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ARTICLE INFO ABSTRACT

Article history Three pairs of enantiopurB)t and M)-3,14-bisp-hydroxyaryl)tetrahydrobenzo[5]helicenediols
Received (ArOH-H[5]HOLs), and enantiomers$)- and M)-3,14-bisf-hydroxyphenyl)benzo[5]helicene-
Received in revised form diols (PhOH-[5]HOLSs) were designed and synthesitedas found that compared with ArOH-
Accepted H[5]HOLs, PhOH-[5]HOLs not only showed obvious relifts in both absorptioand emissio
Available online spectra, but also exhibited more intense CPL witipléied gwum, Which might be attributed

the more rigid structure of PhOH-[5]HOLs. Howewvagjd PhOH-[5]HOLs was less ective ir
the catalytic asymmetric hetero-Diels—Alder (HARgctions than those of ArOH-H[5]HOLs

eyV_VOFdS[ with the flexible tetrahydro[5]helicene backbonettttould adjust conformation to stte
hellcenedl-ol ) substrates. Therefore, the helical chirality anngaiion and chirality transfarould be efficient!
asymmet_nc catalysis ] achieved by adjusting the rigid and flexible stawes of helical molecules, which mightovide
hetero-Diels—Alder reaction a useful strategy to optimize the structure of deglce derivatives fotheir applications i
amplified CPL chiroptical materials and asymmetric catalysis.

2018 Elsevier Ltd. All rights reserved

1. Introduction and k are the intensity of the left- and right-handectudarly
) . . ) . polarized emissions, respectively [19]. However, trneral
Helicences, a kind of conjugated compounds with helical method to obtain higheg,, was based on the supramolecular

structure, were composed of ortho-fused polycyclion@tic  455embly of chiral organic molecules [20-24]. Thparts about
rings [1]. Helicenes and their analogues could heonly applied jjizing structural adjustment to increagg,, especially for the
in a broad range of functional material fields agsult of their  pajical molecules. were very limited. Therefore, @epl

expandedn conjugated systems and excellent chiral Opticalunderstanding of the relationship between rigidibiex
properties [2-8], but also used as asymmetric ysildue 10 mgjecylar structure ang,, was particularly significant for the
their helical chirality [9,10]. However, convenientnthesis of | oiional design of CPL organic molecules with high.
multifunctional helicenes and their analogues @hallenge [11]. Since the pioneered work reported by Reetz et all987
To improve performance, multifunctional helical malles could [25], many helical catalysts have been reported wlifferent
be obtained by introducing functional groups to fitecursors.  fynctional groups. Compared with helical catalysis thwi
Thus, rational dgs[gn of .the structure of hehgemu;i .the|r phosphine groups [26-40] and nitrogenous groups4pll the
analogues to optimize their properties and funstioias still an osearch about hydroxyl-functional helical cataly§49] was
attractive task. _ relatively lacking. However, other chiral hydroxy-fitional
Helicenes and their analogues were good chromoplases caiajysts, such as BINOL and VAPOL, exhibited efficient

well as important small organic molecules with CPbperties  catavtic activity in many asymmetric catalysisatians [50,51].
due to their helicalt conjugated skeleton [12-18]. For CPL \yq envisaged that helical structure could be zablétskeleton
organic materials, a key goal is to achieve theighh , consiruct a chiral environment efficiently arduhydroxyl

luminescence dissymmetry factog,k), which is used t0  fnciional groups, which would make the helicenoiplagnolic
evaluate the level of CPlgym = 2 x (L = IR)/(IL + Ir), where I capaiysts be a fascinating study direction.

OCorresponding author. fax: +86-10-62554449; e-ncathen@iccas.ac.cn; limeng@iccas.ac.cn
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To evaluate the relationship between the rigid-fiexi
structures and the chiroptical properties as wellcatlytic
activities, the enantiomers with different rigid feexible helical
skeletons were designed (Fig. 1). Inspired by thmecttre of
BINOL, we introduced the hydroxyl groups into thelid¢ed
skeletons to construct the tetrahydrobenzo[5]he&d@®l
derivatives which were supposed to achieve bettealytit
activity. Moreover, the more rigid benzo[5]heliceitd
derivatives with a helicene core were also synthdsize
optimize the chiroptical properties. Herein, we répdthe
synthesis of a series of ArOH-H[5]HOL$){/(M)-3a-c with
flexible tetrahydro[5]helicene backbone and ArOH-[5]HOR)-
/(M)-3d with rigid [5]helicene backbone by a post-
functionalization strategy. The photophysical arkiraptical
properties of3a-d were investigated by UV/Vis, fluorescence,
CD, and CPL spectra. It was found that compared Wi}¥8&a-c
(P)-3d with more rigid structure showed not only red-shifts
both absorption and emission spectra, but also intease CPL
with amplified g, Conversely, it was also found that ArOH-
H[5]HOLs 3a-c with more flexible hydrogenated [5]helicene
backbone showed better catalytic activity than thdlicene

derivative3d in the catalytic asymmetric HDA reactions. These

results indicated that the amplified CPL propertiesl efficient
catalytic activity of the helicene derivatives able achieved by
regulating their rigid-flexible structures.

Ph
CUmae
O OHHO

(P)- and (M)-1 2

(P)- and (M)-3d
higher giym

(P)- and (M)-3a
higher efficiency in HDA reaction

Fig. 1. Design of the enantiomers with different rigidfiexible helical
skeletons.

2. Results and discussions

2.1 Synthesis of (PBa-d and (M)-3a-d.

The synthetic routes tdP)-3a-c and M)-3a-c are shown in
Scheme 1. Starting from the enantiopure Br-H[5]H®)-4 and
(M)-4 [3], ArOH-H[5]HOLs (P)-3a-c and (M)-3a-c could be
conveniently obtained in good yields by Suzuki-Miya cross-
coupling reaction, respectively. Specific opticatations of the
enantiomeric tetrahydro-benzo[5]helicenes were nredsun
dichloromethane (DCM), and the enantiomers all
specific optical rotations of about +500The reaction process
does not lead to the racemization of the produnts faelical
tetraols P)- and (M)-3a-cwas identified as enantiomerically pure
products by HPLC (ee >99%, Fig. S45-S50, ESIT).
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(5 equiv)
B(OH),

oo
OO‘O

(P14

K>CO3 (10 equiv)
Pd(PPh3),Cl, (0.1 equiv)
PhMe:EtOH:H,0=2:2:1

(P)-3a,R = H, 69%
(P)-3b, R = CHg, 72%
(P)-3¢,R = F, 60%

K2CO3 (10 equiv)
Br Pd(PPh3),Cl, (0.1 equiv)
PhMe:EtOH:H,0=2:2:1

(M)-3a, R = H, 65%
(M)-3b, R = CHg, 74%
(M)-3¢, R =F, 62%

Scheme 1Synthesis of enantiomerB){3a-cand M)-3a-c

For a comparison, enantiotopic benzo[5]helicendvdsve
PhOH-[5]HOL was also synthesized. As shown in Scheme 2
(P)-3d and (M)-3d could be obtained by the oxidation of MOM-
protected tetrahydrobenzo[5]helicerie with DDQ, and then

followed by their Suzuki-Miyaura cross-coupling réaas with

o-hydroxyphenylboronic acid, and the deprotectedtreas. The
specific rotations (fJZin DCM, ¢ = 1.0 mg mL") of enantiopure
compounds K)-3d and M)-3d were +1032 and -1058,
respectively, which were larger than those RBf3a and M)-3a

with a tetrahydro[5]helicene structure.

Br
DDQ (10

equw)

NaH (5 equiv)
OH MOMBr (5 equiv)

THF, 0 °C
98 %

-
STty

(P)-5 or (M)—5

(P)-4 or (M)—4

(5 equiv) .
B(OH), Amberlyst 15 resin

OH MeOH/THF (1:1)

K>COj3 (10 equiv)
Pd(PPh3),Cl, (0.1 equiv)
PhMe:EtOH:H,0=2:2:1

yield for three steps:
39 % for (P)-3d
32 % for (M)-3d

(P)-3d or (M)-3d
Scheme 2Synthesis of enantiomerB)¢3d and M)-3d.

2.2 Photophysical and chiroptical properties of {®)}d and
(M)-3a-d.

The UV-vis and fluorescence spectra of enantionfBjs3a

showe@nd M)-3a were identical (Fig. S1). ThereforeR){3a-d were

then used to investigate their photophysical prig®rand the
results were summarized in Table 1. It was found dfthbugh
(P)-3a-c had different substituted-hydroxyphenyl functional
groups at 3,14-positions, no obvious changes ofnth&mum
absorption wavelength foP}-3a-c were observed in DCM with
the absorption maxima at about 310 nm (Fig. S2 Eednle 1).
However, compared with tetrahydro[5]helicene analogr)e3a,
the enantiotopic helicenoidal tetraolB){3d exhibited obvious
red-shift in both absorption and emission spect@)-3d
exhibited the maximum absorption bands at 330 nrh Veitge
molar absorptivity (loge = 4.71), which was 25 nm red-shift
compared with that ofR)-3a. Moreover, P)-3a-c all showed a
red shift of emission maxima compared wil)-4, and exhibited



almost the same emission spectra at about 425 nhm lange
stokes shifts. Compared witlP)(3a, the emission spectrum of
(P)-3d exhibited further 31 nm red-shift with stokes shift to
125 nm (Fig. 2 and Table 1). The fluorescence qumanjields of
compounds K)-3a-c were all larger than 0.30, with the highest
one up to 0.41 of R)-3c in DCM upon excitation at the
maximum absorption wavelength. Fd?P)3d, its fluorescence
guantum yield was 0.19. The partially quenched #isoence of
(P)-3d might indicate the enhancedr stacking interaction and
more intense intermolecular electron transfer of tielicene
derivatives [52].
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Fig. 2 Fluorescence spectra (excited at corresponidiRgha) of (P)-3a-d -100 \\J
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Table 1.Photophysical properties dP)-3a-d

Wavelength (nm)
Fig. 3 (a) CD spectra off)-3a-cand (M)-3a-cin DCM (c = 8.0 x10°

Compound (r/}rz)b (Mlggcrfq-l) Jem(NMF & (%)° A(ﬁﬂr;;js M); and (b) CD spectra oP}-3d and (M)-3d in DCM (c = 8.0 x10° M).
(P)3a 305 474 424 326 119 As shown in Fig. 4a, it was further found the enanémBa-c
(P)-3b 310 4.73 425 41.0 115 showed CPL signals, matching with the region of eimiss

spectra. It was noteworthy that the enantiomers @eliity,,
(P)-3¢ 301 4.74 425 391 124 with values of —2.5x1t to —4.1x10 for the P configuration
(P)-3d 330 471 455 18.7 125 enantiomers and +2.6xf0to +4.2x10"' for M configuration

enantiomers, respectively (Table S2, ESIt). Thadeated that
the chirality also existed in excited states ofngizaners3a-c
Similarly, Fig. 4b showed the mirror-imaged CPL gpeof P)-
3d and M)-3d in DCM. Interestingly, it was found thaP)-3d
and (M)-3d exhibited CPL emissions witl,, of —4.52x1C and
+4.43x10° at 455 nm, respectively. Thg,, value of which were

Moreover, it was found thaP}-3a-c and (M)-3a-c exhibited 29'f0|d Iarger. than that.of .PhOH'H.[S]HOL (Fig. 4c), whic
mirror images of CD and CPL spectra in DCM. All of the m|ght_ be att”blfteq to |ts_r|g|d_ helical structurdaat could
enantiomers showed similar Cotton effects (Fig. Bg)yirtue of Fe"_‘a'”ed the chirality effectl_v_ely n the excnetdtgs. The results
the same helical backbones, with strong Cotton &ffat about indicated that the _CPL ar_an|f|cat|0n_ can be ach[tnfspccessfully
330 nm, in which the negative signals fd?)-Ba-c and the by the strategy of improving the helical molecuigidity.
positive signals for Ni)-3a-c were found. Theabsorption
dissymmetry factorsgf,) were —4.7x10 to —8.3x10 for theP
configuration enantiomers, and +4.9%11® +8.7x10 for theM
configuration enantiomers, respectively (Table HSIT).
Meanwhile, Fig. 3b showed the mirror-imaged CD speofra
(P)-3d and M)-3d in DCM. Thega,ys value of P)-3d and M)-3d
were —3.28x18and +3.57x10 at 425 nm, respectively, which
were similar to their tetrahydro[5]helicene analague

2 All spectra were recorded in DCM £ 1.0<10° M).
®The maximum absorption bands.

°Excited at the maxima absorption.

4 Absolute fluorescence quantum yield.

¢ Stokes shift #em = Amax.abs
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2.3 Asymmetric catalysis of the helicenoidal tetraal$etero-
Diels—Alder reactions

In view of the successes achieved with Ti/BINOL [5];5ve
envisaged helicenoidal phenolic compounds could bks used
as asymmetric ligands in HDA reactions. Therefore,stagted
the catalytic screening by HDA reaction between Daiity’s
diene6 and benzaldehydéa (Table 2). As a comparison, we first
tested the HAD reaction in neat condition with only i@l %
Br-H[5]HOL (P)-4 as the catalyst, which ga®a in 15% yield
and no enantioselectivity (Table S3, entry 1). Isvedso found
there was no obvious improvement in yield even whiea t
reaction temperature or solvent was changed (TaBjeBS the
combination of P)-4 and Ti(QPr), in toluene, the reaction yield
could be increased to 23%, but still no enantiasiziey was
shown (Table 2, entry 1). When the post-functioraliZhOH-

Tetrahedron Letters

H[5]HOL (P)-3a was used as ligand in the presence of iR}
for the HDA reaction, it was found that produid could be
obtained in 68% vyield and 23% ee (Table 2, entryVi2¢ also
tested the HDA reaction with the 2,2'-bipherfohs ligand, and
found that racemic produ@a was only obtained in 26% yield
(Table 2, entry 3). These results indicated thae th
enantioselectivity of the product with PhOH-H[5]HOR){3a as
ligand was derived from the chirality of helical kken.

Table 2. Ligands screening for the enantioselective HDActiea of
Danishefsky's diené and benzaldehydea®

OMe

1.cat. =
/i . )k Lewis acid ﬁ
\ pi’ 4 2 TFA o Ph

OH
Ph
hOH
Br
(P)-4
entry Ligand L:(\:/\il(ljs solvent  vyield (%) ee (%Y
1 P-4 Ti(OiPr), toluene 23 0
2 P)-3a  Ti(OiPr) toluene 68 23
3 2 Ti(OiPr) toluene 26 0

2All reactions were carried out at 0 °C using 10 fobf ligand. The
ratio of Ti(GPr) and ligand is 2:1. The reaction time was 24 h.

® All yields are isolated yields.

¢ Absolute configurations wei® which determined in all cases ee was
determined by HPLC using a chiral column (Chira@Bl-H).

Besides Ti(@Pr),, other Lewis acids were also screened for
the (P)-3a catalytic asymmetric HDA reaction of benzaldehyde
7awith Danishefsky's diené, and the results are shown in Table
3. It was found that butyl magnesium as the Lewid deicreased
the yield and the enantioselectivity (Table 3, wn®). With
trimethylaluminum as the lewis acid, a dramatic iay@ment in
yield (82%) was observed but the enantioselectifi$p) was
poor (Table 3, entry 3). Taking both enantioselgtytiand yield
into account, Ti(@Pr), was chosen as Lewis acid for the catalytic
asymmetric HDA reaction.

The effect of the molar ratio of Ti{@r), to (P)-3a on the
enantioselectivity was examined as well. Stoichioynetio of
(P)-3a/Ti was tested from 1:1 to 1:6, the enantioseletstivi
showed appreciably variation with stoichiometry o{GiPr),.
When the molar ratio of Ti(i®r), to (P)-3a was 4:1, the best
result of 75% yield and 47% ee was achieved (Tab&nB8ies 1,
4-8). More Ti(QPr),would lead to a decline in enantioselectivity
as a result of background reaction.

Different solvents under 1:4 stoichiometry &)-3a/Ti were
also screened, which revealed a dramatic solvdéettefTable 3,
entries 9-11). It was found toluene was more faverditin other
solvents in the Ti(IV)-ArOH-H[5]HOL catalyzed HDA reaction.
Reactions with dichloromethane, ether, or dioxaneahgent all
gave very low yield as well as poor enantiomeric escef the
product.

We further studied the effect of the amount of lgataon the
HDA reaction. It was found that there was a small decii the
enantioselectivity and yield when the amount Bj-a was
increased to 20 mol % or more, which might be dugdor



5
solubility of the P)-3a and excessive amount of Lewis acid temperature (Table 3, entries 14-15). The optireaiperature
causing the background reaction (Table 3, entrizd3). The of 0 °C could provide the product of the HDA reactian79%
temperature profile of the Ti(IV)-ArOH-H[5]HOL catalgtHAD yield and 53% ee when reaction were pre-activated @fC for
reaction was also performed, and it was found thtt ield and 1 h. (Table 3, entry 16).
enantiomeric excess of the product decreased witease of the

Table 3.Optimization of the catalytic asymmetric HDA reaci of Danishefsky’s diereand benzaldehydes®

oMe o 1.(Pr3a
= Lewis acid
—_—

—s-0 : Ph 7aH 2. TFA

entry Lewis acid P)-3a Ti(OiPr), solvent temperature yield (%) ee (%}
1 Ti(QiPr), 1:2 toluene 6c 68 23
2 BwMg 1:2 toluene éc 15 13
3 AlMe; 1:2 toluene 6c 82 7
4 Ti(QiPr), 1:1 toluene 6c 42 13
5 Ti(QiPr), 1:3 toluene 6c 73 30
6 Ti(QiPr), 1:4 toluene 6c 75 47
7 Ti(QiPr), 1:5 toluene 6c 72 33
8 Ti(QiPr), 1:6 toluene 6c 70 22
9 Ti(OiPr 1:4 DCM 0°C 15 20
10 Ti(GiPr) 1:4 dioxane 6c 6 <1
11 Ti(OPr) 1:4 EtO 0°C 21 14
17 Ti(OiPr) 14 toluene 6c 70 43
1ZF Ti(QiPr) 1:4 toluene 6c 62 38

14 Ti(QOPr) 1:4 toluene r.t. 73 25
15 Ti(GiPr) 1:4 toluene 46C 68 27
16 Ti(OiPr) 14 toluene 6c 79 53

# All reactions were carried out at 0 °C. The reactime was 24 h.

® All yields are isolated yields.

€ Absolute configurations weiR, which determined in all cases ee was determiyedRi_C using a chiral column (Chiracel OD-H).
4The amount of ligand®)-3awas 20 mol %.

®The amount of ligandR)-3awas 30 mol %.

f1:4 stoichiometry ofR)-3a/Ti(OiPr), with 4A molecular sieves in toluene solution wpre-activated at 11T for 1 h.

Under the optimal conditionsP)-3b-d were also examined as electronic effect of the aldehydes on the enanléctigity was
the ligands for the catalytic asymmetric HDA reactioos obvious. It was found the electron-donating substittshowed a
benzaldehyde and Danishefsky’'s diene. Compared W34, positive effect on the enantioselectivity, while tleéectron-
Ti(IV) complexes prepared fromP}-3b and P)-3c with a  withdrawing substituent had a negative influence lfoth of
tetrahydro[5]helicene core structure provided thedpct with  meta- and para-substituted benzaldehydes. Undemptienal
similar yields and enantioselectivities (Table Atries 2-3). For  conditions,p-methoxybenzaldehyde afforded prod8ttin 62%
(P)-3d with rigid [5]helicene skeleton, although it couddso  vyield and 43% ee, whilp-nitrobenzaldehyde gave prodwitin
display enantiocontrol in the HDA reaction, lower yiedthd 44% vyield and significantly low enantioselectivitf1@o ee).
enantioselectivity than those d?)(3a-c were obtained (Table 4, Similarly, m-methyl substituted benzaldehyd&y(58% ee) gave
entry 4). Enhanced enantioselective control andti@arate in  distinctly higher enantioselectivity than that ofm
ArOH-H[5]HOL-catalyzed HDA reaction might be attributed to nitrobenzaldehydeB{, 19% ee). These results are agreed with the
their flexible backbone which could adjust the confation of  previously reports of the Ti(IV)-HBINOL catalyzed HDA
the helical ligands to adapt to the substrate &iras. reactions.[57] In the cases of heteroaromatic aided, the

After testing the applicability of the Ti(IV)-ArOH-H[51OL obvious electronic effect was also observed. Fatede-rich 2-
catalytic asymmetric HDA reactions, we further paid ourfuraldehyde, producBj was obtained in a modest yield and
attention to studying the scope of the reactionsuliizing enantioselectivity, whereas electron-withdrawing 3digie-
various functionalized aldehydes. The results iaid the carboxaldehyde only led to a low enantioselecti{ly, 14% ee).
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For aliphatic aldehydes, cyclohexylcarboxaldehydd @nonyl
aldehyde, very poor enantioselectivities of thedpais were
obtained.

OMe

Table 4. HDA reactions of Danishefsky’s dieieand benzaldehydéa
1.(P)-3
Lewis acid

Catalyzed by |(|V)-P)-33'da
> T Q
. A O Ph

\ 6 7a sa

(P)-3a,R=H

(P)-3b,R =CH; R
(Py-3c,R=F
entry ligand yield (98) ee (%)
1 (P)-3a 79 53
2 (P)-3b 72 47
3 P)-3c 76 53
4 P)-3d 60 37

21:4 stoichiometry of B)-3/Ti(OiPr) (10 mol %) with 4A molecular
sieves in toluene solution were pre-activated & ° for 1 h. Then
benzaldehyde and Danishefsky's diene were addedreaction was
Erocessed under 0 °C for 24 h.

All yields are isolated yields.

° Absolute configurations werR, which determined in all cases was
determined by HPLC using a chiral column (Chira@Bl-H).

1. (P)-3a

o Ti(OiPr),
— + -
| 2. TFA
—si-0 AT H
I 6 7

Z 70
o]
OMe

8b: 62% yield
43% ee

Z 70
o]
CN

8e: 58% yield
33% ee

%

ey

8c: 64% yield
67% ee

Z 0 (e}
0]
NO,

8f: 44% yield 89g: 55% yield
11% ee 58% ee

~ 70
Z
5

8d: 76% yield
57% ee

A
o

8h: 55% yield 8i: 66% yield 8j: 70% yield
25% ee 19% ee 42% ee
=z
0 0
0
O 'nCgHq7
8k: 54% yleld 8l: 36% yield 8m: 22% yield

14% ee 4% ee 3% ee

Scheme 3.The catalytic asymmetric HDA reactions of substidu
aldehyde¥ with Danishefsky’s diené.

3. Conclusions

In conclusion, a series of optically active helioielal tetraols
(P)- and M)-3a-c with flexible tetrahydro[5]helicene core and
enantiomers K)- and (M)-3d with rigid [S]helicene core were
conveniently synthesized by the post-functionalizsdategy.
Compared with3a-¢ the [5]helicene derivative8d not only
exhibited longer absorption and emission wavelendibs also
showed one order of magnitude amplification of tlesyinmetry
factor g, due to its rigid skeleton. However, it was found that
enantiopurea-cwith more flexible skeleton were more ective
in the catalytic asymmetric HDA reactions thad with rigid
skeleton, and under the optimal conditioBa;dTi(OiPr), could
catalyze the asymmetric HDA reactions of aromatitelydes
and Danishefsky’s dienia up to 79% yields and up to 65% ee.
The results presented in this paper indicated ihiel helical
structure contributed to amplifying CPL, while flbiity was
beneficial to the asymmetric catalysis reaction, civhcould
render a strategy to design and optimize the Heiligl-flexible
structures to achieve amplified CPL properties dnetter
catalytic activities.

4. Experimental section
4.1. General methods

All the reagents and solvents were commerciallylabbe and
used without further purification. Reactions wereriear out
under inert and anhydrous conditions unless othermiged *H,
¥C NMR spectra were recorded on Brikekvance 400MHz
and Brucke? AVIII 500 MHz NMR spectrometers in CDEI
solutions at 298 K and the chemical shifts were nteylorelative
to internal standard TMS (0 ppm). The UV-vis speatrare
recorded on PerkinEImérUV/vis/INIR spectrometer (Lambda
950), and the fluorescence spectra were recordedlBACHI®
F-7000 Fluorescence Spectrometer at room tempergtiCM,
using 10mm cells and concentrations of 1%1d. Absolute
fluorescence quantum yield, measured by Edinburgtruments
(FLS980). CD spectra were recorded on a JASCZ10
spectropolarimeter at room temperature in DCM. Durihg
measurement, the instrument was thoroughly purgedch wit
nitrogen. CPL spectra were performed with a JASCO CBQ-2
spectrometer at room temperature. The optical iostatvas
determined by Rudolph Autopol VI Automatic polarimetAt
the melting points were not calibrated and deterchime YuHua
X-5 digital melting point apparatus. High resolutimass spectra
were obtained on the Thermo Fisher® Exactive higioltgion
LC-MS spectrometer. HPLC analysis were performed oiteAgy
1260 Infinity. Analytical injections were performech ahiral
stationary phase using the column (Chirafp@D 5pm, 4.6 mm
x 250 mm, ChiralpakIF 5um, 4.6 mm x 250 mm). The starting
material P)-4 and M)-4 was synthesized by reported method

13].

4.2. General procedure for the synthesis of enantis/®&c by
Suzuki-Miyaura cross coupling reactions

To the mixture of Br-H[5]JHOL(P)-4 or (M)-4 (67 mg, 0.1
mmol), aryl boronic acid (0.5 mmol), and,®0; (138 mg, 1.0
mmol) in a mixture solution of toluene (15 mL), EtQtb5 mL),
and degassed water (7.5 mL) was added PdjFh (0.01
mmol). The reaction mixture was refluxed for 12 bpled to
room temperature, and then added EA (30 mL) and water
mL). The organic phase was separated, dried overQygénhd
concentrated by reduced pressure. The crude prodiast
purified by flash column chromatography.



4.2.1. Compound (PJa. DCM: EtOAc (/v =100:1). Yellow
powder (48 mg, 69% vyield)o]Z = -528 (c = 1.0 mg mL,
DCM). R = 0.38 (DCM: EtOAcyv/v =100:1). M. p.: 67-69 °C.
'H NMR (500 MHz, CDCJ): & 8.18 (dd,J = 6.8, 3.5 Hz, 2H),
7.57 (ddJ = 6.7, 3.3 Hz, 2H), 7.45 (d,= 9.2 Hz, 2H), 7.35 (§J
= 7.8 Hz, 2H), 7.28-7.20 (m, 4H), 7.13 Jt= 8.4 Hz, 2H), 7.08
(d,J=8.9 Hz, 2H), 7.02 (s, 2H), 6.99 {t= 7.6 Hz, 2H), 6.74 (d,
J=7.9 Hz, 2H), 6.36 (s, 2H), 6.24 (@~ 8.4 Hz, 2H), 5.76 (s,
2H), 3.40 (dJ = 19.4 Hz, 2H), 2.51 (1 = 17.6 Hz, 2H), 2.40 (d,
J=18.2 Hz, 2H), 1.57 (] = 17.2 Hz, 2H)**C NMR (126 MHz,
CDCly): 6 153.8, 147.1, 135.9, 135. 8, 135.2, 131.9, 13132,1,
130.9, 130.5, 130.2, 129.4, 129.2, 129.1, 127.4,4,2126.4,
126.1, 125.8, 124.5, 123.0, 121.2, 117.8, 29.39.2BRMS
(APCI): calcd. for GyH3s0, [M-H] : 699.2541, found: 699.2538.

4.2.2. Compound (M3a. DCM: EtOAc (/v =100:1). Yellow
powder (45 mg, 65% vyield)o[® = +532 (c = 1.0 mg mL},
DCM). R = 0.38 (DCM: EtOAcy/v =100:1). M. p.: 68-69 °C.
'H NMR (500 MHz, CDCJ): & 8.18 (dd,J = 6.8, 3.5 Hz, 2H),
7.57 (dd,J = 6.7, 3.0 Hz, 2H), 7.45 (d,= 8.0 Hz, 2H), 7.36 (1]
= 8.1 Hz, 2H), 7.27-7.20 (m, 4H), 7.13Jtz 7.7 Hz, 2H), 7.08
(d,J = 8.4 Hz, 2H), 7.02 (s, 2H), 6.99 {= 7.8 Hz, 2H), 6.74 (d,
J = 8.0 Hz, 2H), 6.36 (s, 2H), 6.24 (@= 8.5 Hz, 2H), 5.76 (s,
2H), 3.40 (dJ = 18.8 Hz, 2H), 2.49 (d] = 15.5 Hz, 2H), 2.40 (d,
J =14.9 Hz, 2H), 1.57 (i = 15.0 Hz, 2H)*C NMR (126 MHz,
CDCly): 6 153.8, 147.1, 135.9, 135.8, 135.2, 131.9, 13132,11,
130.9, 130.5, 130.2, 129.4, 129.2, 129.1, 127.4,412126.4,
126.1, 125.9, 124.5, 123.0, 121.2, 117.8, 29.39.2HRMS
(APCI): calcd. for GoHz:0, [M-H] ~: 699.2541, found: 699.2542.

4.2.3. Compound (P3b. DCM as eluent. Yellow powder (52
mg, 72% yield). §]Z = -536 (c = 1.0 mg mL}, DCM). R = 0.43
(DCM). M. p.: 70-72 °CH NMR (500 MHz, CDC)): 5 8.14
(dd, J = 6.3, 3.3 Hz, 2H), 7.53 (dd, = 6.3, 2.9 Hz, 2H), 7.25-
7.15 (m, 6H), 7.12 (d) = 8.2 Hz, 2H), 6.98-6.91 (m, 6H), 6.72
(d,J = 7.3 Hz, 2H), 6.19 (dJ = 7.6 Hz, 2H), 5.71 (s, 2H), 3.36
(d, J = 13.9 Hz, 2H), 2.53-2.38 (m, 10H), 1.54Jtz 12.6 Hz,
2H). ®C NMR (101 MHz, CDG)): § 151.5, 147.2, 135.9, 135.2,
131.9, 131.4, 131.0, 130.5, 130.4, 123.0, 129.B.012127.8,
127.2, 126.4, 125.8, 125.7, 124.5, 123.1, 117.6293, 25.0,
20.7. HRMS (APCI): calcd. for £Hz0, [M-H]™: 727.2854,
found: 727.2855.

4.2.4. Compound (M3b. DCM as eluent. Yellow powder (54
mg, 74% yield). §]Z = +568 (c = 1.0 mg mL, DCM). R = 0.43
(DCM). M. p.: 70-72 °CH NMR (500 MHz, CDC)): 5 8.17
(dd, J = 6.4, 3.3 Hz, 2H), 7.55 (dd,= 6.5, 3.1 Hz, 2H), 7.23-
7.17 (m, 6H), 7.14 (d] = 8.1 Hz, 2H), 7.00-6.94 (d,= 9.7 Hz,
6H), 6.75 (dJ = 7.2 Hz, 2H), 6.22 (d = 7.6 Hz, 2H), 5.74 (s,
2H), 3.39 (d,J = 15.3 Hz, 2H), 2.53-2.38 (m, 10H), 1.56Jt
16.5 Hz, 2H).”*C NMR (101 MHz, CDCJ): & 151.5, 147.2,
135.9, 135.2, 131.9, 131.4, 131.0, 130.5, 130.8.012129.1,
129.0, 127.8, 127.3, 126.4, 125.8, 125.7, 124.83. 112 117.6,
29.3, 25.0, 20.7. HRMS (APCI): calcd. for 8350, [M-H]
727.2854, found: 727.2855.

4.2.5.Compound (RBc. DCM: EtOAc (/v =100:1) as eluent.
Yellow powder (44 mg, 60% vyield)a]s = 527 (c = 1.0 mg
mL*, DCM). R = 0.45 (DCM: EtOAcy/v =100:1). M. p.: 73-75
°C.'™H NMR (500 MHz, CDCJ): & 8.16 (ddJ = 6.4, 3.3 Hz, 2H),
7.56 (dd,J = 6.5, 3.2 Hz, 2H), 7.26-7.20 (d,= 7.3, 5.9 Hz,
4H), 7.13 (ddJ = 9.2, 2.7 Hz, 2H), 7.03-6.99 (m, 8H), 6.66.1d,
= 6.6 Hz, 2H), 6.22 (d] = 7.8 Hz, 2H), 5.84 (s, 2H), 3.39 (@
17.6 Hz, 2H), 2.65-2.33 (m, 4H), 1.54 Jt= 14.7 Hz, 2H)*C
NMR (126 MHz, CDCJ): & 157.3 {1, "Jc.r = 238.14 Hz), 149.9,
146.8, 136.1, 135.5d( *Jc.r = 5.04 Hz), 132.0, 130.61,(°Jcr =
5.04 Hz), 130.2, 129.5, 129.3, 127.7, 127.6, 12172B.4, 126.0,
1245, 122.4, 119.2, 119.1, 116 2(JC_F = 22.68 Hz), 115.64(

7
2Jor = 22.68 Hz), 29.3, 24.9%F NMR (377 MHz, CDGJ): 6 -
123.79. HRMS (APCI): calcd. for &HssF0, [M-H]™:
735.2352, found: 735.2353.

4.2.6. Compound (M3Je. DCM: EtOAc (/v =100:1) as
eluent. Yellow powder (46 mg, 62% yield¥]¥ = +515 (c= 1.0
mg mL*, DCM). R = 0.45 (DCM: EtOAcy/v =100:1). M. p.:
72-74 °C."H NMR (500 MHz, CDCJ): § 8.16 (dd,J = 6.4, 3.3
Hz, 2H), 7.56 (ddJ = 6.5, 3.2 Hz, 2H), 7.26-7.20 (m, 4H), 7.13
(dd,J = 9.2, 2.5 Hz, 2H), 7.07-6.97 (m, 8H), 6.661¢ 6.6 Hz,
2H), 6.22 (dJ = 7.7 Hz, 2H), 5.83 (s, 2H), 3.39 (@= 13.2 Hz,
2H), 2.61-2.34 (m, 4H), 1.54 (= 12.3 Hz, 2H)*C NMR (126
MHz, CDCL): $157.3 @, "Jc.r = 239.40 Hz), 149.9, 146.8, 136.1,
135.5 ¢, *Jor = 5.04 Hz), 132.0, 130.5d,( ).+ = 5.04 Hz),
130.2, 129.5, 129.3, 127.7, 127.6, 127.2, 126.%.012124.5,
122.4,119.2, 119.1, 116.6,FJcr = 22.68 Hz), 115.6d( *Je.r =
22.68 Hz), 29.3, 24.9°F NMR (377 MHz, CDGJ)): & -123.79.
HRMS (APCI): calcd. for GHasF,0, [M-H] —: 735.2352, found:
735.2351.

4.3. Synthesis of enantiom&d

4.3.1. Compound (P3d. To the solution of B)-5 (304 mg, 0.4
mmol) in xylene (100 mL) was added 2,3-dichloro-5,6-
dicyanobenzoquinone (908 mg, 4 mmol) in one portidhe
reaction mixture was refluxed with stirring overnigbboled to
room temperature, and concentrated by reduced yeesSrude
product was purified by flash column chromatograpfitha DCM
and petroleum ether (1:¥/v) as eluent to give product. To the
mixture of above product, boronic acid (276 mg, &al), and
K,COs; (138 mg, 4 mmol) in a mixture solution of tolue(Gd
mL), EtOH (60 mL), and degassed water (30 mL) was added
Pd(PPH),Cl, (0.04 mmol). The reaction mixture was refluxed for
12 h, cooled to room temperature, and then add€R&E{100
mL) and water (100 mL). The organic phase was segghrdtied
over MgSQ, and concentrated by reduced pressure. The crude
product was purified by flash column chromatographg. the
solution of the above product in MeOH (20 mL) and TP
mL) was added Amberlyst 15 resin (400 mg). After thgtume
was stirred at 65 °C overnight, the resin was filleoé, and the
solvent was removed by reduced pressure. The ortgy@c was
passed through a silica plug with DCM as eluent fordfthe
product (108 mg, 39% vyield for three steps) aslbwepowder.
[a]Z = +1025 (c = 1.0 mg mL!, DCM). R = 0.45 (DCM). M. p.:
73-75°C."H NMR (500 MHz, CDC)): & 8.68 (dd,J = 5.8, 3.1
Hz, 2H), 8.34 (d,J = 8.5 Hz, 2H), 7.74 (ddl = 6.7, 2.5 Hz, 2H),
7.61 (s, 2H), 7.53-7.47 (m, 4H), 7.39Jt= 8.8 Hz, 2H), 7.19—
7.04 (m, 6H), 6.92 (t) = 8.2 Hz, 2H), 6.58 (tJ = 7.7 Hz, 2H),
6.20 (s, 2H), 6.13 (s, 2H), 5.64 @@= 7.8 Hz, 2H).**C NMR
(126 MHz, CDC}): 6 153.9, 148.1, 135.5, 132.3, 131.3, 130.2,
129.9, 129.7, 129.0, 128.9, 128.8, 128.5, 128.7,.9,2127.2,
126.3, 125.9, 125.6, 125.1, 124.9, 123.6, 121.3.611117.4.
HRMS (APCI): calcd. for gHzdO, [M-H] : 695.2228, found:
695.2223.

4.3.2. Compound (M3d. According to the same method as the
preparation of B)-3d, compound ¢1)-3d was obtained. DCM as
eluent. Yellow powder (88 mg, 32% vyieldy]} = —1032 (c =
1.0 mg mL}, DCM). R = 0.45 (DCM). M. p.: 74-76 °CH NMR
(500 MHz, CDC}): 6 8.68 (dd,J = 7.8, 4.7 Hz, 2H), 8.33 (d,=
8.7 Hz, 2H), 7.73 (dd) = 6.2, 3.1 Hz, 2H), 7.61 (s, 2H), 7.57—
7.45 (m, 4H), 7.38 (] = 8.8 Hz, 2H), 7.18-7.03 (m, 6H), 6.93 (t,
J = 8.3 Hz, 2H), 6.58 (1) = 9.0 Hz, 2H), 6.20 (s, 2H), 6.13 (s,
2H), 5.64 (d,J = 8.2 Hz, 2H).*C NMR (126 MHz, CDC)): &
153.9, 148.1, 135.5, 132.3, 131.3, 130.2, 129.9.7,2129.0,
128.9, 128.8, 128.5, 128.1, 127.9, 127.2, 126.%.9,2125.6,
125.1, 124.9, 123.6, 121.3, 117.7, 117.4. HRMS (AP&l)cd.
for Cs,HagO,4 [M-H] : 695.2228, found: 695.2228.
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4.4. General catalytic asymmetric HDA procedure. 190.8, 162.6, 143.0, 132.7, 126.5, 118.3, 112.8,81(9.9, 43.3.
A mixture of PhOH-H[5]HOL (35.0 mg, 0.05 mmol), 1.0 M HPLC analysis: Daicel Chiralpak OD-H, Hexane/IPA = 90:10,

Ti(OiPr), in CH,CIl, (100 pL, 0.10 mmol), and activated 4 A ggvigarfﬁn—(r%éqorgL/mln, retention time: 27.28 minigor) and
molecular sieves (240 mg) in toluene (5 mL) was dbatt 110 ’ 10r).

°C for 1 h. The yellow mixture was cooled to rt, amglaldehyde 4.4.6. Compound (Rgf. White solid (48 mg, 44% vyield); Yield:
(0.5 mmol) was added. The mixture was stirred fomfi® and  43%; M. p.: 101-102 °C; [lit. [58] M. p.: 100-102CF,
cooled to 0 °C. Danishefsky's diene (120 uL, 0.60afrvas  Enantiomeric excess: 11%4 NMR (500 MHz, CDCJ): 5 8.30
added. The mixture was allowed to stir at O °C foh24nd then (d,J = 8.6 Hz, 2H), 7.60 (d] = 8.6 Hz, 2H), 7.52 (d] = 6.0 Hz,
treated with 5 drops of trifluoroacetic acid (TFA).té&f the  1H), 5.62 — 5.51 (m, 2H), 2.85 (ddi= 16.7, 14.2 Hz, 1H), 2.75
mixture was stirred at 0 °C for 15 min, saturated N&kI(5.0 (d,J=3.6 Hz, 1H).13C NMR (126 MHz, CDGCJ): 6 190.7, 162.5,
mL) was added. The mixture was stirred for 10 mirg #ven  148.1, 144.9, 126.7, 124.2, 107.9, 43.4. HPLC aiwly3aicel
filtered through a plug of Celite. The organic layes separated, Chiralpak OD-H, Hexane/IPA = 90:10, flow rate = 1.0 mid,
and the aqueous layer was extracted with ether (5m)3 The  retention time: 29.36 min (minor) and 40.16 min jona

combined organic layer was dried over anhydrous Mg&@l 4.4.7. Compound (R, Colorless oil (52 mg, 55% yield):

gﬁ?(;:rigttr(;g?:bhyT?EtOngd;e)etrrﬁlzlgrL#e et\r:V(?rS: Fluzf;e%Sg;/ Poflas Enantiomeric excess: 58%4 NMR (500 MHz, CDCJ): & 7.45
yield product : (d,J = 6.0 Hz, 1H), 7.34-7.23 (m, 1H), 7.23-7.11 (m, 3545

' 5.43 (m, 1H), 5.37 (dd] = 14.5, 3.2 Hz, 1H), 2.89 (dd,= 16.8,
4.4.1. Compound (R8a. Colorless oil (69 mg, 79% vyield); 14.6 Hz, 1H), 2.63 (d) = 19.5 Hz, 1H), 2.38 (s, 3HYC NMR
Enantiomeric excess: 53%4 NMR (500 MHz, CDCJ): § 7.28 (126 MHz, CDC}): 5 192.1, 163.2, 138.6, 137.8, 129.7, 128.7,
(d,J =6.0 Hz, 1H), 7.25-7.16 (m, 5H), 5.33 (&= 6.0 Hz, 1H), 126.8, 123.2, 107.3, 81.2, 43.4, 21.4. HPLC analyBicel
5.23 (d,J = 14.4 Hz, 1H), 2.78-2.59 (m, 1H), 2.46 (dd; 18.5, Chiralpak OD-H, Hexane/IPA = 90:10, flow rate = 1.0 mid,
2.6 Hz, 1H).”*C NMR (126 MHz, CDGJ)): § 191.1, 162.2, 136.8, retention time: 8.83 min (minor) and 10.05 min (o]

EZY'Q' 125-'1' 106.3, 80.1, 76.3, 76 1, 7_5'8’ .‘HHLC analysis: 4.4.8. Compound (R8h. White solid (57 mg, 55% yield); M. p.:
aicel Chiralpak OD-H, Hexane/IPA = 99:1, flow rate 6 1. gy . i ) : '
mL/min, retention time: 24.60 min (minor) and 29.38in 173'74 C; [lit. [57] M. p.: 74-75 °C]; Enantiomerexcess: 25%.
(major)’ H NMR (500 MHz, CDCJ): 6 7.57 (d,J = 7.7 Hz, 1H), 7.50 (d,

' J = 6.0 Hz, 1H), 7.42-7.23 (m, 3H), 5.79 (dd= 13.9, 3.9 Hz,
4.4.2. Compound (R9b. White solid (63 mg, 62% yield); 1H), 5.53 (dJ= 6.0 Hz, 1H), 2.84-2.58 (m, 2HJC NMR (126
Enantiomeric excess: 43%; M. p.: 51-53 °C; [litB]3. p.: 50- MHz, CDCk): 4 191.3, 163.0, 135.8, 131.5, 129.7, 129.7, 127.4,
51 °C]; H NMR (500 MHz, CDC)): 6 7.40 (d,J = 6.0 Hz, 1H), 127.1, 107.5, 77.9, 42.1. HPLC analysis: Daicel Qipida OD-
7.28 (d,J = 8.6 Hz, 2H), 6.89 (d] = 8.7 Hz, 2H), 5.45 (d]=6.0  H, Hexane/IPA = 90:10, flow rate = 1.0 mL/min, retentiime:
Hz, 1H), 5.31 (ddJ = 14.4, 3.2 Hz, 1H), 3.76 (s, 3H), 2.86 (dd, 15.13 min (minor) and 16.63 min (major).

= 16.8, 14.5 Hz, 1H), 2.56 (dd,= 16.8, 2.5 Hz, 1H)}*C NMR i : . .

(126 MHz, CDCJ): 5) 192.3,(163.3, 160.0, 129.9, I27.8, 114.1,4.4.9. Compound.(FBh Colorless oil (73 mg, 66% vyield); Yield:

107.2, 80.8, 55.3, 43.1. HPLC analysis: Daicel ChaalOD-H 67%; Enantiomeric excess: 19%1 NMR (500 MHz, CDC)): &
DA — oMe1n f ' ' 8.05(d,J=8.2Hz,1H), 7.86 (] = 7.8 Hz, 1H), 7.76 (1 = 7.6

T:é%nri/if '(Aminoi())';r?é ;'g";zr?rtfn (mtj%r)mu min, retentiome: - "1H), 7.57 (tJ = 7.8 Hz, 1H), 7.50 (d] = 6.1 Hz, 1H), 6.06
' ) ' (dd,J = 14.1, 3.1 Hz, 1H), 5.58 (d,= 6.0 Hz, 1H), 2.99-2.96
4.4.3. Compound (RBe. White solid (67 mg, 64% vyield); (m, 1H), 2.84-2.69 (m, 1H}’C NMR (126 MHz, CDG): 5
Enantiomeric excess: 67%; M. p.: 70-71 °C; [lit8]™M. p.: 69- 190.8, 162.6, 147.2, 133.8, 129.5, 128.1, 124.9,.9,043.1.
71 °C];1H NMR (500 MHz, CDC)): 4 7.47 (d,J = 6.0 Hz, 1H), HPLC analysis: Daicel Chiralpak OD-H, Hexane/IPA = 90:10,
7.40 (d,J =6.9 Hz, 2H), 7.34 (d] = 8.2 Hz, 2H), 5.53 (d]=6.0  flow rate = 1.0 mL/min, retention time: 16.81 minifwr) and
Hz, 1H), 5.41 (dJ = 14.3 Hz, 1lg-l) 2.86 (ddl = 16.6, 14.5 Hz, 20.20 min (major).
1H), 2.65 (dJ = 19.8 Hz, 1H). '€ NMR (126 MHz, CDC) 3 4 16 compound (Rg- White solid (58 mg, 70% yield); M. p.:
191.6, 162.9, 136.4, 134.8, 129.1, 127.5, 107.3,88.3. HPLC 70-71 °C- Tiit. 1581 M. b 72-73 °Cl- Enant ) L 420¢
analysis: Daicel Chiralpak OD-H, Hexane/IPA = 90:10wflate  ; ; [lit. [58] M. p.: ) J; Enantiomerexcess: _°'
= 1.0 mL/min, retention time: 23.34 min (minor) aBd.43 min H NMR (500 MHz, CDCJ): § 7.48-7.47 (m, 1H), 7.36 (d,=
' ’ N ' 6.1 Hz, 1H), 6.45 (dJ = 3.3 Hz, 1H), 6.40 (dJ = 1.7 Hz, 1H),

(major). 5.49-5.45 (m, 2H), 3.06 (dd,= 16.9, 12.8 Hz, 1H), 2.73-2.69
4.4.4. Compound (R9d. Colorless oil (95 mg, 76% yield); (m, 1H).”*C NMR (126 MHz, CDGC)): 5 191.1, 162.4, 150.1,
Enantiomeric excess: 57%1 NMR (500 MHz, CDC)): 6 7.55  143. 6, 110.1, 109. 7, 107.3, 73.5, 39.5. HPLC aml\Daicel
(d,J = 8.4 Hz, 2H), 7.47 (d] = 6.0 Hz, 1H), 7.28 (d] = 8.4 Hz,  Chiralpak OD-H, Hexane/IPA = 90:10, flow rate = 1.0 mid,
2H), 5.53 (d,J = 6.0 Hz, 1H), 53.39 (dd] = 14.3, 3.3 Hz, 1H), retention time: 21.99 min (major) and 24.18 minr(am).
PR i 1;'2? Nl';"fg(llzg?'\g;icfﬁ%;fc 4.4.11. Compound (F8. White solid (47 mg, 54% yield); M.
analysis: Daicel Chiralpak OD-H, Hexane/IPA = 90:10nflate P 7?1'75 C; flit. [57] M. p.: 7:_)"74 CJ; Enantigric excess:
= 1.0 mL/min, retention time: 11.36 min (minor) abd.15 min 14%."H NMR (500 MHz, CDCJ): § 8.69-8.57 (m, 1H), 7.79 (t,
’ ' B ' J = 7.7 Hz, 1H), 7.55-7.43 (m, 2H), 7.34-7.27 (m, 1H§35

(major). 5.46 (m, 2H), 3.07-2.94 (m, 1H), 2.92-2.78 (m, ££Q. NMR
4.4.5. Compound (Rge. White solid (58 mg, 58% vyield); Yield: (126 MHz, CDC}): 6 191.8, 162.4, 156.7, 149.5, 137.2, 123.6,
59%; M. p.: 72-73 °C; [lit. [58] M. p.: 70-72 °CEnantiomeric  120.9, 107.8, 81.1, 41.6. HPLC analysis: Daicel Qiida OD-
excess: 33%H NMR (500 MHz, CDCJ): 6 7.75 (d,J = 8.2 Hz, H, Hexane/IPA = 90:10, flow rate = 1.0 mL/min, retentiime:
2H), 7.53 (ddJ = 16.4, 7.1 Hz, 3H), 5.58 (d,= 6.0 Hz, 1H), 27.78 min (major) and 34.99 min (minor).

ggg Eggizzlfé% 3352|_||_|ZZ iﬂ}%%&éﬁé%&&jéga%) 4.4.12. Compound (R8k Colorless oil (32 mg, 36% yield);
' ' T ' ' ' ' Enantiomeric excess: 4%+ NMR (500 MHz, CDCJ): & 7.38



(d, J = 6.0 Hz 1H), 5.38 (d] = 6.0 Hz 1H), 4.25-4.07 (m, 1H), 16.

2.62-2.47 (m, 1H), 2.38 (d,= 16.6 Hz, 1H), 1.96-1.86 (m, 1H),
1.80 (d,J = 12.8 Hz, 2H), 1.68 (d] = 11.0 Hz, 2H), 1.34-1.00
(m, 6H). ®C NMR (126 MHz, CDCJ): 5 193.2, 163.3, 106.8,
83.6, 77.4, 77.1, 76.9, 41.4, 39.1, 28.0, 26.1,82%PLC
analysis: Daicel Chiralpak OD-H, Hexane/IPA = 90:10wflate
= 1.0 mL/min, retention time: 9.87 min (major) ah@.99 min
(minor).

4.4.13. Compound (Rm. Colorless oil (23 mg, 22% yield);
Enantiomeric excess: 3%+ NMR (500 MHz, CDCJ): & 7.36
(d,J =5.9 Hz, 1H), 5.40 (ddl = 6.0, 1.1 Hz, 1H), 4.45-4.35 (m,
1H), 2.52 (ddJ = 16.8, 13.4 Hz, 1H), 2.43 (dd,= 16.8, 3.8,
1H), 1.85-1.81 (m, 1H), 1.69-1.62 (m, 1H), 1.49-118512H),
0.89 (t,J = 6.8 Hz, 3H)*C NMR (126 MHz, CDG)): 5 192.8,
163.3, 106.9, 79.6, 77.4, 77.1, 76.9, 41.9, 34148,329.4, 29.3,
24.8, 22.7, 14.1. HPLC analysis: Daicel Chiralpak OD-H,
Hexane/IPA = 90:10, flow rate = 1.0 mL/min, retentitime:
17.21 min (minor) and 18.60 min (major).

Acknowledgement

We thank the National Natural Science Foundation lwh&
(21572233, 21332008), the National Basic Reseamdgr&m
(2015CB856502), and the Strategic Priority Rese®rdgram of
Chinese Academy of Sciences (XDB12010400) for findncia
supports.

Conflicts of interest
There are no conflicts to declare.

Appendix A. Supplementary data

30.

Supplementary data associated with this articlebeafound,
in the online version, at https://doi.org/10.1016

References

1. Y. Shenand C.-F. Chen, Chem. Rev. 112 (2012) 1888-1

2. M. Li, X.-J. Li, H.-Y. Lu and C.-F. Chen, Sens.tAat. B 202
(2014) 583-587.

3. L. Fang, M. Li, W.-B. Lin, Y. Shen and C.-F. Cheh Org.
Chem. 82 (2017) 7402-7409.

4. D. Schweinfurth, M. Zalibera, M. Kathan, C. SheM,
Mazzolini, N. Trapp, J. Crassous, G. Gescheidt and
Diederich, J. Am. Chem. Soc. 136 (2014) 13045-13052.

5. M. Li, W. Yao, J.-D. Chen, H.-Y. Lu, Y. Zhao amd-F. Chen,
J. Mater. Chem. C 2 (2014) 8373-8380.

6. M. Li, Y. Niu, H.-Y. Lu and C.-F. Chen, Dye Pignte120
(2015) 184-189.

7. D. Yang, M. Li and C. Chen, Chin. J. Chem. 351{0635-
639.

8. Y. Mou, H. Lu, M. Li and C. Chen, Chin. J. CheB& (2017)
435-441.

9. M. Gingras, G. Felix and R. Peresutti, Chem. Sev. 42

(2013) 1007-1050.

L. Fang, W. Lin, Y. Shen and C. Chen, Chin. §.@hem. 38

(2018) 541-554.

W.-B. Lin, M. Li, L. Fang and C.-F. Chen, Chin.€dh Lett.

2018,29, 40.

K. Nakamura, S. Furumi, M. Takeuchi, T. Shibwrd K.

Tanaka, J. Am. Chem. Soc. 136 (2014) 5555-5558.

Y. Sawada, S. Furumi, A. Takai, M. Takeuchi,NGguchi and

K. Tanaka, J. Am. Chem. Soc. 134 (2012) 4080-4083.

D.-Q. He, H.-Y. Lu, M. Li and C.-F. Chen, Chem. Gouam 53

(2017) 6093-6096.

H. Oyama, K. Nakano, T. Harada, R. Kuroda, Mitd\eK.

Nobusawa and K. Nozaki, Org. Lett. 15 (2013) 210872

39.

10.

11.

12.

13.

14.

15.

17.

18.

19.
20.
21.
22.
23.
24.
25.

26.

28.

29.

31.
32.
33.
34.
F3s.
36.

37.

38.

40.

41.
42.

43.

45.

9
T. Kaseyama, S. Furumi, X. Zhang, K. Tanaka &
Takeuchi, Angew. Chem. Int. Ed. 50 (2011) 3684-3687.
T. Fujikawa, Y. Segawa and K. Itami, J. Am. Ch&uc. 137
(2015) 7763-7768.
Y. Yamamoto, H. Sakai, J. Yuasa, Y. Araki, Tad¥, T.
Sakanoue, T. Takenobu, T. Kawai and T. Hasobe, CRem J.
22 (2016) 4263-4273.
M. Li, W.-B. Lin, L. Fang and C.-F. Chen, Acta @hiSinica
75 (2017) 1150-1163.
D. Yang, P. Duan, L. Zhang and M. Liu, Nat. Gaoum. 8
(2017) 15727.
H. Tsumatori, T. Nakashima and T. Kawai, OrettL12 (2010)
2362-2365.
J. Han, P. Duan, X. Li and M. Liu, J. Am. CheBunc. 139
(2017) 9783-9786.
J. Kumar, H. Tsumatori, J. Yuasa, T. Kawai @antlakashima,
Angew. Chem. Int. Ed. 54 (2015) 5943-5947.
J. Kumar, T. Nakashima, H. Tsumatori and T. &aw Phys.
Chem. Lett. 5 (2014) 316-321.
M. T. Reetz, E. W. Beuttenmuller and R. Goddaadrahedron
Lett. 38 (1997) 3211-3214.
D. Nakano and M. Yamaguchi, Tetrahedron Le#t.(2003)
4969-4971.

27. Z. Krausova, P. Sehnal, B. P. Bondzic, S. Chgche.

Eilbracht, I. G. Stara, D. Saman and I. Stary, HuOrg. Chem.
(2011) 3849-3857.

T. Tsujihara, N. Inada-Nozaki, T. Takehara,YD.Zhou, T.
Suzuki and T. Kawano, Eur. J. Org. Chem. (2016) 44e52.
K. Yamamoto, T. Shimizu, K. Igawa, K. Tomoola, Hirai, H.
Suemune and K. Usui, Sci. Rep. 6 (2016) 36211.

P. Aillard, D. Dova, V. Magne, P. Retailleau Cauteruccio, E.
Licandro, A. Voituriez and A. Marinetti, Chem. Commub2
(2016) 10984-10987.

P. Aillard, P. Retailleau, A. Voituriez and A.akihetti, Chem.
Eur. J. 21 (2015) 11989-11993.

R. El Abed, F. Aloui, J.-P. Genet, B. Ben Hassamel A.
Marinetti, J. Organomet. Chem. 692 (2007) 1156-1160.

F. Aloui, R. El Abed, A. Marinetti and B. Ben Hass
Tetrahedron Lett. 48 (2007) 2017-2020.

P. Aillard, A. Voituriez, D. Dova, S. CauterugckE. Licandro
and A. Marinetti, Chem. Eur. J. 20 (2014) 12373-837

M. Gicquel, Y. Zhang, P. Aillard, P. Retaillea, Voituriez
and A. Marinetti, Angew. Chem. Int. Ed. 54 (2015y6%6473.
K. Yavari, P. Retailleau, A. Voituriez and A. hfeetti, Chem.
Eur. J. 19 (2013) 9939-9947.

K. Yavari, P. Aillard, Y. Zhang, F. Nuter, P. tRileau, A.
Voituriez and A. Marinetti, Angew. Chem. Int. Ed. §3014)
861-865.

P. Aillard, A. Voituriez and A. Marinetti, Dalh Trans. 43
(2014) 15263-15278.

P. Aillard, P. Retailleau, A. Voituriez and A.akihetti, Chem.
Commun. 50 (2014) 2199-2201.

K. Yavari, S. Moussa, B. Ben Hassine, P. RetilleA.
Voituriez and A. Marinetti, Angew. Chem. Int. Ed. §2012)
6748-6752.

M. R. Crittall, H. S. Rzepa and D. R. Carbery, Quett. 13
(2011) 1250-1253.

M. R. Crittall, N. W. G. Fairhurst and D. R. Caghe€Chem.
Commun. 48 (2012) 11181-11183.

J. Misek, F. Teply, I. G. Stara, M. Tichy, [argan, |. Cisarova,
P. Vojtisek and I. Stary, Angew. Chem. Int. Ed. £2008)
3188-3191.

. J. Chen, B. Captain and N. Takenaka, Org. L&t.(2011)

1654-1657.
N. Takenaka, J. Chen, B. Captain, R. S. Sarangtr&mA.
Chandrakumar, J. Am. Chem. Soc. 132 (2010) 4536-4537.



10 Tetrahedron

46. N. Takenaka, R. S. Sarangthem and B. CaptainewwnGhem.
Int. Ed. 47 (2008) 9708-9710.

47. M. J. Narcis, D. J. Sprague, B. Captain and Mefaka, Org.
Biomol. Chem. 10 (2012) 9134-9136.

48. Z. Peng, M. J. Narcis and N. Takenaka, Molecdlg (2013)
9982-9998.

49. S. D. Dreher, T. J. Katz, K.-C. Lam and A. L. Rigeld, J.
Org. Chem. 65 (2000) 815-822.

50. J.-D. Chen, L. Fang and C.-F. Chen, Mini-Rev. @igem. 12
(2015) 310-327.

51. X.-Y. Yuan and Z.-P. Zhang, Chin. J. Org. Ch@mn.(2007)
1479-1490.

52. M. Li, H.-Y. Lu and C.-F. Chen, J. Photochem. tBhm. A:
Chem. 355 (2018) 408-413.

53. H.Du, X. Zhang, Z. Wang, H. Bao, T. You andXng, Eur. J.
Org. Chem. (2008) 2248-2254.

54. B. Wang, X. Feng, X. Cui, H. Liu and Y. Jiang, @he
Commun, 17 (2000) 1605-1606.

55. H. Du, J. Long, J. Hu, X. Li and K. Ding, Oigett. 4 (2002)
4349-4352.

56. X.B. Yang, J. Feng, J. Zhang, N. Wang, L. Wahdg.. Liu and
X. Q. Yu, Org. Lett. 10 (2008) 1299.

57. B. Wang, X. Feng, Y. Huang, H. Liu, X. Cui and Jang, J.
Org. Chem. 67 (2002) 2175-2182.

58. M. Anada, T. Washio, N. Shimada, S. Kitagaki, Nakajima,
M. Shiro and S. Hashimoto, Angew. Chem. Int. Ed.(2@04)
2665-2668.



