgSO,, and then concentrated in vacuo.
The residue was used in the subsequent step without purification.

To a solution of the crude residue in acetonitrile (30 mL) was
added DDQ (749 mg, 3.30 mmol) at rt, and the resulting mixture was
stirred. After stirred for 10 min, the reaction was quenched with
saturated NaHCOj solution and the mixture was extracted with ethyl
acetate, and the organic layer was washed with saturated NaHCO;

solution and brine. The combined organic layer was dried over
MgSO, and concentrated in vacuo. The residue was purified by
column chromatography on silica gel (n-hexane/ethyl acetate = 20:1)
to give 7a (721 mg, 46%, three steps) as a yellow solid.

2-Methyl-3-phenylnaphthalene-1,4-dione (7a). "H NMR (300
MHz, CDC, §): 8.20—8.06 (m, 2H), 7.80—7.70 (m, 2H), 7.51-7.38
(m, 3H), 7.27—7.20 (m, 2H), 2.08 (s, 3H); *C{'H} NMR (75 MHz,
CDCI, 5): 185.8, 1842, 1462, 144.1, 133.7, 133.5, 132.1, 129.3,
128.5, 128.1, 126.6, 126.2, 14.7; HRMS (EI-TOF) m/z: [M]" calcd
for C,sH,;0,, 248.0837; found, 248.0837.

Method B. To a solution of 2-methylnaphthalene-1,4-dione (2.00
g, 11.62 mmol) and 4-chlorobenzoic acid (3.63 g, 23.18 mmol) in
acetonitrile/H,0 (3:1, 76 mL) was added AgNO; (380 mg, 2.32
mmol) at 85 °C (oil bath). After stirred for 10 min, (NH,),S,04
(3.97 g, 17.40 mmol) in acetonitrile/H,O (3:1, 40 mL) was added
dropwise over 20 min, and the resulting mixture was stirred at reflux.
After stirred for 2 h, the reaction mixture was cooled to rt and
extracted with ethyl acetate. The combined organic layer was dried
over MgSO, and concentrated in vacuo. The residue was purified by
column chromatography on silica gel (toluene only) to give 7b (189
mg, 21%) as a yellow solid.

2-(4-Chlorophenyl)-3-methylnaphthalene-1,4-dione (7b). 'H
NMR (300 MHz, CDCl, §): 8.18-8.06 (m, 2H), 7.79-7.70 (m,
2H), 7.48—7.41 (m, 2H), 7.22—7.14 (m, 2H), 2.08 (s, 3H); “C{'H}
NMR (75 MHz, CDCl, §): 185.5, 183.9, 145.0, 144.4, 134.6, 133.8,
133.7, 132.0, 131.9, 131.9, 130.8, 128.5, 126.6, 126.3, 14.7; HRMS
(EI-TOF) m/z: [M]* caled for C,,H,,ClO,, 282.0448; found
282.0451.

Method C. To a solution of 7-chloro-2-methylnaphthalene-1,4-
dione” (100 mg, 0.45 mmol) and benzoic acid (220 mg, 1.80 mmol)
in acetonitrile/H,O (3:1, 5.0 mL) was added AgNO; (7.6 mg, 0.04S
mmol) at 85 °C. After stirred for 10 min, (NH,),5,04 (255 mg, 1.12
mmol) in acetonitrile/H,0 (3:1, 4.0 mL) was added dropwise over §
min, and the resulting mixture was stirred at reflux. After stirred for 16
h, the reaction mixture was cooled to rt and extracted with ethyl
acetate. The combined organic layer was dried over MgSO, and
concentrated in vacuo. The residue was purified by column
chromatography on silica gel (toluene only) to give 7k (36 mg,
27%) as a yellow solid.

6-Chloro-3-methyl-2-phenylnaphthalene-1,4-dione (7k). 'H
NMR (300 MHz, CDCl, 8): 8.14—8.01 (m, 2H), 7.69 (dd, J = 8.3,
2.1 Hz, 1H), 7.51-7.41 (m, 3H), 7.27—7.20 (m, 2H), 2.12—2.05 (m,
3H); BC{'H} NMR (75 MHz, CDCl, §): 184.7, 183.2, 146.3, 144.1,
140.5, 133.7, 1332, 1303, 129.3, 128.7, 128.4, 12822, 1262, 14.7;
HRMS (EI-TOF) m/z: [M]* calcd for C,,H,,ClO,, 282.0448; found
282.0447.

2-(3-Chlorophenyl)-3-methylnaphthalene-1,4-dione (7c). Fol-
lowing the procedure (Method B), 7c was obtained (207 mg, 23%)
as a yellow solid from 2-methylnaphthalene-1,4-dione (2.00 g, 11.62
mmol) and 3-chlorobenzoic acid (3.63 g, 23.18 mmol); '"H NMR
(300 MHz, CDCl; 6): 8.22—8.03 (m, 2H), 7.83—7.65 (m, 2H),
7.49-7.34 (m, 2H), 7.23 (s, 1H), 7.16—7.07 (m, 1H), 2.09 (s, 3H);
BC{'H} NMR (75 MHz, CDCl, §): 185.4, 183.8, 134.1, 133.8, 133.7,
131.9, 131.9, 129.5, 129.3, 128.7, 127.5, 126.6, 126.3, 14.7; HRMS

https://dx.doi.org/10.1021/acs.joc.0c02084
J. Org. Chem. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.joc.0c02084?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02084?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02084?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02084?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02084?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02084?fig=sch2&ref=pdf
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c02084?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

(EI-TOF) m/z: [M]* caled for Cy,H,,ClO,, 282.0448; found
282.0443.
2-(4-Fluorophenyl)-3-methylnaphthalene-1,4-dione (7d). Fol-
lowing the procedure (Method A), 7d was obtained (654 mg, 38%,
3steps) as a yellow solid; 'H NMR (300 MHz, CDCl, §): 8.26—7.99
(m, 2H), 7.82—7.69 (m, 2H), 7.30—7.11 (m, 4H), 2.10 (s, 3H);
BC{'H} NMR (75 MHz, CDCl, §): 185.6, 184.1, 164.3, 161.1, 145.1,
144.4,133.8 (d, J = 7.2 Hz), 132.0 (d, J = 7.2 Hz), 131.3 (d, J = 8.7
Hz), 129.3 (d, ] = 2.9 Hz), 126.4 (d, ] = 26.0 Hz), 115.3 (d, ] = 21.7
Hz), 14.7; HRMS (EI-TOF) m/z: [M]" caled for C;;H;;FO,,
266.0743; found 266.0739.
2-(3,5-Difluorophenyl)-3-methylnaphthalene-1,4-dione (7e).
Following the procedure (Method A), 7e was obtained (552 mg,
30%, 3steps) as a yellow solid; "H NMR (300 MHz, CDCl, 6): 8.21—
7.96 (m, 2H), 7.83—7.72 (m, 2H), 6.89 (tt, ] = 8.9, 2.3 Hz, 1H),
6.83—6.72 (m, 2H), 2.09 (s, 3H); *C{'H} NMR (75 MHz, CDCl,
5): 185.1,183.4, 164.4 (d, ] = 13.0 Hz), 161.1 (d, ] = 12.3 Hz), 144.9,
144.1,136.6 (t, ] = 10.1 Hz), 133.9 (d, ] = 7.2 Hz), 131.9 (d, ] = 10.8
Hz), 126.5 (d, ] = 18.1 Hz), 112.5 (q, ] = 8.7 Hz), 104.1 (t, ] = 24.9
Hz), 14.6; HRMS (EI-TOF) m/z: [M]* caled for C,,H;(F,0,,
284.0649; found 284.0643.
2-(4-Methoxyphenyl)-3-methylnaphthalene-1,4-dione (7f). Fol-
lowing the procedure (Method A), 7f was obtained (756 mg, 42%,
3steps) as a yellow solid; '"H NMR (300 MHz, CDCl, §): 8.18—8.05
(m, 2H), 7.78—7.68 (m, 2H), 7.19 (dt, ] = 9.1, 2.4 Hz, 2H), 6.99 (dt,
J =9.1, 2.4 Hz, 2H), 3.89 (s, 3H), 2.12 (s, 3H); *C{'"H} NMR (75
MHz, CDCl; §): 185.8, 184.4, 159.7, 145.7, 143.8, 133.6, 133.6,
132.1, 131.0, 126.6, 126.1, 125.6, 113.6, 55.3, 14.8; HRMS (EI-TOF)
m/z: [M]* caled for C,gH,,05, 278.0943; found 278.0937.
2-(3-Methoxyphenyl)-3-methylnaphthalene-1,4-dione (7g). Fol-
lowing the procedure (Method A), 7g was obtained (720 mg, 40%,
3steps) as a yellow solid; 'H NMR (300 MHz, CDCI, 6): 8.22—8.01
(m, 2H), 7.82—7.69 (m, 2H), 7.49—7.29 (m, 1H), 6.96 (dd, ] = 8.3,
2.4 Hz, 1H), 6.88—6.69 (m, 2H), 3.86 (s, 3H), 2.11 (s, 3H); B“C{*H}
NMR (75 MHz, CDCl, 8): 185.7, 184.0, 159.3, 146.1, 144.2, 134.9,
133.7, 133.5, 132.0, 129.3, 126.5, 126.2, 121.5, 114.9, 113.9, 55.2,
14.6; HRMS (EI-TOF) m/z: [M]* caled for CgH,,0;, 278.0943;
found 278.0948.
2-(3,5-Dimethoxyphenyl)-3-methylnaphthalene-1,4-dione (7h).
Following the procedure (Method A), 7h was obtained (419 mg,
21%, 3steps) as a yellow oil; '"H NMR (300 MHz, CDCl, §): 8.18—
8.08 (m, 2H), 7.79—7.71 (m, 2H), 6.52 (t, ] = 2.2 Hz, 1H), 6.34 (d, ]
= 2.4 Hz, 2H), 3.81 (s, 6H), 2.09 (s, 3H); *C{*H} NMR (75 MHz,
CDCl, §): 185.7, 184.0, 160.6, 146.3, 144.3, 135.6, 133.7, 133.5,
132.1, 126.6, 126.2, 107.2, 100.4, 55.4, 14.6; HRMS (EI-TOF) m/z:
[M]* caled for C;oH;c0,, 308.1049; found 308.1057.
2-(Benzo[d][1,3]dioxol-5-yl)-3-methylnaphthalene-1,4-dione
(7i). Following the procedure (Method A), 7i was obtained (567 mg,
30%, 3steps) as a yellow solid; "H NMR (300 MHz, CDCI, §): 8.20—
8.03 (m, 2H), 7.78—7.67 (m, 2H), 6.98—6.79 (m, 1H), 6.79—6.59
(m, 2H), 6.01 (s, 2H), 2.12 (s, 3H); *C{'H} NMR (75 MHz, CDCl,
5): 185.7, 184.2, 147.8, 147.5, 145.8, 144.2, 133.6, 133.5, 132.1, 127.0,
126.6, 126.2, 123.3, 110.0, 108.2, 101.3, 29.7, 14.7; HRMS (EI-TOF)
m/z: [M]* caled for Ci5H;,0,, 292.0736; found 292.0737.
3-Methyl-[2,2'-Binaphthalene]-1,4-Dione (7j). Following the
procedure (Method A), 7j was obtained (753 mg, 39%, 3steps) as
a yellow solid; '"H NMR (300 MHz, CDCl, §): 8.24—8.10 (m, 2H),
8.00—7.81 (m, 3H), 7.81-7.68 (m, 3H), 7.62—7.48 (m, 2H), 7.34
(dd, J = 84, 1.5 Hz, 1H), 2.16 (s, 3H); C{'H} NMR (75 MHz,
CDCl, §): 185.9, 184.4, 1463, 144.6, 133.8, 133.7, 133.2, 133.0,
1323, 132.2, 131.3, 129.0, 128.4, 127.9, 127.8, 127.1, 126.8, 126.7,
126.5, 126.4, 14.9; HRMS (EI-TOF) m/z: [M]" caled for C,;H;,0,,
298.0994; found 298.0984.
6-Methoxy-3-methyl-2-phenylnaphthalene-1,4-dione (7). Fol-
lowing the procedure (Method C), 71 was obtained (4S5 mg, 36%)
as a yellow oil from 7-methoxy-2-methylnaphthalene-1,4-dione (91
mg, 0.45 mmol); 'H NMR (300 MHz, CDCl, 6): 8.06 (d, J = 8.6 Hz,
1H), 7.58 (d, ] = 2.4 Hz, 1H), 7.52—7.37 (m, 3H), 7.27—7.18 (m,
3H), 3.96 (s, 3H), 2.07 (s, 3H); C{*H} NMR (75 MHz, CDCl, §):
185.9, 183.3, 163.8, 1462, 143.6, 134.0, 133.7, 129.3, 129.0, 128.4,

128.0, 125.6, 1203, 109.3, 55.9, 14.6; HRMS (EL-TOF) m/z: [M]*
caled for CgH,,03, 278.0943; found 278.0937.

7-Methoxy-3-methyl-2-phenylnaphthalene-1,4-dione (7m). Fol-
lowing the procedure (Method C), 7m was obtained (43 mg, 34%) as
a yellow oil from 6-methoxy-2-methylnaphthalene-1,4-dione (91 mg,
0.45 mmol); 'H NMR (300 MHz, CDCl, §): 8.10 (d, ] = 8.6 Hz,
1H), 7.54 (d, J = 2.8 Hz, 1H), 7.51-7.38 (m, 3H), 7.27-7.18 (m,
3H), 3.93 (s, 3H), 2.07 (s, 3H); *C{'H} NMR (75 MHz, CDC, §):
184.8, 1842, 163.9, 145.8, 144.4, 134.1, 133.7, 129.3, 128.7, 128.4,
128.1, 125.7, 120.1, 109.8, 55.9, 14.7; HRMS (EI-TOF) m/z:
[M]*caled for C,gH,,05, 278.0943; found 278.0937.

Synthesis of 2-Hexyl-3-phenylnaphthalene-1,4-dione (7p).
To a solution of 2-phenylnaphthalene-1,4-dione (105 mg, 0.45 mmol)
and heptanoic acid (234 mg, 1.80 mmol) in acetonitrile/H,0 (3:1,
5.0 mL) was added AgNOj; (7.6 mg, 0.045 mmol) at 85 °C (oil bath).
After stirred for 10 min, (NH,),S,05 (255 mg, 1.12 mmol) in
acetonitrile/H,0 (3:1, 4.0 mL) was added dropwise over S min, and
the resulting mixture was stirred at reflux. After stirred for 16 h, the
reaction mixture was cooled to rt and extracted with ethyl acetate.
The combined organic layer was dried over MgSO, and concentrated
in vacuo. The residue was purified by column chromatography on
silica gel (toluene only) to give 7p (69 mg, 48%) as a yellow oil.

2-Hexyl-3-phenylnaphthalene-1,4-dione (7p). '"H NMR (300
MHz, CDCl, §): 8.21-8.03 (m, 2H), 7.84—7.66 (m, 2H), 7.58—
7.36 (m, 3H), 7.32—7.16 (m, 2H), 2.58—2.35 (m, 2H), 1.56—1.36
(m, 2H), 1.36—1.06 (m, 6H), 0.82 (s, 3H); *C{'H} NMR (75 MHz,
CDCl, 8): 1854, 184.6, 148.3, 1462, 133.6, 133.5, 133.4, 132.2,
132.0, 128.9, 1283, 128.1, 1264, 126.2, 31.2, 29.5, 29.4, 28.1, 22.3,
13.9; HRMS (EI-TOF) m/z: [M]* caled for Cp,H,,0,, 318.1620;
found 318.1630.

General Procedure for the Asymmetric Epoxidation. To a
solution of 7a (24.8 mg, 0.100 mmol) and 9¢ (2.5 mg, 0.00S mmol)
in methyl tert-butyl ether (1.0 mL) was added a 1.0 M KOH solution
(50.0 uL, 0.050 mmol) and tert-butyl hydroperoxide (7.5 M) in H,0
(66.0 uL, 0.500 mmol) at —20 °C. After stirring for 3 h, the reaction
mixture was quenched by addition of saturated NH,CI solution at
—20 °C and extracted with ethyl acetate. The organic layer was dried
over MgSO, and concentrated in vacuo. The residue was purified by
column chromatography on silica gel (n-hexane/ethyl acetate = 20:1
to 10:1) to give epoxide 8a (25.2 mg, 94%) as a colorless oil.

(1aS,7aR)-1a-Methyl-7a-phenyl-1a,7a-dihydronaphtho[2,3-b]-
oxirene-2,7-dione (8a). [a]y + 77.6 (¢ 1.2, CHCl,, er = 97:3);
HPLC analysis: Daicel Chiralcel OD—H, n-hexane/2-propanol =
95:5, flow rate = 1.0 mL/min, 7; (major) = 8.6, 7, (minor) = 9.9; 'H
NMR (300 MHz, CDCL, 8): 8.05—7.98 (m, 2H), 7.79—7.72 (m, 2H),
7.48—7.42 (m, 3H), 7.42—7.35 (m, 2H), 1.39 (s, 3H); C{'H} NMR
(75 MHz, CDCI, 8): 192.5, 191.6, 134.4, 134.3, 132.4, 132.0, 130.1,
129.0, 128.3, 128.0, 127.3, 127.1, 69.2, 66.9, 12.3; HRMS (EI-TOF)
m/z: [M]* caled for C;,H;,0;, 264.0786; found 264.0794.

(1aR,7aS)-1a-(4-Chlorophenyl)-7a-methyl-1a,7a-
dihydronaphtho[2,3-bjoxirene-2,7-dione (8b). Following the gen-
eral procedure, 8b (27.2 mg, 91%) was obtained as a colorless oil;
[a]y + 62.5 (¢ 1.0, CHCly, er = 97:3); HPLC analysis: Daicel
Chiralcel OD—H, n-hexane/2-propanol = 99:1, flow rate = 1.0 mL/
min, 7; (major) = 16.3, 7, (minor) = 18.7; 'H NMR (300 MHz,
CDCl, 6): 8.06—7.96 (m, 2H), 7.82—7.72 (m, 2H), 7.44 (d, ] = 8.9
Hz, 2H), 7.33 (d, ] = 8.6 Hz, 2H), 1.40 (s, 3H); *C{'H} NMR (75
MHz, CDCly 8): 192.1, 191.3, 135.1, 134.5, 134.3, 132.2, 131.9,
129.5, 128.6, 127.3, 127.2, 68.8, 66.9, 12.3; HRMS (EI-TOF) m/z:
[M]* caled for C,H,;ClO;, 298.0397; found 298.0400.

(TaR,7aS)-1a-(3-Chlorophenyl)-7a-methyl-1a,7a-
dihydronaphtho(2,3-bjoxirene-2,7-dione (8c). Following the general
procedure, 8c (28.2 mg, 95%) was obtained as a colorless oil; [a]F +
48.9 (¢ 2.1, CHCl,, er = 97:3); HPLC analysis: Daicel Chiralcel OD—
H, n-hexane/2-propanol = 99:1, flow rate = 1.0 mL/min, 7; (major) =
17.8, 7, (minor) = 20.9; '"H NMR (300 MHz, CDCl, 6): 8.08—7.98
(m, 2H), 7.83-7.73 (m, 2H), 7.47—7.36 (m, 3H), 7.27 (s, 1H), 1.41
(s, 3H); BC{"H} NMR (75 MHz, CDCl, §): 191.9, 191.1, 134.6,
134.4, 1322, 132.2, 131.9, 129.6, 129.3, 127.4, 127.2, 68.6, 66.9, 12.3;
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HRMS (EI-TOF) m/z: [M]* calcd for C,H,,ClO;, 298.0397; found
298.0400.
(1aR,7aS)-1a-(4-Fluorophenyl)-7a-methyl-1a,7a-
dihydronaphtho[2,3-bjoxirene-2,7-dione (8d). Following the gen-
eral procedure, 8d (25.7 mg, 91%) was obtained as a colorless oil;
[@]y + 684 (c 2.0, CHCly, er = 97:3); HPLC analysis: Daicel
Chiralcel OD—H, n-hexane/2-propanol = 99:1, flow rate = 1.0 mL/
min, 7; (major) = 14.5, 7, (minor) = 18.6; 'H NMR (300 MHz,
CDCl,) & 8.06—7.96 (m, 2H), 7.80—7.71 (m, 2H), 7.42—7.33 (m,
2H), 7.19-7.10 (m, 2H), 1.38 (s, 3H); “C{'H} NMR (75 MHz,
CDCl, 6): 192.2, 191.5, 164.7, 161.4, 134.4 (d, ] = 10.1 Hz), 132.1
(d, J =27.5Hz), 129.9 (d, J = 7.9 Hz), 127.2 (d, ] = 13.0 Hz), 125.9
(d, J = 3.6 Hz), 115.5 (d, ] = 21.7 Hz), 68.8, 66.9, 12.3; HRMS (EI-
TOF) m/z: [M]* caled for C;,H;;FO;, 282.0692; found 282.0701.
(1aR,7aS)-1a-(3,5-Difluorophenyl)-7a-methyl-1a,7a-
dihydronaphtho[2,3-bjoxirene-2,7-dione (8e). Following the general
procedure, 8e (26.1 mg, 87%) was obtained as a colorless oil; [a]3 +
49.9 (¢ 1.1, CHCL,, er = 93:7); HPLC analysis: Daicel Chiralcel OD—
H, n-hexane/2-propanol = 99:1, flow rate = 1.0 mL/min, 7; (major) =
13.1, 7, (minor) = 16.6; 'H NMR (300 MHz, CDC, 6): 8.06—7.96
(m, 2H), 7.80—7.71 (m, 2H), 7.42—7.33 (m, 2H), 7.19—7.10 (m,
2H), 1.38 (s, 3H); *C{"H} NMR (75 MHz, CDCl, §): 191.5, 190.5,
164.5 (d, J = 12.3 Hz), 161.2 (d, ] = 12.3 Hz), 134.6 (d, ] = 16.6 Hz),
134.0 (t, J = 9.4 Hz), 131.9 (d, J = 18.8 Hz), 127.4 (d, J = 7.2 Hz),
111.5 (d, ] = 24.6 Hz), 104.8 (t, ] = 24.9 Hz), 68.4, 66.9, 12.2; HRMS
(EL-TOF) m/z: [M]* caled for C;,H;oF,0; 300.0598; found
300.0598.
(1aR,7aS)-1a-(4-Methoxyphenyl)-7a-methyl-1a,7a-
dihydronaphtho[2,3-bjoxirene-2,7-dione (8f). Following the general
procedure, 8f (27.1 mg, 92%) was obtained as a colorless oil; [a]F +
32.0 (¢ 1.0, CHCL,, er = 97:3); HPLC analysis: Daicel Chiralcel OD—
H, n-hexane/2-propanol = 99:1, flow rate = 1.0 mL/min, 7; (major) =
24.4, 7, (minor) = 30.3; '"H NMR (300 MHz, CDCl, §): 8.07—7.97
(m, 2H), 7.80—7.71 (m, 2H), 7.39—7.27 (m, 2H), 6.98 (d, ] = 8.9 Hz,
2H), 3.85 (s, 3H), 1.40 (s, 3H); *C{'H} NMR (75 MHz, CDC, §):
192.7, 192.0, 160.0, 134.3, 1342, 132.5, 132.0, 129.3, 127.3, 127.0,
121.9, 113.8, 69.1, 67.1, 55.3, 12.3; HRMS (EI-TOF) m/z: [M]*
caled for C;sH,,0,, 294.0892; found 294.0881.
(1aR,7aS)-1a-(3-Methoxyphenyl)-7a-methyl-1a,7a-
dihydronaphtho[2,3-bjoxirene-2,7-dione (8g). Following the gen-
eral procedure, 8g (28.2 mg, 96%) was obtained as a colorless oil;
[a]y + 48.1 (¢ 2.0, CHCl;, er = 97:3); HPLC analysis: Daicel
Chiralcel OD—H, n-hexane/2-propanol = 95:5, flow rate = 1.0 mL/
min, 7; (major) = 122, 7, (minor) = 14.8; 'H NMR (300 MHz,
CDCl, 6§): 8.07—7.97 (m, 2H), 7.80—7.71 (m, 2H), 7.39-7.27 (m,
2H), 6.98 (d, ] = 8.9 Hz, 2H), 3.85 (s, 3H), 1.40 (s, 3H); “C{'H}
NMR (75 MHz, CDCl, §): 192.4, 191.4, 159.5, 134.4, 134.3, 132.4,
131.9, 131.6, 129.4, 127.3, 127.1, 120.4, 114.7, 113.5, 69.2, 66.8, 55.3,
12.3; HRMS (EI-TOF) m/z: [M]* caled for C;gH,,0, 294.0892;
found 294.0881.
(1aR,7aS)-1a-(3,5-Dimethoxyphenyl)-7a-methyl-1a,7a-
dihydronaphtho[2,3-bjoxirene-2,7-dione (8h). Following the gen-
eral procedure, 8h (27.9 mg, 86%) was obtained as a colorless oil;
[@)y + 59.3 (c 1.1, CHCly, er = 93:7); HPLC analysis: Daicel
Chiralpak IA, n-hexane/CHCl; = 80:20, flow rate = 1.0 mL/min, 7,
(major) = 16.6, 7, (minor) = 15.7; 'H NMR (300 MHz, CDCl, §):
8.06—7.99 (m, 2H), 7.81-7.72 (m, 2H), 6.49 (s, 3H), 3.81 (s, 6H),
1.44 (s, 3H); BC{'H} NMR (75 MHz, CDCl, §): 192.4, 191.3,
160.7, 134.4, 134.3, 132.4, 132.3, 131.8, 127.4, 127.1, 106.1, 101.2,
69.3, 66.8, 55.4, 12.3; HRMS (EI-TOF) m/z: [M]" calcd for
CoH,405, 324.0998; found 324.1010.
(1aR,7aS)-1a-(Benzo[d][1,3]dioxol-5-yl)-7a-methyl-1a,7a-
dihydronaphthol[2,3-bjoxirene-2,7-dione (8i). Following the general
procedure, 8i (28.4 mg, 92%) was obtained as a colorless oil; [a]} +
101.5 (c 2.6, CHCl,, er = 96:4); HPLC analysis: Daicel Chiralpak IA,
n-hexane/CHCl; = 70:30, flow rate = 1.0 mL/min, 7, (major) = 18.4,
7, (minor) = 10.2; '"H NMR (300 MHz, CDCl, 6): 8.08—7.94 (m,
2H), 7.84—7.65 (m, 2H), 6.93—6.79 (m, 3H), 6.09—5.98 (m, 2H),
145 (s, 3H); BC{'H} NMR (75 MHz, CDCl; §): 192.4, 191.7,
148.2, 147.7, 134.4, 1342, 132.4, 132.0, 127.3, 127.1, 123.7, 121.9,

108.6, 108.3, 101.4, 69.2, 67.1, 12.3; HRMS (EI) m/z: [M]" calcd for
C,sH,,0,, 308.0685; found 308.0692.
(1aS,7aR)-1a-Methyl-7a-(naphthalen-2-yl)-1a,7a-
dihydronaphtho[2,3-bjoxirene-2,7-dione (8j). Following the general
procedure, 8j (28.3 mg, 90%) was obtained as a white solid; [a] +
162.8 (¢ 1.6, CHCl,, er = 96.5:3.5); HPLC analysis: Daicel Chiralcel
OD—-H, n-hexane/2-propanol = 95:5, flow rate = 1.0 mL/min, 7,
(major) = 14.9, 7, (minor) = 13.2; 'H NMR (300 MHz, CDCl, §):
8.12—7.98 (m, 2H), 8.00—7.84 (m, 4H), 7.84—7.73 (m, 2H), 7.62—
7.41 (m, 3H), 1.43 (s, 3H); *C{'H} NMR (75 MHz, CDCl; §):
192.5, 191.7, 1344, 134.3, 133.5, 132.9, 132.5, 132.1, 128.2, 128.1,
127.8, 1277, 127.4, 127.2, 1267, 126.5, 1252, 69.5, 67.1, 12.3;
HRMS (EI-TOF) m/z: [M]* caled for C,H;,0;, 314.0943; found
314.0946.
(1aS,7aR)-4-Chloro-1a-methyl-7a-phenyl-1a,7a-
dihydronaphtho[2,3-bjoxirene-2,7-dione (8k). Following the general
procedure, 8k (27.8 mg, 93%) was obtained as a colorless oil; [a]3 +
64.1 (c 1.0, CHCl,, er = 94:6); HPLC analysis: Daicel Chiralpak IB,
n-hexane/CHCI; = 90:10, flow rate = 1.0 mL/min, 7, (major) = 11.6,
7, (minor) = 16.7; '"H NMR (300 MHz, CDCl, §): 8.02—7.94 (m,
2H), 7.70 (dd, J = 8.3, 2.1 Hz, 1H), 7.49—7.44 (m, 3H), 7.41-7.34
(m, 2H), 1.40 (s, 3H); *C{'H} NMR (75 MHz, CDCl, §): 191.5,
190.6, 141.3, 134.3, 133.2, 130.6, 129.8, 129.2, 129.1, 1284, 128.1,
127.1, 69.3, 67.0, 12.3; HRMS (EI-TOF) m/z: [M]* caled for
C,,H,,ClO;, 298.0397; found 298.0387.
(1aS,7aR)-4-Methoxy-1a-methyl-7a-phenyl-1a,7a-
dihydronaphthol[2,3-bjoxirene-2,7-dione (8l). Following the general
procedure, 81 (25.6 mg, 87%) was obtained as a colorless oil; [a]} +
68.9 (c 2.0, CHCL,, er = 92:8); HPLC analysis: Daicel Chiralpak IB,
n-hexane/CHCI; = 90:10, flow rate = 1.0 mL/min, 7, (major) = 20.1,
7, (minor) = 11.0; '"H NMR (300 MHz, CDCl, 5): 7.98 (d, ] = 8.6
Hz, 1H), 7.50-7.42 (m, 4H), 7.41-7.33 (m, 2H), 7.25—7.18 (m,
1H), 3.94 (s, 3H), 1.38 (s, 3H); "*C{"H} NMR (75 MHz, CDCl, §):
192.5, 190.3, 164.5, 134.1, 130.5, 129.8, 128.9, 128.3, 128.0, 125.6,
121.2, 110.1, 69.1, 66.7, 55.9, 12.4; HRMS (EI) m/z: [M]" calcd for
CsH,,0,, 294.0892; found 294.0890.
(1aR,7aS)-4-Methoxy-7a-methyl-1a-phenyl-1a,7a-
dihydronaphtho(2,3-bjoxirene-2,7-dione (8 m). Following the
general procedure, 8m (26.8 mg, 91%) was obtained as a colorless
oil; [@]F + 61.6 (¢ 1.0, CHCI,, er = 95:5); HPLC analysis: Daicel
Chiralpak IA, n-hexane/CHCl; = 90:10, flow rate = 1.0 mL/min, 7,
(major) = 9.3, 7, (minor) = 11.9; '"H NMR (300 MHz, CDCl, §):
8.01 (d, J = 8.6 Hz, 1H), 7.48—7.42 (m, 4H), 7.41-7.33 (m, 2H),
7.24 (dd, ] = 8.8, 2.6 Hz, 1H), 3.92 (s, 3H), 1.37 (s, 3H); BC{'H}
NMR (75 MHz, CDCl, §): 191.6, 191.1, 164.4, 134.5, 130.4, 129.6,
128.9, 128.3, 128.0, 1252, 121.3, 110.4, 69.2, 66.7, 55.9, 12.4; HRMS
(EI-TOF) m/z: [M]* caled for C,gH,,0,, 294.0892; found 294.0881.
(1aS,7aR)-1a-Methyl-7a-(4-methylbenzyl)-1a,7a-
dihydronaphtho[2,3-bjoxirene-2,7-dione (8n). Following the gen-
eral procedure, 8n (27.8 mg, 95%) was obtained as a colorless oil;
[@)y + 92 (¢ 5.3, CHClL;, er = 84:16); HPLC analysis: Daicel
Chiralcel OD—H, n-hexane/2-propanol = 99:1, flow rate = 1.0 mL/
min, 7; (major) = 10.7, 7, (minor) = 14.0; '"H NMR (300 MHz,
CDCl, 6): 8.04—7.92 (m, 2H), 7.77—7.67 (m, 2H), 7.20 (d, ] = 7.9
Hz, 2H), 7.09 (d, ] = 7.9 Hz, 2H), 3.74 (d, ] = 14.8 Hz, 1H), 3.18 (d,
J = 15.1 Hz, 1H), 2.30 (s, 3H), 1.83 (s, 3H); BC{'H} NMR (75
MHz, CDCl, 8): 192.8, 191.9, 136.3, 134.2, 1342, 132.4, 132.1,
131.8, 129.2, 129.1, 127.2, 127.0, 67.6, 65.7, 31.4, 21.0, 12.6; HRMS
(EI-TOF) m/z: [M]* caled for C;H;40;, 292.1099; found 292.1093.
(1aS,7aR)-1a-Methyl-7a-phenethyl-1a,7a-dihydronaphtho[2,3-
bjoxirene-2,7-dione (80). Following the general procedure, 80 (23.7
mg, 81%) was obtained as a colorless oil; [a]} + 12.7 (c 6.0, CHCL,,
er = 59:41); HPLC analysis: Daicel Chiralpak IA, n-hexane/CHCI,; =
95:5, flow rate = 1.0 mL/min, 7; (major) = 18.1, 7, (minor) = 8.9; 'H
NMR (300 MHz, CDCl, 6): 8.06—7.94 (m, 2H), 7.80—7.70 (m, 2H),
7.37—7.18 (m, SH), 2.99-2.79 (m, 2H), 2.72—2.58 (m, 1H), 2.23—
2.08 (m, 1H), 1.63 (s, 3H); *C{'H} NMR (75 MHz, CDCl; §):
1929, 192.4, 140.9, 1342, 134.2, 132.1, 131.9, 128.6, 1284, 127.0,
126.3, 67.1, 65.5, 31.5, 28.4, 11.8; HRMS (EI-TOF) m/z: [M]* calcd
for CyoH 405, 292.1099; found 292.1093.
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(1aS,7aR)-1a-Hexyl-7a-phenyl-1a,7a-dihydronaphtho[2,3-b]-
oxirene-2,7-dione (8p). Following the general procedure, 8p (28.8
mg, 86%) was obtained as a colorless oil; [a]§ + 107.9 (¢ 2.2, CHCL,,
er = 95:5); HPLC analysis: Daicel Chiralcel AD-H, n-hexane/2-
propanol = 95:5, flow rate = 1.0 mL/min, 7; (major) = 10.6, 7,
(minor) = 7.5; '"H NMR (300 MHz, CDCl, §): 8.13—7.95 (m, 2H),
7.84—7.67 (m, 2H), 7.54—7.34 (m, SH), 1.82—1.67 (m, 1H), 1.67—
1.54 (m, 2H), 1.54—1.39 (m, 1H), 1.39—1.24 (m, 1H), 1.24—1.01
(m, SH), 0.80 (t, J = 7.1 Hz, 3H); “C{'"H} NMR (75 MHz, CDCl,
5): 192.1, 191.7, 134.3, 134.2, 132.4, 132.3, 129.9, 128.9, 128.1, 127.3,
127.1, 69.7, 69.6, 31.1, 29.2, 26.0, 24.4, 22.3, 13.9; HRMS (EL-TOF)
m/z: [M]* caled for C,,H,,05, 334.1569; found 334.1558.

The Procedure for the Asymmetric Epoxidation Carried out
on a Large Scale. To a solution of 7a (1.24 g, 5.0 mmol) and 9g
(120 mg, 0.25 mmol) in methyl tert-butyl ether (S0 mL) was added a
1.0 M KOH solution (2.50 mL, 2.5 mmol) and tert-butyl
hydroperoxide (7.5 M) in H,O (3.30 mL, 25 mmol) at —20 °C.
After stirring for 6 h, the reaction mixture was quenched by addition
of saturated NH,CIl solution at —20 °C and extracted with ethyl
acetate. The organic layer was dried over MgSO, and concentrated in
vacuo. The residue was purified by column chromatography on silica
gel (n-hexane/ethyl acetate = 20:1 to 10:1) to give epoxide 8a (1.23 g,
93%) as a colorless oil.

Synthesis of Guanidine—Urea Bifunctional Organocata-
lysts. A suspension of 1,3-dioctadecylthiourea (332 mg, 0.57
mmol), tert-butyl (S)-(2-amino-1-phenylethyl)carbamate (90 mg,
0.38 mmol), HgCl, (155 mg, 0.57 mmol), and Et;N (0.16 mL,
1.14 mmol) in DMF (4 mL) was stirred at 80 °C (oil bath) for 16 h
under a nitrogen atmosphere, and then allowed to cool to room
temperature. The reaction mixture was diluted with CHCI,, filtered
through Celite, and then concentrated in vacuo. The crude residue
was used in the subsequent step without purification.

To a solution of the crude residue in CH,Cl, (3 mL) was added
TFA (1 mL) at 0 °C. The mixture was stirred at 0 °C for 3 h, and
then concentrated in vacuo, and then to a solution of the residue in
THF (3 mL) was added Et;N (0.10 mL, 0.69 mmol) and 1,3,5-
trichloro-2-isocyanatobenzene (85 mg, 0.38 mmol) at 0 °C. The
mixture was stirred for 24 h, and then concentrated in vacuo. The
residue was purified by flash column chromatography on silica gel
(CHCl;/methanol = 20:1 to 10:1) to give a colorless solid. The
solution of this colorless solid in CHCl; (30 mL) was washed with
saturated NH,Cl solution. The combined organic layer was dried over
MgSO, and concentrated in vacuo to give 9a (36 mg, 27%) as a white
solid.

(S,E)-N-((Octadecylamino)((2-phenyl-2-(3-(2,4,6-
trichlorophenyl)ureido)ethyl)lamino)methylene)octadecan-1-ami-
nium Chloride (9a). [a])% + 2.0 (¢ 3.5, CHCl;); '"H NMR (400 MHz,
CDCl, 8): 8.35 (br, s, 1H), 8.23 (s, 1H), 7.75 (br, s, 1H), 7.54—7.39
(m, 2H), 7.33—=7.27 (m, 3H), 7.24 (s, 2H), 6.55 (br, s, 1H), 5.03 (br,
s, 1H), 3.82 (br, s, 1H), 3.59 (br, s, 1H), 3.09 (s, 4H), 1.36—1.00 (m,
64H), 0.83 (t, ] = 7.1 Hz, 6H); *C{'"H} NMR (100 MHz, CDCl, §):
156.9, 154.9, 138.7, 134.8, 132.3, 132.1, 128.7, 127.9, 127.8, 126.8,
53.9, 49.1, 42.4, 31.9, 29.7, 29.4, 29.2, 26.7, 22.7, 14.1; HRMS (ESI-
TOF) m/z: [M + HJ]" caled for Cs,HgoCl,NO, 904.6133; found
904.6105.

(S,E)-N-((Ethylamino)((2-phenyl-2-(3-(2,4,6-trichlorophenyl)-
ureido)ethyl)amino)methylene)ethanaminium Chloride (9b). Fol-
lowing the procedure from 9a, 9b was obtained (90 mg, 48%, 3steps)
as a white solid from 1,3-diethylthiourea (75 mg, 0.57 mmol) and tert-
butyl (S)-(2-amino-1-phenylethyl)carbamate (90 mg, 0.38 mmol);
[a]% + 10.1 (¢ 2.0, CHCL,); 'H NMR (400 MHz, DMSO-d; §): 8.50
(s, 1H), 8.36 (s, 1H), 7.67 (s, 2H), 7.66—7.52 (m, 2H), 7.46 (d, ] =
7.3 Hz, 2H), 7.38 (t, ] = 7.3 Hz, 2H), 7.29 (t, ] = 7.1 Hz, 1H), 4.98
(dd, J = 14.4, 8.5 Hz, 1H), 3.61—3.45 (m, 2H), 3.25-3.11 (m, 4H),
1.06 (t, J = 7.1 Hz, 6H); “C{'H} NMR (100 MHz, DMSO-d; §):
154.9, 153.7, 1404, 134.5, 133.2, 131.1, 128.4, 128.0, 1274, 1269,
53.1, 46.8, 36.0, 14.2; HRMS (ESI-TOF) m/z: [M + H]" calcd for
CaoH,sCLN,O, 456.1125; found 456.1125.

(S,Z)-N-((Cyclohexylamino)((2-phenyl-2-(3-(2,4,6-
trichlorophenyl)ureido)ethyl)amino)methylene)-
cyclohexanaminium Chloride (9c). Following the procedure from

9a, 9c was obtained (66 mg, 29%, three steps) as a white solid from
1,3-dicyclohexylthiourea (137 mg, 0.57 mmol) and tert-butyl (S)-(2-
amino-1-phenylethyl)carbamate (90 mg, 0.38 mmol); [a]} — 3.7 (¢
1.6, CHCL,); '"H NMR (400 MHz, DMSO-d; 6): 8.59 (s, 1H), 8.37
(s, 1H), 7.88—7.71 (m, 1H), 7.67 (d, J = 10.5 Hz, 2H), 7.57 (t,] = 5.0
Hz, 1H), 7.4S (d, ] = 7.3 Hz, 2H), 7.36 (t, ] = 7.6 Hz, 2H), 7.33—7.25
(m, 1H), 7.17 (d, ] = 8.2 Hz, 2H), 497 (q, ] = 7.3 Hz, 1H), 3.72—
3.50 (m, 2H), 1.86—1.46 (m, 10H), 1.42—1.12 (m, 8H), 1.04 (t, ] =
11.9 Hz, 2H); *C{'H} NMR (100 MHz, DMSO-d, §): 155.1, 152.5,
140.2, 134.5, 133.3, 131.0, 128.4, 127.9, 127.4, 127.0, 53.1, 50.5, 47.3,
32.2, 24.8, 24.6; HRMS (ESI-TOF) m/z: [M + H]" calcd for
CysH;,CLLNO, 564.2064; found 564.2089.
(S,E)-N-((Benzylamino)((2-phenyl-2-(3-(2,4,6-trichlorophenyl)-
ureido)ethyl)amino)methylene)-1-phenylmethanaminium Chlor-
ide (9d). Following the procedure from 9a, 9d was obtained (82
mg, 35%, 3steps) as a white solid from 1,3-dibenzylthiourea (146 mg,
0.57 mmol) and tert-butyl (S)-(2-amino-1-phenylethyl)carbamate (90
mg, 0.38 mmol); [a]} — 125.0 (¢ 1.1, CHCL;); '"H NMR (400 MHz,
DMSO-dg 6): 8.56 (s, 1H), 8.40 (s, 1H), 7.89 (t, J = 5.5 Hz, 1H),
7.78 (d, ] = 7.3 Hz, 1H), 7.67 (s, 2H), 7.40 (d, ] = 6.9 Hz, 2H), 7.37—
7.23 (m, 10H), 7.18 (s, 3H), 5.01 (q, J = 7.5 Hz, 1H), 4.62—4.37 (m,
4H), 3.68—3.58 (m, 2H); *C{'H} NMR (100 MHz, DMSO-d4 §):
155.1, 154.3, 140.2, 137.1, 134.6, 133.3, 131.2, 128.3, 128.1, 127.4,
127.2, 127.1, 126.9, 66.4, 53.2, 47.1, 44.1; HRMS (ESI-TOF) m/z:
[M + HJ" caled for C30H,,Cl;NO, 580.1438; found 580.1465.
(S,E)-N-((Ethylamino)((3-phenyl-2-(3-(2,4,6-trichlorophenyl)-
ureido)propyl)amino)methylene)ethanaminium Chloride (9e). Fol-
lowing the procedure from 9a, 9e was obtained (87 mg, 45%, 3steps)
as a white solid from 1,3-diethylthiourea (75 mg, 0.57 mmol) and tert-
butyl (S)-(1-amino-3-phenylpropan-2-yl)carbamate (95 mg, 0.38
mmol); [@]¥ — 35.1 (¢ 0.9, CHCL,); '"H NMR (400 MHz, DMSO-
ds 6): 8.34 (s, 1H), 8.20 (s, 1H), 7.65 (s, 2H), 7.61-7.47 (m, 2H),
7.32—7.25 (m, 3H), 7.21 (q, ] = 4.6 Hz, 1H), 6.83 (d, ] = 7.3 Hz,
1H), 3.99 (s, 1H), 3.28 (t, J = 5.7 Hz, 2H), 3.24—3.11 (m, 4H), 2.88
(dd, J = 14.0, 4.4 Hz, 1H), 2.73 (dd, J = 13.7, 9.6 Hz, 1H), 1.10 (t, ] =
7.1 Hz, 6H); “C{'H} NMR (100 MHz, DMSO-d §): 155.3, 153.9,
138.3, 134.6, 133.2, 131.1, 129.1, 128.2, 128.0, 126.1, 50.8, 45.8, 37.8,
36.1, 14.3; HRMS (ESI-TOF) m/z: [M + H]* calcd for
C,,H,,CL;N;0, 470.1281; found 470.1280.
(S,E)-N-((Ethylamino)((2-(3-(2,4,6-trichlorophenyl)ureido)-
propyl)amino)methylene)ethanaminium Chloride (9f). Following
the procedure from 9a, 9f was obtained (69 mg, 42%, 3steps) as a
white solid from 1,3-diethylthiourea (75 mg, 0.57 mmol) and tert-
butyl (S)-(1-aminopropan-2-yl)carbamate (66 mg, 0.38 mmol); [a]}
— 39.6 (c 2.0, CHCL,); '"H NMR (400 MHz, DMSO-d; 6): 8.56 (s,
1H), 8.42 (s, 1H), 7.73—-7.65 (m, 1H), 7.63 (s, 2H), 7.15 (d, ] = 6.9
Hz, 1H), 3.83—3.69 (m, 1H), 3.26—3.16 (m, 4H), 3.09—2.98 (m,
2H), 1.21 (t, ] = 7.1 Hz, 3H), 1.13 (d, ] = 6.4 Hz, 3H), 1.07 (t, ] = 7.1
Hz, 3H); BC{'H} NMR (100 MHz, DMSO-dq §): 155.5, 153.8,
134.5, 133.2, 131.0, 128.0, 47.1, 45.3, 36.1, 18.3, 14.3; HRMS (ESI-
TOF) m/z: [M + HJ" caled for C;iH,;CLLN;O, 394.0968; found
394.0944.
(S,E)-N-(((2-(3-(2,6-Dichlorophenyl)ureido)-3-phenylpropyl)-
amino)(ethylamino)methylene)ethanaminium Chloride (9g). Fol-
lowing the procedure from 9a, 9g was obtained (86 mg, 48%, 3steps.)
as a white solid from 1,3-diethylthiourea (75 mg, 0.57 mmol), tert-
butyl (S)-(1-amino-3-phenylpropan-2-yl)carbamate (95 mg, 0.38
mmol), and 1,3-dichloro-2-isocyanatobenzene (71 mg, 0.38 mmol);
[a]¥ — 184 (¢ 0.9, CHCL); 'H NMR (400 MHz, DMSO-d, §):
8.59—8.36 (m, 2H), 7.71 (s, 2H), 7.64 (s, 1H), 7.43 (d, ] = 8.1 Hg,
1H), 7.36—7.14 (m, SH), 7.07 (d, ] = 7.0 Hz, 1H), 3.97 (s, 1H),
3.40—3.28 (m, 2H), 3.28—3.14 (m, 2H), 3.09—2.97 (m, 2H), 2.93
(dd, J = 13.7, 42 Hz, 1H), 2.74 (dd, ] = 13.7, 9.3 Hz, 1H), 1.19 (t, ] =
7.1 Hz, 3H), 1.09 (t, ] = 7.0 Hz, 3H); “C{'H} NMR (100 MHz,
DMSO-d, 8): 155.6, 153.9, 138.4, 133.8, 133.7, 129.2, 128.3, 128.1,
127.9, 126.1, 51.0, 45.9, 45.2, 37.8, 36.1, 14.3; HRMS (ESI-TOF) m/
z: [M + H]" caled for CyH,3Cl;N O, 436.1671; found 436.1673.
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