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1. Introduction

It is of great importance to use a single chiralree to obtain
both enantioenriched products in asymmetric syigtieSo far,
various types of chiral metal complexes and orgatadgsts have
been reported in this regatdReversal of enantioselectivity by
changing metal center of catalytic complexes wite game
chiral ligand has received particular attentioncsirthe early
work reported by Kreuzfeld and co-workers in 18&esides the
catalytic species, unexpected inversion of enaglgosivity by
changing reaction conditions such as solvents, ¢eatpre,
additives, were also observed in specific reactidtewever,
from a practical point of view, it is also widely apted that
examination of diverse sets of metal sources isrthst potential
avenue for effective stereocontrol. Therefore, giesif efficient
and flexible ligands in conjunction with metals dfferent ionic
radii remained an urgent but challenging reseaspltt

Henry reaction, a highly versatile carbon—carbon doon
forming reaction, was well known. This reaction cannbetal-
catalyzed such as zid@opper, cobalt® chromium! magnesiuth
and rare eartfis Asymmetric Henry reaction became a good
model for the evaluation of chiral metal (M)-ligan@.*)
complexes since the pioneering work reported by &Hsiki
group in 19922 Du and Xu had also a tridentate bis(oxazoline)
and bis(thiazoline) ligands for L*-M (M = ¢iZn") complexes
in the catalytic asymmetric Henry reactionseketo esters with
nitromethane, in this case, both enantiomers weta@red (up to
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Scheme 1. Synthesis of the chiral ligandS)-5 ~ (S)-7.
2. Results and discussion

Inspired by Katsuki's introduction of binaphthylitimto the

85% ee}}® Recently, Oh group designed a brucine-derived amingalen ligand; as shown in Scheme @;-symmetric salen ligands

alcohol ligand-Clyzn" catalyst system to induce reversal of
enantioselectivity in asymmetric Henry reactfonHowever,
Most of these work used organic bases as additivieish could
have a great negative effect on the catalytic retctand
coordination ability. Thus, we envisioned that aatig which
incorporated tertiary amine would be functioned ases without
employing additives.

Meanwhile, chiral salen ligands derived from vicidé&mine
and aldehydes were chosen as they could be easilifietband
metallosalen complexes had been proven to be \éggtiee in
terms of enantioselectivity. Herein, we report the design and
synthesis of novel C,-symmetric salen ligands bearing
morpholine functional group based on BINOL framewdok
obtaining both isomers in asymmetric Henry readtiony
changing central metals.

bearing morpholine subunit were prepafétarting with §)-
1,1’-binaphthyl-2,2’-diol (BINOL), the mono-aldehyd§)-3 was
prepared according to the known literattre. A
morpholinomethyl group was introduceda a Friedel-Crafts
reaction of §)-3 with morpholinomethanol at high temperature.
After a recrystallization with CyCl,/MeOH (1/2, vl/v), the
aldehyde $)-4 was obtained as a yellow crystal in an enantiopure
form, whose structure was confirmed by X-ray crysgaphic
analysis®® Condensation of §-4 with various 1,2-diamines
furnished Schiff bases as the desired salen ligéBes ~ (9-7
efficiently in the yield of 88-96%. Additionally, RE)-(((1R,2R-
2-((B)-(((9-2,2'-dihydroxy-[1,1'-binaphthalen]-3-
yl)methylene)amino)cyclohexyl)imino)methyl)-[1,1'-
binaphthalene]-2,2'-diol §-8) was also prepared fron®)¢3 in
the similar manner (Scheme S1).

Table 1. Screening of metal sources in enantioselectiveyen
reactiort

0

)J\H + CH3NO,

OH
Ligand/metal Ph)’x/ NO,

Ph MeOH, 0 °C
Entry Ligand Metal Yield (%) ee (%}
1 (9-5 Yb(PrO} 78 60 (R)
2 (9)-6 Yb(Proj 70 35 R)
3 (9)-7 Yb('PrO}; 80 25 (R)
4 ()-8 Yb('PrO}; trace /
59 (9)-8 Yb('PrOj 76 7 (R)
6 (9-5 ! trace /
7 (9-5 Sc(PrO; 72 37 R)
8 (95 La(PrO} 67 15 (R)
9 (9-5 Co(OAC(H:0), 90 85 (9
1C (9-5 Ni(OAc), 59 racemit
11 (9-5 Cu(OAc} 37 racemit
12 (9)-5 Mn(OAC), 53 11 (9

#Reaction conditions: benzaldehyde (0.25 mmol)pnigthane (1.25 mmol),
ligand (6 mol%), metal (5 mol%), methanol (1.5 mE}% hours of reaction
time.



®|solated yields.
“Determined by chiral HPLC.
4Triethylamine (0.25 mmol) was added.

In connection with our studies concerning rare eadls as
Lewis acid catalyst¥, metallosalen complexes were prepaired
situ by treatment of9-3 ~ (§-7 with ytterbium isopropoxide in
MeOH. Then, we evaluated their performances in tmetmark
Henry reaction of benzaldehyde with nitromethane ig4ab. To
our delight, 5 mol% Yb(®r), complexed with 6 mol%Sj-5 at
room temperature was found to give a good yieldR)f1¢-(4-
nitrophenyl)-2-nitroethanol in 60% ee, the absokdafiguration
was confirmed by comparison of the observed spedaifiation
with literature value$.Using salen ligandsS[-6 and §)-7, the

8 l_\/IigH/THF 5 48 80 919
9 i/li/C])H/THF 15 36 91 929
10 T\/Iil(le/THF rt. 36 95 829
11 T\/Iil(le/THF 40 36 97 599
12 :/Iilcl)H/THF 15 48 84 68R)
13 :/Iilcl)H/THF 15 48 93 87R)

=1/4

#Reaction conditions: benzaldehyde (0.25 mmol)pnigthane (1.25 mmol),
ligand (6 mol%), Co(OAg[H-0). (5 mol%), solvent (1.5 mL).

®|solated yields.

level of asymmetric induction was poor under the &amcp.mined by chiral HPLC.

conditions. With §-8 as ligand, the reaction did not occur in

methanol without additives, however, when an equitalenYb(OPr)was used.

triethylamine as base additives was employed, thsirete
product was obtained in 76% yield and 7% ee. It icowed the
hypothesis that the morpholinomethyl moiety of sdlgand can
activate the reactants as a bulky base in additae-conditions.
Hence, the new salen ligan§)-6 was utilized to screen various
metal sources for the inversion of product sel@gtivin
asymmmetric Henry reaction. Other rare earth metah sas
La(lll) and Sc(lll) complexes gave moderate yielaisd low
enantioselectivities (Table 1, entries 7 and 8).Weee pleased to
find that in the presence of 5 mol% Co(O4E)LO), and §)-5 in
methanol, the enantioselectivity of the reaction vea®rsed, and
the reaction proceeded smoothly to provide theesponding
(9-1-(phenyl)-2-nitroethanol in 90% yield and 85% kElewever,
the metal complexes ofS¢5 with Ni(OAc), Cu(OAc) and

Mn(OAc), only gave low enantioselectivities and moderate

chemical yields.

Next, an asymmetric Henry reaction of benzaldehydédn wit

nitromethane was carried out in the presence of ltebhken
catalyst to establish the optimum reaction condit@able 2).
Several polar and non-polar solvents (EtOPrOH, CHCI,,

THF) were screened. The alcohols gave the desiredupts in
good vyields and high enantioselectivities. Howevercases of

CH,Cl, and THF, only trace amount of products was observed.

Inspired by recent works of enantioselectivity irsien!’ a co-
solvent pair of MeOH/THF (2/1) at the temperature 0ofC

resulted in an improvement of product enantiosiliégtto the

higher of 90%. Finally, the reaction temperature imaseased to
15°C, even higher enantioselectivity was attained @abplentry
9). Surprisingly, switching cobalt-salen to ytteroisalen
complexes by using MeOH/THF (2/1) as solvent at@%lso led
to the inversion of product enantioselectivity &rder extent
(Table 2, entry 12). Other screenings were also ezhrout
(Tables S1 ~ S2), and MeOH/THF (1/4) gave the besttravith

93% yield and 87% ee (Table 2, entry 13).

Table 2. Optimization of enantioselective Henry reacfion

0 OH
(S)-5/Co(OAC)»(H,0), )\/
+ CH5;NO > o NO,
Ph)L H e Solvent Ph
Entry Solvent TemgpC) Time (h)  Yield ee (%)
%)
1 MeOH 0 24 aC 85 (S
2 EtOH 0 24 7€ 75(9
3 i-Pror o 24 74 73(9
4 THF Q 48 trace /
5 CH.Cl, 0 48 trace /
6 MeOH/THF 0 48 73 9209
=2/1
7 MeOH/THF -1C 48 23 87 (9

With the optimal reaction condition in hand, we hat
studied the generality of asymmetric Henry reactiérvarious
aldehydes with nitromethane in the presence of ysit45)-5
with Co(OAc)(H,0), or Yb(OPr); as shown in Table 3. The
presence of either electron-withdrawing or elec@onating
substituents at various positions of the aromaitig rof aryl
aldehydes was tolerated with ee value from 80% to Yt9én
Co(OAc)(H,0), were used for the central metal. As expected,
electron-rich aldehydes resulted in lower reactithign electron-
deficient aldehydes. Cyclohexanecarbaldehyde gaweptoduct
in only moderate yield but excellent enantioselatsti(Table 3,
entry 12). Cinnamaldehyde gave the correspondiodymt in 81%
ee, and excellent ee value (>99%) was obtained after
recrystallization (Table 3, entry 13). In contragh(O'Pr)/(S-5
catalytic system gaveRj-configuration of desired product in the
range of 10 ~ 87% ee (Table 3, entries 1 to 13).

Table 3. The substrate scope of enantioselective Henry
reactiort
(S)-5/Co(OAC)x(H20)4

- i OH OH
)]\ + CHyNO, or (S)-5/Yb(O'Pr)s 3 o, * )\/NO
R™H CHOH/THF,15°C  R™>""2 R 2

(S)-9a-m (R)-9a-m
Entry R (S)-5/Co(OAC,(H.0),? (9-5/Yb(O'Pr)°

Yield ee (%Y Yield ee(%)

(%) 9-9 (%) (R)-9
1 PF 91 92 93 87
2 4-CICgH4 9C 88 77 37
3 4-NO,C¢H4 9t 80 9€ 16
4 4-CNCgH,4 92 91 98 12
5 4-CF3CgH4 9C 84 8t 1C
6 4-FCgH, 8¢ 9C 84 58
7 2-FCgH4 82 94 91 51
8 3-FCeH, 72 93 92 65
9 4-MeCgH4 82 90 8¢ 66
1C 4-OMeCgH4 81 87 81 62
11 cyclohexy 6E 91 67 52
12 2-furyl 88 97 87 33
13 E)- 90 81(>99§ 84 38

PhCH=CF

# Reaction conditions: aldehyde (0.25 mmol), nitrdmee (1.25 mmol),
ligand (6 mol%), metal (5 mol%), MeOH/THF (2Atlv, 1.5 mL), 36 h of
reaction time.

®|dentical conditions but otherwise for 48 h in MeHF (1/4,v/v, 1.5 mL).
‘Isolated yields.

4Determined by chiral HPLC.
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€ After recrystallization.

Although the structures of catalytic species awaitgher
information, the related structures of Co(ll)-s&f&rand Yb(Ill)-
salen complexéd were well documented. Based on the
pronounced difference in ionic radii of Co(ll) ar8(lll) and the
oxophilic and isotropic nature of ytterbium metalghe
coordination of metal centers with salen ligar§)-§ in the
formation of metallosalen complexes was proposedrign 1.
Both metallosalen complexes were
spectrometry experiments. The TOF-HRMS/BRowed a peak
atm/z961.3380, which corresponds ttO]" for cobalt complex,
and m/z 1076.3403 which corresponds tdl1]" for ytterbium
complex, respectively. It is worth to note that, the case of
cobalt complex, a peak at/z1021.3709 may be the@+Co]
ion, this results suggested dinuclear structureotfalt complex
was formed. In the case of ytterbium complex, a pagin/z
1135.2992 is most likely related th1frO'Pr]", to take account of
the oxophilic and the isotropic nature of ytterbiumetals, the

model of 12 has been proposed (Fig. 1). On the basis of the
outcome betwee

above experiments, the stereochemical
different metallosalen complexes can be explaingd tihe
following possible transition state models with bathmplexes
(Fig. 2). At this stage, although the insight int@ tmechanism
remained unclear since we failed to obtain the atgsraphic
information of the catalytic species, from seveseénarios we
tried, we hypothesized that thg) enantiomer is preferred by a
nucleophilic attack of nitromethane on the benZayde from the
re-face under the chiral environment formed by C2+s\atric
chiral ligand and the cobalt atom. In the Yb cabe, dxygen
atom of the benzaldehyde was approaching to thebidta by
replacing the oxygen of the morpholine group; Meaiteyhhe
nitromethane attacks the benzaldehyde from ¢$héace. It
appears that the tertiary amine moiety participatesthe
formation of metallic complexes, and it is essdnf@ the
activation of nitromethane.
‘\”X\N/

(o)

5

: HO
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Fig. 1. The TOF-HRMS spectra of (a) Co(ll) and YioYIll) complexes.

OH

®)
NO,

Fig. 2. A possible transition state structure.
3. Conclusion

In summary, we successfully synthesized a clas$iofldC,-
symmetric salen ligands bearing morpholine funetiomoiety.
With these ligands in combination with Co(ll) or Y|
respectively, a controlled selective methodologyagymmetric
Henry reaction of a range of aldehydes and nitroarethwas
developed in obtaining both enantiomeric Henry podsiu

4. Experimental section
4.1. General procedures

General Methods. Unless otherwise noted, all the ipsect
were conducted under argon atmosphere. All reagents a
solvents were dried and distilled prior to ud¢.NMR and™C
NMR spectra were recorded at 400 MHz and 100 MHz,
respectively using tetramethylsilane as an intenrgéerence.
Chemical shiftsd) and coupling constantd)(were expressed in
parts per million and hertz, respectively. Meltipgints were
uncorrected. High-resolution mass spectrometry (HRM&}p
performed with Electron lonization (El) resourceaor an ESI-
TOF spectrometer. The ee was determined by HPLC onofAD,
OD column.

4.2. General Procedurefor the Synthesis of (S)-4

Morpholinomethanol (10.0 mL) combining with (S)(1.0 g,
3.18 mmol) was heated at 110 °C for 72 h. After catiph of
the reaction, the mixture was cooled to room tewupee and



diluted with chloroform (100 mL). The solution was \wed with

5
(morpholinomethyl)-[1,1'-binaphthalene]-2,2'-diol

saturated NaHC§(6x20 mL) and water (3x20 mL). The organic ((S)-7). Yellow solid, 208.9 mg, 96% yield, m.p 195-18G.

phase was then concentrated under vacuum and tldeeeasas
purified by column chromatograph on silica gel etutwith
petroleum ether / ethyl acetate (10:1) to giSe4 in 40% vyield,
and the enantiopure form was obtained after a redligation
with CH,CIl,/MeOH.

4.2.1.(S)-2,2'-dihydroxy-3'-(morpholinomethyl)-
[1,1'-binaphtha|ene]-3-carba|dehyde($2-4). Yellow
solid, 526.1 mg, 40% yield, m.p 205-20@. [0]p>° -152 € 1.0,
CHCL). '"H NMR (400 MHz, CDCJ) § 11.28 (br s, 1H), 10.46 (s,
1H), 10.18 (s, 1H), 8.30 (s, 1H), 7.96-7.98 (m, 1H}97(d,J =
8.0 Hz, 1H), 7.69 (s, 1H), 7.38-7.20 (m, 5H), 7.11)(d,8.4 Hz,
1H), 4.02 (dJ = 14 Hz, 1H), 3.98 (dJ = 14 Hz, 1H), 3.69 (br s,
4H), 2.64 (br s, 4H)"*C NMR (100 MHz, CDG)) ¢ 196.9, 153.1,
153.5, 138.0, 137.8, 133.7, 130.4, 130.0, 128.8.3,2127.9,
127.7, 126.5, 125.2, 124.4, 124.3, 123.4, 123.2.212118.5,
114.7, 66.6, 62.3, 52.9. FT-IR (&) 1003, 1025, 1031, 1072,
1102, 1117, 1151, 1171, 1185, 1250, 1269, 12934,13383,
1423, 1457, 1472, 1503, 1578, 1660, 2845, 2892529359,
3058, 3203, 3436. HRMS (El) Calcd. fops8,sNO, 413.1627,
found 413.1628.

4.3. General Procedurefor the Synthesis of (S)-5 ~ (S)-7

(9-4 (0.48 mmol) was dissolved completely in CHE2.0
mL), and diamines NHX-NH, (0.24 mmol) was added
dropwise. The yellow solution was then allowed to atir.t. for
24 h. After removal of the solvent, the crude praduas washed
by methanol carefully and dried with gentle heatimgyacuoto
provide §-5 in 92% yield, §-6 in 88% yield, §-7 in 96%
yield, respectively.

4.3.1.3-((E)-(((1R,2R)-2-((E)-(((S)-2,2'-dihydroxy-
3'-(morpholinomethyl)-[1,1'-binaphthalen]-3-
yl)methylene)amino)cyclohexyl)imino)methyl)-3'-
(morpholinomethyl)-[1,1'-binaphthalene]-2,2'-diol
((S)-5). Yellow solid, 201.5 mg, 92% yield, m.p 188-180.
[0]p?° -354 € 0.5, CHC}). 'H NMR (400 MHz, CDC}) ¢ 13.10
(s, 2H), 10.95 (br s, 2H), 8.51 (s, 2H), 7.81-7.68 &), 7.29-
7.07 (m, 12H), 4.13 (d] = 13.6 Hz, 2H), 3.92 (d] = 13.6 Hz,
2H), 3.71 (br s, 8H), 3.35-3.32 (m, 2H), 2.66 (br H),82.00-
1.62 (m, 8H)*C NMR (100 MHz, CDGJ) ¢ 164.5 (C=N), 153.6,
152.4, 134.2, 132.9, 132.6, 127.9, 127.4, 127.3,.0,2126.7,
126.5, 125.2, 123.8, 123.6, 122.3, 122.1, 121.9.7,1115.9,
115.2, 70.9, 65.6, 61.4, 52.0, 31.7, 22.9. FT-IIRTJ(): 1005,
1033, 1071, 1117, 1150, 1169, 1184, 1209, 1252412913,
1343, 1383, 1432, 1506, 1576, 1631, 2855, 29324,38847.
HRMS (ESI) Calcd. for [M+H] CsgHsN,Og 905.4278, found
905.4278.
4.3.2.3-((E)-((2-((E)-(((S)-2,2'-dihydroxy-3'-
(morpholinomethyl)-[1,1'-binaphthalen]-3-
yl)methylene)amino)ethyl)imino)methyl)-3'-
(morpholinomethyl)-[1,1'-binaphthalene]-2,2'-diol
((S)-6). Yellow solid, 181.2 mg, 88% vyield, m.p 184-185.
[0]p?° -105 € 1.0, CHC}). *H NMR (400 MHz, CDCJ) ¢ 13.01
(s, 2H), 11.10 (br s, 2H), 8.59 (s, 2H), 7.87 (s, 2HB2-7.78 (m,
4H), 7.67 (s, 2H), 7.29-7.23 (m, 7H), 7.14-7.12 (m, 5H)9 (d,
J = 13.6 Hz, 2H), 4.01-3.88 (m, 6H), 3.68 (br s, 8HE32(br s,
8H). °C NMR (100 MHz, CDGJ) 6 165.8 (C=N), 153.5, 152.3,
134.3, 132.8, 132.5, 127.9, 127.3, 127.3, 127.5.6,2126.5,
125.3, 123.7, 123.7, 122.2, 122.2 (overlapped),.6,1216.1,
115.0, 65.5, 61.4, 58.7, 51.9. FT-IR ((1:)111026, 1118, 1150,
1184, 1252, 1294, 1314, 1343, 1382, 1431, 14566,15676,
1633, 2849, 2920, 3055, 3445. HRMS (ESI) Calcd.[Kkb+H]
Cs4Hs:N,O 851.3809, found 851.3806.
4.3.3.3-((E)-((2-((E)-(((S)-2,2'-dihydroxy-3'-
(morpholinomethyl)-[1,1'-binaphthalen]-3-
yl)methylene)amino)phenyl)imino)methyl)-3'-

[a]p?° -120 € 0.5, CHC}). 'H NMR (400 MHz, CDC}) ¢ 12.70
(br s, 2H), 8.89 (s, 2H), 8.12 (s, 2H), 7.92 Jd; 8.0 Hz, 2H),
7.80 (d,J = 8.0 Hz, 2H), 7.69 (s, 2H), 7.32-7.08 (m, 12H), 6.82-
6.73 (M, 4H), 4.06 (d] = 13.6 Hz, 2H), 3.96 (d} = 13.6 Hz, 2H),
3.66 (br s, 8H), 2.65 (br s, 8HY'C NMR (100 MHz, CDCJ) ¢
161.9 (C=N), 154.2, 153.4, 141.3, 135.7, 135.0, @,3433.8,
129.1, 128.6, 128.5, 128.4, 128.3, 127.8, 126.%,.912124.8,
123.6, 123.3, 123.3, 121.6, 118.7, 118.3, 117.%.91115.8,
66.6, 62.4, 53.0. FT-IR (cf: 1005, 1032, 1071, 1117, 1150,
1168, 1181, 1252, 1295, 1313, 1343, 1380, 13991,14856,
1506, 1601, 2851, 2921, 2959, 3055, 3370. HRMS (Ealyd.
for [M+H]" CsgHs:N,Og 899.3809, found 899.3810.

4.4. General Procedurefor the Synthesis of (S)-8"

(9-3 (0.48 mmol) was dissolved completely in refluxing
ethanol, the yellow solution was then allowed to ¢oalt. and (-
)-(1R, 2R-cyclohexanediamine (0.24 mmol) was added
dropwise. During this addition, the product precigitaout of
solution. The mixture was then allowed to reflux foh. After
cooling down to r.t., the precipitate was collectadfiltration,
and washed with cold ethanol carefully and dried vgéntle
heatingin vacuoto provide §-8 in 85% yield as a pink-orange
powder.

4.4.1.3-((E)-(((1R,2R)-2-((E)-(((S)-2,2'-dihydroxy-
[1,1'-binaphthalen]-3-
yl)methylene)amino)cyclohexyl)imino)methyl)-[1,1'-
binaphthalene]-2,2'-diol (S)-8). Pink-orange powder,
145.4 mg, 85% yield, m.p 185-18%. [u]p,®° -342 € 0.5,
CHCl,)." "H NMR (400 MHz, CDCYJ) 6 13.49 (br s, 2H), 8.52 (s,
2H), 7.91-7.85 (m, 8H), 7.33-7.21 (m, 10H), 7.12-7(69 4H),
5.17 (br s, 2H), 3.33-3.31 (m, 2H), 1.95-1.41 (m, 8H).

4.5. General Procedurefor the Synthesis of (S), or (R)-9a-m

4.5.1.General Procedure for the Synthesis of (S)-
9a~m.

Ligand ©-5 (13.8 mg, 6 mol%) was dissolved in THF (0.5
mL), and the solution of cobalt acetate tetrahydi@1 mg, 5
mol%) in MeOH (1.0 mL) was added dropwise. The mixiuas
allowed to stir at r.t. for 2 h affording a deepwroslurry, and
nitromethane (125L, 1.25 mmol) was added for another 30 min
stirring at r.t. Then aldehyde (0.25 mmol) was addexpwise at
0 °C. The reaction mixture was stirred at I5 for 36 h. After
removal the solvent, the residue was purified byurwl
chromatograph on silica gel eluted with petroleuthegethyl
acetate (20:1 to 10:1) to give){Henry adduct.

4.5.2.General Procedure for the Synthesis of (R)-
9a~m.

Ligand ©-5 (13.8 mg, 6 mol%) and Yb(Pr) (4.4 mg, 5
mol%) was dissolved in 1/4 MeOH-THF co-solvent. Thatare
was allowed to stir at r.t. for 2 h affording a restdorange slurry,
and nitromethane (124, 1.25 mmol) was added for another 30
min stirring at r.t. Then aldehyde (0.25 mmol) wadded
dropwise at 0C. The reaction mixture was stirred at°Csfor 48
h. After removal of the solvent, the residue was fmdi by
column chromatograph on silica gel eluted with detrm
ether/ethyl acetate (20:1 to 10:1) to gi®-Henry adduct.

4.5.3. Experimental datas for (S)- or (R)-9a~m.
4.5.3.1.(S)- or (R)- 2-nitro-1-phenylethanol94).
Colorless oil, §-product: 38.0 mg, 91% vyieldR)-product: 38.9
mg, 93% yield"H NMR (400 MHz, CDCJ) ¢ 7.40-7.24 (m, 5H),
5.42-5.38 (m, 1H), 4.56 (dd,= 9.6 Hz, 13.2 Hz, 1H), 4.46 (dd,
= 2.8 Hz, 13.2 Hz, 1H), 3.16 (br s, 1H), The ee wasrdeted
by HPLC on Chiralcel OD-H (85:18-hexane : isopropanol, 0.8
mL/min, 215 nm), ¢ (minor) = 11.6 min,4(major) = 13.4 min,
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92% ee. ¢ (major) = 13.0 min,g(minor) = 14.9 min, 87% ee. 4.5.3.7.(S)- or (R)- 1-(2-fluorophenyl)-2-
Configuration assignment: Absolute configuration wofajor nitroethanol ©g). Colorless oil, §-product: 37.9 mg, 82%
isomer was determined by comparison of the retentina with  yield, (R)-product: 42.1 mg, 91% yieldH NMR (400 MHz,
literature data % CDCly) 6 7.55 (t,J = 7.2 Hz, 1H), 7.38-7.06 (m, 3H), 5.76-5.72
(m, 1H), 4.65-4.57 (m, 2H), 3.16 (br s, 1H). The eeswa
4.5.3.2.(S)- or (R)-  1-(4-chlorophenyl)-2- determined by HPLC on Chiralcel AD-H (90:1@-hexane:
n.|troethanol ©b). Pale-yellow 0|I,. §-product: 45.2 mg, 90% isopropanol, 0.9 mL/min, 215 nm)s {major) = 11.3 min, &
yield, (R)-product: 38.7 mg, 77% yieldH NMR (400 MHZ,  (minor) = 12.0 min, 94% ees {minor) = 11.5 min, ¢ (major) =
CDCly) 6 7.37-7.31 (m, 4H), 5.41 (dd,= 2.8 Hz, 9.2 Hz, 1H), 123 min, 51% ee. Configuration assignment: Absolute

4.55 (ddJ = 9.2 Hz, 13.2 Hz, 1H), 4.47 (ddl= 3.2 Hz, 13.2 Hz,  configuration of major isomer was determined by carigon of
1H), 3.32 (br s, 1H). The ee was determined by HPLC oRhe retention time with literature dat&"%

Chiralcel OD-H (90:10r-hexane : isopropanol, 0.9 mL/min, 215

nm), & (minor) = 14.9 min, ¢ (major) = 18.7 min, 88% eext 4.5.3.8.(S)- or (R)- 1-(3-fluorophenyl)-2-
(major) = 14.6 min,g¢(minor) = 19.3 min, 37% ee. Configuration nitroethanol @h). Colorless oil, §-product: 33.3 mg, 72%
assignment: Absolute configuration of major isomerswa yield, (R)-product: 42.6 mg, 92% yieldH NMR (400 MHz,
determined by comparison of the retention time Jitrature = CDCl) 6 7.40-7.34 (m, 1H), 7.27-7.13 (m, 2H), 7.07-7.02 (m,

datal 2 1H), 5.47-5.43 (m, 1H), 4.60-4.49 (m, 2H), 3.27-3.84J(= 4.0
. Hz, 1H). The ee was determined by HPLC on Chiralcel OD-H
4.5.3.3.(S)- or (R)- 2-nitro-1-(4-  (90:10n-hexane : isopropanol, 0.9 mL/min, 215 nra){minor)

nitrophenyl)ethanol 9c). Colorless oil, §-product: 50.4 = 133 min, § (major) = 15.7 min, 93% ee, (major) = 13.0 min,
mg, 95% yield, R)-product: 50.9 mg, 96% yieldH NMR (400 ¢ "(minor) = 15.6 min, 65% ee. Configuration assigntme
MHz, CDCl) 6 8.26 (d,J = 8.8 Hz, 2H), 7.63 (d] = 8.8 Hz, 2H),  Apsolute configuration of major isomer was determineg

5.61 (dd,J = 4.4 Hz, 8.4 Hz, 1H), 4.64-4.55 (m, 2H), 3.38 (br s,comparison of the retention time with literatureafat
1H). The ee was determined by HPLC on Chiralcel OD-H1(®0

n-hexane : isopropanol, 0.9 mL/min, 215 nmg)(rhinor) = 29.3 4.5.3.9.(S)- or (R)- 2-nitro-1-p-tolylethanol 9).

min, t (major) = 37.0 min, 80% eez {(Major) = 29.2 min,&  Colorless oil, §-product: 37.1 mg, 82% yieldR|-product: 40.3
(minor) = 37.1 min, 8% ee. Configuration assignmétisolute  mg, 89% yield."H NMR (400 MHz, CDC}) ¢ 7.28 (d,J = 8 Hz,
configuration of major isomer was determined by carigon of  2H), 7.21 (dJ = 8 Hz, 2H), 5.43-5.41 (m, 1H), 4.60 (dtF 9.6

the retention time with literature d&ts® Hz, 13.2 Hz, 1H), 4.48 (dd,= 3.2 Hz, 13.2 Hz, 1H), 2.92 (d=
3.6 Hz, 1H), 2.36 (s, 3H). The ee was determined byCGiBh
4.5.3.4.(9)- or (R)- 4-(1-hydroxy-2-  Chiralcel OD-H (90:10-hexane : isopropanol, 0.9 mL/min, 215

nitroethyl)benzonitrile 9d). Colorless oil, §-product:  pm) t (minor) = 14.9 min, ¢ (major) = 18.6 min, 90% eex t
44.2 mg, 92% yield,R)-product: 47.1 mg, 98% yieldH NMR  (major) = 14.6 min,<(minor) = 18.9 min, 66% ee. Configuration
(400 MHz, CDC}) 6 7.71 (d,J = 8.4 Hz, 2H), 7.57 (d] = 8.0 HZ, assignment: Absolute configuration of major isomerswa

2H), 5.55 (ddJ = 4.0 Hz, 8.8 Hz, 1H), 4.59 (dd= 8.8 Hz, 13.6  determined by comparison of the retention time Mitgsrature
Hz, 1H), 4.54 (dd)) = 4.0 Hz, 13.6 Hz, 1H), 3.36 (br s, 1H). The gatalt

ee was determined by HPLC on Chiralcel OD-H (90rt0

hexane : isopropanol, 0.9 mL/min, 215 nmy),(tinor) = 30.7 4.5.3.10.(S)- or (R)- 1-(4-methoxyphenyl)-2-
min, s (major) = 35.4 min, 91% eez {(Major) = 30.3 min,& nitroethanol ©j). Colorless oil, §-product: 39.9 mg, 81%
(minor) = 35.6 min, 12% ee. Configuration assignm@bsolute  yield, (R)-product: 39.9 mg, 81% yieldH NMR (400 MHz,
configuration of major isomer was determined by carigpn of CDCl) § 7.32-7.29 (m, 2H), 6.92-6.90 (m, 2H), 5.39 (dd&; 2.4

the retention time with literature date* Hz, 9.6 Hz, 1H), 4.59 (ddl, = 9.6 Hz, 13.2 Hz, 1H), 4.47 (dd=
) 3.2 Hz, 13.2 Hz, 1H), 3.80 (s, 3H), 2.93 (br s, 1H). Ekewas
4.5.3.5.(S)- or (R)- 2-nitro-1-(4-  determined by HPLC on Chiralcel OD-H (90:1Bhexane :

(trifluoromethyl)phenyl)ethanol9e). Colorless oil, (S)- jsopropanol, 0.9 mL/min, 215 nm); {minor) = 22.6 min, ¢
product: 52.9 mg, 90% yield, (R)-product: 50.0 r8§% yield.  (major) = 28.7 min, 87% eex {major) = 22.1 min,&(minor) =
H NMR (400 MHz, CDCJ) 6 7.66 (dJ=8.4 Hz, 2H), 7.54 (dl 285 min, 61% ee. Configuration assignment: Absolute

=8.0 Hz, 2H), 5.54-5.52 (m, 1H), 4.59 (dds 9.2, 13.6 Hz, 1H), configuration of major isomer was determined by carigon of
4.53 (dd,J = 3.6, 13.6 Hz, 1H), 3.33 (d,= 4.0, 1H). The ee was the retention time with literature data® %’

determined by HPLC on Chiralcel OD-H (90:1Bhexane :
isopropanol, 0.9 mL/min, 215 nm)z {minor) = 12.1 min,d 4.5.3.11.(S)- or (R)- 1l-cyclohexyl-2-nitroethanol
(major) = 15.5 min, 84 % ee& (major) = 12.7 min,¢(minor) = (9k). Colorless oil, §-product: 28.1 mg, 65% vyield,R}-
16.3 min, 10% ee. Configuration assignment: Absoluteproduct: 29.0 mg, 67% yieldH NMR (400 MHz, CDCJ) ¢ 4.49
configuration of major isomer was determined by cargon of (dd,J= 2.8, 12.8 Hz, 1H), 4.43 (dd,= 8.8, 12.8 Hz, 1H), 4.13-
the retention time with literature d&fa. 4.07 (m, 1H), 2.66 (br s, 1H), 1.85-1.76 (m, 3H), 11785 (m,
2H), 1.52-1.43 (m, 1H), 1.33-1.03 (m, 5H). The ee was
4.5.3.6.(S)- or (R)-  1-(4-fluorophenyl)-2-  determined by HPLC on Chiralcel AD-H (95:5-hexane :
n_|troethanol ©f). Colorless oil, S_)-product: 41.2 mg, 89% jsppropanol, 0.9 mL/min, 215 nm)g {minor) = 21.4 min, ¢
yield, (R)-product: 38.9 mg, 84% yieldH NMR (400 MHz,  (major) = 22.6 min, 91% eex {major) = 21.3 min, ¢ (minor) =
CDCl) 6 7.38-7.35 (m, 2H), 7.09-7.05 (m, 2H), 54235 9.2 226 min, 51% ee. Configuration assignment: Absolute

Hz, 1H), 4.57 (ddJ = 9.6, 13.2 Hz, 1H), 4.48 (dd,= 3.2, 13.6  ¢onfiguration of major isomer was determined by carigon of
Hz, 1H), 3.40 (br s, 1H). The ee was determined by HBOC the retention time with literature d&fs?°

Chiralcel OD-H (90:1(0r-hexane : isopropanol, 0.9 mL/min, 215

nm), & (minor) = 13.0 min, ¢ (major) = 15.5 min, 90% eext 4.5.3.12.(S)- or (R)- 1-(furan-2-yl)-2-nitroethanol

(major) = 13.0 min,¢(minor) = 15.4 min, 57% ee. Configuration (91). Colorless oil, §-product: 34.6 mg, 88% yieldR}-product:

assignment: Absolute configuration of major isomerswa 34.2 mg, 87% vield'H NMR (400 MHz, CDCJ) § 7.42-7.41 (m,

determined by comparison of the retention time Jitdgrature  1H), 6.40-6.38 (m, 2H), 5.47-5.44 (m, 1H), 4.78 (dd; 9.2 Hz,

data’® 2 2&%’ 13.2 Hz, 1H), 4.67 (dd] = 3.2 Hz, 13.2 Hz, 1H), 3.13 (br s, 1H).
The ee was determined by HPLC on Chiralcel AD-H (9%:5



hexane : isopropanol, 0.9 mL/min, 215 nmy),(ninor) = 27.8
min, 5 (major) = 29.2 min, 97% eez (Major) = 28.3 min,d
(minor) = 29.8 min, 32% ee. Configuration assignmaisolute
configuration of major isomer was determined by carigon of

the retention time with literature datal™ 2?2 7
4.5.3.13.(S)- or (R)- (E)-1-nitro-4-phenylbut-3-en-
2-ol (9m). Colorless oil, §-product: 43.5 mg, 90% yieldR)-
product: 40.6 mg, 84% yieldH NMR (400 MHz, CDC)) 6 8
7.39-7.27 (m, 5H), 6.78 (d,= 16.0 Hz, 1H), 6.14 (dd,= 6.4 Hz,
16.0 Hz, 1H), 5.07-5.02 (m, 1H), 4.51 @z 6.4 Hz, 2H), 2.76
(br s, 1H). The ee was determined by HPLC on Chirdbig{H
(90:10n-hexane : isopropanol, 0.9 mL/min, 215 nmg)major) =
42.9 min, & (minor) = 48.7 min, 81% ees {minor) = 42.3 min,
tr (major) = 48.3 min, 38% ee. Configuration assignine
Absolute configuration of major isomer was determingg 10
comparison of the retention time with literaturead&t**2* "
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1) General information

General Methods. Unless otherwise noted, all the reactions were conducted under argon
atmosphere. All reagents and solvents were dried and distilled prior to use. *H NMR and **C NMR
spectra were recorded at 400 MHz and 100 MHz, respectively using tetramethylsilane as an
internal reference. Chemical shifts (6) and coupling constants (J) were expressed in parts per
million and hertz, respectively. Melting points were uncorrected. High-resolution mass
spectrometry (HRMS) was performed with Electron lonization (EI) resource or on an ESI-TOF
spectrometer. The ee was determined by HPLC on AD, or OD column.

2) Synthesis of the chiral ligand (S)-8.

SO Q

OH HN  NHp OO OH HO Q

SO QOHHO 8
(53 (S)-8

Scheme SBynthesis of the chiral ligand (S)-8.

3) Tables of solvent and temperature effects of Henrgeaction

Table S1.Solvent screening of enantioselective Henry reaction catalyzed by Yb(PrO)y/(9-5

system.?
Entry Solvent Yield(%)" ee(%)f
1 MeOH/THF = 2/1 84 68
2 MeOH 87 66
3 EtOH 75 57
4 'PrOH 40 52
5 CH3CN n.r /
6 CH2C|2 n.r /
7 DMF n.r /
8 THF 42 3
9 MeOH/THF = 4/1 67 64
10 MeOH/THF = 3/2 84 77

S2



11 MeOH/THF = /1 90 79

12 MeOH/THF = 2/3 89 80
13 MeOH/THF = 1/4 93 87
14 MeOH/THF = 1/5 78 79
15 MeOH/THF = /6 72 33
16 MeOH/THF = 1/7 57 50
17 MeOH/THF = 1/9 46 22

#Reaction conditions. benzaldehyde (0.25 mmol), nitromethane (1.25 mmol), ligand
(6 mol%), Yb(O'Pr); (5 mol%), solvent (1.5 mL), and 48 h for reaction time at 15

°C. ®Isolated yields. ¢ Determined by chiral HPLC.

Table S2. Temperature effect of enantioselective Henry reaction catalyzed by Yb(PrO)y/(9-5

system.?
Entry Temp (C) Time (h) Yield (%)° ee (%f
1 -10 84 23 76
2 0 84 70 74
3 5 72 82 79
4 15 48 93 87
5 r.t. 36 94 65
6 40 24 98 35

®#Reaction conditions: benzaldehyde (0.25 mmol), nitromethane (1.25 mmol), ligand
(6 mol%), Yb(O'Pr)s (5 mol%), MeOH/THF (1/4, viv, 1.5 mL) at different

temperature. ®|solated yields. “ Determined by chiral HPLC.




4) 'H and **C NMR spectra for ligands

'H NMR spectrum of (9)-1.
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'H NMR spectrum of (S)-3.
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'H NMR spectrum of (9-4.
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'H NMR spectrum of (S)-5.
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'H NMR spectrum of (S)-6.
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'H NMR spectrum of (S)-7.
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'H NMR spectrum of (S)-8.
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5) 'H NMR spectra of Henry products
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7) HPLC spectra of Henry products

OH
NO,

9a

HPLC spectrum of racemic-9a.

Chromatogram (henry—racemic.

org)
450 3 o
w
400] f “;
(-
3504 || || I|I
300/ ‘ l\ | Ill
|
= 250 ‘ \ | |
;_“, 2001 ‘ || | \ll
150| |
AU
|
1004 | |
| |I||I | 'I“
50/ | \ | !
| | |
ol o~ / \\__J k —
0 2 4 [ a 10 12 14 16 18 20
Time{min)
Results
Peak No. Peak ID Ret Time Height Area Conc.
1 12.862 437973.188 19228100.000 45.0409
2 15552 378682.438 19980204.000 50.9591
Total 816655.625 39208304.000 100.0000
HPLC spectrum of (§)-9a.
Chromatosrse (hemryS9-2. ore)
"
40IH ;
oH it
350| @/\, Oz | \
3D |
_ 250 ‘ \
B
H 200 |
w
1504 | ﬂ
|
10 | III
o i
50 P | \
. o AL\
0 2 4 g 8 1 [1] 12 14 ig 13
Time{min)
Results
Peal: Mo Feak IIv Eet Time Heighit Area Conc.
1 11.628 20821.027 640428 813 38397
2 13443 410741306 16038862.000 96.1603
Total 431562934 16679290.813 100.0000
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HPLC spectrum of (R)-9a.

Chromatogram {(0D-85-15-0. 8-215-4. org)

110 OH
100 1 @A\/"D”
904
50
70
E
£ 604
= 50
40
304
20
A,
0'—‘—‘—~—ﬁ\f\—\_,—._.-/\—s— 1 T T
U T U U T T T T
0 2 4 6 8 10 12 14 16
Time(min)
Results
Peak No. Peak ID Ret Time Height Area Conc.
1 13.032 115094211 1951055125 93.5057
2 14.942 7421.985 135506.5594 64943
Total 122516.196 2086561.71% 100.0000
OH
NO,
Cl 9b
HPLC spectrum of racemic-9b.
Chromatogram (henry77-1-90, 10—odh—0. 9-213. org)
9004 A
a50] < e
800 [ =
o
750 | E
700 [ &
| /
650 i {4
600 | | [
550 || \ [
= 500 | | / \
Z 450 | f \
# 400 | ' \
# 350 || ! [ \
300 | | |
250] i \ |
200] [ |
1504 f /
1004 / /
50 /
A _ / "
-50]
14 15 16 17 13 19 70 1
Time{min}
Results
Peak No. Peak ID Ret Time Height Area Conc.
1 14.910 914039250 39189696.000 49.9120
2 18.772 726737.500 39327864.000 50.0880
Total 1640776.750 78517560.000 100.0000
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HPLC spectrum of (S)-9b.

Chrometosram Theray77-5-90, 10-odh—0. 9-215. are!

B0
750] aH
00 ;
850 /@N
s00{ CI
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- 450
E 400
1 3504
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B

N

bre}

Peal: Mo Peal T

Bt Time
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Timeruin}

Results
Height

Conc.

6.0006

1

-

14870
18635

2697721250
42260008 000

65522.977
TR1683.730

93 9994

Total

HPLC spectrum of (R)-9b.

847206727 44957719250

Chromatogram (0D-90-10-0.9-215-1%hac-zaicice. org)

1006000

350_ /O)D\H/ND-.
300+ cl
250
200
= 150
100
50 K
0 1 T : T
T T N T N T T N T N T N T
14 15 16 17 18 19 20 2
Time(min)
Results
Peak No. Peak ID Ret Time Height Area Conc.
1 14.647 374054.125 9674820.000 68.3815
2 19.315 138695.203 4473478.000 31.6185
Total 512749328 14148298.000 100.0000
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OH
NO,

OzN 9c

HPLC spectrum of racemic-9c.

Chroeatogren (henry—T1/HEEHE. org)

||If§'lllll

[\
| |
| i
[ | \
| [}
|I \ " \
[ \ |II \»
| ) |
|
| \ f
|
20 |
15 |I \ |
/ |
kL !
< I / -
e
28 23 30 32 34 3g 3B 40 42
Tomaimun)
Results
Peal: No. Peal: Iy Ret Time Heiglt Area Conc.

1 20248 73097 908 8210655.500 494224
2 37.143 63201.176 B402586 000 505776
Total 139199.082 16613241.500 100.0000

HPLC spectrum of (S)-9c.
Chrozatogres (henry—715 F1%. orel
F‘\
&0 oM ah
75 1 B
ol N2 \
iy || I|I
gl O.H I \
55 f |
| |
A | |
= 45 | Y
£ 4] I HIH
@ 5] 'I \
3 ( \
25 f \
] '\
b |
& |
10 /‘\ i
5] |
: . _
28 28 30 32 24 38 38 40 42
Timei{nuin)
Results
Feal: No. Feal: ID Eet Time Height Area Conc.
1 29.263 118592.097 1243948 125 10.0305
2 37.038 33172.508 11132979.000 899495
Total 95064.604 12376927.125 10:0.0000
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HPLC spectrum of (R)-9c.

Chromatogram (94hao—4-N02-1.org)

160
140
120
100
= 80
; 60
40
20
0 ! T T
20
T 1 T T T T T T T T
26 28 30 32 34 36 38 40 42 44
Time(min)
Results
Peak No. Peak ID Ret Time Height Area Conc.
1 29.227 163822.703 11227461.000 57.8907
2 37.130 97502.570 8166769.500 42.1093
Total 261325273 19394230.500 100.0000
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OH
NO,

NC 9d

HPLC spectrum of racemic-9d.

Chromatogren (henryS2-4-CK—0-30, 10-0DH-0. 9215000 org)
1] [

1004 > i
[: u
B
|
BO II,'
70 |
II W
_. B
\
5 %) {
&' m I|
30 |II
II
20 |
1
ol —
28 o 3z 4 3a 38 40
Time{rmn)
Results
Peal: No. Peal: ITy Eet Time Height Area Conc.
1 30923 101118.195 13461716.000 424625
2 35873 51284211 13754300000 50.5375
Total 192402 4086 27216016000 10:0.00:00
HPLC spectrum of (S)-9d.
Chrozatogrez (herzyB2-4-CH-1-90, 10-0DH-0. 9-21500. oxg)
110 2 -
g - N
m i 0
aol NE
T
g Ll
& 50
= 40
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20 m
10 @ /
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B_ I_ _h':-_——-—.- j i oo
-1
30 32 4 35 34 40 42 44
Time{miin)
Results
Peal: No. Feak ID Fet Time Height Area Conc.
1 3678 T168.14% 845214.625 45009
2 35433 116433.016 179332594.000 954991
Total 123601 165 18773608 625 1600000
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HPLC spectrum of (R)-9d.

Chromatogram (4-CN-1.org)

50 aH
N,
45
40 "
35
= 30
= 25
3
20
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5_
0 I : L T
T T T T T T T T T T
28 29 30 H 32 33 M 35 36 T 38
Time(min)
Results
Peak No. Peak ID Ret Time Height Area Conc.
1 30.260 51795199 3835072.500 56.0263
2 35593 35780.547 3010059.500 43.9737
87575746 6845132.000 100.0000

Total
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OH
NO,

FaC 9e

HPLC spectrum of racemic-9e.

Chromatogram (cf3-0-0. 9-215ne—0DH-90, 10. ore)
[=%]

Time{min)

Results

Pealk No. Peak IDy Eet Time Height Area Conc.

1 12.598 182584 188 7526455.500 49.9380
2 16.173 141305766 7539100.500 50,0420

Total 323893.953 150635560.000 100.0000

HPLC spectrum of (S)-9e.

Chromstogram (henry73—4-cf3-1-90, 10—00A-0 9-215M0. ora)
7]

240 LoNO ("
= [T |
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e
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2
12 088
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S I <

10 1 12 13 14 15 18 17 18

Tiee{min}

Results

Peal: No. Peal: ID Ret Time Heizht Area Comi.

1 12.088 31230475 1245924 625 79921
1547 266745.375 14378056.000 92,0079

(3]

Total 2979935 850 15626980.625 1000000



HPLC spectrum of (R)-9e.

Chromatogram {(92hac—4-CF3-1.org)
aH
400 /Oj\,uo:
3504 F.C
300
— 250
=
= 200
=
150
100
50
0 L T
12 13 14 15 16 17
Time{min)
Results
Peak No. Peak ID Ret Time Height Area Conc.
1 12.673 420110.344 8617647.000 54.7786
2 16.320 271175.844 7114117.000 452214
Total 691286.188 15731764.000 100.0000
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OH
NO,
F of

HPLC spectrum of racemic-9f.

Chromatogram (henoryS0-0-90, 10000 921584 orel
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o
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13 4 15 16 17
Tomaimin)
Resulis
Feal: Mo. Peak ID Fet Time Height Area Cone.
I 13020 62352.402 2894679.000 485830
2 15487 55108.180 30633540750 514170
Total 117460.582 5958219.750 1000000
HPLC spectrum of (§)-9f.
Chrosstogrem (herryS0-1-90, 10-00E-0. 9-21584. org)
20
OH
180 H HO- .
160 /@/\,
F
140
120
; 10
& gp
i
4 &8
E=1
2MH ¢
e
_H-h"'\—\__ ——
ol ;——. — ——
13 14 15 18 I7 18
Tirmetuin)
Results
Faal: No. FPealc TD Rt Time Height Area Canc.
1 12955 13935182 5TG66E.313 5.1240
2 15355 123307 908 10677639000 o4 R760
207243 088 11254307313 10400000

Total



HPLC spectrum of (R)-9f.

A

Chromatogram (9f-4-F-1.orsg)

OH
0] @,UD:
300 F
250
=
E 200
E
= 150
100
50
0 T T
T T T T T
12 13 14 15 16
Time(min)
Results
Peak No. Peak ID Ret Time Height Area Conc.
1 13.082 370052.500 6301129.000 79.1670
2 15.443 84460977 1658153.500 20.8330
Total 454513477 7959282500 1000000
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HPLC spectrum of racemic-9g.

Chromatogrem (87Theo—2F-ximcxuan—AD-H-90-10. crg)

130 % g
120 ek
b \ ,'b;.l
10 | |
[ | '|I
1004 | lI | |I
|
E [\ |I \
1
o) || | [
< 1 | |
5 " | | | |
= el || '|II I| \
- | \ | I".I
40 f \ II |
e |'I |
20 | i
10] /
11 12 13
Timyenan s
Results
Peak No. Peak ITy Rt Time Height Aren Canc.
1 11.265 128274981 2168389500 49 6308
2 12.040 120901 .664 2196252.750 503192
Total 240176.623 4364642250 1000000
HPLC spectrum of (9-9g.
womstopran (BTheo—2F-zhouring-AD-H-30-10. arz)
2404 ﬁ
: FooOH
201 &  NO
200 [ |
1804 || \I
16T | \
- M || lll
E 120 [ i
& 100} |
80 lll
B |
|
4H ||
20 /' 3
o T
i 12 i3
Time{nun)
Results
Feal: No. Feak ID Eet Timme Height Area Conc.
1 11272 242593 6083 4217728000 970775
2 12.048 6832.703 126972719 29025
Total 249426390 4344700719 1000000
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HPLC spectrum of (R)-9g.

Chromatogram (AD-90-10-0.9-215-13hao. org)

F OH

3004 MO
280 h
260

Peak No. Peak ID

Ret Time

12
Time(min)
Results
Height

Area

Conc.

1
2

11.540
12.320

116932.711
329873.031

1870694.500
5797830500

24394
75.6056

Total

446805742

7668525000

100.0000
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HPLC spectrum of racemic-9h.

Chropatogres (BShec—3F-xiaczuan. ofg)
s
450 (_S] ?
.--ll i
400 I i
II I| I'.
360} [} I
| | §
[ X
300 [\
_ | \
E 250 || \ | Il"-
i |
o 200 f I|
150 |I \ II
100} |' f
| )
50 / |
; J I
12 13 4 15 18 17 18 18
Time(min)
Results
Peal: No. Peal: TT¥ ERet Time Heizht Area
1 13.232 470188.933 19502638.000 496544
2 15.648 402735.000 20179658.000 30.3458
Total 572917038 40082296000 100.0000
HPLC spectrum of (S)-9h.
Chromatogras (88hac—3F—chouxine. org)
4804 %‘
]| oH
400] - ", r L NGO
sl || ll \@A/
3004 ll\
| Y
| \
| !
\
| \
| \
100
2 |
504 o f
= {
o e i -
12 12 14 15 16 17 18 |
Time{min)
Results
Peal: No. Peak ITy Ret Time Height Area Conc.
1 13.285 21086.215 B45009.750 3.5684
2 15680 454412875 22835264000 06.4315
Total 475495.090 23680273.750 100.0000
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HPLC spectrum of (R)-9h.

Chromatogram (0D-90-10-0.9-215-14hao-zaicice. org)

3401
320 aH
3001 F@)\/ND:
280
260
240
220
200
180
= 1604
= 140
120
100
80
601
40
20

mv’

-20

- — - - -
12 13 14 15 16 17
Time(min)

Results
Peak No. Peak ID Ret Time Height Area Conc.

1 12.998 333075.438 7544098.000 82.5732
2 15.610 61108.023 1592153.750 17.4268

Total 394183 461 9136251.750 100.0000
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NO,

9i

HPLC spectrum of racemic-9i.

Chromztogram |henyy73-0-90, 10-odh—0. 9234 orgl

42 ]

40

.

35 ||-r 1 =
3 |I | L
34 \ =
32 f \

30 | |

\ [ |
} I||I I|I i
| \
| .' \
| ||
I| |
| |
} |
o % J
15 16 17 12 12 70 el
Tome(min}
Resulis
Peak No. Peal; IT¥ Ret Time Heizht Area Caonc,
1 14833 35801.543 1454022750 49 1034
2 1B 532 28698 623 1507108250 508964
Total 64500168 29681131.000 10:0.0000
HPLC spectrum of (9)-9i.
Chrematogram (henry73-1-90 10—odh 0. 5234 orgl
TH] 3]
70 OH fo
85 i NOs /
o0 /@/\,
55 | ",
50 f 1'|
- 45 | )
E 40 | \
H 35 | \
# ap, 4‘
25 j
2 !
{%r)
15 2
-
10 = -|II
Y . = J
E == i
14 5 16 17 18 % 0 71 2
Time{min)
Resulfs
Peal: No. Peak ID Ret Time Height Area Conc.
1 14 885 3470380 198703.297 50457
2 18645 T0933.070 3739359 000 94 9543
76403 451 3938062297 1000000

Total
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HPLC spectrum of (R)-9i.

Chromatogram {(0D-90-10-0.9-215-1Thao-2. org)

180 aOH
NO
160 ]
140
120
& 100
= 80
i
60
40-]
20
0] ! T : !
T T T T N T T T
14 15 16 17 18 19 20
Time(min)
Results
Peak No. Peak ID Ret Time Height Area Conc.
1 14.645 188785.672 4262967.000 83.0879
2 18.852 31176.322 867704.625 16.9121
219961.994 5130671.625 100.0000

Total
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OH

NO,
MeO 9j
HPLC spectrum of racemic-9j.
Chropatogram {och3—rizoxusn—0-0. 9-215nm-C0H-90, 10, orgr
35
ki
25| E o
i -
i 21’} (]
/ [
H 15 '
4 )
[ |
1 |I \ I|I
& II I|II
)
J / /
J—" " P
-5 ———— |
20 | x2 sl 24 25 28 a7 28 'l 31 32 33
Timaimin}
Resulis
Feal MNo. Feak ID Eet Time Heiglit Area Conc.
1 22580 24200.345 1920716625 445211
2 2B 712 23945600 2355035.750 55.0789
Total 431454453 4375752375 100.0000
HPLC spectrum of (9)-9j.
Chromatosram {och3-shouring—0-. 921500090, 10. org)
&
75 OH
70 ol HOs =
e ’©/\/ .E‘
1 )
55
5
- 45
E 4p]
H 3
']
T ) ,i'
25 I
2 f
15 y 1l
10 8 |
5 7, /
* n 72 ™ 7 7 ET] ]
Time(min)
Results
Peal: MNo. Peal: ID Eet Time Heighit Area Canc.
1 22 605 5539411 427759500 6.6164
2 28723 60266629 6037336.000 933836
Total SE26.040 6463095500 160.0000
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HPLC spectrum of (R)-9j.

Peak No.

—

(mv

g

HLH

Chromatogram (9j-4-OMe-R-1.org)

600
550
5004
450
400
350
3004
250
200
150
100
50
[]_

20

PeakID

21

Ret Time

24

T T T T
25 26 27 28
Time(min)
Results
Height

29 30

Area

K|

Conc.

1
2

22.065
28.490

626794313
123142969

14068708000
3306279500

80.5710
19.02%0

Total

749937281

17374987500

100.0000
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HPLC spectrum of racemic-9k.

Chromatogram {9k—huanjiji-xiaoxuan—

2. org)

26
24
22
204
18]
16]
’g 14
= 12
AT E
8_
6_
4
2_
[]_
21 22 23
Time(min)
Results
Peak No. PeakID Ret Time Height Area Conc.
1 21.280 26405.838 791561.625 49.9272
2 22.475 24747223 793870.125 50.0728
Total 511353061 1585431.750 100.0000

HPLC spectrum of (9)-9k.

Chromstogram {henryBi-cyohex—1111-93, 5—alE-

0.9-2158M. org)

75
T OH
851 Nz
s D
o
o
ﬁ
I
|
0 o /
e B
ol = — N ——
-5
21 2 23 24
Tanse{mon)
Results
Peal: No. Feal I Eet Time Height Area Canc.
1 21.390 2400834 65106398 45923
2 22613 43358570 1352620000 954077
Total 45759 405 1417726 398 1000000
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HPLC spectrum of (R)-9k.

Chromatogram (9k-huanjiji-R.org)
7504
OH

7007
650 [:irl“’"q
6007
550
5007
450
400
350
3007
250
200
1501
100
50

FOLHE ()

501

20 24 2 2 24
Time(min)

Results
Peak No. Peak ID Ret Time Height Area Conc.

752465.813 12506871.000 76.0634
207610.938 4061696.750 23.9366

Ln
iy
=1

=1
ba b
bd =
o
[

Total 960080.750 16968567.750 1000000
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HPLC spectrum of racemic-9l.

TEH = =]
700} E\ &
850 ™ .ﬁ}‘.I
&00] [ I|' |
550] || \ { '|I
500 | '|| || |
45 | | | III
£ 400 f | | '.
5 360] || ||I |
# 20p] | f llll
250 | \! { '
200} P f
1504 II 'I
1004 |
50 /
Y
75 26 27 76 7 G El] 32
Time{nin)
Results
Feal: Mo. Feal ITy Fet Time Height Area Conc.
I 27737 717752 688 27223748000 493703
2 29200 635807188 27023282000 50,6297
Total 1403559.873 55152030.000 100.0000
HPLC spectrum of (9-9I.
Chromatogram (85-1-8RF—95, 5-ADH-0. 9-215nm. crg)
2501
o & OH
0 | o ND2
TIMH =
6504 %0
600}
5504
. 5004
E 450
T
300}
250}
2008
1501 -
1004 F
50 £
o —
27 28 29 EXi) X 32
Timne{min)
Results
Peal: MNo. Pealk ITv Ret Time Height Area Comc.
1 27.778 18740 982 603623.563 1.7269
2 20242 8512644338 34350488.000 982731
Total E70005.420 34954111.583 10400000
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HPLC spectrum of (R)-9I.

Chromatogram (91-funanvl-R.org)

110
100
90
80
70
60
50
40
30
20
10
0

LI (v

OH

101

Peak No. Peak ID

27

T
28 29 30 Ky 32
Time(min)

Results

Ret Time Height Area

Conc.

1
2

21737%3.500
1106185.500

120072.344
54079.875

28.298
29.848

66.2746
33.7254

Total

174152219 3279975.000

100.0000
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HPLC spectrum of racemic-9m.

Chromstogram ‘rou gui guan—xiscxuan. orgl

B
bl
50
48]
4T kL
25 o
< 30
B
o 25 |
o 20] /
15
10
L
G
i
-1
-15]
38 41 42 44 48 48 50 52 54 58
Tima{min)
Results
Fealk No. Peak ID Ret Time Height Area Conc.
1 42715 36443344 3477262.500 30.2379
2 45 683 30982951 5425379000 49.7621
Total 67426295 10902641 300 1000000
HPLC spectrum of (S-9m.
Chromstogram (rou gumi guanm—shouxing | c*onr:e) 01;
Ll
450) @/\/\,
4N
350
150
T
5l
o
35 3B 40 50 54 56 58
Tmnnn}
Results
Peal: Mo. Peak ID Eet Time Height Area Conc.
1 42 858 491846.719 T1E57920.000 905360
2 48695 43019402 7511556000 94640
Total 534866.121 79369476.000 10400000

HAl



HPLC spectrum of (R)-9m.

Chromatogram (9m-rouguiquan-R.org)

240
220 T
= N0z
180
160
140
Z 120
= 100
504
60
407
20
0 : ! .
40 42 4 4 48 50 52
Time(mmin)
Results
Peak No. Peak ID Ret Time Height Area Conc.
1 12315 141151.734 4682093.000 31.0634
2 48315 231098.266 10390602.000 68.9366
372250.000 15072695.000 100.0000

Total



