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Optically Active 3,4-Dihydrocoumarins via Organocatalyzed Asym-
metric [4+2] Annulation of ortho-Hydroxyl Functionalized
p-Quinone Methides with 3-Keto Acylpyrazoles
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Abstract An organocatalyzed asymmetric formal [4+2] annulation of ortho-hydroxyl functionalized p-quinone methides
with f-keto acylpyrazoles has been developed, which provides an efficient approach to access optically active 3,4-dihydro-
coumarins. Under the catalysis of a quinine-derived bifunctional squramide, the reactions of a wide range of ortho-hydroxy-
phenyl substituted p-quinone methides and f-keto acylpyrazoles took place smoothly to generate the corresponding polysub-
stituted 3,4-dihydrocoumarins in good yields with high levels of diastereo- and enantio-selectivities (up to 96% yield, >19/1
dr and 98% ee) under mild reaction conditions.
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struct these architectures in a catalytic asymmetric fashion
has attracted growing interest for synthetic chemists, and
many synthetic approaches have been disclosed over the

1 Introduction

3,4-Dihydrocoumarins, representing an important class

of oxygen-containing heterocycles, are privileged structur-
al motifs commonly present in a broad array of natural
products and synthetic bioactive substances.['l Compounds
incorporating a dihydrocoumarin core structure not only
exhibit a wide range of biological and pharmacological
activities,?! but also serve as useful building blocks in the
synthesis of some other important compounds.’®] Conse-
quently, the development of effective protocols to con-

* Corresponding author. E-mail: z.h.zhou@nankai.edu.cn

Received May 31, 2021; revised June 22, 2021; published online July 5, 2021.

Dedicated to the 100th anniversary of Chemistry at Nankai University.

Chin. J. Org. Chem. 2021, 41, 4039~4049

A © 2021 Chinese Chemical Society & SIOC, CAS

years.*l Among the diverse approaches, a very viable and
reliable practice for the synthesis of optically active dihy-
drocoumarins is the organocatalyzed [4+2] annulation of
o-quinone methides (0-QMs) with different two-atom
synthons.!

Due to the zwitterionic resonance structure and the pos-
sibility of aromatization upon conjugate addition, para-
quinone methides (p-QMs) have actively participated as
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1,6-acceptors in enantioselective synthesis.[! Moreover, it
is noteworthy that the installation of an ortho hydroxyl
group on the phenyl ring converts p-QMs into a novel type
of donor-Michael acceptor substrates, which could be ap-
plied in organocatalyzed asymmetric cascade cyclizations
for the construction of diverse oxygen-containing hetero-
cyclic skeletons. In 2016, Enders described a pioneering
work of asymmetric [4+2] cycloaddition of ortho-
hydroxyphenyl-substituted p-QMs with isatin-derived eno-
ates to access chiral chroman derivatives.”! Thereafter,
ortho-hydroxyphenyl substituted p-QMs have been exten-
sively studied because of their high reactivity profile as
four-atom partner for the catalytic asymmetric cycloaddi-
tion reactions, including [4+1]®] [4-+2]7° and [4+3]
cyclizations.['”! Despite the impressive achievements in
organocatalyzed asymmetric [4+2] annulation base on
ortho-hydroxyphenyl substituted p-QMs, surprisingly, ap-
plications of ortho-hydroxyphenyl substituted p-QMs in
stereo-controlled construction of 3,4-dihydrocoumarin
scaffold have been rarely explored.®®*¢¢I Therefore, the
development of a new strategy for the tandem reaction of
p-QMs access to enantiomerically enriched 3,4-dihydro-
coumarins is still a challenging and meaningful work.

Recently, wel!! have demonstrated f-keto acylpyrazoles
as an efficient two atom building block for the construction
of dihydrocoumarin framework upon treatment with
0-QMs. However, the use of stabilized 0-QM substrate to
ensure satisfactory enantioselectivity makes it impossible
to introduction of different substituents on the phenyl ring.
We envisioned that this disadvantage could be overcome if
we change the reaction partner from o0-QM to or-
tho-hydroxyphenyl substituted p-QMs. The envisaged
process has a specific challenge that need to be overcome,
namely, control over enantioselectivity at a remote
o-position which is far from the catalyst binding site. As a
part of our ongoing research on the development of ap-
proaches to biorelevant heterocycles,''! we herein report
the organocatalyzed [4+2] cyclization of ortho-hydroxy-
phenyl substituted p-QMs and S-keto acylpyrazoles, which
provide a new access to 3,4-dihydrocoumarins in high lev-
els of diastereo- and enantio-selectivity.

2 Results and discussion

To test the feasibility of our design, p-quinone methide
(1a) and 1-phenyl-3-(1H-pyrazol-1-yl)propane-1,3-dione
(2a) were initially selected as the model substrates to
evaluate the reactivity of this transformation (Table 1). The
model reaction in dichloromethane at 25 ‘C proceeded
smoothly by using 10 mol% hiourea I (Figure 1) as a chiral
bifunctional Lewis base catalyst, providing the desired
[4 4+ 2] annulation product (3S,4S)-3-Benzoyl-4-(3,5-di-
tert-butyl-4-hydroxyphenyl)chroman-2-one (3aa) in 81%
yield with >19/1 dr and 77% ee (Entry 1). Other thiou-
reas, such as (1R,2R)-1,2-diphenylethane-1,2-diamine de-
rived thioureas IlIa, IIb and cinchona alkaloid-based thio-
urea III (Figure 1) also proved to be efficient for this reac-
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tion, delivering the desired cyclization product 3aa with
comparable or better stereochemical outcomes as thiourea
I (Entries 2~4 vs. Entry 1). To further improve the enan-
tioselectivity of this reaction, squaramide catalysts III~
VII bearing different chiral diamine backbone and
N-substituent were evaluated. Generally, slightly better
performances were observed for squaramide catalysts (En-
tries 5~10). Among the evaluated squaramide catalyst,
compound VII gave the best result (99% yield, >19/1 dr,
94% ee, Entry 10).

Table 1 Catalyst screening”

WU

Cat. (10 mol%)
CH,Cl,, 25 °C

1a

Entry  Catalyst Time/h Yield/%  Dr¢ ee’l%

1 I 8 81 >19/1 77
2 IIa 12 89 >19/1 67
3 IIb 12 85 >19/1 70
4 I 8 90 >19/1 —89
5 v 8 80 >19/1 80
6 Va 12 84 >19/1 78
7 Vb 12 83 >19/1 76
8 VIa 8 89 >19/1 =77
9 Vib 8 86 >19/1 —79
10 Vic 8 79 >19/1 —83
11 VII 8 90 >19/1 —94

@ Unless otherwise specified, all reactions were carried out with 1a (0.20
mmol), 2a (0.10 mmol) in the presence of 10 mol% catalyst in solvent (1 mL)
at 25 °C. ’Isolated yield. ¢ Determined by 'H NMR analysis. ¢ Determined by
HPLC analysis using a chiral stationary phase.

Having identified chiral bifunctional squaramide VII as
the optimum catalyst for the reaction, other factors, such as
solvent, catalyst loading, reaction temperature, as well as
substrate concentration, influencing the reaction were
thoroughly investigated employing the reaction between
1-phenyl-3-(1H-pyrazol-1-yl)propane-1,3-dione (1la) with
o-quinone methide (2a) as the model. The results are listed
in Table 2.

Solvent evaluation revealed that the solvent has a dra-
matic effect on the outcome of the reaction. Generally,
better enantioselectivity was observed in chloroalkane sol-
vents such as dichloromethane (Entry 1, 94% ee), chloro-
form (Entry 2, 88% ee), 1,2-dichloroethane (Entry 3,
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Figure 1 Catalyst candidates

Table 2 Optimization of the reaction conditions”

R

1a 2a

(6]
tBU t

VII (10 mol%)
Solvent, 25 °C

Entry Solvent  Time/h  Yield?/% dr¢ ee’l%

1 CHxCh 8 84 >19/1 94
2 CHChL 8 80 >19/1 88
3 CICH2:Cl 7 78 >19/1 90
4 PhCl 6 79 >19/1 84
5  PhF 6 75 >19/1 80
6  PhCH;s 6 76 >19/1 76
7 EtOAc 48 45 >19/1 70
8  CH:CN 48 43 >19/1 81
9¢  CHaCl 36 80 >19/1 93
10/ CH:Cl 8 85 >19/1 51

11¢  CHaCh 5 80 >19/1 88

12" CHaCl 12 83 >19/1 85

¢ Unless otherwise specified, all reactions were carried out with 1a (0.20
mmol), 2a (0.10 mmol) in the presence of 10 mol% catalyst VII in solvent (1
mL) at 25 C. ?Isolated yield. ¢ Determined by 'H NMR analysis. ¢ Deter-
mined by HPLC analysis using a chiral stationary phase. ¢ The reaction was
performed at 0 “C. /The reaction was carried out at 25 ‘C with a catalyst
loading of 5 mol%. & The reaction was conducted with a substrate concen-
tration of 0.2 mol/L. ” The reaction took place with a substrate concentration of
0.05 mol/L.

90% ee) than other commonly used solvent, and dichloro-
methane was the best of choice for the reaction. It was
found that there was a negligible temperature effect on the
stereo-control of the reaction. When the reaction was car-
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ried out at 0 C, the corresponding annulation product 3aa
was obtained with almost the same ee value at the expense
of reaction time (Entry 1 vs. Entry 9). When adjusting the
loading of the catalyst VII from 10 mol% to 5 mol%, the
enantioselectivity of the reaction decreased sharply (Entry
1 vs. Entry 10). Further studies revealed that substrate
concentration had an important effect on the enantioselec-
tivity. The best result was obtained when the reaction was
carried out with a f-keto acylpyrazoles concentration of 1
mo/L in dichloromethane (Entry 1, 94% ee). An increase
or decrease in the substrate concentration led to slightly
lowered ee values (Entries 11 and 12, 88% ee and 85% ee,
respectively).

With the optimum reaction conditions in hand (10 mol%
catalyst VII in dichloromethane with a substrate concen-
tration of 0.1 mol/L at 25 °C), we sought to investigate the
generality of this asymmetric [4+2] annulation process.
The results are collected in Table 3.

Firstly, the ortho-hydroxyphenyl substituted para-quino-
ne methide (p-QM) component was evaluated. It was
found that a broad range of ortho-hydroxyphenyl substi-
tuted p-QMs (1) could readily participate in this formal
[4+2] annulation reaction. Generally, the reaction pro-
ceeded smoothly, and the desired annulation products 3
were obtained as single diastereomers in good yields with
excellent enantioselectivities (86~98% ee). Both elec-
tron-withdrawing (Entries 7~11) and electron-donating
substituents (Entries 2~6) on the phenyl group of 1 were
readily tolerated. In terms of reactivity, p-QMs bearing
electron-donating substituent were generally less reactive
than those containing electron-neutral or electron-with-
drawing substituent (Entries 2~4, 6 vs. Entries 1, 7~11).
Moreover, the substituent position has a considerable ef-
fect on the reaction of substrates bearing chloro substitu-
ent. In contrast to 4-chloro-substituted p-QM (1h), for
which excellent enantioselectivity was obtained, a re-
markably decreased ee value was observed for 5-chloro-
substituted one (1i) (Entry 8, 97% ee vs. Entry 9, 86% ee).
Secondly, the generality of f-keto acylpyrazoles 2 was
investigated by changing the substituents on the phenyl
group (Entries 1 and 12~20). f-keto acylpyrazoles bea-
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Table 3 Substrate scope of the organocatalyzed formal [4+2]
annulations?

(0] OH
Bu ‘Bu Bu ‘Bu
X e
i . Ar)J\/U\N’N\ VI (10 mol f) Z 9
o N \Q) CH,Cl,, 25 CR N A

“S oH Z >0 0

1a~1k 2a~ 2| 3aa ~ 3ka

3ab ~ 3al

Entry 3 (R, Ar) Time/h Yield/% dr¢  ee’/%

1 3aa (H, Ph) 8 84 >19/1 94
2 3ba (4-Me, Ph) 48 80 >19/1 92
3 3ca (5-Me, Ph) 48 81 >19/1 97
4 3da (3-MeO, Ph) 32 80 >19/1 96
5 3ea (4-MeO, Ph) 8 85 >19/1 93
6 3fa (5-MeO, Ph) 32 84 >19/1 93
7 3ga (5-F, Ph) 5 8 >19/1 95
8 3ha (4-Cl, Ph) 8 82 >19/1 97
9 3ia (5-Cl, Ph) 8 82 >19/1 86
10 3ja (4-Br, Ph) 8 77 >19/1 98
11 3ka (5-Br, Ph) 8 68 >19/1 95
12 3ab (H, 4-MeCsH4) 8 79 >19/1 92
13 3ac (H, 3-MeCsH4) 8 78 >19/1 93
14 3ad (H, 2-MeCsH4) 8 85 >19/1 90
15 3ae (H, 4-MeOC¢sHa4) 8 85 >19/1 91
16 3af (H, 3,4-(MeO)2CsH3) 8 66 >19/1 86
17 3ag (H, 4-FC¢Ha) 8 83 >19/1 93
18 3ah (H, 3-ClCsHa) 8 90 >19/1 96
19 3ai (H, 4-BrCsHa) 8 81 >19/1 94
20 3aj (H, 3-BrCeHa) 8 80 >19/1 95
21 3ak (H, 2-Naphthyl) 8 89  >19/1 87
22 3al (H, 2-Thienyl) 8 90  >19/1 93

4 Unless otherwise specified, all reactions were carried out with 1 (0.20 mmol),
2 (0.10 mmol) in the presence of 10 mol% catalyst VII in dichloromethane (1
mL) at room temperature. ” Isolated yield. ¢ Determined by 'H NMR analysis.
4Determined by HPLC analysis using a chiral stationary phase.

ring electron-neutral (Entry 1), electron-rich (Entries 12~
16), or electron-poor substituents (Entries 17~20) could
well participated in the asymmetric [4+2] cyclization to
yield dihydrocoumarins 3 with overall high stereoselectivi-
ties (>19/1 dr, 86~96% ee) and generally good yields
(66~90%) within 8 h. In detail, the substitution pattern
clearly had some effect on the stereochemical outcome of
the reaction. Compared with monomethoxy substituted
substrate 2e, a lower ee value was observed for dimethoxy
substituted one (2f) (Entry 15 vs. Entry 16). In addition, by
replacing the phenyl group of the S-keto acylpyrazole 2a
with 2-naphthalenyl, the reaction also ran smoothly to af-
ford the annulation product 3ak in good yield albeit with a
somewhat decreased enantioselectivity (Entry 21). Elec-
tron-rich 2-thienyl substituted f-keto acylpyrazole 21 was
also a good reaction partner, delivering the desired annula-
tion product 3al in 90% yield with 93% ee (Entry 22).

The relative and absolute configuration of the product
3ai is unequivocally established by X-ray analysis (Figure
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2), and the remaining configurations are assumed by anal-
[12]
ogy.

Figure 2 X-ray crystal structure of (35,4S5)-3ai

Most of the hydrogen atoms have been omitted for clarity

In order to demonstrate the practical utility of this newly
developed transformation, we have performed a gram-scale
cascade conjugate addition/lactonization reaction between
1a and 2a (Eq. 1). The desired 3,4-dihydrocoumarin 3aa
was obtained in 80% yield with a slightly improved stere-
ochemical outcome albeit with a prolonged reaction time.
Moreover, squaramide catalyst VII could be recovered
with a recovery rate of 90% and reused without any loss of
catalytic activity, the cyclization product 3aa was obtained
in 80% yield with >19/1 dr and 94% ee.

VII (10 mol%)
_ VR
Solvent, 25 °C, 24 h

OH

1a 2a
(3.104 g, 10 mmol) (1.071 g, 5 mmol)

OH

o )

3aa
> 19/1 dr, 96% ee
(1.826 g, 80% yield)

The 3,4-dihydrocoumarin products obtained in these
formal [4+2] annulations would find more application in
organic synthesis. For example, basic hydrolytic decarbox-
ylation of 3,4-dihydrocoumarin 3aa and subsequent meth-
ylation of the phenolic hydroxyl group afforded chiral
p.p-diaryl substituted ketone 4, an important type of inter-
mediates for the synthesis of many pharmaceuticals and
natural products, without appreciable loss in optical purity
(Eq. 2). Moreover, according to a literature procedure,’!
basic hydrolytic decarboxylation of 3,4-dihydrocoumarin

Chin. J. Org. Chem. 2021, 41, 4039~4049



Chinese Journal of Organic Chemistry

3aa and subsequent trifluoroborane promoted triethylsilane
reduction delivered cis-2,4-disubstituted chroman 5 with a
slightly erosion in optical purity (Eq. 3). Methylation of
3aa with 1.5 equiv. of iodomethane preferentially occurred
at the C(3) position to provide the corresponding C-methy-
lation product 6 as a single diastereomer with maintaining
the optical purity (Eq. 4).

OH
‘Bu 'Bu Bu ‘Bu
(1) NaOH, THF/H,0, 70 °
o) Z o @

2) Mel, K,COg, acetone

(@]
(@)

OMe
3aa 4
(96% ee) 43% vyield (2 steps)
95% ee

OH OH
‘Bu Bu Bu Bu
(1) NaOH, THF/H,0, 70 °C
Z 0 )
: (2) Et;SiH, BFyEt,0 :
CLOO e 1)
0”0 0~ "Ph

(96% ee) 45% yield (2 steps)

87% ee

4)
I A ﬂ I acetone r.t : A
l (O] l
3aa
(96% ee) 90% yield
98% ee

At first glance, this cascade reaction seems to be trig-
gered by the asymmetric 1,6-conjugate addition of f-keto
acylpyrazoles to p-QMs. In this situation, it is difficult to
realize remote stereocontrol since the binding and nucleo-
philic attack site is far apart. However, high levels of enan-
tioselectivity were observed for all cases. To gain insight
into the reaction mechanism, some control experiments
were carried out. The masking of phenolic hydroxyl group
in p-QM 1a by methyl ether formation, replacement of
hydroxyl group with a methyl group or changing the posi-
tion of hydroxyl group form ortho- to meta-position all led

O O>

to no conversion of substrates, which indicate that trigger-
ing the reaction by 1,6-conjugate addition could be ruled
out. Under the basic reaction condition, the acidic phenolic
hydroxyl group could be deprotonated to generate a phe-
noxide ion intermediate with two resonance structures, 1a~
and 1a' . Protonation of the phenoxide ion 1a~ and 1a'"
resulted in the building of the tautomerization equilibrium
between p-QM 1a and 0-QM 1a' (Scheme 1). Theoretical
calculations manifest that the energy barrier of tautomeri-
zation 1a to 1a' is 28.1 kJ/mol, indicating that the trans-
formation of p-QM to 0-QM was not difficult.’¥ There-
fore, 0-QM 1a' in situ generated by p-QM 1a was the most
possibly reaction partner of S-keto acylpyrrazole 2a, and
the reaction was triggered by the Michael addition of
f-keto acylpyrrazole 2a to 0-QM 1a'. According to this
mechanism, the acidity strength of the phenolic hydroxyl
group will be a key factor to influence the reactivity of
p-QM substrates 1, which means more acidic, faster tau-
tomerization, thus more reactive. The observed phenome-
non that p-QMs bearing electron-donating substituent were
generally less reactive than those containing elec-
tron-neutral or electron-withdrawing substituent provides a
solid support for this mechanism.

The proposed catalytic cycle is depicted in Figure 3.
Firstly, 0-QM 1a' was formed via base-catalyzed tautom-
erization of p-QM 1a, which is the rate-determining step of
the whole transformation. Then, the deprotonation of 1-
phenyl-3-(1H-pyrazol-1-yl)propane-1,3-dione (2a) forming
a hydrogen-bond-paired enolate A, which nucleophilic
attacks the 0-QM (1a') with the restoration of aromaticity
as the driving force to generate a phenoxide ion intermedi-
ate B. Intramolecular lactonization furnishes the final [4+
2] annulation product 3aa with the 35,45 absolute config-
uration as the predominant enantiomer and accompanied
with the release of the pyrazole moiety.

3 Conclusions

In summary, we have disclosed a highly enantioselective
formal [4+2] annulation of ortho-hydroxyphenyl-sub-
stituted para-quinone methides with S-keto acylpyrazoles
by employing a quinine-based bifunctional squaramide as a
chiral Lewis base catalyst. A series of optically pure and
highly functionalized 3,4-dihydrocoumarin derivatives
bearing two contiguous stereocenters were readily obtained
with good isolated yields, excellent diastereo- and enantio-
selectivities under mild reaction conditions. The reaction is
believed to be triggered by the Michael addition of the in

Scheme 1 Base catalyzed tautomerization between 1a and 1a'
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Figure 3 Proposed catalytic circle

situ formed 0-QMs via the base-catalyzed tautomerization
of the corresponding p-QMs. Moreover, the practicality
and utility of this protocol were demonstrated by the
scale-up synthesis and facile derivatization of the product.

4 Experimental section

4.1 Instruments and reagents

NMR spectra were obtained with a 400 MHz spectrom-
eter ("H 400 MHz, 1*C 100.6 MHz) in CDCl;. The chemical
shifts are reported as J values relative to tetramethylsilane.
HRMS spectra were recorded with a Q-TOF mass spec-
trometer, equipped with an ESI source. Optical rotation
values were measured with instruments operating at =589
nm, corresponding to the sodium D line at 20 ‘C. Enanti-
omeric excesses were determined by HPLC analysis with a
chiral stationary phase. Materials were obtained from
commercial suppliers and were used without further puri-
fication.

4.2 General procedure for squaramide VlI-catalyzed
asymmetric [4+2] annulation of ortho-hydroxyphenyl-
substituted para-quinone methides and S-keto acyl-
pyrazoles

A mixture of ortho-hydroxyphenyl-substituted para-
quinone methide (1, 0.20 mmol), S-keto acylpyrazole (2,
0.10 mmol) and squaramide catalyst VII (6.3 mg, 0.010
mmol) in dichloromethane (I mL) was stirred at 25 C
until the reaction reached completion (monitored by TLC).
After the removal of the solvent under reduced pressure,
the crude product was purified by chromatography on a
silica gel column (200~300 mesh, PE/EtOAc, V @ V=
10 2 1~5 1) to afford the desired 3,4-dihydrocoumarin
3. The title compounds were fully characterized by 'H

4044 http://sioc-journal.cn/
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NMR and 3C NMR spectra, HRMS, and specific rotation
data.
(35,45)-3-Benzoyl-4-(3,5-di-tert-butyl-4-hydroxy-
phenyl)chroman-2-one (3aa): White solid, 38.3 mg, 84%
yield. m.p. 118~121 C; [a]y +84.0 (¢ 1.0, CH;0H);
>19/1 dr, 94% ee. '"H NMR (400 MHz, CDCl3) 6: 7.86 (d,
J=17.6 Hz, 2H), 7.58 (t, J=7.6 Hz, 1H), 7.45 (t, J=7.6
Hz, 2H), 7.31 (t, J=7.6 Hz, 1H), 7.18 (d, /=28.0 Hz, 1H),
7.09 (t, J=7.6 Hz, 1H), 6.99 (d, /=7.2 Hz, 1H), 6.93 (s,
2H), 5.16 (s, 1H), 4.97 (d, J=6.4 Hz, 1H), 4.65 (d, J=6.4
Hz, 1H), 1.34 (s, 18H); 3C NMR (100.6 MHz, CDCl5) 6:
194.0, 165.5, 153.2, 150.9, 136.5, 135.6, 133.8, 129.6,
128.8 (2C), 128.7, 128.6, 124.9, 124.4, 124.2, 116.8, 55.3,
44.8, 34.3, 30.1; HRMS (ESI) calcd for C30H3NaO4 [M+
Na]" 479.2193, found 479.2193. HPLC analysis [Chi-
ralpak AD-H column, V(Hexane) . V(2-propanol)=95 : 5,
flow rate=1.0 mL/min, wavelength=254 nm]: &«=11.00
(major) and 14.67 min (minor).
(35,45)-3-Benzoyl-4-(3,5-di-tert-butyl-4-hydroxy-
phenyl)-7-methylchroman-2-one (3ba): White solid, 37.6
mg, 80% yield. m.p. 171~174 C; [a]p +66.1 (c 1.3,
CH;0H); >19/1 dr, 92% ee. '"H NMR (400 MHz, CDCI;)
0:7.85(d, J=17.2 Hz, 2H), 7.58 (t, J=7.2 Hz, 1H), 7.45 (t,
J=17.6 Hz, 2H), 6.99 (s, 1H), 6.93 (s, 2H), 6.89 (d, /=8.4
Hz, 1H), 6.86 (d, J=8.0 Hz, 1H), 5.14 (s, 1H), 4.94 (d, J=
6.4 Hz, 1H), 4.59 (d, J=6.4 Hz, 1H), 2.36 (s, 3H), 1.34 (s,
18H); '3C NMR (100.6 MHz, CDCl;) §: 194.1, 165.8,
153.2, 150.8, 139.1, 136.5, 135.5, 133.7, 130.0, 128.8,
128.6, 128.4, 125.7, 124.1, 121.1, 117.3, 55.6, 44.6, 34.3,
30.1, 21.1; HRMS (ESI) caled for C3H3,NaO4 [M+Na]"
493.2349, found 493.2348. HPLC analysis [Chiralpak IC
column, V(Hexane) : V(2-propanol)=90 : 10, flow rate=
1.0 mL/min, wavelength=254 nm]: tx=17.55 (major) and
25.52 min (minor).
(35,495)-3-Benzoyl-4-(3,5-di-tert-butyl-4-hydroxyphen-
yl)-6-methylchroman-2-one (3ca): White solid, 38.1 mg,
81% yield. mp. 128~131 C; [a]y +53.3 (c 1.8,
CH;0H); >19/1 dr, 97% ee. '"H NMR (400 MHz, CDCI;)
0:7.88 (d, J=7.6 Hz, 2H), 7.59 (t, J=7.6 Hz, 1H), 7.46 (t,
J=17.6 Hz, 2H), 7.09 (d, /=8.4 Hz, 1H), 7.06 (d, J=28.0
Hz, 1H), 6.93 (s, 2H), 6.81 (s, 1H), 5.16 (s, 1H), 4.92 (d,
J=5.6 Hz, 1H), 4.56 (d, J/=5.2 Hz, 1H), 2.24 (s, 3H), 1.36
(s, 18H); '3C NMR (100.6 MHz, CDCl;) &: 193.9, 165.6,
153.2, 148.9, 136.6, 135.3, 134.5, 133.8, 130.2, 129.4,
129.1, 128.8, 128.7, 124.0, 123.6, 116.6, 56.0, 45.0, 34.3,
30.1, 20.8; HRMS (ESI) calcd for Cs;H34NaOs [M—l—Na]+
509.2298, found 509.2295. HPLC analysis [Chiralpak IC
column, V(Hexane) . V(2-propanol) = 90 : 10, flow
rate= 1.0 mL/min, wavelength=254 nm]: x=18.79 (ma-
jor) and 23.20 min (minor).
(35,45)-3-Benzoyl-4-(3,5-di-tert-butyl-4-hydroxy-
phenyl)-8-methoxychroman-2-one (3da): White solid, 39.0
mg, 80% yield. m.p. 120~123 C; [a]y +104.0 (c 1.0,
CH;0H); >19/1 dr, 96% ee. '"H NMR (400 MHz, CDCI;)
0:7.85(d, J=17.6 Hz, 2H), 7.57 (t, J=7.2 Hz, 1H), 7.43 (t,
J=7.6 Hz, 2H), 7.02 (t, J/=8.0 Hz, 1H), 6.93 (s, 2H), 6.91
(d, J/=8.0 Hz, 1H), 6.57 (d, J=7.6 Hz, 1H), 5.14 (br s,
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1H), 4.96 (d, /=6.8 Hz, 1H), 4.66 (d, /=6.8 Hz, 1H), 3.93
(s, 3H), 1.34 (s, 18H); '3C NMR (100.6 MHz, CDCl;) &:
193.9, 164.9, 153.2, 147.6, 140.3, 136.5, 135.8, 133.7,
129.5, 128.7, 128.6, 125.8, 124.7, 124.3, 120.1, 120.0,
111.5, 56.2, 55.0, 44.8, 34.3, 30.1; HRMS (ESI) calcd for
C31H34NaOs [M+Na]" 509.2298, found 509.2293. HPLC
analysis [Chiralpak AD-H column, JF{(Hexane)
V(2-propanol)=90 : 10, flow rate=1.0 mL/min, wave-
length=254 nm]: tx=10.80 (major) and 20.95 min (mi-
nor).
(35,45)-3-Benzoyl-4-(3,5-di-tert-butyl-4-hydroxy-
phenyl)-7-methoxychroman-2-one (3ea): White solid, 41.4
mg, 85% yield. m.p. 140~142 C; [a]p +76.3 (c 1.3,
CH3OH); >19/1 dr, 93% ee. '"H NMR (400 MHz, CDCls)
0:7.85 (d, J=7.6 Hz, 2H), 7.58 (t, J/=7.6 Hz, 1H), 7.45 (t,
J=17.6 Hz, 2H), 6.93 (s, 2H), 6.88 (d, J=8.4 Hz, 1H), 6.73
(d, J=2.0 Hz, 1H), 6.64 (dd, /=8.4, 2.0 Hz, 1H), 5.15 (s,
1H), 4.93 (d, J/=6.0 Hz, 1H), 4.57 (d, J=6.0 Hz, 1H), 3.81
(s, 3H), 1.35 (s, 18H); '3C NMR (100.6 MHz, CDCl;) &:
194.1, 165.6, 160.0, 153.1, 151.7, 136.5, 135.4, 133.8,
130.2, 129.3, 128.8, 128.6, 124.0, 116.0, 111.1, 102.2,
55.8, 55.5, 444, 343, 30.1; HRMS (ESI) caled for
C31H34NaOs [M+Na]" 509.2298, found 509.2295. HPLC
analysis [Chiralpak OD-H column, JV{(Hexane)
V(2-propanol)=90 : 10, flow rate=1.0 mL/min, wave-
length=254 nm]: tx=16.90 (major) and 22.35 min (mi-
nor).
(35,45)-3-Benzoyl-4-(3,5-di-tert-butyl-4-hydroxy-
phenyl)-6-methoxychroman-2-one (3fa): White solid, 40.8
mg, 84% yield. m.p. 148~151 C; [a]y —+81.3 (c 1.2,
CH3OH); >19/1 dr, 93% ee. '"H NMR (400 MHz, CDCls)
0:7.87 (d, J=7.6 Hz, 2H), 7.58 (t, J/=7.2 Hz, 1H), 7.45 (t,
J=17.6 Hz, 2H), 7.11 (d, J/=8.8 Hz, 1H), 6.93 (s, 2H), 6.82
(dd, J=28.8, 2.8 Hz, 1H), 6.50 (d, J=2.8 Hz, 1H), 5.15 (s,
1H), 4.92 (d, J/=6.4 Hz, 1H), 4.59 (d, J=6.8 Hz, 1H), 3.70
(s, 3H), 1.35 (s, 18H); '3C NMR (100.6 MHz, CDCl;) &:
194.0, 165.6, 156.5, 153.2, 144.9, 136.6, 135.6, 133.7,
129.6, 128.8, 128.7, 1254, 124.2, 117.6, 113.9, 113.7,
55.6, 554, 45.0, 343, 30.1; HRMS (ESI) calcd for
C31H34sNaOs [M+Na]" 509.2298, found 509.2295. HPLC
analysis [Chiralpak AD-H column, JV{(Hexane)
V(2-propanol)=90 : 10, flow rate=1.0 mL/min, wave-
length=254 nm]: x=11.31 (major) and 13.10 min (mi-
nor).
(35,45)-3-Benzoyl-4-(3,5-di-tert-butyl-4-hydroxy-
phenyl)-6-fluorochroman-2-one (3ga): White solid, 40.8
mg, 86% yield. m.p. 162~165 C; [a]p +64.3 (c 1.1,
CH3OH); >19/1 dr, 95% ee. '"H NMR (400 MHz, CDCls)
0:7.86 (d, J=17.2 Hz, 2H), 7.59 (t, J=7.2 Hz, 1H), 7.46 (t,
J=17.2 Hz, 2H), 7.14 (dd, /=28.4, 4.4 Hz, 1H), 7.00 (t, J=
7.6 Hz, 1H), 6.92 (s, 2H), 6.71 (d, J=6.8 Hz, 1H), 5.20 (s,
1H), 4.96 (d, J/=6.8 Hz, 1H), 4.63 (d, /=6.8 Hz, 1H), 1.35
(s, 18H); 3C NMR (100.6 MHz, CDCI;) é: 193.7, 165.1,
159.3 (d, J=243.9 Hz), 153.4, 146.9 (d, /=1.9 Hz), 136.8,
135.6, 133.9, 128.9, 128.8, 128.6, 126.5 (d, J=7.7 Hz),
124.1, 118.2 (d, J=8.5 Hz), 115.5 (d, J/=23.7 Hz), 115.2
(d, J=24.5 Hz), 54.8, 44.8, 34.3, 30.1; HRMS (ESI) calcd
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for Cs3H3; FNaOs [M-+Na]" 497.2097, found 497.2099.
HPLC analysis [Chiralpak AD-H column, FV(Hexane) :
V(2-propanol) =95 © 5, flow rate=1.0 mL/min, wave-
length=254 nm]: tx=11.05 (major) and 16.56 min (mi-
nor).
(35,45)-3-Benzoyl-7-chloro-4-(3,5-di-tert-butyl-4-
hydroxyphenyl)chroman-2-one (3ha): White solid, 40.2
mg, 82% yield. m.p. 125~128 C; [a]p +72.3 (c 1.3,
CH;0H); >19/1 dr, 97% ee. '"H NMR (400 MHz, CDCI;)
0:7.85(d, J=17.6 Hz, 2H), 7.59 (t, J=7.6 Hz, 1H), 7.46 (t,
J=17.6 Hz, 2H), 7.19 (d, J/=1.6 Hz, 1H), 7.07 (dd, J=8.0,
2.0 Hz, 1H), 6.94 (d, J=8.4 Hz, 1H), 6.91 (s, 2 H), 5.18 (s,
1H), 4.95 (d, J=6.4 Hz, 1H), 4.60 (d, J/=6.4 Hz, 1H), 1.35
(s, 18H); '3C NMR (100.6 MHz, CDCl;) &: 193.6, 164.7,
153.4, 151.3, 136.7, 135.3, 134.0 (2 C), 129.7, 129.3,
128.9, 128.7, 125.1, 124.0, 123.0, 117.3, 55.2, 44.5, 34.3,
30.1; HRMS (ESI) caled for CsH34CINaO4 [M+Na]®
513.1803, found 513.1801. HPLC analysis [Chiralpak IC
column, V(Hexane) : V(2-propanol)=90 : 10, flow rate=
1.0 mL/min, wavelength=254 nm]: tx=14.51 (major) and
19.77 min (minor).
(35,45)-3-Benzoyl-6-chloro-4-(3,5-di-tert-butyl-4-
hydroxyphenyl)chroman-2-one (3ia): White solid, 40.2
mg, 82% yield. m.p. 151~154 C; [a]p +61.4 (c 1.1,
CH;0H); >19/1 dr, 86% ee. 'H NMR (400 MHz, CDCI;)
0:7.88 (d, J=7.2 Hz, 2H), 7.60 (t, J=6.8 Hz, 1H), 7.47 (t,
J=7.2 Hz, 2H), 7.27 (d, J=7.2 Hz, 1H), 7.12 (d, J=8.4
Hz, 1H), 7.01 (s, 1H), 6.91 (s, 2H), 5.21 (s, 1H), 4.95 (d,
J=4.8 Hz, 1H), 4.58 (d, J=4.4 Hz, 1H), 1.36 (s, 18H); 1°C
NMR (100.6 MHz, CDCl3) 0: 193.5, 164.8, 153.4, 149.4,
136.8, 135.1, 134.0, 130.0, 129.2, 128.9, 128.7, 128.6,
126.0, 124.0, 118.2, 55.2, 44.8, 34.3, 30.0, HRMS (ESI)
caled for Cs3H3CINaO; [M +Na] ™ 513.1803, found
513.1795. HPLC analysis [Chiralpak IC column,
V(Hexane) . V(2-propanol)=90 : 10, flow rate=1.0 mL/
min, wavelength=254 nm]: =~=10.89 (major) and 17.32
min (minor).
(35,45)-3-Benzoyl-7-bromo-4-(3,5-di-tert-butyl-4-
hydroxyphenyl)chroman-2-one (3ja): White solid, 41.1
mg, 77% yield. m.p. 135~138 C; [a]p +56.8 (c 1.0,
CH;0H); >19/1 dr, 97% ee. '"H NMR (400 MHz, CDCI;)
0:7.85(d, J=17.6 Hz, 2H), 7.59 (t, J=7.6 Hz, 1H), 7.46 (t,
J=17.6 Hz, 2H), 7.34 (s, 1H), 7.22 (d, J/=28.0 Hz, 1H), 6.90
(s, 2H), 6.88 (d, /=8.0 Hz, 1H), 5.17 (s, 1H), 4.94 (d, J=
6.0 Hz, 1H), 4.58 (d, /=6.0 Hz, 1H), 1.35 (s, 18H); 13C
NMR (100.6 MHz, CDCl3) J: 193.6, 164.7, 153.4, 151.4,
136.8, 135.4, 134.0, 130.0, 129.2, 128.9, 128.7, 128.0,
124.1, 123.6, 121.6, 120.2, 55.1, 44.6, 34.4, 30.1; HRMS
(ESI) caled for C3Hs BrNaO, [M+Na]" 557.1298, found
557.1296. HPLC analysis [Chiralpak IC column,
V(Hexane) . V(2-propanol)=90 : 10, flow rate=1.0 mL/
min, wavelength=254 nm]: r=15.37 (major) and 22.27
min (minor).
(35,45)-3-Benzoyl-6-bromo-4-(3,5-di-tert-butyl-4-
hydroxyphenyl)chroman-2-one (3ka): White solid, 36.3
mg, 68% yield. m.p. 155~158 C; [a]p +50.6 (c 1.5,
CH;0H); >19/1 dr, 95% ee. '"H NMR (400 MHz, CDCI;)
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0:7.87 (d, J=7.6 Hz, 2H), 7.61 (t, J/=7.6 Hz, 1H), 7.47 (4,
J=7.6 Hz, 2H), 7.42 (dd, J/=8.4, 1.6 Hz, 1H), 7.16 (d, J=
1.6 Hz, 1H), 7.07 (d, J=8.4 Hz, 1H), 6.91 (s, 2H), 5.20 (s,
1H), 4.93 (d, J=5.6 Hz, 1H), 4.58 (d, J/=5.6 Hz, 1H), 1.36
(s, 18H); 3C NMR (100.6 MHz, CDCI;) 6: 193.4, 164.6,
153.5, 150.0, 136.8, 135.1, 134.0, 131.9, 131.5, 129.3,
128.9, 128.7, 126.4, 124.0, 118.6, 117.5, 55.4, 44.8, 344,
30.0; HRMS (ESI) caled for C3H3BrNaOs [M+Na]®
557.1298, found 557.1298. HPLC analysis [Chiralpak IC
column, V(Hexane) : V(2-propanol)=90 : 10, flow rate=
1.0 mL/min, wavelength=254 nm]: tx=10.96 (major) and
17.75 min (minor).
(35,45)-4-(3,5-Di-tert-butyl-4-hydroxyphenyl)-3-(4-
methylbenzoyl)chroman-2-one (3ab): White solid, 37.1
mg, 79% yield. m.p. 120~123 C; [a]p +47.7 (c 1.3,
CH;0H); >19/1 dr, 92% ee. 'H NMR (400 MHz, CDCl;)
o0: 7.78 (d, J=8.4 Hz, 2H), 7.30 (t, J=8.4 Hz, 1H), 7.25
(d, J=8.4 Hz, 2H), 7.17 (d, J=8.0 Hz, 1H), 7.08 (t, J=7.6
Hz, 1H), 6.99 (d, J=7.2 Hz, 1H), 6.93 (s, 2H), 5.15 (s,
1H), 4.94 (d, J=6.0 Hz, 1H), 4.62 (d, J/=6.0 Hz, 1H), 2.41
(s, 3H), 1.35 (s, 18H); '3C NMR (100.6 MHz, CDCl;) &:
193.4, 165.6, 153.2, 150.9, 144.9, 136.5, 132.9, 129.9,
129.5, 128.8, 128.7, 124.9, 124.3, 124.1, 116.8, 55.4, 44.9,
34.3, 30.1, 21.7, HRMS (ESI) caled for C31H34NaO,4 [M+
Na] " 493.2349, found 493.2348. HPLC analysis [Chi-
ralpak IC column, V(Hexane) : V(2-propanol)=90 : 10,
flow rate=1.0 mL/min, wavelength=254 nm]: t{r=24.63
(major) and 27.19 min (minor).
(35,45)-4-(3,5-Di-tert-butyl-4-hydroxyphenyl)-3-(3-
methylbenzoyl)chroman-2-one (3ac): White solid, 36.7
mg, 78% vyield. m.p. 138~141 C; [a]p +58.4 (c 1.3,
CH;0H); >19/1 dr, 93% ee. 'H NMR (400 MHz, CDCl5)
0: 7.67 (s, 1H), 7.66 (d, /=6.8 Hz, 1H), 7.40 (d, J=7.2
Hz, 1H), 7.34 (t, J/=7.2 Hz, 1H), 7.31 (t, J=7.2 Hz, 1H),
7.18 (d, J=7.6 Hz, 1H), 7.08 (dt, J/="7.6, 0.8 Hz, 1H), 6.98
(d, J=7.2 Hz, 1H), 6.93 (s, 2H), 5.16 (s, 1H), 4.96 (d, J=
6.4 Hz, 1H), 4.63 (d, J=6.4 Hz, 1H), 2.39 (s, 3H), 1.35 (s,
18H); '3C NMR (100.6 MHz, CDCl;) &: 194.2, 165.6,
153.2, 151.0., 138.7, 136.5, 135.5, 134.6, 129.8, 129.1,
128.8, 128.7 (2 C), 125.8, 124.9, 124.3, 124.1, 116.8, 55.5,
44.9, 34.3, 30.1, 21.3; HRMS (ESI) calcd for C31H34NaO,
[M-+Na]" 493.2349, found 493.2348. HPLC analysis
[Chiralpak IC column, V(Hexane) : V(2-propanol)=90 :
10, flow rate=1.0 mL/min, wavelength=254 nm]: tx=
16.81 (major) and 19.38 min (minor).
(35,45)-4-(3,5-Di-tert-butyl-4-hydroxyphenyl)-3-(2-
methylbenzoyl)chroman-2-one (3ad): White solid, 40.0
mg, 85% yield. m.p. 126~129 C; [a]y +74.3 (c 1.6,
CH;0H); >19/1 dr, 90% ee. 'H NMR (400 MHz, CDCl5)
0: 7.52 (d, J=7.2 Hz, 1H), 7.21~7.35 (m, 4H), 7.14 (t,
J=17.2 Hz, 2H), 7.06 (t, J/=7.2 Hz, 1H), 6.87 (s, 2H), 6.86
(d, J=7.2 Hz, 1H), 5.19 (s, 1H), 4.80 (d, J=9.2 Hz, 1H),
4.63 (d, J=9.2 Hz, 1H), 1.97 (s, 3H), 1.31 (s, 18H); *C
NMR (100.6 MHz, CDCl;) d: 197.8, 166.1, 153.2, 150.9,
138.6, 137.3, 136.4, 131.7, 131.6, 128.7, 128.3, 128.1,
127.9, 125.6, 125.5, 124.8, 124.6, 116.7, 57.5, 44.5, 34.2,
30.0, 19.8; HRMS (ESI) caled for C30H34NaO4 [M~+Na]"
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493.2349, found 493.2349. HPLC analysis [Chiralpak IC
column, V(Hexane) : V(2-propanol)=90 : 10, flow rate=
1.0 mL/min, wavelength=254 nm]: t=16.61 (major) and
23.56 min (minor).
(35,45)-4-(3,5-Di-tert-butyl-4-hydroxyphenyl)-3-(4-
methoxybenzoyl)chroman-2-one (3ae): White solid, 41.3
mg, 85% yield. m.p. 112~115 C; [a]p +50.0 (c 1.4,
CH;0H); >19/1 dr, 91% ee. '"H NMR (400 MHz, CDCI;)
o: 7.88 (d, /=8.4 Hz, 2H), 7.30 (t, J/=7.6 Hz, 1H), 7.17
(d, J/=8.0 Hz, 1H), 7.08 (t, J/=7.6 Hz, 1H), 7.02 (d, J=7.6
Hz, 1H), 6.93 (s, 2H), 6.92 (d, J/=8.8 Hz, 2H), 5.15 (s,
1H), 4.92 (d, J=6.0 Hz, 1H), 4.62 (d, J/=5.6 Hz, 1H), 3.87
(s, 3H), 1.35 (s, 18H); '*C NMR (100.6 MHz, CDCl;) &:
192.1, 165.6, 164.1, 153.2, 151.0, 136.5, 131.1, 130.1,
128.7, 128.4, 124.8, 124.4, 124.1, 116.8, 114.0, 55.5, 55.2,
449, 34.3, 30.1; HRMS (ESI) calcd for C3H3sNaOs [M+
Na]" 509.2298, found 509.2299. HPLC analysis [Chi-
ralpak AD-H column, V(Hexane) . V(2-propanol)=90 :
10, flow rate=1.0 mL/min, wavelength=254 nm]: tr=
17.06 (major) and 25.49 min (minor).
(35,45)-4-(3,5-Di-tert-butyl-4-hydroxyphenyl)-3-(3,4-
dimethoxybenzoyl)chroman-2-one (3af): White solid, 34.1
mg, 66% yield. m.p. 125~128 C; [a]p +29.2 (c 2.6,
CH;0H); >19/1 dr, 86% ee. '"H NMR (400 MHz, CDCI;)
0: 7.57 (dd, J/=8.4, 2.0 Hz, 1H), 7.43 (d, J/=2.0 Hz, 1H),
7.31 (dt, J=8.4, 1.6 Hz, 1H), 7.17 (d, J=7.2 Hz, 1H), 7.09
(dt, /=7.6, 1.2 Hz, 1H), 7.02 (dd, J=7.6, 0.8 Hz, 1H),
6.94 (s, 2H), 6.88 (d, J/=8.4 Hz, 1H), 5.16 (s, 1H), 4.94 (d,
J=6.0 Hz, 1H), 4.64 (d, /=6.0 Hz, 1H), 3.95 (s, 3H), 3.88
(s, 3H), 1.36 (s, 18H); '3C NMR (100.6 MHz, CDCl;) &:
192.1, 165.7, 154.0, 153.2, 151.0, 149.3, 147.1, 136.5,
130.1, 128.8, 128.5, 124.9, 124.4, 124.0, 123.6, 116.8,
110.7, 110.0, 56.2, 56.0, 55.1, 45.0, 34.3, 30.1; HRMS
(ESI) caled for C3H3eNaOg [M+Na]' 539.2404, found
539.2399. HPLC analysis [Chiralpak IC column,
V(Hexane) : V(2-propanol) =75 : 25, flow rate = 1.0
mL/min, wavelength=254 nm]: xR =23.39 (major) and
29.58 min (minor).
(35,45)-4-(3,5-Di-tert-butyl-4-hydroxyphenyl)-3-(4-
fluorobenzoyl)chroman-2-one (3ag): White solid, 39.4 mg,
83% yield. m.p. 122~125 C; [a]p +50.9 (c 1.1,
CH;0H); >19/1 dr, 93% ee. '"H NMR (400 MHz, CDCI;)
0: 7.89 (dd, J=8.4, 5.6 Hz, 2H), 7.31 (t, J/=7.6 Hz, 1H),
7.08~7.18 (m, 4H), 7.00 (d, J=7.6 Hz, 1H), 6.92 (s, 2H),
5.17 (s, 1H), 4.91 (d, J/=7.2 Hz, 1H), 4.65 (d, J=6.8 Hz,
1H), 1.34 (s, 18H); '*C NMR (100.6 MHz, CDCls) &:
192.4, 167.3, 165.3, 164.7, 152.0 (d, J=242.9 Hz), 136.6,
132.2, 131.3 (d, J=9.3 Hz), 129.4, 128.8, 128.6, 124.9,
124.6, 124.2, 116.8, 115.9 (d, J=21.9 Hz), 55.1, 44.7,
34.3, 30.1; HRMS (ESI) calcd for C3;H3 FNaOs [M—+
Na]" 497.2099, found 497.2112. HPLC analysis [Chi-
ralpak IC column, V(Hexane) : V(2-propanol)=90 : 10,
flow rate=1.0 mL/min, wavelength=254 nm]: /r=12.83
(major) and 15.29 min (minor).
(35,45)-3-(3-Chlorobenzoyl)-4-(3,5-di-tert-butyl-4-
hydroxyphenyl)chroman-2-one (3ah): White solid, 44.1
mg, 90% yield. m.p. 133~136 C; [a]p +58.6 (c 1.4,
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CH;0H); >19/1 dr, 96% ee. 'H NMR (400 MHz, CDCl5)
o: 7.78 (s, 1H), 7.72 (d, /=8.0 Hz, 1H), 7.54 (d, J=8.0
Hz, 1H), 7.39 (t, J=8.0 Hz, 1H), 7.32 (t, J=7.2 Hz, 1H),
7.18 (d, J/=8.0 Hz, 1H), 7.10 (t, J=7.6 Hz, 1H), 6.97 (d,
J=17.6 Hz, 1H), 6.92 (s, 2H), 5.17 (s, 1H), 4.88 (d, J/=7.6
Hz, 1H), 4.65 (d, J=7.6 Hz, 1H), 1.35 (s, 18H); '3C NMR
(100.6 MHz, CDCl3) d: 193.1, 165.2, 153.3, 150.9, 137.4,
136.7, 135.1, 133.6, 130.1, 129.1, 128.9, 128.7, 128.6,
126.6, 125.0, 124.5, 124.3, 116.9, 55.4, 44.8, 34.3, 30.1;
HRMS (ESI) caled for C3H;CINaO; [M + Na] *
513.1803, found 518.1800. HPLC analysis [Chiralpak IC
column, V(Hexane) : V(2-propanol)=90 : 10, flow rate=
1.0 mL/min, wavelength=254 nm]: tx=10.38 (major) and
12.52 min (minor).
(35,45)-3-(4-Bromobenzoyl)-4-(3,5-di-tert-butyl-4-
hydroxyphenyl)chroman-2-one (3ai): White solid, 43.2
mg, 81% yield. m.p. 151~154 C; [a]p +71.6 (c 1.2,
CH;0H); >19/1 dr, 94% ee. 'H NMR (400 MHz, CDCl5)
0: 7.71 (d, J=8.4 Hz, 2H), 7.58 (d, /=8.4 Hz, 2H), 7.31
(t, J=7.6 Hz, 1H), 7.16 (d, J=8.0 Hz, 1H), 7.10 (t, J=7.6
Hz, 1H), 6.99 (d, /=7.2 Hz, 1H), 6.92 (s, 2H), 5.17 (br. s,
1H), 4.89 (d, J/=7.2 Hz, 1H), 4.64 (d, J=7.2 Hz, 1H), 1.35
(s, 18H); 3C NMR (100.6 MHz, CDCI;) é: 193.1, 165.2,
153.3, 150.8, 136.6, 134.5, 130.0, 129.3, 129.1, 128.9,
128.6, 125.0, 124.5, 124.2, 116.8, 55.2, 44.7, 34.3, 30.1;
HRMS (ESI) caled for CsH3BrNaOs [M + Na] *
557.1298, found 557.1296. HPLC analysis [Chiralpak IC
column, V(Hexane) : V(2-propanol)=90 : 10, flow rate=
1.0 mL/min, wavelength=254 nm]: tx=13.54 (major) and
17.42 min (minor).
(35,45)-3-(3-Bromobenzoyl)-4-(3,5-di-tert-butyl-4-
hydroxyphenyl)chroman-2-one (3aj): White solid, 42.7
mg, 80% yield. m.p. 112~115 C; [a]y +103.4 (c 1.2,
CH;0H); >19/1 dr, 95% ee. 'H NMR (400 MHz, CDCI5)
0: 7.94 (s, 1H), 7.76 (d, /=8.0 Hz, 1H), 7.69 (d, J=8.4
Hz, 1H), 7.32 (dt, J=8.4, 2.8 Hz, 1H), 7.18 (d, /=8.4 Hz,
1H), 7.10 (t, J=7.6 Hz, 1H), 6.97 (d, J/=7.6 Hz, 1H), 6.92
(s, 2H), 5.17 (s, 1H), 4.88 (d, J/=7.6 Hz, 1H), 4.65 (d, J=
7.2 Hz, 1H), 1.35 (s, 18H); '*C NMR (100.6 MHz, CDCI;)
0: 193.0, 165.2, 153.3, 150.9, 137.6, 136.7, 136.5, 131.5,
130.3, 129.1, 128.9, 128.7, 127.0, 125.0, 124.4, 124.3,
123.1, 116.9, 55.3, 44.8, 34.3, 30.1; HRMS (ESI) calcd for
C3H3BrNaOs [M +Na] ™ 557.1298, found 557.1296.
HPLC analysis [Chiralpak IC column, F(Hexane) :
V(2-propanol)=90 : 10, flow rate=1.0 mL/min, wave-
length=254 nm]: x=10.81 (major) and 13.24 min (mi-
nor).
(35,4S5)-3-(2-Naphthoyl)-4-(3,5-di-tert-butyl-4-hydroxy-
phenyl)chroman-2-one (3ak): White solid, 45.1 mg, 89%
yield. m.p. 121~124 C; [a]y +73.8 (¢ 1.6, CH;0H);
>19/1 dr, 87% ee. 'H NMR (400 MHz, CDCI;) &: 8.45 (s,
1H), 7.89~7.96 (m, 4H), 7.58~7.67 (m, 2H), 7.33 (t, J=
8.8 Hz, 1H), 7.21 (d, J/=28.4 Hz, 1H), 7.09 (t, J=7.6 Hz,
1H), 6.99 (d, J/=8.0 Hz, 1H), 6.98 (s, 2H), 5.14 (s, 1H),
5.13 (d, J=4.8 Hz, 1H), 4.71 (d, /=4.8 Hz, 1H), 1.34 (s,
18H); '3C NMR (100.6 MHz, CDCI;) &: 193.9, 165.6,
153.2, 151.0, 136.6, 135.8, 132.78 132.4, 130.7, 129.9,
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129.6, 129.0, 128.9, 128.8, 127.8, 127.1, 124.9, 124.3,
124.2, 123.9, 116.9, 55.7, 45.1, 34.3, 30.1; HRMS (ESI)
caled for C3HiNaO; [M + Na] = 529.2349, found
529.2347. HPLC analysis [Chiralpak IC column,
V(Hexane) : V(2-propanol) =90 : 10, flow rate = 1.0
mL/min, wavelength=254 nm]: xR =22.30 (major) and
26.05 min (minor).

(35,45)-4-(3,5-Di-tert-butyl-4-hydroxyphenyl)-3-
(thiophene-2-carbonyl)chroman-2-one (3al): White solid,
41.7 mg, 90% yield. m.p. 161~163 C; [a]y +54.0 (c
1.4, CH;0H); >19/1 dr, 93% ee. '"H NMR (400 MHz,
CDCl3) 6: 7.74 (dd, J=7.6, 0.4 Hz, 1H), 7.67 (dd, J=38.0,
0.8 Hz, 1H), 7.31 (dt, J/=7.6, 1.2 Hz, 1H), 7.09~7.13 (m,
2H), 7.04 (d, J/=7.2 Hz, 1H), 6.95 (s, 2H), 5.17 (s, 1H),
4.76 (d, J/=5.4 Hz, 1H), 4.72 (d, J=5.4 Hz, 1H), 1.36 (s,
18H); '3C NMR (100.6 MHz, CDCl;) §: 185.9, 165.0,
153.2, 150.9, 142.6, 136.5, 135.3, 133.4, 129.4, 128.8,
128.7, 128.3, 124.9, 124.5, 124.3, 116.7, 56.7, 44.9, 34.3,
30.1; HRMS (ESI) caled for CpsH3NaO4S [M+Na]®
485.1757, found 485.1752. HPLC analysis [Chiralpak
AD-H column, V(Hexane) : V(2-propanol)=90 : 10, flow
rate=1.0 mL/min, wavelength=254 nm]: {x=15.82 (mi-
nor) and 26.0518.74 min (major).

4.3 Transformation of 3,4-dihydrocoumarin 3aa to
the corresponding B,8-diaryl ketone 4

To a solution of 3aa (137 mg, 0.3 mmol) in tetrahydro-
furan (3 mL) was added a solution of sodium hydroxide
(32 mg, 0.8 mmol) in water (3 mL), and the resulting mix-
ture was stirred at 40 C for 1.5 h. After cooling to room
temperature, the reaction mixture was extracted with ethyl
acetate (5 mL X 3). The combined organic layer was dried
over anhydrous magnesium sulfate and concentrated under
reduced pressure. The crude product was used directly in
the following reaction without purification.

To a solution of the aforementioned crude product in ac-
etone (2 mL) were added potassium carbonate (249 mg,
1.8 mmol) and methyl iodide (298 mg, 2.1 mmol). After
stirring at room temperature for 24 h, the resulting mixture
was diluted with water (10 mL) and extracted with ethyl
acetate (5 mL X 3). The combined organic layer was dried
over anhydrous magnesium sulfate and concentrated under
reduced pressure. The crude product was purified by col-
umn chromatography on silica gel (100 ~ 200 mesh,
V(petroleum ether) : V(ethyl acetate)=15 : 1] to afford
the desired f,f-diaryl ketone 4.

(5)-3-(3,5-Di-tert-butyl-4-methoxyphenyl)-3-(2-meth-
oxyphenyl)-1-phenylpropan-1-one (4): Colorless oil, 59.2
mg, 43% yield. [a]y —25.8 (¢ 0.81, CH;0H); >19/1 dr,
95% ee. '"H NMR (400 MHz, CDCl3) é: 7.91 (d, J=7.2
Hz, 2H), 7.52 (t, J=7.2 Hz, 1H), 7.42 (t, J=7.2 Hz, 2H),
7.16 (dt, J=17.6, 1.6 Hz, 1H), 7.13 (dd, J=7.2, 1.6 Hz,
1H), 7.11 (s, 2H), 6.88 (t, J=7.6 Hz, 1H), 6.84 (d, /=8.4
Hz, 1H), 5.06 (t, J=7.2 Hz, 1H), 3.77 (s, 3H), 3.66 (dd,
J=17.6, 2.0 Hz, 2H), 1.34 (s, 18H); '3C NMR (100.6 MHz,
CDCl) d: 199.2, 157.5, 156.9, 142.8, 137.5, 136.9, 133.0,
132.7, 128.4, 128.1 (2C), 127.2, 126.3, 120.5, 110.7, 64.0,
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55.3, 44.0, 40.3, 35.7, 32.1; HRMS (ESI) caled for
C31H3sNaO; [M+Na]" 481.2713, found 481.2718. HPLC
analysis [Chiralpak OD-H column, V(Hexane) : V{(2-pro-
panol)=95 : 5, flow rate=1.0 mL/min, wavelength=254
nm]: kg =5.75 (minor) and 8.12 min (major).

4.4 Transformation of 3,4-dihydrocoumarin 3aa to
the corresponding cis-chromane 5

To a solution of 3aa (137 mg, 0.3 mmol) in tetrahydro-
furan (3 mL) was added a solution of sodium hydroxide
(32 mg, 0.8 mmol) in water (3 mL), and the resulting mix-
ture was stirred at 40 ‘C for 1.5 h. After cooling to room
temperature, the reaction mixture was extracted with ethyl
acetate (5 mL X 3). The combined organic layer was dried
over anhydrous magnesium sulfate and concentrated under
reduced pressure. The crude product was used directly in
the following reaction without purification.

To a solution of the aforementioned crude product in
dichloromethane (2 mL) were added successively tri-
ethylsilane (523 mg, 4.5 mmol) and boron trifluoride di-
ethyl etherate (170 mg, 1.2 mmol) at 0 “C. The resulting
mixture was stirred at the same temperature for 3 h and
concentrated under reduced pressure. The residue was pu-
rified by column chromatography on silica gel [100~200
mesh, V(petroleum ether) . V(ethyl acetate)=15 : 1] to
give the corresponding cis-chromane 5.

2,6-Di-tert-butyl-4-((2R,4S5)-2-phenylchroman-4-yl)-
phenol (5): White solid, 56.0 mg, 45% yield. m.p. 182~
185 C; [alp +32.4 (c 0.95, CH;OH); >19/1 dr, 87%
ee. '"H NMR (400 MHz, CDCl3) 6: 7.50 (d, J=7.2 Hz,
2H), 7.40 (t, J=7.2 Hz, 2H), 7.32 (t, J=7.2 Hz, 1H),
7.09~7.19 (m, 2H), 6.98 (s, 2H), 6.94 (d, J/=8.0 Hz, 1H),
6.80 (t, J/=7.6 Hz, 1H), 5.24 (d, /=10.0 Hz, 1H), 5.10 (s,
1H), 4.27 (dd, J=12.4, 5.6 Hz, 1H), 2.44 (ddd, J=13.6,
5.6, 2.0 Hz, 1H), 2.20~2.29 (m, 1H); '*C NMR (100.6
MHz, CDCL) 6: 155.4, 152.4, 141.4, 135.9, 134.6, 129.7,
128.5, 127.9, 127.5, 126.3, 126.0, 125.0, 120.3, 116.7,
78.3, 43.56, 40.6, 34.35, 30.4; HRMS (ESI) calcd for
CaoH34NaO, [M+Na]" 437.2451, found 437.2455. HPLC
analysis [Chiralpak OD-H column, V(Hexane) : V{(2-pro-
panol)=98 : 2, flow rate=1.0 mL/min, wavelength=254
nm]: fr=4.84 (major) and 5.60 min (minor).

4.5 Transformation of 3,4-dihydrocoumarin 3aa to
the corresponding 3-methylated 3,4-dihydrocoumarin
6

To a solution of 3aa (45.6 mg, 0.1 mmol) in acetone (2
mL) were added potassium carbonate (20.7 mg, 0.15
mmol) and iodomethane (21.3 mg, 0.15 mmol). The re-
sulting mixture was stirred at room temperature for 24 h.
Water (20 mL) was added and the reaction mixture was
extracted with dichloromethane (10 mL X3). The com-
bined organic layer was dried over anhydrous magnesium
sulfate and concentrated under reduced pressure. The resi-
due was purified by column chromatography on silica gel
[100~200 mesh, V(petroleum ether) : V(ethyl acetate)=
15 1 1] to give the corresponding 3-methylated 3,4-dihy-
drocoumarin 6.
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(4S)-3-Benzoyl-4-(3,5-di-tert-butyl-4-hydroxyphenyl)-
3-methylchroman-2-one (6): White solid, m.p. 144 ~
148 C; 423 mg, 90% vyield. [a]y +98.6 (c 0.82,
CH3OH); >19/1 dr, 98% ee. '"H NMR (400 MHz, CDCls)
0: 741 (t,J=17.2 Hz, 1H), 7.28 (t, J/=7.2 Hz, 2H), 7.27 (d,
J=17.2 Hz, 1H), 7.08 (t, J=8.0 Hz, 2H), 7.22 (d, J=38.0
Hz, 1H), 6.74 (s, 2H), 5.08 (s, 1H), 4.42 (s, 1H), 1.75 (s,
3H), 1.20 (s, 18H); *C NMR (100.6 MHz, CDCls) 4:
199.6, 169.9, 153.3, 151.0, 136.6, 136.2, 131.4, 129.4,
128.9, 128.7, 128.3, 126.9, 125.7, 125.3, 1244, 116.4,
57.7, 53.3, 34.0, 29.8, 24.8; HRMS (ESI) caled for
C31H3:NaO4 [M+Na]" 493.2349, found 493.2352. HPLC
analysis [Chiralpak OD-H column, V(Hexane) : V{(2-pro-
panol)=99.5 : 0.5, flow rate=1.0 mL/min, wavelength=
254 nm]: g =8.75 (major) and 12.06 min (minor).

Supporting Information Crystallography data, copies of
NMR and HRMS spectra as well as chiral HPLC chroma-
tograms of the prepared optically active 3,4-dihydro-
coumarins 3aa~3ka, 3ab~3al and compounds 4~6 de-
rived from 3aa. The Supporting Information is available
free of charge via the Internet at http://sioc-journal.cn/.
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