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ABSTRACT ARTICLE HISTORY

A series of novel indoline-(thio)urea were designed and prepared using Received 29 August 2019
indoline(s) as a new platform and tested as organocatalysts in the
Michael and Morita-Baylis—Hillman reactions. Most of the compounds
were found to be very active catalysts although they did not promote
the enantiosglectivity, As agents for the conv_ersion of thiocarbonyl functional calculations;
compounds into carbonyl compounds, potentials of PIFA and DDQ Morita—Baylis-Hillman;
were also displayed. Furthermore, DFT calculations rationalized the organocatalyst; thio-
experimentally observed non-enantioselectivity of the catalysts. urea; urea
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Introduction

Organocatalysis refers to the use of small organic molecules to catalyze organic transfor-
mations and has become a highly dynamic area in chemical research."?) Metal-free cat-
alysts or organocatalysts have been growing interest in the field of asymmetric catalysis
over the past decades due to their notable advantages such as their affordability, safety,
environmentally friendly or green chemistry, nontoxic nature, low cost, usually ease of
use, water- and air-tolerant, and the easy structural modifications.”) Because of the
absence of transition metals, organocatalysts provide the advantage of environmentally
friendly chemistry or green chemistry, which is an essential criterion for scientific and
industrial studies."”’ The asymmetric synthesis of natural products and chiral drugs has
become an important focus for synthetic organic chemists and industrial chemists.*!
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Figure 1. Some proline, pyrrolidine-type and indoline-type organocatalysts.

The efficiency and the scope of organocatalysis have been broadly increased since the
rediscovery of proline-catalyzed aldol reactions.”®! Frequently, organocatalysts are classi-
fied according to their binding capacity with the substrate through a covalent bond or
noncovalent interactions such as hydrogen bonding and electrostatic cooperation. !
Various types of small organic molecules such as phosphoric acids,””) proline and its

(8] 1 sulfones,'” (thio)urease,!'!! N-oxides,!'* and

derivatives,”® cinchona derivatives,
amino acids"®! have been employed as hydrogen bonding organocatalysts in various
chemical reactions. In general, chiral (thio)urea-based molecules have found frequent
applications as organocatalysts through hydrogen-bonding interactions to coordinate
and activate H-bond accepting substrates in modern synthetic organic chemistry.!'"!
Cooperative catalysis with chiral bifunctional (thio)ureas for asymmetric organocatal-
ysis has recently been a new and exciting strategy.!'" Since (thio)ureas are a stronger
H-bond donor, we were interested in exploring whether indoline-(thio)urea organocata-
lysts would perform or even better. Generally, many proline and pyrrolidine derivatives
are well-known, versatile catalysts in organic synthesis (Fig. 1), but only scattered
examples of chiral indolines as organocatalysts are known. Indeed, only two indoline-
carboxylic acids and a few of their derivatives have been used as organocatalyst until
now.!"*) This encouraged us to synthesize and evaluate the new-type indoline-(thio)ur-
eas as potential organocatalyst for the Michael addition and Morita-Baylis—Hillman
reactions. We designed that appropriate combinations of (thio)urea and indoline in a
chiral scaffold could result in a potential mono- and bifunctional organocatalysts. In

this paper, we report the preliminary results of our investigations.

Results and discussions

Initially, indoline (8) and (S)-1-phenylethyl isocyanate (9a) were employed for the syn-
thesis of indoline-urea 10a by a known method (Scheme 1).!'*) Subsequent treatment of
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Scheme 1. Synthesis of 11a/b from indoline (8).

10a with manganese dioxide gave indole-urea 11a in 91% yield. For the synthesis of
thiourea analog, (S)-1-phenylethyl isothiocyanate (9b) reacted with 8 to afford thiourea
10b as shown in Scheme 1. Attempt to prepare indole-thiourea derivative 11b from 10b
via a one-pot procedure involving the radical cascade and the manganese(IV) oxide
(MnO,) oxidation resulted in the formation of indole-urea 11a as an unexpected prod-
uct. The presented spectra explicitly confirm the structure of the synthesized urea 11a.
In point of fact, chiral HPLC chromatogram of compound 11a shows that the optical
purity and optical rotation were not compromised during the synthetic sequences.
Because of unexpected oxidation of thiourea to urea during dehydrogenation of indoline
to indole ring, we surveyed corresponding literature. According to this literature, a sim-
ple and efficient procedure for the mild conversion of thio-enolizable thioureas, thioa-
mides end thiolactams to ureas, amides and lactams in good yields using active
manganese dioxide were described.!"®! For this reaction, Sharma et alet al. suggested a
probable mechanism involving the initial formation of carbodiimide, whereas Bhalerao
et alet al. explained a mechanism via the participation of labile hydroxyl radicals to
yield probably a cyclic intermediate that can undergo sulfur extrusion. Next, a variety of
oxidants, phenyliodine bis(trifluoroacetate) (PIFA), and 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) were screened in the reaction. The attempt to dehydrogenate
indoline in thiourea 10b using a stoichiometric amount of DDQ gave an unexpected
urea derivative 11a as a sole product instead of thiourea 11b. Indoline-urea 10a was
oxidized with DDQ to afford the corresponding urea 11a. Also, the use of 1.1 equiv. of
PIFA as an oxidant afforded urea 10a in 82% yield. When the reaction of 10a and
PIFA under the conditions was carried out, only a trace amount of 11a was detected.
After all unsuccessful efforts, the synthesis of thiourea 11b could be achieved by direct
thionation of urea 1la with Lawesson’s reagent (LR) (reflux in toluene, 12h; 78%)
(Scheme 1).

Next, our attention was focused on the synthesis of indoline-(enantiomers 12 and 13)
and indole-(thio)ureas 14a/b in which there can potentially behave as a bifunctional cata-
lyst (Fig. 2). To provide a cheaper synthesis cost, all test reactions were first carried out
starting from a racemic compound 15. To access the diastereoisomers (dia-12/13) of enan-
tiomers 12 and 13, esterification of indoline-2-carboxylic acid (rac-15) in the presence of
thionyl chloride and methanol led to methyl ester rac-16 in 83% yield (Scheme 2).['”
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Figure 2. Structures of another type-target indoline/indole-based chiral catalyst candidates.
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Scheme 2. Attempts to synthesize rac-23/24.

In next step, the methyl ester rac-16 could be converted to its amide rac-17 by treat-
ing with ammonia gas in methanol."® Unfortunately, all attempts to reduce the corre-
sponding amine rac-17 to amide rac-18 met with failure. We, therefore, changed our
strategy and reached to the target molecules in seven steps involving reduction, N-tert-
butoxycarbonyl (Boc) protection, tosylation, azidation, deprotection of Boc, addition,
and reduction (Scheme 2). The enantiopure synthesis of the target (thio)ureas 12 was
performed in seven steps (Scheme 3). As highlighted in Scheme 3, a lithium aluminum
hydride reduction of (S)-(-)-indoline-2-carboxylic acid (S-15) delivered the desired alco-
hol (S)-19 in 85% yield.[w] Later, alcohol (S)-19 reacted with di-tert-butyl dicarbonate
(Boc,O) in acetonitrile to give the corresponding N-Boc protected derivative (§)-20
with good yields. N-Boc indoline (S)-20 bearing alcohol was then converted into tosyl-
ate (S)-21 using tosyl chloride. Displacement of the tosylate of (S)-21 with sodium azide
in dimethyl sulfoxide (DMSO) at 64 °C gave the azide (S)-22 which was then subjected
to deprotection of N-Boc with TFA to give the indoline (S§)-23. The subsequent free
amine (§)-23 reacted with (S)-1-phenylethyl isocyanate (9a) in methylene chloride
under reflux to form urea (S,S)-24a. An identical procedure provided thiourea (S,S)-
24b upon treatment with a free amine (§)-23 and (S)-1-phenylethyl isothiocyanate (9b)
in refluxing 1,2-dichloroethane. The preparation of amine (§,5)-12a from the azide
(S,5)-24a was conveniently achieved by Pd/C-catalyzed hydrogenation, whereas the
reduction attempts of thiourea-azide (S,S)-24b using the same approach resulted in the
poison of catalyst system. On the other hand, the reduction of azide moiety of (S,S)-
24b to the amine (§,5)-12b was accomplished using Zn/NH,Cl as reducing agent in



SYNTHETIC COMMUNICATIONS® 5

LiAIH, Boc,0
NH _— NH N NBoc
_ THF, 0 °C : MeCN_ _
L 9 . 5
COOH 5h. 85% CH,0H 19R.50°C CH,OH
(S)-15 (S)-19 (S)-20
p-TosCl
pyridine
19h, rt
85%
NH TFA NBoc NaN, NBoc
“CHoN;  CHaCl2 “CH,N; _ DMSO “CH,OT
2% Zhon 23 19h,64°C 2918
(S)-23 74% (S)-22 90% (S)-21
For 24a: a) 9a, CHCls, 40 °C, 24 h, 88%,
For 24b: b) 9b, CICH,CH,Cl,, 70 °C, 24 h, 75%
X  CH, X  CHj
1 For 12a: c) Pd/C, Hy (),
N H Ph MeOH, rt, 30 min, 90%; . N H Ph
W, For 12b: d) Zn, NH4CI, EtOH
CH,N; H20, 24 h, it, 89% CH,NH;
(S,S)-24a (S,S)-12a
(S,S)-24b (S,S)-12b

Scheme 3. Synthesis of (S,5)-12a/b.

EtOH/water (3:1).2°) The synthesis of (R,R)-13a/b was also achieved following the
same protocols as explained earlier in Scheme 2.

The attempts to oxidize were performed using diastereoisomeric compounds dia-
12a and dia-24a (Scheme 4). However, the reaction of dia-12a with MnO, (10
equiv.) in methylene chloride (CH,Cl,) gave only the unexpected fragmentation
product  (S)-N-(1-phenylethyl)-1H-indole-1-carboxamide (1la) in 78% yield
(Scheme 4).

To our surprise, the treatment of dia-24a with manganese dioxide (10 equiv.) in
methylene chloride at room temperature (rt) led to the unexpected formation of the
fragmentation product 1la in nearly quantitative yield. A plausible mechanism to
account for the outcome of the reaction is proposed in Scheme 4. The corresponding
amine dia-12a (or azide dia-24a) may be initially oxidized by MnO, to generate nitro
compound (S)-25. Retro-aldol condensation followed by allylic oxidation to give 26
may then lead to the formation of 11a. Attempts on oxidation of dia-12a with 1 equiv.
of DDQ in methylene chloride resulted in a complex mixture along with the formation
of Michael adduct dia-27 in 10% yield (Scheme 4). The structure of dia-27 was espe-
cially confirmed by high-resolution mass spectrometry (HRMS), as well as nuclear mag-
netic resonance (NMR) spectroscopy (see Supporting Information). Unfortunately,
when the azide dia-24a was treated with 1 equiv. of PIFA or DDQ, the desired
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Scheme 4. Attempts to synthesize (S)-13a/14a and a proposed mechanism for the formation of 11a.

oxidation product (§)-28 could be isolated in only 3.5-4% yield, along with substantial
quantities of recovered starting material (88-90%) (Scheme 4). Since many oxidation
attempts upon both dia-12a and dia-24a did not succeed to provide desired com-
pounds, the synthesis of 14a/b was not achieved.

We also aimed the preparation of the new urea and thiourea derivatives 29-31 to deter-
mine their organocatalyst behaviors (Fig. 3). N-Boc-protected chiral amine 32 played a key
role in synthesis. The organocatalyst 29a/b and 30a/b were readily synthesized by the reac-
tions of indoline N-Boc-protected chiral amine 32 with the corresponding isocyanates and
isothiocyanates 9a/b and 34a/b followed by deprotection step using TFA with high yields
(Scheme 5).

Symmetrical urea and thiourea 31a/b were synthesized in high yields via the reactions
of 1,1-carbonyldiimidazole (37) and carbon disulfide with primary amine 36, which was
obtained from deprotection of N-Boc group in 32, without incident, respectively
(Scheme 6).12"!

With a collection of all possible catalysts in hand after the synthesis, we also eval-
uated the catalytic effect of organocatalysts regarding reactivity and enantioselectivity.
The catalytic performances were initially examined in the Michael addition of indole
(38) to trans-f-nitrostyrene (39) as the model reaction. Reactions were performed using
10mol% of 10, 11, 12, 13, and 29-31 in toluene at 25 and 50°C for 12-48 h (Table 1,
Entries 2-15). As shown in Table 1, the reactions of 38-39 were efficient but generated
nearly racemic product (82-93% conversion, almost 1:1 enantiomeric ratio (er)).
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Scheme 6. Synthesis of 31a/b.

Structurally modified versions 10, 11, 12 and 13 were less efficient than 29-31, and
all catalysts under study were ineffective in generating 40'** with significant enantiose-
lectivity. Screening of the solvents and temperatures for catalysts 10a and 12a did not
give expected positive results. We also examined the scope of the Michael acceptors and
donors concerning the above reaction. The reaction using 2-methylindole as a Michael
donor with catalyst 31a (20 mol%) in toluene at room temperature afforded the adduct
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Table 1. Catalyst screening for the asymmetric Michael addition of indole (38) to
B-nitrostyrene (39).

Ph Ph
2 No, >
Oy = A e
H catalyst (10 mol%) H
38 toluene 40

Entry Catalyst Temperature (°C) Time (h) Yield (%)° er (%)°
1 - 50 12 NR -

2 10a 50 12 NR -

3 10b 50 12 82 50.7:49.3
4 11a 50 12 NR -

5 11b 50 12 NR -

6 12a 50 12 85 49.5:50.5
7 12b 50 12 NR -

8 13a 50 12 81 49.6:50.4
9 13b 50 12 NR -

10 29a 25 48 93 50.1:49.9
11 29b 25 48 91 50.5:49.5
12 30a 25 48 89 50.2:49.8
13 30b 25 48 91 50.4:49.6
14 31a 25 48 90 50.7:49.3
15 31b 25 48 91 50.2:49.8

The reactions were performed with 0.1 mmol of 38, 0.1 mmol of 39, 10 mol% of catalyst in 1 mL of toluene.
Blsolated yield after thin-layer chromatography on silica gel.

“Determined using HPLC on chiral OD-H column.

NR: no reaction.

Ph
(0] (0]
\ NO2  Eto OEt
Me NO
N Ph* 2
a4 42
(85%, rac) (not formed)

Figure 4. Structures of Michael adducts 41-42.

41 in 85% yield and in a racemic form (Fig. 4).**! The use of diethyl malonate for 48 h
in toluene at both room temperature and 60°C did not lead to product (cycloadduct
42) formation with these catalysts (Fig. 4).2"] The treatments with Michael acceptors
such as 2-cyclohexen-1-one, trans-chalcone, methyl trans-cinnamate and crotonaldehyde
with indole and indoline in the presence of catalysts (20 mol%) in toluene did not result
in any detectable reactions. Newly designed catalysts gave racemic products although
with at least the same level of reactivity as catalysts reported in the literature.

Additive effects on asymmetric catalysis are reported very well.**) Therefore, we
expected that the resulting enantiomeric ratio (er) would be higher using chiral and
achiral Brensted acids such as L-proline, benzoic acid, and TFA. The Michael additions
of indole (38) to trans-f-nitrostyrene (39) were also examined using 10 mol% of 10, 12,
29, and 31 as a catalyst in toluene at 25°C for 48h for 48h in the presence of
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Table 2. Catalyst screening for the asymmetric Morita—Baylis—Hillman (MBH) reaction of 2-
cyclohexen-1-one (43) with benzaldehydes (44 and 45).2

O OH
catalyst (30 mol%)
ij DMAP (30 mol%) ‘ * ‘
0,
-5°C,12h R

44 R=CF3 46 R= CF;

45 R=NO; 47 R= NO,
Entry Catalyst BA Yield (%)° er (%) Entry BA Yield (%)° er (%)
1 - 43 NR - 10 44 NR -
2 10a NR - 11 85 50.3:49.7
3 10b NR - 12 83 50.8:49.2
4 1a 90 49.6:50.4 13 87 51.3:48.7
5 11b 91 49.1:50.9 14 88 52.5:47.5
6 12a 93 51.6:48.4 15 20 50.5:49.5
7 12b 9% 49.5:50.5 16 20 51.1:48.9
8 13a 95 51.4:48.6 17 9% 52.8:47.2
9 13b 95 50.8:49.2 18 9 50.7:49.3

The reactions were performed with 0.1 mmol of 43, 0.1 mmol of 44 (or 45), 30 mol% of catalyst in 1 mL of toluene.
Blsolated yield after thin-layer chromatography on silica gel.

“Determined by HPLC on chiral OD-H column.

NR: no reaction.

L-proline, benzoic acid, and TFA. Acid co-catalysts did not also produce any positive
effects on the yield or especially enantioselectivity of the transformation.

Next, the Morita-Baylis-Hillman reactions of 2-cyclohexen-1-one (43) and 4-(trifluoro-
methyl)benzaldehyde (44) and 4-nitrobenzaldehyde (45) in the presence of 30 mol% of 10,
12, 30, and 31 as organocatalysts and 4-dimethylaminopyridine (DMAP) as a nucleophile
were examined without using the solvent (Table 2, Entries 2-9, 11-18). The expected allylic
alcohols 46 and 47 were obtained in 83-96% yields although in racemic in all runs (Table
2).26%7) Catalysts 31a/b afforded the best reaction yields. Also, the use of L-proline as co-
catalyst could not promote the desired enantioselectivity for the corresponding reactions.

As a result of these studies, most of the novel indoline-(thio)urea hybrids were able to
catalyze both Michael additions and Morita-Baylis-Hillman reactions selected as model
reactions in high yields. However, catalysis did not proceed with high enantioselectivity.
We believe that the driving force for the similar transformations is the interactions via
single and dual hydrogen-bond between the electrophiles and the catalysts (Fig. 5).

Based on extensive experimental studies, we hypothesized that the observed non-
enantioselectivity for these reactions could be explained by the high conformational
flexibility of the transition states, steric and electronic effects or the distance between
the chiral unit and the reaction center, which lead to stereocontrol of the reaction prod-
ucts (Fig. 6).

Since the catalysts 10 and 11 are not capable of double hydrogen bonding, transition
state geometries have probably more flexibility (Fig. 6, transition state TSI). We espe-
cially hoped that the other structural motifs 30-31 could promote as bifunctional
hydrogen-bond donor/Lewis base catalysts to afford enantioselective products.
Unfortunately, they could not provide the expected enantioselectivity. Presumably, the
steric hindrance and electronic effect produced by the benzene moiety in indoline
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Figure 6. Possible transition states for Michael addition reaction and MBH reaction.

structure plays a crucial role in stereo directing. While basicity of nitrogen in ring
decreases due to delocalization into the benzene ring, the presence of benzene fragment
can also result in unfavorable steric congestion or the large distance between the reac-
tion center and the asymmetric center during the formation of transition states.



SYNTHETIC COMMUNICATIONS® @ 11

TS-R
31.5 (31.5)

[—

\

/TS-30a-R"\
©20.7(20.9)",
,J" W \

/ /Ts42a-RN
'/ 204(20.7) N\

]
]

.'r // \\ “
38+39  // N
30a+38+39 // A
12a+38+39/
0.0 % 40
' -9.8

Figure 7. Free energy profile for 12a and 30a catalyzed and uncatalyzed Michael addition reaction of
indole (38) to f-nitrostyrene (39). M06-2X/6-31+ G(d,p) with IEF-PCM in toluene; free energies in
kcal/mol at 298K and 1 atm. Results for TS-S, TS-12a-S and TS-30a-S are shown in parenthesis.

A Density Functional Theory (DFT) study was performed to assess the non-enantio-
selectivity of catalysts 12a and 30a towards the Michael addition of indole (38) to
f-nitrostyrene (39) and to understand the catalyst’s effect on the reaction (Table 1).

The meta-hybrid GGA M06-2X'**) was used for the optimizations due to the widely
used functionally in organic systems including non-covalent interactions.'**~?! All DFT
calculations were performed at the M06-2X/6-31 4 G(d,p) level of theory considering IEF-
PCMP* (in toluene (¢ =2.3741)) as implemented in Gaussian 09.%4 Since proton trans-
fer is a fast process and carbon-carbon (C-C) bond formation is the rate-determining
step (RDS), only C-C bond formation transition states (TSs) were used to compare the
selectivity of the catalysts. Conformational spaces of catalysts 12a and 30a were thor-
oughly investigated, and only the TSs with the lowest activation barriers leading to R and
S enantiomers were reported in Figs. 7-9. In this context, the uncatalyzed Michael add-
ition reaction of indole (38) and fS-nitrostyrene (39) were also modeled to elucidate ener-
getic cost of the reaction, and the results were compared with the urea catalyzed Michael
reaction (Fig. 7). Computed data indicates that the free energy of activation of the uncata-
lyzed Michael addition of 38 with 39 is significantly high (AG* = 31.5kcal/mol) com-
pared to the urea catalyzed Michael reaction (AG* = 20kcal/mol) confirming the
experimentally high yields and the stabilizing effects of the novel catalysts (Fig. 7).

Along with the stabilization of TSs resulting from hydrogen-bonding interactions,
there is also stabilizing T-shaped n-interactions (edge-to-face) as shown in Fig. 8.

In the case of TS-12a-R, intramolecular N-H---7 interactions are coming from both
H’s of amine and aromatic phenyl ring on 12a (NH---7 distance =3.27 A and 3.31 A);
and for TS-12a-S, CH---x stacking is shown between aromatic phenyl ring on 12a and
indole (38) (CH---m distance =2.28 A). However, the stabilization through H-bonding
and T-shaped interactions are not selective, and similar interactions are preserved in



12 (&) F.LAFZIET AL

~

TS-12a-R TS-12a-S
AG* = 20.1 kcal/mol AG* = 20.7 kecal/mol

Figure 8. Optimized transition states and activation barriers (AG*) for asymmetric Michael addition of
38 to 39 using catalyst 12a. M06-2X/6-31 + G(d,p) with IEF-PCM in toluene at 298K and 1 atm, critical
distances in A.

TS-30a-R TS-30a-S
AGH = 20.7 keal/mol AG* = 20.9 keal/mol

Figure 9. Optimized transition states and activation barriers (AG*) for the Michael addition of 38 to
39 catalyzed by 30a. M06-2X/6-31 + G(d,p) with IEF-PCM in toluene at 298K and 1atm, critical distan-
ces in A.
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Figure 10. Proposed phenyl functionalized catalysts 48. M06-2X/6-31 + G(d,p) with IEF-PCM in tolu-
ene at 298K and 1atm.

TS-12a-R and TS-12a-S. Activation barriers for Si face (TS-12a-R, AG* = 20.1 kcal/
mol) and Re face (TS-12a-S, AG* = 20.7 kcal/mol) attacks are nearly the same, validat-
ing the lack of enantioselectivity of 12a.

Similarly, Fig. 9 illustrates how the urea NH’s activate the S-nitrostyrene (39) through
bidentate hydrogen-bond interactions (N-H---O), as a result, indole (38) attacks 39
leading to product 40. Additionally, T-shaped n-interactions between the aromatic ring
of 30a and 38 were identified. Electron clouds on aromatic rings of 30a stabilize 38
through CH-n stacking interactions (CH:--m distance= 2.70 A (TS-30a-R) and 2.31A
and 3.00 A (TS-30a-S)). Additionally, an N-H:--7 interaction between 30a and 38 also
contributes to stabilization of indole 38 (TS-30a-S, NH---7 distance = 2.99 A).

The stacked TS structures (TS-30a-R and TS-30a-S) were favored in case of bidentate
catalyst 30a. Moreover, Fig. 9 shows that the activation barriers of Re and Si face attacks
for 30a-catalyzed Michael reaction are approximately isoenergetic (AG* = 20.9 kcal/mol
and AG* = 20.7 kcal/mol, respectively) confirming the lack of enantioselectivity of the
catalysts, affording both R and S Michael products (40). Accordingly, intermolecular
H-bonding interactions and T-shaped stacking interactions unselectively lower the acti-
vation barriers. In line with the experimental results, 12a and 30a catalysts display non-
enantioselectivity towards the Michael addition of indole (38) to f-nitrostyrene (39).

Due to the high conformational flexibility of the catalysts, enantioselectivity was not
achieved in the current study. To enhance enantioselectivity, more rigid and sterically
crowded organocatalysts can be used by modifying the indoline moiety of the catalysts
under study. To gain insight on the effect of the R; group on the catalyst’s ability to
select for the desired enantiomer, a phenyl substituted 48 is proposed as a selective cata-
lyst for the Michael addition reaction (Fig. 10).

Computed data in Fig. 11 show that TS-48-S considerably lowers the activation bar-
rier (by 2.7 kcal/mol) when compared to TS-48-R and could lead to higher experimental
enantioselectivities.

TS-48-S is closely packed compared to TS-48-R, which causes the stabilization of the
TS leading to the S enantiomer. The f-nitrostyrene prefers monodentate stabilization of
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TS-48-S TS-48-R
AG rel = 0.0 kcal/mol AG rel = 2.7 kcal/mol

Figure 11. Optimized TSs and relative free energies for asymmetric Michael addition of 38 to 39
using catalyst 48. M06-2X/6-31 + G(d,p) with IEF-PCM in toluene at 298K and 1 atm, critical distances
in A.

the urea N-H in TS-48-S, and the amine moiety on the indoline only stabilizes the NH
of indole (N-H---N) through H-bonding interactions. Additionally, indole (38) is stabi-
lized by both phenyl groups on the catalyst 48 via T-shaped n-interactions (CH---7 dis-
tance= 2.54 A and 2.27A). In case of TS-48-R, both amine moieties on the indoline
and the urea N-H activate fS-nitrostyrene (39) via H-bonding interactions. Similar to
unmodified TS-12a-R, an intramolecular N-H---w interaction was identified (NH---m
distance = 3.35A) in TS-48-R. However, indole (38) only interacts with the phenyl
group (R,) through T-shaped n-interaction (CH:--7 distance= 2.50 A) in comparison to
TS-48-S. Si face approach of 38 leading to the R enantiomer (40-R) is hindered by the
phenyl group on 48 compared to Re face, affording the S enantiomer (40-S).
Consequently, computational data showed that Michael addition of 38 over the Re face
of 39 selectively leads to the S enantiomer (40-S) via phenyl functionalization of the
catalyst. In this context, it is proposed that the modification of R; could induce higher
experimental enantioselectivities.

Conclusion

In summary, we have developed the efficient synthesis of chiral (thio)urea organocata-
lysts derived from indolines and demonstrated that the new (thio)urea derivatives can
catalyze the asymmetric Michael addition of indole with trans-f-nitrostyrene and
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Morita-Baylis-Hillman reaction of 2-cyclohexen-1-one (43) with benzaldehydes (44 and
45), giving high yields (up to 93% and 96%) but low enantioselectivities. Our results,
however, indicate that PIFA and DDQ may use for an unusual conversion to urea from
thiourea without loss of the optical activity. In the future, we aim the further investiga-
tion of these catalysts in other enantioselective transformations and hope to find more
applications of these exciting molecules in asymmetric organocatalysis. DFT study pro-
vided remarkable insights into the lack of enantioselectivity for the novel catalysts con-
firming the experimental observations. Further efforts to improve the catalysts and the
development of related modified catalysts are currently underway.

Experimental section
General experimental methods

All reagents and solvents were purchased from commercial suppliers and used without
further purification. Column chromatography and thin-layer chromatography (TLC)
were performed using silica gel 60 (70-230 Fluka) and silica gel 60 HF,s, (Fluka),
respectively. Melting points were carried out on a Buchi 539 capillary melting apparatus
and uncorrected. Infrared spectra were recorded on a Mattson 1000 FT-IR spectropho-
tometer. 'H NMR and >C NMR spectra were recorded on 400 (100)-MHz Varian and
Bruker spectrometer and are reported in J units with SiMe, as the internal standard.
Elemental analyses were carried out on a Leco CHNS-932 instrument. Enantiomeric
purity for enantioselective syntheses was determined by chiral HPLC (Hewlett Packard
1200) analysis using an enantiopure stationary phase (Daicel Chiralcel OD, OJ), eluting
with i-PrOH/hexane, and using UV detection at 254nm. High-resolution mass
spectrometry measurements were recorded on a Q-TOF mass spectrometer.

(S)-N-(1-Phenylethyl)indoline-1-carboxamide (10a)

To a stirred solution of (S)-(1-isocyanatoethyl)benzene (123.5 mg, 0.84 mmol) in CH,Cl,
(10mL) was added indoline (100 mg, 0.84 mmol) and stirred at room temperature for
30 min. The solvent was removed under reduced pressure and the residue was recrystal-
lized from CH,Cl,/hexane to give compound 10a as a white solid (219 mg, 98%) (Mp:
121-122°C). '"H-NMR (400 MHz, CDCL,): & 7.87 (d, J=7.9Hz, 1H), 7.40-7.32 (m,
4H), 7.29-7.23 (m, 1H), 7.16-7.12 (m, 2H), 6.91-6.88 (m, 1H), 5.10 (p, J=7.0Hz,
1H), 4.78 (bd, J=7.0Hz, 1H), 3.96-3.89 (m, 2H), 3.16 (t, J=8.6Hz, 2H), 1.56 (d,
J=7.0Hz, 3H); *C-NMR (100 MHz, CDCly): § 154.7, 144.2, 143.9, 130.5, 128.9, 127.8,
127.5, 126.4, 124.8, 122.0, 114.9, 50.0, 47.3, 28.0, 22.8. IR (CH,Cl,, Cm_l): 3293, 3032,
2968, 2854, 1634, 1599, 1523, 1480, 1460, 1386, 1342, 1319, 1289, 1209, 1099, 919, 698.
HPLC (OD column; hexane/2-propanol = 80/20; flow rate 0.8 mL/min; T=25°C;
254nm): tg-(-) = 19.3min. Enantiomeric rate: (+) = 0.0 and (—) = 100.0. [oc]f)s =
-40.0 (¢=0.25, CH,Cl,). Anal. Calcd for C;;H;gN,O: C, 76.66; H, 6.81; N, 10.52.
Found: C, 76.60; H, 6.76; N, 10.60.
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(S)-indolin-2-ylmethanol (S-19)"°

To a stirred suspension of LiAlH, (698 mg, 18.4mmol) in THF (15mL) under N, at
0°C, (8)-indoline-2-carboxylic acid (1g, 6.1 mmol) solution in THF (20 mL) was added.
The reaction mixture was stirred at 0°C for 5h. The reaction mixture was quenched
with saturated ammonium chloride and then extracted with dichloromethane. The com-
bined organic layers were washed with brine then dried over Na,SO, and concentrated
on rotary evaporator. The residue was purified using column chromatography (EtOAc/
hexane = 6:4, 600mL) to give desired alcohol as light brown solid (780 mg, 85%)
(Mp: 65-66°C). 'H-NMR (400 MHz, CDCl,): 6 7.05 (d, J=7.5Hz, =CH, 1H), 6.99 (t,
J=7.5Hz, =CH, 1H), 6.70 (t, J=7.5Hz, =CH, 1H), 6.59 (d, J=7.5Hz, =CH, 1H),
3.97-3.90 (m, CH, 1H), 3.70 (br, OH, 1H), 3.62 (dd, J=10.9, 3.8 Hz, A part of AB sys-
tems, CH,, 1H), 3.49 (dd, J=10.9, 7.1 Hz, B part of AB systems, CH, 1H), 3.04 (dd,
J=15.8, 9.2Hz, A part of AB systems, CH,, 1H), 2.72 (dd, J=15.8, 7.6 Hz, B part of
AB systems, CH,, 1H); >C-NMR (100 MHz, CDCl5): § 150.5, 128.8, 127.5, 124.9, 119.2,
110.10, 65.4, 60.5, 32.1. IR (CH,Cl,, Cmfl): 3328, 3047, 2918, 2845, 1608, 1485, 1398,
1337, 1317, 1246, 1155, 1039, 748. HPLC (O] column; hexane/2-propanol = 80/20; flow
rate 1.0 mL/min; T=25°C; 254 nm): tg-(+) = 9.4 min. Enantiomeric rate: (+) = 100.0
and (-) = 0.0. Anal. Calcd for CoH;;NO: C, 72.46; H, 7.43; N, 9.39. Found: C, 72.44; H,
7.40; N, 9.35.

tert-Butyl (S)-2-((3-((S)-1-phenylethyl)ureido)methyl)indoline-1-carboxylate (33a)

To a solution of tert-butyl (S)-2-(aminomethyl)indoline-1-carboxylate (32) (400 mg,
l.6mmol) in CH,Cl, (15mL) was added (S)-(1-isocyanatoethyl)benzene (237 mg,
1.6 mmol) and was stirred at room temperature for 4h. The solvent was removed and
crude product was purified using column chromatography respectively (EtOAc/hexane
= 8:2, 300mL) and (MeOH, 50 mL) to give 33a as a dark yellow oil (520 mg, 78%).'H-
NMR (400 MHz, CDCLy): § 7.41-7.18 (m, =CH, 6 H), 7.18-7.07 (m, =CH, 2 H), 6.94 (t,
J=7.4Hz, =CH, 1H), 5.07 (s, NH, 1H), 4.78-4.73 (m, CH, 1H), 4.48-4.47 (m, CH,
1H), 3.49-3.36 (m, CH,, 1 H), 3.39-3.3.20 (m, CH,, 2 H), 2.75-2.70 (m, CH,, 1 H), 1.56
(s, CHs, 9H), 1.41 (d, J=6.1 Hz, CHs, 3 H). IR (CH,Cl,, cm™'): 3288, 3026, 2959, 2929,
2631, 2525, 1713, 1296, 1205, 1156, 1125, 1063, 1032, 965, 943, 922, 741, 697. Anal.
Calcd for Cp3sH,0N;05: C, 69.85; H, 7.39; N, 10.62. Found: C, 69.80; H, 7.34; N, 10.58.

Full experimental detail, 'H and *C NMR spectra, HPLC traces, and optical rotation
data. This material can be found via the “Supplementary Content” section of this
article’s webpage.’
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