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1. Introduction

From the last decade, the process of developing chiral multi-
functional organocatalysts and their application in asymmetric
synthesis as an independent chiral source has been a new area
of focus for scientists. Catalysts possessing either Lewis or
Bronsted basic functionalities and a non-covalent hydrogen-
bond donor group suitably positioned over a chiral scaffold
have been synthesized in general for various asymmetric reac-
tions." However, it is always a difficult job to design and
synthesize multifunctional organocatalysts with remarkable
catalytic activity in diverse asymmetric reactions. In organo-
catalysis, peptide catalysis has been recognized as a powerful
and useful tool in the synthetic organic chemistry field, because
peptides are highly modular, structurally diverse and easily
accessible from nature's chiral pool. Due to their broad
synthetic applicability, the studies on the development of new
peptide organocatalysts have been continuously explored and
attained great progress over the years.” In the development of
peptide organocatalysts, inspired by the efficient and stereo-
specific metal-free enzymatic processes, synthetic chemists
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excellent chemical yields, diastereoselectivities and enantioselectivities (up to 99%, up to syn:anti/

have devoted much effort in recent years towards the develop-
ment of a broad range of short peptide-based asymmetric
catalysts, which mimic various qualities of enzymes. The
structural diversity available with short peptide sequences and
the fact that peptides offer a more strictly defined asymmetric
environment to the reactants, compared to single amino acids,
makes this class of molecules particularly promising towards
the development of a wide range of organocatalysts with fine-
tuneable structural and electronic properties. As for the short
peptide organocatalyst, Inoue and co-workers reported the first
cyclic dipeptide as an organocatalyst for the asymmetric cyan-
ation reaction of hydrogen cyanide with benzaldehyde.?
Furthermore, Miller and co-workers introduced first linear
peptide organocatalyst, wherein fixing by the hydrogen
bonding, based on B-turn concept for asymmetric acylation
reaction was reported.* Using these pioneering studies, a great
number of short peptide organocatalysts based on B-turn
concept were reported over various asymmetric reactions such
as aldol reactions® and so on.® However, to the best of our
knowledge, no research group has been reported the design and
use of small peptide organocatalysts in an asymmetric reaction,
fixing by the hydrogen bonding based on y-turn concept. A y-
turn type peptide organocatalyst has different conformation
with B-turn type and it is expected to show interesting catalytic
activity in asymmetric reactions.

We designed a new small y-turn type N-primary amino
terminal tripeptide X containing the pyrrolidine ring as a back-
bone (Scheme 1). This peptide X has N-terminal side at nitrogen
atom in pyrrolidine backbone and C-terminal exists at 2-posi-
tion on the pyrrolidine ring. Amide carbonyl group at N-
terminal side and amide amino group at C-terminal side are
connected by y-turn intramolecular hydrogen bonding. In
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Scheme 1 Concept of tripeptide organocatalyst design.

addition, X has both primary amino group for the formation of
enamine with substrates and secondary amide group for the
activation and fixing substrates on N-terminal side, and also the
amide part at C-terminal side containing polycyclic aromatic
substituent as steric influence site. Furthermore, alkyl or aryl
substituents on the molecule act as steric and electric influence
sites. The designed catalyst X was applied in the asymmetric
aldol reaction, which is known as one of the practical reaction
for creating B-hydroxyl carbonyl structural motif which is
observed in numerous biologically active natural products and
drug molecules.” There are several scientific reports that have
proved the tremendous versatility of the chiral crossed aldol
reaction using various organocatalysts, especially asymmetric
crossed aldol reaction of ketones with aromatic aldehydes.®
Therefore, we anticipated that our designed tripeptide X may
act as an efficient organocatalyst for an enantioselective crossed
aldol reaction over a wide range of aromatic aldehydes with
ketones.

Herein, we describe the highly efficient catalytic activity
displayed by our newly prepared tripeptide organocatalyst 6¢ as
X in the crossed aldol reaction of various ketones A with
aromatic aldehydes B to afford the corresponding anti-aldol
products C in good to excellent chemical yields and stereo-
selectivities (up to 99%, up to syn : anti = 13 : 87 dr, up to 99%
ee) without the addition of any co-catalysts under eco-friendly
solvent-free neat condition, which is still a challenging task in
the asymmetric organocatalysis.

2. Results and discussion

2.1. Preparation and screening of catalysts

The tripeptide organocatalysts 6a-j were prepared easily by the
condensation reaction, starting from the reaction of 1-N-Boc-
proline 1 with amines 2a-d as shown in Scheme 2. The first
condensation of 1 with 2a-d in the presence of DCC followed by
the deprotection of Boc group of the crude N-protected proline
amides afforded the corresponding proline amides 3a-d at 85—
95% yields. Next, the condensation of the obtained 3a-d with N-
Boc amino acids 4a-e in the presence of DCC followed by the
deprotection of the crude N-protected dipeptides gave the cor-
responding dipeptides 5a-h at 60-92% yields. As amino acids,
v-substituted amino acids that are effective towards a confor-
mation favorable to form vy-turn intramolecular hydrogen
bonding were used. Furthermore, final condensation of the
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Scheme 2 Preparation of di- and tripeptide organocatalysts.

dipeptides 5a-h with N-protected 4’a-g, respectively, in the
presence of DCC followed by the deprotection afforded the
corresponding tripeptides 6a-j at 70-93% yields. Moreover, the
diastereomer 10 of 6c¢, tripeptides 14a and 14b with azetidine
and piperidine backbones, respectively, were also prepared
using the same procedure used to prepare 6a-j. Thus, the first
condensation of p-N-Boc-7, 1-N-Boc-11a,b with aromatic amine
2b followed by the deprotection afforded the corresponding
amides 8, 12a, 12b at 79-91% yields. Next the condensations of
8, 12a, 12b with N-Boc amino acid 4’c followed by the depro-
tection gave the dipeptides 9, 13a, 13b at 70-89% yields. Then,
the final condensation of 9, 13a, 13b with 4’c, respectively, fol-
lowed by the deprotection afforded the corresponding tripep-
tides 10, 14a, 14b at 79-85% yields.

After the synthesis of the designed peptide organocatalysts,
initially, we examined the crossed aldol reaction of cyclohexa-
none 15a as an aldol donor and 4-nitrobenzaldehyde 16a as an
aldol acceptor using the precursor dipeptides 5a-h of tripep-
tides 6a-h as catalysts in Et,O at 25 °C (entries 1-8, Table 1).
These dipeptide organocatalysts 5a-h showed catalytic activity
in this reaction, and the desired chiral aldol product 17 was
obtained. However, only low to moderate chemical yields,
moderate diastereoselectivities (17a: anti or 17'a: syn forms),
and low to moderate enantioselectivities were obtained in this
reaction condition. The absolute configurations of 17a and 17'a
were identified based on comparison with literature data.® We
next tried this reaction using tripeptides 6a-j as catalysts

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Aldol reaction of 15a with 16a using peptide catalysts

o OH [e} C:)H
NO, NO,

ant-[25,3R]-17a

cat 5a-h, 6a-j

CHO
9 and 14a,b
. (10 mol%)
EO
25°C,24h
NO,
15a 16a

syn{25,35]-17’a

ee (%)

syn anti
Entry Catalyst Yield® (%) dr (syn : anti)? 17'a 17a
1 5a 18 33:67 18 34
2 5b 40 40 : 60 22 7
3 5c 52 67 :33 63 10
4 5d 45 40 : 60 35
5 5e 33 47 : 53 35 8
6 5f 13 70:30 54 11
7 5g 20 72 :28 54 13
8 5h 47 59:41 37 rac
9 6a 30 35:65 28 71
10 6b 19 40 : 60 28 74
11 6¢ 25 22:78 70 94
12 6d 16 23:77 25 50
13 6e 25 25:75 26 39
14 6f 58 25:75 1 30
15 6g 10 28:72 22 50
16 6h 26 25:75 30 80
17 6i 35 20: 80 26 93
18 6j 20 35:65 7 —87
19 10 30 22:78 17 77
20 14a 20 30:70 44 86
21 14b 27 24 :76 63 90

“ Isolated yields. ? Diastereoselectivity was determined by 'H NMR
using crude reaction mixture. ¢ The ee value was determined by HPLC
with a Daicel Chiralpak AD-H column.

(entries 9-18) under same reaction condition wherein catalysts
5a-h were used. Encouraged by the result of dipeptide 5c,
possessing ¢-butyl group at N-terminal side which showed better
catalytic activity, the substituent on the first amide part was
fixed only to t-butyl group. Similar to 5a-h, 6a-j also showed
catalytic activity in this reaction to afford the chiral aldol
product anti-17a, but with low to moderate chemical yields.
Interestingly, with the use of catalysts 6a-j diastereoselectivity
increased in the case of almost all catalysts and the main aldol
product 17 was obtained in only anti form unlike the catalysts
5a-h. Furthermore, enantioselectivity also quite increased with
all the catalysts 6aj. Particularly, catalyst 6¢ with L-t-Leu-L-¢t-Leu
moiety at N-terminal side and 1-naphthyl group on amide
amino moiety at C-terminal side afforded 17a in fairly good
enantioselectivity (94% ee) and with good diastereoselectivity
(syn : anti/22 : 78), although chemical yield was low (25%) (entry
11). Also, the catalyst 6i afforded 17a in fairly good enantiose-
lectivity (93% ee) and diastereoselectivity (syn : anti/20 : 80)
(entry 17) similar to the catalyst 6¢, but owing to the toxicity and
cost effectiveness of pyrenes, 6¢ with 1-naphthyl group may be
preferred. We have also examined the catalytic activity of cata-
lysts 6j with p-t-Leu-L-t-Leu chains at N-terminal side, 10 with p-
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pyrrolidine ring, 14a with four membered azetidine ring, and
14b with six membered piperidine ring, respectively in this
reaction. As a result, the catalysts 6j, 10, 14a and 14b did not
show better catalytic activity than 6c having r-t-Leu-i-t-Leu
moiety at N-terminal side and five membered pyrrolidine ring.
These results indicated that the chain length of N-terminal side,
the size of backbone ring for forming y-turn, the configuration
and types of substituents at N-terminal side and the aromatic
ring on amide amino group at C-terminal side are highly
important for achieving satisfactory stereoselectivities, by
shielding one enantiotopic face to attack from the aldol
acceptor 16a in this reaction condition using ether solvent.
With these results in hand, we tried to optimize the reaction
conditions using tripeptide catalyst 6¢c, that afforded the best
enantioselectivity, to further improve the chemical yield and
stereoselectivities (Table 2). An extensive screening of the
reaction was further carried out by varying different parameters
such as solvent, catalyst loading, and reaction temperature.
First, the solvent screening was performed with different ethe-
real (entries 2-4), non-polar aliphatic (entries 5 and 6), aromatic
(entry 7), chlorinated (entries 8 and 9), protic and aprotic polar
(entries 10-15) solvents and solvent free neat condition (entry
16). The reaction was carried out in the presence of 10 mol% of
6c at 25 °C for 24 h. However, catalyst 6¢ did not show enough
catalytic activity to afford the aldol product 17a in all solvents.
On the other hand, both diastereoselectivity and the enantio-
selectivity were quite different according to characteristic
solvents (entries 1-16). Interestingly, the chemical yield and
stereoselectivities were greatly improved under neat condition
to yield up to 52%, (syn : anti/22 : 78 dr) and 87% ee (anti) (entry
16). Although aldol reaction has been generally carried out
under organic and water solvents system so far for obtaining
satisfactory result, the successful examples of under neat
condition have been reported by only a little group.® Next, we
examined the effect of catalyst loading by varying from 30, 20,
5% and 1 mol% under superior neat reaction condition (entries
17-20). Good result (88%, syn : anti/22:78 dr, 96% ee) was
obtained in the presence of 30 mol% of catalyst (entry 17). The
use of 20 mol% also afforded good chemical yield and stereo-
selectivities. However, chemical yield and enantioselectivity
were slightly decreased (79%, 22 : 78, 90% ee) (entry 18). When
the reaction was carried out in the presence of 5 mol% of
catalyst, diastereoselectivity and enantioselectivity was main-
tained to 22 : 78 (syn : anti) and 87% ee, but chemical yield was
decreased to 20% (entries 19). Furthermore, the use of 1 mol%
of 6¢ brought about the large decrease of chemical yield and
stereoselectivities (4%, syn : anti/22 : 78 dr, 65% ee) (entry 20).
In addition, reaction temperature (0 and —25 °C) were also
examined in the presence of superior 30 mol% of catalyst 6¢c
under neat condition (entries 21, 22). Best result was obtained
at 0 °C for chemical yield and stereoselectivities (96%, syn : anti/
20 : 80 dr, 98% ee) (entry 21). However, the reaction at —25 °C
brought about the decrease of chemical yield (40%), although
enough stereoselectivities were maintained (syn : anti/20 : 80
dr, 93% ee) (entry 22). Based on these results, it was revealed
that the reaction in the presence of 30 mol% of catalyst at 0 °C
for 24 h under solvent-free was the best reaction condition to
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Table 2 Optimization of reaction conditions using catalyst 6¢
152 + 16a c?;'r:c anti2S3A117a + syn{253SM17'a
solverr’ﬂ
24 h
ee’ (%)

Cat 6¢ syn anti
Entry (mol%) Temp. (°C) Solvent Yield” (%) dr (syn : anti)? 17'a 17a
1 10 25 Et,0 25 22:78 70 94
2 10 25 i-Pr,O 25 47 : 53 30 81
3 10 25 ‘BuOMe 18 45:55 47 83
4 10 25 THF 11 45:55 37 70
5 10 25 Pentane 20 40 : 60 53 79
6 10 25 Hexane 15 38:62 14 78
7 10 25 Toluene 15 38:62 70 80
8 10 25 CH,Cl, 13 28:72 40 67
9 10 25 CHCl; 10 38:62 45 93
10 10 25 CH;CN 18 35:65 23 51
11 10 25 DMSO 10 30:70 02 30
12 10 25 DMF 10 31:69 7 51
13 10 25 i-PrOH 10 41:59 8 55
14 10 25 MeOH 13 44 : 56 69 24
15 10 25 H,0 16 28:76 10 65
16 10 25 Neat 52 22:78 64 87
17 30 25 Neat 88 23:77 60 96
18 20 25 Neat 79 22:78 64 90
19 5 25 Neat 20 24:76 60 87
20 1 25 Neat 4 23:77 48 65
21 30 0 Neat 94 20 : 80 64 98
22 30 —25 Neat 40 21:79 43 93
234 30 0 Neat 98 24:76 55 93

“ Isolated yields. ” Diastereoselectivity was determined by 'H NMR using crude reaction mixture. ° The ee value was determined by HPLC with

a Daicel Chiralpak AD-H column. ¢ 1'g of substrate 15a was used.

obtain the chiral aldol adduct 17a in satisfactory chemical yield
and stereoselectivities (entry 21). Furthermore, in order to
demonstrate the practical utility of the catalyst 6¢, the reaction
of 15a with 16a was conducted on gram scale (15a: 1 g) using the
above optimized reaction conditions and the corresponding
product 17a was obtained in good chemical yield (98%), dia-
stereoselectivity (syn:anti/24 : 76 dr), and enantioselectivity
(93% ee). This result indicated that the catalyst 6¢ can also be
effective on practical scale (entry 23).

With best reaction conditions in hand, we tried to re-
examine the catalytic activity of the prepared catalysts 10 (dia-
stereomer of 6¢), and 14a, 14b having 4, 6 membered rings as
back bone under the best solvent-free reaction condition
(30 mol%, 0 °C, 24 h, neat), respectively (entries 2-4, Table 3). As
aresult, these catalysts showed satisfactory catalytic activities to
afford 17a in good chemical yields and stereoselectivities (72—
90%, syn : anti/23 : 77-22 : 78 dr, 92-98% ee) in this reaction
condition. Especially, the catalyst 14b having 6 membered
piperidine ring (entry 4) gave 17a with excellent enantiose-
lectivity in results similar to that of catalyst 6c having 5
membered pyrrolidine ring (entry 1), although the decrease of
chemical yield was observed. From the fact that all catalysts

38928 | RSC Adv, 2021, 11, 38925-38932

showed satisfactory chemical yield and stereoselectivity, it is
indicated that there is no restriction of ring size and the
conformation to obtain the product with good chemical yield
and stereoselectivity. Hence it might be possible to choose
a suitable substrate in consideration of the distances between
N-terminal side and C-terminal side of 6¢, 14a, 14b, respectively,
for obtaining the corresponding product with satisfactory
chemical yield and stereoselectivity (Scheme 3).

2.2. Substrate scope

After the optimization of reaction conditions, we investigated
the generality of the superior catalyst 6¢ in the reactions of
various ketones 15a-h with aldehydes 16a-j (Scheme 4). The
reactions were carried out in the presence of catalyst 6c
(30 mol%) under best reaction conditions (0 °C, neat, 24 h).
First, the reaction of cyclohexanone 15a with nitro-substituted
aromatic aldehydes 16b, 16¢ afforded the corresponding anti-
aldol products 17b,c in good to excellent chemical yields, dia-
stereoselectivities and enantioselectivities (17b: 78%, syn : anti/
22 :78 dr, 99% ee, 17¢c: 99%, up to syn : anti/20 : 80 dr, up to
99% ee). Furthermore, the reactions using the halogenated
16d-g and p-cyano 16h benzaldehydes, respectively, also

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Catalytic activity of 10, 14a, 14b under optimization of reac-
tion conditions using catalyst 6¢

cat.
10, 14a,b
ty
152 + 16a m anti[2S,3A]-17a + syn{253S}-17°a
nealt

0°C,24h

Mee
E 3
1Ty

NH
>;NH2 142 JNHQ 14b

ee’ (%)

syn anti
Entry Catalyst Yield® (%) dr® (syn : anti) 17'a 17a
1 6c¢ 96 20: 80 60 98
2 10 90 22:78 44 96
3 14a 89 23:77 33 92
4 14b 72 20: 80 38 98

“ Isolated yields. ? Diastereoselectivity was determined by 'H NMR
using crude reaction mixture. ¢ The ee value was determined by HPLC
with a Daicel Chiralpak AD-H column.
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-

Scheme 3 Structures of tripeptide organocatalysts.

afforded the corresponding anti-aldol adducts 17d-h with
satisfactory results (30-63%, syn : anti/25 : 75-14 : 86 dr, 93-
98% ee). However, the use of simple benzaldehyde 16i brought
about the decrease of chemical yield and enantioselectivity (17i:
30%, syn : anti/25 : 75 dr, 60% ee). These results justified our
finding that catalyst 6¢c enhances the generality of application
towards the aldol reaction using different substituted aromatic
aldehydes. The aldol reactions of other various carbocyclic 15b-
d, heterocyclic 15e, 15f, and acyclic 15g,h ketones with 16a were
also examined in the presence of 6c (30 mol%) under best
reaction condition (0 °C, neat, 24 h). The reaction of cyclo-
pentanone 15b with 16a proceeded and afforded the corre-
sponding anti-aldol product 17m in fairly good chemical yield
and stereoselectivity (81%, syn : anti/15 : 85 dr, 92% ee). The
bulkier cycloheptanone 15¢ also gave the anti-aldol product 17n
with good chemical yield, diastereoselectivity and excellent
enantioselectivity (90%, syn : anti/15 : 85 dr, 95% ee). Moreover,
the reaction using p-methyl cyclohexanone 15d also afforded

© 2021 The Author(s). Published by the Royal Society of Chemistry
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o cat. 6¢
* DN (30 mol%)
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— neat
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17e 17f 17,
48%, syn:anti| 25:75, 93% ee 63%, syn:anti| 23:77,94% ee 57%, syn:anti| 14:86, 98% ee

(e} OH o OH (o} OH

17h eN
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o
O OH o OH OH
17k 171 17m NO,
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o OH o OH
: NO, o__b
6/‘\@ NO, NO,
17n 170 17p
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Scheme 4 Substrate scope for aldol reaction.

anti-aldol product 170 in good chemical yield and stereo-
selectivity (70%, syn : anti/21 : 79, 90% ee). Although the use of
heterocyclic 2,2-dimethyl-1,3-dioxan-5-one 15e did not afford
17p with satisfactory results (66%, syn : anti/30 : 70 dr, 68% ee),
tetrahydropyran-4-one 15f afforded the corresponding anti-
aldol product 17q in good chemical yield and diaster-
eoselectivity with fairly good enantioselectivity (72%, syn : anti/
13 : 87 dr, 94% ee). Finally, the reactions of acyclic acetone 15g
and acetophenone 15h with 16a also examined under same
reaction condition. The use of 15g gave the corresponding anti-
aldol adduct 17r in moderate results (60%, 59% ee), but 15h
afforded 17s in moderate chemical yield and good enantiose-
lectivity (67%, 90% ee). The anti-aldol products 17b-j,m-s were
characterized in accordance with full spectroscopic data origi-
nated from the previous report.®* And also, absolute stereo-
chemistry of 17b—j,m-s were found to be equivalent to specific
optical rotation values in literature.® These results justified our
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finding that catalyst 6¢ enhances the generality of application
towards the aldol reaction using different substituted aromatic
aldehydes. However, catalyst 6¢ did not show catalytic activity
with aliphatic aldehyde in the best reaction condition. There-
fore, the reaction under different reaction conditions might
need to be tried.

2.3. Reaction mechanism

Based on the excellent enantiopurity (98% ee) of the obtained
optically active aldol product (2S,3R)-17a from the asymmetric
aldol reaction of cyclohexanone 15a with 4-nitrobenzaldehyde
16a using catalyst 6¢, a model of the asymmetric reaction course
is proposed as shown in Scheme 5.

First, the condensation of N-terminal primary amine peptide
organocatalyst 6¢ with aldol donor 15a forms the enamine as
intermediate I. The conformation of intermediate I is fixed by y-
turned intramolecular hydrogen bonding interactions between
the amide carbonyl group at N-terminal side and the amide
amino group at C-terminal side on pyrrolidine ring and also the
amino hydrogen atom and the next amide amino group of
organocatalyst species. Intermediate I might exist as I-1 which is
having less steric interaction between dipeptide chain on N-
terminal side and the enamine part than that of intermediate
I-2. This expectation was supported by the conformational
analyses using scan of total energies and DFT calculations for
the enamine intermediates I-1 and I-2 and the result indicated
that the conformation of I-1 is most stable (see the ESIt for
details) (Fig. 1). Subsequently, more stable enamine interme-
diate I-1 might attack 4-nitrobenzaldehyde 16a through
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Scheme 5 Plausible reaction course using catalyst 6c¢.
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possible transition states TS-1 to TS-4 as shown in afford
[2S,3R]-17a as a major product than those of TS-2, TS-3, Scheme
5. In the TS, the reaction might proceed through TS-1 to and TS-
4, wherein the substrate 16a has steric interactions from N-
terminal side and C-terminal side fixed by vy-turn intra-
molecular hydrogen bonding. On the other hand, aldol acceptor
16a might coordinate with amide hydrogen atom through
hydrogen bonding at N-terminal side on I-1 species in TS-1.
Subsequently, the enamine moiety attacks the enantiotopic face
of 16a resulting 17a as the major isomer.

3. Conclusion

We have developed new small y-turn type N-primary amino
terminal tripeptides organocatalysts 6a-j and their functionality
as organocatalyst were examined in the asymmetric aldol reac-
tion of various ketones 15a-h with different aromatic aldehydes
16a-j to afford the desired chiral aldol products 17a-s. All the
catalysts showed catalytic activity in this reaction. Particularly,
catalyst 6¢c showed good catalytic activity to afford the various
chiral aldol products in satisfactory chemical yields and ster-
eoselectivities (up to 99%, up to syn : anti/13 : 87 dr, up to 99%
ee) under eco-friendly solvent-free condition.

4. Experimental
4.1 General information

Reagents and dry solvents were of the commercially available
maximum grade and used without further purification. Reac-
tions were performed under an inert atmosphere in flame dried
and cooled glassware. The reaction progress was monitored by
thin layer chromatography (TLC) using Merk silica plate gel 60
F254 aluminum sheet. The purification of products were carried
out using column chromatography techniques in silica gel 60 N
(40-50 pm) purchased from Kanto Chemical Company. Visual-
ization of the products was confirmed by ultraviolet light,
iodine vapor and ninhydrin stain. "H and **C NMR spectra were
recorded on a JEOL JNM-ECA500 (*H for 500 MHz and **C for
125 MHz). All the spectra were recorded at 21 °C. Chemical
shifts (6) are reported in parts per million (ppm) relative to the
signals of tetramethylsilane (TMS) using the residual solvents
signals. Report data for "H NMR spectroscopy was reported as:

© 2021 The Author(s). Published by the Royal Society of Chemistry
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chemical shift (6 ppm), multiplicity (s = singlet, d = doublet, t =
triplet, ¢ = quadruplet, dd = doublet of doublets, td = triplet of
doublets, m = multiplet and br = broad), coupling constants (J)
and assimilation were measured in hertz (Hz). Optical rotation
was measured by JASCO DIP-360 polarimeter. The melting point
was measured using a Yanaco micro melting point apparatus.
High resolution mass spectra (HRMS) data was collected by
electron impact (EI) using Hitachi RMG-GMG and JEOL JNK-
DX303 sector instruments. The enantiomeric excess (ee) was
determined using high pressure liquid chromatography (HPLC)
principle by DAICEL CHIRALPAK AD-H, OD-H column.

4.2 General procedure for the synthesis of peptide
organocatalysts 6a-j, 10 and 14a-b

To a solution of N,N'-dicyclohexylcarbodiimide (DCC) (1.29
mmol) in dry CH,Cl, (10 mL) were added N-Boc-L-amino acids
4’a-f (0.86 mmol) at 0 °C and the reaction mixture was stirred
for 1 hour. After 1 h, corresponding dipeptides 5a-h, 9 and 13a-
b (0.95 mmol) were added, and the reaction was stirred for
another 24 h at rt. The insoluble by-product DCU was filtered off
and the filtrate evaporated to dryness. The obtained oily residue
was dissolved in CH,Cl, and extracted sequentially with satu-
rated aqueous NaHCOj; solution, aqueous HCI (1.0 M), and
brine. The organic phase was dried over anhydrous Na,SO,,
filtered, and concentrated under a reduced pressure to afford
the crude products that were used for next step without further
purification. To the solution of the crude products in dry
CH,Cl,, TFA was added in dropwise over a period of times (0.4
mL) at 0 °C and successively stirred at room temperature (r.t.)
for 4 h. After the reaction completion, DCM and TFA were
removed under a reduced pressure, the residue was basified by
drop-wise addition of saturated NaHCOj; solution at 0 °C and
stirred for 1 h at r.t. The crude products were extracted with
CHClI;, dried over Na,SO, and concentrated under reduced
pressure. The residue was purified by flash column chroma-
tography on SiO, (CHCl; : MeOH = 99 : 1 to 95 : 5) to obtain the
corresponding tripeptide catalysts 6a—j, 10 and 14a, 14b.

4.3 General procedure for the asymmetric aldol reaction of
various ketones with aromatic aldehydes

The peptide catalyst 6¢ (30 mol%) was added to a solution of
ketones 15a-h (0.4 mmol) and the aldehydes 16a-j (0.1 mmol)
under the neat reaction condition. The reaction mixture was
stirred at 0 °C for appropriate time until the reaction comple-
tion, monitored by thin layer chromatography (TLC). The
reaction mixture was directly purified by flash column chro-
matography on SiO, (n-hexane/CH;CO,Et) to afford the corre-
sponding aldol products 17a-s.
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