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Article history: An asymmetric hydrogenation of aroylacrylic acidsatyzed by RuUPHOXRu catalyst has be
Received developed, affording the corresponding chirddctones in high yields and with up to%3ee
Received in revised form The methodology has the advantage of utilizinglgasicessible substrates and Hiasrefor
Accepted expand the scope of the resulting chirdhctones. Furthermore, high catalytic efficienegs
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The current work provides an alternative and coieregrnpathway for the synthesis afwide

range of chiray-lactones.
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1. Introduction providing chiraly-lactones directly in up to 99% vyield and with
up to 97% ee (Scheme #).Although chiraly-lactones can be
obtained in one step under mild reaction conditi@fmitation
still remains. The synthesis of the hydrogenasabstratesy-
aryl ketone acids, is via Friedel-Crafts reactiowl éhe scope of
substituents is therefore limited to the positiéthe substituents
on the aromatic ring. Almost simultaneously, we haaaized an
efficient RUPHOX-Ru-catalyzed asymmetric hydrogematiuf
chromones in which both the C=C and C=0 doubled

In both academic laboratories and industrial apgbos,
chiral metal-catalyzed asymmetric catalytic hydrogeon
reactions provide one of the most cost effective eco-friendly
methods for the production of a vast array of stmaly diverse
and enantiomerically pure compourtiue to its low cost and
high availability, Ru-catalyzed asymmetric hydroggon has
received much attention and has been employedniangber of
industrial processes ranging from kilogram to toales”

Chiral y-lactone skeletons are present in numerous naturalPrevious work
products, biologically active compounds and drdlgsnd the

. . . h o)
efficient synthesis of such skeletons has beeizeghbia the Ru- o Ru(ll) /L*/Hy(atm) _ OH o
catalyzed asymmetric hydrogenation oketo esters (Scheme R)K/\cozR' R)*\/\COZR‘ +
1) However, these reactions always give a mixture &f th eyclization T
desired cyclicy-lactones and undesired uncyclizgehydroxy
esters, and an additional cyclization is needeaffiord only the ~® Using esters as substrates @ requring two steps § few examples
cyclic product. In addition, harsh reaction coratis are required o . K
and only a limited substrate scope has been explore ur previous wor

We previously developed a chiral phosphino-oxazoligand, o (S,Sp)-RUPHOX-Ru / H, O ey O\ /F;Pgls
RuPHOX, which showed excellent catalytic behaviorseivesal T (5 n-Ru
types of asymmetric catalysis, in particular Ruabated CO:H using HClinworkup . o4 (\pph2
asymmetric hydrogenatidi. Subsequently, the ruthenocene- o directly using acid substrates ® only one step (R
based ruthenium-complex, RUPHOX-Ru, has been SymBfeSi ---------cccommmm i o~ Pph,
and used directly in the asymmetric hydrogenatiomany types Current work UN~RU\
of substrates bearing either C=0 or C=C bddust recently, o lsi o\

; i e i o} (S,Sp)-RUPHOX-Ru / H, PPhg
the asymmetric hydrogenation pfaryl ketone acids, instead of ’ 2 o (5.5p)-RUPHOX-Ru
y-keto esters, was achieved using the RuUPHOX-Ru catalys A" SFSCO,H  using HCI in work up e el

r
OCorresponding author. ® more accessible substrates ® reduction C=C and C=0 in one pot

E-mail address: sjfthx@163.com (J. Shen); dlliu@sjtu.edu.cn (Du)Li ) )
Scheme 1 Synthesis of chiraj-lactones.
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bonds could be reduced under the same reactioriticorsd®
In this manuscript we
asymmetric hydrogenation of aroylacrylic acids, pihecursors of
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reaction (entry 11). Therefore, the best resultsewatained

report a RuPHOX-Ru-catalyzedwhen the asymmetric hydrogenation was conducted weguav
of KOH in EtOH.

which can be easily obtained from various substtute Tgp|e 2 Screening of bade

acetophenones and glyoxylic acid, for the synthe&ishiral y-

lactones (Scheme 1). 0 RuPHOX-Ru (1 mol%) / H, (20 bar) o 0
2. Results and discussion Ph = COOH base, EtOH, RT, 12 h Ph“"é
Our investigation began with benzoylacrylic acig)(which 1a using HCl in work up 2a

was chosen as the model hydrogenation substrate. TheEntry Base Yield (%) ee (%jy*°
hydrogenation was conducted in different solventpleging 1 1 LiIOH*H,0 >99 63
mol% of RUPHOX-Ru in the presence of KOH under 20 bar H » NaOH >99 62
pressure at room temperature for 12 h (Table 1)e@dy, protic 3 KOH >99 68
solvent have proven to be beneficial to many asytmme 4 CsOHH,O  >99 52
hydrogenation reactions. MeOH was therefore usetl ifirshe 5 t-BUOK >99 64
reaction with the desiregtlactone producka being obtained in 6 K,CO; 5 ND
74% vyield and 35% ee (entry 1). Full conversion &8 ee 7 KHCO, 8 ND
were afforded when EtOH was adopted as a solvent (eptry g KOAC trace ND
The use ofn-PrOH provided the same conversion but a slightly g EtN trace ND
lower enantioselectivity than that of EtOH (entry S)milar ee 10° KOH 34 65
but a sharp decrease in conversion was observed isREDH 11f KOH >99 66

was used as a solvent (entry 4). The use-BiiOH as a solvent

gave comparable results to that ofPrOH (entry 5). Poor

conversion of the corresponding prod@etwas observed when
aprotic solvents, such as g8, and THF, were employed in the
above reaction (entries 6 and 7). Reduction inipsmilvents was

better than in aprotic solvents, with EtOH giving best results.

Table 1 Screening of solveris

0 RUPHOX-Ru (1 mol%) / Hy, (20 bar) @O

P >

Ph)J\/\COOH KOH, solvent, RT, 12 h P

1a using HCI in work up 2a

Entry Solvent Yield (99 ee (%§*
1 MeOH 74 35
2 EtOH >99 68
3 n-PrOH >99 57
4 i-PrOH 60 64
5 n-BuOH >99 59
6 CH,CI, 18 ND
7 THF - ND

#Conditions:1a (0.25 mmol), RUPHOX-Ru (1 mol%), KOH (2.0 equiv),
and solvent (2 mL) under 20 bar, pressure at RT for 12 H.
Determined by 'H NMR spectroscopy. ‘Enantioselectivity was
determined by HPLC using a chiral AS-H colunffThe absolute
configuration of2a was determined aR-configuration by comparing
the specific rotation with reported ddth.

The effect of different bases on the reaction wasnth
investigated (Table 2). First, alkali hydroxides &eested and
KOH gave the best results (entries 1~4). Next, patass
containing compounds, with weaker or stronger at@lithan
that of KOH, were used (entries 5~8). Slightly inderresults

were obtained with-BuOK as a base (entry 5). However, a sharp 5e

decrease in reaction activity was observed whenehetion was
carried out in the presence of®0;, KHCO; and KOAc (entries
6~8). Finally, the organic base;Htwas also examined and only
a trace amount of the desired product was obtaiaeity(9). The

& Conditions:1a (0.25 mmol), RUPHOX-Ru (1 mol%), base (2.0 equiv),
and EtOH (2 mL) under 20 bar hydrogen pressureTafdR 12 h.
Determined by *H NMR spectroscopy. “Enantioselectivity was
determined by HPLC using a chiral AS-H colunfifThe absolute
configuration of2a was determined as R-configuration by comparing
the specific rotation with reported d&a®1.0 equiv of basé3.0 equiv

of base.

Subsequently, we screened thg pressure and reaction
temperature with the aim of improving the ee€2af As shown in
Table 3, enantioselectivity increased when thepkessure was
increased from 20 to 40 bar (entries 1~3). Furthereasing the
H, pressure resulted in inferior results (entry 4).xtNehe
asymmetric hydrogenation was carried out under 40 Hha
pressure at a lower reaction temperature (entrieg).5Full
conversion and 84% ee were observed when the reaestisn
conducted at a temperature of 40 (entry 5). Low reaction
activity or poor enantionselectivity were observedewhthe
reaction was conducted at a lower temperature (srriand 7).
The optimal reaction conditions were found to beyiag out the
reaction in the presence of KOH (2.0 equivjder 40 bar of
hydrogen in EtOH at 18C over 24 h.

Table 3 Screening of hydrogen pressure and temperfature

0 RUPHOX-Ru (1 mol%) / Hy, (bar) 0
Ph COOH KOH, EtOH, Temp, 12 h PR
1a using HCI in work up 2a
Entry H, (bar) Temp{C) Yield (%f ee (%y°
1 20 r.t. >99 66
2 30 r.t. >99 75
3 40 r.t. >99 78
50 r.t. >99 72
40 10 >99 84
6 40 5 92 84
40 0 90 27

#Conditions:1a (0.25 mmol), RUPHOX-Ru (1 mol%), KOH (2.0 equiv),
and EtOH (2 mL). "Determined by *H NMR spectroscopy.

amount of KOH was examined in the reaction. The desirecgnantioselectivity was determined by HPLC using harat AS-H

product was obtained in only 34% yield when 1.0 eaqfiKOH
was used (entry 10); higher amounts had no influemrcehe

column. %The absolute configuration o?a was determined a®-



configuration by comparing the specific rotatioritwieported dati! &
9 The reaction was carried out for 24 h.

With the optimal reaction conditions identified, tyenerality
of the present asymmetric hydrogenation was invatsiy with
various substrates (Table 4). First, substrates wiithelectron-
donating OMe group located at different positionstioem phenyl
ring were examined. The desired produziis2d were obtained
in quantitative yields and with approximately 80%.€€he best
catalytic behaviors were observed for a substraagifge a meta-

3
To explore ' the reaction pathway, the asymmetric
hydrogenation was carried out with KOH under 20 barrdyen
in EtOH solvent at RT and was quenched at differemegi After
20 min reaction time, the raw materia disappeared and a ratio
of 69/31 between intermediafeand the terminal produ2a was
observed. No intermedia® was found at all. The conversion
from intermediatéA to product increased only slowly, even after
1 h or 2 h, and full conversion @k was not observed until 12 h.
These results indicate théite hydrogenation of C=C double bond

substituent Zc). Therefore, several substrates bearing metals faster than that of C=0 double bond during tlzetien

substituted groups were synthesized and appliechénabove
reaction Re-2i). The desired products were obtained in high
yields and good to excellent enantioselectivitid®ien OPr was
the substituent, the corresponding product was mbdain 93%

ee @h). Subsequently, substrates with electron-withdrawing

groups located at different positions on the pheimg were also
examined 2j-2p). A similar phenomenon was observed in which
substrates bearing meta-substituted groups gavéeedsieresults
(2k, 2m and20). A substrate with a Cl atom at the meta-position
of the phenyl ring gave the corresponding produc®0% ee
(2m). Due to the fact that the most promising resulesrew
obtained for substrates with meta-position subsiisje
disubstituted substrates with electron-donating @nelectron-
withdrawing substituents at both the meta-positionseweext
examined. All the substrates gave their correspangimoducts
with approximately 80% ee and in quantitative yie(@g-2t).
Finally, substrates bearing two electron-withdrawingstituents
on the phenyl ring were also employed in the reactédfording
high yields and moderate enantioselectivitias2v).

Table 4 Scope of substratds

o)
)OJ\/\ RuPHOX-Ru (1 mol%) / H, (40 bar) /O\,ﬁ
= - N
Ar COOH KOH, EtOH, 10 °C, 24 h Ar
1 2

using HCI in work up

O O

reduction of C=0 bond

I
diti (0] OH o
conditions
1a ———> + + O
P c00H * PP c00H Ph//j
Intermediate A No detected 2a
Time /h | Intermediate A / 2a | X

7N\
reduction of C=C bond

20 min 69/31 :

66 /34 |
2 54 /46 5
12 0/100 ;

Scheme 2 Possible pathways for asymmetric hydrogenation.

To further elucidate the mechanism of the reactiom,
conducted deuterium labelling experiments using@ID and/or
D,. Approximately 25% deuterium incorporation was obedr
when the reaction was conducted in both MeOH andQTD
revealing that the C=C double bond is reduced \Garapetitive
process, including both hydrogenation and transfer
hydrogenation (Scheme 3, eq 1 and 2). However, th@ @uble
bond is hydrogenated solely by, Hbr D, according to the
corresponding deuterium labelling ratios. As expéctthe
reaction ofla in only CD;OD under 20 bar of pgave 90%
deuterated product at both the C=C and C=0 doubid(eq 3).
We have also carried out the reaction under thenaptreaction
conditions but in the absence of.HOnly intermediateA, of
which the C=C double bond is reduced, was obserted B2 h,
proving a transfer hydrogenation mechanism (eqTg above
results reveal that of the different double bonds raduced via
different processes and the chiral center is formeaiusively via

o

2a

g X
MeO—;
=

99%, 84% ee  2b (0-OMe): 95%, 57% ee;
2¢ (m-OMe): 99%, 82% ee;
2d°(p-OMe): 99%, 76% ee

2j (0-F): 99%, 60% ee;

R\©
2e (R =Me): 99%, 41% ee;
2f (R = Et): 99%, 76% ee;
2g (R = OEt): 99%, 90% ee;
2h (R = O'Pr): 99%, 93% ee;
2i (R = OCF3): 99%, 85% ee

X
I
o0

o)

9

2k (m-F): 99%, 85% €€, 2m (m-Cl): 99%, 90% ee; 20 (M-CF3): 99%, 81% ee;

2n (p-Cl): 96%, 79% ee

0O

21°(p-F): 99%, 83% ee
o]
R! .
\© 2q (R' = R? = Me): 96%, 85% ee;
, (R'=R%=F): 99%, 80% ee;
R 2s (R" = R2=Cl): 99%, 75% ee;
2t (R' =F, R2=Cl): 99%, 81% ee

2p°(p-CF3): 99%, 74% ee

2u (R=F) 99%, 74% ee;
2v (R=Cl) 99%, 74% ee

#Using the optimal reaction conditions shown in EaBt Ees were

determined by chiral HPLC analysis @f using a AS-H column;

Absolute configuration of2 was determined af-configuration by

comparing the specific rotation wigta. "The reaction was carried out at
RT.

hydrogenation rather than transfer hydrogenation.

D, (20 bar), MeOH

o)
o D/H

H
Ph H DH 20% D 0

80% D 20% D
2a

O

0 DIH
0 H; (20 bar), CD;0D .« HN
PhMCOOH

H DH 30%D @
0,
1a 2a 30% D

The reactions were
proceeded under optimal O
reaction using CD;OD
and/or Dy o ° 0 DH

D; (20 bar), CD;OD HN

H DH 90% D (3)

90% D

Ph)K/\COOH @

Intermediate A
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Scheme 3 Deuterium labelling experiments can proceed "in one step. Mechanistic studies regeshat
ifferent types of double bonds are reduced viafediht
ydrogenation process and that the chiral centefoimed
gxclusively via hydrogenation rather than transfgtrogenation.

On the basis of the above experimental results anﬂ
according to previously reported wdfka possible transfer
hydrogenation reaction pathway has been proposed,
depicted in Scheme 4. First, the chiral catalysPROX-Ru
reacts with MeOH to generate Ru-methoxitle which
subsequently gives a Ru-hydritlevia the elimination of one 4.1, General
molecule of HCHO. The hydrogenated substrate then
coordinates to the Ru-hydridél to give IlI, which All hydrogenation reactions were performed in an elaie
immediately undergoes hydride transfer processydifig the  under an atmosphere of hydrogen, and the workup waed
resulting intermediatéV. Finally, IV is protonated by MeOH out in air. Solvents were degassed using standavdegures.
to give the intermediatd, releasing the Ru-methoxidie Commercially available reagents were used withouthéur

P purification. Column chromatography was performethgi€00-
éz JRu + MeOH

4, Experimental section

200 mesh silica gel. Melting points were measuret 8B5W X-

l 4 micro melting point apparatus and the thermometes
(0]

u

|

Ph)J\/\COOH
Int

g standard. Enantioselectivity was measured by a pégformance
ermedia
H

base uncorrected. NMR spectra were recorded on a Varian
CH(OMe), MERCURY plus-400 spectrometer with TMS as an internal

R o
te A {N'R ~y-CHz 2MeOH ] liguid chromatography (HPLC) using Daicel Chiralcel -AS
CH.O column and OX-H column with-hexanefPrOH as eluent.
2 42. General procedure for RuPHOX-Ru-catalyzed
asymmetric hydrogenation
MeOH

In a nitrogen-filled glovebox, a hydrogenation tubes

COOH N charged with a stirring bat, (0.25 mmol), RuPHOX-Ru (4.3 mg,
) N’ 1 mol%) and KOH (20 mg, 2.0 equiv). EtOH (2 mL) werenthe

o) Ru__ ¥ I injected into the hydrogenation tube using a swinghe
Ph IV hydrogenation tube was then placed in an autoclBve.system

was evacuated and filled with hydrogen 3 times. Thedave

1a was then charged with hydrogen to 40 bar hydrogesspre,

and the reaction mixture was stirred at 10 °C forh24After

{P\RuﬁH COOH releasing the hydrogen, the reaction mixture wadiféai with 3

N ( M HCI solution and extracted with EtOAc (8 5 mL). The
% extract was dried over anhydrous,N@) and concentrated on a
o rotary evaporator. The conversion of the substratas
I pp determined by'H NMR analysis by using the above crude
product. After purification via column chromatogrgphihe ee
Scheme 4 Proposed pathway for intermedidte gl?rilcoefl X\g_l_piucr;ur;;(r)]duct was determined by HPLCg.sire
Compound2a can be transformed to several different chiral
building blocks, biologically active compounds addugs,
which have been disclosed in our previous Wikt can also ,
be reacted with isopropylamine directly, in the eafie of (R)-5-Phenyldihydrofuran-2(3H)-one (2a)!
solvent, over 10 h to afford 4-hydroN+Hsopropyl-4-phenyl- Colorless oil (40.1 mg, 99%)H NMR (400 MHz, CDC)): &
butyramide3 in quantitative yield and with 86% ee (Schemez 41-7.32 (m, 5H), 5.51 (8, = 7.2 Hz, 1H), 2.71-2.63 (m, 3H),
5). Compound can efficiently increase the plasma levels of2 23 2 14 (m, 1H)**C NMR (100 MHz, CDG)): § 176.9, 139.4,
HDL in a cholesterol fed rat model and is useful tteating  128.7, 128.4, 125.3, 81.2, 30.9, 28.9; HPLC [Daichlirdcel

The corresponding racemic product was obtained uB@@§
and MeOH in an autoclave under 20 bar hydrogen presd(RT.

diseases such as atherosclerfsis. AS-H, n-hexanedtPrOH = 75/25, 210 nm, 0.8 mL/miny, = 14.8
NH, min, t, = 17.7 min], ee = 84%p],, = +26.59 ¢ 1.50, CHCJ).
0 Y ,RT,12h OH , (R)-5-(2-Methoxyphenyl)dihydrofuran-2(3H)-one (2b)”
o} > NH'Pr
é PR Colorless oil (45.6 mg, 95%JH NMR (400 MHz, CDC)):
Ph“(R) ! (R);) 7.32-7.28 (m, 2H), 6.96 (§,= 7.6 Hz, 1H), 6.89 (d] = 8.0 Hz,
0)-2a SRS 1H), 5.75 (t,J = 6.8 Hz, 1H), 3.83 (s, 3H), 2.72-2.58 (m, 3H),
(84% ee) (100%, 86% ee) 2.14-2.07 (m, 1H)**C NMR (100 MHz, CDGJ)): 6 177.6, 156.0,
Scheme 5 The formation o8. 129.3, 128.0, 125.6, 120.6, 110.5, 77.9, 55.3,,22837; HPLC
[Daicel Chiralcel AS-Hn-hexanetPrOH = 75/25, 210 nm, 0.8
3. Conclusions mL/min, &, = 15.2 min, 4, = 17.6 min], ee = 57%p[5, = +10.41
(c 0.94, CHC)).

In summary, we have developed a convenient RUPHOX-Ru* _
catalyzed asymmetric hydrogenation of aroylacrybcids, (R)-5-(3-Methoxyphenyl)dihydrofuran-2(3H)-one (2¢)®
i . ? . o
providing the corresponding chirgllactones in up to 99% y_|eld Colorless oil (47.9 mg, 99%JH NMR (400 MHz, CDCJ): 6
and 93% ee. The methodology has the advantagerg aasily
; 7.30-7.24 (m, 1H), 6.90-6.82 (m, 3H), 5.50-5.43 (H), B.79
accessible substrates and therefore expands thee sufo the "
resulting chiraly-lactones. Furthermore, high catalytic efficiency (S, 3H), 2.68-2.55 (m, 3H), 2.23-2.11 (m, 1H; NMR (100
' i MHz, CDChL): 6 176.9, 159.9, 141.0, 129.8, 117.3, 113.8, 110.7,

was achieved; reduction of both the C=C and C=0 hiobbnds 81.0, 55.3, 30.9, 28.9; HPLC [Daicel Chiralcel ASA-hexaneit



PrOH = 75/25, 210 nm, 0.8 mL/miny;t= 18.6 min, ¢, = 23.0
min], ee = 82%;d],, = +15.27 ¢ 0.34, CHCJ).
(R)-5-(4-Methoxyphenyl)dihydr ofuran-2(3H)-one (2d)*"

Colorless oil (47.9 mg, 99%JH NMR (400 MHz, CDC)): 6
7.27-7.23 (m, 2H), 6.92—-6.89 (m, 2H), 5.47-5.42 (ki), B.81
(s, 3H), 2.67-2.58 (m, 3H), 2.23-2.15 (m, 1H{ NMR (100

5
Colorless oil (45.0 mg, 99%jH NMR (400 MHz, CDCJ)):

6 7.39 (t,J = 7.6 Hz, 1H), 7.35-7.27 (m, 1H), 7.16J& 7.2 Hz,
1H), 7.06 (t,J = 10.0 Hz, 1H) , 5.73 (1) = 7.2 Hz, 1H), 2.75-
2.63 (m, 3H), 2.23-2.13 (m, 1H)C NMR (100 MHz, CDCJ): 6
176.7, 159.6 (dJ = 245.6 Hz), 130.0 (d] = 8.1 Hz), 126.9 (dJ
=12.6 Hz), 126.5 (d] = 3.8 Hz), 124.4 (d] = 3.6 Hz), 115.6 (d,
J = 20.7 Hz), 76.2 (dJ = 3.3 Hz), 29.7, 28.5; HPLC [Daicel

MHz, CDCkL): 6§ 177.0, 159.7, 131.1, 126.9, 114.1, 81.3, 55.3Chiralcel AS-H,n-hexanefPrOH = 75/25, 210 nm, 0.8 mL/min,

30.9, 29.2; HPLC [Daicel Chiralcel AS-H-hexanefPrOH =
75/25, 210 nm, 0.8 mL/mingt= 14.0 min, 4, = 19.0 min], ee =
76%:; o] = +31.10 ¢ 0.69, CHC)).

(R)-5-(3-Tolyl)dihydrofuran-2(3H)-one (2¢)®"

Colorless oil (44.0 mg, 99%)H NMR (400 MHz, CDCY)): ¢
7.27-7.22 (m, 1H), 7.14-7.07 (m, 3H), 5.48-5.44 (ht), .65—
2.58 (m, 3H), 2.35 (s, 3H), 2.21-2.12 (m, 1 NMR (100

try = 11.9 min, 4, = 14.4 min], ee = 60%p]°, = +14.32 ¢ 0.35,
CHCL).

(R)-5-(3-Fluorophenyl)dihydrofuran-2(3H)-one (2k)®

Colorless oil (45.0 mg, 99%jH NMR (400 MHz, CDCY)): ¢
7.36-7.28 (m, 1H), 7.10-6.96 (m, 3H), 5.50-5.43 (ht), 2.67—
2.57 (m, 3H), 2.18-2.08 (m, 1H)C NMR (100 MHz, CDCJ): §
176.5, 162.9 (dJ = 245.6 Hz), 142.0 (dl = 7.3 Hz), 130.4 (d)

MHz, CDCL): 6 176.9, 139.3, 138.5, 129.1, 128.6, 125.9, 122.37 8.1 Hz), 120.7 (d) = 2.9 Hz), 115.3 (d) = 20.9 Hz), 112.3 (d,

81.3, 30.9, 28.9, 21.4; HPLC [Daicel Chiralcel ASrhexaneit
PrOH = 90/10, 210 nm, 0.8 mL/mim;t= 23.6 min, 4, = 31.0
min], ee = 41%;d],, = +22.46 ¢ 0.33, CHCJ).

(R)-5-(3-Ethyl phenyl)dihydrofuran-2(3H)-one (2f)

Colorless oil (47.5 mg, 99%jH NMR (400 MHz, CDC)): ¢
7.32-7.28 (m, 1H), 7.19-7.16 (m, 2H), 7.15-7.12 (K), 5.51—
5.48 (m, 1H), 2.69-2.63 (m, 5H), 2.23-2.16 (m, 1H41(t,J =
7.6 Hz, 3H);"*C NMR (100 MHz, CDGCJ): § 177.0, 144.9, 139.3,
128.7, 128.0, 124.7, 122.5, 81.4, 31.0, 29.0, 2B6&; IR (KBr)

J=22.6 Hz), 80.2, 30.8, 28.7; HPLC [Daicel Chirala&-H, n-
hexandtPrOH = 75/25, 210 nm, 0.8 mL/miry,; = 14.8 min, &,
= 18.2 min], ee = 85%l;, = +14.67 ¢ 0.43, CHC)).

(R)-5-(4-Fluorophenyl)dihydrofuran-2(3H)-one (21)

Colorless oil (45.0 mg, 99%JH NMR (400 MHz, CDC)): 6
7.28 (t,J = 5.6 Hz, 2H), 7.04 () = 8.0 Hz, 2H), 5.46-5.43 (m,
1H), 2.67-2.57 (m, 3H), 2.18-2.09 (m, 1) NMR (100 MHz,
CDCl): 6 176.6, 162.6 (dJ = 245.8 Hz), 135.1 (d] = 3.1 Hz),
127.2 (d,J = 8.3 Hz), 115.7 (dJ = 21.6 Hz), 80.6, 31.0, 29.0;

cm? 2964, 1774, 1631, 1362, 1181, 1138, 1023, 798; 70 HPLC [Daicel Chiralcel AS-Hn-hexanetPrOH = 75/25, 210

HRMS (ESI): calcd for @H..0, [M+Na]": 213.0886, found
213.0886; HPLC [Daicel Chiralcel AS-H-hexanefPrOH =
75/25, 210 nm, 0.8 mL/mingt= 11.8 min, 4, = 14.7 min], ee =
76%; [o],, = +18.18 ¢ 0.67, CHCJ).

(R)-5-(3-Ethoxyphenyl)dihydrofuran-2(3H)-one (2g)™

Colorless oil (51.5 mg, 99%jH NMR (400 MHz, CDC)): 6
7.29-7.27 (m, 1H), 6.89—6.80 (m, 3H), 5.50-5.42 (hkt), 4.02
(q,J = 6.4 Hz, 2H), 2.66-2.58 (m, 3H), 2.20-2.12 (m, 1H391.
(t, J=6.0 Hz, 3H);13C NMR (100 MHz, CDGJ): 6 176.9, 159.2,
140.9, 129.8, 117.2, 114.3, 111.3, 81.0, 63.5,,3P899, 14.8;
HPLC [Daicel Chiralcel AS-Hn-hexandtPrOH = 75/25, 210
nm, 0.8 mL/min, 4, = 17.2 min, 4, = 21.2 min], ee = 90%p],,
= +9.77 € 0.54, CHC)).

(R)-5-(3-1sopropoxyphenyl)dihydrofur an-2(3H)-one (2h)™"

Colorless oil (55.0 mg, 99%JH NMR (400 MHz, CDC)): 6
7.28-7.23 (m, 1H), 6.85-6.82 (m, 3H), 5.46-5.43 (Hh), ¥.58—
4.51 (m, 1H), 2.64-2.57 (m, 3H), 2.20-2.12 (m, 1H311(d,J =
5.6 Hz, 6H);"°C NMR (100 MHz, CDG)): § 176.9, 158.2, 141.0,
129.8, 117.1, 115.4, 112.8, 81.0, 69.9, 30.9, 23290; HPLC
[Daicel Chiralcel AS-Hn-hexanetfPrOH = 75/25, 210 nm, 0.8
mL/min, tz, = 12.2 min, 4, = 14.3 min], ee = 93%p]5. = +13.01
(c 0.83, CHC)).

(R)-[S_]-(B-(Trifluoromethoxy)phenyl)dihydrofuran-2(3H)-one
(2i)"
Colorless oil (61.5 mg, 99%jH NMR (400 MHz, CDCJ)): ¢

7.41 (t,J = 7.6 Hz, 1H), 7.25 (d] = 7.6 Hz, 1H), 7.20-7.15 (m,
2H), 5.51-5.46 (m, 1H), 2.71-2.62 (m, 3H), 2.20-2rh] IH);

*C NMR (100 MHz, CDGJ)): § 176.3, 149.5, 141.8, 130.3, 123.4,

nm, 0.8 mL/min, 4, = 15.9 min, 4, = 19.2 min], ee = 83%p].,
= +36.69 € 0.63, CHCJ).

(R)-5-(3-Chloropheny!)dihydrofuran-2(3H)-one (2m)™

Colorless oil (49.0 mg, 99%jH NMR (400 MHz, CDCJ): ¢
7.32-7.27 (m, 3H), 7.21-7.16 (m, 1H), 5.48-5.42 (Hi), 2.69—
2.59 (m, 3H), 2.19-2.09 (m, 1H)C NMR (100 MHz, CDCJ): §
176.4, 141.4, 134.7, 130.1, 128.5, 125.4, 123.2,8D.8, 28.7,
HPLC [Daicel Chiralcel AS-Hp-hexanagtPrOH = 98/2, 210 nm,
0.8 mL/min, &y = 74.7 min, 4, = 101.8 min], ee = 90%jp]>, =
+23.59 (c 0.44, CHG).

(R)-5-(4-Chlorophenyl)dihydrofuran-2(3H)-one (2n)

Colorless oil (47.0 mg, 96%jH NMR (400 MHz, CDCJ): ¢
7.31-7.27 (m, 2H), 7.24-7.20 (m, 2H), 5.44-5.38 (iH),12.62-
2.54 (m, 3H), 2.11-2.03 (m, 1H)’C NMR (100 MHz, CDCJ): §
176.6, 137.9, 134.2, 127.8 @@= 215.3 Hz), 127.8 (d] = 129.3
Hz), 80.5, 30.9, 28.9; HPLC [Daicel Chiralcel AS+hexaneat
PrOH = 90/10, 210 nm, 0.8 mL/mirg;t= 25.2 min, 4, = 29.5
min], ee = 79%;d],, = +25.96 ¢ 0.55, CHCJ).

(R)-5-(3-(Trifluoromethyl)phenyl)dihydrofur an-2(3H)-one (20)!

Colorless oil (57.5 mg, 99%JH NMR (400 MHz, CDC)): 6
7.60-7.56 (m, 2H), 7.53-7.49 (m, 2H), 5.56-5.51 (H), 2.72—
2.64 (m, 3H), 2.20-2.13 (m, 1H)IC NMR (100 MHz, CDCJ): §
176.3, 140.4, 131.4, 131.1, 129.3, 128.5, 125.3 (g,3.8 Hz),
122.0 (g,J = 3.8 Hz), 80.2, 30.9, 28.8; HPLC [Daicel Chiralcel
AS-H, n-hexandgfPrOH = 75/25, 210 nm, 0.8 mL/mir,; = 10.8
min, t, = 14.3 min], ee = 81%p],, = +34.39 ¢ 0.46, CHC)).

(R)-5-(4-(Trifluoromethyl)phenyl)dihydrofur an-2(3H)-one (2p)!*”

120.7, 120.3 (gqJ = 256.2 Hz), 117.9, 80.0, 30.8, 28.7; HPLC  Colorless oil (57.5 mg, 99%}H NMR (400 MHz, CDCJ):

[Daicel Chiralcel AS-Hn-hexanetfPrOH = 85/15, 210 nm, 0.8
mL/min, t, = 13.5 min, 4, = 17.4 min], ee = 85%p],, = +28.18
(c 0.55, CHC)).

(R)-5-(2-Fluorophenyl)dihydrofuran-2(3H)-one (2j)1*?

7.65 (d,J = 8.0 Hz, 2H), 7.45 (d] = 8.0 Hz, 2H), 5.55 (1] = 7.6
Hz, 1H), 2.75-2.63 (m, 3H), 2.19-2.10 (m, 1€ NMR (100
MHz, CDCL): § 176.3, 143.4, 130.6 (d,= 32.8 Hz), 125.8 (q]
=3.7 Hz), 125.4, 123.9 (d,= 270.7 Hz), 80.1, 30.9, 28.7; HPLC
[Daicel Chiralcel AS-Hn-hexanetPrOH = 75/25, 210 nm, 0.8
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mL/min, tz, = 10.6 min, §, = 12.7 min], ee = 74%;a], =
+22.25 £0.36, CHCJ).

(R)-5-(3,5-Dimethyl pheny!)di hydr ofuran-2(3H)-one (2q)™"
Colorless oil (45.6 mg, 96%JH NMR (400 MHz, CDC)): 6

6.94 (s,1H), 6.92 (s, 2H), 5.44-5.39 (m, 1H), 2.63-2.56 (m),3H

2.30 (s, 6H), 2.19-2.11 (m, 1HYC NMR (100 MHz, CDCJ): ¢
177.1, 139.3, 138.4, 130.0, 123.0, 81.4, 30.9,,28198; HPLC

[Daicel Chiralcel AS-Hn-hexanetPrOH = 75/25, 210 nm, 0.8

mL/min, tz; = 10.2 min, 4, = 13.1 min], ee = 85%p]5, = +18.83
(c0.46, CHC)).

(R)-5-(3,5-Difluorophenyl)dihydrofuran-2(3H)-one (2r)

Colorless oil (49.5 mg, 99%jH NMR (400 MHz, CDCY)): ¢
6.87-6.81 (m, 2H), 6.77-6.70 (m, 1H), 5.46-5.43 (), R.72—
2.61 (m, 3H), 2.16-2.07 (m, 1H)C NMR (100 MHz, CDCJ): §
176.1, 164.4 (d) = 12.6 Hz), 161.9 (d] = 12.6 Hz), 143.5 (=
8.9 Hz), 108.1 (dJ = 26.4 Hz), 108.1 (d] = 11.6 Hz), 103.7 (1)
= 25.1 Hz), 79.5, 30.6, 28.5; IR (KBr) €m2959, 2830, 2716,
1787, 1631, 1366, 1119, 785, 774; HRMS (ESI): cdiod

CHsF>0, [M+Na]™: 221.0385, found 221.0383; HPLC [Daicel
Chiralcel AS-H,n-hexangtPrOH = 75/25, 210 nm, 0.8 mL/min,

try = 11.6 min, 4, = 14.6 min], ee = 80%p]°, = +11.06 ¢ 0.52,
CHCL).

(R)-5-(3,5-Dichlorophenyl)dihydr ofuran-2(3H)-one (2s)

Colorless oil (57.3 mg, 99%jH NMR (400 MHz, CDC)): ¢
7.32-7.30 (m, 1H), 7.23-7.21 (m, 2H), 5.45-5.41 (h), R.72—
2.63 (m, 3H), 2.17-2.10 (m, 1H))C NMR (100 MHz, CDCJ): §
176.1, 142.9, 135.5, 128.5, 123.7, 79.4, 30.8,;2R.§KBr) cri™:
3078, 2926, 2854, 1782, 1570, 1436, 1179, 799, 6RMS

(ESI): calcd for GeHsCl,0, [M+H]*: 230.9974, found 230.9981;

HPLC [Daicel Chiralcel AS-Hn-hexanatPrOH = 85/15, 210
nm, 0.8 mL/min, 4, = 17.9 min, 4, = 37.8 min], ee = 75%p],,
= +14.70 ¢ 0.50, CHCJ).

(R)-5-(3-Chloro-5-fluorophenyl)dihydr ofuran-2(3H)-one (2t)

Colorless oil (53.5 mg, 99%JH NMR (400 MHz, CDC)): 6
7.14-7.11 (m, 1H), 7.08-7.04 (m, 1H), 6.98-6.93 (), 5.47—
5.43 (m, 1H), 2.73-2.63 (m, 3H), 2.18-2.09 (m, 1¥ NMR
(100 MHz, CDCJ): 6 175.9, 162.8 (dJ = 249.6 Hz), 143.3 (d]
=8.1 Hz), 135.7 (dJ = 10.3 Hz), 121.2 (d] = 3.2 Hz), 116.1 (d,

8.0, 1.6 Hz, 1H), 5.47-5.43 (m, 1H), 2.71-2.64 (m,,3*)8—
2.08 (m, 1H);13C NMR (100 MHz, CDGJ): ¢ 176.1, 139.6,
133.1, 132.5, 130.8, 127.3, 124.5, 79.5, 30.8,;28PLC [Daicel
Chiralcel AS-H,n-hexanétPrOH = 75/25, 210 nm, 0.8 mL/min,
tre = 14.1 min, 4, = 19.6 min], ee = 74%p],, = +18.60 ¢ 0.32,
CHCIy).

The synthesis of
butyramide (3)[8]

A mixture of2a (1 g, 6.2 mmol) and isopropylamine (5 mL,
58.7 mmol) was stirred at room temperature for axiprately 10
hours. The additional isopropylamine was removed eund
reduced pressure to give 4-hydroxy-N-isopropyl-4«ph-
butyramide3 as a white solid (1.36 g, 100%H NMR (400
MHz, CDCh): d 7.35-7.29 (m, 4H), 7.257.21 (m, 1H), 5.73 (d,
J = 6.0 Hz, 1H), 4.73 (o) = 4.0 Hz, 1H), 4.093.98 (m, 1H),
2.26 (t,J = 6.8 Hz, 2H), 2.041.93 (m, 2H), 1.11 (d] = 6.8 Hz,
6H); °C NMR (100 MHz, CDCJ): 6 172.7, 144.6, 128.3, 127.2,
125.7, 73.5, 41.5, 34.5, 33.1, 22.6; HPLC [Daicelr&lbel OX-
H, n-hexandgtPrOH = 95/5, 210 nm, 0.5 mL/mim,;t= 85.0 min,
tr, = 123.6 min], ee = 86%g];, = +38.95 ¢ 0.32, CHC)).

(R)-4-hydr oxy-N-isopr opyl-4-phenyl-
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