Open Access Article. Published on 28 September 2018. Downloaded on 4/6/2026 7:12:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2018, 8, 33451

ketonest

Simone Crotti
Andrea Mazzanti,

Received 6th August 2018
Accepted 18th September 2018

Giada Belletti, Nicola Di lorio,
Paolo Righi

Asymmetric vinylogous aldol addition of alkylidene
oxindoles on trifluoromethyl-«,B-unsaturated

Emanuela Marotta,
and Giorgio Bencivenn

A novel vinylogous aldol addition of alkylidene oxindole with 1-trifluoromethyl-3-alkylidene-propan-2-

ones is presented. The reaction, catalyzed by a bifunctional tertiary amine, provides an efficient

DOI: 10.1039/c8ra06615a application of the vinylogous

rsc.li/rsc-advances

Introduction

Vinylogy has been successfully applied to the remote function-
alization of organic molecules." The intrinsic difficulty to
introduce a functional group or an alkyl chain far away from the
binding site of the catalyst, is a challenging task that makes the
vinylogous reactions highly attractive.? Alkylidene oxindoles are
the central core of many biologically active compounds and
intermediates for the synthesis of drugs® (Fig. 1a).

For these reasons and due to their role in biological and
pharmacological applications, the realization of novel, alkyli-
dene oxindoles is highly desirable. Their reactivity as Michael
acceptors is well known, but they are also suitable substrates for
enantioselective vinylogous processes for which they have been
employed with different electrophiles (Fig. 1b).* Organofluorine
compounds are important molecules employed in agro- and
medicinal chemistry® and chiral compounds containing the
trifluoromethyl group (CF;) bonded to a stereogenic centre are
active against various diseases. In particular, tertiary tri-
fluoromethyl alcohols are important building blocks for the
synthesis of biologically active compounds and drugs (Fig. 2).°

For these reasons the search of new fluorinated compounds
is an attractive field and many research groups developed
powerful fluorination and trifluoromethylation reactions.” The
Ruppert-Prakash (R-P) reaction, which exploits the direct
nucleophilic trifluoromethylation of a carbonyl group, is the
most common and practical method for the synthesis of tri-
fluoromethyl alcohols in an enantioselective fashion.”s**
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reactivity of oxindoles for
trifluoromethylated allylic alcohols.

the preparation of enantioenriched

Recently, organocatalytic cross-aldol and Henry reactions of
trifluoromethyl aryl ketones emerged as a valid alternative to
the classical R-P method.® Conversely, trifluoromethyl ketones
have never been used as acceptors in vinylogous-aldol reac-
tion.¥ This observation prompted us to study the enantiose-
lective vinylogous-aldol reaction of alkylidene oxindoles with
a,B-unsaturated trifluoromethyl ketones as a powerful method
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Fig. 1 (a) Biologically active alkylidene oxindole. (b) Typical reactivity
of alkylidene oxindoles.
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Fig. 2 Biologically active trifluoromethyl compounds.
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for the synthesis of y-functionalized alkylidene oxindole with
tertiary allylic alcohols bearing a trifluoromethyl substituent on
the chiral centre (Scheme 1).

The use of 1-trifluoromethyl vinyl ketones and alkylidene
oxindoles pose some challenges of chemo- and regioselectivity.
In fact, because of the high reactivity imparted by the CF;-
group, both the 1,2- and 1,4-addition products can be formed"
and furthermore the two y- and y’-positions of the oxindole can
compete for the generation of the vinylogous nucleophile. The
result is that a possible mixture of either E- and Z-alkenes
derived from Michael and aldol adducts can be obtained. In
this scenario the search of the proper catalytic machinery able
to selectively drive the reaction through the desired 1,2-addition
pathway is fundamental. Our idea is to concentrate the atten-
tion on a bifunctional catalyst bearing a chiral tertiary amine
and a hydrogen bond donor functionality which can activate the
nucleophilic y-position of the oxindole and the electrophilic
carbonyl group of the ketone. The resulting reaction would
furnish a novel method of synthesis of enantioenriched tri-
fluoromethylated allylic alcohols, a class of compounds which
represent versatile intermediates for the synthesis of fine
chemicals and biologically active compounds (Fig. 3).

Many methods have been developed for their synthesis."
However, if we exclude rare organocatalytic examples,® the
preparation of chiral allylic alcohols is rare. Consequently, the
development of novel reactions which realize the enantiose-
lective preparation of trifluoromethylated allylic alcohols is
highly desired.

Results and discussion

We started our investigation by exploring the reactivity of
diverse cinchona alkaloids organocatalysts.’> We prepared
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Scheme 1 Strategic plan for the vinylogous aldol addition.
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different thiourea and squaramide derivatives of 9-NH,-9-(epi)
quinine and quinidine (I-V). Using catalyst I we obtained a9 : 1
mixture of the aldol adduct 3aa together with the 5,6-dihy-
dropyranone 4aa' (Table 1). Interestingly the desired tri-
fluoromethylated allylic alcohol was isolated in a 21% yield and
87% ee. From the analysis of the crude mixture during time, it
was observed that 4aa was the result of a consecutive reaction of
3aa that starts to be highly competitive after 24 hours. Unfor-
tunately, compound 4aa was unstable under the reaction
conditions for a prolonged reaction time. For this reason, we
decided to stop the process after 24 hours to maximize the
conversion of 3aa. As it is possible to observe from Table 1,
using catalyst II, the pseudoenantiomer of I, the enantiose-
lectivity of the reaction diminished sensibly (entry 2). After
a rapid and unsuccessful survey of squaramide derivatives III
and IV (entries 3 and 4), we found that the 9-epi-HQAT V gave
the best enantiocontrol, albeit with low selectivity and yield
(entry 5). We tested different solvents and we observed that they
highly influenced the distribution of the two products and the
enantiomeric excess. Contrasting results were observed with
other halogenated solvents such as chloroform, dichloroethane
(DCE) and trifluorotoluene (entries 6-8).

In acetonitrile and toluene a low yield of 3aa was obtained

(entries 9 and 10) and ethereal solvents gave good
Table 1 Screening of the reaction conditions®
F3C oH
Cat (10 mol %) \CFa
@K w 25 °C solvem
3aa
o
H N
NH N N NH
Ar\HAS ZN N > Af N / A' HN N] = S)\N'Ar
H

Entry Cat  Solvent 3aa/4aa’  Yield® [%] 3aa e [%)] 3aa
1 I DCM 9.5:1 21 87

2 I DCM 14:1 21 63

3 I DCM 1:1.8 12 65

4 v DCM 3.5:1 42 75

5 v DCM 3.0:1 32 91

6 \" CHCI; 3.3:1 18 85

7 v DCE 1:2.2 6 66

8 A% PhCF; 1:3 10 61

9 \'% MeCN 1:9 3 56

10 \Y% Toluene 1:2 15 69

11 v MTBE 3:1 38 89

12 v DIPE 16:1 16 75

13 \'% Dry THF 13.5:1 38 92

14 v Dry THF  >19:1 61¢ 93

¢ The reactions were performed on a 0.2 mmol scale usmg a1l:1ratio
of 1a and 2a and 1 mL of solvent. * Determined via "H-NMR on the
crude mixture. © Determined on the isolated product. ¢ Determined
by HPLC on chiral stationary phase. © 5 mol % of catalyst V was used.
/0.5 mL of solvent were used. ¢ Determined via 'H-NMR with 1,3,5-
trimethoxybenzene as internal standard.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Substrate scope of the reaction®
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V or | (5 mol %)

25°C, THF 0.4 M

24 h

N
N

Bod °
3ba: 60% yield®
92% ee®

;o
C
3aa: 64% yield®
93% ee®

o
oC
ent-3ca: 58% yield”
91% ee®

ol . ©
°C 3da: 50% yield®
95% ee®

/ /
Boc Boc
ent-3ea: 50% yield®
93% ee®

o
3ea: 50% yield®
91% ee®

8ol ©
°C 3ac: 61% yield®
94% ee®

N
;o
BOC 3ad: 50% yield®
93% ee®

Boc
ent-3ac: 55% yield®
92% ee®

N

Boc/ °
3af: 48% yield®
96% ee®

/ o
Boc
3ae: 59% yield®
90% ee®

ol o
OC 3ag: 67% yield®
92% ee®

N

5ol . O
OTs °C 3dc: 60% yield?
93% ee®

N

0
Br 3bd: 55% yield®
78% ee®

Bod
ent-3bc: 88% yield®
91% ee®

1 mmol scale reaction

68% NMR yield®
50% isolated yield
95% ee®

“ The reactions were performed on a 0.2 mmol scale using a 1: 1 ratio of 1 and 2 in 0.5 mL of dry THF. ? Determined via "H-NMR with 1,3,5-
trimethoxybenzene as internal standard. © Determined by HPLC on chiral stationary phase.

enantiocontrol, but low selectivity (entries 11 and 12; MTBE =
methyl-#-butyl ether; DIPE = diisopropyl ether). Dry THF
revealed to be the best choice because its use increased the
enantiomeric excess of 3aa to 92% and gave a promising 13.5 : 1
ratio between 3aa and 4aa (entry 13). Using a 5 mol % of V and
a doubly concentrated reaction, 3aa was obtained as the sole
product in 93% ee and 61% yield (entry 14). With the optimized
conditions we reacted different oxindoles 1la-e with tri-
fluoroketones 2a-g (Table 2). The general trend observed is that
catalyst V is able to give high control on the stereochemistry
regardless of the electronic nature of the substituents at the C(5)
and C(6) of the oxindole core.

The presence of electron-withdrawing and releasing groups is
in fact well tolerated (3aa-3ea). Interestingly, the opposite
enantiomers are easily accessible using catalyst I (ent-3ea and
ent-3ac) and in the case of allylic alcohols ent-3ca and ent-3bc,
the results are even better than using catalyst V. A good generality
is observed when trifluoroketones 2b-g were studied. In all cases
the corresponding allylic alcohols were obtained as sole products
after 24 hours (3ab-3bd). No traces of 1,4-adducts were found as
proof of the high chemoselectivity of the aldol addition. To
evaluate the utility of the process we performed a 1.0 mmol scale
reaction between 1a and 2a. The reaction furnished the desired
compound in a 50% yield of isolated product and 95% ee.

This journal is © The Royal Society of Chemistry 2018

The absolute configuration was determined to be R by means
of single crystal X-ray diffraction analysis on 5aa'* which was
obtained from 3aa after the removal of the Boc protecting group
by reaction with pyrrolidine in DCM (Scheme 2).

A model for a plausible transition state that accounts for the
bifunctional activation of catalyst V is reported in Fig. 4. The R
absolute configuration can be explained as the result of
a vinylogous addition of the oxindole s-cis dienolate to the
prochiral Si face of the carbonyl of the trifluoroketone.
Preliminary DFT calculations® resulted in the location of seven
transition states (TSs), with only three of them contributing
significantly to the product enantiomer distribution. In agree-
ment with previous studies,'® only TSs corresponding to the
mode of actions A or B of catalyst V have been located. The
lowest in energy (A-Si-s-cis) corresponds to the mode A addition
of the oxindole to the Si-face of the ketone in the s-cis confor-
mation and gives the (R)-enantiomer of the product. Another

F4C, OH
7R D 5 .
N N DCM, rt
/ o H 5aa A

Boc 3aa

£

Scheme 2 Synthesis and X-ray structure of compound 5aa.
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Fig. 4 Proposed transition state models derived from DFT calcula-
tions. Modes A-(Si)-s-cis and B-(Si)-s-cis contributes to the formation
of the major (R)-3aa as observed. The minor enantiomer (S)-3aa is the
results of the mode B-(Re)-s-cis way of action of the catalyst V.

FaC

small fraction of the (R)-enantiomer comes from the B-Si-s-cis
transition state, while the (S)-enantiomer arises from the B-Re-s-
cis transition state. The results obtained account for a 96% ee in
favour of the (R)-enantiomer, which is in good agreement with
the observed experimental value of 93%."

Conclusions

In conclusion we realized the enantioselective synthesis of novel
fluorinated allylic alcohols through the first vinylogous aldol
addition of 3-alkylidene oxindoles and unsaturated tri-
fluoromethyl ketones. The reaction proceeded with complete
control of the chemo- and regioselectivity and represents
a valuable strategy to access allylic alcohols containing a tri-
fluoromethyl group installed on a fully substituted stereocenter.

Experimental
General methods

All the NMR spectra were recorded on Inova 300 MHz, Gemini
400 MHz or Mercury 600 MHz Varian spectrometers for 'H, 75
MHz, 100 MHz and 150 MHz for *C and 282 MHz, 376 MHz,
564 MHz for '°F respectively. The chemical shifts () for "H, '°F
and C are given in ppm relative to internal standard TMS (0.0
ppm) or residual signals of CHCl; (7.26 ppm). Coupling
constants are given in Hz. The following abbreviations are used
to indicate the multiplicity: s, singlet; d, doublet; t, triplet; q,
quartet; m, multiplet; bs, broad signal. Concerning the **C
spectra of the products, we were never able to see the signal
(quartet) of the fluorinated carbon regardless of the delay and
the acquisition time we employed (not even a 5 day-acquisition
with a 60 seconds delay at 150 MHz showed any signal). It is
likely that, due to the splitting of the signal and the very high
relaxation time of this particular carbon, the corresponding
signal is lost in the baseline. Purification of reaction products
was carried out by flash chromatography (FC) on silica gel (230-

33454 | RSC Adv., 2018, 8, 33451-33458
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400 mesh). Organic solutions were concentrated under reduced
pressure on a Biichi rotary evaporator. High Resolution Mass
spectra were obtained from the CIGS facilities of the University
of Modena and Reggio Emilia on a G6520AA Accurate-Mass Q-
TOF LC/MS instrument. Chiral HPLC analysis was performed
on an Agilent 1100-series instrumentation. HPLC traces for all
compounds were compared to quasi racemic samples prepared
by mixing the two product antipodes obtained performing the
reactions with catalyst V and the pseudo-enantiomer I sepa-
rately. Optical rotations are reported as follows:[a]3; (c in g per
100 mL, CHCl;) and the numerical values are relative to the
products obtained from catalyst V. All reactions were carried out
in air. Chiral catalyst I, II, III, IV and V were prepared following
literature procedures.’® Alkylidene oxindoles la-e and o,fB-
unsaturated-1,1,1-trifluoroketones 2a-g were prepared accord-
ing to the procedure reported in the ESL{

General procedure for the vinylogous aldol reaction

In an ordinary vial equipped with a Teflon-coated magnetic stir
bar, catalyst V or I (6 mg, 0.01 mmol, 0.05 equiv.), oxindole
(0.2 mmol, 1 equiv.) and trifluoroketone (0.2 mmol, 1 equiv.)
were dissolved in 0.5 mL of anhydrous THF (freshly distilled
over sodium and benzophenone) at room temperature. After 24
hours of stirring, the reaction was flushed through a short silica
plug with a 1 : 1 mixture of DCM : EtOAc to remove the catalyst
and the crude product was concentrated to perform a "H-NMR
analysis to measure the yield (1,3,5-trimethoxybenzene was
used as internal standard). At this point the product was puri-
fied with flash column chromatography and the ee% was
determined through HPLC on a chiral stationary phase.

tert-Butyl (E)-(2-(4-methyl-2-oxo0-6-styryl-6-(trifluoromethyl)-
5,6-dihydro-2H-pyran-3-yl)phenyl)carbamate (3aa). The reaction
was carried out following the general procedure. "H-NMR of the
crude showed a 64% yield for catalyst I. The crude mixture was
purified by flash column chromatography (hexane : EtOAc =
19 : 1) and the title compound was obtained as a yellowish oil in
93% enantiomeric excess. When the reaction was performed in
1 mmol scale the crude product showed a 68% yield based on
'"H-NMR and 50% yield on the isolated pure product. The
enantiomeric excess in this case was found to be 95%. The ee
was determined by HPLC analysis on a Daicel Chiralpak IC
column: hexane/i-PrOH 95 : 5, flow rate 1.0 mL min™ %, A =
254 nm: Ty = 5.6 min, 7; = 6.9 min. [a]’ + 376.5 (c 1.0, CHC;).
HRMS-ESI-ORBITRAP (+): calculated for [CyeH,eF;NNaO,]"
496.1712, found 496.1721 [M + Na]". *"H-NMR (400 MHz, CDCl5)
6 7.86-7.81 (m, 1H), 7.50 (d, J = 7.7 Hz, 1H), 7.42-7.27 (m, 6H),
7.16 (dd, J = 7.7 Hz, 1.1 Hz, 1H), 6.92 (d, ] = 15.8 Hz, 1H), 6.24
(d,J = 16.3 Hz, 1H), 5.39 (s, 1H), 4.35 (d, ] = 12.6 Hz, 1H), 2.83
(d, J = 12.6 Hz, 1H), 2.35 (s, 3H), 1.67 (s, 9H). '’F-NMR (376
MHz, CDCl;) 6 —81.31. C-NMR (100 MHz, CDCl;) 6 168.7,
152.6, 148.8, 138.2, 135.9, 133.1, 128.8, 128.7, 128.2, 126.8,
124.2, 124.2, 123.7, 123.4, 114.7, 85.0, 78.0 (q, J = 28.2 Hz, tet-
rasubstituted aliphatic carbon, partially overlapped with
CDCly), 42.0, 28.1, 27.9.

tert-Butyl (E)-(4-bromo-2-(4-methyl-2-oxo-6-styryl-6-(tri-
fluoromethyl)-5,6-dihydro-2H-pyran-3-yl)phenyl)carbamate (3ba).

This journal is © The Royal Society of Chemistry 2018
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The reaction was carried out following the general procedure. "H-
NMR of the crude showed a 60% yield for catalyst V and 47% for
catalyst I. The crude mixture was purified by flash column
chromatography (hexane:EtOAc = 15:1) and the title
compound was obtained as a yellowish oil in 92% (catalyst V) and
92% (catalyst I) enantiomeric excess. The ee was determined by
HPLC analysis on a Daicel Chiralpak AD-H column: hexane/i-
PrOH 95:5, flow rate 1.0 mL min %, A = 254 nm: 1y =
5.9 min, 7; = 8.1 min. [a]§’ + 123.0 (¢ 1.0, CHCl;). HRMS-ESI-
ORBITRAP (+): calculated for [C,eH,sBrF;NNaO,]" 574.0817,
found 574.0833 [M + Na]'. "H-NMR (300 MHz, CDCl;) § 7.80-7.73
(m, 1H), 7.61 (s, 1H), 7.47-7.24 (m, 9H), 6.91 (d, J = 15.8 Hz, 1H),
6.26 (d, J = 15.8 Hz, 1H), 5.21 (bs, 1H), 4.32 (d, J = 12.5 Hz, 1H),
2.87 (d,J = 12.5 Hz, 1H), 2.35 (s, 3H), 1.65 (s, 9H). "’F-NMR (282
MHz, CDCl;) 6 —81.35. ">*C-NMR (75 MHz, CDCl;) 6 167.8, 161.5,
154.7,148.6,137.1,135.8, 133.2, 131.4, 128.7, 126.8, 125.9, 125.1,
117.3, 92.9, 85.3, 77.63 (m, tetrasubstituted aliphatic carbon,
partially overlapped with CDCl;), 55.3, 42.1, 28.2, 28.1.

tert-Butyl (2)-5-chloro-3-((R,E)-4-hydroxy-6-phenyl-4-
(trifluoromethyl)hex-5-en-2-ylidene)-2-oxoindoline-1-
carboxylate (3ca). The reaction was carried out following the
general procedure. "H-NMR of the crude showed a 58% for
catalyst I and 39% yield for catalyst V. The crude mixture was
purified by flash column chromatography (hexane : EtOAc =
15 : 1) and the title compound was obtained as a yellowish oil in
91% (catalyst I) and 85% (catalyst V) enantiomeric excess. The
ee was determined by HPLC analysis on a Daicel Chiralpak AD-
H column: hexane/i-PrOH 95 : 5, flow rate 1.0 mL min™*, A =
254 nm: ty = 5.9 min, 7y = 8.3 min. [«]’ + 216.0 (¢ 1.0, CHCI;).
HRMS-ESI-ORBITRAP (+): calculated for [CyeH,sCIF;NNaO,]"
530.1322, found 530.1329 [M + Na]". "H-NMR (300 MHz, CDCl;)
6 7.80-7.73 (m, 1H), 7.61 (s, 1H), 7.47-7.24 (m, 9H), 6.91 (d, ] =
15.8 Hz, 1H), 6.26 (d,J = 15.8 Hz, 1H), 5.21 (bs, 1H), 4.32 (d, ] =
12.5 Hz, 1H), 2.87 (d, ] = 12.5 Hz, 1H), 2.35 (s, 3H), 1.65 (s, 9H).
F-NMR (282 MHz, CDCl;) 6 —81.35. ">C-NMR (75 MHz, CDCI;)
0 168.0, 154.6, 148.6, 136.6, 135.7, 133.1, 129.7, 128.7, 128.5,
128.3, 126.8, 126.0, 124.7, 124.2, 123.4, 115.8, 85.3, 78.0 (q, ] =
28.2 Hz), 42.1, 28.1, 28.0.

tert-Butyl  (Z)-3-((R,E)-4-hydroxy-6-phenyl-4-(trifluoromethyl)
hex-5-en-2-ylidene)-5-methoxy-2-oxoindoline-1-carboxylate (3da).
The reaction was carried out following the general procedure. "H-
NMR of the crude showed a 50% yield for catalyst V and 38% for
catalyst I. The crude mixture was purified by flash column
chromatography (hexane : EtOAc = 9 : 1) and the title compound
was obtained as a yellowish oil in 95% (catalyst V) and 92%
(catalyst I) enantiomeric excess. The ee was determined by HPLC
analysis on a Daicel Chiralpak AD-H column: hexane/i-PrOH
95 : 5, flow rate 1.0 mL min™ ', A = 254 nm: 7y = 11.5 min, 7y =
7.4 min. [a]F + 280.0 (¢ 1.0, CHCl;). HRMS-ESI-ORBITRAP (+):
calculated for [C,,H,gF;NNaOs]" 526.1817, found 526.1803 [M +
Na]". 'H-NMR (300 MHz, CDCl;) 6 7.76 (d,J = 9.0 Hz, 1H), 7.42-
7.28 (m, 5H), 7.06 (d, J = 2.6 Hz, 1H), 6.92 (d, J = 15.8 Hz, 1H),
6.85 (dd, J; = 9.0 Hz, J, = 2.6 Hz, 1H), 6.26 (d, J = 15.8 Hz, 1H),
4.34 (d, J = 12.5 Hz, 1H), 3.79 (s, 3H), 2.82 (d, J = 12.5 Hz, 1H),
2.33 (s, 3H), 1.66 (s, 9H). "’F-NMR (282 MHz, CDCl;) 6 —81.30.
BC-NMR (75 MHz, CDCl;) 6 168.8, 156.4, 152.9, 148.9, 135.9,
133.0, 131.9, 128.7, 128.2, 127.0, 126.8, 124.4, 123.7, 115.4, 112.8,

This journal is © The Royal Society of Chemistry 2018
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111.4, 84.7, 77.8 (m, tetrasubstituted aliphatic carbon, partially
overlapped with CDCly), 55.7, 42.0, 28.1, 27.8.

tert-Butyl (2)-6-chloro-3-((R,E)-4-hydroxy-6-phenyl-4-
(trifluoromethyl)hex-5-en-2-ylidene)-2-oxoindoline-1-carboxylate
(3ea). The reaction was carried out following the general proce-
dure. "H-NMR of the crude showed a 50% yield for both catalyst V
and I. The crude mixture was purified by flash column chroma-
tography (hexane : EtOAc = 9: 1) and the title compound was
obtained as a yellowish oil in 91% (catalyst V) and 93% (catalyst I)
enantiomeric excess. The ee was determined by HPLC analysis on
a Daicel Chiralpak AD-H column: hexane/i-PrOH 95 : 5, flow rate
1.0 mL min~ ', A = 254 nm: ty = 9.4 min, 7; = 6.9 min. [«]3 +
238.0 (¢ 1.0, CHCl3). HRMS-ESI-ORBITRAP (+): calculated for
[Cy6H,sCIF;NNaO,4]" 530.1322, found 530.1329 [M + Na]". 'H
NMR (400 MHz, CDCl;) ¢ 7.92 (d, J = 2.0 Hz, 1H), 7.43-7.38 (m,
3H), 7.35-7.27 (m, 3H), 7.13 (dd, J; = 8.4 Hz, ], = 2.0 Hz, 1H), 6.90
(d,J = 15.8 Hz, 1H), 6.26 (d,J = 15.8 Hz, 1H), 5.18 (s, 1H), 4.30 (d,
J = 12.6 Hz, 1H), 2.86 (d, J = 12.6 Hz, 1H), 2.32 (s, 3H), 1.66 (s,
9H). "F-NMR (376 MHz, CDCl;) 6 —81.34. ">*C-NMR (100 MHz,
CDCl;) 6 168.2, 153.2, 148.6, 139.0, 135.8, 134.6, 133.1, 128.7,
128.3,126.8,126.0, 124.8, 124.2, 123.5, 121.8, 115.4, 85.5, 77.8 (m,
tetrasubstituted aliphatic carbon, partially overlapped with
CDCl), 41.9, 28.1, 27.9.

tert-Butyl (2)-3-((R,E)-4-hydroxy-6-(naphthalen-1-yl)-4-
(trifluoromethyl)hex-5-en-2-ylidene)-2-oxoindoline-1-carboxylate
(3ab). The reaction was carried out following the general proce-
dure. "H-NMR of the crude showed a 58% yield for catalyst V and
33% for catalyst I. The crude mixture was purified by flash
column chromatography (hexane : EtOAc = 95 : 5) and the title
compound was obtained as amorphous yellow solid in 88%
(catalyst V) and 88% (catalyst I) enantiomeric excess. The ee was
determined by HPLC analysis on a Daicel Chiralpak AD-H
column: hexane/i-PrOH 90 : 10, flow rate 0.7 mL min™', 1 =
254 nm: 7y = 6.5 min, 7; = 13.2 min. [&]f} + 14.0 (c 1.0, CHCl,).
HRMS-ESI-ORBITRAP (+): calculated for [CzoH,sF3NNaO4]"
546.1868, found 546.1860 [M + Na]". "H-NMR (400 MHz, CDCl,)
67.94 (d,] = 8.4 Hz, 1H), 7.89-7.78 (m, 5H), 7.68 (d, J = 15.6 Hz,
1H), 7.59 (d,J = 7.0 Hz, 1H), 7.54-7.50 (m, 2H), 7.47 (d, ] = 7.6 Hz,
2H), 7.40-7.32 (m, 1H), 7.17 (td, J; = 7.7 Hz, J, = 1.1 Hz, 1H), 6.28
(d,J = 15.5 Hz, 1H), 5.50 (bs, 1H), 4.41 (d, J = 12.7 Hz, 1H), 2.87
(d,J = 12.6 Hz, 1H), 2.36 (s, 3H), 1.68 (s, 9H). "’F-NMR (376 MHz,
CDCl;) 6 —81.32. *C-NMR (150 MHz, CDCl3) é 168.7, 152.5,
148.8, 138.3, 134.1, 133.5, 131.1, 130.8, 128.8, 128.4, 127.0-126.9
(m), 126.9, 126.2, 125.9, 125.5, 124.3, 124.1, 123.9, 123.8, 123.3,
85.0, 42.0, 28.2, 28.1.

tert-Butyl (2)-3-((R,E)-6-(4-bromophenyl)-4-hydroxy-4-
(trifluoromethyl)hex-5-en-2-ylidene)-2-oxoindoline-1-carboxylate
(3ac). The reaction was carried out following the general proce-
dure. "H-NMR of the crude showed a 61% yield for catalyst V and
55% for catalyst I. The crude mixture was purified by flash
column chromatography (hexane : EtOAc = 15 : 1) and the title
compound was obtained as a yellowish oil in 94% (catalyst V) and
92% (catalyst I) enantiomeric eccess. The ee was determined by
HPLC analysis on a Daicel Chiralpak AD-H column: hexane/i-
PrOH 95 : 5, flow rate 1.0 mL min™*, A = 254 nm: 7y = 7.1 min, 7y
= 9.1 min. [«]3 + 92.0 (¢ 0.5, CHCI;). HRMS-ESI-ORBITRAP (+):
calculated for [C,6H,5BrF;NNaO,4]" 574.0817, found 574.0831 [M
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+Na]". "TH-NMR (300 MHz, CDCl;) 6 7.84 (d, J = 8.2 Hz, 1H), 7.50
(d,J = 7.6 Hz, 1H), 7.37-7.27 (m, 4H), 7.19-7.12 (m, 2H), 6.87 (d,J
= 15.8 Hz, 1H), 6.25 (d,J = 15.7 Hz, 1H), 5.42 (s, 1H), 4.32 (d, ] =
12.6 Hz, 1H), 2.84 (d, J = 12.6 Hz, 1H), 2.33 (s, 3H), 1.66 (s, 9H).
"F-NMR (282 MHz, CDCl;) § —81.24. ">*C-NMR (75 MHz, CDCl,)
0 167.8, 161.5, 154.7, 148.6, 138.2, 137.1, 135.7, 133.2, 131.4,
128.7,126.8, 125.9, 125.1, 124.7, 117.3, 116.2, 92.9, 85.3, 77.6 (m,
tetrasubstituted aliphatic carbon, partially overlapped with
CDCly), 55.3, 42.1, 28.2, 27.1.

tert-Butyl (2)-3-((R,E)-6-(3,4-dichlorophenyl)-4-hydroxy-4-
(trifluoromethyl)hex-5-en-2-ylidene)-2-oxoindoline-1-carboxylate
(3ad). The reaction was carried out following the general proce-
dure. "H-NMR of the crude showed a 50% yield for catalyst V and
50% for catalyst I. The crude mixture was purified by flash
column chromatography (hexane : EtOAc = 9: 1) and the title
compound was obtained as a yellowish oil in 93% (catalyst V) and
87% (catalyst I) enantiomeric excess. The ee was determined by
HPLC analysis on a Daicel Chiralpak AD-H column: hexane/i-
PrOH 90:10, flow rate 1.0 mL min %, A = 254 nm: 1wy =
5.7 min, 1, = 5.3 min. [a]§’ + 497.0 (¢ 1.0, CHCl;). HRMS-ESI-
ORBITRAP (+): calculated for [C,6H,4Cl,FsNNaO,]" 564.0932,
found 564.0915 [M + Na]". "H-NMR (300 MHz, CDCl;) 6 7.86-7.82
(m, 1H), 7.53-7.46 (m, 2H), 7.39 (d, J = 8.3 Hz, 1H), 7.36-7.29 (m,
1H), 7.22-7.13 (m, 2H), 6.84 (d, J = 15.7 Hz, 1H), 6.27 (d, ] =
15.4 Hz, 1H), 5.47 (s, 1H), 4.31 (d, J = 12.7 Hz, 1H), 2.84 (d, ] =
12.6 Hz, 1H), 2.32 (s, 3H), 1.66 (s, 9H). "°F-NMR (282 MHz, CDCl,)
6 —81.13. >*C-NMR (75 MHz, CDCl,) 6 168.7, 151.9, 148.7, 138.2,
135.9, 132.9, 132.0, 130.9, 130.6, 128.9, 128.3, 127.8, 127.0, 126.1,
125.8,124.2,123.2,114.7, 85.1, 78.1 (m, tetrasubstituted aliphatic
carbon, partially overlapped with CDCl;), 41.9, 28.1, 27.8.

tert-Butyl (2)-3-((R,E)-4-hydroxy-6-(2-methoxyphenyl)-4-
(trifluvoromethyl)hex-5-en-2-ylidene)-2-oxoindoline-1-carboxylate
(3ae). The reaction was carried out following the general proce-
dure. "H-NMR of the crude showed a 59% yield for catalyst V and
41% for catalyst I. The crude mixture was purified by flash
column chromatography (hexane : EtOAc = 15 : 1) and the title
compound was obtained as a yellowish oil in 90% (catalyst V) and
86% (catalyst I) enantiomeric excess. The ee was determined by
HPLC analysis on a Daicel Chiralpak AD-H column: hexane/i-
PrOH 95:5, flow rate 1.0 mL min %, A = 254 nm: 7y =
6.5 min, 1y = 9.1 min. [a]y + 72.0 (¢ 1.0, CHCl;). HRMS-ESI-
ORBITRAP (+): calculated for [C,,H,sF;NNaOs]" 526.1817,
found 526.1832 [M + Na]'. "H-NMR (400 MHz, CDCl,) 6 7.87-7.81
(m, 2H), 7.51 (dd, J; = 8.1, ], = 1.1 Hz, 1H), 7.41 (dd, J, = 7.6 Hz,
J» = 1.8 Hz, 1H), 7.31 (td, J, = 8.0, J, = 1.2 Hz, 2H), 7.27-7.22 (m,
1H), 7.18-7.11 (m, 2H), 6.93 (td, J; = 7.5 Hz, ], = 1.1 Hz, 1H), 6.86
(dd,J, = 8.3 Hz, ], = 1.1 Hz, 1H), 5.26 (bs, 1H) 4.33 (d, ] = 12.5 Hz,
1H), 3.78 (s, 3H), 2.36 (s, 3H), 1.66 (s, 9H). "’F-NMR (376 MHz,
CDCl;) 6 —81.38. "*C-NMR (75 MHz, CDCl;) 6 168.6, 157.2, 153.1,
148.9,138.2, 129.1, 128.6, 128.3, 127.6, 126.6, 125.0, 124.5, 124.2,
124.1, 123.5, 120.6, 114.6, 110.9, 84.7, 55.3, 42.0, 28.1, 28.1.

tert-Butyl (Z)-3-((R,E)-4-hydroxy-6-(4-hydroxy-3-methoxyphenyl)-
4-(trifluoromethyl)hex-5-en-2-ylidene)-2-oxoindoline-1-carboxylate
(3af). The reaction was carried out following the general procedure.
"H-NMR of the crude showed a 48% yield for catalyst V and 45%
for catalyst I. The crude mixture was purified by flash column
chromatography (hexane : EtOAc = 4 : 1) and the title compound
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was obtained as a yellowish oil in 96% (catalyst V) and 92%
(catalyst I) enantiomeric excess. The ee was determined by HPLC
analysis on a Daicel Chiralpak AD-H column: hexane/i-PrOH
90 : 10, flow rate 1.0 mL min~*, A = 254 nm: 7y = 10.4 min, 7 =
12.2 min. [o]y + 60.0 (¢ 1.0, CHCl;). HRMS-ESI-ORBITRAP (+):
calculated for [C,,H,sF3NNaOg|" 542.1766, found 542.1760 [M +
Na]". "H-NMR (300 MHz, CDCl,) 6 7.84 (d, ] = 8.1 Hz, 1H), 7.51 (d, J
= 7.8 Hz, 1H), 7.31 (d,J = 8.1 Hz, 1H), 7.19-7.11 (m, 3H), 7.01-6.85
(m, 3H), 6.82 (d, / = 15.7 Hz, 1H), 6.10 (d,/ = 15.7 Hz, 1H), 4.31 (d,J
= 12.5 Hz, 1H), 3.90 (s, 3H), 2.85 (d, ] = 12.5 Hz, 1H), 2.35 (s, 3H),
1.66 (s, 9H). "’F-NMR (282 MHz, CDCl;) 6 —81.35. *C-NMR (75
MHz, CDCl,) 6 167.6, 151.8, 147.8, 145.6, 144.9, 137.2, 131.7, 127.7,
127.5, 125.7, 123.2, 123.1, 122.4, 120.3, 119.2, 113.6, 113.5, 108.1,
83.9, 77.2 (m, tetrasubstituted aliphatic carbon, partially over-
lapped with CDCl,), 54.9, 27.1, 26.9, 24.3.

tert-Butyl  (Z)-3-((R,E)-4-hydroxy-6-(3-methoxy-4-(tosyloxy)
phenyl)-4-(trifluoromethyl)hex-5-en-2-ylidene)-2-oxoindoline-1-
carboxylate (3ag). The reaction was carried out following the
general procedure. 'H-NMR of the crude showed a 67% yield for
catalyst V and 50% for catalyst I. The crude mixture was purified
by flash column chromatography (hexane : EtOAc = 9 : 1) and
the title compound was obtained in as a yellowish oil 92%
(catalyst V) and 92% (catalyst I) enantiomeric excess. The ee was
determined by HPLC analysis on a Daicel Chiralpak AD-H
column: hexane/i-PrOH 90 : 10, flow rate 1.0 mL min %, A =
254 nm: 1y = 11.1 min, 7, = 14.6 min. [a]}’ + 165.0 (¢ 1.0, CHC,).
HRMS-ESI-ORBITRAP (+): calculated for [C;,H;,F3NNaOgS]"
696.1855, found 696.1878 [M + Na]". *"H-NMR (300 MHz, CDCI,)
6 7.83 (d,J = 8.2 Hz, 1H), 7.76 (d, J = 8.4 Hz, 2H), 7.53 (d, ] =
7.8 Hz, 1H), 7.38-7.27 (m, 4H), 7.17 (td, J; = 7.7 Hz, J, = 1.0 Hz,
1H), 7.10 (d, J = 8.3 Hz, 1H), 6.94 (dd, J; = 8.4 Hz, J, = 1.7 Hz,
1H), 6.81 (d, J = 1.8 Hz, 2H), 6.21 (d, J = 15.7 Hz, 1H), 5.43 (s,
1H), 4.29 (d, J = 12.6 Hz, 1H), 3.56 (s, 3H), 2.86 (d, J = 12.6 Hz,
1H), 2.44 (s, 3H), 2.34 (s, 3H), 1.66 (s, 9H). '’F-NMR (282 MHz,
CDCl;) 6 —81.16. "*C-NMR (75 MHz, CDCl3) 6 168.7, 152.2,
151.9, 148.7, 145.1, 138.2, 135.9, 133.3, 132.2, 129.4, 128.9,
128.6, 126.9, 124.9, 124.3, 124.2, 124.2, 123.3, 118.7, 114.7,
111.3, 85.1, 78.1 (m, tetrasubstituted aliphatic carbon, partially
overlapped with CDCl;), 31.6, 28.1, 27.9, 22.6, 14.1.

tert-Butyl (2)-3-((R,E)-6-(4-bromophenyl)-4-hydroxy-4-
(trifluoromethyl)hex-5-en-2-ylidene)-5-methoxy-2-oxoindoline-
1-carboxylate (3dc). The reaction was carried out following the
general procedure. "H-NMR of the crude showed a 60% yield for
catalyst V and 55% for catalyst I. The crude mixture was purified
by flash column chromatography (hexane : EtOAc = 9 : 1) and
the title compound was obtained as a yellowish oil in 93%
(catalyst V) and 92% (catalyst I) enantiomeric excess. The ee was
determined by HPLC analysis on a Daicel Chiralpak AD-H
column: hexane/i-PrOH 95 : 5, flow rate 1.0 mL min ', A =
254 nm: 7y = 10.6 min, 7y = 8.8 min. [a]3 +292.0 (¢ 1.0, CHCI;).
HRMS-ESI-ORBITRAP (+): calculated for [C,,H,,BrF;NNaO;]"
604.0922, found 604.0928 [M + Na]"."H-NMR (300 MHz, CDCl,)
67.76 (d, ] = 8.9 Hz, 1H), 7.34-7.27 (m, 4H), 7.06 (d, ] = 2.6 Hz,
1H), 6.92-6.79 (m, 2H), 6.24 (d, J = 15.7 Hz, 1H), 5.45 (s, 1H),
4.31 (d,J = 12.6 Hz, 1H), 3.79 (s, 3H), 2.83 (d, ] = 12.6 Hz, 1H),
2.31 (s, 3H), 1.65 (s, 9H). "’F-NMR (282 MHz, CDCl;) 6 —81.30.
BC-NMR (75 MHz, CDCl;) 6 168.8, 156.4, 152.6, 148.8, 134.4,
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133.9, 131.9, 131.9, 130.3, 129.6, 128.9, 128.0, 127.1, 124.4,
124.3, 115.4, 112.8, 111.5, 84.8, 77.8 (m, tetrasubstituted
aliphatic carbon, partially overlapped with CDCl;), 55.7, 42.0,
28.1, 27.8.

tert-Butyl (Z)-5-bromo-3-((S,E)-6-(4-bromophenyl)-4-hydroxy-4-
(trifluoromethyl)hex-5-en-2-ylidene)-2-oxoindoline-1-carboxylate
(ent-3bc). The reaction was carried out following the general
procedure. "H-NMR of the crude showed a 57% yield for catalyst
V and 88% for catalyst I. The crude mixture was purified by flash
column chromatography (hexane : EtOAc = 9:1) and the title
compound was obtained in as a yellowish o0il 90% (catalyst V) and
91% (catalyst I) enantiomeric excess. The ee was determined by
HPLC analysis on a Daicel Chiralpak AD-H column: hexane/i-
PrOH 95:5, flow rate 1.0 mL min~ %, A = 254 nm: 7y =
6.7 min, 7y = 7.8 min. [¢]5 + 236.0 (¢ 1.0, CHCI;). HRMS-ESI-
ORBITRAP (+): calculated for [CyeH,4Br,F3NNaO,]" 651.9922
found 651.9916 [M + Na]". "H-NMR (400 MHz, CDCl;) 6 7.75 (d, J
= 8.7 Hz, 1H), 7.61 (d, J = 2.0 Hz, 1H), 7.44 (dd, J, = 8.7 Hz, ], =
2.0 Hz, 1H), 7.32 (d,J = 2.8 Hz, 4H), 6.86 (d,J = 15.8 Hz, 1H), 6.24
(d,J = 15.8 Hz, 1H), 5.22 (bs, 1H), 4.29 (d, ] = 12.5 Hz, 1H), 2.88
(d,J = 12.5 Hz, 1H), 2.33 (s, 3H), 1.65 (s, 9H). ’F-NMR (376 MHz,
CDCl;) 6 —81.29. *C-NMR (100 MHz, CDCl;) 6 167.9, 165.0,
158.9, 154.4, 148.6, 137.1, 134.2, 134.1, 132.0, 131.49, 130.4,
128.9, 128.0, 126.9, 126.0, 125.0, 124.1, 117.3, 116.7, 116.2, 85.4,
77.9 (m, tetrasubstituted aliphatic carbon, partially overlapped
with CDCl;), 28.2, 28.1, 26.1.

tert-Butyl (2)-5-bromo-3-((R,E)-6-(3,4-dichlorophenyl)-4-
hydroxy-4-(trifluoromethyl)hex-5-en-2-ylidene)-2-oxoindoline-1-
carboxylate (3bd). The reaction was carried out following the
general procedure. "H-NMR of the crude showed a 39% yield for
catalyst V and 55% for catalyst I. The crude mixture was purified
by flash column chromatography (hexane : EtOAc = 9 : 1) and
the title compound was obtained as a yellowish oil in 83%
(catalyst V) and 78% (catalyst I) enantiomeric excess. The ee was
determined by HPLC analysis on a Daicel Chiralpak AD-H
column: hexane/i-PrOH 95 : 5, flow rate 1.0 mL min %, A =
254 nm: 1y = 7.7 min, 1, = 6.3 min. [a]3 + 159.0 (c 1.0, CHCl,).
HRMS-ESI-ORBITRAP (+): calculated for [C,¢H,3BrClLF;-
NNaO,]" 642.0037, found 642.0020 [M + Na]". "H-NMR (300
MHz, CDCl;) 6 7.76 (d, J = 8.7 Hz, 1H), 7.62 (d, ] = 2.0 Hz, 1H),
7.49-7.38 (m, 3H), 7.21 (dd, J; = 8.3 Hz, ], = 2.1 Hz, 1H), 6.82 (d,
J=15.7 Hz, 1H), 6.27 (d, J = 15.3 Hz, 1H), 5.26 (s, 1H), 4.29 (d, ]
= 12.6 Hz, 1H), 2.88 (d, J = 12.6 Hz, 1H), 2.33 (s, 3H), 1.65 (s,
9H). "’F-NMR (282 MHz, CDCl;) 6 —81.18. "*C-NMR (75 MHz,
CDCl;) 6 167.8, 154.0, 148.5, 137.1, 135.8, 133.0, 132.2, 131.5,
131.1, 130.7, 128.4, 127.0, 126.1, 125.5, 124.9, 117.3, 116.2, 85.4,
77.8 (m, tetrasubstituted aliphatic carbon, partially overlapped
with CDCl,), 41.9, 28.1, 27.9.

(2)-3-((R,E)-4-hydroxy-6-phenyl-4-(trifluoromethyl)hex-5-en-
2-ylidene)indolin-2-one (5aa). In an ordinary vial equipped with
a teflon-coated magnetic stir bar, catalyst V (6 mg, 0.01 mmol,
0.05 equiv.), oxindole 1a (0.2 mmol, 1 equiv.) and tri-
fluoroketone 2a (0.2 mmol, 1 equiv.) were dissolved in 0.5 mL of
anhydrous THF (freshly distilled over sodium and benzophe-
none). After 24 hours of stirring, pyrrolidine (0.2 mmol, 17 uL)
was added and the resulting solution was stirred for 2 hours.
The crude mixture was purified by column chromatography
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(hexane/AcOEt 85 : 15) to give 5aa in 60% yield (0.12 mmol, 37.3
mg). Suitable crystals of enantiopure 5aa were obtained from
CDCI; directly in the NMR tube.
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